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AMraet-The formation of diethyl (3a.4.5,6.7,7a-hcxahydr~,7-~~~~lH-bauotriazol-l-y1)- 
phosphonatc (III) from norbomykne and dicthyl phosphorazidate (II) was studied kinetically and 
found to be second order overall. Dccomporition of this phosphonate was carefully followed by the 
conventional technique of measurement of nitrogen loss and by differential thermal analysis (DTA). 
Two consaxtive fint order reactions were favored in the decomposition by the kinetic data. In the 
Brst step a dipolar ion IV is apparently fomxd which loses niw in a second reaction to form a 
phosphor$atcd amidate V. Chemical as well as kinetic evidence supports the presence of a dipolar 
ion intcrrncdiatc. 

INTRODUCTIO& 

IT has been proposed that the reaction of phosphorus azides and certain olehns, 
particularly norbornylenel’ and dimethylisobutenylamine,lb proceeds via a 1 ,fdipolar 
addition to form an intermediate triazoline. In the case of triazoline III, thermal 
decomposition occurs via a dipolar ion intermediate IV to give the phosphorylated 
amidate V. In the 1,3dipolar additions of azides to 01elins,~ the triazoline adducts 
are suspect, and although stability of such adducts is extremely variable in many 
cases, the phenyl adduct of norbornylene has been synthesized.” 
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1 For preliminary results see l K. D. Berlin and L. A. Wilson, Chum. CO~~IUI. 280 (1965); b Ibid. 
Chem. & Ind. 1522 (1%5). 

* Predoctoral candidate. 1963-1966. 
* l G. Komppa and S. Beckman, ucbigs ANI. 512,172 (1934); ‘G. D. Buckky, J. Chcm. Sot. 18H) 

(19S4); * L. H. Zalkow and C. D. Kemxdy, J. Org. Chm. 28, 3309 (1963); ‘P. Scheincr. J. H. 
Schomakcr. S. Deming. W. J. Libbcy. and G. P. Nowack. J. Amer. Chem. Sot. 87,306 (196s). 
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Little work is published cd that adequately demonstrates the presence of a dipolar 
intermediate in the decomposition of triazolines to form imines or aziridines. This 
study of the formation and decomposition of III offers considerable evidence for 
presence of IV. The decomposition appears to proceed via fist order consecutive 
reactions as depicted in Eqs. 1-3. 

Decomposition of the triazoline adduct of phenyl tide and I has been suggested 
to proceed through a dipolar ion intermediate from initial heterolytic N-N bond 
cleavage. Although no kinetic evidence for this ion was given it was possible to trap 
an intermediate with phenyl isocyanate. @ Certain olefinic azides have been postulated 
to yield a triazoline by intramolecular addition.& Decomposition was stated to be 
first order and a dipolar ion intermediate was considered a strong possibility on the 
basis of product analysis. Huisgen has recently indicated the first-order decomposition 
in toluene at 85” of the triazoline from phenyl azide and methyl acrylate gave a high 
yield of the expected aziridine.” 

RESULTS 

Suucture of triuzoline III und amtire V. The chemical and physical evidence for 
the structure of the compounds examined was only briefly outlined in a preliminary 
communication.1° The structure of III is based primarily on NMR evidence and on 
the decomposition to V with stoichiometric loss of nitrogen. The NMR shows an 
AB quartet centered at M-10 (J = 8.5 c/s) which has been assigned to the C-32, C-72 
bridgehead protons, that do not appear in the product V formed by the loss of one 
mole of nitrogen. The structure of V is based on chemical evidence and its NMR 
and IR spectra. Amidate V was hydrolyzed in both acid and base to give norcamphor 
which was recovered in 85% yield as its 2,4dinitrophcnylhydrazone along with 
ammonia, ethanol and phosphoric acid. The IR spectrum of V shows no N-H 
absorption in the 3 p region and no bands characteristic of carbon-carbon double 
bonds. There is strong absorption for C= =N at 5.98 ,u. The NMR spectrum contains 
peaks for the nonequivalent C-4, C-7 bridgehead protons at b 2.5 and 2.65. 
respectively. Similarly, a doublet is observed (6 2.85 and 3.10) in the 2,4-DNP of 
norcamphor, a close model compound in the same solvent. The fact that V was 
obtained from III in yield greater than 95% also lends strong support to the structure 
of III. 

Kinetics of decomposition of triazoline asfollowed by nitrogen ecolurion. The rate 
of formation of products at various temperatures was followed by measuring the 
amount of nitrogen evolved at specific times during the decomposition of III. The 
apparatus shown in Fig. 1 is described in the Experimental. The kinetics were 
determined by attempting to fit the various rate laws with the data obtained. The 
data is consistent with first order consecutive reactions as depicted in Eqs. 1-3. 
The data does not fit well for simple systems that could be proposed (Figs. 2-5). 

Note that the fist order plot (Fig. 3) in diglyme is not linear. The deviation is 
greatest toward the end of the reaction and is a positive deviation. This type of 
khavior is characteristic when the presence of the intermediate always results in 

4 R. Fusco, G. Bianchctti. D. Pocar and R. Up. Chcm. Be?. 96,802 (1964). 
b 1:. 1). March and M. E. Hermes, J. Amer. Ckm. Sm.. 86,45U6 (1%). 
’ 0 R. Huisgcn, Aqqcw. Ckm. (Int. Ed.) 2, 633 (1963); ‘J. E. Baldwin, G. V. Kaiser and J. A. 

Ronwsbcrgcr. J. Amer. Chem. Sot. 87.4114 (1965); * A. L. Logothetis, 1. Amer. Chcm. Sot. 87. 
749 (196S); d G. Szeimies and R. Huisgcn. Chum. Rrr. 99,491 (1966). 
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such deviation in a logarithmic plot assuming a first order dependence. Stated in 
another way the nitrogen lost is less than expeoted, a situation which can be explained 
by consecutive first order reactions. A plot of m,], [III] and [IV] is provided (Figure 6 
data provided from the run in diglyme at 391.2”K). A least squares procedure was 
employed to evaluate the first order k given by In A, - In (& - NJ = kt. The 
deviation is given in Table 1. With the best value of k, a measure of the preciseness of 
the fit was obtained by calculating the root mean square deviation of the points from 
the experimental line, R (Fig. 3). The value of R is defined as 

R = (Yic - Y,‘)liN] I’* = [S&/N]“Z (4) 

where Y,c = calculated ith point, Y,@ = experimental ith point = In [A, - Ns”I, 
where N,O = experimentally measured nitrogen in moles, S == sum of the squares 
and N = total number of points available. Values for the first order k and R are 
found for each set of data in Table 1. 

The rate constants (k. and kb) were calculated by means of the following 
equations.’ For convenience and simplification of the equations, let 

& := concentration of triazoline initially 
A = concentration of triazoline at time t 
B, - concentration of dipolar intermediate initially 
B = concentration of dipolar intermediate at time t 
P = concentration of amidate at time t 
C = concentration of nitrogen at time t 

Co = concentration of nitrogen initially 

Then for the reaction: 
A-B 
B-*C+P 

we have 
dA 
-zz 

dt 
-k.A 

dB 
dt = k& - kbB 

dc,LB 
dt ’ 

(5) 

Solution of these equations by conventional techniques’ using as the initial conditions, 
B, = C, = 0 and the stoichiometry, we have the following equations. 

A+BBC=wnstant=A,+B,+C,,=A,, (8) 
C=&-(A+B) 
A = A,,e-)J (from simple tirst order kinetic considerations) 

B=B,,e&d+$ [e-&ar - edd 
b 

. 1 
C = A, -t B. -I- Co - Age**I - B&d - k&&, _ k,)[(@.r _ e-y1 

’ For a complete duaiption of this type of sy~tcm see S. W. Benson, 77se Fow&rion of Ckmhlr 
Kherlcs. p. 33. McGraw-Hill, New York, N.Y. (1960). 
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FIG. 1. Apparatus for measurement of NI evolved by conventional method: A, to 

vaamm pump; B. stopcock; C, to manomctcr to measure N, pressure; D. evacuated 
bulb with thermometer; E, stopcock to allow N, productd to enter D ; F, to manometer 

to monitor react on system pressure; G, condenser; H, reaction flask. 

Tom*. mln 

FIG. 2. plot for the formation of nitrogen in diglyme at 381-2” K., assuming tcro order 
reaction. 
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FIG. 3. Plot for the formation of N, in di&xw at 381.26” K. assurniog a simple first 
of&r reaction. 

- curve of expcriIncntal data 
- - - - - Least quarts plot of data 

FIO. 4. plot for formation of N, in diglyme at 381.26” K. asuming a simple accond 
order reaction. 
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I+J. 5. Plot for the formation of N, in diglyme at 381.26” K. assuming a simple third 
order reaction. 

Tm 1. RATB CONS~A~ AND R VALUEY WHI Dmhec6mo N OF In IN DIOLYME 

1st Order 
Tcmp “K k R x 1P k. kb R x 10’ 

__--7 ,_- ._ 
371.2 OGl4678 0.10857 O~aw3 1 0.06138 0.014976 
380.9 0.01034 om287 0.01161 0.1936 0.01706 
391.2 004208 0.28927 OXM598 0.1628 0.060102 
399.7 0.08073 0.2025 009777 0.2240 0.05365 

FIG. 6. Plot of calculated concentrations of PII]. [N.] and [WI as a function of time at 
391.2” K. in diglyme. - - - Eqnximcntal N, cum; Acahlatcd N, curve; 0 calcuk- 

ted lrrI1 cuwc; 0 calculated PVI. 
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TABLE 2. C~MPARISU o? CHANO~ IN co NCENlRAlWKl O? 
CXILULATED VALUES R)R III, IV. AND NITROOEN wTrH nMn AT 
391.2”K. IN DIOLYME, k. = @04598, ka - 0.1628 

Time 
(min) 

0 
2.00 
4.a) 
6.00 
8XKI 

lOGO 
14M) 
16.00 
MOO 
2400 
30.00 
40.00 
SO.00 
60.00 
70.00 
80.00 
90.00 
94.00 
98.00 

moks x l(r 

Nitrogen III N 
.__. - -- ._--- - 

O.ooO 32.620 OGXl 
0425 29.754 2440 
1.492 27.139 3.987 
2.954 24.755 4.909 
4.642 22.s80 5.396 
6.437 20.5% 5.586 

l@OS3 17.136 5430 
11.785 15.633 5.203 
14.991 13.004 4.623 
17.799 10.820 4Wo 
21.273 8.211 3.134 
25413 5.184 2.021 
28.061 3.273 1.284 
29.740 2.067 0.812 . 
30.801 1.305 OS13 
31.471 0.824 @324 
31.894 0.520 0.204 
32.016 0.432 0.170 
32.118 0.360 0,141 

But B, P C,, = 0. So, eliminating B, and C, and rearranging we have 

c/A, = 1 - e+t - kJ(kb - L)[(e--La’ - e+J)] (9) 

In this case the complexity of Eq. 9 prevents any simple plot from yielding a 
straight line from which the “best” values of k. and kt, can be obtained. If we assume 
k. is less than 0.1 kt,, Eq. 9 reduces to 

(1 - C/Q = e+‘[l + L/Orb - k.)l (IO) 

which can be solved simultaneously at t = 1,. t = 15 and C = C,, C = C, to give 

L - l/(t? - t3 ln ((1 - CJW/(l - awl (11) 

Similar assumptions and solution of Eq. 9 simultaneously at two concentrations 

corresponding to two times for kt,, gives 

kt, = FJ( 1 - C/A,,)(e’~‘) - 1 ] + k, (12) 

Solution of these equations for k. and kr, was accomplished on an IBM 1410 
digital computer by obtaining an initial value for k, from q. 11 and kr, from Eq. 12 
for each set of 15 points. These approximate values for k. and kb were then used to 
provide the initial values in the more exact analysis described below. 

One now wishes to perform an analysis comparable to that carried out for the 
first order case so that a direct comparison of results is possible. Thus one still wishes 
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to minimiz.e the S of Eq. 4 with respect to the rate constant, k. and kb. Thus in 
principle one would obtain two equations for the minimization condition 

dS/ak, = 0 and &S/akr, = 0 

and solve these two quations for the “best” values of k. and kt,. Unfortunately, 
the equations produced from these two equations are too complex to admit of easy 
solution, even on a computer. Therefore, an alternate technique was adopted. This 
technique is described on the following page: 

An initial value for k, was chosen from the values obtained via the first order 
analysis with kr, being taken to be ten times the k. value. Using these values, the value 
of R given by Eq. 4 was calculated with Y,c given by Eq. 9. Following this calculation, 
the value of kb was altered slightly and a new value of R calculated. This procedure 
was then repeated until ten values of kt, spanning a rather large range had been used. 
At this point a new value of k, was chosen, and the value of kt, reset to its initial 
value. A new R was calculated, and then the entire range of kt, values was again 
scanned. This procedure was repeated until ten values of k. had been examined with 
each possible value of kr,, making 100 values of R calculated in all. The range of k. 
values tested also spanned a rather large range. After all 100 values of R had been 
calculated, they were examined on an IBM 7040 computer, and the smallest value 
of R corresponding to the best fit of k, and kb values was located. The entire pro- 
cedure was then repeated using these k. and kb values as the initial values with the 
range of scanning reduced by a factor of 5. This overall procedure of finding the 
smallest value of R and then using the corresponding k values as initial values in the 
scanning of a smaller 100 fold grid was repeated five times so that the final result is a 
value of R for k, and kt, values which minimize the value of S to about four significant 
digits. This procedure is entirely equivalent to that performed for the simple first 
order case, and the values of R obtained can be directly compared. The smaller 
values correspond to the better fits. 

Many runs were made in which the nitrogen evolution was followed carefully 
as a function of time at one temperature to check accuracy of measurement. Values 
for k. and kb are given in Table 1 at various temperatures. Table 3 contains data for 
the points obtained by the least squares analysis needed to calculate the thermodynamic 
quantities. Figures 7 and 8 are Arrhenius plots of these data. Figure 7 also includes 
data from the DTA analysis described below. 

Solcent dependence of the rate constants k, and kt,. A study of the effect of 
increasing solvent polarity on the rate of decomposition of III indicates that there is 
indeed a considerable increase in the reaction rate as the solvent polarity is increased. 
Because ki, in toluene is so large compared to k ., it was only possible to set a lower 
limit on the former (see Table 4). 

Kinetics o/the decomposition o/III determined by DTA. The DTA curves obtained 
from the decomposition of triazoline III were analyzed by the method pub1ished.a 
Only a first order reaction gives the best fit of the data. The values of the rate con- 
stants obtained, listed in Table 5, agree with the results for this rate constant as 
determined by following the rate of formation of nitrogen (Fig. 7). 

The approximations that the heat capacity (C,) term and the cell constant (K) 
term in the equation (Eq. 13),* are insignificant within the experimental error were 

* H. J. Borchardt and F. Dan&, J. Amer. Char. Sot. f9.41 (1957). 
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Fto. 7. Arrhcnius plot for the fht order decomposition of ItI; 0 a~ data obtained by 
conventional method of N, evolution; l arc data obtained by DTA. 

FIG. 8. Arrhcnius plot of the tht order &composition of the dipolar ion intermediate 
by camntiod nethod of N, evolution. 
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TABXJ! 4. SoWe!! DEPENDENCE OF RATE CONSANTS AT 

381.0 % @l”K 

Solvent IO%(min-‘) lOkb(mirP) 

Tolucm 
Diglyme 
Rcnzonitrik 

0.576 I.5 
1.161 1.93 
2.85 2.92 

TALIUI 5. RATE OONS~AW POR TRUZOUNE 
Dl?COMPUStllON BY DTA 

Temperature “K IOk,‘(min-‘) 

383.4 0.1984 
387.0 0.3186 
390.4 0.4365 
394.0 o&M3 
397.5 0.8148 
400.9 I.1543 
404.0 I .6587 
407.2 2.076 
410.2 2.585 
413.5 3,390 
416.2 4.287 
419.5 5.238 
422.6 6.063 
425.4 6.499 

E. = 29.0 kcal/mok 

TAEIB 6. hCTSON OP NO~~R~~NB wrm 

DIETHYL PKsPHoRAzxDATe 

Temp _c OG2”C l@ k(l./mokmin) 

3430 366 
3@00 1.95 
2.5.00 1.52 
25.00 I.52 

E. = 15.3 kcal/mok 
AS - -27.4 cal/moladegrat 

Decomposition of III. Figures 2, 3, 4 and 5 clearly show the reaction does not 

follow simple zero, first, second, or third order rate laws. Figs. 10 and 11 demon- 
strate that the disappearance of III is apparent first order. If the data are assumed 
to be consistent with fist order consccutivc reactions (Eqs. 2 and 3), the root mean 
square deviation (R of IQ. 4) is smaller by factors of 4 to 8 than the deviation values 
obtained with an assumed !irst order rate (Table 1). Table 2 (plot in Fig. a) shows a 
comparison of change in conczntrations of III, IV and nitrogen. The concentration 
of IV was determined by calculating the concentration of N, (C) at time t from the 
calculated values of k. and kt, by Eq. 9. Since A = A,@’ (and A = III), IV could 
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FIG. 9. Arrhcnius plot for the reaction of N,N-dimcthylanilinc with ethyl iodide. 
Solid line arc data by Mochvyn-Hughcs.lo 0 arc data by Borchardt and Danicls,~ 

l arc data obtained in the present wor)r. 

be calculated from Eq. 8. Ilo The concentration of IV is much less than the concentra- 
tion of III during the reaction in diglyme at 391*2”K. (See Table 2.) The question 
of an equilibrium between III and IV is logical and the following considerations are 
directed thereto. Thus if 

k. 
AZB 

k, 

rather than 

kb 
B+C 

k, 
A-B 

then dA/dt = -k.[A] + kt,[B] and dA/dt = -k.[A] should not hold. First of all, 
the tirst order plots of In [III ] versus time (Figs. 10 and 11) show a lineaP relationship 
which would not be expected if k, were large or if dA/dt = -k, [A] did not hold. 
As an additional check for any equilibrium process in which steady state conditions 
would exist (since [Iv] is low), d[N,]/dt (slopes were obtained from Fig. 2 by numerical 
differentiation technique) was plotted against PII]. lib The data did not give a straight 

x’*The gradient method of Moore was also uxd to calculate IV but the method is tedious and no 
more auxrate than the method euually uxd. sa J. P. Hoarc,J. Chem. Ed. 38,570 (1961); ‘see 
Ref. lS, p. 195. E+ 103; * The basic tccbniqucs for these determinations arc availabk; see Ref. 3d. 
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line (Fig. 12, data in Table 7) which would be required if k, were significant in the 

equilibrium III -!L IV since the following relationships would be valid, 
T 

d[N,]/dt = kr,B 

d[lV]/dt = k,[A) - k,[B] - kt,[B] 

At steady state, d[IV]/dt -.= 0 and [Iv] = [B] and [III] - : [A], so [IV] 7: k./(kt, + k,) 
[III]. Thus d[N,]/dt = k*ki,/(kr, + k,)[A] =. k’[A]. 

In any case the necessary steady state condition, d(IV)/dt = 0, is indeed a poor 
one at the higher temperatures as can clearly be seen from Figure 6. 

EXPERIMENTAL” 

Preparation of &ethyl phosphorazidote. In the method used for the preparation of dicthyl phos- 
phorazidate (II),” the yield was improved considerably (nearly quantitative) by using purilkd 
reagents and by keeping the reactants under h’ during the preparation and purification, b.p. 71” 
(2.S mm), ny - 1.4283; reported” b.p. 76’ (4.5 mm), n: 14620. 

Preporotion of trlruoline for decomposition studies. Diethyl(3a,4,5,6,7,7a-hexahydro4.7-nuthano- 
1 H-benzotria2ol-I-yl)phosphonate was obtained in high yield by allowing IO.0 g (0.056 mole) dicthyl 
phosphorazidatc and 204 g (0.212 mole) norbomyknc IO react at 45” for 40 hr. The extent of 
reaction was determined by following the azidc absorption in the 4.7 p region in the IR. Triazoline 
(13.9 g. 91.6%) was obtained after removing unreacted tide and norbomyknc in wcw at 45” 
(0.2mm). IR analysis of the material indicated the absence of unreaded azide and also of any 
decomposition products as evidenced by the lack of absorption at or near 6 p. 

Preparation of ~erhyn-nor&rosphor~&re (V). Phosphoramidate V was prcparcd 
by first allowing log (OQ56 mole) of II IO react with excess norbomykne (13.2g. 0.14Omole) for 
about SO hr at 4&M? and then adding SO ml toluem and heating at rctlux IO deeomv the triazoline. 
Nitrogen (l-25 I.) was collected over water (cak. 1.26 I.). The solvent was removed in vucw and the 
product distilled to obtain 12-l g (86*20,/.). b.p. 119” (2.Omm). (Found C. 54.43; H, 8.43; N. 
598; P. 12.63. Cak. for C,,H,NPQ: C, 53.S7; H, 8.22; N. 5.71; P, 12.63x.) 

Measuremenu of rate constam for rhe &composirion of the triazoline 

I. By measurement of nitrogen gas edutbn. Apparatus for the measurement of N evolved is 
shown in Fig. 1. A typical run is as follows. Xylene (50 ml) was placed in the reaction flask and 
the soln was allowed IO equilibrate at 107.8 + 0.1” for 15 min. During this time, the entire system was 
flushed 2 to S times with dry N. Triazoline (2.70 g. 0099 mok) was then added quickly to the 
system which was then seakd. The press on the system was maintained at about 0.0 mm by allowing 
the N IO cscapc through the stopcock(E) into an evacuated bulb (D). N press was measured at time I 
by closing the leak at time I and observing the press in the evacuated bulb. The release of h’ was then 
initiated again to maintain Icro press on the system until the next reading was made. The press was 
estimated to 0.5 mm -‘_ O-2 mm. The number of moles of N evolved were calculated from the ideal gas 
law using the appropriate constants (volume of the bulb and tcmp in the bulb) for the system. The 
run was terminated when the extent of reaction reached 0.80 to 090. The initial concentration of 
triaxolinc was then checked by either increasing the tcmp to speed the reaction to compktion or by 
simply waiting until gas evolution has ceased and measuring the total gas cvolwd. In most runs these 
two values agreed very closely. If the values did not agree closely, the initial concentration was 
calculated from the total N evolved using the volume of the evacuated bulb (D) assuming an ideal gas. 

II. By dfirential thermal analysk I4 The apparatus used to study the decomposition of the 
triazoline is shown schematically in Fig. 13. 

” IR spectra were obtained with a Beckman IR-SA 1R spectrometer. NMR spectra were obtained 
with a Varian Model A-60 spectrometer using CCl, as solvent with TMS as internal standard. 
Elemental analyses were done by Galbraith Leboratoria Inc.. Knoxville. Term. 

I’ F. L. Scott, R. Riordcn and P. D. Martin, J. Org. Gem. 27.4255 (1962). 
” !ke Ref. 9 and W. M. Wcndlandt. 77rcrmal Merhodr of Analysis. Vol. 19 in the rrks. Chemical 

Analysic, p. 132-271. Interscience. New York, N.Y. 
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FIO. 10. First o&r plot for the decomposition of III in xyknc at 381.6”K. as followed 
by NMR. 
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ho. 11. First order plot for the decomposition of III in diglymc at 
by absorption in the ultraviolet at 240 mp. 

383°K. as followed 
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IO- 0 

20.- 
0 

1 
8 
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0 

h 40 
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0 

xx)- 

g 60’- 0 

70 - 

60- 0 

I 1 I I I I I 1 . 
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d [N2] Id1 X 10.’ 

Ro. 12. Plot of change in concentration of N, versus DII]. 

TARU 7. DATA POR ~OURE 12 

d[N,]/dt x 10-’ [III] X IW moles 
_-_. 

- 9.858 80.0 
7.S83 6@5 
6.349 45.5 
5767 34.5 
2599 30.0 
2529 17.0 
2.020 11.5 

Tinx (min) 

10 
30 
SO 
70 
a0 

120 
155 

The sample cells were made of thin wall soft glass tubing with round bottoms 0.27s’ in diameter 
(snug fit in the copper block) by 1.0’ long. The chromd-ahuncl differential (hamocoupk (DTC) 
(M12’ T.C. wire) WBS enclosed in soft glass and centered in the all by means of a one hok cork 
stopper. The all holder consisted of a l+W by 2.0’ high Cu cylinder. with tbc proper holes drilled 
for the sample and rcferemx cells and the thermocouple IO measure the tanp of the block. Nearly 
linear rata of heating, namely. 3.4 and 5 dcgrcu/min, were obtained over the rant 9GlSOO” by 
simply placing the block in a heating mantle Wed with sand and applying a constant voltage by means 
ofavariactothcheatingmantk. 

The potential change was nxordcd oo a Heath Company strip chart xcorder after amplification 
with be D.C. amplifkr at a chart spbad of 2’/min. The amplifkr and rccordtr were calibrated by 
applying a known potential from a MinncapolkHo~~ywcll (Rubicon) potentiometer to the input 
of tht ampli!kr at different settings oo the sensitivity (gain) and noting the pen d&&on of the 
recorder. 

The DTA curve obtained wa.~ then transferred to smalkr paper for con& innx?asuringthc 
arud tsusary for the c&&don of rate data. At the same time the chart paper units (m.v). were. 
converted to units of temperature so that the rate constants cakulatcd had the proper unity (min-I) 
for a tit order reaction. 

A typical run is as follows : hzoli~~ IJI (@ 1094 g, OX04 mok) and 0.288s g diglymc were charged 
to the DTA all and placed in the block. A referem cell containing an quiv amount of tit&r silica 
gel or diglymc was phxxd in the ocher hok in the block. T&c DTC wascarcfUly antend in tbc sample 
xuucrial and rcfctexz material. and the block was eDdosed in a glass cylinder Wed with glur wool 
to insulate and protect the cell and block from air atrrents. The block was tbm bated in a sand 
bath u described above. The tcmp of the block was estimated to kO.1” at 30 act iotunb during 
the run with a Ixcds and Northrop tanp potcntimtcr, compensated for an inxxoostantan tbcnno- 
coupk. The DTA curve was obtained in about 22-U min at a heating rate of Y/mitt. Figure 14 
is the curve obtained after the original trackg had been tmnskmd to a smaller scale. The maximum 
iothccurvcoaauxat 134.9”. Theeo~pyforthenectionwu~byrunningaDTAcum 
for the fusion of a Q I S27 g sample of o-to& acid immcdiataly following the DTA run oo triaroiinc. 
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Fro. 13. DTA apparatus: S, sample block; P, temperature potentiometer with thermo- 
coupk; D, chromcl-ahtmcl DTC; A, d.c. amplifier; R. stripchart rccordcr. 

FIG. 14. Tracing of TDA curve. 

The arca obtained was 23.88 s+ in. (mcasurcd with a Kcutfcl & Easer compensating polar planimctcr). 
Using the known heat of fusion for u-toltic acid (354cal/g), this corresponds to @175cal/sq. in. 
The DTA curve from the triazoline gave an arca of 37.00 sq. in., which corresponds to an enthalpy 
of reaction of - 16.2 kcal/mok (Fig. 14). 

Khetics of thrformtfon of triosoline III. The rate constant as a function of tcmp for the formation 
of III from I and II was dctermincd by the method of initial ratcs.iL The proadurc employed was 
similar to that described” to determine the rate constants for the formation of triarolincs from 
norbomyknc and substituted phcnyl azidcs. For example, standard solns of 1949 molar azidc and 
6.937 molar norbomyknc in cyclohcxanc wcrc prcparcd and allowed to quilibratc in a constant 
tcmp bath at 25.00 f @002” for about 30 min. A 1 ml sampk of the azidc and a 3 ml sample of 
norbomylenc soln wctc mixed in a tightly stoppcrcd 3 ml (I cm) quartz cuvcttc. The reaction 
mixture was then placed in the sampk beam of a Gary 14 spcctrophotomctcr. A 3 ml sample containing 
1 ml of the azidc soln in cyclohcxanc was used in the rcfcrcna beam. The reaction was then cxamincd 
periodically at 271.7 rnp where the molar extinction coc6cicnt for the azidc was less then 10. After 
about 100 min the change in absorbance was about 1.0 units, corresponding to an extent of reaction 
of nearly 0.01. The slope of the straight line obscrvcd, A absorbance/A time, was related to the 
reaction rate, d(III)/C, by multiplying the latter by c- I. The rate constant (k) was calculated from the 
initial concentrations of I and II. The or&r of the reaction with’@ respect to norbomylcnc was 
calculated by the method of initial rates to be 1-M (approximately I within cxpcrimcatal error) by 
varying the initial concentration of II and measuring the reaction rate. 

‘$ A. A. Frost and R. G. Pearson, Kinetics 4nd Mechankm. p. 45. Wiky, New York, N.Y. 
I‘ Saz Ref. 15 and W. W. Wcndlandt, 1. Chcm. Ed. 38,571 (1961). 
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The overall order was obtained in a separate study from the integrated second order rate equation 
by the use of NMR as follows. Norbomylenc (0.9864 g, 0.0105 mole), 0.2616 g (040335 mok) 
benzne and 2.1211 g (CO1 183 mok) of II were mixed in a 10 ml volumetric flask and diluted to 
volume. A small sample was then placed in nn NMR sample tube in a thermostatcd bath a1 311.3X. 
The extent of reaction was followed by observing the disappcaranoc of norbomyknc. relative 10 the 
internal standard benzene. in the NMR as a function of time. The rate constant, calculated at the 
different times, gave a good fit for second order reaction, k(311.3”K) = I.96 x 10 * litcrs/mo+c-hr. 

DISCUSSION 

DTA analy.si.s. The utility of DTA to the metallurgist, the inorganic chemist, and 
the analytical chemist is well known though its full potential even in these areas has 
not been realized. When knowledge of a reaction mechanism is desired via kinetics. 
DTA can be an invaluable tool due to the ease with which measurements can be made 
and the simplicity of the method. The only requirements for a reaction are that: 
it be endo- or exothermic, it be slow enough at some low temperature that is reasonable, 
the measurements can be made at the onset of the reaction when reactants are mixed, 
and it be fast enough that the process goes to nearly completion during the run in 
a reasonable length of time. It is obvious that these very broad requirements are also 
markedly dependent upon the sophistication of the equipment employed. 

These prerequisites are met to a certain degree in the reaction studied here by this 
method. The decomposition rate of Ill is very slow at room temperature. In fact, 
III has been stored for more than 3 weeks with only moderate decomposition as 
cvidcnccd by only slight changes in its infrared spectrum. At higher temperatures 
(120-140”) with the concentrations chosen here, the decomposition is essentially 
complete in less than 30 minutes. 

One limitation of this particular type of analysis is that the reaction appears to 
follow simple first order kinetics, where the conventional analysis indicates that there 
are two consecutive reactions involved in the mechanism. This can be rationalized 
by recalling that DTA is a method for measuring heat effects during reactions. The 

heat of reaction for the second transformation (IV )(b V -i- NJ is suggested from the 
conventional analysis to be small compared to the heat of formation of the inter- 
mediate. This is not unreasonable especially since the pre-exponential factor for the 
second reaction is less than lOI implying that AS* is less than 0 for the transition state 
leading from IV to V. The close agreement between the rate constants obtained by 
DTA analysis (k *’ in Table 5) and that obtained by a conventional analysis (k, in 
Table 1) indicates that this is likely. Another possibility could be that, since the DTA 
reflects only heat changes, the overall rate observed as first order is not grossly 
affected by the second reaction since it is very much faster than the first reaction. 
That is, the two reactions cannot be independently resolved by DTA. 

Concenrionul analysis. I:rom the kinetic results obtained, the decomposition of 
III is best explained as proceeding through an ionic intermediate IV. A similar reaction 
of II and dimethylisobutenylamine appeared to go through a dipolar ion in the 
decomposition of a suspected triazoline intermediate as was evidenced by a strong 
absorption band at 2100 cm .* in the IR spectrum.‘* Only a band of low intensity 
was observable in the decomposition mixtures of III at low temperatures and was not 
consistently present. Attempted chromatography of a solution of III on alumina gave 
a complex mixture (including V) which did show an intense band at 2100 cm-l. 
The lifetime of IV is undoubtedly short as indicated from the kb values. Supporting 
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evidence is afforded by the classic kinetic data which best fits a reaction mechanism 
involving two consecutive first order reactions. (See Results for the determination of 
the kinetics of this decomposition.) The dependence of the reaction rate constant 
(for decomposition of III) upon solvent polarity (Table 4) supports this postulate also. 
It is welI known that reactions which show a kinetic dependence on the polarity of the 
solvent, often involve an ionic species in the mechanism.’ In the present example 
that an ionic species is formed is suggested by the increase in the rate constants, 
k. and kb, with increase in dielectric constant of the solvent. 

A dipolar ion intermediate has been proposed r7-lQ to explain the formation of the 
observed products in the decomposition-of triazolines to form aziridines, imines and 

IV 

diazo compounds. In the system under discussion it is noteworthy that the N- 
substituted phosphoramidate anion portion of the dipolar ion IT resembles the 
nitrogen analogs of the Wittig reagents VI” which are relatively stable. This fact 
suggests that the dipolar ion once formed could be stabilized by resonance delocahza- 
tion involving d and p orbitals on phosphorus and nitrogen, respectively. Thus, 

0 

[(EtO),!NR]- Na+ 

VI 

for formation of V and IV, a six-membered transition state VII may be involved. 
Simultaneous loss of nitrogen and hydride shift could occur as the incipient C=N 
bond is being generated. It should be recalled that P - 0 bonds in general are highly 
polarized having high bond moments which would enhance the stability of VII.” 
A mechanism of this type is consistent with all observations and is not unreasonable, 

I7 R. Fusco, G. Bianchctti, D. Pocar and R. Ugo. Gax. Chim. Ital. 92, 1040 (1%2). 
I@ For a rwkw on this subject xc R. Huisgcn. &yew. Chm. (ht. Ed.) 2, S65 (1%3). 
I9 C. H. Hassall and A. E. Lippmann. J. Ckm. Sot. 1059 (1953). 
L, W. S. Wadsworth, Jr., and W. D. Emmons. /. Olg. Ckm. 29.2816 (1964). 
ai R. F. Hudson. The Narurc of the Chemhzl Bcxn.firip In Orga~~~-phosphu~ Compoumk, in Pure and 

Applied Chemktry Vol. 9; No. 2, p. 379 (1964). 
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considering thelarge negative AS* for the formationof products from the intermediate. 
It certainly explains why there is no evidence found for the aziridine VIII in the decom- 
position products of III. In analogy with the decomposition of the triazoline from 
benzoyl azide and norbomylene,le aziridine VIII would be expected if nitrogen were 

LkF N\P(Owt), 

VIII 

lost in a separate step. The resulting ion conceivably could be stabilized by electrostatic 
interactions such as illustrated in IX. If this were the case it is possible that ring 
closure (aziridine formation) could compete with hydride shift. An ion such as X 
would be a necessary postulate if nitrogen was lost in a separate step. It is well known 

that certain wbonium ions of general structure X undergo rearrangement,‘? and 
no rearranged products were found in the decomposition of III as evidenced by the 

X 

good material balance. A carbonium ion such as XI has been proposed by HuisgerP 
as part of the mechanism in the formation of aziridine XI1 and oxazoline Xl11 from the 

c&/ 
C(O)Ph 

Ii \ 
N" N - R- h’\&y 

+ a 
SI 

A N 
N + 

‘C’ 
Ph & o>c-Ph t 

SII 
:: SIII 

decomposition of appropriate triazoline formed in the reaction of benzoyl azide with 
norbomylene. If the hydride shift occurs with simultaneous loss of N, in IV -. V ..- 
N,, it is unusual although the lack of rearrangement products expected from an 

n J. A. Berwn. Carboniwn bn Rtorr~cmenfs In Bri+d Bicyclic System. Chap. 3 in Molec&r 
Rcurru~cmrnts (Fdited by P. &Mayo) Pan I. Interscience, New York, N.Y. (1963). 
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intermediate such as IX, does not allow an easy alternative explanation. In a recent 
case “hot ion” obtained from the decomposition of a suspected triazoline intermediate 
from reaction of norbornadiene and N&N. underwent molecular rearrangement.x) 

The Es for Eq. 3 does seem higher than might be expected and it is tempting to 
speculate that an intermediate with phosphorus in a seven-membered ring may form 
in conversion of IV to V.” Under the conditions for decomposition of III to give V, 
such an intermediate could not be isolated nor detected. In any case, the lifetime of 

OEt 

& : 

N_&OEt 

I 
N=N-0 

such an intermediate must lx short. The hydride shift required in obtaining V from 
IV certainly requires some energy of activation also. 

Stabilization of the transition state VII may be enhanced by the cis arrangement of 
the vicinal groups in the dipolar ion and the restricted rotation of the C-N bonds 
imposed by the norbornylenc system. As stated previously in the related example from 
this Laboratory, the rapid loss of nitrogen and subsequent formation of an amidine 
XIV was postulated in the reaction of II with N,Ndimethylisobutenlyamine.lb 

Although a triazoline intermediate could not be isolated, intense absorption at 

MC MC 
\/ 25” 

II .i. 

; ‘, 
- N, -i- 

H NMC, 

2100 cm-i in the IR spectrum of the reaction mixture 

NMe, 
/ 

Me&H--C 
\\ 

\‘N-P(O)(OEt), 

XIV 

suggests a dipolaF’ ion inter- 
mediate.% Consequently, stabilization of such a diazonium system by the phosphoryl 
function could logically arise through ground state electrostatic interactions. 
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