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Abstract-A number of mixed ligand complexes of alkali metal salts of o-nitrophenol, l- 
nitroso-2-naphthol and 8-hydroxyquinoline has been synthesized and characterized. IR 
studies indicate the presence of hydrogen bonding. Ease of complexation as well as the yield 
has been found to increase with the increase in radius of alkali metal cations. Low values 
of their molar conductivities suggest that they are non-electrolytes. 

In an attempt to explore the mechanism of selective 
absorption of alkali metal ions by plants, with the 
assumption that a knowledge of coordination 
chemistry of the alkali metals would facilitate fuller 
understanding of the mechanism, our attention has 
been drawn to the ligands, picolinic acid N-oxide 
and quinaldinic acid N-oxide. Previous authors 
have reported the behaviour of picolinic acid N- 
oxidelm5 (henceforth designated as HPicO) with 
various transition and non-transition metals ; but 
no alkali metal complex with this ligand has been 
reported as yet. A literature survey also reveals 
that the ligand quinaldinic acid N-oxide (hereafter 
abbreviated as HQuinO), which has two possible 
coordination sites, has remained neglected and no 
attempt has yet been made to examine its chelating 
ability. The present investigation has been under- 
taken to examine the behaviour of these N-oxides 
towards alkali metal salts and also to study whether 
they are more selective in comparison to the parent 
acids. 

We have obtained a number of mixed ligand com- 
plexes with these ligands having the general formula 
ML * nHL’ where M = Li, Na or K ; L = de- 
protonated o-nitrophenol, 1-nitroso-2-naphthol or 
%hydroxyquinoline ; HL’ = HPicO or HQuinO 
behave as bidentate ligands. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Preparation of HPicO 

The ligand picolinic acid N-oxide was prepared 
by the method as described in the literature. 6 

Preparation of HQuinO 

5 g of quinaldinic acid was dissolved in 20 cm3 
glacial acetic acid and 40 cm3 hydrogen peroxide 
(30%) was added to it. The contents were refluxed 
on a water bath for about 2 h. On cooling, a vol- 
uminous light yellow precipitate was obtained. The 
contents were evaporated to dryness and the residue 
was recrystallized from methanol, when shining 
light yellow needles of quinaldinic acid N-oxide 
were obtained. These were filtered, washed with the 
solvent and dried in an electric oven at about 80°C. 

Authenticity of the product so obtained was 
established by its m.p. determination, analytical 
data and IR spectrum. The decomposition tem- 
perature of the sample comes out to be 168-170” 
dec. which is in consonance with the reported 
value.“8 A very high yield (ca. 96%) was obtained 
and it took only 2 h to complete the reaction. 

Preparation of the complexes 

The complexes were synthesized by taking equi- 
molar proportions of the alkali metal salt (ML) and 
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the ligand (HL’) in absolute ethanol with the ligand 
in slight excess. On refluxing with continuous stir- 
ring, a clear solution was obtained. On cooling it, 
the adduct separated and was filtered, washed with 
absolute ethanol and then dried in an electric oven 
at 80°C. 

No adduct separated in the case of lithium salts 
of o-nitrophenol and I-nitroso-Znaphthol. Our 
attempts to synthesize adducts of the title ligands 
with the corresponding alkali metal salts did not 
succeed, although such adducts have been obtained 
from picolinic acid9 and quinaldinic acid. ‘O 

RESULTS AND DISCUSSION 

The complexes of these ligands with alkali metal 
salts are characteristically coloured. Ease of their 
complexation with these salts was found to increase 
with the increase in radius of the alkali metal ions. 
Yield too showed similar trends. The colours, the 
decomposition/transition temperatures, conduc- 
tivity values as well as the analytical data of these 
complexes are listed in Table 1. 

These complexes are soluble in most polar sol- 
vents such as methanol, but are insoluble in non- 
polar solvents such as benzene, toluene and dieth- 
ylether. They are stable when kept in uucuo or in a 
desiccator over anhydrous CaCl*. On exposure to 

moisture, they appear to decompose rapidly to give 

the free ligand and the alkali metal salt. 
They either decompose or undergo a trans- 

formation at temperatures which are considerably 
higher than the melting point of the corresponding 
ligand, indicating thereby their greater thermal 
stability. 

Infrared spectra 

Infrared measurements for the title ligands and 
their hitherto unknown mixed ligand complexes 
with alkali metals were made between 4000-650 
cm- ’ in Nujol mulls. Pertinent IR data for these 
compounds are recorded in Table 2. 

The multiple bands that occur in the spectrum of 
the ligands HPicO and HQuinO indicate that in the 
solid state, they contain strong hydrogen bonds, 
possibly of the symmetrical type resulting in the 
dimer. ’ I In the spectra of the complexes, these mul- 
tiple bands have disappeared. 

The spectra of all the complexes of HPicO con- 
tain a broad band in the region 242@-2320 cm-‘, 
while those of HQuinO exhibit the broad band in 
the region 2340-1850 cm-‘. The complex KON 
P - HPicO exhibits a broad band at 2700 cm- ’ also. 
Likewise the IR spectrum of the complex 
NalN2N * HQuinO exhibits two broad bands at 

Table 1 

Compound Colour 

M.p./decomp./ Conductivity (%) Found (%) Calculated 
transition (Ohm-’ cm* 
temp. (“C) mol-‘) C H N M C H N M 

HPicO Pale yellow 161 m 51.7 3.7 10.5 - 51.8 3.6 10.1 - 

NaONP - HPicO Yellow 202 t 3.0 48.4 3.5 9.3 7.6 48.0 3.0 9.3 7.7 

KONP * HPicO Orange 275 d 5.0 45.6 2.8 8.8 12.2 45.5 2.8 8.9 12.3 

KONP - 2HPicO Yellow 185 t 7.0 48.0 3.5 9.2 8.8 47.4 3.1 9.2 8.5 

NalN2N. HPicO Brown 200 t 4.0 57.6 3.5 8.3 7.0 57.4 3.3 8.3 6.9 

KlN2N-HPicO Brown 135 d 4.5 55.3 3.3 8.0 11.2 54.9 3.1 8.0 11.1 

Li8HQ - HPicO Cream coloured 172 t 3.5 62.0 3.8 9.8 - 62.0 3.8 9.6 - 

Na8HQ - HPicO Cream coloured 168 t 4.0 58.9 4.0 9.7 7.5 58.8 3.6 9.1 7.5 

K8HQ - HPicO Cream coloured 165 t 4.5 56.1 3.4 8.8 12.0 56.0 3.4 8.7 12.1 

HQuinO Light yellow 168-170d - 63.7 3.8 7.4 - 63.5 3.7 7.4 - 

NaONP * HQuinO Yellow 205 d 2.0 54.9 3.8 8.0 6.5 54.8 3.1 8.0 6.6 

KONP - HQuinO Deep yellow 215 t 2.5 52.0 3.5 7.6 10.5 52.4 3.0 7.6 10.6 

KONP - 2HQuinO Yellow 202 d 3.5 56.9 3.6 7.5 7.0 56.2 3.2 7.5 7.0 

NalN2N - HQuinO Brown 185 d 3.5 63.0 3.9 7.2 6.2 62.5 3.3 7.3 6.0 

KlN2N - HQuinO Brown 178 d 1.0 59.9 3.8 7.0 9.8 60.0 3.2 7.0 9.7 

Li8HQ - HQuinO Cream coloured 190 t 1.0 66.6 4.5 8.2 - 67.0 3.8 8.2 - 

Na8HQ * HQuinO Pale yellow 185 d 3.0 63.7 4.2 7.8 6.4 64.0 3.6 7.8 6.4 

K8HQ - HQuinO Pale yellow 180d 3.5 61.2 4.0 7.5 10.5 61.2 3.5 7.5 10.4 
- 

HPicO = picolinic acid N-oxide ; HQuinO = quinaldinic acid N-oxide ; ONP = o-nitrophenol; lN2N = l-nitroso- 
2-naphthol, and 8HQ = 8-hydroxyquinoline. 



Alkali metal complexes 

Table 2 

Compound Selected IR absorption bands (cm- ‘) 

HPicO 2800-l 850 w 1720 s 1680 s 1620 s 1295 s 1267 s 
NaONP - HPicO 2300 br 1710 m 1670 m 1615 m 1290 s 1255 s 
KONP - HPicO 2350 br 1710 m 1620 s 1280 m 1250 m 
KONP - 2HOicO 2320 br 1685 sh 1680 m 1620 s 1285 m 1240 m 
NalN2N-HPicO 2320 br 1690 s 1640 s 1602 s 1285 sh 1242 m 
KlN2N*HPicO 2340 br 1700 s 1660 s 1605 s 1290 s 1250 s 
Li8HQ - HPicO 2340 br 1715 m 1680 m 1620 m 1295 s 1260 s 
Na8HQ - HPicO 2340 br 1715 m 1660 m 1615 m 1295 s 1265 m 
K8HQ - HPicO 2400 br 1720 m 1660 m 1615 m 1290 s 1275 m 

HQuinO 2800-1900 br 1680 br 1610 m 1300 m 1280 m 
NaONP - HQuinO 2340 br 1 1660 sh 1620 m 1295 w 1280 m 
KONP - HQuinO 1850 br 1650 sh 1615 m 1295 sh 1280 m 
NalN2N-HQuinO 2320 br 1640 s 1598 sh 1290 m 1270 s 
KlN2NeHQuinO 2320 br 1625 s 1598 sh 1285 m 1268 s 
Li8HQ - HQuinO 2340 br 1660 s 1615 m 1290 sh 1275 m 
Na8HQ - HQuinO 1950 br 1660 sh 1610 br 1290 w 1275 m 
K8HQ * HQuinO 1630 s 1610 sh 1290 sh 1275 s 

2350 and 1950 cm-‘. Such a band is completely 
absent in the spectrum of the complex 
K8HQ * HQuinO. These bands could be assigned 
to 0 * . . H-O/N.. . H-O absorptions and suggest 
hydrogen bonding to be an essential feature of these 
complexes, which is in conformity with the obser- 
vation of Nyholm et al. ’ * 

The bands at 1720 cm-’ and 1680 cm- ’ that 
occur in the ligand HPicO have been assigned to 
asymmetric -COOH absorptions ; 5 while the band 
at 1295 cm-’ is, in all probability, due to sym- 
metrical stretching -COOH vibrations. The shift- 
ing of all these bands to lower frequencies by 5-30, 
lo-40 and 5 cm-’ respectively in almost all the 
complexes is indicative of the coordination through 
the oxygen atom of the -COOH group of the 
ligand. The 1680 cm-’ band, that occurs in the 
spectrum of the ligand HQuinO, may, in analogy 
with the assignments in the case of picolinic acid N- 
oxide,’ be attributed to asymmetric CO 2 vibrations 
of the -COOH group. On complexation, this band 
shows a negative shift of 20-50 cm- ‘. The 1280 
cm-’ band of the spectrum of HQuinO, due to 
symmetrical stretching -COOH vibrations, has 
either remained unaffected or has shifted to lower 
frequencies by 5 cm- ‘. 

In the spectra of the HPicO complexes, the 1620 
cm- ’ band of the ligand, assigned to vCC+ vCN 
absorption,’ has shifted to lower frequencies by 5- 
18 cm- ’ ; while in those of HQuinO complexes, the 
1610 cm-’ band of the ligand has either remained 
unaffected or shifted to higher frequency by 5-10 
cm- ‘. 

The 1267 cm- ’ band of the ligand HPicO, which 
is attributed to the stretching Noxide vibrations, 
has shifted to lower frequencies in the complexes 
by 7-17 cn- ‘. Likewise, the 1300 cm-’ band of 
medium intensity in the HQuinO spectrum ascribed 
to the stretching N-O vibrations has shifted to 
lower frequencies by 5-10 cm- ‘. These features sug- 
gest the coordination of these ligands with the alkali 
metals. 

The 1267 cm- ’ band of the ligand HPicO, which 
is attributed to the stretching N-oxide vibrations, 
has shifted to lower frequencies in the complexes 
by 7-17 cm- ‘. Likewise, the 1300 cm-’ band of 
medium intensity in the HQuinO spectrum ascribed 
to the stretching N-O vibrations has shifted to 
lower frequencies by 5-10 cm-‘. These features sug- 
gest the coordination of these ligands with the alkali 
metals through the oxygen atom of the N-oxide 
moiety. Similar shifts have also been observed in 
the case of complexes of the ligand picolinic acid 
N-oxide with transition metal cations.3m5 

The band at 847 cm- ‘, that occurs in the spec- 
trum of HPicO, has been assigned to the bending 
N-O vibrations,5 but no appreciable change in 
the position of this band appears to take place on 
complexation. 

Conductivities 

Molar conductivities of all the complexes were 
measured in methanol at 25°C at a concentration 
of 1O-3 M. 

A value of ca. 3540 Ohm-’ cm* mol-’ cor- 
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responds to a 1 : 1 electrolyte. ’ 3 From the results 5. T. J. Delia, M. A. Little and D. X. West, .Z. Znorg. 

(Table l), it is evident that the molar conductivity Nucl. Chem. 1973,35, 1400. 

values of none of the complexes approach either 6. Otto Diels, Kurt Adler, W. Friedrichsen, Petersen, 

ideal or 1 : 1 electrolytes. However, fairly low values Brodersen and Kech, Ann. 1934,510,87. 

of molar conductivities of these complexes suggests 7. Yoshiki Hamada, Y&ug&u Zasshi 1959,79,908. 

that they are non-electrolytes. 8. M. Hamana and M. Yamazaki, Chem. Pharm. Bull. 
(Tokyo) 1962,10,51; Chem. Abstr. 1963,58,504& 
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Abstract-Complex formation reactions between In(II1) and 2-mercaptopropanoic acid 
(H,A) have been studied in 3.0 M NaClO, at 25”C, by measuring the EMF of the glass 
and In(Hg) electrodes as a function of the acidity of the solution. At -1og)H’l > 5.5 
the formation of a precipitate is observed. The EMF data obtained in the range 
1 < -log IH+I < 5.5, treated by the general minimizing program LETAGROP, can be 
explained by assuming the formation of the species InA+, InA and InA(O A 
reaction equation is proposed and the formation constants for these species are given. 

Simple aliphatic mercaptoacids have been studied 
as possible masking agents in analytical processes, 
sometimes as substitutive of potassium cyanide, l-6 
as well as simple coordination models which are 
present in some complex molecules of biological 
interest. 7 

The analytical work so far published deals mainly 
with qualitative aspects of many reactions with 
metals which are very interesting from the analytical 
point of view. 

The information on the stoichiometry and equi- 
librium constants of these reactions is scanty. Stud- 
ies of complex formation with divalent ions, which 
favour the formation of mononuclear species, show 
a high stability of the reaction products. **’ In other 
cases, ‘O*’ ’ a precipitate appears which can be redis- 
solved via polynuclear complex formation. 

The existence of different reaction products intro- 
duces some difficulties in the analytical applications 
of this type of reaction. However, a detailed study 
of the system will elucidate the conditions where the 
analytical applications are successful. 

*Authors to whom correspondence should be addressed. 

In this context, a detailed study on the com- 
plexation of these acids with mono or trivalent cat- 
ions has been undertaken in our laboratory. I2 The 
results on In(III)-2-mercaptopropanoic acid are 
reported here. Mono and trivalents cations have 
been chosen because of the lack of information in 
these systems which are of great analytical interest. 

EXPERIMENTAL 

Reagents, solutions and electrodes 

2-Mercaptopropanoic acid, CH,CH(SH)COOH, 
Fluka, p.a., was purified and determined as 
reported before. lo A In(C104)3 stock solution was 
prepared as described elsewhere. l3 This solution 
was analysed by electrodeposition of metallic 
In on a Pt net coated with Cu14 in a buffered ox- 
alic acid/oxalate medium. The H+ content of 
the In(C104)3 solution was determined poten- 
tiometrically. NaClO,, HClO, and NaOH solu- 
tions were prepared and analysed according to 
recommended methods. ’ ’ 

Ag(s)/AgCl(s) reference electrode was prepared 
according to Brown. I6 The In(Hg) electrode was 

5 
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prepared in situ for each titration by electrolytic 
reduction of In3+ in a mercury cathode,17 until the 
indium concentration in the amalgam attained 
0.02% (w/w). A glass electrode Radiometer 
G202C was used. 

Apparatus 

The EMF measurements were carried out with a 
Radiometer PHM 64 potentiometer with an accu- 
racy of f 0.1 mV. These measurements were moni- 
tored by means of an automatic system controlled 
by a microprocessor made in our laboratory. The 
equilibrium was considered when two consecutive 
EMF readings within 10 min did not differ by more 
than f0.2 mV. A Metrohm Herisau E211A coul- 
ometer was used for the “EoA titration”. All 
measurements were carried out in a thermostated 
bath at 25 f O.l”C. 

EMF measurements 

The complex formation equilibria were studied 
from EMF measurements using potentiometric 
titration techniques. The composition of the test 
solutions can be represented as : 

TS = B mM In(III), A mM H2A, 

HmMH+,3.0MClO;. 

In each experiment the total concentration of 
In(II1) and 2-mercaptopropanoic acid were kept 
constant while the H+ concentration varied step- 
wise from 1O-5.5 to 10-l M. To vary [H+], equal 
volumes of the following solutions were added : 

T, = 2BmM In(III), H, mM H+, 3.0 M ClO; 

T2 = 2AmMH,A,H,mMHt,3.0MC10;. 

The free concentrations of In3+ and H+ of the 
test solution TS were determined by measuring the 
EMF of the cells : 

R.EJ3.0 M NaC104 // TS/G.E. 

In(Hg)/TS // 3.0 M NaCl0JR.E. 

where R.E. is the reference electrode : 

(I) 

(II) 

Ag(s), AgCl(s)/2999 mM NaClO,, 1 mM AgC104, 

G.E. is the glass electrode and In(Hg) the In(s) 
amalgam electrode. The sign // denotes the presence 
of a salt bridge of the Wilhelm type. I* 

The EMF of the cells I and II in mV at 25°C can 
be written as : 

EA = E,A+59.1610g[H+]+EjA 

= EoA+59*16lOgh+EjA (1) 

EB = EoB+ 19.7210g[In3+]+Ei, 

= EOB+ 19.721ogb+& (2) 

EoA and EoB were determined coulometrically and 
volumetrically, respectively, at the beginning of 
each experiment using the Gran functions. ’ 9 EjB and 
EjA were determined in free ligand test solutions. EjB 
was negligible in our experimental conditions while 
EjA had only a significant value when -log h c 2. 

Dissociation equilibrium of 2-mercaptopropanoic 
acid 

The study of the dissociation equilibria of 2-mer- 
captopropanoic acid in 3.0 M NaClO, at 25°C was 
carried out previously to study complex formation. 

This study was done following an experimental 
technique similar to the formerly explained. In this 
case measurements were done in absence of metal. 

The data collected in the form (T/T,, Vr2, EA) 
were treated by means of LETAGROP program*’ 
and could be explained by the following reactions : 

H++A’- *HA- log Blo, = 10.12+0.02 

2H+ +A’- =H,A log p2,,, = 14.06+0.02. 

These values agree with those obtained by us 
under another condition. * ’ 

RESULTS AND CALCULATIONS 

Complex formation equilibria 

Different titrations were carried out in which the 
analytical concentration of In(II1) and 2-mer- 
captopropanoic acid were varied (2,5 and 10 mM, 
and 15, 25 and 40 mM, respectively). The exper- 
imental data were taken in the form of (VT,, I’r2, 

EAY EB)B,A- The reversibility of the chemical equi- 
libria was tested by titrating the test solution TS in 
two ways, i.e. first with an acid and then with an 
alkali, until a white precipitate was observed. The 
potential values agreed for each -log[H+]. 

The complex formation equilibria between 
In(II1) and 2-mercaptopropanoic acid can be writ- 
ten as follows : 

pH++qIn3++rA2-z$H,In,+,. (3) 

The formation constants for the different species 
can be defined as : 

&,, = ~,In&,]h-Pb-qa-’ (4) 

where b, a and h represent the free concentrations 
of In3+, A*- and H+, respectively. 

The experimental data were converted into 
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(II, -log h)A pairs, being : 

rl = log@W (5) 

where b was calculated from eq. 2. 
Mass equilibrium equations give the following 

general equation : 

q = log (1 + Cq&,bq- ‘a’hP). (6) 

If q is plotted vs -log h when the total con- 
centration of the ligand is constant, the curves 
superimpose practically for low metal concentra- 
tions It infers that g is independent of b, and 
this happens when q = 1 (mononuclear species) (cf. 
eq. 6). When the total concentration of the metal 
is increased, at -1ogh > 3 the curves present a 
small deviation. This indicates that from this 
value the fo~ation of polynuclear complexes is 
probable. 

Numerical analysis of the data 

In order to ascertain the composition of the 
different complexes, i.e. the different @, q, r) values, 
as well as the best values for the formation 
constants, numerical calculations were performed 
using the NYTIT version22 of the general mini- 
mizing program LETAGROP.” Taking sets of 
data (VT,, VT2, EA, &&A and the composition of 
the Ti solutions of the different burets as input data, 
the program considered that the best set of equi- 
librium constants is that which minimizes the error 
square sum U: 

u = &p~(~B,calc-- &,exp12. (7) 

In this equation Np represents the number of exper- 
imental points, w is the statistical weight (W = 1, 
in our case), Es,,,,, is the corresponding quantity 
calculated by the computer by assuming a set of 
chemical species and equilibrium constants, and 
E B,exp is the experimental EMF value. 

Taking into account the preliminary results 
obtained from graphical treatment of the data, 
different sets of complexes were chosen in order to 
fit the experimental data. In this way, the value of 
Uat the minimum and the mean standard deviation 
in EB, rr(&), were calculated for each set. The best 
models were chosen as those which gave the lowest 
values for U and @&r). The results of these cal- 
culations are given in Table 1. It can be seen that 
the combination of complexes (0, 1, I), (- 1, 1,l) 
and (- 2, 1, 1) gave the best values for U and 
a(&). It can also be seen that inclusions of pro- 
tonated or polynuclear species in the calculation 
implied that they were rejected by the computer or 
that they led to a considerable increase in the U and 
a(&) values. 

Table 1. U and a(&) values for the different Cp, q, r) 
models tried by the program LETAGROP-NYTIT 

Complexes 
Model 01, q. r) 

WJ 
tmv) 

Rejected 
species 

1 (0, 1, 1) 0.431E+5 8.26 

(0, I, I) 
2” (-1, 1, 1) 0.676E+2 1.59 

t-2, 1, I) 

(0, I, I) 
(--I, I, I) 

3 (-2, 1, 1) O.l3OE+4 4.60 f--1,2, I) 
(-I, 2, I) 
t-493, I) 

(1, 192) 

4 (” ” ‘) 0.672E+2 
(--I, I, I) 

1.59 (I, I, 2) 

C-2, 1, 1) 

“This model represents the best fit of the experimental 
data. 

The value of @?B) = 1.59 mV indicates that the 
model represented by the equations : 

In3++A2- ;fInA+ 

log&,,, = 13.12f0.09 (8) 

H20+In3f+A2-~InA(OH)+H+ 

logB-11, = 10.69&0.16 (9) 

2H20+In3++A2-=$InA(OH);+2H+ 

log@_,,, = 8.2120.06 (10) 

refers to a 99.9% confidence level. 
The fit to experimental data is illustrated graphi- 

cally in Fig. 1, where the value (&&&- EB,& is 
plotted as a function of the -log h for different 

0 A 

1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 

-log h 

Fig. 1. C%,calo -E,,,,,) plotted as a function of -1ogb at 
different metal to ligand ratios (0 : B = 2 mM, A = 25 
mM; 0: B=2 mM, A-40 mM; A: B=5 mM, 

A=4OmM;~:B=lOmM,A=41mM). 
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Department of Chemistry, Ahmadu Bello University, Zaria, Nigeria 
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Abstract-The kinetics of the reduction of Cr(V1) by L-methionine (represented by RSCH 3) 
have been studied in aqueous perchloric acid. The data are consistent with the rate law : 

- d[z(V1)l = (k l + k,[H+]*[RSCH 3])[Cr(VI)] 

with kl = (3.1&0.5)x lop4 s-l; k2 = 12.3+ 1.1 mole3 dmg s-l at I = 1.0 mol dmp3 
(NaC104), [H+] = 0.04-0.10 mol drn- 3 and T = 25.1”C. The corresponding activation par- 
ameters are AH: = 26.2 f0.4 kJ mol- ’ ; AS: = -224k 1 JK- ’ mol-’ ; AH’: = 33.9kO.01 
KJ mol- I ; AS; = - 1 1 1 + 1 JK- ’ mol- ‘. The above rate is very much slower than those 
of other related reactions. This is interpreted in terms of a rate-determining Cr-S bonded 
intermediate which undergoes hydrolysis after electron transfer to yield Cr(II1) and meth- 
ionine sulphoxide. The significance of pathways involving second-order substrate depen- 
dence is also discussed. 

Chromate ester formation is a common feature of 
chromium(VI) reduction by electron pair donors. I-7 
Presumably because of their medical significance, 8 
more attention has been given to sulphur-bonded 
esters which are characterized by their formation 
constants and electronic spectra. 6,g These inter- 
mediates are thought to provide low energy path- 
ways for subsequent electron-transfer. Thus any 
factor that inhibits their formation is known to 
affect the reduction markedly. I O, ’ I 

The reaction of Cr(V1) with L-methionine was 
investigated for several reasons. Firstly, L-meth- 
ionine like L-cysteine4 and other related thiols 1*2 has 
three coordinating centres viz : 0, N and S. Of these, 
sulphur has been established as the most susceptible 
to attack by Cr(VI). However, this site is partially 
blocked by a methyl group within the substrate and 
it is therefore of interest to study the effect of this 
on the reactivity of the substrate. Secondly, 
although the reaction had been investigated by 

* Author to whom correspondence should be addressed. 
Present address: Department of Chemistry, School of 
Science and Science Education, Federal University of 
Technology, Minna, Nigeria. 

different workers ’ 2, I 3 in the past, conflicting views 
had been expressed as to the nature of one of the 
final products. While one group” postulated a 
disulphide as one of the products of the reaction, 
the other group I3 was able to establish a sulphoxide 
as the corresponding final product. It is thought 
that the present investigation would be able to 
resolve the conflict and throw more light on the 
mechanism of the reaction. 

EXPERIMENTAL 

L-methionine (Koch-Light, Pure) was used with- 
out further purification. Potassium dichromate 
(Analar grade) was used for the kinetic runs while 
the sodium salt (B.D.H. Reagent) was used for the 
product analysis where concentrations were such 
as to cause precipitation of potassium per- 
chlorate had the potassium salt been used. Mixtures 
of sodium perchlorate (Fluka, puriss) and perchloric 
acid (Analar Reagent) were used to maintain a con- 
stant ionic strength of 1 .O mol dn- 3 at varying 
hydrogen ion concentrations [H+]. Stock solutions 
of perchloric acid were analysed by titration against 
weighed quantities of sodium tetraborate. 

11 
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Kinetics 
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Under the conditions used for the kinetics HCr 
0; has been established4 as the reacting species of 
the oxidant. Kinetic measurements were therefore 
made at 350 and 420 nm by monitoring the absorb- 
ance changes due to it on a Pye Unicam SP 8000 
spectrophotometer with fully thermostated cell 
compartments. The concentration of the oxidant 
was kept constant at 4.0 x 10m4 mol dme3 while 
L-methionine concentrations were varied between 
(5.@-25.0) x 10e3 mol dmm3 and the ionic strength 
of the medium was kept constant at 1.0 mol dm- 3 
using sodium perchlorate. Pseudo first-order plots 
were linear to more than three half lives and dupli- 
cate measurements agreed to + 2%. 

Products 

The main product methionine sulphoxide was 
characterized as follows : 

A reaction mixture containing 2.0 x 10e3 mol 
sodium dichromate, 2.5 x IO-’ mol methionine and 
5.0 x 10e3 mol perchloric acid in a 50 cm3 solution 
was allowed to stand for about 2 h. Thereafter 10 
cm3 of 0.4 mol dm3 sodium bicarbonate was added 
and stirred vigorously followed by dropwise 
addition of benzoyl chloride solution until pre- 
cipitation was completed. The precipitate obtained 
N-benzoyl methionine sulphoxide which is a deriva- 
tive of methionine sulphoxide was confirmed by 
its melting point 183°C. ’ 3 The yield obtained was 
about 70%. 

A second method l4 for the characterization of 
the product was employed by adding an acetone- 
ethanol mixture (1 : 1 vol. ratio) to a similar reaction 
mixture as above which had previously been 
brought to pH 4. The precipitate of methionine 
sulphoxide was identified by its melting point 
which was found to be 238°C. I4 The yield 
obtained was about 86%. 

RESULTS AND DISCUSSION 

The linearity of the pseudo first-order plots 
implies that the reaction is first-order in Cr(V1). 
Representative values of the pseudo first-order con- 
stant, kobs obtained at different methionine con- 
centrations, hydrogen ion concentrations [H+], 
wavelength and ambient temperatures are shown in 
Table 1. 

Plots of kobs as a function of methionine con- 
centration for different [H+] at constant tem- 
perature were linear with a common positive inter- 
cept (Fig. 1). The slopes of these lines vary linearly 
with the square of the hydrogen ion concentration 
[H+]* (Fig. 2). 
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Fig. 1. The dependence of observed rate constant (koba) 
on the concentration of methionine at 251°C. 
[Cr(VI)] =4.0x 1O-4 mol dm-‘; I = 1.0 mol dm-’ 
(NaClO,); [H+] = 0.04 mol drnm3 (a); [H+] = 0.06 mol 
dm-3(~);[Hf]=0.08moldm-3(x);[H+]=0.10mol 

dm-’ (A). 

From these results, the reaction is considered to 
proceed via two parallel pathways and the overall 
mechanism for the reaction can be represented 
by eqs (l)-(5). Under the conditions of the experi- 
ment, protonated methionine CH3SCH2 
CH2CH(NH3)C02H represented as RSCH3 is the 
predominant species in line with the argument 
presented elsewhere. ‘J,~, I2 The mechanism is 
therefore given as : 

HCrO; +RSCH3 

&R1(CH3)SCRo;+H,0 (1) 

IO3 CH+f mot2 dmm6 

Fig. 2. Plots of slope [eq. (911 as a function of [H+]*. 
= 20.1”C (0); 25.1”C (m); 3O.l”C (A); 35.O”C (x). 
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Table 1. Observed rate constant (koba) for the reaction of Cr(V1) and L-methionine [RSCH,] 
at different hydrogen ion concentrations [H+] and temperatures. [Cr(VI)] = 4 x 10 -4 mol 

dm-3,1=1.0moldn-3(NaC104)andI=420nm 

10’ [RSCH3] [H+] lo4 kobs, s - ’ 
(mol dn- ‘) (mol dm - ‘) 0.04 0.06 0.08 0.10 

T = 2O.l”C 

5.0 
10.0 
15.0 
20.0 
25.0 

T = 251°C 

5.0 
10.0 
15.0 
20.0 
25.0 

T = 3O.l”C 

5.0 
10.0 
15.0 
20.0 
25.0 

T = 35.1”C 

5.0 
10.0 
15.0 
20.0 
25.0 

2.5 3.6 5.6 6.6 
3.9 5.8 9.6 11.8 
4.8 7.8 12.3 17.0 
5.4 8.5 16.0 18.8 
5.8 10.6 18.8 25.1 

3.0 (3.0) 4.7 6.7 8.4 (8.4) 
4.8 (4.9) 8.0 12.0 (12.0) 15.6 
6.4 (6.2) 10.3 (10.0) 16.5 (16.2) 22.2 
6.9 11.8 (11.6) 19.9 (19.2) 27.5 (27.4) 
7.2 14.8 (14.7) 25.1 30.4 

3.9 5.8 8.3 11.0 
5.6 10.0 14.0 18.9 
7.2 12.2 18.9 25.7 
7.7 15.4 21.5 31.9 
8.1 17.6 25.7 35.5 

4.8 7.8 9.8 13.1 
7.6 11.1 16.7 2i.4 
8.3 16.0 26.9 32.1 

10.5 20.6 29.6 39.2 
11.3 21.8 34.0 49.1 

() Values at 1 = 350 nm. 

R’(CH,)SCrO,~Cr(IV)+R’(CH$=0 (2) 
u,o 

R’(CHJSCr0; +RSCH3 

” +Cr(IV)+R’(CH3)S--n 
ZH,O+ 

+RSCH3+2H+ (3) 

where R1(CH3)SCrO; is 

CH3 

OJ-S’ 

8 \ 
CH2CH2CH(NHz)C0rH 

other contributing steps are as in (4)-(5). 

2Cr(IV) fast - Cr(II1) + Cr(V) (4) 

Cr(V)+RSCH,-?$ Cr(III) + R ‘(CH,)S==O. (5) 
2 

On the basis of this scheme the rate of loss of [HCr 
O;] can be readily derived [eq. (6)] 

- d[HCrO;]r 

dt 

= K[RSCH ,I@ I + borsch dW1 *)lWr~&~ 
1 + JJRSCH 31 

(6) 
But 

-d[HCrO& 

dt 
= k+,,Wfl;l~ (7) 

therefore 

k 
obs 

= K[RSCH,I(~,+k,[RSCH,I[H+l*). t8j 
1 + K[RSCH J 

If K[RSCH,] >> 1, eq. (8) becomes 

kobs = k, +kJH+]*[RSCHJ. (9) 
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Table 2. Rate constants k, and k2 for the reaction of 
Cr(V1) with L-methionine at different temperatures 

T/T “k,/s- ’ “k,/Mol-3 dm9 s-’ 

20.1 2.5kO.3 
25.1 3.1 f0.5 
30.1 3.8f0.5 
35.0 4.5kO.5 

AH: = 26.2 f 0.4 kJ mol- ’ ; 

AS: = -224f 1 JK-’ mol-’ 

AH: = 33.9 f 0.01 kJ mol- ’ ; 

AS: = -Ill*1 JK-‘mol-’ 

9.4kO.8 
12.3* 1.1 
15.3& 1.2 
19.3k1.4 

“Error expressed as standard deviation. 

The observation that plots of kobs vs [RSCHJ 
gave good straight lines at constant [H+] and tem- 
perature is consistent with the above mechanism. 
The various rate constants k,, derived from the 
intercepts of such plots and k2, obtained from the 
graph of slope vs [H+] at different temperatures are 
shown in Table 2 together with their corresponding 
activation parameters. 

Our observed rate law eq. (6) differs only slightly 
from those derived for other related reactions’-4 
with the predominant path involving two substrate 
molecules. A comparison of the activation par- 
ameters for the predominant path in this and similar 
Cr(V1) reductions 1,2,4 reveals that such routes 
involve essentially similar processes. There is a 
change in coordination number from four in Cr(V1) 
to six in the kinetically stable Cr(II1) products. 
Therefore, an expansion of coordination shell has 
to occur somewhere between the two states. It is 
thought that the coordination of a second substrate 
facilitates the expansion of Cr(V1) which occurs in 
reactions (3) where there is a two electron reduction 
from Cr(V1) to Cr(IV). This requirement for reor- 
ganization may account for the slowness and rate- 
determining character of the step. Another argu- 
ment that could be advanced in favour of the second 
substrate is that the substrate being positively 
charged under the experimental conditions used, 
would make the central chromium ion more posi- 
tive and thereby increase the tendency of the metal 
to oxidize the coordinated substrate. This is very 
similar to the observation made in the reaction of 
the same reductant with the [AuCl,]- anion. ’ 4 

Interestingly, the reduction of Cr(V1) by meth- 
ionine is much slower than the corresponding 
reductions of the same oxidant by penicillamine192 
glutathione’,’ and cysteine4 under the same exper- 
imental conditions. This is consistent with the pos- 
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tulate’ that the formation of an intermediate com- 
plex is a prerequisite for these redox processes. 
It also supports reports by McAuley and his co- 
workers’*2,4 that the site most susceptible to 
attack by Cr(VI) in these substrates is sulphur. 
The presence of an alkyl group at the site appears 
to inhibit but not totally prevent the coordination 
of sulphur to the chromium centre. Although the 
formation of an intermediate complex could not 
be established from repeated scanning of reaction 
mixtures, this does not invalidate the postulate 
that some form of complex formation is involved 
before electron-transfer. 

Comparison of the rate constants kl and k2 in 
this reaction with those of similar reactions involv- 
ing the oxidant with penicillamine’ and cysteine,4 
show that the former rate constants are two orders 
of magnitude greater than those of cysteine4 and 
comparable with those of penicillamine.* This is 
not very surprising judging from the fact that the 
presence of the methyl group in methionine (which 
is retained after the electron-transfer process) and 
two methyl groups attached to the adjacent carbon 
atom in the case of penicillamine would aid the 
rapid release of the electrons from sulphur to the 
oxidant much more than in the case of cysteine4 
(inductive effect). However, in spite of this, the over- 
all rate of oxidation of methionine is slower than 
those of the latter under the same experimental 
conditions. This would tend to suggest that sub- 
stitution into the inner coordination sphere of chro- 
mium(V1) is likely to be the rate-determining step 
in these reactions. 

The fate of the intermediate Cr(IV) produced in 
reactions (24) has generated a lot of debate in 
the past. Westheimer and Watanabe “3 l5 considered 
several possible paths involving the subsequent 
reactions of Cr(IV), citing experimental evidence 
that in dilute HC104 one subsequent step must 
involve Cr(V1). However, addition of 0.04 mol 
dmP3 of Mn(I1) had no effect on the rate of the 
reaction. This would suggest that the oxidant in this 
investigation is not involved after the rate-deter- 
mining steps. Rather, a disproportionation of 
Cr(IV) is assumed to take place followed by a two 
electron reduction of the Cr(V) produced to give the 
final products Cr(II1) and methionine sulphoxide. A 
similar observation was made by Haight and his co- 
workersI in the oxidation of hydrazine by Cr(V1). 

Srivastava and coworkers’3 in their own inves- 
tigation of the title reaction have proposed a direct 
linkage between the sulphur atom in methionine 
and one of the oxygen atoms in HCrO; rather than 
the metal centre in an attempt to rationalize the 
formation of a sulphoxide as one of the final pro- 
ducts. It is difficult to see how this could possibly 
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be the case given the fact that both sulphur and 
oxygen are highly electronegative elements. On 
the other hand, Petri and Baldea’* in their own 
studies, postulated that the title reaction pro- 
ceeded via the hydrolysis of H,C-S group in 
methionine leading to the formation of the 
sulphur-bonded HO ,CCH(NH 3CH $ZH $CrO ; 
intermediate before electron transfer. No 
alcohol was obtained as a product in our own 
investigation to make us reach such a conclusion. 
Moreover, the hydrolysis of the H&J-S group 
leading to the fission of the C-S bond is highly 
unlikely in the acid medium used. 

In conclusion, the oxidation of methionine is 
assumed to take place through the formation of a 
s~ph~-~nd~ interval complex which under- 
goes hydrolysis after the electron transfer to give 
Cr(III), methionine sulphoxide and possibly sub- 
stituted [Cr”‘(RSCH3)] as the products in line with 
the suggestion elsewhere. 17*‘* The formation of the 
sulphur-bonded intermediate complex is assumed 
to be the rate determining step in these reactions. 
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Abstract-The [7-SeB l0H 1 I]_ anion has been prepared by the degradation of I-SeB 1 ,H 1, 
with NaOEt in ethanol. Data from ‘H, ’ 'B and “B-l ‘B COSY NMR spectra have enabled 
the structure of the anion in solution to be assigned. An X-ray diffraction study of [Et,Nl[7- 
SeB , 0H1 ,] showed the crystals to be monoclinic, space group P2 ,/c with two formula units 
in each unit cell of dimensions a = 8.485(2), b = 10,654(2), c = 10.078(2) A, B = 91.10(2)“. 
1985 unique reflections were measured, but only the 547 with I > 30(Z) were labelled 
“observed” and used in the structure solution and refinement. Both cation and anion lie on 
independent inversion centres and are disordered. In the anion, the Se atom was scrambled 
unequally over 12 sites. The final R value is 0.12. An analysis of the MNDO calculated 
composition of the five lowest energy unoccupied m.o’s. of the sulphur analogue of SeB , 1H 1 1 
was carried out. The results suggest that the B-atom lost in the nucleophilic degradation 
reaction will be from a position adjacent to S(Se). This is supported by experimental data. 

Most of the reported work on heteroboranes has 
concerned carbaboranes. ’ Cage substituted het- 
eroboranes which contain Main Group elements 
other than C have received less attention although 
research groups in the U.S.A.‘x2 and Czechos- 
lovakia3 have made many notable contributions in 
this field. The relative lack of interest in het- 
eroboranes is surprising since, where comparisons 
are available, there are clear differences in the reac- 
tions of isostructural and isoelectronic boranes, car- 
baboranes and heteroboranes. For example whilst 
[B,2H,2]2- and 1,2-C2B ,OH,2 failed to react with 

17 
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Pt(0) complexes of the type [Pt(PR3)4],4,5 both l- 
SB, ,H, I 6 and l-SeB, 1H1 I 7 reacted with [Pt(PPh,),] 
in refluxing EtOH but gave different products 
namely nido [9,9-(PPh3)2-6,9-SPtB8H10] and cfoso 
[2,2-(PPh3)2-1,2-SePtB,$I,o]. In our work we have 
decided to focus attention on heteroboranes con- 
taining S, Se or Te. In this paper we discuss the 
formation of the [7-SeB,,H, J- anion from l- 
SeB 1 IH11 and the elucidation of its structure in 
solution by “B COSY NMR spectroscopy and in 
the solid state by X-ray crystallography. 

Boron-l 1 COSY NMR spectroscopy has recently 
been shown to be an important new method of 
analysis of boron cluster systems in solution and 
is particularly useful when combined with other 
techniques such as ‘H{ I 'B} NMR.8 These tech- 
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niques have been used in the present work to fully 
assign the ’ ‘B and ‘H NMR spectra of [SeB, pH, ,I-. 

Three solid state structures of selenium con- 
taining heteroborane cages are in the literature. 
Of these, the structure of I-SeB, ,Hi, showed 
~stallographi~ disorder’ but ni&[7-(q 5-C 5Hs)- 
7,8,12-CoSeB&IJg and clo.re-[2,2-(PPh3)2-l,2- 
SePtB ,,,H,,$ were not disordered. It was hoped 
that a crystal structure analysis of [Et,Nl[SeB , ,,H 1 ,] 
would provide the first example of a non-disordered 
cage containing only Se and B. 

RESULTS AND DISCUSSION 

The [SeBi&I, J- anion was first prepared by 
Todd et al. lo by the reaction of a freshly prepared 
aqueous ammonia solution of Na$e, with deca- 
borane. The alternative preparation presented here 
is the nucleophilic degradation of I-SeB, ,H, , by 
NaOEt in refluxing ethanolic solution followed by 
precipitation of the anion with aqueous [Et&II 
solution, Fig. 1. By this method [Et ,Nl[SeB , oH 1 J 
was obtained in 55% yield. The reaction is com- 
parable to the reported degradation of SB 1 iH, ,(Ph) 
by methanolic sodium hydroxide to give 
[Me4~[SB,oH10(Ph)] (38% yield),” or the degra- 
dation by ethanolic potassium hydroxide of 1,2- or 
1,7-C2B10H ,2 to give the corresponding (3)-l ,2- and 
(3)-1,7-~C*B~H~,]- anions.” 

The anions [B, 1H,3]2-,‘1 [CzBgH,2]-,‘2 and 
[SeB, oH1 J- are isoelectronic and by Wade’s rules 
would be expected to be isostructural, that is based 
on an icosahedron with one apex missing, Fig. 1. 
In common with most other known heteroboranes 
containing main group atoms the heteroatom 
would be expected to occupy a position where it 
will have the minimum number of B atoms as neigh- 
bours, i.e. in the open face of a SeB4 ring. The 
solution structure of [SeB ,oH, ,I- can be interpreted 
on this basis. 

The “B{ ‘H) spectrum of [SeB ioH ,]- has been 
described before lo and comprises six singlet 
signals; 6 (ppm) -5.6(2B), -9.2(2B), - 14.6(1B), 

Table. 1. NMR chemical shifts for [SeB I 0H1 ,I- u 

B-H site 6 ’ 'Bb 6 ‘HE 

8.11 -9.2 2.05 
2.3 - 16.3 1.67 
9.10 - 17.6 1.26 (also p-H, -4.11) 
4.6 -5.6 2.37 
1 -35.6 1.05 
5 - 14.6 1.83 

n Numbe~ng of sites as in Fig. 1. 
’ Determined by ’ ‘E% ’ ‘B COSY. 
‘Determined by ‘H-j ’ ‘B selective). 

- 16.3(2B), - 17.6(2B) and -356(1B). The assign- 
ment of these signals was carried out using ‘H( ’ ‘Bf 
NMR results in conjunction with ’ ‘B-I 'B COSY 
data, Fig. 2. The *H{ i ‘B) spectrum, with single 
frequency decoupling at a(’ ‘B) = - 17.6 showed 
sharpening of the B-H-B signal. Hence, the sig- 
nal at 6 - 17.6 ppm in the * ‘B spectrum arises from 
B(9,lO). The ’ 93-l ‘B COSY spectrum shows the 
signal at 6 - 17.6 couples to that at 6 - 14.6. This 
then must be due to B(5), Thus, the signal at 6 
-35.6 must be due to B(1). The COSY spectrum 
shows the signal at 6 -5.6 displays coupling to 
every other signal. This could only be explained if 
this signal arose from B(4,6). In addition, the signal 
due to B(9,lO) shows coupling to that at 6 -9.2. 
Of the two remaining possibilities, only B(8,ll) are 
adjacent to B(9,10), and so we assign the signal at 
6 -9.2 to B(8,ll). Thus, the signal at 6 - 16.3 must 
be due to B(2,3). This signal shows two of the three 
interactions expected, i.e. to B(4,6) and B(1) though 
not to B(8,ll). The boron NMR assignments are 
quoted in Table 1, together with proton NMR 
assignments as elicited from selective ‘H{ “B) 
experiments. 

In order to establish the solid state structure of 
[SeBr oH t ,I-, a X-ray c~s~llo~aphic study of the 
pt,NJ+ salt was undertaken. With Z = 2 in space 
group P2,/c, both cation and anion must lie about 

2 

Na COEtl 

Fig. 1. Degradation of l-W3 1 ,H, , to [7-SeB, ,H, ,I-. 
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(a) 

*,3 9,10 

J 

r--p 

0 -10 -20 -30 

PP” 

Fig. 2. (a) ’ ‘B{ ‘H} and (b) ’ ‘B-’ ‘B COSY NMR of [7-SeB I $3 I ‘I-. 

Fig. 3. A view of the [Et,N]+ and [SeB,& l ‘I- ions. The anion lies on a crystallographic inversion 
centre denoted * ; the Se and B atoms are mutually scrambled over the 12 sites. For clarity atoms in 
the disordered cation are shown as spheres of arbitrary radius. The bonds in one of the two [NEt,] + 

moieties are shown as thick black lines. 
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Table 3. Contributions of cluster units to the five 1.u.m.o.s in 
l-SB I ,H, I 
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Position 
Molecular orbitals 

unit a, e2 el 

1-s s 0.39 - - 0.29 0.29 
B(2kB(6) B 0.39 0.59 0.59 0.40 0.40 

H 0.07 0.15 0.15 0.03 0.03 
B(7)_B(ll) B 0.09 0.19 0.19 0.19 0.19 

H 0.04 0.07 0.07 0.03 0.03 
B(l2) B 0.01 - - 0.06 0.06 

H 0.01 - - - - 

al e2 eI 
Energy gap (ev) 0.94 0.08 

grouped as one of symmetry ai and two pairs (ez, 
e ,) respectively, Table 3. The energy separations are 
al to e2 0.94 and e2 to e, 0.08 eV respectively with 
these five m.o.s. 1.4 eV lower in energy than the 
next unoccupied orbital. Contributions to the com- 
position of the aI 1.u.m.o. are 39% from S and 46% 
from the BSH,-ring attached to sulphur, ie. 85% 
on SB5H5. The nature of the orbital is essentially 
antibonding between S and the B gH 5 ring but con- 
tains weakly bonding interactions between the B 
atoms. Addition of two electrons from a nucle- 
ophile would be expected therefore to weaken the 
S to B5 bonding but slightly enhance B to B 
bonding. The e2 pair of orbitals have no S com- 
ponent but have a large (74% each) contribution 
from the BSH5 ring adjacent to S. They are essen- 
tially antibonding between the B atoms of this ring 
and the lower one and hence addition of electrons 
would weaken the B to B bonding in this region. 
The e 1 pair of orbitals are constructured with 29% 
from S and 43% from B5HS adjacent to S and are 
antibonding between the S and BSH5 units. It is 
clear from these comments that the addition of up 
to four electrons to I-SB, ,H, I would weaken the 
B-S and B-B bonds in the B5 ring adjacent to 
S making these atoms more susceptible to further 
nucleophilic attack. If the structure was not con- 
strained to remain icosahedral, then it would distort 
to a more open structure in which the B atoms 
adjacent to S would experience weakened cage 
bonding possibly leading to their excision. These 
conclusions are in general agreement with the exper- 
imental findings for the nucleophilic degradation of 
I-SeB, ,H, 1, Fig. 1. However both the structure of 
the intermediates and the mechanism of the reaction 
remain open to question. It is noteworthy that from 
the study of the degradation of 1 ,2-C2B 1 0H i2 it 

would appear that two nucleophiles per carba- 
borane are involved in a complex series of steps. 
Such complex interactions would be difficult to 
model by MNDO calculations. 

EXPERIMENTAL 

Infrared spectra were recorded as KBr discs on 
Perkin-Elmer 257 and 1310 spectrometers. Mass 
spectra were recorded on an AEI-Kratos MS 3074 
double beam spectrometer. NMR spectra were rec- 
orded at 360 MHz (’ ‘B) on a Bruker WH360 Spec- 
trometer fitted with an Aspects 3000 computer at 
the University of Edinburgh, Scotland. A frequency 
lock was achieved on the deuterium resonance of 
the deuterated solvent. ‘H{ “B, broad band} and 
‘H{ “B, selective) spectra were recorded and the 
proton shift data abstracted by difference from off 
resonance decoupled spectra. Chemical shifts 6 are 
reported relative to SiMe, (‘H), and BF,OEt, 
(external) (’ ‘B) ; positive values represent shifts to 
high frequency (“low field”) of the standards. Two 
dimensional ’ ‘IS-’ ‘B (COSY) spectra were 
recorded using the Jeneer pulse sequence, Relaxa- 
tion Delay-90”-t,-90”-acquire, with a sequence 
repetition rate 0.14 s. The data gave a 256 x 256 
matrix which was symmetrized prior to plotting. 

Reactions were carried out under dry oxygen-free 
nitrogen, although manipulations and separation 
procedures were carried out in air. Solvents were 
dried and distilled under nitrogen before use. The 
compound close-1-SeB, lH1l was prepared by a 
literature method7 and characterized spec- 
troscopically ; IR v,, at 2585 s (BH), 2567 s (BH), 
2530 s (BH), 2512 s (BH), 1014 s, 910 s, 853 m, 770 
m, 722 s cm- ‘. Mass spectrum cut-off at m/z 214 
(P’) talc. (82Se’1B,11H,,) 214. 
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Reaction ofcloso-1-SeB 1 1H 1 1 with NaOEt in EtOH 

l-SeB, 1H 11 (0.1 g, 0.48 mmol) was added to a 
solution of NaOEt in EtOH which had been freshly 
prepared from sodium (0.012 g, 0.522 g atom) in 
EtOH (12 cm3). The reaction was stirred at room 
temperature for 23 h and refluxed for 1 h. On 
cooling, excess aqueous [EtIN]I was added and 
the resultant white precipitate (0.087 g, 55.3%) 
was characterized spectroscopically as [Et&j 
[SeBIJJI1l; IR v,, at 2970 w (CH), 2920 w 
(CH), 2510 s (BH), 1475 s, 1450 s, 1438 s, 1415 s, 
1395 m, 1360 m, 1175 s, 1115 w, 1055 m, 1015 w, 
100 s, 930 vw, 910 m, 880 w, 790 s, 740 vw, 695 w 
cn- ‘. “B{ ‘H} NMR (CD$&, 115.5 MHz, 25°C) 
6 -5.6 (s, 2B), -9.2 (s, 2B), - 14.6 (s, lB), - 16.3 
(s, 2B), -17.6 (s, 2B), -35.6 (s, 1B). 

Reaction of closo- 1 -SeB , 1H 11 with DC1 

DC1 was generated from benzoyl chloride and 
DzO. A 3 1 three-necked flask was lilled with DC1 
to 1 atm. To this was added l-SeB, ,H, , (0.25 g, 
1.19 mmol), freshly sublimed AlC13 and CS2 (200 
cm3). The sealed reaction was stirred for 10 days at 
room temperature. The solution was evaporated 
giving a beige solid which was sublimed at 90°C in 
uacuo yielding a white solid (0.11 g, 43%). This was 
identified spectroscopically as partially deuterated 
7,8,9,10,11,12-D,-l-Se-B,,H,; IR v,,, at 2590 s 
(BH), 2550 s (BH), 1915 s (BD), 1290 w, 1220 vw, 
1165 w, 1100 m, 1055 vw, 990 w, 960 s, 910 m, 
868 s, 830 m cm- ‘. “B( ‘H} NMR (CD2C12, 115.5 
MHz, 25°C) 23.4* (s, lB), -2.6 (s, 5B), -3.8* (s, 
5B). 

The reaction of partially deuterated SeB 1 lHll 
with NaOEt in EtOH was carried out as described 
above. The product was identified spectroscopically 
as partially deuterated (77%) [Et,Nj[l- 
SeB l d-W I 11; IR vmax at 2970 m (CH), 2920 w 
(CH), 2850 VW (CH), 2510 (BH), 1885 (BD), 1475 
s, 1455 s, 1438 s, 1410 m, 1392 w, 1360 w, 1314 w, 
1260 m, 1180 s, 1170 s, 1100 m, 1059 vw, 1025 w, 
1000 m, 950 w, 865 w, 795 s cm- ‘. 

X-ray analysis of [Et,Nj[SeB, 0H1 I]-crystal data 

GH31SeB10N FW = 328.41, monoclinic, 
a = 8.485(2), b = 10.654(2), c = 10.078(2) & 
B = 91.10(2)“, U = 910.8 A3, 2 = 2, D, = 1.20 g 

* From a comparison of the ’ 'B and I 'B{ ‘H} spectra, 
these sites only are found to be partially deuterated 
(74%). 

cm3, F(OO0) = 340, &MO-KJ = 0.71073 A, ~(Mo- 
K,) = 20.2 cm- ‘. Space group P2,/c (No. 14). A 
crystal measuring approximately 0.35 x 0.40 x 0.10 
mm was grown which was suitable for X-ray data 
collection with an Enraf-Nonius CAD 4 diffrac- 
tometer. Following machine location and centring 
of 25 reflections with 8 in the range 10 < 0 < 14, 
cell constants and an orientation matrix were deter- 
mined by least squares refinement. A total of 2279 
reflections were collected with 2 < 8 < 27” of which 
1985 were unique. Lorentz, polarization and 
absorption corrections were applied to the data. 
Maximum and minimum values of transmission 
coefficients were 0.718 and 0.675 respectively. The 
crystal diffracted so poorly that only 547 of these 
data could be labelled “observed” and used in struc- 
ture solution and refinement. 

In space group P2 ,/c with 2 = 2, both cation and 
anion must lie on independent inversion centres 
(and be disordered). The structure was solved with 
the aid of Multan 82 ’ 4 which revealed positions for 
the non-hydrogen atoms of the scrambled 
[SeB , ,,H 1 ,I- cage. Subsequent structure-factor and 
electron-density calculations ’ 5 allowed us to deduce 
coordinates for the disordered [Et,N]+ group and 
also showed that the Se atom in the [SeB l0H 1 J- 
cage was scrambled unequally over 12 sites. The 
initial refinement was by full-matrix least-squares 
calculation with isotropic thermal parameters ; the 
atoms of the [SeB 1 0H 1 ,I- cage were assigned as Se 
atoms with appropriate occupancy factors which 
were then refined. In the final rounds of calculations 
the atoms were allowed anisotropic vibrations. At 
convergence R was 0.121 and wR 0.153. The high 
R factors are undoubtedly caused by the partial 
scrambling of the BH and Se sites. Final difference 
maps had maxima of 0.33 e A-’ around the dis- 
ordered methyl groups of the cation but no features 
of chemical significance. In the refinement cycles, 
scattering factor data were taken from Inter- 
national Tables” and weights were derived from 
the counting statistics. 

Table 2 lists bond distances and Fig. 3 shows 
views17 of the cation and anion. A complete list 
of dimensions, structure factors, atomic positional 
and thermal parameters has been deposited as sup- 
plementary material with the Editor, from whom 
copies are available on request. Atomic coordinates 
have also been deposited with the Cambridge Cry- 
stallographic Data Centre. 

If the observed “halving” of the OM) reflections 
was “accidental” not “systematic”, then the space 
group would become PC with no crystallograph- 
ically imposed disorder. Structure solution and 
refinement in this system still led to a disordered 
model not significantly different from that 
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obtained in P2,/c, as anticipated,18 and was 
abandoned. The final R factors are higher than 
normal undoubtedly because the poor packing of 
the almost spherical ions, leading to the observed 
disorder, and the paucity of observable data. 
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Abstract-Ag(dtc), and [Ag(dtc),py] complexes, (where dtc = dithiocarbamate ligand, 
py = pyridine) were investigated by ESR in MBBA oriented nematic glasses and organic 
solvents (MBBA = N-(4-methoxybenzylidene)~4’-butylaniline). On the basis of exper- 
imental ESR parameters and simulation procedure the stoichiometry of the complex 
[Ag(dtc),py] was found. The dependences of the spin Hamiltonian parameters on the 
organic substituents in the dtc ligands and solvents were established and discussed. 

In 1959 VBnngird and Akerstriim reported the 
reaction of silver(I)-dtc complexes with thiuram 
disulphide yielding Ag(II)+ltc complexes. ’ Zhukov 
et al. 2 observed adduct formation for Ag(dtc)2 with 
nitrogen bases and Ag(I1) complexes have been 
applied in chemical analysis3 and oxidation reac- 
tions.4 Recently the Ag(I1) complexes were widely 
revived, but no new results concerned Ag(II)-dtc 
complexes appeared. 5 

Here we report the results of an ESR inves- 
tigation on the Ag(dtc), complexes in oriented 
nematic glasses and organic solvents. We also pre- 
sent here our studies on equilibrium in the system 
Ag(dtc), + py and the adduct [Ag(dtc),py]. 

EXPERIMENTAL 

The complexes Ag(dtc)2 with dtc = 

(1) di-n-propyl-dithiocarbamate (n-Pr,dtc), 
(2) di-i-propyl-dithiocarbamate (i-Pr,dtc), 
(3) di-cyclohexyl-dithiocarbamate (chx,dtc) 

were obtained by reaction of the Ag(Iwtc complex 
with an appropriate thiuram disulphide as white 
powders by the method described in Ref. 1. Ana- 
lytical data confirmed the formula Ag(dtc)2. In the 
case of the pyrrolidine-carbodithioate ligand and 
mono-alkyl dithiocarbamates the synthesis 
method ’ was unsuccessful ; the piperidine-car- 
bodithioate-Ag(I1) complex [Ag(pipdtc),] was 
obtained, but partially decomposed. 

* Author to whom correspondence should be addressed. 

ESR spectra were recorded on a JES-ME X-band 
spectrometer with proton magnetometer and ESR 
standards. The spectra were simulated using a com- 
puter program written by us in Pascal language 
taking the natural abundance of ‘07*‘0vAg isotopes 
into account. The orthorhombic symmetry of the 
magnetic centre and coaxiality of the Zeeman and 
hyperfme tensors were assumed. The program 
summed spectra due to all possible orientations of 
the molecules weighted by the solid angle element 
- 1/2Acos OAq and the orientation-dependent 
transition probability was calculated according to 
Aasa and Vgnngbrd6 for each particular transition. 
The best fit was obtained with Gaussian lineshape. 

The MBBA liquid crystal (MBBA = N-(4- 
methoxybenzylidene)-4’-butylaniline) was used as a 
solvent for the Ag(II)--dithiocarbamate complexes. 
The oriented nematic glasses were obtained accord- 
ing to the method described by Fackler et al. 7 Sam- 
ples were heated to obtain isotropic phase and ori- 
ented by applying a magnetic field of 8000 G while 
cooling to the nematic temperature range. The tem- 
perature was then lowered quickly to 130 K to 
produce a glass. Samples were rotated around the 
axis perpendicular to the magnetic field direction 
to obtain the angular dependence of line intensities. 

RESULTS AND DISCUSSION 

No ESR spectra for solid complexes were 
obtained ; it is probably due to the polymeric struc- 
ture of such complexes. These white substances dis- 
solved in organic solvents gave blue-coloured solu- 
tions. Intense ESR signals were obtained at room 
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Tabfe 1. ESR parameters for Ag(dtc), complexes in various solvents, 7’ = 295 K ; A in 1O-4 cm- ’ 
units. Maximal experimental error in g f 0.00 1, in A &- 0.1 

dtc = 
solvent” 

n-heptane 
toluene 
nitrobenzene 
acetone 
THF 
acetylacetone 
DMF 
DEF 
DMSO 
acetonitryl 
MBBAb 
quinoline 
I?-MeIm 
pyridine 

pipdtc 

$,, -%%I 

2.020 28.2 
2.020 28.2 
2.019 28.2 
2.019 28.2 
2.020 28.1 
2.019 28.2 
2.020 28.2 
2.020 28.2 
2.020 28.3 
2.019 28.2 

- - 
2.020 28.0 
2.020 28.0 
2.020 27.8 

n-Pr,dtc i-Pr ,dtc chx zdtc 

giw A, %. A, giso A&, 

2.020 28.2 2.020 28.0 2.020 28.0 
2.020 28.2 2.020 28.0 2.020 27.9 
2.020 28.2 2.019 28.1 2.019 27.9 
2.020 28.1 2.020 28.1 2.019 28.0 
2.020 28.1 2.020 28.0 2.020 27.9 
2.019 28.1 2.019 28.1 2.019 28.1 
2.020 28.2 2.020 28.2 2.019 28.0 
2.020 28.2 2.020 28.1 2.019 28.0 
2.020 28.2 2.019 28.0 2.019 28.0 
2.020 28.2 2.019 28.2 2.019 28.1 
2.020 28.1 2.020 27.9 2.019 27.9 
2.020 28.0 2.020 27.7 2.020 27.6 
2.020 28.0 2.020 27.8 2.019 27.7 
2.020 27.8 2.019 27.5 2.019 27.5 

“THF = tetrahydrofuran, DMF = dimethylfo~amide, DEF = diethyIfo~amide, DMSO = 
dimethylsulphoxide, N-MeIm = N-methylimidazole. 

b Isotropic phase, T = 320 K. 

temperatures for the solutions (see Table 1). The 
ghO parameters lie between 2.019-2.020 and do not 
depend on the kind of dtc iigand or solvent. The 
Ai,, parameters are generally smaller for N-coor- 
dinating solvents in comparison with non-coor- 
dinating or potentially O-coordinating solvents ; a 
tendency of A, to diminish was observed in the 
order: pipdtc N n-Pr,dtc > i-Pr,dtc > chx*dtc. 
The changes in Ais, are close to the error limit, 
but these are reproducible and are observed in all 
solvents. The tendency may be connected with the 
variation of ligand field strength in this row ; it has 
been observed for magnetic moments of iron(III)- 
dtc complexes’ and ESR hyperfine constants for 
iron and manganese dtc complexes.g*‘O Our results 
obtained for the Ag(II)-dtc complexes in oriented 
nematic glasses confirmed the effect of the sub- 
stituents (see Table 2). Anisotropic data for the dtc 
complexes are presented in Tables 2-4. 

The ESR spectra were obtained both for oriented 
frozen nematic MBBA glass (Fig. 1) and non-ori- 
ented MBBA glass (Fig. 2). ESR parameters cal- 
culated from the oriented nematic glass spectra and 
obtained from the randomly oriented samples 
(checked by simulation procedure) were the same 
(Table 2). 

Experiments with oriented samples allow us to 
establish the in-plane and out-of-plane components 
of g and A tensors. At 0” orientation (no rotation) 
the out-of-plane component (z) intensity is a mini- 
mum, while the intensity of one of the in-plane 
components at the intermediate g value (labelled by 
X; in our coordinate scheme the x axis bisects the 
S-C-S angle in the complex plane) is a maximum. 
The reversed relation of intensities is observed after 
90” rotation. The “y” component intensity (at the 
smallest 9 value) changes only slightly during 
rotation having its maximum at 0”. The similar 

Table 2. ESR parameters for Ag(dtc), complexes in MBBA [data obtained both from 
oriented nematic glass and non-oriented glass (simulated)], T = 77 K ; A in 10e4 

cm-’ units. Maximal experimental error ing+O.OOl, in A,&O.l, in A,,y+0.2 

n-Pr ptc 2.014 2.007 2.039 26.6 25.4 38.3 2.020 30.1 
i-Pr zdtc 2.013 2.006 2.039 26.4 25.2 38.2 2.019 29.9 
ehx zdtc 2.013 2.006 2.038 26.3 25.1 37.7 2.019 29.7 
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Table 3. ESR parameters for Ag(i-Pr,dtc), in dimethylformamide (DMF) and 
tetrahydrofuran (THF), T = 77 K; A in 10m4 cm-’ units. Maximal experimental 

error ingf0.001, in A,+O.l, in A,,+0.2 
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DMF 2.013 2.007 2.037 26.0 25.3 39.0 2.019 30.1 
THF 2.013 2.006 2.038 26.8 25.3 38.8 2.019 30.3 

Table 4. ESR parameters for Ag(i-Pr,dtc)zpy adduct in non-oriented glasses,T = 77 
K; A in 10m4 err-’ units. Maximal experimental error in gfO.OO1, in A,kO.l in 

A,,yk 0.2, unless otherwise stated 

Solvent !?I gY 9z A, A, A, ga A,, 

DMF 2.016 2.008 2.050 23.4 22.0 34.6 2.025 26.7 
MBBA 2.015 2.008 2.049 21.5” 21.5” 34.6 2.024 25.9 
pyridine 2.015 2.008 2.049 23.8’ 22.0b 34.6b 2.024 26.8 

a Error + 0.5, parameters obtained from a mixture of Ag(dtc), and Ag(dtc),Py. 
bError f0.3. 

angular variations of the x and y components inten- 
sities were observed for the rhombic cobalt(I1) com- 
plexes in liquid crystals. I ’ 

Analysis of the ESR parameters for dtc-com- 
plexes in MBBA and organic solvents (Tables 2 and 
3) shows that the MBBA-potentially N-coor- 
dinating solvent does not coordinate to Ag(dtc),. 
This conclusion is supported by comparison of the 
parameters for Ag(dtc), in MBBA with the data 
obtained for adducts with nitrogen-coordinat- 
ing bases (see Table 4). ESR spectrum for the ad- 
ducts is given in Fig. 3. 

Stoichiometry of these adducts was established 
using the ESR technique. To the liquid solution of 
Ag(dtc), in DMF (concentration about 0.001 M) 
the pyridine was added gradually and frozen solu- 
tion spectra were recorded. The intensity ratio 

31*0 3190 , LOO 3floG vv \ 

(Zn/Z4) of the lines from “z” orientation was cal- 
culated and its logarithm was plotted against 
log C(py) [I,--the intensity for adduct, I,-for 
Ag(dtc),] (Fig. 4). The slope of the log(Z,/Z.,) vs 
logC(py) line is close to 1 as it was stated on the 
basis of three independent experiments. It shows 
1 : 1 Ag(dtc), : py stoichiometry. 

ESR spectra of the pure [Ag(dtc)rpy] complex 
were obtained in DMF and pyridine solution, while 
in MBBA only a mixture with the parent complex 
exists even at high pyridine concentration. The 

Fig. 1. ESR spectra of Ag(i-Pr,dtc) 2 in oriented MBBA ; 
upper trace-no rotation, lower trace-90° rotation. 

Microwave frequency v = 9.155 GHz, T = 77 K. 

Fig. 2. ESR spectrum of Ag(i-Pr,dtc), in non-oriented 
MBBA ; experimental-solid line, simulated-dashed 

line. Microwave frequency v = 9.155 GHz, T = 77 K. 
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Fig. 3. ESR spectrum of Ag(i-Przdtc)zpy in DMF; exper- 
imental-solid line, simulateddashed line. Microwave 

frequency v = 9.159 GHz, T = 77 K. 

Fig. 4. Dependence of log (Zn/Za) vs log C(py) for Ag(i- 
Pr ,dtc) ,-py-DMF system. 

ESR parameters, however, for the adduct in the 
latter solvent, were obtained by a simulation 
procedure made for the mixture (Table 4). 

It is noteworthy that giso and 9.” parameters for 
Ag(dtc)2 are the same within experimental error; 
&, and A,, parameters differ for the Ag(dtc)2 
(A,, > A,,). For the adducts Ag(dtc)rpy there are 
significant differences between girO and 9.” (g.“_ 
> gisO) and Aiso and A,, (Ai, > A,). These effects 

are connected probably with different structures of 
the complexes in the liquid and frozen solutions. 
Distinct differences between Ag(dtc), and 
[Ag(dtc),py] in frozen solutions and similarity 
between these complexes in liquids are particularly 
worth emphasizing. 
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Abstract-A mixed donor potential tetradentate ligand tris(2-(diphenylphosphino) 
ethyl)amine (TPEA) was synthesised by a modified procedure and characterized by 
‘H, l “C and 3’P NMR spectral data. Ru(I1) complexes of TPEA were prepared by its inter- 
action with RuCl,(PPh,), and RuC12(DMS0), to give [RuCl,(TPEA)] and RuCl, 
(DMSO)(TPEA) respectively. Ru(II1) complexes of the composition RuX,(TPEA) or 
[RuX,(AsPh,)(TPEA)]X were obtained by the reaction of TPEA with RuX,(AsPh&* 
MeOH (X = Cl-, Br-). A neutral Rh(1) complex of the composition RhCl(TPEA) was 
obtained by the reaction of [RhCl(COD)]2 with TPEA. Cationic metal carbonyl com- 
plexes of the type [M(~O)(TPEA)]Cl (M = Rh, Ir) were obtained by the interaction 
of [M(CO)Cl(PPh,),] with TPEA. The reaction of hydrated RhC13 with TPEA gave 
[RhCl,(TPEA)]Cl in methanol. A five coordinated cationic complex [PdCl(TPEA)]Cl 
was obtained by the reaction of PdCl:” with TPEA. Interaction of PtCI,(COD) with TPEA 
however gave the square planar complex [PtCl(TPEA)]Cl. All the complexes were char- 
acterized by physico-chemical and spectroscopic methods. 

In recent years there has been much emphasis on 
the synthesis of complexes with chelating ligands 
possessing mixed donor functionality due to their 
importance in structural chemistry as well as cata- 
lytic activity. Is3 The chemistry of the metal com- 
plexes is governedh9 by the electronic and steric 
properties of the ligands and the oxidation state 
and coordination number of the complexes metal 
ion. 

In our earlier communication, 3 we have reported 
the mononuclear and polynuclear platinum group 
metal complexes of bis(2-(diphenylphosphino) 
ethyl)amine. In the present communication 
we report some novel complexes of Ru(II), 
Ru(III), Rh(I), Rh(III), Ir(I), Ir(III), Pd(I1) 
and Pt(I1) with the tripod tetradentate mixed 
donor ligand t&(2-(diphenylphosphino)ethyl)amine 
(TPEA). In these complexes TPEA acts both as a 
tetradentate ligand with the coordination of N and 
three phosphorous atoms to a metal ion or ter- 
dentate with the coordination of only the phos- 
phorous atoms. The complexes have been char- 

* Author to whom correspondence should be addressed. 

acterized on the basis of elemental analysis, 
conductivity, IR, NMR and EPR spectral data. 

EXPER~~AL 

The hydrated metal chlorides RuCl, l 3HZ0, 
RhC1,*3H,O, IrC13*3H,0, PdC12 and K&Cl4 were 
obtained from Johnson Matthey (England), com- 
plexes RuCl~(PPh3)~,lo RuCl*(DMSO~~,” RuX3 
(AsPh,),. MeOH (x = Cl, Br),” MCl(~O)(PPh~)~ 
(M = Rh, Ir),12 [RhCl(COD)lZi3 and PtC12 
(COD)14 were prepared by published procedures. 
Triethanolamine and tbionylchloride were of 
Analar grade and used without further puri- 
fication. All metal complexes were prepared in a dry 
nitrogen atmosphere. Microanalysis, melting point, 
infrared spectra and conductivity measurement 
were done as reported earlier.3,‘5 The ‘H NMR 
spectra were recorded on a Jeol FXlOO spec- 
trometer using TMS as an internal standard. The 
“C( ‘HI spectrum of the ligand was taken at 24.99 
MHz with TMS as internal standard. The proton 
noise-decoupled 3 ‘P NMR spectra of the complexes 
were taken at 40.3 MHz in the FT mode using a 
deuterium lock. 85% H3P04 was used as an exter- 
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nal reference. The EPR spectra of Ru(II1) com- 
plexes were recorded on a Bruker ESP-300 spec- 
trometer in the solid state. The magnetic field 
calibration was checked with TCNE with a g value 
of 2.0028. 

Synthesis of the ligand tris(2-(diphenylphosphino) 
ethyl)amine (TPEA) 

The ligand TPEA was prepared by the reaction 
of tris(2-chloroethyl)amine with KPPh2 (Scheme 1). 

1’4’dioxane-THF+ N(CH2CH,PPh,), + 3KCl (1) 

TPEA 

Tris(2-chloroethyl)amine hydrochloride was 
prepared by the published procedure.16 The free 
amine tris(2-chloroethyl)amine was liberated by 
the action of 10% NaOH from its hydrochloride 
solution as an insoluble oil. The oil was extracted 
with diethylether and dried over anhydrous 
Na$O,. A THF solution of the above oil was 
added dropwise with stirring to an orange-red sus- 
pension of KPPh*” in dioxane in a stoichiometric 
amount under ice-cold conditions. The reaction 
mixture was then allowed to warm for 30 min under 
stirring and refluxed for about an hour. The reac- 
tion contents were poured into an ice-cold water- 
methanol mixture to get a dense oil, which solidified 
when kept in a freezer for 24 h. The filtered ligand 
was then washed with water, ethanol, petroleum 
ether, dried and purified by recrystallization from 
hot ethanol. Yield 22 g (70%). 

Preparation of metal complexes 

Dichlorotris (2 - (diphenylphosphino) ethyl) amine) 
ruthenium (II) RuC12 (TPEA) 1. RuC12(PPh3), (0.29 
g, 0.31 mmol) in benzene was refluxed with the 
ligand TPEA (0.20 g, 0.31 mmol) for 6 h. After the 
addition of the ligand the colour of the solution 
changed from brown to brownish-yellow and finally 
to yellow. The resulting yellow solution was cooled, 
filtered and concentrated to a small volume on a 
rotavapor. On the addition of ether a crystalline 
compound separated which was filtered and washed 
with ether. Yield 0.18 g (50%). 

Dichlorodimethylsulphoxidetris (2 - (diphenyl- 
phosphino)ethyl)amineruthenium(II) RuClXDMSO) 
(TPEA) 2. The complex RuC~~(DMSO)~ (0.15 
g, 0.31 mmol) was dissolved in hot acetone. 
An acetone solution of TPEA (0.2 g, 0.31 mmol) 
was added to this solution and the solution re- 
fluxed for about 6 h. The resulting yellow solution 
was evaporated to half of its volume. Compound 
2 separated on the addition of n-hexane. The com- 
pound was washed with n-hexane and re- 
crystallized from dichloromethane-n-hexane mix- 
ture. Yield 0.19 g (66%). 

Trichlorotris(2-(diphenylphosphino)ethyl)amine- 
ruthenium(II1) RuCl,(TPEA) 3 and dichlorotri- 
phenylarsinetrk(2 - (diphenylphosphino)ethyl)amine- 
ruthenium(II1) chloride [RuCl,(AsPh,)(TPEA)]Cl4. 
To the refluxing benzene solution of the com- 
plex RuCl,(AsPhJ, * MeOH (0.26 g, 0.31 mmol) 
was added a solution of the ligand TPEA (0.20 g, 
0.31 mmol) in benzene. The solution was refluxed 
for 7 h. On cooling the solution a yellow crystal- 
line complex separated which was filtered. This com- 
plex analysed as [RuCl,(TPEA)J 3 (Yield 0.18 g 
40%). The filtrate was concentrated to a small vol- 
ume and a yellow complex was isolated by the 
addition of pet. ether. The yellow complex 
analysed as [RuCl,(AsPh,)(TPEA)]Cl. Yield 0.14 
g 40%. 

Tribromotris (2 - (diphenylphosphino) ethyl) amine- 
ruthenium (III) RuBr,(TPEA) 5 and dibromotri- 
phenylarsinetris(2 - (diphenylphosphino)ethyl)amine- 
ruthenium(II1) bromide RuBr,(AsPh,)(TPEA)Br 6. 
The complex RuBr,(TPEA) 5 was obtained by a 
method similar to that used for the preparation 
of complexes 3 and 4 but with RuBr3(AsPh3)* - 
MeOH instead of RuCl,(AsPh,), - MeOH as a 
starting material. Complex 5 was obtained as a 
brownish-violet solid with the composition 
RuBr ,(TPEA). Yield 0.12 g (40%). From the filtrate 
of complex 5, a green crystalline solid was ob- 
tained with the. composition [RuBr,(AsPh J 
(TPEA)]Br. Yield 0.15 g (39%). 

Chlorotris(2-(diphenylphosphino)ethyl)aminerho- 
dium(1) RhCl(TPEA) 7. The complex [RhCl 
(COD)], (0.07 g, 0.15 mmol) was suspended in 
ethanol and a hot ethanolic solution of the ligand 
TPEA (0.2 g, 0.31 mmol) was added to this sus- 
pension. The resulting reaction mixture was 
refluxed for 7 h and the mother liquor evaporated 
to about half of its original volume. The addition 
of diethylether to this solution gave a yellow pre- 
cipitate which was filtered and washed repeatedly 
with diethylether. The complex was recrystallized 
from ethanol-petroleum ether mixture. Yield 0.13 
g (53%). 

Carbonyltris (2 - (diphenylphosphino) ethyl) amine- 
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rhodium (I) chloride [Rh(CO)(TPEA)]Cl 8. To a 
refluxing benzene solution of RhCl(CO)(PPh,), 
(0.16 g, 0.23 mmol) was added the ligand TPEA in 
equimolar quantities (0.15 g, 0.23 mmol) and 
further refluxed for 6-7 h. The solution was then 
concentrated to a small volume by a vacuum rotary 
evaporator and when petroleum ether was added 
a yellow precipitate was obtained. The complex 
was filtered, washed with petroleum ether and re- 
crystallized from ethanol-petroleum ether mixture. 
Yield 0.12 g (66%). 

Dichlorotris (2 - (diphenylphosphino) ethyl) amine- 
rhodium (III) chloride [RhCl,(TPEA)]Cl 9. 
RhCl,xH,O (0.08 g, 0.31 mmol) was dissolved in 
methanol and the ligand TPEA (0.2 g, 0.31 mmol) 
was added in powder form. The resulting solution 
was refluxed for 4-5 h and was concentrated to a 
small volume by a vacuum evaporator. The com- 
pound was precipitated by the addition of diethyl 
ether. The resulting yellow complex was filtered, 
washed with diethyl ether and recrystallized from 
CH,Cl,-n-hexane mixture. Yield 0.23 g (87%). 

Carbonyltris (2 - (diphenylphosphino) ethyl) amine- 
iridium (I) chloride [Ir(CO)(TPEA)]Cl 10. 
IrC1(CO)(PPh3)2 (0.18 g, 0.23 mmol) was added to 
a benzene solution of TPEA (0.15 g, 0.23 mmol) 
and the resulting solution refluxed for 5-6 h. The 
solution was then concentrated and when petroleum 
ether (60-80”) was added a lemon-yellow pre- 
cipitate was obtained. The complex was filtered and 
washed with petroleum-ether. Yield 0.18 g (80%). 

Chlorotris (2 - (diphenylphosphino) ethyl) amine- 
palladium (II) chloride [PdCl(TPEA)]Cl 11. To a 
methanolic solution (15 cm3) of Na2PdC14 (0.11 g, 
0.38 mmol) the ligand TPEA was added (0.25 g, 
0.38 mmol) dissolved in 15 cm3 dichloromethane. 
The resulting reaction mixture was stirred for 5 h 
and a yellow precipitate was obtained on the slow 
addition of diethylether. The compound was 
filtered, washed with water, benzene and finally with 
petroleum ether. Yield 0.24 g (75%). 

Chlorotris (2 - (diphenylphosphino) ethyl) amine- 
platinum (II) chloride [PtCl(TPEA)]Cl 12. To the 
refluxing acetone solution of PtCl,(COD) (0.11 g, 
0.3 mmol) was added the ligand TPEA (0.2 g, 0.31 
mmol) and the solution refluxed for 4-5 h. On 
cooling a crystalline white compound 12 was 
obtained. The compound was filtered, washed 
several times with acetone and recrystallized 
from methanol-diethylether mixture. Yield 0.28 g 
(98%). 

RESULTS AND DISCUSSION 

The PMR spectrum of TPEA exhibits resonance 
from the phenyl protons around 7.3 ppm as an 

intense broad peak. The methylene protons give 
complex multiplets centred at 1.97 ppm and 2.53 
ppm assigned to N-CH2 and -CHaP protons 
respectively. The obseved multiplet nature is due to 
the interaction of neighbouring protons followed 
by spin interaction with 31P (I = 4). The ’ 3C ( ‘H} 
spectrum gave two doublets centred at 49.14 ppm 
and 25.15 ppm with .Z(C-P) coupling constant 
value equal to 23.45 and 11.72 Hz. The doublet 
centred at 49.14 ppm is assigned to a methylene car- 
bon attached to phosphorus and another doublet 
at 25.15 ppm to a methylene carbon attached to the 
nitrogen atoms. The aromatic carbons C-2, C-6 
gave a doublet at 138.21 ppm with J(C-P) = 13.9 
Hz. The C- 1 (attached to phosphorus) gave another 
doublet at 132.54 ppm with J(C-P) = 19.05 Hz 
and carbon atoms C-3(5) and C-4 gave singlets at 
128.43 ppm and 128.12 ppm respectively. The 3 ‘P 
{‘H} spectrum gave an intense singlet at - 19.07 
ppm due to equivalence of three phosphorus atoms. 

Metal complexes of TPEA 

Ru(II1) complexes of TPEA were prepared by the 
interaction of RuC12(PPh3)3 and RuC12(DMSO), 
with TPEA. The interaction of TPEA with RuX, 
(AsPh,), * MeOH (X = Cl, Br) gave Ru(II1) com- 
plexes. Complexes 1 and 2 are found to be non- 
electrolytes thereby supporting their formulation as 
RuCl,(TPEA) and RuCl,(DMSO)(TPEA), respec- 
tively. Complexes 3 and 5 have the composition 
RuX,(TPEA) (X = Cl, Br) and are non-electro- 
lytes. Complexes 4 and 6 are 1: 1 electrolytes sug- 
gesting their formulation as [RuX,(AsPh,) 
(TPEA)]X (X = Cl, Br) respectively” (Table 1). 

The IR spectra of complexes 1 and 2 exhibit 
bands at 350, 327 cm-’ due to v(Ru-Cl) thereby 
indicating a cis disposition of chlorides. In the octa- 
hedral complexes 3 and 5 of the composition 
RuX,(TPEA), the disposition of the halo group is 

fat since these complexes gave two bands in the far- 
infrared spectrum due to v(Ru-X) (X = Cl, Br) 
(Table 2). Complexes 4 and 6 of the composition 
RuX,(TPEA)(AsPh,)]X also gave two bands for 
v(Ru-X) in the far IR spectral region thereby indi- 
cating a cis-disposition of the halide ions (Table 2) 
in the complexes. 

The 3’P {‘H} NMR spectra of complexes 1, 4 
and 6 are comparable to each other as these com- 
plexes have two types of phosphorus atoms, which 
give rise to a doublet and triplet with Jp,_rb = 
29kO.5 Hz. The phosphorus atom trans to chlo- 
ride experiences a more down-field shift than 
the other phosphorus atoms (Table 3). The Jp,r, 
observed are in agreement with the cis-disposition 
of phosphorus atoms. I9 The 31P {‘H} signals of 
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Table 1. Analytical and other data of metal complexes 

Elemental analysis’ 
Colour M.P.~ C H N 

(:f) 
(E) 
(2) 
1.2 

(1.2) 

(:::, 

&) 

(Z) 

(:::) 

(if) 

(:::) 
1.7 

(1.7) 
1.5 

(1.5) 

Complex” 

1 Ru(L)Cl z 

2 Ru(L)(DMSO)Cl, 

3 Ru(L)Cl 3 

4 [Ru(L)(AsPh,)Cl.JCl 

5 Ru(L)Br 3 

6 [Ru(L)(AsPh,)BrdBr 

7 Rh(L)Cl 

8 Pwwco)Ic~ 

9 [Rh(L)Cl,]Cl 

10 M-)(WIC~ 

11 [pd(L)Cl]Cl 

12 rww~lc~ 

Yellow 

Yellow 

Yellow 

Yellow 

Violet 

Green 

Yellow 

Yellow 

Yellow 

Lemon 
Yellow 
Yellow 

White 

250b 

202 

228b 

232 

226’ 

250 

172’ 

176’ 

234 

250b 

203 

244 

61.1 
(61.0) 
61.8 

(61.5) 
58.5 

(58.5) 
61.7 

(61.6) 
50.6 

(50.3) 
55.3 

(55.1) 
63.6 

(63.6) 
63.2 

(62.9) 
58.4 

(58.3) 
56.8 

(56.5) 
60.4 

(60.0) 
54.8 

(54.1) 

(3) 
(E) 
(44::) 
(Z) 
(2) 
::i, 
(Z) 
5.2 

(5.1) 

($ 

(Z) 
5.0 

(5.0) 

(Z) 

Cl 

- 

Conductivity* 
Ohm-’ cm%nol-’ 

03’ 

02 

- 61/ 

42f 

- 77f 

27 

78 

75 

- 76 

8.5 75 

(8.5) 
(Z) 71 

a L = tris(2-(diphenylphosphino)ethyl)amine. b Decomposition temperature. ‘Found values are in parentheses. 
*Conductivity measurements were performed in methanol at room temperature except where mentioned. ‘Dich- 
loromethane. /Dimethylformamide. 

complexes 4 and 6 are broader than those of com- since in the complex the ligand TPEA is coor- 
plex 1 because of the presence of the paramagnetic dinating in its tridentatemonoligate fashion by 
Ru(II1) centre. utilizing three phosphorus or two phosphorus and 

The 31P {‘H} spectrum of 2 is of complicated nitrogen for coordination. The isomer which coor- 
nature and suggests the formation of two isomers dinates with two P and N of TPEA gave two doub- 

Table 2. IR and far-IR data of metal complexes 

Complex 
(M---C&Q, !Z=Q) (M-X) cm-’ 

cm-’ (X = Cl or Br) (M-P) cm - ’ 

1 Ru(L)Cl z 
2 RuCl,(DMSO)(L) 
3 Ru(L)Cl 3 
4 [Ru(L)(AsPh,)Cl&l 
5 Ru(L)Br 3 
6 [Ru(L)(AsPh,)BrdBr 
7 Rh(L)Cl 
8 PWWQICl 

9 [Rh(L)Cl&l 
10 MWOW 
11 [Pd(L)Cl]Cl 
12 [Pt(L)Cl]Cl 

1080 

- 

- 

1970(s) 

1945(s) 

- 

350(w), 327(w) 
350(w), 327(w) 
325(b), 302(w) 
325(s), 300(s) 
302(m), 277(m) 
299(m), 279(m) 
350(m) - 

325(m), 305(m) 
- 

350(m) - 
350(m) - 

542(s) 
540(s) 
535(s) 

540(s) 
539(s) 

540(s) 
540(s) 
539(s), 
562(s) 
539(s) 
539(b) 
525(s) 
527(s) 

L = tris(2-(diphenylphosphino)ethyl)amine. s = strong; b = broad; m = medium; w = weak. 
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Table 3. “P { ‘H} spectral data of TPEA and its metal complexes 

33 

Complex Solvent 
Chemical shift” (ppm) Coupling constants (Hz) 

P, Pb JO Jm-Pd JR-W 

1 
2 

4 
6 
7 

8 

9 

10 
11 

12 

L 
Ru(L)C12 
Ru(L)(DMSO)Cl, 

(A) 
(B) 

[Ru(L)(AsPh s)Cl JCl 
[Ru(L)(AsPh,)BrJBr 
Rh(L)Cl 

[Rh(L)Clz]Cl CHCl , 

[Ir(LWO)ICl CHCl 3 
[Pd(L)Cl]Cl MeOH 

CHCl 3 
CHCls 
CHCl 3 

CHCl 3 
CHCl, 
CHzClz 

CHC13 

MeOH 

-19.07(s) 
47.82@) 

33.87(d) 
47.41(t) 
47.83(t) 
47.17(t) 
42.93@) 
40.33@) 
44.20@) 
40.87(t) 
32.57(t) 
29.67(t) 
3 1.06(t) 
32.3(t) 
19.19(t) 

-4.54(t) 

27.18(d) 

27.64(d) 
30.09(d) 
27.18(d) 
22.61(d) 
30.77(d) 
30.33(d) 
43.29(d) 
39.96(d) 
24.06(d) 
21.80(d) 
30.28(d) 
29.76(d) 

+31.97(d) 3305.61 2729.48 20.76 

- - - 
- 28.62 

- 29.6 
- 29.3 
- - 29.0 

- 29.42 
105 43 20.15 

134.28 134.28 19.54 

117.19 91.55 21.97 

- 19.53 
- - 20.13 

a Positive chemical shifts down field flow from 85% H,PO,. 
L = TPEA. s = singlet ; d = doublet ; t = triplet. 

lets in 1 : 1 ratio, centred at 27.64 ppm and 33.87 
ppm. The doublet centred at 27.64 ppm is assigned 
to P, trans to DMSO and the other doublet centred 
at 33.87 ppm is assigned to Pb truns to chloride 
(Structure 1). The uncoordinated phosphorus 
atoms in this isomer displays a singlet at - 19.3 
ppm. The second isomer which is coordinated 
through all the phosphorus atoms gave a triplet and 
doublet (Table 3), since it contains two different P 
atoms in a 1: 2 ratio. The ligand TPEA is coor- 
dinated in a fuc manner in the first isomer and in a 
mer manner in the second (Structure 1). Due to low 
solubility and broadening of the “P peaks, the 3’P 
{ ‘H} data for complexes 3 and 5 could not be taken. 

0 

H,C,/s II 
I 

The PMR spectrum of complex 2 exhibits a sin- 
glet at 2.84 ppm due to the methyl proton of DMSO. 
The infrared spectrum of 2 gives a sharp band at 
1080 cm-’ assigned to v(S=O). The structure of 
complex 2 is shown in Structure 1. 

The structure of complexes 3 and 5 are shown in 
Structure 2 and complexes 4 and 6 in Structure 3. 

The EPR spectra of the Ru(II1) complexes 3, 
4, 5 and 6 with a (tZg)’ electronic configuration 
recorded in the solid phase gave three values of g 
tensor 2.45, 2.3 and 1.78 for complex 3, and 2.45, 
2.31 and 1.77 for complex 4 corresponding to gl, g2 
and g3 indicating a rhombic distorted con- 
figuration. *O,* ’ g tensors for complex 5 are 

Structure 1. RuCl,(DMSO)(TPEA). 
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Cl 

Structure 4. [M(CO)(TPEA)]Cl, M = Rh, Ir. 

Structure 2. RuX~(TPEA), X = Cl, Br. 

X 

Structure 3. [RuX,(AsPh,)(TPEA)]X, X = Cl, Br. 

be pseudo square pyramid in structure (Structure 4). 
The 3’P {‘H} spectra of complexes 7 and 8 exhi- 

bit a AIMX pattern. Both the complexes contain 
two types of phosphorus atom P, and Pb in a 1: 2 
ratio. The P, atom is trans to chloride in 7 and 
carbonyl in 8. The phosphorus atoms Pb are tram 
to each other. The phosphorus atom P, gave two 
triplets at the downfield side in complex 7 since it 
is tram to chloride. There is a very little difference 
in the chemical shift values of P, and Pb in complex 
8 with a merging of the two peaks (Fig. 1). The 
interesting feature of 31P NMR spectral data of 7 
is the J(sh_r,) coupling constant which is very low 
about 43 Hz. However the Juu+-Pd value is found to 
be 134 Hz (Table 3). In complex 8 the metal phos- 
phorus coupling constants J(W_pJ and J(fi_p,, are 
found to be equal to 134.28 Hz. The J(p~_p,j 
values of 20 Hz found in 7 and 8 are character- 
istic of c&disposition of different phosphorus 
atoms.” 

g1 = 3.19,g, = 2.37 andg, = 1.96andforcomplex 
6 are gi = 1.74, g2 = 2.31 and g3 = 2.62. These 
complexes gave large differences in their g, , value 
indicating different kinds of distortions in their 
geometry. The g value of complex 5 indicates an 
axial distortion in its octahedral geometry,” 
whereas complexes 3, 4 and 6 gave equatorial 
distortion corresponding to a compressed 
octahedron.” The difference in the distortion pat- 
tern of complexes 3 and 5 arise due to a difference 
in the size of the meridionally coordinated halo 
group in these complexes. 

The Rh(1) complexes of TPEA are prepared by 
the interaction of [RuCl(COD)], and [RhCl(CO) 
(PPh,)d with TPEA. Complex 7 of the composi- 
tion RhCl(TPEA) is a non-electrolyte and gives 
v(Rh-Cl) at 350 cm-‘. Complex 8 is a 1: 1 elec- 
trolyte with the formulation [Rh(CO)TPBA]Cl 
and gives an intense band at 1970 cm- ’ due to 
v(Rh-CO) (Table 1). 

In both complexes 7 and 8 the ligand TPEA coor- 
dinates as a tridentate ligand with three phosphorus 
atoms coordinated in the metal ion in a triligated 
monometallic manner and the nitrogen atoms 
remain uncoordinated. These complexes appear to 

Complex 9 of the composition RhClj(TPEA) was 
obtained by the reaction of RhC13xH20 with TPEA 
in methanol. The far-infrared spectrum of the com- 
plex gave two bands at 325 and 305 m- ’ cor- 
responding to v(Rh-Cl), and conductivity data is 
consistent with a 1 : 1 electrolyte, therefore the 
complex is formulated as [RhCl,(TPEA)]Cl with 
c&disposition of two chlorides. 

The 3 ‘P ( ‘H} spectrum of complex 9 is also of 
AIMX pattern and contains two different phos- 
phorus atoms in 1: 2 ratio. Since it is a Rh(II1) 
complex, it gives lower J(M_pj values (Table 3). 
In this complex the ligand TPEA coordinates in a 
tetradentate monoligated fashion. 22 

The Ir(1) complex 10 was obtained by the inter- 
action of IrCl(CO)(PPh& and TPEA. The complex 
is a 1 : 1 electrolyte and gives a carbonyl stretching 
frequency at 1940 cm- ‘. The 3 ‘P { ‘H} spectrum of 
10 gave a triplet at 3 1.06 ppm due to the phosphorus 
atom tram to CO2 and a doublet at 30.28 ppm due 
to mutually tram phosphorus atoms (PJ. The value 
Jcpd._rbj is found to be 19.53 Hz. The complex is 
depicted in Structure 4. 

A palladium(I1) complex 11 of the composition 
PdCl,(TPEA) (Table 1) is prepared by the reaction 
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‘J( Rh- P,) = 134.28Hz P,, Pb 1J(Rh-_%) = 134.28 Hz 

WPa -_%) = lg.54 Hz 

I 

80 60 40 20 0 

6 (wm) 

Fig. 1. “P { ‘H} NMR spectrum of [Rh(CO)(TPEA)]Cl 8. 

of NazPdC14 with the ligand TPEA in methanol- 
dichloromethane mixture. The complex is a 1: 1 
electrolyte. The far-infrared spectrum of 11 gave a 
band at 350 cm- ’ due to v(Pd-Cl). The 3 ‘P { ‘H} 
spectrum of 11 shows a dynamic nature of the com- 
plex. 23 At room temperature it gives a broad peak 
centred at 34.09 ppm, doublet at 32.61 ppm and a 
triplet centred at 2 1.74 ppm. The spectrum recorded 
at -50°C gives a triplet at 32.3 ppm, a doublet at 
29.76 ppm and a triplet at 19.19 ppm. The obser- 
vation of two triplets is due to the dynamic nature 
of the complex between two possible structures with 
different modes of ligation of TPEA (Structure 5). 
Structure 5a, where phosphorus P, is tram to the 
chloride and the two phosphorus Pb are tram to 
each other, exhibits a triplet centred at 32.3 ppm 
due to P, and doublet at 29.70 ppm due to Pb with 
JV__rj = 20.13 Hz. In the second structure 5b, phos- 
phorus P, is at the axial position of the square 
pyramid and exhibits a triplet at 19.19 ppm, 
whereas the two phosphorus Pb, again tram to each 
other, gave a doublet, which overlaps with the 
doublet at the Pb of Structure 5a (Table 3). 

0,/YT,0 
I- 

O<Jy-*y~ +0 

I : 
. : Py . 

1 

CL a 
:/ ; 

: ,’ : 
CL . . . . . . . . . . . . . . . pb 

i’\, 
0 

Reaction.of PtCl,(COD) with the ligand TPEA 
gave a complex of the composition PtCl,(TPEA) 
12. The conductivity data in methanol corresponds 
to a 1: 1 electrolyte. The far IR spectra gave a band 
around 352 cm-’ assigned to v(Pt-Cl). The “P 
{‘H} spectrum of 12 gives a well defined triplet 
centred at -4.54 ppm and a doublet centred at 
31.97 ppm with IgsPt satellites indicating the pres- 
ence of two types of phosphorus atoms in a 1: 2 
ratio. The metal-phosphorus coupling constant 
values observed are in agreement with the nature of 
the groups tram to phosphorus, the value Jcpt_rJ 
(= 3305.6 Hz) is more since the P, atom is tram 
to chloride and Jcpt_+) (= 2729.48 Hz) is less 
since two Pb atoms are trans to each otherz4 
(Table 3). J~rbp,, is equal to 20.76 Hz characteristic 
of the &-disposition of phosphorus atoms. 

The electronic spectral data of the complexes l- 
12 is given in Table 4, with molar extinction values. 
The bands with lower molar extinction values are 
assigned to a Ad transition and those with higher 
molar extinction values are assigned to LMCT 
transitions. 

Cl 

Structure 5. [Pd(TPEA)Cl]Cl. 
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Table 4. Electronic spectral data of metal complexes” 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

1 Ru(L)Cl, 
2 Ru(L)(DMSO)Cl, 
4 [Ru(L)(AsPh,)Cl&l 
5 Ru(L)Br 3 
6 [Ru(L)(AsPh,)BrdBr 

7 

8 
9 

10 

11 

12 

Rh(L)CI 

FW-WOMCl 
[Rh(L)Cl&l 

[Pd(L)CI]Cl 

Complex 1 mm, “In 

410(406), 325(875), 240(7812) 
400(786), 354(Sh)(900), 310(2400), 267(26,100) 
475(372), 402(1760), 330(3200), 265(27,200) 
530(1173), 455(1893), 300(25,200), 266(51,600) 
520(220), 450(960), 415(2240), 355(2640), 330(3360), 
267(29,000) 
357(1489), 310(3418), 264(9615), 220(41,660), 
209(44,300) 
375(5700), 285(17,384), 223(Sh)(40,460), 210(53,500) 
420( 1470), 390(Sh)(2460), 298(22,160), 
222(Sh)(46,700), 211(55,900) 
355(4780), 315(Sh)(13,500), 285(14,800), 
222(Sh)(41,600), 210(51,200) 
419(832), 355(9360), 295(10,600), 222(S)(41,600), 
210(51,000) 
355(520), 265(19,500), 255(21,000), 210(49,400) 

‘Molar extinction values (m- ’ cm- ‘) are given in parentheses. Sh = Shoulder. 

REFERENCES 

M. M. Taqui Khan and B. Swamy, Znorg. Chem. 
1987,26, 178. 
M. M. Taqui Khan, B. T. Khan, Safia Begum and 
S. M. Ali, J. Mol. Cat. 1986, 34, 283 and references 
therein. 
M. M. Taqui Khan and E. Rama Rao, Polyhedron 
1987,6, 1727. 
G. Booth, Advances in Inorganic Chemistry and 
Radio Chemistry, Vol. 6. Academic Press, New York 
(1964). 
L. M. Venanzi, Angew. Chem. Znt. Edn (Engl.) 1964, 
3,453. 
R. B. King, Act. Chem. Res. 1972, 5, 177 and ref- 
erences therein. 
M. M. Taqui Khan and A. E. Martell, Znorg. Chem. 
1975,14,676. - 
L. Sacconi and R. Morassi, J. Chem. Sot. A 1968, 
2997. 
L. Sacconi, J. Chem. Sot. A. 1970,248. 
T. A. Stephenson and G. Wilkinson, J. Znorg. Nucl. 
Chem. 1966,28,945. 
I. P. Evans, A. Spencer and G. Wilkinson, J. Chem. 
Sot., Dalton Trans. 1973, 204. 
W. L. Jolly, Ed., Inorganic Synthesis, Vol. XI. 
McGraw Hill, New York. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

J. Herde, J. Lambert and C. V. Senott, Znorg. Synth. 
1974, 15, 18. 
J. Chatt, L. M. Vallarino and L. M. Venanzi, J. 
Chem. Sot. 1957,3413. 
M. M. Taqui Khan and K. Veera Reddy, J. Coord. 
Chem. 1982,12,71. 
E. Kimaru, Stefan Young and J. P. Collman, Znorg. 
Chem. 1970,9, 1183. 
K. Isslieb and A. Tzschach, Chem. Ber. 1979, 92, 
1118. 
M. M. Taqui Khan and V. Vijay Sen Reddy, Znorg. 
Chem. 1986,25,208. 
J. C. Briggs, C. A. McAuliffe and D. Dyer, J. Chem. 
Sot., Dalton Trans. 1984,423. 
Y. Arun Kumar, Ph.D. Thesis, Osmania University, 
Hyderabad (1984). 
V. Vijay Sen Reddy, Ph.D. Thesis. Bhavnagar Uni- 
versity (1985). 
A. R. Sanger, J. Chem. Sot., Dalton Trans. 1977, 
120. 
M. Habid, H. Trujillo, C. A. Alexander and B. M. 
Storhoff, Znorg. Chem. 1985,29,2344. 
C. E. Johnson and R. Eisenberg, J. Am. Chem. Sot. 
1985,107,3148. 
M. M. Taqui Khan, V. Vijay Sen Reddy and H. C. 
Bajaj, Polyhedron 1987,6,921. 



Polyhedron Vol. 7, No. I, pp. 3742, 1988 
Printed in Great Britain 

0277-5387/88 $3.00+.00 
0 1988 Pergamon Journals Ltd 

PREPARATION OF NEW MONO AND POLYNUCLEAR 
BIS(TRIPHENYLPHOSPHINE) COPPER(I) DERIVATIVES 

CONTAINING MONO AND BIDENTATE N-HETEROCYCLES, 
8-HYDROXYQUINOLINE AND OXALATE LIGANDS 

JOSEFINA DfEZ, SANTIAGO FALAGAN, PILAR GAMASA and JO& GIMENO* 

Departamento de Quimica OrganometBlica, Universidad de Oviedo, 33071 Oviedo, Spain 

(Received 5 January 1987; accepted 10 July 1987) 

Abstract-Novel mono and binuclear complexes of the type Cu(H(N-N)2}(PPh3)2 [H 
(N-N); = Hbibzim- (bibenzimidazolate), Htmbiin--(tetramethylbiimidazolate)], Cu 
(oxine)(PPh,), and Cu,b-C,O&PPh ) [ 3 4 oxine = C,NH,O-, C,O:- = oxalate] have been 
obtained by reaction of Cu(acac)(PPh,), with the corresponding ligands. The reaction 
of [CU(CH~CN)~(PP~~)~]BF., with imidazole or pyrazole derivatives renders tetrahedral 
mononuclear cationic complexes [Cu(N-N),(PPh,),]BF, [x = 1, (N-N) = 2,2’-biim- 
idazol (H,biim), (H,bibzim), (H,tmbiim); x = 2, (N-N) = imidazole (Him), pyrazole 
(Hpz)] ; the neutral tetranuclear complexes [Cu,(p-(N-N),}(PPh,),1, are formed when the 
corresponding bibenzimidazolate or tetramethylbiimidazolate are used as ligands. The 
structures of the resulting complexes have been elucidated by IR spectroscopy, ‘H, 3’P( ‘H} 
NMR, molecular weight and conductance studies. 

Copper(I) coordination chemistry is currently 
receiving much attention due mainly to the role of 
the metal in biological systems.’ Copper(I) com- 
plexes, relevant to the understanding of copper- 
containing enzymes, are potentially air-sensitive, 
labile in solution and in some instances dis- 
proportionate to copper(O) and copper( but a 
large number of them have been described recently. 2 
Recent structural studies in mononuclear Cu(1) 
complexes, namely [CuL,]+ (n = 2, 3,4) or CuXL, 
(X = chloride, bromide, iodide) show their ability 
to adopt a range of different geometries. Thus, 
copper(I) complexes are known exhibiting di, 2 tri, 3 
tetra4 and penta’ coordination which basically 
depends upon the bulk as well as the electronic 
properties of the N and/or P ligands. 

Following our interest on coordination prop- 
erties of N-donor heterocycles of the type of 2,2’- 
biimidazole and its derivatives6 we describe in this 
paper the synthesis and characterization of novel 
copper(I) complexes containing Cu-N and/or 
Cu-0 bonds, which are obtained by reactions of 
the type : 

Cu(acac)(PPh 3) 2 + Y-H + CuY(PPh 3) 2 + Hacac 

*Author to whom correspondence should be addressed. 

[acac = acetylacetonate, Y-H = acidic N-H and 
O-H bidentate chelating ligands]. 

A method widely used by us, previously, for other 
M(acac) derivatives M = Rh,7 Pd,8 Au.~ Thus, 
by reactions in appropriate conditions of 
Cu(acac)(PPh,), (B) with H2(N-N), (bibenzimi- 
dazole = H,bibzim ; 2,2’,4,4’-tetramethylbiimida- 
zole = H,tmbiim), mononuclear Cu(H(N-N),} 
(PPh3)2 and tetranuclear [Cu,(p-(N-N),)(PPh,)J, 
complexes are prepared. Similarly, Cu(C9NH60) 
(PPh3)2 and Cu2(p-C204)(PPh3)4 are obtained by 
reactions of(B) with 8-hydroxyquinoline and oxalic 
acid, respectively. This method of synthesis has only 
revealed to be of general utility with mild acidic 
ligands. 

New tetrahedral mononuclear cationic copper(I) 
complexes of general formula [Cu((N--N),} 
@‘PhddBF4, x = 1, (N-N) = 2,2’-biimidazole 
(H,biim), H,bibzim, H,tmbiim ; x = 2, (N-N) = 
imidazole(Him), pyrazole (Hpz) are also described. 
These complexes can be of potential interest 
since. photocatalytic reduction of dicationic methyl- 
viologen by similar copper(I) derivatives, namely 
[Cu(N-N)(PPh,),]+ (N-N = 1, lo-phenanthro- 
line, 2,2’-bipyridine and their derivatives) has been 
recently reported. ‘O Table 1 lists the copper(I) 
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complexes synthesized along with analytical, 
conductance and molecular weight data. 

RESULTS AND DISCUSSION 

(a) Neutral complexes (I-VI) 

Reaction between dichloromethane solutions of 
Cu(acac)(PPh,), (acac = acetylacetonate) and 
H2(N-N)2, in l/l molar ratio leads according to 
eq.l 

Cu(acac)(PPh,),+H,(N-N), 

sCu{H(N-N),}(PPh,),+Hacac (1) 

[H(N-N)Z = Hbibzim- (I), Htmbiim- (II)] 

to a colourless solution from which complexes (I) 
and (II) can be obtained. 

However, the reaction with H,biim (2,2’-bi- 
imidazole) leads to a solid characterized as a mix- 
ture of the corresponding mononuclear and tetra- 
nuclear [Cu&-biim)(PPh,)& complexes, in a simi- 
lar way as is described below (eq. 2). IR spectra of 
(I) and (II) (KBr mulls) show a v(N-H) broad 

absorption band at ca 3000 cm- ’ suggesting’” some 
intermolecular association via hydrogen protons of 
the ligands. (Fig. 1.) 

‘H NMR spectra in CDC13 show resonances 
which are characteristic for aromatic protons along 
with two single peaks, in the case of the complex 
(II), at 6 1.6 and 2.1 ppm assigned to the two chem- 
ically non-equivalent exo and endo methyl groups 
of the imidazole rings. The spectrum of (II) also 
shows a resonance at 6 5.2 ppm due to the presence 
of dichloromethane of crystallization. 

Attempts to obtain binuclear derivatives of the 
type “Cu[p-(N-N),]Cu” by using the appropriate 
stoichiometric amounts (1 /OS) were unsuccessful, 
the reaction leading instead to a complex mixture. 
Thus, when H,tmbiim is used, a white solid is iso- 
lated which is characterized by ‘H NMR (CDC13 
solution) as a mixture of Cu(Htmbiim)(PPh,) 2 (II) 
and [Cu&-tmbiim)(PPh 3) J 2 (VI). The spectrum 

x N-H---N 

x 

N\ 

‘N N---H-N N/cu 

Fig. 1. 

Table 1. Analytical data, colours, conductivity and molecular weight measurements of the novel complexes 

Compound 
Found (Calc.) 

C N H Colour AM or M.W” 

(1) [Cu(Hbibzim)(PPh,)J 

m [Cu(Htmbiim)(PPh,)J 

@I) [Cu(oxine)(PPh,)J 

m [Cu,(~-C,OJ(PPh,),l 

(v) [CQP-bibzim)(PPh,)J* 

(VI) [Cu,@-tmbiim)(PPh,)dZ 

(VW [Cu(H,biim)(PPh,)JBF, 

FW [Cu(Hzbibzim)(PPhs)2]BF, 

gx) [Cu(H,tmbiim)(PPh,)JBF, 

00 [Cu(Him) ,(PPh J 2]BF4 

(XI) [Cu(HPz)#Ph&lBF, 

(XII) [Cu(3,5-Me,Hpz)(CH,CN)(PPh,)dBF, 

72.5 
(73.2) 
67.8 

(67.7)” 
72.9 

(73.8) 
69.7 

(69.2) 
66.8 

(64.4) 
65.6 

(65.8) 
62.6 

(62.4) 
65.0 

(66.1) 
63.6 

(63.9) 
61.1 

(62.3) 
60.9 

(62.2) 
63.9 

(63.7) 

(2) 
6.5 

(6.7) 

(& 

(::;) 

(:::) 
6.6 

(6.9) 

(%) 

5.5 
(5.5)b 

(::;) 
5.2 

(4.7) 

,t :, 
::o”, 

(:::) 

(t :, 
5.1 

(5.1) 

(::;) 

(G) 

31) 

yellow 

white 

yellow 

white 

cream 

green 

white 

yellow 

white 

white 

white 

white 

890 (821) 

890 (776) 

710 (732.2) 

1056 (1264)” 

1941 (1766) 

1570 (1678) 

121’ 

111’ 

113’ 

113.5’ 

126 

132.7 

‘Molecular weight, (CHCl,) : Found (Calc.). ‘Calculated with iH,CCl, of crystallization. ‘Acetone solutions 
(W’ cm* mol-‘). 
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shows in the methyl protons range, four single 
peaks located at identical frequencies to those exhi- 
bited by pure samples of complexes (II) and (VI) 
(see below). No differences have been observed by 
increasing the time of reaction (30 min, 3 h), thus 
pointing to a process such as : 

4Cu(acac)(PPh,),+3H,(N-N), 

H2CC1Z, 2Cu[H(N-N),](PPh,), 

+ t[Cu,{CL-(N-N)2}(PPh3),1, 
+ 2PPh3 + 4Hacac (2) 

[(N-N):- = biim*-, tmbiim’-1. 

A variety of other acid ligands Y-H react simi- 
larly through elimination of acetylacetone and lead 
to the formation of copper(I) complexes. Thus, pre- 
viously known trigonal complexes, Cu(imide) 
(PPh&” [imide = C,H,(CO),N-, (C&)(CO), 
N-1 and the tetrahedral Cu(O,CH)(PPh,),” 
(HCO; = formiate) or novel ones, Cu(oxine) 
(PPh& (III) (oxine = C,NH,O-) and CU~(@~O.+) 
(PPh& (IV) (C,O:- = oxalate) can be prepared 
in high yields by reaction with succinimide, 
phtalimide, formic acid, %hydroxiquinoline and 
oxalic acid, respectively. 

IR spectra of (III) and (IV) show absorptions due 
to the presence of the ligands : ’ 3 (III), 1560 (m), 
1490 (w), 1455 (s) and 1110 cm-’ ; (IV), 1600 (s) 
v(COJ asym., 1300 (m) v(COJ sym. cm- ‘. Molec- 
ular weight determinations (see Table 1) reveals the 
chelate character of both anions and so forming, 
respectively, mono and binuclear derivatives. In 
contrast, the reaction with weaker acidic ligands 
such as pyrazole, imidazole and o-aminophenol do 
not take place, recovering the starting copper-acac 
complex unchanged. The chelate effect, which is 
supposedly acting in the reactions with H,biim and 
their derivatives (eq. 1, see also below), can explain 
the reactivity of these very weak acid ligands. 

Solutions of [Cu(CH3CN)2(PPh3)2]BF4 in THF 
or CH2C12 react in l/O.5 mol ratio with Kzbibzim 
and K,tmbiim[K,(N-N)J (prepared from 
H,(N-N), and an excess of potassium hydroxide 
in ca 3 : 1 THF/MeOH or CH,Cl,/MeOH) to give, 
respectively, cream and light green complexes (V- 
VI). The absence of v(N-H) absorptions in the IR 
spectra and the values of molecular weights (deter- 
mined osmometrically in chloroform, see Table 1) 
indicate a tetranuclear molecular structure of the 
type shown in Fig. 2. 

The ‘H NMR (CDClJ spectrum of (VI) confirms 
the proposed structure, since it shows two single 
resonances at 6 2.3 and 1.7 ppm as expected for 
the two chemically non-equivalent methyl protons. 

Ph, P Meb 

\ 
PPh, 

C”.N 
\ 

ih, PPh, 

I VI I 

Fig. 2. 

Similar tetranuclear structures have been found in 
related Pd(II),8a Rh(I), I4 and Ir(1) ’ 4 complexes. 
“P( ‘H} NMR spectrum of (VI) shows one broad 
singlet at 6 -4.28 ppm indicating possibly a fast 
intramolecular exchange process of phosphines (on 
the NMR time scale) which makes them chemically 
equivalent. These structures are further examples 
of the ability of copper(I) to adopt trigonal geome- 
tries in the presence of either a bulky S-donor15a or 
N-donor, with mild bulky substituents15b ligands. 

Cutionic complexes. (VII-XII) 

Addition of stoichiometric amounts of the N- 
donor ligands H2(N-N)2 (H,biim, H,bibzim, 
H,tmbiim) or H(N-N) (Hpz, Him) to dichloro- 
methane solutions of [CU(CH~CN)~(PP~~)~]BF~ 
leads to the displacement of acetonitrile ligands to 
give tetrahedral cationic complexes (VII-XII), 
which can be precipitated as white or light yellow 
(VIII) solids by addition of diethyl ether to the 
partially evaporated solutions. (Fig. 3.) 

Conductance data of all the complexes (Table 1) 
are typical of u&univalent electrolytes and IR spec- 
tra (KBr pellets) show a broad v(N-H) absorption 
band at ca 3360 cm- ’ and strong broad absorption 
at 1150 cm-’ assigned to v(B-F) vibrations. ‘H 
NMR spectra reveal resonates of aromatic protons 
along with those expected for the corresponding in 
heterocyclic rings (see experimental). 

Unexpectedly, the reaction with an excess of 3,5- 
dimethylpyrazole proceeds in a different way, to 
give a white solid formulated as [Cu(3,5- 
MezHpz)(CH3CN)(PPh3)dBF4 (XII), in which 
only one of the two originally coordinated ace- 
tonitrile ligands, has been substituted. The IR spec- 
trum shows typical absorptions of the dimethyl 
pyrazol ligand (see experimental) and a weak 
v(C=N) band at 2260 err- ’ due to the still coor- 
dinated acetonitrile ligand, which is confirmed by 
the presence of a methyl single resonance at 6 1.95 
ppm in the ‘H NMR spectrum (CDC13). In 
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Me 

N-N 
’ ‘H cu 

Me 

a 
H/N-N\CU 

(Xl) 

Fig. 3. 

Fig. 4. 

addition, instead of the two expected signals for the 
two methyl pyrazole groups only one slightly broad 
signal at 6 2.05 ppm is observed. This behaviour 
may be due to a rapid interexchange of pyrazole, 
in a dissociative process or “shuttling” of the H 
and the metal atom between the pair of N atoms. ’ 6 
(Fig. 4). 

All the complexes described herein are air-stable 
in the solid state but their solutions are rapidly 
oxidized in air and decompose before melting. 
Table 1 lists their analytical data, molecular weights 
of the neutral complexes along with the con- 
ductivity data of the cationic complexes. Other rel- 
evant information on IR and ‘H or 3’P{ ‘H) NMR 
(CDC13) spectra are given in the experimental 
section. 

EXPERIMENTAL 

Measurements 

C, H, N analyses were carried out with a Perkin- 
Elmer 240 microanalyzer. The IR spectra were rec- 
orded over the 4000-200 cm-’ range on a Perkin- 
Elmer 577 spectrophotometer using KBr discs or 
Nujol mulls between NaCl plates. Conductivities 
were measured at room temperature, in ca lo- 3 
mol dm3 acetone solutions, with a Jenwag PCM3 

conductimeter. NMR spectra were recorded on a 
Varian FT-80A spectrometer at 79.54 MHz (‘H) 
or 32.20 MHz (“P) using SiMe, and 85% H3P04 
respectively, as internal or external standard ref- 
erences. The molecular weights were determined in 
chloroform solutions with a Knauer vapour pres- 
sure osmometer (2 x 10e3 M solutions). 

Synthesis 

All reactions were performed under argon and 
the solvents were dried and deoxygenated before 
use. The ligands were used as purchased, except 
H,biim, H,bibzim and H,tmbiim which are pre- 
pared as described elsewhere. ’ ‘9 ’ 8 The reactions 
were carried out using 1 mm01 of Cu(acac)(PPh 3) 2 ’ ’ 
or [CU(CH&N)~(PP~~)~]BF~ as starting materials. 
The preparation of the acetonitrile complex is 
described below, since as far as we know it has not 
been isolated previously. 

Neutral complexes 

Cu{H(N-N),}(PPh,),; H(N-N); = Hbibzim- 
(I), Htmbiim-(II). A mixture of Cu(acac)(PPhj)2 
and H,(N-N), (1 : 1 mol ratio) was stirred in 
dichloromethane at room temperature for 12 h. 
After filtration the resulting solution was con- 
centrated and hexane was added yielding by pre- 
cipitation a yellow (I) or white (II) solid. (I) yield : 
60%. M.W.(CHCl,) Found(Calc.) : 890(821). ‘H 
NMR (CDCI,): 6 7.3 (m, 38H, Ph) ppm. 3’P(‘H} 
NMR (CDC13) : 6 - 1.3(s) ppm. (II) yield: 65%. 
M.W.(CHCl,) Found(Calc.) : 890(776). ‘H NMR 
(CDC13) : 6 7.2 (s, 30H, C,H,), 5.2 (s, lH, $CHC12 



New mono and polynuclear bis(triphenylphosphine)eopper(I) derivatives 41 

crystallization), 2.1 (s, 6H, exo CH3), 1.6 (s, 6H, 
endo CHJ ppm. 31P{ ‘H} NMR (CDClJ: 6 - 1.5 
(s) ppm. IR v(N-H) (KBr) (I, II): 3000-2800 
err- ‘. 

Cu(oxine)(PPh,), (III) and Cu2(,u-C20,)(PPh3)4 
(IV). A mixture of Cu(acac)(PPh3)z and 8- 
hydroxyquinoline (1: 1 mol ratio) or 
H2C204*2H20 (1 : 0.5 mol ratio) were respectively 
stirred in dichloromethane or H,CCl,/MeOH 
(10 : 1) at room temperature for 24 h. The cor- 
responding complexes were obtained from the fil- 
tered solutions as follows: (III) by precipitation 
after partial evaporation and addition of hexane. 
Yield: 90% M.W. (CHC13) Found (Calc.): 
710(732.2). 31P(‘H) NMR (CDCI,): 6 -2.5(s) 
ppm. (IV) dryness evaporation, extraction of solid 
residue with dichloromethane and addition of 
diethylether to the partially evaporated resulting 
solution. Yield : 90% M.W.(CHC13) Found (Calc.) : 
1056 (1264). 3’P(1H) NMR (CDC13): 6 -3.9(s) 
ppm. 

[Cu&-(N-N),}(PPh&l~; (N-N), = bib- 
zim’-(V), tmbiim’-(VI). A mixture of H,(N-N) 
(0.5 mmol) and KOH (2 mmol) in 30 ml of 
THF/MeOH (ca 3 : 1) was stirred for 0.5 h at room 
temperature and then [Cu(CH $N) 2(PPh 3);1BF4 (1 
mmol) was added. After stirring for 24 h the sus- 
pension was dryness evaporated and the solid resi- 
due extracted with 2 x 20 ml of H2CC12. Partial 
evaporation under reduced pressure and addition 
of hexane led to the precipitation of cream (V) and 
light green (VI) microcrystalline solids. (V) Yield : 
60%. M.W. (CHC13) Found (Calc.): 1941 (1766). 
‘H NMR (CDC13) 6 7.1 (m, Ph) ppm. (VI) Yield : 
75%. M.W. (CHC13) Found (Calc.): 1570 (1678). 
‘H NMR (CDCl,): 6 7.1 (m, 30H, Ph) 6 2.3 (s, 
6H, CH3), 6 1.7 (s, 6H, CH3) ppm. “P{ ‘H} NMR 
(CDC13) : 6 - 4.3 (s) ppm. 

Reactions of [CU(CH~CN)~(PP~~)~]BF~ with 
H,biim/KOH and ~fCu(acac)(PPh~)~ with Hzbiim 
(1: 1 mol ratio). Reactions were carried out as 
described above for the preparation of (I) and (II) 
or (V) and (VI). Working up analogously, a white 
solid was obtained for both reactions. Both solids 
show identical IR (KBr pellet) spectra 
(v(N-H) = 300&2800 (m,br) cm-‘, biim, ring st, 
1400(s), 1130(s) cm-‘) and elemental C, H, N analy- 
ses identified them as a mixture of Cu(Hbiim) 
(PPh3)* and [Cu,(p-biim)(PPh3)2]2. 

Reaction of Cu(acac)(PPhj)2 with H,tmbiim 
(1 : 0.5 mol ratio). A mixture of Cu(acac)(PPh3)2 
and H$mbiim (1 : 0.5 mol ratio) was stirred in 
dichloromethane at room temperature for 24 h. 
Working up as described above for (I) and (II), a 
white microcrystalline solid was obtained. This was 
characterized as a mixture of (II) and (VI) by com- 

parison of the ‘H NMR spectrum with those of the 
original samples. 

Cationic complexes 

[Cu(CH3CN)2(PPh3)2]BF+ A mixture of 
[CWH,CN)dBF, 2o and PPh 3 in dichloromethane 
(1 : 2 molar ratio) was stirred at room temperature 
for 6 h. After filtration a white microscrystalline 
solid is obtained by addition of hexane to the par- 
tially evaporated solution, Yield: 90%. C, N, H, 
Analyses : Found (Calc.) : C 64.0 (63.5) ; N 3.8 (3.7) ; 
H 4.9 (4.8). Conductivity I\&- ’ cm2 mol- ‘) (ace- 
tone): 132. ‘H NMR (CDC13): 6 7.18 (m, 30H, 
Ph), 6 2.07 (s, 6H, Me) ppm. IR (Nujol) p(C=N) : 
2285(vw), 2250(w) cm- ‘. 

[Cu{H,(N-N)>}(PPhJJBF4; Hz(N-N)z = 
H,biim (VII), H,bibzim (VIII), H,tmbiim (IX). 
To a dichloromethane solution of [Cu(CH,CN), 
(PPh&]BF4 (1 mmol), H2(N-N)2 (1 mmol) was 
added and then stirred at room temperature for 
24 h. Complexes (VII-IX) were obtained from 
the filtered solutions after partial evaporation of 
the solvent and addition of diethylether. (VII) 
Yield : 75%. ‘H NMR (CDC13) : 6 6.5-7.5 (m, Ph) 
ppm. 3’P{ ‘H} NMR (CDC13) : 6 1.05(s) ppm. 
(VIII) Yield : 60%. ‘H NMR (CDClJ : 6 7.2 (m, 
Ph) ppm. 31P{ ‘H} NMR (CDC13) : 6 0.0 (s) 
ppm. (IX) Yield : 90%. ‘H NMR (CDC13) : 6 7.1 
(m, Ph), 6 2.2 (s, 6H, exo CH3), 6 1.75 (s, 6H, endo 
CH3) ppm. 3’P{ ‘H} NMR (CDC13): 6 - 1.5 (s) 
ppm. 

[Cu(H(N-N)} *(PPh ,);IBF 4 ; H(N-N) = Him 
(X), Hpz (XI) and [Cu(3,5-Me,Hpz)(CH,CN) 
(PPh3)JBF4 (XII). To a dichloromethane solu- 
tion of [CU(CH~CN)~(PP~~)JBF~ (1 mmol), 
H(N-N) (2 mmol) was added and then stirred at 
room temperature for 24 h. Working up as above, 
complexes (X) and (XI) were obtained as white 
microcrystalline solids. (X) Yield: 80%. ‘H 
NMR (CDC13) : 6 7.2, 7.1 (m, Ph) ppm. 31P{ ‘H} 
NMR (CDC13): 6 -2.5 (s) ppm. (XI) Yield: 70%. 
’ H NMR (CDC13) : 6 7.1 (m, Ph) ppm. 3 ‘P { ‘H} 
NMR (CDC13): 6 -0.65 (s) ppm. (XII) Yield: 
75%. IR (Nujol mull) : v(N-H) 3360 (m, br) cm-‘, 
v(C=N) 2260 (w) cm- ‘, v(C-N) ring 1580 (s) 
cm-‘. ‘H NMR (CDCI,): 6 7.30, 7.15 (m, 30H, 
Ph), 6 2.05 (s, 6H, Me,-pz), 6 1.95 (s, 3H, MeCN) 
ppm. 31P{ ‘H} NMR (CDC13) : 6 -0.65 (s) ppm. 
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Abstract-Complexes of transition metal ions with the oxygen-nitrogen containing ligand 
1,3-bis(2-pyridyl)- 1,3-propanedione (bpypH) have been synthesized. These present stoi- 
chiometries which do not conform with the usual tendency manifested by /Ldiketones, since 
molecular formulas with the composition M(bpyp)X are found. A nitrogen methylated 
ligand N,N’-dimethyl-l,3-bis(2-pyridyl)-l,3-propanedione methyl sulphate [dimebpypI-Il 
(MeS04), has also been synthesized and its complexes with transition metal ions studied. 
The stoichiometries now, resemble those of typical //.I-diketones, namely [dimepyp12MX4 
with four anions because of the dicationic nature of the original ligand, This, together 
with IR evidence suggests a dual type of coordination by bpip via the /3-diketone and the 
pyridyl moieties. 

Trinuclear metal complexes have been known for a 
long time, but most of them are the fortunate result 
of an unexpected synthesis such as Ni,(acac), or 
the complexation of a metal by two metal complexes 
acting as ligands such as pi(MEA)J to give 
[M(Ni(MEA)J]X,’ or in few cases the complexa- 
tion of two metal ions by one metal complex acting 
as a ligand.2 These last two cases permit, a priori, 
the synthesis of heterotrinuclear complexes such as 
MM’M or M’MM’. We have chosen this last type 
of approach to the heterotrinuclear complexes 
by using a polynucleating B-diketone (1,3-bis- 
2-hydroxyphenyl)- 1,3_propanedione (bhppHJa3 
With it we envisaged the possibility of getting tri- 
nuclear complexes with a metal distribution that 
could be arranged as MM’M or M’MM’, depending 
on the metal which had been inserted first. The 
different reactivity of the /I-diketone vs the keto- 
phenol group permitted the synthesis of iso- 
merically pure mononuclear complexes, 4 which 
upon the addition of a different metal salt and an 
appropriate base would yield the heterotrinuclear 
complex. One of the major problems other 
research groups have encountered consisted of the 

*Author to whom correspondence should be addressed. 

synthesis of isomerically pure mononuclear com- 
plexes. Fortunately, this has not been our case. Due 
to the greater reactivity of the /3-diketone vs the 
ketophenol moiety, pure mononuclear complexes 
have in all cases been found. However, upon the 
addition of the second two metals, a metal redis- 
tribution has been observed in the synthesis of 
(UO,)Co(UO,) complexes, where CoCoCo and 
(UOZ)Co(UOZ) complexes have been found.5 
This is due to the fact that the reacting conditions 
have to be forced to overcome the low reactivity of 
the ketophenol moiety. 

With the aim of getting new polynucleating 
ligands which would enhance the reactivity of the 
outer reacting sites with respect to those in bhppH,, 
we have synthesized the ligand bpypH 1,3-bis-(2- 
pyridyl)- 1,3-propanedione. This ligand would not 
permit a metal linearity such as is presented by the 
other ligand bhppH3, described in Fig. 1, but it was 
interesting to know its possibilities, especially the 
competition between both types of reacting sites. 

The present paper concentrates on the synthesis 
of 1,3-bis-(2-pyridyl)-1,3-propanedione (bpypH), 
N,N’ - dimethyl - 1,3 - bis - (2 - pyridyl) - 1,3 -propane- 
dione methyl sulphate (dimebpypH)(MeSO,), 
and their metal complexes. The complexes present 
different stoichiometries depending upon whether 
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Fig. 1. The ligand bhppH, 1,3-bis-(2_hydroxyphenyl)- 
1,3-propanedione. 

bpypH or dimepypH has been used as a ligand. 
We conclude that in the first case the ligand has 
coordinated to the metal via the pyridine nitrogen 
and the B-diketone units, while in the second case 
it only coordinates through the /I-diketone unit. 

EXPERIMENTAL 

Starting materials 

All reagents and solvents were commercial grade 
materials and were used after drying them with 
Na/benzophenone (toluene) ; Mg (ethanol) or with- 
out further purification. Methyl picolinate was syn- 
thesized from picolinic acid (FLUKA) following 
Sneed’s procedure.6 It was extremely important to 
have this compound very dry, otherwise the reac- 
tion did not occur. 

Synthesis of 1,3-bis-(2-pyridyl)1,3-propanedione 

@pypH) 

Sodium (0.67 g, 29.1 mmol) was placed in a round 
bottom flask, equipped with a magnetic stirrer and 
blanketed with dinitrogen, containing dry and 
degassed ethanol (20 cm3). Once the sodium had 
been consumed the ethanol was evaporated off at 
the vacuum line. A white solid corresponding to 
sodium ethoxide was obtained. 

Dry toluene (25-30 cm3) and methyl picolinate 
(4 g, 29.1 mmol) were added to the flask, and very 
slowly, a-F’yridyl methyl ketone (4.95 g, 40.9 mmol) 
was added. During the addition care was taken to 
ensure that the temperature would be kept between 
4560°C. In this period the mixture changed from 
yellow to dark red. Without heating, the semi-solid 
mass was stirred for 30 min, until an off-white solid 
appeared. It was again gently warmed for 15 min, 
cooled at room temperature, filtered and dried. 

The solid was slowly poured with constant and 
vigorous stirring into a mixture containing 30 cm3 
of acetic acid, 30 cm3 of water and 100 g of ice, 
yielding a white solid, which was filtered and recrys- 
tallized in ethanol (yield 5.3 g, 80%) (m/e 226 
corresponding to M). IR v(C?=D) 1600 cm-‘, 
v(py) = 158&1530 cm- I. 

Found: C, 68.9; H, 4.5; N, 12.4. Calc. for 
C,3H,oN202: C, 69.0; H, 4.5; N, 12.4%. 

Synthesis of complexes with the general formula 
(bpyp)M(AcO) * xHz0 

To a three-necked flask equipped with a reflux 
condenser and two additional funnels containing, 
in the first 1,3-bis-(2-pyridyl)-1,3-propanedione 
(bpyp) (0.4 g, 1.77 mmol) in isopropanol (20 cm3), 
and in the second the appropriate metal acetate 
(1.77 mmol) in methanol (20 cm3), was added iso- 
propanol (80 cm’). The isopropanol was refluxed 
and the contents of the two additional funnels were 
added drop by drop at the same speed. The reaction 
proceeded differently as a function of the metal M, 
yielding solids (M = Cu, Zn) or solutions (M = Co, 
Ni). 

When solids were obtained these were filtered and 
washed with isopropanol. In the other cases solids 
were obtained upon the addition of acetone, which 
were filtered and washed with isopropanol/acetone. 
Finally, all were dried in vacua. 

Analysis : For M = Zn ; Found : C, 49.3 ; H, 
3.6; N, 7.6; Zn, 17.8. Calc. for C15H,2N204Zn: C, 
49.0; H, 3.8; N, 7.6; Zn, 17.8%. For M = Cu; 
Found: C, 48.9; H, 3.6; N, 7.6; Cu, 17.0. Calc. 
for C15H1ZN204C~: C, 49.2; H, 3.9; N, 7.7; Cu, 
17.4%. For M = Co; Found: C, 45.6; H, 4.4; N, 
6.8; Co, 14.9. Calc. for C,gH,2N204C~: C, 45.4; 
H, 4.7; N, 7.1; Co, 14.8%. For M = Ni; Found: 
C, 45.3; H, 4.3; N, 6.9; Ni, 15.1. Calc. for 
C,gH12N204Ni:C,45.4;H,4.6;N,7.1;Ni,14.8%. 

Synthesis of complexes with general formula 
(bpyp)MX * xH,O o( = Cl, Br, SCN) 

To a three-necked flask equipped with a reflux 
condenser and two additional funnels containing, 
in the first 1,3-bis-(2-pyridyl)-1,3-propanedione 
(bpyp) (0.4 g, 1.77 mmol) in isopropanol(20 cm3), 
and in the second the appropriate metal salt (1.77 
mmol) in methanol (20 cm3), was added iso- 
propanol(80 cm3). The isopropanol in the flask was 
refluxed and the contents of the two additional 
funnels were added drop by drop at the same speed. 
A solid appeared in all cases, which was filtered, 
washed with isopropanol and dried in vacua. 

Analysis : For M = Cu; Found : C, 46.9 ; H, 3.0 ; 
N, 8.2; Cu, 18.8. Calc. for C13H9NZ02_ 
CUC~~O.~H,O:C,~~.~;H,~.O;N,~.~;CU, 19.1%. 
For M = Co; Found: C, 41.8; H, 3.7; N, 7.5; Co, 
15.5. Calc. for C,,H9N20,CoCl-3H,O: C, 41.7; 
H, 4.0; N, 7.5; Co, 15.8%. For M = Ni; Found: 
C, 41.5; H, 3.7; N, 7.3; Ni, 15.4. Calc. for 
C13H9N202NiCl-3H20: C, 41.8; H, 4.0; N, 7.5; 
Ni, 15.7%. For M = Zn; Found: C, 42.0; H, 2.5; 
N, 7.8 ; Zn, 17.6. Calc. for C13HgN,02ZnBr: C, 
42.1; H, 2.4; N, 7.6; Zn, 17.6%. For M = Cu; 



1,3-bis(2-pyridyl)-1,3-propanedione and N,N’-dimethyl-l,3-bis(2-pyridyl)-l,3-propanedione 45 

Found:C,40.1;H,2.5;N,7.3;Ct.t, 16.3.Calc.for 
C,-,H9NZ02CuBr*H20: C, 40.4; H, 2.9; N, 7.2; 
Cu, 16.4%. For M = Ni; Found: C, 46.5; H, 3.0; 
N, 11.9; Ni, 16.2. Calc. for Cr4H9N302SNi-H20: 
C, 46.7; H, 3.1 ; N, 11.7; Ni, 16.3%. For M = Co; 
Found: C, 46.4; H, 3.0; N, 11.8; Co, 16.4. Calc. 
for C14H9N302SCo.H20: C, 46.7; H, 3.1; N, 
11.7; Co, 16.4%. 

Synthesis of NJ?‘-dimethyl- 1,3-bis-(2-pyridyl)-1,3- 
propanedione (dimebpypH) methyl sulphate RESULTS 

To a warm solution of 1,3-bis-(2-pyridyl)-1,3- The reaction of methyl picolinate with cl-pyridyl 
propanedione (0.5 g, 2.2 mmol) in acetonitrile methyl ketone in the presence of sodium ethanolate 
(10 cm’) was added dimethyl sulphate (0.781 g, gives the sodium salt of 1,3-bis-(2-pyridyl)- 1,3-pro- 
6.2 mmol). After refluxing the resulting solution panedione (bpypH). Further treatment of this with 
for 1 h, a yellow solid precipitated. The heating acetic acid yields the corresponding B-diketone with 
was continued for an additional 0.5 h and after a good overall yield (eq. 1). 

C, 40.0; H, 4.1; N, 6.3%. For M = Mn, 
X = CH,SO,; Found: C, 39.8; H, 4.1; N, 5.2. 
Calc. for C34H42N4S4020Mn: C, 40.4; H, 4.2; N, 
5.5%. For M = Ni, X = CH,COO; Found: C, 
56.4;H,5.1;N,6.8.Calc.forC3,H,,N,0,,Ni: C, 
56.6; H, 5.2; N, 7.0%. For M = Co, X = 
CH,COO; Found: C, 56.3; H, 5.1; N, 6.7. Calc. 
for C38H42N401ZC~ : C, 56.6; H, 5.2; N, 7.0%. 

cooling to room temperature the solid was filtered, 
washed with isopropanol/ether and dried in vacua. 

Analysis : Found : C, 37.4 ; H, 4.5 ; N, 5.9. Calc. 
for C,,H,,N,S,O,,: C, 37.7; H, 4.6: N. 5.9%. 

Further reaction of bpypH with dimethyl sulphate 
in acetonitrile afforded N,N’-dimethyl-1,3-(2-pyri- 
dyl)-1,3_propanedione (dimebpypH) methyl sul- 
phate (eq. 2). 

v + Me804 

0 0 

MUCK (MeS0.A. w 
CHa ’ ’ CHI 

Synthesis of complexes with general formula 
(dimebpyp)MX, (M = Zn, Cd, Cu, Mn, Ni, Co ; 
X = MeSO,, MeCOO). 

A warm solution of the appropriate metal acetate 
(a 20% in excess of the stoichiometric amount) in 
methanol (5 cm3), was added to a flask containing 
dimebpyp (0.2 g, 0.42 mmol) in warm methanol 
(10 cm3) (isopropanol when M = Cd). The solution 
was refluxed yielding a solid in each case. The mix- 
ture was kept at 60°C for one day and was filtered, 
washed with isopropanol and dried in vacua. 

Analysis : For M = Zn, X = CH3S04 ; Found : 
C, 39.9; H, 4.3; N, 5.2. Calc. for C34H42N4 
Sd02,Zn: C, 40.0; H, 4.1; N, 5.5%. For M = Cd, 
X = CH,S04; Found: C, 37.9; H, 3.9; N, 5.0. 
Calc. for C34H42N4S4020Cd: C, 38.3; H, 3.9; N, 
5.3%. For M = Cu, X = CH,SO,; Found: C, 
39.5 ; H, 4.0; N, 6.4. Calc. for C34H42N4S4020C~ : 

Reaction of bpypH with metal acetates, chlor- 

(2) 

ides, bromides or thiocyanates in alcohols afforded 
compounds with general formula (bpyp)MX - xH *O 
where M = Cu, Co, Ni, Zn, X = MeC02, Cl, Br, 
SCN. 

bypH+ M&alcoho; (bpyp)MX+ HX. (3) 

Reaction of [dimebpypH]X, with metal ace- 
tates yielded compounds with general formula 
(dimebpyp),MX, - xH20, X being acetate or 
MeSO;. 

2[dimebpypH]X, 

+MX,.I,ho;(dimebpyp)MX~ f2HX. (4) 

The ‘H-NMR spectrum of bpypH clearly evi- 
dences the coexistence in chloroformic solution of the 
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p-diketone and the enolic forms in approximately 
74 to 26 molar ratio. 

DISCUSSION 

The general tendency exhibited by b-diketones 
when they are complexed with metals, is to present 
stoichiometries with as many j3-diketone ligands as 
the value of the metal charge. Surprisingly, this 
was not found in any of the bpyp complexes we 
synthesized, where stoichiometries (bpyp)MX have 
been found. 7 This tendency can be attributed to the 
greater reactivity of the pyridyl group as compared 
to the phenol group which was a part of the ligand 
bhppH3 and to the comparable reactivity of the 
pyridyl and /?-diketone groups towards first series 
transition metal ions. 

It is clear the /I-diketone coordinates to the metal, 
as indicated by the IR-spectrum (v(C=O) in com- 
plexes 70 cm-’ lower than in the free ligand), but 
it is more difficult to prove the pyridyl linkage to 
the metal. We have observed in other pyridine com- 
pounds a larger splitting of the two pyridine bands 
near 1600 cm- ‘, when this is metal coordinated 
than when the pyridine is free. In this case, even 
though there are other bands in the free ligand 
(C&O, pyridine) that appear at the same IR 
position, we observe a well resolved fine structure 
at 1600 cm- ’ that is not observed in the free ligand, 
which suggests pyridine coordination to the metal. 

Another support of the pyridine coordination is 
given by the visible spectrum of the copper com- 
plexes in pyridine solution, which are the same 
colour as the solid. A band at 730 nm is observed 
which can be attributed to a copper in a square 
pyramidal environment with oxygen and nitrogen. 8 
Attempting to get more information than this may 
be risky because of the interaction of the solid with 
the coordinating solvents, which clearly can modify 
the stereochemistry and the environment of the 
metal. 

Unfortunately, all attempts to get crystals suit- 
able for an X-ray diffraction analysis failed, so in 
order to get more evidence on the nitrogen coor- 
dination to the metal, the nitrogen methylated 
derivative was synthesized. This would prevent 
nitrogen coordination and a new type of stoi- 
chiometry was expected. This indeed happened and 
stoichiometries M(dimebpyp),X, were found. Even 
though we do not have any crystal structures of 
these compounds (cobalt crystals were obtained but 
they broke down immediately they were taken out 
of the mother liquor) their structure is presumed to 
be similar to that found in M(bhppH2)2 com- 
pounds 3,4 namely to say, octahedral for Zn, Ni, Co 
and square planar for Cu*+, with both P-diketone 

et al. 
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Fig. 2. A polymer like structure for M(bpyp)X not accept- 

able because of the long M-N distance. 

Fig. 3. Polymer structure proposed for M(bpyp)X. 

ligands placed in the same plane.’ We assume 
these structures on the basis of their IR, colour 
(Co, Mn = Orange ; Zn, Cd = Yellow; Ni, Cu = 
Green) and UV-visible that correspond very 
well with those found in the aforementioned 
M(bhppH,), compounds. 3,4 Indirectly, the stoi- 
chiometries obtained with dimebpyp, prove the 
nitrogen coordination to the metal in bpyp, but do 
not give any more information on how this coor- 
dination takes place. 

A polymer like structure such as that depicted in 
Fig. 2 is not acceptable because of the long M-N 
distance, so we propose a type of coordination where 
the ligand acts as chelating via the j?-diketone but 
as monodentate via every pyridine nitrogen (Fig. 3). 
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Abstract-Adducts of bis(diphenylphosphino)methane (dppm) with copper(I) thiolates can 
be prepared by oxidizing anodic copper into an acetonitrile solution of dppm and RSH 
(R = n-C4H9, C5H, 1, CsH5, o,m,p-CH3C6H4, 2-naphthyl). The products are 
(C~SR)~*dppmforR = n-C4H9,C5H110rC6H5,andCuSR.1.5dppmforR = o-CH3C6H4 
or 2-naphthyl. No adducts were obtained for R = m- or p-CH3C6H4. Reaction between 
(CuSC5H1 ,)* * dppm (C5H1 1 = C,H,C(CH,),-) and CS2 gives the insertion product 
CuS2CSC5H1 1 * dppm. An X-ray crystallographic study of (CuSC5H 1 ,)2 - dppm reveals the 
presence of a novel Cu4S4 ring, in which sulphur atoms are below a Cu4 plane ; this Cu4S4 
ring is capped by two six-membered Cu2SCP2 rings in the boat form. 

The direct electrochemical synthesis of thiolato 
complexes of zinc, r,* cadmium, ‘r2 mercury, ’ tin, 3 
lead3 and indium4 has been the subject of recent 
papers from this laboratory. As in the other appli- 
cations of this technique, which involves the anodic 
oxidation of a metal in a non-aqueous solution of 
the ligand precursor, the most important advan- 
tages are the simplicity of the technique and the 
high product yield. In the case of copper or silver, 
solutions of either alkyl or aryl thiols give rise to 
the MSR compounds in a one-step synthesis and 
adducts of CuSR with donors such as l,lO-phen- 
anthroline are also accessible by the electrochemical 
route. 5*6 The reaction of CuSC=,H, , with carbon 
disulphide gave the unusual copper(Ikthiolato- 
thioxanthato cage complex Cu8WJ5H11)4 

(S2CSC5H1 l)4e5 

We now report an extension of this work to the 
preparation of adducts of various copper(I) thi- 
olates with the bidentate phosphorus donor bis(di- 
phenylphosphino)methane(dppm). The crystal 
structure of the adduct formed with CuSC5Hl 1 
reveals the presence of a central Cu4S4 ring, capped 
by Cu2SCP2 boat-form rings. The reaction between 

*Author to whom correspondence should be addressed. 

this compound and carbon disulphide results in the 
insertion of CS2 into the Cu-S bond. 

EXPERIMENTAL 

General 

Solvents were distilled from calcium hydride and 
stored over molecular sieves. Copper was used as 
foils, 0.25 mm thick, which were washed suc- 
cessively with cont. nitric acid and distilled water 
then dried before use. Thiols and dppm (Aldrich) 
were used as supplied. 

Copper analysis was by atomic absorption spec- 
trophotometry then microanalyses were carried out 
by Guelph Chemical Laboratories Ltd. Infrared 
spectra were recorded on a Nicolet 5DX instru- 
ment. Proton NMR spectra were obtained with a 
Bruker WP-80, and “P spectra with a Bruker 90 
spectrometer. Mass spectra were recorded on a 
Varian MAT CH-5 spectrometer operating in the 
E.I. mode. 

Electrochemical procedures 

The general method was that described in pre- 
vious papers, ‘-3,6,7 using a cell of the form : 

Pt,_,/CH 3CN + RSH + dppm/Cu( +). 

49 
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Table 1. Experimental conditions for the electrochemical synthesis of dppm (= L) adducts of 
copper(I) thiolates 

Thiol 
Quantity” 

(cm ‘) 
&v-f 

k) 

Initial” Time of Metal 
voltage electrolysis dissolved 

(v) (h) (g) 

n-C,H $H 1.5 0.9 25 
C,H, ,SH’ 1 0.8 5 
CBH,SH 1 1.0 10 
o-CH SC gH ,SH 1 1.0 10 
m-CH,C,H,SH 1.5 0.8 20 
p-CH $ ,H,SH 0.5 0.9 5 
2-C 1 ,,H ,SH 0.5(g) 0.7 10 

4.3 0.32 (CuSR),*L 
2.5 0.18 (CuSR) z - L 
3 0.22 (CuSR) 2 - L 
4 0.29 CuSR- 1.5L 
3.3 0.26 CuSR 
5 0.36 See text 
2.5 0.19 CuSR. 1.5L 

Product 

“In 50 cm3 acetonitrile, plus ca 25 mg Et,NClO,. 
b Voltage required to produce an initial current of 30 mA. 
’ C,H, ,SH = 2-methyl-2-butanethiol. 

Details of solution composition, etc. are given in 
Table 1. All operations were carried out under a 
flow of dry nitrogen, which bubbled through the 
solution thereby mixing the contents of the cell. As 
the experiment proceeded, hydrogen was evolved 
at the cathode and the solution became yellow as 
soluble products formed. Yellow solids eventually 
precipitated as the nitrogen flow continued and 
were collected, washed with n-pentane and dried in 
uucuo. In the case of (CuSR),* dppm, with R = n- 
C4H9,C5H1i(= C2H&(CH&-)and2-C,,H,,pre- 
cipitation continued over a period of 12 h after 
the end of electrolysis, whereas for (CuSC6H4CH3- 
o) * 1.5 dppm and (CuSC,H J2 * dppm, precipitation 
was essentially complete at the end of the elec- 
trolysis. No adducts were obtained with R = m- 
or p-CH3C6H4. In the former case, the product 
was CuSR (Found: Cu, 33.8%, Calc. for 
CuSCsH4CH3: Cu, 34.0%); with the para 
compound, the infrared spectrum showed the pres- 
ence of dppm in the product, but copper analysis 
(Found: Cu, 28.5%) suggested that the product 
was a mixture of CuSR and a dppm adduct. These 
systems were not investigated further. Yields were 
generally better than 90%, based on the quantity 
of metal dissolved from the anode. 

These dppm addition compounds are soluble in 
benzene and chlorinated hydrocarbons, and in 
some cases react with carbon disulphide (see below). 
The products were characterized by elemental 
analysis (Table 2), and by infrared and ‘H NMR 
spectroscopy (Table 3) which established the pres- 
ence of the RS- and dppm ligands. The spectra 
reported in Table 3 refer to freshly prepared solu- 
tions ; in the case of the arylthiolato derivatives 
slow decomposition occurred, as evidenced by the 
appearance of the blue-green colour of copper(I1) 
in the solution. 

Reaction with carbon disulphide 

(CuSCgH1&*dppm (0.5 g, 0.70 mmol) was dis- 
solved in CS2 (40 cm3), giving a red-brown solution 
which was stirred for 2 h, during which time an 
orange solid began to precipitate. The mixture was 
stirred for 3 days at ambient temperature, after 
which the solid was collected, washed with CS1 and 
then n-pentane, and dried in vacua. Found : Cu, 9.5. 
Calc. for CuS2CSCSH1,*dppm, C31H33C~PZS3, 
Cu, 10.1%. The mass spectrum showed prom- 
inent peaks at m/e = 666 (CuSCSHI ,): : 595 
Cu,(SC,H,,),S+: 524 (CuSCSH,,-CuS):: 453 

Table 2. Analytical results for dppm adducts of copper(I) thiolates 

Compound 
Found (%) Calc. (W) 

Cu C H N Cu C H N 

(CuSC,H,-n),- dppm 18.8 18.4 
(CuSC ,H I J 2 * @pm 18.1 58.8 6.47 17.7 58.6 6.14 
(CuSGH&.dppm 17.2 61.5 4.88 17.4 60.9 4.39 
(CuSCgH4CH3-o)- 1.5dppm 8.2 70.2 5.70 8.4 70.0 5.24 
CuSC, ,H, * 1.5dppm 7.4 71.4 5.10 8.0 71.1 5.41 
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Table 4. Summary of crystal data, intensity collection and structural 
refinement for 1 

Formula, fw 
Cell constants” at 22°C 

Cell volume (A ‘) 
Space group 
Z 
d (talc.), (exp.) (g cm- ‘) 
Absorption coefficient (cm- ‘) 
Radiation 
20 (max) for data collection 
Scan width 
Total reflections measured 

Unique “observed” reflections 

(12 2-L (r>) 
R = (z llJ’,l - I~cllP If’d 
Rw = (z wV’ol - P’cl)‘P wlFoI ‘> “’ 
s = [I: (WWOI - IFcl)‘/(m - n>l I’* 
Shift/e.s.d. (max) in the final cycle 
Max (e A-‘) in the final dimap 

C70H&~4P4S4, 1435.81 
a, 12.350(2) A; tl, 63.97(l) 
b, 14.143(3) A; b, 102.71(2)’ 
c, 12.430(3) A; y, 113.21(l)” 
1790 (1) 
PT 
1 
1.332, 1.35’ 
13.5 
MO& (a = 0.71069 A) 
45” 
Ka,-0.8” to Kcr,+O.l” 

4764 

3108 
0.056 
0.058 
1.6 
0.4 
0.7 

“Cell constants were derived by least-squares analysis of the diffrac- 
tometer angular setting of 28 well-centred reflections (28 range = 20- 
26”). 

b Measured in a mixture of cyclohexane and Ccl,. 

tropic temperature factors were refined for each of 
these hydrogen atoms. The final R value was 0.056, 
with R, = 0.058. 

The source of atomic scattering factors and the 
computer programmes used in the calculations, 
were those used previously. lo Selected bond dis- 
tances and angles are given in Table 5, and Fig. 
1 shows the molecular structure with the atomic 
numbering scheme. Tables of atom coordinates, 
anisotropic thermal parameters, bond lengths and 
angles in the phenyl and thiolato groups, and 
observed and calculated structure factors, are avail- 
able as supplementary material from the Editor. 

RESULTS AND DISCUSSION 

Preparative and spectroscopic 

The results show that the preparation of dppm 
adducts of various copper(I) thiolates is readily 
achieved by the one-step high yield syntheses de- 
scribed. The stoichiometry clearly depends on the 
nature of the organic group attached to the thiolato 
sulphur atom, since both 1: 1 and 1: 1.5 adducts 

Fig. 1. Structure of the centrosymmetric molecule of 1. 
For clarity, hydrogen atoms are omitted and the carbon 
atoms of the phenyl and thiol groups are plotted as 
spheres of arbitrary size. All the other atoms are plotted 
as 50% probability thermal ellipsoids. The numbering 
scheme for the phenyl carbon atoms follows that for the 

corresponding rings (Cl 1, C12, . . . etc.). 
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Table 5. Selected bond lengths (A) and angles (“) for 1 

(a) Bond lengths 

Cu(I)-S(1) 
Cu( I )--s(2) 
Cu(I)_P(I) 
Cn(2)_S(I) 
Cu(2)-S(2) 
(X2)-P(2) 
S(I)-c(I) 

(b) Angles 

S(IVXI>-S(2) 
S(I)--cu(I)_P(I) 
S(2VXI)_P(I) 
S(2)“-Cu(2)-S( 1) 
S(I)--cu(2)-P(2) 
S(2)n-Cu(2EP(2) 
Cu(I)_S(I)-CV2) 
Cu(I)-S(I)--c(I) 
Cn(2)_S(I)--c(I) 
Cu(2)“-S(2~u(l) 
Cu( I )_-s(2)-C(6) 
Cu(2)“-S(2FC(6) 
Cu(I)-P(I)-C(OI) 

2.268(2) 
2.221(2) 
2.246( 1) 
2.241(3) 
2.253(3) 
2.301(2) 
1.876(8) 

1195(l) 
103.3(l) 
135.8(l) 
141.8(l) 
100.5(l) 
117.2(l) 
85.9( 1) 

113.3(3) 
119.0(4) 
98.5(l) 

118.0(3) 
106.8(4) 
113.7(2) 

S(2)-C(6) 
P(I)-c(OI) 
P(I>--c(I I) 
P(I)-c(2I) 
P(2)-c(OI) 
P(2t-c(3 I ) 
P(2>-c(4I) 

Cu(I)-P(I)-c(I I) 
Cu(I)_P(I)--c(2I) 
C(OI)-P(I)-C(I I) 
C(OI)-P(I)-c(2I) 
C(I I)-P(I)-C(21) 
Cu(2)_P(2+c(O I) 
Cn(2)-P(2)-c(3 I) 
Cu(2)-P(2FP(41) 
C(OI)-P(2)-c(3I) 
C(OI)-_P(~)-~X~I) 
C(30-P(2+~(4I) 
P(I)--c(OI~P(2) 

1.884(10) 
1.861(7) 
1.825(9) 
1.834(10) 
1.862(8) 
1.821(10) 
1.844(10) 

123.2(3) 
110.5(2) 
105.9(4) 
97.8(4) 

102.3(4) 
113.5(2) 
124.7(3) 
106.2(2) 
105.3(4) 
100.9(4) 
103.1(4) 
116.7(4) 

’ Symmetry equivalent position is 2 - x, 1 - y, - z. 

were obtained (see Table 2), but these differences 
are not the result of any electrochemical effect, since 
in each of the preparations reported in Table 1, 
the electrochemical efficiency, defined as moles metal 
dissolved per Faraday of charge, is 1.04 f 0.03 mol 
F- ‘. As in similar studies of the synthesis of metal 
thiolates , l-6 the mechanism can be written as 

cathode : RSH+e + RS+ 1/2H,(g) 

anode : RS+Cu + CuSR+e 

and this clearly is also valid for R = m-CH,C,H,, 
where only CuSR was recovered, and R = p- 
CH3C6H4 where the product was apparently a mix- 
ture of CuSR and CuSR * xdppm. The relative stab- 
ility of crystalline CuSR - xdppm complexes (x = 0, 
0.5, 1.5) must therefore be a function of the prop- 
erties of R and not of the method of preparation. 
Given the variety of structures found for adducts 
and anionic complexes of the copper(I) thiolates, it 
would be premature to attempt any discussion of 
the nature of the relationship between R and the 
stoichiometry of the adducts. 

While the infrared and ‘H NMR results confirm 
the presence of both R and dppm in the products, 
the most useful structural information is found in 
the 3 ‘P NMR spectra (Table 3). Each of the adducts 
shows a 3’P resonance in the region +4 to +7 ppm 
from that in dppm itself. A number of previous 

studies ’ I-’ 3 have established that the 3 ‘P resonance 
frequency can be used diagnostically to distinguish 
bridging dppm from the chelated ligand, with the 
former all showing shifts to more positive fre- 
quencies compared to the free ligand. By this 
criterion, we conclude that all the CuSR adducts 
prepared involve bridging dppm and this has been 
formed by X-ray crystallography in the case of 

(CuSGHiJr*dppm. 
The amylthiolate complex undergoes an easy 

insertion reaction with carbon disulphide to give 
the corresponding thioxanthate complex. Similar in 
situ formation of the RSCS; derivative has been 
found in the case of CuSC,H, 1 itself’ and with 
Cd(SR)r (R = n-C4H9, C,H,).‘4 The obvious con- 
trast between CuSCSH1, and its dppm adduct lies 
in the formation of CU~(SR)~(S~CSR)~ in the first 
case as against CuS,CSR * dppm in the second, 
again implying different structures. With the 1: 1.5 
adduct of CuSC6H4CH3-o, no insertion product 
was obtained on working up the CSr reaction mix- 
ture and to this extent the behaviour of CuSR spec- 
ies appears to parallel that of Cd(SR)* (R = n- 
C4H9, C,H,). The colour changes observed with 
CuSCgH4CH3-o suggest that an unstable inter- 
mediate is formed when this molecule is in contact 
with CS2. With the thioxanthato derivatives then, 
as with the dppm adducts of CuSR, changes in 
the properties of the R group produce significant 
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changes in the stability and structure of the mol- 
ecules concerned. 

We have not been able to elucidate the structure 
of CuS2CSC5H I I * dppm, but the “P NMR spec- 
trum (CH,Cl,) shows a broad singlet at -36.86 
ppm from 85% H3P04, which establishes that in 
this compound dppm is acting as a chelating 
ligand ; ’ ‘-’ 3 further work on this structure is 
planned. The mass spectra of this compound and 
of CuSC,H 1 ,, are essentially identical, as is the 
spectrum of Cu,(SC,H, J4(S2CSC,H, J4, indi- 
cating that the processes in the ion source involve 
loss of CS2 and dppm, leaving CuSR which then 
gives rise to a series of low intensity ions. 

reported for a number of compounds. With tri- 
phenylphosphine acting as a terminal ligand to the 
(Cu-_cL-SPh) 2 ring, the Cu-P distances are 
2.308(2) and 2.304(2) A,” while in (~$SPh)& 
SPh) 2(CuPPh 3) 4 - toluene, the corresponding values 
are 2.238(2) and 2.217(2) A.‘* The Cu-P distances 
in 1 are 2.301(2) and 2.246(2) A, in reasonable 
agreement with the results quoted. The only ex- 
ample of a dppm complex is the cage structure 
Cu,(dppm)(CS 3) 2, lv where the Cu-P bond lengths 
are 2.272(7), 2.277(8), 2.286(7) and 2.347(8) A, 
again in agreement with the bond distances in 1. As 
with the Cu-S bonds, it is not helpful to attempt 
any detailed analysis in view of the different struc- 
tural types involved. 

The structure of (CuSC,H 1 J2 * dppm, CL&- 

SC~Hli),(dppm)~ (I) 

The structures of copper(I) thiolate derivatives 
provide one of the most intriguing problems of 
stereochemistry amongst the derivatives of the 
d” metal ions. The present results identify a novel 
arrangement involving a Cuds4 ring capped with 
two six-membered Cu2SCP2 rings. The four copper 
atoms of the central Cuds4 ring are in a crys- 
tallographically imposed plane and sufficiently 
far apart as to exclude Cu-Cu bonding 
Cu(l)...Cu(2) = 3.071(l) A, cu(l)***cu(2)* = 
3.389(l) 8, (c.f. ref. 6). The sulphur atoms S(1) 
and S(l)* are - 1.52 8, from this Cud plane, and 
S(2) and S(2)* -0.42 A from it. Each copper 
atom has a Cu&P coordination kernel and is al- 
most trigonally planar, with a deviation of 0.11 A 
for Cu(1) from the Cu(l), P(l), S(l), S(2) plane, 
and 0.07 A from Cu(2), P(2), S(l), S(2)* in the 
case of Cu(2). The sum of the bond angles at 
copper is 358.6“ [Cu(l)] and 359.5” [Cu(2)] respec- 
tively. The Cu-S bond distances of 2.268(2) and 
2.221(2) 8, at Cu(l), and 2.253(3) and 2.241(3) 8, at 
Cu(2), are in the range reported for the Cu(SPh); 
anion, which has Cu-S bond lengths of 2.274(4k 
2.335(4) A in the PPh: salt’ 5 and 2.239(2)-2.258(2) 
A with the Et4N+ cation. ’ 6 In the octacopper cage 
structure5 CuB(SC5H1 J4(SzCSC5H1 1)4, there is a 
wide variety of Cu-S interactions, with mono-, bi- 
and tridentate sulphur ligands and as a result a 
direct comparison with the present values is diffi- 
cult, especially since the thiolato sulphur atoms in 
that compound are all triply bridging. Nevertheless, 
the range of Cu-S(thiolate) distances in this cage 
is 2.237(5)-2.301(5) A, in good agreement with 
the values reported above. There seems to be no 
benefit at this point in further comparisons with 
the Cu-S distances in other cage structures of 
different stereochemistry. 

The unique feature of the molecule is the eight- 
membered ring, for which there is apparently no 
analogue in other copper(I)-thiolate complexes. 
Cubanoid copper(I) structures are known, as is the 
step or chair version of the cube (c.f. ref. 18). The 
molecule (p-SBu’)&u4(PPh3), is quoted as an 
example of the open eight-membered ring, ” but no 
details are yet available. Several examples of six- 
membered Cu2SCP2 rings in the boat form are to 
be found among copper(I) thiolate cage structures 
and especially in Cu,(dppm) *(CS 3) *, where the iden- 
tical sub-unit occurs, albeit with small differences 
in the bond distances and angles. ” Finally we 
note that there is only one tetrameric molecule per 
unit cell, with Van der Waals interactions between 
units. 
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Abstract-The X-ray crystal structure of the title compound is reported. Crystals of PtOEP 
are triclinic, a = 8.165(l), b = 10.042(2), c = 10.069(2) A, a = 84.42(2), j? = 81.02(l), 
y = 67.05(l)“, space group PI, 2 = 1. The structure was refined on 2009 independent 
reflections to R = 0.018. Compa~sons of c~s~lo~aphically-dete~in~ C,-C,,,,,-C0 
bond angle (&) of PtOEP and other diamagnetic metalloporphyrins, with the one-bond 
13Cmeso-tHmethine coupling constant (‘J) indicate a possible inverse relationship provided 
the macrocycle remains planar. For Ag(III)OEP+CLO; and H40EP2+, an increase in ‘J, 
by about 10 Hz, is attributed to delocalization of central positive charge onto the porphyrin 
meso-carbons, via the porphyrin a-system. The consequences this may have for the bio- 
logical f~ctioning of haemoproteins are discussed. 

NMR spectroscopy has proved invaluable in the 
study of porphyrins and metalloporphyrins.’ 
Recently, we described the use of proton-coupled 
“C-NMR in elucidating “through-space” intra- 
molecular interactions in dihydroxo-5,10,15,20-tet- 
traphenylporphyrinatotin(IV).’ Also, measurement 
of the 13C -*Hmethine meso one-bond coupling constant 
(‘J) in 2,3,7,8,17,18-octaethylpo~hy~natoplati- 
num(I1) (PtOEP)3 raised the question whether 
‘J might correlate with the C,C,,,,,--C,(&) 
bond angle in this and other metalloOEPs. In 
order to investigate this, we have determined the 
X-ray crystal structure of PtOEP and ‘J coupling 
constants for other diamagnetic metalloOEPs. 
We report this data here. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

X-ray studies 

PtOEP was prepared and purified by literature 
methods. 3,4 Bright orange-red crystals, suitable for 
X-ray crystallography, were grown by slow evap- 
oration of a dilute ethanol solution of PtOEP. 

Crystal data. C36H44N4Pt, triclinic, u = 8.165(l), 
b = 10.042(2), c = 10.069(2) A, o! = 84.42(2), 
j? = 81.02(l), y = 67.05(l)“, U = 750 A3, space 
group Pi, 2 = 1, M = 727.8, D, = 1.62 g cm- 3, 
~(CU-K,) = 90 cm- ‘, F(OO0) = 366. 

Measurements. Refined unit cell parameters were 
obtained by centring 20 reflections on a Nicolet 
R3m diffractometer. Using the w-scan measuring 
routine, 2009 independent reflections (6 < 58”) were 
measured with Cu-K, radiation (graphite mono- 
chromator), all of which had IF01 > a(jF& and were 
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considered to be observed. The data were corrected 
for Lorentz and polarization factors, and a numeri- 
cal absorption correction (face-indexed crystal) was 
applied. 

Structure analysis. The structure was resolved 
by the heavy atom method, with inspection of the 
vector map giving the positions of all the non- 
hydrogen atoms. These were refined aniso- 
tropically. The positions of the hydrogen atoms 
were idealized, C-H = 0.96 A, assigned isotropic 
thermal parameters, U(H) = 1.2U,(C), and allowed 
to ride on their parent carbon atoms. The methyl 
groups were refined as rigid bodies. Refinement 
was by block-cascade full-matrix least-squares 
and converged to give R = 0.018, R, = 0.018 
(w- ’ = a’(F) + O.O0007F*). Computations were 
carried out on an Eclipse S140 computer using the 
SHELXTL program system. ’ Scattering factors 
were taken from the International Tables for X- 
Ray CrystaIlography.6 

Final atomic coordinates, thermal parameters 
and structure factors have been deposited with the 
Editor as supplementary data. Atomic coordinates 
have also been deposited with the Cambridge Cry- 
stallographic Data Centre 

NMR studies 

All ‘H- and 13C-NMR spectra were obtained 
in the FT mode, using a Bruker WM 250 NMR 
spectrometer at 250 and 62.9 MHz, respectively. All 
spectra were recorded at ambient temperatures. 

Ag(III)OEP+ClO; was prepared via a literature 

method7 and gave one base-line spot on tic (alum- 
ina, eluting with chloroform) ie, there is no para- 
magnetic Ag(II)OEP present. The previous report 
of the preparation of this compound7 did not cite 
its NMR spectra, so we report it here. 

‘H-NMR. (CDC13, TMS internal reference), 
-CH&Hj, 1.71 ppm (24H, triplet) ; CH2CH3, 
4.17 ppm (16H, broad) ; methine-H, 9.95 ppm (4H, 
broad), TMS peak is sharp. 

’ 3C-NMR. (Proton-decoupled, CDC13, TMS 
internal reference), -CHrCH3, 18.14 ppm; -CH2- 
CH3, 19.32 ppm (broad); meso-C, 99.43 ppm 
(broad); C, and Cb carbon resonances appear as 
very weak, broad lines about 140 ppm. 

RESULTS AND DISCUSSION 

There is a crystallographic centre of symmetry, 
coincident with the Pt atom, at the centre of the 
porphyrin ring (Fig. 1). The porphyrin ring is 
essentially planar, with the greatest deviations from 
the least squares plane of all the non-hydrogen 
atoms being 0.017 and 0.016 A for CJ and Cb4, 
respectively ; all the remaining atoms are within 
0.009 A of this plane. 

The Pt-N bond lengths are equal [2.012(3) A] 
and less than that typically found in Pt-N com- 
plexes (e.g. 2.1-2.14 A”). The Pt(I1) cation is thus 
“squeezed” within the central porphyrin hole, by 
the four macrocyclic nitrogens. This compression is 
effectively reduced by d-x* backbonding into avail- 
able porphyrin rc* orbitals, as observed by the shift 

Fig. 1. Perspective drawing of PtOEP with 50% probability ellipsoids : inset, atomic nomenclature 
referred to in Table 1 with bond lengths and bond angles referred to in text. 
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Table 1. Bond lengths (A) and bond angles (“) for PtOEP 
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Pt-N( 1) 
Pt-N( la) 

N(l)-C,(l) 
C,(l)_C,(l) 
G(l)--G(2) 
G(2)_C,(2) 
C,(2)_C,(l) 
N(2)x(3) 
C,(3)-G(3) 
C*(3FC(5) 
C,(4)---C(7) 
G(2FXla) 
C(3)-C(4) 
C(7)-C(8) 

N(l)-Pt-N(2) 
N(2)-Pt-N( la) 
N(2)-Pt-N(2a) 

Pt-N(lFG(1) 
C,(l)_N(lFG(2) 
N(lk--G(l)-G(2a) 
Co, V--G(lFG(2) 
C*(2FxlFC(l) 
C,(l)-C,(2)--c(3) 
N(lFC(2)-C,(2) 
C,(2)-C,(2>--c,(l) 
Pt-N(2VX3) 
C,(3)_N(2)-%(4) 
C,(l)_C0(3)--c,(3) 
C,(3Fx3FG(4) 
G(4)---C,(3)_C(5) 
C,(3)-C,(4FC(7) 
N(2)_C,(4)_C,(4) 
G(4k-C,(4FC,(2) 
G(lFWFC(2) 
C,(3)-C(5)-C(6) 

2.012(3) 
2.012(3) 
1.377(5) 
1.452(5) 
1.353(6) 
l/440(5) 
1.380(6) 
1.380(4) 
1.448(6) 
1.511(6) 
1.506(6) 
1.376(6) 
1.51 l(6) 
1.520(6) 

90.0( 1) 
90.0( 1) 

180.0 
126.9(2) 
106.1(3) 
124.7(3) 
107.1(4) 
127.3(3) 
12X.0(4) 
110.0(4) 
125.9(3) 
127.0(3) 
106.2(3) 
125.9(3) 
107.3(3) 
127.9(4) 
128.0(4) 
109.8(3) 
125.6(4) 
112.9(4) 
112.7(3) 

Pt-N(2) 
Pt-N(2a) 

N(l)-G(2) 
C,(l)--C,(2a) 
C*(l)_C(l) 
C,(2~(3) 
Cfn(lFG(3) 
N(2)x(4) 
C,(3)_C,(4) 
C,(4)--G(4) 
C,(4)x(2) 
C(l)-C(2) 
C(5)_C(6) 

N(l)-Pt-N(la) 
N( I)--Pt-N(2a) 
N( 1 a)--Pt-N(2a) 
Pt-N( 1)-C,(2) 

N(l)_C~(lF-G.(l) 
C~(lk--G(l)--G(2a) 
C~(lF--G(l~(l) 
C/J( 1 Fw9-G(2) 
C0(2)--c,(2tiC(3) 
N(l)_C,(2)--C,(l) 
C~(~F--W)--C,(~) 
Pt-N(2)-C,(4) 

C,(l)-C,(3)-N(2) 
N(2k--G(3k--G(3) 
C,(3F-G(3W(5) 
C*(3)-G(4FC,(4) 
C,(4k-G(4~C(7) 
N(2)-~(4~,(2) 
C0(4)-G(2k--G(la) 
C~(2)--c(3)--c(4) 
C,(4>-c(7)--c(8) 

to shorter wavelengths of Pt porphyrin B bands in 
their UV/visible spectra,’ and in upfield shifts of ‘H- 
and ‘3C-resonances in their NMR spectra. lo 

PtOEP is isostructural with NiOEP’ ’ but differs 
significantly from PdTPP. ’ * Thus, although, the 
Pd-N bond length (2.009(9) A) in PdTPP is within 
statistical significance, identical to the Pt-N bond 
length in PtOEP, there is an appreciable puckering 
of the porphyrinato core in PdTPP, with the meso- 
carbons displaced by f 0.38 8, from the mean plane 
of the ring. The principal macrocyclic bond lengths 
and bond angles are shown in Fig. 1 and 
Table 1.t 

The mean Cb-Cb bond length is 1.353(8) A. 
Previous work on the NMR of platinum deu- 

?A librational analysis indicated that corrections to 
bond lengths due to thermal motion are less than 1 esd. 

2.013(2) 
2.014(3) 
1.381(5) 
1.376(6) 
1.504(6) 
1.508(5) 
1.364(5) 
1.382(5) 
1.352(5) 
1.446(6) 
1.369(5) 
1.514(6) 
1.516(5) 

180.0 
90.0( 1) 
90.0( 1) 

127.0(3) 
109.6(3) 
125.6(4) 
125.6(4) 
107.2(3) 
124.8(4) 
124.1(3) 
127.4(3) 
126.8(2) 
124.5(4) 
109.7(3) 
124.8(3) 
107.1(4) 
124.8(3) 
124.6(4) 
126.9(4) 
113.2(3) 
113.4(3) 

teroporphyrin IX dimethyl ester I3 indicated a sig- 
nificantly diminished bond order for the C&C, pyr- 
relic linkage. This implicates the periphery of the 
molecule in the delocalization pathway. The usual 
representation of the metalloporphyrin macrocyclic 
n-system as an 18~ dianion delocalized over 16 atoms 
excludes the C&C, double bonds from the delo- 
calization path. I4 This situation is confirmed by an 
observedI C&-C, bond length of 1.34 A, close to 
the carbon-carbon bond distance in ethylene. On 
the other hand, inclusion of the peripheral C,-C, 
bonds in the delocalization path increases the pre- 
dicted C,&I!, distance to 1.37 A.’ ’ Our observed 
C&C, bond length of 1.353(8) A in PtOEP, there- 
fore, reinforces the notion of some inclusion of the 
peripheral C,---C, bonds in the delocalization path- 
way. 

The proton-coupled 13C-NMR spectra of some 
diamagnetic metalloporphyrins in the main, only 
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recorded the meso-carbon doublet 3 between 90-l 10 
ppm. The ‘Jcoupling constants were measured from 
the spectrum. However, in two cases the whole of 
the spectrum was recorded and the results given. In 
NiOEP, for example, the proton-coupled 13C-NMR 
spectrum of the /?-ethyl groups was observed as a 
quartet of triplets (-CH+ZI-13, centred on 18.7 ppm ; 
‘JQ_Q = 126 Hz, 2J~3c_‘u = 5 Hz) overlapping a 
triplet of quartets (-CH2-CH3, centred on 20.0 ppm ; 
‘.Tu_I~ = 126 Hz, 2J~3c_~H = 5 Hz). In 
MgOEP(Py)2, the proton-decoupled 13C-NMR 
resonances of the pyridine axial ligands are 
shifted upfield compared to free pyridine, pre- 
sumably due to coordination to the central mag- 
nesium atom, e.g. C-2, 146.5 ppm; C-3, 122.5 ppm; 
and C-4, 135.4 ppm (cf: 150.6, 124.5, and 136.4 ppm 
in free pyridine). In the proton-coupled 13C-NMR 
spectrum of this metalloporphyrin, the pyridine car- 
bon resonances are split into doublets of triplets for 
the C-3 (‘J’lc_ ‘u = 163 Hz; ‘Jl%_lu = 7 Hz) and the 
C-4 carbons (‘J13c_‘u = 162 Hz; 2J+_lu = 6 Hz), 
while the C-2 carbon resonances are split into a 
doublet of multiplets (‘Jllc_‘H = 180 Hz). The more 
complicated secondary splitting is due to over- 
lapping 2J and 3J couplings from neighbouring H 
atoms, and the proximity of the 14N atom with its 
broadening nuclear quadrapole. 

The ‘J coupling constant for PtOEP 
(155.6 f O.~HZ)~ is close to that found for benzene 
(157.65 Hz’~). The latter has an internal bond angle 
of 120”. The mean bond angle about the meso- 
carbons (&) in_PtOEP is 127.2 A. Table 2 gives ‘J 

values measured for a series of diamagnetic metal- 
loporphyrins, compared with the crystallographic 
values of C,. In Fig. 1, we investigate the possible 
correlations of ‘J with C,. 

When the macrocycle is planar (e.g. in the Ni, Pt 
and Sn complexes) then an apparent inverse relation- 
ship exists between ‘Jand C:, (see dotted line). Points 
off this line may be interpreted as due to : 

(4 

(‘4 

puckering of the macrocycle (e.g. in 
MgOEP(Py)2’7 and to some extent, H20EP’8) : 
this appears to shift points to the left of the 
line, 
delocalization of central positive charge onto 
the meso-carbons, via the porphyrin n-system 
(H40EP2f)‘9 which shifts the points to the 
right of the line. 

A precedent for (b) exists with the tropylium 
cationI where an increase in ‘JI~C_Q, in going from 
cycloheptane to tropylium (156 to 166.8 Hz) is 

\ 
\ 

F” 
\ 
\ 

124 I I I I I I I 
150 152 154 156 158 160 162 164 

!/ (Hz) 

t We have not yet succeeded in acquiring crystals of Fig. 2. Correlation of meso-carbon bond-angle (C,,,) with 
Ag(III)OEP+ suitable for X-ray crystallographic analy- one-bond ’ ‘C meso- ‘H msthine coupling constants (‘J) in 
sis. some diamagnetic metalloporphyrins. 

Table 2. Comparison of meso-carbon bond angles with 
one-bond “C -‘H meSO m&hi”e coupling constants in some 

diamagnetic metalloporphyrins 

Porphyrin Mean C, (degrees) ’ J(Hz) 

PtOEP 
PdOEP 
NiOEP 
SnOEPCl 2 
H,OEP 
H,OEP*+ 

MgOEP(Py) 2 
AgOEPClO 4 

127.4(3) 155.6+0.3 
- 155.4* 1.2 

1251(l), 124.1(l)” 157.9kO.6 
129.5(4)b 153.5f0.3 
127.6(3) 153.7f 1.0 
127.5(9)d 161.2f0.4 
129.3(2)’ 150.3 f 0.4 

161.7+ 1.8 

’ These bond angles are for the triclinic and tetragonal 
forms of NiOEP, respectively, see ref. 11. 

*See D. L. Cullen and E. F. Meyer, Jr., Acta Cryst. 
Sect. B 1973,29, 2507. 

‘See ref. 18. 
dSee ref. 19. 
’ See ref. 17. 

associated with the presence of delocalized positive 
charge. 

A similar argument could also explain the unusu- 
ally high ‘J value for Ag(III)OEPfC104 (161.7+2 
Hz). Here, the Ag(II1) cation has a d8 electronic 
configuration and spectroscopically7 closely 
resembles Pd and PtOEP. The Ag(III) cation is of 
similar size to Pd(I1) and Pt(I1) cations (0.81 A 
compared to 0.78 and 0.74 A, respectively2’) so that 
C,,, should not differ significantly from that in PtOEP 
(backbonding from Ag(II1) metal d orbitals into 
porphyrin rr* orbitals should adequately take care 
of this cation’s slightly greater size).? The Ag(II1) 

\ 
.\ 
\ 
\ Snm 

+ \ \ 
\ 
.\ \ 

+&ptn 
\ \ 
\ 
\ \ 
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cation, however, carries an additional positive 
charge that is not balanced by the (formal) porphyrin 
dianion. Also, because of the strong d-x* back- 
bonding that exists in ds metalloporphyrins, this 
extra positive charge should be delocalized onto the 
macrocyclic meso-carbons. This could lead to solu- 
tion dimerization (c/. MgOEP+, radical cat- 
ion2’) which could induce some low-level para- 
magnetism or lead to slower molecular motion in 
solution. In either case, this would be expressed as 
broadening of NMR resonances. In fact, in the ‘H- 
and 13C-NMR spectra of Ag(III)OEP+ClO;, peaks 
assigned to -CH,-, methine-H, -cH2-, meso-car- 
bons and C, and C, carbons, are all broadened. 
We take this as evidence for Ag(II1) metal charge 
delocalization onto the porphyrin macrocycle. 

Such metal charge delocalization may be occur- 
ring in other biologically important metal- 
loporphyrins, where the metal d orbitals are known 
to be strongly coupled to the porphyrin system, 
e.g. Fe(II1) porphyrins.22 Where a porphyrin bound 
iron atom is alternating between Fe(II)/Fe(III) oxi- 
dation states, e.g. in cytochrome c, changes in cen- 
tral metal positive charge could be mediated and 
transmitted, via the porphyrin rr-system, to the 
close-packed amino-acid side-chains of the pro- 
tein’s haem pocket.23 Similarly, in haemoglobin, 
the formation of a putative Fe(III)-O,- adduct 
(one interpretation of the haem-0, interaction24) 
would also lead to changes in positive charge on 
the porphyrin macrocycles that could affect 
surrounding amino-acids. In both cases, this me- 
chanism could be one of the contributing factors 
leading to changes in protein conformation. 

In conclusion, the results of this study, though 
not giving definitive evidence for a general cor- 
relation between C:, and ‘JII~___~~ in metal- 
loporphyrins, under certain circumstances (e.g. 
when the metallomacrocycle is planar) a linear 
inverse relationship does appear to exist. Clearly, 
more data is required, though this has to date been 
restricted by the difficulties in obtaining metal- 
loporphyrin complexes suitable for X-ray cry- 
stallographic analysis. Nevertheless, this type of 
correlation could be a potentially very powerful 
diagnostic tool in structural studies of these and 
related compounds. 
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REACTIONS OF [WI,(CO)(NCMe)(q2-RC2R)2] (R = Me or Ph) 
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Abstract-Reaction of [WI,(CO)(NCMe)($-RC*R),1 (R = Me or Ph) in CH2C12 at room 
temperature with an equimolar quantity of R’N : CHCH : NR’ (R’ = Cy, ‘Pr, Ph, p-MePh 
or p-MeOPh) gave high yields of the new cationic bisalkyne complexes [WI(CO)(R’N: 
CHCH : NR’)($-RC2R)2]I via successive displacement of acetonitrile and an iodide ligand. 
The cationic compounds [WI(CO)(CyN : CHCH : NCy)($-RC,R),][BPh,] were also pre- 
pared by reaction of [WI,(CO)(NCMe)($-RCzR),l with CyN: CHCH: NCy in the 
presence of Na[BPh,] in order to confirm the ionic nature of these complexes. 13C NMR 
spectroscopy indicated that the two alkyne ligands are donating a total of six electrons 
to the metal in these complexes. 

Cationic alkyne complexes of molybdenum(I1) and 
tungsten(I1) have proved to be important in recent 
years mainly due to the susceptibility of the coor- 
dinated alkyne ligand to nucleophilic attack.’ Some 
examples of cationic alkyne complexes of molyb- 
denum(I1) and tungsten(H) are : [Mo(CO)($- 
RC2R’)2(~5-CJH5)][BF4] (R = R’ = Me or Ph, 
R = H, R’ = Me; R = H, R’ = Bu’) ;2 [M(C0)(q2- 

MeC2Me),(q5-C,H,)][PF,] (M = MO or W);3 
IMo(CO)L(r12-RC,R’)(q5-C,H,)I[BF,I (L = co, 
P(OPh),, PEt, or PPh3 ; R = R’ = H, Me or Ph ; 
R = H ; R’ = Ph) ;4 [MoLL’(q*-RC,R’)($-C5H5 or 
qS-C9H7)][BF4] (L,L’ = CO and PR,; L = L’ = 
P(OMe),; R,R’ = Me, Ph etc.) ;’ [MoI(CNR),(q2- 
BuT\IHC,NHBu’)]I (R = Me or Bu’).~ Hitherto, 
there have been no examples of cationic alkyne 
complexes of molybdenum(I1) or tungsten(I1) con- 
taining 1 ,Cdiaza- 1,3-butadienes as attached 
ligands. Hence in this paper we wish to report the 
synthesis and spectral properties of some new 
cationic bisalkyne complexes [WI(CO)(R’N : 
CHCH : NR’)(q2-RC2R),]I (R = Me or Ph ; R’ = 
Cy, ‘Pr, Ph, p-MePh or p-MeOPh) and [wI(CO) 
(CyN : CHCH : NCy)(q*-RC2R)d[BPh4]. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

All preparations were carried out under an atmos- 
phere of dry nitrogen using standard Schlenk line 
techniques. CH$l, was dried over P,OjO and dis- 
tilled before use. 

The complexes [WI,(CO)(NCMe)(~‘-RC2R),1 
(R = Me or Ph) were prepared by literature 
methods7 and the ligands R’N: CHCH: NR’ 
(R’ = Cy, ‘Pr, Ph, p-MePh or p-MeOPh) were also 
prepared by standard literature methods.8-‘2 
w(CO) d, RC ZR etc were all purchased from com- 
mercial sources. 

‘H and 13C NMR spectra were recorded on either 
a Jeol FX 60 MHz spectrometer or a Bruker WH- 
400 MHz spectrometer (all spectra were calibrated 
against tetramethylsilane). IR spectra were rec- 
orded on a Perkin-Elmer 197 IR spectro- 
photometer. Elemental analyses for carbon, hydro- 
gen and nitrogen were recorded on a Carlo Erba 
Elemental Analyser MOD 1106 (using helium 
as a carrier gas). 

[WI(CO)(CyN : CHCH : NCy)(#-MeC,Me)2]I (1) 

To [W12(CO)(NCMe)(q2-MeC,Me)d (0.500 g, 
0.8 13 mmol) dissolved in CH2C12 (15 cm’) with con- 
tinuous stirring under a stream of dry nitrogen was 
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added CyN : CHCH : NCy (0.179 g, 0.813 mmol). 
After stirring for 17 h, filtration, removal of the 
solvent in U~CUO gave dark red crystals of [wI(CO) 
(CyN : CHCH : NCy)(#-MeC,Me)J (yield = 
0.57 g, 88%) which were recrystallized from 
CH,C12/Et20. 

Similar reactions of [W12(CO)(NCMe)(#- 
RC,R),] (R = Me or Ph) with RN : CHCH : NR 
(R’ = Cy, ‘Pr, Ph, p-MePh or p-MeOPh) afford the 
new complexes [WI(CO)(R’N : CHCH : NR’)($- 
RC,R),]I Q-10). (See Table 1 for colours and yields.) 

[wI(CO)(CyN : CHCH : NCy)($-MeC2Me)d[BPhd] - 
$CH,Cl,( 11) 

To [WI,(CO)(NCMe)(q*-MeC,Me)d (0.500 g, 
0.813 mmol), dissolved in CH,CI, (15 cm’) with 
continuous stirring under a stream of dry nitrogen 
was added CyN : CHCH : NCy (0.179 g, 0.813 
mmol) followed by Na[BPh,] (0.278 g, 0.8 13 mmol) 
and the mixture was stirred for 17 h. Filtration, to 
remove NaI and removal of the solvent in uacw 
gave brown crystals of wI(CO)(CyN : CHCH : NCy) 
($-MeC,Me),][BPh,] - $H,Cl, (yield = 0.64 g, 
76%), which were recrystallized from CH2C12/Et20. 

In a similar reaction of [WI,(CO)(NCMe)(y*- 
PhC,Ph),] with CyN : CHCH : NCy followed by 

Na[BPhJ gave the new compound [wI(CO) 
(CyN : CHCH : NCy)(q*-PhC,Ph),][BPh,] (12). (See 
Table 1 for colour and yield.) 

RESULTS AND DISCUSSION 

Equimolar quantities of [WI,(CO)(NCMe)($- 
RC2R)*] (R = Me or Ph) and RN : CHCH : NR’ 
react in CH,Q at room temperature to give high 
yields of the new cationic bisalkyne complexes 
[WI(CO)(R’N : CHCH : NR’)(q*-RC,R),]I. Reac- 
tion of [WI,(CO)(NCMe)(q*-R&R),] with CyN 
: CHCH : NCy in CH2C12 followed by Na[BPh,] in 
a 1 : 1 : 1 molar ratio gave after filtration good yields 
of [wI(CO)(CyN : CHCH : NCy)(q*-RC2R)J[BPh4]. 
All the new complexes (1-12) described in 
this paper have been fully characterized by elemental 
analysis (C, H and N) (Table l), IR (Table 2) 
and ‘H and 13C NMR spectroscopy (Tables 3 and 4). 
Complexes (3, 8 and 11) are either CH2C12 or 
$ZH,Cl, solvates which were confirmed by 
repeated elemental analyses and ‘H NMR spec- 
troscopy. The complexes are soluble in polar sol- 
vents such as CH2C12 and CHCl,, and as expected, 
since the complexes are cationic they are insoluble 
in diethylether and hydrocarbon solvents. The com- 
plexes are all moderately stable in the solid state 

Table 1. Physical and analytical” data for the complexes [WI(CO)(Rdab)(q*-RC,R),][X] 

Complex Colour Yield % C H N 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(IO) 

(II) 

(12) 

[WI(CO)(Cydab)($-MeC,Me),lI 

[WI(CO)(Cydab)(q2-PhC2Ph)2]I 

[WI(CO)(‘Prdab)(q*-MeC,Me),]I * CHICI 

[WI(CO)(‘Prdab)($-PhCPh)J 

wI(CO)(MePhdab)(q*-MeC,Me),lI 

[WI(CO)(MePhdab)(q*-PhC,Ph)JI 

[WI(CO)(Phdab)(q*-MeC,Me),]I 

[WI(CO)(Phdab)(q*-PhC,Ph),]I * iCH,Cl, 

[WI(CO)(MeOPhdab)(q*-MeC,Me),]I 

[WI(CO)(MeOPhdab)($-PhC,Ph),]I 

[WI(CO)(Cydab)($-MeC,Me),][BPh,] - $H,Cl, 

[WI(CO)(Cydab)(q’-PhC2Ph)23[sPhd] 

dark red 

dark green 

dark red 

dark green 

dark red 

dark green 

brown 

brown 

red-brown 

brown 

brown 

dark green 

88 

80 

64 

69 

80 

70 

75 

71 

72 

84 

76 

78 

35.2 
(34.8) 
49.7 

(49.5) 
26.8 

(27.1) 
45.8 

(46.2) 
37.6 

(37.1) 
51.5 

(51.1) 
35.3 

(35.3) 
48.7 

(48.7) 
35.4 

(35.7) 
49.8 

(49.6) 
54.9 

(55.4) 

(2) 
4.5 

(4.3) 

(33178) 

$.08) 

,:::, 

,:::, 
3.0 

(3.1) 
3.3 

(3.1) 

$164) 
3.7 

(3.3) 
5.9 

(5.6) 

(Z) 

2.3 

(2.7) 
3.3 

(3.5) 

(Z) 

(Z) 

(z) 
3.4 

(3.6) 

(Z) 

(Z) 
2.3 

(2.6) 
2.9 

(2.7) 

a Calculated values in parentheses. 
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Table 2. IR data” for the complexes 

[WI(CO)(Rdab)(rl*-RC,R),I[Xl 

Complex 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 

UC0 uckc 
(cm’) (cm-‘) 

2052(s) 1648(vw) 
2090(s) 166O(vw) 
2060(s) 164O(vw) 
2095(s) 164O(vw) 
2050(s) 1690(w) 
2090(s) 1695(w) 
2047(s) 1692(vw) 
2085(s) 166O(vw) 
2050(s) 1652(vw) 
2095(s) 165O(vw) 
2052(s) 1638(vw) 
2087(s) 165O(vw) 

“Spectra recorded as CHCI, films 
between NaCl plates. 

and can be stored under nitrogen for several weeks 
in the dark. 

The reaction of the complexes 
[WI,(CO)(NCMe)($-RC*R),] with an equimolar 
amount of R’N : CHCH : NR’ probably proceeds 
via an initial displacement of an acetonitrile ligand 
since the reactions of [WI,(CO)(NCMe)(#-RC2R)Z] 
(R = Me or Ph) with one equivalent of pyridine (L) 
give ~I,(CO)L(V~-RC,R),].‘~ This is followed by 
displacement of iodide by the other nitrogen atom 
to give the observed products. It is interesting to 
note that the reaction of [WI,(CO)(NCMe)(q2- 
RC,R),] with bidentate phosphine ligands (LL) 
gives the neutral mono-alkyne complexes 
[W12(CO)(LL)(~2-RC2R)]‘4 with no evidence 
for the formation of any cationic intermediates. 
DAB’s (1 ,Cdiaza-1,3-butadienes) are poorer n- 
acceptor and better o-donor ligands than phos- 
phines and hence these more electron-rich ligands 
can stabilize the formation of the cationic bisalkyne 
complexes. 

Since the X-ray crystal structure of the closely 
related 2,2’-bipyridyl(bipy) complex [WI(CO)(bipy) 
(q2-MeC,Me),][BPh,] has been determined’ 3 and 
has very similar spectroscopic properties to the 
DAB complexes (1 j(12), the structures of the 
bisalkyne complexes (lH12) are likely to be very 
similar (Fig. 1). 

The IR spectra of the complexes (1)-(12) all show 
a single carbonyl band in the IR spectrum well 
above 2000 cm-‘. Since the tungsten(I1) complexes 
are cationic and have two alkyne ligands which are 
competing for electron density to back-bond into 
their n*-orbitals there is little electron density avail- 
able on the metal for back donation to the n*- 

Table 3. ‘H NMR spectra” for the complexes [wI(CO) 

Wab)(rl’-RWW[Xl 

Complex ‘H (6) ppm 

w 

(3) 

(4)b 

(S)* 

(6)’ 

(7)b 

(8) 

(9)b 

(10Y 

(11) 

(12) 

8.74 (s, 2H, CH); 3.32 (d, 6H, Me&); 
2.98 (d, 6H, M&J; 1.78, 1.71, 1.69, 
1.57, 1.21, 1.12, 1.09 (brm, 22H, Cy). 

8.3 (s, 2H, CH); 7.54, 7.52, 7.36, 7.35, 
7.33, 7.30 (brm, 20H, Ph); 2.0, 1.78, 1.2 
(brm, 22H, Cy). 

8.85 (s, 2H, CH); 7.78, 7.51 (d, 2H, 
CH(Me),), 5.3 (s, 2H, CH,Cl,); 3.37 
(s, 6H, MeC-J; 3.06 (s, 6H, M&J; 1.42, 
1.37, 1.21 (t, 12H,. Me). 

8.36 (s, 6H, CH); 7.57 (s, 2H, CH,(Me),); 
7.54,7.52, 7.36,7.33(brm,20H,PhC1); 1.65, 
1.63 (d, 6H, Me); 1.54, 1.52 (d, 6H, Me). 

7.64 (s, 2H, CH); 7.35, 7.25 (brm, 8H, 
Ph); 2.98 (s, 12H, MeCJ; 2.35, 2.16 
(d, 6H, MePh). 

7.84, 7.82 (d, 2H, CH); 7.55, 7.53, 7.47, 
7.41, 7.38 (brrn, 20H, PhC2 and 8H, Ph); 
2.30, 1.99 (d, 6H, MePh). 

7.49 (s, 2H, CH) ; 7.25 (bnn, lOH, Ph) ; 
3.22, 2.98 (d, 12H, MeC,). 

7.81 (s, 2H, CH); 7.4, 7.22 (brm, 20H, 
PhC, and lOH, Ph); 5.26 (s, lH, CH,Cl,). 

8.23 (s, 2H, CH); 7.76, 7.74, 7.69, 7.53 
(brm, 8H, P/z); 3.83, 3.79 (d, MeO) ; 
2.98 (s, 12H, MeCJ. 

8.31 (s, 2H, CH); 7.54, 7.52, 7.42, 7.35, 
7.33 (brm, 20H, PhC, and 8H, Ph); 3.87, 
3.8 (m, 6H, MeO). 

7.78 (s, 2H, CH); 7.49, 7.01, 6.9 (brm, 
20H, Ph), 5.17 (s, lH, CH&); 3.24 (s, 6H, 
MeCJ ; 2.8 (s, 6H, MeC,); 1.74, 1.20 (brm, 
22H, Cy). 

8.32 (bs, 2H, CH); 7.54, 7.01 (brm, 40H, 
PhC, and Ph) ; 1.93, 1.43 (brm, 22H, Cy). 

a Spectra run in CDCI, (+ 25°C) referenced to Me,%. 
* Spectra run on a Bruker WH 400. 

+ 

Fig. 1. Proposed structure of [WI(CO)(R’N : CHCH : 
NR’)(q2-RC,R)J + 
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Table 4. Selected 13C NMR spectra” for the complexes 

[WI(CO)(Rdab)(?2-RC,R)~[Xl 

Complex 13C (6) ppm 

Wb 

Wb 

(3) 

(4)b 

(6)b 

(7Y 

QYb 

(9)b 

(l(Bb 

203.18 (s, CO); 172.06, 161.91 (s, C=c); 
161.8, 120.0 (s, CH); 34.05, 30.61, 25.42, 
25.06, 24.57, 24.23, 23.43 (brm, CH,); 
16.99 (s, M&Z,). 

188.61, 162.27 (s, C=C); 143.6, 142.0 
(s, CH); 136.98, 136.47, 131.34, 128.88, 
128.08, 127.99, 127.85, 127.11 (brm, Ph); 
35.61, 33.64, 33.51, 30.77, 25.77, 25.1, 
24.56 (brm, CH,). 

203.76 (s, CO); 172.18, 162.05 (s, C=C); 
143.2, 120.2 (s, CH); 61.99 
(s, CH(Me),) ; 52.11 (s, CH,Cl,) ; 23.78 
(s, Me); 19.88, 17.57 (s, MeC,). 

188.70, 141.81 (s, C=C); 139.88 (s, CH); 
131.27, 128.90, 128.02, 127.93, 127.07 
(m, Ph); 89.01 (s, CH(Me),); 23.02, 20.97 

(s, Me). 

208.00 (s, CO); 188.60, 156.40 (s, C=C); 
144.80, 139.90 (s, CH); 136.85, 131.25, 
129.88, 129.52, 128.49, 128.0, 127.91 
(brm, Ph), 20.89 (s, Me). 

208.15 (s, CO); 198.15, 158.8 (s, C=C); 
151.64 (s, CH); 134.0, 130.9, 129.37 
(brm, Ph); 29.5, 18.9 (s, MeC). 

222.6 (s, CO), 174.78, 163.86 (s, C==C’); 
137.23, 135.4 (s, CH); 131.51, 129.82, 
128.78, 128.52, 128.0, 127.73 (brm, Ph); 
52.1 (s, CH,Cl,). 

192.6, 161.01 (s, CzC); 151.6, 140.51 
(s, CH); 136.93, 127.86, 126.91, 125.45, 
123.71 (brm, Ph); 29.39 (s, Me); 18.85 
(s, MG). 

208.03 (s, CO); 161.16 (s, C=C); 136.9 (s, 
CH); 131.32, 128.53, 128.07, 127.98 (brm, 
PH) ; 29.40 (s, Me). 

‘Spectra run in CDC13 (+25”(Z) referenced to Me,Si. 
h Spectra run on a Bruker WH 400. 
Carbonyl carbon is not seen in some of spectra as no 

relaxing agent Cr(acac), was added to the solutions. 

orbitals of the carbon monoxide ligand. The ‘H 
NMR spectra all show resonances expected for the 
static structures shown in Fig. 1. The 13C NMR 
spectra of (l)-(12) all show resonances in the range 
198.15-141.81 ppm for the alkyne contact carbon 
atoms. Templeton and Ward” have shown how 13C 
NMR chemical shifts of coordinated alkynes can 
be related to the number of electrons donated to 
the metal centre. The range of values from 198.15 

to 141.81 ppm in these complexes indicate that the 
alkyne ligands are donating an average of “three 
electrons” each to the tungsten atom. However it is 
highly likely that one alkyne ligand is donating four 
electrons and the other two electrons with rapid 
equilibration of these hybrids occurring (faster than 
the NMR time scale). 

The complexes [WI(CO)(CyN : CHCH : NCy) 
(~2-RC2R)2]I were refluxed in CHC13 for 8 h in an 
attempt to afford the neutral “four electron” 
alkyne complexes wI,(CO)(CyN : CHCH : NCy) 
(q2-RCzR)] analogous to the bidentate phos- 
phine compounds [WI,(CO)(LL)(q2-RC,R)] I4 
without success. Also the complex [wI(CO) 
(CyN : CHCH : NCy)(q2-MeC2Me)2]I does not 
appear to react with P(OMe)3 even after refluxing 
in CHC13 for 24 h. 
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other metal pentachlorides would react similarly 
and whether nitrogen donors could be used suc- 
cessfully to prepare derivatives. Molybdenum com- 
plexes were the initial aim of these studies as pre- 
parative routes to mono-organoimido complexes of 
this meta17s8 are less well developed than those of 
tungsten.‘,” The present work details the prep- 
aration and characterization of MO(V), Nb(V) 
and Ta(V) t-butylimido complexes containing 
the bidentate donor ligands 2,2’-bipyridyl and 
N,N,N’,N’-tetramethylethylenediamine. 

RESULTS AND DISCUSSION 

Reaction of MoCl, with two or more equivalents 
of Me,SiNHCMe, in benzene led to dissolution of 
the molybdenum halide and after 18 h a purple- 
grey precipitate had formed. The solid analysed as 
the amido complex [Mo(NHCMe&JlJ - &C6H6 
but formulation as the imido complex [Mo(NCMe,) 
Cl,(NH,CMe,)], * bC6H, (1) is preferred. The com- 
plex is paramagnetic (d’ system) so that 13C NMR 
spectral data could not be used to establish the 
presence of the t-butylimido and amine ligands. 
However the IR spectrum is similar to the com- 

plexes [M(NCMe3)C13(NH,CMe,)], (M = Nb, Ta), 
showing NH absorptions (3240, 3160 and 3090 
cm-‘), bands characteristic of an imido function 
(v,(Mo-N-C} 1365, vas{Mo-N-C} 970 and 
@MO-N-C} 680 cm-‘),” and several Mo-Cl 
vibrations in the far IR (35CL285 cm-‘). The com- 
plexity of the metal-halogen stretches suggested the 
presence of more than one species and these are 
proposed as the chloro-bridged complexes (a) and 

(h). 
When MoCl, was reacted with excess t-butyl- 

amine or complex (1) reacted with two equivalents 
of Me&NH2 a brown solution formed and 
Me3CNH3Cl was precipitated. The complex 
obtained from the former reaction analysed 
as [Mo(NHCMe3)3C13] * &CsH6 but the alternative 
formulation [Mo(NCMe3)(NHCMe3)C12(NH2 
CMe,)], - iC6H6 (2) is preferred, again on the 
basis of IR spectral comparison with [Ta 
(NCMe3)(NHCMe3)C12(NHZCMe3)]Z for which 
an X-ray structure has been determined. 5 The chloro- 
bridge structure (c) is thus proposed for (2). 

Complex (1) reacted with PMe, to give a non- 
crystalline solid which analysed closely as the bis 
phosphine complex [Mo(NCMeJC13(PMe3)2] (3) 
but further characterization was precluded by fail- 
ure to obtain a suitable IR spectrum. Similarly when 
(1) was reacted with diphenylphosphinoethane 
(dppe) a non-crystalline complex was obtained 
which has not yet given a sufficiently pure product. 

The failure of these reactions to give clean products 
thus parallels the niobium and tantalum chemistry.6 

Reaction of complex (1) with 2,2’-bipyridyl 
(bipy), however, produced dark green microcrystals 
of [Mo(NCMe3)C13(bipy)] (4). The complex is insol- 
uble in organic solvents and has an IR spectrum 
consistent with the formulation as a t-butylimido 
complex. The NH bands characteristic of the amine 
ligand of the parent complex were absent and there 
were absorptions consistent with the presence of 
an imido function. In the far IR three MO-Cl 
stretches were present (335, 320 and 308 cm-‘) 
which suggest a mer configuration of the three 
chloro ligands.‘* Thus a mer configuration of 
chloro ligands (structure d) which could arise 
directly from both (a) and (b), is preferred to the 
fuc structure (e). 

To overcome solubility problems associated with 
the bipy complex, N,N,N’,N’-tetramethylethylene 
diamine (tmed) was added to complex (1) which led 
to the more soluble species [Mo(NCMe,)Cl, 
(tmed)] - fC6H6 (5). In the IR spectrum NH 
bands were again absent, there were absorptions 
characteristic of the imido function and three 
Ma-Cl stretches were present in the vicinity of 300 
cm -’ indicative of a mer-trichloro structure. 

A reaction between [Mo(NCMe,)(NHCMe,) 
C12(NH2CMe3)12 * d C6H6 (2) and bipy in benzene 
solution resulted in precipitation of the orange 
microcrystalline complex [Mo(NCMe,)(NHCMe,) 
Cl,(bipy)] (6). In the IR spectrum the amido 
NH absorption occurred at 3100 cm-‘, bands 
characteristic of the imido function were present, 
and in the far IR there was a single strong 
MO-Cl stretch (325 cm-‘) consistent with trurzs- 
orientated dichloro ligands.‘* The trans-chloro 
structure (f) is thus preferred for this complex. 

The molybdenum complexes are all para- 
magnetic and give rise to very broad NMR 
resonances where solubility is not a problem. Suit- 
able NMR spectra are however obtainable for 
the do complexes [M(NCMe3)C1,(NH,CMe3)]2 and 
[M(NCMe 3)(NHCMe3)C12(NH ,CMe 3)] 2 (M = Nb, 
Ta)6 so derivatives were prepared which could be 
studied by NMR spectroscopy. 

lNb(NCMe3)C1,(NH2CMe3)12 reacts with four 
equivalents of 4-picoline (pit) to give the non-crys- 
talline t-butylimido complex [Nb(NCMe3)C13(pic)2] 
(7) for which a mer-trichloro structure (g) is pro- 
posed, again on the basis of three Nb-Cl stretches 
in the IR spectrum. Further evidence comes 
from the NMR spectra (Table 2) in which the t- 
butylimido ligand methyl protons appear in the ‘H 
NMR spectrum as a singlet while there are two 
singlets for the methyl groups of the 4-picoline 
ligands. While the fi-protons of these ligands appear 
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Cl/“i”\/FN 

NH, Cl Cl 
k 

(e) 

(!J) 

as a doublet, the cr-protons appear as two super- 
imposed doublets. In the 13C NMR spectrum the t- 
butyl group methyl and quaternary carbons appear 
as single resonances characteristic of a t-butylimido 
group (cu. 30.0 and 70.0 ppm, respectively) while 
for the 4-picoline ligands the c1- and /?-carbons each 
appear as two resonances and the y-carbon as a 
single resonance. The NMR spectral features thus 
indicate that the 4-picoline ligands are inequivalent 
which is consistent with the cis-configuration of pit 
ligands of structure (g). 

Addition of bipy to a benzene solution of 

(d) 

t 

(h) 

~b(NCMe3)C13(NHzCMe3)1, caused the mic- 
rocrystalline complex [Nb(NCMe3)C13(bipy)] * 
&C6H6 (8) to precipitate out. The complex is 
insoluble in a range of organic solvents so that 
NMR data could not be obtained, but a structure 
similar to that of the molybdenum complex (4) 
[structure (d)] is proposed on the basis of similar- 
ities in the IR spectra of the two complexes. 
In particular absorptions at 345,340 and 320 cm-’ 
are consistent with a mer-trichloro structure. 

When [Nb(NCMe3)C13(NH2CMe& was reacted 
with tmed a more soluble derivative lNb(NCMe,) 
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Cl#IH&!Me& and [Ta~CHMe~)(NHCHMe~ 
Cl *(NH ,CHMe,)] z were prepared as previously 
reported.6 Petroleum ether (b.p. 40-6O”Q benzene 
and toluene were distilled over sodium wire and 
dichloromethane over calcium hydride. All dis- 
tillations and bench-top manipulations were carried 
out under N2 treated to remove oxygen and water.” 
IR spectra were recorded on a Perkin-Elmer 597 
spectrometer, ‘H NMR spectra on a Varian T60 
Model spectrometer and 13C NMR spectra on a 
JEOL FX60 spectrometer. Analytical data were 
obtained by Prof. A. D. Campbell and his associ- 
ates, University of Otago, New Zealand. Melting 
points were determined in sealed tubes under Nz on 
an electrothermal melting point apparatus and are 
uncorrected. 

bis - t - Butylaminebis - t - butylimidohexachloro- 
dimolybdenum(V) (1) 

A solution of N(trimethylsilyl)t-butylamine (2 
cm3, 10.35 mmol) in benzene (30 cm3) was slowly 
added to a suspension of moly~enum pen- 
tachloride (1.4 g, 5.1 mmol) in benzene (50 cm3) 
cooled to ice-water temperature. The mixture was 
stirred for 18 h and the solution filtered, leaving the 
complex as a purple-grey microcrystalline solid 
which was washed twice with benzene (30 cm”) and 
dried in vacua (1 A g, 88%). 

IR (Nujol) bands at 324Ow, 316Om, 3090m, 
159Ow, 1560m, 14OOm, 1365s 134Ow, 1288s 122Os, 
1205s, 1178s, 1145m, 103Ow, 97Ow, 928w, 890m, 
845w, 8OOw, 745m, 72Ow, 680s 59Ow, 55Om, 53Ow, 
445w, 422m, 370m, 35Os, 340s 32Os, 305s and 285s 
cm-‘. 

bis-t-Butylamidobis-t-butylaminebis-t-butylimido- 
hexachlorodimol_ybdenum(~ (2) 

A solution of t-butylamine (4.6 cm’, 43.9 mmol) 
in benzene (30 cm3) was added to a suspension of 
molybdenum pentachloride (2.0 g, 7.3 mmol) in 
benzene (80 cm”) and the mixture was stirred for 3 
h. The solution was filtered and the residue washed 
with benzene (5 cm3). The filtrates were combined 
and the solvent removed to give the complex as a 
yellow-brown crystalline solid, which was washed 
with petroleum ether (60 cm3) and dried in uacuo 
(2.5 g, 88%). 

IR (Nujol) bands at 33OOw, 3170m, 3lOOw, 
27OOw, 26OOw, 25OOw, 1605w, 1565m, 1402m, 
1355s, 13OOw, 1278m, 124Os, 121Os, 1165s, 1135m, 
IlOOm, 1025m, 93Ow, 895m, 800m, 75Ow, 725w, 
68Ow, 610m, 588m, 565w, 47Ow, 45Ow, 422w, 38Ow, 
35Ow, 320s and 305s cn-‘. 

t-Eutyl~midotrich~orobis(tr~methylphosphine) molyb- 
denum(V) (3) 

A solution of trimethylphosphine (0.25 cm3, 2.3 
mmol) in dichloromethane (30 cm3) was added 
to a suspension of bis-t-butylaminebis-t-butyl- 
imidohexachlorodimolybdenum (V) (0.4 g, 0.6 
mmol) in dichloromethane (25 cm’) and the mixture 
was stirred for 3 h. The solution was filtered and 
the solvent rermoved to give a flaky yellow solid 
which was washed with petroleum ether (60 cm’) 
and dried in macro. The complex did not mull in 
Nujol or KEL-F. 

(2,2’ - Bipyridyl)t - butylimidotrichloromolyb- 
&mm(V) (4) 

A solution of 2,~-bipy~dyl(O.25 g, 1.6 mmol) in 
benzene (30 cm3) was added to bis-t-butylaminebis- 
t-butylimidohexachlorodimolybdenum(V) (1) (0.5 
g, 1.5 mmol) suspended in benzene and the mix- 
ture was stirred for 18 h. The solution was filtered 
and the solid washed with benzene (2 x 30 cm 3, and 
dried in uacuo. Yield 0.46 g (74%). 

IR(Nujo1) bandsat 1595s, 1568w, 1490m, 14OOw, 
136Os, 1308m, 1240m, 1222s, 1178w, 116Ow, 1105w, 
106Ow, 1042w, 1022m, lOlOm, 97Ow, 89Ow, 878w, 
8OOw, 758s, 725s, 68Ow, 655m, 65Ow, 635m, 570m, 
565m, 445w, 415w, 37Ow, 335s 320s and 308s cm-‘. 

t - Butylimidotrichloro(N,N,N’,N’ - tetramethyl- 
ethylenediamine)molybdenum(V) (5) 

A solution of N,N,N’,N’-tetramethyl- 
ethylenediamine (0.5 cm3, 3.4 mmol) in benzene 
(30 cm3) was added to bis-t-butylaminebis-t- 
butylimidohexachlorodimolybdenum(V) (1) (1 .Og, 
2.9 mmol) suspended in benzene (60 cm3) and the 
mixture was stirred for 10 min. The solution 
was warmed to cu. 5O”C, the volume reduced by 
10 cm3 to remove liberated t-butylamine, and the 
stirring continued for a further 2 h. The green solu- 
tion was filtered, the solvent removed and the green 
complex washed with toluene (20 cm’) followed by 
petroleum ether (30 cm3) and dried in uacuo (0.85 
g, 71%). 

IR (Nujol) bands at 2720m, 2605m, 2505w, 
2095m, 1618w, 1575w, 1514m, 1405m, 13lOm, 
129Ow, 1235s, 1225s, 118Ow, 962w, 94Ow, 895w, 
86Ow, 835w, 809m, 73Ow, 605w, 535w, 464m, 43Ow, 
355m, 340m, 305m and 290 m cm-‘. 

(2~~-3~yridy~~t-b~tylamido-t-butylimidodichIoro- 
molybdenum(V) (6) 

A solution of 2,2’-bipyridyl (0.8 g, 5.1 mmol) 
in benzene (40 cm3) was added to a solution of 
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bis-t-butylamidobis-t-butylaminebis-t-butylimido- 
hexachlorodimolybdenum(V) (1.9 g, 2.5 mmol) in 
benzene (60 cm3) and the mixture was stirred for 
2 h. The solution was filtered and the complex 
washed several times with benzene (20 cm’) giving 
the complex as an orange-yellow microcrys- 
talline solid (1.6 g, 70%). 

IR (Nujol) 31OOw, 1602s 158Ow, 157Ow, 1495w, 
1465s, 146Os, 1362s 1316m, 125Os, 121Os, 1180m, 
1160m, 1112s, 108Ow, 1065w, 105Ow, 1025s 1020s 
975w, 91Ow, 9OOw, 805m, 773s 75Ow, 74O.q 655m, 
633w, 609m, 580m, 473m, 425w, 385w, 362~ and 
325s cm-‘. 

t-Butylimidotrichlorobis(4-picoline)niobium(V) (7) 

t-Butylamine- t- butylimidotrichloroniobium(V) 
dimer (0.75 g, 1.1 mmol) was dissolved in benzene 
(80 cm3) and the solution filtered. 4-Picoline (0.45 
g, 4.8 mmol) in benzene (30 cm3) was added and the 
mixture was refluxed for 2 h. The solution was 
filtered, the solvent removed and the residue washed 
with petroleum ether (50 cm’). The complex was 
ground to a fine powder, washed with further pet- 
roleum ether (100 cm3) and dried in vucuo. 

IR (Nujol) bands at 27OOw, 26OOw, 251Ow, 
2075w, 1622s, 1508m, 1465s, 1405w, 137Os, 1305w, 
1255s, 1238s, 1218s, 1072m, 1032m, 1020m, 935m, 
880m, 850m, 820s 758s, 73Os, 690m, 570m, 555m, 
542m, 53Ow, 5OOs, 46Ow, 378w, 33Os, 3 15s and 294m 
cm- ‘. 

(2,2’-B@yridyl)t-butylimidotrichloroniobium(V) (8) 

N(trimethylsilyl)t-butylamine (2.6 cm3, 13.5 
mmol) in benzene (30 cm3) was added slowly to 
a suspension of niobium pentachloride (1.8 g, 6.7 
mmol) in benzene (70 cm3) and the mixture was 
stirred for 17 h. The solution was filtered from the 
yellow precipitate which was washed with benzene 
(5 cm’) and dried in vacua. The complex (1 g, 1.5 
mmol) was dissolved in benzene (60 cm’) and the 
solution filtered several times until a clear light yel- 
low solution was obtained. 2,2’-Bipyridyl (0.5 g, 
3.2 mmol) in benzene (30 cm3) was added and the 
mixture was stirred for 2 h during which time the 
complex precipitated out. The solution was filtered 
and the yellow solid washed with benzene (5 cm’) 
followed by petroleum ether (30 cm3) and dried in 
vucuo. Yield 1.1 g, 79%. 

IR (Nujol) bands at 1603s 1575w, 15 17w, 1500m, 
1409m, 1370m, 1318m, 1245s, 1222m, 1185w, 
1168w, 1115w, 107Ow, 1052w, 1030m, 1020m, 
978w, 9OOw, 89Ow, 85Ow, 81Ow, 77Os, 74Os, 73Ow, 
684w, 662m, 642m, 570m, 458m, 422w, 382m, 
37Ow, 345s 340s and 320s cn- ‘. 

t - Butylimidotrichloro(N,N,N,W - tetramethyl- 
ethylenediamine)niobium(V) (9) 

N,N,N’,N’-tetramethylenediamine (0.2 g, 1.7 
mmol) in benzene (30 cm’) was added to bis-t-butyl- 
aminebis - t - butylimidohexachlorodiniobium(V), 
(0.5 g, 0.7 mmol) in benzene (60 cm’) and the mix- 
ture was refluxed for 1 h. The solution was filtered 
and the solvent removed to give an oil which was 
allowed to stand under petroleum ether (50 cm3) for 
24 h. The solid was filtered, crushed to a powder and 
washed with further portions of petroleum ether 
(2 x 30 cm’) and dried in vacua. Yield 0.5 g, 89%. 

IR (Nujol) bands at 1475s, 1404w, 1360s 129Ow, 
1245s 1222s, 12OOw, 116Ow, 1145w, 112Ow, 1105w, 
1068w, 1045w, lOlOs, 985w, 955s 920m, 845w, 
804s 772m, 730m, 595w, 565w, 55Ow, 525w, 49Ow, 
46Ow, 39Ow, 338s, 315s and 290 m cm-‘. 

(2,2’ - Bipyridyl)t - butylimidotrichlorotantalum(V) 

(10) 

N(trimethylsilyl)t-butylamine (1.9 cm3, 9.8 
mmol) in benzene (50 cm’) .was added slowly to a 
suspension of tantalum pentachloride (1.7 g, 4.8 
mmol) in benzene (50 cm’) and the mixture was 
stirred for 16 h. The solution was filtered from a 
small amount of colourless solid and 2,2’-bipyridyl 
(0.8 g, 5.1 mmol) in benzene (30 cm’) added. The 
mixture was stirred rapidly whereupon a light yel- 
low solid was precipitated. After stirring for 2 h 
the solution was filtered and the solid washed with 
benzene (2 x 20 cm3) and dried in vacua. Yield 2.0 
g, 82%. 

IR (Nujol) bands at 1605s, 1575w, 15 15w, 15OOm, 
1409m, 1375s, 1348m, 1280s 1248w, 1222m, 1188w, 
117Ow, 1118w, 1081w, 1072w, 1055w, 1037m, 
1025m, 982w, 9OOw, 894w, 85Ow, 812w, 77Os, 742m, 
687w, 666w, 645w, 57Om,462m, 428w, 358w, 330s 
and 308s cm-‘. 

t - Butylimidotrichloro(N,N,N’,N - tetramethyl- 
ethylenediumine)tantulum(V) (11) 

N,N,N’,N’-tetramethylethylenediamine (0.3 g, 
2.6 mmol) in benzene (30 cm’) was added to bis- 
t - butylaminebis - t - butylimidohexachloroditan - 
talum(V) (1.0 g, 1.2 mmol) in benzene (50 cm3) 
and the mixture was refluxed for 2 h. The solu- 
tion was filtered and the solvent removed to give 
an oil which solidified on standing under petro- 
leum ether (50 cm3) for 24 h. The complex was 
crushed to a powder, washed with petroleum ether 
(2 x 30 cm3) and dried in vacua. Yield 0.9 g, 80%. 

IR (Nujol) bands at 147Os, 1405w, 1358s, 1285s, 
1252m, 1222m, 12OOw, 1175w, 1155w, 112Om, 
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COMMUNICATION 

PREPARATION AND STRUCTURAL CHARACTERIZATION OF A 
STIBIDO-INDIUM DIMER 

ANDREW R. BARRON, ALAN H. COWLEY,” RICHARD A. JONES,* 
CHRISTINE M. NUNN and DONALD L. WESTMORELAND 

Department of Chemistry, The University of Texas at Austin, Austin, TX 78712, U.S.A. 

(Received 15 June 1987 ; accepted 24 August 1987) 

Abstract-The interaction of InCl, with tBu,SbSiMe, affords the partially substituted 
compound, [(tBu,Sb)(Cl)In(p-SbtBu& (1). The dimeric nature of 1 was established by 
X-ray crystallography. 

There has been a recent rekindling of interest in 
phosphido and arsenido complexes of the heavier 
group 13 elements. ’ Much of this effort has been 
prompted by the search for new precursors to 
semiconducting materials such as gallium arsenide 
and indium phosphide. Interestingly, however, the 
corresponding stibido (R,Sb) complexes do not 
appear to have been prepared. We report the 
synthesis and characterization of the first stibido 
derivative of In(II1). 

clinic, P2 ,ln, a = 11.854(6), b = 12.767(4), 
c = 16.505(4) A, fi = 106.75(2)“, V = 2392.0 A3, 
Z = 4, D, = 1.728 g cmp3, p = 33.1 cm-’ for Mo- 
K, radiation (A = 0.71073 A). Intensity data: 
Enraf-Nonius diffractometer, e/20 scan mode, 4207 
reflections in the range 3.0 < 26 < 50.0”. The struc- 
ture of 1 was solved by direct methods and refined 
(full matrix, least squares) by using 2965 reflections 
with I > 30(I). The final residuals were R = 0.050 
and R, = 0.057.t Disorder was observed in the 
positions of the In, Cl and Sb(2) atoms. 

EXPERIMENTAL 

perature. The resulting red-brown solution was 

100 cm3 of toluene was cooled to -78°C and 
treated with a solution of tBu2SbSiMe3’ (3.3 g, 11.0 

A suspension of InCl, (0.784 g, 3.54 mmol) in 

mmol) in 6 cm3 of hexane. The stirred reaction 
mixture was allowed to warm slowly to room tem- 

4tBu,SbSiMe3 + 2InC1, 

Even though a 3 : 1 mole ratio of tBuzSbSiMe3 

RESULTS AND DISCUSSION 

to InCl, was employed, only disubstitution 
occurred, the overall reaction being 

filtered through celite and stored at -20°C to 
promote the crystallization of 1. 

NMR (CsD6, 25°C): ‘H (300 MHz) 1.31 ppm 
(s, t-Bu) ; 13C{ ‘H) (75.4 MHz) 35.2 ppm (s, CMe3), 
3.19 ppm (s, CCH3). 

The structure of 1 was determined by X-ray crys- 
tallography : CIgH3&11nSbr M, = 622.24, mono- 

* Authors to whom correspondence should be addressed. 
t Supplementary material available : Atomic coor- 

dinates have been deposited with the Director, Cam- 
bridge Crystallographic Centre. 

+ [(tBuzSb)$nC1],+4Me3SiC1. 

It is possible that this reaction proceeds via for- 
mation of donor-acceptor complexes, (tBu)*(Me3Si) 
Sb + In(SbtBuz),C13_, n = 0, 1, 2, followed 
by the 1, 2 elimination of Me,SiCl. When IZ = 2 
dimerization occurs in preference to further coor- 
dination of tBu$bSiMe,. 

Unfortunately, it was not possible to characterize 
the product by EI-MS (70 eV) because of thermal 
decomposition to tBu,Sb, in the inlet system. 
X-ray analysis revealed that the solid state com- 
prises centrosymmetric bis(stibido)-bridged dimers, 
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[(tBu,Sb)(Cl)In@-SbtBu,)], (l), with an overall 
diborane-like skeleton. The terminal tBu,Sb groups 
adopt a mutually tram arrangement. As noted in the 
Experimental section, the position of the In, Cl and 
Sb(2) atoms are disordered. The more abundant 
(80%) structure is shown in Fig. 1. The metric par- 
ameters for both structures are similar. 

by molecular weight measurement. However, at 
ambient temperature only one type of tBu res- 
onance is apparent in both the ‘H and ‘3C(‘H} 
NMR spectra. The implied rapid interchange of 
bridging the terminal groups is a common facet of 
group 13 dimers. 3 

At first sight it seems surprising that stibido 
rather than chloride ligands should occupy bridging 
positions. However, the use of models reveals that 
placement of the bulky tBu,Sb moieties in equa- 
torial and terminal positions minimizes steric repul- 
sions. We are not aware of any previous report on 
an In(III)-Sb bond length. However, the average 
bond length of 2.844( 1) A for 1 compares well with 
the value of 2.84 8, for the sum of covalent radii. 

Finally, we note that a somewhat similar com- 
pound, { [(Me3SiCH *) 2As] ,GaCl} 2 has been pre- 
pared.‘” However, no crystal structure was reported. 

AcknowledgementsWe are grateful to the National Sci- 
ence Foundation, the Robert A. Welch Foundation and 
the Texas Advanced Technology Research Program for 
financial support. R.A.J. thanks the Alfred P. Sloan 
Foundation for a fellowship (19851987). 
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~~ROLE~IC POLYPYRAZOL~BORATE DERIVATIVES OF 
THE LANT-E IONS. THE SYN~IS OF 
ACETYLACETONATE DERIVATIVES AND THE 

MOLECULAR STRUCTURES OF 

[Ln(HB(C;N,H,),),(MeC(O)CHC(O)Ne)l W = Ce, W 

MICHAEL A. J. MOSS, CHRISTOPHER J. JONES? and 
ANTHONY J. EDWARDS 

Department of Chemistry, University of Birmingham, PO Box 363, 
Birmingham B15 2TT, U.K. 

(Received 6 July 1987 ; accepted 24 August 1987) 

Abstract-The air and moisture stable complexes [Ln{HB(C3N,H,)3),(MeC(0)CHC(O)Me~] 
(Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, Lu, Y), have been prepared and 
characterized. The molecular structures of the compounds with Ln = Ce and Yb reveal 
that a substantial distortion of the coordination geometry found for Ce3’ is necessary 
to allow the ligand set to accommodate the smaller Yb3+ ion. 

The tripodal ligand hydrot~s(pyrazol-1-yl)bo~te, 
L-, is sterically bulky and can occupy three facial 
coor~nation sites on a metal ion.’ In the case of 
trivalent lanthanide ions, homoleptic neutral com- 
plexes of formula [LnL,] may be prepared.*-4 The 
molecular structure of the complex jYbL3] has been 
determined by X-ray methods and the geometry 
about the eight coordinate Yb3+ ion was found 
to be approximately bicapped trigonal prismatic 
(BCTP), having one bidentate and two tridentate 
polypyrazolylborate ligands.3 This observation 
prompted us to investigate whether a new series 
of stable heteroleptic complexes containing the 

(LnL*) + moiety could be prepared using bi- 
dentate uninegative coligands to complete the co- 
ordination shell of the Ln3+ ion. Preliminary 
reports of heteroleptic complexes containing the 
(LnL*)“+ (L* = hy~o~s(3~5-d~ethylp~~ol-l-y1- 
borate) moiety have appeared’ but to our knowl- 

tAuthor to whom correspondence should be addressed. 
$ All the new compounds have been characterized by 

‘H NMR, IR and mass spectroscopy. All gave satis- 
factory elemental analyses for C, H and N. 

edge this is the first report of a st~ct~e of a het- 
eroleptic lanthanide complex containing L. 

The reaction of Ln3+ salts with L- and acetyl- 
acetone (acacH), in water at pH > 7 proceeded 
smoothly to give [LnL,(acac)] (Ln = La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, Lu, Y), in high 
yield, even in the presence of excess acacH or L-. 
All the derivatives were air and moisture stab1e.t 
Unlike the tris derivatives, [LnL,], for which insol- 
uble products formed with Ln = La to Gd, all of 
these heteroleptic complexes were freely soluble in 
CH&l, and other polar organic solvents. Again 
unlike the tris derivative fYbL,], which was found 
to be solution rigid on the NMR time-scale,4 the 
heteroleptic complexes were non-rigid. Even in the 
case of the more sterically saturated complexes of 
the smaller ions the ‘H NMR spectra showed only 
three pyrazolyl proton environments indicating that 
ligand rotation was occurring on the NMR time- 
scale. 

Powder X-ray diffraction studies revealed that 
the complexes with Ln = La to Dy were iso- 
structural but different in structure from the com- 
plexes with Ln = Y and Ho to Lu. In order to 
structurally characterize representatives of the two 
structural types, single crystal X-ray diffraction 
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.c 
Fig. 1. The molecular structure of [Ce{HB(C,N,H,),}, 
~MeC(O)CHC(O)Me}J showing the numbering of atoms 
other than C and H. Selected bond distances (A) and 
angle(“): &-O(l), 2.397; &-O(2), 2&X(2); 
&N(l l), 2.664(3); Ce-N(21), 2.583(3) ; Ce-N(31), 
2.617(3); Ce-N(41), 2.659(3); Ce-N(51), 2.634(3); 

Ce-N(61), 2.633(3); 0(1)-&-O(2), 71.4(l). 

studies of the complexes with Ln = Ce and Yb have 
been carried out.? The complex [CeL,(acac)] is an 
eight coordinate monomer. It has a distorted 
bicapped trigonal prismatic geometry where the two 
hydrot~s(pyr~ol-I-yl)borate ligands each span one 

t Crystal Data.-CeL,(acac) : C23H27B2CeN,Z02, M = 
665.3. Monoclinic, a = 14.943(2) A, b = 12.981(2) A, 
c = 15.178(2) A, j3 = 102.02(l)“, U = 2879 A’, Z = 4, 
D, = 1.53 g crn3, space group P2,jc (No. 14), MO-& 

.radiation (A = 0.7107 A, ~1 = 15 cm-‘). YbL,(acac): 
C23H27BZNIZOZYbr M = 698.2. Triclinic, a = 11.422(4) 
A, b = 16.361(5) A, c = 18.237(6) A. a = 75.92(3)“, 
/? = 74.58(3)“, y = 75.74(3)“, U = 3126 A3, Z = 4, 
D, = 1.48 g cmm3, space group P’f (No. 2), MO-K, radi- 
ation (2 = 0.7107 A, p = 28 cm-‘). Data were collected 
on a CAD4 diffractometer at the Crystallography Unit, 
Universities of Aston and Birmingham. Both structures 
were solved by routine heavy atom methods. CeL,(acac), 
refined to R = 0.0261, R, = 0.0264, using 4607 unique 
reflections with I> 2.5aL YbL,(acac), refined to 
R = 0.068, R, = 0.069 using 7661 unique refiections 
which were corrected for absorption effects using the 
program difabs (N. Walker and D. Stuart, Actu. Cryst. 
1983, A39, 158). Atomic coordinates, bond lengths and 
angles, and thermal parameters have been deposited at 
the Cambridge Crystallographic Data Centre. See Notice 
to Authors, Issue No. 1, 1987. 

Fig. 2. The molecular structure of lYb(HB(C,N,HJ,), 
~MeC(O)CH~~O)Me~J (molecule 1) showing the num- 
bering of atoms other than C and H. Selected bond 
distances (A) and angle (“) : Yb--O(l), 2.258(g); 
Yb--4x2), 2.199(11); Yb-N( 1 l), 2.489( 12) ; 
Yb-N(21), 2.576(11); Yb-N(31), 2.472( 11) ; 
Yb-N(41), 2.489(13); Yb-N(51), 2.444( 10) ; 

Yb-N(61), 2.528(10) ; O( I)-Yb-O(2), 75.8(4). 

rectangular edge and cap one rectangular face of 
the trigonal prism as shown in Fig. 1. The third 
rectangular edge is spanned by the a~tyla~tona~ 
ligand. The BCTP is an unusual geometry for eight 
coordination, the dodecahedron (Dod) and the 
square antiprism (SAP) usually being preferred. 

The structure of /YbLa(acac)] is illustrated in Fig. 
2 and may be considered to be derived from the 
cerium structure by a concerted rotation of the 
hydrot~s(pyrazol-l-yl)borate ligands, thus destroy- 
ing the approximate plane of symmetry originally 
present. There are two molecules in the asymmetric 
unit, both have coordination geometries which may 
be considered to be derived from square anti- 
prismatic but shortening of one of the cross square 
diagonal distances, coupled with loss of planarity 
in the squares, puts both of the coordination geo- 
metries along a geometric pathway towards Dod 
or BCTP. 

The structural studies clearly demonstrate the 
need for a bidentate coligand to coordinatively satu- 
rate the lanthanide ion of the (LnL2} + moiety. The 
ambidentate nature of the trispyrazolylborate 
ligand and dynamic nature of these complexes indi- 
cate that any unidentate ligand, X, in a complex of 
formula fLnL,X] would need sterically to block two 
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coordination sites. Otherwise disproportionation 
reactions might be expected to lead to more stable 
complexes of different Iigand : metal stoichiometry. 
Indeed the resistance of these heteroleptic corn- 

i. 
’ 

plexes to disproportionation is remarkable in view 3. 
of their dynamic character. 

4. 
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Ahatraet--(n-Bu,N)[Re(S~)2S] has been prepared by reacting (n-Bu4NJ@e2Cl,] with Li2S5 in 
THF. It crystallizes in the monoclinic space group P2,/n with the following unit cell 
constants: a = 11.215(3) A, b = 14.910(7) A, c = 16.654(4) A, /I = 91.47 (2)“, I/ = 2783(3) 
A3, 2 = 4. The anion is the first mononuclear rhenium complex containing ReS, chelate 
rings that has been isolated and structurally characterized. The [ReS,]- anion consists of 
two chelating S:- chains and a Re=S unit. The geometry around the Re atom is best described 
as a tetragonal pyramid with the metal atom displaced towards the centre of the pyramid. 
The R& bond length is 2.075(4) A and the average Re-S bond length is 2.30[2] A. 

The chemistry of transition metal complexes with 
ligands containing only sulphur atoms has been 
intensively but rather selectively investigated in 
recent years. ‘s2 While some metals, especially molyb- 
denum, have been rather thoroughly studied, 
others such as rhenium, have been virtually ignored. 
In the case of rhenium, only two perthio complexes, 
the simple [ReS,]- ion3 and the complicated 
[Re,S2J4- ion4 have been described. We have found 
that the [Re2Cls12- ion reacts at room temperature 
with polysulphide ions and report here the isolation 
and structural characterization of the first rhenium 
complex that contains ReS4 chelate rings. 

EXPERIMENTAL 

Solvents were dried over appropriate drying agents 
and freshly distilled before use. (n-Bu.&),[Re2C1,] 
was prepared according to a literature procedure.’ 
The solutions of Li2S56 were prepared in situ from 
sulphur powder and LiEt3BH (1 M solution in 
THF, ALDRICH) in THF and used immediately. 

*Author to whom correspondence should be addressed. 
?A11 calculations were performed with the EnraLNon- 

ius Structure Determination Package on a VAX 1 l/780 
computer at the Department of Chemistry, Texas A&M 
University, College Station, Texas 77843. 

Preparation of(n-Bu4N)[ReSg] 

Li2S5 was prepared from 0.174 g of S powder, 
2.2 cm3 of a 1 M solution of LiEt,BH in THF 
and 5 cm3 of THF, and (n-Bu4N)2[Re2Cle] (0.308 g, 
0.272 mmol) was added in a counterstream of nitro- 
gen. The reaction mixture was stirred for two days 
at room temperature. It was then filtered through 
Celite and layered with hexane. After a few days a 
brown-black oily layer was deposited at the bottom 
of the Schlenk tube. The supernatant liquid was 
decanted, the oil redissolved in THF and this solu- 
tion layered with ether. The dark brown crystalline 
product deposited was filtered, washed with ether 
and vacuum dried. The yield was 0.22 g (58% based 
on Re). 

X-ray crystallography 

The general procedures were routine and have 
been described previously.‘? Lorentz, polarization 
and empirical absorption corrections were applied 
to the data. 

A small crystal was aflixed to the end of a glass 
fiber and the fiber then mounted on the goniometer 
head of a CAD-4 diffractometer. Preliminary exam- 
ination showed the space group to be P2,/n and 
data collection was carried out as indicated in Table 
1. The solution and refinement of the structure pro- 
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Table 1. Crystal data for (n-Bu,N)[ReS,] 

Formula 
Formula weight 
Space group 
Systematic absences 
a, A 
b, A 
c, A 
a, deg 
B, deg 
Y, deg 
v, A’ 
z 

&lo g/cm3 
Crystal size, mm 

p(MoG), cn-’ 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature, “C 
Scan method 
Data col. range, 20. deg 
No. unique data, total 

with Fo2 > 3a(F,‘) 
Number of parameters refined 
Trans. factors, max., min. 

:; 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak, e/A3 

ReS9NC16H36 
717.25 

P2,ln 
h01:h+I=2n+1,0IcO:k=2n+1 
11.215(3) 
14.910(7) 
16.654(4) 
90.0 
91.47 
90.0 
2784(3) 
4 
1.713 
0.20 x 0.12 x0.10 
50.86 
CAD-4 

MO&(& = 0.71073A) 

24,5 < 20 < 20 
22 
w-26 
445 
3128 
2196 
164 
1 .oo, 0.95 
0.049 
0.058 
1.403 
0.17 
0.84 

b R, = @w(lF,I - ~F,()*/&v~F,~~“~; w = l/aZ(~Fo~). 

cQuality-of-fit = Pw(lF,I - IFcl)2/Wobs- ~parametcrs)l”2. 

ceeded straightforwardly. The coordinates of the 
Re atom were obtained from a Patterson map and 
an alternating series of least squares refinements and 
difference electron density maps progressively 
revealed all the remaining atoms. The carbon atoms 
of the cation were refined isotropically and hydro- 

*Tables of atomic coordinates, structure factors, 
anisotropic thermal parameters and a complete list of 
bond distances and angles have been deposited with the 
Editor at Queen Mary College and at the Cambridge 
Crystallographic Data Centre. 

TWe thank a referee for suggesting that the following 
balanced equation could be written : 

(NBu’&Re2Cl, +4Li2Ss -+ 
2NBu;ReS(S.,),+ 8LiCl+ l/4& 

gen atoms were omitted. All other atoms were 
refined anisotropically to the satisfactorily low R 

values listed in Table 1. No disorder or other non- 
routine problem arose.* 

RESULTS 

The reaction of (n-Bu&[Re,Cl,] with L&S5 
affords the novel rhenium(V) polysulphide, 
[Re(S&S]- which has been crystallized as a tetra- 
butyl-ammonium salt. While the disruption of the 
quadruple bond in [Re2Cls]*- is not wholly surpris- 
ing, the oxidation of Re(II1) to Re(V) was rather 
unexpected and without clear precedent.t The yield 
of the product is only 58% and we have not deter- 
mined the fate of the remaining rhenium. 

The structure of the [N(n-C,H,),]’ cation 
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Fig. 1. Two ORTEP views of the [ReS(SJd- ion. Each 
atom is represented by its ellipsoid of thermal dis- 
placement (40%) level and labelled as in Tables 2 and 3. 
The lower view is directly down the Re=S bond so that 

the Re atom is totally hidden. 

requires no comment. The [ReS(S,),]- anion has 
the structure depicted in Fig. 1 and the distances 
and angles listed in Tables 2 and 3. The anion can 
be approximately described as a tetragonal pyramid 
with the basal plane formed by four sulphur atoms 

Table 2. Selected bond distances in 
angstroms 

Atom 1 Atom 2 Distance 

Rel 
Rel 
Rel 
Rel 
Rel 
s2 
s3 
s4 
S6 
s7 
S8 

Sl 
s2 
S5 
S6 
s9 
s3 
s4 
S5 
s7 
S8 
s9 

2.075(4) 
2.320(4) 
2.275(4) 
2.342(4) 
2.259(4) 
2.057(7) 
1.987(8) 
2.124(6) 
2.082(7) 
1.975(8) 
2.135(7) 

Numbers in parentheses are esti- 
mated standard deviations in the least 
significant digits. 

Table 3. Selected bond angles in degrees 

Atom 1 Atom 2 Atom 3 Angle 

Sl 
Sl 
Sl 
Sl 
s2 
s2 
s2 
s5 
s5 
S6 
Rel 
s2 
s3 
Rel 
Rel 
S6 
s7 
Rel 

Rel 
Rel 
Rel 
Rel 
Rel 
Rel 
Rel 
Rel 
Rel 
Rel 
s2 
s3 
s4 
s5 
S6 
s7 
S8 
s9 

s2 106.6(2) 
s5 109.8(2) 
S6 106.2(2) 
s9 111.2(2) 
s5 89.7(2) 
S6 147.2(2) 
s9 78.6(2) 
S6 79.1(2) 
SJ 139.0(2) 
s9 89.8(2) 
s3 104.0(2) 
s4 100.4(3) 
s5 99.5(3) 
s4 112.5(2) 
s7 103.4(2) 
S8 99.4(3) 
s9 99.8(3) 
S8 112.4(3) 

Numbers in parentheses are estimated standard 
deviations in the least significant digits. 

from the Sz- ligands and the apex formed by a 
sulphur atom doubly-bonded to the rhenium atom. 
The mean S=Re-S angle is lOS[l]‘, so that the Re 
atom clearly lies well above (0.726 A) the basal 
plane. It is actually not quite accurate to describe 
the pyramid as tetragonal, since the two S-Re-S 
angles within the chelate rings have a mean value 
of 89.8[1]’ while the other two have a mean value 
of 78.8[3]“. The Re-S distances also vary from 
2.259(4) to 2.342(4) A, with a mean value of 
2.30[2]z&. 

DISCUSSION 

The [ReS& ion is of a structure type that can be 
compared with an exactly analogous molybdenum 
species, the [MO&]*- ion’ and also with the 
[ReS(SCH,CH,S)d- ion.’ The dimensions of the 
molybdenum species, including the deviations from 
four-fold symmetry, are very similar to those for the 
[ReS& ion despite the differences in oxidation state 
and atomic number of the metal atoms. The more 
important common feature is evidently the d * elec- 
tron configuration of Mo(IV) and Re(V). The 
resemblance of the [ReS(S&- ion to the 
[ReS(SCH2CH2S),]- ion is also close. The Re==S 
distances of 2.075(4) A in the present case and 
2.101(4) A in the thiolate complex, as well as the 
mean Re-S distances of 2.30[2] and 2.300[4] A, 
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respectively, are not significantly different. The only 
notable difference is that the [ReS(SCH&H,S),]- 
ion has a more nearly tetragonal base, with the 
mean internal and external S-Re-S angles being 
84.9[1] and 84[1]“. This is a result of the shorter 
S-C and C-C distances (compared to S-S dis- 
tances) within the chelate rings. 

The IR spectrum of [n-BuJVJ [ReSd in a mineral 
oil mull shows a sharp band of medium intensity at 
528 cm-’ which we assign to the Re=S stretching 
mode. The [ReS(SCH,CH&]- ion, with a slightly 
longer Re=S distance has a strong, sharp band at 
a slightly lower frequency (517 cm-‘) which has 
been similarly assigned.g These assignments are 
consistent with a number of others for M=S 
vibrations.” 

In conclusion we mention that chelating S4’- 
ligands (as well as S,,*- with n = 3, 5) are not 
uncommon.‘~2*i’ The existence of the [ReSg]- ion 
and its structure, are not surprising and it seems 
likely that, as with molybdenum, there will be a 
fairly extensive series of polysulphido rhenium com- 
plexes. 

Acknowledgement-We thank the National Science 
Foundation for support. 
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C-Br JNSERTION REACTIONS IN RHODZUM AND 
IRIDIUM COMPOUNDS CONTAINING AN ORTHO-HALO- 

ARYLPHOSPHINE. X-RAY STRUCTURES OF TWO 
ORTHQ-METALLATED COMPOUNDS OF FORMULA 
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Abstract-A comparative study of the reaction of Rh and Ir complexes with the ortho- 
bromo-arylphosphipe PCBr [PCBr = P(o-BrC,FJ(C,H,),], is presented. Various PCBr 
complexes of Ir(1) and Rh(1) undergo rapid insertion of the metal atom into a C-Br bond 
provided the phosphine is coordinated in a q2-mode (P-Br). If the Br coordination is 
substituted by a superior ligand such as CO or an olefin, no reaction occurs under normal 
conditions. PCBr complexes of the tervalent metals require a two-electron reduction step 
prior to the ortho-metallation reaction. Most intermediates were characterized by chemical 
and spectroscopic analysis. Two intermediates of general formula IrX2(n2-PC)(q2-PCBr), 
[PC = P(C,FJ(C,H&l (X = Cl, 5, X = Br, 6) were characterized by a single crystal 
analysis. 5 crystallizes in the monoclinic space group P2,/n with cell dimensions a = 
14.741(5) A, b = 13.558(5) A, c = 18.303(7) A, /I = 112.35(2)“, 2 = 4. 6 crystallizes in 
the same space group P2,/n and has cell dimensions a = 19.05(l) A, b = 19.554(6) A, c = 
20.337(5) A, B = 93.63(5)“, 2 = 8. Both compounds have distorted octahedral coordi- 
nation around the metal centre. 

Reactions of coordinated phosphine ligands to 
give cyclometallated products have received con- 
siderable attention.’ In particular, cyclometallated 
rhodium or iridium compounds obtained by C-H 
bond activation in triarylphosphites’ or tri- 
arylphosphines3 have been reported. Activation of 
C-H bonds in alkyl phosphines4 is less common. 

We have observed that rhodium(I) compounds 
containing PCBr can undergo thermal ortho-metal- 

*Authors to whom correspondence should be addressed. 
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lation by metal insertion into the C-Br bond. 
Mononuclear rhodium(II1) compounds’ containing 
a four atom metallocycle and binuclear compounds 
with an ortho-metallated PCBr phosphine bridg- 
ing a dirhodium(+4) unit have been isolated.6 
Examples of ortho-metallation of this phosphine 
with activation of a C-H aryl bond are also 
known.’ 

We report here the results of a comparative study 
of the ortho-metallation reaction in rhodium and 
iridium compounds with PCBr. Included are the 





Table 2. Selected bond distances (/r) and angles (degrees) for compounds 5 and 6 

Compound 5 

I#>--Br(1) 

Irw-P(l) 
IrW--P(2) 
IrW--W~ 
Iw--Cl~2~ 
IrW---C~l6~ 
P(l>-cU 1) 
Pw--C~21) 
P(l)--c(31) 
WlW~l6) 
Pf2>--~(41) 
P(2)-Cf51) 
P@-C(61~ 
Br(l)--cC46) 
C(41)--c(46) 

2.55q2) 
2.253(4) 
2.274(3) 
2.418(3) 
2.403(3) 
2.03(i) 
1.80(l) 
1.83(l) 
1.81(2) 
1.43(2) 
1.82(l) 
1.83(l) 
1.83(l) 
1.90(l) 
1.37(2) 

Br( ljIr( I)-P( 1) 
Br(ljIr(l)--P(2) 
Br(ljIr(l)--Cl(l) 
Br(1 jIr(ljCi(2) 

B~ljIr~l~(l6) 
PUjIrW--P(2) 
P(ljIr(l~l(l) 
PUjIrW---W2) 
PUjIr(ljW6) 
P(2)--Ir( l)---Cl( 1) 

Pf2jIr( 1 )--cKQ 
WV--WO--W6~ 
Cl(ljIr(l)--Cl(2) 
Cl(ljIr(l~(l6) 
Cl(2 )---Ir(ljC(16) 

IrtljW---C(l1) 
I~l~~(l~(21) 
Ir~ljIW---C(3l~ 
w2jIw-C(4~~ 
Ir(2jP(l~(51) 
Ir(2h--IW---C(6~) 
Ir-C(16)--C(ll) 

Molecule A Compound 6 Molecule B 

168.71(8) 
86.2(l) 
85.1(l) 
83.10(9) 

101.8(4) 
100.8(l) 
103*3(l) 
89.4( 1) 
69.2(4) 
92.0( 1) 

169.1(l) 
93.4(3) 
89.3(l) 

171.5(4) 
86.6(3) 
86.3(5) 

119.9(S) 
123.6(S) 
106.0(4) 
112.3(4) 
122.0(4) 
106.6(S) 

Ir(l)-Br(ll) 2.549(2) 
Ir(l)--P(ll) 2.262(4} 
Ir(1 jP(l2) 2.283(4) 
Ir(l)--Br(12) 2.568(2) 
Ir(l~Br(1) 2.542(2) 

IrW-C(261 2.06(l) 

PC1 1)--c(21) 1.79(2) 

Pfllwwl) 1.81(l) 

P(ll)--c(31) 1.79(l) 

C(2 1 FCC261 1 M(2) 

Pww(41~ 1.86(l) 

Pww(511 1.84(l) 

PWQ-C~61~ 1.80(2) 
Br( 1 i)-C(46) 1.88(l) 

C(41>--c(46) 1.41(2) 
Br(ll)-Ir(ljP(11) 168.9(l) 
Br(ll)---Ir(1 jP(12) 86.4(l) 
Br(ll jIr(l jBr(12) 86.63(6) 
Br(1 I)-Ir(ljBr(l) 82.21(6) 
Br(11 jIr( ljC(26) 102.9(4) 
P(l l)-(I)-P(12) 99.5(l) 
P(ll)-Ir(ljBr(12) 102.3( 1) 
P(l l)-Ir(1 j-Br(1) 91.1(l) 

PC1 l>-IW--C(26) 67.6(4) 
P(12)-Ir(fjBr(12) 93.5(l) 
P(fZ)--IrfljBr( 1) 167.7(l) 
P(12)-Ir(ljC(26) 92.3(4) 
Br(lZ)-Ir(ljBr(1) 90.40(6) 
Br(12)-Ir(l)--C(26) 169.2(4) 
Br(l)-Ir(l)---C(26) 85.9(4) 

Iw-PU 1&4x21) 87.5(6} 
Ir(l)-P(lljC(I1) 118.5(5) 
Ir(l)--P(1 ljC(31) 123.0(5) 
Ir(l)-P(12jC(41) 107.4(5) 
Ir(l)-P(12)--C(51) 123.7(5) 
Ir(l)-P(12)--C(61) 112.6(5) 

ItiQ-C(26jWl~ 107(l) 

W9--W) 
Ir(2jP(22) 
Ir(2jP(21) 
Ir(2jBr(22) 
Ir(2jBr(21) 
Ir(2)--C( 106) 
P(22j-q 111) 

Pw%--w21~ 
P(22jqlOl) 
C(lOljC(106) 

P(2lk--C(91) 
P(2lwx7l1 
P(2ljC(81) 
Br(2jC(96) 

C(91k--C(96) 
Br(2jIr(2jP(22) 
Br(2 jIr(2 jP(21) 
Br(2 jIr(2jBr(22) 
Br(2jIr(2 jBr(21) 
Br(2 jIr(2jC( 106) 
P(22jIr(2 jP(21) 
P(22 jIr(2jBr(22) 
P(22 jIr(2 jBr(21) 
P(22~Ir(2~(1~) 
P(2 ljIr(2 jBr(22) 
P(21 jIr(2jBr(21) 
P(2ljIr(2~(1~) 
Br(22 jIr(2jBr(21) 
Br(22jIr(2)--C( 106) 
Br~2ljIr(2~(1~) 
Ir(2jP(22)---C(lOl) 
Ir(2jP(22jC(121) 
Ir(2jP(22 j-C( 111) 
Ir(2 jP(21jC(91) 
Ir(2 jP(21j-C(81) 
Ir(2 jP(21jC(71) 
Ir~2~(106~(101) 

2.561(2} 
2.2Slf4) 
2.274(4) 
2.550(2) 
2.517{2) 
2.05(2) 
1.79(2) 
1.82(2) 
1.79(2) 
1.41(2) 
1.86(l) 
1.85(l) 
1.81(2) 
1.89(2) 
1.41(2) 

169.7( 1) 
85.9(l) 
86.16(6) 
82.93(6) 

103.0(5) 
lOOS(2) 
101.5(l) 
90*1(l) 
68.7(5) 
92.6(l) 

168-3(l) 
94.2(4) 
90.22(6) 

169.0(4) 
84.9(4) 
86.7(S) 

119.4(6) 
12X.1(5) 
107.7(S) 
123.5(S) 
112.5(S) 
106(l) 

89 
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were obtained from the three-dimensional Pat- 
terson map. The remaining atoms were located by 
using successive least-squares refinement and 
difference Fourier maps. The refinement converged 
at residuals of R = 0.040, R, = 0.052 for 5 and 
R = 0.043, R, = 0.053 for 6.* 

Preparation ofRhClBr(PC)(PCBr) (1) 

(a) From RhCl,. 3H20. RhC&* 3H20 (52.7 mg, 
0.2 mmol) and PCBr (330 mg, 0.8 mmol) were 
refluxed in 10 cm3 of ethanol. After 1 h the solution 
became lighter yellow and a yellow precipitate was 
obtained. It was then filtered off, washed with 
ethanol and air dried. Yield : 70-80%. 

(b) From [RhCl(C,H,&],. A weighted amount 
(100 mg, 0.14 mmol) of [RhCl(C,H,& was added 
to a solution of 230.4 mg (0.56 mmol) of PCBr in 
15 cm3 of ethanol. The solution became red and 
then orange and a yellow product precipitated. This 
product was filtered off, washed with ethanol/ether 
and air dried. Yield : 70%. 

(c) From RhCl(COD)PCBr. A solution of 100 
mg (0.15 mmol) of RhCI(COD)(PCBr) and 62.5 mg 
(0.15 mmol) of PCBr were refluxed in 10 cm3 of 
xylene. The reaction was followed by TLC and after 
30 min no free phosphine was observed. The solvent 
was then evaporated to dryness and the product 
recrystallized from dichloromethane/ethanol. 
Yield: 80%. Molecular weight measurement by 
osmometry in benzene: Found: 980 (average 
of three determinations). Calc. for RhCIBr(PC) 
(PCBr) : 964. Found : C, 45.1; H, 2.2%. Calc. 
for C36H2,,FsP2C1Br2Rh: C, 44.8; H, 2.1%. 

Preparation ofRhBr,(PC)(PCBr) 

RhC& - 3H,O (52.7 mg, 0.2 mmol) and NaBr (206 
mg, 2.0 mmol) were refluxed in 20 cm3 of ethanol 
for 1 h. Then PCBr (330 mg, 0.8 mmol) was added 
and the mixture was refluxed again for 1 h. The 
resulting yellow precipitate was separated and 
washed with a 1 : 1 mixture of water : ethanol and 
later with ethanol. The compound was crystallized 
from dichloromethane/hexane. Found : C, 43.0; H, 
2.0%. Calc. for Cj6H2,,FsP2Br,Rh : C, 42.9 ; H, 
2.0%. 

* Supplementary material available : Fractional coor- 
dinates have been deposited with the Director, Cam- 
bridge Crystallographic Centre. Complete listings of 
bond distances and angles are available from the Editor. 

Preparation of IrXY(PC)(PCBr). (XY = C12, 5 ; 
Brz, 6 ; ClBr, 7a, 7b) 

(a) From [IrC1(C8H14)2]2. A weighted amount (90 
mg, 0.1 mmol) of [IrCl(C$H,.,)& was dissolved in 
10 cm3 of dichloromethane on an ice-bath and 166 
mg (0.4 mmol) of PCBr were added with stirring. 
The initially orange solution turned red rapidly. 
After 15 min the solution was slowly warmed to 
room temperature, and the stirring continued for 6 
h, the colour becoming yellow. The solution was 
concentrated to ca. 2 ml and transferred to a chro- 
matography column (30 x 2 cm) packed with silica- 
gel in hexane. Elution with dichloromethane/ 
hexane 1: 1 separated two yellow bands, which 
contained compounds 6 (fraction 1) and 7a and b 
(fraction 2). Further elution with dichloromethane 
yielded a new yellow band, which contained com- 
pound 5. All the fractions were evaporated to dry- 
ness and recrystallized from dichloromethane/ 
hexane. Yields : 6,18 ; 7a and b, 40 ; 5,25%. Found : 
C, 40.1 ; H, 2.1%. Calc. for Cj6H2,,FsP2Br,IrH(6) : 
C, 39.4; H, 1.8%. Found: C, 41.5; H, 1.9. Calc. 
for C3,H2,FsP2C1Br,Ir (7): C, 41.0; H, 1.9%. 
Found: C, 43.2; H, 2.0%. Calc. for 
C36H2,FsP2Cl,BrIr (5) : C, 42.8 ; H, 2.0%. When the 
reaction was carried out in the presence of a large 
excess of NEt4X (X = Cl, Br) the compounds 5 and 
6 were isolated in high yield (70-75%), respectively. 

(b) From IrCl(COD)PCBr. A weighted amount 
of IrCl(COD)(PCBr) (150 mg, 0.2 mmol) and 83 mg 
(0.2 mmol) of PCBr were refluxed in 12 cm3 of 
xylene for 10 h. During this time, the solution, 
initially orange, changed to yellow. The com- 
pleteness of reaction was followed by TLC and 3’P 
NMR. The solvent was then evaporated to dryness, 
the resulting oil dissolved in dichloromethane and 
chromatographed on a column (30 x 2 cm) packed 
with silica-gel in hexane. The chromatographic sep- 
aration was as described for method (a). Yields : 5, 
20; 6, 15; 7, 35%. 

(c) From IrCl(CO)(PCBr),. A solution of 
IrCl(CO)(PCBr), (112 mg, 0.1 mmol) in 8 cm3 of 
xylene was boiled under reflux until IR and TLC 
showed no traces of starting material in solution. 
After 13 h the solution was cooled and evaporated 
to dryness. The isomers were separated as above. 
Yield: 5, 18; 6, 16; 7, 30%. 

Preparation of IrBr,(PC)(PCBr), (6) 

A solution of IrBr(COD)(PCBr) (80 mg, 0.1 
mmol) and PCBr (41 mg, 0.1 mmol) in 8 cm3 of 
xylene was refluxed for 6 h, until the TLC and 3’P 
NMR showed no starting material in solution. The 
solvent was evaporated under vacuum, and the 
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crude product was recrystallized from dichloro- 
methanelhexane. Yield 85%. Found : C, 39.8 ; H, 
1.9%. Calc. for &H2,,FsPZBr31r: C, 39.4; H, 1.8%. 

Preparation ofRhCl(CO)(PCBr),, (8) 

[RhCl(C,H,,)& (143 mg, 0.2 mmol) and PCBr 
(165 mg, 0.4 mmol) were dissolved in 12 cm3 of 
dichloromethane at - 10°C. CO was bubbled 
through the solution until TLC showed no free 
phosphine in the reaction medium. The pale yellow 
solution was concentrated to cu. 2 ml and 
transferred to a column (25 x 1.5 cm) packed with 
silica-gel in hexane. Elution with dichloromethane/ 
hexane 1: 1 yielded a pale yellow band, which 
was collected and evaporated to dryness. Recrys- 
tallization from dichloromethane/hexane gave the 
pure product. Yield: 65%. Found: C, 44.7; 
H, 2.0%. Calc. for C37H2,,0FsP,C1Br2 : C, 45.0 ; H, 
2.1%. IR v(C0) = 1970 cm-’ (in CHC13). 

Br7 
P 

Preparation ofIrCl(CO)(PCBr),, (9) 

This compound was made using an equivalent 
procedure to that for the rhodium analogue. 
Yield : 60%. Found : C, 40.9 ; H, 2.0. Calc. for 
C3,HZ00FsP,C1Br,. C, 41.1; H, 1.8%. IR v(C0) = 
1965 cm-’ (in CHC13). 

RESULTS AND DISCUSSION 

An overview of the various chemical inter- 
conversions for the Rh and Ir phosphine com- 
pounds is given in Scheme 1. Most structures were 
derived by a combination of chemical methods and 
NMR spectroscopy. Additionally, compounds 5 
and 6 were subjected to an X-ray structure analysis 
and thus served as structural anchors. 

We have shown before that the 3’P spectroscopic 
parameters are of direct diagnostic value with 
respect to the various modes of ligation of the PCBr 

Br-\ 
P 

~~z[RhCl(CgH,& L 
4 I 

(VI)_ OC-yRh-Cl 

3 

I/ 

‘LBr 

III) 1 

(VIII 

RhCl, ~ ~RhCGJ-WCBr 

(Cl)Br 

P-Rh-Br 

la, lb 

Br 

J 
Br7 

P 

kz[IrCl(C,H,,&], 0 [-if-CL 0 CC--I!- Cl= IrClK,H,,FCBr 

Br d / 

Br? 
D 

(II ‘IP 
IrC$ - 

cfl I 

(CllBr 

AC 
p-i;-Br + P-.i;-Br + !%I;--Br 

b-/ bJ P-/ iJ-/ 
6 6 W7b 

Scheme 1. Reactivity pattern for Rh and Ir compounds; (I) +4 PCBr, refluxing in EtOH; (II) 
CH$l,, R.T. ; (III) refluxing in toluene; (IV) +PCBr, refluxing in toluene ; (V) +PCBr, CH,Cl,, 
R.T. ; (VI) + CO, CH&l,, R.T. ; (VII) + PCBr, +CO, CH+&, R.T. ; (VIII) refluxing in xylene ; (IX) 

+ PCBr, refluxing in xylene ; (X) electrochemical reduction (2e -). 
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Scheme 2. “P chemical shifts vs coordination mode of the phosphine PCBr. 

ligand in dirhodium systems.6 This is equally true 
for mononuclear complexes.’ The expected chemi- 
cal shift ranges for various rhodium compounds 
are given in Scheme 2.17 Although there are fewer 
examples of Ir(PCBr) complexes, the respective 
chemical shifts are systematically observed at lower 
frequencies (2CL40 ppm). 

Starting with the rhodium system we find that 
upon reaction of RhCls * 3H20 and PCBr in a 1: 4 
molar ratio in refluxing ethanol a yellow precipitate 
is obtained in high yield. It is soluble in most sol- 
vents but insoluble in hexane or ethyl ether. The 
elemental analysis is consistent with a composition 
“RhCl(PCBr),“, 1. Molecular weight measure- 
ments, by osmometry in benzene, confirm the 
mononuclear formulation. 

The 3’P NMR spectrum shows two blocks of 
signals centred at 45-50 ppm and at about -27 
ppm. The low field region shows two well resolved 
doublets : dp, 51.9 ppm ( ‘&,_ra 122 Hz) and &b 
47.0 ppm (‘Jru_rb 123 Hz). THe high field region 
can be #interpreted as the result of two partially 
overlapping doublets P,’ and Pi centred at about 
- 24 ppm. 

The relative intensities of these signals assigned to 
P, and Pb and consequently to P,’ and Pi were 
observed to vary with the experimental conditions 
so as to indicate that compound 1 is in fact a 
mixture of two isomers a and b. The observed 
chemical shifts together with the analysis and 
molecular weight are consistent with the for- 
mulation RhClBr($-PC)(q2-PCBr). The signals at 

*There is indication that 2 is a minor component 
(< 5%) of the reaction mixture containing la, b, as peaks 
approximately corresponding to those of 2 are detected 
in high quality 3’P spectra. 

higher field are thereby assigned to P atoms of the 
four-membered metallocycle.5**8 The signals at 
lower field are in the chemical shift range which is 
typical for the chelating (P-Br) bonding mode.6,7 
All signals exhibit additional splitting due to intra- 
molecular JF_p long range coupling and possibly 
also due to 2Jpp.. The magnitudes of these couplings 
are small ( < 20 Hz) in all cases, indicating that the 
phosphorus atoms in all the isomers are mutually 
in cis-configurations. 

The above formulation of 1 is further cor- 
roborated by a comparison with the structurally 
characterized Ir analogues 5 and 6 (see below). Fur- 
thermore, two crystalline derivatives of 1 were 
isolated after prolonged exposure to air. They 
were structurally characterized by X-ray crys- 
tallography” and turned out to be isomers of 
RhClBr[$-oP(C6F,)(C6H&l($-PcBr) formed by 
air oxidation of the metallocycle. Concomitantly 
the 3’P spectrum lacks the high field signal charac- 
teristic for the metallocycle and shows a singlet at 
70.2 ppm instead, without a resolved Rh-O-P 
splitting. 

If the reaction of RhC13 - 3H20 and PCBr is per- 
formed in the presence of a 10 molar excess of 
NaBr, only one major product which analyses as 
RhBr2(q2-PC)(q’-PCBr), 2, is obtained. It shows sig- 
nals at 6P 51.6 ppm, ‘JR~_~ 121 Hz, and 6P’ 24.7 
ppm (‘JRh_-p 107 Hz).‘~ Small amounts of la and 
lb are also observed in solution. 

A comparison of products la, b and 2* with the 
starting material RhC13 suggests a complex reaction 
mechanism involving a redox process. Whether or 
not this redox reaction precedes the ortho-metal- 
lation step was proved by the following experiment : 
[RhCl(C,H,,),], was reacted with PCBr in a 1 : 4 
molar ratio at room temperature to give a yellow 
product with analytical and spectroscopic results 
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Table 3. “P NMR data 
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Compound x(PCBr) J(Rh-P) c(PC) J(Rh-P) 

RhCl(COD)(PCBr) 
IrCl(COD)(PCBr) 
RhCl(CO)(PCBr) 
IrCl(CO)(PCBr), 
RhCl(PCBr), 

RhBr,(PC)(PCBr) 
IrBr,(PC)(PCBr) 
IrCl,(PC)(PCBr) 
RhClBr(PC)(PCBr) 

IrClBr(PC)[PCBr) 

31.6 
23.8 
36.4 
28.4 
52.3 
81.7 
15.5 
44.6 
51.6 
14.6 
10.2 
51.9 
47.4 

9.7 
15.2 

148 

135 

213 
182 

121 -24 107 
-68.6 
- 66.8 

122 -25” 90” 
123 - 24” 90” 

-67.8 
-67.8 

z in ppm. J in Hz. 
’ estimated values. 

&?2~k+T to 2, a%& tit’h a &EX?2t r&k? 01 tk?e two 
kumers 8 a!& h. If the reaction is carried out at 
0°C an intermediate red compound is obtained. In 
agreement wkb fhe ekmc$d an&& sod the 31P 
NMR spectrum (CDCI,, - 40°C) we formulate this 
new compound as ~hCl(~‘-~8r)~tt’-PCBr) 3. The 
bidentate phosphine shows a resonance at 6P 8 1.76 
ppm (I&&82 Hz), and the monodentate one at 
6P 53.02 ppm (1JRh_-p 213 Hz). The 2Jp_p coupling 

Compouxid 3 in dichloromethane undergoes 
inlramukcu\ar o&o-m&aUation yiel&ng 1. X this 
reaction is monitored by ‘iP NMR, new signals 
(#P - 4 1.1 ppm ; ‘Jsp 525 Hz) corresponding to a 
new intermediate orrho-metallated compound with 
the two P atoms in a mutually tram disposition 
can be observed. If 3 is exposed to 1 atm of CO 

ryC(56) 
h45) 

, 

)-~,F(43) 

Fig. 1. ORTEP representation (thermal ellipsoid 50% probability) and lalxlling scheme of compound 5. 



94 J. C. BESTEIRO et al. 

at - 10°C a carbonyl containing product 8 is 
obtained which analyses as RhCI(CO)(PCBr),. It 
shows only one signal in the 3’P spectrum (36.4 
ppm; ‘JRh_-p 135 Hz) and is therefore proposed to 
be a square planar RhCl(CO)($-PCBr)2 complex 
with a tram arrangement of the phosphines. This 
compound does not undergo ortho-metallation at 
room temperature and reacts only sluggishly in 
refluxing toluene to yield 1. 

Focusing our attention now on the Ir system 

we find an analogous reaction pattern for the Ir(1) 
starting material IrCl(#-PCBr)($-PCBr), 4. Com- 
pound 4 shows 31P resonances at 44.6 ppm (che- 
lating phosphine, P-Br) and 15.5 ppm (mono- 
dentate, PCBr). The coupling constant Jpp 25 Hz 
is indicative of a c&configuration. Compound 4 
undergoes rapid ortho-metallation at room tem- 
perature in CH,C$ solution. The reaction is com- 
pleted within 3&40 min analogously to the Rh 
system. CO substitution yields a carbonyl con- 

(B) 

Fig. 2. (A and B). ORTEP representations (thermal ellipsoid 50% probability) and labelling scheme 
for the two independent molecules of compound 6. 
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taining product IrCl(CO)(PCBr),, 9, which is de- 
activated with respect to the orrho-metallation 
reaction. The single 3’P resonance at 28.4 ppm is 
consistent with the proposed truns arrangement. 

The intramolecular ortho-metallation reaction 
of compound 4 yields three products 5, 6 and 
7 of general stoichiometry IrXX(PC)(PCBr) which 
differ in their halogen content. The following analy- 
ses were found : compound 5 : XY = Cl2 ; com- 
pound 6 : XY = Br2 ; compound 7 : XY = ClBr 
(isomeric mixture). For compound 7 which is the 
mixed Cl, Br species two isomers are detected by 
3’P NMR. All the “P NMR data are given in Table 
3. 

The crystal structures of 5 and 6 have been deter- 
mined. The compounds are isostructural though 
not crystallographically isomorphous because 6 
crystallizes with two independent molecules per 
asymmetric unit and a molecule of solvent. Per- 
spective views of the molecular complexes are 
shown in Figs 1 and 2 for 5 and 6, respectively. 
Important bond lengths and angles are given in 
Table 3. 

The coordination geometries of the iridium 
centres are based on the octahedron with distor- 
tions imposed by the geometrical constraints of the 
bidentate ligands. One of the phosphines is bonded 
through the phosphorus atom and the ortho-carbon 
atom of the perfluorinated phenyl ring such as to 
form a four-membered metallocycle. Consequently 
the Ir-P-C bond angles are compressed with 
respect to the octahedral geometry, viz. 69.2(4) and 
68.1(8) for 5 and 6, respectively. The second phos- 
phine exhibits an #-mode of coordination through 
the phosphorus and the o-Br atoms, resulting in a 
five-membered metallocyle with P-Ir-Br bond 
angles of 86.2(l) and 86.1(3) for 5 and 6, respec- 
tively. The average Ir-X distances are 2.41[1] - 
and 2.54[2] A for Cl and Br. In light of the octa- 
hedral coordination and diamagnetic NMR behav- 
iour a tzg6 electron configuration is postulated. 

That the q*-PCBr coordination mode is a pre- 
condition for the ortho-metallation step can be 
shown in an experiment other than the CO 
substitution reaction. Reaction of [IrC1(COD)]2 
(COD = cis- 1,5-cyclooctadiene) with 1 equivalent 
of PCBr leads to the known mononuclear complex 
IrCl(COD)PCBr.” Because of the bidentate nature 
of the COD ligand the phosphine acts as a 
monodendate ligand. Orrho-metallation occurs 
in this compound only under vigorous conditions 
such as 10 h reflux in xylene to afford a mixture 
of 5, 6 and 7. The homologous Rh compound 
RhCl(COD)(PCBr) also gives la, b after 3 h reflux 
in toluene. 

Finally when IrCl, - 3H,O is reacted with PCBr 

(1: 4) in refluxing ethanol a complex of Ir(II1) of 
composition IrC13(q2-PCBr)(q’-PCBr) is obtained 
in near-quantitative yield.8 This compound can be 
chemically or electrochemically reduced to yield a 
very reactive Ir(1) species assumed to be 4.’ 

In conclusion we propose that the ortho-metal- 
lation reactions of mononuclear Rh and Ir com- 
pounds with PCBr occur from the univalent oxi- 
dation state of the metals. *While this can be 
achieved, starting from the M(III) halides, by in situ 

reduction of the Rh(II1) by the excess of phosphine, 
the Ir(II1) has to be reduced chemically or elec- 
trochemically. The resulting square planar com- 
plexes MCl(q*-PCBr)($-PCBr) undergo ortho- 
metallation at room temperature provided that one 
of the phosphines assumes the $-PCBr mode of 
ligation. If the o-halogen ligation is competitively 
substituted by a superior ligand such as CO or 
olefin, no o&o-metallated products are formed 
under normal reaction conditions. Finally, the Ir 
compounds are subject to halogen exchange while 
such reactions are only of marginal importance in 
the case of the Rh system. 
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Abstract--Complexes of nitric oxide, some aromatic hydrocarbons and the halides BF3, 
BC13, A1C13, FeCl,, Sic&, GeF,, SnCl, and Tic& have been identified and characterized by 
spectroscopic measurements. 

Ternary charge transfer complexes of NO+MX;, 
X = Cl or F, with single ring aromatic hydro- 
carbons are well established, although oxidation of 
condensed aromatic ring compounds by NO+ or 
MX; occurs readily for polycyclic aromatic hydro- 
carbons.‘-3 It seemed worthwhile to investigate 
whether similar interactions would occur with NO 
itself, a suitable Lewis acid and an aromatic hydro- 
carbon and, if such interactions occur, whether the 
products would be more stable to oxidation. There 
is interaction between BF3 and NO to give a molec- 
ular aggregate which cannot be isolated, but which 
has been studied by molecular beam electric deflec- 
tion.4 The reaction of AlC13 and FeCl, with NO has 
been known for a long time.5 The IR spectrum of 
the NO * SnC14 complex has been published.6 There 
are no reports of interaction between NO and BC13, 
SiC14, GeF, and TiC14. There has been a thorough 
investigation of the reactions of phosphorus, 
arsenic and antimony pentafluorides with N0.7 

Within these systems a second binary grouping 
whose interaction has been reported is that of NO 
with an aromatic hydrocarbon. The singlet-triplet 
bands of benzene are perturbed by nitric oxide, 
presumably because it is paramagnetic.8 Anthra- 
cene is oxidized to anthraquinone by nitric oxide.9 
There are also interactions between another pair 
of reactants in the systems to be described. No 
significant interaction has been reported between 
BF, or BCl, and benzene. The system BF3 in liquid 
SO, produces and stabilizes positive radical ions 

* Issued as NRCC No. 28254. 
TAuthor to whom correspondence should be addressed. 

from polycyclic aromatic hydrocarbons.” In non- 
polar solvents such as 1,Zdichloroethane both a 
covalent complex and the monopositive radical ion 
may be found with aromatic hydrocarbons and 
BF3.“’ There is no evidence for the interaction of 
pure A1C13 and aromatic hydrocarbons.” Chlori- 
nation is the principal reaction between FeC& and 
aromatic hydrocarbons.‘3 Weak charge-transfer 
complexes were reported between GeCl,, SnCl, or 
TiC14 and aromatic hydrocarbons.14 For the case 
of TiC14 and hexamethylbenzene in Ccl4 a yellow 
precipitate was obtained rather than the charge- 
transfer complex. I5 

Since sulphur dioxide is used as the solvent in 
some of our studies its behaviour in simpler systems 
is also described. There is no apparent reaction 
between NO and SO2 at pressures up to 50 atm but 
at 500 atm there is some reaction to yield SO3 and 
nitrogen.16 Aromatic species interact with sulphur 
dioxide to give 1 : 1 complexes which are largely 
dissociated.17 

EXPERIMENTAL 

Magnetic resonance spectra were obtained on a 
Bruker AM-400 spectrometer operating at 400 
MHz for protons. All chemical shifts, except for 
19F , were measured with respect to neopentane as 
internal reference since it is inert in the solutions 
studied. A correction of 0.92 ppm was applied for 
protons and 3 1.4 ppm for 13C, to refer these chemi- 
cal shifts to tetramethylsilane. The 27A1 chemical 
shifts are reported relative to Al(H,O)i+ using the 
3 value of 26,056,780 for this species.18 Fluorine 
chemical shifts are reported with respect to internal 

97 



98 S. BROWNSTEIN and B. IRISH 

CFCl, as zero. UV spectra were obtained on a Cary 
210 Spectrometer in CH,C12 as solvent, with con- 
centrations expressed as moles per kg of solvent. 
Equilibrium constants have also been calculated 
using the same unit. 

Chemicals. Boron, phosphorus arsenic and anti- 
mony trichlorides and trifluorides, ferric, lan- 
thanum and vanadium trichlorides, germanium 
tetrafluoride, silicon, tin and titanium tetra- 
chlorides, hexamethylbenzene, naphthalene, and 
9,10-dimethylanthracene were used without further 
purification. Mesitylene, sulphur dioxide, neopen- 
tane, methylene chloride and aluminium chloride 
were purified and used as previously described.’ 
Antimony, niobium and tantalum pentafluorides 
and pentachlorides were vacuum sublimed before 
use. Nitric oxide was purified by removal of NO2 
with silica ge1.19 

Sample preparation was always done in the 
absence of air using vacuum line and dry box tech- 
niques.2 

RESULTS AND DISCUSSION 

The ternary complex NO - BF3 - hexamethyl- 
benzene has absorption bands at 2710 and 3360 A. 
The one at 2710 A is the same as for hexamethyl- 
benzene itself, but is much more intense. If we 
assume that the extinction coefficients are the 
same for both of the absorption bands of the charge- 
transfer complex it is possible to calculate the 
concentrations, equilibrium constant and extinction 
coefficient for the charge-transfer complex. 
The optical density for the band at 2710 A 
should increase since some of this absorption arises 

from hexamethylbenzene, whose concentration is 
decreasing. From the measured extinction 
coefficient for hexamethylbenzene itself, 370, and 
the change in relative intensities of the bands at 
27 10 and 3360 A the calculations of Table 1 give an 
equilibrium constant of 2.9 &- 0.3 assuming all the 
BF, and NO are in solution. In fact the solubility 
of these gases at room temperature is such that their 
concentrations in the liquid and vapour phases are 
about the same. Applying this factor to the known 
optical cell volume gives an equilibrium constant of 
850. The extinction coefficient of 6,800, which is not 
changed by this correction, since only the con- 
centrations of volatile species are altered, is in good 
agreement with those observed for the cor- 
responding NO+ complexes.’ 

Results are also presented in Table 1 for mesity- 
lene as the aromatic hydrocarbon. Significant 
overlap of the long wavelength absorption band of 
mesitylene at 2670 A and that of its charge-transfer 
complex at 3440 A prevent a simple calculation as 
with hexamethylbenzene. The concentrations and 
equilibrium constants for the mesitylene case, also 
listed in Table 1, were calculated with the assumption 
that the extinction coefficient for its charge-transfer 
band is the same as that determined for the hexa- 
methylbenzene complex. Formation of the ternary 
charge-transfer complex of naphthalene, BF3 and 
NO is very slight with a weak broad absorption 
between 3200 and 3600 A. This is consistent with the 
fact that the equilibrium constant for charge-transfer 
complex formation between tetracyanoethylene and 
naphthalene is much less than that for hexa- 
methylbenzene. With anthracene, BFj and NO 
there is a reaction which destroys the anthracene, 

Table 1. UV spectral results and equilibrium constants for complex formation in BF,-N&aromatic solutions 

Initial concentration Optical density Final concentration K 

Hexamethylbenzene BFj NO 2710 A 3360 A Hexamethylbenzene BF, NO Complex 

0.0929 0 0 1.72 0.15 0.0929 0 0 0 

0.0929 0.0844 0.104 2.39 0.87 0.0902 0.0817 0.101 0.0027 3.6 

0.0929 0.0844 0.186 2.66 1.16 0.0891 0.0806 0.182 0.0038 2.9 

0.0929 0.0844 0.287 2.85 1.37 0.0880 0.0795 0.282 0.0049 2.5 

0.0929 0.0844 0.393 2.94 1.50 0.0859 0.0774 0.386 0.0070 2.7 

Mesitylene BF, NO 267OA 344OA Mesitylene BF, NO Complex 

0.141 0 0 2.37 0.08 0.141 0 0 0 

0.141 0.140 0.155 2.56 0.45 0.140 0.139 0.154 0.0013 0.4 

0.141 0.140 0.301 3.39 1.95 0.135 0.134 0.295 0.0057 1.1 

0.141 0.140 0.457 3.68 2.33 0.134 0.133 0.450 0.0069 0.9 

0.058 0.073 0.134 2.07 1.34 0.054 0.130 2.03 0.0039 0.3 

0.058 0.117 0.134 2.30 1.41 0.054 0.130 2.26 0.0041 0.3 
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presumably producing anthraquinone. 9 9,10-Di- 
methylanthracene @MA), BF3 and NO immediately 
yield a blue solution with a broad absorption band 
centred at 6780 A. This absorption quickly fades and 
is replaced by bands at 5200,490O and 4450 A. A 
broad signal was found for the reference material in 
the proton resonance spectrum but no other signals 
could be observed. These results are consistent with 
the initial formation of the DMA radical cation,” 
which was conhrmed by its electron spin resonance 
spectrum when using GeF, as the Lewis acid. DMA 
is rapidly oxidized by NO in the absence of BF3, 
and also by NOBF4. Presumably the fading of the 
initially formed long wavelength band arises from 
reaction of unaffected DMA and NO since for- 
mation of the radical cation does not go to 
completion. Spectral results are listed in Table 2. 

The proton, carbon-13 and fluorine resonance 
shifts observed for solutions containing differing 
quantities of BF3, NO and hexamethylbenzene in 
CH& and SO* as solvents are listed in Table 3. 
From changes in chemical shift with change in con- 
centration, it is clear that there is at least partial 
formation of the ternary charge complex. The chemi- 
cal shift of the fluorines is displaced to higher field 
and the proton and carbon-13 signals to lower field 
upon complex formation. It is interesting to note 
that SO2 in the absence of BF3 also forms a ternary 
charge-transfer complex with NO and hexa- 
methylbenzene. This formation was observed visu- 
ally but could not be quantified by UV spectroscopy 
because of the strong absorption by SO* itself, nor 
by NMR since complex formation is slight. 

Although complex formation appears to increase 
regularly with NO concentration this does not 
necessarily imply a reversible equilibrium. There 
could perhaps be a reaction which yields a small 
amount of NOBF4 whose complex with hexa- 
methylbenzene has similar absorption maxima. 
However it was found that removal of the NO and 
BF, by brief pumping under vacuum caused the 
disappearance of the charge-transfer absorption 
band, and removal of all readily volatile species 

under vacuum resulted in negligible weight gain. 
Therefore the assumption of a readily reversible 
complex formation is probably correct. 

Boron trichloride, nitric oxide and aromatic 
molecules form charge-transfer complexes similar 
to those observed with boron trilluoride. The absorp- 
tion spectra of the hexamethylbenzene, naphthalene 
and DMA complexes are similar in both cases 
but the complexes with BCl, and the polycyclic 
hydrocarbons appear more stable to oxidation 
by the nitric oxide. It was noted that the very 
weak charge-transfer band at 3600 A for the sys- 
tem BC13. NO * naphthalene became more intense 
at 5” than at 25” indicating greater complex for- 
mation at lower temperature. The chemical shifts 
for the system containing NO * BC13 - hexamethyl- 
benzene, listed in Table 3, are at lower field than 
for the analogous BF3 system also suggesting a 
greater degree of complex formation. Spectral 
results are listed in Table 2. 

The reaction of AlC13 and NO in SO2 as solvent 
produces a compound which is not NOAlC& since 
d2’A1 for the NO - AlC& product is 102.7 ppm com- 
pared with 105.7 ppm for NOAlCh and 95.6 ppm 
for tetramethylammonium AlC14.‘” Aluminium tri- 
chloride, NO and hexamethylbenzene react almost 
completely to form the ternary charge complex 
since the chemical shifts, listed in Table 3, are 
almost the same as with the nitrosyl salts.2 The 
extinction coefficient, measured assuming complete 
formation, is the same as that calculated for the BF3 
congener and is listed in Table 2. 

From the weight gain, after exposure to NO 
followed by pumping under vacuum, it appears 
that FeCl, forms a complex with one equivalent of 
NO. Ternary complexes of NO, FeCl, and hexa- 
methylbenzene were prepared and characterized 
by the spectroscopic values listed in Table 2. It 
was found that the broad ESR signal from FeCl, 
dissolved in SO2 became considerably more intense 
upon additions of NO but underwent no further 
change upon addition of hexamethylbenzene. 

No complex formation was found between Sic& 

Table 2. Absorption peaks for some ternary charge-transfer complexes 

System Absorption A 

BF3 - NO * mesitylene 
BFS * NO - hexamethylbenzene 
BCl, - NO - hexamethylbenzene 
AlCl, - NO - hexamethylbenzene 
FeCl, * NO - hexamethylbenzene 
TiCl, - NO - mesitylene 

2660 3400 
2710 3360 (6,800) 
2720 3360 

3340 (6,900) 
3 190 (29,000) 3610 (31,000) 
3110 

a Extinction coefficients are listed in brackets. 
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and aromatic hydrocarbons.‘4 In the system SiC14, 
NO and hexamethylbenzene there was no evidence 
of complex formation at room temperature but as 
the temperature was lowered the characteristic 
colour of the charge-transfer complex appeared. 
Chemical shifts, listed in Table 3, show that there 
is some complex formation in this system at - 75°C. 

hexamethylbenzene. SnC14, NO and hexamethyl- 
benzene react partially at room temperature 
to form the charge-transfer complex as evidenced 
by the chemical shifts listed in Table 3. With 
9,10-dimethylanthracene and SnCl, the radical 
cation is produced. 

There is nearly complete complex formation at 
room temperature between GeF,, NO and hexa- 
methylbenzene as evidenced by the magnetic res- 
onance shifts listed in Table 3. Complex formation 
is not quite complete since upon removal of all 
volatiles under vacuum, hexamethylbenzene is re- 
covered unchanged. There is reversible formation 
of the 9,10-dimethylanthracene radical cation by 
reaction of the parent hydrocarbon with GeF4 
in SO2 or CHZC12 solution. Upon addition of NO 
the ESR signal of the radical disappears due to 
oxidation of the free 9, lo-dimethylanthracene. 

There is no evidence for charge-transfer complex 
formation in the system NO-TiCl,-benzene. With 
mesitylene and hexamethylbenzene as the aromatic 
species there was extensive charge-transfer complex 
formation according to the magnetic resonance and 
UV spectral results listed in Table 2 and 3. It was 
noted that addition of an equivalent amount of 
TiC14 to CH,Q solutions of both hydrocarbons 
gave a yellow solid which redissolved upon addition 
of excess TiC14 to about 20% by weight of solvent. 
These results explain the differing previous 
reports. 14si5 

Tin tetrafluoride is insoluble in SO2 and CHzCIP 
and is not brought into solution by NO and 

There is no evidence for reaction in the ternary 
systems nitric oxide, hexamethylbenzene and either 
PF,, PC&, AsF,, AsCl,, SbF3, VC13 or LaCl,. In the 

Table 3. Chemical shifts of some solutions containing ternary charge-transfer complexes and their precursors 

System Solvent 6’9F 6’H 6°C 

BF, so* 
BF,+NO so* 

- 123.4 (-40)” 
- 125.6 
- 123.6 (-40) 
- 125.8 

Hexamethylbenzene (HMB) +NO (1: 1) 
HMB+NO (1:2) 
HMB+NO (1 : 4.5) 
HMB + BF3 
HMB+BF’+NO (1: 1: 1) 
HMB+BF3+N0 (1: 1:2) 

HMB+BF’+NO (1: 1:3) 

BF, 

so, 
CH,C& 

- 124.2 (-40) 
- 130.7 
- 140.2 

- 138.4 
- 122.3 (-40) 
- 124.6 

2.14 (-30) 
2.16 (-30) 
2.20 (-30) 
2.13 (-30) 
2.24 
2.20 (- 30) 
2.34 
2.32 (- 30) 

HMB+NO (1: 1) 
HMB+NO (1:2) 
HMB+NO (1: 3) 
HMB+BFS+NO (1: 1: 1) 
HMB+S02+N0 (1: 1: 1) 

CH,C12 
CHQ 
CHzCll 
CH,C12 
CH#& 

- 130.7 

HMB+BCl,+NO (1:4: 3) 
HMB + AK& + NO 
HMB + SiCI, + NO 
GeF, 

CH&l, 
CH& 

SO, 
SO* 
SOZ 
SO* 
SO* 
CH,C12 

2.19 16.6, 131.8 

2.20 16.7, 131.5 
2.20 16.6, 131.4 
2.24 16.7, 133.7 
2.20 (- 30) 16.9, 132.5 (-30) 
2.19 16.7, 132.1 
2.32 (0) 17.1, 140.5 (0) 
2.44 (-60) 18.3, 147.4 (-60) 
2.22 (- 80) 16.7, 136.5 (-75) 

GeF, + NO 
HMB+GeF,+NO 
HMB + SnCl, + NO 
Mesitylene + TiCl, + NO 

- 168.1 
- 167.1 
- 152.5 2.51 

2.30 
2.34, 6.96 

HMB + TiCl, + NO CH,C& 2.41 

16.40, 133.5 (-30) 
16.4, 133.1 (-30) 
16.5, 132.7 (-30) 
16.4, 134.1 (-30) 
16.7, 133.7 
16.6, 136.7 (- 30) 

16.8, 142.4 

17.3, 149.7 
16.7, 139.5 
20.5, 127.7 

139.0 
17.0, 142.7 

“Temperatures other than room temperature are specified in brackets.. 
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systems NbF5, TaF, and PF5 with NO and hexa- 
methylbenzene, the colour of the solutions and 
the shift to low field of the proton and carbon 
resonances of the arene indicate that charge-trans- 
fer complex formation has occurred. However, in 
these cases the characteristic fluorine resonance 
spectra of the hexafluoroanions are observed. This 
is interpreted to indicate formation of NO’MF; 
(M = P, Nb, or Ta), followed by reaction to give the 
previously reported complexes.3v7 Although charge- 
transfer complex formation has also been observed 
with SbC&, SbF5, SbCl,, NbCl, and TaCl,, it was 
not possible to determine in these systems whether 
the complexing agent was NOMXs or NO+MX; . 

The data provided in this study show that revers- 
ible charge transfer complex formation is common 
in the systems NO, arene MX, where X is F or Cl 
and n = 3 or 4, without intermediate formation of 
a nitrosonium salt. It is significant that the behav- 
iour of the potential electron acceptor, NO in the 
present case, is modified by the presence of a Lewis 
acid with which it does not normally interact to a 
significant extent, when an arene is also present. 
Further electron acceptors will be studied to estab- 
lish the generality of this reaction. Unfortunately, 
it was not possible to isolate pure materials for 
analytical or structural studies since partial or com- 
plete dissociation into the components appears to 
occur upon removal of the solvent. 
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Abstract-The complexes MoL*(NO)(OR)(OCOR’) (L* = HB(3,5-MezC3HN2)3; 
R = Me, Et, Pf, Pr’; R’ = Me, Ph : R = CH2CH20H, OH ; R’ = Ph : R = Ph, C,H,OMe- 
p; R’ = Me, Ph: R = CsH,Me-p; R’ = Me), MoL*(NO)(SPh)(OCOR’) (R = Me or Ph) 
and MoL*(NO)(NHR)(OCOR’) (R = Me, Et, Ph ; R’ = Me, Ph) were prepared by reaction 
of MoL*(NO)I(OR), MoL*(NO)I(SPh) and MoL*(NO)I(NHR) with AgOCOMe or 
AgOCQPh. The IR spectra of these complexes indicated that the carboxylate groups are 
monodentate and this was confirmed by a single crystal X-ray structural determination of 
MoL*(NO)(NHPh)(OCOMe). 

Earlier we reported’ the preparation of bis-alkox- 
ides MoL*(NO)(OR)(OR’) (L* = tris(3,5-dime- 
thylpyrazolyl)borate, HB(Me2C3HN2)3; R = 
R’ = Me, Et, Pri, Bu’; R = Et, R’ = Pr’; R = Pr’, 
R’ = Bu3 and alkoxy-amides MoL*(NO)(OR) 
(NHR’) (R = Me, R’ = H, Me, Et; R = Et, 
R’ = H, Me, Et, Pr”, CH,Ph, C6HI ,, etc.) by 
treatment of MoL*(NO)I(OR) with AgOCOMe 
in the presence of R’OH or R’NH2. We supposed 
that an intermediate in this reaction could be the 
acetate MoL*(NO)(OR)(OCOMe), but our 
attempts then to isolate this species were unsuc- 
cessful. 

In this paper we report a more thorough exam- 
ination of the reaction between MoL*(NO)I(OR) 
and silver acetate and benzoate, and report on the 
isolation of carboxylato species. We also describe 
the characterization of the related complexes MoL* 
(NO)(SPh)(OCOR) (R = Me or Ph) and MoL* 
(NO)(NHR)(OCOR’) (R = alkyl or aryl; R’ = 
Me or Ph) and the full X-ray structural determin- 
ation of MoL*(NO)(NHPh)(OCOMe). 

t Authors to whom correspondence should be addressed. 

EXPERIMENTAL 

All reactions were carried out under dry nitrogen 
and dichloromethane was purified to remove cara- 
bonyl-containing and alcoholic impurities. The 
molybdenum precursors [MoL*(NO)I(OR)] 
(R = Me, Et, Pf, Pr’, CH2CH20H,0C&,Me-p, 
0C6H40Me-p),‘-3 jMoL*(NO)I(SPh)14 and jMoL* 
(NO)I(NHR)] (R = Me, Et, Ph)2p5 were prepared 
as described in the literature. All yields are quoted 
relative to the molybdenum precursor and elemen- 
tal analyses were determined by the Microanalytical 
Laboratory of this Department. 

IR spectra were obtained as KBr discs using a 
PE 237 spectrophotometer and mass spectra using 
a Kratos MS80 instrument under normal El con- 
ditions. ‘H NMR spectra were obtained at 100 and 
270 MHz using Varian XL 100 and Jeol GX 270 
spectrometers. 

[Mo{HB(3,5-Me,C,HN,),)(NO)(OR)v, R = 
Me, Et, Pr’, Pr ; Y = OCOMe ; and R = Me, Et 
and Y = OCOPh. A solution of freshly prepared 
[Mo(HB(3,5-Me1C3HN2)3)(NO)(OR)I]1 (0.5 g) 
and a suspension of AgOCOMe or AgOCOPh 
(0.75-l g) in dichloromethane (70 cm3) was refluxed 
together with stirring for 2-3 h after which time it 
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had become a deep purple colour. The reaction 
mixture was cooled and on addition of pentane 
(10 cm’) complete precipitation of silver salts and 
products of decomposition occurred. The pre- 
cipitate was filtered off, and the filtrate was evap- 
orated in vucuo. The residue was dissolved in dichlo- 
romethane and filtered, the blue solution being 
partially evaporated in vacua and then treated with 
an equal volume of petroleum ether (b.p. 60-80°C) 
or hexane. The volume of the mixture was reduced 
until rapid precipitation of the purple product 
began. The purple powder was filtered off, washed 
with pentane, dried at cu. 120°C for 2 h and then in 
vacua for 3 h. 

Yields of pure products were higher than 70% 
when AgOCOMe was used and more than 50% for 
reactions with AgOCOPh. 

[Mo(HB(3,5-Me,C,HN,),}(NO)(OH)(OCOPh)]. 
A mixture of [Mo{HB(3,5-MeZC3HN2)3}(NO)12]’ 
(0.5 g) and AgOCOPh (0.75 g) in dichloro- 
methane (50 cm’) was refluxed with stirring for 
1 h. After cooling, filtration and evaporation in 
vacua, a brown solid was formed which was then 
dissolved in thf to which n-pentane was added. 
After 2 h the colour of the solution had changed 
to purple and on partial evaporation, the complex 
was obtained as a purple powder insoluble in and 
washed with diethylether (0.31 g, 76%). 

[Mo(HB(3,5-Me,C,HN,),)(NO)(OR)(OCOPh)]; 
R = OPr”, OPr’. These complexes were prepared as 
described above, but the products were isolated 
from diethyl ether/petroleum ether/pentane mix- 
tures. Yields of the pure purple products were 
more than 50%. 

[Mo(HB(3,5-Me2C3HN2)3}(NO)(OCH2CH20H) 
(OCOPh)] . 

Method 1. [Mo(HB(3,5-Me2C3HNJ3}(NO)IJ (0.5 
g) was dissolved in dry dichloromethane (100 cm’) 
and an excess of ethylene glycol and silver benzoate 
(0.75 g) were added. The mixture was refluxed with 
stirring for 1 h after which time it had changed to 
a deep blue colour. The precipitate of AgI and of 
the excess of AgOCOPh were filtered off and the 
solvent evaporated in vacua. The residue was dis- 
solved in diethyl ether, filtered and hexane was 
added. The solution was evaporated slowly until 
precipitation commenced. The blue product was 
collected by filtration. Purification was effected by 
crystallization from diethyl ether-hexane (0.25 g, 
55%). 

Method 2. The complex was prepared in the same 

way as [Mo(HB(3,5-Me,C3HN,)3}(NO)(OPr”) 
(OCOPh)], using [Mo{HB(3,5-Me2C3HN2)3}(NO) 
(OCH2CH,0H)I]2 as a starting material (> 50%). 

[Mo(HB(3,5-Me,C&INJ3}(NO)(OR’)(OCOMe)], 
R’ = Ph, OCJ&OMe-p, O&I&Me-p. [Mo{HB(3, 
5-MezC3HN,),}(NO)(OR’)Ij3 (0.3 g), freshly pre- 
pared and purified chromatographically on silica 
gel using dichloromethane (90%khexane (10%) as 
eluant, was dissolved in dichloromethane (100 cm 3), 
containing AgOCOMe (0.4 g). The mixture was 
refluxed with stirring for 4 h and a brown solution 
was formed. This was filtered and petroleum-ether 
was added. The solution was evaporated slowly 
until precipitation began and the mixture was 
cooled to cu. - 10°C. The brown solid which 
formed was filtered off and dried in VUCUO. 

The compounds where R’ = OPh or OCsH4 
OMe-p could be recrystallized from CHCl,-hex- 
ane and the compound with R’ = OCsH,Me-p 
from methylcyclohexane-pentane. (Yields : R’ = 
OPh; 0.14 g, 56%; R’ = O&H,OMe-p, 0.21 g, 
78% ; R’ = OC,H,Me-p; 0.22 g, 85%). 

lMo{HB(3,5-Me,C3HNJ3}(NO)(OCgH40Me-p) 
(OCOPh)]. This compound was prepared as 
described above but the reaction was finished after 2 
h. The complex crystallized from dichloromethane- 
petroleum ether as a dark brown solid (2.57 g, 
86%). 

[Mo{HB(3,5-MeZC3HNJ3}(NO)(SPh)Yj; Y = 
OCOMe, OCPh. [Mo{HB(3,5-Mepyz),}(NO)I 
(SPh)]* (0.2 g), freshly prepared and purified chro- 
matographically on silica gel using dichloro- 
methane as eluant, was dissolved in dichloro- 
methane (70 cm3), mixed with AgOCOMe (0.35 g) 
or AgOCOPh (0.35 g) and refluxed with stir- 
ring for 1 h after which time the solution had 
changed from vermilion to brown. The mixture was 
filtered and hexane was added. After partial evap- 
oration in vucuo and cooling to ca. 10°C the com- 
plexes were obtained as brown microcrystalline 
solids (Y = OCOMe ; 0.07 g, 40% ; Y = OCOPh ; 
0.14 g, 74%). 

[Mo{HB(3,5-Me,C,HNJ,}(NO)(NHR)Yj, R = 
Me, Et and Y = OCOMe, OCOPh. A solution of 
freshly prepared, very dry [Mo(HB(3,5-Me2 
C,HN,),)(NO)I(NHR)]’ (0.5 g) and a suspension 
of AgOCOMe or AgOCOPh (0.75 g) in dichloro- 
methane (100 cm3) was stirred for 3-4 h, during 
which time the solution became yellow. After 
cooling, filtration, addition of petroleum ether or 
hexane and partial evaporation, a yellow powder 
precipitated. This was collected by filtration and the 
product could be recrystallized from dichlo- 
romethanehexane giving a yellow microcrystalline 
solid (ca. 50%). 

[Mo{HB(3,5 - Me2C3HNJ3}(NO)(NHPh)(OC0 
Me)]. This complex was prepared as described 
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above being obtained as an orange-brown powder. 
The product was recrystallized from CH2ClT 
hexane or CHC13-hexane giving black crystals 
(0.32 g, 74%). 

[Mo{HB(3,5-Me&HNJ,}(O)(NHPh)(OCOPh)]. 
The complex was prepared in the same way as 
[Mo{HB(Me1C3HN2),}(NO)I(HNR)] giving a 
maroon solution when the reaction was complete. 
The products were obtained as fine maroon 
crystals (0.38 g, 80%). 

Crystallographic determination of [Mo{HB(3,5- 
Me&HNJ,) (NO)(NHPh)(OCOMe)] - 2CHC13. 
Crystals were obtained from chloroform/n-hexane 
mixtures as black blocks. Unit cell and space group 
were originally investigated photographically and 
intensity data and accurate cell dimensions sub- 
sequently measured with a diffractometer. 

Crystal data. C23H,,BNs03Mo*2CHC1,, M = 
813.0 (excluding solvent, 574.3). Monoclinic, a = 
17.188(4), b = 10.573(3), c = 19.908(18) A, b = 
101.60(4)“, U = 3544 A3, Z = 4, DC = 1.52 g cmP3, 
F(OOO) = 1648, space group P2,/n (non-standard 
setting of P2,/c No. 14, C&J MO-K, radiation 
(A = 0.7107 A, p = 7.8 cm- I). 

Intensity data. After the preliminary photographic 
investigations the crystal was mounted on an Enraf- 
Nonius CAD-4 diffractometer at the Crys- 
tallography Unit, Universities of Aston and Birm- 
ingham. Accurate cell dimensions and intensity 
data were obtained by the standard methods 
described previously.6 Within the range 2” 
< 28 c 50”, 3765 independent reflections having 
Z > 2.5a(Z) were observed. Two standard reflec- 
tions, measured every hour, showed no variation 
with time. Data were corrected for Lorentz and 
polarization factors but not for absorption. 

Structure determination. The structure was solved 
by conventional Patterson-Fourier techniques. 
Scattering factors used were those for neutral 
atoms.’ The chlorine atoms of the solvent molecules 
were obvious from the first Fourier map. Refine- 
ment by full-matrix least squares methods was per- 
formed initially with all atoms vibrating isotrop- 
ically. After the initial refinement was complete 
(R = 0.098), anisotropic thermal parameters were 
introduced for all non-hydrogen atoms and hydro- 
gen atoms in calculated positions included in the 
structure factor calculations, without refinement, 
and with two common, isotropic thermal par- 
ameters for the methyl and non-methyl hydrogen 
atoms. The B-H and N-H distances were fixed 
at 1.11 f0.02 A. 

In the final stages, weights derived from counting 

statistics were employed, with w = 1.5/o’(F) 
+0.001(F)‘. This gave a satisfactory analysis of 
the variation of wA2 with increasing sin811 and 
with increasing fractions of IF& Final parameter 
shifts were < 0.1~ and the final values of R and 
R’ { = [I? w(lFOl - IF,I)2/X wlFOl ‘1 1/2 were 0.045 and 
0.049. The calculations were carried out using the 
Honeywell Multics system at Birmingham 
University Computer Centre and a CDC 7600 
computer at the University of Manchester 
Regional Computer Centre, with the program’ 
SHELX-76. Final positional parameters, dis- 
placement factor coefficients, full lists of bond 
lengths and angles, and FJF, values have been de- 
posited as supplementary data with the Editor, 
from whom copies are available on request. Atomic 
coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

Synthetic studies 

The mixed alkoxy carboxylates MoL*(NO) 
(OR)(OCOR’) (R = Me, Et, Pf, Pr’; R’ = Me ; 
R = Me, Et, PI”, Pr’, CH2CH20H ; R’ = Ph) 
were prepared by refluxing a mixture of MoL* 
(NO)I(OR) with AgOCOR’ in dichloromethane. 
The hydroxide MoL*(NO)(OH)(OCOPh) was 
obtained adventitiously by reaction of MoL* 
(NO)12 with AgOCOPh in an attempt to prepare 
the bis-benzoate MoL*(NO)(OCOPh)2. It is pos- 
sible that MoL*(NO)(OCOPh)2 is formed trans- 
iently but is hydrolyzed by traces of moisture. In 
an earlier paper on bis-alkoxides’ we noted that 
reactions of MoL*(NO)12 with an excess of 
AgOCOMe and water gave the bis-hydroxide 
MOLDY, although this is a difficult re- 
action to repeat. These alkoxycarboxylates were 
purple in solution and as solids, although 
MoL*(NO)(OCH&H,OH)(OCOMe) was blue. 

The yellow aryloxy derivatives MoL*(NO) 
(OAr)(OCOR) (Ar = Ph, C,H,Me-p, C6H,OMe- 
p,; R = Me, Ph) were prepared in the same way 
as their alkoxy analogues while MoL*(NO)(SPh) 
(OCOR) (R = Me or Ph) was obtained from MoL* 
(NO)I(SPh) and were isolated as brown solids. 

The amido complexes MoL*(NO)(NHR) 
(OCOR’) (R = Me, Et ; R’ = Me, Ph) were formed 
by stirring MoL*(NO)I(NHR) with AgOCOR’ in 
dichloromethane, and were isolated as yellow 
(R = Me, Ph), orange-brown (R = Ph, R’ = Me) 
or maroon (R = R’ = Ph) solids. 

All complexes were obtained as air-stable crys- 
talline or microcrystalline solids whose analytical 
data are listed in Table 1. 
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Table 1. Analytical (%) data obtained from [Mo{HB(Me,pyz),}(NO)XYI 

X 
Calc. Found 

Y C H N C H N 

(1) OH 
(2) OMe 
(3) OEt 

:;‘,’ FF 
(6) 0;: 
(7) OEt 
(8) OPr’ 
(9) OPr” 

(10) OCH#.?/H,OH 
(11) OPh 
(12) OCsH,OMe-p 
(13) OC,H,Me-p 
(14) OC,H,OMe-p 

(15) SPh 

(16) SPh 
(17) NHMe 
(18) NHEt 
(19) NHMe 
(20) NHEt 
(21) NHPh 
(22) NHPh 

OCOPh 47.1 5.0 17.5 46.8 
OCOMe 42.1 5.5 19.1 42.3 
OCOMe 43.3 5.7 18.6 43.5 
OCOMe 44.4 5.9 18.1 44.5 
OCOMe 44.4 5.9 18.1 44.4 
OCOPh 48.0 5.2 17.0 47.8 
OCOPh 48.9 5.4 16.4 48.8 
OCOPh 49.8 5.6 16.2 48.9 
OCOPh 49.8 5.6 16.2 49.6 
OCOPh 45.6 5.3 16.2 46.0 
OCOMe 48.0 5.2 17.0 47.7 
OCOMe 47.6 5.3 16.2 47.7 
OCOMe 48.9 5.5 16.6 48.6 
OCOPh 52.2 5.1 14.7 52.1 

OCOMe 46.7 5.1 16.6 
46.5 
46.4 

OCOPh 51.5 4.9 15.0 51.5 
OCOMe 42.2 5.7 21.9 42.0 
OCOMe 43.3 5.7 21.3 43.6 
OCOPh 48.1 5.4 19.5 48.4 
OCOPh 49.0 5.6 19.0 48.9 
OCOMe 48.1 5.4 19.5 48.3 
OCOPh 52.8 5.2 17.6 52.6 

5.0 17.2 
5.5 19.4 
5.7 18.8 
5.9 17.8 
6.2 18.1 
5.5 17.0 
5.7 16.5 
5.4 16.3 
5.4 16.1 
4.8 16.7 
5.3 17.2 
5.1 15.9 
5.7 16.3 
4.8 14.5 
5.4 16.3 
5.3 16.4 
4.8 15.3 
5.9 21.7 
6.0 21.0 
5.7 19.8 
5.7 19.0 
5.7 19.5 
5.3 17.9 

Spectroscopic studies 

The IR spectra (KBr discs, Table 2) of the new 
complexes exhibited absorptions typical of tris-(3,5- 
dimethylpyrazolyl)borates and a strong band due 
to the NO group. The position of v(N0) was depen- 
dent on the donor atom set X and Y in MoL* 
(NO)XY. Thus, for the species where X = OR 
(R = alkyl or aryl) and Y = OCOR’ v(N0) 
occurred in the range 1675-1690 cm- ‘, when 
X = SPh and Y = OCOR’, v(N0) = 1690-1692 
cm-’ and when X = NHR (R = alkyl or Ph), 
Y = OCOR’ (R’ = Me or Ph) v(N0) was in the 
range 16561668 cm-‘, although MoL*(NO) 
(NHPh)(OCOMe) had v(N0) = 1680 cm- ‘. 

In the IR spectrum of MoL*(NO)(OH) 
(OCOPh), v(OH) was detected at 3350 cm-’ and 
those complexes containing NHR exhibited 
v(NH) in the range 3200-3290 cm-‘. The ab- 
sorptions associated with the carboxylato group 
in the range 1626-1670 cm- ’ suggest6 that the 
ligand is monodentate and so not chelating. The IR 
spectra in the range 1000-l 200 cm- ’ were complex 
due to ligand bands associated with HB(Me* 
C3HN& and OR, OAr, SPh, NHR or NHAr, and 
so it was not possible to confirm the nature of the 
OCOR ligand. 

The ‘H NMR spectra (Table 3) of the complexes 
are unexceptional, but serve to confirm our for- 
mulation of these complexes. In general, for com- 
plexes containing 0CH2R or NHCHZR, the chemi- 
cal shifts of the protons on the a-C atom resonate 
at low fields. This effect has been noted many times 
in this class of compound,’ and is due to the strongly 
electron-withdrawing effect of the “electron-poor” 
MoL*(NO) unit. In those species containing NHR, 
&NH) was detected in the range 12.Oc12.36 ppm. 

The mass spectra of the new compounds (EI 
mode, Table 4) in general failed to exhibit a molec- 
ular ion, the highest observed m/e peaks being either 
due to [MoL*(OR)(OCOR’)]+ or [MoL*(NO) 
(OCOR’)] +. 

Structure of [Mo~HB(Me,CHN2)~}(NO) 
(NHPh)(OCOMe)] *2CHC13. The monodenticity 
of the acetate group has been confirmed by the 
structure determination. The asymmetric unit 
consists of the complex and two solvent molecules 
(Fig. 1). Selected bond lengths and bond angles are 
given in Table 4. 

The coordination geometry of the molybdenum 
atom is essentially octahedral with the tripodal 
pyrazolylborate ligand producing some distortion. 
The geometries of this ligand and of the phen- 
ylamide are unremarkable. The MO(~)-N(41)-- 
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Complex IR data 

X Y v@rn~ cm- ’ t@,) m- ’ +@,._&Q cm- ’ yoHb m- ’ VW) m- ’ 

Mu OH OcOPh 
W OH UCOPh 
MO OMe OCOMe 
Mo OBt OCOMe 
Mo OPr’ OCOMe 
MO OPr OCOMe 
W OMe OCOMe 
W OEt OCOMe 
W OPri OCOMe 
Me OMe OCOPh 
MO OEt OCOPh 
MO OPti OCOPh 
MO OPr OCOPh 
MO O~H*~H~OH OCOPh 
W OMe OCUPh 
W OCHMe, OCQPh 
Mo OPh OGOMe 
MO OC~H~O~~p UCOMe 
Ma OC$H,Mep OCOMe 
MO ~C~H~OM~p OCOPh 
MO SPh OCOMe 
MO SPh OCOPh 
MO NHMe OCOMe 
MO NHEt OCOMe 
MO NHMe OcOPh 
MO NHEt OCOPh 
Mo NHPh OCUMe 
MO NHPh OCOPh 
MO OCOMe OCOMe 
MO OCOPh OcOPh 

1688 1640 1300,1315 3350 
1670 1628 1300,1318 3370 
1688 i658 1250 
1688 1658 1260 
1688 1658 1250 
1688 1658 1260 
1688 1630 1250 
1688 1630 1250 
1688 1632 1250 
1675 1642 1286, 1308 
1678 1642 1282,1308 
1630 1660 1282,130s 
1680 I650 1280,1308 
1680 1646 1280,1308 
1670 1620 1282,1318 
1680 1640 1280,1308 
1698 1670 1246 
1688 1660 1248 
1688 1670 1250 
1675 1650 1248,1282 
1632 1660 1250 
1690 1650 1252, 1276 
1656 1632 1300 3250 
1656 1626 1296 3200 
1656 1635 1300,1325 3255 
1668 1640 13oO,1315 3265 
1680 1650 1262 3245 
1665 1640 1290, 1310 3290 

Spectra measured as KBr discs on PE 297 spectrometer. 

C(41) angle of 138.3” and the MO(~)----N(41) phenylamide ligand in a closely related complex.’ 
distance of 1.951 A for this latter ligand are very The molybdenum-nitrosyl system is linear, 
similar to the corresponding angle of 137.5” and with bond lengths very similar to those found 
No-N distance of 1.945 A for the p-methoxy- previously in bis-alkoxo-complexes. ’ 

M 

Table 3. ‘II NMR spectral data for [M~HB(M~~p~)~~~O)~ 

Complex ‘H NMR data 

X Y Ffppm A6 Assignment 

MO OH OCOPh 

C,H(C&),N, 

5.71 
5.89 

7.34 

1 
2 

3 I 
8.00 2 ocoe6Hs (0-H) 
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Table 3-c~n~~ue~. 

‘H NMR data 

M X Y 6”/ppm Ab Assignment 

W OH OCOPh 

MO OMe UCOMt! 

MO OEt OCOMe 

Mo OPr’ OCOMe 

MO OPr OCOMe 

2.19 
2.31 
2.37 
2.39 
2.54 
5.76 
5.85 
5.88 
7.31 
7.96 

2.14 
2.18 
2.34 
2.40 
2.43 
2.51 
5.80 
5.73 
5.90 

1.54 
2.17 
2.20 
2.35 
2.40 
2.44 
2.51 
5.74 
5.30 
6.14 

1.38 
1.61 
2.11 
2.22 
2.37 
2.38 
2.42 
2.50 
5.73 
5.85 
5.88 
6.55 

1.02 
ca. 
1.91 
2.15 
2.18 
2.34 
2.39 
2.42 
2.51 

. C,H&,N, 

f S) 
2 (s) i 

C,NBMe, 

3 (t) OCHa 3, f = 6.8 Hz 

:I; 
(s) GH(GH&Nz 

F; 
3 (s) OCOCH, 

2 h) AB pair, OCH,Me, 
JAB = 11 Hz, 
A = 5.87, B = 6.42 
(JHH = 6.8 Hz) 

OCH(m &, JXH = 6 Hz 

C,H(GE,),N, 

1 (m) OCHMe,, .J,, = 6 Hz 

3 (t) 0CH2CH&&, JWH = 7.6 Hz 

2 (m) 0CHa2CH3 
3 
3 

3 CJ-VCHJzNz 
6 
3 
3 (s) OCOCH, 
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Complex ‘H NMR data 

X Y G”/ppm A6 Assignment 

W OMe OCOMe 

W OEt OCOMe 

W OPr’ 

MO OMe OCOPh 

MO OEt OCOPh 

OCOMe 

6.02 

5.72 
5.88 

2.17 
2.19 
2.32 
2.36 
2.62 
2.50 
5.66 
5.76 
5.88 

1.42 
2.12 
2.23 
2.35 
2.61 
2.49 
5.76 
5.88 
6.1 

1.29 
1.55 
2.10 
2.29 
2.39 
2.63 
2.50 
5.79 
5.86 
5.90 
6.38 

2.08 
2.24 
2.40 
2.42 
2.55 
5.72 
5.84 
5.92 
5.89 
7.32 
8.01 

1.55 
2.11 
2.22 
2.40 
2.53 
5.73 
5.80 
5.90 
6.23 

2 (m) AB pair, OCH *CH, 
6, = 5.76,6, = 6.26 

i } 3 [z } GN,HMe, 

C,H(CH,),N, 

3 (t) 

OCOCH 3 
OCH 3 

C ,HMe 2N z 

OCHa,, JHH = 6.8 Hz 

C,H(CB&N2 

2 

3 
3 

ocoCH9 

I 
C3HMe,N2 

(br. m) OCH ,Me 

(d) 
(d) 

OCH(a &, J,, = 6 Hz 

C J-W2 d 8e 

OCOCH 3 

C ,HMe & 2 

OC.BMe,, JHH = 6 Hz 

C,H(CH,),N, 

CSN,HMe2 

OGH3 
3 (m) (w P-H) 2 I 5 

(m) I ococ6H, (0-H) 

3 (t) OCH&JIJ, JHH = 7 Hz 

CsH(CH&N, 

C,NJJMe2 

2 (m) AB pair, JAB = 11 Hz 
6* = 5.94, 6, = 5.62 
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Table 3-continued. 

Compiex ‘H NMR data 

X Y sa/ppm A* Assi~ment 

7.32 
8.00 

MO ow OCOPh 1.39 
1.63 
2.15 
2.22 
2.38 
2.41 
2.53 
5.74 
5.88 
6.63 
7.30 
7.95 

Mo OR OCOPh 1.02 
ea. 
1.93 
2.12 
2.22 
2.41 
2.55 
5.74 
5.81 
5.91 
6.11 

7.30 
7.95 

Mu QCH,CH@H OCOPh 2.402 
2.380 
2.349 
2.183 
2.176 
5.786 
5.619 
5.459 
ca. 
6.16 
ca. 
2.45 - 
2.15 

W OMe OCOPh 2.12 
2.20 
2.29 
2.31 
2.54 
2.65 
5.76 
5.80 
5.85 
5.90 
7.30 
7.96 

tm P-W oc*!2%? (0-H) 

3 (t) OCH&H,C&,, JtfH = 7.8 Hz 

2 (m) 0CH&JJ2CH3 

1J (9 J 
2 AB pair, C.IGE$ $H 2Me 

6 , = 5.86, S, = 6.38 

1 
1 3 
1 i 
2 

ca. 2 

6) 

g; WW&,)2N 

;; 
61 

i: i 
C,N&,SMe, 

AB pair, !S.fZ&CH20H 
BA = 5.80, 8B = 6.52 
OCH ,CH zOH, lying under 
protons 
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Complex ‘H NMR data 

X Y G”/ppm Ab Assignment 

W OPti 

MO OPh OCOMe 

MO OCsH,OMep OCOMe 

MO OC,H,Me-p OCOMe 

MO O&H,OMep OCOPh 

OCOPh 1.29 
1.59 
2.21 
2.30 
2.36 
2.38 
2.40 
2.66 
5.14 
5.79 
5.90 
6.47 
7.30 
7.96 

3 
3 
3 
3 

; 18 

3 
3 i 

2.04 
2.13 
2.19 
2.42 
2.49 
5.74 
5.83 
5.93 
7.25 

1 
1 3 
1 I 
5 

2.04 
2.11 
2.16 
2.40 
2.48 
3.80 
5.72 
5.80 
5.91 
7.14 

3 

; 18 

9 ! 

[:I 
@) 

3 (s) 

g, 

2.06 3 
2.12 3 
2.17 3 
2.42 12 1 
2.50 3 
5.74 1 
5.83 1 3 
5.93 1 I 
7.26 4 

2.06 
2.09 
2.30 
2.43 
3.81 
5.14 
5.83 

1 
2 3 1 

(4 OCH(CH& Jnn = 6 Hz 
(4 __ 

OCHMe,, Jnn = 6 Hz 

C,N&Me, 

64 ___ OGH, 

6) I 

g; 
(4 i 

OCOCH 3 

PCH@C6%O 

C,NaMe, 

p-MeOC,H,O, AzBz pair, 
6, = 6.87, 6, = 7.41, 
JAB = 9 Hz 

C JWH d *N z and 
P-CH,GH,O 

OCOCHS 

C3NN,HMe2 

OC,H,Mep, A2Bz pair, 
6, = 7.421, 6, = 7.093 
JAB = 9 Hz 

p-CH,O&H.,O 

C,N,HMe* 



112 A. WLODARCZYK et al. 

Complex ‘H NMR data 

M X Y 6”/ppm A* Assignment 

MO 

MO 

MO 

MO 

MO 

SPh OCOMe 

SPh OCOPh 

NHMe OCOMe 

NHEt OCOMe 

NHMe OCOPh 

7.26 

7.37 
8.02 

2.07 
2.12 
2.29 
2.38 
2.42 
2.44 
5.76 
5.86 
7.36 
7.91 

2.11 
2.21 
2.24 
2.40 
2.49 
5.78 
5.86 
7.40 
8.04 

2.06 
2.19 
2.32 
2.36 
2.43 
2.45 
4.66 
5.80 

12.14 

1.32 
2.05 
2.21 
2.32 
2.36 
2.44 
2.45 
4.73 
5.48 
5.81 

12.01 

2.09 
2.29 
2.38 
2.40 
2.48 
4.74 
5.78 
5.82 

(m) p-MeOC,H40, A,B, pair, 
s, = 6.94,6, = 7.58, 
JAB = 9 Hz 

(m) 0COC6Hs CD, m-H) 
(m) OCOCsH 5 (O-H) 

6 (m) 
4 (m) 

ococITll3 
NH=,, .THH = 8 Hz 
C,N,HMe,. 
NJ$CH 3 

(3) w NHCH ,eH k JHH = 7 Hz 

OCOCH 3 
AX pair NHm2CH3 
JHH = 7 Hz 
C,N,HMe, 
NBCH,CH 3 

3 cd) NHCH3, JHH = 7,8 Hz 
2 
1 ) 

3 (5) 
(s) I C3N2HMe2 
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Complex ‘H NMR data 

X Y &*/ppm A6 Assignment 

MO NHEt 

MO NHPh 

MO NHPh QCUPh 

7.28 3 
7.93 2 

12.18 1 

OCOPh 1.35 
2.16 
2.27 
2.38 
2.41 
2.47 
4.73 
5.55 
5.75 
5.80 
5.82 
7.25 
7.92 

12.03 

3 

OCOMe I.99 
2.08 
2.22 
2.37 
2.41 
2.54 
5.73 
5.86 
7.22 
7.70 

12.36 

2.05 
2.17 
2.41 
2.48 
2.78 
2.81 
2.88 
7.32 
7.82 
7.97 

1 (br) N&IPh 

31 (s) I 

31 (sj J 

NHC&Z~,OWG,fl, 
2 (m) NHC aLf (O-H) 5 
2 (m) OWC 6fi (O-H) 6 

NHCHa 3, JHH = 7 Hz 

AB pair NHm,CH3 
complex m~tip~ets 

(&N&Me, 

(m P-W OCOCsH .T (O_H) 

NflEt 

C,NBMe2 

Tbe acetate ligand is monodentate, with no poss- (129-133”). In these complexes the average Mo--0 
ible interaction for the terminal oxygen, for which 
the Mo(1)--0(2) distance is 3.284 A compared with 

and O-C distances are 1.902 and 1.417 A, com- 

Mo(l~(3) of 2.044 w for the bonded oxygen 
pared with 2.044 and 1.295 A in the acetate 
complex. This can be rationalized by conside~ng 

atom. The acetate ligand shows the expected length- 
ening of the coordinated C-O bond to 1.295 I%r 

more multiple bond character between the mol- 

compared with the terminal C-O bond of 1.193 I%. 
ybdenum and oxygen atoms in the former, and 
between the carbon and oxygen atoms in the latter 

The MO-O-C angle of 128.8” is similar to the case, with a corresponding balance in the other 
corresponding angles in the bis-alkoxo complexes ’ bond. 
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Table 4. Selected bond distances (A) and angles (“) with estimated standard deviations 
in parentheses 

(a) Coordination sphere and nitrosyl hgand 

Mo(l)--0(3) 2.044(5) Mo( ljN(11) 

Mo(ljN(1) 1.763(6) Mo(ljN(21) 
Mo( ljN(41) 1.951(5) Mo(ljN(31) 

N(lj-O(L) 1.201(8) 

0(3jMo(ljN(l) 96.8(2) N( 1 ljMo(ljN{21) 
0(3~Mo(l~N(41) 101.6(2) N(lljMo(ljN(31) 
N(l~Mo(l~N~41) 96.4(2) N(2ljMo(ljN(31) 
0(3jMo(ljN(2l) 85.6(2) N(1 jMo(ljN(21) 
0(3jMo(ljN(31) 82.4(2) N(41jMo( ljN( 11) 
N(l~Mo(l~N(ll) 94.1(Z) N(4jMo(l~N(31) 

Mo(ljN(L)--O(l) 178.8(5) 

(b) T~s(3,5-dimethylpyrazolyl)~rate ligand 

2.181(5) 
2.205(4) 
2.231(5) 

79.6(2) 
86.6(2) 
83.6(2) 
96.6(2) 
96.4(2) 
83.6(2) 

N(1 ljN(l2) 
N(21jN(22) 
N(3ljN(32) 

min. C-N 
mean C-N 
max. C-C (ring) 
min. C-C (subst.) 
mean C-C (subst.) 
Mo(1 jN(11 jN(12) 
Mo(ljN(31jN(32) 
N(l2~B(l~N(32) 
N(l2jN(lljC(l2) 
N(32jN(31jC(32) 
N(2 ljN(22jC(24) 

~(12)--c(13)--c(14) 
C(32jC(33jC(34) 
max. C (subst.jC-C 

(c) Phenylamide ligand 

1.371(7) 
1.389(7) 
1.379(7) 

1.336(g) 
1.347(8) 
1.398(10) 
1.484(10) 
1.493( 10) 
120.1(4) 
Il9.3(4) 
109.1(5) 
106.3(5) 
106.7(5) 
109.6(5) 
107.3(7) 
106.8(7) 
129.7(7) 

WlWV2) 
Bt O-NW) 
3(IjN(32) 

max. C-N 
min. C-C {ring) 
mean C-C (ring) 
max. C-C (subst.) 

Mo(1 jN(21 jN(22) 
N(12 jB(ljN(22) 
N(22 jB( ljN(32) 
N(22 jN(21jC(22) 
N(ll jN(12jC(l4) 
N(3 1 jN(32jC(34) 

C(22jC?23r--c(24) 
mm. C (subst.jC-C 
mean C (subst.jC--C 

1.543(9) 
1.552(9) 
1.547(10) 

1.355(9) 
1.366(11) 
1.379(10) 
1.502(10) 

119.5(4) 
108.3(5) 
109.4(6) 
106.2(4) 
109.9(5) 
109.8(5) 
106.5(6) 
127.9(7) 
12&S(7) 

N(41)--C(41) 
Max. C-C 

Mo(ljN(41~(41) 

N(4D--U4l)--c(46) 
max. C-C-C 

1.410{7) 
1.388(11) 

138.3(4) 
121.2(5) 
120.6(7) 

min. C-C 
mean C-C 

N(41~(4~~(42) 
min. C-C-C 
mean C-C-C 

1.373(12) 
1.379(11) 

119.6(6) 
119.2(5) 
120.0(7) 

(d) Acetate ligand 

C(lk-“c(2) 1.476( 13) C(2jo(2) 1.193(10) 

c(2H(3) 1.295(8) 

Mo(lt--0(3)--C(2) 128.8(5) 0(3)--c(2F(l) 115.3(7) 

0(3w(2H(2) 123.7(8) C( 1_(2H(2) 120.9(8) 

(e) Chloroform molecubs 

mm. C--Cl 
mean C-Cl 

min. C&-G-Cl 
mean C1-C---Cl 

1.686(8) 
1.723(9) 

109.5(5) 
110.4(5) 

max. C--C1 

max. CiX-Cl 

1.749(9) 

lll*5(5) 
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Fig. 1. Themolec~ar structure of Mo(HB(3,5-Me,C,HN2),}(NG)(NHPh)(OCOMe)*ZCHCl,show~ 
ing the atom numbering. 
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The geometry of the two independent chloroform 
solvent molecules is normal and they have no short 
contacts to the complex. 
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Ah&r&-Reaction of Me3CNI-12 or Me3SiNI-ICMe3 with WOCl, gives a mixture containing 
[W(0)(NCMe3)C12(NH2CMe,)], which on further reaction with 2,2’-bipyridyl (bipy) gives 
w(NCMe&C&(bipy)] and insoluble 0x0 complexes. Reaction of WOCl, withp-MeC,H,N 
(SiMe,), and then bipy gives p(NC6H4Me-p),Clr(bipy)] and [W(0)(NC,H4Me- 

pK%@iw)l~ IWWWW~ reacts with p-MeC,H.,N(SiMe,), and then bipy to give 
[W(NPh)(NC,H,Me-p)Cl,(bipy)]. [W(NCMer)(p-NPh)C12(NH2CMe3)12 and bipy give 
[W(NCMe,)(NPh)Cl,(bipy)] (6). ReOCl, reacts with PhNCO to give [Re(NPh)Cl& which 
in tetrahydrofuran (THF) or MeCN give the adducts [Re(NPh)Cl,(THF)] and [Re(NPh) 
Cl,(MeCN)]. [Re(NPh)Cl,], reacts with Me,NCl to give [Me,Nl[Re(NPh)Cl& with PPh, 
to give [Re(NPh)Cl,(PPh,),] and with Me,SiNHCMe, gives [Re(NPh)Cl,(NH,CMe,)d (12). 
The complexes were characterized by elemental analysis, IR, ‘H and 13C NMR 
spectroscopy. The structures of [W(NCMe,)(NPh)Cl,(bipy)] (6) and [Re(NPh)Cl, 
(NH2CMe&] (12) were determined by single-crystal X-ray diffraction methods. Crystals of 
(6) are orthorhombic, space group p2,2,2,, with a = 8.879(3) A, b = 13.036(3) A, 
c = 18.837(4) 8, ; crystals of (12) are orthorhombic, space group Pbcn with a = 14.140(l) 
A, b = 11.806(l), A, c = 11.936(3) A. Both structures were solved by Patterson and Fourier 
methods and refined to R values of 0.053 for the 2138 observed data for (6) and 0.035 for 
the 1108 observed data for (12). In complex (6) the tungsten atom is in a distorted octahedral 
environment comprising cis-t-butylimido and phenylimido groups, tram chlorides and 
bidentate bipy. The bipy nitrogens lie trans to the imido functions. Observed distances are : 

W-Nphenylitido 1*774@) A, W-Nr-butylimido 1.754(10) A, W-Cl 2.412(3) and 2.390(3) A and 
W-Nbipy 2.312(10) A and 2.333(9) A. Interaction between the t-butylimido methyl groups 
and bipy is relieved by lengthening of one W-Nbipy bond. In complex (12) the rhenium 
atom is in a distorted octahedral environment comprising three chloride ligands, two trans- 
t-butylamine ligands and a phenylimido ligand. Observed distances are : Re-Nphenylimido 
1.709(11) A, R*Nt-tmtylamine 2.187(7) A, and Re-Cl2.404(2) and 2.41 l(5) A. The complex 
attains an 18-electron count without n-bonding from the chloro ligands. 

Recent interest in organoimido transition-metal is exceeded and this is expected to increase the reac- 
chemistry has focussed on those complexes which tivity at the nitrogen atom.2 We have recently shown 
contain a second multiple-bonded ligand.’ Vari- that a variety of tungsten bis-organoimido com- 
ations in the bonding mode of the imido ligand can plexes can be prepared from [w(NR)Cl,], (R = Ph, 
occur in these complexes when an 18-electron count CHMe,, Me) and the silylamines Me,SiNHR 

(R’ = Ph, CMe,, CHMe*, CH2Me)3,4 and that bis- 
t-butylimido complexes result when WC& is reacted 

*Author to whom correspondence should be addressed. with Me3SiNHCMe,,3T5 Routes to complexes con- 
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taining terminal 0x0 and organoimido ligands are 
however not well developed. Apart from the 
osmium series [OS(O),(NR),_J,~ only [MO(O) 
(NH)CI,(OPPhEt,)J’ and [Mo(O)(NPh)(S,CNEt,)J 
have been reported. However, several complexes 
which contain a terminal organoimido ligand and 
a bridging 0x0 ligand are known.%12 We report 
here the preparation of oxo-imido and bis-imido 
complexes of tungsten(V1) and some mono-imido 
rhenium complexes prepared during attempts to 
establish a route to bis-imido complexes 
metal. 

RESULTS AND DISCUSSION 

Tungsten complexes 

df this 

When WOCl, was reacted with t-butylamine in 
benzene a yellow non-crystalline solid was formed 
which analysed as [W(O)(NCMe,)Cl,(NH,CMe,)l * 
&H6 (1) (Table 1). However, the 13C NMR spec- 
trum (Table 2) showed resonances characteristic of 
t-butylamido ligands as well as t-butylimido and 
t-butylamine ligands while the IR spectrum showed 

bands in the 100-700 cm-’ region attributable to 
0x0 bridges.13 Thus the product isolated appeared 
to be a mixture of the polymeric species w(O) 

PJCMWWJW%~lx and lY(OWHCMe~)2 
C121X. When the mixture was reacted with 2,2’- 
bipyridyl (bipy) in benzene, the known bis-t- 
butylimido complex [W(NCMe,),Cl,(bipy)] (2)’ 
was formed, together with a yellow insoluble 0x0 
species which we have been unable as yet to obtain 
in a pure state. 

Addition of two equivalents of Me,SiNHCMe, 
to WOC14 in benzene again led to a yellow non- 
crystalline solid (la) for which analytical figures 
were inconclusive. However, the spectral charac- 
teristics of the complex were similar to (1) and, on 
reaction with bipy an insoluble 0x0 species and 
w(NCMe3)ZCl,(bipy)] (2) were formed. The reac- 
tions thus suggest that oxo-imido exchange occurs 
when bipy is reacted with the polymeric mixture 
formed from WOC14 and the amine or silylamine 
reagents, but as yet we have not been able to deter- 
mine the complete nature of the reaction. IR spectra 
of the crude soluble products in the bipy reaction 
indicated further 0x0 products are formed along 

Table 1. Physical data 

Complex Colour 

IR data’ 
Analytical datab M-Cl 

m.p. (“)” C H N (cm _ ‘) 

[{W(o>(NCMe3)Cl,(NH,CMe3)l * iGH& Wd yellow - 26.6 5.4 6.6 370, 342 
(26.3) (5.0) (6.5) 3 18,290 

WWM&Wbiw)l(2) yellow 245 39.2 4.7 10.2 305 
(39.1) (4.7) (10.1) 

lYW)(NC,H,Me-p)Cl,(bipy)l(3) yellow > 265d 38.1 3.5 7.4 318 
(38.4) (2.8) (7.9) 

[W(NPh)(NC,H,Me-p)Cl,(bipy)l@) dark red 210-213 41.6 3.9 9.4 312, 304 
(41.9) (3.9) (9.8) 

[W(NCMe3)(NPh)Cl,(bipy)l (6) dark red 218-220 45.8’ ‘3.9’ b.5. 322, 303 
(45.5) (3.3) (9.2) 

[Re(NPh)Cl& * 4 C6H, (7) dark brown d 18.7 1.5 3.5 375, 352 
(18.3) (1.3) (3.3) 340, 275 

[Re(NPh)Cl,(THF)] (8) green-brown d 24.2 3.1 3.2 330 
(24.5) (2.7) (2.9) 

[Re(NPh)Cl,(NCMe)] (9) yellow-brown > 165d 21.3 2.3 6.2 335 
(20.9) (1.8) (6.1) 

[Re(NPh)Cl,][NMe,Jl.SMeCN (10) brown > 160d 26.0 3.5 8.2 330,275 
(26.4) (3.7) (8.3) 

PeWPW13PPh3hl (11) green 215-218 56.1 4.3 1.6 300,280 
(55.5) (3.9) (1.5) 

‘d = decomposition point. 
b Calculated figures in parentheses. 
‘Spectra obtained as nujol mulls between caesium iodide plates. 
dBenzene solvate supported by ‘H and 13C NMR spectra. 
e Decomposition point not determined due to colour. 
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with (2) but they have not been obtained in a pure 
state. 

Reaction between WOCl, and one equivalent of 
p-MeCsH4N(SiMe& resulted in a further non-crys- 
talline solid for which the IR spectrum again indi- 
cated the presence of 0x0 bridges. Reaction of this 
material with bipy in benzene led to an insoluble 
0x0 species and an orange solution containing sev- 
eral components. After extensive recrystallization 
of the solubles, yellow microcrystals were obtained 
for which analytical and spectral data indicated the 
oxo-imido complex jW(O)(NC,H,Me-p)C&(bipy)] 
(3). The IR spectrum contained a strong absorption 
at 918 cm-’ characteristic of a terminal 0x0 ligand14 
and a single band at 318 cm-’ indicative of trans 
metal chloro ligands,” but the complex was 
insufficiently soluble in organic solvents to obtain 
an NMR spectrum. A small quantity of the dark red 
complex w(NC,H,Me-p)&(bipy)] (4) was also 
obtained which was characterized by NMR spec- 
troscopy. The ‘H NMR spectrum showed the pres- 
ence of two p-tolylimido ligands and one bipyridyl 
ligand for which the a-proton appeared as a doublet 
shifted downfield from that in the free ligand. In 
the 13C NMR spectrum the tolylimido ipso carbon 
appeared at 154.2 ppm, which is in the region 
characteristic of his-arylimido complexes,4 and 
there was a single set of resonances for the carbons 
of the bipyridyl ligand. 

In a study of the reactions between bis-silylamines 
and mono-organoimido complexes, [W(NPh)C14]2’6 
was reacted with p-MeC,H,N(SiMe,),. The red 
non-crystalline product obtained was then treated 
with bipy to give the dark red bis-organoimido com- 
plex [W(NPh)(NC,H,Me-p)Cl,(bipy)] (5). The ‘H 
NMR spectrum showed the correct ratio of protons 
with the cr-protons of bipy appearing as a single 
doublet. The 13C NMR spectrum contained phenyl 

ring ipso carbon resonances at 156.5 and 154.2 ppm 
which are similar in position to the respective res- 
onances in [W(NPh),Cl,(bipy)]‘7 and [w(NC,H, 
Me-p),Cl,(bipy)] (4), and one set of resonances for 
the bipy ligand. In the far IR, there were W-Cl 
stretches at 312 and 304 cm-’ which suggested that 
for the expected tram chloro structure some small 
differences in the W-Cl bonds might occur related 
to distortion from octahedral symmetry. Com- 
parison of the W-Cl stretches in other bis-organo- 
imido complexes we have prepared indicated that 
the observed splitting was more pronounced when 
two different organoimido ligands were present in 
the complex. 

To study further this aspect, [W(NCMe,)(p- 
NPh)C12(NH2CMe3)]2374 was reacted with bipy and 
pure crystals of [W(NCMe,)(NPh)Cl@py)] (6) were 
obtained. In this case the IR spectrum showed two 
well-separated W-Cl stretches at 322 and 303 
cn-‘. Additionally, the NMR spectrum showed 
significant differences to other bis-organoimido bi- 
pyridyl complexes. Table 3 shows that /JV(NCMe,) 
(NPh)Cl,(bipy)] (6) has two sets of resonances 
for the a-protons and a-carbons of bipy and the 
remainder of the complexes have a single set. In the 
‘H NMR spectra one a-proton resonates further 
downfield than the other more typical cr-proton, 
while in the 13C NMR the resonances are at higher 
and lower field compared to the others. In order to 
rationalize these spectral anomalies the structure of 
(6) was determined by X-ray crystallography. 

Crystalstructure of[W(NCMe,)(NPh)Cl,(bipy)] (6) 

The complex is monomeric. The tungsten atom 
adopts a distorted octahedral geometry comprising 
cis-orientated t-butylimido and phenylimido 
groups, trans chloro ligands and with the nitrogen 

Table 3. Selected NMR data for the bipy ligand in bis-organoimido complexes of tungsten(W) 

Complex 
‘H NMR” 13C NMR” 
cr-CHs u-CH u-c Ref. 

9.5 153.6 150.8 17 
9.4 152.9 150.9 17 
9.8 152.5 150.6 5 
9.5 153.6 151.7 17 
9.4, 9.8 152.5, 154.2 150.6, 151.6 present 

work 
9.4 153.0 150.9 17 
9.4 153.0 150.9 present 

work 
9.4 153.1 151.0 present 

work 

“Values in ppm from internal TMS standard. 
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atoms of the bipyridyl ring coordinated tram to 
the imido functions. The overall geometry of the 
molecule is shown in Fig. 1 and selected bond lengths 
and bond angles are listed in Table 4 where the 
values are compared with those for the structurally 
similar complex [w(NPh),Cl,(bipy)].” 

The W-N(l) and W-N(2) bond lengths of 
1.774(8) and 1.754( 10) A do not differ significantly 
from one another but are longer than predicted for 
a W-N triple bond involving a four-electron donor 
(1.71 A).* The phenylimido W-N bond length 

(1.774(g) A) lies outside the range observed (1.67(3) 
-1.757(12) A) for terminal mono-organoimido 
complexes of tungsten8~‘“*’ but is not significantly 
different from that found in the bis-imido complex 

lWNPhWUbipy)l. 3~‘7 The t-butylimido bond 

length (1.754(10) A) is longer than those observed 
for the terminal t-butylimido ligands in p(NCMe3) 
@-NPh)C12(NH2CMe3)]2 and [W(NCMe,)@-NC, 
H4Me-p)C12(NH2CMe3)12 (1.736(7) and 1.729( 10) 
A, respectively)4 but is slightly shorter than the 
phenylimido W-N bond lengths in [W(NPh), 

Table 4. Comparison of selected bond lengths and angles for [w(NPh),Cl,(bipy)] 
and [W(NCMe,)(NPh)Cl,(bipy)lb 

W-N( 1) 
W-N(2) 
W-N(3) 
W-N(4) 
W-Cl( 1) 
W-X1(2) 

N(l)--C(ll) 
N(2>-C(21) 

W-N(l)--C(ll) 
W-N(2)-C(21) 
N( 1 )-W-N(2) 
N(I)-W-N(3) 
N( 1)-W-N(4) 
N(2)--W-N(3) 
N(2)-W-N(4) 
N(3)-W-N(4) 
Cl( l)-W-Cl(2) 
Cl(l)--W-N(l) 
Cl(l)-W-N(2) 
Cl(l)-W-N(3) 
Cl( 1 )-W-N(4) 
C1(2)-W-N( 1) 
C1(2)-W-N(2) 
C1(2)-W-N(3) 
C1(2FW-N(4) 

Bond lengths (A) 
1.782(9) 
1.775(9) 
2.319(8) 
2.315(9) 
2.390(4) 
2.385(4) 
1.36(2) 
1.37(l) 

Bond angles (“) 
165.3(9) 
166.3(8) 
104.3(4) 
163.3(4) 
94.0(4) 
91.9(4) 

161.7(4) 
69.8(4) 

159.3(l) 
97.1(3) 
96.5(3) 
82.3(3) 
82.1(3) 
94.9(3) 
96.9(4) 
81.3(2) 
80.7(3) 

1.774(8) 
1.754(10) [ -0.0211 
2.333(9) 
2.312(10) 
2.412(3) [ +0.022] 
2.390(3) 
1.39(l) 
1.44(2) 

160.8(8) [ -4.51 
165.1(9) 
104.2(5) 
161.4(4) 
92.9(4) 
93.2(4) 

162.4(4) 
69.3(3) 

158.2(l) 
91.3(4) [-5.81 
95.4(4) 
79.7(2) [-2.61 
79.5(3) [-2.61 

100.8(3) [+ 5.91 
99.1(4) [+2.2] 
83.3(2) [+2.0] 
81.8(8) 

a Data taken from reference 17. 
bValues in square parentheses show significant changes in bond lengths 

or bond angles of [W(NCMe,)(NPh)Cl,(bipy)] compared with those in 
[W(NPh),Cl,(bipy)]. Positive values indicate length inereases,angle opens ; nega- 
tive values indicate length decreases, angle closes. 
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Fig. 1. Molecular geometry and atomic numbering of 

C&(bipy)].” The phenylimido W-N( I)-C( 11) 
bond angle (160.8(8)“) is smaller than the t-butyl- 
imido W-N(2)-C(21) bond angle (165.1(9)“) 
the latter being similar to both W-N-C bond 
angles in m(NPh),Cl,(bipy)]. Thus, as the 
W-N bond lengths and W-N-C bond angles 
in complex (6) are not significantly different, 
the six electrons required from the two imido 
ligands to give the complex an 18-electron count 
are essentially delocalized over the two W-N bonds, 
rather than existing as the separate four- and 
two-electron donor systems R-NEW and 
R-N=W as observed in [Mo(NPh),(S,CNEt),] 
(Mo-N-C bond angles respectively 169.4(4)O and 
139.4(3)“, MO-N bond lengths respectively 
1.754(4) and 1.789(4) A).22 

The W-Cl(l) bond (2.412(3) A) is longer than 
the W-Cl(2) bond (2.390(3) A) the latter being 
similar to those observed in [W(NPh),Cl,(bipy)]. 
For the bipyridyl ligand W-N(3) is 0.02 longer 
than W-N(4), the latter being of similar length to 
those in [W(NPh),Cl,(bipy)]. The extent of dis- 
tortion from regular octahedral geometry in the 
molecule is shown by the wide N(l)--W-N(2) 
bond angle (104.2(5)“) and the non-linearity of the 
Cl( l)-W-Cl(2) bond angles (158.2(l)“), whereby 
the chloro ligands are bent away from the cis-imido 
ligands. 

Comparison shows that the corresponding bond 
angles in [W(NCMe,)(NPh)Cl,(bipy)] (6) and 
w(NPh),Cl,(bipy)] (Table 4) are similar, apart 
from those associated with the nitrogen atom of the 
phenylimido ligand in (6) which is bent towards 
Cl(l), the Cl( l)-W-N( 1) and U(2)-W-N(l) 
bond angles being 91.3(4)’ and 100.8(3)O which 
compares with 97.1(3) and 94.9(3)” for the equi- 
valent angles in the bis-phenylimido complex. 
Although one bipy ligand W-N bond is con- 
siderably longer in complex (6), the bite angle made 
by the bipy nitrogens (69.3(3)“) is no different to 
that found in the bis-phenylimido complex or in 
other bipy complexes.20,2’~23 

In complex (6) the imido nitrogen atoms are bent 
away from each other but the sense of the 
W-N-C bond angles are such that C(21) (t-butyl- 
imido ligand) bends slightly towards the region 
between N(3) and Cl(l) (W-N(2)-C(21) 
165.1(9)“) and C(11) (phenylimido ligand) bends 
slightly towards the region between Cl( 1) and N(2) 
(W-N(l)-C(l1) 160.8(8)“). The phenyl ring is 
twisted from the N(l), N(2), N(3), N(4) plane to 
minimize interaction between ortho and a-hydro- 
gens on the phenyl and bipy rings, respectively, while 
the orientation of the t-butyl methyl groups and the 
sense of the W-N(2)-C(21) angle are such as to 
minimize methyl group and bipy a-hydrogen inter- 
actions. 

The overall features shown by the structural 
determination thus indicate that steric interaction 
between the bipy a-hydrogen and t-butylimido 
methyl groups is relieved by lengthening of one 
W-Nb’py bond. AS to why the W-Cl(2) bond is 
lengthened is not immediately clear. The observed 
features do however explain the two W-Cl stret- 
ches in the IR spectrum and the two sets of res- 
onances for the a-hydrogens in the ‘NMR 
spectrum. The difference in the two W-Nb’py bonds 
is reflected in the 13C NMR spectrum by a set of 
resonances for the carbons of each bipy ligand ring. 

Rhenium complexes 

Rhenium oxytetrachloride reacts with phenyl- 
isocyanate in benzene solution to give [Re(NPh) 
Cl& * ~CJ-I, (7). The reaction proceeds according 
toeq. 1. 

ReOCI,+PhNCO+ [Re(NPh)Cl,]+C02. (1) 

The dark brown complex is sparingly soluble in chlori- 
nated hydrocarbons and practically insoluble in ben- 
zene. The IR spectrum contains a strong absorbance 
at 1330 cn-’ characteristic of v,(ReN-C) and 
weaker intensity bands at 990 and 682 cm-’ rep- 
resentative of v,,(Re--N-C) and 6(M-N-C) 
respectively. 24 In the far IR the M-Cl stretches are 
represented by three strong intensity bands at 375, 
352 and 340 cm- ’ and a medium intensity absorption 
at 275 cm-‘. A dimeric structure involving bridging 
chloro ligands is therefore proposed for the complex 
similar to that found for [W(NCHMe,)C14]2.2 

[Re(NPh)C1412 shows a similar chemistry to 

lW(NPh)Cl&. l6 The complex dissolves in THF 
(tetrahydrofuran) to give the adduct [Re(NPh) 
Cl,(THF)] (8) [strong IR absorptions at 1352 
{v,(Re--N-C)), 832 (THF) and 330 cm ’ (Re-Cl)] 
and in MeCN to give [Re(NPh)Cl,(NCMe)] 
(9) [IR absorptions at 2280 (MeCN), 1445 
{v,(Re-N-C)} and 335 cm-’ (Re-Cl)]. Being 
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d’ systems the complexes give very broad NMR 
signals. The structure of the THF adduct (8) 
is expected to be similar to that found for 
[W(NCgH4Me-p)C1,(THF)]‘7 in which the four 
chlorine atoms are equitorial and the THF ligand 
lies tram to the imido function with the W-O 
(THF) bond being lengthened due to the tram 
influence of the imido ligand (four-electron donor). 

When reacted with two equivalents of Me,NCl, 
[Re(NPh)Cl,], formed a brown solid which on 
recrystallization from MeCN gave the solvate 
[Re(NPh)Cl$NMe,J - 1. SMeCN (10). The com- 
plex is a 1: 1 conductor in nitromethane and its IR 
spectrum shows bands at 1350 (v(Re-N-C)}, 330 
and 275 cm-’ (v(Re-Cl)}. The structure is 
expected to be similar to that of the anionic tung- 
sten complexes [W(NCHMe,)C1,]pEt,12 and 
[W(NCgH4Me-p)C1,][PPh,(CH,Ph)]‘7 in which the 
M-Cl bonds trans to the imido functions are 
lengthened due to the trans influence of the imido 
ligand. 

On addition of triphenylphosphine to [Re(NPh) 
Cl,], in THF the yellow-brown solution of [Re(NPh) 
Cl,(THF)] (8) rapidly turns green and [Re(NPh)Cl, 
(PPh,),] (11) precipitates. However, when PMe, 
is added to [Re(NPh)Cl,(THF)] in THF the solution 
colour does not change appreciably and there is no 
apparent reduction to [Re(NPh)Cl,(PMe&] which 
is green.25 This chemistry contrasts with that of 
W(VI), where [w(NPh)Cl,], is reduced faster 
by PMe, than by PPh3.16*26 

Reaction of [Re(NPh)C1J2 with four equivalents 
of Me$iNHCMe, in benzene did not give the ex- 
pected bis-organoimido complex [Re(NCMe,)(NPh) 
C12(NH2CMe3)]2. Instead, the rhenium(V) complex 
[Re(NPh)Cl,(NH,CMe,),] (12) was obtained for 
which analytical data were inconclusive and thus 
the final characterization was made by X-ray 
crystallography (see later). In the IR spectrum 
the t-butylamine ligands showed NH absorptions 
at 3250 and 3 180 cm-’ while in the ‘H NMR 
spectrum the NH protons appeared as a broad 

Fig. 2. Molecular geometry and atomic numbering of 
[Re(NPh)Cl,(NH,CMe,),] (12). 

resonance at 7.00 ppm. In the 13C NMR spec- 
trnrn the t-butylamine quaternary resonance 
appeared at 59.8 ppm which is at lower field than 
those observed for organoimido complexes of 
groups V and VI containing this ligand (range 50.6- 
54.9 ppm). For the phenylimido ligand the ortho 
carbons are considerably more shielded and the ipso 
carbon deshielded compared with a range of tung- 
sten(VI) complexes.27 

Crystal structure of [Re(NPh)Cl,(NH,CMe,)~ (12) 

The complex is monomeric with a distorted octa- 
hedral geometry consisting of trans chloro and trans 
t-butylamine ligands and a phenylimido ligand situ- 
ated trans to a third chloro ligand (see Fig. 2). Bond 
distances and angles for the molecule are given in 
Table 5. 

The Re-N(1) bond length 1.709(11) is not sig- 
nificantly different from those found in other aryl- 
imido complexes of rhenium(V) (range 1.685(11)- 
1.709(4) &28m3o and is close to that predicted for an 
Re-N triple bond (1.69 A).” The Re-Cl( 1) bond 
length (2.411(5) A) is slightly longer than the two 
trans-Re-Cl bond lengths (2.404(2) A) and this 

Table 5. Selected bond lengths and angles for [Re(NPh)Cl,(NH2CMe,)d (12) 

Bond lengths (A) 
Re-N( 1) 1.709(11) Re-Cl(2) 
Re-N(2) 2.187(7) N(l)-C(ll) 
Re-Cl( 1) 2.41 l(5) N(2)_-C(2 1) 

Bond angles (“) 

Cl( I)-Re-Cl(2) 86.1(l) Cl(2)--Re-N(2) 
Cl( 1 )--Re-N(2) 79.6(2) N( 1 jRe-N(2) 
Cl(2)--Re-N( 1) 93.9(l) N(2)-Re-N(2’) 
C1(2)-Re-Cl(2’) 172.2(2) Re-N(2)-C!(21) 

“Two-fold axis passes through Cl(l), Re, N(l), C(11). 

2.404(2) 
1.43(2) 
1.46(l) 

87.6(2) 
100.4(2) 
159.2(3) 
128.6(6) 
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is also found to be the case in [Re(NC,H,OMe- 
p)C13(PEt2Ph),].28 The reverse situation is however 
found for [Re(NC6H40Me-p)C1,(PEt2Ph)*] in which 
the phenylimido ligand contains an electron with- 
drawing substituent. 28 In comparison, the chloro 
ligand trans to the imido function in 
lW(NPh)Cl,(PPh,),] shows a lengthening of 0.08 A 
over the tram dichloro ligands.26 For the t-butyl- 
amine ligands in [Re(NPh)Cls(NH,CMe,)*] the 
Re-N bond lengths (2.187(7) A) are not sig- 
nificantly different from those in [Re(NMe) 
Cl(NH2Me)d][C10& (average value 2.18( 1) A)2g but 
are shorter than those found in tungsten organo- 
imido complexes where a t-butylamine ligand lies 
tram to the imido function. 

The N( 1 )-Re-Cl, Cl-Re-Cl and 
Re-N( I)-C( 11) bond angles are not significantly 
different from those found in other rhenium(V) 
organoimido complexes. The N(2)-Re-N(2’) 
bond angle (159.2(2)“) is smaller than the 
C1(2)-Re-Cl(2’) bond angle (172.2(2)“), and is 
significantly different from the equivalent 
N-Re-N bond angles in [Re(NMe) 
Cl(NH,Me),][ClO,], (169.9(g) and 168.2(7)“).2g The 
Re-N-C&i,, bond angles are however similar in 
the two complexes. The sense of the Re-N-C 
angles are such as to position the t-butyl methyl 
groups above the equatorial plane and slightly 
towards one of the chloro ligands. The t-butylamine 
NH protons are positioned below the equatorial 
plane but do not make close contacts with any of 
the chlorine atoms. 

The structural features exhibited by the complex 
are consistent with the 18 electron configuration for 
the metal. If the imido, amine and chloro ligands act 
as four-, two- and one-electron donors respectively, 
the complex then attains an 18-electron count with- 
out invoking chloro ligand n-bonding to the metal. 
This contrasts with the tungsten(V) complex 
m(NPh)C1,(PPh,)J26 (17 electron species) in which 
the shortened W-Cl bonds in the equatorial plane 
indicate a measure of rc-bonding. In both complexes 
the M-Cl bonds tram to the phenylimido ligand 
are lengthened due to the strong tram influence of 
the imido ligand. 

EXPERIMENTAL 

[wOCl& was prepared by prolonged reaction of 
W03 (BDH) with thionyl chlorideI and 
[w(NPh)Cl,], by reaction of [wOC14J, with phenyl- 
isocyanate. I6 [ReOCl,], was prepared by heating 
rhenium pentachloride in the presence of oxygen 
and distilling the product.3’ t-Butylamine was dried 
over and distilled from calcium hydride. N(tri- 
methylsilyl)-t-butylamine was prepared by treating 

trimethylsilyl chloride with two equivalents of t- 
butylamine and bis(trimethylsilyl)N-p-toluidine by 
treating trimethylsilyl chloride with four equi- 
valents of p-toluidine. 32 Tetramethyl ammonium 
chloride was dried at, 80°C in vacua for 24 h and 
stored in a Schlenk tube. Petroleum ether (b.p. 40- 
6O”C), benzene, toluene and tetrahydrofuran, were 
distilled over sodium wire and dichloromethane and 
acetonitrile over calcium hydride. Distillations and 
manipulations using bench-top air-sensitive tech- 
niques were carried out under N2 treated to remove 
oxygen and water. 33 IR spectra were recorded on a 
Perkin-Elmer 597 spectrometer, ‘H NMR spectra 
on a Varian T60 Model spectrometer and 13C NMR 
spectra on a Jeol FX60 spectrometer. Analytical 
data were obtained by Prof. A. D. Campbell and 
associates,University of Otago, New Zealand. 
Melting points were determined in sealed tubes 
under N2 on an electro-thermal melting-point 
apparatus and are uncorrected. 

t-Butylamine (3.1 cm3, 30.0 mmol) in benzene (30 
cm3) was added slowly to a suspension of tungsten 
oxytetrachloride (2.5 g, 7.3 mmol) in benzene (60 
cm’) chilled to ice-water temperature and the mix- 
ture was stirred for 2 h with the ice bath removed. 
The solution was filtered and the solvent removed 
to give a non-crystalline yellow solid which was 
washed with petroleum ether (25 cm3) and dried in 
vacua. 

IR (Nujol) bands at 3150m, 16OOw, 156Ow, 
151Ow, 1395m, 136Os, 1290m, 1245s, 121Os, 1022w, 
96Ow, 815s, 78Os, 72Os, 54Ow, 442w, 37Ow, 342w, 
3 18m and 290m cm- ‘. 

(2,2’- B@yridyl)bis- t-butylitnidodichlorotungsten(V1) 

(2) 

(a) N(trimethylsilyl)-t-butylamine (2.4 cm3, 12.4 
mmol) in benzene (40 cm3) was added slowly to a 
suspension of tungsten oxytetrachloride (2.1 g, 6.2 
mmol) in benzene (60 cm’) cooled to ice-water tem- 
perature. The ice-bath was removed and the mix- 
ture was stirred for 18 h. The solution was filtered 
and the solvent removed to give a light yellow non- 
crystalline solid which was washed with petroleum 
ether (20cm3) and dried in vacua. Found: C, 
26.9; H, 5.9; N, 7.3%. C10H22C12N20W (i.e. 
[W(O)(NCMe,)Cl,(NH,CMe,)l - f C6H6 (la) re- 
quires C, 27.2; H, 5.0; N, 6.4%. 

IR (Nujol) bands at 3175w, 3130m, 16OOw, 
158Ow, 14OOw, 1360s 134Ow, 129Ow, 125Os, 1210m, 
1195m, 1022w, 965w, 93Ow, 918w, 84Ow, 8OOw, 
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amine)bis(t - butylimido)tetrachlorobis(p - phenyl- 
imido)ditungsten(VI) (0.9 g, 0.92 mmol) in benzene 
(60 cm’) and the mixture was refluxed for 1 h. 
The solution was filtered and the solvent re- 
moved to give a red crystalline solid which was 
washed with warm petroleum ether (2 x 50 cm’) 
to remove excess 2,2’-bipyridyl and dried in vacua 
(crude yield l.Og, 95%). The solid was dissolved in 
hot toluene (60 cm’) and the volume reduced until 
crystallization of the complex commenced (cu. 25 
cm3). On standing at - 20°C large dark red crystals 
of the complex were deposited. 

IR (Nujol) bands at 1595m, 1575m, 1345s, 1308s, 
1278m, 1255s 1212m, 1175m, 1165m, 1160m, 
1 IOSw, 1068w, 1058m, 1018m, 996m, 970m, 912w, 
9OOw, 895w, 835w, 802w, 770s 734m, 695m, 675w, 
652m, 634m, 62Ow, 590m, 578m, 55Ow, 535w, 
498m, 465w, 442w, 422w, 385w, 364w, 342m, 322s 
303s and 278~ cm-‘. 

Tetrachloro(phenylimido)rhenium(VI) (7) 

Rhenium oxytetrachloride (3 g, 8.7 mmol) and 
phenyl isocyanate (1 cm3, 9.2 mrnol) in benzene (60 
cm’) were refluxed for 24 h. The cooled solution 
was filtered and the solid washed several times with 
benzene (5 cm”) and dried in vacua giving the com- 
plex as a dark brown crystalline solid. Yield 3.2 g, 
88%. 

Ir (Nujol) bands at 1582w, 155Ow, 1330s 1158m, 
1085w, 1018w, 99Ow, 975w, 935w, 762s, 725m, 
680m, 665s, 56Ow, 555w, 398w, 375s, 352s, 340s and 
275m cm-‘. 

Tetrachloro (phenylimido) (tetrahydrofuran) rhen- 
ium(V1) (8) 

Tetrachloro(phenylimido)rhenium(VI) (0.75 g, 
1.8 mmol) was dissolved in tetrahydrofuran (50 
cm’). The solution was filtered and the solvent 
removed in vacua to give a quantitative yield of the 
adduct. The complex was recrystallized by dis- 
solving in tetrahydrofuran and cooling the solution 
to -20°C. 

IR (Nujol) bands at 1588w, 1572m, 1355s, 13OOw, 
1255w, 1212w, 1165w, 1155w, 1087w, 1062w, 
1042w, 995m, 990m, 925m, 838s, 764s, 725m, 672s, 
625w, 562w, 555w, 395w and 330s cm-‘. 

Acetonitriletetrachloro (phenylimido) rhenium(V1) 

(9) 

Acetonitrile (30 cm’) was added to tetra- 
chloro(phenylimido)rhenium(VI) (0.5 g, 1.2 mmol) 
and the mixture heated to just below the boiling 
point of the solvent. The solution was filtered and 

the volume reduced until crystallization com- 
menced. On standing at - 20°C the complex formed 
as yellow-brown needles. 

IR (Nujol) bands at 228Om, 1570m, 1445s, 
1295m, 1165w, 109Ow, 1024w, 995w, 975w, 95Ow, 
935w, 903w, 842w, 768s, 67Os, 625w, 604w, 564w, 
558w, 425w, 400~ and 335s cm-‘. 

Tetramethylammonium pentachloro (phenylimido) 
rhenate(V1) (10) 

Dichloromethane (80 cm3) was added to phen- 
ylimido rhenium tetrachloride (0.5 g, 1.2 mmol) 
and tetramethyl ammonium chloride (0.15 g, 1.4 
mmol) and the mixture was stirred for 18 h. The 
solution was decanted and the solid washed several 
times with dichloromethane (20 cm’) and dried in 
vacua (0.45 g, 71%) A,(MeNO,) = 102.8 R-’ cm2 
mol-‘. The complex was dissolved in acetonitrile 
(30 cm3), the volume reduced to cu. 10 cm3, and the 
solution allowed to stand at -20°C whereupon 
large yellow crystals of the complex (acetonitrile 
solvate) were formed. On drying in vacua for several 
hours, crystallinity was lost. 

IR (Nujol) bands at 1582m, 157Ow, 1495s, 
1380m, 1350m, 134Ow, 1298w, 117Ow, 1102w, 
103Ow, 1005m, 965s, 78Os, 735w, 685m, 678m, 
63Ow, 575w, 57Ow, 465w, 358m, 33Os, 294w and 
275~ cm-‘. 

Trichloro (phenylimido) bis (triphenylphosphine) 
rhenium(V) (11) 

Triphenylphosphine (1 g, 3.8 mmol) in tetra- 
hydrofuran (30 cm3) was added to tetrachloro 
(phenylimido)rhenium(VI) (0.5 g, 1.2 mmol) in tetra- 
hydrofuran (50 cm3) and the mixture was stirred 
for 5 h. The solution was filtered and the green 
product washed with tetrahydrofuran (50 cm’) 
followed by benzene (50 cm’) and dried in vacua. 

IR (Nujol) bands at 157Ow, 1425s, 1376s, 13 low, 
1184w, 115Ow, 1 1 18w, 1090m, 1060m, 1022w, 
995w, 944w, 912w, 9OOw, 778m, 750s 73Ow, 
698s 69Os, 618w, 562w, 525m, 520s 51Os, 
460m, 438w, 418w, 315w, 3OOs, 280~ and 
cm-‘. 

Bis (t - butylamine) trichloro (phenylimido) 
ium(V) (12) 

71os, 
495s, 
265~ 

rhen- 

A solution of N(trimethylsilyl)-t-butylamine (0.6 
cm3, 3.1 mmol) in benzene (20 cm3) was added to the 
phenylimido rhenium tetrachloride dimer (0.6 g, 
0.72 mmol) in benzene (40 cm’) and the mixture 
was stirred for 16 h. The yellow-brown solution 
was filtered, the solvent removed and the residue 
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extracted with toluene, leaving the complex as a 
light green solid which was dried in vacua. 

IR (Nujol) bands at 3252w, 3170m, 3 lOOw, 
2800m, 27OOw, 2595w, 2495w, 2075w, 1605w, 
1565m, 1560m, 1505w, 1398m, 135Ow, 133Ow, 
13OOw, 128Os, 1205s, 117Os, 1145m, 1065w, 1035w, 
1025w, 99Ow, 935w, 895w, 765s, 72Ow, 685m, 615m, 
55Ow, 46Ow, 448w, 42Ow, 385w, 325w, 315m, 298s 
and 265~ cm-‘. 

Crystallographic studies 

Single crystals of [W(NCMe,)(NPh)Cl,(bipy)] 
(6), grown from toluene solution, were sealed under 
nitrogen in glass capillaries. Crystals of [Re(NPh)Cl, 
(NH,CMe3d (12), grown from dichloromethane 
solution, were stable enough to permit examin- 
ation in air. All data were collected using an Enraf- 
Nonius CAD-4 diffractometer. 

Crystal data. Compound (6): C,&I,,Cl,N,W, 
A4 = 572.75, orthorhombic, a = 8.879(3), b = 

13.036(3), c = 18.837(4) A, U = 2180.3 A3, space 
group P2,2r2r, Z = 4, D, = 1.745 g cm-3, F(OO0) = 
1112, ~(Mo-K,) = 58.6 cm-‘, A(Mo-K,) = 
0.71069 A. 

Crystal data. Compound (12) : C,4H23C13N2Re, 
M = 511.55, orthorhombic, a = 14.140(l), b = 
11.806(l), c = 11.936(3) A, U = 1992 A3, space group 
Pbcn, Z = 4, D, = 1.706 g cmp3, F(OO0) = 
988, ~(Mo-K,) = 114.3 cm-‘, I(Mo-K,) = 
0.71069 A. 

Data collection. Accurate unit cell parameters 
were determined by least squares fits to the observed 
setting angles of 25 reflections using MO-K, radi- 
ation at - 130°C for (6) and 21°C for (12). 

Intensity data collection [ - 130°C for (6) and 
21°C for (12)] employed the 20/o scan technique 
with a total background/peak count time ratio of 
1 : 2. Reflections were counted for either 60 s or 
until o(Z)/I was 0.022. Measured data : compound 
(6) 2497 reflections (20,,, = 48”), compound (12) 
1538 reflections (20,,, = 50”). The intensities of 
three standard reflections were monitored regularly 
throughout the data collection, no significant vari- 
ation in intensity being observed. For (12), data with 
h + k = 2n + 1 were systematically weak, consistent 
with the molecule lying on a two-fold axis. The 
data were corrected for Lorentz, polarization and 
absorption.34 

*Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre for inclusion 
in their data base. Copies are available on request from 
the Editor at Queen Mary College, London. 

Structure solution and refinements. Both struc- 
tures were solved by conventional Patterson and 
Fourier techniques and refined by full matrix least 
squares.* The function minimized was 
Ew(]r;b] - ]FJ)* using weights l.OO/[a*(fl +gF*] with 
g being 0.00054 for (6) and 0.0056 for (12). Atomic 
scattering factors and dispersion corrections were 
for neutral atoms. Anisotropic thermal parameters 
were refined for the heavier atoms in (6) and all 
atoms in (12). Final residuals R and R, were 0.053 
and 0.055 for the 2138 observed data for (6) and 
0.035 and 0.040 for the 1108 observed data for (12). 

Final atomic coordinates for both complexes, 
tables of thermal parameters, and listings of 
observed and calculated structure factors have been 
deposited with the Editor as supplementary 
material.* 
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Abstract-The preparation of the title compound and its progressive reaction with elemental 
sulphur to give nine from a possible total of 19 different phosphine sulphides are described. 
One- and two-dimensional “P NMR experiments are used to disentangle the complicated 
spectra given by the unseparated reaction mixtures, and the 31P NMR parameters are found 
to be strongly dependent on conformational influences. 

Ligands having two or more phosphorus atoms 
capable of stabilizing transition metals in low for- 
mal oxidation states are of substantial and still 
growing importance in coordination chemistry, 
typical well-known examples being Ph,P(CH&,PPh, 
[n = l-61,’ (Ph,P)3CH2 and (Ph2PCH2)3CMe.3 In 
this context we have recently used4 the addition 
of species with a P-H bond to the double 
bond of l,l-bis(diphenylphosphino) ethene, 1, to 
prepare several new ligands containing up to seven 
phosphorus atoms as indicated below. Each of 

Ph,P 
\ \ 

,c= CH, 

formation of diastereomers in several of these 
modes. In the case of 4 the number of possibilities 
is extremely large, but with 3 it is reasonably limited. 

There is a formal analogy between the addition 
of sulphur or other chalcogens to phosphorus(II1) 
and its coordination to a metal atom, both in terms 
of the change in phosphorus hybridization which 
occurs and in the 3’P NMR parameters. Hence the 
reaction between sulphur and 3 or 4 can provide 
models for the range of isomeric non-chelated prod- 
ucts that might be produced by metal complex for- 

(I) 

Ph,P 

\ /PPhz 
CH-CH, 

/ 
Ph,P 

(2) 

Ph,P 

7 

r 

’ PhPHz\.,\ 

/‘“\CH 
CH, 

I 2 I 2 
CH, 

kh’PPb ” 

C”, 
I 

Pd’PPh CH 

CH 

z 2 2 * PPh, PPh, PPh, PPh, 

(3) (41 

these ligands 2-4 has the potential to coordinate mation. With this in mind we have used 3’P NMR 
one or more metal atoms in many different modes, to study in detail the reaction of elemental sulphur 
and for 3 and 4 there is the opportunity for the with 3 and have identified nine out of a possible 

total of 19 products with one or more P=S bonds. 
* See ref. 4 for part I. It appears that the remaining ten potential products 
t Author to whom correspondence should be addressed. are not produced by this reaction to any appreciable 
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extent and we discuss the reasons for this. Although 
the sulphides of monophosphines are well studied,5 
comparatively little work has been done on those 
derived from polyphosphines, notable exceptions 
being the mono- and disulphides of diphosphines 
RIP(CHJ,PR, [n = (M],6*7 and derivatives of 
(R,P)&H.* However, it is known from the fore- 
going work that on sulphurization the 31P chemical 
shift increases by cu. 50 ppm and this is an impor- 
tant diagnostic aid. The reaction between 2 and 
selenium has also been studied, and 2D NMR 
experiments have been used’ to identify the mixture 
of products. 

RESULTS AND DISCUSSION 

The reaction between elemental sulphur and 3 in 
benzene at room temperature yields species with 
one to five B bonds, there being no evidence of 
reactions that involve P-C bond cleavage. Struc- 
tures 523 show schematically (phenyl groups omit- 
ted for clarity) the 19 chemically distinct (including 
diastereomers) sulphides that can in principle result 
from this reaction. In what follows the individual 
phosphorus atoms are lettered as in the parent 3. 
Note that both P(II1) and P(V) are con- 
figurationally stable so that PX is chiral in 5,6, ll- 

16, 21 and 22. In addition, 5, 6, 11, 12, 14, 15, 21 
and 22 have one asymmetric carbon, and 8-10 and 
17-19 have two asymmetric carbon atoms, and 
hence PX is pseudochiral in 8,10,17 and 19. Overall, 
this leads to the range of diastereomers indicated : 
for example 5 and 6 are diastereomers and have 
different NMR parameters, while 8 and 10 are 
different meso forms and 9 is a racemate. 

In the parent phosphine 3, PX is prochiral thus 
leading to inequivalence of PA and PB, and of PA, and 
PB’. The phosphorus NMR spin system is therefore 
AA’BB’X, but in practice ‘jJ(PP) [i.e. J(PAA,), J(PBB) 
or J(PAE)] is zero and the system can be regarded 
as (AB),X with negligible direct NMR interaction 
between the two (Ph2P)2CH groups. Spectral analy- 
sis yielded &3’PA,A,) = -2.9, 6(31PB,B.) = -4.8, 
&31PX) = -29.7 ppm, and *J(P,P,) = 2J(Pk,II) = 
100.7, 3J(PA,A,PX) = 28.6, 3J(PB,,PX) = 17.0 Hz, no 
stereochemical assignment being implied. 

Figure 1 shows the 3’P spectrum resulting from 
the reaction of one mole of 3 with one atomic equi- 
valent of sulphur. The resonances are in three main 
regions : ea. - 30, - 10, and + 50 ppm and can be 
assigned to P(III), P(III),,E, and PmA,B respec- 
tively. In the P(II1) regions the characteristic pat- 
terns of peaks due to the unreacted starting phos- 
phine 3 can still be identified in cu. 25% amount, 

I I I I I I I I I I 
60 50 40 30 20 IO 0 -10 -20 -30 

wm 

Fig. 1. “P NMR spectrum of the mixture resulting from the reaction between 3 and one atomic 
equivalent of sulphur. The upper trace shows a 10 x expansion of part of the P(V) region. 
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and it therefore follows that in addition to mono- 
sulphides there must also be some di- (and possibly 
tri-) sulphides present. The analysis of the P(V) 
region was facilitated by the homonuclear two- 
dimensional” (2D) “P J-spectrum shown in Fig. 2. 
Figure 3 shows an expansion of the P(V) part of the 
1D spectrum together with appropriate 45” cross- 
sections from Fig. 2. There are thus six types of 
P(V) nucleus, each arising from a Ph,P(S)CHPPh2 
fragment with an internal ‘J(P,P,) of 100-130 Hz 
and further coupled to P, by 2&30 Hz. 
Ph,P(S)CHP(S)Ph, fragments would be expected to 
have much smaller values of *J(PAPB) and might 
further display some second-order characteristics 
owing to the proximity of the two P(V) chemical 
shifts. These conclusions were supported by 

detailed analysis of the P(III) regions of the 
spectrum, and it was further confirmed that there 
were no lines attributable to species containing 

Po3X. 
Addition of a second atomic equivalent of sul- 

phur (see Fig. 4) reduced the intensities of the peaks 
corresponding to cross-sections a and b, and the 
associated P(II1) resonances also diminished ; these 
resonances are therefore assigned to the pair of 
diastereomeric monosulphides 5 and 6. They are 
present in slightly unequal proportions, indicating 
a degree of steric control over the sulphurization 
reaction, but it is not possible to make a stereo- 
chemical assignment. The remaining four cross- 
sections c-f are attributed to the disulphides 8-10, 
the pair of equal intensity (d and f) being assigned 
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Fig. 2. Homonuclear two-dimensional 3’P J-spectrum at 36.2 MHz of the mixture resulting from the 
reaction between 3 and one atomic equivalent of sulphur. The horizontal axis shows separations due 
to spin coupling interactions only, and the back/front axis also includes dispersion due to chemical 

shift differences. 

to 9 in which pseudo-chirality at P, leads to inequiv- 
alence of the two Ph,P(S) moieties, although these 
have to be present in equal proportions. By contrast 
the lines due to 8 and 10 (i.e. cross-sections c and e 
or vice versa) are of markedly unequal intensities, 
again indicating steric effects upon the reaction, and 
this was confirmed by detailed scrutiny of the P(II1) 
regions of the spectrum. 

It was also found that the addition of the second 
equivalent of sulphur and then of further amounts, 

generated resonances in the region 45-50 ppm 
which are only vestigially present in Fig. 1. These 
are assigned to [Ph,P(S)],CH fragments in which 
prochirality at Px generates the inequivalence of the 
two phosphorus nuclei. Again, this was confirmed 
by the appearance of the P(II1) spectral regions, 
and the stepwise addition of sulphur was continued 
until the spectrum showed that essentially all of the 
material was present in the form of the penta- 
sulphide 23 which was then isolated as a stable 

Table 1. Phosphorus-31 NMR parameters of [(Ph2P)&HCH,],PPh and its sulphides” 

Species &P,) &P,) h(P.4,) &P,) &PX) 2J(P,P,) *J(P,,P#) 3J(P,P,) 3J(P,P,) 3J(P,.P,) 3J(P,.PJ 

3 -2.9 -4.8 -2.9 -4.8 
5 
6 

1 
h 

54.1 -9.4 -0.6 -6.6 
-9.6 53.8 -2.7 -4.1 

g 
I 

53.5 
h 

-7.4 53.5 -7.4 
10 - 10.2 52.9 - 10.2 52.9 
9 53.3 - 10.2 -5.2 52.8 

48.4 44.6 54.0 -13.1 
47.5 46.3 -7.6 53.4 

20 49.7 46.2 49.7 46.2 
23 48.9 48.7 48.9 48.7 

-29.7 100.7 
- 30.0 (128.5) 
-28.6 (122.8) 
-29.0 (111.7) 
-32.1 (108.9) 
-29.1 (122.6) 
-31.1 P.41 
-26.9 Il.31 
-27.6 12.71 

51.6 PO1 

100.7 
85.9 
74.6 

(111.7) 
(108.9) 
(105.3) 
(127.7) 
(113.6) 

l2.7) 
PO1 

28.6 
(32.2) 

2.4 
(19.6) 

(3::;) 
(11.2) 
(12.5) 
(14.9) 

16.81 

17.0 28.6 
(2;::) 35.0 38.6 

(2:::) (19.6) 1.9 
2.0 12.7 

(20.5) (41.3) 
(12.7) 
(10.5) (1::;) 
[27. l] WI 

17.0 
13.2 
8.5 

(2:::) 
(28.7) 

0.0 
(20.1) 
(10.5) 
[27. l] 

a Chemical shifts in ppm to high frequency of 85 % H,PO,, k 0.1 ppm ; coupling constants in Hz, f 0.2 Hz. Round 
brackets indicate P(III)-P(V) couplings, square brackets indicate P(V)--P(V) couplings. P(III)--P(II1) couplings 
are not placed in brackets. 

’ Diastereomeric pair, assignments may need to be interchanged. 
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(e) 

Id) 

(cl 

(b) 

(a) 

Fig. 3. “P spectra at 36.2 MHz of the mixture resulting 
from the reaction between 3 and one atomic equivalent 
of sulphur. Bottom trace: expansion of P(V) region of 
normal one-dimensional spectrum (see Fig. 1). Upper 
traces : 45” cross-sections from the two-dimensional spec- 
trum shown in Fig. 2 corresponding to the six different 
P(V) environments in the mixture. The same horizontal 
scale has been used for all traces, but reliable intensities 
can only be derived from the onedimensional spectrum. 
Phosphorus-phosphorus coupling constants can be 
obtained directly from the line positions in the cross- 
sections, and in each case the phosphorus chemical shift 

is given by the mean of the four frequencies. 

The phosphorus-phosphorus coupling constants 
display substantial conformational dependences, 
and in the case of the geminal ones lie in the fol- 
lowing non-overlapping ranges : 2J(P(III)-P(III)), 
88+13 Hz; *J(P(III)--P(V)), 117 + 12 Hz ; 
*J(P(V)-P(V)), 1.5 f 1.5 Hz. It is of interest that the 
coupling *J(P(III)---P(II1)) can vary substantially 
with the degree of sulphurization of the other pair 
of geminal phosphorus atoms, even though there is 
a separation of six bonds, so that it is unlikely that 
the effect is an electronic one transmitted through 
the chemical bonds. Indeed, comparison of the dia- 
stereomeric pair 5 and 6 shows that this gem- 
inal coupling is markedly sensitive to the con- 
formational relationships in these species. It is 
known” that electron lone-pair interactions can 
affect 2J(P(III)-P(III)) very significantly, and we 
therefore suggest that the relative orientation of 
the lone pairs on PA, and PE [which will determine 
*J(PA,PE)] is affected by their interaction with the 
lone pair of PX, and that the extent of this inter- 
action is in turn affected by the PX/P, and PX/PB 
lone pair interactions. This then would provide a 
mechanism for the apparent transmission of the 
effect over as many as six single bonds. 

white solid. Overall, nine different species were In conformity with the above, the vicinal coup- 
detected in the progressive reaction of 3 with lings 3J(P(III)-P(III)) also show very large differ- 
elemental sulphur, and their 31P NMR parameters ences (ranging from O&38.6 Hz) which are also 
are given in Table 1. It is particularly noteworthy clearly due to conformational effects. 3J(P(III)- 
that with the exception of 23, no species was formed P(V)) and 3J(P(V)-P(V)) are also conforma- 
as a result of attack on P,. tionally dependent, but to a lesser extent. 

The products resulting from the sulphurization 
of 3 appear to be governed by the following rules, 
the first taking precedence over the second: (a) 
addition to PX is avoided until all four other phos- 
phorus atoms have been attacked ; (b) the for- 
mation of species with geminally related Ph,P(S) 
groups is disfavoured. These two rules acting in 
concert reduce the number of actual reaction prod- 
ucts from a possible 19 to just nine and it is inter- 
esting to reflect that they might also substantially 

limit the range of products obtained in the sul- 
phurization of the heptaphosphine 4. 

As noted earlier, the “P chemical shift of a Ph,P- 
group increases by ca. 50 ppm on addition of 
sulphur, and a specially valuable feature is that 

the P(V) resonances from Ph2P(S)CHPPh, and 
[Ph,P(S)],CH groups lie in the mutually exclusive 
ranges of 53.5 f 0.7 and 47.2 + 2.6 ppm respectively. 
The variation within these ranges is clearly due to 
stereochemical effects but is so narrow that it cannot 
usefully be discussed further. Fortuitously, the 
chemical shift of P(V), lies between these two 
ranges, and although it overlaps with neither range, 
the actual peaks themselves could overlap owing to 
the spread produced by large coupling constants. 
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I 
100 Hz 

I 

Fig. 4. Expansions of the P(V) region of the 3’P spectrum at 36.2 MHz of the mixtures obtained by 
the reaction between 3 and elemental sulphur. Lower trace : 2.0 atomic equivalents of sulphur added. 

Upper trace : 3.5 atomic equivalents of sulphur added. 

EXPERIMENTAL 

3’P NMR spectra were obtained from solutions 
in C6H,&D6 at room temperature on a JEOL 
FX 90Q multinuclear spectrometer operating at 
36.2 MHz under conditions of broadband proton 
decoupling. Spectra displaying second-order effects 
were analysed using a computer program based 
upon LAOCOON. 2D homonuclear 3’P J-spectra 
were obtained using a standard 90”-t,/2-180”~t1/2- 
Acq.(t,) pulse sequence” with appropriate cycling 
of the transmitter and receiver phases to minimize 
artefacts, and the resulting data matrices were 
transformed and manipulated using JEOL soft- 
ware. All materials were handled under an at- 
mosphere of dry oxygen-free dinitrogen. 

Bis(2,2 - bis(diphenylphosphino)ethyl)phenylphos- 
phine 

A solution of phenylphosphine (1 g, 9.1 mmol) 
and 1,1-bis(diphenylphosphino) ethene” (7.2 g, 18.2 
mmol) containing a catalytic amount of KOBu’ in 
dry thf (100 cm”) was refluxed for 0.3 h. Removal 
of solvent under vacuum yielded an oily residue 
which gave a powdery white precipitate on addition 
of methanol (50 cm3). This was recrystallized 
from CH,Cl,/MeOH to give the product as white 
crystals, m.p. 154”. (yield 7.0 g, 85%.) Found: 
C 77.0, H 5.8, P 17.2%; CS8H5,P5 requires: C 77.2, 
H 5.7, P 17.2%. 

Bis(2,2 - bis(diphenylphosphino)ethyl)phenylphos- 
phitiepentasulphide 

The room temperature reaction between 3 and 
elemental sulphur in benzene was followed by 31P 
NMR as described in the main text. After the 
addition of five atomic equivalents of sulphur and 
warming to 50” the spectrum indicated that only 
pentasulphide 23 was present and this was pre- 
cipitated by addition of methanol and was recrys- 
tallized from CH&/MeOH as white crystals, 
m.p. 201°C. Found: C 65.5, H 4.7, P 14.2%; 
CS8H,,P,SS requires C 65.5, H 4.8, P 14.6%. 
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Abstract-The synthesis of a new allosteric bis crown ether ligand incorporating a 2,2’- 
bipyridyl function and two benzo- 15-crown-5 subunits is described. Chelation of Ru(I1) at 
the bipyridyl nitrogens forces the bipyridyl function towards coplanarity, restricting the 
conformational freedom of the two benzo-15-crown-5 binding units in such a way as to 
favour the formation of an intramolecular sandwich complex with sodium. A variety of 
bimetallic complexes have been isolated resulting from the simultaneous coordination of 
transition metals at the bipyridyl fragment and alkali metals at the crown ether moieties. 

The construction of multisite molecular receptor 
molecules capable of binding sequentially two or 
more guest metal cations in close proximity to one 
another is of considerable current interest in the 
chemical literature. ‘A Such molecular systems may 
exhibit allosteric behaviour,5-7 resulting from the 
transmission of binding information from one coor- 
dinating site to another and hence serve as models 
of relevance to biological systems. Here we describe 
the synthesis and binding properties of a new bis 
crown ether ligand (L) designed to exhibit allosteric 

RESULTS AND DISCUSSION 

The ligand (L) was prepared in good yields by the 
condensation of 3,3’-dimethylol-2,2’-bipyridine’ (1) 
with two moles of 4-chloromethylbenzo-15-crown- 
5’ (2). (Scheme 1.) Its structure was verified by 
elemental analysis, mass spectrometry and ‘H and 
13C NMR spectroscopy (Tables 1 and 2). 

Refluxing (L) with an excess of sodium hex- 
afluorophosphate in methanol led to the successful 
isolation of a crystalline complex L * 2Na+PF,-. 

behaviour by the chelation of a transition metal at This result was confirmed by conductivity measure- 
the bipyridyl function restricting the con- ments (A = 244 ohm-’ cm’ mol-‘) and suggests 
formational freedom of the two benzo-crown ether that the two benzo-15-crown-5 moieties of (L) are 
binding sites. acting independently of one another, each com- 

plexing a sodium cation (3). 
Molecular models (C.P.K.) suggested that chel- 

*Author to whom correspondence should be addressed. ation of a transition metal at the bipyridyl nitrogens 
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NaH 

(L) 

Scheme 1. 

would force the bipyridyl function towards coplan- 
arity resulting in the restriction of conformational 
freedom of the two benzo-crown ether groups in 
such a way as to favour the formation of an intra- 
molecular sandwich complex with an alkali metal 
cation. (Scheme 2.) 

The reaction of (L) with (bipy),RuC& - 2H201’ 
followed by an excess of sodium hexa- 

Table 1. ‘H NMR data (CD$OCD,) of L 

Ha 

H’ 

* 

HZ 

N 0 
s 

Proton 

J12=2Hz 

I,, =SHz 

J13= 8 Hz 

6 ppm Integration 

8Sl(d of d) 2 
7.43(d of d) 2 

H* 8.03(d of d) 2 

Aromatics 6.82-6.71(m) 6 
bipy-CH,-0 4.54(s) 4 
Ar-(X,-O 4.29(s) 4 
Crown-OCH, 4.05-3.65(m) 32 

Table 2. “C NMR data (CDCI,) of L 

6 Cwm) Assignment 

68.4 
69.1 
69.5 (2)” 
70.5 (2)” 
71 .o (2)” 

72.6 
75.8 

113.9 (2)” 
120.9 
123.1 
131.0 
133.3 
136.4 
147.4 
148.7 
149.1 
155.7 

Crown OCH, 
(c”x’*) 

C’ 
C6 
cg, c*o 
C?’ 
C4 
C8 

$ 
C* 
Cl9 
Cl0 
C' 

’ Relative integration. 

fluorophosphate gave [(bipy),RuLNa13+(PF;), 
as an orange crystalline solid (n,,, = 456 nm 
E = 1.57 x lo4 mol-’ cm-‘). 

This observed stoichiometry, again confirmed by 
conductivity measurements (A = 384 ohm-’ cm’ 
mall’), suggests that the sodium guest cation now 
forms an intramolecular sandwich complex with 
the two benzo-crown ether groups, aided by this 
allosteric effect of the chelation of Ru(I1) at the 
bipyridyl function (4). 

The results of cyclic voltammetry measurements 
in acetonitrile of the monometallic [(bipy), 
RuL]‘+(PF,-), complex are reported in Table 3. 
Addition of one equivalent of sodium hexa- 
fluorophosphate to the electrochemical aceto- 
nitrile solutions of [(bipy),RuL]2+(PFs-)2 had little 
effect (AE,,, < 20 mV) on the respective oxidation 
and reduction waves of the complex, the sodium 
cation being bound too far away to influence the 
electron density at Ru(I1). 

The results of analogous complexing experiments 
with potassium, ruthenium and platinum are 
reported in Table 4. It is interesting to note that 
potassium forms a 1 : 1 complex with the free ligand 
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0 
Transition metal ’ 

I Transition metal 

I Alk2,li metal M+ 

Transition metal 

Scheme 2. 
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(4) 

(L) in spite of the absence of chelation of a transition 
metal at the bipyridyl allosteric site. 

We are currently extending our studies to pre- 
paring related L-transition metal-alkali metal bi- 
and poly-metallic complexes of catalytic interest. 

EXPERIMENTAL 

General 

‘H NMR spectra were recorded at 400 MHz and 
13C NMR spectra at 67.8 and 100 MHz using TMS 
as internal standard: 3,3’-Dimethylol-2,2’-bipyri- 
dine, 4-chloromethylbenzo-15-crown-5g and 
RuCl,(bipy), - 2H20” were prepared according to 
literature methods. Tetrahydrofuran was dried by 
distillation from sodium, methanol by distillation 
from magnesium methoxide and acetonitrile from 
calcium hydride. 

Syntheses 

Preparation of(L) 

Sodium hydride oil dispersion (0.30 g) was added 
to a solution of 3,3’-dimethylol-2,2’-bipyridine 
(0.10 g, 0.46 mmol) in dry THF (30 cm’) under 

nitrogen. The solution was heated to reflux for 24 
h and then cooled to room temperature. A solution 
of 4’-chloromethylbenzo-15crown-5 (0.29 g, 0.92 
rnmol) in dry THF (20 cm’) was added dropwise 
with stirring. The resulting mixture was stirred at 
room temperature for 2 h and then refluxed over- 
night. After cooling to room temperature, water (2 
cm3) was added dropwise to destroy excess NaH 
and the solution was evaporated to dryness. The 
residue was taken up in water (25 cm3) and extracted 
with CHCl, (4 x 25 cm’). The chloroform extracts 
were dried with MgS04 and evaporated to give 
the crude product as a yellow oil. This was puri- 
fied by column chromatography on alumina using 
CH,C12/MeOH (99 : 1% v/v) as eluant. The appro- 
priate fraction was collected and evaporated to dry- 
ness to give the product as a pale yellow oil. Yield 
0.24 g, 67%. On repeat preparations yields in the 
range 5677% were obtained. Found: C, 64.6; H, 
6.5; N, 3.8. C42H52N20,2. Calc: C, 64.9; H, 6.8; N, 
3.6, m/z = 776. 

Preparation of L * 2NaPF6 

The ligand (50.1 mg, 0.064 mmol) was dissolved 
in methanol (3 cm’) and a solution of sodium hexa- 
fluorophosphate (32.5 mg, 0.19 mmol) in methanol 
(2 cm’) added. The solution was heated to reflux 
under nitrogen for 1 h, cooled to room temperature 
and evaporated to dryness. The residue was 
extracted with chloroform, filtered and the volume 
of the filtrate reduced to ca. 5 cm3. n-Hexane and 
diethylether were added to precipitate the product 
as a white powder. The solid was recrystallized twice 
from chloroform/ether/n-hexane and dried in vacua. 
Yield 17.2 mg, 24%. 

Preparation of [(bipy),Ru(L)](PF,), * 2H20 

[(bipy),RuClJ - 2H,O (0.0594 g, 0.11 mmol) and 
the ligand (0.0882 g, 0.11 mmol) in methanol (10 

Table 3. Electrochemical data 

RU2+/l + Ru’+/O RuO/ - 1 Ru2+/3+ 

Complex E,,,” (V) AEpb (mV) Ew” Aepb 42’ A$” 42” AEpb 

[(bipy)2RuL12+(PFs-)2 - 1.29 90 -1.47 100 -1.71 100 +1.30 80 

[(bipy),RuL]2+(PF6-)2+Na+ -1.29 80 -1.48 90 - 1.70 100 +1.31 80 

“Obtained from cyclic voltammetry studies in dry acetonitrile solvent containg 0.2 M [Bu”,N]BF, as supporting 
electrolyte. Solutions were cu. 2 x lo-’ M in complex and measurements were made at 21 f 1°C at 0.2 Vs-’ scan 
rate, with reference to ferrocene as internal standard but are quoted relative to the saturated calomel reference 
electrode. 

bSeparation between anodic and cathodic peak potentials, AE, for ferrocene under the same conditions was 90 
mV. No compensation was made for internal cell resistance. 
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Table 4. Conductivity and microanalytical data” 

141 

Analysis” % 
Complex C H N A (ohm-’ cm2 mol-‘) 

L * 2NaPF, 45.3(45.3) 4.9(4.7) 2.7(2.5) 244 

[(bipy),RuL]2+(PF,-)2*2H20 48.9(49.1) 4.6(4.8) 5.9(5.5) 243 

[(bipy)2RuLNa]3+(PF,-)3 45.3(45.2) 4.5(4.2) 5.4(6.0) 384 

L * KPF, 52.2(52.5) 5.7(5.5) 2.8(2.9) 125 

[(bipy)2RuLK13+(PF,-)3 45.0(44.7) 4.3(4.1) 5.3(5.1) 376 

[Cl,PtLK] +(PF,-) 40.6(41.1) 4.5(4.3) 2.8(2.3) 136 

“Calculated values given in parentheses. 

cm’) and water (15 cm’) were refluxed together over- 
night under nitrogen. The solution was cooled and 
the methanol removed on the rotary evaporator. 
NH,PF6 (0.2 g, excess) in water (1 cm’) was added 
to give an orange precipitate. The solid was reco- 
vered by filtration and dissolved in acetone. The 
solution was dried with MgS04, filtered and treated 
with diethylether to precipitate the product. The 
solid was recrystallized from acetone/ethanol and 
dried in vacua at 50°C. Yield 86 mg, 51%. 

Preparation of[Ru(L)(bipy),Na](PF& 

[Ru(bipy),L](PF,), (51.5 mg, 0.035 mmol) and 
NaSCN (12.1 mg, 0.15 mmol) in methanol (10 cm3) 
were heated to reflux for 1.5 h. The solution was 
cooled and NH4PF, (30 mg, excess) added. The 
volume of the solution was reduced to half and the 
solid filtered off. The product was recrystallized 
from acetone/diethylether. Yield 14.7 mg, 26%. 

Prepatation of LKPFs 

The ligand (0.1041 g, 0.13 mmol) was dissolved 
in dry methanol (3 cm’) and a solution of potassium 
hexafluorophosphate (0.0597 g, 0.32 mmol) in dry 
methanol (2 cm’) added. The mixture was heated 
to reflux under nitrogen for 1 h, cooled and filtered. 
The solvent was removed on a rotary evaporator 
and the oily residue treated with several portions of 
ether and ethanol which were removed on the rotary 
evaporator. A cream powder was obtained. This 
was dissolved in chloroform and the solution 
filtered. The filtrate was evaporated to dryness and 
the residue recrystallized from methanol/ether/n- 
hexane to give the product as a white powder. Dried 
in vacua. Yield 0.074 g, 57%. 

Preparation of[(bipy),Ru(L)K](PF,), 

[(bipy)zRu(L)](PF& (0.0504 g, 0.034 mmol) and 
KSCN (9 mg, 0.093 mol) in methanol (10 cm3) 

were heated to reflux under nitrogen for 1.5 h. The 
solution was cooled to room temperature and 
NH4PFs (30 mg, excess) in methanol (1 cm’) was 
added. An orange solid precipitated immediately. 
The volume of the solution was reduced to half and 
the solid filtered off. Yield of crude product 44.2 
mg. Recrystallized from acetone/ethanol/ether. 
Yield 29.2 mg, 51%. 

Preparation of[Cl,PtL(K)](PF,J 

The ligand (0.089 g, 0.115 mmol) was dissolved 
in dry methanol (20 cm’) and a solution of K,PtCl, 
(0.048 g, 0.115 mmol) in water (3 cm’) added. The 
solution was stirred at room temperature for 3 h. 
Ammonium hexafluorophosphate (0.11 g, 0.67 
mmol) was added and the mixture warmed to 50- 
60°C for 30 min, cooled, the volume reduced by 
half and the pale yellow precipitate filtered off. The 
solid was washed with ethanol (20 cm’) and dis- 
solved in acetone. The solution was filtered and the 
filtrate was treated with ethanol to give the product 
as a pale yellow powder. Dried in vacua. Yield 
0.0813 g, 58%. 

Conductivity studies” 

Conductivity measurements were carried out 
using a PTl-58 digital conductivity meter at con- 
centrations of 10-3-10-4 M in dry acetonitrile and 

temperature 2&22”C. 

Electrochemistry 

Cyclic voltammetry studies were carried out 
using a PAR 174A polarographic analyser and a Pt 
bead working electrode. 

Acknowledgbnent-We thank the SERC for a post- 
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Abstract-Ten new complexes of thorium(W) nitrate with some Schiff bases derived from 
4-aminoantipyrine and certain carbonyl compounds such as benzaldehyde, 2-nitro- 
benzaldehyde, 3_nitrobenzaldehyde, 4_methylbenzaldehyde, 4-N,N-dimethylaminobenzal- 
dehyde, 2_hydroxybenzaldehyde, 2-hydroxyacetophenone, acetylacetone, benzoylacetone and 
2-hydroxy-1-naphthaldehyde have been synthesized and characterized by elemental analysis, 
molecular weight determination, and spectral and conductance studies. 

As part of our programme for the synthesis and 
characterization of actinide complexes,’ we report 
on some Schiff base complexes of thorium. Thorium 
forms complexes with acetylacetonate, 8-qui- 
nolino12+ and with bi, tri and tetradentate Schiff 
bases,5-9 and with antipyrine, 4-aminoantipyrine 
and 4-dimethylaminoantipyrine.‘0~” In this paper 
we report the synthesis and characterization of a 
series of ten new complexes of thorium(IV) nitrate 
with some Schiff bases derived from 4-aminoan- 
tipyrine and ten carbonyl compounds such as 
benzaldehyde, 2_nitrobenzaldehyde, 3-nitrobenzal- 
dehyde, 4-methylbenzaldehyde, 4-N,N-dimethyl- 
aminobenzaldehyde, 2_hydroxybenzaldehyde, 
2-hydroxyacetophenone, acetylacetone, benzoy- 
lacetone and 2-hydroxy-1-naphthaldehyde. 

EXPERIMENTAL 

Reagents 

Thorium nitrate was obtained commercially 
(BDH, 99.9% pure) and used without further puri- 
fication. The following ten Schiff bases were pre- 
pared by condensing equimolar amounts of 4- 
aminoantipyrine and the appropriate carbonyl 
compounds in ethanol under reflux conditions for 
2-3 h. On cooling, yellow coloured Schiff bases were 

*Author to whom correspondence should be addressed. 

crystallized out and these were recrystallized from 
hot ethanol. The Schiff bases so prepared are 4N- 
(benzylidene)-aminoantipyrine (BAAP), 4N-(2’- 
nitrobenzylidene)-aminoantipyrine (o-NBAAP), 
4N-(3’-nitrobenzylidene)-aminoantipyrine (m-NB 
AAP), 4N-(4’-methylbenzylidene)-aminoantipyrine 
@MBAAP), 4N-(4’-N,N-dimethylaminobenzyl- 
idene)-aminoantipyrine (ABAAP), 4N-(2’-hydroxy- 
benzylidene)-aminoantipyrine (HBAAP), 4N-(2’- 
hydroxyacetophenylidene) - aminoantipyrine 
(HAPAAP), 4N - (acetylisopropylidene) -amino- 
antipyrine (AIPAAP), 4N-(benzoylisopropyl- 
idene)-aminoantipyrine (BIPAAP) and 4N- 
(2 - hydroxy - 1’ - naphthylidene) - aminoantipyrine 
(HNAAP). The purities of these Schiff bases were 
checked by TLC and IR spectral analysis. 

Preparation and analysis of the complexes 

The complexes were prepared by the following 
general method. Solutions of thorium nitrate (2 
mmol) and the Schiff base (6.5 mmol) in minimum 
quantities of hot dry acetone were mixed and the 
resulting solution was kept under reflux for 2-3 h. 
The reaction mixture was concentrated to a viscous 
dark brown mass which on washing several times 
with hot benzene to remove excess ligand gave a 
brownish-yellow solid mass. This solid mass was 
dissolved in a minimum quantity of dry acetone and 
the solution was stirred vigorously with the addition 
of dry diethylether and the complex crystallized out, 
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which was dried in uacuo over phosphorus(V) oxide. 
The complexes were analysed for the thorium 

content by the oxalateoxide method. I2 The carbon, 
hydrogen and nitrogen contents of the complexes 
were determined by microanalysis. (Carried out by 
the Central Drug Research Institute, Lucknow, 
India on a payment basis.) 

Physical measurements 

Molar conductivities of the complexes in ace- 
tonitrile and nitrobenzene (- 10m3 M solutions) 
were measured at room temperature (28 +2”C) 
using an ELICO conductivity bridge type Cm 82 
with a dip-type cell (type CC-03) having platinum 
electrodes (cell constant, 1.33 cm-‘). The IR spectra 
of the ligands (Schiff bases) and the complexes were 
recorded in the 4OWOOO cm-’ range on a Perkin- 
Elmer 397 IR spectrophotometer using KBr disc 
techniques. The molecular weights of the complexes 
(- lop3 M solutions) were determined by the cry- 
scopic method using nitrobenzene as the solvent.13 

RESULTS AND DISCUSSION 

All the complexes are non-hygroscopic brown- 
ish-yellow crystalline solids which are soluble in 
acetone, acetonitrile, methanol, ethanol, chloro- 
form and dimethylformamide and are insoluble in 
benzene, carbon tetrachloride, petroleum ether and 
diethyl ether. Analytical and molecular weight data 
(Table 1) show that five of the complexes have the 
general formula ThL3(N0& (where L = BAAP, o- 
NBAAP, m-NBAAP,p-MBAAP and ABAAP), the 
next four have the general formula ThL2(N03)4 
(where L = HBAAP, HAPAAP, AIPAAP and 
BIPAAP) and the last one has the formula 
Th(HNAAP)2(N03)2. 

From the conductance data (Table 1) it is seen 
that all the complexes behave as 1 : 1 electrolytes.‘45’5 
However, in acetonitrile slightly higher con- 
ductance values than those expected for 1 : 1 elec- 
trolytes, are observed for most of the complexes. 
These discrepancies are probably due to partial 
replacement of the coordinated nitrate groups by 
the solvent molecules (acetonitrile). 

The important IR spectral bands of the free 
ligands and those of the complexes are presented in 
Table 2. The shifts in the frequencies of oC=O(ring) 
and uC=N for all the ten complexes indicate that 
both these groups are coordinated to the metal ion. 
For the complexes of AIPAAP and BIPAAP, the 
side chain C==O group is also coordinated. The 

hydroxy groups of HBAAP, HAPAAP and 
HNAAP are also coordinated to the metal ion in 
addition to the ring C=O and C=N groups. In the 
case of HNAAP, deprotonation is indicated by the 
absence of uOH in the spectrum of the complex. The 
IR spectra of the complexes also suggest that all the 
nitrate groups except one are coordinated to the 
metal ion in a bidentate fashion.16 The following 
three sets of formulae are suggested for the present 
complexes : [ThL3(N03)3]N03 (where L = BAAP, 
o-NBAAP, m-NBAAP, p-MBAAP and ABAAP), 
[ThL2(N03)JN03 (where L = HBAAP, HAPAAP, 
AIPAAP and BIPAAP) and [Th(HNAAP),NO,] 
N03. The exact geometries of these complexes 
require single crystal X-ray analysis which is not 
available. 
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Abstract-Complex formation between trivalent La, Pr, Nd, Gd, Sm, Tb, Dy, Ho and 2- 
acetylpyridinethiosemicarbazone has been investigated by potentiometric measurements at 
25°C and in 0.02 M, 0.05 M, 0.1 M and 0.2 M (NaClO,) ionic strengths. The stability 
constants of the complexes formed have been determined and correlated to the size and 
ionic potentials of the metal ions. 

Thiosemicarbazones are compounds which act as 
complexing agents for various metal ions. They 
have many analytical applications and they are also 
of interest in various biological systems. 2-Acetyl- 
pyridinethiosemicarbazone has been used earlier 
for the spectrophotometric determination of Cu(II), 
Ni(II),’ Fe(I1)’ and Au(III).~ 

We have determined potentiometrically the stab- 
ility constants of 2-APT with trivalent lanthanons, 
La, Pr, Nd, Gd, Sm, Tb, Dy, and Ho in 75% (v/v) 
ethanol-water at various ionic strengths. 

EXPERIMENTAL 

Reagents and solutions 

2-Acetylpyridinethiosemicarbazone (2-APT) was 
prepared4 by reacting requisite amounts of thiose- 
micarbazide (Fluka A. R.) dissolved in ethanol and 
equimolar amounts of 2-acetylpyridine (Fluka A. 
R.). A small amount of acetic acid was also added 
to the reaction mixture. The reaction mixture was 
boiled under reflux for 6-8 h on a water bath and 
then cooled overnight in a freezer. The light brown 
solid was separated by filtration. After cry- 
stallization from ethanol, the purity of the com- 
pound was checked by m.p., TLC, NMR, IR and 

*Author to whom correspondence should be addressed. 

UV. Its solution was prepared in ethanol. Me,NOH 
(TMAH) (E. Merck, A. G. darmstadt) in 75% etha- 
nol (v/v) was used as titrant. HClO, was stan- 
dardized and diluted to the required molarity (0.1 M) 
with doubly distilled water. NaClO, (Riedel) was 
used to maintain that the ionic strength was con- 
stant. 

The solutions of lanthanon(II1) metal ions viz. 
La(III), Pr(III), Nd(III), Gd(III), Sm(III), Tb(III), 
Dy(II1) and Ho(II1) were prepared and stan- 
dardized by conventional methods. 

Apparatus 

A digital pH meter ECIL, model pH 5651 in 
conjunction with a glass electrode was used for pH 
measurements. The pH meter was standardized 
with potassium hydrogen phthalate and phosphate 
buffers before performing the titration. 

All measurements were made at a definite tem- 
perature, maintained constant by using a MLW 
(NBE type) thermostat. A VAX-11/750 computer 
was used for computation of equilibrium constants. 

Procedure 

Investigations have been carried out at four 
different ionic strengths viz. 0.02 M, 0.05 M, 0.1 
M and 0.2 M NaClO, at 25°C. For each set of 
experiments, the final volume was made up to 20 
cm3 maintaining the 75% (v/v) ethanol medium. 
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The concentrations of HC104, 2-APT and metal 
ions in the aforesaid volumes were 0.01, 0.00515 
and 0.00051 M respectively. Each set was titrated 
against 0.1 M TMAH in 75% ethanol. 

The titrations were carried out in a covered 
double walled glass cell in an atmosphere of nitro- 
gen which was presaturated with the solvent (75% 
ethanol-water), before being passed into the reac- 
tion solution. The following sets of solutions have 
been titrated : 

(i) 2.0 cm3HC10., (0.1 M)+ 1.0 cm3 NaClO, (2.0 
M) + 15 cm3 ethanol + 2.0 cm3 water. 

(ii) 2.0 cm3 HC104 (0.1 M)+ 1.0 cm3 NaClO, (2.0 
M) + 10.0 cm3 ligand (0.01 M) in ethanol + 5.0 
cm3 ethanol + 2.0 cm3 water. 

(iii) 2.0 cm3 HC104 (0.1 M) + 1.0 cm3 NaClO, (2.0 
M) + 10.0 cm3 ligand (0.01 M) in ethanol +0.5 
cm3 metal (0.02 M) + 5.0 cm3 ethanol + 1.5 cm3 
water. 

During complexation the acidic proton is 
replaced by an equivalent amount of metal(II1). 

From the titration curves of the above sets of 
solutions (i), (ii) and (iii) the values of ti and pL 
have been calculated using the VAX-l l/750 com- 
puter. The corresponding values of stability con- 
stants have been calculated using the weighted least 
squares method of Sullivan et al.’ The weighted 
least squares treatment determines the set of fin 
values which makes the function : 

U U= c(y-x-nx)B,x" 

II=0 1 
nearest to zero, by minimizing 

s 
[ 

s = i U2(XiyiZj) 

i= 1 1 

with respect to the variation in /I,,. We report the 
S,, values for different metal complexes&i, has 
the same statistical distribution as x2 with Kdegrees 
of freedom and with weights defined in accordance 
with Sullivan et al6 Smin can be equated to x2. The 
stability constants thus calculated are given in 
Table 1. 

Table 1. Stability constants of lanthanon(II1) chelates of 2-APT at different ionic strengths at temperatures = 
25 f0.5”C 

Stability 
constant 

and 
&, value La Pr 

Weighted least squares method 

Nd Gd Sm Tb DY Ho 

1 2 3 4 5 6 7 8 9 

log K, 6.82 7.05 

108 & 6.76 6.78 

1% 82 13.58 13.83 

&Ii” 0.1186 0.1780 

1% K 
log & 
log P* 
S In,” 

log K 
lois & 
1% Pz 
S Ill,” 

log 6 
log Kz 
1% 82 
S ml” 

6.91 7.12 
6.59 6.86 

13.50 13.98 
0.0679 0.1235 

7.02 7.33 
6.73 6.79 

13.75 14.12 
0.1640 0.1589 

7.14 7.40 
6.90 7.13 

14.04 14.53 
0.1384 0.0246 

(p = 0.2 M NaClO,, pK, = 10.16) 
7.38 7.51 7.60 7.86 
6.80 6.98 7.15 7.25 

14.18 14.49 14.75 15.11 
0.0864 0.1369 0.0298 0.0067 

(p = 0.1 M NaClO,, pK, = 10.39) 
7.54 7.57 7.66 7.81 
6.69 7.01 7.25 7.39 

14.23 14.58 14.91 15.20 
0.0493 0.1176 0.0687 0.1897 

(p = 0.05 M NaClO,, pK, = 10.56) 
7.59 7.63 7.79 8.06 
6.90 7.10 3.34 7.43 

14.49 14.73 15.13 15.49 
0.0160 0.0376 0.1206 0.0273 

@ = 0.02 M NaClO,, pK, = 10.80) 
7.74 7.84 7.95 8.06 
7.25 7.26 7.50 7.67 

14.99 15.10 14.45 15.73 
0.0648 0.0419 0.0116 0.1780 

7.88 7.95 
7.31 7.59 

15.19 15.54 
0.1392 0.1586 

7.93 8.02 
7.43 7.68 

15.36 15.70 
0.1496 0.0298 

8.08 8.15 
7.52 7.79 

15.60 15.94 
0.1782 0.0918 

8.24 8.26 
7.77 7.94 

16.10 16.20 
0.0108 0.1683 
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RESULTS AND DISCUSSION 

For calculation of fi and pL values we have taken 
the volume of 19.40 instead of 20 cm3 due to the 
volume contraction in the ethanol-water medium. 
pH correction factors have also been used. The values 
of EH were calculated at various pH values from the 
titration curves. The pK, of the ligand was obtained 
by plotting log(fiu/l-&) us pH and the values thus 
obtained were 10.80, 10.56, 10.39 and 10.16 at 
p = 0.02 M, 0.05 M, 0.1 M and 0.2 M NaClO, 
respectively at 25°C. In these studies the values of 
dissociation constants were found to decrease with 
increasing ionic strength of the medium, in agree- 
ment with the Debye-Huckel equation.’ 

~~[-&/ill+~J;Il+C = PK. 

It has been observed that stability from La to Ho 
follows the same order as increasing acidity. The 
order of log K values for 2-APT complexes is found 
to be: 

La<Pr<Nd<Gd<Sm<Tb<Dy<Ho. 

The same trend has also been reported by several 
workers. The log K,, log K2, log j2 and Smin values 
at 25 + 0.5”C for the trivalent metal ion chelates at 
different ionic strengths are summarized in Table 1. 
For these chelates, fi values greater than 2.0 have 
not been obtained. We have therefore concluded 
that not more than two chelates i.e. 1 : 1 and 1 : 2 
(M : L) are formed in each system. In view of the fact 

Table 2. Values of thermodynamic 
stability constants (log KY) of lan- 
thanon(II1) complexes of 2-m at 

25 +os”c 

Metal ions log KT 

La 7.60 
Pr 7.76 
Nd 7.95 
Gd 8.16 
Sm 8.26 
Tb 8.34 
DY 8.49 
Ho 8.64 

that very low concentration of metal ions has been 
used in the titration, it has been assumed that the 
possibility of poly-nuclear complex formation is 
negligible. Thermodynamic stability constants 
obtained by extrapolation of a straight line plot of 
log K us & to zero ionic strength (Fig. 1) are given 
in Table 2. 

The values of stability constants of lan- 
thanon(II1) complexes increase as the ionic radii 
of the ions decrease. Only two bidentate 2-APT 
molecules enter into the coordination sphere of lan- 
thanon(II1) ions. The remaining coordination pro- 
tons are apparently occupied by water molecules. 

6.2 - 

5.8 - 

5.4 - 

5 I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 

JF 

Fig. 1. 
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Abstract-Complexes of the general formula, Me2SiLz (where, LH = semi- and thiosemi- 
carbazones) have been prepared by reacting dimethylsilicondichloride with the ligand in a 
1 : 2 (metalloid : ligand) molar ratio. These complexes have been characterized by elemen- 
tal analysis, molecular weight determinations and conductivity measurements, and struc- 
tures have been proposed using electronic, IR, ‘H NMR and 13C NMR spectral studies. 
The data suggest that the ligands function as monobasic bidentate towards the metalloid 
atom. 

During the past few years, a plethora of references 
describing the transition metal complexes of 
semicarbazone and thiosemicarbazone ligands have 
appeared in the literature.‘-7 However, little is 
known about the complexing behaviour of non- 
transition elements with these ligands. 8 Mehrotra 
and coworkersgs” reported the preparation and 
characterization of organosilicon complexes of 0, 
N donor ligands. Semicarbazones and thio- 
semicarbazones are amongst the most important 
nitrogen oxygen/sulphur donor ligands. ’ ’ The sul- 
phur containing ligands are well known for their 
biocidal activities, “* ’ 3 which are probably due to 
their ability to chelate with trace metals. It has, 
however, been reported that the activity of sulphur 
containing ligands is increased on complexation. 14,15 
Our continuing interest in the synthesis of biol- 
ogically active complexes have led us to prepare 
and study the structural as well as other features 
of silicon(IV) complexes of semi- and thiosemicar- 
bazones. 

EXPERIMENTAL 

Chemicals and solvents used were dried and pur- 
ified by standard methods and moisture was 
excluded from the glass apparatus using CaCl, dry- 

* Author to whom correspondence should be addressed. 

ing tubes. All the ligands were prepared according 
to the literature methods I6 and recrystallized before 
use. 

Preparation of the complexes 

To a weighed amount of dimethylsilicon- 
dichloride in N 30 cm3 of dry methanol was added 
the calculated amount of sodium salt of the ligand 
(prepared by treating the ligand with the sodium 
metal in dry methanol, N 20 cm’). The reactants 
were refluxed for l&l 1 h, filtered to remove 
sodium chloride and the excess solvent removed 
under reduced pressure and the complexes were 
dried for 3-4 h. 

The complexes were analysed by the methods 
reported in our earlier publications ’ 7 (details are 
given in Table 1). Conductivity was measured at 
34+ 1°C with a conductivity bridge, type 305 
Systronics model and the molecular weights were 
determined by the Rast-Camphor method. IR spec- 
tra were recorded on a Perkin-Elmer 577 grating 
spectrophotometer as Nujol mulls using KBr 
optics. The electronic spectra of the ligand and its 
silicon compound were obtained on a Perkin 202 
spectrophotometer in dry methanol. PMR spectra 
were recorded on a Jeol FX 90Q spectrometer in 
DMSO-d, using TMS as the internal standard at 
89.55 MHz. ’ 3C NMR spectra were recorded in 
methanol at 22.49 MHz. 
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RESULTS AND DISCUSSION 

The reactions of dimethylsilicondichloride with 
the sodium salt of monobasic bidentate ligands in 
a 1 : 2 molar ratio in a methanol medium result in 
the precipitation of sodium chloride as shown by 
the following equations : 

Me,SiCl, + 2mNa + Me$i(N^O), + 2NaCl 

Me,SiC1,+2mNa + Me,Si(N$+2NaCl 

(where o^N and @I represent the donor sets of 
ligands). 

The resulting complexes have been obtained as 
coloured solids which are soluble in most of the 
common organic solvents. The molar conductance 
values of 10m3 M solutions (10-15 ohm-’ cm2 
mol- ‘) in DMF show them to be non-electrolytes. 
The monomeric nature of these complexes was con- 
firmed by the molecular weight determinations. 

Attempts to distil some of these complexes under 
reduced pressure as well as recrystallization from 
different solvents were unsuccessful. The complexes 
were purified by repeated washing with cyclohexane 

and their purity was further checked by TLC using 
silica gel-G in methanol. 

The electronic spectra of furfuraldehyde semi- 
and thiosemicarbazones and their corresponding 
silicon complexes were recorded. The spectra of 
ligands show broad bands at 350 and 340 nm which 
can be assigned to the n-z* transition of the azo- 
methine groups. These bands show a blue shift in 
the silicon complexes and appear at 338 and 334 
nm respectively. This clearly indicates the coor- 
dination of the azomethine nitrogen to the silicon 
atom. The two maxima at - 315 and - 264 nm of 
weak intensity due to a Z-rc* electronic transition in 
the ligands remain almost unchanged in the spectra 
of the silicon complexes. 

In the IR spectra of ligands, a broad band in the 
region 3150-3250 cm- ’ may be assigned to vNH 
vibrations. In the solution spectra of ligands, an 
additional band due to vSH also appear at - 2550 
cm- ’ due to tautomerization. I8 These vNH or vSH 
bands do not appear in the complexes showing the 
chelation of ligands. 

A sharp strong band at - 1620 cm-’ due to the 
vC=N frequency of the free azomethine group in 

Table 1. Physical characteristics and elemental analyses of silicon complexes 

Complex Colour 

Analysis (X) 
C H N S Si 

M.p. Found Found Found Found Pound 
(“C) (Calc.) (Calc.) (Calc.) (Calc.) (Calc.) 

Yellowish-brown 

Brown 

Dark brown 

Light brown 

Dark yellow 

Dark brown 

Yellow 

Dark yellow 

Cream 

Light yellow 

130 42.6 4.6 

(42.2) (4.5) 
205 38.9 4.1 

(39.4) (4.2) 
188 53.2 4.5 

(53.6) (4.8) 
195d 46.6 5.0 

(46.1) (4.8) 
125 57.1 5.2 

(56.6) (5.5) 
164 46.2 5.3 

(46.4) (4.9) 
220 43.0 4.8 

(42.6) (4.5) 

85 57.8 (57.3) :::, 
174 49.4 5.0 

(49.9) (5.2) 
205d 60.4 5.4 

(60.8) (5.9) 

21.3 
(21.1) 
19.5 

(19.7) 
22.9 

(22.7) 
27.0 

(26.9) 
17.8 

(18.0) 
23.2 

(23.2) 
21.1 

(21.2) 
24.5 

(24.3) 
29.0 

(29.1) 
19.3 

(19.3) 

16.2 7.1 
(16.4) (7.1) 
15.2 6.3 

(15.0) (6.5) 
13.1 5.5 

(13.0) (5.7) 
15.2 6.3 

(15.3) (6.7) 
13.8 6.4 

(13.7) (6.0) 

(Z) 
15.9 7.0 

(16.2) (7.1) 

(E) 

(Z) 

(Z) 

L ,-L, and L6LI o are the anions of the thiosemicarbazones and semicarbazones of furfur- 
aldehyde, thiophene-2-aldehyde, indole-3_carbaldehyde, pyridine-2-aldehyde and cinnamal- 
dehyde, respectively. 
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Table 2. ‘H NMR data (6 ppm) of ligands and their silicon complexes 
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No. Compound Aromatic -NH Azomethine -NH2 --CH9 

;!) 
(iii) 

(iv) 

;!) 
(vii) 
(viii) 

(ix) 
(x) 
(xi) 
(xii) 
(xiii) 
(xiv) 

(xv) 
(xvi) 
(xvii) 
(xviii) 
(xix) 

(xx) 

L,H” 
Me,Si(L,), 
LzH 
Me&(L& 
L,H 
Me&L& 
LdH 
Me,Si(L& 
L,H 
Me$i(L,), 
LsH 
Me,Si(L,), 
L,H 
MeSi(L,), 
LsH 
Me,Si(L& 
L!H 
Me&(L& 
L,oH 
Me&(L,& 

7.68-6.60m 
8.0&6.72m 
6.85-6.38m 
7.49-6.4Om 
8.00-7.28m 
8.12-7.48m 
8.48-7.52m 
8.80-7.84m 
8.00-7.37m 
8.767.56m 
6.8@-6.32m 
7.44-6.36m 
6.89-6.42m 
7.0&6.56m 
7.76-6.32m 
8. IO-7.20m 
7.48-6.2Om 
7.567.12m 
8.08-7.45m 
8.38-7.72m 

11.40bs 
- 

10.90bs 

11.28bs 

11.76bs 

11.96bs 
- 

10.68bs 

10.88bs 
- 

11.52bs 
- 

10.87bs 
- 

11.86bs 
- 

8.00s 
8.32s 
7.93s 
8.64s 
8.40s 
8.60s 
8.64s 
8.88s 
8.15s 
8.68s 
7.75s 
8.44s 
7.96s 
8.36s 
8.16s 
8.70s 
7.92s 
8.64s 
8.16s 
8.96s 

2.40bs - 
2.72bs 0.40 
244bs - 
2.45bs 0.43 
2.56bs - 
2.68bs 0.44 
2.94bs - 
2.96bs 0.49 
2.50bs - 
2.56bs 0.43 
2.55bs - 
2.58bs 0.36 
2.52bs - 
2.50bs 0.36 
2.56bs - 
2.56bs 0.40 
2.44bs - 
2.48bs 0.32 
2.48bs - 
2.85bs 0.39 

s = singlet, bs = broad singlet and m = complex multiplet. 
’ “C spectrum: C, 179.48; C, 150.79; C, 134.77; C4 114.75; C, 146.14; C,199.97. 
6’3Cspectrum: C, 159.22; C, 151.42; C3 131.59; C4 112.41; Cs 145.57;C6 182.42; 

Si-CH 3 9.0. 

ligands shifts to lower frequency (- 10) in the sili- 
con complexes and thus indicates the coordination 
of the azomethine nitrogen to the metalloid atom. 
In the literature, a shift of this frequency to the 
higher’ 9 as well as lower” wave number side has 
been reported and in some cases even, no change 
has been noted.21 

Several new bands in the complexes at N 620, 
580 and 540 cm-’ are due to vSi-0,22 vSitNz3 
and vSi-S24 respectively, which are absent in 
the spectra of ligands. It is known that the cis form 
of such types of complexes give rise to two vM-N 
bands, whereas the tran~ complexes give rise to only 
one IR active vM-N band.25 The presence of only 
one v(Si-N) band in the present case, suggests that 
the complexes exist in the trans form. 

The proton magnetic resonance spectral data of 
furfuraldehyde thiosemicarbazone (L,H), fur- 
furaldehyde semicarbazone (L,H) and their cor- 
responding silicon complexes have been recorded 
in Table 2. The broad signals due to NH protons 
at 6 11.40 (LrH) and 10.68 ppm (L,H) in the ligands 
disappear in the case of silicon complexes indicating 
the coordination of silicon with nitrogen and oxy- 
gen/sulphur. The azomethine proton signals 
(-CH=N) appear at 6 8.00 (L,H) and 7.75 ppm 

(L,H) in the ligands undergoing deshielding and 

appear at 6 8.32 and 8.44 ppm in the silicon 
complexes Me2Si(L1)2 and Me,Si(L,), respectively, 
which again confirms the coordination of the azo- 
methine nitrogen to the silicon atom. The protons 
of the methyl groups appear at 6 0.40 and 0.36 
ppm in the complexes Me,Si(L,), and Me,Si(L,), 
respectively. The results for other ligands and their 
silicon complexes have been given in Table 2. 

’ 3C NMR spectra of furfuraldehyde thio- 
semicarbazone and its silicon complex were also 
recorded. The ’ 3C chemical shifts in the spectra of 
the complex compared to the ligand clearly show 
the coordination of the azomethine nitrogen to the 
silicon atom. 

On the basis of the above evidence, it is suggested 
that the silicon is octahedrally coordinated. 

Acknowledgement-Mrs Kiran Singh is thankful to the 
C.S.I.R. New Delhi for financial assistance. 
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Abstract-The synergic extraction of various tervalent lanthanides (Ln), La, Ce, Nd, Sm, 
Gd, Tb, Yb and Lu, with 2-thenoyltrifluoroacetone (Htta) in the presence of a bidentate 
heterocyclic amine, 2,2’-bipyridine (bipy), in benzene was investigated. The synergic 
enhancement was attributed to the formation of the adducts, Ln(tta),(bipy). The synergic 
extraction of La(III), Sm(II1) and Lu(II1) with Htta and a unidentate amine, pyridine (py), 
was also studied and the formation of the adducts, Ln(tta),py and Ln(tta)3(py)2, was 
observed. The adduct formation constants, ps,, and &, were determined. The /Is,* values 
for py decrease with increasing atomic number of Ln(III), but Bs,, values for bipy increase 
with increasing atomic number of Ln(II1). The synergic extraction constants and the 
separation factors in the bipy system were also determined. 

The synergic enhancement of the extraction of ter- 
valent lanthanides Ln(II1) with an acidic chelating 
agent in the presence of a neutral ligand has been 
widely investigated. In most of these investigations 
unidentate organophosphorus compounds such as 
tributylphosphate (tbp) and trioctylphosphine 
oxide (topo) have been used as neutral ligands. 
Relatively little use has been made of bidentate 
neutral ligands. Recently we have investigated the 
synergic extraction of Tm(II1) with /I-diketones and 
neutral bidentate heterocyclic amines, such as 1,l O- 
phenanthroline (phen) and 2,2’-bipyridine (bipy), 
and a large synergic enhancement was observed.’ 
Furthermore, the effect of nonpolar diluents on the 
synergism in Ln(III)-acetylacetone(Hacac)-phen 
systems was discussed. 2-4 A very interesting depen- 
dence of synegrism on the atomic number of Ln 
with different combinations of b-diketones and 
bidentate heterocyclic amines was observed ? that 
is, in Hacac and benzoylacetone (Hba) systems, 
the synergic enhancement by phen as well as bipy 
decreases with increasing atomic number of Ln, but 
in pivaloyltrifluoroacetone (Hpta) and hex- 
afluoroacetylacetone (Hhfa) systems, the depen- 
dence is inverse. 

*Author to whom correspondence should be addressed. 

In the present work, the synergic extraction of 
various Ln(II1) ions with 2-thenoyltrifluoroacetone 
(Htta) and bipy in benzene was investigated. Htta 
is a well established extracting reagent and has often 
been used in the synergic extraction of Ln(II1) in 
combination with a unidentate organophosphorus 
compound containing oxygen as a donor atom.7 On 
the other hand, unidentate neutral ligands con- 
taining nitrogen as a donor atom have been little 
used, so that the synergic extraction of Ln with Htta 
in the presence of a unidentate heterocyclic amine, 
pyridine (py), was also investigated to compare with 
that of Ln with Htta in the presence of a bidentate 
heterocyclic amine such as bipy. 

EXPERIMENTAL 

Materials and apparatus 

Radioisotopes, IaLa, 14’Ce, ‘47Nd, ls3Sm, ls3Gd, 
‘@Tb, ‘69Yb and ‘77Lu used as tracers, were pro- 
duced by the neutron’irradiation of 0.55 mg of 
each oxide or nitrate in the nucleur reactor (JRR-4) 
of the Japan Atomic Research Institute at a thermal 
neutron flux of 5.5 x lOI n cmm2 s-’ for 6 h. The 
radioactive solution of Ln(II1) was prepared by dis- 
solving a known amount of the irradiated sample 
in hydrochloric acid, evaporating to dryness and 
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redissolving in 10m3 M perchloric acid solution 
before use. 

Htta was purified by vacuum sublimation. Bipy 
was recrystallized in cyclohexane followed by dry- 
ing under reduced pressure. Py was distilled twice. 
Benzene was purified by ordinary methods. Unless 
otherwise stated, reagents used were of guaranteed 
reagent grade. 

The y-radioactivity of each radioisotope was 
measured with a NaI(T1) well-type scintillation 
detector connected with a single channel analyser. 
The extraction vial was shaken with a mechanical 
shaker at 330 strokes per min. The pH value of the 
equilibrated aqueous phase was measured with a 
glass electrode. 

Procedure 

An aqueous solution (6 cm3) containing IO-‘- 
IO- 5 M Ln labelled with its radioisotope was placed 
in a 30 cm3. extraction vial with a ground glass 
stopper. In the extraction of Ce(III), lop3 M sodium 
ascorbate was also present. To the aqueous solution 
was added an equal volume of a benzene solution 
containing 1O-4-1O-2 M Htta and 1O-5-1O-’ M 
neutral ligand, and the vial was shaken for l-3 h at 
25°C and then centrifuged. An aliquot was taken 
from each phase and the y-radioactivity was mea- 
sured. The distribution ratio (D) of Ln was obtained 
as the radioactivity ratio. The pH of the aqueous 
phase was adjusted with 10~3-10-2 M piperazine- 
N,N’-bis-(2-ethanesulphonic acid) and sodium 
hydroxide solution, and the equilibrium pH value 
of the aqueous phase was measured immediately 
after shaking. Ion strength was adjusted to 0.1 with 
sodium perchlorate in bipy systems and with 
sodium chloride in py systems. 

Theoretical 

The distribution ratio (D,) of a tervalent cation, 
M3+, with a chelating extractant, HA, can be ex- 
pressed as follows ; 

f’MA,B3W13 

Do = [M3+]~~$A;-“] = I +&?JA-] (1) 

where the bar over the species denotes the organic 
phase, /?” the overall chelate formation constant of 
MA:-” in the aqueous phase, PM the partition 
coefficient of MA3 and A- the chelating anion in 
the aqueous phase. In the very low concentration 
of A-, the formation of MA:-” will be negligible, 
thus DO depends simply on the third power of the 
concentration of A-. The extraction equilibrium 

with HA is given as : 

M3++3HA$MA3+3H+:K,, (2) 

When MA:-” chelates other than MA3 can be 
neglected, the extraction constant, K,,, can be 
expressed as follows :’ 

K = PWI[H+13 = 

ex [M3+][m13 
(3) 

where KHA and PH. denote the acid dissociation 
constant and the partition coefficient of HA, respec- 
tively. 

In the synergic extraction of M3+ with HA and 
a neutral ligand, S, the distribution ratio (D) can be 
expressed as follows : 

D = [MA,1 +c [MA&n1 
[M3+]+~[MA,3-“I 

= ~‘MA$~[A-I~(~ +~&m[Slm) 

1 +CB&-I” 

(4) 

where Bs,, is the adduct formation constant in the 
organic phase corresponding to the following equi- 
librium : 

MA3 + mS z$ MA3Sm : &,. (9 

From eqs (1) and (4) the following equation is 
obtained : 

D/Do = 1+ 1 Bs,m[~Y. (6) 
If MA3S, is the only dominant species in the organic 
phase, D/DO will depend on the mth power of the 
concentration of S in the organic phase. 

The overall extraction reaction of the synergic 
extraction and its equilibrium constant, K,,,,, are 
shown as eqs (7) and (8) respectively, and the latter 
is called the synergic extraction constant. 

M3++3HA+mS~MA3S,+3H+ (7) 

K = [MAAnlJ+13 = 
wrn [M3+] [%13[Slm 

(8) 

K exs,m can be related with K,, and ps,, from eqs (3) 
and (8) as 

K exs.m = K,,P,w (9) 

RESULTS AND DISCUSSION 

Extraction ofLn(II1) with Htta 

The extraction of La(III), Nd(III), Sm(III), 
Gd(III), Tb(III), Yb(II1) and Lu(II1) with Htta in 
benzene was carried out and the logarithmic dis- 
tribution ratio was plotted against the logarithmic 
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Fig. 1. Dist~bution ratio of Ce(III) in the extraction and 
back-extraction with Htta in benzene. 0 : IO-’ M Htta, 
l : 1O-3 M Htta, v : back-extraction in the presence of 
10m3 M ascorbate, A : lo-* M in the absence of ascorb- 

ate. 

concentration of tta-. The equilibrium con- 
centration of tta- in the aqueous phase was cal- 
culated from the following equation ; 

c 
1A-3 = (PaA+ ~)~~~],K”~+ 1 

(10) 

where C,, denotes the initial con~ntration of Htta. 
The literature values of KsA and PHA were adopted, 
i.e. log KHA = - 6.23’ and log PWA = 1.62.' It is 
known that the cerium ion takes two relatively 
stable oxidation states in an aqueous solution, ter- 
valent and quadrivalent cerium. To make sure of the 
extraction of Ce(II1) with Htta, the distribution 
ratio of cerium was determined in the presence or 
absence of ascorbate which behaves as a reducing 
agent. The plots of log Do vs log [tta-] are shown 
in Fig. 1, together with that of the back extraction 

-6 -5 
log Ctta-J 

Fig. 2. Extraction of various Ln(III) with Htta in 
~~ne.O:La,n:Nd,~:Sm,~:Gd,A:Tb,A: 

Yb, + : Lu. 

of the extracted organic phase. All the plots give 
straight lines with a slope of 2.96, and this indicates 
that the extraction equilibrium is attained at the 
present extraction condition, and the extraced che- 
late is Ceftta), of tervalent state even in the absence 
of ascorbate. To make sure, ascorbate was added 
in all the synergic extraction systems. The plots in 
Fig. 2 for La, Nd, Sm, Gd, Tb, Yb and Lu give 
straight lines with the slopes of 2.97,2.95,3.01,2.93, 
3.00,2.92 and 2.95, respectively. These demonstrate 
that the extracted chelate for Ln is Ln(tta),, as is 
expected. From these plots in Figs 1 and 2, the 
extraction constants were calculated by eq. (3) and 
are listed in Table 1, together with that for Tm(III).’ 

Synergic exfruction ofLn(II1) 

The synergic extraction of Ln with 10s3 M Htta 
and various con~ntratio~s of bipy in benzene was 

Table 1. Extraction constants (Q, adduct formation constants (&) and synergic extraction 
constants (&) in Ln(III)-Htta-bipy, py systems 

bipy 
Ln log KX log A. I h3 K;,,,, 1% B.S. I lol/L 1% Km.2 

La - 10.35 5.36 - 4.99 2.60 4.68 - 5.67 
Ce - 9.47 5.66 -3.81 
Nd -8.70 5.95 -2.75 
Sm -7.93 6.14 - 1.79 2.95 4.70 -3.23 
Gd -7.76 6.38 -1.38 
Tb -7.38 6.46 - 0.92 
Tm” -6.84 6.58 - 0.26 3.02 4.32 -2.52 
Yb -6.62 6.54 -0.08 
Lu -6.65 6.51 -0.14 2.81 3.71 -2.94 

“Ref. 1. 
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I I I 

-4 -3 -2 
109 rbipyl 

Fig. 3. Effect of the concentration of bipy in benzene on 
the synergic extraction of Ln(II1) with Htta. 0 : La, l : 

Ce,O:Nd,W:Sm,O:Gd,A:Tb,A:Yb,+:Lu. 

carried out and the plots of log D against log [bipy] 
are given in Fig. 3. The equilibrium concentration 
of bipy in the organic phase was calculated by the 
following equation ; 

_ cs 
[‘I = 1 + (1 + [H+]/K,,)/Ps 

(11) 

where Cs denotes the initial concentration of 
bipy, and KHs and Ps are the acid dissociation con- 
stant of the protonated bipy and the partition co- 
efficient of bipy, respectively. The values of Kns 
and Ps have been obtained experimentally,’ i.e. 
log KHs = -4.50 and log Ps = 2.05. 

The plots for La, Ce, Nd, Sm, Gd, Tb, Yb and 
Lu give straight lines with the slopes of 1.03, 0.97, 
1.02, 1.00, 1.00, 1.00, 1.01 and 1.00, respectively. 
This indicates that the mole ratio of the neutral 
chelate and bipy in the adduct is 1 : 1, and 
no evidence for the formation of a higher adduct as 
M(tta)3(bipy), was obtained. The formation of the 
higher adducts was suggested in the synergic extrac- 
tion of La, Nd, Gd and Lu with Htta and bipy,” 
but this conclusion is dubious because they did not 
pay any attention to the equilibrium concentrations 
of tta- and phen. Therefore for example the slope 
analysis of the plots is ambiguous, and the adduct 
formation constants j?s,, and flS.2 reported in the 
literature” are also not plausible. 

The j?S,, are calculated from eq. (6) as listed in 
Table 1, and plotted in the order of the atomic 
number of Ln in Fig. 4. The larger atomic number 
of Ln has the larger value of BS,,. This tendency is 
different from that in the general synergic extraction 
systems involving a unidentate organophosphorus 

II , I I, I I I 

LoCeNd Sm GdTb TmYb Lu 

Ltl(lII) 

Fig. 4. Plots of /Is,, in Ln(III)-Htta-bipy systems and /Is,* 
in Ln(IIIkHtta-py systems in the order of the atomic 

number of Ln. 0 : bipy, 0 : py. 

compound as a neutral ligand, such as Ln-Htta- 
tbp systems,“,” in which /?s,2 values decrease with 
increasing atomic number of Ln. The different tend- 
ency between commonly used tbp and the present 
bipy may be attributed to the different donor atoms 
such as oxygen of tbp and nitrogen of bipy. Here, 
the synergic extraction of Ln with Htta and py, 
which are unidentate neutral ligands and have a 
nitrogen as a donor atom, was carried out. The 
plots of log D/Do against log [py] are shown in Fig. 
5. The equilibrium concentration of py in benzene 
was calculated from eq. (11) using KHs and Ps values 
for py, i.e. log Kns = -5.36 and log P, = 0.51.l 
These plots show a curved line for each Ln(III), and 
in the higher concentration range of py, these plots 
for La and Sm are asymptotic to a straight line with 
a slope of two. The plots for Lu(II1) do not reach 

-3 -2 -1 
109 [WI 

Fig. 5. Effect of the concentration of py in benzene on 
the synergic extraction of Ln(II1) with Htta. 0 : La, 0 : 

Sm, A : Lu. 
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a limiting slope even at the higher concentration of 

py but seem to be getting close to the slope of 
two. Thus, it may be concluded that two adducts, 
M(tta),py and M(tta)3(py)z, are formed. The adduct 
formation constants in the py system are calculated 
from eq. (6) using the least squares fitting method, 
and are listed in Table 1. The fis,, values of bipy, 
which seems to be a quasi dimer type compound of 
py, for every Ln is larger than the corresponding 
j&Z of py, and this suggests that bipy coordinates 
directly to the central metal of the chelate as a 
bidentate ligand. The plots of the & values of py 
in the order of the atomic number of Ln are shown 
in Fig. 4. The values of ps,2 for Ln with the higher 
atomic number is smaller than those for Ln with 
the lower atomic number. This tendency is the same 
as that of the general unidentate organophosphorus 
compound, and is inverse to that of bipy. Thus, the 
peculiar tendency of the synergism observed for 
bipy seems to be not only attributed to the donor 
nitrogen atom of the ligand, but also to its biden- 
tate mode of coordination. 

The peculiar tendency in the adduct formation 
with bipy is entirely favourable to the separation 
efficiency of Ln ions in the synergic extraction. The 
separation factors between two Ln’s, M and M’, in 
the extraction system with Htta in the absence or 
presence of bipy are calculated simply by the fol- 
lowing relations. 

the synergic extraction system is worse than that 
by the extraction system involving only the acidic 
chelating agent. However, the value of AK,,, in the 
present bipy system is larger than the value of AK, 
for each Ln pair. Thus the addition of a neutral 
bidentate ligand, bipy, can improve both the extrac- 
tion efficiency of Ln and the separation factor of 
Ln’s. The AK,,, values for Ln pairs of the lower 
atomic number are larger than those for the higher 
atomic number. The separation factors especially 
for the La-Ce pair and the Ce-Nd pair in the 
present system are larger than those in di-(2- 
ethylhexyl)-phosphoric acid (dehpa) systems, which 
is known as the extraction system for Ln’s with a 
large separation factor, i.e. the separation factors 
for La-Cc pair and C+Nd pair in the dehpa 
system are 3.0 and 2.94 respectively.*3 This must be 
compared with the present system of 15.15 and 
11.48 respectively. The synergic extraction system 
involving bipy seems to be favourable for the sep- 
aration of light Ln’s. Further investigation of the 
synergic extraction involving bidentate neutral 
ligands is very promising for the separation science 
of rare metals. 

AK,,(M’IM) = K,,(M’)lkk,(M) (12) 

AK,,,(M’IM) = %,,(M’)IIE;,,(M). (13) 

These values are summarized in Table 2. It has been 
generally believed that the separation of metals by 

Table 2. Separation factors of Ln(III) in the 
extraction system with Htta in the absence and 

presence of bipy 

M’/M AK,,(M’IM)” A&(M’IM)* 

Ce/La 7.58 15.15 
Nd/Ce 5.89 11.48 
Sm/Nd 5.89 9.12 
Gd/Sm 1.48 2.57 
Tb/Gd 2.40 2.88 
Tm/Tb 3.47 4.57 
Yb/Tm 1.66 1.51 
Lu/Y b 0.93 0.87 

’ Htta-benzene. 
b Htta-bipy-benzene. 
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COPPER-63 NMR STUDIES OF INTERACTION BETWEEN 
COPPER(I) IONS AND DIARYLAZO COMPOUNDS 
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(Received 4 June 1987 ; accepted 29 June 1987) 

Abstract-The use of 63Cu NMR to investigate the interaction between copper(I) in 
[Cu(NCMe),][BF,] and various organic molecules in acetonitrile solution is demonstrated. 

Reactions of various organic molecules can be acti- 
vated by the presence of copper metal or copper 
ions. ’ The precise function of copper in these reac- 
tions is unclear. The metal may act as an electron 
transfer or redox agent, it may function by pola- 
rizing the organic substrate as a result of a weak 
association between them, or it may form a specific 
coordination complex with the organic molecule as 
a ligand which then undergoes further reaction. 

We have investigated the copper-assisted nucle- 
ophilic substitution of various aryl halides by cyan- 
ide and dialkylphosphonate. In these reactions, the 
nucleophile is formed from a precursor (formamide 
or formaldehyde oxime in the case of cyanide ; a 
trialkyl phosphite in the case of dialkyl- 
phosphonate) which is coordinated to copper(I) 
during the reaction.2 Experiments designed to 
identify or to isolate coordination complexes of 
copper(I) containing both the aryl halide and the 
nucleophile have been uniformly unsuccessful. 
Consequently, we have investigated the use of 63Cu 
NMR as a means of detecting interaction between 
copper(I) and various organic substrates. For this 
purpose tetrakis(acetonitrile)copper(I) tetrafluo- 
roborate is a convenient reagent. 

EXPERIMENTAL 

The NMR measurements were made with a 
Bruker WM200-SWB spectrometer using a broad- 
band tuneable VSP probe. 63Cu resonances were 

* Author to whom correspondence should be addressed. 

observed using a carrier frequency of 53.0422 MHz, 
a pulse width of 20 ps and with a sweep width of 100 
KHz. A saturated solution of [Cu(NCMe),][BF,] 
in acetonitrile (ca 0.1 M) was used as an external 
reference at a constant temperature of 300 K. In 
order to circumvent the known concentration 
dependence of 63Cu resonances,3 spectra of satu- 
rated solutions of [Cu(NCMe),][BF,] (10 mg) in 
acetonitrile (2 cm3) were recorded both before and 
after addition of the potential ligand. The results 
obtained are accurate to f 1 ppm. The copper(I) 
salt, [Cu(NCMe),][BF,] was prepared by a stan- 
dard method.4 All reagents and solvents were pur- 
ified and handled in an atmosphere of deaerated, 
dry dinitrogen using standard Schlenk-type appar- 
atus and cannulae for solution transfers. The aryl 
bromides were prepared by standard methods and 
characterized by microanalysis and spectroscopy 
(IR, NMR, mass). 

RESULTS 

The addition of either benzene (0.6 mmol) or 
N,N-diethylaniline (0.3 mmol) to a standard solu- 
tion of [Cu(NCMe),][BF,] in acetonitrile did not 
cause any significant change in the 63Cu chemical 
shift and tht width (8570 Hz) of the signal did 
not change. These observations indicate that the 
tetrahedral environment of the copper(I) has not 
been disturbed either by a u-donor interaction with 
the tertiary nitrogen of the amine or by a n-type of 
interaction with the aromatic rings. That such an 
interaction can be recognized easily was established 
by the observation that the addition of triethyl 
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phosphite to [Cu(NCMe),][BF,] in acetonitrile 
solution at room temperature, rapidly produces the 
quintet signal characteristic5 of [Cu(P(OEt),),] 

[BF,] (J(63Cu-3’P) 1208 Hz) at 6 -86 ppm 
relative to the acetonitrile complex. 

The 2-azoaryl bromide (1) is typical of substrates 
for which we have previously studied nucleophilic 
substitution of the halogen. When (1) is added to 
[Cu(NCMe),][BF,] in acetonitrile a shift of the 
63Cu resonance upfield 6 + 12 ppm is observed and 
the width of the signal increases (9650 Hz). Com- 
pound (2) contains an acetylamino substituent 
which is capable of interacting with copper(I) so 
that (2) is a potential bidentate ligand. When (2) is 
added to [Cu(NCMe),][BF,] in acetonitrile 
solution, the 63Cu resonance is shifted further 
upfield, 6 + 17 ppm. The importance of the second 
potential donor site is reinforced by the observation 
that (3) which incorporates the essential features 
of both (1) and (2), causes a shift 6 + 18 ppm in 
the 63Cu resonance of [Cu(NCMe),][BF,]. In the 
presence of both (2) and (3) the 63Cu resonance is 
significantly broader (average, 10150 Hz) than in 
[Cu(NCMe),][BF,]. Addition of 2’-bromo-(2-ace- 
tylaminophenylmethylidene)benzeneamine, which 
comprises both of the potential donor sites but lacks 
the polarizing diethylamino substituent which 
would increase the electron density on the azo- 
methine nitrogen, does not cause any shift in the 
63Cu resonance of [Cu(NCMe),][BF,]. 

CONCLUSION 

The exchange equilibria between coordinated 
and bulk solvent in [Cu(NCMe),]+ are sufficiently 
rapid on the NMR time scale that the 63Cu signal 
is broadened both by exchange contributions to the 
relaxation rate and by the presence of species of low 
point symmetry. The presence of another potential 
ligand is expected to cause a shift in the resonance 
and an increase in the width of the signal. The 
results of the experiments reported here provide 
evidence for a weak interaction between copper(I) 
and various 2-haloarylazo compounds. The azo 
compounds appear to coordinate the copper(I) 
through the nitrogen atom of the azo group which 
is adjacent to the halogen-bearing benzene ring. 
The interaction between the metal and the organic 
substrate may be increased by the presence of a 
second donor atom in the substrate. The weakness 
of these metal-ligand interactions is emphasized 
by the fact that stable chelate complexes of these 
ligands with copper(I) could not be isolated. 
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Abstract-The synthesis and characterization of a series of seven-coordinate methyl- 
(carbonyl)- and the related six-coordinated q2-acyl complexes of tungsten [e.g. W(CH,) 
C1(CO)Z(PMe3)3, W(~2-COR)(S2CNMe2)(CO)(PMe3)2, etc.] were carried out to explore 
the influence of electronic and steric effects. By changing the nature of the R group and/or 
of the ancillary ligands, it is shown that a decrease in the electron density at the metal centre 
and an increase in the steric requirements of the R group, favour the q2-acyl structure over 
the alkyl(carbony1) formulation. 

Recent work from several laboratories has allowed 
characterization of a growing number of formally 
six-coordinate q 2-acyl complexes of molybdenum I-3 
and tungsten,“’ e.g. Mo(r/‘-COR)X(CO) 
(PMe3)3,3 T~Mo(~~-COR)(CO)~‘~‘~ but the cor- 
responding seven-coordinate alkyl(carbony1) 
derivatives have not been found to occur. Since the 
interconversion of formulations A and B does not 

co CjR 
LnM 

=R 

LnM 
<I 0 

A(70 B (60 

* Author to whom correspondence should be addressed. 
t Compounds la-ld were prepared by a route similar 

to that reported for the molybdenum analogs (ref. 3). 
Selected spectroscopic data for la and lb are as follows : 
la, IR (Nujol) : vC0 1890,179O cm-‘. ‘H NMR (C,D,) : 
6 1.3 (broad, PMe,), 0.4 (pseudoquartet, W-CH,). “P 
NMR (C,D,) : 6 -27.2 (t, *Jp,r, = 28.6 Hz), -22.15(d). 
Although stable as a solid when kept under N,, la de- 
composes in solution with the formation of 
WCl,(CO)2(PMe3)3 and other unidentified species. lb, 
IR(KBr): vC0 1800 cn- ‘, vCOR 1460 cn-‘. ‘H NMR 
(C,D,): 6 2.9 (s, CH$iMe,), 1.34 (d, *JnPA = 7.8 Hz, 
P,Me,), 1.15 (t, 2J,pu,pB) = 3.1 Hz, P&es), 0.17 
(s, CH2SiMeJ ; “P NMR (C,D,): AB2 system, 
6, = - 14.4, 6, = - 14.8 ppm, 2Jp,p, = 10.4 Hz. 

change the number of electrons at the metal centre, 
it was reasoned that in a series of analogous com- 
plexes, structure B should be favoured with respect 
to A for sterically demanding R groups, while an 
increase in the electron density at the metal centre, 
i.e. of the metal basicity, would favour formulation 
A, because of the strong acceptor properties of the 
carbonyl ligand. In this communication we present 
preliminary results which clearly show the influence 
of the steric and electronic effects on the relative 
stability of structures A and B, and report, for the 
first time, the controlled formation of both types of 
complexes and of an equilibrium mixture of the 
above structures. 

The alkylation of complexes MC12(C0)2 
(PMe3)36 yields the q2-acyls M(q2-COR)Cl(CO) 
(PMe,),, or the alkyl(carbonyl), W(Me)Cl(CO), 
(PMe3)3, la, as shown in eqs (1) and (2). 

MCl,(CO)2(PMe3)3+Mg(R)Cl 

+ M(~2-COR)Cl(CO)(PMe3)3+MgC12 (1) 

(M = MO, ref. 3; M = W, R = CH,SiMe,, lb; 
CH2CMe3, lc; CH,CMe,Ph, ld) 

WC12(CO)2(PMe3)3+LiMe 

--+ W(Me)Cl(CO),(PMe,), + LiCl. (2) 

The new compounds have been fully char- 
acterized by analytical and spectroscopic studies,? 
which show the q2-acyls have structures of type C, 
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C 

similar to those found for the molybdenum analogs. 3 

The structure of lb (as well as that of 2a, see below) 
has been determined by X-ray crystallography and 
will be reported elsewhere. Complexes la-ld do not 
rearrange into their corresponding isomeric forms, 
i.e. A c$B, upon thermal or photochemical acti- 
vation. Since on the other hand no exchange 
between the CO groups of the acyl and carbonyl 
ligands is detected by ’ 3C NMR studies, these com- 
pounds are assumed to be the thermodynamic prod- 
ucts of the above reactions. Therefore, the y*-acyl 
structure is favoured for the above complexes with 
the only exception being the W-CH3 derivative 
for which the alkyl-carbonyl formulation is 
preferred. We propose that this difference is due to 
a combination of electronic and steric effects. The 
former would make the alkyl(carbony1) structure, 
A, more stable* in the order MO < W because of 
the higher basicity of the tungsten derivatives,’ 
while the latter are obviously responsible for the 
stabilization of the q*-acyl structure for the bulkier 
CH2SiMe3, CH,CMe, and CH2CMe2Ph alkyl 
groups.? 

The reaction of Mo(q2-COR)C1(CO)(PMe3)3 
complexes with the sodium salt of the strongly elec- 
tron releasing Me,NCS; ligand proceeds with for- 

mation of the y*-acyls Mo(q*-COR)(S,CNMe,) 

* Both the strength of the M-C bond (5d > 4d) and 
the migratory aptitude of the alkyl group also favour 
structure A for the W-CH, complex.’ However, a 
decrease in the electron density at the metal centre, caused 
by substitution of one PMe, ligand by CO (see Text), 
makes structure B the more favourable. 

?A similar situation, although related to the steric 
effects of the ancillary ligands, has been found for the 
ruthenium complexes Ru(q *-COC,H,-JJ-CH ,)X(CO) 
(PPhJ2. For these compounds,9 which exist in solution 
in equilibrium with the corresponding aryldicarbonyls, 
the tendency towards formation of the dihapto 
linkage increases in the order Cl < Br < I. 

$ Only the q *-acyl structure exists in the solid state : IR 
(Nujol) : vC0 1725 cm- I, vCOR is not observed, possibly 
due to overlapping with v(C-N) of the S2CNRz ligand, 
1490 cm-‘. IR (C,D,): vC0 1900, 1810 and 176Ocm-‘. 
‘H NMR (C,D,J: (a) W(R)(CO)2(S2CNMe,)(PMe,)2: 
6 2.57 (s, S2CNMe2), 1.43 (d, PMe,), 0.14 (s, CH,SiMe,), 
-0.06 (t, ‘Jnp = 5.4 Hz, W-CH,SiMe,). (b) W(COR) 
CO(S,CNMe,)(PMe,),: 2.96 (s, COCH,SiMe,), 2.73 
(s, S2CNMe2), 2.67 (s, S2CNMeJ. 1.59 (t, PMe3), 0.47 
(s, COCH,SiMe,). 

(CO)(PMe,), and of the unusual acetyl 
Mo(COCH3)(S2CNMe2)(CO)(PMe3),.3 To deter- 
mine the effect of this substitution reaction, which 
is accompanied by an increase in the electron den- 
sity at the metal centre (v(C=O) decreases by ca 60 
cm-‘), in the relative stability of structures A and 
B, the reaction of complexes la-ld with 
NaS2CNMe2 has been investigated,” with the 
results shown in eqs (3) and (4). 

W(CH3)Cl(CO)2P3+NaS2CNMe2 

+ W(CH3)(S2CNMe2)(CO)2P2+NaCl (3) 
2a 

W($-COR)C1(CO)P3+NaS2CNMe2 

+ W(q*-COR)(S&NMe,)(CO)P,+P+NaCl 

(4) 

(R = CH,SiMe,, 2b; CH2CMe3, 2c; CH2CMe2Ph, 
2d, P = PMe,). 

Two aspects of this process deserve further com- 
ments. First, in light of the results reported in this 
paper, the unusual structure displayed by the molyb 
denum-acetyl complex3 can be thought of as 
“mid-way” between the y*-acyl and the methyl- 
(carbonyl) structures. This further supports our 
initial proposal3 of structure D as a model for the 

LnM- CRR' 
"‘.."/ 

D 

transition state (or intermediate) of the CO inser- 
tion into M-C bonds. (A similar structure has 
been proposed as a model for the formation of 
ketene and a metal hydride by /?-elimination from 
a metal acetyl compound.)’ ’ The second point con- 
cerns the behaviour of complex 2b, for which an 
equilibrium between the q2-acyl and the alkyl- 
(carbonyl) formulation is quickly attained in solu- 
tion [eq. (511 as revealed by IR and NMR studies.$ 
Observation of 

W(q*-COCH2SiMe3)(S2CNMe2) 

(CO)(PMe,), s W(CH,SiMe?) 

(SKNMe2)(CO),(PMe& (5) 

both structures for 2b and exclusively of the q*-acyl 
isomer for lb is clearly electronic in origin and can 
be ascribed to the increase in the electron density at 
the metal centre which accompanies the trans- 
formation, of lb into 2b. Note that the steric 
demands of the alkyl groups investigated in this 
work increase in the order CH3 < CH,SiMe, 
< CH,CMe, < CH*CMe,Ph. 
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Confirmation of the above hypothesis, con- 

cerning the influence of electronic effects on the 
relative stability of structures A and B, requires that 
a sufficient decrease in the metal basicity causes 
transformation of the alkyl(carbony1) species into 
the $-acyl. This decrease can be induced by sub- 
stituting one of the strong o-donor PMe3 ligands” 
(cone angle ’ 3 f3 = 11 So), for the strongly rc-acid and 
less steric demanding CO ligand (0 = 95”). Indeed, 
the reaction of the methyl(carbony1) complexes, 
W(CH3)C1(CO)2(PMe3)3 and W(CH3)(S2CNMe2) 

(CO)APMeA with carbon monoxide proceeds 

under mild conditions, with formation of the 
q*-acetyls W(q2-COCH3)C1(CO)2(PMe3)2, 3a 
and W(q2-COCH3)(S2CNMe2)(CO)2(PMe3), 4a, 
respectively. Furthermore, action of CO upon 
an equilibrium mixture of W(q *-COCH,SiMe 3) 
(S2CNMe2)(CO)(PMe3)2 and W(CH2SiMe3) 
(S2CNMe2)(CO)2(PMe3)2, produces only the 
q2-acyl complex W(q2-COCH2SiMe3)(S2CNMe2) 
(CO),(PMe,), 4b. In the absence of steric 
constraints which could favour rearrangement 
of the alkyl(carbony1) into the q2-acyl, the trans- 
formation observed must be entirely ascribed to 
electronic factors. 

The results described in this paper indicate that : 
(i) the relative stability of seven-coordinated alkyl- 
(carbonyl) complexes and their six-coordinated q *- 
acyl isomers is greatly influenced by steric and elec- 
tronic effects ; (ii) an increase in the metal basicity 
preferentially stabilizes the alkyl(carbony1) isomer, 
while a decrease in the electron density at the metal 
centre favours formation of the q*-acyl linkage ; ’ 4 
(iii) as it could reasonably be expected, an increase 
in the steric demands of the alkyl group favours 
the v*-acyl structure, while the less steric demand- 
ing alkyl groups prefer the alkyl(carbony1) for- 
mulation. 
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Abstract-Ammonium tetrachlorouranate(II1) tetrahydrate may easily be converted into 
uranium trichloride at a non-static high-vacuum of 10-5-10p 6 Pa and temperatures ranging 
from 2@4OO”C. 

The chemical literature reports several methods of 
preparation of uranium tricb1oride,’ however this 
compound has been found to be difficult to obtain 
in a state of high purity. The most successful large 
scale synthesis involves the reaction of finely divided 
uranium metal or uranium hydride with gaseous 
hydrogen chforide at 250-300”C,2~3 as we11 as the 
reduction of UC), with hydrugen3p4 or metallic 
zinc’ at 45M5O”C. The product obtained by any 
of these methods usually needs purification by 
chemical transport with iodine vapour.3 Since uran- 
ium trichloride at higher temperatures is very sen- 
sitive to oxidation and hydrolysis, the preparative 
procedures need to be carried out under strict mois- 
ture- and oxygen-free conditions. Hence, the syn- 
thesis of UC13 requires a more or less complex 
apparatus as well as some experience and pure start- 
ing materials. 

This paper presents a relatively simple method 
for the preparation of uranium trichloride by ther- 
mal decomposition of tetrachlorouranate(II1) tetra- 
hydrate. The method seems to be the most con- 
venient in cases where only gram amounts of the 
compound are needed. 

For the preparation of ammonium tetra- 
chlorouranate(II1) tetrahydrate, l-5 g of 
uranium tetrachloride with a large excess of 
ammonium chloride was added to a solution con- 
sisting of 80 cm3 methyl cyanide, 2.5 cm3 water and 
3.5 cm3 propionic acid.6 The mixture was shaken 
until all the tetrachloride dissolved, and was left 

standing for a couple of hours. Next, the solution 
was filtered off from the undissolved ammonium 
chloride and reduced in an inert atmosphere by 
gentle shaking with a 2.4% liquid zinc amalgam. 
The reduction resulted in the immediate formation 
of a well defined crystalline, violet-red precipitate 
of NH,UC14 - 4H20. An excess of water may resuIt 
in the formation of a separate, oily phase consisting 
probably of a different, hydrated uranium(II1) com- 
plex chloride. The precipitate was filtered off and 
washed under an inert atmosphere with degassed 
methylcyanide and freshly distilled ether, dried 
under reduced pressure at 25-35°C for about 20 
min, and stored in sealed tubes at temperatures 
below 15°C. The yield of the reaction is cu. 80%. 

The synthesis was carried out in a relatively sim- 
ple all-glass apparatus as previously described.7 The 
inert atmosphere glove box as well as by using a set 
netting the apparatus with a vacuum pump and 
evacuating the solutions and wash liquids for ca. 3 
min. The synthesis may also be performed in an 
inert atmosphere glove box as well as by using a set 
of Schlenk tubes. 

The compound crystallizes much easier and 
seems also to be much more resistant to oxidation 
by air, compared with the earlier obtained hydrated 
and anhydrous complex chlorides.‘-” The physical 
and chemical properties of NH4UC14 * 4H20 along 
with its potassium and rubidium analogues will be 
given elsewhere. ” 

The ammonium tetrachlorouranate(TI1) tetra- 
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hydrate obtained in the above manner was con- 

verted into UCI, by a thermal high vacuum 
decomposition. For this purpose l-3 g of NH,U 
Cl4 * 4H,O together with an excess (cu. 1.5 times) of 
NH&l were placed in the bottom of the sealed off 
end of a quartz tube, 40 cm long and 2 cm in 
diameter. About 10 cm from the bottom, the tube 
narrowed and therefore the section of the tube with 
the product could be easily sealed off. The other 
end of the tube was fitted with a joint and vacuum 
stopcock. A furnace was slipped over the tube and 
the system was pumped off to cu. 10e6 Pa. 
Decomposition proceeds first between 25-80°C for 
at least 7 h. The temperature was never raised at a 
pressure higher than 1O-4 Pa. At the end of the 
process the temperature was slowly rasied to 400°C. 
Samples of UC& prepared in this manner are olive 
green in colour. The pyknometrically determined 
density of the compound is 5.46 g cm 3. From X-ray 
data’ ’ a value of 5.51 g cm- 3 was obtained. Found : 
U, 69.6; Cl, 31.1. Calc. for UCl,: U, 69.1; Cl, 
30.9%. 
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Fluorine. The First Hundred Years (1886-1986). 
Edited by R. E. Banks, D. W. A. Sharp and 
J. C. Tatlow. Elsevier, Amsterdam, 1986. ISBN 
o-44&75039-8. 

Serendipity and persistence are both attributes of the 
successful research chemist and both find their place in 
the history of fluorine. This volume comprises a number 
of essays covering a wide range of fluorine chemistry, 
first published in the Journal of Fluorine Chemistry. 

In Chapter 1, R. E. Banks gives a useful account of 
the properties of fluorine, including a summary of pre- 
Moissan work on anhydrous hydrogen fluoride and on 
the attempts to isolate fluorine, which ultimately hinged 
upon the preparation by F&my of KHF,. Unlike the 
other halogens, fluorine received its name before it was 
isolated ; a name coined by Ampere that was followed by 
most chemists-fortunately, in view of alternatives such 
as phthorine and the Russian ftor. The early experi- 
menters experienced the noxious and toxic nature of 
both hydrogen fluoride and fluorine-who would now 
emulate Bohuslav Brauner (1894) in testing for fluorine 
in the gases evolved from hot K,HPbF, by inhaling a 
sample and noting whether “fumes of hydrofluoric acid 
issued from the nose” when he exhaled? 

Chapter 2 is a biographical sketch of Moissan by J. 
Flahaut and C. Viel. He spent most of his youth in 
Meaux, home of the great Bossuet, where he seemed 
destined for a career as a clockmaker; following the 
Franc*Prussian war, he decided to attempt a scientific 
career. Because of his humble background, he had not 
taken the baccalaureat and therefore had to spend three 
years catching up. He is one of many scientists who has 
achieved success through persistence in following a non- 
traditional route. He obtained the diploma of pharma- 
cist, first class, in 1879 for a thesis entitled “On the 
Amount of Oxygen absorbed and Carbonic acid emitted 
during Plant Respiration”, but was already moving into 
Inorganic Chemistry and obtained his Doctor of Science 
in 1880 for studies on “Metallic Oxides from the Iron 
Family”. His researches on fluorine began in 1884 and 
two years later he succeeded in preparing for the first 
time significant quantities of fluorine. (In 1890, he diver- 
sified into the preparation of artificial diamonds.) 

The development of inorganic fluorine chemistry in the 
period until 1945 is the subject of 0. Glemser’s third 
chapter ; it covers the synthesis of a whole range of binary 
compounds and early developments in the chemistry of 
both fluorinating agents and of liquid hydrogen fluoride 
as a solvent. A parallel chapter by Banks and Tatlow 
treats organic fluorine chemistry up to 1940, commencing 
with work on aryl fluorides-a one-pot synthesis of 
fluorobenzene from aniline was submitted one month 

BOOK REVIEW 

before Moissan first isolated fluorine. Whilst the Balz- 
Schiemann reaction opened up a more general route in 
1927, and in the 1930s elemental fluorine became a prac- 
tical reagent. Aliphatic fluorine chemistry was harder, 
until Swarts used SbF3Brz as a fluorinating agent. In the 
late 1920s Fridgidaire developed CF,Cl, as a refrigerant 
followed in the ensuing decade by Freons, as well as by 
the quite fortuitous discovery of PTFE. 

The role of fluorine in the Manhattan project is traced 
by H. Goldwhite. Much of the research was directed to 
producing substances suitable for use with UF, that 
would be totally inert to it, for use as coolants, lubricants, 
and gasket, packing and tubing materials. 

Chapter 6 (J. F. Ellis and G. F. May) considers the 
current methods of fluorine generation, all based on elec- 
trolysis of KF - 2HF. This covers extremely recent work ; 
a photograph of the fluorine cell room in the UFs plant 
at Springfields is a reminder of the scale of fluorine pro- 
duction needed as well as the need for scrupulous care in 
operation and maintenance. 

The most glamorous and far reaching developments in 
fluorine chemistry since the War have surely been the 
synthesis of the Noble Gas Fluorides, reviewed by J. H. 
Holloway in Chapter 7 ; Chapter 8, by J. M. Wintield, 
covers developments in transition metal fluorides over 
the last decade, covering uses (current interest in UF, and 
PuF, in laser isotope separation for example), synthetic 
routes, structural studies and reactions. J. M. Shreeve 
treats recent developments in Main Group Fluorides, 
with many references to N-F, O-F and S-F 
bonds, interhalogen compounds, and fluoroalkyl organo- 
metallics. 

Chapter 11, by D. T. Meshri, is a review of the impor- 
tant compounds in the inorganic fluorochemical indus- 
try. It covers CaF,, HF, UFs, SF6, AlF,, NaAlF,, 
HSO,F, SnF,, H,SiF6, Na2P0,F, BF,, HBF,, fluor- 
borates, and fluorides of the alkali and transition metals 
and halogens. Synthetic routes are given as well as impor- 
tant physical properties of the compounds together with 
an indication of their uses. 

The longest chapter in the book (120 pp.) is a guide by 
Banks and Tatlow to the current organofluorine field. It 
covers areas such as new fluorinating agents and re- 
actants, mechanistic aspects and a wide study of fluori- 
nating routes. Lengthy appendices cover areas such 
as nomenclature, 19F NMR, fluoroalkyl iodides, per- 
fluoropolyether fluids, fluorocarbons in the electronics 
industry and in “artificial blood”, all by experts in the 
field. 

Chapter 12 (C. Wakselman and C. Kaziz) reviews 
recent advances in the chemistry of halogeno- 
fluorocarbons, beginning with comments about their 
effect on stratospheric ozone. Most of the chapter 
reviews their reactions-with nucleophilic reactions 
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predominating over radical additions and electrophilic organic synthesis, featuring stars like pyridinium 
reactions. R. Filler reviews biologically-active fluoro- poly(hydrogen fluoride), Olah’s reagent, SO,ClF, and 
chemicals-examples include 5-fluorouracil in cancer SF,. 
chemotherapy, fluothane anaesthetics, thtorine-con- 
taining anti-intlammatory drugs, diuretics and hyper- Stanground School SIMON COTTON 
tensives, and pertluoro based artificial blood substitutes. Peterborough 

The final chapter (G. A. Olah, J. G. Shih and G. K. S, Cambs, U.K. 
Prakash) is devoted to fluorine-containing reagents in 
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COMPLEXES OF RHENIUM WITH BENZOYLAZO AND 
RELATED LIGANDS. CRYSTAL AND MOLECULAR 

STRUCTURES OF THE “GREEN CHELATE” BENZOYLAZO 
COMPLEX [ReCl,(PPh3),(NNCOC&IH,-p-CI)I(N,,0), OF THE 

ANALOGOUS l-AZOPHTHALAZINE CI-IELATE COMPLEX 
[ReCl,(PPh3),(NNC,H5NN,)I(N,,N,), AND OF THE CZ,S-DICHLORO 

ORGANODIAZENIDO COMPLEXES OF THE TYPE 
[ReCl,(PPh,),(NNR)L] (L = NCCH, NH3 AND C,H,N). A 

COMPARISON TO THE STRUCTURE OF THE TRANS- 
DICHLORO DIMETHYLFORMAMIDE DERIVATIVE 

[ReCl,(PPh,),(NNCO,CH,)(Me,NCHO)]. THE STRUCTURAL 
CHARACTERIZATION OF THE MIXED HYDRAZIDO(l-) 

HYDRAZID0(2-) COMPLEXES [ReCl,(PPh,),(NNHR)(NHNHR’)], 
(R = R’ = -COC&; R = -CO&H,, R’ = -CO,CH,) 

TERENCE NICHOLSON and JON ZUBIETA* 

Department of Chemistry, State University of New York at Albany, 
1400 Washington Avenue, Albany, New York 12222, U.S.A. 

(Received 12 April 1987 ; accepted after revision 24 August 1987) 

Abstract-Reaction of [ReOCl,(PPh,)d with potentially chelating organohydrazines in 
ethanol-HCl solutions gives six coordinate chelate complexes of the general formulation 
[ReC12(PPh3)2(NNR)] ; [R = COC6H4-p-Cl, (1) ; R = CsH5N2, (phthalazine), (2)]. Complexes 
(1) and (2) display octahedral geometries with mutually tram phosphine groups minimizing 
steric congestion and cis-chloride ligands. The chelated hydrazido(3 -) ligand occupies the 
remaining two coordination sites. The weakly coordinated carbonyl group in complex 
(1) can be displaced by two ligand types. Neutral two electron donating ligands give 
organodiazenido adducts such as [ReC12(PPh3)2(NCCH3)(NNCOC6H5)], (3). Ligands with 
exchangable protons such as organohydrazines give the mixed hydrazido(2-), hydra- 
zido(1 -) complexes [ReCl,(PPh,),(NNHR)(NHNHR’)], [R = R’ = -COCsH5, (7); R = 
-COC6H5, R’ = -C02Me, (S)]. Reaction of [ReOCl,(PPh,),] with orthobromophenyl- 
hydrazine hydrochloride gives the ammonia diazenido complex [ReC12(PPh3)(NNC6H4- 
o-Br)], (4), with the ammonia generated from decomposition of excess hydrazine. Methyl- 
hydrazinocarboxylate fails to give the chelate complex analogous to (1) and (2). When 
dimethylformamide is added to the reaction medium, two products are isolated. The 
insoluble, cis-chloro N-bonded DMF adduct, [ReC12(PPh3)2(Me2NCHO)(NNC0,Me)], 
(5a), which readily substitutes neutral donor ligands for the weakly coordinated 
dimethylformamide giving complexes such as [ReC12(PPh3),(C5H5N)(NNC02Me)], (5). 
From the filtrate, the trans-chloro, O-bonded dimethylformamide isomer [ReC12(PPh3)2 
(Me,NCHO)(NNCO,Me)], (6) is isolated. Complexes (3), (4) and (5) each display cis- 
chloro, trans-phosphine coordination, with the diazenido unit -NNR and neutral donor 
ligand (NH3, CSHSN and NCCH3) occupying the remaining two sites. Complexes (7) and 
(8) are geometrically similar to (3x5) with hydrazido(2-) and hydrazido(1 -) ligands 
in a c&arrangement. The UV-Visible spectra appear to distinguish between the metal- 
organodiazenido and metal-hydrazido(2 - ) coordination modes. 

*Author to whom correspondence should be addressed. 
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Crystal data (1): Monoclinic space group P2,fc, a = 14.863(2), b = 10.614(3), 
c = 24.636(4) A, @ = 9457(l)“, Y = 3874.1(8) 8” to give 2 = 4; structure solution and 
refinement based on 375 1 reflections converged at R = 0.0461. (2) : triclinic space group Pl, 
a = 12.480(2), b = 12.392(2), c = 29.603(4) A, a = 96.30(l)“, B = 97.30(l)“, y = 114.06(l)“, 
Y = 4080.0(8~ A’ to give Z = 4; structure solution and refinement based on 6528 reflections 
converged at R = 0.0620. (3) : monoclinic space group P2&r, a = 14.004(3), b = 14.329(3), 
c = 20.019(4) A, B = 94.02(l)“, V = 4007.2(10) A’ to give 2 = 4; structure solution and 
refinement based on 4314 reflections converged at 0.0432. (4) : triclinic space group PI, 
a = 10.535(2), b = 14.393(3), c = 16.585(3) & Q = 66.14(l)“, fi = 78,93(l)“, y = 84.93(l)“, 
Y = 2342.5(8) A3 to give 2 = 2 ; structure solution and refinement based on 55 13 reflections 
converged at R = 0.0506. (5) : monoclinic space group P2,/n, a = 15.105(3), b = 15.619(3), 
c = 19.449(4) A, /? = 112.47(l)“, Y = 4240-l(9) A’ to give 2 = 4 ; .structure solution and 
refinement based on 3478 reflections converged at 0.0726. (6) : monoclinic space group P2,, 
a = 10.240(2), b = 16.051(3), c = 12.801(2) & p = 110.94(l)“, V= 1965.0(5) t$’ to give 
Z = 2 ; structure solution and refinment based on 3 174 reflections converged at R = 0.0410. 
(7): triclinic space group PI, a = 12.276(2), b = 14.147(2), c = 15.284(2) A, a = 86.33(l)“, 
B = 72.04(1)0, y = 83.10(l)“, F’ = 2505.7(g) A3 to give Z = 2; structure solution and 
refinement based on 4995 reflections converged at R = 0.0420. (8) : triclinic space group 
Pl, a = 11.843(2), b = 12.015(2), c = 16.216(3) A, tl = 96.40(l)“, j? = 100.40(l)“, 
y = 103.56(l)“, V = 2177.5(8) A3 to give Z = 2 ; structure solution and refinement based 
on 4309 reflections converged at R = 0.0409. 

Monosubstituted organohydrazine ligands display Monosubstituted organohydrazines may also 
a rich coordination chemistry, presenting a variety function as hydrazido(2 -) ligands, -NNHR, 
of skeletal geometries and often reacting to give which arise formally and often in practice from the 
complexes containing other nitrogen ligands, pro&nation of the terminal nitrogen of the organo- 
including dinitrogen.’ The most common structural diazenido ligand. Once again linear (IV)’ and bent 
form is the organodiazenido ligand, -NNR, a (V)” M-N-N frameworks have been observed. 
species isoelectronic with the nitrosyl ligand and Protonation may also occur at the metal bound 
chemically related to the diazenide unit, -NNH, a nitrogen to give the bent organodiazene group (VJ), 
potential intermediate in the reduction of dinitrogen examples of which have been prepared by direct 
to ammonia. Structural studies have confirmed that protonation of type (II) organodiazenido com- 
the organodia~nido ligand may display a variety plexes or by insertion of an organodi~oni~ group 
of geometries: “singly bent” (I),’ “doubly bent” into a metal-hydride bond.’ Subsequent pro- 
(II)’ and bridging (III).” tonation yields the organohydrazido( 1 -) ligand, 
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-NHNHR, for which the side-on configuration 
(VII)* and the end-on geometries, (VIII) and (IX), 
have been established. Furthermore, the organohy- 
drazine group may function as a neutral two electron 
donor, H,NNHR (X).” 

(Xl 

Functional substituents, such as -COC6H5 and 
-CSNH2, result in the potential to form chelate 
complexes with transition metal ions and to further 
complicate the structural chemistry.” Thus, 
benzoylhydrazine reacts with a number of tran- 
sition metal precursors to give N-benzoylhy- 
drazine(3 - )---0,N complexes, such as [ReCl, 
(PPh3)2(NNCOPh)].‘2 This complex reacts with a 
number of nucleophiles via chelate ring opening to 
give species of the general type [ReC&(PPh& 
(NNCOPh)L].13 

In this paper, we present the synthesis and char- 
acterization of a series of chelating organohy- 
drazido(3 - ) rhenium complexes of general formula 

[ReCWPM~R)l, where R = --COC6H4X 
and phthalazine, and the structural investigation 
of the products of a simple chelate ring opening, 
[ReCl,(PPh,),(NNR)L], L = NCCH3 and C5H,N. 
Furthermore, reaction of the chelate precursors 
with monosubstituted hydrazines is shown to yield 
complexes possessing both hydrazido( 1 - ) and 
hydrazido(2 -) ligands, [ReC12(PPh3)2(NNHR) 
(NHNHR’)]. The series of complexes is thus seen 
to exhibit a range of coordination types for the 
monosubstituted organohydrazine precursor : 
metal-hydrazido( 1 -) (M-NHNHR), metal- 
hydrazido(2 -) (M-NNHR), metaldiazenido 
(1 +) (M-NNR) and chelating organohydrazido 
(3 -) (M-NNCX). 

RESULTS AND DISCUSSION 

Synthetic and spectroscopic properties 

Oxotrichlorobis(triphenylphosphine)rhenium(V) 
reacts with potentially chelating organohydrazines 
to give complexes of the type [ReC12(PPh3),(NNX)], 
where X = -COPh or phthalazine. The complexes 
are emerald green, air stable crystalline solids. The 
IR spectra exhibit no bands assignable to @I-H). 
The p-chlorobenzoylhydrazido complex (l), shows 
no IR bands assignable to v(C=O) or to v(N=N), 
suggesting that these species are best formulated as 

organohydrazido(3 -) complexes of rhenium(V), as 
previously suggested by Chatt and coworkers.‘3 The 
diamagnetism of the complexes is also consistent 
with this formulation. The IR spectrum of the 
phthalazinehydrazido(3 -) derivative, [ReCl, 
(PPh&(NNCsHSN2)], (2), exhibits IR bands associ- 
ated with the coordinated phthalazine group, but 
no bands assignable to v(C=N) or v(N=N). The 
structures of (1) and (2) have been confirmed by X- 
ray crystallography. 

The UV-Visible spectra of (1) and (2) in dichlo- 
romethane solution show intense charge transfer 
transitions in the 500-200 nm region and a medium 
intensity band at 66&690 nm associated with the 
chelate ring. 

Reactions of (1) with neutral donor ligands, such 
as acetonitrile and pyridine in benzene, result in the 
opening of the chelate ring through displacement 
of the coordinated carbonyl group by the neutral 
donor ligands to give a organodiazenido species 
of the type [ReCl,(PPh,),(NCMe)(NNCOPh)], (3). 
These bright red or orange species are best for- 
mulated as rhenium(I) complexes with linear ter- 
minally coordinated three electron donating organ- 
odiazenido ligands (-NNCOPh)’ +, a description 
consistent with the X-ray structural results dis- 
cussed in the following section. 

The appearance of IR bands in the 1500-1700 
cm-’ range assigned to v(N=N) and v(C=O) con- 
firm the opening of the chelate and the presence 
of the delocalized terminal organodiazenido group. 
The UV-Visible spectra of these derivatives exhibit 
intense charge transfer transitions in the 400-200 
nm region and weak transition at ca 500 nm, which 
appears to be characteristic of metal-organo- 
diazenido interactions.‘4,‘5 

The phthalazine derivative (2) is unreactive 
towards donor ligands under similar conditions, 
reflecting the increased basicity of the chelating aro- 
matic amine compared to the carbonyl group in 
(1). The phthalazine chelate can be displaced by 
warming (2) in pyridine giving a deep red solution, 
indicative of the organodiazenido species. 

Reaction of the benzoyl chelate complex (1) with 
donor ligands with exchangable protons, such as 
organohydrazines, also proceeds via chelate ring 
opening. We suspect the initial step of these reac- 
tions is the protonation of the coordinated carbonyl 
group giving an enol intermediate which sub- 
sequently rearranges to the hydrazido(2 - ) species 
in the product. This reaction is not solvent assisted 
since it occurs in aprotic solvents. 

In contrast to the reactions with aprotic donor 
ligands discussed earlier, these products are grey- 
green microcrystals and are best formulated as 
mixed hydrazido( 1 -) hydrazido(2 -) species, 
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[ReCl,(PPh,),(NHNHR)(NNHR’)}. The appear- 
ance of IR bands in the 1500-1700 cm-’ range 
confirms the opening of the chelate and the presence 
of hydrazido type ligands. 

The UV-Visible spectra display not only the 
ubiquitous 400-200 nm charge transfer bands but 
a medium intensity band at 565 nm which may be 
characteristic of the metaLhydrazido(2 -) func- 
tionality. I6 

The electronic spectra appear to distinguish the 
two types of coordination modes, thus the presence 
of the metal-organodiazenido unit (XI) in the red 
and orange species gives rise to the 500 nm 
transition, while the metal-hydrazido(2 -) linkage 
(XII) of the grey-green derivatives is associated 
with the medium intensity band at 565 nm. 

PPh, 

(XI) (XII) -- 

The protons on the hydrazido ligands are capable 
of a variety of hydrogen bonding combinations, 
which greatly complicate the NMR spectra, and 
make them exceedingly solvent dependent. In 
CD+&, 2-dimensional NMR of (7) shows a pair of 
coupled peaks at 4.2 and 9.8 ppm from the hydra- 
zido(l -) ligand and a third broad but uncoupled 
signal at 1.3 ppm from the hydrazido(2-) ligand. 
In benzene-d,, it appears that the hydrazido(1 -) 
ligand is displaced as neutral hydrazine with the 
original chelate complex reforming. A doublet, trip- 
let combination at 4.2 and 10.1 ppm confirms the 
presence of the uncoordinated benzoylhydrazine. 

In an effort to exploit the tendency of the 
[ReCl,(PPh&j core to adopt a trans-phosphine, cis- 
dichloro geometry in complex formation, benzoyl- 
hydrazine was replaced by 2-bromophenylhy- 
drazine in the synthetic procedure. It was anti- 
cipated that the ortho-bromo substituent would 
provide sufficient steric bulk to block the sixth 
coordination site at the rhenium centre, allowing 
isolation of the five coordinate 16 electron com- 
plex, [ReC12(PPh,),(NNC,H,Br)]. Five coordinate 
species of this type have been demonstrated to be 
relatively common in the chemistry of rhenium and 
molybdenum with sterically bulky ligands. 17*18 How- 
ever, the acidic conditions under which these com- 
plexes form causes decomposition of the excess 
hydrazine to ammonia, which subsequently occu- 
pies the vacant sixth coordination site, giving 
[ReCl~(PPh3)2(NH~)(~C~H~Br)l, (4). 

Methylhydrazinocarboxylate, H&NHCOOCHS, 
fails to react with [ReOC13(PPh3)d under the con- 
ditions that afford complexes (l), (2) and (4), as 
the organohydrazine is only sparingly soluble in 
the reaction medium. With dimethylformamide 
as a solvent the solution colour gradually changes 
to red-brown with the formation of a maroon 
precipitate, (5a) which analyses for [ReC&(PPh& 
(Me,NCHO)(NNCOOCH,)]. 

The IR spectrum of (5a) shows a broad band at 
1750 cm’, assigned to v(O) from both N- 
bonded DMF and the a-N coordinated car- 
boxymethyldiazenido unit. The inductive effect of 
the methoxy-group on the carbonyl unit of the 
hydrazine diminishes the basicity of the carbonyl 
oxygen, and accordingly its tendency to chelate. 
The insolubility of this material in non-coor- 
dinating solvents precluded the isolation of X-ray 
quality crystals. However, the dimethylformamide 
ligand is readily displaced by a variety of ligands, 
including pyridine and acetonitrile. The pyridine 
adduct, [ReCl,(PPh,),(C,H,N)(NNCOOCH3>3, (5) 
exhibits a single band at 1710 cm-’ in the IR spec- 
trum, assigned to v(C=C). A weak band at 1600 
cm-’ is assigned to v(N=N). 

The filtrate from which (5a) is isolated, upon 
slow evaporation, yields a red crystalline material, 

(6)> which also analyses for [ReC12(PPh& 
(Me,NCHO)(NNCOOMe)]. The IR spectrum of 
this material shows a complex series of bands 
and shoulders between 1740 and 1620 cm-‘. The 
X-ray structure establishes this material as a coor- 
dination isomer of (5a), with mutually tram chlor- 
ine ligands and an O-bonded dimethyl formamide 
ligand tram to the diazenido unit. The free and 
coordinated carbonyl groups of these two ligands, 
in addition to the bands assigned to v(N=N), 
account for the bands in the 1700 cm-’ region of 
the IR spectrum. 

Structural studies 

The structure of the “green chelate” prototype 
[ReC12(PPh,)2(NNCOCsH4-p-Cl)] (1) consists of 
discrete mononuclear species with the rhenium 
atom coordinated to tram phosphine ligands and 
chloride ligands disposed tram to the nitrogen and 
carbonyl oxygen donors of the chelating p-chloro- 
benzoylhydrazido(3 -) ligand, as shown in Fig. 1. 
The bonding parameters, presented in Table 1, 
are similar to those of the analogous l-azo- 
phthalazine chelate complex, discussed at length 
below. 

The structure of the chelate complex [N-phthal- 
azinehydrazido(3 -) - N” , N’) dichlorobis(tri- 
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phenylphosphine)rhenium(V), (2), is found to con- 
tain two discrete molecules in each asymmetric 
unit with the rhenium atoms displaying essentially 
equivalent, distorted octahedral geometries, as 
illustrated in Fig. 2 for one of the complexes inde- 
pendent molecules. 

The coordination geometry about the rhenium 
centre exhibits mutually tram phosphine groups, 
minimizing steric congestion, and chloride ligands 
disposed trans to the nitrogen donors of the phthal- 
azine hydrazido(3-) ligand which form a five- 
membered chelate ring with the metal. As indicated 
by the metrical parameters given in Table 1, there 
is considerable delocalization throughout the 

Fig. 1. ORTEP view of the structure of complex (1). Re-Nl-N2 unit. The short Rel-Nl distance of 
tReCl~~Ph,>,(NNOCgH,-p-Cl)], showing relevant atoms 1.79(2) A suggests si~ificant multiple bonding, in 

labelled. contrast to the Rel-N3 distance of 2.14(2) A, 

Table 1. Selected bond lengths (A) and angles (“) for [ReCI,(PPh,),(NNCOCJi,CI)] (1) and [ReC1,(PPh,fz 

(~C~H~~2)lPJ 

(1) (2) Molecule 1 (2) Mole&e 2 

Rel-Cl1 2.361(2) 
Rel-Cl2 2.357(2) 
Rel-Pl 2.466(2) 
Rel-P2 2.463{2) 
Re-N 1 1.76918) 
Re-01 2.119(6) 
yl-N2 1.30(2) 
N2-Cl 1.37(2) 
Cl-01 1.27(2) 

Cll-Rel-Cl2 
Cll-Rel-Pl 
Cll-Rel-P2 
Cll-Rel-Nl 
Cll-Rel-01 
Cl2-Rel-Pl 
Cl2-Re l-P2 
C12-Re l-N1 
Cl2-Rel-01 
PI-Rel-P2 
PI-Rel-Nl 
Pl-Rel-01 
P2-Rel-Nl 
P2-Rel-01 
Nl-Rel-Ol 
Rel-Nl-N2 
Nl-N2-Cl 
N2--Cl-01 
Cl-OI-Rel 

98.9( 1) 
88.8( 1) 
90.0(l) 

107.6(3) 
178.2(2) 
88.7(l) 
89.5(l) 

153.5(3) 
82.5(2) 

177.7(l) 
92.1(3) 
90.1(2) 
90.1(2) 
91.1(2) 
71-O(3) 

133.8(7) 
104.8(7) 
1 i 6.9(S) 
113.5(S) 

Rel-Cll 
Rel--Cl2 
Rel-PI 
Rel-P2 
Rel-Nl 
Rel-N3 
Nl-N2 
N2-G 
Cl-N3 
N3-N4 
N4--C8 

Cll-Rel-Cl2 
Cll-Rel-Pl 
Cll-Rel-P2 
Cll-RelNl 
Cll-Re l-N3 
Cl2-Rel-Pl 
Cl2-Rel-P2 
Cl2-Re 1-N 1 
Cl2-Rel-N3 
PI-Rel-P2 
PI-Rel-Nl 
PI-Rel-N3 
P2-Rel-Nl 
P2-Rel-N3 
Nl-Rel-N3 
Rel-Nl-N2 
Nl-N2-Cl 
N2-Cl-N3 
N2-C I-C2 
Cl-N3-N4 
Cl-N3-Rel 
N4-N3-Rel 

2.388(5) 
2.367(5) 
2.465(5) 
2.480(5) 
I .79(2) 
2.14(2) 
1.29(2) 
1.36(2) 
1.37(2) 
1.38(2) 
1.30(2) 

93.7(2) 
91.4(2) 
88,0(Z) 

110.2(4) 
178.5{4) 
91.1(2) 
92.8(2) 

156.1(4) 
85.8(4) 

176.0(l) 
89.0(5) 
90.0(4) 
87.5(4) 
90.7(4) 
90.3(5) 

136.4(9) 
106.0(14~ 
114.2(16) 
123.0(17) 
121.0(15) 
113.1(9) 
125.9(12) 

Re2-Cl3 
Re2-Cl4 
Re2-P3 
Re2-P4 
Re2-N 1‘ 
Re2-N3’ 
Nl’-N2 
NT-Cl 
C-Y-N3 
N3’-N4’ 
NC---C8 

Cl3-Re2-Cl4 
Cl3-Re2-P3 
Cl3-Re2-P4 
C13-Re2-I?I ’ 
C13-Re2-N3’ 
Ckl-Re2-P3 
Cl4-Re2-P4 
CW-Re2-Nl’ 
CW-Re2-N3 
P3-Re2-P4 
P3-Re2-Nl’ 
P3-Re2-N3’ 
P4-Re2-N 1’ 
P4-Re2-N3’ 
Nl’-Re2-N3’ 
Re2-N I’-N2 
Nl’-N2’-Cl’ 
N2-C l ’-N3’ 
N2’-C l ’-C2 
Cl’-N3’-N4 
Cl’-N3’-Re2 
N4’-N3’-Re2 

2.364(4) 
2.386(5) 
2.438(6) 
2.459(6) 
1.75(l) 
2.14(2) 
1.30(2) 
1.37(2) 
1.34(2) 
1.36(2) 
1.34(3) 

97.6(20) 
87.4(2) 
89.4(2) 

156.5(5) 
86.2(4) 
87.3(2) 
8&l(2) 

105.8(5) 
176.0(4) 
174.q2) 
92.8(6) 
93.8(5) 
92.2(6) 
91.0(5) 
70.3(6) 

137.1(11) 
104.7~12) 
115.0(16) 
120.9( 14) 
119.5(15) 
113.9(11) 
127.6( 11) 
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Fig. 2. ORTEP view of the structure of the complex 

[ReC1*(PPh3),(NNCsHSN31 (2). 

which approaches the limit for a rhenium-& 
nitrogen single bond. Similarly, the Nl-N2 dis- 
tance of 1.29(2) A is marginally shorter than the 
N3-N4 distance, suggesting a bond order 
approaching 2 for Nl-N2 in contrast to a bond 
order of 1.5 for N3-N4. The Cl-N3 bond dis- 
tance is consistent with negligible multiple bond 
character, suggesting major contributions of 
canonical forms (XIII) and (XIV) to the metal- 
locycle structure. Although the a-hydrazido-nitro- 
gen rhenium interaction displays a strong R inter- 
action, this is not reflected in a significant tram 
influence in the Rel-Cl2 bond distance, which is 
equivalent to the Rel-Cl1 distance. A direct conse- 
quence of the representation of the hydrazido ligand 
as phthalazine-hydrazido(3 -) is the assignment of 
the +5 oxidation state to the metal. Metal-ligand 
bond lengths confirm this formalism. Thus, the 
Re-Cl distances are within the range observed 
for [ReC13(NCH3)(PPh,Et)r]‘9 and [ReC13(NC6HS 
COMe)(PEt2Ph)2]20 (2.399-2.433 A), as are the 
Re-P distances. The major distortions from octa- 
hedral symmetry are consequences of chelate 
ring formation, resulting in a severely acute 
Nl-Rel-N3 angle of 70.3(5)“, and of the strong 

Rel-Nl n-interaction which results in the short 
Re l-N1 bond distance. 

(XIII) (XIV) 

The structural consequences of chelate ring open- 
ing through displacement of the ligated hydrazine 
substituent donor group by a neutral “innocent” 
donor ligand are illustrated by the structures of 
[ReCl,(PPh,),(NNCOPh)(NCCH,)I (3) and [ReCl, 
(PPh3)2(NNC02CHj)(CtH&)] (5), illustrated in 
Figs 3 and 5. The structures of the discrete mono- 
meric complexes reveal distorted octahedral geo- 
metries about the rhenium centres, with mutually 
tram phosphine ligands, and chloride donors 
tram to the monodentate organodiazenido ligand 
(-NNR) and to the donor ligand which has dis- 

Fig. 4. ORTEP view of the structure of complex [ReCI, 
(PPh,),(NNC,OH,-o-Br)(NH3)] (4), showing relevant 

atoms labelled. 

-a’ P2 

Fig. 3. ORTEP view of the structure of complex (3), [ReCl,(PPh,),(NNOCPh)(MCMe)]. 
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Fig. 5. ORTEP view of the structure of complex (5), 

[ReCl*(PPh,),(NNCO,Me)(C~H~N)l. 

placed the carbonyl oxygen of the diazenido sub- 
stituent. The Re-NNR moiety is best described 
as a metaldiazenido linkage (I) with the ligand 
functioning as the three-electron donor (-NNR)‘+ 

unit in a linear end-on coordination mode.* With 
the donor ligand NCCH3 in (3) and C,HSN (5) 
serving as a two electron donor, the formalism is 
consistent with an 18 electron configuration for the 
metal. Comparison to the structure of [ReCl, 
(PPh&(NNC6H4Br)(NH& (4) shown in Fig. 4, a 
rheniumdiazenido complex with a hydrazine ligand 
bearing a non-coordinating substituent, reveals the 
persistence of this general structural type. The 
bonding parameters presented in Table 2 are similar 
for the three structures and support the description 
of the (-NNR) ligand by the organo-diazenido 
formalism. The extensive delocalization throughout 
the Re-N-N moiety is confirmed by the short 
Re-Nl and Nl-N2 bond distances and by the 
linear valence angle at Nl . The bonding parameters 
for the three structures are essentially equivalent, 
but for two significant exceptions. The Re-N3 dis- 
tance of (3) is considerably shorter than the cor- 
responding distances to the nitrogen donors in (4) 

Table 2. Selected bond lengths (A) and angles (“) for [ReCl,(PPh,),(NNCOPh)(NCCH,)] (3), [ReCl,(PPh,), 
(NNC0,CH,)(C5H5N)1 (5) and [ReCL(PPhMNNGH&)(NH,)1(4) 

(3) (5) (4) 

Re-Cll 
Re-Cl2 
Re-Pl 
R-P2 
Re-Nl 
R+N3 
Nl-N2 
N2-C70 
c70-0 
c7O-C7 1 
N3-Cl 
Cl-C2 
Cl I-Re-Cl2 
Cll-Re-Pl 
Cll-Re-P2 
Cll-Re-Nl 
Cl l-Re-N3 
Cl2-Re-P 1 
Cl2-Re-P2 
Cl2-Re-Nl 
C12-Re-N3 
Pl-Re-P2 
Pl-Re-Nl 
Pl-Re-N3 
P2-Re-Nl 
P2-Re-N3 
Nl-Re-N3 
R+Nl-N2 
Re-N3-Cl 
N3-Cl-C2 
Nl-N2-C7 

2.425(2) 
2.437(2) 
2.472(2) 
2.475(2) 
1.756(7) 
2.048(7) 
1.25(l) 
1.40(l) 
1.21(l) 
1.49(l) 
1.15(l) 
1.44(l) 

90.5( 1) 
90.9(l) 
90.1(l) 
93.9(2) 

169.9(2) 
88.5(l) 
88.1(l) 

175.4(2) 
79.3(2) 

176.4(l) 
89.9(2) 
88.8(2) 
93.5(2) 
89.6(2) 
96.3(3) 

172.1(6) 
162.2(7) 
176.1(10) 
120.5(7) 

Re-Cll 
Re-Cl2 
Re-Pl 
Re-P2 
Re-Nl 
Re-N3 
Nl-N2 
N2-Cl 
Cl-01 
Cl-02 
N3-C4 
N3-C8 
Cll-Re-Cl2 
Cll-Re-Pl 
Cl I-Re-P2 
Cll-Re-Nl 
Cl2-Re-N3 
C12-Re-PI 
Cl2-R+P2 
Cl2-Re-N 1 
C12-Re-N3 
Pl-Re-P2 
PI-Re-Nl 
Pl-R+N3 
P2-Re-N 1 
P2-Re-N3 
Nl-Re-N3 
Re-Nl-N2 
R-N3-C4 
Re-N3-C8 
C4-N3-C8 

2.432(4) 
2.420(5) 
2.458(6) 
2.479(6) 
1.72(2) 
2.20( 1) 
1.28(2) 
1 M(2) 
1.20(2) 
1.35(2) 
1.33(2) 
1.37(2) 

87.6(2) 
90.2(2) 
88.3(2) 
98.4(4) 

172.5(4) 
91.4(2) 
86.6(2) 

174.0(4) 
84.9(4) 

177.6(2) 
88.8(6) 
90.1(5) 
93.3(6) 
91.1(5) 
89.1(5) 

166.9(12) 
123.8(11) 
119.1(12) 
117.2(14) 

Re-Cll 2.426(2) 
Re-Cl2 2.439(3) 
R-P1 2.447(2) 
Re-P2 2.458(2) 
Re-Nl 1.755(7) 
Re-N3 2.178(6) 
NlN2 1.25(l) 
N2-C 1 1.40(l) 
Cl-C2 1.38(2) 
Cl-C6 1.37(l) 
- 

Cll-Re-Cl2 
Cll-Re-Pl 
Cll-Re-P2 
Cll-Re-Nl 
Cl I-Re-N3 
C12-RePI 
C12-Re-P2 
Cl2-Re-N 1 
Cl2-Re-N3 
P 1-Re-P2 
Pl-Re-Nl 
PI-Re-N 
P2-Re-Nl 
P2-Re-N 
Nl-Re-N 
Re-Nl-N2 

92.2(l) 
90.6(2) 
90.1(l) 
97.4(2) 

171.8(2) 
88.4(l) 
89.1(l) 

170.2(2) 
79.5(2) 

177.4(l) 
89.5(2) 
89.5(2) 
92.9(2) 
89.4(2) 
89.4(2) 

167.1(4) 

- 

Nl-N2-Cl 119.9(6) 
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and (5), 2.048(7) A vs 2.178(6) A and 2.20(l) A. 
This observation is consistent with the shorter bond 
length anticipated for the sp hybridized nitrogen of 
NCCH3 as compared to the sp2 and sp’ hybridized 
N-donors of pyridine and NH3, respectively. 
Although we might anticipate the Re-N 
(pyridine) distance to be somewhat shorter than 
the Re-N(amine) distance, this trend is not 
observed, possibly as a result of the relatively 
poorer quality of the structure of (5). The structures 
of (3) and (4) also reveal the anticipated tram influ- 
ence of the strongly rc-bonding diazenido ligand. 
Thus, in (3) and (4), the Re-Cl2 distances are 
marginally longer than the Re-Cl1 distances, 
although in absolute terms the effect is small, a 
0.012-0.013 A difference, whereas 3a(Re-Cl)- 
0.009 A. On the other hand, structure (5) exhibits 
equivalent Re-Cl distances. This may again be a 
consequence of the poorer quality of the structure 
making a small but real effect. In fact, the dia- 
zenido ligand has been demonstrated to exert 
a significant tram influence upon sulphur donor 
ligands.” In contrast to the strongly K-releasing 
nature of thiolate sulphur donors, chloride ligands 
exhibit poor x-bonding tendencies. This may sug- 
gest that the organodiazenido group, a strong X- 
acceptor, is relatively ineffective in transmitting a 
trans influence in the absence of significant rc-inter- 
action throughout the L,--Re-NNR linkage 
(where L, is the ligand truns to the diazenido group). 

The structure of the dimethylformamide deriva- 
tive [ReC12(PPhJ2(Me2NCHO)(NNC02Me)], (6), is 
shown in Fig. 6 and selected bond lengths and 

-x N3 

N2 

cf 
Fig. 6. ORTEP view of the structure of truns-chloro 
complex [ReCl,(PPh,),(Me,NCHO)(NNCO,Me)] (6) 

showing relevant atoms labelled. 

and J. ZUBIETA 

Table 3. Selected bond lengths (A) and angles (“) for 
[ReCI,(PPh,)2(Me,NCHO)(NNCOOCH,)] (6) 

Rel-PI 
Rel-P2 
Rel-Cl1 
Rel-Cl2 
Rel-Nl 
Rel-03 
N&-N2 
N2-C 1 
Cl-01 
03-c3 
C3-N3 

2.469(3) 
2.446(3) 
2.431(4) 
2.408(4) 
1.75(2) 
2.10(2) 
1.28(2) 
1.37(3) 
1.21(3) 
1.23(2) 
1.33(2) 

Pl-Rel-P2 171.4(l) 
PI-Rel-Nl 93.5(3) 
P2-Rel-NI 94.8(3) 
PI-Rel-03 84.3(2) 
P2-Rel--03 87.5(2) 

NI-Rel-03 177.2(4) 
PI-Rel-Cl1 88.0(l) 
P2-Rel--C11 88.5(l) 
Nl-Rel-Cl1 97.3(4) 
03-Rel-Cl1 84.3(3) 
PI-Rel-Cl2 93.9(l) 
P2-Re l-Cl2 87.3(l) 
Nl-Rel-Cl2 98.4(4) 
03-Rel-Cl2 80.1(3) 
Cll-Rel-Cl2 164.0( 1) 
Rel-Nl-N2 172.7(10) 
Nl-N2-Cl 114.1(13) 

Rel-03-X3 139.1(9) 

03-X3-N3 122.0(14) 

angles are presented in Table 3. The structure is 
unusual in displaying a trans chloro geometry in 
contrast to the exclusively cis chloro geometry of 
other simple derivatives of the [ReC&(PPh&j core. 
The bonding parameters are otherwise unex- 
ceptional with the relatively long Re-03 (dime- 
thylformamide) bond distances of 2.10 (2) A con- 
sistent with the facile loss of dimethylformamide 
associated with this species. 

Figures 7 and 8 illustrate the structures of 
products isolated from the reactions of the chel- 
ate complex (1) with organonitrogen ligands 
with exchangable protons. The gross features 
of the structures of [ReC12(PPh,)2(NNHCOPh) 
(NHNHCOPh)] (7) and [ReC12(PPh3)2 
(NNHCOPh)(NHNHCO,CH,)] (8) are similar 
to those of complexes (3), (4) and (5). Thus, the 
rhenium atom of each structure displays distorted 
octahedral geometry, coordinating to two mutually 
trans phosphine ligands and to two chloride donors 
occupying positions trans to the organohydrazine 
ligands which complete the coordination sphere. 
As illustrated in Table 4, the Re-P and Re-Cl 
distances are unexceptional. The observation of 
peaks consistent with N-bound hydrogen atoms in 
the final electron density maps of the structural 
studies confirms the identity of the nitrogen ligands 
as hydrazido(1 -) and hydrazido(2-) units. In (7) 
the Re-hydrazido(2 -) unit, Re-N3-N4(H) 
(COPh), assumes the linear end-on geometry 
most commonly encountered for this grouping. 
The short Re-N3 and N3-N4 distance and the 
linear valence angle at N3, listed in Table 4, 
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N-N single bond. This evidence, together with the 
valence angle of 119.5(4)’ at Nl, the appearance of 
two peaks on the final electron density map attribut- 
able to H(N1) and H(N2), and the spectroscopic 
data cited previously, supports that the unit is 
present as the hydrazido(1 -) functionality, 
-NHNHR. A comparison of the structural par- 
ameters for this unit with those for bent isodiazene 
ligands” and for other end-on hydrazido( 1 - ) frag- 
mentsg*23 is presented in Table 5. The bent iso- 
diazene unit functions as a two-electron donor, con- 
sistent with valence structure (IX), whereas the 
hydrazido( 1 -) ligands of (7) and (S), also formally 
two-electron donors, are best described by structure 
(VIII). In contrast, the structural parameters 
reported for other examples of end-on coordinated 
hydrazido(1 -) ligands (Table 5) are suggestive of 
a formalism based on a protonated form of the 
isodiazene structure (IX). Thus, while the 
-NHNHR units of (7) and (8) represent the hydra- 
zido(1 -) limit, valence form (VIII), with structural 
parameters consistent with sp3 hybridization at Nl 
and N2, the -NHNR2 units of structures (9k 
(14) are best described by (IX), structural types 
more closely related to the isodiazenes and retaining 
sp2 hybridization at the nitrogen atom. 

Fig. 7. OKTEP view of the structure of complex (7), 
[ReCl,(PPh,),(NNHCOPh)(NHNHCOPh)]. 

are consistent with extensive multiple bonding 
throughout the Re-N3-N4 unit. On the other 
hand, the Re-Nl bond distance is significantly 
longer, 2.212(8) A, suggesting a rheni~-nitrogen 
single bond. Likewise, the Nl-N2 distance of 
1.44(l) A approaches the idealized value for a 

Fig. 8. ORTEP view of the structure Of complex {S), 
[ReCl~(PPh~)~~HCOPh)~HNHCO~Me)], showing 

relevant atoms labelled. 

Organohydrazines H#NHR with potentially 
coordinating substituents R, form six coordinate 
chelate complexes of the type [ReCl~~Ph~)~ 
(NNR)], for R = -COPh and phthalazine, 
when reacted with [ReOCl,(PPh,),]. The subsequent 
reaction chemistry is governed both by the nature 
of donor group R responsible for chelate closure 
and by the type of donor ligand introduced. Thus, 
when R = phthalazine, no simple substitution 
products are isolated. On the other hand, for 
R = -COPh introduction of donor ligands L 
results in the opening of the chelate via dis- 
placement of the coordinated carbonyl oxygen by 
the donor ligand. The identity of the metal-hydra- 
zine linkage in these species depends on the nature 
of L. When L is an “innocent” ligand with no 
exchangeable protons, simple displacement of the 
carbonyl oxygen by L yields organodiazenido com- 
plexes of the type [ReCl,(PPh,),(NNR)L]. In con- 
trast, for organohydrazido ligands L, substitution 
and proton transfer occur to yield mixed hydra- 
zidof 1 -)-hydrazido(2 -) species of the general 
type ~ReCl~(PPh~)*(~NHR)(NHNH~)]. Thus, a 
series of related species has been isolated and struc- 
turally identified, presenting end-on coor~nated 
organodi~enido, Organohydr~do~I -) and or- 
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trichlorobis(triphenylphosphine)rhenium (2.0 g), 
benzoylhydrazine (2.0 g), and triphenylphosphine 
(2.0 g) were heated under reflux with stirring in 
15 cm3 lMHC1 in ethanol and 50 cm3 dichloro- 
methane for 30 min. The emerald green precipitate 
was washed with methanol and air-dried. The 
green powder was dissolved in benzene and ace- 
tonitrile was added dropwise with gentle warm- 
ing until a red-brown solution resulted. Solvents 
were removed by rotary evaporation to produce 
an oil which was dissolved in dichloromethane 
and layered with ether. Large red-brown crystals 
formed over a 2 day period. Yield : 85%. Found : 
C, 54.9 ; H, 4.0 ; N, 4.4. Calc. for ReC45H38 
N301P2C12: C, 55.2; H, 4.0; N, 4.4%. 

[ReClr(PPh,),(NH,)(NNC~H~Br)] (4). Oxotri- 
chlorobis(triphenylphosphine)rhenium (2.0 g), 2- 
bromophenylhydrazine hydrochloride (2.0 g) and 
triphenylphosphine (2.0 g) were heated under reflux 
for 1 h with stirring in a solution of 100 cm3 ethanol 
and 100 cm3 benzene. An orange precipitate was 
removed by filtration. The dark red filtrate is evap- 
orated to a red oil. Trituration of the red oil with 
ether caused precipitation of a tan coloured solid 
which was washed with dichloromethane which dis- 
solved the bright red ammonia complex. Crystals 
formed from dichloromethane-diethylether crys- 
tallization. Yield: 20%. Found: C, 50.8; H, 3.62. 
Calc. for ReC,2H37N3P2C12Br : C, 51.3 ; H, 3.76%. 

[ReCl,(PPh,),(Me,NCHO)(NNCOOCH,)1 (5a). 
Oxotrichlorobis(triphenylphosphine)rhenium (2.0 
g), methylhydrazinocarboxylate (1.35 g) and tri- 
phenylphosphine (2.0 g) were heated under reflux 
with stirring in a solution of 15 cm3 1M HCI in 
ethanol, 150 cm3 ethanol, 50 cm3 dimethyl- 
formamide and 20 cm3 dichloromethane for 2 h. 
The resultant red-purple precipitate was washed 
with methanol and air dried. Yield : 65%. Found : 
C, 52.3 ; H, 4.3 ; N, 4.4. Calc. for ReC41H40 
N303P2C12: C, 52.2; H, 4.3; N, 4.5%. 

[ReC12(PPh3)2(CSHSN)(NNCOOCH,ll (5). To a 
warmed suspension of [ReC12(PCh3)2(MezNCOH) 
(NNCOOCH,)] (5a) in dichloromethane, py- 
ridine was added dropwise until the material dis- 
solved. The solution was layered with methanol 
and diethylether. Bright red crystals formed over 
a period of 2 days. Yield 85%. 

truns - [ReClz(PPh3)(Me,NCHO)(NNCOOCH3)] 
(6). The red filtrate from the work-up of (5a) is 
allowed to evaporate under air, yielding red crystals 
of (6) after 10 days. Yield: lo%, reproducible to 
+2%. 

[ReC12(PPh3)2(NHNHCOC6HS)(NNHCOCsH,)] 
(7). [ReCl,(PPh,),(NNCOC&)] (“green chelate”), 
(1.2 g) and benzoylhydrazine (0.25 g) were dissolved 
in 200 cm3 benzene and stirred at room temperature 
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Table 6. Summary of crystal data and experimental details for the structural studies of [ReC12(PPh,),(NNCOCsH4- 
p-Cl)] (l), [ReCl,(PPh&(NNCsH,N2)1 (2), [ReCl,(PPh,),(NCMe)(NCOPh)] (3) and [ReC1,(PPh3)2(NNC,H,-o-Br) 

W-M (4) 

(1) (2) (3) (4) 

(a) Crystal parameters at 23°C” 

a 
b 
c 

; 
Y 
V 
Space group 
Z 
D cak 

14.863(2) A 12.480(2) A 14.004(3) A 10.535(2) A 
10.614(2) A 12.392(2) A 14.329(3) A 14.939(3) A 
24.636(2) A 29.603(4) A 20.019(4) A 16.585(3) A 
90.00” 96.30( 1)” 90.00” 66.14(l) 
94.57( 1)” 97.30( 1)” 94.02(l) 78.93(l)’ 
90.00” 114.06( 1)” 90.00” 84.93( 1)” 

3874.1(8) A’ 4080.0(8) A’ 4007.2(10) A’ 2342.5(8) A 
p21ic PT P2,lc PT 

4 4 4 2 
1.63 1.53 1.58 1.39 

(b) Measurement of intensity data 

Crystal dimensions (mm) : 0.18 x 0.22 x 0.16 0.16 x 0.20 x 0.14 0.12 x 0.20 x 0.16 0.18 x 0.20 x 0.12. 
Instrument : Nicolet R3m. 
Radiation : MoK,(y = 0.71069 A). 
Scan mode : Coupled 6(crystal) - 28(counter). 
Scan rate : 7” mitt-‘-30” mm’. 
Scan range : 2.0” < 28 < 45”. 
Scan length : [~&KU,- l.O)]“-[26(Kcr,+ l.O)]“. 

Background measurement : Stationary crystal, stationary counter, at the beginning and end of each 28 scan, each 
for the time taken for the scan. 

Standards : 3 collected every 197. 
Number of reflections 

collected : 5710 9302 6591 6678 
Number of independent 

reflections used in solution : 3751 6528 4314 5513 
(IO > 30(&l)) (10 2 3W,)) (1, 2 3e(&)) (1, 2 3c(&)) 

(c) Reduction of intensity data and summary of structure solution and refinementb 

Data corrected for background, attenuators, Lorentz and polarization effects in the usual fashion. 

Absorption coefficient (cm-‘) : 60.43 34.00 57.87 57.85 

Absorption corrections : Based on Y scans for five reflections with x near 90” or 270”. 

Tmax/Tmin 1.15 1.09 1.23 1.06 

Structure solution : Patterson synthesis yielded the Re position, all remaining non-hydrogen atom were located via 
standard Fourier techniques. 

Atom scattering factors :’ Neutral atomic scattering factors were used throughout the analysis. 

Anomalous dispersion :d Applied to all non-hydrogen atoms. 

Final discrepancy factor :< 
R= 0.0461 0.0618 0.0432 
R,= 0.048 1 0.0643 0.0473 

Goodness of fit ! 1.067 1.525 1.049 

0.0504 
0.0505 
1.433 

a From a least squares fitting of the setting angle of 25 reflections. 
bAll calculations were performed on a Data General Nova 3 computer with 32K of 16-bit words using local 

versions of the Nicolet SHELXTL interactive crystallographic software package as described in G. M. Sheldrid 
Nicolet SHELXTL Operations Manual, Nicolet XRD Corp. Cupertino, California (1979). 

‘D. T. Cromer and J. B. Mann, Acta Cryst. A 1968,24,321. 
dZnternationaI Tables for X-ray crystallography, Vol. III. Kynoch Press, Birmingham, U.K. 
e R = C[lF,I - lFJ/ZlF,J] R, = [Cw(lFOl - IF,I)*/ZWIF~]“~ w = 1/6*(F,)+g*(F,) g = 0.005. 
/GOF = [Cw((F,I-lF,()*/(NO-NV)] ‘I* where NO is t.he number of observations and NVis the number of variables. 
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Table 7. Summary of crystal data and experimental details for the structural studies of [ReCI,(PPh& 

(C,H,N)(NNCGQI,)l (J), [ReCl*~Ph~)~(Me~NC~O)~CO~Me)] (6), [R~l*(PPh~)*~NHCOPh~ 
(NHNHCOPh)] (7) and [ReCl,(PPh,),(NNHCOPh)(NHNHCO,Me)] (8) 

(5) (6) 0 (8) 

(a) Crystal parameters at 23°C 

b” 
c 

; 
Y 
V 
Space group 
f> fSlC 
Z 

15*105(3) A 
15.619(3) A 
19.449(4) A 
9O.~O 

112.47(f) 
90.00” 

4240.1(g) A’ 

P2,ln 
1.48 
4 

10.240(3) A 
l&051(3) A 
12.80(2) A 
90.00” 

110.94(l) 
90.00” 

1965.0(5) A3 

p2, 
1.59 
2 

(b) Measurement of intensity data 

12.276(2) A 
14.147(2) A 
15.284(2) A 
8&33(l) 
72.04(l) 
83.10(l) 

2505.7(9) A’ 
A 

1.39 
2 

11.843(2) A 
12.015(2) A 
l&216(3) A 
96.40(l) 

l~.~(l) 
103.56(l) 

2177..5(8) A 
PT 

1.59 
2 

Crystal dimensions (mm) : 0.18 x 0.20 x 0.22 0.16 x 0.14 x 0.22 0.20 x 0.17 x 0.14 0.15 x 0.15 x 0.15. 
Instrument : Nicolet R3m. 
Radiation : MoK,(y = 0.71069 A). 
Scan mode : Coupled e{crystal) - 2@(counter). 
Scan rate : 7” min-‘-30° min-‘. 
Scan range : 2.0” < 26 & 45”. 
Scan length : [26(Ka, - 1.0)~+2@(Ka,+ 1 .O)r. 

Background measurement : Stationary crystal, stationary counter, at the beginning and end of each 28 scan, each 
for the time taken for the scan. 

Standards : 3 collected 197. every 
Number of reflections 

collected : 6055 3875 6891 6917 
Number of independent 

reflections used in solution : 3487 3174 4995 4309 

(10 3 3a(&)) (Z 2 3a(W) (Z 2 Ja(&)) (r, 2 3flQ-0)) 

(c) Reduction of intensity data and summary of structure solution and refinementb 

Data corrected for background, attenuators, Lorentz and polarization effects in the usual fashion, 

Absorption coefficient (cm-‘) : 32.66 58.94 46.34 53.25 

Absorption corrections : Based on Y scans for five reflections with x near 90” or 270”. 

TmaxfTmin 1.09 1.13 1.06 1.07 

Structure solution : Patterson synthesis yielded the Re position, all remaining non-hydrogen atom were located via 
standard Fourier techniques. 

Atom scattering factors :’ Neutral atomic scattering factors were used throughout the analysis. 

Anomalous dispersion :* Applied to a11 non-hydrogen atoms. 

Final di~repancy factor :e 
R= 0.0726 0.073 0.0420 0.0405 
R,== 0.0737 0.0417 0.0433 0.0405 

Goodness of fit :f 1.528 1.219 1.169 1.238 

a From a least squares fitting of the setting angle of 25 reflections. 
‘All calculations were performed on a Data General Nova 3 computer with 32K of 16-bit words using local 

versions of the Nicolet SHELX’I’L interactive crystallographic software package as described in G. M. Sheldrid 
N&let SHELXTL Operations Manual, Nicolet XRD Corp. Cupertino, California (1979). 

“D. ‘I. Cromer and J. B. Mann, Acta Cry&. A 1%8,24,321. 
‘~~ternati~~~ Tables for X-ray erystu~lograp~y, Vol. III. Kynoch Press, Birmingham, U.K. 
‘R = ~[~~~~-~~~I~~~~~~] R, = [CW(~~~F,I-]~~F,I)~/C~Y~~~~~” w = l/~‘(~~)+g*(~~) g = 0.005. 
fCOF = Ew((F,I - IF&2f(N0 - IW)]‘/* where NO is the number of observations and NVis the number ofvariables. 
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overnight. The resulting green-brown solution was 
filtered and then the benzene was removed by rotary 
evaporation. The resulting oil was dissolved in 
dichloromethane and layered with methanol/ 
diethylether. Green-brown dichroic crystals formed 
after 48 h. Yield : 80%. Found : C, 53.3 ; H, 4.5 ; 
N, 5.1. Calc. for ReC50H43N402P2C12 : C, 53.3 ; H, 
4.0 ; N, 5.2%. 

[ReC&(PPh&(NHNHCOOCH,)(NNHCOC6HS)I 
(8). “Green chelate” (2.0 g) and methylhydra- 
zinocarboxylate (0.5 g) were stirred in 200 cm3 
benzene overnight. The resulting green-brown solu- 
tion was filtered, and the benzene was removed by 
rotary evaporation. The resulting oil was dissolved 
in dichloromethane and layered with methanol/ 
diethylether. Green-brown dichroic crystals ap- 
peared after 3 days. Yield : 80%. Found : C, 53.1; 
H, 3.70. Calc. for ReC44H3,N403P,C12 : C, 53.4 ; H, 
3.84%. 

X-ray crystallography 

The details of the crystal data, data collection 
methods and refinement procedures are given in 
Tables 6 and 7. (Supplementary Tables A-HI pro- 
vide atomic positional parameters for the structures 
reported. Tables of bond lengths and angles, aniso- 
tropic thermal parameters and calculated and 
observed structure factors for all complexes are 
available.*) Full details of the crystallographic 
methodologies may be found in ref. 24. 

In no instance was an extinction correction 
applied for the data. Idealized hydrogen atom pos- 
itions were used throughout the analyses, with the 
C-H and N-H distances set at 0.96 and 0.94 A, 
respectively. 

Since complex (7) crystallizes in the polar space 
group P2,, both enantiomorphs were refined. The 
atomic coordinates reported are for the proper 
enantiomorph based on the residuals for both set- 
tings. 
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Abstract-The reaction of [Ir(dppe)*]Cl with [Et4N] [SeB,,,H,,] in THF followed by work 
up in air gave [Ir(dppe),Oz] [SeB,,H,,] (I) in 46% yield. Heating (I) at 120°C for 7 h under 
reduced pressure gave [Ir(dppe),H;I [SeBlOH,,] (II) as the major product. Compounds (I) 
and (IQ were characterized spectroscopically (IR, ‘H, ‘lB, 3’P NMR). Crystals of (II) are 
triclinic, space group Pi with two formula units and a molecule of dichloromethane in the 
asymmetric unit. Cell data are a = 18.308(4), b = 27.580(4), c = 12.017(2) A, a = 98.33(l), 
p = 95.94(2), y = 105.29(l)“. The structure was refined with 7025 observed reflections to 
R = 0.069 by full matrix least-squares calculations. The [Ir(dppe)zHz]+ cations have dis- 
torted octahedral coordination with cis H atoms and Ir-P(truns to H) (2.359 A) larger 
than Ir-P(trans to P) (2.314 A). The cations differ in their orientation of -CH*-CH2- 
moieties in the dppe ligands. The anions have their unique Se atoms scrambled over several 
sites in the [SeB,OH,,]- cages with one cage being more disordered than the other. 

In recent years a number of metallaborane and 
metallacarbaborane clusters containing Ir have 
been synthesized.’ The majority have contained 
monophosphine ligands (L = PR3) bonded to the 
Ir atom and compounds with the following units 
have been characterized : {L,IrH},2 (L21r(H)2},3 
{L21r(CO)}4 and {L,IrH} or {L,(CO)IrH}.’ In com- 
pounds containing these units the metal is part of 
the cage, e.g. nido-[2,2-(PPh3)2-2-(CO)-2-IrB~H8]4 
and cZoso-[3,3-(PPh,),-3-H-3,1,2-IrC2B9H,1].3 In 
other cases ionic systems such as [Ir(dppe)z 
(COHI PI~~uXI (X =H, Ch6 ~WppeMW 
[B&I and [Ir(dppe),CO] [B3H,17 have been 

* For Part I see ref. 11. 
j-Author to whom correspondence should be addressed. 

isolated where Ir is not inserted into the cluster 
but is retained in a separate octahedrally co- 
ordinated cationic species. In one unusual case 
the { L21r(H)2} +-unit was bonded exopolyhedrally 
via two Ir-H-B bonds to a [C2B9H1,,]- cage in an 
exo-nido compound.8 

Apart from the carbaborane derivatives, no irida- 
heteroboranes are known. In continuing our studies 
of metallaheteroborane chemistry we have inves- 
tigated the reaction of the heteroborane anion, nido- 
[B,,,H,,Se]-, (isoelectronic with the carbaborane 
[C,B,H,d-) with [Ir(dppe)dCl in THF. It was hoped 
that the solvent chosen would favour the formation 
of an insertion rather than an ionic product. How- 
ever no metal inserted product was isolated from 
the present work, instead two Ir(II1) complexes con- 
taining the [BlOH,,Se]- anion were characterized. 
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RESULTS AND DISCUSSION 

Reaction of the Ir(1) complex [Ir(dppe)$l with 
[Et4N [Br,,H,,Se] in THF followed by -work up in 
air gave a 46% yield of an ionic Ir(II1) product 
which was characterized spectroscopically as 
[Ir(dppe)zOz] [BlOH,,Se] (I). The cation was prob- 
ably formed through air oxidation of the more reac- 
tive Ir(1) species [Ir(dppe)rJ+. When (I) was heated 
as a solid at 120°C for 7 h under reduced pressure 
(0.3 mm Hg) the complex [Ir(dppe)*(H)J [SeBlOHI ,] 
(II) was produced and isolated in 19% yield. Com- 
pound (II) was characterized by spectroscopic and 
X-ray diffraction techniques. 

The IR spectrum of (I) showed the characteristic 
$--O, absorption at 845 cm-*,’ and the B-H ter- 
minal stretching absorption appeared as a single 
strong band at 2510 cm-’ as in the reagent 
[B,,Hr,Se]- anion. ‘OJ’ No band which could be 
associated with Ir-H was observed. The main fea- 
tures of the IR spectrum of (II) were a band of 
medium intensity at 2070 cm-’ and a strong band 
at 2510 cm-‘, due to Ir-H stretching6 and B-H 
terminal stretching respectively. Again, the B-H 
stretching frequency is the same as that reported 
for [SeBloH,,]-.‘o~ll 

The 128 MHz “B{‘H) NMR spectra of both (I) 
and (II) are similar and clearly confirm the pres- 
ence of [BloHIISe]- in both these compounds.“,” 
The 162 MHz 31P{1H} NMR spectrum of the 
[Ir(dppe),O,]+ cation consisted of two singlets at 
6 = 18.5 and 13.6 ppm of equal areas. These values 
are close to those previously reported for the cation 
in the complexes [Ir(dppe),OJ [x] (X = Cl,12 PF613), 
namely 16.5 and 13.4, and 20.2 and 12.9 ppm 
respectively. Surprisingly, the 31P(‘H} spectrum 
obtained for [Ir(dppe)z(H)2] [BloHIISe] comprised 
three singlets at 6 = 40.3, 33.9 and 22.4 ppm. The 
latter two signals were of equal area and are shifted 
downfield by 3 ppm from those reported previously 
for the cation (31.0 and 19.5 ppm)” however their 
relative positions are the same and we assign them 
to cis-[Ir(dppe)2(H)2]+. On partial proton decoup- 
ling the signal at 22.4 ppm becomes a doublet due 
to tram 31P-1H coupling (2Jpu = 110 Hz). cis 
coupling was not resolved. The third signal 
(6 = 40.3 ppm) is tentatively assigned to trans- 
[Ir(dppe),(H),]+. The 3’P NMR spectrum of this 
isomer has not previously been reported but other 
trans-[Ir(dppe)2(X)~’ systems (X = Y = Cl, I, 
X = H, Y = CO, PF6)13gL4 are reported to show 
unique singlets in their 31P NMR spectra. In the 
present work further evidence for the presence of 
the tram isomer was obtained from the ‘H NMR 
spectrum, uide infra. 

The 400 MHz ‘H spectrum of (II) initially 

shows two hydride resonances at 6 = - 11.63 ppm 
(d of q) due to cis [Ir(dppe),(HM+ (2Jnp,,,, = 110 
Hz and 2JHpc,, = 12 Hz) and 6 = - 10.47 ppm 
(quintet) possibly due to trans-[Ir(dppe),(H),]+ 
C2Jm, = 15 Hz). The presence of a quintet in the ‘H 
NMR and the corresponding singlet in the 31P 
NMR may be interpreted as indicating trans ster- 
eochemistry but these features may also occur as 
a consequence of stereochemical non-rigidity.6,13,‘4 
However in the present case the cis isomer is con- 
currently observed and so it is probable that the 
other signals are due to the tram system. On leaving 
the solution to stand for a day, the ratio of tram to 
cis changes from 1: 6 to 1: 2, thus cistrans iso- 
merization is apparently taking place. This reaction 
does not appear to have been reported for any pre- 
vious [Ir(dppe),(H),] + complex. However stereo- 
chemical non-rigidity has been established for 
several complexes of the type [Ir(dppe)2(H)Cl]X13 
and the related compound [Ir(PPh3)2(nbd)(H)2]+ 
has been the subject of a detailed isomerization 
study by ‘H and 3’P NMR.” 

The mechanism of formation of [Ir(dppe), 
WhIP ,oH l @I from DWpeMMB loH~ GW is 
clearly complicated but probably proceeds via 
initial loss of oxygen. Deoxygenation of the 
cation has previously been postulated to occur 
at 150°C in uacuo.’ For the subsequent for- 
mation of the Ir(H,) entity there are three 
possible sources of the hydride ligands. Perhaps 
the most obvious is the borane anion, but 
alternatively the hydride could come from the dppe 
ligand or from an entrapped solvent molecule. If 
hydrogen was transferred from a dppe ligand intra- 
molecularly, the resultant cation would be cyclo- 
metalated. Although several examples of this type 
of reaction are known e.g. the compound closo- 
[3,3,3-(PPh3)(Ph2P-ortho-C6H4)-3,l,2-RhC2BgH~1],‘6 
this possibility can be ruled out in the present 
case from the evidence of ‘H NMR and the X- 
ray crystallographic study. In some previously 
reported reactions involving the formation of 
[Ir(dppe)2(H)d + from the reaction between 
[Ir(dppe)2]Cl and either B10Hr3X (X = 6-Cl, H) or 
[B,H,]- in methanoJ6T7 it was thought most likely 
that the hydride came from the solvent,6 however 
the ‘H NMR of (I) precluded the solvent as a source 
in the present work since there are no signals for 
either of the two solvents used in its preparation 
(THF or CH,Cl,). Although the reaction of metal 
reagents with [BH,]- to give metal hydrides is com- 
mon and well documented,1*‘7 three dimensional 
cluster borane anions are in general notably less 
effective in the production of metal hydrides. How- 
ever some oxidative addition reactions of iridium 
complexes with borane clusters are known which 
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involve both terminal B-H and bridging B-H-B 
bonds. Examples involving terminal B-H bonds 
include reactions of the neutral species closo-l- 
SBH, or 1,2-C2B,& with Wl(PPh,)J yielding [2- 
exo{(PPh3)21r(H)C1}-1-SB~H$’ and [3+x0- 
{(PPh3)Jr(H)C1}-1,2-C2BloHI,I.‘Y Abstraction of a 
bridging hydrogen from [C,B,H,J- by iridium has 
been reported in the formation of [3,3-(PPh&-3- 
H-3,1,2-IrC,BgH,,]? The formation of ionic rather 
than insertion products is a major feature of the 
present work. Similar results were observed for 
reactions of both [Ir(dppe)dCl and [Ir(dppe), 
(CO)]Cl with B,,,H,,X (X = 6-Cl, H) and 
[B3H8]-.6*7 In the case of a monodentate ligand Ir 
complex such as [IrCl(PPh&], insertion requires 
loss of only one PPh3 ligand whereas for the biden- 
tate (dppe)-Ir complex, the reaction would 
involve two Ir-P bonds being broken. The only 
known (dppe)M-cage bonded metallaborane clus- 
ters are those formed either from a metal complex 
with only one dppe ligand e.g. by reaction of 
(dppe)NiX, (X = Cl, Br) with CzB,H7-,*’ or where 
the free dppe ligand is added, together with the 
metal chloride, to the borane or carbaborane based 
anion e.g. the reaction of dppe and MC& (M = Fe, 
Co) with nido-2,3-Et2C,B4HS-.21 In neither of these 
cases does insertion require the loss of a dppe unit. 
In the reaction of [Ir(dppe),]Cl with [BloH,,Se]- the 
metal displayed a clear preference to retain the dppe 
ligands and later, to increase its coordination num- 
ber by reaction with O2 rather than to become part 
of a metallaheteroborane cage. 

The compound [Ir(dppe),(H),] [B,,H,,Se] (II) was 
the subject of an X-ray crystallographic study to 
confirm the nature of the cation and anion and to 
determine their structures. The system (space group 
Pi) contains four formula units per unit cell ; two 
types of cation and two types of anion, and one 
molecule of CH,Q are present in the asymmetric 
unit (Fig. 1). The cations A and B exist with differ- 
ent conformations of one of the -CH,-CH,- 
portions of the dppe ligands, Fig. 2. Both the anions 
are disordered though one, A, is less disordered 
than the other, B, and the nido type 11 -atom struc- 
ture can clearly be seen in the case of A. In the less 
disordered cage the selenium is found at only four 
of the five open-face positions. The other seven sites 
are occupied only by boron atoms. In this system 
the bond distances involving the seven sites occu- 
pied wholly by boron atoms he in the range 1.76(2)- 
1.91(2) A, i.e. within the rather large range found 
in borane clusters. They may also be compared with 
B-B bond distances in other selena- and metal- 
laselenaborane structures e.g. close-[B, ,H$e3]2-,22 
close-[2,2-(PPh3),- 1 ,ZSePtB, oH, o] ’ ’ and nido-[(q- 
CSH,)-7,8,12-CoSe2BgH,1.23 In the dianion and the 
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Fig. 1. A view of the crystal packing. 

platinaselenaborane, the B-B bond distances lie in 
the ranges 1.738(20)-2.091(21) A and 1.813(10) 
1.919(10) A, respectively, whereas those in the nido 
structure lie between 1.708(7)2.007(7) A. In 
the more disordered anion, bond distances lie 
within the range 1.71(3)-2.16(2) A with a mean 
value of 1.93 A. These may be compared with data 
from the wholly disordered system close-B , ,H, ,Se 
in which the distances were between 1.87 and 2.12 
A with a mean value of 2.00 A.” 

Both cations A and B have distorted octahedral 
cis-[IrP,H,] structures. The important interatomic 
distances and bond angles are given in Table 1. The 
Ir-P bond lengths (2.308(2)-2.369(3) A) fall within 
the expected range (2.277(l)--2.371(7) A) for 
[Ir(dppe),X]Y systems (Table 2).6*24-26 The truns 
influence of the hydride ligands has been noted pre- 
viously6 and is also apparent in complex (II) with 
the Ir-P bonds tram to the hydride ligands being 
on average 0.045 A longer than those tram to phos- 
phorus atoms. The mean Ir-P bond length is 2.359 
A for those bonds tram to the hydrides while that 
for the bonds trans to phosphorus atoms is 2.314 
A. The &hydride ligands were identified spec- 
troscopically and maxima corresponding to their 
expected location were observed in the final differ- 
ence map. The extent of distortion from a purely 
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A 

Fig. 2. Views of the A and B cations and anions. For clarity, in the cations, the various atoms are 
shown as spheres with different radii. In the disordered anions the spheres are at the 50% probability 
levels. A has the Se atoms scrambled over four sites and B over six sites. Labelling of atoms as Se or 

B is a function of the occupancy factor. 

octahedral structure can be seen by comparison of 
the P-Ir-P angles between the two equatorial 
phosphorus atoms (a) and the two axial phosphorus 
atoms (j?) (Table 2) with those in an idealized octa- 
hedral structure (a = 90”, B = 180”). For cation A, 
CI = 98.2(l)“, B = 163.4(l)“, while for cation B, 
a = 104.05(9)” and B = 168.75(9)“. These dis- 
tortions are comparable to those reported for the 
similar systems in Table 2. The chelate P-Ir-P 
“bite” angles (y) are 84.49(9) and 85.41(9)’ for cat- 
ion A and 85.25(9) and 85.21(9)” for cation B which 
are similar to the values found in other 
[Ir(dppe)2X]Y systems (e.g. X = HZ, Y = B9H14-, 
(y) = 86.2(2)“,6 X = HP, Y = PF,, (y) = 86.3”,24 
X = 02, Y = PF,, (y) = 83.7(1)“).25 

EXPERIMENTAL 

IR spectra were recorded as KBr discs on Perkin- 
Elmer 257 and 13 10 spectrometers. The NMR spec- 
tra were recorded on a Bruker WH400 spec- 

trometer. Chemical shifts 6 are reported relative to 
SiMe4 (‘H), BF30Et2 (external) (“B) and H3P04 
(external) (3’P) ; positive values represent shifts to 
high frequency (“low field”) of the standards. Reac- 
tions and recrystallizations were carried out under 
dry, oxygen-free nitrogen, although manipulations 
and separatory procedures were carried out in air. 
THF was purified by distillation from potassium 
benzophenone ketyl under nitrogen. The com- 
pound [Ir(dppe)z]C1 was prepared by the literature 
method9 as was [Et4Nl [B,,,H,$e].” The latter was 
purified by recrystallization from CH2C12 and ident- 
ified spectroscopically ; IR v,,, at 3050 w, 2980 m, 
2950 vw, 2520 brs (BH), 1485 s, 1475 w, 1455 w, 
1438 m, 1415 w, 1395 m, 1362 m, 1295 brw, 1070 
vw, 1055 m, 1015 vw, 1002 s, 910 m, 880 w, 815 w, 
790 vs, 755 w, 742 w, 695 w cm-‘. “B{‘H} NMR 
(CD2C12, 128 MHz, 25°C) -5.6 (s, 2B), -9.2 (s, 
2B), -14.6 (s, lB), -16.3 (s, 2B), -17.6 (s, 2B), 
-35.6 (s,lB) ppm.“,” 

Reaction of nido-[Et4N][BloH, ,Se] with 
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Table 1. (i) Principal interatomic distances’ in A and (ii) selected angles (“) 
with e.s.d.s in parentheses 

(i) Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
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IrA 
IrA 

If A 
If A 
BlA 
PlA 
PlA 
P2A 
P2A 
P2A 
P3A 
P3A 
P3A 
P4A 
P4A 
P4A 

PIA 2.317(2) IrB PlB 2.31 l(2) 
P2A 2.369(3) IrB P2B 2.340(3) 
P3A 2.366(3) IrB P3B 2.361(2) 
P4A 2.321(3) IrB P4B 2.308(2) 
ClA 1.790(9) PlB ClB 1.831(10) 
C7A 1.845(10) PlB C7B 1.860(9) 
C13A 1.860(10) PlB C13B 1.851(10) 
C14A 1.852(10) P2B C14B 1.834(10) 
C15A 1.854(11) P2B C15B 1.806(9) 
C21A 1.860(10) P2B C21B 1.860(10) 
C27A 1.816(11) P3B C27B 1.794(10) 
C33A 1.823(10) P3B C33B 1.823(10) 
C39A 1.854(10) P3B C39B 1.830(10) 
C4OA 1.855(10) P4B C40B 1.855(10) 
C41A 1.823(10) P4B C41B 1.868(10) 
C47A 1.868(10) P4B C47B 1.795(9) 

(ii) Cation A : Atom 1 Atom 2 Atom 3 Angle 

Cation B : 

PlA IrA P2A 84.49(9) 
PlA IrA P3A 107.21(9) 
PlA IrA P4A 163.4(l) 
P2A IrA P3A 98.2(l) 
P2A IrA P4A 104.78(9) 
P3A IrA P4A 85.41(9) 

PlB 
PIB 
PlB 
P2B 
P2B 
P3B 

IrB 
IrB 
IrB 
IrB 
IrB 
IrB 

P2B 
P3B 
P4B 
P3B 
P4B 
P4B 

85.29(9) 
101.22(9) 
168.75(9) 
104.05(9) 
102.27(9) 
85.21(9) 

“In the cations, C-C distances in aromatic rings and within the phos- 
phine ligands are as follows : (a) aromatic C-C distances range from 1.31- 
1.48 A, with a mean of 1.40 A and (b) sp’ C-C distances range from 1.56 
1.61 A, with a mean of 1.58 A. In the disordered Se-B anion cages, the 
intramolecular bond distances are in the range of 1.71-2.16 A with a mean 
of 1.93 A. 

Table 2. Ir-P bond lengths and P-Ir-P angles in [Ir(dppe),X]Y complexes 

X Y Ir-P range (A) ci” B” Ref. 

Hz PFG 
Hz B&I,, 
I-I* BJI~~8e 

02 PPB 
s, Cl 

2.277(l) to 2.345(l) 
2.315(8) to 2.371(7) 
2.308(2) to 2.369(2) 

2.308(3) to 2.366(3) 
2.331(4) to 2.371(5) 

100.4 
97.32(2) 

98.2(l) and 104.05(9) 

97.01(l) 
98.5(2) 

160.7 
161.0(2) 

163.4(l) and 168.75(9) 

175.3(3) 
171.6(2) 

25 
6 

present 
work 

26 
27 

’ E is the angle between the two equatorial phosphorus atoms. 
b/I is the angle between the two axial phosphorus atoms. 
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Abstract-The electrochemistry of a series of rhenium(I) complexes, namely [Re(CO), 
(Ph&((ArN),X)] (X = N, CH; Ar = C6HS, C6H,Me-p, C6H.,Cl-p, C,H,F-p), has been 
studied in different nonaqueous solvents (CH,C$, MeCN, Me&O). The rhenium(I)/ 
rhenium(I1) redox change occurs at potentials varying from +0.60 V to +0.90 V (vs 
S.C.E.), depending upon the electron donating ability of the aryl groups. At room tempera- 
ture this oxidation is complicated by slow following chemical reactions (proposed as the 
competing photochemical-thermal self-reduction and intramolecular oxidation processes), 
but below 0°C the electrogenerated rhenium(I1) complexes, which are isostructural with 
their rhenium(I) precursors, are sufficiently stable to be characterized by W-Visible, IR 
and ESR spectroscopy. 

While both the l&electron rhenium(I) and the 16- 
eiectron rhenium(iII) derivatives are stable, the 17- 
electron rhenium(I1) complexes are often kinetically 
labile and in some cases only electrochemical evi- 
dence can testify to their existence.‘-9 In this regard 
it is not surprising that only a few mononuclear 
rhenium(I1) complexes have been up-to-now char- 
acterized.‘“-‘4 

In recent years the electrochemistry of some 
mononuclear rhenium(I) carbonyl-phosp~ne 
derivatives has been investigated.‘*Z*ti*8 Pre- 
viously we have characterized a series of iso- 
structural rhenium(I) pseudoallyl complexes as 

[Re(C%(PPh&(L)I (I = (RN&-, ((RN)&H}-, 
(RNCHO)- and (amt)- = anion of 2-amino- 
thiazole derivatives). 15-” We report here the redox 
behaviour of the mixed carbonyl-phosphine deriva- 
tives l-8, containing the triazenido and for- 
mamidinato ligands with different substituents,‘5,‘6 
which have been shown to give characterizable 
rhenium(B) derivatives. (See Structure 1.) 
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The electrochemistry of the formamidinato and 
triazenido rhenium(I) complexes under study has 
been preliminarily investigated by cyclic voltam- 
metry. A typical response is reported in Fig. 
l(a), which refers to 1 in dichloromethane solvent. 
In Figs l(b) and (c) the responses of both free 
triazene and triphenylphospbine ligands are also 
reported. 

*Author to whom cornxpondence should be addressed. 

As can be seen, 1 gives rise to two anodic charge 
transfers occurring at peaks A and B, respectively. 

Controlled potential coulometric tests at + 1.0 
V, in correspondence to the first anodic process, 
showed that the anodic current abruptly falls after 

X = N, Ar = C,H,(l) 

X = N, Ar = CsH4Cl-p~2) 

X = N, Ar = C6H4Me-~ (3) 

X = N, Ar = C&dF-p(4) 

X = CH, Ar = C6Hs(5) 

X = CH, Ar = C,HsCl-p(6) 

X = CH, Ar = C,Hhk-p(1) 

X = CH, AI = C,HsF-P (8) 

RESULTS AND DISCUSSION 
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Fig. 1. Cyclic voltammograms recorded on a CHIClz 
solution containing [NBu,](ClO,) (0.1 mol dmm3) and 
(a) l(1.37 x lo-‘mol dmm3); (b) Ph-NH-N=N-Ph 
(2.1 x 10e3 mol dmm3); (c) PPh, (1.3 x 1O-3 mol drn-‘). 
Platinum working electrode. Scan rate : 0.2 V s-‘. (0) 

Starting potential. 

the consumption of one electron per molecule of 
starting compound, but it remains significantly 
higher than the background current, up to the over- 
all consumption of a number of electrons ranging 
from 1.6 to 1.8 per molecule of starting Re(1) 
complex. On the other hand, the comparison of the 
cyclic voltammetric response of 1 with that of an 
equimolar solution of ferrocene, which is known to 
involve a one-electron oxidation process, seems to 
indicate at first approximation* that, in the short 
time of the cyclic voltammetric experiment, only 
one electron is involved in the first anodic step. 

The analysis of the cyclic voltammograms with 
scan rates Iv ranging from 0.02 to 50 V s- ’ reveals 

* Strictly speaking the comparison would require the 
knowledge of the diffusion coefficients of the two species. 

the following features : the cathodic to anodic peak 
current ratio, ipcc,/ip(Aj, is 0.84 at 0.02 V s- ‘, 0.96 
at 0.05 V SK’, 1.0 at 0.1 V SK’ and then it remains 
constant ; the current function ip~a~/v1’2 decreases 
by approx. 30%; the difference between the peak 
potential value of the anodic response A and that 
of its directly associated one C, AE,,, gradually 
increases from 80 to 450 mV, probably also because 
of some uncompensated solution resistance. In 
addition, chronoamperometric tests showed that 
the (i x 2”‘) parameter remains practically constant 
in the time range 0.002-3 s. 

All these electrochemical data indicate that the 
anodic process occurring at peak A is complicated 
by following chemical reactions, in part giving 
products oxidizable at the potentials of peak A. In 
electrochemical terms it can be thought that an 
e.c. mechanism is concomitant with an e.c.e. type 
mechanism (we shall discuss it in Additional 
Remarks). However, these following reactions are 
rather slow so that in cyclic voltammetry at 
sufficiently high scan rates only the first charge- 
transfer, quasi-reversible in character, is sub- 
stantially operative. 

The average value between the peak potential 
value of peak A and that of peak C, at scan rates 
where ip(Cj/ip(Aj = 1 (i.e. when the chemical com- 
plications following the first charge-transfer are pre- 
vented), can be assumed as a good approximation 
of the thermodynamic formal electrode potential, 
E*, for the first one-electron transfer involved in 
the less anodic oxidation of the Re(1) complex, i.e. 
the Re(I/II) charge-transfer. 

As regards the second anodic process occurring 
at peak B, at least in principle it can be attributed 
either to the oxidation of the ligands (triazene 
or triphenylphosphine), or to the subsequent 
Re(II/III) anodic process. However both the close- 
ness to the solvent discharge and its irreversibility 
convinced us to neglect its deeper examination. 

The above reported electrochemical behaviour is 
typical for all studied Re(1) complexes, not only in 
the triazenido form, but also for the formamidinato 
complexes. In this connection it must be considered 
that in CH2C12 free formamidine ligands oxidize at 
about + 1.1 V. 

In order to test if the solvent may play some role 
in the stabilization of the electrogenerated rhen- 
ium(I1) complexes, the electrode behaviour was also 
examined in acetonitrile and acetone solvents. In 
these media the chemical complications following 
the first anodic process are even more rapid. Table 1 
summarizes the standard potentials for the Re(I/II) 
redox couple of the complexes studied here, to- 
gether with those of other carbonyl/phosphino 
complexes reported in literature. 



Redox properties of a series of pseudoallyl rhenium(I) complexes 197 

Table 1. Formal electrode potentials (in Volts, vs S.C.E.) for the Re(I/II) redox couple in some Re(I) carbonyl- 
phosphino complexes. 

Re(1) complex CH& MeCN Me,CO Refs 

[Re(CO),~Ph,),{N(NC,H,)31(1) 
[Re(Co),(PPh,),{N(NC,H,C1_p),JI (2) 
[Re(Co>,(PPh,),(N(NC,H,Me-p),)1(3) 
[Re(Co),(PPh,),(N(NC,H,F-p),)1(4) 
tRe(Co)*(PPh,),{CH(Nc,H,),)I (5) 
tRe(CO),(PPh,),(CH(NC,H,C1-p),}] Y4 
[Re(C0)*(PPhS)*(CH(NC6H4Me-p),)l (7) 
[Re(Co),(PPh,),(CH(NC,H,F-p),)](8) 
[WC~)2(PPW20-w)1 +’ 
lRe(C%(PMe,Ph) #Py)l+ ’ 
[Re(CO)(PMe,Ph),Cl] 
WW2(PMe2W3C11 
[Re(CO)S(PMe9),(bpy)l +’ 
mer-[Re(CO),(PMe,Ph)&l] 
fat-[Re(CO),(PMe,Ph),C1] 
mer-[Re(CO),(PPhS)zCl] 
mer-[Re(C0)3{P(CsH4Me-p),),C1] 
mer-[Re(CO),{P(C,H,Me-m),},Br] 
[Re(C0)4(PMe,Ph)Cl] 

+0.80 +0.78 +0.78 present work 
+0.90 not soluble not soluble present work 
+0.67 f0.66 +0.71 present work 
+0.84 not soluble not soluble present work 
+0.70 to.64 +0.68 present work 
+0.76 not soluble not soluble present work 
+0.60 +0.56 +0.60 present work 
f0.71 not soluble not soluble present work 
- fl.376 - ref. 7 
- + 1.10 ref. 7 
+0.2oc - - ref. 2 
+0.82d +0.82’ - ref. 9 ; ref. 6 
- +l.84b - ref. 5 
+ l.18d +l.lY - ref. 9 ; ref. 6 
+ 1 .46d f1.38’ - ref. 9 ; ref. 6 
+1.44 - ref. 3 
+1.44 - - ref. 3 
+1.39 - - ref. 3 
>1.7 - - ref. 9 

a bpy = 2,2’-pyridine. 
b Peak potential values at 0.2 Vs- ’ for irreversible processes. 
’ 10% methanol present. 
d Refer to ref. 9. 
’ Refer to ref. 6. 

As it can be seen, starting from Re(1) complexes, 
the thermodynamic access to the Re(I1) complexes is 
basically favoured by : (i) replacing the n-accepting 
carbon monoxide ligand with o-donating phos- 
phine ligands’ and (ii) the possibility to substitute 
the halide or bipyridine ligands with ligands, such 
as pseudoallyl triazenides or formamidinates, con- 
taining electron-donating substituents. In addition, 
as expected on the basis of their electronegativity, 
the substitution of the nitrogen atom of triazene 
with the CH group of formamidine favours the 
anodic Re(I/II) charge-transfer. 

A plot of the formal electrode potentials for the 
Re(I/II) couple vs Hammett’s substituent con- 
stants” is shown in Fig. 2. 

A linear correlation holds for both triazenido 
(correlation coeff. = 0.98) and formamidinato (cor- 
relation coeff. = 0.97) substituents, suggesting that 
the HOMO of the present complexes is conjugated 
to the phenyl moieties of the pseudoallyl ligands, as 
has been quoted for other Re(1) compounds with 
different ligands. 4 

Characterization of rhenium(IZ) complexes 

In order to slow down the chemical complications 
following the Re(I/II) charge-transfer also in the 

I I I 
-0.3 -0.1 +0.1 +0.3 +o.s 

2u 

Fig. 2. Plot of the formal electrode potentials for the 
Re(I/II) redox couple in CHzC!ll vs Hammett’s constants. 
(0) Re(I)-triazenido derivatives ; (m) formamidinato 

derivatives. 

longer time scale of macroelectrolysis, we per- 
formed electrolysis tests at 0°C in dichloromethane 
solvent. 

As an example of the behaviour of for- 
mamidinato complexes, controlled potential elec- 
trolysis in correspondence with the first anodic pro- 
cess of 7, at O”C, showed that after consumption of 
one electron/molecule the current fell to quite negli- 
gible values. The colour of the solution changed 
from yellow to deep green. Figure 3 shows the 
cyclic voltammogram recorded on the exhaustively 
electrolysed solution. 
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Fig. 3. Cyclic voltammetric responses recorded at a plati- 
num electrode on a CH,C& solution containing 7 (0.106 
mmol) and [NBu,](ClO,) (0.1 mol dmm3) under the fol- 
lowing conditions : (a) initial ; (b) after the consumption 
of 1 e-/molecule in controlled potential coulometry at 

+0.75 V. Temperature 0°C. Scan rate, 0.2 V s- ‘. 

The features of the cyclic voltammogram clearly 
indicate that no significant structural change occurs 
as a consequence of the Re(I/II) charge-transfer. 
The green rhenium(I1) complex was character- 
iztd by ESR, IR and UV-Visible spectroscopy 

(Table 2), since any attempt to separate it from 
the mBu,](ClO,) supporting electrolyte failed. 

In frozen solution (liquid nitrogen temperature) 
the rhenium(I1) derivative exhibits a broad struc- 
tured X-band ESR signal centred at gaH,* = 2.040 
(AH = 365 G). On the contrary at room tem- 
perature the green solution does not display detect- 
able ESR signals. 

Just the same behaviour holds when the electro- 
generation of triazenido rhenium(I1) complexes 
is concerned. In this case the rhenium(I1) solu- 
tions are deep red-violet coloured. Their ESR 
spectra in frozen solution are very similar to those of 
the formamidinato complexes. However the solid- 
liquid transition of CHIC& (N 180 K) does not 
cause the complete disappearance of the signal, 
but a notable decrease (- 75%) of its intensity, 
also accompanied by a change in line shape 
occurs. As an example Fig. 4 illustrates the ESR 
spectra recorded on 3, after its one-electron 
oxidation, at both liquid nitrogen and room tem- 
perature. 

The linewidth of the spectrum in frozen solution 
is quite reminiscent of the ESR features of the rhen- 
ium(I1) (t&) complex [ReCl,(CO),(P(n-Pr),),]. ‘* In 
our case, it is also evidence of a partial resolution 
of the hyperline structure due to the coupling of the 
unpaired electron with the Z = 5/2 rhenium nucleus. 

The noticeable dependence of both the intensity 
and line shape of ESR spectra on the temperature 
is likely to be related to a drastic increase of the 
intramolecular motional dynamics involved in the 
glassy-liquid phase transition, since the per- 

Table 2. Comparison between the spectroscopic data of rhenium(I) complexes and their rhenium (II) congeners. 
CH,Cl,-[NBu,](ClO,) (0.1 mol dmd3) solution 

Complexes 
IR 

v(w)(cm - ‘) 

UV absorption 
maximum ESR(100 K) 

MM gaff/z AH(G) 

1847(vs) 
1912(s) 
1848(vs) 
1901(s) 
185O(vs) 
1914(s) 
1848(vs) 
1910(s) 
1837(vs) 
1912(s) 
1837(vs) 
1880(s) 
184O(vs) 
1890(s) 
1837(vs) 
1886(vs) 

1922(vs) 442 
196O(vs) 527 728 
1921(vs) 445 
1951(vs) 538 757 
1926(vs) 450 
1962(vs) 550 759 
1923(vs) 440 
1957(vs) 533 731 
1915(vs) 385 
1940(s) 411 695 
1916(vs) 386 
1936(vs) 421 722 
1917(vs) 394 
1945(s) 409 723 
19 15(vs) 379 
1940(s) 415 698 

- 

2.075 485 
- 

2.044 370 
- 

2.090 525 
- 

2.067 465 
- 

2.080 490 
- 

2.040 365 

2.085 520 
- 

2.063 450 
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04 

- 
1OOG 

Fig. 4. ESR spectra recorded in CH&, solution con- 
taining ~~u~](Cl~~) (0.1 mol dmW3) and 3 (0.153 mmol) 
after the exhaustive one-electron oxidation at -t-O.85 V, 

(a> 100 K; (b) room temperature. 

manence at room temperature of the para- 
ma~etism of the rheni~(~I) species has beeu 
representatively tested in some cases by the Evans 
Method” (,u~~ = 2.0 pg for ]3(+ and 1.9 pg for )7]+, 
consistent with the presence of one unpaired elec- 
tron). 

The bulk of the IR, UV-Visible and ESR data, 
characteristic for the rhe~um(~I) complexes, are 
reported in Table 2. 

As expected, the vfco) stretching vibrations of the 
rhenium(I1) species are shifted towards higher fre- 
quencies in respect to the parent rhenium(I) com- 
pounds as a consequence of the increased positive 
charge on the metal centre. 

ADDITIONAL REMARKS 

The electrogenerated rhenium(I1) complexes are 
appreciably stable only at temperatures lower than 
0°C. At higher temperatu~s two parallel reactions 
appear to take place : (i) a photochemically and/or 
thermally induced self-reduction to the starting 
rhenium(I) complex and (ii) an intramolecular oxi- 
dation of the non-innocent formamidine, or tri- 
azenide ligands by the rhenium(1~ centre, followed 

*The anodic oxidation in CH& -~Bu~](~O~) (0.1 
mol dm-‘) of free formamidine or free triazenido ligands 
is an elecrode poisoning process, and very frequent rins- 
ing of the platinum macr~i~~ode with I&SO, (cone.) 
is needed. During the electrolysis, the colourIess for- 
mamidine turns to yellow, whereas the yellow triazene 
turns to red-amaranth. 

2ooo 1800 1600 

cm-’ 

Pig. 5. IR spectra recorded in CH2C12 solution containing 
~Bu,](ClO~) (0.1 mol dme3) under the foilowing ex- 
perimental conditions : (a) [Re(CO),(PPhJ, (CH(NC, 
H,Me-p),)] starting derivative; (b) after exhaustive 
1 e-/molecule electrolysis at +0.75 V at 0°C in the sun- 
Iight ; (c) leaving the solution resulting from (b) at 0°C in 
the sunlight for 2 h ; (d) after I50 h at + 5°C in the dark ; 
(e) f~-~-tolylfo~amidine ; (f) after anodic oxidation 

(0.65 e-/molecule formamidine) at + 1.2 V. 

by partial decomplexation of both CO and oxidized 
pseudoallyl ligands. 

fRe(Co),(PPh,),(CH~C,H4Me-p>2>1+ aud Be 
(CO),(PPh,),{N(NC,H,Me-p)JJ+ were chosen to 
search for the instability of the rhenium(I1) 
complexes presented here. 

Figure 5 shows the IR spectra recorded on the 
electrogenerated rheas-~-tolyl-fo~a~d- 
inato complex under different experimental con- 
ditions. At the bottom of the figure the spectrum of 
the electro-oxidized (EW = + 1.3 V) free formam- 
idine ligand is also reported.* 

On standing at 0°C in the sunlight, or at -i-5% 
in the dark, a slow regeneration of the starting 
rhenium(I1) complex occurs (CO bands at 1837 and 
1916 cm-‘), accompanied by restoration of a golden 
yellow colour. In addition the oxidation of the for- 
mamidine ligand following the intramolecular pro- 
cess is shown by the band centred at 1700 cm-‘. 
Cyclic voltammetry on the eleetroIysed solution, 
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-em 
[Re(l)(CO)I(PPh,)2(ArN’X’NA”“NAr)] _ [Re(lI)(CO),(PPh,),(ArN”“X”“NArj]+ 

+ e- 

t 
hv/A Internal redox 

Self - reduction 

1 
By - products 

Scheme 1. 

maintained for 150 h at + 5°C in the dark, dem- 
onstrated the regeneration of about 15% of the 
starting rhenium(I1) complex. A predominant 
cathodic process, due to a totally irreversible 
process, is also present at EP = -0.9 V, which, if 
compared to the similar process for oxidized free 
formamidine (occurring at -0.8 V), is attributable 
to the reduction of oxidized pseudoallyl ligand in 
the rhenium by-product. 

A qualitatively similar behaviour has been 
observed in the decomposition of the p-tolyl tri- 
azenido rhenium(I1) complex, followed again at 
+5”C. In this case the slow intramolecular oxi- 
dation of the triazene ligand is demonstrated by the 
appearance of an IR band at 1586 cm-‘, com- 
parable with the absorption at 1582 cm-’ typical 
for the anodically oxidized (Ew = + 1.4 V) free p- 
tolyltriazene.* Also in this case the internal oxi- 
dation is concomitant with the gradual reappear- 
ance of the two bands at 1921 and 1848 cm-’ from 
the self-reduction process leading to the starting 
rhenium(I1) complex. 

It must however be noted that the triazenido- 
rhenium(I1) complex is less kinetically labile than 
the corresponding formamidinato complex. In 
fact after 200 h at +5”C, about 20% of starting 
rhenium(I) complex is regnerated, but with vari- 
ance of the formamidinato derivative, about 
15% of the rhenium(I1) complex is still present. 

In conclusion, two competing processes appear 
to be responsible for the instability of the herein 
presented rhenium(I1) complexes ; they account for 
the electrode mechanism operative at room tem- 
perature and are shown in Scheme 1. 

It can be observed that the increase in tem- 
perature notably favours the framework-destroy- 
ing intramolecular oxidation in respect to the 
self-reduction process (which would maintain a 
catalytic current), if only 1.6-l .8 e-/molecule are 
spent at room temperature in the electrolysis at 
the first anodic process. We underline that self- 
reduction processes, photochemically and/or 
thermally induced, are not unknown.‘* Unfor- 

*See footnote on p. 199. 

tunately, we did not succeed in a more detailed 
identification of the products from the internal 
redox process, because of the failure in separating 
them from the supporting electrolyte. 

EXPERIMENTAL 

Materials 

The starting formamidinato and triazenido rhen- 
ium(1) complexes have been prepared according to 
literature methods.15 Dichloromethane, acetonitrile 
and acetone solvents (Burdick and Jackson, dis- 
tilled in glass, UV grade) were used as received. 

Tetrabuthylammonium perchlorate (Fluka) and 
tetraethylammonium perchlorate (Carlo Erba) 
supporting electrolytes were dried and stored in a 
vacuum oven at 50°C. Bis($-cyclopentadienyl) 
iron(II)(ferrocene) (Alfa-Products) was used as an 
internal standard. 

Nitrogen (99.99%) was employed to remove oxy- 
gen from the tested solutions. 

Apparatur 

The electrochemical apparatus has been 
described elsewhere.23 The formal electrode poten- 
tials reported here are believed to be accurate 
to kO.02 V. Potential values refer to an aqueous 
calomel electrode (SCE). Under the present ex- 
perimental conditions the ferrocene/ferrocenium 
couple occurs at : +0.49 V in dichloromethane, 
+ 0.38 V in a&o&rile and + 0.51 V in acetone. The 
room temperature was controlled at 20 f 0.1 “C. 

The IR absorption spectra were recorded on a 
Model 782 Perkin-Elmer grating spectro- 
photometer. W-Visible absorption spectra were 
recorded with a Model 200 Perkin-Elmer spec- 
trophotometer. ESR experiments were performed 
with an X-band ER 200D-SRC Bruker spec- 
trometer, and the temperature was controlled 
( f 1 “K) with a Bmker Variable Temperature Unit 
ER 4111 VT. The NMR susceptibility shift method 
was employed to test the paramagnetism of some 
rhenium(I1) solutions (see text), immediately after 
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their electrogeneration by bulk electrolysis, using 
Me& as the reference signal. 
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Abstract-The rate constants for the formation and dissociation of cobalt(I1) complexes 
with o-phthalate in aqueous solution have been determined by a pressure-jump technique. 
The forward and reverse rate constants obtained are k, = 1 .l x lo6 M- ’ s- ’ and 
k, = 1.6 x lo3 s- ’ at 25”C, respectively. The activation parameters of the reaction were also 
obtained from the temperature variation study. The results indicate that chelate ring closure 
and rupture are affected by the rigidity of the benzene ring of the ligand, and thus the rate 
determining step of the reaction is the chelate ring closure process. 

The kinetics of fast metal complex formation reac- 
tions have been extensively studied. l-7 However, 
the studies have been concentrated mostly on the 
complexation reactions of the nickel(I1) ion with a 
variety of ligands. The results have indicated that 
the multiple step mechanism is operative for the 
complexation reactions of the nickel(I1) ion. In this 
mechanism the release of a water molecule from the 
inner coordination sphere of the cation is usually 
considered as the rate determining step. It has been 
generally known that the rates of complex for- 
mation reactions of the cobalt(I1) ion are about one 
order faster than those of the nickel(I1) ion. ’ 

In the series of kinetic studies on the complex 
formation reactions of nickel(I1) and cobalt(I1) ions 
with aminocarboxylic acids, Kustin et a1.7-9 have 
observed that the dependence of the rate constants 
of the complex formations on the nature of the 
ligand is more significant for the cobalt(I1) ion com- 
pared to those for the nickel(I1) ion. Kinetic 
data 2*3,‘o,” of the complexation reactions of 
nickel(I1) and cobalt(I1) ions with various kinds of 
dicarboxylates have also shown a similar trend 
with the aminocarboxylate systems. It is likely that 
cobalt(I1) substitution reactions are sterically con- 
trolled by chelate ring closing, while the rate deter- 
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TPresent address: Department of Chemistry, Mok- 

won College, Daejon 300-00, Korea. 
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mining step for the nickel(I1) ion is the solvent 
exchange process. 

To confirm the sterically controlled reaction 
mechanism for the cobalt(I1) ion complex for- 
mation reaction, we have carried out a kinetic study 
for the cobalt(I1) o-phthalate system using a 
pressure-jump method. The o-phthalate ligand is 
particularly interesting since the rigidity of the 
aromatic ring is expected to influence the rate of 
chelate ring formation. 

EXPERIMENTAL 

All of the chemicals used were of reagent grade. 
A stock solution of cobalt(I1) o-phthalate was pre- 
pared by mixing stoichiometric amounts of cobalt 
sulphate with the acid. The sulphate ion was pre- 
cipitated out as insoluble barium sulphate by titrat- 
ing the solution with a standard solution of barium 
hydroxide. The solid barium sulphate was removed 
by filtration. The concentration of cobalt(I1) ion 
in the stock solution was determined by an 1.C.P 
Atomic Emission Spectrometer. The working solu- 
tions were prepared by diluting the stock solution 
to desired concentrations. The pH’s of the solutions 
were in the range 6.445, in which most of the ligand 
dissociates to the anionic form. 

The pressure-jump apparatus constructed is simi- 
lar to that described elsewhere. I2 The rise time of 
the apparatus measured by a 0.2 M nickel sulphate 
solution was found to be 50 ps. The relaxation time 
for the cobalt(I1) o-phthalate system was deter- 
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Table 2. Rate constants and stability constants of 
cobalt(I1) o-phthalate complexation at p + 0 

Temperature k,x 10m6 k,x 10-3 K,, x lo-*(‘3) 

(“C) (M-Is-‘) (s- ‘) (M-l) 

20 0.72kO.04 1.12kO.06 6.47 
25 1.10~0.04 1.62kO.06 6.77 
30 1.67+0.08 2.33f0.12 7.17 

Errors indicated are two standard deviations. 

steady state assumption on the species WzMW ‘L 
and WIM-L, the overall rate constants are related 
to individual rate constants as 

and k, = ks2 

(6) 
where K, = k, Jkz,. 

If kJ4 >> k32, eq. (6) is reduced to kf = K& and 
k, = k3JK3 with K3 = k34/k43. If K, is known, kz3 
can be estimated. The ion pair formation constant 
K, at p -+ 0 was estimated theoretically by the Fuoss 
equation. ’ 5 The Fuoss equation derived on stat- 
istical grounds is, 

4nNa3 

K” = 3000 
-2 (7) 

where N is Avogadro’s number, a is the distance of 
the closest approach of two ions, and b is the Bjerrum 
ratio between potential and kinetic energy ; 

(8) 

where &, and 2, are the ionic charges, D is the 
dielectric constant, and k is the Boltzmann 
constant. K, at p + 0 was calculated to be 46 M-‘. 
In the calculation, a was assumed to be 8 A which 
had been obtained semi-empirically by Kustin et 
al7 The value of kz3 calculated for the cobalt(I1) o- 
phthalate system is about two orders smaller than 

Table 3. Kinetic data for the cobalt(I1) o-phthalate 
complex formation at 25°C and p + 0 

kf,M-‘s-1 
k,, s-’ 
E,? , Kcal mol - ’ 
AH/+, Kcal mol - ’ 
AS;, cal K-’ mol-’ 
AG/+ , Kcal mol - ’ 

(1.10+0.04)x 106 
(1.62+0.06)x 10’ 
14.84kO.33 
14.25 kO.53 
16.90+ 1.70 
9.20 If: 1.04 

the water exchange rate constant I6 (k, = 2.6 x lo6 
s- ‘) of cobalt(I1) ion. This fact would suggest that 
the rate determining step of the reaction is not the 
loss of the first water molecule from the inner coor- 
dination sphere of the cobalt(II) ion. When 
k32 >> k34, eq. (6) becomes kf= KoK2k34 and 
k, = kJ3 with K2 = kz3/ks2. Since K, is constant for 
the ligand systems with the same negative charge, the 
values of k, would be the relative rates of the chelate 
formation if K2 does not significantly vary with the 
variation of the nature of ligands. The value of 
k, becomes an exclusive function of the first bond 
breaking of the chelate ring. If these assumptions 
are correct, the value of kf for cobalt(I1) p-phthalate 
is about one order smaller than those of the malon- 
ate and malate. lo The overall forward rate con- 
stants (k,) I0 for cobalt(I1) malonate and cobalt(I1) 
malate have been reported to be 2.7 x lo7 M-’ SC’ 
and 2.1 x lo7 M-’ SC’, respectively. This fact 
means that chelate ring formation of the o-phthalate 
is the most sterically hindred. 

In order to make a direct comparison of the kin- 
etic data between the dicarboxylate systems, we 
evaluated the equilibrium and kinetic parameters of 
each individual step of the cobalt(I1) o-phthalate 
complexation reaction. Yasunaga et al. lo have 
derived the semi-empirical relationship between k32 
and pKa for the cobalt(I1) dicarboxylate system as 

log (k,,/1.7 x 106) = -0.22(pK,-4.75). (9) 

Using the eqs (6) and (9), the values of k32, k34 
and k,, were calculated. The solvent exchange rate 
constant for the cobalt(I1) ion, k, = 2.6 x lo6 s- ’ 
was assumed as kz3. 

The equilibrium and kinetic data of each indi- 
vidual step of cobalt(I1) o-phthalate are given in 
Table 4 along with those of the malonate, malate 
and glycolate for comparison. The value of k34 
is about two orders smaller than that of kz3 for the 
o-phthalate system. This is evidence that the chelate 
ring formation process is the rate determining step 
for the cobalt(I1) o-phthalate complexation reaction 
also. Similar analysis of kinetic data of the nickel(I1) 
o-phthalate system showed that the solvent exch- 
ange step is the rate determining step for the com- 
plexation. 3 This difference in the mechanism 
between the nickel(I1) and cobalt(I1) ion systems 
would be due to the rate of the solvent exchange 
step in the cobalt(I1) ion is much faster than that in 
the nickel(I1) ion. k, = 2.7 x lo4 s-’ for nickel(I1) 
ion has been reported.’ Both rate constants (k34 
and k43) for the chelate ring closure and rupture of 
cobalt(H) o-phthalate are the smallest among the 
carboxylate systems given in Table 4. The slowest 
rate of chelate ring formation of the o-phthalate 
may be due to the larger ring size of the seven- 



206 S. S. YUN et al. 

Table 4. Rate and equilibrium constants of each individual step of the multiple step complex 
formation of cobalt(I1) o-phthalate at 25°C and p -+ 0 

Ligand (:’ ‘) K, K, 

Malonate 46 2.4 4.0 x 10’ 1.1 x 106 3.2 x 10’ 7.9 x 103 8 
Malate 46 1.8 2.7 x 10’ 1.4x 106 3.0 x 105 1.1 x 104 8 
Glycolate 7.7 1.0 1.8 x 10’ 2.7 x lo6 1.2 x 106 6.6 x 104 8 
o-Phthalate 46 2.2 6.9 1.2 x 106 1.1 x 104 1.6 x lo3 This work 

membered chelate. Once the chelate ring is formed 
in the case of o-phthalate, the ring is extraordinary 
stabilized since the two carboxylate groups are ori- 
ented nearer to each other in a planar structure by 
the rigidity of the benzene ring of the ligand. Thus, 
the rate of the chelate ring rupture of the o-phthal- 
ate iS slower than those of other carboxylates. A 
similar argument has been applied to explain the 
general trend that the stability of the transition 
metal(I1) o-phthalate is greater than that of the 
corresponding succinate. I3 In the case of the malate 
system in which the rate of the chelate ring for- 
mation is relatively faster, the hydroxyl group of 
the ligand may play a vital role in the complex 
formation. 
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Abstract-The photochemical and photophysical behaviour of the complex trans-[Pd(PPr”,) 
(CPAP-NO,)Cl,] (4-PAP-NO2 = pyridine-4-aldehyde-4-nitrophenylhydrazone) has been 
investigated in various solvents. Under irradiations of different wavelengths, in the region 
of the lowest intraligand transition, photoisomerization of the coordinated ligand from a 
syn to an anti configuration occurs, and for each excitation wavelength a photoequilibrium is 
gained. Quantum yields for the process depend both on the energy of irradiation and on 
the solvent used ; in all cases the quantum yields are lower than those corresponding to the 
free ligand. The complex emits at room temperature in acetonitrile solution, and emission 
spectra (also at 77K), excitation spectra and emission lifetime have been studied. The 
emission can probably be ascribed to a n--71* fluorescence. 

We have previously studied some isomerization 
processes on square planar palladium(I1) com- 
plexes of the type [Pd(AAA)NO,]+ (AAA = dien, 
Et4dien, MeEt,dien) and trans-[Pd(PPrl)2X2] (X = 
Cl, Br, I, N02, NCS). l-4 

We have now extended our research to the com- 
plexes containing n-PAP ligands (n-PAP = pyridine- 
n-aldehyde-phenylhydrazone ; n = 2, 3, 4) in order 
to study the effect of the coordination to metal on 
the syn-anti photoisomerization of the ligand. It is 
known, in fact, that syn-(n-PAP) ligands isomerize 
to the anti forms when itradiated with suitable 
energy light’ (see Scheme 1). One more aim of this 
study is to scan the potential ability of these com- 
plexes as intramolecular photosensitizers for intra- 
ligand reactions. Moreover, we have observed lumi- 
nescence for some of these complexes in fluid 
solution at room temperature. This circumstance 
could make them useful f& photophysical studies 
of d8 square planar complkxes, less explored from 
this point of view &’ O with respect to the octahedral 
complexes, in spite of the recent growing interest 

i Author to whom correspopdence should be addressed. 

on the photophysical properties of coordination 
compounds, for both theoretical reasons’1-20 and 
potential applications. 2 l-26 

In this paper we report a photochemical and 
photophysical investigation of trans-[Pd(PPr;)(rl- 
PAP-NO,)Cld (4-PAP-NO2 = pyridine-4-alde- 
hyde-4-nitro-phenylhydrazone), in which the 
ligand 4-PAP-N02, in contrast to the generally pre- 
ferred N-imine site,27,28 is coordinated to the tran- 
sition metal atom through the pyridinic nitrogen. 

CAH CjH 
11 hv, II 
N\NH HN /N 

I I 

I;lO, 

Scheme 1. 
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EXPERIMENTAL 

Preparation of syn-(CPAP-NO3 and of its complex 

The ligand syn-(CPAP-NO,) was prepared by 
the classical condensation between 4-nitro-phenyl- 
hydrazine and pyridine-Caldehyde in methanol 
solution and in the presence of acetic acid. A brown 
solid was immediately obtained and recrystallized 
from ethanol. The complex was prepared by cleav- 
age of the halide bridge complex [Pd(PPr”,),Cl,], 
with the ligand (molecular ratio 1 : 2) in an acetone- 
chloroform mixture, under magnetic stirring for 
24 h. The solvent was removed under reduced pres- 
sure and the yellow-orange residue was recrystal- 
lized from methanol-acetone solution. Elemental 
analysis was in agreement with expected percen- 
tage values. 

Preparation of anti-(4-PAP-NO,) and of its complex 

The antiisomers both of ligand and complex were 
prepared by irradiation of methanol solutions of 
the respective syn isomers with non-filtered light 
and successive separation by alumina column chro- 
matography, using chloroform as eluent. All the 
compounds were characterized by spectroscopic 
data. 

Spectrophotometric measurements in the UV- 
Visible region were performed with a Perkin-Elmer 
Lambda 5 spectrophotometer, equipped with a 
thermostatted cell compartment. Monochromatic 
light of 333, 365 and 405 nm was obtained from 
a high pressure Hanau Q 400 mercury lamp and 
appropriate Bausch and Lomb filters. Solutions of 
the complexes in the range of concentrations 104- 
10’ mol dmm3 were irradiated at 25°C in standard 
spectrophotometric cells and periodically taken to 
the spectrophotometer for recording. The quantum 
yield measurements were based on a ferric oxalate 
actinometer.29 In determining quantum yields, the 
isomerizations were carried to very low conversion 
(l-6%) to prevent the necessity of a back correc- 
tion. The determinations were done in triplicate. A 
Perkin-Elmer LS-5 spectrofluorimeter was used to 
obtain uncorrected emission and corrected exci- 
tation spectra. Excitation was performed in the high 
intensity band at 395 nm. Emission was monitored 
at the emission spectra maximum, 490 nm. Emis- 
sion lifetime measurements were carried out with 
JK System 2000 neodymium DLPY lasers (esti- 
mated errors + 10%). 

All the solvents used were commercial products 
of reagent grade, dried and freshly distilled, except 
for luminescence measurements, in which aceto- 
nitrile of the best commercial grade was used. For 

the low temperature experiments the solvent chosen 
was a propionitrile-butyronitrile (4 : 5 v/v) mixture 
because of the transparency of the matrix. 

RESULTS AND DISCUSSION 

It is known that the photoisomerization studies 
of most of the compounds containing the C=N 
group are complicated by the extremely low energy 
barrier between the syn and anti isomers, that 
rapidly leads the reaction products back to the re- 
agents by thermal return. Hydrazone derivatives 
of aromatic aldehydes and ketones, for which 
thermal conversion is hampered, are therefore pre- 
ferred for this purpose. 

In the trans-[Pd(PPr;)(QPAP-N02)C12] complex 
the presence of a heteroatom in the aldehyde skele- 
ton means the coordination to the metal occurs at 
the N pyridine site, as already shown by X-ray 
investigation performed on the closely related trans- 
[Pd(PPr;)(4-PAP)C1,],27 in contrast to the imine 
coordination typical for hydrazone ligands. * 8 This 
type of coordination preserves the isomerization 
process, and offers the possibility of studying the 
effect of coordination to palladium on the photo- 
chemical process. 

The absorption spectrum of the complex shows 
an intense absorption band centred at 382 nm, in 
benzene, assigned to the lowest x-x* transition, red- 
shifted relative to the corresponding band for the 
uncoordinated ligand, as expected for the LC tran- 
sitions (LC = ligand centred) in coordination com- 
pounds.30 The weaker absorptions in the region 
280-3 10 nm are probably due to overlaps of ligand 
field and spin allowed n--71* transitions from the 
imine nitrogen fragment. The absorption spectrum 
of the complex shows a solvent dependence: the 
absorption maximum shifts to lower energy when 
the solvent polarity increases, ranging from 382 nm 
in benzene to 395 nm in acetonitrile. This suggests 
that a different polarity exists between ground and 
excited states.3’ The spectral changes of the com- 
plex under irradiation (Fig. 1) are characteristic of 
intraligand isomerization. 5 In addition the complex 
with the ligand coordinated in the anticonfiguration 
was the only species isolated in preparative experi- 
ments. The absorption of the x-x* transition shows 
a blue-shift and a decreased intensity for the anti 
isomer relative to the syn isomer according to the 
lower planarity of the anti complex. ’ This is prob- 
ably the consequence of the steric hindrance 
between the hydrogen atom in the ortho position 
with respect to the amide group in the pyridine ring, 
and the hydrogen atom of the phenylhydrazone 
fragment. 

The comparison between the photoisomerization 
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01 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
300 400 460 

Wavebmgth (nm) 

Fig. 1. Spectral changes of the complex with the syn ligand 
coordinated under irradiation (405 nm) in chloroform. 
The irradiation times (in seconds) are depicted in the 
figure. Times of irradiation longer than 60 s have caused 

no further significant variations. 

quantum yields in methanol of the complex and of 
the free ligand (Table 1) shows that the coor- 
dination of 4-PAP-NO2 to palladium causes a 
decrease in the isomerization process. Furthermore, 
the quantum yieIds are cIearIy dependent on the 
solvent nature (Table 2) ; the trend in quantum 
yields makes clear that ihe polar&y of&e solvent is 
an inhibiting factor for the syn-anti isomerization 
pathway. On plotting these values against the sol- 
vents’ dipole moments h, a linear relationship is 
obtained (Fig. 2). 

This solvent dependence can be accounted for by 
taking into account that the radiationless deacti- 
vation pathway of the excited state can be affected 

4 

E 

i! 

E_ 3 pIeOH 

\ CHCl, l 

’ 1 \WS, , , , 
0 20 50 80 130 

Photoisomerization quantum yield (@IX 103) 

Fig. 2. Quantum yields for the photoisomerization pro- 
cess vs dipole moment of the solvents. 

in a significant way by the nature of the solvent and, 
in our case, by the influence of the solvent on the 
energy gap between the states involved in the pro- 
cess. In fact, since in our case the polarity of the 
excited state is larger than the polarity of the ground 
state, as the solvent dependence of the absorption 
maximum seems to indicate, the excited state is 
preferentially stabilized with respect to the ground 
state by surrounding solvent dipoles,g*31 and the 
radiationless rate constant increases as the solvent 
polarity increases (energy gap law32*33). So, the 
decrease of the experimental quantum yields with 
the solvent dipole moment would arise from the 
increase of alternative deactivation paths, rather 
than from a direct lowered efficiency of the iso- 
merization process. 

On performing excita%ion with W&en1 wave- 
lengths, the photoequilibrium ratio varies, and the 
quantum yields increase on increasing the irra- 
diation energy, the nature of the corresponding elec- 
tronic transition remaining the same (see Tables 1 
and 2). 

It is interesting to note that the presence in solu- 
tion of a triplet quencher such as oxygen does not 

Table 1. Quantum yields for the photoisomerization processes and photo- 
equilibrium compositions at different wavelengths in methanol. a and s are 
respectively the anti and syn isomers; data for the free ligand are reported for 

comparison 

Photoequilibrium 
Free ligand Complex composition (%) 

L (nm) s--a a--s s--a a--s free ligand complex 

333 

365 

405 

0.173 0.305 0.080 0.210 a: 53.20 a: 38.20 
s: 46.80 s: 61.80 

0.088 0.080 0.051 0.065 a: 52.60 a: 34.68 
s: 47.40 s: 65.32 

0.057 0.010 0.037 0.015 a: 74.90 a: 52.10 
s: 25.10 s: 47.90 
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Table 2. Quantum yields of the syn-anti photoisomerization for the 
complex trans-[Pd(PPr;)(CPAP-NO,)Cl,] at different energy 

irradiations in various solvents 

Solvent A,, = 405 nm A,, = 365 nm A,, = 333 nm 

DMSO 0.005 0.020 0.035 
N,N’-DMF 0.007 0.025 0.038 
CH ,CN 0.0015 0.034 0.048 
CH 90H 0.0037 0.051 0.081 
CHC13 0.065 0.082 0.102 
C,Hb 0.094 0.116 0.130 

affect the quantum yields ; this circumstance rules 
out a triplet state as a state involved in the photo- 
isomerization pathway. 

In the light of the experimental results, a 
vibrationally upper excited state of the lowest 
singlet ligand centred excited state could be respon- 
sible for the photoisomerization process. 

The palladium(I1) investigated in this study emits 
at room temperature in acetonitrile solution, with 
A,,, for the emission at 490 nm (uncorrected spec- 
trum, Fig. 3). The corrected excitation spectrum 
closely matches its absorption spectrum in the 
region 230-460 nm. The emission spectrum at 77K 
shows a single, intense band with a maximum at 
460 nm. 

420 460 500 540 560 

Wavelength (nm) 

Fig. 3. Emission spectra of the complex in acetonitrile at 
room temperature (solid line) and in butyronitrile/ 
propionitrile 5 : 4 v/v mixture at 77K (dashed line). 1,, = 

395 nm. 

Based upon the low temperature emission spec- 
trum, we estimate a O-O energy of about 22,000 
cm-’ for the emitting state. Given the short emis- 
sion lifetime at room temperature (330 ns in aceto- 
nitrile aerated solution) and the modest shift from 
the position of the n--n* fluorescence of the free 
ligand, the emission can be assigned to a ligand 
centred fluorescence. 

Work is in progress to clarify the relations 
between fluorescence and photochemical proper- 
ties. Studies on closely related complexes in which 
the NO1 group is replaced by other substituents 
with different electronic withdrawing ability, or 
others in which the position of the nitrogen atom 
in the pyridine ring is changed, could be useful to 
give more information on the factors that control 
photophysical and photochemical properties in these 
types of d* transition metal complexes. They can 
also be used to investigate their possible ability as 
intramolecular or intermolecular photosensitizers. 
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Abstract-The results of equilibria studies on the step-wise formation of complexes in an 
aqueous solution of unit ionic strength between sodium nitrite and Zn(II), Cd(I1) and 
Hg(I1) perchlorates are reported. The formation constants have been determined poten- 
tiometrically at 298K. Mononuclear complexes are formed in all cases. Values of the overall 
constants for the formation of Zn(N02)+. Zn(N0J2, Cd(N02)+, Cd(N02)2, Hg(NO,)+, 
Hg(N02)2, Hg(NO*); and Hg(N02):- are found to be 2.37kO.03 M-‘, 3.1 fO.l Mv2; 
35+1 M-’ (6.8&0.1)x lo2 M-2; (8.76f0.15)~ lo5 M-’ (8.22*0.09)x lo9 M-2 
(2.85&0.02)x 10” Me3 and (7.31 LO.03) x 10” Mw4 respectively. 

The most striking feature of the nitrite anion as a 
ligand is that it shows linkage isomerism. It can be 
bonded to a metal ion via either the oxygen or the 
nitrogen atom. Thus, the metal ions can display 
their selective affinities to different donor atoms. 
Consequently, nitrito and/or nitro complexes can 
be formed. An interesting group to study in this 
connection is the divalent ions of electron con- 
figuration d lo, viz. Zn(II), Cd(I1) and Hg(II), as 
their coordination behaviour varies very much 
within the group. Besides, since all of them contain 
completed d-shells no ligand field stabilization 
effects are to be considered. Within this group the 
softness rapidly decreases from the very soft Hg(I1) 
to the intermediate Cd(I1) and to the distinctly hard 
Zn(I1). 

The formation of nitrite complexes of Hg(I1) and 
Zn(I1) seems to have not been studied, while the 
data available for the Cd(I1) system are rather few. ’ 

Like the previous work in this series,2 the present 
one was performed in an aqueous medium of unit 
ionic strength with sodium perchlorate as sup- 
porting electrolyte at 298.15K. 

* Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Chemicals 

Zn(I1) perchlorate, zinc amalgam, sodium per- 
chlorate and the Ag, AgCl electrodes were 
prepared, and analysed as before.3 Cd(H) per- 
chlorate was prepared by dissolving cadmium car- 
bonate (Merck, p.a.) in perchloric acid (Merck, 
p.a.). In order to avoid hydrolysis a small excess of 
the acid was added.4 The cadmium concentration 
was determined by titration with EDTA using 
Erio-T as an indicator. A standard stock Hg(I1) 
perchlorate solution was prepared by dissolving 
a weighed amount of red HgO (Merck, p.a.) 
in a standard perchloric acid solution. Sodium 
nitrite was prepared and analysed as described 
previously. ’ 

Measurements 

The procedure and the measurement technique 
have been described elsewhere.2,3v5 The e.m.fs of the 
following cell were measured. 

213 
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- Pt, Zn(Hg) 
c, M Me(clo~)~ 0.025 M NaCl or 

Cd-specific 
C, M NaNOz 1 .O M NaClO, Ag,AgCl+ 

electrodes 
NaClO, to I = 1.0 M 0.975 M NaClO, 

where Me denotes Zn or Cd. 
For the Hg(II)-nitrite system, on the other hand, the galvanic cell was of the following type : 

0.025 M NaCl CM M HgKlW 

- Ag,AgCl 1.0 M NaClO, 
C, M HClO,, 
c, M NaNO 2 glass electrode + . 

n a72 hA hT2C10, 

NaClO, to I = 1 M 

A Metrohm E580 ion-activity meter and/or E500 
digital pH meter were used for the potentiometric 
measurements. The glass electrode was a Metrohm 
EA109 with a slope of 59.2kO.2 mV. It has been 
checked and found that Cd-specific (Metrohm 
EA306-Cd) and zinc amalgam electrodes obey 
Nernst’s law. 

During the titrations of Zn(I1) and Cd(I1) 
systems, all the solutions were deaerated and mixed 
by a stream of oxygen-free nitrogen, which was first 
bubbled through 1 .O M NaC104 solutions in order 
to obtain the correct vapour pressure. The poten- 
tials reached their eq~lib~um values very quickly 
and the reproducibility was in general within + 1 
mV for Zn(I1) and much better, i.e. +0.2 mV, for 
Cd(I1) measurements. In the case of Hg(II), on the 
other hand, a magnetic stirrer was used for mixing. 
Stable e.m.fs were attained in a few minutes with a 
reproducibility of + 0.2 mV. 

Calculation 

The consecutive formation constants have been 
evaluated both graphically and nume~cally. The 
graphical method has been described elsehwere. ‘~7~ 
For the numerical calculations Sandell’s least 
squares program “UNINUX”7 has been used. 

RESULTS 

Zn(H)-niti-ite system 

For this system the most favourable method for 
the determination of the constants of weak com- 
plexes, i.e. measurement of the free metal ion con- 
centrations by means of the zinc amalgam elec- 
trodes can be applied. Since the zinc amalgam 
electrode is very sensitive to oxidation, any trace 
of oxygen has to be excluded. 

The measurements were arranged as titrations 
where the solutions in the left-hand half-cell (de 
supra) were obtained by adding a known volume 
u(ml) of a ligand solution to Y, ml of Zn(I1) per- 
chlorate solution. Five diKerent titrations series 

with values of C, varying from 10 to 40 mM were 
used. In order to avoid the initial hydrolysis of the 
zinc ions the pH of the solutions was kept between 
4 and 5. 

The calculations indicated the formation of two 
mononuclear complexes of fairly weak strength. 
Evaluation of the overall constants gave p, = 
2.3720.03 M-’ and @ 2 = 3.1 +O.l Mm2. The com- 
plex formation function and the distribution of 
two complexes, computed from this set of con- 
stants, are shown in Figs 1 and 2(a). The values 
of the average ligand number E obtained from the 
slopes of the CL us C, lines6 deviate at higher ligand 
concentrations. This deviation is probably due to 
changes in the activity coefficients caused by com- 
plex formation and by the progressive exchange of 
ClO; for NO; during the titrations. 

I I 1 
-I -as 

loq CLI(Mf 

Pig. 1. Complex formation function of the Zn(II)-nitrite 
system. Values of I? obtained from the slopes of the (C,, 

C&lines denoted by (0). 
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Fig. 2. Distribution of Zinc(B). (a) cadmium(D) ; (b) 
and mercury{IITI) ; (c) between the different ML, corn- 
plexes with varying nitrite ion concentration ([L] in mM). 

log IL3 f&l) 

Fig. 3. Complex formation function of the Cd(B)-nitrite 
system. 

Cd(H)--nitrite system 

Four different cadmium solutions with values of 
C, varying from 5 to 30 mM were employed. Values 
of the pH of these solutions were CCI. 5. Higher 
values of pH can be applied since the Cd(I1) ion is 
a weaker acid than the Zn(I1) ion. Besides, stronger 
complexes are formed in this case. 

The graphical evaluation of the formation con- 
stants indicates three mononuclear complexes. In 
the numerical calculation, however, a good fit to 
the ~tentiomet~c data required only two com- 
plexes. In the range of [L] studied, a third com- 
plex ML3 will form to a rather small extent. The 
potentiometric data are best described if only two 
mononuclear complexes, with fir = 35 _t 1 and 
/I2 = (6.8 + 0.1) x lo2 M- 2, are considered. In spite 
of differences of medium and/or technique, these 
results are very compatible with those reported in 
the literature. ’ 

The complex formation curve, calculated from 
the constants, and the values of r? obtained from the 
slopes of the (C,, &&lines5 are shown in Fig. 3, 
The distribution of cadmium between the different 
complexes, computed from this set of constants, is 
given in Fig. 2(b). 

Hg(Z*nitrite system 

Potentiometric measurements by means of a glass 
electrode were carried out on ten different titrations 
series with C, varying from 2 to 15 mM. The acid 
concentrations, constant during the titrations, were 
kept high in order to prevent the hydrolysis of 
Hg(I1) ; CR/C, ratios were varied from 2 to 5. A free 
ligand ion concentration up to N 170 mM could be 
reached in the measurements. 

The constants were evaluated both graphically 
and numerically. Both methods gave concordant 
estimates. In the range of [L] studied, no evidence 
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0: I 6 
a:2 
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II:5 
a:6 

r 
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n :7 
0:8 
0:s 

ICY L 4 0 : IO 

0.5 I I.5 
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Fig. 4. Plot of Is/[L] vs [L] for the Hg(II)-nitrite system. 1 : Chl = 2.072 mM, CH = 6.708 mM 2 : ; 
CM = 5.015 mM, CH = 16.445 mM; 3: C, = 10.32 mM, CH = 34.116 mM; 4: = 14.754 CM mM, 
CH = 49.302mM; 5: CM = 10.30mM, CH = 24.516mM; 6: Chl = 5.015mM, CH = 11.748mM; 7: 
Ch( = 5.18 mM, CH = 22.804 mM; 8: CM = 10.30 mM, CH = 33.277 mM; 9: = 5.09 CM mM, 
CH = 22.531 mM ; 10: CM = 10.30 mM, CH = 33.55 mM. Only half of the experimental points, 

chosen at random, have been plotted. 

has been found for the formation of polynuclear or 
acid complexes. The fi/[L] vs [L] plot is shown in 
Fig. 4 and the complex formation function, i.e. fi vs 
log [L], is plotted in Fig. 5. The full-drawn curves 
in both figures have been computed from the sets 
of constants found for this system (see Table 1). 

I I I I 1 I 
-2 -I 0 I 2 

log CL1 (mM) 

Fig. 5. Complex formation function of the Hg(II)-nitrite 
system. For symbols refer to Fig. 3 ([L] in mM). 

Both evaluation methods gave four mononuclear 
complexes. The distribution of these complexes 
between the different ML, species are drawn in 
Fig. 2(c). 

It has to be pointed out that the experimental 
uncertainties in the determination of the value 
of p, for Hg(NOJ+ is large due to relatively 
weak formation of the competitive reaction 
H+ + NO; z$ HNO*. The formation constant for 
this reaction has been found’ to be 9.71 x lo* M-‘. 
Comparing this value with j?, = 8.76 x 10’ M- ’ for 
the formation of Hg(NO*)+, one easily sees that 
practically only the formation of the strong 

Hg(NOJ+ complex takes place during the 
titrations. The change in the free acid concentra- 
tion is not large enough to allow a better evaluation 
of both [L] and fi in this range. As a result of 
this, a usually higher value of PI results from the 
measurements (c$ Fig. 5). The results of the present 
work are collected in Table 1. 

DISCUSSION 

For the divalent d” acceptors the order of 
increasing softness is Zn(I1) < Cd(I1) << Hg(I1). 
Along this series of acceptors the covalency 
increases and the tendency for ionic bond formation 
decreases. The nitrite anion is ambidentate. It can 
coordinate an acceptor either via N or 0. As a very 
soft acceptor one might expect that Hg(I1) would 
prefer coordination through the N-atoms, while 



Equilibrium studies on the formation of nitrite complexes 217 

Table 1. Overall formation constants and values of AG,? 
for the consecutive steps of the Zn(II)-, Cd(IIk and 
Hg(II)-nitrite systems at 298.15 K and I = 1.0 M : errors 
given correspond to confidence limits at the 99.9% level 

of significance 

System j 
-AG,? 

(kJ mol- ‘) 

Zn(II)-nitrite 1 2.37 +0.03 2.14f0.03 
2 3.1 kO.1 0.67 _+ 0.09 

Cd(II)-nitrite i 
35_+1 8.81 f0.07 

(6.8 kO.1) x 102 7.36kO.08 

1 (8.76kO.15) x 10’ 33.92+0.04 

Hg(II)-nitrite 
2 (8.22f 0.09) x 10’ 22.67 f0.05 
3 (2.85kO.02) x 10” 8.79kO.04 
4 (7.31+0.03) x 10” 2.34AO.02 

the hard Zn(II) prefers the harder O-atoms. The 
borderline acceptor Cd(I1) is expected to have 
much the same affinity for both donor atoms. 
Neutron diffraction and X-ray studies on the tetra- 
nitrite M(NO,)j- anionic complexes show that 
these divalent acceptors are bonded through both 
O-atoms in the solid state, 8*9,1 O 

The strong increase of stability in the order 
Hg(I1) >> Cd(II) > Zn(I1) is presumably due to 
the strong covalent bond formation. This is especi- 
ally the case for the Hg(I1) system. During the 
formation of the first two nitrite complexes, mer- 

cury(I1) becomes virtually dehydrated. For ligands 
forming strongly covalent bonds a switch of the 
original aqua octahedral coordination to the final 
tetrahedral complex probably takes place when the 
first ligand has entered the coordination sphere 
of Hg(I1). ” 
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Abstract-Complexes of dichlorodicarbonylruthenium(I1) of the formula [RuCl,(CO) *L2] 
where L = naphthisoxazole (NISOX), 2-aminobenzthiazole (ABTZ), allylthiourea (ATU), 
thioacetamide (TAM) and triphenylphosphite (TPT) have been prepared and characterized 
by IR, NMR and elemental analysis. All the complexes were fairly stable solids and can be 
handled in air for a short time. 

The preparation of dichlorodicarbonylruthenium 
(II) were reported by Manchot and Konig’ and 
it was in the early 1960’s when the importance of 
ruthenium and its derivatives was realized by a 
number of research groups. Wilkinson and co- 
workers2y3 have reported compounds of the type 
[RuC~~(CO)~L~] where L = triphenylphosphine 
and other monodentate ligands. Some of the cata- 
lytic applications of this complex for hydrogenation 
has also been reported.4 This is due to the fact 
that dihalodicarbonyhuthenium(I1) has proved to 
be a very useful precursor for the synthesis of a 
variety of complexes. 

We have recently reported such complexes con- 
taining oxygen, sulphur and nitrogen donor 
ligands. 5 In our continued research in this area we 
now report the preparation of complexes with 
naphthisoxazole and other neutral ligands as shown 
in Table 1. 

The metal atom Ru in the compound 
[RuCl,(CO)& acts as an electron acceptor. This 
enhances its ability to coordinate with electron 
donor ligands to yield stable and electron rich com- 
pounds of low ionization energy. 

RESULTS AND DISCUSSION 

All the ligands used in this work act as mono- 
dentate and react with the complex [RuCl,(CO)& 
in a 1 : 2 mole ratio respectively. 

*Author to whom correspondence should be addressed. 

The ligand naphthisoxazole on treatment with 
[RuCl,(CO),], in THF deposited a small quantity 
of yellow crystals which showed identical IR spec- 
trum and m.p. (163-164°C) with the product 
obtained from the main reaction mixture although 
it was a pale yellow powder. 

The IR spectra of all the complexes (2)-(6) show 
only two strong bands in the region of 2000 cm-’ 
indicating that the terminal metal carbonyls 
M-CO are cis.6 The decrease in the vM-CO 
stretching frequency in all the complexes is due to 
metal-ligand complexation. The IR spectrum of 
complex (2) shows that there is a small decrease 
(N 5 cm-‘) in the v-C=N-stretching frequency 
compared with the free ligand. Therefore, it is sug- 
gested that the coordination of the ligand naphthi- 
soxazole to Ru may be through the N atom. 
Further, the NMR spectrum of the complex shows 
that the methine proton (H--(&N-) appeared at 
6 9.9, compared to the free ligand which was at (6 
9.8), see Table 3. This shift may be attributed to the 
deshielding effect due to the coordination through 
N to the metal as shown in Fig. 1. The IR spectrum 
of complex (3) showed a decrease of N 100 cm-’ 
in the region of the vN-H stretching frequency 
indicating that it is coordinated to the metal 
through the N atom of the (-NHz) group of the 
ligand 2-aminobenzthiazole. Similarly the IR spec- 
trum of complex (4) shows that the ligand allyl- 
thiourea is coordinated to the metal through N, as 
the complex shows a decrease of more than (100 
cm-‘) in vN-H stretching frequency compared 

219 
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Table 1. Analytical data (%) 

Expected 
No. Compound C H N 

1 tRuCl2(CO) 21” 10.5 - - 
2 RuCl,(CO) *(NISOX) 50.8 2 2.4 4.9 
3 RuCl,(CO) ,(ARTZ) 39.9 z 3.0 10.6 
4 RuCl *(CO) ,(ATU) 26.1 z 3.5 12.1 
5 RuCl,(CO) ,CTAM) 20.3 z 2.6 7.4 
6 RuClz(CO),P(OPh), 53.8 4.5 - 

Found 
C H N Colour 

10.8 - - Yellow 
50.3 2.5 4.7 Yellow 
41.0 3.2 10.0 Grey 
26.6 3.8 12.0 Yellow 
21.1 2.9 7.5 Yellow 
54.7 4.4 - Yellow 

Table 2. IR spectra” 

No. Compound vM-CO vC=N vN-H Other bands 

1 ’ IRuCWO) d, 2145,2075,2020, - - 

2080,202o” 

2 RuCl,(CO) ,(NISOX) 2060,200O 2 1622 (1627)F - 3050, 1575, 1527,1428, 
1245, 1173,895,805, 
772,750 

3 RuCI,(CO)~(ABTZ), 2062, 1990 1608 (1632)F 3282, (3385)F 3060, 1535,1513,1450, 
3180, (3260)F 1340, 1030,750,720 

- 4 RuC~~(CO)~(ATU)~ 2040, 1980 - 3280,3185, 1610, 1555, 1040, (1055)F 
(3430)F, (3220)F 985, 880, (920)F, 717 
(3170)F 

5 RuCl z(C0) *(TAM) 2 2063, 1996 - 3300, (3300)F 1640,1470, 1370,1160, 
3170, (3080)F 970, (1025)F, 700, (710)F 

6 RuCl,(CO) ,P(OPh) 1 2070, 1990 - 3060, 1210, 1185, 1155, 
920,760,685 

’ = KBr pellets. 
b = Chloroform solution. 
F = Free ligand. 

with the free ligand. On the other hand complex (5) 
does not show a significant change in the vN-H 
stretching frequency. Thus the possibility of its 
coordination through the S atom cannot be ruled 

H-C=N 

H-CzN 
II 

Fig. 1. L = naphthisoxazole, 2-aminobenzthiazole, N- 
allylthiourea, thioacetamide or triphenylphosphite. 

out.’ See Table 2. The elemental analysis of all the 
complexes are given in Table 1 and are consistent 
with the proposed formulations. 

EXPERIMENTAL 

The salt RuCl 3 * xH,O and all the ligands used in 
this work were purchased from Fluka Inc. The 
ligand naphthisoxazole was prepared as reported in 
the literature. * All the IR spectra were measured as 
KBr pellets using Pye-Unicam Spectrophotometer 
Model SP-1100. Proton magnetic resonance spectra 
were recorded on a Varian EM-390-90MHz NMR 
spectrometer. Elemental analyses were carried out 
by the Microanalysis Laboratory of King Abdula- 
ziz University, Jeddah. The complex [RuCl,(CO)& 
was prepared by the procedure reported else- 
where.’ 
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Table 3. Proton magnetic resonance spectraa 

221 

No. Compound 
Chemical Relative 
shift (6) intensity Multiplicity Assignment 

RuCl,(CO) ,(.NISOX) 2 
(in CDCl J) 

RuCl,(CO) ,(ABTZ) z 
(in CDCl ,) 

RuCl 2(CO) ,(ATU) z 
(in CDCl 3) 

RuCl *(CO) *(TAM) 2 

(in CDCl 3) 

RuCl,(CO) ,P(OPh) 3 

9.9 
8.1 
7.7 

7.45 

8.1 
5.8 
5.3 
4.1 

9.5 

2.7 

7.3 

1 
2 
4 

- 

3 
1 
2 
2 

2 

3 

1 
Multiplet 
Multiplet 

Broad 

Broad 
Multiplet 
Multiplet 
Multiplet 

Broad 

s 

S 

HC==N 
Naphthalene ring 

NH benzthiazole 2 + 
ring 

NH*+NH 
-CH= 
CH 2 
=CH* 

-NH2 

--CH3 

P(OChHs)s 
(in CDCl J) 

n Using TMS as internal reference. 

Preparation of dichlorodicarbonyl-bis-naphthisoxa- above giving yellow or pale yellow solids except 
zole ruthenium (11) complex (3) which was a grey solid and was sensitive 

A typical reaction is described. In a small two 
to light. 

neck round bottom flask fitted with a water con- Acknowledgement-A.B.T. and A.Z. thank KAU for 
denser and magnetic stirrer was added 200 mg (1.2 financial support. 
mmol) [RuCl,(CO) d,, dissolved in 20 cm3 THF. To 
this was added 360 mg (2.2 mmol) of naphthi- 
soxazole. The mixture was gently refluxed for 1 h. 
During this period some bright yellow crystals were 
deposited in the flask. These crystals were filtered 
and washed with pet. ether and dried in vacua. The 
main THF solution was reduced to a small volume 
and the addition of pet. ether (b.p. 3040°C) caused 
the separation of a pale yellow solid. This was 
washed with pet. ether and dried in vacua. The IR 
spectra of both the solids were identical and they 
have the same m.p. (163-164°C). In another 
attempt the THF solution was passed through an 
alumina column and on elution with chloroform 
gave a yellow band. This was collected and addition 
of pet. ether gave a pale yellow powder. This powder 
showed identical IR spectrum and m.p. as the above 
samples. 

All the complexes were prepared as described 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 
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Abstract--Ab initio calculations on the model phosphinic nitrene H2P(=0 jN+oxo- 
iminophosphorane HP(=O\-NH interconversion in both lower-lying singlet and triplet 
states at the UMP4SDQ/6-31+ +G* level using the HF/3-21G*-optimized geometries 
are reported. The results support the proposition that the Curtius-type rearrangement of 
phosphinic azide (azidophosphine oxide) occurs via a non-nitrene mechanism in its singlet 
ground state. However, if the starting material could be sensitized photochemically into its 
triplet excited state, then the nitrene could be formed and the Curtius-type rearrangement 
would not be observed. 

The Curtius rearrangement has been known since 
1890’ when the formation of isocyanates from acyl 
azides was reported (eqn (1)). 

A 
R-C-N 3 ------cR-NzC=O+N, 

(1) 

Subsequently, this reaction has been established 
as an efficient route for the preparation of imines 

(eqn (2))’ 

R\ A,hv,H+ 

qC-N"- 
'CzN.-R + 
/ 

N 2 (2) 

t Present Address : Department of Organic Chemistry, 
University of Gronigen, 9747 AG Groningen, The 
Netherlands. 

SAuthor to whom correspondence should be addressed. 

More recently, the rearrangement has been further 
generalized involving azides of heavier main group 
elements3 (eqn (3)). 

R\M_ 

A, hv 

9 
Na - 

\ 

/ 
M=NmR + N2 (3) 

M =B,Si,Ge,P,As 

In the phosphorus series, the photolysis of phos- 
phinic azides 1 (azidophosphine oxides) has been 
recognized as a general method for the synthesis of 
transient oxoiminophosphoranes 2 (eqn (4)).%’ 

ii hv 
P-NNg- 

RF 

a’-!=,-, +N 
2 (4) 

R' 

1 2 

In their recent mechanistic study using different 
nitrene trapping agents, Harger and Westlake6’-g 
discussed whether the product is formed via a 
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nitrene 3 or directly from the azide with concerted 
substituent migration and nitrogen loss. Their con- 
clusion was not unequivocal: the results for the 
photolysis of t-butyl-phenyl phosphinic azide point 
to an exclusively concerted mechanism whereas those 
for the diphenyl derivative leave open the possibility 
that some may proceed through the singlet nitrene. 

HPNO =+ 127.2 

II 
P-N 

RO<\ 
3 

R’O ’ 

3 4 

On the other hand, no substituent migration 
occurred during the decomposition of dialkoxy- 
substituted phosphinic azides 4 and only typical 
nitrene-insertion products were observed.5 Under 
these circumstances, the key-process in the photo- 
chemical behaviour of each type of phosphinic 
azide appears to be transformation of phosphinic 
nitrene 3 to oxoiminophosphorane 2. Indeed, simi- 
lar considerations have recently contributed to the 
understanding of the decomposition of azides in the 
series of boron,’ carbon9 silicon,” tricoordinated 
phosphorus” and cationic phosphorus.*2 

With regard to eqn (4), the present study aims to 
outline some insights into the role of nitrene, based 
on ab initio MO calculations on the interconversion 
of the simplest model species 5 f: 6 (eqn (5)) in their 
lowest-lying singlet and triplet electronic states. 

ii 
HIP-N e HP=NH (5) 

5 6 

Geometrical parameters of the stationary points 
considered were determined from analytically com- 
puted energy first and second derivatives and the 3- 
2lG* basis setI (split-valence plus d-functions on 
P only). Harmonic vibrational frequencies were cal- 
culated at the HF/3-2lG* level in order to charac- 
terize stationary points as minima or transition 
structures and to calculate zero-point vibrational 
contributions to relative energies. The latter were 
obtained from single-point calculations with 3- 
2lG*-geometries at the SCF and Moller-Plesset 
perturbation theory (second- through fourth-order 
neglecting the triple substitutions)‘4 level employing 
the 6-3 1 + + G* basis set I5 (a 6-3 1G basis plus a set 
of diffuse s and p-functions on P, 0 and N, a set of 
diffuse s-functions on H and a set of polarization 

HPNO =+ 127.7 HPNO - 104.3 

HNPO = 28.2 

ST 6T 

HPNO = - 

H,PNO= 

131.4 

125.3 

7T 

Fig. 1. NF/3-2lG*-optimized geometries of stationary 
points considered : the singlets 5S and 65 and the triplets 
ST, 6T and 7T. Bond lengths in A and bond angles in 

degrees. 

d-functions on P, 0 and N). The unrestricted for- 
malism (UHF; UMP) was used for the triplet states. 
Calculations were carried out using the Gaussian 
82 program. l6 

The optimized geometries are shown in Fig. 1. 
The total, zero-point vibrational (ZPE) and relative 
energies of the five species considered are listed in 
Table 1. 

The phosphinic nitrene has a triplet electronic 
ground state with a C,-structure 5T. The P-N 
bond length of 1.749 A and stretching frequency of 
776 cm ’ in 5T indicate that this bond, due to some 
interaction with the oxygen atom, is somewhat 
stronger than that of the triplet phosphinonitrene 
HZP-N (1.776 A and 680 cm-’ respectively, at the 
UHF/3-2lG* level of calculations).” Similarly, the 
P-N bond in the triplet oxoiminophosphorane 6T 
(1.688 A and 780 cm-‘) is also slightly stronger than 
that in the triplet iminophosphane HP-NH 
(1.7505 I$ and 780 cm-‘).” With respect to the 
singlet iminophosphorane 6S, both the P-N and 
P-O bonds in 6T are appreciably stretched (0.17- 
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Table 1. Calculated total (hartrees), zero-point vibrational (ZPE, kcal mol- ‘) and relative (kcal mol- ‘) energies of 
species considered 

5s 6s 5T 7T 6T 

Total and ZP energies” 

HF/3-21G* - 468.70363 -468.82711 -468.79725 -468.70032 
HF/6-31+ + G* -471.03788 -471.17010 -471.13178 - 471.03993 
MP2/6-3 1 + + G* -471.44983 -471.63398 -471.52057 -471.45717 
MP3/6-31f + G* -471.46871 -471.63288 -471.53799 -471.47064 
MP4SDQ/6-31+ + G* - 47 1.48298 -471.64609 -471.55007 -471.48578 
ZPEb 14.4 17.2 15.6 11.7 
<s2Y 2.01 2.12 

Relative energies 

HF/3-21G* 77.5 0.0 18.7 79.6 
HF/6-3 1 + + G* 83.0 0.0 24.0 81.7 
MP2/6-3 1 + + G* 115.6 0.0 71.2 111.0 
MP3/6-3 1 + + G* 103.0 0.0 59.5 101.8 
MP4SDQ/6-3 1 + + G* 102.4 0.0 60.3 100.6 
Estimatedd 99.6 0.0 58.7 95.1 

‘Using HF/3-21G*-optimized geometries given in Fig. 1. 

-468.79566 
-471.12707 
-471.51034 
-471.53826 
-471.54970 

14.5 
2.03 

19.7 
27.0 
77.6 
59.4 
60.5 
57.8 

‘At HF/3-21G* and scaled by 0.9. 
’ Expectation values for UHF-wavefunctions. 
d Including AE(MP4SDQ) + A(ZPE). 

0.20 A). The two unpaired electrons in the latter 
are essentially localized on the oxygen atom. The 
transition structure 7T for the 1,Zhydrogen shift 
linking both triplet minima 5T and 6T has no sym- 
metry. The ratio of distances PHJNH, in 7T is com- 
parable to that in the transition structure con- 
necting the triplets H2P-N Z$ HP-NH. ’ ’ 

In the closed-shell singlet states, the phosphinic 
nitrene 5s (C,) is calculated to be a saddle point 
on the energy surface having one imaginary fre- 
quency. When the C,-symmetry constraint is re- 
laxed, this species collapses in fact to the planar 
oxoiminophosphorane 6s. This situation differs 
from the phosphinonitrene H2P-N which is quite 
stable in its singlet ground state” but is in accord 
with the cases of H2B-N,* H$-N,9 H3Si-N,10 

H&N,” in which no barrier was found for the 
conversion to the more stable singlet dicoordi- 
nated nitrogen compounds H*X=N-H. Such a 
difference has been accounted for by the availabil- 
ity of lone pair electrons in the phosphino group.3 
A more detailed comparison on this particular 
feature will be reported elsewhere.17 

Structure and bonding in compounds similar to 
6s have been examined in some detail in previous 
papers.” We only note that the P-N bond in 6s is 
quite short (1.489 A), by far the shortest distance 
in the series under consideration. It lies between the 
values of 1 S53 and 1.453 A previously reported for 
the typical P=N double bond in HP=NH” and 

quasi-triple %N bond in HJ%E&H~~, respectively 
(at the HF/3-21G* level). 

The energy profile of the interconversion is given 
schematically in Fig. 2. It is seen that both triplet 
minima 5T and 6T are almost energetically 

99.6 

Fig. 2. Schematic energy profile for the H,P(=O)N+ 
HP(=O)=NH interconversion. Relative energies 

(AZ-Z(OK)) are given in kcal mol-‘. 
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equivalent and there is, in addition, a sizeable 
energy barrier (36 kcal mol-‘) separating them 
from each other. The spin-contamination of 
UHF-wavefunctions obtained for all three triplet 
species appears to be reasonable (c$ (s*) values, 
Table 1). Accordingly, both triplet minima may be 
stable with respect to unimolecular rearrangement. 
When the H-atom is substituted by a poorer migrat- 
ing group (such as alkoxy . . .), the isomerization 
becomes even more unlikely. The singlet 6s is cal- 
culated to be the global minimum among the species 
being considered. The triplet-singlet separation 6T- 
6s amounts to about 58 kcal mol-’ whereas the 
energy gap between the two singlets 5!%6S is 
extremely large (100 kcal mol-‘). Because the sin- 
glet states are being treated by methods considering 
only a single configuration as reference, their total 
energies are probably underestimated with respect 
to the triplets (which are treated by UHF-based 
methods). Therefore, the singlet states may be even 
more stable than expected from the present values 
(Fig. 2). However, the singlet nitrene 5s appears, in 
any case, to be a high energy species. In this context, 
the obtained relative energies (Fig. 2) suggest the 
following points : 

(a) Starting from a phosphinic azide 1 in its 
singlet ground state, the formation of the cor- 
responding oxoiminophosphorane 2 (eqn (4)) is 
likely to occur without the intermediacy of any 

singlet nitrene. In other words, a non-nitrene pro- 
cess may prevail in this decomposition. 

(b) On the contrary, under experimental con- 
ditions as reported in ref. 5, the dialkoxy-sub- 
stituted phosphinic azide 4 appeared to be frag- 
mented in its lowest-lying triplet excited state. This 
state correlates in fact with the triplet ground state 
of the phosphinic nitrene 3. As mentioned above, 
the latter, if formed, does not rearrange to its triplet 
isomer but instead undergoes typical nitrene reac- 
tions. We note that the dialkoxy-phosphinic car- 
bene 8 has recently been shown to be a reaction 

(RO)g P-k--r 

II 
0 

8 

intermediate which further undergoes an intra- 
molecular insertion reaction rather than a Wolff-type 
rearrangement.lg In this regard, the small amount 
of nitrene-insertion product observed by Harger 
and coworkers6 following photolysis of diphenyl- 
phosphinic azide should arise from a triplet nitrene 
intermediate rather than from a singlet nitrene as 
suggested by these authors.6f Thus, this photo- 

N. J. FITZPATRICK 

chemical process seems to involve both singlet 
and triplet electronic states of azide: the former 
which is the major proportion gives rise to oxo- 
iminophosphorane 2 through a non-nitrene path- 
way whereas the latter state produces a minor quan- 
tity of phosphinic nitrene which subsequently reacts 
with trapping agents, The reason why the triplet 
state is not significantly involved in the decompo- 
sition of t-butyl-phenyl phosphinic azide is not 
clear. Explicit calculations on molecular and elec- 
tronic structures of starting azides might provide 
information on this point. On the other hand, the 
participation of an excited state of azide is also 
possible and deserves consideration in future works. 

In summary, the present theoretical study sup- 
ports the proposition that the Curtius-type 
rearrangement of phosphinic azide 1 takes place 
via a non-nitrene mechanism” in its singlet ground 
state. However, if the starting material could be 
sensitized photochemically ‘into its triplet excited 
state, then, the triplet nitrene could be formed and 
intervene in the process and the Curtius-type 
rearrangement would not be observed. 
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Abstract-A Cu(I1) complex with mepirizole : 4-methoxy-2-(5methoxy-3-methyl-pyrazol- 
I-yl)-6-methylpyrimidine (L) and oxalate as ligands with the formula [CuL 
(C2Q4)(H@)] *H20 has been synthesized. The crystal structure has been determined by X- 
ray diffraction analysis : monoclinic, space group P2,/n, 2 = 4, a = 7.707(l), b = 14.951(3), 
c = 14.986(2) A, /3 = 92.40(2)“, V = 1725.2(8) w3, D, = 1.61(l) g cme3, D, = 1.62 g cmp3, 
R = 0.032 and R, = 0.035 for 2016 observed reflections. The CuN202Q’ chromophore can 
be described as square pyramidal strongly distorted towards trigonal bipyramidal. The 
basal coordination positions are occupied by the two oxygen atoms of the bidentate oxalate 
group, the coordinated water molecule and one nitrogen atom of the bidentate mepirizole 
group ; the other coordinated nitrogen atom occupies the apical position. Magnetic moment, 
IR, electronic reflectance and ESR spectra are interpreted in accordance with the proposed 
stereochemistry. 

The preparation of a number of 3d transition metal 
complexes with a biologically active pyrimidyl- 
pyrazole ligand : mepirizole, 4-methoxy-2-(5-meth- 
oxy - 3 - methyl - pyrazol - 1 - yl) - 6 - methylpyrimidine 
(L) has been previously reported.‘,2T3 

The existence of a strictly square planar coor- 
dination of the metal atom in copper(I1) complexes 
is unusual : either, the chromophore is tetrahedrally 
distorted or additional ligands are involved to give 
a five-coordinate stereochemistry. The crystal struc- 
tures of CUL~(C~O.,)~ and CuLCl, are described in 

*Permanent address : Departamento de Quimica Gen- 
eral. Facultad de Ciencias, Universidad de Granada, 
18071 Granada, Spain. 

tpermanent address : Departamento de Quixnica Inor- 
ganica. Facultad de Farmacia, Universidad de Valencia, 
Blasco Ibaiiez no 13,460lO Valencia, Spain. 

$Author to whom correspondence should be addressed. 

previous papers. 4*5 Both exhibit a distorted tetra- 
hedral coordination of the copper atom with a 
different distortion. In addition, we have isolated 
stable complexes with various metal atoms and the 
same mepirizole ligand which display electronic 
properties suggesting pentacoordination of the 
metal atom with a geometry intermediate between 
square pyramidal and trigonal bipyramidal.1*3 The 
crystal structure and electronic properties of the 
new complex [CUL(C,O~)(H~O)] * Hz0 offer a possi- 
bility of studying a facet of pentacoordinated 
copper(I1) chemistry. 

EXPERIMENTAL 

Preparation of the complex 

A solution of Cu(N03)* * 3H20 (4 mmol) in water 
(100 cm3) and L (4 mmol) in ethanol (50 cm3) was 
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Table 1. Crystallographic data 

Formula 

M, 
Space group 

a (A) 
b (A) 
c (A) 
B(“) 
v (A’) 
Z 

D,(gcn-‘) 
D, (g cm-‘) 
P km-‘) 
Temperature (K) 
Radiation 
Max. Bragg angle 
Number of independent reflections 
Number of observed reflections 
Number of refined parameters 
Rand R, 
Weighting scheme 
e.s.d. of an observation 

of unit weight (S) 

CuC&,,N,Q. 
421.85 
monoclinic, P&/n 
7.707( 1) 
14.951(3) 
14.986(2) 
92.40(2) 
1725.2(8) 
4 
1.62 
1.61(l) (flotation) 
13.2 
293 
I(Mo-K,) = 0.71079 A 
9 max = 22” 
3403 
2016 for Z > 2a(I) 
244 
0.032 and 0.035 
Unit weights 

1.32 

added to a solution of K&O,, (4 mmol) in water 
(50 cm3). Blue crystals were obtained and washed 
with a mixture of ethanol and water (20%). They 
were found to be stable to air and light and decom- 
posed under heating at 220°C. Found : C, 37.0 ; N, 
13.3; H, 4.0; Cu, 14.9. Calc. for CUC,~H,~N~O~: C, 
37.0; N, 13.3; H, 4.3; Cu, 15.0%. 

Crystallographic analysis 

Crystal data are given in Table 1. The crystal 
used (0.2 x 0.2 x 0.3 mm) was stuck on the end 
of a glass fibre. Unit cell and ‘intensity data were 
obtained using a CAD4 diffractometer and 
graphite-monochromatized MO-K, radiation fol- 
lowing standard procedures.’ The structure was 
solved by the Patterson method ; least-squares 
refinement was conducted using the block-diagonal 
approximation in the first stages and full matrix in 
the final stages. Non-hydrogen atoms were assigned 
anisotropic thermal parameters. The water mol- 
ecule of crystallization is statistically distributed 
over two different sites ; the occupation factors (0.63 
and 0.37 respectively) were first adjusted by making 
equal the isotropic temperature factors for both 
positions and then were kept fixed in subsequent 
refinements. 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

All hydrogen atoms except those belonging to the 
water molecule of crystallization were located on 
the difference Fourier map ; idealized unrefined pos- 
itions and an arbitrary isotropic temperature factor 
(B = 5 A’) were used in the final calculations. No 
absorption corrections were made because of the 
low absorption coefficient and block-like shape of 
the crystal. 

Atomic scattering factors and anomalous dis- 
persion corrections for all non-hydrogen atoms 
were taken from International Tables for X-Ray 
Crystallography.6 Final atomic positional and ther- 
mal parameters and lists of F,IF, values have been 
deposited as supplementary material with the Edi- 
tor from whom copies are available on request.* 

Electronic properties 

Magnetic susceptibility measurements were car- 
ried out in the solid state at room temperature 
(20°C) using a Gouy Balance with [Ni(en)&O, as 
calibrant. Electronic spectra were recorded at room 
temperature on a Perkin-Elmer Hitachi 200 spec- 
trophotometer with reflectance attachment fitted. 
IR spectra were obtained on a Perkin-Elmer 577 
instrument, using Nujol mulls supported between 
CsI windows for the range 4000-200 cn- ‘. X-band 
ESR spectra of a powder sample were recorded at 
room temperature on a Bruker ER 200 spec- 
trometer. The microwave frequency was measured 
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Fig. 1. 

with a Racal-Dana frequency meter and the mag- 
netic field with a Bruker NMR gaussmeter. 

RESULTS AND DISCUSSION 

Crystal structure 

The asymmetric unit consists of one isolated neu- 
tral [CuL(C,O,)(H,O)] molecule and one non-coor- 
dinated water molecule. The structure of the CuL 
(C,O,)(H,O) unit is shown in Fig. 1 together with 
the atomic numbering scheme. Figure 2 is a view 
of the unit cell contents illustrating the molecular 
packing. The two statistically occupied sites for the 
non-coordinated water molecule are denoted by 

b 

Fig. 2. 

0(25) and 0(26), 0(25) only is drawn on Fig. 2 ; 
the distance 0(25) . . . 0(26) is 0.70 A. Selected bond 
lengths and angles are given in Table 2. 

As a first approximation, the geometry of the 
pentacoordinated copper atom can be described as 
distorted square pyramidal. The basal coordination 
positions are occupied by the two oxygen atoms 
0( 18) and 0(21) of the bidentate oxalate group, the 
coordinated water molecule 0(24) and one nitrogen 
atom N( 1) of the bidentate mepirizole group ; the 
other coordinated nitrogen atom N(8) occupies the 
apical position. 

As usual the copper atom is situated 0.2 A out of 
the basal plane towards the N(8) apical atom. The 
Cu-N and Cu-0 distances fall within the normal 
range and compare well with the bond lengths in 
other Cu(II~mepirizole4~5 and Cu(II)-oxalato com- 
plexes7 respectively. The axial Cu-N(8) bond is 
significantly longer (2.17 A) than the equatorial 
Cu-N( 1) bond (2.034 A), both distances are simi- 
lar to those previously reported for this type of 
geometry.’ However it is important to point out 
that the coordination site of water is unusual for a 
regular square pyramidal geometry ; from several 
examples7*8*9 the water molecule would have been 
expected to prefer to occupy the apical position. 
This unusual feature may be attributed to steric 
hindrance due to the methyl groups of the ligand ; 
this can also be related to the distortion of the 
coordination polyhedron. This distortion was 
quantified using the Muetterties and Guggenberger 
method” (Table 3). The value obtained indicates 
that the coordination polyhedron is intermediate 
between the tetragonal pyramid and the trigonal 
bipyramid. 
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Table 2. Selected bond lengths (A) and angles (“) 

Cu-N( 1) 
cu-N(8) 
Cu-O(l8) 
Cu-o(2 1) 
Cu-O(24) 

N(lW(2) 
N(ljC(6) 
c(2jNc3) 
c(2jN(7) 
N(3)--C(4) 
C(4j-c(5) 
C(4)--0(15) 
C(5W(6) 
C(6j-c(17) 
N(7jN(8) 
N(7jW 1) 
N(8j-C(9) 
C(9F(lO) 
C(9jW4) 
wO)--c(ll) 
C(1 lW(l2) 
0(12)--cxl3) 
0(15)--c(l6) 
W8yC(l9) 
C(l9)--c(20) 
cc1 9)--0(22) 
C(20)--0(2 1) 
~(20>-0(23) 

2.035(3) 
2.174(3) 
1.938(3) 
1.941(3) 
1.966(3) 
1.327(5) 
1.353(5) 
1.329(5) 
1.389(5) 
1.319(6) 
1.385(6) 
1.343(5) 
1.368(6) 
1.476(6) 
1.383(4) 
1.373(5) 
1.312(6) 
1.410(6) 
1.485(7) 
1.361(6) 
1.322(5) 
1.443(6) 
1.435(6) 
1.264(5) 
1.542(6) 
1.227(5) 
1.280(5) 
1.210(5) 

N( 1 j&-N(8) 
N(1jcu-o(18) 
N(ljCu-O(~21) 
N(ljCu-O(24) 
N(8jCu-o( 18) 
N(8jCu-O(21) 
N(8jCu-0(24) 
0(18)-Cu-0(21) 
0(18)-G-0(24) 
0(21jCu-O(24) 

C(2jN( 1 F(6) 
WFG+-N(3) 
W 1 >--cW--WI 
WI--CC+N(7) 
WFWF-CW 
N(3jC(4W(5) 
N(3)--CY4>--0(15) 
C(5j-c(4)_-0(15) 
C(4j-c(5F(6) 
N(ljC(6)--C(5) 
N(ljC(6jw7) 
C(5W(6j-c(17) 
C(2jN(7jN(8) 
~(2jN(7)--C(ll) 
N(8jN(7j-C( 11) 
NP-W9---C(9) 
WJ-W--W0) 
W9-‘W-C( 14) 
c(1o)--c(9jc(14) 

C(9j-c(lO)--c(ll) 
N(7 jC(1 ljC(10) 
N(7)--C(l lW(12) 
C(lO)--c(l lW(l2) 
C(lljO(12jC(13) 
C(4jO(15 jC(16) 

0(18)--c(l9W(20) 
W8>--c(l9W(22) 
C(20>--c(19)--0(22) 
c(19jc(20 jO(21) 
C( 19jC(2Ojo(23) 
0(2l)--c(2Ot-o~23) 

77.3( 1) 
91.6(l) 

175.4(l) 
94.0( 1) 

105.1(l) 
103.8(l) 
97.8( 1) 
83.8( 1) 

157.1(l) 
90.3( 1) 

116.4(3) 
127.6(4) 
116.6(3) 
115.8(4) 
114.7(4) 
123.5(4) 
118.0(4) 
118.5(4) 
117.3(4) 
120.6(4) 
116.8(4) 
122.6(4) 
117.9(3) 
132.0(3) 
110.0(3) 
105.5(3) 
111.5(4) 
120.3(4) 
128.2(4) 
105.5(4) 
107.5(3) 
120.3(4) 
132.2(4) 
144.4(3) 
116.6(3) 
114.6(3) 
125.4(4) 
120.0(4) 
114.0(3) 
120.9(4) 
125.2(4) 

As for the complexes CuLClZ5 and CUL~(C~O&~ 
the pyrazole and pyrimidine rings are planar: 
deviations (A) of atoms from their least-square 
plane for [CuL(C,04)(H,0)] - Hz0 are N(7) : 
-0.002, N(8) : 0.003, C(9) : -0.002, C(10) : 0.001, 
C(11) : 0.001 and N(1) : -0.003, C(2) : 0.002, N(3) : 
0.001, C(4) : -0.004, C(5) : 0.004, C(6) : 0.000. The 
dihedral angle between the two planes is 3.9” indi- 
cating a large degree of overall electronic delo- 
calization. The bond angles and bond lengths are 
consistent with those of the other mepirizole com- 
plexes. 

The oxalate group does not deviate strongly from 

planarity: the dihedral angle between the two 

-Jo 

‘0 

planes is 3.3”. As usual, the C-O bonds 

interacting with the metal are longer than the 
non-interacting ones. Furthermore the C-O bond 
lengths are also affected by H-bonding. 

Short non-bonding 0 . . . 0 contacts (< 2.8 19> 
involving water molecules and non-coordinated 
oxygen atoms of the oxalate group suggest inter- 
molecular hydrogen bonding. Adjacent molecules 



Aqua (mepirizole-oxalato)copper(II)monohydrate 

Table 3. Coordination polyhedron about the copper atom : experimental 
vs theoretical dihedral angles (“) calculated for trigonal bipyramidal 
(TBP) and square pyramidal (SP) geometry ; distortion estimated accord- 

ing to Muetterties and Guggenberger” 

Dihedral angles TBP Experimental SP 

0(24)-N(SyO(21)-O(l8) 101.5 74.0 75.7 
G(24)--0(21~(18)--N(8) 101.5 123.5 119.8 
G(24)_N(8tiN(l)-o(l8) 101.5 87.7 75.7 
0(24)--0(18+N(l)_N(8) 101.5 112.7 119.8 
0(2l)_N(8)--0(24)---N(1) 53.1 70.1 75.7 
G(2l)-N(8)--0(18)-N(l) 53.1 61.2 75.7 
0(18)-CX24+G(2l)_N(8) 101.5 118.9 119.8 
0(18)--0(24)_N(l)--N(8) 101.5 107.3 119.8 
N(l)--G(l8)--0(24)-G(21) 53.1 21.0 0 

Distortion A 0 0.55 1 

233 

are linked through 0(24)-H . . . 0(22) inter- 
actions : d[0(24) . . . 0(22)] = 2.66 A, d[H . . . 
0(22)] = 1.74 A. Other intermolecular links are also 
suggested via the non-coordinated disordered water 
molecules : 0(24)-H . . . 0(26), d[(0(24) . . . 
0(26)] = 2.64 A, d[H . . . 0(26)] = 1.87 A and 
0(25)--H . . . 0(24), d[0(25) . . . 0(24)] = 2.77 A, 
in this later case the position of the H atom of the 
water of crystallization molecule 0(25) is unknown. 

Electronic properties 

The corrected magnetic moment of poly- 
crystalline samples at 298K are 1.84 MB and is 
representative of magnetically dilute Cu(I1) com- 
plexes, compatible with the proposed stereo- 
chemistry. The reflectance electronic spectrum of 
the compound studied exhibits one broad unresolved 
band in the visible region centred at 13.1 kK, con- 
sistent with other pentacoordinated copper chro- 
mophores. ‘JW Lever has pointed out that the band 
intensity maxima generally shift to lower energy as 
distortion proceeds from a regular square pyr- 
amidal to a regular bipyramidal structure.13 The 
maximum observed agrees with the intermediate 
geometry deduced from the X-ray analysis. 

The IR spectrum shows a very broad band at 
330&3500 cm-’ assigned to v(OH) of water. The 
bidentate oxalate in the title compound exhibits 
four bands due to antisymmetric and symmetric 
(O-C-O) stretching modes at 1710, 1660 and 
1410, 1270 cn-’ respectively. According to the 
literature’4~‘5*‘6 the positions of these bands are 
assignable to an oxalate group in a CZV symmetry. 
At lower frequencies bands appear which can be 
assigned to M-O and M-N vibrations. The two 
bands at 300 and 280 cm-’ correspond to the 

Cu-N vibrations involving the nitrogen atoms of 
the pyrazole and pyrimidine rings respectively.‘7~‘8,‘g 
The bands at 460 and 380 cm-’ are assigned to 
Cu-0 vibrations.“*” 

The ESR line shapes leading to g,, = 2.21, 
g1 = 2.07 g,, > g1 > 2.03 point towards a mainly 
copper(I1) &.z_~z orbital ground state, this result is 
indicative of a tendency of the coordination poly- 
hedron to achieve a square pyramidal geometry. 
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Abstract-The reaction between [Mo(NO){HB(~,~-M~&~N~H)~)I~] and pyrrolidine or 
piperidine produces both the amine complexes [Mo(NO)(HB(3,5-MeaC3N2H),) 
I(NHC,H2,)] (n = 4 or 5) and the amide complexes [Mo(NO)(HB(3,5-Me2C3NzH,,} 
I(NC,H,,)]. The role of steric factors in the formation of these compounds is discussed. 

The coordinatively unsaturated complex [MO 
(NO)LI,] (L = HB(3,5-Me2CjN2H)3) undergoes 
facile substitution reactions with primary aminesle3 
to give the amide derivatives [Mo(NO)LI(NHR)] 
(R = alkyl or aryl) according to eq. (1). 

[Mo(NO)LI,] +2RNHz 

+ [Mo(NO)LI(NHR)]+RNH: +I-. (1) 

Magnetic resonance studies have shown4s5 that 
paramagnetic intermediates are present during such 
reactions. The finding that [Mo(NO)LI,] could be 
readily reduced and that the resulting anion could 
readily dissociate iodide4s5 provides an explanation 
of this phenomenon. A sequence of reactions 
involving the labilization of iodide by reduction of 
[Mo(NO)LI,] may thus be proposed to account for 
the facile formation of the amide derivatives. A slow 
initiation step involving the reaction of [Mo(NO) 
LIZ] with traces of moisture or a direct reaction 
with the amine would lead to the formation of free 
I- as indicated in eqs (2) and (3). 

*Author to whom correspondence should be addressed. 

[Mo(NO)LId +OHr 

-+ [Mo(NO)LI(OH,)]+ +I- (2) 

[Mo(NO)LI,] + RNHr 

+ [Mo(NO)LI(RNH,)]+ +I-. (3) 

The free I- would then rapidly reduce [Mo(NO) 
LI,] according to eq. (4). 

[Mo(NO)LI,] + I- + [Mo(NO)LI,]- + :12. 

(4) 

Solvolysis of the resulting anion followed by reac- 
tion with the amine, or direct reaction with the 
amine could then rapidly produce a 17-electron 
amine complex according to eqs (5)-(7). 

[Mo(NO)LI,]- + Solvent 

+ [Mo(NO)LI(Solvent)] + I- (5) 

[Mo(NO)LI(Solvent)] + RNHz 

+ ~o(NO)LI(RNHr)] + Solvent (6) 

[Mo(NO)LI,]- +RNH2 

+ [Mo(NO)LI(RNH3] + I-. (7) 
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An alternative more direct reaction pathway to this 
complex is also possible via the iodide reduction of 
the cationic amine complex formed in eq. (3). This 
is shown in eq. (8). 

[Mo(NO)LI(RNH,)]+ +I- 

-+ [Mo(NO)LI(RNH&] + $2. (8) 

The amine complex might then be oxidized by the 
iodine produced in eqs (4) and (8) to give the amide 
complex according to eq. (9). 

[Mo(NO)LI(RNH,)] + 41, 

+ [Mo(NO)LI(RNH)] + HI. (9) 

This reaction might involve the prior deprotonation 
of [Mo(NO)LI(RNH,)] to give the amide anion 
which, by analogy with [Mo(NO)LCl{NC,,H,,}]-, 
would be powerfully reducing and readily oxidized 
as shown in eqs (10) and (11). 

[Mo(NO)LI(RNH,)] + RNH2 

+ [Mo(NO)LI(RNH)]- + RNH: (10) 

[Mo(NO)LI(RNH)]- + jI12 

+ [Mo(NO)LI(RNH)] +I-. (11) 

An alternative route to the amide complex would 
involve direct deprotonation of the amine cation as 
shown in eq. (12). 

[Mo(NO)LI(RNH,)]+ + RNH, 

+ [Mo(NO)LI(RNH)] + RNH: . (12) 

Among the intermediates involved in this 
sequence of reactions [Mo(NO)LI,]’ has been iso- 
lated and characterized’ in the form of wo(NO) 
LI,Li(OEt,),] but no example of an amine com- 
plex of the type [Mo(NO)LI(RNH,)] or [MO 
(NO)LI(RNH,)]+ has been characterized, so that 
no comment on its chemical properties was possible. 
Use of the sterically more bulky secondary 
amines, pyrrolidine and piperidine has allowed 
the isolation of examples of this previously 
uncharacterized amine complex. 

The diiodide [Mo(NO)LI,] reacted with excess 
pyrrolidine or piperidine to produce mixtures of red 
and green compounds which could be separated by 
column chromatography. The red compounds were 
diamagnetic and shown to be the amide complexes 

[Mo(NWI{K3-bn)l on the basis of elemental 
analyses and IR, ‘H NMR and mass spectral data. 
In the case where n = 4 this formulation was con- 
firmed by a single crystal X-ray diffraction study.6 
These compounds are analogues of the previously 
reported’ species [Mo(NO)LCl{NC,H,,}]. The 
green compounds were paramagnetic and exhibited 
low nitrosyl stretching frequencies (vNo 1625 

(n = 4) and 1620 (n = 5) cm- ‘) suggesting that they 
were 17-electron species. A single crystal X-ray 
diffraction study of the compound in which n = 5 
showed that it was the amine complex wo(NO) 
LI(HN(CH,) 5)]. 8 Elemental analyses, ESR and 
mass spectral data were in accord with the for- 
mulation of both of these green compounds being 
amine complexes having the general formula 
[Mo(NO)LI(HNC,H,,}] (n = 4 or 5). 

Further synthetic studies have shown that the 
addition of NaH increases the proportion of the 
green amine complexes formed in the reaction. Thus 
hydride appears to act as a reducing agent in this 
reaction, rather than a base which would effect the 
deprotonation of the amine ligand. In addition the 
amine complexes [Mo(NO)LI{NHC,H,,}] could be 
oxidized with iodine to give red amide derivatives 
in accordance with eq. (9). It is notable that the 
reactions of HNC,H*, with [Mo(NO)LCIJ alone 
do not afford green complexes, presumably because 
Cl’ is insufficiently reducing to produce 17-electron 
complexes.’ However, the addition of NaH to the 
reaction mixtures led to the formation of the green 
chloro- complexes ~o(NO)LCl{HNC$I,}]. Again 
it would appear that NaH acts as a reducing agent 
rather than a base in this reaction. 

The isolation of amine complexes with these cyc- 
lic secondary amine reagents warrants some com- 
ment in view of our failure to observe such species 
in the products obtained from reactions involving 
primary amines. The sterically demanding nature 
of L suggested that steric factors were responsible 
for these differences in behaviour.Accordingly we 
have carried out steric energy calculations on 
[Mo(NO)LI(HNC,H,,)J to investigate this point. 
These calculations show that the piperidine ligand 
in this complex is not free to rotate about the 
Mo-N(piperidine) bond. Furthermore the struc- 
tural study establishes that the amine proton is sur- 
rounded by atoms in close non-bonded contact 
(iodide at 3.125 A and two pyrazolyl-3-methyl pro- 
tons at 2.184 and 2.696 A). The hypothetical amino- 
bonded EtNH* complex was also modelled and 
there was found to be little restriction to the rotation 
of this ligand about the Mo-N(ethylamine) bond. 
Thus, in the case of this primary amine, there is no 
substantial steric energy barrier to the positioning 
of an amine hydrogen in a location accessible to 
approaching nucleophiles. This would facilitate the 
removal of a proton during the oxidation to give 
the amide complex. However, in the case of pip- 
eridine this will not be the case and kinetic control 
of the oxidation will arise because of the steric 
inaccessibility of the amine proton. 

There may also be an energy barrier associated 
with the structural reorganization of the ligand. 
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The nitrogen of the piperidine ligand is effectively 
tetrahedral but in the piperidine ligand it is planar. 
Steric energy calculations were carried out in which 
the M-N-(pyrrolidine ring centroid) angle in a 
model [Mo(NO)LCl(NC,H,}] structure was 
driven in 10” steps from 240” through the energy 
minimum at 170” to 120”. These showed that large 
energy barriers were encountered when the angle 
deviated by more than ca 10” from the minimum of 
170”. This suggests that a change in the geometry 
of the pyrrolidine ring would have to precede the 
formation of the shortened Mo-N(amide) bond 
during oxidation. In the case of the sterically less 
demanding primary amines, only a rotation about 
the Mo-N(amide) bond would be necessary. 

It may be concluded that [Mo(NO)LXJ (X = Cl 
or I) can react with HNC,H*, (n = 4 or 5) to pro- 
duce amine complexes. A first step in this process 
could be the simple substitution of halide to give 
[Mo(NO)LX{HNC,H,)]+. This complex may 
then undergo a kinetically controlled deprotonation 
to a 16-electron amide complex or be reduced to a 
17-electron amine complex. When X = Cl, amide 
complexes are normally formed by deprotonation 
but if a reducing agent is added in the form of NaH 
the neutral 17-electron amine complexes [Mo(NO) 
LCl {HNGH ,,>I may be isolated. In the case 
where X = I, the iodide liberated in the substitution 
may function as the reducing agent so that a mixture 
of amide and amine complexes arises even without 
an added reductant. However, the nature of the 

reaction is more complicated in this case. An alter- 
native reaction pathway involving labilization of I- 
by reduction of [Mo(NO)LI,] becomes possible and 
redox reactions involving the iodine/iodide couple 
and amine/amide 17-electron/l6-electron complex 
equilibria also become possible. 
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Abstract-The new ligand 1,l -bis(diphenylphosphino)prop-1-ene is valuable as a precursor 
of other polyphosphorus ligands and metal complexes in which the lowered symmetry 
induced by the methyl group can introduce diastereoisomerism and can facilitate the 
measurement of ‘Jpp. 

Phosphorus-phosphorus nuclear spin coupling 
constants are an important parameter in the study 
of phosphine complexes of transition metals, but 
are often difficult to measure in symmetrical species, 
and for this reason unsymmetric bi- and poly- 
dentate ligands are of considerable value. Following 
its original preparation’ in 1982 l,l-bis(di- 
phenylphosphino)ethene, I, has been valuable as 
(a) a precursor of a range of polyphosphorus 
ligands formed by addition to the double bond by 
species with P-H bonds,2,3 and (b) as a ligand in 
its own right similar to dppm but with a rather 
different bite and able to form complexes that can 
themselves undergo addition to the double bond.4*’ 
We now report the preparation, characterization, 
NMR and some reactions of the title homologue 

Ph,P 

\ /” 
c=c 

Ph,P 

\ TH3 
CEC 

/- -\ /- 
Ph,P 

--\ 
H Ph,P H 

(I) (II) 

Ph,P Ph,P 

\ YH’ 
CH-CH 

/ 
Ph,P 

\ / \ 
PPh, Ph,P PHPh 

(III) (IV) 

* For part III see ref. 3. 
t Author to whom correspondence should be addressed. 

II, which is potentially more valuable because its 
asymmetry facilitates the measurement of more 
NMR parameters (notably ‘Jpp) than in I, and 
because in reactions with chiral substrates it can 
yield diastereomeric products. 

II was obtained in ca 10% yield from the reaction 
between PhlPLi and 1,l -dichloroprop-1 -ene in 
THF solution as white crystals, m.p. 133”C, for 
which satisfactory elemental analysis (C, H, P) fig- 
ures have been obtained. Its structure was con- 
firmed by its NMR spectra. ‘H : 6 1.94 ppm, doublet 
(Juu 6.8 Hz, JPH 0 Hz) CH3 group; 6 6.18 ppm, 
multiplet (Jun 6.8 Hz, JpH 8.8,21.8 Hz) CH group ; 
6 7.0-7.3 ppm, complex, C6H5 groups. 13C : 6 18.4 
ppm, double doublet (Jpc 27.8, 0.9 Hz), CH3; 6 
135.2 ppm, double doublet (& 10.4, 4.9 Hz) CH; 
6 149.1 ppm doublet (Jpc 25.9 Hz), ipso C. 3’P: 
8~ -4.6 ppm, 8B - 14.0 ppm, 2JPP 7.0 Hz. In par- 
ticular the value of 6.8 Hz for 35uu confirms 
that no rearrangement of the alkene skeleton has 
occurred. 

The geminal P-P coupling of only 7 Hz is 
remarkably small compared with a value of 98 Hz 
measured indirectly ’ in I and appears to be due to 
constraints imposed by the methyl group upon the 
rotation of the Ph2P group to which it is cis. There 
is eviden&’ that large geminal Pm-P” couplings 
occur when the electron lone pairs of the phos- 
phorus atoms are directed approximately towards 
one another, and molecular models indicate that 
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this is feasible in I (and in dppm in which 2Jpp = 
125 Hz’). However, such a conformation is 
strongly disfavoured in II by steric interaction be- 
tween the methyl group and the phenyls of the 
Ph,P group cis to it, and a small coupling results 
as, for example, in (Ph2P)2NBu’. This interpreta- 
tion is supported by a significant temperature de- 
pendence of 2Jpp in II and by a similarly small 
value of the corresponding coupling constant 
in 1,1,24ris(diphenylphosphino)ethene. ’ 

Typical addition reactions to the double bond of 
II are with Ph,PH, to yield III in which chirality at 
C* renders the geminal phosphorus atoms inequi- 
valent and which has a characteristic ABC “P 
NMR spectrum; and with PhPH2 to yield IV in 

(d) 

which the presence of two asymmetric centres (at 
carbon and at phosphorus) leads to the formation 
of diastereomers in approximately equal pro- 
portions. In contrast to the behaviour of I this 
reaction stops at this stage and a further equivalent 
of II will not attack the remaining P-H bond, 
although an equivalent of I will. This is further 
evidence of the substantial steric effect of even the 
relatively small methyl group in this environment. 

II also reacts with metal substrates in a manner 
similar to that of I, but again the lower symmetry 
of the products often permits the measurement of 
NMR parameters not accessible in the former case. 
As an example Fig. 1 shows the 3 ‘P NMR spectrum 
from a mixture of V and VI which are obtained in 

100 Hz 

Fig. 1. 3*P NMR spectra at 36.2 MHz (JEOL FX90 Q) of V and VI. (a) Experimental spectrum of 
a mixture of the two isomers. (b) Computer simulation obtained by summing (c) and (d). (c) 
Calculated spectrum of V using aA = 21.1, & = 6.3 ppm; JAB = 116.5, JAB’ = 31.2, JAA’ = 466.1, 
J BB = 457.7 Hz. (d) Calculated spectrum of VI using BA = 17.5, 6, = 8.4 ppm; JAB = 117.4, 

JAB’ = 461.6, JAA. = 33.9, JBw = 29.0 Hz. 
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B - 

Ph,P PPh, 

I I 
CL-Pd-Pd- 

H CHs 

CL 

.E A. A - 
Ph,P PPh, 

CL--!d-Pi-C, 1. 

2. 

3. 

(V) (VI) 
4. 

equal proportions from the reaction between 5. 

Pd,(dba) 3 - CHC13 and Pd(PhCN) &12 and the 
free ligand II. In each case an AA’BB’ spectrum 
arises, but for V the largest coupling is JAN (or 

6 
’ 

JBB’) = 466.1 Hz, whereas in VI it is JAB’ that is 7 
’ the largest at 461.6 Hz, and this accounts for the 

different appearance of the two systems and per- 8. 

mits their assignment. 
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Abstract-The proposed structure for 6-U03 has been confirmed by powder neutron 
diffraction. Data collected from a sample of good crystallinity, by time of flight neutron 
diffraction techniques, are consistent with the previous description of 6-U03 as having the 
ReO, structure, with an unusual regular octahedral environment for U(V1). 

The uranium(VI)-oxygen system is one of great 
complexity ; at least six polymorphs of the stoi- 
chiometry U03 have been described.’ This struc- 
tural diversity of uranium(V1) reflects its ability to 
exislc in a vz&y of iow symmetry, high coar- 
dination environments with similar energies. The 
majority of these materials have been studied using 
powder or single crystal X-ray diffraction with sub- 
seqnentpowZler nemron ti?!Irac~ron &n&es for tie 
accurate determination of the oxygen atom 
positions. However, the structure proposed for 6- 
U03 by Wait2 is based solely on powder X-ray 
diffraction data with visual estimation of the reflec- 
tion intensity. The technique is very insensitive to 
oxygen positions and relatively large distortions of 
the structure could be accommodated within the 
accuracy of this refinement. For example tilting of 
the octahedra with displacement of oxygen off the 
U-O-U direction would be very difficult to 
observe using X-ray techniques. However neutron 
diffraction techniques are ideally suited to the 
observation of any such distortion. As part of an 
investigation of uranium oxides and their insertion 
compounds we have recently completed a structural 
study of 6-U03 using powder neutron diffraction. 

EXPERIMENTAL 

6-U03 was prepared by the method described by 
Wait’ using AnalaR grade U02(N03) 2 * 6H2O as 

* Author to whom correspondence should be addressed. 
Present address I &pactment _d Chtistsy . _The 1 Ini- 
versity, Southampton SO9 5NH, U.K. 

the starting material. Uranyl nitrate was converted 
to y-U03 by controlled thermal decomposition in a 
flowing oxygen atmosphere. Hydrothermal reac- 
tion of y-U0 3 at 190°C in a sealed apparatus led to 
the ?orrnacion of crysta’lifle $%Y12(0-Hj2,’ iYe- 
quently described in the literature as B-U03 *H,O. 

Thermogravimetric studies of fi-UO,(OH) 2 in 
association with powder X-ray diffraction have 
ShDWll ib& ikCD~,DD&JDJJ DI%lJ_XSa3~~~~=~ Bid2 .fh? 

formation of 6-U03: above 410°C 6-U03 under- 
goes a transformation to other polymorphs of 
U03.4 In this work fi-U02(OH)2 was heated at 
375°C for 24 h, resulting in decomposition to brick- 
red 6-U03. The products from decomposition at 
higher temperatures or longer heating times were of 
slightly higher crystallinity but had a considerable 
degree of contamination with other polymorphs of 
uos. 

Powder X-ray diffraction data showed an almost 
pure material, which could be indexed on a cubic 
cell of dimensions 4.146( 12). Two very weak lines 
(with intensity - 2% that of the &UO~(lOO) 
reflection) were assigned to the strongest peaks 
from the powder X-ray pattern of a-U03. It was 
found impossible to prepare a sample of 6-UOj 
totally free from this contaminating polymorph. 

Neutron diffraction studies were carried out 
using the instrument GPPD at the IPNS, Argonne, 
Chicago ; a full description of the diffractometer is 
given elsewhere. 5 The sample, 10 g, was contained 
in a vanadium can and data were collected over a 
period of 20 h. Neutron pulses scattered from the 
samtile were _col&ti -in -tie -four .tirne:ti~~& 

detector arrays. The higher resolution back scat- 
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Table 1. Calculated and observed intensities for 6-U03 

1 0 0 150.8 157.3 
1 1 0 10.0 12.2 
1 1 1 41.0 71.22 
2 0 0 468.2 479.6 
2 1 0 631.2 588.2 
2 1 1 34.2 27.6 
2 2 0 849.2 878.9 
3 0 0 
2 2 1 

664.0 687.2 

2 2 2 385.0 359 

tered data (150’) and that from the 90” and 60 
banks were considered for the refinement. Although 
the higher angle data is generally better resolved 
and is used in profile refinements, for this material 
the line tidths were such that an increase in reso- 
lution at the higher scattering angle was only weakly 
apparent. As a result it was decided to use the higher 
intensity 60” data for the refinement. This also had 
the advantage of allowing the (100) reflection to 
be included in the refinement; peaks with large d- 
spacings are beyond the maximum time of flight 
for the higher angle detector banks. The data were 
corrected for the distribution of wavelength inten- 
sities, and instrumental and geometrical factors con- 
trolled the scattered intensities by comparison with 
a spectrum obtained from a standard vanadium 
sample. The resultant diffraction profile showed 
nine well resolved peaks and some additional 
incompletely resolved low d-spacing peaks which 
could be indexed on the cubic unit cell of 6-U03. 
A refined lattice parameter of 4.165(8), in good 
agreement with the powder X-ray data, was deter- 
mined. Three additional very weak features in the 
diffraction profile were assigned to reflections from 
a-U03, but these were sufficiently resolved from the 
6-U03 peaks and could be ignored. No peak that 
would indicate a larger unit cell for 6-U03 was 
observed. 

The background under the peaks was determined 
by linear extrapolation of that on either side and 
the intensity of the nine well resolved peaks deter- 
mined by summing the counts under each. Cal- 
culated intensities based on the perfect ReO, struc- 
ture were generated for the peaks observed in the 
experimental pattern and scaled to give the best fit 
to the experimental data. Reasonable temperature 
factors of 0.3 and 1 .O were assigned to uranium and 
oxygen, respectively taken from previous neutron 
diffraction work on uranium oxides.6 The results 
are shown in Table 1 and the atomic coordinates 
summarized in Table 2. A reliability index of 5.3% 

Table 2. Atomic coordinates for 6-U03 
(Space group P&n No. 221 International Tables) 

Scattering Wyckoff 
Atom length” symbol x y z B 

U 0.850 la 0 0 0 o.3b 
0 0.5807 3d : 0 0 l.Ob 

“10-‘2cm. 
b Not refined. 

was calculated using the expression 

R = 100 x c tzobs-&ad 
I 

Weak features apparent in the profile at the pos- 
itions expected for the 3 10 and 3 11 reflections were 
of an intensity consistent with that calculated for 
these peaks. 

DISCUSSION 

The experimental neutron diffraction data are 
consistent with a description of 6-U03 with the 
ReO, structure. The agreement of the calculated 
and experimental intensity data coupled with the 
ability to index all the observed reflections on the 
simple unit cell suggests that there is no deviation 
from the perfect cubic structure. The sensitivity of 
neutron diffraction to scattering from oxygen, sup- 
ports the model suggested by Wait with an unusual 
regular six-fold coordination for uranium. The 
derived uranium-oxygen single bond length of 2.08 
A is in good agreement with that found in other 
uranium(V1) oxides with low uranium coordination 
numbers such as a-UO,. 6 
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Abstract-The X-ray crystal structure of [W12(CO),(NCMe)2] (1) was determined and the 
crystals are orthorhombic with a = 12.405(g), b = 7.590(g), c = 13.844(12) A. X-ray data 
for 911 independent reflections above background were collected on a diffractometer and 
the structure determined by Fourier methods and refined to R = 0.074. The tungsten 
geometry is capped octahedral with a carbonyl ligand in the unique capping position. The 
iodide ligands are trans to each other with the two acetonitrile and octahedral carbonyl 
ligands ctr to each other. The low temperature (-70°C CD2C12) 13C NMR spectrum of 
(1) showed carbonyl resonances at 6 = 202.36 and 228.48 ppm with an intensity ratio 
of 2 : 1. The resonance at lower field can be ascribed to the carbonyl ligand in the 
unique capping position. However, the room temperature 13C NMR spectrum of (1) shows 
a single carbonyl resonance at 6 = 219.65 ppm. 

The structures of seven-coordinate complexes have 
been found to have (a) pentagonal bipyramidal, (b) 
capped octahedral or (c) capped trigonal prismatic 
type geometries.’ The predominant geometry for 
complexes of the type [MX,(CO),LJ (M = MO 
or W ; X = halide ; L = neutral donor ligand) is 
capped octahedral. Recently Colton and 
Kevecordes2 have shown how 13C NMR spec- 
troscopy can be used to indicate if there is a car- 
bony1 ligand in the unique capping position in this 
type of complex. In this communication we wish to 
describe the X-ray crystal structure and 13C NMR 
spectra of the highly versatile seven-coordinate 
complex [W12(CO)3(NCMe)2]. 

EXPERIMENTAL 

The complex [WI,(CO),(NCMe),] (1) was pre- 
pared3 by reacting the zero-valent compound 
[W(CO),(NCMe)3] with an equimolar amount of 
I, in situ at 0°C. Crystals suitable for X-ray 

*Authors to whom correspondence should he addressed. 

crystallography were obtained by cooling an 
acetonitrile solution of (1). Found: C, 13.9; 
H, 1.0; N, 4.7%. Calc. for C7HsN20J2W: C, 13.9; 
H, 1.0; N, 4.6%. 

The 13C NMR spectra of [WI,(CO),(NCMe),] 
were recorded on a Bruker WH-400 MHz NMR 
spectrometer at the University of Warwick (both 
spectra were calibrated against tetramethylsilane). 

Crystal data (1) 

lW2(W3(NCMe)21, C7H6N20J2W, ~4 = 
603.8, orthorhombic, a = 12.405(g), b = 7.590(g), 
c = 13.844(12) A, U = 1303.5 A, d, = 3.04 g cmw3, 
a!,,, = 3.02 g cme3, F(OOO) = 1064, 2 = 4, 
1= 0.7107 A, p = 139.8 cm-‘, spacegroup Pmnb 
(No. 62). 

A crystal of approximate size 0.25 x 0.3 x 0.3 mm 
was set up to rotate about the a axis on a Stoe 
Stadi2 diffractometer and data were collected via 
variable width w scan. Background counts were for 
20 s and a scan rate of 0.0333” s-’ was applied 
to a width of (1.5 + sin p/tan 0). 1264 independent 
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reflections were measured of which 911 with 
I > 30(Z) were used in subsequent refinement. An 
empirical absorption correction was applied.4 The 
structure was determined by the heavy atom 
method. All non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were refined as a 
rigid group. 

The structure was given a weighting scheme in 
the form w = l/[a2(F)+0.003F2]. The final R 

value was 0.074 (R, = 0.081). Calculations were 
carried out using Shelx76’ and some of our own 
programs on the Amdahl V7 at the University of 
Reading. Molecular dimensions are given in Table 
1. Atomic parameters, thermal parameters and a 
list of structure factors have been deposited with 
the Editor as Supplementary Material ; copies are 
available on request. Atomic coordinates have also 
been deposited with the Cambridge Cry- 
stallographic Data Centre. 

RESULTS AND DISCUSSION 

The structure consists of discrete molecules of 
[wI,(CO) ,(NCMe),] with imposed crystal- 

Table 1. Molecular dimensions for (1) 

Distances, A, angles degrees 

W(l)_-I(l) 
W(l)--l(2) 
Wl)-C(l) 
Wl)--C(2) 
W)_N(3) 
C(lW(1) 
C(2Fx2) 
N(3>--C(3) 
C(3)-C(4) 

1(lHW)_1(2) 
l(lF-Wl)--c(l) 
1(2HW)--c(l) 
l(l)----w(l)--c(2) 
1(2)---W 1 )-C(2) 
C(l)_-w(l)--C(2) 
l(l)+(l>-N(3) 
I(2)---w(l)-N(3) 
C(l)--W(l)_N(3) 
C(2)-w(1 )-N(3) 
C(2)-W 1 k-C(2”) 
C(2)-~(1 tN(30) 
N(3)--W(l)--N(3”) 
Wlk--C(lto(l) 
W 1 )--c(2W(2) 
Wl)_N(3)-C(3) 
N(3)--C(3)-C(4) 

D Symmetry element (l/2 -x, y, z). 

2.846(2) 
2.797(2) 
1.991(26) 
2.030(26) 
2.167(16) 
1.118(43) 
1.054(27) 
1.197(25) 
1.418(31) 

160.3(9) 
69.0(7) 

130.7(7) 
114.2(6) 
76.5(7) 
74.0(8) 
8 1.2(4) 
83.9(4) 

129.8(6) 
156.1(9) 
104.5(10) 
83.6(9) 
80.9(6) 

171(2) 
176(2) 
168(2) 
180(2) 

lographic mirror symmetry and these are illus- 
trated in Fig. 1 together with the atomic numbering 
scheme. The geometry of the tungsten atom is a 
distorted capped octahedron with one carbonyl in 
the unique capping position [w-C(l) 1.991(26) 
A]. The capped face contains one iodine atom 
/W-I(l) 2.846(2) A], and two carbonyl groups 
[w--C(2) 2.030(26) A]. The remaining iodine atom 
w--I(2) 2.797(2) A] together with the two aceto- 
nitrile groups [W-N 2.167(16) A] make up the 
uncapped face. 

Using our method’ for the calculation of r.m.s. 
deviations from ideal geometries, we find that after 
normalization of bond lengths the present geometry 
has a r.m.s. deviation of 0.042 A from the ideal 
capped octahedron. This is a surprisingly low figure 
in view of the distortions in the capped and un- 
capped faces caused by the large iodine atoms. 

These atoms are mutually tram and it is note- 
worthy that the W-I bond to the iodine in the 
capped face is longer by 0.049 A than the bond to 
the uncapped face. This is presumably due to the 
greater crowding in the capped face. Remaining 
dimensions are as expected. 

The low temperature (-76°C CD,Cl,) 13C 
NMR spectrum of (1) showed two carbonyl res- 
onances at 6 = 202.36 and 228.48 ppm with an 
intensity ratio of 2 : 1. In view of the work of Colton 
and Kevecordes’ the low field resonance at 
6 = 228.48 ppm is highly likely to be due to a car- 
bony1 ligand in the unique capping position. The 
resonance at 6 = 202.36 ppm can be ascribed to the 
two equivalent octahedral carbonyl ligands. It is 

Fig. 1. X-ray crystal structure of [WI,(CO)3(NCMe),] 
showing the atom numbering scheme. 



interesting to note that the room temperature 
(+ 25°C CD,Clz) ’ 3C NMR spectrum of (1) shows 
only one carbonyl resonance at 6 = 219.65 ppm. 
Hence there must be a fluxional process occurring 
whereby the three carbonyl ligands are appearing 
in the same environment at room temperature. 
Variable temperature ’ 3C NMR studies are in pro- 
gress in order to investigate the nature of this 
fluxional process. 
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Abstract-Reaction of mercuric chloride with an excess of uranium metal in tetrahydrofuran 
(THF) yields UC14(THF)3, whilst U11(THF)4 is obtained from a similar reaction with 
mercuric iodide. Chlorotris(cyclopentadienyl)uranium(IV) has been obtained by treatment 
of either (C,HS),Hg and mercuric chloride, or mercuric chloride and Tl(C,H,) with an 
excess of uranium in tetrahydrofuran. 

Anhydrous uranium tetrachloride is the reagent of 
choice for the synthesis of a wide range of ura- 
nium(IV) organometallics. ‘s2 Although several pre- 
parations of UC14 are available,3,4 they generally 
involve use of elevated temperatures and relatively 
complex procedures. We have introduced redox 
transmetallation reactions between mercuric ha- 
lides and lanthanide metals in tetrahydrofuran as a 
route to anhydrous lanthanide trihalides, ‘s6 and we 
now describe a facile synthesis of anhydrous ura- 
nium tetrachloride by a related method. Analogous 
syntheses of aqueous uranium tetrachloride, ura- 
nium triiodide and (C,H,) 3UC1 are also reported. 

Reaction of mercuric chloride with an excess of 
uranium metal in boiling tetrahydrofuran (THF) 
yielded a suspension of mercury metal and a green 
solution from which UCl,(THF) 3 (yield, 68%) was 
crystallized. 

U+2HgC12 + Hg+UC14. (1) 

The visible/near infrared spectrum of the filtered 
reaction mixture and of the isolated solid dissolved 
in tetrahydrofuran was identical with that of au- 
thentic (CERAC Chemicals) UC14 in the same sol- 
vent, and no U02C12 could be detected by this 
technique. The composition of the complex from 

* Author to whom correspondence should be addressed. 

UC14 and THF has previously been established7v8 
and was confirmed in the present case by a chloride 
determination. Infrared absorption bands (lOOls, 
837s cm-‘) indicative9 of coordinated tetra- 
hydrofuran were observed. An analogous reaction 
in degassed water gave a green solution with a visi- 
ble/near infrared spectrum identical with those of 
UC14(THF)3 and commercial UC14 in water, and 
very similar to that of uranium(IV) in aqueous 
DC104. ’ O Quantitative visible spectroscopy indi- 
cated the yield of U(IV) (based on HgC12) was ca 
100%. 

Reaction of an excess of uranium with mercuric 
iodide in tetrahydrofuran gave a violently air- 
sensitive green-black solid with the composition 
(uranium and iodine analyses) U13(THF), (72% 
yield). 

2U+3Hg12 + 2U13+3HgJ. (2) 

Absorption due to coordinated THF’ was observed 
at 1011 and 841 cm-‘. The visible/near infrared 
spectrum in THF was markedly different from 
those of UCl, and UBr4 in this solvent, consistent 
with a different oxidation state. Formation of U13, 
especially in the presence of an excess of uranium 
metal, accords with reports of easy loss of iodine 
from tetraiodouranium(IV) complexes. ’ ’ 

When uranium metal was reacted with bis(cyclo- 
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pentadieny1)mercm-y (generated in situ from HgCl, 
and Tl(C,H,) ’ *) in tetrahydrofuran, the visible/ 
near infrared spectrum of the product corre- 
sponded to thatL3,14 of (C5H5)3UCl, the presence 
of chloride presumably deriving from unreacted 
mercuric chloride. It was then established that the 
reaction of uranium with bis(cyclopentadienyl)- 
mercury and mercuric chloride (mole ratio 2 : 4 : 1) 
yielded mercury metal and chlorotris(cyclopenta- 
dienyl)uranium(IV). 

XJ+3(CSH,),Hg+HgCl, 

+ 2(CgH5)jUCl+4Hgl. (3) 

The product, obtained in ca 60% yield, was iden- 
tified by visible/near infrared and mass spectro- 
scopy. In a simpler synthesis, uranium metal was 
reacted with thallous cyclopentadienide and mer- 
curic chloride (mole ratio, 2 : 6: 1) in THF to 
give (C ,H 5) ,UCl, though a lower yield (36%) was 
obtained by this route. 

2U+6Tl(C,H,) +HgCl, 

+ 2(CSH5)3UCl+Hgl+6Tll. (4) 

Although uranium metal does not react directly 
with Tl(C,H,) in THF, transmetallation may occur 
with uranium activated in situ by reaction with 
mercuric chloride. Activation of lanthanide metals 
by mercuric chloride is known.” Alternatively, 
UC14 may be formed by reaction (1) and converted 
(see ref. 1) by Tl(C,H,) into (C5H5)jUCl, and/or 
some (C5Hs),Hg may be formed from mercuric 
chloride and Tl(C,H,) ‘* and converted into 
(C5HS)3UCl by reaction (3). 

Reactions (3) and (4) are the first examples of 
the use of redox transmetallation in the systhesis of 
organoactinides. 
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-Catalysis by metal complexes attached to various interfaces. 
-Surface models and catalytic activity. 
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-Relations between enzymes and synthetic catalysts. 
-Electrocatalysis and photocatalysis. 

The Symposium will include Plenary and Invited Lectures as well as a considerable number of 
contributed papers as oral or poster presentation. 

Proceedings of the Symposium are planned to be published according to the tradition of the 
Symposium in a special issue of an International Journal, available at the registration in Pisa. 
Contributions will be reviewed before the publication, in accordance with the standard of the 
International Journal. Deadline for submission of papers : January 1989. 

LOCATION 
The Symposium will be held in Pisa, Palazzo dei Congressi. 

ACCOMODATION AND TRAVEL 
Pisa together with Tirrenia (seaside) is well provided for visitors. The International Airport “G. 

Gatilei” links with Frankfurt, Paris, London ; one hour flights from Rome or Milano. 

CORRESPONDENCE 
For further information contact : Prof. Glauco Sbrana, Secretary of the Symposium, Dipartimento 
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050-587226/587290. Telex : 590035 UNIV PI I. 
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1. INTRODUCTION 

There are few areas of chemistry where the elegance and simplicity inherent in nature ma~fest 
themselves mure cleariy than in the structures and electron counting rules for transition metal 
clusters,* The structures adopted range from the simple t&metal t~angnlar, arrays, through 
tetrahedra, octahedra, “rafts”,’ octa-metal “star clusters”,2 up to structures best described as 
fragments of a bulk metallic close-packed array. Added to these are capped and fused polyhedra, 
making the variety almost overwhelming. 

By far the most important technique for determining the structure of cluster compounds is single 
crystal X-ray diffraction. This technique does have its limitations for some compounds containing 
“heavy atoms” but is generally regarded as the final determinant of a structure. The advantage of 

- 

* For the purpose of this article a “cluster” is defined as a compound containing at least three metal atoms 
and at least two formal metal-metal bonds. A “formal metal-metal bond” refers to a line drawn between two 
metal atoms in the structure. As will be seen below this need not imply anything about the bonding in the 
system. 
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X-ray crystallography is that atomic positional parameters can be obtained to a good level of 
accuracy. Problems of X-ray crystallography as applied to clusters are as follows : 

(a) Absorption of X-rays when second or third row transition metals are present. 
(b) Small atoms such as hydrogen are difficult to locate when heavy atoms are present. This is 

due to the small amount of electron density associated with the H atom and, therefore poor scattering 
of the X-rays. This problem can, however, be overcome by the use of indirect techniques such as 
potential energy calculations, 3 examination of the ligand polyhedral shell4 and lengthening of metal- 
metal edges,4,5 or by direct techniques such as neutron diffraction6 and possibly by maximum 
entropy analysis. ’ 

Once the structure has been determined, one of the most satisfying achievements is to be able 
to rationalize the structure in terms of the number of valence electrons available in the cluster, the 
“electron count”. The electron count provides the vital link between structure and bonding which 
will allow us to understand cluster structures more fully.? Various electron counting schemes have 
been developed, which, although they do not pretend to provide a full explanation of bonding, do 
point us in the right direction. When these simple, general theories are coupled with specific molecular 
orbital (MO) calculations a more complete picture is obtained which can help us to understand the 
majority of cluster structures so far synthesized. This will be discussed in more detail below. 

1.1. Counting electrons 

Before proceeding any further it is necessary to understand how to count electrons in clusters. 
Probably the easiest method is to consider all metal atoms and ligands to be in the zero oxidation 
state. The total number of electrons is then calculated by adding together the valence electrons of 
the metal atoms and the electrons donated by the ligands. Any charge on the cluster is taken into 
account by adding (negative charge) or subtracting (positive charge) the appropriate number of 
electrons. A list of the number of electrons donated by various commonly encountered ligands is 
given in Table 1. It should be possible to work out most of these values fairly easily utilizing a simple 
valence bond approach. For instance a Cl atom exhibiting a p,-bonding mode is a one electron 
donor, using its singly filled p or sp hybrid orbital in a covalent bond to the cluster. However, when 
Cl adopts a CL,-bonding mode it acts as a three electron donor since now it can be considered to use 
its singly filled orbital in a simple covalent bond and also one of its lone pairs in a dative covalent 
bond. Of course this is only a guide and nothing about the bonding is implied. 

2. THE EFFECTIVE ATOMIC NUMBER (EAN) RULE 

The simplest electron counting scheme involves the well known “18-electron”, or Effective 
Atomic Number rule. Most of the clusters with which we shall be concerned here are composed of 
metals which are expected to obey the 18-electron rule in low oxidation state/organometallic 
mononuclear complexes i.e. the elements of Groups VIII and IX. 

The 18-electron rule for mononuclear complexes derives from the fact that transition metals 
have nine valence atomic orbitals (AO’s) [5 x nd, (n + l)s, 3 x (n + l)p] which can be used, either for 
metal-ligand bonding or for accommodating non-bonding electron density. 56 

The “rule” can be extended to deal with transition metal (TM) cluster complexes. The assump- 
tions of the EAW, as applied to TM clusters are as follows :” 

(a) The metal uses all of its nine available AO’s for metal-metal (M-M) bonding, metal-ligand 
(M-L) bonding or for the accommodation of non-bonding electrons. 

(b) The edges of the metal polyhedron correspond to two centre-two electron (2c-2e) bonds. 

On this basis the number of M-M bonds radiating from an ML, unit in a cluster can be related 
to the number, v, of electrons in the valence shell of the metal (including those donated by ligands). 

t In some respects “electron counting” is a slight misnomer since, as will be seen below, it is the nature of 
the orbitals, involved in bonding, which is more fundamental, so perhaps “orbital counting” would be a better 
name. 
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Table 1 
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Ligand 
Bonding Electrons 

mode donated Example Ref. 

H 
H 
H 
AuPR, 
AuPR, 
Au 
I 
SIR, 
SnMe, 
HOs(CO), 

W(C0) ,CP 
PR, 
co 
co 
co 
cs 

CR, 
NR, 
R&CR2 

SO, 
NCMe 
SnCI, 

Hg 
PR, 
SR 
CR 
CR 
OR 
NO 
CCR 
CRCR, 
Br 
I 
BCO 
Bi 
AsMe, 
RC:O 
NO 
co 
PR 
S 
0 
CCRR 
C 
RCCR 
Te 

GR, 
Se 
P 

CP 
CCR 
N 
Arene 
cs 

le 0s3(W I IW)(ASMe2) 8 
le [os4(co) I zH31 9 
le HFeCo3(CO),(P(OCH3)3)3 10 
le FeRu,N(CO) , ,(AuPPh,) 11 
le [Re,C(CO),,(AuPPh3)]2- 12 
le PGAW%,H,~- 13 
le [H20s4(Co),211- 14 
le HOs3(CO),,(H)2(SiHPh2) 15 
le 0s3(CQ I dW2WMe3)2 15 
le %H 2(W I 9 16 
le (Cp)WOs,(CO), z(CGH&H,)(H)z 17 
2e H,Ru,Rh,(CO), ,(PPh,) 18 
2e [Rh , w‘WW,zI-‘- 19 
2e Fe,(COCH3)(~2-CO)2(CO),(Cp) 20 
2e [Os,WO), d’Ph,l 21 
2e H2°S3(Coh(CS)S2 22 
2e 0s3WC12)(WI KH2) 23 
2e Fe3Wh(NHMe2)(S)2 24 
2e OS&O), , {CF3@WCWCF3) 25 
2e H2°s3(Co)~O@02) 26 
2e 0s,H2(CO)2,(MeCN)(PH) 27 
2e 0s3WJ2WO) I KH2) 23 
2e Hg(Fe2Co(CoMe)(Co),(Cp)), 28 
3e H2RMW&“Bu2) 29 
3e Os,(CO), dCHCH2WW 30 
3e Fe3G9 I dWI- 31 
3e HRu2Pt2(CO)3(P’Pr3)(Cp)2(CH) 32 
3e Ru3(CO)8(0C,H40Me-2) 33 
3e ]Fe3(CO),(NO)(NH)I- 34 
3e Os&,Ph)(C,Ph)(CO), 35 
3e HOs,(CO) ,,(CPhCHPh) 36 
3e 0s4H ,Br(CO) r 3 37 
3e Os,C(CO), ,(CO,Me)I 38 
3e H30s3(C0)9BC0 39 
3e Fe,(CO),(COCH,)(Bi) 40 
3e Co,MoFe(CO),(Cp)(S)(AsMe), 41 
3e Ruj(C(O)(Ph))(P(Ph)(c,H,N))(CO), 42 
3e [Fe2W(CO),(NO)(C,H4Me-4)(Cp)l 43 
4e OsdW,,WW,h 44 
4e 0s6H3(W1 &02WPW 27 
4e [Pt3WW~2-dppm)31+ 45 
4e (Cp)WOs3(CO),(0)(Cl)(CHCH2Tol) 46 
4e Os,(CO), ,(CCHPh) 47 
4e [Re,C(C0)2,(AuPPh3)]2- 12 
4e H,Os,(CO),(MeCCMe) 48 
4e (Cp)2MozFeTez(CO)3(CzHJ 49 
4e (Cp)2M02FcTc2(CO)3(C2H2) 49 
4e [Ir3Se2W%- 50 
5e D&O) I A- 51 
5e Ru,(CO) I ,Wp)(AuPPh,) 52 
5e Os,(C,PhW,PhWOh 35 
5e F-hN(CO),,l- 53 
6e Ru3PW,W’WGW 54 
6e Co3WWGMW 55 
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The number of M-M bonds is equal to 18 -0. This is just another way of saying that the metal 
must form (18 - V) 2c-2e bonds in order to bring its electron count up to the “magic number” of 
18. 

Consider the Os(CO), unit. This has 16 valence electrons (eight from OS and two from each of 
the carbonyls) and it will therefore need to form 18 - 16, i.e. 2 M-M bonds to reach 18. This is ‘seen 
in, for example, 

OdCO), 

(co), os/-\osko,, 
Rather than considering each ML, fragment in turn, a simple counting rule which gives the 

number of 2c-2e bonds can be derived. Consider a cluster M,L,, in which all the metals or ligands 
need not be the same. The number of M-M 2c-2e bonds, m, is given by, 

m = (18n-k)/2 

where k is the total electron count. Consider some examples of this : 

(a) Ir4(CO) l 259 
k = 4,zaz + ‘,i&? = 60 

m = (18x-k)/2 = (18 x4-60)/2 

m = 6. 

Therefore six M-M 2c-2e bonds are predicted for Ir4(C0)i2 and indeed, the structure is a 
tetrahedron. 

(b) Ps&0)1d’- 5’ 

m = (18 x 6-90)/2 

m=9 

(Note: P donates 5e to the valence shell of the metals, which is consistent with it occupying an 
interstitial site-Table 1). 

Therefore nine 2c-2e bonds are predicted and the structure is a trigonal prism of OS atoms. 

(c) [Ni8(PPh)6(C0)8]2- 6o 

k=8x10+6x2+8x2+2= 120 

m = (8 x 18- 120)/2 

m= 12. 

Therefore 12 2c-2e M-M bonds are predicted which is consistent with the observed cubic 
structure. 

Note that, here the observed structure is not the only one which could have been predicted on 
the basis of the number of 2c-2e bonds. For instance, the cuneane structure (Fig. 1) is also possible 
and has been found for the 120 electron complex CO$~(N~BU)(NO)~.~’ 

Fig. 1. The cuneane structure. 
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Fig. 2. (a) Bicapped tetrahedron. (b) Alternative four vertex structure with six M-M 2c-2e bonds. 
(c) Alternative six vertex structure with nine M-M 2c-2e bonds. 

(d) Another example where more than one structure is possible is OSLO 8,62 

k = 84 

m = (108-84)/2 = 12. 

Therefore 12 M-M bonds are predicted. The most obvious and most symmetrical polyhedron 
with 12 edges is the regular octahedron, however the actual structure of os6(CG)rg is a bicapped 
tetrahedron [Fig. 2(a)]. This structure, although it does have 12 M-M bonds, could not reasonably 
have been predicted. Similarly, for (a) and (b), above, alternative structures could be envisaged [Fig. 
2(b) and (c)l. This illustrates one failing of the EAN rule ; others will now be discussed. 

Consider [Gs,(CG) re12-, 

k = 86 

m = (108-86)/2 = 11. 

Therefore a polyhedron with 11 M-M 2c-2e bonds i.e. 11 edges would be predicted. The actual 
structure is an Oh octahedron. 63 This electron count is characteristic of octahedra and, in general, 
they show no tendency to undergo facile 2e oxidation reactions.” One possible explanation for 11 
electron pairs shared between 12 edges of a polyhedron could be in terms of resonance, i.e. a 
resonance hybrid of 12 canonical forms, each involving an octahedron with one edge broken. This 
is not really a satisfying explanation and a better one will be discussed in the next section. 

For all clusters of the Co and Fe subgroups so far synthesized the number of polyhedral edges 
is always greater than or equal to the number of 2c-2e bonds predicted by the EAN rule (see Table 
2). For most clusters with six or more metal atoms the general tendency is to have more edges than 
predicted (Table 2). Indeed, Ciani and Sironi 85 have performed extended Hiickel molecular orbital 
(EHMO) calculations on more than 100 hypothetical geometries for high nuclearity rhodium 
clusters, and have found that the “limit” imposed by the EAN rule is never violated. Clusters 
which obey the EAN rule are termed “electron precise”. 

No gold or platinum clusters are included in Table 2. This is because gold and platinum cluster 
compounds usually exhibit electron counts less than their Group VIII and Group IX counterparts. 
As the s-p separation increases from left to right across the TM series and down a group there is 
less tendency for p orbitals to be fully involved in skeletal bonding.“6 This is discussed in greater 
detail below. 

2.1. Breaking bonds and the EAN rule 

Examination of Table 2 will show that cluster geometries such as the “butterfly” and open 
triangle are related to the electron precise clusters by the removal of one, or more, edges. It is a 
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Table 2 

Structure E” 

Triangle 3 
Linear/open triangle 2 
Tetrahedron 6 
Butterfly 5 
Spiked triangle 4 
Trigonal bipyramid 9 
Square pyramid 8 
Edge-bridged tetrahedron 8 
Open square pyramid 7 
Bicapped tetrahedron 12 
Octahedron 12 
Capped square pyramid 11 
Spiked TBP 10 
Trigonal prism 9 
Edge broken trigonal prism 8 
Linked butterfly” 7 
Monocapped octahedron 15 
Bicapped octahedron 18 
Square antiprism 16 
Tetracapped octahedron 24 
lcosahedron 30 
Twinned cuboctahedron 24 

- 
kh m Example Ref. 

-.- 

48 
50 
60 
62 
64 
72 
74 
74 
76 
84 
86 
86 
88 
90 
92 
94 
98 

110 
114 
134 
170 
170 

12 
11 
11 
10 
9 
8 
7 

14 
17 
15 
23 
23 
23 

/Os,H(CO) I dMeCW+ 64 

0s3W)&iW2 65 

CpMo~rdCO) I 1 66 

[HFeKQ I & 67 

(Me JWO) .OsOs dWI , 68 

0s 5(W I 6 69 
Ru,WO) I 5 70 

H@s,(CO) I 6 71 

Ni,Ru3(~S-CP)2(CO)stC15-PPh) 72 

%iCO), &NW, 73 

W4W,, 74 
H,Os,(W, 8 7s 

[Fe,Rh,(CO)i,~~-C0)713- 76 
r@%(coh*~l- 51 
Os,(CO), *PC1 77 

PWWC0)2212- 78 

Ir,(CO)12(CsH:IZ)(CBHLI)(C8H10) 79 

P%(w2,1”- 80 

Rus(lix-P)(~1-rl’,?6-CH,C6Hs)(CO)ru 81 

~o~,o(w*412- 82 

[Rh,GWWn13- 83 

[Rh,&O),,Hd’- 84 

a E is the number of polyhedral edges. 
b k and m are defined above. 
’ Linked butterfly = two triangles joined by a bond. 

general rule that an edge is broken for every electron pair added to these clusters.g7 This is often 
put forward as evidence for the localized (i.e. “edge = Zc-2e bond”) nature of the bonding in these 
systems, that is, donation of 2e into a M-M antibonding orbital causes the bond to break. A 
similar argument can, however, be used within a delocalized bonding scheme; placing 2e in an 
orbital which has M-M antibonding character along an edge causes the edge to lengthen in order 
to reduce the antibondin~ character, thereby stabilizing the orbital. 88 This distortion is accompanied 
by some reorganization of the orbitals. 

Addition of 2e to a cluster not obeying the EAN rule does not tend to cause a bond to break 
but can result in a more fundamental structural reorganization. 

The main problem with the EAN rule arises from the assumption that the edges of a metal 
poIyhedron correspond to “normal” 2c-2e bonds. Although this tends to work for the planar ring 
compounds, three-connected polyhedra (tetrahedron, trigonal prism, cube, cuneane etc.) and some 
other low nuclearity geometries, it does not work at all well for most of the higher nuclearity clusters 
(n 2 6). For these, a delocalized bonding picture, in which edges no longer correspond to bonds, 
has to be used. Even for the clusters where the EAN rule does work it is often better to accept it as 
a guide to the number of polyhedral edges rather than a description of the bonding within the 
system. A delocalized scheme usually provides a more satisfying picture of the bonding. 

3. THE POLYHEDRAL SKELETAL ELECTRON PAIR THEORY (F’SEPT) 

The polyhedral skeletal electron pair theory (PSEPT) developed chiefly by Wade89 and Mingos” 
is probably the most widely used electron counting scheme. It has the advantage that, in its simplest 
form it is easily remembered and applied, and when various extensions and modifications are 
included, it tends to work for the vast majority of TM cluster systems. It also works very well for 
main group compounds (which will not be discussed here but see, for example ref. 89). By “work” 
it is meant that PSEPT can provide a rationalization of the structures of cluster compounds and 
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Fig. 3. Frontier orbitals of the M(CO)X unit. 

also some insight into the bonding. It has also been used to predict electron counts for cluster 
geometries before they have been prepared and the presence of H atoms. 

The PSEPT relies on the fact that the various polyhedra adopted by TM’s tend to have 
characteristic numbers of valence electrons available for skeletal bonding (Table 2). 

3.1. Close-clusters 

The PSEPT, as originally formulated, states that any &so-deltahedral* structure will have 
(n + 1) electron pairs involved in skeletal bonding. j7,*’ It assumes that each skeletal M atom uses 6 
AO’s for M-L bonding and occupation by non-bonding electrons leaving three available for 
skeletal bonding.57,8y These three orbitals are G!SJJ hybrids and are shown in Fig. 3. Thus, there is 
one “radial” orbital (pointing towards the centre of the polyhedron) and two “tangential” orbitals. 
The symmetry of these orbitals is such that, in a deltahedral structure (n+ 1) bonding or weakly 
antibonding MO’s are produced. go This was originally shown for [B6HJ2- by Longuet-Higginsg’t 

and has since been shown by Stoney2 using his Tensor Surface Harmonic (TSH) technique. Although, 
in the calculations on TM compounds it has not proved possible to identify the set of (n + 1) MO’s 
involved solely in strong M-M skeletal bonding, (2n- 1) high-lying antibonding orbitals 
composed mainly of s and p character can usually be identified. 8x,g3 This is entirely equivalent from 

an electron counting point of view. 
Consider the octahedra1 case; Lauher88 has shown that the genera1 features of the MO diagram 

for a bare M6 cluster are as follows. There are 43 CVMO’s (Cluster Valence Molecular Orbitals i.e. 
MO’s involved in holding valence electrons) and 11 HLAO’s (High Lying Antibonding Orbitals) 
with a large energy gap between the HCVMO (Highest CVMO) and the LHLAO (Lowest HLAO). 
When this “bare” cluster interacts with CO ligands to form a metal carbonyl cluster the symmetries 
of the possible combinations of CO orbitals are such that they match the existing CVMO’s, and 
therefore a bonding and high-lying antibonding orbital are produced, only the lower of which will 
be occupied for each symmetry group. Thus the number of CVMO’s in the octahedra1 TM cluster 
will be 43.@ This result is confirmed by Mingos’ calculations on [CO,(CO)~~]~- g3 and Mingos and 
Forsyth’s work on M6Hs (M = Co, Ir). g4 For the octahedra1 case the PSEPT would predict (6 x 6) 
MO’s involved in M-L bonding or holding non-bonding electron density and (n+ 1) = 7 MO’s 
involved in skeletal bonding ; thus the number of occupied MO’s predicted by the PSEPT is also 
43. It is reassuring that an electron count of 86 is observed for the majority of octahedral clusters. 
The predictions of the PSEPT for other systems are given in Table 3. Lauherg8 has performed 
EHMO calculations on several geometries and has produced results in genera1 agreement with these 
predictions. This gives us the “rule” that a transition metal carbonyl cluster with a &so-deltahedral 
geometry will have (7n + 1) CVMO’s. g6 This number has, in fact, been found for those deltahedral 

* A deltahedral structure is one which has all triangular faces. 
t B-H is isolobal with an M(CO), unit in that the symmetry, energy and extent in space of the frontier 

orbitals of the two fragments are similar. This means that arguments based mainly on symmetry, as in the MO 
calculations will apply equally well to an (M(CO),), cluster as to a [B,Hd2- cluster. See, for example 
Hoffmann in ref. 129. 
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Table 3 

Structure CVMO” CVMO,,, 7n + 1 Example Ref. 

TBP 36 
Octahedron 43 
Pentagonal bipyramid 49 
Dodecahedron 56 
Tricapped trigonal prism 64 
Bicapped square antiprism 71 
Icosahedron 85 

“EHMO calculations by Lauher.” 

36 
43 

- 

71 
85 

36 
43 
50 
57 
64 
71 
85 

Os,(CO),, 69 
[Oss(CO)1*12- 63 

[Rh,oS(CO),,l’- 95 
[Rh,2Sb(CO)27]3- 83 

Table 4 

Structure CVM09’ CVMO,s,, 7n + 1 Example Ref. 

Square antiprism 57 
Bicapped cube 71 

Cube octahedron 85 

57 

85 

57 
71 

85 

D8~w,,w 97 

[Rh,,WhH,l*- 84 

geometries which have so far been synthesized (Table 3). For several non-deltahedral geometries 
the (7n+ 1) CVMO count is also observed (Table 4). 

Thus from PSEPT the 86e count for an octahedron is no longer anomalous. However, although 
the “(2n+ 1) rule” works quite well for deltahedral and some other structures, there are a great 
many geometries for which it does not work. These structures will be discussed below. 

3.2. Nido- and arachno-structures and the capping principle 

(a) Nido-clusters. There is a family of clusters which have (7n + 2) CVMO’s and structures based 
upon the polyhedron with (n+ 1) vertices. v”,v6 These polyhedra are called nido- (nest-like). Their 
structures can be derived by removing a vertex (not necessarily the one of highest connectivity) from 
the polyhedron with (n + 1) vertices. Examples of nido-clusters are given in Table 5. 

It is perhaps slightly artificial to regard the tetrahedron as a “nido-trigonal bipyramid” and this 
structure will be discussed in more detail below. 

(b) Arachno-clusters. Arachno-(web-like) clusters have (7n + 3) CVMO’s and structures obtained 
by removing two vertices from (n + 2) vertex parent polyhedra.v0~g6 Examples of arachno-clusters 
are in Table 6. 

For both the nido- and arachno-clusters the number of skeletal bonding electron pairs is the 
same as that of the parent polyhedron. The number of CVMO’s decreases by six for each vertex 
removed ; consistent with the removal of the M-L bonding and non-bonding orbitals of the vertex 
unit (vide infra). 

Table 5 

Structure Based on Y” Zh 

Tetrahedron TBP 36 30 
Square pyramid Octahedron 43 37 
Capped square Bicapped square 

antiprism antiprism 71 65 

u Y is the no. of CVMO’s of the parent, close-polyhedron. 
’ Z is the observed number of CVMO’s. 

7nf2 Example Ref. 

30 Ir,(CO) , 2 59 
37 %(CO) I SC 98 

65 NM’(W,,1*- 99 
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Structure Based on Y” Zb 7n+2 Example Ref. 

Triangle TBP 36 24 24 Os,(CO) I2 58 
ButterAy Octahedron 43 31 31 WJ-BCO) I 31- 67 
Square antiprism Bicapped square 

antiprism 71 59 59 [NWWO)1612- 100 

a Y is the number of CVMO’s of the parent, close-polyhedron. 
‘Z is the observed number of CVMO’s. 

The arachno- and &o-clusters do not represent a very important class of cluster compounds 
and generally their description in terms of the PSEPT, although perfectly correct, is not really useful. 
For example, describing Os,(CO), 2 as an “aruchno-trigonal bipyramid” does not provide any further 
insights into the bonding in the system. 

(c) Capped clusters and the capping principle. The capping principle was first introduced by 
Mingos. 87 It states that a capped polyhedral cluster has the same number of bonding skeletal MO’s 
as the parent, uncapped polyhedron. 94 The capping principle does not just apply to capping of 
&so-polyhedra but also works for capping nido- and arachno-polyhedra and those structures which 
do not obey the PSEPT. The electron count for a capped polyhedron will generally be 12x greater 
than that for the parent polyhedron, where x is the number of capping atoms. The value 12 comes 
from the six MO’s involved in M-L bonding or holding “non-bonding” electron density, which 
the capping group supplies. Table 7 gives some examples of capped structures. 

MO justification of the capping principle. The capping principle is obeyed because the frontier 
orbitals of an M(C0)3 capping group are of the correct symmetry to interact with CVMO’s of the 
parent cluster. 94 The strongest interaction will be between the Ai and E (referred to an axis through 
the centroid of the face to be capped) orbitals of the M(C0)3 fragment and skeletal bonding orbitals 
of the same symmetry on the parent polyhedron. This interaction will, in each case, produce a 
bonding and an antibonding MO. 94 The antibonding MO will be high in energy (strong interaction) 
and therefore empty whereas the bonding orbital will be filled. The other six orbitals of the M(CO)j 
unit (those used for M-L bonding and holding non-bonding electron density) will not interact very 
strongly with the orbitals of the parent polyhedron and will remain relatively unperturbed. The 
number of M-M bonding MO’s has thus remained the same and the number of CVMO’s has 
increased by six. Figure 4 shows a schematic diagram of the capping process, after the one by 
Mingos and Forsyth,94 which illustrates this point. The general features of the diagram are supported 
by EHMO calculations on Co4H4 and CO~H~.~~ 

The capping principle is obviously related to the formation of nido- and urachno-clusters.94 

Table 7 

Structure0 n Y z x Y+ 6x Example Ref. 

M.C. TBP 6 36 42 1 42 
B.C.tetrahedron 6 30 42 2 42 
M.C. square pyramid 6 37 43 1 43 
M.C. octahedron 7 43 49 1 49 
B.C. octahedron 8 43 55 2 55 
B.C. trigonal prism 8 45 57 2 57 
M.C. square antiprism 9 57/59b 65 1 63165 
B.C. square antiprism 10 57159 71 2 69171 
TETRA C. octahedron 10 43 67 4 67 
HEXA C. octahedron 12 43 80 6 79 
PENTA C. cube 13 60 90 5 90 

OS6(CO) I8 62 
HO+,(CO),,(PPh,Me)(AuPEt,) 101 

H@s,(CO),, 75 

[Rh,(W,.s13- 102 
[ResWO)241’- 103 

CuJWCC% s(NCCHJ, 104 
tRh,P(CO),,l*- 99 
[Rh,oW0M- 95 
t~Qcw0h41*- 82 
Fe,&WOh4H13- 105 
[Rh,,(W,,14- 106 

“M.C. = “monocapped”; B.C. = “bicappecl”; C. = “capped”. 
“Both have been observed.67v97 
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Fig. 4. Schematic diagram showing the effect of a capping group on the MO energy levels of a cluster. 

When a vertex group is removed a strongly bonding and antibonding set of MO’s will be replaced 
by just a bonding set. Also, six non-bonding/M-L bonding orbitals will be removed, therefore no 
extra skeletal bonding MO’s have been produced and the number of CVMO’s has decreased by six, 
as is seen for the clusters in Tables 5 and 6. 

Mingos et al. have shown that “problems” can arise with multiple capping of polyhedra in that 
symmetry orbitals of the capping groups can be generated which are of the correct symmetry to 
interact with antibonding orbitals of the parent polyhedron and therefore produce “extra” occupied 
orbitals.94,‘07~‘08 Indeed Mingos and Johnston lo8 have predicted that capped three-connected 
polyhedra where the capping atoms form a ring will be characterized by N+ 12x + 2 or N+ 12x + 4 
electrons, where x is the number of capping groups and N is the electron count characteristic of the 
parent polyhedron. Thus, one or two “extra” CVMO’s are produced. Tricapped trigonal prismatic 
geometries have been observed for the post transition metals and [Ge9]‘- has an electron count of 
128e (N+ 12x+2) and [Big]‘+ has 130e (N+ 12~+4).‘~~*‘*~ A similar argument is likely to apply 
to the hexacapped octahedron, [Fe,Pd,(CO),,H13- (Table 7) which has one more CVMO than 
“expected”. 

3.3 Condensed polyhedra 

It has been noticed97v’ ’ ’ that many higher nuclearity transition metal carbonyl compounds have 
structures derived by the condensation of smaller polyhedra; that is, they are fused close-polyhedra 
sharing a common vertex, edge or face. Mingos96*“2,“3 h as derived a simple electron counting 
scheme for these clusters which can be stated, 

The total electron count in a condensed polyhedron is equal to the sum of the electron counts for 
the parent polyhedra minus the electron count characteristic of the atom, pair of atoms, or face of 
atoms common to both polyhedra. 

The characteristic electron counts96, ’ ’ 2, ’ ’ 3 are shown in Table 8. They correspond to the electron 
counts for the shared unit when it exists as an isolated cluster e.g. 18e is characteristic of mononuclear 
compounds such as Fe(CO)5,“4 34e, a binuclear unit e.g. Mn,(CO),o”5 etc. Examples of condensed 
polyhedra with their electron counts are given in Table 9. 

As well as viewing condensation as a fusion process between two close-polyhedra it can be 
regarded as an interaction between a close-unit and a nido-, arachno-unit etc.96 This leads to a 
theoretical justification of the electron counts for condensed polyhedra. MO calculations have 
shown94,‘24 that a nido-polyhedron has three frontier orbitals of a, and e symmetry, capable of 
interacting with suitable orbitals of a close-polyhedron. These orbitals on the close-polyhedron are 
the frontier orbitals which would have interacted with ligands had they been present and so are 
included in the number of available CVMO’s for the close-polyhedron. When the two units interact, 
three bonding and three antibonding orbitals are produced. The total number of orbitals available 
for occupation by electrons in the condensed polyhedron is, therefore, three less than the number 
in the separate nido- and closo-units.96 Now, a nido-unit has six less CVMO’s than the close-unit 
from which it was derived and therefore, if the condensation process is viewed in terms of a close 
close-interaction, the total number of CVMO’s in the resultant molecule is nine less than the total 
for the two close-units. A vertex sharing condensed polyhedron, thus, has 18e less than the sum of 
the electron counts for the two close-polyhedra from which it was derived. 
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Shared unit 

Vertex 
Edge 
Triangular face 
Triangular face 
Square face 
Square face 
“Butterfly face” 

Subtract 

18e 
34e 
48e 
.5Oe* 
62eb 
64e’ 
62e 

u When both parent polyhedra are delta- 
hedra and have nuclearity of six or greater. 

‘When either of the parent polyhedra is a 
deltahedron. 

‘When both parent polyhedra are three- 
connected polyhedra. 

An edge sharing condensed polyhedron can be envisaged as being formed from a &so-fragment 
and an uruc~~u-fra~ent. It has been shown 124-‘26 that an ~r~c~~~-unit has five frontier orbitals 
(a,, er, ez) suitable for interaction with a &so-unit. This time, five bonding and five antibonding 
MO’s are produced. An arachno-fragment has (2 x 6) = 12 CVMO’s less than a close-unit and 
therefore, the total number of CVMO’s for the condensed polyhedron is the sum of that for the 
close-units minus (12 + 5) = 17. Seventeen being the number of CVMO’s characteristic of a binuclear 
unit. 

Following the above arguments, a hypho- (3 vertices missing) fragment could interact with a 
close-polyhedron to give a triangular face sharing unit. A hypho-fragment would thus be expected 
to have six FO’s available for interaction with the &so-unit in order to give a total of 24 CVMO’s 
less than in the isolated cfoso-units. Of course, the situation is made more complicated by the 
possibility of two electron counts for the shared facial unit (48e and 5Oe) and a full MO approach 
would be desirable. 

The capping principle (vide supra) is just a special case of the condensation principle in that 
addition of a capping atom to a triangular face can also be viewed as the condensation of a 
tetrahedron and a clo~o-polyhedron. 

Table 9 

Compound Parent polyhedra Shared unit Z,,,- zpredic* Ref. 

2 triangles 
Butterfly, open triangle 
2 triangles 
Tetrahedron, triangle 
2 octahedra 
Bicapped tetrahedron, 

tetrahedron 
Square pyramid, TBP 
2 octahedra 
3 octahedra 

1 vertex 
2 vertices 
1 edge 
1 edge 
1 edge 
1 edge 

1 face 
1 face 
1 face 
1 butterfly 

78e 48+48- 18 = 78 116 
76e 62+50-2x 18 = 76 117 
62e 48+48-34 = 62 118 
74e 60+48-34 = 74 71 

138e 86+86-34 = 138 119 
1lOe 84+60-34 = 110 120 

98e 74+72-48 = 98 121 
122e 86+86-50 = 122 122 
148e 86x 3-50-62 = 146 123 

=Zobs. is the observed electron count for the cluster. 
bZ,,redict is the electron count predicted on the grounds of the condensation principle, above. 
‘One of the few clusters for which the condensation principle does not work. The count of 50e is subtracted 

for the triangle since the parent &so-polyhedra are deltahedra of nuclearity six. 
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The condensation principle holds quite generally for a wide range of clusters including those in 
which the individual &so-units do not obey the PSEPT. It must however be modified for dealing 
with gold and platinum clusters.‘26 

3.4. Extension of PSEPT to non-conical M(CO), fragments 

Cluster compounds containing M(CO), units often adopt “unusual” geometries e.g. the edge 
bridged tetrahedron of H20sS(CO),6;7’ the “bowtie” of Os,(CO),, ;I*’ the “raft” of Osg(CO), 7 
(POMe& ’ This can be attributed to the different bonding characteristics of an Os(CO), as 
compared to an Os(CO), unit.‘** 

The PSEPT, as originally derived, assumed that a polyhedral vertex unit (e.g. M(C0)3, BH) 
supplies three orbitals for cluster skeletal bonding. A comparison of the FO’s of an M(C0)3 and a 
CzU M(CO), unit shows that the arrangement is quite different, with one of the orbitals of the e set 
being substantially lowered in energy (Fig. 5). In spite of this difference Mingos and Evans’** have 
shown that one M(CO), fragment can replace an M(C0)3 unit in an electron precise or deltahedral 
cluster without changing the electron count. There is, however, a decrease in the M-M bond 
strength within the cluster due to the different bonding characteristics of the two units. 

The differences between the FO’s of M(C0)3 and M(CO), does lead to differences in the bonding 
modes adopted by the units. The CzV Os(CO), group often adopts an edge bridging mode (see Table 
10). In these cases the electron count can be rationalized by viewing it as a 2e donor ligand, ‘** using 
its two high-lying frontier orbitals to bond to the cluster. In this way Os(CO), is regarded as being 
isolobal with CH2.13* 

Consider H20ss(C0)i6 i.e. [HZOs4(CO),2][Os(CO)4]; the H20~4(CO),2 unit has 58 valence 
electrons and the extra two, required for the tetrahedral structure are provided by the Os(CO), 
bridging ligand. If the Os(CO), unit is included in the electron count for this cluster then the 
electron count is 74e rather than 60e. This increase of 14e in the electron count upon addition of an 
edge bridging group is a general feature and has lead Mingos and Evans’*’ to the conclusion that 
the electron count for edge bridged polyhedra is N+ 14x ; where N is the electron count characteristic 
of the unbridged polyhedron and x is the number of bridging groups (Table 10). The theoretical 
justification of this rule is the same as that for the capping principle and in fact this could be regarded 
as the “2-D capping principle”. 

Just as problems can occur with multiple capping of structures, Mingos and Evans’*’ have 
shown that in the 90e M, raft systems (M, triangles with three edge bridging groups forming a ring) 
a low lying unoccupied a; MO is generated which gives the possibility of facile 2e reduction to the 

WCO)4 wco)3 

Fig. 5. Comparison of the frontier orbitals of an M(C0)3 and M(C0)4 unit. 
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Structure Basic unit Nb x N+14x Z,,&.= Example Ref. 

Triangle Linear binuc. 34 1 48 48 Os,(CO) I2 58 
Butterfiy Linear binuc. 34 2 62 62 HOs,Re(CO), 5 129 
Edge bridged capped 

square pyramid 72 1 100 100 H,Os,(CO),, 130 
Edge bridged square 

pyramid 74’ 1 88 88 PtOs 5(CO), &‘Phd,S 131 

’ Zobs. is the observed electron count. 
b N is the electron count of the parent polyhedron. 
‘Based on PtOs,(CO), ,(PPh,),S. 131 

Fig. 6. The a; MO of a planar OS, raft system. 

92e cluster. This MO is shown in Fig. 6. A 92e cluster with a structure based on a raft has been 
reported. [RugH(pL-O=CNMe,),(CO) I J- 133 is a 92e compound consisting of a puckered ring of 
six Ru atoms which can be viewed as being derived from the raft by breaking the internal edges i.e. 
adding two electrons to the a; orbital. 

3.5 Gold clusters 

So far no mention has been made of gold clusters ; an examination of Table 11 shows why. 
(a) Homonuclear gold compounds. All the clusters in Table 11 have electron counts lower than 

would be expected by the PSEPT as already discussed. The reason for this is the differences in the 
FO’s between an M(C0)3 group and an AuPR, group (Fig. 8).‘42 

In AuPR, there is one low-lying radial sp, hybrid orbital and two high-lying pn tangential 
orbitals. ‘42 In gold cluster compounds these tangential orbitals play very little part in cluster 
bonding, this being dominated by the radial interactions.‘42-‘44 The reasons are the high-lying 
nature of the pn orbitals (i.e. the high s-p promotion energy for gold) and the small 6pz4pn overlap 
integrals. ‘43,‘44 MO calculations have confrrmed the predominance of the radial interactions.‘43*‘44 

An MO diagram for [Au6(PPh3),J2+ is shown in Fig. 9.144 The diagram shows the four fairly 
low-lying orbitals (of A ,g and T,, symmetry) which are most important in skeletal bonding. Analysis 

la) 

l P 

Oh 

bl s 0 l P 

b 
Oh 

Fig. 7. (a) [Au8(PPh&]*+. (b) [Aug{P(C6H,-pMe)}8]3+. 
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Fig. 8. Comparison of the frontier orbit& of an M(CO), and an AuPR, unit. 

Fig. 9. MO energy level diagram for [Au6(PPh,),12+. 
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Compound Structure 

Distorted tetrahedron 
Planar rhombus 
Distorted octahedron 
Edge sharing tetrahedron 
Pentagonal bipyramid 
Fig. 7(a) 
Fig. 7(b) 

Z obsP 

54 
52 
76 
76 
90 

100 
112 

PSEPTb Diff.’ Ref. 

60 -6 135 
62164 - 10/12 136 

86 -10 137 
86 -10 138 

100 -10 139 
104? -4 140 
122? -10 141 

‘Zobs, is the observed electron count. 
‘Note-adoption of unusual geometries and distortions make predictions based on the PSEPT 

only approximate. ’ 34 
“‘Diff.” refers to the difference between the electron count predicted on the basis of the PSEPT 

and that observed. 

based upon Stone’s Tensor Surface Harmonic (TSH) theoryq2 reveals that for Au(PR&, with n = 4, 
the T,, set is strongly antibonding but that it becomes less antibonding as the nuclearity is increased. 
For IZ < 6, TSH analysis thus predicts one stable low-lying MO but four stable radial MO’s for 
n > 6. ‘44 Electron counts of 12n+2 for n < 6142 and 12n+8 for n > 6’44 would therefore be 
expected. For low nuclearity clusters, although the electron counts are close to 12n + 2 they do not 
follow the rule exactly. This is because the situation can be further complicated by distortions of 
the metal framework and by the presence of bridging ligands, both of which can cause stabilization 
of some components of the T,, set and therefore influence the electron count.‘42 

The pentagonal bipyramid [Au7(PPh3)7]+ has a distorted geometry with a very short Au,,.-Au,,. 
distance. This tends to destabilize one component of the T,, set (P:, using Stone’s notation-see 
Appendix I) to give the 12n + 6 electron count observed. ’ 34 

Mingos et al. ’ 44- ’ 45 have proposed a simple electron counting scheme for high nuclearity clusters 
of general formula [Au(AuPR,),y+, that is, clusters containing an interstitial or partially encap- 
sulated Au atom. If the polyhedron is approximately spherical then the electron count is given by 
12n + 18 whereas if the polyhedron has the general form of a ring or torus then the electron count 
is 12n+ 16 (Table 12). The basis of the rule is quite simple. For the basic spherical cluster, without 
the interstitial atom, the MO diagram is shown in Fig. 9, with four radial bonding MO’s. When the 
interstitial atom is added the s and three p orbitals match the Al, and T,, set of the spherical 
cluster’44 and produce a bonding and an antibonding set of four orbitals of which only the former is 
available for holding electron density. The five filled d orbitals of the interstitial atom will be 
virtually unperturbed, 143 therefore the number of bonding MO’s does not change but the electron 
count is increased by ten. The total electron count is, thus 

J2t + inAititial + lo 
i.e. 12n+ 18. 

polyhedron atomdorbital 

Table 12 

Compound Z” n obs Type Prediction Ref. 

[Au 1 3C12(PMe2Ph) I d3’ 162 12 Spherical 12n+ 18 = 162 146 
[Au, ,I,@‘Ph,M 138 10 Spherical 12n+l8 = 138 147 
bhF’t~-W,~d~+ 112 8 Non-spherical 12n+16 = 112 148 
[Au,(P@-CsH,0Me)3)813+ 112 8 Non-spherical 12n+l6 = 112 141 
WASCNMPCY 3) 51 112 8 Non-spherical 12n+16 = 112 149 
[AMPPh,M*+ 100 7 Non-spherical 12n+ 16 = 100 140 

’ Zobs. is the observed electron count. n is the number of “surface” metal atoms. 
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Fig. 10. Heteronuclear clusters containing gold atoms. 

The difference for the non-spherical clusters arises because of the destabilization of the P,” 
component of the T,, set so that it becomes non-bonding or antibonding and unavailable for 
occupation. ‘34,143*‘44 Only two of the three p orbitals of the Au will interact with the T,, set, the 
third remaining approximately non-bonding and unavailable. The electron count is, therefore 
12n + 16. By interacting with the A lg and T,, set the interstitial atom causes a stabilization of these 
orbitals and, therefore enhances the skeletal bonding. ‘43 

Another consequence of the radial bonding in the gold clusters is the tendency to adopt structures 
with the maximum number of triangular faces. This maximizes the nearest neighbour bonding 
interactions and therefore stabilizes the structure. 142-‘44 The predominance of radial bonding has 
also been used as an explanation of the stereochemical non-rigidity of the Au framework in 
solution. ’ 34,‘44 

(b) Heteronuclear gold complexes. The electron counts for heteronuclear gold compounds can 
generally be rationalized, either by : (i) regarding the AuPR, unit as a one electron donor ligand or 
(ii) by including the Au atom in the polyhedral skeleton. 

(i) This approach relies on the well documented isolobal analogy between H and AuPR,, whereby 
H and AuPR, are seen to adopt similar bonding modes in a wide variety of cluster compounds (see 
refs in Table 13). So, the electron count in Ru~(CO),&~-C~)(~~-AUPP~J’~~ can be rationalized 
as 47e from the Ru3(CO), &-Cl) unit and le from AuPPh, giving the 48e characteristic of a trian- 

Table 13. Gold compounds in which the isolobal analogy with H can be applied. 

Compound Structure 
Electron count 
Obs. Predict Ref. 

FeCo,(CO),,AuPPh, 
Ru,(COMe)(CO) , ,AuPPh, 
Ru3(COMe)(CO)gH,AuPPh, 
Ru,(CO) 1 5C(NO)AuPPh, 
Os,(CO) , ,PAuPPh, 
Ru,(CO), ,C(PPh,)IAuPPh, 

Tetrahedron 
Triangle 
Triangle 
Octahedron 
Trigonal prism 
Open square pyramid 

60e 
48e 
48e 
86e 
90e 
76e 

60e 150 
48e 151 
48e 151 
86e 152 
90e 21 
76e 153 
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Table 14. Gold compounds with short Au---Au contacts or unusual 
electron counts 

Compound 
Electron count 

Struct. ref.” Z,, Predict Ref. 

OsdCO) I &NPMePh3)~ 
Ru,(CO)$(AuPPh,)z 
HRuXCO) , dAu=‘hJ 3 
Fe&O) , K(A*Et d2 
Ru~Co(CO),,(AuPPh~)~ 

Ru~(CD)~(O~H~)(AuPPh~)~ 

’ See Fig. 10. 

CUPBIY 82e 86? 156 
DEBDUJ 72e 72e 157 
BIHREP 96e 96e 158 
BISBUA 86e 86e 159 
BIXCAM 96e 96e 160 
BIHRAL 86e 84e 161 

gular framework. Similarly, for Ni(Cp)Os3(CO)&2-H)2(~~-AuPPh3)‘5s there are 59e from the 
Ni(Cp)Os3(CO)&2-H)2 and le from AuPPh, giving the 60e required by a &so-tetrahedron. 

(ii) Table 14 shows that bonding modes adopted by AuPR3 are often quite different from those 
of H. The compounds in Table 14 all have Au--- Au distances suggestive of an Au-Au bond. For 
these compounds it is more realistic to treat the Au atom as part of the polyhedral framework and 
utilize the condensation and capping principles (aide supra). 

The single radial FO of the AuPR3 unit can interact with a suitable orbital on the main cluster 
framework to produce a bonding and a high-lying antibonding orbital, of which only the former 
will be filled (Fig. 11). The tangential orbitals of the AuPR3 unit are too high in energy to overlap 
effectively with cluster FO’s and will remain empty. Thus, as in the capping principle for M(CO), 
clusters, no extra cluster bonding orbitds are produced and the electron count for the capped cluster 
is 12e greater than for the parent polyhedron due to the six low-lying orbitals of AuPR3 (5 d and 1 
Au-P bonding) which remain relatively unperturbed. i34 When the AuPR, adopts an edge-bridging 
mode it also causes an increase of 12e in the total electron count. * 34 This can be understood using 
the same reasoning, 

This approach to bonding works well in the majority of clusters in Tables 13 and 14. The 60e 
count (now including AuPPh,) for Ru3(CO),&-Cl)&-AuPPh3) is that expected for an edge- 
bridged planar triangle. H20sq(CO) ,2(AuPPh3)2 can be regarded as a basic tetrahedron (60e) edge- 
bridged by one AuPPh3 (+ 12e) then capped by another (+ 12e) to give the observed 84e count. 

It is interesting to note that the heteronuclear gold containing tetrahedra and trigonal bipyramids 
will be expected to have the same electron counts as their Group VIII and Group IX metal carbonyl 
counterparts. Also Fe4(CO),,C(AuPEt3), has the 86e expected (on the basis of the “(n+ 1) rule”) 
for a close-octahedron or “bicapped butterfly” (vide supra). 

For some of the compounds in Table 14 the electron counts cannot be rationalized using PSEPT 
and in these cases the only recourse is to a full MO calculation.‘62 

3.6. platinum clusters 

Homonuclear cluster complexes of platinum have electron counts intermediate between those 
for gold clusters and clusters based on the M(C0)3 (M = Fe, Ru, OS) unit (Table 15). For the higher 

D 
-______---- 

e 

Fig. 11. Schematic diagram showing the effect of an AuL group on the frontier orbitals of a metal 
cluster unit. 
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Table 1.5. Electron counts for platinum clusters 

Compound Geometry 2” Ref. 

Triangle 
Triangle 
Triangle 
Open triangle 
Tetrahedron 
Tetrahedron 
Butterfly 
Tetrahedron 
Butterfly 
Linear 
Linear 
Edge broken TBP 
Edge bridged tetrahedron 
Trigonal prism 

42e 166 
43e 167 
44e 168 
44e 169, 170 
48e 171 
50e 172 
54e 171 
56e 172 
58e 173 
62e 174 
64e 175 
68e 176 
70e 177 
86e 178 

“Z is the electron count for the cluster. 
‘Recrystallized from toluene/pentane’69 or benzene/diethyl ether. I70 

nuclear&y clusters the bonding is dominated by the radial interactions but tangential orbitals become 
more important as the nuclearity is reduced.’ 6 As for gold complexes, the lower electron counts are 
the result of the high lying nature of the p orbitals on the metal making their full involvement in 
bonding energetically unfavourable. 

Much theoretical work in this area has focussed on the compounds of general formula 
Pt3(pL-X)3(Y)3 (where all X and all Y need not necessarily be the same).‘63-L65 These com- 
pounds are characterized by electron counts of 42e or 44e, with 42e being more common (Tables 
15 and 16). There is also one 43e complex which has been characterized by X-ray crystallography 

Table 16. Pt 3 clusters 

Compound Z Av. Pt-Pt dist./A Ref. 

IPt~(~z-PPh2)*tCr,-H)(PPh,),lt 42e 2.74 179 
Pt,jp,-C(OMe)(p-C,E-[,Me)) 3(CO)3 42e 2.62 180 
[Pt,Ol2-CO),(PCy3)3(AuPCy3)1+ 42e 2.70 181 
Pt5(~z-CO)(~*-CNCsHP)Z(CNCs’H9)(PCy~)~ 42e 2.63 182 
Ptj(~z-CNC,H,),tCNCBH9)Z(PCy3) 42e 2.63 182 
IPt,Ocz-CO)z(~z-S02)(PCy3)3(AuPCy,)l~ 42e 2.70 183 
Pt,(~,-SnN(SiMe,),),(CO), 42e 2.76 184 
PU/wC%(PPh,), 42e 2.66 166 
[PUwCQ(dppm)J” 42e 2.63 185 
Pt,(~c,-Ph)(~2-PPh2)~2-SO*)(PPh3)~ 42e 2.76 165 

~~(~*-SO~)~(PPh~)~ 42e 2.70 186 

Pt&-H),Hx(P’Bu3)3 42e 2.82 172 
[Pt3(C0)3I~*-Fe(C0)4)31- 43e 2.66 167 
PU+SO&(PCy&(dPpp) 44e 2.80 168 
Pt3(~*-CI)(CI2-SO2)2(PCy~)3(AuP(p-C6H,F),) 44e 2.86 183 
[Pt~fCO),{~,-FefCO),),l’- 44e 2.75 167 
Pt,~~-PPh,),(Ph)(PPh3)2 44e 3.03” 169 
PU@Ph&(Ph)(PPhh,), 44e 3.00b 169 
PU./wPPhJ,(Ph)(PPh.& 44e 3.07” 170 

“Recrystallized from toluene~~ntane, Pt-Pt distances of 2.757(l), 2.757(l) and 3.586(l) A. 
b Recrystallized from CH,Cl,/pentane, Pt-Pt distances of 2.956(l), 2.956(l) and 3.037(l) I%. 
‘Recrystallized from benzene/diethyl ether, Pt-Pt distances of 2.78.5(l), 2.785(l) and 

3.630( 1) A. 
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Fig. 12. The aF MO of Pt,(p,-CO),(CO),. 

(Table 15). The 42e count can be compared with the 48e found for M3(CO)i2 (M = Fe, Ru, OS) 
clusters. The difference is due to p orbitals on the metals perpendicular to the M3 triangle not 
being involved in bonding in the platinum clusters.‘87 The bonding within the M3 triangle is of a 
similar form for the two cases. 

Several workers’6”6s have commented on the critical role played by the bridging ligands in 
determining the stable electron counts for the triangular clusters. Hoffmann et ~1.‘“~ have come to 
the conclusion, based on MO calculations, that complexes with n-donor bridging ligands (i.e. low 
lying tangential orbitals) such as PH; or the halogens should be characterized by 44 valence electrons 
due to the stabilization of an a; MO (Fig. 12). This orbital is the HOMO in the 44e complexes but 
is empty in 42e systems. The 42e complexes will be formed by bridging ligands, such as CO, with 
n-acceptor properties (i.e. high lying tangential orbitals) which do not stabilize the a; orbital 
sufficiently for it to be occupied. The a$ MO is antibonding between the metal atoms and its 
occupation would be expected to cause an increase in the Pt-Pt distance for the 44e complexes 
relative to the 42e ones.‘63 It is indeed found that, in general, the 44e Pt complexes have longer 
M-M bonds than the 42e (Table 16). Occupation of the a; orbital can also lead to distortion away 
from Dy symmetry although calculations have shown that this is probably the results of steric 
rather than electronic effects. ‘63,‘64 The presence of x-orbitals, on the bridging ligands, perpendicular 
to the M, plane can also influence the electron count and Mingos et a1.16’ have attributed the 
formation of the 44e cluster fPt3(~2-C0)3(C0)3]2- “’ to the stabilization of an a;’ orbital by CO rc*, 
as shown in Fig. 13. The X-ray crystal structure of this complex has not been determined but it 
would not be expected to show the longer bond lengths characteristic of the 44e clusters since the 
a;l orbital is not antibonding between the metals. 

Thus, it is seen that the electronic properties of the bridging ligands are very important in 
determining the electron count in the Ptj systems. The variety of ligands found in these systems and 
the subtle differences between them, however, makes predictions of electron counts difficult. 

Higher nudearity platinum clusters. Evans and Mingos ’ 89 have made some studies on higher 
nuclear&y neutral Pt clusters, building them up from PtL, fragments and showing that the electron 
count depends on the o~entation of these units. For larger clusters a modification of the condensation 
principle taking into account the incomplete use of p orbitals can be employed to rationalize the 
electron counts. ’ 26 Characteristic electron counts are shown in Table 17 with examples of appli- 
cations in Table 18. Uncertainties about electron counts for the parent polyhedra introduces some 
degree of arbitrariness into this approach, however it does provide a useful guide to electron counts. 
When condensation occurs through a Group VIII or IX atom (i.e. one that usually obeys the 18 
electron rule in mononuclear complexes) then the usual condensation principle, discussed above is 
used. lz6 

Fig. 13. The a> MO of Pt,(p&O)J(CO)3. 
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Table 17. Characteristic electron counts for 
platinum clusters” 

Geometry Electron count 

Mononuclear 
Binuclear 
Triangular 
Tetrahedral 
Trigonal bipyramid 
Trigonal prism 

16e 
30e 

42e, 44e 
56e 
68e 
86e 

“Electron counts are based on observation of 
known cluster geometries and on MO calculations 
on clusters (PtL,),.‘26*‘87 

Table 18. Examples of condensed platinum clusters 

Compound 
Parent 

polyhedra Shared unit Zobs. Zpredict Ref. 

[Pt4012-H)4H3(PfBu~)41+ 2 triangles 1 edge 54e 42+42-30 = 54 171 
Pt&-CO),(dppm),(dppm=O) 2 triangles 1 edge 58e 44+44-30 = 58 173 
Pts(SG&(CG)&G)(PPhA Tetrahedron 1 edge 70e 56+44-30 = 70 177 

IJ triangle 
Pt,(CNR) I I(PT,v~-CNW Trigonal 2 edges 96e 68+2x44-2x30 = 96 190 

bipyramid 
2 triangles 

3.7. The transition from molecular cluster to bulk metal 

Here we will discuss the various theories which have been put forward in an attempt to rationalize 
the electron counts of high nuclearity close packed clusters with structures often based on fragments 
of a metallic lattice. Three main approaches for electron counting will be considered : 

(a) Mingos’ 87 has divided the high nuclearity clusters into three classes : 

(i) Clusters where radial bonding predominates : L : M ratio less than N 1.3. 
(ii) Clusters where tangential bonding interactions make a partial contribution : L : M 

1.3-2.0. 
(iii) Clusters where radial and tangential bonding are both important : L : M > 2. 

Type (i) resembles the situation for gold clusters already discussed. These clusters are char- 
acterized by an electron count of 12n, + Ai, ‘44.‘45 where n, is the number of surface metal atoms and 
Ai is the electron count characteristic of the interstitial group of metal atoms.18’ (Table 19.) 

Thus, with a single interstitial atom we have an electron count of 12n,+ 18 i.e. the situation 
already noted for the spherical gold clusters. Clusters which conform to this rule are shown in Table 
20(a). 

For type (ii) the presence of a larger number of bridging ligands causes some of the tangential 
orbitals of the cluster to be sufficiently lowered in energy to be occupied. ’ *’ Calculations on known 
clusters have suggested the electron counts 12~~~ + 24, based on one interstitial atom and occupation 
of 3 F” surface MO’s ’ 87-Table 20(b). 

When there are more bridging ligands present, i.e. type (iii), calculations have suggested that 
(n, - 8)L” (L = 3, 4) surface orbitals are occupied, giving an electron count of 12n, + (2n, + 2) for 
clusters with one interstitial atom”‘-Table 20(c). 

(b) Ciani and Sironis5 have performed EHMO calculations on a large number of high nuclearity 
hypothetical bare (no ligands) close packed clusters of Rh, using the method of LauheP to determine 
the number of CVMO’s. Their results lead to the conclusion that these clusters are characterized by 



Electron counting in clusters 

Table 19 

273 

nia Arrangement A, 

Binuclear 
Triangular 
Linear 
Tetrahedral 
Octahedral 

18e 
34e 
48e (SOe)b 
50e 
60e 
86e 

Uni is the number of interstitial metal 
atoms. 

b The Ai value of 50e comes about from 
the stabilization of an a; orbital of the 
triangular fragment c.f. the tricapped 
trigonal prism and raft clusters discussed 
above. 

6n+X CVMO’s, where X is a variable depending on the geometry. They found that X lies in the 
range 6-l 1 and is very often equal to seven. This of course leads to electron counts in the range 
12n+ 12 to 12n + 22-Table 20. 

(c) Tea’** has developed an electron counting rule utilizing the relationship between these large 
clusters and bulk metals. He has proposed that the total number of electrons, N is given by, 

where nb is the number of bulk atoms, n, is the number of surface atoms, m is the number of electrons 

Table 20(a). L : M ratio less than N 1.3 

Compound nb 4 Structure Zobs.” 12n,+Ai Teo X Ref. 

[Au, ,Cl,PMePh2), d 3+ 1 12 i.c.p. 162e 162 162 3 146 
Pt26(w3212- 3 23 h.c.p. 326e 3241326’ 3391324’ 7 188 
l?t,9(C0)22l- 2 17 Pentag. 238e 238 236 5 191 
INi3~Pt&O)&L~J- 6 38 f.c.c. 542e 542 548 7 192 

’ Zobs. is the observed electron count. 
’ Due to stabilization of a; orbital ; see above. 
‘n = 11.25 is also possible for relatively small h.c.p. structures (with one bulk atom). ‘** 

Table 20(b). L : M ratio 1.3-2 

Compound nb n, Structure Zobs.O 12n,+24 Teo X Ref. 

[RhdW& 1 13 b.c.c. 180e 180 180 6 193 
[Rb,PM- 1 21 f.c.c./h.c.p. 276e 276 277 6 194 
Pt*‘dC0)3012- 1 23 f.c.c. 302e 300 302 7 188 

a Zobs, is the observed electron count. 

Table 20(c). L: M ratio > 2 

Compound nb n, Structure Zobs,’ 12n,+2n,+2 Teo X Ref. 

~Rh,3W%&l 1 12 h.c.p. 170e 170 170 7 84 
W,,(W3013- 1 14 b.c.c. 198e 198 193 9 195 

(1 Zobs, is the observed electron count. 
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Table 2 1 

Structure m 

Pentagonal 11.17 
f.c.c. 11.24 
b.c.c. 11.50 
y (complicated cubic} 11‘62 
h.c.p. 11.75 

per bulk atom and Y = (mjm3, m, being the number of electrons per surface atom. r and m are 
determined from the Hume-Rothery rule.“’ The calculated values of m are given in Table 21. 18* 
A value of r was derived from calculations on known compounds and this was found to be 
approximately equal to 1.125. “* Table 20 shows the electron counts, utilizing this rule, for some 
clusters. 

The basis for the scheme is the similarity between the density of states for these high nuclearity 
clusters and that found in bulk metals. “* 

3.8. PSEPT and the EAN rule 

The clusters which obey the EAN rule belong to the general class of rings and three-connected 
polyhedra and their capped derivatives. The electron counts for the rings can be expressed within 
the PSEPT as I 6n i.e. with 2n skeletal electron pairs and that for the three-connected structures as 
1% i.e. 3n/2 skeletal electron pairs. The normal capping rule still applies, with a capping group 
adding 12e. The electron counts for both these systems have been rationalized by using MO 
calculations. 

Lauher” has discussed the bonding in M3 triangular systems and shown the necessity for 48 
cluster valence electrons to fill up all the strongly bonding MO’s The MO diagram for Os,(CO),, 
is shown in Fig. 14. 

Mingos and Johnston’~~‘~’ have performed MO calculations using Stone’s TSH aproach and 
have concluded that three-connected polyhedra are characterized by four (S” and P”) radial bonding 
MO’s, (n-4)/2 bonding L” (L > 1) surface MO’s and (n-2) L” and F matched non-bonding 

e’ c 

02 - \ -a; 

12 co 
2d.a; ,f$ ,3e’,e” 

Fig. 14. Schematic MO energy level diagram for OS,(CO)~ 2. 
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OCMHEDKON TRIGONAL 
PRISM 

Fig. 15. Comparison of the frontier orbitals of a trigonal prism and an octahedron. 

MO’S.‘~~*‘~* This gives an explanation of the seemingly anomalous six skeletal bonding pairs for 
the tetrahedron which cannot be explained by the simple PSEPT. The difference between the three- 
connected polyhedra and the deltahedra arises because in the deltahedra the (n - 2) L” MO’s are 
more strongly bonding and the (n - 2) c more strongly antibonding, so that only the L” orbitals are 
occupied. ‘07~‘08 This can be seen fairly easily by comparing the MO diagrams for an octahedron 
and a trigonal prism (Fig. 15). The differences arise because the triangles are staggered in the 
octahedron but eclipsed in the trigonal prism.lo7 

3.9. Deviatimtsfrotn the PSEPT 

Within the framework of PSEPT the electron counts for most cluster geometries can be ration- 
alized. Deviations do occur from the “expected” electron counts when the polyhedra are distorted. 
An example is the elongated trigonal bipyramid, [Nis(CO) t #-, lg6 which has 76e. In these cases the 
electron counts can be rationalized by MO calculations. For instance MO calculations on the 
trigonal bipyramid Ia7 suggest that an elongation results in stabilization of a low lying antibonding 
orbital so that it becomes available for occupation. Thus, in Fig. 16, elongation parallel to the Cs 
axis results in stabilization of D” and destabilization of D” ; where D” is the HOMO in the undistorted 
structure. Other bipyramids can be similarly treated and a general rule for these systems is that they 
will have (N- l), (N+ 1) or (N+3) electron pairs.“’ This rule should hold for relatively small 
distortions from the ideal symmetry.“’ 

For systems in which the electron count cannot be easily rationalized, the only recourse is to a 

-* ---II 

Fig. 16. Part of the MO energy level diagram for a trigonal bipyramid. 
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Table 22. Summary of electron counts within the PSEPT 

Polyhedral type Electron count 

Deltahedron closo- 
niido- 
arachno- 

Three-connected 
Ring compounds 
Capped structures 
Edge bridged structures 
Condensed polyhedra : 

vertex shared 
edge shared 
A-face shared 
n-face shared 

14n+2 
14n+4 
14n+6 
15n 
16n 
N-t 12x 
N+ 14x 

A+B-18 
A+B-34 
A+B-48 or A+B-50” 
A+B-62 or A+B-64” 

‘See appropriate section above. 
Where : n is the nuclearity of the cluster. N is the electron 

count of the uncapped or unbridged parent polyhedron. x 
is the number of capping or edge-bridging groups. A and B 
are the electron counts of the parent polyhedra. 

full MO calculation. This should always give the “right answer” but of course it offers no predictive 
power, the real beauty of the PSEPT! A summary of electron counts within the PSEPT is given in 
Table 22. 

4. OTHER ELECTRON COUNTING SCHEMES 

The most commonly used electron counting scheme outside the PSEPT and EAN rule is the 
Topological Electron Counting (TEC) scheme developed by Teo. ‘97-200 This approach is based on 
Euler’s Theorem, 

E = V+ F- 2 where Eis the number of edges of a polyhedron, 
Vis the number of vertices of a polyhedron, 
Fis the number of faces of a polyhedron. 

and the EAN rule. 
The result is, 

number of CVMO’s = T= 8V-F+2+X 

where X is an “adjustment factor” i.e. the number of electron pairs in excess of the EAN rule 
prediction. ig7 In other words Xis the number of “missing” M-M antibonding orbitals if each edge 
is considered as a 2c-2e bond.19’ 

Teo developed a set of rules for estimating the value of X. These were originally based largely 
on empirical observations but have since been justified on the basis of MO calculations. ‘97,200 Rules 
for estimating X are : 19’ 

(i) X = 0 for three-connected polyhedra. 
(ii) Capping an n-gonal face of a polyhedron gives an increase in X of n - 3. 

(iii) X = 0 for all pyramids. 
(iv) X = 0 for trigonal bipyramids. 

X = 1, 3 for tetragonal bipyramids. 
X = 2 for pentagonal bipyramids. 

Higher values should be considered “exceptions” and are usually associated with distortions of 
the polyhedral framework. 
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(v) X = 1 for trigonal antiprism (octahedron). 
X = 1, 3 for square antiprism. 
X = 3 for pentagonal antiprism. 

(vi) X = S for vertex or edge sharing condensed polyhedra, where S is the number of shared 
edges or vertices. 
X = H for face sharing condensed polyhedra, where His the number of “hidden edges”. 

The electrons are counted in the same way as for the PSEPT. 

Examples 

(a) [Os,(CO), g]2- 93 octahedron 86e 

T= 8V-F+2+X 

V=6 F=8 

43 =48-8+2+X. 

Therefore X = 1 as expected for a tetragonal bipyramid. 

(b) Os,(CO) I sfi2 bicapped tetrahedron 84e 

T= 8V-F+2+X 

V=6 F=8 

42 =48-8+2+X. 

Therefore X = 0. 

The X = 0 value can be regarded as being derived from rule (i), since the tetrahedron is a three- 
connected polyhedron, and rule (ii) where n = 3, therefore (n - 3) = 0. 

The similarities and differences between TEC and PSEPT have been discussed by Mingos201 and 
Teo202 independently. Mingos has shown how the TEC can be related to the PSEPT simply by some 
simple algebraic manipulation using Euler’s rule. “’ TEC and PSEPT are very similar and represent 

the same situation but from slightly different viewpoints. The main advantage of the TEC, however, 
is in its prediction of multiple electron counts for certain structures-rules (iv) and (v). 

5. CONCLUSION 

It is hoped that this article has furnished the reader with enough knowledge to be able to work 
out and rationalize the electron counts for the majority of transition metal cluster compounds 
encountered in the current literature. Of course there are always clusters for which the rules do not 
work, clusters which become more interesting simply because of this, clusters seemingly designed 
just to keep the theoretical inorganic chemist happy! 
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APPENDIX I: STONE’S NOTATION 

Here we shall give a brief account of the notation developed by Stone9’ to describe the MO’s in cluster 
compounds. The theoretical details of the Tensor Surface Harmonic technique of molecular orbital analysis 
will not be discussed, this being adequately covered elsewhere.92 

The approach considers the M atoms of the cluster to be arranged on the surface of a sphere. The MO’s 
are then described by a label Z.7 (Fig. Al). 

L can take values 0, 1, 2, 3, . . , which are given the labels S, P, D, F, . The value of L indicates the 
number of radial nodes in the MO, referred to axes through the centre of the sphere. Nodes inherent in the 
atomic orbitals are not included in this. Thus, an S orbital is considered to have no radial nodes, even if it is 

P,” set 

Fig. Al. Examples of the application of Stone’s notation to the labelling of MO’s of an octahedral 
cluster. The arrows refer to parity operations. 
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made up of p atomic orbitals. The labelling is analogous to that used to describe the atomic orbitals of the 
hydrogen atom. 

c is used to differentiate between “radial” and “surface” MO’s. Radial MO’s have the label u and are 
constructed from AO’s which are directed along a radius of the sphere. Surface MO’s are denoted n or 6, 
depending on the number of nodes of the constituent AO’s parallel to the radius of the sphere passing through 
the atom. II refers to one nodal plane and 6 to two. 

The 2 label refers to the A0 parentage of the MO. 
L” and p MO’s are related by a parity operation, where a 90” rotation of the AO’s will convert a bonding 

MO into one which is antibonding. 

Ph 
Me 
Et 
Pr 
‘Pr 
‘Bu 

CP 
To1 

CY 
dppm 
TM 
L 
M 
A0 
MO 
HOMO 
LUMO 
CVMO 

HLAO 
LHLAO 
HCVMO 
EHMO 
EAN 
PSEPT 
TEC 

APPENDIX II: LIST OF ABBREVIATIONS 

Phenyl, C,H 5 
Methyl, CH, 
Ethyl, C2H, 
Propyl, C3H7 
iso-propyl, C(H)(CH& 
Tertiary butyl, C(CH3)3 
C5H,, in an q5-bonding mode unless otherwise stated 
Tolyl, C,H,CH 3 
Cyclohexyl, &HI, 

P(C~H~)*-CH~-P(C~H~)Z 
Transition metal 
Ligand 
Metal 
Atomic Orbital 
Molecular Orbital 
Highest Occupied Molecular Orbital 
Lowest Unoccupied Molecular Orbital 
Cluster Valence Molecular Orbital i.e. occupied molecular 
orbitals in a cluster 
High Lying Antibonding Orbital 
Lowest High Lying Antibonding Orbital 
Highest Cluster Valence Molecular Orbital 
Extended Htickel Molecular Orbital 
Effective Atomic Number 
Polyhedral Skeletal Electron Pair Theory 
Topological Electron Counting 
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Abstract-Diamagnetic technetium(V) complexes of general formulae [TcNX,(Ph,Y),] and 
[TcNX3(Me2PhP),] (X = Cl, Br ; Y = P, As) were prepared starting from TcNCl; and 
TcNBr; , respectively and were characterized. Ligand exchange rates with diethyldithio- 
carbamate, et,dtc- and N-(N”-morpholinylthiocarbonyl)benzamidinate, morphtcb-, were 
determined. 

Nitrido complexes of technetium which can be pre- 
pared easily from TcO; by reduction with hydra- 
zinc’*’ and sodium azide,3 respectively, have 
attracted a growing interest in view of their rel- 
evance to nuclear pharmacological research. 4,5 In 
recent years a large number of TcN compounds 
have been prepared and characterized using the 
long-lived isotope 99Tc (weak b--emitter with 
E max = 0.29 MeV, half-life tl12 = 2.13 x 10’ yr).‘,6*7 
Convenient starting materials are the Tc(V1) com- 
plex TcNCl; 3 and [Tc(V)NC12(Ph3P)2].’ 

Here we report on the synthesis and char- 
acterization of Tc(V) nitrido complexes of general 
formulae [TcNX,(Ph,P),] and [TcNX2(Me2PhP),] 
(X = Cl, Br ; Y = P, As). The new compounds were 
tested for ligand exchange starting materials to pre- 
pare Tc(V) chelate complexes. 

EXPERIMENTAL 

The Tc(V1) starting materials (Bu,N)TcNCl, 
and (Bu4N)TcNBr4 were prepared by literature 

*Author to whom correspondence should be addressed. 

methods.3 NMR spectra (CDC13 solutions) were 
obtained using a WX 90 DS spectrometer (Bruker). 
UV-Visible and IR-spectra were recorded on a M 
40 and on a UR 40 spectrometer (Carl-Zeiss Jena), 
respectively. 

Preparation of the phosphine (at-sine) complexes 

In typical preparations, 50 mg of (Bu4N)TcNC14 
(or 64 mg of (Bu,N)TcNBr,) (0.1 mmol) dissolved 
in 10 cm3 acetone were refluxed with a IO-fold 
excess of phosphine (arsine) ligand for 10 min fol- 
lowed by stirring for 1 h at room temperature. The 
volume was halved in vacua. After adding 5 cm3 of 
methanol and allowing to stand at 5”C, the crys- 
talline products can be separated by suction fil- 
tration and washed by water, methanol and diethyl- 
ether. 

Ligand exchange studies 

0.02 mmol of the title complexes were put into 
a vial equipped with a stir bar. After adding 0.1 
mmol sodium diethyldithiocarbamate, Naet,dtc, 
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286 U. ABRAM et al. 

or N-(N”-morpholinylthiocarbonyl)benzamidine, 
Hmorphtcb, in 3 cm3 acetone, the mixture was 
stirred for 1 h at an ambient temperature. The reac- 
tion with the Hmorphtcb ligand was initiated by 
addition of one drop of triethylamine. Diethylether 
(2 cm3) was added and after allowing to stand 
overnight in a refrigerator, the yellow products were 
separated, methanol and diethylether washed and 
dried over P401 o. 

The resulting complexes were characterized by 
their melting points and IR spectra. 

Health precautions 

Due to the radioactivity of g9Tc some health pre- 
cautions were taken. All operations were carried 
out in a fume cupboard with gloves. NMR spectra 
were measured in sealed glass tubes to avoid con- 
taminations. 

99Tc is only a weak p--emitter, consequently, 
no further precautions are required provided some 
elementary ones are taken. Normal glassware gives 
adequate protection against the weak /3-emission. 
Secondary X-rays (bremsstrahlung) become impor- 
tant if 9gTc is handled on a larger scale only. 

RESULTS AND DISCUSSION 

The reaction of the Tc(V1) complexes TcNX: 
(X = Cl, Br) with triphenylphosphine, tri- 

phenylarsine and dimethylphenylphosphine results 
in the formation of Tc(V) nitrido compounds. The 
brick-red to red-brown coloured pcNXz(Ph3Y)J 
(I) complexes are poorly soluble in all organic 
solvents, whereas [TcNCl,(Me,PhP),] and 
[TcNBrz(Me,PhP),] (II) are easily soluble in 

PMe,Ph 

I IIa IIb 

dichloromethane, benzene and acetonitrile. Yields 
and analytical data are summarized in Table 1. 
TEN stretches in the IR spectra are in the range 
between 1020 and 1100 cm- ’ comparable to Re=N 
frequencies in Re(V) nitrido complexes.8,9 The 
yields are always high and it can be suggested that 
these ligand exchange reactions are a proper 
way to prepare such complexes. Principally, the 
same products can be obtained starting from 
[TcNCl,(Ph,P),]. However, the yields are lower and 
by the small differences in physical properties of the 
[TcNXz(PhSY)J complexes (melting points, solu- 
bility, UV-Visible and IR spectral parameters) the 
evaluation of the completed ligand exchange is 
rendered more difficult. ’ 

Whereas the mer-configuration for the FcNX, 

Table 1. Yields and analytical data of [TcNX,(Ph,Y)J and [TcNXz(Me,PhP),] complexes (X = Cl, Br ; Y = P, As) 

Complex 
Yield 

(%) Colour 

IR 
M.p. Elemental analysis” (cm- ‘) UV-Visible 
(“C) C H N X Tc Tc=N (nm(lg&)) 

[TcNC12(Ph,P)2 95 brick-red 225-7 61.0 4.3 2.0 10.0 14.0 1095’ 
61.7 4.5 2.0 10.8 13.6 

WNBrdPhJ%l 90 red-brown 237-43 54.2 3.8 1.8 20.1 12.7 1090 
54.2 4.1 1.8 17.3 12.0 

[TcNCl ,(Ph 3As) *] 85 yellow-brown 2324 54.3 3.8 1.8 8.9 12.4 1091 
53.6 4.1 1.7 10.0 10.9 

[TcNBr ,(Ph ,As) J 90 red-brown 236-7 48.8 3.4 1.6 18.0 11.2 1091 
48.1 3.4 1.6 18.0 10.3 

[TcNCl*(Me,PhP),]” 80 yellow 17&l 48.7 5.6 2.3 11.8 16.5 1048 
48.8 5.3 2.1 11.0 16.0 

[TcNBr,(Me,PhP),] 85 orange 168-70 41.9 4.8 2.0 23.3 14.4 1028 
43.3 5.5 2.1 20.9 13.4 

276(3.6) 
485(2.1) 
276(4.0) 
289(3.9) 
494(2.3) 
273(4.1) 
374(2.3) 
495(2.1) 
250(4.3) 
299(3.7) 
532(2.4) 
255(4.4) 
365(2.4) 
261(4.4) 
370(2.4) 
422(2.2) 

d Calc./found (%). 
‘See also refs 1 and 3. 
‘Superposition with ligand bands. 
d See also ref. 1. 
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I . 

m ‘: I I I 

T 2 1 0 

Fig. 1. “P coupled proton NMR spectrum of [TcNCl,(Me,PhP),] in CDC19 (T = 295 K ; chemical 
shift relative to TMS). 

(Me,PhP),] complexes is strongly suggested by IR 
spectral results, an assignment to structure IIa or 
IIb cannot be derived from those. 

The ‘H-NMR spectra of the [TcNX2(Me,PhP),] 
complexes (Fig. 1 shows that of the chloro complex) 
consist of the typical high order pattern in the aro- 
matic region between 6.91 and 7.91 ppm and of 
three well-separated signals due to the methyl pro- 
tons (see Table 2). The high order splitting patterns 
of the two downfield methyl signals caused by 3 ‘P 
couplings are identical, but differ from those of the 
high field signal. With 3 ‘P decoupling, all signal 
groups in the aliphatic region become sharp singlets 
with an intensity ratio of 1 : 1 : 1. 

Therefore, a complex structure with a low degree 

of symmetry has been assumed. Each of the struc- 
tures IIa and IIb includes two equivalent and one 
different Me,PhP ligands. Due to the symmetry of 
IIa, the two methyl groups of each substituent are 
enantiotopic, e.g. equal chemical shifts result, and 
the methyl part of the IIa complex ‘H-NMR spec- 
trum consists of two signals with a 2: 1 intensity 
ratio. In IIb, however, the two methyl groups of 
the two equivalent ligands are diastereotopic, and 
different chemical shifts are expected. Therefore, 
structure IIb is established for both the complexes 
with X = Cl and Br. This result comes close to 
the structure found for the corresponding Re(V) 
complex [ReNCl,(Me,PhP)3] by an X-ray study.” 
The 3’P coupled ‘H-NMR spectra of the methyl 

Table 2. NMR chemical shifts of [TcNClz(Me,PhP),] and [TcNBr, 
(Me,PhP),] in ppm from TMS and H ,PO,,, respectively 

Complex Nucleus 
Chemical shift, 

multiplet, intensity 

[TcNCl,(Me,PhP),] ‘H 

“P 

phenyl: 6.91-7.91 m (15H) 
CH3 : 2.08 m (6H) 

1.85 m (6H) 
1.27 m (6H) 

broadened peak 2.1 ppm at 
220 K 

[TcNBr,(Me,PhP),] ‘H 

3’P 

phenyl: 6.91-7.91 m (15H) 
CH,: 2.19 m (6H) 

2.00 m (6H) 
1.30 m (6H) 

broadened peaks at - 0.3 
and -4.4 at 220 K ppm 
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TcNCl3(Me3PhP)3 

I 2.1 PW 

TcNBr$Mt?.jPhP13 

I -4.4 ppm 

Fig. 2. 31P-NMR spectra of [TcNCl,(Me,PhP),] and [TcNBr,(Me,PhP),] (Solvent: CDC13). 

groups show a typical high order pattern, which 
varies with the ligand X, caused by small geometry 
differences of the complexes. 

In contrast to the ‘H-spectra, the 3 ‘P-NMR lines 
at room temperature are strongly broadened. By 
lowering the temperature the signals become much 
narrower, and for the Br complex two maxima 
appear as can be seen in Fig. 2. The expected spectra 
type with ‘H-decoupling is A *B. Because of residual 
line broadening, the nine peaks are not resolved, 
and the coupling constants between the 3’P nuclei 
may not be calculated. The chemical shift difference 
of these nuclei decrease if X changes from Br to 
Cl, and a slightly nonsymmetric signal is observed. 
Attempts to considerably increase the chemical shift 
differences by adding paramagnetic shift reagents 
failed. 

The line broadening in the 3’P spectra cannot be 
discussed in terms of dynamic effects (see also ‘H- 
NMR results). It most probably arises from a scalar 
coupling of the 31P nuclei with the quadrupole 
nucleus 99Tc (Q = 0.3 x lo-** m’). With decreasing 
temperature, the relaxation time T2 for the 31P 
nuclei increases. This results in the narrower lines 
found in the experiment (Fig. 2). 

The reaction of the title complexes with the chel- 
ating ligands et,dtc- (III) and morphtcb- (IV) 

111 IV 

Table 3. Yields of ligand exchange reactions with et ,dtc _ 
and morphtcb- 

Starting material 

[TcNCl,(Ph,P)j 
[TcNBr2@‘h3%l 
[TcNCl,(Ph3As)d 
[TcNBr,(Ph,As)d 
[TcNCl *(Me ,PhP) 3] 
[TcNBr 3(Me ,PhP) 3] 

Yield (%) 
et,dtc- morphtcb- 

85” 95 
80 90 
82 87 
90 92 
87 85 
90 89 

“See also ref. 1. 

results in the formation of the well-known Tc(V) 
complexes [TcN(et,dtc),]‘.3 and [TcN(mor- 
phtcb)2].1’ The yields obtained are summarized in 
Table 3. Significant differences cannot be found, 
indicating the title complexes to be good starting 
materials for the synthesis of further Tc(V) nitrido 
compounds in the same way. The yields of the reac- 
tions with the more lipophilic tcb- ligand are much 
higher than those obtained starting from TcNCl; 
(about 50%). ’ ’ So, the synthetic route stated above 
should be preferred for special purposes. 
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Abatraet-A method for evaluating a true stability constant termed the “absolute stability 
constant” is presented and the absolute stability constants for some first complexes of 
iron(II1) with inorganic anionic ligands, are evaluated by s~ctrophotomet~c measurement 
and mathematical treatment. The k; values obtained are : 2.1 for Fe(CIO,)Z*, 7.6 for FeCI’+, 
3.6 for FeB?, 383 for Fe(SO,)+ and 3.2 for Fe(N03)2+ at I = 0.4 M and 20°C. These 
values are much larger than the apparent constants, that is, than the values which have 
conventionally been reported as “stability constants”. 

In expe~mentaliy dete~ining stability constants of 
complexes, an inert medium electrolyte has been 
added to maintain the activity coefficients of all ions 
involved constant within a series of solutions to 
be measured. In all cases no pa~icipation of the 
supporting medium ions in complex formation 
has been assumed. Nevertheless, it seems unde- 
niable that poly-valent ions can form ion-pairs to 
some degree with medium ions of opposite charge, 
though these ion-pairs are in general not very stable. 
This side reaction should affect the complex for- 
mation to be investigated, giving an erroneous 
stability constant. The conventional treatment has 
only been that perchlorate anion or tetramethyl- 
ammonium cation is employed as an “inert 
medium ion” and the stability constants with these 
medium ions are assumed to be zero.i-4 However, 
the relative error produced by ignoring complex 
formation with the medium ion may be very pro- 
nounced in investigating an especially weak com- 
plex whose stability is of comparative magnitude to 
that of the medium ion complex. This erroneous 
stability constant should not only lead to a false 
recognition of the species distribution in a practical 
solution but also to an incorrect evaluation for 
physical quantities such as molar absorptivity. 

*Author to whom wrrespondence should he addressed. 

Johanson’ discussed these problems with per- 
chlorate as a typical medium electrolyte in his 
review and concluded that the estimation of such 
a medium ion contribution may be impossible by 
means of an equilib~um calculation only, unless 
more than one method directly distinguishing the 
species involved can be applied simultaneously. 
However, it may not be easy to find out such an 
effective direct method. The authors thought that 
the medium ion effect could be estimated by suitable 
mathematical treatment of the experimental equi- 
librium data. We use the term “absolute stability 
constant” for the pure stability constant obtained 
by estimating the ion-pair formation with the weak- 
est medium ion, which has been thought so far 
to be undete~inable. In this paper a theoretical 
background to obtain such an absolute stability 
constant and the application to practical simple 
complex systems are presented. 

THEORY 

We restrict the determination of absolute stability 
constants by absorption spectrophotometry, to the 
simplest case of a Mm+ -L-- complex system con- 
taining a monovalent medium anion B- where only 
one-to-one complexes ML’“-“- and MB@+‘)- are 
formed, as is often observed in weak inorganic 
ligand complexes. Assuming that the MB complex 
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has no absorptivity at a wavelength of the measure- 
ment for ML, the apparent molar absorptivity E is 
expressed by 

A EIWLI 

s = c,l = [M] + [ML] + [MB] 
(1) 

where A is the absorbance, CM the total con- 
centration of the sample metal, I the light path and 
E, is the molar absorptivity of the ML complex. If 
the medium anion is added to the system in such a 
way that the ionic strength of a series of solutions is 
kept constant, i.e. Z = [L-l + [B-l = const., eq. (1) 
can be transformed to 

& &,K, K,-KB 
-=---.E 

[L-l l+K,Z l+K,Z (2) 

where K, and KB are the absolute stability constants 
of ML and MB at ionic strength Z, respectively. 

In a conventional treatment, KB for the weakest 
medium anion such as the perchlorate ion is 
assumed to be zero and a simpler equation has been 
adopted, 

approximate absolute stability constant derived 
from simultaneous equations at two selected ionic 
strengths, to the midpoint of these two ionic 
strengths. 

Let these ionic strengths be Z-AZ and Z+ AZ for 
simplification, Z being the ionic strength where the 
stability constants are to be investigated, then eq. 
(5) is written as 

KaP _ = 
KI(I-AI, - KB(I- AI) 

I(1 AI) 
I+ KB(I- A#- A0 (6) 

or 

G~I+AI) = 
K l(I+A.I) - KB(I+ A,) 

1+ KB(,+ A,@+ AZ) ’ (7) 

If a relationship 

K,par, KW -= -= 
Kw, K f (8) 

l(l+AI) 

is assumed and the ratiofis assumed to be the same 
for a ligand ion and medium ion of similar types 
when AZ is not very large, then 

obtaining K, from the slope of E/[L-] vs E plot. 
However, the assumption of KB = 0 cannot be con- 
sidered as a generally acceptable one. Thus 

& = const. - Kypc (4) 

K=” _ = 
fK,(o --~KB(I) 

I(/ AI) 
1 +fK~d- AI) 

(9) 

G~I+AI) = 
KI(,, - KB(I) 

f+ KB&+ AZ) ’ (10) 

Using eqs (9) and (lo), the absolute stability con- 
stants K,(,, and KBc,) can be written as 

'K;PI-A~-~K~~,+A,~+K~~,-A,~K~~~+A~~ 

f 

+(I+ AZ) -f(Z- AZ) 1 K,(I) = 
K"~~*+A,,(Z+AI)-K~~~-A,)(Z-AZ) 

(11) 

'K~$-AI,-~G&+AI~ 

'KB(I) = 

f 

K",~~+A,,(Z+AZ)-K",~~-A,,(Z-AZ)' 

(12) 

K;P = 
K,-KB 

1 +&I 
(5) 

and the slope of the s/[L-] vs E plot gives only an 
apparent constant K”ip which is smaller than the 
absolute stability constant. Since KB for the weakest 
medium ion cannot be determined experimentally, 
K, is also undeterminable. An extrapolation of 
K”ip to zero ionic strength only gives a stability 
constant difference of K, - KB, not K,. Neither could 
simultaneous standing of eq. (5) at arbitrarily 
different ionic strengths produce the absolute con- 
stants through the alteration of K, and/or KB values 
due to the activity coefficient change. 

The best and only possible treatment in such a 
case may be by a reasonable extrapolation of the 

Although KlcIj and KB(,) cannot be solved from these 
equations, these absolute stability constants may be 
determined by an extrapolating treatment described 
below. 

If f is set to be unity, approximate absolute stab- 
ility constants KY and Kg at ionic strengths Z+ AZ 
and I- AZ can be calculated by 

KaP _ -KaP 

K&I*AIJ = KaP 

I(1 AI) l(I+AI) 

I(I+A,)(Z+AZ) - K”,~,-A&--~) . 

(14) 



Evaluation of absolute stability constants of complexes-I 

The differences between KY and K, and between 
g and KB 

M ferric perchlorate, and sulphuric acid and per- 
chloric acid of different concentrations at ionic 
strength of 0.4 M was measured at 330 nm. In an 
iron(IIIknitrate complex system, the absorbance 
of solutions containing 8.0 x 10d4 M ferric per- 
chlorate, and hydrochloric acid and nitric acid of 

~G~I-AI~G~I+A~ 2AZ- f (Z+ AZ) +j-(Z- AZ) 1 
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K&~AI,-KI(I, = &, J ' 

d 

,(,+A,,(I+A~)--~~,-A,~(~-A~+ K";~+A,,(Z+AI)-K~~~~A~(Z-AZ) 
- (16) 

approach zero with decreasing AZ 

lim (K&*AI) - &(I)) = 
AI+0 

=o (17) 

(18) RESULTS AND DISCUSSION 

Therefore, the absolute stability constants K, and 
KB at ionic strength Z can be determined by extra- 
polating Kj’clkAr, and K&,kAr) from ionic strength 
Z+ AZ to I. Once the absolute stability constant KB 
of the medium anion becomes clear, the absolute 
stability constant of any other ligand anion at the 
same ionic strength can easily be obtained using eq. 
(5) through the experimental measurement of Kyp 
in the binary system with B-. 

Evaluation of absolute stability constants for FeCl*+ 
and Fe(C104)2+ complexes 

The first step for evaluating absolute stability 
constants is to determine the conventional stability 
constants according to an ordinary method. The 
iron(III)-chloride-perchlorate system seemed to be 
convenient for our purpose, since aquated ferric 
iron and the perchlorate complex are non-absorptive 
at the wavelength of 336 nm, with the maximal 
absorption by the chloro complexes. The ~;,3~/[Cl-] 
vs s&? plot based on eq. (4) gave a straight line in 
all ionic strengths studied, indicating that the chlor- 
ide or perchlorate complexes higher than one to one 
are negligible. The presence of hydroxo complexes 
of iron can also be neglected under this condition 
(pH < l), as log /I, for FeOH2+ is less than 3.0.’ 
The plot with an ionic strength of 0.4 M is shown 
in Fig. 1 as an example. The apparent stability 
constants obtained in this way at different ionic 
strengths are given in Fig. 2. The constant first 
decreased, then seemed to pass through a minimum 
with increasing ionic strength. This change is caused 
by an increased formation of the iron-perchlorate 
complex and the variation in ionic activity 
coefficients. 

EXPERIMENTAL 

Apparatus and chemicals 

A Hitachi Recording Spectrophotometer EPS- 
3T was employed with a 1 cm quartz cell for absorb- 
ance measurements. All chemicals used were of 
commercially available reagent grade. 

Spectrophotometric measurement for determination 
of apparent stability constants 

In an iron(III)-chloride complex system, the 
absorbance for a series of solutions containing 
8.0 x lop4 M iron(II1) perchlorate, and hydro- 
chloric acid and perchloric acid of different con- 
centrations at different ionic strengths was mea- 
sured at 336 run. In an iron(IIIFbromide complex 
system, the absorbance of solutions containing 
7.7 x 10m3 M iron(II1) perchlorate, and hydro- 
bromic acid and perchloric acid of different con- 
centrations at ionic strength of 0.4 M was measured 
at 403 nm. In an iron(III)-sulphate complex system, 
the absorbance of solutions containing 4.0 x 10s4 

different concentrations at ionic strength of 0.4 M 
was measured at 355 nm. 

All measurements were carried out at room tem- 
perature 20 + 1 “C, with a reference cell containing 
water. 

The second step for evaluating the absolute stab- 
ility constants is to remove the effect of the activity 
coefficient change from these apparent constants by 
an appropriate extrapolation treatment. The ionic 
strength region around Z = 0.4 M seems to be con- 
venient for analysis, since the activity coefficients of 
at least the chloride ion and perchlorate ion may be 
sufficiently constant.6 Also, the ratios yFe3+/~reC12+ 
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Fig. 1. Determination of the apparent stability constant 
for the FeCl’+ complex by spectrophotometry at Z = 0.4 

(HCl+ HClO,). 

and ~~~~~~~~~~~~~~~ z + may be similar to each other and 
both change only gradually with ionic strength. For 
extrapolation, pairs of ionic strengths of equal 
difference from the central ionic strength Z = 0.4 M, 
i.e. Z= 0.35 and 0.45, Z= 0.30 and 0.50, Z= 0.25 
and 0.55 M and so on, were taken and the corrected 
apparent stability constants of FeCl*+ with these 
pairs of ionic strengths were taken from the smooth 
curve which best fits experimental points, as shown 
in Fig. 2. By inserting these values into eqs (13) 
and (14), the approximate absolute stability con- 
stants of the FeCl*+ complex and also of the 
Fe(ClO,)‘+ complex were calculated, respectively. 
These values were extrapolated to Z = 0.4 M as 
indicated in Fig. 3. A good linearity from the 
extrapolation was obtained, from which the true 
absolute stability constants were evaluated to be 
K, = 7.6 for FeC12+ and KB = 2.1 for Fe(C10J2+. 
Almost the same value, i.e. 2.0 for Fe(C10,)2f 
can be obtained by substituting K, = 7.6 and the 
experimental value Kyp = 3.05 into eq. (5). 

Fig. 3. Determination of the absolute stability constants 
for FeCl*+ and FeClOj+ complexes at Z = 0.4 by extra- 
polation of log K: and log Kg. l : log K:; A : log Kg. 

Evaluation of absolute stability constants for other 
complex systems from the stability constant with 
medium anion determined 

Since the stability constant of the iron(II1) com- 
plex with perchlorate ion in a medium electrolyte, 
together with that of the FeC12+ complex, is known, 
other iron(II1) complex systems could easily be ana- 
lysed using the same perchlorate medium. 

The iron(IIIkbromide-perchlorate system was 
analysed in order to evaluate the absolute stability 
constant of FeBr*+ at Z = 0.4 M. The &3/[Br-] was 
plotted against &,03 to determine the apparent stab- 
ility constant (Fig. 4a). A straight line was drawn 
by an error-weighted least square technique, from 
whose slope KyP was obtained. The absolute stab- 
ility constant of FeBr2+ was calculated from the 
equation 

K FeBr*+ - K 
K”iP = 

Fe(C10J2+ 

1 +KwcIo,)~+ x 1 
(19) 

using the KFe(~I~,) Z+ value determined in the fore- 
going section. 

In a similar way, the iron(III)-sulphate-per- 
chlorate system was analysed to evaluate the absol- 
ute stability constant of Fe(S04)+ at Z = 0.4 M. 
In this case the free sulphate concentration as the 
ordinate of Fig. 4b was calculated from the first 
protonation constant [HSO;]/[SOi-][H+] = 18.8 
at Z = 0.4 M*. With the apparent stability constant 
obtained from the E~,~~/[SO:-] vs E$!,~O plot (Fig. 4b), 
the absolute stability constant was calculated using 

0.2 a3 0.4 Cl5 06 0.7 a8 0.9 

Ionic strength 

Fig. 2. Ionic strength dependence of the apparent stability 
constant for the FeCl*+ complex. 

*This value was determined by the present authors 
using a separate experiment whose details are omitted in 
this paper. 
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Fig. 4. ~ete~nation of the apparent stability constants 
of some other iron(II1) complexes. (a) FeCl’+(HBr- 
HC103; (b) FeSO$(H,SO,+-HCIO,,); (c) FeNO$+(HCI- 

1, 

HNO,). 2. 

the equation 

Generally speaking, if the absolute stability con- 
stant with one ligand in a binary ligand system is 
known, the constant with another iigand can be 
determined. The absolute stability constant of the 
Fe(NO# complex cannot be dete~ined spec- 
trophotometrically in a perchlorate medium, 
because of non-absorptivity of the complex. Instead 
the iron(III)-chloride--nitrate system could be util- 
ized for the analysis. First the apparent stability 
constant of FeCl’+ in a nitric acid media was deter- 

mined (Fig. 4c), then the absolute stability constant 
of Fe(NO$‘” at I = 0.4 M was calculated from the 

equation 
K 

K”1P = 
FeC12+-1YfjefNo~~2+ 

1 +KF~(No,)~+ X 1 
(211 

by inserting the known absolute stability constant 
K F&l*+* 

The absolute stability constants evaluated are 
tabulated in Table 1, as well as the apparent con- 
stants. Some of these apparent constants were in 
good agreement with “stability constants” reported 
by other investigators,‘-’ considering the difference 

in ionic strength. It can be seen from the table that 
the error produced by taking the apparent stability 
constant as the true constant may become signifi- 
cant when the value of the stability constant is small. 

The extension of the present method for eval- 
uating the absolute stability constant using ionic 
strengths other than I= 0.4 M in HCI-HClO,, 
media, for other metal complex systems, and for 
the evaluation of other constants such as Kz or &, 
will be tried and reported elsewhere. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 
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Table 1. Absolute and apparent stability constants for some iron(II1) complexes at Z = 0.4 M, 20°C 

Complex Absolute (Z = 0.4 M) 
Apparent (Z = 0.4 M) Relative error of 

= conventional conventional constant (%) 

Fe(ClO,)* + 2.1 0 - 100 
FeC12 + 7.6 3.1 -59 
FeBr* + 3.6 0.81 -78 
Fe(S03 + 383 196 -49 
Fe(NO,)*+ 3.2 (0.60) -81 
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BUTYLAMINEt-BUTYLIMIDO COMPLEX OF TUNGSTENOI’). 
THE PREPARATION AND X-RAY CRYSTAL STRUCTURE OF 
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GEORGE R. CLARK, ALASTAIR J. NIELSON* and CLIFTON E. F. RICKARD 
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Abstract-Reaction of WC& with four equivalents of Me3SiNHCMe3 in benzene gives 
a low yield of ~(NCMe3)C13(NH2CMe&] for which the IR spectrum indicates a mer 
arrangement of metal trichlorides. Further dehydrohalogenation to give an amido ligand 
does not take place. The structure of the complex was determined by single-crystal X-ray 
diffraction methods. The crystals are monoclinic, space group n/c with four molecules in 
a unit cell of dimensions a = 19.701(3), b = 9.674(2), c = 11.430(2) A and /? = 116.40(l)“. 
The structure was solved by Patterson and Fourier methods and refined to an R value of 
0.030. The tungsten atom is in a distorted octahedral environment comprising three 
mer chloro ligands, two tram t-butylamine ligands and a t-butylimido ligand. A crystallo- 
graphic two-fold axis passes through Cl(l), W and NI_butylimido. Observed distances 

are W-Ni-butylimido = 1.728(j), W-NCbutylamine = 2.230(4), W-Cl(2) = 2.407(l) and 
W-Cl(l) = 2.473(2) A. The C1(2)-W_NI_butylamine bond angle is 99.0(l)‘. The t-butylamine 
quaternary carbon, C(21), lies close to the equatorial plane thereby reducing methyl group 
contact with the t-butylimido methyls. Rotation about the N(2)-C(21) bond positions the 
methyl groups C(22) and C(24) above and below the equatorial plane. The hydrogens on 
N(2) also lie above and below the plane. As a consequence of this arrangement the NH and 
Cl atoms are unfavourably placed for further dehydrohalogenation to occur. 

We have recently shown that the interaction of pri- 
mary amines and in particular t-butylamine, with 
the higher oxidation state metal chlorides of the 
group 5 and 6 transition metals, can lead to bis- 
imido complexes’V2 (eq. 1) or complexes containing 
both imido and amido ligands3-5 (eq. 2). 

2WC16 + 1 6Me3CNH2 + 

~(NCMe&C12(NH2CMe3)]~ + 8Me3CNH3C1 (1) 
MCI, + 6Me3CNH2 + 

[W(NCMe3)(NHCMe,)C1,(NH,CMe3)] 

+ 2Me3CNH3Cl (2) 

(M = Nb, Ta. MO). 

Of particular interest in these reactions is the 
manner in which the amine coordinates to the metal 
and subsequently deprotonates. By using the silyl- 

*Author to whom correspondence should be addressed. 

amine Me3SiNHCMe3 we have shown that where 
two amido ligands are formed, the coordination 
geometry is likely to be cis and that interligand 
proton transfer occurs readily resulting in an imido 
and an amine ligand.*@ With t-butylamine, depro- 
tonation could also conceivably take place by dehy- 
drohalogenation to produce two cis amido ligands 
which could then react further by interligand proton 
transfer or by a series of dehydrohalogenation reac- 
tions.* When complexes containing an imido and an 
amine ligand are reacted with t-butylamine, further 
amine deprotonation takes place2s4 (eqs 3 and 4). 

[W(NCMe3)C14(NH2CMe3)] + 4Me3CNH2 

-, [W(NCMe3)2C12(NH2CMe3)1 

+ 2Me3CNH3Cl + Me3CNH2 

[M(NCMe3)C13(NH2CMe3)12 + 4Me3CNH2 

-+ [M(NCMe3)(NHCMe3)C12(NH,CMe3)12 

+2Me3CNH3C1. 

(3) 

(4) 
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298 G. R. CLARK et al. 

A feature of these reactions is the absence of 
intermediary complexes, particularly those con- 
taining bis-amine ligands which are expected to be 
extremely reactive towards further deprotonation. 
We report here the synthesis and structure of a bis- 
t-butylamine-t-butylimido complex of tungsten(V) 
that is stable and does not deprotonate further to 
form a t-butylamido ligand. 

RESULTS AND DISCUSSION 

Reaction of WC& with four equivalents of 
Me,SiNHCMe, in benzene affords a yellow solution 
containing /W(NCMe3)2C12(NH2CMe&.z When 
the solvent is removed and the crude reaction mix- 
ture extracted with petroleum ether, the extracts are 
orange coloured. On crystallization, some 
[W(NCMe,),Cl,(NH,CMe,)], is obtained along with 
a small quantity of dark red crystals which have 
been characterized by X-ray crystallography (see 
later) as the tungsten(V) complex [W(NCMe,) 
C13(NH,CMe,)d. 

In the IR spectrum the complex exhibited a series 
of coordinated primary amine NH stretches at 
3275,3220,2800,2720,2660,2500 and 2075 cm-‘, 
there was a strong band at 1360 cm- ’ characteristic 
of v,(M-N-C)7 and in the far IR there were 
W-Cl stretches at 310, 298 and 260 cm-’ which 
are characteristic of a mer arrangement of metal 
trichlorides8 By analogy with 0x0 complexes con- 
taining a single chloro ligand tram to an 0x0 func- 
tion which gives rise to one M-Cl stretching band 
near 280 cm- , ’ 9 the absorption at 260 cm-’ most 
likely arises from the metal chloride tram to the t- 
butylimido function. 

[W(NCMe3)C13(NH2CMe3)Z] is stable in air for 
periods of up to 24 h and for extended periods in 
petroleum ether under an inert atmosphere. 
Addition of t-butylamine to solutions of the com- 
plex causes no change indicating that further depro- 
tonation of the t-butylamine ligands to give an 
amido complex (eq. 5) does not take place. 

+ Me,CNH,Cl. (5) 

The non-reactivity of this bis-t-butylamine complex 
contrasts with that of the mono-t-butylamine com- 
plexes [M(NCMe3)C13(NH,CMe,)1, (M = Nb, Ta, 
MO) which react rapidly with t-butylamine to give 
the amido complexes [M(NCMe,)(NHCMe,) 
Cl2(NH&Me&. 4s To examine the structural fea- 
tures associated with the observed non-reactivity of 
[W(NCMe3)C13(NH2CMe,),1 an X-ray crystal 
structure determination was undertaken. 

Fig. 1. The [W(NCMeJCl,(NH,CMeJ~ molecule. One 
orientation of the t-butylimido group is shown. Thermal 
ellipsoids have been drawn at the 50% probability level. 

X-ray crystal structure of IW(NCMeW3 
WWMeJd 

The complex is monomeric with a distorted octa- 
hedral geometry consisting of trans chloro and tram 
t-butylamine ligands and with a t-butylimido ligand 
situated tram to a third chloro ligand (see Fig. 1). 
Bond distances and angles for the molecule are 
given in Table 1. 

The W-N(l) bond length (1.728(5) A) is not 
significantly different from the W-Nimido bond 
lengths observed in the d’ tungsten complexes 

lYWWMPMe3hl (1.731(6) A)” and 
[W(NPh)Cl,(PPh,),] (1.742(g) A),” and is close to 
that predicted for a W-N triple bond (1.71 A).” 
It is also not significantly different from the 
Re-Ni,,,id,, distance of 1.709(11) A observed in 
the structurally similar d2 rhenium complex 
[Re(NPh)C13(NH2CMeJZ].‘3 The W-Cl(l) bond 
length (2.473(2) A) . 1s considerably longer than the 
two tram W-Cl bond lengths (both 2.407(l) A) 
which is also a feature of the phenylimido tungsten 
complexes [W(NPh)Cl,(L),] (L = PMe3, PPh3).‘0.” 
By comparison, the chloro ligand trans to the 
imido function in the d2 tungsten complex 
[W(NPh)Cl,(PMe,),] shows only a small length- 
ening (W-Cl bond lengths 2.491(l), 2.483(l) and 
2.501(l) A)” and this is also a feature of the rhenium 
complex [Re(NPh)C13(NH2CMe3)2]. 

The two W-N,,,,, bond lengths (2.230(4) A) 
are longer than those observed in [Re(NPh)Cl, 
(NH,CMe,),] (2.187(7) A)13 but are shorter than 
that ’ 
(2.40(2) ;) h 

~(NPh)(OCMe,),Cl(NH,CMe,)l 
w ere the t-butylamine ligand lies 

trans to the four-electron donor phenylimido 
ligand.14 

The N( l)--W-Cl, Cl-W-Cl and W-N(l)- 
C(l1) bond angles are not significantly dif- 
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Table 1. Selected bond lengths and angles for [W(NCMeS)CI,(NH,CMe,)J 

N(l)-W 
N(2)_W 
Cl(l)-w 

N(l)---W-Cl(l) 
N( 1 )-W-Cl(2) 
N(l)-W-N(2) 
N(2)--W-Cl( 1) 

Bond length (A) 

1.728(5) C1(2)--w 
2.230(4) N(l)--C(l I) 
2.473(2) NG)-‘Z?) 

Bond angle (“) 

180.0(O) N(2)-W-Cl(2) 
94.1(l) Cl( l)-W-cl(2) 
97.3(l) W-N(l)-C(ll) 
82.7(l) W-N(2fl(21) 

2.407( 1) 
1 SOO(6) 
1.438(10) 

99.0( 1) 
85.9( 1) 

179.9(O) 
130.8(3) 
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ferent to those found in other tungsten(V) com- 
plexes”,” or the structurally similar rhenium com- 
plex.13 However [W(NCMe3)C13(NH2CMe3)J does 
show differences to [Re(NPh)C13(NH2CMe&] in 
the bond angles incorporating the t-butylamine 
ligand nitrogen atom N(2). The major variation 
occurs in the N(2)-W-Cl(2) bond angle which at 
99.0(l)” is nearly 12” larger than the compar- 
able bond angle in the rhenium complex 
(N(2)--Re-C1(2), bond angle 87.6”).13 The 
N(2)--W-Cl(l) bond angle (82.7(l)“) is larger 
than that in the rhenium complex (79.6(l)“) with 
the respective N(2)-M-N(2’) bond angles in the 
complexes being 165.4 and 159.2”. In comparison, 
the Cl-M-Cl bond angles in the two complexes 
are similar, at 171.8 and 172.2”, respectively. 

The structural differences observed between the 
tungsten and rhenium complexes arise from steric 
factors associated with the imido and amine ligands. 
In both complexes these ligands lie in a mer con- 
figuration but the bulky t-butylimido ligand forces 
the t-butylamine ligands to adopt a different orien- 
tation in the tungsten complex than that observed 
in the phenylimido rhenium complex. 

In both complexes the M-N(2)--C(21) bond 
angles are similar (130.8(3)“, M = W ; 128.6(6)“, 
M = Re) but while the sense of this angle is such as 
to position C(21) (t-butylamine quaternary carbon) 
close to the equatorial plane N(2), C1(2), N(2’) and 
Cl(2’) in the tungsten complex, C(21) is close to the 
longitudinal plane N(2), N(l), N(2’) and Cl( 1) in the 
rhenium complex. I3 For the phenylimido complex, 
interaction between the t-butylamine ligand methyl 
groups and the phenyl group is relieved by a 
decrease in the N(2)-Re-N(2’) bond angle 
(159.2( 1)“) while in the tungsten complex this angle 
(1654(l)“) opens out somewhat when the inter- 
action is not present. The increase in the 
N(2)-W-Cl(2) bond angle (ca 12”) apparently 
arises from a compatible mesh of the t-butylamine 
methyl groups with both Cl(2’) and the imido ligand 
methyl groups. As a consequence the W-N(2) 

bond length (2.230(4) A) is slightly longer than in 
the rhenium complex (2.187(7) A).13 

The t-butylamine ligand’s NH protons in 
[W(NCMe3)C13(NH2CMe3)d lie above and below 
the equatorial plane and are staggered with respect 
to the pair on the opposite side of the molecule. This 
compares with [Re(NPh)C13(NH2CMe3),1 where the 
protons point to either side of the longitudinal Cl(l) 
ligand with the two pairs being more nearly 
eclipsed. l3 The W-N-H, H-N-H’ and 
C-N-H angles are not significantly different to 
the ideal tetrahedral angle and the NH protons do 
not make close contacts with any of the chlorine 
atoms. The closest approach of an amine ligand 
proton is made by H(l’) with the central tungsten 
atom at a distance of 2.45 A. 

The structure of the complex gives an indication 
of why further dehydrohalogenation fails to take 
place. Since the t-butylamine ligands occupy truns 
sites, coordination takes place without severe steric 
strain being generated in the molecule. Although 
X-ray crystallographic studies have not been carried 
out on the [M(NR)Cl,(NH,R)], complexes which 
do undergo further dehydrohalogenation,4gs their 
coordination chemistry suggests that a second 
amine ligand would bind cis to the first.’ If close 
approach between a coordinated amine proton and 
a chloro ligand is a necessary prerequisite for de- 
hydrohalogenation, this process might be facili- 
tated by steric congestion arising from c&oriented 
amine ligands. The NH protons in [W(NCMe,) 
Cl,(NH,CMe,),] do not preferentially project 
towards any of the chloro ligands and no close 
contacts are made. Even though Cl(l) is sig- 
nificantly lengthened by the tram influence of the 
imido function,“*‘s no further reaction occurs. 
Coordination of a chloro ligand tram to the imido 
function in the complex, is apparently a result of 
the reductive process involved and is observed to 
occur when other tungsten (VI) complexes are 
reduced to tungsten(V).“*” Reaction of MCl, 
(M = Nb, Ta, MO) with t-butylamine or 
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MesSiNHCMe, gives rise to complexes in which a 
neutral two-electron donor (~-butylamine or bridg- 
ing chlorine) coordinates rrans to the imido func- 
tion4,’ 

EXPERIMENTAL 

N~t~methylsilyl)~-butylamine was prepared by 
treating chlorotrimethylsilane with two equivalents 
of t-butylamine and distilling the product.‘” t-Butyl- 
amine was dried over and distilled from calcium 
hydride. Tungsten hexachloride was sublimed prior 
to use. Petroleum ether (b.p. range 40-60”) and 
benzene were distilled from sodium wire. IR spectra 
were recorded on a Perkin-Elmer 597 spectro- 
meter as Nujol mulls between CsI plates. The 
preparations and manipulations were carried out 
under dry oxygen-free nitrogen using standard 
bench-top air-sensitive techniques.” 

Bis-t-butylamine-t-busylimidobrichlorotungsten(v) 

N(t~methylsilyl)~-butylamine (2 cm3, 10.4 mmol) 
in benzene (40 cm3) was added to tungsten hexa- 
chloride (1 g, 2.5 mmol) in benzene (80 cm3) and 
the mixture was stirred for 18 h. The solution was 
filtered and the solvent removed to give an impure 
sample of bis-t-butylaminebis-t-butylimidobis(~-t- 
butylimido)tetrachloroditungsten(VI) which was 
washed with warm petroleum ether (100 cm3). The 
solution was filtered, the volume reduced to ca 40 
cm3 and on standing a small quantity of yellow and 
red crystals formed which were filtered off, washed 
with cold petroleum ether (2 x 10 cm’) and dried 
in vacua The red crystals of bis-t-butylamine-t- 
butylimidotric~lorotungsten(V) were separated 
manually. M.p. : decomposes above 155°C. 

IR (Nujol) bands at 3275w, 322Ow, 28OOw, 
272Ow, 266Ow, 25OOw, 2075w, 161Ow, 155Ow, 
1505w, 14OOm, 1360s 1325w, 13OOw, 1282m, 1256s, 
1210m, 1165s, 1098w, 103Ow, 995w, 95Ow, 93Ow, 
glow, 890m, 808w, 745w, 725w, 665w, 655w, 578w, 
565w, 48Ow, 450m, 418w, 37Ow, 345m, 310m, 298s 
and 260m cm-‘. 

Crystall~gra~~i~ studies 

A single crystal of [W(NCMe3)Cl,(NH2CMe3)J 
from the petroleum ether extracts of the fW(NCMe,), 

*Computing was carried out using the SDP suite of 
programs on a PDP-11 computer for data processing 
and SHELX-76 on an IBM 4341 computer for structure 
solution and refinement. 

t Atomic coordinates have also been deposited with 
the Cambridge CrystaIlographjc Data Centre for 
inclusion in their data base. Copies are available on 
request from the Editor at Queen Mary College. 

C12(NH2CMe& preparation was mounted on a 
glass fibre and coated with polyurethane to prevent 
contact with oxygen and moisture. Data were col- 
lected using an Enraf-Nonius CAD-4 diffracto- 
meter. 

Crystal data. C12H3,C13N3W, A4 = 507.6, mon- 
oclinic, a = 19.701(3), b = 9.674(2), c = 11.430(2) 
A, /? = 116.40(l)“, U= 1951.1 A3, space group 
C2/c, Z = 4, D, = 1.726 g cmm3, F(OO0) = 996, 
,&Mo-K,) = 66.6 cm- ‘, I(Mo-K,) = 0.71069 A. 

Data collection. Accurate unit cell parameters 
were determined by least-squares fit to the observed 
setting angles of 25 reflections at 294K. Intensity 
data collection employed the 28/o scan technique 
with total peak : background count time ratio 2 : 1. 
Reflections were counted for either 60 s or until 
a(I)/I was 0.02. Measured data : 3078 reflections to 
28 limit of 60”. The intensity of three reflections was 
monitored throughout the data collection, a slow 
decrease which was linear with time being observed. 
The data were corrected for Lorentz, polarization, 
absorption** and decomposition. 

Structure solution and refinement. The structure 
was solved by conventional Patterson and Fourier 
techniques and refined by full-matrix least- 
squares.* The function minimized was 
&@‘J - lFJ)2 using weights 1 .0/[a2(F) +gF2] with 
g = 0.005. Atomic scattering factors and dispersion 
corrections were for neutral atoms, anisotropic 
thermal parameters being refined for all non-hydro- 
gen atoms. The molecule lies on a crystallo~aphic 
two-fold axis passing through tungsten, chlorine (1) 
and the t-butylimido group. As a consequence the 
t-butylimido methyl groups occupy alternate pos- 
itions with each being half-weighted. Attempts to 
refine the structure in space group Cc were unsuc- 
cessful as the refinement diverged. Hydrogen atoms 
for the t-butylamine group were located in a final 
difference map whereas hydrogen coordinates for 
the t-butylimido group were calculated. Final 
residuals R and R, were 0.030 and 0.033, respec- 
tively, for the 2295 unique observed reflections. 

Final atomic coordinates, thermal parameters 
and observed and calculated structure factors have 
been deposited with the Editor as supplementary 
material.? 
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Abstract-Mw = 505.9, triclinic, Pi, a = 4.573(2), b = 9.2673(3), c = 11.0765(3) A, 
c( = 80.98(2), /I = 76.95(2), y = 79.42(2)“, V = 446.3 A3, Z = 1, D, = 1.88 Mg rnm3, Mo- 
&, A = 0.70928 A, p = 15.81 cm-‘, room temperature, F(O,O,O) = 251 e. Final 
R(F) = 0.046, Rw(F’) = 0.049. G.O.F. = 1.86 for 2176 reflections [I > 30(I)]. The copper 
atom lies on the (O,O,O) inversion centre and its coordination polyhedron is square planar 
(Cu-0 = 1.908(3) A, 0-Cu-0 = 86.7, 93.3(l)“. The molecules are stacked approxi- 
mately along the [l lo] direction with an intermolecular distance of 3.25 A. 

The metal chelates of thenoyltrifluoroacetone 
have been the subject of much research. I-6 The 
majority of reports relate their role as synergists in 
the solvent extraction of metal ions by phosphorus 
esters.7m’0 Moreover, the presence of such complexes 
in heavy oils have been postulated by many 
authors. ’ ‘3” The same complexes could also be good 
candidates for the preparation of highly conducting 
molecular materials with M(TTA)2 as the fun- 
damental unit. Although many papers focussed on 
the characteristics and spectroscopic properties of 
these chelates, X-ray structure determinations are 
very scarce. Here, we report on the X-ray structure 
determination of the copper(II)2-thenoyltri- 
fluoroacetonate, CU(TTA)~. 

CU(TTA)~ was prepared by the standard 
method.‘y’3x’4 To 22.5 mmol of TTA was added a 
solution of 12.5 mmol of copper acetate in a mixed 
solvent of acetone/water (8/2). The mixture was 
refluxed for 2 h. The filtered complex was washed 
with an alcoholic ammonia solution in water. After 
purification by extraction in a Soxhlet apparatus 

*Author to whom correspondence should be addressed. 
t This disorder seems to be usual in this type of com- 

plexes (see for example ref. 23). 
$ Atomic coordinates have also been deposited with 

the Cambridge Crystallographic Data Centre. 

with chloroform, 4.85 g (9.05 mmol, 80% yield) of 
dark green crystals of Cu(TTA), was obtained. The 
spectroscopic data are given in Table 1. 

A suitable crystal of CU(TTA)~ recrystal- 
lized from CHC13 was mounted on a glass fibre 

in random orientation. Preliminary Weissenberg 
photographs did not reveal any symmetry leading 
to the possible space groups Pl or Pf. Experimental 
details of the data collection are given in Table 2. 
The crystal structure was solved in the Pi space 
group by the heavy atom method. At the end of the 
refinement, difference-Fourier syntheses revealed 
rotational disorders of the CF3 and of the thienyl 
groups. Any attempts to solve this problem in the 
Pl group failed. Finally it was possible to refine 
three positions of the CF3 group [(F,, FZ, F3), (F4, 
Fg, F6), (F7, F,, F,)] together with two positions of 

the thienyl group KS,,, CL, C4i, Ci), (Si2, C3*, C42, 
C,,)].? The final occupation factors are given in 
supplementary material. The scattering factors were 
taken from refs 20 and 21; a summary of the con- 
vergence results is given in Table 2. Fractional coor- 
dinates, anisotropic thermal parameters, bond 
lengths and angles in the disordered parts of the 
molecule, least squares planes, and a list of structure 
factors have been deposited as supplementary 
material with the Editor from whom copies are 
available on request.$ 
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Table 1. Spectroscopic data of the copper(I1) 2-thenoyltrifluoroacetonate 

Ref. 

UV-visible 

Imax(e10-3) 

IR v(cm-‘) 

RPE 

273 (25.9) 336.5(47.5) 4, 7, 15 

1325.3 1541 1599.8 4, 5, 6, 7, 9, 16 

2.1:79 A(G) 17, 18, 19 61.33 

RMN H, H* H3 H4 19 

6 h ppm(Wi) - 16.53 15.23 7.31 10.66 

(s/2) (s/2) (s/2) (s/2) 

“&,; s(M-’ cm-‘). 
‘m = multiplicity ; i = intensity ; s = singlet. 

Table 2. Experimental conditions and refinement 

Formula, formula weight 
Space group 
Crystal dimensions 
Lattice parameters 
Diffractometer 

emin- em*x2 sin 0/n max 

Scan speed (” mm -‘) 
Scan range (“) 
Take-off angle (“) 
Aperture (mm) 
Number of reflections measured 
Number of unique reflections used 
Number of parameters, N/N, 
Programs 
R(F), RI+‘), G.O.F. 

Z/+,,, 
Max residual density 

C,6HSC~F604S2, 506 
Triclinic Pi 
0.2 x 0.3 x 0.15 mm3 
See abstract 
CAD 4F, MO-K, graphite monochromatized 
I -3O”, 0.70 A-’ 
l<v<3 
1 + 0.40 tan (0) 
3 
4+ tan (19) 
3247 
N = 2176 (a(r)/Z < 0.3) 
176, 12.4 
SDP,22 SHELX 76,20 ORTEP 
0.0456 ; 0.0490 ; 1.86 
[a2(F) + 0.0007 F2] -1 
-0.58 for z(S,~) 
0.74 e A--’ at 0.8 A from Cu 
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Fig. 1. ORTEP view of Cu(TTA), ; bond lengths and angles. 

Figure 1 gives the ORTEP view of the molecule thermore, the whole molecule, except the F, and 

with the main bond distances and angles. The cop- FX atoms has a planar conformation and all the 

per atom which lies on the (O,O,O) inversion centre molecules in the crystal are stacked approximately 

of the triclinic cell has a square planar coordination along the [l lo] axis with an intermolecular distance 

(Cu-o(l) = 1.905(2), cu-O(2) = 1.91 l(2) A, of 3.25 A (Fig. 2). This structure is very close to 

O(l)-Cu-O(2) = 93.3(l) and 86.7(l)“). Fur- that of bis[(thienyl-2)-2-glyoxylato]copper(II).z3 

Fig. 2. ORTEP view of the molecular packing. 
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Abstract-In the crystalline state, the complex [Cu(CM)JSO, * 9H20 (CM = cimetidine) is 
constituted of two-dimensional cations [Cu(CM):+], separated by SOi- anions and water 
molecules. As in the related complexes [CU(CM)~(C~O~)~ and [Cu(CM),](NO,),, the copper 
atom lies in a strongly distorted octahedral CuN,& environment. The distortion is quite 
different from one complex to another (cation distortion isomerism). In the title compound 
the Cu-S bond is unusually long (2.91 A). Unlike the title compound, the [Cu(CM):+], 
cations in the perchlorate and nitrate salts are one-dimensional infinite chains characterized 
by different conformations of the cimetidine molecules (cation structure isomerism). 

For years the “plasticity effect”’ of the copper(I1) Cimetidine(CM): N-cyano-N’-methyl-N”-[Z((S- 

ion has been invoked to account for its ability to methyl- lH-imidazol-4-yl)-methylthio)ethyl]guan- 

accommodate, within a given set of ligands, a idine (Structure 1) is a biologically active mol- 

range of different geometries and, within a given ecule liable to coordinate to transition metal ions. 

geometry, a range of different degrees of distortion. In the complexes [CU(CM)~(C~O~)~ (H6 and 

The term “cation or anion distortion isomerism” [Cu(CM),](NO,), (II)7 the ligand is coordinated 

has been introduced to classify complexes where the through S(thioether), N(imidazole) and N(cyano) 

copper(I1) ion, coordinated to the same ligands, atoms. In both compounds the copper(I1) ion 

possess the same environment with some changes is octahedrally surrounded but with a signifi- 

in the geometry, usually depending on the counter- cantly different distortion, thus providing another 
ion.im5 example of cation distortion isomerism. Further- 

Me 
N-C-N 

II 
CH2-S-_-HZ-CH2-NH-C-NH-Me 

Structure 1. 

* Permanent address : Departamento de Quimica Inor- more, both crystal structures are built of one- 

ganica, Facultad de Farmacia, Universidad de Valencia, dimensional [Cu(CM):+], cationic infinite chains 

Blasco Ibaiiez no 13,460 10 Valencia, Spain. but with different conformations. This can be 
TAuthor to whom correspondence should be addressed. referred to as “cation structure isomerism”. 
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In this paper we report the structure of a ignited cr-A&O, as a reference. The DSC measure- 
third “cation distortion and structure isomer” : ments were performed with a Mettler DSC 20 
[Cu(CM),]SO, * 9H,O (III). Another hydrate differential scanning calorimeter, using samples of 
[Cu(CM),]S04 - 4H20 (IV) has been previously pre- cu 5 mg and a heating rate of 5” min-‘. Both TG 
pared as a microcrystalline powder and characterized and DSC studies were carried out in a dynamic 
by spectroscopic methods,’ but has not yet been atmosphere of air (100 ml min-‘). Magnetic 
obtained as single crystal suitable for X-ray struc- moment, IR, ESR and solid state electronic spectra 
ture determination. were recorded as described in a previous paper.’ 

This work gives more insight into the chelating 
properties of cimetidine and reveals the influence of 
the coordination on the conformation of this ligand 
in connection with the nature of the counter-ion. 

EXPERIMENTAL 

An EtOH solution (100 cm’) of CM (2.5 mmol) 
was slowly added to an aqueous solution (50 cm”) 
of CuS04 - 5H,O (1 mmol). Green hexagonal crys- 
talline plates were obtained by slow evaporation of 
the solvent. The crystals were washed with EtOH 
and water and dried in air. They were found to be 
stable to air, light and X-ray exposure. Found : Cu, 
7.6; C, 29.0; N, 20.5; H, 6.3; SO:-, 11.7. Calc. for 
CUS~C~~N~~O,~H~,,: Cu, 7.7; C, 29.1; N, 20.3; H, 
6.1; SO:-, 11.6%. 

Thermogravimetric analysis were performed on 
a Mettler TG 50 thermobalance using samples of 
ca 15 mg and a heating rate of 10” min-’ with 

Crystal data and relevant parameters of the cry- 
stallographic study are given in Table 1. General 
operating procedures have been described 
previously.g Systematic absences indicate space 
groups Cc or C2/c, the non-centrosymmetric space 
group was discarded on the basis of convincing 
intensity statistics. The structure was determined by 
the Patterson method” and refined using standard 
full-matrix least-squares and Fourier procedures. ’ ’ 
Structure factors were corrected for absorption and 
anomalous dispersion. The sulphate ion is dis- 
ordered over two positions which were assigned the 
same occupancy factor (50%) on the basis of the 
similarity of the temperature factors of the oxygen 
atoms. All hydrogen atoms were located on differ- 
ence Fourier maps, idealized, unrefined positions 
and arbitrary isotropic temperature factors were 
used in the final calculations. Final atomic pos- 
itional and thermal parameters and lists of Fo/Fc 
values have been deposited as supplementary 

Table 1. Crystallographic data 

Formula 

M, 
Diffractometer 
Radiation 
Wavelength (A) 
Space group 

a (A) 
b (A) 
c (A) 
BP) 
v (A’) 
z 
DC (g cm-‘) 
Dm (g cm’) 

P (cm-‘) 
Temperature (K) 
Crystal size (mm) 
Max. Bragg angle 
Number of independent reflections 
Number of observed reflections (I > 30) 
Number of refined parameters 
R and R, 
Weighting scheme 

CuSGoN,,Q&o 
826.43 
CAD4 Enraf-Nonius 
MO-K, 
0.71069 
Monoclinic, C2/c 
25.417(4) 
13.905(2) 
10.677(2) 
97.61(l) 
3740(2) 
4 
1.47 
1.47(l) (flotation) 
7.7 
293 
0.55 x 0.28 x 0.08 
13,,X = 25” 
3299 
2206 
242 
0.034 and 0.036 
Unit weights 
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material with the Editor from whom copies are 
available on request. Atomic coordinates have also 
been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

RESULTS AND DISCUSSION 

complex takes place in two steps: a weight loss of 
32% in the range 200-380°C followed by another 
weight loss of 39% in the range 420600°C. The 
final black solid residue (9.7% of the initial sample) 

corresponds to the CuO oxide as confirmed by X- 
ray powder pattern. 

Thermogravimetric analysis Magnetic and spectroscopic properties 

Two differentiated processes occur in the thermal 
decomposition of the compound studied: a dehy- 
dration followed by the pyrolitic decomposition of 
the anhydrous complex. Under the experimental 
conditions used, the nine water molecules are lost in 
one step in the temperature range 50-l 10°C (weight 
loss 19.4%). The low value of the dehydration 
enthalpy (30 kJ mol- ‘) indicates water of cry- 
stallization. 

The pyrolitic decomposition of the anhydrous 

Magnetic and spectroscopic properties of (III) 
are very similar to those previously reported for 
(IV),’ only small changes can be noticed in the 3 140- 
3400 cm-’ range of the IR spectrum for bands 
assigned to N-H stretching vibrations: these 
modifications may be attributed to differences in 
the hydrogen bond network of the two hydrates.” 
In both cases the pattern of vibrations of the SO4 
group (1110, 980, 615 cm-‘) is indicative of an 
uncoordinated SO:- anion. 

Table 2. Bond lengths (A) and angles (“) with e.s.d.‘s in parentheses 

cu-S( 1) 
Cu-N(2) 
Cu-N( 14)” 

W’)+(l) 
C(5W(l) 
C(7)_W) 
c(3t~(2) 
N(4)_-C(3) 
C(5)_N(4) 
C(6)_-c(5) 
C(7)_-s(l) 
C(8)-g(l) 

N(2)--Cu-S( 1) 
N( 14)*-Cu-S( 1) 
N( 14)“-Cu-N(2) 
C(7jS( I)-cu 
C(SjS( 1)---G 

C(5jWk--N(2) 
C(7)--c(ljN(2) 
C(7jw>-c(5) 
C( 1 jN(2)-Cu 
C(3 j-N(2)-Cu 

C(3jN(2jC(l) 
N(4jC(3)-N(2) 
C(5jN(4)--C(3) 
N(4jC(5)-C( 1) 
C(6)-C(5jCU) 
C(6jC(5jN(4) 
C(ljC(7jS(l) 
C(8jS( 1 j-c(7) 

2.910(l) 
1.981(3) 
2.001(3) 
1.383(5) 
1.353(6) 
1.493(5) 
1.323(5) 
1.326(6) 
1.369(6) 
1.482(6) 
1.813(4) 
1.807(3) 

77.4( 1) 
87.3( 1) 
89.0( 1) 
84.3( 1) 

104.8( 1) 
109.4(3) 
120.8(3) 
129.8(4) 
123.6(2) 
129.9(3) 
105.9(3) 
110.4(4) 
108.9(4) 
105.4(4) 
131.9(4) 
122.7(4) 
112.6(3) 
100.4(2) 

C(9jC(8) 
N( 10)-C(9) 
C(ll jN(10) 

N(12jC(ll) 
N(l5)--C(ll) 
C(13)--N(12) 
N(14 jC(13) 
C(16 jN(15) 

S(2jWl) 
S(2)--o(2) 
S(2)--o(3) 
S(2)--0(4) 

C(9jC(8jS(l) 
N(lO)--C(9>-C(8) 
CU 1jN(lO)--c(9) 
N(l2)---C(ll jN(10) 
N(15 jC(11 jN(12) 
C(13 jN(12jC(ll) 
N(14jC(13 jN(12) 
C(13 jN(14jCu’ 
C(16 jN(15jC(ll) 

O(ljS(2)--0(2) 
o(l)d-S(2w(2) 
0(4jS(2H(3) 
0(4)d-S(2>--o(3) 

1.519(5) 
1.447(S) 
1.335(S) 
1.342(4) 
1.323(5) 
1.293(5) 
1.155(4) 
1.442(5) 
l&6(9) 
1.443(8) 
1.415(8) 
1.468(9) 

113.7(2) 
112.1(3) 
123.7(3) 
117.4(3) 
123.3(3) 
120.7(3) 
173.8(4) 
155.7(3) 
124.1(3) 
106.7(5) 
111.1(5) 
106.8(5) 
110.6(5) 

Symmetry codes: ‘?x, 1-y,z-l/2. b l/2-x,y-l/2, 1/2-z. ‘x, l-y, l/2+2. d l-x, l+y, 
312-i-z. 
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The solid state reflectance spectrum of (III) and 
the X-band ESR spectrum (g,, = 2.32, g, = 2.06 
and A,, = 204 G) are consistent with an essentially 
elongated octahedral geometry of the copper(I1) 
coordination polyhedrons~13,‘4 and with a dxzPy2 

ground state.” 

Coordination of the copper(I1) atom 

Bond lengths and angles are listed in Table 2. The 
coordination scheme of the copper atom is shown 
in Fig. 1. The copper atom lies on a centre of sym- 
metry and possesses a strongly elongated octa- 
hedral CuN& environment : two centrosym- 
metrically related CM molecules are chelated 
through imidazole N(2) and thioether S(1) atoms 
and two other centrosymmetrically related CM 
molecules are coordinated through the cyano 
N( 14) atom. The SO:- groups and the lattice water 
molecules are far removed from the Cu(I1) centres 
(all Cu-0 distances are larger than 4.14 A). 

The N(2) and N( 14) donors occupy the equatorial 
positions while the S(1) atoms are apical. The CuN, 
equatorial group is strictly planar by symmetry, 
with Cu-N(2) and Cu-N(14) distances equal to 
1.982 and 2.001 A, respectively, similar to those 
observed in related compounds.7,‘“‘9 However the 
apical Cu-S bond length of 2.910 A is strikingly 
long and falls in the very far end of the range of 

Fig. 1. [Cu(CM),]SO,* 9H,O. Cu(II) environment and 
numbering scheme in the cimetidine molecule. Symmetry 
codes: (i) 1/2-x, 1/2-y, -z; (ii) x, 1 -y, z--1/2; (iii) 

1/2-x, y- l/2, 112-z. 

thioether-containing copper(I1) complexes.‘“‘8.20.2’ 
This long distance can be compared with Cu-S 
distances in blue proteins of copper(I1) such as pla- 
stocyanin and azurin22*23 where a methionine thio- 
ether sulphur atom is weakly bonded to the metal. 
Such Cu-S distances are so long that the question 
may arise whether they can still be regarded as 
coordination bonds ; the Cu-S-C angles, close to 
the expected value of 90-loo”, indicate that the lone 
pairs of the sulphur atoms are directed towards the 
copper atom and argue for a weakly coordinating 
Cu-S interaction. 

Table 3 compares the geometries of the copper 
environment in the three copper(II)-cimetidine cat- 
ion distortion isomers (I), (II) and (III). Although 
no strong interaction exists between the metal atom 
and the counter-ions, the latter induce changes in 
the sterochemistry of the former. So, in both (I) 
and (III), the thioether S( 1) sulphur atom is weakly 
bonded and the imidazole N(2) and cyano N( 14) 
nitrogen atoms give usual Cu-N bonds ca 2 8, 
long, resulting in an elongated tetragonally dis- 
torted octahedral geometry. On the contrary, the 
coordination polyhedron in (II) can be considered 
as rhombically distorted octahedral, elongated 
along the Cu-N( 14) bond which is unusually long 
(2.558 A). 

Metal centre linkage 

The cimetidine molecules link copper atoms to 
form two-dimensional infinite cations [Cu(CM):+], 
parallel to (100) (Fig. 2). These cationic planes lie 
at the levels x = l/4 and x = 3/4 and are separated 
by SO:- anions and lattice water molecules (Fig. 
3). It is worthwhile to compare the linkage of the 
copper atoms in the title compound (III) and in 
complexes (I) and (II). Although the coordination 
of cimetidine takes place through the same S(l), 
N(2) and N(14) atoms in the three complexes, in 
the two latter cases the structure is built of one- 
dimensional [Cu(CM):+], parallel chains where two 
cimetidine molecules link two copper atoms. Such 
chains are shown in ref. 7 for (II) and are drawn on 
Fig. 4 for (I). The linkage distances between two 
copper atoms are 8.56, 10.56 and 8.77 A (along 
[Oil]) for (I), (II) and (III) respectively. Such a 
difference can easily be explained by the well-known 
flexibility of the cimetidine molecule. 

This comparison supports the idea of “cation 
structure isomerism” : complexes (I), (II) and (III) 
contain polymeric cations of the same empirical 
formula [Cu(CM):+],, the CM ligands are coor- 
dinated via the same atoms, but the linkage of the 
metal atoms is quite different. 



Crystal structure of copper(H) cimetidine sulphate nonahydrate 

Table 3. Geometries around Cu(I1) in cimetidine complexes 

311 

Compound 
Cu-N(2) Cu-S( 1) Cu-N( 14) N(2)--Cu-N( 14)” N(2)-Cu-S( 1) S( l)-C~-N(14)~ 

(A) (A) (A) (“) (“) (“) 

tCWMU(CW, 1.980(6) 2.790(2) 2.042(7) 88.6(3) 78.9(2) 86.5(2) 
(I) 

Ku(CM)ZI(NGJZ 1.942(2) 2.419(l) 2.558(2) 88.7( 1) 84.9( 1) 79.3(l) 
(II) 

[Cu(CM),]SO, - 9H20 1.981(3) 2.910(2) 2.001(3) 89.0(l) 77.4(l) 87.3(l) 
(III) 

Symmetry codes: ‘x, l-y, z-1/2.’ l/2-x,y-l/2, 1/2-z. 

Geometry of cimetidine 

Again it is suitable to present the results as a 
comparison between the title compound (III) and 
the related complexes (I) and (II). The unco- 
ordinated ligand should be included in this 
di~scus~~o~.howe~er severd1 comormers oE’fneEree 
molecule are known owing to its flexibility ; for 
clarity conformers A24 and Z2’ only will be con- 
sidered. 

Several features, common to all cimetidine forms 
and derivatives have been discussed in previous 

papers. *6-7*24~25 (i) the imidazole ring is planar with 
the methyl group in the plane (Table 4), bond 
lengths indicate electronic delocalization ; (ii) the 
C(ll)--N(lO), C(ll)-N(12) and C(ll)-N(15) 
bond lengths in the guanidine residue do not show 
significant differences, these almost equivalent 
YAlm -an’0 5De&lntigv ia %li?g~ti~mb~~Y 

(Table 4) can be explained by a delocalized bonding 
system ; (iii) coordination bonds being excluded, the 
bond lengths listed in Table 2, namely the C-S 
bond lengths, have similar values in free cimetidine 
and Cu-cimetidine complexes. 

Fig. 2. [Cu(CM)JS0,*9H20. Structure of the two dimensional [Cu(CM):+], cation. Projection 
(loo), tilted by 10” around y and - 15” around z axis for clarity. 

onto 
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Fig. 3. Hydrogen bonding in [Cu(CM),]S04*9H20 ; thin lines represent hydrogen bonds. Only one 
of the two disordered positions of the SO:- anion have been drawn. Projection onto (001). 

Fig. 4. [Cu(CM)J(CIO,),. Two one-dimensional [Cu(CM):+], cations connected by ClO; anions. 
Thin lines represent hydrogen bonds. Projection onto (001). 
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Table 4. Displacements (A) from least-squares planes 
through the imidazole ring and guanidine residue. Atoms 
used to calculate the equations of planes are denoted by 

asterisks 

Imidazole ring 

C(1)* - 0.002(3) 

N(2)* 0.002(3) 

C(3)* - 0.005(4) 

N(4)* 0.003(3) 

C(5)* -0.001(4) 

C(6)* -0.001(5) 

Guanidine residue 

c(ll)* - O.OOS(3) 
N(lO)* 0.002(3) 
N(12)* 0.002(3) 
N(15)* 0.002(3) 

C(16) -0.043(5) 

C(13) -0.033(3) 

N(14) - 0.032(4) 

In the title compound the methyl and cyano 
groups C( 16), C( 13) and N( 14) lie close to the guani- 
dine mean plane. Changes in the conformation 
of the ligand derive from bond angles and tor- 
sion angles listed in Table 5: (i) in the guanidine 
part of the molecule the two bond angles 
N(lO)-C(ll)-N(12) and N(12)--C(ll)-N(15) 
of (I) and (III) show values close to those found in 
conformer Zz5 while the same angles in (II) cor- 
respond to conformer AZ4 ; (ii) the same analogy 
between (II) and conformer A on the one hand, 
and (I) and (III) and conformer Z on the other 
hand is observed for torsion angles around the 

Table 5. Comparison of selected bond angles, torsion angles and dihedral angles (“) in the copper-cimetidine 
complexes and in forms A and Z of the cimetidine molecule 

Angle (III) (I) (II) CM(A) CM(Z) 

N(lO)-C(ll)--N(12) 117.4 117.5 123.2 123.1 117.5 
N(12)--C(ll~N(15) 123.3 122.9 116.9 117.0 123.3 

N(lO)-C(ll)--N(15)-C(16) 
N(lO)-C(ll)-N(12)-C(13) 
C(9)-N(lO)-C(ll)-N(15) 
C(9)-N(lO)-C(ll)--N(12) 
C(8t-c(9)_N(lOW(1l) 
S(l)--C(8FC(9)-N(lO) 
C(7)_S(lFC(8yc(l) 
C(8)_S(l)-c(7)--c(l) 
N(2)-C(l)-C(7)-S(l) 
C(5)---C(l)---C(7)---S(l) 

3.1 
- 178.6 
- 167.3 

14.0 
99.6 

- 64.0 
- 72.3 
-60.8 
-46.5 
132.9 

Dihedral angles between 
imidazole ring and 
guanidine residue 59.1 

4.4 - 179.0 171.1 -7.6 
- 168.3 4.6 - 12.5 167.6 
- 169.6 -1.0 -8.9 179.2 

11.6 179.8 172.5 -0.1 
100.5 79.1 90.6 110.1 

-49.4 - 179.9 - 175.7 -60.1 
-81.8 - 86.2 62.7 -69.8 

- 74.4 -74.3 61.8 -45.2 
-25.0 -33.8 -69.8 -49.4 
160.7 150.7 111.6 129.8 

44.2 89.6 28.2 54.2 

Table 6. Hydrogen bonds with e.s.d.‘s in parentheses 

X-H . . . Y 
x Y . . . X-H H...Y < X-H . . .Y Symmetry code 

(A) (A) (A) (“) for atom Y 

N(4)--H(4) . . . O(2) 
N(4)--H(4) . . O(3) 
N(15)---H(15) . . Ow(3) 
Ow(l)-Hw(l1) . . . O(1) 
Ow(l)-Hw(l1) . . O(3) 
Ow( I)--Hw( 12) . . Ow(2) 
Ow(2)-Hw(2) . . . Ow(4) 
Ow(3)--Hw(31) . . Ow(5) 
Ow(4)-Hw(41) . . . Ow(3) 
Ow(4)-Hw(42). . . Ow(1) 
Ow(5)-Hw(51) . . . O(4) 
Ow(5)--Hw(51) . . . O(1) 
Ow(5)-Hw(52) . . . O(4) 

2.867(9) 0.97 1.90 
2.947(9) 0.97 2.14 
2.853(5) 0.97 1.93 
2.804(9) 0.97 1.86 
2.742( 10) 0.97 1.90 
2.758(5) 0.97 1.79 
2.781(4) 0.97 1.87 
2.629(6) 0.97 1.92 
2.752(5) 0.98 1.85 
2.865(5) 1.00 1.87 
2.721(10) 0.97 1.88 
2.878(9) 0.97 1.94 
2.698(9) 0.97 1.73 

175 X,Y,Z---1 
140 X,Y,Z--1 
159 x, y, z 
165 x, 1/2-y, 3/2+z 
144 x, 1/2-y, 3/2+z 
175 -x, l-y, -z 
156 x, -y, 1/2+z 
128 1/2-x, 3/2+y, 312-z 
153 1/2+x, y- l/2, z 
174 1/2+x, y-1/2, a 
142 -x, l-y, -z 
163 -x, l-y, -z 
174 3/2+x, 1/2+y, 1 f-- 
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C( 1 I)-N( 12), C(l l)-N(15), N(lO)-C(I l), 
C(9)-N(lO) and C(8)-C(9) bonds, (iii) the other 
torsion angles about bonds close to the metal centre 
do not show the same relationship. 

To sum up, cimetidine takes form A in (II) and 
form 2 in (I) and (III), both forms being perturbed 
by the coordination through the sulphur atom. The 
perurbation arises from the flexibility of the four 
atom chain, binding the imidazole ring and the 
guanidine residue. The resulting dihedral angles 
between the imidazole and guanidine least-squares 
planes are given in Table 5. 

Hydrogen bonding 

Hydrogen bonding (between N-H groups of the 
cimetidine ligand, oxygen atoms of the sulphate ion 
and oxygen atoms of water molecules) appears to be 
important for the stabilization of the crystal lattice. 
The characteristics of the hydrogen bond network 
are given in Table 6. Note that the water molecule 
Ow(2) lies on a two-fold axis. The two-dimensional 
parallel cationic layers are connected by two kinds 
of hydrogen bonds. The first one is between the 
N(4) imidazole nitrogen atom and the disordered 
oxygen atoms of the sulphate group. The second 
one links water molecule Ow(2) with the N(15) 
nitrogen atom. Furthermore hydrogen bonds exist 
between the water molecules and between the sul- 
phate ion and the water molecules (Fig. 3). 

The hydrogen bond network of the anhydrous 
complexes (I) and (II) is much more simple: each 
anion connects three cationic chains in (II) and two 
cationic chains in (I) (Fig. 4). 

Sulphate ion 

The sulphur atom lies on a two-fold axis and the 
oxygen atoms are disordered over two positions (50% 
occupancy). The temperature factors of the oxygen 
atoms are rather high indicating the presence of a 
dynamical component or a bad resolution of the 
disorder. Thus the geometry of the sulphate ion will 
not be discussed further. 
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Abstract-The electrochemical oxidation of truns-Rh2(~-dppm)2(CO),C12 (dppm = bis 
(diphenylphosphino)methane) in the presence of chloride has afforded the new dirho- 
dium(I1) unsymmetrical complex Rh2(~-dppm)2(~-Cl)(CO)C13 which is readily converted to 
the complex [Rh2(~-dppm)2(~-CO)(~-Cl)Cl~PF6. This species has been shown to undergo 
addition reactions with chloride to regenerate [Rh2(~-dppm)2(~-C1)C13(CO)], and with car- 
bon monoxide and t-butylisocyanide to give the additional new dirhodium(I1) complexes 
[Rh2(~-dppm)2(~-C1)C12(CO)~PF6 and [Rh2(~-dppm)2(~-Cl)(CNC(CH3),)2Cl~PFs, respec- 
tively. During prolonged exposure to carbon monoxide [Rh,(p-dppm),(p-CO)@-Cl)C12]PF, 
undergoes reduction with the loss of chloride to give [Rh2(~-dppm)2(~-C1)(C0)2]PF6. 

Since the compound trans-Rh(p-dppm)2(CO)2C12, 
1, (dppm = bis(diphenylphosphino)methane) was 
first reported,’ it has served as a precursor to numer- 
ous other dinuclear rhodium complexes. In some 
cases, oxidative addition of various reagents to 1 or 
some of its Rh(1) derivatives has clearly produced 
dimers with formal oxidation states of two.2ms In 
other cases, such as with cis dimetallated olefinq6 
there is some uncertainty as to the oxidation state 
of the metal atoms. 
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zq oo/jh z 2=&I 
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The oxidative addition of bromine or iodine to 
1, has led to Rh(I1) complexes with structure I. 
However, the analogous chlorine oxidation product 
with structure I has not been reported, and our 
attempts to prepare this derivative have led to what 
appears to be a mixture of products that has so far 
defied separation and characterization. Our initial 

*Author to whom correspondence should be addressed. 

thought was that chlorine might be too strong an 
oxidizing agent, thus giving a mixture of rhodium 
containing products. 

Some of our previous studies7*’ involving elec- 
trochemistry of dinuclear Rh(1) complexes in the 
presence of coordinating species suggest that elec- 
trochemical oxidation of complexes such as 1 in 
the presence of halide ions might generate Rh,(p- 
dppm),(CO),Cl, with structure I. This seemed to be 
a viable approach since electrochemical oxidation 
allows one to “tune” the oxidation potential, thus 
possibly avoiding undesirable oxidation of the rho- 
dium atoms or even the ligands. We report here the 
results of the electrochemical oxidation of 1 in the 
presence of Cl- and some reactions involving the 
oxidation product as the precursor. The compounds 
involved in this study are given in Table 1. 

EXPERIMENTAL 

Materials 

Procedures described in the literature were used 
to prepare l9 and [Rh,(p-dppm)(p-CO)@-Cl) 
(CNWH,),)$‘F~.“’ Spectroanalysed dichloro- 
methane and reagent grade acetone were used 
without further purification. Tetra-n-butyl- 
ammonium chloride (TBAC) and tetra-n-butyl- 
ammonium tetrafluoroborate (TBAT) were pur- 
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Table 1 
-_ 

Compound Compound 
No. formula” 

1 Rh~(~-dppm)~(CO)~Cl~ 
2 IRh,tl*-dppm),(~u-CO)(p-CI)CIJPF, 
3 Rh*(11-dppm),(ll-C1)Cl,(Co) 
4 IRh2(~-dppm)Z(~-Cl)Cl~(CO)?IFF, 
5 IRbz(~-dppm),(C(-Cl)(CO)JPF, 
6 Rh&-dwmMCW& 
7 Rhz(~-dppm),(~-CO)C12 
8 [Rhz(~-dppm),(~-CI)(~-CO)(CO),lPF, 
9 [Rh*(~-dppm)~(~-Cl) 

(CNC(CKM,CWF~ 
10 [Rhz(ln-dppm~WW(~-C1) 

(CNC(CHMJPF6 

“dppm = bis(diphenylphosphino~methane. 

chased from Aldrich and recrystallized several times 
from acetone-ether and methanol-water, respec- 
tively, and dried in IIUCUO. Tetra-n-butylammonium 
nitrate (TBAN) was purchased from Fluka and 
rec~stallized from chloroform-ligroin. Tetra-n- 
butylammonium hexa~uorophosphate (TBAH) 
was prepared from the metathesis reaction of tetra- 
n-butylammonium iodide and KPF6, and was recry- 
stallized three times from acetone-water and dried 
in vacua at 50°C. 

UV-vis spectra were recorded with a Cary Model 
219 spectrophotometer. Infrared (IR) spectra were 
recorded with a Digilab FTS-20 Fourier transform 
spectrometer. All IR samples were run as Nujol 
mulls. All NMR spectra were obtained using a 
JEOL FX90Q Fourier transform spectrometer. All 
‘P spectra were proton decoupled and obtained 
at 36.21 MHz with 85% H3P04 as the external 
reference, and ‘H spectra were obtained at 90 MHz 
using tetramethylsilane (TMS) as the internal ref- 
erence. An Orion Research chloride-ion electrode 
(Model No. 94-17) was used in conjunction with an 
Orion Research double junction reference electrode 
(Model No. 90-02) to test for chloride ion. All ele- 
mental analyses were performed by Galbraith 
Laboratories Inc., Knoxville, TN. 

Electrochemical procedures 

Cyclic voltammetry was performed using either a 
BAS-100 electrochemical analyser (Bioanalytical) 
or a PAR (Princeton Applied Research) Model 364 
polarographic analyser in conjunction with a func- 
tion generator of the design of Woodward and 

coworkers” and a 2000 Omigraphic X-Y recorder 
(Houston Instruments). The working electrode was 
a platinum inlay electrode (Beckman No. 19021) 
with a surface area of 0.24 cm2. The surface of 
the working electrode was polished with polishing 
alumina prior to each run. A 2.76 cm* platinum grid 
was used as the auxiliary electrode. The reference 
electrode was a saturated calomel electrode (SCE) 
and was located in the cell compartment in a glass 
capillary with a glass frit on one end to separate the 
reference electrode from the bulk solution. Coul- 
ometry and bulk electrolysis experiments were per- 
formed either with the BAS-100 el~tr~hemica1 
analyser or a PAR model 173 potentiostat/ 
galvanostat equipped with a PAR 179 digital 
coulometer. The electrolysis cell was a conven- 
tional H-shaped three compartment cell in which 
the compartments were separated by glass frits 
of medium porosity. The working electrode, a 
25 cm2 platinum grid, and the auxiliary electrode, 
a carbon rod, were placed in separate outer com- 
partments of the H-cell. The reference electrode for 
all electrolyses was the saturated calomel electrode 
(SCE). All solutions for electrochemical experi- 
ments were degassed with argon unless otherwise 
stated. 

50 cm3 of a CH2C12 solution of 1 (141 mg, 0.128 
mmol) containing 0.10 M TBAH and TBAC (356 
mg, 1.28 mmol) was oxidized at f0.60 V via con- 
trolled potential electrolysis. The volume of the red- 
dish-brown oxidized solution was reduced to ca. 5 
cm3, to which 50 cm3 of CH30H was added. The 
resulting suspension was stirred for 24 h, during 
which time it turned from brown to green. The 
solid was filtered and stirred overnight in 10 cm3 of 
CH&. The green solid was filtered and dried in 
zlacuo. The product was recrystallized from CH$l,. 
Yield : 70%. IR(Nujo1 mull) : v(CO), 1794 cm-‘(s) ; 
v(PF;), 839 cm-‘(s), 557 cm-‘(m). UV-vis 
(CH,Cl,) : [A,,,, nm (E)] : 346 (16,000), 310 (32,000). 
3’P NMR data : 6> 9.80 ppm ; [‘J(Rh-P)+ 
“J(Rh-P)], 97.7 Hz. Found : C, 47.8 ; H, 3.8 ; Cl, 
8.8 ; P, 11.7. Calc. for C51H44C13F60P5Rh2: C, 
48.8; H, 3.5; Cl, 8.5; P, 12.3%. 

Preparation of[Rh2(p-dppm)&-Cl)CI,(CO)] 

Method 1. 50 cm3 of a CH2Clz solution of l(121 
mg, 0.110 mmol) containing 0.10 M TBAN and 
TBAC (167 mg, 0.55 mmol) was oxidized at i-0.75 
V via controlled potential electrolysis. The volume 
of the brown oxidized solution was reduced to 30 
cm3 and the solution was washed with three 100 cm3 
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portions of water. The CH2C12 layer was reduced in 
volume and a brown product was obtained upon 
addition of ether. The product was recrystallized 

from CH,Cl,-ether in 75% yield. 
Method 2. Excess TBAC was added to 30 cm3 of 

a CH,Cl, solution of 2 (105 mg, 0.087 mmol). The 
resulting brown solution was stirred for 1 h and 
reduced in volume to cu. 10 cm3, after which 50 
cm3 of ether was added. The brown product was 
collected by filtration, washed with copious 
amounts of water and ether, and dried in vacua. 
IR (Nujol mull): v(C0) 2025 cm-‘(s). UV-vis 

(CHG) : Lxx, nm (E)] : 383 (11,500) 303 (23,600). 
Found: Cl, 11.2. Calc. for CSIH&140P4: Cl, 
12.4%. 

M TBAH, 48.7 mg (0.0361 mmol) of 10, and a five- 
fold molar excess of TBAC was oxidized at + 0.55 
V. After the volume of the oxidized solution was 
reduced to ca. 10 cm3, approximately 100 cm3 of 
methanol was added and the resulting suspension 
was stirred overnight. Compound 9 precipitated 
from the solution and was recrystallized from 
CH$l,-ether-ligroin. Yield, 8 1%. IR (Nujol 
mull) : v(CN), 2172 cm-‘(s) 2153 cm-‘(sh) ; v(PF;), 
839 cm-‘(s), 557 cm-‘(m). “P NMR : 6, 2.84 ppm ; 
[‘JRh_-p+XJRh_p], 85.4 Hz. UV-vis (CH,Cl,) : [A,,,, 
nm (E)], 499 (1,300) 371 (26,000) 309 (25,000) 269 
(23,000). Found: C, 49.8; H, 4.7; N, 1.9; Cl, 7.6. 
Calc. for &,H&13F6P5Rh2: C, 51.8; H, 4.5; 
N, 2.0; Cl, 7.6%. 

Preparation of [Rh,(~-dppm)2(~-Cl)Cl,(CO),]PF, RESULTS AND DISCUSSION 

CO was passed over an acetone solution of 2 (80 
mg, 0.064 mmol) until the solution turned bright 
orange. The resulting solution was reduced to 15 
cm3 via a rotary evaporator. A 1 : 1 ether-hexanes 
solution was added to precipitate an orange 
product. The product was recrystallized from 
CH,Cl,-ether-hexanes. The yield is quantitative. 
IR (Nujol mull): v(CO), 2058 cm-‘(s), 2025 
cm-‘(sh) ; v(PF;), 839 cm-‘(s), 560 cm-‘(m). UV- 
vis (CH,Cl,) : [A,,,, nm (E)]: 444 (2,200) 362 
(31,000) 317 (41,000). 3’P NMR: 6, 11.3 ppm; 
[‘JRh_p+XJtu_-P], 75.7 Hz. Found : C, 46.7 ; H, 3.4; 
Cl, 12.3. Calc. for CS,H,F,0,P,Rh,.CH2C12: C, 
46.6; H, 3.4; Cl, 13.0%. 

Electrochemical oxidation of Rh,(p-dppm)zClz 
(CO), in excess chloride 

The cyclic voltammetric behaviour of 1 in the 
presence of excess Cl- is illustrated in Fig. 1. When 
the initial scan is in the positive direction, the cyclic 
voltammogram exhibits several oxidation waves 
between +0.40 and + 1.30 V (Fig. la). When the 
initial scan is in the negative direction, a reduction 
wave appears at - 1.39 V with an associated oxi- 
dation wave occurring at -0.25 V on the reverse 
scan. Oxidation waves with Epn values more positive 
than + 0.70 V are associated with or overlapped by 
the Cl- waves and will not be discussed. Likewise 

Preparation of [Rh2(~-dppm)2(C0)2ClJ 

A CH,Cl, solution of 3 (50 mg, 0.044 mmol) 
was bubbled with CO for 5 min, during which the 
solution turned from brown to orange. The product 
precipitated upon addition of a 1 : 1 mixture of 
ether-hexanes. The yield is quantitative. IR (Nujol 
mull) : v(CO), 2041 cm-‘(s). UV-vis (CH,Cl,) : [A,,,, 
nm (E)] : 454 (4,800) 383 (20,000), 304 (37,000). 3’P 
NMR : 6, 8.76 ppm ; [‘JRh_-p+XJRh_p], 87.9 Hz. 

Preparation of [Rh2(~-dppm)2(CNC(CH,),)2C1,1 

PFs 

Method 1. To 0.173 mmol of 2 or 4 in 150 cm3 
of acetone, two equivalents (0.346 mmol) of 
CNC(CH3)3 were added. After stirring for ca. 0.5 
h, the solution was reduced in volume on a rotary 
evaporator. The product precipitated when a 1 : 1 
mixture of ether-ligroin was slowly added. The 
product was recrystallized from an acetone-ether- 
ligroin mixture. 

Potmthl lvolte “m SCE) 

Method 2. 50 cm3 of a CH2C12 solution of 0.20 

Fig. 1. Cyclic voltammogram of 1 in CH,Cl,/TBAH/Cl-, 
(a) and (b) before oxidation, (c) after oxidation at + 0.60 
V, (d) after oxidation at +0.60 V followed by reduction 

at -1.30 V. 
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the reduction wave at - 1.39 V and its associated 
oxidation wave will not be discussed at this time. 
The wave associated with the oxidation of 1 that is 
of current interest is the irreversible wave at + 0.40 
V. The oxidation products formed on the cyclic 
voltammetric time scale exhibit two reduction 
waves at -0.55 and -0.70 V. Controlled potential 
coulometry at +0.60 V indicates that 1 undergoes 
a two electron oxidation in the presence of Cl-. The 
HOMO of face-to-face dppm-bridged dirhodium(1) 
compounds such as 1 has been described as a 
doubly occupied a*(d,2) molecular orbital.” There- 
fore, the oxidation of 1 represented by the wave at 
+ 0.40 V leads to the removal of these electrons, re- 
sulting in a transformation from a Rh(I)-Rh(1) 
to a Rh(II)-Rh(I1) species. The electrolysis 
product exhibits an irreversible reduction wave at 
-0.82 V (Fig. lc). After the oxidized solution is 
reduced at - 1.30 V, the cyclic voltammogram does 
not exhibit the oxidation wave of the original 
Rh(I)-Rh(1) species (Fig. Id), even though con- 
trolled potential coulometry at - 1.30 V indicates 
that the reduction is a two electron process. 

When a yellow CH2Cl, solution of 1 is oxidized 
at +0.60 V and the solvent is removed from the 
resulting orange-brown solution, an orange-brown 
residue containing the Rh(IItRh(I1) product, the 
excess TBAC and the TBAH is obtained. An IR 
spectrum of a Nujol mull of the solid orange-brown 
residue exhibits a CO stretching frequency at 2024 
cm-’ which is assigned to a terminal CO. Upon 
treating the orange-brown residue with CH,OH to 
remove the tetra-n-butylammonium salts, the mix- 
ture turns green and a green solid is isolated. After 
recrystallization from CH,Cl, the product exhibits 
an IR band at 1794 cm-‘, consistent with the pres- 
ence of a bridging CO. The 3’P NMR spectrum of 
this product is shown in Fig. 2a and exhibits the 
typical AA’A”A”‘XX’ pattern observed for sym- 

metrical dimers containing two tram bridging dppm 
ligands. The spectroscopic and analytical data are 
consistent with the formulation of the green solid 
as 2. 

Two different structural formulations of 2 are 
possible. One has the bridging CO symmetrically 
bound to the two Rh atoms. This formulation 
requires that CO be a two electron donor, resulting 
in no formal Rh-Rh bond as indicated by structure 
II. The other possible formulation is one in which 
the CO acts as a four electron donor and thus is 
unsymmetrically bound to the two Rh atoms as 
shown by structure III. Structure III requires the 
formation of a metal-metal bond. It has been sug- 
gested that complexes with structures such as II are 
likely to be unstable due to non-bonded contacts 
of the bridging CO and the bridging ligand opposite 
the CO created by the large metal-metal sepa- 
ration.6e 

P-P + P-P + 

n: m 

The general trend for the values of the coupling 
constant [‘JRh_-P+XJRh_-P] in dppm dirhodium 
complexes is that for complexes with a Rh-Rh 
bond the values of the coupling constant are usually 
in the range of 90-l 15 Hz and those for complexes 
with no Rh-Rh bond are in the range of 125-140 
Hz.@‘~,‘~ The observed value of 97.7 Hz for 2 is in 
the range of values generally observed for dppm- 
bridged dirhodium complexes that contain a formal 
Rh-Rh bond; hence, structure III is consistent 

JL ii, 
20 15 10 5 0 ppm 15 10 5 0 wm 

(a) (b) 

Fig. 2. 3’P NMR spectrum of (a) 2 and (b) 3. 
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with the general trend for the coupling constants in 
dpp~-badge dirhodium complexes that contain a 
Rh-Rh bond. Structure III however, is not con- 
sistent with the symmetrical AA’A”A”‘XX’ 31P 
NMR pattern unless the complex is fluxional, thus 
leading to equivalent time-averaged environments 
for the four phosphorus atoms. The 3’P NMR spec- 
trum has been measured over the temperature range 
$25 to -90°C. There was no observable change 
in the spectrum over this range ; thus, if inter- 
conversion is occurring, it is still rapid at -90°C. 
Though we are attempting to obtain crystals suit- 
able for an X-ray structure determination, we have 
not yet been successful. 

We postulate that during the conversion of 1 to 
2 the complex 3 is formed as the initial oxidation 
product and is converted to 2 during isolation pro- 
cedures. This behaviour is summa~zed in Scheme 
1 (the dppm bridging ligands have been omitted 
from all complexes for clarity). At least one of the 
chloro ligands on 3 is apparently labile enough, such 
that the ionizing power of methanol facilitates its 
removal during attempts to isolate 3 from a solution 
containing a non-coordinating anion such as PF;. 
We have been unable to identify any proton res- 
onances in the ‘H NMR spectrum of 2 that can 
be attributed to methanol, indicating that though 
methanol facilitates the removal of Cl- it does not 
appear to coordinate to the complex or crystallize 
as solvent of crystallization. 

Though many dirhodium carbonyl complexes 
containing two bridging dppm ligands in a tram 
disposition are fluxional, “J the 3’P NMR spectrum 
of 3 shown in Fig. 2b remains essentially unchanged 
over the temperature range +35 to -85°C. This 
indicates that exchange is either not occurring or is 
still very rapid at - 85°C. 

Reaction of [Rh~(~-dppm)~(~-Cl)(~-CO)Cl~PF~ 
with carbon monoxide 

When CO is passed over an open acetone solution 
of 2 the solution turns orange instantly. Upon 
addition of 1: 1 ether-hexanes an orange product 
precipitates. The IR spectrum reveals the presence 
of terminal CO ligands and PF; counter ions. The 
analytical data indicate the presence of three chloride 
ligands and 1 mole of dichloromethane. These 
data are consistent with the formulation of the 
product as 4 (Scheme 1). The bridging Cl- is pos- 
tulated on the basis of the electron count of 18 for 
each Rh and the symmetrical AA’A”A”‘XX 31P 
NMR pattern. 

When a solution of 2 or 4 is bubbled with CO for 
several minutes or is allowed to stand under a CO 

atmosphere overnight, the solution turns orange- 
yellow. The 3*P NMR and IR data of the product 
isolated from this solution are identical to that of a 
freshly prepared sample of 5. On the other hand, if 
a solution of 2 or 4 is kept under an atmosphere of 
CO and the product is not isolated, the 3’P NMR 
spectrum of the solution indicates that the complex 
present is 8. These observations are consistent with 
previous results that show that 8 is formed when a 
solution of 5 is saturated with CO. ” 

The conversion of 2 or 4 to 5 involves the 
reduction of a Rh(I1) dimer to a Rh(1) dimer. 
Though we have not been able to identify any CO 
oxidation products, we have demonstrated, using a 
chloride-ion selective electrode, that a stoichio- 
metric amount of chloride ions is produced as 
2 or 4 is converted to 5. These results suggest that 
the conversion is not a simple reductive elimination 
of elemental chlorine but is a reduction by CO 
accompanied by the loss of Cl-. 

The cyclic voltammogram of 2 in CH&/TBAH 
reveals irreversible cathodic waves at -0.21 and 
-0.79 V and an associated anodic wave at +0.82 
V. Reduction of the dimer at -0.90 V is a two 
electron process. The reduction product contains a 
bridging CO with an IR stretching frequency of 
1745 cm-‘. The AA’A”A”‘XX’ 3’P NMR pattern 
with a [‘JRh_P + xJRh_-p] value of 117.2 HZ suggests 
a symmetrical species. The NMR spectrum also 
indicates the absence of PF; ions. These data are 
consistent with those reported for 7’3b and thus the 
electrochemical reduction product of 2 is 
formulated as 7. 

The difference between the el~tro~hemical 
reduction product of 2 and the CO reduction prod- 
uct of 2 is the presence of excess CO during the 
process. For the CO reduction, the excess CO is 
available to coordinate to the metal and stabilize 
the low oxidation state. It has been previously 
shown that 7 readily adds CO to form 8. In the 
electrochemical reduction there is no CO available, 
thus 7 is the isolated product. 

Reaction of[Rhz(p-dppm)z(~-Cl)(CO)C13] with car- 
bon monoxide 

When CO is bubbled through a CHzC12 solution 
of 3 the solution turns orange. Upon the addition 
of 1: 1 ether-hexanes a dark orange product is 
obtained. The 3’P NMR spectrum of this product 
exhibits the AA’A”A”‘XX’ pattern with a 
[‘&h-p + ‘&h-p] value of 87.9 Hz. These data indi- 
cate that the complex is a symmetrical Rh(I1) dimer 
containing four equivalent phosphorus atoms and 
suggest that it contains a metal-metal bond. The 
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solid state IR spectrum reveals the presence of ter- 
minal CO ligands. This conversion is illustrated in 

Scheme 1 and the product is formulated as 6. 
The 3’P NMR spectrum of a CHQ solution 

of 6 indicates that the complex is stable under an 
atmosphere of CO ; however, it reverts to 3 in the 
absence of a CO atmosphere. Even under a CO 
atmosphere, 6 decomposes in acetone solution to 
give products that we have been unable to charac- 
terize. Complex 6 appears to be the chlorine 
oxidative addition product analogous to those 
obtained by treating 1 with Br, and 12.2T4 The fact 
that 6 is unstable explains why we have been unable 
to isolate the product after treating a solution of 1 
with CIZ. 

When 6 is treated with one equivalent of AgPFs 
two products are obtained. The major product is 4 
and the minor product is 2 (Scheme 1). The most 
likely explanation for this observation is that a small 
amount of 6 loses CO to form 3 and the reaction 
with AgPF, removes a Cl- from both 3 and 6 to 
form 2 and 4, respectively. 

The cyclic voltammogram of 6 in CH2C12 con- 
taining TBAH and CO exhibits two irreversible 
reduction waves at - 0.15 and - 0.62 V. Reduction 
at -0.70 V is a two-electron process that leads to 
an irreversible oxidation wave at +0.86 V. The 
isolated reduction product exhibits CO stretching 
frequencies at 1976 and 2000 cm-‘. The 3’P NMR 
spectrum exhibits an AA’A”A”‘XX pattern with a 
chemical shift of 18.98 ppm and a [‘JRh_-p+XJat,_~] 
value of 114.8 Hz and indicates the presence of 
PF;. These data are identical to those of a freshly 
prepared sample of 5 and thus the reduction prod- 
uct of 6 was characterized as complex 5. 

Reaction of [Rh&-dppm),(p-Cl)&-CO)C&]PF, 
and [Rh&dppm)&-Cl)Cl,(CO),]PF, with 

CNCWU 

When 2 or 4 is treated with two equivalents of 
CNC(CH&, a new complex is obtained which, on 
the basis of analytical data, has been formulated as 
9. The IR spectrum of 9 exhibits two bands at 
frequencies about 60 cm-’ higher than those found 
in 10. The higher v(NC) in 9 compared to that of 
10 is consistent with a higher oxidation state in 9 
since a higher oxidation state means less rc back- 
bonding and thus a higher NC stretching frequency. 
The lack of an IR band in either the terminal or the 
bridging CO stretching region confirms the absence 
of CO in 9. The presence of a PF; counterion is 
confirmed by both IR and 31P NMR. The chemical 
equivalence of the phosphorus atoms is dem- 
onstrated by the AA’A”A”‘XX’ pattern observed 
in the 3’P NMR spectrum. The [‘Jah_-P+XJa~_~] 

value of 85.4 Hz suggests the presence of a metal- 
metal bond. A bridging chloride is postulated on 
the basis of analytical data that show that there are 
three chloride ions per dimer, the chemical equiv- 
alence of the phosphorus atoms, and the fact that 
a bridging chloride gives the two rhodium centres 
electron counts of 18. The two isomers 9a and 9b 

9b 

(R = (CH,),C) are potentially possible. The spec- 
troscopic data do not permit an unequivocal identi- 
fication of the isomer obtained. However, it has 
been shown by several structural analyses of trans- 

bis(dppm)-bridged dirhodium A-frame complexes, 
that the methylene groups of the dppm ligands are 
folded in a cis position towards the bridging apex 
ligand.16 This configuration allows the more bulky 
phenyl groups to occupy more open sites and thus 
minimize unfavourable intramolecular contacts of 
the dppm ligands and the apex ligand. This folding 
of the dppm ligands also creates more open sites 
opposite the apex ligand and would therefore 
minimize steric interactions between the phenyl 

I I 1 I J 
l 0.50 0.0 -0.50 -1.00 -1.50 

Potmllrl (volts “s SCE) 

Fig. 3. Cyclic voltammogram of (a) 10 in 
CH,ClJTBAH/Cl- before oxidation, (b) 10 in 
CH,C&/TBAH/Cl- after oxidation at f0.55 V, (c) 9 

after being isolated from an oxidized solution of 10. 
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groups and the isocyanide groups occupying pos- 
itions tram to the apex ligand. This would thus 
favour 9a. 

Complex 9 has also been prepared by electro- 
chemical techniques. The cyclic voltammogram 
of 10 in the medium CH,Cl,/TBAH/Cl- exhibits 
overlapping irreversible oxidation waves at + 0.25 
and +0.39 V and associated reduction waves at 
-0.36, -0.55 and -1.19 V (Fig. 3a). The over- 
lapping oxidation waves are due to two one-electron 
processes. Controlled potential electrolysis at 
+0.55 V leads to a colour change from red to 
orange. The reduction waves at - 0.39 and - 1.31 
V (Fig. 3b) are apparently due to minor products 
since the complex isolated from the oxidized solu- 
tion exhibits only an irreversible reduction wave at 
- 0.64 V. The corresponding oxidation wave of the 
isolated product occurs at +0.42 V. The differences 
in peak potentials of the major oxidation and 
reduction waves for the isolated product (Fig. 3c) 
and the corresponding waves of the initially oxid- 
ized solution (Fig. 3b) might be ascribed to the 
presence of some minor products and the excess 
Cl- in the oxidized solution that are not present in 
the solution of the isolated product. 
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Abstract-The preparation, crystal structure and diamagnetism of CU~(HOBB)~ 
(OBB)2(C104)2 * 5C2HSOH where HOBB is 2-a-hydroxybenzylbenzimidazole and OBB 
its deprotonated form are reported. The crystals are triclinic Pi with a = 19.380(4), 
b = 21.345(6), c = 9.484(3) A, u = 102.52(2), j? = 103.93(2), y = 105.76(2)“, Z = 2. The 
structure was refined with 6593 reflections [I 2 2a(Z)] to R = 0.059. The molecule contains 
bridging OBB and non-bridging HOBB resulting in a geometry around each copper ion 
that is distorted square pyramidal with apical hydroxyl groups. An interesting feature of 
the molecule is that both of the apical hydroxyl groups lie on the same side of the plane 
defined by the Cu202 core. 

With Cu(NO3)2 - 3H20, 2+hydroxybenzylbenz- 
imidazole forms the deep blue diamagnetic solid 
CU(HOBB)~(NO~)~ and with CU(C~O~)~ - 6H2O a 
deep blue diamagnetic crystalline solvate Cu, 
(HOBB),(OBB),(ClO,), - 5(C2HSOH) (the title 
complex). The room temperature magnetic mea- 
surements of both complexes indicate the presence 
of magnetically coupled copper ions and yet 
their structures, as far as can be deduced from 
stoichiometry, are different. In order to elucidate 
these structural differences and try to rationalize 
their magnetic behaviour, attempts were made to 
obtain crystals of both complexes for an X-ray 
crystallographic study. For CU,(HOBB)~(OBB), 
(C104)2 - 5(C2HSOH) this was possible but repeated 
attempts using a variety of solvents produced 
only “powders” for CU(HOBB)~(NO~)~. Failure to 
get crystals of the nitrate complex was unfortunate 

*Authors to whom correspondence should be addressed. 
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but it was thought that by solving the structure of 
the perchlorate complex sufficient information on 
the coordination properties of HOBB (and OBB) 
could be obtained to provide insight into the struc- 
ture of CU(HOBB)~(NO~)~ and hence its magnetic 
properties. 

EXPERIMENTAL 

2-a-hydroxybenzylbenzimidazole (HOBB) was 
synthesized as described previously. ’ 

Cuz(HOBB),(OBB),(CIO,), * S(C,H,OH) 

3.7 g of CU(C~O~)~*~H~O and 4.5 g of HOBB 
were dissolved in 10 cm3 of ethanol and the resulting 
blue solution was filtered. The filtrate on standing 
for approx. two weeks produced large blue crystals. 
Analysis of these crystals was not attempted 
because of rapid solvent loss. Instead the desolvated 
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product formed by vacuum drying was analysed. 
Found: C, 53.9; H, 4.4; N, 8.4; 0, 18.7. Calc. 
for Cu(C,,HI,N,O)(C,,H,,N,O)(ClO,) : C, 55.1; H, 
3.8; N, 9.2; 0, 15.7%. 

Cu(HOBB),(NO& 

1.2 g of Cu(NO,), * 3H20 were dissolved in about 
25 cm3 of acetone and shaken vigorously with 
about 5 g of anhydrous Na2S04. This solution was 
then filtered into 3.4 g of HOBB dissolved in about 
15 cm3 of acetone and the resulting blue solution 
concentrated to approx. 100 cm’. On standing for 
several days a blue solid was deposited which was 
filtered off and dried in vacua. Found : C, 58.2 ; H, 
4.2; N, 12.8; 0, 14.8. Calc. for CU(C,~H,~ 
N20)3(N03)2: C, 58.6; H, 4.2; N, 13.0; 0, 14.9%. 

Magnetic susceptibility measurements were made 
by the Faraday method using apparatus described 
previously.2 

CU~(HOBB)~(OBB)~(C~O& - 5(CzH,0H) pro- 
duces blue crystals which are very sensitive to loss 
of solvent and consequently were mounted in Lin- 
demann tubes in the presence of mother liquor. The 
crystal data are : DUX-bNs0~1~ (CWz 
* 5C2HSOH, M, = 1447.3 triclinic, a = 19.380(4). 
b = 21.345(6), c = 9.484(3) A, c1 = 102.52(2), 
fi = 103.93(2), y = 105.76(2)“, I’= 3493.6 A3, 
space group Pi, Z = 2, D, = 1.38 g cmm3, 1 
= 0.71069, p (MO-K,) = 7 cm-‘. Refined unit cell 
parameters were obtained by centering 25 reflec- 
tions (15.7” d 6’ < 16”) on an Enraf-Nonius 
CAD4 diffractometer. 12,267 unique reflections 
(l.S” < 9 < 25”) were measured with graphite mon- 
ochromated MO-K, radiation using an o/20 scan 
procedure.3 Of these, 7155 were considered 
observed [I 2 1.5 a(Z)]. Lorentz, polarization and a 
semi-empirical absorption correction4 using nor- 
malized and averaged transmission curves mea- 
sured from three reflections (minimum trans- 
mission = 98.1%) were applied to the data. 
Measurement of three strong reflections every hour 
during data collection showed no decrease in inten- 
sity. 

The positions of the two Cu atoms were deter- 
mined from a sharpened Patterson map and the 
rest of the non-hydrogen atoms were found from 
difference-Fourier syntheses following isotropic 
refinement of the Cu positions. Both perchlorate 
anions were found to have disordered oxygen atoms 
in which eight positions with half occupancy could 
be assigned to each anion, however, for neither 
anion site could the arrangement of peaks be inter- 
preted in terms of two intersecting tetrahedra. In 
addition to the cations and anions, five molecules of 
ethanol were located in the asymmetric unit 

although one did not possess an ordered hydroxyl 
group and hence only the two carbon atoms could 
be seen. Following refinement with anisotropic 
thermal parameters for all atoms, all hydrogen 
atoms attached to carbon atoms were included and 
refined with geometric constraints and a single iso- 
tropic temperature factor for the hydrogen atoms 
on each benzene ring. A subsequent difference- 
Fourier revealed the positions of the four imidazole 
hydrogens and the two hydroxyl hydrogens on the 
protonated OBB ligands, and these were included 
in the structure refinement with restraint imposed 
on the bond lengths. Final refinement was with 
blocked full-matrix least-squares with unit weight- 
ing of the 6593 reflections with Z >, 20(Z) and 
the omission of ten low-angle reflections. The 
final R factors were, R = E jAFl/C IF,] = 0.059, 
and R, = [IZ wlAF12/C ~lZr,,l~]“~ = 0.064. All cal- 
culations were performed on a DEC VAX- 11/750 
using SHELX 76.’ Table 1 contains selected bond 
lengths and angles. Tables of atomic positional and 
thermal parameters, full lists of bond lengths and 
angles and Fo/Fc values have been deposited as sup- 
plementary data with the Editor, from whom copies 
are available on request. Atomic coordinates have 
also been deposited with the Cambridge Cry- 
stallographic Data Centre. 

RESULTS AND DISCUSSION 

The structure of the title complex which is shown 
in Fig. 1 contains some interesting features. The 
molecule has two HOBB ligands that are each coor- 
dinated to a single Cu atom through their imino 
nitrogen atom and the oxygen atom of their 
hydroxyl group. The other two OBB ligands each 
coordinate to a Cu ion through their imino nitrogen 
atom and form a bridge between the two Cu ions 
with their alkoxy oxygen atoms. The resulting 
geometry around each Cu ion is distorted square 
pyramidal with the hydroxyl groups at the apex. A 
novel feature of this arrangement is that both of the 
apical hydroxyl groups lie on the same side of the 
plane defined by the Cu202 core. The reason for 
this unusual conformation could be due to another 
interesting structural feature of this complex uiz the 
presence of hydrogen bonded perchlorate. Only one 
perchlorate is hydrogen bonded to the cation but 
both are disordered. The disorder in the hydrogen 
bonded perchlorate gives rise to two bonding 
schemes. In one the perchlorate bridges the two api- 
cal hydroxyl groups by forming hydrogen bonds 
through two of its oxygens, specifically 0(22) . . . 
H(2) and 0(21) . . . H(1). Note that these two oxy- 
gens do seem to belong to the same ClO, orien- 
tation, since 0(21)-Cl(2)-0(22) = 114.(l)“. The 
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W)-wl) 2.453(8) N(ll)-Cu(1) 
O(3)-Cu( 1) 1.925(6) 0(4)--cu(l) 
N(4lk’Wl) 1.972(6) 0(2)-Cu(2) 
N(2l)-Cu(2) 1.963(8) 0(3)--cu(2) 
N(3 l)--cu(2) 1.965(7) 0(4)--cu(2) 
Wit-O(l) 1.074(85) W2)--0(2) 

Cu(2)--O(3)-Cu( 1) 

N(l l)--cu(lI--W) 
0(3>--cu(l)_N(ll) 
O(4)--Cu( I)---N( 11) 

N(4l)_Cu(lW(l) 
N(41)-Cu( 1 )--O(3) 

N(21)--Cu(2)_-0(2) 
0(3)--cu(2)-N(2l) 
N(3 l)-Cu(2)--N(21) 

o(4)-Cu(2)--0(2) 
O(4)-Cu(2)-O(3) 

H(2)_-0(2t_Cu(2) 
O( l)--Cu( l)-Cu(2) 

0(3)--w l)--cu(2) 
N(41)-Cu(l)--Cu(2) 
N(21)-Cu(2)-Cu(l) 
N(3 l)-Cu(2)-Cu( 1) 

102.7(3) 
74.2(3) 
96.5(3) 

171.2(2) 
93.9(3) 

157.0(2) 
74.5(3) 

170.3(3) 
105.1(3) 
98.6(3) 
76.6(3) 

122.1(64) 
108.3(2) 
38.7(l) 

118.8(3) 
135.3(l) 
119.1(3) 

Cu(2t--o(4)--cu( l ) 
0(3tcu(l)_W) 
0(4t-cu(l)--0(l) 
O(4)-Cu(lW(3) 
N(41)-Cu(l+N(ll) 

N(4l)_Cu(lk--O(4) 
0(3t_cu(2)--o(2) 
N(3 1 k--W2)--0(2) 
N(3 lk--~u(2)--0(3) 
0(4)--cu(2)-N(2l) 
O(4)-Cu(2)-N(31) 

Wl)_-O(l)--Cu(l) 
N( 1 l)--Cu( 1)-&u(2) 

0(4)-Cu(l)--cu(2) 
0(2tcu(2t_cu(l) 
O(3)-Cu(2)--Cu( 1) 

0(4)-Cu(2+w ) 

1.960(8) 
1.926(7) 
2.451(8) 
1.926(7) 
1.930(6) 
1.077(118) 

102.5(3) 
98.6(3) 

101.0(3) 
76.7(3) 

105.4(3) 
82.1(3) 
99.4(3) 
93.9(3) 
82.6(3) 
96.6(3) 

157.2(3) 
111.5(45) 
135.1(l) 
38.8(l) 

107.3(3) 
38.6( 1) 
38.7(l) 

Selected non-bonded distances. Intramolecular : Cu(2)-Cu( 1) 3.008(4). 

second bonding scheme, again involves bridging 
perchlorate but in this case only one of its oxygens 
is used viz H(1) . . 0(21’) . . . H(2), Fig. 2. 

The four ordered ethanol molecules each hydro- 
gen bond through their hydroxyl oxygen atoms to 

the amino nitrogen of the imidazole moiety of the 
HOBB and OBB ligands. The fifth ethanol molecule 
is disordered. Hydrogen bond lengths are given in 
Table 2. 

Both [Cu(HOBB)(OBB)(ClO,)]~ and its ethanol 

Fig. 1. 
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_’ ___---- 

Fig. 2. 

Table 2. Hydrogen bond lengths (A) 

0(21)-H(l) 1.847 0(22)---H(2) 1.766 
0(21’)-H(1) 1.846 0(21/)-H(2) 1.832 
0(51)-H(12) 1.678 0(52)-H(22) 1.701 
0(53)---H(32) 1.737 0(54)-H(42) 1.789 

solvate are strongly antiferromagnetic. The sol- 
vated complex is effectively diamagnetic through- 
out the temperature range down to liquid nitrogen. 
The magnetic moment of the desolvated complex is 
0.99 BM per copper atom at 286.4K and 0.78 BM 
at 76.1K. It is possible that heating the complex 
to remove solvent introduced some paramagnetic 
impurity by a side reaction. The small variation in 
moment with temperature is barely outside exper- 
imental error and detailed analysis is inappropriate. 

There have been a number of reports of dia- 
magnetic binuclear copper(I1) complexes, and 
some of these have been reviewed.6 In the majority, 
the copper(H) atoms are in regular square planar 
geometry and it has been noted7,’ that significant 
tetrahedral distortion from planarity of the CuL, 
unit reduces the complexes’ antiferromagnetism. 
Examples from five coordination are much rarer 
and the data do not at present permit such easy 
rationalization. Many of these complexes involve 
triketonate ligandsg with square pyramidal 

geometry at the copper atoms. However, much 
more irregular geometry is found in the other 
instances, which involve carbonate,” hydroxide” 
or in the present case, alkoxide bridging. Until more 
examples of closely related compounds are avail- 
able it is impossible to correlate magnetic inter- 
actions with structure in five-coordinate copper(I1) 
dimers. 

1. 
2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 
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Abstract-Anthranilic acid (NH2C6H4C02H) reacts with [ReOC13(PPh~)~] in ethanol to 
give [ReCl(OEt)(PPh3),(NCdH4C02)], containing the new imidobenzoate ligand. IR and 
NMR (‘H, “C, 14N, 3’P) spectra establish the structure, which must have a bent ReNC 
framework, making this one of the few bent organoimido complexes, as well as the first 
which is a chelate. 

Most of the organoimido complexes which have 
been crystallographically characterized have linear 
M-N-C groupings. ’ The exceptions are [MO 
(NPh)2(S2CNEt2)~2 and [OSO,(NBU~J.~ In both of 
these, one of the organoimido ligands is bent at the 
nitrogen atom and the other is linear. For the bent 
linkage the bond angles at nitrogen are 139.4 and 
155. l”, respectively. If the organoimido group was 
part of a five- or six-membered chelate ring it would 
be constrained to be bent. We report the first such 
complex. 

Following the pioneering work of Chatt and 
Rowe,4 who prepared phenylimido complexes by 
reacting [ReOCl,(PEt,Ph),] with aniline, we studied 
the reaction of NH,C,H,C02H (anthranilic acid) 
with the triphenylphosphine analogue of the rhe- 
nium complex in ethanol. Schematically, water and 
HCl are lost and the complex [ReCl(OEt) 
(PPh3)2(NCgH4C02)] is isolated in 59% yield. 

Infrared and NMR spectra are consistent with 
the chelating imidobenzoate structure (I). There are 
no N-H or O-H stretching vibrations in the IR 
spectrum and the antisymmetric CO2 stretch at 
1619 cm-- ’ is appropriate for a monodentate car- 
boxylate. We can also identify an Re-Cl stretch 
at 3 10 cm- ’ and Re=N vibrations at 1186 and 778 
cm - ‘. ’ The absence of NH2 and COzH moieties is 
confirmed by their absence in the ‘H NMR 
spectrum, which has only ethoxide resonances at 6 

*Author to whom correspondence should be addressed. 

(I) 

0.35 (triplet) and 3.6 ppm (quartet), and a com- 
plicated aromatic region (S 6.5-7.5 ppm) with 
appropriate integration. The tram- disposition of 
the PPh?, ligands is shown by the singlet in the 3’P 
spectrum at 6 -5.97 ppm (v H3P04). In the 13C 
spectrum we see the ethoxide group at 6 17.00 (CH,) 
and 64.43 (CH,), the PPh, carbons at 6 128.34 (m), 
130.49 (p), 134.64 (0) and 131.62 (quaternary), the 
carboxyl carbon at 150.35 ppm and four signals 
from the imidobenzoate aromatic carbons at 6 
113.53, 125.12, 129.55 and 133.95 ppm, with the 
quaternary carbon signals probably remaining 
undetected. 

We had hoped to use the 14N NMR spectrum 
to establish the bent character of the organoimido 
group with more certainty, and we did indeed 
observe a signal, at 6 289.51 ppm (v NH:), but this 
resonance, although at an appropriate chemical 
shift, is more likely6 to be due to dissolved N2, with 
the signal from the imido-nitrogen broadened too 
much to be detected. 

An alternative interpretation of our reaction, sug- 

329 
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gested by a thoughtful referee, is that the anthra- 
nilic acid has been esterified to give the five-coordi- 
nate rhenium(III) complex [ReCl(NC6H,C02Et) 
(PPh,),]. However the elemental analysis is more 
in accord with the rhenium(V) complex and 
a carbonyl stretching frequency of 1619 cm- ’ is 
unusually low for an ester complex.7 Moreover 
there is no obvious reducing agent in the system to 
account for reduction in the rhenium oxidation 
state from (V) to (III). 

We therefore conclude that our compound has 
indeed the Structure (I) shown, though we are 
unable to settle the minor question of whether the 
Cl or OEt ligand lies truns- to the Re=N unit. 
This is the first chelating organoimido complex 
and must have a bent configuration. Perhaps an 
additional incentive for its formation is the estab- 
lishment of conjugation through the ReN, C=C 
and C=O bonds, 

EXPERIMENTAL 

Infrared spectra were obtained using a Perkin- 
Elmer 577 spectrophotometer and NMR spectra on 
Bruker 80 MHz (‘H) and 400 MHz ( 14N) spec- 
trometers at QMC and a 250 MHz spectrometer 
(13C, 3’P) at KQC, London. Microanalyses were by 
the microanalytical laboratory, University College, 
London. 

Synthesis 

[ReOCl,(PPh,),] (0.40 g, 0.5 mmol)’ was refluxed 
with anthranilic acid (1 .OO g, 7.5 mmol) in ethanol 
(150 cm3) for 4 h. The hot solution was filtered and 
left to cool, when fine green needles were deposited. 
These were filtered off after 48 h further cooling at 
-20°C. Yield 0.27 g (59%). Found: C, 57.4; H, 
4.1; Cl, 4.0; N, 1.2; P, 6.7; C45H3,ClN03P2Re 
requires C, 58.4; H, 4.2; Cl, 3.8; N, 1.2; P, 6.7%. 
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Abstract<omplex formation between manganese(I1) and 2-mercapto-3-phenylpropenoate 
(MPP) has been studied at 25°C and 100 mmol dmm3 NO; in 30% (v/v) ethanol-water 
using glass electrode potentiometry. The titration data can be explained by the formation 
of the complex MnMPP, log /?, ,0 = 5.407. 

Although manganese is ubiquitous in nature, gen- 
erally occurring at levels comparable to copper, the 
chemistry of bivalent manganese is only beginning 
to be understood. At present, studies on the coor- 
dination chemistry of manganese can provide a use- 
ful insight into the functional role of this transition 
metal in biological systems. Thus, models for the 
superoxide dismutase reaction have evolved in 
recent years as a result of the work done on manga- 
nese complexes. Furthermore, the similarity of the 
coordination chemistry for iron and manganese 
ions indicate that the properties of manganese 
model complexes can be usefully extrapolated to 
iron-containing biological systems.’ 

The chemistry of manganese complexes with sul- 
phur containing ligands is even less known than that 
for oxygen and nitrogen donor ligand complexes, 
probably due to the easy oxidation of sulphur. 
Nevertheless, although there is no evidence for 
manganese binding to sulphur groups in metallo- 
proteins, the chemistry of these kinds of complex 
is interesting, particularly if one considers the men- 
tioned chemical similarity between iron and manga- 
nese, and the biological importance of iron-sulphur 
proteins. 

The study of the complexation of manganese(I1) 

*Author to whom correspondence should be addressed. 

by 2-mercapto-3-phenylpropenoate has been per- 
formed as part of a research project on equilibria 
involving metal ions and biologically interesting 
ligands which contain bivalent sulphur. 2-Mer- 
captoacids have two donor groups in their mole- 
cule ; one carboxylate and one thiol group, that 
account for their high metal-binding ability. In fact, 
2-mercapto-3-phenylpropenoate has already shown 
a great complexing ability with zinc’s3 which seems 
to be related to the biological activity displayed by 
this ligand.4 

EXPERIMENTAL 

2-Mercapto-3-phenylpropenoic acid was ob- 
tained as described by Campaigne and Cline,’ 
and recrystallized from benzene (m.p. 134-l 35°C). 
Analysis. Found : C, 60.3 ; H, 4.5 ; S, 17.6. Calc. for 
C9Hs02S : C, 59.98 ; H, 4.47 ; S, 17.79%. Freshly 
prepared solutions were used for each titration. 
Manganese nitrate (Merck) solution was analysed 
for metal ion concentration by EDTA titration and 
for hydrogen ion concentration by Gran’s plots. 
Other solutions were prepared and analysed as in 
refs 2 and 6. It was observed that it is ‘extremely 
important to maintain a totally oxygen-free atmo- 
sphere in the vessel in order to obtain reproducible 
titrations. 

Formation constants were determined by poten- 
tiometric titrations at 25°C and Z = 100 mmol dmp3 
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Table 1. Summary of the titration data used for cal- 
culating formation constants. Number of titration 
points, initial concentrations of manganese (C,,) and 
ligand (&+.) and approximate -log[H] ranges. Con- 

centrations are expressed in mmol dm-3 

Number of - logW1 
Titration points CM, Chlpp ranges 

51 0.619 2.505 2.2-6.0 
49 0.799 3.881 2.3-6.6 
39 0.999 3.102 2.3-5.9 
33 0.999 3.795 2.3-6.3 
33 0.999 4.823 2.3-6.0 
53 1.237 4.786 2.3-6.2 
41 1.598 6.464 2.4-6.4 
47 1.998 8.012 1.9-6.1 

nitrate in 30% (v/v) ethanol-water due to the 
insolubility of the ligand in water. The equipment 
and procedures used are described in refs 2 and 6. 
Values of manganese and ligand concentrations as 
well as - log[H] ranges used in calculating the for- 
mation constants are summarized in Table 1. 

The autoprotolysis constant of the medium 

( 10-‘4.20) and the 2-mercapto-3-phenylpropenoate 
protonation constants (log poll = 8.989, log po12 = 
12.773) have been previously determined. 

Following our usual approach,’ the computer 
program library ESTA8 was used to analyse the 
potentiometric data, to develop the equilibrium 
model and to optimize the formation constant 
values. Formation constant refinement was per- 
formed using the ESTA optimization module with 
a weighted least-square objective function based on 
emf residuals. The weight at each titration point 

was based on a standard deviation in titre of 
0.005 cm3 and in emf of 0.1 mV. The computer pro- 
gram MINIQUAD was also used for comparison 
purposes. 

All calculations were performed on a VAX 
11/750 computer. 

RESULTS AND DISCUSSION 

The system Mn2+ -MPP-H+ (MPP = L2- = de- 
protonated 2-mercapto-3-phenylpropenoate) was 
studied by doing eight titrations with initial metal 
concentrations between 0.6 and 2 mmol dmm3 
(Table 1). The upper concentrations used were 
limited by the insolubility of the ligand and the 
lower ones by the lack of reproducibility of the 
titrations. The upper limits of the -log[H] ranges 
were determined by a sudden drop in the rate at 
which equilibrium was attained as evidenced by 
a steady drift in the potentiometric readings. 

The formation curves obtained show maximum 
2, values’ ranging from 0.4 to 0.8. The analysis of 
the curves suggests that mononuclear species are 
predominant, since all points tend to fall on a single 
curve. This was confirmed by the fact that the neu- 
tral species, 110, was found to be the only one 
formed. No evidence was found for the formation 
of the following species, which were also tested in 
the search for the best model : 111, 112, 121, 122, 
1 l- 1, 1 l-2, 12- 1, 12-2. Although the computer pro- 
grams used are able to calculate a value for the 
formation constant of the 120 complex, its inclusion 
in the model causes no improvement of the fit and 
its formation extent ranges from 1 to 4% in the last 
2-3 points of some titrations. Therefore, the species 
was considered to be close to the limit of detect- 
ability and was not included in the final “best 

Table 2. Formation constants determined in this study at 25°C and I = 100 
mmol dmm3 NO; (30% (v/v) ethanol-water). Number of points = 346 ; number 

of titrations = 8. 

Program 

ESTA 

MINIQUAD 

log D,,o” d” 

5.407 0.007 

5.412 0.009 

Complementary information’ 

U= 16.4 
R = 0.004 (R-km = 0.001) 

ZJ = 2.19E-07 
R = 0.003 

’ Standard deviations given by the programs. 
’ U, in ESTA output : [Zw(emP’-emP)‘]/(N-n,)& where N = number of points, 

np = number of refined parameters ; in MINIQUAD output : X( TP - c)’ where 
T, = total concentrations. R = Hamilton R factor; R-lim = Hamilton R-limit. 
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Table 3. Literature potentiometric formation constants of manganese(I1) com- 
plexes of similar ligands 
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Ligand P 4 r 108 l&r Conditions Ref. 

Mercaptoacetate 

Mercaptosuccinate 

L-cysteinate 

1 1 0 4.38 
120 7.56 

1 1 0 4.48 
120 7.70 

1 1 0 4.92 

1 1 0 5.91 

1 1 0 4.1 

1 1 0 4.56 

25°C 
100 mmol dm-3 KC1 

35°C 
100 mmol drnm3 KC1 

35°C 
200 mmol dmm3 NaClO, 

31°C 
100 mmol dm -’ NaClO, 

20°C 
10 mmol dm-’ 

25°C 
100 mmol dmm3 KNO, 

12 

13 

14 

15 

16 

17 

model”. As expected,” no metal hydrolysis was Acknowledgement-This research was supported by 
detected at the working pH. CAYCIT grant 657/8 1. 

Values for the formation constant of the 110 com- 
plex formed in the system Mn2+-MPP-H+ are 
found in Table 2. Its low value as compared with 
the ones previously determined for the 110 nickel 
and zinc complexes (8.69 and 9.668 respectively2) is 
in agreement with the Pearson’s HSAB theory.” 
The scarce values reported in literature for the for- 
mation constants for complexes of similar ligands 
with manganese(I1) are also given in Table 3 for 
purposes of comparison. 
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Abstra&--The new Fe(III), Co(II), Ni(II), Cu(II) and Zn(I1) complexes with tridentate 
Schiff base, the product of condensation of o-aminobenzyf alcohol with ~licylaldehyde 
have been synthesized and characterized by elemental analysis, IR, electronic, EPR and 
MiJssbauer spectra, thermal analysis, magnetic susceptibility and molecular weight measure- 
ments. Dimeric or polymeric structures for the investigated complexes were proposed. The 
interaction of the cobalt complex with dioxygen is also described. 

The complexes of Cu(II), Fe(III), Ni(I1) and 
other transition metals with potentially tridentate 
Schiff bases (Fig. 1) have attracted much attention. 
Most of them are diiers, although monomeric, 
trimeric or tetrameric forms are also known. The 
ligand can act both as dibasic tridentate or mono- 
basic bidentate.’ The interest has been focused 
mainly on magnetic properties of these compounds. 
In particular antiferro- and ferroma~etic coupling 
in Cu(I1) complexes have been thoroughly inves- 
tigated.2 

We have undertaken the present study of the 
Schiff base complex derived from salicylaldehyde 
and Q-amino~~l alcohol H,HMPS (R = u- 
CH,Ph), as a part of our efforts to synthesize the 
Co(II) complexes with attached free --OH groups 
being able to form an H-bond with a coordinated 0, 
molecule. We have found that cobalt(I1) complexes 
with HMPS react reversibly with dioxygen in the 
presence of amine, and for better understanding 
of coor~nating properties of the ligand we have 
extended our study to complexes with other metals. 

EXPERIMENTAL 

Reugen ts 

Salicyl~dehyde was obtained from LOBA- 
Chemie, anthranilic acid from POCH-Gliwice 

*Author to whom correspondence should be addressed. 

HO 

A 

Fig. 1. GeneraI formula of ~t~ntialiy ~dentate Schiff 
bases derived from salicylaldehyde and aminoalcohols. 

and t~ethyla~ne from ~ABORCHEMIE-A~lda. 
Metal salts and solvents for synthesis were reagent 
grade. o-Aminobenzyl alcohol was obtained from 
anthranilic acid by electr~he~cal reduction3 Sol- 
vents for spectroscopic measurements were purified 
before use. 

Electronic spectra in solution and diffuse reflec- 
tance spectra were recorded on a Beckman UV 5240 
spectrophotometer, ESR spectra on a Jeol JES-Me 
3 x spectrometer (X-band). IR spectra were taken 
on a Perkin-Elmer 180 IR spectrometer using KBr 
pellets and Nujol mulls. Magnetic susceptibilities 
~8~3~K) were measured by the Gouy method 
using HgCo(SCN), as calibrant. Diamagnetic cor- 
rections were calculated using Pascal constants. 
Thermal analyses were done on a MOM Deri- 
vatograph Q 1500 D. Molecular weight measure- 
ments were performed in benzene by cryoscopic 
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methods. Miissbauer spectra were recorded at room 
and liquid nitrogen temperatures as described in 
ref. 4. ‘H NMR spectra were recorded on a 100 
MHz Tesla BS 567A spectrometer. 

Preparation of ligand 

Solutions of salicylaldehyde (0.05 mol) in 20 cm3 
of methanol and o-aminobenzyl alcohol (0.05 mol) 
in 30 cm3 of methanol were mixed together and 
refluxed for 30 min. After cooling the yellow crys- 
talline precipitate was filtered off and recrystallized 
from methanol. Yield ca. 80%. M.p. 124°C (litera- 
ture data’ 126128°C). Analytical data are given in 
Table 1. 

PrepAtion of complexes 

(FeLClh. Solutions of FeCl, (0.005 mol) in meth- 
anol (15 cm3) and H2L (0.005 mol) in methanol (15 
cm3) were mixed together and triethylamine (0.01 
mol) was added. The black crystalline complex pre- 
cipitated immediately. It was separated, washed 
with methanol and dried over calcium chloride. 
Yield 90%. The compound is practically insoluble 
in non-coordinating solvents and sparingly soluble 
in DMF and pyridine. 

[CoL(H,O)& A solution of cobalt acetate tetra- 
hydrate (0.005 mol) in methanol (20 cm3) was added 
to the hot solution of H2L (0.005 mol) in methanol 
(20 cm3). The solution turned deep red, then tri- 
ethylamine (0.01 mol) was added. The orange-red 
precipitate settled down. This was separated, 
washed with methanol and dissolved in a minimum 
amount of hot CHCl,. The solution was filtered off 
and the complex was reprecipitated by addition of 
methanol, washed with methanol and dried in a 
stream of nitrogen. Yield 75%. 

All operations were carried out under a nitrogen 
atmosphere in Schlenk apparatus. The same pro- 
duct was obtained with a 2 : 1 ligand to metal ratio. 

The orange-red complex is easily soluble in non- 
coordinating solvents such as CHC13, toluene and 
benzene as well as in deoxygenated pyridine and 
DMF. 

[CoLJ,,. Bissalicylaldehydato cobalt(I1) dihydrate 
(0.005 mol) was suspended in boiling toluene (200 
cm3). Addition of o-aminobenzyl alcohol (0.01 mol) 
caused the suspension to dissolve. The red-brown 
solution was refluxed for 2 h and then the solvent 
was slowly evaporated for 3 h until the volume 
reduced to 30 cm3. The brown-red crystalline pro- 
duct that gradually formed was filtered off, washed 
with toluene and methanol, and dried in a stream 
of nitrogen. Yield 40%. All operations were carried 
out under’nitrogen. 

The compound is insoluble in non-coordinating 
solvents, but it dissolves slowly in deoxygenated 
DMF and pyridine. 

[NiL(H,O),],. (a) HzHMPS (0.005 mol) and 
nickel acetate tetrahydrate (0.005 mol) were dis- 
solved in boiling methanol (30 cm’) and then tri- 
ethylamine (0.01 mol) was added. A green pre- 
cipitate formed which was separated and 
recrystallized from CHC13/CH30H mixture. The 
product was dried in a stream of air. The same 
product was obtained with a 1 : 2 metal to ligand 
ratio. 

(b) Bissalicylaldehydato nickel(I1) dihydrate 
(0.005 mol) was suspended in boiling toluene. o- 
Aminobenzyl alcohol (0.01 mol) was added and the 
mixture was refluxed for 2 h. The complex was 
precipitated from the olive solution by the addition 
of n-heptane. Yield 75%. 

[CuL],,. Copper(I1) acetate hydrate (0.005 mol) 
was dissolved in boiling methanol (50 cm3) and a 
hot solution of H2L (0.005 mol) in methanol (30 
cm3) was added. The green complex precipitated 
almost immediately. This was then filtered off, 
washed with hot methanol and dried over calcium 
chloride in a desiccator. Yield 70%. 

[Zn-L]. The compound was obtained in a similar 
way to the Ni(I1) complex according to method (a). 
Yield 60%. 

RESULTS AND DISCUSSION 

[FeLCl], 

Analytical data gave a 1: 1 : 1 metal to ligand to 
chlorine’ ratio (Table 1). As shown by thermal analy- 
sis, there is no loss of weight until 260°C. Diffuse 
reflectance spectrum of [FeLCl12 gave no infor- 
mation about the geometry of the Fe(II1) environ- 
ment because the weak, spin-forbidden &d tran- 
sitions are completely covered by the tail of the very 
intensive CT band reaching nearly into the IR. A 
similar situation is observed for the complex solu- 
tion in DMF with a CT band at 35,100 cm-’ and 
a shoulder at ca. 27,800 cm-‘. 

Magnetic susceptibility corresponds to a high- 
spin Fe(II1) ion with magnetic moment equal to 
4.52 BM at room temperature, and clearly indicates 
the antiferromagnetic coupling with the exchange 
integral - 2J = 33 cm-‘, calculated for a binuclear 
model. 

The well resolved IR spectrum of [FeLCl], shows 
absorption at 1607 cm-‘, characteristic of the coor- 
dinated ---C=N- group. This indicates that the 
ligand is present in the Schiff base form, while inves- 
tigations of the free ligand in solution suggested 
that it exists mainly in the benzoxazine form in 



Fe(III), Co(II), Ni(II), Cu(I1) and Zn(I1) complexes 

Table 1. Elemental analysis and IR data (in cm-‘) of investigated compounds 
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Compound %C %H %N %M %Cl vC==N VCO,h VCQllk 

[FeLCl], 53.2 (::R (z) 16.5 10.9 1607 1540 1019 

(53.1) (17.6) (11.2) 
[FeLl 56.2 3.9 4.6 19.0 - 1607 1535 1029 
[CoL(HJW 52.5 4.3 4.4 19.0 1607 1533 1031 

(52.5) (4.7) (4.4) (18.4) - 
Pm 59.0 (::;) (:::) 19.9 - 1608 1528 1029 

(59.2) (20.7) - 
]NiL(H@)& 52.7 4.4 4.4 18.8 - 1607 1532 1041 

(52.6) (4.7) (4.4) (18.4) - 
]CuLl, 59.1 

(58.2) 
::;, (G) 21.7 1608 1528 1020 

(22.0) - 
[ZnLl 44.9 3.4 3.2 21.6 - 1611 1531 1028 
H,L 73.9 5.8 66.1 - 1620 1506 1034 

(74.0) (5.7) (6.2) - - 
- 

tautomeric equilibrium with the Schiff base.’ The 
band at 1540 cm-’ is connected with the phenolic 
C-O stretching vibration and appears in the region 
characteristic for a coordinated phenolic group. 
The position of this band indicates that phenolic 
oxygen is not the bridging atom, because in 
phenoxo bridged compounds the C-O stretching 
vibration is shifted to a higher frequency.6 Some 
of the other bands may be tentatively assigned as 
follows: 3050, 760 cm-‘-aromatic C-H, 2850, 
2930 cm-‘--CH, stretching, 1490 cm-‘-CH, scis- 
sors, 1580,1467 cm- ‘-C=C aromatic, 1019 cm- ’ 
-alkoxy C-O stretching. 

The Miissbauer spectrum of the complex 
measured at room temperature shows well re- 
solved quadrupole splitting with QS = 0.832 
mm s-’ and IS = 0.598 mm ss ’ {relative to 
Na,[Fe(CN),NO] * 2H20} confirms the presence of 
high-spin Fe(II1). The intensity of the two lines are 
not equal, with the peak-height ratio Z-/Z+ = 1.38 
and I’- = 0.341, I+ = 0.466 mm s-‘, while the 
integral intensities of both lines are the same. At 
80K the spectrum is much more symmetrical with 
QS = 0.848 mm s-‘, IS = 0.697 mm s-‘, 
r- = 0.343, I+ = 0.365 mm S-’ and 
Z-/Z+ = 1.03. The observed asymmetry of the 
spectrum at room temperature probably arises from 
spin relaxation effects observed for penta-coor- 
dinated Fe(II1)’ or for Fe(II1) complexes with the 
strong antiferromagnetic coupling. Increasing the 
thermal population of the higher electronic states 
(which have longer relaxation times than the ground 
state) increases the overall relaxation time and 
causes the broadening of one line. 

The magnetic properties and stoichiometry of the 
compound indicate a dimeric structure with alkoxo 
bridges.’ The Mijssbauer parameters and .Z value 

are similar to those of the complex [Fe(SALPA)Cl], 
(R = -(CH&---), which has a dimeric structure 
with two alkoxy bridges and two Cl atoms axially 
coordinated to the Fe ion.’ The analogous structure 
is proposed for the present complex [FeLCl], (Fig. 

2). 
We were also successful in preparing presumably 

the Fe(I1) complex using a similar method as for 
[CoL(H,O),],, starting from FeCl,. This compound, 
isolated as a black precipitate, turned into a red- 
brown one (assigned as FeL in Table 1) within 
less than 1 min when exposed to air. A Mossbauer 
spectrum for the latter compound with IS = 0,622 
and QS = 0.971 mm s-’ indicates the presence of 
only one high-spin Fe(II1) complex. The magnetic 
properties of this complex show an antiferromag- 
netic interaction beff = 2.81 BM at 82K and 3.64 
BM at 298K), however the plot of magnetic suscep- 
tibility vs temperature does not fit to any curve cal- 
culated from the dimeric model, so more than one 
kind of magnetic interaction between the Fe(II1) 
centres could be predicted. 

The analytical data (Table 1) and the 10.3% 
weight loss (theoretically 11.2%) at about 110°C 

Fig. 2. Proposed structure for [FeLCl],. 
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indicates a 1 : 1 : 2 metal to ligand to Hz0 ratio. The 
experimental molecular weight of 560 j, 30 daltons 
(mean value of three independent measurements) 
suggests the presence of the dimeric form. 

The XR spectrum of [CoL(H,O)& is similar to 
that of [FeLCl], in the region 700-1700 cm-’ (Table 
1) and similar assignments may be made. Again the 
position of the phenolic C-O stretching band i.e. 
1533 cm-’ indicates the lack of phenoxy bridges. 
The weak and broad band at ca. 3260 cm-’ may be 
attributed to a v-OH vibration of a coordinated 
water molecule. The broadening of this band may 
be caused by strong intermolecular H-bonds. 

The electronic spectrnm of [CoL(H20)& in toluene 
exhibits two CT bands at 34,480 and 25,640 cm-’ 
and a d-d band at 10,150 cm-’ with a shoulder at 
C(L. 78 10 cm-’ (Fig. 3) which may be assigned to the 
4T,,(F)-+4T,,(F) transition in pseudo-octahedral 
C0(11).‘~ The 4T,,(1944TIg(P) transition is prob- 
ably masked by an intensive CT band at 25,640 cm- ‘. 
The spectra of [CoL(H,O)& in the solid state and 
CHC& solution with bands at 10,050 and 10,200 
cm-’ respectively are similar to that of toluene solu- 
tion. The magnetic moment of 4.9 BM (over the 
temperature range 82-298K) is typical for the high- 
spin Co(I1) in a pseudo-octahedral environment.” 

On the basis of the above results and elemental 
analysis the dimerie structure with two aikoxy 
bridges and two water molecules coordinated to 

E 

80- 

each Co atom is proposed. The similar dimeric 
structure for the Co(I1) complex with HMPS was 
postulated by Syamal,” although he suggested two 
phenolic, not alkoxy bridges. 

The electronic spectra of [CoL(H,O)& in DMF 
(13,700 and 5430 cm-‘) (Fig. 3) do not resemble the 
simple spectra of octahedral, tetrahedral or square- 
planar Co(I1) complexes. The low-energy bands in 
the 526&7150 cm-’ region, as well as the higher 
molar extinction coe~~ients indicate that penta- 
coordinated complexes are present in pyridine and 
DMF solutions. However, electronic spectra of 
square pyramidal or trigonal bipyramidal Co(I1) 
complexes are not diagnostic enough to enable pre- 
diction of the exact geometry of the complex.‘* 

When the oxygen is passed through the deoxy- 
genated pyridine solution of [CoL(H,O)&, the solu- 
tion darkens, the band at 25,640 cm-’ shifts to 
25,000 cm-’ and its intensity declines. A new 
shoulder appears at cu. 21,280 cm-’ which is 
characteristic for dioxygen complexes of CO(II).‘~ 
These changes may be reversed by prolonged pass- 
age of inert gas through the solution. Complex solu- 
tions in non-coordinating solvents, such as toluene, 
also bind dioxygen reversibly after addition of 
amines such as pyridine or piperidine. 

The characteristic EPR spectra of these systems 
(Fig. 4) obtained for the frozen solution indicate the 
existence of end-on superoxo complexes of Co(II) 

Fig. 3. Electronic spectra of Co(I1) complexes : [CoL(H,O)& in pyridine (I), DMF (3) and toiuene 
(4) ; [CoL], reflectance spectrum (2). 
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Fig. 4. EPR spectrum of the [CoL(H,O)J,-piperdine+ system in frozen toluene/dichloromethane 
mixture at 77K. 

in low tcm~rat~es, i4 although p-peroxo complexes 
may also be present. There is indirect confirmation 
of the existence of such binuclear diamagnetic 
species in liquid solutions. At room temperature 
there is no EPR signal for the complex solution 
containing the nitrogen base admixture. How- 
ever after addition of I2 or other oxidants, a well 
resolved 15-line EPR signal appears (g = 2.03, 
A = 13.0 G) which is characteristic for dimeric 
p-superoxo complexes, products of oxidation 
of pperoxo complexes. 

The experimental anisotropic EPR parameters 
for a monomeric dioxygen adduct (Fig. 4) 
(g, = 2.098, g2 = 2.01, g, = 1.99, A, = 25.0, 
A2 = 13.5, A3 = 16.5 G) are significantly different 
from those obtained for cobalt complexes with 
tetra- and bidentate Schiff bases” or with porphy- 
rins.‘6 They are rather similar to the EPR par- 
ameters of dioxygen adducts derived from Co(II) 
complexes with pentadentate Schiff bases.” In the 
latter group of complexes dioxygen is coordinated 
in the tram position to the phenolic oxygen of the 
salicydene residue. The experimental EPR par- 
ameters are however not the spin-Hamiltonian ones 
because of the low symmetry of the dioxygen 
adducts, so computer simulation is necessary.” This 
is why we do not present here a detailed interpreta- 
tion of EPR data. 

[COY, 

Thermal analysis revealed no loss of weight until 
270°C. Diffuse reflectance spectrum of [CoL], exhi- 
bits two bands at 8850 and 4950 cm-’ with a 

shoulder at 5320 cm-’ (Fig. 3), as well as an inten- 
sive CT band at cu. 25,000 cm-’ with a weak 
shoulder at cu. 17,400 cm-‘. The band at 8850 cm-’ 
occurs in the range typical for 4T,g(F)+4T2g tran- 
sitions of octahedral Co(I1) complexes . On the 
other hand, the low-energy band at 4950 cm-’ is 
indicative of the presence of ~nta-coordinated 
Co(II).” Magnetic moments equal to 5.1 BM at 
room temperature and 5.6 BM at 82K indicate 
a weak ferromagnetic interaction between Co(H) 
centres. 

The complex dissolves slowly in DMF and pyri- 
dine giving the same electronic spectra as 
[CoL(H,O),], solutions in the same solvents. 
Similarly, when [CoL], solutions in coordinating 
solvents are exposed to oxygen, one can observe the 
same EPR spectra as for [CoL(H,O)& These data 
suggest that the [CoL], structure is broken upon 
solvolysis. 

The band positions in the IR spectrum of [CoL], 
are generally similar to that of [CoL(H,O)& 
(Table l), except it is lacking the v-OH absorption, 
although the striking feature of the [CoL], spectrum 
is the splitting of some bands. The alcoholic C-O 
absorption consists of two bands at 1029 and 1040 
cm-‘, and the phenolic C-O absorption is split 
into two equal peaks at 1528 and 1544 cm-‘. The 
shift of the latter is commonly assigned to the bridg- 
ing group.6 This splitting of some IR bands may 
arise from the fact that the ligand exists in two 
different forms in this compound. A tetrameric 
structure, consistent with the above data is pro- 
posed (Fig. S), although the higher polymeric struc- 
tures cannot be excluded. 
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Fig. 5. The proposed structure for [CoL],,. 

The bright green complex turns red-brown on 
heating at ca. 1 lS”C, which is accompanied with 
the loss of 10.8% in weight. This is close to 11.2% 
calculated for the loss of two water molecules per 
one Ni atom. 

The electronic spectrum of [NiL(I&O)& in 
CHC& exhibits the CT bands at 33,300 and 24,400 
cm-‘. The bands at 16,390 and 10,750 cm-’ with a 
shoulder at 8510 cm-’ (Fig. 6) occur in the range 
typical for distorted octahedral Ni(I1) complexes 
and may be assigned to the spin-allowed transitions 
3AZg(-F) + 3T#‘) and “A#‘) + 3T,,(fl. The third 
spin-allowed transition 3A #‘) + ‘T,,(P), expected 
in the region near 25,000 cm-’ is not observed due 
to the very intensive charge-transfer band. Apart 
from spin allowed transitions there is a much 
weaker band at 13,160 cm-’ which may be assigned 
to the spin-forbidden transition 3A 2s -+ ‘E;,. The 
magnetic moment of the complex equal to 3.23 BM 
is typical for octahedral Ni(II) complexes.” 

The electronic spectra of fNiL(H,O),], in CHC13, 
toluene or in solid state are essentially the same, 
while the spectra in DMF (16,400 and 11,360 cn- ‘) 

and pyridine (ca. 16,000 and 10,500 cm-‘) 
solutions, although still typical for octahedral 
Ni(I1) complexes, vary in band positions (Fig. 6). 
The IR spectrum of ~iL(H~O)~~ is almost identical 
with that of [CoL(H,O),],, even in the “fingerprint” 
region, so the same assignments were made. 

The above data are in accordance with the 
dimeric structure analogous to that proposed for 
[CoL(H,O)&. The electronic spectra of pyridine 
and DMF solutions indicate that solvent molecules 
coordinate to the Ni(II) ion, replacing water mol- 
ecules and/or breaking the alkoxy bridges. 

Thermal analysis for this complex demonstrates 
no loss of weight until 235°C and elemental analysis 
agrees with a 1 : 1 metal to ligand ratio (Table 1). 
The IR spectrum shows no v-OH band and is very 
similar to that of Fe and Co complexes in the region 
70~18~ cm-l. Magnetic moments of 1.62 BM at 
82K and 1.85 BM at 298K indicates some extent of 
antiferromagnetic interaction between Cu centres. 

[CuL], gives no EPR signal in the solid state or 
in DMF and toluene solutions, neither at room nor 
at liquid nitrogen temperature, while pyridine and 
l-methy~midazole solutions give spectra typical for 
monomeric Cu(II) (for frozen pyridine solutions 
Ali = 166 G, g,, = 2.257). We explain this be- 
haviour by assuming the polymeric structure of the 
complex with interaction between Cu(II) centres 
causes a very short spin-spin relaxation time, and 
hence the absence of the EPR signal. The polymeric 

- CHC$ 

-------- PY 
- ._._. _._. OMF 

6000 6000 10000 12000 14000 16000 16000 

Fig. 6. Electronic spectra of fNiL,(H,O)J,. 
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structure is destroyed when the complex is dissolved 
in coordinating amines and monomeric species 
form. 

All the above results suggest non-monomeric 
nature of the complex, however we are not able to 
state how many Cu(I1) centres it contains. 

{Zn-L] 

The complex lost 5% in weight at cu. 100°C. The 
IR spectrum exhibits broad, weak v-OH absorp- 
tion at cu. 3340 cn-’ and the other band positions 
are almost identical with that of cobalt or nickel 
complexes, except for small changes in the “finger- 
print” region. 

The ‘H NMR spectrum of [Zn-L] in DMSO- 
d6 with azomethine produces a proton resonance at 
8.5 ppm (s, lH), an aromatic proton multiple peak 
centred at 7.25 ppm (m, 8H), and a CH2 peak at 4.4 
ppm (s, 2H). This clearly indicates the existence of 
the Schiff base form. It should be noted that the 
NMR spectrum of the free ligand in DMSO-d6 
[8.85 (s, lH), 7.35 (m, 8H), 5.05 (m, lH), 4.65 (d, 
2H), 3.2 ppm (m, lH)] or CDC13 [8.6 (s, lH), 7.3 
(m, 8H), 4.85 ppm (s, lH)] does not confirm the 
existence of the postulated benzoxazine form. 5 

The NMR spectrum of [Zn-L] in CDC13 [8.1 (s, 
lH), 7.0 (m, 8H), 4.85 (s, 2H) ppm] differs from 
that of the DMSO-d6 solution ; apart from the shift 
of the resonances, the peaks are much broader and 
less accurately resolved. The broadening of the 
peaks probably arises from the polymeric structure 
of the complex dissolved in CDCl,. In DMSO solu- 
tion the polymeric structure of the complex is 
destroyed and a new complex with coordinated 
DMSO is formed. 

Although it seems that the type of coordination 
of the ligand in [Zn-L] is the same as in Co, Ni 
or Cu complexes, we are not able to propose any 
definite formulation consistent with the analytical 
data. 

CONCLUSIONS 

The similarity of IR spectra indicates the same 
coordination mode for the ligand in all investigated 
complexes. Under the synthesis conditions applied 
for the complexes under study, the HzHMPS has a 
strong tendency to act as a dibasic tridentate ligand 
and forms non-monomeric complexes. This tend- 

ency is reflected by the fact that the alcoholic OH 
group is deprotonated and coordinates to the metal 
even when the only base in the system is the salicyl- 
aldehyde anion derived from the starting M(sal)* - 
2H20. 

It is noteworthy, that [FeLCl], has magnetic 
properties similar to [Fe(SALPA)C112,’ while mag- 
netic, the properties of the Cu complex of our ligand 
and SALPA are quite different. The reason for this 
may be the greater sensitivity of the magnetic prop- 
erties to geometrical factors for bridged Cu(I1) com- 
plexes than for those of Fe(III).‘** 

The studies on colbalt(I1) complexes with HMPS 
and their interaction with dioxygen are being con- 
tinued. 
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Abstract-The mass spectra of Zr(C104)4, Hf(C104)4 and C~(C103~ are reported. The major 
fragmentation path for Zr and Hf compounds involves the loss of C104 * followed by 
the elimination of C&O7 (ClrOJ and, eventually C103- (CIOz *). The copper perchlorate 
molecular ion dissociates to Cu+ by sequentially splitting off C104 - radicals. Trans- 
formations of coordination polyhedra during fragmentation are predetermined by metal 
redox properties. The mass spectra were employed to roughly estimate the extent of thermal 
dissociation of initial molecules under mass-spectrometric experiment conditions. 

This work is an extension to our earlier studies on 
molecular ion stabilization paths in mass spectra 
of inorganic coordination compounds containing 
variable valence elements in the inorganic core 
and/or the ligands such as Ti, Zr, Hf, and Sn nitrates 
and oxovanadium nitrate’ and p4-oxohexa-p-nitra- 
totetraberyllium.’ The destruction of the coor- 
dination polyhedra was found to be highly charac- 
teristic of the set of stable metal valence states (see 
also refs 3 and 4), while the behaviour of ligands 
under electron impact did not change appreciably 
from one compound to another even though the 
series studied included metals of quite different 
nature. This is probably explained by the slowness 
of intramolecular V-V relaxation processes caused 
by a substantial difference in vibrational transition 
energies between ligands and coordination 
polyhedra, which therefore behave as comparatively 
independent units in an elementary fragmentation 
event. The results described below lend further sup- 
port to this conclusion. 

EXPERIMENTAL 

The preparation of the zirconium, hafnium and 
copper perchlorates was as previously reported.s7 
All the samples studied had satisfactory analyses. 

*Author to whom correspondence should be addressed. 

The mass spectra were obtained on an AEI MS-30 
instrument using a DS-50 data processing system. 
The experimental conditions were : ionizing 
chamber temperature 250°C ionizing electron 
energy 70 eV, emission current 100 mcA. The direct 
inlet system temperature was varied from 60 to 
180°C for Zr, 50 to 180°C for Hf and 160 to 200°C 
for Cu perchlorates. No definite trends were 
observed in ion intensity variations with tempera- 
ture. The spectra were reduced to the monoisotopic 
form using the AELITA program.’ The detected 
metal-containing ions are listed in Tables 1 and 2. 

RESULTS AND DISCUSSION 

Zirconium, hafnium and copper perchlorates are 
highly reactive, and the presence of certain ions in 
their mass spectra can only be explained by hydroly- 
sis and thermolysis of the compounds during the 
preparation and evaporation of samples. Thus 
appreciable amounts of [HClO,]’ and [HCl]+ were 
always observed (alongside the ions [Cl,]‘, [Cl]+ 
and a number of chlorooxygen ions including 
[Clod’ which dominated all the spectra). 

No molecular ions were detected in the mass spec- 
tra of zirconium and hafnium nitrates.’ The per- 
centages of [Zr(ClO,),]+ and [Hf(ClO,),]+ were also 
only small (Table 1). On the contrary, [Cu(NO,),]+ 
and [Cu(ClO,)J+ were among the most intense ions 
in the mass spectra of copper nitrate’ and per- 

345 
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Table 1. Relative intensities of metal-containing ions in the mass spectra of zirconium and hafnium tetraperchlorates 
(in % of the summed intensity of metal-containing ions) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Ion Intensity Ion Intensity 
Type” Composition Zr(ClO& Hf(ClO.& No. Type Composition Zr(ClO.,), Hf(ClO34 

a MC&O,, 1.4 1.3 13 c MC&O6 1.0 0.9 
a MC&O,., 0.4 0.6 14 e MClO,’ 11.9 5.0 
a MCl,O,o 2.6 4.1 15 c MC&O2 1.0 0.9 
. 
i, 

MCW,s 0.3 0.7 16 f MClO, 0.8 1.2 
MCl,0,2b 55.7 51.2 17 f MClO,’ 1.0 0.9 

b MC&O,, 1.3 2.0 18 k MClO* 2.6 4.2 
. 
:, 

MCl,09 1.2 3.0 19 e MC10 2.8 5.7 
MCISO,b 0.9 1.1 20 g MO3 3.3 2.2 

: 
MCl,Olob 3.1 5.0 21 f MC1 0.9 0.6 
MC&O, 0.6 0.6 22 h MOz 4.4 4.9 

d MC&O9 0.6 1.1 23 i MO 1.5 1.7 
d MCl,O,b 1.1 0.8 

“The same letter is used to denote ions of different compositions with the same structure of the coordination 
polyhedron. See text and Table 3. 

‘Also observed in the mass spectrum of titanium tetraperchlorate (V. P. Babaeva and V. Ya. Rosolovskii, Izv. 
Akad. Nauk SSSR. Ser. Khim 1974,2414). 

chlorate (Table 2). Note also that unlike alkali metal 
nitrates” and perchlorates” transition metal deriva- 
tives’ did not form polynuclear ions (binuclear ions 
were however, reported for copper nitrate12). 

A detailed comparison of the mass spectra of Zr 
and Hf nitrates and perchlorates is given in Table 

3, which illustrates a close correspondence in the 
directions and relative intensities of various frag- 
mentation processes for complexes of both types. 

We have shown earlier that the most important 
fragmentation path for Group IV metal nitrates 

includes the loss of NO3 * (a+b) to produce the 
most abundant metal-containing ions, [M(NO,),]+, 
followed by the elimination of NzOs or N204 (e.g. 
b+e, d-h), and eventually, the NO* - and NO - 
radicals from ions containing a single NO3 group 
(e-h, f+i). A similar sequence [the loss of C104*, 

C1207 (C1206), and then C103 - (ClO, *)I dominates 
the electron impact induced dissociation of Zr and 
Hf perchlorates. The splitting off of acid anhydrides 
from ML,+ (M = Zr, Hf; L = NOj, ClO,) leads to 
oxo-ions where the metals are formally tetravalent 
as in parent particles. The summed intensity of the 
ions containing Zr and Hf in the oxidation state + 4 
far exceeds that of all the other metal-containing 
ions produced in the fragmentation of [ML,]+ 
(more details are given in ref. 1). 

A substantial intensity of molecular ions as in the 
mass spectra of CuL2 [L = N03,9 C104 (Table 2)] is 
typical for complexes where the central atom can 
be promoted to a higher oxidation state (+ 3). The 
parent particle fragments by sequentially loosing 
L *, and theions [CuL]+ and [Cu]+ have comparable 
intensities, which is in harmony with comparable 

Table 2. Relative intensities of metal-containing ions in the mass spectrum of copper 
perchlorate (in % of the summed intensity of metal-containing ions) 

Ion Ion 
No. Type” Composition Intensity No. Type Composition Intensity 

1 a cucl,os 18.7 6 d CuClO 4.0 
2 

; 
cucl,os 2.1 7 e CuCl 3.3 

3 cuc104 45.1 8 f cue 7.2 
4 b CuClO, 3.2 9 g cu 11.8 
5 C CuClO* 4.6 

“The same letter is used to denote ions of different compositions with the same structure 
of the coordination polyhedron. See text and Table 3. 
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Table 3. A comparison of the mass spectra of zirconium and hafnium tetranitrates and tetraperchlorates. The 
numbering of ions corresponds to Table 1. The relative intensities are given in % of the total intensity of metal- 

containing ions less molecular and mixed-ligand ions 

L=NOp L = Cl04 L=N09 L = ClO, 
No. Type Ion Zr Hf Zr Hf No. Type Ion Zr Hf Zr Hf 

5 b [ML,1 + 75.7 82.8 68.5 70.5 16 f [ML]+ 2.0 2.9 1.0 1.7 
9 

: 
[MO,Ld+ - 2.3 3.8 6.9 20 

t 
[MO,]+ 3.2 2.7 4.1 3.1 

11 [MOL,]+ 2.4 1.0 0.7 1.5 22 WU + 8.3 4.1 5.4 6.6 
14 e [MOL]+ 7.5 2.9 14.6 6.9 23 i [MO]+ 0.9 1.2 1.8 2.8 

stabilities of intermediate copper oxidation states 
(cf. the mass spectrum of tin nitrate’ where 
[Sn(NO&]+ splits off two NO3 - radicals at a time 
to produce [Sn(NO,)]+, also in agreement with the 
metal redox properties). 

These results show that coordination polyhedra 
transformations in the course of electron impact 
induced dissociation are fully determined by the 
ability of metals to undergo oxidation (reduction) 
being independent of the ligands involved. A com- 
parison of the mass spectra of tetranuclear ber- 
yllium nitrato and acetato complexes’ allows this 
conclusion to be extended to compounds containing 
quite dissimilar ligands. 

There are however, certain differences in the 
behaviour of metal nitrates and perchlorates under 
mass spectrometric experiment conditions that are 
worth mentioning. 

First, the spectra of perchlorato complexes con- 
tain detectable although small amounts of ions with 
C103 or Cl as ligands, e.g. ions 2 and 3 in Table 1 
and 2 in Table 2. It was shown convincingly that 
the appearance of like species in the mass spectra 
of alkali metal perchlorates resulted from thermal 
decomposition of the initial compounds rather than 
electron impact induced fragmentation.” Therefore 
these ions should probably be interpreted as the 
thermolysis product molecular ions [M(ClO& 
(ClO,),]‘, [M(ClO,)(ClO,),Cl]+ (M = Zr, Hf) 
and [Cu(CIOJz]+, respectively. Note that the prod- 
ucts only contain C103 groups in pairs, which is 
indicative of the detachment of molecular oxygen 
from isolated molecules. The relative intensity of 
mixed-ligand ions decreases substantially at the first 
fragmentation stage (ions b, Tables 1 and 2), and 
this also points to thermolysis of neutral molecules 
as the major source of such particles. 

Thermal dissociation leads to a complex molec- 
ular composition of the gas phase and the appear- 
ance of “parallel” fragmentation chains. As a result 
the mass spectra contain several fragment ions of 
the same type, e.g. ions [ML,]+ marked “b” in Table 

1 are observed as [M(ClO,),]+ (No. 5) and minor 
features at m/z corresponding to M(ClO,)(ClO,)$, 
MCl(ClO,):, and [MCl(ClO,)(ClO.J+ (Nos 6, 8 
and 10, respectively). The “structural assignments” 
suggested in Table 1 are not ambiguous. Thus the 
ion [MC&O,]+ (No. 13) can be written as 
[M(ClO,),]’ (i.e. [ML,]+) or [M(OJ(Cl)(ClO,)]’ 
( = [M(O,)L,]+). The former interpretation is 
difficult to reconcile with the absence of the ions 
[M(ClO,),]+ and [M(NO,),]+ (see ref. l), whereas 
the latter is favoured by appreciable concentration 
of ~(O,)(ClO,)~+ and [Hf(O,)(NO,)d+ (Table 3). 
Similar considerations were applied with other 
ambiguous ions. 

One more feature distinguishing zirconium and 
hafnium perchlorates from their nitrato analogues 
is detectability of their molecular ions (ion 1, Table 
1). It is also likely that molecular ion stabilities 
increase from [M(ClO,).,]+ to mixed-ligand species 
(ions 2 and 3), because the percentages of mixed- 
ligand neutral molecules in the gas phase are 
certainly far below that of the major component. 
We therefore have the following stability series: 

PWO,hI+ W) < [WCW,l+ (1.4, 1.3) < [M 
(ClO,),(ClO,),]+ (0.4, 0.6) < [M(ClOJ(ClO&Cl]+ 
(2.6,4.1). (Parenthesized values are the relative peak 
intensities for zirconium and hafnium compounds, 
respectively.) 

This observation makes it easy to conform to the 
idea’ that metal complex ionization consequences 
can for a period of time be localized within a certain 
complex fragment, because V-V exchange 
between the ligand and the coordination polyhedron 
is probably decelerated because of a substantial 
difference in their vibrational transition energies. 
States resulting from vertical ionization can there- 
fore relax to different molecular ion “CT isomers”. 
Stability of a charged ligand must depend on (i) the 
number of degrees of freedom participating in the 
distribution of initial excitation (C104 > N03) and 
(ii) the ease of promoting ligand atoms to a higher 
oxidation state (Cl >> C103 > ClOJ. The dissoci- 
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ative stabilization of charged ligands can be respon- [Sn(NO,),]+ in one step, which correlates with the 
sible for the appearance of ions j absence of stable tin oxidation state + 3. 

[ML,] + - ClO, < 3 + [MOLJ + 

and c 

c [ML1 + - WA 4 6 + [M(O,M +. 

As with molecular ions the intensities of these spec- 
ies increase noticeably from metal nitrates to their 
perchlorato analogues. Possible mechanisms of the 
elimination of various neutral oxides from metal- 
containing ions with the formation of oxo- or 
peroxo-structures are considered in detail in ref. 1. 

Mixed-ligand and molecular ions, however, make 
only an insignificant contribution to the total ion 
current in the mass spectra of Zr and Hf perchlor- 
ates. So far as the predominant fragmentation pro- 
cesses are concerned these spectra are practically 
identical to those of the nitrato complexes, as is 
clearly seen from Table 3. Such processes involve 
transformations of the metal coordination 
polyhedra, and the relative intensities of the cor- 
responding ions do not change significantly from 
one ligand to another. We can therefore use mass 
spectral data to estimate (of course only very 
roughly) the gas phase molecular composition 
under mass spectrometric experimental conditions. 
Thus the percentages of thermolysis products based 
on [ML,]+ ion intensities were found to be ca 5% 
for Zr(ClO& and ca 7% for Hf(ClO& and Cu(ClO&. 

(3) Lastly, in the absence of stable intermediate 
valences we observe stabilization processes involv- 
ing fragmentation of ligands and reorganization of 
the metal environment. The major processes are the 
loss of anhydride fragments at early fragmentation 
stages and simple oxides at later ones to produce 
substantial amounts of ions with oxo- structures 
where the metal preserves its characteristic oxi- 
dation state. The examples are titanium, zirconium 
and hafnium, nitrates’ and perchlorates, tetra- 
nuclear zinc and beryllium complexes M40L5L 
(M = Zn, L = L’ = CH3C02r4 ; M = Be, L = I,’ = 
NO,,’ L = L’ = RC02, and L = RC02, L’ = R’013). 

This type of complex fragmentation is highly 
characteristic for a given metal and independent of 
ligands, therefore mass spectral data can be used 
to estimate the molecular composition of products 
formed by vaporization of initial compounds under 
the mass spectrometric experimental conditions. 
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Abstract-The synthesis and characterization are described for compounds abbreviated (a) 
1-5: (Pd(phen)(OO)], where 00 = the dianion from 1,Zethanediol (l), (+)-1,2-pro- 
panediol(2), (+)-2,3-butanediol (3), (-)-l,%-butanediol(4), catechol(5) ; (b) the sulphur 
analogue (6) [pd(phen)(SCH,CH,S)], from ethane-1,2&hiol; (c) the platinum analogue (7) 
[Pt(phen)(OCH2CH20)] ; (d) the 2,2’-bipyridyl analogue (8) [Pd(bipy)(OCH,CH,O)] 
(phen = l,lO-phenanthroline and bipy = 2,2’-bipyridyl). 

A recent report’ of compounds [Pd(malonate)(en)] 
(en = 1,2-diaminoethane) and [Pd(malonate)(N)& 
where N = unidentate N-heterocycles like N- 
methylimidazole prompts us to describe briefly our 
work’ on the related compounds l-8 shown in 
Scheme 1. Since the advent3 of treatment of 
tumours by “cis platin”, cis-~t(NH,),Cl& efforts 
have been made both to synthesize other anti- 
tumour agents of analogous structure [Pt(NN)XYj 
and to understand the mode of action of such 
species. 

Under the lirst heading are such compounds as 
cis-dichloro-2,2’-bipyridylplatinum(II), [Pt(bipy) 
Cl& which shows4 no anti-tumour activity and 
complexes containing the [Pt(bipy)*+] fragment 
with amino acids (alanine and methionine) which 
turn out to have’ lower inhibitory doses than 
[Pt(NH,),Cl& and under the second heading are 
studies of the binding between platinum-containing 
drugs and the DNA helix.6 

The suggestion was made7 that the presence of a 
chiral diamine element, NN, say (+ )-1 ,Zdiamino- 
cyclohexane rather than its enantiomer in a 
potential anti-tumour agent might have a beneficial 
effect on specscity. Experiment suggests* that there 
is in fact an absence of chiral recognition. However, 
there seem to be no studies in which the potential 
drug had “leaving grou~“~ chirality in the XY moi- 
ety of [Pt(NN)XYl, a property of obvious potential 

*Author to whom correspondence should he addressed. 

relevance to the transport of drugs to, into and 
within the cell. We therefore made a few compounds 
containing racemic and optically active chelated 
diols, as their dianions, giving neutral complex com- 
pounds, as in the equation : 

[Pd(NN)(OH),]- + -OCHRCHR’O- 

+‘d(NN)(OCHRCHR’O)] + 30H-. 

Stable crystalline products were produced by react- 
ing strongly alkaline solutions of MLf,+(M = pal- 
ladium or platinum, L = l,lO-phenanthroline or 
2,2’-bipyridyl, forming ML(OH);) with the appro- 
priate diol. 

As an example of the present syntheses, shaking 
a dilute aqueous solution of ~d(phen)(OH),]- with 
a few drops of ethane- 1 ,Zdiol leads to an immediate 
colour change to a paler yellow, followed by 
formation of pale lemon-yellow, needle-shaped 
crystals over a few minutes. All the compounds 
described below were prepared by such corn- 
bination of diimine complex and diol. The com- 
pounds synthesized are listed in Scheme 1. All were 
characterized by nuclear resonance spectroscopy, 
elemental and thermogravimetric analysis, IR spec- 
troscopy and where applicable, circular dichroism 
(C.D.) spectroscopy. 

Compounds 1, 2, 3 and 4 show an interesting 
solubility in water : l-insoluble, 2-soluble, 3- 
insoluble, 4_soluble, possibly due to differences 
in lattice energies of the four solids. 

Compounds 2 and 4 were prepared using resolved 
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5 6 7 

Scheme 1. Structures of the compounds l-8. 

chiral diols and circular dichroism spectra are 
shown in Table 1. It is quite clear from the essen- 
tially enantiomeric circular dichroism spectra of the 
two complex compounds in Table 1 [Pd(phen) 
(diolate)], that the (-)l ,Zdiolata-butane ion gen- 
erates in the [Pd(phen)]‘+ chromophore of 4 
chirality opposite to that generated in 2 by (+)- 1,2- 
diolatopropane. These two diolate di-imines (and 
hence their parent diols) have opposite con- 
figurations. The present method of deducing rela- 
tive configurations by coupling the diol chirality to 
the remarkably stable [Pd(phen)12+ chromophore 
should be general for optically active 1,2-diols, for 

Table 1. Circular dichroism spectra of 
[Pd(phen)(OCHRCHRO)] 2 and 4 

2 4 
1 As” AE’ L 

530 0 0 530 
455 -13 +24 450 
410 0 0 412 
360 +51 -98 357 
312 0 0 312 
308 -85 +160 310 
299 0 0 299 

“The As values are estimates, be- 
cause both powdered products con- 
tained a small amount (< 5%) of un- 
reacted diol: the diols are colourless 
and hence have no visible or near 
UV C.D. spectra before complexation. 

Et 

8 

which satisfactory chromophores are lacking. 
(Although the recent examples’ of the use of dimeric 
carboxylates of dimolybdenum, dirhodium and 
diruthenium as “Cottonogenic derivatives” for 1,2- 
diols by Snatzke and his colleagues seem very pro- 
mising.) 

In the context of stereoselective effects in drugs 
containing chiral ligands, the recent work” of 
Totani at the Shionogi laboratories is noteworthy. 
Compounds containing a-hydroxyacidates [e.g. 
(glycolato-O,O’)diammineplatinum(II)] have been 
made and evaluated in chemotherapy. 

Compound 5, a deep red microcrystalline 
powder, is insoluble in water, but dissolved in di- 
methylsulphoxide to give a deep violet solution. Its 
red colour is probably produced by intramolecular 
conjugation of the x-systems of the heterocycle with 
those of the benzene ring, since the DMSO solution 
is violet, whereas the isolated unconjugated N2Pd02 
chromophore should be yellow. In the Pt(bipy)C12 
case, the red solid dimorph gives a yellow solution, 
where the non-conjugated N,PtCl, chromophore is 
present. 

Compound 6 (in which the oxygen atoms are 
replaced by sulphur) was formed by adding drops 
of ethane-1,2dithiol to a dilute alkaline solution of 
Pd(phen)(OH), - 3H20. The reaction was rapid, with 
formation of an orange-yellow water-insoluble 
powder. 

EXPERIMENTAL 

Pd(phen)Cl, and the analogous compounds 
Pt(bipy)C12 etc. were made by dissolving 
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Table 2. Elemental analyses for [M(LL)X]nH,O 

Serial Found (%) Required (%) 
number LL” X n Formula C HN C HN 

- 

1 
2 
3 
4 
5 
6 
- 

8 
- 

7 
- 

Pd P Cl* CnHBClzNzPd 39.9 2.2 9.0 40.3 2.2 7.9 
Pd P (OH), 3 GH,6N@SPd 38.6 3.7 6.9 38.5 4.3 7.4 
Pd P eg C,4H,,N,OzPd 48.3 4.3 8.4 48.6 3.5 8.1 
Pd P pnb CrSHi4NGPd 50.0 4.1 7.4 50.0 4.0 7.8 
Pd P 2,3-bn GH,6N@zPd 50.8 4.7 7.4 51.3 4.3 7.5 
Pd P 1,2-bnb GH,6N@zPd 51.6 4.6 7.3 51.3 4.3 7.5 
Pd P cat 3’ C,8H,,N,0SPd 48.9 5.7 6.2 48.2 5.6 6.3 
Pd P dithiol GH,zN~Pdgz 43.1 3.9 7.1 44.4 3.2 7.7 
Pd B Cl* C,,,H,Cl,N,Pd 36.4 2.5 7.9 36.0 2.4 8.4 
Pd B (OH), 4 C,eH,~N&Pd 32.4 4.2 7.6 32.6 4.8 7.6 
Pd B eg C,,H,,N,O,Pd 45.2 4.1 9.0 44.7 3.7 8.7 
Pt P Cl, C,2H,Cl,N,Pt 33.8 2.1 6.1 32.3 1.8 6.3 
Pt P (OH), 3 GH,,NzQPt 31.1 2.2 6.0 30.9 2.5 6.0 
Pt P eg C,,H,,N,@Pt 35.7 3.0 6.4 36.2 2.7 6.4 
Pt B Clzd CloHsClzNzPt 28.6 1.6 7.0 28.4 1.9 6.6 

‘B = 2,2’-bipyridyl, P = l,lO-phenanthroline. 
b Elemental analysis in these cases does not reveal that the powders contain a little unreacted 

diol : this can be seen microscopically as colourless crystals and from proton magnetic resonance, 
where its amount is estimated as less than 5% : an assumed 5% has however been used to calculate 
the values of molar circular dichroism for 2 and 4 in Table 1. 

“The deep red trihydrate became black on dehydration (over warm silica gel) ; the anhydrous 
black crystals reverted to the red trihydrate under hot water. 

dThis well-known compound (yellow dimorph) was used to check analytical procedures. 

K*MC&(M = palladium or platinum) in 2 M HCl 
and adding an ethanolic solution of the ligand with 
rapid stirring. After digesting the precipitate by 
boiling for l-2 h, the pale yellow or pale tan- 
coloured finely divided product was collected at the 
pump, washed with water, then ethanol (thoroughly 
to remove any unreacted ligand), acetone and 
diethyl ether, and dried at 100°C. Yields were all 
quantitative within experimental error. 

Pd(phen)(OH), - 3H20 was prepared by sus- 
pending Pd(phen)Cl, (0.182 g) in distilled water (100 
cm’) containing NaOH (0.1 g). The mixture was 
heated (hot plate stirrer) until the solid dissolved, 
giving a lemon-yellow colour. The solution was 
cooled and poured through an Amberlite resin IRA 
400 anion exchange column prepared in the OH - 
form by washing with 0.05 M NaOH solution. The 
eluate solution was reduced in volume (rotary evap- 
orator) until a yellow powder began to precipitate, 
after which the flask was removed and allowed to 
cool. Pt(phen)(OH), - 3Hz0, Pd(bipy)(OH), - 3H,O 
and Pt(bipy)(OH), * 3H20 were prepared by 
(mutatis mutandis) the above procedure. 

Yields for the step MLCl* + ML(OH), were low 
in all cases. We assume that the presence of some 
ML;,+ as ML(OH); in the very alkaline con- 
ditions led to some interaction with the anion 
exchange resin. 

1,2 - ethanediolato - I,10 - phenanthrolinepalladium 

(II), 1 

This was prepared by dissolving Pd(phen) 
(OH),* 3H20 (0.2 g) in water (50 cm3) containing 
NaOH (0.1 g) and adding dropwise ethane- 1,2-diol 
(0.2 g). Crystals of the desired product formed 
in a few minutes and were collected and washed 
carefully with ice-cold distilled water. (Compounds 
3 and 8 were made in the same way.) 

Compound 1 had IR adsorption at : 230, 260, 
370,445,615,720,855,880,890,1050, 1110,1150, 
1230, 136Os, 1430, 1515, 1660, 2820, 3400b. Com- 
pound 1 had ‘H resonance at: 62.62, 8.13m, 8.31, 
8.96. 

S( +)I,2 - propanediolato - 1,lO - phenanthroline- 
palladium(II), 2 

This was prepared by dissolving Pd(phen) 
(OH),. 3H,O (0.2 g) in water (50 cm3) containing 
NaOH (0.1 g) and adding S( +)1,2-propanediol 
(0.2 g) with rapid shaking and stirring. The sol- 
ution was warmed on a steam bath for several 
hours and allowed to cool. Reduction of volume 
of the resultant pale yellow solution to approxi- 
mately l/lOth of the original led to precipitation 
of a finely divided pale yellow product which was 
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evidently contaminated with small amounts of the 
diol. Compound 4 was made by an adaptation of 
this method. 

Compound 2 had IR absorption (measurements 
were made from 625 cm-‘) at: 640b, 68Os, 71Os, 
84Os, 85Os, 865s, 920, 990, 1050, 1080, 1150, 1220, 
1280,1350,3400b. Compound 2 had ‘H resonance 
at: 61.07d, 3.49m, 3.87q, 7.63,7.82m, 8.22d, 8.47m. 

Catecholato-l,lO-phenanthrolinepalladium(II), 5 

This was prepared by dissolving Pd(phen) 
(OH), - 3H20 (0.2 g) in distilled water containing 
NaOH (0.1 g) and adding a solution of catechol 
in distilled water (0.25 g in 5 cm3). An immediate 
precipitation of deep red product occurred. This 
was collected on a fine sintered glass crucible 
(Grade 4) and washed with large quantities of 
water to remove NaOH and excess diol. 

Compound 5 had IR absorption at: 230, 34Os, 
390,440,460,535,560,580,605,635,665,715,730, 
755,800,845,860,885,905,965,990, 102Os, 1040, 
1095s 1120, 1155, 1200, 126Os, 1355, 1415, 1435, 
1480, 1530, 1570, 1585, 1805, 1635, 1660, 3060, 
3305b. Compound 5 had ‘H resonance at : 66.22q, 
6.38q, 8.1Oq, 8.28, 8.95. 

1,2 - ethanedithiolato - 1,lO - phenanthrolinepalla- 
dium(II), 6 

This was produced immediately on adding 1,2- 
ethanedithiol (0. lg) dropwise to a solution of 
Pd(phen)(OH), - 3Hz0 (0.2 g) in distilled water (50 
cm’) containing NaOH (0.1 g). The orange-yellow 
finely divided precipitate was collected at the pump 
and washed with large amounts of cold distilled 

water to remove the unreacted thiol (smell!). 
Compound 6 had IR absorption at: 230, 250, 

350, 360, 430, 455, 500, 620, 650, 660, 715s, 735, 
765,84Os, 875,1100,1140,1220,1240,1275s, 1355s, 
1410, 1415s, 1500, 151Os, 2600, 1625, 1660, 2720, 
288Os, 2900,3040,3380b. Compound 6 had ‘H res- 
onance at: 62.63, 8.05q, 8.23,8.57d, 8.90d, 9.07. 

1,2 - ethanediolate - 1,lO - phenanthrolineplatinum 

(II), 7 

This was made by the same method as the pal- 
ladium analogue, 1 above, modified by heating the 
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reacting solution on the steam bath for 24 h. Acicu- 
lar yellow crystals were produced on cooling to 
room temperature. 

Compound 8 had IR bands at: 280, 420, 480, 
490, 545, 610, 725, 770, 895s, 1025, 106Os, 1110, 
1160, 1225, 1255, 1360, 1450, 1470, 1495, 1565, 
1600, 1665,2350b, 2820, 3360b. Compound 8 had 
‘H resonance at : 62.52, 8.36t, 8.66m. 

IR spectra were measured using Nujol mulls : the 
numbers appended to each compound are in order 
of frequency (cm-‘), s, strong ; b, broad. Proton 
magnetic resonance spectra (d-values relative to 
TMS) were obtained in DMSO solution, with TMS 
reference, except for compound 2, measured in 
DrO, with TSS reference. 
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Abstract-A Pt(I1) complex of tetra-acetylethane (dahd = 3,4-diacetyl-2,4-hexadiene- 
2,5-diol) dianion bonding with (C3,0’)chelate, Pt(L)(L’)(dahd-C3,0’)(L = L’ = SEt, ; 
L = L’ = PMe2Ph ; L = SEt2, L’ = PPh, ; L = L’ = 2,9-RT1, lO-phen(R = H, Me) where L 
is truns to C’) has been prepared. cis-PtCl,L,(L = SEtz, PMe,Ph) reacts with KTdahd in 
CH30H to produce a dinuclear cationic complex [PtzL4(dahd-O&)]‘+ in which dahd is 
cross-linked with symmetrical bifunctional chelation. An analogous COD (1,5-cyclo- 
octadiene) complex Ftz(COD),(dahd-0,,0;)1 [BF$ has been prepared by treating 
PtCl,(COD) with AgBF, and Hz-dahd. [Pt2La(dahd-O,O;)][BF&, by treating with K,- 
dahd, readily transfo~s into PtL~(dahd-C3,~) (L = SE&, PMe,Ph). This PtL,(dahd- 
C3,0’)(L = SEt,, PMezPh) in HBF,/acetone solution converts to the dinuclear complex 
[Pt*L,,(dahd-02,0;)] [BF&, liberating H,-dahd in a stoichiometric yield. 

These anomalous Pt(I1) complexes linked by the dahd dianion are characterized using IR, 
*H 13C-NMR and fast atom bombardment mass spectroscopy, conductance and molecular 
weight measurements. 

Dinuclear Pd(I1) and Rh(1) complexes of tetra- been seen to undergo an anomalous bridge-split- 
acetylethane (dahd = 3,4-diacetyl_2,4_hexadiene- ting between the two metal nuclei giving a five- 
2,5-diol) cross-linking two metal nuclei as bifmc- coordinate complex [Pd(PPh&phen)d [BF&,’ and 
tional &chelates have been described before.’ In concurrently an insoluble complex containing dahd 
them, a reaction of Ft~(PPh~)~(dahd-O~,O~)] [BF.,], cross-linking of the metal nuclei as an Ot-uni, O;- 
with the bidentate azaheterocyclic ligand phen have unidentate ligand [Pd(phen)(dahd-O,,O;)],. The 

latter product readily transforms into its linkage 
*Author to whom correspondence should be addressed. isomer with a metal-carbon bond Pd(phen)(dahd- 
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C3,0’). Knowing that H,-dahd itself is stabilized in 
a dienolate form as a y,y’-bis(acetylacetone),’ the 
activation of its C(3) to form a MC bond has been 
an unexpected result. Some evidence for catena- 
[Pd(phen)(dahd-O,,O;)], which somewhat surpris- 
ingly accompanies a trace amount of paramag- 
netic species may indicate that this novel linkage 
isomerization of the dahd from (O,,O;)-chelate 
to (C,,O’)-chelate proceeds via a two electron trans- 
fer from the dahd ligand to the metal or to the other 
ligand. 

One problem in these Pd(I1) complexes is that 
the reaction products were obtained in low yields 
as the stoichiometry indicates, in addition to their 
low solubilities. From these previous findings, we 
have thus attempted the syntheses and charac- 
terizations of dinuclear and mononuclear Pt(I1) 
complexes in which the dahd dianion links Pt(I1) as 
a bidentate 02-chelate and (C3,0’)-chelate, using a 
monodentate SEt2 or PMe,Ph and bidentate 1,5- 
COD as ligands. 

EXPERIMENTAL 

Preparation of complexes_IPt2(SEt&(dahd-OZ,O;)] 

[BF& 

cis-PtC12(SEt2)23 (3.0 g) in acetone containing 
1.4 g of H,-dahd was added with AgBF, (2.8 g) and 
the solution after stirring for 2 h, was filtered (2 g 
of AgCl ppt. 200% per Pt atom). The solution was 
then evaporated forming a yellow oil. The oil pro- 
duct was washed with water to remove liberated 
HBF,. The residue was dried in vacua and crys- 
tallized from acetone-diethylether to give white 
crystals(2.7 g; 71%). Found: C, 27.7; H, 4.6. Calc. 
for C18H,604B2Fs : C, 27.9 ; H, 4.7%. Conductance 
(acetone) : AM, 224 R-i cm’ mol-‘. 

[Pt2(PMe2Ph),(dahd-02,0;)1 W412 

cis-PtCL2(PMe,Ph)24 (0.7 g) was dissolved in 
mixed solvents of CH2ClTCH30H containing 0.16 
g of H,-dahd. To the solution, 0.52 g of AgBF4 
was added. The solution, after stirring for 2 h, was 
filtered (0.34 g of AgCl ppt. 181% per Pt atom), 
reduced in volume to - 5 cm3 and addition of 
diethylether to the residual solution gave pale 
brown crystals (0.74 g ; 87% per Pt atom). Found : 
C, 37.2; H, 4.3. Calc. for C2,H,,03BF4P2Pt (with 
one water of solvation) : C, 37.4 ; H, 4.5%. ‘H 
NMR(CDCl&CD&ZO) : 6, (water of solvate ion), 
5.2 - 5.3 ppm(vb). The signal due to the hydrogen 
from water which is always concomitant with the 
solvent (CD&CO is observed at - 3.00 ppm and 

is relatively sharp. Conductance (acetone): AM, 
236 &Z-l cm’mol-‘. 

[Pt,(CoD),(dahd-o,,0;)1 W412 

PtC12(COD)’ (1.3 g) was dissolved in CHzClz 
containing 0.4 g of H,-dahd. To this solution, an 
acetone solution of AgBF4 (1.3 g) was added. The 
solution, after stirring overnight, was filtered (0.9 g 
of AgCl ppt. 185% per Pt atom). The filtrate was 
then added to silica gel and filtered. The solution 
was reduced in volume to - 5 cm3 under pressure, 
and addition of diethylether to the residual solution 
gave pale brown crystals (1 .l g ; 63% per Pt atom). 
Found: C, 31.3; H, 3.7. Calc. for C3H2,,03BF4Pt 
(with one water of solvation) : C, 30.9 ; H, 4.0%. 
‘H NMR{(CD,),CO) : &(H,O of solvation), 3.0 
ppm(vb). Conductance (acetone) : AM, 226 R-’ cm2 
mol-‘. 

Pt(SEt&(dahd-C3,0’) 

cis-PtCl,(SEt,), (0.3 g) in CH30H was mixed with 
0.2 g of I&-dahd’ and a few drops of NEt3. The 
solution was stirred for 16 h and then filtered. The 
filtrate was evaporated. The residue was dissolved 
in about 20 cm3 of CH2C12 and the solution was 
transferred to a separating funnel. After addition of 
an equi-volume of HzO, the solution was vigorously 
shaken to mix. The CHICll phase was transferred to 
a round bottom flask and the solvent was removed 
under reduced pressure to give a yellow oil. After 
drying in vucuo, the product was crystallized from 
CH,&-diethylether to give pale brown micro-crys- 
tals (0.13 g ; 34%). When the reaction oily product 
is not washed with H20, the yield of crystal product 
is raised to 78%. Found: C, 37.8; H, 5.6. M.W. 
(cryoscopic method in CsHSNOJ, 381. Calc. for 
C18H3204S2Pt: C, 37.8; H, 5.6%. M = 572. ‘H, 13C 
NMR are in vide infra. The low molecular weight 
measurement in nitrobenzene suggests that one SEt2 
of the complex is displaced in solution by the nitro- 
benzene solvent. FABMS : M+ = 572 (vide infra). 

Pt(SEt&dahd-C3,0’) was also obtained by treat- 
ing [Pt,(SEt,),(dahd-Ol,O;)] [BF412 with K,-dahd 
in CH30H. When [Pt,(SEt,),(dahd-O,,o;)l [BF4h 
(0.75 g) was added to K,-dahd (0.2 g) in CH30H 
the pale yellow solution turned dark yellow. The 
solution, after stirring for a day, was filtered to 
separate a small amount of dark white ppt. The 
solvent was then removed under reduced pressure 
to give a pale brown oil, which was washed with 
water and decanted. The oily residue, after being 
dried in vucuo, was crystallized from CH,Cl,- 
diethylether to give white crystals (0.64 g ; 84% per 
Pt atom). 



Bridge-splitting reaction of a dinuclear platinum(I1) complex 355 

Pt(PPh,)(SEt,)(dahd-C3,0’) 

Pt(SEt&dahd-C3,0’) (0.24 g) in CHrClr was 
added to 0.22 g of PPh3. The solution was stirred 
for 1 day and reduced in volume under pressure to 
about 5 cm3. Addition of diethylether and n-hexane 
to the residual solution gave a pale yellow solid, 
which was recrystallized from CH2C12 and diethyl- 
ether (0.24 g; 79%). Found: C, 51.3; H, 5.0. M.W. 
(vapour pressure osmometry in CH,C&) 680. Calc. 
for C32H3704PSPt : C, 51.7 ; H, 5.0. M = 744. 

Pt(phen)(dahd-C3,0’) 

Pt(SEt&(dahd-C3,0’) (0.11 g) was dissolved in 
CHICll and to the solution 0.05 g of phen * HZ0 was 
added. The solution was stirred for about a week 
giving a pale orange precipitate. The product was 
crystallized from CHzClz using isothermal vapor- 
ization (0.09 g; 82%). Found : C, 47.0; H, 3.6; N, 
5.0. M.W. (vapour pressure osmometry in CH,Cl,) 
532. Calc. for CZ0HZ4N204Pt : C, 46.2 ; H, 3.5 ; N, 
4.9%. M = 574. 

Pt(2,9-Me,-phen)(dahd-C3,0’) 

Pt(SEt&(dahd-C3,0’) (0.12 g) in CH#&acetone 
was added with 2,9-Me,-phen - 0.5Hz0 (0.06 g). The 
solution was refluxed for about a week and then 
diethylether and n-hexane were added. On allowing 
the solution to stand in a refrigerator overnight an 
orange solid with CHICll of solvate (0.08 g; 55%) 
was produced. Found : C, 44.0 ; H, 3.9 ; N, 4.1. 
Calc. for C25H26C12N204Pt: C, 43.9; H, 3.8; N, 
4.1%. ‘H NMR (CDCL3) : 6cHz(CHzC12 of solvate) 
5.23 ppm. 

Pt(PMe,Ph),(dahd-C3,0’) 

cis-PtCl,(PMe,Ph), (0.63 g) was suspended in 
CH30H and 0.3 g of Na,-dahd-(CH,OH), and NEt, 
(0.25 g) was added, giving a homogeneous solution. 
The solution, after stirring for 5 days (the time 
required to produce a small amount of dark white 
solid) was filtered. The solvent was removed under 
reduced pressure to give a pale green oil, which was 
added to water and allowed to stand for a day to 
give pale green crystals with one water of solvation 
(0.4 g ; 50%). Found : C, 45.6 ; H, 5.1. Calc. for 
C26H3605P2Pt: C, 45.6; H, 5.3%. 

IR spectra were recorded on a Hitachi 260-10 
infrared spectrophotometer. Spectrometers used 
for NMR studied were: ‘H NMR, JEOL JNM- 
MH-100, Hitachi R-90H FT-NMR spectrometers; 
13C NMR : Hitachi R-90H FT-NMR (22.66 MHz). 
Molecular weights were obtained using a Corona 

Molecular Weight Apparatus M- 117 (vapour pres- 
sure osmometry) in CH& at 30°C. Electro- 
conductivity was measured in a dried acetone 
solution (ca 1 x lo- 3 M) using a DKK AO-6 instru- 
ment. FABMS spectra was produced using a JEOL 
I-IX- 100. Elemental analyses were performed by the 
Micro-Analytical Centre, Department of Phar- 
maceutical Sciences, Kyoto University. 

RESULTS AND DISCUSSION 

Dinuclear Pt(I1) complex cross-linked by the 
dahd(3,4-diacetyl-2,4-hexadiene-2,5-diol) dianion 
pt2(L&(dahd-02,0;)] [BF&(L = SEt,, PMe,Ph, 
or L2 = 1,5-cyclooctadiene(COD)} is formed by 
treating ci+PtC12L2 (L = SEt,, PMe,Ph) and 
PtCl,(COD) with AgBF, in the presence of H,-dahd 
in acetone or CH30H. IR and ‘H NMR data of 
[Pt,(L,),(dahd-O,,O$)][BF,I,, is given in Table 1 
and shows that dahd bonds the Pt(I1) nuclei by 
symmetrical O-bonding bifunctional chelation. 
These spectral data agree well with those of 
the corresponding Pd(I1) and Rh(1) complexes 
[M2(L2)2(dahd-0,,0;)][BF& (M = Pd, L = PPh3, 
L2 = bdpe{ 1,2 - bis(diphenylphosphino)ethane}, 
n=2;M=Rh,L=CO,n=O).’ 

[Pt,L,(dahd-O&)][BF& (L = SEt,PMe*Ph), 
by treating with K,-dahd or Na,-dahd in CH,OH, 
readily transforms into PtL,(dahd). PtL,(dahd) was 
directly obtained in a moderate yield by reacting 
cis-PtClzLz with K,-dahd or Naz-dahd in the pres- 
ence of NEt3. 

IR, ‘H and 13C NMR spectra of PtL,(dahd) 
{L = SEt,, PMe,Ph, PPh3 ; LZ = 2,9-Rr-phen 
(R = H, Me)} are shown in Fig. 2 (L = SEt2) and 
Tables 1 and 2. ‘H NMR spectrum of Pt(SEt,), 
(dahd) shows that two Me groups of the dahd are 
equivalent, while the other two are non-equivalent. 
A resonance occurs at 2.51 in the lower field region 
close to that proposed for an acetyl group of, for 
example, y-carbon-bonded /I-diketonate Pt(I1) 
complexes,6 while the resonance at 2.10 is consistent 
with one carbonyl bound to Pt(I1) in the enol form. 
This indicates that one acetylacetonate group of the 
dahd contains a localized (C=C) group. Charac- 
teristic IR absorption bands are consistent with 
those, in which 1502 cm-’ is due to v(C-0), 
1636 cm-’ to v(C=C), and two bands at 1728 and 
1670 cm-’ are due to v(C=O). The ‘H NMR also 
exhibits magnetically non-equivalency of the two 
sulphur atoms. A 13C{‘H} NMR spectrum of 
Pt(SEt&(dahd) obtained when operating in the 
Fourier Transform Mode (with 30,000 of pulse 
acquisition and 4 s of pulse intervals) agrees well 
with these observations. The satellites due to the 
‘95Pt splitting at 73.1 is due to the 3-carbon nucleus 
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(4 
Me 

.Ac 

Fig. 1. (a) Proposed structure of [Pt,(L,),(dahd-O,,O;)]‘+. (b) Linkage modes of tetra-acetylethane 
dianion given by a bridge splitting reaction of [M*(L&dahd-O*,O;)] [BF& (M = Pd, L = PPh,, 

n = 2; M = Rh, L = CO, n = 0); AC = CH,CO-. 

of the dahd and the large coupling constant 
[‘J(‘95Pt-‘3C)] = 489.2 Hz is consistent with 
C-3 atom directly bonding to Pt(II),7 while 
[2J(195Pt-C4)] was obtained as 40.1 Hz at 120.1. 

These spectral data of Pt(SEt,),(dahd) agree with 
a structure having low symmetry in which dahd 
bonds to Pt(I1) with a (C3,0’)-chelate as proposed 
in Fig. 3. Interestingly, 13C NMR resonances due 
to one SEt, could be observed with 195Pt satellites, 
while the other has no 195Pt satellites. 

It has been reported from variable temperature 
‘H NMR evidence that cis-PtC12{S(CH,CsH5),)28 
undergoes dynamic inversion motion at the pyr- 
amidal sulphur. In the present case, one sulphide in 
Pt(SEtJz(dahd-C&‘) is assumed likely to be under- 
going analogous dynamic behaviour at an ambient 
temperature, but lower temperature NMR spectra 
have not been obtained. However, 13C NMR data 
of the analogous central carbon-bonded Pt(I1) com- 
plexes of acetylacetone, Pt(acac-0) (acac-C3) (py) 
and Pt(acac-C3)z(py),’ may be useful for the 
arrangement of sulphides in Pt(SEt&(dahd-C3,0’). 
From the magnitude of the coupling constant 
‘95Pt-C3, observed for the acetylacetonate com- 
plexes, where J(195Pt-C3) for Pt(acac-O)(acac- 
C,)(py) is 619 Hz and for Pt(acac-C3)&y)z is 
369 Hz, s-bonding character of C-3 is apparently 
correlated with a tram labilizing effect :I0 O(acac) 
c C(3)(acac). Thus, the sulphur being stereo- 
chemically nonrigid in Pt(SEt&(dahd-C3,0’) can 
be explained by an arrangement which is tram to 
C(3) (a resonance in the higher field region) and not 
to 0. FABMS of Pt(SEt&(dahd-C3,0’) is given in 
Fig. 4 as an explicit pattern, in which the basal peak 

is M+(m/z = 572) and the isotopic ion distribution 
patterns agree well with the calculated ones. 

A sulphide of Pt(SEtJ,(dahd-C3,0’) is readily dis- 
placed by PPh3 to give Pt(PPh,)(SEtz)(dahd-C3,0’). 
13C NMR spectrum of the complex with a relatively 
large [‘J(P-C)] = 60.0 Hz is as expected, con- 
sistent with PPh3 being arranged at the tram position 
to C3. In addition, NMR resonances due to the CHz 
group of SEt, with 195Pt satellites may be due to the 
stereochemical rigidity being arranged tram to 0. 

‘H and 13C NMR of Pt(PMe,Ph),(dahd) is com- 
parable with Pt(SEtz),(dahd-C3,0’), and they exhi- 
bit non-equivalency of the two phosphorus atoms. 
The chemical shifts due to the dahd carbons of 
Pt(PMe,Ph),(dahd) agree with those obtained for 
Pt(SEt,)z(dahd-C3,0’). The weak resonances at 81.8 
and 79.4 Hz, the latter of which was partially over- 
lapped with that of the solvent CDC13 are ten- 
tatively assigned to the C3 nucleus coupled to the 
tram phosphorus nucleus. Its chemical shift and two 
bond coupling constant [ ‘J( 3 ‘P-C ‘)I = 56.7 Hz are 
however comparable with those obtained for 
Pt(PPh,)(SEtJ(dahd-C3,0’). 

Pt(SEt&(dahd-C3,0’) reacts with the bidentate 
azaheterocyclic ligand phen to give Pt(phen)(dahd- 
C3,0’). IR, ‘H and 13C NMR spectral data of this 
complex agree very closely with those of PtL,(dahd- 
C3,0’)(L = SEtz, PMe,Ph) and also with Pd(phen) 
(dahd-C3,0’).’ 13C NMR of an analogous 2,9-Me,- 
phen complex was more informative than the phen 
complex, because we could raise its solubility, and 
the data are compatible with the proposed structure 
(Fig. 3). 

The bridge-splitting reaction of the dinuclear 
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CDCl, CH, (SEt 2) 
h 

(SEt,) 

\I 

(b 1 

I I 

ID0 50 

pm 

Fig. 2. (a) “C{ ‘H} NMR spectrum of Pt(SEt&(dahd-C’,O’) in CDCIJ ; (b) expanded in the range of 
0 _ 50 ppm ; (c) expanded ( x 3) in the range 50 N 100 ppm ; (c) expanded in the range 50 N 100 

ppm; (d) expanded (x 3) through y-axis. *Due to impurity included. 

Fig. 3. Proposed structure of PtL,(dahd-C3,0’){L = SEt,, 
PMe,Ph, L2 = 2,9-R,-phen(R = H, Me)}. 

Pt(I1) complex cross-linked by the dahd dianion as 
an (O,,O;)-chelate by the attack of basic K,-dahd, 
may firstly proceed via an uptake of the counter 
anion (KBFJ and concurrent insertion of the dahd 
dianion into the inner sphere (Scheme 1). On the 
other hand, by treating PtL,(dahd-C3,O’) (L = SEt,, 
PMe2Ph) with an equivalent amount of HBF, in 
aqueous acetone, [Pt,L,(dahd)][BFJ, (L = PMe2Ph, 
yield 73%) and H,-dahd (46%) were obtained. 



360 S. YAMAZAKI et al. 

IOO- 
572 

m/z 

Fig. 4. FABMS of Pt(SEt,),(dahd-C3,0’). 

These indicate that linkage modes of the dahd 
dianion to Pt(I1) in acidic conditions favour the 
bifunctional (O&Q-chelate, while in basic con- 
ditions it prefers the (C3,0’)-chelate. It has so far 
been known that deprotonation of /?-diketonate 
Pt(I1) complexes, Pt(tfac)*(PPh3) (tfac = l,l, I- tri- 
fluoroa~tylacetone), ” PtCl(acac-O~(~-val) (val = 
vynylalcohol)” and PtCl(acac-O)(acac)” favours 
carbon-bonded complexes of the fl-diketone 
at C-3 and up to C-l. Considering that dahd 
itself is y,y’-bis(acetylacetonate) and stabilized in 
the dienol-dienolate form both in H,-dahd ’ 3 and 
[M,(L,),(dahd)][BF,], (M = Pd, L = PPh3, L2 = 
bdpe, n=2; M=Rh, L=CO, n=O; M=Pt, 
L = SE& PMe,Ph, LZ = COD, n = 2), an activation 
of C-3 of the dahd forming metallation should still 

cis-PtCt,L,( L=SEt,, PMqPh,l,5-(COD)) REFERENCES 

AgBF,+ H,-dahd 

~ 

A& 1+ H+ 
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be noteworthy. Unfortunately, an intermediate, 
such as [PtL,(dahd-O,,O;)], or any paramagnetic 
species as found for catena-[Pd(phen)(dahd- 
O,,O;)ln, have not been isolated. 

Interestingly, the linkage mode of the dahd 
dianion to Pt(I1) as a (C3,0‘)-chelate is comparable 
with the Pt(II) complex of Vitamin C Pt(cis-dach) 
(ascorbate) (dach = diaminocyclohexane),‘4 hav- 
ing antitumor properties which Hollis et al. estab- 
lished by X-ray analysis, in addition to their similar 
frameworks. 
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Abstract-A systematic search has been used to find all the allowed valence structures of 
the D6d bicapped hexagonal antiprismatic Bi.+H:; &so-boron hydride dianion. From the 
number of allowed valence structures (72), a valence state index (VSI) equal to 0.0773 can 
be deduced for the tetrad~ahydrotetradecaborate dianion, that is compared to those of the 
parent B,Hj- derivatives (n = 6-12). 

The topolo~~al rules defined by Lipscomb’” allow lographically confirmed. We dete~ined the 
one to find’ all the possible valence structures for number of valence structures for B,4H:; in order 
boron hydrides. The number of allowed valence to have an idea about the estimation of its 
structures (NVS) has been determined for the closo- stability we would get using this very crude ap- 
boron hydrides B,Hz- (n = l-l2)2 and have been preach and to compare the results with Jemmis’ 
used3 to determine the valence state index (VSI), conclusions. 
defined as the ratio of the loga~~m of the NVS 
over the number of triangular faces of the poly- TOPOLOGICAL RULES AND 
hedron, and have been correlated with the stability NUMBERING CONVENTION 
of these cage compounds. 

We describe in the present paper the systematic Lipscomb’s topological rules’ applied 
search for the allowed valence structures of the Dsd B,Hi- case can be summarized as follows : 

to the 

~trade~hydrotetrad~aborate dianion making use (I) Every pair of boron atoms that are neigh- 
of the framework symmetry. It has indeed been bours (see Fig. 1) must be connected by at least one 
shown that a bicapped hexagonal antiprismatic bond (either a covalent bond, or one or two three- 
arrangement of the boron atoms is the most stable centre bonds). 
one found for B+,H:Q.~ Jemmis’ has made cal- (2) No boron framework bond may include a 
culations on 14-vertex boranes and carboranes, and pair of non-neighbour boron atoms. 
concludes that the orbitals of BH are not diffuse 
enough to overlap favourably with the orbitals of 
a six-membered ring as in a bicapped hexagonal 
antiprism, and states that caps with more diffuse 
orbitals, like transition metal fragments, should sta- 
bilize such polyhedra. No B,Hi- ions are indeed 
known for n > 12, but two cZ5.s~ 14 vertex metal- 2 
lacarboranes that are cage-isoelectronic with 
B,,H:;, i.e. having 30 valence electrons in the cage 
skeleton, as from Wade’s rules, have been de- 8 
scribed. A differacarborane, 1,14,2,5,9,12-(q ‘-C& 
H~Fe)2(CH~C)~B*H~, with the bicapped hexagonal 
antiprism structure has been prepared’ and struc- 
turally proved? by Grimes. Hawthorne has reported 
a cobaltacarborane, l,14,2,10-($-C5H5Co)2C2B10 Fig. 1. “Opened” representation of, and numbering can- 
H12, with this structure,8 although it was not crystal- vention used for B,4H,42-. 

363 
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(3) Each boron, since it has four valence atomic 
orbitals, must participate in three boron framework 
bonds, because it has one terminal hydrogen co- 
valently bonded to it. 

(4) Since each boron atom contributes three 
valence electrons and four valence orbitals, B,,Hi- 
must have three covalent B-B bonds and (n-2) 
closed three-centre bonds. 

(5) No two boron atoms may be bonded simul- 
taneously to both a covalent and a three-centre 
bond. 

We will use the “opened” representation of the 
polyhedron,g showing more clearly the 24 triangular 
faces of the Ded bicapped hexagonal antiprism, 
using the numbering proposed earlier for this poly- 
hedron” (see Fig. 1). 

SYSTEMATIC SEARCH OF THE 
POSSIBLE VALENCE STRUCTURES 

OF B,.,H:,- 

Vertical apical covalent bonds are not allowed 

First of all, it is quite obvious that the covalent 
bonds may not be placed on one of the vertical 
edges of the apical triangles of the upper or lower 
pyramids. Indeed, the two adjacent triangles must 
be discarded* (because a three-centre bond may 
not connect two boron atoms already bonded by a 
covalent bond, rule 5). Because two adjacent tri- 
angles cannot be discarded (rule 1), we must place 
a three-centre bond in both triangles adjacent to the 
discarded ones. This saturates boron atom 1 (see 
Fig. 2) and does not allow us any longer to place 
another three-centre bond in one of the two remain- 
ing adjacent apical triangles. Both of these should 
therefore be discarded, which is forbidden by 
rule 1. 

The apical three-centre bonds 

The covalent bonds must therefore all be placed 
in equatorial triangles, and both the upper and 
lower apical boron atoms (1 and 14) must be satu- 
rated by three three-centre bonds. These may not 
be placed in adjacent triangles, otherwise other 
adjacent triangles would have to be discarded. 

Therefore, six horizontal equatorial locations (2- 
3,4-5,6-7,8-9, 10-l 1,8-13, if the six apical three- 
centre bonds are placed as in Fig. 3) are not allowed 
for the covalent bonds (rule 5), which means that 
only six remain possible. 

*Shaded triangles are triangles in which no three- 
centre bond may be placed because of constraints due 
to the presence of already placed covalent and/or three- 
centre bonds, and to Lipscomb’s rules l-5. 

8 8 

Fig. 2. A covalent bond may not be placed on one of the 
vertical edges of the apical triangles of the upper (or 
lower) pyramids, because two adjacent triangles (here 

15 6 and 16 7) must then be discarded. 

Fig. 3. One of the four allowed positions of the six apical 
three-centre bonds. 

The three covalent bonds are placed horizontally 

If two covalent bonds are put horizontally as the 
adjacent edges of apical and equatorial triangles of 
the same pyramid (for instance in 3-4 and 5-6, cf. 
Fig. 4), then the third one cannot be put on one 
of the horizontal equatorial edges of the other 
pyramid, because in this case, it is impossible to 
satirate all the boron atoms using rules l-5, 

Fig. 4. Possible position of the first two covalent bonds 
on horizontal equatorial edges of the same pyramid. 
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Fig. 5. Allowed positions of the three covalent bonds on 
three horizontal edges of the same pyramid (3-4, 56, 

2-7). 

whereas it can be put on the third allowed equatorial 
edge (2-7) of the same pyramid (see Fig. 5), which 
gives an allowed resonance structure. 

If the three covalent bonds are all placed on these 
three allowed horizontal equatorial edges (3-4,5-6 
and 2-7), then it is quite obvious that there is only 
one way to saturate atoms 9, 11 and 13 : indeed, 
only two triangles are available for each of them 
and each of them must get two more three-centre 
bonds, because they must participate in three boron 
framework bonds. If we do this, then all the other 
boron atoms are saturated because we have then 
placed the 12 (i.e. n - 2 for n = 14) three-centre bonds 
(see Fig. 6). There are eight possible resonance 
structures of this type, because the three covalent 
bonds can be placed either on the upper or lower 
pyramid, and because there are four ways to place 
the first six three-centre bonds in the apical triangles 
(see Fig. 7). 

Two horizontal and one vertical equatorial covalent 
bond 

If the first six three-centre bonds are placed as in 
Fig. 3, and if the first two covalent bonds are placed 

2 2 

8 8 

Fig. 6. Allowed resonance structures with the three coval- 
ent bonds on the three horizontal edges of the upper 

pyramid. 

365 

Fig. 7. The eight possible ways to put the three covalent 
bonds on horizontal edges of the same pyramid, either 
the upper or the lower one; the equatorial triangles and 
the six apical three-centre bonds are not shown. The DSd 

polyhedron is viewed from vertex 1 along the 1-14 C3 
axis. 

horizontally in the same pyramid as in Fig. 4, then, 
for nine of the 12 vertical equatorial positions, we 
would get two adjacent discarded triangles, which 
is forbidden by rule 1. If the third covalent bond is 
placed in two other positions, 3-9 (or 5-l l), then 
atoms 3 (or 5) would be saturated and two adjacent 
triangles are again to be discarded, which is not 
allowed. Therefore, only one vertical equatorial 
position of the third covalent bond is allowed, i.e. 
in 7-l 1 (cf. Fig. 8). For this case, there is obviously 
only one way to saturate atoms 9, 11, 12 and 13 
(see Fig. 9) by using six more three-centre bonds. 
These saturate the remaining boron atoms. If the 
first two covalent bonds are placed horizontally, 
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Fig. 8. Allowed position of the three covalent bonds on 
two horizontal edges of the same pyramid (3-4 and 5-6), 
and on the only allowed vertical equatorial edge, 7-l 1. 

one in each pyramid, then there is only one accept- 
able way to do this, i.e. in 34 and 1 I-12, that allows 
one to place the third covalent bond on the only 
available vertical equatorial edge so that rule 1 is 
followed (edge 5-10) (see Fig. 10). It can be easily 
shown that if the two covalent bonds are put in 3- 

4 and 8-13, then it is impossible to put the third 

Fig. 9. Allowed resonance structure with two horizontal 
covalent bonds in the same pyramid, and one vertical 

equatorial bond. 

Fig. 11. The only way to saturate atoms 4, 5,6,9, 10 and 
11 for the allowed position of the three covalent bonds 
on two horizontal edges of different pyramids (34 and 
1 l-12), and on the only allowed vertical equatorial edge, 

5-10. 

covalent bond on a vertical equatorial edge : when 
trying to place the other three-centre bonds, rule 1 
cannot be followed. 

Clearly, there is only one way to saturate atoms 
4, 5, 6, 9, 10 and 11, by using four three-centre 
bonds (see Fig. 11). This saturates atoms 3 and 12, 
so that the two triangles 2 3 8 and 7 12 13 have to 
be discarded. The last two three-centre bonds must 
therefore be put in the two still available triangles, 
as shown in Fig. 12. There are 12 different resonance 
structures of this type, because the vertical equa- 
torial covalent bond can be placed on any of the 12 
vertical equatorial edges (these resonance structures 
indeed belong to the C, symmetry point group). 

One horizontal and two vertical equatorial covalent 
bonds 

If the first covalent bond is put horizontally, for 
instance in 334, then only two vertical equatorial 
positions are compatible with rule 1 for another 
covalent bond (5-10 and 7-12), so that there is only 
one way to place the two next vertical covalent 

2 

8 

8 

Fig. 10. Allowed position of the three covalent bonds on 
two horizontal edges of different pyramids (34 and 1 l- 
12), and on the only allowed vertical equatorial edge, 

5-10. 
Fig. 12. Allowed resonance structure for the relative pos- 
ition of the three covalent bonds in 3-4,5-10 and 1 l-12. 
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Fig. 13. Allowed position of the three covalent bonds on 
one horizontal edge (34) and on the only two allowed 

vertical equatorial edges (5-10 and 7-12). 

bonds if the first one is placed in 334 (see Fig. 13). 
Here again, there is only one way to saturate atoms 
4, 5,6,7,9, 10, 11, 12 and 13 by placing the last six 
three-centre bonds that saturate atom 2 (see Fig. 
14). There are 24 equivalent resonance structures of 
this type, belonging to the Ci symmetry point 
group, because there are six ways to place the hori- 
zontal covalent bond for each of the four possible 
positions of the six apical three-centre bonds. 

8 

Fig. 14. Allowed resonance structure for the relative pos- 
ition of the three covalent bonds in 3-4.5-10 and 7-12. 

Fig. 15. Only allowed relative position of the three coval- 
ent bonds on three vertical equatorial edges, 3-8, 5-10 

and 7-12. 

Fig. 16. One of the four equivalent allowed resonance 
structures for the relative position of the three covalent 

bonds in 3-8.5-10 and 7-12. 

Three vertical equatorial covalent bonds 

Finally, the three covalent bonds can be placed 
on three vertical equatorial edges in only four 
(because of their Csv symmetry) equivalent accept- 
able ways compatible with rule 1 (e.g. 3-85-l 0 and 
7-12, see Fig. 15), because nine of the 12 vertical 
positions are indeed excluded. Only six triangles are 
available in which the last six three-centre bonds 
have to be placed to saturate the remaining boron 
atoms (see Fig. 16). 

CONCLUSION 

The NVS can now be easily determined for 
Bi4H:; : it is equal to 8+24+12+24+4 = 72. 
The VSI is therefore equal to log72/24 = 0.0773, 
which is more than for B,,H:; (0.0669), but less 
than for the other B,H,2- structures (see Table 1 of 
ref. (3) ; note that, for Bi2Xi2, the NVS is five and 
not 20 as mentioned in that paper, because the 
allowed valence structures belong to the T,, sym- 
metry point group and not to the C, one ; the VSI 
for BIZXIZ is therefore 0.0349 instead of 0.0651 men- 
tioned in that paper). This seems to confirm Jemmis’ 
assumption.7 Table 1 gives the number of valence 
structures (NVS) and valence structure index (VSI), 
compared to the resonance energies per face3 and 
estimated PRDDO-SCF energies per BH unit4 for 
some close-boron hydrides B,,Hi-. 

When these theoretical stabilities are compared 
with the sequence of valence state indexes given in 
Table 1(6 > 7> 12 > 10 > 8 > 9 > ll),important 
discrepancies can be noticed : for instance, Bi2H:; 
is exceptionally stable and B i4H:; is quite stable 
too in comparison with the lower analogs,4 whereas 
they are characterized by lower VSI values than 
BeHi- and B7H:-. The question about the 
validity of the VSI values to estimate the stability 
of these close cages remains open. 
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Table 1. 

Resonance 
energy per Energy 

n NVS VSI face per BH unit 

6 32 0.1881 0.1055 -25.215 
7 20 0.1301 0.0938 - 25.232 
8 14 0.0955 0.0665 - 25.238 
9 16 0.0860 0.0580 -25.249 

10 72 0.1161 0.0716 -25.259 
11 16 0.0669 0.0555 -25.257 
12 240 0.1191 0.088 1 - 25.276 
14 72 0.0773 (this work) - 25.266 
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Abstract-The kinetics of interconversion offuc and mer isomers of Al(II1) beta-diketonates 
both in free solution and during chromatographic elution are reported using low tem- 
perature high performance liquid chromatography to prepare and analyse pure isomeric 
complexes. Studies of retention and separation mechanisms of these complexes are also 
conducted using variation in column temperature to elucidate the contributions of enthalpy 
and entropy effects. 

Low temperature high performance liquid chro- 
matography (LT-HPLC) has been used to study the 
interconversion of fat and mer isomers of Al(II1) 
beta-diketonate complexes with asymmetric 
ligands. Specifically the rate of isomer interchange 
is determined in free solution using pure samples of 
the mer isomer of Al(tfa),. The effect of various 
types of HPLC column material on the rate of 
isomer interconversion during chromatographic 
elution is also estimated. The thermodynamics of 
the separation process for the two isomers is evalu- 
ated for a homologous series of ligands shown in 
Table 1. 

The fat and mer isomers of beta-diketonate com- 
plexes have been widely studied.’ In many cases, 
the stable complexes are separable by gas chro- 
matography* (GC) or by high-performance liquid 
chromatography3 (HPLC). Several studies have 
reported the determination of physicochemical 
properties of specific complexes, most notably the 

*Author to whom correspondence should be addressed. 
t Present address : Institute of the Salt Lake, Academia 

Sinica, Xining, Qinghai, People’s Republic of China. 

interchange of the fuc and mer isomers in the gas 
phase for the chromium(II1) complex of 1,l ,l-tri- 

fluoro-2,4-pentanedione4 (Cr(tfa),). 
The separation of labile beta-diketonates such as 

those of iron(III), aluminium(II1) and gallium(II1) 
has proved more difficult than that of the stable 
complexes due to ligand exchange with subsequent 
complex decomposition.5 There are two cases of 
chromatographic behaviour which are expected for 
these species depending on the nature of the ligand 
exchange process. If the exchange of ligands in solu- 
tion leads to the replacement of one or more ligand 
donor atoms by solvent molecules or by active sites 
on the stationary phase, the peaks if observed at all, 
are expected to be broad with severe tailing. This 
type of behaviour has been demonstrated for the 
diketonates of the above mentioned metals when 
they are separated on silica gel columns in normal 
phase HPLC.’ 

On the other hand, if the isomerization reaction is 
strictly intramolecular, either due to stronger ligand 
metal bonds or the absence of suitable competiton 
for the metal coordination sites by solvent and 
stationary phase donor ligands, then the chro- 
matographic profiles observed depend only on the 
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Table 1. Nomenclature of beta-diketone ligands 

Abbreviation IUPAC name 

tfa 
thd 
tmhd 
tmhpd 
tmod 

tpm 

l,l, 1-trifluoro-2+pentanedionate 
1 , 1, I-trifluoro-2,4-hexanedionate 
l,l,l-trifluoro-5-methyl-2,4_hexanedionate 
l,l,l-trifluoro-6-methyl-2,4_heptanedionate 
l,l, 1-trifluoro-7-methyl-2,4-octanedionate 
1 , l , l-trifluoro-5,5-dimethyl-2,4-hexanedionate 

degree of separation of the isomeric forms of the 
complex and the rate of isomerization between the 
forms. Melander and co-workers6 have recently 
explored the theoretical relationship between peak 
shape and these factors. The results reported here 
for Al(II1) diketonates using a phenyl bonded 
stationary phase appear to fall into the latter case, 
in that the peaks are distorted by isomerization on 
the column but the total sample appears to elute in 
the chromatographic envelope. It has recently been 
shown that if the HPLC column is maintained at a 
low temperature, both ligand exchange and iso- 
merization can be slowed sufficiently to allow quan- 
titative elution of labile complexes with good chro- 
matographic peak shape. With judicious selection 
of column type and mobile phase it is possible to 
separate the fat and mer isomers of these labile 
complexes using low temperature HPLC (LT- 
HPLC).7 The general principles and methods of LT- 
HPLC have been reviewed recently* and will not be 
discussed in detail here. 

Traditionally, variable temperature nuclear mag- 
netic resonance spectroscopy has been the primary 
method available for the study of the labile isomers 
of metal complexes.’ The temperature at which dis- 
tinct peaks for the different isomers are observed 
and the time scale of the NMR measurement 
allowed reaction rates and thermodynamic con- 
stants to be obtained. While this is a very powerful 
technique, the precision obtained in the measure- 
ment of physicochemical values is normally poor. 

HPLC provides an alternative technique for the 
measurement of physicochemical constants for 
metal complex reactions. Melander et. al. have dem- 
onstrated6 that a detailed analysis of HPLC peak 
profiles for species undergoing equilibrium during 
chromatographic elution can provide a powerful 
tool for measurement of reaction rates which is 
directly analogous to the NMR technique although 
the mathematical treatments are different. Their 
technique requires that the various equilibria be 
reversible and that the solute does not undergo 
decomposition to a form which is not eluted or 
detected by the chromatograph. They dem- 
onstrated the application of this technique using 

several dipeptides.g Unfortunately, reversible 
behaviour is not always the case for labile metal 
complex species and their technique is thus not 
applicable to these systems. 

The third alternative for making such measure- 
ments is the use of LT-HPLC to allow direct ana- 
lytical determinations of kinetic and ther- 
modynamic properties of the normally labile metal 
complex species. The application of LT-HPLC to 
the separation of several labile metal beta-dike- 
tonate complexes has been demonstrated using both 
normal5 and reversed phase HPLC.7 This approach 
was recently demonstrated for the study of the kin- 
etics and thermodynamics of the rotation about the 
peptide bond for dipeptides containing proline at 
the C-terminus.” The principal advantage of LT- 
HPLC, which is not possible in NMR studies, is the 
ability to prepare pure samples of labile isomers for 
further study. This could include spectral studies of 
individual isomeric forms of labile metal complexes 
and the use of pure samples for kinetic and 
thermodynamic measurements. 

EXPERIMENTAL 

Instrumentation 

Two different chromatographic systems were 
used for this study. 

System I consisted of a Model LC/9533 high per- 
formance liquid chromatograph (IBM Instruments, 
Danbury, CT, U.S.A.) with a fixed wavelength 
detector at 254 nm. Chromatograms were recorded 
on a Omniscribe strip chart recorder (Houston 
Instruments, Austin, TX, U.S.A.). In addition, data 
was recorded using an Apple IIe microcomputer 
(Apple Computer Inc.) equipped with a Model 42A 
Chemical Module Interface (Cyborg). 

System II consisted of a Constametric III pump 
and Spectromonitor II variable wavelength detector 
(Laboratory Data Control, Riveria Beach, FL, 
U.S.A.) equipped with a 10 ~1 injection valve 
(Rheodyne). Chromatograms were obtained as in 
system I except that the computer used was a 
Rainbow 1OOPC (Digital Equipment Corp., May- 
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Fig. 1. Valve diagram for collection and reinjection of 
HPLC peaks. 

nard, MA, U.S.A.) equipped with a LDT-2801 
interface board (Data Translations, Marlboro, 
MA, U.S.A.). 

Chromatographic columns were 250 x 4.6 mm 
ID stainless steel packed with 5.0 p phenyl 
bonded silica (IBM Instruments). The column tem- 
perature for System I was maintained using a water 
bath while that for System II was controlled using 
an ethanol bath to allow operation at sub-zero 
temperatures. 

A valve system was constructed to facilitate the 
collection of pure isomers and allow their rein- 
jection for purity and kinetic determinations. The 
system consisted of a 7126 pneumatic injection 
valve with a 10 ~1 loop and a six port switching 
valve (Rheodyne). The valves were connected as 
shown in Fig. 1. The switching valve allowed the 
column effluent to be directed either to the detector 
or into a holding coil with a total volume of 2 ml 
(0.030 in ID x 0.0625 in OD stainless steel tubing). 
Samples could be transferred from the holding coil 
back to the sample loop of the injection valve for 
reinjection into the chromatographic column. The 
entire valve system was immersed in the tem- 
perature controlled bath. To use for kinetic 
measurements, an air bubble was injected into the 
holding coil to prevent mixing of the collected 
sample with the solvent used to transfer the sample 
to the injection valve loop. 

Synthesis and characterization of complexes 

All complexes were prepared by the method of 
Fay and Piper.’ Authenticity of the complexes was 
confirmed by elemental analysis. The elution of the 
complexes was confirmed by the use of a three- 
electrode Spectraspan IV Direct Current Argon 
Plasma Emission Spectrometer as an element spec- 
ific detector to verify the eluted peak metal content. 

RESULTS AND DISCUSSION 

On-column isomerization of Al(II1) beta-diketonates 

The elution of labile complexes such as those of 
Al(II1) and Ga(II1) has been shown to be possible 

using HPLC at low temperatures. The precise tem- 
peratures required depend on several factors ; the 
rate of isomerization of the complex in the HPLC 
mobile phase, the chromatographic retention for 
the mobile phase and the mobile phase flow rate. 
These factors can be evaluated quantitatively using 
the Dahmkoler number D, as shown by Melander. 
The Dahmkoler number is defined by the equation 

D, = Lk,(l+ l/I&)/~ 

where L is the column length, k, the forward rate 
constant for the reaction, Keg the equilibrium con- 
stant for the reaction, and ,u the retention time of 
an unretained solute on the column. While a careful 
analysis of the exact elution profile can be used to 
determine approximate reaction kinetics, this study 
depended on the fact that baseline resolution of two 
forms of a complex can only be obtained under 
conditions where the value of D, is less than 
1 x 10p3. While the Dahmkoler number defines the 
kinetic parameters necessary for separation of spec- 
ies undergoing secondary equilibria on the column, it 
does not address factors which lead to separation 
of the various forms of the labile species. Obviously 
the column and mobile phase selected must provide 
for full separation of the various forms. In cases 
where the various forms cannot be separated, only 
a single peak will be observed independent of the 
value of the Dahmkoler number. In fact, this behav- 
iour has been observed for several Al(II1) and 
Ga(II1) diketonates using octadecylsilica columns 
where the only effect of reduced temperature was 
to prevent complex decomposition.” 

Figure 2 shows chromatograms obtained at sev- 
eral temperatures for the complex Al(tmhd)3 using 
a mobile phase of 7% CH,C1,93% hexane. The 
increase in retention which results from reducing 
the temperature works against the effort to elute 
the complex without isomerization and could be 
mitigated by increasing the CH2C12 concentration 
in the mobile phase. In spite of this, at 0°C the 
resolution of the isomers is complete. The unchro- 
matographic profile at the higher temperatures is 
characteristic of the isomerization of the two iso- 
mers during the elution process. At 0°C the inter- 
action zone is no longer evident, indicating that the 
reaction is now sufficiently slowed to allow each 
isomer to pass through the column unchanged. Fig- 
ure 3 shows chromatograms of Al(tfa), obtained on 
a silica column under conditions of temperature 
and mobile phase where both isomerization and 
ligand exchange are negligible. This chromatogram 
can be compared with those obtained using the 
phenyl silica column in Fig. 4. These were obtained 
using a mobile phase of 10% CH,Cl,-90% hexane 
(v/v) at 0°C while that on the silica column was 
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Fig. 2. Chromatograms of Al(tmhd), at various tem- 
peratures. Column 250 x 46 mm stainless steel packed 
with 5~ phenyl silica ; mobile phase 7 : 93 (v/v) 
CH,Cl, : hexane ; flow rate 1 .O ml min-’ ; detection at 254 

nm. The mer isomer elutes first. 

obtained with a 50% CH2Cl,-50% hexane mobile 
phase at 20°C. When a more polar mobile phase is 
employed with the phenyl column, the resolution is 
reduced and a chromatogram very similar to that 
in Fig. 3 is observed. In each case the value of D, is 
approximately 1 x 10w3. From this and the equi- 
librium constant calculated from the peak areas, it is 
possible to esimate the relative rates of the complex 
isomerization during passage through the two 
columns. The rates of reaction calculated are 
3.4 x lop4 and 8.8 x lop4 SK’ for the silica and 
phenyl columns respectively. These values are not 
for the complexes in free solution but include all 
effects produced by passage through the column. 

The rate of isomer interconversion for Al(tfa), 
has been shown by Fay and Piper to vary with the 
dielectric constant of the solvent’ and with tem- 
perature. From this fact one would qualitatively 
predict a larger rate constant for the conditions 
employed with the silica column where both the 
dielectric constant of the solvent and the tem- 
perature are greater. In spite of the 20°C higher 
temperature of the silica column, the rate constant 
for isomerization on the phenyl column is greater. 

RESOLUTION OF AItTMHOl3 ISOMERS AT VARIOUS TEMPERATURES 

PHENYL COLUMN, 7Oh CH,Cl, IN HEXANE 
L ‘ 

20°C 

mer 
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Fig. 3. Chromatograms of Al(tfa)3 on silica. Column 250 x 46 mm stainless steel packed with 10~ 
Spherosorb silica ; mobile phase 1 : 1 (v/v) hexane : CHzClz ; column temperature 20°C ; detection at 

254 nm. The mer isomer elutes first. 
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0.641 T= 0 1 T- 930 1 T-4290 SEC 

Fig. 4. Chromatograms of Al(tfa), during free solution 
kinetics analysis. Column as in Fig. 2 ; mobile phase 
10 : 90 (v/v) CHzClz : hexane ; column temperature 0°C ; 
flow rate 1.0 ml min-’ ; detection at 254 nm. The mer 

isomer elutes first. 

Thus the reaction on the column support proceeds 
significantly faster for the phenyl column than for 
the silica column. Clearly the interaction between 
the complex and the stationary phase plays a large 
role in the isomerization process during elution. 
This result is consistent with data for c&tram iso- 
merization of dipeptides containing proline as 
shown by Jacobson and coworkers.’ 

The situation is somewhat more complicated 
than the above discussion would indicate. This is 
demonstrated by the effect of increasing hexane 
concentration in the mobile phase on the elution 
of Al(tfa), on silica. While it is possible to obtain 
complete resolution of the mer andfac isomers of 
this complex at room temperature in a mobile phase 
of 50% CH#&-50% hexane,” increased retention 
leads to substantial isomerization and a resultant 
non-Gausian peak shape using 40% CH#&-60% 
hexane. This trend continues until, at 30% CH2C12, 
no evidence is observed for complex elution at room 
temperature. The result is not simply the loss of 
resolution of the isomers which would be observed 
for a simple reversible reaction, but a complete 
decomposition of the complex. At a reduced tem- 
perature of 0°C the complex is successfully eluted 
in the 40% CHIC& mobile phase without decompo- 
sition or significant isomerization. It is apparent 
that any efforts to alter the chromatographic reten- 
tion through changes in the mobile phase polarity 
must also change the reaction kinetics. It is clear 
from the studies on silica that the increased 
decomposition is not due to the free solution reac- 
tion kinetics of the complex but rather to the inter- 
play of forces while the complex is resident in the 
stationary phase. While the kinetics in the mobile 
phase are measurable, those in the stationary phase 
are not readily amenable to determination except 
through evaluation of the observed chro- 
matographic profiles. 

Studies of the thermodynamics of separation 

The enthalpy and entropy changes associated 
with the retention process for any solute in a chro- 
matographic system can be determined by eval- 
uating the change in the capacity factor, k’, for 
solutes as the temperature is varied. The value of k 
is defined as 

t,- to k’=- 
to 

where t, is the retention time of the solute and to 
is the retention time of an unretained solute. The 
capacity factor is useful in that it is a direct measure 
of the equilibrium between the mobile and station- 
ary phases for the solute. The capacity factor varies 
with temperature according to the equation 

Ink’= -AH/RT+ASIR+In@ 

where CD is the phase ratio for the column which 
normally has a value of approximately 0.001 for 
chemically bonded column materials. Graphs of 
Ink’ vs l/T should yield linear relationships for 
which the slope is -AH/R and the intercept is 
AS/R + In a. These graphs are commonly referred 
to as Van’t Hoff plots. Linearity is expected in the 
absence of temperature dependent conformational 
changes or other intramolecular changes which 
effect the retention of the species. 

Van? Hoff plots were prepared over the tem- 
perature range &25”C for all of the complexes listed 
in Table 1. These plots are shown in Figs 5-8. 
Figure 5 shows the data obtained for the fat and 
mer isomers of Al(tfa), and Al(thd),. The greater 
separation obtained for the isomers of Al(tfa), is 
shown by the fact that the lines for these isomers 
lie outside those for Al(thd),. The data indicates 
similar slopes, indicative of similar enthalpy for the 
retention process for each complex. The observed 
differences in retention and the ability to separate 
the various isomers thus depends on the variation 
in the entropy for the retention of the respective 
complexes and isomers. Similar observations can 
be made in Fig. 6 which shows data for Al(tpm), 
and Al(tmhpd),, the tert-butyl and iso-butyl sub- 
stituted diketonates respectively. Again, the reten- 
tion enthalpies of each complex and isomer are 
similar and separation depends on the variation in 
the entropy of solutecolumn interaction. 

Results for a homologous series of substituted 
complexes yields a somewhat different picture. 
Specifically, in Fig. 7, the slope of the Van? Hoff 
plot for the mer isomers of Al(tmhd),, Al(tmhpd)3 
and Al(tmod),, which are the iso-propyl, iso-butyl, 
and iso-amyl substituted diketonates respectively, 
indicates a substantial difference in the retention 
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Fig. 5. Van? Hoff plots for Al(II1) diketonates. Chro- 
matographic conditions as in Fig. 2. +-wzer-Al(tfa),, 

O--fat-Al(tfa),, O--mer-Al(thd),, *--fat-Al(thd),. 

enthalpy of Al(tmhpd), relative to the other two 
complexes. The results for the&c isomers of these 
complexes, not shown, demonstrate the same effect. 

Finally, Fig. 8 shows the results for the mer 
isomers of the complexes Al(tfa),, Al(thd),, 
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Fig. 7. Van’t Hoff plots for Al(II1) diketonates. Chro- 
matographic conditions as in Fig. 2. Q--mer-Al(tmhd),, 

+--mer-Al(tmhpd)3, *--mer-Al(tmod),. 

Al(tmhpd)3 and Al(tmod), plotted together. Again, 
the anomalous behaviour of the butyl substituted 
diketonate is seen in the greater slope of the Van? 
Hoff plot for this complex. There is no clear expla- 
nation available for this behaviour which is seen for 
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Table 2. Linear regression data for Van? Hoff plots for Al(II1) beta-diketonates 
over the range 0-25°C 

mer isomer fuc isomer 
Complex Slope Intercept Slope Intercept N 

Al(tfa), 1.6 -5.8 1.7 -5.4 3 
Al(thd), 1.8 -6.4 1.7 -5.3 4 
Al(tmhd), 2.9 - 10.7 2.9 - 10.6 5 
Al(tmhpd), 3.2 -11.1 3.4 -11.3 4 
Al(tmod), 2.6 -8.8 2.8 -9.2 4 
Al(tpm), 3.2 -11.8 3.0 - 10.7 5 
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thefuc isomers as well. Similar anomalous behav- 
iour is noted for the tert-butyl complexes which 
exhibit slopes similar to those of the iso-butyl 
complexes as shown in Fig. 6. 

The values of the slope and intercept determined 
by least squares regression analysis is indicated in 
Table 2. A fairly consistent trend is observed 
towards increases in both the enthalpy and entropy 
terms of the retention process with increasing length 
of the hydrocarbon substituent of the ligand. This 
is reasonable in light of the expected greater affinity 
of these increasingly hydrocarbonaceous species 
with the phenyl bonded silica. Only minor differ- 
ences are observed between the iso-butyl and terl- 
butyl substituted diketonates. However, the values 
observed for these complexes are remarkable, 
especially in light of the disparity in retention 
between the two butyl isomers. A number of studies 
have found anomalous behaviour for the tert-butyl 
substituted diketonates which frequently exhibit 
substantially less retention. This data indicates that 
for these complexes, this retention difference is due 
to a dramatic decrease in the entropy change associ- 
ated with the retention of the tert-butyl isomer 
which is less by approximately one order of mag- 
nitude. In many instances, linear free energy 
relationships have been observed for entropy and 
enthalpy of retention in studies of homologous 
series. In this case no such simple behaviour is 
observed. 

Several additional observations can be made 
regarding the retention of the Al(II1) diketonates 
on this and other types of columns. In all cases 
where resolution of the fat and mer isomers has 
been observed, the less polar mer isomer eluted first. 
This is the expected elution order for normal phase 
separations using silica and is not unexpected using 
phenyl silica with non-polar solvents as in this 
study. However, similar studies of other Al(II1) 
beta-diketonates in reversed phase HPLC have 
observed the same elution order with methanol as 
solvent on octadecyl-silica.’ In this case the less 

polar mer isomer should be retained more according 
to conventional models of the retention process. To 
date, only by using acetone as the mobile phase with 
octadecyl silica as the stationary phase has there 
been any evidence for the reversal of this elution 
order. 

Studies of isomerization kinetics of Al(tfa), in free 
solution 

The technique of low temperature HPLC was 
also employed to isolate mer and fuc forms of 
Al(tfa), for subsequent determination of the rate of 
the isomerization in free solution. Effluent fractions 
containing the fat and mer isomers were collected 
at - 10.0,O.O and 5.O”C using the apparatus shown 
in Fig. 1. Immediate rechromatography of the frac- 
tions at - 10°C showed only a single peak of the 
particular isomer while at 0°C less than 1% of the 
isomer had converted to the other form in the time 
required to reinject the collected material. 

The kinetics of mer Al(tfa), isomerization in the 
mobile phase, 10% CH2ClT90% hexane, was inves- 
tigated at these temperatures using the fractions 
collected. The kinetics of the reaction 

mer 

was assumed to be first order and reversible and 
gives rise to the following relationship : 

In 
c-c K +1 2 = _ +k,t. 
G-G, 

(1) 
=I 

Where C is the concentration of the mer isomer at 
time t, C,, is the initial concentration of mer isomer, 
C,, is the equilibrium concentration of the mer 
isomer. 

The procedure described above was then 
employed to collect a pure fraction of the mer isomer 
which was rechromatographed over a period of 24 
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Fig. 9. Kinetics plot of log (C- C&C,- C,,) vs time (s) 

for Al(tfa)X at 0°C. 

h to observe the return to equilibrium. The con- 
centrations of mer andfac isomers at each time were 
determined from peak areas using the micro- 
computer of System II. Figure 4 shows the chro- 
matograms obtained at three times during the 
analysis. The first chromatogram shows essentially 
pure mer isomer immediately after trapping. The 
subsequent chromatograms show the gradual 
return to the equilib~um mixture. The value of C,, 
was taken as the average of the values from all runs 
after the system had clearly returned to equilibrium. 
Values for C,, of the mer isomer were 90.30, 90.15 
and 92.96% determined for temperatures of 
- 10, 0 and 5°C respectively. The value at 5°C 
is somewhat suspect due to the occurrence of notice- 
able geometric isomerization during the elution of 
the complex at this temperature. 

The plot of data according to eq. 1 is shown 
in Fig. 9 for data obtained at 0°C. The data is a 
composite of two separate experiments with a total 

of 17 analyses. The slope is -2.84 x 10e4 with a 
relative standard deviation of 6%. From eq. 4, the 
rate constant for the mer toSac conversion, k,, is 
2.63 x 10-3$-0.16 x lO-3 s-i and the reverse rate 
constant k_, is 2.87 x 10m4 s-’ at 0°C. Values for 
these constants at all three temperatures are shown 
in Table 3. An Arrhenius plot was constructed and 
the value of the activation energy for the mer-fat 
isomerization was determined to be I9 + 2 kcal. The 
large error in this dete~ination is believed to be 
due in large part to the inclusion of the rate data at 
5°C for which the error is relatively large. 

CONCLUSIONS 

Low temperature HPLC is a powerful technique 
for the analysis and study of labile metal complexes. 
Reduced column temperature can facilitate the 
measurement of physicochemical quantities such 
as kinetic and eq~lib~um constants for labile 
species by HPLC. Furthermore, it is a useful tool 
to prepare conformational isomers in pure form 
for subsequent study by other techniques. In this 
regard, displacement chromatography” at sub- 
ambient_ temperatures may offer particular advan- 
tages. It is believed that for a significant number 
of metal complexes low temperature HPLC may 
represent the method of choice to study con- 
formational changes due to the ability to determine 
rate constants directly and to isolate pure con- 
formers for further analysis. 
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Table 3. Isomerization rates of Al(tfa), in free solution of 10% 
CH,Cl,-90% hexane (v/v) at 0°C by low temperature HPLC 

Temperature C,, k, k-, CT 

-10 90.30 8.22 x 1O-4 8.84 x lo--’ 0.2 
0 90.15 2.69 x 1O-3 2.87 x 1O-4 0.5 
5 92.3 6.6 x 10-3 5.0 x lo--4 21.0 

“Coefficient of variation or per cent relative standard deviation. 
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Abstract-RhCl, - 3H20 reacted with Nazdmit (dmit2- ; 1,3-dithiole-2-thione-4,5-dithiolate 
anion) and jNBu;]OH in methanol to afford jNBul[Rh(dmit),] (1) and [NBu&[Rh(dmit),] 
(2). Salt 1 was oxidized electrochemically in acetonitrile to afford [NBu$,,4[Rh(dmit)d (3). 
Suspended powders of 1 or 2 reacted with iodine in hexane to afford WBul [Rh(dmit)d [l&3 
(4) or [NBu&,[Rh(dmit)d [13]0.4 (5). On the other hand, 1 dissolved in acetonitrile, reacted 
with bromine and iodine to yield [NBu&2s[Rh(dmit)2Br] (6) and [NBu’&35[Rh(dmit)21j (7) 
respectively. All the salts behave as semi-conductors with electrical conductivities of 
1 x (10-S - lo-‘) S cm-’ at 25°C measured for compacted pellets. Electronic absorption, 
ESR and X-ray photoelectron spectra of the salts are discussed. 

Many planar bis(dithiolene)metal complexes have 
been prepared and their electrical properties inves- 
tigated,‘*2 where the electrical conductivities arise 
from metal-metal, metal-sulphur and/or sulphur- 
sulphur interactions. Recently, several planar metal 
(Ni, Pd, and Pt) complexes containing the 1,3-di- 
thiole-2-thione-4,5-dithiolate ligand (dmit2-) have 
attracted much interest because two-dimensional 
molecular interactions through sulphm-sulphur 
contacts of the dmit ligands lead to high con- 
ductivities.3 In particular, it is noteworthy that 
TTF[Ni(dmit)2]2 (TTF = tetrathiafulvalene) be- 
comes a superconductor at low temperatures and 
under pressure.3d 

Rhodiumdmit complexes, if partially oxidized, 
are expected to exhibit high electrical conductivities 
through possible rhodium-rhodium, rhodium- 
sulphur, and/or sulphur-sulphur interactions. To 
date, however, little has been reported on rhodium- 
dithiolate complexes4,’ and their electrical proper- 
ties are unknown. 

This paper reports the preparation of some dmit- 
rhodium salts as well as their spectroscopic and 
electrical properties. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials 

4,5 - Bis(benzoylthio) - 1,3 - dithiole - 2 - thione,6 
Rh2(CH3C00)4 - 2CH30H7 and [NBu&[Rh(mnt)d 
(m= 1 and 2; mnt 2- = the maleonitriledithiolate 
anion)5 were prepared according to literature 
methods. 

Preparations of rhodiumxlmit salts 

Sodium metal (18 mg, 780 pmol) and 4,5-bis(ben- 
zoylthio)- 1,3-dithiole-2-thione (160 mg, 390 pmol) 
were dissolved in methanol (5 cm3). To the dark red 
solution was added a methanol (10 cm3) solution 
of RhC13 * 3H20 (50 mg, 190 pmol), followed by 
addition of a methanol (1 cm3) solution of [NBui] 
OH (65 mg, 250 ,umol). The solution was allowed 
to stand overnight in a refrigerator. The originally 
dark violet solution turned dark brown and dark 
brown microcrystals of [NBu&1 [Rh(dmit)2] (1) pre- 
cipitated, which were collected by filtration, washed 
with methanol, and dried in vacua (40% yield based 
on RhC& * 3H20). To a methanol (30 cm’) solution 
of Rh2(CH3C00)4 - 2CH30H (30 mg, 59 pmol) was 
added a methanol (150 cm3) solution of Nazdmit 
(250 ,umol) prepared as mentioned above, followed 

379 



380 K. YOKOYAMA et al. 

by addition of a methanol (1 cm3) solution of suspended powders of 2 with a small excess of iodine 
[NBu$]OH (65 mg, 250 pmol) and black micro- in hexane (40% yield). The presence of the I; anion 
crystals of 1 were formed (31% yield based on in these salts was confirmed by Raman spectra, as 
Rh2(CH3C00)4 - 2CH,OH). described later. 

To a stirred methanol (15 cm3) solution con- 
taining Nazdmit (390 pmol)) prepared as mentioned 
above and RhC13 * 3H20 (50 mg, 190 pmol), an 
aqueous (10 cm’) solution of [NBulOH (100 mg, 
390 pmol) was added. Immediately black micro- 
crystals of [NBu”,] , ,[Rh(dmit),] (2) precipitated, 
which were collected by filtration, washed with 
water and methanol, and dried in ~acuo (5 1% yield 
based on RhC13 - 3H20). Salt 2 was gradually con- 
verted to 1 in solution, although it was stable in the 
solid state. 

To an acetonitrile (20 cm3) solution of 1 
(810 mg, 1 .O mmol) was added an equimolar 
amount of bromine dissolved in acetonitrile (2 cm3), 
and the solution was allowed to stand overnight 

refrigerator. A black ’ of 
1iBui0,,,[Rh(dmit)2Br] (6) was obtaineczlected 
by centrifugation, washed with acetonitrile and 
dried in wcuo (37% yield). Salt 1 dissolved in ace- 
tonitrile, reacted similarly with iodine to give a 
black solid of [NBu&,35[Rh(dmit),I] (7) (48% yield). 

Elemental analyses as well as properties of the 
salts obtained are listed in Table 1. 

Oxidation of salts 1 and 2 

Using a conventional electrochemical cell con- 
sisting of a platinum wire as a working electrode 
and a carbon rod as a counter electrode, salt 1 
(30 mg, 41 ,umol) was electrochemically oxidized 
in an acetonitrile (10 cm3) solution containing 
[NBug C104 (0.1 mol dme3) as a supporting elec- 
trolyte under a constant current (10 p A) for a 
week, to afford microcrystals of [NBu~O,~[Rh(dmit)~ 
(3) on the platinum wire (21% yield). 

Physical measurements 

Finely powdered salt 1 (30 mg, 41 pmol) was sus- 
pended in a hexane (30 cm3) solution containing 
iodine (27 mg, 105 pmol) and the system was stirred 
for 24 h at room temperature. The solid of 
&Bu:] [Rh(dmit),] [I,],.3 (4) was collected by fil- 
tration and dried in zxzcuo (60% yield). Similarly, 
the iodine-doped solid of 2 was obtained as 
[NBu:],.,[Rh(dmit),] [13]0.4 (5) by the reaction of the 

Electronic absorption,’ powder electronic reflec- 
tance,* ESRs and X-ray photoelectron spectra’ were 
recorded as described elsewhere. Raman spectra of 
powder samples were recorded on a Nippon Bunko 
JASCO R-500 spectrometer with KBr pellets set on 
a rotating holder to suppress thermal decomposition 
by the laser beam (an NEC GLG-3200 argon ion 
laser, A = 514.5 nm). Cyclic voltammetry was per- 
formed in acetonitrile containing [NBuz]C104 as a 
supporting electrolyte, using a conventional cell 
consisting of platinum plates as working and coun- 
ter electrodes and a saturated calomel electrode 
(SCE) as a reference. 

Electrical conductivities were measured for 
compacted pellets by the conventional two-probe 
method.” 

Table 1. Analyses and colours of the salts” 

No. Salt Colour 
Found (Calc.) % 

C H N 

1 WGI WWW Dark brown 36.1 5.3 
(35.8) (4.9) (::;) 

2 [NW1 SPWdmW ,. Black 42.1 
(41.9) (Z) (Z) 

3 WBuZ10.4[Rh(dmit)zl Black 24.7 
(25.1) (E) (E) 

4 [NBuZi [Rh(dmit)d * L1t,3 Dark brown 21.0 3.0 1.1 
(21.2) (2.9) (1.1) 

5 [NBu&JRh(dmit)J * P310.4 Black 35.5 
(35.6) (Z) (E) 

6 [NBu~o.zs[Rh(dmit),Brl Black 18.1 
(18.9) (E) (E) 

7 [NJWlo.&WdmWl Black 19.2 
(19.7) (G) 

a Melting points (decomp.) > 300°C. 



Electrical conductivities of bis( 1,3-dithiole-2-thione-4,%dithiolato)rhodate anion salts 381 

I 

0.6 

$ 0.6 

ii 

104 
‘I 

02 

J-l_. 
7 

Wwekrgth/nm 

Fig. 1. The absorption spectra ( -) of 1 (1.1 x 10m4 mol dmm3) and 2 (1.3 x 10m4 mol dm-‘) in 
N,N-dimethylformamide and their reflectance spectra (---). 

RESULTS AND DISCUSSION 

Figure 1 shows the absorption spectra of salts 1 
and 2 in N,N-dimethylformamide and their powder 
reflectance spectra. The absorption band of 1 
observed at 488 nm is ascribed to the local excitation 
of the dmit ligand. Similar bands were also observed 
for Na,dmit (514 nm in methanol) and 
[NBu,“l,[Zn(dmit),] (530 nm in acetonitrile).” The 
spectrum of 2 exhibits another broad band at 
600 nm together with a band at 510 mn due to the 
dmit ligand transition. This lower energy band is 
somewhat sensitive to the solvent used ; 570 nm in 
acetone and 560 nm in dichloromethane. Salt 2 is 
possibly an associated species of the [Rh(II)(dmit)J 
moieties through a rhodium-rhodium linkage, as 
was suggested in [NBu;],[Rh(mnt)J, (n > 1) 
(mnt’- = the maleonitriledithiolate anion). 5 In 
addition, the salt is paramagnetic owing to one- 
electron oxidation centred at a dmit ligand, as 
described below. Thus, the low energy band is ten- 
tatively ascribed to a charge-transfer transition 
between the [Rh(dmit),3 moieties within the associ- 
ated species. In the reflectance spectrum of 1 a broad 
band is observed at 570 nm together with a band at 
460 nm due to the dmit transition, although the 
spectrum of 2 is too broad to distinguish bands 
in the lower energy region. This may suggest an 
interanionic interaction in the solid state of 1, as 
reported for [N-ethylpyridinium],[Cu(dmit)J.” 

Salt 1 exhibits no ESR signal and is considered 
to be formally a rhodium(II1) complex. On the other 
hand, 2 shows a strong ESR signal as illustrated 
in Fig. 2, which also illustrates signals of other 
rhodium-dmit salts, The signal appearance of 2, 
although it may have a rhodium(II~rhodium(I1) 
bond, is considerably different from that 

(g, = 1.950, g2 = 2.015 and g3 = 2.35) of 
mBu&[Rh(mnt),] containing a rhodium(I1) atom.4 
The partially oxidized salts 3,4,6 and 7 also exhibit 
appreciable ESR signals. These signals resemble 
those of Pt(dmit)(bpy)I,., and Pt(dmit) 

(phcn)Ir.,,‘* which may indicate a dmit-centred 
oxidation in these salts. 

A cyclic voltammogram of salt 1 in acetonitrile 
has shown an irreversible oxidation peak at 0.15 V 
vs SCE. Such a low oxidation potential is close to 
those of [M(dmit)d’- salts (M = Ni, -0.03 V ; Pt, 
-0.08 V ;3c Cu, 0.02 V vs SCE”). Thus, 1 can be 
easily oxidized electrochemically and chemically to 
give partially oxidized salts 3,4,6 and 7. 

Binding energies of Rh 3d3,, and 3d,,, electrons 

i i IO mT 

Fig. 2. Powder ESR spectra of 2,3,4 and 6 at 77 K. 
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Table 2. Binding energies (eV) of the Rh 3d electrons 
of the salts determined from the X-ray photoelectron 

spectra 

Salt Rh 3$,2 Rh 3d,,, 

1 312.2 307.6 
2 311.9 307.6 
3 311.8 307.3 
4 312.8 308.1 
5 313.2 308.2 
6 311.3 306.9 
7 311.3 306.6 

1NBuhlDWnnt)~ 311.6 307.0 
WBu’dW-4mn%l 312.5 307.8 

of the rhodium-dmit and rhodium-mnt salts which 
have been determined from the X-ray photoelectron 
spectra are summarized in Table 2. 

The binding energies of the rhodium-dmit salts 
1 and 2 fall between those of ~Bu~,[Rh(mnt),] and 
[NBu&1 [Rh(mnt);l. The energies of the partially 
oxidized salt 3 are rather close to those of 1, sup- 
porting that the oxidation occurs essentially on the 
dmit ligands, as was reported for partially oxidized 
[M(dmit)dm- (M = Ni, Pd and Pt; m = 14.6) 
salts.3c Iodine-doped salts 4 and 5 contain the 1, 
ion, which has been confirmed from the appearance 
of a Raman scattering peak at 106 cm-’ due to the 
totally symmetric stretching pattern of the I; ion.13 
The binding energies of Rh 3d electrons of these 

salts are somewhat higher than those of 1 and 2, 
indicating that in 4 and 5 the metal is also somewhat 
oxidized besides the dmit ligands. On the other 
hand, the binding energies of 6 and 7 are lower 
than those of 1, which suggests the formation of a 
rhodium-halogen bond in these salts. The Raman 
spectra of 6 and 7 exhibited peaks at 150 and 
94 cm ‘, respectively. They are presumably assigned 
to stretching frequencies of Rh-Br and Rh-I 
bonds, and halogen atoms seem to interact further 
with another rhodium atom to form a 
-Rh-X-Rh-X-Rh- linkage (X = Br and 
I). These findings are similar to the cases 
of K2[Pt(NH3)X3] [Pt(NH,)X,] containing the 
-Pt-X-Pt-X- bonds ; v(Pt-Br), 162 cm-’ 
and v(Pt-I), 115 cm-‘.‘4 

Electrical conductivities (0) at 25°C and acti- 
vation energies (&) for electrical conduction of the 
rhodiumdmit salts are listed in Table 3. All the 
salts behave as typical semiconductors in the tem- 
perature range - 30 to + 30°C. Salts 1 and 2 exhibit 
low conductivities. Even the partially oxidized salts 
3, 4, and 5 have low conductivities, presumably 
because of unsuitable molecular packings. These 

Table 3. Electrical conductivities (a) and 
activation energies (&) of the rhodium- 

&nit salts 

Salt a&S cm 1 E&V 

1 3.2 x 1O-8 0.19 
2 9.1 x lo-” 0.77 
3 1.6 x IO-’ 0.22 
4 5.0 x 10-7 0.52 
5 4.2 x lo-’ 0.72 
6 2.0 x 10-5 0.28 
7 2.0 x 10-5 0.27 

findings are in great contrast to the high conductivi- 
ties of partially oxidized planar [M(dmit),j’- salts 
(M = Ni, Pd, and Pt ; 0 < n< 1).3c Salts 6 and 7 
behave as considerably better electrical conductors. 
This may be partially caused by the electrical 
conduction through the above-mentioned 
-Rh-X-Rh-X- bond, which seems to be 
rather close to cases of linear chain halogen-bridged 
platinum complexes [Pt,(L-L),X] (L-L = di- 
phosphonate or dithioacetate, X = Cl, Br or I) with 
somewhat high conductivities (lop3 - 10e4 S 
cm 

1. 

2. 

3. 

- -1 IS,16 
1. 
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Abstract-The presence of Cu retards the transformation of ferrihydrite (5Fe203 - 9H20) 
into crystalline products. Low levels of Cu (9 mol%) suppress formation of goethite 
[(cr-FeO(OH)] and lead to a product consisting entirely of haematite (cl-Fez03). Cu prevents 
formation of goethite by hindering dissolution of ferrihydrite rather than by interfering 
with nucleation and growth of goethite in solution. 

Chemical analysis showed that as much as 9 mol% of Cu replaces Fe in the haematite 
structure. The a, value of the unit cell of haematite increases from 0.5040 run for unsub- 
stituted haematite to 0.5048 nm for haematite with 9 mol% Cu incorporation. Transmission 
electron microscopy showed that Cu-haematite grows as rhombohedral crystals instead of 
the hexagonal plates typically obtained from ferrihydrite. 

As the level of Cu in the system increases above 9 mol%, Cu-magnetite (Fe,O,) forms 
together with Cu-haematite. At 33 mol% Cu, tenorite (CuO) as well as Cu-magnetite is 
obtained. 

In alkaline media, ferrihydrite (5Fe203 * 9H20) 
transforms with time, into goethi e [a-FeO(OH)] 
and haematite (cc-Fe,O,). The tran ormation into 
crystalline products proceeds via i t competing 
mechanisms.‘*2,3 Haematite nucleates and grows 
within the solid precursor by an internal de- 
hydration and rearrangement process. Formation 
of goethite involves dissolution of ferrihydrite 
followed by reprecipitation of the crystalline oxide 
in solution. Which mechanism predominates depends 
on a number of factors including pH, temperature 
and the presence of foreign ions. 

The broad outlines of the transformation me- 
chanisms were established over 20 years ago, but 
little is known about the details of these processes. 
Useful information concerning various aspects of 

*Author to whom correspondence should be addressed. 

the transformation is being supplied, however, by 
examination of the effects of foreign ions on the 
reaction. Ions studied recently include A13+, Si4+ 
and Mn2+.4P5P6,7,8,v Al and Mn both replace a pro- 
portion of Fe in the goethite and haematite struc- 
tures, but whereas Al increases the level of hae- 
matite in the reaction product, Mn suppresses 
haematite formation. 

Another ion that might be expected to show some 
interesting effects and to provide further details of 
the transformation process is Cu*+. Earlier studies 
showed that Cu stabilized ferrihydrite against trans- 
formation into goethite and haematite.“*” How Cu 
influences the formation of crystalline oxides from 
ferrihydrite does not appear to have been inves- 
tigated. The effect of Cu might be expected to differ 
from that of other ions considered previously both 
because the radius of CU*+ is greater than that of 
Fe3+ and because, in an octahedral environment 
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such as that found in iron oxides, Cu exhibits a 
distorted coordination. Cu is also of interest 
because it is a constituent of anti-weathering 
steels.” Addition of small amounts (< 5%) of Cu 
to these steels promotes the formation of protective 
rusts, but how this is achieved is not fully under- 
stood. 

The present investigation is concerned with the 
effect of Cu on the kinetics and products of the 
transformation of ferrihydrite in alkaline media. 
Earlier workers restricted the concentration of Cu 
added to the system to less than 6 mol”~.‘o~” In this 
study attention was focussed on the effect of 9.09 
mol% Cu in order to facilitate comparison with the 
effects of the same levels of other ions considered 
in previous investigations.8*9 However, the influence 
of both lower and higher concentrations of Cu was 
considered briefly. 

Besides investigating the kinetics and products of 
the transformation in the presence of Cu, it was 
of interest to determine whether any isomorphous 
replacement of Fe in the oxide structure took place 
and finally, whether the presence of Cu induced any 
changes in the morphology of the reaction product. 

EXPERIMENTAL 

Preparation and characterization of samples 

Ferrihydrite was precipitated with 1 M KOH 
from solutions of Fe(NO& - 9H20 and 
CU(NO~)~ * 6H20 having Cu/(Cu+ Fe) mol ratios 
between 0.01 and 1.0. Most experiments were 
carried out with Cu/(Cu+Fe) = 0.09 (i.e. lop3 M 
Cu). The pH of the suspensions ranged from 11 to 
12.8. The suspensions (1 .O g ferrihydritefl) were held 
in closed polypropylene bottles at 70°C for up to 
168 h. Although in most experiments Cu2+ and 
Fe3+ were coprecipitated, experiments were also 
carried out in which Cu2+ was added after precipita- 
tion of ferrihydrite: where necessary the pH was 
readjusted with KOH after addition of Cu’+. Sub- 
sequent results refer to coprecipitated systems 
unless otherwise stated. In some experiments, 
Cu2+ was replaced by Mn(N03)3 - 4H20 or 
A1(N03h - 9H20. In other experiments both Cu2+ 
and Mn*+ were present in the system. All chemicals 
were AR (Merck). 

The kinetics of the transformation to goethite 
and/or haematite was followed by taking sub- 
samples during the reaction and dissolving the un- 
converted ferrihydrite by a 2 h acid/oxalate (pH 3) 
extraction in the absence of light.13 The extent of the 
transformation was expressed as the ratio Fe,/Fe, 
where Fe,, is the oxalate soluble material (i.e. uncon- 
verted ferrihydrite) and Fe, is the total Fe in the 

system. Fe and Cu were measured by atomic 
absorption spectroscopy. 

The crystalline product of the transformation 
was dried at 50°C and X-ray powder diffraction 
(XRD) patterns were obtained using a Guinier- 
Enraf camera (MK IV) with FeKa , radiation. The 
proportions of goethite and haematite in the product 
were estimated by comparison with a series of stan- 
dards made by mixing known amounts of synthetic 
goethite and haematite. The 110 and 111 peaks of 
goethite and the 10.2 peak of haematite were used 
for comparison. 

The total amount of Fe and Cu in the crystalline 
product was found by dissolving the oxide in 
4 M HCl. Where the product consisted of only one 
compound, the level of Cu incorporation was taken 
as the difference between oxalate soluble Cu (Cu,) 
and the total Cu (Cu,) in the oxide. The degree 
of Cu substitution was expressed as the ratio 
(Cu,- CuJ[(Cu, - Cu,) + (Fe,- FeJ. 

Transmission electron micrographs were ob- 
tained with a Hitachi H-600-2 (100 kV) electron 
microscope equipped with a tracer TN 5400 energy- 
dispersive X-ray spectrometer. For TEM examin- 
ation, the samples were dispersed in twice-distilled 
water using an ultrasonic treatment and a drop of 
suspension was dried on a carbon coated bronze 
grid. For EDSX spectra the sample was dried on a 
graphitized nylon grid. 

RESULTS AND DISCUSSION 

Reaction products 

As the level of Cu in the system increased from 
1 to 23 mol%, ferrihydrite transformed suc- 
cessively into goethite, Cu-haematite and finally 
into Cu-magnetite (Fe,O,) (Table 1). 

Even low levels of Cu (10 -4 M) led to an increase 
in the amount of haematite in the product up to pH 
12 ; in the absence of Cu, haematite did not form 
above pH 11. With an order of magnitude increase 
in the concentration of Cu, goethite was almost 
entirely suppressed and replaced by Cu-haematite, 
at least up to pH 12.8. According to the XRD data 
the product consisted only of haematite. TEM 
however, showed a few per cent of small crystals of 
goethite to be present. 

Increasing the concentration of Cu above 10e3 
M led to the formation of mixtures of Cu-haematite 
and Cu-magnetite, until, when the concentration 
of Cu reached 3 x 10d3 M (23 mol%), all haematite 
formation was suppressed (Table 1). When more 
than 33 mol% Cu was present in the system, ten- 
orite (CuO) formed as well as magnetite. Tenorite 
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Table 1. Effect of Cu concentration on the transformation products of 
ferrihydrite. pH 12.2, 70°C 

Cu WI Initial mol% Cu Product 

0 0 
1 x 10-4 0.9 

2.5 x 1O-4 2.43 
5 x 1o-4 4.5 
1 x 10-3 9.09 
2 x 10-3 16.6 
3 x 10-j 23.0 
5 x 10-j 33.0 
1 x 10-Z 100.0 
1 x lo-‘” 9.09 
1 x lo-3b 9.09 
1 x lo-‘+1 x lo-’ Mn’ 9.09 

’ 6% goethite seeds added. 
b Cu added to ferrihydrite. 
’ Cu-Mn-ferrihydrite coprecipitate. 

Goethite 
Geothite 
Goethite+ haematite (30%) 
Goethite + haematite (85%) 
Haematite 
Haematite +magnetite 
Magnetite 
Magnetite + tenorite 
Tenorite 
Haematite (60%) + goethite 
Haematite (55%) + goethite 
Haematite (95%) + goethite 

was also the end product when the pH of a solution 
of copper nitrate was raised to pH 12. 

Seeding a coprecipitated Cu-ferrihydrite suspen- 
sion (9.09 mol% Cu) with 6% (by weight) goethite 
increased the amount of goethite in the product 
(Table 1). Less haematite also formed if Cu 
(lop3 M) was added to already formed ferrihydrite 
instead of being coprecipitated with it ; for example, 
the product at pH 12 contained 45% goethite. 
Addition of higher levels of Cu (3 x lop3 M) to 
ferrihydrite led to some suppression of magnetite in 
favour of tenor&e. 

Cu haematite gave XRD patterns with sharp 
lines, whereas the XRD lines for Cu-magnetite and 
for tenorite were broad and diffuse. 

When both Cu and Mn (lop3 M) were present in 
the system, the haematite suppressing effect of Mn 
was overcome (Table 1). Mn-Cu-ferrihydrite co- 
precipitates transformed into N 95% haematite. 
Addition of Cu to Mn-ferrihydrite led to a product 
containing 40-50% goethite: however, a similar 
result was obtained in the absence of Mn. 

Substitution of Cu in Fe-oxides 

No Cu could be detected in the supernatant 
liquid, either during or after the transformation of 
ferrihydrite. Hence all Cu added to the system must 
have been associated with the solid Fe phase. 

EDXS indicated that Cu was associated with 
haematite grown from Cu-ferrihydrite (Fig. 1). 
Chemical analysis of this haematite showed that at 
Cu : Fe c 0.1, the bulk of the Cu added was in- 

corporated in haematite. The maximum level of 
incorporation was around 9 mol%. Additional Cu 
led to formation of Cu-magnetite as well as Cu- 
haematite. 

All the XRD lines of Cu-haematite showed a 
consistent and regular increase in their cor- 
responding d spacings. The a0 values (calculated 
from the 110 line) increased from 0.5040 nm for 
unsubstituted haematite to 0.5048 nm for haematite 
with 9 mol% Cu substitution. The increase in unit 
cell size can be attributed to the larger radius of the 
Cu2+ ion (0.073 nm) compared to that of the Fe3+ 
ion (0.065 mn)r4 that it replaces. The difference of 
15% between the radii of the two ions is within 
the tolerated limits for isomorphous substitution. 
However, its larger size and distorted coordination 
may make incorporation of additional Cu into the 
haematite structure difficult and thus, 9 mol% may 
be the maximum level of substitution that can be 
achieved. 

Cu-haematites show the opposite trend to Al 
substituted haematites. A13+ has a smaller radius 
(0.051 nm) than Fe3+ and as a result, the unit cell 
of Al-haematite decreases with increasing replace- 
ment of Fe by A1.6 

Chemical analysis of goethite formed at pH 12.2 
in the presence of 10m4 M Cu indicated that no 
incorporation of Cu into the crystal structure had 
taken place. With 1O-3 M Cu in the system and 
under conditions where goethite formed as well as 
haematite (Table l), XRD line shifts suggested that 
some Cu may have replaced Fe in the goethite struc- 
ture. The degree of substitution could not be esti- 
mated by chemical methods because Cu-haematite 



388 R. M. CORNELL and R. GIOVANOLI 

20000 

1 

Fe 

T Fe 

Fig. 1. Energy dispersive X-ray spectrum of Cu-haematite showing the presence of Cu. 

was associated with the goethite. As the haematite 
in the mixture appeared to be fully substituted, it is 
probable that any incorporation of Cu in the goeth- 
ite structure was less than 5 mol%. 

Chemical analysis showed that magnetite also 
contained Cu in the structure. The maximum pos- 
sible level of Cu substitution was 23 mol% : higher 
levels of Cu in the system led to formation of CuO 
rather than CuFe*O,. Accurate a, values for Cu- 
magnetites could not be measured owing to the 
diffuseness of the XRD lines. 

Kinetics 

A plot of the extent of conversion of ferrihydrite 
vs time consists of an initial period corresponding 
to the time required for nucleation of the products 
followed by a faster transformation stage.” For 
systems both with and without Cu ( 10e3 M), a plot 
of In (Fe,/Fe,) against time was linear over the main 
part of the reaction indicating a first order reaction. 

At pH 12.2 the reaction kinetics for a system 
containing 10e4 M Cu were the same as for the 
control system without Cu. With 10m3 M Cu, how- 
ever, the induction time lengthened and the sub- 
sequent reaction was strongly retarded (Fig. 2). The 
induction time was reduced from 6 to 3 h (and at 
the same time the amount of goethite in the product 
increased) by seeding the system with 6% goethite. 
Seeding did not accelerate the main reaction. These 
observations suggest that Cu stabilizes ferrihydrite 
both against dissolution (which leads to goethite) 

and against internal rearrangement leading to hae- 
matite. Uptake of Cu and Fe by haematite was 
congruent over the bulk of the transformation. 

The rate of transformation increased if Cu was 
added to already formed ferrihydrite instead of 
being coprecipitated with it. 

Coprecipitated Cu-ferrihydrite transformed to 
Cu-haematite more rapidly if the ionic strength was 
raised from lo-’ to 1.0 (with KN03). An essential 
prerequisite for haematite formation is the aggre- 
gation of the particles (diameter 0.2-0.4 nm) of 
ferrihydrite ;3 this facilitates nucleation of haema- 
tite. Increasing the ionic strength compresses the 
electrical double layer around the particles of ferri- 
hydrite, thus promoting their aggregation and, in 

Time (h) 

Fig. 2. Fe,/Fe, as a measure of the degree of trans- 
formation of ferrihydrite into crystalline oxides vs time. 
(A) Cu absent, product goethite. (B) 10m3 M Cu copre- 
cipitated with ferrihydrite, product Cu-haematite. pH 

12.2, 70°C. 
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Table 2. Effect of different ions on the kinetics and products of the transformation of ferrihydrite. 
pH 12.2, 70°C 
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Ion [Ion] M 
Induction time 

th) Kate (mm-‘) Product 

Control 
Al 
Al 
Mn 
Si 
cu 

0 0.5 0.002 Goethite 
10-3 1.0 0.002 Goethite 

2 x 10-3 2.5 0.0035 Goethite+haematite (10%) 
10-3 0.5 0.002 Goethite 

4 x 10-4 50.0 0.00016 Goethite -+ haematite (15%) 
10-3 6.0 0.00030 Haematite+goethite (3-S%) 

turn, formation of nuclei. No haematite promoting 
effect or acceleration of the reaction was noted if 
ferrihydrite was not stabilized by Cu. In the absence 
of Cu, dissolution of ferrihydrite to form goethite 
was far more rapid than the formation of haematite. 

The retarding effect of 10m3 M Cu on the trans- 
formation of ferrihydrite was greater than that of 
equivalent concentrations of Al or Mn, but far less 
than that of Si (Table 2). 

Electron microscopy 

The presence of Cu led to the formation of 
rhombohedral crystals of Cu-haematite bounded 
by (10.2} faces (Fig. 3(a), arrow 1). The rhombo- 
hedral crystals had a fairly narrow size distribution 
with diameters of between 150 and 200 mn. Unlike 
the flat, hexagonal haematite crystals that grow 
from ferrihydrite in the absence of Cul’, the Cu- 

Fig. 3. Transmission electron micrographs of oxides formed in presence of Cu. pH 12.2, 70°C. 
(a) Rhombohedral crystal of Cu-haematite (arrow 1) and thin crystals of goethite (arrow 2). The 
amorphous background material is Cu-ferrihydrite ( 10e3 M Cu). (b) Goethite formed upon addition 
of 10m3 M Cu to ferrihydrite. (c) Cu-magnetite and ferrihydrite, 3 x IO-’ M Cu. (d) M~ti-dorn~~c 

crystals of CuO. 
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haematite crystals were well developed in all three 
crystallographic directions. Owing to their larger 
dimensions, these crystals were a deeper, crimson 
red than the hexagonal platelets. 

Haematite usually grows from ferrihydrite as 
hexagonal plates. It can also form round plates, 
rods or ellipsoids depending on the pH of synthesis 
and on whether foreign, adsorbing species are pre- 
sent.8~‘5~16 Modifications of morphology frequently 
arise as a result of preferential adsorption of a 
foreign species on specific crystal planes. Such ad- 
sorption can retard growth of these planes, thus 
increasing their development and so altering crystal 
morphology. 

Rhombohedral crystals of haematite have not 
been produced from the ferrihydrite system before. 
Although this mo~holo~ may have arisen as a 
result of preferential adsorption of Cu species on 
the { 10.2) faces of the growing crystals, it is equally 
probable that it maybe due to incorporation of Cu 
in the crystal structure. In an octahedral lattice site, 
the Cu octahedron is distorted with the four ligands 
in the ab plane being closer to the central atom than 
the two along the c axis (Jahn Teller effect). ions 
exhibiting the Jahn Taller effect cause an elongation 
of the octahedral sites along a trigonal axis for 
compounds like haematite, where the octahedra are 
partly connected by sharing faces. This distortion 
could account for the adoption of rhombohedral 
morphology. Support for the hypothesis that incor- 
poration of Cu in the structure has altered the crys- 
tal morphology came from the Mn-Cu-ferrihydrite 
system. The haematite crystals that formed were 
not Cu substituted to any extent and TEM showed 
them to have grown as large, plate-like crystals. 

TEM indicated that the Cu-haematite rhombo- 
hedra were always associated with a proportion of 
extremely thin crystals of goethite (width < 20 nm 
and lengths up to 200 nm, Fig. 3(a), arrow 2). 
Since the goethite was not detected by XRD, it prob- 
ably made up less than 5% of the product. The 
restricted development of these goethite crystals 
along the a and b directions indicates that conditions 
for crystal growth were not particularly favourable. 
The goethite structure consists of chains of double 
Fe(G,GH)6 octahedra that run parallel to the c (i.e. 
long) axis of the crystal. Growth proceeds more read- 
ily by addition of a growth unit to the end of the 
chain rather than by initiation of new chains. Hence, 
when growth conditions are unfavourable, par- 
ticularly when the supersaturation with respect to 
goethite is low, long, thin crystals result. ’ 5 

Well-developed crystals of goethite formed in sys- 
tems in which Cu was added to already formed 
ferrihydrite [Fig. 3(b)]. These crystals were usually 
single domainI and often terminated in well formed 

021 faces. Occasionally the crystals contained etch 
pits. Twinned crystals were rare and when present 
were the dendritic type. ” Such twinned crystals 
have been observed for goethites grown in the pres- 
ence of high levels of Mn ;9 their formation was 
attributed to adsorption of foreign species on the 
growing crystals. Epitaxial outgrowths of goethite 
on the rhombohedral crystals of haematite were 
seen occasionally. 

Cu-magnetite formed very small cubic crystals 
with diameters of around 20 nm [Fig. 3(c)]. These 
crystals were much smaller than those obtained by 
air oxidation of Fe(OH), suspensions.‘* The small 
size of the crystals accounts for the diffuse XRD 
lines obtained for this material. 

CuO grew at pH 12 as spindle shaped crystals up 
to 600 nm in length [Fig, 3(d)]. These crystals were 
composed of narrow inter-growths arising from a oen- 
tral point within the crystals. These intergrowths are 
responsible for the broad XRD lines of the sample. 

Formation of crystalline compoumis from Cu-ferri- 
~ydrite 

Goethite forms from ferrihydrite by dissolution 
of the amorphous phase followed by reprecipitation 
of goethite in solution. Kinetic and TEM evidence 
suggests that Cu prevents or retards formation of 
goethite p~n~pally by hindering dissolution of 
ferrihydrite and release of soluble ferric species. 
Regardless of how it was introduced into the 
system, all the Cu added initially was taken up by 
the ferrihydrite and then gradually released into 
solution, together with ferric species, as the 
ferrihyd~te dissolved. Cu stabilized ferrihydrite 
against dissolution far more if it was coprecipitated 
with ferrihydrite, than if it was added to ferri- 
hydrite. In the latter case, Cu was probably mainly 
adsorbed on the surface of the ferrihydrite, whereas 
in a coprecipitated system it was incorporated into 
the structure. 

Goethite formed comparatively readily from 
ferrihydrite to which Cu had been added despite the 
higher levels of Cu that were released into solution 
at any stage during the reaction. This observation 
indicates that soluble Cu species do not interfere 
in nucleation of goethite to any extent. Seeding a 
coprecipitated Cu-ferrihydrite system with 
goethite promoted goethite formation, because in 
this case, Cu retarded dissolution of ferrihydrite to 
such an extent that the critical level of super- 
~turation for nucleation of goethite was not readily 
achieved, The development of goethite crystals in 
all three crystallographic directions (when Cu was 
added to ferrihydrite) indicates that there is little 
interference by Cu in crystal growth. Some Cu may 
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have been incorporated into the crystal structure. 
Only low levels of Cu substitution would be 
expected because at pH 12, the predominant Cu 
species is Cu(OH):-,I9 and this would not be com- 
petitive with the monovalent Fe(OH); which is the 
favoured growth unit for goethite in alkaline 
media.” Comparison with the effects of other sub- 
stituents suggests that much higher levels of sub- 
stitution are needed to produce any noticeable 
changes in goethite morphology.739 

At pH 12-12.5, haematite usually forms so 
much more slowly than goethite that it does not 
appear in the reaction product.” Since goethite and 
haematite form by competing mechanisms, hae- 
matite is indirectly favoured by conditions that 
suppress goethite formation. Of the ions studied 
previously, Al does not retard dissolution of 
ferrihydrite, but hinders nucleation and growth of 
goethite in solution, and in this way leads to an 
increase in the amount of haematite in the product. 
Si, on the other hand, stabilizes ferrihydrite for 
many months but the end product is mainly goethite 
because formation of haematite is more strongly 
retarded.8 Cu differs from these two ions, in that 
although the overall transformation is retarded, ferri- 
hydrite is stabilized more against dissolution than 
against internal rearrangement to form haematite. 

Earlier workers reported that concentrations of 
Cu above 2.5 mol% prevented transformation of 
ferrihydrite into crystalline oxides.“,” However, 
their experiments were carried out at much lower 
temperatures (30°C) than used here, and sufficient 
time was not allowed for the transformation to 
go to completion. The mechanism by which Cu 
stabilizes ferrihydrite is not clear. It is not a question 
of differences in the ionic radii of Cu and Fe since 
Mn2+ which has an even larger radius (0.083 nm) 
does not retard the dissolution of ferrihydrite.g 
There is no unequivocal evidence that Cu induces 
haematite to form. However, the ability of Cu to 
overcome the haematite suppressing effect of Mn 
in Mn-Cu-ferrihydrite coprecipitates suggests that 
Cu may facilitate haematite formation. 

The magnetite promoting effect of Cu in ferrous 
systems is well known2’ and the present results show 
that high enough levels of Cu have a similar effect 
in ferric systems. 

Tamuara et al.*’ showed that formation of mag- 
netite from y-FeOOH in alkaline media involved 
adsorption of Fe’+ on the oxide surface leading 
to formation of ferric ferrous hydroxo complexes. 
These complexes then dissolved from the surface 
and reprecipitated as magnetite. Other studies 
showed that Mn*+ also interacts with ferrihydrite 
to form a spine1 phase (jacobsite, MnFe,O,) that 
precipitates in solution.g A similar mechanism, 

therefore, may operate with Cu-ferrihydrite. In this 
case, dissolution of ferrihydrite could release cupric 
ferric hydroxo complexes which then precipitate as 
Cu-magnetite. 

It is of interest to note that the magnetite which 
makes up the teeth of chitons is formed from ferri- 
hydrite. 23 The mechanism by which it forms is 
not fully understood, but it may involve interaction 
with a divalent ion. 
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Abstract-The organometallic ligand derived from ferrocene(H,L), bis( l-methyl-l- 
benzoylhydrazonoethyl)cyclopentadienyl] iron has been prepared. A series of transition 
metal complexes: ML [M = Co(II), Ni(II), Zn(II), Cd(II), Cu(II) and Mn(II)] and 
M(H2L)C12 [M = Co(II), Ni(II), Cd(I1) and Mn(II)] were obtained by reaction of the ligand 
with metal acetates and chlorides respectively. The data of elemental analyses, IR, UV, 
NMR, molar conductance, TG and DTA show that the ligand coordinates in the enolic 
form with M(OAC)~ and in the keto form with MC&, and that the C-N bond in complexes 
became very strong and much more thermostable than in the ligand due to forming the 
chelate ring. 

In recent years, organometallic ligands including 
ferrocene and its coordination compounds have 
been extensively investigated.‘-’ Due to formation 
of stable chelates with transition metals present in 
the cell, aroyl hydrazones are reported to possess 
tuber~~ostati~ activity.8,g When aromatic groups in 
the penicilins and cephalosporins are reptaced by 
ferrocene, their activities are improved, ‘O but 1 ,l’- 
diaroylhydrazonoferrocene and its complexes with 
transition metals have not been reported as yet. In 
the present work, bis[( 1 -methyl- 1 -benzoylhy- 
drazonoethyl)cyclopentadienyl]iron(H,1) and its 
complexes with some transition metal(I1) ions are 
studied. The structure and properties of these eom- 
plexes were elucidated by IR, UV, NMR, molar 
conductance, thermogravimetry (TG) and differ- 
ential thermal analysis (DTA). 

EXPERIMENTAL 

Transition metal(I1) acetates and chlorides, and 
~nzoylhydrazine of analytic reagent grade were 
used. l,l’-diacetylferrocene was prepared by the 
method described in the literature.” 

Prep~rut~on of the ribald (1, H,L) 

A mixture of 1,l ‘-diacetylferrocene and 
benzoylhydrazine with a molar ratio of 1: 2 was 

*Author to whom correspondence should be addressed. 

reacted in benzene under reflux. The red fine crystals 
which separated out on cooling were filtered and 
washed with warm benzene. The crude product was 
recrystallized in 95% ethanol to obtain deep red 
crystals as shown in formula (1). Yield 81.5%, m.p. 
199-200°C. Found : C, 66.7 ; H, 5.1; N, 11 .O. 
Calc. for C28H26FeN402 : C, 66.7 ; H, 5.2 ; N, 11.1%. 

Preparation of complexes ML(2) 

A hot solution of H2L (0.25 mmol) in anhydrous 
ethanol (20 cm3) was added dropwise with stirring 
to a solution of M(OAc),* 2H20 (0.25 mmol) 
(M = Co, Ni, Zn, Cd, Cu and Mn) in warm anhy- 
drous ethanol (10 cm3) and immediately a red pre- 
cipitate was produced. The reaction mixture was 
heated under reflux for 30 min. The solid that sep- 
arated out was collected on a filter, washed several 
times with warm ethanol and dried under vacuum. 
The complexes prepared are listed with their 
decomposition temperature and elemental analyses 
in Table 1. 

Preparation of complexes M(H,L)C1,(3) 

A hot solution of H2L (0.25 mmol) in anhydrous 
ethanol (20 cm3) was added to MC& * 2Hz0 (0.25 
mmol) (M = Co, Ni, Cd and Mn) in warm anhy- 
drous ethanol (10 cm3). The mixture was heated 
under reflux with stirring until the precipitates sep- 
arated. The isolated complexes were filtered, 
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CH3 0 

(2) 

washed with hot ethanol and dried under vacua. ide optics. UV spectra were recorded on a DJ-240 
The complexes thus prepared are given in Table 1. spectrophotometer in the 200-500 nm region using 

a solution in N,N-dimethylformamide (DMF). 

Spectral. measurements NMR spectra were measured with a PMX-60 spec- 
trophotometer using deuterodimethyl s~phoxide 

IR spectra were obtained using KBr discs with a (DMSO) as solvent and tetramethylsilane as an 
NE-5DX spectrophotometer using sodium chlor- internal standard. 

Table 1. Decomposition temperature and elemental analysis of complex 

Elemental analysis (%) 

Complex Formula H N Cl 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

300 

300 

300 

300 

300 

300 

250 

250 

250 

250 

60.0 10.0 
(59.7) (9.8) 
59.5 

(59.5) $1 $1 
58.3 

(58,9) (::a (Zf , 
54.5 

(54.5) (::“9, (?Yj 
60.0 

(60.1) (::;) (lY1, 
58.5 

(59.1) (Z) & 
52.7 

(52.8) ($ (& 
52.7 4.0 

(52.8) (4.1) (8gS) 
48.5 

(48.8) (::& ;:;, 
53.7 8.8 

(53.2) (:::I (8.9) 

11.1 
(11.2) 
11.2 

(11.1) 
10.8 

(10.3) 
11.3 

(11.2) 

Dt. = decomposition temperature. 
a Calcnlated values are given in parentheses. 
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Electrolytic conductance measurements 

Molar conductances of complexes were obtained 

using a DDS-IIA conductometer in DMF and 
DMSO solvents at 25°C. 

Thermal property measurements 

TG and DTA were determined using a thermo- 
balance Thermoflex model. 

RESULTS AND DISCUSSION 

The ligand dissolves in polar solvents such as 
methanol, ethanol and acetonitrile, but is insoluble 
in weak polar or nonpolar solvents such as ether, 
benzene and alkanes. All complexes dissolve only 
in DMF and DMSO. The ligand is tetradentate in 
nature having two carbonyl and two azomethine 
groups. The elemental analyses given in Table 1 
show that the ligand can coordinate either in the 
enolic form as ML described in type (2) with 
M(OAC)~ accompanied by the loss of acetate ions, 
or in the keto form as M(H2L)C12 described in type 
(3) without loss of chloride ions. 

IR spectra 

The IR frequencies along with their relative 
assignments are given in Table 2. The bands due to 
v(N-H), v(M)(amide I), G(N-H)(amide II), 
v(C-N)(amide III) and v(C=N) are observed in 
the ligand spectra at 3318, 1670, 1529, 1300 and 
1651 cm-’ respectively. I2 The band observed at 9 15 
cm-’ is attributed to v(N-N).13 The characteristic 
bands of the ferrocene group appear at 305 1, 1472, 
1132, 814 and 482 cm- . ’ I4 The band observed at 
1372 cm-’ arises from 6CH3. 

The IR spectra of complexes ML show significant 
changes as compared with those of the parent 
ligand. The bands due to N-H and -(amide 
I) stretching vibrations disappeared, but two new 
bands are observed around 1590 and 1275 cm-’ 
which can be attributed to the stretching vibrational 
modes of conjugate --c=N--N=C- and C-O 
groups. ‘W It is shown that the ligand undergoes 
enolization in solution and then reacts with metal 
ions to form the metal complexes, accompanied by 
the release of acetate ions. It is also observed that 
one v(C=N) band was shifted to a lower frequency 
by 45-64 cm-‘, while the v(N-N) band was shifted 
to a higher frequency by about 5 cm-‘. The fre- 
quency changes of v(C=N) and v(N-N) support 
the coordination through the azomethine nitrogen 
atom.’ 

The IR spectra of the complexes M(H2L)C12 are 
similar to that of the ligand. The bands due to 
v(N-H) and v(C==O)(amide I) do not disappear, 
and the bands arising from v(C=O) and v(C%N) 
are shifted to a lower frequency by 30-45 and 5&70 
cm-’ respectively, while the band given by v(N-N) 
was shifted to a higher frequency by l-7 cm-‘. 
These changes show that the ligand coordinates 
with transition metal ions in the keto form when 
using their chlorides. The oxygen atom in the car- 
bony1 and the nitrogen atom in the azomethine 
participate in coordination.‘6 

All characteristic bands attributed to the benzene 
ring and cyclopentadienyl in both complexes are 
observed. 

UV spectra 

The UV spectra of the ligand and its complexes 
M(H2L)C12 in DMF are shown in Fig. 1. It can be 
seen that the UV spectra of all complexes are 

Table 2. Important IR absorption bands (in cm-‘) of the ligand and its complexes 

Complex 

HJ- 
I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 

Amide I, v(C=C), v(C=C), &C-H), 
v(N-H) v(c----o) v(C=N) phenyl Amide II ferrocene methyl v(C-0) v(N-N) 

3318br,m” 1669sh 1651~s 1578~ 1529~s 1442m 137lm 914s 
1589s 1573sh 1529~s 144On-i 1366~s 1277m 920m 
1593vs 1565~s 1539vs 1441m 1372~s 1274m 917m 
1587~s 1503vs 1435s 1369~s 1299m 919m 
1587~s 151ovs 1435s 1346~s 1273m 915m 
1588s 1560s 1529~s 1441m 1367~s 1272m 919m 
1589s 1576~s 1527~s 144Om 1369~s 1276m 923m 

3234br,m 1624~s 1564sh 154Ovs 1491m 1436~ 1316s 919m 
3381br,m 1639~s 1568~s 1606vs 1539s 1444m 1325m 921~ 
3240br,m 1626~s 1574s 1605sh 1529~s 1436~ 1301s 915m 
3170br,m 1628~s 1569s 1606sh 1538~s 1436~ 1311s 916m 

“vs = very strong, s = strong, m = medium, w = weak, sh = shoulder, br = broad. 
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Fig. 1. The UV spectra of the ligand and its complexes 
M(H,L)Cl,. -H*L, ----Ni(H,L)Cl,, -.-.-. 

Cd(H,L)C12, ---Mn(H,L)Cl,, ... .Co(H,L)Cl,. 

similar, but they are different from that of the 
ligand. The K band (x-rc* transition) of the ligand 
is observed at 302 nm, but in its complexes, 
M(H2L)C12, a bathochromic shift of 2-8 nm 
occurred resulting from the chelation of the ligand 
with transition metal ions, and the band appears at 
304-310 nm. The shoulder peak at 272 nm arising 
from the B band of the cyclopentadienyl ring in the 
ligand changes into a single peak at about 262-265 
nm which is due to a bathochromic shift of the K 
band and hypsochromic shift of the B band. The 
broad band near 460 nm was attributed to charge- 
transfer in the ferrocene group (transition of the 
3d electrons on iron to either the nonbonding or 
antibonding orbitals of the cyclopentadienyl ring).17 
The position of this band in complexes as compared 
with that of the ligand hardly changes. In the com- 
plexes ML, the above mentioned three bands exist 
too, but the K band occurs bathochromic shifted 
by l&11 nm, which is more than that of 
M(H2L)C1,. The 460 nm band also undergoes a 
slight bathochromic shift (about 2 nm). In addition, 
two new bands near 328 and 352 nm appeared and 
suggested that the whole molecule changed into a 

large conjugate system due to chelation in the enolic 
form. 

NMR spectra 

The ‘HNMR spectra of the ligand shows the 
eight protons on the two cyclopentadienyl rings 
split into two groups of peaks with equal height at 
4.3 and 4.7 ppm. The protons on the aromatic ring, 
the methyl and the nitrogen atom appeared at 7.2- 
7.6 (multiplet), 2.2 (singlet) and 10.7 ppm (singlet) 
respectively. The integral ratio of these protons on 
the cyclopentadienyl ring, the aromatic ring and 
methylwas4:5:3. 

The ‘H NMR spectra of the complexes M(H2L)C12 
exhibit the chemical shift of the protons on the 
cyclopentadienyl ring, the aromatic ring, methyl 
and the nitrogen atom at 4.5 and 4.7 (doublet), 7.4 
7.8 (multiplet), 2.3 (singlet) and 10.6 ppm (singlet) 
respectively. All of them shifted downfield resulting 
from the deshielding effect after forming complexes. 
It was also indicated that the ligand coordinated in 
the keto form in these complexes. 

The ‘H NMR spectra of the complexes ML shows 
that the signal arising from the proton on the nitro- 
gen atom disappeared. It is clearly indicated that 
the ligand coordinates in the enolic form with metal 
ions. Aromatic proton signals shifted downfield and 
appeared at 7.5-7.9 ppm (multiplet), whereas the 
cyclopentadienyl ring and methyl signals shifted 
upfield and appeared at 3.9-4.3 (doublet) and 2.1 
ppm (singlet). 

Electrolytic conductance 

Deep brown solutions were obtained on dis- 
solving the complexes M(H,L)Cl, in DMF and 
DMSO separately. The molar conductances (Table 
3) of the complexes of Co, Ni and Mn approached 
those reported for 1 : 1 electrolytes.” A lower molar 
conductance for the Cd(I1) complex indicated that 
the ionization ability of the complex in DMF and 
DMSO was weak due to the greater ionic radius of 
cadmium and a stronger complexing ability. 

TG and DTA 

The results of TG and DTA for H,L, CdL and 
Cd(H2L)C12 are shown in Fig. 2 (a-c). It can be seen 
from Fig. 2(a) that the ligand melted endothermally 
at 2OO”C, then decomposed exothermally at 21 l- 
250°C and weight-loss was about 21% which sug- 
gests that the PhCO+ group breaks away from the 
molecule (Calc. 21%). Between 25&343”C it is 
continuously broken down exothermally and again 
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Table 3. Molar conductance of the complexes M(H*L)Cl*, at 25°C 

Complex 

VII 
VIII 
IX 
X 

In DMF In DMSO 
Cont. (IO-’ mol) Im (a-’ cm* mol-‘) Cont. (10m3 mol) Izm (Q-’ cm’ mol-‘) 

0.99 39.7 1.12 53.1 
1.20 73.0 1.03 53.5 
1.05 26.3 1.00 15.2 
1.06 46.1 1.04 48.9 

397 

loses about 21% of its weight (perhaps the other 
PhCO+ was removed). The exothermal peak at 
420°C was attributed to the loss of two molecules 
of nitrogen (Found: 10% ; Calc. 11%). The 
decomposition was complete at 697°C and the 
weight of the residue was 13% (Calc. for Fe 11%). 

The complex CdL [Fig. 2(b)] decomposed at 
332”C, accompanied by the release of a great 
amount of heat and lost 24.5% of its weight (Calc. 
for C,2H,,,25.0%). The complex then resolved con- 
tinuously at 364-440” and the weight loss was about 
24.5% due to the remaining parts of two sub- 
stituents on the cyclopentadienyl ring (Calc. for 
C6HsN402 26.9%). It broke down at 710°C releas- 
ing intense heat and the weight loss of 23% was 
attributed to the release of two cyclopentadienyl 
rings (Calc. for C10H821%). The weight of the 
remainder was about 28%, therefore perhaps it is 
a mixture of iron and cadmium (Calc. for FeCd 
27%). 

The complex Cd(H2L)C12 [Fig. (2c)] decomposed 
exothermally at 236°C to lose 12% of its weight 
arising from the release of two molecules of HCl 
(Calc. for 2HCl 11%). It broke down slowly 
between 252 and 365°C and maybe loses two aro- 
matic rings, accompanied by a weight-loss of about 
26% (Calc. for CLZHIO 23%). The decomposition 
continued at 561 and 61O”C, and was finally 
complete at 720°C. (Found: 40% ; Calc. for 
C,6H,4N402 42%). 

It can be seen from the above-mentioned results 
that the thermostability of complexes is increased 

much more than that of the ligand after chelation 
with transition metal ions, but the thermostability 
of the complexes ML is greater than for M(H2L)C12. 
It is clear that the C-N bond in complexes becomes 
much stronger than in the ligand. 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
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Abstract-Addition of LiNMe, to Mo(NMe,), in tetrahydrofuran establishes the equi- 

librium : Mo(NMe,),+2LiNMe, sMo(NMeJ6Li2. Red crystals of the THF adduct 
Mo(NMe&Li*(THF), have been shown to involve an octahedral MoN, moiety, 
MO-N = 2.12 A (averaged). The lithium atoms cap opposite faces, LiN,MoN,Li, and 
are ligated by one THF molecule to complete the pseudo tetrahedral coordination of 
lithium. 

Organometallic chemistry evolved with x-acceptor 
ligands, and only within the last decade have K- 
donor ligands attracted general attention.“’ His- 
torically Mo(NMe& provided the first example of 
a low spin four-coordinate complex and Bradley 
and Chisholm3 in their initial report noted that this 
could be understood as a consequence of ligand-to- 
metal n-bonding. In DZd symmetry it is possible 
to formulate the complex as an 18 electron val- 
ence shell complex: Mo(IV), d2+8e(4Mo-N (T) 
+ Se(4Mo-N z). 2,4 However, in contrast to typi- 
cal organometallic complexes which satisfy the 18 
electron rule5 and are thus coordinatively and elec- 
tronically saturated, Mo(NMeJ, should be viewed, 
like most other 7c-donor stabilized 18 electron com- 
plexes, as unsaturated. The reason for this unsatu- 
ration is that while n-donation from ligands such 
as NR, NR, and OR may lead to a formal 18 

*Author to whom correspondence should be addressed. 
t Crystal data for Mo(NMe2),Lil(THF)z at - 155°C : 

a = 8.568(3), b = 10.303(5), c = 15.586(7) A, b = 
95.69(2)“, 2 = 2, dcalcd = 1.258 g cme3 in the space 
group A2/m. Using MO-K,, 6” < 20 < 55”, 2693 reflec- 
tions were collected. Of these, the number of unique inten- 
sities was 1595 and these were used in the final least 
squares refinement leading to residuals R(F) = 0.0689 
and Rw(F) = 0.0660. 

electron count, the n-electrons are ligand centred. 
Thus the metal d, orbitals represent low lying anti- 
bonding M-L 7~ bonds and are easily attacked 
by nucleophiles. Furthermore, the ligand based Z- 
electrons are susceptible to attack by electrophiles. 
Consequently we should anticipate that the ligand 
x-donor stabilized complexes should be sub- 
stitutionally labile providing that stertic factors 
allow for associative reaction pathways. We 
describe here our discovery of the equilibrium 
shown in eq. (1) which provides a prototypical 
example of the above considerations. 

Mo(NMe,),+2LiNMe 2e Mo(NMe&Li,. 

(1) 

Addition of LiNMe, (> 2 equivs) to a purple 
solution of Mo(NMe,), leads to the formation of 
Mo(NMe,),Li2(THF)2 which can be isolated as red 
crystals. A view of the molecular structure found? 
in the solid state is given in Fig. 1. The central 
MoN, octahedral moiety, Mo-N = 2.12 8, (av.), 
is supported by two lithium atoms which are coor- 
dinated to opposite MoN, faces. Thus each nitro- 
gen is coordinated in a distorted tetrahedral manner 
to two carbon atoms, a lithium and a molybdenum 
atom. The MO-N distances of 2.12, 2.03 and 1.93 
A seen in Mo(NMez),Li,(THF)2, Mo(NMe,),6 and 
Mo(NMeJ44 reflect, at least in part, the relative n- 
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dissociates to LiNMe, in solution and, in benzene 
or toluene, purple solutions of Mo(NMe& and 
white precipitates of LiNMe, are obtained. 

It seems likely that other early transition metal 
elements form related complexes, e.g. M(NMe,), 
Li*(THF),, where M = Zr’ and Hf,’ and given 
that the related equilibria may lie further to the 
right for M = Zr and Hf relative to M = MO, this 
may well account for the occasional low yields of 
the group IV dimethylamides in reactions involving 
MC14 and LiNMe, (4 equivs). 

Further studies are in progress. 

Acknowledgement-We thank the National Science 
Fig. 1. Ball-and-stick drawing of the Mo(NMe,), Foundation for support. 

Li,(THF)2 molecule without hydrogen atoms, showing 
the atom number scheme. Pertinent distances (A) and 
angles (“) are : 

MC+-N(1) = 2.132(7), N(l)---Mo-N(1)’ = 180.0(3), 
Mo-N(2) = 2.119(5), N(l)-MO-N(~) = 84.55(18), 

1 
’ 

N(l)--Li = 2.090(14), N(l)--Mo-N(2)’ = 95.5(3), 2. 
N(2)--Li = 2.075( 12), N(2)-Mo-N(2) = 84.9(3), 
Li-0 = 1.897(14), N(2)-MO-N(~) = 95.1(3). 3 

4. 

bond character in the MO-N bonds, which for this 
5. 
I; 

series are formally 0, l/2 and 1, respectively, i.e. in “’ 
Mo(NMe& the Mo-N bonds are double bonds 7. 
(a2+n2) but in Mo(NMe2)6Li2(THF)2 they are 
single bonds. 8. 

The compound Mo(NMez),Li2(THF)2 readily 
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SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF A 
DIPHENYLCARBAZONE COMPLEX OF MOLYBDENUM(VI), 
(n-ByN)[MoO,(C,H,NNC(O)NNC,H,)(C~,NNC(O)NHNC,H,)], A 

SPECIES CONTAINING ORGANOHYDRAZID0(2-) AND 
ORGANOHYDRAZIDO(l-) LIGANDS AND FUNCTIONING AS A 

SYNTHETIC PRECURSOR IN THE PREPARATION OF THE 
TETRANUCLEAR DIAZENIDO COMPLEX, 

(n-Bu~N),IMo,O,(OCH,),(OC,H,NH),OVNC~,),I 

SI-IUNCHENG LIIJ and JON ZUBIETA* 

Department of Chemistry, State University of New York at Albany, Albany, NY 12222, 
U.S.A. 

(Received 14 July 1987 ; accepted after revision 7 October 1987) 

Abstract-Reaction of cr-(Bu4N),[Mo,0,,] with diphenylcarbazone in CHzClz yields the 
hydrazido(1 -), hydrazido(2-) species (Bu4N)[Mo02(C6H$JNCONHNC6HS)(C~H~ 
NNCONNC6H5)] (I). Treatment of (I) with phenylhydrazine in MeOH yields the un- 
expected product, (Bu~N)~[M~~O~(OM~)~(OC~H~NH)~(NNC~H~)~] (II), a tetranuclear 
polyoxomolybdate with the [Mo2(0Me)2(NNC6H,)4]2+ core. Crystal Data : (I), space 
group P2,/n, a = 11.026(2), b = 21.600(3), c = l&851(3) A, /? = 98.04(l)“; (II), space 
group P2,/a, a = 24.675(4), b = 19.937(4), c = 17.295(3) 181, p = 112.62(l)“. 

Our recent investigations of the chemistry of 
Mo(V1) with substituted organohydrazines have 
revealed a varied structural chemistry, based 
upon polynuclear oxomolybdate cores. ’ In an 
effort to extend these studies to potentially multi- 
dentate or ambidentate organonitrogen ligands, 
investigations of the chemistry of Mo(V1) with 
organocarbazone and organocarbazide ligands 
were initiated. Although diphenylcarbazone, 
C6HSNNC(0)NHNHC6HS, has long been em- 
ployed in the photometric determination of molyb- 
denum, 2 the intensely coloured molybdenum- 
organohydrazido complexes which are formed have 
remained uncharacterized. 

Reaction of r~-(n-Bu~r\T)~[Mo~O~~]~ with an excess 
of diphenylcarbazone in refluxing CH2C12 results in 
a bright violet solution, from which lustrous dark 

*Author to whom correspondence should be addressed. 
t Tables of fractional coordinates have been deposited 

with the Editor and also with Cambridge Crystallo- 
graphic Data Centre. 

irregular crystals are isolated in 30% yield upon 
addition of diethylether and standing at room tem- 
perature for three days. The elemental analysis and 
the observed diamagnetism are consistent with the 
formulation (n-Bu4N)[Mo02(C,H,NNCONHN 
C6H5)(C6HsNNCONNCgH5)] (I). The IR spec- 
trum exhibits strong absorbances at 1660 and 
1593 cm-’ assigned to v(M) and v(N=N) 
of the coordinated diphenylcarbazone ligands, 
respectively, and bands at 870 and 899 cm-‘, 
characteristic of v(Mo=O) for the cis- 
dioxomolybdenum(V1) unit. Crystal data :t 
C42H57N904M~, monoclinic space group, P2,/n 
with a = 11.026(2), b = 21.600(3), c = 18.851(3) 
A, j? = 98.04(l)“, I/ = 4445.1(12) A3, 2 = 4, 
D Calc = 1.27 g cm- ‘. Structure solution and refine- 
ment based on 3002 reflections with Z, > 3a(Z,) 
(MO-&, 0.71073 A) converged at a conventional 
discrepancy factor of 0.0655. 

As illustrated by Fig. 1, the structure of (I) con- 
sists of discrete (n-Bu,N)+ cations and mononu- 
clear anionic units [Mo02(C6H5NNC(0)NNC6HS) 

401 



402 Communication 

Fig. 1. ORTEP view of the structure of the molecular anion [Mo02(C,H,NNCONHNCsH,) 
(CsHSNNCONNCsH,)]‘-, showing the atom labelling scheme. Selected bond lengths (A) and 
angles (“): MAI, 2.059(6); Mo-02, 2.030(8); M&3, 1.704(7); Mo-04, 1.701(7); 
Mo-Nl, 2.068(8); Mo-N5, 2.432(8); Nl-N2, 1.39(l); N2-C1, 1.31(l); Cl-N3, 1.39(l); 
N3-N4, 1.29(l); C1-01, 1.31(l); N5-N6, 1.29(l); N6-C2, 1.36(l); C2-N7, 1.33(l); 
N7-N8, 1.35(l); C2-02, 1.32(l); N3-N4, 1.27(l); N7-N8, 1.35(l); Ol-Mo-02, 85.2(3); 
Ol-Mo-03, 149.4(3) ; Ol-Mo-04, 102.5(3) ; 01-Mo-NI, 72.4(3) ; Ol-Mo-N5, 72.4(2) ; 
02-Mo-03, 106.7(3) ; 02-Mo-04, 91.5(3); 02-Mol-Nl, 156.1(3) ; 02-Mol-N5, 
67.7(3) ; 03-Mo-04, 105.1(3) ; 03-Mo-Nl, 89.6(3) ; 03-Mo-N5, 86.0(3) ; 04-Mo-Nl, 
101.2(3); 04-MeN5, 158.7(3); Nl-Mo-N5, 96.9(3); Mol-Nl-N2, 120.1(6); Nl-N2-C1, 

108.7(7); Mol-NS-N6, 115.2(6); N5-N6-C2, 110.5(9). 

(C6H,NNC(0)NHNC,H,)]-‘. The MO(W) centre 
displays the ubiquitous cis-dioxo geometry, with 
the remaining pseudo-octahedral positions occu- 
pied by nitrogen donors and the carbonyl oxygen 
groups of the chelating organohydrazido ligands. 
The chelate ring parameters confirm that the 
organohydrazide ligands are inequivalent, the 
MoOlClN2Nl ring functioning as a doubly 
deprotonated organohydrazido(2-) unit, while 
the Mo02C2N4N5 ring retains the proton at the 
N4 site to assume the hydrazido(l-) formalism. 
The ring parameters associated with the organo- 
hydrazido(2-) moiety are similar to those 
observed for the MoOCNN chelate rings of 
[Mo20(S$NEt2)2(C6HSCONZ)2],4 where the 
organohydrazide ligand assumes the chelating 
deprotonated structure. The major distortions 
from octahedral geometry are consequences of 
the acute angles at the Mo(V1) centre generated 
by chelate ring formation and of the usual expan- 
sion of the cis-dioxomolydenum angle, necessary 

t See footnote t on previous page. 

to accommodate the strongly n-bonded oxo- 
groups. 

The oxo-groups of (I) appear to be substitution 
labile in the common condensation type reactions, 
exploited in the synthesis of cis-diazenidomolyb- 
denum complexes. ’ Reaction of (I) with a stoichio- 
metric amount of phenylhydrazine in methanol 
yielded a dark purple solution, from which 
dark prismatic crystals of a material, analys- 
ing for (~-Bu,N),[Mo,O~(OCH~)~(OC~H~NH)~ 
(NNC,H,),] (II), were isolated in 10% yield upon 
standing for several days. It was subsequently 
confirmed that (II) could also be synthesized 
directly from the reaction of (FZ-BU~N)~[MO~O~ 

WHJ~WNGWd with diphenylcarbazone. 
Crystal data :t C7,,H, ,,8N1 *O, ,,Mo4, monoclinic 
space group, P2Ja with a = 24.675(4), b = 
19.937(4), c = 17.295(3) A, /I = 112.62(l)“, V = 
7853.7(14) & 2 = 4, Doalc = 1.40 g cm-3. Struc- 
ture solution and refinement based on 4014 re- 
flections with Z, > 3a(Z0) (MO-K,, 0.71073 A) 
converged at a conventional discrepancy factor 
of 0.0783. 
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Fig. 2. ORTEP view of the structure of the tetranuclear dianion [Mo,Os(OC,H,NH), 
(OCH,),(NNC!,H,),]*-, showing the atom labelling scheme. Selected bond lengths (A) and angles 
(“): Mol-NS, 1.99(l); Mel-01, 2.05(2); Mel-02, 1.70(l); Mel-04, 1.81(l); Mo145, 
1.78(l); Mo2-Nl, 1.76(2); Mo2-N3, 1.84(2); Mo2-03, 2.17(l); Mo2-04, 2.03(l); Mo245, 
2.05(l) ; Mo2-03’, 2.14(l) ; 01-Mol-N5, 75.6(7); Ol-Mol--o4, 150.4(6) ; 05-Mol-N5, 
147.0(5) ; 02-Mol-N5, 103.8(7); 02-MolAX, 101.1(7); 02-Mol--o4, 104.9(6); 
02-Mo145, 105.6(6) ; Nl-Mo2-03, 166.7(5) ; N3-Mo2-03, 167.7(6) ; 04-Mo245, 

X0.9(5) ; Mo2-Nl-N2, 167.2(15) ; Mo2-N3-N4, 163.4(15). 

‘II’ i 
N-,.,-C -N=N4 - 0- 

I 
+ HN=C-N=Nd 

\I/ 
Ajo\! 

0 I 

\I/ 
TO\ 1 N 

0 

‘0 =I - H 6 J 
Scheme 1. 
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The anion of (II) is seen to be structurally related 
to the tetranuclear clusters of the general types 

Wa@8WWNNW412~ and Wo40dOW~ 
(NNR2)2]2-.1 Thus, the structure of (II) may be 
described in terms of a planar [Mo~(OCH~)~ 
(NNC,H,),12+ unit, bridged through axially 
doubly bridging oxo-units to the bidentate 
[Mo03(OC6H4NH)12- groups (see Fig. 2). The 
planar core, [Mo~(OCH~)~(NNC~H,)~]~~, exhibits 
the usual geometry, with short Mo-N and 
N-N distances and linear Mo=N=N linkages 
characteristic of the cis-bisdiazenidomolybdenum 
unit.‘,5,6 The bridging bidentate groups [MOO, 
(OC,H,NH)] 2- exhibit distorted square pyramidal 
geometry with the terminal oxo-group occupying 
the apical position and the vertices of the square 
plane defined by the two bridging oxo-groups 
and the oxygen and nitrogen donors of the coor- 
dinated o-amidophenolato ligand. The structure of 
(II) is thus formally derived from that previ- 
OUSly reported for [M040S(OCH&(NNC6HS)4]2- 
by replacement of a terminal oxo-group on each 
of the bridging bidentate [Mo0,12- units by the 
o-amidophenolato unit (OCgH4NH)2-. Although 
the mechanism of complex formation has yet 
to be elucidated, the chemistry may proceed 
through coordination of the terminal hydrazido 
nitrogen of the diphenylcarbazone ligand to a 
molybdenum-oxo-unit, followed by oxo-group 
attack on the ortho position of the phenyl sub- 
stituent, in a reaction reminiscent of quinone 
methide chemistry as shown in Scheme 1. The iso- 
lation of complex (II) suggests that the fundamental 

structural type [Mo,O,(OR),(NNR),]~- is capable 
of considerable modification and may serve as a 
precursor for a variety of substitution reactions and 
as a building block for further aggregation. Mech- 
anistic studies are in progress to confirm the nature 
of the putative ortho-oxo insertion reaction, as are 
chemical and structural studies of related ligand 
and substrate molecules. 
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Abstract-The distortion of model XMH4 d6 complexes (X-equatorial ligand) away from 
their unstable trigonal bipyramidal (TBP) structure is studied by means of Extended Hiickel 
calculations. The distortion is represented by the angle a between the two equatorial M-H 
bonds (CI = 120” in the TBP geometry). Departure from CI = 120” leads to two minima, one 
for a = 180” (square pyramid geometry) and one for a = 70”, the origin of both being traced 
to a first order Jahn-Teller effect and not to a favourable ligand-ligand interaction (a = 70”). 
The relative energies of these two minima are strongly dependent on the nature of the 
equatorial ligand X opposite to the CI angle. In particular it is shown that a 7~ donor X 
ligand favours a = 70” while a z acceptor favours a = 180”. Finally a third minima is found 
for a = 30”. In this case, there is a strong interaction between the equatorial hydrides and 
this structure is better viewed as a d8 square planar complex with a molecular H2 ligand 
side-bonded to the metal. 

There is a current interest in synthesizing electron 
deficient organometallic complexes since they may 
present interesting chemical properties and may 
also give insight on the mechanisms of organ- 
ometallic reactions. 

Werner has recently isolated and structurally 
characterized an Ir(II1) d6 pentacoordinated com- 
plex 1.’ The striking structural property of the com- 
plex is the small (77.9”) C-Ir-H a angle in place 
of the expected 120” angle usually found for a d8 
trigonal bipyramid. As pointed out by the authors, 
this distortion does not permit the formation of a 
significant carbon . . . hydrogen bond but hinders 
the rotation of the phenyl ring lying in the equa- 
torial plane. 

L 
: 

t Ph CO 
CI-lra; 

! 

d. 77.90 co-d 

L = P Pr; 

0 

I 2 

*Author to whom correspondence should be addressed. 

It is well known that a trigonal bipyramid is 
structurally unstable for 6 d electrons. The d split- 
ting in a trigonal bipyramid is well known.’ Since 
there are only six electrons to be hosted by the d 
block, four of them go into the fully non-bonding 
xz and yz orbitals and only two need to be put in 
either x*-y’ or xy (e’ set). This is a typical first order 
Jahn-Teller3 situation where either 2-v’ (3) or xy 
(4) is stabilized by a structural distortion. Closing 
o! stabilizes 2-3, since the hydrogen orbitals enter 
its nodal planes, and destabilizes xy, because the 
hydrogen orbitals are more directed towards its 
lobes. The reverse consequences arise from the 
opening of CI. The interesting point is that these two 
distortions, the one which increases a and the one 
which decreases u, are in principle permitted. An 
example of the first distortion is the Werner com- 
pound and one example of the second distortion is 
the square pyramidal structure of Cr(CO)5 2.4 

Y 

L 
x 

3 4 
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In this preliminary report, we show that three 
structures can be expected for these complexes and 
that their relative energies are highly dependent on 
the nature of the equatorial ligand opposite the a 
angle. Three model complexes have been used for 
this purpose : XIrH; (X = H-, Cl-, CO) in which 
the ligand opposite to GI is either rr neutral (H-3, rc 
donor (Cl-) or rr acceptor (CO) (see Fig. 1). For 
each complex, c( has been varied from 180” to 30”. 
The total energies obtained by extended Hiickel 
calculationsS are shown in Fig. 1. 

The least stable structure of IrH:- is obtained for 
u = 120”. Closing or opening LY to 70” or 180” sta- 
bilizes the complex by approximately the same 
amount of energy. It should be noted that there is 
still no H . . . H bond at CI = 70” in agreement with 
the fact that Werner did not observe any C . . . H 
bond in his structure. Greater closing of a leads to 
the occurrence of a third minimum (N = 30”) which 
is better viewed as a dE square planar complex with 
a molecular H2 ligand side-bonded to the metal 
perpendicularly to the molecular frame, reminiscent 
of the Zeise’ salt. 

For ClIrH:-, the energy maximum is shifted 
towards a larger than 120” and the more stable 
structure occurs for CI = 70”. The minimum at 
a = 180” is considerably destabilized. The molec- 
ular complex is still present as a minimum. Opposite 
results are obtained for COIrH;. The energy 
maximum is shifted to a value of a less than 120” and 
the primary minimum occurs for a = 180”. Also 
in this case the molecular complex is present as a 
possible structure. The above results are in agree- 
ment with the presence of a Cl atom in the Werner 
compound (a = 80”) and with that of a CO group 
in the square pyramid Cr(CO)S. 

The examination of the evolution of the dorbitals 

, , ‘./’ ‘. 

,I 
\x=co .C. 

‘-./ 
, ,A 

__- \ I t, 
‘,X.CI ’ 

‘8 \ L /’ \ I’ ; 
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Fig. 1. Variation of the total energy (kcal mall’) for Ir 
Hz- (solid line), CIIrHi- (dashed line), COIrH; (dashed 
dotted line) as a function of the angle CI between the two 

equatorial hydrogen atoms. 
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Fig. 2. Partial Walsh diagram showing only the d block 
forXIrH;(a:X=H-;b:X=Cl-;c:X=CO)asa 

function of c(. 

energy upon distortion (shown schematically in Fig. 
2) reveals the reasons for the above behaviour. We 
focus here on the comparison between the two 
minima when a = 70” and a = 180”. 

Since the 2-y’ and xy orbitals are degenerate in 
IrH:-, by first approximation, and as long as a does 
not depart too much from 120”, closing or opening 
a has the same energetical consequences. 

Substituting Cl- for H- removes the degeneracy 
for the two orbitals for a = 12O”.‘j xy becomes 
higher in energy than x2-y2 since it is destabilized 
by the Cl lone pair lying in the equatorial plane as 
shown in 5. This has two consequences : (i) the point 

5 6 

of maximum energy is shifted to a value of a larger 
than 120” where the energies of 2-y2 and xy meet, 
(ii) better stabilization is obtained by closing u, since 
this takes advantage of the lower energy of 2-y’. 
The analysis is analogous but with reverse con- 
clusions when CO is substituted for H- since xy is 
now stabilized by TC>~ (6). The complex should 
therefore gain more energy by further stabilization 
of xy by the opening of a. 
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The possible existence of a molecular H, complex 

will not be discussed in this preliminary calculation 
since the interaction of Hz with a T shaped ML3 is 
essentially similar to the interactions that are at 
work’ in the many molecular H2 complexes presently 
known. It is however of interest to notice that such 
complexes have an electronic structure reminiscent of 
a square planar da olefin complex and might be of 
some stability. 

The structure of d6 pentacoordinated complexes 
is thus highly sensitive to the nature of the ligands. 
Fryzuk’ has suggested a square pyramid structure 

for Ir(II1) complexes which have two truns 71 donor 
groups at the equatorial sites (a = 1 SO’) and a neu- 
tral alkyl ligand at the apical site of the square 
pyramid. Preliminary calculations on model H31r 
C1;2 varying the a angle between the equatorial 
Ir-Cl bonds reproduce this tendency. A complete 
understanding of the structural preference of d6 
pentacoordinated complexes clearly requires to take 
explicitly into account the nature of each ligand. 
This study is presently under way in our laboratory. 
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Abstract-A series of m- and p-fluorophenylarenechromiumcarbonyl and m- and p-fluoro- 
phenylcyclopentadienylmanganesecarbonyl complexes of phosphines and phosphites 
have been prepared and characterized by IR and NMR spectroscopy. Taft substituent 
constants were calculated from the 19F chemical shifts and carbonyl stretching force con- 
stants were calculated from the carbonyl stretching frequencies of the compounds. It has 
been found that the phosphine and phosphite groups exert parallel effects on the Taft 
constants and stretching force constants and, furthermore, that the trends in the chromium 
and manganese series are strongly related. 

The physical and chemical properties of organo- 
metallic compounds are known to be sensitive to 
the nature of the ligands bound to the metal atom. 
For example, variations of carbonyl stretching fre- 
quencies of metal carbonyl complexes of the type 
LM(CO), were used to establish the order of x 
acidities for a broad series of phosphine and phos- 
phite ligands. ’ Similarly, Bodner et al. * have related 
the carbonyl ’ 3C NMR chemical shifts of a variety 
of LM(CO), complexes to the (r and rt acidity of 
the ligands. Work in this laboratory on dihydrogen 
evolution from dinuclear organometallic complexes 
has demonstrated that the rates of these reactions 
are affected by the electron donor properties of 
phosphine groups bound to the metal atom.3 

409 

As much of our research concerns the manipu- 
lation of the electron density, or basicity, at a reac- 
tive metal atom, we have sought methods which can 
provide a quantitative measure of the electronic 
changes brought about by varying the ligands on a 
metal atom. One technique which is well suited 
to organometallic chemistry is the measurement of 
Taft substituent constants by examination of the 
19F NMR chemical shifts of substituted m- and p- 
fluorobenzenes.4 This technique is broadly ap- 
plicable to organometallic compounds, including 

those which are too air or water sensitive to survive 
other methods. Parshall has reported Taft sub- 
stituent constants for a series of a-bonded aryl com- 
pounds of Ni, Pd and Pt.’ Stewart and Treichel have 
examined a large number of u-bonded complexes of 
metal carbonyls and mixed carbonyl, phosphine 
compounds as well as cyclopentadienyl com- 
pounds.6 Nesmeyanov et al. have reported sub- 
stituent constants for o-bonded aryl derivatives of 
cyclopentadienylmetalcarbonyl compounds, where 
the metals were iron, molybdenum and tungsten.7 
These workers also reported the substituent con- 
stants for cyclopentadienyliron metallated arene 
rings.8 Gubin et al. have been concerned with the 
effect of metallation on the cyclopentadienyl ring 
and have reported substituent constants for the iron 
group metallocenes,’ cymantrene and its rhenium 
analog, ’ O and for alkali metal complexed cyclo- 
pentadienide anions. ‘I This group also reported 
substituent constants for the arenechromiumtri- 
carbonyl moiety. ” 

We have reported the Taft substituents of a set of 
[(arene)Cr(CO),L] complexes (where L = CO, PPh3 
and AsPh,). I3 It was shown that both the inductive, 
err and resonance, oi, substituent constants of the 
metallated arene are sensitive to the identity of L. 
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In order to gain a better understanding of the 
relationship between the Taft constants and the 
metal ligands, we have prepared an extended series 
of m- and [(p-fluorophenylarene)Cr(CO),L] (I) 
and CpMn(CO),L (II) complexes and determined 
the Taft substituent constants of these compounds. 

I II 

As an expansion of these studies, we have cal- 
culated the stretching force constants of these com- 
pounds using the approximations developed by 
Cotton and Kraihanzel.14 Linear regression analy- 
sis has been used to examine the correlations 
between stretching force constants and Taft con- 
stants within and between the sets of compounds. 

RESULTS AND DISPASSION 

m- and ~-Fluorobiphenylchromiumtricarbonyl 
can be prepared in good yield by reaction of the 
appropriate biphenyl with chromium hexacarbonyl 

in refluxing butyl ether-THF according to the pro- 
cedures of Top and Jaouen. ” Photolysis of these 
complexes in benzene in the presence of phosphines 
or phosphites gives the corresponding [(arene) 
Cr(C0)2L] complexes in good yield.16 

Substituted CpMn(CO), derivatives were pre- 
pared by reaction of m- or p-fluorophenylcyclo- 
pentadienylthallium with BrMn(CO)*. Gubin et al. 
have prepared these compounds from the analo- 
gous cyclopentadienyl sodium salts. lo As in the 
chromium series, photolysis of the manganese 
carbonyl compounds in benzene gave the phos- 
phine and phosphite complexes in good yield. ’ ’ 

Analyses and physical data on the new com- 
pounds are presented in Table 1. In several cases it 
was not possible to obtain elemental analyses 
because of the instability of the complexes. For 
those materials the spectral data were taken to be 
sufficient proof of identity. 

Spectra of all compounds were recorded in deu- 
terobenzene. In the cases of the trimethylphosphine 
derivatives of manganese the air-sensitivity of the 
compounds precluded rigorous purification, so ‘H 
NMR spectra were not recorded. 19F NMR chemi- 
cal shifts were measured relative to both C6F6 and 
C,H,F to insure reproducibility. 19F chemical shifts 
are reported relative to C6F,. 3’P NMR chemical 
shifts were measured relative to 85% H3P04. The 

Table 1. Analytical data and physical properties of new compounds 

Compound 
[(Arene)Cr(CO)~L] 

L (W-F) 

Theory Found 
%C %H %C %H M.p. 

P(OCH&F& (m-F) 

P(OCH,CF& 01-F) 
P(OGH& (m-F) 
P(OC,HJ, CID-F) 
P(OCH,), (m-F) 
P(OCHJ, b-F) 
PKH,), (m-F) 
PWH,), (p-F) 
W4Hd3 (m-F) 

W4H& fp-F) 

CpMn(CO)*L 

L (=h-F) 

- - - 

65.1 4.1 64.8 4.2 
65.1 4.1 45.2 4.3 
50.5 4.5 50.5 4.4 
50.5 4.5 50.4 4.5 
57.3 5.1 55.4 5.2 
57.3 5.1 57.0 5.1 

- - - 

Yellow-orange oil 
Yellow-orange oil 
112-114°C 
128-130°C 
96.98”C 

121-123°C 
4243°C 

Yellow oil 
Orange oil 
Orange oil 

PW,HA M-F) 
PtOGH5h Q-F) 
PGH,), b-F) 
PGH 5)s b-F) 
P&H,), (m-F) 
PKH,), (p-F) 

64.1 
64.1 
69.9 
69.9 
- 
- 

4.0 
4.0 
4.3 
4.3 

- 

64.2 
63.6 
71.2 
69.6 
- 
- 

4.4 
4.2 
4.6 
4.3 
- 
- 

99-100°C 
115-117°C 
96-97°C 

111-112°C 
Yellow oil 
Yellow oil 
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phosphorus resonances of the chromium com- 
pounds were all sharp singlets, while those of the 
manganese series were broadened. Presumably 
coupling between the phosphorus and the S/2 spin 
manganese atom is responsible for the broadening. 
All NMR spectral parameters are presented in 
Table 2. 

IR spectra of all compounds were recorded in 
chloroform and the carbonyl stretching frequencies 
are presented in Table 3. Force constants for the 
chromium and manganese series were calculated by 
use of the approximations developed by Cotton and 
Kraihanzel and are also presented in Table 3. 

The Taft substituent constants were computed 
using the relationships developed byTaft et al4 and 
are presented in Table 4. In principle, the 0, value 
is a relative measure of the ability of a substituent 
to inductively contribute or withdraw electron den- 
sity from the fluorophenyl ring, while the ai is a 
measure of the resonance contributions from the 
substituent. 

Linear regression analysis was used to determine 
correlations between selected sets of data and the 
slopes, intercepts and correlation coefficients for 
these sets of data are presented in Table 5. Several 
broad observations can be made on the basis of 
these correlations. (1) In general, the correlation 
between stretching force constants and 0:: are better 
than those between the force constants and crI sub- 
stituent constants. (2) There is a good correlation 
between ai and 0, within a metal series. It is inter- 
esting that these sets of data seem to fall on the 
same line indicating that the relationship between 
inductive and resonance contributions are the same 
for the two series despite the fact that two different 
metals and quite different aromatic rings are being 
compared. (3) This last observation is reinforced by 
comparison of the oI and 0: constants between the 
two series for which the correlations are excellent. 

These data indicate that electron density at the 
metal atoms increases in the order : 

P(OCHKFJ, z CO < P(OPh), < P(OMe), 

< AsPh 3 z PPh3 < PMe, w PBu~. 

Parallel trends have been reported by Tolman’ 
for carbonyl stretching frequencies and by Bodner 
et al. * for ’ 3C chemical shifts of carbonyl carbons. 

Of particular interest is the similarity between 
P(OCH&F,), and CO. Shreeve and Williamson 
have recently reported the first synthesis of metal 
complexes containing this interesting, strongly elec- 
tron withdrawing ligand. I8 As no complete multi- 
nuclear NMR analysis of this compound has pre- 
viously been reported, we have included the ‘H, i9F 
and 3 ‘P NMR chemical shift and coupling con- 

stants in Table 2. Spectral data presented by 
Shreeve and Williamson and our own observations 
indicate that the spin-spin coupling between the 
phosphorus atom and the fluorine atoms is damped 
by complexation to metals. 

EXPERIMENTAL 

Infrared spectra were recorded on a Perkin- 
Elmer Model 1750 FT/IR Spectrophotometer. 
NMR spectra were recorded on a Varian Associates 
FT80A NMR Spectrometer. Thallium ethoxide,” 
cyclopentenone” and m- and p-fluorobiphenyl” 
were prepared by literature procedures. Chromium 
hexacarbonyl and bromomanganesepentacarbonyl 
were purchased from Strem, and m- and p-bromo- 
fluorobenzene were purchased from Aldrich. Pur- 
chased materials were used as received. Photo- 
lysis reactions were conducted in dry, air-free ben- 
zene which was distilled from sodium under N2 
immediately before use. Photolyses were conducted 
in an Ace doubly-jacketed photolysis vessel with a 
quartz inner vessel using a medium pressure mer- 
cury lamp. Phosphine and phosphite derivatives of 
arenechromiumtricarbonyl and cyclopentadienyl- 
manganesecarbonyl complexes were prepared by 
photochemical exchange of phosphine for car- 
bony1 in benzene solution as has been previously 
reported. ’ 3 Microanalysis was conducted by 
Micro-Analysis Inc. of Wilmington, DE. 

Synthesis of m- and p-Juorophenylcyclopentadiene 

Cyclopentenone (10.0 g, 0.12 mol), was placed 
in a 250 cm3 three neck flask outfitted with an 
addition funnel, reflux condenser and nitrogen inlet. 
About 100 cm3 of ethyl ether was added to the flask 
and the contents were cooled to - 5 to - 10°C in a 
salt-ice bath. 

m-Fluorophenylmagnesiumbromide in ethyl 
ether (prepared from m-bromofluorobenzene (20.8 
g, 0.12 mol), and 4.9 g of magnesium turnings over 
a 3 h period) was added over 90 min to the cyclo- 
pentenone solution. (Note : m- and p-bromofluoro- 
benzenes are severe skin irritants and have been 
found to cause chloracne in this laboratory. They 
should both be handled with appropriate pro- 
tective equipment.) A pink precipitate formed 
immediately. After addition was complete the sus- 
pension was stirred for an additional 90 min at 
- 5°C. 

The pink suspension was poured into 300 cm3 of 
ice-cold concentrated aqueous ammonia saturated 
with ammonium chloride in a 1 1 separatory funnel 
and shaken vigorously. The organic layer separated 
and the aqueous layer was extracted with three, 100 
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Table 2. NMR spectral data for [(Arene)Cr(CO)zL] and CpMn(CO)*L complexes in CsDs 

Compound 
[(Arene)Cr(CO)zL] 

L (m/p-F) ‘H L9Fl “P 

P(OCH&F,), (m-F) 

WGHd3 (m-F) 

WGH,), k-V 

WCH 3)3 (m-F) 

PWH 3) 3 (P-F) 

W-33& (m-F) 

W.&)3 (m-F) 

WXW3 b-F) 

CpMn(CO)*L 

L (m/p-F) 

6.96 (4H, s) 50.75 (F-Ph) 
4.92 (2H, m) 88.05 (t, Jr._-H = 8.28 Hz) 
4.54 (3H, m) 
3.97 (6H, m) 

7.15 (4H, m) 50.49 (F-Ph) 
4.39-4.01 (5H, m) 88.12 (t, Jr-n = 8.01 Hz) 
3.92 (6H, m) 

7.16 (m) 50.08 
4.55 (broad s) 

7.15 (m) 49.42 
4.54 (broad s) 

7.16 (4H, m) 50.01 
4.97 (2H, m) 
4.66 (3H, m) 
3.32 (9H, d, Jr.-u = 11.1 Hz) 

6.98 (4H, AB quartet) 48.83 
4.94 (2H, m) 
4.69 (3H, m) 
3.34 (9H, d, Jr-r, = 11.1 Hz) 

7.00 (4H, m) 49.74 
4.81 (2H, m) 
4.40 (3H, m) 
0.93 (9H, d, Jr-r_, = 7.3 Hz) 

7.02 (4H, m) 48.05 
4.78 (2H, m) 
4.43 (3H, m) 
0.95 (9H, d, Jr-n = 7.7 Hz) 

7.30-6.90 (4H, m) 46.63 
5.19 (2H, s) 
4.89 (3H, s) 
1.37 (18H, m) 
0.87 (9H, m) 

7.30-6.90 (4H, m) 48.87 
5.13 (2H, s) 
4.87 (3H, s) 
1.37 (18H, m) 
0.87 (9H, m) 

215.13 

212.40 

185.62 

185.57 

215.22 

215.63 

38.61 

39.08 

60.22 

60.75 

WC&)3 (m-F) 

WGH5)3 b-F) 

P(GH& (m-F) 

7.33-6.78 (4H, m) 
4.26 (2H, broad s) 
3.88 (2H, broad s) 

7.26-6.76 (4H, m) 
4.25 (2H, m) 
3.94 (2H, m) 

7.50-6.97 (15H, s) 
4.52 (2H, broad s) 
4.02 (2H, broad s) 

49.78 Not observed 

48.56 Not observed 

49.54 91.42 
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Table 2-continued 

Compound 
CpMn(CO),L 

L (~/P-F) ‘H ‘9F’ 3’P 

413 

W-%H5)3 W9 7516.98 (15H, s) 
4.51 (2H, broad s) 
4.04 (2H, broad s) 

WCH3)3 (m-F) - 

WH3)3 (P-F) - 

P(OCHrCF3)3 

47.86 91.94 

SO.36 Not observed 

47.35 45.60 (broad) 

3.56 (d oft) 
Jr-n = 8.20 Hz 
Jp--H = 8.14 Hz 

CeHSF is 49.98 ppm relative to C6Fs. 

87.60 (d oft) 138.30 (m) 
JF__n = 8.20 Hz Jr-r = 4.60 Hz 
Jr_+ = 4.60 Hz 

Table 3. Carbonyl stetching frequencies and stretching 
force constants 

Compound 
[(Arene)Cr(CO),L] 

L (W-F) 

WC) 
CO (cm- ‘) (lo5 dyn 

sym Antisym cm- ‘) 

CO (m-F) 1978 1902 15.00 
CO (P-F) 1980 1900 15.02 
P(OCH2CF3)3 (m-F) 1920 1860 14.46 

P(OCHzCF& (P-F) 1921 1863 14.43 
P(OPh), (m-F) 1917 1860 14.40 

P(OPh) 3 Q-F) 1918 1860 14.41 

P(OMe)3 (m-F) 1903 1846 14.20 

P(OMe), b-F) 1903 1844 14.18 
AsPh, (m-F) 1902 1850 14.22 
AsPh, (p-F) 1897 1837 14.08 
PPh, (m-F) 1895 1837 14.06 
PPhB (p-F) 1890 1836 14.02 
PMe, (m-F) 1888 1828 13.94 

PMe3 (P-F) 1885 1828 13.92 
PBu, (m-F) 1883 1835 13.96 
PBu, (9-F) 1885 1826 13.91 

CpMn(C0)2L 

L (m/p-F) 

CO (m-F) 2010 1926 15.43 
CO (p-F) 2010 1930 15.47 

P(OPh)3 (m-F) 1960 1895 15.01 

P(OPh)3 (P-F) 1960 1895 15.01 
PPh, (m-F) 1930 1865 14.52 

PPhs (P-F) 1933 1862 14.54 
PMe, (m-F) 1938 1860 14.57 
PMe, @-F) 1924 1852 14.40 

cm3 portions of ethyl ether. The combined ether 
extracts were dried over magnesium sulphate. After 
removal of ethyl ether by rotary evaporator, the 
remaining yellow oil was distilled under high 
vacuum to give a mixture of m-fluorophenylcyclo- 
pentadiene isomers. The portion between 160- 
210°C was recovered. The fluorophenylcyclopenta- 
diene prepared in this way was used immediately 
without further purification. 

Table 4. Taft substituent constants for [(Arene)Cr(CO),L] 
and CpMn(CO),L 

Compound 
[(Arene)Cr(CO),L] 

co 0.173 0.004 

P(CJWFA 0.193 0.009 

W-h) 3 0.099 0.022 

WW3 0.089 0.043 
AsPh, 0.065 0.047 
PPh, 0.062 0.042 
PMe, 0.051 0.057 
PBu3 0.037 0.057 

CpMn(CO),L 

co 0.141 0.024 
P(OPh) 3 0.056 0.041 
PPh, 0.023 0.057 
PMe, 0.014 0.072 
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Table 5. Linear regression analysis of [(Arene)Cr(CO),L] and 
CpMn(CO),L spectral data” 

x Y m b r 

WO) (W QI w 0.135 - 1.834 0.845 
k&G) (Cr) gi (Cr) 0.0532 -0.795 0.916 
k(CG) (Mn) 0, (Mn) 0.125 - 1.823 0.855 
k(CG) (Mn) cj (Mn) 0.0489 -0.781 0.934 
k(CG) (Cr) k(CG) (Mn) 0.707 4.843 0.870 
cI (Cr) ni (Cr) 0.344 -0.0681 0.947 
g1 (Mn) 0; (Mn) 0.333 -0.0680 0.934 
aI (Cr) Q[ (Mn) 1.048 -0.0423 0.998 
ai (Cr) ci (Mn) 0.892 -0.0206 0.999 
oI (all) ai (all) 0.342 -0.0682 0.949 

a Data are presented for the relationship : y = mx+ b. 
Linear regression calculations were performed using standard 

statistical methods. The correlation coefficient R is reflective of 
“goodness of fit” where R = 1 .O for a perfect straight line. 

p-Fluorophenylcyclopentadiene can be prepared 
similarly. Typical yields are XI-80%. 

Synthesis of thallium m- and p-jluorophenylcyclo- 
pentadienide 

m- or p-Fluorophenylcyclopentadiene (8.5 g, 22 
mmol), were taken up in 100 cm3 of ethanol in a 
250 cm3 round bottom flask. A septum was fitted 
onto the flask and the contents were flushed with 
nitrogen using a syringe for 5 min. Thallium ethox- 
ide (7.0 g, 29 mmol), was added slowly by syringe to 
give a yellow precipitate which formed immediately. 
After all of the thallium ethoxide had been added, 
the suspension was allowed to stir for 1 h and then 
filtered on a medium glass frit funnel. The yellow 
solid was washed once with 10 cm3 of ethanol, 10 
cm3 of ethyl ether and then with hexane. Yield : 8(r 
90%. 

Thallium cyclopentadienyl compounds are stable 
in air for short periods but darken on long exposure 
to air or light. They should be stored under nitrogen 
in the cold. Under these conditions they are stable 
for several months. (Note: Thallium compounds 
are highly toxic and should be handled with gloves.) 

Synthesis of m- and p-fluorophenylcymantrene 

Thallium fluorophenylcyclopentadienide (5.0 g, 
14 mmol), were placed in a 250 cm3 round bottom 
flask and the flask was flushed with nitrogen. About 
100 ml of dry, air-free benzene was added to the 
flask followed by bromomanganesepentacarbonyl 
(3.8 g, 14 mmol). The reaction flask was outfitted 

with a reflux condenser and the mixture was 
refluxed overnight. The reaction mixture was fil- 
tered hot through Celite and the solvent removed 
by rotary evaporator. The resulting orange-yellow 
solid was chromatographed on alumina using 10% 
methylene chloride in petroleum ether as an eluant. 
m- and p-Fluorophenylcymantrene were recovered 
as orange-yellow crystalline solids after solvent 
removal. 
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Abstract-The synthesis and characterization of the platinum metal-1,3-diaryltriazenido 
complexes [Ru(ArNNNAr)(C0)3]2, [Ru(ArNNNAr)&, cis-Ru(ArNNNAr)2(CO)2, 
MX2(ArNNNAr)(PPh3)2 (M = Ru, OS ; X = Cl, Br) and M’(ArNNNAr), (M’ = Ru, OS, 
Rh and Ir) are reported. Axial ligand substitution in [Ru(ArNNNAr)(CO),12 and adduct 
formation by [Ru(ArNNNAr)2]2 are described. In contrast to other known Ru(II)/Ru(II) 
“lantern” molecules, the species [Ru(ArNNNAr),], have measured magnetic moments 
equivalent to ca one unpaired electron per dimer, which are presumably due to population 
of the spin states rr2rr462n*4 and a2rr462n*3a*‘. 

Since the discovery of 1,3_diaryltriazenes in 
the mid 19th century’ their conjugate bases, 
ArN=N=NAr- have been extensively used as ter- 
minal, chelate or bridging ligands and examples of 
triazenido complexes are known for most of the 
d-block transition metals.’ However, homoleptic 
tris 1,3_diaryltriazenido complexes of ruthenium, 
osmium, rhodium and iridium do not appear to 
have been described in the literature.3 We now 
report the synthesis of these and some related 1,3- 
diaryltriazenido complexes including binuclear tri- 
azenido-bridged derivatives of ruthenium(I) and (II). 

Treatment of Ru~(CO)IZ with 1,3_diaryltriazenes 
(ArNNNHAr, Ar = p-C6H4X, X = H, Cl, Me) in 
boiling benzene under a CO atmosphere generates 
the diamagnetic, orange binuclear triazenido- 
bridged species [Ru(ArNNNAr)(C0)3]2 analogous 
to the well-known ruthenium(I) carboxylates 
[Ru(O,CR)(CO),]~.~ These triazenido complexes 
may also be obtained from the carboxylates by 
ligand metathesis reactions performed in MeCN 
solution in the presence of NEt3 and a carbon mon- 
oxide atmosphere. If these reactions are performed 
in the absence of carbon monoxide, substitution of 

tAuthor to whom correspondence should be addressed. 

the axial CO ligand occurs. For Ar = C6H4C1-p, the 
product appears to be a simple bis adduct of the 
form [Ru(ArNNNAr)(C0)2(ArNNNHAr)]2 anal- 
ogous to the known carboxylate adduct [Ru 
(02CPh)(CO)2 (PhC02H)]2.5 However the species 
obtained when Ar = C,H,Me-p has been shown by 
X-ray diffraction method8 to be a p-toluidine 
adduct [Ru(ArNNNAr)(C0)2(H2NAr)]2, formed 
by cleavage of excess triazene. Like their car- 
boxylate analogues the ruthenium(I) triazenido 
complexes readily undergo axial carbonyl ligand 
substitution reactions to give a series of products 
[Ru(ArNNNAr)(CO),L], (L = PPh3 or P(OMe)3). 

The binuclear ruthenium(II/III) carboxylate 
Ru2(02CMe)4C1 reacts cleanly with excess 1,3-diar- 
yltriazene in boiling toluene in the presence of NEt, 
to yield binuclear homoleptic 1,3-diaryltriazenido 
complexes [Ru(ArNNNAr)2]2 as air stable purple 
microcrystals. In the absence of triethylamine, 
mixed carboxylate/triazenide products are formed. 
The binuclear complexes [Ru(ArNNNAr)$ form 
bis adducts with carbon monoxide but not with the 
more bulky triphenylphosphine ligand. This dif- 
ference in behaviour presumably reflects some 
hindrance of the axial sites by the aryl groups 
of the triazenide ligands. In contrast to the 
recently reported paramagnetic carboxylate 
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[Ru(O,CMe),(THF)], for which the electronic 
structure a2x4626*‘rr*3 has been proposed,7 the 
Ru(II/II) triazenido complexes have magnetic 
moments equivalent to only one unpaired elec- 
tron per dimer which can be rationalized in terms of 
the mixed spin states a2~462rr*4 and IJ~TC~~~L~*‘~~*~.* 

Carbonylation of RuCl, - 3Hz0 in boiling etha- 
nol and subsequent treatment of the refluxing red 
solution with triethylamine and 1,3_diaryltriazene 
under a CO atmosphere, affords the mononuclear 
ruthenium(I1) products cis-Ru(ArNNNAr),(CO), 
as air stable orange-red crystals (v(C0) ca 2065 and 
2000 cm-‘, CHC13 solution). 

In a reaction similar to one previously devised 
in this laboratory to produce the corresponding 
carboxylates,’ the green paramagnetic ruthen- 
ium(II1) species RuX,(ArNNNAr)(PPh,), (X = Cl, 
Br) and their osmium(II1) analogues OsCl, 
(ArNNNAr)(PPh,), have been obtained by treat- 
ment of the halides MX2(PPh3)3 with 1,3-diaryl- 
triazenes in warm (ca 70°C) benzene under aerobic 
conditions. Two complexes of this type, 
0sX,(PhNNNPh)(PPh3)2 (X = Cl, Br), have pre- 
viously been prepared by an alternative route.” 

Finally, 1,3-diaryltriazenes react with RuCl, * 
3H20 in the presence of NEt, in refluxing ethanol 
to afford modest yields of the homoleptic, low spin 
d’, ruthenium(II1) complexes Ru(ArNNNAr),, as 
dark green paramagnetic needles. Similar reac- 
tions using the reagent/solvent combinations Na2 
OsCl,/2-methoxyethanol, RhC13 - 3H,O/ethanol 
and Na,IrCl,/2-methoxyethanol afford the tris (1,3- 
diaryltriazenido) derivatives of osmium, rhodium 

and iridium, respectively. The tris(chelate) nature 
of these complexes has been established by an 
X-ray diffraction study on Ru(ArNNNAr), 
(Ar = Ph)6 and by comparison of vibrational spec- 
tra. Satisfactory analytical and spectroscopic data 
have been obtained for the new complexes 
described. 
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Abstract-Pt(SzN21-I)(Br)(PMe2Ph) (1) reacts with Pd(SzNz)(PMezPh)2 (2), with proton, 
transfer and halogen and phosphine exchange to give the novel palladium complex 
Pd(S,N,H)(Br)(PMe,Ph) (3) together with Pt(S2N2)(PMe2Ph), (4). The 31P NMR and IR 
spectra of (3) suggest that it has an analogous structure to that of (1). 

As part of a continuing investigation into metalla- 
sulphur-nitrogen chemistry we have recently 
reported on the preparation of complexes of the 
type Pt(S,N,)(PR3)2’~2 and [Pt(S2N2H)(PR3)z]X,3*4 in 
which the S2N:- ligand forms part of a five mem- 
bered metallocycle which can be protonated on the 
nitrogen-bound metal. The latter complexes are 
especially interesting and we have reported on their 
ability to form 1D stacking structures,5,6 their solu- 
tion equilibria7 and their reaction with bromine to 
give complexes of the type ~(S,N,I-I)(Br),(PR,),j 
BF, and [Pt(S,N,H)(Br)(PR,)].’ 

Here we report on the reaction of [Pt 

&W9WPMe2Phll (1) whb WWd(PMedW2 
(2) which proceeds via a protonation, and an ex- 
change of a bromine for a phosphine group to give 
[Pd(S2N2H)(Br)(PMezPh)] (3), the first example of 
a palladium complex of this class. 

EXPERIMENTAL 

General reaction conditions, drying of solvents 
and spectroscopic measurements were as de- 
scribed previously.2 [Pt(S2N2H)(Br)(PMe2Ph)]’ and 
Pd(S2N,)(PMe2Ph)24 were prepared as in previous 
work, the latter being crystallized by slow hexane 

*Author to whom correspondence should be addressed. 

diffusion into a CH2C12 solution to ensure 
maximum purity. 

Solid samples of (1) (22 mg, 0.043 mrnol) and (2) 
(20 mg, 0.042 mmol) were mixed in CH2C12 (20 cm3) 
and the resulting solution was allowed to stand 
overnight. Measurement of the 31P NMR spec- 
trum of the products revealed the presence of 
Pt(S2N2)(PMe2Ph), (a- 8.3 (lJ (195Pt-31P) 27631, 
-24.7 {l./ (‘95Pt-31P) 2828) ; lit. 6-7.9 (‘J (195Pt- 
31P) 2731}, -24.9 ppm {‘J (‘95Pt-3’P) 2799 Hz}) 
and a new complex shown by a singlet at 6 = 0.4 
ppm. The solvent was removed in vacua and the 
residue extracted into warm Et20 (30 cm3). After 
filtration, the Et20 was removed and the residue 
taken into a small volume of CHC13 ; the final pro- 
duct was obtained as a small crop of orange crystals 
by slow hexane diffusion. Fotmd C 23.3, H 2.9, N 
6.5; Calc. C 23.0, H 2.9, N 6.7%. IR 3280(s) 
v(N-H), 1055(m) v(N-S), 360(w) v(Pt-S), 
330(m) cm-’ &N-S). 

RESULTS AND DISCUSSION 

In previous work we noted that 31P NMR inves- 
tigations into the solution properties of 
M(S,N,)(PR,), (M = Pt/Pd) revealed the palladium 
complexes to be the stronger bases, i.e. 
Pd&N2)(PR3)2 can almost completely deprotonate 
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[Pt(S,N,H)(PR,),]X [eq. (l)]. In view of this we reaction, although it should be noted that if the 
investigated the reaction of (1) with (2) in the hope reaction is performed in an NMR tube, and the 3’P 
that this would lead to the preparation of a salt of NMR spectrum measured as it proceeds, only the 
the type [Pd(SZN2H)(PMe2Ph)2]+ [Pt(&N 2) starting materials and the products can be observed, 
(Br)(PMe*Ph)]. Such a salt would be of interest indicating that there are no particularly long lived 
since both the cations and anions have the poten- intermediates. A speculative mechanism would 
tial to form stacking structures. 

lPt(S,N,H)(PMe2Ph)2]BF4+Pd(SzNz)(PMe,Ph), 

11 
Kx 80. 

Pt(S2N,)(PMe,Ph),+[Pd(S,N,H)(PMe,Ph)dBF,. 

However, measurement of the 31P NMR spec- 
trum of the products reveals the presence of (4) 
and so indicates that the reaction is much more 
complicated than a simple proton transfer. The 
other component of this spectrum is a singlet at 
6 = 0.4 ppm. The lack of satellites associated with 
this singlet indicates that it is due to a palladium 
complex, and this can be separated from (4) by 
extraction into warm ether, in which the latter 
(along with other complexes of the type 
Pt(S,N,)(PR,),) is insoluble. Crystallization of this 
new complex by slow hexane diffusion into a con- 
centrated CHC13 solution yields orange crystals, 
which analyse correctly for Pd(S,N,H)(Br) 
(PMe,Ph) (3). Thus the overall reaction involves 
the transfer of a proton, together with the exchange 
of a bromine and a phosphine ligand [eq. (2)]. 

involve (1) the close approach of (1) and (2) in a 
similar fashion to that in [Pt(S,N,H)(PR,),]X, (2) 
transfer of the proton from (1) to (2), (3) formation 
of a binuclear Br bridged complex, (4) transfer of 
the phosphine with bridge cleavage and formation 
of (3) and (4). Although this mechanism is specu- 
lative, the reaction shown in eq. (2) further under- 
lines the strong rrans labilizing influence of the sul- 
phur in the S,N$-. Previous evidence for this 
includes the formation of a binuclear complex,g the 
elimination of phosphine and halide from com- 
plexes of the type [Pt(S2N2H)(Br),(PR3),] [BF&* 
and the preparation of [Pt(S2N2H)(S203)(PPh3)] 
[Ph3PNH2]. lo 

P = PMqPh 

7 p\ /ET,S 

4 + 
By ,NyS 

/pt\S LN p/pd\s_i I (2) 
P 

We have recently reported the crystal structure 
of the platinum analogue of (3) which revealed the 
bromine to be tram to sulphur ; although we have 
yet to perform an X-ray analysis of (3) it is reason- 
able to assume that it has a similar structure. The 
only other reasonable structure which could fit the 
above observations would be one in which the 
bromine was tram to nitrogen rather than sul- 
phur. However, this would be contrary to the 
results obtained for platinum complexes such 
as lPt(%N,H) @rMPMdW21BF4, WAW (1) 
(PMe,Ph), and [pt(SZNz)(PPh3)]2,9 which indicate that 
it is the phosphine tram to sulphur which is the 
most labile. 

We have yet to establish a mechanism for the 
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Abstract-The standard enthalpies of formation, at 298 K, of the 1-phenyl- 1,3-butanedione 
(HBZAC) and l,l, 1 -trifluoro-2,4-pentanedione (HTFAC) crystalline complexes of 
cobalt(B) were determined by precise solution-reaction calorimetry: 

AHfO{Co(BZAC),,cr} = - 632 f 6.0 kJ mol- ’ 

AHfO{Co(TFAC),,cr} = -2140flOkJmol-‘. 

The average molar bond-dissociation enthalpies, (D)(Co-Q) were derived. 

Previous determinations of the standard enthalpies 
of formation of cobalt(I1) /I-diketonates are limited 
to the complexes of 2,4-pentanedione (HACAC) 
and 2,2,6,6-tetramethyl-3,5heptanedione (HDPM). 
For Co(ACAC)* the published values differ widely, 
Kakolowicz and Giera’ give - 884.1+ 2.1 kJ 
mol-‘, whilst Irving and Ribeiro da Silva’ give 
-864-& 3 kJ mall’. Kakolowicz measured the 
enthalpy of hydrolysis in aqueous hydrochloric 
and the derived enthalpy of formation was related 
to that of CoCl, - 6H,O(s), using AH/o(CoCl, * 
6Hz0, s) = -2129.2 kJ mol-’ taken from the NBS 
Circular 500 :3 the revision of this compilation4 
gives AHfo(CoC1, - 6H,O, s) = - 2115.4 kJ mol-’ ; 
recalculating the Kakolowicz and Giera value from 
data in their paper, one obtains AHJO(CO(ACAC)~, 
s) = - 871.4 kJ mol-‘, closer to the Irving and 
Ribeiro da Silva value. For CO(DPM)~, Giera and 
Kakolowicz’ used in their calculations the old 
value for the enthalpy of formation of CoCl, - 
6H,O(s) and so, by making the same revision, 
their calculated standard enthalpy of formation of 
Co(DPM),shouldbe -1212.3+7.6kJmoll’. 

This paper reports the determination of the stan- 
dard enthalpies of formation of two cobalt(I1) B- 
diketonates to investigate the effect of structural 

* Author to whom correspondence should be addressed. 

changes in the ligand upon the mean molar (Co-O) 
bond-dissociation enthalpy. 

EXPERIMENTAL 

The solution calorimeter. The isoperibol LKB 
8700 reaction and solution precision calorimeter 
was used. The operation and calculation methods 
have been described.6,7 The accuracy of the calor- 
imeter was checked by ‘measuring the molar en- 
thalpy of a solution of tris(hydroxymethyl)amino- 
methane (THAM) in aqueous 0.100 mol drn- 3 
HCl at 298.15 K: AH:!‘= -29.7kO.02 kJ 
mol- ‘, in agreement with the value of Kilday 
and Prosen AH:” = - 29.77 +0.03 kJ mall ‘. 

1-Phenylbutane-1,3-dione. HBZAC (Koch-Light 
Laboratories Ltd) was purified by repeated crys- 
tallization from ethanol and water; m.p. = 54°C 
(lit. 56°C’). Found : C, 73.9 ; H, 6.2. Calc. for 
C’,,Hl,,02 : C, 74.1 ; H, 6.2%. 

1 , l , l-Trifluoropentune-2,4dione. HTFAC (Koch- 
Light Laboratories Ltd) was purified by fractional 
distillation in a vacuum and the purity was 
assessed as greater than 99.9 mol% by g.1.c. 
using two different columns. The purified j&di- 
ketone was stored under nitrogen in the dark and 
was freshly distilled prior to use. 

Bis(1 - phenylbutane - 1,3 - dionato)cobalt(ZZ). 
CO(BZAC)~ was prepared as described by Cotton 
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and Helm,” purified by crystallization from ethanol 
and dehydrated by heating in uacuo, at 353 K, for 
24 h. Found : C, 62.2 ; H, 4.7 ; Co, 15.4. Calc. for 
C2,H,,04Co: C, 63.0; H, 4.8; Co, 15.4%. 

Bis( 1 ,l, 1 - trijluoropentane-2,4-dionato)cobalt(H). 
Co(TFAC), was prepared as described by Holm 
and Cotton,” purified by crystallization from 
ethanol and water and dehydrated by heating 
in uacuo, at 333 K, for 24 h. Found : C, 32.9 ; H, 2.2 ; 
Co, 16.2. Calc. for C,,H,O,F,Co : C, 32.9 ; H, 2.2 ; 
Co, 16.1 %. 

Cobalt(U) sulphate hexakydrate. This was 
obtained from the corresponding heptahydrate 
(B.D.H., AnalaR) by dehydration in a vacuum des- 
iccator until the composition was found to be 
CoSO, - 6.00H20, exactly. 

Sulphuric acid. 1 mol dm-3 H2S04 was made 
from a B.D.H. concentrated volumetric solution ; 
the concentration was checked by acid-base titra- 
tion against Na2B407 * lOH,O and found to be (by 
a series of six titrations) 1 .OOO + 0.002 mol dmm3, 
which corresponds’ to the composition H2S04 - 
53.54H20. 

Hydrochloric acid. Concentrated HCl (B.D.H., 
AnalaR) was diluted with distilled water; the con- 
centration was determined by titration against 
Na2B407 - 10HZO and found to be (by a series of six 
titrations) 4.213 f 0.003 mol dmm3. 

1,4-Dioxan. 1 ,CDioxan (Carl Erba) was purified 
according to ref. 12. 

Analyses. Carbon and hydrogen analyses were 
carried out by the Microanalytical Service of the 
University of Surrey ; cobalt was analysed by the 
ethylenediaminetetra-acid method.13 The relative 
atomic masses used were those recommended by 
the IUPAC Commission.‘4 

RESULTS AND DISCUSSION 

Preliminary tests of solubility showed that rapid 
hydrolyses of the cobalt(H) /3-diketonates com- 
plexes occurred using 0.75 (1,Cdioxan) and 0.25 
HCl(aq, 4.2 mol dm-3) by volume as the initial 
calorimetric solvent. 

The standard molar enthalpies of formation of 
Co(BZAC)* and Co(TFAC)* were determined, at 
298.15 K, from the thermochemical reaction : 

CoLz(s)+H2S04. 53.54H,0(13-3 

47.54H20(1)+CoS04* 6.00H,O(s)+2HL(s or I). 

The same batch of solvent was used for both 
complexes. The enthalpies of the thermochemical 
reactions were determined by measuring the 
enthalpies of solution of the reactants and products 
successively in the initial calorimetric solvent so that 

and M. L. C. C. H. FERRAO 

the final solution resulting from dissolution of all 
reactants was of the same composition as that from 
dissolution of all products. The difference between 
the molar enthalpies of solution of products and 
reactants, in the correct stoichiometric ratio, gives 
the enthalpy of the thermochemical reaction (AH,“>, 
provided equilibrium is reached from either side, 
within the period of the experiment. This was 
checked by mixing the final solution of reactants 
into the final solution of products, with no heat 
detected. 

The experimental results are summarized in 
Table 1, where, in accordance with normal ther- 
mochemical practice, the errors given are uncer- 
tainty intervals, i.e. twice the standard deviation of 
the mean. The enthalpies of the thermochemical 
reactions were derived from the values in Table 1 
according to 

Aff,O[c~(BzAc),j = AH, + AH, - 47.54~~~ 
- AH5 - 2AH, 

= -119.9+0.8kJmoll’, 

AH:[Co(TFAC),] = AH, + AH, - 47.54AH4 
-AH, - 2AH, 

= 46.0k0.8kJmoll’. 

With the following auxiliary data, AHF(H,O, 1) 
= -285.83+_0.04 kJ mall ‘,I5 AHj(H2S04 in 53.54 
H20, 1) = -886.9+0.3 kJ mol-‘,4 AHj’(CoSO,* 
6.00H20, s) = -2684.0_+2 kJ mol-‘,4 and from 
the standard enthalpies of formation of the 
different ligands (Table 2), the standard molar 
enthalpies of formation of the crystalline 
cobalt(H) complexes were derived. 

To derive the enthalpies of formation of these 
complexes in the gaseous state, the enthalpies of 
sublimation are needed. Measurements of these 
enthalpies of sublimation, using the “vacuum subli- 
mation” drop calorimetric method,*’ were un- 
successful because for temperatures at which the 
vapour pressure was sufficiently high to permit vac- 
uum sublimation, partial thermal decomposition 
occurred. So, the standard enthalpies of sub- 
limation of the crystalline cobalt(I1) complexes were 
estimated on the basis of their structure, molecular 
weight and other known values for similar 
complexes, using an estimation scheme? 

Table 3 lists the estimated enthalpies of sub- 
limation and the standard enthalpies of formation, 
in the crystalline and gaseous states of the com- 
plexes studied, together with the corresponding 
values for the bis(pentane-2,4-dionato)cobalt(II), 
recalculated from the value of Irving and Ribeiro 
da Silva2 using the most recent auxiliary data. 

The mean cobalt-oxygen bond-dissociation 
enthalpies, (D)(Co-0), may be defined as l/4 of 



Bis(j?-diketonate)cobalt(II) complexes 

Table 1. Molar enthalpies of solution and reaction at 298.15 K 

AHi 

1 Reactant Solvent Solution No. of expts (kJ mol-‘) 

1 H2S0,.53.54H,0(1) initial A, 6 - 57.93 f0.27 
2 Co(BZAC),(s) A, B, 5 - 16.34kO.27 
3 Co(TFAC),(s) A, B* 5 -39.55kO.31 
4 H@(l) initial A, 5 - 0.999 rf: 0.004 
5 coso, * 6.00H,(s) A, A, 6 +41.25+0.60 
6 HBZAC(s) A, B’, 5 +25.93f0.15 
7 HTFAC(I) A, B; 5 -22.64+0.19 
8 Solution B, B’, B, = B’, 5 0.00+0.05 
9 Solution B, B; B, = B; 5 O.OOf0.06 
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Table 2. Standard molar enthalpies of formation and 
vaporization of the ligands at 298.15 K 

AH/“(s or 1) AH&sub AH/o(enol, g) 
Ligand (kJ mol-‘) (kJ mol-‘) (kJ mol-‘) 

HCAC(1) -425fl.0” f41.8f0.2’ -384kl.O 
HBZAC(s) -335k2.8’ +83.8f0.4d -251 f2.9 
HTFAC(1) - 1051 f5.0 t-37.2&0.2’ - 1014f5.0’ 
HDPM(I) -588+3.8’ +59.5+0.1’ -528k3.8 

“Ref. 16. 
*Ref. 17. 
‘Ref. 18. 
dRef. 19. 
‘Ref. 20. 
/Estimated by using a Group Scheme. 

the enthalpy of the disruption reaction : 

CoL(i3) + Co(g> + Wg) 

AH~i,, = AHfo(Co, g) + 2AH,O(HL, enol, g) 
- 2AHfO(H, g) - AHfo(CoL,, g) 
+ 2D(O--H, HL, enol) 

where D(O-H, HL, enol) is the molar enthalpy of 
dissociation of the enolic hydrogen in the parent 
ligand 

HL(g) + L(g) + H(g). 

Table 3. Standard molar enthalpies of formation and 
sublimation at 298.15 K 

AH/o(s) A&% AH/o(g) 
Complex (kJ mol-‘) (kJ mol-‘) (kJ mol-‘) 

Co(ACAC), -868_t3” 117f16’ -751 f16 
Co(BZAC), -632+6 150f lo* -482+ 12 
Co(TFAC), -2140f 10 1lOf 106 -2030+ 14 

’ Ref. 2. 
b Estimated values. 

There are no measured values for the molar 
enthalpy of dissociation of the enolic hydrogen 
from /?-diketones. Different values have been 
estimated for this parameter, and the situation 
has recently been reviewed.22 In this work, for 
comparison reasons the value D(O-H, HL, 
enol) = 420 f 20 kJ mol-‘,22 is used. 

With AH)O(H, g) = 218.00+_0.01 kJ mall’,’ 
AH/o(Co, g) = 425k4 kJ mol-‘,5 the mean 
cobalt(II)-oxygen bond-dissociation enthalpies. 
(D)(Co”-0) for the complexes studied here. 
and also for Co(ACAC), and Co(DPM),, were 
derived and are listed in Table 4. Values of 
(D)(Co”‘--0) in some cobalt(II1) /I-diketonates 
are also listed in Table 4. 

Within the uncertainties associated with the mean 
cobalt(II)-oxygen bond-dissociation enthalpies, 
there are no significant differences on 
(D)(Co”-0) for the various cobalt(I1) b- 
diketonates. Inductive effects due to -CF, or 
-CsH5 substitution in the ligand appear to have 
no influence, or only a very small one, on the 
donor properties of oxygen. This effect has 
already been observed for complexes of B-di- 
ketones with Be(II),24 A1(III),24 CU(II),~~ Cr(III),26 
Fe(III)27 and C0(111).*~ 

Table 4. Mean cobalt-oxygen bond-dissocia- 
tion enthalpies 

(D)(Co”-0) (D)Co”‘-o) 
Ligand (kJ mol-‘) (kJ mol-‘) 

HACAC 202+ 11” 

HBZAC 201+ 10 164+ lO* 
HTFAC 206+11 177+11* 
HDPM 209+11’ 171 f IO* 

“Ref. 2. 
*Ref. 23. 
‘Derived from Ref. 4. 
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It has been pointed out** that, in general, for a 
series of MX, molecules, the trends in (D) 
(M-X) are primarily dependent on the number 
of X ligands and not on the oxidation number 
of M : (D)(M-X) decreases as n increases and 
normally iz increases as the oxidation number of M 
increases. The data of Table 4 show that for the 
cobalt P-diketonates (D)(Co-0) is greater in the 
Co(I1) complexes, CoL2, than for the Co(II1) com- 
plexes, CoL,. The larger values for (D) 
(Co”-0) in comparison to (D)(Co”‘--0), for 
the same complexes, can also be assignedz9 to the 
increase in electronic density of the metal atom. 
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Abstract-Selective alkane hydroxylation has been investigated employing O2 in the pres- 
ence of PhNHNHPh, PhC02H and the catalyst, [Fepy,Cl,]. The conversion of cyclohexane 
to cyclohexanol and the direct reaction between PhNHNHPh and O2 were studied kinet- 
ically in the presence of the catalyst. These studies, together with an examination of a range 
of potential reaction intermediates, suggest that the active species for alkane hydroxylation 
is an iron-hydroperoxide complex. Hydrazobenzene plays an essential role in the formation 
of this intermediate. However, a competitive reaction of the hydroperoxide complex leads 
to the formation of a [Fe(II)(H,O,)]-complex which reacts further with PhNHNHPh. A 
comparison of the efficiency of a range of iron complexes and a range of substituted 
hydrazobenzenes in promoting alkane hydroxylation is reported. This oxidation system 
cannot be viewed as a model for cytochrome P450. 

Selective oxidation of hydrocarbons has been the 
subject of many studies in recent years. In particu- 
lar, the action of the mono-oxygenase, cytochrome 
P45,, and systems believed to model its behaviour 
have been extensively investigated.’ There is now a 
substantial body of evidence that the crucial inter- 
mediate in such reactions contains the ferry1 
unit, which may be considered as consisting of 
[L(Por)Fe(V)=O] or [L(Por+)Fe(Iw] (Por = 
porphyrinato dianion).’ There also exists a large 
group of iron-based “model” oxidation systems 
which are not so well characterized,3-7 in many cases 
the veracity of the model depending on isolated 
criteria such as overall stoichiometry or product 
distribution. A further group of oxidation systems 
that do not contain iron-based complexes have also 
been reported.8-” By employing kinetic isotope 
effect studies of the oxidative demethylation of 
anisole, Lindsay Smith and Sleath have shown that 
the majority of the iron-based systems do not model 
the behaviour of cytochrome P45,, and probably 
function through oxidation by the hydroxyl 
radical. I2 

The system, Fe(II)-complex/PhNHNHPh/ 
carboxylic acid/O, reported by Mimoun and 

*Author to whom correspondence should be addressed. 

Seree de Roth has been shown to lead to selective 
hydroxylation of alkanes, alkenes and arenes,’ but 
was not amongst those studied by Lindsay Smith 
and Sleath. ’ * The overall stoichiometry of this reac- 
tion [eq. (l)] parallels that of cytochrome P,,, 

[es. CU. 
RH + PhNHNHPh + O2 

=ROH+PhN:NPh+H20 (1) 

RH+02+2e-+2H+%ROH+H20. (2) 

There is also considerable product selectivity. Thus, 
oxidation of cyclohexane gives cyclohexanol and 
cyclohexanone in a ratio varying between 7 : 1 and 
50 : 1 depending upon the reaction conditions. The 
efficiency of the reaction is limited (turnover = 1.6 
h-’ at 2O”C, employing [Fe(py),C12] and PhCO,H 
in acetone), but this appears to largely arise by 
virtue of the direct oxidation of hydrazobenzene, 
thereby consuming the essential source of “hydro- 
gen” in an unproductive side reaction. (Cytochrome 
P450 receives the hydrogen required for hydrox- 
ylation in the form of two protons and two elec- 
trons ; the Mimoun system receives hydrogen from 
hydrazobenzene.) In a typical hydroxylation reac- 
tion, between four and five moles of hydra- 

425 
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zobenzene are consumed in producing one mole 
of cyclohexanol, the exact figure depending on the 
conditions and catalyst used. Nevertheless, this sys- 
tem is of considerable interest, since hydra- 
zobenzene can be regenerated from azobenzene in 
a separate step by hydrogenation, thereby giving 
the overall stoichiometry shown in eq. (3). 

RH+O,+H* + ROH+H20. (3) 

More recently, Sawyer et al. have developed an 

analogous system and have applied this to the oxi- 
dation of a range of compounds, but not to 
alkanes.13 They have provided evidence that such 
reactions proceed by a mechanism involving: (i) 
an O,-activation segment, leading to production of 
H202 from O2 and PhNHNHPh, and (ii) an H202- 
activation segment which leads to oxidation. This 
group have also developed a related system using 
anhydrous H202. I4 Others have used related 
Fe(IT)/H202 systems in mixed aqueous solvents. 
Although such reactions were originally thought to 
involve the [Fe01 *+ intermediate in the oxidation 
of both aliphatic and aromatic C-H bonds,‘5,‘h it 
has now been shown that the hydroxyl radical is 
the active oxidant.” Thus, these systems have been 
termed “non-aqueous Fenton reagents”. 

Herein we report our studies of the Mimoun sys- 
tem utilizing [Fe(py),Cl,]/PhNHNHPh/benzoic 
acid/O, in acetone for the oxidation of cyclohexane. 
We also report a separate study of the oxidation of 
PhNHNHPh by 0, in the presence of [Fe(py),ClJ 
and PhC02H. Previous mechanistic studies of 
hydrazobenzene oxidation have been confined to an 
examination of the reaction in aqueous solvents.‘s’9 

RESULTS 

(i) The catalysed oxidation of hydrazobenzene 

The reaction between hydrazobenzene and O2 in 
the presence of [Fe(py),Cl,] and PhC02H in acetone 
has been studied. The only product was found to 
be azobenzene. The stoichiometry of the reaction 
was strictly 2 : 1 (PhNHNHPh : 0,) when benzoic 
acid was present. However, in the absence of the 
acid it was not possible to obtain reproducible 
results for this determination. 

A kinetic study has been carried out on the reac- 
tion. Examination of the dependence of the rate 
upon the concentration of benzoic acid gave rise to 
the plot shown in Fig. 1 (PhNHNHPh con- 
centration 2.6 x lo-* M, [WM4C1J con- 
centration 1.3 x lo-* M). At concentrations of 
PhCO,H below 4 x 10m2 M, the reaction was not 
well behaved and the solution was heterogenous, 

0 
I I I I I I 

2 4 6 8 IO 12 

IO2 [Benzoic acidl/M 

Fig. 1. Variation in the rate of azobenzene formation 
with benzoic acid concentration. 

containing a flocculent precipitate. Thus, all other 
aspects of this study were carried out in the presence 
of a PhC02H concentration at least equal to that of 
PhNHNHPh. Under these conditions, the reaction 
was found to show a first order dependence on the 
concentration of PhNHNHPh (Fig. 2). The depen- 
dence on the concentration of [Fe(py),ClJ (Fig. 3) 
was also found to be first order, but the plot showed 
a positive intercept indicating an accompanying 
uncatalysed oxidation process. Further evidence for 
this behaviour was obtained from examination of 
the variation in the rate of reaction with O2 partial 
pressure (Fig. 4). Line (a) in Fig. 4 shows the vari- 
ation in the presence of [Fe(py),C12] and line (b) 
shows the variation in the absence of the catalyst. 
It is clear that the positive slope in line (a) arises 
from the uncatalysed process and thus the catalysed 
reaction is independant of oxygen concentration. 
The overall rate law for PhN : NPh formation in the 
presence of [Fe(py),C12] is thus of the form shown 
in eq. (3), with the catalysed component exhibiting 

3- 

2- 

%I 

P 

(L 3 

h 

0 I 2 3 4 

IO2 CHydrazatmnzenel/M 

Fig. 2. Variation in the rate of azobenzene formation 
with hydrazobenzene concentration. 
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IO3 CFeC12tpyLJ/M 

Fig. 3. Variation in the rate of azobenzene formation 
with [FeCl,(py),] concentration. 

the rate law shown in eq. (4). 

d(PhN : NPh) 

dt = 

~&dWwP-%lo + kbdoJ PhNHNHPhl 
d(PhN : NPh) 

dt = 

kb,s[Fe(py),Cl,lo[PhNHNHPhl. 

(3) 

(4) 

In view of the fact that this reaction shows sim- 
ultaneous catalysed and uncatalysed components it 
is not possible to calculate meaningful activation 
parameters.” 

Oxidation of cyclohexane by the [Fe(py),Cl,]/ 
PhNHNHPh/PhCO,H/O, system in acetone yielded 
only azobenzene, cyclohexanol and cyclohex- 
anone, as previously reported by Mimoun and 
Seree de Roch.6 A rigorous search was made (g.c. 
and g.c.-m.s.) for other products, but none 
was found. There is therefore no further oxidation 
of cyclohexanol or cyclohexanone, or oxidation of 
the solvent, acetone or the ligand, pyridine. Use of 
cyclohexanol as the substrate in place of cyclohex- 
ane gave only trace quantities of cyclohexane-1,3- 
and -l,Cdiols, and no cyclohexanone was detected. 

Variation in the relative rate of the catalysed A kinetic study of the formation of cyclohexanol 
reaction of PhNHNHPh for complexes of the type revealed the reaction rate to be independant of the 
[Fe(4-RCSH4N),J&] (R = H, Me, Et, Bu’) is shown partial pressure of oxygen and to display a first 
in Table 1. Also included in this table are relative order dependence on [Fe(py),Cl,], (Fig. 5). A first 
rates of reaction of some substituted hydra- order dependence of the rate on cyclohexane con- 
zobenzenes in the presence of [Fe(py),Clz]. centration was also observed (Fig. 6), although 

0 0.2 0.4 0.6 0.6 1.0 

PO,/atm. 

Fig. 4. Variation in the rate of azobenzene with oxygen 
partial pressure, (a) in the presence of [FeCl,(py),] and 

(b) in the absence of [FeCl,(py),]. 

(ii) The catalysed oxidation of cyclohexane in the 
presence of [Fe(py),Cl,] and hydrazobenzene 

Table 1. Dependence of the rate of hydrazobenzene oxidation upon 
the nature of the catalyst and the substrate 

Catalyst Reagent 
Relative 

rate 

WpyW2 PhNHNHPh 1.0 
Fe(CMeC,H,N),Clz PhNHNHPh 0.8 
Fe(4-EtC,H,N),CI, PhNHNHPh 0.79 
Fe(4-Bu’C,H,N),Cl, PhNHNHPh 0.84 
Fe(Py)G 2-MeC,H,NHNHPh 0.85 

FeW)G 2-Et($H,NHNHPh 0.75 
FeW),Cl, (2-MeCsH4NH)2 0.75 
FeQWG (ZEtC,H.,NH), 0.45 
Fe(py),Clz 2-MeOCsH,NHNHPh 1.30 
Fe(py)G 4-MeCsH,NHNHPh 1.65 
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Fig. 5. Variation in the rate of cyclohexanol formation 
with [FeCl,(py),] concentration. 

some deviation occurred at higher concentrations. 
Unfortunately, lack of miscibility between the 
alkane and the water generated during the reaction, 
limited the investigation to the range of con- 
centrations shown and may have affected the qual- 
ity of the data at the higher end of this range. 

The dependence of the rate of reaction upon 
PhNHNHPh concentration was found to be of the 
Michelis-Menten type (Fig. 7) and the cor- 
responding Lineweaver-Burke plot2’ is shown in 
Fig. 8. The rate equation for this reaction is, there- 
fore, of the form shown in eq. (5). 

k[Fe(py),CWo[C,H121 PhNHNHPhl 
(k’ + k”[PhNHNHPh]) 

* (5) 

Oxidation of &Hi2 and CsD12 by the above sys- 
tem gave rise to a kH/k, ratio of 1 : 61. Oxida- 
tion of cyclohexane by [Fe(py),ClJPhNHNHPh/ 

I I I I 
0 I 2 3 4 5 

[CyclohexarWM 

Fig. 6. Variation in the rate of cyclohexanol formation 
with cyclohexane concentration. 
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Fig. 7. Variation in the rate of cyclohexanol formation 
with hydrazobenzene concentration. 

PhC02H/H202 was previously reported to give 
poor yields of cyclohexanol and cyclohexanone 
compared to reactions in the presence of OZ. Such 
reactions also show a marked alteration in selec- 
tivity [-ol/-one ratio = 56 in the presence of 
FeC1,/PhNHNHPh/PhCO,H/Oz ; -ol/-one ratio = 
0.29 in the presence of FeCl,/PhNHNHPh/ 
PhC02H/H202 (-ol/-one ratio = ratio of the 
yields of cyclohexanol to cyclohexanone)].6 We 
have confirmed these findings and have also ob- 
served low yields and low -ol/-one ratios by 
employing either aqueous H202 or anhydrous 
H202 in the absence of PhNHNHPh. Reactions 
employing either iodosylbenzene or para-cyano- 
dimethyl-aniline-N-oxide (p-CDMANO) in both 
the presence and absence of hydrazobenzene gave 
negligible yields of oxidation products. Further- 
more, no reaction was observed between styrene 
and either PhIO or PhIO and PhNHNHPh in 
the presence of [Fe(py),Cl,], whereas a similar 
reaction between PhTO and styrene in the presence 

6 
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7 

6 
c 
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Fig. 8. Plot of the reciprocal of the rate of cyclohexanol 
formation with the reciprocal of the hydrazobenzene con- 

centration. 
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Fig. 9. Plot of the formation of cyclohexanol with sequen- 
tial additions of hydrazobenzene [at points (a), (b) and 

(c)l. 

of [Fe(TPP)Cl] (TPP = tetraphenylporphyrinate) 
yielded styrene oxide and phenylacetaldehyde (9.92 
and 2.82% respectively based on PhIO). 

When a reaction between cyclohexane and O2 
in the presence of [Fe(py)Q] and PhCO*H was 
carried out with sequential addition of 
PhNHNHPh, the behaviour shown in Fig. 9 was 
observed. Thus, with consecutive additions of 
PhNHNHPh, the reaction was sustained and this 
behaviour was observed for 15 consecutive 
additions. 

Reactions of adamantane with O2 in the presence 
of [Fe(py)&12]/PhNHNHPh/CH3C02H yielded the 
results shown in Table 2. Similar reactions carried 
out in the presence of Ccl, produced reduced 
amounts of adamantanols and adamantanone, but 
gave amounts of chloroadamantanes such that the 

total conversion of adamantane was maintained at 
a level approximately equal to that in the absence 
of Ccl, (Table 3). Similar results were obtained 
for analogous comparisons of the conversion of 
cyclohexane in the presence and absence of CC&. 

An examination has been carried out on the effect 
of variations in the nature of the catalyst and the 
hydrazobenzene derivative used for oxidation of 
cyclohexane. These results are contained in Tables 
4-6, and comparisons have been made of the -ol/- 
one ratio and the ratio of number of moles of hydra- 
zobenzene derivative consumed per mole of oxid- 
ized products formed (n). 

(iii) Nature of the catalyst in solution 

[Fe(py),ClJ was found to be unstable in ace- 
tone solution under nitrogen in the absence of ben- 
zoic acid, forming a flocculent percipitate. 
However, the complex formed a stable homo- 
geneous solution in acetone in the presence of 
PhC02H or in dimethylformamide in the absence 
of acid. Infrared spectroscopic studies of such solu- 
tions showed bands attributable to both coor- 
dinated and free pyridine. However, we were unable 
to obtain direct evidence for the formation of com- 
plexes involving coordinated DMF, PhC02H or 
PhCO, . 

Measurements of the magnetic moment of 
[Fe(py),Cl,] in DMF solution using the NMR 
method were obtained.22 Such data could not be 
obtained for [Fe(py),Q] in acetone/PhCO,H due 
to limited solubility, however, the improved solu- 
bility of [Fe(4-Bu’C,H,N),Cl,) in this solvent system 
allowed such measurements to be obtained for this 
complex. The data for these two complexes is con- 
tained in Table 7. Values of approximately 5.0 pLg 
were obtained for both complexes under nitrogen. 
More accurate values could not be obtained since 
the accurate molecular weights of the complexes 
could not be estimated due to pyridine dissociation. 

Table 2. Oxidation of adamantane” 

Fe(py)G PhNHNHPh Yield of Yield of Yield of 
x (lo2 M) x (10 M) adamantan- l-01 (%) adamantan-2-01 (%) adamantanone (%) -ol/-one C2/C3 

0.05596 0.5440 2.57 2.13 0.83 
0.3159 1.095 3.39 3.32 - 0.98 
0.6860 1.089 4.25 4.35 0.03 265.4 1.03 
1.540 1.101 3.64 4.06 0.09 84.1 1.14 
1.738 1.087 4.26 4.21 0.16 52.3 1.02 
3.645 1.090 3.72 3.85 0.17 45.0 1.08 

1.094 0.98 0.86 0.87 

a Concentrations of other components were : acetone, 13.60 M ; CH,CO,H, I .06 M. 
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Attempts to carry out molecular weight deter- 
minations by vapour phase osmometry were unsuc- 
cessful. When oxygen was admitted to the solutions, 
the magnetic moments fell to approximately 2.0 pg 
per iron. Again, more accurate values could not be 
obtained, since the precise nature of the product 
from the reaction between the complexes and oxy- 
gen is unknown. Addition of hydrazobenzene to the 
oxygenated solutions led to the magnetic moments 
being restored to values close to those observed 
under nitrogen. 

Infrared spectroscopic studies of the above solu- 
tions showed the growth of a new band at 870 cm-’ 
when oxygen was admitted to a DMF solution of 
[Fe(py)&]. This band was considerably reduced 
in intensity when PhNHNHPh was added to the 
oxygenated solution. 

DISCUSSION 

Mimoun and Seree de Roth proposed the mech- 
anism shown in Scheme 1 for the hydroxylation of 
alkanes in the presence of [Fe(py),Cl,] and 
PhNHNHPh. The mechanism must be more com- 
plex than that proposed by these workers, since 
it must also account for the over-consumption of 
PhNHNHPh as demonstrated by the value of n 
in Table 6. There is clearly competition between 
PhNHNHPh and C6H,, at some stage in the 
reaction cycle. However, PhNHNHPh is essential 
for alkane hydroxylation since the selectivities 
observed, as shown by the observed -ol/-one ratios, 
are not obtained obtained in absence of this reagent. 

In order to gain information on the mechanisms 
of these processes we have carried out a wide rang- 
ing study. On this basis we propose that the mech- 
anism of the reaction is that shown in Scheme 2. 
In this scheme, the active metal catalyst is simply 
represented as Fe(I1). 

There has been only one previous study on the 
oxidation of hydrazobenzene to azobenzene in the 
presence of metal catalysts. This involved reactions 
in the presence of Cu(I1) ions in aqueous solution.‘g 
The mechanism shown in Scheme 3 was postulated 
but this reaction shows a different stoichiometry 
and different kinetic behaviour from that observed 
in the present study. 

In the presence of [Fe(py),Cl,] and PhCO*H in 
acetone, the reaction stoichiometry is strictly 2: 1 
(PhNHNHPh : 0,) and the overall kinetic behav- 
iour is that shown in eq. (3). This rate equation is 
a composite arising from concurrent catalysed and 
uncatalysed oxidations, and the expression relating 
to the catalysed reaction is shown in eq. (4). Oxi- 
dation of PhNHNHPh in the absence of cyclohex- 
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Table 4. Oxidation of cyclohexane in the presence of a range of catalysts 

Complex n -ol/-one Complex n -ol/-one 

Fe(py).Kl, 4.1 16.8 Fe(py).+Cl, 4.9 15.6 
Fe(dipy)G 9.2 15.5 Fe(salen) 8.6 1.5 
Fe(dipy)G 11.1 16.0 FeBr(CO),) (n3-ally0 4.8 25.0 
FeCl,(anhyd.) 5.0 20.4 [Fe(CO)7(~3-allyl)2 9.3 3.0 
FeCl,(anhyd.) 5.9 18.5 
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Table 5. Oxidation of 
cyclohexane in the presence 
of the catalysts, [Fe(4- 

XGH~N).+Cl21 

X n -ol/-one 

H 4.1 16.8 
Me 4.6 13.2 
Et 4.7 12.2 
Bl.l’ 4.3 16.2 

ane proceeding according to Scheme 2, gives rise to 
the rate expression shown in eq. (6) under con- 
ditions where the reaction of the species represented 
by [Fe(H202)] with PhNHNHPh is the rate deter- 
mining step and the equilibrium defined by K, lies 
well to the right. 

Table 6. Oxidation of cyclohexane in 

the presence of a range of hydrazo- 
benzene derivatives 

Substituents n -ol/-one 

H 4.1 16.8 
2-Me 3.9 16.3 
2-Et 3.6 20.4 
2,2’-Me, 3.7 15.7 
2,2’-Et, 3.3 28.2 
2-Me0 4.6 12.8 
2-Ph 3.3 20.7 
2,2’-Phz 2.8 10.9 
4-Me 4.6 16.7 
4,4-C& 4.5 17.5 
4,4’-Et, 7.0 9.5 
4-COOH 8.9 4.0 
4-COOBu 5.2 18.0 
4-OCONHBu 5.1 23.5 

Table 7. Magnetic moment values of [Fe(py),Cl,] and [Fe(4-Bu’-CsH,N),CIJ 

Complex Magnetic moment (pcB) per iron atom 
under Nz under O2 PhNHNHPh added 

Wpy)4C12 
Fe(CBu’-C,H,N),Cl, 

5.12“ 1.96’ 5.10” 
5.16” 1.92’ 5.20” 

“Based on the formula [FeL,Cl& 
b Based on the formula [L,Fe-0-FeL,]Cl,. 

L,FeiIf +PhNHNHPh+O2 - L,F,e2 

O&H’ 

\ 

,N,+H 

H20 
Ph tj 

Ph 

H+ 
1 

H’ 

L Fe”lOH~oH;/- LnF8!-OOH + PhN:NPh n 

RH 

Scheme 1. 
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Fell + o2 

I1 Kl 

[Fe’I021 

kg PhNHNHPh 
I 

[Fe”‘(OOH)(PhNHNPh)l 

fl x2)1 PhN.NPh [Fd~~(OHII+R~+PhN:NPh+H20 + . 

i 

kb PhNHNHPh 

I 

F&l + ROH [Fe”‘(OH)(PhNHNPh)l + H20 

k5 

J 

Fe’I l PhN:NPh + H20 

Scheme 2. 

PhNHNHPh === PhNNHPh-+ H+ 

PhNNHPh- + Cu2+- PhdNHPh + Cu’ 

the variations in concentration of [Fe(py),ClJ, O-. 
and PhNHNHPh, respectively, give an acceptable 

agreement considering the data was obtained by the 

. initial rate method. 
PhNNHPh + Cu 2+- PhN:NPh l H++ Cu’ 

In an effort to gain some insight into the nature 

cu++ 02 - cu2+ + 02- 

Scheme 3. 

d(PhN : NPh) 

dt 
= 2k4[Fe(py),Cl,],,[PhNHNHPh]. 

(6) 

Employing the rate expressions given in eqs (3) and 
(6), it is’possible to calculate a set of values for kibs 
[eq. (3)], associated with the uncatalysed reaction, 
and for k4 [eq. (6)], associated with the catalysed 
reaction. [k4 is equivalent to kbbs in eq. (3).] This 
data is shown in Table 8 and it may be seen that 
the values for these rate constants obtained using 

of the active catalyst and of the interaction between 
PhNHNHPh and this species, the following studies 
were performed. An IR spectroscopic study dem- 
onstrated the presence of both free and coordin- 
ated pyridine in solutions consisting of either 
[Fe(py),C&] and PhCO*H in acetone, or [Fe(py)&] 
in DMF.It is demonstrated by the relative rate data 
shown in Table 1 that pyridine dissociation is an 
important step of the reaction. Use of 4-substituted 
pyridine ligands containing alkyl groups gave rise 
to reduced rate of reaction, as would be expected, 
because electron donating substituents increase the 
strength of the pyridine_Fe bond. 

We were unable to obtain direct spectroscopic 
evidence for the interaction of PhNHNHPh with 
the catalyst. However, the relative rate data for 
substituted hydrazobenzenes (Table 2) suggest this 

Table 8. Rate constants for the oxidation of hydrazobenzene 

Determination k’( x 10e5 SK’ atm-‘) 

Variation in [Fe(py),Cl,] 1.17 
Variation in [0,] [line (a)] 1.60 
Variation in [0,] [line (b)] 1.44 
Variation in [PhNHNHPh] - 

Mean 1.40 f 0.22 

k4( x 1O-3 M-’ s-‘) 

7.99 
8.53 

9.21 
8.58 f0.61 

a k4 calculated using the man value of k’. 
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may be occurring. Thus hydrazobenzenes con- 
taining electron donating substituents in the 4-pos- 
ition show enhanced reaction rates, in line with a 
stronger interaction between the substrate and the 
metal. 2- and 2,2’-substituted hydrazobenzenes 
show reduced rates, as might be expected from steric 
considerations. 2-MeOC6H4NHNHPh is an excep- 
tion to this trend presumably since here electronic 
effects outweigh steric effects. Since k4 is rate deter- 
mining, these results strictly apply to the reaction 
of the second PhNHNHPh molecule with the 
[Fe(H,O,)] intermediate, however such a finding 
also suggests that the interaction of the [FeO,] com- 
plex with PhNHNHPh is a reasonable possibility. 

Interaction between the catalyst and O2 is clearly 
illustrated by the magnetic measurements in solu- 
tion shown in Table 7. The values of approximately 
5.0 pB obtained for both complexes under nitrogen 
are consistent with the presence of high spin 
Fe(II).23 When oxygen is admitted to the solutions 
the magnetic moments drop to approximately 2.0 
,u~ per iron. This value is not consistent with either 
high spin or low spin Fe(II1) and we ascribe it to the 
formation of a ~-0x0 dimer of the type [py,Cl,Fe-O- 
FeC12py,].24 In accord with this, the IR spectrum of 
such a solution shows a strong band at 870 cm-‘, 
which is not present in the spectra of [Fe(py),Cl,] 
under nitrogen. This absorption is in the region 
associated with the Fe(III)-O-Fe(II1) unit.24 Pre- 
sumably the ~-0x0 dimer arises via a sequence 
beginning with formation of an iron-dioxygen com- 
plex in a manner similar to that observed for 
iron(I1) prophyrin complexes.2s In the presence of 
PhNHNHPh there is no evidence for formation of 
the ~~0x0 dimer and indeed, addition of 
PhNHNHPh to a preformed solution of the ~~0x0 
dimer leads to diminution of the 870 cm-’ band 
in the IR spectrum and to the magnetic moment 
being restored to the original value of approxi- 
mately 5.0 pB. On the basis of these results we sug- 
gest that the active catalytic species is an 
[Fe(II)(O,)] complex rather than the dimer. In sup- 
port of this we find that [(FePc)&-O)] does not 
display the same behaviour as [Fe(py),C12] in both 
PhNHNHPh and cyclohexane oxidation reactions. 
Furthermore, when [Fe,(p3-O)(OAc),(H,O)], is 
used in these reactions, the behaviour also differs 
from that of [Fe(py),Cl,]. Barton et al. have pre- 
viously suggested that such trimers are active cata- 
lysts in related alkane oxidation reactions.26 

We propose that the [Fe(O,)] intermediate reacts 
with coordinated hydrazobenzene to yield an 
[Fe(H,O,)] complex, the reaction proceeding via an 
iron-hydroperoxide intermediate. Sawyer et al. 
have provided good evidence for this mode of reac- 
tion.13 In the present system the [Fe(H,02)] inter- 

mediate subsequently reacts with a second 
PhNHNHPh molecule as shown in Scheme 2. We 
do not, however, favour this second step involving 
formation of a ferry1 intermediate, [Fe02+], as pre- 
viously proposed.13 This aspect will be further dis- 
cussed later in this section. 

The role of the benzoic acid which is necessary 
in reactions performed in acetone has not been com- 
pletely resolved. In the absence of the acid, 
[Fe(py),Cl,] is unstable in acetone, although it is 
stable in DMF. It may be that DMF and either 
PhCO,H or PhCO; are better able to stabilize the 
coordinatively unsaturated complex formed by 
pyridine dissociation, than is acetone. We have not 
been able to obtain spectroscopic evidence con- 
cerning the nature of any interaction between the 
iron complex and either the acid or the benzoate 
anion. Furthermore, removal of the solvent from 
an acetone solution of [Fe(py),Cl,] and PhCOzH 
yields only a physical mixture of the reactants. 

Benzoic acid may well play a further role. 
Although it is a weak acid in aprotic solvents,” it 
may inhibit any tendancy of hydrazobenzene to 
undergo dissociation to PhNHNPh-, thereby 
inhibiting oxidation by a mechanism similar to that 
observed in aqueous solution (Scheme 3). 

A kinetic study of the oxidation of cyclohexane 
in the presence of [Fe(py),Cl,]/PhNHNHPh/ 
PhCO,H/O, yielded a rate expression for cyclo- 
hexanol formation of the type shown in eq. (5). 
This is in accord with the mechanism shown in 
Scheme 2 which gives rise to the rate expression 
shown in eq. (7). 

d(C6H, IOH) 
dt = 

k2k4ksk6[Fe(py)4C121,[PhNHNHPhl[C6H 121 
[ksk4(k3 + k,)[PhNHNHPh] + k3k&+ kJ1. (7) 

Examination of the data of the variation in con- 
centrations of [Fe(py),Cl,] and C6H12, allows the 
calculation of values for the term k2k4k5k6/ 
[k2k4(k3 + k,) [PhNHNHPh] + k3k5(k2 + K4)]. Values 
of 5.98 x lop3 and 4.37 x 10m3 Me2 SK’, respec- 
tively, were obtained. These are in reasonable agree- 
ment in view of the fact that the data were obtained 
using the initial rate method. Variation in the 
concentration of PhNHNHPh gave values of 
(k2+k4)k3/k2k4k6and (k3+ks)/kgk60f214.5 M’and 
547 M s respectively. Use of these values and a value 
for the concentration of PhNHNHPh identical to 
that used in obtaining data for the variation in 
the concentrations of [Fe(py),Cl,] and [C6H ,2] 
gives a further value for k2k4k5k6/[k2k(k3+kS) 
[PhNHNHPh]+k3k5(k2+k4)] of 4.37x 1O-3 M-’ 
SK’. Thus, there is excellent agreement of the 
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data obtained for the production of cyclohexanol. 
Kinetic behaviour of this type can only be 

obtained if the alkane and the second molecule of 
PhNHNHPh each react with different inter- 
mediates, as shown in Scheme 2. Competing reac- 
tions for the same intermediate, for example, the 
[Fe(H,O,)] complex, produce a rate expression of 
the type given in eq. (8). 

d(CsH, ,OH) 
dt = 

k[Fe(py),Cl,lo[PhNHNHPhl Kd121 
k’[PhNHNHPh] + kl)[C6H,2] . (8) 

This is clearly not in accord with the observed 
behaviour. Further evidence against the reaction 
of the alkane with an [Fe(H,O,)] intermediate is 
provided by the observations that reactions involv- 
ing replacement of O2 by either aqueous or anhy- 
drous H202, both in the presence and absence of 
PhNHNHPh, do not exhibit the same selectivity or 
yields as are observed when employing 02. 

Sawyer et uZ.‘~,‘~ have suggested that reactions 
involving [Fe(H,O,)] intermediates proceed by for- 
mation of the [Fe012+ ion as the active intermediate. 
Others have suggested that such reactions can be 
viewed as “non-aqueous Fenton’s reagents” on the 
basis of kinetic isotope effects, product distributions 
and other evidence, and thus involve reactions of 
OH._‘%‘7 In the present system we have found no 
evidence for the reactions involving the [Fe012+ 
intermediate. Thus, reactions of cyclohexane 
involving [Fe(py),Cl,], PhC02H and either iodo- 
sylbenzene or para-cyanodimethylaniline-N-oxide, 
both in the presence and absence of PhNHNHPh, 
which might be expected to yield [Fe012+, give neg- 
ligible yields of oxidation products. 

Furthermore, the kinetic isotope effect for the 
present system was found to be 1.6 1 for cyclohexane 
oxidation. This value is slightly larger than the value 
reported by Groves and van der Puy for cyclohex- 
anol hydroxylation by Fe(II~H202(kH/kD = 1.1 8)16 
and those reported by Smith and Sleath for oxi- 
dative demethylation of anisole by “non-aqueous 
Fenton’s reagents”.12 It is not, however in the range 
expected (kn/kn > 6.0) for systems that model the 
behaviour of cytochrome P450.‘2~28 The value 
obtained in this work is also smaller than that 
shown by reactions employing [VO(O,)L,], which 
are believed to involve the [v(IV)-0-01 species.29 
Further evidence that the present system differs 
from that of Groves and van der Puy comes from 
the fact that, in a separate reaction, we observe only 
trace amounts of hydroxylation, and no dehydro- 
genation of cyclohexanol. Neither does this system 
appear to be acting as a “non-aqueous Fenton reag- 

ent”, since it is unreactive towards the solvent, ace- 
tone, whereas OH’ radicals induce the production 
of Me’ radicals.14328 It is also noteworthy that unlike 
the “non-aqueous Fenton’s reagents”, which con- 
vert anisole into phenol (2.4%) and a mixture of 
methoxyphenols (3.4% ; o : m :p ratio = 87 : 1 : 12), 
the present system yields only phenol (4.3%) and 
o-methoxyphenol (trace amount; could not be 
quantified by g.c.). We are thus driven to the 
conclusion that in the [Fe(py),Cl,]/PhNHNHPh 
system, the alkane undergoes reaction with a metal 
hydroperoxide intermediate: 

Mimoun and Seree de Roth examined the 
efficiency of the [Fe(py),Cl,]/PhNHNHPh/ 
PhCO,H/O, system for oxidation of a range of 
hydrocarbons. In the present study we have con- 
fined our interest to cyclohexane and adamantane. 
The latter has been used as a model substrate by 
Barton et al. in a study of the so-called Gif oxida- 
tion systems. These systems give predominant attack 
at the secondary positions and produce a ketone 
as the major product. It has been proposed that 
the major process in these reactions involves an 
[Fe012+ intermediate, formed via [Fe(OOH)], 
which undergoes insertion into a C-H bond giv- 
ing [Fe(OH)(CHR,)]. Subsequent dehydration 
leads to a carbene, [Fe(CR,)], which reacts further 
with oxygen to give the ketone.31 

The results of the oxidation of adamantane by 
the present system are contained in Table 2. Typical 
conditions produce adamantan-l-01 (4.26%), 
adamantan-2-01 (4.21 Oh) and adamantanone 
(0.16%). The selectivity for hydroxylation is thus, 
large (-ol/-one ratio = 52.3) and the ratio of reac- 

tion at the secondary to tertiary carbon (C2/C3) is 
1.18. The C2/C3 is much larger than that observed 
for reactions of [FeCl(Por)]/PhIO (0.02-0.09),28 but 
is lower than that reported for the Gif system.3’ 
The present system does not appear to follow a 
mechanism similar to that proposed for the Gif 
systems. 

Table 3 contains data for the oxidation of adam- 
antane in the presence of CC&. Under these con- 
ditions, the yields of both isomers of adamantanol 
are reduced, while that of adamantanone remains 
constant. l- and 2-chloroadamantane are formed 
in amounts that lead to an approximate mass bal- 
ance for the conversion of adamantane in the pres- 
ence and absence of Ccl,. The formation of chlo- 
roadamantanes suggests that Ccl, is intercepting 
the alkyl free radicals. The production of such rad- 
icals is part of the proposed mechanism (Scheme 2). 

Data for the oxidation of cyclohexane by 
02/PhNHNHPh/PhC02H in the presence of a 
range of iron complexes is given in Table 4, where 
relative efficiencies are compared in terms of the n 
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value (the ratio of the number of moles of 
PhNHNHPh consumed per mole of oxidized prod- 
ucts formed) and the -ol/-one ratio-a number of 
points emerge. Thus, iron(I1) complexes containing 
chelating ligands (dipy, salen and q3-allyl) are less 
efficient than [Fe(py),Cl& presumably due to 
decreased ligand lability among the chelates. How- 
ever, the efficiency of anhydrous [FeCl,], which pre- 
sumably forms the labile complex [FeCl,(acetone),], 
is also slightly lower than that of [Fe(py),ClJ This 
may, perhaps, reflect an increased rate of 
PhNHNHPh oxidation by the complex. The 
efficiency of iron(II1) complexes is only slightly less 
than that of those of iron( the decrease probably 
arising as a consequence of the necessity to effect 
an initial reduction to iron(I1) by PhNHNHPh. The 
complex, (Fe(CO),(~3-allyl)], is known to readily 
form metal-centred radicals.32 This gives a low n 
value and a drastically different -ol/-one ratio, prob- 
ably reflecting preferential oxidation to a ketone by 
a different mechanism. 

Substituent effects of the pyridine ligands in com- 
plexes of the type [Fe(4-XCSH4N)&12] are dem- 
onstrated in Table 5. Presumably, these trends also 
reflect a reduced propensity for ligand dissociation 
among complexes of alkyl-substituted pyridines, as 
noted earlier. The relative efficiencies of a range 
of substituted hydrazobenzenes are illustrated in 
Table 7. Apparently, steric effects are over-riding in 
reducing the over-consumption of hydrazobenzene, 

since the n value increases both for compounds 
containing electron donating and electron with- 
drawing groups at the 4-position. The lowest n 
values are obtained for compounds with bulky sub- 
stituents at the 2- and 2’- positions. 

In summary, we believe that the [Fe(py),ClJ 
PhNHNHPh/PhCO,H/O, system produces an 
iron-hydroperoxide intermediate which is 
capable of inducing alkane hydroxylation. The 
PhNHNHPh molecule plays an essential role in the 
formation of this intermediate. However a com- 
petitive reaction including the hydroperoxide com- 
plex leading to an [Fe(H,O,)] species allows a fur- 
ther reaction with PhNHNHPh. Possible routes for 
these competing reactions are shown in Scheme 4. 
The system shows great selectivity in alkane 
hydroxylation. 

The source of the small amounts of ketone 
formed could not be investigated in detail since the 
low yields of cyclohexanone precluded an accurate 
kinetic investigation. Evidence has been presented 
showing that alcohol dehydrogenation is not occur- 
ring. It is also relevant that reactions in the presence 
of CC& do not reduce the ketone yield, although 
the alcohol is markedly affected. Although of lower 
accuracy than that for the alcohol, the kinetic 
isotope effect for cyclohexanone formation was 
found to be approximately 5.9, close to the value 
observed by Barton et al. for the Gif system.3’ It is, 
thus, possible that ketone formation arises by a 

F&O \ 
0 

- FellLg\O_] + PhNHNHPh - phz;LO,o. 

‘$.!K 

Ph’ 

/ 
J 

PhN:NPh + 
‘O-H 
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53 

t 
Ph-N I$? 

ik-H 

“7 
Y’ 
Ph 

* F$OH l R- + PhN:NPh 

I 
Fe’1 + ROH 

Scheme 4. 
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non-radical carbene route, as proposed by Barton. 
However, the selectivity of the present system is 
markedly different to the Gif oxidations. 

EXPERIMENTAL 

DWwMW.33 [WbipyW21,34 W(bipyW~1,35 
[Fe(CO)Xq3-CjH5)]2,32 [FeBr(C0)3(n3-C3HJ]‘6 were 
prepared by literature methods. [Fe(4- 
XCSH4N)4Cl,] (X = Me, Et, But) were prepared by 
the method reported for [Fe(py),Cl,]. 3 3 Hydrazo- 
benzene was prepared by direct hydrogenation of 
commercial (impure) hydrazobenzene or azo- 
benzene using HJPd (10% on charcoal), yielding a 
white product which was stored under vacuum at 
- 15°C. Substituted hydrazobenzenes were pre- 
pared according to standard methods3’ 
FeCl, - 4H20 was purified by standing a deoxy- 
genated aqueous solution of the salt over iron pow- 
der for 24 h under N2. Filtration, followed by evap- 
oration of water under reduced pressure, and drying 
gave a pure product. FeCl,(anhyd.) was used as 
received. Iodosylbenzene,38 para-cyanodimethyl- 
aniline-N-oxide @-CDMAN0)39 and anhydrous 
H20214 were prepared by literature methods. Sol- 
vents and liquid reagents were purified by standard 
techniques and distilled under N2 immediately 
prior to use. All solid reagents were used as re- 
ceived. Solvents and liquid reagents were degassed 
by three freeze-pumpthaw cycles prior to use. Gas 
chromatographic analyses were carried out 
on either a Pye-Unicam 204 instrument (2 m 
column ; Carbowax 20M on Chromasorb W), 
equipped with an FID and a Pye-Unicam DP88 
integrator or a Perkin-Elmer Sigma 3B (25 mm 
capillary column; I.D. 0.22 mm, 0.25 pm film, 
B.P.1) equipped with an FID and a Perkin-Elmer 
3600 data station. The internal standard used 
throughout was o-dichlorobenzene. Ultraviolet 
spectra were recorded on a Pye-Unicam SP7-500, 
which was used in single wavelength mode when 
necessary. Infrared spectra were recorded either on 
a Perkin-Elmer 457 spectrometer, or a Perkin- 
Elmer 782 spectrometer, equipped with a 3600 data 
station. ‘H NMR spectra were obtained using either 
a Perkin-Elmer R32, 90 MHz instrument or a 
Brucker WP80,80 MHz, F.T. instrument. 

The oxidation of hydrazobenzene using [Fe(py),CIZ] 

(i) The stoichiometry of the reaction. [Fe(py),Cl,] 
(0.6983 g, 2.1.7 x 10-4mol) and PhCO,H (0.4887 g, 
4.00 x lo- 3 mol) were placed in a round-bottomed 
jacketted reactor fitted with rotatable spoon con- 
taining PhNHNHPh (0.7365 g, 4.00 x 1O-3 mol). 
The vessel contained a sampling port closed by a 

rubber septum. The vessel was evacuated and pre- 
viously degassed acetone (100 cm’) was introduced 
via the septum. Oxygen was admitted to the system 
using a gas burette and the reaction mixture 
was stirred vigorously. The reaction vessel was 
maintained at a temperature of 21.6kO.2”C. 
PhNHNHPh was added to the reaction mixture by 
inverting the spoon and samples were then taken 
from the solution at regular intervals. Each sample 
was analysed by UV spectrometry for azobenzene 
(2, = 447 nm, E = 4.401 x lo3 mol-’ dm’). Absorp- 
tion of oxygen was measured at the time when each 
sample was removed, using the gas burette which 
was also thermostated to maintain it at the same 
sample temperature as the reactor. Measurements 
were made until there was no further change in 
the findings. At this point the stoichiometry of the 
reaction was found to be 2 : 1 (PhNHNHPh : 0,). 

(ii) The kinetics of the reaction. The apparatus 
described in (i) was used for the kinetic study. Typ- 
ically, acetone (20 cm3), PhCO*H (0.1069 g, 
8.76 x lop4 mol) and [Fe(py),C&] (0.0229 g, 
5.19 x lo-’ mol) were placed in the vessel and 
allowed to equilibrate with the oxygen atmosphere. 
(For determination of the order with respect to 

oxygen, gas mixtures consisting of appropriate 
amounts of oxygen and nitrogen were used). At 
least 15 min were allowed for equilibration to the 
reaction temperature of 2 1.6 f 0.2”C, before 
PhNHNHPh (0.1564 g, 8.50 x lop4 mol) was 
added and the reaction was started. Samples were 
removed at intervals and analysed by UV spec- 
trometry as above. Plots of the concentration of 
azobenzene vs time were used to determine the 
initial rate of reaction. 

This method was used to determine the initial 
rates of reaction for varying concentrations of 
PhC02H, PhNHNHPh [Fe(py),C&] and oxygen 
partial pressure, keeping all other factors constant 
for each series of runs. These results are shown in 
Figs l-4. Data for a range of metal complexes and 
a range of substituted hydrazobenzenes is shown in 
Table 1. 

The oxidation of cyclohexane using [Fe(py),Cl,]/ 
PhNHNHPh/PhC02H/0, 

(i) General. In a typical reaction, PhNHNHPh 
(0.7370 g, 4.00 x lop3 mol), PhCO*H (0.4887 g, 
4.00 x lo-’ mol) and [Fe(py),C12] (0.0886 g, 
2.00 x 10m4 mol) were added to a mixture of ace- 
tone (75 cm3) and cyclohexane (75 cm3). The resulting 
solution was stirred under oxygen for 24 h. Yields 
of cyclohexanol and cyclohexanone were deter- 
mined by g.c. Similar reactions were performed 
using a range of metal complexes and a range of 
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substituted hydrazobenzenes. Results are given in 
the text and in Tables 4, 5 and 6. Oxidation of 
admantane, in the presence and absence of CC& was 
carried out under similar conditions, but using 
CH,CO,H. The results are contained in Tables 2 
and 3. 

(ii) The attempted oxidation of cyclohexanol. The 
conditions described in (i) were used for the reaction 
of cyclohexanol. G.c. analyses showed only traces 
of cyclohexan-1,3-diol and cyclohexane- 1 ,Cdiol 
(0.09% and 0.07% respectively based on cyclohex- 
anol). 

(iii) The use of oxygen substitutes. Reactions were 
performed as described in (i), but carried out under 
N2 using vigorously deoxygenated materials and gave 
no discernible oxidation products in the presence 
of PhIO or p-CDMANO. 

(iv) Determination of the kinetic isotope eflect. 

Parallel reactions were carried out under identical 
conditions using cyclohexane and cyclohexane_D,, 
respectively. Values of kh/kD were found to be 1.61, 
5.90 and 1.63 for cyclohexanol, cyclohexanone, and 
cyclohexanol+ cyclohexanone respectively. 

(v) The kinetics of the reaction. The kinetics of the 
oxidation of cyclohexane were investigated using a 
method exactly analogous to that used for the study 
of PhNHNHPh. Typical conditions were: 
[Fe(py)&] (0.0230 g, 5.19 x 1O-5 mol), 
PhNHNHPh (0.1027 g, 5.57 x 1 O-4 mol), PhC02H 
(0.1069 g, 8.75 x 10m4 mol), cyclohexane (5.0 cm’, 
0.046 mol) and acetone (15 cm3), temperature, 
21.6 f 0.2”C. The effect of varying the con- 
centration of [Fe(py),Cl,], PhNHNHPh, CsH,* and 
oxygen partial pressure upon the initial rate of reac- 
tion were each determined. The total volume of 
mixture was kept constant by varying the amount 
of acetone. The results are shown in Figs 5-8. 
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Abstract-The Tb, Dy, Ho, Er, Tm, Yb and Lu (Ln) complexes of 2,6_diacetylpyridine- 
dihydrazone (L) with chlorides, perchlorates and nitrates as counterions have been 
prepared and characterized by spectral data, thermal and elemental analysis. They are 
formulated as [LnL2(H20)z]C13*2H20, [LnL2(H20),]~(C10,),~2H,0 and [LnL(N03)j 
(H20)d *2Hz0. The hydrazone acts as a terdentate NNN donor ligand and the nitrates 
appear to coordinate in the monodentate fashion. 

Due to the physiological activity, chelating capa- 
bility and analytical application of hydrazones, and 
continuing our studies on the complexes of lan- 
thanides with acyclic and macrocyclic nitrogen 
donor ligands, we describe here the preparation 
and characterization of the complexes of heavier 
lanthanide (TbLu) chlorides, perchlorates and 
nitrates with 2,6_diacetylpyridinedihydrazone. In 
Part I in the series we reported the synthesis and 
properties of the lighter lanthanide (La-Gd) com- 
plexes of this ligand. ’ 

EXPERIMENTAL 

The preparation of the lanthanide salts and 
2,6_diacetylpyridinehydrazone (L) was described 
earlier. ‘s2 

The Tb, Dy, Ho, Er, Tm, Yb and Lu complexes 
of L were synthesized by direct reaction of the metal 
chlorides, perchlorates or nitrates with the ligand 
inethanol,intheM:Lratios l:l, 1:2, 1:3or 1:4 
according to the procedure of a previous paper. ’ 

The IR spectra were recorded using CsI pellets 

* Presented in part at the 2nd International Conference 
on the Basic and Applied Chemistry of ,f-Transition (Lan- 
thanide and Actinide) and Related Elements, Lisboa, 
Portugal, 6-10 April, 1987. For Part I see ref. 1. 

t Author to whom correspondence should be addressed. 

in the range 4000-200 cm- ’ on a Perkin-Elmer 580 
IR spectrophotometer. The electronic spectra were 
measured on a Beckman 25 spectrophotometer. 
The NMR spectra were run on a Varian EM-360 
60 MHz spectrometer for solutions in DMS@d6 
using TMS as an internal standard. Thermogravi- 
metric measurements were performed using 
the Derivatograph OD-102, MOM. 

RESULTS AND DISCUSSION 

From the reaction of chlorides and perchlorates 
of Tb, Dy, Ho, Er, Tm, Yb and Lu with 2,6-diace- 
tylpyridinedihydrazone, the yellow air stable com- 
plexes with the metal to ligand stoichiometries of 
1 : 2 were isolated irrespective of the molar pro- 
portions of starting materials. With the small but 
strongly coordinating nitrates as counterions all 
heavier lanthanides form 1 : 1 complexes. All the 
complexes are appreciably soluble in DMSO and 
slightly soluble in acetonitrile. 

The stoichiometry and the mode of coordination 
in the complexes were deduced by means of elemen- 
tal and thermal analysis and spectral data (IR, UV- 
vis and ‘H NMR). Table 1 reports the results of 
elemental analysis of the complexes. 

The IR spectra of the complexes (Tables 2 and 
3) in the region 4000-200 cm-’ are analysed in 
comparison with that of the free ligand. This data 
gives evidence for the coordination of 2,6-diacetyl- 

439 
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Table 1. Analytical data for the lanthanide complexes of 2,6_diacetylpyridinedihydrazone (L) 

Compound 
Calculated Found 

%C %H %N %C % H %N 

30.0 4.8 19.5 30.1 4.7 19.6 
23.7 3.8 15.4 23.9 3.7 15.3 
17.8 3.5 18.4 17.5 3.5 18.3 
29.9 4.7 19.4 29.8 4.7 19.3 
23.6 3.7 15.3 23.8 3.8 15.4 
17.7 3.5 18.3 17.8 3.5 18.4 
29.8 4.7 19.3 30.0 4.7 19.5 
23.6 3.7 15.3 23.4 3.7 15.3 
17.6 3.4 18.2 17.6 3.4 18.3 
29.7 4.7 19.2 29.8 4.6 19.2 
23.5 3.7 15.2 23.4 3.6 15.2 
17.5 3.4 18.2 17.4 3.8 18.1 
29.6 4.7 19.2 29.5 4.6 19.1 
23.4 3.7 15.2 23.3 3.6 15.1 
17.5 3.4 18.1 17.4 3.3 18.0 
29.5 4.7 19.1 29.3 4.5 19.0 
23.3 3.7 15.1 23.3 3.6 15.2 
17.4 3.4 18.0 17.4 3.5 18.1 
29.4 4.7 19.0 29.3 4.5 18.9 
23.3 3.7 15.1 23.4 3.8 15.2 
17.3 3.4 17.9 17.3 3.4 17.9 

pyridinedihydrazone to the metal ion via three 
nitrogen donor atoms. The vC=N absorption band 
observed in the spectrum of the ligand at 1600 cm- ’ 
is shifted by 40-60 cm-’ to lower wavenumbers 
resulting from a decrease in the C=N double bond 
strength owing to coordination by the nitrogen 
atom. Bonding of the pyridine nitrogen is shown by 
the increase in frequency of the higher and lower 
energy pyridine ring vibrations by about 20-65 
cm-’ in the complexes, relative to the ligand. The 
significant change in the ligand bands upon coor- 
dination is the increase in N-N frequency. The 
band at 1150 cm- ’ assigned to the vN-N of the 
ligand is shifted by about 50 cm- ’ to higher values 
in the spectra of all the complexes. Such movements 
of this band are observed in the complexes of other 
N-N bonded ligands and may be explained by the 
coordination of one of the nitrogen atoms from 
each N-N bond to the metal ion. This causes the 
reduction of the lone pair-lone pair repulsive forces 
in the adjacent nitrogen atoms. 3-6 

The shift of the bands at 3360 and 3200 cm-’ 
assignable to antisymmetric and symmetric stret- 
ching vibrations of the NH2 groups in the free 
ligand, to a higher frequency region in metal com- 
plexes, and the unchanged position of the band 
observed at 1635 cm-‘, further confirms the non- 
bonding of the NH2 nitrogen atoms. 

Comparison of the far-IR spectra of all the com- 

plexes with the spectrum of the uncoordinated 
ligand and of the lighter lanthanide complexes’ 
allows a tentative assignment of the weak absorp- 
tion band in the region 375-392 cm- ’ to the metal- 
nitrogen stretching vibration. 

The IR spectra of all the complexes exhibit a 
broad band of medium intensity in the 360&3500 
cm-’ region which is usually assigned to OH 
stretching modes for lattice water. In addition, 
the absorption bands observed at ca 3380 and at 
915-850 cm- ’ indicate that the water coordinated 
to the metal ion is also present.7 This is confirmed 
by the results of the thermogravimetric analysis. 
All the complexes were found to lose two lattice 
water molecules below 100°C and two molecules 
at 160-l 80°C. 

Information about the bonding mode of the 
anions in these complexes may also be obtained 
from IR spectra. The Ln-Cl frequency usually 
occurs around 240-220 cm- ‘. **’ The spectra of the 
chloride complexes do not show any additional 
absorption bands in this region indicating the 
absence of coordinated chloride anions. Infrared 
absorption attributable to the ClO, anions occurs 
as unsplit bands at ca 1100 and 625 cm-’ in the 
spectra of the perchlorate complexes, as expected 
for these anions in the ionic state. Perchlorate 
anions are known to coordinate under special con- 
ditions, but such an interaction normally manifests 
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itself by a splitting of the antisymmetric Cl-O 
stretching mode due to the reduced symmetry 
of the coordinated species. lo No such splitting of 
the C104 absorption band at 1100 cm- ’ was ob- 
served. 

The IR spectra of all the nitrate complexes dem- 
onstrates the presence of coordinated nitrates. The 
bands characteristic of ionic nitrates at 1390 and 
830 cm- ’ are absent. The splitting and magnitude 
of separation of the vibrational modes in the 1800- 
1700 cm-’ and 1500-1280 cm-’ regions has been 
used as a criterion to distinguish between mono- 
dentate and bidentate coordination of nitrates.‘,‘” ” 
In the TbLu complexes of 2,6diacetylpyri- 
dinedihydrazone, the separation of the combin- 
ation frequencies in the 180~1700 cm-’ region 
is about 20 cm-‘. The two bands associated with 
the asymmetric stretch appear near 1455 and 1310 
cm-‘. The magnitude of these separations along 
with the appearance of the bands at 1035 and 815 
cm-’ is indicative of the interaction of the oxygen 
atom from the nitrates with the lanthanide ions, and 
gives evidence for chelating monodentate behaviour 
of the nitrate groups in these complexes. 

The electronic spectra of the lanthanide com- 
plexes of 2,6_diacetylpyridinedihydrazone (Tables 2 
and 3) taken in the range 220-700 nm for a solution 
in acetonitrile consist of two bands at 277-288 and 
342-360 nm, respectively. The differences in the 
spectra of the complexes and free ligand can be 
attributed to the metal-ligand interaction. 

Further evidence for the coordination of the azo- 
methine and pyridine nitrogen atoms arises from 
comparison of the ‘H NMR spectra of 2,6-diace- 
tylpyridinedihydrazone and its diamagnetic com- 
plex of luthetium nitrate. A small downfield shift of 
the methyl and pyridine proton resonances from 6 
2.25 and 7.82, respectively, in the free ligand to 6 
2.32 and 8.05 in the complex indicates the bonding 
mode discussed above. 

On the basis of available evidence it seems reason- 
able to conclude that in the lanthanide complexes 
the 2,6_diacetylpyridinedihydrazone coordinates in 
the terdentate NNN donor fashion. The tentative 
coordination number of eight is assigned to all 
heavier lanthanide complexes, but the stoichiom- 
etry and filling of the coordination sphere depends 
on the type of counterions. 

The TbLu chlorides and perchlorates form the 
2,6-diacetylpyridinedihydrazone complexes with 
metal to ligand stoichiometry equal to 1 : 2 and 
incorporating two water molecules in the coor- 
dination sphere. There is no evidence for the coor- 
dination of chloride and perchlorate ions with lan- 
thanides in these complexes. For lighter lanthanide 
(La-Cd) chlorides and perchlorates, the tentative 
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Table 3. Infrared (cm- ‘) and electronic (nm) spectral data for complexes of L with lanthanide nitrates 

Complexes OH NH2 c=N PY N-N NO; M-N L 

[TbL(N0,)s(H,0),].2H,0 3560, 3380, 3422,3310, 1550 1595, 1010, 1205 1765, 1740, 380 277, 342 
850 3240, 1635 678,430 1450, 1305, 

1030, 817 

[DyL(N0,),(H,0)2].2H20 3560,3380, 3420, 3310, 1550 1595, 1010, 1205 1765, 1740, 380 277, 346 
850 3240, 1635 675,430 1450, 1310, 

1030, 815 

[HoL(NO,),(H~O)~].~H~O 3560, 3380, 3415, 3310, 1545 1595, 1010, 1200 1760, 1740, 385 277,346 
850 3243, 1635 675,435 1455,1315, 

1030, 815 

[ErL(N0,),(H20)2]*2H20 3565, 3380, 3415, 3310, 1545 1595, 1008, 1190 1765, 1740, 387 277,351 
845 3240, 1635 675,430 1455, 1310, 

1030,813 

[TmL(NO,),(H,0),]*2H,O 3570, 3385, 3420, 3310, 1550 1595, 1005, 1200 1765, 1745, 390 277, 350 
855 3240, 1635 680,435 1450, 1310, 

1030,818 

pbL(NO,),(H,0),].2H,O 3570, 3385, 3422, 3310, 1555 1590, 1010, 1210 1765, 1745, 390 277,348 
855 3238, 1635 680,440 1450,1315, 

1035, 815 

[LuL(N0,),(H20)2].2H20 3570, 3385, 3420, 3310, 1550 1595, 1010, 1200 1765, 1745, 392 277,350 
860 3340, 1635 675,445 1455, 1310, 

1035, 815 

coordination number of nine was assigned as- 
suming the coordination sphere was filled by 
two molecules of hydrazone and three water mol- 
ecules (La-Gd), and by one ligand and six water 
molecules (La). ’ 

With nitrates as counterions the heavier lan- 
thanides yield complexes with a 1 : 1 metal to ligand 
ratio. The coordination sphere of the trivalent lan- 
thanide ions in these complexes is filled by three 
nitrate groups coordinating in the monodentate 
fashion and two water molecules. These findings 
contrast with those reported earlier for lighter (La- 
Cd) lanthanide nitrate complexes of 2,6-diace- 
tylpyridinedihydrazone, which appeared to have a 
metal to hydrazone stoichiometry of 1 : 2 and the 
tentative coordination number of twelve (La, Ce, 
Pr, Nd) or ten (Sm, Eu, Cd) depending on the 
nitrate mode of binding (bidentate or mono- 
dentate). ’ 

The decrease in coordination number through 
the series of La-Lu complexes is clearly a conse- 
quence of the decrease in ionic radii due to the 
lanthanide contraction. 

The results discussed in this paper along with our 
earlier findings lead to the conclusion that the final 
geometry around the lanthanide ions depends not 
only on the chelating behaviour of the organic 
ligand involved in the coordination, but also on the 
complexing properties of the counterions. 
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Abstract-The salts [Re(=CR)CO),(q’-CgH7)] [BF,] [R = C6H,Me-4 or C6H3Me-2,6 ; $- 
C9H7 = indenyl] have been prepared and used to synthesize the dimetal compounds 
[FeRe(p-CR)@-NO)(CO),($-C,H,)]. The iron-rhenium species containing a bridging p- 
tolylmethylidyne ligands react with [Fez(CO)g] or with [Ru(CO)&-C,H,)], respectively, 
to yield the trimetal compounds ([FeMRe(~L-CC6H4Me-4)(~-CO)(~-NO)(CO)6(~5-CgH7)] 
(M = Fe or Ru). 

Certain compounds containing carbon-to-metal 
triple bonds readily add low-valent metal frag- 
ments to form stable complexes in which alkylidyne 
groups span linkages between dissimilar transition 
elements (see Scheme l).’ Using this synthetic meth- 
odology we have earlier shown2 that the rhen- 

ium salt [Re(&C6H&le-4)(CO)2(&H5)] [BF,] 
(la) reacts with [Pt(PMe,Ph),(r-C,H,)] to give 

[(Ll(OClr A = CR] [BF,] 

R L 

(la) C,H,Me-4 1)-C.% 

(I b) C,H.Me-4 rl’%H, 

(ICI C,H,Me,-2.6 $-C&i, 

the dimetal complex [RePt(p-CC6H4Me-4)(CO), 
(PMe,Ph),(q-C,H,)] [BF,] (2). In other studies3 the 

C,H,Me-4 

(2) 

p-ketenyl complex [MnRe{p-C(C,H,Me-4)CO) 
(CO),(@,H,)] (3a) was obtained from the reac- 
tion between (la) and m(PPh,),] [Mn(CO),], while 
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R M M’ 

(30) C,H,Me-4 Re Mn 

(3b) Ph Mn Re 

independently E. 0. Fischer and coworkers4 pre- 
pared the related compound (3b) from [Mn(=CPh) 
(CO),(&H,)] [BC14] and Na[Re(CO),]. These 
results prompted us to to prepare the salts 

[Re(=CR)(CO)2(r5-CgH7)][BF4] (R = CeH,Me-4 
(lb) or C6H3Me2-2,6 (lc) ; $-CgH7 = indenyl], and 
to investigate some reactions of these species with 
anionic carbonyl-metal complexes. The ability 
of the idenyl ligand to influence substitution reac- 
tions at metal centres is well established,’ and it 
was thought that the presence of the $-CgH7 
group in the salts (lb) and (lc) would lead to 
different results from those previously obtained 
with (la). 

RESULTS AND DISCUSSION 

In order to prepare (lb) and (lc), the compound 
[Re(CO),($-C,H,)] was required as a precursor. 
Indenyl (tricarbonyl)rhenium was first reported by 
Fischer and Fellmann, who obtained the complex 
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and characterized by microanalysis and by 
spectroscopic data. Bands in the IR spectrum (see 
Experimental Section) at 1867 and 1760 cm-’ 
are assigned to bridging or semi-bridging CO, and 
bridging NO groups, respectively. The ‘3C-{‘H} 
NMR spectrum shows a characteristic reson- 
ance (6 274.9 ppm) for the p3-C nucleus.’ Com- 
pound (6a) is related to the previously characterized 
complexes [Fe2M(~3-CR)(~-CO)(CO)&L)] (L = 

~-CSH~, M = W, R = C,H,Me-4 or Me ; M 
= MO, R = C,H,Me-4; L = q-C,Me,, M = W, 
R = C6H4Me-4)Y”0 and [N(PPh3),1[Fe,W(~3,-CR) 
(p-NO)@-CO)(CO),(l-C,Hs)] (R = C$H,Me-4 or 
Me).” In their IR spectra these species show CO 
stretching bands indicative of the presence in solu- 
tion of more than one diastereoisomer. It is prob- 
able that (6a) also displays this phenomenon 
since seven rather than six CO absorptions are 
observed in the terminal carbonyl region of 
the spectrum. Interestingly, (5b) did not react 
with [Fe,(CO),] to give a trimetal complex, a 
result which is probably due to the steric bulk of 
the CCsH3Me2-2,6 ligand preventing addition of 
an Fe(CO), fragment.” 

The synthesis of (6a) suggested that it might 
be possible to add an Ru(COh fragment to (5a) 
to produce the trimetallatetrahedrane complex 
[FeReRu &-CC6H,Me-4) (p-CO) (p-NO) (CO)&‘- 
C,H,)] (6b). This was successfully accomplished by 
treating (5a) with [Ru(CO),(u-C,H,)]. Compound 
(6b) was fully characterized by microanalysis 
and spectroscopic data (Experimental Section). It 
belongs to the interesting class of trimetal com- 
plexes in which an alkylidyne group triply bridges 
three different transition elements. Other examples 
with R = CsH,Me-4 include [FeCoW(p,-CR)@- 

CO)(CO)S(?-CSH,)(?-CSMe5)1,‘3 FeRhYmCR) 
(~-CO)(CO)S(~~-CSHS)(~~-C~H~>~,‘~ FePtW(wW 
(CO)s(PMePh*)2(ul-C~H,)1,‘4 PPW~3-WW92 
(PMe3)2(1-CSHS)(r-CSMe5)1,15 [AuPtW(p3-CR) 

(Co),(PMe3)3(rl-C,H,)l [PF&‘5 FeRhWhW 
(~-C~)(C~),(~~“-C,H,){HB(P~),)I WB(pz), = hy- 
drotris(pyrazol-1 -yl)borate]‘6 and [MReFe@,-CR) 
(p-CO)(CO) , ,] (M = Cr, MO or W). ” Some com- 
pounds of this type have also been reported by 
Vahrenkamp.‘* 

EXPERIMENTAL 

All experiments were carried out under nitrogen, 
using Schlenk tube techniques. Solvents were rig- 
orously dried befopre use. Light petroleum refers 
to that fraction of b.p. 4&6O”C. IR spectra were 
measured with Nicolet MXlO and MX5 FT spec- 
trophotometers, and NMR spectra were recorded 
with JNM FX 90Q, FX 270 and GX 400 instru- 

ments. For NMR data all chemical shifts listed 
are in ppm and coupling constants are given in Hz. 
The salt [N(PPh,)d [Fe(CO),(NO)] was prepared as 
previously described.lg 

Synthesis of the complex [Re(C0)3(q5-CgH,)] 

A mixture of indene (5 cm3, excess) and 
[Re,(CO),,] (5.4 g, 8.28 mmol) was heated under 
reflux for 4 h. Volatile material was removed’ in 
vacua, affording a brown oily residue, which was 
dissolved in CH& (20 cm3) and chomatographed 
on an alumina column (ca 4 x 20 cm). Elution with 
CH,Cl,-light petroleum (1 : 1) gave a yellow eluate. 
Removal of the solvent in vacua afforded pale yel- 
low microcrystals of [Re(CO),(r’-C,H,)] (5.73 g, 
90%). (Found : C, 37.9; H, 2.0. C12H703Re requires 
C, 37.4; H, 1.8%). IR, v,,, (CO) at 2030s 1942~s 
and 1936~s cm-’ (in light petroleum). NMR: ‘H 
(in CDC13), 6 5.54 [t, 1 H, CgH7, J(HH) 31, 6.97 [d, 
2 H, CgH7, J(HH) 31 and 7.02-7.47 (m, 4 H, CgH7) ; 
‘3C-{‘H} (in CD,Cl,CH,Cl,), 6 193.6 (3 x CO), 
126.3, 123.7, 108.0, 91.4 and 71.3 (C,H,). 

Synthesis of alkylidene-rhenium complexes 

(i) The compound [Re(C0)3($-CgH7)] (2.0 g, 5.2 
mmol) in Et20 (200 cm3) was treated dropwise with 
LiC4H4Me-4 (5.2 mmol, 0.7 molar solution in Et20), 
yielding a dark solution of the acyl complex Li[Re 
{C(0)C6H4Me-4}(CO),(rj5-CgH7)]. When all of the 
[Re(CO),(r’-C,H,)] had been consumed (monitored 
by IR), the solvent was removed in vacua and the 
residue was washed with light petroleum and dried 
in vacua. Degassed distilled water (70 cm3), Et,0 
(100 cm’) and solid [Me,01 [BF,] (0.88 g, 5.96 mmol) 
were then added and the mixture stirred for 15 min. 
The organic layer was decanted and the aqueous 
layer was extracted with Et20 (6 x 50 cm3). The 
combined extracts and the organic layer were fil- 
tered through an anhydrous Na2S04 pad and the 
solvent was removed in vacua. The brown residue 
was dissolved in CH,Cl,-light petroleum (20 cm3, 
1: 3) and chromatographed on an alumina column 
(2 x 20 cm). Elution with the same solvent mixture 
gave a pale yellow eluate. Removal of the solvent 
in vacua afforded pale yellow microcrystals of 
[Re(C(OMe)C,H,Me-4}(CO),(?SC,H,)] (4a) (1.58 
g, 62%). (Found : C, 48.8 ; H, 3.6. CZoH,,03Re 
requires C, 48.9 ; H, 3.5%). IR, vmax (CO) at 1964s 
and 1895s err-’ (in light petroleum). NMR : ‘H (in 
CDC13), 6 2.34 (s, 3 H, Me-4), 4.05 (s, 3 H, OMe). 
4.77 [t, 1 H, CgH7, J(HH) 31, 5.79 [d, 2 H, CgH7, 
J(HH) 31 and 6.87-7.32 (m, 8 H, C6H4 and CgH7); 
‘3C-{‘H) (in CD,Cl,-CH,Cl,), 6 285.9 [C(OMe) 
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GH,Me-41, 202.7 (2 x CO), 154.9-75.5 (C6H4 and 
C9H7), 65.1 (OMe) and 21.3 (Me-4). 

(ii) A CH2C12 (40 cm’) solution of Li[Re 
{C(0)C6H4Me-4)(CO)z($-CgH,)] (3.1 mmol) was 
cooled to - 78°C and SiClMe, (0.40 cm’, 3.2 mmol) 
at 0°C was added slowly with stirring. The mixture 
was allowed to warm slowly to room temperature 
and the solvent was removed in vucuo. The orange 
residue was extracted with Et20 (3 x 20 cm’) 
and the extracts combined and filtered through 
a Celite pad (2 x 2 cm). Removal of solvent in 
vacua afforded bright yellow microcrystals of 

[Re(C(OSiMeJC,H,Me-4}(CO),(~5-C,H,)] (4b) 
(1.2 g, 73%). (Found: C, 49.0; H, 4.5. C22H230j- 
ReSi requires C, 48.1; H, 4.2%). IR, v,,, (CO) at 
1958s and 1883 cm-’ (in CH,Cl,). NMR : ‘H (in 
CDQ,), 6 0.06 (s, 9 H, SiMe,), 2.27 (s, 3 H, 
Me-4), 5.38 [t, 1 H, C9H7, J(HH) 31, 5.99 [d, 2 H, 
C9H7, J(HH) 31 and 6.96-7.40 (m, 8 H, C6H4 and 

GH,) ; ‘3C-{‘H) (in CD2C12-CH2C12), 6 284.9 
[C(OSiMe3)C6H4Me-41, 202.7 (2 x CO), 157.6 
[C’(C,H,)], 138.7-75.5 (C6H, and CsH7), 21.3 
(Me-4) and 1.0 (SiMe,). Complex (4b) is thermally 
unstable and should be stored at ca - 20°C. 

(iii) The compound [Re(CO),(r’-C,H,)] (2.0 g, 
5.2 mmol) in Et*0 (200 cm3) was treated dropwise 
with LiC6H3Me2-2,6 (5.2 cm3 of a 1 molar solution 
in Et*O). The solution was stirred (15 min), slowly 
turning dark red. The solvent was removed in vacua 
and the residue was washed with light petroleum 
(3 x 50 cm3), and then dried in vucuo affording 
yellow microcrystals of Li[Re{C(O)C,H,Me,-2,6} 

(W2(~5-GH7)I (2.2 g, 85%). Max (CO) at 
1909s and 1812s cm- ’ (in Et,O)]. The latter (4.0 
mmol) was dissolved in CH2C11 (40 cm3), and the 
solution was cooled to -78°C and SiClMe, (0.52 
cm3, 4.1 mmol) at 0°C was added. The reactants 
were slowly warmed to room temperature with stir- 
ring. The solvent was removed in vacua, and the 
dark red residue was extracted with Et20 (3 x 20 
cm’). The extracts were filtered through a Celite 
pad (2 x 3 cm). Removal of the solvent afforded 
orange microcrystals of [Re{C(OSiMe3)C6H3Me2- 
2,6}(C0)2(q5-CgH,)] (4~) (1.7 g, 75%). This complex 
is very air and temperature sensitive. If storage is 
necessary it should be kept at low temperatures. It 
is best used immediately to prepare the salt (1~). 

Preparation of the salts [Re(=CR)(CO),($- 
C,H,)] [BF,] (R = CsH,Me-4 or C6H3Mez-2,6) 

(i) Compound (4a) (1.0 g, 2.0 mmol) was dis- 
solved in Et,0 (50 cm3) and excess of BF, * OEtz( 1 
cm’) was slowly added with stirring. After 15 min, 
the solvent was decanted from the residue, which 
was then pumped in wruo (30 min) and washed with 

Et,0 (3 x 50 cm’) to afford bright yellow crystals of 
[Re(=CC6H4Me-4)(C0)2(q5-CgH7)1 [BF,] (lb) (0.97 

g, 87%). (Found : C, 41.1 ; H, 2.8. C19H’4BF402Re 
requires C, 41.7 ; H, 2.6%). IR, v,,, (CO) at 2086s 
and 2034s cm-’ (in CH,Cl,). NMR : ‘H (in CDC13), 
6 2.39 (s, 3 H, Me-4), 6.32 [t, 1 H, C9H7, J(HH) 31, 
6.94 [d, 2 H, C9H7, J(HH) 31 and 7.21-7.85 (m, 8 
H, C6H4 and C9H7) ; ‘3C-(‘H} (in CD2C12-CH2C1J, 
6 319.2 (CC6H,Me-4), 186.4 (2 x CO), 150.3-78.1 
(C,H, and C9H7) and 23.0 (Me-4). 

(ii) Compound (4c) (1.0 g, 1.8 mmol) in Et,0 
(15 cm’) was treated with HBF4* 0Et2 (0.33 cm3 
of a 54% solution in Et,O) and the mixture was 
stirred (15 min). The solvent was removed with a 
syringe and the yellow precipitate was washed 
with Et,0 (3 x 30 cm3) and crystallized from 
CH2C12-Et20 (ca 20 cm3, 1: 4) to give yellow 
crystals of [Re(=CCsH3Me2-2,6)(CO)Z(q5-CgH7)1 
[BF,] (lc) (0.86 g, 85%). (Found: C, 41.6; H, 
2.9. CZ0H16BF402Re requires C, 42.8 ; H, 2.9%). 
IR, v,,, (CO) at 2083s and 2033s cm-’ (in CH,Cl,). 
NMR: ‘H (in CD,Cl,), 6 2.64 (s, 6 H, Me-2,6), 
6.38 [t, 1 H, C9H7, J(HH) 31, 6.94 [d, 2 H, C9H7, 
J(HH) 31, 7.16 [d, 2 H, CsH3, J(HH) 81, 7.47-7.53 
(m, 2 H, C9H7), 7.60 [t, 1 H, CsH3, J(HH) 81 and 
7.70-7.84 (m, 2 H, C9H7); ‘3C-{‘H) (in CDQ- 
CH,Cl,), 6 312.0 (CC6H3Me2-2,6), 186.5 (CO), 
146.2-77.7 (C6H3 nd C9H7) and 21 .O (Me-2,6). 

Compound (lb) may be prepared in a similar 
manner from the alkylidene-rhenium complex (4b). 

Preparation of iron-rhenium compounds 

(i) A mixture of the salts [N(PPh,)d [Fe(C0)3 
(NO)] (0.22 g, 0.31 mmol) and (lb) (0.12 g, 

0.3 1 mmol) in tetrahydrofuran (10 cm3) afforded a 
dark green product. After stirring for 15 min the 
solvent was removed in vacua and the residue was 
extracted with Et20 (3 x 30 cm’). The extracts 
were filtered through Celite (2 x 10 cm). Removal 
of the solvent in vacua gave dark green micro- 
crystals of [FeRe(p-CC6H4Me-4)(p-NO)(CO), 
q5-C9H7)] (5a) (0.16 g, 85Oh). The compound 
was characterized spectroscopically : IR, v,,, at 
2025s 1961s 1949vs, 1904w (CO) and 1723m 
(NO) cm-’ (in Et20). NMR : ‘H (CDC13), 6 2.33 (s, 
3 H, Me-4) and 5.93-7.69 (m, 11 H, CsH, and 

GH,) ; ‘3C-{1H) (CD2ClZ-CH,Cl,), 6 400.7 (,u- 
CC,H,Me-4) 216.8, 200.5, (CO), 156.8-76.6 (C,H, 
and C,H,) and 22.1 (Me-4). 

(ii) Similarly, (lc) (0.26 g, 0.46 mmol) was treated 
with [N(PPh,),] [Fe(CO),(NO)] (0.35 g, 0.49 mmol) 
in tetrahydrofuran (10 cm3) with stirring for 2 h. 
After removing solvent in vacua, the brown residue 
was treated with Et20 (5 cm3) and chro- 
matographed on a Kieselgel column (2 x 20 cm), 
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eluting with Et&light petroleum (1 : 5). The first 
dark eluate was evaporated in zxzcuo and the residue 
was crystallized from Et&)-light petroleum (ca 10 
cm3, 1 : 10) to give dark green crystals of [FeRe(p- 
CC6H3Me2-2,6)@NO)(CO&$-CgH7)1 (5b) (0.11 g, 
40%). (Found: C,. 43.3; H, 2.9; N, 2.0. 
CZ,H,,FeN0,RerequiresC,42.9;H,2.6;N,2.3%). 

IR, v,,, at 2025s 1974s 1960s 1891m (CO) and 
1706m (NO) cm-’ (in Et,O). NMR : ‘H (in C,D,). 
6 2.18 (s, 3 H, Me-4), 5.29 (s br, 1 H, &H,), 5.30 
(s br, 2 H, C9H7) and 6.40-7.30 (m, 11 H, C6H, and 

GH7) ; ‘3C-{‘H} (in CD2C12-CH,C12), 6 391.8 (p- 
CC,H,Me-4) 217.8, 201.3 (CO), 154.6 [C’(C,H,)], 
132.5-101.1 (C6H3 and C9H7) and 20.4 (Me-2,6). 

(iii) Compound (5a) (0.50 g, 0.79 mmol) in Et?0 
(30 cm3) was treated with [Fe,(CO),] (0.16 g, 0.44 
mmol) and the mixture was stirred. After 15 min, 
more [Fe2(C0)9] (0.30 g, 0.83 mmol) was added and 
the mixture was stirred for a further 2 h. If after 
this period the IR spectrum shows peaks due to 
(5a), more [Fe,(C0)9] should be added and stirring 
continued. The solvent was removed in vacua and 
the residue was dissolved in Et,@light petroleum 
(8 cm3, 1: 1) and chromatographed on an alumina 
column (2 x 10 cm), eluting with the same solvent 
mixture. The first dark eluate was recovered and 
the solvent was removed in vucuo to give black 
microcrystals of [FeZRe(p3-CCsH4Me-4)(p-CO)&- 
NO)(CO),($-C,H,)] (6a) (0.28 g, 47%). (Found : C, 
39.0 ; H, 2.1 ; N, 1.9. C2,H,4Fe2NOsRe requires C, 
38.8; H, 1.9; N, 1.9%). IR, v,,, at 2061s 2055s 
2022~s 2000s 1979m, 1957m, 1926m, 1867m (CO) 
and 1760m (NO) cm-’ (in EtzO). NMR: ‘H (in 
CD&l,), 6 2.49 (s, 3 H, Me-4), 5.53 [t, 1 H, C9H7, 
J(HH) 31, 5.77 [d, 2 H, C9H7, J(HH) 31, 6.95-7.30 
(m, 4 H, C9H7) and 7.45-7.55 (m, 4 H, C6H4) ; 13C- 
(‘H} (in CD2ClTCH2C12), 6 274.9 k3-C), 214.3, 
212.3, 210.9, 209.9, 202.7 (CO), 159.9 [C’(C,H,)], 
138.CL77.5 (C6H4 and C9H7) and 21.2 (Me-4). 

(iv) The compound [Ru3(C0)‘J (0.07 g, 0.11 
mmol) dissolved in light petroleum (150 cm’) in a 
water cooled Schlenk tube (ca lOC), was treated 
with a slow stream of CZH4, while the reaction vessel 
was exposed for 12 h to light from two 250 watt 
light bulbs. This procedure affords a colourless 
solution of [Ru(CO),(q-C,H,)]. The Schlenk tube 
was then cooled to ca - 78°C and (5b) (0.20 g, 0.32 
mmol) dissolved in toluene (20 cm’) was slowly 
added. The mixture was allowed to warm to ca 
- 30°C and stirred for 5 h. The dissolved C2H4 was 
removed by pumping and stirring was continued 
until all the [Ru(CO),($,H,)] had been consumed 
(monitored by IR). The Schlenk tube was then 
warmed to ca 15°C and all the volatile material was 
removed in vacua. The dark residue in Et20 (10 
cm3) was chromatographed on a Kieselgel column 

(3 x 30 cm, cooled to ca 1OC). Elution of the col- 
umn with Et,O-light petroleum (1 : 5) removed 
initially some [Ru~(CO)‘~] followed by a brown elu- 
ate. The solvent was removed in oucuo from the 
latter and the residue crystallized from Et&light 
petroleum (ca 10 cm3, 1 : 6) at - 78°C to give black 
crystals of [FeReRu(p,-C,H,Me-4)@CO)(p-NO) 
(CO)&“-C,H,)] (6b) (0.09 g, 34%). (Found: C, 
38.0; H, 2.0; N, 1.8. C2,H’,FeNOsReRu requires 
C, 36.6; H, 1.8; N, 1.8%). IR, v,,, at 207ls, 2025s 
2009s 1973m, 1928m, 1911m, 1854m (CO) 
and 1756m (NO) cm-’ (in EtzO). NMR: ‘H (in 
CD,Cl,), 6 2.47 (s, 3 H, Me-4) 5.42 (s br, 1 H, 
C9H7), 5.82 (s br, 2 H, C9H7) and 6.80-7.52 (m br, 
C6H4 and C9H7) ; ‘3C-(‘H}, (in CD2C12-CH&lJ, 6 
257.8 (p3-C), 217.8,211.8,208.5,204.4, 195.9 (CO), 
160.3 [C’(C,H,)], 137.5-77.3 (CsH, and C9H7) and 
21.2 (Me-4). 
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2. 

3. 

4. 

8. 
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Abstract-The complexes [ML*(NO)Cl(OR)] {L* = HB(3,5-Me,C,HN,),; M = MO, 
R = CH2CH2X, X = Cl, OMe or OEt; (CH,),OH, n = 2, 5,6; M = W, R = CH2CH2X, 
X = Cl, OMe or OEt ; (CH,),OH, n = 2-6; CH2(CF2)3CH20H; CHMeCH,CMe,OH} 
and wL*(NO)(OR);I {M = MO, R = CH,CH,X, X = Cl, OMe or OEt ; (CH2),0H, n = 24; 
M = W, R = CH2CH2X, X = Cl, OMe or OEt ; (CH,),OH, n = 2, &6 ; CH2(CF2)&H20H} 
have been prepared from [ML*(NO)Cl,] and the appropriate alcohol in the presence of 
NEt, or NaCO,, and have been characterized by IR, ‘H NMR and mass spectroscopy. 

In our development of the chemistry of alkoxide 
complexes of the tris(3,5-dimethylpyrazolyl)borato 
molybdenum and tungsten nitrosyls ([ML* 
(NO)X(OR)] and [ML*(NO)(OR),] ; L* = HB 
(3,5-Me2C3HN2),) we have established certain 
facts. These are that (i) the complexes are gener- 
ally air and moisture stable,‘.’ in contrast to 
many other alkoxides of these metals, (ii) that the 
central metal atoms in these complexes are formally 
coordinatively unsaturated, containing (M(NO)j4 
or {LAM) 3+ cores (the metal having a formal 
16-electron configuration), this “unsaturation” 
being maintained probably by the steric bulk of the 
L* group,“2’3 (iii) that this “unsaturation” is to 
some extent relieved by pn-d, bonding from 0 to 
the metal and (iv) that the complexes undergo 
one-electron reductions, [ML*(NO)X(OR)] + e- + 
[ML*(NO)X(OR)]-, which may be reversible, 
depending on X.3 

We have also demonstrated that it is possible to 
prepare mono- and bimetallic redox-active com- 
plexes of type A and B.4 The former is a polycyclic 
ether in which a redox-active metal fragment is 
included within the framework of the ring. The 
latter, derived from an appropriately functionalized 
dibenzo- 18-crown-6, contains two redox-active 
fragments which do not interact with each other, 

. 

tAuthor to whom correspondence should be addressed. 

an observation entirely consistent with our studies 
of closely related redox-active bimetallic species 
containing diphenolato and dianilido bridging 
ligands.5 Our goal is to synthesize redox-active 
bimetallic species similar to B but containing 
two bridging polyether linkages, e.g. L*(NO) 
M(O(CH2CH20),CH2CH20),M(NO)L*, where 
n = l-4 and also to prepare related complexes 
containing hydrocarbon-only bridges, e.g. L*(NO) 
M(O(CH2CH2)n0}2M(NO)L* or L*(NO)M{O 
(CH2CH2),C6H4(CH2CH2),,0}2M(NO)L*. To this 
end, it is important to extend the “simple” 
alkoxide chemistry of the molybdenum and tung- 
sten species [ML*(NO)X(OR)] and [ML*(NO) 

KW21, since a number of these complexes 
have not been reported. In this paper, we de- 
scribe mono- and bis-alkoxides derived from 
some other simple alcohols, HOCH2CH2X (X = Cl, 
OMe and OEt) and more importantly, from a range 
of a,w-diols, HO(CH2),0H, where n = 2-6. Some 
related compounds have been reported earlier, e.g. 
[ML*(NO)Cl(OR)] (M = MO, R = Me, Et, Pri, Bu’ 
and (CH2)3Br;‘s3 M = W, R = (CH2)3Br3), 
[ML*(NO)(OR),] (M = MO, R = Me, Et, Pr’, 
Bui;l,2 M = W, R = Et*), [MoL*(NO)I(OCH2 
CH2X)] (X = Cl, OMe, OH, (CH2),0H, n = 1-4)5 
and [MoL*(NO)(OCH,CH~OH)~].~ In a sub- 
sequent paper, we will describe the formation of 
“chelated” compounds, [ML*(NO)O(CH,),O] and 
“doubly bridged” species, [ML*(NO){O(CH,),O), 

449 
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ML*(NO)]. A preliminary report of some of this 
work has been briefly presented.’ 

RESULTS AND DISCUSSION 

The mono-alkoxides, [ML*(NO)Cl(OR)], M = 
MO or W, were conveniently prepared in good 
yields by refluxing the parent dichloride, [ML* 
(NO)Cl,], with the appropriate alcohol in tolu- 
ene containing triethylamine or sodium car- 
bonate. Dichloromethane could also be used as the 
solvent and the amine or carbonate was necessary 
to absorb HCI liberated during the reactions. The 
list of compounds prepared is given in Table 1, 
which contains elemental analytical data. The mol- 
ybdenum complexes were bright blue, whereas the 
tungsten compounds were either a mauve-blue 
shade or purple. It was necessary in most cases to 
purify the compounds by column chromatography 

followed by crystallization/precipitation. This is 
especially important in the reactions involving 
cqw-diols, since bimetallic, “chelated” or “doubly- 
bridged” compounds may also be formed during 
the reactions. 

The bis-alkoxides, [ML*(NO)(OR),], M = MO 
or W, were obtained by refluxing either [MoL* 
(NO)I,] or [WL*(NO)Cl,] with the appropriate 
alcohol, in the molar ratio 1 : 2 or greater, again in 
the presence of sodium carbonate. Chromato- 
graphic separation was essential and the com- 
plexes (Table 1) were obtained as pink (MO) or 
orange (W) microcrystals. 

All of the complexes are air and moisture stable, 
as expected, and all dissolve well in chloroform, 
dichloromethane, acetonitrile and tetrahydrofuran. 
In general, they are not soluble in hydrocarbons, 
although they will dissolve in warm toluene. 

The IR spectra (Table 2) of the compounds 

Table 1. Analytical data obtained from [M(HB(Me,C,HN,),}(NO)XY] 

M X Y 
Calculated Found 

C H N C H N 

MO 
MO 
MO 
MO 
MO 
MO 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
MO 
MO 
MO 
MO 
MO 
MO 
MO 
MO 
W 
W 
W 
W 
W 
W 
W 
W 

Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
OCH,CH,Cl 
0CH2CH,0Me 
OCH,CH,OEt 
OCH,CH,OH 

O(CH,),OH 
O(CH,),OH 
O(CH,),OH 
O(CH,),OH 
OCH,CH&l 
OCH,CH,OMe 
OCH&H,OEt 
OCH,CH,OH 

O(CH,),OH 
O(CH,),OH 
O(CH,),OH 
OCH,(CF,),CH,OH 

OCH&H,Cl 37.9 4.9 18.2 38.2 5.0 18.1 
OCH,CH20Me 40.5 5.5 18.4 40.3 5.8 18.3 
OCH,CH,OEt 41.7 5.7 17.9 42.0 5.9 17.9 
OCH,CH,OH 39.3 5.2 18.9 40.0 5.3 18.7 

O(CH,),OH 42.8 5.9 17.4 42.9 6.0 17.3 
O(CH&OH 43.8 6.1 17.0 43.5 6.1 17.3 
OCH,CH,CI 32.6 4.0 15.7 32.9 4.1 15.8 
OCH,CH,OMe 34.8 4.7 15.8 34.7 4.5 15.5 
OCH,CH,OEt 35.9 4.9 15.4 35.9 4.8 15.1 
OCH,CH,OH 33.6 4.5 16.1 33.6 4.4 15.9 
O(CH&OH 34.8 4.7 15.8 35.1 5.0 16.0 
O(CH,),OH 35.9 4.9 15.4 35.7 4.9 15.7 
O(CH&OH 37.0 5.1 15.1 37.2 5.1 15.4 
O(CH&OH 38.0 5.3 14.8 38.0 5.4 15.0 
OCH,(CF,),CH,OH 31.7 3.6 12.9 31.7 3.7 13.2 
OCHMeCH,CMe,OH 38.0 5.3 14.8 38.3 5.6 14.5 
OCH,CH,Cl 39.2 5.2 16.8 39.5 5.5 16.5 
OCH&H,OMe 44.0 6.3 17.1 44.3 6.5 17.2 
OCH,CH,OEt 45.9 6.7 16.3 45.6 6.4 16.5 
OCH,CH,OH 41.8 5.9 18.0 42.1 5.6 18.3 

O(CH&OH 44.0 6.3 17.1 44.0 6.5 17.0 
O(CH,),OH 45.9 6.7 16.3 46.2 6.7 16.5 

O(CH,),OH 47.7 7.0 15.6 48.6 6.8 15.5 
O(CH&OH 49.3 7.3 14.9 49.3 7.5 14.7 
OCHzCHzCl 34.0 4.5 14.6 34.3 4.7 14.9 
OCH,CH,OMe 38.1 5.5 14.8 38.9 5.5 14.9 
OCH,CH,OEt 40.1 5.8 14.2 40.2 5.7 14.5 
OCH,CH,OH 36.0 5.1 15.5 35.7 5.3 15.8 
O(CH,)@H 40.1 5.8 14.2 39.9 5.9 14.5 

O(CH,),OH 41.9 6.2 13.7 42.2 6.4 14.0 

O(CH,),OH 43.5 6.5 13.1 43.5 6.2 13.3 
0CH,(CF,),CH20H 32.2 3.5 10.5 32.5 3.5 10.5 
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Table 2. Selected IR and ‘H NMR spectral data for [ML*(NO)XY] 
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M X Y h0” ah A’ Assignment 

MO Cl OCH,CH,Cl 1672 2.34 3 
2.23 3 
2.37 3 18 (s) 

2.38 3 (s) (CH,),GHN, 

2.41 3 2.50 3 i:; 

3.92 2 (m) OCH,CH,Cl 
5.76 1 
5.87 1 i:i Me&&N, 
5.93 1 (s) 

6.00 2 AB pair OCH,CH,Cl, ; 
JAB = 12.1 Hz; 6, = 6.05; 
6, = 5.95 

MO Cl 0CH,CH20Me 

MO Cl 

MO Cl 

1665 2.34 3 (s) 

2.35 3 (s) 
2.37 6 18 (s) (CH,)&HN, 

2.41 3 2.51 3 I:; 

3.38 3 (s) OCH$H,CH, 
3.85 2 (m) OCH,CH,OMe 
5.74 1 (s) 

5.87 2 3 (s) McKJW 
6.02 2 AB pair ; OCH,CH,OMe ; poorly 

resolved 

OCH,CH,OEt 1662 1.19 3 (t) OCH,CH,OCH,CH, 
2.34 3 
2.35 3 ;:; 

2.37 6 18 (s) (CH&C,HN, 

OCH,CH,OH 

2.42 3 2.52 3 J 
2.54 2 
3.89 2 

5.74 1 
5.86 1 
5.90 1 > 
6.00 2 

1678 2.36 3 
2.37 3 1 (s) 

(s) 

(q) OCH,CH,OCZf,Me 
(m) OCH,CH,OEt 

(s) 
3 (s) Me&m2 

(s) 
AB pair ; OCH,CH,OEt ; poorly 
resolved 

2.38 6 18 (s) (CH,)&HN, 

2.42 3 2.51 3 ;:; 

4.15 2 (m) OCH,CH,OH 
5.77 1 (s) 

5.89 1 
5.93 1 

> 

3 (s) MeGm, 
(s) 

6.00 2 AB pair OCH,CH20H ; ; 
JAB = 11.1 Hz; 6, = 6.15; 
6, = 5.85 

MO Cl WH,),OH 1670 1.58 4 (m) O(CH,),CH,CH,CH,OH 
2.03 2 (m) OCH,CH,(CH,),OH 
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Table 2-continued 

M X Y VNOU hh A’ Assignment 

MO Cl O(CH,),OH 1670 2.35 
2.36 
2.37 
2.43 
2.52 
3.68 
5.76 

5.86 
5.91 

MO Cl WHWH 

w Cl OCH,CH&l 

w Cl 

w Cl 

1670 1.55 
1.99 
2.34 
2.35 
2.36 
2.37 
2.43 
2.52 
3.66 
5.58 
5.76 
5.90 
5.94 

1630 2.35 
2.36 
2.37 
2.43 
2.55 
2.58 
3.87 
5.92 

5.83 
5.88 
5.95 

OCH,CH,OMe 1630 2.34 
2.35 
2.43 
2.56 
2.59 
3.37 
3.77 
5.81 
5.87 
5.92 
5.92 

0CH,CH20Et 1628 1.19 
2.34 
2.35 
2.44 
2.56 
2.59 

3 (s) 
6 (s) 
3 18 (s) (CUGHN, 

3 3 19 

2 (m) O(CH&C&OH 

1 (s) 

2 3 (s) Me&&% 
2 AB pair ; OCH,(CH,),OH ; poorly 

resolved 

6 (m) OCH,CH&H&CH,OH 
2 (m) OCH,CH,(CH,),OH 

3 3 I I:; 
3 18(s) 
3 (s) (C%),C,HN, 

3 3 g; 

3 (t) O(CH,),C&OH 

1 (s) 
1 

> 
3 (s) Me&&N2 

! (s) 
2 AB pair ; OCH2(CH,),0H ; poorly 

resolved 

3 1 (s) 
3 (s) 
3 18(s) 

3 (s) (Cff,)&HN2 

3 (s) 
3 
2 g) OCH,C&OH 
2 AB pair ; 0CH2CH,0H ; poorly 

resolved 

1 > (s) 
1 3 (s) MeGHN, 

1 61 

3 
6 

3 18 (s) (CfGGHN2 

3 3 gi 
3 (s) OCH,CH,OCH, 
2 (m) OCH,CH,OMe 

1 I- (s) 
1 3 (s) MeGffN, 

1 (s) 
2 AB pair ; OCH,CH,OMe ; poorly 

resolved 

3 (t) 0CH,CH20CH2CH, 

18 (s) (Cff&GHN, 
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M X Y \VN()(I 0” A” Assignment 

W Cl OCH,CH,OEt 162X 3.52 
3.82 
5.81 
5.87 
5.92 
5.93 

W Cl 

w Cl OWLWH 

w Cl 

w Cl 

w Cl 

OCH&H,OH 1630 2.36 
2.34 
2.37 
2.55 
2.59 
4.08 
5.88 

5.82 
5.87 
5.94 

1630 2.11 
2.35 
2.37 
2.41 
2.58 
3.86 
5.93 

5.82 
5.87 
5.94 

WHJ,OH 1630 1.97 
2.35 
2.37 
2.57 
2.60 
3.71 
5.87 

5.79 
5.87 
5.93 

OWL)OH 1626 1.74 
2.34 
2.36 
2.40 
2.56 
2.59 
3.68 
5.81 
5.80 
5.83 
5.86 

WH&OH 1624 1.49 6 (m) O(CHJZ(CK)GHZOH 
1.89 2 (m) 0CH2C&(CH,),0H 

2 (q) 0CH,CH20C&Me 
2 (m) OCH,CH,OMe 

1 
1 

1 

> (s) 
3 (s) MeZCJfN2 

(s) 
2 AB pair; OCH,CH,OEt ; poorly 

resolved 

6 (s) 
3 (s) 
3 18 (s) (CH,)&HN: 

3 3 I: 
2 (m) 0CH,CH20H 
2 AB pair ; qCH,CH,OH ; poorly 

resolved 

1 
1 1 (s) 

3 (s) Me2C@% 

1 (s) 

(m) 0CH,CH,CH20H 

6 

2 1 

(s) 
3 18(s) 

3 (s) (CK),GHN, 
6 
2 g) OCH,CH,C&OH 
2 AB pair ; OCH,CH,CH,OH ; poorly 

resolved 

1 I- (s) 
1 3 (s) MeGffNz 
1 (s) 

4 (m) OCH,(CH&CH,OH 

6 (s) 
6 

I 

18(s) 
3 (s) (Cff&GHN, 
3 (s) 
2 (m) O(CH3GKOH 
2 AB pair ; 0CH2(CH,),0H ; poorly 

resolved 

1 (s) 
1 

1 

> 
3 (s) MeF,m, 

(s) 

6 (m) O(CH&SOH 

6 I (s) 
3 (s) 
3 18 (s) (CffJ,GHNz 

3 3 ;9 

2 (m) O(CH3S&OH 
2 (broad m) ; OCH,(CH,).,OH 

1 > (s) 
1 3 (s) Me&f% 
1 (s) 
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Table 2-continued 

M 
- 
W 

x Y VW” 6” A Assignment 

Cl O(CH,),OH 1624 2.34 
2.36 
2.41 

2.57 
2.60 

3.65 

5.82 

W Cl 

w Cl 

MO OCH,CH&l 0CH,CH2Cl 

MO 

MO OCH2CH20Et 0CH2CH20Et 1635 1.21 6 (t) 0CH,CH20CH2CH, 

5.82 

5.86 
5.92 

0CH,(CF2),CH20H 1640 2.35 
2.36 
2.38 
2.50 
2.56 
4.07 
5.86 

5.82 
5.89 
5.96 

OCHMeCH,CMe,OH 1630 1.03 
1.08 
1.80 
1.83 
2.32 
2.33 
2.35 
2.48 
2.57 
2.65 
5.84 
5.92 
6.02 

1658 2.31 
2.33 
2.52 
3.76 
5.57 

5.75 
5.84 

OCHFH,OMe 0CH2CH,0Me 1635 2.29 
2.31 
2.54 
3.38 
3.68 
5.54 

5.72 
5.81 

6 (s) 
3 (s) 
3 I 18 (s) (‘=&GHNz 

3 (s) 
3 (s) 

2 (m) WWQWH 
2 AB pair ; OCH,(CH&OH ; poorly 

resolved 

1 (s) 
1 3 (s) MeGm, 
1 

I- 

(s) 

3 
6 
3 

3 3 

I (s) 
(s) 

18 (s) (Cff,),GHN, 

;:; 
2 (m) 0CH,(CF2),CH20H 
2 AB pair ; 0CH,(CF2)$H20H ; 

poorly resolved 

1 (s) 
1 3 (s) MeSX’h 
1 (s) 

3 (s) OCHMeCH,C(CH,),OH 
3 (s) OCHMeCH,C(CH&OH 
2 (m) OCHMeCH,CMe,OH 
3 (d) 0CH(CH3)CH2CMe20H 

3 3 
3 
3 

3 
I 

I:; 
18(s) 

(s) (Cff,),C,HNz 

3 ::; 
2 3 (s) Me2C3ffN2 

1 (s) Me&X-% 
1 OCHMeCH,CMe,OH 

3 (s) 
9 18 (s) (CfUWW 
6 

1 

4 & OCH,CH,Cl 
4 AB pair ; OCH,CH$l ; 

I 

JAB = 11.5 Hz; 6, = 5.64, 6, = 5.50 

1 3 (s) MeGff& 
2 (s) 

3 
9 

6 

I (s) 
18 (s) (CHX~HNZ 

6 I:), OCH,CH,OCH, 
4 (m) OCH,CH,OMe 
4 AB pair ; OCH,CH,OMe ; 

JAB = 11.3 Hz; 6, = 5.66, 

6, = 5.42 

1 3 (s) MeGfN 
2 (s) 
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M X Y hOU 66 A’ Assignment 

MO O(CH&OH WHJ@H 

MO O(CH,),OH WW,OH 1640 1.70 4 (m) OCH,CH,CH,CH,OH 
1.88 4 (m) OCH&H,CH,CH,OH 

(s) 
18 (s) (CH&$HN, 

MO OCH&H,OEt OCH,CH ,OEt 1635 2.29 (s) 

2.31 9 

3 > 

18 (s) (CK)GHNI 
2.54 6 (s) 
3.53 4 (q) OCH,CH,OCH,Me 
3.12 4 (m) OCH,CIf,OEt 
5.55 4 A B pair ; OCH$H,OEt ; 

5.44 

5.71 
5.80 

I 1 
JAB = 11.2 Hz; 6, = 5.66, 6, = 

3 (s) Me2C&Nz 
2 (s) 

1640 1.90 4 (m) OCH&H,CH,OH 
2.30 (s) 
2.32 9 18 (s) (CH&C3HN, 
2.54 

3 1 

6 (s) 
3.82 4 (m) OCH,CHQfzOH 
5.51 4 (broad m) ; 0CH,CH,CH20H 

5.81 3 (s) Me&m2 
5.82 

1 I 
2 (s) 

MO O(CHJ,OH WHJ@H 

MO O(CH,),OH WH&OH 

W OCH&H,Cl 

2.55 6) 
3.66 4 
5.35 4 

5.74 1 
5.81 2 I 

1640 1.53 4 
1.63 4 
1.82 4 
2.30 3 
2.31 9 
2.54 6 I- 

3.66 4 
5.59 4 

5.73 1 
5.80 2 1 

1640 1.62 16 
2.30 3 
2.31 9 
2.55 9 > 

3.64 4 
5.40 4 

5.73 1 
5.80 2 

& O(CH,),CZ&OH 
AB pair ; OCH,(CH,),OH ; poorly 
resolved 

3 (s) Me2C3HN2 

(s) 
(m), 0(CH2)KH2(CH2)~OH 
(m) O(CH,)$H,CH,OH 
(m) OCHQf,(CH,),OH 

(s) 
(s) (Cfh),C,HNz 
(s) 
(m) O(CH&CZ&OH 
A B pair ; OCH,(CH,),OH ; poorly 
resolved 

3 (s) Me2C3HN2 

(s) 

(m) 0CH2(Cff2),CH,0H 

(s) 
(s) (CK),C,HN, 

(s) 
(t) O(CH&C&OH 
AB pair ; OCH,(CH&OH ; poorly 
resolved 

3 (s) Me2C&% 
(s) 

OCH,CH,Cl 1605 2.32 6 (s) 
2.33 3 18 (s) 

2.38 3 (s) (CH,),C,HN, 
2.62 6 (s) 
5.59 4 AB pair ; 0CH2CH,CI ; 

.I ,,, = 11.4 Hz: 6, = 5.69, 6, = 5.49 
5.73 4 (t) OCH,C/f,CI 
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Table 2-continued 

M X Y I.twi’ $2 A’ Assignment 

W OCH$H&l OCH,CH,Cl 1605 5.81 3 (s) Me&m, 
5.86 

1 1 
2 (s) 

W OCH,CH,OMe OCH,CH,OMe 1590 2.30 (s) 
2.37 

9 1 
3 18 (s) (CH,),C3HN2 

2.64 6 (s) 
3.38 6 (s) 0CH2CH20CH3 
3.66 4 (t) OCH,CH,OMe 
5.56 4 AB pair ; OCff,CH,OMe ; 

JAB = 11.5 Hz; 6, = 5.71, 
6, = 5.41 

5.77 3 (s) Me&ffN, 
5.83 

1 1 
2 (s) 

W OCH,CH,OEt 0CH,CH20Et 1598 1.99 3 (t) 0CH2CH2CH,CH, 
2.30 
2.37 
2.64 

9 > (s) 
3 18 (s) (UQ2C3HN2 
6 (s) 

3.52 4 (d) 0CH,CH,POCH2Me 
3.70 4 (t) OCH,CH,OEt 
5.57 4 AB pair ; OCH$H,OEt ; 

JAB = 11.2 Hz; 6, = 5.70, 
6, = 5.44 

5.76 3 (s) MeGm, 
5.82 

I I 
2 (s) 

W OCH&H,OH 0CH,CH20H 1610 2.32 6 
2.36 
2.41 3 
2.64 6 
3.86 4 
5.46 4 

5.87 3 

6) (Cff&AHNz 

g) OCH,Cf&OH 
AB pair ; 0CH2CH20H ; poorly 
resolved 

(s) MeGZf% 

W O(CH,),OH 

.i 

1600 1.68 4 
1.86 4 
2.31 6 
2.32 3 
2.37 3 
2.64 6 I 

3.67 4 
5.41 4 

5.79 1 
5.83 2 I 

(m) 0(CH,),CH2CH20H 
(m) 0CH2CH,(CH&0H 

(s) 
18 (4 

(9 WfJK,HN, 

:) 0(CH2)&H20H 
AB pair ; 0CH2(CH,),0H ; poorly 
resolved 

3 (s) Me&m, 

(s) 

W O(CH&OH OWb),OH 1600 1.50 4 
1.71 8 
2.30 6 
2.31 3 
2.36 3 
2.64 6 I 

3.66 4 
5.43 4 

5.78 1 
5.83 2 

(m) O(CH3Q&(CH&OH 
(m) 0CH2CH,CH,CH,CH20H 

(s) 
18(s) 

(s) (C&)GHNZ 

;:; O(CH,),CH,OH 
AB pair ; OCH,(CH&OH ; poorly 
resolved 

3 (s) MeGffN, 
(s) 
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M X Y VW“ 8’ A’ Assipnmcnt 

W O(CHJ,OH 

W OCH,(CF,),CH,OH 

WHJ,OH 

OCH,(CF,),CH,OH 

1600 1.44 8 (m) 0(CHJ2CH2CH2(CHJ,0H 
1.60 4 (m) 0(CH&CH2CH,0H 
2.30 6 > (s) 
2.31 3 18(s) 
2.36 3 (s) (C&),GHN, 
2.64 6 (s) 

3.64 4 (t) O(CH&C&OH 
5.43 4 AB pair ; OCH,(CH,),OH ; poorly 

5.78 
5.83 

1 1 

resolved 

3 (s) Me&m, 
2 (s) 

1618 2.30 (s) 
2.31 

2.33 

3 i 
3 18(s) 

6 
2.57 6 

13 (C&),GHN 

4.05 4 (:) OCH,(CF,),CH,OH 
5.70 4 (broad m) 0CH2(CF2),CH,0H ; 
5.88 1 3 (s) Me#XfI% 
5.90 2 (s) 

’ In KBr discs (cm-‘). 
‘In CDCl, solution. 
‘Relative areas. 

revealed the expected features due to the L* ligand 
(e.g. vBu at cu 2220 Cm-‘) and vNo which varied 
according to M and X, but not R. Thus the 
molybdenum mono-alkoxides exhibited an NO 
stretching frequency at ca 1670 cm-’ while their 
tungsten analogues showed vNo at ca 1630 cm-‘. 
The spectra of [ML*(NO)(OR),] revealed VNo (MO) 
at ca 1641 cm-’ and vNo(W) at cu 1603 cm-‘. 
These values are in general consistent with trends ob- 
served earlier. ‘-’ 

The ‘H NMR spectra (Table 2) substantiated our 
formulations of these compounds. For the molyb- 
denum mono-alkoxides, a group of five or six 
resonances (total integrated area equivalent to 18 
protons) appeared in the range 6 = 2.34-2.54, due 
to the six methyl groups of L*. In the tungsten 
complexes, these protons frequently gave rise to 
five such signals, although occasionally six or four 
resonances were detected, again in the region 
6 = 2.34-2.65. The 4-H proton on the pyrazolyl 
rings gave rise to three resonances, consistent with 
the lack of a plane of symmetry in these complexes. 
These signals were observed in the range 6 = 5.58- 
5.93 (MO) and 5.79-5.96 (W). As had been reported 
and discussed earlier,’ the protons attached to the 
a-carbon atom of the alkoxide resonate at an un- 
usually low field. This is probably due to deshielding 

of the C and H atoms caused by being bound to 
the extremely electronegative (ML*(NO)Cl} group: 
Thus, the a-protons in the MO complexes appeared, 
usually as poorly resolved AB pairs, in the range 
6 = 5.916.02 (av. 5.98), whereas the comparabIe 
signals in the W complexes appeared in the range ’ 
6 = 5.81-5.93 (av. 5.88). In the complex [WL*(NO) 
Cl(OCHMeCH,CMe,OH)], the a-proton appeared 
as an ill-defined multiplet at 6 = 6.02. 

The bis-alkoxides [ML*(NO)(OR),] contain a 
plane of symmetry and this is reflected in the 'H 
NMR spectra. Thus, the methyl protons of L* 
appeared as a group of three (MO) or usually four 
(W) signals (the latter species occasionally gave rise 
to a set of three resonances) in the ranges 
&MO) = 2.29-2.55 and 6(W) = 2.3G2.64. The 
4-H protons occurred as two signals (relative areas 
1 : 2 usually), in the regions &MO) = 5.71-5.82 and 
6(W) = 5.765.90, although occasionally, these res- 
onances might appear as a singlet, probably due to 
accidental degeneracy. Once again, the protons on 
the a-carbon atom of the alkoxides resonated at low 
fields, although at a chemical shift less positive than 
those of their mono-alkoxide analogues. This pre- 
sumably reflects a subtle alteration in the effective 
electronegativity of {ML*(NO)Cl} vs that of. 
{ML*(NO)(OR)). Thus in the molybdenum com- 



458 J. A. McCLEVERTY and A. WLODARCZYK 

plexes these AB pairs usually occurred in the range 
6 = 5.35-5.40 (av. 5.50). In the tungsten complexes, 
6 = 5.41-5.70 (av. 5.52). 

The differences between the chemical shifts of the 
a-protons in the mono- and bis-alkoxides is very 
useful in determining the presence of either type of 
species in solution and in estimating the relative 
amount of each in mixtures. 

The mass spectra of the new compounds (Table 
3) usually provided parent molecular ions ([M+]) 
and revealed fragmentation patterns consistent with 
loss of NO, R, 0 and/or OR. 

CONCLUSION 

Mono- and bis-alkoxide complexes of the type 
[ML*(NO)Cl(OR)] and [ML*(NO)(OR),] (M = 

MO or W) can be simply and reliably pre- 
pared by treatment of [ML*(NO)Clz] with the 
appropriate alcohol, ROH, in the presence of tri- 
ethylamine or better, sodium carbonate. They have 
distinct ‘H NMR spectral properties, and the chloro 
complex will be useful in electrochemical studies, 
since related iodo-complexes undergo voltammetric 
reduction with loss of I- which complicates the 
study of this process.3,5 

EXPERIMENTAL 

All reagents were used as supplied. [M((3,5- 

Me2C3HN2)3)(NO)C12] was synthesized as de- 
scribed previously.’ For column chromatography 
silica gel (7&230 mesh) was used under nitrogen. 
All reactions were carried out under N2 and elemen- 
tal analyses were determined by the Microanalytical 
Laboratory of this Department. All yields are 
quoted relative to the metal-containing starting 
material. 

IR spectral data were obtained using a PE297 

spectrophotometer and ‘H NMR spectra were mea- 
sured using a Jeol GX270 instrument. Mass spectra 
were performed with a Kratos MS80 instrument in 
the EI mode. 

[Mo((3,5-MezC3HN,),}(NO)Cl(OCH,CH2Cl)] 

Mo(HB(3,5-Me,C,HN,),}(NO)Clz] (0.3 g) and 
HOCH,CH,Cl (0.5 cm3) were dissolved in toluene 
(50 cm’) and triethylamine (0.2 cm’) was added. 
The solution was refluxed for 4 h during which time 
the colour had changed to blue. The mixture was 
then cooled to R.T., n-pentane added and further 

cooled to - 10°C. [NHEt,]Cl which had precipi- 
tated was filtered off and the filtrate was evapor- 
ated in uacuo. The crude product was extracted 
from the residue in diethylether and then repre- 
cipitated by addition of n-hexane. The solid was 
collected by filtration and purified by chroma- 
tography on silica gel using dichloromethane/n- 
hexane (2 : 1 v/v) as eluant. The second blue fraction 
was collected, the solvent evaporated in uacuo 
and the complex recrystallized from diethylether/ 
n-hexane giving blue crystals (0.19 g, 57%). 

This compound was prepared in the same way as 
the one above, using HOCH,CH,OMe (0.5 cm’) 
and was obtained as blue crystals (0.21 g, 66%). 

[Mo{HB(3,5-Me2C3HN2)3}(NO)Cl~] (0.3 g) and 
HOCH2CH20Et (0.5 cm3), dissolved in dichloro- 
methane (50 cm3), were treated with Na2C03 (0.5 g) 
and the mixture was refluxed for 16 h during which 
time it became blue. The mixture was then cooled 
to R.T., n-pentane added and further cooled to 
- 10°C. After filtration, the filtrate was evaporated 
in uacuo, the residue dissolved in the minimum vol- 
ume of dichloromethane and chromatographed on 
silica gel using dichloromethane/n-hexane (2 : 1 v/v) 
as eluant. The blue fraction was collected, the sol- 
vent evaporated and the complex obtained by recry- 
stallization from dichloromethane/n-hexane as blue 
crystals (0.28 g, 85%). 

[Mo(HB(3,5 - Me,C3HN,)3}(NO)Cl{O(CH2)nOH)l, 
(n = 2, 5, 6) 

[Mo{HB(3,5 - Me2C3HN2)3}(NO)C12] (0.3 g) and 
an excess of the appropriate dialcohol were stirred 
and refluxed in toluene (100 cm’) for 5-8 h, during 
which time the colour of the solution changed 
through green to deep blue. The reaction mixture 
was cooled to R.T., n-hexane added and cooled fur- 
ther to - 10°C. An oily deposit formed and the 
supernatant solution was decanted and evaporated 
to dryness. The desired complexes were worked up 
by chromatography as described above and were 
isolated as blue powders (n = 2,0.13 g, 41% ; n = 5, 
0.20 g, 59%; n = 6, 0.18 g, 51%). 

When n = 3 or 4, this method afforded pre- 
dominantly bimetallic products [Mo{HB(3,5- 
Me2C3HN2)3}(NO)Cl,{0(CH2>,o>l. These species 
are described elsewhere. 
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M X Y m/e Tentative assignment 

MO Cl 

MO Cl 0CH2CH20Et 549 WI+ 
519 [M-NO]+ 
460 [M-Y]+ 

446 [M-NO-CH,CH20Et]+ 

430 [M-NO-Y]+ 

MO Cl OCHzCHzOH 521 [Ml+ 
491 [M-NO]+ 

446 [M-NO-CH,CH,OH]+ 

430 [M-NO--Y]+ 
426 [M-Cl-Y]+ 

395 [M-NO-Y-Cl]+ 

MO Cl OWb),OH 563 WI+ 
527 [M-Cl] + 

497 [M-Cl-NO] + 

460 [M-Y]+ 

446 [M-NO-(CH,),OH]+ 
395 [M-Cl-NO--Y]+ 

MO Cl WW@H 577 [Ml+ 
541 [M-Cl] + 
511 [M-Cl-NO]+ 
446 [M-NO-(CH,),OH]+ 

430 [M-NO--Y]+ 
425 [M-Cl--Y] + 

w Cl OCH,CH&l 625 
546 
527 
532 
516 

w Cl OCH,CH,OMe 621 WI+ 
546 W---Y]+ 
527 [M-Cl-CH,CH,OMe]+ 
516 [M-NO--Y]+ 

w Cl OCH,CH,OEt 635 
600 
546 
527 
516 

MO Cl OCH2CH2Cl 539 
509 
446 
430 

[Ml+ 
[M-NO] + 
[M-NO-CH,CH,Cl]+ 
[M-NO---Y]+ 

OCH,CH,OMe 535 WI+ 
505 [M-NO] + 
460 [M-Y]+ 

446 [M-NO-CH,CH20Me]’ 

430 [M-NO-Y] + 
395 [M-NO-Y-Cl]+ 

WI+ 
W--Y]+ 
[M-Cl-CH,CH,Cl]+ 
[M-NO-CH,CH,Cl] + 
[M-NO---Y]+ 

WI’ 
[M-Cl]+ 
[M-Cl--Y]+ 
[M-Cl-CH,CH,OEt]+ 
[M-NC+Yj+ 
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Table 3-continued 

M X Y m/e Tentative assignment 

w Cl WHWH 635 
599 
569 
527 
512 

w Cl O(CH,),OH 649 
613 
583 

w Cl O(CH&OH 663 
627 
527 

MO OCH,CH,Cl OCH,CH,Cl 583 
504 

MO OCH,CH,OMe OCH,CH,OMe 575 WI+ 
545 [M-NO]+ 
500 [M-OCH,CH,OMe]+ 
425 [M-(OCH2CH,0Me)2]+ 

MO OCH2CH20Et OCH,CH,OEt 603 
573 
514 
484 
425 

MO O(CH,),OH O(CH,),OH 528 
I 

498 
425 
395 

W OCH,CH,Cl OCH$H,Cl 669 
590 

W OCH,C,OMe OCH,CH,OMe 661 
586 
527 

W 0CH,CH20Et OCH,CH20Et 689 
600 
527 

W OCH,CH,OH OCH,CH,OH 633 
603 

w Cl OCH,CH,OH 607 
532 
512 

WI+ 
[M-NO-CH,CH,OH]+ 
[M-Cl-Y]+ 

w Cl O(CH,),OH 621 WI+ 
585 [M-Cl]+ 
555 [M-NO-Cl]+ 
527 [M-Cl-(CH,),OH]+ 
512 [M-Cl-Y]+ 
481 [M-Cl-NO-Y]+ 

[Ml+ 
[M--Cl]+ 
[M-Cl-NO]+ 
[M-C-(CH,),OH]+ 
[M--Cl--Y]+ 

[Ml+ 
[M-Cl]+ 
[M-Cl-NO] + 

WI+ 
[M-Cl]+ 
[M-Cl-(CH,),OH]+ 

[Ml+ 
[M-CH,CH,Cl]+ 

WI+ 
[M-NO]+ 
[M-OCH,CH,OEt]+ 
[M-OCH,CH,OEt-NO]+ 
[M-(OCH2CH20Et)~+ 

[M-_(O(CH,),OH)l+ 
[M-{O(CH,),OH}-NO]+ 

EM-_(WW@%I+ 
[M-{O(CH,),OH},-NO]+ 

[Ml+ 
[M-OCH,CH,Cl]+ 

WI+ 
[M-OCH,CH,OMe]+ 
[M-OCH,CH,Cl-CH,CH,OMe]+ 

[Ml+ 
[M-OCH,CH,OEt]+ 
[M-OCH2CHZOEt-CH2CH20Et]+ 

WI+ 
[M-NO]+ 
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M X Y m/e Tentative assignment 

W O(CH,),OH O(CH,),OH 689 
599 
569 
527 

W O(CH,),OH O(CH,),OH 717 
613 
527 

W O(CHJ,OH O(CH,),OH 745 
627 
598 
527 
512 
481 

W OCH,(CF,),CH,OH 0CH2(CF,),CH,0H 721 
691 
512 

[W{(3,5-MeZCjHN2)3}(NO)CI(OCH1CHzX)], X = 
Cl, OMe or OEt 

A mixture of [W((3,5-MelC1HN,),}(NO)C12] (0.3 
g), the appropriate alcohol HOCH2CH2X (1 cm’) 
and NEt, (0.5 cm’) in toluene (100 cm’) was stirred 
and refluxed for 2 h during which time the solution 
became blue. After cooling to R.T., n-hexane was 
added and the mixture further cooled to - 10°C. 
An oil formed and the supernatant liquid which 
contained the desired product was collected, filtered 
and evaporated in uacuo to one third of its volume. 
Hexane was again added, the mixture filtered and 
the filtrate reduced partially in vucuo. The residue 
was purified by column chromatography using 
CHC13 as eluant. The second fraction was collected, 
evaporated in uacuo and recrystallized from diethyl- 
ether/n-hexane mixture to afford the complex as 
blue crystals (yield 55-65%). 

[W{(3,5-Me2C3HN2),}(NO)CIY], where Y = 
O(CH,),OH (n = 2-6), O(CH2(CFJ3CH,0H or 
0CHMeCH,CMe20H 

A mixtureof[W{(3,5-MezC3HN2),)(NO)C12] (0.5 
g) and the appropriate dialcohol(1 .O cm3) in toluene 
(100 cm3) was stirred and refluxed for 4-8 h. During 
this time the solution became purple. On cooling to 
R.T., n-pentane was added and the mixture further 
cooled to - 10°C. An oil formed and the purple 
supernatant liquid was decanted and filtered, being 
worked up in the same way as the compounds 
described immediately above. Dichloromethane 

- 

[Ml+ 
W-_(WW.OWI+ 
[M-{O(CH,),OH}-NO]+ 

[M-_(O(CHAOHI-{(CH,),OHII+ 

[Ml+ 
P-_(WH,),OWl+ 
[M-_(O(CH,),OH)--I(CH,),OHJI+ 

[Ml+ 
W-_(WH&WI+ 
[M-{O(CH,),OH}-NO]+ 

[M-IO(CH,),OH)-{(CH,),OH}l+ 
P-_(O(‘=,WW,I+ 
[M-{O(CH,),OH},NO]+ 

[M-{ OCH,(CF,),CH,OH}] + 
[M-{OCH,(CF,),CH,OH}-NO]+ 

[M-_(OCH,[(CF,),CH,OH},l+ 

was used as eluant and in a second chromatographic 
purification, CHC13 was used. Two purple bands 
were observed on the column, the first of which is 
bimetallic and is described elsewhere. The second 
fraction contains the desired complex which was 
finally recrystallized from a CH,Cl,/n-hexane mix- 
ture (when Y = O(CH,),OH) or diethyletherln- 
hexane affording the complexes as purple powders 
(yields 35-55%). 

[Mo{3,5-Me2C3HNJ3)(NO)X2], whereX = OCH2 
CH,Y (Y = Cl, OMe, OEt) or O(CH,),OH (n = 
3 or 4) 

A mixture of [Mo{(3,5-Me,C,HN,),}(NO)I,1(0.5 
g), the appropriate alcohol (1 .O cm3) and Na2C03 (1 .O 
g) in toluene (100 cm’) was stirred and refluxed for 
between 5 and 15 h. The length of reflux depended 
on the time taken to fully develop the pink solution 
characteristic of the final product. The reaction mix- 
ture was then cooled, n-pentane added and the mix- 
ture further cooled to - 10°C. The oil which formed 
was discarded and the supernatant liquid evapor- 
ated in vucuo. The residue was dissolved in diethyl- 
ether, and mixtures of n-hexane and n-pentane 
added. The solvent volume was then slowly reduced 
in vucuo until a pink precipitate formed. This was 
collected by filtration and dried in vucuo, affording 
a pure complex except for the species derived from 
O(CH,),OH. This last compound was further puri- 
fied by column chromatography using CH,Cl,/ 
diethylether as eluant, affording yields greater 
than 75%. 
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MQ-W%5 - Me,C,HN2)3)(NO){O(CH2),0H)21, 
II = 4, 5 or 6 

To [Mo(HB(3,5-Me&HN,),)(NO)IJ (0.5 g) dis- 
solved in toluene (100 cm’) was added the appro- 
priate alcohol (1 cm3) and Na2C03 (1.0 g), and the 
mixture was refluxed for 15 h during which time the 
colour changed from green to pink. Purification 
was effected in the same way as for propanediolate 
described above. Further recrystallization from 
CH,Cl,/n-pentaneln-hexane gave a pink powder 
(yields 6&70%). 

jW{HB(3,5 - Me2C3HNJ3}(NO)X2] where X = 
0CH2CH2Cl, OCH,CH,OMe and 0CH2CH20Et 

These complexes were prepared similarly to their 
MO-containing analogues described above, using 
[W{HB(3,5-Me2C3HN2)3}(NO)C12] (0.5 g). After 
15 h refluxing, the colour of the solutions had be- 
come orange. The complexes were purified by 
chromatography using CH,Cl,/acetone as eluant 
and precipitated from diethyletherln-pentane as 
an orange powder (yield 45-55%). 

This compound was prepared in the same way 
as its analogues described immediately above, but 
using acetone as the reaction solvent (yield ca 60%). 

w{HB(3,5 - Me2C3HNJ3}(NO)X2] where X = 
O(CH,),OH (n = 4,5 or 6) andOCH,(CFJ&H20H 

To [W{HB(3,5-Me,C,HN,),}(NO)Cl(OR)] (0.2 g), 
where R = Me or Et, dissolved in toluene (100 cm’) 
was added Na2C03 (0.5 g) and the appropriate di- 

alcohol (0.5 cm3). The mixture was stirred and 
refluxed for 10-15 h during which time the colour 
changed from blue to orange. Separation and puri- 
fication of the complexes was the same as that 
described for the tungsten complexes X = OCH, 
CH,Cl, etc. (yields 45-55%). 
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Abstract-Four isomeric compounds, Mo,Cl,(dpdbp),, have been synthesized : 1, m-anti ; 
2, a-syn ; 3, b-anti ; 4, /?-syn. When the a isomers are synthesized from a K4M02C1,/1- 
diphenylphosphino-2-di(p-tert-butylphenyl)phosphinoethane (dpdbp)/CH,OH reaction 
mixture, the ratio l/2 obtained is N 97/3. The p isomers are obtained in an 85/15 mole 
ratio (3/4) from the reaction mixture Mo2(02CCF3),/Me,SiC1/dpdbp/THF. 1 has been 
crystallized and structurally characterized by X-ray diffraction. The space group is Pi and 
the unit cell constants are a = 13.309(2), b = 18.641(8), c = 9.452(2) & 0: = 104.70(4)“, 
j? = 106.77(2)“, y = 83.14(2)“, V = 2169(2) A’ and Z = 1. The a-anti configuration is rig- 
orously centrosymmetric with Mo-MO = 2.149(l) & mean Mo-P = 2.551(3) A and 
mean Ma-Cl = 2.424(4) A. The l/2 ratio can be altered by column chromatography. It is 
found by TLC that when a mixture of the a isomers is isomerized to a mixture of the B 
isomers the 3/4 ratio is the same as the initial l/2 ratio. The u -+ fi isomerization reaction, 
therefore, is stereospecific. An internal flip is the only process that necessarily has this 
essential character, and its occurrence is thus corroborated. 

It has long been known that compounds of the type 
M,X,(dppe),, exist in both a (chelated) and j? 
(bridged) forms,* and that generally the a form is 
thermodynamically less stable than the p form. The 
rates and activation parameters for several a --f /? 
rearrangements have been reported. 2-4 Several 
suggestions have been made as to the detailed 
course of these rearrangements (which are, incid- 
ently, reversible4T5), of which the most explicit and 
intriguing, is that they occur by a flip of the M, 
dumb-bell within the quasi-cubic set of coordinated 
ligand atoms. * Some persuasive evidence for this is 
provided by the fact that the rate is unaffected by 
the presence of a large excess of dppe and that the 
isomerization can occur cleanly in the solid state.4 
In spite of this evidence, we have been endeavouring 
to obtain independent and more direct evidence to 
support the internal flip proposal. In this paper we 
report results concerning stereospecificity in the a -+ 
j3 process that can be explained by the internal 
flip process but probably not by other pathways in 
which ligand dissociation and recombination occur. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

All operations were carried out under an atmo- 
sphere of purified argon. Solvents were dried by 
conventional methods and distilled under nitrogen. 
K,Mo,Cl, and Mo2(02CCF,), were prepared as 
described elsewhere. 6,7 

p-tert-butylbromobenzene was purchased from 
Alfa Products. Phosphorus trichloride, diphenyl- 
vinylphosphine and 1,2-bis(dichlorophosphino) 
ethane were purchased from Aldrich Chemicals. 
Silica gel powders (6&200 mesh, 140 A) for 
chromatography and silica gel plates for thin 
layer chromatography (TLC) were purchased 
from Aldrich Chemicals and Sigma Chemical 
Company, respectively. 

Preparation of l-diphenylphosphino-2-di(p-tert- 
butylpheny&phosphinoethane (Dpdbp) 

Dry p-tert-butylbromobenzene (50 g, 0.23 mol) 
in THF was treated with Mg (5.6 g, 0.23 mol) to 
give p-tert-butylphenyl magnesium bromide. To 
this solution was added PC13 (9.57 g, 0.069 mol) 
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in THF. The resultant solution was treated with 
aqueous saturated NH&l solution, dried over 
Na*SO, and evaporated to dryness, giving yellow 
crude powder. This powder was recrystallized from 
ethanol-CHCl, to provide tris(p-tert-butyl)phos- 
phine as a white crystalline solid. Yield, 25.8 g 
(85%),m.p.235.1-235.9”C.Found:C,83.4;P,6.8; 
H,9.1.Calc.forC,,HJ,P:C,83.7;P,6.8;H,9.1%. 

For the synthesis of bis(p-tert-butyl)phosphine 
the usual synthetic methoda,9 was modified because 
lithium metal did not react with tris(p-tert-butyl) 
phosphine. A mixture of potassium metal (3.0 g, 
0.077 mol) and tris(p-tert-butyl)phosphine (5.1 g, 
0.012 mol) in 160 cm3 THF was refluxed for 3 h. 
After removal of the unreacted K, the resultant 
dark red solution was hydrolysed, extracted with 
ether and the ether extract was washed with dilute 
acid and water. Evaporation of the solvent gave a 
yellow residue, which was washed with methanol 
and the crude white solid was separated by 
filtration. This solid was recrystallized from 
benzene/methanol to give a white crystalline solid ; 
yield 1.8 g (50%) ; vr_n(Nujol), 2300 cm- ‘. 

A mixture of 1.2 g (0.0057 mol) of diphenyl- 
vinylphosphine, 1.7 g (0.0057 mol) of bis(tert-bu- 
tyl)phosphine, and 0.14 g potassium tert-butoxide 
in THF was refluxed for 6 h, followed by evap- 
oration of the solvent. The resultant orange-yellow 
residue was washed with methanol and filtered. The 
crude white solid was recrystallized from benzene/ 
methanol to give a white crystalline solid. Yield, 
1.4 g (48%). M.p. 118.5-119.2”C. Found: C, 78.4; 
P, 11.6; H, 7.9. Calc. for C34H40P2: C, 80.0; P, 
12.1; H, 7.9%. 400 MHz NMR (CD2C12, 25°C) : 6 
1.295 (s, 18H), 2.078 (m, 4H), 7.25-7.36 (m, 18H). 

Preparation of 1,2-bis(di(p-tert-butylphenyl)phos- 
phino)ethane (Dbppe) 

A THF solution ofp-tert-butylphenylmagnesium 
bromide was prepared from p-tert-butyl- 
bromobenzene (4.23 g, 0.020 mol), by the method 
described above. To this solution, 1,2-bis(dichlo- 
rophosphino)ethane (1.15 g, 0.0050 mol) in 10 
cm3 THF was added dropwise with vigorous 
stirring. Heat was evolved and the solution refluxed 
spontaneously. When cool, the reaction mixture 
was poured slowly with stirring into a saturated 
solution of NH&l. The aqueous layer was sep- 
arated and extracted with ether. The combined 
ether and THF portions were evaporated and a 
white solid remained behind. This solid was recry- 
stallized from benzene/CH,OH to give the pure 
product. Yield, I .6 g (50%). M.p. 238.5-239.5”C. 
Found : C, 79.8 ; P, 9.8 ; H, 9.0. Calc. for 
C,2H,,P,: C, 81.0; P, 9.9; H, 9.1%. 200 MHz 

NMR (CD2C12, 25°C): 6 1.30 (s, 36H), 2.09 (m, 
4H), 7.2-7.5 (m, 16H). 

Preparation ofcc-Mo$l,(dpdbp), 

A mixture of K4M02Cls (0.21 g, 0.34 mmol) and 
dpdbp (0.34 g, 0.68 mmol) in 25 cm3 of methanol 
was refluxed for 2 h. A green powder precipitated 
and was separated by filtration, washed once with 
methanol and diethylether and dried in vacuum. 
Yield, 0.23 g (50%). This powder contained small 
amounts of the /3 form and K,Mo$&; the pure c( 
form was obtained from the second main CHZCl? 
fraction by silica gel column chromatography.’ IR : 
v,_ct(Nujol), 308, 295 cm- ‘. UV-Vis: I,,, nm 

(Lax M-’ cm-‘), 341 (6780) 385 sh, 470 (381), 
669 (3030). The ‘H NMR spectrum of CI- 
Mo,Cl,(dpdbp), showed the two isomers, anti (1) 
and syn (2). 400 MHz NMR (CDzC12, -80°C): 
the full spectrum together with the assignments is 
shown in Fig. 1. Signals of 1; 6 (ppm), 0.926 (s, 
18H), 1.211 (s, 18H), 3.33 (br, IH), 3.49 (br, lH), 
4.58 (br, lH), 4.74 (br, lH), 6.32 (t, 2H), 6.52 (t, 
2H), 6.55 (d, 2H), 6.65 (d, 2H), 6.69 (t, lH), 7.00 
(d, 2H), 7.23 (t, 2H), 7.44 (m, 3H), 7.67 (br, 1H). 
Most of the signals for 2 are partially or wholly 
overlapped by the intense signals of 1. A tert-butyl 
methyl signal at 1.245 ppm of the “parallel”5 aryl 
group is well-separated from that of 1. The ratio 
l/2 is approximately 97/3, as inferred from the ratio 
of the two tert-butyl methyl signals of the “parallel” 

aryl groups. With the use of CH,Cl,/n-hexane 
(1 l/2, v/v) as an eluting solvent, 1 was 
separated from the mixture by silica gel column 
chromatography. 

Preparation of /I-MozCl,(dpdbp), 

Mo~(O&CF~)~ (0.23 g, 0.40 mmol) was dis- 
solved in 10 cm3 THF and Me,SiCl(O.3 cm’) was 
added. ‘O This solution was stirred for 12 h and 
then 0.40 g of dpdbp (0.79 mmol) was added. The 
solution was refluxed for 10 h and a brown pre- 
cipitate was separated from the reaction mixture by 
filtration. This brown powder was washed once 
with methanol and cold ether, and dried in vacua. 
Yield, 0.22 g (40%). IR: v,_,i(Nujol), 335, 298 
cm-- ‘. UV-Vis : 1,,, nm (E,,, M- ’ cm-‘), 343 
(2550) 456 (560) 542 sh, 758 (730). 400 MHz NMR 
(CDQJ: at 20°C 6 1.300 (s, 18H), 3.40 (s, 4H), 
7.25-7.80 (br, 18H) ; at - 90°C there are four broad 
signals, shown in Fig. 3 (part 4), which are ascribed 
to tert-butyl methyl protons, viz. 6 1 .Ol, 1.09, 1.27, 
1.33. Other signals, 2.52 (br, 4H), 6.55-8.10 (br, 
18H). 

We were unable to identify the anti (3) and syn (4) 
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Fig. 1. ‘H NMR spectrum at -80°C of a-Mo$l,(dpdbp), obtained in CD2C12 at 400 MHz. An 
enlargement of the aryl region is also shown. The assignments of the LY-anti isomer are made and 
indicated above each signal. “Upright” and “parallel” denote the orientation of the aryl ring in the 

molecule of cr-Mo$&(dpdbp),, as discussed in the text. 

isomers of fi-Mo2C14(dpdbp)2 by ‘H NMR spectra 
because a low-energy fluxional process broadens 
the signals. The molar ratio 3/4 was checked by 
TLC. By use of the mixture of CH,Cl,/n-hexane 
(1 l/2, v/v) as an eluting solvent, two spots were 
obtained, which correspond to the anti and the syn 
isomers. The spot area of the anti isomer at 
Rf = 0.65,” was much bigger than that of the syn 
isomer at Rf = 0.58 ; we can estimate the 314 ratio 
as 6f 1. Since the ratio l/2 is about five times gre- 
ater than the ratio 3/4, the B-syn isomer is clearly 
preferred to the c+syn one. 

Preparation of /I-Mo,Cl,(dbppe), 

/?-MozCl,(dbppe)z was prepared from MO* 
(02CCF3)dMe,SiCl/dbppe/THF in a way similar 
to that described above. The LX form could not be 
synthesized from K4M02Cl,/dbppe/CH,0H, which 
also gave the brown B form. IR: I’M_ c’(Nujol) 

* Rf is the retardation factor. ” In the case of the t(- 
form, the anti- and the syn-isomers gave spots at 
Rf = 0.24 and 0.13, respectively, when the same silica gel 
plate and eluting solvent were used. 

345, 293 cm-‘. UV-Vis: A,,, (E,,, M- ’ cm- ‘). 
341 (3010), 456 (654), 540 sh, 760 (850). 400 MHz 
NMR (CD&&, -110°C): 6 1.201 and 1.235 (s, 
18H), 2.47 (br, 4H), 6.943 (br, 4H), 7.233 (br, 4H). 
7.41 (br, 4H), 7.80 (br, 4H). 

Isomerization of cr-Mo#&(dpdbp), to the /? form 

The purity of the a form and its anti to syn isomer 
ratio for each fraction were checked by ‘H NMR 
measurements and TLC. In each of the chro- 
matographic fractions of the CI form the solvent was 
completely evaporated. The residue of each fraction 
was then dissolved in THF and the solution was 
refluxed for 1 h. The green colour turned brown, 
indicating the formation of the /I form. Complete 
conversion to the /I form was confirmed by the ‘H 
NMR measurements and TLC, and it was further 
shown that no detectable decomposition occurred 
during the conversion experiment. 

In the case of TLC experiments, the CI and fi 
isomers gave green and brown spots, respectively. 
To confirm the stained spot area, iodine vapour” 
was applied to a developed TLC plate, which 
yielded a brown colour. Quantitative estimation of 
the areas of the two spots on each TLC plate was 
done by visual comparison of the stained spots. ’ ’ 
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C(35) C(36) 

Fig. 2. An ORTEP drawing of the entire molecule of anti-a-MoJIl,(dpdbp), with thermal ellipsoids 
at the 50% level for MO, Cl and P atoms as well as C(25) and C(26). Those of atoms in the phenyl 
rings and tert-butyl groups have been arbitrarily reduced. The numbers of unlabelled phenyl carbon 
atoms follow from those given. Only half the atoms are labelled since the others are related by a 

centre of inversion at the midpoint of the Mo-MO bond. 

Physical measurements 

Electronic absorption spectra were measured on 
dichloromethane solutions with a Cary 17D spec- 
trophotometer. Infrared spectra were recorded as 
Nujol mulls using a Perkin-Elmer 783 spectro- 
photometer. ‘H NMR spectra were obtained on 
Varian XL 200 and 400 NMR spectrometers, oper- 
ating in the Fourier transform mode at - 1 IS. 

-90 and 25°C. 

Preparation of crystals 

a-Mo&l,(dpdbp), (in a l/2 ratio of 97/3) was 
dissolved in dichloromethane and a layer of meth- 
anol was gently introduced over the green solution. 
The two layers were kept below 0°C for several days 
and plate shaped crystals were obtained. 

X-ray d@raction procedures. Data collection 

The crystal was placed in a thin-walled glass 
capillary, surrounded by mother liquor and was 
examined on an Enraf-Nonius CAD-4 automated 
diffractometer. Unit cell constants were determined 

from the geometric parameters of 25 well-centred 
reflections with 28 values in the range 
18 < 20 < 29” and are listed in Table 1. The crystal 
was extremely unstable under the conditions of 
measurement and decomposed completely within 
48 h. We tried many times to collect an entire set of 
data from one crystal but did not succeed. Conse- 
quently, the data employed were obtained from two 
crystals of similar size. For both crystals, significant 
decay of intensity was observed for three standards 
monitored throughout 30 h of data collection, and 
the corrections were made in each case. Each data 
set was also corrected for Lorenz and polarization 
effects, and an empirical absorption correction was 
applied on the basis of azimuthal scans of selected 
reflections with the x angle near 90”. These two data 
sets were finally merged by using the SHELX-76 
program. The agreement (R) factor was 0.0509. 

Structure solution and rejinement 

The position of the unique MO atom was deter- 
mined from a three-dimensional Patterson map. 
With the midpoint of the dinuclear unit residing on 
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Table 1. Crystal data for cc-anti-Mo,Cl,(dpdbp),.4CH,Cl, 
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Formula 
Formula weight 
Space group 
a, A 
b, A 
c, A 
a, deg 
B, deg 
Y, deg 
v, A’ 
Z 

&,r,, g cm- 3 
Crystal size, mm 
~(Mo-K,), cm- ’ 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature, “C 
Scan method 
Data col. range, 20, deg 
No. unique data, total 

with Fz > 3o(Fi) 
Numbers of parameters refined 
Trans. factors, max., min. 

in 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak, e A-’ 

Mo,Cl,,PG,H,, 
1694.58 
Pi 
13.309(2) 
18.641(8) 
9.452(2) 
104.70(4) 
106.77(2) 
83.14(2) 
2169(2) 
1 
1.29 
0.3 x 0.25 x 0.3 
6.68 
CAD4S 

MO-K, (A, = 0.71073 A) 

25, 18 < 20 < 29 
22k3 
o-scan 
445 

3959 
393 
0.951,0.754 
0.0796 
0.105 
1.11 
0.18 
1.05 

‘R = x I IFA- IFclIP IFA. 
‘R, = [C w(lFJ - /FJ)‘/Z w~J;,~~]“~; w = l/a’(lFJ. 

’ Quality-of-fit = P wW’~I - lF~1)*/&,, - ~param,terJ1 I’*. 

a crystallographic inversion centre, the asymmetric 
unit is defined by half of a molecule of 
Mo#J,(dpdbp),. A series of alternating least- 
squares refinements and difference Fourier maps 
led to satisfactory development of the atoms in the 
coordination sphere of the molybdenum atom. Full 
matrix least-squares refinement followed by a 
difference Fourier map revealed the positions of all 
the other non-hydrogen atoms, including atoms of 
the CHzClz molecules. A subsequent Fourier map 
revealed disorder in the two tert-butyl groups. The 
refinement of alternative orientations was made 

* Supplementary material available : Atomic coor- 
dinates, full listing of bond angles, bond distances and 
anisotropic displacement parameters (six pages) ; tables 
of observed and calculated structure factors (twenty-two 
pages). Copies are available from the Editor. Atomic 
coordinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

with constraints on the bond distances and angles 
of the tert-butyl groups by use of the SHELX-76 
program, leading finally to two orientations, with 
site occupancies of 0.54/0.46 and 0.7610.24 for C2a- 
C3 and Cj5-C40. At this stage, the R value was 
0.095. One of two CH&l, showed large isotropic 
thermal factors. Several peaks with heights of 1.3- 
1.1 eA- 3 were still present in the difference Fourier 
map. There are three positions for CH2C12 mol- 
ecules in the asymmetric unit, of which one is fully 
occupied but with two-fold orientational disorder. 
The other two positions are each half occupied and 
one of these also showed some orientational 
disorder. These occupancies are in accord with the 
overall composition Mo,Cl,(dpdbp), * 4CHzClz. 
After site occupancies had been determined with 
fixed isotropic thermal factors, the positions and 
the isotropic thermal factors were refined with the 
site occupancies fixed. The final full matrix least- 
squares refinement gave R = 0.079.* 
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RESULTS AND DISCUSSION 

Structure of anti-a-MozCld(dpdbp), 

Anti-a-Mo,C14(dpdbp)2 shows a molecular struc- 
ture very similar to that of anti-cc-Mo2C14(dpdt)2.5 
A dpdbp ligand chelates to each of the MO atoms 
of the dimer. The principal bond distances and 
angles are listed in Table 2. As in the case of the 

dpdt complex, the aryl groups of each phosphorus 
atom are differentiated into parallel and upright 
types in terms of their relationship to the mean 
plane of the MoCl,P, ring. This can be clearly seen 
in Fig. 2. The distance between the centres of nearest 
neighbour parallel phenyl groups is 3.56 A.* In the 
case of syn-a-Mo,Cl,(dpdbp),, it is expected that 
there is steric repulsion involving the tert-butyl 
groups on two of the parallel phenyl groups, thus 
accounting for the observation that the syn form is 
a minor product of the reaction of K,Mo2C18/ 
dpdbp/CH30H. This hypothesis is corrobor- 
ated by the fact that with the symmetrical dbppe 
ligand no a form could be prepared at all. In the 
case of dbppe, these steric repulsions would be 
much more severe than in the case of dpdbp, 
because there would be four sterically interacting 
parallel tert-butyl groups in a-Mo,Cl,(dbppe)z. 
This large amount of repulsive interaction evidently 
prevents the formation of any of the CI form, and 
all preparative reactions give exclusively the p form, 
in which very little repulsion involving the tert-butyl 
groups would be expected. 

Fortunately, unsymmetrical dpdbp still provides 
the a-syn isomer, but at the same time the per- 
turbation by the tert-butyl group is large enough to 
make it possible to separate the anti and syn isomers 
by chromatography. 

Characterization of a-M~,Cl,(dpdbp)~ 

The ‘H NMR spectrum of a-Mo#&(dpdbp), is 
shown in Fig. 1, which gives a pattern similar to 
that of a-MozCl,(dpdt)z.5 The ring current effect of 
“parallel” aryl groups characteristic of the CI form 
allows a definitive assignment of these signals. This 
was done by referring to the assignment of the ‘H 
NMR spectrum of the analogous dpdt system.’ In 
a-Mo,Cl,(dpdt),, it was hard to separate the two 
isomers and the recorded spectrum afforded the 
signals of both isomers with equal intensities. On 

* By use of the structure of Fig. 2, an assumed pivot 
carbon atom (C*) of a tert-butyl group is placed on 
C(lO), with the C( lOtiC* distance = 1.52 A. The dis- 
tance between C* and C(27) atoms is 4.64 A. 

the other hand, the spectrum of cr-MoaCl,(dpdbp)z 
shows a large difference in signal intensities between 
the anti and syn isomers. The methyl signals of the 
“parallel” tert-butyl groups can be used to infer 
that the ratio l/2 is 97/3 (Fig. 3). Because the yield 
of the syn isomer is so very small and most of the 
aryl signals of 2 are obscured by those of 1, only a 
partial assignment was made in the case of the syn 

isomer. 
The ‘H NMR spectrum of /?-Mo2Cl&dpdbp)z 

gives broad, averaged signals even at -90°C 
indicative of a low-energy fluxional process similar 

to those in jI-Mo2C14(dpdt)25 and /?- 

MoUdppe)z. I3 The most probable process is an 

interconversion between the two rotational isomers, 
which have different conformations for the six- 
membered rings of the Mo2P2C2 moiety.” The 
-90°C spectrum in the region of the tert-butyl 

groups is shown in Fig. 3 (part 4). The four broad 
signals (line-width at half height: 11 Hz) can be 
assigned to the two slowly interconverting 
rotomers, and the intensity ratio of the weak outer 

14) 

I’~~‘I”“,““I”“l”“(““I”““~~’ 
I.1 1.0 0.9 0.8 

pm 

Fig. 3. (1x3) the ‘H NMR methyl signals of tl- 
Mo$l,(dpdbp), at - 80°C. (1) the reaction mixture, (2) 
the chromatographic first fraction and (3) the chro- 
matographic third fraction. (4) The ‘H NMR methyl sig- 

nals of P-Mo,Cl,(dpdbp)z at -90°C. 



Evidence favouring an internal flip of dimetal units 

Table 2. Bond distances (A) and bond angles (deg) 

Bond distances 

2.149(l) MO(~)-P(1) 
2.436(4) MO(~)---P(2) 
2.412(3) 

Bond angles 

2.550(3) 
2.551(3) 

MO(~)‘-Mo(l~l(1) 111.32(7) 
Mo( I)‘-Mo( 1)--X1(2) 109.45(8) 
Mo( I)‘-Mo( l)-P( 1) 99.85(8) 
Mo( I)‘-Mo( 1)-P(2) 101.72(7) 

P(l)_Mo(ltP(2) 74.74(9) 

Cl(l)--MO(~)-P(1) 
Cl(l)--Mo(ltP(2) 
Cl(I~Mo(l)-C1(2) 
C](2)-MO(~)-P(1) 
C](2)--Mo( 1)-P(2) 

147.1(l) 
88.6( 1) 
88.7(l) 
90.5(l) 

147.43(9) 
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pair to the strong inner pair is 0.22. This ratio may 
be compared with the ratio of the minor and major 

rotamers for fl-Mo2C14(dppe)2 in the solid state” 
which was 0.15. An attempt to sharpen the spec- 
trum by further cooling to - 115°C (below which 
the solution froze) was ineffective. 

Chromatographic separation of 1 and 2 

In our previous study’ of the p-tolyl analogs of 
the Mo,Cl,(dpdbp), isomers, we were unable to 
separate the syn and anti forms of the c1 isomer (the 
counterparts of 1 and 2). Evidently the difference 
between the p-tolyl and phenyl substituents on the 
phosphorus atoms is too slight to alter the chro- 
matographic properties of the two geometric iso- 
mers sufficiently. With the use of the dpdbp ligand 
we have surmounted this problem. From the pre- 
parative reaction we obtained an equilibrated mixture 
of 1 and 2 in the ratio of about 9113 as shown in 
Fig. 3, spectrum (1). Upon chromatographing this 
mixture, the anti(l) and syn(2) isomers are separ- 
ated. The first fraction off the column (Fig. 3, spec- 
trum 2) is essentially pure (2 99%) anti-a while the 
third fraction (Fig. 3, spectrum 3) is enriched in the 
syn isomer (ca 17%). 

Chromatographic separation of 3 and 4 

By TLC the p-Mo,Cl,(dpdbp), synthesized from 
Mo2(02CCF,), was separated into two fractions 
with Rf values of 0.65 and 0.58,* which correspond 
to 3 and 4, respectively. The anti/syn(3/4) ratio here 
is much smaller (by a factor of about five) than that 

* Rf is the retardation factor. ” In the case of the a- 
form, the anti- and the syn-isomers gave spots at 
Rf = 0.24 and 0.13, respectively, when the same silica gel 
plate and eluting solvent were used. 

for l/2. This is clearly in accord with the fact that 
the steric effects of thep-tert-butyl groups are much 
less important in the B isomers. Column chro- 
matography was found to be effective for separating 
3 and 4 in larger quantities. 

Stereospecific ci + B isomerization 

The first and third fractions of the chro- 
matographed c1 isomer were each thermally iso- 
merized to the fi form. The sample of fl form 
obtained from the first fraction (the pure a-anti 
isomer) gave only one spot at 0.65 when subjected 
to TLC, which corresponds to the anti isomer of 
the fi form. The third fraction (l/2 = 83/17) of the 
c1 form gave a sample of the fl form which TLC 
showed to consist of both 3 and 4 in the same 
(83/17) ratio within the errors of estimation. In the 
conversion of c( to /? isomers, the syn/anti ratio 
remains unchanged. 

CONCLUSION 

In Fig. 4 we show schematic representations of 
the four isomeric molecules, 14, and indicate all 
possible interconversions that might be considered 
prior to any experimental study. In the present sys- 
tem we have not actually observed any p -+ CI con- 
versions, i.e. (2), (4), (6), (8), but in general they are 
as possible as their respective o! + p conversions 
(1), (3), (5), (7), respectively, except that they are 
generally slower. In our previous study of 
Mo,Cl,(dpdt),, p + a conversion was directly 
observed. Our observation that the l/2 ratio in an 
CI sample is maintained in the resulting p product 
tells us that only the processes (l), (2), (3) and (4) 
can occur appreciably over the periods of time we 
allowed for the a + /3 transformations. All remain- 
ing processes, (5~(12) must be enormously slower. 
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syn 4 (2) unt/ (I (1) 

u-form 
(chelating) 

@ - form 
(bridging) 

@? I;;;:I ($p 

syn B (4) unfi B (3) 

Fig. 4. A diagram depicting the four isomeric Mo$l,(dpdbp) Z molecules in a schematic way and 
showing the six reversible interconversions that can be considered. The experimental observations 

indicate that only those with full arrows [i.e. (l)(2) and (3)(4)] occur. 

This situation is naturally and rigorously 
accounted for if the only readily accessible pathway 
for interconverting a and /3 isomers is by an internal 
rotation of the MO, unit within the ligand cage. 

Acknowledgement-We are grateful to Dr L. Falvello for 
advice relating to the structure of refinement 1. 
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Abstract-Reaction of [w(VI)OS3]‘- with IZ, S20:-, peroxide or disulphide leads to the 
formation of [W,(V)O,(p-S),(S,),]‘- which goes back to [w(VI)OS3]2p on treatment with 
S,‘- via an induced electron transfer process. [W,(V)O,(P-S),(S,),]~- reacts with activated 
acetylene and KCN to give ~2(V)02(~-S)2(S2C2(COPh)2)2]2~, a dithiolene complex and 
~,(V)O,(P-S),(CN),]~-, a simple substitution product respectively. The synthesized com- 
plexes have been characterized by a variety of spectroscopic techniques. CV and XPS results 
are also discussed. 

The sulphur mediated induced electron transfer 
reaction, a process relevant to several biological 
systems’,’ was first reported in cobalt chemistry.3 
Recently Coucouvanis and coworkers have re- 
ported the novel reaction between [Mo(VI)S,]~- 
and elemental sulphur to yield [Mo(IV)S(S~)~]~~.” 
Subsequently, Stiefel and coworkers reported the 
complementary reaction i.e. the conversion of 
[Mo(IV)S(S,),]~- to [Mo(VI)S,]~- using dithiol as 
an external reductant.’ In all such reactions, use of 
an external oxidant/reductant resulted in desired 
changes at the coordinated ligands and the metal 
centre. Following this strategy some difficult 
synthetic goals in MO-S chemistry have been 
achieved.5,6 Until very recently, application of this 
strategy to W-S systems was not known.6’7 We 
report here the synthesis, characterization and reac- 
tivity of our preliminarily communicated title 

compound, [W202(d92(S2)212p (21.t’ 

EXPERIMENTAL 

H2Mo04 was used as received. (NH,),WOSx9 
and dibenzoyl acetylene (DBA)” were prepared 

*Author to whom correspondence should be addressed. 
t It is interesting to note that the molybdenum ana- 

logue of 2 i.e. [MoO~(~-S)@~)~]~- was synthesized as 
early as 1980 by Miiller and coworkers,” but the role of 
oxygen as the external oxidant was not recognized at that 
time. 

by literature methods. Solvents and other reagents 
were of analytical grade and distilled before use. 

C, H and N were analysed at the microanalytical 
laboratory, I.I.T. Kanpur, India and sulphur was 
estimated gravimetrically as BaSO,. Infrared spec- 
tra using CsI pellets were recorded on a Perkin- 
Elmer model 580 spectrophotometer. Electronic 
spectra were recorded on a Shimadzu (UV-190) 
double beam spectrophotometer. ‘H NMR and 
’ 3C NMR spectra were taken on Varian EM-390, 
90 MHz and Varian CFT-20, 400 MHz spec- 
trometers, respectively in DMSO-d6. An X- 
ray diffractogram was obtained on an ISO-BEBY- 
FLEX X-200 diffractometer using a Cu-K, radi- 
ation source. XPS measurements were carried out 
on an ESCALAB 510 photoelectron spectrometer 
using the Al-K, line (1486.6 eV) radiation, taking 
the carbon (Is,,~) binding energy (285.0 eV) as a 
standard. CV was recorded on a PAR model 370- 
4 electrochemistry system, a 174 A polarographic 
analyser, a 175 universal programmer and a RE- 
0074 X-Y recorder. All the experiments were done 
under a nitrogen atmosphere in a three electrode 
configuration using platinum and glassy-carbon 
working electrodes in positive and negative poten- 
tial regions. 

Synthesis of (Et,N)2[W202(~-S)a(S2)21 (2) 

MethodA. To a solution of (NH4),WOS3 (1) (664 
mg, 2 mmol) and Et,NBr (630 mg, 3 mmol) in H,O 

471 
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(20 cm3), iodine (253.8 mg, 2 mmol) dissolved in 
EtOH (5 cm’) was added. The resulting mixture 
was warmed on a water bath for 20 min and then 
KOH (100 mg, 2.56 mmol) dissolved in a minimum 
amount of HZ0 was added to it and again warmed 
for 5 min. The solution was filtered and the pre- 
cipitate was washed with H20, EtOH and ether, 
and recrystallized from CH ,CN/2-PrOH. Found : 
C, 22.5; H, 4.5; N, 3.1; S, 22.6. C,6H40N202S6W2 
requires : C, 22.5 ; H, 4.7 ; N, 3.3 ; S, 22.5%. Yield : 
180 mg (N 21%). 

5 min at R.T. When the colour of the solution 
changed from orange to green, absolute EtOH was 
added dropwise until the solution became hazy. 
This was filtered and the solution was kept at room 
temperature for 2 days. The needle shaped brown 
crystals which separated out were washed with 
EtOH and ether, and dried under vacuum. Found : 
C, 43.6; H, 4.5; N, 2.0. C48H60NZSSW2 requires: 
C,43.6;H,4.5;N,2.1%.Yield: 130mg(- 20%). 

Method B. 1 (664 mg, 2 mmol) was dissolved in 
HZ0 (30 cm’) and solid (NHJ2S20s (228.20 mg, 
1 mmol) was added to it. The solution was stirred 
vigorously for 4 h, then Et,NBr (630 mg, 3 mmol) 
was added. After 10 min a 25% ammonia solution 
(5 cm’) was added to it. After 5 min this was filtered 
and the precipitate was recrystallized as mentioned 
above. Yield : 205 mg (24%). 

Reactivity of 2 with KCN or synthesis of (Et4N)2 

WD&-SMCW .3HzO (4) 

Method C. 1(664 mg, 2 mmol) and Et,NBr (630, 
3 mmol) were dissolved in DMF (20 cm’) by warm- 
ing at 110°C for 5 min. PhSSPh (218.34 mg, 1 mmol) 
or t-butyl hydroperoxide (0.1 cm3, 1 mmol) or 
PhOOPh (186.21 mg, 1 mmol) was added to it. The 
resulting red solution was left at 110°C for 4 h and 
then cooled to R.T. Addition of 2-PrOH (15 cm3) 
and ether (20 cm’) yielded a red crystalline product 
which was washed with H,O, EtOH and ether, and 
recrystallized from CH,CN/2-PrOH. Yield : 60- 

70%. 

A suspension of (Et,N)11W20Z(C1-S)2(S2)2] (2) (852 
mg, 1 mmol), KCN (2 g, 3 1 mmol) in HZ0 (10 cm’) 
was stirred for 10 min. The colour of the solution 
changed from green to brown and finally to bright 
yellow. Addition of 2-PrOH (20 cm3) gave an oily 
mass which was recrystallized from HZ0 and EtOH. 
The yellow crystalline product thus obtained was 
filtered and washed with EtOH and ether, and dried 
under vacuum. Found : C, 9.2 ; H, 0.8 ; N, 10.0. 
C6HsN,0SS2K,W, requires: C, 8.7; H, 0.7; N, 
10.1%. Yield: 600 mg (- 74%). 

RESULTS AND DISCUSSION 

Analysis was found to be satisfactory in both 

methods B and C. 

Conversion of [w(VI)OS,]‘- to [w,(V)O,(p-S), 
(S,),]‘- using elemental iodine is reminiscent of 
the reaction of iodine with RS to form RSSR. The 
process can be viewed as in eq. (1). 

+ 1- 

Reaction of 2 with DBA or synthesis qf (Et4N)* 

[W~O~(~-S)~(S~C~(COPh)2)21(3) 

Dibenzoyl acetylene (DBA) (234 mg, 1 mmol) 
was dissolved in CH,CN (10 cm’) and stirred for 

(1) 

The W(V) intermediate species* might dimerize to 
give the desired product as shown in eq. (2). 

0 

2 was:-+ I,L 2 
r 

s\II/s - 
lW\ 1 +21-w 

L = solvent Ls’ ‘L-1 [I 

;,ii,s,i,s 2- 

s/w\s/w\s 11 (2) 

* In a similar study of MOOS:- we could identify the 
MO(V) ESR active ((g) = 1.976) intermediate species. 
But we could not identify any W(V) intermediate species 
in the present study. However in the isolation of a similar 
core containing complex, [W,O,@-S),(Dtc),] where 
(R2NH,),WOS, was treated with CS2 in the presence of 
air, an ESR active W(V) species ((g) = 1.876) has been 
identified. 

The other possible electron transfer pathway, simi- 
lar to that of the scheme proposed by Miiller and 
coworkers in the synthesis of [Mo~O#-S)~ 
(S2)2]2- ’ ’ (5) as shown below, cannot be ruled out. 

W(V1) = W(IV) 

W(VI) + W(IV) - 2W(V) 

2W(V) - {W(V)-W(V)} core. (3) 
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Other oxidants PhSSPh, (CH&COOH, and S& 
also behave similarly except that S20i- reacts 
even at room temperature. 

Interestingly, the reaction of yW,(V)O&-S), 

(S&l”- with a methanolic polysulphide solution 
at ambient conditions produces [w(VI)OS,]‘-, 
which suggests the involvement of a complementary 
reaction. Here the induced electron transfer process 
takes place in a reverse direction. Polysulphide, S,‘- 
functions as an external reductant and causes 
the electron transfer from W(V) to coordinated 
S:-. Conversion of two S:- to four S2- requires 
four electrons which are supplied by the internal 
reductant W(V) and external reductant S,‘-. 
The reaction can be shown as in eq. (4). 

2 1 

(4) 

The complementary reaction, mentioned above, has 
also been observed by Stiefel and coworkers in the 
synthesis of [w2S2(p-S)2(S4)2]2-‘2 (6). The fol- 

lowing reaction proceeds only under a strong jet of 
argon on the surface of the reaction mixture. If the 
reaction conditions are not standardized, W(V1) 
species are also obtained along with the desired 

product 6. 

2(NH&W(VI)S4+ 5jSS 

D”;t1f;7Ar ‘(E~,N),[W,SZ(CL-S)~(S~)~I 
4 

6 

+2NH,Br+(NHJ2S. (5) 

Here, one of the by-products (NH4)2S might com- 
bine with elemental sulphur to form ammonium 
polysulphide which in turn might react with 6 in a 
complementary fashion, pushing the equilibrium in 
the reverse direction, thereby forming WS:-. 

2 has a persulphido group attached to tungsten 
S 

in a side-on fashion i.e. 
i<) 

W 1 (C,,) for which 
S 

the expected normal mode of vibrations are v(S-S) 
S 

(A J, v,(W-S) (A J of the 
0 

W IS moiety and 

v,,(W-S) (B,) of the W i 
0 

moiety, respec- 

tively. I3914 All these vibrations are IR active. Results 
are summarized in Table 1. Identification of v(~_~) 
which appears at 520 cm-’ is not a problem since 
there is no other functional group showing an 
absorption in this region. The exact identification 
of the v, and v,, vibrations are difficult because of 
the possible coupling of the A, mode with that of 
v(~_~). Excluding v(~_~~) which appears at 450 
cm-’ , the other two vibrations at 335 and 310 cm- ’ 
in the lower region can be assigned to v, and v;,, 

Table 1. Infrared and electronic spectral data 

Compound v(M=O) 

IR (cm- ‘) 
Other important Electronic 

v(S-S) v(M-S,) frequencies (nm) (e) 

w202(P-%&)21’- 
2 

960s 
950sh 

520m 

W~0&-%&)~1*- 925s 516m 
6 

[W,0,01-S),(S,C,(COPh),),12- 960s - 
3 955sh 

~Y’KMP%(CN),I’- 920s - 
4 

450m 335w, 310w (vw_s2) 430 (2.3 x 103) 
380(sh) 
260 (41.3 x 103) 

467m 357w, 321~ (v+~J 463 (2 x 103) 
377(sh) 
305 (10.6 x 103) 
278 (11.3 x 103) 

440m 1660s (lb.-&J 382 (11.5 x 103) 
1453m (vc-) 315 (31.8 x 103) 

470m 2160s 2080~ (veN) 425 (0.15 x 103) 
325 (1.4x 103) 
268 (5.1 x 103) 
238 (5.5 x 103) 
210 (6.3 x 103) 
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respectively. An important point worth noting is 
the appearance of v(~~) at a higher wave number 
than in its molybdenum analogue [Mo,O, 
(~-S)2(S2)2]2~. Although tungsten is heavier than 
molybdenum, the appearance of v(w=o) at a higher 
wave number is suggestive of greater multiple 
bonding between tungsten and oxygen than 
molybdenum and oxygen. 

Electronic spectral results are summarized in 

Table 1. Following the assignments made in the 
case of the other side-on bound persulphido com- 
plexes ’ 3, ’ 4 the assignments can be made in the case 
of 2. The longest wavelength band at 430 nm can 
be assigned to LMCT (n(S) --f d(W)). The second 
band appearing as a shoulder at 380 nm may be due 
to a cr + cr* transition originating from W-W 
bonding. The high energy band at 260 nm may 
be due to the charge transfer from the bridging 
sulphur to tungsten and/or a rc + n* transition in 

S 
the 

i<> 
W IS moiety. Comparison of an X-ray 

powder pattern of 2 with its molybdenum analogue 
5, suggests that both are isostructural. 

The reactivity of binuclear molybdenum com- 
pounds with different nucleophiles have been stud- 
ied in detail. ’ 5-’ 8 Depending upon the strength of 
the nucleophile, products with different oxidation 
states are formed.7*‘9 We have found that with 2 no 
reduction of the metal centre takes place (eqs 6 

Retention of the formal oxidation state by tungsten 

suggests that the /@“\!I core is very slug- 

i ‘S’ J 
gish and does not undergo any change under ambi- 
ent conditions. 

Recently an interesting reaction between 
[Mo~O~(~-S)~(SJ~]~~ (5) and dimethyl acetylene 
dicarboxylate has been shown to yield the vinyl 
disulphide complex. 2o In this reaction, insertion of 
an acetylene across a MO-S bond rather than a 
S-S bond, against the symmetry considerations, 
has been explained on the basis of the lower energy 
difference between the 4d orbitals of Mo and the 3p 
orbitals of sulphur.2’m23 Coucouvanis and co- 
workers in a series of reactions have shown that 
there is a distinct difference in the reactivity of S:- 
and S- ligands coordinated to molybdenum.” 
To testify the generalization made with MO-S sys- 
tems in W-S systems, we carried out the reaction 
between dibenzoyl acetylene (DBA) and 2 at room 
temperature and found that it gives a dithiolene 
complex. 

Formation of 3 has been established by spectral 
studies. Reaction of 2 with DBA yields a product 
which does not show any absorption assignable to 
the vcss) mode of vibration in the IR spectrum, 
suggesting the formation of 3 instead of 3’ (eq. 7). 

o=c cro o=c c=o 

1h ’ I I 
Ph Ph Ph 

3’ 

- 
Ph 

I 
o=c 

Ph 

Ph Ph 

3 

(7) 

2- 

and 7). Reaction of 2 with KCN gives a cyan& ‘H and 13C NMR results are presented in Table 

substituted product [W,O&-S),(CN),]“-, (4) as 2. On the basis of 13C NMR data which do not 

shown below : show any signals representing a carbon directly 

lW20~(~-S)2(S2)2]2- + CN (excess) 
attached to tungsten, 24*25 the formation of 3 instead 
of 3’ is proposed. This is also confirmed when the 

= Iw202wMcN614- 
13C NMR data of (Et4N)2[MoO(S2C2(COPh)2)2]26 
was compared with that of 3 (Table 2). Both spectra 

+XSCN-+.... (6) are almost identical, suggesting the presence of simi- 
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Table 2. NMR spectral data 
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Compound 

‘H NMR i3C NMR 
Chemical Chemical 

shift shift 
Solvent S (ppm) Assignment 6 @Pm) Assignment Ref. 

DMSO-d, 1.10 

3.20 

7.2-8.0 

DMSO-ds 1.08 

3.14 

1.3-7.9 

t, 24H, CH, 
(cation) 
o,l6H, CH, 
(cation) 
m, 20H, Ph 

t, 24H, CH, 
(cation) 

q, 16H, CH, 
(cation) 
m, 20H, Ph 

51.41 

6.96 

137.56, 132.11 
129.02, 127.85 

148.53 
193.92 

51.40 

6.96 

137.56, 132.11 
129.02, 127.85 

148.53 
193.92 

-CH, 
(cation) 
-CH,- 
(cation 

This 
work 

-Ph 
-C=C- 

> 

-CH, 
(cation) 
-CH,- 26 
(cation) 

-Ph 

Table 3. XPS data, binding energy (eV) 

Compound 
S(2P) 

W(%:?) W(4f5,2) (PWHM) S(23,,,) W(4&) W(4&,*) Ref. 

[MO&@-%&M- 

[W2O&L)J- 

[w,O,(~-ss,(S,C,(COPh)~)*~‘- 
3 

33.9 36.1 

33.4 35.6 

163.2 
(2.92) 

162.6 
(2.92) 

162.7 
(2.60) 

226.7 246.7 260.6 

226.8 246.7 259.0 

23 

This 
work 
-do- 

lar ligands (eq. 7). Further support to this propo- 
sition comes from XPS (Table 3). Compound 3 
shows a narrow symmetrical peak for S(2p) at 162.6 
eV (FWHM 2.6 eV) suggesting an effective mixing 
and complete loss of individual identity of the 
different types of sulphur present in the compound. 
If 3’ was the product, at least S3 which is not directly 
attached to tungsten, would have given rise to some 
asymmetry in the S(2p) peak (Fig. 1). In the case of 
(Et,N),[W,O&-S),(sz>ll 2, deconvolution of the 

broad band for S(2p) is possible. Following the 
method adopted by Siegbahn, the two sets of bind- 
ing energies in the ratio 1 : 2 at 163.3 (f0.2) and 

r S(2p) 

162 160 
Binding Energy (oV) 

96 

3’ Fig. 1. XPS spectrum of [W202(~-S),(S,C,(COPh),),]2-. 
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162.0 (kO.2) eV have been resolved.27 Insertion of 
acetylene across the S-S bond rather than the 
W-S bond may be due to the larger energy differ- 
ence of the 5d orbitals of W and the 3p orbitals of 
S.28 

Cyclic voltammograms of complexes 2 and 3 
taken in CHsCN solution at concentrations of 1.11 
and 1.59 mM show one electron irreversible oxi- 
dation at +0.12 and +0.97 V (SCE) respectively. 
A negative scan shows a one electron reduction of 
an irreversible nature at -0.72 V in the cgse of 2 
but 3 undergoes decomposition on reduction. 
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Abstract-A series of primary, secondary, saturated and unsaturated alcohols have been 
selectively oxidized photocatalytically to the corresponding aldehydes and ketones by a 
series of heteropolytungstates using near visible and UV light. Stoichiometrically, one 
photon adds two electrons onto the heteropolytungstates and produces one molecule of 
aldehyde or ketone. Using oxygen-saturated solutions, the photocatalytic cycle is obtained 
at the early stage of the photoredox reaction, with optimization of the quantum yield for 
the oxidized organic product being N 0.1. After at least 20 photocatalytic cycles, when the 
production of the organic oxidation product was 20 times the amount of catalyst, there was 
no sign of decomposition of the catalyst. 

In the process of converting solar energy into 
chemical fuel homogeneously, several systems have 
been used that are based on a photosensitizer (S) 
for the absorption of light, and a relay (R) which 
carries the electrons of the photoredox reactions 
and delivers them for the production of fuel, for 
instance reduction of H+ into HZ, in the presence 
of a Pt catalyst, according to the scheme 

S+R%S++R- 

R-+H+%R+1/2H2 

S+ + EDTA -+ S + EDTA(ox.). 

The process involves, as is well known, an organic 
compound (mainly EDTA and/or TEA) which is 
consumed (oxidized) during the process (sacrificial 
reagent) to revert the sensitizer to its original form.2 

The system that has produced the most sat- 
isfactory results and has been the focus of many 
prominent laboratories is based on Ru(bpy):+ as 
the sensitizer and MV2+ as the relay, using the 
above mentioned sacrificial reagents. 

Polyoxometalates especially of the keggin type, 
i.e. [XW1204,J- (XW;;), (in this paper X = P, Si, 
Fe, H2)3, and Dawson structures i.e. [P2W i806J6 

*Author to whom correspondence should be addressed. 

(P2Wf<),” have been shown to be effective in an 
analogous process for H2 production5 and conver- 
sion of sun light into electricity (photogalvanic 
cells).6 As has been mentioned elsewhere, they pres- 
ent the advantage that, unlike other systems, the 
polyoxometal acts as a sensitizer, relay and cata- 
lyst, with the main drawback being the limited 
effective absorption of the visible light (< 400 
nm). In the process, they also use organic species 
that are oxidized during the process. Another ad- 
vantage is that the organic species are not sacrifi- 
cial reagents, in the sense that the oxidized pro- 
ducts are useful reagents, so that the process 
of hydrogen production can be converted to 
an effective photocatalytic oxidation of certain 
organic compounds. 

A previous communication has outlined the basic 
principles of the process.7 During the course of this 
investigation other works have been published on 
the subject. Generally their results, whenever there 
is an overlap in the investigation, are in good agree- 
ment with ours.8 

EXPERIMENTAL 

Polyoxometalates were prepared according to 
well established methods.’ Aqueous solutions of 
polyoxometalates in the presence of organic com- 
pounds were photolyzed with a high pressure Hg 
arc and a 150 W Xe lamp using filters, in the pres- 
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ence and absence of oxygen. Deaeration was per- 
formed with Ar scrubbed with V2+. In pho- 
tocatalysis experiments about 3 cm3 solutions were 
saturated with oxygen in spectrophotometric cells 
to which - 35 cm3 ampules had been attached to 
secure the excess of oxygen. Sam.ples from the 
photolysed solution were withdrawn and analysed 
for products. A Packard 427 FID G.C was used 
with a 10% Carbowax 20 M on Chromosorb W 
NAW, 60/80 mesh, 2 m column. The early stage of 
the photoreaction was monitored spectrophoto- 
metrically at 700 nm, which is a characteristic 
absorption of the reduced polyoxometalates in 
question. Time (hours) 

RESULTS AND DISCUSSION 

(a) Saturated alcohols 

It has been stated before that photolysis of 
polyoxometalates with near visible and UV light, in 
the presence of alcohols, results in the reduction of 
the polyoxometalate with concomitant oxidation of 
the alcohols. Thus, methyl, ethyl and propyl alco- 
hols give the corresponding aldehydes.7 Stoi- 
chiometrically one photon adds two electrons on 
the heteropolytungstates and produces one mol- 
ecule of oxidized organic compound. This is 
deduced from the following facts as indicated in 
the mechanism below: (a) Photoreduction of the 
polyoxometalates is mainly due to hydrogen trans- 
fer rather than electron transfer. This conclusion is 
drawn from the fact that only species that have 
easily removable hydrogen atoms, for instance, pri- 
mary and secondary alcohols, act as photoreducing 
reagents, whereas, the tertiary alcohol has only 
minor reducing ability. Ward’s work” supports this 
statement, which shows a deuterium isotope effect 

in the qcetone production, k,/k, = 3.7 when deu- 
terated Me,CDOH is photolysed with Mo,Oi;, 
thus establishing reaction (3) of the scheme below as 
the rate determining step. (b) Hydroxyalkyl radicals 
are known to react with polyoxometalates with 
diffusion controlled rates ;I* reaction (4a, b) of the 
scheme below. 

Time (hours) 

Fig. 1. Variation of concentration of ethanol, propanol 
and SiW:, with photolysis time in the presence of OZ. Si 
W:; 5 x 10e3 M, ethanol and propanol2 M, HC104 1 O- 4 
M. High pressure Hg-lamp with Pyrex filter. The vari- 
ation of SiW:; concentration with time was calculated 
by extrapolation of the corresponding curve in deaerated 
solutions at the initial stages of photolysis (inset) followed 

spectrophotometrically (1 N 700 nm). 

the yield curves off because of the depletion of oxy- 
gen. 

Figure 1 shows the formation of reduced het- 
eropolytungstate (heteropoly blue, HPB) followed 
spectrophotometrically, and oxidized alcohols fol- 
lowed by gas chromatography. Some experiments 
were carried out in deaerated solutions at the initial 
stages of the photoreaction to test the stoichi- 
ometry. The linear variation of concentrations of 
HPB and the organic oxidation product is zero 
order as is generally the case. At higher photolysis 
times, in solutions saturated initially with oxygen, 

Secondary alcohols, i.e. Me,CHOH under the 
same conditions give ketones. Figure 2 shows a 
corresponding diagram where the same 2: I ratio 
(two-electrons per molecule of oxidized alcohol) 
is observed, as is generally the case for redox reac- 
tions involving organic compounds. 

(b) Unsaturated alcohols 

Figure 3 shows the formation of the HPB and 
organic oxidation product with time when the het- 
eropolytungstate was photolysed in the presence of 
allyl, CHFCHCH,OH and 2-propynyl (propar- 
gyl), CH&CH,OH, alcohols. Only the alcoholic 

moieties were oxidized, whereas the double and the 
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3- 5- 
SiWj, 

time (hours) 

Fig. 2. Variation of concentration of acetone and Si 
W:; with photolysis time. Conditions as in Fig. 1. 

triple carbon-carbon bonds remained intact. Thus, 
the ally1 alcohol gave acrolein, and propargyl alco- 
hol the corresponding aldehyde. The method can 
be considered useful for the selective oxidation of 
the above organic compounds. 

Time (hours) 

I 
SiWz- 

06 

Time (hours) 

Fig. 3. Variation of concentration of acrolein propargyl 
aldehyde and SiWT; with photolysis time. Conditions as 

in Fig. 1. 

Designating the heteropolytungstates generally. 
as W”-, the photochemical reaction mechanism 
which has been proposed earlier’,” is as follows : 

wne~**wn- 
(1) 

*wn- + W”- (2) 

*W”- + Me,CHOH + W(*+ ‘)- + Me&OH + H+ 

(3) 

w”- + Me&OH + WC”+ I’- + Me,CO + H+ 

(4a) 

W(“+ “- + Me,COH + W’“+ 2)- + Me2C0 + H+ 

(4b) 

W(n+2’- +W”- _.+ 2W’“+“- (4c) 

Reactions (4a-c) are known to take place.12 They 
proceed until all W”- has been converted to 
Wcn+ ‘I-. The photochemical reaction proceeds in 
an analogous manner to the higher reduction steps, 
i e W(n+2)P, W’“+ 3’P depending on the conditions. . . 

The quantum yields for the first reduction step, 
i.e. (W”- -+ W@+ I’-) in 5.0 M Me,CHOH and 
0.1 M HC104 are N 0.12, N 0.09, N 0.02 and 6 
0.01 for PW:;, SiW:;, Few:; and H2W$ 
respectively.‘3 However, it has been stated before 
that the q.y. for the second reduction step, i.e. 
(W@‘+ ” -+ W(nf2’-) drops to N 10% of the q.y. of 
the first. 

The above mentioned reactions (l)-(k) refer to 
the basic photochemistry of the system. The system 
becomes photocatalytic from the moment we have 
regeneration of the photosensitizer and relay, i.e. 

reoxidation of tungstate. In the presence of H+ the 
above reactions are followed by, for instance, 

2W’“+ 2’- + 2H+ -+ 2W”- + HZ. (5) 

(The reaction, for simplicity reasons, refers to the 
two-electron reduced product, WC”+ 2)P. Actually it 
should be written as Wl”;‘m)- + H+ +W(“+“- “+ 
1/2H,.) The system serves for generation of H2.’ 
It has been stated before that photoreduc- 
tion of the polyoxometalates proceeds until the re- 
duction product is sufficient to reduce H+, from 
the thermodynamic point of view. At this point 
a steady state evolution of hydrogen is ob- 
tained, in which the rate of photoreduction [reac- 
tions (1)-(4c)] is matched by the rate of reoxidation, 
reaction (5). The q.y. of hydrogen production at the 
steady state is - 1% .5b The corresponding yield of 
the oxidized organic compounds is the same, as can 
be seen from the sequence of reactions (1 k(5). 

Oxygen, on the other hand, is a more efficient 
oxidizing reagent than Ht. The overall reaction is 
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presented as follows : and 

WC”+‘)-+1/402+H+ +W”~+l/2H@. (6) 

This reaction is pH dependent and has been 
reported to be first order in H+, W@+‘)- and 
oxygen.” Using laser flash photolysis to generate 
the reduced tungstates, the second order rate con- 
stant for the reaction 

PW;; + l/402+H+ + PW;; + 1/2H,O 

at pH = 1, was 88 M-’ SK’,’ assuming [0,] N 
2.5 x lop4 M. The work was expanded by Dar- 
went to other heteropolytungstates for which 
the following rate constants were obtained at 
pH = 1, 75, 6.5 x 103, 2.8 x lo5 and 1.75 x lo5 
M-’ s-’ for PWT,, SiW:;, Few:; and H2W:; 
respectively.5c We have pursued similar work with 
P?Wy,. The rate constant for the reoxidation of 

P2WY8 > at pH = 1, was k - 250 Mm’ s ‘. This 

reaction was followed by conventional methods. 
It should be noted that the rate constant for the 
reoxidation of PWj, by conventional methods 
was - 150 M- ’ s- ’ and agrees reasonably well 
with the laser flash photolysis results. The rate 
was found to diminish with ionic strength and in- 
creasing pH. Actually the rate varied with [,+I’. 
where 0 5 n 5 1. This is investigated further. 

These rates closely follow the one-electron 
reduction potentials of the 12-tungstates, namely. 
-0.023, -0.187, -0.349 and -0.581 V vs SCE. 
respectively ; the corresponding potential for 
P2Wi6 is 0.10 V. 

The upper limit of the q.y. for the photocatalytic 
oxidation of organic compounds will be the q.y. of 
formation of the first reduction product. In other 
words optimization of results would be obtained by 
forcing the photocatalytic cycle at the initial stage 
of the photoreaction. This is obtained by saturating 
the solution with oxygen and using either PW:, or 
SiW:,, in this order, which presents the highest q.y. 
for the first reduction step. (PW:, is unstable to 
hydrolytic degradation at pH k 1.5 and therefore 
makes the use of SiW:; which is stable up to pH - 6 
more attractive.) 

We can simply treat the problem mathematically 
as a steady state that involves the oxidized W”- 
species which is consumed and regenerated through 
reactions (l)-(4~) and (6). Using, for simplicity, 
only the first reduction step, we obtain : 

T = k[H+] [Q] [W@+ “-1 -@,I, = 0 

@‘IO wo [W@+ “-1 = k[H+] [O,] = k’ 

where @, is the q.y. of the first reduction step 
[sequence of reactions (1)-(4c)], Z,, is the intensity 
of radiation assuming 100% absorption and 
k’ = k[H+] [O,]. From reaction (6) and using the 
previous expression for [WC”+ “-1 we obtain 

dW,“+ I, 

~ 
dt 

~~~ = k[H+] [0,] [W”’ “-1 = @‘I,. 

Stoichiometrically, the rate of production of the 
first reduction step is twice the rate of production 
of the organic oxidation product. Using SiW:, in 
oxygen saturated solutions, thus establishing the 
photocatalytic cycle at the initial stage of the pho- 
toreaction, we were able to obtain with a Pyrex 
filter, quantum yields for the oxidized organic prod- 
ucts of the saturated alcohols, at the steady state, 
of the order of 0.1. Notice that the q.y. of H2 pro- 
duction and therefore alcohol oxidation, at the 
steady state, was 10 times less, i.e. 0.01, than has 
been mentioned earlier.5b 

After at least 20 photocatalytic cycles, i.e. when 
the production of the organic oxidation product 
was at least 20 times the amount of catalyst, 
there was no sign of decomposition of the catalyst. 
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SYNTHESIS AND CHARACTERIZATION OF 
MONOTHIOCARBAMATES AND 
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Abstract-Bismuth(II1) and antimony(II1) tris(monothiocarbamate), M(SOCNRZ)3 
(where -NR2 = -N(CH2CH3)2 or -NC4H4), and bismuth(II1) tris(monothioacetyl- 

acetonate), Bi(CH3CSCHCOCH3)3, have been synthesized and studied. These have been 
characterized by elemental analyses, molecular weight measurement and, IR and NMR 
spectral analyses. PMR spectra of bismuth(II1) tris(diethylthiocarbamate), Bi[SOCN 
(CH2CH3)2]3, suggests a high temperature process that involves the rotation about the C-N 
bond in the 0SCN(CH2CH3)2 ligand. 

Stereochemistry and configurational rearrange- 
ments of the metal tris-chelate complexes’ con- 
taining symmetrical ligands like P-diketones and 
dithiocarbamates have been examined in detail. 
Metal chelates derived from unsymmetrical sulphur 
ligands like monothio-/?-diketones and mon- 
othiocarbamates provide excellent systems to probe 
the origin of novel properties observed in the sul- 
phur complexes. With this aim, we have undertaken 
a systematic investigation on these, and have 
recently reported the crystal and molecular struc- 
ture of indium(II1) tris(monothiodibenzoyl- 
methanate),2 and tin(IV) monothio-P-diketonates3 
and pyrrolylthiocarbamates.4 The indium(II1) 
tris-chelate interestingly displays clustering of the 
sulphur atoms on the distorted octahedron. We 
report here the syntheses and characterization 
of a few tris complexes of bismuth and antimony, 
and variable temperature PMR spectra of 
Bi[SOCN(CH,CH,),],. 

EXPERIMENTAL 

Reactions were carried out under anhydrous con- 
ditions under a nitrogen atmosphere. Solvents were 
purified and dried by the standard methods. 

*Author to whom correspondence should be addressed. 

Diethylthiocarbamate’ and pyrrolylthiocarba- 
mate637 were obtained as ammonium and potas- 
sium salts, respectively, by the literature pro- 
cedures. Monothioacetylacetone8 was synthesized by 
the H2S method and converted into the sodium 
salt.’ Bismuth trichloride (H.P.C.) and antimony 
trichloride (B.D.H.) were purified by sublimation 
and distillation, respectively, before use. 

Bismuth was analysed gravimetrically as Bi,O, 
and antimony volumetrically by using potassium 
bromate. Sulphur was estimated by Messenger’s 
method and nitrogen by Kjeldahl’s method. Molec- 
ular weights of the complexes were determined 
cryoscopically in benzene. Infrared spectra were 
recorded as Nujol mulls using CsI plates in the 
range 4000-200 cm-’ on a Perkin-Elmer model 
621. ‘H and 13C NMR spectra were recorded on a 
JEOL FX90Q spectrometer in CDC13 using TMS 
as an internal standard. 

Preparation of bismuth(II1) tris(diethylthiocarba- 
mute), Bi[SOCN(CHZCH3)2]3 and bismuth(II1) tris 
(pyrrolylthiocarbamate), Bi(SOCNC,H,), (Table 1) 

Bismuth trichloride (0.99 g, 3.1 x lop3 mol in the 
case of diethyl- and 0.44 g, 1.3 x 1O-3 mol in the 
case of pyrrolylthiocarbamate) in methanol (- 15 
cm’) was added dropwise with stirring to a meth- 
anol (- 30 cm3) solution of the salts of thio- 
carbamate (1.95 g. 9.3 x lop3 mol diethyl- and 
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Table 1. Analytical and physical data for bismuth(III), antimony(II1) tris complexes of 
monothiocarbamates and monothioacetylacetone 

No. Complex Colour 

Analyses (%) 
M.p. MoleculaP 
(O’C) M S N weight 

1 Bi[SOCN(CH,CH,),], Yellow 90 33.3 
(33.4) 

2 Bi(SOCNC,H& Yellow 165-166” 34.7 
(35.6) 

3 Sb[SOCN(CH2CH,),], Yellow 94 23.2 
(23.5) 

4 Sb(SOCNC,H,), Yellow 145-147 23.8 
(24.4) 

5 Bi(CH,CSCHCOCH,), Yellow 125-127 37.5 

15.4 
(15.8) 
15.9 

(16.3) 
18.3 

(18.5) 
18.8 

(19.2) 
17.3 

(Z) 
587 

(607) 

(Z) 
571 

(587) 

(X) 
496 

(518) 

(88::) 
488 

(500) 
- 559 

(37.7) (17.9) (544) 

“Calculated values in parentheses. 
’ Decomposed. 

0.70 g, 3.9 x 1o-3 mol pyrrolylthiocarbamate) 
maintained at 0°C under a nitrogen atmosphere. The 
reaction mixture was stirred for - 12 h at room 
temperature (28°C). From the mixture, volatile 
materials were removed and the products obtained 
were extracted with benzene. Removal of the sol- 
vent and crystallization from a dichloromethane/ 
n-hexane (1 : 1) mixture produced yellow crystalline 
solids. The products were dried at 0.1 mm 
Hg/- 3O”C/5 h. 

Preparation of antimony(II1) tris(diethyZthio- 
carbamate), Sb[SOCN(CH2CH3)J3 (Table 1) 

Into a stirred benzene solution (- 25 cm’) of the 
diethylammonium salt of diethylthiocarbamate (1 .O 
g, 7.2 x lop3 mol) maintained at - 10°C antimony 
trichloride (0.55 g, 2.4 x 10m3 mol) dissolved in ben- 
zene (- 15 ml) was added dropwise. The stirring 
was continued for - 12 h. The separated diethyl- 

ammonium chloride was filtered out. The solvent 
was removed from the filtrate under reduced pres- 
sure and the product thus obtained was dried at 0.1 
mm Hg/- 3O”C/- 6 h. 

Preparation of antimony(II1) tris(pyrrolylthio- 
carbamate), Sb(SOCNC,H,), (Table 1) 

A solution of antimony trichloride (0.50 g, 
2.1 x lop3 mol) in dichloromethane (- 15 cm3) was 
added dropwise into a suspension of the potassium 
salt of pyrrolylthiocarbamate (1.09 g, 6.3 x 10P3 
mol) in dichloromethane (- 30 cm’) with stirring 
under a nitrogen atmosphere. The reaction mixture 
was stirred for 12 h at ambient temperature. It was 
filtered to remove the separated potassium chloride 
and volatile materials were evaporated from the 
filtrate to obtain the solid product, which was dried 

at 0.1 mm Hg/30”C/5 h and finally crystallized from 
dichloromethane solution. 

Preparation qf bismuth(II1) tris(monothioacetyl- 
acetonate), Bi(CH,CSCHCOCH,), (Table 1) 

To a stirred solution of bismuth trichloride (0.50 
g, 1.5 x 10m3 mol) in methanol, the sodium salt 
of monothioacetylacetone (0.66 g, 4.5 x lop3 mol) 
dissolved in - 15 cm3 of methanol was added drop- 
wise at 0°C. The reaction mixture was stirred at 
room temperature for 2 h. After complete removal 
of methanol the reaction product was treated with 
dichloromethane (- 20 cm”). Insoluble sodium 
chloride was filtered out and the solvent was 
removed from the filtrate under reduced pressure. 
The products were dried at 0.1 mm Hg/- 3O”C/- 
4 h and finally crystallized from chloroform and 
ethanol. 

RESULTS AND DISCUSSION 

Tris-complexes of bismuth(II1) and anti- 
mony(II1) with monothiocarbamates and mono- 
thioacetylacetone have been synthesized in good 
yields by the following reaction routes 

3 W-WH&NH~1+ 
[SOCN(CH,CH,),] - 

+ M[SOCN(CH,CH,),], 

+ 3(CH,CH,),NH,Cl 

MCI, + 3KSOCNC4H4 

-+ M(SOCNC,H,), + 3KCl 

3NaCH3CSCHCOCH3 

-+ M(CH3CSCHCOCH3)3 + 3NaCl 

(where M = Sb or Bi). 
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Monothiocarbamates and monothioacetyl- 
acetonates of bismuth(II1) and antimony(II1) are 
crystalline soluble in common organic solvents and 
monomeric in benzene. 

Sodium salts of dialkylthiocarbamates exhibit a 
very strong but broad band at 1507-1520 cm-’ 
assignable to highly coupled v(C=O) and v(C-N) 
vibrations.‘,” Bismuth(II1) and antimony(II1) 
tris(diethylthiocarbamate) show strong broad 
bands at 1545 and 1580 cm- ‘, respectively (Table 
2), assignable to these coupled vibrations. The ab- 
sorption at a comparatively higher frequency in 
the antimony derivative probably suggests a weaker 
Sb . . . 0 interaction in comparison to the bismuth 
analogue, this may be a consequence of the lone 
pair of electrons over antimony being more effec- 
tive. The oxygens are perhaps strongly coordinated 
to bismuth or the marked change may arise due to 
the size effect. The point can only be settled after 
single crystal X-ray structure analysis. Notably in 
Fe[SOCN(CH,),],” whose crystal structure’* shows 
that the Fe-O and Fe-S bond lengths are equi- 
valent to covalent bond distances, the v(C=O) 
absorption appears at 1540 cm-‘. 

In distinction to dialkylthiocarbamate, the pot- 
assium salt of aromatic thiocarbamates displays a 
sharp band at a higher frequency (1525-l 550 cm-‘) 
due to the v(Cu0) vibrations.6*7 This is consistent 
with the increased mercaptide character arising 
from the greater contribution by the canonical 

form [\N-C”- 1 The IR spectra of the tris- 

1 / x0- - 1 
pyrrolylthiocarbamates of bismuth(II1) and anti- 
mony(II1) display a sharp v(C=O) absorption at 
1582-85 cm-’ (Table 2). This absorption is at a 
somewhat higher frequency than that which has been 
found for the nickel complex, Ni,(SOCNC,H,),* 

3THF (1568 cm-‘)‘j where the ligands are acting as 
bidentate. In a sulphur bonded unidentate pyr- 
rolylthiocarbamate such as Ph$n(SOCNC,HJ 
whose crystal structure4 is known, the free v(C=O) 
is observed at a considerably higher frequency 
(1640 cm-‘). Another significant band is v(C-N) 
at N 1286 cm-‘. v(M-0)13 (4SCr500 cm-‘) and 
v(M--S)14 (38&390 cm-‘) vibrations can be seen 
in both diethyl- and pyrrolylthiocarbamate 
derivatives. 

‘H NMR spectra of bismuth and antimony tris- 
(diethylthiocarbamate) exhibit overlapping quar- 
tets and triplets respectively, due to methylene and 
methyl protons (Table 3), perhaps arising from the 
magnetic non-equivalence of the ethyl groups, due 
to partial double bond character in the C-N 
bond.” In order to get more insight, variable tem- 
perature PMR spectra of Bi[SOCN(CH2CH3)2]3 
have been studied. 

Variable temperature PMR spectra of 
Bi[SOCN(CH2CH3),13 afford evidence for the dis- 
tinct kinetic process involving hindered rotation 
around the C-N partial double bond in the 
diethylthiocarbamate ligand. Since the multiplet 
observed at 25°C is symmetrical in nature, it can 
be considered to arise due to the two overlapping 
triplets from the methyl protons of the same ligand 
moiety. Any non-equivalence of the spanning and 
equatorial ligands would amount to non-sym- 
metrical multiplets. In this process by using the time 
averaged resonance of a simple triplet owing to the 
onset of rapid C-N bond rotation, the coalescence 
temperature was found to be 49°C (Fig. 1). 
Rotation about the C-N bond would exchange 
the ethyl groups between the sites adjacent to sul- 
phur and the sites adjacent to oxygen. This non- 
equivalence is further reflected in its 13C NMR spec- 
trum. At ambient temperature, the spectrum dis- 
plays one signal for COS carbons and two res- 
onances for methylene as well as methyl carbons. 
Thus on the basis of available evidence, a distorted 

Table 2. Important IR bands” (cm-‘) of bismuth(II1) and antimony(II1) tris complexes of monothiocarbamates and 
monothioacetylacetonate 

Sl. v(C=o) 
No. Complex v(C=N) v(C-N) v(C=C) v(C=S) S(COS) W--O) v(M-S) 

1 Bi[SOCN(CH,CH,)& 1545v - - 942m 667m 508s 380s 
2 Sb(SOCN(CH,CH,)J, 158Ovs - - 943m 663m 508s 385m 
3 Bi(SOCNC,H,), 1582~~ 1292s - 982m 664m 489m 384m 
4 Sb(SOCNC,H,), 1585~~ 1280s - 975m 660m 480m 380m 
5 Bi(CH,CSCHCOCH,), 1600b - 1500s 1210s - 490s 348s 

n Spectra were recorded in the range 4000-200 cm-’ as Nujol mulls on CsI plates. 
‘Bands due to purely the v(C=O) vibration. 
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(8) 

Fig. 1. Variable temperature PMR spectrum of 
Bi[SOCN(CH,CH& (for simplicity only methyl signals 

have been shown). 

cis(facia1) octahedral structure may be proposed 
for tris-thiocarbamates of bismuth and antimony. 
However, PMR spectra of metal tris(pyrrolylthio- 
carbamate) at ambient temperature give only two 
sets of triplets (Table 3) due to CI- and /?-protons of 
the ligand. 

The IR spectrum of bismuth(II1) tris- 
(monothioacetylacetonate), shows a lowering in the 
frequencies of v(C=O) (1600 cm-‘) and v(C-C) 
(1500 cm-‘) vibrations 15,16 ( Table 2) in comparison 
to the free ligand. This is consistent with the con- 
jugated chelate ring structure having a higher degree 
of a-delocalization in the monothioacetylacetone 
moiety. In the far IR region two bands appearing 
at 490 and 390 cm-’ are considered to be due to 
(Bi-0)13 and (Bi-S)14 stretching vibrations, 
respectively. 

The PMR spectrum of Bi(CH&SCHCOCH3)3 
shows only a single resonance each for S-CHJ, 

0-CH3 and methine protons (Table 3). The pres- 
ence of only five resonances in the 13C NMR spec- 

trum, furthermore suggests fairly high symmetry of 
the complex. With the available spectral evidence, 
bismuth(II1) tris(monothioacetylacetonate) may be 
considered to possess symmetrical cis(facia1) octa- 
hedral geometry. However, the presence of a lone 
pair of electrons on bismuth may bring about some 
distortion of the octahedron. It may be mentioned 
that in the 13C NMR spectrum, substantial down- 
field positions of CS (195.6 ppm) and CO (167.2 
ppm) carbons (Table 3) are very indicative of the 
bidentate mode of the ligand. 

Attempts to prepare antimony(II1) tris(mono- 
thioacetylacetonate) were not successful due to the 
thermal instability of the complex. Repeated efforts 
to grow single crystals of all of the above des- 
cribed tris-chelate complexes by using various 
solvent combinations have been unsuccessful. 

Ackno&e&ement-We are thankful to CSIR, New 
Delhi for financial assistance. 
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Abstract-The reaction of 1,3,4,6-tetramethyl-lH,4H-1,3,4,6-tetraaza-3a, 6a-diphospha- 
pentalen-2,5(3H,6H)-dithion-3a-sulphide (TDP) with the derivatives of metal car- 
bonyls [Mo(CO),(NN)(CH,CN)] (NN = 2,2’-bipyridine, 1, lo-phenanthroline) leads to f’c- 
Mo(CO),(NN)(TDP) complexes with the ligand coordinated through the trivalent phos- 
phorus atom. The IR and visible spectra of the new complexes as well as their electro- 
chemical and general properties are discussed. 

In a recent paper Kleeman et al. ’ have re- 
ported that the reaction product from N,N’-di- 
methylthiourea and phosphortrichloride is the 
compound tetraazadiphosphapentalene (TDP) 
containing a cyclic system involving a P-P bond. 
(See Structure 1.) 

As can be seen, TDP is a potential multiple ligand 
with possible donor positions at the N, S and ter- 
valent P atoms. Hitherto, there are no works 
described in the literature dealing with the coor- 
dination form of this interesting polyfunctional 
ligand uniting the characteristics of thioureas, phos- 
phines and sulphur phosphines. 

Mixed derivatives of the formula ,fac-[Mo(CO), 
(NN)L] [NN = 2,2’-bipyridine (bipy) or 1,l O-phen- 

* Authors to whom correspondence should be addressed. 

anthroline (phen)], L being a wide range of mono- 
dentate Lewis bases are well known.2-g These tri- 
substituted complexes are usually obtained through 
thermal displacement of one carbonyl group 
by direct reaction of Mo(CO),(NN) with an ex- 
cess of L in high boiling solvents.7 Nevertheless, 
in order to protect the sensitive ligand TDP from 
thermal decomposition, a less drastic procedure has 

Structure 1. 
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Table 1. Analytical and IR spectra for the complexes [Mo(CO),(NN)(TDP)] 

Compound C 
Analysis (%) 

H N 
v(CO)b 

MO A, E 

PWW4biw)VWl 35.8 (36.0) 3.2 (3.2) 12.9 (13.2) 15.2 (15.1) 1955 1860, 1810 
DWWdphen)UWl 38.3 (38.3) 3.1 (3.1) 12.6 (12.8) 14.3 (14.6) 1930 1840, 1805 

a Required values are given in parentheses. 
b Nujol mulls, in cm- ‘, all bands are strong. 

been employed in the present work for obtaining 
tricarbonyl derivatives by substitution of aceto- 
nitrile in the complexes fuc-[Mo(CO),(NN) 
(CH$N)].’ 

RESULTS AND DISCUSSION 

The reaction of [Mo(CO),(NN)(CH,CN)] with 
TDP in dichloromethane at room temperature, 
gave the new complexes of the formula 
[Mo(CO),(NN)(TDP)]. These red coloured crys- 
talline solids are air stable and soluble in organic 
solvents such as benzene, methylene chloride and 
chloroform ; slightly soluble in alcohols and unsol- 
uble in light petroleum. However, their solutions 
are unstable in air. 

IR spectra 

Table 2. Visible absorption maxima (cm- ‘) of the complexes [Mo(CO),(NN)(TDP)] and 
[Mo(CO),(NN)] in several solvents 

If the A-acceptor capacity of L is superior to that 
of NN, then the Emode is split. This effect increases 
with the rc-acidity of L and, simultaneously, the CO 
bands are shifted to higher frequencies. The results 
obtained for the complexes [Mo(CO),(NN)(TDP)] 
suggest the existence of a considerable difference in 
n-acceptor capacity between the substituent groups 
(TDP > NN). Furthermore, if the reported mag- 
nitudes for the phosphites7 are compared with those 
found for TDP, this shows a slightly greater rr- 
acidity. Accordingly, this conclusion permits us to 
discard the fact that TDP coordination occurs 
through their thiocarbonyl or thiophosphoryl 
groups, since they are weaker n-acceptors than phos- 
phites or phosphines.7s’0 

The other regions of the IR spectra show the 
presence of the bands assigned to TDP (v.g. : 
1420(s), 1105(s) and 855(s) cm-‘), in some cases 
superimposed on those of the bipy or phen. 

IR spectra of the complexes [Mo(CO),(NN) 
(TDP)] present two intense bands in the CO 
stretching region. The one of lower frequency 
is split into two (Table 1) producing a pat- 
tern similar to that from the complexes fuc- 
[Mo(CO),(NN)L], L being a phosphorus donor 
ligand (specifically some phosphites).7 The behav- 
iour of the vibrational modes A, and E of these 
complex fuc-tricarbonyls have been interpreted 
through considerations of the differences in the 
bond properties of the ligand groups NN and L.‘j 

Electronic spectra in the visible region 

(a) Band assignments. The visible spectra in solu- 
tion of the complexes Mo(CO),(NN)(TDP) are 
dominated by a broad and intense band (E > 4000 
M-’ cm-‘). Th e position of this absorption is 
strongly sensitive to the used solvent. The more 
polar the medium, the more the band is shifted to 
the blue (Table 2). Bands with similar character- 
istics have been assigned to metal to ligand charge- 

Compound 

Solvent (E&_,& 
Benzene CHCl, Butanol CH,Cl, Acetone CH,CN 

(0.34) (0.42) (0.55) (0.67) (0.82) (0.98) 

PWC%(bipy)(TDP)l 20 000 20 200 20 490 20 750 21370 21650 
[MWWphen)(TW1 20 040 20 120 20 620 20750 -b 21600 
[MWCW-$v)l 20310 20 520 20 780 21260 22010 22 520 
bWW.&hen)l 20 390 20 790 20 830 21390 22 170 22 830 

LI Solvent parameters E;trLcr from ref. 11. 
‘Complex too unstable in this solvent. 
’ Data from ref. 11. 
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transfer transitions (MLCT) NN(rr*) + Mo(4d) 
in the complexes [Mo(CO),(diimine)(PRJ]. ‘2,‘3 

The solvatochromic behaviour of the related 
complexes Mo(CO),(diimine) (M = Cr, MO, W; 
diimine = bipy, phen or derivatives) has been 
employed by Manuta and Lees’ ’ in order to derive 
a scale of solvent polarity. They have defined the 
parameter EGLCT and correlated it with the absorp- 
tion energies NN(n*) t M(d) of these complexes. 
The values of EcLCT are displayed in the interval 
given by the isooctane (E&= = 0.00) and DMSO 

(E&r = 1.00). The application of this solvent 
polarity scale to the complexes [Mo(CO), 
(NN)(TDP)] by plotting their absorption maxima 

&XT) vs E&CT leads to a linear relationship 
similar to that observed for the parent com- 
plexes Mo(CO),(NN) (Fig. 1 and Table 2) and given 
by the equation VMLCT = A + B * EcLCT. 

When the parameters of the corresponding 
straight lines of the complexes Mo(CO),(NN) 
(bipy : A = 18983, B = 3571 cm-‘, r = 0.991; 
phen : A = 19021, B = 3775 cm-‘, r = 0.982) and 
Mo(CO),(NN)(TDP) (bipy : A = 19062, B = 2668 
cm- ‘, r = 0.993; phen: A = 19160, B = 2476 
cm- I, r = 0.993) are compared, a good correlation 
is observed in all cases, evidencing that these tran- 
sitions are of the same nature. 

On the other hand, the values of the slope indicate 
that the tetracarbonyl complexes are more sensitive 
to the solvent changes than the tricarbonyls. This 
fact can be explained by considering that sol- 
vatochromism occurs if the solute-solvent inter- 
actions in the ground state differ from that in the 
excited state of the substrate. In particular, the 
strongest absorption in the visible region of the 
complexes Mo(CO),(NN) (C,, symmetry) comes 

r 
do /x 

--f 

+ 

/GO 
--- -2 

, co / / , co 

Structure 2. 

from the transition bz(rc*) t /I,(&z).‘~,‘~ (See 
Structure 2.) This MLCT transition induces a dipole 

moment in the excited state opposed to that of 
the ground state (z direction). Hence, a less polar 
situation occurs for the complexes in the excited 
state reducing the solute-solvent interactions. The 
expected stabilization of the ground state by polar 
solvents appears evident from the extensive blue 
shift of this transition in such media, i.e. negative 
solvatochromism.‘2*‘3 The substitution of one car- 
bony1 group by a phosphorus-donor ligand de- 
stabilizes the metal orbitals ; consequently, the 
electronic transition from the metal to the ligands 
diminishes its CT character and hence its negative 
solvatochromism is less intense. The effect of the 
destabilization of the metal orbitals can be clearly 
appreciated in Fig. 1, where the wavenumbers of the 
tetracarbonyl absorptions are always higher than 
those of the corresponding tricarbonyls. 

(b) Ligand exchange reactions in acetonitrile. The 
dissolution of the complexes [Mo(CO),(NN) 
(TDP)] in acetonitrile produce slow colour changes 

qMLCT (cm-’ 1 

24000 . . 

I 1 I , 
0.0 .2 .4 .6 .8 1.0 E;,, 

Fig. 1. Wavenumbers of maxima MLCT absorptions (cMLcT) of [Mo(CO),(NN)] and 
[Mo(CO),(NN)(TDP)] complexes plotted against E tLCr values : + (---I PWCOMbipy)l, 0 (-) 

bWCOMphen)l, 0 6--) [Mo(COMbiw)(TDPI1 and 0 ( --) [Mo(CO),(phen)(TDP)]. 
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of the solution from yellow to violet. The position 
of the maximum in the visible region is shifted 
to lower energy with an isosbestic point in the 
intermediate region. The spectrum of the final solu- 
tion is superposed on that of a sample of the 
complex [Mo(CO),(NN)(CH,CN)]. Therefore, it is 
concluded that there is competition between TDP 
and the solvent for the same coordination site. 

[Mo(C0)3(NN)(TDP)] + CH,CN 

= [Mo(CO),(NN)(CH,CN)] + TDP. (1) 

The ligand exchange reactions in the metal car- 

I.,.,., a.,.,.,. 
1I’I-I’ II.1.I.I 

0.0 0.5 1.b 1.5 0.0 0.5 1.0 1.5 

E(V) vs SCE 

2. Cyclic voltammograms of (a) [Mo(CO), 
(phen)(TDP)] and (b) [Mo(CO),(bipy)(TDP)] in dichloro- 
methane. The values indicate the scan rates (mV s- ‘). 

bony1 complexes of the 6B group are usual and Fig. 
the mechanisms of such reactions have been 
suggested. ’ 4 Under the experimental conditions 
used (CHJN as solvent), the reaction should have 
first-order or pseudo-first-order kinetics. The rate 
was measured by following the absorbance at 500 
nm; the plots of In (A -A,) vs time lead to straight 
lines and the corresponding rate constants were 
extracted from the slopes (&,(bipy) = 5.4 x 1O-3 
s- ’ ; k,,,(phen) = 1.8 x lo-* s- ‘) confirming the 
predictions of the mechanism proposed for these 
reactions. ’ 4 

compound except for the presence of a broad and 
weak band at long wavelengths and slight dis- 
placement of the others (Fig. 3). 

Electrochemistry 

The cyclic voltammograms of [Mo(CO),(NN) 
(TDP)] complexes in CH2C12 show an irreversible 
oxidation peak which depends on the scan rate ; 
a shift towards a more anodic direction is observed 
when the scan rate is increased (Fig. 2). The 
coulometry in the same solvent through an ex- 
haustive oxidation (0.99 V vs SCE) results in the 
loss of 0.5 electrons per MO, giving a species with 
an electronic spectrum that resembles the initial 

It has been reported that the Mo(C0)4(bipy) 
complex in CHzC12 suffers an oxidation by a quasi- 
reversible process giving the cation [Mo(CO), 
(bipy)]+ (El,* = 0.62 V vs SCE).” However, we 
have observed that the complexes Mo(CO),(NN) 
in CH&N present the oxidation in an irreversible 
way (EJbipy) = 0.68 V, E,(phen) = 0.67 V at 200 
mV s- ‘). This can be understood assuming that the 
molybdenum atom has the possibility to obtain hep- 
tacoordination by reacting the monocation with a 
molecule of the donor solvent to yield species of 
the formula [(Mo(CO),(NN)(CH,CN)]+. Similar 
behaviour in the same solvent has been observed in 
the related complexes [Mo(CO), (bidentate phos- 

400 500 600 700 BOO 

h, nm90° 

loo0 

Fig. 3. Electronic spectra of [Mo(CO),(phen)(TDP)] solutions before (---) and after (- ) con- 
trolled-potential electrolysis in dichloromethane (0.99 V vs SCE). 
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phine)]. I6 Furthermore, the oxidized electro- 
generated species derived from MOM may 
also react with CH$N. i6*l 7 

Accordingly, these anticedents suggest that the 
cations produced from the molybdenum carbonyl 
derivatives have a great tendency to increase their 
coordination number if the medium proportionates 
some adequate donor species. Under this premise 
it is possible to make clear the electrochemical 
behaviour of the complexes [Mo(CO),(NN)(TDP)] 
in CH,Cl, through the following reaction mech- 
anism : 

PWW ,WWTWI 

+ [Mo(CO),(NN)(TDP)]+ +e (2) 

+ W(COh(W(TDP)I+ 

+ [Mo(CO),(NN)(TDP) 

- Mo(WdNN)(TWI + . (3) 

The first step should be the electrochemical gener- 
ation of the monocation, which in a second fast 
step, is coordinated by a molecule of the neutral 
complex through the ligand TDP. Therefore, this 
acts as a bridge by way of one of its sulphur atoms 
producing a binuclear species. Then, the net result 
of the oxidation must be the elimination of 0.5 
electrons per MO. 

The electronic spectra of the oxidation products 
seem to confirm the above hypotheses (Fig. 3). If 
the final spectrum results from the superposition of 
both ; that of the oxidized species with that of the 
neutral one, this might explain the great similarity 
with the spectrum of the non-electrolyzed sub- 
stance. 

EXPERIMENTAL 

The solvents were purified by standard methods 
and all operations were carried out under a nitrogen 
atmosphere. The complexes Mo(CO),(NN), 
Mo(CO),(NN)(CH,CN)~ and the ligand TDP’ 
were prepared by methods described in the litera- 
ture. The JR spectra were obtained in a Perkin- 
Elmer 577 spectrophotometer. The electronic spec- 
tra were recorded on a Carl-Zeiss DMR 22 instru- 
ment. 

Synthesis qf [Mo(CO),(NN)(TDP)] (NN = bipy, 

phen ; TDP = tetraazadiphosphapentalene) 

An example of the general procedure is the fol- 
lowing. Mo(CO),(phen)(TDP) : Into a solution of 
225 mg (0.635 mmol) of just prepared Mo(CO), 
(phen)(CH$N) in 10 cm3 dichloromethane were 

added 190 mg (0.637 mmol) of TDP and was stirred 
for 30 min. The dark red coloured solution was then 
filtered. To this filtrate 10 cm3 methanol were 
added, followed by vacuum evaporation to elimi- 
nate the major part of the dichloromethane. The 
red crystals were separated by filtration and washed 
with three portions of methanol (10 cm3) and dried 
in vacuum (yield: 327 mg, 78%). The elemental 
analysis of these compounds are given in Table 1. 

Electrochemical measurements 

All voltammograms were recorded in CH2C12 or 
CH3CN (0.1 M Bu,NClO,) on a Model 173/175 
PAR electrochemistry system. A three-electrode cell 
consisting of a platinum-disc working electrode, a 
platinum wire counterelectrode and an Ag/AgCl (in 
Me,NCl, f0.01 vs SCE) reference electrode was 
used. Controlled-potential electrolysis experiments 
were performed with a PAR 179 coulometer. 
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COMPLEXATION EQUILIBRIA BETWEEN PALLADIUM(I1) 
AND 3-(4’,5’-DIMETHYL-2’-THIAZOLYLAZO)-2,6- 
DIAMINOPYRIDINE. SPECTROPHOTOMETRIC 

DETERMINATION OF PALLADIUM 
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Abstract-The complexation equilibria between palladium(I1) and 3-(4’,5’-dimethyl-2’-thi- 
azolylazo)-2,6_diaminopyridine have been spectrophotometrically studied in aqueous 
medium, and the species PdHR (log/?,,, = 16.36*0.18), PdH3R2 (logB,32 = 31.47f0.20) 
and PdH4R2 (logjI,42 = 27.36kO.18) are established by graphical and numerical cal- 
culation methods. A method is developed for the determination of 0.43-3.40 ppm Pd 
(E = 1.42 x lo4 1 mol- ’ cm- ’ at 690 nm) which can be applied to its determination in small 
samples of hydrogenation catalysts. 

Palladium(I1) forms soluble green, blue or violet 
complexes with o-amino heterocyclic azo-dyes in 
strongly acidic media. The high sensitivity and 
selectivity of these reactions make them very use- 
ful for the spectrophotometric determination of 
palladium even though the complexation equilibria 
have seldom been studied. I-4 

This paper reports on the complexation equilibria 
between palladium(I1) and 3-(4’,5’-dimethyl-2’- 
thiazolylazo) - 2,6 - diaminopyridine(DMTADAP)’ 
studied spectrophotometrically. Complex species in 
solution were established by graphical as well 
as numerical analysis of the absorbance-[H+] 
curves. 6-8 The distribution diagrams established 
using the HALTAFALL program,’ enable the 
accurate assessment of the distribution of the indi- 
vidual complexes in solution and their identification 
by visible absorption spectra. 

A method is developed for the spectro- 
photometric determination of palladium and is 
applied to its determination in small samples of 
hydrogenation catalysts. 

EXPERIMENTAL 

A lop3 M solution of 3-(4’,5’-dimethyl-2’-thi- 
azolylazo)-2,6_diaminopyridine (DMTADAP) in 1 

* Author to whom correspondence should be addressed. 

M perchloric acid. Standard 1 O- * M Pd(C10,) 2 pre- 
pared from the chloride by perchloric acid treat- 
ment and standardized gravimetrically. Analytical 
reagent grade chemicals and de-ionized water were 
used throughout with no further purification. 

Absorption measurements were performed on 
Beckman 25 and Perkin-Elmer 550s recording 
spectrophotometers provided with 1 cm matched 
quartz cells. The pH measurements were made with 
a Radiometer PHM64 digital pH-meter provided 
with a glass-calomel combination electrode. 
Measurements were performed at 25 +O.l”C. Cal- 
culations were carried out on a Digital VASjVMX 
1 l/780 (V.4.0) computer. 

Spectrophotometric determination of palladium 

To a solution of 2 1.3-74.5 pg of palladium as the 
perchlorate, in a 25-cm3 calibrated flask, was added 
2 cm3 of lo3 M DMTADAP perchloric solution. 
After 20 min 3 cm3 of 70% HC104 was added 
and diluted to volume with de-ionized water. The 
absorbance was measured at 690 nm against a 
reagent blank. 

Spectral hotometric determination of palladium in 
hydrogcwation catalysts 

10 mg of the catalyst were weighed accurately 
and dissolved in perchloric acid, nitric acid, aqua 

495 
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Table 1. Optical characteristics of 3-(4’,5’-dimethyl-2’- 
thiazolylazo)-2,6_diaminopyridine (8% u/u ethanol- 

water, I = 0.25 M NaClO,) 

Species 
1 nlax E 

(nm) (1 mol- ’ cm- ‘) PK 

H,R’+ 495 2.200 
4.16f0.07 _ 

H,R*+ 510 21,500 
HR+ 520 13,500 2.75 f0.05 
R 495 17.000 4.83 f0.04 

regia or EDTA according to the support, and 
heated in a water bath if necessary. The cooled 
solution was diluted with 1 M HC104 to 100 cm3 in 
a calibrated flask. Suitable aliquots (2-5 cm3) were 
analysed for palladium as described above. 

RESULTS AND DISCUSSION 

3 - (4’,5’ - dimethyl - 2’ - thiazolylazo) - 2,6 - diam- 
inopyridine (DMTADAP), whose acid-base and 
optical characteristics are shown in Table 1, reacts 
with palladium(I1) to form green coloured 
solutions. However, species formed at pH 2 0 pre- 
cipitate, thus spectrophotometric studies have to be 
carried out at higher acidities. 

Absorption spectra for solutions with palladium 
ion excess at H,, < 0 show an absorption maximum 
at 390 nm and an absorption band at 680-760 nm. 
In order to obtain maximum and stable absorb- 
antes it is necessary to mix the Pd(I1) and 
DMTADAP first and leave them to stand for 
at least 20 min before adding the other reagents. 
Absorption-H, curves at 690 nm for several C,,/C,. 

A 

H, -a -A 

0.4 

0.2 

Fig. 1. Absorbance-H,, curves for the system Pd(IIt 
DMTADAP at 690 nm. CR = 4 x lo- ’ M, C,, = (1) 
2x 1O-3 M, (2) 8 x 1O-4 M, (3) 4x 1O-4 M, (4) 4x 1O-5 

M, (5) CR = 2 x lO-4 M. C,, = 2 x 10m5 M. 

Fig. 1, show constant absorbances in the range 
- 1 < Ho < 0; the difference in absorbance of the 
curves with metal ion excess and reagent excess 
suggests the presence of several complex species in 
solution. 

The stoichiometry determined by the continuous 
variations and mole ratio methods at H,, = -0.7 
and 690 nm shows the formation of 1 : 2 Pd: R 
complex species. 

In order to ascertain the complex species in solu- 
tion and to calculate the corresponding stability 
constant, a method of graphical analysis of the 
A = f([H’]) curves derived from that of Sommer et 
al.6-7 was used. Upon applying the set of equations 
previously deduced ‘O the formation of species 
PdHR (log p l , , = 16.40), PdH3R2 (log/?,,, = 9.04) 
and PdH4R2 (log /I, 42 = 9.66) was established. 

Next the experimental data were analysed by 
applying the LETAGROP-SPEFO program, * 
using the complex species and their stability con- 
stants calculated by the graphical method as start- 
ing values, and then the species model was modified 
by introducing new species in order to ascertain 
which one of the proposed models could fit the 
experimental data with the minimum sum of 
squares of the residuals, U, and of the standard 
deviation of absorbances, o(A). 

As can be seen in Table 2 the model containing the 
species PdHR, PdH3R, and PdH4R2 simul- 
taneously, is the best to fit the experimental data. 
The introduction of other species such as hydroxy- 
lated, polynuclear and/or mixed ligand complexes, 
did not improve the results. Values calculated for 
the stability constants as well as the respective molar 
absorptivities are included in Table 2. 

With a view to confirm the results obtained and 
to identify the absorption maxima of the different 
species in solution, the distribution diagrams for 
several metal-to-ligand ratios were established 
using the HALTAFALL program,9 Fig. 2, and 
absorption spectra of such solutions were recorded. 
As can be seen in Figs 3 and 4 the species PdH3Rl is 
responsible for the absorption maximum at 550 nm 
at Ho < - 1 in solutions with C,,/C, >> 1, and the 
species PdH,R, produces the absorption band at 
68&760 nm. The species PdHR is responsible for 
the shoulder at 610 nm. 

On comparing the results obtained for the system 
Pd(II)-DMTADAP with those for the complexes 
of palladium(I1) with 3-(2’-thiazolylazo)-2,6-diam- 
inopyridine ’ ‘3 ’ 2 and its 4’-methyl derivativeI in 
Table 3, one can see that the PdHR complex of 
DMTADAP is the most stable but it does not form 
the PdH2R complex. Besides, DMTADAP is the 
only one out of these three reagents which forms 
PdH,R* and PdH,R2 complexes. 
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Table 2. Values of U, a(A), log&, and sp4, for the different species model tested 
by the LETAGROP-SPEFO method 

Species model 

PdHR 
PdH,R, 

u c(A) log &4r %v 

0.88 
x 

lo- 
’ 

0.04 
14.14k0.21 6,000 + 75 

29.38 Max 33.90 

PdHR 
PdH,R* 

PdHR 
PdH,R, 
PdH,R, 

PdHR 
PdH,R, 
PdH,R* 

0.473 
16.68 Max 16.93 

x 
10-z 0.010 

7,400 f 100 
27.15 Max 27.40 9,300+250 

16.67 Max 16.88 7,500 f 93 
0.437 x 1o-2 0.010 27.15 Max 23.39 9,300 f 200 

32.58 Max 33.10 

16.36kO.18 7,693 + 50 
0.193 0.007 27.26kO.11 8,384+ 161 

31.47f0.20 13,249+ 162 

d 

0.8, 

b 

a( 

0.8 

0.4 

c 

1 

?I 
d 

2 4 Ho 

Fig. 2. Distribution diagrams for the system Pd(II)-DMTADAP. Species: (1) PdHR, (2) PdH4R2, 
(3) PdH,R,. (a) C,,/C, = 50/l (-), 2/l (---); (b) = l/S (-), l/2 (---); (c) C,, = C,. 

(C, =4x lo-‘M.) 

Spectrophotometric determination of palladium with --range for the determination is 0.85-2.98 ppm as 
DMTADAP evaluated by Ringbom’s method. 

The statistical study carried out on ten samples 
In solutions where H, = -0.7 (1.5 M HClO,) each containing 2.56 ppm Pd, gives 2.56 ppm as the 

and palladium is present as the perchlorate, the mean value, 3.63 x 10m3 as the standard deviation 
system Pd(II)-DMTADAP conforms to Beer’s law and 0.30% relative error (P = 0.05). 
between 0.43-3.40 ppm of palladium. The molar A study of the effect of several ions on the deter- 
absorptivity is 1.42 x lo4 at 690 nm. The optimum mination of 2.56 ppm of palladium was carried out 

Table 3. Comparison between the palladium complexes of TADAP, MTADAP and DMTADAP 

Reagent logB,,, logB,*, log8,,, logB,,, &ll,X H0” EX 10-4 Ref. 

TADAP 8.98 
MTADAP 8.05 
DMTADAP 16.36 

6.30 
4.20 

31.47 27.26 

665 -0.7 1.37 11,12 
675 -0.57 1.60 13 
690 -0.57 1.42 This work 

a HClO,. 
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560 SbO 760 I 

Fig. 3. Absorption spectra for the system Pd(II)- 
DMTADAP at different H, values (C,, = 2 x 10-j 

M, CR =4x lO-5 M). 

firstly by applying the recommended procedure to 
solutions containing a 200-fold (m/m) ratio of inter- 
ferent to palladium and if interference occurred, the 
ratio was reduced until interference ceased. Higher 

Table 4. Spectrophotometric determination of palladium 
with DMTADAP in the presence of foreign ions, [Pd’+] 

taken = 2.56 ppm 

[Interferent]/[Pd’+] Interference 

200/ 1 
100/l 
60/l 
SO/l 

5/l 
l/l 

NO;, SO:-, Ni, Ca, Sr, Ba. 
As(V), Zn, CzO:-. 

F-, HPO:-. 
Co(II), Cu, Cd, Fe(II,III), 

Ag(I)> U(VI) 
Bi, Cr(II1) 
Hg(II), Pt(II), Ru(III), 

Au(III), Os(IV), the halides 
(high interference) 

Table 5. Spectrophotometric determination of palladium 
with DMTADAP in hydrogenation catalysts 

Catalysts (Fluka) 
Found (%) 

A.A.S. DMTADAP 

Pdjasbestos 4.41 
Pd/active charcoal 9.40 
Pd/CaCO, 5.60 
Pd/BaSO, 9.80 

u Mean of three determinations. 

4.45 
9.38 
5.94 
9.98 

560 600 7bo 
x (nm) 

Fig. 4. Absorption spectra for the system Pd(IIk 
DMTADAP (C,, = 4 x lo-’ M, CR = 2 x lo-“ M) at 
different H, values (---), and at H, = -5.14 as a time 
function (l) : (1) 5 min, (2) 10 min, (3) < 20 min. 

(Water as the blank.) 

ratios were not tested. The criterion for an inter- 
ference was a variation in the concentration of pal- 
ladium found, of more than + 2% from the value 
taken. The results are shown in Table 4. 

As can be seen from Table 3 the introduction of 
the methyl groups in the TADAP molecule causes 
a displacement of the absorption maximum towards 
longer wavelengths, while molar absorptivities 
remain very similar. However, the method based on 
DMTADAP has less interference from the fluoride 
ion but more interference from Fe(II,III) and 
Hg(II), than the TADAP method. 

The method developed was applied to the deter- 
mination of palladium in small samples ( N 10 mg) 
of hydrogenation catalysts. Results are shown in 
Table 5 where they are compared with those 
obtained by A.A.S. 
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Gmelin Handbook of Inorganic Chemistry, Mn- 
Manganese Da Coordination Compounds 5. Pub- 
lished by Gmelin Institute for Inorganic Chemistry 
of the Max Planck Society for the Advancement of 
Science, 8th Auflage, Main Series System-Nr. 56. 
Springer, Berlin, 1987. ISBN 3-540-93550-9, 25 
Figs, xix, 349 pp., 950 g. Hard cover, DM I 541. 

There are 17 volumes on manganese of which this is the 
most modem. Although earlier volumes were in German, 
this volume is in English and is one of five volumes 
concerning the coordination compounds of manganese 
in particular with the ligands amine-N-polycarboxylic 
acids, hydrazinecarboxylic acids, amides, hydrazides. 
derivatives of hydroxylamine, oximes and nitroso com- 
pounds, and triazenes. 

The stabilities of the complexes formed between these 
agents and manganese are reviewed. Solution chemistry 
formation constants and X-ray investigations are ref- 
erenced. The analytical chemistry arising from hydrox- 
amic acids and the biochemistry of isonicotinohydra- 
zidemanganese(I1) and (III) complexes are covered. 
Literature references up until 1985 are included. 

This is another very useful reference book in the mega- 
series. It is a well-founded and forward-looking library 
that stocks this series and this volume is up to the high 
standards of its predecessors. 

DAVID R. WILLIAMS 

Department of Applied Chemistry 
U WIST 
PO Box 13 
Cardzy, CF1 3XF, U.K. 
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Abstract-The oxidation-reduction reaction between a zwitterionic diphosphorus 
compound, involving the grouping Cl--P’-)---P(+)-NEt, with the platinum(O) complex, 
(C2H4)Pt(PPh3)2, has furnished a novel platinum(I1) complex with a Pt-P four-membered 
ring as the central feature. The identity and structure of this platinum complex has been 
established by NMR spectroscopy and by a single-crystal X-ray structure determination. 

The reaction between N,N’-dimethyl-N,N’-(tri- 
methylsilyl)-urea with diorganoaminodichloro- 
phosphines, R2NPC12, has been shown to furnish 
a number of representatives of a new class of di- 
phosphorus compounds of type 1, with a phos- 
phorus-phosphorus bond. 1*2*3 

A single-crystal X-ray structure determination 
has been conducted for 1 (R = Et), and the presence 
of a zwitterionic system involving negatively 
charged (phosphoranide) phosphorus and posi- 
tively charged (phosphonium) phosphorus directly 
bonded has been suggested. 3 The two dimethylurea 
groupings apparently serve to stabilize the phos- 
phorus-phosphorus system in this and numerous 
related diphosphorus compounds. Molecules of 
type 1 are expected to display several sites of reac- 
tivity, vis. the lower-valent and the higher-valent 

phosphorus atom, and the phosphorus-phosphorus 
bond. 

Numerous experiments have been conducted 
with a view of establishing to what extent the typical 
properties of pentavalent phosphorus are affected 
by the proximity of lower-valent phosphorus, as 

* Author to whom correspondence should be addressed. 
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well as to ascertain how pentavalent phosphorus 
directly bonded to tri-coordinate phosphorus will 
alter the typical reactivity of the latter. Experiments 
have been performed, to this end, on compounds 
of type 1, as well as on related, mixed-valence diphos- 
phorus compounds, involving the groupings 
A3PA5P, and a large number of new and novel di- 
phosphorus compounds were created in which the 
reactivity of both the lower- or higher-valent 
phosphorus atom was not abnormal. L*,~ As a rule, 
the phosphorus-phosphorus bond in the diphos- 
phorus compounds was left intact in these reactions. 
The same observation was also made during the 
reaction of the lower-valent phosphorus atom of the 
mixed valence diphosphorus compounds involving 
the system A3P15P with Fe,(CO)+ which produced 
P-P bonded 15P14P-Fe(C0)4 compounds.2,4s5 The 
course of the reaction between a zwitterionic 
diphosphorus compound of type 1 (R = Et) with a 
platinum(O) complex, (C2H4)Pt(PPh3)2, 2, proved 
dissimilar from previous experience in that, in an 
oxidation-reduction reaction, a novel type of 
binuclear platinum(I1) complex, 3, was formed. See 
eq. 1. 

The reaction between 1 (R = Et), as a suspension 
in benzene and 2 (as a benzene solution) was com- 
plete overnight at room temperature. The product, 
3, was recovered after removal of the benzene in 
vucuo. The other products, formed according to eq. 
(1) were ethylene and triphenylphosphine, i.e. the 
ligands of the starting platinum complex, 2, were 
completely stripped off, so as to form what may be 
termed “naked” platinum.6 

The characterization of the novel complex, 3, 

Y\ 
Me-N N-Me 

Me -N N-Me 

‘C/ 

II 
0 

+ 

rests on its elemental analysis, ‘H 31P and lg5Pt 
NMR data (vi& infru), on its IR Spectrum [v- 
for the N,N’-dimethylurea grouping, 1665 cm- ’ ; 
for the five-membered rings a shift of v,=_+ to higher 
wavenumbers (ca 1700-1730 cm-’ would be 
expected), and on the mass spectrum (found, 
M+ 1073; talc. for C20H44C12N’@4P4Pt2, 
M = 1073.61 g mol- ‘) ; the isotopic distribution 
observed and calculated for 3 were in good agree- 
ment] . 

NMR spectroscopy 

The 31P and lg5Pt NMR spectra of compound 3 
are complicated by the presence of various iso- 
topomers (0, 1, and 2 spin active lg5Pt nuclei in the 
molecule), and even the molecules with no lg5Pt 
nuclei show second order 31P spectra because the 
spin system is [AXj, (or AA’XX’). Analysis of the 
[Ax], spectrum which is the strongest feature of 
the “P spectrum gave values of the P-P coupling 
constants and the two 31P chemical shifts. Values 
of the P-Pt coupling constants were then obtained 
from the 3 ‘P and lg5Pt spectra of the isotopomer 
containing one lg5Pt nucleus. At this stage of the 
analysis some difficulty was experienced in getting 
a good fit between simulated and observed spectra, 
which was found to be due to the assignments of 
the two P-Pt coupling constants in the ring, which 
is opposite to that expected ; i.e. the P-Pt coupling 
for the bond tram to the chlorine ligand is in fact 
smaller than the coupling for the bond tram to the 
exocyclic phosphine ligand. 

0 

II 
Me/\,,, 

4 

0 

Me 

1 

II 

c\ 
N 

P( / 

, NMe 
P-N-Et:! 

cL\ / .Pt 
2 benzene 

-2C,H, (11 

-4PPh, 
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Table 1. Chemical shifts” and coupling constantsb for 3 
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couplings for the P-Pt bonds in the ring. In Gla- 
ser’s compound the two values (2228.4 and 1820.2 
Hz) are assigned so that the larger value cor- 
responds to the bond tram to chlorine, the smaller 
value to the bond trans to the phosphine ligand. 

pl\p,/p6 lpl 
\,/ ‘\p 

4 

Pt-Pt couplings : l-2 1077.3 

Pt-P couplings : l-3,2-4 3488.9 
l-6,2-5 2103.8 
l-5,2-6 2535.7 
1+2-3 -4.4 

P-P couplings : 3-5,4-6 728.0 
36,4-S -11.5 
34 0.1 
5-6 - 126.6 

Chemical shifts : pt,, pt2 555 
P3r P, 69.2 
P,, P, -51.7 

a In ppm. 
b In Hz. 

This assignment was confirmed by simulation of 
the spectra of the isotopomer with two lg5Pt nuclei, 
which also yielded the value of the Pt-Pt coupling 
constant. A final refinement of the coupling con- 
stants and chemical shifts was achieved by an iter- 
ative fitting to a total of 111 observed transitions of 
the two Pt isotopomers in both 31P and IgsPt 
spectra. The r.m.s. deviation between the observed 
and simulated spectra was 1.5 Hz, less than the spot 
resolution of the spectrometer, and the standard 
deviations of the iterated values of the chemical 
shifts and coupling constants were all less than 0.6 
Hz. The final values are presented in Table 1 and 
the observed spectra are shown in Figs 1 and 2 
along with the simulated spectra. These values may 
be compared to the values obtained by Glaser et 
aL7 for the related compound, 4. 

4 

In general the larger values found for most of 
the couplings in our system reflect the increased 
electronegativity of the groups attached to phos- 
phorus (nitrogen as opposed to carbon), but the 
greatest difference is in the assignments of the two 

As the authors mention in their paper, this is in 
agreement with the normal behaviour pattern of the 
P-Pt couplings, and reflects the trans-effect of the 
ligands at the square-planar platinum. There is no 
doubt that in our system the assignment is the 
opposite one, the larger coupling (2535.7 Hz) cor- 
responding to the bond tram to phosphorus, the 
smaller coupling (2103.8 Hz) corresponding to the 
bond tram to chlorine. When we first noticed this 
discrepancy we wondered whether the assignment 
given by Glaser et al. was unambiguous, since their 
spectra were observed at higher field, and the second 
order effects which distinguished between the two 
assignments should be less noticeable in their 
systems. We therefore checked the assignments for 
their compounds by simulating theoretical spectra 
using their reported NMR parameters. This showed 
that the two assignments were indeed not dis- 
tinguishable in the spectra of the isotopomer con- 
taining one lg5Pt nucleus, but simulation of the 
spectra of the isotopomer with two lg5Pt nuclei 
showed sufiicient significant differences between the 
two assignments to indicate that Glaser’s assign- 
ment was indeed correct and therefore the opposite 
of that required for our compound. 

On the basis of this single example of divergence 
from the normal effect of the tram ligand on P-Pt 
couplings we are unable to offer any conclusive 
explanation for this behaviour, especially when nor- 
mal behaviour is observed for the closely related 
ring system of Glaser et al. One possibility is that 
the explanation lies in the two chelating ring systems 
(-N-CO-N-) between the two cis phosphorus 
ligands at each platinum, whereas Glaser et al’s 
compounds have only one such chelating ring sy- 
stem (and therefore display a measure of isomerism 
which our compound does not display). While this 
may affect the amount of distortion from idealized 
square-planar geometry at platinum, it is worth 
noting that the bond lengths (see below) are as 
predicted by the normal trans effect considerations, 
i.e. the longer ring P-Pt bond is tram to phos- 
phorus, although it has the larger P-Pt coupling 
constant. 

X-ray structure of 3 

The structure of 3, involving the cleavage of the 
phosphorus-phosphorus bond in 1 and the for- 
mation of two eight-membered rings, was estab- 
lished unambiguously by a single crystal X-ray 
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structure determination. In recent years the struc- 
tures of several phosphido-bridged diplatinum 
complexes have been described in the literature. 
In several, but not in all cases the central four- 
membered, Pt-P-Pt-P ring is planar. ‘***’ Com- 
pound 3 displays crystallographic Ci symmetry 
which means that it has a crystallographically 
imposed planar central four-membered ring. (See 
Fig. 3.) 

The bond lengths in the ring are 222.5(2) pm 
(trans to chlorine) and 232.9(2) pm (trans to phos- 
phorus). This significant difference in bond lengths 
of 10.4 pm (50 times the standard deviation) clearly 
reflects the expected tram influence of the chlorine 

and phosphine ligands on the bonding at platinum. 
(See Table 2.) The length of the exocyclic Pt-P 
bond is 224.6(2) pm. The bonding geometry around 
platinum is essentially planar (sum of cis bond 
angles 359.9”) with strong distortions from a 
square. As is generally observed the P-Pt-P bond 
angles (77.3(l)” for the endocyclic and 8 1.2( 1)” for 
the exocyclic angle) are around 20” smaller than 
the Cl-Pt-P angles [100.9(l)’ and 100.5(l)“]. The 
platinum-chlorine bond length (236.4(2) pm) is in 
the range typical of this bond. 

The two tetra-coordinated phosphorus atoms are 
in rather different bonding states, one being for- 
mally a phosphine phosphorus with an additional 

A 

6C00 3800 ,600 

Fig. 1. Observed (A) and simulated (B) 3 ‘P NMR spectra of 3 (scale in Hz). 
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16ooO 15000 l4ccQ lxx)0 ,o 8000 7000 6000 

Fig. 2. Observed (C) and simulated (D) ‘95Pt NMR spectra of 3 (scale in Hz). 

coordinative bond and the other displaying two than for the endocyclic phosphorus [bond angles 
normal covalent bonds and two additional coor- between 102.7(l)’ for Pt-P(2)---Pt and 112.2(2)’ 
dinative bonds to platinum. This difference is for Pt-P(2)-N(3)]. The difference also becomes 
clearly reflected in the bonding geometry. Whereas obvious in the different P-N bond lengths, which 
both phosphorus atoms are in a strongly distorted are 171.2(6) and 17 1.9(6) pm at the phosphido phos- 
tetrahedral environment, this distortion is larger for phorus atom and 169.5(6) and 169.6(6) pm at P(1). 
the exocyclic (bond angles between 101.3(2)’ for The bond to the diethylamino nitrogen atom 
N(l)---P(I)-Pt and 123.0(2)’ for N(7)-P(l)-Pt) (162.9(6) pm) is still ca 7 pm shorter.* 

EXPERIMENTAL 
*This difference in the bond distances between phos- 

phorus and the amino-nitrogen vs the bond to the urea- All operations were conducted with exclusion of 
nitrogen is generally observed in this class of phosphorus air and moisture, using standard techniques. The 
compounds (see refs l-3). IR spectrum of 3 was recorded on a Beckman 4260 
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Table 2. Bond lengths (pm) and angles (“) in 3 

P( l)--Pt 
Cl-Pt 

N(4)-P(1) 
N(3)-P(2) 
C(ll)---N(1) 
0(2)-C(2) 
C(3 1)-N(3) 
C(5)_N(4) 
N(6wx) 
C(7)_N(7) 
C(8)-C(7) 

P(2)---Pt-P( 1) 
Cl-Pt-P(2) 
N(4)-P( I)-Pt 
N(7)-P(l)--Pt 

N(7)-P( 1 )-N(4) 
N(6)-P(2FPt 

C(1 l)-N(l)-P(l) 
C(2)_N(lFC(ll) 
N(3)-C(2)-N( 1) 
C(2)-N(3)-P(2) 
C(3 u-N(3+C(2) 
C(5)-N(4)_P(l) 
WWW---N(4) 
N(6)_C(5)_-0(5) 
C(6 1 k-N(6)-P(2) 
C(7)-N(7)_P(l) 
C(9)_N(7)_C(7) 
C( 10)--c(9)-N(7) 

224.6(2) 
236.4(2) 
169.7(6) 
171.2(6) 
147.2(10) 
120.6(9) 
147.0(9) 
140.6(10) 
138.1(9) 
149.9( 10) 
149.2(14) 

81.2(l) 
177.q 1) 
113.4(2) 
123.0(3) 
109.6(3) 
106.2(2) 
119.6(5) 
115.2(6) 
119.7(6) 
128.6(5) 
115.2(6) 
129.8(5) 
122.2(7) 
122.4(8) 
121.0(5) 
114.4(5) 
115.7(6) 
111.8(10) 

P(2)-Pt 

N(l)-_P(l) 
N(7)-_P(l) 
N(6)-_P(2) 
C(2)---N(l) 
N(3w(2) 
C(4lF--N(4) 
0(5)--C(5) 
C(6 1)-N(6) 
C(9)-_N(7) 
C(lOk--C(9) 

Cl-Pt-P( 1) 
N(l)--P(lFPt 

N(4)-_P(l)_Ntl) 
N(7)-_P(l)_N(l) 
N(3)--P(2kPt 

N(6)_P(2FN(3) 
C(2)-_N(lk--P(1) 
0(2tC(2FN(l) 
N(3tC(2w(2) 
Cc3 1)-N(3)-P(2) 
C(41)-_N(4>--P(1) 
C(5)-_N(4)-C(41) 
N(6tC(5)--N(4) 
C(5)--N(6)_P(2) 
C(61)-N(6)-C(5) 

C(9)---N(7FPU) 
C(8)_C(7FN(7) 
C(74)--c(7ltc(73) 

222.5(2) 
169.5(6) 
162.9(6) 
171.9(6) 
139.3(9) 
139.4(9) 
149.6(9) 
118.4(9) 
148.5(9) 
149.7(10) 
149.5(15) 

100.9( 1) 
101.3(2) 
101.7(3) 
104.6(3) 
112.2(2) 
102.8(3) 
120.8(5) 
120.4(7) 
119.9(7) 
116.1(5) 
116.8(5) 
112.7(6) 
115.3(6) 
122.4(5) 
116.2(6) 
125.6(6) 
114.0(7) 
59.2( 17) 

instrument. The mass spectrum of 3 was recorded 
at 70 eV on a Varian MAT 8222 instrument at 
300°C. The melting point of 3 was determined in 
a sealed tube. The elemental analyses were con- 
ducted at Mikroanalytisches Laboratorium Beller, 
Giittingen. 

NMR spectra 

Spectra were recorded on a JEOL FX90Q spec- 
trometer with *D internal lock and ‘H broad-band 
decoupling on samples dissolved in CD2C12 in 10 
mm tubes. 31P spectra at 36.4 MHz are referenced 
to external H3P04 (85%) and 19’Pt spectra at 19.16 
MHz are referenced to 21.4 MHz (TMS at 100 
MHz). 

X-ray analysis 

Crystals of 3 obtained by slow evaporation of 
the solvent from a solution in acetone/toluene have 
monoclinic symmetry, space group P2 ,/n. The unit 
cell which has the parameters a = 985.3(2), 

b = 1141.7(2), c = 1860.9(3) pm, /I = 102.24(3)” 
contains two molecules yielding a calculated density 
of 1.742 g cm- 3. The data were collected at 293 K 
on a Syntex P2, diffractometer using graphite- 
monochromated Cu-K, radiation (A = 154.178 pm) 
in the 8-20 mode in the range 3” < 28 d 135” at a 
scan speed between 2.93 and 29.30”/min, depending 
on the intensity of the reflection. 

The data were corrected for Lorentz, polarization 
and absorption effects (p = 15.743 mm-‘). The 
structure was solved by direct methods and differ- 
ence-Fourier synthesis. The compound was found 
to display crystallographic Ci symmetry. Rigid 
methyl groups of idealized geometry were 
employed. Near the centre of symmetry at 
0.5/0.0/0.5 a molecule of acetone was contained in 
the unit cell. The molecule is strongly disordered. 
The refinement using 3266 out of 3530 measured 
independent reflections (F 2 1.25a(F)) converged 
at R = 0.043. A final difference map displayed no 
electron density higher than 0.795 x lo6 e/pm3. The 
program SHELX-76” and our own programs were 
used. Complex atom scattering factors’ ’ were 
employed. 
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Fig. 3. X-ray crystal structure of 3. 

Preparation of compound 3 REFERENCES 

The reaction between 1 (R = Et) and 2 was con- 
ducted in a glass tube, fitted with a Teflon stopcock. 
To a suspension of 0.46 g (1.3 mmol) of 1 in 5 cm3 
of benzene, a solution of 1 g (1.3 mmol) of the 
platinum complex, 2, ’ * in 10 cm3 of benzene was 
added dropwise during 5 min. The glass tube was 
sealed and the reaction mixture was stirred for 12 
h at room temperature. The colour of the reaction 
mixture was found to change from orange-yellow 
to light yellow. The residue left after removal of the 
benzene solvent in uacuo (0.1 mm) was washed with 
10 cm3 portions of benzene (ca three times) until 
the solvent remained colourless. The product 
was recrystallized from dichloromethane/ 
methylcyclohexane (3/l) or small amounts (for 
the X-ray study) from acetone/toluene (5/l). 
Yield of 3, 0.52 g (75%); m.p. 260” (dec.). The 
analytical sample of 3 was recrystallized from di- 
chloromethane/methylcyclohexane and was found 
to crystallize as 3*0.5CH,Cl,. Found: C, 21.7; 
H, 4.0; Cl, 15.1; P, 10.7. Calc. for CZOH,,Cl,N,, 
04P,Pt2*0.5CH,C1,: C, 21.5; H, 3.9; Cl, 14.8; 
P, 10.2%. 
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Abstract-7-(4-ethyl-l-methyloctyl)-8-hydroxyquinoline (C,,--HQ) is the active com- 
ponent of the industrial extractant Kelex 100. The thermodynamic as well as the kinetic 
parameters for the complexation of this ligand molecule with Ni2+ and Co2+ are compared 
with that of 8-hydroxyquinoline (HQ) in identical conditions (methanolic solutions with up 
to 0.4% of water, 0.1 M NaClO,, 0.1 M triethanolamine buffer). From stopped-flow 
experiments, the alkyl-chain substituent is shown to be responsible for a seven-fold decrease 
of the rate constant for the 1 : 1 complex formation between the neutral form of the ligands 
and the Ni2+ ion. A similar behaviour is observed for the Co2+ ion, for which quantitative 
data have only been obtained with the alkylated ligand. Two different mechanisms are 
considered to explain the pH-dependence of the observed rate constant, which is attributed 
to the metal hydrolysis rather than to the ligand deprotonation. 

The complexation reactions of metal ions with all 
sorts of ligands have been extensively studied during 
the last 20 years both from a thermodynamic and 
a kinetic point of view. The fast kinetic methods 
introduced by Eigen and his coworkers have been 
largely involved in the numerous studies from which 
a clear mechanistic picture has emerged. I-4 

Although alkylated extractants have been used 
for a long time in hydrometallurgy, there is pre- 
sently a growing need for ligand molecules having 
a highly lipophilic nature, not only for industrial 
applications in the field of liquid-liquid extraction, 5 
but also for chemical studies related to the use of 
organized assemblies.6 In many instances an alkyl 
chain has thus been grafted on an extractant mol- 

*Author to whom correspondence should be addressed. 

ecule whose properties are known, just to confer on 
it a hydrophobic character. 7-9 

The effect of such an alkyl chain substituent on 
the complexing and kinetic properties of the new 
ligand is generally not known. The main reason for 
this comes from the fact that the former ligand is 
often used in homogeneous conditions whereas the 
alkylated one is used most of the time in heter- 
ogeneous conditions. In the first case the reaction 
takes place in the bulk, but in the latter case it may 
occur at a liquid-liquid interface. 

A comparison between the homogeneous kinetics 
and the interfacial kinetics in terms of reaction 
mechanism is difficult to make without a prior 
knowledge of the effect due to the alkyl chain sub- 
stituent by itself. 

In this work we have compared the kinetics and 
thermodynamics of complexation of 8-hydroxyqui- 
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noline (HQ) and of 7-(4-ethyl- 1-methyloctyl)-8 
hydroxyquinoline(C,,--HQ) with Ni2+ and Co2+ 
ions in methanol, in which both ligands can be 
solubilized. The alkylated ligand investigated here 
constitutes the active species of the industrial extract- 
ant Kelex 100. Note that according to Demopoulos 
and Distin,” the main active component of the com- 
mercial product sold under this trade name before 
1976 had a slightly different chemical structure. 

These lipophilic extractants are commonly used 
for the liquid-liquid extraction of galium,“” whose 
kinetics can be improved using micro-emulsions as 
the organic phase.’ lb 

Although rate constants characterizing the reac- 
tions of complex formation can in principle be 
obtained from extraction experiments provided that 
a “kinetic regime” is set up (plateau region in the 
rate of extraction vs stirring speed), the values 
obtained may be altered by other contributions.12 
The stopped-flow technique was used in the present 
investigation where homogeneous conditions 
guarantee that only the complexation step is 
observed. 

EXPERIMENTAL 

Chemicals 

8-quinolinol (puriss) was obtained from Fluka and 
used without further purification. Kelex 100 was 
from Schering (R.F.A.) which was thoroughly pur- 
ified to obtain the active component 7-(4-ethyl-l- 
methyloctyl)-8hydroxyquinohne. The crude prod- 
uct was supposed to be a mixture of at least eight 
different components. A good separation procedure 
was perfected using column chromatography and 
thin layer chromatography. The most efficient sep- 
aration was obtained with a column of 12&l 30 cm 
filled with Kieselgel60 (70-230 mesh ASTM) Merck 
using hexane-ethylacetate 80/20 (v/v) as the eluent. 
The desired product was identified by mass spec- 
trometry and its purity was checked by ‘H NMR 
(400 MHz) and elemental analysis : Found (theor.) 
C 80.3 (80.3) H 9.8 (9.7) N 4.6 (4.7)%. 

Methanol was freshly distilled over magnesium 
before use. Nickel(H) and cobalt(H) nitrates were 
analytical grade products from Prolabo and their 
exact water contents were deduced from com- 
plexometry with EDTA. Note that we were inter- 
ested in the comparison of two ligands under iden- 
tical conditions but not necessarily in totally water- 
free solutions. Up to 0.4% of water could then be 
present in the solutions. Small variations in the 
water contents below this value have been found 
not to affect the results. Triethanolamine Fluka was 
used with perchloric acid to buffer the solutions. 

Equilibrium measurements 

The stoichiometry of the complexes and the equi- 
librium constants for complex formation have been 
obtained with a Varian DMS-100 UV-vis spec- 
trometer on-line with a DS-15 data station. The 
LETAGROP programI (Spefo version) was used 
to deduce the best equilibrium values from the spec- 
trophotometric data and the assumed model. 

Potentiometric measurements in methanolic 
solutions have been carried out to obtain the ion- 
ization constants of HQ and C,r--HQ, and the 
hydrolysis constants of Ni(I1) and Co(I1). The glass 
electrode has been shown to furnish reliable data 
in methanol provided that appropriate standard 
solutions are used.14 A combined glass electrode 
Metrohm was employed for the present deter- 
minations with the following standards: HClO, 
10e2 M (pH2), salicylic acid 10e2 M/sodium sali- 
cylate lop2 M (~H7.53)‘~ and sodium methylate 
10e2 M (pH14.7). Low concentrations of either the 
ligands or the metals have been used so that the 
activity coefficients could be neglected. 

The ionization constants of HQ and C,,-HQ 
have been determined from the titration curves of 
these ligands using methanolic solutions of per- 
chloric acid (for the basic nitrogen function) and 
of sodium hydroxide (for the hydroxylic function) 
respectively. Theoretical simulations of the former 
titration curves have been performed using the 
PKBlF FORTRAN program.15 The pK values 
obtained were in excellent agreement with the 
values of the pH at half neutralization (pK, = 5.77 
and 5.01 respectively for HQ and C,,-HQ). The 
titration of the hydroxyl group could not be simu- 
lated with the preceding program and the pH at 
half-neutralization was considered to provide a 
good enough estimation for the purpose of the pre- 
sent work (pK2 N 14.0 and 14.4 respectively for HQ 
and C,,-HQ with an uncertainty of + 0.2). 

The hydrolysis constants K,, of Ni(I1) and Co(H) 
have been evaluated from the titration curves of 
these metals by sodium methylate. The analysis of 
the curves was done according to the procedure 
described by Baes and Mesmer.“j The values 
obtained for the formation of the M(OH)+ species 
were not very different from those in water? for 
Ni(II), pK,, = 10.65 (f0.2) (water: 9.86-10.5 
depending on the medium) and for Co(H), pK,, = 11 
(f0.2) (water: 9.8-10.82). 

Kinetic measurements 

The stopped-flow technique with optical detec- 
tion was used for the kinetic measurements. The 
apparatus was a Durrum D- 110 on-line with a data 
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acquisition system (Biomation 805 transient 
recorder interfaced with a NM 4130 Computer 
Automation set up (Yrel, France). Pseudo first- 
order conditions were ensured by keeping the metal 
ion concentration at least ten times larger than the 
ligand concentration, provided that the pH was 
buffered. The solutions that were mixed were of the 
same composition, except that one contained the 
metal ion and the other the ligand. The con- 
centrations given refer to the overall stoichiometry 
after mixing. The observed rate constants (or 
reciprocal relaxation times) were obtained from a 
non-linear least-squares analysis of the exponential 
change of the optical density proportional to the 
complex concentration. The analysis, performed 
on a sampling of a 100 points equally distributed 
on the kinetic curve, involved the optimization of 
three adjustable parameters (relaxation amplitude, 
relaxation time and asymptote). The experiments 
were carried out at 20°C and the ionic strength was 
adjusted to 0.1 M with NaClO,. For safety reasons 
the perchlorate was not dried and used in its 
monohydrated form. 

RESULTS 

For each ligand-metal couple a series of UV- 
vis spectra at different concentrations, have been 
recorded for the free ligand, the free metal ion and 
their mixtures, respectively. An example is given in 
Fig. 1 for the Cr,---HQ/N?+ couple. The stoi- 
chiometry of the complexes has been determined 
from the change in absorption at 400 nm. The 
method of continuous variations and a method 
varying the molar ratio have both been used. In the 
first case, the plots of the optical density measured 
on the complex absorption band vs the mole frac- 
tion of the metal ion showed a maximum at 0.33. 
With the second method, a break at 0.5 was found 
when plotting the optical density vs the [Metal]/ 
[Ligand] molar ratio. These values indicate that a 

250.0 300.0 350.0 4tX.O 450.0 50 
Wavelength nm 

0 

Fig. 1. UV-vis spectra showing the absorption peak at 
400 nm for the C, ,-HQ/N?+ complex in 0.1 M NaClO,, 
pH 9. (1) free C,r--HQ 6 x 10m4 M; (2H5) variable 
[C,,-HQ]/~i2+]: (2) 1O-4 M/9 x 10m4 M; (3) 2 x lop4 
M/8 x 1O-4 M; (4) 3 x 1O-4 M/7 x 1O-4 M; (5) 4 x 1O-4 

M/6 x 1O-4 M. 

2 : 1 (ligand : metal) complex forms in all cases in 
the presence of an excess of ligand. 

On the basis of these results, the following equi- 
libria were introduced in the LETAGROP program 
to calculate the more probable binding constants 
from the spectrophotometric data obtained at neu- 
tral pH : 

M*++LH P LM++H+ Kbl (1) 

M2++2LH~LM+2H+ 2 &2 (2) 

in addition to the ionic product of methanol 
(16.82)14 and to the ionization constants of the 
ligands (see Experimental section). The hydrolyzed 
species of M2+ were assumed to be in sufficiently 
low concentration in the experimental conditions to 
be neglected in this treatment. 

The results obtained for &,r and & are given in 
Table 1, in which fi, and p2 are the corresponding 

Table 1. Thermodynamic data for the ligand : metal complex formation of HQ and C, ,-HQ with Ni2+ and Co*+ 
at 2O”C, pH 9.0 (+ 0. l), 0.1 M NaClO, 

Log &la Log &,*a 

Ligand Metal (1 : 1 complex) (2 : 1 complex) Log PI Log 82 

HQ Ni*+ -3.5 (kO.5) -7.8 (fO.3) 10.5 (f0.7) 
Ni*+ 

20.2 (kO.7) 
-2.9 (kO.2) -7.53 (kO.05) 

(buffer TEA) 

C, I--HQ Ni*+ -2.8 (f0.4) - 7.0 (kO.4) 11.6 (kO.6) 21.8 (kO.8) 

HQ co*+ -3.6 (k0.4) -7:o (kO.2) 10.4 (kO.6) 21.0 (kO.6) 

C, I---HQ co*+ -2.0 (kO.3) -7.1 (kO.1) 12.4 (f0.5) 21.7 (kO.5) 

a Kb, = [complex 1 : 1] [H+]/[ligand] [metal] ; Kb2 = [complex 2 : l] [H+]“/[ligand]“[metal]. 

Lo!? B2lBl 

9.7 ( + 1.4) 
- 

10.2 (* 1.4) 

10.6 (+ 1.2) 
8.7 (+ 1.0) 
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complex formation constants : 

Kbl = h&; Kb2 = 8&t (3) 

It is clear from these data that the alkyl chain 
increases the stability of the 1: 1 complexes as indi- 
cated by the log /I, values for Ni*+ and Co*+. The 
alkyl arm can probably interact with the metal ion 
through a coordinated methanol molecule of the 
first solvation shell, leading to a tridentate chelate. 
In all the cases, the second stepwise formation con- 
stant given by log jI,//12 is smaller than the first one, 
as expected. Within the experimental accuracies 
indicated in Table 1, (i) the binding constants of 
Ni*+ are about equal or slightly less than that of 
Co*+ and (ii) the addition of TEA buffer does not 
drastically change the & values obtained. 

The variations in the observed rate constant k&s 
with the metal ion concentration at different pHs 
and for different ligand-metal couples are rep- 
resented in Figs 2-4. A linear dependence of k&s vs 
the metal ion concentration has been observed in 
all the cases. 

The observed rate constant for the Ni2+ ion is 
decreased by a factor of 4-6 when going from HQ to 
C1,--HQ. On the other hand, the reaction becomes 
much faster with the Co2+ ion, as expected from 
the solvent exchange kinetics characteristic of these 
cations.” In fact the reaction is so fast with 
HQ/Co’+ that it cannot be measured using the stop- 

10 
k' ’ ’ ’ ohs kc-l 1 pH 10 

Fig. 2. System HQ/Ni’+, 0.1 M NaClO,, 0.1 M TEA/ 
HC104 buffer: variation of kobs vs the metal ion 
concentration at different pHs. [HQ] = 10m4 M; 1 = 

400 nm; T= 20°C. 1= 400 nm, T= 20°C. 

Fig. 4. System C,,-HQ/Co’+, 0.1 M NaClO,, 0.1 M 
TEA/HClO,. buffer: variation of kabs vs the metal ion 
concentration at different pHs. [C,,-HQJ = 10m4 M, 

k’ ” ’ I ’ ohs b-l ) 
PHI0 

1.5 

O123456 

Fig. 3. System C,,-HQ/Ni’+, 0.1 M NaClO,, 0.1 M 
TEA/HCIO, buffer: variation of kabs vs the metal ion 
concentration at different pHs. [C, ,-HQ] = lop4 M; 

1= 400nm: T= 20°C. 

ped-flow technique, which requires a mixing time 
of at least l-2 ms, but the kinetics are again slower 
for Cl,-HQ for which some experiments could be 
performed. In all these experiments only the 1 : 1 
complex is expected to be formed because of the 

801 

601 

201 

r’ 
pH 9.4 

123456 
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very small concentration of the ligand (lop4 M) 
in comparison to the metal ion concentration. We 
would have preferred to avoid the use of a pH 
buffer, but when the medium was not buffered the 
kinetics were not first-order and, due to the depar- 
ture of a proton when reaction(l) proceeds, the 
final pH was much lower than the initial one. A 
triethanolamine buffer, previously used by Hague 
and Eigen’* for similar studies in water, was thus 
added to the solutions. 

Two different mechanisms have been considered 
to explain the increase of kobs with increasing pH. 

Mechanism I. 

kLH 
LH+M2+?--,LM++H+ 

G 

L-+M’+kL.LM+ 
& 

fast 

LHeH++L- 

K2 = f = [H[+&yl. 
2 

Mechanism II. 

kLH 
LH+M2+ e LM++H+ 

k,, 

kW 
LH+M(OH)+zLM++H20 

fast 
M2+ +OH- 1 M(OH)+ 

PWH)+l 
&H = [M2+] [OH-]’ 

(4) 

(5) 

(6) 

(7) 

(8) 

(9 

(10) 

(11) 

The first mechanism is analogous to the kinetic 
model postulated by Hague and Eigen” to account 
for the reaction of HQ with Mg*+ ions in water. 
The first equation could have been split into two 
steps with an intermediate form (LHM2+), not rep- 
resented here, to which the steady-state approxi- 
mation can be applied.‘* The rate constants kLH and 
k& should thus be considered as overall rate con- 
stants. On the other hand, the diprotonated form 
of the ligand has not been considered because it was 
previously shown to be of very low reactivity in 
water” and its concentration is assumed to be neg- 
ligible under the experimental conditions. 

Due to the fast equilibrium between the neutral 
form and the anionic form of the ligand, the system 
involving the three reactions is characterized by 
only two relaxation times. The slowest relaxation 
time which can be identified with the observed rate 
constant can be easily calculated using relaxation 

kinetic methods,20 from the rate equation (see 
Appendix) : 

v = kLH[LH] [M2+] - kLH[LM+] [H+] 

+k,[L-][M’+]-k,[LM+]. (12) 

Taking into account the facts that (i) the metal 
ion concentration was always much larger than the 
ligand concentration and (ii) K;[H+] >. 1, the relax- 
ation time can be expressed in the following sim- 
plified form : 

1 
- = kobs = 

kL 
~ +& 

%%v 
K;]H+] [M2+l 

+k&[H+]+k;. (13) 

In this expression, the concentrations are equi- 
librium concentrations and under the experimental 
conditions used [M*+] can be taken as the total 
concentration of metal ions. From the linear vari- 
ations of kObS with m2’] at constant pH (see Fig. 
2), the overall formation (kf) and dissociation (k,,) 
rate constants can be obtained : 

and 

kf = k,/G[H+] + kLH (14) 

kd = kL;1[H+]+ki. (15) 

Equation (14) provides the values of kL and kLH 
from a simple linear plot of kf vs l/K;[H+]. 

The second mechanism is assuming that the pH 
dependence is related to the presence of a hydro- 
lyzed form of the metal ion, which can react with 
the ligand. Owing to the very large excess of water 
(around 0.2 M) compared to metal ion concen- 
tration, the existence of such hydrolyzed species 
cannot be ruled out. The fast equilibrium is now 
involving the metal ion, instead of the ligand in 
mechanism I. The equilibrium constant KOH could 
in principle be obtained from : 

(16) 

with 

K 
b 

= PWW+l W+l 
[M2+l 

(hydrolysis constant) 

R = W+lPH-1 
0 

l-H201 

(ionization product of 
water in methanol). 

(17) 

(18) 
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The rate equation is in this case : 

y = k&LH] [M*+] 

-k&[LM+][H+]+kt,[LH][M(OH)+] 

-kALM+I[H~01 (19) 

and the corresponding observed rate constant, 
assuming the same approximations as for 
mechanism I is : 

;; = ‘kbs = (L’SOH~OH-I+~H} [M’+l 

+&&I+1 + ki&,Ol (20) 

where, according to eqs (16t( 18) : 

&I 
&I-IPH-~ = [H+l (214 

In contrast to mechanism I, [M”] can no longer be 
taken as the total concentration of metal ions : 

W*+l = ~M2+lto, K ‘y;+l. @lb) 
h 

The overall rate constants are : 

Kh 
kf = bm+km (22) 

and kd = k&[H+] + k&[H20]. (23) 

The concentration of water can be considered 
as roughly constant under our experimental 
conditions. A comparison of eqs (13) and (20) 
shows that the two postulated mechanisms cannot 
be kinetically distinguished because the constant Kh 
plays the same part as l/K;. This type of situation 
has been described earlier as suffering from formal 
“proton ambiguity”.*’ This difficulty arises in many 
systems involving ligands with dissociable protons 

and in some cases the uncertainty can be removed 
by an examination of whether the values obtained 
for the rate constants are reasonable. 

The values for both mechanisms are given in 
Table 2. Figure 5 shows the linear plots, expected 
from eq. (14), from which kL and kLH have been 
determined for mechanism I. Similarly kLH and 
ktH can be obtained for mechanism II from an 
appropriate linear plot. 

Some indications concerning the reverse rate con- 
stants k,, kc and k& are also given in Table 2. 
The former was obtained from the combination 
of kLH with the equilibrium constant Kbl, but for 
mechanism I only a higher estimation of k; can be 
given. Indeed, the very small value of kd which 
does not show a pH-dependence, suggests that 
k&H+] << kc so that k, N kd. Similarly for mech- 
anism II, k&[H,O] 1: kd. 

0 12.5 25 
(l/K;[H+])x106(o) 

325 50 

Fig. 5. Plots of kr vs l/K;[H+] according to mechanism I 
and eq. (14). 

Table 2. Kinetic data for the reactions of complexation of HQ and C,,-HQ with Ni2+ and Co’+ at 20°C 0.1 
M NaClO,, 0.1 M TEA-HClO, buffer 

Mechanism I” Mechanism II” 
I .A< \ \ 

k, 
(s”-:) 

k 
Ligand Metal (M-l s-‘) (M-?;-i) 

k, KH k& * D-WI 
(M-’ s-l) (M-’ s-‘) (s-0 

HQ N?+ 1.4 x 10’ < 5 x 10-2 2.4 x lo2 N 7.5 x 105 7.4 x 103 < 5 x 10-z 
Cl,--HQ Ni*+ 9.8 x 106 < 10-2 3.3 x 10’ - 2.0 x 104 1.9 x 103 ,< 10-z 

C,,-HQ Co*+ 1.0 x 10’0 - 16 3.1 x 104 - 3.1 x 106 4.3 x 106 - 16 

“Note that the couple of values k,, k, and ktH, k& cannot be simultaneously correct (see Results and 
Discussion). 
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Fig. 6. Plots of kobs vs pH: [M’+] = 3 x 1O-3 M; 
[ligand] = 10m4 M, TEA/HClO, buffer 0.1 M, NaClO, 
0.1 M, T = 20°C. (0) HQ/Ni’+ ; (+) Cl,-HQ/Ni2+ ; (A) 
C, ,-HQ/Co’+ . The lines show the theoretical pre- 
dictions calculated from eq. (13) (-) or (20) (---) with 
the values given in Table 2 (for C,,-HQ/Co2+ they are 

indistinguishable). 

The observed rate constants calculated from eqs 
(13) or (20) and the values given in Table 2 furnish 
a theoretical prediction almost independent of the 
mechanism chosen and in excellent agreement with 
the experimental results as shown in Fig. 6. 

DISCUSSION 

We will mainly discuss the values of ICLH, kL and 
kLH and not the values of the reverse rate constants 
which are only indicative. 

The values of kLH (Table 2) are the only ones 
which are unambiguously determined because they 
do not depend on the chosen mechanism. A com- 
parison of the values obtained respectively for Ni*+ 
and Co*+ for the reaction with the same ligand, 
Cr,-HQ, shows a large acceleration of the 
observed kinetics in favour of the Co*+ ion. This 
was expected because the reaction is assumed to 
depend on the rate of exchange between ligand mol- 
ecules and coordinated solvent molecules, which is 
often comparable to the solvent exchange rate k,,.4 
From previously published values in methanol,4.‘7 
an accelerating factor of 10-100 was expected when 
going from Ni2+ to Co*+ whereas a three order of 
magnitude change has been obtained. This unusu- 
ally high factor is hard to explain. As kLH is the 
product of an outer-sphere equilibrium constant 
&, and the ligand/solvent exchange rate,3*4s22 an 
unusual value of either one of these constants could 

be invoked. The ligand/solvent exchange rate con- 
stant may be affected by the presence of a small 
amount of water in the methanol as observed in 
earlier studies.23 Another explanation might be 
found with the use of the TEA buffer. The oxidation 
of Co’+ or its complexes in the presence of amines 
may be a complicating factor, but for this reason, 
particular care was taken when preparing solutions 
of this ion to avoid oxidation in the presence of the 
TEA buffer. On the other hand, a weak interaction 
of TEA with Co2+ (and to a lesser extent with 
Ni*+ ions) cannot be completely ruled out as small 
changes have been observed in the UV-vis 
spectrum. Such a solvent substitution in the inner 
sphere of the metal ion is known to result in an 
acceleration of the rate of reaction with an incoming 
ligand. ** This should not affect the conclusions of 
this work as regards the effect of an alkyl chain 
substituent as long as the conditions are identical 
for the two ligands. 

For the reasons given above, the comparison 
between the two ligands was unfortunately not pos- 
sible for Co*+. 

Turning to the case of the Ni2+ ion, we notice 
that the value of kLH obtained with HQ is lower 
than the value obtained in water by Johnson and 
Wilkinslg (1.3 x lo3 M-’ s-l at 25”C), in agreement 
with the known difference in the solvent exchange 
rate.4 Comparing now the values obtained for HQ 
and C, ,-HQ, a noticeable effect of the alkyl chain 
on the value of kLH is observed. The rate of formation 
of the ligand-metal complex from the neutral ligand 
is decreased by a factor of around seven by the alkyl 
substituent, probably because of a steric hindrance 
limiting the accessibility of the coordination site. On 
the other hand, the dissociation constant deduced 
from the equilibrium binding constant appears to 
be lower for the alkylated ligand, suggesting that 
the chain can retain the complexed metal ion. 

The rate constants kL and ktH listed in Table 2 
cannot be simultaneously correct and we will now 
discuss the soundness of the two mechanisms which 
are both consistent with our kinetic data. 

Mechanism I assumes a very high reactivity of 
the deprotonated oxines as compared to the neutral 
ligands since pK2 = 1414.4, whereas the range of 
pH in these experiments was from 8.5-10. The very 
low concentration of the anionic form at these pH’s 
should be neglected in the kinetic treatment, unless 
this species is extremely reactive. This observation 
is in line with the large values obtained for kL. The 
kL/kLH ratio varies from 5.8 x lo4 for HQ to 3 x lo5 
for CIr--HQ. A ratio of the order lo5 has been 
previously obtained for the reaction of Ni*+ with 2- 
methyl-8-hydroxyquinoline-5sulphonic acid in 
water at 20”C,24 whereas a ratio of only 40 has been 
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found for the reaction of HQ with Mg2+ at 16”C.r* 
In spite of some similarity with previous obser- 

vations, our confidence in mechanism I is seriously 
affected by the kL value obtained for the Co’+/ 
Cii-HQ system, which is close to the diffusion- 
controlled limit. On the basis of this unreason- 
able value, we tend to reject the first proposed mech- 
anism. 

Mechanism II is assuming the existence of a 
hydrolyzed form of the metal ions in the pH range 
investigated, due to the presence of water molecules 
in the solvation shell of these cations. In the case of 
pure water, it is well known16 that hydrolyzed spe- 
cies of general formula M,(OH)y-y)f exist in sig- 
nificant concentration, both for Ni(I1) and Co(II), 
at above pH 8. Much less is known concerning the 
solvolysis in pure organic solvents, but owing to the 
fact that the basicity of methanol is less than that 
of water, the methanolysis is expected to be neg- 
ligible in the pH conditions employed in the 
present experiments. For’ this reason we have not 
felt it necessary to consider species of the form 
M(CH,O)+ or M(CH,O)*. On the other hand, the 
potentiometric measurements that we have per- 
formed in order to determine the hydrolysis con- 
stants (see Experimental section) could be fitted 
fairly well to an equation taking into account two 
mononuclear species, M(OH)+ and M(OH)2, with 
essentially the first one being present at pH lower 
than 10. 

The values of k&, given in Table 2 have been 
obtained from eq. (22) by using the Kh values poten- 
tiometrically determined. They are much larger 
than the values obtained for the unhydrolyzed metal 
ions, which is consistent with earlier observations.” 
This is also in agreement with the fact that an 
incoming ligand (here OH-) in the solvation sphere 
of a metal ion is known to labilize the remaining 
coordinated solvent molecules. 

The reactivity of the neutral form of the ligands, 
with the hydrolyzed metal ions appears to decrease 
by a lesser extent in the presence of the alkyl chain 
than with the unhydrolyzed species. On the other 
hand, the rate constant is 2000 times larger for Co’+ 
than for Ni ‘+. This factor, which is unusually large 
for unhydrolyzed metal ions in methanol (see dis- 
cussion above) is also in favour of mechanism II. 

In conclusion, the present data have shown a 
difference in behaviour between the neutral forms 
of 8-hydroxyquinoline and its alkylated derivative 
(Kelex 100) towards the complexation of N?+ and 
Co’+ ions in methanolic solutions. The alkyl chain 
was found to increase the stability of the 1 : 1 com- 
plexes. It is also responsible for a seven-fold 
decrease of the rate constant for the complexation 
with Ni’+. The same trend has been observed with 

the Co’+ ion for which the complexation with 8- 
hydroxyquinoline was too fast to be measured using 
the same technique. 

The pH-dependence of the complexation kinetics 
has been explained by metal hydrolysis, due to the 
presence of a small concentration of water mol- 
ecules. 

Experiments are now in progress in micro-emul- 
sion systems in order to compare the mechanisms 
of the bulk and interfacial reactions. A full report 
of this study will be given in a forthcoming pub- 
lication.25 
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APPENDIX 
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For mechanism I, the rate equation in the neigh- where l/z = kobs defines the reciprocal relaxation time. A 
bourhood of equilibrium for the slowest relaxation pro- similar treatment applies to mechanism II. 
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Abstract-K[Cr(C4H6N20,), * C4H6N202 - 2H20, M, = 501.44, crystallizes in the mono- 
clinic space group P2,/c, with a = 11.364(4), b = 12.333(6), c = 14.630(7) A, #I = 
107.39(4)“, V = 1956.6 %i’ and Z = 4. The structure was solved by direct methods and con- 
verged to a final R value of 0.062 (R, = 0.072). The incorporation of piperazine-2,5- 
dione, formed by self-condensation of glycylglycine, in the crystal structure results in some 
changes in bond lengths and bond angles and a many-fold increase in the luminescence 
lifetime of the chromium complex, relative to the structure without piperazinedione. 

Meridional coordination by tridentate ligands is 
rare, but 2,6_pyridinedicarboxylate(2 -) ( = PDC), 
in which the coordinating atoms are constrained to 
approximate planarity, is probably always mer- 
idional. ’ The visible spectrum of the chromium(II1) 
complex, [Cr(PDC),]-, exhibits a very intense first 
band and a weak second band.2 This is sufficiently 
unusual to probe the possibility that it might be 
diagnostic for meridional coordination. 

Dipeptides are also constrained to relative plan- 
arity and many are known to adopt meridional 
coordination as tridentate ligands, with the peptide 
nitrogen coordinated.3 We therefore sought to 
prepare bis(glycylglycinato-O,N,N’)chromate(III). 
Before we succeeded in crystallizing it, the visible 
spectrum confirmed our predictions for a mer- 
bis(tridentate) complex, but elemental analysis of 
the finally crystallized potassium salt showed there 
to be three glycylglycines per chromium. While 
diffraction data were being collected Freeman et al. 
(C. M. Murdoch, M. K. Cooper, T. W. Hambley, 
W. N. Hunter and H. C. Freeman, J. Chem. Sot., 
Chem. Comm. 1986, 1329), published the crystal 
structure of Na[Cr(glygly)2],4 with the expected two 
ligands in the formula unit, and a visible spectrum 
identical to ours. 

* Authors to whom correspondence should he addressed. 

RESULTS AND DISCUSSION 

Solution of the X-ray crystal structure revealed 
that the third glycylglycine was actually 2,5-piper- 
azinedione (glycine anhydride), as shown in Fig. 1. 
This raises two questions: why and how does the 
piperazinedione form, and why is it so readily incor- 
porated in the crystal structure? 

The self-condensation of H,glygly to form piper- 
azinedione is negligible in aqueous solution, but 
both self-condensation and hydrolysis are known to 
be catalyzed by metal ions. 5*6 Cr(II1) does catalyze 
hydrolysis, as is confirmed by our isolation of 
[Cr(gly),] when the synthesis was carried out in 
water. In methanol the solvolysis should be greatly 
retarded, but catalytic self-condensation may even 
be enhanced. 

We were unable to co-crystallize the title 
compound from a solution made by dissolving 
K[Cr(glygly),] and piperazinedione. The latter 
was not sufficiently soluble in methanol, and the 
co-crystallite did not form in water or water/ 
methanol mixtures. 

The key factor in this preparation that leads to 
co-crystallization with piperazinedione appears to 
be a longer heating time before neutralization than 
that used by Freeman et ~1.~ The choice of cation is 
unimportant and we were able to repeat Freeman’s 
synthesis using KOH, crystallizing K[Cr(glygly)2]. 
The native and co-crystallized solids can be readily 
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0 K 

Fig. 1. ORTEP view of K[Cr(glygly),] - C4H,N202 - 2Hz0. Atoms are numbered so that the first digit 
identifies the glycylglycinate or piperazinedione molecule of origin. 

distinguished by IR spectroscopy. The piperazine- 
dione carbonyl stretching frequency at 1664 cm- ’ 
is prominent in the co-crystallite and the glycyl- 
glycinate carboxylate stretching frequency shifts 
from 1602 cm-’ in K[Cr(glygly)J to 1589 cm-’ in 
the co-crystallite. 

The absorption spectrum of K[Cr(glygly)2] in 
water is shown in Fig. 2. The 4A, + “Tzg transition 
at 548 nm has an extinction coefficient of 216, much 
larger than is usual in Cr(II1) spectra. The 4A, --f 
4T1, transitions are somewhat less intense than 
average. The same behavior is exhibited by the 
analogous cobalt(II1) complex.7 This may indeed be 
characteristic of meridional coordination, probably 
resulting from the severe distortion from octahedral 
ligand positions. 

K[Cr(glygly),] exhibits a sharp line phos- 
phorescence based on an electronic transition at 
13,608 cm-’ (735 nm), with considerable vibronic 
structure. At 14 K the emission lifetime of the 
crystals without anhydride is 20 ns. With co-crys- 
tallized piperazinedione it is 25 ps. The quantum 
yield of the latter phase is also larger by an equiv- 
alent factor. 

Since quenching by neighboring chromophores 
is a dominant deactivation mechanism for crys- 
talline transition metal complexes,8 one might sup- 
pose that the higher lifetime is due to a larger 
Cr-Cr separation caused by insertion of the piper- 
azinediones. This is only partly true. In fact, the 
closest Cr-Cr distances are 6.72 A, compared to 

OI I I I I I I, I I, I “’ 

300 400 500 600 i 

A .nm 

Fig. 2. Absorption spectrum of K[Cr(glygly)J in H20. 



Potassium bis(glycylglycinate(2 -)-O,N,N’)chromate(III) piperazine-2,5-dione 525 

5.95 8, in Na[Cr(glygly),]. It is unlikely that this Table 2. Metal-ligand stretching frequencies from the 

difference can account for the thousand-fold 13 K luminescence spectrum of K[CrLZ]*C4H,N,02 

increase in lifetime. (&-O line at 13608 cm-‘) and Na[CrL,] (O-O line at 

The co-crystallized phase may be described 
in terms of a layer structure. The P2,/c space 
group is the same as that of Na[Cr(glygly),]. The 
co-crystallite may be approximately described 
in terms of the removal of alternate layers of 
[Cr(glygly)J from the native structure and their 
replacement with layers containing piperazinedione. 
The [Cr(glygly)$ units are distributed near the 
x = 0 plane, as are the counterions. The piper- 
azinedione rings are situated near the x = 0.5 
plane. The center of each ring occupies an inver- 
sion center exactly in the x = 0.5 plane. Waters 
of hydration are found between the planes. The 
layering can indeed account for the longer life- 
time, since in one direction the Cr-Cr distance 
is 11 A or more. 

13631 cm- ‘). (H,L = glycylglycine) 

Mode 
descriptor 

v(Cr-0) 

v(Cr--N,d 
V(Cr-kd 

K[CrL,] - C4HsN202 

391 cm-’ 
454 cm- ’ 
326 cm- ’ 

Na[CrL,] 

388 cm- ’ 
449 cm- ’ 
328 cm- ’ 

That both native K[Cr(glygly),] and 2,5-piper- 
azinedione’ crystallize in the same monoclinic space 
group may contribute to the ease with which they 
co-crystallize. Specific interactions are distinctly 
long range. Each ring carbonyl points towards an 

open face of a chromium complex, a distance of 
5.08 A away. The Cr-0 interaction, though slight 
at that distance, appears to be sufficient for the 
piperazinedione to anchor layers of [Cr(glygly),]- 
together. Under appropriate conditions this pro- 
vides a reason for the two to crystallize together 
rather than separately. 

Table 1. Bond lengths and bond angles in K[CrLJ - 
C4HsN,0,-2H,O and Na[CrL,]-4SH,O (H,L = gly- 

cylglycine) 

K[CrLJ-C4H,N202 Na[CrL,] 

Bond lengths (A) 
Cr-011 
Cr-N 11 
Cr-N12 
Cr-021 
Cr-N2 1 
Cr-N22 

Bond angles (deg) 

011-C-Nll 
01 l-Cr-N12 
01 l-Q-021 
01 I-Cr-N21 
01 l--G-N22 
Nl l-C-N12 
Nl l-Cr-021 
Nl l-C-N21 
Nl l---G-N22 
N12-Cr-021 
N12-Cr-N21 
N 12-Cr-N22 
021-C-N21 
02 l-0-N22 
N21-C-N22 

a Ref. 4. 

2.004(3) 1.993(5) 
1.969(3) 1.956(5) 
2.097(3) 2.079(5) 
1.997(3) 1.989(7) 
1.976(4) 1.957(7) 
2.072(4) 2.078(7) 

81.5(l) 8 1.0(2) 
161.6(l) 160.5(2) 
93.9( 1) 89.3(2) 
99.7(l) 100.5(2) 
87.9(l) 90.7(2) 
80.3( 1) 79.8(3) 
97.4( 1) 101.6(3) 

178.0(2) 177.2(3) 
100.3(2) 97.8(3) 
90.7( 1) 91.5(2) 
98.6(2) 98.9(2) 
93.1(2) 95.0(3) 
81.0(l) 8 1.0(2) 

162.2(l) 160.4(2) 
81.3(2) 79.8(3) 

Table 1 shows that all metal-ligand bond lengths 
are slightly longer in the co-crystallite than in the 
native complex. In addition there is a 3-4” difference 
in the tilt of one glygly’- ring relative to the other, 
and minor differences in other bond angles. The 
frequencies of some modes that may be assigned 
primarily to metal-ligand stretching, taken from 
luminescence vibronic intervals, are displayed in 
Table 2. Differences in bond lengths cannot be cor- 
related with frequency shifts and it appears that 
electronic factors, as perhaps influenced by bond 
angle changes or the cation environment, are 
responsible. The assignment for the Cr-peptide 
nitrogen stretching frequency is tentative. It was 
reasoned that, in spite of the negative charge on 
the nitrogen, the CR-N bond would be weakened, 
relative to that with the amine nitrogen, by electron 
withdrawal into the adjacent carbonyl oxygen. 

EXPERIMENTAL 

Hzglygly (glycylglycine) (3.96 g, 0.030 mol) and 
Cr(NO&- 9H20 (4.0 g, 0.010 mol) were dissolved 
in methanol (100 cm’). The solution was refluxed 
for 5 h and KOH (3.4 g, 0.052 mol) then added in 
small portions. After refluxing for another 4 h the 
purple solution was cooled and the KN03 that had 
settled out was removed by filtration. After standing 
for several days a water-soluble purple crystalline 
product was collected, washed with methanol and 
airdried.Found: C,28.7;H,4.5;N, 16.5;Cr, 10.5. 
Calc. for KCrC, *HI 8N608 - 2Hz0 : C, 28.7 ; H, 4.4 ; 
N, 16.8; Cr, 10.4%. 
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Table 3. Experimental and data processing parameters 

A. Crystal data 

Bis(glycylglycinato)chromate(III) potassium salt 
C,,H,,CrKN60,0 F.W. 501.44 
F(OOO) = 518 

Crystal dimensions, mm 0.20 x 0.15 x 0.05 
Peak width at half height 0.25” 
Radiation MO-K, (1 = 0.71073 A) 
Temperature 23f 1” 
Space group monoclinic P2 ,/c (# 14) 

a, 6, c (A) 11.364(4), 12.333(6), 14.630(7) 

B 107.39(4)O 
V 1956.6 A’ 
Z 8 
d 1.70 g cm-3 
Linear absorption coefficient 8.5 cm- ’ 

B. Intensity measurements 

Diffractometer Enraf-Nonius CAD4 
Monochromator graphite crystal, incident beam 
Attenuator Zr foil, factor 20.7 
Take-off angle 2.8” 
Detector aperture 2.s2.5 mm horizontal 

2.0 mm vertical 
Crystal detector distance 21 cm 
Scan type w-20 
Scan rate 4”/min (in omega) 
Scan width (degrees) 0.7+0.350tan8 
Maximum 28 55.0” 
No. of reflection measured 4874 total, 4693 unique 
Corrections Lorentz polarization 

C. Structure solution and refinement 

Solution direct methods 
Minimization function =(lF‘?l -IF&’ 
Least squares weight 4F,2/02(F,z) 
Anomalous dispersion all non-hydrogen atoms 
Reflections included 2257 with F,’ > 3.0 * a(Fi) 
Parameters refined 271 
Unweighted agreement factor 0.062 
Weighted agreement factor 0.074 
Esd of observation of unit wt 1.45 
Highest peak in final diff. map 0.61 e A- 3 

Infrared spectra were recorded on a Mattson 
Cygnus-25 FT-IR spectrometer in KBr discs. 
UV-vis absorption spectra were measured in 
aqueous solution with a Hewlett Packard 8451A 
diode array spectrometer. Luminescence spectra 
were recorded with an apparatus using a PAR 

* Supplementary material. Tables of refined atomic 
coordinates, complete bond lengths and angles, and 
anisotropic thermal parameters have been deposited at 
the Cambridge Crystallographic Data Centre. See Notice 
to Authors, Issue No. 1, 1987. 

Dyescan nitrogen laser-pumped dye laser source 
and an SRS boxcar averager detector system. The 
microcrystalline samples were mounted with con- 
ductive grease on the cold head of an Air Products 
Displex cryostat. 

Structure solution and rejinement 

X-ray diffraction data were collected by the 
Molecular Structure Corporation on an Enraf- 
Nonius CAD4 diffractometer.* The structure was 
refined using direct methods” and full-matrix least 
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squares optimization ’ ’ for 2257 reflections to a final 
R value of 0.061 (R, = 0.072). Details are given in 
Table 3. 
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Abstract-A new ONNO-system tetradentate ligand, N,N’-dimethylethylenediamine-N,N’- 
di-c+butyric acid (dmedba), has been synthesized and the cobalt(II1) complexes of dmedba, 
[Co(dmedba)L]+ (L = en, 2NH3, trimethylenediamine), have been prepared. Only s-cis 
isomers were obtained and the IR, UV-VIS and ‘H NMR spectral data along with the 
elemental analyses were used to characterize the ligand and complexes obtained in this 
work. 

The octahedral cobalt(II1) complexes of the tet- 
radentate ligand, ethylenediamine-N,N’-diacetate 
(edda) and its analogues can exist in three geo- 
metrical isomers (Fig. 1). Mori et al.’ have prepared 
the cobalt(II1) complexes of edda, [Co(edda)L]“+, 
(L = CO:-, 2H20, 2NO;), in which the s-cis 
configuration has been postulated. Legg and other 
workers2-7 have prepared and characterized the 
uns-cis isomers of [Co(edda)L]“+ (L = en, S-alanine, 
2NH3, R-propylenediamine). Schoenberg et ~1.’ 
have synthesized the C-alkyl substituted analogue 
of edda, ethylenediamine-N,N’-di-S-a-Propionic 
acid (SS-eddp). Both s-cis and uns-cis isomers 
of [Co(SS-eddp)L]“+ (L = en, R-Pn) have been 
isolated. The dichloro cobalt(II1) complex of SS- 
eddp has, however, been found to exist as the 
s-cis isomer only.g 

The N-alkyl substituted analogues of edda which 
are N,N’-dimethylethylenediamine-N,N’-diacetic 
acid (dmedda) and N,N’-diethylethylenediamine- 
N,N’-diacetic acid (deedda) have been prepared by 
Legg and Cooke.’ The cobalt(II1) complexes of 
both dmedda and deedda have yielded the s-cis 
isomer only. “,i’ The dichloro rhodium(II1) com- 
plexes of dmedda in which both the s-cis and 

*Author to whom correspondence should be addressed. 

uns-cis isomers are found to exist have been pre- 
pared. l2 Recently, two other C-alkyl substituted 
edda ligands have been reported. One is S-stil- 
benediamine-N,N’-diacetate (S-sdda)13 whose co- 
balt(II1) complexes, [Co(S-sdda)L]“+, (L = en, S-stil- 
benediamine), have yielded the s-cis isomer only, 
and the other ethylenediamine-N,N’-di-S-a-iso- 
valerate (ven).14,15 The [Co(ven)(H,O)NO,] com- 
plex exists as the s-cis isomer only, while in the case 
of [Co(ven)(H,O),]+ and [Co(ven)(en)]+ both the 
s-cis and uns-cis configurations have been found 
to exist. Woon and O’Connor,‘6 and Strasak and 
Bachraty17 have prepared 2S, 2’S- 1 ,1’-(ethane-1,2- 
diyl-bis(pyrrolidine-2-carboxylate) (pren), in which 
the nitrogen atom and the a-carbon atom are con- 
nected by a pyrrolidine ring. The [Co(pren)L,j”+ 
complexes yielded the s-cis isomers only when 

&x f&X p&J 
0 X X 

5-L-,* ““5 - a.5 tram 

Fig. 1. The possible geometric isomers of the [Co 
(edda)X$+ complexes. 
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L = Cl or H20, while both the s-cis and uns- 
cis isomers have been isolated when L2 = en. A 
ligand, N,N’-dimethylethylenediamine-N,N’-di-c+ 
propionic acid (dmedpa), containing methyl groups 
at both the a-carbon and nitrogen donor atoms, 
has been prepared in this laboratory.” The [Co 
(dmedpa)(en)J+ and [Co(dmedpa)(NH,),]+ com- 
plexes exist as the s-cis isomer only, while only the 
uns-cis isomer is found to exist in the case of [Co 
(dmedpa)ClJ . 

In the present work the synthesis of a new 
ONNO-system quadridentate ligand, N,N’-di- 
methylenediamine-N,N’-di-a-butyric acid (dmedba), 
containing both the C-ethyl and N-methyl 
sustitutions, and the cobalt(II1) complexes of 
dmedba, [Co(dmedba)L]+ (L = en, 2NH3, tri- 
methylenediamine), are described. It is of interest 
to see which isomers will be obtained from the prep- 
aration of the cobalt(II1) complexes of dmedba. It 
will be shown that only the s-cis isomer is formed 
in the cobalt(II1) complexes of dmedba prepared in 
this work. 

EXPERIMENTAL 

Chemical reagents 

N,N’-dimethylethylenediamine was purchased 
from Aldrich Chemical Co. and a-chlorobuty~c 
acid was obtained from Tokyo Kasei Tokyo Co., 
both of which were used without further puri- 
fication. 

Physical me~ureme~ts 

Electronic absorption spectra were obtained with 
a Hitachi U-3200 spectrophotometer. ‘H NMR 
spectra were recorded on a Varian EM 360 L spec- 
trometer. IR spectra were obtained using a Hitachi 
2’70-30 S~trophotometer. Elemental analyses 
were performed by Micro-Tech Analytical Lab- 
oratories, Skokie, Illinois, U.S.A. 

Preparation of barium N,N’-dimethylethylene- 
di~rnj~e-N,~-di-~-butyrate (dmedba) 

A cold solution of 10.0 g of sodium hydroxide in 
20 cm3 of water was carefully added to a cold 
solution of 31 g of a-chlorobutyric acid in 20 cm3 
of water with stirring, at a rate so that the tem- 
perature did not rise above 20°C. To this solu- 
tion 11 .O g of N,~-d~ethylethylenediamine were 
added dropwise over a period of 90 min while stir- 
ring. Then 10.0 g of sodium hydroxide in 20 cm3 
of water were added. The temperature was kept 
between 90--100°C during this addition. After 

standing for 90 min, 32.0 g of barium chloride dihy- 
drate dissolved in 60 cm3 of boiling water were 
added rapidly and the solution was shaken. The 
cloudy suspension of Ba(dmedba) formed was 
heated at 60°C for 30 min with occasional stirring, 
filtered from the hot solution, and washed. The 
product was purified by stirring in 50 cm3 of water 
at about 90°C for 10 min, and filtered while hot. 
The product was washed with hot water and dried 
for 5 h at 50°C. Yield: 8.5 g (17.2%). Found: C, 
36.4 ; H, 5.6 ; N, 7.1. Calc. for BaC,2H22N204 : C, 
36.4; H, 5.7; N, 7.1%. 

Preparation ofs-cis-(N,N’-dimethylethylenediamine- 
N,N’-di-a-butyrato)(ethylenediamine)cobalt(ZZZ) per- 
chlorate, s-cis-[Co(dmedba)(en)]C10, 

To a rapidly stirred suspension of ‘Ba(dmedba) 
(3.96 g, 0.01 mol) dissolved in 20 cm3 of water at 
about 60°C 2.8 1 g of cobalt sulphate heptahydrate 
dissolved in 20 cm3 of water were added over a 
period of 20 min. After heating at 60°C for 30 
min, the solution was filtered. The precipitate was 
washed with 20 cm3 of hot water. To the combined 
filtrate and washings were added successively 5 cm3 
of 2.0 N nitric acid, 1.0 g of activated charcoal and 
0.61 g of ethylenediamine in 4 cm3 of water. The 
oxidation reaction was carried out using 2 cm3 of 
30% hydrogen peroxide. After stirring for several 
more minutes, air was bubbled through the solution 
for 8 h. The resulting wine-red solution was filtered 
from the charcoal. It was then added to an ion- 
exchange column containing 200400 mesh Dowex 
5OW-X4 cation exchange resin in the H+ form. The 
complexes formed a compact band at the top. Only 
one fraction was obtained by elution with 0.2 N 
HC104 at a rate of about 1 cm3 min-‘. The red 
product was obtained by evaporating the solu- 
tion to dryness on a water bath. Yield: 0.90 g 
(19%). Found: C, 35.4; H, 5.9; N, 11.8, Calc. for 
COC~~H~~N~O&I : C, 35.3 ; H, 5.9 ; N, 11.75%. 

Preparation of s-cis-(N,IV-dimethyIethylenediamine- 
N,N’-di-a-butyrato)(diammine) cobalt(ZZZ) per- 
chlorate, s-ci~~Co(dmedba)(NH~)~ClO~ 

A mixture of 3.96 g of Ba(dmedba) and 2.81 g 
(0.01 mol) of CoS04 * 7H20 in 20 cm3 of water was 
stirred for 20 min at 60°C and filtered to remove 
BaSO,, which was then washed on the filter with 20 
cm3 of hot water. To the combined filtrate and 
washings were added 1.1 g of NH&l and then 2 
cm3 of 30% H202 dropwise. After stirring for a few 
minutes, air was bubbled through the solution for 
8 h. It was then added to an ion-exchange column 
containing 200-400 mesh Dowex 5OW-X4 cation 
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exchange resin in the H+ form. Only one fraction 
was obtained by elution with 0.2 N HClO, using a 
flow rate of about 0.5 cm3 min-‘. The red product 
was obtained by evaporating the solution to dryness 
on a water bath. Yield : 0.55 g (12%). Found : C, 
32.1 ; H, 6.2; N, 12.4. Calc. for COC,~H~~N~O&~: 
C, 32.0; H, 6.3; N, 12.4%. 

Preparation of s-cis-(N,N’-dimethylethylenediamine- 
N,N’-di-a-butyrato) (trimethylenediamine) cobalt 
(ZZQ perchlorate, s-cis-[Co(dmedba)(tn)]ClO, 

A mixture of 3.96 g (0.01 mol) of Ba (dmedba) 
and 2.81 g (0.01 mol) of CoSO, - 7H,O in 20 cm3 of 
water was stirred for 20 min at 60°C and filtered to 
remove BaS04, which was then washed on the filter 
with 20 cm3 of hot water. To the combined filtrate 
and washings were added 5 cm3 of 2 N nitric acid, 
0.8 g of trimethylenediamine, and 1 .O g of activated 
charcoal. This mixture was vigorously stirred while 
adding 20 cm3 of 30% H,Oz dropwise, and then air 
was bubbled through the solution for 10 h. The 
charcoal was removed by filtration and the filtrate 
was reduced in volume on a rotary evaporator. It 
was then added to an ion-exchange column con- 
taining 200400 mesh Dowex 5OW-X4 cation ex- 
change resin in the H+ form. Only one fraction was 
obtained by elution with 0.2 N HC104 using a flow 
rate of about 0.5 cm3 min-‘. The dark red product 
was obtained by evaporating the solution to dryness 
on a water bath. Yield : 0.53 g (11 “A). Found : C, 
36.8 ; H, 6.2 ; N, 11.4. Calc. for COC,~H~,,N~O&~ : 
C, 36.7; H, 6.2; N, 11.4%. 

RESULTS AND DISCUSSION 

The dmedba ligand, N,N’-dimethylethylene- 
diamine-N,N’-di-a-butyric acid, has been pre- 
pared as a barium salt from the reaction between 
N,N’-dimethylethylenediamine and a-chlorobu- 
tyric acid. The ‘H NMR spectrum of the dmedba 
ligand is shown in Fig. 2. The a-ethyl protons 
resonate at 0.9 ppm as a triplet and at 1.65 ppm 
as a quintet, the N-methyl protons at 2.3 ppm as 
a singlet, and the a-carbon proton at 2.95 ppm 
as a triplet, 

CH, CH, 

I I 
HOOCCHNCH,CH,NCHCOOH 

I 
C,H, 

I I I I I 
4 3 2 I 0 

pm 

Fig. 2. Pmr spectrum of N,N’-dimethylethylenediamine- 
N,N’-a-butyric acid. 

The cobalt(II1) complexes of the dmedba ligand, 
[Co(dmedba)L]+, have been prepared in this work, 
where L is ethylenediamine, trimethylenediamine 
or two ammine ligands. Only one isomer, the s-cis 
isomer, has been obtained during the course of our 
preparation. Table 1 shows the IR spectral data 
for the dmedba ligand as well as for the Co(II1) 
complexes of dmedba. Although IR spectroscopy is 
not the most reliable method for the differentiation 
between the s-cis and uns-cis isomers, it gives valu- 
able information on the order of strength of the 
coordinate bands, by observing the magnitudes of 
the band shifts.‘4,17 The magnitude of separation 
(Av) between the frequencies due to v,,OCO and 
v,OCO in the different butyrato arms has been 
found helpful in distinguishing all the main types 
of the carboxylate binding. From the data in Table 
1 it may be observed that in all of the complexes, 
the shifts in the frequencies due to v,,OCO and 
v,OCO are higher and lower, respectively, relative 
to those for the dmedba ligand. The separation of 
the two CO bands is proportional to the strength 
of the cobalt-oxygen bond. The higher stability of 

Table 1. COO stretching frequencies of the cobalt(II1) complexes (in cm-‘) 

Compound 

dmedba 
s-cis-[Co(dmedba)(en)]+ 
s-cis-[Co(dmedba)(tn)]+ 
s-cis-[Co(dmedba)(NH,)d+ 

v,,oco v,oco Av = (Vet-v,) 

1600 1410 190 
1633 1397 236 
1625 1398 227 
1620 1398 222 
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nm 

Fig. 3. Electronic absorption spectra of cis-c+[Co(dmedba)(en)]ClO, (---), cis-a-[Co 
(dmedba)(tn)]ClO, (- .- .- .-) and cis-cc-[Co(clmedba)(NH,)&lO, (-). 

[Co(dmedba)(en)]+ complexes could be due to the 
chelate effect of en. 

The electronic absorption spectra of the com- 
plexes prepared in this work are shown in Fig. 3 
and all of the spectral data are summarized in Table 
2. The bands I and II, which are due to the d-d 
transitions in the octahedral CoNdO crystal field, 
appear between 350-550 nm. For the diamine 
Co(II1) complexes of dmedba, the frequencies of 
the absorption maxima decrease in the order 
en > diammine > tn, corresponding to the decreas- 
ing ligand field strength. This is in keeping with the 
expected greater stability due to the chelate effect of 
ethylenediamine when compared to two ammines. 
The shape of the first band consists of a shoulder 
superimposed upon a symmetrical trace of the 
major peak from the observed spectrum.” 

The fact that the Co(II1) complexes of dmedba 
prepared in this work has the s-cis configuration is 
clearly shown in the PMR spectra of these com- 
plexes shown in Figs 4 and 5. Figure 4 shows the 
PMR spectrum of [Co(dmedba)(en)]+. The ethyl 
protons at the a-carbon atom are shown as a triplet 
at 1.4 ppm and as a quintet at 2.1 ppm. The ethy- 
lenediamine functioning as a bidentate ligand and 
the ethylenediamine backbone ring protons of the 
dmedba ligand are shown between 2.7-3.2 ppm. 
In Fig. 5, which shows the PMR spectrum of 
[Co(dmedba)(tn)]+, the ethyl protons at the a-car- 
bon atom are shown as a triplet at 1.35 ppm and as 
a quintet at 2.25 ppm, while the protons at the CI- 
carbon atom are shown as a triplet at 3.8 ppm. If 
the complexes have the uns-cis configuration, the 
same ethyl protons would have shown two triplets 

Table 2. Electronic spectral data for aqueous solutions of the cobalt(II1) 
complexes 

Compound 

s-cis-[Co(dmedba)(en)]+ 

s-cis-[Co(dmedba)(NH,),]+ 

s-cis-[Co(dmedba)(tn)]+ 

Absorption 
Band I Band II 

1 (nm) E 1 (nm) E 

540 91 375 102 
485 sh 
545 97 373 101 
490 sh 
550 99 370 136 
500 sh 
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I I I I 
4 3 2 I 

Ppm 

Fig. 4. Spectrum of cis-cr-[Co(dmedba)(en)]+ in D,O. 

and two quintets. The uns-cis isomer has only C, 
symmetry and the two butyrato arms are no longer 
equivalent in the uns-cis geometry. The methyl pro- 
tons as well as the CH proton in the planar car- 
boxylate arm in the uns-cis geometry, no longer lie 
in the same shielding area of the C-N bond, and 

I I I I 
3 2 I 0 

pm 

Fig. 5. Spectrum of cis-a-[Co(dmedba)(tn)]+ in D,O. 

such loss of shielding would cause the ethyl protons 
at the cl-carbon atom to resonate at lower fields with 
two triplets and two quintets. The s-cis config- 
uration is, therefore, assigned to each of the two 
complexes obtained in this work on the basis of the 
‘H NMR spectra. 

Although the s-cis isomer appears to have been 
mostly formed, in the CoN,02 system so far 
reported,‘~“~2~24 it is quite interesting to observe 
that the Co(II1) complexes of our new ligand 
dmedba have yielded only the s-cis isomer. Severe 
ring strain totally prevents the formation of the 
trunk isomer. Due to the tetrahedral nature of the 
nitrogen atom, the puckered chelate ring in the uns- 
cis isomer are somewhat strained and slightly dis- 
torted from the plane containing the nitrogen 
atoms, so that the uns-cis isomer is expected to be 
less stable than the s-cis isomer. The dmedba ligand 
has an ethyl substituent at each of the two a-carbon 
atoms as well as a methyl substituent at each of the 
two nitrogen donor atoms. Because of such alkyl 
groups, the steric interaction would be greater for 
the in-plane chelate rings if an uns-cis isomer were 
to be formed. Therefore, in our experimental obser- 
vation the dmedba ligand appears to favour an s- 
cis configuration due to such increased steric inter- 
actions for the uns-cis isomer. 
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Abstract-Cobalt(I1) chloride complexes were investigated spectrophotometrically in hex- 
amethylphosphoramide (HMPA) solutions. It has been established that four consecutive 
tetrahedral chloro complexes of cobalt(I1) are formed in the CO(C~O~)&OC~~ and CoCl,- 
LiCl-HMPA solutions. The formation constants of the complexes have been calculated : 
logK, = 9.0 (f0.5), logK, = 6.5 (f0.5), logK, = 3.05 (fO.05) and logK, = -1.42 
(kO.03). The high stability of the dichloro-complex results in the fact that this species 
is the only complex of cobalt(I1) existing in HMPA solutions of CoCl,. 

In previous papers from this laboratory, the co- 
ordination state of CoCl, in the strongly polar, 
coordinating solvents such as N,N-dimethyl- 
formamide, I N-methylformamide, 2 N,N-dimethyl- 
acetamide,3 dimethylsulphoxide4 and acetonitrile5 
was reported. It seems that the electrolytic pro- 
perties of these systems can be discussed in terms 
of a coordination disproportionation equilibria 

where L denotes a solvent molecule. It is obvious 
that the position is determined by the stability 
of the complexes involved in the above scheme. 

Very high stability of the trichloro-complex in 
DMF results in the formation of the 
[Co(DMF)i+][CoCl,(DMF)-1, complex electro- 
lytes. The most stable chloro-complex of cobalt 
(II) in DMA is the CoCl,(DMA)* neutral species. 
Thus, CoCl, in DMA may be considered as a non- 
electrolyte. The high stability of the dichloro-com- 
plex is a consequence of a low stability of the octa- 
hedral cationic species arising from steric crowding 
close to the metal centre. In the DMA solution the 
equilibrium between Co(DMA)$+ and Co(DMA)i+ 
has been shown to exist,6*7 while Co(DMF)g+ is 
the only detectable species in the DMF solution of 
CO(C~O~)~.~ Thus, the differences among the 

*Author to whom correspondence should be addressed. 

CoCl,-solvent systems arise from differences in the 
donicities and the molecular size of the solvent. 

The effect of shape and size of the solvent mol- 
ecules is the most important factor in determining 
the solvating properties of HMPA. Numerous 
metal ions, which are known to exist as the hexakis- 
solvent cationic species when the coordinatively 
anions are absent, exist as the tetrakis-HMPA com- 
plex cations in HMPA solution. 9 The high donicity 
of HMPA (donor number, DN = 38.8) suggests 
that this solvent will be a highly ionizing medium. 
However, our preliminary conductometric data 
indicate that the solutions of CoCl, in HMPA ex- 
hibit very low conductivity. Thus, the solute exists 
as an electrically neutral species. The solid CoC12 
(HMPA)2 complex was obtained by Donoghue 
and Drago, and it is well established that 
the pseudotetrahedral CoC12(HMPA), complex is 
stable in the solvents having low donor numbers. ‘O 

The Co’+-Cl--HMPA system was studied by 
Gutmann and Weisz but in a rather qualitative 
way. ’ ’ They studied the electronic absorption spec- 
tra and demonstrated the formation of consecutive 
chloro-complexes of cobalt(I1). 

In the present work we report a detailed descrip- 
tion of the Co2+-Cl--HMPA systems and the for- 
mation constants for all complexes formed. The 
results obtained seem to be very interesting in light 
of the fact that the stepwise complex formation is 
not accompanied by a stereochemical trans- 
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formation, i.e. the coordination number of the cen- 
tral metal ion is always the same. 

EXPERIMENTAL 

Hexamethylphosphoramide was dried over 
CaH2 and distilled under reduced pressure at 7& 
80°C. The specific conductivity of the final product 
was (1.0-2.5) lo-’ S cm-’ at 25°C. 

Solid CoCl,(HMPA), was obtained from anhy- 
drous CoCI, according to a procedure described by 
Donoghue and Drago. lo Solid Co(ClO& -4HMPA 
was prepared from the corresponding hydrate using 
the method reported by the same authors. The solid 
solvates were used to prepare the stock solutions. 
Lithium chloride was dried at 120°C under reduced 
pressure and used without further purification. Use 
of LiCl enables the preparation of high chloride 
concentration solutions and consequently a large 
Cl-/Co2+ molecular ratio, up to 1000. 

The stock solutions of the cobalt(I1) salts were Fig. 1. Visible absorption spectrum of cobalt(I1) and plot 
analysed by standards EDTA titrations. Solutions of the molar conductance against the square root of the 
for measurements were prepared by weighed concentration for CoCl, in HMPA solution at 25°C. 

dilutions, and the concentrations were calculated 
using densities determined independently. Prep- 
aration of the solution and other manipulations drastically lower than the corresponding values for 
were carried out in dry-boxes. Absorption spectra Co(ClO,), reported previously. The latter salt is 
were recorded using a Beckman UV 5270 spec- known to exist in HMPA solution as the 
trophotometer equipped with a thermostated cell Co(HMPA):+ - 2ClO; type complex electrolyte, 
compartment. and its molar conductance changes from ca 49 

to 32 S cm2 mall’, within the same concentra- 

RESULTS AND DISCUSSION tion range. I2 Thus, the obvious conclusion follows, 
that CoCl, exists as the pseudotetrahedral 

Figure 1 shows the visible absorption spectrum COC~~(HMPA)~ complex in HMPA solution. This 
of CoCl, in HMPA solution at 25°C. The spectrum fact is an indication of the unusually high stability 
consists of a broad band with maxima located at of the mixed complex related to the shape and size of 
596,610, and 664 nm and shoulders at ca 580 and the HMPA molecule. Gutmann and Weisz reported 
630 nm. The spectrum is close to those reported by that in the COCI,(HMPA)~ complex, the bond ener- 
Donoghue and Drago for a 0.002 mol dm- 3 solu- gies of Co-HMPA are higher than those in the 
tion of COC~~(HMPA)~ in nitromethane. However, Co(HMPA)z+ solvocation.” A proton resonance 
they observed only one maximum at 650 nm, and study has shown that owing to the high space 
some shoulders at 5 15,590 and 605 nm. lo The spec- requirements of HMPA, even the four donor atoms 
trum obtained by Gutmann and Weisz for the in the tetrasolvate cannot approach the central 
Co(C10,)2-Et4NCl-HMPA system at a Cll/Co2+ metal ion close enough to be strongly bounded by 
ratio of 2.0 exhibits maxima at 597, 610, and 663 it. Thus, two of the four HMPA molecules can be 
nm and shoulders at 580 and 630 nm. ” The band replaced by a chloride anion, and even by an iodide 
position, contour and high intensity are typical of ion, a ligand of comparatively low donicity. ‘O-’ ’ 
the complexes of the CoXZLZ type. The most In order to check the possibility of the formation 
characteristic feature of the CoCl,-HMPA is of lower chloro-complexes of cobalt(I1) in the 
“optical constancy”. It means that the band pos- Co2+-C--HMPA system we have studied the vis- 
ition and the intensity are independent of the salt ible absorption spectra of cobalt(I1) for a series 
concentration within the studied concentration of equimolar mixtures of Co(C10J2 with CoCl,. 
range, i.e. from 0.0001 to 0.01 mol drn- 3. Figure 2 shows the spectra of cobalt(I1) from the 

In Fig. 1 the molar conductance curve of CoCl, series of the equimolar mixtures covering the O-l 
in HMPA at 25°C is also presented. As is seen, range of the Cl-/Co2+ ratio, with the total con- 
the values do not exceed 0.5 S cm2 mol- ’ and are centration of cobalt(I1) being constant, ca 0.001 mol 



Cobalt(I1) chloride complexes in hexamethylphosphoramide solution 537 

Fig. 2. Absorption spectra of cobalt(I1) for a series of equimolar mixtures of Co(ClO& with CoCl, 
at 25°C. The total metal concentration is constant (ca 0.001 mol dmM3), while the Cl-/Co’+ ratios 

are : 1--0.0,2--0.107, 3--0.203,4-0.300, 54.398, G-0.497,7-0.720, S-0.794,9-0.997. 

dme3. The spectrum of cobalt(I1) for pure 
Co(ClO& is indicated by curve 1. As is seen, sub- 
stitution of CoC12 for Co(CIOdz brings about dis- 
tinct changes in the spectrum of cobalt(I1). The 
maxima at 560,582,605, and 633 nm characteristic 
of the Co(HMPA):+ solvate” disappear gradually 
and a new spectrum of cobalt(I1) with the maxima 
shifted towards longer wavelenghths is developed. 
However, the spectrum of cobalt(I1) is not identical 
with the spectrum of the CoCl,(HMPA), complex 
presented in Fig. 1. The spectral changes are 
accompanied by the appearance of three well- 
defined isosbestic points at 614, 625, and 636 nm. 
Their presence on the spectra indicate a two-species 
equilibrium within the O-l range of the Cl-/Co’+ 
ratio. The obvious conclusion that the second of 
the complexes is the pseudotetrahedral CL mon- 
ochloro-complex of cobalt(II), CoCl(HMPA):, 
does not need additional support. 

In Fig. 3 the spectra of cobalt(I1) for the range 
l-2 of the Cl-/Co2+ ratio, are presented. The spec- 
trum of cobalt(I1) obtained for pure CoCl* is indi- 

cated by curve 15, while curve 9 shows the spectrum 
of cobalt(I1) determined at the Cl-/Co’+ ratio 
amounting to 1.0. Inspection of the spectral lines 
shows that the spectrum due to the presence of the 
CoCl(HMPA)$ complex is transformed into the 
spectrum of CoCl,(HMPA),. Subsequently, one 
isosbestic point located at 632.5 nm can be observed 
on the spectra, once again indicating a two-species 
equilibrium, now between the monochloro- and 
dichloro-complexes of cobalt(I1). The spectrum 
obtained at the Cl-/Co’+ ratio amounting to 1.0 
passes through the isosbestic points at 614,625, and 
636 nm, as well as through the isosbestic point at 
632.5 nm. Thus, the spectrum of cobalt(I1) may be 
considered as the spectrum of the CoCl(HMPA): 
complex. Moreover, it means that in the mixed solu- 
tion containing Co(ClO& and CoCl, at the molar 
ratio amounting to 1 .O, cobalt(I1) exists exclusively 
as the CoCl(HMPA)$ complex. It indicates that 
replacement of even one HMPA molecule by a 
chloride anion results in high stability of the com- 
plex of cobalt(I1). 
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Fig. 3. Absorption spectra of cobalt(I1) for a series of equimolar mixtures of Co(ClO,), with CoCl, 
at 25°C. The total metal concentration is constant (ca 0.001 mol dmm3), while the Cl’/Co’+ ratios 

are: 9-0.997, l&1.091, 11-1.283, 12-1.503, 13-1.697, 14-1.794, 15-2.00. 

Further changes in the spectrum of cobalt(I1) highest maximum at ca 680 nm is split into two 
induced by an increase in the Cl-/Co2+ ratio are bands with maxima at ca 668 and 690 nm. The latter 
presented in Figs 4 and 5, showing the spectra of a spectrum of cobalt(I1) shows the characteristics of 
series of solutions containing CoCl, at an approxi- the tetrachloro-complexes. At the same time, a new 
mately constant concentration of 0.001 mol drnp3 set of isosbestic points located at 622, 642 and 657 
and LiCl at a number of different concentrations. nm appears on the spectra. The appearance of the 
Figure 4 shows the spectra obtained at Cl-/Co2+ two sets of isosbestic points indicates that the two 
ratios from 2.0 (pure CoCl, solution) to ca 53. As consecutive two-species equilibria is established 
is seen, an increase in LiCl concentration results in within the 2-53 and 53-1017 ranges of the 
the gradual growth of the observed band Cl-/co2+ ratio, respectively. It seems obvious that 

accompanied by a further shift of the maximum the first of them is related to the formation of the 
towards longer wavelengths. Subsequently, the trichlorocomplex, while the second equilibrium is 
maxima at 596 and 610 nm characteristic of the related to the formation of the highest chloro-com- 
COC~~(HMPA)~ complex disappear and the new plex of cobalt(II), i.e. the tetrahedral CoCl:- anion. 
local maximum at 614 nm is observed. Sim- The spectrum obtained at the Cl-/Co*+ ratio 
ultaneously, the next set of isosbestic points at 606, amounting to 53.5 pass through two sets of isosb- 
624, and 650 nm appears on the spectra. Further estic points. We infer that this spectrum of cobalt 
increase in the LiCl concentrations, now cor- (II) is the spectrum of the CoCl,(HMPA)- 
responding to the Cl-/Co’+ ratios from 53 to 1017, complex. The spectra obtained at the highest 
causes the changes presented in Fig. 5. As is seen, Cl-/co2+ ratios show the characteristics of the 

the maximum at 614 nm vanishes and the band tetrachloro-complex. However, this spectrum is not 
with a maximum at 634 nm is developed, while the the limiting one. The molecular ratios of C11/Co2+ 
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Fig. 4. Absorption spectra of cobalt(H) for a series of CoCl,-LiCl solutions at 25°C. The con- 
centration of CoCl, is constant (ca 0.001 mol dm-‘), while the Cl-/Co*+ ratios are: l-2.00, 2- 

2.977, 3-5.54,4-7.94, 5-10.68, G-53.43. 

exceeding 1000 are not sufficient to transform 
the CoCl,(HMPA)- complex into the tetrachloro- 
species. 

The most characteristic feature of the Co2+-Cl-- 
HMPA system arrives from the fact that only two 
chloro-complexes are formed simultaneously. This 
made it possible to derive the spectra of the indi- 
vidual chloro-complexes of cobalt(II), except for 
that of CoCli-. The spectra are presented in Fig. 6 
along with the spectrum of the Co(HMPA)j+ 
solvate. 

Inspection of Fig. 6 shows that a shift towards 
longer wavelengths is observed on going from 
Co(HMPA)i+ to CoCl,(HMPA)-, i.e. on replacing 
HMPA molecules by chlorides. This trend was 
observed for numerous cobalt(IIEhalidedonor 

systems, and was predicted theoretically by Flamini 
et al. on the basis of ligand field theory. I3 It seems 
to be of interest to compare the spectra of cobalt(I1) 
obtained for different ligands. The visible spectrum 
of the CoCl& complex is characterized by an 
asymmetric band with two maxima. The wave- 
lengths corresponding to the absorption maxima 
are listed in Table 1. Inspection of the table shows 
that the position of the maxima, to a small extent, 
depends on the nature of the solvent indicating the 
identity of the nearest neighbour. The differences 
are reflected only in the intensities of the bands. 

It should be noted that the contour of the spec- 
trum of cobalt(I1) obtained for Co(HMPA)i+ 
differs essentially from those of tetrachloro- and 
tetrabromo-complexes of cobalt(I1) of the same 
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Fig. 5. Absorption spectra of cobalt(I1) for a series of 
CoCl,-LiCl solutions at 25°C. The concentration of 
CoCl, is constant (ca 0.001 mol dme3), while the 
c12/co*+ ratios are: 65.53, 7-106.3, 8432.9, 9- 

703.5, l@-1017.2. 

symmetry. “3,4,‘4 It seems that the difference arises 
from the space requirements of the HMPA mol- 
ecules. 

The above presented spectra of the individual 
chloro-complexes permit direct calculation of the 
equilibrium concentrations of the CoCl(HMPA): 
and CoCl,(HMPA), complexes in the Co(ClO&-- 
CoCl, mixed solutions, as well as the concentrations 
of the COC~~(HMPA)~ and CoCl,(HMPA)- com- 
plexes in the CoCl,-LiCl solutions in which the 
CoCl:- complex is absent, i.e. for Cl-/Co*+ ratios 
lower than 53. The results show that the abundance 

Table 1. The position of the band maxima for the visible 
spectrum of the CoCl,L- complexes 

L= HMPA DMF’ DMA3 DMSO“ 

1 614 610 614 615 
(nm) 678 680 680 675 

of the CoCl(HMPA): and COC~~(HMPA)~ com- 
plexes in the CO(C~O~)&OC~~ system are immedi- 
ately determined by the composition of the mixture. 
It means that all the chloride ions are consumed 
for the formation of the CoCl(HMPA): and 
COC~~(HMPA)~ complexes. The equilibrium con- 
centrations of the single complexes have been used 
for preparing the distribution diagram shown in 
Fig. 7. 

The results obtained provide the possibility to 
calculate the formation constants of all the com- 
plexes which are formed in the Co*+-Cl--HMPA 
system. The corresponding constants are defined as 

K, = ” 
cn- K-1 

Y, (1) 

where n = 1, 2 or 3 and Y, is the quotient of the 
respective activity coefficients. Variations in the 
activity coefficients were assumed to follow the 
DebyeHtickel equation involving the ion size par- 
ameter, a, the latter being estimated as 6.4 8, from 
the conductometric data. ‘* The resulting values of 
the logarithms of the formation constants of mono-, 
di- and trichloro-complexes are 9.0 (*0.5), 6.5 
(+ 0.5) and 3.05 (+ 0.05). The high uncertainty in 
the values derived for the mono- and dichloro-com- 
plexes is related to their very high stability. The 
solid lines in the distribution diagram are calculated 
using the formation constants reported above. 

The attempt to derive the formation constant of 
the tetrachloro-complex, made use of the assump- 
tion that its molar absorption coefficient is an 
adjustable parameter. Moreover, spectrophoto- 
metric data were obtained for the CoCl,-LiCl 
solutions of high ionic strength, up to 1.00 mol 
dmp3, and the Davies equation for the activity co- 
efficients was used. The corresponding relation 
between the formation constant and ionic strength, 
I, has the form 

log K4 = logc4 - 
m-1 

4& -4 (2) 

where A is the theoretical slope arising from the 
Debye-Hiickel equation. 

The numerical procedure resulted in the best 
values for the formation constant and the molar 
absorption coefficient of the tetrachloro-complex. 
The best fit was obtained when the value of 0.06 
was used for parameter C in eq. (2). The cal- 
culations yielded the value of - 1.42 (+ 0.03) for 
the logarithm of the formation constant, K4. The 
values of the molar absorption coefficient of the 
CoCl:- complex compare well with those for the 
same complex in different media, in which the limit- 
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Fig. 6. Absorption spectra of the individual complexes of cobalt(I1) in the Co*+Cl--HMPA system. 
I-Co(HMPA):+, 2--CoCl(HMPA):, 3-CoCl,(HMPA),, kCoCl,(HMPA)-. 

541 

Fig. 7. Formation diagram for the chloro-complexes of cobalt(I1) in the Co*+-C--HMPA system 
at 25°C. 
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ing spectrum was determined spectrophoto- 
metrically. The value of 780 dm3 mall’ cm-’ 
was found for the molar absorption coefficient 
at 690 nm, while values of 773 and 790 dm3 
mall ’ cm- ’ were obtained for CoCl:- in DMS04 
and DMA3 solutions at the same wavelengths, 
respectively. The equilibrium concentrations 

of the CoCl:- and CoCl,(HMPA)- complexes 
found for different concentrations of LiCl at 
the same time have been used to extend the 
distribution diagram. The formation curve for 
CoClj- was calculated using this formation con- 
stant. 

The most striking feature of the Co*+-Cl-- 
HMPA systems is the very high stability of the 
mono- and dichloro-complexes of cobalt(I1). Yet, 
it is obvious that the CoCl,(HMPA), complex is 
the only form of CoCl;in HMPA solution. 

The high stability of the mono- and dichloro- 
complexes arises from an enthalpy factor related to 
the spatial requirements of the HMPA molecule. 
However, a substitution of the Cl- anions for the 
solvent molecules in the first coordination sphere of 
a metal ion results in a substantial entropy gain on 
desolvation and from the loss of order in the bulk 
solvent. The latter effect should be especially distinct 
when the second solvent molecule is replaced with 
the Cl- ion. The negative entropy factor seems to 
be responsible for the lower stability of the higher 
chloro-complex of cobalt(I1) in HMPA. 

Acknowledgement-This work was supported by 
C.P.B.P.-05.12. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

REFERENCES 

W. Grzybkowski and M. Pilarczyk, J. Chem. Sot., 

Faraday Trans. I 1986,82, 1703. 
M. Pilarczyk and L. Klinszporn, Bull. Pol. AC. Chem. 

1985, 33, 67. 
E. Kamienska and I. Uruska, Bull. Pal. AC. Chem. 

1976, 24, 576. 
W. Lib& M. Pilarczyk, R. Pastewski and T. Szuch- 
nicka, Electrochim. Acta 1982, 27, 573. 
W. Lib& W. Grzybkowski and M. Walczak, Bull. 

Pal. AC. Chem. 1970, 18, 141. 
V. Gutmann, R. Beran and W. Kerber, Monatsh. 

Chem. 1972,103,764. 
S. F. Lincoln, A. M. Houslow and A. N. Boffa, Znorg. 

Chem. 1986,25, 1038. 
W. Grzybkowski and M. Pilarczyk, J. Chem. Sot., 

Faraday Trans. I 1983,79, 2319. 
Y. Abe and G. Wada, Bull. Chem. Sot. Japan 1980, 

53, 3547. 
J. T. Donoghue and R. S. Drago, Znorg. Chem. 1963, 

2, 572. 
V. Gutmann and A. Weisz, Monatsh. Chem. 1969, 

100,2104. 
W. Grzybkowski, M. Pilarczyk and L. Klinszporn, 
J. Chem. Sot., in press. 
A. Flamini, L. Sestilli and C. Furlani, Inorg. Chim. 

Acta 1971, 5, 241. 
W. LibuS and W. Grzybkowski, Bull. Pol. Acad. 

Chem. 1970,18,501. 



Polyhedron Vol. 7, No. 7, pp. 543-545, 1988 
Printed in Great Britain 

0277-5387/88 $3.00 + AlO 
0 I988 Pergamon Press plc 

MAGNETIC AND ESR STUDY OF A DIMERIC 
COPPER(I1) COMPLEX WITH A SCHIFF BASE LIGAND 

DERIVED FROM SALICYLHYDRAZIDE AND 
o-HYDROXYPROPIOPHENONE 

M. S. PALACIOS 

Departamento de Quimica Inorganica, Facultad de Ciencias, Universidad de la Laguna, 
Tenerife (Islas Canarias), Espafia 

and 

J. M. DANCE* 

Laboratoire de Chimie du Solide du CNRS, Universite de Bordeaux I, 351, tours de la 
Liberation, 33405 Talence Cedex, France 

(Received 23 June 1987 ; accepted after revision 30 October 1987) 

Abstract-The ESR spectra and temperature dependence of the magnetic susceptibility of 
a Cu(I1) complex with a Schiff-base ligand derived from salicylhydrazide and o-hydroxy- 
propiophenone suggest a dimeric structure with strong antiferromagnetic interactions 
within the pairs. A superexchange pathway via the oxygen atom is proposed. 

Magnetic exchange interactions within pairs of 
transition metal ions have been widely investigated 
especially for divalent copper dimers.‘,’ In most 
cases, in a first step, the crystal structure has been 
determined and then spectroscopic and magnetic 
investigations were carried out. For other com- 
pounds the impossibility of growing suitable single 
crystals did not allow an X-ray diffraction study 
and only the magnetic and ESR studies permitted 
the assumption of a dimeric structure. This is the 
case for the copper(I1) compound studied in this 
paper where the ligand is a Schiff base derived from 
salicylhydrazide and o-hydroxypropiophenone. 
Magnetic and ESR studies have given evidence for 
a dimeric structure with strong antiferromagnetic 
coupling. 

EXPERIMENTAL 

Salicylhydrazide was prepared by the usual 
method.3 Copper(I1) and Zn(I1) acetate monohy- 
drates, and o-hydroxypropriophenone were reagent 
grade and used as received. The Schiff base ligand 
was prepared by a standard method.4 The 

*Author to whom correspondence should be addressed. 

copper(I1) compound was obtained by mixing hot 
ethanolic solutions of the metal salt and the ligand 
in a 1 : 1 molar ratio and refluxing for 4 h. The green 
precipitate was recrystallized in DMF and dried 
under vacuum. The compound did not decompose 
up to 330°C and was insoluble in common organic 
solvents. Chemical analysis of H, N and C was 
carried out on a Carlo Erba 1106 Elemental 
Analyser. Cu titration was performed on a Perkin- 
Elmer 305 apparatus. 

The analytical data found for CuCr6Hr4N203 
were: C, 55.3; H, 4.1 ; N, 9.0 and Cu, 18.3. Calc. 
C, 55.6; H, 4.0; N, 8.1 and Cu, 18.3%. 

A copper doped zinc compound was identically 
prepared using a 95 : 5 molar ratio of Zn(I1) and 
Cu(I1) acetates. Its X-ray pattern is identical to the 
pure copper one without considering the shift of the 
diffraction lines due to the different parameters. The 
magnetic susceptibility was measured on a Faraday 
type microbalance and the ESR spectra were rec- 
orded on a X-band Bruker spectrometer. 

MAGNETIC PROPERTIES 

Magnetic susceptibility data were corrected from 
the diamagnetism of the ligand system (- 150 - lo- 6 
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Fig. 1. Thermal variation of the molar susceptibility (0 
experimental points, full curve : susceptibility calculated 

with eq. (1) and J/k = -444 cm-‘). 

emu mole- ‘) and from the temperature independent 
paramagnetism, N, (60. 10e6 emu mole-‘). A mono- 
nuclear impurity was only detected at very low tem- 
perature and was calculated to represent about 
1.4% of the amount (assuming a ximP = C/T law). 
The variation of the resulting magnetic molar sus- 
ceptibility with temperature is given in Fig. 1. It 
exhibits a large maximum near 400 K. The best fit 
was obtained using the expression : 

where N, /I, k have their usual meanings and 
g = 2.141 is given by the ESR data. It corresponds 
to a singlet-triplet separation of 444 cn~ ’ indicating 
a strong antiferromagnetic interaction between the 
two copper ions of the unit. 

ESR SPECTRA 

The ESR experiments were performed either on 
the non-diluted compound or the homologous zinc 
material doped with 5% Cu. The ESR spectra are 
quite different and both give evidence of the pres- 
ence of dimeric units in the structure. 

The spectrum corresponding to the non-diluted 
compound exhibits, even at room temperature, the 
features of a triplet state spectrum. Aroundg II 2.2, 
resonance lines corresponding to monomeric units 
(already evidenced by susceptibility measurements) 
are observed. The triplet state spectrum is governed 
by the usual S = 1 hamiltonian : 

c?‘? = fiH.g.S+D(SZ:-2/3)+E(S:-S;), 

where D and E are the zero-field splitting 
parameters. The determination of the ESR par- 
ameters was done by the so-called Wasserman 
method6 applied to previous copper dimer com- 

Table 1. Experimental and calculated ESR transitions 
for the dimeric compound with g,, = 2.36, gl = 2.04, 
D = 0.36 cn-‘. Numbering of the transitions cor- 

responds to that of ref. 5 

Obs. 
Calc. 

Hlll AM,=2 HL2 HiI2 

225k50 1710f20 5000+50 not obs. 
250 1680 4955 8 690 

pounds. ‘** The observed and calculated ESR tran- 
sitions are given in Table 1. 

The width of the resonance lines prevents the 
determination of E, which must hence be smaller 
than 0.003 cm-‘. The other values obtained are: 
gll = 2.36, gL = 2.04 and D = 0.36kO.01 cm-‘. 
The intensity of the triplet spectrum diminishes with 
decreasing temperature, following the same vari- 
ation as the susceptibility. The spectrum is hardly 
seen below 100 K. The monomer spectrum 
increases, down to helium temperatures. The spec- 
trum of the doped compound at room temperature 
is somewhat different and is given in Fig. 2(a) and 

Dlmer Swctrum 

I bl 

Fig. 2. Room temperature ESR spectra of the Cu-doped 
Zn compound. (a) The AM, = 1 spectrum. (b) The low 

field part of the spectrum. 
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Fig. 3. Possible Cu-Cu bridgings in the dimeric unit. 

(b). Fig. 2(a) shows the AM, = 1 part: a strong 
monomer spectrum characterized by g,, = 2.357, 
g1 = 2.033, A,, = 171 G and Al = 30 G is sur- 
rounded on each side by some hyperfine lines. On 
the low field side of the monomer spectrum they are 
equally separated by 85 G (parallel components). 
This seems to correspond to a AM, = 1 dimer spec- 
trum. It is indeed not surprising that with a diluted 
composition of 5% copper, the probability of find- 
ing monomers is far higher than that of dimers. The 
AM, = 2 dimer spectrum is given in Fig. 2(b), it is 
also characterized in its low field portion by equally 
spaced (85 G) hyperfine lines (parallel contri- 
bution). The AM, = 1 and AM, = 2 spectra have 
been fitted by various authors for other copper(I1) 
dimers.* Here, as the structure is unknown, such a 
fitting would be hazardous, but the various ESR 
data besides the magnetic results are nevertheless 
consistent with the presence of strongly interacting 
copper(H) pairs : 

-Triplet state spectrum observable at room tem- 
perature. 

-Equally spaced hyperfine lines of A,,dimer = 
l/2(4 monomer) observable at 295 K for the 
diluted compound. 

-Intensity of the EPR spectra following the 
same variation as the susceptibility. 

In conclusion, by using those results, a possible 
superexchange pathway for our compound would 
be given by the two cases of Fig. 3. Such an assump- 
tion most probably involves bridging via the phe- 
nolic or hydrazine oxygen atoms if the dimeric 
structure is really of this type. 
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Abstract-The adsorption of molybdenum(V1) onto activated carbon from aqueous solu- 
tion has been investigated in the pH, range l&6.5 at 25” in 1.0 mol dme3 sodium chloride. 
The molybdenum concentration was varied from 5 x 10e4 to 2 x lo-’ mol dm-3. Computer 
treatment of the distribution data in which all the relevant protonation and condensation 
equilibria of molybdate were taken into account, led to an adsorption model comprising the 
three species [HMo207]-, Mo(OH), and [HMoO,]-, of which [HMo207]- predominates by 
far. The very strong adsorption of [HMo207]- is attributed to its small hydration energy 
and an increase in the coordination number of molybdenum(V1) by bonding to basic surface 
oxygen atoms analogous to complex formation with e.g. oxalate. 

Strong adsorption of molybdenum(V1) from acid 
solution by activated carbon has been reported by 
several workers. I-6 These investigations, which 
have been aimed mainly at practical applications 
involving the separation and concentration of mo- 
lybdenum, have shown that adsorption is strongly 
dependent on pH. The best adsorption occurs at 
pH - 2 (initial value) but both the type of carbon 
and acid used can affect the pH value of optimum 
adsorption.2T3,5 The loading capacity of activated 
carbon for molybdenum@?) is also markedly 
dependent on the type of carbon used.5 Very little 
adsorption occurs at pH < 0.5 and also at 
pH > 4.5. Since various polyanions occur in acidi- 
fied molybdate solution these results have been 
explained qualitatively in terms of the adsorption 
of polynuclear species.3’435 This apparent logical 
explanation however, does not lead to a clear under- 
standing of the molybdenum(V1) adsorption 
system. Thus, it is by no means clear why poly- 
anions should be strongly adsorbed while bimo- 
lybdate, for example, is not adsorbed at all. Equi- 
librium analysis in which all relevant protonation 
and condensation reactions of molybdate are taken 
into account is essential before an unambiguous 
interpretation of the adsorption behaviour of 
molybdenum(V1) can be attempted. 

This paper reports the results of a systematic 

* Author to whom correspondence should be addressed. 

investigation of the adsorption of molybdenum(V1) 
onto activated carbon as a function of both mo- 
lybdenum concentration and pH under carefully 
controlled equilibrium conditions. The adsorption 
model proposed, is based on an analysis of the data 
in terms of the equilibrium concentrations of the 
various molybdenum(V1) species in the aqueous 
phase. According to this model the species pre- 
dominantly adsorbed is dimeric in nature rather 
than polymeric. 

EXPERIMENTAL 

Materials and solutions 

All reagents were of analytical grade and solu- 
tions were prepared with water obtained from a 
Mini-Q system. Sodium molybdate and sodium 
chloride solutions were prepared from the recry- 
stallized salts and standardized gravimetrically as 
described previously. 7 Hydrochloric acid was stan- 
dardized indirectly against potassium hydrogen 
phthalate by titration with sodium hydroxide. 
Granular peat based activated carbon (Chemviron, 
type BPL) of particle size 0.5-2.0 mm was used in 
all adsorption experiments. The carbon was soaked 
for a week in a concentrated acid solution (10 M 
HCl ; 1 M HF) to remove soluble ash components, 
iron and other metal ions.’ It was washed, first with 
excess 1 M HCl and then with distilled water to 
remove the acid. The carbon was dried at 110°C. 
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pH measurements 
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The free hydrogen concentration, h, was deter- 
mined by measuring the potential (to f0.2 mV) 
with a Radiometer PHM64 research pH meter. A 
Ross combination electrode (suplied by Orion 
Research) with a 3 M KC1 internal filling solution 
was used. The relationship between the measured 
potential E (in mV) and the hydrogen ion con- 
centration at 25°C is given by eq. (1) : 

E = E”+59.1610gh+Ej. (1) 

Values for E” and Ej were determined from 
titrations of 1.0 M NaCl with hydrochloric acid as 
described by Rossotti.9 The value of Ej was found 
to be - 17h and has been taken into account for 
solutions with h > 0.01 M. A value for E” was 
determined before each series of measurements. For 
brevity, -log h is denoted by pH,. 

Adsorption experiments 

A known mass of carbon (usually ca 0.25 g) was 
equilibrated with 50 cm3 sodium molybdate solu- 
tion in a well stoppered polythene tube by slow 
mechanical shaking for 7-8 days in a constant tem- 
perature room at 25 IfI 1 “C. The solution was 1 M 
with respect to NaCl and for each series of experi- 
ments at a given molybdenum(V1) concentration 
the hydrochloric acid concentration was varied to 
obtain pH, values in the range l-6 after equi- 
libration. The initial molybdate concentrations for 
the various adsorption experiments were 0.5075, 
1.00, 15.00 (1 g activated carbon), 5.075, 10.00 and 
20.15 mM. An experiment carried out at a con- 
centration of 100 mM failed because molybdenum 
trioxide started to precipitate in some of the solu- 
tions before adsorption equilibrium had been estab- 
lished. After equilibration the molybdenum con- 
centration in the aqueous phase was determined 
spectrophotometrically by the Tiron method. I0 
Because of the very strong adsorption, the amount 
of molybdenum adsorbed on the carbon was 
obtained from the difference between the initial and 
equilibrium molybdenum concentration of the solu- 
tion. One experiment was carried out in which 
the total molybdenum concentration was varied 
from 0.50-69.3 mM for a nearly constant initial 
pH, = 2.30 f 0.01. The equilibrium pH, values were 
2.54kO.10. 

Equilibration time and reversibility of adsorption 
process 

Preliminary adsorption experiments carried out 
with a 1 .O mM molybdate solution at different pH, 

and H. F. DE WET 

values namely 1.98, 2.49 and 3.58 showed that 
about 75-95% of the adsorption takes place within 
24 h but that at least 67 days are necessary for the 
adsorption equilibrium to be established. Although 
the total equilibration time is not affected by pH, a 
slightly faster rate of adsorption is observed at the 
lower pH, values during the first half hour of equi- 
libration. The reversibility of the adsorption reac- 
tion was verified by a number of “desorption” 
experiments at various pH, values in the range 2- 
4. Samples of activated carbon loaded with various 
amounts of molybdenum (190-330 mg MO per g 
activated carbon) were equilibrated with 1 M 
Na(H)Cl solutions containing no molybdate but 
to which different amounts of “clean” activated 
carbon (0.2550.65 g) had been added. The mass of 
clean carbon added, was calculated to give equi- 
librium loadings comparable to those of some 
adsorption experiments, and in all cases the amount 
of molybdenum adsorbed was within l-2% of the 
expected value. 

RESULTS AND DISCUSSION 

Adsorption isotherms 

The results of adsorption experiments at various 
molybdenum(V1) concentrations are shown in Fig. 
1 as plots of adsorption (mg Mo(V1) per g activated 

60 - 

0 0.5075 
I I I 

I 2 3 4 5 6 

PHC 

Fig. 1. Adsorption of molybdenum(V1) by activated car- 
bon from a 1 .O M Na(H)Cl solution as a function of pH, 

at various molybdenum concentrations. 
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Fig. 2. of initial 

carbon) against equilibrium pH,. It is seen that the 
adsorption increases with increases in the initial 
molybdenum concentration. At first sight it may 
appear as if the curve pertaining to molybdenum 
concentration 15.0 mM does not fit in with the 
others, but since 1 g of activated carbon was used 
in this experiment compared to 0.25 g in the others, 
the “normalized” molybdenum concentration for 
this experiment is 3.75 mM, in which case the curve 
lies perfectly in place. At a given pH, in the range 
2-4 the adsorption is proportional to the initial 
molybdenum concentration up to a value of - 10.0 
mM (Figs 1 and 2). At pH, 2.5 about 96% of the 
molybdenum in the aqueous phase is adsorbed for 
molybdenum concentrations < 10.0 mM, but this 
percentage begins to decrease above 10.0 mM, until 
at a concentration of 50.0 mM only - 30% is 
adsorbed which then amounts to a loading of - 320 
mg MO per g activated carbon. 

Although the relatively weaker adsorption at 
concentrations greater than 10 mM could be indica- 
tive of a shortage of adsorption sites, it may also 
reflect poor adsorption of polynuclear species. The 
percentage concentration of polynuclear species in 
the aqueous phase increases with an increase in 
molybdenum concentration which would impair 
adsorption, if for example a monomeric species is 
predominantly adsorbed. In fact, calculations show 
that for the straight line part of curve A in Fig. 2 
(initial MO concentration < 10 mM and pH, - 2.5) 
Mo(OH), and [HMo207]- are the major species in 
the aqueous phase after adsorption equilibrium has 
been established. It is therefore clear that an unam- 
biguous interpretation of the adsorption behaviour 
of molybdenum will only be possible if it is based 
on a quantitative treatment of the data in which all 
the relevant equilibria in the aqueous phase are 
taken into account. 

Equilibria 

The equilibria for the various protonation and 
condensation reactions can be represented by the 
general equation 

pMoO:- +qH+ + (MOO:-),H,+. (2) 

For brevity a species with overall formation con- 
stant BP4 will occasionally be denoted by the stoi- 
chiometric coefficients defining its composition, for 
example (l,l), and (7,8), for [HMoOJ and 
[Mo702J-, respectively. Also, for the six-coor- 
dinated monomeric molybdic acid the shorter 
formula MO(O?& is used instead of the structur- 
ally more acceptable [MoO,(OH),(H,O),] or 
MoO~(H~O)~, while the (2,3) species is represented 
by the simplest formula i.e. [HMo207]-. The total 
molybdenum concentration, B, in solution is given 

by 

B = b+~p/3,,bphq (3) 

where b and h are the equilibrium concentrations 
of Moo:- and H+ respectively. The following spec- 
ies have to be taken into account for the quantitative 
treatment of the data in the pH, and concentration 
ranges investigated: (l,O), (l,l), (1,2), (1,3), (2,3), 
(2,5), (7,8), (7,lO) and (8,12); the large polyanion 
(36,64) could be neglected at the relatively low equi- 
librium molybdenum concentrations of the experi- 
ments. ’ ‘3’ * Formation constants for these species 
in 1 M NaCl medium are known from previous 
work. ’ ‘-I4 

For the adsorption by activated carbon (C*) of 
a given molybdenum species, say X, the adsorption 
equilibrium can be represented by the equation 

X(aq) + C* zs X(ads). (4) 

If the concentration of X(ads) is expressed in terms 



550 J. J. CRUYWAGEN 

of mg molybdenum adsorbed per g of activated 

carbon and the equilibrium concentration of carbon 
is set equal to M-[X(ads)], the adsorption equi- 
librium constant is given by 

K = [XW~W[X@dl(~- PWWI dm3/mol (5) 

where M is the initial carbon concentration also 
expressed in mg Mo(V1) adsorbed per g activated 
carbon ; M therefore represents the maximum 
amount of species X(aq) that can be adsorbed by 1 
g of activated carbon. If eq. (5) is recast in the form 

IXWll~ = ~lX4l/(l +JWas>l) = 0 (6) 
the classical Langmuir adsorption isotherm” is 
obtained where 8 represents the fraction of the total 
available adsorption sites occupied. In the present 
treatment it is assumed that the carbon con- 
centration is directly proportional to the available 
adsorption sites. 

Species adsorbed 

The adsorption curves in Fig. 1 show that (except 
for the highest concentration) the amount of mo- 
lybdenum adsorbed is practically constant in the 
pH, range 1.54.5. It is therefore a good approxi- 
mation to assume a constant concentration for the 
activated carbon in this pH, range. The math- 
ematical expression for the adsorption equilibrium 
then takes the form 

IWWI = UX@s)l (7) 

where K’ is a conditional constant having a different 
value (depending on the loading) for each of the 
adsorption curves. For the experiments at the low- 
est molybdenum concentrations where the activated 
carbon is present in a relatively large excess, the 
approximation of constant concentration is valid 
for the whole pH, range. 

The distribution of molybdenum(V1) between the 
solid and liquid phase is given by 

D = D<(ads)]/B (8) 

and substitution from eq. (7) gives the expression 

D = K’[X(aq)]/B. (9) 

The variation in distribution with pH, for the 
different experiments (Fig. 3) should therefore give 
an indication as to the identity of the species that is 
predominantly adsorbed. The species distribution 
curves in Figs 4-8 represent the variation of 
[X(aq)]/B with pH, for the various mononuclear 
and polynuclear molybdenum species in the aque- 
ous phase after equilibration. It is seen that for 
each of the experiments a very good correspondence 
exists between the D/pHC curve and the distribution 
curve for the dimeric anion [HMo207]-. For the 
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Fig. 3. Distribution of molybdenum(V1) between acti- 
vated carbon and 1.0 M Na(H)CI medium as a function 

of pH, are various molybdenum concentrations. 

experiments at the lowest molybdenum con- 
centrations the pH, at which the maxima of the D 

curves occur namely 3.2, tallies with the pH, for 
which [HMo207]- attains its highest percentage. 
For the two experiments at the highest molybdenum 
concentrations (i.e. 10.0 and 20.15 mM) the per- 
centages of polyanions increase considerably so that 
the pH, where [HMo207]- attains its highest share 
shifts to lower values namely 2.3 and 1.8, respec- 
tively. A similar shift in the pH, for maximum dis- 
tribution is observed in Fig. 3. Also noteworthy, 
is the qualitative agreement between the relative 
concentration of the dimeric anion, in the aqueous 
phase and the maximum value of D for the different 
experiments. These observations clearly show that 
the dimeric anion, [HMo20,]-, is the main adsorb- 
ing species. In view of this finding a computer treat- 
ment of the data in terms of the adsorption of 
the dimeric anion and some minor species seemed 
worthwhile. 

Computer treatment of data 

If [HMo207]- is the only absorbing species, eq. 
(9) takes the form 

D=K ,,[HMo,O,l-IB 

= K;,382,3bzh3/(b+CpBpgbPhq) (10) 
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PH. 

Fig. 4. Concentration of various species, expressed as a percentage of the total molybdenum(W) 
concentration in the aqueous phase after equilibration, as a function of pH,. Initial molybdenum 

concentration 0.5075 mM. 

where K’s,3 denotes the conditional adsorption con- 
stant for the dimeric anion assuming constant con- 
centration for the activated carbon. The dis- 
tribution data of the experiment at molybdenum 
concentration 15.0 mM are the most suitable for 
quantitative treatment ; a relatively large number of 
data points are available over the very wide pH 

15.0 mM. (I.0 g C’) 

MO (OH). 

: r\ 

range 1.6-5.5 and [HMo,O,]- occurs in relatively 
high concentration (max N 20%) in the aqueous 
phase after equilibration (Fig. 6). The experimental 
points on the distribution curve (log values) were 
fitted to eq. (10) using the non-linear least squares 
program BMDPAR.i6 The free MOO:- con- 
centration, b, at each point was calculated from the 

1.4 2.2 3.0 3.8 4.6 5.4 

PHI 

Fig. 5. Concentration of various species, expressed as a percentage of the total molybdenum(V1) 
concentration in the aqueous phase after equilibration, as a function of pH,. Initial molybdenum 

concentration 15.0 mM. (1 .O g C*). 
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PHC 

Fig. 6. Concentration of various species, expressed as a percentage of the total molybdenum(V1) 
concentration in the aqueous phase after equilibration, as a function of pH,. Initial molybdenum 

concentration 5.075 mM. 

total molybdenum concentration in a subroutine by 
iteration according to Newton’s method. Previously 
determined /I,, values, ’ l-l4 pertaining to an ionic 
medium of 1 M NaCl, were introduced and eq. (10) 
therefore contained only K2,, as the unknown par- 
ameter for which the value log& = 6.99 f0.06 
was obtained. A very good fit of the theoretical 

100 

80 

: 

I MotOH). 

curve for the experimental points was obtained over 
the whole pH range (Fig. 3). A similar calculation 
based on the assumption that [HMoO,]- is the 
adsorbing species resulted in a very poor fit; the 
sum of squares increased by a factor of N 50. 

The species distribution curves in Fig. 5 show 
that among the protonated species, Mo(OH), 

Moo:- 

HMo,O:; ! 

PH. 

Fig. 7. Concentration of various species, expressed as a percentage of the total molybdenum(V1) 
concentration in the aqueous phase after equilibration, as a function of pH,. Initial molybdenum 

concentration 10.0 mM. 
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80 r 

Fig. 8. Concentration of various species, expressed as a percentage of the total molybdenum(V1) 
concentration in the aqueous phase after equilibration, as a function of pH,. Initial molybdenum 

concentration 20.15 mM. 

attains the highest concentration, reaching a 
maximum share of 80% of the total molybdenum 
concentration in the aqueous phase at pH N 2.2. It 
therefore seemed feasible to attempt the calculation 
of its formation constant from the adsorption data. 
It was also felt that such a calculation could serve 
as a further check on the acceptability of the adsorp- 
tion model. So, treating both K& and /II,* as 
unknowns the computations were repeated. The fol- 
lowing values were obtained : log K’z,3 = 6.99 + 0.08 
and logp,,, = 7.12+0.10, the latter value being in 
good agreement with those previously determined 
spectrophotometrically ” (logp,,, = 7.21) and 
potentiometrically”*‘8 (logb,,, = 7.16 and 7.20). 
To the best of our knowledge this is the first time 
that an equilibrium constant has been calculated 
from adsorption data. In a subsequent run, 

log&, = 14.6kO.9 was obtained (together with 
K’&, again in satisfactory agreement with a value 
(log /!12,3 = 14.84) previously reported. ’ ’ 

In view of these results computer treatment of 
the data of some of the other experiments seemed 
justified. For the experiments at total Mo(V1) con- 
centrations of 5.075 and 10.0 mM, the percentage 
of the adsorbing dimer is high enough (25 and 
19% respectively) to warrant such calculations. 
Although a limited number of data points were 
collected for the curve pertaining to 5.075 mM espe- 
cialy in the pH range > 3.0, a satisfactory fit was 
obtained with the above model. The value of the 
adsorption constant log & = 7.15 f 0.04 agreed 
reasonably well with that obtained in the previous 

calculations. It was found, however, that the fit 
could be improved significantly if the calculations 
were done on the assumption that the monomeric 
species [HMoOJ and Mo(OH), also adsorb. The 
adsorption constants calculated for these species 
(log K;,, = 5.03 and logK’,z = 5.17) were an order 
of magnitude smaller than that of the dimeric anion. 
Although there is good reason to believe that these 
species will also adsorb (cf. discussion below) the 
relatively small adsorption constants show that 
their share of the total amount of molybdenum 
adsorbed is relatively small. 

Treatment of the 10.0 mM data assuming 
[HMo207]- to be the only adsorbing species again, 
resulted in a good fit, except at the maximum of the 
curve where the experimental points were slightly 
displaced towards lower pH, values relative to the 
calculated curve. The species distribution curves 
(Fig. 7) show considerable overlapping of equilibria 
and that several polyions occur in comparable cpn- 
centrations at pH, values corresponding to the 
maximum of the D/pHc curve. Uncertainties in the 
values of the formation constants of these species 
(the dimer included) will inevitably have a greater 
effect on the “goodness” of fit of the data of this 
experiment, compared to that of the two discussed 
above. Attempts to treat all these formation con- 
stants simultaneously as unknowns failed because 
of convergence problems. With only fi7,9 and /?7,,0 
as unknowns in addition to K;,, convergence and 
a very good fit of the theoretical curve on the 
experimental points were obtained. The values 
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Table 1. Results of computer treatment of distribution data ; error limits are 30 

103[Mo(VI)]/M hG.3 1% K’L I 1% K;,z l%rl,* log Fz,3 4% D) 

5.075 7.15kO.40 L1 (I 0.34 

6.82kO.09 5.03kO.13 5.17kO.26 p D 0.05 

15.0 6.99 + 0.06 0 L? 0.079 
6.99 + 0.08 7.12kO.10 ’ 0.076 

7.22kO.6 L? 14.6f0.9 0.079 

10.0 6.58 f 0.07 (I L? - 0.134 
6.50 If: 0.08 5.04f0.40 5.3OkO.29 n 0 0.084 

6.50f0.09 5.04f0.40 5.30f0.38 7.12f0.60 = 0.087 

“Values of constants were fixed at previously determined values (see text). 

log& = 58.6k0.7 and logp,,,, = 62.4kO.7, 
however, differed from the potentiometric values 
(logb7,9 = 57.5 and log&, = 60.8) by too great a 
margin to take uncertainties in the constants as the 
sole explanation for the relatively small deviation 
between experimental points and the theoretical 
curve in the vicinity of the maximum. Again, if 
for this experiment, adsorption of the monomeric 
species [HMoOJ and MOM are taken into 
account, the fit is practically just as good as that 
with the adjusted /?7,9 and p,,,,, values and the 
adsorption constants agree satisfactorily with those 
calculated from the data of the experiment at a mo- 
lybdenum concentration of 5.075 mM (Table 1). 

Finally, the data of the experiment at constant 
pH, (Fig. 2) were used to estimate a value for M, the 
maximum loading capacity of activated carbon for 
molybdenum(V1). Assuming [HMo207]- to be the 
only absorbing species, eq. (10) was used in its 
extended form 

D = G, GW@dll( 1+ &, dWq)l) @ + ~PB&W 

to calculate Kz,3 and M from the distribution data : 
log K2,3 = 3.85kO.06 and M = 1108f54 mg MO 
per g C*. A quite acceptable fit of the theoretical 
curve on the experimental points was obtained with 
a deviation only at a molybdenum concentration 
less than 3.2 mM. The large value for M indicates 
that even at the highest loadings obtained in this 
investigation namely - 330 mg, only about 30% of 
the available active sites had been occupied. 

Adsorption model 

These results show that the adsorption data can 
be satisfactorily described in terms of a model com- 
prising the three adsorbing species [HMo207]-, 
[HMoOJ and MOM of which the dimeric 

anion is by far the predominant one. The very 
strong adsorption of molybdenum(V1) can be 
ascribed to chemical bonding with basic oxygen 
atoms available at the surface of the activated 
carbon. A variety of oxygen containing groups, e.g. 
carboxylic acid, phenolic hydroxyl, quinone-type 
carbonyl groups, lactones etc. are believed to exist 
in the structure of activated carbon. I9 Coordination 
of molybdenum(V1) by some of these groups is 
well known, for example in complex formation with 
oxalate,7a20-22 malate, citratez4 and several cat- 
echo1 derivatives.25 Adsorption of the dimeric and 
monomeric molybdenum(V1) species onto the acti- 
vated carbon can therefore be interpreted in terms 
of surface “complex” formation. Possible struc- 
tures for such complexes analogous to that of 
the X-ray characterized oxalate complexes20*22 
[MoO&~O~H~O]~- and [Mo~O~(C~O~)~(H~O)~]~- 
are shown in Fig. 9. The structures as represented 
in the diagram each carries an extra negative charge 
relative to the absorbed species. This implies bond- 
ing of a negatively charged oxygen atom to 
molybdenum, with simultaneous protonation of a 
basic group (not depicted) which belongs to the acti- 
vated carbon. 

The important feature of the structures shown in 
Fig. 9 is the octahedral coordination of molyb- 
denum. The gain in bond energy, when the coor- 
dination sphere of molybdenum(V1) is expanded 
from four to six, is the major driving force for 
complexation of molybdate with oxalate’ and 
citrate,26 and this should also apply to the adsorp- 
tion reactions. Working in the opposite direction, 
however, is the hydration energy of the absorbing 
species; activated carbon has, in general, only a 
small affinity for ions because of their strong 
hydration. l9 

Therefore, although adsorption of [HMo04]- 
should be favourable because of an increase in coor- 
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Fig. 9. Proposed structures for adsorbed species : (a) dimer, (b) dimer in a micropore, (c) [HMoO,]-, 

(d) Mo(GH),. 

dination number of molybdenum from four to six, it 
must take place at the expense of hydration energy. 
Adsorption of the uncharged acid Mo(OH),, on 
the other hand, will not be hampered so much by 
hydration energy, but the gain in bond energy by 
expansion of the molybdenum coordination sphere 
is absent. These two mononuclear species are there- 
fore weakly adsorbed compared to the dimeric 
anion. The dimer can be expected to have a smaller 
hydration energy than [HMoO,]- and will also 
benefit from an increase in the coordination num- 
ber of one molybdenum atom. The structure of 
[HMo,O,]- is not known, but is assumed to consist 
of a Moo4 tetrahedron linked to an octahedron by 
sharing a common vertex.27 Further, the poly- 
aniOnS [Mo~O~~]~-, [Mo8026]4-, etc. will not 
chemisorb because all the molybdenum atoms in 
these ions are already octahedrally coordinated. 

Adsorption of the dimeric species is expected to 
be limited to some extent (compared to monomers) 
by the availability of surface groups having just 
the right dimensions to allow coordination of two 
adjacent molybdenum atoms. This implies a lower 
concentration of the activated carbon for the dimer 
than for the monomers. The dynamic process of 
equilibrium establishment by adsorption and 
desorption could therefore take longer for the dimer 
than for the monomers. This can result in an 
increase in the concentration of dimers relative to 
monomers adsorbed with time, while the total 
amount of molybdenum adsorbed remains nearly 
constant. This possibility has not been verified 
experimentally, but it could be the explanation for 
the finding that the best fit of the data for the experi- 
ment at a molybdenum concentration of 15.0 mM 
was obtained with [HMo,O,]- as the only absorb- 
ing species. By coincidence 10 days were allowed 
for equilibration for this experiment instead of the 
usual 7-8 days for the other experiments. 

CONCLUSION 

The results of this investigation show that molyb- 
denum(V1) is strongly adsorbed by activated car- 

bon in the pH, range 1.0-5.0. Quantitative treat- 
ment of the distribution data have shown that the 
adsorption behaviour of molybdenum(V1) can be’ 
adequately described in terms of the adsorption of 
the dimeric anion [HMo207]- in addition to small 
amounts of the monomeric species [HMoO,]- and 
Mo(OH),. This quantitative interpretation is con- 
sistent with current knowledge about molyb- 
denum(V1) equilibria in aqueous solution and 
differs from previous qualitative explanations 
where adsorption of only polynuclear species have 
been considered. 
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Abstract-A new series of metal complexes of V(III), Cr(III), Pb(II), Sn(I1) and Ag(1) with 
the phosphoramidothioic (PAT) and phosphorodiamidothioic (PDAT) ligands has been 
synthesized and characterized on the basis of elemental analyses, magnetic susceptibility 
measurements and spectral (electronic and infrared) data. Apart from the Ag(1) complexes, 
all the other ones are found to have a six-coordinate pseudooctahedral structure. 

The biologically important’-3 phosphoramidothioic 
(PAT) and phosphorodiamidothioic (PDAT) ions 
have been known for many years,4-6 as well as the 
crystal structures of their ammonium salts. In 
regard to the nucleophilic reactivity of phosphor- 
amidothioates very little has been reported up to 
now. Only phosphorodiamidate7-9 and dithio- 
phosphate1”-i3 complexes have been reported. It was 
therefore, of interest to synthesize complexes of 
some transition or non-transition metals with the 
(PAT) and (PDAT) ligands. In an attempt to under- 
stand the bonding capacity of the studied ligands 
CND0/2 calculations were employed.14 In order to 
complete our work on these ligands we also pre- 
pared complexes with metals of the IIB group and 
we investigated their thermal behaviour by applying 
TG and DTA techniques.‘5 

In continuation of our previous work on the 
phosphoramidothioates we describe in the present 
paper the preparation of ten new complexes which 
have been isolated in the solid state and their struc- 
tures have been assigned on the basis of their 
elemental analyses, spectral and magnetic prop- 
erties. 

EXPERIMENTAL 

(a) Physical measurements 

Infrared spectra were recorded in the region 
4000-250 cm-’ on a Perkin-Elmer 467 spectro- 

*Author to whom correspondence should be addressed. 
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photometer using KBr disks. Electronic absorp- 
tion spectra were obtained on a Perkin-Elmer Hita- 
chi 200 spectrophotometer in the solid state with 
Nujol mulls. The hydrogen and nitrogen analyses 
were performed on a Perkin-Elmer 240 Elemental 
Analyser. The metal determinations were carried 
out by published methods.16 Magnetic susceptibility 
measurements in the solid state were carried out by 
the Faraday technique using Hg[Co(SCN),] as the 
calibrant. Diamagnetic corrections were made 
using Pascal’s constants. l7 The thermogravimetric 
curves were obtained on a Mettler TA 2000 system 
in a dynamic atmosphere of nitrogen ; sample sizes 
of 20-40 mg were used at a heating rate of 
6” min- ‘. The chart speed was maintained at 
5mmmin-‘. 

(b) Preparation of the complexes 

The ligands were prepared by published 
methods.4 The complexes were prepared and iso- 
lated as described elsewhere.14 

RESULTS AND DISCUSSION 

The elemental analysis (Table 1) reveals com- 
plexes of the types ML’X(H,O), M,L:X(H,O) 
and MLiX(H,O), ML:X(H,O) where L’ = (PAT) 
and Lz = (PDAT) ions. The complexes are col- 
oured or white, hydrated, insoluble in water and 
common organic solvents, the latter suggesting 
polymeric structures. The V(II1) and Cr(II1) com- 
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plexes are soluble in concentrated aqueous solu- 
tions of (PAT) and (PDAT) ammonium salts indi- 
cating formation of anionic complexes, which un- 
fortunately we have not been able to study with 
the known methods. ‘We All these complexes were 
characterized by elemental analysis (Table l), spec- 
troscopic methods (IR, UV-vis) and magnetic 
measurements. The thermoanalytical analysis data 
for complexes III and V are also discussed. The 
assignments of the main IR bands of the new com- 
pounds (Table 1) were based on the data reported 
previously.4 The IR spectra of the studied com- 
pounds show broad bands in the 350&3200 cm-’ 
region which, with those at 840 and near 330 cm-’ 
may be assigned to v(OH) of the water.*&22 The 
bands in the 105CLlOOO and in the 640-570 cm-’ 
regions are attributed to v(P-0) and v(P-S) 
stretching vibrations, respectively.4s20 The latter 
vibrations are shifted by 40-50 cm-’ from those 
of the free ligands to lower wave numbers.4 Their 
positions are an indication that the oxygen and 
sulphur atoms of the ligands act as the donor atoms, 
and the coordination occurs via these atoms which 
are more potential coordinate sites than the nitro- 
gen atoms.23-24 Support for this argument is pro- 
vided by the appearance of new bands at 520-480 
and 33&300 cm-’ assignable to v(M-0) and 
v(M-S) vibrations,25 respectively. The quantum 
chemical CND0/2 calculations also show14 that 
strong coordination may take place via the sulphur 
and oxygen atoms although coordination through 
the nitrogen atoms cannot be excluded in the case 
of dimeric or polymeric structures. 

The electronic spectral data and the solid state 
magnetic moments of the investigated compounds 
are given in Table 2. All the electronic spectra of 
the studied compounds show an intense band in the 
UV region, attributable to an intraligand n* c rz 
transition located on the ligand. The electronic 
spectra of compounds I and II show bands at 15.8- 
16.0 and 22.2-22.7 kK due to spin allowed tran- 
sitions 3T2S(F) t ‘T,,(F) and 3T,,(P) c ‘T,,(F), re- 
spectively. Compounds III and IV show bands at 
16.2-17.0, 22.623.2 and 37.5-40.0 kK regions 
which can be assigned to 4T2g(F) t 4,42,(F), 
4T,,(F) c 4A2,JF) and 4T,,(P) t 4A2,(F) transitions 
in increasing order of energy. The two transitions 
vi and v2 for the complexes I-IV have been used 
to evaluate26 the ligand field (10 Dq) and nephel- 
auxetic (B) parameters in the same way as em- 
ployed for other complexes having Oh symmetry. 
The values of these parameters along with that of 
/? (covalency parameter) (Table 2) are compar- 
able to those reported for other V(II1) and Cr(II1) 
complexes of Oh symmetry involving similar 
donors. “z2’ The B values are about 63-80% of 
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the free ion values [861 for V(II1) and 918 for 
Cr(III)], and suggest that medium covalent bonding 
occurs between the ligands and the metal ions. 
The room temperature magnetic moments of com- 
pounds I, II, III and IV lie at 2.7-2.8 and 3.63.8 
BM, respectively, and they consist of an octahed- 
ral arrangement of the donor atoms around the metal 
ions. The electronic spectra of compounds 
V-X show bands only in the UV region and are all 
diamagnetic as expected. 

The thermogravimetric study of both complexes 
III and V shows that these complexes show three 
decomposition stages, with loss of their water mol- 
ecules in the first stage. The TG thermogram of 
complex III displays three steps at 190, 795 and 
960°C all of them endothermic which correspond 
to the loss of [5H20] (Found : 16.0% ; talc : 16.4%), 
[HzO+ SO(NH2)J (Found : 21.5% ; talc : 20.8%), 
[PO] (Found : 8.5% ; talc : 8.6%), respectively. 

The thermogram of complex V has two endo- 
thermic peaks at 185 and 800°C. The weight losses 
occurring at all the three stages can be attributed 
to the loss of [2H,O] (Found : 5.6% ; talc: 
5.3%), [2NHJ (Found: 4.9%; talc: 4.7%), pO,S] 
(Found : 15.0% ; talc : 14.1%) which finally give 
a residue consisting of Pb,PO,S. 

Thus on the basis of the available experimental 
data and the above discussion, it appears that the 
studied compounds are polymeric in nature, which 
is also supported by their insolubility in organic 
solvents, and each unit of polymeric structure 
possesses a pseudo-octahedral stereochemistry 
for the compounds I-IV. For complexes V-VIII 
we suggest that each unit forms infinite chains in 
the solid state in which the Pb(I1) or the Sn(I1) 
atoms are six-coordinate, as we can assume from 
the evaluation of the crystal structure of their 
analogues of dithiophosphate ligands.z”zg Finally, 
for compounds IX and X the more plausible struc- 
ture is that in which one silver atom is coordinated 
to oxygen and the other to sulphur. 

Acknowledgement-We wish to thank Asst. Prof. A. 
Christofides for his help during this work. 
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Abstract-Reaction of [Rh(COD)Cl], (COD = l$cyclooctadiene) with two equivalents of 
NaSH in methanol at - 78°C gives bright red crystalline Rh3(COD)3(p3-S)2(p-H) (1) (83%), 
H2S is also formed. The overall molecular geometry of (1) consists of a Rh3 triangle capped 
on each face by a p3-S atom. Each Rh atom bears a COD ligand in the boat configuration. 
The centroids of the carbon-carbon double bonds of each COD and the p3-S atoms give 
each Rh a roughly planar coordination geometry. One Rh-Rh bond is notably longer 
than the other two: (2.814(l), 2.962(l) and 3.210(3) A). The overall molecular geometry 
suggests that the p-H atom bridges the longest Rh-Rh bond, although this could not be 
confirmed by X-ray data. Reaction of (1) with excess t-Bu,PH in THF gives Rh,(COD),(t- 
Bu~PH)~(~~-S),(~-H), (2), in which the unique COD ligand bonded to the Rh atom opposite 
the long Rh(p-H)Rh bond is replaced by two cis t-Bu,PH ligands. (2) reacts with CO (1 
atm., 25°C) in toluene to give Rh3(CO)4(t-Bu2PH)z(p3-S)2(p-H), (3). Both (2) and (3) are 
formed quantitatively. In (3), two terminal CO ligands replace each of the COD ligands. 
Crystal data for (1) : C24H37Rh3S2, M = 698.40, monoclinic, C2/c (No. 15), a = 27.808(5), 
b = 9.060(l), c = 19.248(3) & /? = 97.52(2)“, U = 4807.6(5) A3, D, = 1.930 g cme3, 2 = 8, 
A(Mo-K,) = 0.71073 8, (graphite monochromator), p(Mo-K,) = 21.83 cm- ‘. Methods : 
MULTAN, difference Fourier, full matrix least-squares. Refinement of 2432 reflections 
(I > 30(I)) out of 4123 unique observed reflections (3” < 28 < 50”) gave R and R, values of 
0.048 and 0.062, respectively. Data/parameter ratio = 9.28, highest peak in final difference 
Fourier = 1.051 e A-‘. Crystal data (2) : C39H69PZRh3S2, M = 972.78, triclinic, Pi, (No. 2), 
a = 10.738(l), b = 19.503(2), c = 20.353(4) A, c( = 90.36(l), fi = 105.47(2), y = 92.77(l)“, 
U = 4102.3(5) w3, D, = 1.58 g cmp3, Z = 4, ~(Mo-K,) = 13.76 cm- I. Refinement of 4205 
reflections (I > 3oQ) out of 5674 unique observed (3” < 20 < 48“) gave R and R, values 
of 0.0559 and 0.0632, respectively. Data/parameter ratio = 10.23, highest peak in final 
difference Fourier = 0.751 e A-‘. Crystal data (3): C20H38P204Rh3S2, M = 777.31, 
monoclinic, n/c (No. 15), u = 21.727(l), b = 19.457(2), c = 17.809(2) A, j3 = 116.87(2)“, 
U = 6716.4(5) A3, D, = 1.537 gcmp3, Z = 8, p(Mo-K,) = 16.69 cm-‘. Refinement of 1084 
reflections (I > 30 > (I)) out of 4649 unique observed (3” < 20 < 46”) gave R and R, values 
of 0.0750 and 0.0870, respectively. Data/parameter ratio = 6.302, highest peak in the 
difference Fourier = 1.023 e A- 3. 

As part of a broad study of d block transition metal- cluster Cr3(p3-S)2(pz-S)3(dmpc)3, (dmpe = bis-1,Z 
SH- or sulphido (S2-) complexes bearing weakly dimethylphosphino ethane) from the reaction of 
bound ligands such as PR3 or alkenes, we recently NaSH with CrC12 and dmpe. ’ We have extended 
reported the synthesis of the unusual Cr, sulphido our studies to the late transition metals, in par- 

ticular those bearing olefin or di-olefin ligands. The 
reaction of NaSH in methanol with [Rh(COD)Cl], 

* Author to whom correspondence should be addressed. (COD = 1,5-cyclooctadiene) gives red crystalline 
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6NaSH 
3[Rh(COD)Cl], MeOH 3 2 

-TX 

COD 

+ 6NaCL + 2HzS 

/ 

(1) 

f -BuaPH 

COD (CO), 

(2) 

Scheme 1 

Rh,(COD),&-S)&-H) (l), cleanly and in high 
yield (Scheme 1). Both phosphine and CO deriva- 
tives of (1) may be obtained in high yields: 
Rh,(COD)&-BuzPH)&-S)&H) (2) and 
Rh,(C0)4(t-Bu2PH)2@~-S)2(~-H) (3). We describe 
here the synthesis, characterization and X-ray crys- 
tal structures of(l), (2), and (3). 

Although numerous P~-S bridged sulphido clus- 
ters of the transition metals are known,‘,’ relatively 
few based on Rh3 have been described. Of parti- 

cular relevance here are the carbonylate anions 
[Rh,(CO)&,-S)J and [Ir3@3-S)2(CO)6]- recently 
reported by Garlaschelli et al. 3 Also of related inter- 
est is the recent report by Cotton et al. of the Ir, 
complex Ir3(COD)3(p(,-O)2&-I) which is essen- 
tially isoelectronic and isostructural with (1).4 In 
addition, a number of heterobimetallic sulphido 
bridged Rh complexes are known. For example, 
Howard et al. recently described complexes of the 
type MS,[Rh(COD)], (M = MO, W).5 

Fig. 1. ORTEP view of (1) showing the atom numbering scheme. 
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Table 1. Crystal structure parameters for complexes (l), (2) and (3) 

Description of crystal (1) (2) (3) 
Colour Red Bright red Yellow 
Habit Prism Plate Plate 
Max. crystal dimension (mm) 0.25x0.15x0.10 0.32 x 0.28 x 0.20 0.35x0.15x0.08 

Unit cell 
Crystal system 
Space group 
Unit cell parameters : 

a (4 
b (A) 
c (A) 
0: 6-h) 
B (deg) 
Y @ed 
u (A’> 

Molecules per unit cell 
Formula 
Molecular weight (g mol- ‘) 
Calculated density (g cm- ‘) 
p-talc. (cm- ‘) 

Monoclinic Triclinic Monoclinic 
c2/c Pi (No. 2) CZ/c (No. 15) 

27.808(5) 10.738(l) 21.727(l) 
9.060( 1) 19.503(2) 19.457(2) 
19.248(3) 20.353(4) 17.809(2) 
90 90.364(l) 90 
97.52(2) 105.471(2) 116.865(2) 
90 92.765( 1) 90 
4807.6(5) 4102.3(5) 6716.4(5) 
8 4 8 
GH3,Rh& GHS$zRh& G,H&~P~Rh& 
698.40 972.78 777.31 
1.930 1.575 1.537 
21.83 13.76 16.69 

Data collection 
Radiation (A) 
Scan technique 
Scan width (deg) 
Range of indices h, h, I 
20 range (deg) 
No. reflections measured 
Standard reflections : 

intensity 
orientation 

Decay of standards 
Min. % transmission 
Max. % transmission 
Average % transmission 
Agreement factor for 

average reflections 
F (obs) 
intensity 

MO-K, (0.71073) 
$126 
0.8 f0.35 tan B 
030, 0 10, -2220 
3.tk46.0 
4123 

MO-K, (0.71073) MO-& (0.71073) 
8128 8128 
0.8 +0.35 tan 6 0.8 +0.35 tan 0 

1331, 1621 
1602, 1137 
2.1% 
82.13 
99.78 
92.26 

012, -2020, -2020 023, 021, -1919 
3.W8.0 3.G48.0 
5674 4649 

518, 536 5 7 3, 2 10 2 
337, 662 176, 285 
8.5% 38% 
- 

- 
- 

0.033 0.03 0.043 
0.028 0.036 

Structure determination 
No. reflections used 

(1’ 30(I)) 
No. parameters varied 
Data/parameter ratio 
Shift to error ratio 
E.s.d. of an observation 

of unit weight 
R 
RW 

2432 4205 1084 
262 411 172 
9.282 10.23 1 6.302 
1.637 0.484 0.560 

1.83 2.93 2.97 
0.0480 0.0559 0.0750 
0.0620 0.0632 0.0870 
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Table 2. Selected bond lengths (A) for (1) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Rhl Rh2 
Rhl Sl 
Rhl S2 
Rhl Cl 
Rhl C2 
Rhl C5 
Rhl C6 
Rh2 Rh3 
Rh2 Sl 
Rh2 S2 
Rh2 C9 
Rh2 Cl0 
Rh2 Cl3 
Rh2 Cl4 
Rh3 Sl 

2.814(l) 
2.327(3) 
2.318(3) 
2.191(14) 
2.192(13) 
2.165(11) 
2.189(15) 
2.962( 1) 
2.326(3) 
2.328(3) 
2.189(14) 
2.175(13) 
2.159(14) 
2.175(13) 
2.299(3) 

Rh3 S2 
Rh3 Cl7 
Rh3 Cl8 
Rh3 c21 
Rh3 c22 
Cl c2 
Cl C8 
Rh3 Rhl 

2.299(4) 
2.160(14) 
2.128(14) 
2.14(2) 
2.167(H) 
1.43(2) 
1.54(2) 
3.210(3) 

u A complete listing is available in the supplementary material. 
Numbers in narentheses are estimated standard deviations in 

the least significant digits. 

Synthesis of Rh,(COD),(pL,-S)2(p-H) (1) 

The reaction of [Rh(COD)Cl], with NaSH in 
methanol at - 78°C gives an orange solution which 
gradually turns bright red on warming to room 
temperature. From this solution, bright red 
Rh,(COD)&,-S)&-H) (1) may be obtained in 
high yield from toluene. The reaction appears to be 
quite clean and H2S is also produced in the reaction 

* Deviations (A) from the least squares planes are as 
follows. For (1) : Around Rh(l), Plane (1) : Rh( 1) 
- 0.029( 1), S( 1) 0.052(3), S(2) -0.037(3), CT( 1) 
-0.040(3), CT(2) 0.055(3). Around Rh(2), Plane (2): 
Rh(2) 0.001(l), S(1) -0.007(3), S(2) 0.007(3), CT(3) 
-0.008(3), CT(4) 0.007(3). Around Rh(3), Plane (3): 
Rh(3) -0.033(l), S(1) 0.029(3), S(2) -0.015(3), CT(5) 
0.033(3), CT(6) -0.015(3). Where CT(l), CT(2) are the 
centroids of C(l)---C(2), C(5)-C(6), etc. Angles (deg.) 
between planes: (1)<2) 105.7, (1x3) 41.5, (2k(3) 64.2. 
For (2) : around Rh(l), Plane (1) : Rh(1) -0.020(2), 
S(1) 0.045(6), S(2) -0.036(6), CT(l) 0.049(6), CT(2) 
-0.039(6). Around Rh(2), Plane (2): Rh(2) 0.048(2), 
S(1) 0.015(S), S(2) -0.037(5), CT(3) 0.015(6), CT(4) 
-0.041(6). Around Rh(3), Plane (3): Rh(3) -0.009(2), 
P(1) -0.023(6), P(2) 0.028(6), S(1) 0.030(6), S(2) 
-0.025(6). Where CT(l), CT(2) are the centroids of 
C(l)--C(2), C(5)-C(6), etc. Angles between planes : (1E 
(2) 117.1, (1x3) 59.0, (2)-(3) 58.1. For (3): Around 
Rh(l), Plane (1) : Rh(l)0.019(5), S(1)0.02(2), S(2) -0.03, 
C(1) 0.03(5), C(2) -0.04(7). Around Rh(2), Plane (2): 
Rh(2) 0.008(4), S(1) 0.01(2), S(2) -0.01(2), C(3) 
-0.01(6), C(4) O.Ol(5). Around Rh(3), Plane (3): Rh(3) 
-0.006(4), S(1) -0.02(2), S(2) 0.02(2), P(1) 0.02(2), P(2) 
-0.02(2). Angles between planes (l)(2) 54.3, (l)-(3) 
117.1, (2)-(3) 62.8. 

indicating the fate of the hydrogen in the starting 
material NaSH. The ‘H NMR spectrum of (1) has 
resonances attributable to the COD ligands in 
addition to a high field triplet assigned to a (pL2-H) 
atom (6 - 11.73, t, ‘&h--H = 24 Hz). Integration 
of the spectrum is consistent with the ratio of three 
COD ligand groups to one hydride. 

X-ray structure of (1) 

The complex crystallizes in the monoclinic space 
group C2/c with eight molecules in the unit cell. 4 
view of the molecule is shown in Fig. 1. Cry- 
stallographic data is collected in Table 1 and bond 
lengths and angles are in Tables 2 and 3, respec- 
tively. 

The molecular structure consists of a Rh3 tri- 
angle which is capped on each face by a P~-S 
atom. Two Rh-Rh bonds are significantly shorter 
than the third. Thus Rh(l)-Rh(2) = 2.814(l), 
Rh(2)--Rh(3) = 2.962(l) and Rh(l)-Rh(3) = 
3.210(3) A. It seems likely that the single hydride 
ligand bridges the longest Rh-Rh interaction 
although it could not be located in the X-ray 
structure. This suggestion is supported by the 
simple triplet observed for the P-H ligand in the ‘H 
NMR spectrum. The Rh-S distances range from 
2.299(3) to 2.328(3) w and are slightly shorter on 
average than those found in the rhodium carbonyl 
trimer [Rh,(CO),(pL,-S)J which range from 
2.344(4) to 2.356(4) A. The COD ligands are bound 
in the familiar boat or tub configuration6 The mid- 
points of the C-C double bonds of these alkene 
units and the p-,-S atoms give each Rh atom a 
roughly planar coordination geometry.* 
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Table 3. Selected bond angles (deg) for (1) 
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Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Rh2 Rhl 
Rh2 Rhl 
Rh2 Rhl 
Rh2 Rhl 
Rh2 Rhl 
Rh2 Rhl 
Sl Rhl 
Sl Rhl 
Sl Rhl 
Sl Rhl 
Sl Rhl 
s2 Rhl 
s2 Rhl 
s2 Rhl 
s2 Rhl 
Cl Rhl 
Cl Rhl 
Cl Rhl 
c2 Rhl 
c2 Rhl 
C5 Rhl 
Rhl Rh2 
Rhl Rh2 
Rhl Rh2 
Rhl Rh2 
Rhl Rh2 
Rhl Rh2 
Rhl Rh2 
Rh3 Rh2 
Rh3 Rh2 
Rh3 Rh2 
Rh3 Rh2 
Rh3 Rh2 
Rh3 Rh2 
Sl Rh2 
Sl Rh2 
Sl Rh2 
Sl Rh2 
Sl Rh2 
s2 Rh2 
s2 Rh2 
s2 Rh2 

Sl 
s2 
Cl 
c2 
c5 
C6 
s2 
Cl 
c2 
C5 
C6 
Cl 
c2 
c5 
C6 
c2 
c5 
C6 
c5 
C6 
C6 
Rh3 
Sl 
s2 
c9 
Cl0 
Cl3 
Cl4 
Sl 
s2 
c9 
Cl0 
Cl3 
Cl4 
s2 
c9 
Cl0 
Cl3 
Cl4 
c9 
Cl0 
Cl3 

52.77(8) 
52.88(9) 

108.9(4) 
139.6(4) 
134.6(3) 
109.2(3) 
82.3(l) 
90.9(4) 
96.6(4) 

165.5(4) 
157.4(4) 
160.7(3) 
160.5(4) 
94.3(4) 
97.2(4) 
38.2(5) 
96.5(5) 
82.2(6) 
81.9(5) 
91.2(5) 
36.9(5) 
67.55(3) 
52.79(8) 
52.56(8) 

109.7(4) 
135.8(5) 
139.2(4) 
111.9(4) 
49.78(8) 
49.77(9) 

137.7(4) 
113.7(4) 
115.9(4) 
138.5(4) 
82.1(l) 

160.3(5) 
161.0(5) 
96.4(4) 
95.1(4) 
93.5(5) 
92.9(5) 

161.3(4) 

s2 
c9 
c9 
c9 
Cl0 
Cl0 
Cl3 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Sl 
Sl 
Sl 
Sl 
Sl 
s2 
s2 
s2 
s2 
Cl7 
Cl7 
Cl7 
Cl8 
Cl8 
c21 
Rhl 
Rhl 
Rh2 
Rhl 
Rhl 
Rh2 
Rhl 
Rhl 
c2 
Rhl 
Rhl 

Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Sl 
Sl 
Sl 
s2 
s2 
s2 
Cl 
Cl 
Cl 
c2 
c2 

Cl4 
Cl0 
Cl3 
Cl4 
Cl3 
Cl4 
Cl4 
Sl 
s2 
Cl7 
Cl8 
c21 
c22 
s2 
Cl7 
Cl8 
c21 
c22 
Cl7 
Cl8 
c21 
c22 
Cl8 
c21 
c22 
c21 
c22 
c22 
Rh2 
Rh3 
Rh3 
Rh2 
Rh3 
Rh3 
c2 
C8 
C8 
Cl 
c3 

161.9(4) 
37.7(6) 
93.7(6) 
83.1(6) 
82.5(6) 
95.1(6) 
36.6(6) 
50.59(8) 
50.65(9) 

136.3(4) 
110.5(4) 
113.2(4) 
139.0(4) 
83.4( 1) 

163.6(4) 
156.8(4) 
93.1(4) 
95.7(4) 
93.1(5) 
93.4(5) 

160.6(4) 
162.9(4) 
39.1(6) 
95.3(6) 
83.0(6) 
82.4(6) 
93.9(6) 
36.2(5) 
74.4( 1) 
88.0( 1) 
79.6( 1) 
74.6( 1) 
88.2( 1) 
79.6( 1) 
71.0(8) 

109(l) 
127(l) 
70.9(8) 

112(l) 

“A complete listing is available in the supplementary material. 
Numbers in parentheses are estimated standard deviations in the least significant 

digits. 

Reaction of (1) with t-Bu,PH : synthesis and struc- BqPH ligands. The IR spectrum contains a weak 
ture ofRh,(COD),(t-Bu,PH),@~-S),@-H) (2) P-H stretch at 2280 cn- ’ and the ’ 'P{ ‘H} NMR 

spectrum is a simple doublet at 6 78.26, (d, 
(1) reacts with t-Bu,PH in THF to give a dark ‘&,_r = 134.7 Hz). The ‘H NMR signal for the 

red-purple solution from which Rh,(COD),(t- hydride is now at 6 -20.05 (m). This resonance is 
Bu~PH)~&-S)&H) may be isolated in high yield. more complicated than that observed for (3). We 
Spectroscopic data for (2) again con&m the pres- have simulated this signal as well as the similar one 
ence of one hydride ligand as well as COD and r- observed for (3) (Fig. 2). Interestingly, in both cases 



566 A. M. ARIF et al. 

(a) 

, I I ’ 8 ’ I ’ 
-20 -20.2 -20.4 

pm 

(b) 

I 

/, , , 
\ 

-20 -20.2 -20.4 

wm 

I * r 1 ,I * ‘I r 
-22 -22.2 -22.4 

wm 

(5) I 
-22.2 

pm 

-22.4 

Fig. 2. Observed (a) and calculated(b) ‘H NMR spectra for the p-H resonance in (2) and (3). Coupling 
constants (Hz) used in the simulations are for (2) (360 MHz), 6 - 20.13 ; JH_-Rh(lj = JH-~hcZ) = 10.17, 
JH_-Thcj = 0.05, JH--p~,~ = 12.09, JH_-p(2j = 28.70 Hz. For (3) (360 MHz), 6 -22.18; 
JH_-Rh(,j = JH_,,,(,) = 13.31, JH_-Rhoj = 0.05, JH_-puj = 6.25, &rc2, = 26.35. The atom numbering is 

as in Figs 2 and 4 ; in both cases, P( 1) and P(2) may be reversed. 

seemingly reasonable simulations could only be 
achieved when the couplings between the p-H atom 
and P(1) and P(2) were quite different [(2) 10.09, 
28.70 Hz, and (3) 6.25,26.35 Hz]. This suggests that 
the hydride ligand in these complexes is no longer 
located in a symmetrical position but lies out of 
the Rh3 plane. However, this would also make the 
phosphorus nucleii inequivalent, which is incon- 
sistent with the 3’P{ ‘H) NMR data. Both ‘H and 
3’NMR spectra are unchanged down to - 80°C (d,- 
toluene) and at present we have no simple expla- 
nation for this apparent dichotomy. Unfortunately, 

the p-H ligands could not be located in any of the 
X-ray structures and the structural parameters (see 
below) give little clue as to where the hydride is 
located. There are no significant differences in 
Rh-Rh or Rh-S bond lengths. 

Molecules of (2) crystallize in the triclinic space 
group Pi with two independent molecules in the 
asymmetric unit (four per cell). A view of one mol- 
ecule of (2) is shown in Fig. 3. Key bond lengths 
and angles for this molecule are given in Tables 4 
and 5 respectively. The structural parameters of 
both molecules are similar and their Rh3S2 cores 
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Fig. 3. ORTEP view of one independent molecule of (2) showing the atom numbering scheme. 

Table 4. Selected bond distances (A) for one molecule of (2) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Rhl Rh2 
Rhl Rh3 
Rhl Sl 
Rhl s2 
Rh2 Rh3 
Rh2 Sl 
Rh2 s2 
Rh3 Sl 
Rh3 S2 
Rh3 PI 
Rh3 P2 
Rhl Cl 
Rhl c2 
Rhl C5 
Rhl C6 
Rh2 C9 

2.992(2) 
3.029( 1) 
2.307(4) 
2.313(3) 
3.039( 1) 
2.320(4) 
2.306(3) 
2.348(3) 
2.347(3) 
2.295(4) 
2.301(3) 
2.131(15) 
2.187(14) 
2.159(14) 
2.189(15) 
2.16(2) 

Rh2 Cl0 
Rh2 Cl3 
Rh2 Cl4 
Rh3 Pl 
Pl Cl7 
Pl c21 
P2 C25 
P2 c29 
Cl c2 
Cl C8 

2.19(2) 
2.150(14) 
2.17(2) 
2.295(4) 
1.875(15) 
1.902(15) 
1.88(2) 
1.928(14) 
1.38(2) 
1.56(2) 

“A complete listing is available in the supplementary material. 
Numbers in parentheses are estimated standard deviations in 

the least significant digits. 
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Table 5. Selected bond angles (deg.) for one molecule of (2) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Rh2 
Rh2 
Rh2 
Rh3 
Rh3 
Sl 
Rhl 
Rhl 
Rhl 
Rh3 
Rh3 
Sl 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rh2 
Rh2 
Rh2 
Rh2 

Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 

Rh3 
Sl 
s2 
Sl 
s2 
s2 
Rh3 
Sl 
s2 
Sl 
s2 
s2 
Rh2 
Sl 
s2 
Pl 
P2 
Sl 
s2 
Pl 
P2 

60.64(3) 
49.91(9) 
49.53(9) 
50.01(8) 
49.95(8) 
83.3(l) 
60.28(3) 
49.52(9) 
49.73(9) 
49.78(8) 
49.80(8) 
83.2( 1) 
59.08(3) 
48.82(9) 
48.97(8) 

126.1(l) 
128.0( 1) 
48.97(9) 
48.63(9) 

127.5(l) 
125.4( 1) 

Sl 
Sl 
Sl 
s2 
s2 
Cl 
Cl 
Cl 
c2 
c2 
c5 
c9 
c9 
c9 
Cl0 
Cl0 
Cl3 
Pl 
Cl7 
C25 

Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh3 
Pl 
P2 

s2 
Pl 
P2 
PI 
P2 
c2 
c5 
C6 
c5 
C6 
C6 
Cl0 
Cl3 
Cl4 
Cl3 
Cl4 
Cl4 
P2 
c21 
C29 

81.7(l) 
92.6( 1) 

174.0(l) 
174.3(l) 
92.6( 1) 
37.4(5) 
92.0(5) 
82.4(6) 
82.2(5) 
96.6(5) 
38.1(5) 
38.7(5) 
96.9(6) 
82.0(6) 
82.4(6) 
91.7(6) 
37.3(5) 
93.1(l) 

112.0(7) 
109.7(7) 

u A complete listing is available in the supplementary material. 
Numbers in parentheses are estimated standard deviations in the least significant 

are similar to that of (1). Interestingly, com- 
pared to (l), the Rh-Rh distances for (2) are all 
approximately equal (Rh(l)-Rh(3) = 3.029(l), 
Rh(2)-Rh(3) = 3.039(l) and Rh(l)-Rh(2) = 
2.992(2) A). 

Reaction of (2) with CO : synthesis and structure of 
Rh3(CO)4(t-Bu2PH)Z(C13-S)*(~L-H) (3) 

(2) reacts rapidly with CO (1 atm.) in toluene 
displacing both COD ligands and forming the tetra- 
carbonyl derivative Rh3(C0)4(t-Bu2PH)&-S)2(p- 
H) (3) quantitatively. Spectroscopic data is again 
in accord with the X-ray crystal structure. Thus 
the IR spectrum contains terminal CO bands 

(vco = 2050 m, 2030 m and 1980 s cm- ‘) and a weak 
vp_H stretch at 2300 cm-‘. The “P{ ‘H} NMR 
spectrum is a simple doublet (6 73.24, ‘JRh_-p 
= 122.24 Hz). Again, as for (2), this is inconsistent 
with our best attempts to simulate the ‘H NMR 
hydride signal. A view of the molecule is shown 
in Fig. 4. Important bond lengths and angles are 
given in Tables 6 and 7. The main structural 
features of the molecule are similar to those of (1) 
and (2) with two CO molecules replacing each of 
the remaining COD groups. 

The present study leaves several questions unan- 

swered. One of the key issues is the location of the 
hydrides in (2) and (3). At present, neither spec- 
troscopic data nor X-ray structures provide unam- 
biguous answers. Why is only one COD ligand dis- 
placed from the cluster by excess PR3? Why does 
CO only replace the COD ligands in (2)? Further 
studies on this system and related Ir, complexes are 
in progress. 

EXPERIMENTAL 

All compounds were prepared under dry nitrogen 
using standard vacuum line techniques. Methanol 
was dried over magnesium turnings then refluxed 
and distilled from Mg turnings under nitrogen 
before use. Toluene was distilled from sodium metal 
under nitrogen. Hexane was distilled from sodium 
benzophenone ketyl under nitrogen. CO used was 
cp grade. Microanalytical data were obtained from 
the Schwarzkopf Microanalytical Laboratory, 
Woodside, New York. [Rh(COD)Cl],’ and NaSHB 
were prepared by the literature methods. 

Instruments 

IR : Perkin-Elmer 1330 ; NMR : Varian EM-390 
(‘H, 90 MHz) FT-80 (3’P, 32.384 MHz) Bruker 
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Fig. 4. ORTEP view of (3) showing the atom numbering scheme. 

Table 6. Selected bond lengths (A) for (3) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Rhl 
Rhl 
Rh2 
Rhl 
Rhl 
Rhl 
Rhl 
Rh2 
Rh2 
Rh2 
Rh2 
Rh3 
Rh3 
Rh3 
Rh3 

Rh2 
Rh3 
Rh3 
Sl 
s2 
Cl 
c2 
Sl 
s2 
c3 
c4 
Sl 
s2 
Pl 
P2 

3.079(3) 
3.010(3) 
3.024(3) 
2.333(8) 
2.306(7) 
1.79(2) 
1.85(3) 
2.368(7) 
2.318(8) 
1.81(3) 
1.82(3) 
2.372(7) 
2.361(7) 
2.303(7) 
2.287(6) 

Pl C5 
Pl c9 
P2 Cl3 
P2 Cl7 
01 Cl 
02 c2 
03 c3 
04 c4 
C5 C6 
c5 c7 

1.68(4) 
1.77(3) 
1.90(3) 
1.92(4) 
1.15(3) 
1.08(3) 
1.18(3) 
1.05(3) 
1.53(4) 
1.32(4) 

OA complete listing is provided in the supplementary material. 
Numbers in parentheses are estimated standard deviations in 

the least significant digits. 
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Table 7. Selected bond angles (deg.) for (3) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Rlll 
Rh2 
Rh3 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rhl 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh2 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 
Rh3 

Rh3 
Rh3 
Rh2 
s2 
Cl 
c2 
Cl 
c2 
c2 
s2 
c3 
c4 
c3 
c4 
c4 
s2 
Pl 
P2 
PI 
P2 
P2 

Rh2 
Rhl 
Rhl 
Sl 
Sl 
Sl 
s2 
s2 
Cl 
Sl 
Sl 
Sl 
s2 
s2 
c3 
Sl 
Sl 
Sl 
s2 
s2 
Pl 

59.55(7) 
59.09(7) 
61.36(7) 
84.0(2) 

176.5(7) 
88.5(9) 
92.5(7) 

172.0(9) 
95(I) 
83.0(2) 
91.6(9) 

173.9(9) 
174.5(9) 
90.9(9) 
94(I) 
82.0(3) 
91.2(2) 

175.1(3) 
173.0(2) 
93.2(3) 
93.7(3) 

Rhl 
Rhl 
Rh2 
Rhl 
Rhl 
Rll2 
Rh3 
Rh3 
c5 
Rh3 
Rh3 
Cl3 
Rhl 
Rhl 
Rh2 
Rh2 

Sl 
Sl 
Sl 
s2 
s2 
s2 
Pl 
Pl 
PI 
P2 
P2 
P2 
Cl 
c2 
c3 
c4 

Rh2 
Rh3 
Rh3 
Rh2 
Rh3 
Rh3 
c5 
c9 
c9 
Cl3 
Cl7 
Cl7 
01 
02 
03 
04 

8 1.8(2) 
79.5(2) 
79.3(2) 
83.5(2) 
80.3(2) 
80.5(2) 

117(l) 
117(l) 
109(2) 
119.3(9) 
117(l) 
109(2) 
168(2) 
172(3) 
175(3) 
172(3) 

a A complete listing is provided in the supplementary material. 
Numbers in parentheses are estimated standard deviations in the least significant 

digits. 

WM-90 ( 3 ‘P, 36.43 MHz), Nicolet NT-200 (‘H and 
3’P) or NT 360 (‘H and 31P) IR spectra were as . 
KBr disks, Nujol mulls (KBr plates) or in solution 
(matched KBr or CaF, cells). NMR spectra were 
recorded in C6D, at ambient temperature and are 
referenced to Me& (6 0.0, ‘H) and 85% H,PO, 
(as.) (6 0.0, 3’P). 

Synthesis of Rh,(COD),(p,-S)&-H) (1) 

A solution of [Rh(COD)Cl], (0.20 g, 0.41 mmol) 
in methanol (40 cm’) was cooled (- 78°C) and a 
solution of NaSH (0.50 cm3 of a 1.71 M MeOH 
solution, 2 equiv.) was added. An orange colour 
was produced immediately. The solution was stirred 
magnetically and became bright red while warming 
to room temperature. It was stirred an additional 
8 h. Volatile materials were removed under reduced 
pressure, and the bright orange residue was washed 
with hexane (10 cm’). The residue was then 
extracted into toluene (40 cm3), the solution filtered 
and reduced in volume (10 cm3). Cooling (-20°C) 
gave bright red prisms of (1). They were collected 
and dried in vacua. Yield 0.08 g, 83%. M.p. 148- 
150°C (dec.), IR (Nujol mull), 2972 s, 2890 m, 2848 
s, 2800 s, 1471 m, 1418 s, 1315 s, 1290 m, 1250 w, 
1229m,1205w,1168m,1140m,1061m,981br.m, 

942 br.s, 836 s, 806 m, 782 m, 753 w, 684 w, 650 w, 
562 w, 461 m, 421 s, 391 w, 368 w, 310 m (cm-‘). 
‘H NMR: 6 5.03, [br.s, 4H, -CH-CH-(COD)], 6 
4.68 [br.s, 4H, -CH-CH-(COD)], 6 4.53 [br.s, 4H, 
-CH-CH(COD)], 6 2.14, [s, 24H, -C&(COD)], 6 
- 11.73 (dd, lH, ‘JRt.,_H = 24 Hz, p-H). Found: 
C, 41.2; H, 5.3; S, 8.7. Calc. for C24H37Rh3S2: 
C, 41.3; H, 5.3; S, 9.2%. 

RhGOD)z(t-Bu,PH),(p,-S)&-H) (2) 

Di-tert-butylphosphine (t-Bu,PH, 0.33 cm3, 2.42 
mmol) was added to a solution of (1) (0.28 g, 0.40 
mmol) in THF (40 cm’) at -70°C. The solution 
was allowed to warm to room temperature and 
stirred for an additional 10 h to give a dark red- 
purple solution. Volatile materials were removed 
under reduced pressure and the residue washed with 
hexane (2 x 15 cm’). The residue was then extracted 
into toluene (40 cm3), the solution filtered and evap- 
orated to ca 15 cm3 under reduced pressure. Cooling 
(- 20°C) gave bright red plates of (2) which were 
collected and dried in vacua. The compound is 
stable in air for short periods. Yield : quantitative, 
m.p. 14&142”C (dec.), IR (KBr disc), 3000 w, 2980 
w, 2940 s.br, 2900 s.br, 2860 ssh, 2810 s.sh, 2280 
w.sh, 1475 s, 1430 w, 1390 w, 1360 m.sh, 1325 w, 
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13OOw, 1235w,1200w.br, 1175m.br, 115Ow, 1070 
w, 1020 m, 945 w, 930 w.br, 860 s, 845 m, 810 s, 
685 w, 730 m, 690 w, 600 m, 575 w, 470 m, 450 w, 
350 w.br (cm-‘). ‘H NMR, 6 2.20 (m, 16H, COD), 
6 1.30 (m, 18H, t&r), 6 -20.05 [m, IH, (p-H)], 
31P{ ‘H} NMR: 6 78.26 (d, ‘JRh_-p = 134.7 Hz) 
(unchanged at -8O”C, d,-toluene). Found: C, 
48.0; H, 7.0. Calc. for C39H69P2Rh3S2: C, 48.1 ; H, 
7.1%. 

Rh3(CO)&-Bu2PH)&-S)&H) (3) 

Carbon monoxide (1 atm.) was passed through a 
solution of (2) (0.28 g, 0.32 mmol) in toluene (40 
cm3) at room temperature for 1 h. The solution 
became bright yellow during this time. Volatile 
materials were removed under reduced pressure and 
the yellow residue was extracted into toluene (35 
cm3). Cooling (- 20°C) gave yellow prisms of (3) 
after ca 18 h. They were collected and dried in zlucuo. 
The crystals are stable in air for periods of several 
hours. Yield : quantitative, m.p. 186188°C (dec.) ; 
IR (KBr disc.) : 2300 w, 2050 m.sh, 2030 m.sh, 1980 
s.sh, 1770 w.br, 1370 w, 1260 w, 1175 w, 1085 w, 
1025 w, 560 w, 470 w (cm ‘) ; NMR : ‘H (360 MHz, 
C6D6, ambient temp) : 6 3.716 (d, lH, ‘Jr-n = 337 
Hz, t-Bu,PII); 6 3.719 (d, lH, ‘Jr_” = 15 Hz, t- 
BQPH) ; 6 1.28 (d, 18H, 1Jp_rr = 15 Hz, t-m 2PH) ; 
6 1.12 (d, 18H, ‘Jr_n = 13 Hz, t-Bu,PH); 6 
-22.15 [m, lH, (vii)]. “P{‘Hl: 6 73.24 (d, 
‘Jah_r = 122.24 Hz) (the spectrum remains essen- 
tially unchanged at - 80°C in ds-toluene). Found : 
C, 29.9; H, 4.5. Calc. for C20H3804P2Rh3S2: C, 
30.9; H, 4.9%. 

X-ray experimental 

General. Data were collected on an Enraf-Non- 
ius CAD-4 diffractometer using graphite mono- 
chromated MO-K, radiation. Data for the unit 

*Tables of atomic positional and thermal parameters, 
complete tables of bond lengths, angles and thermal par- 
ameters for (l)-(3) and observed and calculated structure 
factors for (lH3) have been deposited as sup- 
plementary material with the Editor, from whom copies 
are available on request. Atomic coordinates have also 
been submitted to the Cambridge Crystallographic Data 
Centre. 

t P is used in the calculation of a(Z) to downweight 
intense reflections in the least squares refinement. The 
function minimized was C w(]F,] -IF,])’ where w = 
4(FJ ‘/[Z (FJ*]*, where [Z(FJ212 = [S*(C+R*B)+ 
{P(F,)*}*]/Lp*, where S is the scan rate, C is the total 
integrated peak count, R is the ration of scan time to 
background counting time, B is the total background 
count and Lp is the Lorentz-polarization factor. 

cell determinations were collected by the e/28 scan 
technique at 23 + 2°C. Details of the standard col- 
lection methods were similar to those outlined in 
ref. 9. All calculations were performed on a PDP 
1 l/44 computer using the Enraf-Nonius software 
package “SDP PLUS”. lo Crystal structure and 
refinement parameters for all three compounds are 
collected in Table 1 and supplementary material is 
available.* Scattering factors were taken from ref. 
11. 

For (1). A single crystal was mounted under nitro- 
gen in a Lindemann glass capillary. Unit cell par- 
ameters were obtained by carefully centering 25 
reflections having 28 values between 22 and 24”. 
Examination of the diffraction symmetry and the 
systematic absences hkl, h+k = 2n = 1; hk0, 
h+k=2n+l; hk0, I=2n+l, and001, I=2n+l 
indicated a choice of the space groups Cc or C2/c. 
The space group C2/c (No. 15) was chosen to be 
the correct one on the basis of successful refinement 
of the structure. Data were collected in the 
+ h + k f I quadrant between 20 values of 3.0 and 
48.0”. The data were then corrected for Lorentz and 
polarization effects. The check reflections showed a 
2.1% decrease in intensity over the course of data 
collection. Reflections having x values between 80- 
90” showed a minimum percent transmission of 
82.13 and a maximum percent transmission of 
99.78. An empirical absorption correction was 
applied (program EAC). The observed structure 
factors of the equivalent reflections were averaged 
with agreement factors of 0.028 for intensity and 
0.033 for Fobs. The positions of heavy atoms were 
obtained by direct methods (MULTAN)” and the 
remaining non-hydrogen atoms were located by 
successive cycles of difference Fourier maps fol- 
lowed by least squares refinement. Hydrogen atoms 
were not located. Data with intensities of less then 
30(I) and sin e/n less than 0.05 were excluded, and 
a non-Poisson contribution weighting scheme with 
an experimental instability factor, P of 0.04 was 
used in the final stages of refinement.? The structure 
was refined to final values of 0.0483 and 0.062 for 
R and R,. The maximum peak in the final difference 
Fourier map had a height of 0.918 e A-’ and was 
located 1.051 A from C(17). 

For (2). Unit cell parameters were obtained from 
25 reflections (22” < 28 < 26”). Unit cell dimen- 
sions indicated a triclinic space group and PI was 
chosen on the basis of successful refinement of the 
structure. Data were collected in the (+ h, f k, ) 1) 
hemisphere between 20 values of 3.0 and 48” in the 
e/28 mode. Data were then corrected for Lorentz 
and polarization effects and also for decay (aniso- 
tropic correction). No absorption correction was 
applied since none was deemed necessary. The 
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observed structure factors of equivalent reflections 
were averaged. The structure was solved by direct 
methods (MULTAN)‘* followed by successive 
cycles of difference Fourier maps, followed by least 
squares refinement. The non-Poisson contribution 
weighting scheme with an experimental instability 
factor P = 0.07 was used in the final stages of 
refinement.* Hydrogen atoms were not located. The 
Rh, S, and P atoms were refined anisotropically and 
the carbon atoms isotropically. The maximum peak 
in the final difference Fourier map had a height of 
0.751 e Am3 and was located 0.85 A from Rh(1). 

For (3). Unit cell parameters were obtained from 
25 reflections (20” < 28 < 26”). Systematic absences 
indicated a choice of C2/c or Cc. C2/c was chosen 
on the basis of successful refinement of the struc- 
ture. Data were collected in the (+A, f k, f 1) 
quadrant (3” < 28 < 46”) in the 8120 mode. Data 
were then corrected for Lorentz and polarization 
effects but not for absorption since the absorption 
coefficient was low. A decay correction was also 
applied. Equivalent reflections were averaged and 
the structure was solved by direct methods (MUL- 
TAN) followed by successive cycles of difference 
Fourier maps, followed by least squares refinement. 
The non-Poisson contribution weighting scheme 
with an experimental instability factor P = 0.07 was 
used. Hydrogen atoms were not located. The Rh, 
S, and P atoms were refined anisotropically and the 
remaining non-hydrogen atoms were refined iso- 
tropically. The maximum peak in the final differ- 
ence Fourier map had a height of 1.023 e A- 3 and 
was located 1.219 A from C(8). 

* See footnote t on previous page. 
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Abstract-The following equations have been developed to estimate trivalent actinide 
and lanthanide carbonate stability constants : logBy = -6.128+35.20613-21.557R2; 
log Bi = 14.797+7.945R- 10.304R2, where By = aMCO:/(aM3+uCO:-), B$’ = uM(C03); 
(aM “(uCO:-)~), uX is the activity of ion X, M indicates a metal ion and R is the effective 
ionic radius of the metal ion in six-fold coordination. These equations describe carbonate 
stability constants for cerium, europium and ytterbium at zero ionic strength. Constants at 
zero ionic strength were estimated from experimental determinations made in 0.68 molal 
NaC104 by accounting for medium effects. 

The fate of radioactive material accidentally 
released or entering the environment from waste 
disposal sites is controlled principally by solution 
chemistry and solution-surface interactions. Some 
of the processes involved are complexation, pre- 
cipitationdissolution, surface adsorption, colloid 
formation and redox reactions.‘** Quantitative 
modelling of these processes is severely constrained 
by a dearth of appropriate chemical data, or in some 
cases by widely varying results among researchers. 

Trivalent actinide and lanthanide elements are 
known to form stable complexes with carbonate 
ions.‘,3,4*5 It has been suggested that complexation 
by carbonate may have been responsible for the 
migration of 242Cm and 244Cm out of a radioactive 
waste disposal site previously used by the Oak 
Ridge National Laboratory.6 Subsequent decay of 
242Cm and 244Cm to 238Pu and 240Pu resulted in 
plutonium contamination near the trench. 

In spite of the potential importance of trivalent 
actinide complexation by carbonate, few exper- 
imental stability constant determinations have been 
undertaken. 

LANTHANIDE AND ACTINIDE STABILITY 
CONSTANTS 

Actinide elements are major components of 
radioactive waste. Carbonate complexation is of 

particular importance to actinide solution chem- 
istry. Allard has estimated carbonate stability 
constants (log Ba for trivalent actinides to be 6.5 ; 
where 

By = aMCO$/(aM3+aCO;-). (1) 

aX is the activity of ion X and M indicates a metal 
ion. This value was estimated from literature values 
of lanthanide carbonate stability constants (log B’,) 
which range from 4.6 to 6.3, measured at ionic 
strengths of l-3 M. B; = [MCO:]/([M3+] [CO:-],), 
where brackets indicate molar concentrations and 
T denotes total carbonate concentrations. Spahit? 
has shown that differences in yttrium carbonate 
stability constants between l-3 M ionic strength 
are relatively small (0.43 log units). Therefore, it is 
concluded that the large variation in lanthanide 
carbonate stability constant results is not due to 
ionic strength effects. This degree of uncertainty in 
stability constants is undesirable for quantitative 
modelling of solution chemical behaviour. 

Recently, we have presented carbonate stability 
constants for cerium, europium and ytterbium mea- 
sured in 0.68 molal NAC104.4,5 Additionally, equa- 
tions were developed for estimating carbonate stab- 
ility constants for all lanthanide elements as a 
function of atomic number for various ionic media. 
In these works we have critically reviewed a number 
of lanthanide carbonate stability constants 
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obtained by other workers. It was found that sub- 
stantial agreement exists between our results and 
those of other authors after taking into account 
certain inconsistencies. Since the lanthanide atomic 
radii are nearly linear with atomic number, similar 
equations may be derived to describe lanthanide 
carbonate stability constants as a function of ionic 
radius : 

logBy = -6.128+35.206R-21.557R2 (2) 

1ogB; = 14.797+7.945R- 10.304R’. (3) 

R is the effective ionic radius in six-fold coor- 
dination’ and B! = ~M(CO,);/(UM~+(UCO~-)~). 

It has been recognized that trivalent lanthanide 
elements are useful chemical analogs to the trivalent 
actinides.7*10 This is due to similarity in electronic 
structure and ionic radius. Using eqs (2) and (3) and 
ionic radii, carbonate stability constants for a num- 
ber of trivalent actinides have been estimated. Appar- 
ently, the only experimental trivalent actinide car- 
bonate stability constants available for comparison, 
are the americium carbonate constants determined 
by Lundqvist3 in 1 .O M NaC104. Lundqvist’s amer- 
icium carbonate results appropriate to zero 
ionic strength are log By = 8.1 and log Bi = 13.1. 
These values were determined by accounting for 
sodium carbonate ion pairing” and adjusting to 
zero ionic strength using the methods of Miller0 
and Schreiber.” The methods of Miller0 and 
Schreiber do not provide activity coefficients for 
complexes such as AmCO: and Am(CO&. 
Activity coefficient estimation for these species is 
not straightforward. The following estimates ap- 
propriate to 1.0 M ionic strength were used, 
yAmC0: = yAm(CO& = 0.5, where X is the 
activity coefficient of ion X. This value is somewhat 
smaller than estimates appropriate to singly 
charged non-polar ions, but larger than estimates 
appropriate to divalent ions. As noted previously,4*5 
the carbonic acid ionization constants used by 
Lundqvist are slightly low. An adjustment for this 
discrepancy would put Lundqvist’s values at about 
logBy = 8.0 and 1ogBi = 12.9. Table 1 shows our 
actinide carbonate stability constant estimates 
along with our experimental lanthanide data, 
appropriate to zero ionic strength. Also included in 
Table 1 are the ionic radii for each metal ion.9 It 
can be seen that our estimated americium results 
and those of Lundqvist, agree reasonably well. In 
order to adjust our experimental lanthanide car- 
bonate stability constants, determined at 0.68 molal 
ionic strength, to zero ionic strength, it was neces- 

Table 1. Estimated trivalent actinide and lanthanide 
carbonate stability constants appropriate to zero ionic 

strength and 25°C and effective ionic radii 

Trivalent metal ion log @ log @ Radius 

NP 7.4 12.3 1.01 
Pu 7.5 12.4 1.00 
Am 7.7 12.8 0.975 
Cm 7.7 12.8 0.97 
Bk 7.8 12.9 0.96 
Cf 7.9 13.1 0.95 

Ce 7.44 12.31 1.01 
Eu 7.88 13.08 0.947 
Yb 8.19 13.93 0.868 

sary to account for activity coefficient changes and 
sodium carbonate ion pairing. In view of the uncer- 
tainties involved in these calculations, error limits 
for the actinide stability constants in Table 1 are 
estimated to be 0.2 log units. The temperature 
dependence of europium carbonate stability con- 
stants has been found to be quite sma11.4,‘3 There- 
fore, the constants in Table 1 should be appropriate 
to most aqueous low temperature conditions 
encountered (G35”C). 
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Abstract-An efficient procedure for the preparation of 4,4’,4”-tri-tert-butylterpyridine 
(trpy*) which is formed together with 4,4’-di-tert-butylbipyridine (bipy*) is described, and 
the preparation of the complexes (trpy*)RuC13, [(trpy*)LzRu-C1]PF6 (Lz = bipy, bipy*), 
and (bipy*),RuCl* and their characterization by cyclic-voltametry, UV-vis and ‘H NMR 
spectroscopy are reported. It is shown that introduction of tert-butyl substituents increases 
the solubility of the resultant complexes and enhances the electron donating influence of 
the trpy ligand. 

Polypyridines such as 2,2’-bipyridine (bipy) or 
2,2’,2”-terpyridine (trpy) have been widely used as 
chelating agents. In particular, since the use of 
Ru(bipy)$+ as a photosensitizer,’ there has been an 
upsurge of interest in d6 polypyridine metal com- 
plexes2*3 because of their exceptional electro- 
chemical and photochemical properties and their 
potential use in the conversion of light energy into 
chemical energy. 3 Moreover, high-valent poly- 
pyridyl ruthenium-ox0 complexes have been found 
to be stoichiometric or catalytic oxidants.4 Solution 
chemistry of bipy and trpy complexes is often lim- 
ited to highly polar aprotic and/or protic solvents. 
For example, (bipy),RuCl, is insoluble in toluene 
and ether and [(trpy)(bipy)Ru-Cl]PF, has limited 
solubility in polar organic solvents such as CH2C12 
and THF. Use of alkyl-substituted bipy and trpy 
should enhance solubilities in non-polar solvents. 

t Author to whom correspondence should be addressed. 
$Only one preliminary report of the preparation of 

4,4’,4”-trialkyl-terpyridines (R = Me, Et, i-Pr, n-Bu, n- 
pent) has appeared and yields were unattractive for large 
scale preparations (l-l 5%). 6 

Although the chemistry of complexes containing 
49 disubstituted bipyridines is established,5 the 
chemistry of complexes containing 4,4’,4”-tri- 
substituted-2,2’,2”-terpyridines is unexplored 
probably because the substituted ligands have not 
been readily available.1 

We wish to report here an efficient and convenient 
preparation of the new ligand 4,4’,4”-di-tert-butyl- 
2,2’,2”-terpyridine (trpy*) formed together with 
4,4’-di-tert-butyl-2,2’-bipyridine (bipy*). The poten- 
tial utility of these ligands is demonstrated by prep- 
aration and characterization of several Ru(I1) com- 
plexes which exhibit increased solubility in non- 
polar solvents and modified redox properties 
relative to their bipy and trpy analogs. 

Trpy* (2) was prepared by using an adaptation 
of the procedure of Rosevear and Sasse.6 Freshly 
distilled 4-tert-butylpyridine was refluxed with 10% 
palladium on a carbon catalyst for 3 days. Extrac- 
tion of the mixture with dichloromethane followed 
by filtration to remove the catalyst, and distillation 
of the unreacted pyridine (558%) gave a mixture of 
(1) and (2). Their separation using column chro- 
matography proved to be tedious, but we found 
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RuCL,, xHIO 
trPY* L,/Et,N 

- (trpy*)RuCL,- (trpy*)(L,)Ru-CL 
EtOH/H,O 

1' 
I (3) 

b = blpy (4) 

L,= bipy*6) 
hip’ HOCH,CH,OH 
LiCl 

I 

cis -(bipy?, RuCLl 

Scheme 1. 

the ‘H NMR spectrum two signals for the tert-butyl 
groups [S(CDCl,) 1.48(9H) ; 1.44(9H)] in agreement 
with the cis position of the chloro groups. 

Relevant electrochemical and spectroscopic data 

for (4), (5) and (6) are listed in Table 1. Their lowest 
energy absorption band can be assigned to MLCT 
transitions of the type Ru(drr) + trpy* or bipy*/ 
bipy(rr*). Comparison with the MLCT absorption 
maxima of the related bipy and trpy ruthenium 
complexes shows a small but progressive batho- 
chromic shift as tert-butyl groups are introduced. 
Eljz values for the reversible Ru(III)/Ru(II) couples 
were determined by cyclic voltammetry (Table 1). 
These values show that progressive introduction of 
tert-butyl groups on bipy and trpy ligands results 
in a substantial decrease of the half-wave potential 
and makes the complexes easier to oxidize by ca 25 
mV per t-Bu. 
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Abstract-Hexamethyldisiloxane is a useful reagent for the convenient, high yield prep- 
aration of oxyhalide derivatives of molybdenum and tungsten. 

0x0 complexes of the group 6 elements play a cen- 
tral role in a variety of industrial and biological 
oxidation processes. ’ Progress towards under- 
standing the reactivity of the metal-oxo moiety in 
these systems is largely dependent upon the avail- 
ability of convenient and generally applicable 
routes to complexes through which the properties 
of the 0x0 ligand can be addressed. However, useful 
starting materials such as oxyhalides have not gen- 
erally been available via mild synthetic procedures. 
For example, W(O)Cl, is most commonly accessed 
by prolonged reflux of the hydrated metal oxide 
with SOC12,‘,“t while MOSCOW and W(0)2C12 are 
prepared by a pyrolysis of Mo(O)Cl, resulting in 
a mixture of MOOCH* and Mo(O)C~,,~ and by 
heating a 2 : 1 mixture of W03 and WCls in a sealed 
tube,’ respectively. 

As part of a programme of research directed 
towards the study of metal-bound oxygen atoms, 
we have searched for a method of introducing 
oxygen atoms into the metal coordination sphere 
under controlled, mild conditions. Here, we wish 
to describe the use of hexamethyldisiloxane, 
(Me3Si)20 for the convenient preparation of 
oxyhalide compounds of the group 6 metals. 

* Author to whom correspondence should be addressed. 
t W(0)C14 may also be prepared by the treatment 

of WCl, with Me,SiOMe at room temperature in di- 
chloromethane (R. R. Schrock, personal communica- 
tion). 

EXPERIMENTAL 

All manipulations of air and/or moisture sen- 
sitive materials were carried out on a conventional 
vacuum line using standard Schlenk or cannula 
techniques, or in a dry-box under an atmosphere of 
nitrogen. Solvents were dried, distilled and degassed 
prior to use. Metal and halide analyses were pro- 
vided by the microanalytical service at Durham. 
IR spectra (Nujol mulls between KBr plates) were 
recorded using Perkin-Elmer 577 and 457 spec- 
trophotometers. WC16, Mo(O)Cl, (Alfa) and 
(Me3Si),0 (Aldrich) were used as received. 

All oxyhalide products were obtained in ana- 
lytically pure form. 

Synthesis of W(0)C14 

A dichloromethane solution of (Me,Si)*O (2.05 
g, 12.6 mmol in 15 cm3 CH,Cl,) was added drop- 
wise to a suspension of WC16 (5.0 g, 12.6 mmol) in 
dichloromethane (20 cm3) at room temperature 
over a period of 15 min. An immediate reaction 
ensued leading to deposition of W(0)C14 in the form 
of red crystals. The mixture was stirred for a further 
60 min. The supematant liquor was then removed 
by filtration and the solid was collected, washed 
with petroleum ether (b.p. 4&6O”C, 2 x 20 cm3) and 
dried in vucuo. Yield 4.28 g, 99%. Found : W, 53.9 ; 
C1,41.2. Calc. forCl,OW: W, 53.8; C1,41.5%. IR: 
v(W-O-W), 88&900 cm-’ (broad, strong). For 
synthesis purposes, further purification by sub- 
limation is unnecessary. 
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A petroleum ether (b.p. 10&12O”C) solution of 
(Me3Si)20 (2.38 g, 14.7 mmol in 15 cm3 petroleum 
ether) was added to a suspension of W(O)Cl_, (5.0 
g, 14.6 mmol) in high boiling petroleum ether (b.p. 
10&12O”C, 40 cm’). The mixture was heated over- 
night at 100°C to give a yellow solid and a colourless 
solution. After cooling to room temperature, the 
supernatant solution was decanted from the solid, 
which was collected, washed with light petroleum 
ether (b.p. 4&6O”C, 2 x 20 cm’) and dried in uacuo. 

Yield 3.99 g, 95%. Found: W, 63.7; Cl, 24.4. 
Calc. for Cl,O,W: W, 64.1; Cl, 24.7% IR: 
vgV-O-W), 80&830 cm- ’ (broad, strong). 

Synthesis of Mo(0)&12 

A dichloromethane solution of (Me&),0 (3.2 
g, 19.7 mmol in 15 cm3 CH,Cl,) was added to 
a suspension of Mo(O)Cl, (5.0 g, 19.7 mmol) in 
dichloromethane (20 cm’). The mixture was stirred 
at room temperature overnight to give a yellow 
solid and a colourless solution. The supernatant 
solution was decanted from the solid, which was 
collected, washed with light petroleum ether (b.p. 
4&6O”C, 2 x 20 cm’) and dried in vucuo. Yield 3.78 
g, 97%. Found: Cl, 35.7. Calc. for C1202Mo: 
Cl, 35.7%. IR: v(Mo-O-MO), 8OG830 cm-’ 
(broad, strong). 

CONCLUSION 

Treatment of the halides (or oxyhalides) of the 
group 6 metals with commercially available hexa- 
methyldisiloxane facilitates the introduction of 
oxygen atoms into the metal coordination sphere in 

a controlled, mild fashion, with minimal risk of 
product contamination as the sole by-product, 
Me,SiCl, is volatile and hence readily removed. The 
pertinent features of this transformation are shown 
in eq. (1). 

[M]Cl* + (Me,Si)*O + [Ml-_-O + 2Me,SiCl. (1) 

Thus, the preparations described here offer 
improved, high yield routes to excellent purity 
oxyhalide products, which should have general use 
in the synthesis of new 0x0 complexes of these 
metals. The use of (TMS)*O for the introduction of 
oxygen atoms into the coordination sphere of other 
metals and well-defined organotransition metal 
environments will form subjects of future reports. 

Acknowledgements-We would like to thank the 
S.E.R.C. for a grant and studentships (to T.P.K. and 
AS.), and Prof. R. R. Schrock for helpful discussions. 

1. 

REFERENCES 

See, for example (a) Proc. Climax Fifth Int. Conf. 
The chemistry and uses of molybdenum compounds, 
Polyhedron 1986, 5, 1; (b) R. A. Sheldon and J. K. 
Kochi, Metal Catalysed Oxidations of Organic Com- 
pounds. Academic Press, New York (1981) ; (c) C. D. 
Garner and S. Bristow, Molybdenum Enzymes (Edited 
by T. G. Spiro), pp. 343410. John Wiley, New York 
(1985). 
R. Colton, I. B. Tompkins and P. W. Wilson, Aust. 
J. Chem. 1964,17,496. 
R. H. Crabtree and G. G. Hlatky, Polyhedron 1985, 
4, 521. 
I. A. Glukhov and S. S. Eliseev, Russ. J. Inorg. Chem. 
1963, 8, 50. 
P. C. Crouch, G. W. A. Fowles and R. A. Walton, J. 
Inorg. Nucl. Chem. 1970, 32, 329. 



Polyhedron Vol. 7, No. 7, pp. 581-583, 1988 
Printed in Great Britain 

0277-5387/88 s3.00+ .I0 
Pergamon Press plc 

COMMUNICATION 

“Se NMR SPECTRA OF Se7 AND Se& PREPARED FROM 
TITANOCENE PENTASELENIDE ; EVIDENCE FOR 

PSEUDOROTATIONt 

RALF STEUDELS and MARIA PAPAVASSILIOU 

Institut fiir Anorganische und Analytische Chemie, Technische Universitlt Berlin, 
Sekr. C 2, D-1000 Berlin 12, F.R.G. 

and 

WILL1 KRAMPE 

Institut fiir Anorganische Chemie, Universitgt zu K61n, D-5000 K61n 41, F.R.G. 

(Received 10 December 1987 ; accepted 4 January 1988) 

Abstract-The natural abundance 77Se NMR spectra of Se, (singlet at 996 ppm us Me,Se) 
and of Se& (singlets at 976,1023 and 1085 ppm) show that these puckered seven-membered 
ring molecules undergo pseudorotation at 20°C in CS2 solution. This internal puckering 
motion makes all atoms of Se, equivalent on the NMR time scale, and results in only 
three sets of non-equivalent Se atoms in Se&j*. The chemical shift of seven-membered Se- 
containing ring molecules is much larger than that of comparable six- or eight-membered 
homo- or heterocycles, reflecting the unique bonding situation. 

Titanocene pentachalcogenides (CSH&TiE5 metry molecules, and consequently Se& exhibits 
(E = S, Se) react with the sulphur and selenium only one 77Se NMR signal (in CS2: 1077 ppm us 
chlorides S2C12 and Se&l, to give the seven-mem- Me# although in solid Se& the Se atoms occupy 
bered ring molecules S7,2 1,2-Se2Ss, 3 1,2,3,4,5- non-equivalent sites.3 Se, has four and Se5S2 five 
SesS24 and Se7,4 respectively. non-equivalent Se atoms in the solid state.4 

(CgH&TiEs+E;C12 + ESE;+(CgHJ2TiC12 
However, we now report evidence that these Se- 
rich seven-membered ring molecules also undergo 

(E, E’ = S, Se). pseudorotation. 

According to solid state Raman spectra, single crys- 
tal X-ray diffraction results and theoretical cal- 
culations, all four Se,S,_, compounds mentioned 
above form chair-like puckered rings. 3-7 However, 
there is evidence that at least S7 and Se,& undergo 
pseudorotation in the vapour phase (S7)5*8 and in 
CS2 solution (S,, Se2S,),’ respectively. This ring 
puckering motion known from cycloheptane aver- 
ages the different atomic positions in these low sym- 

All selenium allotropes dissolve in CS2 at 20°C 
to give a solution of mainly Se, with a few per cent 
each of both Se, and Se, which are in equilibrium 
with each other. 9 77Se NMR spectra of such solu- 
tions show the signals of Se* (615 ppm) and Se, 
(685 ppm) only.” We have prepared solutions of 
higher Se, concentrations by reacting (CSH,),TiSeS 
with Se2C12 at 20°C in CSz4 and recorded the 77Se 
NMR spectra immediately after the mixing of the 
components and filtering off the titanocene dichlor- 
ide (natural abundance of 77Se : 7.6%). The spectra 

7 Part 116 of the series sulfur and selenium compounds. [see Fig. l(a)] showed in addition to the signals of 
For Part 115 see ref. 1. Se, (614 ppm) and Se, (684 ppm) a small peak at 

$ Author to whom correspondence should be addressed. 996 ppm which we assign to Se7 since Se2SS8 and 
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Se& (see below) also exhibit their NMR signals are three sets of Se atoms in an approximate ratio 
near 1000 ppm. During the measurement which of 2 : 1: 2. From the synthesis, the X-ray and Raman 
took 61.5 h, Se, decomposed partly to give the spectroscopic results it is obvious that the Se atoms 
above mentioned equilibrium mixture of the three are all neighbouring and we therefore assign the 
homocycles. 4,v The average concentration of Se, 1023 ppm signal to the central and the 1085 ppm 
therefore cannot be estimated. No other signals signal to the two terminal atoms of the Se, unit, 
were observed in the range 542-l 512 ppm and leaving the 976 ppm signal for the other two Se 
all peaks were reproduced with an independent atoms. On this basis, typical ranges for the chemical 
sample. shift of the structural units of seven-membered 

In an analogous experiment (CSH&TiSeS was Se-S heterocycles can be defined as follows (the 
reacted with S&l, in CSz at 20°C and the 77Se shift applies to the starred atoms) : 
spectrum of Se& recorded immediately after mix- 
ing and filtration (recording time: ca 17 h). The 

-Se-Se-Se*-Se-Se- : ca 1010 ppm 

result shown in Fig. l(b) demonstrates that there (e.g. Se,, Se&) 

Se, 
Se, 

I I , 8 I II “‘I”“1 I ’ 
1000 700 650 600 

(0) p.p.m. 

I 

I I “‘I’ * - ‘I” 3 ‘I 
,100 1050 1000 950 

(b) p.p.m. 

Fig. 1. 300 MHz “Se NMR spectra of (a) Se, (996 ppm), Se, (614 ppm) and Se, (684 ppm) in CS2 
solution, prepared from 74 mg (C,H,),TiSeS and 30 mg Se,Cl, in 11 cm3 CS, (21516 pulses; range : 
542-1512 ppm). (b) 1,2,3,4,5-Se& (1: 1085, 2: 1023, 3: 976 ppm) in CSI, prepared from 57 mg 

(CSHJ2TiSe5 and 13 mg S2Cl, in 11 cm’ CS, (6070 pulses; range: -90-1655 ppm). (Spectrometer: 
Bruker WM 300 (operating at 57.315 MHz), ext. lock: de-acetone, ext. standard: SeO,(aq) 
[G(Me,Se) = &SeO,(aq))+ 1303”], pulse width: 25 ps, relaxation delay: 10 s, temperature : 

296k 1 K.) 
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-Se-Se-Se*-Se-S- : cu 980 ppm (e.g. Se&) REFERENCES 

-S--%-Se*-%-- : ca 1080 ppm 1. 

(e.g. Se& Se&) 

-S-Se*-S- : > 1100 ppm (not observed yet). 

These trends are in agreement with the observations 
made with eight-membered rings of type Se,&,, ‘O 
and with six-membered rings of type Se,Sg_n,8 the 
77Se signals of which are found in the range 56& 
730 ppm. ’ ’ The considerably higher chemical shift 
of the seven-membered rings must be due to the 
unique bonding situation in these molecules which 
is characterized by an alternation of bond orders of 
the neighbouring bonds. 3-7 

2. 

3. 

4. 

Our results indicate that the barrier to rotation 
about SeS and SeSe bonds in chalcogen ring mol- 
ecules is similarly low as the one for SS bonds which 
has been estimated as < 24 kJ mall ‘. I2 An accurate 
determination of this barrier height from low tem- 
perature NMR spectra was not possible due to the 
low solubility of Se, and Se&. 
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Se, and Se, are important components of satu- 
rated selenium vapour and must consequently also 
be present in liquid selenium.13 The 77Se NMR 
spectrum of liquid Se14 will therefore be influenced 
by the variation of the ratios Ses: Se,: Se* with 
varying temperature ; due to rapid interconversion 
of these and other Se, species at temperatures above 
the melting point of metallic (trigonal) Se (217°C) 
an average signal only is of course observed. I5 
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Abstract-Crystalline tin(IV) molybdate (Sn(MoO&) which is stable at temperatures below 
500°C is not known in the literature. It has been found that this compound is formed when 
Moo3 is exposed at 43O-500°C to the action of SnCl, in the presence of OZ. The reaction 
involves the formation of Mo02C12. Characteristic d-values of the X-ray diffraction lines 
of the new compound are given. Its density (4.1 g cmA3) is very low compared with the 
densities of Moo, and SnOa (4.7 and 7.0 g cmp3). The compound decomposes when heated 
at 700°C. 

In the past 20 years numerous papers have been 
published on the system SnOz-Moo3 as a catalyst 
for the partial oxidation of propylene in the gas 
phase. It appears from general experience that 
Sn02-Moo3 catalysts do not contain a compound 
of the two oxides which can be identified by X-rays, 
although the formation of a compound could be 
expected from the mode of preparation of these 
catalysts. The absence of a compound is confirmed 
by recent investigations of Berry et ~1.‘~~ However, 
some years ago Safonov et aL4 reported a phase 
equilibrium diagram of the system Sn02-Moo3 
in which a compound SnOz - 2MoO, melting at 
903°C appears (presumably evaporation of Moo3 
was prevented in the experiments). Its X-ray 
diffraction lines were determined at 750°C. The 
compound is stable only at high temperatures ; 
Safonov et al. observed that it decomposes into 
Sn02 and MOO, at temperatures below 500°C. 
As is shown by the present communication, a com- 
pound Sn02 - 2Mo0, or Sn(Mo04)* which is 
stable at temperatures below 500°C and shows 
X-ray diffraction lines which are quite different 
from those of Safonov’s compound also exists. 

* The combination of SnCl, and MOO, was proposed 
by Dr H. Bruins Slot of the DSM Central Laboratory. 

THE REACTION BETWEEN SnC& 
AND MoOJ 

Oxygen saturated with SnCl, at 60°C was led 
through a fluidized bed of 20 g of MOO, for 7 h ; 
the temperature of the bed was 430°C.* A SEM 
photo of a specimen of the resulting mass showed 
that rods of Mo03, while retaining their overall 
shape, had changed into conglomerates comprising 
rounded crystals of l&20 pm. As appears from the 
X-ray diffraction lines of the reaction product, an 
unknown compound had been formed. This com- 
pound is not a chloride or oxychloride, as only 
a small trace of Cl could be detected. Moreover 
experiments were performed using a reactor, the 
central part of which was an open cylindrical vessel 
(internal diameter 20 mm) with a flat bottom. 1 g 
of Moo3 powder was introduced into the vessel 
and a stream of oxygen or air carrying SnCl, was 
supplied from above to the layer of Mo03, for %6 h 
and at a temperature of 500°C. Observations of 
some vessel reactor masses with a light or a scanning 
electron microscope showed the presence of 
octahedric crystals, the size of which was about 
0.1 mm. The same characteristic X-ray diffraction 
lines were found as with the fluid bed. 

Diffraction lines of MOO, and SnO, were 
observed in addition to those of the new compound. 
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The contents of these oxides could be estimated by 
means of the ratios of the intensities of suitable 
lines. By variation of the reaction conditions it was 
found that as long as MOO, has not been used up, 
the compound is formed and only a little SnO, is 
deposited as such. However, once the free MOO, is 
exhausted, the compound itself is attacked, resulting 
in the formation of SnOz. The atomic Sn/Mo ratio 
of the compound was calculated from the Sn con- 
tent of some fluid bed and vessel reactor prep- 
arations containing little amounts of free Sn02 and 
MOO, (which were taken into account). Values 
varying from 0.47 to 0.50 were obtained, so it can 
be concluded that the compound is a 1: 2 compound 
of SnOz and MOO,. This can be considered as tin 
molybdate with the formula Sn(MoO&. 

Molecular oxygen strongly favours the formation 
of tin molybdate, for it appears that from the begin- 
ning more tin is deposited as SnO, than as 
Sn(MoO& if nitrogen is used as the carrier gas for 
SnCl,. MOO, is not only consumed for the 
formation of Sn(Mo0J2 but also for the form- 
ation of Mo02C12 which, being a sublimable sub- 
stance, is deposited on cooler parts of the reactor. 
The weight loss of the vessel combined with the 
Sn percentage always agreed with the reaction : 

SnCl,+ 2Mo0, -+ Sn02 (bound plus free) 

+ 2Mo02C12 t 

PROPERTIES OF TIN MOLYBDATE 

If Sn(MoO& is heated in air or argon at 750°C 
for 2 h, it decomposes completely and MOO, 
is deposited on a cooler part. There is partial 
decomposition at 700°C (in argon to a higher degree 
than in air). The compound is fairly stable at 600°C. 

X-ray diffraction gave the following charac- 

teristic d-values (in A ; relative intensities in paren- 
theses): 5.16 (25), 4.47 (30), 4.00 (loo), 3.65 (74), 
3.16 (53), 2.70 (78), 2.48 (15), 2.39 (27), 2.00 (41), 
1.95 (24). These are clearly different from those of 
the phase SnOz * 2Mo0, noted by Safonov et ~1.~ 

A 0.1 mm crystal was used for making Weissen- 
berg X-ray exposures, which showed the crystal 
to belong to the primitive cubic space group Pu3. 
This complies with the presence of four Sn(MoO,), 
“molecules” per unit cell, with Sn atoms at the 
corners and at the centres of the side faces. Debije- 
Scherrer exposures of powdered single crystals 
yielded a lattice constant of 8.939 A. The density of 
the compound following from this value and the 
presence of 4 x Sn(MoO,), in the cubic unit cell is 
4.078 g cme3. The density of 12 g of a fluid bed 
preparation was determined by the helium method. 
A value of 4.11 g cmp3 was found, which is in 
sufficient agreement with the X-ray value. It follows 
from the density value of 4.078 that the volume 
of 1 mole of Sn(Mo04)*( = SnO, - 2Mo0,) is 30% 
larger than the volume of 1 mole of Sn02 plus the 
volume of 2 moles of MOO, (densities used for SnO, 
and MOO, 7.0 and 4.7 g cmp3, respectively). It is 
believed that an expansion of this magnitude is quite 
uncommon for compounds based on two metal 
oxides. 
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BOOK REVIEW 

Gmelin Handbook of Inorganic Chemistry, Ga- 
OrganogaIlIum Compounds, Part 1. Published by 
Gmelin Institute for Inorganic Chemistry of the 
Max Planck Society for the Advancement of 
Science. Springer, Berlin, 1987. ISBN 3-540-93545- 
2, xiv+514 pp., 105 illus. Hard cover DM 1998. 

This volume contains a comprehensive treatment of the 
literature of compounds containing at least one gallium- 
carbon bond, up to 1984, and a selective treatment up to 
the end of 1985. As is to be expected from Gmelin, the 
presentation is highly systematic and includes liberal 
tabulation of data ; between the Table of Contents and 
the indices of empirical formulae and ligand formulae 

(which also contain references to tabular data) the 
location of information is fairly effortless. As is indicated 
by the absence of a subject index, this volume has not 
been intended as a text for general background reading 
but as its title implies, a handbook primarily for those 
with some familiarity with the field. The presentation 
contains 105 illustrations, principally of X-ray crystal 
structures. 

The first chapter deals with the triorganyls and their 
adducts. Besides the usual physical and chemical prop- 
erties (once again largely in tables), there is some empha- 

sis on thermolysis/photolysis as well as an attempt to 
compare purity for the different preparative routes. This 
obviously alludes to the principal use of these 
compounds, namely for Metal-organic Chemical Vapour 
Deposition (MOCVD) of semi-conducting materials, 
which was dismissed in one paragraph (albeit with 126 
refs for further reading). 

Subsequent chapters deal with organogallium halides, 
pseudohalides, chalcogenides and pnictides, plus brief 
but comprehensive accounts of compounds of organo- 
gallium with both main group- and transition metal- 
containing moieties. The remaining chapters deal with 
the considerable number of ionic compounds and finally 
with the gallium(I)-$-arene complexes. 

In summary, besides the isolated blot e.g. reproduction 
of literature data such as 8.0761 f0.66 (p. 10, line lo), 
this book can be recommended as an extremely useful 
reference work for those in this field of chemistry, and 
particularly for those involved in MOCVD of gallium- 
containing materials. 

Department of Chemistry 
Queen Mary College 
Mile End Road 
Land, El 4NS, U.K. 

DARIO M. FRIGO 
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Abstract-The redox reactivity of thiocarbony1(2,3,7,8,12,13,17,18-octaethylporphinato) 
iron(I1) and selenocarbonyl(2,3,7,8,12,13,17,l8-octaethylpo~hinato)iron(II) was investi- 
gated in both non-coordinating and coordinating media at a Pt electrode. El~tro-oxidation 
of both complexes occurred in three discrete, single electron transfer steps with com- 
plete retention of the diatomic ligands. Reaction of each porphyrin with a series of nitro- 
genous bases produced exceptionally stable six-coordinate complexes which could also 
be oxidized or reduced without loss of the diatomic ligand. Based on the results of 
detailed spectral (both infrared and electronic), voltammetric and spectroelectrochemical 
experiments, an electron transfer pathway is proposed. 

The discovery’ of an organometallic intermediate 
in the metabolic reduction pathway of poly- 
halogenated hydrocarbons by cytochrome P-450 
has spawned considerable interest in the synthesis 
and properties of model compounds possessing an 
Fe-C bond.* Recent work has focused on two 
main classes of synthetic models for the cytochrome 
P-450 intermediate : sigma bonded alkyl or aryl Fe 
~~hy~ns and Fe-carbene porphyrin complexes.5-‘o 

*Author to whom correspondence should be addressed. 
t Abbreviations used : porphinato dianion = POR, 

2,3,7,8,12,13,17,XS~~~yl~sctaethylporphinato dianion = OEP; 
5,10,15,20-tetraphenyl~~~nato dianion = TPP ; tetra- 
n-butylammonium perchlorate = TBAP; nitrogenous 
base ligand = L ; pyridine = py ; 1,Zdichloroethane = 
EtCl, ; dimethylforrnamide = DMF ; saturated calo- 
me1 electrode = SCE; 1,4-diazabicyclo[2,2,2]octane = 
dabco;Z=SorSe. 

$ We chose the more basic porphyrin OEP (as com- 
pared to TPP) rather than the many phenyl or pyrrole 
substituted TPP porphyrins available, because of the 
extensive work previously published on this Fe porphy- 
rin. See, for example the following reviews: (a) K. M. 
Kadish, in Iron Porphyrins: Part II (Edited by A. B. P. 
Lever and H. B. Gray), Chap. 4 and refs therein. Addison 
Wesley, Reading, Massachusetts (1983) ; (b) R. H. 
Felton, in The Porphyrins (Edited by D. Dolphin), Vol. 
V, Chap. 3 and refs therein. Academic Press, New York 
(1979). 

The redox reactivity of compounds from both 
classes has been of special interest.‘1-‘7 Noteworthy 
a~omp~s~ents include the elucidation of the 
redox pathway operative in the reversible aryl 
migration from the Fe centre to the N core of the 
porphyrin.12 This work exemplifies the relevance of 
electrochemical and spectroelectrochemical inves- 
tigations in providing insights into the metabolic 
pathway(s) operative in v&o. 

Our recent efforts have focused on thiocar- 
bony1’3,‘4 and selenocarbonyl’5~‘6 iron porphyrins, 
structural analogs of carboxy hemoproteins. The 
electrochemistry of five- and six-coordinate car- 
bony1 iron porphyrin complexes, (Por)FeCOt and 
(Por)FeCO(~), has been studind by various 
authors.” Without exception, the oxidation of car- 
bony1 ferrous porphyrins is chemically irreversible 
whereas the reduction of carbonyl ferrous por- 
phyrins yields a unique Fe(I)CO complex.‘*” In con- 
trast, both (TPP)FeCS and (TPP)FeCSe as well as 
their six-coordinate counterparts can undergo two 
chemically reversible one-electron-transfer oxi- 
dations and a chemically complicated reduction 
with full retention of the diatomic axial ligand. This 
work was initiated to assess how changes in the 
electron donating properties of the po~hy~n~ 
would affect the lability of the diatom& ligand. Our 
results are discussed in the context of cis-tram 
effects operative in Fe porphyrins possessing Fe-C 
bonds. 
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EXPERIMENTAL 

The syntheses of (0EP)FeCS and (0EP)FeCSe 
were accomplished in an analogous fashion to 
that previously reported for the preparation of 
(TPP)FeCS and (TPP)FeCSe.6”~b~‘4*‘5~‘8d Product 
purity was verified by ‘H NMR, both infrared and 
visible spectroscopy and by satisfactory elemental 
analyses. All nitrogenous bases were purchased 
and used as received from the Aldrich Chemical 
Company. TBAP and EtC& were purified in the 
manner previously described.‘4,15 

Infrared spectra were obtained with a Nicolet 
SDXB FT-IR spectrometer. Variable temperature 
‘H NMR spectra were obtained on a Bruker WM- 
300 spectrometer. A full description of the appara- 
tus and methods of analysis for the spec- 
troelectrochemical and voltammetric experiments 
has been previously reported.14.15 

RESULTS AND DISCUSSION 

Steady state voltammograms typical of those 
obtained for (0EP)FeCS are depicted in Fig. 1. 
Four chemically reversible electron transfer reac- 
tions were observed within the accessible potential 

* Spectroelectrochemical experiments confirmed the 
stability and chemical reversibility of each of the oxi- 
dation products. When the applied potential was stepped 
from 0.20 to 0.85 V in 10 mV increments, the spectrum 
characteristic of (0EP)FeCS (Soret band at 390 nm and 
two visible bands at 516 and 551 nm) was transformed 
into a new spectrum with a diminished Soret band at 
383 mn and no dominant visible features. The transition 
occurred reversibly with isosbestic points at 38 1,411, 506 
and 568 mn. Similarly, when the applied potential was 
incrementally increased to 1.20 V, the Soret band at 383 
nm shifted to 425 nm and two very low intensity visible 
bands appeared at 566 and 615 nm. This transition 
occurred reversibly with isosbestic points at 349,398,460, 
560 and 579 nm. Nernst plots confirmed the passage 
of one electron per porphyrin for each charge transfer 
reaction. 

7 The presence of the following chemical reaction was 
confirmed by spectroelectrochemical experiments. When 
the potential of the optically transparent electrode was 
stepped from - 1.00 to - 1.50 V, the Soret band of the 
parent species was replaced by a new band at 422 nm. 
The visible bands (at 516 and 551 mn) lost intensity and 
shifted to 525 and 570 nm, respectively. This transition 
occurred with isosbestic points at 405, 503 and 560 nm. 
This spectrum is that characteristic of the thioformyl 
Fe(I1) porphyrin anion. Only when the potential was 
reset to values positive of -0.65 V, were spectral 
changes observed. The spectrum obtained was that of the 
parent compound. Similar results were obtained with 
(0EP)FeCSe. 

I’ 
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POTENTIAL ( V vs SCE ) 

Fig. 1. Steady state cyclic and differential pulse vol- 
tammograms of 0.74 mM (0EP)FeCS in EtCI,. Traces 
A-C are cyclic voltammograms obtained at a potential 
sweep rate of 200 mV s-‘. Trace D is the differential pulse 
voltammogram taken at a potential sweep rate of 10 mV 
s-l, a pulse amplitude of 25 mV and a pulse frequency 

of 0.1 s. 

range of EtCl, (0.1 M TBAP). Analysis of the cur- 
rent-voltage curves obtained for each process over 
the potential sweep rate range of 20 mV SK’ to 10 
V SK’ yielded trends consistent with the assignment 
of the first two oxidation processes (at 0.72 and 1.01 
V) as quasireversible one-electron-transfer reac- 
tions,* and the first reduction process (at - 1.38 
V) as a quasireversible one-electron-transfer with a 
slow following chemical reaction.? A third oxidation 
process was observed near the anodic limit of the 
solvent supporting electrolyte system. Due to the 
overlap with the solvent discharge, a detailed analy- 
sis of the current-voltage dependence on potential 
sweep rate was not possible. However, analysis of 
the differential pulse voltammetry data by the 
method of Birkelg indicated that this was also a 
one-electron process. A second reduction process, 
chemically coupled to the first, occurred at an E,, of 
- 1.73 V (measured at a sweep rate of 200 mV s-l). 
The product of this charge transfer was irreversibly 
oxidized back to the parent complex at a potential 
of -0.65 V (measured at 200 mV s-l). Similar 
results were obtained for (0EP)FeCSe. The mid- 
point potentials of all charge transfer processes 
observed for the chalcocarbonyl iron porphyrins 
are listed in Table 1. 

Addition of L to solutions of either (0EP)FeCS 
or (0EP)FeCSe produced substantial red shifts in 
the electronic spectrum ; for (0EP)FeCS the Soret 



Thiocarbonyl and seleno~rbonyl iron octaethyi~~hy~ns 

Table 1. Mid-Point potentiah” of (Por)FeCZ complexes in EtCI, 

Complex 

(0EP)FeCO 
(0EP)FeCS 
(0EP)FeCSe 
(TPP)FeCO 
(TPP)FeCS 
(TPP)FeCSe 

+3/+2 

fl.75 
+ 1.73 

Charge on redox couple 
+2/+1 + l/O O/-l -l/-2 

+ 0.496 
+1.01 +0.72 - 1.38 - 1.73 
+0.98 f0.71 - 1.39 - 1.73 

+0.5(jb -1.22 
3-1.16 +0.85 - 1 .29d - 1.62 
+1.11 f0.83 -1.31 - 1.63 
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a Potentials are in Volts vs SCE. 
bEp,aat200mVs-‘. 
’ Taken from ref. 18a. 

dE,,z = 1.31 in DMF, ref. 13d. 
e Eljz = - 1.69 in DMF, ref. 13d. 

band shifted from 390 to 408 It 2 nm, the alpha band 
at 516 shifted to 528 +2 nm and the beta band 
at 551 shifted to 559 + 2 nm, depending upon the 
identity of L. Analysis of the absorbance changes 
as a function of fL] indicated that the compl~xation 
reaction involved one molecule of porphyrin per 
molecule of L. The spectra acquired during 
titrations of (0EP)FeCSe possessed maxima at 
wavelengths within 1 nm of those listed for (OEP) 
FeCS. 

The observation of C=S and C---Se stretching 
vibrations in the IR spectrum of all complexes 
investigated provided verification that the reaction 
with L did not displace the CS or CSe groups. 
Addition of L to a benzene solution of (0EP)FeCS 
shifted the C=S stretch from 1297 to 1285 +6cm-‘, 
depending upon the identity of L. Similarly, 
addition of L to benzene solutions of (OEP) FeCSe 
shifted the C=Se stretch from 1134 to 1115 fi: 10 
cm-‘. This is illustrated in Fig. 2 for both (OEP) 
FeCS and (0EP)FeCSe when L = pyridine. Analy- 
sis of the absorbance changes as a function of [L] 
confirmed the reaction stoichiometry observed in 
the electronic spectral experiments. 

To identify the number of L molecules bound to 
the oxidized and reduced forms of (0EP)FeCS and 
(OEP)FeCSe, titrations were monitored by both 
cyclic and di~erential pulse voltammetry in the 
manner previously described.‘4*‘5 A typical data set 
is shown in Fig. 3 for the titration of (0EP)FeCS 
with pyridine. Trace A is the cyclic voltammogram 
recorded in the absence of the ligand and depicts 
only the three chemically reversible charge transfer 
processes. Each of the following voltammograms 
(traces B-E), were taken after the molar ratio of 
pyridine to (0EP)FeCS was incremented by 0.25. 
Note that the redox couple corresponding to 
the first oxidation of the uncomplexed material 

1170 1130 lo90 10!50 
~VEN~BER tern-’ f 

Fig. 2. Infrared spectral data obtained during titrations 
of 1.2 mM (0EP)FeCS (upper portion) and (0EP)FeCSe 
(lower portion) with pyridine. Spectra were recorded 
after the molar ratio of pyridine/(OEP)FeCS or (OEP) 
FeCSe was incremented by 0.25 (up to a value of 1.50). 
The last spectrum displayed was taken after a molar ratio 
of 10.0 was achieved. The new bands growing at 1228 
cm-’ (part A), and 1059 and 1137 cm-’ (part B), are due 

to ligand vibrations. 

decreased in current, with the generation of a new 
process at 0.68 V. In contrast to the behaviour 
observed for (TPP)FeCS(L) or (TPP)FeCSe(L), 
both the second oxidation process and the first 
reduction process for OEPFeCS(Py) and (OEP) 
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Fig. 3. Cyclic voltannnetric data obtained during the 
titration of 0.70 mM (0EP)FeCS in EtCl, solution with 
pyridine. All voltammograms were taken at a potential 
sweep rate of 200 mV s-l. The voltammograms depicted 
were obtained at the following molar ratios of pyri- 
dine/(OEP)FeCS (A) 0.00 ; (B) 0.25 ; (C) 0.50 ; (D) 0.75 

and (E) 1 .OO. 

FeCS are too similar in potential to permit their 
resolution by cyclic voltammetry or differential 
pulse voltammetry (not shown in Fig. 3). In the 
presence of a molar ratio of pyridine/(OEP)FeCS 
of 1.0 (trace E), three chemically reversible charge 
transfer reactions were observed at E1,2 = - 1.43, 
0.68 and 1.05 V, respectively, and correspond to 
the oxidation and reduction of the six-coordinate 
complex (OEP)FeCS(Py). Similar results were 
obtained for all the (OEP)FeCS(L) and (OEP) 
FeCSe(L) complexes investigated. Mid-point poten- 
tials for all reactions are tabulated in Table 2. 
From the spectral and electrochemical data, for- 
mation constants for all forms of complexed chal- 
cocarbonyl iron porphyrins were computed and are 
listed in Table 3. The chemical reversibility and 
long term stability of the oxidized complexes were 
confirmed spectroelectrochemically.* 

The following electron transfer pathway is pro- 
posed for the five-coordinate (0EP)FeCS and 
(0EP)FeCSe. 

Scheme 1. Electron transfer pathway for (OEP) 
FeCZ complexes (where Z = S or Se) 

{(OEP)Fe(III)CZ}3+ + e-o ((OEP)Fe(III)CZ}2+ 

(1) 

{(OEP)Fe(III)CZ) *+ +e-c* {(OEP)Fe(III)CZ} + 

(2) 

((OEP)Fe(III)CZ} + + eecr (OEP)Fe(II)CZ 

(3) 

(OEP)Fe(II)CZ+e-o {(OEP)Fe(II)CZ)-. 

(4) 

The fate of the anion radical depends upon the 
applied potential and the [H+], from the residual 
water in the solvent-supporting electrolyte system. 
On the cyclic voltammetric timescale and at more 
negative potentials, the anion radical is further 
reduced and the chalcocarbonyl group is subject to 
proton attack. 

{(OEP)Fe(II)CZ)- +e-o {(OEP)Fe(II)CZ}*- 

(5) 

{(OEP)Fe(II)CZ}Z- +H+ + {(OEP)Fe(II)CHZ}-. 

(6) 

At higher m+] or longer electrolysis times (the spec- 
troelectrochemical timescale) at potentials within 
the range - 1.35 to - 1.70 V, the chalcocarbonyl 
group on the anion radical species is attacked by 
adventitious protons and further reduced. 

{ (OEP)Fe(II)CZ}- + H+ + (OEP)Fe(II)CHZ 

(7) 
(OEP)Fe(II)CHZ +e- + ((OEP)Fe(II)CHZ}-. 

(8) 

In either case, the thioformyl or selenoformyl anion 
radical species is converted back to the cor- 
responding chalcocarbonyl Fe(I1) species at poten- 
tials positive of - 0.65 V. 

{(OEP)Fe(II)CHZ)- 

+ (OEP)Fe(II)CZ + 2e- + H+. (9) 

This scheme is similar to that previously proposed 

* For example, the peak maxima and molar absorp- by Lexa et all3 for the reduction of (TPP)FeCS, 

tivities of the oxidized pyridine complex were: {(OEP) and by ourselves “~15 for the oxidation of the TPP 

FeCS(pyridine)} + * = 397 (0.88), 553 (0.10) ; and comp1exes. 
((OEP)FeCS(pyridine)} +’ = 404 (1.08), 537 (0.10). Peak The following electron transfer pathway is pro- 
maxima are given in nm and the molar absorptivities are posed for the six-coordinate (OEP)FeCS(L) and 
given in parentheses as e x 10’. (OEP)FeCSe(L) complexes. 
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Table 2. Mid-point potentials” for electrode reactions of (GEP)FeCZ(L) complexes in EtC& 
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Ligand 

Bedox reaction* 
(QEP)FeCS (QEP)FeCSe 

+2/+1 -i-l/O 01-l +2/i-l l-110 O/--l 

None 1.01 0.72 -1.38 0.98 0.71 
3,5-Dichloropyridine 1.05 0.71 - 1.42 1.02 0.70 
3-Cyanopy~~ne 1.04 0.70 -1.41 1.03 0.69 
3-Bromopyridine 1.05 0.68 -1.43 1.02 0.66 
4,~-Bipy~dine 1.04 0.60 -1.42 
1,2-Bis-(4-pyridyi~thane 1.03 0.60 - 1.41 1.01 0.61 
Pyridine 1.04 0.60 - 1.4i 1.02 0.59 
4-Picohne 1.03 0.59 -1.43 
3,CLutidine 1.03 0.58 -1.42 1.04 0.56 
Imidazole 1.04 0.55 
Dabco - 1.40 
Quinuciidine -1.41 

a Potentials are in Volts vs SCE. 
‘Denotes the charge on the electrode reactant and electrode product. 

Table 3. Formation constants0 for (O~P)F~Z(L} adducts 

- 1.39 
- 1.41 
-1.42 
- 1.42 

- 1.42 
- 1.41 

-1.43 

- 1.42 
-1.40 

Porphyrin Ligand @I%*+* 
Charge on complex 

v -t-Id f2’ -1’ 

(0EP)FeCS 3,5-Dichloropyridine 
3-Cyanopyridine 
3-Bromop~dine 
4-Acetylpyridine 
4,4’-Bipyridine 
1,2-Bis-(4-pyridyl~thane 
Pyridine 
3-Picoline 
4-Picoline 
3,4-Lutidine 
Imidazole 
l-Methylimidazole 
Dabco 
Quinuclidine 

(0EP)FeCSe 3,5-Dichloropy~~ne 
3-Bromopyridine 
1,2-Bis-(4-pyridyl)ethane 
Pyridine 
3,4-Lutidine 
Imidazole 
Dabco 
Quinu~lidine 

0.67 
1.45 
2.84 
3.51 

4.82, 3.17’ 

5.28 
5.77 
5.98 
6.46 
6.65 
7.33 

8.19,4.18* 
10.95 

0.67 
2.84 

5.28 
6.46 
6.65 

8.19,4.18# 
10.95h 

2.08 
2.29 
2.46 
2.72 
2.86 
2.92 
2.83 
2.94 
2.99 
3.08 
3.47 
3.67 
2.43 
2.45 

1.80 
2.22 
2.56 
2.52 
2.81 
3.29 
2.29 
2.26 

2.5 1.6 1.4 
2.7 2.1 1.8 
3.3 2.6 1.7 

5.0 4.6 2.2 
5.0 4.9 2.5 
5.0 4.5 2.3 

5.3 5.0 
5.5 5.2 
6.4 5.8 

2.2 
2.4 

2.0 
3.0 

4.6 
5.4 

1.3 
2.3 

3.9 
4.6 

2.1 
2.0 

1.5 
1‘7 

1.9 
2.2 

a Measured at 25.0 t_ 2.O”C in 0.10 M TBAP/EtCI,. 
‘Values taken from K. S. Schoefield, Hetero-Aromatic Nitrogen Compounds, p. 146. Plenum Press, 

New York (1967). 
‘Uncertainties are _tO.OS in the log unit. 
~Un~~ainties are i: O-2 in the log unit. 
eUncertainties are to.3 in the log unit. 
fValue taken from P. Krumholz, J. Am. Chem. Sot. 1951,73,3483. 
#Value taken from G. ~hwa~enbach, H. Maissen and H. A~ke~nn, Helv. Chim. Aetu 1952, 

35,2333. 
‘Value taken from C. A. Grob, A. Kaiser and E. Renk, Chem. Znd. (f&don), 1957,598. 
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Scheme 2. Electron transfer pathway for (OEP) the site of electron transfer for the chalcoformyl 
FeCZ(L) complexes (where Z = S or Se) complex is also not metal centred. 

{(0EP)Fe(111)CZ(L))“+ +e- 

+-+ ((OEP)Fe(III)CZ(L))+ (10) 

((OEP)Fe(III)CZ(L)}+ +e-cr (OEP)Fe(II)CZ(L) 

(11) 

(OEP)Fe(II)CZ(L) + e-o ((OEP)Fe(II)CZ(L)}-. 

(12) 

As in the case of the five-coordinate chalcocarbonyl 
Fe porphyrins, the fate of the anion radical species 
depends upon the [H+], the applied potential and 
the timescale of the experiment. Under cyclic 
voltammetric conditions, the following sequence 
ensues. 

{(OEP)Fe(II)CZ(L)}- +e- 

c, {(OEP)Fe(II)CZ(L))*- (13) 

{(OEP)Fe(II)CZ(L)}2- + H+ 

+ ((OEP)Fe(II)CHZ(L))-. (14) 

Under spectroelectrochemical conditions, the chal- 
cocarbonyl group of the anion radical species un- 
dergoes attack by adventitious protons prior to 
reduction. 

{(OEP)Fe(II)CZ(L)}- + H+ 

-+ (OEP)Fe(II)CHZ(L) (15) 

(OEP)Fe(II)CHZ(L) + e- 

+ ((OEP)Fe(II)CHZ(L)}-. (16) 

The six-coordinate thioformyl or selenoformyl 
anion radical species is converted back to the cor- 
responding six-coordinate chalcocarbonyl Fe(I1) 
species at potentials positive of - 0.65 V. 

The potential data collected in Tables 1 and 2 
contain several interesting trends. First, the mid- 
point potentials for metal-centred reactions of 
(POR)FeCZ(L) were linearly related to the PI&+ 
of the N donor atom, whereas the mid-point poten- 
tials for non-metal-centred reactions were inde- 
pendent of pKBH+. This trend mirrored that 
observed previously with other axial ligands (e.g. 
NO 20 c H 5a,12,13 

6 5 and anionic ligands21). Secondly, 
the ‘redox reactions of thiocarbonyl porphyrins 
occurred at slightly more positive potentials (typ- 
ically 20 mV) compared to the corresponding redox 
reaction of the selenocarbonyl porphyrin. This 
reflects the marginal difference in the sigma donor 
and pi acceptor abilities between the two diatomic 
ligands. Thirdly, the potential of the redox reactions 
of the TPP derivatives were consistently’ positive 
compared to the OEP derivatives, in accord with the 
relative basicities of each porphyrin. The magnitude 
was typically 90f 10 mV for reductions and 
120 + 10 mV for oxidations, and also compared 
favourably with previous work using other axial 
ligands.“~*’ However, the potential difference for 
the ring centred oxidation was nearly twice that 
observed for the metal-centred oxidation, inferring 
a significant change in the energy of the HOMO 
of OEP vs TPP. The magnitude of the potential 
difference between the two oxidation processes for 
both porphyrins was consistently 290f 20 mV. 
Fourthly, the potential difference E1/2ringoxidn - 

E,/zrin.qedn was 2.43 f0.02 for (TPP)FeCZ vs 
2.38 fO.O1 for (OEP)FeCZ, and 2.63 +0.02 for 
(TPP)FeCZ(L) vs 2.45 + 0.01 for (OEP)FeCZ(L). 
Thus, coordination of the chalcocarbonyl TPP 
derivatives caused a 200 mV increase in this poten- 
tial separation, compared to only a 70 mV increase 
for the OEP derivatives. 

{(OEP)Fe(II)CHZ(L)}- 

+ (OEP)Fe(II)CZ(L) + 2e- + H+. (17) 

For both schemes, EPR evidence confirmed that 
the first oxidation is metal centred, whereas the 
second oxidation and first reduction are porphyrin 
ring centred reactions. Battioni has proven that pro- 
ton attack on the chalcocarbonyl group can occur 
following either the first or second reduction of the 
parent complex, producing a chalcoformyl ferrous 
porphyrin anion radical species.‘3d In this work, we 
have shown that the potential for the oxidation 
of the six-coordinate chalcoformyl anion radical 
species is shifted from that observed for the cor- 
responding five-coordinate species and is inde- 
pendent of the identity of L. This suggests that 

The formation constant data collected in Table 3 
also contains several trends. Formation constants 
for the thiocarbonyl porphyrins were consistently 
greater than the corresponding selenocarbonyl por- 
phyrins (in accord with the relative basicities of 
the porphyrins), with one exception. The formation 
constants for {(OEP)FeCS(L)}*+ were greater than 
those of the corresponding TPP complex, and for- 
mation constants for {(OEP)FeCSe(L)}*+ were 
equal to those observed for the TPP complexes. The 
log of the formation of each complex investigated 
was linearly related to the pK,,+ of the N donor 
atom. For the (OEP)FeCS(L) complexes, slopes of 
0.16, 0.55 and 0.64 were obtained for B”, B+ and 
B*+, respectively. Similar values were obtained for 
the selenocarbonyl derivatives. The B+ and B2+ 
values compared favourably with those previously 
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Abstract-TGA, MS and DSC of a solid polymeric Ge hydride, obtained by y-radiolysis 
of GeH4, are reported. Upon heating, it undergoes two successive weight losses at 463 and 
1173 K. At 948 K two crystal phases are formed, one of them is pure germanium. Some 
comparisons with a-Ge : H produced via RF sputtering or glow discharge are reported. 

The preparation and the elemental analysis of the 
solid polymeric hydride obtained by gas phase radi- 
olysis of GeH4 have been reported already. 1 

This paper will give more insight on the prop- 
erties and thermal behaviour of the hydride in view 
of its possible use for the preparation of a-Ge : H. 

GeH, was produced and purified as previously 
reported. I The purity of the compound was, from 
time to time, checked by mass spectrometry. The 
samples, at a pressure ranging from 80 to 90 KPa, 
were sealed in cylindrical Pyrex vials 21.0 cm high 
and 3.5 cm i.d., and were then irradiated in a 
Gammacell (Atomic Energy of Canada Ltd) for a 
total dose of 8.0x lo5 Gy (2’ N 315 K), as pre- 
viously described. ’ After irradiation, the ampoules 
were evacuated and the dark brown solid product 
was recovered from the bottom of the ampoule. 

* Author to whom correspondence should be addressed. 

The product was carefully outgassed for at least 
8 h, before any further treatment, to free it from 
any short chain volatile hydrides. 

The IR spectra were collected from KBr discs 
using a Perkin-Elmer 580B IR spectrophotometer. 
Mass spectra were recorded on a Kratos MS 80 
using both electron impact and chemical ionization. 
The~ogravimetric analysis (TGA) was performed 
with a Du Pont 1090 instrument and diflerential 
scanning calorimetry (DSC) using a 910 cell. X-ray 
analysis was performed with a wide angle Philips 
diffractometer using Co-K, radiation. 

For purpose of comparison, some samples of 
solid polymeric hydrides were obtained by wet 
methods using both acetic and sulphuric acid.2,3 

RESULTS AND DISCUSSION 

A typical radiolysis run yields about 10 mg of a 
dark brown waxy powder: the solid geranium 
hydride. According to the previously reported data’ 
the composition of the solid is GeH ,. , + The hydride 
is not soluble in ordinary solvents, is stable and 
does not show an appreciable change in properties 
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after three months of exposure to the atmosphere. TGA of the solid hydride indicates that in the 
Due to the apparent stability of the compound, and 323-1173 K range, the sample undergoes a total 
the invariability of the IR and mass spectra, after loss of weight corresponding to 23.4% (Fig. 2). 
months of exposure to the laboratory atmosphere, There is a 6% weight loss during an exothermic 
it was decided not to investigate the possibility of transformation (see below) at 463 K ; a second mass 
the formation of a transparent thin film of oxide on loss occurs at 1148 K, somewhat before the melting 
the surface of the material. point of germanium (1210.4 K). 

Samples of polygermane obtained by wet chem- 
istry2*3 and by radiolysis of GeH,+ O2 mixtures 
show wide IR absorption bands in the regions 330& 
2800, 1380-1030 and SO&500 cm-‘, which have 
been attributed to OH and G-0 (Ge-O-Ge) 
groups.4,5,6 

The IR spectra of oxygen free radiolytic ger- 
manium hydride show absorptions at 2065, 2045, 
810 and 780 cm-‘, which have been attributed to 
Ge-H bonds.2,6,7,8 As the sample is annealed under 
an inert atmosphere (argon) at 463 K, the intensities 
of the Ge-H bond absorptions decrease. 

The mass spectra of the hydride are complicated 
due to the presence of five germanium isotopes and 
to its low degree of hydrogenation. Nevertheless, 
the mass spectrum shows, for the unannealed 
material, a mass distribution corresponding to units 
ranging from one to eleven Ge atoms, as the tem- 
perature of the ion source is raised from that of the 
room up to 580 K. 

Figure 1 shows the average hydrogen content, 
per Ge atom, of the fragments observed in the mass 
spectrometer. When the sample is annealed at 
773 K for 1 h (under argon), the fragment of 
the lowest m/e value observed in the mass spec- 
trum corresponds to a cluster of seven germanium 
atoms with an average Ge/H ratio of l/0.17. 

The change in both the IR and the mass spectra 
after annealing above 463 K indicates that some 
Ge-H bonds have been destroyed and that hydro- 
gen is lost by the hydride. The loss of 6% in weight 
upon annealing is too high to be accounted for by 
only hydrogen loss ; in fact not even GeH, could 
lose 6% of its weight as hydrogen only. To identify 
the material released by the sample at 463 K, it has 
been collected and analysed by GC-MS : it consists 
of a mixture of GeH,, Ge2H6, and Ge3H8, in the 
1 : 1.4 : 1.7 ratio, plus trace amounts of both iso- 
met-k tetragermanes. The average composition of 
the released material, calculated from the mass 
abundance of the fragments and the ionization 
potentials ‘3” is GeH,, as the composition could be 
roughly calculated from a 6% mass loss from a 
substance having the GeH ,. 1 5 composition. After 
annealing at 463 K the compound has the same 
aspect as the original hydride and undergoes a 
further weight loss of 17.8% (as referred to the 
weight after the annealing at 463 K) at 1148 K. 
The material released at the above temperature has 
been analysed by mass spectrometery and has 
been shown to consist of only GeH,. 

DSC analysis (Fig. 2) shows a first exothermal 
effect around 463 K, corresponding to the loss of 
6% in weight as evidenced by TGA. A second very 

I I I 1 I I I I I I I 

I 2 3 4 5 6 7 8 9 IO 

Ge atoms 

Fig. 1. Average hydrogen content of the fragments observed in the mass spectrum: l unannealed 
samples ; A samples annealed at 773 K. 
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Fig. 2. TGA of the polymeric hydride : - weight loss (%); ----weight loss derivative (%/tin). 
DSC of the polymeric hydride : n -a - + heat flow. 

sharp exothermal transition occurs at 948 K, which 
is not associated with any mass change. X-ray 
analysis has shown the solid to be amorphous both 
before and after the thermal effect at 463 K. 
However, the sample appears polyphasic after the 
tran~tion at 948 K. The presence of two crystalline 
phases is evidenced in its X-ray spectrum : (a) pure 
geranium, diamond type structure” and (b) a 
second phase, giving a number of reflections, 
which has not yet been identified. Therefore, we 
conclude that the sharp exotherm at 948 K is 
due to crystallization of the amorphous sample 
invol~ng a phase change. Two small thermal 
effects are also manifested in the DSC trace, as 
shown in Fig. 2, occurring at temperatures im- 
mediately lower than the main crystallization 
peak. No detailed structural analysis of their 
origin has been performed, but it is not unreason- 
able to assume that they correspond to an early 
crystallization of a small fraction of the sample. 

The second phase present in the sample dis- 
appears after the thermal treatment at 1148 K 
involving the loss of GeH4, as shown by the X-ray 
spectrum where only reflections due to pure Ge are 
present. 

The absence of any IR absorption at about 
1880 cm- ’ ’ and the presence of bands at 2065 and 
2045 cm-’ indicates that the compound is a kind 
of unsaturated, crosslinked polyge~ane, rather 
than an amorphous hydrogenated germanium. 

The properties of the polygermane obtained by 
y-radiolysis appear similar to that of the material 
prepared by glow discharge, ’ * but are quite differ- 
ent from the properties of the compound prepared 
by RF sputtering.6 

The bonded hydrogen atom concentration in the 
radiolytic polygermane, prepared at about 315 K 
and 80-90 KPa, is 53.5 atom %, whilst in the 
compound obtained by glow discharge, at the same 
temperature, but at a pressure three orders of mag- 
nitude lower,6 is 35 atom %. As already reported, ’ 
also with y-radiolysis, as the pressure of the reactant 
gas is lowered, the percentage of the hydrogen 
atoms in the solid decreases. Moreover, with the 
glow discharge method, the hydrogen concen- 
tration seems to be correlated to the temperature 
of the substrate during the deposition ; when the 
tem~rature is kept under 498 K the hydrogen con- 
centration is in the 35-25 atom % range, but when it 
is raised to about 498 K the hydrogen ~on~n~ation 
rapidly drops to 10-12 atom %.‘j A similar trend is 
observed on annealing the radiolysis product: at 
463 K a rapid loss of H (as geranium hydrides) is 
observed. The 35 K temperature difference for the 
two phenomena does not seem to be of relevance, 
taking into account the rather different preparation 
conditions. It should be pointed out that A.A.6b 
observed, in plasma deposited materials, a sharp 
change in the hydrogen status of the a-Ge : H vs the 
substrate temperature at about 473 K (which is in 
the 463-498 K temperature range). 

Connel and Pawlich, ’ 2 from the IR analysis of 
the material prepared at room temperature by RF 
sputtering, inferred that the material annealed up 
to 523 K does not lose hydrogen by breakage of 
Ge-H bonds, but rather undergoes a network 
reorganization. Probably, such material is more 
cross-linked than the radiolytic. (and glow dis- 
charge) one, which indeed loses hydrogen (through 
Ge-hydrides) in the 463-498 K range, probably by 
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rupture of the more hydrogenated boundary chains 
of the network. 

Finally, in the radiolytic material a further exo- 
thermic transformation occurs at 948 K which is 
very rapid (see the very narrow DSC signal) and 
is not likely to correspond to the proposed net- 
work reorganization at 523 K occurring on the RF 
sputtered material. l2 

The last hydrogen loss (at 1148 K) by the elim- 
ination of GeH,, appears to be associated with a 
process, the rate of which increases with the tem- 
perature but falls abruptly as the supply of the 
reactant falls ; this behaviour is observed in reac- 
tions where diffusion and/or evaporation are impli- 
cated. GeH, is released instead of molecular or 
atomic hydrogen, because the bond dissociation 
energy for Ge-H13 is higher than for Ge-Ge.‘3~‘4 

The similarity of the compounds prepared by 
glow discharge and y-radiolysis is not surprising 
because in both methods highly excited states of 
atoms, molecules, radicals and ions could be 
involved even though the temperature of the gas is 
quite low Is and of course is lower in y-radiolysis 
than in glow discharge. 
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Abstract-Silver chromate and nitrate complexes of the general formulae [Agz(L),(CrO,)] 
and [Ag(L),(NO,)] (L-heterocyclic amine) were synthesized and spectrally investigated. 
The coordination of the anion in [Ag*(4,~bipy)(C~~)] and [Ag*(HMTA)~CrO~)] was pro- 
posed from the IR data. A prominent matrix effect on the electronic spectra has been 
observed. 

The reason for the “anomalous” dark colour of 
silver chromate, Ag,CrO*, in comparison to alkali 
metal salts, is most probably the silver-oxygen 
(CrO$-) excited state(s) interaction, resulting in 
a large bathochromic shift of the 360 nm “yel- 
low” CT Cr +- 0 band down to 450-550 nm.’ In 
this paper we have prepared and spectrally investi- 
gated a series of Ag2CrG4 complexes with hetero- 
cyclic bases : 2,2’-bipyridine (2,2’bipy), 4,4’-bipyri- 
dine (4,4’bipy), 1, lo-phenanthroline (phen), 4,7- 
diphenylphenanthroline (DPP) and hexamethyl- 
enetetramine (HMTA), with the following goals in 
mind : 

(i) from the spectral data, we intended to attempt 
to elucidate the l&and influence on the cation-anion 
interaction in the parent Ag&rO,. 

(ii) [M(HB),A] types of compound (HE-het- 
erocyclic base, A-oxidizing anion) have caused 
special attention due to being milder and more 
efficient reagents in organic reactions than the “clas- 
sical” KMnO, and I&Cr,O, oxidizers.’ 

To our knowledge Ag&rO, complexes with the 
exception of Ag,(NH,),(Cr0J3 are not known in 
the literature. 

All the reagents used were of analytical grade. 
Stoichiometries of the solid compounds were estab- 

t Authors to whom correspondence should be addressed. 

lished by microanalytical techniques. Satisfactory 
analytical results were obtained. The complexes of 
the following formulae were prepared: yellow 

tAg~t4,~bipy~,(C~,, [Ag~tHMTA)tCrO~)l and 
red b%?,~bipy~PQdl, [Ag,(2,2’bipy>z(Cro,)l, 
[Ag~~hen)*(C~~~l and EAgDPP) fQQ)l. Ad- 
ditionally, for comparison purposes, AgN03 
complexes with the same ligands were obtained. 
Generally, the complexes were formed during the 
reaction of the ligand previously dissolved in 
K2CrG4, with 0.1 M solution of AgNO,. The pre- 
cipitates were washed with water and dried over 
P40j0. Chromate complexes do not appear to dis- 
solve in common solvents. 

(1) Silver chromate, Ag&rG, 
The compound was prepared metathetically by 

the reaction of AgN03 (0.01 M) and K2Cr04 
(0.01 M). 

(2) Yellow [Ag,(4,4‘bipy)3(Cr0,)] 
A solution of 1 g 4,4’bipy dissolved in 50 cm3 of 

acetone, was added dropwise to a stirred solution 
of 0.5 g KzCrOa in 50 cm3 of water. Eight cm3 of 
0.1 M AgNO, was slowly added. The precipitate 
formed immediately. 

(3) Red [Agz(44’bipy) (CdU 
This compound was prepared during washing of 

the respective tris complex with methanol. 

(4) Red I&@2’%vMC~4~l 
A solution of 0.5 g bipy in 20 cm3 of methanol 

was slowly added to 0.5 g of K2CrG4 dissolved’ in 
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50 cm3 of H20. A red precipitate was formed during 
the addition of 10 cm3 of 0.1 M AgNO,. 

(5) Red l?WphenMCrQ>l 
This compound was obtained as described in pro- 

cedure (4). 
(6) Red ]Ag@PP) (CrWl 
A saturated methanolic solution of the ligand 

was added to 0.5 g of K2Cr04 dissolved in 50 cm3 
of a 1: 1 Hz0 : methanol solution. The complex pre- 
cipitates immediately upon addition of 5 cm3 0.1 
M AgN03. 

(7) Orange [Ag,(HMTA)(CrO,)] 
A solution of 0.3 g HMTA in a 1: 1 Hz0 : acetone 

solution was slowly added to 0. I g KZCrOd dissolved 
in 30 cm3 of water. Finally, 10 cm3 of 0.1 M AgNOL( 
was added. 

(8) White ~Ag(4,~bipy)(NO~) 
To a solution of 0.5 g of 4,4’bipy 

acetone, 15 cm3 of 0.1 M AgNO, 
added. 

(9) Pale yellow [Ag(DPP)~(N03)] 
To a solution of saturated DPP in 

cm3), 0.1 M AgN03 was added. 

in 5 cm3 of 
was slowly 

acetone (15 

(10) [Agt2,~bipy)~(N03)l, [Ag~hen)*(N03)l and 
[Ag(HMTA~(NO~)J were prepared as in procedure 

(8). 

Infrared spectra were obtained on a Perkin- 
Elmer 180 (50-3500 cm-‘) sp~trophotometer in 
Nujol mulls and hexachlorobutadiene( 1,3) sand- 
wiched between AgBr plates. FIR spectra were re- 
corded in Nujol mulls sandwiched between poly- 
ethylene plates. 

UV-vis spectra were obtained on a double beam 
Hitachi 356 spectrophotometer in the 200-850 nm 
spectral range. As the studied compounds appeared 
not to dissolve in common solvents, we have mea- 
sured their diffuse reflectance spectra as Li2C03, 
BaO and Ag$O, pellets. 

RESULTS AND DISUNION 

Infrared spectra 

The vibrations associated with the CrO:- ion in 
its ground state are: v&z,) = 846 cm-’ (R), 
vz(e) = 349 cm-’ (R), v3(t2) = 884 cm-’ (IR, R) and 
v4(t2) = 378 cm-’ (IR, R).’ In the spectra of 
Ag,CrOb, we were able to observe the following 
vibrations : 801 em-’ vl, 345350 cm-’ v2, 845 cm-’ 
v3 and 375 cm-’ v4. The appearance of vl and split- 
ting of v4 in the IR spectra is due to the presence 
of both site group and factor group pert~bations 
operating in Ag,Cr04.6 Moreover, a strong cation- 
anion influence is seen by a substantial red shift 
(in comparison to alkah metal salts) of the bands 
ascribed to the Cr-0 stretching vibrations. 
Although all complexes studied here show splitting 
of the bands in the 770-1000 cm-’ absorption 
region (region of the Cr-0 stretching mode 
vibrations in the chromate ion), only in [Ag, 
(4,4’bipy)(CrO,)] and [Ag(HMTA~(Cr04)] is the 
splitting so large that is seems to be explicable only 
in terms of a coordinated CrO, group. A detailed 
analysis shows that the chromate ion here is most 
probably acting as a bidentate ligand with C,, 
symmetry (Table 1). 

This is a rare case when the Crow- ion appears 
to be coordinated.7 In the literature the arguments 
for coordination of the chromate ion taken from 
the IR data are well established, and additionally 
supported by Raman, conductometric and kinetic 
studies.8 Moreover, the application of IR spec- 
troscopy for studying the predicted variation in the 
spectra when the ligand acts as a mono or bidentate 
molecule, was presented by taking the CrOi- ion 
as an example.y 

The metal-ligand vibrational region is expected 
between 300-175 cm-‘. Tentative assignment of the 

TabIe 1. Splitting of the bands due to Q-0 vibrations upon TJ -+ C,, s~rnet~ lowering 
(in cm-‘) 

Compound 

Bridge 

4 
13 A,, B,,h ~4 4, 4, & vi4 ~2.4, ke@--Q 

PWHMWQQll 930 vs 395 s 825 s 358ms 790 vs 
900 vs 385 s 
865 vs 368 s 

P&4~bimWrW 950 vs 385 ms 830 s 360ms 801 s 
930 vs 378 ms 
860 vs 
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Table 2. Important bands in FIR spectra of silver chromate and nitrate complexes (in cm-‘) 

tAs,(2,2’bipy),(Cro,l b&W’bkMCr04)1 LbzW’b4vMC~4)l [Ag(W’bim9(NW1 Assignment 

402 vs 462 s 462 ms 4.58 s Ligand 

385 w 385 ms v,, ligand 
378 ms 368 s 
360 ms 240 w,b 

208 s 224 ms,b 230 w,b 228 s VA-I-4 

160s 160s 180 ms,b 145 s Ligand 
13.5 ms 145 s 130 ms,b 135s 
125 ms 145 s 130 ms,b 125s 

IAgdphenMCrW 

420 ms 

268 s 

23.5 s 

135 ms 

[&2PWKrW 

495 ms 
458 ms 
445 ms 

378 ms 
360 ms 

240 ms 

kWDPPMNW1 

490 s 
458 ms 

335 vw 

241 ms,b 

235’sh 
155w 

[Ag,(HMTA)(CrO,)] Assignment 

515 s Ligand 
510 s 
495 m 
460 ms,b 

395 s VQ-_O, ligand 
385 s 
368 s 
358 ms 
338 ms 

265 vw VA&-N 

Ligand 

bands for the complexes are made and recorded 
in Table 2. It is not inferred that these are pure 
vibrations because of the possible coupling with the 
ligand and M-L bending vibrations. 

Electronic spectra 

Two types of silver chromate complexes were 
obtained: (i) red [Ag~(HB)~(C~~)] with a strong 
500 nm “Ag,CrO,” band. (ii) yellow [Ag&HMTA) 
(CrO,)] and [Ag,(4,4’bipy),(CrO,)] with a 360 nm 
“K&rO.,” band slightly bathochromically shifted 
(Fig. 1). 

Similar to Ag,CrzO, complexes, for the same 
ligand, one may obtain red and yellow compounds, 
which is evidence that the colour depends upon 
the amount of coordinated ligand molecule, i.e. the 
formal number of N atoms per one silver atome 
The 500 nm “red” band is most probably evidence 
of the Ag-0 (CrO,) interaction still present 
in the complexes. On the other hand, since in some 

700 600 500 400 nm 

Fig. 1. Diffuse reflectance spectra of red and yellow silver 
chromate complexes in L&CO3 matrix. l-mono 
4,4’bipy ; 2-HMTA ; 3--DPP; 4-t& 4,4’bipy ; 

5-2,2’bipy ; bphen. 
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red compounds both bands are observed (i.e. red 
and yellow), we can not exclude a hypothesis 
that red complexes should be written as 
[Ag2(HB)&r04) - Ag,Cr04]. Thermal analysis, 
which probably could be helpful in this respect, is 
in progress. The results of this paper also confirmed 
the observation that the electronic spectra do not 
depend upon anion coordination. ‘O A significant 
matrix influence both in the spectra of silver chrom- 
ate and nitrate complexes has been observed. In 
comparison to the Ag,CrO, spectrum, the hypo- 
chromic shift due to the matrix effect in complexes 
for various matrices is BaO > Li2C03 > Ag,SO,. 

Finally, the comparison of ligand influence in 
Ag,Cr04 and Ag2Cr20, complexes4 shows that the 
former is more resistant towards the HB ligand than 
the latter. Ag,Cr04 in its complexes retains, to a 
great degree, its own spectral characteristics. On the 
other hand, the coordination of the anion has been 
observed only in silver chromate complexes, which 
is in accordance with the observation that Cr,O:- 
has less tendency for coordination than the CrOj- 

ion.” The matrix effect was found to be more 
prominent in Ag,CrO, than in Ag,Cr20, complexes. 

REFERENCES 

1. D. J. Robins and P. Day, Mol. Phys. 1977,34, 893. 
2. H. Firouzabadi, A. Sardarian, M. Naderi and B. 

Vessal, Tetrahedron 1984, 40, 5001. 
3. Nouv. Traite de Chimie Minerale, Vol. XIV. Nasson 

et CL, Paris (1959). 
4. M. Cieslak-Golonka, submitted for publication to 

Pal. J. Chem. 

5. K. Nakamoto, Infrared and Raman Spectra of Znor- 

ganic and Coordination Compounds, Wiley, New 
York (1978). 

6. R. J. H. Clark and T. J. Dines, Znorg. Chem. 1982, 

21, 3585. 
7. G. M. Godziela, L. A. Ridnour and H. M. Goff, 

Znorg. Chem. 1985,24, 1609 and refs therein. 
8. R. Coomber and W. P. Griffith, J. Chem. Sot. 1968, 

5, 1128. 
9. J. Ribas, J. Casabo and J. M. Coronas, J. Chem. 

Educ. 1977,54, 321. 
10. C. J. Puglisi, J. Znorg. Nucl. Chem. 1970, 32, 692. 



P&h&on Vol. 7, No. 8, pp. 6CS608, 1988 
printed in Great Britain 

0277-5387/W $3.00+ .OO 
0 1988 Pergamon Press plc 

LARGE TRANSITION METAL CLUSTERS-VI.* LIGAND 
EXCHANGE REACTIONS ON Au~~P~~)~~C~THE 

FORMATION OF A WATER SOLUBLE Au,, CLUSTER 

GUNTER SCHMID,? NORBERT KLEIN and LUDGER KORSTE 

Institut fur Anorganische Chemie der UniversitHt Essen, D-4300 Essen 1, F.R.G. 

and 

UWE KREIRIG and DETLEV SCHC)NAUER 

Fachbereich 11 -Physik- der Universitlit des Saarlandes, D-6600 Saarbticken, F.R.G. 

(Received 3 November 1987 ; accepted 10 November 1987) 

Abstract-The cluster compound Au5&PPh3) 1 $ls is soluble in organic solvents like pyri- 
dine or dichloromethane but decomposes rapidly thus precluding crystal growth and other 
inv~tigations. Exchange of PPh3 in Au~~(PP~~),~C~~ by Ph~PC~H~SO~Na takes place 
quantitatively and yields the stable water soluble cluster AuSS(PhzPC6H$OJNa * 
2H@)12C16. Molecular weight determinations and conductivity measurements in Hz0 
show that the cluster is completely dissociated into 12Na+ and [AuSS(Ph2PC6H4 
S03),Ji2-. From such aqueous solutions very small, probably crystalline particles are ob- 
tained which can, in the dried state, be observed in the transmission electron microscope 
using a 100 kV electron beam. Here we present images that show columns or layers of 
cluster molecules with a distance of 2. I 20.1 nm. The diameters of a cluster molecule 
including the ligand shell and of the naked cluster are calculated as 2.2 f 0.1 and 1.3- 
1.4 nm, respectively. It is concluded that the cluster molecules, forming the layered 
structures, are intact. This is the first time that MSs clusters could be imaged with an intact 
ligand shell by means of TEM. Earlier microscopic investigations with a 4.00 kV beam gave 
high resolution images of the cluster nuclei only. 

Since the discovery of the first MS5 cluster in 1981 2 
a series of other clusters of this type has been pre- 
pared and investigated by different methods.3*4 The 
NMR spectroscopy especially, has shown some of 
the very novel properties of these large clusters. One 
important piece of information was that the ligands 
in all the different MSS clusters (M = Rh, Ru, Pt 
and Au) are extremely fluxional. For example in 
~~~~(~-Bu)~]~~Cl~~ the mobility of the 
phosphane ligands is so high that the expected 
31P-103Rh coupling is completely averaged, lead- 
ing to only one sharp singlet in the “P NMR spec- 
trum.4 On adding PPh3 to a solution of AU~~ 
(PPh,),,Cl,, the original 3’P NMR signal of the 

* For Part V, see ref. 1. 
t Author to whom correspondence should be addressed. 

complex at 34 ppm is shifted stepwise up to 12 ppm 
finally, when 24 moles of PPh3 have been added to 
1 mole of the cluster.’ This behaviour is caused by 
a very fast exchange between coordinated and free 
phosphanes. 

The contact time between a PPh, molecule and 
the cluster surface is calculated to be 3.OkO.5 ps.’ 
‘03Rh NMR investigations indicate even faster 
rearrang~ent of the cluster nucleus in solution4 
These results stimulated us to some preparative 
experiments. As the most attractive exchange reac- 
tion, we regarded the one between the air stable 
AuSs(PPh,)isCls and the water soluble mono- 
siphons ~phenylphosphane (PhzPC6H1S03 
Na).6 Though the ligand size in our type of MS* 
clusters is mainly responsible for their stability, the 
change from PPh3 to the monosulphonated de 
rivative appeared justifiable. 
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RESULTS AND DISCUSSION 

If a solution of AuSS(PPh3),$&, in CHzClz is 
stirred with an aqueous solution of Ph2PCbH4 
S03Na in a molar ratio of 1: 12, the ligand ex- 
change occurs quantitatively within one day. 

AuSs(PPh,),&16 + 12Ph2PC6H,S03Na 
in CH,CI, in Hz0 

+ Au~~[Ph*PC~H~SO~Na], #& + 12PPh,. 
in Hz0 in CH,Cl, 

The organic phase becomes almost colourless, con- 
taining mainly PPh3, and the water phase turns to 
red-brown, the typical cluster colour. The isolation 
of Au~~~Ph*PC~H~SO~Na],~Cl~ takes place very 
easily by evaporation of the water. The black solid 
compound is air stable like the PPH3 containing 
starting material, but its aqueous solution is much 
more stable compared with solutions of the PPh, 
containing cluster in organic solvents. It is probably 
the high ionic charge on the cluster surface which 
stabilizes the particles by repulsion, as is known 
from colloids. In aqueous solution, AuSS[Ph2PC,H, 
SO,Na], $Zl, is completely dissociated into 12Na+ 
and the 12-fold negative charged anion [Au&Ph, 
PC6H4S03Na),,ClG]‘2-. This can be evidenced by 
molecular weight dete~inations and conductivity 
measurements. The molecular weight in water 
is 1185 h2. This is almost exactly the thirteenth 
part of the value for the undissociated molecule 
of 15.418, namely 1186. The conductivity of a 
6.48 x 1 O- 6 M aqueous cluster solution was found 
to be 9.6 PUS. Comparison with a 4.21 x 10v5 M 
NaCl solution (6.5 fold molar amount to give the 
same number of ions) results in a conductivity of 
9.2 @, and also proves the complete dissociation 
of the ionic cluster. 

The 31P NMR spectrum of AuS5[Ph2PC6H4 
SO,Na],,Cl, shows only one singlet at 44.6 ppm 
for the coordinated phosphanes. Compared with the 
signal of AuSs(PPh3),,Cl, at 34 ppm there is a 
remarkable low field shift, although the free ligands 
have almost identical 3’P NMR shifts of -6+ 1 
ppm. This means that the sulphonated phosphane 
ligands are more strongly bonded to the cluster 
surface, leading to a higher electron deficiency at 
the phosphorus atoms. This result agrees com- 
pletely with the higher stability of the water soluble 
cluster compared with that of the starting cluster. 
A further indication for the greater stability is that 
the technique to generate naked Au, 3 clusters from 
Au,,(PPh,), $16 using platinum electrodes and l& 
20 V d.c. ’ fails here, probably because the ligands 
cannot be removed from the cluster surface. The 
sodium cations can be exchanged completely e.g. 

Fig. 1. Model of the cluster anion [Au,,(Ph,PC,H, 
S03)12]‘2- (P symbolizes positions where the other 

phosphane ligands are coordinated). 

by Ba2+ or Ag+ ions, leading to water insoluble red 
precipitates. 

Figure 1 shows a model of the cluster ion 
[AUjs(PhZPCgH$Oj)1Z]12-. Though we are not yet 
successful in preparing crystals of Au5JPh2PC6H4 
SO,Na],,Cl, of directly visible size, small crys- 
talline areas can be prepared by drying the aqueous 
solution on thin carbon films, which were then 
observed by means of transmission electron 
microscopy. 

Figure 2 shows, as an example, several cluster 
aggregates, where rows or layers of clusters with 
preferential parallel arrangement, i.e. crystalline 
structure, are indicated. The observed distances 
between the imaged rows is 2.1-1.0.1 nm. The diam- 
eters of cluster molecules including and excluding 
the sphere of the ligands are about 2.2kO.l and 
1.3-1.4 nm, respectively. Using a 100 kV beam, the 
cluster molecules seem to hold their ligand shell 
during irradiation, in contrast to many HRTEM 
investigations where a voltage of 400 kV was 
applied. 7-g These TEM images probably show the 
arrangements of intact cluster molecules for the first 
time. 

EXPERIMENTAL 

Au&PPhJ, J&’ was prepared as described else- 
where. Different sulphonated derivatives of PPh3 
are described in a patent.6 For the synthesis of 
Ph*PC6H~So~Na, some important changes have 
been necessary. Therefore its preparation is 
described here in detail. The 31P NMR spectra were 
recorded with a Bruker AC 80 spectrometer. The 
determination of molecular weights was carried out 
with a Knauer Osmometer Nr. 11 .OO and the con- 
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Fig. 2. TEM images of cluster aggregates with a preferential parallel arrangement. Tt 
between rows : 2.1 kO.1 nm. The diameter of a cluster molecule including the ligand : 2.2 

without the ligand sphere : 1.3-l .4 nm. 

me distance 
:+O.l nm; 

ductiy~ty ~ea§ure~ent with an Orion Research 
Conductivity Meter, Model 101. 

A three-necked flask (250 cm3) equipped with a 
stirrer, thermometer, dropping funnel and a reflux 
condenser was charged in an atmosphere of pure 
nitrogen with fuming sulphuric acid (100 g, 25%). 
In the course of 2 h and with stirring, PPh, (20.4 g, 
78 mmol) was added at room temperature. The 
stirring was continued for another 2 h. After that, 
the reaction mixture was carefully added to Hz0 
(301 g) at lO--15°C under the exclusion of oxygen. 
Still using the N2 atmosphere, a mixture of tri- 
isooctylamine (55.2 g, 67.6 cm3, 156 mmol) and 
toluene (25 cm’) are added to the aqueous solution. 
The mixture was then stirred for about 30 min. 

Thirty minutes later the two phases had separated. 
The organic phase (- 308 g) was poured into a three- 
necked flask (500 cm3), equipped with a pH glass 
electrode and a dropping funnel. Using 8% 
NaOH, the water containing toluene solution was 
titrated stepwise to pH = 6. At pH = 1.5 the aque- 
ous phase was separated, and again at pH = 2.5. 
Both samples were disposed of. At pH = 6, 3% 
NaOH was used to titrate to pH = 7. The aqueous 
solution was again separated and the solvent evap- 
orated under reduced pressure to dryness. For puri- 
fication the follo~ng procedure is advisable: the 
crude product (e.g. 50 g from some experiments) 
was dissolved under nitrogen in Hz0 (250 cm3) in 
a 2 1 fiask. 10% H,S04 (710 g) was added, followed 
by triisooctylamine (44.2 g) in toluene (176 cm3). 
After 30 min stirring under nitrogen, the organic 
phase was separated and titration with NaOH was 
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repeated as described above. Finally the salt was 
recrystallized from alcohol (95%). Yield : - 50%. 
Found: C, 53.9; H, 4.5; Na, 5.8; S, 8.0. Calc. for 
CIgH18Na05PS:C,54.0;H,4.5;Na,5.7;S,8.0%. 
3’PNMR: 6 = -6+l ppm(s). 

Au&PPh3],$16 (100 mg, 7.04 x lop3 mmol) dis- 
solved in CHzClz (50 cm3) was stirred for 24 h 
with a solution of Ph2PC6H$03Na- 2H20 (34 mg, 
8.45 x lo-’ mmol) in Hz0 (50 cm’) at room tem- 
perature. After that, the red-brown colour, indica- 
tive of the cluster, had changed from the organic to 
the water phase. After the water phase had been 
separated, the water was evaporated completely, 
leading to the black cluster compound in quan- 
titative yield. Found : C, 16.8 ; H, 1.5 ; Na, 2.1. Calc. 
for C2,6H2,,AuSsCl,Na,2060P12S12: C, 16.4; H, 
1.4; Na, 1.7%. 31P NMR : 6 = 44.6 ppm (s). Mol. 

weight : found : 1185 + 2, talc. for the dissociated 
compound : 1186. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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Ah&act-The tetranuclear copper(catecholate complex, [Cu(3,5-di-tert-butylcate- 
cholate)(pyridine)], * 2CH,CN has been isolated from the reaction between Cu(O), pyri- 
dine and 3,5-di-tert-butyl-o-benzoquinone in acetonitrile solution in nearly quantitative 
yield. Brown crystals of Cg0HI06N60sCu4 are orthorhombic, space group P21212,, with 
a = 13.395(5), b = 24.287( 1 l), c = 24.918( 11) A, 2 = 4. The crystal structure determination 
allows for the cluster to be formulated as four square planar Cu(I1) ions, each bonded to 
two oxygens of chelating catecholate, a pyridine nitrogen and a bridging oxygen from a 
neighbouring catecholate. The Cu * . * Cu distances range from 3.152(l) to 3.572( 1) A. The 
tetranuclear complex exhibits an approximate parallel stacking of two pairs of coordination 
planes that is suggestive of a through-space pathway for antiferromagnetic interaction. It 
may also have a bearing on the observed catalytic oxidation by Or in solution. 

In recent years, a limited number of structures of 
copper(I1) complexes of 3,5-di-tert-butyl-o-semi- 
quinone (DTBSQ)‘,’ and 3,5-di-tert-butylcate- 
cholate (DTBC)3 have been characterized. These 
show both monomeric and dimeric species in the 
solid state. In solution these derivatives display 
a complicated redox chemistry involving both the 
metal and the ligand.“” The structural type found 
is dependent on the presence or absence of 
counterligands and on molecules of solvent which 
may be incorporated into the crystal structure. 
These effects are just beginning to be understood. 
In so far as they lend an insight into the range of 
possible species, the determination of new crystal 
structures aids the understanding of models for bio- 
logica19~“-‘5 or synthetic9*“‘16 oxidation catalysts. 

* Authors to whom correspondence should be addressed. 

We wish to report the synthesis and X-ray struc- 
tural characterization of a new structural type for 
copper( namely, a cluster containing four cate- 
cholate ligands and four pyridine ligands coor- 
dinated to four copper(H) ions. The compound has 
been synthesized by the reaction of 3,5-di-tert- 
butyl-o-benzoquinone (DTBQ) with Cu(0) in the 
presence of pyridine, with the net reaction as shown 
in Scheme 1. This reaction differs from the usual 
methods’*4*1 7 of preparation of copper catecholate 
complexes in that it uses elemental copper as a 
starting material. 

It has often been observed that, in the presence 
of pyridine, copper(I1) complexes containing 
semiquinone and catecholate ligands are unstable 
with respect to oxidation of the ligand by molecular 
oxygen. l-3 Oxidation is not limited to the formation 
of benzoquinone, but also involves scission of the 
chelating C-C bond.‘1*16,‘8 Somewhat surpris- 
ingly, the products of the latter decomposition do 
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0 

4 
CHSCN 

+4cu+4w - 

0 

DTBQ 

I 

Scheme 1. 

not contain copper(I), but rather copper(I1). (In the 
presence of phosphines or other soft donors, the 
copper(I) state is stabilized and copper(I) complexes 
can be isolated.)3 In the present case, even the use 
of excess Cu(0) does not lead to ready disproportion- 
ation to a copper(I) species. The crystal structure 
of 1 is the first structure of a pyridine-containing 
copper(catecholate species, from which the 
possibility of an efficient two-electron oxidation can 
be appreciated. 

EXPERIMENTAL 

Preparation of [Cu(DTBC)py], .2CH3CN (1) 

Method A. Copper turnings (5 g, 79 mmol) were 
added to a solution of acetonitrile (30 cm3), DTBQ 
(3.30 g, 15 mmol) and pyridine (3.6 cm3, 45 mmol), 
and the mixture stirred under Ar for 25 h. The 
originally red solution turned to brown and a dark 
brown product precipitated. The mixture was 
heated until the products dissolved and was filtered 
to remove unreacted copper turnings. On cooling 
to room temperature the product crystallized as 
brown plates. It was filtered, washed with aceto- 
nitrile and ether, and dried under vacuum, yield- 
ing 4.7 g (82%) of the product [Cu(DTBC)py],. 
2CH,CN, 1. M.p. 162-166”C(dec). Found: C, 
62.5; H, 6.9; N, 5.4; Cu, 16.6. Calc. for 
C8,,H1,,6N608C~4: C, 62.6; H, 7.0; N, 5.5; Cu, 
16.6%. 

Method B. Copper powder (1 .O g, 15 mmol) was 
added to a solution of acetonitrile (50 cm3), DTBQ 
(2.20 g, 10 mmol) and pyridine (3.6 cm3, 45 mmol), 
and the mixture refluxed under Ar for 1 h. The 

* XABS : the method obtains an empirical absorption 
tensor from an expression relating F, and Fc: H. Hope 
and B. Moe& Department of Chemistry, University of 
California, Davis, California. 

7 Supplementary materials. Atomic positional par- 
ameters have been deposited with the Director, Cam- 
bridge Crystallographic Data Centre. 

colour of the solution turned to brown. The hot 
solution was filtered to remove unreacted copper 
and from the filtrate on slow cooling to room tem- 
perature, a dark brown crystalline product deposited. 
The solution was washed and dried as above, yield- 
ing 3.3 g (86%) of 1. Found : C, 61.5 ; H, 7.0 ; N, 
5.4 ; Cu, 16.4%. Compound 1 possesses a room 
temperature magnetic moment of 1.75 P~/C!U deter- 
mined by the Faraday method. Crystals suitable 
for X-ray diffraction studies were grown from 
acetonitrile. 

X-ray crystallography 

CsoHlosNsOsCu4, M = 1533.94, orthorhombic, 
space group P212121 (No. 19), a = 13.395(5), 
b = 24.287(11), c = 24.918(11) A, Z = 4, D, = 
1.26 g cmp3, 1 = 0.71069 A, p = 10.8 cm-‘, 
F(OO0) = 202. Data were collected at 130 K using 
a locally modified LT-1 apparatus and a fast scan 
method. lg The intensities of two standard reflec- 
tions showed no decay during data collection. Solu- 
tion of the structure was accomplished by Patterson 
and Fourier techniques. Of the 7809 unique data, 
5120 with I > 300 were used in the refinement. 
Three reflections which suffered from large extinc- 
tion were also omitted from the data set. The data 
were corrected for absorption using the program 
XABS.* Final refinement was carried out using iso- 
tropic thermal parameters for all non-hydrogen 
atoms and a riding model for the inclusion of hydro- 
gen atoms. Methyl hydrogen atoms were not 
included. In the riding model, idealized C-H vec- 
tors of 0.96 A length are recalculated with each cycle 
of refinement, and the hydrogen isotropic ther- 
mal parameters are set at 1.2 times those for the 
bonded carbon. At convergence, R was 0.069, 
R, [w = l/a’] = 0.074. Crystallographic programs 
used were those of SHELXTL, version 4.*’ Scat- 
tering factors and corrections for anomalous dis- 
persion were taken from the International Tables.*’ 
No significant features were present on a final 
difference map. The largest was 0.84 e Ap3, 0.72 di 
from Cu(3).t 
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RESULTS 

Complex 1 is air-stable in the solid form but 
undergoes oxygenolysis in pyridine. The dioxygen 
uptake is significantly more than the 4 : 1 per com- 
plex that would be required for the formation of 
copper(I1) muconate complexes. Acidic hydrolysis 
of the oxygenated products gives 5-(carboxy- 
methyl)-3,5-di-tert-butylfuran-2-one (2) in yields 
up to 23% (see Scheme 2).* Similar yields have 
been obtained by reactions of 1, lo-phenanthroline 
and 2,2’-bipyridine derivatives of Cu(II)(DTBC) 
with molecular oxygen. ’ ’ 

Description of the structure of [CU(DTBC)~~]~* 
2CH &N 

A drawing of the structure is given in Fig. 1. 
Table 1 summarizes the important bond distances 
and angles. Two acetonitrile molecules of crys- 
tallization are present in the lattice and have no 
sign&ant interaction with the tetrameric species 
shown. The four copper ions are at the corners of a 
distorted tetrahedron with copper-copper distances 
ranging from 3.152 to 3.572 A. The coordination 
geometry around each copper is best described as 
square planar. However there are tetrahedral dis- 
tortions in three of the four copper coordination 
spheres. These can be seen from the twist angles of 
15.9,11.4,0.8 and 15.0” for Cu(1) through to Cu(4), 
respectively. There is no apparent reason for the 
greater planarity at Cu(3). Each copper has the 
same set of ligands. These are comprised of a chel- 
ating DTBC, a pyridine and an oxygen that is bridg- 
ing from another DTBC. From the standpoint of 
the DTBC group itself, one oxygen is involved in 
bridging between two coppers, while one is 
terminal. It is always the bridging oxygen which 
is trans to the pyridine. The copper-oxygen bond 
lengths are different for bridging and terminal coor- 
dination. The bridging Cu-0 bond lengths are 
between 1.921-1.963 A while the terminal ones 
range from 1.862 to 1.897 A. The same trend 

* M.p. 132-134°C (ref. 22, 133-136°C); structure also 
confumed by IR and NMR spectroscopy. 

appears in the C-O bond lengths, which average 
1.39 8, for a bridging oxygen and 1.34 A for a 
terminal oxygen. The C-C bond lengths within the 
chelate ring average to 1.39 A. 

An interesting feature of the structure is the near 
parallel stacking of pairs of coordination planes 
within the tetrameric unit. For example, the coor- 
dination planes of Cu( 1) and Cu(4) are within 7” of 
perpendicular to those of Cu(2) and Cu(3). Also, 
the Cu03N planes of Cu(1) and Cu(4) and those of 
Cu(2) and Cu(3) are 21.3 and 22.0” with respect to 
each other, respectively. This can be seen in the 
stereoview, Fig. 2. The shortest distances between 
copper atoms are those between coppers in the par- 
allel stacks : 3.152 and 3.205 A. The disposition of 
two parallel planes is such that a pairwise inter- 
action appears to be present between the copper 
atom in one plane and a Cu-0 bond in the other 
plane. The perpendicular distances from one Cu to 
the opposite Cu-0 bond range from 2.874 to 3.175 
A. There are four such contacts in the tetramer. 
One set of two is portrayed in Fig. 3. 

Fig. 1. A computer-generated drawing of [Cu(DTBC)py], 
showing the atom numbering scheme. Atoms are 

given an arbitrary size. 
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Table 1. Selected bond distances (A) and angles (deg) for [Cu(DTBC)py],* 
2CH &N 

Cu( 1) . . . Cu(2) 3.538(l) Cu(2). . . Cu(3) 3.205(l) 
Cu( 1) . . . Cu(3) 3.486( 1) Cu(2). . . Cu(4) 3.572(l) 
Cu( 1) . . . Cu(4) 3.152(l) Cu(3) . . . Cu(4) 3.311(l) 

CW)--o(l) 1.943(8) Cu(3W(3) 1.933(8) 
Cu(lW(2) 1.886(9) Cu(3W(4) 1.897(9) 
Cu(lW(3) 1.948(8) Cu(3k--W5) 1.921(8) 

Cu(l>-N(1) 2.010(9) Cu(3)-N(3) 1.997(11) 
Cu(2W(l) 1.951(8) Cu(4_(5) 1.927(8) 

Cu(2>--0(7) 1.940(8) ‘X4)-0(6) 1.881(8) 

Cu(2)--0(8) 1.862(8) Cu(4)--0(7) 1.963(8) 

Cu(2)-N(2) 1.997(10) ‘X4)-N(4) 2.024( 10) 

C-O, terminal 0 

C(22)--0(2) 1.335(14) 

C(64>--0(8) 1.343(15) 

C(36WX4) 1.365(14) 

C(5OW(6) 1.315(15) 

C-O, bridging 0 

C(21)--0(1) 1.393(15) 

C(63W(7) 1.400(14) 

C(35>-0(3) 1.372(15) 

C(49)--0(5) 1.402(15) 

C-C lengths within chelate ring 

C(2l)-C(22) 1.40(2) C(49)--c(50) 1.38(2) 

C(35W(36) 1.39(2) C(63)-W4) 1.39(2) 

86.2(3) 
88.8(3) 

164.8(4) 
172.0(3) 
91.6(4) 
94.8(4) 
89.8(3) 

168.2(4) 
95.0(4) 
85.1(4) 

173.6(4) 
90.9(4) 

85.6(3) 
89.7(3) 

179.1(4) 
175.4(3) 
94.7(4) 
90.0(4) 
85.8(4) 
87.9(3) 

167.6(4) 
168.2(4) 
91.3(4) 
96.8(4) 

Fig. 2. A stereoview of the tetrameric species emphasizing the perpendicular orientation of two sets 
of parallel coordination planes. 
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Fig. 3. A drawing of the stacked coordination planes of 
Cu(2) and Cu(3) indicating the pairwise Cu * ** Cu-0 

interactions. 

Spectroscopy 

The UV-vis absorption spectrum of 1 in CH2C12 
shows bands with &&un), (e, M- ’ cm- ‘) 295 
(15,~), 39O(sh), 498(1580~ and 698(750). Upon 
standing and with exposure to 02, the shoulder at 
390 mn is resolved into a large peak at 387 nm 
and the two peaks at 498 and 698 nm diminish in 
intensity. Assignment of the peaks in the solution 
spectrum is difficult and still a matter of some con- 
trove~y.~*16b,~7 The XR spectrum (KBr pellets) exhi- 
bits the following absorptions (cm- ‘) : 295Os, 3904s, 
2864m, 1604m, 155Om, 147Os, 1450s(sh), 144ls, 
1417s, 1384w, 135Om, 1317s, 1277s(sh), 1262s, 
133bm, 1217m, 1197w, 117Ow, 1066m, 1037m, 
1077w, 965s, 83Om, 807m, 75Os, 69ls, 64lw, 620~ 
and 586~. A single crystal, powder and benzene 
solution of 1 were found to be EPR-silent at room 
temperature and at 175 K. 

DISCUSSION 

The two-electron o~dation-reduction reaction 
reported here differs from the one-electron pro- 
cesses reported’,’ previously, in which a semiqui- 
none complex is formed, e.g. 

2[C~@y)~]C10., + 2DTBC 

-+ CuPTBSQ), + [Cu(~y)~l(ClQ~)~. 

The two reactions employ different conditions : in 
the two-electron reaction, Cu(0) is present in excess, 
acetonitrile is the solvent and brief heating is used 
to dissolve the products ; in the one-electron 
reaction, the reactants are present in stoic~omet~c 
amounts and the solvent is methanol. In each case, 
O2 is excluded from the reaction. Whether the two- 
electron process involves two one-electron steps 
cannot be stated ; however, it is clear that the excess 

Cu(0) would allow any DTBSQ formed to be fur- 
ther reduced to DTBC, while the extra Cu2+ formed 
would remain in solution. The existence of the one- 
and two-electron processes raises the interesting 
possibility of the formation of a mixed valence 
species by careful control of reaction conditions. 
Formation of the tetramer is understandable in 
terms of charge balance and satisfaction of the 
coordination requirements for copper(I1) : with 
DTBC? as one ligand, the two remaining coordi- 
nation sites are filled by pyridine and a bridging 
oxygen from a neighbou~ng Cu(DTBC)py group. 
Association could stop at the dimer, but the 
three electronegative oxygens from the catecho- 
late ligands render the copper somewhat electro- 
positive; further association to the tetramer (with 
two bridging and one terminal oxygen) is therefore 
favoured. 

The determination of the crystal structure of 1 
establishes the formulation copper(DTBC for 
each of the four copper centres. Characteristic 
changes in the C-Q and C-C bond distances 
would be expected for oxidation of the ligand to 
the semiquinone or quinone forms.‘-4 In addition, 
larger tetrahedral distortions in the coordination 
planes would be expected if any copper(I) was 
present. The Cu-Q distances themselves are not as 
sensitive to these changes and are more commonly 
related to changes in coordination number. ‘-3 Thus, 
the Cu-Q and Cu-N distances found, are close 
to those seen in the monomeric, four-coordinate 
(bipy)Cu(DTBC) complex. 3 

The observation of weak interactions between 
ligand planes in catecholato complexes is not new 
and has been observed in Fe, Cr and MO 
complexes. 4 The Cu - . . Cu-Q distances are prob- 
ably short enough to provide a through-space path- 
way for antiferromagnetic interaction. The lack of 
an EPR signal is in agreement with the coupling of 
d9 metal centres. Variable temperature magnetic 
measurements would be valuable in assessing the 
extent of this interaction. The role played by the 
stacking in oxygen binding is not known and per- 
haps it plays no role. Clearly, solution molecular 
weight experiments would aid the understanding 
of mechanistic phenomena. A large body of elec- 
trochemistry has been reported, which fails to con- 
sider the possibility of oligomeric species in 
solution. In this context, it is worth pointing out 
that the cobalt(I1) catalysed oxidation of DTBC in 
ethanol has the stoichiometryz3 

2DTBC+02 -+ 2DTBQ+2H20. 

Further, a tetrameric cobalt(I1) complex, 
[Co,(DTBC),(THF),,] has a structure very similar 
to that of the tetrameric copper complex reported 
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here.24 Other, somewhat different, tetranuclear 10. 
species are known. 4T7 It therefore seems reasonable 
to consider these tetranuclear complexes as strut- 11. 
tural models for potential intermediates in copper 
catalysed oxidation reactions. 
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Abstract-The structures of three trinuclear palladium(I1) carboxylates, Pd3(02CR),, with 
R = C2H, (l), C(CH3)3 (2) and 2,4,6-CgHz(CH3)3 (3), have been determined in order to 
determine whether the Pd, triangle in such compounds deviates from equilateral to isosceles 
because of packing forces or for other reasons. The results lead us to conclude that 
these molecules are inherently of three-fold symmetry but become easily deformed by 
intermolecular contacts. In 1 the Pd-Pd distances (A) are 3.135(l), 3.191(l) and 3.191(l); 
in 2 they are 3.131(l), 3.132(l) and 3.132(l); in 3 they are 3.137(3), 3.140(3) and 3.116(3). The 
crystallographic properties of the three compounds are as follows. (1) Space group C2/c, 
a = 17.280(2), b = 8.802(l), c = 16.452(3) A, B = 92.75(l)“, 2 = 4. (2) Space group Prima, 
a = 23.066(3), b = 17.578(2), c = 10.465(l) A, Z = 4. (3) Space group P2,/n, 
a = 19.951(1 l), b = 12.738(5), c = 27.618(7) A, /I = 102.26(6)“, Z = 4. 

Palladium(I1) acetate has previously been shown to 
have a trinuclear molecular structure with unequal 
Pd-Pd distances. 1*2 Early crystallographic studies 
showed a distinct pattern to the distortion of the 
Pd3 triangle. 2,3 In all cases, the triangle was exactly 
(by crystal symmetry) or effectively isosceles. More 
recently, a second study by Cotton and Han4 has 
suggested that the apparent predisposition of the 
molecule to form an isosceles triangle of Pd atoms 
is due to intermolecular crystal packing forces. We 
have further investigated this hypothesis by pre- 
paring and studying the crystal structures of several 
other trinuclear palladium carboxylates. By varying 

contains fairly large 2,4,6-trimethylbenzoate bridg- 
ing ligands. The palladium carboxylate complexes 
are readily prepared by substitution of palladium 
acetate with either the sodium salt or the acid form 
of the carboxylate. The compounds are similar to 
palladium acetate in that they contain a Pd3 triangle 
with each pair of palladium atoms bridged by two 
carboxylate ligands. The details of the synthesis 
and the results of the crystallographic studies are 
reported. 

EXPERIMENTAL 

the nature of the bridging ligand it should be pos- 
sible to ascertain whether or not the observed struc- 

Palladium acetate was purchased from Johnson 

tural anomaly present in the acetate case is pri- 
Matthey Company and was used without further 

marily due to crystal packing effects, or whether it 
purification. 

_ _ 
is due to some other factor. We have chosen three 
different carboxylate ligands of differing steric bulk Preparation of Pd3(0KGH& I 
in order to provide variation in the crystal packing 
of the complexes. Two of the complexes, the pro- 

A mixture of Pd3(02CCH3)6 (0.25 g, 0.37 mmol), 

pionate and the pivalate, contain relatively non- 
propionic acid (8.0 cm3) and propionic anhydride 

bulky carboxylate ligands, while the third complex 
(1 .O cm3) was refluxed for 3 h. The resulting red- 
orange 

solution was filtered to remove some 
elemental palladium. The excess propionic acid was 
then removed at room temperature in vacua. The 

* Author to whom correspondence should be addressed. remaining red-orange microcrystalline solid was 
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dissolved in a 1 : 1 mixture of benzene and propionic 
acid and slowly evaporated in air to give crystals of 
Pd3(02CC2H,),, compound 1, suitable for X-ray 
diffraction. The complex is soluble in most organic 
solvents. The overall isolated yield of Pd3 
(O&&H& was 0.19 g (68% with respect to Pd). 

Preparation of Pd3(02CC4H9)6 2 

An excess of pivalic acid ( z 10 cm3) was added 
to a solution of Pdj(02CCH& (0.20 g, 0.30 mmol) 
in 20 cm3 of dry benzene. The solution was refluxed 
for 3 h during which time the colour changed from 
orange-red to dark red. After filtration through 
Celite to remove some insoluble material the solvent 
was removed in VUCUO. The excess pivalic acid was 
removed by carefully washing the red solid with 
small portions of ice cold diethylether. Plate-like 
crystals of Pd3(02CC4H9)6, compound 2, were 
grown by slow evaporation of a benzene solution 
in air. The compound is soluble in most organic 
solvents. The yield of Pd3(02CC4H& was 0.22 g 
(81% with respect to Pd). 

Preparation of Pd3(02CCsH, J6 3 

A chloroform solution (30.0 cm3) consisting of 
Pd3(01CCH& (0.20 g, 0.30 mmol) and 2,4,6-tri- 
methylbenzoic acid (0.29 g, 1.8 mmol) was stirred 
at room temperature for 24 h. The red solution was 
filtered through Celite and evaporated to dryness 
in VUCUO. Large red crystals of composition Pd3 
(02CC9HI 1)6 * 2CsHs, were grown by slow eva- 
poration of a benzene solution in air. The com- 
pound is very soluble in most organic solvents. 
The yield of Pd3(02CC9HI ,)6 * 2CsH6 was 0.30 
g (78% with respect to Pd). 

X-ray crystallography* 

Pd3(02CC2H,), 1. A crystal with dimensions 
0.5 x 0.5 x 0.5 mm was coated with epoxy cement 
and mounted on top of a glass fibre. A Syntex PT 
four-circle diffractometer equipped with graphite- 
monochromated MO-K, (A= 0.71073 A) radiation 
was used to collect 2300 unique reflections of which 
2089 had I > 30(I). Lorentz, polarization and 
absorption corrections (by the $-scan method) were 
applied. Relevant crystal parameters and data are 
given in Table 1. 

* Calculations were done with the VAX-SDP software 
package on the Vax 1 l/780 computer in the Department 
of Chemistry, Texas A&M University. 

Preliminary examination of the crystal showed 
it to have monoclinic symmetry. The systematic 
absences, hkl: h+k = 2n+ 1 and h01: I= 2n+l 
were consistent with the space groups Cc or C2/c. 
The space group C2/c was confirmed by successful 
refinement of the structure. The heavy atom pos- 
itions were obtained by the direct methods program 
Multan 11/82. Alternating difference Fourier maps 
and least-squares cycles revealed the remaining 
non-hydrogen atoms. No attempt was made to find 
the hydrogen atoms. Full matrix least-squares 
refinement converged to final residuals of R = 0.029 
and R, = 0.036. Expressions for R and R, are 
included in Table 1. The largest peaks in the final 
difference map were cu 0.6 e A- 3 and were located 
approximately where the hydrogen atoms would be ; 
however, refinement of these peaks as hydrogen 
atoms was not attempted. 

Pd3(02CC4H& 2. A plate-like crystal with 
dimensions 0.4 x0.3x 0.5 mm was coated with 
epoxy cement and mounted on top of a glass 
fibre. A Nicolet P3/F four-circle diffractometer 
equipped with graphite-monochromated MO-K, 
(A = 0.71073 A) radiation was used to collect 2639 
unique reflections of which 2058 had I > 30(I). 
Lorentz, polarization and absorption corrections 
(by the $-scan method) were applied. Relevant crys- 
tal parameters and data are included in Table 1. 

Preliminary examination of the crystal showed it 
to have orthorhombic symmetry. The orthor- 
hombic space group was determined to be Pnmu by 
successful refinement. The systematic absences were 
OkZ:k+l=2n+l andhk0: h=2n+l.Theheavy 
atom positions were obtained by the direct methods 
program Multan 1 l/82. Alternating difference 
Fourier and least-squares cycles revealed the 
remaining non-hydrogen atoms. No attempt was 
made to find the hydrogen atoms. Two of the pival- 
ate groups contained rotationally disordered ter- 
minal methyl groups. The methyl groups on C(7) 
were refined with partial occupancies for two pre- 
ferred orientations. In addition, the terminal methyl 
groups of C(6) were refined similarly. Both orien- 
tations have one methyl group located on a cry- 
stallographic mirror plane. There was evidence of 
disorder for the terminal methyl groups of C(5); 
however, a reasonable disorder model could not be 
found. In all cases, the terminal methyl groups were 
refined isotropically. All of the other atoms were 
refined with anisotropic thermal parameters. Full 
matrix least-squares refinement converged to final 
residuals of R = 0.049 and R, = 0.069. The largest 
peaks in the final difference map were cu 1 .O e A- 3 
and were located near disordered pivalate methyl 
groups. Attempts to incorporate these peaks into a 
disorder model were unsuccessful. 



Crystal data 

T~nuc~~r palladium cat-boxy&e complexes 

Table 1. Crystal data 

Compound 1 Compound 2 Compound 3 
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Formula 
Formula weight 
Space group 
Systematic absences 

a, 8, 
b, A+ 
G A 
61, deg 
B, deg 
P, deg 
Y, A’ 
%I 

&I,, g cm- 3 
Crystal size, mm 
~(Mo-K,,), cm- * 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (2#) 
Temperature, “C 
Scan method 
Data col. range, 28, deg 
No. of unique data, total 

with F,” > 3o(F,2) 
Number of parameters refined 
Trans. factors, max., min. 

E:b 
Quality-of-fit indicator” 
Largest shift/esd, final cycle 
Largest peak, e 1$-’ 

~ddO~CWUs P&KWC~H~), PWhGH~d~*KJ% 
757.63 925.96 1454.62 

a/c Pnma P2,ln 
hkf: h+k = 2n+ 1 Okl: k+Z= 2n+l OM):k=2n+l 
h01: 1 = 2nfl hkO:h=2n+l hOl:h”t-Z=2nCl 
17.280(2) 23.066(3) 19.951(11) 
8.802(l) 17.578(2) 12.738(5) 

f&452(3) 10.465(I) 27.618(7) 
90.00 90.00 90.00 
92.75(l) 90.00 102.26(6) 
90.00 90.00 90.00 
2499.4(6) 4243.1(g) 6589(5) 
4 4 4 
2.013 1.449 1 A09 
0.05 x 0.5 X 0.5 0.4 x 0.3 x 0.5 0.5 x 0.4 x 0.4 
21.63 12.88 8.24 
Syntex PT P3 P-l 

15 
20-29 
25 
6-28 
4.0-50.0 
2300 
2089 
150 
99.90,73.09% 
0.029 
0.036 
3.795d 
0.04 
0.646 

MO-K, (I= 0.710731() 
25 
20-30 
25 
0-28 
4.0-45.0 
2639 
2058 
191 
99.97, 86.84% 
0.049 
0.069 
1.583 
0.26 
1.040 

15 
20-30 
5 
8-28 
4.G-45.0 
3186 
2550 
439 
99.79,92.21% 
0.068 
0.079 
1.308 
0.02 
0.642 

bRW = &X w(lF,I -lF&*,Z wIFJ~“~; w = l/02(~F0~). 
‘Quality-of-fit = [X w(j-F,I - lF&2/(No,,s - N,,,,,J ‘I’. 
d Unit weights used for Compo~d 1. 

Pd,(O,CC,H f J6 * 2C6H6 3. A hexagonal shaped 
crystal with dimensions 0.5 x0.4x 0.4 mm was 
coated with epoxy cement and mounted on top of 
a glass fibre. A Syntex PT four-circie di~ractometer 
equipped with graphite-monochromated MO-& 
(A = 0.71073 A) radiation was used to collect 3186 
unique reflections of which 2550 had I > 3@(I). 
Lorentz, pola~zation and absorption corr~tions 
were applied. Relevant crystal parameters and data 
are included in Table 1. 

Prclimina~ examination of the crystal showed it 
to have a primitive monoclinic lattice. The mono- 
clinic space group, P2,/n, was determined by the 
systematic absences OKI : k = 2n + 1 and hOl: 

h+i = 2n+ 1. The heavy atom positions were 
obtained by the direct methods program Multan 
11/82. Alternating difference Fourier maps and 
least-sq~res cycles revealed the rem~nin~ non- 
hydrogen atoms. No attempt was made to locate 
the hydrogen atoms. With a few exceptions the 
carbon atoms of the 2,4,6-t~methylbenzoate bridg- 
ing ligands were refined isotropically. In addition, 
the oxygen atom O(Z), which could not be refined 
successfully with anisotropic thermal parameters, 
was refined isotropically. Full matrix least-squares 
refinement converged to final residuals of R = 0.068 
and R w = 0.079. The largest peaks in the final 
difference map were ca 0.6 e A-‘. 
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Table 2. Table of selected bond distances and their esds in angstroms 

Pd,(O,CC,H,), 

W(l)-Pd(1) 
Pd( l)--Pd(2) 
Pd(2)--Pd(2) 
Pd(l)-Pd(3) 
Pd(2)-Pd(3) 
Pd-Pd (av) 
Pd-0 (av) 

+-C (av) 

3.135(l) 
3.191(l) 

- 

3.172[32] 
1.995[7] 
1.246[10] 

- - 

3.132(l) 3.137(3) 
3.131(l) - 

3.140(3) 
- 3.116(3) 

3.131[1] 3.131[13] 
1.980[11] 2.00[2] 
1.226[ 181 1.26[7j 

Table 3. Selected bond angles 

Pd( I)---Pd(2)-Pd( 1) 
Pd( I)‘-Pd( 1 )-Pd(2) 
Pd(2)--Pd( l)-Pd(2)’ 
Pd( l)--Pd(2pPd(2)’ 
Pd( l)--Pd(2)-Pd(3) 
Pd( 1 )-Pd(3)-Pd(2) 
Pd(Z)-Pd(lpPd(3) 
cis 0-Pd-0 
truns 0-Pd-0 
Pd-O-C 
D-C-O 

60.58(l) - - 

58.85(l) - 

59.99(3) 
60.01(3) 

- - 60.29(6) 
- 60.20(6) 

- - 59.52(6) 
89.2[29] 88.8[35] 89.7[34] 

166.1[23] 166.9[3] 166.6[46] 
130.3[21] 131.8[7] 126[4] 
126.6[7] 125[1] 128[3] 

RESULTS* 

Structure of Pd3(02CC2HJ6 1 

Figure 1 shows an ORTEP view of the 
Pd3(02C3H,), unit. Tables 2 and 3 list selected bond 
lengths and angles, respectively. 

The structure consists of a cyclic trinuclear mole- 
cule with one of the Pd atoms residing on a crystal- 
lographic two-fold axis. The molecule is similar 
to the acetate analogue in that the palladium atoms 
form an isosceles triangle with two carboxylate 
groups bridging each pair of Pd atoms. The metal- 
metal distances are 3.135(l) and 3.191(l) A. As in 
the acetate case, two of the Pd-Pd distances are 
significantly longer than the third. Each Pd atom 

* Supplementary Material Available. For each struc- 
ture, atomic positional parameters, observed and cal- 
culated structure factors, a listing of all bond distances, 
a listing of all bond angles, and a table of general tem- 
perature factors (B’s), (54 pp.). Copies are available from Fig. 1. An ORTEP drawing of the Pd,(O$CrH,), 
the Editor. Atomic coordinates have also been deposited molecule. All atoms are represented by their thermal 
with the Cambridge Crystallographic Data Centre. displacement ellipsoids at the 40% probability level. 
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C118) 

PC 

Fig. 2. The structure of the Pd3(02CC4H& molecule. All atoms are represented by spheres of 
arbitrary radius. 

exists in approximately a square-planar environ- 
ment with only slight deviations from planarity. 
The average Pd-0 bond distance is 1.995[7] A. In 
addition, most of the important bond angles are 
similar to those in the acetate compound. 

Structure of Pd3(02CC4H&, 2 

Figure 2 shows an ORTEP view of the molecule. 
Tables 2 and 3 list selected bond lengths and angles, 
respectively. 

The structure consists of a cyclic trinuclear mole- 
cule with one Pd atom residing on a crystal- 
lographic mirror plane. In contrast to the other 
trinuclear Pd complexes, however, the pivalate 
complex forms an equilateral triangle of Pd atoms. 
The metal-metal distances are 3.132[1]. The 
complex, which is similar to the other palladium 
compounds, contains two pivalate ligands bridging 
each pair of palladium atoms. Each Pd atom is in 
a square-planar environment and is coordinated 
to oxygen atoms from four different carboxylate 
groups. The Pd-ligand bond distances and angles 
are very similar to those in the propionate 
compound, with only minor, chemically insig- 
nificant differences. 

Structure of Pd3(02CC9H1 J6*2CsHs 3 

Figure 3 shows an ORTEP view of the molecule. 
Some selected bond lengths and angles are included 
in Tables 2 and 3, respectively. 

The structure consists of a cyclic trinuclear mole- 
cule with the palladium atoms residing on general 
lattice positions. In addition to the trinuclear Pd 
complex, the structure contains two benzene solvent 
molecules. The palladium atoms form a nearly isos- 
celes triangle with two sides [3.140(3) and 3.137(3) 
A] longer than the third side, which has a Pd-Pd 
separation of 3.116(3) A. The average Pd-Pd 
separation, 3.131[13] A is identical to that in the 
pivalate analogue. As before, each Pd atom is 
in an approximate square-planar arrangement 
with each Pd atom coordinated to four oxygen 
atoms from four different carboxylate groups. The 
Pd-0 bond distance, 2.00[2] A, is slightly longer 
than in the other two compounds ; however, this 
is clearly of no chemical importance. 

DISCUSSION 

The structures of the trinuclear palladium car- 
boxylate complexes prepared in this study are very 
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C(38l 

iI C(9) C(59) 

Fig. 3. An ORTEP drawing of the Pd,(02CC9H 1 J6 molecule. Only Pd and 0 atoms are represented 
by thermal displacement ellipsoids at the 40% level ; all other atoms are represented by arbitrarily 

small spheres for the sake of clarity. 

similar to those of the previously investigated pal- 
ladium acetate complex. All three compounds con- 
sist of cyclic trinuclear molecules with each pair 
of palladium atoms bridged by two carboxylate 
ligands. The Pd-Pd distances range from 3.19 l(1) 
to 3.116( 1) 8, in compounds l-3. The Pd-Pd dis- 
tances in the three previously characterized acetate 
compounds are similar, ranging from 3.17 l(1) to 
3.081( 1) A. In addition, the Pd-0 distances are 
similar, ranging from 1.980[ 1 l] to 2.00[2] A in com- 
pounds 1-3, and from 1.972[12] to 1.996[20] A in 
the acetate compounds. As expected, the important 
bond angles are also very close to those in the 
acetate compounds as well. 

The palladium carboxylate compounds crystal- 
lize in a wide variety of space groups, some that 
impose crystallographic symmetry on the molecule 
and some that do not. Two of the compounds, 1 
and 3, have an isosceles triangle of metal atoms. In 
compound 1 there is a crystallographic two-fold 
axis which necessarily requires two of the Pd-Pd 
distances to be equal, while in compound 3 there is 
no crystallographically imposed symmetry on the 
molecule. Compound 2 differs from compounds 1 
and 3 and the acetate analogues in that the Pd3 tri- 

angle is equilateral. This occurs in spite of a 
crystallographically imposed mirror plane that 
requires that only two of the distances be equal. In 
the acetate case there was a question of whether or 
not the imposition of crystallographic symmetry 
forced the molecule to adopt an isosceles con- 
figuration of metal atoms. The presence of com- 
pound 2 clearly indicates that the imposition of 
crystallographic symmetry does not require the 
molecules to adopt an isosceles configuration. In 
addition, there is now ample evidence showing that 
there is no predisposition for the molecules to form 
isosceles triangles of metal atoms. The appearance 
of isosceles type distortions in these molecules must 
be considered to be a chance occurrence, caused by 
interaction of the molecules with their sur- 
roundings. 

The results of this study, as well as the results of 
the previous studies, suggest that the formation of 
isosceles triangles of palladium atoms in several of 
the structures is solely due to intermolecular pack- 
ing forces. The palladium carboxylate compounds 
are inherently more susceptible to this type of dis- 
tortion than other types of trinuclear compounds. 
The palladium carboxylate compounds do not 
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possess metal-metal bonds, oxygen atoms in their 
centres, or p3-0 atoms above and below the Pd3 
planes, features which would tend to add rigidity ‘. 
to the structures. Thus, they are relatively 2 
“soft” and therefore more susceptibie to distor- * 
tions from environmental effects. 3. 
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Abstract-Reactions of [($-C,H,)RuCl(AsPh,),] with the ligands of the type 
RCSNHCOOC2H5 (R = 4-toluene, Zpyrrole, I-pyrrole, 2-thiophene), RICSNHCOORz 
(R, = Zpyrrole, Rz = NHz, NHPh) and 2-~opy~ole-l,Z-~~rbo~~de, lead to the for- 
mation of diamagnetic compounds of the formula [~~5-~~H~)RuCl(AsPh3)(LH)] * xCH2C12 
(x = 0 or l/2). These compounds and spectroscopic (W, Vis, IR, and ‘H NMR) data are 
reported. A distorted octahedral geometry is proposed for the complexes. 

It is recognised that the properties of the metal 
complexes of phosphorus donor ligands’13 are 
markedly affected by the electronic and steric3 
effects of the substituents on phosphorus. However, 
inves~gations on the electronic and/or steric effects 
in metal complexes of arsenic donor ligands have 
been lacking. Recently, we reported reactions of 
[Ru(r,rS-C5HS)(PPh3)2C1] with some aromatic 
thioamides (R,CSNHCOR2).4 We now report the 
reaction of [RuCl($-C,H,)(AsPh,)d with tbio- 
amides and the chara~te~zation of the reaction 
products. The names and abbre~ations of the 
ligands reported here are as shown in Fig. 1. 

EXPERIMENTAL 

All the reagents were Analar or of chemi~lly 
pure grade. All the solvents were dried and distilled 
before use. The reactions were carried out under a 
dry and pure nitrogen atmosphere. [(~5-C5H,)Ru- 
Cl(AsPh,),] and all the ligands were prepared by 
literature methods.- 

Preparation of complexes 

Preparation of the complexes [(~5-C5HS)R~- 
Cl(LH)(AsPh,)] * 1/2CH,Cl, (LH = Hctt, Hcept, 
Hcpt, Hcett, Hcapt, Hcppt, Htp). 

A solution of (~‘-C~H~)RuCl(AsPh~~~ (0,105 g, 
0.25 mmol) and the appropriate ligand (0.35 mmol) 

*Author to whom correspondence should be addressed. 

in 40 cm3 methanol was stirred for 2-3 h under a 
dry Nz atmosphere. (In case of Hcapt and Hcppt, 
the compound was separated during stirring.) The 
resulting solution was evaporated to near dryness, 
the residue extracted by CH&l, and the complex 
precipitated from the extract using petroleum ether. 
It was centrifuged and putied by recrystallization 
from CHzClz-petroleum ether. It was filtered, 
washed with petroleum ether and dried in vacua. 

In the case of the ligands (Hcapt and Hcppt), 
orange complexes of the formula {q5-C,H,) 
RuCl(AsPh~)~H) were precipitated during stirring, 
isolated by centrifugation and washed with 
petroleum ether. The filtrate was evaporated to 
dryness under reduced pressure. The residue 
was dissolved in the minimum quantity of 
dic~oromethane followed by addition of petrol- 
eum ether. On scratching the walls of the beaker and 
allowing to stand for l-2 h, the precipitate [($- 
C,H,)RuCl(AsPh,)(LH)] l 1/2CHzC12 appeared, 
which was centrifuged, washed several times with 
petroleum ether and dried in vacua. 

Physical measurements 

Carbon, hydrogen and nitrogen analyses were 
carried out by the Microanalytical Laboratory of 
I.I.T., Kanpur, India. The percentage of halide and 
sulphur in the filtrate obtained, was determined by 
the standard method after fusing the sample with a 
fusion mixture, extracting it with distilled water and 
filtering it. TR, UV-vis, ‘H NMR and magnetic 

623 
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RI-~-tohmne, R2=OC2H5, N-carboethoxy-4-tolunethioamide (Hctt); 

RI =2-pyrrole, R~=OCzHS, IV-carboethoxy-2-pyrrolethioamide @-kept); 

Rl=l-pyrrole, Rz=OCz HS , N-carboethoxy-1-pyrrolethioamide (Hcpt), 

Ra=2-thiophene,R~=OCIHs, N-carboethoxy-2-thiophenethioamide (Hcett); 

RI =2-pyrrole, R,=NH, , N-carboamido-2-pyrrolethioamide (Hcapt); 

R,=2-pyrrole, R*=NHC, H, , N-carbophenylamido-2-pyrrolethioamide (Hcppt), 

s 
,2-tbiopyrrole-1,2dicerboximide (Htp). 

Fig. 1. 

measurements were determined by the methods 
described elsewhere. The results are given in 
Tables l-3. All the complexes were found to 
be diamagnetic. 

RESULTS AND DISCUSSION 

Analytical data are in good agreement with the 
stoichiometry proposed for the complexes (Table 
1). All compounds were found to be diamagnetic 
and non-ionic in nature. The compounds are in 
general, air stable and soluble in most organic 
solvents. The donor ability of this class of ligand 
can perhaps be best understood in terms of the 
resonance structures given in Fig. 2. 

Ordinarily, only structure I is considered but II 
and III may predominate under certain situations. 
In the case of coordination of the ligand through 
its carbonyl oxygen atom the v(C==O) should shift 
to a lower wavenumber and the thioamide band 
I [~(N-H)+v(C=N)$‘~ should shift to a higher 
wavenumber, whereas if coordination is through 
the N atom, the thioamide band I will shift to a 
lower wavenumber. Based on the above criterion a 
bonding mode has been arrived at (Table 2). In all 
the complexes except those with the ligands Hcpt 
and Hcett, v(C=O) of the ligands shifts to a lower 

wavenumber after complexation, hence coor- 
dination through oxygen is likely. Coordination 
through the ring nitrogen or sulphur of the pyrrole 
or thiophene is unlikely as they are weakly basic. 
The thioamide band II [v(C=N)+v(C=S)+ 
&C-H)] and III [v(C-N)+v(C-S)]” do not 
shift systematically after complexation, hence 
they could not be reliably used for deciding a bond- 
ing site. The v(N-H) in the complexes could not 
be observed and a new strong band at 2360 cm-’ 
(2340 cm-’ in the cases of [(q’-C,H,)RuCl(Hcppt) 
(AsPh,)] and [(n5-C5H5)RuC1(Hcapt)(AsPh3)] * 
1/2CH&l,, 2350 cm-’ in case of [(q5-C5Hs)RuC1 
(Htp)(AsPh,)] * 1/2CH2C12 appears, indicating the 
presence of the ligand in the thiol form in the final 
product. The value for v(SH) is relatively smaller, 
possibly because of the stronger intermolecular hy- 
drogen bonding. The v(M) of the ligands are not 
discernible and one could conclude from the above 
shifts that there is coordination through the 
carbonyl oxygen in all the cases. The band at 
1585 cm-’ (v-~) in the case of [(n’-C,H,) 
RuCl(Hctt)(AsPh,)] - 1/2CHzC12 shifts to a higher 
value of 1600 cm-‘. In the case of [(q’-C,H,) 
RuCl(Hcapt)(AsPh,)], the band at 1730 cn- ’ (vc+) 
shifts to 1665 cm-’ indicating that the ligand 
is monodentate through the carbonyl oxygen, but 

. . 0 0 

R’\C/NH\C/R2 R1\c//NH\C/ R2 R’\C/NH\C/R2 
II II- I II - II I 

:s: :o: 0 :A: 3: :s: :o- 0 
..* 

I II III 

Fig. 2. 
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Table 3. Electronic spectra of the ligands and the complexes in CH&I,, and ‘H NMR spectra of the complexes in 
CDC13 

Compound 

Band 
position (nm) 

~~ Assignment 

NMR signals 
with 

assigmnents (8) 

[Hctt] 

[Hce@l 

[($-CJS,)RuC!l(Hcept)(AsPh,)] - 1/2CH,C12 

VW1 

[($-C,H,)RuCl(Hcpt)(AsPh,ll *1/2CH@, 

[H&t] 

[(~‘-C~H~)RuCl~Hcett)(AsPh~)] * I /2CH,Clz 

450 

376br, sh 
238 (2.59 x 104) 

440 
365 

483sh 
360 (2.95 x 104) 
266sh 
240 (4.11 x 104) 

300 
262 

364 (5.39 x 103) 
236 (6.58 x 103) 

350 
292 

46Obr, sh 
344sh 
236 (3.22 x 104) 

350 
290 

496(3.14 x 103) 
352 (9.83 x 103) 
272 (4.24 x 10’) 
236 (1.42 x 10’) 

472 (3.50 x 103) 
358 (1.09 x lo”) 
238 (1.98 x 103 

415 
390 

46Osh 
364(1.07 x 104) 
240 (2.80 x 104) 

480br 
(4.54 x 103) 
364(1.81 x IO”) 
234 (3.27 x 104) 

370 
330 

56Obr 
368sh 
256sh 
230 (1.89 x 104) 

n -+ n* 
7F+7t* 

IL 
CT 

n -+ ?r* 
z-+n* 

‘A,, -+ ‘T& 
IL 
IL 
CT 

n-+n* 
z-+x* 

IL 
CT 

n -+ I? 
x -+ n* 

‘A$, -+ ‘T&IL 
IL 
CT 

x-kz* 
CT 

‘Ai, -+ ‘2-Q 
IL 
IL 
CT 

iA,, -+ ’ 1;9 
IL 
CT 

n-+7? 
7E -+ ?r* 

‘A,, -3 ‘2”,, 
IL 
CT 

‘A,,+‘Ii;, 

IL 
CT 
n-+rr* 
n -+ x* 

‘A,, -+ ‘T,,, 
IL 
CT 
CT 

1.3 (t, 3 H, --CHS) ; 
2.4 (s, --CH3 ring), 
4.1 (s, 5 H, $-C5Hs), 
4.4 k, 2 H --OCH3, 
5.3 (s, 1 H, 
---CH,-C&), 7.3 (m, 
22 H, aromatic) 

1.3 (t, 3 H, ---CH,), 4.2 
(m, 7 H, 0CH2, coupled 
with $-CSHs), 5.3 (s, 1 
H, -CH,ClJ, 7.4 
(m, 21 H, aromatic) 

1.3 (t, 3 H, -CH3), 4.2 
(m, 7 H, 0CH2, coupled 
with $-CgH5), 5.3 (s, 1 
H, -CH,C&), 6% 
7.7 (m, 21 II, 
aromatic) 

4.2 (s, 5 H, $-C5H,), 
5.3 (s, 1 H, -CH,CI,) 
7.3-7.7 (m, 21 H, 
aromatic) 

4.2 (s, 5 H, q*-C,H,), 
7.3-7.7 (m, 21 H, 
aromatic) 

4. I (s, 5 H, qS-CSHS), 
5.3 (s, 1 H, CH,Cl,), 7.4 
(m, 26 H aromatic) 

4.1 (s, 5 H, $-C5Hs), 
7.3 (m, 26 H, aromatic) 

4.2 (s, 5 H, $-CSHs), 
5.4 (s, 1 II, CH,CI&, 
7.3-7.9 (m, 21 H, 
aromatic) 
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surprisingly only in this case, does the ligand seem electronic spectra of the respective complexes. The 
to be present in the thione form rather than in the intense bands at 24&245 and 270-280 nm are 
thiol form, after complexation. assigned to charge-transfer (CT) transitions. 

In the case of complexes containing Hcpt and 
Hcett ligands, coordination is through the nitrogen RE~RENCES 
atom. A new strong band appears at 2360 cm-‘, 
indicating the presence of the ligand in the thiol 1. C. A. McAuliffe and W. Levasan, Phosphine Arsine 
form and not the thione form. All the characteristic and Stibine Compounds of the Transition Elements. 

bands of AsPh, and $-CSHS (820-850 cm- ‘)I* were Elsevier, Amsterdam (1979). 

present in the IR spectra of the complexes. The new 2. C. A. McAuliffe (Ed.), Transition Metal Complexes 

bands of medium intensity in the region 35U-480 of Phosphine, Arsine Antimony Ligands. Wiley, New 

cm-’ may be attributed to the coupled vibration of York (1973). 

v(Ru-Cl) + v(Ru-S) or v(Ru-N).r3 
3. C. A. Tolman, Chem. Rm. 1977,77,3 13. 

The proton NMR spectra (Table 3) of the com- 
4. H. K. Gupta, Veena Chauhan and S. K. Dikshit, 

Inorg. Chim. Acta, 1987, 128, 175. 
plexes display a sharp singlet 6 4.1-4.3 (for q5-C$H,) 5. M. I. Bruce, M. G. Humphrey, A. G. Swincer and 
apart from all characteristic signals of the con- R. C. Wallis, Aust. J. Chem. 1984, 37, 1747. 
cerned ligands and AsPh,. However, the NH proton 6. E. P. Papadopolous, J. Org. Chem. 197641,962. 
resonance could not be detected in the NMR spec- 7. E. P. Papadopolous, J. Org. Chem. 1973,38,667. 

tra of the compiexes. 8. E. P. Papadopolous, J. Org. Chem. 1974,39,2540. 

The electronic spectra of the complexes as well 9. C. N. R. Rao, R. Venkataraghvan and T. Kasturi, 

as the ligands were taken in chloroform. The band Can. J. Chem. 1964,42,36. 

positions and their assignments are given in Table 3. 10. A. C. Fabretti, M. Ferrari, G. C. Franchim, C. Preti, 

The ground state of ruthenium(I1) in an octahedral 
L. Tasri and G. Tosi, Tra~jtion Met. Chem. 1982, 
7,279. 

environment is ‘A!, and only two spin allowed tran- 11. B. Singh, M. M. P. Rukhaiyar and R. J. Sinha, J. 
sitions, ‘A,, + ‘I;g or ‘Tzs, are expected. The band Inorg. Nucl. Chem. 1977,39, 29. 
in the region 465485 nm may be assigned to ‘Al, -t 12. K. A. Jensen and P. H. Nidsen, Acta Chem. Stand. 
’ Tzg and a shoulder at 525 nm in the Hctt complex 1963,17,1875. 

may be due to ‘A Lg + IT,,. Some of the intraligand 13. D. M. Adams, MetaZ Ligand and Related Vibrations, 
{IL) bands with small shifts were present in the pp. 316,284. St. Martins Press, NewYork (1968). 
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Abstract-Matrix isolation of the vapour species produced by the passage of S4N4 vapour 
over silver selenide heated to ca 160°C produces unequivocal IR evidence (including the 
results of experiments with “N-enriched samples) not of the thiazyl monomer, NS’, but of 
thionylimide, HNSO, in addition to disulphur dinitride, S2Nz. The significance of these 
findings is considered in relation to possible synthetic routes to poly(sulphur nitride). 

Within the past 15 years polymeric sulphur nitride, 
[SN],, or “polythiazyl”, has attracted intense inter- 
est. In 1973 Labes et al. ’ suggested that “poly- 
thiazyl” is metallic, and subsequent studies showed 
that it remains metallic down to very low tem- 
peratures, becoming superconducting near 0.3 K.2*3 
Vacuum deposition permits, moreover, the pro- 
duction of oriented epitaxial films of [SN], on a 
wide range of polymer substrates ;4 such films have 
a high optical anisotropy throughout the near-IR 
and low-frequency portion of the visible spectrum 
suggesting possible applications in optical devices. 

The original method of synthesis was via disul- 
phur dinitride, S2N2, crystals which polymerize at 
room temperature to “polythiazyl”.’ More recent 
methods have sought to exploit the direct formation 
of “polythiazyl” from tetrasulphur tetranitride, 
which is an altogether more convenient, but by no 
means 100% risk-free, precursor. Thus, thin films of 
[SN], have been prepared by four different 
methods: (i) the pyrolysis of tetrasulphur tetra- 
nitride vapour over silver wool ;2,6,7 (ii) the pyrolysis 
of tetrasulphur tetranitride vapour over Pyrex or 
quartz wool at ca 275°C ;’ (iii) sublimation in vacua 
of “polythiazyl” itself and (iv) polymerization of a 

* Author to whom correspondence should be addressed. 
Present address : Department of Chemistry, University 
of Reading, Whiteknights, P.O. Box 224, Reading RG6 
2AD, U.K. 

volatile red material produced by the pyrolysis of 
tetrasulphur tetranitride vapour over silver wool.’ 

The nature of the volatile red material which is 
the key intermediate in method (iv) has been the 
subject of some discussion. On the basis of elemen- 
tal analysis and ESR and mass spectrometric 
measurements, Labes et al. have claimed9 that it 
consists almost entirely of the thiazyl monomer, 
NS’. In practice, however, the red material was 
always accompanied by a second volatile product 
characterized by its brown colour and the elemental 
analysis of which could not be reconciled with the 
composition NS. The red and brown materials 
proved to be difficult to separate ; conditions of 
fractionation varied from preparation to prepara- 
tion and in several cases multiple fractionation was 
necessary in order to achieve effective separation. 

More recently Banister and Hauptman have 
reported to us that the red material can be generated 
in a much improved yield if tetrasulphur tetranitride 
vapour is passed over solid silver selenide heated to 
ca 160”C.‘” Hence, for example, they have been 
able to produce films of [SNlx by condensation of 
the vapour. The aim of the experiments reported 
here was to trap the vapour of this red material in 
an inert matrix at ca 20 K and hence to characterize 
it by its IR spectrum. In this way we sought to 
determine whether or not the red material is indeed 
composed largely of the thiazyl monomer, NS’ and, 
if this species could be trapped in reasonable con- 
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centrations, to investigate its chemistry, as rep- 
resented for example, by matrix reactions such as 

nNS=+-+ [NS], (n = 2,3. . . .) (1) 

NS‘+X‘ - XNS (X = 0 or S atoms). (2) 

EXPERIMENTAL 

The matrix-isolation apparatus used at Oxford 
has been described elsewhere. * ’ An Air Products 
CSW 202B “Displex” closed-cycle helium refriger- 
ator gave window temperatures of 15-35 K inside 
a shroud maintained at a pressure below lo- 7 torr 
(1 torr x 13.6 x 9.8 Pa). IR spectra were recorded 
on a Perkin-Elmer Model 580A spectro- 
photometer. The internal calibration available on 
the instrument was supplemented by superimposing 
on the measured spectra, sharp vibration-rotation 
or rotation lines due to ammonia, atmospheric 
water vapour or carbon dioxide. I2 Such measure- 
ments were reproducible within 0.4 cm- ’ for sharp 
absorptions and the resolution was invariably better 
than 0.5 cm-’ in measurements involving precise 
wavenumber measurements. 

Tetrasulphur tetranitride was prepared via 
thiotrithiazyl chloride, S4N3Cl’3 and was recry- 
stallized from either chloroform or liquid sulphur 
dioxide. Samples of tetrasulphur tetranitride 
enriched in ’ 'N were prepared by the passage of 
disulphur dichloride vapour over heated 
ammonium chloride-15N (Merck, Sharp and 
Dohme, 99 atom % ’ 'N) by an adaptation of the 
flow method described by Jolly and Becke-Goeh- 
ring;14 purification involved recrystallization from 
chloroform. Silver selenide was prepared by the 
direct reaction of the elements in an evacuated 
quartz vessel at 600°C over a period of 24 h. lo To 
prepare the catalyst, the silver selenide was ground 
with powdered silica under methanol in a ball mill 
and the dried, finely powdered mixture was sup- 
ported on quartz wool. lo All matrix gases-Ar, 
Kr and N,-were of grade “X” quality and were 
used as supplied by B.O.C. 

In the matrix-isolation experiments which we 
report, samples of tetrasulphur tetranitride con- 
tained in all-glass apparatus were vaporized at 85 
100°C. The vapour passed through a short Pyrex 
column containing the silver selenide catalyst main- 
tained at 160°C. The volatile pyrolysis products 
issuing from the column were delivered via a trap, 
the temperature of which could be regulated to 
remove disulphur dinitride and other less volatile 
components, admixed with an excess of the matrix 
gas and condensed on the cold CsI window of the 
matrix assembly. The rate of deposition of the 

matrix gas was typically 3 mmol hh ‘, and depo- 
sition times in the order of l-5 h were needed to 
build up to a reasonable level, the absorptions 
due to the pyrolysis products. Baking out the 
apparatus was an essential preliminary to any 
experiment, and as part of this exercise the cata- 
lyst was “outgassed” by heating to ca 200°C for 
up to 48 h under continuous pumping. 

RESULTS 

When tetrasulphur tetranitride vapour was 
passed over the silver selenide catalyst heated to ca 
160°C condensation of the resulting vapour with 
an excess of argon, krypton or nitrogen at 15-20 
K gave a deposit whose IR spectrum showed the 
presence of disulphur dinitride, S2N, I5 as a major 
pyrolysis product. The disulphur dinitride could be 
removed, however, by passing the vapour through 
a trap cooled to -45°C prior to admixture with 
the matrix gas and deposition on the CsI window. 
When this procedure was followed, the matrix exhi- 
bited typically the IR spectrum illustrated in Fig. 1. 
It included, conspicuously, bands due to the solvent 
(CHC13’” or S0,i7) used to recrystallize the tetra- 
sulphur tetranitride. That this occurred irrespective 
of the precautions taken to “outgas” the sample 
testifies to the capacity of solid tetrasulphur tetra- 
nitride to occlude solvent molecules. The spectrum 
of the matrix contained, in addition to these solvent 
absorptions, a number of other features, the most 
prominent occurring at ca 1250 cm- ‘. Such a tran- 
sition is close in energy to the fundamental fre- 
quency of the thiazyl monomer, NS’, in the gas 
phase, viz. 1204 cm- ‘. I8 The intensity of the band 
near 1250 cm- ’ could be optimized either by reduc- 
ing the flux of pyrolysis products through the use 
of a narrow-bore (ca 0.5 mm) nozzle for deposition, 
or by employing a more rigid host material and 
the lowest deposition temperature which could be 
achieved, e.g. condensation with krypton at ca 15 K. 

The performance of numerous experiments 
established, however, that the band near 1250 cm- ’ 
belongs not to the diatomic NS’ molecule but to the 
thionylimide molecule, HNSO. Thus, the growth of 
the absorption near 1250 cm-’ paralleled that of 
other absorptions at 3310, 1095, 925, 775 and 455 
cm-’ (in an argon matrix). The wavenumbers of 
the relevant features are listed in Table 1, where 
they are compared with the results of previous 
experiments involving matrix-isolated HNSO. ’ 9 

The assignment of the absorption at ca 1250 
cm- I to the v2 mode of the matrix-isolated HNSO 
molecule was confirmed beyond doubt by repeating 
the experiment with a sample of tetrasulphur tetra- 
nitride, 50% enriched in ’ ‘N. The spectrum of a nitro- 
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Fig. 1. IR spectrum of an Nz matrix formed at 15 K after 4 h deposition of the vapour, produced by 
passage of S4N4 vapour over Ag,Se heated to 160°C. A trap held at -45°C was used to remove 
S,N,. Bands marked P are due to HNSO, and bands marked S are due to SOz, the soivent used to 

recrystallize the S,N,. 

gen matrix, displayed in the region 122&1270 cm- ’ 
not a singlet but a doublet with clearly discernible 
satellites associated with molecules containing the 
34S isotope (4.22% natural abundance), as illus- 
trated in Fig. 2. The wavenumbers of the relevant 
bands are listed in Table 2, where they are compared 
with the results of the earlier matrix study of 
HNS019 and also with the wavenumbers calculated 
for the co~~pon~ng vibrational transition of the 
monomeric NS’ radical. The pattern of the isotopic 
splitting certainly testifies to the presence of an 
oscillator containing a single nitrogen and a single 

sulphur atom. However, the isotopic shifts are quite 
incompatible with an isolated diatomic NS unit, the 
14N-15N shift being only one-quarter of that, and 
the 32S-34S shift 33% greater than that, calculated 
for the NS’ molecule. These results clearly imply 
some form of coordination of the NS oscillator 
but could not be reconciled satisfactorily with any 
model involving only aggregates of NS’, e.g. 
NS***NS. 

When the matrix was annealed at temperatures 
up to 30 K, the region of the IR spectrum between 
1220 and 1270 cm- ’ was observed to change sig- 

Table 1. Wavenum~rs and 14N---“N isotopic shifts of the IR absorptions 
associated with matrix-isolated HNSO 

i; (cm-‘) 
This 

workua*’ 

AC(‘4N-‘5N) A?(‘4N-‘sN) 
? (cm- ‘) (cm- ‘) (cm- ‘) 
Previous This Previous 
worka*b*d work”*’ work&@f 

VI 3310 w 3303 8 7.1 
VZ 1253 m 1252 6.7 5.4 
v3 1095 w 1094 12 10.3 
v4 925 w 923 11 11.2 
VS 775 wm 774 3 3.8 
V6 455 vw 455 B 3.0 

“Error limits + 1 cm- ‘. bN, matrix. ‘Intensities : w weak ; m medium ; v 
very. dRef. 19. #Error limits +O.l cm-‘. ‘Ar matrix. gvd of H”NSO was too 
weak to be detected in our experiments. 
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Fig. 2. The region 122&1270 cm-’ of the IR spectrum 
displayed by an N2 matrix formed after 2.75 h deposition 
of the vapour, produced by passage of S.,N, vapour 50% 

enriched in “N over Ag,Se heated to 160°C. 

nificantly. Under these conditions the intensity of 
the band near 1250 cm- ’ decayed while a new broad 
band centred at ca 1245 cm- ’ appeared and grew. 
These changes are illustrated for a nitrogen matrix 
in Fig. 3. Tchir and Spratley observed a band at 
1245 cm-’ which they ascribed to the dimer of 
HNSO isolated in a nitrogen matrix. I9 It follows 
that the changes observed in our spectrum are con- 
sistent with diffusion of the molecules in the matrix 

0.1 

! 

0 

: 

i 

9 

0.1 

0 

3/cm-’ 
1300 12eo 1260 1260 1220 1200 

I. I. I. 1. 

'b) After onn~~l~rq 

L 

1300 1280 1260 1240 1220 1200 

ii/cm-l 

Fig. 3. The region 1200-1290 cm-’ in the IR spectrum 
of an N2 matrix : (a) after 4 h deposition at 15 K, of the 
vapour produced by passage of !&N, vapour over Ag,Se 
heated to 160°C and (b) after annealing the same matrix 

at 30 K for 20 min. 

to form the hydrogen-bonded dimer ~JTINSO]~ [see 
eq. (3)] representing the first stage in the polymeriza- 
tion of thionylimide. 

In a further series of experiments we condensed 
in a trap at liquid nitrogen temperature, the volatile 

Table 2. Observed wavenumbers and isotopic shifts for v2 of HNSO isolated in an Ar matrix and isotopic 
shifts calculated for NS’ 

HNSO (observed) NS’ 

This work”,b Previous workd Calculated 
Isotopic Isotopic Isotopic 

shift shift shift 
Isotopomer 3 (cm- ‘) A! (cm- ‘) ? (cm-‘) A3 (cm-‘) Isotopomer 3 (cm-‘) Aii (cm- ‘) 

H’4N32S0 1253.0 0.0 1248.7 0.0 14N32S 1253.0 0.0 
H”N3*S0 1246.3 6.7 1243.3 5.4 15~32s 1223.6 29.4 
H’4N34S0 1238.0 15.0 1233.4 15.3 ‘4N34S 1241.7 11.3 
H’5N34S0 1231.5 21.5 1228.4 20.3 ‘5N34S 1212.1 40.9 

“Error limits f0.4 cm- ‘. bN2 matrix. ‘Ref. 19. dAr matrix. ‘Calculated on the assumption that the 
molecule behaves as a harmonic oscillator. 
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products formed by passing the vapour of tetra- 
sulphur tetranitride over silver selenide heated to 
160°C. Hence we were able to trap a red volatile 
material with properties similar to those described 
by Labes et al.’ and by Banister and Hauptman.” 
The contents of the trap were then allowed to warm 
up and the resulting vapour was co-condensed with 
an excess of argon on a CsI window at cu 20 K. The 
major component of the matrix formed in this way 
was disulphur dinitride, S2N2,” together with small 
amounts of thionylimide, HNSO. 

DISCUSSION 

Our results do not discount the proposal that 
the red volatile material produced by passing the 
vapour of tetrasulphur tetranitride over heated 
silver wool9 or heated silver selenide” contains the 
thiazyl monomer, NS’. Although we obtained no 
direct spectroscopic evidence pointing to this 
radical, it may be too reactive to be trapped under 
the experimental conditions described here. Thus, 
the familiar dimer SzN2 was always detected in 
relatively high concentration on condensation of 
the matrix, unless steps were deliberately taken to 
remove it by means of a cold trap interposed 
between the silver selenide catalyst and the nozzle 
giving access to the matrix assembly. It is pertinent 
to note, in this context, that the NO’ monomer 
is relatively difficult to trap cleanly under matrix 
conditions as a result of its facile dimerization to 
give [NO]2.“b,20 

The most positive and striking inference to be 
drawn from our experiments is that thionylimide is 
one of the components of the vapour. This may 
arise from the reaction of one or more sulphur- 
nitrogen molecules, e.g. S4N4, S2N2 or NS’, with 
adventitious water vapour present in the apparatus, 
but this explanation seems improbable in view of 
the almost total absence of matrix-isolated water*’ 
in our experiments. More likely is that HNSO is 
produced by a reaction of one or more sulphur- 
nitrogen molecules with water or some other 
hydroxylic agent adsorbed on the catalyst. Since 
the silver selenide catalyst was prepared by milling 
under methanol,” adsorbed methanol may well be 
responsible for the formation of the HNSO. 

In the light of our experiments, the involvement 
of HNSO in some preparations of “polythiazyl” 
may well account for the observation of hydride 
impurity (typically l-4%) in the samples of the 
polymer. Of particular significance in this respect 
are the observations of Smith et al. 22 that the hydride 
impurity of a sample of [SN], could be increased to 
about 8% when it was prepared from disulphur 
dinitride in the presence of water vapour. Fur- 
thermore, these workers have also reported a MS 
peak, inter alia, at m/e = 63 for the vapour derived 
from a sample of [SN], prepared in this way, which 
they assigned tentatively to the molecule HNSO. It 
is also interesting to note that May and Vallet report 
that the polymerization of S2N2 to (SN), occurs 
by two distinct processes depending on whether 
moisture is present or absent.23 

We consider that the possibility of the active 
intermediacy of thionylimide in some “polythiazyl” 
preparations warrants fuller investigation. Of 
potential significance is the knowledge that thion- 
ylimide is itself susceptible to polymerization yield- 
ing both red and brown volatile materials. 24 In par- 
ticular the existence of the tetramer (HNS0)424 and 
a polymer (HNS0),23 have been reported ; the latter 
material, itself, showing interesting electrical prop- 
erties. It behaves as a p-type semiconductor and 
shows a resistivity which varies with water 
content.23 It is possible that HNSO has the capacity 
to act as an initiator in the polymerization of dis- 
ulphur dinitride or even tetrasulphur tetranitride to 
“polythiazyl”, perhaps in a manner analogous to 
the action of dibromine vapour on tetrasulphur 
tetranitride.6’25 It is clear, however, that matrix- 
isolation experiments are capable of yielding sig- 
nificant information about the vapour species 
affording these polymers. 

CONCLUSIONS 

Our experiments reveal that thionylimide, 
HNSO, is formed in the vapour phase when the 
vapour of tetrasulphur tetranitride is passed over 
heated silver selenide. It is quite feasible that thiony- 
limide is formed in other preparations which have 
been devised for the synthesis of “polythiazyl”,6~7 
e.g. from disulphur dinitride, particularly when 
water vapour or other hydroxylic impurities are 
present. 22 Although we were unable to obtain direct 
spectroscopic evidence for the formation of 
the thiazyl monomer, NS’, in the vapour phase, 
our results do not rule out its involvement in the 
production of “polythiazyl”. Experiments now 
under way are designed to see whether monomeric 
NS’ can be generated within a matrix by UV 
photolysis of a precursor like ClSN, if necessary 
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with the assistance of a relatively reactive matrix 
like solid CO.26 
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Abstract-The reactions of thiose~carbazones and semicarbazones of benzaldehyde, 
salicylaldehyde, acetophenone and 2-hydroxyacetophenone with TeCI, give the complexes 
LTeCl,, (L-H)TeC& or (L-H)Te$& (L = semicarbazone or thiosemicarbazone). The 
structural features of these tell~um de~vatives are explored by IR, ‘H and 13C NMR, 
and conductance (in acetonitrile} measurements, and structures based on an octahedral 
arrangement of ligands around tellurium are proposed. The presence of facial and meridian 
isomers in equilibrium is indicated in some cases. The complexation occurs through S/O, 
the nitrogen of the > C&N-group and O- (if present on benzene ring). The (L-H)Te&& 
species seem to have chlorine bridged and octahedrally coordinated tellurium. 

The complexes of tellurium(I1 or IV) with sulphur 
donors have been investigated more than the com- 
plexes with other ligands. Probably some of their 
applications such as the utility of the dithio- 
carbamates of tellurium(IV) as rubber vul- 
canizer&3 and, more recently, their promise as anti- 
oxidants for pol~ropylene4 are in part responsible 
for the greater attention. Thiose~~rbazoness,6 
have emerged as an important class of sulphur 
ligands particularly for transition metals in the last 
two decades. The real impetus towards developing 
their coordination chemistry” was : (i) the remark- 
able antitumor, antiviral and antimalarial activity 
observed for some of the derivatives was found to 
be related to their complexation with metal ions 
and, (ii) the unique combination of N, 0 and S 
present in some of such compounds was an attrac- 
tive model for understanding the complexation in 
biological systems. Their complexation’,’ with main 
group metals and metalloids is the subject of very 
few papers in the literature and on tellurium com- 

*Author to whom correspondence should be addressed. 

plexes there are no reported studies. In view of 
this fact, we are investigating thiosemicarbazone 
complexes of tell~~(II and IV) with a hope that 
some of the resulting complexes may be evaluated 
in rubber or polymer technology. In the present 
paper, the results of reactions of tellurium .tetra- 
chloride with the ~iose~carb~ones of ben- 
zaldehyde (L,), ~licylaldehyde (L2), acetophenone 
(L3) and 2-hydroxyacetophenone (L4) are reported 
(see Structure 1). For comparison, the reactions of 
the corresponding semicarbazones are also studied. 

a A 

0 
c”,~\NH’--~\NH~ 

I 

L, : A+& R=H, X=S; L2-. A=OH, R=H, X=S; 

L,: A=#, R=Me, X=S; Li: A=OH, R=Me, X=S; 
Ls: A=OH, R=H, X=0; 4: A=OH, R=Me, X=0. 

Structure 1. 
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Not unexpectedly, the latter complex only when 
an OH group is present at a position ortho to the 
azomethine group, results in (L-H)TeCl, type 
species. The isolated complexes are characterized 
by elemental analyses, conductance and spectral 
(IR, ‘H and 13C NMR) measurements. 

EXPERIMENTAL 

General procedure for the reaction with TeCl, 

Tellurium tetrachloride (2.69 g, 10 mmol) dis- 
solved in dry benzene was deaerated with dry and 
oxygen free nitrogen for 0.5 h. A slurry of an equi- 
molar amount of the ligand (half for (L-H)Te,Cl,) 
in deaerated benzene was slowly added to the solu- 
tion of TeCl, and refluxed for 24-36 h with constant 
stirring on an oil bath. In the cases of L,, Lq, L5 and 
L,, HCl was liberated. The resulting precipitate was 
filtered, washed 3-4 times with dry benzene, re- 
crystallized with acetonitrile, and dried under 
vacuum over anhydrous calcium chloride. 

The carbon, hydrogen and nitrogen analyses 
were carried out on a Perkin-Elmer elemental 
analyzer 240C. The tellurium’ and chlorine” 
were estimated volumetrically. The conductance 
measurements were made on a WG Pye con- 
ductivity bridge. The IR spectra on a KBr/CsI disc 
were recorded on a Nicolet 5 DX FTIR spec- 
trometer in the range 200-4000 cm-‘. The ‘H and 
13C NMR were recorded on Jeol FX-100 FT-NMR 
spectrometer. 

RESULTS AND DISCUSSION 

Tellurium tetrachloride reacts with thiosemi- 
carbazones according to the following equations. 
In the absence of any phenolic group the reactions 
of type (1) occur, but the ligands having an OH 
group react according to eqs (2) or (3) depending 
on the molar ratio of the reactants. Tellurium tetra- 
bromide reacts in an analogous manner. The results 
of elemental analyses (Table 1) authenticate the 
proposed stoichiometries of the compounds. 

TeCl, + L + TeCl,(L) (1) 

TeCl,+ L + TeCl,(L-H) + HCl (2) 

2TeC1, + L + Te,Cl,(L-H) + HCl. (3) 

The molar conductance values (Table 1) have been 
found to be lower than those expected for a 1: 1 
electrolyte, except for (L2-H)Te2C17 and 
(L4-H)Te2C17 which exhibit values very close to 
those expected. All the compounds are only soluble 
in polar solvents, but after setting the solutions 
aside for 2-3 days the deposition of tellurium metal 
is observed. The (L-H)Te,Cl, type derivatives are 
relatively less stable. 

The ‘H NMR data are recorded in Table 2 along 
with the possible assignments. Contrary to earlier 
reports7 on thiosemicarbazones, the NH2 protons 
have been found to resonate downfield at 6, 6.0 
ppm. Our assignment seems to be reasonable in 
view of the literature reports on substituted semi- 
and thiosemicarbazides”, and the observation of an 

Table 1. Analytical data and physical properties of Te(IV)-thiosemicarbazone/semicarbazone complexes 

Compound Colour 
Analysis : Found (talc.) % 

M.p. (“C) C H N Te 

fbfa 
(ohm-’ cm2 

Cl mol-‘) 

L,TeC& 

(L,-H)TeCl, 

(L,-H)Te,Cl, 

L,TeCl, 

(L,-H)TeCl, 

(L,-H)Te,Cl, 

(L-H)TeCl, 

(L6H)TeCl, 

Greenish yellow 

Yellow 

Orange-yellow 

Brown 

Dark brown 

Dark brown 

Dark brown 

Dark 

138-140 

95-97 

88-90 

95-97(d) 

86-88(d) 

86--88(d) 

140-142(d) 

10&102(d) 

23.1 2.5 
(21.4) (2.0) 
21.2 1.6 

(22.4) (1.9) (1:::) 
15.0 1.2 

(13.7) (1.1) 
22.5 1.4 

(23.3) (2.0) 
24.5 2.3 8.7 

(24.4) (2.4) (9.0) 
17.1 

(15.4) (K) 
23.0 2.3 

(23.3) (1.9) (1::;) 
25.8 3.0 

(25.3) (2.3) 

26.8 
(28.6) 
30.4 

(29.9) 
36.1 

(36.7) 
26.8 

(27.6) 
30.4 

(29.8) 
34.6 

(35.8) 
30.4 

(31 .O) 
28.5 

(29.9) 

29.9 64.72-73.78 
(31.6) 
24.2 58.6464.66 

(24.7) 
33.7 107.51-l 16.23 

(35.7) 
28.8 51.99-56.61 

(30.7) 
24.1 53.47-56.24 

(24.9) 
33.6 98.53-108.30 

(34.9) 
25.6 - 

(25.8) 
25.0 - 

(25.0) 

n Solvent : acetonitrile ; concentration : 0.4&l .O mM. 



Ligational behaviour of thiosemicarbazones and semicarbazones 637 

Table 2. Chemical shifts in ‘H NMR spectra of ligands and their Te(IV) complexes 
in DMSO-d6 at 25°C 

Chemical shift (6, ppm) 
Compound CH, NH2 Phenyl CH NH OH 

L, - 8.21 8.08-7.40 8.21 11.45 - 
L,TeCl., - 3.54 7.84-7.40 8.05 11.43 - 
L2 - 8.08 7.93-6.75 8.38 9.92 11.36 
(L,--H)TeC& - 3.89 7.7c6.96 8.58 10.20 - 
(L,--H)Te,CI, - 4.25 7.03-6.97 8.58 10.10 - 
J-3 2.31 8.28 7.97-7.30 - 10.19 - 
LJTeCi,, 2.53 4.25 7.94-7.37 - 9.41 - 

;d-H)TeCl, 2.61 2.31 7.86 3.79 7.57-6.79 7.89-6.89 - - 10.64 9.07 12.03 - 
(L,-H)Te2Cl, 2.68 3.48 7.896.89 - 9.07 - 

;rH)TeCl, z 4.70 6.43 7.78-6.61 7.79-6.74 8.15 8.14 10.20 9.99 10.22 - 
LS 2.24 6.24 7546.76 - 9.71 12.79 
(L6-H)TeC13 2.24 4.72 7.64-6.78 - 9.75 - 

NH2 signal at 6, 7.03 ppm in the case of thiourea. 
The in~amolecular hydrogen bonding in these 
ligands, as shown in structure A, is indicated by the 

R 

(A) 

fact that on eomplexation, the NH2 protons are 
shielded, probably due to the breaking of this strong 

hydrogen bond. The recently reported single crystal 
X-ray structure of pyridoxal thiosemicarbazone’~ 
also suggests that the conformation shown in struc- 
ture A is preferred, supporting the concept of intra- 

molecular hydrogen bonding. In the Te(II)-thio- 

semicarbazone complexes of the type TeL2C12 and 
TeL4C12, where the ligands are inva~ably bonded 
through sulphur alone, the shielding of the NH2 
protons was found to be nearly unaffected13 on com- 
plexation, thus further supporting structure A, The 
OH signal observed in the case of Lz, L.,, LS and L, 
vanishes on complexation, indicating its de- 
protonation and participation of the resulting 
-C-O- in the formation of the complex as rep- 

Table 3. Chemical shifts in 13C NMR spectra of hgands and their Te(IV) 
complexes in DMSO& at 25°C 

Chemical shift (6, ppm) 
Compound CI& Phenyl C===N C==S/S==B 

L, - 127.59-134.52 142.62 178.37 
L,TeCl, - 150.27 178.48 
2z-~j~eCl, z 110.04-140.57 117.30-137.01 150.86 161.20 198.09 178.11 

!+H)Te2C17 
L:TeCI, 

14.50 - 117.15-137.08 126.98-138.04 161.00 148.27 198.55 179.35 
14.50 127.41-134.08 153.13 179.30 

:c~~~eCl, 15.27 15.27 117.57-148.30 110.93-131.00 157.74 162.32 180.87 197.52 
(L,--H)Te&!l, 15.27 116.82-1499.25 161.53 198.45 

2FH)TeCls 1 116.38-138.28 116.44-138.10 150.24 156.18 157,OO - 

~~H)TeCl, 13.59 13.70 117.31-149.14 116.96-149.43 155.71 155.31 158.18 158.18 
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resented by eq. (2). The minor shielding of the NH 
protons may be attributed to the secondary effect of 
coordination through sulphur and the azomethine 
nitrogen. The presence of an NH signal also 
indicates that coordination occurs through the 
thione form. 

The 13C NMR data (Table 3) support the coor- 
dination of thiosemicarbazones through the azo- 
methine nitrogen and the sulphur of the >C=S 
group, as the carbons of both the groups get de- 
shielded on complexation, except in the case of 
adducts, where the carbon of the >C=S group is 
little affected, probably due to weak coordination 
of sulphur. The ’ 3C NMR spectra of semicarbazone 
complexes are very similar to that of the ligand. 
Sometimes in the spectra of complexes of L,, L4 
and Lb, weak signals around 26 and 60 ppm have 
been observed, probably due to oxidized ligands 
(Scheme 1). In the case of the (L-H)TeC13 species 
a greater number of aromatic signals has been 
observed than expected. Thus (L,-H)TeCl, shows 
nine distinct resonances (117.3-137.0 ppm) ; 
(L,--H)TeC13 shows eleven resolved resonances 
(117.61483 ppm) and (L,-H)TeCl, gives ten well 
resolved peaks (116.4-l 38.3 ppm). The appearance 
of the spectra is consistent with two overlapping 
phenyl sets (each ligand shows the expected six re- 
sonances). This is possibly due to an equilibrium of 
fat and mer isomers (Scheme 2). 

The single crystal X-ray diffraction analysis 
would have been the obvious choice to assign the 
structure in such systems, but the failure to grow 
suitable crystals has restricted us. However, in view 
of the earlier reports regarding the sterically inactive 
lone pair of tellurium(W), the assumption about 
an octahedral arrangement of ligands around the 
tellurium atom in all these complexes does not seem 
to be unreasonable. Of course, distortion is not 
ruled out. The most logical structures for LTeCl, 
and (L-H)Te2C17 type species are B and C, respec- 
tively. The existence of TeCl, in a tetrameric form I4 
is a strong driving force for speculating the C type 
of structure for (L-H)Te,Cl,. The infrared spectra 

/Cl CL CL 

cL\p\T~ jL 
0’) \CL/ ( \a 
h--_-.--S 

(B) (C) 

support coordination of the ligand via the azo- 
methine nitrogen, >C=S/O and phenolic OH (if 
present).” Thus a red shift of v(C=S) and v(C=N) 
as well as the presence of v(Te0) (39&425 cm-‘), 
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Scheme 1. 

Scheme 2. 

v(TeN)(338-354 cm-‘) and v(TeS~~21~230 cm-‘) 6. S. Padhye, Coord. Chem. Rev. 1985,53,127. 
suggest this mode of coordination. 7. A. Saxena and J. P. Tandon, Polyhedron 1984, 3, 

Comparison of the spectra with those of the cor- 681. 

responding bromides enables some estimates of *. 
v(TcC1) to be made (Table 4). For the (L-H)TeC& 
complexes, three bands are seen (244-302 cm-‘}. 9. 
This is in accord with the low symmetry of these 
materials. For the (L-H)Te&l, species, at least 

lo. 

four bands are observed in the wider range 230-300 
cm-’ and the lower frequency bands (230 cm-‘) 11. 
could certainly be ascribed to bridging chlorine 
atoms.i6 

A. Varshney, J. P. Tandon and A. J. Crowe, Poly- 
hedron 1986,5,739. 
F. H. Kruse, R. E. Sanftner and J. F. Suttle, Anaf. 
Chem. 1953,25,500. 
A. I. Vogel, A Text Book of quantitative i~org~ic 
Analysis, 3rd Edn, p. 266. Longmans, London 
(1961). 
Asahi Research Centre, Hand Book of Proton-NMR 
Spectra and Data, Vol. 2, p. 340. Academic Press 
(1985). 
M. Fermi Be&hi, G. Fava Gasparri, E. Leporati, 
C. Pelizzi, P. Tarasconi and G. Tosi, J. Chem. Sot. 
1986,2455. 
A. K. Sir@, J. K. Basumatary and N. Mann, unpub- 
lished results. 
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SPECTROSCOPIC PROPERTIES AND STRUCTURE OF THE 
HOLMIUM PERCHLORATE-1,lO PHENANTHROLINE 

COMPLEXES IN NON-AQUEOUS SOLVENTS 
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Abstract-Absorption spectroscopy studies of the anhydrous Ho(ClO& in CH30H and 
CH&N solutions with different concentrations of 1 ,lO-phenanthroline are reported. Analy- 
sis of the intensities of the&-transitions (in terms of Judd-Ofelt parameters and oscillator 
strengths of the “hypersensitive” transition) indicates that stable complex species with the 
N-donor ligand are formed. The species with four molecules of l,lO-phenanthroline in 
acetonitrile solution is characterized by one of the highest known P,, values observed for 
the heavy lanthanide compounds in solution. Studies of this species mixed CH,CN-solv. 
solutions (where solv.-H,O and CH,OH) showed the first coordination sphere of holmium 
as [Ho(phen), - (CH3CN)13+. The spectral characteristics of these systems are particularly 
suitable for studies of the “hypersensitivity” mechanisms. 

In our recent paper’ we have studied the spec- 
troscopic properties of anhydrous and hydrated 
neodymium perchlorates in methanol solutions 
with 2,2’-bipyridine (bipy) and 1, lo-phenanthroline 
(phen). It was found, that in non-aqueous solutions, 
species with N-donor ligand molecules in the direct 
environment of the lanthanide ion can exist. It is 
interesting then, to compare the behaviours of heavy 
and light lanthanide ion complexes. Some structural 
differences between them can be expected-because 
the lanthanide contraction may be responsible for 
some difficulties in the packing of relatively large 
ligand molecules in the first coordination sphere of 
the smaller (rNd3+ = 0.995 A, r&+ = 0.894 A) 
holmium ion. The more interesting aspect of 
this paper, however, appeared in the influence 
of the solvents and N-donor ligand on the in- 
tensities of the f-f transitions of the heavy lan- 
thanide ion. A particular role of CH3CN is 
clearly seen from results presented in this paper. 
We have investigated anhydrous holmium per- 
chlorates with 1, lo-phenanthroline in CH30H 
and CH$N solutions. Solvates of some anhydrous 
lanthanide perchlorates in these solvents were 

*Author to whom correspondence should be addressed. 
TPermanent address: University of Hanoi, Hanoi, 

Vietnam. 

studied recently by different methods, which were 
helpful in our studies.‘-’ 

EXPERIMENTAL 

Hydrated Ho(ClO,), was prepared from 99.9% 
Hoz03 (Merck), by the method given by Forsberg.6 
Anhydrous Ho(ClO& was prepared by the slow 
heating of the hydrated holmium perchlorate, for 
at least 120 h. All salts used were fully analysed. 
1 , 1 0-phenanthroline was dehydrated in vacua 
(1 mm Hg) for at least one week. 

All anhydrous reagents were checked for water 
contamination. Only samples with no O-H 
stretching bands in their IR spectra, were used for 
spectral measurements. The solvents used were 
also dried carefully. CH30H was dried using mol- 
ecular sieves (A-4). Acetonitrile was doubly dis- 
tilled over P4010, then dehydrated using CaH, and 
redistilled. In freshly prepared solvent, no O-H 
stretching bands were observed in the IR. The 
solutions in mixed solvents were prepared from an 
anhydrous solution of Ho(ClO& in anhydrous 
acetonitrile with 1, lo-phenanthroline (molar ratio 
Ho3+ : phen = 1: 4), with CH3CN diluted with an 
appropriate amount of water or methanol, respec- 
tively. All solutions for the spectroscopic measure- 
ments were stored under a dry nitrogen atmosphere. 

641 
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MEASUREMENTS AND CALCULATIONS 

Spectral measurements were made on a Cary 14- 
spectrophotometer at 293 K, over the spectral range 
available (11,00&30,000 cm-‘). UV bands of the 
Ho3+ ion have not been used in the intensity par- 
ameter calculations, because basic lines of the 
absorption bands were not well determined due to 
the strong absorption of the ligand in this spectral 
region. 

Experimental oscillator strengths of solution 
absorption bands were obtained by graphical inte- 
gration of the area under the absorption curves 
after the appropriate correction of the base line. 

Q, parameters were calculated from the exper- 
imental oscillator strength values by applying the 
Judd-Ofelt equation in the form : 

where : X-refraction index x = (n” + 2)2/9n ; 
@--matrix elements of the unit tensor oper- 

ator calculated by Carnal1 et al.’ from 
the free ion state eigenvectors ; 

J-total quantum number. 

Calculations were performed for the different sets 
of levels, however, sets of levels with minimal mean 
square error were the same for all the considered 
systems. Absorption spectra of Ho3+-l,lO-phen- 

A 

0.7 

0.6 

0.5 

0.4 

0.3 

A (a) H&Phe 
-l:o 

anthroline complexes in CH30H and CH,CN were 
measured for different M: L ratios (from 
M:L= 1:0.5 to M:L= 1:5). The spectra with 
M : L = 1: 0 are the spectra of pure holmium 
perchlorate dissolved in the appropriate solvent. 

The spectra of anhydrous hohnium perchlorate 
with phen (M : L = 1: 4) in CH,CN, with different 
molar ratios of H20 and CH30H were also mea- 
sured. 

RESULTS AND DISCUSSION 

As was proved previously for Nd3+ with phen,’ 
the most significant differences for different 
Ho3+. . phen molar ratios are observed for the 
“hypersensitive” transition. 

This is illustrated in Fig. l(a), where the influence 
of the increasing 1, lo-phenanthroline con- 
centration on the ‘G6 c ‘Z8 Ho3+ transition is pre- 
sented. The Judd-Ofelt parameter values RA of the 
Ho(ClO,),-phen system in methanol solutions are 
collected in Table 1. 

Among the three Q parameters (Table l), as 
can be expected, Q2 exhibits the most significant 
changes, whereas Sk, and Q6 remain almost constant 
within the limit of experimental error. Detailed 
analysis of the influence of the increasing metal to 
ligand ratios on the oscillator strength values of 
the “hypersensitive” transition (PhYP) and the R1 
parameter values, is presented in Figs 2(a) and 3(a), 

A 
(b) H&Phe 

- l:o 
-___ 1:1 

-.-a_- 1:2 
iy: 
ii 

-.-_._ 1:3 

p/J 

-a-.,1:4 
. . . . . . . . . 1:s 

!.+: ! 
I, ?@Y i_f I 

j /' i! 

;/ 
;/[,,.~~~~j~~ 

450 460 x[nm) 450 460 h(nm) 

Fig. 1. Effect of the increasing phen concentration on the “hypersensitive” transition ‘Gs t ‘I8 of the 
Ho3+ ion in the absorption spectrum of the anhydrous holmium perchlorate in: (a) CH,OH 

(c&l+ = 1.60 x 10m2 M, d = 5 cm), (b) CH,CN (cHo3+ = 1.75 x lo-* M, d = 2 cm). 
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respectively. The results of spectral measurements 
on the anhydrous Ho(ClO&-phen system in aceto- 
nitrile solutions are also collected in Table 1 and 
in Figs l(b), 2(b) and 3(b). In this case, generally, 
higher intensities are observed. PhyP and !& para- 
meter values again exhibit the strongest increase 
in their values with increasing 1, lo-phenanthroline 
concentration. A more detailed inspection of these 
data provided us with the conclusion that ligand 
influence is even more distinct on the intensities 
of other f-f transitions. A small, but systematic 
decrease of the R, parameter values is also 
observed. 

To make a comparison of the spectral properties 
of the Ho(ClO&-phen system in both solvents 
more realistic, we have expressed the intensity par- 
ameters in Sz, values. 

It seems, however, that we should be very careful, 
when applying the unified formula of the refrac- 
tive index function to all calculations. Taking 
into account the rather undoubtful fact that the 
spectroscopic mechanism of the “hypersensitive” 
transition is different from that for other f-f tran- 
sitions,’ we can not expect very good cor- 
respondence amongst the measurements in CH30H 
and CH,CN solutions. 

The general picture of the spectral changes, how- 
ever, in CH@H and CH&!N is rather different 
and presumably different complex species can 
form in solutions of these solvents. Moreover, it 
seems very probable that no species higher than 
[Ho(phen),13+can exist in significant amounts in 
CH30H solution. It is also very characteristic that 
for metal to ligand ratios higher than 1: 4, a solid 
complex compound precipitates out from the solu- 
tion. On the other hand, for the acetonitrile solu- 
tions, both the shape of the P = f (M/L) and the very 
high intensity [Figs l(b), 2(b)], together with the 
good solubilities of the solutions with high M : L 
ratios (up to 1: 5), suggest that the highest stable 
species which exists in CH$N solution is the spec- 
ies containing four 1, IO-phenanthroline molecules. 
A very high intensity of this species in the acetonitrile 
solution suggests that besides four phen molecules, 
some solvent molecules are present in the first coor- 
dination sphere of the lan~a~de ion. Recently, 
however, Bunzli et al.” proved that in acetonitrile 
solution some perchlorate ions are preserved in the 
first coordination sphere of the lanthanide solvate. 
We decided to check the influence of other solvents 
(H,O, CH,OH) on the spectral intensity of the 1: 4 
species in CH3CN solution. Results are presented 
in Fig. 4 and Table 2. In Fig. 4, relations between 
P hyp=f(Ho /so) P c a+ c IV are resented and quite striking 
differences can be seen between the influence of H,O 
and CH30H on the intensity of the “hypersensitive” 
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A 
P.106 (b) 

34,. 

* t 
1:l 1:2 1:3 1:4 1:1 1:2 1:3 l:r, 1:s 

Ho%Phe Ho3:+Phe 

Fig. 2. Oscillator strength values (P) of the “hypersensitive” transition ‘G, + 5Z, of the Ho3+ ion as a 
function of the molar ratio of Ho3+ . . phen : (a) for the anhydrous holmium perchlorate in CHSOH 
(cH03+ = 1.60 x lo-’ M), (b) for the anhydrous holmium perchlorate in CH$N (cH03+ = 1.75 x 

lo-’ M). 

(b) 

Q2 e- 
A 

Q&O (a) 

6, 

c 
1:1 1:2 1:3 1% 

H&Phe 

c 

1:1 1:2 1:3 1:4 1:s 
HaPhe 

Fig. 3. Q, parameter values of the anhydrous hohnium perchlorate in: (a) CH30H 
(c,,~‘+ = 1.60x lo-’ M), (b) CH,CN ( cHo3+ = 1.75x lo-* M) as a function of the molar ratio of 

Ho3+ : phen. 

Table 2. Judd-Ofelt parameter values (0,) of Ho(ClO& +four phen solutions in CH&N for different cH03+ : csolv. 
ratios where solv.-H,O and CH,OH x +,,a+ = 2.22 x lo-’ M 

Ho3+ : solv. 
Solv. n, x 1020 1:o 1:l 1:2 1:4 1:8 

Hz0 a2 10.60+ 0.36 8.93 Ifr 0.33 8.67f 0.33 8.33 +0.30 8.24kO.28 

2 4.18kO.38 5.34+ 0.57 4.45 3.93 f + 0.33 0.50 4.62+ 3.88 +0.34 0.50 4.5OkO.46 3.85kO.31 4.48f0.41 3.84k0.34 

CH,OH a2 10.63f0.46 10.52kO.42 10.67kO.42 10.6OkO.43 10.4lkO.42 
Q, 5.34f0.57 5.05 f0.64 5.13f0.62 5.08kO.63 5.2OkO.62 
Q, 4.18kO.38 4.45 f 0.43 4.28 &- 0.42 4.23 + 0.42 4.25 + 0.43 
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L * 

1:2 13, 1:6 ‘:’ Ho3tSolv. 

Fig. 4. Oscillator strength values of the “hypersensitive” 
transition ‘Gs +- ‘Is of the Ho3* ion as a function of the 
Ho3+ : solv. (where Ho 3+ :H,O 0, Ho’+ :CH,OH 0) 
for llJo@hen),](ClO,), phen solutions in CH&N 

(cH03+ = 1.75 x lo-’ M). 

transition of the [Ho~p~en~~13~ species in CHQ?. 
In the case of H&S--one water molecule added per 
one Ho3+ ion caused a significant decrease of the 
PbW The addition of the next two water molecules 
caused only slight intensity changes, and practically 
no further changes in intensity were observed when 
an additional amount of water was added, In the 
case of CH,OH, addition of this solvent up to a 
Ho3+ : Solv, molar ratio of 3 : 8 does not cause any 
change of the PhYp value. These results can be 
explained in terms of differences between the 
solvation ability of the [Ho(phen)4]3+ species in 
CH&N by these two solvents. If we assume the 
[Ho(pherQ4J3’ species in CH3CN has a coordination 
number of nine, with eight of the coordination pos- 
itions occupied by four l,lO-phenanthroline mol- 
ecules and one position occupied by CHCN or 
CIO;, a significant decrease in intensity should be 
observed when one Hz0 molecule is exchanged for 
CH3CN or ClO; in the first coordination sphere of 
Ho3+. CH30H has lower polarity and its size is 
significantly larger than H,O. 

It seems that the presence of a CH,CN molecule 
is more probable in the first coordination sphere 
than a ClOi ion, which should be exchanged by the 
large chelating 1 , 1 0-phenanthroline molecule, when 
a large excess of this ligand is added. 

In our opinion, coordination numbers higher 
than nine seem to be rather doubtful for this system, 

in the case of such large ligands as 1 ,lO-phen- 
anthroline. 

These data are particularly interesting from the 
point of view of the spectral properties of systems 
with Ln3+ -N bonding. The species [Ho(phen), * 
{CH3CN)]3+ gave higher values of all the par- 
ameters, even in comparison with the mixed 
Ln3+-phen-CHSOH species. It should be pointed 
out that & parameter values [Fig. 3(b)] decrease 
slightly but systematically, when 1, IO-phen- 
anthroline exchanges with CH,CN molecules in the 
first coordination sphere of the Ho3+ ion. It suggests 
that this solvent is more tightly bonded to the Ln3’ 
ion, and complexation with 1,l O-phenanthroline is 
due mainly to the entropy effect. 

Very high intensities of [Ho(phen), * (CH3CN)]3’ 
may be the result of the very significant anisotropy 
of this species.* Unfort~ately, since we were unable 
to prepare crystals good enough for X-ray and spec- 
troscopic analysis, studies of the luminescence and 
absorption spectroscopy of Ln3+--phen systems 
with different anions and solvents should be very 
helpful in unders~nding their properties and will 
be the subject of forthcoming papers. 

The Ln3+-phen--CH,CN system, however, 
seems to be particularly interesting from the point 
of view of the “hypersensitivity” mechanism. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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A~aet-Reaction of [(~b)PdCl]~ (1) with Me~Sn(S~N*) (2) or PhHgS,N (3) gave 
Pd(Azb)(S,N,H) (4) and Pd(Azb)(S,N) (5), respectively. (Azb = azobenzene or tetra- 
methylazobenzene.) The new compounds were characterized by IR, microanalyses and, in 
the case of Pd(Tmaz) (S,N,H) (Tmaz = tetramethylazobenzene) X-ray crystallography. 

We have recently developed routes to a number of 
interesting metalla-sulphur-nitrogen compounds.’ 
For example, binuclear complexes’ such as 
lPt(PPh,)(S2N2)]2, ionic stacking compounds3*4 of 
the general type fpt(S,N,H) (PR,),]X as well as com- 
plexes containing small ligands5s6 are all now 
known. Currently, there are few examples of mixed 
ligand palladium sulphur-nitrogen complexes and 
there has been little work on the synthesis of SN 
complexes in which the other ligands are coplanar. 
These types of compounds are of interest from the 
point of view of their potential stacking properties. 
Clearly, one limitation with previous work is the 
bulk of the phosphine ligands which hinders 
very close approach of adjacent molecules in the 
solid state. Here we report on the preparation 
of palladium SN complexes with azobenzcne 
ligands, together with the crystal structure 
of Pd(Tmaz)(SzNzH). 

EXPERIMENTAL 

General reaction conditions, drying of solvents 
and spectroscopic measurements were as described 
previously.“ Azobenzene was purchased from 
Aldrich and used without further purification. 
Tetramethylazobenzene was prepared from 5-nitro- 
pn-xylene as described in the literature.’ 
[Pd(Azb)Cl]~ was prepared” by stirring a meth- 
anolic solution/suspension of PdC12 with the appro- 

*Author to whom correspondence should he addressed. 

priate azobenzene overnight. The resulting pre- 
cipitate was collected, washed with methanol and 
water and dried in vacua. PhHg&N and Me2SnS2N2 
were prepared as previously described.9~‘0 

Pd(Azb)(&N2H) 

To a suspension of [Pd(Az)Cld (150 mg, 0.23 
mmol) in dry CH2C12 (10 cm’), was added solid 
Me,Sn(S,N,) (102 mg, 0.46 mmol) ; the reaction 
immediately gave a deep brick red solution. The 
reaction was stirred under argon for 2 h, filtered 
through celite and reduced in volume to ca 5 cm3 
before purification using a Biobeads SX-8 column 
with CH2Clz as the eluent. The product was 
obtained as the second (orange) band which eluted 
down the column. Eva~ration of the solvent in 
vacua gave analytically pure material, 104 mg, 60%. 
The complex may be further purified by re- 
crystallization from hot toluene. Crystals of 
Pd(Tmaz) (S2N2H) suitable for X-ray crystal- 
lography were obtained by slow evaporation of 
a CH2C12 solution. 

Pd(Azb)(S,N) 

To a suspension of [Pd(Azb)Cl], (173 mg, 0.27 
mmol) in CH,Cl, (10 cm3) was added PhHgS,N 
(275 mg, 0.53 mmol). The reaction went dark red 
immediately and was stirred for 4 h under argon. 
After filtration through celite, the CH2Clz solution 
was reduced to ca 5 cm3 and eluted down a Biobeads 
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SX-8 column using CH2C11. The product was the 
second (red) band. Evaporation of the CH,C12 in 
UQC~O gave a mauve solid which was recrystallized 
from toluene. Yield 45 mg, 22%. The Tmaz com- 
plex was obtained in a similar fashion. 

Pt(S2NZH)(PR3),, with elimination of MezSnC12. 
With CH2C12 as solvent, we believe that the initially 
formed platinum-S2Nz complex and the Me,SnCl, 
pick up HCl to give the overall reaction shown in 
eq. (1) ; the final product from this reaction has been 
characterized by X-ray crystallography,4 

X-ray structural analysis ofPd(Tmaz)(S,N2H) PtC12(PEt3)2 + Me2Sn(S2N2) 

Crystal data. C16H,8N4S2Pd, M = 436.86, mono- 
clinic, a = 13.072(3), b = 8.006(l), c = 17.285(4).& 
/3 = 102.27(2)“, U = 1768 A3, space group P2Jc, 
2 = 4, D, = 1.65 g cme3. Orange, air stable prism, 
dimensions 0.1 x 0.2 x 0.15 mm, p(Cu- 
&) = 108.8 cm-‘, I = 1.54178 A, F(OO0) = 880. 

-+ lPt(S2N2H) OPFt&l [Me2SnC131. (1) 

Clearly, if HCl from the solvent can be involved 

Data collection and processing. Refined unit cell 
parameters were obtained by centring 20 reflections 
on a Nicolet R3m diffractometer, o-scan method, 
(6 < 58”), graphite monochromated Cu-K, radia- 
tion ; 238 1 independent measured reflections, 2128 
observed [IF01 > 3o(]F,()], corrected for Lorentz and 
polarization factors ; numerical absorption cor- 
rection (face indexed crystal). 

in the reation there is no absolute requirement for 
bis chloro complexes to be used. As an alternative 
strategy we have employed the dimeric compounds 
[Pd(Azb)Cl], (1) (Azb = azobenzene, tetra- 
methylazobenzene) assuming that the other chlor- 
ide will be provided by the solvent. Reaction of (1) 
with (2) proceeds smoothly according to eq. (2). 

[Pd(Azb)Cl,] + 2Me2Sn(S2N2) + HCl 

Structure analysis and refinement. The structure 
was solved by direct methods and all the non-hydro- 
gen atoms refined anisotropically. The positions of 
all the hydrogen atoms were clearly revealed in a 
AF map. The position of the hydrogen attached to 
N(1) was idealized (N-H = 0.96 A) and refined 
isotropically. Two orientations (each 50% occu- 
pancy) of the methyl group on C(7) were detected, 
and these and the other methyl groups were refined 
as rigid bodies. All other hydrogen atoms were 
idealized (C-H = 0.96 A), assigned isotropic 
thermal parameters [U(H) = 1.2U,(C)] and allowed 
to ride on their parent carbon atoms. Refinement 
was by block-cascade full-matrix least-squares to 
R = 0.051, (R = C [IF01 - ]F,]]/ZlF,]), R, = 0.056 
(w-l = (r2(F)+0.00161F2). The maximum residual 
electron density in the final AF map was 1.79 eAm3 
and the mean and maximum shifts/error in the final 
refinement cycle were 0.006 and 0.069, respectively. 
Computations were carried out on an Eclipse S140 
computer using the SHELXTL program system” 
and published scattering factors.12 Tables of atomic 
coordinates, displacement factor coefficients, full 
lists of bond lengths and angles and FJF, values 
have been deposited as supplementary material with 
the Editor, from whom copies can be obtained.* 

+ ZPd(Azb) (S,N,H) + 2Me2SnC12. (2) 

The products (4) are obtained in reasonable yield 
(Table 1). 

We have recentlyI made use of reactions of 
Hg(S,N), with PtC12(PR3)2 to form complexes of 
the type [Pt(S,N)(PR,),][PF,]. In these types of 
reactions it is believed that Hg(S,N), acts as a 
source of S7N- which disproportionates to give 
S3N- and sulphur. An alternative reagent is PhHg 
(S,N) (3) which reactsi with PtC12(PR3)2 to give 
PtCl(S,N)(PR,). As expected (3) reacts with (1) to 
give Pd(Azb)(S,N) (5) (eq. 3). 

[Pd(Azb)Cl], + 2PhHg(S,N) 

+ 2Pd(Azb) (S,N) + 2PhHgCl+ Ss. (3) 

Compounds (4) and (5) gave satisfactory analyses 
(Table 1). Their IR spectra are dominated by 
absorptions due to the azobenzene ligand, but some 
bands due to the SN ligands are observed. In the 
case of (4) the v(NH) bands (3284 and 3257 cm-’ for 
Azb and Tmaz, respectively) together with v(NS) 
bands (1074(m) and 1096(m) cm-‘), 6(NS) (515(m), 
332(m) and 506(m), 338(m) cm-‘) are not obscured 
by azobenzene bands. In Pd(Azb)(S,N) v(NS) (986 
cm- ‘) and 6(NS) (343 cm-‘) bands are seen. 

RESULTS AND DISCUSSION 

We have previously made use4 of reactions of 
Me2Sn(S2NZ) (2) with cis-PtC12(PR3)2 to form 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

The X-ray structure of Pd(Tmaz)(S,N,H) (4a) 
is shown in Fig. 1 and selected bond distances 
and angles are in Table 2. The complex is square- 
planar with a maximum deviation from the 
Pd-N( l)-S(2)-C( 10)-N(3) mean plane of 
0.057 A for C(10). A more detailed analysis of the 
coordination geometry reveals that the departure 
from planarity of the substituents on palladium is 
caused by a slight twisting of the Tmaz ligand rela- 
tive to the truns S2N2H- unit. The dihedral angle 
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Table 1. Yields and ~~roan~~~l data (calculated values in parentheses) 
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Compound Colour 
Analyses” 

% Yield C% H% N% 

PWW&N,H) Orange 60 37.9 2.6 
(37.8) (2.6) 

Pd(Tmaz)(S~N~~) Orange 42 
(ZG) (Z) 

Pd(Azb) (WI Mauve 22 36.9 2.3 
(36.2) (2.3) 

Pd(Tmaz)(S,N) Red 36 42.7 3.9 
(42.3) (3.8) 

14.2 
(14.7) 
12.6 

(12.8) 
10.1 

(10.6) 

(E) 

a Calc. values in parentheses. 

Table 2. Selected bond distances and angles in Pd(Tmaz~S~N~H~ 

Pd-S(2) 
Pd-N(3) 

S(ljN(1) 
S(2jN(2) 
N(3I---W) 

S(2jPd-N( 1) 
N(ljPd-N(3) 
N(ljPd-C(lO) 

N(ljS(ljN(2) 
Pd-N(ljS(1) 
Pd-N(3jN(4) 

N(4jN(3jW) 
N(3jCt lj~(2) 
Pd-C(lOjC(ll) 

N(4)--C(9)--C( 10) 

2.253(2) 
2.048(6) 
1.588(7) 
1.668(7) 
1.434(9) 

85.0(2) 
95.8(2) 

1’72.8(3) 
108.8(4) 
120.1(4) 
117.714) 
11 U(6) 
118.2(7) 
135.5(6) 
119.0(6) 

Pd-N( 1) 
Pd-C( LO) 

StljN(2) 
N(3jN(4) 
N(4k--C(9) 

S(2jPd-N(3) 
S(2jPd-C(10) 
N(3 jPd--C(10) 
Pd-S(2jN(2) 

S(ljN(2jS(2) 
Pd-N(3jC( 1) 

N(3jN(4)--Ct9) 
N(3jC(ljC(6) 
Pd-C( IOjC(9) 

N(4)--c(9)--c( 14) 

2.049(6) 
2.013(6) 
1.536(S) 
1.277(7) 
1.395(9) 

179.2(l) 
99.6(2) 
79.6(3) 

104.9(3) 
121.0(5) 
126.7(4) 
113.5(6) 
119.6(6) 
109.9(S) 
116.3(7) 

Cl141 73 

Fig. 1. The X-ray crystal structure of Pd(Tmaz)(S~N*H). 
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between the Pd-N( 1)-S(2) and Pd-N(3)-C(IO) 
planes is 5.5”. This twist of the Tmaz ligand is 
almost certainly due to the steric interaction 
between the C( 15) methyl and S(2) [the shortest 
intramolecular contact is 2.44 w between H( 15) and 
S(2)]. This results in deviations of 0.27 and 0.43 A 
from the PdS2N2 plane for C( 10) and C(9), respec- 
tively. The C(l)-C(6) xylyl ring is also rotated 
45” out of the Pd-N(3)-N(4)-C(9)-C( 10) plane 
due to the steric repulsion between N(1) and C(2) 
m(l). . . C(2) 3.08 A]. The distances and angles 
within the PdS2N2H metallacycle are most readily 
compared with those in [Pd(S,N,H)(PMe,Ph),3 

F’,I K4.” The only significant difference is 
the Pd-S(2) bond length which is shorter in (4a) 
than in (6) (2.253(2) cf. 2.290(2) & respectively) 
due to the difference in truns ligands (M-P vs 
M-C tram bonds). In contrast to (6), although 
there are no steric restrictions, (4a) does not stack 
in the solid state. Ionic structures appear to be pre- 
ferred for this type of packing to occur. 

Acknowle&ements-We are grateful to the SERC for 
support and to Johnson Matthey for loans of precious 
metals. 

REFERENCES 

1. P. F. Kelly and J. D. Woollins, Polyhedron 1985, 5, 
607. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

10. 

11. 

R. Jones, P. F. Kelly, D. J. Williams and J. D. Wool- 
lins, J. Chem. Sot., Chem. Commun. 1985,1325. 
R. Jones, P. F. Kelly, C. P. Warrens, D. J. Williams 
and J. D. Woollins, J. Chem. Sot., Chem. Commun. 
1986,711. 
R. Jones, C. P. Warrens, D. J. Williams and J. D. 
Woollins, J. Chem. Sot., Dalton Trans. 1987, 907 
N. P. C. Walker, M. B. Hursthouse, C. P. Warrens 
and J. D. Woollins, J. Chem. Sot., Chem. Commun. 
1985,227. 
R. Short, M. B. Hursthouse, T. G. Purcell and J. D. 
Woollins, J. Chem. Sot., Chem. Commun. 1987,407. 
R. B. Carlin, J. Am. Chem. Sot. 1945,67,928. 
A. C. Cope and R. W. Siekman, J. Am. Chem. Sot. 
1965,87,3272. 
H. W. Roesky and H. Weizer, Angew. Chem. Znt. Ed. 
Engl. 197, 12, 674. 
H. G. Heal and R. J. Ramsay, J. Znorg. Nucl. Chem. 
1974, xi, 950. 
G. M. Sheldrick, SHELXTL, An Integrated System 
for Solving, ReJining and Displaying Crystal Struc- 
turesfrom Dtfiaction Data, University of Gottingen, 
Gottingen, F.R.G. (1978). Revision 4.1 (1983). 

12. International Tables for X-Ray Crystallography, Vol. 
IV. Kynoch Press, Birmingham (1974). 

13. R. Jones, T. G. Purcell, D. J. Williams and J. D. 
Woollins, PoIyhedron 1987,6, 2165. 

14. J. D. Woollins, unpublished. 
15. R. Jones, P. F. Kelly, D. J. Williams and J. D. 

Woollins, J. Chem. Sot., Dalton Trans. accepted 
for publication. 







Ta
bl

e 
2.

 “
P 

an
d 

“C
 N

M
R

 
da

ta
” 

fo
r 

th
e 

go
ld

 c
om

pl
ex

es
 

JN
F’

,) 
V

c)
 

JW
P

c)
 

JP
P

,) 
m

g 
*J

(C
P)

 
‘J

(P
C

) 

[(
PP

h,
)A

ug
L-

C
N

)I
rC

l,L
,1

 
[C

lO
,] 

(I
a)

 
[(

PP
h,

)A
u@

N
C

)I
rC

l,L
,1

 
[C

lo
d]

 
(2

s)
 

[(
PP

h,
)A

u(
p-

C
N

)R
hC

l,L
,1

 
[C

lO
.,]

 
(lb

) 
[(

PP
h3

)A
u@

-N
C

)R
hC

lz
L3

] 
[C

lO
,] 

(2
b)

 
[{

L3
C

~2
W

-N
%

W
 W

U
 

(W
 

[{
 LW

W
-N

C
W

-W
 

[C
Q

I 
(W

 
[A

u(
C

N
) 

@
‘W

I 
[A

uC
PP

h,
M

 K
Q

I 

- 
19

6.
8 

- 
18

1.
3 

20
.1

 
- 

10
3.

5 
16

2.
3 

13
2.

7 
13

.3
 

- 
19

6.
4 

- 
18

6.
7 

23
.7

 
-1

11
.8

 

- 
13

8.
3 

10
6.

6 
- 

14
6.

3 
80

.6
 

28
.2

 
- 

10
3.

4 
16

6.
0 

13
1.

5 
13

.4
 

- 
15

5.
1 

85
.7

 
- 

14
9.

2 
77

.2
 

29
.7

 
-1

11
.9

 

- 
19

6.
5 

- 
18

2.
0 

20
.0

 
15

5.
2 

14
.9

 

- 
13

9.
0 

10
7.

1 
- 

14
7.

1 
80

.8
 

28
.2

 
15

9.
1 

15
.0

h 

- 
10

1.
8 

15
5.

1 

-9
6.

1 

“P
(O

M
e)

, 
in

 C
sD

s 
an

d 
TM

S 
as

 r
ef

er
en

ce
s,

 
re

sp
ec

tiv
el

y.
 

b L
 =

 P
M

e,
Ph

. 
‘In

 C
H

,C
l, 

(“
P)

 o
r 

C
D

&
l, 

(“
C

). 
dP

M
ez

Ph
 t

ra
m

 
to

 C
 o

r 
N

. 
‘P

M
e,

Ph
 

ci
s 

to
 C

 o
r 

N
. 

SP
Ph

,. 
g 1

3C
N

 si
gn

al
. 

‘S
ep

ar
at

io
n 

of
 o

ut
er

 l
in

es
 o

f 
th

e 
vi

rtu
al

 
tri

pl
et

s 
; 1

3J
(C

P)
 + 

‘J
(C

P)
]. 

‘N
ot

 o
bs

er
ve

d 
si

nc
e 

th
e 

si
gn

al
 i

s 
a 

br
oa

d 
si

ng
le

t. 



654 A. J. DEEMING et al. 

except that the cyanide ligands remain bridged to 
iridium atoms. However, if free [L,Cl,Ir-NC] were 
generated at any stage in this process, one would 
expect this to convert readily to the carbon-bonded 
form [L3C121r-CN] and there is no evidence for 
this with iridium. 

A reaction between [Au(CN)(PPh,)] and 
[RhC12(H20)L3] [ClO,] (L = PMe,Ph) similarly 
gave the simple dinuclear species [(PPh,)Au(p- 
CN)RhCl,L,] [ClO,], (lb) but disproportionation 
was more rapid, being complete within minutes, to 
give a mixture containing [(L,Cl,Rh(p-NC)},Au] 
[ClO,], (3b). In the rhodium case, another very 
slow reaction followed this disproportionation. 
Cleavage of the Au-CN bonds occurs to give after 
several days, a solution also containing [L3C12Rh(p- 
CN)RhCl,L,] [ClO$ in addition to the other com- 
plexes shown in Scheme 1. 

of compounds (3). Notice in Table 2 that ‘J(RhPJ 
is larger for PMe,Ph tram to N (106.6 Hz) than for 
PMezPh tram to C (85.7 Hz), consistent with the 
carbon atom of the bridging cyanide having a’ 
greater trans-influence than the nitrogen atom. An 
exactly comparable effect was observed for 
[L3C1,Rh(@N)RhCl,L,1 [ClO,] for which ‘J(RhP,) 
is 107.7 Hz when the PMe,Ph ligand is trans to N 
but only 86.7 Hz when the ligand is tram to C of 
the bridging cyanide.5 

We have evidence also for the isomers (la) and 
(lb) with the CN orientations reversed. Thus the 
compounds [MCl,(CN)L,] (M = Rh or It-; 
L = PMe,Ph) react with [Au(PPh,)][ClO,], formed 
in situ by reaction of [AuCl(PPh,)] with AgClO, 
in methanol (Scheme 2). Precipitation with diethyl 
ether gave white crystals of [(PPh,)Au@- 
CN)MCl,L,] [ClO,] (2a: M = Ir) and (2b: 
M = Rh), but these were contaminated with 
[L3C12M(p-CN)MC12L3L3] [ClO,] (ca 5%). On 
leaving a CDC& solution of (2b) to stand for 
several days, the ‘H NMR spectrum indicated that 
approximately equal amounts of [L$&Rh@- 
CN)RhCl,L,] [ClO,]. [(PPh,)Au(p-CN)RhCl,L,] 
[ClO,] (lb), and its isomer [(PPh,)Au(p-NC) 
RhCl,L,] [ClO,], (2b) were present. 

The syntheses of ‘3CN-enriched cyanide deriva- 
tives (90% enriched) has given very useful NMR 
data. As an example, Fig. 1 shows the 13C NMR 
spectrum of a mixture of compounds (lb) and (3b) 
(each 90% isotopically-enriched at cyanide). The 
13C NMR spectrum of [Au(CN)(PPh,)] is a single 
broad peak with no observable coupling to phos- 
phorus. Almost certainly this indicates that there is 
a rapid intermolecular exchange of cyanide or PPh3, 
or both (see discussion in the synthetic section 
above). However, Fig. 1 shows well-resolved 31P- 
coupling in the p-CN compounds showing that 
exchange of this kind is slow in the cyanide-bridged 
complexes. Compound (lb) shows ‘J(PC) to PPh3 

Ild 1301 

Spectroscopic characterization of compounds 

In spite of our difficulties in isolating analytically 
pure samples of compounds (lH3), we have very 
good evidence for their formulations and structures 
from the data in Tables 1 and 2. The ‘H and “P 
NMR data clearly indicate that the mer-con- 
figurations at Rh and Ir are maintained and that, 
whereas PPh3 remains coordinated at Rh and Ir in 
compounds (1) and (2), it is lost in the formation 

I I I 

165 160 155 

6 

Fig. 1. 13C(‘H} NMR spectrum of a dichloromethane 
solution containing [(PPh3)Au(p-‘3CN)IrCl,(PMe2Ph)3]+ 
(lb) and [{(PMezPh)3C1Jr(~-N’3C)}2Au]+ (3b), each 

90% isotopically enriched at the p-cyanide ligand. 

Ft.,& 
L-M“-CN 

L’ I 

+ [Au(PPh3)1CLO~ - 

Cl 

17f&N-Au-PPh]C’Od 

(M = Rh or Ir) 

Scheme 2. 

(2a) (M = Rh) 

(2b) (M= Ir) 
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Pig. 2. Mol~ul~ structure of [f(PMe~Ph~3CI~gi-NC)‘t,Au]+. The gold atom lies at a centre of 
symmetry and only half of the atoms are labelled. 

of 131.5 Hz and 3J(PC) to PMezPh (tram) of 13.4 
Hz. In contrast, the large coupling between 13C and 
PPh3 is clearly absent from the “C signal for (3b). 

The triplet pattern for (36) is an interesting case of 
virtual coupling. The magnitude of 2J(CC’) is large 
enough to give a virtually coupled set of atoms 
(PCC’P’) where the P-atoms are those trans to the 
cyanide bridges. 

Structure of compound (3b) 

conclusions from the above s~tro~opic data 
were finally substantiated by a single-crystal X-ray 

structure determination for this compound. We had 
difficulties obtaining pure samples, but on one 
occasion the addition of diethyl ether to a di- 
~hloromethane solution of compounds (lb), (3b) 

and [Au(PPh,)J[ClO,], gave well-formed crystals 
of [~~Me*Ph)3~~~~-NC)~*Au][Cl~~] * ZCH,Cl, 
suitable for X-ray analysis. Selected bond lengths 
and angles are given in Table 3 and a view of the 
cation is shown in Fig. 2. The cation is centro- 
symmetric, with the Au atom at this centre. The 
two mer-arrangements are therefore eclipsed with 
the P-Rh-P directions parallel, which contrasts 
with the arrangement found for [(PMe,Ph), 

Table 3. Selected bond lengths and angles for I((PMezPh}3Cr,Rh(-NC)),Au] 
[CIO,] -2CH&&, (3b) 

-Sl(2)-Rh( l)--Cl( 1) 
P(l)--Rbfl)--cW) 
P(2WW Q--W) 
P(3)----Rh(l)--W) 
P(3~~(ljP(l) 
N(1)_Rh(l)--W) 
N(l)--Rh(lk-P(l) 
N(l)_-Rh(lk--P(3) 
N(l~(l~Au(l) 

Bond lengths (A) 

2.000(S) W)_-Rh(l) 
2.348(4) PW-Rh(l) 
2.301(4) P(3)---Rh(1) 
2.080(7) W)-_N(l) 

Bond angles (“) 

2.347(4) 
2.396(4) 
2.386(4) 
1.124(g) 

179.7(l) 
88.0(2) 
92.7(2) 
88.2(2) 

1669(l) 
88.3(3) 
81.2(3) 
86.5(3) 

175.4(8) 

P(l)_RW--W) 92.3(2) 
P(2)--Rh(lk-W) 87.2(2) 
P(3)--RhflF-W) 91.5(2) 
Pt2)---RhW--P(l) 97.4(2) 
p(3~~(l~P(2) 95.3(2) 
N(l)_Rh(lFX2) 91.8(3) 
N(l)_-Rh(lt-P(2) 175.2(2) 
C(l)---N(l)-=(l) 174.3(7) 
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Cl&),@-CN)] [CIO,] which is also eclipsed but 
with the P-Ir-P directions orthogonal.’ The 
Rh-P bond trans to N [2.302(4) A] is 0.09 A shorter 
than the other two Rh-P bonds [2.396(4) and 
2.386(4) A]. The two cyanide bridges are approxi- 
mately linear with angles of 175.4(g)’ at carbon and 
174.3(7)O at nitrogen. An unusual feature of the 
structure is that the phenyl ring on P(3) is oriented 
towards the centre of the cation and that on 
P(1) away from it. A more normal situation is 
found in [IrCl,(PMe,Ph),]‘” and in [IrcI,(H,O) 
(PMe2Ph),] [ClO,]’ for which there are conformations 
with the two mutually trans PMe,Ph ligands having 
the phenyl groups anti as here but in a plane per- 
pendicular to that in (3a). 

Cation (3a) has a remarkably long linear chain 
of atoms (PRhNCAuCNRhP) but related chains 
have been proposed before. Reaction of 
K[Cr(CN)(CO),] with HgC& gives (CO)sCr- 
NC-Hg-CN-Cr(CO)S although the structure 
has not been established.” In this Cr/Hg example 
there is evidence for CN/NC orientation iso- 
merism, whereas (3a) exists in only one isomeric 
form. 

EXPERIMENTAL 

CAUTION : We had no problem in the handling 
of the perchlorate complexes but there is 
always a risk of explosion witb such comjtounds. 
[Au(CN) (PPh,)] has been prepared from gold cyan- 
ide and triphenylphosphine,6 or from [Au(Me 
CO,)(PPh,)] and HCN,7 but we have used the 
method given below. Likewise we report a modified 
synthesis of [Au(PPh,),] [C104].’ The syntheses of 
[MCl,(H,O)(PMe,Ph),] [ClO,] (M = Rh or Ir) have 
been reported earlier.**” K13CN (90% 13C) was 
obtained from Amersham International. ‘H, 
31P{1H} and 13C{*H} NMR spectra were recorded 
on a Varian XL200 spectrometer, and IR spectra 
were of Nujol mulls of solid mixtures formed by 
removal of the solvent and were obtained on a 
Perkin-Elmer PE983 spectrometer. 

Synthesis of [Au(CN) (PPh,)] 

A solution of [AuC1(PPh3)]13 (0.278 g) and KCN 
(0.037 g) in dichloromethane (15 cm3) and meth- 
anol (30 cm3) was refluxed for 20 min. The solution 
was filtered and reduced to 30 cm3 to give the pro- 
duct as white needles (0.165 g). The 13C!N analogue 
(900/, 13C-enriched) was prepared similarly. 

Synthesis of[Au(PPh,)d [ClO,] 

Silver perchlorate (0.052 g) in methanol (2 cm3) 
was added to a solution of [AuCl(PPh,)] (0.121 g) 

in THF (25 cm’). The AgCl was filtered off and 
PPh, (0.065 g) in THF (2 cm3) added. Removal of 
the solvent and recrystallization of the residue from 
a CH2C12/Et20 mixture gave the product as white 
needles (0.103 g). 

Reaction of [Au(CN)(PPh,)] with [MC12(H20) 
WWW31 ICW 

Solutions were prepared containing accurate 
equimolar amounts of [Au(CN)(PPh,)] and 
[MCl,(H,O)(PMe,Ph),][ClOJ (M = Rh or Ir) (ca 
0.1 mmol each) in dichloromethane (0.5-2.0 cm3) 
and the formation of [(PPh3)Au@-CN)MC& 
(PMe,Ph),][ClO,] was followed by ‘H, 13C and 
31P NMR spectroscopy. Spectra were recorded 
periodically over several days. Attempts to 
isolate products gave impure materials in gen- 
eral. IR spectra are of Nujol mulls of solids 
formed by removal of the solvent. In one case, 
addition of diethylether to a dichloromethane 
solution of [RhCl,(H,O)(PMe,Ph),][ClO,] and 
[Au(CN)(PPh,)], after the NMR spectra had con- 
firmed the formation of [((PMezPh)3ClzRh(p- 
NC))2Au][C10,] (3b), gave well-formed crystals of 
this compound which were used in the single-crystal 
X-ray study and to determine the value of v(CN) 
for (3b) which may be compared with that for (lb). 

Reaction of [RhCl,(CN)(PMe,Ph),] with [Au(PPh,)]’ 

Silver perchlorate (0.019 g) in methanol (2 cm3) 
was added to a solution of [AuCl(PPh,)] (0.043 g) 
in THF (10 cm3). The AgCl was filtered off and 
the filtrate added dropwise to a solution of 
[RhCl(CN)(PMe,Ph),] (0.053 g) in THF (10 cm3). 
The solvent was removed to give a yellow solid 
which was recrystallized from CH,Cl,/diethylether 
mixtures. The ‘H NMR spectrum confirmed the 
presence of (2b), but this was not totally pure (see 
Discussion). The iridium compound was prepared 
similarly. 

Single-crystal X-ray structure determination for 
[{(PMe2Ph),C1,Rh(yNC)),Au] [ClO,] - 2CHzC12 

The crystal used for the X-ray study was sealed 
in a thin-walled glass capillary. All crystallographic 
measurements were made at 293 +2 K using a 
CAD4 diffractometer operating in the o-28 scan 
mode with graphite monochromated MO-K, radi- 
ation (2 = 0.71069 A) as previously described.14 The 
structure was solved via the heavy atom method 
and refined using full-matrix least squares. Non- 
hydrogen atoms were refined anisotropically, 
phenyl hydrogen atoms freely isotropically, but 
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methyl hydrogen atoms were refined as com- 
ponents of rigid CH3 fragments with group U,, 
values. The perchlorate ion is sited on a centre of 
symmetry and is disordered, with two related orien- 
tations of the four oxygen atoms. 

CnH,AuC1~N204P6Rh~, h& = 1694.8, triclinic, 
a = 9.426(2), b = 12.852(3), c = 15.653(3) A, 
a = 101.33(2), /I = 104.10(l), y = 103.42(2)“, 
U = 1690.47 A3, space group PT, Z = 1, L& = 1.66 
g cm3, ,u(Mo-I&) = 30.14 cm-‘, F(OOO) = 840. 
Total data recorded 6161 (1.5 < 8 9 25”), unique 
5924, observed [Z > l.Scr(Z)] 4759. Corrected for 
absorption empirically. Final R = 0.054, 
R, = 0.074,448 parameters, o = [a2(F0)+0.00035 
F$ ‘. Final atomic coordinates, displacement fac- 
tor coefficients, full lists of bond lengths and angles 
and &IF= values have been deposited as sup- 
plementary material with the Editor, from whom 
copies can be obtained.* 
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crystallographic work and Johnson Matthey plc for 
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*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Base. 
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SPECTROCHEMICAL STUDIES ON THE 4,6-DIAMINE-2- 
METHYLTHIO+NITROSO PYRIMIDINE COMPLEXES OF Pd(II), 
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Abstract-The Pd(II), Pt(II), Ag(I), Au(III), Cd(I1) and Hg(I1) complexes of 4,6-diamine- 
2-methylthio-5-nitroso pyrimidine (H,DAMTNP) have been prepared and investigated 
by IR, ‘H NMR and magnetic methods: M(HIDAMTNP)ZX2 (M = Hg, X = Cl; 
M = Pd, X = Br ; M = Pt, X = Cl, Br), Cd(H2DAMTNP)C12, Pd(HDAMTNP)Cl, 
Au(DAMTNP)Cl and Ag(HDAMTNP) * H20. The ligand is S-coordinated to the metal in 
Cd(I1) and Pt(I1) complexes ; for the remaining complexes IR spectra suggest coordination 
involving N&chelation of the ligand through the ring nitrogen atom and exocyclic sulphur 
atom. Metal halogen coordination has been assigned on the basis of the position of v(M-X) 
in the far-IR spectra. From DSC and TG curves, the thermal behaviour of these complexes 
has been deduced. 

The stimulus for much of the research into the 
coordination chemistry of heterocyclic thione 
donors stems from the wide range of applications of 
the complexes of such ligands, mainly those derived 
from their biological activity. ’ Medical-biological 
bacteriostatic activity has been related to coor- 
dination ability of some thione imidazoline and thi- 
azoline derivatives,* and zinc pyridine thione has 
a bacteriostatic activity.3 Other thione derivatives 
have thyrotoxic4 or anticonvulsant activities or cen- 
tral nervous system depressant capacity. 5 Finally, 
carcinostatic activity of some of their heavy metal 
complexes has been reported6 and a platinum 
pyridine thione cdmplex has been patented for 
use in cancer treatment. 7 

vention of complex formation processes in the bio- 
logical action mechanism of these pyrimidine 
derivatives. ’ 6 
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In the last few years we have published some 
papers concerning the study of metal complex for- 
mation of several 2-methylthiopyrimidine deriva- 
tives.‘7W25 Most recently the X-ray study of a Cd(I1) 
complex with 4,6-diamino-l,Zdihydro-2-thiopy- 
rimidine has been published.26 As a continuance of 
these works, in the present paper we report the 
synthesis and study of eight new complexes, formed 
by the reactions between Cd(II), Hg(II), Pd(II), 
Pt(II), Ag(1) and Au(II1) and 4,6-diamino-2- 
methylthio-5-nitroso pyrimidine (H,DAMTNP). 

Among the heterocyclic derivatives with sulphur 
in their molecules, the thiopyrimidine derivatives 
are very important because of their wide biological 
activity. Some of these derivatives can act as inhibi- 
tors”’ and antimetabolites. ’ @’ ’ 2-Thiopyrimidine 
shows a strong in vitro bacteriostatic activity on 
E. Coli. I2 Likewise 6-amino-2-thiouracile is well 
known because of its antiviral’ 3 and chemi- 
therapeutic activities.‘p’5 On the other hand, in 
many cases it seems probable that there is inter- 

Methods 

The pyrimidine derivative, H,DAMTNP, was 
prepared following a previously reported methodz7 
using analytical reagent grade chemicals. 

* Author to whom correspondence should be addressed. 

The complexes were prepared as follows : 1.1 
mmol of HzDAMTNP was dissolved in the mini- 
mum amount of water (ethanol was used for the 
preparation of the Cd(I1) complex) at 40°C. Then 
an aqueous solution of the corresponding metallic 
salt was added (AgNO,, Cd(I1) and Hg(I1) chlor- 

EXPERIMENTAL 
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ides and the sodium tetrachloride or tetrabromide 
complex salts in the cases of Pt(II), Pd(II) and 
Au(II1) ions) in such a way that the metal/ligand 
ratios were l/l in all cases except for the Cd(II)/ 
H,DAMTNP and H~II)/H~DAM~P systems 
in which the former was equal to 3/l. The com- 
plexes precipitated almost immediately except for 
the Cd(I1) complex which precipitated after evap- 
oration at room temperature for three days. 

The complexes were filtered off, washed con- 
secutively with ethanol and diethylether and dried 
over P40 I o. 

Apparatus 

Chemical analyses of C, H and N were made in 
the Institute de Qu~ica Bioorgitnica (C.S.I.C.), 
Barcelona. 

The determination of metal ions in each complex 
was carried out as follows: Ag(1) by the Volhard 
method ; Cd(H) and Hg(I1) by atomic absorption 
spectrophotometry ; Pd(II) using dimethylglyoxime 
as the titrating agent ; Pt(I1) and Au(II1) were deter- 
mined from the residues of the samples used for TG 
analyses. 

Ir spectra were obtained from KBr (4000-180 
cm’ range) and polyethylene pellets (600-180 
cm-’ range) using a Perkin-Elmer 9836 spectro- 
photometer. ‘H NMR spectra were recorded on 
a Hitachi Perkin-Elmer R-600 FT-NMR using 
DMSO-d6 and D20 as solvents, and TMS as inter- 
nal standard. The UV-vis. spectra were recorded in 
a Baush Lomb, Spectronic 2000 spectrophotometer 
from DMSO (visible) and water (UV) solutions. 
Magnetic susceptibilities at room temperature were 
determined using a Faraday Bruker Magnet B-El5 
with a field intensity of 30.1 A and HgCofNCS), as 
the standard. 

RESULTS AND DIS~SSION 

The compound used as the ligand, H,DAMTNP, 
can exist in aqueous solution either as nitrose 
amino or imino-oxime in the main tautomeric 
forms (Scheme 1). 

The UV-vis. spectrum of the thiopyrimidine 
derivative shows three bands ; the first ; at 632 Al, 
is assigned to the NO c~omophore group and the 

remaining two, at 345 nm and 300 nm, correspond 
to 7c + 7t* transitions.** 

The pK, and p& values are in the same range as 
those found by other authors for some saly- 
cylaldoxime derivatives2’ and some 5-nitroso-6- 
oxo-pyrimidine derivatives.‘0-32 The very low K, 
value for the compound studied here (pK, N 12), 
can be explained on the basis of the strong basic 
character of the N atoms of the NH2 groups, which 
are in adjacent positions to the nitroso group. 

The ‘H NMR spectrum of H,DAMTNP shows 
five signals at 2.5; 8.0 (Hc); 8.4 (HA); 9.0 (HB) and 
10.2 (H,) ppm. The first (2.5 ppm) is assigned as 
the S-CH3 group (three H) and the remaining 
four (one H each) to the four hydrogen NH2 
atoms. The difference in the chemical shift values 
corresponding to the signals of these four atoms 
point out the different magnetic environments. 
These can be explained by the hydrogen bridge intra- 
molecular interaction shown in Scheme 2. 

The analytical data and colours together with 
proposed formulae for the eight new complexes are 
given in Table 1. The ‘H NMR spectral data of the 
ligand and some of its complexes are summarized 
in Table 2. ‘H NMR spectra of Hg(II), Pd(I1) and 
Au(II1) complexes could not be obtained because 
of their insolubility in common organic solvents. 

The signals corresponding to the NH2 groups of 
the complexes are at values practically equal to 
those of the free ligand, which confirms that the 
hydrogen atoms of such groups are magnetically 
different. 

In the ‘H NMR spectra of the DMSO soluble 
complexes, the signals corresponding to the NH2 
groups appear practically at the same chemical 
shifts as in iH NMR of the free ligand which also 
con8rms the existence of hydrogen bonds between 
NH2 and NO groups and the non-participation of 
these groups in metal coordination. 

Concerning the S---CHg signals, these appeared 
slightly shifted to lower field values in the case of 
the Pd(H,DAMTNP)2Br, complex and were also 
split (a main signal and a satellite) in both Pt(I1) 
complexes. These facts prove the intervention of the 
S atom in the coordination of the S-CH3 group in 
the three former complexes. Finally, the ‘H NMR 

Scheme 2. 
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Table 1. Analytical data, found % (talc. %), of the isolated complexes 
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Compound Colour C(%) H(%) N(%) X(%) M(%) 

Cd(H2DAMTNP)C12 

Hg(H 2DAMTNP) #Zlz 

Pd(HDAMTNP)Cl 

Pd(H2DAMTNP),Br2 

Pt(H2DAMTNP)2C12 

Pt(H2DAMTNP)2Br2 

Ag(HDAMTNP) * H,O 

Au(DAMTNP)Cl 

Pink 

Green 

Brown 

Brown 

Brown 

Brown 

Dark green 

Brown 

16.3 
(16.3) 
18.7 

(18.7) 
18.4 

(18.4) 
19.1 

(18.9) 
18.3 

(18.9) 
15.6 

(16.6) 
19.0 

(19.4) 
14.2 

(14.4) 

(Ii) 
(E) 
,::t 
(E) 
(Z) 
(I;) 
2.2 

(2.6) 
1.2 

(1.2) 

18.3 
(19.0) 
20.0 

(21.8) 
22.0 

(21.5) 
22.5 

(22.0) 
19.7 

(22.0) 
18.5 

(19.3) 
21.8 

(22.6) 
15.8 

(16.8) 

19.8 
(19.3) 

(11.1) 

(10.9) 

(25.1) 

(11.2) 

(22.0) 

(E) 

31.2 
(30.5) 
33.0 

(31.3) 
31.8 

(32.6) 
18.5 

(16.7) 
31.3 

(30.7) 
28.4 

(26.9) 
34.0 

(34.8) 
48.7 

(47.4) 

spectrum of the Ag(HDAMTNP) * Hz0 exhibits a 
signal at 3.3 ppm due to the water of hydration of 
the complex. 

The most significant IR data of the ligand and 
complexes are summarized in Table 3. The cor- 
responding assignments have been made from 
literature data concerning both 24hiopyrimidine 
derivatives3 3-3 ’ of their metal complexes. 36 Con- 
cerning the v(N=O) band, this appears in all the 
complexes (except in the Au(DAMTNP)Cl com- 
plex) at the same or at a higher wavenumber value 
than in the IR spectrum of the free H,DAMTNP. 
This fact points to the lack of participation of the 
nitroso group in coordination, which is in accord- 
ance with the ,‘H NMR data. In the IR spectrum 
of Au(DAMTNP)Cl, this band disappears ; never- 
theless y-yew strong band at 1280 cm- ’ assigned as 

the v(=N-O) nitrone group37-38 suggests that the 
said NO group is involved in coordination through 
its N atom. 

On the other hand, the v(C=C)+v(c=N) 
double band which appears at 1540 cm- ’ in the 
free ligand spectrum is strongly split into two in 
the IR spectra of the three complexes in which the 
ligand acts as monoanion or dianion, suggesting 
the participation of the cyclic N atom in coordin- 
ation to the metal ions. The same feature is also ob- 
served in the IR spectra of Hg(H2DAMTNP)rClz 
and Pd(H2DAMTNP)2Br2 complexes, suggesting 
that in both complexes the cyclic N atom is a coor- 
dination position. On the contrary to the above, the 
bands due to &N-H) and v(C=C)+v(c=N) 
in the IR spectra of the Cd(H2DAMTNP)C12, 
Pt(H2DAMTNP)2C12 and Pt(H2DAMTNP)2Br2 
complexes appear at a position similar to that of 
the free ligand, suggesting the non-intervention of 
the cyclic N atoms in the coordination of such com- 
plexes. 

Besides, the above IR data, in the low frequency 
range, Hg(II), Pt(II)-chlorine, Pt(II)-bromine and 

Table 2. ‘H NMR data” (6, ppm)* 

Compound Hz0 S-CHp -NH2 

HzDAMTNP - 2.50 8.0 8.4 9.0 10.2 
Cd(H ,DAMTNP)Cl z - 2.50 8.0 8.4 9.0 10.2 
Pd(H,DAMTNP)2Br2 - 2.65 8.7 9.1 9.3 9.9 
Pt(H2DAMTNP)2C12 - 2.50’ 8.0 9.1 10.0 10.3 
Pt(H2DAMTNP),Br, - 2.60’ 8.1 9.1 9.9 10.3 
Ag(HDAMTNP) * Hz0 3.3 2.50 7.9 8.4 8.8 - 

‘Solvent DMSO-de. 
‘Relative to TMS. 
c Doublet. 
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Table 3. IR data for DAMTNP and its isolated complexes (cm- ‘) 

Compound 
v(C=C> + 

v(N-H) &N--H) v(C=N) v(N=O) v(=N-O) v(M-N) v(M-X) 

H,DAMTNP 

Cd(H2DAMTNP)C12 

Hg(H,DAMTNP)&l, 

Pd(HDAMTNP)CI 3300 b 1620 

Pd(H2DAMTNP),Br, 3280 b 1611 sh 

Pt(H2DAMTNP),Cl, 3440 
3370 
3320 

3380 
3280 
3216 

3290 b 
3190b 

3300 b 

1615 sh 

Pt(H*DAMTNP),Br, 

Ag(HDAMTNP) * H,O 

Au(DAMTNP)Cl 

3380 
3310 
3210 
3040 

3380 
3315 
3210 

3400 b 
3120 

1635 1540 d 1465 

1645 1545 d 1465 

1620 1560 sh 
1525 
1500 sh 

1570 b 
1520 

1569 
1522 

1545 

1470 

1485 

1488 

1609 sh 1547 

1470 

1470 

1620 

- 

1540 b 
1500 

1610 sh 
1570 
1515 

1470 

- 217 
182 

- 345 

- 320 b 

- - 

330 

- - 232 

- 345 - 

1280 - 327 

d = double band ; sh = shoulder; b = broad. 

Au(II1) complexes show a v(M-X) (where X = Cl, 
Br), stretching vibration band. This proves that the 
halogen atoms are coordinated to the above cited 
metal ions. Likewise, the chloride ion is coordinated 
in the Pd(HDAMTNP)Cl complex, nevertheless the 
nature and position of the v(Pd-Cl) band point 
out the existence of chlorine acting as a bridge 
between two Pd(I1) ions. 3g 

Finally, the Cd(H2DAMTNP)C12 complex 
shows two new bands at 217 and 182 cm- ‘, very 
similar to those found in the IR spectrum of 
Cd(H2DATP)C12*HzOZ6 where there was one 
bridging chlorine and another terminal. 

From the above considerations it is proposed that 
a distorted octahedral arrangement of two 
H,DAMTNP molecules and two chloride ions in 
truns positions around the Hg(I1) ions is probable 
in the case of the Hg(H2DAMTNP)&12 complex. 

The five Pd(II), Pt(I1) and Au(II1) complexes 
are diamagnetic, suggesting square-planar four 
coordination of these metals. The two Pt(I1) 
complexes show the halogen atoms coordinated 
in tram positions, whereas in the case of the 

Pd(H2DAMTNP)2Br2 complex the bromide ions 
are probably uncoordinated. On the other hand, 
the Pd(HDAMTNP)Cl complex probably has a 
dimeric structure in which two chlorine ions act as 
bridging ligands between two Pd atoms. 

The whole data concerning the Ag(HDAMTNP) - 
H20 complex are compatible with a chain poly- 
meric structure, where N(1) and N(3) atoms 
should be the coordination positions. Finally, 
it is suggested that the Au(II1) complex pro- 
bably has a chain structure (viz. Scheme 3). 

Scheme 3. 
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In the Cd(H2DAMTNP)2C12 complex the 
absence of Cd-N cyclic interactions is opposite to 
a probable tetrahedral monomeric structure with 
the HzDAMTNP S,N(cyclic) coordinated. Thus a 
chain structure is suggested with a tetrahedral 
arrangement of the ligands ; three chloride ions 
coordinated to the central ion with just two of 
them acting as a bridge between two Cd(I1) 
ions, in a similar way to that found in the case 
of the Cd(H,DATP)CI, * Hz0 complexz6 (where 
HIDATP = 4,&diamine- 1,2-dihydre-2-thiopyrim- 
idine). 

Thermal data of the ligand and complexes 
obtained from the corresponding TG and DSC 
curves are summarized in Table 4. These data con- 
firm the anhydrous character of all the complexes 
except for Ag(HDAMTNP) * HZ0 which loses a 
water molecule in the 40-l 50°C temperature range ; 
the low energy calculated from the corresponding 
area of the endothermic effect was 23.2 kJ mol- ’ ; 
this value is indicative of a weak interaction between 
the water molecule and the ligand. 

TG curves of the complexes are very similar 
to that of HzDAMTNP proving that pyrolytic 
decomposition starts with the organic ligand 
H,DAMTNP, at the temperature values given in 
Table 4. These values are lower for Cd(I1) and Ag(1) 
complexes than for the organic ligand (22O’C) 
which indicates that the coordination of 
H,DAMTNP to the said metal ions implies the 
weakness of some of the bonds in the H,DAMTNP 
molecule. On the other hand, dehalogenation pro- 
cesses overlap with those corresponding to the 
pyrolysis of the ligand. Moreover, the absence of 
stable intermediate species also prevents us from 
proposing a tentative pyrolytic decomposition 
mechanism for the complexes. 

The final residues of pyrolytic decomposition of 
the complexes were characterized by IR spec- 
troscopy ; they are summarized in Table 4. In the 
case of the Cd(H2DAMTNP)C12 complex the final 
residue (Cd@ (17.7o/o) is much lower than that 
calculated (33.49%), due to the partial sublimation 
of CdClz in the 5’75-725°C temperature range.40 
Likewise, the absence of a final residue in the pyrol- 
ysis of the Hg(H2DAMTNP)& complex is due to 
the sublimation of HgC12. In the remaining six 
complexes, the calculated and found residue values 
are in good agreement. 

1. 
2. 

3. 
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Abstract-The eomplexed adduct, 2-Bu’(C,H,N)Li l (CSH$&, (3), synthesized by reaction 
of Bu’Li with a three-fold excess of pyridine, has been characterized. ‘H NMR studies on 
solutions of (3) of various ages and histories (thermal and photochemical) have shown that 
the adduct deteriorates to the hydrolysis product 2-butylpyridine (1) via 1,2-dihydro-2- 
butylpy~dine (4). 

Since 1930 it has been known that reactions of 
organolithiums, e.g. Bu”Li, with pyridine can lead 
~timately to 2-substituted pyridines, e.g. (l), ’ with 
highly reactive adducts such as (2) assumed to be 
key intermediates in these processes.2 More recently, 
solutions of such adducts have been synthesized in 
Lewis base media, e.g. Etz0,3*4 TMEDA,4-6 then 
‘H NMR spectra recorded ; solution species so 
examined were pres~ably Lewis base complexes 
of adducts such as (2). Furthermore, deliberate 
methanolysis at -70°C of these highly moisture 
sensitive solutions gives 2-substituted pyridines 
such as (1) via, it has been proposed, dihy- 

*Author to whom correspondence should be addressed. 
7 Compound (3), yield 88%, m.p. 70-72°C. Elemental 

analysis : Found : C, 75.6 ; H, 8.2 ; Li, 2.5 ; N, 13.1. 
C,9H24LiN3 requires C, 75.8; H, 8.0; Li, 2.3; N, 14.0%. 
For further details of synthesis see ref. 7. 

dropyridines such as (4).6 This note reports the 
first actual isolation and characterization of a crys- 
talline complexed adduct of this type, viz. 
Bu’(C $H ,N)Li * (C 5H $N)*, (3). The room~t~pera- 
ture ‘H NMR spectra of (3) show that it decom- 
poses to (1) on trace hydrolysis, possibly photo- 
chemically-assisted, via the dihydrop~~ne (4). 

Addition of Bu”Li in hexane to a chilled three- 
fold molar excess of pyridine in hexane gave a clear 
orange solution which, on refrigeration, afforded 
large yellow crystals of complex-adduct (3)-t In this 
reaction, then, pyridine acts as the reactant in the 
usual sense, but also as a Lewis base which helps to 
stabilize, and certainly to crystallize and solubilize, 
the addition product. The crystals are exceedingly 
air- and moisture-sensitive, and seemingly heat and 
light sensitive also : they can be kept indefinitely at 
- 10°C in ~~ogen-filled, foil-wrapped fiasks, but 
storage in daylight and/or at ambient temperature 
rapidly causes darkening, first to orange then to 
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ii 

(1) 

4 

(3) 

deep brown. In this context, organo-N-Li com- 
plexes with monodentate donors almost always 
have 1 : 1 stoichiometry and are dimers e.g. 
[Bu:eNLi-kP(NMe2)3]2,8 [(Me$i)*NLi - 
OEt&’ but in this case molecular models for a 
1: 1 complex, Bu”(CSHSN)Li - (C,H,N), show that 
dimerization would be impossible sterically ; therein 
lies the preference for attachment of two CSHsN 
molecules to Li, this being an alternative way for 
each Li to attain 3-coordination. 

* H6 6 7.17 (d, J5&6), H4 6 6.58 (dd, J,,8.4, J,,$.6), 
H5 6 5.29 (td, J,,5.6, J,,5.6, J,,1.3), H3 6 4.87 (dd, 
J,,8.4, Jz34.3). H2 6 4.07 (ddd, J2,8.9, J,,.4.3, Jz34.1). 

H5 

H4 I 
H3 

Li@ 

(2) 

(4) 

The presumed monomeric nature of solid (3) 
largely persists in solutions, though with some dis- 
sociation of pyridine : cryoscopic measurements on 
benzene solutions give association state (n) values 
of0.86to0.71for4.5~10-~to1.5~ 10-2moldm-’ 
solutions, respectively. The ‘H NMR spectrum of 
a solution of freshly-isolated (3) at 25°C is shown 
in Fig. 1; the solution was prepared in a glove- 
box, the tube sealed and the spectrum recorded 
forthwith. This spectrum proves conclusively the 
identity and purity of the sample, there being three 
typical signals (4H : 2H : 4H) representing two 
donor pyridine molecules, five separate signals for 
protons H(2kH(6) of the reduced pyridine ring,* 

Me 

Fig. 1. ‘H NMR spectrum (250.13 MHz) of freshly isolated (3) in {‘H,)-toluene, 1.0 x 10-l mol 
dm-3. 
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Fig. 2. ‘H NMR spectrum (360.13 MHz) of a one-week old sample of (3) in { *H,}-toluene, 1.0 x lo- ’ 
mol dm- 3. 
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and a set of resonances due to the C4H9 group, one 
(H,) being quite distinct since the diastereotopic LX- 
methylene protons, (CH,H,), are anisochronous ; 
assignments were verified by specific proton 
decoupling of each resonance in turn. 

Figure 2 depicts the ‘H NMR spectrum of a one 
week old solution of (3), stored in the dark but at 
room temperature. Signals due to the H(6), H(5), 
H(3) and Me now have nearby, but much smaller 
(ca 1 : 8) signals (primed) of the same multiplicity ; 
the same is probably true for H(4), although H(4) 

is partly obscured by a pyridine resonance. Further, 
signals for H(2) and H, also have smaller signals in 
their vicinity, but these are, in contrast, of very 
different multiplicities, viz. near H(2), a doublet and 
a single resonance (both ca 1 : 8 with respect to 
H(2)‘s integral), and near H, a triplet (ca 1 : 4). 
With the aid of specific proton decoupling, all these 
additional (primed) resonances can be assigned to 
1,2-dihydro-2-butylpyridine (4) as follows : H(6’k 
H(3’) to the ring protons as shown ; the doublet to 
H(2’) (now only coupled to H(3’) and not to the 

.__) .._.. 
_~ 

_ __. 

lb) 

ij_I., ,I,A_J& . . ..- . . --- . . .__ 
6pp.m. 8 7 5 4 2 1 

Fig. 3. (a) ‘H NMR spectrum (360.13 MHz) of the solution referred to in Fig. 2 after exposure to 
daylight for several hours. (b) Spectrum of the solution in (a) after brief exposure to the atmosphere. 
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butyl aXHi) and the singlet to NH; and the triplet aged, produces (4). This then formally eliminates 
to the a-CH; protons (still inequivalent, but now dihydrogen, by a mechanism as yet unknown, to 
only observed to couple to the /3-CH2 unit). The give (1). 
triplet near Me is clearly due to Me’, and the out- 
ermost multiplets in the range 6 1.6-1.2 ppm are AcknowledgementsWe thank the SERC for financial 

due to the /3, y-CH&&-units: the central multi- support (D.B., REM., R.S.) and for use of high-field 

plet here has, like H,, diminished in intensity on NMR facilities, and the Royal Society for a Research 

appearance of a-CH;, and so can be assigned to H, 
Pellowship (to R E M ) 

. . *. 

in (3). It is noteworthy that the chemicalshift non- 
equivalence of the diastereotopic butyl cr-methylene 
protons, (CH,H,,), was enhanced in (3) by the pres- 
ence of the Li(NC,H,), unit, so giving observed 
couplings of H, and H, to each other and, separ- 
ately, to H(2). 

After exposure of such a solution to daylight for 
several hours (when it darkens markedly), the re- 
recorded spectrum [Fig. 3(a)] shows that (4) has 
become the major solution component. After open- 
ing this NMR tube to the atmosphere for several 
minutes, the reaccumulated spectrum [Fig. 3(b)] 
has no signals due to (3) or (4): it is the spectrum 
of 2-butylpyridine, (1). The implications of these 
results are that conversion of (2), or its complexes 
such as (3), into (1) does not, or does not exclusively, 
occur in a single step via LiH elimination, but that 
slight hydrolysis, possibly photochemically encour- 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 
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Abstract-The parent tetracarbaboranes, nido-5,6,8,9-C4BsH1, and nido-2,7,8,1 l-C4B7HL 1 
were isolated via HPLC from the reaction of arachno-4,5-CzB7Hl 3 with acetylene in hexane 
(120°C 8 h) ; thermal decomposition of the arachno-[C,B,H,d- anion at 140°C produced 
the isomeric nido-7,8,9,10-C4B7H, 1 species. 

We have recently’ reported a general reaction of 
alkynes RzC2 (R = H, Me) and arachno-4,5- 
CZB7H,3 (1)’ leading to new tricarbaborane sys- 
tems, arachno-p-6,9-CHR-9-R-5,6,9-C3B7Hr0 and 
nido-5,6,10-Me3-5,6,10-C3B7Hs. We now report 
the isolation and characterization of further 
nido tetracarbaborane systems also arising from 
the reaction of (1) with acetylene. 

Column chromatography of the product mixture 
from the reaction between (1) and acetylene (120°C 
8 h) in hexane produced two main fractions of R, 
0.10 and 0.40 (checked by TLC on silica gel in 
hexane). The first fraction comprised the previously 
reported’ p-6,9-CH2-5,6,9-C3B7H,, (2) species (ca 
11%) on evaporation of the solvent and sub- 
limation at 6O”C/1.3 Pa. The second fraction, a 
mixture of products, was evaporated and sub- 
sequently separated via preparative HPLC in 
hexane to yield 5,6,8,9-C4B6H10 (3) (ca 3%) 
and 2,7,8,11-C4B7Hl, (4) (ca 6%) nido-tetra- 
carbaboranes as white crystals, which were further 
purified by sublimation at 4O”C/1.3 Pa after 
removal of the solvent. 

Deprotonation of (2) with sodium hydride in 
diethylether resulted in the formation of the 
[C4B7H1d- anion (5) whose constitution has, as 
yet, not been determined. Nevertheless, thermal 

* Author to whom correspondence should be addressed. 

decomposition of the sodium salt of (5) yielded a 
1: 2 mixture of compound (2) (ca 15%) and nido- 
7,8,9,10-C4B7H,, (6) (ca 30%) which were sep- 
arated via preparative HPLC in hexane. 

Mass spectra (high mass molecular cut-off, m/z, 
chemical ionization of positive ions): (3) 125; (4) 
137 ; (5) 137, (P + 1) peaks. FT NMR data (CDC13, 
25°C): 6 ,(‘H) (200 MHz)/ppm, with respect to 
Me&, relative intensities other than 1 in parenth- 
eses ; all signals assigned to the protons of skeletal 
(CH} groups ; (3) 5.93, 4.68 ; (4) 2.74, 1.96(2), 
1.35 ; (6) 2.57,2.00.6 (’ ‘B) (64.18 MHz)/ppm, with 
respect 1 to Et *O * BF3 ; tentative assignments based 
on [l ‘B-l 'B]-COSY NMR experiments : (3) 
BH(1,3) -0.86, BH(7,lO) -2.88, BH(2,4) -28.57; 
(4) BH(3) - 13.65, BH(6) - 15.68, BH(9 or 10) 
-17.50, BH(9 or 10) -17.98, BH(5) -24.96, 
BH(4) -25.59, BH(l) -51.66; (6) BH(ll) - 14.03, 
BH(3,5) - 14.54, BH(2,6) - 15.33, BH(4) -23.50, 
BH( 1) - 46.32. 

The above NMR data are consistent with the 
proposed structures shown in Fig. 1. The [’ ‘B-l rB]- 
COSY NMR experiments allowed all of the ’ 'B 
resonances to be assigned to specific boron nuclei. 
All cross peaks expected for structures (3), (4) and 
(6) were found in their 2D spectra. 

Along with the earlier reported3 2,3,4,5-C&H6 
tetracarbaborane, compounds (3), (4) and (6) rep- 
resent the first family of parent tetracarbaboranes. 
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(2) (3) (4) (6) 

Fig. 1. Proposed structures of tetracarbaboranes (2)-(4) and (6) ; solid circles denote the positions of 
{CH} cluster units, the vertices of individual deltahedra identify cage {BH} groups. 

Compounds (4) and (6) are the first known ll- 
vertex nido-tetracarbaboranes and carborane (3) is 
the parent-cage isomer of the recently reported4*5 2. 
peralkylated R4C4B,Rb fluxional tetracarbaborane 
systems. 3. 
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BOOK REVIEW 

Radiothermoluminescence and Transitions in Poly- 
mers. Vol. 12 in the series Polymers--Properties and 
Applications. L. Zlatkevich. Springer, New York, 
U.S.A., 1987. ISBN 0-387-96407-X and 3-540-96407- 
x, pp. 200 + xi. 

Radiothermoluminescence refers to the light emitted by 
a sample which has been irradiated with a massive dose 
of X- or gamma-rays (in excess of 1 MRad) at low tem- 
perature, as it warms up. The intensity of the light emitted 
varies during the warming-up period and this variation 
can be plotted as a function of temperature to give a 
“glow-curve”. This book is concerned with the interpret- 
ation of such glow-curves from polymers and critically 
considers their physical and chemical significance. 

It can be argued that “the easier the experiment, the 
worse the science”. This is because easy experiments 
require little forethought and planning, with the unfor- 
tunate corrolary that the results are difficult (or impos- 
sible) to interpret, the conditions and parameters that 
might vary having been ill-controlled. Radiothermo- 
luminescence experiments are very easy to carry out 
and the author is to be congratulated on producing 
some order out of chaotic and sometimes apparently 

conflicting results. By considering the probable processes 
that could most reasonably occur in a severely damaged 
polymeric solid on warming the bumps, lumps and peaks 
of the glow-curve are rationalized for many different 
samples. As proposed mechanisms can sometimes be sup- 
ported by evidence from other types of experiment 
(e.g. NMR, dielectric spectroscopy) these techniques are 
also described. Other chapters show how radio- 
thermoluminescence can be used to study molecular 
mobility in polymers and to analyse the different types 
of transition that can occur in solids, both crystalline 
and glassy, composed of long-chain molecules. The final 
chapter critically reviews the interpretation of radio- 
thermoluminescence results from many different poly- 
mers. 

The book is well produced, with a clear and well laid 
out text that is free from errors and complimented by 
excellent diagrams. The style is clear and succinct. A 
book that brings a glow of light to an obscure topic. 

Department of Chemistry 
Queen Mary College 
Mile End Road 
London, El 4NS, U.K. 

D. S. URCH 
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COORDINATING PROPERTIES OF SOME SOLVENTS IN 
Cr(CO)sL COMPLEXES 

C. D|AZ* and N. YUTRONIC 

Departamento de Quimica, Facultad de Ciencias, Universidad de Chile, Casilla 653, 
Santiago, Chile 

(Received 8 September 1987 ; accepted 13 October 1987) 

Abstract--The influence of the donor-acceptor  properties of  several solvents on the Cr(CO)5 
group in the solid [Cr(CO)5"solvent] complexes has been examined by spectroscopic 
methods. Relationships were found between the acceptor number of solvent with the rc 
acceptor ability (Graham rc parameter) and with the 2max for the ligand field ~A~ ~ ~E 
transition, in the carbonyl chromium complexes. These relations are discussed in terms of  
the dative metal-ligand rr bonding. From these results, it is possible to demonstrate the rr 
contribution in the acceptor number. 

Although M(CO)5L complexes (L = neutral donor 
ligands) have been largely studied, very little work 
has been done with those where L is a solvent mol- 
ecule. This has been due to instability of those com- 
plexes which are usually generated in situ by UV 
and irradiation of  a metal hexacarbonyl solution, t-3 
It has been generally found that these irradiated 
solutions containing the [M(CO)5"solvent] com- 
plexes exhibit a marked tendency to revert to the 
original reactants after the irradiation is stopped. ~'3 
Such properties render isolation of  many complexes 
impractical and the characterization is limited 
mainly to the determination of the IR ~-3 and in 
some cases UV-vis. spectra. 4 

Furthermore numerous [M(CO)5" solvent] com- 
plexes (M = Cr, Mo and W) produced by photo- 
lysis of M(CO)6 have been used as labile inter- 
mediates in the synthesis of stable M(CO)5L com- 
pounds ; e.g. with tetrahydrofuran one of the most 
widely used, 5 9 several monosubstituted metal hex- 
acarbonyls have been prepared. 9 

M(CO)6-F TH F ~ [M(CO)5(THF)] + CO 

[M(CO)5(THF)] + L ---, M(CO)5L + THF.  

The [M(CO)5(THF)] labile intermediate has been 
specially useful in the synthesis of complexes with 

*Author to whom correspondence should be addressed. 

sulphur donor ligands. 6-8 This synthetic method is 
based indeed on the lability of the intermediate 
[M(CO)5"solvent] complexes. Nevertheless some 
[M(CO)5" solvent] compounds (M = Cr) can be iso- 
lated as relatively stable solids. 

On the other hand, the solvent effect on metal 
coordination compounds usually has been inter- 
preted by the formation of substrate-solvent outer- 
sphere complexes, m~ However in some cases the 
solvent molecule acts directly on the coordination 
sphere producing a specific metal-solvent inter- 
action, t2'~3 Other systems with such a characteristic 
could be the complexes Cr(CO)5L where L is a 
solvent molecule. In this paper we have studied the 
IR, tH N MR and UV-vis. spectral properties of 
several solid [Cr(CO)5" solvent] complexes. 

The possible effect of the solvent acting like a 
ligand on the Cr(CO)5 fragment is discussed in 
terms of the donor and acceptor numbers proposed 
by Gutmann]  4'~5 

For this study we have selected the compounds 
[Cr(CO)5 • solvent], where the solvent is ; acetonitrile 
[An), benzylcyanide, isobutyronitrile, n-butyro- 
nitrile, hexamethylphosphoramide (HMPA), ben- 
zonitrile (BN), dimethylsulphoxide (DMSO), ethyl- 
ene sulphite (ES) and ammonia. The complexes 
were chosen according to two requirements; they 
must be isolated as solids and the solvent para- 
meter (acceptor number AN or donor number DN) 
must be known. 14'~5 
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RESULTS AND DISCUSSION AN 

The carbonyl stretching frequencies of the com- 
plexes [Cr(CO)5"solvent] are shown in Table 1. 
They are characteristic of octahedral M(CO)sL 
compounds with C4, symmetry.~6 We have assigned 
the modes using the procedure outlined by Cotton 
and Kraihanzel. 16 The k~ and k2 carbonyl force con- 
stants are shown in Table 1. For evaluating the n 
acceptor ability of the solvent as a ligand we have 
calculated the n parameter proposed by Graham) 7 
These are given in Table 1. In order to determine 
some relation between n acceptor ability of the com- 
plexes with typical properties of  the solvents, a plot 
between the n parameter and the acceptor number 
A N  14't5 w a s  made for the solvent ligands (Fig. !). In 
spite of the fact that the acceptor number is not 
known for all the solvent complexes given in Table 
1, a satisfactory linear relationship is observed with 
the exception of  acetonitrile. This relationship can 
be understood by considering the influence of  the 
solvent nature on the limiting structures given 
below, usually applied to describe carbonyl com- 
pounds j° 

6+ 6 -  

O ~ C - - M - - s o l v e n t  ,---, O = ~ M - - s o l v e n t .  

(I) (II) 

The contribution of structure (I) should increase 
with increasing solvent acceptivity if it is assumed 
that this property involves some rr character. In 
fact, the acceptor number is based on the 3~p-NMR 
chemical shift in triethylphosphine oxide using the 
respective pure solvent) 4 The highest occupied 

20  

CH3CN • 

HMPA/~ 
l o .  

-0.6 0.0 

o so 

I 

(15 
11 

Fig. 1. Variation of the solvent acceptor number with the 
rt parameter in Cr(CO)5 solvent complexes. 

molecular orbital (HOMO) of Et3PO has con- 
siderable n P - - O  character) 9'-'° therefore it is plaus- 
ible that the Et3PO-solvent interaction involve 
some n character. Consequently the acceptor num- 
ber could have some n acceptor character. 

The influence of  the donicity solvent on the prop- 
erties of the Cr(CO)5 moiety was examined by com- 
paring the solvent donor number D with the k~ 
carbonyl stretching force constant. It is well known 
that kl is determined by a donor and n acceptor 
effect. 17 If the n contribution remains constant or is 
nil, a relationship between donicity and kt could be 
expected. The variation of the donor number with 
k~ is exhibited in Fig. 2. A tendency appears to 

Table 1. Carbonyl stretching frequencies," force constants, h ~ parameters" and UV-vis. data for d Cr(CO)5 
solvent complexes 

Complex A~ Bi E A It k i k z rr 2max(nm) 

[Cr(CO)5(CH3CN)] 2078 1991 1 9 5 4  1930 15.20 16.00 -0.02 390 
[Cr(CO)5((CH3)2CHCN)] 2060 1985 1949  1924 15.10 15.91 -0.06 392 
[Cr(CO)5(C6HsCH2CN)] 2070 - -  1950 1929 15.17 15.89 0.03 390 
[Cr(CO)5(CH3CH2CH2CN)] 2062 1990  1941 1920 15.11 15.99 - 0.13 388 
[Cr(CO)5(C6HsCN)] 2065 1983 1952  1930 15.17 15.87 0.05 375 
[Cr(CO)5((CH3)2SO)] 2080 1990  1955 1955 15.62 15.99 0.38 372 

O 

II 
[Cr(CO)5(CH2OSOCH2)] 2010 1989  1955  1955 15.61 15.97 0.39 - -  

[Cr(CO)5(CsH4N)] 2063 1993 1940  1922 15.17 16.00 0.01 394 
[Cr(CO)5[(CH3)2N]3PO] 2068 2 0 0 0  1929  1891 14.76 16.15 -0.64 448 

"n-Hexane solution. 
h Calculated according to Cotton and Kraihanzel, ref. 16. 
CCalculated according to refs 17 and 18. 
a2,~a, for the ~A~ ---, ~E transition, in n-hexane solution. 
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Fig. 2. Variation of the solvent donor number with the 
k, carbonyl force constant, 

exist with solvents having a nil or weak n acceptor 
capacity. In this case the contribution from struc- 
ture (II) could be enhanced with the increase of  
solvent donor  number. 

Dimethylsulphoxide and ethylene sulphite show 
a departure in behaviour from the system presented 
above. This can be attributed to the greater 
acceptor capacity of  these sulphoxide solvents than 
of the other solvents. *ts It is apparent  that the 
donor properties of  the solvent are modified by 
effects when it possesses a high 7t acceptor capacity. 
This behaviour may be similar to the a-donor-r t  
acceptor synergic interaction that occurs in metal 
carbonyl complexes. 23 The dependence of  the 
Cr(CO).s moiety on the donicity as well as on the 
acceptivity of  the solvent can be explained by the 
characteristic a-Tt interaction of the Cr(CO)5 group 
with a sixth ligand. 24 Consistent with this in the 
systems where the metal-l igand interaction is prin- 
cipally a, the complexes Cu(tmen) (acac)CIO4 
and Ni(tmen)acac (tmen = N,N,N',N'-tetramethyl- 
ethylendiamine) dissolved in donor solvents t3 pro- 
duce good correlations between the wave number 
of  the maximum absorption band and the donor 
solvent number. 

*Using a relation between Cr--C(ax) and the it 
acceptor ability previously reported by us (see ref. 21) we 
estimate a value of rt = 0.48 (with d(Cr--C,x) = 1.86 A 
for the complex Cr(CO)~C4H6SO) n for the sulphoxide 
ligand. According to the rt parameter scale for Cr(CO)sL 
complexes (see ref. 18) this value indicates that the sulph- 
oxide ligand is a good rt acceptor. 
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Regarding the UV-vis. spectral data, as we 
reported previously 2t the rt acceptor capacity is 
related to 2.,~x for the d - d  tAt --.. tE  transition in the 
complexes M(CO)sL. Hence a relationship between 
the acceptor number for the solvent and 2m~x (Table 
1) could be expected. As seen in Fig. 3 a relation 
does exist, except for CH3CN. The 7t levels of  
M(CO)5 can be modified by the acceptivity to sol- 
vent in the same fashion that these orbitals are 
modified by 7t acceptor ligands. 24 

The ' H - N M R  spectral data for the Cr(CO)s sol- 
vent complexes are shown in Table 2. From these 
values it is not possible to state a general conclusion 
due to the different nature of the protons near to 
the donor atoms of the solvent-ligand. 

By comparison of chemical shift values of  the 
free ligand protons with respect to the coordinated 
solvent molecules, a downfield shift is observed (see 
Table 2). In general, the magnitude of the shifts 
depend on two factors : the distance of the protons 
from the donor atom and the a-donor  and rt- 
acceptor characteristics of  the ligands. A large pro- 
ton shift on complexation is exhibited by the ligand 
whose protons are near to the donor atom and 
which are weak rt-acceptors (benzylcyanide, pyri- 
dine and acetonitrile). Despite dimethylsulphoxide 
being a moderate n-acceptor* the methyl groups 
protons produce a large shift on coordination prob- 
ably due to the coordination of the ligand to the 
metal via the sulphur a tom in pentacarbonyl (sulph- 
oxides) complexes.* 

On the other hand, solvent ligands with protons 
at a distance from the donor atom show small shifts 
upon coordination (hexamethylphosphoramide, 
ethylene sulphite and benzonitrile). 

h MAX 

&25 

&O 0 Py C~3C N 

375 
BzCN 

DMSO 

° , , 
15 20 

AN 

Fig. 3. Variation of )..,~x for the 'A~ ~ 'E transition in 
the Cr(CO)5 solvent complexes with the solvent acceptor 

number. 
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Table 2. Proton NMR data for [Cr(CO)5" (Solvent)] complexes 

Solvent 6 (in ppm from TMSy Cr(CO)s solvent A b 

CH3CN 1.96 2.20 0.24 

(CH3)2CHCN 1.26 (CH3) 1.33 0.07 

3.38 (CH2) 3.90 0.52 
C6HsCH2--CN 7.06 (C6H5) 7.23 0.17 

(CH3)2SO 2.53 3.05 0.52 

1.05 (CH3) 1.13 0.08 
CH3CH2CH2CN 1.66 (CH2) 1.76 0.10 

2.26 (CH2CN) 2.46 0.20 

C6HsCN 7.50 7.58 0.08 

CsH4N 8.43" 8.65 c O. 12 

[(CH3)2N]3PO 2.60 2.63 0.03 

CH 2OS(O)OCH 2 4.40 4.53 0.13 

"In EEl 4 solution except 
bA = 16complex--ffreel. 
ct protons of ring. 

for ethylene sulphite, which is in CDCI3. 

It is interesting to note that the deshielding effect 
by coordination is gradually transmitted through- 
out the ligand molecule. Ligands that possess pro- 
tons at different distances from the donor  atom as 
in n-butyronitrile, benzylcyanide and pyridine show 
a variation in chemical shift, A, depending on 
the distance of proton from the donor a tom (see 
Table 2). 

EXPERIMENTAL 

Infrared, proton N M R  and UV-vis. spectral 
data were obtained as described elsewhere. 6'2~ Chro- 
mium hexacarbonyl was purchased from Fluka. 
Dimethylsulphoxide, acetonitrile, hexamethyl- 
phosphoramide and ethylene sulphite were ob- 
tained from Aldrich. Benzonitrile and benzylcyan- 
ide were purchased from Fluka. 

Preparation of the complexes 

Pentacarbonyl (hexamethylphosphoramide) chro- 
mium. A solution of 1 g of  Cr(CO)6 (4.6 mmol) in 
ca 60 cm 3 T H F  was irradiated (UV-lamp H A N A U  
medium pressure 150 W) for 90 min at room tem- 
perature. A solution of 0.9 g (5 mmol) of  hexa- 
methylphosphoramide was then added and the mix- 
ture stirred for 60 min. The resulting yellow solution 
was concentrated under reduced pressure and then 
a yellow solid was precipitated and filtered. The 
product was washed with T H F  and dried under 

vacuum then stored under an argon atmosphere. 
The compound is highly unstable 25 and must be 
kept in the freezer. 

Pentacarbonyl (ammonia) chromium. A stream of  
dry ammonia  gas was bubbled through the solution 
of [Cr(CO)5(THF)] photochemically generated, 
until a colour change was observed. After removing 
the solvent under reduced pressure, the excess of  
hexacarbonyl and ammonia  was eliminated from 
the residue under vacuum. The solid was then redis- 
solved in a n-hexane/n-pentane mixture and filtered 
through Kieselguhr. The filtrate was then evap- 
orated to give a yellow solid. 9 

The general procedure for the synthesis of the 
other complexes. A solution of 3.5 mmol of  Cr(CO)6 
in ca 60 cm 3 T H F  was irradiated for 90 min. A 
solution of 3 mmol of  the ligand solvent in ca 20 
cm 3 T H F  was then added and the mixture stirred 
for 60 min. After removing the solvent under 
reduced pressure, the excess of  hexacarbonyl was 
sublimed from the residue under vacuum at room 
temperature. The solid was then redissolved in a n- 
hexane/n-pentane mixture, filtered through Kiesel- 
guhr and recovered by evaporating the solvent. The 
complexes with acetonitrile, 9 benzonitrile, 9 ethylene 
sulphite 26 and dimethylsulphoxide 26 have been pre- 
viously reported. The new complexes with n- 
butyronitrile and isobutyronitrile were fully char- 
acterized. 

Found C, 40.3; H, 2.7; N, 4.9. Calc. for 
C~0HTOsNCr; C, 41.3; H, 2.7; N, 5.4%, Mp 89- 
9ff'C. 



Coordinating properties of some solvents 

F o u n d  C, 40.1;  H, 2.7; N,  5.2. Calc. for 
CIoH7OsNCr:  C, 41.3;  H, 2.7; N, 5.4% . M p  68-  
70°C. 
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Abstract--Synthesis of  heterocyclic compounds of the type M(OC6H4)3 N [M = B (2); 
M = B ~ NH2CH2C6H 5 (4) ; M = P (5) ; M = P ~ BH3 (6) ; M = A1 (7) ; M = A1 .-- NH2 
CH2C6H 5 (8)] and B(OC6H4)3N ~ BH3 (3) are reported. N MR parameters ~IB, 3tp, 27A1 ' 
~3C and ~H are consistent with cyclic structures. There is no intramolecular bond in 2 and 
5, but 2 showed an acidic boron and basic nitrogen. Some amines (4, 8) and borane (3, 6) 
adducts support the study of inter- or intramolecular bonds. The N MR spectra (~H, 13C) 
for the reported complex C6HsSi(OC6H4)3 N (9) are included. 

We report the synthesis and structural studies of 
the heterocyclic compounds M(OC6H4)3 N [M = B 
(2); M = B ~ N H z C H 2 C 6 H 5  (4); M = P  (5); 
M = P - - * B H 3  (6); M = A I  (7); M = A 1  
NHzCH2C6H5 (8)] and B(OC6H4)3 N --* BH 3 (3). 
Previous studies of atranes have been of special 
interest because of their geometry and types of 
bonding. The description of the M*--N bond 
(M = P, Si) and the extent of the interaction 
between the two atoms, has been a subject of 
discussion.~ In fact, evidence for these structures 
suggests that N M R  data should be interpreted criti- 
cally because the existence of a coordinate link from 
N to the different elements is not always evident. 

EXPERIMENTAL 

nitrilotriphenol 1, C6H5Si(OC6H4)3 N 9 and 
AI(OC6H4)3 N 7. 2 

Spectra 

11B, 27A1, 13C and 31p N MR spectra were 
obtained using a Jeol FX-90Q spectrometer oper- 
ating at 28.7, 23.29, 22.49 and 36.23 MHz, respec- 
tively. Chemical shifts are relative to Et20" BF3, 
AICI3(H_,O), TMS and H3PO 4 (80%). Proton 
N MR were obtained with a Varian EM 390 spec- 
trometer. IR were obtained with a Nicolet MX-I- 
FT spectrophotometer. Mass spectra were obtained 
using a Hewlett-Packard 5985-A spectrometer 
operated by the Instituto de Quimica-UNAM. 

All manipulations were carried out under a dry 
nitrogen atmosphere using standard techniques. 
Solvents were dried and distilled before use. 
Published procedures were used to prepare 2,2',2"- 

* Author to whom correspondence should be addressed. 

Synthesis of 2,2',2"-nitrilotriphenylborate 2 

A mixture of 1 (4 g, 13.6 mmol) and BH3"THF 
(7 cm 3, 15.4 mmol) in T H F  (50 cm 3) at room tem- 
perature gave after evaporation of  the solvent under 
reduced pressure, a white powder (96%) which does 
not melt below 300°C. The resulting product is very 

679 
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insoluble in non-polar solvents and decomposes in 
the presence of  moisture. 

Reaction of 2 with benzvlamine. The preparation of 
C6HsCH2H_,N • B(OC6H4)3N 4 

Addition of 0.2 cm 3 (1.84 mmol) of  benzylamine 
to a solution of 2 (0.5 g, 1.66 mmol) in T H F  (25 
cm 3) gave a yellow solid (75%) which decomposed 
at 200°C. 

RESULTS AND DISCUSSION 

Figure 1 illustrates the reaction of 2,2',2"-nitri- 
lotriphenol 1 with BH3" THF,  P(NMe2)3 and AICI3 
giving cyclic compounds of the type M(OC6H4)3N 
(M = B, 2), (M = P, 5) and (M = AI, 7). 

Direct reaction of these complexes with amines 
and borane afforded the species RM(OC6H4)3N, 
M = B, R -- C6HsCH2NH2 4; M = P, R = BH3 
6; M = AI, R = C6HsCH2NH_~ 8 and 
B(OC6H4)3N " BH 3 3. 

Reaction of 2 with BH3-THF.  The preparation of 
B(OC6H4)3N • BH3 3 

A solution of 2 (0.5 g, 1.66 mmol) in T H F  (25 
cm 3) in the presence of one equivalent of  BH 3" T H F  
gave the adduct 3. The only spectroscopic evidence 
for structure 3 is its t tB chemical shift (~ JB = - 6 . 9  
ppm) which is in the range for amine-borane 
adducts. Its isolation was impossible because the 
borane was lost during evaporation of the solvent. 

Synthesis of 2,2',2"-nitrilophenylalum&ate 7 

An equivalent mixture of  1 (1.34 g, 4.57 mmol) 
and AIC13 (0.61 g, 4.57 mmol) under refluxing T H F  
(50 cm 3) for 4 h gave after evaporation of the solvent 
under reduced pressure, a brown powder (43%) 
which does not melt below 300°C and is soluble in 
most common solvents. 

Reaction of 7 with benzylamine. The preparation of 
C6HsCH2HEN • Al(OC6H4)3 N 8 

A solution of  7 (0.62 g, 1.96 mmol) in T H F  (50 
cm 3) in presence of an excess of  benzylamine (1.65 
cm 3, 15.1 mmol) gave after 4 h of  refux a white 
powder, insoluble in most common solvents and 
soluble in DMSO. It sublimes at 240°C. 

Synthesis of 2,2',2"-nitrilotriphenylphosphite 5 

It was prepared from an equivalent mixture of  1 
(3.5 g, 12 mmol) and hexamethylphospho- 
rustriamide (2.2 cm 3, 12 mmol) in refluxing benzene 
(25 cm 3) for 2 h, after evaporation of  the solvent a 
white powder was obtained (78%) which decom- 
poses at 115°C. 

Reaction of 5 with BH3" THF.  The preparation of 
H3B" P(OC6H4)3N 6 

Addition of BH3 " T H F  (0.8 cm 3, 1.76 mmol) to 
5 (0.5 g, 1.55 mmol) gave a white solid (85%) which 
decomposes at 140°C. 

Boron compounds 

Interesting studies have been carried out in bora- 
tran, 10, where the X-ray structure reveals that the 
sum of the angles around nitrogen and boron are 
342.8 and 346.4", respectively, and that these atoms 
are connected by a 1.693 ,~, bond. The stabilization 
of the nitrogen lone pair on formation of the B - - N  
bond is 2.4 eV according to the revised assignment 
on the photoelectron spectrum of  10. 3 Considering 
the lone pair stabilization as roughly indicative of  
the "electronic" strength of the B - - N  bonds (with 
steric factors excluded) as suggested by Livant et 
al, 3 they conclude that 10 possess a very weak B - - N  
bond. 

8 - - N  

10 

Compared with compound 10, compound 2 
showed absence of an intracyclic coordination. The 
structural determination of 2 was based on the ~tB 
N M R  signal, which is characteristic of  boric esters 
and suggests the absence of  N - - B  coordination (see 
Tables ! and 2). This lack of coordination could be 
attributed to the low basicity of  nitrogen and to the 
intracyclic strain. In order to clarify this phenom- 
enon, we decided to determine the acidity of  the 
boron a tom and to observe the t~B N M R  chemical 
shift of  2 in the presence of a Lewis base. Addition 
of one equivalent of  benzylamine to a solution of 2 
in THF,  gave a single signal at +4 .4  ppm, this 
clearly shows that the boron atom is very acidic, 
the adduct 4 was isolated and characterized (Tables 
1 and 2). Conversely, the next experiment was to 
check the basic character of  2; a solution of  2 in 
T H F  in the presence of one equivalent of  
B H a ' T H F  gave a signal at - 6 . 9  ppm that can be 
attributed to compound 3; this fact gives infor- 
mation about the basicity of  the nitrogen which is 
evidently low according to the easy loss of  borane 
(see Experimental section). Our attempts to prepare 
a triphenylamine borane adduct were unsuccessful.4 

Formation of adduct 3 is interesting because it 
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Fig. 1. Synthetic routes to heterocyclic molecules and some of its reactions: (i) C6HsSiCI 3 in buthyl- 
ether2; (ii) BH3THF (1 equiv) in THF at room temperature; (iii) C6HsCH2NH2 in THF at room 
temperature; (iv) AICI3 in refluxing THF 4 h or AI(OPff)3 at 150-170°C2; (v) C6HsCH2NH2 in 

refluxing THF 4 h ; (vi) P(NMe2)3 in refluxing benzene 2 h. 
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suggests that an intramolecular B - - N  bond is not 
present and it also shows that nitrogen is in a tetra- 
hedral geometry with an exo lone pair strong 
enough to coordinate to borane. 

Phosphorus compounds 

The reaction of  hexamethylphosphorustriamide 
with triol 1 afforded a white powder in 78% yield, 
which decomposed at 115°C. The stability of this 
aromatic phosphatrane 5 contrasts with the unisol- 
ated P(OCH2CH2)3N, which apparently forms in 
a similar reaction, in which an uncharacterized 
polymer has been obtained as the major product. 5 

Addition of BH3" THF  showed that 5, the same 
as many other aminophosphanes, behaves as P- 
donor only, giving adduct 6. A second equivalent of 
the Lewis acid afforded a very insoluble precipitate, 
whose structure was not elucidated. 

Compounds 5 and 6 were compared with other 
reported aminophosphanes and phosphatranes 

which were either coordinated or not coordinated 
to boron, finding that 5 showed the same 
31p = +115 ppm as P(OCH2CH2)3N. 5 This value 
is in the characteristic range for pyramidal phos- 
phorus in phosphites and suggests a similar struc- 
ture for both compounds. 

Formation ofadduct  6 suggest that the geometry 
assumed by the P atom is tetrahedral. The near 
identity of  lZB and 31p chemical shifts of  6 ( l i B  

6 = - 4 0 . 6  ppm, Jp_a = 92.3 Hz; 31p 3 =  + I 0 7  
ppm) with I I  (~tB 6 = -43.8  ppm, JP--a = 96 Hz; 
3 tp 6 = +97 ppm) 6 suggest that P - - N  is absent. The 
JP--B = 92.3 Hz differs markedly from an unusu- 
ally large P - -B  coupling reported for H3B" 
P(OCH2CH2)3N (JP--a = 120 Hz, 31p = +98.3)5 
which they were tempted to ascribe to a tricyclic 
structure. 

/O 
HsB --  P~\ " ~ ' - -  C H 3 
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Table 1. Physical and infrared data 

Melting point Molecular IR 
Compound (°C) weighff (v, cm- i) 

1 170-171 293 3419(s,br) 

2 200/0.1 mmHg 301 1321(s), 1190(m), 
(sublime) b 1065(s), 1045(s), 912(w), 

888(s) 

4 200 - -  1301(s), 1056(m), 
(decomp) 942(m) 

5 115 321 1307(m), 1225(w), 1181(m), 
(decomp) 1044(w), 910(w), 888(m), 

848(s), 696(m) 

6 140 335 1316(s), 1286(m), 1238(s), 
(decomp) 1063(m), 961(vs), 946(vs), 

935(vs), 908(vs), 850(m), 644(m) 

7 h - -  1613(m), 1138(m), 937(vw), 
913(w), 713(w), 569(vw), 
425(w) 

8 240 ~ 3000(s,br), 1613(m), 1375(w), 
(sublime) 1063(w), 963(w), 913(vw), 

875(w), 688(s), 556(w) 

9 ,i 395 1625(m,br), 1292(vs), I 132(s), 
934(vs), 901(vs), 894(vs), 
850(m), 782(s), 719(m), 
588(s), 475(w), 435(m) 

"Determined from mass spectra; 2 based on ~B isotope and 9 based on 2sSi isotope 
only. 

h It does not melt below 30ff'C. 
COnly the characteristic fragment patterns of benzylamine 107 (67.7%), 106 (100%) 

and 79 (62.8%) are observed without evidence of the rest of the molecule. 
dAsb but it sublimes when heated strongly.-' 

We believe that the extent of  nitrogen-phos- 
phorus bond for 6 is not reflected in the Ijp B 
coupling constant, because the coupling data in the 
literature 7-t0 of  cyclic, acyclic compounds,  P - - N  
bond complexes, and especially, species without 
P - - N  interaction ~ are not significantly different. 
Furthermore, according to X-ray studies ~-~ the 
P - - N  distance in H3B" P(OCH2CH_,)3N is 3.098 
which does not support the tricyclic argument. 

Alumhffum compounds 

The preparation of 7 can be carried out by reflux- 
ing 1 in T H F  with AIC13, or by condensation of 1 
with aluminium isopropoxide. 2 In reference 2, 
7 was characterized only by analysis and the state- 
ment that its IR spectrum showed the chelate cage 
structure. 

The alatrane 7 contained coordinated solvents, 
such as THF,  isopropyl alcohol and diethylether 
which were removed by heating under vacuum (vide 

infra). As might be expected from the above, 
addition of benzylamine to 7 gave the coordinated 
compound 8. Interesting in this regard is the 
narrowing of ~H, ~3C and -~7A1 signals when the 
benzylamine is introduced in molecule 7 (see 
Table 2). This fact suggests a significant change 
in the corresponding symmetry of these species. 

The addition of one equivalent ofBH3" T H F  to a 
T H F  solution of  7 did not give amineborane adduct 
formation as evidenced by ~B NMR.  There is only 
a signal at + 19 ppm, characteristic of  boric esters, 
presumably formed from B H 3 " T H F  and the ring 
opening of T H F  and a similar fact was observed 
when B H 3 - T H F  was added to 9. Formation of  2 is 
discarded according to IR spectroscopy. 

The absence of reactivity of  the nitrogen with 
borane suggests the presence of a tetracoordinated 
aluminium in 7 and pentacoordinated silicon in 9, 
formed via a transannular dative bond between 
M (M = AI, Si) and N. Addition of BH3" DMS to 
a DMS solution of 8 did not show any reaction 
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( '  ~B = - 19.9 ppm) after 24 h. It was impossible to 
'study the reactivity of  8 in the presence of 
BH3" T H F  because 8 reacts with T H F  giving a red 
solution. 

When a toluene solution of 1 was stirred with one 
equivalent of  Ph3AI 'OEt  at 60°C for 6 h, 7 was 
obtained with a half equivalent of  toluene co- 
ordinated. Even after treatment of  the sample in 
vacuo, at 100°C for 6 h the solvent remained. The 
~H N M R  spectrum showed that DMSO-d6 used 
as a solvent was also coordinated (6 = 3.33 ppm). 
(This has been observed from traces of  non- 
deuterated solvent.) 

N M R  spectroscopy 

The shifts of  the signals in the JH, ~tB, t3C, 27A1 
and 3~p N M R  are shown in Table 2. tH N M R  
spectra of  the complexes show a displacement to 
lower field and splitting of the aromatic signals due 
to complexation of 1. 

Carbon spectra of  these compounds show a 
deshielding for Ci, C2 and C4, C 5, C 6 in major  and 
minor extents, respectively. It can be observed that 
A6, defined as A6 = 6 complex - 6  1, for C_, and C6 
is almost the same in 2 and 5, while in 7 and 9 A6 
is different. This suggests that the latter compounds,  
7 and 9 should have an intramolecular bond, but 
the former compounds,  2 and 5 should not. A higher 
acidity of  the metal is observed in 8 compared to 4 
according to chemical shifts observed for C~ and 
CH2. 

The aluminium compounds 7 and 8 were found 
in the same region on the 27A1 chemical shift scale, 
and accordingly, it is expected that in each case 
the metal has a similar coordination number. The 
linewidth is much larger for 7 and may be due to 
lower symmetry compared to 8. 

The determination of  the structure of  9 has indi- 
cated that the geometry at silicon is a distorted 
trigonal bipyramid with the oxygen atoms bent 
away from the phenyl group and towards the nitro- 
gen. ~ 3 In order to complete the characterization of 

M. A. PAZ-SANDOVAL et al. 

9 we report here the N M R  spectroscopy, t3C N M R  
has been assigned based on the NOE decoupling 
mode and ~3C data for C6HsSi(OEt)3 and C6HsSi 
(OC2H4)3N. 14 

C O N C L U S I O N S  

It is concluded that the utility of  the ~H and J3C 
N M R  spectroscopy, along with P - - B  coupling data 
in predicting the intramolecular bond of these 
pseudoatrane complexes is not reliable. However, 
addition reactions have been useful in the study of  
these structures, confirming that there is no internal 
coordination in these compounds,  except for 7 and 
9. 
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Abstract--Monochloro-tetra-/~-aryl-carboxylatodiruthenium(llI, II) compounds RuzCI 
(O2CAr)4 (Ar = -C6H5; -C6H4-p-OCH3), are prepared and characterized. The compounds 
have magnetic moments that correspond to three unpaired spins per dimer. The Ru--Ru 
bond order is 2.5 and the ground electronic configuration is cr27z462 (6,n,)3. The visible 
spectral band is observed at ca 450 nm along with a shoulder near 580 nm in DMF solution. 
The compounds undergo a one-electron Ru(III)Ru(II)--, Ru(II)Ru(II) quasi-reversible 
reduction in DMF near 0.0 V vs sce. 

Since the discovery ~ of diruthenium(III, II) com- 
pounds, several carboxylato species were prepared 
and characterized. 2"3 While the study is thorough 
on alkyl-carboxylato complexes, the chemistry 
of aryl-carboxylato compounds 4 has remained 
virtually unexplored, except in one case where 
only magnetic properties of RuzCI(O2CC6H5) 4 
were reported. 4 We have previously shown 5 that 
RuzCI(O2CAr) when reacted with P(C6Hs)3 in an 
alcoholic medium, R'CH2OH, forms monomeric 
carbonyl compounds by a novel decarbonylation 
process. In this paper we report the synthesis and 
physico-chemical properties of two diruthenium 
(III, II) compounds. A comparison has been made 
between Ru2CI(O_~CAr)4 and other known 2'3'6 
structurally analogous diruthenium compounds. 

E X P E R I M E N T A L  

Ru2CI(O2CCH3)4 was prepared using a literature 
procedure. 7 Solution electrical conductivity, elec- 
tronic and IR spectra were recorded using a Digisun 
digital conductivity meter model D1-909, a Hitachi 
U-3400 spectrophotometer, and a Perkin-Elmer 
597 infrared spectrophotometer, respectively. Mag- 

*Author to whom correspondence should be addressed. 

netic measurements were carried out by the Fara- 
day method using a Cahn R.G. electrobalance. 
Electrochemical studies were performed using a 
Princeton applied research (Par) 370-4 electro- 
chemistry system. A planar Beckman model 39273 
platinum inlaly working electrode, a platinum 
wire auxililary electrode and a standard calomel 
reference electrode (sce) were used in three-elec- 
trode measurements. All electrochemical data were 
obtained at 298 K and are uncorrected for 
junction potentials. 

Preparation of  monochlorotetra-I~-benzoato-diru- 
thenium(III, II), Ru2CI(O2CCrHs)4 

To a solution of 94 mg RuzCI(O2CCH3)4 (0.2 
mmol) in 30 cm 3 of a 1:1 methanol-water (v/v) 
mixture, 146 mg of benzoic acid (1.2 mmol) were 
added. The mixture was heated to reflux for 4 h. It 
was then cooled and filtered. The brown product 
was washed several times with methanol and then 
with diethylether. The compound thus obtained was 
dried in vacuo over P4Oi0 (Yield : 130 mg, ca 90%). 
( Found : C, 46.3 ; H, 2.7. Calc. for C28H20OsC1Ru2 : 
C, 46.6; H, 2.8). IR spectrum (KBr phase and 
Nujol mull): 3050(w), 1595(m), 1480(w), 1450(m), 
1395(s), 1140(w), 1060(w), 1020(w), 840(m), 710(s), 
685(s), 525(s), 385(m), cm-J (s, strong ; m, medium ; 
w, weak). 
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Preparation 0/" monochloro-tetra-lt-p-methoxyhenzo- 
atodiruthenium(III, II), Ru2CI(O2CC6H4-p-OCH3)4 

This was prepared by using the method given 
above for the preparation of R u ~ C I ( O 2 C C 6 H s ) 4  

(Yield: 150 mg, ca 90%) (Found C, 45.9; H, 3, 3. 
Calc. for C32H_~8OI2C1Ru_,: C, 46.5; H, 3, 3). IR 
spectrum (KBr phase and Nujol mull): 3055(w), 
2840(w), 1595(m), 1430(w), 1395(s), 1250(m), 
l160(m), 840(m), 765(m), 710(w), 695(w), 635(s), 
520(w), 450(m), 385(m) cm ~. 

RESULTS AND D I S C U S S I O N  

Brown coloured tetra-arylcarboxylato com- 
pounds, RuzCI(O2CAr)4 are prepared in near 
quantitative yields by reacting Ru,CI(O2CCH3)4 
and ArCO_,H in a boiling 1 : 1 (v/v) methanol-water 
mixture. Ru2CI(O2CC6Hs)4 was earlier prepared 4 by 
using Ru2CI(O_,CH)4 as the starting material and 
the reaction time was 7 days. Under refluxing con- 
ditions we have been able to isolate the product in 
4 h. The compounds are sparingly soluble in water 
and in common organic solvents, but are appre- 
ciably soluble in dimethylformamide (DMF)  and 
dimethylsulphoxide (DMSO). Physico-chemical 
data on Ru2CI(O2CAr)4 are presented in Table 1. 

In DMF,  Ru2CI(O2CAr)4 dissolves slowly and 
forms a brown solution. Conductivity measure- 
ments show the presence of  a 1:1 electrolyte in 
solution. The species in the solution is believed to 
be [Ru_,(O2CAr)4(DMF)2] +. Structural studies 2"3"8'9 

R. CHAKRAVARTY 

on Ru2CI(O2CR)4 (R, alkyl group) and Ru2CI(Ar 
CONH)n, show the presence of linear or zigzag 
{-Ru~--CI--Ru_,-],, chains and a relatively weak 
R u ~ l  bond. In polar solvents the polymer breaks 
into discrete dimeric units. The formation of the 
solvent adduct is well documented 2"6 in diru- 
thenium(III,  II) and diruthenium(lI,  II) systems. 

IR spectra of  Ru:CI(O2CAr)4 exhibit charac- 
teristic symmetric and antisymmetric vibrations of  
carboxylate ligands. The absence of  a Ru--C1 
stretch near 350 cm ~ indicates the involvement of  
C1 in a bridge to hold dimeric Ru2 units together. 
Magnetic measurements show the presence of three 
unpaired spins per Ru2 dimer in accordance j°'j~ with 
the ground electronic configuration of a2n462 
(6" /~*)  3, a characteristic feature of  diruthenium(III,  
II) compounds having ruthenium in the non-inte- 
gral oxidation state of  +2.5  and an R u - - R u  bond 
order of  2.5. Electronic spectra of  these compounds 
in D M F  solution display a band near 450 nm along 
with a shoulder near 580 nm. While the low energy 
absorption could be assigned to an axial ligand 

Ru2 (6* or n*) transition, the higher energy band 
is most likely due to the O(n) ---, Ru2(n*) transition 
with the O(n) primarily R u - - O  bonding orbital 
having appreciable Ru_~-n bonding character.~° The 
O(n) ~ Ruz(n*) transition is reported to occur t~- 
at 459 and 445 nm in RuzCI(CF3CONH)4 and 
Ru2CI(C6HsCONH)4, respectively, in DMSO solu- 
tion. The diruthenium(II,  II) benzoato compound,  
Ru2(O2CC6Hs)a(THF)2 is known 6 to display a 
shoulder at 440 nm. The bands observed ~3 in the 
diffuse reflectance spectrum of  Ru2(O2CCH3)4C1 

Table 1. Physico-chemical data on Ru2CI(O.,CAr)4 compounds 

Physico-chemical measurements Ar = -C6H5 Ar = -C6H4-p-OCH 3 

Conductivity ~ 
A, ohm- t cm 2 mol- ~, 298 K 75.2 73.8 

Electronic spectra ~'h 451 (2200) 452 (2 I00) 
J-nm(~, dm 3 mol-~ cm-~) 580(Sh) 580(Sh) 

Magnetic Moment 
#at, 298 K, (Per Ru) BM 2.74 2.67 
#err, 298 K, (per dimer) BM 3.88 3.77 

Cyclic voltammetry"" 
E%8, V (vs sce) 0.043 -0.048 
AE e,mV v =  50mVs ~ 240 210 

= 100 m Vs -~ 250 230 
= 200 m Vs-~ 270 260 

"Solvent, dimethylformamide. 
b Sh, shoulder. 
' v, scan rate, AEr, peak to peak separation. 
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at 568(Sh) and 462 nm are proposed ~° to be due 
to C1 ~ Rtl2(~z* ) and O(~) ~ Ru2(n*) transitions, 
respecitvely. 

Cyclic voltammetric studies in a 0.1 M tetra- 
butylammonium perch lora te -DMF solution of  
Ru_,CI(O~CAr)4 show a single vol tammogram near 
0.0 V vs the sce reference electrode (Table I). Both 
compounds undergo a quasi-reversible one-electron 
Ru(I I I )Ru(I I )+e  ~ Ru(II)Ru(lI) reduction to form 
a Ru_,(O2CAr)4(DMF)_, species as is evidenced 
from the constant potential electrolysis carried out 
at a potential of  200 mV negative to the cathodic 
peak. The observed shift of  the Ru(III)Ru(II) /  
Ru(II)Ru(II)  couple in going from Ar = C 6 H  5 

to Ar = C 6 H 4 - p - O C H 3 ,  is consistent with the 
inductive effect of  the substituent on the phenyl 
ring. Addition of  electron density to the anti- 
bonding 6*n* level is likely to make the system 
difficult for reduction. A similar effect is known 6 to 
occur in Ru2(O2CR)4 complexes. A recent report 6 
shows that Ru2(O_,CC6Hs)a(THF)_, undergoes a one- 
electron oxidation at 0.07 V (vs sce). The observed 
difference of 30 mV between T H F  and D M F  
adducts could be due to the difference in solvent 
donating capacity. A comparison among the 
reduction potentials of  diruthenium(III,  II) systems 
reveals "-'3"t2'la-t6 that E°98 of the Ru(III )Ru(II) /  
Ru(II)Ru(II)  couple follows the order O,O > 
O,N > N,N, where O,O;  O,N and N,N are 
three a tom anionic bridging ligands having O,O 
(e.g. carboxylates), O,N (e.g. amides, hydrooxy- 
pyridines) and N,N (e.g. aminopyridines) coor- 
dination at the equatorial positions. The potential 
is also dependent on the solvent medium. Highly 
polar solvents can easily remove axial CI to 
form axial solvent adducts as is evidenced ~2't4 from 
electrochemical experiments. 

687 

Acknowled, qements--We thank Prof. A. Chakravorty, 
IACS, Calcutta, for obtaining elemental analytical and 
cyclic voltammetric results, and CSIR, New Delhi for 
financial support. 

REFERENCES 

1. T. A. Stephenson and G. Wilkinson, J. Inorg. Nucl. 
Chem. 1966, 28, 2285. 

2. F. A. Cotton and R. A. Walton, Multiple Bonds 
Between Metal Atoms. John Wiley (1982). 

3. F. A. Cotton and R. A. Walton, Structure and 
Bonding 1986, 62, 1. 

4. M. Mukaida, T. Nomura and T. Ishimori, Bull. 
Chem. Soc., Japan 1972, 45, 2143. 

5. S. K. Mandal and A. R. Chakravarty, Inorg. Chim. 
Acta. 1987, 132, 157. 

6. A. J. Lindsay, G. Wilkinson, M. Motevalli and 
M. B. Hursthouse, J. Chem. Soc., Dalton Trans. 
1985, 2321. 

7. R. W. Mitchell, A. Spencer and G. Wilkinson, J. 
Chem. Soc., Dalton Trans. 1973, 846. 

8. A. R. Chakravarty and F. A. Cotton, Polyhedron 
1985, 4, 1957. 

9. A. R. Chakravarty, F. A. Cotton and D. A. Tocher, 
Poplyhedron 1985, 4, 1097. 

10. J. G. Norman, Jr., G. E. Renzoni and D. A. Case, 
J. Am. Chem. Soc. 1979, 101, 5256. 

11. V. M. Miskowski, T. M. Loehr and H. B. Gray, 
Inorg. Chem. 1987, 26, 1098. 

12. T. Malinsky, D. Chang, F. N. Feldmann, J. L. Bear 
and K. M. Kadish, Inory. Chem. 1983, 22, 3225. 

13. R. J. H. Clark and M. R. Franks, J. Chem. Soc., 
Dalton Trans. 1976, 1825. 

14. F. A. Cotton and E. Pederson, Inory. Chem. 1975, 
14, 388. 

15. A. R. Chakravarty, F. A. Cotton, D. A. Tocher and 
J. H. Tocher, Polyhedron 1985, 4, 1475. 

16. M. Y. Chavan, F. N. Feldmann, X. Q. Lin, J. L. 
Bear and K. M. Kadish, Inory. Chem. 1984, 23, 2373. 



Po(vhedron Vol. 7, No. 9. pp. 689~94. 1988 0277-5387/88 $3.00+.00 
Printed in Great Britain © 1988 Pergamon Press plc 

P O T E N T I O M E T R I C  S T U D Y  O F  T H E  P R O T O N A T I O N  A N D  

B I N A R Y  C O M P L E X A T I O N  E Q U I L I B R I A  B E T W E E N  T H E  

H Y D R O G E N  I O N ,  C O P P E R ( H )  I O N  A N D  Z I N C ( H )  I O N  A N D  

T H E  P I C O L I N A T E  I O N  IN D I O X A N E - W A T E R  M I X T U R E S  

E. CASASSAS* and G. FONRODONA 

Department of Analytical Chemistry, Universitat de Barcelona, Diagonal 647, Barcelona 
08028, Spain 

(Received 27 November 1987; accepted 16 December 1987) 

Abstract--Protonation constants of picolinic acid and stability constants of Cu(II) and 
Zn(II) picolinate complexes were determined potentiometrically in 50% (v/v) dioxane- 
water solution at 25°C and 0.2 M KNO3. The values obtained for the constants were" 
protonation constants for picolinate ion" log/~l = 5.36+0.01 and log/~2 = 6.80+0.04; 
stability constants for copper(II) complexes: logfll,l = 7.766+0.001 and logfll.2= 
16.826+0.007; stability constants for the Zn(II) complexes: logfll, i =6.10+0.05, 
logfll.2 = 11.47+0.03 and logfll.3 = 15.77+0.08. No protonated nor hydroxo-complex 
was detected in the metal ion-picolinate systems. 

Picolinic acid (Hpic) shows two well-defined forms 
in the extreme zones of pH ; it is wholly protonated 
in strong acid medium and wholly deprotonated in 
the basic medium: the neutral species is found in 
equilibrium with the predominating zwitterionic 
form i-4 in the intermediate zone. It has been shown 4 
that in aqueous solution the protonation of the 
nitrogen atom in the heteroatomic nucleus takes 
place in a more acidic range than the protonation 
of the carboxylate group, and that the macroscopic 
constants for the equilibria : pic- +2H ÷ ~-- H2pic + 
and pic-+H÷~,~Hpic are 1og1~2=6.22 and 
log//t = 5.22. 

In the course of a general study of the solvent 
effects on complexation equilibria, extensive use has 
been made of dioxane-water mixtures. 5'6 Com- 
plexation equilibria in the Cu(II)-picolinate and the 
Zn(II)-picolinate systems are studied in this paper 
in the same mixed solvent. A prior study of pro- 
tonation equilibria of the picolinate ion in the same 
solvent was needed. The evaluation of stability con- 
stants for the metal complexes only requires the 
knowledge of exact values of the overall pro- 
tonation constants in the same medium and the 
microscopic constants are not needed. A knowledge 
of these constants would be useful in the deter- 

* Author to whom correspondence should be addressed. 
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mination of the exact atom where protonation takes 
place or the exact atom which acts as the donor in 
complex formation. This structural conclusion is 
out of the scope of this work which describes the 
evaluation from fem data of constants which have 
only a thermodynamic meaning. 

Protonation equilibria of the picolinate ion (pic) 
have been studied mainly in aqueous solution and 
only scarcely in dioxane-water mixtures, 7 which, 
on the other hand, are frequently used in the studies 
of solution equilibria. The physiological activity of 
several pyridine carboxylic acid derivatives may be 
one of the main reasons for the interest shown on 
the behaviour of their aqueous solutions. 

The complexes in the Cu-pic system were 
obtained in the very acidic zone, at pH < 2.0; and 
their formation constants in aqueous solution were 
determined using spectrophotometric s or polaro- 
graphic 9 methods. Casassas and Tauler 4 evaluated 
the formation constants for the complexes obtained 
in this system in an aqueous medium using emf data 
obtained simultaneously from a glass electrode and 
from a copper(II) ion selective electrode; they 
observed a much better fit with the measurements 
performed with the copper(II) ion selective elec- 
trode. Only Holmes and Crimmin 7 reported a 
partial study on the equilibriums in this system in 
dioxane-water mixtures. 

For the Zn-pic system in aqueous solution, up 
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to three successive complexes (all of  them already 
present in solutions of  pH <4 .0)  have been 
studied.)° No reference is Pound for this system 
in dioxane-water solvents. 

EXPERIMENTAL 

(1) Reagents and solutions 

Picolinic acid (Fluka, purum), nitric acid (Merck, 
analytical-reagent grade), copper(II) nitrate and 
zinc(II) nitrate (both Merck, analytical-reagent 
grade) were used without further purification. Pot- 
assium nitrate (Probus, analytical grade) was puri- 
fied by recrystallization in water. Ligand solutions 
and metal ion solutions were prepared from these 
reagents in dioxane-water (1 : 1, v/v) mixtures, at 
0.2 mol 1- ) ionic strength, adjusted with potassium 
nitrate. Metal ion solutions were standardized by 
EDTA titration. CO2-free potassium hydroxide 
(Merck, analytical reagent grade) solutions in diox- 
ane-water (1 : 1, v/v) prepared and standardized as 
usual t t were used as the titrant. The mixed solvent 
used was prepared from dioxane (Carlo Erba) 
purified by Eigenberger' method ~z and doubly 
distilled freshly boiled water. 

(2) Apparatus 

The potentiometric cell was 

Ag/AgCl/KCl(sat)/test solution/working electrode. 

Values of the emf of the potentiometric cell were 
taken with an Orion 701A potentiometer (accu- 
racy + 0.1 mV), using a reference Ag/AgCI electrode 
(Orion 9005 with a keramic type junction) and a 
different working electrode according to the nature 
of the test solution: a glass electrode (Orion 9101), 
a copper(II) ion selective electrode (Orion 94-29) or 
a zinc amalgam electrode. The cell was thermo- 
stated externally at 25__0.1°C. The titrant was 
added with a Metrohm Multidosimat E415 burette 
cylinder 552 with an antidiffusion burette tip. 

The potentiometric assembly was controlled by 
an HP9816 microcomputer via an HP3421A data 
acquisition control unit (for details see ref. 5). 

(3) Procedure 

(a) Calibration. The glass electrode was calibrated 
in the working medium (dioxane-water 1 : 1, (v/v), 
0.2 M ionic strength) by Gran'titrations t 3 and the 
calibration parameters were evaluated using a multi- 
parametric data-fitting procedure, or Gran's plots. 
As the protonation of the nitrogen atom in picolinic 
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acid takes place at rather low pH, the value of the 
liquid junction potential was determined between 
the pH range from 0.7 to 2.0 (from emf readings 
taken in a solution which was initially 0.2 M in 
mineral acid and which was successively diluted by 
addition of a solution 0.2 M in KNO3 all in the 
same mixed solvent). Results were obtained for the 
simultaneous determination of the standard poten- 
tial, E0, andjH (the slope in the classical expression 
for the liquid junction potential  E0 =JH [H+]) for 
this electrode in strongly acidic solutions and are 
given in Table I, where the technique used for the 
evaluation of these parameters is also shown. The 
values obtained for JH in the working potentio- 
metric cell showed a rather high degree of dispersion, 
probably due to the known behaviour of the keramic 
junction reference electrode ~4 used. The mean 
value of  JH adopted for further work is 16.14 
mV tool- t I ; which implies that the liquid junction 
potential must be taken into account, given the pre- 
cision of  the potentiometer used, in all readings 
taken in solutions below pH 2. I. In order to obtain 
precise values for the second protonation constant 
of picolinate ion, LETAGROP )5 and MINI- 
GLASS t 6 programs were used because both accept 
as input thejH values previously known for the treat- 
ment of the emf data. (LETAGROP can also per- 
form the simultaneous refining ofjH, E0 and log K). 

The copper(II) ion selective electrode was cali- 
brated from readings taken in a solution which was 
initially 0.2 M HNO3 in dioxane-water (1 : 1, v/v) 
and into which successive known amounts of 
copper(II) ion were added, and also from readings 
taken from the titration o fa  copper(II) ion solution 
with EDTA (both in the same solvent and at the 
same ionic strength). In the copper(II) ion con- 
centration range of 6 .3x 10-7-3.98x 10 -2 M, a 
Nernstian behaviour was observed for this 
electrode, with a g value of 29.8 ___ 1.2 mV. 

The zinc amalgam electrode was prepared by 
controlled electrolysis of  a zinc(II) nitrate solution 
between a zinc anode and a mercury cathode, t7 up 
to a zinc concentration in the amalgam in the range 
0.6-1.6%. The amalgam was kept under a nitrogen- 
saturated diluted nitric acid solution. The amalgam 
electrode used was similar in shape to the J-elec- 
trode described by Holloway and Reilley. ~8 Cali- 
bration of this electrode was performed in the pH 
range from 5.0 to 6.0, where its response is pH- 
independent, as observed by Perrin and Sayce, ~9 
and the calibration procedure was like the one 
described for the Cu(II)-ISE. Nernstian behaviour 
was obtained in the Zn(II) concentration range 
from 6 x  10-5-2x  10 -3 M, and the g value was 
27.8 + 1.7 mV. 

(b) Protonation ofpicolinic acid (pic). A known 
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Table 1. Results from numerical treatment of data for the glass electrode calibration in 
strongly acidic medium 
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Curve Number Correlation 
No. of points E0 JH coefficient U a Method 

1 51 384.8 19.35 0.997 - -  - -  LR 
384.8 19.40 - -  1 .4E-5  5 . 4 E -  5 (16) 

2 51 384.3 10.70 0.960 - -  - -  LR 
384.2 13.00 - -  1 .0E-3  1 .0E-3  (16) 

3 50 384.6 9.71 0.975 - -  - -  LR 
384.4 11.60 - -  1 .5E-5  5 . 6 E - 4  (16) 

4 40 383.5 18.42 0.992 - -  - -  LR 
383.3 20.30 - -  2 . 9 E - 5  9 . 0 E - 4  (16) 

5 21 383.6 14.30 - -  4 . 4 E - 6  6 . 6 E - 4  (16) 
6 26 384.3 16.50 - -  4 . 3 E - 5  1 .3E-3  (16) 
7 27 384.3 17.30 - -  3 . 8 E - 5  1 .3E-3  (16) 
8 17 384.4 17.60 - -  2 . 2 E - 5  1 .3E-3  (16) 
9 19 384.2 14.70 - -  7 . 9 E - 6  7 . 5 E - 4  (16) 

10 19 395.2 12.54 0.920 - -  - -  LR 
395.4 10.70 - -  1 . 4E-4  2 . 7 E - 3  (16) 

16.14+2 0.999988 - -  - -  LR 
16.27__+0.2 - -  8 E - 3  6 E - 3  (16) 

all curves 

U: minimization function of MINIGLASS program (in pH). 
tr: standard deviation of the residuals. 
LR : linear regression. 
(16): MINIGLASS program. 

a m o u n t  o f  picol inic  acid was added  to a solut ion 
with a known  concen t ra t ion  o f  minera l  acid in the 
t i t ra t ion  cell. F ive  solu t ions  con ta in ing  HNO3 con-  
cen t ra t ions  in the range 0.18-0.19 M and pic con-  
cen t ra t ions  in the range 0.029-0.060 M were t i t ra ted  
with 0.02 M po tas s ium hydroxide .  Af te r  each t i t ran t  
add i t i on  the emf  was read using a previously  cali- 
b ra ted  glass electrode.  The  s tab i l iza t ion  t ime for the 
readings  was always less than  3 min. 

(c) Complexation in the Cu( I I ) -p i c  system. A 
glass e lect rode in a so lu t ion  o f  known minera l  acid 
concen t ra t ion  was ca l ibra ted  accord ing  to Gran~3 
from a few readings  in a ra ther  s t rong acidic 
medium.  At  a given acidi ty,  the glass e lec t rode  is 
switched off and  a c o p p e r ( I I ) - I S E  is switched on 
and the la t ter  is ca l ibra ted  f rom readings  taken  after  
several copper ( I I )  n i t ra te  addi t ions .  The solut ion 
is t i t ra ted  using a pic solut ion as t i t ran t  and  emf  
readings  are taken  with each o f  the e lectrodes af ter  
each t i t ran t  addi t ion .  Ten different so lu t ions  
init ial ly con ta in ing  Cu(I I )  ion concen t ra t ions  in the 
range 0.002-0.020 M, and HNO3 concen t ra t ions  
in the range 0.07-0.12 M were t i t ra ted  with pic 
solut ions.  The t i t ran t  concen t ra t ion  was in the 
range 0.09-0.17 M. Different  t i t ra t ions  were ended 
when the m o l a r  ra t io  pic : Cu(I I )  reached different 
prefixed values in the range 2.0-10.0. As Cu(II )  
complexa t ion  occurs  at  s t rongly  acid pH,  readings  

from the glass e lect rode showed small  changes dur-  
ing the t i t ra t ion  and  the eva lua t ion  o f  the s tabi l i ty  
cons tan ts  o f  the complexes  formed mus t  be carr ied 
out  using readings  ob ta ined  by the Cu(II )  ion selec- 
tive electrode.  

(d) Complexation in the Z n( I I ) -p i c  system. The 
s tudy was done  using the glass and  the zinc amal-  
gam electrodes.  The  exper imenta l  p rocedure  was 
s imilar  to the one descr ibed for  the copper  ion 
system. 

Using  the zinc a m a l g a m  electrode,  five different 
acid solu t ions  con ta in ing  Zn(I I )  concent ra t ions  in 
the range 0.0016-0.0032 M were t i t ra ted  with 
0.0597 M po tass ium picol inate  until  the final l igand- 
to-meta l  ra t io  was in the range 3.0-7.0. 

Using  the glass e lect rode to ob ta in  more  sig- 
nificant results for the p r e d o m i n a n t  fo rma t ion  o f  
the I : 1 complex,  four  different solut ions  conta in ing  
the zinc(II)  ion in the concen t ra t ion  range 0.003-  
0.012 M and pic in the range 0.0038--0.016 M (ligand- 
to-meta l  ra t ios  f rom 3.6 to 1) were t i t ra ted  with 
0.1973 M po tass ium hydroxide .  In the second series 
o f  exper iments ,  p lanned  to s tudy the s imul taneous  
fo rma t ion  o f  the 1 : 1, i : 2 and  1 : 3 species, seven 
solut ions  with Zn( I I )  in the range 0.0009-0.0017 M 
and pic in the range 0.0039-0.0125 M ( l igand-to-  
metal  ra t io  f rom 3.0 to 10.0) were t i t ra ted  with the 

same t i t rant .  
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Table 2. Values of the protonation constants of picolinate ion in 
dioxane-water (1 : 1, v/v) at 0.2 M KNO3 ionic strength and at 25°C, 
obtained from the treatment of emf data by LETAGROP or MINI- 

GLASS programs 

LETAGROP 
Val 1" Val 4 b MINIGLASS 

log fl~ 5.37+0.04 
log f12 6.93 +0.05 
Standard deviation 1.351 
U 0.513 103 

Total number of curves : 5 
Number of points : 307 

5.361 +0.007 5.356+0.003 
6.80+0.04 6.81 +0.015 

1.585 0.030 
0.706 103 0.270 

"Val 1: minimization function of residuals in total acid con- 
centration. 

hVal 4: minimization function of residuals in potential. 

R E S U L T S  

The values o f  the pro tonat ion  constants  o f  the 
picolinate ion in the d ioxane-water  (1 : 1, v/v) solu- 
tion at 0.2 M ionic strength and 25°C obtained from 
the numerical analysis o f  the experimental emf  data 
using the computer  programs L E T A G R O P  ~5 and 
M I N I G L A S S ,  ~6 are shown in Table 2, together 
with resulting statistical parameters.  F rom these 
values o f  the constants,  the distribution o f  species 
o f  picolinic acid as a function o f  pH  was evalu- 
ated (Fig. 1). 

The values o f  the stability constants  for the com- 
plexes detected in the copper(II)  ion-picol inate ion 
system in the before mentioned solvent and ionic 
strength, obtained f rom the treatment o f  the emf  
data  with the programs M I N I Q U A D  2° and 
SUPERQUAD,2~  are given in Table 3. The results 
for the complexes detected in the zinc(II) ion-pico- 

linate ion system, where the numerical t reatment  
was performed by means o f  the three mentioned 
programs,  are given in Table 4. Figures 2 and 3 give 
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Fig. I. Distribution plot of the species of picolinic acid. 
In the figure, 10, 11 and 12 refer respectively to the species 

pic-, Hpic and H2pic ÷. 

Table 3. Values of the formation constants of the complexes obtained in the 
binary system Cu(II)-pic in dioxane-water (1:1, v/v) at 0.2 M KNOa 
ionic strength and at 25°C, obtained from the treatment of emf data by 

MINIQUAD or SUPERQUAD programs 

SUPERQUAD 
MINIQUAD Mode 0 Mode 1 

log fl, 8.702 _ 0.006 
log f12 18.869 _ 0.008 
Z 2 268.5 
Sigma 
U 1.5× 10 -6 
S K  -0 .23 
K 12.40 
F 0.00086 

Total number of curves: 10 
Number of points : 275 

8.766_+ 0.001 8.747 + 0.006 
16.826+0.007 16.921 ___0.008 

37.52 21.2 
5.1 1.5 



Protonation and binary complexation equilibria 

RLFR 

1 . fl r io  

0 . 8  

0 , 6  

iIO 

0 . 4  

0 . 2  

0 . 0  
1 2 

- l o g [ H I  

Fig. 2. Distribution plot of the species which contain 
copper(II) in the Cu(II)-pic system. In the figure, 010, 110 
and 210 refer respectively to Cu(II), Cupic and Cu(pic)2. 
ALFA is the ratio of each species concentration to total 

copper(II) concentration. 

693 

R L F f l  

I .  0 Im 

o . e  

0 . 4  

ii 
• , 

O 2 4 G 
- l o g [ H I  

Fig. 3. Distribution plot of the species which contain 
zinc(II) in the Zn(II)-pic system. In the figure, 010, 110, 
210 and 310 refer respectively to Zn(II), Znpic, Zn(pic)2 
and Zn(pic)3. ALFA is the ratio of each species con- 

centration to total zinc(II) concentration. 

the distribution plots of  the metal ion containing 
species, respectively, in the systems Cu-pic  and Z n -  
pic, as a function of pH,  evaluated from the 
obtained numerical values of  the stability constants. 

D I S C U S S I O N  

(a) Protonation constants o f  picolinate ion 

Values given in Table 1 show for the first pro- 
tonation constant of  pic, a very narrow confidence 
range and quite good statistical parameters, which 
indicate a very good fit. For  the second protonation 
constant the confidence range is wider, and the fit 
is not as good as the former, due to the very acidic 

range (pH < 2.0) in which this protonation equi- 
librium occurs. The values of  log fl obtained for 
both protonation steps in the dioxane-water  mix- 
ture used as solvent are higher than those obtained 
in aqueous solution (logfll = 5.21 and logfl2 = 
6.21 according to ref. 4), as usual in this mixed 
solvent. It  is useful to note the very low value ob- 
tained for log K2 = 1.56, which can be explained 
by an extra stabilization of the zwitterionic form of 
the picolinic acid (in tautomeric, equilibrium with 
the non-charged molecular form) due to the con- 
tributing effect of  the aromatic system in the pyri- 
dine nucleus. Thus, alipbatic ct-aminoacids in water 
have log K2 values in the neighbourhood of 2.3 (e.g. 
2.36 for aminoacetic acid, 2.30 for L-2-amino- 

Table 4. Values of the formation constants of the complexes obtained 
in the binary system Zn(II)-pic in dioxane-water (1 : I, v/v) at 0.2 M 
KNO3 ionic strength and at 25°C, obtained from the treatment ofemf 
data by MINIGLASS, MINIQUAD or SUPERQUAD programs for 

every series of experiences 

Series 1 2 3 

Working electrode Zn(Hg) G.E G.E 
Number of curves 5 6 7 
Number of points 129 221 326 

Program MINIQUAD SUPERQUAD MINIGLASS 

log fll.t 6.3+0.2 6.23___0.02 6.23+0.04 
log fl t.2 11.2 + 0.4 - -  11.49 +_ 0.03 
log fit.3 16.9+0.5 - -  15.84-1-0.03 

Program SUPERQUAD 

log fll, i 6.10__.0.05 
log ill.2 11.47+0.03 
log ill.3 15.77+0.08 
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propanoic acid), but when a heteroatomic N is 
involved, the value drops to 1.0 (for picolinic acid 
in water) or to 1.56 (for the same in dioxane-water).  

(b) Cu(II)-pic sys tem 

The formation of the different complex species in 
the Cu(II)-pic system occurs in a very acidic range 
(pH < 2.0), but protonated complexes have not 
been detected. It must be accepted then, that the 
picolinate ion acts as a bidentate ligand. The model 
which contains the I : 1 and 1:2 species describes 
quite well this binary system, as shown by statistical 
parameters in Table 3. The values obtained for the 
formation constants are lower than those obtained 
in the water solution, 4 as usual. 

(c) Zn(II)-pic sys tem 

In this binary system, as in the Cu(II)-pic  system, 
the picolinate ion acts as a bidentate ligand and a 
model including the I : 1, 1 : 2 and 1 : 3 complexes 
describes the data fairly well. This same model was 
accepted by Anderegg ~° for his data in an aqueous 
solution. The formation of  the complexes occurs at 
acidic pH (below 4.0), but, as before, protonated 
complexes are not formed. 

As Table 4 shows, from emf data obtained with 
the zinc amalgam electrode, the evaluated for- 
mation constants are not very reliable, since their 
confidence intervals are rather high, as a result of  
the fact that at opt imum working pH (5.0-6.0) for 
this electrode the highest complex is by far the pre- 
dominating species (see the distribution plot in Fig. 
3). In order to study the formation of  the lower 
species, solutions at lower pH are needed and these 
solutions can be best studied with the glass 
electrode. As can be seen in Table 4, two series 
of  experiments performed using different con- 
centrations and different concentration ratios 
allowed the evaluation of log fl for the first complex 
and for the three co-existent complexes with satis- 

factorily narrow confidence intervals. The quite 
low pH of  the starting solution (pH < 2.0) required 
the liquid junction potential to be taken into 
account in the calibration process as well as in the 
complex forming experiments. 
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Abstract--The copper(II) and zinc(II) complexes of Schiff base ligands L ~ and L 2 derived 
from the condensation of 2,6-diacetylpyridine with 2 mol of phenylalanine methyl ester or 
tyrosine ethyl ester have been prepared. The IR spectral data indicate that the ester group 
undergoes hydrolysis in the formation o'f the Zn(II) complexes more readily than that of 
the Cu(II). The ~H and 13C NMR spectra of the Zn(II) complexes of L ~ and L 2 a s  well as 
those derived from condensation of 2,6-i:liacetylpyridine and histidine methyl ester (L3), 
histamine (L 4) and 2-(2-aminoethyl)-pyridine (L 5) were examined. Differences in IR spectral 
properties as well as in chemical shifts of similar tH and ~3C nuclei in these five types of 
complexes have been attributed to significant Zn(II)--carboxylate oxygen interactions in 
complexes of L I and L 2. 

Metal complexes of Schiff bases derived from the 
condensation of a dicarbonyl and various amines, 
have of late received considerable attention ~-8 in 
the design of synthetic models for O2-transport 
metalloproteins. For example, Wilson et al. 4-6 syn- 
thesized the copper(I), copper(II) and zinc(II) com- 
plexes of the open-chain pentadentate iigands for- 
med by condensation of 2,6-diacetylpyridine with 2 
mol of histamine (imep) or 2-(2-aminoethyl)-pyri- 
dine (pyep). In the solid state, all five nitrogen atoms 
of the ligand system in [Cu(imep)] 2÷ and [Zn 
(imep)] 2÷ are shown by X-ray crystal studies 5'6 
to be bonded to the metal, to yield a coordination 
geometry intermediate between a trigonal bipyra- 
mid and a square pyramid. The Cu(I), Cu(II) and 
Zn(II) complexes of a closely related ligand (bisp) 
derived from 2,6-diacetylpyridine and l-histidine 
methyl ester were subsequently prepared by Ibers 
et al.7 via metal ion template condensation. X-ray 
crystallographic study shows that this'ligand also 
serves as a pentadentate. 

The constraint on the coordination geometry of 

* Author to whom correspondence should be addressed. 

the metal ions in complexes of all these five nitrogen 
Schiffbases is apparent. Thus, it has been presumed 
that the corresponding Cu(I) complexes also 
assume the rather uncommon pentacoordinate 
structure. 5'6 More recently, acyclic Schiff base 
ligands containing only three nitrogen donor atoms 
have been obtained by Nelson et al. 3 via con- 
densation of 2,6-diacetylpyridine and 2 mol of ali- 
phatic amines. In complexes of these ligands, four 
coordination could be achieved by the metal ion 
through interaction with the aliphatic side chain. 

It is of considerable interest to note that there is 
significant difference in the chemical behaviour of 
the Cu(I) complexes of the 5N and those of the 3N 
Schiff bases. Whereas the former display reactivities 
towards dioxygen only, those of the 3N Schiffbases, 
in addition, bind carbon monoxide reversibly. 

In the present investigation we set out to examine 
ligand systems that would allow for changes in 
coordination geometry as the metal ions are varied. 
The ligands L ~ and L 2 (Scheme 1) derived from 
condensation of 2,6-diacetylpyridine and phen- 
ylalanine methyl ester or tyrosine ethyl ester, respec- 
tively, contain three nitrogen donor atoms as well 
as ester carboxylate groups in the side chain, so 
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Scheme 1. Schiff bases derived from 2,6-diacetylpyridine and (a) phenylalanine methyl ester; 
(b) tyrosine ethyl ester; (c) histidine methyl ester ; (d) histamine ; (e) 2-(2-aminoethyl)-pyridine. 

that an increase in coordination number may be 
achieved. For the purpose o f  probing the modes of  
interaction between L' or L 2 with the d 9 and d '° 
ions, the syntheses and various spectral studies of  
the Cu(II) and Zn(II) complexes of  these Schiffbase 
ligands have been undertaken. Furthermore, for 
comparison purposes, the spectral properties of  the 

*These have been labelled as L 3, L 4 and L -~ as shown 
in Scheme 1, in the following text. 

Cu(II) and Zn(II) complexes of  bisp, imep and 
pyep* are examined under comparable exper- 
imental conditions. 

E X P E R I M E N T A L  

• S y n t h e s i s  

All solvents were deoxygenated and stored under 
nitrogen over molecular sieves (4 A). Methanol,  
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acetonitrile and dichloromethane were treated 
according to published procedures prior to use. 
Spectrochemical grade dimethyl sulphoxide 
(Aldrich, Gold Label) was used for electronic, elec- 
trochemical and conductivity measurements. Deut- 
erated dimethyl sulphoxide (Aldrich, Gold Label) 
for NMR spectral studies was stored under nitrogen 
in a dry-box. 

2,6-diacetylpyridine and 2-(2-aminoethyl)-pyri- 
dine (Aldrich Chemical Co.) were used as received. 
Phenylalanine methyl ester hydrochloride, tyrosine 
ethyl ester hydrochloride, histidine methyl ester 
dihydrochloride and histamine dihydrochloride 
(Sigma'Chemical Co.) were treated to remove the 
hydrochloride. Electrochemical grade tetraethyl- 
ammonium perchlorate (Eastman Chemicals) was 
used without further purification. 

In the syntheses of all the copper(II) and zinc(II) 
complexes in this study, the ligand solution was first 
prepared by allowing 2,6-diacetylpyridine and the 
base (amino acid esters/histamine/2-(2-amino- 
ethyl)-pyridine) to reflux in dry, deoxygenated 
MeOH. Great care was taken to eliminate moisture 
from the solvents and glassware since the final prod- 
ucts were hygroscopic. Phenylalanine methyl ester, 
tyrosine ethyl ester, histidine methyl ester and 
histamine were freed from their respective 
hydrochloride salts by the method described 
by Casella et al. 7 Tetra(acetonitrile)copper(I) tetra- 
fluoroborate was prepared by the method of 
Hemmerich and Sigwart. 9 

Complex (IA), [CuLtA](BF4)2. A ligand solution 
was prepared by refluxing a methanolic solution 
(100 cm 3) of 2,6-diacetylpyridine (2 mmol) and 
phenylalanine methyl ester (4 mmol) under nitrogen 
for about 20 h. The yellow solution was allowed to 
cool to room temperature before the addition of 
the BF7 salt of copper(II). Solvent removal from 
the orange solution yielded a hygroscopic, dark red- 
dish-brown solid which was recrystallized from 
CH3CN and then dried in vacuo at 80°C for 6 h. 

Complex (IB), [CuL~B](BF4)2. The method of 
preparation of this complex differed from that of 
complex (1A) in the recrystallization steps: the dark 
reddish-brown solid was washed with isopropanol 
and then recrystallized from CH3CN. 

Complex (2A), [CuL2a](BF4)2 and complex (2B), 
[CuL2C](BF4)2. The method employed was similar 
to that for the synthesis of complex (IA), with tyro- 
sine ethyl ester substituting for phenylalanine 
methyl ester. After solvent removal, the yellowish- 
brown solid obtained was recrystallized from 
MeOH to give a dark brown product, complex (2A). 

* In the case of complex (5B), approximately 10% 
excess of the BF~ salt was added. 
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A portion of complex (2A) was further crystallized 
from CH3CN to yield complex (2B). 

Complex (3), [CuL2C](NO3)2 and complex (4), 
[CuL2a](OAc)2. These two complexes were pre- 
pared in a manner similar to that for complex (2A) 
except that Cu(NO3)2"3H20 and Cu(OAc)2"H20 
were used as the respective sources of copper(II). 

Complexes (SA)-(10). In the syntheses of these 
complexes, the ligand "solution was first prepared 
by refluxing 2,6-diacetylpyridine (2 mmol) and his- 
tidine methyl ester (4 mmol) in MeOH (50 cm 3) 
under nitrogen for about 6 h to produce an intense 
yellow colouration. To this was added a methanolic 
solution (50 cm 3) of the copper(II) salt (2 mmol).* 
Solvent removal from the dark green solution gave 
a hygroscopic product which was washed with 
CH2Cl2 then recrystallized from MeOH. 

Complex (11), [CuL4](BF4)2 and complex (12), 
[CuLS](NO3)2. The method of preparation for com- 
plex (IA) was applied with histamine and 2-(2- 
aminoethyl)-pyridine substituting for phen- 
ylalanine methyl ester. 

Complexes (13A)-(17B). The ligand solution was 
prepared in the same manner as for the copper(lI) 
complexes. After the yellow solution had cooled to 
room temperature, a methanolic solution of the 
ClOg or NO; salt ofzinc(II) was added to produce 
an orange solution which was stirred for ½ h. Upon 
solvent removal, isopropanol was added to the 
extremely hygroscopic, yellow product. This extrac- 
tion was repeated with fresh portions of iso- 
propanol in the case of complexes (13A) and (14A). 
The resulting hygroscopic, yellow solid was washed 
with CH2C12 then dried in vacuo at 60°C for 4 h. 

Measuremen ts 

Infrared spectra in the region 4000-400 cm- 
were recorded on a Perkin-Elmer Model 1710 
Fourier Transform Infrared spectrometer. Spectra 
extending into the far-IR region of 200 cm- ~ were 
recorded on a Perkin-Elmer Model 567 spec- 
trometer calibrated with polystyrene film. CsI and 
KBr pellets were employed throughout. Electronic 
spectra were recorded on a Perkin-Elmer Lambda 9 
UV/vis/near IR spectrophotometer. Conductivities 
of 10 -3 M solutions of the complexes were mea- 
sured at 30°C using a CM-115 conductivity meter 
(Kyoto Electronics). Magnetic susceptibilities for 
the complexes in the solid state were determined by 
the Faraday technique at 25°C on a Cahn Model 
RTL # 7050 magnetic susceptibility system. Cor- 
rections for ligand and anion diamagnetism were 
estimated by measurements on zinc(II) complexes 
with the use of appropriate Pascal constants. Cyclic 
voltammograms were obtained in DMSO solutions 
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at room tempera tu re  under  a cons tan t  flow o f  N2 
using a Pine Ins t rument  R D E  4 poten t ios ta t .  A 
three-e lect rode system was employed  with a glassy 
ca rbon  ring-disc e lect rode (disc radius  = 0.382 cm) 
serving as the work ing  electrode,  a p la t inum foil 
as the counter  e lect rode and a sa tu ra ted  ca lomel  
e lectrode (SCE) as the reference electrode.  All solu- 
t ions were 0.1 mol  d m - 3  in t e t r a e t h y l a m m o n i u m  
perchlora te  and 10- 3 moll  dm 3 in the complex.  

R E S U L T S  A N D  D I S C U S S I O N  

Synthesis  

The l igand solut ions  o f  L ~ and L 2 were p repa red  
by p ro longed  refluxing under  N2 o f  2,6-diace- 
ty lpyr id ine  and 2 tool o f p h e n y l a l a n i n e  methyl  ester 
or  tyrosine ethyl ester in carefully dr ied M e O H .  

W. L. KWIK et al. 

When  an intensely yellow co lour  developed,  a meth-  
anol ic  so lu t ion  o f  Cu(I I )  or  Zn( I I )  salt  was added.  
The desired complex  was isola ted af ter  the resul tant  
solut ion had  been st irred for  a b o u t  ½ h. Those  o f  
L 3, L 4 and L 5 were p repared  by me thods  a da p t e d  
f rom the l i terature.  

All  the Cu(I I )  and  Zn( I I )  complexes  were char-  
acter ized by microanalys is ,  IR  spectral  and  elec- 
tr ical  conduc tance  measurements  (Table  1). Mag-  
netic suscept ibi l i ty  measurements  were also 
pe r fo rmed  on the less hygroscopic  Cu(I I )  complexes  
(Table  1). In general  the m o l a r  conduc tance  values 
in M e O H ,  D M S O  and M e C N  fall into the range 
for 1 :2  electrolytes.  The  somewha t  low values for 
complexes  (4) and  (8) suggest a poss ible  br idg ing  
effect due to O A c -  and SO~- ,  respectively.  Tha t  
OAc  is likely to br idge  between Cu(I I )  centres may  
account  for  the observed  low value o f  the magnet ic  
m o m e n t  for complex  (10). 

Table 1. Microanalysis (%), conductivity data and magnetic moment 

Complex C 

Microanalysis (%) 
Found Calculated 

H N Cu/Zn C H N Cu/Zn 

Conductivity data and magnetic 
moment at 3 0 C  

A M (mho cm -~ t o o l -  1) 
MeOH DMSO CH3CN p(BM) 

(1A) [CuLIA](BF4)2 47.0 4.4 
(1B) [CuL~](BF4)2 47.2 4.0 
(2A) [CuL2~](BF4)2 45.9 4.3 
(2B) [CuL2C](BF4)2 43.7 4.1 
(3) [CuL-'C](NO3), 43.4 4.6 
(4) [CuL'-B](OAc) 2 54.1 5.7 
(5A) [CuL3](BF4)2 37.6 4.4 
(fiB) [CuL3](BF4)2 

• ~[Cu(CH3CN)~]BF4 37.7 
(6) [CuL3](NO3)., 37.4 
(7) [CuL3](BPh4)2 

• Cu(NO3)2 62.7 4.9 9.3 
(8) [CuL3]SO4 38.8 4.6 13.9 
(9) [CuL3]C12"2HCI 36.4 5.1 13.3 
(10) [CuL3](OAc)., 50.2 5.2 15.7 
(11) [CuL4](BF4), 34.8 4.9 15.1 
(12) [CuLS](NO3), 46.3 4.8 18.5 
(13A) [ZnL~C](CIO4)_, 43.0 3.7 5.5 
(13B) [ZnL'A](CIO4)2 46.3 4.4 6.0 
(13C) [ZnLIA](NO3) ~_ b 
(14A) [ZnL2C](C104)2 41.8 3.6 5.5 
(14B) [ZnL-'B](NO3)2 46.0 4.5 9.1 
(15A)[ZnL3](CIO4)2"2HCI 31.5 4.3 11.1 
(15B) [ZnL3](NO3)2 37.3 4.8 17.0 
(16) [ZnL4](NO3)., 35.3 5.2 19.5 
(17A) [ZnLS](CIO4)2 43.5 4.0 10.8 
(17B)[ZnL~](NO3), 47.1 4.7 16.8 

5.7 8.8 47.0 4.5 5.7 8.6 
6.1 8.9 47.5 4.0 5.9 9.0 
5.6 8.8 46.2 4.0 5.6 8.4 
5.4 8.9 43.6 3.9 5.7 8.6 
9.7 8.8 43.4 4.4 9.4 8.5 
5.9 8.5 54.0 5.4 5.7 8.7 

13.1 8.9 37.4 4.2 13.3 8.6 

3.8 14.1 1 1 . 5  37.7 3.8 14.6 11.1 
4.3 16.9 8.1 37.2 4.9 17.0 8.6 

167 79 177 

128 82 220 
132 79 202 
130 76 --~ 
47 10 - -  

200 72 - -  

149 60 222 
220 83 182 

8.9 62.9 5.0 9.3 9.4 121 - -  - -  
8.5 38.6 5.1 13.7 8.9 63 15 - -  
9.0 36.6 5.0 13.0 8.4 207 76 190 
9.4 50.1 5.1 15.2 9.8 137 40 - -  
9.4 34.6 4.7 14.9 9.6 222 80 - -  

10.9 45.7 5.0 16.2 10.5 150 67 238 
8.5 42.9 3.8 5.6 8.7 - -  - -  - -  
8.8 46.4 4.1 5.6 8.7 137 44 - -  

8.2 41.6 3.6 5.4 8.4 - -  - -  - -  
8.2 45.8 4.7 9.2 8.6 141 70 - -  
7.5 31.6 4.2 11.2 7.5 240 80 - -  
8.4 37.1 5.0 16.9 8.8 179 75 - -  
9.3 35.3 5.4 19.5 10.0 - -  66 259 

10.5 43.4 3.9 I1.0 10.3 146 76 309 
11.5 47.0 4.8 16.7 11.1 229 80 - -  

1.99 

1.92 
2.08 
1.96 
1.55 

Limited solubility. 
b Too hygroscopic to be accurately analysed. 
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Amino acid ester 
Complex Vc= N Vc--o stretching vibration VC--OR stretching vibration 

(1A) 1632(m,b), 1593(s,s) 1742(s,s) 1279(re,b) 
(IB) 1654(m,b), 1595(s,s) 1742(s,s), 1640(m,b) 1280(s,b) 
(2A)  1614(s,s), 1595(s,s) 1738(m,b), 1623(s,b) 1265(s,s) 
(2B) 1638(s,s), 1614(s,s), 1594(s,s) 1737(w,sb), 1638(s,sb) - -  
(3) 1640(sh), 1613(s,s), 1593(s,s) 1744(m,s), 1638(s,sb) "1265(m,sb) 
(4) 1614(s,s), 1595(s,s) 1741(s,s), 1614(s,sb) part of OAc 

absorption 
(SA)  1624(s,s), 1587(s,s) 1740(vs,s) 1273(s,s) 
(5B) 1623(m,s), 1588(s,s) 1740(vs,s) 1275(s,s) 
(6) 1624(m,s), 1587(s,s) 1737(vs,s) ! 274(s,s) 
(7) 1621(m,s), 1589(s,s) 1740(vs,s) 1270(s,s) 
(8) 1620(m,sb), 1588(s,s) 1737(vs,s) 1273(s,s) 
(9) 1625(m,s), 1590(s,s) 1735(vs,s) 1275(m,s) 
( 10 )  1624(m,s), 1595(vs,s) 1738(vs,s) 1274(s,s) 
( 11 )  1622(s,s), 1588(s,s) - -  
( 12 )  1605(s,sb), 1593(s,sb) - -  
(13A) 1630(s,b), 1595(sh) 1743(w,s), 1630(vs,s) - -  
(13B) 1622(s,s), 1588(s,s) 1741(vs,s) 1260(s,s) 
(13C) 1623(s,sb), 1585(s,sb) 1740(vs,s) 1280(m,b) 
(14A) 1620(s,b), 1595(s,s) 1734(w,s), 1620(vs,b) - -  
(14B) 1620(s,s), 1595(s,s) 1739(m,s), 1614(m,b) 1270(sh) 
(15A) 1620(m,s), 1588(s,s) 1741(vs,s) 1276(m,s) 
(15B) 1638(m,sb), 1590(m,s) 1740(vs,s) 1273(m,s) 
( 16 )  1600(s,s), 1580(s,s) - -  
(17A) 1649(s,s), 1611(s,s), 1592(s,s) - -  

IR spectral study 

The IR spectra of the Cu(II) and Zn(II) com- 
plexes are similar in important aspects (Table 2). 
All are characterized by the strong absorption at 
1605-1650 cm- i  due to the imino VC=N .t° For  the 
complexed Schiff base ligands L I and L 2, the 
absorptions due to the amino acid ester fall into 
three groups: those displayed a sharp band at ca 
1740 cm- i of much higher intensity than that at 
1620 cm-1, those with a band at 1740 cm-~ of  
intensity much reduced relative to that at 1620 cm- i 

and finally those displaying only strong absorption 
at 1620 cm-1 with that at 1740 cm- i  reduced to 
a mere shoulder, tl'~2 These results together with 
microanalytical data are consistent with for- 
mulations of  amino acid components containing, 
respectively, two, one or no intact carboxylate ester 
groups [Table 3(a)]. It would appear that the car- 
boxylate group of TEE* undergoes hydrolysis more 
readily than that of PME. For the latter, there 

* Abbreviations : DAP = 2,6-diacetylpyridine; PME 
= phenylalanine methyl ester; TEE = tyrosine ethyl 
ester; HME = histidine methyl ester, HMN = 
Histamine ; AEP = 2-(2-aminoethyl)pyridine. 

appears to be some discriminations by the metal 
ions towards the ease of  hydrolysis" thus Zn :÷ 
apparently catalyses hydrolysis more efficiently 
than Cu 2+. 

The presence of  intact ester groups is further 
evident from the absorption at 1260 c m - l ;  those 
containing two such groups display strong absorp- 
tion relative to that with only one ester group, t3 
Furthermore, this band is apparently sensitive to 
the type of  metal ion in contrast to a corresponding 
band in L 3 which is insensitive to metal ions (Table 
2). 

In complexes (1B), (2A), (2B), (3), (4), (13A), 
(14A) and (14B) the carboxylate absorptions appear 
as a broad band at 1540-1615 cm- ' which is inter- 
mediate between those reported for the coordinated 
ionic COO-  (1610-1590 cm- l )  13 and those for 
intramolecular hydrogen bonded carboxyl groups 
(1680-1650 cm-1) .11 ,12  It is then tentatively pro- 
posed that the carboxylate oxygen atoms probably 
interact with both a Zn(II) ion and a proton as 
depicted in Fig. 1 for L Ic and L 2c. Increased inter- 
action between the central metal ion and the ionic 
COO- groups was further suggested from the gen- 
erally larger value of(Vas -- Vs) found among the com- 
plexes [Table 3(b)]. Although a similar structure has 
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Table 3(a). Summary of the types of complexes 

Amino acid precursor Number of ester groups 
of Schiff base Metal ion in complex 

Phenylalanine methyl Cu "+ 
ester 

Phenylalanine methyl Zn -'+ 
ester 

Ty rosi ne ethyl Cu-' + 
ester 

Tyrosine ethyl Zn 2+ 
ester 

Two in complex (IA), 
one in complex (IB) 

Two in complex (13B) 
and complex (13C), 
none in complex (13A) 

One in complex (2A), 
and complex (4), 
none in complex (2B) 
and complex (3) 

One in complex (14B), 
none in complex (14A) 

" 

R - - c / / O ~ H  H 

X.o.. . . . . . . . .  o / 

" - .  M2+..'" \ . / [  
/ \ / S \  

Fig. 1. 

M 2+ : metal ion 

been proposed, t4 further hydrogen bonding 
between the H + ion on the R C O O H  unit and the 
corresponding anion (BF2, NO3,  OAc or ClOg) 
remains a strong possibility. Efforts are currently 
being made to obtain crystals of  suitable size for 
an X-ray structural elucidation of some of  these 
complexes. 

Table 3(b). Symmetric and antisymmetric carboxylation 
stretching (cm- ~) 

Complex Vas~CO0-~ Vs~CO0 ~ Vas-- Vs 

(1A) 1630 1363 267 
(1B) 1635 1363 272 
(2A) 1635 1363 272 
(2B) 1638 1364 274 
(3) 1638 Masked by NO~ - -  

absorption 
(13A) 1630 1364 266 
(13B) 1622 1360 262 
(14A) 1638 1364 272 
(14B) 1614 Masked by NO~ - -  

absorption 
(15A) 1620 1374 246 
(15B) 1620 Masked by NO~ - -  

absorption 

~H N M R  spectra l  stud), 

The ~H N M R  spectra in DMSO-d6 of  the ligands 
L ~ and L-' as well as those of  the Zn(II) complexes 
of  L L L  5 are given in Table 4. 

In general, the protons of  the DAP moiety in 
comparison to those of  the imidazole or pyridine 
ring are not significantly affected upon con- 
densation and complexation. Thus, the change in 
chemical shifts in going from the precursor to the 
complex was only 0.1 ppm for the pyridine proton 
while corresponding values of  0 .10~.47 ppm were 
observed for the imidazole or pyridine rings of  
HME,  H M N  and AEP (Table 4). It has been shown 
from the X-ray structural study of Zn(II) complex 
of L 3 and L 5 that the Cu--N(imidazole)  bond is 
shorter by about  0.036 ,~ than the Cu--N(pyridine)  
bond.S In addition it was pointed out that there is 
no evidence from observed bond lengths for con- 
jugation from N(imino) through C(4) to the pyri- 
dine ring (DAP) 7 for both complexes of  L 3 and L 5. 
These may be contributing factors to the observed 
magnitudes of  change in chemical shifts of  pyridine 
or imidazole ring protons in the present study. 
Thus, it is not unexpected to find that the methyl 
protons of  the DAP moiety in the complexes are 
hardly affected. 

Relatively larger changes in chemical shifts of  1.1 
ppm and 0.6 ppm are observed for H(7) in the 5N 
and 3N coordinate systems, respectively. A com- 
parison with the values for the chemical shifts of  
H(7) in L t and L z strongly indicates that the large 
change results primarily from the effect of  con- 
densation, as would be expected from the proximity 
of  H(7) to the imino nitrogen. The effect of  com- 
plexation ensues in a change of ca 0.2 ppm similar 
to those reported by Nelson et al. 3 As it is likely that 
the effect of  condensation would result in similar 
changes in chemical shifts, it appears then that the 
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Compound/complex H(1), H(2) H(7) H(10) H(I 1) H ( 1 2 )  H(13) H(14) H(15) 

2,6-Diacetylpyridine 8.16 
Phenylalanine methyl 

ester 3.58 7.21 7.21 7.21 - -  3.58 - -  
Tyrosine ethyl ester 3.4 6.65 6.95 - -  - -  4.0 1.04, 1.12, 

1.20 
Histidine methyl 

ester 
Histamine 
2-(2-Aminoethyl)- 

pyridine 
(13A) " 8.18 
(13B) 8.2 
(13C) 8.2 
(14A) 8.19 
(14B) 8.1 
(15A) 8.20 
(15B) 8.18 
(16) 8.23 
(17A) 8.2 
L I 8.15 
L 2 8.15 

3.14 6.99 7.71 - -  3.69 
2.88 6.90 7.58 - -  - -  

m 

m 

2.93 7.22 7.22 7.70 8.55 - -  - -  
4.15 7.3 7.3 7.3 - -  - -  - -  
4.13 7.28 7.28 7.28 - -  3.66 - -  
4.10 7.3 7.3 7.3 - -  3.67 - -  
4.0 6.76 7 . 0 4  . . . .  
4.0 6.70 7.00 - -  - -  4.3 1.7 
4.28 7.08 7.90 - -  3.73 - -  - -  
4.30 7.13 8.03 - -  3.72 - -  - -  
4.04 7.13 8 . 0 4  . . . .  
4.25 7.56-7.82 7.56-7.82 8.18 8.57 - -  - -  
3.2 7.25 7.25 7.25 - -  3.6 - -  
3.2 6.7 7.0 . . . .  

Zn--N(imido)  interaction is stronger in the 5N 
coordinate systems. 

The apparently weaker Zn--N(imino)  inter- 
action in the 3N systems may be partially due to 
the interaction of the carboxylate oxygen in L~/L 2 
with Zn(II). Such interaction is quite clearly indi- 
cated from the observed chemical shifts of alkyl 
protons (Table 4) of  the ester group in complexes 
of L z, L 2 and L 3, respectively. In going from the 
precursors to the complexes, those of  the histidine 
moiety H(13) are almost unaffected while definite 
effects are detected for those in PME/TEE viz. 
H(14)/H(I 5). 

Finally, it is interesting to note that the phenyl 
ring protons of TEE appear as a non-symmetrical 
A2X2 structure. ~ 5 This is similar to that of AEP in 
L 5, suggesting possible interaction of the phenolic 
oxygen with a Zn(II) ion. 

~3C NMR spectral study 

All the t3C N M R  spectra of the Zn(II) complexes 
were recorded in DMSO-d6 using broad-band pro- 
ton decoupling. Tentative assignments are made 
with the aid of "off resonance" technique t6 (Table 
5). The changes in chemical shifts in going from the 
precursors to the Schiff base complexes are exam- 
ined, with reference also being made to values 
reported for similar systems.3 

The largest changes are found for C(4) and C(7) 

(Table 5). Furthermore, while the magnitude of 
such changes in C(4) of Lt/L 2 (23.5-27.3 ppm) are 
somewhat lower than those for L3/L4/L 5 (29.3-31.7 
ppm), those of C(7) are higher for L t/L2 (l 1.7-22.3 
ppm) than for La/L4/L5 (6.6-11.5 ppm). Cor- 
relation of  these two sets of  values suggests a larger 
coordination effect of  the Zn--N(imino) bond on 
C(4) in the five nitrogen coordinate system 
L3/L4/L 5, while combined bonding effects of 
Zn--N(imino) and Zn--O(carboxylate) are greater 
for C(7) in L ~ and L 2. This rationalization is con- 
sistent with the observed trend of  changes in chemi- 
cal shifts for the carboxylate carbon of  L~/L2/L 3. 
Thus, relatively large values of  21.5-24.2 ppm are 
observed for C(13) in the Zn(II) complexes of  L I/L2, 
as compared to a lower value of 2 ppm for C(12) of 
L 3, strongly indicative of  interaction of the carboxyl 
oxygen with Zn(II) in the case of  L '  and L 2 only. 
Furthermore the corresponding value for C(13) is 
higher by about 2 ppm for L ~c and L 2c, then for 
L IA, L ta and L 2B (Scheme 1) in their respective com- 
plexes, as would be expected from the more effective 
interaction of the carboxyl oxygen in comparison 
to the carboxylate oxygen. 

Thus, it would appear that the magnitude of  
changes in chemical shifts for the different protons 
as well as for the carbon atoms are consistent with 
the modes of bonding proposed on the basis of  IR 
spectral analysis. It is, however, to be noted that 
such use of  the ~ 3C chemical shifts is only tentative 
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Table 5. Chemical shifts (ppm) of ~3C NMR signals 

Compound/complex , C(1) C(2) C(3) C(4) C(7) C(I 2)/C(I 3) 

2,6-Diacetylpyridine 138.8 124.4 152.1 198.5 - -  - -  
Phenylalanine methyl ester . . . .  41.0 175.5 
Tyrosine ethyl ester . . . .  40.0 174.9 
Histidine methyl ester . . . .  40.3 166.7 
Histamine . . . .  40.3 
2-(2-Aminoethyl)pyridine . . . .  42.0 
(13A) 139.1 124.7 152.3 172 52.7 198.9 
(13B) 139.2 124.8 152.5 171.5 54.3 175 
(13C) 139 124.5 152 171.3 54.3 175 
(14A) 138.8 124.5 152. I 175 52.3 198.7 
(14B) 139.2 124.8 152.5 171.5 62.3 199.0 
(ISA) 139.1 124.6 152 169.2 51.7 169.0 
(15B) 139.2 124.6 152.3 169.0 51.9 169.2 
(16) 139.0 124.5 148 167 51 - -  
(I7A) 141.5 124.0 159.1 168.3 35.4 - -  
(17B) 141.1 123.8 159.3 168.0 35.5 - -  

in view of the number of different factors that con- 
trol the position of a t3C resonance line. 

Electronic and E S R  spectral studies 

The electronic spectra of the Cu(II) and Zn(II) 
complexes were determined in MeOH and DMSO. 
The Cu(II) complexes of L ~ and L 2 display only 
one broad d-d  absorption band in the region 600- 
700 nm, whereas those of L 3, L a and L 5 contain an 
additional shoulder at 570 nm due to a second d-  
d transition. These different electronic absorption 
patterns indicate a significant different in the coor- 
dination symmetry around the Cu(II) ion in going 
from the three nitrogen to the five nitrogen Schiff 
base ligands. The coordination geometry of  the lat- 
ter is intermediate between trigonal bipyramid and 
a square pyramid, while that of the 3N system prob- 
ably approaches the tetragonal symmetry. 

The UV spectra of all the Cu(II) and Zn(II) com- 
plexes display bands at 290, 270 and 220 nm, 
characteristic of the Schiff base ligands. Of these, 
the lower energy band is attributable to a transition 
localized within the trimethine group. 7 It is inter- 
esting to note that the change in polarity in going 
from MeOH to DMSO results in a red shift of 
the UV bands in most cases, probably due to the 
differences in polarities of these two solvents. ~ 7. ~ 8 

The solution and frozen-glass EPR spectra of 
the Cu(II) complexes in 5:1 methanol-water are 
generally well-resolved. The spin-Hamiltonian par- 
ameters [,qrl. g±, AII (63/65Cu)] (Table 6) are close 
to those of tetragonal Cu(II) complexes. The Aii 
components are similar to those of[Cu(terpy)LC]Cl 
(terpy = 2,2,2"-terpyridine and L = phenolate). 19 

However unlike the latter, the ~4N-superhyperfine 
although discernible, is not well defined. This could 
be due to the non-equivalence of the nitrogen donor 
atoms of  the Schiff bases. 

Electrochemical studies 

The cyclic voltammetric behaviour of the com- 
plexes was examined within the potential range of 
+ 0.40 to - 0 . 6 0  V (Table 7), as reduction of ligands 
was found to take place between - 0 . 6 8  to - 0 . 8 7  
V. 

Both the Cu(II) complexes of L ~ and L 2 display 
two reduction waves of mid-point potentials similar 
to those for Cu(II)---, Cu(I) and C u ( I ) ~ C u ( 0 )  
(Table 7). 20 However, only one oxidation wave cor- 
responding to Cu(I)---, Cu(II) could be detected. 
The absence of a C u ( 0 ) ~  Cu(I) oxidation wave 
suggests that the electrode reduction of Cu(I) spec- 
ies in the forward cathodic scan is accompanied by 
a chemical reaction yielding an unstable product 
within the time frame of the experiment. 2~ 

The Cu(II) complex of  L 3 displays two cathodic 

Table 6. ESR parameters for selected copper(II) com- 
plexes 

g~ gtl Al~ 
Complex (cm- J) 

(1B) 2.11 2.22 0.0184 
(2B) 2.14 2.25 0.0187 
(SA) 2.10 2.26 0.0166 
(9) 2.10 2.26 0.0170 
(11) 2.08 2.26 0.0164 
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Table 7. Mid-point redox potential (mV) vs SCE 

First wave Second wave 
Complex E" E ~ 

(1A) +225 - -  
( 2 A )  + 1 4 0  - -  

( 5 A )  - -  - 1 3 0  

(5B) + 280 - 130 
(6) + 200 - 100 
( 8 )  + 1 3 5  - 190 
( 9 )  - -  - 1 1 5  

( l o )  - -  - -  

waves at + 0.180 and  - 0.120 V and co r respond ing  
anodic  waves at  + 0.350 and - 0 . 1 0 0  V. These have 
been assigned to e lect rode processes o f  Cu(II)--* 
Cu(I)  and  Cu(I)  ~ Cu(0), respectively.  In con t ras t  
to those o f  L ~ and L-', the reduct ion  o f  Cu(I)  
Cu(0) is reversible with AEp being 60 mV. 
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Abstract--Solvolytic reactions of perrhenates MReO4 (M = Na and NH4) in chloro- 
sulphuric acid yielded ReO3SO3C1 in solution. A lemon-yellow coloured solid has been 
isolated and characterized by elemental analyses, and magnetic and spectroscopic studies 
as an oxobridged dimeric rhenium(VII) species formulated as Re206(SO3C1)2. 

Stable compounds of  rhenium in the oxidation 
states from zero to seven are well known. ,.2 Mallela 
et al.3 have recently shown that a solution of  rhe- 
nium metal in HSO3F comprising of a rhenium(II) 
species, is oxidized to rhenium(VII) characterized 
as ReO2(SO3F)3 in the form of  a stable pale yellow 
oil. A similar species has also been isolated 3 from 
the reaction of Re207 with 5_~O6F2. A large number 
of metal, non-metal and oxo-metal chlorosulphates 
containing manganese in the +3  oxidation state 
have been reported. 4-1° During recent years inves- 
tigations on trivalent rhenium have been made by 
several workers. It was of  interest to study the reac- 
tion of the perrhenate anion with chlorosulphuric 
acid, with a view to isolating a stable Re(Ill) species 
similar to that obtained from MnOg and MnO42- 
anions. 4 In this paper we report the formation of  
a stable lemon-yellow coloured solid compound 
characterized as an oxobridged dimeric rhen- 
ium(VII) i.e. Re206(SO3C1)2. 

EXPERIMENTAL 

Pure chlorosulphuric acid (Riedel) was used. 
Sodium perrhenate and ammonium perrhenate 
(Koch light) were used as obtained. Thionyl chlor- 
ide was distilled twice before use, other solvents 
used were anhydrous. 

The conductance measurements were carried on 
an Elico type CMB-2T conductivity bridge, ther- 
mostated at 25+0.1°C. The shape of the con- 

* Author to whom correspondence should be addressed. 

ductivity cell used, the meaning and significance of 
notations "//" and 9/: and their determination have 
been described elsewhere. 6. t i. ~ 2 

The solid compound was isolated by taking a 
concentrated solution of  perrhenates in 15 cm 3 of  
chlorosulphuric acid and when the colour of  the 
solution became mustard-yellow it was treated with 
thionyl chloride. After this, an excess of  dry chilled 
ether was added under ice cold conditions. Immedi- 
ately a lemon-yellow solid settled to the bottom of  
the container. It was filtered in a closed system, 6 
washed several times with thionyl chloride and fin- 
ally dried at 59-60°C in vacuo, to a constant weight. 
The solid was extremely hygroscopic and dissolved 
in water with a hissing sound. It was soluble only 
in dimethyl sulphoxide in which the conductivity 
and UV visible spectrum has been measured. 

The IR spectra of the solids were taken on a 
Perkin-Elmer Model 621 spectrometer using a pot- 
assium bromide pellet. Elemental analysis of  chlor- 
ine, sulphur and rhenium were carried out gravi- 
metrically according to established methods, t 3., 4 
Magnetic susceptibilities were measured using a 
vibrating sample magnetometer model 155 at 
298 K. All manipulations on the solid materials 
were carried out in a dry nitrogen atmosphere. 

RESULTS AND DISCUSSION 

Sodium perrhenate and ammonium perrhenate 
have been found to be fairly soluble in chloro- 
sulphuric acid producing a similar bright yellow 
coloured, highly conducting solution (Fig. 1). The 
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Fig. 1. Specific conductance----concentration curves of 
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conductance of  the solution remained constant for 
a fairly long time but its colour became mus ta rd-  
yellow after 3 days. The average y-value is 0.88 and 
it is evident from the specific conductance con- 
centration curves that at higher concentration 
(above 1.5 x 10 -2 M) the curve is much depressed 
in comparison to that of  KC1, suggesting possible 
oligomerization of the species formed in solution, 
resulting in the separation of  a similar lemon-yel- 
low coloured solid from the solution. 

The electronic spectra of  the solutions of  per- 
rhenate in HSO3C1 exhibited absorption bands at 
430, 580 and 610 nm. This spectra is quite different 
from the spectra of  ReO4 and TcO~ anions having 
T d symmetry. ~ 5. ~ 6 However, it is comparable to that 
reported ~6 for ReO3C1 and TeO3C1. This suggests 
that the solvolyzed species formed in HSO3C1 is 
ReO3SO 3C1. The mode of  reaction compatible with 
the observed y-value 0f0.88 may therefore be given 
a s  • 

MReO4 + 3HSO 3Ci = M + + SO 3C1- 

+ H2SO4+ H C1 + ReO3SOaC1 

M = Na + andNH~- (1) 

It  is interesting that the mode of reaction of  the 
R e O ;  anion in HSO3C1 is apparently different from 
that reported 4 for the oxanions MnO~- and MnO 2- 
in HSO3C1, where the MnO3SO3CI species for- 
med in dilute solutions is decomposed to the stable 
Mn(3+)  species. MnOSO3CI, is a stable solid com- 
pound. However, perrhenate solutions separated to 
give a lemon-yellow coloured solid when treated 
with thionyl chloride. The solid has been isolated 
in the manner described in the Experimental. 

The results of  elemental analysis (Table 1) suggest 
the stoichiometry of the compound as [(ReO3(SO3 
Cl)]x. The observed molar  conductance of 32.80 
cm 2 mol -  t o h m -  ~ in dimethyl sulphoxide suggests 
a non-electrolytic nature of  the compound.  The 
compound was further characterized by carrying 
out IR, magnetic and electronic spectral studies. 

The IR spectrum shows the characteristic chloro- 
sulphate group vibrations with all three degener- 
ate modes well split, suggesting 6 C~ symmetry of 
the chlorosulphate group. The symmetric SO3 
stretching vibration v t(A) is sufficiently positively 
shifted compared to the free chlorosulphate ion. 
This indicates considerable covalent bonding of the 
chlorosulphate group with the metal ion. A strong 
band at 1000 c m - t  is characteristic of  a R~- -O  
bond which is about  30 cm-~ higher than that 
reported ~7 for a terminal R~----O bond. A band of 
medium intensity at 780 cm-~ has been 
assigned~S,19 to the v R e - - O - - R e  stretching mode. 
The position of the vRe-- -O--Re  band is higher 
compared t7 to the t r a n s - o x o  arrangement of  the 
R~----O bond. A weak band at 260 cm-~ may be 

Table 1. Elemental analyses and IR frequencies (cm L) 
of oxobridged binuclear Re(VII) chlorosulphate. A- -  
chlorosulphate obtained by NaReO4. B-~hlorosulphate 

obtained by NH4ReO4 

A B 

% S  

% CI 

% Re 

R~-----O stretch 
S--CI wag. 
vr(E) 
S---C1 stretch 
v2(A) 
Sym SO3 deformation 
v3(A) 
Asym SO3 deformation 
vs(E) 

c 9.2 9.2 
f (9.1) (9.1) 
c 10.2 10.2 
f (10.1) (10.0) 
c 53.3 53.3 
f (53.2) (53.1) 

1000 vs 1005 vs 
310 w 310 m 
350 m 350 m 

450 vs 450 s 

570 vs 570 vs 

610s 610s 
640 m 640 s 

Sym SO3 stretch 
vt(A) 1070 vs 1070 vs 
Asym SO3 stretch 
v4(E) 1240 w 1265 s 

1280 m 1300 s 
v(Re---O---Re) 790 m 790 m 
v(Re---OSO2C1) 260 w 260 w 

vs = very strong, s -- strong, m = medium, w = weak. 
c = calculated. 
f = found. 
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assigned to coordinate  the Re--OSO2C1 bond. In 
view of  this, it is reasonable to suggest that  the solid 
c o m p o u n d  is a dimer presumably with the double 
oxobridge having molecular  geometry other  than 
the trans-oxo type, as shown in Fig. 2. 

The electronic spectra o f  the solid c o m p o u n d  in 
D M S O  solution contains a strong bond  at 290 nm 
with a shoulder  at 350 nm in the UV region, along 
with three weak absorpt ions at 430, 475 and 620 
nm. The positions o f  these bands are quite com- 
parable to those reported -'° for the hexa-coor-  
dinated rhenium species characterized as meso- 
perrhenate,  with a geometry analogous  to that  
shown in Fig. 2. Fur thermore ,  the c o m p o u n d  is 
diamagnetic in nature support ing the + 7 oxidat ion 
state o f  rhenium. 

Oxobridged binuclear Re(VII) chlorosulphate 

o 3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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Abstract--Nitrosyl halides NOX (X = C1, Br) reacted with osmium carbonyl complexes 
[OsH(CO)CIL3], [Os(CO)CI2L3] and [OsH2(CO)L3] (L = PPh3, AsPh3) to give osmium 
nitrosyl complexes [Os(NO)X3L2], [Os(NO)CIBr2L2] and [Os(NO)C12BrL2] and osmium 
carbonyl complexes [Os(CO)2X2L2] (X = Cl, Br; L = PPh3, AsPh3). Low valent osmium 
nitrosyl complexes [Os(NO)X(AsPh 3)3] (X = C1, Br) were prepared by refluxing [Os(NO)X3 
(AsPh3)2] with excess AsPh3. Reaction of sulphur with [Os(NO)X3(PPh3)2] resulted in the 
formation of novel thionitro complexes [Os(NSO)XE(PPh3)2]. [Os(NO)C13(PPh3)2] reacted 
with [Na(S2CNR2)'xH20] (R = Et. Me) under different reaction conditions to produce 
the complexes [Os(NO)CI2(SECNR2)(PPh3)] and [Os(S2CNR2)3]. The products have been 
characterized by elemental analyses, magnetic measurements, IR and electronic spectral 
studies. 

The activation of nitrosyl halides in homogeneous 
systems by metal complexes, has received con- 
siderable attention because of the possible synthetic 
applications as well as interest in the catalytic pro- 
cesses. ~-~ 5 Osmium nitrosyl complexes of the type 
[Os(NO)X3L2] (L = PPh3, AsPh3, SbPh3) have 
been prepared previously by (a) the reaction of 
[OsX6] 2 with NO or MNTS in the presence of 
ligand L (L = PPh3, AsPh3, SbPh3), 16 (b) the reac- 
tions of OsCl3 with NOX (X = Cl, Br, Br3 or NO2) 
in the presence of triphenylphosphine or tri- 
phenylarsine 17 and (c) the reactions of NOX 
(X = C1, Br) with some osmium(II) complexes.18 
Synthesis of osmium(0) complexes [Os(NO)X 
(PPh 3)3] (X = Cl, Br) have also been reported. 18-19 

The formation of either nitrato or nitro/nitrito 
complexes in the reactions of nitrosyl complexes 
with 02, 2o-25 and the formation of the Fe--N(O)S 
moiety, 26 in the reaction of sodium nitroprusside 
with SH- or S 2-, prompted us to undertake the 
reaction of osmium nitrosyl complexes with 
sulphur. Sulphur ligands stabilize several nitrosyl 
complexes, but to the best of our knowledge no 

* Author to whom correspondence should be addressed. 
t Department of Biochemistry. 

sulphur derivative of the osmium nitrosyl complex 
has been reported. Herein we wish to report (i) 
the reactions of osmium carbonyl complexes with 
nitrosyl chloride and nitrosyl bromide, (ii) synthesis 
of [Os(NO)X(AsPh3)2], (iii) the reactions of 
[Os(NO)X3L2] (X = C1, Br; L = PPh3) with sul- 
phur and (iv) the reactions of [Os(NO)C13(PPh3)2] 
with [Na(SECNR2)] (R = Et, Me). 

EXPERIMENTAL 

All the reagents used were AnalaR or of chem- 
ically pure grade. The solvents were dried and 
freshly distilled before use. Hydridochlorocarbo- 
nyltris(triphenylphosphine)osmium(II), dichloro- 
carbonyltris(triphenylphosphine)osmium(II), dihy- 
dridocarbonyltris (triphenylphosphine) osmium (II), 
hydridochlorocarbonyltris (triphenylarsine) osmium 
(II), dichlorocarbonyltris(triphenylarsine)osmium(II), 
dihydridocarbonyltris(triphenylarsine) osmium(II), 
nitrosyl chloride and nitrosyl bromide were pre- 
pared by literature methods.27-3~ A saturated solu- 
tion of NOC1 and ca a 2 M solution of NOBr in 
CH2C12 have been used in these reactions. 
[Na(S2CNR2)'xH20] (R = Et or Me) salts were 
used as purchased from Flucka. 

The analyses for sulphur, chloride and bromide 

709 



710 K. K. PANDEY et al. 

'in the complexes  were carr ied out  using s t anda rd  
methods .  3"-'33 Ca rbon ,  hydrogen  and ni t rogen 
analyses  were per formed  using a Car lo  Erba  1106 
T h o m a s  CH-ana lyse r  35 and Co leman  N-ana lyse r  
29. F o r  the es t imat ion  o f  phosphorus  and arsenic,  
samples  were decomposed  with sodium peroxide,  
sugar  and sodium ni t ra te  in the rat io  2 0 : 1 : 3  in a 

Parr  b o m b  crucible and ext rac ted  with water.  The  
solut ion was neutra l ized with di lute  H ,SO4 and an 
excess o f  concen t ra ted  H2SO4 (0.5 cm 3) added .  This  
was heated until the evolu t ion  o f  SO 3 fumes ceased,  
then cooled  and di luted with water.  F r o m  the ill- 

t ra te  o f  the solut ion,  phospho rus  and arsenic was 
es t imated  by s t anda rd  methods .  34 The  results are 
repor ted  in Table  1. 

The  I R  spectra  have been recorded in the range 
4000-250 cm ~ with a P e r k i n - E l m e r  580 spec- 
t r o p h o t o m e t e r  at  the R.S. Ins t rument  Centre  o f  the 
Ind ian  Ins t i tu te  o f  Technology ,  Bombay .  Samples  
were p repa red  as KBr  pellets. I m p o r t a n t  IR  fre- 
quencies are  given in Table  2. The  electronic spectra  
have been recorded using a Sh imadzu  160 spec- 
t r opho tome te r .  Magne t ic  measurements  were car-  
ried out  by G o u y ' s  me thod  at room tempera tu re  

Table I. Colour and analytical data of osmium complexes 

Analysis % found (calc.) 
Compounds Colour C H N CI/Br S P/As 

Os(NO)Cls(PPh3)2 Red 50.6 3.4 1.5 12.7 - -  7.4 
Brown (50.8) (3.5) (1.6) (12.5) (7.3) 

Os(NO)CI 2Br(PPh 3) 2 Red 48.4 3.5 1.7 8.2 - -  7.2 
Brown (48.2) (3.3) (1.6) (7.9) (6.9) 

Os(NO)C1Br2(PPhs)2 Brown 45.9 3.0 1.6 3.9 - -  6.8 
(46.0) (3.2) (1.4) (3.8) (6.6) 

Os(NO)Brs(PPh3)~ Brown 43.8 3.2 1.2 - -  - -  6.5 
(43.9) (3.0) (1.4) (6.3) 

Os(CO) :Cl 2(PPh 3) -~ White 54.4 3.4 - -  8.6 - -  7.5 
(54.2) (3.6) (8.4) (7.4) 

Os(CO) 2 Br_,(PPh a)2 White 49. l 3.1 - -  17.5 - -  6.8 
(49.0) (3.2) (17.2) (6.7) 

Os(NO)Cl3(AsPh3)2 Red 46.2 3.4 1.6 11.5 - -  16.2 
Brown (46.0) (3.2) (1.5) (11.3) (16.0) 

Os(NO)CI2Br(AsPb 3)2 Brown 43,8 3.2 1.6 7.4 - -  15.4 
(43,9) (3.0) (1.4) (7.2) (15.2) 

Os(NO)CIBr:(AsPh 3)2 Brown 42,2 2.8 1.5 3.6 - -  14.8 
(42,0) (2.9) (I .4) (3.4) (14.6) 

Os(NO)Brs(AsPh3)2 Brown 40.1 2.7 1.1 - -  - -  14.2 
(40,3) (2.8) (1.3) (14.0) 

Os(CO) :CI 2(AsPh a) 2 White 49,2 3.4 - -  7.8 - -  16.3 
(49,1) (3.2) (7.6) (16.1) 

Os(CO)2Br2(AsPh3)2 White 44,6 2.7 - -  - -  - -  14.9 
(44,8) (2.9) (14.7) 

Os(NO)CI(AsPh3) s Green 55,4 3.7 1.3 3.2 - -  19.3 
(55,2) (3.8) (1.2) (3.0) (19.2) 

Os(NO) Br(AsPh 3) s Green 53,0 3.8 1.2 18.6 
(53.2) (3.7) (I.1) (18.5) 

Os(NSO)CI_,(PPh3)., Green 51.2 3.7 1.5 8.5 3.9 7.5 
(51.0) (3.5) (1.6) (8.4) (3.8) (7.3) 

Os(NSO)Br_,(PPh 3), Green 46.3 3.1 1.6 - -  3.6 6.8 
(46.1) (3.2) (I.5) (3.4) (6.6) 

Os(NO)CI_,(S_~CNEt_,)(PPh s) Brownish 39.1 3.4 3.7 10.3 9.3 4.6 
Yellow (39.4) (3.6) (4.0) (10.1) (9.1) (4.4) 

Os(S2CNEt_,)a Brown 28.5 4.9 6.5 - -  30.4 - -  
(28.4) (4.7) (6.6) (30.3) 

Os(NO)CI,(S.,CN Me,_)(PPh 3) Khakhi 37.3 3.0 4.3 10.7 9.7 4.8 
(37.4) (3.1) (4.2) (10.5) (9.5) (4.6) 

Os(S2CNM%)3 Brown 19.5 3.3 7.5 - -  35.2 - -  
(19.6) (3.3) (7.6) (34.9) 
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Table 2. Melting point and important IR frequencies (cm ~) of osmium complexes 
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Compounds v(NO) v(CO) v(NSO) v(Os--Cl) v(CN) M.p. CC) 

Os(NO)CI3(PPh s)_~ 1850 - -  - -  325, 310 - -  260 
Os(NO)CI2Br(PPhs) 2 1860 - -  - -  320 - -  > 280 
Os(NO)C1Br2(PPh3)2 1855 - -  - -  310 - -  > 280 
Os(NO)Br3(PPhs)2 t860 . . . .  > 280 
Os(CO)2CI.,(PPh3),_ - -  2040, 1973 - -  329 - -  > 280 
Os(CO)2Br_,(PPhs)_, - -  2035, 1970 - -  - -  - -  > 280 
Os(NO)CIs(AsPh3)., 1847 - -  - -  322, 312 - -  > 280 
Os(NO)CI2Br(AsPh3), 1858 - -  - -  318 - -  > 280 
Os(NO(CI Br_,(AsPh s)_, 1852 - -  - -  312 - -  > 280 
Os(NO)Br3(AsPh3), 1 8 5 6  . . . .  > 280 
Os(CO)2CI,(AsPh3)2 - -  2038, 1972 - -  - -  - -  > 280 
Os(CO)2Br.,(AsPhs)_, - -  2035, 1970 - -  - -  - -  > 280 
Os(NO)CI(AsPh 3) 3 1635 - -  - -  310 - -  140 
Os(NO)Br(AsPh s)3 1 6 3 0  . . . .  130 
Os(NSO)CI,(PPh 3),_ - -  - -  1237, 1052 325 - -  210 
Os(NSO)Brz(PPh s), - -  - -  1235, 1055 - -  - -  215 
Os(NO)CI_,(S 2CNEt 2)(PPh s) 1810 - -  - -  330 1530 275 
Os(NO)CI,(S:CNMe,)(PPh s) 1800 - -  - -  330 1542 180 
Os(S,CNEt 2 ) . ~  . . . .  1540 225 
O s ( S _ , C N M e , _ ) s  . . . .  1535 > 280 

(25'C),  using mercury te t ra th iocyanato  cobal-  
tate(II) as cal ibrant .  Melt ing points  were deter- 
mined by the capillary method and are uncorrected.  

(a) Reactions o f  N O X  (X = C1 or Br) with [OsH 

(CO)CIL3], [Os(CO)CI,_L3] or [OsH2(CO)L3] 
(L = PPh3 or AsPh3) 

The experiments were performed similarly and 

the reaction of  NOC1 with [OsH(CO)CI(PPh3)s] is 
described as a representative example. 

A saturated solut ion of NOCI (25 cm 3) in dichlo- 
romethane  was added dropwise to a stirred solut ion 
of [OsH(CO)CI(PPh3)3] (0.2 g) in d ichloromethane  
(20 cm3). The reaction mixture was refluxed for 20 
min. On addi t ion of hot methanol  (60 cm3), the 
red brown crystals of [Os(NO)CI3(PPh3)2] which 
separated out, were filtered, washed with methanol ,  
diethylether and dried in vacuo. 

On keeping the filtrate for 3 h, a white compound  
[Os(CO)2CIz(PPh3)2] separated out, which was fil- 
tered, washed with methanol ,  ether and  dried in 

vacuo. 
Similarly the complexes [Os(NO)CI3L2 ] and 

[Os(CO)2CI_~L2] (L = PPh3 or AsPh3) were isolated 
by the reactions of NOCI with [OsH(CO) 

CI(AsPh3)3], [Os(CO)CI_,L3] or [OsH2(CO)L3] 
and the complexes of the type [Os(NO)CIBr2L2] 
and [Os(CO)2Br2L2]; [Os(NO)CI2BrL2] and  

[Os(CO)_,Br2L2]; [Os(NO)Br3L2] and [Os(CO)2 
Br2L,] were isolated by the reactions of  NOBr  

with [OsH(CO)CIL3], [Os(CO)CI2L3] and  [OsH2 
(CO)Ls], respectively. 

(b) Reactions o f  AsPh3 with [Os(NO)X3(AsPh3)2] 
(X = CI or Br) 

Tr iphenylars ine  (1.0 g) was added to a solut ion 
of [Os(NO)X3(AsPh 3)2] (0.2 g) in benzene (25 cm3). 
The resulting solut ion was refluxed for 50 h and 
then concentrated to 5 cm 3 under  reduced pressure. 
On addi t ion of n-hexane, green complexes of 
[Os(NO)X(AsPh3)3] precipitated out  which were 
centrifuged, washed with n-hexane and dried in 

vacuo (yield 0.13 g, 52% for X = CI;  0.10 g, 44% 
for X = Br). 

(c) Reactions o f  sulphur with [Os(NO)X3(PPhs)_,] 
(X = CI or Br) 

To a solution of [Os(NO)CI3(PPh3)2 ] (0.85 g, I 
mmol)  in benzene (100 cm3), was added sulphur  
(0.064 g, 0.25 mmol).  The reaction mixture was 
refluxed for 4 h, whereby its colour changed from 
orange to green. It was concentrated to 5 cm 3 under  
reduced pressure. On addi t ion of n-hexane, the 
green complex [Os(NSO)CI2(PPh3)_,] precipitated 
and was centrifuged, washed with hexane and dried 
in vacuo. It was recrystallized with benzene-hexane  

(i :3) (yield 0.25 g, 30%). 
The green complex [Os(NSO)Br2(PPh3)_,] was 

isolated by a similar procedure using [Os(NO) 
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Br3(PPhs)2 ] (0.98 g, 1 mmol) and sulphur (0.064 g, Os(NO)X3(AsPh3)2+AsPhs 
0.25 mmol) (yield 0.22 g, 22%). 

(d) Reaction o f  [Na(S2CNRz)'xH20] with [OsNO- 
Cl3(PPh3)2] (R = Et, Me) 

(i) The compounds [Os(NO)C13(PPh3)2] (0.2 g) 
and [Na(S2CNR2)'xH20] (0.1 g) were stirred in 
benzene (25 cm 3) for 5 h. The resulting solution 
was filtered and reduced to 5 cm s under reduced 
pressure. On addition ofn-hexane brownish-yellow 
complexes [Os(NO)C12(S2CNR,)(PPh3)] separated, 
filtered, washed with water and dried in vacuo. 

(ii) Compounds [Os(NO)CI3(PPh3)2] (0.2 g) and 
[Na(S2CNR2)'xH20] (0.5 g) were refluxed in ben- 
zene (25 cm 3) for 4 h. The resulting solution was 
filtered and reduced to about 5 cm 3 under reduced 
pressure. On addition of n-hexane, the brown com- 
plex [Os(S 2CNR 2) s] separated, this was centrifuged, 
washed with water, cold ethanol and dried in vacuo. 

RESULTS AND DISCUSSION 

Reactions of nitrosyl halides NOX (X = CI, Br) 
with [OsH(CO)CIL3], [Os(CO)C12L3] and [OsH2 
(CO)L3] (L = PPh 3, AsPh3) gave osmium nitrosyl 
complexes [Os(NO)X3L_,], [Os(NO)CIBr_,L2] and 
Os(NO)CI_,BrL2 in good yield (50-70%) and 
osmium carbonyl complexes [Os(CO)2X2L,] 
(X = CI, Br; L = PPh3, AsPh3) in low yield (8- 
10%). 

The IR spectra of [Os(NO)XsL2], [Os(NO) 
C1Br2L2] and [Os(NO)CI2BrL2] exhibited intense 
bands in the region 1840-1860 cm-~ due to the 
nitrosyl stretching frequency and in the region 340- 
300 cm- t (in chloro complexes) due to v(Os--C1). 
The IR spectra of osmium dicarbonyl complexes 
[Os(CO)2X2L2] ( X = C I ,  Br; L = P P h 3 ,  AsPh3) 
which agreed with those previously reported, 3s-37 
exhibit two strong v(CO) vibrations (Table 2) con- 
sistent with a cis-configuration (I). 

L oc\l/x 
Os 

oc/l\x 
L 

The complexes [Os(NO)X3(AsPh3)2] (X = CI, 
Br), on refluxing with triphenylarsine in benezene 
for 50 h afforded green complexes [Os(NO)X 
(msPh3)3] : 

benzene, Os(NO)X(AsPh3)3 + ' " .  (1) 
reflux 

The complex [Os(NO)CI(AsPh3)3] is a green col- 
oured solid, a non-electrolyte and its solution is air 
sensitive. The IR spectrum of [Os(NO)CI(AsPh3)3] 
shows a strong band at 1635 cm-t  due to v(NO) 
and at 310 cm- ~ due to v(Os--Cl). 

The electronic spectrum in benzene shows bands 
at 13400, 15750, 20200 and 25120 cm- ~. Complex 
[Os(NO)Br(AsPh3)3] is a green coloured solid, a 
non-electrolyte and its solution is air sensitive. The 
IR spectrum of[Os(NO)Br(AsPh3)3] shows a strong 
band at 1630 cm-~ due to v(NO). The electronic 
spectrum in benzene shows bands at 13330, 15670, 
19610 and 25000 cm- J. The corrected nitrosyl stret- 
ching frequencies, v(NO), calculated by Ibers 
empirical rules, 38 fall above 1610 cm- t. This is evi- 
dence for the presence of a linear nitrosyl group in 
these complexes. Combining the rules which have 
been suggested by Ibers, 39 and Hoffmann et al, 4° 
for penta-coordinated nitrosyl complexes, with the 
empirical rules of stereochemistry, the geometry 
about the osmium atom can be described as dis- 
torted trigonal bipyramid with equatorial tri- 
phenylarsine ligands and the NO group transaxial 

to X (X = CI, Br) and the molecule has Cs,, sym- 
metry (II). 

o 
N 
I .AsPha 

PhaAs=---Os j 

I ~AsPhs 
X 

!! 

The reaction of sulphur with [Os(NO)X3(PPh3)2] 
(X = CI, Br) in benzene results in the formation of 
thionitro complexes, [Os(NSO)X2(PPh3) ] 

Os(NO)X 3(PPh 3) 2 "{- / S 8 

benzene Os(NSO)X_~(PPh3)2+ " " .  (2) 

These complexes are green coloured solids, stable 
under nitrogen atmosphere and paramagnetic com- 
pounds, with magnetic moments /~ = 1.70, i.72 
BM, respectively. The IR spectra of 
[Os(NSO)X2(PPh3)2] show absorption bands in the 
region 1230, 1050 and 575 cm-t  due to Vasym(NSO), 
Vsym(NSO) and 6(NSO), respectively. 4L42 The elec- 
tronic spectrum of [Os(NSO)CI2(PPh3)2] shows 
bands at 19800, 21500, 25640 and 36360 cm-~. 

Stirring the benzene solution of [Os(NO) 
C13(PPh3)2] with [Na(S2CNR_,)] ( R = E t ,  Me) 



afforded the nitrosyl complexes 
CI2(S_,CNR_,)(PPh3)] 

Os(NO)CI3(PPh3)z + Na(SzCNR2)  

benzene Os(NO)C12(S2CNR2)(PPh3). (3) 
stirring 

Reftuxing the complex [Os(NO)CI3(PPh3)2] with 
excess [Na(S2CNR_,)] gave osmium(II)  complexes 
[Os(S2CNR_,)3] : 

Os(NO)CI ~(PPh 3)_, + excess Na(S2CNR2) 

benzene Os(S_,CNR2)3. (4) 
reflux 

The IR  spectra o f  the complexes [Os(NO) 
CI_,(S_,CNR2)(PPh3)] (R = Et, Me) show intense 
bands at 1810 and 1800 cm-~ due to v(NO), respec- 
tively, in addit ion to the absorpt ion bands due to 
S_,CNR~ and (PPh3) ligands. The v(CN) frequency 
in these complexes appears at 1530 and 1542 c m -  ~, 
respectively. It is shifted to higher energy compared  
with the free ligand, as a result of  increased double 
bond character  upon coordinat ion to the metal 
centre. 43.44 

The electronic spectra o f  [Os(NO)CI2 
(S_~CNEt2)(PPh3)] show absorpt ion bands at 
23690, 30300 and 34480 c m -  ~. The electronic spec- 
tra o f  [Os(S_,CNEt,)3] show bands at 35714 c m -  
and a very weak band at 20200 c m -  ~. A study of  
dithiolic acids assigned the high energy absorpt ion 
to g-rt* transitions. 45 The IR  spectra o f  
[Os(SzCNR2)3] (R = Et, Me) show no band due to 
v(NO), indicating the absence o f  the N O  group in 
the complexes. The complexes [Os(S_,CNR_,)3] are 
paramagnet ic  with magnetic moments  /~ = 1.80, 
1.83 BM, respectively. 
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Abstract--The extraction of Cd(II) from chloride solutions by trilaurylammonium chloride, 
TLAHC1, dissolved in toluene has been studied by means of metal distribution measure- 
ments. The experimental data have been obtained at different chloride concentrations of the 
aqueous phase (ranging from 1.0 to 3.0 mol dm -3) and applying the constant ionic medium 
method. The results show an enhancement of the cadmium extraction when the aqueous 
chloride concentration is increased. The extraction process is explained by assuming that 
the species CdCIE(TLAHC1)2 and CdCI2(TLAHCI)3 are formed in the organic phase, and 
the corresponding extraction reactions are : 

Cd 2÷ + 2C1- + 2TLAHCI(org) ~ CdC12(TLAHC1)2(org) ; K2 

Cd 2÷ + 2C1- + 3TLAHCI(org) ~ CdC12(TLAHC1)3(org) ;/(3 

This model has been found to be independent of the chloride concentration in the aqueous 
phase. However, the values of their extraction constants K2 and K3 are different for the 
various chloride concentrations used. The values of/(2 and K3 at a different chloride 
concentration,/, have been correlated by using the specific-interaction theory (S.I.T.), and 
the interaction coefficient for the Cd 2+, CI- ions, as well as, the thermodynamic constants, 
K °, have been determined. 

Solvent extraction of divalent metals from aqueous 
chloride solutions has been investigated under 
different experimental conditions. ~ During the last 
decade, long-chain amines and quaternary am- 
monium salts have been extensively used as ion 
exchangers in the hydrometallurgy and production 
of metals. 2~ Solvent extraction of Cd(II) has been 
scarcely studied in spite of the technological import- 
ance of this metal. Few works were reported and 
these generally used tertiary amines as extracting 
agents .4-6 

*Author to whom correspondence should be addressed. 

In the present work a detailed analysis of the 
extraction equilibria taking place between solutions 
of aqueous cadmium chloride and trilauryl- 
ammonium chloride, TLAHC1, in toluene is per- 
formed in order to delve into the knowledge of 
some important aspects of this extraction process. 
Thus, this work has been undertaken to determine 
the influence of ionic media on the extraction of 
divalent metals and also to ascertain the metal 
organic species formed in the extraction process of 
Cd(II). Comparison of the results obtained with 
those already reported in the extraction of Cu(II), 
Pb(II) and Zn(II) under similar experimental con- 
ditions 7-9 is presented. 
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EXPERIMENTAL 

Reagents and solutions 

All chemicals used were of  analytical grade. Tri- 
laurylammonium chloride, TLAHC1, was obtained 
from the corresponding amine (Merck) as described 
in the literature. '° Toluene (Merck) was used with- 
out further purification. Cadmium chloride 
(Merck) was purified by recrystallization before use. 
Sodium chloride (Panreac) was carefully treated as 
previously described. '~ The total TLAHCI  con- 
centration in toluene solutions varied from 15 to 
250 mmol dm-3. 

Aqueous Cd(lI) solutions were prepared by dis- 
solving cadmium chloride in NaCI solutions. The 
total chloride concentration of the aqueous phase, 
I, was set at 1.0, 2.0 and 3.0 mol dm -3 for the 
respective three different series of  experiments. The 
Cd(II) total concentration varied from 10 to 90 
mmol dm -3. The H ÷ concentration was kept con- 
stant in all experiments at 0.1 mol dm -3 to avoid 
hydrolysis of  both Cd(II) and TLAHCI.  

1.0 

a o A 
~° ~ 0.5 

o dm-3) 

. 3 0  

-2.0 -I.5 

Log [TLAHCL]tot, t 

Fig. 1. Plot of logD vs log[TLAHCl]tot., at different 
ionic strengths and Cd(II) concentration 10.0 mmol 

dm -3. 

Distribution measurements  

The experiments were carried out at 20°C. Equal 
volumes (10 cm 3) of  the organic and aqueous solu- 
tions were shaken for 1 h in a continuous rotary 
mixer (these conditions were found to be sufficient 
to attain equilibrium). The total Cd(II) con- 
centration in both phases was determined by 
titration with EDTA using xylenol orange as indi- 
cator, j2 Ethanol was used to homogenize the 
organic solution before titration. 

Cd 2+ + 2C1- + nTLAHCI(org)  

~-~-CdCI2(TLAHCI),(org). (2) 

For each ionic strength the data were treated sep- 
arately. 

Thus, considering ideal behaviour in the organic 
phase and assuming the activity coefficients of  the 
aqueous species to be constant, the equilibrium con- 

RESULTS AND DISCUSSION 

A series of  experiments were performed at the 
ionic strengths, I = 1.0, 2.0 and 3.0 mol dm -3 to 
determine the metal distribution coefficient, D, 
defined by : 

D = [Cd(II)]o,J[Cd(II)]~q. ( l )  

In each series, D was determined as a function of 
the total concentration of  the amine salt at a given 
total Cd(II) concentration. In Figs 1 and 2, log D is 
plotted vs log[TLmHCl]tot~l. As seen, the increase 
of  chloride concentration enhances the extraction 
of the metal (Fig. 1). It is also observed that the 
distribution coefficient depends on the Cd(II) con- 
centration (Fig. 2). 

The experimental data were treated assuming 
that the extraction of cadmium can be expressed by 
the equation : 

/ 
Cd(II)  (mmoL dm -3) / 

/ 
0 9 . 8  / , /  

o.~ ' ' z 4  7 /  
o 19.6 /// / 

1 

i -  

tl I L 
-2,0 - 2 5 

log [TLAHC l]tot= L 

Fig. 2. Plot of logD vs Iog[TLAHCI],ot,, at 1.0 mol 
dm -3 ionic strength for different Cd(II) total con- 

centration. 
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1.0 

0.5 

3) 

/ _ 7  ,, 3 o  
/ y  o 2 0  

I °=12 
-2.5 -2.0 

log [TLAHCI] 

I 
-2.5 

" 3 0  

o 2.0 

n = 3  
I 

-2.0 

Fig. 3. Log D plotted as a function of free TLAHC1 concentration at different ionic strengths for 
n = 2 a n d n = 3 .  

stant of reaction (2) can be expressed by 

[(CdC12)(TLAHC1),] 
gn = [Cd_,+] [CI-]-'[TLAHCI]"' (3) 

where no polynuclear species have been considered. 
To estimate the composition of extracted species, 

possible values for n were determined by applying 
mass balance equations as follows : 

[Cd(II)]tot., = [Cd(II)]o,.g + [Cd(II)]aq (4) 

[Cd(II)]o,.~ = Kn[Cd 2+] [CI-]:'[TLAHC1]" (5) 

[Cd(II)]aq = [Cd2+](I +Zfl,[Cl-]') (6) 

D = K[TLAHC1]" (7) 

K.[CI-] 2 
K - (8) 

1 + Y.fl,[C1-]' 

being fl~ the formation constants of the cadmium 
chlorocomplexes. ~3 

logD = log K+nlog[TLAHCI] .  (9) 

The equilibrium concentration of  TLAHCI was 
calculated taking into account the formation of  tri- 
mers in toluene ~4 and the corresponding constant, 
Q, defined by : 

Q = [(TLAHC1)3]/[TLAHCI]3 ; 

Q = 5 . 0 1  x 102 (10) 

[TLAHfl]tota, = [TLAHCI] + 3Q[TLAHCI] ~ 

+n[CdCI,(TLAHCI),] (! 1) 

[TLAHCI)tot,~- n[fd(II)]org = [TLAHC1] 

+3Q[TLAHC1] 3. (12) 

Figure 3 shows the experimental values of log D as 
a function of  the calculated log TLAHC1 from eq. 
(12), for n = 2 and n = 3 at two different chloride 
concentrations. As seen, the plots can fit to straight 
lines with slopes 2.0 and 1.0 for n = 2 and n = 3, 
respectively, n = 2 having the best fit. These results 
give an indication of  the possible stoichiometry for 
the metal species formed in the organic phase. From 
these indications, the data have been treated 
numerically to determine the stoichiometry as well 
as the stability constants of the species more exactly, 
by using the LETAGROP-DISTR computer 
program. 15 In this case the calculations were based 
on the minimization of the error square sum U 
defined by 

U = ~ (log De, it - log Dexp) 2, (13) 
Np 

where log Dexp represents the experimental values 
of the distribution coefficient, iogD~a~ is a cor- 
responding quantity calculated by the program 
assuming a determined model of  chemical species 
and formation constants in the two liquid phases, 
and Np is the total number of  experimental points. 
The results of this treatment are given in Table 1, 
where the "best fit" to the experimental data is 
given by the model involving the following metal 
extraction reactions : 

Cd 2+ +2C1- + 2TLAHC1 

CdCI2(TLAHCI)2 (14) 

Cd 2+ +2C1- + 3TLAHC1 

~ CdC12(TLAHC1)3. (15) 
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Table 1. Results of numerical calculations by the LETAGROP- 
DISTR program 

Model 
Cd 2+, CI-, TLAHCI I log/(',, a U 

1,2,2 1.0 8.28-t-0.17 0.167 1.939 
2.0 8.41-t-0.11 0.104 0.400 
3.0 8.52+0.16 0.121 0.503 

1.0 8.43+__0.07 0.055 0.117 
10.40___0.19 

1,2,2 2.0 8.58+0.08 0.046 0.076 
1,2,3 10.36+0.20 

3.0 8.74_+0.11 0.059 0.115 
10.62+0.20 

1.0 8.66_+0.20 0.083 0.260 
14.5 max 14.9 

1,2,2 2.0 8.59+0.12 0.061 0.136 
1,2,5 13.5 max 13.8 

3.0 8.78___0.17 0.067 0.152 
14.2 max 14.7 

This model was obtained as a result of  calculations 
where the chosen species (Cd(II), C1 , TLAHCI)  
1,2, 2, 1,2, 3 and 1,2, 5 were made to compete. The 
species 1,2,5 were rejected throughout this cal- 
culation process. This model has been found to be 
independent of  the chloride concentration in the 
aqueous phase. However the values of  the stability 
constants for reactions (14) and (15) are different 
for the different aqueous chloride concentrations 
considered. This fact has been explained in terms 
of the ionic strength effect and the different values 
have been correlated by using the specific-inter- 
action theory (S.I.T.). 16't7 In this treatment, the 
relationship between the equilibrium constant, K t, 
and the ionic strength, / ,  is given by the equation : 

log K I = log K ° -  Az2Ax//I 
14- 1.5w/I ~-b( i , k ) I  

Az 2 2 , = njz~ - r~z~ 

where nj are the stoichiometric coefficients of  the 
ionic reacting species of  charge zj, and rj are the 
corresponding coefficients of  the ionic species 
formed in eq. (2), in this case Az 2 = 6. K; and K ° are 
the extraction constants at I and 0 ionic strength, 
respectively, b(i, k )  is the sum of the specific inter- 
action coefficients. A = 0.1507 and I is expressed in 
moi kg-  i. 

The plot of  l o g K ; + 6 A x / / - I / ( l  + 1.5w, Q ) vs L fits 
to a straight line (Fig. 4). From the intercept and the 
slope of these lines, the thermodynamic extraction 
constants are determined, as well as the sum of the 
specific interaction coefficients : 

b = ~ C d 2 + , c i  - + 2 g N a +  C I . 

As eN,+.C~- is known ~8 the value of eCd2+ Ct can be 
determined. The results obtained correspond to the 
values: 1ogK~2=9.41; logK~3 = 11.4; ecd2+o- = 
0.197. 

C O N C L U S I O N S  

The extraction of Cd(lI) from the chloride solu- 
tions by tr i laurylammonium chloride can be 
explained assuming the formation of two metal 

+ 

E) 

f f  Lo 

- J I 

J 

z~ CdCt2(TLAHC t) 3 
u CdCt2(TLAHC I.) 2 

I I I 
I 2 5 

I 
Fig. 4. Numerical values of the expression Iog K ~ 

+ 6Av/I/(I + 1.5x/-/) plotted vs the ionic strength, I. 
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species in the organic phase : CdCI2(TLAHCI)2 and 
CdCI2(TLAHCI)3. The results collected in Table 1 
indicate that the composition of extracted species is 
independent of  the ionic strength, but the formation 
constants vary with I. This is in agreement with our 
previous finding in the extraction of  the divalent 
metals Pb(II), Cu(II) and Zn(II)  7-9 under similar 
experimental conditions. 

The fact that the extraction of Cd(II) increases 
with the aqueous chloride concentration can be 
explained by the nature of  the extraction system 
which is assumed to behave as an anionic exchange 
process. Thus, the increase of  chloride con- 
centration enhances the formation of  anionic Cd(II) 
chlorocomplexes. 

Comparison of  the results obtained for the 
studied divalent metals shows that the extracted species 
depend on the nature of  the metal ion. In this 
concern, two different behaviours were observed. 
Thus, while Cd(II) and Zn(II)  form species of  stoi- 
chiometry 1:2 and I : 3 (meta l ( I I ) :ammonium 
salt), Pb(II) and Cu(II) are found to give 1:2 and 
1:5 as extracted species. M. Leszko et al 6 
using octadecyldimethylbencylammonium chloride, 
ODBACI,  as the extracting agent have also found 
a different behaviour of  Cd(II) and Zn(II) with 
respect to Cu(II) and Pb(II) ions. They ascribed this 
fact to the polarity of  the extracted complexes. 

On the other hand diluents play an important role 
in the extraction process, the effect of  the diluent 
on the distribution coefficient have been explained 
using properties such as the dielectric constant, the 
dipole moment  and the solubility parameters. The 
distribution coefficient obtained under our experi- 
mental conditions, using toluene as a diluent, is 
smaller than the reported value 5 in benzene. A simi- 
lar diluent effect has been observed previously when 
using ODBACI as the extractant for Zn(II) and 
Cd(II) ions 6 and also in the extraction of  Zn(II) by 
tr ioctylmethylammonium chloride, TOMAC.  19 In 
both works the authors found this fact to be related 
to the Hildebrand solubility parameter  of  the dilu- 
ent, 6, 20 which applies to our results in the sense 
that a higher 6 value gives higher D values. 
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Abstract--The formation of 1 : 1 and 2 : 1 complexes of  crown ethers and cryptands with 
K + was studied by means of potentiometric and calorimetric titrations in acetonitrile and 
propylene carbonate solutions. With the exception of  the diaza crown ether (21) all twelve- 
and fifteen-membered monocyclic ligands examined are able to form 2 : ! complexes. Struc- 
tural changes of the ligand (21) during complex formation are mainly responsible for this 
observation. The complexes formed with the cryptands (222) and (221) are more stable 
compared to the monocyclic ligands. The smallest cryptand (211) is not able to encapsulate 
the potassium ion completely. Therefore, the formation of  2 : 1 complexes in both solvents 
are measured. The reaction enthalpies indicate that the macrobicyclic structure of the ligand 
is important during the formation of  the 1 : i complexes. During the formation of  the 2 : 1 
complexes the cryptand (211) behaves like the diaza crown ether (21). Therefore, the 
conclusion is that the formation of  2 : 1 complexes with cryptands is only observable in a 
given solvent if a reaction with the corresponding diaza crown ether is measured. 

Many results for the complexation of  ions by crown 
ethers and cryptands have been published during 
recent years. Most of them can be found in a com- 
pilation given by Izatt et al. I However, thermo- 
dynamic data for the formation of 2:1 com- 
plexes of  crown ethers with cations (ratio of  ligand 
to cation) are scarce. Meanwhile, more data are 
available about the formation of such complexes in 
methanol solutions. 2'3 

In contrast, no direct evidence of  the existence of 
2:1 complexes of  cryptands has been reported up 
to now. The first hint of  the existence of  such a 
complex between the cryptand (221) and Cs ÷ was 
given by Lehn et al. 4 From kinetic measurements 
of ligand-exchange reactions between cryptates and 
cryptands, 2:1 complexes were proposed as inter- 
mediates. 5 

We have already reported earlier unsuccessful 
attempts to study the formation of 2: I complexes 
with cryptands in methanol solution. 6 In order to 
obtain more information as to whether or not the 
formation of  such complexes is possible in principle, 
the complex formation of K ÷ with macrocyclic and 
macrobicyclic ligands has been studied in several 
solvents. 

EXPERIMENTAL 

The salts used, potassium perchlorate (Ventron), 
silver tetrafluoroborate (Merck) and tetraethyl- 
ammonium perchlorate (Fluka) are anhydrous and 
of the highest purity available. Potassium tetra- 
phenylborate was prepared and purified according 
to published proceduresfl 

The macrocyclic and macrobicyclic ligands, see 
Figs 1 and 2 (all from Merck) were used without 
further purification. As solvents, acetonitrile (AN ; 
Merck ; H20 content less than 0.3%) and propylene 
carbonate (PC ; Merck ; p.a.) were used. 

In order to determine the stability constants, the 
ion activity of K + was directly measured by means 
of  an ion-selective electrode (Ingold pK201-S7). 
During the potentiometric titrations the ionic 
strength was kept constant at I = 0.05 mol dm -3 
using tetraethylammonium perchlorate as the sup- 
porting electrolyte. 

The reaction observed can be shown byeq.  (1) : 

.K~ K, 
M + + L  . M L + + L  " ~ ML~- (1) 

with 
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[ML +] [ML +] 
K, - [M+][L ] and K 2 -  [ML+][L].  

The treatment o f  the experimental data  has already 
been described in detail.-" The response o f  the pot- 
assium electrode in both solvents was found to be 

0 0 

(o o ) 

m =  O. n =  0 : 1 2 C 4  

m = O .  n :  1 : 1 5 C 5  

m :  1. n =  1 : 1 8 C 6  

oS-q 
04" 

C15C5 

Fig. 1. Crown ethers. 

H.-J. BUSCHMANN 

almost  ideal. Another  possibility for obtaining the 
stability constants  o f  the potassium complexes 
indirectly by means of  potentiometric titrations is 
given by disproport ionat ive reactions with Ag ÷.8 

All reaction enthalpies were measured using a 
Tronac  Model  450 calorimeter. To ensure the for- 
mat ion o f  only 1 : 1 complexes in the reaction vessel, 
a solution o f  the ligand (0.02-0.04 M) was titrated 
cont inuously into a solution containing a potassium 
salt (4 × 10-3-6 × 10 -3 M).  Under  these con- 
ditions during the titration, the concentra t ion of  the 
salt in the reaction vessel was higher compared  to 
that o f  the ligand concentrat ion.  

The sum of  the reaction enthalpies for the for- 
mat ion o f  1 : 1 and 2 : 1 complexes was determined 
by titrating a potassium salt solution (0.01-0.02 M) 
into a ligand solution (0.02-0.04 M). The ligand 
concentra t ion in the reaction vessel was then much 
higher in compar ison  with the salt concentrat ion.  
Thus,  the format ion of  2 : I complexes was expected 
to be almost  complete. Using the separately esti- 
mated value o f  AH,,  the value o f  AH2 was easily 
calculated. 

m =  1. n : O  : 21 m : O .  n : O  : 211 

m = l ,  n = l  : 22 r e = l .  n = O  : 221 

m= 1, n :  1 : 222 

Fig. 2. Aza crown ethers and cryptands. 

R E S U L T S  AND D I S C U S S I O N  

The values o f  the stability constants,  reaction 
enthalpies and reaction entropies for the format ion 
of  1 : 1 and 2 : 1 complexes o f  K + with macrocyclic 
and macrobicyclic ligands in acetonitrile and pro- 
pylene carbonate  are given in Tables 1 and 2, respec- 
tively. N o  data are available f rom the literature for 
the format ion of  2 :1  complexes in both solvents. 
However,  some stability constants  for the for- 
mat ion o f  1 : 1 complexes o f  K + with the ligands 
18C6, T M  (22), 12 (21 l ) ,  13'14 (221), 13't4 and (222), 8'13'15 

in propylene carbonate  have already been reported. 

Table 1. Stability constants (log K; K in M -~) and thermodynamic parameters (AH, 
TAS in kJ tool -~) for the formation of 1:1 and 2:1 complexes of crown ethers and 

cryptands with K ÷ in acetonitrile at 25~C. 

log Kl -AHI TASI log K2 --AH2 TASk_ 

12C4 2.40 9.5 4.1 2.29 14.5 - 1.5 
15C5 4.29 32.0 a -7 .6  2.75 30.1 - 14.5 

(4.33)" 
C 15C5 4.15 24.3 - 0.7 2.50 13.0 1.2 
(21) 2.11 b 18.8 h 1.2 h 
18C6 5.72 b 9.9 h 29.1 ~ 
(22) 4.13 h 15.3 h 8.2 h 
(211) 3.50 b 29.3 h - 9 . 4  b 2.42 4.2 9.6 
(221) 9.10 b 64.1 h - 12.4 h 
(222) 9.5C 74.0 h - 19.7 h 

See ref. 9. 
h See ref. 10. 



Complexes of crown ethers and cryptands with K ÷ 

Table 2. Stability constants (log K; K in M ') and thermodynamic parameters (AH, 
TAS in kJ mol ') for the formation of 1 : 1 and 2 : 1 complexes of crown ethers and 

cryptands with K ÷ in propylene carbonate at 25°C. 
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log Ki --AHI TASI log K~ --AH2 TAS2 

12C4 2.02 14.6 - 3.1 2.65 8.7 6.4 
15C5 3.78 30.5 -9 .0  2.84 29.5 - 13.4 
C15C5 3.70 26.2 - 5.2 3.20 20,1 - 1.9 
(21) 2.25 7.7 5.1 
18C6 6.08 45.4 - 10.9 
(22) 4.43 21.9 3.3 
(21 I) 3.49 30.0 - 10.1 2.43 5.0 8.8 
(221) 9.15 66.0 -14.0 
(222) I 1.00 72.8 - 10.3 

They are in accordance with our data. Up to now, 
only values of  the reaction enthalpy for the com- 
plexation of potassium with the cryptand (222) in 
propylene carbonate are known. 8'~6 Within the mar- 
gin of  experimental error they are identical with the 
value measured in this work. 

The crown ether 12C4 (r = 0.6 A ~5) and the 
different 15C5 ligands ( r =  0.9 A iT) examined, are 
too small to accommodate  the potassium ion 
(r = 1.38/kt8). Therefore, in both solvents the for- 
mation of 2 : 1 complexes is expected and they are 
experimentally observed. The only exception is with 
the diaza crown ether (21). The values of  the reac- 
tion enthalpy for the formation of  the 1 : 1 com- 
plexes are higher or nearly equal to the values for 
the addition of the second ligand to the already 
formed complex. In this case, no strong repulsion 
between both ligand molecules takes place. 

Although the crown ethers 15C5 and (21) possess 
similar dimensions to the ligand cavity, their com- 
plexation behaviour is quite different in both sol- 
vents. The potassium complexes with (21) are less 
stable compared to 15C5. This observation can be 
explained by the different conformational forms in 
which diaza crown ethers exist in solution. ~9 The 
conformation of the uncomplexed ligand (21) with 
the lone electron pairs of  both nitrogen atoms 
directed inside the cavity is less stable compared to 
other ones due to repulsion effects. However, during 
the complex formation the ligand has to adopt this 
unfavourable conformation. Thus, the values 
observed for the reaction enthalpy with the diaza 
crown ether (21) are much smaller than with the 
crown ether 15C5. 

This conformational change of  the ligand (21) 
may be mainly responsible for the absence of 2 : 1 
complex formation. The reaction enthalpies 
measured with the ligands 18C6 and (22) in prop- 
ylene carbonate support this interpretation. In 

acetonitrile the situation is different due to the 
strong interactions between 18C6 and the solvent 
molecules. 2° 

The cavity dimensions of  the macrocyclic cryp- 
tand (222) (r = 1.4 A 2') are exactly the same size 
as the potassium cation. Therefore, this cryptand 
forms the most stable complexes with K ÷ in the 
solvents examined. The cryptand (221) is already 
too small (r = 1.1 A 2°) to accommodate the pot- 
assium ion without any deformation. This means, 
the values of  the reaction enthalpy decrease in both 
solvents compared to the ligand (222). The cavity 
of  the cryptand (21 I) (r = 0.8 ,~2~) is too small to 
encapsulate this cation completely. As a result, 
the formation of 2 : 1 complexes (ratio of  ligand to 
cation) is observed. Such a complex is schematically 
shown in Fig. 3. 

To understand the reasons for the formation of 
2:1 complexes with the cryptand (211) in these 
solvents it is necessary to discuss the experimental 
results in more detail, since in methanol solutions 
no evidence for the existence of  such a complex was 
found. 6 

It is worthwhile to compare the results for the 
reaction with the ligands (211) with that for the 
ligands (21) and (221). All these ligands are too 
small to accommodate  K ÷ completely. However, 

Fig. 3. Schematic representation of a 2:1 complex with 
the cryptand (21 I). 
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the values of  the reaction enthalpies for the for- 
mation of 1:1 complexes between the cryptand 
(211) and K ÷ are only half the value of the reaction 
of the ligand (221) but more than double that for 
the reaction of the monocyclic ligand (21). Also, the 
reaction entropies in the case of  the cryptands are 
very similar. Obviously the macrobicyclic structure 
of the ligand is important for the reaction with the 
first ligand molecule. 

The experimental data for the reaction of the 
second cryptand molecule (211) are comparable 
with that for the monocyclic ligand (21). During 
this reaction step, the cryptand (211) behaves like 
the diaza crown ether (21). The first bound ligand 
influences the interactions between the cation and 
the second cryptand molecule. As a result, the for- 
mation of 2: ! complexes between cryptands and 
cations is only expected in solvents in which the 
formation of  the corresponding diaza crown ethers 
complexes can be observed. 
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Abstract--Bis(cyclopentadienyl)metal complexes of calcium, strontium and barium can be 
prepared in synthetically useful yields (>  65%) from the reaction of lithium or potassium 
cyclopentadienides and the appropriate metal dihalides in THF.  The THF-soluble com- 
plexes (C~Hs)2Ca(THF)_, and (MesCs)2M(THF)2 (M = Ca, Sr, Ba) are extracted from the 
reaction of the appropriate potassium cyclopentadienide with a metal halide; the THF-  
insoluble (CsHs)2M(THF),(x ,~ 1 for Sr; x ~ 0.25 for Ba) remain after the reaction of a 
lithium cyclopentadienide and the metal iodide. 

Bis(cyclopentadienyl) complexes of the transition 
metals ("metallocenes") have played a prominent 
role in the chemistry of the d-block elements ever 
since the discovery of  ferrocene in 1951, ~ and the 
investigation of their bonding and reactivity con- 
tinues to be a subject of  active interest. 2 

In contrast, the metallocenes of the heavy alka- 
line-earth (HAE = Ca, Sr and Ba) metals have 
received comparatively little study. 3 "Calciocene" 
[(CsHs)2Ca], "strontiocene" [(CsHs)2Sr] and "bario- 
cene" [(CsHs)2Ba] have been known for over 25 
years and are thermally stable, but they have 
remained difficult to obtain. 4"5 All three (CsHs)2M 
species have been prepared in yields of  90% or 
greater using metal-vapour synthesis techniques, 6 
but solution syntheses for the Sr and Ba compounds 
provide extremely low yields/ Only the calcium 
complex has been investigated to any extent ; some 
of its reactions with nitrogen and oxygen donors 
have been examined 7 and the oligomeric nature of 
the unsolvated complex has been established by X- 
ray c rys ta l lography/The  chemistry of the Sr and 
Ba analogues is virtually unknown. 2 

As part of our investigation of the organometallic 
chemistry of  the HAE metals, 9 we sought a con- 
venient, high yield solution route to all three metal- 

locenes. In addition, in order that large-scale inves- 
tigations of their chemistry would be practical, we 
hoped that solvated forms ofstrontiocene and bari- 
ocene might be obtained which would be syn- 
thetically more useful than the insoluble, unsol- 
vated complexes.I" 

EXPERIMENTAL 

All manipulations were performed with the rigid 
exclusion of  air and moisture. Chemicals were han- 
dled with high-vacuum or Schlenk techniques, or in 
a Vacuum Atmospheres HE-143 drybox equipped 
with an MO-40-1 recirculating purifier. Proton 
NMR spectra (Table 1) were obtained at 200 MHz 
with a Bruker NR-200 spectrometer and were ref- 
erenced to the residual proton resonances of C4DsO 
(~ 3.58), (CD3)280 (~ 2.49), or C6D6 (~ 7.15) ; carbon 
(~3C) N MR spectra (Table 2) were recorded at 50.3 
MHz on a Bruker instrument and were referenced 
to the residual ~3C resonances of(CD3)2SO (6 39.5) or 
C6D6 (~ 128.0). Infrared spectra were obtained as 
Nujol mulls on a Perkin-Elmer 1430 spectrometer. 
Elemental analysis was performed by Analytiche 
Laboratorien, Engelskirchen, West Germany. 
Melting points were determined under nitrogen in 
sealed capillaries and are uncorrected. 

*Author to whom correspondence should be addressed. 
"l'As the present work was being completed, reports 

appeared describing preparation of the (MesCs).,ML~ 
metallocenes using essentially the synthetic route pre- 
sented here. ~° The method was not applied to the parent 
metallocenes, however. 

Materials 

The alkali metal cyclopentadienides were pre- 
pared from potassium hydride or n-butyl lithium 
and the monomeric cyclopentadienes. The anhy- 
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Table I. tH NMR data for HAE metallocenes" 

• C~R5 (R = H, Me) Other 

(C5Hd2Ca(THF)2 

(CsHs)_,Sr(THF) 
(CsHd_~Ba(TH F)o..,s 
(MesCs)_,Ca(THF)2 

(Me ~C 5)_,Sr(TH F), 

(MesCs)2Ba(THF)~ 

5.41 (s, C~Hs) 
5.73 (s, C5H5) b 
5.48 (s, C~Hs) 
5.51 (s, C~Hs) 
1.82 (br s, (MesCs)) 
2.06 (sh s, (MesCs)) a 
1.81 (br s, (MesCs)) 
2.14 (s, (MesCal) a 
1.77 (br s, (MesCal) 
2.12 (br s, (Me~Cs)) a 

1.76, 3.59 (THF) 
c 

1.76, 3.60 (THF) 
1.75, 3.59 (THF 
3.59," (THF) 
1.32, 3.36 (THF) 
3.60,' (THF) 
1.32, 3.35 (THF) 
3.60f (THF) 
3.38, 1.35 (THF) 

o In DMSO-d6 unless otherwise noted. 
h In THF-ds. 
'-Obscured by other resonances. 
aln C~D~. 

Table 2. ~3C {~H} NMR data for HAE metallocenes" 

C~R5 (R = H, Me) Other 

(C.~Hs)2Ca(THF)2 104.1 (C~Hs) 25.2, 67.0 (THF) 
(CsHs).,Sr(THF) 104.7 (CsHs) 25.3, 67.0 (THF) 
(CsHs)2Ba(THF)0_~ 106.4 (C~Hs) h 
(MesCs),Ca(THF)_, I 1.0 (MesC0" 25.5, 68.2 (THF) 

112.4 (MesC~)" 
(Me~Cs)zSr(THF)2 11.4 (MesCs)' 25.4, 68.5 (THF) 

111.6 (MesC5)' 
(Me~Cs)2Ba(THF)_, 11.2 (Me~Cs)" 25.5, 67.9 (THF) 

112.8 (MesCs)' 

"In DMSO-d6 unless otherwise noted. 
~THF signal not detected. 
' In C6D 6. 

drous metal halides were obtained from Strem 
Chemicals Inc. Solvents were distilled under nitro- 
gen from sodium or potassium benzophenone ketyl. 

(CsHs)2Ca(THF)2. From CaI2 

Anhydrous CaI~ (4.669 g, 15.9 mmol) and 
(CsHs)K (3.644 g, 35.0 mmol) were added to a 250 
cm 3 Erlenmeyer flask containing 75 cm 3 of THF. The 
cloudy reaction mixture was stirred overnight, dur- 
ing which time it assumed a faint pink tinge. 

The turbid solution was then filtered through a 
fine glass frit, which retained a white precipitate. 
The precipitate was washed with 3 × 30 cm 3 por- 
tions of THF,  and the solvent was evaporated from 
the combined washings and filtrate, leaving crude 
(CsHs)~_Ca(THF)2 (3.738 g, 75% yield). Elemental 

analysis on this material (10.5% Ca, 0.5% K) was 
not entirely satisfactory and a qualitative test for 
iodide using AgNO3(aq) was positive; both its ~H 
and ~3C N M R  spectra were consistent with the pres- 
ence of (CsHs)2Ca(THF)2, however. 

From CaCI2 

Following the procedure used with CaI2, anhy- 
drous CaC12 (0.883 g, 7.96 mmol) and (CsHs)K 
(1.740 g, 16.7 mmol) were allowed to react in 75 
cm 3 of THF.  Work-up was as given above : the yield 
of  crude (CsHs)zCa(THF)2 was 0.351 g, (14% yield, 
but see below). The solid was extracted into T H F  
(ca 75 cm3), filtered and the filtrate reduced to dry- 
ness. The extraction procedure was repeated once. 
Analysis of the product indicated that both potas- 
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sium and chloride were present in minor amounts 
and that some desolvation of  the metallocene had 
evidently occurred. Found:  Ca, 14.2; K, 1.3; CI, 
0.2. Calc. for the mixture (CsHs)2Ca(THF)L5 
(91%)/(CsHs)K (7%)/KCI (2%): Ca, 13.9; K, i.3; 
Ck 0.2% . Major IR bands: 3087 m, 1033 s, 1013 s, 
930 w, sh, 882 m, 797 m, 771 vs, 752 vs cm ~. 
The product lost solvent near 10OC (ref. 7 for 
(C~H0_~Ca(THF)_~, > 100~C, dec). 

(CsHs)2Sr(THF) 

Using a procedure analogous to that for 
(CsH0~_Ca(THF)_,, SrI2 (4.711 g, 13.8 mmol) and 
(CsHs)Li (2.191 g, 30.4 mmol) were stirred over- 
night in T H F  (75 cm3). The turbid white solution 
was filtered through a fine glass frit and the fine 
white precipitate was washed with T H F  (3 × 30 
cm3). Drying the precipitate in vacuo  left crude, 
white (CsHs)_,Sr(THF) (3.95 g, 99% yield, but 
see below). The crude material was stirred vig- 
orously with 2 × 75 cm 3 portions of T H F  before 
drying again in vacuo.  Analysis suggested that both 
lithium and iodide were retained in the rewashed 
material. Found:  Sr, 28.3; Li, 0.4; I, 3.4. Calc. 
for the mixture (C.sHs)_,Sr(THF) (86%)/(CsHOLi 
(7%)/Lii (7%): Sr, 28.5; Li, 0.4; I, 3.5%. Major 
IR bands: 3077 m, 1038 s, 1012 s, 930 w, sh, 885 
m, 790 m, 767 vs, 744 vs cm- ~. The material did not 
melt below 400cC. 

(CsHs)_~Ba(THF)0.25 

In a manner similar to that used for (CsHs)2Ca 
(THF)_,, BaI2 (4.694 g, 12.0 retool) and (CsHs)Li 
(1.902 g, 26.4 mmol) were stirred overnight in 
T H F  (75 cm3). The resulting pale pink precipitate 
was collected by filtration, washed repeatedly with 
T H F  and dried in vacuo,  yielding crude (CsHs)_,Ba 
(THF)0.25 (4.23 g, quantitative, but see below). Re- 
extraction of  the solid with T H F  (2 × 75 cm 3) left 
a material which retained both lithium and iodide. 
Found : Ba, 43.8 ; Li, 0.6 ; I, 7.8. Calc. for the mix- 
ture (CsHs)_,Ba(THF)0._,5 (79%)/(CsHs)Li (6%)/Lii 
(15%) : Ba, 43.4 ; Li, 0.6 ; I, 7.7%. Major IR bands : 
3103 m, 1016 m, 750 br vs cm ~. The material did 
not melt below 400°C. 

(MesCs)2Ca(THF)2 

Anhydrous CaI, (4.672 g, 15.9 mmol) and 
(MesCs)K (6.137 g, 35.2 mmol) were added to a 250 

* Loss of solvent from (M%Cs),,Sr(OEt,) was suspected 
as the cause of its unsatisfactory analysis. ~°~. 
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cm 3 Erlenmeyer flask containing 75 cm 3 of  THF. 
The cloudy reaction mixture was stirred vigorously 
overnight. 

The turbid solution was then filtered through a 
fine glass frit, which retained a white precipitate. 
The solvent was evaporated from the filtrate leaving 
crude (MesCs)2Ca(THF)_, (5.875 g, 81% yield). The 
solid was extracted into toluene (ca 75 cm3), the 
solution filtered and the filtrate reduced to dryness. 
The material was then redissolved in T H F  and the 
solvent removed. The product lost solvent near 
10OC, but the remainder did not melt until 208- 
210~'C (ref. 10(b) for unsolvated (MesCs)2Ca, 207- 
210C).  Analysis indicated that some desolvation 
of the metallocene had occurred.* Found : Ca, 9.6. 
Calc. for (Me sCs),Ca(THF)t.5 : Ca, 9.6%. A quali- 
tative test for iodide using AgNO3(aq) was negative. 
Major IR bands: 2729 m, 1308 w, 1263 w, 1172 w, 
br, 1030 vs, 923 w, 878 s, 804 w, 727 m, 677 w cm-t .  

(MesCs)2Sr(THF)2 

The procedure used was analogous to that for 
the calcium derivative. Anhydrous SrI 2 (3.414 g, 
10.0 mmol) and (MesCs)K (3.850 g, 22.1 mmol and 
T H F  (60 cm 3) were combined and the mixture 
stirred for 2 days. Work-up was as for the calcium 
derivative. The crude (MesCs)zSr(THF)2 (3.349 g, 
67% yield) was extracted with toluene and resol- 
vated in THF.  The product decomposed with loss of 
solvent at 190-192°C. Analysis of the white product 
indicated that partial desolvation of the metallo- 
cene had occurred. Found:  Sr, 18.6. Calc. for 
(MesCs)2Sr(THF)I.6: Sr, 18.5%. A qualitative test 
for iodide using AgNO3(aq) was negative. Major 
IR bands: 2729 m, 1263 w, 1249 w, 1216 w, 1037 vs, 
905 vs, 803 m, br, 729 m, 648 w cm t. 

(MesCs)2Ba(THF)2. 

The procedure was similar to that used for the 
calcium derivative. Anhydrous BaI,_ (4.694 g, 12.0 
mmol) and (MesCs)K (4.602 g, 26.4 mmol) were 
suspended in T H F  (75 cm 3) and after stirring over- 
night, the reaction was worked up as for the calcium 
derivative. Yield of (MesCs)2Ba(THF)_,: 5.597 g 
(84%). The product began to decompose with loss 
of solvent at 185°C (ref. 10(a) m.p. for (Me5C5)2 
Ba(THF)_,, 187-191°C). Analysis of the white 
product indicated that partial desolvation of  the 
metallocene had occurred. Found:  Ba, 26,3. Calc. 
for (MesCs)2Ba(THF)L6 : Ba, 26.2%. A qualitative 
test for iodide using AgNO3(aq) was negative. 
Major IR bands: 2728 m, 1262 m, 1216 w, 1089 w, 
br, 1039 vs, 905 vs, 804 m, br, 728 m, 647 w cm -~. 
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RESULTS AND DISCUSSION 

Solution svnthes& of  metallocenes 

The most commonly used synthesis of  the alka- 
line-earth metallocenes involves the reaction of a 
metal or metal hydride with cyclopentadiene in sol- 
vents such as THF,  D M F  or liquid ammonia  [eq. 
(I)]?  .7.'' 

M + 2C5H6 THF'NH'0~ (CsHs)~MLx + 2H2 T . (1) 

The reaction is particularly unsatisfactory for stron- 
tium and barium complexes ; (CsHs),_Sr is obtained 
in only 4% yield from Sr metal and C5H6, and 
(CsHs)zBa is generated in a minuscule 0.2% yield 
from the reaction of BAH_, with C5H6 .5 

The metathetical exchange of an alkali metal 
cyclopentadienide with an HAE dihalide could 
serve as an alternative route to the metallocenes, 
but the low solubility of  (CsHs)2Sr and (CsHs)2Ba 
in all but extremely polar organic solvents suggests 
that they would be difficult to separate from the 
alkali halide by-products of  the reaction.* Although 
this "salt problem" cannot be entirely eliminated 
(see below), with the proper choice of  alkali cyclo- 

* Sublimation of the metallocenes from the involatile 
by-products could be used to effect separation. Losses 
during such sublimations can be high, 5 however, limiting 
their use as a purification method. 

tThe THF-soluble portion from the reaction of 
(CsHs)Na and Cal,_ weighs 89% of the sum of the start- 
ing materials. Simple stoichiometric considerations then 
suggest that even if complete conversion to (CsHs)2Ca 
(THF)2 occurs, the product contains at least 25% non- 
metallocene material, most of it probably NaI. As both 
the metallocene and Nal are reasonably soluble in THF 
and insoluble in hydrocarbons, their separation by sol- 
vent extraction is not efficient. 

Although a saturated solution of (CsHs)K in THF- 
d8 at ambient temperature displays an ~H NMR signal at 
6 5.61 (R. A. Williams and T. P. Hanusa, unpublished 
results), this peak was never observed in any spectrum of 
the calcium complex. Presumably cyclopentadienyl ring 
exchange is occurring between the potassium and calcium 
metal centres, as a sample of calciocene deliberately 
doped with potassium cyclopentadienide (ca 10%) con- 
tains only the resonance corresponding to calciocene. 

§This possibility is currently under investigation (R. 
A. Williams and T. P. Hanusa, research in progress). 

[[ In some cases, alkali halides can be incorporated into 
the structure to form (CsHs)_,M(p-X)2M'L,. speciesJ '¢b~ 

¶The HAE cations range in size from 1.00 (Ca '+) 
to 1.35/~ (Ba2+);t3 these values should be compared to 
1.03 A for La 3÷, the largest of the trivalent lanthanide 
ions, and to 0.94 A for Th 4+, the largest of the tetra- 
valent actinides. 
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pentadienides, ionic metathesis can be a useful route 
to the HAE metallocenes. 

The straightforward reaction of CaI2 or CaCI2 
with two equivalents of  (CsHs)K in T H F  produces 
crude (CsHs)2Ca(THF):  in 75%(Cai2) or 14% 
(CaCI_,) yield, along with KX which is removed 
by filtration [eq. (2)]. 

2(C~Hs)K + CaX2 

THF (CsHs)2Ca(THF)2+2KX~. (2) 

The smaller yield from the chloride probably stems 
from the lesser solubility of  CaCI, in THF.  Potas- 
sium cyclopentadienide provides a more cleanly 
separated by-product than is the case if the more 
common (CsHs)Na is used.? The use of(CsHOTI as 
the cyclopentadienylating agent also produces high 
yields (ca 80%), although the extremely finely 
divided TII which precipitates is difficult to re- 
move completely by filtration. 

The bis(cyclopentadienyl)calcium produced from 
CaCI_, by this method constitutes ca 90% of the 
isolated product;  the residue contains both potas- 
sium and chloride ions (see Experimental), even 
after repeated extraction with THF.  The data can 
be interpreted as suggesting the presence of KCI 
(2%) and unreacted (CsHs)K (7%),+ although the 
existence of species such as K+[(C~Hs)3Ca] - or 
K+[(CsHs)2CaCI] - cannot be excluded.§ The pres- 
ence of the residual halide is a manifestation of the 
"salt problem" which complicates the synthesis of  
organolanthanide and -actinide complexes as 
well, 1112(a) and is an indication of the high reactivity 
of  these materials. As the size of  the metal cation 
increases, both the difficulty of  achieving steric satu- 
ration of  the metal centre and the likelihood of 
residual alkali salt complexation increase. Since the 
HAE cations are as large or larger than any of the 
common lanthanide and actinide ions,¶ the prob- 
lem is particularly difficult to control. For many 
synthetic purposes, however, the level of  salt con- 
tamination is not severe enough to interfere with 
further reactions. 9 

Strontiocene and bariocene are sufficiently insol- 
uble in ethers that we sought to extract the alkali 
metal halide rather than the metallocene from the 
reaction mixture. This was accomplished by react- 
ing lithium cyclopentadienide with the alkaline 
earth metal halide ; the resulting LiI is then removed 
with THF,  leaving the metallocenes as insoluble 
solids [eq. (3)]. 

2(CsHs)Li + MI2 (M = Sr, Ba) 

-rrtF (CsHs)_,M(THF).,.], +2LiI .  (3) 

The "salt problem" observed with the calcium 
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system is more severe with Sr and Ba, to the extent 
that bariocene constitutes only ca 80% of the 
washed precipitate from (CsHs)Li and BaI2. In these 
cases, the possibility of  "double salt" formation 
would probably be greater than in the case of  
calcium. Unlike the calcium complex, the strontium 
and barium derivatives are isolated from the reac- 
tion mixtures with considerably less than two equi- 
valents of  THF,  although the precise degree of sol- 
vation is difficult to determine. Integration of their 
tH N M R  spectra in DMSO-d6 suggests that x in 
the formula (CsHs)M(THF),  is 0.54 for M = Sr and 
0.25 for M = Ba; elemental analysis supports this 
value for Ba but indicates x = 1.0 for Sr.* It is 
clear in any case that considerable desolvation has 
occurred. The size of  the strontium and barium ions 
may preclude the formation of stable monomeric 
disolvated complexes and the low solubility of  the 
complexes may indicate that oligomerized struc- 
tures have formed similar to those of  (CsHs)2Ca, ~ 
(C5H5)35c, 14 or [(CH3CsH4)3Nd]4.'5 

As the limited range of  solubility of  the HAE 
metallocenes evidently stems from coordinative 
unsaturation of  the metal centre, we prepared 
derivatives from pentamethylcyclopentadiene, 
which frequently confers improved solubility on 
its complexes.16 Bis(pentamethylcyclopentadienyl) 
metallocenes form from the reaction of potassium 
pentamethylcyclopentadienide and the metal diiod- 
ides in THF.  The improvement in solubility over the 
unsubstituted metallocenes is dramatic;  all three 
(MesCs)_,M(THF)_, complexes are readily soluble in 
T H F  and aromatic hydrocarbons, and are slightly 
soluble even in alkanes. The increase in solubility 
greatly eases their purification, since by extracting 
them into toluene, the decamethylmetallocenes can 
be obtained free of  alkali halide by-products.']" 

Spectroscopic studies 

All the alkaline-earth complexes exhibit well- 
resolved ~H and ~3C N M R  spectra (see Tables 1 and 

*The limited solubilities of both strontiocene and 
bariocene even in DMSO makes accurate integration of 
their residual THF resonances difficult. 

i" By using procedures analogous to those for the 
unsubstituted metaUocenes, we have produced bis(methyl- 
cyclopentadienyl) complexes from (CH3CsH4)(Li, K) 
and (Ca, Sr, Ba)l_, (R. A. Williams and T. P. Hanusa, 
unpublished results). Their chemistry is similar to that 
of the parent metallocenes; in particular, the solubility 
differences are slight [(CH3CsH4):Ca(THF)2 is sparingly 
soluble in aromatic hydrocarbons, (CH3CsH4),Sr(THF),. 
is slightly soluble in THF and (CH~CsH4).,Ba(THF), 
is insoluble in THF]. 
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2). Appreciable chemical shifts occur with a change 
in solvent; the methyl proton resonances of  
(MesCs)2Sr(THF)2, for example, move from 6 2.14 
in C6D6 to ~ 1.81 in DMSO-d6 (Table 1). Judging 
by the positions of  the T H F  resonances, it appears 
that DMSO displaces T H F  from the coordination 
sphere of  the metal. Similar displacement of  T H F  
has been laoted when (CsHs)2Ca(THF),_ is dissolved 
in pyridine-ds. 7 

C O N C L U S I O N S  

Metathetical exchange between alkali metal 
cyclopentadienides and alkaline earth dihalides 
produces (CsRs),M(THF),. complexes in high yield. 
Although residual alkali halides are difficult to 
remove from the parent metallocenes, the hydro- 
carbon solubility of  the decamethylmetallocenes 
permits their ready purification and extends the 
range of reaction media with which they are useful. 
They should serve as attractive starting materials 
for further studies of  organoalkaline-earth chem- 
istry. 
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Abstract--The reaction of 2,2'-bipyrimidine (bpym) or 2,3-bis(2-pyridyl)pyrazine (dpp) 
with [Ru(CO)2CI2], gives the monometallic Ru(CO)2Cl2(bidentate) (bidentate = bpym or 
dpp) complexes. The Ru(CO)2Cl2(bidentate) complexes react further with [Ru(CO)zC12], 
or with MCl2(dmso)2 (M = Pt, Pd) to yield the homobimetallic C12(CO)2Ru(bidentate) 
Ru(CO)2CI2 or heterobimetallic C12M(bidentate)Ru(CO)2C12 complexes, respectively. 
The complexes have been characterized by microanalysis and electronic absorption and 
IR spectroscopy. 

The chemistry of homo- and heterobimetallic com- 
plexes containing bridging ligands has significantly 
expanded in recent years. Of particular interest are 
bimetallic transition metal complexes linked via a 
common binucleating ligand, such as 2,2'-bi- 
pyrimidine (bpym) or 2,3-bis(2-pyridyl)pyrazine 
(dpp), and the electronic interaction that exists 
between the two metal centres, i 

Recently, several examples of heterobimetallic 
complexes of bipyrimidine have been described, 2-9 
but no analogous bis(pyridyl)pyrazine complexes 
appear to have been reported, and only a few homo- 
bimetallic complexes of this ligand are known. 10. i t 
These bimetallic complexes have a variety of poten- 
tial applications, including use as models for bio- 
logically related systems 4'9 and as multi-electron 
transfer catalysts. 1'6 In the present study, the 
synthesis and spectroscopic properties of some 
new homo- and heterobimetallic ruthenium(II), 
platinum(II) and palladium(II) complexes of both 
bpym and dpp are described. 

EXPERIMENTAL 

General 

Microanalyses were performed by Galbraith 
Laboratories, Tennessee. IR spectra (4000-600 

* Author to whom correspondence should be addressed. 

cm- i) were recorded as Nujol mulls between NaCi 
plates with a Perkin-Elmer 167 instrument. Far- 
IR spectra (500-200 cm- t) were recorded as Nujol 
mulls between polyethylene plates with a Perkin- 
"Elmer 457 instrument. Electronic absorption 
spectra were obtained in DMF solutions with a 
Perkin-Elmer lambda 3A spectrophotometer. 

All reactions were shielded from light and carried 
out under an inert atmosphere of nitrogen. 
Methanol was HPLC grade (Aldrich) and de- 
gassed for 15 min prior to use. The compounds 
[Ru(CO)2CI2]. 12 and MCl2(dmso)2 (M = Pt, 
Pd) ~ 3 were prepared by literature methods. 

Preparation of complexes 

(2,2' Bipyrimidine)dicarbonyldichlororuthen- 
ium(II). A solution of [Ru(CO)2C12], (0.64 g) in 
methanol (60 cm 3) was boiled for 5 min and 
filtered into a solution of 2,2"-bipyrimidine (0.70 g) 
in methanol (50 cm3). The mixture was heated 
under reflux for 10 min, cooled and the yellow prod- 
uct collected by filtration. The solid was washed 
with methanol (2 x 10 cm3), ether (2 x 10 cm 3) and 
dried in vacuo. Yield 0.72 g (67%). 

[2,3 - Bis(2 - pyridyl)pyrazine]dicarbonyldichloro- 
ruthenium(II). The complex was prepared by the 
above procedure from 2,3-bis(2-pyridyl)pyrazine 
(0.54 g) and [Ru(CO)2Cl2]. (0.41 g), and recrys- 
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tallized from methanol to yield the yellow crystal- 
line product. Yield 0.62 g (75%). 

It - (2,2' - Bipyrimidine)tetracarbonyltetrachloro- 

diruthenium(II) .  A filtered solution of [Ru(CO)2 
C12], (0.25 g) in methanol (25 cm 3) and Ru(CO)2 
Cl2(bpym) (0.10 g) were heated together under 
reflux for 1.5 h. The hot solution was filtered and 
the product washed with methanol, ether and 
dried in vacuo. Yield 0.12 g (75%). 

It - [2,3 - B/s(2 -pyridyl)pyrazine]tetracarbonyltetra- 
chlorodiruthenium(II) .  The complex was prepared 
by the above procedure from [Ru(CO)2CI2], 
(0.16 g) and Ru(CO)2C12(dpp) (0.19 g). Yield 
0.21 g (84%). 

Dichloroplat inum(II)  - It - (2,2' - bipyrimidine) 
dicarbonyldiehlororuthenium(II) .  A mixture of 
Ru(CO)2Cl2(bpym) (0.073 g) and PtCl2(dmso)2 
(0.083 g) in methanol (35 cm 3) was heated at reflux 
temperature for 3 h. The hot solution was filtered 
and the brown precipitate washed with methanol, 
ether and dried in vacuo. Yield 0.11 g (89%). 

Using the above procedure, the following com- 
pounds were also obtained : 

Dichloropalladium(II)  - # - (2,2' - bipyrhnidine)di- 

carbonyldichlororuthenium(II):  from Ru(CO)2 
C12(bpym) (0.074 g) and PdC12(dmso)2 (0.073 g), 
yield 0.089 g (82%) ; 

Dichloroplat inum(II)  - It - [2,3 - bis(2 - pyridyl)-  

pyrazine]dicarbonyldichlororuthenium(II)  : from 
Ru(CO)2Cl2(dpp) (0.065 g) and PtCl2(dmso)2 
(0.067 g), yield 0.090 g (88%) ; 

Dichloropalladium(II)  - It - [2,3 - bis(2 - pyridyl)  
pyrazine]dicarbonyldichlororuthenium(II)  : from 
Ru(CO)zCl2(dpp) (0.021 g) and PdCl2(dmso)2 
(0.025 g), yield 0.024 g (83%). 

RESULTS AND DISCUSSION 

Syntheses  

When an equimolar mixture of [Ru(CO)2C12], 
and either 2,2'-bipyrimidine (bpym) or 2,3-bis(2- 
pyridyl)pyrazine (dpp) are refluxed together in 
methanol, the neutral monometallic Ru(CO)2CI2 
(bidentate) complexes (bidentate = bpym or dpp) 
precipitate from solution as yellow solids. By this 
procedure, pure Ru(CO)2Cl2(bpym) is obtained, 
whereas recrystallization from methanol yields 
pure Ru(CO)2Cl2(dpp). 

Treatment of the Ru(CO)2Clz(bidentate) com- 
plexes with an excess of [Ru(CO)2CI2], in methanol 
yields the diruthenium complexes CI2(CO)_,Ru 
(bidentate)Ru(CO)2Cl2 as insoluble solids. A sim- 
ilar reaction between Ru(CO)2Cl2(bidentate) and 
MCl2(dmso)2 (M = Pt or Pd) gives the neutral 
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Table 1. Analytical data for complexes 

% Found (calc.) 
Complex C H N 

Ru(CO)2Cl2(bpym) 31.3 1.6 14.5 
(31.3) (1.6) (14.5) 

Ru(CO)2Cl2(dpp) 41.6 2.1 12.1 
(41.6) (2.2) (12.1) 

CIz(CO)2Ru(bpym)Ru(CO)2CI: 23.4 1.0 9.1 
(24.2) (1.2) (9.3) 

C12(CO)2Ru(dpp)Ru(CO)2CI2 31.3 1.5 8.3 
(31.3) (1.5) (8.1) 

CI2Pt(bpym)Ru(CO),Cl, 18.2 0.9 8.5 
(18.4) (0.9) (8.6) 

CI2Pt(dpp)Ru(CO)zC12 26.9 2.0 7.3 
(26.4) (1.4) (7.7) 

Cl2Pd(bpym)Ru(CO)2Cl2 20.9 1.2 9.8 
(21.3) (1.1) (9.9) 

CI 2Pd(dpp)Ru(CO) 2C1_, 30.1 2.1 8.2 
(30.0) (1.6) (8.8) 

heterobimetallic derivatives Cl2M(bidentate)Ru 
(CO)2C12 as brown solids in good yields (80-89%). 
Elemental analyses (Table 1) for the mono- and 
bimetallic complexes are consistent with the above 
formulations. 

Infrared spectra 

The structures of all complexes may be deter- 
mined from the IR data (Table 2). Spectra for the 
monometallic complexes show two strong bands in 
the v(CO) region, consistent with cis CO groups and 
a single v(Ru--Cl) band at ca 355 cm- ~ indicating 
trans CI ligands [Fig. l(a)]. This stereochemistry is 
generally observed for Ru(CO)2C12(bidentate) com- 
plexes prepared from [Ru(CO)2CI2],. 14-16 Similar 
IR data for the bimetallic complexes also indicate 
cis CO and trans CI groups for the Ru(CO)2CI2 
fragment in Cl2(CO)2Ru(b iden ta te )Ru(CO)2Cl2  

and CI2M(b iden ta te )Ru(CO)2Cl2  (M = Pt or Pd) 
complexes [Fig. l(b) and (c)]. Spectra of the 
Cl2M(bidentate)Ru(CO)2Cl2 compounds contain 
two additional bands between 300-350 cm- ~ which 
may be assigned to v(Pt--C1) or v(Pd--Cl) as 
expected for square-planar MC12(bidentate) com- 
plexes. 17 

Several characteristic vibrational bands are also 
observed for the aromatic diimine bridging ligands 
(Table 2) and provide further evidence to dis- 
tinguish between monometallic and bimetallic coor- 
dination of bpym and dpp. A single absorption in 
the 1570-1580 cm- ~ region, due to C- -N  and C--C 
ring stretching, is observed for the bimetallic com- 
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Table 2. IR absorptions for complexes 

733 

v(C--C) 
Complex v(CO)" v(M~CI) v(C--N) n(C--H) 

Ru(CO)2Cl,(bpym) 2050 358m 1575m 748m 
1991 1551m 

Ru(CO)2Cl2(dpp) 2058 355m 1551w 779m 751m 
1998 738m 

CI 2(CO) 2Ru(bpym)Ru(CO) 2C12 2060 353m 1574fia 729m 
2007 

CI_,(CO)_,Ru(dpp)Ru(CO) 2C12 2046 340m 1591 w 772m 
1991 

Cl2Pt(bpym)Ru(CO)2CI2 2065 360m 1580m 719m 

Cl2Pt(dpp)Ru(CO)2C1, 

Cl_,Pd(bpym)Ru(CO)2CI2 

CI2Pd(dpp)Ru(CO)2C12 

2016 340m 
336sh 

2068 352m 1598w 775m 
2010 346m 

335sh 

2082 353m 1578m 722m 
2031 347m 

335sh 

2065 345m 1597w 779m 
2008 337m 

334sh 

All bands are strong. 

plexes and is characteristic for bpym complexing 
to two metals.~8 By contrast, monometallic bpym 
complexes generally contain two bands in this 
region and accordingly two bands are observed for 
Ru(CO)2Cl2(bpym). The C - - H  out-of-plane bend- 
ing mode of bpym is also sensitive to mono- and 

bimetallic coordination t8 and we observe a cor- 
responding 20-30 c m - t  reduction in the C - - H  
vibration for the bimetallic complexes. 

The IR spectrum of Ru(CO)zC12(dpp) contains 
a weak ring stretching band at 1551 c m - t  which in 
the bimetallic dpp complexes shifts to about 45 

(a) 

CI 

Ru / j  
C O - - - - ' - ~ N  

Cl 

Cl ~ Cl 
co.. I 1 co 

Ru | Ru. 
I 

Cl ~ Cl 

CO 
CO I C| 

" '  " I. II 

CI 
(b) (c) 

Fig. 1. Representative structures of (a) Ru(CO)_,Cl2(bidentate); (b) CIz(CO)2Ru(bidentate) 
Ru(CO)2CI2 (bidentate = bpym) and (c) C1,M(bidentate)Ru(CO),C12 (M = Pt, bidentate = dpp) 

complexes. 
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Table 3. Electronic absorption spectra for complexes 

2m.x (nm) 
Complex [~ (M- '  cm-~)]" 

Ru(CO) 2Cl2(bpym) 

CI,(CO)2Ru(bpym)Ru(CO)2CI2 

Cl2Pt(bpym)Ru(CO).,Cl, 

CI2Pd(bpym)Ru(CO),CI2 

Ru(CO).,Cl.,(dpp) 

Cl _,(CO) 2Ru(dpp) Ru(CO) 2Cl., 

Cl.,Pt(dpp)Ru(CO).,Cl: 

C12Pd(dpp)Ru(CO),Cl, 

365 [15001 

634 [1150] 
424 [3330] 

666 [350] 
429 [2750] 

627 [680] 
478 [1535] 

538 [1185] 

596 [3590] 
448 [3220] 

598 [231 O] 
432 [2860] 

603 [3650] 
443 [19001 

"Recorded in DMF at 298 K. 

N. C. THOMAS and J. COX 

additional band at higher energy for some of the 
bimetallic complexes may be assigned to the 
tA ~,~Ei ~ IA t LF transition. 5'2° 

By contrast to other bimetallic bpym and dpp 
complexes, which absorb strongly in the visible 
region and therefore have potential for photon 
absorption and energy transfer reactions, the bi- 
metallic ruthenium complexes prepared in this 
work absorb light to a lesser extent. However, 
in view of the numerous substitution reactions 
known for the monometallic MClz(bidentate) 
(M = Pt, Pd;  bidentate = phenanthroline, bipyri- 
dyl) 21 and Ru(CO).,Cl2(bidentate)16 complexes, 
we are currently investigating the substitution reac- 
tions of  C12M(bpym)Ru(CO)2Cl_, and Cl2M(dpp) 
Ru(CO),_CI2. 

Acknowledgements--The authors are grateful to the 
AUM Grant-in-Aid program for supporting this work 
and to the Chemistry Department, Tusgekee University 
for the far-IR spectra. 

cm-  J higher. In addition, three bands observed in 
the 700-800 cm - I  region for Ru(CO)_,Cl_,(dpp) 
become a single band when a second metal is added. 

Absorption spectra 

Due to the low solubility of  the bimetallic com- 
plexes in most common solvents, D M F  was used to 
obtain absorption spectra (Table 3). Some com- 
plexes are very slightly soluble in dichloromethane 
and give similar, albeit weaker, spectra to those in 
D M F  and therefore indicate the chemical stability 
of  the complexes in DMF.  

The spectrum of  Ru(CO)2Cl_,(bpym) contains 
the longest wavelength band at 2m~x = 365 nm 
(e = 1.5 x 103 M -  t cm-  ~), similar to that observed 
for Ru(CO)_,Cl2(bipyridyl) ( 2 m a  x = 354 nm, 
e = 1.2x 103 M -~ cm z)~9 and can therefore be 
assigned to the metal-to-ligand charge-transfer 
transition (MLCT) from Ru(II) to bpym(g*). Upon 
coordination to a second metal, the absorption 
maxima for the MLCT band shifts to longer wave- 
lengths ( >  ca 420 nm) as previously observed for 
other related bpym complexes. L6.8 A second weaker 
absorption occurs in the spectra of  the bimetallic 
complexes at > 620 nm and may also be attributed 
to M L C T  transitions. ~ The absorption coefficient of  
the main band for the diruthenium bpym complex is 
about twice the value for Ru(CO)zClz(bpym), with 
one ruthenium centre. The MLCT band for the 
monometallic dpp complex also shifts to higher 
wavelength in the bimetallic compounds. The 
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Abstract--The compounds [V2(p-Br)3L6]BPh4, with L = 3-methyltetrahydrofuran (1) and 
tetrahydrofuran (2), have been prepared. The crystal and molecular structures of 1 have 
been determined. The compound crystallizes in space group Cc with unit cell dimensions 
a = 18.499(3), b = 10.923(3), c = 29.619(7) A,, fl = 103.18(2) ~', V = 5827(5)/~3 and Z = 4. 
The [V2(H-Br)3(CH3C4H70)6] + ion is analogous to the [V2(/.t-CI)3L6] + cations previously 
described, but has a longer V- -V distance, viz. 3.146(4) A. The UV-vis spectrum shows a 
double spin-flip transition but it is extremely weak compared to that in the chloro analog. 
Qualitatively, this was expected because of the ca O. 16 A increase in the V--V distance, but 
the magnitude of  the decrease ( ~  5 fold) is of interest. 

Vanadium(II), face-sharing bioctahedral com- 
plexes of  the following general formula [L3V(/.t- 
CI)3VL3]+B , where L = tetrahydrofuran ~-~ or 3- 
methyltetrahydrofuran 5 and B =  1/2 Zn2CI62-, 
BPh4, or AIEt2CI£, constitute readily available 
starting materials 6-~° for entry into a wide range of 
interesting dinuclear and polynuclear low-valent 
vanadium chemistry. 

All these starting materials contain the same 
structural core, namely V(p-CI)3V in which the van- 
adium-to-vanadium distance is ca 2.98 A,; at this 
distance the two vanadium atoms show charac- 
teristic, intense, double spin-flip transitions in the 
electronic spectrum, previously observed only in 
some solid-state cases. These narrow bands appear 
at 405 and 395 nm for the tris(p-chloro)hexa- 
kis(tetrahydrofuran)divanadium(II) cation in 
CH2CI2/THF solution. 2 

As an extension of  this interesting dinuclear van- 
adium(II) chemistry we wish to report here the prep- 
aration and X-ray crystallography of a new com- 
pound in this area : [V_,(p-Br)3(3-methyltetrahydro- 

*Author to whom correspondence should be addressed. 

furan)6] + BPh4. As anticipated, the V--V'  distance 
in the new complex is longer (ca 3.1 A,) compared 
to that in the chloro analog. The intensity of  the 
characteristic double spin-flip transition in the UV- 
vis spectrum is greatly diminished for the bromo 
derivative in which the supporting ligand L = THF.  
This suggests, but does not prove that direct coup- 
ling of the V(II) centres is the predominant factor 
providing intensity for the transition. 

EXPERIMENTAL 

All operations were performed under an atmo- 
sphere of argon by using standard Schlenk tech- 
niques, a Vacuum Atmospheres Co. dry-box and a 
double manifold vacuum line. Tetrahydrofuran, 3- 
methyltetrahydrofuran and hexane were freshly dis- 
tilled from benzophenone ketyl prior to use. Solu- 
tions were transferred via stainless steel cannulae 
and/or syringes. Anhydrous VBr3 was purchased 
from Strem Chemicals Inc., and 3-methyltetra- 
hydrofuran and AIEt2(OEt) (as a 25 wt % solution 
in toluene) were purchased from Aldrich Chemical 
Company. NaBPh4 was deaerated under vacuum 
at room temperature. The UV-vis spectrum was 
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measured on a Varian 2290 spectrophotometer at 
room temperature. 

Preparation o f  [Vz(~t-Br)3(3-methyltetrahydro- 
fitran)6]BPh4 (1) 

A solution of VBr3 (0.8 g, 2.76 mmol) in 10 cm 3 
of freshly distilled 3-methyltetrahydrofuran was 
refluxed for 12 h under argon in a 50 cm 3 round- 
bottomed three-necked flask equipped with a mag- 
netic stirrer and a reflux condenser. The solution 
became deep red in colour. The reflux was stopped 
and the reaction mixture cooled to room tempera- 
ture. To this solution of VBr3(3-methyltetra- 
hydrofuran)3 in 3-methyltetrahydrofuran was ad- 
ded 5.3 cm 3 of a 25 wt % solution of AIEt2(OEt) 
in toluene via a syringe. The solution was stirred 
for 10 days at room temperature during which time 
the colour of  the reaction mixture changed from 
dark red-brown to bright green. 

This solution of  [Vz(p-Br)3(3-methyltetra- 
hydrofuran)6]AlBr2Et2 (which we believe is formed 
essentially quantitatively 3) was then filtered through 
Celite 545 (Fisher Scientific Company)  onto 
0.90 g, 2.64 mmol of  NaBPh4. The solution was 
stirred for 12 h at room temperature and filtered 
through Celite to a Schlenk tube. Freshly distilled 
hexane (25 cm 3) was carefully placed on top of 
this solution and the Schlenk tube was allowed to 
stand undisturbed for several days. Green X-ray 
quality crystals of  [V_,(~-Br)3(3-methyltetrahydro- 
furan)6]+BPh; were obtained, isolated by filtra- 
tion, washed with hexane and dried in vacuo (yield : 
1.24 g, !.06 mmol, 76.5%). 

Preparation of[V2(/~-Br)3(THF)6]BPh 4 (2) 

This compound was prepared from VBr3 (0.8 g, 
2.76 mmol) following a procedure analogous to 
that described above for [V2(it-Br)3(3-methyl- 
tetrahydrofuran)6]BPh4 (1). The yield of  the bright 
green, extremely air-sensitive product was 0.91 g 
(61%). 

Visible spectrum (THF),  2, nm (e given per mole 
of  [V2Br3(THF)6]+): 650 (11), 490 (sh) (12), 405 
(16), 395 (16.5). 

X-ray crystallography 

The unit cell determinations and collection of 
intensity data for [Vz(/a-Br)3(3-methyltetrahydro- 
furan)6]BPh4 (1) were carried out by following 
routine procedures which have been previously 
described elsewhere) ~ The intensity data were 
corrected for Lorentz and polarization effects, and 
an empirical absorption correction based upon azi- 

muthal scans of  nine reflections near Z = 90° was 
applied to the intensity data. Pertinent cry- 
stallographic data for 1 are given in Table 1. Inspec- 
tion of the Patterson function led to the inference 
that the correct space group would be Cc rather 
than C2 or C2/c, and successful solution and 
refinement confirmed this choice. 

The position of the vanadium atom in the unit 
cell of  I was determined by direct methods using the 
program M U L T A N  84. All non-hydrogen atoms 
were subsequently located by an alternating series 
of  difference Fourier syntheses and least-square 
refinements. Since the 3-methyltetrahydrofuran 
compound crystallized in a non-centrosymmetric 
space group, both enantiomorphs were refined and 
the one giving lower residuals is reported here. 

Tables of  positional and isotropic equivalent 
displacement parameters, anisotropic displacement 
parameters, observed and calculated structure 
factors as well as full lists of  bond distances and 

Table 1. Crystallographic data 

Formula 
Formula weight 
Space group 
Systematic absences 

a ,A  
b,A 
c,,~ 
/L degrees 
V, A ~ 
Z 
d~.jc (g cm 3) 
Crystal size (ram) 
/t (Mo-K,) (cm -l) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature (°C) 
Scan method 
Data col. range, 20 (deg) 
No. unique data, total with 

F,~ > 3¢r(F,]) 
Number of parameters refined 
Trans. factors, max., min. 
R" 
Rw b 
Quality-of-fit indicator" 
Largest shift/esd, final cycle 
Largest peak, e A 3 

V2Br306C54Hs0B 
1177.66 
Cc 
hkL h + k ~ 2n 
hOl, l ~ 2n 
18.499(3) 
10.923(3) 
29.619(7) 
103.18(2) 
5827(5) 
4 
1.342 
0.45 x 0.35 x 0.30 
23.897 
Enraf-Nonius CAD-4 

Mo-K~ (2 = 0.71073/i) 

25,14.92-30.26 
22 
~ - 2 0  
4 ~ 20 ~ 50 
4483 
3258 
578 
0.9990,0.9086 
0.0647 
0.0789 
1.639 
0.02 
0.72 

R = X l I F o I - - I F d / X l F o l .  

R~ = [Zw( IFo l - IF~ I )21XWlFo I~ ] ' /2 ;  w = l / ~ ( I r o l ) .  
" Quality of fit = [Zw(IFol -IFcl)21(Nob~- N o ........ )]'/-'. 
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l~c(55) 

c ( 3 2 L L . .  . c ( 5 4 ) . - . , /  

/ \c(64h ' o(5) 
c(34)~~ 3) 

°(')~c ~6_2);(65 ) 
C(21)~ ~4 I) ~ 

Fig. 1. An ORTEP drawing of the [V2Br~(3-methyltetrahydrofuran)6] + cation. Thermal ellipsoids are 
drawn at 40% probability level. 
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bond angles have been deposited as supplementary 
material with the Editor at Queen Mary College. 

RESULTS AND DISCUSSION 

An ORTEP drawing of the [V2(#-Br)3(3-methyl- 
tetrahydrofuran)6] + cation is shown in Fig. 1, which 

also defines the numbering scheme. Important 
interatomic distances and angles are presented in 
Table 2. Clearly, the general structure is similar to 
that of [V2(p-C1)3(Me-THF)6]BPh4 and other anal- 
ogous compounds. Again, by using the methyl-sub- 
stituted THF as the ligand, problems with disorder 
that usually plague structures with THF ligands are 
negligible. The key structural result--the antici- 

Table 2. Important interatomic distances (,~) and angles (~') for [V2(#-Br)3(3-methyl- 
tetrahydro furan)6]BPh4" 

V(I)--V(2) 3.146(4) V(2)~Br(I) 2.643(4) 
V(I)--Br(1) 2.634(2) V(2)~Br(2) 2.641(4) 
V(I)---Br(2) 2.642(3) V(Z)---Br(3) 2.650(4) 
V(l )--Br(3) 2.647(4) 7(2)---0(4) 2.16(1) 
V(1)--O(1) 2 .20(1)  V(2)--O(5) 2.15(1) 
V(1)---O(2) 2 .14(1)  V(2)---O(6) 2.16(1) 
V(1)--O(3) 2.12(1) 

Br(l )--V( 1 )--Br(2) 88.11 (7) Br( 1 )--V(2)--B r(3) 89.2( 1 ) 
Br( 1 )--V( l )~Br(3) 89.48(9) ar( l )--V(2)--O(4) 175.0(4) 
Br( 1 )--V(l )--O( 1 ) 87. l (3) Br( l )~V(2)---O(5) 87.7(4) 
ar( 1 )--V(I )--0(2) 175.3(4) Br( 1 )--V(2)---O(6) 95.0(4) 
Br(1)--V(I)---O(3) 93 .9 (3 )  Br(2)--V(2)--Br(3) 87.2(1) 
Br(2)~V(I )--Br(3) 87.22(9) Br(2)~V(2)---O(4) 96.3(3) 
Br(2)~V(I)---O(I) 93 .7 (4)  Br(2)--V(2)---O(5) 175.4(4) 
Br(2)~V(I)--O(2) 90. i(4) Br(2)--V(2)---O(6) 87.8(3) 
Br(2)---V(1 )---0(3) 174.6(4) Br(3)---V(2)----O(4) 88.4(4) 
Br(3)--V(I)---O(I) 176.4(3) Br(3)---V(2)----O(5) 94.4(4) 
Br(3)---V( 1 )---0(2) 94 .8 (4)  Br(3)~V(2)---O(6) 173.3(4) 
Br(3)---V(I )---0(3) 87 .8(4)  O(4)---V(2)---O(5) 88.1 (5) 
O( 1)--V(I )--0(2) 88 .7(5)  O(4)--V(2)--O(6) 87.8(5) 
O(1)~V(1)--O(3) 91 .4 (5)  O(5)--V(2)---O(6) 91.0(5) 
O(2)--V(I )--0(3) 88.3(5) V( l )~Br(l )--V(2) 73.2(1) 
ar(l)~V(2)~ar(2) 87 .9(1)  V(1)--Br(2)---V(2) 73. l(l) 

V(I )~ar(3)--V(2) 72.89(9) 

"Numbers in parentheses are estimated standard deviations in the least significant 
digits. 
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n m  

400 500 600 700 I I I I 

3(THF)~ BPh~ in T H F  

I I I 25000 20000 15000 
cm -r 

Fig. 2. Visible spectrum of the [V2Br3(3-methyltetra- 
hydrofuran)6]BPh4 molecule in the region 340-720 nm. 

two V(II) centres might be coupled indirectly 
through the bridging halide ions. In that case the 
effect of  replacing CI- bridges by Br- bridges would 
be hard to anticipate, since we know of no empirical 
or theoretical criterion for predicting which one 
would provide the more efficient coupling. 

If the spectrum in Fig. 2 is compared with those 
in Fig. 2 of ref. 2 (for the [V2CI3(THF)6] + ion), it is 
clear that all observations are consistent with the 
assignment proposed and with the expectation that 
a larger V(II).--V(II) separation would lead to 
weaker coupling. Since we had no prior idea as to 
how sensitive the intensity might be to the distance, 
there was the dismaying possibility that the experi- 
ment might he fruitless as a result of the transition 
disappearing altogether. Fortunately, this did not 
happen ; the decrease is by about a factor of five for 
the ca 0.16 A. increase in the V- -V separation. As 
can be seen, however, the energy is essentially 
unchanged and the bands are still extremely narrow, 
as befits a transition in which electrons retain the 
same orbital quantum numbers. 

pation of which constituted the main reason for 
conducting this study--is that the V to V distance 
is appreciably greater than that in the previous tt- 
CI compounds. For the latter, the distances were all 
2.98-2.99 A,, whereas in the present case, because 
of the greater size of  the bridging atoms, it is 
3.146(4) A,. 

All attempts to prepare [V2Br3(THF)6]_, 
ZnzBr6, as an exact analog to the chloro com- 
pound that was the point of departure t for our 
work in this area, failed. Reduction of VBr3 
(THF)3 with Zn in refluxing THF gave only a 
brown-black amorphous solid that could not be 
characterized. The bromo compounds appear to 
be much more sensitive to oxygen than the chloro 
analogues. They become pink (V(III)?) immediately 
on exposure to air. 

The main point of interest in studying the bromo 
cations, [V2Br3L6] +, with their longer V to V dis- 
tances as compared with the chloro analogue, was 
to test our previous proposal-' that a strong, sharp 
doublet at ca 25,000 cm- ~ was due to a double spin- 
flip transition occurring in the coupled pair of the 
d 3 V(II) ions. Our reasoning was that an increase in 
the V to V distance would lessen the coupling if it 
were based on direct V(II). - .V(II) interaction, and 
that this should have the effect of reducing the inten- 
sity of the transition while not affecting either its 
position or its breadth significantly. Of course, the 

Acknowledgements--We thank the Robert A. Welch 
Foundation (Grant No. A-494) for support. SAD thanks 
the Cleveland State University Research Challenge Pro- 
gram approved by the Ohio Board of Regents for partial 
support of this work. 

REFERENCES 

1. F.A. Cotton, S. A. Duraj, M. W. Extine, G. E. Lewis, 
W. J. Roth, C. D. Schmulbach and W. Schwotzer, J. 
Chem. Soc., Chem. Commun. 1983, 1377. 

2. F. A. Cotton, S. A. Duraj and W. J. Roth, Inor 9. 
Chem. 1985, 24, 913. 

3. F. A. Cotton, S. A. Duraj, L. E. Manzer and W. J. 
Roth, J. Am. Chem. Soc. 1985, 107, 3850. 

4. R. J. Bouma, J. H. Teuben, W. R. Beukema, R. L. 
Bansemer, J. C. Huffman and K. G. Caulton, Inorg. 
Chem. 1985, 24, 2715. 

5. J. A. Canich, F. A. Cotton, S. A. Duraj and W. J. 
Roth, PoO,hedron 1987, 6, 1433. 

6. F.A. Cotton, G. E. Lewis and G. Mott, lnorg. Chem. 
1982, 21, 3316. 

7. F. A. Cotton, S. A. Duraj and W. J. Roth, Inor 9. 
Chem. 1984, 23, 4113. 

8. F. A. Cotton, S. A. Duraj and W. J. Roth, Inor#. 
Chem. 1984, 23, 4042. 

9. F. A. Cotton, S. A. Duraj, W. J. Roth and C. D. 
Schmulbach, hTory. Chem. 1985, 24, 525. 

10. R. J. Bansemer, J. C. Huffman and K. G. Caulton, 
J. Am. Chem. Soc. 1983, 105, 6163. 

11. See, for example, A. Bino, F. A. Cotton and P. E. 
Fanwick, Inor 9. Chem. 1979, 18, 3558. 



Poll'hedron Vol. 7. No. 9, pp. 741-745, 1988 0277 5387/88 $3.00+.00 
Printed in Great Britain ~, 1988 Pergamon Press pie 

NOVEL POLYMERIC COMPLEXES OF 
RHODIUM(1)-COBALT(II) AND 

4,4'-DIISOCYANOBIPHENYL 
WITH GOOD ELECTRICAL CONDUCTIVITY 

S. A. LAWRENCE* and K. A. K. LOTT" 

Department of  Chemistry, Brunel University, Uxbridge, Middlesex UB8 3PH, U.K. 

and 

I. FEINSTEIN-JAFFEt  

Department of Materials Science, The Weizmann Institute of Science, 
Rehovot, Israel 76000 

(Received 24 September 1987 ; accepted after revision 13 January 1988) 

Abstract--The synthesis, spectroscopic analysis and unit cell dimensions of a novel mixed 
metal cobalt(II)-rhodium(I) organometallic polymer containing 4,4'-diisocyanobiphenyl 
and thiocyanide ligands are reported. The electrical resistivity of the polymer was found to 
be dependent upon the percentage of Co(II) (by mass) incorporated into the product and 
reaches a limiting value of 200 f2 cm. Preliminary trials indicate that this type of material 
may be potentially useful as electrodes in glycol/air fuel cells. 

Polymeric organometallic complexes of  the stereo- 
rigid, bidentate ligand 4,4'-diisocyanobiphenyl 
have previously been prepared for rhodium, t'2'3 
iridium, 2 palladium and platinum, 4"5 copper 6 and 
chromium, molbdenum and tungsten. 7 All of these 
complexes are electrical semiconductors with elec- 
trical resistivities in the range 4 x 1 0  9 to 5 × 1 0  5 

cm (found for the complexes, copper(I) bis-4,4'- 
diisocyanobiphenyl hexafluorophosphate 6 and the 
hexagonal structural modification of rhodium(I) 
bis-4,4'-diisocyanobiphenyl chloride, g respectively). 
It is assumed that in the hexagonal and tetragonal 
structural modifications of  the rhodium(l) com- 
plexes of diisocyanobiphenyl [see Figs l(a) and 
1 (b)], electrical conductivity is facilitated through 
7r-bonded, conjugated ligand bridges between metal 
centres, in addition to one-dimensional extended 
R h - - R h  interactions, g The rhodium ions contained 
in this complex have been shown to be well dis- 

* Author to whom correspondence should be addressed. 
Present address: Development Dept, Johnson Matthey, 
Jeffreys Road, Enfield, Middlesex EN3 7PW, U.K. 

t Present address: Radiopharmaceuticals, Soreq 
Nuclear Research Centre, Yavne, Israel 70600. 

(b) 

. 5 )  L .O 
L--O'" 

ol ,o...o 
Fig. 1. Unit cells of (a) hexagonal and (b) tetragonal 
rhodium(I) bis-4,4"-diisocyanobiphenyl chloride poly- 
mers, O = rhodium(I) ions ; - - L - -  = bidentate bridging 

ligands (CI- ions not shown). 
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persed within the organic ligand matrix and to pos- 
sess moderate catalytic activity. 9~° However, to 
date, the relatively high resist~vities of these com- 
plexes have precluded their application in electro- 
catalytic devices, where good conductivity is 
required in addition to proven catalytic activity. 
Initial attempts to prepare a more highly conductive 
material by doping the rhodium polymer with Pt(0) 
bis-4,4'-diisocyanobiphenyl in order to create 
mixed R h - - P t - - R h - - P t  chains have proved unsuc- 
cessful, because of incompatability of  the two 
different polymer structures. However, it has been 
found possible to incorporate Co(II) ions into the 
rhodium polymer, and electrical resistivities as low 
as 200 f~ cm are reported here for the first time, in 
this type of compound. 

EXPERIMENTAL 

The addition of  a solution of 4,4'-diisocy- 
anobiphenyl ~' in tetrahydrofuran/diethyl ether 
(50/50 v/v) to a mixed solution of  tetracarbonyl di- 
/a-chloro dirhodium ~ 2 and dithiocyanato cobalt(II) 
in the same solvent, resulted in the precipitation of 
a black granular material that was found to contain 
Rh(I) and Co(II) in the exact ratio as which they 
had been added to the original solution. For 
example, addition of excess 4,4'-diiso- 
cyanobiphenyl, L, (1.6 g) to a well stirred solution 
of tetracarbonyl di-/~-chloro dirhodium (0.615 g) 
and dithiocyanato cobalt(II) (0.0977 g, BDH, 88% 
purity) in tetrahydrofuran/diethylether (50 cm 3, 
50 : 50 v/v) resulted in the immediate precipitation 
of a black material (2 g). Found:  C, 58.4; H, 3.1; 
N, 9.7; S, 1.8%. Calc. for RhlTCO3L37(SCN)rCII7 : 
C, 58.6; N, 9.6; S, 1.8%. Analysis of  this material 
by powder X-ray diffractometry (Phillips PW 1710) 
showed it to contain diffraction patterns cor- 
responding to two different crystalline phases. The 
first set of lines was found to match exactly with the 
d spacings reported in the literature for the tetra- 
gonal structural modification of  rhodium(l) bis- 
4,4'-diisocyanobiphenyl chloride t (a = b = 15.15, 
c = 3.42 ~,  ct = fl = y = 90°); however, the second 
set of d spacings did not match with any of the stan- 
dard patterns reported for 4,4'-diisocyanobiphenyl 
metal complexes and constituted a new phase. 
Analysis of  the diffraction pattern by Ito's method ~ 3 
gave a triclinic unit cell with the best fit parameters ; 
a = 29.21, b = 27.80, c = 7.82/~, ~ = 81,/~ = 81.95, 

= 90 °. Lines corresponding to this new phase have 
been identified in powder X-ray diffraction patterns 
of all of the mixed Co/Rh polymers prepared, with 
the relative line intensities increasing with the pro- 
portion of cobalt(II) contained in the product. At 
a composition of  50% Co to 50% Rh in the 

complex, only lines corresponding to this new phase 
were observed in the powder X-ray diffractogram. 

Comparison of  the unit cell parameters for the 
new Co/Rh polymer phase with the previously 
reported tetragonal rhodium bis-4,4'-di- 
isocyanobiphenyl chloride phase shows that only a 
small distortion from tetragonai symmetry is 
required to create the triclinic unit cell found for 
the mixed rhodium-cobalt  polymer. Almost 
undoubtedly, it is the substitution of  
Co(SCN)2" ½L2 units for RhL4C1 units in the poly- 
mer that gives rise to this triclinic distortion. 

RESULTS AND DISCUSSION 

The relative ease of substitution of 
Co(SCN) 2" 1L2 into the solid state of the tetragonal 
rhodium polymer suggests that, like [RhL4]+, the 
Co(II) species formed in co-precipitation will have 
a square planar rather than a tetrahedral geometry. 
Evidence for the approximate square planar 
geometry of Co(II) in the novel polymer phase here, 
comes from the results of  electron paramagnetic 
resonance spectroscopy (EPR) and diffuse reflec- 
tance UV-vis spectroscopy. Figure 2 shows the EPR 
spectra (Varian EPR3) of (a) Co(SCN)2" ½L2 (pre- 
pared by the above method, but in the absence 
of tetracarbonyl di-/~-chloro dirhodium) and (b) 
freshly prepared Rh 17C03L37(SCN) 6fit  7" nH20. 
The spectrum shown in Fig. 2(a) shows a single 
peak at 9 = 2.0574 (no hyperfine splitting), that is 
attributed to the presence of tetrahedral Co(II) d 7 
ions in the solid state of  Co(SCN) 2" ½L2. In contrast 
to Fig. 2(a), the spectrum in Fig. 2(b) shows a total 
of twelve lines that are attributed to the presence 
of two overlapping eight line multiplets (for 59Co 
I = 7/2). Consideration of published EPR spectra 
for Co(II) phthalocyanines ~4 and Co(II) carbonic 
anhydrase ~ 5 led to the assignments ; 9, ~ 2, A, = 67 
G, 9± = 2.112 and A± = 85 G being given to the 
EPR spectrum in Fig. 2(b) (9, and Y± are the par- 
allel and perpendicular 9 factors and A, and A ± are 
the parallel and perpendicular hyperfine coupling 
constants). These values are indicative of Co(II) in 
square planar or square pyramidal geometry with 
a d~2 electronic configuration ~ 6 (i.e. 
9± > 9 ~ 2.0023 and A± > All ). The fact that 59Co 
hyperfine splitting is detected at all in cobalt(II) 
complexes of  this type at room temperature is in- 
teresting and shows that the Co 2+ ions contained 
within the solid state of  this material must be re- 
latively well dispersed. Lastly, in connection with 
Fig. 2(b) it should be noted that the two EPR 
adsorption peaks of  low intensity reported for the 
tetragonal form of rhodium bis-4,4'-diiso- 
cyanobiphenyl chloride 8 are not seen here and are 
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complex, s The observation that the Co(II) con- 
tained in the mixed metal complex here occupies 
sites of  similar geometry to Rh(I) in the solid state 
is intriguing and the possibility arises that under 
certain conditions the unpaired electron spin on 
the Co(II) ions may delocalize along established 
R h - - R h  chains and/or along the n-conjugated 
ligand bridges. Results of  electrical resistivity 
measurements carried out upon polycrystalline 
samples of these materials in a specially designed 
low-pressure measurement cell t 7 are given in Fig. 3 
and show the mixed rhodium/cobalt polymers to be 
semiconductors, with the overall electrical res- 
istivity decreasing markedly with increasing cobalt 
content in the product (up to a maximum of  50% 
Co : 50% Rh for this type of  phase). The low elec- 
trical resistivity of these materials was, however, 
found to be time dependant and was lost to an 
extent upon standing in air at room temperature. 
For  example, the low resistivity of  a sample of  poly- 
mer containing 5% cobalt (to 95% rhodium) was 
found to be stable for several months, but the lowest 
resistivity of  200 f~ cm measured on a polymer 
containing 50% cobalt (to 50% rhodium) was lost 
after only 90 min. 

The line intensities of  the EPR spectra and pow- 
der X-ray diffraction patterns of these materials 
were also found to be time dependent and dropped 
in intensity on standing in air at room temperature. 
These results would seem to indicate that the good 

Az :85G g~:2.1112 

I i I A~=67G (dashed line indicates 
missing peak position) 

Fig. 2. EPR spectrum of (a) Co(SCN)2"-~L2 at room 
temperature and (b) freshly prepared 

Rh t 7C03 L 37(SCN) 6C117 •nH 20 at room temperature. 

most probably hidden beneath the strong Co(II) 
signal. 

The presence of one-dimensional chains of rho- 
dium(I) ions with extended R h - - R h  interactions 
have already been identified in this type of  

iO B 
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g 
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J , /  
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Percentage of Co (n) ions in 
Rh (Dion sites 

Fig. 3. Plot of resistivity against rhodium/cobalt polymer 
composition. The dotted line shows the resistivity that 
would be expected for a physical mixture of the com- 
ponent rhodium and cobalt polymers only, in the absence 

of the new phase. 
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electrical conductivity found in these complexes 
originates from the presence of a novel phase in the 
solid state of the polymers. , 

Diffuse reflectance UV-vis spectra recorded for 
samples of Rht 5Co5L35(SCN),0ClI 5" nH20 before 
and after loss of the metastable phase, are shown 
in Figs 4(a) and (b), respectively. The absorption 
peak at 900 nm in Fig. 4(a) arises from an 
a ,# (d : ) - - . a2 , (p . ,Tz* )  transition shifted from 520 
nm because of the presence of extended rhodium- 
rhodium interactions. 's In Fig. 4(b) this peak is 
shifted to a shorter wavelength and is of reduced 
intensity. The position and intensity of this peak 
are related to the extent of electronic conductivity 
of the diisocyanide complexes of this type. 2 The 
results here indicate that rhodium-rhodium 
extended interactions in the aged rhodium/cobalt 
polymer are far less extensive than in the freshly 
prepared material. The absorption peaks at 700 and 
1230 nm in Figs 4(a) and (b) are attributed to 
electronic transitions originating from Co(II) ions 
in square planar symmetry, ,9 present in the solid 
state of this material. The decrease in the intensity 
of these two peaks upon ageing, is accounted for 
in terms of a structural rearrangement occurring 
within the material that results in Co(II) ions mov- 
ing out of square planar geometry. A new absorp- 
tion band at 300 nm found in the spectrum of the 
aged polymer, is attributed to a a ~ a* transition 

(a) 

L I I 
500 1000 1500 

WaveLength into) 

Fig. 4. Diffuse reflectance UV-vis spectra of (a) feshly 
prepared Rh~TCo3(SCN)rL37CltT.nn20 (p=600 f~ 
cm) and (b) the same sample after standing in air for 

6,000 h (p = 50,000 fl cm). 
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within a Co(III)--Co(III) (d:2-d::) bond -'° and is 
consistent with the above proposal. 

Analysis of samples of the freshly prepared and 
aged polymer Rh 15CosL35(SCN) t 0Clt 5" nH20 by 
ESCA. (Kratos ES300 spectrometer with radiation 
at 1468.6 eV) confirmed the appearance of Co(III) 
within solid samples of the aged polymer, but inter- 
estingly failed to detect the presence of Rh(II) (sen- 
sitivity limit ca. 1% by weight of the total sample 
mass), precluding the formation of Co(III)--Rh(II) 
bonds within this system. 

Evidence obtained from powder X-ray diffrac- 
tion studies carried out on samples of freshly pre- 
pared and aged samples of the novel Co/Rh poly- 
mer showed that the materials contained two 
distinct structural phases. As the polymer pre- 
cipitates immediately on addition of the ligand solu- 
tion to the metal solution, two possibilities exist : 

(i) A uniform polymer is produced in which there 
is a random occupation of metal sites by Co(IIL 
the occupancy varying as the proportion of 
cobalt in the original mixture. 

(ii) A doped polymer of approximately constant 
composition is precipiated first, followed by an 
undoped polymer that removes all of the rhodium 
from solution. 

In this instance it is thought that (ii) but not (i) 
would give rise to two sets of diffraction patterns. 
If this assumption is correct then the observed vari- 
ation in conductivity can only be caused by particles 
of a conducting Co/Rh polymer embedded in a less- 
conductive matrix. 

The experimental results of powder X-ray 
diffraction, electron paramagnetic resonance, 
diffuse reflectance UV-vis spectroscopy, ESCA and 
electrical conductivity measurements are thus best 
rationalized on the basis of adjacent Co(II) ions 
undergoing a kinetically slow dimerization to form 
Co(III)--Co(III) bonded species that result in the 
loss of the metastable paramagnetic phase (ident- 
ified here as being responsible for the good con- 
ductivity found in the mixed rhodium/cobalt poly- 
mers). This type of dimerization by oxidative- 
addition of Co(II) has been reported for cobalt(II) 
tetramethyl isocyanide in solution, 2~ but until now 
has not been reported to occur in the solid state. 
Obviously, the dimerization of Co(SCN)2" ½L2 
here, becomes increasingly favourable with increas- 
ing cobalt(II) concentration in the solid state of the 
polymer, as the likelihood of finding two adjacent 
Co(II) sites increases. 

In response to a recent report on the use of poly- 
nuclear metal complexes in the fabrication of bat- 
tery electrodes, 22 it was decided to investigate the 
potential of the novel cobalt/rhodium polymers 
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Resistivity Rest voltage Current density" 
Electrode material (p) (~ cm) E0 (mV) at 10 mV (/~A cm-2) 

Co(SCN)2" ,tL2 
RhL2CI (tetragonal form) 
Rh 17C0 3L 37(5CN)6Cl 17" nH20 
Rh 15Co 5L3 dSCN) 10Cl t 5 "nH 20 

5 × l09 10.4 0.05 
1 × 107 41.3 1.60 
2x 103 168.2 2.51 

6.5 x 102 465.2 3.58 

Measured over 90 min continuous operation. 

described here as fuel cell electrodes. The ethylene 
glycol/air fuel cell was chosen for investigation here, 
because of its good operating performance at room 
temperature 23 and because of  the good activity of  
rhodium(I) bis-4,4'-diisocyanobiphenyl in alcohol 
disproportionation reactions, t° Here, the fuel cell 
used was constructed according to the design of 
Qiu 24 and used a disc of  highly orientated pyrolytic 
graphite (H.O.P.G.) as an air electrode, and an 
electrolyte solution of 3.5 M ethylene glycol to 7.5 
M potassium hydroxide (both in distilled water). It 
can be seen (Table 1) that the performance of  the 
organometallic polymers of  cobalt and/or rhodium 
as fuel cell electrodes is clearly related to their solid- 
state resistivity, with high cobalt, low resistive 
phases giving the best results (the low current den- 
sities are a reflection of  the low surface porosity of  
the polymers in the form of  compressed pellets). 
The results of  the experimental trials conducted 
here are encouraging and indicate that it may be 
possible to prepare commercially viable fuel cell 
electrodes out of  metal aryl diisocyanide systems 
provided that stable polymers with good con- 
ductivity and catalytic activity can be synthesized. 

Further research work with the aim of achieving 
this objective is currently being undertaken. 
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Abstract--The SQUAD II program has been used to determine the formation constants of 
the serinehydroxamate (SX-)  complexes of iron(Ill) at I = 0.15 M NaCI and T--- 25°C. 
The data were obtained from a spectrophotometric study in the wavelength range 400--600 
nm and pH range 2.24-9.00. Stopped-flow kinetic data were also obtained in the wavelength 
range 350-480 nm (I = 0.15, T = 25°C) and the pH range 1.2-4.2. The kinetic data con- 
formed to the equation 

kob s = .4 + BTsx, 

where Tsx is the analytical concentration of  SX and the parameters A and B are pH 
dependent. A mechanism was proposed to account for the kinetic result in which the species 
(SX- : Fe 3+ : H +) 1 : 1 : 0 and 1 : 1 : 1 are the sole complexes formed. 

In recent years considerable attention has been 
given to hydroxamates and their metal complexes 
due to their chemical and biological importance. 2-6 
The only hydroxamates which exist in nature are 
the di- and trihydroxamates. They have a high 
affinity to iron(Ill). These siderophores may help 
to carry iron through metabolic channels to the 
needed biological molecules such as porphyrins and 
enzymes. It has also been reported that some low 
molecular weight monohydroxamate complexes of 
iron(III) catalyse the iron exchange from its sider- 
ophores to another polydentate ligand such as 
EDTA. 7 

Although the equilibrium reactions of  mono- 
hydroxamates with several metal ions have been 
the subject of many reports 4~ in the last two 
decades, only a few have dealt with the kinetics 
of these reactions. 8-'° In this work we report the 
equilibria and reaction kinetics of  the binary sys- 
tem Fe(III)-serinehydroxamic acid (SX). 

* For part III, see ref. 1. 
#Author to whom correspondence should be addressed. 

EXPERIMENTAL 

A stock solution of  iron(Ill) chloride (Merck) 
was prepared with an equivalent concentration of 
HCi (not less than 0.5 M). It was freshly sub-diluted 
for kinetic runs and equilibrium studies. A stock 
solution of  serinehydroxamic acid (i> 99% Sigma) 
was freshly prepared by weighing the solid and dis- 
solving in triply distilled water. The ionic strength 
was kept constant at 0.15 M NaC1. The concen- 
tration of Fe(III) was checked compleximetrically 
as previously described, ii 

Measurements of pH were carried out using a 
Radiometer pH-meter type-63 equipped with a 
combined glass electrode type GK-2311C. The pH- 
meter was calibrated by the two buffers procedure 
in the pH range used. The hydrogen ion con- 
centration was taken to be 10 -pH. 

Spectral measurements were made using a 
Shimadzu 160 spectrophotometer in the wave- 
length range 300-600 nm. The spectral and pH 
measurements were recorded at room tem- 
perature (25.0 + 1 °C). 
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Kinetic measurements were performed using a 
Union Giken stopped flow reaction analyser RA- 
401, interfaced with a RA-4~I data processor and 
a RA-115 rapid scan attachment. The temperature 
in the mixing unit was controlled at 25°C by a Grant  
circulator. The kinetic data were processed by the 
Guggenheim method program. At least an average 
of ten kinetic runs (for a set of  experimental con- 
ditions) were carried out in the wavelength range 
350-480 nm. The calculated rate constants were 
fitted to. the experimental kinetic data. The kinetic 
experimental procedure was to keep the pH of the 
iron(Ill) chloride low (1.5-2.0) to avoid iron(Ill) 
polymerization and hydrolysis at higher pHs, and 
only to change the pH of the SX solutions. It is 
assumed that in the stopped-flow mixing, the 
required pH was equilibrated in microseconds. The 
concentration of iron(Ill) was kept constant 
at 2.0 x 10 -4  M for the kinetic study and in the 
range (1.0--4.0) l 0  -4  M for the equilibrium study. 
The ligand concentration was varied between 
3.0 x 10 -3 and 10 x 10 -3 M for the kinetic study 
and between (3.0-8.0) 10 -3 M for the equilibrium 
study. 

RESULTS AND DISCUSSION 

(i) Equilibrium study 

The addition of serinehydroxamate to a solution 
of ferric ions gave a reddish-brownish colour show- 
ing as usual the effect of hydroxamates grouping as 
a iigating entity for Fe 3+. The spectra as function 
of pH for fresh solutions are shown in Fig. 1. They 
are similar to a large extent to spectra of  other 
Fe(III)-aminohydroxamic acids systems.t'8'tt The 
band at ~ 490 nm shifts to a shorter wavelength 
with an increase in intensity as the pH increases, 
until pH 7. A decrease in intensity occurred at 
pH > 7. The spectra of fresh as well as overnight 
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Fig. 1. The spectra of the Fe(III)-SX system at different 
pH for the fresh solutions. 
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solutions are similar in pattern but slightly different 
in intensity especially in the pH range 2.5-6.0 ; being 
a little lower in the case of  the overnight spectra. The 
SQUAD II program has been used to determine 
the formation constants of  the species in fresh and 
overnight solutions. Table 1 lists their values under 
the experimental conditions used. It seems that the 
fresh and overnight solutions gave almost similar 
species with approximately equal formation con- 
stants. It is interesting, however, that in fresh solu- 
tions of the species 3 : 1 : 3 (SX- : Fe 3+ : H +) was 
replaced by a dimeric species i :2 :  1. This con- 
clusion may indicate the slow formation of poly- 
merized products with time. This has been observed 
in the Fe3+-AX and Fe3+-HX systems (AX = 
acetohydroxamic acid and HX = histidinehydrox- 
amic acid). I It is also interesting to note that 
most of the species are protonated, designating 
the non-involvement of the amino group in 
ligation with Fe(III). The proton is presumed to 
be located on the amino group. Although the 
magnitude of the formation constants is compar- 
able to those of  other pertinent systems (Table 
1), the species are not totally identical under the 
same experimental conditions. The distribution 
of  the species for the fresh solution equilibria as 
function of pH for the Fe(III)-SX system is 
shown in Fig. 2. 

(ii) Kinetic stud), 

One rate step in the millisecond time range was 
observed in the kinetic study of the reaction of 
Fe(III) with SX in the pH range 2.0-4.2. It is com- 
parable to that which occurred in the Fe(III)-GX t~ 
and Fe(III)-MX 8 systems (GX = glycinehydrox- 

100 i i i i i 

80 

~L2 

+ol ,,, 

N 

Io 

0 
3 4 5 6 7 8 

pH 

Fig. 2. The distribution diagam of the Fe(III)-SX system 
as a function of pH. 
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Table 1. Summary of the overall formation constants of Fe(III)-SX (GX or MX) LpMqHr 
[L = ligand, M = Fe(lll)] at I = 0.15 and 25°C and other pertinent constants 
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Stoichiometric log [3p,lr ( + a)" 
coefficients Fresh Overnight 

L p q r solution solution 

Wavelength range, 
No. of wavelengths, 

No. of solutions, 
pH range, ref. 

SX- 1 0 I 9.121(0.005) b 
I 0 2 15.930(0.005) h 
1 1 1 16.26(0.02) 16.07(0.04) 
2 1 2 31.43(0.05) 31.26(0.02) 
3 1 3 44.62(0.17) 
2 1 0 20.75(0.10) 19.59(0.18) 
1 1 - 1 8.06(0.08) 7.23(0.12) 
1 2 1 - -  19.76(0.07) 

GX - 1 0 1 9.55 
1 0 2 17.15 
1 I 0 14.14 
I 1 1 17.30 
2 1 0 22.72 
2 1 1 28.94 

MX - 1 0 1 9.033 
I 0 2 15.803 
1 I 0 12.73 
1 1 1 16.26 
2 1 °1 26.12 
2 1 2 30.94 
3 2 0 38.24 

OH - 0 1 - 1 - 3.05 
0 1 - 2  -6.31 
0 0 - 1 13.76 

400-600 nm, 21 
.19, 2.24-9.00, 

This work 

ReE 11 

R e E  8 

Ref. 8, 12 

"The standard deviation in absorbance data did not exceed the 5.50 x 10 - 3  absorbance unit. 
b Obtained from potentiometric study using the SUPERQUAD program. 

amic acid and M X  = me th ion inehyd roxamic  so 

acid). However ,  the slow steps observed in the 
la t ter  systems were not  observed in the current  
system. Similar ly,  this step may  be a t t r ibu ted  to ,~ 
the fo rma t ion  o f  metal  chelates with the l igand. 

F igure  3 shows the dependence  o f  the observed ~ 
pseudo- f i r s t -o rder  rate  cons tant ,  kobs, on bo th  pH ~ 3o 

and Tsx (Tsx >> TFe). This  system did not  behave o ~ 
like the F e ( I I I ) - G X  and  F e ( I I I ) - M X  systems. The ~, 
rate increased as the pH,  as well as Tsx, increased.  ~ ~o 
At  a given pH,  the rate cons tan t  is a l inear  funct ion 
o f  Tsx. F igure  4 shows this dependence  at interp-  g 
o la ted  values o f  pH which were ob ta ined  f rom Fig. 
3. Empir ica l ly  the curves are represented by the ,c 
fol lowing equa t ion  : 

kobs = A i +  BiTsx (1) 

where A~ and B~ are the intercepts  and  slopes o f  the 
l inear plots  shown in Fig. 4 ;  their  values are pH-  

O 0  

i i i 

TFe = 2 x 1(5 4 M / 
TSX x 10 3 M / /  
o 3.0 / 
• 4.0 • 

6-0 
• 8.0 o 
o I0,0 • 

o 

p H  

Fig. 3. The dependence of kobs on Tsx and pH. 
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im 

c 
o 

8 

O 

0 5 10 15 

TSX x 10 3 M 

Fig. 4. The plot Ofkob ~ as  a function of Tsx at interpolated 
pH values. 

L. J. HAYAT et al. 

dependent (Table 2). The dependence of A on pH is 
irregular while that of  B is a mono ton ic  increasing 
function.  

The i ron(I l l )  solut ion exhibits several aquated 
chloro species imposed by the experimental  
condi t ions  used in this study. They are of the 
form Fe(OH)iCI,, i(H_,O)~ ,, i. Dimeric forms are 
excluded since the pHs were usually in the range 
of 1.5-2.0 and also due to the presence of a high 
concent ra t ion  of chloride ions (Table 1). The mixed 
equil ibrated pH was in the range ~ 1 .04.2 .  Due to 
the presence of a high concent ra t ion  of the ligand, 
polymerizat ion and /or  hydrolysis of  i ron(I l l )  were 
prohibited.  One should expect that these processes 
are slow and may not  be observed in the millisecond 
time range. Al though this may be true, no slow 
processes have been observed. On the other hand,  
SX shows only one species, the d ipro tonated  
SXH~,  Table  1. 

The interaction of the Fe(III) species with the SX 
species can be summarized in Scheme 1 : where k~ 
and k , are the forward and backward rate con- 

stants and K~OH, K~_OH and KHC are the first and 

Table 2. The dependence of A, and B~ on pH and their pertinent quantities 

pH Ai(s I) A i x ( H + ) x  103 B i x  10 -'(s I M- I )  ( B i x Q , / 2 o )  x l0 4 

1.80 3.0 47.4 4.40 0.0470 
2.00 3.8 38.0 4.40 0.0480 
2.40 4.4 17.5 5.00 0.0630 
2.60 4.0 10.0 8.60 0.123 
2.80 4.6 7.27 10.0 0.776 
3.00 4.6 4.60 13.2 0.314 
3.20 4.0 2.52 18.0 0.655 
3.40 4.0 1.75 22.4 1.42 
3.60 5.0 1.26 26.5 3.27 
3.80 6.4 1.01 30.9 7.80 
4.00 7.6 0.860 35.4 20.8 
4.20 10.4 0.656 37.6 51.9 

Fe3+  + S X  H2 + ~- Fe S X  H 3+ + H + ; k l  , k _ l  

F H 2+ + SX H~ Fe SX H 3÷ + 1"t20 ; k2 , k-2 

FeOH~ + SX H2 + " Fe SX H 3+ + OH- + H20: k3 , k-3 

lr 
Fe 3÷ + SX H~ Fe SX + 2H ÷ ; k4 . k-4 

FeOH :+ + SX H~ Fe SX + H + + H20 ; ks , k-s 

FeOH~" + SX H~- Fe SX + 2H20 ; k6 , k-6 

Scheme 1. 
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second hydrolysis constants  o f  Fe 3+ and the depro- 
tonat ion constant  of  Fe SXH 3+, respectively. 

At fixed pH, the rate equation is as follows : 

Q,d(FeSX) /d t  = [(Tw-(FeSX)Q,) /Q,_]  

x [TsxQ3~o]-[(FeSX)Q4] (2) 

where 

~o = ( H + )2 /( ( H + )2 + KIh( H + ) + KIhK2h) 

(K~h and K_,h are the stepwise deprotonat ion  con- 
stants o f  the species SXH +) 

Q, = ((H+)/KHc)+ 1, 

Knc = (FeSX2+)(H+)/(FeSXH 3+) 

Q2 = I + KIoH(/H+)IKIoHKzoH/(H+) 2 

[where K~oH and K2ou are the first and second 
hydrolysis constant  o f  iron(III)] 

Q3 = kl + k2KIon/(H + ) + k3KionK,_ou/(H + )2 

+ k4 + k~KIoH/(H + ) + k6KionKzoH 

and 

Q4 = (k 3K,,/KHc.)+k ¢,+(H+)(k 2/KHc+k 5) 
+(H+)2(k  i /KHc+k 4), 

(K,, is the ionic product  o f  water, Table 1). 
The integrated form of  eq. (2) is 

In[FeSX),./(FeSX),.  - (FeSX) , ]  = kt (3) 

where (FeSX) ,  and (FeSX), are the concentrat ion 
o f  the species at infinite time and time t (both are 
directly propor t ional  to the change in absorbance 
at a given wavelength), and k is identical to the 
observed rate constant  

kob~ = Q4/Q. + Q3 Tsxoq,/Q2 . (4) 
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Now from eqs (1) and (4) one should expect that 
Ai is equal to Q4/Qt and Bi is equal to Q3oco/Q2. If  
A~ is multiplied by Q~, and B~ by o¢o/Q,_, one gets the 
following equations : 

Ai[((H+)i/Kvtc)+ 1] = ( k _ 6 + k  3Kw/KHc) 

+ (k_ 2/HHc + k _ 5)(H +)i + (k.. I/KHc + k 4)(H + )i 
(5) 

and 

B~Q2/~,, = (k~ + k4) + K,oH(k2 + ks)/(H +)~ 
+ KtouK2ou(k3+k6)/(H+)~. (6) 

The plot o f  A(H +) vs (H +) was linear. This indi- 
cates that (H+)/KHc should be much greater than 
one. The intercept and slope are (5.97_+2.59) x 
10 4 and (3.81+0.08),  respectively. The inter- 
cept corresponds to (k 6KHc+k_ 3 K w )  and the 
slope to (k 2 + k  .~KHc). On the other hand, 
the plot o f  B~Q2/~o vs (H +) ~ is quadratic with 
the coefficients (k~+k4) = (1.03+0.74)  × 103, 
KtoH(k2 + k~) _~0 and [KioHK2oH(k3 + k6)] = (2.10+ 
0.02) × 10 -3. Table 3 summarizes the micro-rate 
constants  obtained in this work if some approxi- 
mations are made, which are shown in footnote  
a o f  the table. 

One may conclude that the reactions (a), (c), (d) 
and (f) in Scheme 1 are significant in the formation 
of  the 1 : 1 : 1  and I :  1 :0  species ( S X - : F e  3+ :H+) .  
However,  this conclusion does not agree with that 
obtained from the equilibrium study. Other  mech- 
anisms have been tried, to include other species such 
as 1 : 1 : - 1 and 2 : 1 : 2 .  Unfortunately,  they were 
not compatible with the kinetic data. This has been 
rationalized on the basis o f  the fact that the data 
is not  quadratically dependent on Tsx. There is, 
however, a possibility that the formation of  2 : I : 2 

Table 3. Summary of the rate constants and equilibrium constants 
and their magnitudes obtained in this work 

Equilibrium 
Rate constant Magnitude" constant 

ku k t ~ 103, < 1 >> 10 3 

k2, k 2 < 1,3.8 < I 
k3, k -3 4.3 × 103 , 3.4 x 10 I° 1.3 × 10 7 
k4, k 4 ~ 103 , < 1 >> 103 
ks, k s < 1,7.6 x 103 < I 
k,, k ,J' 4.3 x 103, 1.2 3.6 X 10 3 

"In evaluating the rate constants, the assumption was made that 
one term in the combined expression of the micro-rate constants 
extracted from eqs (5) and (6) is equal to zero with respect to the other 
and vice t,ersa. 

~'pKm. was estimated to be equal to 3.3. 
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species is much faster  than  1"1"1 and 1 " 1 : 0  
,species, and  the half-life per iod  is out  o f  the t ime 
range o f  the s topped-f low technique.  In  addi t ion ,  
the intercepts  o f  the kobs vs Tsx curves are not  to ta l ly  
dependen t  on H ~ concen t ra t ion  as is shown from 
Fig. 4. 
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Abstract--Treatment of the mixed chloro, aryloxide compounds Ta(OAr-2,6Ph2)2C13 and 
Ta(OAr-2,6Ph2)3CI2(OAr-2,6Ph2 = 2,6-diphenylphenoxide) with LiCH3 or Mg(CH2C6H4- 
4Me)2(CH2Ph-4Me = 4-methylbenzyl) allows isolation of the corresponding alkyls 
Ta(OAr-2,6Ph2)2R3 (1) and Ta(OAr-2,6Ph2)3R2 (2) (a, R = CH3; b, R = CH2Ph-4Me). 
Thermolysis of these compounds either in the melt (1) or toluene solution (2) results in the 
loss of one equivalent of methane or para-xylene and the formation of a series of mono- 
cyclometallated compounds (3) and (4). A solid state structural study of Ta(OC6H3Ph 
C6H4)(OAr-2,6Ph2)2Me (4a) using X-ray diffraction techniques confirms the presence of the 
six-membered metallacycle formed by cyclometallation of the 2,6-diphenylphenoxide 
ligand. Spectroscopically, the new Ta---C(ipso) carbon atom is clearly visible at 6-200 ppm 
in the ~3C NMR spectra of (3) and (4). Attempts to thermally induce a second ring closure 
proved difficult, with considerable decomposition taking place. However, reduction of 
Ta(OAr-2,6Ph2)3CI., with Na/Hg (2 equiv) generates the bis-metallated compound 
Ta(OC6H3PhC6H4)2(OAr-2,6Ph2) (5) in good yield. The cyclometallation of 2,6-diphenyl- 
phenoxide ligands by tantalum has thus been achieved both by the use of alkyl leaving 
groups attached to Ta(V) metal centres as well as by intramolecular oxidative-addition 
of the aromatic CH bond to Ta(III). 

The recognition that high valent, electron-deficient 
early d-block, 1'2 lanthanide 2 and actinide 4 metal 
compounds have the ability to activate normally 
inert carbon-hydrogen bonds under mild con- 
ditions has prompted considerable research inter- 
est. The absence of an available oxidative-addition 
pathway for this reactivity has led to the acceptance 
of heterolytic mechanisms proceeding via multi- 
centre transition states in order to account for the 
experimental data obtained. 5 Our studies of the 
early d-block metal chemistry associated with steri- 
cally demanding aryloxide ligation 6'7 have led us to 

*Author to whom correspondence should be addressed. 

characterize just such reactivity involving the mild 
cycometallation of 2,6-di-tert-butylphenoxide 
ligands at d°-metal centres. 5'8 Given the electrophilic 
nature of the metal centres involved, we have 
recently focussed our attention on the ligand 2,6-di- 
phenylphenoxide. 9'~° This group offers the potential 
for related reactivity only this time the metallacycle 
formation involves the activation of an aromatic 
carbon-hydrogen bond. ~ In this communication 
we wish to report our initial finding concerning 
the cyclometallation of this ligand by tantalum. In 
particular we have observed carbon-hydrogen 
activation by both heterolytic Ta(V), as well as 
oxidative-addition, Ta(III), pathways. 

The mixed chloro-aryloxides Ta(OAr- 
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To (OAr)2CI 3 

( 0 ) LiCH3 
( b ) Mg (CH2C6H4-4 Me)2 

To (OAr)zR 3 

( I )  

To (OC6H3PhC6H 4)(OAr) R2 

(3) 

Communication 

To (OAr)3CL z 

2Na/Hg 
( o )LiCH 3 ] 
( b ) Mg(CH2C6H4-4Me)z 

To (OAr)3R 2 To (OC6H3PhC6H4)2(OAr) 

( 2 )  ( 5 )  

Z~,-RH /A,-RH 
To (OC6H3PhC6H 41 (OAr ) 2 R ~ 

(4) 

(a )  R=CH 3 ; (b ]  R = C H z C 6 H 4 - 4 M e  

OAr = 2,6 - diphenylphenoxide 

Scheme 1. 

2,6Ph2)2C13 and Ta(OAr-2,6Ph2)3CI_, ~z prove to be 
convenient substrates for the synthesis of  organo- 
metallic compounds containing 2,6-diphenyl- 
phenoxide (OAr-2,6Ph2) ligation. Hence, alky- 
lation with LiMe or Mg(CH2Ph-4Me),(CH2Ph- 
4Me = 4-methylbenzyl) allows the isolation of a 
series of  tris- and bis-alkyl derivatives as shown 
(Scheme 1).* All of  these alkyl compounds exhibit 
thermal instability to various degrees. On ther- 
molysis either in hydrocarbon solution or in the 
melt they undergo loss of  alkane and formation of 

* Selected spectroscopk' data: due to its very nature, 
the 'H and uC NMR spectra of unmetallated 2,6-diphen- 
ylphenoxide ligands are typically uninformative, giving 
rise to a set of resonances in the 6 6.8-7.2 and 115-160 
ppm regions. However, cyclometallation results in not 
only a distinctive, new M~(ipso) resonance, but also in 
the appearance of characteristic doublets in the 'H NMR 
spectrum, slightly downfield of the normal aromatic 
region. Spectroscopic data on (la) and (2a) has been 
reported, tH NMR (C6D6, 30°C): (lb): 6 1.33 (s, 
Ta--CH2), 2.09 (s, 4Me), 6.53 (d, meta-C6H4-4Me), 6.38 
(d, ortho-C6H4-4Me). (2b) : 6 1.88 (s, Ta--CH_,), 2.22 (s, 
4Me), 6.73 (d, meta-C6H4-4Me), 6.21 (d, ortho-C6H4- 
4Me). (3b) : 6 1.92 (d), 1.80 (d, Ta--C6H:), 2.23 (s, 4Me), 
6.87 (d, meta-C6H4-4Me), 6.35 (d, ortho-C6H4-4Me). 
(4a): 6 -0.39 (s, Ta---CH3 )(4b) : 6 2.19 (s, Ta--CHz), 
2.23 (s, 4Me), 6.42 (d, meta-C6H4-4Me), 5.57 (d, ortho- 
C6H4-4Me). 13C NMR (C6D6, 30"C): (lb): 6 78.4 
(Ta--CH2), 20.9 (4Me). (2b): 6 88.3 (Ta--CH,,), 20.8 
(4Me). (3b): 6 74.6 (Ta--CH2), 21.0 (Me), 201.7 
[Ta--C(ipso)]. (4a) : 6 64 .3  (Ta--CH3), 199.9 
[Ta---C(ipso)]. (4b): 6 86.6 (Ta--CH2), 21.6 (4Me), 200.7 
[ra--C(ipso)]. (5): 6 202.2 [Ta---C(ipso)]. 

a series of  cyclometallated compounds.  The tris- 
alkyls are significantly more stable than their bis- 
alkyl analogues needing much more forcing con- 
ditions for reaction. The most stable compound,  
Ta(OAr-2,6Ph2)2Me3 ( la)  only very slowly elim- 
inates methane on heating above 200°C for hours. 
However, a mixture of  dark, so far uncharacterized 
products are formed from the thermolysis. The tris- 
benzyl derivative (lb) however, cleanly loses one 
equivalent ofzylene on heating at 175°C in the melt. 
The product, mono-cyclometallated derivative (3b) 
is formed in essentially quantitative yield. The pres- 
ence of the six-membered metallacycle is readily 
demonstrated by solution N M R  spectra.* Par- 
ticularly characteristic is the resonance for the new 
Ta--C(ipso) bond at ~ 6 200 ppm in the ~3C N M R  
spectrum, while the diastereotopic benzyl methy- 
lene protons appear  as a well resolved AB pattern. 

Thermal elimination of hydrocarbon occurs 
under much milder conditions for the bis-alkyls. In 
both cases, thermolysis in toluene solvent leads to 
the quantitative formation of  the corresponding 
mono-cyclometallated derivatives (Scheme 1) with 
the generation of one equivalent of  methane or 
xylene. A kinetic study shows these two ring closure 
reactions to be first order with the dependence of 
the rate of  ring closure on the alkyl leaving group 
following the trend CHzPh-4Me > CH3. The acti- 
vation parameters obtained for thermolysis of  the 
dimethyl (2a) show a moderately large, negative 
value for the entropy of  activation, consistent with 
results found for other related ring closure 
reactions. Rale constants obtained at various tem- 
peratures 105 k/s-~(T°C) are 4.15(120), 10.1(130), 
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Fig. 1. ORTEP view of (4a) emphasizing the central coor- 
dination sphere and metallacycle ring. Selected bond dis- 
tances (,~,) and angles (°) are: Ta--O(3) 1.909(4), 
T a ~ ( 2 2 )  1.883(4), Ta--O(41) 1.899(4), Ta--C(2) 
2.125(7), Ta--C(21) 2.215(5), Ta---O(3)--C(4) 141.4(4), 
Ta--O(22)--C(23) 146.6(4), Ta---O(41)---C(42) 169.5(4), 

O(3)~Ta---C(21) 80.8(2). 

9.75(130), 18.0(139), 50.0(151) yielding A H * =  
25.3 +0.8 kcal mol -~ ;  AS* = -15___5 cal mo l - t  
K -~. Furthermore,  use of  the labelled compound 
Ta(OAr-2,6Ph2)3(CD3)2 shows conclusively the 
absence of a methylidene intermediate during 
the ring closure reaction, with only CDaH being 
formed. 

A single crystal X-ray diffraction study of the 
mono-methyl compound (4a) was undertaken* and 
an ORTEP view of the molecule is shown in Fig. 1. 
The metal environment is best described as trigonal 

bipyramidal with two axial oxygen atoms. The oxy- 
gen atom of the metallated 2,6-diphenylphenoxide 
occupies one of the axial sites with a bite at the 
metal of  the metallacycle of  only 80.8(2) °. This small 
angle is compensated by the characteristically large 
T a - - O - - C  angle of  141.4(4) °, resulting in an almost 
planar six-membered metallacycle ring. 

Attempts to thermally induce a second ring clos- 
ure in these compounds proved difficult. Extended 
thermolysis at high temperatures (200-275°C) does 
result in further loss of  alkane, but a mixture of  
products results. However, it was found that 
reduction of  the dichloride Ta(OAr-2,6Ph2)3CI2 
with Na /Hg  (2 equiv) in hydrocarbon solvents led 
to the bis-cyclometallated compound Ta(OC6H3 
PhC6H4)2(OAr-2,6Ph2) (5) in good yields. Analysis 
of  the mixtures obtained by extended thermolysis 
of  (4) did show the presence of  (5) but only as a 
minor component.  The room temperature for- 
mation of (5) by reduction of the dichloride pre- 
sumably proceeds via the unisolated Ta(III)  com- 
pound "Ta(OAr-2,6Ph2)3'" which then undergoes 
intra-molecular oxidative-addition to produce an 
intermediate hydride compound.'{" A second cyclo- 
metallation with elimination of H2 would then lead 
to (5). 2 Similarly we find that reduction of the tri- 
chloride Ta(OAr-2,6Bu~)2CI3 with sodium amalgam 
(2Na per Ta) results in the high yield formation of 
the bis-metallated compound Ta(OC6H3Bu t 
CMe2CH2)2C1. 8 Presumably a similar pathway is 
present for the activation of these alphatic CH 
bonds as is operative in the reduction of Ta(OAr- 
2,6Ph2)3C12. 
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Camille and Henry Dreyfus Foundation for the award 
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* Crystal data : (4a), TaC55H4 ~O3" 3/2C6H6, 
M = 1048.05, space group PI, a = 13.497(3), 
b = 17.033(6), c = 10.744(2) ,~, ct = 94.76(1), 
fl = 906.34(1), 2 = 79.80(1) ° , U = 2411.01 ,~3, Z = 2, 
Dc = 1.444 g cm -3, 2(Mo-K~) = 0.71069 A. Of the 6354 
unique intensities measured, 5659 with /7o > 3a(Fo) 
yielded R(F)= 0.0355, Rw(F)= 0.0356. All hydrogen 
atoms were refined isotropically. Atomic coordinates, 
bond lengths and angles, and thermal parameters have 
been deposited at the Cambridge Crystallographic Data 
Centre. 

t The intramolecular oxidative-addition of an ali- 
phatic CH bond to Ta(III) has been observed previously, 
see ref. 13. 
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Abstract-Reaction of the binuclear ruthenium complex [CpRu(CO),],, 2, (Cp = q5-CSHS) 
with Cp$ZrHz, 1, (Cp* = $-C5(CH3)J produces the carbene complex Cp,Ruz(CO)& 
CO)@-CHOZr(H)Cpf), 3, in which the zirconoxy carbene occupies a bridging position, 
and the ruthenium Cp ligands are mutually trans. The complex undergoes a fluxional 
process on the NMR time scale at room temperature whereby the inequivalent pairs of Cp 
and Cp* ligands are exchanged. A value of AG$ = 14.0(2) kcal mol- ’ has been determined 
for this process from the coalescence temperature (- 4°C at 90 MHz). The hafnium analogue 
exhibits a similar value (14.4(2) kcal mol- ’ at + 5°C). The Zr-H addition to the carbonyl 
is reversible at 25”C, regenerating 2 and the zirconium hydride, which can be trapped with 
reagents such as CO, CHJ and CF3C02H. Lewis acids, on the other hand, induce the 
transfer of a second hydride from zirconium with concurrent C-O cleavage, yielding the 
bridging methylene complex C~,RU~(CO)~(~-CHJ. A modified procedure for the con- 
version of [C~RU(CO)~]~ to C~,RU~(CO)~(CHJ with LiHBEt3 in non-polar solvents is also 
reported. 

The reduction of carbon monoxide to alkoxide or 
enolate ligands by permethylzirconocene dihydride 
represents one of the early examples of homo- 
geneous reduction of CO by a transition metal 
hydride complex. ’ A key finding from subsequent 
studies is that Cp,*ZrHz 1 (Cp* = r5-C,(CHS),) 
will transfer a hydride to terminal carbonyl ligands 
to produce “zirconoxy” carbene complexes [eq. (l)]. 
Zirconoxy carbenes have been observed in the reac- 
tion of zirconium hydride complexes with 
Cp,M(CO) (M = Cr, MO, W),’ Cp,NbR(CO) 
(R = H, alkyl, pheny1),*y3 Cp2Zr(PMe,)(C0)4 and 
CpM(CO), (M = Co, Rh).’ 

L,M-CO + Cp:ZrH* 

-+ L,M=CHOZr(H)Cp$. (1) 

We now report the reduction by 1 of coordinated 
carbon monoxide in a binuclear ruthenium 
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complex, [CpRu(CO),],, 2. The resulting complex, 
Cp,Ru,(CO)&CO)(yCHOZr(H)Cp:), 3, con- 
tains a zirconoxy carbene moiety which bridges the 
two metals. As found for many diruthenium com- 
plexes, 3 exhibits fluxional behaviour in solution. 
The reaction chemistry of 3, however, differs sig- 
nificantly from most of tht previously reported car- 
bene complexes, in that the parent ruthenium car- 
bony1 complex can be relatively easily regenerated 
by the reversible transfer of hydride back to 
zirconium. In addition, Lewis acids further activate 
the C-O bond of the carbene ligand, inducing 
C-O cleavage and transfer of a second zirconium 
hydride to produce the bridging methylene com- 
plex. 

RESULTS AND DISCUSSION 

1. Formation and structure of a bri&ing zirconoxy 
carbene complex 

Cp:ZrH2, 1, reacts with [CpRu(C0)d2, 2, 
rapidly at 25°C in hydrocarbon solvents to 
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yield Cp,Ru,(CO),(p-CO)@-CHOZr(H)Cp,*), 3, 
in which a carbon monoxide ligand has been 
reduced to a zirconoxy carbene by addition of 
zirconium hydride across the C-O bond. 

Cp?ZrH2 + [CpRu(CO)& 

1 2 

+ Cp,Ru,(CO),(CHOZr(H)Cp,*). (2) 

3 Fig. 1. truns-Cp,Ru,(CO)&CO)@-CHOZr(H)Cp:). 

At -70°C the ‘H NMR spectrum for 3 exhibits 
resonances for the carbene (6 12.67) and zirconium 
hydride (6 5.90), and two resonances each for 
inequivalent Cp and Cp* ligands. These signals 
coalesce into single Cp and Cp* resonances at 
higher temperatures (vi& infia). Assignment of the 
zirconoxy carbene to a bridging position is deter- 
mined by the 13C NMR spectrum (-7O”C), in 
which resonances due to a single bridging (S 248) 
and two terminal (6 201 and 203) carbonyls are 
found. A doublet at 6 192 is assigned to the carbene 
carbon (‘L-B = 153 Hz). Interestingly, this coupl- 
ing constant is somewhat larger than the 136 Hz 
reported for a terminal niobium zirconoxy 
carbene,2 despite the formal sp3 hybridization of 
the bridging carbene. The IR spectrum for 3 (Nujol 
mull) shows strong bands at 1929 and 1771 cm- ’ 
attributed to terminal and bridging carbonyl stret- 
ching modes. The C-O stretch of the zirconoxy 
carbene is found as a strong band at 1108 cm- ‘. 

carbonyls. Other than elemental analysis, no further 
characterization of 4 has been attempted. As a result 
of this interfering reaction, preparation of 3 is best 
carried out by the slow addition of 1 to a solution 
of 2. Alternatively, clean samples of 3 can be 
obtained by reaction of dihydrogen with CptZr 
(OzC2)Ru2Cp,(C0)2, a complex in which the 
terminal carbonyls are reductively coupled.? As 
shown previously, this compound is in equili- 
brium with a small concentration of 2 and per- 
methylzirconocene. The latter adds dihydrogen to 
form 1, which rapidly reacts with 2 to produce 3. 
In this manner 3 is cleanly formed without 
an excess of 1 present. 

2. Reversibility of the hydride transfer 

It is not possible to unequivocally assign the stereo- 
chemistry of the Cp rings on the diruthenium 
fragment solely on the basis of the NMR data. The 
Cp rings in a tram arrangement would clearly be 
inequivalent, leading to diastereotopic Cp* rings in 
agreement with the observed ‘H and 13C spectra. 
In the cis arrangement, the Cp and Cp* rings should 
be equivalent, provided there is free rotation at the 
Zr-O-C linkage. Considering the steric bulk 
of permethylzirconocene and the diruthenium 
moieties, however, hindered rotation is a distinct 
possibility. The IR spectrum is more definitive in 
assessing the stereochemistry of 3. The observa- 
tion of a single band for the two terminal carbonyl 
stretching modes is most consistent with a 
tram, planar OC-Ru-Ru-CO structure 
(local C2,, symmetry), whereas two bands are 
expected for the cis isomer.6 Thus 3 can be 
assigned as trans-Cp2Ru2(CO)&CO)(p-CHOZr 
(H)Cp,*) (see Fig. 1). 

An intriguing aspect underlying most of the reac- 
tion chemistry of 3 is the apparent reversibility of 
the carbonyl reduction. For example, 3 reacts under 
4 atm of carbon monoxide at 25°C in 14 h to yield 
Cp:Zr(CO)z, [CpRu(CO)& and presumably Hz. 

Cp2Ru2(CO)&-CO)@CHOZr(H)Cp!? 

z Cp:Zr(CO)z+ [CpRu(CO)&. (3) 

It has been previously shown that dilute solutions 
of 1 react with carbon monoxide to eliminate H2 
and form the dicarbonyl complex. 8 

Treatment of a solution of 3 with Dz at 25°C 
results in the disappearance of the ‘H NMR res- 
onances for the hydride and carbene hydrogens 
with a half-life of ca 3 h. 

Cp,Ru2(CO)&-CO)@-CHOZr(H)Cp?) 

-%Cp,Ruz(CO)&-CO)@-CDOZr(D)Cp,*). 

(4) 

Addition of a second equivalent of 1 to 3 yields Although exchange of zirconium hydrides with D2 
Cp,Ru,(CO)&-CHOZ(H)CP?)~, 4. NMR analy- is facile,g there is no precedent for direct H-D 
sis of 4 is limited by the insolubility of this exchange between deuterium and a carbene C-H 
compound, but bands are found at 1913 and 1058 bond. Equilibrium conversion of 3 back to 1 and 2 
cm-’ in the IR, consistent with a trans structure is the most logical explanation for the deuteration 
containing two bridging carbenes and two terminal and carbonylation reactions. 



Reversible reduction of coordinated carbon monoxide 761 

Treatment of 3 with CHJ results in rapid for- 
mation of methane and the iodide analogue of 3, 
which then reacts further with CHJ to produce 
Cp:Zr12 and 2 over a period of several days. 

Cp,Ru,(CO)JCHOZr(H)Cp?) 

‘“‘I b Cp,Ru,(CO),(CHOZr(I)Cpf) 
- CH, 

sCp:ZrIz+[CpRu(C0)2]2. (5) 
-CHd 

Protonation of 3 with CF3C02H results in for- 
mation of Cp:Zr(02CCF&, Hz and 2 via Cp,Ruz 
(CO),(CHOZr(O,CCF,)Cp:). This intermediate 
is observed by ‘H NMR, although the subsequent 
reaction is complete within 15 min. These reactions 
are likely to proceed through the formation of 
CpfZrHX (X = I, CF3C02), generated by a hydro- 
gen shift from the carbene to zirconium. 

The initial product of protonation of 3 with HX 
has been isolated for X = OH. Compound 3 reacts 
with Hz0 in benzene to yield Hz and the hydroxy 
complex Cp,Ru,(CO),(p-CO)(,&HOZr(OH) 
Cp!), 5, isolated in 70% yield. 

Cp,Ru,(CO),(CHOZr(H)Cp,*) 

% Cp,Ru,(CO),(CHOZr(OH)Cp2*). (6) 
1 

The ‘H NMR spectrum of 5 at 25°C shows res- 
onances at 6 12.64 and 4.35 attributable to carbene 
and hydroxide hydrogens, as well as singlets for Cp 
and Cp* ligands. The O-H stretch is observed at 
3675 cm- ‘. 

Reversion of the oxycarbene back to the respec- 
tive carbonyl and hydride complexes under mild 
conditions is surprising in light of the strong bonds 

Hu, A 

ii 
co 

J/Cp 
OCdM 

I?“-_c-I?” 

A 1 
CP 8 

formed between Zr(IV) and oxygen ligands. Rever- 
sible hydride transfer is, however, also indicated for 
the terminal zirconoxy carbene complex, 
Cp,Nb(H)=CHOZr(H)Cp:, presumably due to 
unfavourable interactions between Cp and Cp* 
ligands, and for Cp,Mo==CHOZr(H)Cp$, under 
more forcing conditions.’ The facile cleavage of the 
Zr-0 bond in zirconoxy carbenes in all three cases 
is likely due in part to unfavourable steric inter- 
actions between permethylzirconocene and the 
second metal fragment. 

3. Fluxional behaviour of C~,RU~(CO)~@-CO) 
(p-CHOZr(H)Cp,*) 

Although inequivalent pairs of Cp and Cp* rings 
are observed in the low temperature ‘H and 13C 
NMR spectra of 3, these resonances collapse into 
singlets at higher temperatures as a result of a 
dynamic process which averages the ligand environ- 
ments. A free energy of activation of 14.0(2) kcal 
mol- ’ is calculated for this process from the coales- 
cence temperature (- 4°C at 90 MHz). The dynamic 
behaviour exhibited by 3 is not surprising in light 
of similar observations for bridging alkylidenes of 
iron, lo ruthenium’ ’ and cobalt. ” In a logical exten- 
sion of studies on the parent carbonyl dimers,i3-” 
Knox has explained the cis P tram isomerization 
of Cp,Ru,(CO)2(~-CO)&-CMez) in terms of sim- 
ultaneous opening of the bridging carbene and car- 
bony1 to terminal ligands, followed by rotation 
about the Ru-Ru bond.” Such a mechanism is 
applicable to 3, although a small distinction must 
be made. The dynamic process under consideration 
for 3 is the equilibration of the inequivalent Cp 
rings of the tram isomer, in which two bridge-open- 
ings and rotations are required (Scheme 1). 

R = OZrHCp,* 

Scheme 1. 
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CP %,,,,, ,“pq ,,,*&O 

OC’ \C/RUkp 

8 

Scheme 2. 

Alternatively, rotation about the M=C bond of 
the terminal carbene in the intermediate followed 
by closure, results in Cp equilibration with only 
a single bridge-opening step (Scheme 2). Carbene 
rotation in a related terminal carbene complex 
appears to be facile : Fischer and co-workers have 
reported that rotation of the isopropylidene Iigand 
in CpMn(CO)+CMeJ is rapid on the ‘H NMR 
time-scale at - 55°C. 16p1 7 Rapid alkylidene rotation 
is also in agreement with theoretical studies pub- 
lished by Kostic and Fenske in which the rotational 
barrier in CpMn(CO),(=CMe,) was calculated to 
be ca 9 kcal moI-‘.‘8 

It is not possible to distinguish between the two 
possibilities described above on the basis of the 
activation barrier for 3. The 14.0 kcal mol- I barrier 
does not differ sufficiently from those reported for 

cis * rruns isomerization of Cp,Co(CO)&-CH& 
(ca 17 kcal mol-‘)I2 and CP~RU~(CO)~&CO) 
@-CMeJ (ca 20 kcal mall ‘), ‘I given the range of 
metals and carbene substituents. Furthermore, 
there is another mechanism for Cp equilibration in 3 
which is not accessible for most bridging alkylidene 
complexes. As described above, the addition of the 
zirconium hydride to the carbonyl is reversible. 
Thus, a hydride shift from carbene back to zir- 
conium may produce a symmetrical intermediate as 
shown in Scheme 3. Transfer of the other hydride 
to the carbonyl would yield the carbene in which 
the environments of the Cp rings have been inter- 
changed. Alternatively, uncomplexed 1 and 2 may 
be produced, which then recombine to give 3 with 
randomization of the rings. Although the reactivity 
of 3 (vi& supra) indicates that the process in Scheme 

Scheme 3. 



Reversible reduction of coordinated carbon monoxide 763 

3 is indeed occurring, it is unlikely that it is the [Q2Fe2(WdCW+ 
dominant mechanism for the dynamic behaviour of 
3. In the fast exchange limit the 13C resonance for 

3 Cp2Fe2(WdCHJ. (9) 

the carbene carbon is found as a doublet at 6 197 The presence of an internal hydride source in 3 
with JC_-H = 154 Hz, as compared with 153 Hz in suggests a similar reaction sequence for the con- 
the slow exchange limit. Rapid, reversible cleavage version of 3 to 6. 
of the C-H bond during ring equilibration would The origin of the second methylene proton is 
be expected to result in a reduction or total loss of demonstrated by the reaction of d2-3 with HBF4, 
the observed C-H coupling in the spectrum for in which d2-6 is produced [eq. (lO)].§ Thus both 
fast exchange. Moreover, at -4°C the rate for Cp methylene protons are derived from zirconium 
ring equilibration as determined from coalescence 
is 26 s-l, yet magnetization transfer between the 

hydrides, while protonation by HBF4 facilitates the 
C-O cleavage. Consistent with this view, 6 (70% 

carbene proton and the zirconium hydride positions by ‘H NMR) is also formed in the reaction of 3 
is not observed at 28”C, setting an upper limit of ca with BF3, which functions solely as a Lewis acid. 
1 s- ’ for the slow step of the mechanism shown in 
Scheme 3. Finally, the hafnium analogue of 3 has Cp,Ru,(CO)3(CDOZr(D)Cp2*) 

been prepared from Cp:HfHz and 2. Hydride 
transfer reactions are generally slower for hafnium =CM~,O~CPU~(CO)~(CD~). (10) 

as compared with zirconium analogues. The barrier 
to ring equilibration in the “hafnoxy” complex 

5. Reduction of [CpRu(CO),], with LiHBEt3 

at coalescence (+5”C), however, is 14.4(2) kcal The stepwise reduction of 2 to 6 by hydride trans- 
mol- ‘, virtually the same as in 3. The hydrogen fer from 1, treatment with Lewis acid, followed by 
shift mechanism, therefore, does not appear to a second hydride transfer suggested to us that 6 
be the primary fluxional process. might be accessible from 2 with other hydride 

sources. Indeed, the borohydride reduction of co- 

4. Reaction of Cp,Ru,(CO),(CHOZr(H)Cp:), 3, ordinated carbon monoxide to formyl, hydroxy- 

with Lewis aci& methyl, methyl and bridging methylene ligands is 
well established.2W24 In particular, Geoffroy and 

Although reaction of CF3C02H or Hz0 with 3 Steinmetz have studied the reduction of Os,(CO) 1 2 
results in protonation of the hydride position with with K[BH(O-i-Pr),] in THF. The reaction proceeds 
formation of dihydrogen and substitution at zir- with initial formation of the formyl complex, 
conium, stronger acids react with 3 in a different [Os,(CO) I ,(CHO)]-, which requires treatment with 
manner. Compound 3 reacts with HBF4 * Me20 in H,PO, before conversion to Os,(CO), ,(CH,) 
benzene at 25°C to rapidly yield the known” bridg- occurs.2o The key step is the activation of the formyl 
ing p-methylene complex C~,RU~(CO)~&-CHJ, 6 C-O bond by protonation at oxygen. 
(mixture of cis and tram isomers, 54% by ‘H In the present studies, we have examined the 
NMR). The fate of the zirconium fragment has not reaction of [C~RU(CO)~]~ with LiBEt3H (“Super- 
been determined. hydride”). Treatment of a toluene solution of 

Cp,Ru,(CO),(CHOZr(H)Cp,*) + HBF4 - Me*0 
2 with excess LiBEt3H results in conversion to 6 
in moderate yield (57%). 

-+ Cp,Ru2(CO)&-CH2). (7) 

Cleavage of oxygen-substituted bridging carbenes [C~WW21255 CP,R~,(COMCH~). 

by Lewis acids has precedent in the reaction of the (11) 
Cp,Fe,(CO),(p-CO)@-CHOCH3) with electro- 
philes, in which the methoxy group is cleaved to This one-step synthesis of 6 from 2 is a substantial 

yield [Cp,Fe,(CO)&-CO)@-CH)]+ [eq. (S)]. Both improvement over the previous preparation. ’ 9 

Casey and Pettit have shown that this bridging In contrast to the reduction of OSCAR, 

methylidyne reacts with hydride sources to additional acid need not be introduced to effect the 

produce Cp,Fe,(CO),(CH,) [eq. (9)]. lo C-O cleavage and transfer of the second hydride. 
The clean reduction of 2 to 6 is, however, very 

Cp,Fe,(CO),(CHOCH3) dependent upon the choice of solvent and reducing 

s [Cp,Fe2(C0)3(CH)]+ (8) 
agent. Compound 6 is only produced in hydro- 
carbon solvents such as toluene or benzene ; 
reduction in tetrahydrofuran leads to extensive 

$ Although dz-6 is initially produced, subsequent pro- decomposition and no 6. Similarly, reduction with 
ton exchange occurs between d2-6 and excess HBF4. excess NaAl(OCH 2CH20CH 3) 3H (“Red-Al”) in 
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toluene solution does not yield the methylene 
complex. 

Dornis and Kolbe Microanalytical Laboratory or 
by Larry Henling at the CIT analytical service. 

Consistent with previous studies, these results 
suggest that a relatively strong Lewis acid is 
required to ensure C-O cleavage during reduction. 
Thus reduction to the methylene complex is not 
observed in THF where the lithium counter-ion is 
well solvated and hence is a poorer Lewis acid. 
In addition, the effectiveness of LiBEtJH t&a-z& 
NaAI(OCH2CH20CH,),H in preparing 6 may well 
be due to the greater acidity of Li+. 

Cp2Ru2(CQ)3(CHQZr(H)Cp$), 3 

Gladysz has reported that LiBEt3H is a con- 
venient reagent for reducing THF solutions of 
binuclear metal carbonyl compounds to the cor- 
responding anions, via the forrnyls.*’ It is inter- 
esting to note that clean reduction of [CpFe(CO)2]2 
to Li[CpFe(CO),] requires a more polar solvent 
system (50% THF/HMPA) than used for most 
dimers. Presumably carbonyl reduction is com- 
petitive with cleavage of the metal-metal bond in 
this instance. Unfortunately, our attempts to reduce 
[CpFe(CO),], to Cp,Fez(CO)3(CH2) with LiBEt3H 
in non-polar solvents were not successful. 

EXPERIMENTAL 

(a) From 1 and 2. A solution of 1 (330 mg, 
0.909 mmol) and 2 (300 mg, 0.676 mmol) in 30 cm3 
toluene was stirred for 30 min at -80°C warmed 
to 25°C and stirred for an additional 1 h. After 
filtration the solvent volume was reduced to 5 cm3 
and 5 cm3 petroleum ether was added. Stirring for 
30 min produced a bright yellow slurry, which upon 
filtration yielded 393 mg (73%) of yellow solid. ‘H 
NMR (toluene-d,, 25°C) : 6 12.75 (s, lH, ZrQCH), 
6.10 (s, lH, Zr-H), 5.04 (s, lOH, ($-C,H,)), 2.01 
(s, 30H, (n5-C5Me,)) ; (toluene-ds, - 70°C) : 6 12.67 
(s, lH, ZrOCH), 5.94 (s, lH, Zr-H), 4.98 (s, 5H, 
($-C,H,)), 4.85 (s, 5H, ($-C5H5)), 2.04 (s, 15H, 
(q’-&Me,)), 1.95 (s, 15H, ($-C&es)). 13C{1H} 
NMR (toluene-d,, - 70°C) : 6 248 @-CO), 203,201 
(Ru-CO), 192 (CHOZr, JCH = 153 Hz), 118, 117 

(v5-C5(CH3)5), 95>92 W-C5H5), 12 h5-C5(CH3)5). 

IR v(C0) (Nujol mull): 1929(s), 1771(s), 1108(s) 

Ly, 
-‘. Anal. Found: C 51.21. H 5.40. Ru 24.39. 
10.93. Calc. for C31H4,0,ku’,Zr : 6, 5d.54 ; H: 

5.24; Ru, 25.02; Zr, 11.28%. 

General considerations 

All manipulations were performed using either 
glove-box or high vacuum line techniques.25 Hydro- 
carbon solvents were purified by vacuum transfer 
first from LiAlH4 and then from “titanocene”.26 
NMR solvents, toluene-d, and benzene-d, were also 
purified by transfer from “titanocene”. Dihydrogen 
was passed through MnO on vermiculite and then 
over 4 8, molecular sieves.27 Carbon monoxide 
(MCB) was used directly from the cylinder. 
CpfZrH2,28 CpfHfH2,29 [C~RU(CO)J~~‘.~’ and 
Cp:Zr(02C2)Ru2(CO)2Cp7 were synthesized as 
described previously. Infrared spectra were mea- 
sured on a Beckman 4240 spectrophotometer. 
NMR spectra were obtained using Varian EM-390 
and JEOL FX-90Q spectrometers (90 MHz ‘H, 22.6 
MHz 13C). 13C NMR experiments were generally 
prepared with 13C0 enriched [C~RU(CO),],‘~ and 
ca 0.1 M Cr(acac)332 added to facilitate observation 
of the carbonyl carbons. Coupling constants were 
measured either from gated coupled spectra or spec- 
tra obtained using the INEPT pulse sequence. The 
magnetization transfer experiments were run as 
described elsewhere. 33 Elemental analyses were per- 
formed by Bernhardt Microanalytical Laboratory, 

(b) From Cp,*Zr(02C2)Cp2Ru2(CO), and H2. 
A slurry of Cp$Zr(02C2)Cp2Ru2(CO),-0.5C7Hs 
(500 mg, 0.587 mmol) and 20 cm3 petroleum ether 
was stirred under 1 atm H2 for 14 h at 25°C. Fil- 
tration yielded 393 mg (83%) of yellow solid. Com- 
pound 3-d, was prepared by method (b) using Da. 
Cp,Ru,(CO),(CHOHf(H)Cp:) was prepared by 
method (a) using CpfHfH,. Anal. Found: C, 
45.85; H, 4.75. Calc. for C34H42HfD4R~2: C, 
45.61 ; H, 4.73%. 

Reaction of 3 under CO 

Compound 3 (10 mg, 0.012 mmol) and benzene- 
d6 (0.3 cm3) were added to an NMR tube, CO (0.33 
mmol) was introduced at - 196”CEj and the tube 
sealed. After 14 h at 25°C the ‘H NMR spectrum 
showed complete conversion to 2 and Cp,*Zr(CO),. 

Reaction of 3 with CH31 

§Extreme care should be taken to assure liquid CO 
does not accumulate in the tube during this operation. 

Compound 3 (15 mg, 0.019 mmol) and benzene- 
d6 (0.3 cm’) were added to an NMR tube into which 
there was distilled CH31 (0.036 mmol) at - 196°C. 
The tube was sealed and the course of the reaction 
monitored by ‘H NMR spectroscopy. After 20 
min at 25°C conversion of 3 to a new compound 
with resonances at 6 5.12 (s, lOH, (q5-C,H,)), 2.00 (s, 
30H, (q5-C,Me,)) and 12.80 (s, lH, CH) was ca 
70% complete. A small quantity of 2 was also 
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Abstract-A review is given of the chemistry of p-methylene complexes of the transition 
elements in which there is no metal-metal bonding. The emphasis is on the synthetic routes, 
the structural and spectroscopic properties and the chemical reactivity of these complexes, 
particularly when compared to p-methylene complexes with metal-metal bonds. 

The synthesis and study of p-methylene complexes 
have been subjects of great interest, especially with 
respect to the role of these compounds in catalytic 
reactions such as the Fischer-Tropsch synthesis.1-7 
This chemistry has been reviewed either alone or 
as part of wider reviews on p-hydrocarbyl 
complexes, 1-4,g-1 ’ Most ymethylene groups bridge 
a metal-metal bond of order one or two, and the 
major reviews have focussed attention especially on 
these compounds. l-49 ’ ’ Since there have been major 
advances recently in the synthesis and study of CL- 
methylene complexes without metal-metal bonds, 
a brief review of these compounds is now given. 
The emphasis is on the major synthetic pathways, 
the mechanisms involved in the syntheses and the 
reactivity of the products. Comprehensive coverage 
has not been attempted. 

SYNTHETIC METHODS 

1. Synthesis using diazomethane 

The first p-methylene complex without a metal- 
metal bond was prepared by this method (eq. (l), 
PP = Ph2PCH2PPh2 = dppm).12,‘3 

P-P 

C,-&-;t-C, T 

b_b 

:qC, 
Pt 

CQ 2 
-P 

(1) 

The structure has been confirmed crys- 
tallographically (Fig. 1),14 and the absence of a 
metal-metal bond is shown by the non-bonding 
Pt-Pt distance of 3.151(l) A and the relatively 

open PtCPt angle of 103.4(7)“. These values may 
be compared to typical MM distances and MCM 
angles in metal-metal bonded derivatives of 2.5- 
2.8 A and 75-78”, respectively.’ The absence of a 
metal-metal bond is expected from simple electron 
counting rules, and molecular orbital calculations 
on an isoelectronic species have supported this 
interpretation.” 

The insertion of a CH Z group from diazomethane 
into a Pt-Pt bond is general and further insertions 
into other Pt-L bonds may occur as shown in 
eq. (2), L = CO, CSHSN, NH3,16 eq. (3) L = CO, 
PMe2Ph14*17 or eq. (4), L = PPh3.14.17 

p-7 z+ 

1 
P-P 
IJH2 I 2+ 

L--F;t--gt-L >t 
- L4_ I’L 1 (2) 

P-P P 

p-7 + 

1 
P-P + 
I,CH2 I 

H-qt--F;t-L ‘Pt 
- CH,~_~xL 1 (3) 

P-P 

7-p + P -P + 
I,CH2 I 

H-qt-P/-L 
1 

_ 1 

‘Pt (4) 

P-P 
-CH$ b’CH2L 

A one-step mechanism has been proposed for 
these reactions, involving donation of the Pt-Pt 
bonding electron pair to the CH2 group of diazo- 
methane and synchronous loss of N2. Consistent 
with this hypothesis is the lower rate observed for 

767 
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Fig. 1. The structure of [Pt2Cl&CH,)@-dppm)& I4 

cationic complexes and the near-zero values of A$ 
for the reactions. I6 

A related reaction is observed with a Rh-Rh 
bonded precursor [RhzC12(~-CF~WCF3)(~- 
dppm)d to give [Rh#Zl,(p-CH&-CF3C=CF& 
dppm),]. In this case a bridging alkyne is also 
present, but no coupling with the CH, group is 
observed l8 Similarly the bis(ylide) derivative 
[Au&I&-CH~PR~CH~)~] adds CHzNz across 
the Au-Au bond to give [At&l&-CH,)@- 
CH2PR2CH&]. I9 

Reaction of [Moz(C0)4(q-CsMes)2] with CH,N2 
gave a complex, containing both p-CH2 and 
p-CH2N2 ligands, formulated as [Mo&CH,) 

~~~d~~N2)(r1-C’Me,)2(C0),1 without a MoMo 

Finally, a remarkable CH2 addition to a 
ruthenium cluster complex [Ru,(CO),(R--DAB)] 
to give [Ru,(yCHz)(CO),(R-DAB)] has been dis- 
covered (eq. (5), R-DAB = RN=CHCH=NR, 
R = neo-pentyl or i-butyl). The precursor complex 
is formally coordinatively saturated and addition 
occurs with cleavage of a Ru-Ru bond. This 

(5) 

appears to be the only cluster complex with a p- 
CH2 group unsupported by a metal-metal bond. 2’ 

2. Synthesis using dihalogenoalkanes or halogeno- 
methylmetal complexes 

The first p-methylene complex without a metal- 
metal bond or other supporting ligands was pre- 
pared by reaction of Na[Ru(r$,H,)(CO)d with 
CH2C12 and characterized as [((r&H,)(CO), 
Ru),@-CH,)], whose structure is given in Fig. 2. 
The RuCRu angle is 123”, much larger than the 
tetrahedral angle, due to steric crowding about the 
p-methylene group.22 

The first synthesis by double oxidative addition 
of a dihalogenomethane involved the dipal- 
ladium(0) precursor [Pd,@-dppm),], which with 
CHRX2 (X = Cl, Br, I ; R = H, Me) gave [Pd2X2(p- 
CHR)@-dppm)2].23 The reaction with CH2C12 has 
been shown to be photochemically initiated.24 
Recent studies have shown that similar reactions 
can give p-vinylidene derivatives of palladium or 
nickel, starting from CH4C1, and [M2& 
dppm),] equivalents. For example, pd(PPh,),], 
dppm and CH4C1, gave lPd2C12&-C--CH2)(p- 
dppm)2].25,26 

The nature of the double oxidative additions has 
been elucidated by studies with digold and diiridium 
complexes. The digold reactions occur as shown in 
eq. (6), R = Me or Ph; X,Y = Cl, Br or I.‘9,27*28 

The gold(I1) intermediates have been identified 
when Y = I, X = Cl and when Y = Br, X = Cl, 19,28 
but not when X = Y.27 The X-ray structure of the 
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06 

Fig. 2. The structure of [Ru~(~-CH~)(~-C,H,)(CO)~].~* 

intermediate when Y = Br, X = Cl shows a 
Au-. . Cl interaction, and it is thought that a-elim- 

ination gives a Au(==CHJCl group followed by 
rearrangement to the stable ,u-methylene product.” 

Similarly, oxidative addition of CHzIz to 
[Ir,(CO)&pz),], pzH = pyrazole, gives the diir- 
idium(I1) intermediate which then rearranges to the 
Ir,(pCH,)complex,eq.(7),N-N = ~-pz.‘~ 

1, /,NN-ti CH2I 

OC? 
‘I/ 

FCO 
(7) 

OC Co 0 

The first step of the double oxidative addition 
may be photochemically initiated and is thought to 
occur by initial electron transfer followed by free 
radical formation giving the successive inter- 
mediates [Ir2(C0)&pz)J+CH2X2- and [IrzX 
(CO).&-pz),] -CH,X’, followed by radical recom- 
bination. This mechanism may be common to all 
the oxidative additions involving CH *X,. 3o 

The nature of the reactions of dihalogeno- 

methanes with diiridium(1) complexes appears to 
depend critically on the nature of the bridging 
ligands. For example, [Ir2@S-t-Bu)2(CO)2L2] 
reacts with CH212 by double oxidative addition to 
give [Ir212~-CH~)(~-S-t-Bu)2(CO)ZL2], L = CO, 
PMe3, P(OMe)3, 31 but reaction with [Ir2(C0).&- 
SC,H,N)2] reacts only to give the iodomethyl 
derivative [Ir21(CH21)(CO),(~-SCsHqN)2].32 The 
iridium(II1) p-methylene complexes exist in iso- 
merit forms and have an extensive chemistry.3’ 

The first heteronuclear p-methylene complexes 
without metal-metal bonds or other bridging 
ligands were prepared by oxidative addition of chlo- 
romethylgold or chloromethyhnercury compounds 
to a platinum(I1) precursor, eqs (8) and (9), 
NN = 2,2’-bipyridine ; L = PPh3, PEt3 ; X = Cl, 
Me, CH,Cl. 

A 
,Aki 

~e_:~’ N 
Me’F;‘:N) (8) 

CI 

pe:pt:/l 
xHgCH,CL Ye 

) C”H”2’F;t<;) (9) 

ljg Cl 
i 

These reactions occur by the S,2 mechanism and 
it has been estimated that the metal activates the 
C-Cl bond of the chloromethyl derivative, 
MCH,Cl, by a factor of 4 x lo3 when M = AuPPh3 
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and 2 x lo4 when M = HgCH2Cl, compared to 
CH,Cl. In these compounds, the presence of a linear 
d” metal centre is important since steric hindrance 
about the p-methylene group is minimized. 3 3 

3. Synthesis by deprotonation of methylmetalgroups 
and related methods 

The hrst complexes prepared in this way, 
such as the remarkable compound [Ru&- 
CH,),(PMe&] 34 formed from dimethylmagnesium 
and [Ru30(OAc),(H,0),]+, also contained a 
metal-metal bond. Other examples contained a ,a- 
methylene group bridging between a transition 
element and a main group element, as in Tebbe’s 
reagent [(r,r-C,H,),Ti(p-CH,)(p-Cl)AlMed which is 
prepared from (n-C5H&TiC12 and MegA12.35 This 
reaction is thought to occur by loss of methane from 
an intermediate Cp,TiMeCl * AlMe3, involving cc- 
elimination. 36 Similarly, the ionic complex [(q- 
C5H5)2TaMez]+[A1Me4]- slowly loses methane to 
give [(~-C5H5),TaMe(CH2AIMe3)].37 These com- 
pounds are regarded as complexes of metal-alky- 
lidenes with organo-ahuninum acceptors. If a tran- 
sition metal acceptor is present, p-methylene 
complexes may be formed. 

Dimerization of a titanium-methylene derivative 
leads to a dimetallacyclobutane. The titanium- 
methylene is prepared in situ by loss of an alkene 
from a metallacyclobutane (eq. (IO), Cp = q- 
C,H,). 38 

2 Cp2Ti=CH2 - 
.,CH2\ 

CP2TkCH2. TI CP~ (10) 

Reaction with other transition metal acceptors 
leads to thermally labile p-methylene complexes (eq. 
(1 l), MC1 = (n-C5Me5)TiC13 ; (n-C,Me,)ZrCl, ; 
(cod)RhCl or (cod)IrCl). 3g 

Cp,Ti=CH2 
..CH2. 

- Cp2T1 
‘Cl’ 

M 

Similar methods have been used to prepare p- 
alkylidene complexes of zirconium. 40,41 An 
unequivocal demonstration of ,u-methylene, methyl 
exchange has been found in the TiCH2Rh system 
of eq. (12).42 This complex has an agostic CHTi 
interaction, as shown in Fig. 3, and there is almost 
certainly a Ti-Rh bonding interaction also. 

.CH2, 942. 
Cp2Til;i----;-Rh(cod) * Cp2TI;----;;Rh(cod) 

3cH3 
(12) 

CH3 

CBIH 

CB2A 

Fig. 3. The structure of [(q-C5H5)2Ti(p-CH,)(p- 
CH,)Rh(cod)], cod = 1,5-cyclooctadiene.42 

An important example of this synthetic method 
is the reversible deprotonation of a [Pt2Me]+ com- 
plex to a Pt&CH2) group, eq. (13).43 

[Pt(C6H4PPhCH2CH2PPh2)~ Me 1 
t 

H+ -H+ 11 
(131 

Finally, a digold complex containing an Au2 
(p-CHN02) group, [Au2@-CHN02)(OzCPh)2&- 
CH2PPh2CH2)d, has been prepared directly from 
nitromethane. This reaction involves double depro- 
tonation of CH3N02 to give the p-CHN02 group.44 

PROPERTIES OF pAWETHYLENE 
COMPLEXES 

1. Structural and spectroscopic properties 

Some structural and spectroscopic properties of 
ymethylene complexes are given in Table 1. Of the 
complexes which clearly do not contain a metal- 
metal bond, the parameters r(MM), r(MC) and 
L(MCM) span the ranges 2.843.8, 1.80-2.18 A 
and 8%123”, respectively. The L(MCM) appears 
to be the best distinguishing feature for complexes 
with metal-metal bonds, for which the range 73- 
88” has been given. ’ As expected, there are no clear 
distinctions between the two types of p-methylene 
complexes when weak metal-metal interactions are 
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Table 1. Structural and spectroscopic properties of selected p-methylene complexes 

771 

Complex 
r(MM) r(MC) L(MCM) 6(CHJ a(CH3 

(A) (A) (“) (Ppm) (Ppm) Ref. 

{MoCP(CO),}I(CI-CH,N,)OI-CH~ - - 

{R~CP(CW,O~-CHJ 
Ru,(CO),(R-DAB)(+HJ 

3.8 
3.102 

@Cl@dppm)I&GP&-CHJ 
{IrI(CO),(~-pz)),Ol-CH,) 
{k&-t-BuS)(CO)P(OMe),),&-CH& 

{PdCl(ydppm)I ,OI-CH,) 
{PtCU-dppm)) k-CHJ 
Ft &l(CH ,PPh &dppm) &-CH 4’ 

3.464 
- 

3.198 
- 

3.151 
3.120 

2.18 
2.05 
2.20 
2.06 
- 

1.85 

{Pt@-CgHJ’PhCH2CH,PPh2)},&-CH,) 2.915 
{ AuCl@-CH,PMe,CH 2>} &CH J 3.052 
{AuMe&CH,PMe,CH~}2@-CH2) 3.118 
{AuCN@-CH,PPh,CH&&CH,) 3.167 
{Au(OCOPh)@CH,PPh,cH,)J,@-CHNO,) 3.073 
(Cp,Ti)(codRh)@-CH,)@CH,) 2.835 

2.840 

- 

1.80 
1.82 
2.13 
2.08 
2.00 
2.09 
2.056 
2.03 
2.09 
2.15 
1.88 

- 1.44 
3.77 
2.30 
3.7 

64.2 20 

123 
93.6 

- 37.42” 22 
32.5 21 

114.5 6.07 
- 3.52 
98.7 2.50 
- 1.64 

103.4 1.08 
94 1.57 

- 

0.3 
-28.9” 

- 

18 
29 
31 
23 

13, 14 
14 

88.9 3.46 
99 3.40 
96.3 1.09 

100.7 1.74 
- - 

83.gd 7.24d 

46.0 43 
48.5 27 
47.8 45 
- 46 
- 44 

185.4d 42 

98.3 4.26 - 26 

= ‘J(CH), 137.2 Hz. 
b ‘J(CH), 149. 
= ‘J(PtC), 467, ‘J(CH), 140. 
dThese data indicate a metal-metal bond is present. 

present. For example, the complex Cp,Ti@- 

CH,)@-CH,)Rb(cod), Fig. 3, has LTiCRh 83.9“ 

suggesting a metal-metal bond is present. This 
metal-metal interaction is presumably associated 
with the electron-deficient Ti(pCH3)Rh bridge, 
and is also indicated by the NMR properties (see 
below).42 

The ‘H chemical shifts from the NMR spectra of 
p-methylene complexes without metal-metal bonds 
fall in the range 6 l-6 ppm (Table l), a range which 
overlaps slightly with the range 6 5-l 1 ppm for p- 
methylene complexes with metal-metal bonds.’ In 
most cases, this criterion of structure will be useful 
since the majority of complexes without metal- 
metal bonds have 6 l-5 ppm. However, it would 
have given an incorrect structure for [Rh,Cl,@- 
dppm),@C4F&-CH2)] with 6 6.07 ppm.” 

The 13C chemical shifts (Table 1) fall in the range 
6 64.2 to -37.4 ppm, compared to the range 
6 = 100-210 ppm for complexes with metal-metal 
bonds. ’ This criterion of structure therefore ap- 
pears to be a reliable one. There are relatively 
few examples of p-methylene complexes without 
metal-metal bonds for which X-ray structures and 
13C chemical shifts have both been determined. 

However, the limited data (Table 1) suggest a 
strong correlation between 6(‘3CHz) and r(MM). 
Thus, the extreme cases are [Ru,Cp,(CO), 
(@Hz)] with 6 -37.4 ppm and r(MM) 3.8 8, 
and [Ptz(+gH.,PPhCH$HzPPh2)&-CH2)] 
with 6 46.0 and r(MM) 2.9 A. Clearly, the cor- 
relation is not expected to be exact since the 
nature of the metal and its other ligands will also 
affect 6(13C). The metal-metal bonded deri- 
vatives with 6 100-210 ppm and shorter metal- 
metal distances may also be considered as an exten- 
sion of this correlation. A similar correlation of 
8(3’P) for p-PPh* complexes is well-known and is 
very useful in structure determination. 47 

2. Chemical properties 

The p-methylene group has a reactivity which 
varies greatly from complex to complex, and it is 
often sufliciently inert that ligand substitutions can 
occur without disruption of the p-methylene 

group. 45*46S48 Nevertheless, some typical organo- 
metallic reactions do occur and are described 
below. 
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2a. Insertion reactions 

The complex [Ru,Cpz(CO).&-CH2)] readily 
undergoes CO insertion to give a p-ketene deriva- 
tive and undergoes photolysis in the presence of 
methanol to give methyl acetate. These results are 
rationalized in terms of the mechanism of eq. (14), 
and the ease of reaction is attributed to the steric 
strain in the p-methylene complex.” 

942. 
Cp(CO), Ru 

,OCCti, 
Ru(CO)2CpzCp~CO)Ru-Ru(CO)2Cp 

An isomeric form of the ketene complex is formed 
from a Ti&-CHJ complex by CO insertion [eq. 
(15)].39 

iH2 
Cp2Ti<Ly$TiC12Cp*- 

O-C, 
Cp Ti’ 

2 ‘Cl 
T,C12Cp* (15) 

2b. Reductive elimination reactions 

A remarkable reductive elimination involving 
coupling of two methyl groups with a p-methylene 
group to give propane has been observed [eq. 
(1611.“’ 

r pR21 
-C,Hg + A:P,,u (16) 

In contrast, pyrolysis of methyl&-methylene) 
diplatinum complexes gave only methane. ’ 4 Pyrol- 
ysis of [Cp,Ti(p-CHJ,TiCp,] also gave mostly 
methane, but reaction with iodine gave 78% eth- 
ylene by coupling of the two ,u-methylene groups. 38 

2c. Cleavage by electrophiles 

p-Methylene groups can be cleaved by a proton 
to give methyl derivatives. The methyl group may 
remain bridging, as is probably considered in eq. 
(13),42 or, if a better bridging group is present a 
rearrangement to give a terminal methyl group may 
occur, eq. (17), M = Pd or Pt, PP = dppm.23,49 

P-P -* 

H+ ‘1 ,Cl.‘I 

CH$ F;Ikl 

p- P 
I 

The basicity of the p-methylene group in these 
dppm complexes increases as more electron-donat- 
ing substituents occupy the trans coordination sites. 

For example, attempts to prepare neutral deriva- 
tives with hydride or methyl groups in trans pos- 
itions led to spontaneous protonation of the ,u- 
methylene groups [eq. (1 S)]. 

(18) 

In heteronuclear p-methylene derivatives, the 
more reactive metalcarbon bond is cleaved by the 
electrophile [eq. (19)]. 

/L 
Au 

/Cl 
A 

Wl2 
(342 

- LAuCl 
. Me&N 

Me I W) 
(19) 

Cl Cl 

Similar cleavage with HCl gives 
bipyridine). 3 3 

CONCLUSIONS 

[PtMe,C1(2,2’- 

p-Methylene complexes without metal-metal 
bonds are now a well-established class of 
compounds. Synthetic methods, as well as the gen- 
eral mechanisms involved, are reasonably well 
understood. They can be distinguished from the 
better known complexes with metal-metal bonds’ 
by X-ray structure determination, or by ‘H and 13C 
NMR spectroscopy. Most examples of p-methylene 
complexes without metal-metal bonds contain 
additional bridging ligands. The reason for this is 
that in complexes of the type L,MCH,ML, there 
are usually severe steric interactions between the 
ligands L, as seen in Fig. 2. If additional bridging 
ligands are present there is much less steric 
hindrance, as seen in Fig. 1. Clearly it helps to use 
metals with a low coordination number, such as 
gold(I) in eq. (8), if ymethylene complexes without 
extra bridging ligands are required. 

The reactivity of the complexes is that expected 
for a-bonded alkyl derivatives of transition metals, 
which may be modified by steric or angle strain at 
the p-methylene site. However, the chemical reac- 
tivity of the p-methylene complexes, particularly as 
related to the Fischer-Tropsch synthesis, clearly 
requires further study. 
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Abstract-Hydrocarbyl ligands bridging heteronuclear transition metal centres display a 
wide range of reactivity, especially with respect to the formation of carbon-hydrogen and 
carbon-carbon bonds. This article summarizes progress made in this area by Prof. F. G. 
A. Stone and coworkers at the University of Bristol. 

The reactions of low-valent transition metal com- 
plexes containing metal-carbon multiple bonds 
with sources of metal-ligand fragments has led to 
the synthesis of a plethora of polynuclear systems 
containing bridging hydrocarbyl ligands.’ This 
article reviews the chemistry of these hydrocarbyl 
moieties ligated simultaneously to two different 
transition metal centres, excluding systems of 
nuclear&y greater than two and systems containing 
carborane ligands where cage transformations 
dominate the reactivity.2 Particular emphasis is 
placed on reactions leading to carbon-hydrogen 
and carbon-carbon bond formation.* 

CARBON-HYDROGEN BOND 
FORMATION 

Alkylidyne carbon-hydrogen bond formation 

The alkylidyne ligand, with only one organic sub- 
stituent attached to the ligated carbon, is the least 
saturated hydrocarbyl fragment. Dinuclear alky- 
lidyne bridged complexes can be considered as 
dimetallacyclopropene ring systems and display 

*Throughout this paper R represents C,H,Me-4, un- 
less otherwise stated, and Cp and Cp* represent q-C5HS 
and q-CSMe5, respectively. 

varying chemical reactivity depending on the nature 
of the metal ligand fragments and the alkylidyne 
substituent. Investigations at Bristol have con- 
centrated on heteropolynuclear alkylidyne com- 
plexes bearing tolyl, methyl and, more recently, 
xylyl substituents. Two factors dominate the sub- 
stituent effects, firstly the ability of aryl groups to 
coordinate to a transition metal centre via the IC 
system and secondly the presence of active /I-hydro- 
gens in the methyl group. 

Addition of a hydrogen atom to an alkylidyne 
carbon forms an alkylidene ligand. Such a trans- 
formation can be effected by reagents acting as pro- 
ton or hydride sources, or by internal hydrogen 
migrations. Each of these three possibilities will bc 
considered in turn. 

(i) Reactions with protic acid. Formation of 
a carbon-hydrogen bond requires two electrons, 
therefore straightforward protonation of an alky- 
lidyne carbon leads to an electron deficient system. 
A dimetallacyclopropene ring normally possesses 
34 valence electrons (a count of 32 is possible if one 
of the metals prefers, like platinum, to adopt a 16 
electron configuration). Protonation of the alky- 
lidyne carbon decreases the number of valence elec- 
trons by two, but this initial electron deficiency is 
invariably satisfied by one of a variety of means. 
An incoming ligand, such as the conjugate base of 
the acid used for protonation, can coordinate to 

775 
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R 

H\ 
cp (OC),W -Pt(PMe,), 

R 

(la) c,H~Me-4 

(lb) Me 

‘; 
H\ 

cp (OchW - ML n 

R\ /H 
CF,C02H HC\ 

* CP(OC)~ (CF,CO,)W - Pt (PMe,), 

R 

(2a) C,H.,Me-4 

(2b) Me 

Eq. (1) 

HBFa. OEtl 

* CP(OC),W A ML n 

(3) 
(4) 
(5) 

(6a) 
tab) 

Rh(PMes)(q-GHT) 

Cr (CO) (NO) Cp 

co (CO) Cp’ 

Pt (PMel)2 

Pt (PMe2 Pi& 

Eq. (2) 

(71 
(8) 

(9) 
(lOa) 
(lob) 

the system to re-establish the number of valence 
electrons [cq. (l)], 3 or it no external ligand is available 
a newly formed tolyhnethylidene ligand can donate 
two additional valence electrons by adopting an q3- 
bonding mode [eq. (2)].4*5 The q3-interaction is rela- 
tively weak and the greatest stability is observed 
when ML, is an electron rich Pt(PR& fragment. 
The coordination of the tolyl ring to the tungsten 
centre can readily be displaced by other two electron 
donor ligands [eq. (3)].6 

Protonation of the methyl substituted alkylidyne 
complexes (lb) does not result in alkylidene con- 
taining products (Scheme 1).3 The unsaturated 
intermediate A cannot coordinate the BF; ion and 
the possibility of stabilization via a j?-agostic inter- 
action in an analogous fashion to the q3-tolyl lig- 
ation is not observed, although B may be an inter- 
mediate in hydrogen migration. Intermediate C is 
also not detected, although the vinyl complex (13) 

9 7 
+ /\ - 

/H 
Y\. _ L 

1 
t 

R\ /H 
/K 

Cp(OC),W - Pt (PMe d2 - cp (L) (OC)QW -Pt (PMe3), 

(lOa) L 

(lla) co 
(lib) PMe3 

Eq. (3) 

(1) 

(2) 

can be prepared by the methylation of (lb), and the 
isolated product is the ethene complex (12). 

As yet, no stable products have been isolated 
from the protonation of anionic alkylidyne systems 
such as [P(CH,Ph)Ph3] wPt@-CR)(CO),(cod)(q- 
GBgHgMe2)1.’ 

(ii) Reactions with potassium selectride. The 
reagent K[BH(CHMeEt),], known as potassium 
selectride, has proven to be a particularly useful 
source of the hydride ion, which possessing two 
electrons available for the formation of a carbon- 
hydrogen bond should in principle afford alkylidene 
complexes in a more straightforward manner than 
protonation. Surprisingly few examples of this form 
of reactivity have been observed. Reactions of di- 
metallacyclopropene complexes with anionic re- 
agents are often complicated by product instability 
or nucleophilic attack at centres other than the 
alkylidyne carbon.’ For example, treatment of 

(3) 
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1' 
I 

“: 1' 

“2 

cp (OC) wRC \pt (PR ) 

Me\ /” 
2\ 

“HC\ /” 
= 

\/K 
2 - 32 cp (W,W -Pt (PR,), - cp (00,W -Pt (PR,), 

(lb) 

I MeOSO,CF, 

A B 

I 

H&/C’ 

Me 
1' 

\ 
cp (OC),W -Pt (PMe,), 

‘H’ 

Cp (,&H,) W/e...Pt (PRJ:+ 

/” 
“VC\ 

1' 

- Cp (OC),W -P (PR,), 
\c /= ‘H’ 

0 

(13) (12) 

Scheme 1. PR3 = PMe,, PEt3, PMe,Ph or PMePh,. 

C 

the salt [WPt(p-CR)(CO),(PMe,),1 [BF,] with the 
nucleophilic reagents Li(C,H,Me-4), NaOMe or 
NaOEt affords complexes with bridging alkylidene 
ligands in very poor yields, ca 5%.8 The reason 
for this may be in part, the facile cleavage of the 
tungsten-platinum bond in these complexes. 
Stabilizing the metal-metal bond with a bidentate 
ligand such as bis(diphenylphosphino) methane 
can have a dramatic effect on the chemistry. For 
example eq. (4) proceeds in ca 70% yield.’ Com- 

peting reactions are less easily circumvented. Two 
of the potential problems, illustrated by eqs (5) and 
(6), are deprotonation and nucleophilic attack at a 
site other than the alkylidyne carbon.8T’0 

Potassium selectride can also be used to form 
bridging alkylidene complexes by reaction with 
binuclear complexes containing terminal alkylidyne 
ligands [eq. (7)l.r’ Related anionic alkylidene com- 
plexes can be synthesized by the reaction of anionic 
pentacarbonyl hydrides with [w(&R)(CO),(Cp)] 

1 
+ 

/\ KCBH (CHMeEt),] 

(0C)‘lW - Pt (CO) * 

I I 
ph2p\ c / 

‘Phz 

“2 

(14) 

Me 1 
+ 

C”z 
II 

K[BH(CHMeEt)31 /\ 
(oc), w - Pt(C0) w (oc),w- Pt (CO) 

PhP\ c ,‘Phs 
“2 

(15) 

I I 
Phz\ c / 

‘Ph, 

(4) 

(5) 

“2 “2 

(16) (17) 

Eq. (5) 
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I 1 

+ Otvle 
Ph / 

o=c 

Y\ 

\ NPh 
NaOMe 

(OC), (Me3P)Cr -Pt(PMe3), - (OC), (Me,P)Cr 
Y\ 
- Pt(PMe3), 

(18) (19) 

Eq. (6) 

K 1 BHcCHMeEt I31 
R\ C/H 1- 

02)~ Re - M(CO), = CR e (OC).,Re z M (CO), 

(6) 

(7) 

GOa) 
(2Ob) 
(2Oc) 
(2Od) 

hi R 

W Me 

W C.HdMe-4 

Cr C6H&ie-4 

MO C,HaMe-4 

Eq. (7) 

(2la) 
(21 b) 
(2lc) 
(2ld) 

[eq. (S)] and in the case of the homonuclear tungsten anionic system. Hydride abstraction is not observed 
complex (22b) either method can be employed, the from compounds (21) although @nigrations are 
hydride addition being reversible [eq. (911.” The Cp possible if coordinative unsaturation can be gen- 
containing complexes are less stable than the all erated at one of the metal centres [eq. (lo)].” Such 
carbonyl compounds (21) reflecting the lower rearrangements are familiar from the protonation 
ability of the cyclopentadienyl ligand to stabilize an chemistry illustrated in Scheme 1. A similar series 

R--l /H 1- 

1- AC\ 
Cp (OC), W e CR + HM(CO)s - Cp(OC)*W - M (CO), 

M 

(22a) Cr 
(22b) w 

Eq. (8) 

1 
- 

R 
\C/H 

/\ CPh&I[BF,l 

Cp(OC),W -W(CO), e * cp (OC),W - W (CO), = CR 

K[BH(CHMeEt)31 

(22b) (23) 

Eq. (9) 

Me\ /H 1- 
H\ /H 

P\ A 
H/T’\ l- 

tOd, w - Re(CO)r - 
-co 

tOC ),W , H, Re (COL, 

(8) 

(9) 

(2la) 

W. (10) 

(24) 
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“1 / MC 

[RhH (CO) (PPh,),) 
-PPh, 

- [RhH(CO) (PPh,),l 
cp (OC)*W z chle /\ 

* cp (OC)*W = Rh(CO)(PPh,), 

I -co 

“yMe 
Cp (OC),W / Rh (PPh,), 

/” 
E! 

H&EC 

/Rh(PPh ) +” 
/“\ /\ 

cp(oc)wY 

3 z IC,H, 
Cph-C,“,)W,T,Rh(PPh,), _ Cp@C),W\H,Rh(PPh3)~ 

0 

Scheme 2. 

of rearrangements is postulated for the reaction idene formation [eqs (11) and (12)].‘3*‘4 Again the 
of [RhH(CO)(PPh,),] with p(=CMe)(CO),Cp] q3-tolyl coordination is observed due to the unsatu- 
(Scheme 2).13 rated nature of the iron-tungsten alkylidyne com- 

(iii) Intramolecular hydrogen migration. Re- plexes (25) and (27). The preference for the tolyl 
arrangement of a diphenylphosphine ligand to a ring in (28) to coordinate to the iron centre is prob- 
bridging diphenylphosphido ligand with hydrogen ably a reflection of the steric bulk of the tris- 
migration to an alkylidyne carbon results in alkyl- (pyrazolyl)borate ligand. If this chemistry is per- 

k 
A 

cp (OCI2W - Fe (CO),PHPh, - 

3 

(11) 

(25) 
Phz 

(26) 

k 
(HB (~2)~ 1 (oc),w - Fe(C0)2PHPh, HB (pz), 1 tOC)W - Fe (CO), (12) 

(27) 
Ph, 

(28) 
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Y H\C0-Me 

{ tiB(pd, f(OC),w - Fe (CO):,PHPha - (HB(pz),j(OC),W \Llj,tCO), 
P 

{HB(p&l(OC),w~ Fe(CO)1(q-C2H,) - 

P 
Phz 

+CO -GH4 

Phz 
P 

- Fe(CO), 

/~ \ 
{HB(Pz),)(OQW = Fe(CO), 

Scheme 3. 

formed with a methyl substituent, the result is a 
non-alkylidene containing product due to 
migration of a p-hydrogen (Scheme 3).13 

Alkylidene carbon-hydrogen bondformation 

Binuclear complexes containing alkylidene 
ligands also react with proton and hydride sources. 
Protonation of alkoxide substituted alkylidenes 
results in removal of the alkoxide to form an alky- 
lidyne as illustrated by the formation of (14) by 
the treatment of ~Pt{@Z(OMe)R} &-Ph2PCH2 
PPh,)(CO),] with HBF4 - OEt2.’ The anionic 

rhenium-tungsten system (21b) can be protonated 
to afford stable alkyl complexes if the tungsten- 
rhenium bond is fist bridged by a bidentate phos- 
phine ligand [eq. (13)]. The two electron agostic 
interaction compensates for the electrons required 
for carbon-hydrogen bond formation and can be 
displaced by additional two electron ligands.” In 
contrast, (10a) or (lla) reacts with potassium selec- 
tride to afford the alkylidene-hydride complex (31) 
[eq. (14)] and not the hypothetical isomeric alkyl 
complex [WPt(p-CH,R)(CO),(PMe3)2(Cp)].6 Reac- 
tion of (10a) with other nucleophilic reagents such 
as NaH or NaCp results in deprotonation to reform 

RIP\ ,‘R; 

k 

i\JR i 
HBQOEt, 

* (OC),\t - -\ 
Re (CO), 

I I 
R,‘\ ,‘R; 

& 

R’ 

(13) 

(2%) Ph (30a) 
(29bI Me (3Ob) 

Eq. (13) 
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R\ i 
1 

+ “\ /H 
Cp (OC)3WA Pt (PMe,), K[B~~~MeEt’3L Cp(OC),W <A Pt (PMe,), 

H 

Eq. (14) 

(31) 

R\C/Me 
-Pt(PMe,), 

K [BH (CHMeEt) 31 
w Cp (OC)2w<$Pt (PM& 

H 

(14) 

(15) 

NdH 
(321 

(33) 

HK\\ /R 

1 c\ 
cp (OC), w - Pt (PM& 

(341 
Eq. (15) 

the alkylidyne complexes (la). Similarly com- 
plex (32) forms a bridging hydride (33) upon reac- 
tion with potassium selectride, and a bridging vinyl 
(34) with sodium hydride [eq. (1511.” The cobalt- 
tungsten complex (9) deprotonates to the parent 
alkylidene complex (5) even when treated with pot- 
assium selectride.” 

CARBON-CARBON BOND FORMATION 

Reactions of MM/p-CR complexes with sources of 
TH2” fragments 

Thecomplex [WPt@-CR)(CO),(PMe,),(Cp)] (la) 
does not react with CHzNl but will undergo a facile 
methylene addition reaction when treated with 
the reagent pi{ C1(A1Me2)CH2} (CH,)(Cp)J giving 
the gem-CHz vinyl complex [WPt{p-CR=CH,} 
(CO),(PMe,),(Cp)] (34).16 This synthesis is akin 
to cyclopropanation of an alkene and was also suc- 
cessfully employed to obtain [TiW{/.KR==CH,} @- 

wwo)(cPM (35) from [TiW(p-CR)@- 

cowo)wPM WV 

G c:Ti(cp) cp (0C)W 

‘a/- * 
0 

(35) 

The exceptional reactivity of the complexes 
WFeb-CR)(CO),(Cp*)] (37) and [MoFe@- 
CR)(CO),(Cp)] (38) leads to successful reactions 
with CHINz (Scheme 4).“*” The penta- 
methylcyclopentadienyl complex (37) with ex- 
cess CHzNz and a CuCl catalyst predominantly 
affords the kinetically favoured gem-CHz deriva- 
tive [WFe(p-CR==CH&-cH,)(CO),(Cp*)] (39), 
which arises from insertion of “CH2” fragments 
into both the W-,u-CR and the metal-metal bonds. 
In contrast, slow addition of CHINz allows time for 
vinyl isomerization to occur and this leads to the 
formation of the thermodynamically favoured 
trans-uicinal complex [WFe(,u-CH=CHR)(p-CH,) 
(CO),(Cp*)] (40), together with traces of (39) 
and the p-CO complex [WFeb-CH==CHR)@- 
CO)(CO),(Cp*)] (41). Interestingly, treatment of 
(41) with excess CHINz affords both (40) and (39). 
Formation of the latter gem-CH, species indicates 
that vinyl isomerization must be partially reversible 
as shown (Scheme 4). 

The reaction of [MoFe(@R)(C0)6(Cp)] (38) 
with CH,N, at ambient temperatures gives 
[MoFegl-CR=CH,)@-CH,)(CO)S(Cp)] (42), and 
there is no evidence that vinyl isomerization can 
occur in this system to give analogues of the WFe 
complexes (40) and (41). In contrast, the reaction 
of (38) with CHzNz at -40°C gives the allylic 
derivative [MoFe(p-CR - COMe - CH)(CO),(Cp)] 
(43). Formation of (43) is complex, but appears to 
involve coupling of P-CR * C(0) and CH*, hydrogen 
migration and addition of a second molecule of 
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9LcM< 
(W, co 

I 
‘-\ w (Cal4 

/ 
Me 

(54) 

V38(~~ll WI and [MoW=W(W7(C~)l 
(61), are ex~ptiona~y reactive and with MeC%CMe 
afford a fascinating series of products whose 
formation often requires isomerization of 
one molecule of MeC=CMe and the insertion 
of additional alkyne or CO ligands into the grow- 
ing organic chain (Scheme 7).2’*22 Compound (38) 
with MeC%CMe gives two diastereoisomers of 
[MoFe(p-CR l C(HMe) * CH2~(~O)~(~p)] (56a,b), 
and (56a) was characterized by an X-ray diffraction 
study. The structure is particularly interesting since 
there is no metal-metal bond and the complex may 
be regarded as a molybdenum substituted “‘tri- 
methylenemethane” Fe(CO), compound?’ For- 
mation of (56a,b) results from coupling of the p- 
CR group in (38) with a molecule of Me-Me, 
together with a metal assisted 1,3 hydrogen shift 
from a CMe group to an anri site on an adjacent 
CMe carbon atom. Two such hydrogen shifts are 
required to account for the formation of the 
CEt - CH fragment found in pFe(p-CR * CEt 
* CH * CMe - CMe)@-CO)(CO),(Cp*)] (59),‘2 and it 
is interesting that the insertion of additional alkyne 
or CO ligands required to form complexes (57), 
(58) and (59) occurs exclusively at the CH or CH2 
terminus of the carbon chain. In contrast, under 
mild conditions the terminal alkylidyne complex 
[MoW(=CR)(CO),(Cp)] (61) with MeC%CMe 
gives [Mow&-CR - C(CH2) * C(HMe) * C(O)} 
(CO),(Cp)] (62) in which CO insertion has 
occurred at the CHMe end of the carbon chain. 
Remarkably, treatment of (62) with more 
Me&&Me in refluxing tetrahydrofuran gives 
[MOW&CR * CMe * CMe)(CO),(q2-MeC=CMe), 
(Cp)] (63). Evidently retroisomerization of the 
C(CH3 - C(HMe) moiety is also a facile process at 
a Mo-W dimetal centre.25 

Related reactions of [MoFe(p-CR)(CO),(Cp)] 
(38) with EtC%CEt do not involve ~-hydrogen 
migration. Instead, complexes with ,u-CR * CEt 
l CEt (64), ,u-CR . C(0) * CEt * CEt (66), or anom- 
alous ,u-CR * CEt * C{C(O)Mef (67) and P-CR 
* C{C(O)Me) * CEt (68) ligands are obtained 
(Scheme 8).26 The latter acyl complexes (67, 68) 
arise from selective scavenging of EtC&&C(O)Me, 

1 
+ 

i+i fOC),Co - - 

\ , c/ywcco)4 
/” Me 

OH 

(55) 

which was present as a trace impurity in the com- 
mercial sample of EtC%CEt used, and we are grate- 
ful to Prof. Dixon for drawing our attention to 
the fact that he had previously encountered this 
problem.27 Reversible insertion of CO into the 
Fe-CEt bond in (64), gives (65) which has a p- 
CR * CEt - CEt * C(0) ligand. The isomeric y 
CR * C(0) l CEt * CEt group found in (66) does not 
lose CO and appears to arise from coupling of 
EtC%CEt with a transient p-CR * C(0) ketenyl pre- 
cursor. Related ketenyl intermediates were also 
implicated in the low temperature reactions of (38) 
with CH2N2 noted in a previous section. 

(ii) Reaction of WM(p-a : q3-CH(C,H,Me-4)> 
complexes with alkynes. Heterodimetal complexes 
with ~-~~R)(OMe) ligands do not generally react 
readily with alkynes. In contrast, the weakly q2-coor- 
dinated tolyl ligand in complexes having ,U-C : q3- 
CH(R) groups is readily displaced by a variety of 
nucleophiles (see earlier section) including alkynes 
(Scheme 9). 

Reaction of [PtW(p-fl : q’-CH(R)}(CO),(PR,), 
(Cp)] [BF,] (10) (PR3 = PMe,, PMe,Ph or PMePh2) 
with but-2-yne or diphenylacetylene gives the 
terminal alkyne complexes ~tW~~-CH~R)~ (‘JA- 
CO)(PR3)2(~2-R’C=CR’)(Cp)][BF,I (R’ = Me or 
Ph). The alkyne is anti to the displaced tolyl ligand 
and none of the alternative syn diastereoisomer is 
obtained in these reactions.” 

Initial attack of but-Zyne on the neutral 
phosphido bridged complex [WFe(p-a: q3-CH 
(scheme-4~~ (~-PPh2)(~O)~(~p)l (26) pres~ably 
affords a terminal alkyne intermediate analogous to 
(69), but rapid insertion of Me-Me into a 
M-/.&R bond leads to isolation of the delocalized 
vinylcarbene derivative [WFe{p-a : q’-C(Me)C 

(Me)C(R)H)(yPPh2)(C0)4(Cpll (79)“” 
In contrast but-Zyne formally appears to insert 

into the @ZH bond of ~CO~~-~:~~-CH(R)~ 
(CO),(Cp)(Cp*)} [BF,] (9) giving the coordina- 
tively unsaturated complex wCo&-a : q3-C(R)C 

(Me)C(Me)HJ WQW)(CP)(CP*>I IBF,l (71). 
This difference may be readily understood if 
initial alkyne insertion into a M-p-CR bond is 
followed by a rapid metal assisted 1,3 hydrogen 
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E /\ 
cp (OC), MO 

(i) 
Fe(CO), L - 

(38) L= co 

(44) L = PMea 

(56a)l 

9 \-, / 
Cp(OCQw---- 

\ 
H 

t 
c-c 

‘I/ 

H 
H 

MeC\ \ 
Fe 

(CO), 

(56b) 

H 

(57)f (s8)t (48) 

(37) 

+ CP*(OC)Y.(,!~~~(~~)~ 

(5911 (60) 

IMoW(=CR)(C~),(C~)~O cp(oc),M - 

(61) (62)t (63)i 

Scheme 7. Reactions involving isomerization of Me-Me. (i) Me-Me, (ii) MeCkCMe in 
refluxing tetrahydrofuran. $ Characterized by X-ray diffractions. 
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R.. ,” -.. 
,-I 

6) 

(ii) 

/“\ 
Pt (PR3),ItBF41 

PRs 
(lOa) G3 

(lob) PMe2Ph 

(1oC) PMePh, 

PRa R’ 

(6911 ie, G 
PMezPh Me 

PMe2Ph Ph 

PMePh2 Ph 

(i) 

Cp(OC)W -Fe(CO)3 - 

‘P’ 

cPtoc)w -Fe (CO), 

‘P’ 

Ph, Phz 

(26) (70)l 

R\C=C/Me 
(i) “’ 

\ ye 
CCp(OC)W -CotCO)Cp*I[BF,l - Ccptoc)w 

YC\ 

\ ..= 
\ ----- 

CoCp*l[BFJ 

Cd*- C,’ 

(9) 

[Cp(OC)W = CoCp*I [BF,] - 
\ _..= 

C; 

‘Me 

(71)$ R 

Scheme 9. (i) MeCkCMe, (ii) PhCkCPh, R = C,H.,Me-4. $ Characterized by X-ray structure 
diffraction. 
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? 
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4. (CO) L,M 3 

L”M 
(37) cp*(oc),w 
(73) (HB (PZ),)(OC),MO E 

0 

(75) CP (OC),Mo 0 

(76) CP (Oc),Mo s 

r 
(77) (HB (pz),~ (OC),Mo S 

(79) Cp (OC),Mo 
(80) (HB w,) (OC)~MO 

Scheme 10. 

migration reaction as shown in Scheme 9. Com- 
plex (71) may also be obtained via protonation 
of the neutral complex wCo(p-C(R)C(Me)C 

(Me))V%OWp*)1~72~.~5 

REACTIONS WITH OXYGEN AND 
SULPHUR 

Reaction of the bridging alkylidyne complexes 
(37) and (38) with oxygen, results in carbon-carbon 
and carbon-oxygen bond formation between alky- 
lidyne, and carbonyl groups and an oxygen atom 
to form (74) and (75) in which the metal-metal bond 
is bridged by a CRC(O)0 fragment (Scheme 10). “Jo 
Reaction with elemental sulphur can follow two 
paths. Compound (38) forms a mixture of (76), the 
sulphur analogue of (75), and (79) in which the iron- 
molybdenum bond is bridged by a thioacyl ligand 
(Scheme 4).29 Reaction of (37) with sulphur results 
in the thioacyl complex (78) as the sole product, 
whilst (73) affords both possibilities (77) and (80). 
Compound (77) decomposes into (SO) with the loss 
of a carbonyl group.30 

REFERENCES 

F. G. A. Stone, Angew. Chem. Znt. Ed. Engl. 1984, 
23, 89. 
See for example, M. J. Attfield, J. A. K. Howard, 
A. N. de M. Jelfs, C. M. Nunn and F. G. A. Stone, 
J. Chem. Sot., Chem. Commun. 1986,918. 
M. R. Awang, J. C. Jeffery and F. G. A. Stone, J. 
Chem. Sot., Dalton Trans. 1986, 165. 
J. C. Jeffery, C. Sambale, M. F. Schmidt and F. G. A. 
Stone, Organometallics 1982, 1, 1597. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

J. C. Jeffery, J. C. V. Laurie, I. Moore, H. Razay and 
F. G. A. Stone, J. Chem. Sot., Dalton Trans. 1984, 
1563. 
J. C. Jeffery, I. Moore and F. G. A. Stone, J. Chem. 
Sot., Dalton Trans. 1984, 1571. 
F.-E. Baumann, J. A. K. Howard, 0. Johnson and 
F. G. A. Stone, J. Chem. Sot., Dalton Trans. 1987, 
2661 
J. A. K. Howard, J. C. Jeffery, M. Laguna, R. 
Navarro and F. G. A. Stone, J. Chem. Sot., Dalton 
Trans. 1981,751. 
K. A. Mead, I. Moore, F. G. A. Stone and P. Wood- 
ward, J. Chem. Sot., Dalton Trans. 1983,2083. 
M. R. Awang, J. C. Jeffery and F. G. A. Stone, J. 
Chem. Sot., Dalton Trans. 1983,209l. 
J. C. Jeffery, A. G. Orpen, F. G. A. Stone and M. J. 
Went, J. Chem. Sot., Dalton Trans. 1986, 173. 
D. Hodgson, J. A. K. Howard, F. G. A. Stone and 
M. J. Went, J. Chem. Sot., Dalton Trans. 1985, 1331. 
S. V. Hoskins, A. P. James, J. C. Jeffery and F. G. A. 
Stone, J. Chem. Sot., Dalton Trans. 1986, 1709. 
J. C. Jeffery, J. G. Lawrence-Smith and A. G. Webb, 
unpublished results. 
J. C. Jeffery, I. Moore, H. Razay and F. G. A. Stone, 
J. Chem. Sot., Dalton Trans. 1984, 1581. 
M. R. Awang, R. D. Barr, M. Green, J. A. K. 
Howard, T. B. Marder and F. G. A. Stone, J. Chem. 
Sot., Dalton Trans. 1985,2009. 
E. Delgado, L. J. Farrugia, J. Hein, J. C. Jeffery, 
A. L. Ratermann and F. G. A. Stone, J. Chem. Sot., 
Dalton Trans. 1987, 1191. 
M. E. Garcia, J. C. Jeffery, P. Sherwood and F. G. 
A. Stone, J. Chem. Sot., Chem. Commun. 1986, 
802 ; M. E. Garcia, N. H. Tran-Huy, J. C. Jeffery, 
P. Sherwood and F. G. A. Stone, J. Chem. Sot., 
Dalton Trans. 1987,220l. 



790 J. C. JEFFERY and M. J. WENT 

19. J. C. Jeffery, K. A. Mead, H. Razay, F. G. A. Stone, 25. E. Delgado, M. E. Garcia, J. C. Jeffery, P. Sherwood 
M. J. Went and P. Woodward, J. Chem. Sot., Dalton and F. G. A. Stone, J. Chem. Sot., Dalton Trans. 
Trans. 1984, 1383. 1988,207. 

20. M. Green, J. A. K. Howard, S. J. Porter, F. G. A. 
Stone and D. C. Tyler, J. Chem. SOL, Dalton Trans. 
1984,2553. 

21. P. G. Byrne, M. E. Garcia, J. C. Jeffery, P. Sherwood 
and F. G. A. Stone, J. Chem. Sot., Chem. Commun. 
1987,53 ; P. G. Byrne, M. E. Garcia, J. C. Jeffery, P. 
Sherwood and F. G. A. Stone, J. Chem. Sot., Dalton 
Trans., in press. 

26. M. E. Garcia, J. C. Jeffery, P. Sherwood and F. G. A. 
Stone, J. Chem. Sot., Dalton Trans., in press. 

27. C. N. Bainbridge, R. S. Dickson, G. D. Fuller, I. 
Grayson, R. J. Nesbit and J. Weigold, Aust. J. Chem. 
1986,39, 1187. 

28. J. C. Jeffery, J. G. Lawrence-Smith and A. G. Webb, 
unpublished results. 

22. J. Hein, J. C. Jeffery, P. Sherwood and F. G. A. 
Stone, J. Chem. SOL, Dalton Trans. 1987,221l. 

23. I. J. Hart, J. C. Jeffery, M. J. Grosse-Ophoff and 
F. G. A. Stone, J. Chem. Sot., Dalton Trans., in 
press. 

29. P. G. Byrne, M. E. Garcia, J. C. Jeffery, P. Sherwood 
and F. G. A. Stone, J. Chem. Sot., Dalton Trans. 
1987, 1215. 

24. I. J. Hart and F. G. A. Stone, J. Chem. Sot., Dalton 
Trans., in press. 

30. M. D. Bermudez, E. Delgado, G. P. Elliott, N. H. 
Tran-Huy, F. Mayor-Real, F. G. A. Stone and 
M. J. Winter, J. Chem. Sot., Dalton Trans. 1987, 
1235. 



Polyhedron Vol. I, No. lOjll, pp. 79144% 1988 
Printed in Great Britain 

0277-5387/88 $3X0+ .OO 
0 1988 Pecgmon Press plc 
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Abstract-A summary of the synthesis, spectroscopic properties, and reactivity charac- 
teristics of the triosmium p-ketene clusters Os,(CO), ,@-CH,CO), 3, and [pPNl[Os,(CO) , o 
(yX)(@H2CO)], (5a, X = Cl ; 5h, X = Br ; 5c, X = I ; 6e, X = NCO) is presented. 
In addition, the preparation of the Bu’N=C substituted ketene clusters 0s3(CO)i0 
(Bu’NC)~(~-CH~CO), 4, and [PPN’j[Os,(CO),(Bu’NC)~-X)&-CH,CO)] (7c, X = I; 7d, 
X = NCO) by reaction of the appropriate p-CH2 precursors with BUN& is described. 
Cluster 4 has been crystallographically characterized : P2,/c, a = 19.262(4), b = 22.486(4), 
c = 13.197(3) A, j? = 97.73(2)“, V = 5790(2) A3, 2 = 2, R(F) = 0.0639, R(wF) = 0.0671 
for 4172 reflections with I > 4a(F0). The three OS atoms and the p-ketene ligand form 
a triosmacyclopentanone ring with the isocyanide ligands in equatorial positions on 
different OS atoms and truns to the ketene methylene and carbonyl carbons, respectively. 
A variable temperature ‘H NMR study has shown that cluster 4 undergoes a fluxional 
process involving an inversion of the triosmacyclopentanone ring conformation which causes 
exchange of the positions of the methylene protons of the p-ketene ligand. The activation 
energy for this process is N 11 kcal mol- ‘. 

Ketenes are reactive organic molecules that have 
been extensively investigated since the early 1900s 
when Staudinger’ and Wilsmore’ conducted their 
pioneering studies. The characteristic organic 
chemistry of ketenes is now well defined, and excel- 
lent reviews on various aspects of the synthesis and 
properties of ketenes are available.3 In contrast, 
the organometallic chemistry of ketenes is only now 
beginning to be seriously developed, although a 
number of interesting metal-ketene reactions were 
described in the early organometallic literature. We 
recently compiled a comprehensive review of the 
interaction of ketenes with organometallic com- 
plexes,4 and one surprising finding was the diversity 
of bonding modes that this ligand adopts. If we take 

*Author to whom correspondence should be addressed. 

the generic view that any complex containing a 
“CR,CO” ligand is a ketene complex regardless of 
the hybridization of the ligand, then the established 
ketene complexes can be grouped into the structural 
types shown on the next page. 

Type I has an q’-(C,C) ligand bound to a single 
metal centre typically found for low-valent middle 
to late transition metals. In Type II, a p2,q2-(C,C) 
ligand bridges adjacent metals in binuclear and clus- 
ter compounds. In Type III the carbonyl oxygen 
also interacts with a third metal atom. Early tran- 
sition metals generally give q2-(CO) ketene com- 
plexes with this ligand bound to a single metal as 
in IV or to two metals as in V and VI. A few 
metalla-enolate complexes of Type VII have been 
mentioned and there are several vinylketene com- 
plexes of Type VIII. Type IX complexes form when 
E is a potential ligand such as phosphorus and 
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arsenic. The above classification has excluded 
metalla ketene complexes in which a metal is one 
of the ketene substituents, although such “ketenyl” 
and “ketenylidene” complexes were included in the 
above-mentioned review. 4 Synthetic methods for 
ketene complexes vary, but the most useful have 
involved carbonylation of carbene ligands, addition 
of free ketenes to unsaturated complexes, and 
deprotonation of acyl ligands.4 

Ketene complZxes are important for a variety of 
reasons. One is to model reactions which have been 
suggested to occur during heterogeneous synthesis 
gas catalysis. For example, insertion of CO into 
metal-methylene and xarbene bonds to form sur- 
face bound ketenes has been suggested to be an 
important step in the production of hydrocarbons 
and C,-oxygenates. 5 Similarly, ketene complexes 
generated by carbene_CO coupling or from the 
addition of ketenes to unsaturated metals have been 
used in several recent synthetic transformations of 
organic interest.’ 

Whereas much is known about the structure of 
ketene complexes, relatively little is understood 
about the reactivity of these ligands and particularly 
how the coordination mode influences its chemis- 
try.4 Such knowledge is vital if ketene complexes 
are to find extensive use in organic synthesis.6 
Especially important would be a comparison of the 
reactivity of free and coordinated ketenes. Much of 
the reactivity of free ketenes can be rationalized by 
the polarization of the molecule shown in eq. (1). 
The same conclusion is reached by frontier orbital 
analysis that shows the LUMO to be mainly loca- 
lized on the j? carbon and the HOMO on the CI 
carbon and the oxygen atom.7 Nucleophiles typ- 
ically add to the /?-carbon whereas electrophiles add 
to the terminal atoms, particularly the a-carbon, 
and a characteristic reaction is the addition of polar 
H-X bonds across the ketene C=C bond, eq. (1). 3 
Free ketenes also undergo cycloaddition reactions 

* PPN+ = (Ph3P),N+. The isocyanate derivative 2d 
was formed from the reaction of 1 with [pPN]N,. 

with electron-rich olefins, alkynes, and other 
unsaturated organics, e.g., eq. (2). 3 These reactions 
are thought to proceed via an allowed antarafacial 
[712s + 7c2a] concerted process. 7 

a- a+ 6- 
P 

R&C-O //” 

“LX 

- R2C-C 

I \ 
(1) 

6f 6- 
H X 

X = OR, NR2, SR, etc. 

Eq. (1) 

Our interest in this area arose through our studies 
of the chemistry of the methylene cluster 1 8 and its 
halide-substituted derivatives 2a-d which are easily 
formed by the reaction of eq. (3).*’ We found that 
both 1 and the anionic clusters 2 readily insert CO 
into the metal-methylene bonds to form ketene 
ligands, “7 ’ ’ and we then began a series of in-depth 
studies of the genesis and reactivity of ketenes coor- 
dinated to these OS, clusters. The purpose of this 
article is to collect and summarize the most impor- 
tant results from our several studies’“,‘2,‘3 in this 
area’“13 so as to put all the data and observations 
in total perspective. We also present new results 
involving the reactions of 1 and 2 with Bu’N=C 
which have led to the formation of novel isocyanide 
substituted ketene clusters. 

SYNTHESIS OF TRIOSMIUM 
p-KETENE CLUSTERS 

Our initial result in this area was the discovery 
that methylene cluster 1 slowly reacts with CO 
under mild conditions to form in good yield the 
neutral ketene cluster 3, eq. (4). ‘O This species was 
isolated as extremely water sensitive yellow crystals, 
and it was both spectroscopically and structurally 
characterized (see below). The CO insertion reac- 
tion was not readily reversible as evidenced by the 
low yield (8%) recovery of 1 following heating 3 
(64”C, 30 min) under reduced pressure. Of interest 
is the mechanism by which this reaction occurs, and 
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* fast 
1 
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a key issue here is the source of the CO that was 
incorporated into the ketene ligand. ’ 3C-labelling 
studies clearly showed that this carbonyl was an 
original cluster CO ligand and that the two exoge- 
nous COs simply add as carbonyl ligands in the final 
product 3. This leads to the mechanistic suggestion 
of eq. (5) involving reversible insertion of a cluster 
CO into the osmium-methylene bond. lo 

Consistent with the above mechanistic suggestion 
is the recent finding that tert-butylisocyanide also 
reacts with 1 to induce CO insertion to form the 
ketene cluster 4, eq. (6), rather than to form a keten- 
imine derivative which could have arisen from iso- 
cyanide insertion into the metal-methylene bond. 
Cluster 4 was isolated in good yield as air and 
moisture stable orange microcrystals and was both 

spectroscopically and structurally characterized 
(see below). Also isolated from this reaction was 
Os3(CO) lo(B~tNC)2 (23%) which apparently forms 
from loss of ketene from 4. Note that reaction (6) 
is complete within 10 min whereas the reaction of 
1 with CO to give ketene cluster 3 required 4-6 h 
for completion. Although isocyanides induce the 
CO insertion to form a ketene ligand, phosphines 
have not been found to give similar chemistry but 
instead give a complex mixture of PR3 substituted 
0s3 clusters. ‘O 

The anionic halide-substituted methylene clusters 
2a-d also react with CO to form ketene derivatives, 
eq. (7).” Surprisingly, these reactions are totally 
reversible ; removal of the CO atmosphere from 
the above solutions of 5ad causes instantaneous 

OS (CO)‘$ OS (CO)4 
/\ /\ 

OS (CO),$ 

(CO)3Os - ,os (CO)3 
+co /\ = (CO)3Os 

)/C-CH, 
- (CO), OS \ ,os (CO!, 

C-CHI 
0 I/ 

0 
+ co 

(5) 
OS co), 

/\ 
(CO)‘$Os \ ps (CO), 

,/‘-‘=I 
0 
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OS (CO)‘$ 

/\ 

OS (CO), 

/\ 
(CO)sOs >p-&dCO), + 2 BurNC --=+ 

CHICll 
(Bu' NC) (COJ3 OS \ ,Os (COj3 (Bu' NC) (6) 

10 min 
0 cFCH* 

1 

Os(CO)4 1 

(CO) osbx+ 3 y--ios (co)o 

CHa 
2 a-d 

Eq. (6) 

4 (62%) 

- 

22% 
OS (CO,, 1- 

<Imill 
+ co - tCo,,os~X~s aide (7) 

1 (atm) CHzClz 
4 

//-CHz 
0 Sa X=CI 5c x=1 

5b X=Br 5d X=NCO 

Eq. (7) 

regeneration of the methylene clusters 2a-d. Note 
that such a reaction does not occur for the neutral 
ketene cluster 3. The anionic ketene clusters 5a-d 
cannot be isolated because of their ready loss of 
CO, but when needed they can immediately and 
quantitatively be generated by exposure of 2a-d to 
a CO atmosphere. As above, a 13C-labelling study 
showed that the CO incorporated into the ketene 
ligand in 2c was an original cluster CO and that the 
exogenous CO simply added as a cluster carbonyl. ’ ’ 

Prolonged exposure of ketene clusters 5a-c to 
CO induces slow loss of halide with uptake of two 
COs to form the neutral ketene cluster 3.” 
However, the isocyanate derivative 5d reversibly 
adds just one CO to form a 1: 1.3 mixture of the 
isomeric clusters 6a and 6h having terminal NC0 
ligands, eq. (8).” Note that 6a and 6h differ only 
in the osmium to which the isocyanate ligand is 
attached. These complexes are indefinitely stable 
under a CO atmosphere and show no tendency to 
lose the isocyanate ligand. However, upon removal 
of the CO atmosphere, they quantitatively regen- 
erate the starting methylene cluster 2d, a reaction 
which presumably proceeds via initial formation of 
the ketene cluster 5d which then loses CO to form 
2d. It is likely that the CO induced slow conversion 
of the halide substituted clusters 5a-c into 3 with 
loss of the halide proceeds via initial formation of 
analogues of 6 with terminal halide ligands which 
then undergo substitution of CO for the halide. 

As reactions (4) and (7) illustrate, halides dra- 
matically promote the rate of the methylene 
carbonylation to form ketenes. Note that the halide- 
substituted clusters 2a-d undergo complete 
carbonylation in < 1 min whereas the neutral meth- 
ylene cluster 1 requires N 4 h for total reaction. 
While the reasons for this kinetic acceleration are 
unknown, both spectroscopic and structural data 
indicate that reaction (7) with 2 is far more ther- 
modynamically favoured than is reaction (4) with 
1. The clusters 2ad are 50 electron species and as 
such should have only two OS-OS bonds. 
However, X-ray structural studies of 2c and 2d 
showed the presence of two unbridged OS-OS 
bonds and an OS. . . OS separation of 3.112 (2~) and 
3.053 A (2d) for the edge which is simultaneously 
bridged by the methylene and X ligands.9 The OS 
atoms on this edge should be non-bonded and much 
further apart, but the constraints imposed by the 
bridging ligands force the metals close together. 
This strain is apparently relieved by CO insertion 
to form the ketene species 5a-d. Further support 
for the favourable thermodynamics of reaction (7) 
comes from IR data that indicate that the excess 
negative charge on the [OS&X)@R)(CO), ,,- 
(R = CH2, CH,CO) .clusters is better accom- 
modated in the ketene complexes than in the meth- 
ylene species. This is mainly indicated by the l&20 
cm-’ shift to higher energy of the metal carbonyl 
vibrations when the ketene ligand is formed in the 

+co 

22v 
t1,2-30 min 

OSCCO), 1- /\ 
+ (CO) 403 OS- NC0 (8) 

'C-CH: 

Oh 

(COJS 
6b 

Eq. (8) 
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Table 1. Spectroscopic data for triosmium p-ketene clusters’O*” 

79.5 

‘H NMR* 
Ketene 

Cluster v(C0)” (cm- ‘) G(CH,CO) Jm (Hz) 

’ ‘C NMR* 

G(CH,CO) &,., (Hz) G(CH,CO) 

3 1573w 2.77s,br (VI/Z 1lHz) 32.8 136 210.4 
4 1549w 2.8ls,br (v 7Hz) 1,~ 30.5 132 226.0 
5a 1556~ 3.81d, 3.0ld 13.1 35.3t 126 257.3 
5b 1554w 3.95d, 3.4Od 13.2 - - 

5e 155lw 4.04d, 3.89d 13.6 30.5t 125 256.4 
5d 1561~ 3.5ld, 2.80d 13.2 - - 

6a 1550/1560 3.10d, 2.46d 6.7 20.5t 136 240.7 
6b 1550/1560 4.14d, 2.52d 5.8 50.9t 132 219.4 
7c 1539 4.02d, 3.72d 13.8 29.4t 124 259.8 
76 1547 3.44d, 2.75d 12.9 31.2t 125 259.7 

= CHJ&. 
* CDCI,. 
‘The individual ketene v(C0) stretches for 6a and b were not assigned. 

2 + 5 conversion and also by the relatively low 
vibrational frequency of the ketene carbonyls in the 
anionic ketene clusters 5a-d (compare the IR data 
for 3 and 5a-d in Table 1). 

Isocyanides also induce the methylene to ketene 
transformation in the halide-substituted clusters 

2e,d, eq. (9). 

[Os,(CO), ,(/L-X)(p-CH,)] - + Bu’NC -40°C 
2c,d 

< 1 min CDCI, 

[Os,(CO),(Bu’N~C)~-X)(p-CH&O)]- (9) 
7c, x = I 
7d, X = NC0 

%. (9) 

These reactions are fast even at - 4O”C, again illus- 
trating the promoting effect of the presence of the 
anionic I- and NCO- ligands. Although clusters 
7 are stable in solution at -40°C under an N2 
atmosphere, upon warming they deinsert CO to 
yield a complex but reproducible mixture of iso- 
cyanide substituted OS, methylene clusters. These 
apparently arise from multiple additions of 
ButN=C. Although not isolated, clusters 7 were 
spectroscopically characterized. The presence of the 
ketene ligand was indicated by IR vibrations in the 
154&l 550 cn- ’ region and by the ‘H and ’ 3C 
NMR data summarized in Table 1. The stoi- 
chiometry of the reaction involving incorporation 
of only one isocyanide was shown by ‘H NMR 
titration experiments. The spectroscopic data do 
not conclusively indicate to which OS atom the iso- 
cyanide is bound, although the very low v(C0) 

stretch of the ketene ligand at 1539 and 1547 cm-’ 
for 7c and 7d, respectively, indicative of a strong rr- 
donor suggests the isocyanide is bound to the same 
OS atom as the ketene carbonyl and tram to it as 
in 4. 

Interestingly, the isocyanide substituted ketene 
clusters do not cleanly lose CO to form methylene 
clusters such as [Os,(CO),(Bu’NC)~-CH&-X)1-, 
in contrast to the ready reversibility of the methy- 
lene/ketene transformations in the parent clusters 
without the isocyanide ligand, eq. (7). However, 
when placed under a CO atmosphere, clusters 7c,d 
quickly undergo substitution of CO for the iso- 
cyanide ligand to form the ,u-ketene clusters 5c,d, 
eq. (10). 

[Os,(CO),(Bu’NC)@X)(/KH,CO)]- + CO 
7c,d 

+ [Os,(CO), ,(y-X)@-CHzCO)]- + Bu’NC (10) 
5c,d 

Eq. (10) 

If the CO atmosphere is then removed, clusters 7c,d 
rapidly reform, probably via the sequence 5 + 2 + 
7. 

SPECTROSCOPIC CHARACTERIZATION 

Table 1 summarizes the important spectroscopic 
data for the p-ketene clusters within the triosmium 
family. The ketene carbonyl IR stretch is in the 
1535-1560 cm- ’ region for all the anionic clusters, 
but the neutral ketene cluster 3 has a slightly higher 
energy ketene band at 1573 cn- ‘. However, the 
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OS (CO), 
1- 

(COhos~x~os~Co~3 - 

OS (CO )g 

/ 
,,,,os~xdpo,, - 

OS (CO), 

i-~30s~~os~Co~3 

CH,-C 

% 

CH2-C 

\o- 

CH2=C 

‘0- 

A B 

Structures A, B and C 

C 

corresponding band in the related p-ketene complex 
Cp(CO)2Ru(+CH,CO)RuCp(CO)z1 4 is far higher 
at 1622 cm-‘. The lower energy position of this 
band in the anionic clusters implies significant delo- 
calization of electron density onto the ketene car- 
bony1 and the importance of the oxycarbene and 
oxyvinyl resonance forms B and C drawn above. 
The importance of B and C are also indicated by 
the facile addition of electrophiles to the ketene 
carbonyl oxygen (see below). Similar oxycarbene 
resonance forms are important for anionic metal 

acyl complexes and contribute to the ease with 
which these are alkylated at the carbonyl oxygen to 
yield metal carbenes, but the oxyvinyl resonance 
form has no precedent in mononuclear chemistry. 

The methylene protons of the ketene ligands in 
the anionic clusters are inequivalent and always 
appear as a pair of doublets in the 6 2.WI.5 ‘H 
NMR range. However, the neutral ketene clusters 
3 and 4 show only a broad singlet for the ketene 
protons at 22°C even though their crystal structures 
(see below) show the protons to be inequivalent. 

(L) wo)sos\ / 
c\ 

os(co)3(L)T-- c\ 
A 

(L)(co),os\c/ OS(CO),(L) 

Ho Hb ‘d 

Scheme 1. 

3.1 3 2.9 2.6 2.7 26 2.5 2 4 2 3 2.2 2.1 2 I9 I 8 

wm 

Fig. 1. Variable temperature ‘H NMR spectra for Os,(CO),,(ButNC),(~-CH,CO), 4, recorded in 
CDICll solution. 
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The single resonance implies rapid exchange of the 
methylene protons, presumably by inversion of the 
OS$~ ring as illustrated in Scheme 1. This process 
has been probed by a variable temperature ‘H 
NMR experiment with 4, the results of which are 
shown in Fig. 1. At - 80°C the CHzCO resonances 
appear as two sharp doublets at 6 2.97 and 2.14 
with JHH = 6.3 Hz. These broaden upon warming, 
coalesce at - 30°C and then appear again at 20°C 
as a single resonance at 6 2.68. From the coalescence 
temperature and the chemical shifts in the static 
spectrum we calculate AG z 11 kcal mall ’ for the 
exchange process which is presumably that depicted 
below. 

The coordinated ketene 13C NMR resonances 
are in typical positions for metal acyls and metal 
methylenes with the latter always appearing as a 
triplet with a 124-136 Hz coupling to the two hydro- 
gens. This value is characteristic of an sp3 hybrid- 
ized carbon. ’ 5 

CRYSTALLOGRAPHIC 
CHARACTERIZATION 

Ketene clusters 3 and 4 have both been struc- 
turally characterized, with that of 3 reported in ref. 
10 and that of 4 described for the first time herein. 
ORTEP drawings for both are shown in Fig. 2, and 
the pertinent crystallographic data for 4 are listed 
in Tables 2 and 3. Two molecules of complex 4 
comprise the asymmetric unit, one of which was 
ordered and the other disordered (see Exper- 
imental). Bond distance and angle data are given in 
Table 3 only for the ordered molecule. A com- 
parison of the structural parameters of the ketene 
ligand in 3 and 4 is given in Table 4. The clusters 
are remarkably similar with only minor variations 
in bond angles and distances caused by the sub- 
stitution of the Bu’NC ligands for CO. The two 
Bu’NC ligands in 4 are coordinated to the two 
osmium atoms to which the ketene ligand is 
attached and are bound in equatorial positions with 
respect to the Os3 plane. Each is tram to the ketene 
ligand. 

Both molecules appear to be best described as trios- 
macyclopentanone derivatives, and an expanded 
view of the OS~CH,CO core of 3 which illustrates 
this point is shown in Fig. 3. The angles about the 
ketene carbonyl carbon closely approximate 120” 
as expected for an sp2 hybridized carbon, and the 
1.25-1.27 8, bond lengths of the ketene carbonyls 
are only slightly longer than the 1.23 8, bond length 
of typical organic carbonyls. I6 Likewise, the angles 
about the methylene carbons are close to the 109.5” 
value expected for a tetrahedral sp3 carbon and the 
carbon-carbon distances within the ketene ligands 

Table 2. Parameters for the crystallographic study of 
Os,(CO),,(Bu’N=C),@-CH,CO), 4 

Formula CxHz,,NzO, ,Os, 
Crystal system monoclinic 
Space group P2,lc 
a, 8, 19.692(4) 
b, A 
c, 8, 

22.486(4) 
13.197(3) 

B 97.73(2) 
v, A’ 5790(2) 
Z 9 
o(calc), g cm- 3 2.430 
T 293 K 
Diffractometer Nicolet R3m/p 
Radiation MO-K, (graphite monochromated) 
p, cm- ’ 155.8 
Scan limits, deg 4 < 28 < 45 
Scan method omega 
Rflns collected 8189 
Indepdt rflns 7551 
Obs. rflns (4aF,) 4172 
R(int), % 3.55 

R(F), % 6.39 
R(wf), % 6.71 
GOF 1.149 

Ala 0.11 

A(P), e A-’ 2.2 (near 0s(3’)) 
N,INv 8.6 

of 3 and 4 are near the typical carbon<arbon single 
bond distance for carbons adjacent to carbonyls 
(1.52 A’6). It is thus somewhat inappropriate to 
refer to these compounds as ketene complexes, even 
though they contain the CH2C0 ligand, since the 
bond angles and the indicated carbon hybrid- 
izations are not those of free ketene. 

The coordination at the osmium atoms in the 
two structures are essentially octahedral, and the 
OS-OS bond lengths fall within the range of typical 
Os-OS single bonds. The Os( 1) . + * OS(~) distance 
of 4.277 8, in 4 clearly indicates that these two atoms 
are non-bonding as was also shown for 3. 

REACTIVITY OF THE 
p-KETENE LIGANDS 

Given the developing role of ketene complexes in 
synthetic transformations of organic interest6 and 
the proposed involvement of surface bound ketenes 
during heterogeneous synthesis gas catalysis,’ it is 
important to define as fully as possible the reactivity 
features of this ligand in its different coordination 
geometries. Thus we have tried to do this with the 
triosmium ketene complexes prepared in these lab- 
oratories, emphasizing the representative com- 
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Table 3. Selected bond distances and angles for (Os,(CO),,(BuW=C)~),OI-CHzCO), 4“ 

WlWs(2) 
Os(2t_os(3) 
Os( l’)--Os(2’) 
Os(2’)-Os(3’) 

Os(lFW3) 
Os(3F-W 8) 

Os(1~s(2)--os(3) 
0s(1)-0s(2)-0(3’) 
0s(1”)-0s(2’)-0s(3’) 

C(lFOs(lWJ2) 
C(lWWX--C(3) 
C(lFOs(l)_C(ll) 
C(l)-Os(lFW3) 
C(l)_Os(1Ws(2) 
C(2)-Os(l)-C(3) 
C(2)-Os(l)--c(l l) 
C(2FOs(l)--C(l3) 
C(2FOs(l)--os(2) 
C(3)cos(l)--c(l1) 
C(3)-Os(l)--c(l3) 
C(3)-0s(f)+s(2) 
c(ll)-Os(l~c(13) 
C(1 l)---Os(l)-Os(2) 

C(l3~-0s(l)--os(2) 
Os( 1 )--os(2)-~(4) 
Os(l)-Os(2W(5) 
Os(l)--os(2)-C(6) 
OS(~)-Os(2)-~(7) 
Os(3FOs(2)--c(4) 
Os(3)-Os(2)--~(5) 
Os(3)--os(2)-C(6) 

(a) Bond distances (A) 

2.946(l) Os(l>-c(l1) 
3.023( 1) Os(3)--c(l2) 
3.028( 1) C(llFW2) 
2.962(2) C(1 l)-O(ll) 
2.05(2) Os( l”jOs(2’) 
2.01(2) Os(2”)-Os(3”) 

(b) Bond angles (deg) 

90.2( 1) Os(3FW2F(7) 
90.3(l) C(4)-Os(2)--c(5) 
93.4(4) C(4FW2>--c(6) 
92.7(7) C(4)-Os(2)--c(7) 
92.4(7) C(5)--os(2)--c(6) 
87.6(7) C(5)-0$2>--c(7) 

103.5(7) C(6)-Os(2-(7) 
169.4(4) Os(2)-Os(3F(8) 
174.7(7) 0s(2)--@(3)--c(9) 
94.2(7) Os(2)-0s(3)-~(10) 
84.1(7) OS(~)---OS(~)---C(12) 
89.3(6) OS(~)-Os(3)-C(18) 
84.9(6) C(8FOs(3FC(9) 
95.8(7) C(8)--os(3~(lO) 
85.4(5) C(8)--os(3)--c(l2) 

168.C13 C(8)-Os(3>--c(l8) 
81.9(5) C(9)-Os(3)--c(lO) 
87.0(5) C(9)-0~(3)--c(12) 
84.7(6) C(9)_Os(3)--c(l8) 

176.3(6) C(10)--os(3)--c(l2) 
85.6(6) C(lOFW3>-c(l8) 
84.3(4) C(l2FW3)-W8) 
89.9(5) Os(3)-C(l2)-C(f 1) 
87.6(4) Os(lF-WlF4Y12) 
85.6(6) Os(lFV 1)--W 1) 

C(l2FW l)-O(ll) 

2.1 l(2) 
2.23(2) 
1 M(2) 
1.27(2) 
2.92( 1) 
2.86(l) 

84.3(4) 
92.3(8) 
90.2(8) 

167.6(7) 
96.7(8) 
98.4(7) 
94.9(8) 
86.1(4) 
90.4(4) 

179.3(4) 
89.1(3) 
87.5(3) 

173.9(6) 
93.7(7) 
92.1(6) 
88.4(6) 
89.9(7) 
82.8(6) 
96.5(6) 
91.6(6) 
91.9(6) 

176.5(4) 
115(l) 
122(l) 
124(l) 
114(l) 

“Except for the primed OS, framework parameters, all values are taken from the 
ordered molecule only. 

Table 4. Comparison of bond lengths and angles for 3 and 4 

3 4 

Os(2)-CK(l) 2.162(10) 8, Os(lFW1) 2.11(2) A 
Os(3)-~K(2) 2.218(9) 8, OS(~)-C( 12) 2.23(2) 8, 

CK(l)--CK(2) 1.470( 14) A C(1 lFW2) 1 M(2) A 
CK(lW 1.256(11) 8, C(11)--0(11) 1.27(2) 8, 

Os(2)-CK(l)-CK(2) 121.4(6) 0W-W fFW2) 122( 1)” 

Os(2)-CK(f>--O 120.6(7) 0sW-W 1)---W 1) 124( 1)” 

CK(2)--CK(f)--O 117.9(9) C(l2>-c(l f)-O(l 1) 114(l) 

CK(l)-CK(2Ws(3) 112.2(6) C(l~-C(l2~0s(3) 115(l)O 
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Fig. 3. A drawing showing the central metallacycle of Osj(CO),,@-CH,CO), 3, giving relevant bond 
angles and distances. Carbonyl positions are depicted as vectors to the carbon atoms. 

pounds 3 and 5c. Summarized below are the results 
of our various reactivity studies.‘0,‘2,13 The ketene 
ligands in these triosmium clusters have been shown 
to be highly susceptible to both electrophilic and 
nucleophilic attack, and in particular, the observed 
reactivity pattern of 5c shows that nucleophiles pre- 
ferentially attack the ketene carbonyl carbon 
whereas electrophiles add to the ketene carbonyl 
oxygen. 

osKo)4 1- 

Structure 5 

Addition of nucleophiles to the p-ketene ligands of 3 
and 5 

The neutral ketene complex 3 reacts with both 
Hz0 and CH30H over a period of several hours to 
yield acetic acid and methyl acetate, respectively, 
eq. (1 l).” 

Os,(CO), ,(p-CH,CO) + ROH 
R = H,Me 

=CH3COzR+Os3(CO)1z. (11) 

Both ‘H NMR and IR data imply these products 
form in > 95% yield. The reaction of 3 with Hz0 
accounts for the instability of the complex in air 
and the difficulty in purifying it by chromatography. 
A competitive experiment involving the reaction of 
3 with a 1: 1 mixture of Hz0 and CH30H under a 
CO atmosphere gave a 2.46: 1 ratio of CH&02H 
to CH3C02CH3, implying that 3 reacts faster with 
H20 than with MeOH. 

The above reactions were conducted with pre- 
formed 3. Another way to conduct such studies is 
to add methanol and/or water to solutions of the 
methylene cluster Os,(CO) 1 &-CH2), 1, which does 
not readily react with these reagents, and then add 
CO to generate cluster 3 in situ. Under such con- 
ditions, methyl acetate and acetic acid form on the 
same time scale as the reaction of 1 with CO to form 
3. However, a competitive experiment conducted as 
above with a 1 : 1 mixture of H,&MeOH gave a 
0.99: 1 ratio of CH,CO,H to CH3C02CH3, sig- 
nificantly different from the ratio obtained begin- 
ning with pure 3. This implies the formation of an 
intermediate ketene complex enroute to 3 such as 
that drawn in eq. (5) and which is much less selective 
in its reactions with these nucleophiles. The 
decreased selectivity of the intermediate ketene 
complex is likely due to it being coordinatively 
unsaturated. Similarly, Lin et a1.l4 concluded that 
an open coordination site was necessary for Cp(CO), 
Ru(~-CH~CO)RUC~(CO)~ to undergo reaction 
with methanol. In addition, the isocyanide sub- 
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(CO)sOs 
&Y;(,d - 
\cH, C’ 

3 

\\ 
SC 

0 

22% 
t CH,OH - 

4h 
CHzC12 

+CO,-HI 

Eq. (12) 

22oc 
+ CHgLi - 

6-8h 

THF 
+CO.- LiI 

Eq. (13) 

OS (CO), 
/\ --I- 

ways’- ‘OS (CO).$ 

FH2 

OGc\OCH 
8 (35%) 

3 

(CO) OS’ 
OS (CO), 

’ 
3l OS co,?- 4 

7% 
9 

O+H 3 

801 

(12) 

(13) 

stituted ketene cluster 4 was found to slowly decom- 
pose upon addition of MeOH or H20. Presumably, 
the lack of an open coordination site also retards 
any reactions of nucleophiles with 4. 

The anionic ketene cluster 5c also slowly reacts 
with methanol, but not to give methyl acetate as 
above. Instead the organic ligand stays attached to 
the cluster and the novel enolate species 8 is isolated, 
eq. (12).12,‘3 Cluster 8 also forms when 5c reacts 
with NaOCH,. Cluster 8 was isolated as a micro- 
crystalline solid and was spectroscopically and 
structurally characterized. The alkyl ligand in 8 is 
formally the enolate of methyl acetate, and this 
formalism is reflected in its spectroscopic data. The 
ester v(C0) stretch at 1684 cm- ’ is 5 1 cm- ’ lower 
in energy than that of the free methyl acetate at 1735 
cm- ‘, implying significant delocalization of elec- 
tron density onto the ligand carbonyl.* The 6 2.31 
‘H NMR resonance for the methylene protons is in 
the range found for mononuclear metal enolates,‘7(b) 
but downfield from the normal metal alkyl region 
(6 - 1.0 + 0.5). The CO which is taken up in the 
SC+8 conversion comes from the CO atmosphere, 
which the reaction must be conducted under to keep 
SC from losing CO and reforming the methylene 
cluster 2c, eq. (5). 

Ketene cluster 5c similarly reacts with MeLi to 
form the enolate cluster 9, eq. (13). “3’ 3 This species 
was obtained as an orange oil, and the similarity of 
its spectroscopic data to those of 8 imply a structure 
similar to that of 8. The alkyl ligand in 9 is formally 
the enolate of acetone, and it shows a ketonic v(C0) 
stretch at 1676 cm- ‘, 39 cm- ’ lower in energy than 
that of free acetone. 

* Free Li+ enolates generally show v(C0) bonds in the 
155C1600 cm-' region (see Ref. 17a). 

It is interesting to compare the reactions of the 
ketene clusters 3 and 5c with methanol. Neutral 
cluster 3 reacts with CH30H to give acetic acid and 

0~3(w12. ‘O In contrast, the anionic ketene cluster 
5e reacts with CH30H to form the alkyl cluster 8. 
Presumably neutral 3 initially reacts with CH30H 
to give a similar alkyl cluster, but the alkyl ligand 
must be quickly removed by protonation by the H+ 
released in the CH,OH addition. The alkyl ligand 
in 8 is presumably retained because the released H+ 
is taken up by the iodide ligand of 5c to form HI 
which should not be extensively dissociated in the 
organic solvents used in these reactions. 

Similar, but not as extensive, reactivity studies 
were conducted with amines. I3 In one series of 
experiments, reactions were conducted by adding 
the free amine (Bu;NH, Bu”NH,) to the neutral 
methylene cluster 0s3(CO) 1 ,(p-CH& 1, and then 
admitting CO to form the ketene cluster 3 in situ. 

Over the course of 2-4 h, the same time scale for 
formation of 3 from 1, the IR bands of 1 were 
smoothly replaced by those of OS~(CO),~ and the 
corresponding free amide which forms by addition 
of the amine to a ketene ligand, eq. (14). However, 

oS,(co’ ,L( or - CHI) + Bu” NHR Q0 
s Os,(CO),, + CH, C 

CH~Cll (R=H,Bu”) ‘NB~” 
1 am co 

R’ 

(14) 
Eq. (14) 

the IR bands of the ketene cluster 3 were never 
observed, implying that the amines either react with 
cluster 3 immediately as it forms, or that they inter- 
cept an intermediate in the Os,(CO), ,(p-CH2) to 
OQ(CO) , 2@-CH fCO) conversion, as proposed 
above for the similar reactions with methanol. That 
the latter is likely correct was indicated by the very 
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slow (4 days) reaction observed when free amine 
was added to solutions of preformed 3. 

The anionic ketene cluster 5c also reacts with 
(Bu”)*NH and Bu”NH,, but much more slowly than 
does 3. The reaction of 5c with (Bu”)~NH gives 
Os,(CO) 1 2 and CH3C(0)N(B~“)2 in near quantitative 
yield, although the reaction takes 5 h to reach com- 
pletion. Reaction of 5c with Bu”NH, requires over 
12 h for completion and gives the corresponding 
amide in 72% yield. However, we know that when 
maintained under a CO atmosphere for several 
hours as in these experiments, ketene cluster 5c 
slowly loses I- and adds CO to form the neutral 
ketene cluster 3. ’ ’ Given the time scale of the above 
reactions of 5c with amines, it is possible that cluster 
5c may be unreactive with these amines and that 
reaction only occurs when cluster 3 is formed from 
5c. 

10, eq. (15). ” Complex 10 was spectroscopically 
and structurally characterized. A variable tem- 
perature i3C NMR study showed that the cluster is 
fluxional and that the exchange process involves a 
movement of the vinyl ligand from one Os(CO), 
unit to the other in a “windshield wiper” motion 
similar to that seen in other a-rc-vinyl compounds, 
eq. (16).‘* 

Preliminary results indicate that similar addition 
of CH: occurs to the ketene oxygen of [Os,(CO), 
(Bu’NC)(p-I)@-CH,CO)]-, 7c, to give isomeric 
o,rc-vinyl clusters which apparently have the iso- 
cyanide coordinated to different OS atoms-the OS 
with the ligand a-bond or the OS with the n-bond. 

Addition of electrophiles to the p-ketene ligand of 
5c 

Electrophilic CH30S02CF3 adds to the ketene 
carbonyl oxygen of 5c to form the a,rc-vinyl cluster 

The simple electrophile H+ also adds to the ,u- 
ketene ligand of 5c to give the known yacetyl clus- 
ter 11,1g,20 eq. (17).12913 However, both IR and ‘H 
NMR data showed that this reaction proceeds via 
the formation of an unstable intermediate that 
slowly transforms into cluster 11. Although this 
species could not be isolated, its spectroscopic data 
indicate a structure similar to that of the cr,n-vinyl 
cluster 10, and we believe it to be the cor- 
responding hydroxy-vinyl cluster 12 formed by pro- 

OS (CO,, 1- 
//I\\ 

OS (CO), . 

(CO)aOS ’ -Os(CO)a + 
22oc 

CH30Tf 7 (COh OS 
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\ 

,os (CO)3 

a //c\ 

5c 0 
H,C OCH3 

10 (71%) 
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22°C 
BF, Et,0 - 

CI$I, 

(19) 

SC 

Eq. (19) 

tonation of the p-ketene oxygen. This species then 
apparently tautomerizes to give the acetyl ligand in 
the observed product 11, eq. (18). The latter is, of 
course, similar to organic keto-enol tautomer- 
ization. 

Spectroscopic data also indicate that the Lewis 
acid BF, adds to the p-ketene oxygen in 5c to give 
an adduct which although spectroscopically char- 
acterized could not be isolated, eq. (19).‘2*‘3 

SUMMARY 

These studies have shown that p-ketene ligands 
of structural type II readily form on triosmium 
carbonyl clusters upon carbonylation of the appro- 
priate p-methylene precursor. Structural data for 
the neutral p-ketene clusters Os,(CO), &-CHZCO), 
3, and its Bu’N=C substituted derivative 4 indicate 
that these complexes are best viewed as triosma- 
cyclopentanones, or alternatively as metallated 
acetyl complexes. Similar descriptions may be 
appropriate for the anionic p-ketene clusters 5, 
although both spectroscopic and reactivity data 
indicate significant localization of the negative 
charge on the ketene oxygen atom. The p-ketene 
ligands in all these clusters are reactive, undergoing 
attack by both electrophiles and nucleophiles. The 
reactivity data for SC show that nucleophiles add to 
the ketene carbonyl carbon whereas electrophiles 
add to the carbonyl oxygen. 

EXPERIMENTAL 

General 

The methylene clusters Os3(CO), ,(p-CH2), 1,8 
and [PPNl[Os,(CO), &-I)(P-CH,)]~ were prepared 
as described in the literature. Solvents were dried by 
standard methods and all reactions were conducted 
under prepurified Nz atmospheres with use of stan- 
dard Schlenk techniques. Methods of spectroscopic 
analysis have been previously described. ’ 1,13 
Elemental analyses were obtained by Schwarzkopf 
Microanalytical Laboratories, Woodside, NY. 

Preparation of OS~(CO)~~(BU’NC),(~-CH&O), 4 

Cluster 1 (812.3 mg, 0.911 mmol) was dissolved 
in 10 cm3 CH2C12 and cooled to 0°C. Bu’NC (206 
~1, 1.82 mmol) was then added dropwise by syringe. 
The solution changed colour from burgundy to yel- 
low over the course of 5-10 min. The solution was 
then filtered through a pad of celite, the solvent was 
removed by rotary evaporation, and the residue was 
extracted with 3 x 2 cm3 portions of pentane to yield 
pure 4 (596.5 mg, 0.564 mmol, 62%). The pentane 
extracts were combined and chromatographed on 
an SiOa TLC plate (Fischer) with 5% acetone-45% 
CHzC12-50% hexanes as eluant. The cluster 
0s3(CO) ,0(B~tNC)22’ was isolated from the leading 
yellow band (212.8 mg, 0.210 mmol, 23%). This 
was followed by several small bands of presently 
unidentified products. 

4 : Anal. Found : C, 24.92 ; H, 1.63. Calc. for 
C22H20N20, ,Os,: C, 24.94; H, 1.89%. MS(E1): 
1058 [Ml+. IR (CH2C12) v(C0) : 2174m,br, 2095w, 
2068w, 2045s 2020s 1987w, 1971w, 1549w,br 
cm -I. ‘HNMR(CDClJ: 62.81 (s,2H), 1.49(s,6H), 
1.47 (s,6H). 13C{‘H} NMR (CDCl,): 6 226.0 
(CH,CO), 185.1 (2CO), 185.0 (2CO), 182.9 (2CO), 
173.7 (CO), 172.8 (CO), 169.9 (CO), 169.4 (CO), 
58.2 ((CH,},C), 58.1 ({CH,},C), 30.1 (CHZCO), 
32.5-27.9 (CH,). 

Variable temperature ‘H NMR study of 4 

Cluster 4 (49.9 mg) was dissolved in - 1 cm3 
CD2C12 and filtered into a 5 mm NMR tube. The 
probe of a Bruker AM-300 300 MHz NMR spec- 
trometer was cooled to -80°C (by MeOH stan- 
dard) and the ‘H NMR spectrum of 4 was recorded 
at 10 or 5°C intervals as the probe was warmed. 
Coalescence occurred at - 30°C corresponding to 
AG = 11 kcal mol-‘.22 

Preparation of [PP~[Os,(CO),(BuT\TC)(~-X)(p- 
CWWI 

In a typical experiment, cluster 2c (65.6 mg, 0.043 
mmol) was dissolved in 10 cm3 CH2C12 and cooled 
to -78°C. Bu’NC (4.9 ~1, 0.043 mmol) was added 
by syringe and the reaction monitored by IR spec- 
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troscopy. Alternatively, the starting methylene clus- 
ter was dissolved in N 1 g CDC13 in a dry box, 
filtered through celite into an NMR tube and 
capped with a septum. Addition of Bu’NC was 
made through the septum into the cooled solution 
and the reaction was monitored by ‘H NMR spec- 
troscopy with a probe temperature of -40°C. In 
both cases the characteristic features of 2c dis- 
appeared and IR and ‘H NMR bands grew which 
are assigned to 7c. However, upon warm-up to 
room temperature these bands disappeared and 
were replaced by a complex pattern attributed to a 
mixture of compounds. The stoichiometry of these 
reactions was determined by sequential addition 
of 0.5 equiv. of Bu’NC to CDC13 solutions of the 
methylene clusters with ‘H NMR monitoring at 
-40°C which showed coordination of only one 
isocyanide per cluster. ‘H and 13C NMR data for 
7c and 7d are listed in Table 1. Infrared data are : 
7c, IR (CH,Cl,), v(C0) : 21517br, 2064w, 2024m, 
1979s 1917w, 1539~ cm-‘. 7d, IR (CH,Cl,), 
v(C0) : 2193s, 2155br, 2062r, 2023m, 1977s 1943w, 
1919w, 1546wbr cm-‘. 

Reaction of 7c with CH30S02CF3 

The methylene cluster 2c (76.2 mg, 0.051 mmol) 
was dissolved in 10 cm3 CHzClz and cooled to 
-78°C. One equivalent of Bu’NC (5.76 ~1) was 
added by syringe to form 7c. To this solution was 
added by syringe CH30S02CF3 (5.79 ~1, 0.051 
mmol), and the reaction was maintained at - 78°C 
for 4 h before slow warming to room temperature. 
The solvent was removed from the yellow-orange 
solution by rotary evaporation, and the oily residue 
was chromatographed on Si02 with 30% CH,Cl,- 
pentane as eluant. A single yellow band was 
collected, yielding a mixture of isomers of OSLO 
(Bu’NC)(p-I)(a,rc-CH2--_=C(OMe)), 13a and 13b in 
89% yield (49.4 mg). IR (pentane): 2180wbr, 
2085w, 2076w, 2053~s 2029m, 2011w, 2002w, 
1995s 1983w, 197Ow, 1960~ cm-’ ‘H NMR 
(CDCI,): 6 5.09 (13a, 1.8H, CH,, d, JHH = 4.7 Hz), 
5.03 (13a, 1.8H, CH,, d, JHH = 4.7 Hz), 5.00 (13b, 
lH, CH,, d, JHH = 5.0 Hz), 4.91 (13b, lH, CHz, d), 
3.77 (13b, 3H, OCH,, s), 3.73 (13a, 5.4H, 0CH3, 
s), 6 1.52 (13b, 9H, Bu’, s). 1.46 s (13a, 16.2H, 
Bu’). 13C{ ‘H} NMR (CDCI,): 13a, 6 193.8 
(-C(OCH,)=CH,), 36.3 (-C(OCR+CH~); 
13b, 6 199.9 (-C(OCH,+CHJ, 29.9 (-C(OCH,) 
=CH2). 

Crystallographic study of Os,(CO) 1 ,(Bu’N~)&- 
CH&O), 4 

A yellow crystal, with a nearly cubic shape (0.33 
mm),3 diffracted only moderately well. The lattice 

parameters given in Table 2 were obtained from 
the least squares fit of the angular settings of 25 
reflections (21” < 20 < 26”). The data were cor- 
rected for a N 11% linear decay in intensity of three 
standard reflections and for absorption (empirical, 
216 data, T&Tmin = 2.3). The six major (see 
below) OS atom positions were obtained by direct 
methods. A difference Fourier map phased by the 
six OS atoms showed that of the two molecules 
comprising the asymmetric unit, one was ordered 
(mol. A), and the other disordered (mol. B). Mol- 
ecule B revealed two orientations for the bent OS, 
framework; Os(1’) and OS@‘) have alternative 5% 
occupancy locations labelled Os(1”) and OS@“). 
0s(3’) is fully occupied. No contributions from the 
non-osmium atoms of the minor form were visible 
(or expected at 5% occupancy). Full modelling of 
molecule B was, therefore, impossible. All non- 
hydrogen atoms (except the carbon atoms) were 
refined anisotropically. Hydrogen atom con- 
tributions were idealized. SHELXTL (5.1) software 
was used for all computations (Nicolet Corp., 
Madison, WI). Selected bond distances and angles 
are given in Table 3. Fractional atomic coordinates, 
thermal parameters, full lists of bond lengths and 
angles, and lists of F,/F, values have been deposited 
as supplementary material with the Editor, from 
whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cam- 
bridge Crystallographic Data Centre. 
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Abstract-High field NMR spectroscopy is shown to be exceedingly valuable as an aid to 
the determination of the structures of mixed metal clusters and also as a probe for molecular 
rearrangements. In particular, the incorporation of an isopropyl group into chiral organ- 
ometallic clusters of the tetrahedral (M2CZ) and square-pyramidal (M3C2) types allows the 
detection of “hidden processes” such as intramolecular racemization or ligand migrations. 
It is possible to slow, on the NMR time scale, local rotation of individual vertices (e.g., 
CpMo(CO), or Co(CO),) in M3CR clusters, when the capping carbynyl group is very bulky. 
The cation [Co3(CO)gC=C=O]’ can be shown to adopt a C, rather than a C,, geometry. 
Finally, the mechanism of the decarbonylation of Ar-CO-CCo3(C0)g clusters to the 
corresponding Ar-CCo3(C0)9 molecules proceeds via initial loss of a cobalt carbonyl 
ligand rather than by elimination of the ketonic carbonyl. 

The chemistry of organometallic clusters may be 
viewed from a variety of perspectives. Over the last 
few years there have appeared many syntheses- 
both rational and serendipitous, X-ray structural 
determinations of picturesque symmetry, ingenious 
bonding theories which relate molecular geometries 
with skeletal electron counts, organic trans- 
formations of remarkable specificity and other 
elegant studies too numerous to mention. Our own 
particular interests have focussed on the use of 
Nuclear Magnetic Resonance spectroscopy as a 
tool to determine not only the structures but also 
the mechanisms of rearrangement of metal clusters 
containing carbynyl or alkyne moieties. 

NMR spectroscopy has undergone an almost 
exponential growth over the last few years. This 
phenomenon is attributable partly to enormous 
advances in cryomagnet technology such that 
spectra are now routinely obtainable at a field of 
11.7 T (500 MHz for ‘H, 125 MHz for 13C,.202 
MHz for 3’P, etc.) but also because of tremendously 
enhanced computational facilities which permit the 
ready manipulation of the large quantities of data 

*Author to whom correspondence should be addressed. 

produced in two-dimensional NMR experiments.’ 
Perhaps the most useful recent innovation is the 
development of reverse 2D spectroscopy whereby 
polarization transfer from a high frequency nucleus 
(such as ‘H or 3’P) coupled to a low frequency 
nucleus of low abundance (such as 57Fe) makes 
detection of the transition metal nuclei themselves 
a simple and viable endeavour.’ Thus, the inves- 
tigation of fluxional behaviour which was (with few 
exceptions3) restricted to studies of the peripheral 
ligands, such as hydrides, carbonyls or phosphines, 
can now be carried out via direct observation of the 
metal centres.4s5 The full potentialities of these novel 
techniques will doubtless become apparent in the 
near future. For these reasons, NMR spectroscopy 
has been and remains an integral component of our 
research programme. 

1. THE ISOPROPYL GROUP AS AN 
EFFECTIYE NMR PROBE 

Since much of the work we shall discuss involves 
molecules lacking an improper axis of symmetry, 
viz. chiral clusters, it is perhaps worthwhile to 
remind ourselves about the phenomenon of dia- 
stereotopic nuclei. As is well known, all magnetically 
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active nuclei in a molecule of C1 symmetry are in 
different environments and should thus resonate 
at different frequencies. However, if there exists 
a particular molecular rotation or rearrangement 
pathway which interconverts two or more nuclei 
then this magnetic non-equivalence will be lost at 
some appropriate temperature dependent upon the 
activation energy barrier which must be overcome. 
As a trivial example we note that the methyl protons 
in the chiral ethane 1 are in principle magnetically 
different. However, it is readily apparent that simple 
rotation about the carbon-carbon axis brings all 
three methyl protons successively into identical posi- 
tions. In contrast, substitution of a single hydrogen 
by another atom or group as in 2 renders the two 
remaining protons permanently different irres- 
pective of the rate of rotation about the carbon- 
carbon axis. In this particular molecule, these so- 
called diastereotopic nuclei can only be equilibrated 
by inverting the chirality at the other carbon centre 
to give 3, as shown below : 

H H 

about loss of stereochemical integrity even on the 
NMR time scale.7 

It is thus necessary to build into the systems a 
probe with which one can ascertain the con- 
figurational stability of the molecule. In practice, 
a convenient probe is the isopropyl group which 
provides two potentially diastereotopic methyl reso- 
nances (in either ‘H or 13C NMR spectroscopy) and 
we see this moiety used in the tetrahedral dimetal- 
alkyne clusters 6a and 6h. This system is made 
up of four chemically different fragments disposed 
in a tetrahedral array. The cluster fulfils all the 
classical criteria for chirality and so, in principle, 
should be resolved into enantiomers. Despite sev- 
eral attempts, these enantiomers have thus far 
resisted all efforts to resolve them. Subsequently 
however, it was shown that, although the two iso- 
propyl methyls are indeed non-equivalent at room 
temperature, the NMR peaks coalesce at elevated 
temperatures suggesting that the molecule can 

H 

Br Br Br 

1 2 

(a) Alkyne-dimetallic tetrahedral clusters 

Over the last several years we have prepared 
numerous clusters, the chirality of which depended 
not merely on the use of mixed metal systems, as in 
4 and 5, but also by incorporating ligands which 
lowered the molecular symmetry. Nevertheless, it has 
become apparent that several classes of cluster 
which would appear to be chiral are in fact under- 
going intramolecular rearrangements which bring 

3 

racemize with a barrier which exceeds 20 kcal 
mol-‘.* 

This particular system illustrates some of the 
potential problems which may arise in such inves- 
tigations. First of all, one must be certain that the 
coalescence phenomenon observed is not merely 
attributable to a temperature-dependent change in 
chemical shift. (This is most easily accomplished by 
recording the spectrum at temperatures below that 

6a 6b 
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required to see the limiting spectrum and then ex- 
trapolating any observed temperature dependence 
to higher temperatures.) Secondly, the proton spec- 
trum of 6 measured on a low field instrument shows 
only a single methyl environment at any tem- 
perature leading one to suppose that racemization 
was occurring rapidly on the NMR time scale. In 
fact, the chemical shift difference between the dia- 
stereotopic methyls is rather small in this system and 
only becomes apparent on a high field instrument 
(400 MHz). There is, however, a “Catch-22 in that 
use of a high field spectrometer to separate the 
methyl resonances has the consequence that the 
sample must be heated close to its decomposition 
point to bring about peak coalescence thus raising 
the possibility of alkyne dissociation as the race- 
mization mechanism. In this particular case, no 
exchange with added free alkyne was observable 
under the reaction conditions but clearly one must 
take suitable precautions to test for other mech- 
anisms. A possible intramolecular process could 
involve a tetrahedral P square-planar interconver- 
sion ;’ such a mechanism has been calculated” 
to have a very high activation energy barrier for 
the model system (C,H,)Co2(CO), but may be con- 
siderably lower for the mixed metal cluster (D. M. 
Hoffman and R. Hoffmann, personal communi- 
cation). Subsequent calculations” involving a less 
symmetrical transition state have indicated that 
the symmetry restrictions may well be less severe 
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(b) Alkyne-trimetall~c square-pyrarn~~l clusters 

than originally thought. 

7 
C 

‘V -C--R 
I) 

CpNi==-M/ 
5 H = COKOI, 

6 H - CpMo (CO1 2 

7 H = CpNi 

Fe, (CO1 B 

Treatment of the tetrahedral (RC=CR)[(C,H,) 
NijM clusters, where M can be Co(CO),, (C&I,) 
Mo(CO), or (C,H,)Ni with Fe,(CO), leads to 
cluster expansion’2 as exemplified in eq. (2). When 
the alkyne is unsymmetrical as in Ph-C&C---CO* 
CHMe, the cluster is chiral even when the two 
original metal vertices are identical. The chiral 
nature of the system is readily detectable by use of 
the diastereotopic methyl groups of the isopropyl 
functiona~ty. One should perhaps pause a moment 
to clarify a point which is commonly raised con- 
cerning such systems. It is of course true that we 
are dealing with a 50/50 mixture of enantiomers, 
that is, a racemic system in which each enantiomer 
gives rise to the same spectrum (assuming that one 
is using an achiral solvent). However, the NMR 
experiment detects the chirality of each molecule 
individually ; this situation is quite different from 
chiroptical measurements which detect, for 
example, the rotation of a polarized light beam by 
the bulk sample. Since we do not have an excess 
of one enantiomer there is no rotation measurable 
using a polarimeter. However, each individual chi- 
ral molecule (in our case 100% of the sample) will 
exhibit different resonances for diastereotopic pairs 
of nuclei unless there is aprocess which interconuerts 
the enantiomers rapidly on the NMR time scale, 
This phenomenon is well understood by the spec- 
troscopic community’3*‘4 but is occasionally not 

H\ &__fH 
> 

< I I 
(OC)3Co Co(C0)3 

(1) 

(*) 

6 H = Co(CO), 

10 M = CpNi 

9 M = CPM0 (CO), 

Eq. (2) 
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fully appreciated by those who specialize in other 
areas. 

In the N&Fe complex, 10, the room temperature 
‘H spectrum reveals a single cyclopentadienyl peak 
and a simple doublet for the isopropyl methyls. 
In contrast, at low temperature, one observes two 
equally intense cyclopentadienyl resonances and a 
pair of methyl peaks (each doublet split by the 
unique isopropyl hydrogen).” Clearly, there must 
be a racemization process occurring which brings 
about interconversion not only of the diastereotopic 
methyl groups but also of the (C,H,)Ni environ- 
ments. Analogous behaviour has been reported pre- 
viously for triosmium-benzyne clusters, e.g. HOs, 

(C,H&‘Me2)(CO)9 ; I6 the problem is complicated 
by hydride and carbonyl migrations but, ignoring 
these interesting side issues, it was suggested 
that there might be a rotation of the benzyne moi- 
ety relative to the metal triangle. Now, applying 
these ideas to the N&Fe cluster, 10, one could cer- 
tainly visualize a process whereby the acetylene 
ligand rotated so as to generate an intermediate 
possessing a molecular mirror plane which would 
equilibrate not only the methyls but also the cyclo- 
pentadienyl rings, as in Scheme 1. 

However, one must also consider the possible 
intervention of another process, that is the inde- 
pendent rotation of the CpNi-NiCp unit relative to 
the FeC2 triangular face, as illustrated in Scheme 
2. As Hoffmann has shown,” the CpNi moiety is 
isolobal with a CH unit thus making the Cp,N& 
fragment a pseudo-alkyne. If such a process were to 
occur then one could interconvert the nickel vertices 

without racemizing the cluster; in this case, the 
isopropyl methyls would retain their diastereotopic 
character. 

The experimental data are unequivocal in that the 
activation energy barriers to methyl interconversion 
and to cyclopentadienyl exchange are the same 
within experimental error, i.e. x 15 kcal mol-‘. 
Hence, only the single process shown in Scheme 1 
need be invoked and the evidence thus favours a 
process involving formal alkyne rotation relative to 
the trimetallic plane.” We note also that such a 
rotation could not be a simple circumambulation 
of the alkyne around the periphery of the triangle 
(Scheme 3) since the net result of such a rearrange- 
ment would regenerate the same enantiomer ; 
instead, as suggested by Schilling and Hoffmann,’ 
the alkyne would have to execute a more intricate 
series of manoeuvres (Scheme 4) rather in the man- 
ner of a molecular windshield wiper. 

The above mechanistic arguments all assume that 
the rearrangement pathway is entirely intra- 
molecular, but one could easily imagine a process 
whereby the alkyne becomes detached from the 
metal triangle (with the latter perhaps being sta- 
bilized via coordination of solvent). To verify the 
intramolecular nature of the process, it was decided 
to construct clusters containing three different 
organometallic vertices since alkyne rotation in 
such molecules would merely interconvert dia- 
stereomers rather than enantiomers, as shown in 
Scheme 5. Thus, at the low temperature limit, each 
diastereomer should generate in the ‘H spectrum a 
pair of diastereotopic methyl doublets, but at high 

FefCOh 

-NiCp I 

Scheme 1. Racemization via rotation of the alkyne R-W--R. 

Scheme 2. Rotation of the pseudo-alkyne CpNiENiCp. 
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Scheme 3. Migration of an alkyne about the molecular periphery does not racemize the cluster. 

/,+ 7 // 

temperature one should observe only one pair of 
doublets attributable to a single isopropyl group 
still in a chiral environment. 

In contrast, if the rearrangement were to proceed 
via an intermolecular decomposition pathway, then 
the alkyne would become free ; such a process would 
not only equilibrate the CpNi vertices in 10 but also 
the isopropyl methyls in the liberated alkyne would 
become equivalent and hence exhibit one simple 
methyl doublet. The low temperature spectrum of 
9 (Fig. 1) shows two pairs of methyl doublets (show- 
ing the existence of two diastereomers) while at high 
temperature these peaks coalesce to give a single 

Scheme 4. “Windshield wiper” motion of an unsym- pair of methyl doublets (proving that the chirality of 
metrical alkyne leading to racemization of the cluster. the system is retained). These observations provide 
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Scheme 5. Alkyne rotation on one face of a cluster showing interconversion of diastereomers but not 
of enantiomers. 
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E 

k=0.21 s-’ 

Fig. 1. Experimental and simulated 250 MHz variable- 
temperature ‘H NMR spectra of 9. 

convincing evidence of the intramolecular nature of 
the rearrangement pathway. Furthermore, since the 
barrier to the interconversion of the diastereomers 
of 9 is very similar to that for the racemization of 
10 one can deduce that the same rearrangement 
mechanism is operative. These experiments dem- 
onstrate the importance of incorporating multiple 
and independent probes for rearrangement pro- 
cesses to see whether they yield mechanistic results 
which are in agreement or which are mutually 
exclusive. Fortunately, in the systems discussed 
above, the ‘H and 13C data on both the isopropyl 
and (cyclopentadienyl)nickel moieties reinforce 
each other. 

A comment is in order about the bonding in these 
five-vertex square-pyramidal clusters. They were 
originally classified as 0, z-acetylene complexes but 
are now more profitably viewed as nido octahedral 
clusters analogous to B5H9.19 According to the 
Wade-Mingos formalism20~21 these organometallic 
clusters can be regarded as coordinatively unsatu- 
rated systems even though they possess formal 1% 
electron configurations at each metal. Following 
the isolobal analogy to its logical conclusion, one 
can relate the square-pyramidal M3C2 clusters to 
the carbocationic cluster CSHS+, the molecular 
dynamics of which have been the subject of a theo- 
retical investigation at the extended Hiickel leve1.22 
These calculations revealed that in the inter- 
conversion of the various C,, isomers the inter- 
mediacy of a D3,, closo trigonal bipyramidal struc- 
ture is strongly disfavoured. The proposed lowest 
energy pathway (Scheme 6) involves the sequence 

* 
A r\ 

C* _- / ,I 
/\ I 

--3 c/c-c7c - 

C 4Y CS 
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- /iy \J 
C 

CS 

Scheme 6. Scrambling mechanism for [C,H,]+. 
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Scheme 7. Rearrangement mechanism for the M$Z2 cluster analogous to that for the [C5H5]+ system. 

Cc,, + C, + C,, -+ C, + C,, ad Scheme 3 shows 
how such a rearrangement pathway can be applied 
to the M3Cz system. The overall transformation 
is identical to that resulting from the “windshield 
wiper” mechanism described above ; that is, there 
is interconversion of diastereomers of 9 but not 
uSi enan%omeIs, ?&MT\ aala on oher mj,e&rneti 
square-&& pyramidal clu&rs have been pub- 
lished and are in complete accord with the mech- 
a&i%%% ~Wi$Q%?L!i% use k2S.S W.s!l+?lP;b %!!V%.23’24 

(c) Tetrahedral clusters containing arphos 

Tetrahedral clusters can be rendered chiral by 

incorporating four chemically different vertices into 
the molecule. Another method would be to use an 
unsymmetrical bidentate ligand to destroy any 
molecular mirror planes. For this purpose, we selec- 
ted Ph2P-CH,-CH,-AsPh, (arphos), which 
readily displaces two carbonyls from adjacent 
imetals anlt thus generates a chiral clusLer.’ The 
X-ray crystaI structure of (arphos)Co3(CO), 
C-C02CHMe2, 11 (see Fig. 2) reveals that the 
arpbos l&and occupies epuatorial p~&~ns.~~ 

However, the ‘H and 13C NMR spectra of the 

isopropyl group measured at ambient temperature 
show.4 just a single methyl enviromzez2~ implying 
that the molecule was undergoing racemization on 
the NMR time scale. Indeed, at -5O”C, the dia- 
stereotopic character of the methyl protons was 
clearly evident (see Fig. 3) and the barrier was evalu- 
ated as z 13 kcal mol-‘. 

fig. 2. X-ray crystal structure of Co,(CO),(arphos)C-- 
CO,CHMe,, 11, with the phenyl rings and the ester 
functionality removed for clarity: (a) view in the tri- 
cobalt plane showing the half-chair conformation of 
the chelate ring ; (b) view down the pseudo-three-fold 
axis showing the equatorial orientation of the arphos 

ligand. 
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Fig. 3. Variable-temperature 250 MHz ‘H NMR spectra 
of the methyl region of Co,(CO),(arphos) 

C-CO$HMe,, 11. 

12 

The racemization process is so much more facile 
in this case compared with that for the tetrahedral 
cluster 6 that a mechanism involving inter- 
conversion of the metal vertices themselves seems 
to be ruled out. The most likely process is that in 
which the diphenylarsenido terminus of the arphos 
ligand migrates from one cobalt vertex to another, 
as depicted in Scheme 8. In accordance with such a 
proposal, all four protons of the -CH,-CH,- 
chain are distinguishable at low temperature. They 
are differentiated not only by their proximity to 
either phosphorus or arsenic but also by their exo 
or endo orientation with respect to the cluster. Upon 
raising the temperature, however, the exo and endo 
positions are interconverted and the protons are 
differentiated solely by the identity of their neigh- 
bour, viz, P or As. 

This view is reinforced by the observation that 
in the corresponding diphos complex (Ph2PCH2 
CH2PPh,)Co3(C0)&-COZCHMeZ, one observes 
only two methylene resonances (attributable to exo 
and endo protons) at all temperatures ; hence, the 
cobalt-phosphorus linkage apparently remains 
intact. A further point to make is that for migration 
of arsenic from one cobalt to another there must be 
concomitant carbonyl migration ; in fact, inter- 
change of the carbonyl ligands between the metal 
centres is much faster than cluster racemization so 
the rate-determining step is the cobalt-arsenic 
bond-breaking process.” 

P 
I 

Ha-his’ 
I 

Hb/C-Hb’ 
I 
AS 

Scheme 8. Interconversion of the enantiomers of 11 via arsenic migration. 
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R R 

Scheme 9. Rotation of a Cp*Mo(CO), vertex relative to a Co& triangular face. Other ligands have 
heen omitted for simplicity. 

Arphos complexes in which one of the Co(CO), 
vertices has been replaced by a (C,Me,)Mo(C0)2 
unit, as in 12, retain their stereochemical integrity. 
This is very clearly shown by the diastereotopic 
nature of the isopropyl methyls even at high tem- 
perature. Furthermore, there is a serendipitous 
bonus in that the isopropyl methyls are further split 
at low temperature demonstrating the presence of 
other diastereomers. Work currently in progress (K. 
A. Sutin, B. G. Sayer, B. H. Hunter and M. J. 
McGlinchey, in preparation) has shown that these 
other isomers arise because of restricted rotation of 
the (C5Me,)Mo(C0)2 vertex relative to the dico- 
balt-carbynyl-carbon triangle, as shown in Scheme 
9. We shall return to this point in Section 2(b). 

2. i3C0 NMR SPECTRA AS 
STRUCTURAL PROBES 

The availability of high field instrumentation, in 
conjunction with 13C0 isotopic enrichment, allows 
the use of carbonyl resonances not only to study 
rearrangement processes but also to determine 
molecular structures. Of course, metal carbonyl 
spectra have long been measurable26 but, because 
of the enormous dispersion provided by high field 
instruments, it is nowadays feasible to follow the 
progress of ligand migrations occurring with very 
low activation energy barriers. In some cases, such 
processes have been investigated by IR or Raman 
spectroscopic techniques but these can be somewhat 
limited since not all vibrations are unequivocally 
assignable to a particular isomer in a complex mix- 
ture. NMR spectroscopy has a potentially enor- 
mous advantage in that the observation of direct 
coupling between the 13C0 and spin-active metal 

nuclei, such as ‘03Rh, ls3W or 195Pt, or with neigh- 
bouring ligands containing “B 3LP, 77Se, etc. can 
provide unambiguous eviden;e concerning the 
chemical and geometric environment of a particular 
carbonyl group. 

(a) Dimetalla-tetrahedranes containing molyb- 
denum or tungsten vertices 

The reactions of alkynes with metal-metal triple- 
bonded species provide a good route to dimetalla- 
tetrahedranes.27-31 Typically, a series of clusters of 
the general type [(C,MeXH,,)M(CO)J2RC=CR), 
where M = MO or W, and x = 0, 1 or 5, have been 
prepared32,33 and their variable-temperature NMR 
spectra recorded. Crystallographic data on [CpMo 
(CO)2]2(RC&R), where R = H or Ph, revealed 
the presence of a single semi-bridging carbonyl 
ligand ;32 in accordance with this structure, the low 
temperature 13C NMR spectra displayed three ter- 
minal and one semi-bridging carbonyl environ- 
ments. As befits a molecule of C, symmetry, the 
two cyclopentadienyl moieties are also magnetically 
non-equivalent. Upon raising the temperature, the 
semi-bridging carbonyl was observed to exchange 
with a terminal carbonyl and the C~MO(CO)~ ver- 
tices underwent partial rotation, as depicted in Sch- 
eme 10. 

This fluxional process generates a system of time- 
averaged Cs symmetry which exhibits only two car- 
bony1 environments and a single cyclopentadienyl 
resonance. Analogous low temperature 13C NMR 
studies were also carried out for the series of methyl- 
substituted (cyclopentadienyl)molybdenum mol- 
ecules discussed above and all demonstrated the 
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R 

Scheme 10. Semi-bridging carbonyl exchange process. 

same type of fluxional behaviour.33 The barrier to 
carbonyl exchange was ca 8 kcal mall’ but this 
increased in proportion to the steric bulk of the 
substituted cyclopentadienyl group. However, 
when the same studies were carried out on the anal- 
ogous tungsten compounds only a single carbonyl 
environment and one cyclopentadienyl resonance 
were observed, ’ 3 even when using a 400 MHz instru- 
ment at - lOO”C! It was clear from the IR data that 
semi-bridging carbonyls were also present in the 
tungsten systems but it was not possible to freeze 
out the exchange even at this low temperature on 
a high field machine. Apparently, the barrier to 
exchange must be considerably lower in the tung- 
sten compounds than in the molybdenum clusters, 
but the factors controlling such behaviour remain 
unclear for the moment. Interestingly, carbonyl 
fluxionality in these molecules can be stopped on 
the NMR time scale when the cyclopentadienyl 
rings bear extremely bulky phenyl substituents.34 

Al- 

(b) Trimetalla-tetrahedranes containing molyb- 
denum or tungsten vertices 

There now exist many tetrahedral clusters con- 
taining three organometallic vertices and a capping 
carbynyl fragment. The two most widely used 
routes to such molecules are shown in Scheme 11 
and involve either (i) the interaction of a metal- 
metal triple-bonded unit with a metal carbyne com- 
plex3’ or (ii) the isolobal substitution of one organ- 
ometallic vertex for another in a readily available 
precursor.36 

The first two X-ray crystal structures of such 
clusters, 13 and 14, were almost identical and 
showed that the cyclopentadienyl ring was posi- 
tioned below the trimetallic plane and distal with 
respect to the capping aryl-carbynyl unit. The 13C 
NMR spectrum of these molecules at -50°C 
showed a single averaged peak for all the CO 
ligands showing the rapid interchange of cobalt- 

Ar 
I 

C I 

‘ck 
(i) (ii) 

CpU(COlrC EC-AI- + 

6"\ 

rcPY~cohl2 

Scheme 11. Routes to mixed-metal M&R clusters. 
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Me 

Me 

15 16 

and tungsten-bound carbonyls. Nevertheless, both 
Stone3’ and Vahrenkamp3* noted that there were 
too many IR bands in the carbonyl stretching 
region to be assigned to a single isomer, and it was 
proposed that the CPM(CO)~ vertex might be able 
to adopt several rotameric conformations. Sub- 
sequent X-ray structural determinations39*40 of 
related molecules revealed that the cyclopenta- 
dienyl ring could indeed adopt other orienta- 
tions in the solid state, as in 15 and 16. 

The first indication that this facile rotation could 
be stopped on the NMR time scale came with the 

/Me 
0 \6,0-CH 

I be 

recent measurement of the 13C spectrum of (C,Me,) 
Mo(C0)2C02(C0)&-C02CHMe2, 17, at - 100°C 
on a 400 MHz instrument.” At this temperature, 
one observes not merely two carbonyl resonances 
at z 200 and 230 ppm in the ratio 3 : 1 as antici- 
pated for COs bound to cobalt and molybdenum, 
respectively, but also another less intense set of 
peaks (also in a 3 : 1 ratio) attributable to a different 
rotamer. The pentamethylcyclopentadienyl reso- 
nances are also no longer singlets and their inten- 
sities correspond to those of their carbonyl partners 
in the two rotamers. It is noteworthy that the iso- 

6\c,0--dH 
Men I ‘Me 

17a 17b 
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propyl groups in each of the rotamers show no 
evidence of diastereotopic behaviour suggesting 
that both isomers are achiral. One can thus propose 
that the rotamers differ in the orientation of 
the five-membered ring ; in the major isomer, the 
pentamethylcyclopentadienyl ring lies below the 
plane of the metals, 17a, and vice versa in the minor 
isomer 17h. This pattern of behaviour has now 
been extended to the complete set of clusters 
[(C5Me,H,_.)MCo2(C0)&-C02CHMeZ], where 
M = MO or W, and x = 0, 1 or 5 (K. A. Sutin, B. 
G. Sayer, B. H. Hunter and M. J. McGlinchey, in 
preparation). Interestingly, for the clusters bearing 
CsHs or C,H4Me rings, the predominant rotamer 
in solution is the one corresponding to 17b whereby 
the Cp ring is proximal to the capping carbynyl 
moiety. This places the molybdenum (or tungsten) 
carbonyls in a better position for bridging and ulti- 
mately for transfer to the cobalt vertices. One can 
now see the parallel between these M3C systems and 
the M,C2 clusters described in Section 2(a). There 
has merely been an isolobal substitution of an HC 
vertex by an organometallic fragment, but the 
ability of the CpMo(CO), moiety to rotate with 
respect to the opposite triangular face of the tetra- 
hedron-whether it be a C2M face or an M2C face- 
is maintained. Of course, it is particularly easy for 
vertex rotation to occur for a metal tricarbonyl 
fragment and this topic is discussed in the next 
section. 

0 

I 
CP 

(c) The question of axial-equatorial exchange in 
tetrahedral clusters 

Numerous X-ray crystallographic structural 
determinations41 have shown that clusters of the 
type RCCO~(CO)~ or RCCo3(C0)+,L, adopt one 
of two isomeric forms ; all the carbonyl groups can 
be terminal, as in 18, so that there are six equatorial 
and three axial ligands,4z or the molecule can have 
three bridging, three radial and three axial ligands 
as in 19.43 All known RCCO~(CO)~ clusters show 
a single 13C0 resonance even at low temperature 
indicating that there is rapid exchange of axial and 
equatorial carbonyls. It is not possible to prove 
whether inter-cobalt exchange occurs since there is 
no suitable cobalt isotope with an observable 
cobaltcarbon coupling constant. (In [Cp3Rh3(CO)3], 
20, each carbonyl exhibits a triplet attributable to 
coupling to two lo3Rh nuclei ; upon warming, the 
13C0 resonance becomes a quartet since rapid 
migration allows each carbonyl carbon to interact 
with all three rhodium atoms.““) 

The slowing of intermetal migration of the car- 
bonyls on the NMR time-scale is readily observable 
in clusters such as 21 which, upon cooling, yields 
a 3 : 6 peak pattern for the Fe(C0)3 and Co(CO), 
groups. The freezing out of the rotation of the 
tricarbonyl-iron fragment ultimately yields a 1 : 2 : 6 
spectral pattern4’ but local rotation of a Co(CO), 
vertex has never been stopped. However, in mol- 

c 
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Scheme 12. Mechanisms for complete interconversion of carbonyl ligands in Co3(C0)&R clusters. 

ecules bearing three bridging carbonyls, e.g. 19, all 
the different carbonyl environments are detect- 
able.46 It is generally assumed that inter-metal ex- 
change of the six equatorial environments can be 
accomplished via the “merry-go-round” process, 
while axial-equatorial interchange merely requires a 
local rotation.47 Scheme 12 shows how a com- 
bination of these two mechanisms allows each car- 
bony1 access to all nine sites. 

In continuation of our studies of molecules con- 
taining potentially sterically demanding ligands, we 
treated Co,(CO), with a series of reagents each con- 
taining a trichloromethyl moiety (see Scheme 13). 

In particular, the reaction of dicobalt octa- 
carbonyl with the well-known insecticide DDT 
yielded the anticipated diarylmethylcarbynyl clus- 
ter 22, the X-ray structure of which (see Fig. 4) 
shows a molecule of almost Cs symmetry (R. A. 
Gates, K. A. Sutin, M. F. D’Agostino, R. Faggiani, 
M. J. McGlinchey, T. S. Janik and M. R. Churchill, 
in preparation). 

Our original goal was to stop rotation of the aryl 
groups on the NMR time-scale and, consequently, 
the ‘%Z spectrum was recorded on a high field spec- 
trometer at - 120°C. We saw no evidence of the 
cessation of phenyl ring rotation, but the 13C0 res- 

24 At’ = A/-+@Nle 

26)s~-+Cl 

Scheme 13. Syntheses of DDT-related clusters. 
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Fig. 4. X-ray crystal structure of (Cl-C,H& 
CH--CCO~(CO)~, 22. 

onance appeared as a 3: 6 peak pattern (R. A. 
Gates, K. A. Sutin, M. F. D’Agostino, R. Faggiani, 
M. J. McGlinchey, T. S. Janik and M. R. Churchill, 
in preparation). This observation is interpretable 
either (i) in terms of slowed rotation of the capping 
carbynyl unit to give a structure like that in the 
solid state (thus splitting the triple degeneracy of 
the Co(CO), vertices), or (ii) by invoking the ces- 
sation of axial-equatorial exchange-a hitherto 
unprecedented phenomenon. Identical low tem- 
perature 13C NMR results were obtained for the 
corresponding 4,4’-bis-methoxy cluster, 23, pre- 
pared analogously from the commercially available 
insecticide “Methoxychlor”. To investigate this fur- 
ther, we replaced the three axial carbonyls by a 
triphos ligand and recorded the 31P NMR spectrum 
at - 120°C. Cessation of rotation of the capping 
group in 24 would generate a molecule of C, sym- 
metry and so should split the single 31P resonance 
into a 1: 2 peak pattern. In contrast, if the capping 
group continues to spin freely, the molecule retains 
its three-fold symmetry and so the 3’P peak should 
remain a sharp singlet. In fact, the latter situation 
obtains (M. F. D’Agostino and M. J. McGlinchey, 
in preparation), clearly demonstrating that the car- 
bynyl substituent can still spin freely. Assuming 
that the same situation prevails in the tricobalt non- 
acarbonyl clusters 22 and 23, that is, rotation of 
the capping moiety continues unhindered, the only 
explanation for the 6 : 3 splitting of the carbonyls 
would necessarily involve a cessation of axial-equa- 
torial exchange on the NMR time-scale. To obtain 
unequivocal evidence that rotation of the capping 
group continues in the non-acarbonyl systems, we 
prepared the chiral2,4’-dichloro cluster 25 (derived 
from o,p’-DDT) and recorded its 13C NMR spec- 

trum at - 120°C. As with 22 and 23, a 6: 3 13C0 
pattern was observed. If rotation of the capping 
group had been slowed on the NMR time-scale, the 
three Co(CO), vertices would have been rendered 
non-equivalent ; such a scenario is inconsistent with 
the observed 6: 3 splitting. Furthermore, the cor- 
responding triphos complex, 26, shows a 31P singlet 
even at - 12O”C, again supporting our contention 
that the apical group is free to rotate (M. F. D’Ago- 
stino and M. J. McGlinchey, in preparation). 

Interestingly, at - 120°C the 13C0 resonance in 
24 (and in 26) is split into two equally intense peaks 
at z 203 and 205 ppm. These chemical shifts are 
clearly attributable to terminally bound carbonyl 
ligands and the situation is quite different from 
that previously reported48 for Rb(CO),(triphos), 27 
which has three bridging ligands, as in 19. It is 
apparent that in the cobalt-triphos clusters 24 and 
26 the molecular symmetry is not C,, but rather 
C,. This phenomenon presumably arises because 
at low temperature the six phenyls of the triphos 
ligand freeze out in a propeller conformation 
and thus lower the molecular symmetry to C3, as 
shown in Fig. 5. X-ray crystallographic data 
show that this conformational preference is also 
exhibited in Co4(CO),(triphos).49 

The net result of these experiments is to show 
that, since the capping carbynyl moiety continues 
to rotate freely, the splitting of the carbonyls in 22 
24 into a 3 : 6 pattern must arise from a freezing 
out of the axial-equatorial exchange presumably 
because of the bulk of the diarylmethyl carbynyl 
unit. Indeed, when the chlorophenyl groups in the 
DDT-derived cluster are replaced by even more 

n n 

Fig. 5. CHEM-X plot showing the propeller type orien- 
tation of the phenyl rings of the triphos ligand in 24. This 
reduces the effective symmetry to C3 thus splitting the 
six-fold degeneracy of the carbonyls into a 3 : 3 pattern. 
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Fig. 6. X-ray crystal structure of (CI--CIOH& 
CH-CCO~(CO)~. 

bulky chloronaphthyl units (see Fig. 6) the X-ray 
crystal structure (R. A. Gates, K. A. Sutin, M. F. 
D’Agostino, R. Faggiani, M. J. McGlinchey, T. S. 
Janik and M. R. Churchill, in preparation) reveals 
that one of the cobalt carbonyl vertices twists and 
orients itself so as to avoid one of the naphthyl 
rings. 

(d) The structure of cluster cations 

These observations on axial-equatorial carbonyl 
exchange processes are relevant to those described 
in a recent publication from this laboratory in 
which it was reported that the cation [Co,(CO), 
C=C=O]+ also shows a 6 : 3 13C0 NMR splitting 
at low temperature.” In the absence of a bulky 
capping group it seemed highly improbable that 
axial-equatorial carbonyl exchange could be 
slowed and so it was proposed that the cluster 
adopts a bent structure in which the ketenylidene 
moiety leans either towards a single vertex or 
towards the middle of a cobalt-cobalt vector. 
Although Extended Hiickel Molecular Orbital cal- 
culations showed that either of these bent structures 
were favoured over the linear (C,,) isomer, it is 
difficult to prove unambiguously which of the C, 
conformations 28a or 28b is the predominant iso- 
mer in solution. 

A more definitive conclusion could be drawn 

c//” 
c//;1 

‘b ,ChCO)s 
(ochco ’ 

‘Co(CO)3 

288 

in the case of the vinylidene cation, [Co,(CO), 
C=CHd+, which had also been envisaged as 
being more stable in the bent cotiguration 29a 
rather than the linear isomer 29b.” In an ingenious 
experiment,” it was shown that one could substitute 
a vinylidene hydrogen by an isopropyl group and 
then detect the presence of diastereotopic methyl 
groups. Chirality can only arise if the alkylidene 
fragment is tilted towards one of the cobalt vertices, 
as in 30 ; this result is in accord with EHMO cal- 
culations on the unsubstituted cluster.53 

It is interesting to note here that the isolobal 
analogy would lead one to predict that the [Co* 
(CO),(RC=C-CH,)] + cations produced in the 
Nicholas reaction” should adopt the bent con- 
figuration already demonstrated for their tricobalt 
analogues. Indeed, the viability of such a struc- 
ture could be investigated by the use of alkynes 
bearing potentially diastereotopic functionalities, 
as in 31. 

(e) The mechanism of decarbonylation of 
Ar-CO-CCo3(C0)9 to Ar---CCo3(CO), 

In the course of his pioneering investigations on 
the RCCO~(CO)~ cluster system, Seyferth had 
reported that the aryl ketones 32 underwent ready 
decarbonylation to yield the aryl clusters 33 [see eq. 
(3)].” However, the identity of the CO which had 
been eliminated was unknown, and two mech- 
anistically reasonable proposals were advanced. 
The first required homolytic cleavage of the car- 
bynyl-carbon-ketonic-carbon bond with eventual 
loss of the originally ketonic CO ; the second 
involved initial loss of a cobalt carbonyl ligand with 
subsequent migration of the ketonic carbonyl into 
the vacant site at the coordinatively unsaturated 
metal vertex. As is apparent in Scheme 14, these 
mechanistic possibilities can be distinguished by 
labelling the ketonic carbon and then locating the 
label in either the eliminated carbon monoxide or 
as a CO now bonded to cobalt.56 

In fact, it turned out to be experimentally easier 
to enrich the cobalt carbonyls with 13C0 than to 
label exclusively the ketonic CO. Thus, if path- 
way (a) was operative, the 13C enrichment factor 
for the metal carbonyls relative to the naturally 

//u -It 
CC\ 

'\I 
_;co(coh 

(OChco' / ~Co(COI3 
28b 
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[OC)3Co ’ 

‘co l co13 

29a 29b 

30 31 

abundant 13C nuclei in the aryl capping group The experimental result is unequivocal, the relative 
should be unchanged ; in contrast, if the CO which integrated intensity of the cobalt carbonyl 13C res- 
is lost is a cobalt carbonyl, as in pathway (b), then onance in the decarbonylated product decreases by 
the vacant site so generated will be occupied by the w 12% with respect to the remaining carbon nuclei 
naturally abundant CO from the ketonic position. in the cluster. This is in complete accord with the 

32 

SO-70PF 

Eq. (3) 
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Scheme 14. Proposed pathways for loss of CO from aroyl tricobalt clusters. 
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Scheme 15. Decarbonylation mechanisms for a monometallic system and for a bimetallic tetrahedral 
cluster. 

second pathway, i.e. the CO which is eliminated 
was originally bonded to cobalt. Thus, only eight 
of the original nine enriched cobalt carbonyl ligands 
remain after decarbonylation and so the intensity 
of the metal carbonyl 13C0 resonance at 200 ppm 
is co~espondingly diminished.~ 

The significance of this finding lies in the real- 
ization that the mechanism of d~rbonylation 
(and presumably of carbonylation) of metal 
clusters parallels that established for monometallic 
complexes,s7 and the two generalized reactions are 
shown in Scheme 15. 

3. CONTUSIONS 

It is apparent, not only from the examples pre- 
sented here but also from the elegant studies which 
appear elsewhere, that NMR spectroscopy has 
become an exceedingly powerful technique for the 
determination of mechanisms of reaction and for 
the unravelling of molecular rearrangements which 
have appropriate activation energy barriers. The 
particular role of high field NMR spectroscopy is 
not merely to provide greater separation between 
peaks and so reduce overlap and hence simplify 
spectral assignment. Rather, the powerful and ver- 
satile hardware and software now available facili- 
tate the use and development of multi-pulse 
sequences which readily yield info~ation not only 
for structural assignments but also for molecular 
topology as well as for ~onn~tivity between inter- 
converting sites. 

For the organometallic cluster chemist this will 
provide a welcome opportunity to look directly at 

main group or transition metal vertices to probe 
their electronic environments. Of course, one is no 
longer restricted merely to acquiring data on mol- 
ecules in solution. Solid state techniques are 
advancing by leaps and bounds and the correlation 
of X-ray c~s~llographi~ data with NMR par- 
ameters obtained from cross-polarization/magic 
angle spinning expe~ments’* have shown that these 
are truly complementary approaches. 
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Abstract-The normally stable dialkyl-di-p-methylene dirhodium complexes, [{CSMe5Rh(p- 
CH,)(R)},] (2, R = Et), (3, R = n-Pr) and (4, R = n-Bu) are all decomposed easily by one- 
electron oxidants (FeCl,, in aqueous dioxane or THF ; Na,IrC& in moist MeCN) to give 
the C-C-C coupling product RC2H3 amongst others, analogous to the decomposition of 
[{C,Me,Rh&-CHJ(CH,))d (l), to give propene, MeC2H3. Thus, (2) gave butene(s), (3) gave 
pentene(s) and (4) gave hexene(s). Products, RCH and RCH2 [propene and propane from 
(2), butene(s) and butane from (3), and pentene(s) and pentane from (4)] arising from the 
coupling of R and one methylene, were also observed. The alkanes, RC$H5 (butane, pentane 
and hexane) were also formed, as were the chlorides, RCl; these were not observed in the 
decomposition of (1). The alkanes, RH and the olef?ns (R-H), were also formed from (2)- 
(4). Oxidative decomposition of [{C5Me5Rh@-CH,)},(R)(MeCN)]+ (5, R = Me ; 6, R = Et) 
gave chiefly RC2H3 and some RCH. Complex (5, R = 13CH3) gave largely 13CHz = CHCH3, 
while (5, R = CD3) gave largely CD2 = CHCDH2 with NaJrCl, ; the mechanism of the 
C-C--C coupling in this molecule therefore exactly parallels that in (1). The decom- 
position reactions were rather insensitive to the nature of the oxidant and the solvent ; this 
supports the proposal that it is the positive charge on the complex which assists C-C-C 
coupling. Similar promotion may also be possible over a heterogeneous Fischer-Tropsch 
catalyst. Complexes (2) and (6) in the presence of PdC12 and Fe(II1) or Ir(IV) and some 
water gave rise to acetone, butanone, (and acetaldehyde) by a type of Wacker-oxidation 
of the olefins initially produced ; analogo_usly complexes (1) and (5) gave acetone and 
acetaldehyde. This may be related to the process which gives oxygenates from syn-gas over 
mixed metal catalysts. 

Reactions (usually reductive elimination) at metals 
which lead to organic products, in which carbon- 
carbon coupling has occurred, are common. With 
the exception of carbonylation processes, reactions 
in which three ligands grouped around a metal 
centre combine to give an organic product are 
much rarer. 

Some time ago we reported that the dimethyl-di- 
p-methylene dirhodium complex (l), [{C,Me,Rh@ 
CHJ (CH3)}21, d ecomposed thermally (2 300°C) to 
give largely methane and propene.’ We later 

*Author to whom correspondence should be addressed. 

observed that an apparently similar reaction could 
be induced (at 2CrSO’C) by the addition of four 
equivalents of a one-electron oxidizer ; initially we 
used hexachloroiridate(IV)), but more recently we 
have found that the identical reaction occurs (and 
often more cleanly) with ferric salts. The other prod- 
ucts are Rh(II1) complexes, and one version of the 
overall process, in the presence of acetonitrile, can 
be described by eq. ( 1),2 

[{C5Me5Rh(~-CH2)(CH3)}21 

-4e- + 6MeCN + 2[C5Me5Rh(MeCN)3]2+ 

(2) 

+CH2 = CHCH,+CH‘,. (1) 

827 
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Processes of this type accounted for some 70% of 
the overall reaction, the remainder being side-reac- 
tions leading to methane and ethene. 

Very extensive labelling studies have recently 
been completed which show that the Ir(IV) or 
Fe(II1) induced reactions are intramolecular, and 
that the CsMeSRh rings do not break up under these 
conditions. All the gases arise only from the C, 
methyl and methylene ligands ; the methane comes 
from the combination of one Rh-CH3 and a 
hydrogen from a bridging methylene, the propene 
from one Rh-CH3 and two ,u-CH,‘s, and the 
ethene from one Rh-CH, and one p-CHZ.’ An 
NMR (‘H, ‘H and 13C) investigation showed that the 
propene from [{CSMeSRh(~-‘2CH,)(‘3CH3))~ 
was > 85% 13CH, = CHCH, (and cu 15% 
CH2 = CH13CH3). Similarly, the propene was 75% 
CD2 = CHCDH* (and 25% CHZ = CHCD3) from 
the analogous decomposition of [(CSMe,Rh(p- 

CH,)(CQ)}d’3 
The thermal reactions were also examined with 

the aid of isotopomers of complex (1). Again, there 
was little evidence for the involvement of the CsMes 
ring in the Cl-C3 products, but some tetra- 
methylfulvene and pentamethylcyclopentadiene, 
arising from the complete break-up of the complex, 
were detected. The ethene and propene again arose 
chiefly from one Rh-methyl and one or two 
p-methylenes, respectively, and crossover experi- 
ments showed that the thermal decomposition was 
largely intramolecular.2 The only significant differ- 
ence between these reactions and those with a one 
electron oxidizer were (i) that the methane from 
[(CSMe$h(yCH2)(‘3CH3)}2] contained about 
equal amounts of 12CH, and 13CH4, and (ii) that 
owing to extensive H/D scrambling on heating, it 
was not possible to probe further into the intimate 
details of the thermal reaction. The general 
conclusion however, was that very similar processes 
must be occurring thermally at B 300°C and under 
oxidizing conditions at 2&5O”C. 

The detailed labelling used to examine the pro- 
pene from the Ir(IV) or Fe(II1) reactions, has 
allowed an extremely detailed picture to be estab- 
lished, regarding the mode by which three C, units 
in a bimolecular complex come together. 

It must be emphasized that two metal atoms 
appear to be needed for this process. Thus, while 
the iridium analogue, [{C5MeSIr(p-CH2)(CH,)},], 
also decomposed thermally [though with greater 
difficulty than (l)], to give ca 53% of methane and 
30% of propene, the mononuclear [CSMe,IrMe,] 
gave 93% methane, a little ethane and ethene, and 
less than 1% of propene on decomposition under 
the same conditions.2 

The significance of these data lies in their relation 

to the polymerization step in current models of the 
Fischer-Tropsch reaction.2p4 It is therefore instruc- 
tive to show how variations in the structure of the 
dinuclear complex affect the decomposition reac- 
tions. This paper describes the decomposition of 
higher homologues of(l), and of the dinuclear ionic 
species, [{CSMeSRh(p-CH2)),R(MeCN)]+. 

RESULTS AND DISCUSSION 

The higher homologues of (l), the diethyl-, the 
di-n-propyl-, and the di-n-butyl- complexes (2), (3) 
and (4), respectively, were prepared from (1) by the 
sequence,’ 

[{C5MeSRh@-CH2)(Me)},] + 2HCl 
(I) 

+ [(C5Me5Rh(CL-CH2)(Cl))21 

[(C5Me5Rh(~-CH2)(C1)),1 + 2RMgX 

--, [{C5Me5Rh~-CH2)(R)}21. 
(2, R = Et) 
(3, R = n-C,H,) 
(4, R = n-C,H,) 

The dinuclear cationic complexes were prepared by 
the route,’ 

+ HS03C6H,Me/KPF6/MeCN 

+ [{C5Me5Rh@-CH2)}2(R)(MeCN)]PF,. 
(5, R = Me) 
(6, R = Et) 

The oxidative decomposition of [{C5Me5Rh@- 

CHJ(R)U 

Decomposition of the diethyl complex (2), 
[{CSMe5Rh(p-CH2)(Et)}2] occurred readily and 
efficiently with hexachloroiridate in acetonitrile 
(Table l), the gases evolved accounting for some 
89% of the ethyl and methylene ligands in the initial 
complex. Rather similar reactions occurred for the 
di-n-propyl and di-n-butyl complexes (3) and (4). In 
all cases, around 60% of the volatile products arose 
from R, i.e. RCl, RH and the olefin (R-H), cor- 
responding to the loss of H from R ; the chloride, 
RCl, was the main product. The amounts of olefin 
and alkane were comparable, except for (2) where 
ethene predominated over ethane. 

The more interesting products were RCH and 
RC2H3, arising from the coupling of R with one or 
two methylenes. Thus the diethyl complex (2) gave 
a small amount of propene, while the di-n-propyl 
complex (3) gave butene(s) and the di-n-butyl com- 



C-C-C coupling reactions on dirhodium complexes 829 

plex (4) gave pentene(s); in each case some of the 
alkane, RCH3, propane, butane and pentane, 
respectively, were also formed. This was directly 
comparable to the formation of ethene and ethane 
from (1). 

The olefins RC2H3, butene(s) from (2), pentene(s) 
from (3) and hexene(s) from (4) were also formed. 
A major product from all these reactions was the 
saturated alkane, RC2HS ; this contrasted with the 
decomposition of (1) where propene was the main 
product and propane was only formed in trace 
amounts. We presume that the RC2H3 and RC2H5 
products arise in a basically similar manner to 
that deduced for C3 formation from (l), but that 
hydrogen transfer to give the alkane is easier for 
the higher alkyls. 

The other contrast is that the RCH (and RCH3) 
product is generally rather small for (1) and (2), but 
predominates over RC2H3 (and RC,H,) for (3) and 
(4). This indicates that chain extension even in these 
Fischer-Tropsch model complexes becomes 
progressively more difficult with longer alkyl 
groups, a conclusion broadly in agreement with 
the Flory-Schulz distribution commonly observed 
in Fischer-Tropsch reactions.4 

Coupling of two y-methylenes to give ethene is 
not an important process in the decomposition of 
(1) and so is also unlikely to be important in the 
higher homologues either. This is confirmed by the 
fact that while ethene is a major product (26%) 
from the diethyl complex (2) it is formed in only 
trace (l-2%) amounts from the di-n-propyl and di- 
n-butyl complexes (3) and (4) on decomposition. 

Trace amounts of methane were observed in the 
decompositions of (2X4), presumably from a side 
reaction of the p-CH*. In the decomposition of the 
diethyl complex (2), the C4 hydrocarbons could be 
formed either by the oxidative coupling of one ethyl 
and two methylenes, by analogy with the decompo- 
sition of (l), or by the coupling of two ethyls 
directly. The latter path is again unlikely since we 
observed negligible R-R coupling in (1). A further 
reason against this happening is that one would 
expect R-R coupling, i.e. the formation of Cs 
hydrocarbons from the di-n-butyl complex (!I), and 
C6 hydrocarbons from the di-n-propyl complex, (4), 
neither of which are observed. 

The production of RCl could occur either via 
transfer of alkyl from Rh to Ir followed by elim- 
ination of RCl or, much more likely, via formation 
of an R’ radical from the product of a one elec- 
tron oxidation, [(C,Me,Rh@-CHJR} J + IrCl~- + 
[{C,Me5Rh(~-CH2)R}2]+‘+ IrCl-. The last type of 
reaction is well-known in IrCli- mediated oxi- 
dations of alkyl metal complexes.6 

By contrast to the formation of RCl from 

decomposition of complexes (2X4), methyl 
chloride was only occasionally observed during the 
decomposition of (1). This could be because, as we 
have shown, the analogous one electron oxidation 
for (1) is reversible and because, when a second 
electron is then removed, the path leading to meth- 
ane formation from the Rh-Me and an H from 
a p-methylene, becomes more favourable.2 It is 
likely that the Rh-R bond is less stable for the 
higher alkyls, possibly for steric reasons, which also 
precludes facile removal of an H from the p-meth- 
ylene, and thus different decomposition processes 
become predominant. Were H-transfer a favoured 
process, much more RH would be observed from 
the decomposition of complexes (2H5), cor- 
responding to the formation of methane from (1). 

Decompositions were carried out under a variety 
of conditions, using different oxidizers and differing 
solvents. Despite small variations, in some cases 
arising from overlapping peaks in the GC-analysis 
in the presence of certain solvents, the overall pat- 
tern from one to another was very similar. Table 1 
also shows two sets of data for complex (l), to 
compare with those previously reported.2 

On present evidence we favour a mechanism 
(Scheme 1) rather similar to the one we have estab- 
lished for the oxidative decomposition of (1). How- 
ever, as has been indicated, the relative importance 
of some of the steps is rather different for (2x4) 
by comparison with (1). The greater tendency to 
form RCl and the formation of the olefin from R 
by loss of H have little parallel in (1). Labelling 
studies have not yet been carried out on the homo- 
logues of (1) and because of the greater scope for 
scrambling we anticipate that they will be much 
harder to interpret. 

Thermal decomposition of complexes (3) and (4) 
was also investigated. GC-MS data showed that at 
400°C the di-n-butyl complex (4) gave C6H,, and 
CSH,,, in addition to C,H,; only small amounts 
of saturated hydrocarbons appeared to be present. 
Similar data were obtained from decomposition of 
the di-n-propyl complex (3). This reinforces the 
basic analogy between the oxidative and thermal 
decompositions. 

Oxidative decomposition of [fWWW~- 
CH,)},R(MeCN)]+ to give RCH and RC2H, 

The two cationic dirhodium complexes (5, 
R = Me) and (6, R = Et) were decomposed oxi- 
datively in the same manner as above. The most 
remarkable feature of the reaction of (5) was that 
propene formed an even larger proportion of the 
gases than in the decomposition of (1) (Table 1); 
very little methane was formed, but some ethene 
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-e- 
- C(C~Me,Rh)~(B-c"*)1R,]+- Ret [tCIMelRh)t(lr-C”1),Rl+ 

Re+MCl,-RCL+MCl,_, 

C{C,Me,Rh)~ (P-C”,)IRJ*+- R” d--H) + [IcIMe,Rh),(Ir-cH*),]*+ 

t{CSMeSRh),(Lr-CH,),R,3+ L RH t t~C~MesRhfl(p-CH,)(C-c")R~*+ 

t(C,Me,Rh)~(~-CHI)(~-CH)Rlz+ -*'- b sdv. R&Ha t 2 I.CsMe,Rh(solv.)$+ 

CIc,MeSRh)l~-~H1)lR,J1+ - RH+ (R-H) t CIcSMelRh),(C(-cHI)II'+ 

-2e- 
[(cSMerRh),(r-CH,),J'+- solv. CaH. t 2[CsMeSRh (dv.),l'+ 

Scheme 1. 

was detected. By contrast, ethene was a major prod- 
uct from the decomposition of (6) ; this could again 
be a reflection of the greater lability of the longer 
R group and the lower tendency to homologate. 
Propene was formed [cf. ethene from (5)], and again, 
as in the decomposition of (2) butane as well as 
butene(s) are formed. It is noteworthy that more C, 
products were also formed from (6) than in the 
corresponding reaction of (2). 

We have also prepared two labelled samples of (5) 
and have subjected them to decomposition. Thus, 
when a solution of [{CSMeSRh-fi-CH2}2(13CH3) 
(MeCN)]PF, was decomposed with NaJrCl, in 
CD,CN/D,O (50°C 5 h) and the solution then 
analysed by 13C NMR spectroscopy, the label was 
found at 6116.1 (CHF). Accurate estimation of 
intensities, by comparison with the natural abun- 
dance of 13C in propene showed that > 70% was 
present as ‘3CH2=‘2CH-12CH3 and < 30% was 
present as ‘2CH2--_CH-‘3CH3; there was no sig- 
nificant amount of 13C in the 2-position. Bearing 
in mind that the original sample of (5) contained 
92% 13C and 8% ‘*C at the Rh-Me (from the 
Me1 used to make it), this means that at least 77% 
of the reaction follows a path leading to 13CH~ 
CHCH3. 

A similar study was carried out oxidizing a sam- 

ple of [{CS(CH3),Rh-p-CH2},(CD3)(MeCN)]PF6 
with Na,IrCl, in CD3CN/D20. The *H(‘H) NMR 
spectrum showed three singlets of approximately 
equal intensity, at 6 1.69 (methyl), 4.94 (DC) and 
5.05 (Db) indicating that the same number of deu- 
teriums were in each site. There was no peak at 6 
5.9, indicating insignificant D-labelling at H”. The 
‘H-coupled ‘H spectrum showed doublets for DC 
[J@‘-H”) 1.5 Hz] and Db [J(Db-H”) 2.5 Hz] and 
a triplet of doublets for the methyl [J(Dd-H’) 
1.9 Hz; J(Dd-H”) 1 Hz], showing the presence 
of -CDH2 there. The relative intensities of the 
peaks, estimated from both the *H, the *H{ ‘H} 
and the ‘H spectra, led to the conclusion that 
the two isotopomers CDdH-CH2D and 
CH.+ZH-CD, were present in the ratio of 10 : 1. 

Db 
\ fDHP 

ccc 

DJ iH. 

This result is virtually identical to that obtained 
for the propene from the oxidation of labelled 
[{CSMeSRh-~-CH,},(13CH3)~ and especially of 
[{CSMeSRh-p-CH2}2(CD3)2].3 The overall process 
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Me *+ 

Me 

Me 

ML ‘Me 

4t 
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D CD, 

- CDI= CHCHID t ZCCSMe,Rhl*+ 

Scheme 2. 

for the oxidation of (5) must therefore be 

[(CSMeSRh-n-CH&Me(MeCN)]+ 

- 4e- + MeCN --t C3H6 

+H+ +2[C5MeSRh(MeCN),]‘+. 

Since the product from the oxidation of [{CSMe,Rh- 
p-CH,},(CD,)(MeCN)]+ still contains three deu- 
teriums (by NMR and mass-spectrometry, C3H3D3, 
m/e 45), the proton lost must have come from a 
p-CH,. This is of course a similar process to that 
which occurred for (1). We are therefore able to 
define the decomposition path followed by (5) as 
shown in Scheme 2. The first step is loss of a proton 
consequent upon oxidation, probably a two-elec- 
tron process, leaving the same skeleton (A) that we 
have discussed before,3 which then decomposes in 
the same way with further oxidant. This occurs via 
the migration of a methyl onto the /J-CH, 
/?-elimination of H(D) from the so-formed p-ethy- 
lidene to give a Rh-vinyl hydride (deuteride) ; the 
H(D) is then transferred to the p-CH2 giving a 
Rh-methyl which reductively eliminates with the 
vinyl to give propene, with the labelling in the 
appropriate places. 

In our previous studies of (5) we established that, 
even though the Rh-methyl migrates readily 

between the two rhodiums, the molecule is con- 
figurationally very stable ; there is for example, no 
interchange between the hydrogens on the Rh- 
methyl with those on the p-methylenes, even with 
the timescale of an NMR spin saturation transfer 
experiment. Thus we conclude that one effect of the 
oxidation is to substantially labilize the ion. 

The first step of the decomposition of (5) (Scheme 
2) is similar to the proton losses from bridging 
methylenes observed by Knox and collaborators.’ 
It is however interesting to note that while many 
different types of C-C bond formation take place 
within di- or polynuclear clusters,8 in some cases 
consequent on such oxidations, it seems very rare 
for organics to be released from the metal under 
quite such mild conditions as we have found here. 

Oxidative decomposition of [{CSMeSRh&-CH& 
(R)}J and of [(CSMe&h@-CH&R(MeCN)]+ to 
give ketones (and acetaldehyde) 

As we have disclosed previously,g (1) undergoes 
further reaction if PdC& is added to the oxidant 
[Fe(III) or Ir(IV)], to give acetaldehyde (from 
ethene) and acetone (from the propene). This 
combination of a Wacker-type oxidation to the 
oxidative C-C-C coupling thus allows the 
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direct production of acetone from three C, units. 
We also noted that pentanones were obtained by 
an analogous reaction of the di-n-propyl com- 
plex (3). 

As Table 1 shows, this reaction also occurs with 
the cationic methyl complex (5) ; curiously enough 
the actual yield of acetone is higher from the reaction 
of (1) with FeCl, + PdCl? than from (5), rather than 
the reverse, as might have been expected from the 
relative production of propene from the two com- 
plexes. This shows that the two components act in 
a concerted, synergistic manner, rather than sep- 
arately. In both cases hardly any olefin remains. 

More complications occur when either the diethyl 
complex (2) or the monoethyl cation (6), is oxidized 
with PdCl* and Ir(IV) or Fe(II1). The ketone 
butanone, from C-C-C coupling, is formed, but 
other carbonyls, notably acetone and acetaldehyde, 
are formed too. A further major product is ethyl 
chloride and quite substantial amounts of olefins 
remain ; presumably under more forceful con- 
ditions these could be oxidized too. 

CONCLUSION 

We have shown that the C-C-C coupling is 
quite general and leads to the formation of olefins 
RC2H3 from (1) and its homologues, and that the 
cationic complexes such as (5) react very similarly 
too. There are however many examples of other 
polynuclear metal complexes containing alkyl and 
alkylidene ligands, which couple, but which do not 
seem to eliminate in similar ways.8 We also note 
that a reaction that contributes most minimally to 
the overall products in our dirhodium systems, the 
direct coupling of two ,u-methylenes, appears by 
contrast to be a key decomposition for diruthenium 
complexes.” This highlights one of the contrasts 
and suggests an area for seeking better Fischer- 
Tropsch catalysts. 

One of the most intriguing aspects of this work 
arises from its relation to that recently published, 
in patents, of Fischer-Tropsch type syntheses of C2 
oxygenates (ethanol, acetaldehyde and acetic acid) 
using two component catalysts, for example, 
Pd-Fe and either Rh-Mg-Li or Rh-Sc-Li on 
silica (HZ: CO 2.5 : 1; 275-285°C; 30 atm).” We 
feel that the analogy between those data and our 
own results, relating to the formation of oxygenates 
by C-C-C coupling on Rh promoted by Fe + Pd 
or Ir + Pd discussed here is too close to be acciden- 
tal. It also confirms that (1) and its analogues are 
good models for part of the Fischer-Tropsch reac- 
tion and raises the possibility that oxygenates could 
be formed via the oxidation of the initially formed 
alkenes there too. 

EXPERIMENTAL 

Complexes (lt(6) were synthesized by published 
methods.‘,’ All solvents were Analar grade and were 
dried and distilled under nitrogen before use. Reac- 
tions were carried out with rigorous exclusion of 
air; however in most cases no reaction occurred 
unless moisture was present. 

The decomposition reactions were carried out as 
follows. A known weight of the complex (usually 
19 pmol) was placed in a small flask of accurately 
known volume (4 cm3), fitted with a tightly wired-on 
Suba-seal. The flask was evacuated and filled with 
nitrogen (using cannulae). The reagent of choice 
[for example, Na,IrCl, - 6H,O (53 mg, 112 pmol), 
dissolved in acetonitrile (0.5 cm3)] was added by 
syringe and the contents of the flask were shaken 
well to ensure dissolution and good mixing. The 
reactions using ferric chloride hydrate in dioxane 
or THF were conducted in the same way. Those in 
which the oxidant was dispersed in cyclohexane or 
cycloheptane were prepared by mixing the rhodium 
complex and the ferric chloride as solids in the flask 
and then injecting the hydrocarbon medium (1.0 
cm’). The reaction usually proceded slowly (8 h at 
20°C). The flask was briefly heated in a water bath 
(5&6O”C) to ensure completion of the reaction ; this 
was usually clearly denoted by a change in colour 
and/or deposition of metal. The flask was then 
cooled to room temperature and a sample of the 
gas (50 ~1) was removed with a gas syringe, injected 
into the port of a Carlo-Erba gas chromatograph 
and the gases analysed. The solution was also ana- 
lysed ; this was extremely necessary with the higher 
hydrocarbons, where often only a small proportion 
was in the gas phase. 

A variety of methods were used to obtain good 
GC resolution ; these included capillary and Poro- 
pak Q packed columns. The identities of the 
gases were checked by GC-MS using a MS-25 
spectrometer. Since the differences in product 
between the various conditions were rather small, 
the reactions were usually run in solvents where 
GC resolution was optimal. Even so, complete 
resolution was very hard to achieve ; for example, 
the separation of butenes from each other 
and from butane. 

The reactions in which carbonyl compounds were 
produced by the addition of palladium chloride 
were carried out in the same way, except that a 
mixture of the rhodium complex and solid PdC& 
was placed in the flask initially and that a solution 
of THF (or dioxane) and water (1.5 cm3 and 0.15 
cm’, respectively) was added to dissolve the 
reactants. 

In each case the GC trace of the product, once 
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it had been identified by mass spectrometry, was 
integrated and the integral compared to that of an 
authentic sample of the material, in order to esti- 
mate how much of that component was present in 
the original mixture (gas or solution). The results 
are presented in Table 1; the numbers given are 
normalized percentages. These are calculated on the 
basis of the total amount of R and C, ligands 
present in each complex ; thus (1) has 4 x C, 
ligands, (2) has 2 x C2 and 2 x C, ligands, (3) has 
2 x C3 and 2 x C1 ligands, and so forth (for further 
details see ref. 2). There is no evidence for the break- 
down of either R or CsMes ligands ; thus the di-n- 
butyl complex (4) gave only trace amounts of C,, 
CZ or C3 products. 

mass-spectrometric data, and Dr B. F. Taylor for Bruker 
AM-250 NMR measurements. 
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ORGANIC CHEMISTRY OF DINUCLEAR METAL CENTRES-X.” 
DIMERIZATION OF ALLENE AT A DIRUTHENIUM 

CENTRE; X-RAY CRYSTAL STRUCTURE OF 

[Ru2(C0)2(1L-C(Me)CHCH2CCH,)(~-C,Me,)*l 
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Department of Inorganic Chemistry, The University, Bristol BS8 lTS, U.K. 
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Abstract-Photolysis of [Ru2(C0)&-C5R5)2] (R = H or Me) in the presence of allene yields 
complexes [(~-C,R,)(CO),RUCH,C(CH~)C(CH~)CH,RU(CO)~(~-C,R,)] and [Ru,(CO),(p- 
C(Me)CHCH2CCH2}(+,Me& containing dimers of allene derived by C(2)-C(2) and 
C( l)-C( 1) coupling, respectively. The molecular structure of [Ru2(C0)2(p-C(Me) 
CHCH2CCH2}(r&Me,)2] has been determined by X-ray diffraction. The structure was 
solved by heavy-atom methods and refined by least-squares to give a final R 0.047 for 4678 
unique, observed diffractometer data. Crystals are monoclinic, space group P2,/c, with 
2 = 8 in a unit cell of dimensions a = 10.403(g), b = 28.804(27), c = 19.882(18) A, 
B = 117.14(6)“. The molecule is based on a trans-(r&Me,)(CO)Ru-Ru(CO)(@J,Me,) 
unit with one terminal and one semi-bridging carbonyl ligand. This unit is bridged by a 
linear MeCCHCH2CCH2 six-carbon chain which is q2-bound to one ruthenium through 
two c-bonds, making a metallacyclopentene ring, and to the other through an q2-interaction 
of an exocyclic double bond. The formation of the allene dimer products is attributed to 
the attack of Ru(CO)~(&~R~) radicals upon the C(1) or C(2) carbon of allene, followed 
by dimerization of the radicals so formed. The p-allene species [Ru,(CO),@-CH2CCH2)(q- 
C,H,)J is obtained by photolysis of the p-vinylidene complex [Ru2(CO)&-CCH,)(r- 
C5H5)d in acetonitrile, followed by the addition of diazomethane. 

Complexes containing dimers of allene (propa- 1,2- 
diene) as a ligand are of interest as models for 
species involved in the oligomerization and poly- 
merization of the hydrocarbon at metal centres.2 
Coupling of the two central carbons of allene 
[C(2)-C(2)] is most commonly observed, exem- 
plified by species of types (1),3-6 (4)7,8 and (5),%12 
the latter arising with and without metal-metal 
bonding. Terminalxentral carbon coupling 
[C( 1)-C(2)] has been found in one complex of type 
(2), ’ 3 but terminal-terminal carbon coupling 
[C( 1)-C(l)], as in (3), is unknown for unsub- 
stituted allene ; it does, however, arise in the dimer- 
ization of 1,3_dimethylallene. I3 We describe here 
the reactions of allene with the diruthenium com- 

* For Part IX, see ref. 1. 
t Author to whom correspondence should be addressed. 

plexes [Ru,(CO),L,] (8, L = CZHS ; 9, L = &Me& 
which provide the first examples of allene dimer 
species of types (6) and (7). The latter is, to our 
knowledge, the first transition metal complex evolv- 
ing from C( I)-C( 1) coupling of the unsubstituted 
allene. 

RESULTS AND DISCUSSION 

W irradiation of [Ru,(C@,(q-C,H,),] (8) with 
a 15-fold excess of allene in tetrahydrofuran (THF) 
solution results-in the consumption of the diru- 
thenium complex within 5 h. IR spectra indicated 
that a variety of products was formed but these 
were inseparable by crystallization techniques. 
Chromatography, however, led to the isolation of 
the air-stable, white crystalline complex [(v- 
CgHs)(CO)2RuCH2C(CH,)C(CH2)CH2R~(CO)2(~- 
C,H,)] (10) in low yield. 
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12 L-C5Me5 

The mass spectrum of (10) shows a weak molec- 
ular ion and more intense ions corresponding to the 
sequential loss of four carbon monoxides. Ready 
cleavage of the Ru-CH, bond is apparent in the 
presence of very strong ions attributable to [(r,~- 
C,H,)(CO),RuCH,C(CH,)C(CH,)CHJ+ (n = 2, 
0) and [(r&H,)(CO),Ru]+ (n = 2, 1 and 0). 

IR and NMR spectra clearly indicate that (10) 
has the illustrated structure based on C(2jC(2) 
coupling of two allene units, with each unit carrying 
a g-bound Ru(CO)&CSH,) grouping; i.e. the 
complex is of form (6), an expanded variant of (1). 
Thus, the IR spectrum shows two bands typical of 
terminal carbonyl ligands, at 2025 and 1970 cm-’ 
(in cyclohexane), consistent with the presence of the 
Ru(CO)&CSH5) group. By way of comparison, 
the carbonyl absorptions for structurally related 

[(?-C,H,)(CO)2Ru(CH2)4Ru(CO)2(?-C5H5)*l are 
at 2022 and 1958 cm- ’ (in hexane). l4 The two- 
fold symmetry of (10) is reflected in the ‘H NMR 
spectrum, which has the equivalent cyclo- 
pentadienyls as a signal at 6 4.84 (10 H), and the 
allene “dimer” protons as three singlets at 6 5.91 (2 
H), 5.01 (2 H) and 2.68 (4 H). Of the latter group, 
the signal at 6 2.68 is readily;attributed to the two 
ruthenium-bound CH2 groups and those at 6 556 to 
the inequivalent olefinic protons of each vinylidene 
CH2 unit. For a platinum cornalex of type (1) 
[M = Pt( 1,5-cycle-octadiene)], containing the same 
hydrocarbon skeleton, the allene dimer proton res- 
onances occur at very similar chemical shifts [S 2.95 
(4 H), 5.00 (2 H) and 5.45 (2 H)].5 The 31C NMR 
signals for this species are also similar to those 
observed for (10) ; whereas for the platinum com- 
plex the allene dimer carbons appear pairwise equi- 
valent at 6 33.5 (PtCH&, 101.2 (C&CHJ and 162.0 

(C=CH,) ppm,’ those of (10) are at 6 53.8 
(RuCH,), 123.4 (C==CHJ and 148.4 (C=CH,). 

Treatment of [Ruz(C0)4(r&Me5)J (9) with an 
excess of allene for cu 5 h under photolytic con- 
ditions gives, like [Ru~(CO)~(+!~H~)& a complex 
of type (6): white crystalline [(r&MeS)(C0)2 
RuCH,C(CHJC(CHz)CH,Ru(CO),(q - C5MeS)] 
(ll), isolated in 47% yield. This complex displays 
no molecular ion in the mass spectrum but has 
ions corresponding to (M--nCO)+ (n = l-4) and 
others to [(@,Me,)(CO),RuCH,C(CH,)C(CH,) 
CHJ+ (n = 2, 1 and 0) and [(q-C,MeS)(CO),Ru]’ 
(n = 2, 1 and 0). The IR spectrum is similar in 
form to that of (lo), but the two terminal carbonyl 
stretching bands are seen at lower frequencies 
(2006 and 1948 cm- ‘), appropriate to the more 
strongly electron-donating +ZSMeS ligand. The 
‘H and 13C NMR spectra (see Experimental 
Section) indicate that (11) is structurally iden- 
tical to (10). In addition, a proton-coupled 13C 
NMR spectrum of (11) confirms the assignments 
made earlier for (10). A singlet at 6 164.2 is 
clearly due to the vinylidene C=CH2 carbons, 
while triplets at 6 52.7 (Jcu 127 Hz) and 119.0 
(Jcu 149 Hz) can be attributed (both on the basis 
of chemical shifts and coupling constants15) to 
the sp3 and sp2 carbons of the RuCH, and C=CH2 
methylene groups. 

A second product of the reaction of allene with 
[Ru2(CO),(r&Me,)d was isolated as air-stable red 
crystals in 11% yield and identified through an X- 
ray diffraction study as [Ru2(CO)2{p-C(Me) 
CHCH2CCH2}(r&Me5)2] (12). 

H 
‘f-4”2 

Me-C, ,Cs5cH2 

@yRg 2 

The structure determination revealed that the 
asymmetric unit contained two crystallographically 
independent molecules of the complex, which differ 
significantly only in the orientations of the @,Me, 
ligands. The molecular structure of one of these two 
is shown in Fig. 1, which also gives the atomic 
numbering scheme ; selected bond lengths and 
angles are presented in Table 1. The ruthenium 
atoms are at a single bond distance (2.823(2) A) and 
each carries an r,r-CSMe5 ring, which adopts a tram 
orientation about the metal-metal bond. Each 
ruthenium atom also carries a carbonyl ligand ; that 
on Ru(1) is terminal but that on Ru(2) is semi- 
bridging, as indicated by the Ru(2jC(2) and 
Ru(ljC(2) distances of 1.869(11) and 2.566(10) 
A, respectively. The Ru(2jC(2jO(2) and 
Ru(1 jRu(2jC(2) angles of 162.0(7) and 
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Fig. 1. Molecular structure and numbering scheme for [Ruz(C0)2f~-C{Me)C~C~,CCH,)(lil- 
C!,Me&j (12) ; pentamethyicyclopentadienyl hydrogens omitted for clarity. 

62.4(3)“, respectively, are also typical of such an 
interaction. 

The major interest in (12) attaches to the linear 
six-carbon bridging ligand, derived by an unpre- 
cedented C( I )--C( 1) dime&z&ion of allene and an 
associated 1,3-hydrogen shift [from C(6) to C(8)]. 
Carbons C(4), C(5), C(6) and C(7) make up, with 
Ru(Z), a metallacyclo~ntene ring with an exocychc 
double bond [C(3), C(4)] $-coordinated to Ru(1). 
The ruthenium atom Ru(2) and the six carbon 
atoms C(3)--C(8) of the ahene dimer are approxi- 
mately coplanar, none deviating more than 0,27 8, 
from the mean plane. This plane lies roughly parallel 
to the planes of the q-C,MeS ligands, shown by 
angles of 12.6 and 21.4” made with the 
C(11 jC(15) and C(21)-C(25) planes, respec- 
tively. .The angle between the C, mean plane and the 
Ru-Ru axis is 35.8”. 

The bond lengths along the C6 chain correspond 

to the localized bonding illustrated, with the 
C(3jC(4) double bond longer (at 1.407( 16) A) 
than C(6)-C(7) (1.324(15) rr>, as a result of its 
coordination to ruthenium. 

The allene dimer can be viewed as an exotic 
variant of the p-vinyl ligands found in [Ru&H) 
(Co),(~-C(Me)CH,}(r7-CSHs)21 (13)16 and [RUZ 
Cccl)ot-cHcH,)(~-C(P’h>~~(rl-C,H,);j (14). ” 
The Ru(2)-C(4), Ru(l)-C(4), Ru(ljC(3) and 
C(3)-C(4) distances of 2.043(B), 2.162(8), 
2.227(10) and 1.407(16) A for (12) are similar to 
the corresponding distances for the @HCH2 
ligand of (14), at 2.049(4), 2.089(4), 2.212(3) 
and 1.396(5) A, respectively. The main discrepancy 
lies in the Ru(l)-C(4) bond length and probably 
arises from the greater Ru-Ru separation in 
(12) (2.823(2) A) cf. (14) (2.720(l) A). 

A much related type of structure has been estab- 
lished for the d&iron complex [Fe,(CO)&- 

Table 1. Selected bond lengths (A) and angles (“) for (12) (both molecules; atoms of the 
second molecule are distinguished by the sufhx a) ; estimated standard deviations in the 

least sign&cant digit are given in parentheses 

Ru( l)-Ru(2) 2.823(2) Wl)--C(l) 1.858(1 I) 

WQ---C~2) 2.566(10) RuUtC(3) 2.227(10) 

WlW(4) 2.162(8) W1b-W 1) 2.241(9) 

WltC(12) 2.321(10) RWhW3) 2.303(9) 

WlHX4) 2.206(7) RW--fJW 2.181(8) 

W2tc(z) 1.869(11) w2)--c(4) 2.043(8) 
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Table l-continued 

Ru(2)--ct7) 
Ru(2)-C(22) 
Ru(2)-C(24) 

C(l)-w) 
C(3)--C(4) 
C(5>--c(6) 
C(7)-C(8) 
Ru(la)---C(la) 
Ru( 1 a)-C(3a) 
Ru(la)-C(lla) 
Ru(la)--C(13a) 
Ru(la)-C!(lSa) 
Ru(2a)-C(4a) 
Ru(2a)-C(21a) 
Ru(2a)-C(23a) 
Ru(2a)-C(25a) 

C(2a)--0(2a) 
C(4a)--C(5a) 
C(6a)--C(7a) 

Ru(2k--Ru(l)-U) 
C(l)--Ru(l)--C(2) 
C(l)-Ru(l)--C(3) 
Ru(2k-Ru(lFC(4) 
C(2)-RuwC(4) 
Ru(2)--Ru( l)-C( 11) 

C(2)_Ru(l)--C(ll) 
C(4)_Ru(l)--C(ll) 
C(l)-Ru(l)--c(l2) 
C(3)-Ruw-w2) 
C(ll)---Ru(ljC(12) 
C(l)---Ru(l)-C(13) 

C(3)-RuU)--C(l3) 
C(ll)-Ru(l)-C(13) 
Ru(2)-Ru(l)--C(14) 
C(2)-Ru( l)-C( 14) 

C(4)-Ru(l)-C(l4) 
C(12)---Ru(lw(14) 
Ru(2)---Ru(l)-C(lS) 

C(2)-Ru(w-C(15) 
C(4)-Ru(l>--C(l5) 
C(12)-Ru(l)---C(15) 
C(14)-Ru(ljC(15) 

Rut 1 l-W3-W) 
RN 1 HW9-W 
WI--R&9--C(7) 
‘W-RuE-W 1) 
C(7)-Ru(2-(2 1) 
C(2k--Ru(2>--c(22) 
C(7)-Ru(2>--c(22) 
Ru( l)-Ru(2 jC(23) 

C(4F--Ru(2)-(?23) 
C(21>-Ru(2w(23) 
Ru( l)-Ru(2)-C(24) 
C(4)-Ru(2)-C(24) 
C(21)-Ru(2)--C(24) 
C(23)-Ru(2)-C(24) 

C(2)-Ru(2k-C(25) 
C(7>-Ru(2)--C(25) 

2.108(13) 
2.246(8) 
2.298( 11) 
1.145(14) 
1.407(16) 
1.481(20) 
1.501(20) 
1.832(12) 
2.231(9) 
2.213(9) 
2.331(9) 
2.185(S) 
2.053(9) 
2.237(8) 
2.274(9) 
2.270(8) 
1.178(13) 
1.509(17) 
1.334(15) 

83.8(2) 
81.8(4) 
83.2(4) 
46.1(2) 
84.8(3) 

130.1(2) 
90.5(3) 

156.4(4) 
133.9(4) 
141.9(3) 
36.8(4) 

154.1(3) 
108.4(3) 
60.9(3) 

152.3(3) 
145.2(4) 
111.4(3) 
59.8(4) 

166.6(2) 
126.5(3) 
146.9(3) 
60.7(4) 
37.1(3) 
49.6(2) 
91.0(2) 
77.8(4) 

129.5(4) 
9 1.4(4) 
97.5(4) 

107.8(4) 
122.1(3) 
133.3(4) 
59.5(4) 

113.8(3) 
99.8(4) 
59.6(4) 
35.6(4) 

154.3(4) 
109.9(4) 

W3--Wl) 
Ru(2>--c(23) 
Ru(2>--~(25) 
C(2Fx2) 
C(4)_C(5) 
C(6)_C(7) 
Ru( la)-Ru(2a) 
Ru( la)--C(2a) 
Ru(lajC(4a) 
Ru(la)-C(12a) 
Ru(la)--C(14a) 
Ru(2a)--C(2a) 
Ru(2a)-C(7a) 
Ru(2a)--C(22a) 
Ru(2a)--C(24a) 
C(la)--O(la) 
C(3a)-C(4a) 

C(5a)--C(6a) 
C(7a)-C(8a) 

Ru(2)_Ru(lHY2) 
Ru(2)_Ru(l)--C(3) 
C(2)-Ruw-C(3) 
C(l)-Ru(lF(4) 
C(3)-Ru(l)-C(4) 
C(l)-Ru(lFCU 1) 
C(3)_Ru(l)-V 1) 
Ru(2)--Ru(l)-C(12) 

C(2)-RuU)--c(12) 
C(4)-Ruww2) 
Ru(2)-Ru(lF(13) 

C(2)--Ru(l)-V3) 
C(4)-Ru(l)--C(l3) 
C(12)-Ru(l)-C(13) 

C(lk--Ru(l)--c(l4) 
C(3)-Ru(lFJl4) 
C(ll)-Ru(l)-C(14) 
C(13)--Ru(lK(14) 

C(l)_Ru(l)--C(l5) 
C(3)_RuV)--C(l5) 
C(ll)-Ru(l)--C(l5) 
C(13)-Ru(l)--C(15) 

Ru( 1 )-Ru(2)-C(2) 
C(2)-Ru(2)--c(4) 
C(2)-Ru(2)--~(7) 
Ru(l)---Ru(2)-C(21) 

C(4)-Ru(2)--~(2 1) 
Ru( 1 )--Ru(2)---C(22) 

C(4>-Ru(2)--C(22) 
C(21)--Ru(2FC(22) 
C(2)-Ru(2)-C(23) 

C(7)_Ru(2)--C(23) 
C(22bRu(2)--C(23) 

C(2)-Ru(2)--c(24) 
C(7)--Ru(2)--C(24) 
C(22)-Ru(2)dZ(24) 
Ru(l)-Ru(2jC(25) 

C(4)-Ru(2)--c(25) 
C(21)--Ru(2)--&(25) 

2.242(8) 
2.289( 10) 
2.240(10) 
1.164(13) 
1.520(16) 
1.324(15) 
2.819(2) 
2.570( 11) 
2.173(9) 
2.321(9) 
2.235(8) 
1.867(10) 
2.085( 12) 
2.245(8) 
2.338(9) 
1.177(16) 
1.428(15) 
1.491(16) 
1.507(17) 

40.2(2) 
73.5(2) 

113.1(3) 
103.0(4) 
37.4(4) 
99.2(4) 

156.3(3) 
112.8(2) 
85.3(3) 

119.7(4) 
121.4(2) 
112.7(4) 
99.7(3) 
34.8(3) 

121.3(4) 
96.4(3) 
62.1(3) 
36.4(4) 
93.1(4) 

119.2(3) 
37.5(4) 
61.0(4) 
62.4(3) 

109.7(3) 
88.3(5) 

167.9(3) 
119.5(3) 
152.6(3) 
152.5(3) 
35.5(4) 
94.7(4) 

144.1(4) 
36.3(5) 

123.6(5) 
145.7(4) 
60.1(4) 

132.3(3) 
92.3(3) 
36.3(4) 
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C(22)-Ru(2v(25) 
C(24)-Ru(2)-C(25) 
Ru(l>--c(2t_Ru(2) 
Ru(2F’J2)--0(2) 
Ru(l)--c(4>-Ru(2) 
Ru(2)--c(4t-c(3) 
Ru(2)--c(4t-c(5) 
C(4)---W-(6) 
Ru(2)--C(7t-C(6) 
C(6PJ7FC(8) 
Ru(Za)-Ru( 1 aW(2a) 
Ru(2a)-Ru(la)-C(3a) 
C(2a)-Ru(la)-C(3a) 
C(la)-Ru(laFC(4a) 
C(3a)-Ru(laW(4a) 
C(la)-Ru(la)-C(lla) 
C(3a)-Ru(la)-C(lla) 
Ru(2a)-Ru(la)-C(12a) 
C(2a)-Ru(la)-C(12a) 
C(4a)-Ru(la)-C(12a) 
Ru(2a)-Ru( la)-C( 13a) 
C(2a)-Ru( la)-C(13a) 
C(4a)-Ru( 1 a)-C( 13a) 
C(12a)--Ru(la)-C(13a) 
C(la)-Ru(la)-C(14a) 
C(3a)-Ru(la)-C(14a) 
C(lla)-Ru(la)-C(14a) 
C(13a)--Ru(la)-C(14a) 
C(la)---Ru(la)-C(lSa) 
C(3a)-Ru(la)-C(lSa) 
C(lla)-Ru(la)-C(15a) 
C(13a)---Ru(la)-C(15a) 
Ru( la)-Ru(2a)-C(2a) 
C(2a)--Ru(2aFC(4a) 
C(2a)---Ru(2a)-C(7a) 
Ru(la)-Ru(2a)--C(2la) 
C(4a)-Ru(2a)-C(21a) 
Ru( 1 a)-Ru(2a)--C(22a) 
C(4a)-Ru(2a)-C(22a) 
C(21a)-Ru(2a)-C(22a) 
C(2a)-Ru(2ajC(23a) 
C(7a)-Ru(2a)---C(23a) 
C(22a)-Ru(2a)-C(23a) 
C(2a)---Ru(2aFC(24a) 
C(7a)--Ru(2a jC(24a) 
C(22a)---Ru(2aW(24a) 
Ru(la)-Ru(2a)-C(25a) 
C(4a)-Ru(2a jC(25a) 
C(2 1 a)--Ru(2a)-C(25a) 
C(23a)-Ru(2a)-C(25a) 
Ru(la)-C(la)-C(la) 
Ru(la)-C(2ajC(2a) 
Ru(la)---C(3a)-C(4a) 
Ru( 1 a)-C(4a)-C(3a) 
Ru( la)-C(4ajC(Sa) 
C(3atC(4a>--C(5a) 
C(5atC(6a)--C(7a) 
Ru(2a)-C(7a)-C(8a) 

60.3(4) 
35.8(5) 
77.3(4) 

162.0(7) 
84.3(3) 

123.9(7) 
115.2(7) 
107.4(9) 
115.8(10) 
123.1(12) 
40.2(2) 
73.3(2) 

113.0(3) 
105.4(4) 
37.8(4) 
96.6(4) 

153.9(3) 
112.4(2) 
83.3(3) 

120.3(4) 
119.8(2) 
109.4(3) 
99.1(4) 
34.8(3) 

123.5(4) 
95.7(3) 
62.0(3) 
36.2(4) 
92.9(4) 

116.7(3) 
37.2(3) 
61.0(4) 
62.7(3) 

109.7(4) 
87.3(4) 

162.5(2) 
114.3(3) 
156.3(3) 
150.2(3) 
36.8(3) 
93.4(4) 

140.6(4) 
37.3(4) 

120.2(4) 
149.3(3) 
60.9(3) 

128.2(2) 
91.1(3) 
36.0(4) 
59.9(3) 

173.5(7) 
120.4(6) 
68.9(5) 
73.3(5) 

122.5(6) 
122.4(8) 
118.7(11) 
122.9(8) 

C(23)-Ru(2)-C(25) 

Ru(l>--C(lW(l) 
Ru(l)-C(2)--0(2) 
Ru(lFC(3)-C(4) 
Ru(lFC(4)-C(3) 
Ru(l)--c(4>--c(5) 
C(3)-+4)--c(5) 
C(5)--C(6)--c(7) 
Ru(2)-C(7_(8) 
Ru(2a)-Ru( 1 a)-C( 1 a) 
C(la)-Ru(la)-C(2a) 
C(la)-Ru(la)-C(3a) 
Ru(2a)-Ru( la)-C(4a) 
C(2a)-Ru( la)-C(4a) 
Ru(2a)-Ru(la)--C(lla) 
C(2a)--Ru(la)-C(lla) 
C(4a)-Ru(la)-C(l la) 
C(la)-Ru(la)--C(12a) 
C(3a)--Ru(la)-C(12a) 
C(lla)-Ru(la)-C(12a) 
C(la)-Ru(la)-C(13a) 
C(3a)-Ru(la)-C(13a) 
C(lla)-Ru(la)-C(13a) 
Ru(Za)-Ru(la)-C(14a) 
C(2a)-Ru( 1 a)-C( 14a) 
C(4a)-Ru(la&C(14a) 
C(12a)-Ru(la)-C(14a) 
Ru(2a)-Ru( 1 a)-C( 15a) 
C(Za)-Ru(la)-C(lSa) 
C(4a)-Ru( lajC( 15a) 
C(12a)-Ru(la)-C(15a) 
C(14a)-Ru(la)-C(lSa) 
Ru( 1 a)-Ru(2a)---C(4a) 
Ru(la)-Ru(2aW(7a) 
C(4a)-Ru(2a)-C(7a) 
C(2a)-Ru(2atC(21a) 
C(7a)-Ru(2a)-C(21a) 
C(2a)-Ru(2a)-C(22a) 
C(7a)-Ru(2a)--C(22a) 
Ru( la)-Ru(2a)-C(23a) 
C(4a)-Ru(2a)-C(23a) 
C(21a)-Ru(2a)--C(24a) 
Ru( 1 a)--Ru(2a)-C(24a) 
C(4a)-Ru(2a)-C(24a) 
C(21a)--Ru(2a)-C(24a) 
C(23a)-Ru(2a)-C(24a) 
C(2a)-Ru(2a)-C(25a) 
C(7a)--Ru(2aFC(25a) 
C(22a)--Ru(2a)-C(25a) 
C(24a)-Ru(2a)-C(25a) 
Ru( la)-C(2a)--Ru(2a) 
Ru(2a)-C(2a)-O(2a) 
Ru( 1 a)-C(4a)---Ru(2a) 
Ru(2a)-C(4a)-C(3a) 
Ru(Za)-C(4a)---C(Sa) 
C(4a>-c(5a)--c(6a) 
Ru(2a)-C(7aFC(6a) 
C(6a)-C(7a)--c(8a) 

59.9(4) 
174.8(7) 
120.1(6) 
68.8(5) 
73.8(5) 

121.3(6) 
120.4(8) 
118.9(12) 
121.1(8) 
85.0(3) 
83.0(4) 
84.2(5) 
46.2(5) 
84.6(3) 

132.8(3) 
93.0(3) 

157.4(4) 
130.6(4) 
144.2(4) 
37.3(4) 

153.6(4) 
110.4(3) 
60.5(4) 

148.9(3) 
143.5(3) 
108.1(3) 
60.5(3) 

169.5(2) 
129.4(3) 
143.6(3) 
61.6(4) 
37.7(4) 
50.0(3) 
92.1(2) 
77.9(4) 

134.7(4) 
91.3(4) 

100.1(4) 
103.8(4) 
123.0(3) 
137.2(4) 
61.0(4) 

111.8(2) 
102.5(3) 
60.2(4) 
35.8(3) 

153.3(4) 
114.2(4) 
60.7(3) 
35.7(4) 
77.1(4) 

161.6(7) 
83.6(3) 

121.5(8) 
115.4(7) 
106.9(9) 
116.2(8) 
120.9(11) 
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Ph 

‘2 ‘2 ‘2 

C(O)C(Ph)C(Ph)CCH,}(q-C,H,)J (15), derived by 
reaction of a p-vinylidene complex with diphenyl- 
acetylene. ’ ’ The presence of four sp2 hybridized 
carbons in the metallacyclopentenone ring of (15) 
compared with only three in (12) demands even 
greater planarity of the constituent atoms. The 
largest deviation from the mean plane of the ring 
is only 0.06 8, and the methylene carbon is 0.09 8, 
away. 

The solid state structure of (12) is clearly retained 
in solution. Terminal and semi-bridging carbonyl 
absorptions are seen at 194 1 and 1845 cm- ‘, respec- 
tively, in the IR, while in the NMR spectra (see 
Experimental Section) the inequivalence of the q- 
CSMeS ligands is apparent. Following the structural 
determination the assignment of the ‘H and r3C 
NMR spectra is straightforward ; in what follows 
the numbering system of Fig. 1 is employed to ident- 
ify the nuclei. 

In the ‘H NMR spectrum a singlet in the olefinic 
region at 6 5.91 is readily attributed to H(6), and a 
singlet of relative intensity three at 6 2.30 to the 
methyl group based on C(8). A pair of singlets at 6 
3.07 and 3.35 is characteristic of the vinyl protons 
H(3a), H(3b), both in terms of the upfield shift 
brought about by coordination and the very low 
(effectively zero) geminal coupling. I6 In contrast, a 
large geminal coupling of 20.5 Hz is seen for the 
aliphatic methylene protons H(5a), H(5b), which 
appear at 6 3.63 and 2.61. 

The partially-decoupled 13C NMR spectrum of 
(12) clearly identifies the C(8) methyl group as a 
quartet at 6 3 1.9 and the C(6) methyne group as a 
doublet at 6 125.3. The two methylene carbons 
appear as triplets at 6 50.7 and 53.0; by analogy 
with complex (13),16 which has ,u-C(Me)CH, at 6 
44.6 and p-C(Me)CH, at 6 52.0, these signals are 
assigned to C(5) and C(3), respectively. The p-car- 
bon C(4) is seen as a singlet at 6 167.5, a shift 
betraying the p-alkylidene character similar to that 
of the p-C(Me)CH, carbon in (13) which resonates 
at 6 175.8. Of the three singlets between 6 20&225, 
that at 6 200.2 is typical of a terminal carbonyl 
C(l)O(l) and that at 220.3 of the semi-bridging 
carbonyl C(2)0(2). The remaining signal at 6 209.1 
is in the range associated with the metal-bound 
vinyl carbons of metallacycles of types (2) and (3) 

(6 205-210)‘3~‘g and is consequently attributed to 
the C(7) carbon. 

We now turn to the question of how complexes 
(lo), (11) and (12) are formed. There is evidence 
that the initial photoactivation of complexes of type 
(8) and (9) can involve either CO 10ss,~‘,~’ to give 
a species [RUFFLE], or homolytic metal-metal 
bond fission, generating Ru(CO)~L radicals.22p23 It 
is difficult to explain the formation of the products 
on the basis of the first process, but the radical 
pathway neatly accounts for (lo), (11) and (12). The 
proposed mechanism is outlined in Scheme 1. We 
suggest that Ru(CO),L radicals attack allene pre- 
dominantly at the terminal carbon, as expected,24 
to afford the radical (16) which dimerizes to give the 
observed C(2)--C(2) coupling products (10) and 
(11). Less favoured attack upon the central allene 
carbon will generate radical (17), which upon 
dimerization gives the C( l)-C( 1) coupling product 
(18). The instability of Ru-C(sp2) relative to 
Ru-C(sp3) bonds probably results in (18) decom- 
posing under the reaction conditions when L = q- 
CsH5 and transforming to (12) when L = q-C5MeS. 
A plausible pathway for the transformation, via 
intermediates (19) and (20), is included in Scheme 1. 

In principle, photolysis of the a-ally1 complexes 
(10) and (11) could give bis-q3-ally1 species of 
type (5) following CO loss. No such products were 
isolated from the reactions of allene with (8) and 
(9), but photolysis of (9) in the presence of allene, 

hv 2M’ 

CH+CH2 

M - Ru lCOJ2L 

x2 

M tbl 

t 

H D- -co Y-r 
‘2 hirt 

MA - M-M 

z 
Scheme 1. 

‘2 
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surprisingly gave a good yield (33%) of (12). The intensity terminal carbonyl stretching band, and the 
implied isomerization of the allene dimer skeleton ‘H NMR spectrum, which displays one signal for 
is unlikely ; it seems that (11) undergoes ready hom- the two q-CSHS groups and pairwise equivalence of 
olysis of the ruthenium-carbon a-bonds to provide the CL-allene protons, seen at 6 3.61 and 2.70, 
an allene dimer diradical, of unknown fate, and demands the truns configuration illustrated. For the 
Ru(CO)&-CSMeS) radicals which react with allene di-iron analogue of (21) the allene proton signals 
to afford (11) and (12), as before. appear at 6 3.41 and 2.89. 

It was expected that a p-allene complex of the 
form [Ru,(CO),OL-CH,CCH,)(?-C,H,),l (21) 
might be produced in the reaction of allene with (8), 
especially as di-iron analogues are known.25*26 No 
trace was found, but it has been possible to prepare 
the compound by .another route, addition of meth- 
ylene to a coordinated vinylidene ligand. We have 
previously shown that the p-q *-vinylidene ligand in 
the dimolybdenum complex (22) is transformed to 
the p-allene species (23) upon treatment with diazo- 

EXPERIMENTAL 

Techniques and instrumentation were as des- 
cribed in Part IX’ of this Series. The W radiation 
source was a 500 W medium pressure HANOVIA 
mercury vapour lamp, held 20-40 cm from boro- 
silicate glass reaction vessels. The complexes 

[Ru~(CO)~(~-C~H~)~I**,*~ [Ru2(C0)4(rl-CSMe5)2130 
and [Ru~(CO)~(@CH~)(~,+C~HJ~]~’ were pre- 
pared by literature methods ; allene was supplied by 
ARGO International Limited and Diazald 
(N-methyl-N-nitroso-p-toluenesulphonamide) by 
Aldrich. 

CH2N2 

a zz 

methane.27 In a modification of this approach, the 
p-vinylidene complex [Ru2(CO)&-CCH,)(q- 
C,H,)J (24)28 was subjected to UV irradiation in 
acetonitrile, generating an IR-identified mono-ace- 
to&rile substitution product (25) which, upon 
addition of diazomethane, yielded (21) in ca 10% 
yield as a red air-stable powder (see Scheme 2). 
Satisfactory analytical data could not be obtained 
for the complex because of the persistent presence 
of impurities, but the mass, IR and NMR spectra 
are definitive. In the mass spectrum a molecular 
ion is observed and intense ions corresponding to 
(M-&O)+ (n = 1 and 2) and (M-allene)+. The 
IR spectrum shows one strong and one medium 

Scheme 2. 

Reaction of allene with [Ru~(CO)~(~&HJ~] 

Allene (0.60 g, 15.0 mmol) was condensed at 
- 196°C into a Young’s tube containing 
[Ru,(CO),(r&H,),] (0.47 g, 1.05 mmol) and THF 
(110 cm’). After warming to room temperature the 
mixture was subjected to W irradiation for 5 h. 
The solvent was then removed under reduced pres- 
sure and the residual red oil was chromatographed 
on an alumina column. Elution with pentane-ether 
(19 : 1) gave a red band which yielded a red oil on 
evaporation of the solvent. After washing with five 
50 cm3 portions of pentane, there remained 0.03 g 
(5%) of [(~J-C~HJ(CO)~RUCH~C(CH~)C(CH~) 
CH2Ru(C0)2(+SH5)] (10) as a light tan powder 
[v(CO) (in cyclohexane) at 2025s and 1970m cm- ’ ; 
‘H NMR (in d*-toluene) 6 5.91 (s, 2H, C=CH2), 
5.01 (s, 2H, C=CH,), 4.84 (s, lOH, 2C5H5) and 
2.68 (s, 4H, 2RuCH2); 13C{ ‘H}NMR (in C6D6), 6 
53.8 (2RuCH2), 88.7 (2&H& 123.4 (2C=CH2), 
148.4 (2C=CH2) and 202.1(4CO). Found : C, 45.7 ; 
H, 3.6% ; M, 525. CzoHls04Ru2 requires : C, 45.8 ; 
H, 3.5%; M, 5251. Chromatography of the com- 
bined pentane washings yielded no identifiable 
products. 

Reaction of ullene with [Ru,(CO),(@,Me,),] 

Allene (0.60 g, 15.0 mmol) was condensed at 
- 196°C into a Young’s tube containing 
[Ru2(CO),(q-C,Me,)2] (0.61 g, 1.05 mmol) in THF 
(100 cm3). After warming to room temperature, W 
irradiation of the reactants for 4.5 h resulted in a 
colour change from orange to red. Evaporation of 
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the solvent under reduced pressure gave a red oil 
which was extracted with three 50 cm3 portions of 
pentane, to give a red solution, and leave 0.33 g 
(47%) of white, crystalline [(q-CSMeS)(C0)2RuCHz 
C(CH,)C(CH,)CH,Ru(CO),(rl-CsMe,ll (11) [VW) 
(in cyclohexane) at 2006s and 1948s cm-’ ; ‘H 
NMR (in C6Ds), 6 6.15 (m, br, 2H, C=CH2), 
5.16 (d, Jgm 2 Hz, 2H, C=CHJ, 2.91 (s, 
br, 4H, 2RuCHJ and 1.63 (s, 30H, 2C,Me,) ; 
13C(‘H} NMR (in C6D6), 6 10.0 (2C&eS), 52.7 
(2RuCHJ, 100.1 (2CsMes), 119.0 (2C&CHJ, 164.2 
(2C==CHJ and 204.3 (4CO). Found : C, 54.3 ; H, 
5.6% ; M, not observed. C3,,H3804R~2 requires : C, 
54.2 ; H, 5.8% ; M, 6651. 

Evaporation of the combined pentane extracts 
gave a red solid which was chromatographed on an 
alumina column. Elution with pentane gave a red 
band from which, after recrystallization from pen- 
tane, 0.07 g (11%) of red, crystalline [RUDE 
{p-C(Me)CHCH,CCH,}(r,+Me,),] (12) was 
obtained [v(CO) (in cyclohexane) at 1941s and 
1854m cm- ’ ; ‘H NMR (in C6D6), 6 5.91 (s, lH, 
CH), 3.63 (d, Jsem 20.5 Hz, CHCH& 3.35 (s, lH, 
C=CHz), 3.07 (s, lH, C=CHJ, 2.61 (d, lH, Jsem 
20.5 Hz, CHCH& 2.30 (s, 3H, RuCMe), 1.74 (s, 
15H, CSMeJ and 1.53 (s, 15H, C,MeJ; 13C{lH} 
NMR (in C6Ds), 6 220.3 (p-CO), 209.1 (RuCMe), 
200.2 (CO), 167.5 @-CCH,), 125.3 (CH), 97.4 
(CSMeS), 96.8 (C5Me,), 53.0 ((S=CH3, 50.7 
(CHCH& 31.9 (RuCMe), 9.7 (&Me,) and 9.2 
(CSMeS). Found: 55.3; H, 6.5% ; M, 610. 
C28H3802R~2 requires : C, 55.3 ; H, 6.3% ; M, 6101. 

Reaction of allene with [(r&MeS)(CO)2RuCH, 

C(CH3C(CH*)CH2Ru(CO)z(rl-CSMes)l (11) 

Allene (0.60 g, 15.0 mmol) was condensed at 
- 196°C into a Young’s tube containing (11) (0.21 
g, 0.32 mmol) and THF (110 cm3). After warming 
to room temperature and photolysis for 4 h, the 
now red-orange solution was evaporated and the 
residual red oil was extracted with three 50 cm3 
portions of pentane, leaving 0.03 g of white crys- 
talline (11). Chromatography of the combined 
pentane extracts on alumina, eluting with pentane, 
gave a red band, from which 0.063 g (33%) of red 
crystalline [Ru2(C0)2{~-C(Me)CHCH2CCH2} 
(q-CsMe,),] (12) was obtained after recrystalliza- 
tion from pentane. Further elution with acetone 
removed 0.05 g of (11). 

Preparation of [Ru~(CO)~(~-CH~CCH&@~H~)~] 

(21) 

A solution of [Ru~(CO)~(~-CCH&&H~)~] 
(24) (0.214 g, 0.484 mmol) in 100 cm3 of acetonitrile 

was subjected to UV irradiation for 9 h while slowly 
purging with nitrogen. After this time, new carbonyl 
bands at 1935s and 1755m cm-‘, attributed to 
the formation of [Ru,(CO),(MeCN)&-CCH,) 
&-C,H,)J (25), had replaced those of (24). THF 
(100 cm’) was added to the reaction mixture, which 
was then cooled to 0°C and a freshly prepared 
diethylether solution of diazomethane (excess, from 
treatment of 2.19 g (14 rmnol) of Diazald with 
KOH) added. The mixture was stirred while warm- 
ing to room temperature over 1 h. The solvent was 
removed at reduced pressure to leave an orange oil. 
Chromatography on alumina, eluting with dichlo- 
romethane-hexane (2 : 3), provided an orange band 
which yielded 21 mg (10%) of red crystalline 
[Ru2(CO)&-CH&CH&-C5H5)2] (21), and was 
further purified by sublimation (90°C, 10-l torr) 
[v(CO) (in CH,Cl,) at 1935 m,sh and 1914s cm-’ ; 
‘H NMR (in CDC13), 6 4.91 (s, lOH, 2C5H5), 3.61 
(dd, J 2 and 3 Hz, CHJ and 2.70 (dd, J 2 and 3 
Hz, CHJ. Found : M, 429. C15H1402R~2 requires : 
M, 4291. 

X-ray data collection and structure determination 

Crystals of (12) were grown from a hexane solu- 
tion as orange prisms. A single crystal (approximate 
dimensions 0.2 x 0.25 x 0.4 mm) was mounted 
under nitrogen in a thin-walled glass. capillary. 
Diffracted intensities were recorded on a Nicolet 
P3m four-circle diffractometer at room tempera- 
ture. Of the total of 5687 independent profile-fitted 
intensities recorded in the range 4 < 28 < 45”, 4678 
with F* > 2.0a(F2) were used in the structure solu- 
tion and refinement. The data were corrected for 
Lorentz, polarization and X-ray absorption effects, 
the latter by an empirical method based on 400 
azimuthal scan data. Check reflections (2, 0,4 and 
i, 6, 2) were measured every 50 reflections and 
showed no evidence of significant decay over the 
204 h of data collection. 

Crystal data. C28H3802R~2, A4 = 608.4, mono- 
clinic, space group P2,/c (No. 14), a = 10.403(8), 
b = 28.804(27), c = 19.882(18) A, p = 117.14(6)“, 
U = 5302(8) A3, Z=8, D,=l.52 g cme3, 
F(OOO) = 2480, MO-K, X-radiation, graphite 
monochromator, I= 0.71069 A, ~(Mo-K,) 
= 11.39 cm-‘. 

The structure was solved by conventional Fourier 
and Patterson heavy-atom methods and refined by 
full-matrix blocked-cascade least-squares. The 
asymmetric unit contains two crystallographically 
independent molecules of the complex. All non- 
hydrogen atoms and non-(r&MeJ carbons were 
allowed anisotropic thermal parameters. Hydrogen 
atoms were included at idealized positions (C-H 
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0.96 A), methyl hydrogens being refined as part of 
rigid groups and the others as “riding” on the car- 
bon to which they are attached. Isotropic thermal 
parameters for hydrogen atoms were Iixed at values 
ca 1.2 times those of their parent carbons. Refine- 
ment converged at R 0.047 (R, 0.046), S = 1.46,* 
with a weighting scheme of the form 
w = [o~(F,)+O.OOO~~F,~~]-‘. The final electron den- 
sity difference synthesis showed no peaks > 1.66 e 
A- 3. Calculations were carried out on an Eclipse 
(Data General) computer in this laboratory using 
the SHELXTL system of programs.32 Complex, 
neutral atom scattering factors for all atoms were 
from ref. 33. Final atom coordinates, tables of ther- 
mal parameters, and listings of observed and cal- 
culated structure factors have been deposited with 
the Editor as supplementary material. Atomic coor- 
dinates have also been deposited with the Cam- 
bridge Crystallographic Data Centre. 
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Abstract-The chemistry of alkylidyne containing clusters HM &&X)(CO) i0 and 
H3M & ,-CX)(CO), is presented&-( 1) structures, bonding and spectroscopic charac- 
terizations, (2) syntheses involving modification of the methylidyne substituent, (3) 
alkyne-alkylidyne coupling, and (4) formation of H-CX bonds, Reactions of HRu, 
~COMe)(CO),* or ~~Ru~(~X)(CO)~ fx = OMe, Ph or alkyl) with alkynes, produce 
HRu3(p3-q3-XCCRCR)(C0)g clusters containing 1,3-dimetalloallyl ligands. Hydro- 
genation of these products when X = OMe or SEt gives new alkylidynes H3Ru3(p3- 
CCHRCH*R)(CO)~. For X = SEt, isome~zation of HRu~~~-~3-EtSCCRCR)(CO)~ to 
Ru3(fl-SEt)(~3-q3-CCRCHR)(C0)g, a presumed intermediate in the hydrogenation re- 
action, occurs under mild conditions. Under CO, reductive elimination of CH3X can be 
induced from H3Ru~(~~-CX~(CO)g (X = OMe, Ph, Cl or C02Me). Pyrolysis of H3Ru&- 
CX)(CO),, X = COzMe and SEt, gives stabilized intermediates H,Ru,&-CHC02Me) 
(CO), and HRu3(p,-CH2SEt)(C0)9, respectively. Protonation of H3Ru3(fi3-CR)(C0)g 
(R = Et or CHPhCH~Ph) yields H3Ru~~3-HCR~CO~~+, in which the alkylidene hydrogen 
is agostic ; the protonated clusters undergo more rapid reductive elimination than the neutral 
precursors. The kinetics and mechanism of reductive elimination have been investigated. A 
mechanism is presented. 

The comparison between the chemical reactivity of 
hydrocarbyl ligands bridging two or more metals 
and the reactivity of these ligands when bound to a 
single metal centre is clearly of fundamental inter- 
est. The chemistry of bridging hydrocarbyl ligands 
is also of interest because of the analogy to the 
chemistry of hydrocarbyl groups adsorbed on metal 
surfaces. The alkylidyne ligand has an extensive 
chemistry for monometal~c complexes and is impli- 
cated in acetylene metathesis. ’ Furthermore, alky- 
lidynes have been identified in numerous studies of 
surface adsorbed hydrocarbons, although iittle is 
known of the reactivity of these surface bound spe- 
cies.’ Alkylidynes of metal clusters have also been 
known for many years. The best known class of 
clusters containing a bridging alkylidyne group has 
the genera1 formula Co3@c13-CR)(CO)g; the chem- 
istry of these compounds has been mainly found to 
involve modification of the alkylidyne substituent 
or ligand substitution on the metal atoms.3 Com- 
parisons of the reactivity of the alkylidyne ligand 
on single metal centres, on metal clusters and on 
metal surfaces are therefore of special interest. 

Our research group has been concerned with the 
chemical reactivity of the cluster series having the 
general formula HOMER, M = Fe, Ru or 
OS and X = alkyl, aryl, alkoxy or other substituent 
(Fig. 1). These clusters are isoelectronic with, and 
close structural anaiogues of the Coax 
clusters. These series provide the opportunity to in- 
vestigate the chemical reactivity of a variety of 
groups-hydride, carbonyl, M-C bond or C-X 
bond-as a function of the metal, methylidyne 
substituent and Lewis base ligands. 

Fig. 1. Structure of (y-H),M&-CX)(CO), (M = Fe, Ru 
or OS; X = H, dkyl, aryl, halide, OMe, CO*Me or SEt). 

847 



848 J. B. KEISTER 

This review will present the chemistry of the 
H~MJ(CX)(CO)~ series and the related class 
HM,(CX)(CO) 1 ,, : (1) structure, bonding and spec- 
troscopic characterization, (2) syntheses involving 
modification of the X substituent, (3) insertion of 
alkynes into the M-CX bond, and (4) formation of 
H-CX bonds. Although this review will emphasize 
work done by our group on Ru clusters, results of 
other research groups will also be presented. 

STRUCTURES, BONDING 
AND SPECTROSCOPY 

The structures of H3M3(CX)(C0)9 (Fig. 1: 
M = Fe, X = Me;4 M = Ru, X = CL5 Me,6 C6H4- 
4-Me7 and CH&Me,;’ M = OS, X = OBO(tri- 
meric)g and CO,H”) all contain a triangle of metal 
atoms symmetrically capped by the methylidyne 
ligand and with each edge of the triangle bridged by 
a single hydride ligand. The coordination geometry 
around each metal is octahedral, with facially coor- 
dinating CO ligands and mutually cis hydrides and 
methylidyne ligands. For several Ru clusters the 
positions of the hydride ligands have been deter- 
mined directly by X-ray methods. The Ru-H-Ru 
angles are 97-108”, while the H-Ru-H and 
C-Ru-H angles are 8587”. 

Much greater structural variation is found for 
clusters of the general formula HM,(CX)(CO)lo 
(Fig. 2: M = Fe, X = OMe,” NMe212 or O’-;‘3 
M = Ru, X = 0Me,‘4~‘S NMe216 or O’-;17 M = 
OS, X = CCH2CHMe2,‘8 Ph,” H,20 NHCMe,2’ 
or C(Ph)CC(Ph)Re(CO)4PMe2Ph22). Although 
in all of these the hydride and methylidyne 
bridge a common edge, the bonding of the CX 
ligand varies from doubly bridging to almost 
symmetrically triply bridging. The dihedral angle 0 
between the CM2 and M3 planes varies between 
10470”, depending upon the metal and the methyl- 
idyne substituent, with the angle decreasing as 
X = O’- (Ru, 104”) > NMe2 (Ru, 100’) > 
C(Ph)CC(Ph)Re(CO),L (OS, 99”) > OMe (Ru, 95”) 

Fig. 2. Structure of (~H)M&u-CX)(CO),~ (M = Fe, Ru 
or OS ; X = OMe, NR,, O-, H, or Ph). 

> CH,CHMe2 (OS, 82”) > Ph (OS, 78”) > H (OS, 
70”) and as M = OS > Ru > Fe ; a comparison 
between the structures of HRu,(COMe)(CO), o 
(0 = 94.90”) and HRu3(COMe)(CO)8(C6H8) 
(0 = 60.70”) shows that the other ligands on the 
cluster also have an influence. I4 For the doubly 
bridging alkylidynes, there is structural and spec- 
troscopic evidence for rc-donation from the methyl- 
idyne substituent to the adjacent carbon. Thus, 
for HM&-CX)(CO) l o, X = OMe or NMe,, the 
M2(p-CX) unit is planar, the C-X bond lengths 
are substantially shorter than values expected for 
single bonds (for HRu,(p-COMe)(CO) lo, 1.305 A 
and for HRu3(p-CNMe2)(CO)lo, 1.280 A), and 
there is restricted rotation about the C-X bond 
(AG* = 56.5 kJ for HOs3(COMe)(CO)‘023~24 and 
> 80 kJ for HOs3(CNMeCH,Ph)(CO)‘023). The 
degree of C-X multiple bonding increases as the 
rc-donor ability of X increases: OR < NR2 < O’-. 

At this time there is no explanation for the depen- 
dence of the coordination geometry, assumed by the 
methylidyne in the ground state, upon the identity 
of the metal or other ligands. The explanation for 
the variation of the dihedral angle 6 with the nature 
of the methylidyne substituent may be found in the 
competition between X + C rc-donation, which is 
most favourable for a doubly bridging configura- 
tion, and M + C rc-donation, which is most 
favourable for a triply bridging one. I4 

Fenske-Hall calculations and photoelectron 
spectroscopy have been used to investigate the 
bonding in H3M3(p3-CX)(C0)g.25 The “tilt” of the 
Ru(CO), units caused by the hydride ligands gives 
rise to some differences between the MO’s of the 
Ru clusters and those of the Co analogues. The 
Ru-H-Ru bonds are best described as three- 
centre, two-electron bonds with no direct Ru-Ru 
interaction. The methylidyne carbon atom may be 
described as sp-hybridized with delocalized bonding 
involving the 2~7~ orbitals and little delocalization 
of the sp hybrid lone pair onto the cluster. The 
HOMO is mainly Ru-C bonding in character, 
unlike the Co analogues for which the HOMO is 
Co-Co bonding. 

The vibrational spectra of H3M3(CX)(C0)g 
(M=Ru,X=H,Me,Cl;M=Os,X=Me)have 
been analysed.26,27 The metal-hydride stretching 
modes occur near 1350 cm-‘. For H3Ru3(CH) 
(CO), the C-H stretching frequency is 2988 
cm-’ and normal coordinate analysis found the 
Ru-C force constant to be 137 N rn- ‘, close to the 
value for the Co analogue. 

13C NMR spectra have been reported for 
both HM,(CX)(CO),, and H,M,(CX)(CO),. The 
chemical shift of the methylidyne carbon varies 
between 370 and 118 ppm, depending upon the 
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Table 1. ’ 3C Chemical shift for the ~kyIidyne carbon 

Compound 
Chemical shift Ref- 

@pm) erence 

HRu,(COMe)(CO) 1 o 366.5 15 
HRu~(~NMe~)(CO)io 312.6 28 
H,Ru,(CBt)(CO), 232.6 29 
B&u&Me)(CO), 219.3 27 
H,Ru,(CPh)(CO), 213.0 30 
H,Ru,(CSEt)(C0)9 204.4 31 
H,Ru,(CC0,Me)(C0)9 183.5 or 180.2 32 
HOs,(COMe)(CO) , o 
HOs~~CCH~CHMe~~(CO) , c. 

352.2 24 
320.5 (40°C) 
312.0 (-SOOC) 18 

HOs,(CPh)(CO) , o 314.2 (17°C) 
304.2(-115°C) 19 

BOs,(CH)(CO) , o 219 (- 100°C) 
H,Os,(COMe)(CO), 205.2 23 
H~Os~(CMe)(CO)~ 154.7 27 
H,Os,(CH)(CO), 118.4 20 
HFe&NBtJ(CO)10 317.3 33 
HFe~(COMe)(CO~ , o 356.5 11 
B$%(CH)(C% 232.0 34 

bonding mode of the ligand, the metal and the 
methylidyne substituent (Table 1). In several 
examples the chemical shift of the methylidyne 
carbon has been found to be strongly temperature 
dependent. It has been proposed that in these 
instances there exists a fluxional equilibria 
between isomers having different coordination 
modes for the methylidyne ligand. 3s 

SYNTHESES OF HM,(CX)(CO),, 
AND H3M3(CX)(CO)9 

Relatively few methylidynes of the general for- 
mula HM,(CX)(CO) i0 have been synthesized. In 
1975 Shriver ez al. prepared HFe~(COMe)(CO},~ 
by 0-methylation of HFe,(CO) f ;. ’ ‘,36 The Ru and 
OS analogues were subsequently prepared by sev- 
eral groups using similar routes [eq. (I)]. 15*23*24 Sub- 
stitution on HM,(CO)i; by CNR, followed by 
alkylation, gives the analogous HM3(CNR2) 
(CO),,,.23*33 Attack by nucleophiles, LiBHEt3 or 
LiPh on HOs3(COMe)(CO)r0, followed by treat- 
ment with Lewis acids, has been used to generate 
H%tCX)(CO) t 0, X = Hz0 or Ph;” HRu,(CX) 
(CO) 1 o has been similarly prepared. 3 8 Treatment 
of H,Os,(CO) lo with 3,3-dimethyl~y~lopropene 
produces HOs3(CCH,CHMe2)(CO), o. ” 

M3(CO)12- OH- HM,(CO);; 

Mel:HM,(COMe)(CO),, (1) 
(M = Fe, Ru or OS) 

HM 3(COMe)(CO) , o + (1)X-(2)Me+ 

- HM ,(CX)(CO) I 0. (2) 
(M=RuorOs; X=H-orPh) 

The first member of the class H,M,(CX)(CO),, 
H~Ru~(CMe)(CO)g, was prepared by the reaction 
of H4Ru4(C0),2 ethylene ;3g subsequently the OS 
analogue was prepared by hydrogenation of 
H~Os3(CCH~)(CO)~, derived from ethylene and 
0s3(c0)**.40 Fehlner and Wong more recently 
prepared H3Fe3(CR)(C0)g, R = H, Me or Et, 
by reduction of Fe(CO)5_4L These syntheses 
were not adaptable to other methylidyne deriv- 
atives. In 1976 we found that hydrogenation of 
HM3(COMe)(CO) i 0, M = Fe, Ru or OS, gave 
H,M,(COMe)(CO), [eq. (3)].23 With these new 
methylidyne clusters in hand we sought 
to prepare a complete series analogous to the 
Co,(CX)(CO), series. Seyferth had earlier devel- 
oped a number of syntheses involving modification 
of the halome~ylidyne ligand. Therefore, our 
first goal was to convert H3M3(COMe)(CO)9 to 
H3M3(CX)(C0)9, X = halide. The approach in eq. 
(4) afforded the desired clusters in nearly quan- 
titative yields. 42 Then by application of procedures 
developed for the Co analogues, we were able to 
prepare a wide variety of substituted methylidyne 
species [eqs (5)-(8)].42*3’ 

HM,(COMe)(CO), o + Hz 

--+H3M3(COMe)(CO)g+C0 (3) 
(M = Fe, Ru or OS) 

H3M3(COMe)(C0)g-t BX3 

- H 3M ,(CX)(C% (4) 
(M=RuorOs; X=ClorBr) 

H,M,(CX)(CC)9+AlC13+C6H6 

- I-I 3M&Ph)(C% (5) 
(M=RuorOs; X=BrorOMe) 

H3M3(CX)(C0),+A1C1,+C0 

-----+ H,M,(CCO)(CO)g (6a) 
(M=RuorOs; X=BrorOMe) 

H,M,(CCO)(CO); f ROH 

- H~Ms(CCGR)(CO)~ (6b) 

H3Ru3(CBr)(C0)9+NEt3+HSR 

- H3RuGSR)(CO)g (7) 

H3Ru3(CBr)(C0)g + HSnBu, 

- H3Ru&H)(CO)9 (8) 
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HOs~(CH)(CO),o+X- HOs,(CHX)(CO), 0. 
(X = H- or pyridine) (9) 

Although the mechanisms of these reactions 
remain unknown, the reaction chemistry involving 
modification of the C-X unit may be considered 
to fall into three classes: (a) reactions which may 
be thought to proceed through the H3M3(C) 
(CO);+ ion, by the abstraction of halide or alkoxide 
from the neutral cluster [e.g. reactions (4), (5) and 
(611, (b) radical reactions proceeding through 
H,M,(C)(CO), [e.g. reactions (7) and (811, and (c) 
reactions which proceed by nucleophilic attack 
on the alkylidyne carbon [reaction (9)]. The 
Co,(CX)(CO), clusters display reactivities anal- 
ogous to that of H,M,(CX)(C0)9. 

The apparent radical chemistry of the cluster in 
the presence of reducing agents has been proposed 
to follow the SRNl mechanism. Electron transfer to 
H,Ru,(CBr)(CO), followed by halide ion expulsion 
could form the H3R~3(C)(C0)9 radical, which may 
abstract hydrogen from donor substrates to form 
H,Ru3(CH)(CO),, or may add to substrates such 
as thiols. 3 l 

The chemistry of the H3M ,(C)(CO)i+ ion is more 
thoroughly understood, although the cation may 
never exist in a free form. In the presence of large 
quantities of the reactive substrate the cation may 
be trapped without rearrangement. For example, in 
benzene the aryl product is obtained. However, in 
an unreactive medium, the cation picks up CO from 
solution to form the ketenylidene H3M3(CCO) 
(CO);+. The chemistry of this species is quite interest- 
ing. Attack by nucleophiles such as HX = ROH, 
R,NH or H,O generates the corresponding acyls 
H3M3(CCOX)(C0)9. ‘“,38,42 Deprotonation forms 
HzM~(CCO)(CO)~ ; an X-ray crystallographic 
study of the OS cluster found an upright ~~-q’ 
bonding mode for the CC0 ligand.43 The neutral 
ketenylidene is also formed by pyrolysis of 
HOs,(CH)(CO) I o. 

Shapley has demonstrated nucleophilic addition 
and substitution on the alkylidyne carbon of 
HM3(CX)(CO),o (M = Ru or OS ; X = OMe or 
H). ‘9,20,38 In several instances the addition products 
can be isolated, but the reactions can be quite com- 
plex. At this time there are no definitive examples 
of nucleophilic attack on the alkylidyne carbon of 
clusters of the class H3M3(CX)(C0)9. This suggests 
that the chemical reactivity of the alkylidyne ligand 
may depend strongly upon its coordination mode. 

INSERTION OF ALKYNES 
INTO THE M-CX BOND 

Alkyne-alkylidyne coupling is a reaction of some 
interest for monometallic alkylidyne complexes 

since it is the central step in the alkyne metathesis 
reaction.44 Alkyne-alkylidyne coupling has also 
been noted on polymetallic systems,37 although less 
is known about the mechanism of the reaction. 

Stoichiometric hydrogenations of alkynes by 
H3R~3(CX)(C0)9 (X = OMe, Me, Ph or CH2 
CH2CMe3) yield the corresponding cis-alkene ; 
in each case a second equivalent of alkyne combines 
with the cluster residue to produce clusters of 
the general formula HRu,(C(X)C(R)CR)(CO)~ 
(Fig. 3), in which alkyne-alkylidyne coupling has 
generated a ,u3-~3-1,3-dimetalloallyl ligand. For 
X = OMe these same clusters may be obtained in 
better yields by direct reaction of HM,(COMe) 
(CO),,, M = Ru or OS, with the alkyne.29 

Clusters of this class have been previously 
synthesized through a variety of pathways. The 
clusters HRu~(~~-~~-RCCR’CR”)(CO)~ have been 
obtained from reactions of alkenes, dienes or 
alkynes with Ru~(CO)~~.~~ Interestingly, a hydroxy 
derivative HOS~(~~-~~-HOCCHCH)(CO)~ is for- 
med from Os3(CO), ,(NCMe)* and acetylene in wet 
THF ; in this reaction a CO ligand is the source of 
the “hydroxymethylidyne” fragment.46 The stab- 
ility of these clusters and the numerous pathways 
for their formation suggests that the p3-q3-C3R3 
fragment may also be a common intermediate dur- 
ing reactions of hydrocarbons adsorbed on metal 
surfaces. 

The reactions of H3M3(CX)(C0)9 or HM3 
(COMe)(CO),, with alkynes provide an excellent 
opportunity to study alkyne-alkylidyne coupling in 
trimetallic cluster systems. Two regioisomers are 
obtained with unsymmetrical alkynes. The two 
regioisomers from the terminal alkynes are easily 
identified by virtue of their ‘H NMR spectra, in 
which the coupling constant between the hydride 
and the hydrogen on the central carbon is ca 3 Hz, 
but no coupling is observed between the hydride 
and the hydrogen on the terminal carbon. The ratio 
of the isomers [HRu,(C(X)C(R’)CR’)(CO),]/ 
[HRu3(C(X)C(R2)CR1)(CO),] depends upon the 

T i 

X,c/-p+,R’ 

ii7q 
-M M- 

‘I -H- \ I 
Fig. 3. Structure of HM3(p3-q3-XCCRCR’)(C0)9 (M = 
Ru or OS ; X = OMe, SEt, Ph or alkyl ; R and R’ = 

H or alkyl). 
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identities of the alkyne substituents: (R’, R*), 
ratio = (H, Ph), 3 : 1; (H, Bu), 2: 1; (H, CMe,), 
20: 1; (H, CO,Me), 2: 1; (H, OEt), 1: 0; (Me, 
C7H15), 3 : 1; (C02Me, Ph), 2 : 1. The isomer dis- 
tribution is kinetically determined, since the isomers 
do not interconvert even at temperatures far in 
excess of that required for coupling. Apparently 
both steric and electronic properties influence the 
orientation of coupling. Comparison of the isomer 
ratios from I-hexyne and from 3,3_dimethylbutyne 
indicates that bulkier substituents prefer the ter- 
minal carbon. However, since the sterically similar 
substituents OEt and Bu give rise to very different 
isomer ratios, electronic effects are also important. 

The steric and electronic requirements for 
alkyne-alkylidyne coupling are still poorly under- 
stood. Bis(trimethylsilyl)acetylene, trimethylsilyl- 
acetylene and dimethyl acetylenedicarboxylate 
give little or no coupled products with HRu,(COMe) 
(CO), ,,. Furthermore, coupled products could not 
be isolated from reactions of 2-butyne with 
HFe,(COMe)(CO) , o or with HRu,(CNMe,)(CO) 1 ,,. 
Obviously, the coupling is sensitive to the nature of 
the alkyne, the metal and the alkylidyne substituent. 

The carbon-carbon bond formation in these Ru, 
clusters is reminiscent of carbon chain growth on 
metal surfaces in the Fischer-Tropsch reaction,47 
in which CO is reduced with hydrogen to give 
alkanes and water. The major products from CO 
hydrogenation are linear hydrocarbons, but minor 
products are branched hydrocarbons, primarily 2- 
methyl branched. Since alkylidyne species have 
been identified on metal surfaces and may come 
together to form alkynes, we considered the possi- 
bility that the cluster reaction might act as a model 
for carbon chain growth on metal surfaces. If an 
adsorbed CH fragment were to couple with an 
adsorbed “alkyne” HC2R, then the products would 
be linear and 2-methyl branched hydrocarbon 
chains. Pertinent to this analogy, is the report of 
the formation of HOS&-~~-HOCCHCH)(CO)~ 
from water, CO, acetylene and OS~(CO),~ 
(NCMe)2.46 

To investigate this analogy we treated HRu, 
(C(OMe)C(R)CR)(C0)9 with hydrogen (l-4 atm, 
96110°C). In each case the major cluster pro- 
ducts isolated were H4Ru4(C0),* and H3Ru3 
(CCHRCH,R)(CQ), (15-90%). A minor product 
from the hydrogenation of HRu,(C(OMe) 
CHCII)(CO), was identified as H2Ru3(MeC20Me) 
(CO), (Fig. 4) ;48 this product shows that hydrogen 
can migrate from, as well as to, the hydrocarbon 
framework. The isolation of alkylidyne and 
alkyne products, indeed suggested the possibility 
of carbon chain growth by the coupling of C, and 
C2 fragments to give dimetalloallyl species. 

‘I’ 
Fig. 4. Structure of (p-H)IRus@s-~3-MeCCOMe)(CO),. 

The mechanism of the hydrogenation reaction 
was investigated. Hydrogenation of DRu3(C 
(OMe)C(H)CCMe3)(C0)9 produced exclusively 
H3Ru3(CCH,CHDCMe3)(CO),, indicating trans- 
fer of the hydride to the 3-carbon, prior to the addi- 
tion of molecular hydrogen. Comparison of the 
rates of reaction of HRu,(C(OMe)C(H)CR)(C0)9, 
R = Bu and CMe3, showed that bulkier substituents 
on the 3-carbon facilitate the hydrogenation, 
and consistent with this, hydrogenation of HRu3 
(MeOCC(H)COEt)(C0)9 produces primarily 
H3Ru3(CCH2CH20Et)(C0)+ These observations 
suggest that the hydride ligand is transferred to the 
3-carbon early in the reaction. Low yields precluded 
further kinetic studies. 

No alkylidyne products are obtained by hydro- 
genation of HRu,(C(X)C(R)CR)(CO), when 
X = H, alkyl or NMe2. However, hydrogenation of 
HRu3(C(SEt)C(Me)CMe)(CO)9 does form H3Ru3 
(CCHMeCH,Me)(C0)9. Thus, a relatively weak 
C-X bond is required to allow rearrangement 
under conditions mild enough to allow isolation 
of the product. 

More information concerning intermediates in 
the hydrogenation was obtained by careful analysis 
of the products from the coupling of alkynes RC2R, 
R = Me or Ph, with H3Ru3(CSEt)(C0)9. Although 
the major product of the reaction is the expected 
HRu,(C(SEt)C(R)CR)(CO),, a minor product was 
found to be Ru,(CCRCHR)(SEt)(CO),; the struc- 
ture of this product (Fig. 5), determined by X-ray 
crystallography for R = Ph, is closely related to 
the possible intermediate in the hydrogenation 
process. 4g The hydride ligand has been transferred 

Ph 

Fig. 5. Structure of Ru3@3-q3-CCPhCHPh)(pSEt)(CO)9. 
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to the 3-carbon and the CSEt bond has been 
cleaved, as is required in the hydrogenation. 
Although the alkylidyne carbon is triply bridging, 
there are only two Ru-Ru bonds. Presumably, the 
strong Ru-S bonds are responsible for retention 
of the SEt moiety in the cluster, whereas pyrolysis 
of HRu,(MeOCCRCR)(C0)9 does not form an 
analogous, stable product. Pyrolysis of HRu3 
(EtSCCRCR)(CO), at 70°C forms Ru,(CCRCHR) 
(SEt)(CO), in nearly quantitative yield ; preliminary 
kinetic measurements have found a first order rate 
law with a rate constant of 7.6 x 10e6 s- ’ at 70°C. 
Thus, Ru,(CCRCHR)(SEt)(CO), seems to be a 
possible intermediate in the hydrogenation of HRu3 
(EtSCCRCR)(C0)9 to H,Ru,(CCHMeCH?Me) 
(CO),. 

From the results obtained so far we can propose 
the mechanism shown in Fig. 6 for alkyne-alkyl- 
idyne coupling and subsequent hydrogenation. 

This work has shown that : (1) alkyne-alkylidyne 
coupling occurs on trimetallic clusters as well as for 
monometallic species, but pJ-q3-bridging makes the 
cluster-bound metallocycles much more stable, and 
(2) hydrogenation of 1,3-dimetalloallyls can form 
alkylidynes. These reactions provide a pathway for 
hydrocarbon chain growth on polymetallic units, 
which may be related to hydrocarbon chain growth 
on metal surfaces. Although the pu-q3-C3R3 frag- 
ment has not yet been identified on a metal surface, 

X 

>R”/c\ ’ 

‘\ .H --/““< 
H, /” 

/y\ 

R 
H&H 

.H$R 

1 F\ / 
/Ru 

I -H --4”-\ I 
H - RuAH 

‘I’ 

the stability of these clusters and the large variety 
of paths which have been shown to lead to clusters 
of this class suggest that the fragment is likely to be 
an important product of hydrocarbon adsorption 
in heterogeneous catalysis. Further studies of the 
mechanism of the isomerization and hydrogenation 
reactions are in progress. 

REDUCTIVE ELIMINATION 
OF H-CX BONDS 

Reductive eliminations of C-H bonds from 
metals are the product-releasing steps in many cata- 
lytic processes. The mechanism is well understood 
for monometallic complexes,50 but not for metal 
clusters or surfaces. Reactions of H3M3(CX)(C0)9 
with CO (l-35 atm, 6&l 1O’C) produce CH3X and 
Ru~(CO),~/RU(CO)~ when X = Ph, C02Me, Cl or 
H ; ” when X = OMe, dimethyl ether can be ident- 
ified after decomposition under a CO/H2 mixture. 
Elimination of CH3X from H3M3(CX)(CO), may 
model desorption of alkanes from metal surfaces. 
With this in mind, we undertook an investigation 
of the kinetics and mechanism of this reaction. 

Calvert and Shapley have previously demon- 
strated the reverse process, “adsorption” of a 
methyl group by sequential C-H oxidative 
additions to give methylene and methylidyne frag- 
ments (Fig. 7). 52 Importantly, a facile equilibrium 

+ 2 C2R2 
> 

- C2H2R2 

+ 3 H2 
< 

-HX 

I 

R H 

Fig. 6. Reaction pathway for alkyne-alkylidyne coupling and hydrogeneration of a 1,3-dimetalloallyl 
ligand. (X = OMe or SEt.) 
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.2L 
/ 

OS~(CO),~L~ + CH4 

(COj3 

Fig. 7. Interconversion of alkyl, alkylidene and alkylidyne ligands on a OS, cluster. 

between hydridomethylene and a methyl ligand 
with an agostic hydrogen was demonstrated. Fur- 
thermore, HOs3(CH3)(CO), o reacted under mild 
conditions with Lewis bases to form methane. These 
OS clusters provide valuable models for inter- 
mediates in the reductive elimination, but the 
difficulty and expense of obtaining substantial 
quantities make kinetic studies of this system 
impractical. 

Based upon our results and those of others we 
can propose the mechanism shown in Fig. 8 for 

the reductive elimination from H3M3(CX)(C0)9, 
M = Ru or OS. The basis for this proposition is 
given below. 

That C-H elimination from H,Ru,(CX)(CO), 
occurs in a sequential manner is suggested by the 
isolation of stabilized alkylidene and alkyl inter- 
mediates. Pyrolysis of H3Ru3(CC02Me)(C0)9 in 
the absence of CO forms HZRu3(CHC0,Me)(C0)9 
in 56% yield (Fig. 9). 32 This product is formed 
by reductive elimination of a single C-H bond 
followed by coordination of the acyl to the unsatu- 

X 
X, 
/ 

c -ii\ 
toa3y - 

\ 

- M(CO)3 
H.M / Hi 

M3(C0),2 (CO13 (co)3 

+ 
CH-,X X 

\ ,H 
F 

t 
(OC13M - - y(co)3 

\ 
+co \ HtM/H 

(CO)3 

CHZX 

I 
t°CgM\ j-.(co)4 H-M 

(C 01, 

+co / 7 -co 

X 
lC/H 

(OC)3M/-- - y(co), 
\ 

H \ 
.M .H 

Fig. 8. Mechanism for reductive elimination of CHpX from HSM3(p3-CX)(C0)9 (X = H, alkyl, Cl, 
Ph or C02Me ; M = Ru or OS). 
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OMe 

Fig. 9. Structure of (p-H),Ru,(p,-CC0,Me)(C0)9. 

rated metal site thus created. Pyrolysis of H3Ru3 
(CSEt)(CO), yields HRu3(CH2SEt)(C0)9 (Fig. 10); 
in this case the sulphur atom stabilizes the two 
vacant sites formed by reductive elimination.3’ 
Under CO, complete elimination of CH3X ulti- 
mately yields RUDE 2, which is in equilibrium 
with RUG under the reaction conditions. 

A number of lines of evidence indicate that the 
rate of C-H reductive elimination increases for 
successive steps. First, no intermediate alkylidene is 
observed during pyrolysis of H3Ru3(CSEt)(C0)9, 
suggesting that formation of H,Ru3(CHSEt) 
(CO), is slower than its conversion to HRu, 
(CH,SEt)(CO),. Second, direct comparison of the 
reactivity of the HzOs3(CHJ(CO)10/HOs3(CHJ 
(CO),, equilibrium mixture found that the 
rate of conversion of H20s3(CH2)(CO)lo to 
HOs3(CH3)(CO)io is slower than the reaction of 
CO with the latter, forming methane and 
0s3(CO), 2. Third, structural evidence suggests that 
the Ru-C bond strength decreases upon each suc- 
cessive C-H elimination ; the Ru-C bond lengths 
decrease in the order: H3R~3(CR)(C0)9 < H2Ru3 
(CHC02Me)(CO), < HRu3(CH2SEt)(C0)9. 31 

A study of the mechanism of the reductive 
elimination process was undertaken. A crossover 
experiment revealed that the acetates formed from 
a mixture of H3Ru3(C02Et)(C0)9 and D3Ru3 
(C02Me)(CO), were labelled in a manner con- 
sistent with intramolecular formation of at least 
two of the three C-H bonds. The rate-determining 
step involves formation of only the first C-H bond. 
The rate law for toluene elimination from H3Ru3 
(CPh)(CO), was determined to be as shown in eq. 

’ \’ 
Fig. 10. Structure of (pH)Ru,(p,-CH,SEt)(CO),. 

(10). The near-zero entropy of activation for the 
limiting rate constant, a, is consistent with an intra- 
molecular rate-determining step. Kinetic isotope 
effects were unexpectedly less than or equal to one, 
being 0.64 for X = Ph and 1.00 for X = CO,Me. 

rate = b+c[CO] 
ac[Col [H,Ru,(CPh)(CO),]. (10) 

Although several pre-equilibria may be postu- 
lated to account for the kinetics, the most attractive, 
shown in Fig. 11, involves reversible migration 
of a hydrogen atom from a position bridging a 
Ru-Ru vector, to a position bridging a Ru-C 
vector. The agostic C-H-M bond53 has recently 
been established in a number of monometallic com- 
plexes, as well as in polymetallic ones. In particular 
there are two excellent models for this intermediate. 

First, Fehlner and coworkers have shown that 
deprotonation of H3Fe3(CH)(C0)9 forms HFe, 
(HCH)(CO)i-, shown by ‘H and i3C NMR spec- 
troscopy to contain a Fe--H-C bridge. Further 
work by this group has shown that H,Fe,(CH) 
(CO), exists in solution in equilibrium with H2Fe3 
(HCH)(C0)9 and HFe3(H2CH)(C0)9 (Fig. 12).34 

Second, although the equilibrium constant for 
the tautomerization is not so favourable for the 
agostic Ru analogues, we have found that dissolution 
of H3M3(CR)(C0)9, where M = Ru and R = Et or 
CHPhCH2Ph, or M = OS and R = Me, in fluoro- 
sulphonic or trifluoromethanesulphonic acid forms 
H,M,(HCR)(CO);+ (Fig. 13), by protonation 
of the M-C bond. These cations have been 
characterized by NMR spectroscopy.30 For H3Ru3 
(HCEt)(CO)i+, the chemical shift of the agostic 
hydrogen is -9.45 ppm while a singlet resonance 
at - 18.37 ppm is found for the three hydride 
ligands. The propylidene c1 carbon resonance 
occurs at 143.3 ppm (d) with a coupling constant 
to the agostic hydrogen of 58 Hz. These values 
of the spectral parameters are very similar to 
corresponding values for H,Fe,(HCH)(CO)i-. 
Protonation of the Ru-C bond is expected since 
the HOMO is Ru-C bonding in character.25 The 
proposed structure should give rise to two signals 
for the hydride ligands. To account for the obser- 

X 
I 

‘I’ /I’ 
Fig. 11. Equilibrium between ground state (p-H)JM3(p3- 
CX)(CO), and the higher energy tautomer (p-H)2M3(p3- 

HCX)(CO), with an agostic hydrogen. 
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PPN Cl 

> 

Fig. 12. Interconversions between various tautomers of H4Fe3(C)(C0)9 and deprotonation 
H)SFe&-CH)(C0)9 to give @-H)Fe&-HCH)(CO);. 

vation of only a single hydride resonance, we must 
postulate that the hydrides are averaged by some 
dynamic process ; however, there is no evidence 
for line broadening in the NMR spectrum even 
at -80°C. Fluxional migration of the agostic 
hydrogen to each of the three M-C edges would 
explain the observed spectrum. The exchange 
process must be intramolecular, because “C-hydride 
coupling is retained. No exchange occurs between 
the agostic hydrogen and the hydride ligands on 
the NMR timescale. Isotopic labelling has shown 
that exchange between the agostic hydrogen and 
the metal hydrides does not take place over a period 
of several hours at 25°C. 

The protonated clusters undergo much faster 
reductive elimination than the neutral precursors. 
Shapley has found that dissolution of H30s3 
(CH)(CO), in sulphuric acid gives methane and 
HzOs3(03SO)(CO),.54 Dissolution of H,Ru,(CR) 

Fig. 13. Proposed structure for @H),M&-HCR) 
(CO): (M = Ru or OS; R = Et or CHPhCH,Ph). 

(CO),, R = H, Ph, Et, CHPhCH,Ph, in trifluoro- 
methanesulphonic acid results in the formation 
of the corresponding alkane RH and a variety 
of Ru species including HRu,(CO) i :, HRu(C0) :’ 
and what may be H2Ru3(03SCF3)(CO)i+. 
The alkane product was isolated in the cases of 
R = CHPhCH2Ph and Ph. Although the alkyl 
derivatives are moderately stable (tllz N 24 h for 
CHPhCH2Ph), dissolution of benzylidyne or methyl- 
idyne clusters causes immediate decomposition. 

The pre-equilibrium between H3R~3(CX)(C0)9 
and its agostic tautomer accounts nicely for the 
inverse isotope effect for the reductive elimination 
of CH3X, since the vibrational modes of an agostic 
hydrogen should be considerably higher in energy 
than those of a bridging hydride (e.g. stretching 
frequencies of ca 2600 cm- ’ for C-H-M vs 1350 
cm- ’ for M-H-M). If only the stretching modes 
are considered, the equilibrium isotope effect upon 
the equilibrium constant for the equilibrium shown 
in Fig. 11 can be calculated to be 0.54 (cf. 0.64 for 
reductive elimination from H,Ru,(CPh)(CO),). 

The rate-determining step following the pre-equi- 
librium tautomerization to the agostic alkylidene 
intermediate, is cleavage of the C-H-Ru bond to 
form an unsaturated Ru centre. Addition of CO 
to the unsaturated cluster produces a saturated 
alkylidene of the formula H2M 3(p-CHX)(CO)1 o. 
Stable analogues of this alkylidene intermediate are 
HzRu3(CHCOzMe)(C0)9andH,0s3(CH,)(CO),,.55 
Methylidyne substituents which can act as Lewis 
bases, such as CO*Me, C(O)NR? or SEt, greatly 
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accelerate the reductive elimination reaction. In these 
cases, the fact that the relative rates increase in the 
same order as the basicity of the substituent 
(C(O)OMe < C(0)NR2 < SEt), and the fact that 
stable products can be isolated in which the sub- 
stituents are coordinated to a metal centre, suggest 
that the acceleration is due to direct attack of the 
substituent upon a metal atom as the agostic bond is 
cleaved. 

The next step in the reductive elimination of 
the alkane is reversible conversion of H2M3 
(J&HX)(CO), o to HM,@-HCHX)(CO), ,,, a tau- 
tomer containing an agostic bond. Indeed, Shapley 
has shown that in solution, H20s3(CH2)(C0)i0 is in 
equilibrium with HOs,(HCH,)(CO),,, a slightly less 
stable tautomer (& = 0.28).52 These workers have 
established the same tautomeric equilibrium for 
H,Os,(CHMe)(CO) , o/HWHCHMe)(W 1 o K, 

= 0.14) ; in this system /?-elimination from the 
ethyl group is thermodynamically favoured, but a- 

elimination is cu 100 times faster at WCs6 
The next step in the proposed mechanism is 

cleavage of the agostic bond of HM,(HCHX) 
(CO),,, forming an unsaturated metal centre, 
followed by coordination of CO to give the 
hydridoalkyl HM,(CH,X)(CO) ,,,. Stable analogues 
of these intermediates are HOs3(CH2C02R) 
(CO),, (Fig. 14),57 HOs3(RCHOMe)(CO)Io,5* HOs, 
(MeCHSPh)(CO) , o,5g HOs,(NCO)(succinoyl) 
(CO),o6o and HRu,(CH,SEt)(CO),. 

Finally, reductive elimination of the third C-H 
bond and coordination of CO would produce 
M,(W12 and CH3X. If fact, both HOs, 
(HCH,)(CO) I o and HOs3(CH2C02Et)(CO) 1 o react 
with Lewis bases under very mild conditions (room 
temperature and below) in this fashion. In the latter 
case an intermediate of the probable formula 
HOs3(CH2C02Et)(CO)io(PMe,Ph) was observed 
by NMR spectroscopy during the reaction with 
PMe*Ph. 6’ 

An alternative path for “desorption” of the 
hydrocarbon from the cluster alkyl is /&elimination, 
producing an alkene and a metal hydride. In 
fact, decomposition of H3Ru3(CCHPhCHzPh) 
(CO)9 under CO produces exclusively alkenes 

Fig. 14. Proposed structure of HOs,(CH,CO,Et)(CO),e. 

-CH2---_CPhCH2Ph and cis- and truns-MeC 
(Ph)=CHPh,62 while fumarate esters are the 
only products of the reaction between stabilized 
alkyls HOS,(C(CO~R)CH~CO~R)(CO)~~ and Lewis 
bases. 6 ’ Thus, j&elimination, when possible, is the 
prefered path for decomposition of hydridoalkyl 
clusters. 

At this point, isolatable analogues are available for 
all the probable intermediates in the “desorption” 
of an alkane, adsorbed as alkylidyne, from a small 
molecular cluster. Determinations of the energetics 
and mechanism are only beginning. These studies 
should continue to provide analogies applicable to 
metal surface chemistry. 

CONCLUSION 

Since the structures and compositions of cluster 
compounds vary so widely, it is not surprising that 
generalizations concerning chemical reactivity are 
difficult to come by. However, cluster chemistry is 
unique from the chemistry of monometallic com- 
plexes in that : (1) Bonding of hydrocarbyl ligands 
to several metal centres is the rule in cluster chem- 
istry. (2) One may expect facile hydrogen migration 
from metal to carbon as well as from metal to 
metal, and the various tautomers may differ only 
slightly in energy. (3) The wide variety of bonding 
modes available for hydrocarbyls on clusters 
makes the number of potential reaction pathways 
much greater than for monometallic complexes. 
(4) Metal clusters have already provided useful 
models for the bonding of hydrocarbyl ligands to 
metal surfaces and will continue to provide useful 
models for reaction mechanisms. 
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Abstract-The sunlight assisted reactions of (q-C5H&Rh2(CO)(CF3CzCF,) with acyclic 
dienes (1,3_butadiene, allene and 1 -methyl-l ,Zbutadiene) and cyclic polyenes (1,5-cyclooc- 
tadiene, norbornadiene, 1,4- and 1,3-cyclohexadiene, cyclopentadiene, methyl- 
cyclopentadiene, cycloheptatriene and cyclooctatetraene) result in facile C-H bond acti- 
vation and the formation of (q-C5H5),Rh,{C(CF3)C(CF3)H}(polyene-H). Often, two or 
more structural isomers of the product are identified. In some instances, a subsequent 
reaction with more (q-C5H5)2Rh2(CO)(CF3C2CF3) gives [(q-C5H5)$h2{C(CF3) 
C(CF,)H}]&olyene-2H). With arenes (benzene, chlorobenzene, toluene and dichloro- 
benzenes), the activation of two C-H bonds occurs simultaneously to give [(+Z,H,), 

Rh,(C(CF,)C(CF,)H}l,( arene-2H). The structure of [(q-CSHS)&h2(C(CF3)C(CF3>H>12 
(C,H,), which is derived from the reaction with benzene, was confirmed by 
single crystal X-ray diffraction studies. It is monoclinic, space group P2,/c with a = 
16.958(6), b = 9.119(5), c = 24.74(l) A and j = 118.57(4)“. The structure was solved by 
direct methods and refined by least-squares to the R value of 0.037 for 3870 observed reflec- 
tions. The a-bonded rhodium atoms adopt meta positions and are coplanar with the ring 
carbons. One n-bonded rhodium is above and the other below the plane of the ring. The 
7r-electron density in the ring is essentially localized. 

In a previous paper,’ a number of reactions of the 
type shown in eq. (1) were described. The reactions 
occur under mild conditions 

2(~-C5H5)2Rh2(CO)(CF3C2CFj) +alkene 

sunlight* ($,,H5),Rh,(C(CF3)C(CF3)H)(alkene-H) 

+(?-CSH,)&~~(CO)Z(CFGCF~) (I) 

* For Part VIII, see ref. 1. 
i Author to whom correspondence should be addressed. 

with a variety of alkenes including ethylene, 
terminal, internal and cyclic alkenes. We now report 
an extension of this study to reactions involving 
acyclic and cyclic dienes, cyclic polyenes and arenes. 
Our interest in these systems was prompted by three 
considerations-would these less reactive sub- 
strates be activated under similarly mild conditions ; 
would it be possible to activate more than one C-H 
bond in particular substrates, and what factors 
would influence the stereo- and regioselectivity of 
these reactions? Some answers to these questions 
are provided.. 
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Rh-Rh 

\ / 

/i==YH3 
RJ 

2 
\ 
R' 

(3) 

The allene complex (3, R3 = R4 = H) incor- 
porates terminal C-H bonds on the coordinated 
allenyl group, and it was of interest to determine if 
these could be activated by reaction with a further 
amount of (q-CgH&Rh2(CO)(CF3C2CF3). A 
second C-H bond cleavage did indeed occur, pro- 
ducing one major product (4). The ‘H and “F 
NMR data indicate that this is a symmetrical mol- 
ecule, but it is not possible to distinguish between 
the alternative structures (4a) and (4b). On the basis 
of previous work with I-alkenes, (4b) would be 

H3' 

(da) (4b) 

favoured on steric grounds. A minor product was 
also detected and spectroscopic results indicate that 
it has the same formula as (4b) but a less sym- 
metrical structure. During TLC, the minor product 
isomerizes to the major product. Terminal C-H 
bonds are not available in the complex (3, 
R3 = R4 = Me) and so a related reaction with this 
complex was not possible. 

Cydic polyenes 

Previous experience has shown that harsh con- 
ditions are generally needed to activate C-H bonds 
in cyclic polyenes,* a major exception being our 
facile activation of cyclic monoenes with (v- 
CSHJ2Rh2(CO)(CF3C2CF3) in the presence of sun- 
light.’ Given the interesting results with acyclic 
dienes described above, we decided to extend our 
study to include some cyclic polyenes. 

The initial reactions between the dirhodium com- 
plex and the symmetrical dienes, 1,5-cyclooc- 

* Examples can he found in refs 13 and 14. 

tadiene, norbornadiene and 1 ,Ccyclohexadiene 
proceed as expected. For example, the reaction with 
1 ,Ccyclohexadiene gives (5). However, some 
differences in behaviour emerge when these 
alkenyl-dirhodium complexes are treated with 
more (@SH5)2Rh2(CO)(CF3C2CF3). With the 
1 ,Ccyclohexadienyl derivative (5), further reaction 
gives a product which we suggest is (6a) rather than 

(6a) (6b) 

(6h). The basis for this assignment is that different 
pairs of methylene proton resonances are detected 
in the NMR spectrum, whereas all methylene pro- 
tons should be equivalent in (6h) provided the ring 
remains planar. A corresponding reaction occurs 
with the norbornadienyl-dirhodium complex. 
Again, two products are possible, but only one is 
obtained. NMR results reveal a single resonance 
for the two hydrogens on the bridge-head carbons 
and this is more consistent withstructure (7h) rather 
than (7a). In contrast to these two systems, further 

(7a) (7b) 

activation of the C-H bonds could not be achieved 
with the cyclooctadienyl-dirhodium complex. This 
lack of reactivity can be rationalized if it is assumed 
that the cyclooctadienyl ligand has a tub con- 
figuration [see (S)] in the complex. The relatively 
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(9a) 

(lOa) 

(lla) Wb) 

(8) 

close proximity of all the alkenyl hydrogens would 
then inhibit the approach of a second Rh,-unit. 

The reaction between (~-C5H5)zRh2(CO)(CF3 
C,CF,) and 1,3-cyclohexadiene gives two pro- 
ducts (9a) and (9b). The individual isomers are read- 
ily identified from ‘H NMR results. The product 
ratio (9a): (9b) of 3 : 2 indicates a preference for 
attack at the l-position of the cyclic diene ; this 
preference is less pronounced but consistent with 
that shown with 1,3-butadiene where the ratio of 
(la) : (lb) was 3 : 1. Other analogies with the acyclic 
diene can be drawn as (9a) reacts further with 
(CSH&Rh2(CO)(CF3C2CFJ to form both (10a) 
and (lob), whereas (9b) produces (lob) exclusively. 

(lob) 

To determine if the same behaviour applies to 
other asymmetric cyclic dienes, corresponding reac- 
tions were undertaken with cyclopentadiene. The 
reaction gave approximately equal amounts of 
(lla) and (llb), and each isomer reacted further 
with a second equivalent of (+Z5H,),Rh2(CO) 

*In contrast, W. D. Jones and J. A. Maguire report 
(OrganometulZics 1987, 6, 1301) that free methyl- 
cyclopentadiene is present as a 47 : 47 : 6 mixture of the 
l-, 2- and 5-methyl isomers. 

(121) (12b) 

(CF&CF,) to give tetranuclear products. The 
complex (lla) gave only (12a), but (llb) yielded 
both (12a) and (12b). These results contrast with 
those of the 1,3-cyclohexadienyl system, and hence 
a common pattern of behaviour is not evident. 

Four products were formed in the analogous 
reaction with methylcyclopentadiene. NMR data 
identifies these as the isomers (13aH13d); in the 
crude product, the ratio of (13a + 13b) : (13~ + 13d) 
is approximately 4 : 3, but there is significant iso- 
merization of the minor isomers to the major ones 
during chromatography. There was no evidence for 
the other possible isomers in which the methyl 
group is located on the saturated ring carbon. The 
‘H NMR spectrum of a freshly prepared sample of 
methylcyclopentadiene revealed the presence of two 
isomers l- and 2-methyl-1,3cyclopentadiene (mol 
ratio 4 : 3),* thereby providing a rationale for the 
above results. There is no formation of tetranuclear 
complexes when the isomers (13aH13d) are treated 

(13a) (13b) 

(13c) (13d) 
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with more (&~HS),Rh2(CO)(CF3C2CF,>. This is 
consistent with other results which establish that 
there is a steric barrier to the methyl group occu- 
pying the position shown in (14). It is interesting 
that the tetranuclear complex (15) has been isolated 

(IS1 

in a separate study. l5 Thus, the sunlight assisted 
reaction between (q-CSH&Rh2(CO)(CF3C2CF,) 
and (q ‘-MeC ,HJMn(CO), * THF gives several 
products, one of which is [(~-CgH5)&h2{C(CF~) 
C(CF3)H)12(MeCSH2). The structure of complex 
(15) has been confirmed from single crystal X-ray 
diffraction data. 

To establish the full scope of these reactions, 
C-H bond activation in two other cyclic polyenes 
was studied. With cyclooctatetraene, the expected 
product (16) was obtained, and in the cor- 
responding reaction with 1,3$cycloheptatriene the 
three isomeric products (17a)-(17c) were identified. 
Each of these cycloheptatrienyl products reacts fur- 
ther with (CgH5)&h2(CO)(CF&CF3), but mix- 
tures of isomers are obtained and they are difficult 

(16) 

P” 
H3BI H37&H, 

,_,. H’ 

(17b) 

(17cl 

to separate or characterize spectroscopically. Sur- 
prisingly, the cyclooctatetraenyl complex (16) 
resists further reaction with (v-C~H~)~R~~(CO) 
(CF3C2CF3), and so its behaviour resembles that 
of the cyclooctadiene derivative (8). It is difficult to 
rationalize this lack of further C-H bond activa- 
tion in (16). Even if the coordinated cycloocta- 
tetraenyl ligand adopts a tub configuration 
as suggested for (8) there are still four exposed 
alkenyl C-H sites. We have no explanation for 
the peculiar behaviour of the &-systems. 

Overall, this set of reactions with cyclic polyenes 
establishes that activation of one C-H bond can 
be achieved under mild conditions with all systems, 
regardless of ring size, and the extent and location of 
the polyunsaturation. In most conjugated systems, 
there is generally some preference for C-H bond 
cleavage at the l-position of 1,3-dienes. Sequential 
activation of a second C-H bond occurs in many 
systems and often there is a preferred site of attack. 
However, the factors that influence this preference 
are difficult to discern. It is interesting to note that 
tetranuclear products are not formed in the initial 
reactions between (CSHJ2Rh2(CO)(CF3C2CF3) 
and the cyclic polyenes, where the free ligand is in 
excess. It appears, therefore, that the activation of 
a second C-H bond is more difficult to achieve 
than the first. 

There are few relevant examples with which to 
compare these results. Some polynuclear complexes 
of the type [Os,(CO), ,(nbd-H)H& and [Ru3(CO) 
(cod-H)I-Il have been investigated,‘3”6’17 and there 
are more recent studiesr8.19 of photochemical reac- 
tions between Re2(CO),,, and a limited range of 
cyclic polyenes. In the latter, there seems to be pref- 
erence for attack at the 2-position of cyclic 1,3- 
dienes. 

Arenes 

A single product is isolated from the sunlight 
assisted reaction between benzene and (n- 
CgH&Rh2(CO)(CF3CZCF3). Unexpectedly, this is 
the tetranuclear product [(q-C5H&Rh2(C(CF3)C 
(CF3)H}],(benzene-2H). No evidence is obtained for 
the prior formation of the binuclear complex (q- 
CgHJaRh2{C(CF3)C(CF3)H}(benzene-H), when 
the reaction is monitored over the early stages. The 
NMR spectra of the tetranuclear complex are con- 
sistent with structure (18) in which there is meta- 
coordination of the a-bonded rhodium atoms. To 
determine if similar behaviour is observed with sub- 
stituted arenes, reactions were carried out with chlo- 
robenzene and toluene. Two tetranuclear com- 
pounds were obtained with chlorobenzene, with 
(19a, X = Cl) being the major and (19b, X = Cl) 
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Rh-Rh 

X 

(19a) (19b) 

the minor product. Toluene gave only a single prod- 
uct of structure (19a, X = Me). The formation of 
only one product in this latter reaction indicates 
that the aromatic protons adjacent to a methyl 
group may be protected in some way from 
activation. The observation that p-xylene failed to 
react at all with (+ZSHJ2Rh2(CO)(CF3C2CF3) 
provided some support for this idea. It seemed 
likely, then, that formation of a binuclear product 
(20) might be favoured in the reaction with o-xylene. 
The fact that no product was obtained from this 
reaction lends support to the premise that double 
activation is a requirement with arenes. Similar 
behaviour was observed with dichlorobenzenes. 
Thus, m- and p-dichlorobenzenes failed to react, 
whereas o-dichlorobenzene gave mainly (21a). In 
the latter reaction, (21b) was isolated as a minor 
product, and a trace amount of a third product, 
spectroscopically characterized as (22) was ob- 
tained. 

fi-Rh 
“’ \ 

H3 

-3% 

\ / H6 

Me4 Me' 

Rh-Rh 

(21a) (21b) 

Overall, a common pattern of behaviour has 
emerged in the reactions of this collection of arenes. 
Thus, simultaneous activation of two C-H bonds 
occurs, and when this is prohibited by substituent 
effects, there is no activation at all. Triple activation 
was never observed, and is presumably not possible 
due to steric constraints. In seeking an explanation 
for the observed behaviour of arenes, we were inter- 
ested to establish what effect the coordinated rho- 
dium atoms had on the aromaticity of the arenes. 
Consequently, we decided to determine the crystal 
and molecular structure of one of these tetranuclear 
complexes ; the benzene system (18) was chosen. 

A diagram of the molecule is shown in Fig. 1 and 
some of the more important bond parameters are 
listed in Table 1. As predicted from spectroscopic 
results, two rhodium atoms, Rh(2) and Rh(3) are 
a-bonded to the ring carbons and they occupy meta 
positions ; these metal atoms are approximately 
coplanar with the ring carbons. The remaining rho- 
dium atoms, Rh( 1) and Rh(4), are n-attached to the 
ring bonds C(l)-C(2) and C(5)-C(6), respec- 
tively ; they are situated above and below the ring 
plane in the same manner as previously observed” 
for the $,$‘-bonded arene complex [(+SMe,)Re- 
(CO)&(p-C6HS). These placements are consistent 
with the x-bonding requirements of the metal 
atoms. The C-C distances within the arene ring 
indicate significant localization of the rc-electron 
density. Thus, only C(3)-C(4) retains double bond 
character, with C(l)-C(6), C(2)-C(3) and 
C(4)-C(5) being significantly elongated. The dis- 
tances for C(l)-C(2) and C(5)-C(6) are con- 
sistent with metal-coordinated alkene distances. 
The geometries for the two Rh,C(CF,)=C(CF,)H 
units are similar to those described previously’ for 
the related complexes (+SHS)2Rh2{C(CFJC 

(CF,)H}(CHCF,) and (?-CSHS)2Rh2{C(CF,)C 
(CF,)H}(CHCHCN). 

The most significant structural feature is the clear 
indication that the C,-ring has lost its aromatic 
character. Perhaps the consequent loss of resonance 
energy leads, in some way, to the need for double 
activation of the aromatic systems. 

There are some previous examples of the use of 
metal complexes to activate C-H bonds in arenes. 
These include some recent reports,2’-25 in which 
electron-deficient mononuclear metal complexes 
are used and activation of one C-H bond is 
achieved. In the related reaction of the lutetium 
complex (r&Me,),LuH with benzene, sequential 
double activation was achieved,26 but the two + 
bonded metal atoms were positioned in a para 
arrangement. Earlier work’4*27 with OsS-clusters led 
to activation of adjacent C-H bonds and gave 
some ,uL,-cyclohexa-3,5-diene-1,2-diylidene com- 
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Fig. 1. 

Table 1. Selected bond lengths and angles for [(q-C~H&Rh2{C(CFJC(CFJ 

Wl~(GH.J 

(a) Bond lengths (A) (b) Bond angles (“) 

ct1Fw 
Ctll----c(6) 
C(2+Cx3) 
C(3)-C(4) 
C(4Pw) 
CW--C(6) 
C(l2w~l3) 
C(22)-C(23) 

2.627( 1) 
2.603(l) 
2.200(7) 
2.164(7) 
2.028(8) 
2.059( 10) 
2.087(8) 
2.127(8) 
2.048(8) 
2.106(8) 
2.057(9) 
2.240(7) 
2.141(7) 
2.056(9) 

1.41(l) 
1.47(l) 
1.49(l) 
1.35(l) 
1.43(l) 
1.42(l) 
1.415(9) 
1.421(9) 

CW-Ct 1 W(6) 
Iw+W~( 1) 
~h(2)--c(2kC(3) 
C(l+~(2)--c(3) 
C(2)-C(3>--c(4) 
C(3)-C(4)--c(5) 
C(4)-C(5)-C(6) 
C(l)--c(6)-C(5) 
Rh(3)-C(6W(l) 
Rh(3>--c(6)-C(5) 

51.3(2) 
53.4(2) 
53.2(2) 
50.7(2) 

124.1(6) 
125.0(6) 
119.6(7) 
115.2(8) 
121.0(8) 
122.9(7) 
119.9(8) 
116.3(7) 
116.6(5) 
127.0(7) 

123.2(6) 
122.3(7) 
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Table 2. Yields and analytical data for products obtained from (C,H&Rh,(CO)(CF$,CF,) and polyenes 

Product” (% yield), m.p. (“C) 
Analysis’ 

C H F MS (P’) 

1,3-Butadiene 

Allene 

3-Methyl-1-2-butadiene 

1 ,CCyclohexadiene 

Norbomadiene 

1,5Cyclooctadiene 

1,3-Cyclohexadiene 

Cyclopentadiene 

Methylcyclopentadiene 

Cyclooctatetraene 

1,3,5Cycloheptatriene 

Benzene 

Chlorobenzene 

Toluene 

o-Dichlorobenzene 

la(25), 151-152 39.4(39.2) 
lb(8), 130-131 39.5 
2a(27), > 250 36.9(36.8) 
2b(9 or 34),’ 155-157 36.6 

3(R’ = R4 = H)(43), 130-131 37.9(38.0) 
4(45), > 250 36.2(35.9) 

3(R3 = R4 = Me)(34), 143-145 40.5(40.3) 

5(39), 16cL161 
6a(33), > 250 

d(41), 204-206 
7b(33), > 250 

8(37), 148-149 

9a(18), 179-180 
9b(15), 165-166 
lOa(14), > 250 
lOb(20 or 36),’ > 250 

lla(17), 162-163 
llb(16), 162-164 
12a(36 or 26): > 250 
12b(9), > 250 

13a( lo), 20&202 
13b(lO), 150-151 
13e(8), 183-184 
13d(8), 153(dec.) 

16(34), 175-176 

17a(12), 162-163 
17b(13), 175-177 
17c(12), 154-155 

18(42), 24O(dec.) 

19a(X = C1)(34), > 250 

19b(X = C1)(5), > 250 

19a(X = Me)(34), 248-249 

21a(34), 190 (dec.) 

21b(5), > 250 

22(l), 156-158 

41.9(41.6) 
38.2(38.0) 

43.1(42.7) 
38.5(38.6) 

43.8(43.6) 

41.8(41.6) 
41.9 
38.2(38.0) 
38.3 

40.6(40.5) 
40.8 
37.5(37.3) 
37.2 

41.8(41.6) 
41.8 
41.9 
41.7 

44.4(43.9) 

42.9(42.7) 
42.8 
43.0 

38.4(38.0) 

37.0(36.8) 
[Cl, 3.2(3.2)] 

37.1 
[Cl, 3.31 

38.2(38.6) 

35.9(35.7) 
[Cl, 6.3(6.2)] 

36.0 
[Cl, 6.21 

- 

2.9(2.9) 20.5(20.6) 552 
2.9 20.5 552 
2.7(2.5) 21.4(21.4) 1050 
2.5 21.7 1050 

2.4(2.6) 21.3(21.2) 538 
2.5(2.3) 22.2(22.0) 1036 

3.3(3.2) 20.1(20.1) 566 

3.2(3.1) 19.8t19.7) 578 
2.6(2.6) 21.4(21.2) 1076 

3.2(3.1) 19.5(19.3) 590 
2.7(2.6) 20.9(20.9) 1088 

3.8(3.7) 19.1(18.8) 606 

3.2(3.1) 19.8(19.7) 578 
3.2 20.0 578 
2.7(2.6) 21.2(21.2) 1076 
2.8 21.4 1076 

2.7(2.9) 20.1(20.2) 564 
2.8 20.3 564 
2.4(2.4) 21.7(21.5) 1062 
2.6 21.5 1062 

3.3(3.1) 20.0(19.7) 578 
3.2 19.9 578 
3.4 19.7 578 
3.3 19.8 578 

3.1(3.0) 18.9(18.9) 602 

3.3(3.1) 19.5(19.3) 590 
3.3 19.3 590 
3.4 19.6 590 

2.6(2.4) 21.4(21.2) 1074 

2.5(2.3) 20.8(20.6) 1108 

2.5 20.7 1108 

2.5(2.6) 20.8(20.9) 

2.3(2.1) 20.2( 19.9) 

2.2 20.1 

1088 

1142 

1142 

645 

LI In all reactions, the complexes (C~H,),Rh,(CO),(CF,C,CF,)28 and (C,H,)3Rh3(CO)(CF3C,CF3)z9 were formed 
in yields of approximately 45-50% and < 3%, respectively. 

b Calculated values in parentheses. 
‘From la and lb, respectively. 
dProduct analogous to 5. 
e From 9a and 9b, respectively. 
‘From lla and llb, respectively. 
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Table 3. NMR chemical shift (6) and coupling constant (J) data for solutions of representative examples= of the 
products in CDCl, 

Product 

‘H (300 MHz) 
6,b multiplicity, 

rel. area, assignment’ J Q-W 

19F (282.4 MHz) 
6,b multiplicity, J (Hz) 

assignment’ FaFB, HF”, RhF” 

(lb) 

(24 

PI 

(5) 

(la) 9.22, ddd, lH, Hz 
5.77, ddd, lH, H“ 
5.49, s, 5H, C,HS 
5.20, s, 5H, C5H, 
5.16, d, lH, H5 
4.91, d, lH, H6 
3.46, ddd, lH, H3 
1.50, qt, lH, H’ 

7.02, dd, lH, H4 
5.45, s, 5H, CSH, 
5.28, s, 5H, CSH, 
4.88, dd, lH, HS 
4.51, dd, lH, H6 
3.44, m, lH, Hz 
1.60, qt, lH, H3 
1.29, t, lH, H’ 

9.33, dm, 2H, HZ+H5 
5.60, s, lOH, 2 x CSH, 
5.26, s, lOH, 2 x CSHS 
3.01, dm, 2H, H3+H4 
1.22, qm, 2H, H’+H6 

9.27, ddd, lH, H2 
5.47, s, SH, CSH, 
5.45, s, 5H, CSH, 
5.25, s, 5H, C5H, 
5.24, s, 5H, CSH, 
3.98, dd, lH, H3 
3.37, m, lH, H’ 
1.67, qm, lH, HIor 
1.47, qm, lH, HIor 
1.32, m, lH, H6 

(3) 8.86, m, lH, HZ 
(R3 = R4 = H) 5.52, s, 5H, CSH, 

5.37, s, 5H, C5H, 
5.30, q, lH, H30r4 
4.78, q, lH, H30r4 
1.79, qt, lH, H’ 

5.59, m, lH, H’ 
5.44, s, 5H, &HZ 
5.42, m, lH, H6 
5.23, s, 5H, C,H, 
3.84, qm, 2H, H7+H8 
2.92, dm, lH, H30r4 
2.70, m, lH, HZ 
2.45, dm, lH, H30r4 

H4H5 = 17.7 
H4H6 = 10.1 
HZH3 = 11.1 
H3H4=95 
FflH’=96 
RhH’ = 3.1, 1.3 
RhH3 = 2.0 
RhH’ = 2.0, 2.0 

48.63, q, FB 12.2, 9.6, 
53.96, m, F” 

2.0 

H4H5 = 16.8 
H4H6 = 10.0 
H5H6= 17 
F=H3 = 9.7 
RhH3 = 2.0,2.0 
RhH’ = 2.5,2.5 

49.46, q, Fp 
53.53, m, F 

12.2, 9.7, 2.0 

H2H3 = H4H5 = 9 7 
F=‘H6 = 9.9 F’H’ = 

47.42, q, Ffl+ F” 13.1, 9.9, 
52.51, m, F”+F=’ 

H2H3 = 10.8 47.85, q, FporS 12.9, 9.7, 
F=‘H4 = 9.7 49.55, q, FflorB 12.6, 9.7, 
F=H’ = 9.7 53.42, m, F”“‘” 
RhH3 = 1.0 54.16, m, F”‘“’ 
RhH’ = 2.1, 1.0 

F=H’ = 10.0 50.63, q, FB 
RhH’ = 1.9, 1.9 53.66, m, F” 
HZH3 - H2H4 - H3H4 - 3.0 

H3H4 = 21.5 
H7H8 = 20 7 
F’H’ = 9.8’ 
RhH’ = 2.1, 2.1 

48.73, q, Fp 
53.16, m, F” 

2.8 

2.4 
2.1 

12.7, 10.0, 2.8 

13.3, 9.8, 2.7 
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Table 3 (conrinued) 

Product 

‘H (300 MHz) 
6,b multiplicity, 

rel. area, assignment’ J (Hz) 

19F (282.4 MHz) 
6,* multiplicity,’ J (Hz) 

assignment’ F”Ffi, HF”, RhF” 

(114 

(W 

(16) 

(Wd 5.68, d, 5H, C,H, 
5.57, s, 5H, CSH, 
5.41, s, 5H, CSH, 
5.40, s, 5H, C5H, 
5.37, m, 2H, H7+H8 
4.28, ddm, lH, H30r4 
3.73, dm, lH, H40r3 
2.67, m, lH, HZor5 
2.52, m, lH, H20r5 
1.18, qt, lH, Hior 
1.08, qt, lH, HIor 

6.47, m, lH, H30r4 
6.28, m, lH, H30r4 
5.55, s, 5H, C5H5 
5.00, s, SH, C5H5 
3.80, m, lH, HZ 
3.57, qm, 2H, H5+H6 
1.39, qt, lH, H’ 

6.99, m, lH, H3 
6.03, m, lH, H4 
5.57, s, 5H, C,H, 
4.94, s, 5H, &H, 
3.41, br.s’, lH, H’ 
2.99, dm, lH, H50r6 
2.47, dm, lH, H50r6 
1.41, qt, lH, H* 

6.95, d, lH, H* 
5.90, ddd, lH, H4 
5.82, dt, lH, H3 
5.81, dd, lH, H6 
5.68, dm, lH, H5 
5.36, s, 5H, C5H5 
5.33, s, 5H, C,H, 
5.18, dd, lH, H’ 
2.64, brs, lH, HZ 
1.71, qt, lH, Hi 

v-9 7.36, d, lH, H6 
6.11, dd, lH, Hs 
5.55, s, 5H, C5H5 
5.52, s, 5H, C5H5 
4.93, s, 5H, C,H, 
4.91, s, 5H, C5H5 
4.18, br.s, lH, HZ 
3.12, d, lH, H4 
1.09, qm, lH, Hi Or3 
0.88, qm, lH, Hior 

H3H4 = 19.3 
RhC5H5 = 0.6 
F’H’ = 10.1 
RhH’ = 2.0,2.0 
F=‘H4 = 10.1 
RhH4 = 2.0,2.0 
H30r4H*‘X5 = 5.5 

46.83, q, Fpora 13.2, 10.1, 2.6 
47.58, q, F’+Ors 13.2, 10.1, 2.6 
51.69, m, F”“‘” 
51.88, m, F”“‘” 

H5H6 = 22.6 
F’H’ = 9.7 
RhH’ = 1.9, 1.9 

H5H6 = 23.1 
F”H’ = 9.8 
RhH’ = 1.9, 1.9 

48.78, q, FB 
53.70, m, F 

13.1, 9.7, 2.7 

49.16, q, FB 
53.45, m, F” 

13.1, 9.8, 2.6 

H’H* = 11.6 
H6H7 = 3.8 
H5H6 = 11.3 
H3H4 = 11.3 
H3H5 = 1.2 
HZH3 = 1.2 
H*H“ = 0.9 
H4H5=38 
F”H’ = 9.6 
RhH’ = 2.0, 2.0 

H5H6=88 
H4H5 = 6:0 
F”H’ = 9.6 
F”H3 = 9.6 

49.16, q, FB 13.2, 9.6, 2.8 
53.10, m, F” 

48.12, q, Fflorp 12.8, 9.6, 2.0 
48.67, q, Ffl”IB 12.6, 9.6, 2.0 
53.66,’ m, F”+ Fd 

a Data for all other products are presented in Supplementary Table SUP-5 (Available from the Editor). 
* ‘H, G(Me,Si) = 0.00; 19F, G(CCl,F) = 0.00. 
’ ‘H assignments according to numbering scheme in structural diagrams ; CF, assignments according to scheme 

in structure (la); all CF, resonances of equal intensity unless indicated otherwise. 
dSpectra measured in d,-acetone. 
e Relative area 6F. 
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plexes. To our knowledge, the activation of C-H 
bonds in arenes has not previously been achieved 
with binuclear complexes and the simultaneous 
activation of two meta C-H bonds has not been 
reported before. 

o*diff(l) + 0.0001 204(Q]. Non-hydrogen atoms 
were assigned anisotropic thermal parameters ; 

(x9 .Y, 2, U,,)H were included constrained at 
estimated values. 

EXPERIMENTAL 

The general procedures and instrumentation used 
are described in previous papers.2g30 Dienes, poly- 
enes and arenes were commercial samples ; gases 
were used as received, and liquids were distilled 
before use. Cyclopentadiene and methyl- 
cyclopentadiene were obtained by cracking the 
appropriate dimer in the presence of iron powder. 31 
Allene was produced in situ from diketene. ’ ’ 

Final atomic coordinates and anisotropic ther- 
mal parameters, full lists of atom geometries, and 
lists of F,/F, have been deposited with the Editor as 
supplementary material. Computer programs and 
sources of scattering factor data are given in refs 32 
and 33. 
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A ten-fold excess of the appropriate unsaturated 
organic compound was condensed into an evacu- 
ated Carius tube containing (q-CSHS)&h2(CO) 
(CF3C2CF3) in hexane. The tube was placed in 
sunlight, that had passed through a glass window 
pane, and left until the colour of the solution had 
changed from green to orange (generally 30- 
120 min). The solvent was then removed under 
reduced pressure and the products extracted with 
the minimum quantity of dichloromethane (more 
polar solvents were generally required for the 
tetranuclear products). The products were sep- 
arated by TLC on 20 x 20 cm plates with a 1 : 1 
silica gel G-HF254 mixture as adsorbent. In general, 
the separation of dinuclear products required eluent 
mixtures of petroleum spirit (b.p. 4&6O”C) and 
Et20 (9 : I or 4 : 1). Tetranuclear products required 
more polar mixtures. The results for individual 
reactions are summarized in Table 2 and NMR 
spectroscopic data used to characterize the com- 
plexes are in Table 3. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Crystallographic study 10. 

Crystal data. C34H26F12Rh4, M = 1048, mon- 
oclinic, a = 16.958(6), b = 9.119(5), c = 24.74(l) A, 
/I = 118.57(4)“, U = 3360(3) A’; space group 
P21/c, Z= 4, 0, = 2.07, D, = 2.11(l) g cmp3, 
F(OOO) = 2072. Specimen : 0.08 x 0.24 x 0.09 mm. 
A;in,max = 1.12, 1.21. 

11. 

12. 

Data collection. Syntex P2, diffractometer, Mo- 
K, radiation (A = 0.71069 A, graphite mono- 
chromated), 20/8 scan mode, 26,,, = 50”, 
temp. = 295 K, 5773 data measured, 3870 with 
I > 30(Z), corrected for absorption. 

13. 

14. 

Structure solution and rejinement. Direct 
methods, full matrix least-squares. The structure 
was refined without problems to final R values of 
R = 0.037, R’ = 0.032 [w = l/a’Q ; u’(l) = 

15. 
16. 

17. 
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Abstract-Scrambling of substituents on the C3R3 bridging ligands in L2W(@Z3R3)(p- 
CR)WL2 is studied using Extended Hiickel calculations by two pathways : deinsertion and 
cyclopropenium ring formation. The reaction of L,W@-CR),WL, with allenes to give 
L2W@-CHC(CR2)2)(@R)WL2 is also studied. The electronic structure of CpMeW&- 
CMe),WMeCp is compared to that of L2W&-CR)2WL2. 

Bimetallic systems bridged by small organic mol- 
ecules are of current interest.1’ Carbyne bridged 
&-CR) complexes are of special interest, mainly 
because of their catalytic implications.’ Several 
reactions of bridging CH or CR groups have been 
reported recently.3 Bimetallic systems bridged by 
two such carbynes, 1, are especially interesting, 
because of the delocalization of the 4 72 electrons of 
the M2C2 ring.4-89@) Some of these react selectively 
with small organic molecules.“’ We have studied 
the aromatic behaviour and reactivity of these com- 
plexes using molecular orbital theory.” 1 reacts 
specifically with those molecules having x bonds in 
orthogonal planes. Thus, alkynes, allenes, ketenes 
etc. but not alkenes react with 1.” ’ Reaction of 
alkynes with 1 results in the formation of a carbon- 
carbon bond as shown in Scheme l.‘@‘)~(~) Allene 
reacts with 1 to give 4. The reaction with alkyne 
first yields an adduct, 2, which finally results in an 
q+3-didehydroallyl bridging complex, 3. Formation 
of 2 and its MO correlation to 3 have been 
discussed. ’ ’ The C3R3 bridge in 3 scrambles the CR 
units to give a product with a bulkier group on the 
central carbon atom. Here, we analyse two path- 
ways for this process: One involves essentially a 
deinsertion step. Formation of a bridged cyclo- 
propenyl ring and its rotation along a C3 axis and 
reformation of the product is another. We also dis- 

t Author to whom correspondence should be addressed. 
$ Theoretical studies on single carbyne bridged bimet- 

allic systems are in progress. 

cuss the formation of 4. The electronic structure of 
the recently reported 1,3-dimetallacyclobutadiene, 
(CSMe,)MeW@-CMe)2WMe(C,Me,),8 5, is com- 
pared to that of 1 at the end. 

The Fragment Molecular Orbital (FMO) method 
within the Extended Hiickel approximation is used 
in obtaining the electronic structures.” All the cal- 
culations were carried out on models where the 
terminal ligands were CH3 and the substituents on 
bridging carbon fragments were hydrogens. 5 is 
modelled by CpCH3W(p-CH)2WCpCH3. The 
details of geometric and atomic parameters used in 
the Extended Hiickel calculations are given in the 
appendix. 

I I 
Me R 

Cp’=C,Me, b 
6 

THE C-C BOND FORMATION 
AND THE DEINSERTION PATHWAY 

FOR SCRAMBLING 

One possible pathway for the conversion of 
2 + 3, involves the formation of a transition state 
having a six membered ring, 6, formed by the 
in-plane movement of the acetylene and CH. The 
C3 unit then rotates around an axis perpendicular 
to the M-M axis to give 3. We studied the for- 

871 
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Scheme 1. 

mation of 6 and its conversion to 3 separately. The 
formation of 6 indicates a barrier of 2.8 eV. An 
optimized reaction coordinate should give a smaller 
barrier and the Walsh diagram is given in Fig. 1. The 
HOMO (a’) orbital initially goes up in energy due 
to the decrease in the bonding interaction between 
the acetylene n* and the nearest metal, and then 
comes down mainly due to the reformation of the 
metal-metal bond. The M-M bond is decreased 
from 2.915 to 2.544 A. HOMO- 1 shows an 
increase in energy due to the increasing antibonding 
interaction between the terminal carbons of the ally1 

group and also an increasing 6* interaction between 
the metals. The LUMO + 1(6*) orbital comes down 
due to a decrease in the antibonding interaction 
between the n of the alkyne and 6* of the metal, 
and the increasing x combination within the allylic 
carbons. The MOs corresponding to the new C-C 
(T and rc bonds formed are buried among lower lying 
ligand orbitals and mix well with other ligand based 
orbitals because of their lower symmetry. There- 
fore, it was not practical to point any out. 

Conversion of 6 to 3 involves twisting the allylic 
part of 6 by 90” and correspondingly adjusting the 

Fig. 1. Walsh diagram for the conversion of 2 + 6. C, symmetry is maintained. 
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Fig. 2. Walsh diagram for the conversion of 6 + 3. C2 symmetry is maintained. 

distance between the C3R3 and the bimetallic frag- 
ment. The process has only CZ symmetry and the 
energy barrier for the process is around 1.68 eV. 
The Walsh diagram (Fig. 2) shows that the (T HOMO 
(a,) gradually increases in energy due to an increase 
in the antibonding combination with the terminal 
carbons of the ally1 part. The non-bonding R* com- 
bination of the allylic group remains almost con- 
stant because it retains a 6 type of interaction with 
the 6* orbital of the M-M combination in the 
HOMO i 1 (Q). In this process, the M-M distance 
is kept constant. No other change is observed in the 
Walsh diagram. The above discussion indicates that 
the conversion of 2 to 3 through transition state 6 
is an allowed process. 

Experimental studies on the insertion reaction 
have shown that the kinetically favoured product 
retains the substituents on the alkynes in the 1,2 
positions, 9(b) but the thermodynamic product has 
the bulkier carbon substituent on the central carbon 
of the bridging C3 ligand. The thermodynamic pref- 
erences can be simply attributed to the steric factors, 
both in the ground state and the transition state. 
The transformation of the kinetic product to the 
thermodynamic one (the scrambling of the CXR3 
group) takes place with ease. An alkyne deinsertion 
along the lines described for the C-C bond for- 
mation, together with alkyne rotation can account 
for the scrambling. If the processes from 2 to 6 and 
6 to 3 are reversible, the new alkyne formed in 6 
can include the original bridging because the two 
end carbons of the C3 units are equivalent. To make 

way for the formation of the thermodynamically 
more favoured product from any possible set of 
starting materials, both a rotation of the acetylene 
in 2 and a dissociation-association step have to be 
involved. We find that rotation of the alkyne in 2 
along an axis perpendicular to the C-C bond and 
passing through the metal, is a possible pathway, 
involving a barrier of only 1.5 eV. This is lower than 
that for 2 to 6 or 6 to 3. It should be emphasized 
here that these values are only to be taken as a crude 
estimate, as the method we use cannot give reliable 
energy differences. This scrambling mechanism, 
which involves deinsertion, demands that the 
rotation of the allylic group as in 6 + 3 should be 
observed. The detailed experiments of Chisholm et 
a1.9(b) do not indicate any such process, probably 
because the barrier for such a process may be higher 
than is possible thermally. This, in addition to the 
thermodynamics of the bonds involved does not 
allow us to support this mechanism conclusively, 
even though this is the simplest possible mechanism. 

SCRAMBLING PROCESS 
INVOLVING A CYCLOPROPENIUM 

RING FORMATION 

A general scheme which encompasses all the 
observed rearrangements was proposed by Chis- 
holm et &9(b) This involves the formation of the 
L,W(p-rj’,$-cyclopropenyl)WL2 transition state, 
7. It is envisaged that the transition state has the 
cyclopropenyl ring parallel to the L2W-WL2 



874 E. D. JEMMIS and B. V. PRASAD 

R 
I 

-c’ R 
L\ R 

c2’ R 
I? 

yJ_“- , 

‘p? / 
WCs- R 

3 I 

Scheme 2. 

plane, as shown in Scheme 2. This involves the 
formation of a cyclopropenium ring by bringing the 
terminal carbon of C3R3 closer. Ring opening or 
closing in the normal cyclopropenium cation is not 
feasible thermally, but the presence of the transition 
metal changes the picture dramatically. Many ex- 
perimental14 and theoretical studies13 are available 
on these systems. The cyclopropenium ion ring 
opening is complete in the case of d8-ML, 
complexes. Experimental results suggest that the 
ring opening is partial in several other systems. I4 

A Walsh diagram for the conversion of 3 to 7 is 
plotted in Fig. 3. A least motion path is defined by 
pushing the terminal carbons of the allylic bridging 
ligand upwards and pulling the central carbon 
downwards. This is the only path which can have 
at least C, symmetry. The total energy increases con- 
tinuously and the Walsh diagram shows HOME% 
LUMO crossing towards the end of the process. As 

is clearly shown in Fig. 3, the 3a” (HOMO- l), 8 
of 3 goes up in energy precipitously to become the 
LUMO, 9 of 7. Correspondingly, the 3a’ of 3 comes 
down slightly to become the HOMO of 7. The 34’ 
becomes destabilized due to the decrease in the 6 
type of bonding interaction of the non-bonding ally1 
rc* orbital with the 6* orbital of M-M in 3. There 
is an avoided crossing between 2a” and 3a” which 
exchanges their character. The HOMO of 3, the 
M-M 0 bond, now becomes the HOMO - 1. 

In 7, the HOMO-LUMO gap is small. The for- 
bidden symmetry of the reaction may be an artifact 
of the reaction coordinate assumed and the restric- 
tion (C, symmetry) imposed on the studied reaction 
path. A minor change in 7 (as shown in 10) would 

k 
IO 

avoid the HOMO-LUMO crossing. A reaction 
coordinate which lacks any symmetry restrictions 
is also tried. The conversion should be analysed 
only on the basis of variation of energy levels. Slight 

-I 

ev 

L, 

Fig. 3. Walsh diagram for the conversion of 3 + 7 (C, symmetry). Only important orbitals are shown. 

IO’ 
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changes in the geometric parameters like increasing 
the M-M distance or changes in the C-C 
distances, make the transition state 7 more stable 
and the energy barrier small. 

Rotation of the cyclopropenyl ring, either in 7 or 
10 along a pseudo C3 axis and the return to the ring 
opened structure 3 by breaking a different C-C 
bond results in complete scrambling. Rotation of 
the C3R3 ring along an axis passing through the ring 
centroid and the M-M mid point in 7 produced a 
tiny barrier (less than 0.2 eV), slightly preferring the 
structure which lacks any symmetry. This indicates 
that rotation is a facile process. At this stage, steric 
factors may play a role in preferentially opening a 
C-C bond which is opposite to the carbon con- 
taining bulky substituents, leading to the observed 
thermodynamically favoured products. 

REACTION OF L2W@-CR)2WLZ 
WITH ALLENE 

Allene satisfies the necessary conditions required 
for its reaction with 1 and is experimentally found 
to give 4 ‘O,‘i (Scheme 3). A plausible mechanism, 
via the formation of an intermediate (allene 
adduct), 11 and the transition state, 12, is 
proposed. ” Here, we trace the reaction using the 
molecular orbital methods and analyse the elec- 
tronic structure of the final complex, 4. 

Conversion of 1 and allene to 11 is a smooth 
process, where the HOMO becomes stabilized due 
to the increasing bonding interaction between the [r 
orbital of 1 and the in-plane n* orbital of the allene. 
No other orbital shows any considerable change 
during the process. The electronic structure of 11 is 
similar to the corresponding alkyne adduct. The 
conversion of 11 to 12 is a symmetry allowed pro- 
cess but with a high energy barrier. The Walsh 
diagram is similar to Fig. 1. Conversion of 12 to 4 
does not retain any symmetry and the barrier is 
small, so, formation of 4 along the lines discussed 
should be an allowed process. 

The electronic structure of 4 is studied using the 
FM0 method between fragments 13 and 14. Figure 
4 gives the interaction diagram. The orbital pattern 
of fragment 13 can be easily obtained from the well 
known L2M-ML2 and carbyne fragments, and 
hence is not discussed in detail. It has three occupied 
metal orbitals with the following electronic con- 
figuration in the frontier range: la’ (A)*, 2~’ (a)*, 
la” (6)‘, 2a” (d*)‘, 3~’ (rc*)‘, 4~’ (o*)’ and 5~’ (0)‘. 
(Symmetry labels are given assuming C, symmetry 
rather than C2V, as 4 has only C, symmetry.) 
Fragment 14 is like trimethylmethylene except 
for the lack of one hydrogen. The framework of 

CHC(CHJ2 resembles that of trimethylene- 
methane and it can also be considered as having a 
carbyne (CH) attached to the central carbon of the 
allylic system. The four orbitals of the allylic 
part are clearly describable as in la’, 2a’, la” and 
3~‘. The contribution from the CH group is through 
an sp hybrid as in 2a’ and 3a’. The CH group in 
addition has ap orbital lying in the plane of the C4 
unit, 2~“. The orbitals involved are shown clearly 
in Fig. 4. Its interaction with fragment 13 gives 4. 
The HOMO in 4 is a slightly destabilized 2a’ (B) 

orbital of fragment 13. This indicates the presence 
of a metal-metal (rr) single bond even though it has 
such a long bond length (2.855 A). The la” orbital 
of fragment 14 becomes stabilized by its interaction 
with the LUMO (a*) orbital of fragment 13, which 
is pushed up to high energy. The HOMO (6) of 
fragment 13 stabilizes the 2a” of fragment 14. The 
metal-metal o* combination remains unaffected 
and becomes the LUMO of 4. In this case also, 
the second CH group is unreactive because of the 
absence of the metal-metal 6* LUMO which is used 
to accept electrons from allene. 

ELECTRONIC STRUCTURE OF 
(C&Ie,)MeW(p-CMe),WMe(Me(C,Me,), 5 

Electronic structure studies on 1,3-dimetalla- 
cyclobutadienes reported so far are with simple 
alkyl ligands. “s’~ In 5, an alkyl group on each metal 

k 
C 

k 

II 12 

Scheme 3. 
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Fig. 4. Interaction diagram for the construction of the orbitals of L,W(p-CRC(CR,)&-CR)WLz 
from L*W(p-CR)WL* and RCC(CR,),. Only the orbitals of the later fragment are shown. 

is replaced by a Cp*. The electronic structure 
of Cp*MeW(p-CMe),WMeCp* is analysed here. 
Assuming that CR is a 3- ligand, the oxidation 
state of the metal is 5+ (d’). There are 16 elec- 
trons around W in 5 as opposed to the 12 electron 
count found in 1. The electronic structqe of 1 

(R = SiMe,, L = CH2SiMe3) has a metal-metal 
(d,2 - dz2) bond as the HOMO and a (d,, - &.,,)d* as 
the LUMO. The HOMO- 1 shows the delocal- 
ization that removes the antiaromatic character 
from the four-membered ring. Extended Hiickel 
calculations on 5 show that it has the same orbital 
pattern as that of 1 (R = SiMe,, L = CHzSiMe3). 
The HOMO corresponds to a M-M IJ bond and 
the LUMO is a 6* (d,, - &,) orbital. The HOMO- 
LUMO gap is around 0.82 eV), which is of the same 
order as that in 1. Here also, the aromatic nature 
of the molecule can be traced to the HOMO- 1 
orbital. Neither a change due to Cp* nor to out-of- 
plane bending in 5 over 1 seems to cause any change 
in the electronic structure. (The corresponding 
planar structure is less stable by 4 kcal mol- ‘.) We 
expect this molecule to have a similar reactivity to 
that of 1, with small organic molecules, which have 
two orthogonal A orbitals, like alkynes, allene, 
ketenes, etc. but not with alkenes. A word ofcaution 
is in order here-the bulky terminal ligands may 
cause some hindrance to the incoming reagent, 

also, 5 is already strained and puckered in order 
to release it. So, the formation of an intermediate 
adduct with an alkyne, which is shown to be crucial, 
may be difficult, because it involves the out-of-plane 
bending of terminal ligands. With Cp ligands 
instead of Cp* the steric problems should be 
reduced. 

Scrambling of substituents on the C3R3 ligands in 
L2W(@Z3R3)(p-CR)WL, is studied in detail. The 
deinsertion path demands a rotation of the C3 unit 
between 3 and 6. The cyclopropenium ring for- 
mation path would demand the transition state to 
be more like 10 than 7. Reaction of 1 with allenes 
is shown to be a symmetry allowed process, but 
with a high energy barrier. The electronic structure 
of 5 is very similar to that of 1. 
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APPENDIX 

The geometric parameters (internal coordinates) for 
structures are given in Table 1. In structures 7 and 10, d 
is taken as the mid point of the two metals and d’ is the 
centroid of the cyclopropenium ring. 

Process 2 + 6 is described by the in-plane movement of 
the alkyne in 2 towards C’. W-W and C’-C* distances 
decreased and the C*-C’ distance increased. The ter- 

minal ligands on W* are brought back to the L2W’W2 
plane. The process maintains C, symmetry. Process 6 + 
3 is designed to maintain C2 symmetry. Rotation of the 
ally1 ligand along the M-M mid point and C* axis is 
performed in six equal intervals. C, symmetry is main- 
tained in process 3 + 7. Cz is brought down and C’ and 
C3 are pushed upwards as shown in Scheme 2. This 
process is also studied in six steps. 

Table 1. 

Parameter 1 2 3 
Structure 

4 5 6 7 10 

WI-W2 
WI-C 
W2-C 
W’-C’ 
W2-C 
W2-C 

W-C(L) 
C’-C2 
C2-C’ 
h-d 
d’--c* 
C’-C2-C3 
w’-C’---w2 
w’-C’_w2 

W’-WZ-C(L) 
w2-WI-C(L) 

C(L)-W-C(L) 
W’-W’-C(@‘) 
c&d’-C* 

2.550 2.915 2.550 
1.910 1.730 1.910 
1.910 2.158 1.910 
1.910 1.730 2.220 

2.000 2.450 
2.000 2.220 

2.100 2.100 2.100 
1.410 

1.300 1.410 

106.0 120.0 
79.9 86.7 79.0 86.2 83.3 
79.9 86.9 69.9 83.3 

125.0 125.0 125.0 125.0 115.6 
125.0 115.0 125.0 125.0 115.6 
110.0 103.0 110.0 110.0 
48.1 45.2 60.3 48.4 

2.858 2.606 2.550 
1.972 1.960 1.910 
1.972 1.960 1.910 
1.928 1.960 1.926 

2.100 2.199 
1.470 
1.440 1.410 

1.926 
2.100 
1.410 
1.410 

106.0 
79.9 

125.0 125.0 125.0 
125.0 125.0 125.0 
110.0 110.0 110.0 

2.550 2.550 
1.910 1.910 
1.910 1.910 
1.922 2.136 
2.111 1.948 
2.111 1.948 
2.100 2.100 
1.410 1.410 
1.410 
1.790 1.790 
0.866 0.866 

60.0 60.0 
79.9 79.9 

90.0 118.0 

Distances are in angstrom units and angles in degrees. 
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Abstract-Reaction of the diiron p-ethylidyne complex [C,H,(CO)Fe12(p-CO)&- 
C-CH,)+BF; (1) with p-tolualdehyde gave a 92% yield of the p-vinylcarbyne complex 
[C,H,(CO)Fe],(p-CO)(&C-E-CH=CHC,H,-p-CH3)’BFz (4) which was characterized by 
spectroscopy and single crystal X-ray diffraction. 1 reacted with para-substituted ben- 
zaldehydes, cinnamaldehyde, pivalaldehyde, acetone, cyclohexanone, and isophorone to 
give similar vinylcarbyne complexes in l&95% isolated yields. Propylidyne complex 
[C,H,(CO)Fe]2(p-CO)(,u-C-CH2CH3)’PF; (12) reacted withp-tolualdehyde to give vinyl- 
carbyne complex [C,H,(CO)Fe]2(p-CO)~-C-E-C(CH&=CHC,H,- (13) in 
83% yield. These new condensations are suggested to proceed by nucleophilic attack of a 
neutral p-alkenylidene complex on a protonated aldehyde or ketone followed by 
dehydration. 1 reacted with isobutyraldehyde to give vinylcarbyne complex [C,H,(CO) 
Fe]2(p-CO)b-C-E-CH=CHCH(CH3)2]+BF; (20B) which rearranged under the reaction 
conditions to give p-alkenyl complex [CgH,(CO)Fe]2(p-CO)~-~1,~2-E-CH=CHCH= 
C(CH,),]+BF; (21B) in 88% yield. Reaction of diiron pentenylidene complex [C,H,(CO) 
Fe12(p-CO)@-C=CHCH2CH2CH3) (9) with the hydride abstracting reagent (C,H,),C+ 
PF; gave vinylcarbyne complex [C,H,(CO)Fe],(p-CO)@-C-E-CH=CHCH2CH3)+ 
PF; (18P) in 80% yield, Alkenylidene complex [C,H,(CO)Fe],(p-CO)~-C&C(CH,) 
CH2CH3] (35), reacted with (C6H5)3C+PF; via preferential abstraction of a secondary 
allylic hydrogen to give a 3.8: 1 ratio of vinylcarbyne complexes. [C,H,(CO)Fe],@-CO) 

[cL-C=C(CH~)CH,C~H~-P-CH~~ (W, reacted with (C6H5)3C+PF; via preferential ab- 
straction of a primary allylic hydrogen to give an 8.4 : 1 ratio of vinylcarbyne complexes. 

Cationic diiron D-vinylcarbyne complexes were 
first prepared by Roseiblum by reaction of r&H5 
(CO)*FeLi with cyclopentene oxide and with 
norbornene oxide followed by strong acid work- 
up, eq. (1). ’ However, vinylcarbyne complexes 
were not obtained with epoxides of other cyclic 
or acyclic alkenes. 

We recently communicated two new methods for 
the synthesis of vinylcarbyne complexes.2*3 One 
method involves allylic hydride abstraction from 
neutral diiron p-alkenylidene complexes. 2 The 
other method utilizes a condensation reaction 
between cationic diiron p-alkylidyne complexes and 
aldehydes, ortho esters, or ketones, eq. (2).3 These 
complementary procedures provide access to a wide 

* Author to whom correspoudence should be addressed. 

variety of vinylcarbyne complexes. In this paper, 
we report full details on the synthesis of cationic 
diiron pvinylcarbyne complexes. 

Vinylcarbyne complexes are useful starting 
materials for the synthesis of functionalized p- 
alkenylidene complexes. Nucleophiles such as 
NaCH(C02CH2CH3)2 (C. P. Casey and M. S. 
Konings, unpublished observations) and PMe: add 
regioselectively to the remote vinyl carbon atom of 
vinylcarbyne complexes to generate alkenylidene 
complexes as shown in eq. (3). 

Vinylcarbyne complexes have interesting elec- 
tronic properties. We have found that vinylcarbyne 
complexes have unusually low barriers to rotation 
of the entire vinylcarbyne ligand.4 Fenske-Hall cal- 
culations’ reveal that a low barrier to vinylcarbyne 
rotation exists because the bridging carbyne carbon 
has orthogonalp-orbitals which can accept electron 

881 



882 C. P. CASEY et al. 

C5H5(CO)2FeLi + 
R H+ OCsa.. ,__+ 

-- _ Fe ..**co 

CsH, 
, 

K 
.CsHs 

0 

Es. (1) 

(1) 

Eq. (2) 

CH3 73 

(3) 
- CO$H,CH, 

HC’ 

’ C02CH2CH3 

Eq. (31 

density from the vinyl group throughout rotation 
(Fig. 1). 

RESULTS AND DISCUSSION 

Synthesis of vinylcarbyne complexes by condensation 

The condensation of para-substituted benzal- 
dehydes with p-ethylidyne diiron complex [C5H, 
(CO)Fe]&-CO)(p-C--CH3)+BF; (1)’ occurred 
smoothly and in high yield in either THF or 
CH2C12. For example, when p-tolualdehyde was 
added to a suspension of the red ethylidyne complex 
1 in THF at 40°C the p-tolyl substituted vinyl- 
carbyne complex [C,H,(CO)Fe],(yCO)(p-C-E- 
CH==CHC,H,-p-CH,)+BF; (4) gradually pre- 
cipitated from solution over 24 h and was isolated 
in 92% yield as analytically pure brilliant purple 
microcrystals. In CDzCIZ at 38°C the half-life for 
the condensation of p-tolualdehyde (0.05 M) 

R 

Fig. 1. 

with 1 (0.02 M) was about 2 h. Similarly, the 
condensation of 1 with p-nitrobenzaldehyde, 
benzaldehyde, p-anisaldehyde, p-hydroxyben- 
zaldehyde, and p-dimethylaminobenzaldehyde led 
to the formation of high yields of the vinyl 
carbyne complexes [C,H,(CO)Fe]2(p-CO)@-C-E- 
CH=CHC,H,-p-X)+BF, [2, X = NOz; 3, 
X=H; 5, X=OCH3; 6, X=OH; 7, 
X = N(CH,),]. Multigram quantities of aryl sub- 
stituted vinylcarbyne complexes were easily pre- 
pared by this condensation reaction, eq. (4). 

The formation of vinylcarbyne complexes can be 
explained by the mechanism shown in Fig. 2. In the 
first step of this mechanism, a cationic alkylidyne 
complex and an aldehyde are proposed to be in 
equilibrium with a neutral alkenylidene complex 
and a protonated aldehyde. Pettit6 and others’,’ 
have shown that alkylidyne complexes can be rever- 
sibly deprotonated to yield alkenylidene complexes. 
We have found that the pentylidyne complex 
[C5H5(CO)Fe]&-CO)@-C-CH2CH$HzCH3)+ 
PF, (8P)‘,’ is approximately as acidic as tri- 
fluoroacetic acid by studying the equilibrium 
between 8 and pentenylidene complex [C5Hs(CO) 
Fe],@-CO)@-C---CHCH,CH,CH3) (9)8 in the 
presence of trifluoroacetic acid in CD2C12 (C. P. 
Casey and E. A. Austin, unpublished observations). 



Cationic diiron p-vinylcarbyne complexes 

X 

Feg +,lH 
1 -Hz0 

R , 

] [f] 

c 

-H+ 

_ 
+H+ 

A 

Fig. 2. 

-H+ +H+ 
II 

Eq. (4) 

B 

In the key carbon-carbon bond forming step in this 
mechanism, the alkenylidene complex functions as 
a carbon nucleophile and attacks the carbonyl car- 
bon of the protonated aldehyde to produce alkyl- 
idyne intermediate A. The driving force for this 
reaction is the formation of a carbon-carbon bond 
and of a cationic carbon center stabilized by two 
strongly electron donating iron centers. Depro- 
tonation of A produces the neutral hydroxy sub- 
stituted alkenylidene intermediate B. Protonation 
of the hydroxy group of B followed by loss of water 
from the protonated intermediate C then produces 
the vinylcarbyne complex. 

CH, n I’ 
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(4) 

The formation of vinylcarbyne complexes in this 
new condensation reaction is not reversible. A 
CD2C12 solution containing the p-tolyl substituted 
vinylcarbyne complex 4 (0.007 M), p-dimethyl- 
aminobenzaldehyde (0.02 M), and water (0.08 M) 
was monitored by ‘H NMR. After 11 days at 
38°C no (< 5%) formation of p-tolualdehyde or 
the p-dimethylaminophenyl substituted vinyl- 
carbyne complex 7 was observed ; however, about 
68% of 4 had decomposed. Similarly, when a solu- 
tion of p-tolualdehyde, 7, and HZ0 was monitored 
over 11 days, no formation of p-dimethyl- 
aminobenzaldehyde or 4 was observed and 50% 
decomposition of 7 was seen, eq. (5). 

Vinylcarbyne complexes were characterized by 
‘H and 13C NMR and IR spectroscopy. For brevity 
only the spectra of p-tolyl substituted complex 4 
will be discussed in detail. The key features of the 
‘H NMR spectrum of 4 are the low field doublets 
due to tram vinyl hydrogens at 6 10.26 (d, J = 14.9 
Hz, p-C-CH) and 6 8.09 (d, J = 14.9 Hz, CL- 
C-CH=CH). The two cyclopentadienyl groups 
gave rise to a single resonance at 6 5.67. Since the 
solid state structure of 4 has inequivalent Cp 
ligands,3 the observation of a single Cp resonance in 
the ‘H NMR spectrum implies that a rapid fluxional 
process, such as rotation of the vinylcarbyne ligand, 
occurs in solution.4 

In the 13C NMR spectrum of 4, the bridging 
carbyne carbon appears far downheld at 6 439.9. 
The resonances for the bridging and terminal car- 
bonyls appeared at 6 254.3 and 208.9, respectively. 
Vinyl carbon atoms in 4 were observed at 6 153.4 
and 152.4. The bridging carbyne carbon resonance 
of4is - 60 ppm less downfield than that of starting 
ethylidyne complex 1 (6 497.9). The downfield 

NKH,), 

0 1; 
CH3 

(5) 

CHO 

Eq. (5) 
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Table 1. Spectral properties and 0,’ values 

Compound X +0 
OP 

‘H NMR 

W-I, 

13C NMR 

P-C GH5 

IR 
Symmetric Bridging 

2 NO2 0.740 5.73 451.2 93.5 2040 1853 
3 H 0.0 5.68 44.30 93.0 2038 1847 
4 CH3 - 0.256 5.67 439.9 93.1 2033 1848 
5 OCH, -0.648 5.64 431.6 92.8 2028 1842 
6 OH -0.853 5.63 428.1 92.5 2024 1838 
7 N(CH,), - 1.7b 5.49 395.2 91.8 1019 1837 

Correlation coefficient, p 0.96 0.95 0.97 0.97 0.94 

“Values are those given by C. G. Swain and E. C. Lupton, Jr., J. Am. Chem. Sot. 1968,90,4328. 
b Value given by P. R. Wells, Chem. Rev. 1963,63, 771. 

chemical shifts of carbene and bridging carbyne 
carbons have been associated with a low lying 
LUMO localized in the carbene or carbyne carbon.’ 
The LUMO of bridging carbyne complexes has a 
major contribution from the bridging carbyne 
carbon p-orbital perpendicular to the Fez-p-C 
plane. ’ O Conjugation of this p-orbital on 4 with 
the vinyl group results in a more diffuse LUMO 
than in the case of 1 and a smaller downfield 
chemical shift is observed. A similar effect was 
seen for Cp(CO),Fe=CMe: (6 419.0) and 
Cp(CO)2FeCH-CH=CMe~ (6 316.7). ’ ’ 

IR spectroscopy indicates that these vinylcarbyne 
complexes have cis terminal carbonyl ligands. ’ For 
4, a high energy symmetric stretch and a lower 
energy asymmetric stretch were observed at 2033 
(vs) cm-’ and 2000 (m) cm-’ in addition to the 
bridging carbonyl stretch at 1848 (s) cm- ’ in 
CH,C12 solution. Electron donor groups in thepara 
position of the vinylcarbyne complexes 2-7 bring 
about a decrease in the IR stretching frequencies of 
the bridging and terminal carbonyl groups. Elec- 
tron donation from the aryl substituent is fed into 
the iron centers and results in increased iron to 
carbqnyl back-bonding. Similarly, electron donor 
para substituents bring about upfield shifts in the 
‘H and 13C NMR resonances of the Cp groups, 
again indicating an increase in electron density at 
the Fez-p-C core. In all these cases, good cor- 
relations (p = 0.940.97) were obtained when the 

spectral properties were plotted vs the c,’ values of 
the paru substituent (Table 1) and are consistent 
with our observation that the magnitude of the 
barrier to vinylcarbyne rotation increases as better 
electron donor groups are placed on the remote 
vinyl carbon.4 

Condensation of 1 with other non-enolizable 
aldehydes also occurs cleanly. Reaction of 1 
with pivalaldehyde in CH2C12 led to the isolation 
of the t-butyl substituted vinylcarbyne complex 
[C,H,(CO)Fe],(p-CO)b-C-&CH=CHC(CH,),]’ 
BF; (10) in 83% yield. Condensation of 1 with 
cinnamaldehyde yielded the more highly con- 
jugated vinylcarbyne complex [C,H,(CO)Fe]&- 
CO)@-C-E,E-CH=CHCH=CHC,H,)fBF, (11) 
in 92% yield, eq. (6). 

Longer chain alkylidyne complexes also react 
with aldehydes to produce vinylcarbyne complexes. 
When a suspension of propylidyne complex 
[C,H5(CO)Fe]2(p-CO)(p-C-CHZCH3)+PF; (12)* 
was stirred in neat p-tolualdehyde at ambient tem- 
perature for 20 h, 12 slowly dissolved and the vinyl- 
carbyne complex [C,H,(CO)Fe]&CO)b-C-E- 
C(CH3)cCHC6H4-p-CH3]+PF; (13) was isolated 
in 83% crude yield. Similarly, pentylidyne complex 
[C5Hs(CO)Fe],(p-CO)@-C-CH,CH,CH,CH,)+ 
BF; (SB) reacted with neat p-tolualdehyde at 
ambient temperature over 42 h to produce vinyl- 
carbyne complex [C,H,(CO)Fe],(,u-CO)[p-C-E-C 
(CH2CH2CH3)=CHCgH~-p-CH3]+BFi (14) in 

0 

Eq. (6) 

(6) 



Cationic diiron p-vinylcarbyne complexes 885 

x‘ R 

x 
+ 

OC,>Fe-Fe . . ..co + 

C,H, K .CsH, 

0 
CHO 

0 

12, R = CH3; X = PF, - 
8, R = n-Pr; X = BF, 

Eq. (7) 

13, R = CH3; X = PF, 

14, R = n-Pr; X = BF, 

(7) 

Eq. (8) 

4 14 

>98% <2% 

77% isolated yield as a 4.4: 1 ratio of cis and 
tram isomers 14~ and 14t, eq. (7). 

The condensation reactions of these longer chain 
alkylidyne complexes are significantly slower than 
those of ethylidyne complex 1. In a competition 
experiment, ethylidyne complex l(O.057 mmol) and 
pentylidyne complex SB (0.57 mmol) were allowed 
to compete for a deficiency ofp-tolualdehyde (0.057 
mmol), eq. (8). NMR analysis of the red-brown 
powder obtained upon precipitation of the CH2C12 
solution with diethyl ether revealed the presence of 
ethylidyne condensation product 4. No pentylidyne 
condensation product 14 was detected (2% detec- 
tion limit). From this data, we calculate that 
ethylidyne complex 1 is at least 500 times more 
reactive than pentylidyne complex 8B. We had 
previously found that substituted alkylidyne com- 
plexes 8P and 12 rearrange to p-alkenyl complexes 

upon heating. I2 Due to the thermal sensitivity 
and low reactivity of 8 and 12, high yields of 
condensation products are best obtained by run- 
ning the reactions in neat aldehyde. 

Ethylidyne complex 1 is much less reactive 
towards ketones than aldehydes. Under conditions 
where the reaction of 1 with aldehydes is complete 
in 24 h (4 equivalents of aldehyde in CD2C12 at 
23°C) the condensation of 1 with acetone or 
cyclohexanone 1s very slow (t ,,2 - 30 days). 
However, condensations of 1 with neat ketones 
occur on a convenient time scale. 

1 condensed cleanly with neat cyclohexanone 
over 18 h at 16°C to yield vinylcarbyne com- 
plex [C,Hj(CO)Fe]2(~-CO)(~-C-CH&CH,CHz 
CH,CH2CH2)+BF: (15) in 76% crude yield. 
Pure 15 was obtained in 44% yield by recrystalliz- 
ation from THF. Condensation of 1 with neat 

C9) 

Eq. (9) 
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Eq. (10) 

+ oc*... A ..?co 
C5H5 

P---Fe. 
K 

C5H5 

0 172 
- 

acetone proceeded smoothly to generate vinylcar- 
byne complex [C,H,(CO)Fe],(p-CO)[p-C-CH= 
C(CH3)2]+BF; (16B) in 83% yield, eq. (9). 

Neat isophorone condensed slowly with ethyl- 
idyne complex 1 (4-5 days) to give two isomeric 
vinylcarbyne complexes [C,H,(CO)Fe]&CO) 
b-C -E- CH=&H=C(CH3)CH2C(CH&CHJ+ 
BF; (17E) and [C,H,(CO)Fe],(p-CO)[yC-Z-CH 
+-CCH=C(CHJCH~C(CH~)~CHJ+BF: (172) 
in a 2.8: 1 ratio in 50% crude yield, eq. (10). 
Pure 17 enriched in 17E (17E: 172 - 8 : 1) was 
obtained in 18% yield after careful recrystallization 
from CH,Cl,-ether. The structure of the major iso- 
mer was shown to be 17E by NOE experiments. 
Irradiation of the quartet at 6 6.59 (q, J = 1.5 Hz, 
p-C-CH=C-CH) due to a vinyl proton on the 
major isomer led to a 42% increase in the signal of 
the other vinyl proton of the major isomer at 6 9.58 
(s, p-C-CH). Similarly, irradiation of the 6 9.58 
resonance led to a 10% increase in the 6 6.59 res- 
onance. These large NOES unambiguously establish 
the structure of the major isomer as 17E. 

The reactions of ethylidyne complex 1 with 
enolizable aldehydes proved to be complex. Re- 
action of propanal with a THF suspension of 1 
led to a mixture of many products which did 
not contain any of the desired vinylcarbyne com- 
plex [C,H,(CO)Fe],@-CO)&-C-E-CH=CHCH, 
CHJ+BF; (MB). An authentic sample of the 
corresponding PF; salt 18P was prepared by 
reaction of (C,H5),C+PF; with alkenylidene 
complex [C5H5(CO)Fe]&CO)(y~HCH2CH2 

CHJ (9) and was shown to be unstable (tr,* = 
1.5 h, 25°C) in THF solution. Attempted con- 
densation of 1 with propanal in CHzClz led to 
a complex mixture of products containing some 
18B (< 20%). Similarly, reaction of 1 with 
3-phenylpropanal in CHzClz led to the observa- 
tion of the desired vinylcarbyne complex [C5H5 
(CO)Fe]2&-C0)@-C-E-CH=CHCH2C6HS)+ 
BF; (19) as a major component of the crude 
reaction mixture, but repeated attempts to obtain 
pure 19 failed, eq. (11). 

In contrast to the reaction of ethylidyne complex 
1 with propanal and 3-phenylpropanal, reaction of 
1 with isobutyraldehyde in CH2C12 for 15 h at 37°C 
led to the isolation of a single, pure product. How- 
ever, instead of the expected vinylcarbyne com- 
plex [C,H,(CO)Fe],(p-CO)b-C-E-CH=CHCH 
(CH,),]+BF; (20B), its rearrangement product 
the p-alkenyl complex [C,H,(CO)Fe],(p-CO)b- 
~1,~2-E-CH=CHCH=C(CH3)2]fBF: (21B) was 
obtained in 88% yield, eq. (12). The observation 
of a low field ‘H NMR resonance at 6 12.03 (d, 
J = 11.8 Hz) for the p-CH proton and of a 13C 
NMR resonance at 6 173.2 for the ,u-C carbon were 
crucial in establishing the structure of 21B. 

When the reaction of 1 with isobutyraldehyde in 
CD&l2 at 38°C was monitored by ‘H NMR using 
hexamethylbenzene as an internal standard, the 
initial formation of vinylcarbyne complex 20B was 
noted (19O/, after 1 h). At longer reaction times, the 
resonances for 20B increased and the formation of 
p-alkenyl rearrangement product 21B was observed 

(11) 

0 L 0 
18B, R = CH,CH, 

s = CH,CH2C,H5 

Eq. (11) 
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0 20B 
- - 

Eq. (12) 

0 2OP 
- - 

Eq. (13) 

(31% of 20B and 29% of 21B after 3 h). At still 
longer reaction times, the resonances for 20B 
decreased as those of 21B continued to increase 
(I 1% of 20B and 61% of 21B after 5 h). After 6 h 
only resonances for 21B (76%) were seen and no 
20B was observed (5% detection limit). 

An authentic sample of vinylcarbyne complex 20 
as the corresponding PF; salt 20P was prepared in 
88% yield by reaction of (C&QC+PF& with p- 
alkenylidene complex [C 5H ,(CO)Fe] &-CO)[cL- 
C==CHCH2CH(CH3)2] (22). The isomerization of 
vinylcarbyne complex 20P (0.03 M) in acetone-& 
at 23°C to p-alkenyl complex 21P was monitored 
by ‘H NMR and found to occur with tllz of 3 h, 
eq. (13). 

The rearrangement of vinylcarbyne complex 20 
to ,+alkenyl complex 21 can be explained by the 
sequence of reactions shown in Scheme 1. Revers- 
ible deprotonation of vinylcarbyne complex 20 gen- 
erates dienylidene intermediate D. A similar depro- 
tonation of a vinylcarbyne complex was observed 
previously.2 Protonation of D can also occur at 
the b-carbon to produce the cationic allylcarbyne 
intermediate E. Reversible protonation of p-alken- 
ylidene complexes is a well-known facile process 
(Refs 6-8 ; C. P. Casey and E. A. Austin, unpub- 
lished observations). The key step in this mech- 
anism is the 1,Zhydride mi~ation that converts 
alkylidyne intermediate E into p-alkenyl product 
21. Electron donating alkyl groups on the p-carbon 

“\--/ 
H\-/-7 

r-b 
R----Fe 21 

+ - 

2 

Scheme 1. 



888 C. P. CASEY et al. 

of p-alkylidyne complexes dramatically accelerate 
the rearrangement to p-alkenyl complexes. ‘* Alkyl- 
idyne complexes with a single /?-alkyl substituent 
normally require heating to 90°C for rearrangement 
to CL-alkenyl complexes. The more rapid iso- 
merization of E to 21 is attributed to the enhanced 
electron donor ability of the /I-dimethylvinyl sub- 
stituent that stabilizes transition state F. 

The failure to observe similar rearrangements for 
vinylcarbyne complexes 18 and 19 is somewhat sur- 
prising. Evidently the rearrangements of these 
vinylcarbyne complexes which possess only a single 
electron donor alkyl substituent on the P-vinyl car- 
bon in transition state F are sufficiently slow that 
they do not effectively compete with alternate 
decomposition pathways. 

A similar rearrangement was seen in the re- 
action of 1 with cyclohexanecarboxyaldehyde 
which led to the isolation of p-alkenyl complex 
[CSHS(CO)Fe],@-CO)@-q’,$-E-CH==CHCH= 
CCH2CH2CH2CH2CH2)+BF; (23) in 65% yield, 
eq. (14). When this reaction was followed by 
‘H NMR, the initial build-up of vinylcarbyne 
complex [C,H,(CO)Fe]&CO)(p-C-E-CH=CH 
CHCH&H$H,CH~CH~)+BF; (24) and its sub- 

sequent conversion to 23 were observed. As in 
the case of the formation of p-alkenyl complex 21 
from isobutyraldehyde, the presence of an elec- 
tron donor /I-disubstituted vinyl group in the key 
allylc’arbyne intermediate similar to E leads to the 
rearrangement reaction. 

To further probe the electronic requirements for 
these rearrangements, we studied the reaction of 1 
with phenylacetaldehyde and found that condensa- 
tion followed by rearrangement occurred to produce 
the p-alkenyl complex [C,H,(CO)Fe]&CO) 
(p-q1,q2-E,E-CH=CHCH=CHC6H5)+BF; (25). 
In this case, a single phenyl substituent on 
the vinyl group of the key allylcarbyne inter- 
mediate is sufficiently electron donating to allow 
rearrangement. 25 was found to be in equilib- 
rium with a further rearrangement product [C5HS 
(CO),Fe][C,H,(CO)Fe](~-n’,~4-E,E-CH=CHCH 
=CH&H,]+BF; (26), eq. (15). This further re- 
arrangement will be the subject of a subsequent 
paper. 

The reactivity of ethylidyne complex 1 with other 
carbonyl compounds was briefly explored. The 
reactions of 1 with methyl formate, acetic 
anhydride, benzoyl chloride, or acetyl chloride led 

BFi CH, 

oc**.. ?J 
/Fe-Fe 

*.*~CO 

CsHs )’ .CsHs + 

0 .! 

(14) 

0 24 0 23 

Eq. (14) 

0 
BFi CH, 

II A 
H 

26 

(15) 

Eq. (1% 
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H 
BFi CH, 

A 
..xsco 

Oy+F, , .a t CO + HCWH,CH,), 

. C,H, 
.CSH, 

C5H5 )f 0 

0 ,! 27 

-CH,CH,OH t 
-CH,CH,OH 

(16) 

Eq. (16) 

(17) 

Eq. (17) 

either to reisolation of starting material 1 or to 
the observation of a mixture of 1 and unidentified 
decomposition products. 

However, 1 condensed cleanly with triethyl 
orthoforrnate to yield the ethoxy substituted vinyl- 
carbyne complex [C5H5(CO)Fe]2(~-CO)@-C-E- 
CH=CHOCH2CH3)+BF: (27) in 77% yield, eq. 
(16). Careful crystallization of 27 was necessary 
to remove 5-10% of a contaminating tetrairon 
vinylcarbyne complex ([C5H5(CO)Fe]2(yCO))2(~- 
C5H3)+BF; (28).r3 

Pure tetrairon complex 28 was obtained in 85% 
yield as pink-brown microcrystals from the reac- 
tion of ethenylidene complex [C5H,(CO)Fe12(p- 
CO)@-WHJ (29)7 with ethoxy substituted vinyl- 

0CH2CH3 I 

carbyne complex 27 as shown in eq. (17). This reac- 
tion is proposed to occur by nucleophilic attack of 
the remote ethenylidene carbon of 29 on the remote 
vinyl carbon of 27 followed by elimination of etha- 
nol. 

Nucleophilic replacement of the ethoxy group 
of 27 in a reaction with dimethylamine was also 
observed. When dimethylamine was added to a 
THF solution of 27 at - 78°C a color change from 
red-orange to orange occurred instantly. Orange, 
microcrystalline [C,H,(CO)Fe],@-CO)[CL-C-E- 
CH=CHN(CH3)2]+BF; (30) gradually pre- 
cipitated from solution and was isolated in 84% 
yield. 30 is the only vinylcarbyne complex with a 
sufficiently high rotation barrier about the carbyne 

CH3, 73 
N 

0 
u ’ 30A - 

CH3, +,CH3 
N 

’ 30B - 

Eq. (18) 



carbon to vinyl carbon bond to exhibit two Cp 
resonances in the ‘H and 13C NMR at room tem- 
perature.4 This indicates the importance of res- 
onance structures 30A and 3OB, eq. (18). 

Synthesis of vinylcarbyne complexes by hydride 
abstraction 

A second method for the preparation of diiron 
vinylcarbyne complexes involves allylic hydride 
abstraction from alkenylidene complexes with 
(C6HJ3CfPF;. A wide variety of p-alkenylidene 
complexes are readily available via deprotonation 
of cationic p-alkylidyne complexes. The alkylidyne 
complexes in turn can be synthesized either by the 
addition of the C-H bond of methylidyne complex 
[C,H,(CO)Fe],(@ZO)(p-CH)+PF; (31) across the 
carbon-carbon double bond of alkenes in a hydro- 
carbation reaction8 or by the reaction of lithium 
reagents with [CsH,(CO),Fe],(p-CO), followed by 
treatment with strong acid. ’ 

When a CHzClz solution of CL-pent-l-enylidene 
complex 9 and (C,H,),C+PF; was stirred at 0°C 
for 1 h p-pent-Zenylidyne complex 18P was iso- 
lated as a red precipitate in 80% yield, eq. (19). As 
indicated earlier, efforts to prepare 18 via con- 
densation of ethylidyne complex 1 with propanal 
were unsuccessful. 
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Reaction of p-(3-methyl)but-1-enylidene com- 
plex [C,H,(CO)Fe],(p-CO)b-C=CHCH(CH,),I 
(32)8 with (CsHJ3C+PF; led to abstraction of the 
tertiary allylic hydride and p-(3-methyl)but-2-enyl- 
idyne complex 16P was isolated in 77% yield. The 
related BF: salt MB was prepared in 83% yield by 
condensation of 1 with acetone as described earlier, 
eq. (20). 

Reactign of [C,H,(CO)Fe]&CO)(@== 
-H,) (33)” with (C6H,)$+PF; led to 
hydride abstraction and formation of vinylcarb ne 

~~H~~~~~l;~~~~ 

Rosenblum had plepared the BF; salt 34B from 
the reaction of C&I,(C0)2FeLi with cyclopentene 
oxide followed by ‘treatment with strong acid, ’ eq. 

(21). 
To determine the selectivity for the abstraction 

of primary versus secondary allylic hydrides, the 
reaction of [C,H,(CO)Fe],(@O)~-C=C(CH3 
CH,CHJ (35)’ with (C6HJ3C+PF6 was studied. 
The product of secondary allylic hydride abstrac- 
tion was selectively formed and a 3.8 : 1 mixture of 
vinylcarbyne complexes [C,H,(CO)Fe],@CO)b- 
C-E-C(CH3)=CHCH,]+PF; (36) and [C,H,(CO) 
Fe],(p-CO)b-C-C(CH2CHJ=CH2]+PF; (37) 
was isolated, eq. (22). However, the reaction of 

(19) 

;I 9 

Eq. (19) 

Eq. (20) 

A 
9 (20) 

0 

H+ 
(21) 

-- + C5H5(CO),FeLi 

Eq. (21) 
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0 - 

3.8 1.0 

Eq. (22) 

1.0 8.4 

m. (23) 

alkenylidene complex [C,H,(CO)Fe]&CO)b- 
C=C(CH3)CHzC6H4-p-CH3] (38) with (CsH5)3C+ 
PF; led to selective abstraction of a primary 
hydride in preference to abstraction of a benzylic 
hydride and an 8.4 : 1 mixture of [C,H,(CO)Fe],(p- 
CO)b-C--C(CH&H~-p-CH3)cCH2]+PF; (39) 
(as a 2.8 : 1 mixture of cis and truns isomers, 
39c and 39t) and [C5H5(CO)Fe]2(p-CO)(p-C-E- 
CH=CHC6H4-p-CH3)+PF; (13) were formed, 
eq. (23). Alkenylidene complex [C,H,(CO)Fe]&- 
CO)b-C=C(CH3)CH(CH3)J (40) (C. P. Casey, M. 
W. Meszaros and S. R. Marder, unpublished obser- 
vations), containing primary and tertiary allylic 
hydrogens, underwent only primary hydride 
abstraction upon treatment with (CgH5)3C+PF; to 
yield vinylcarbyne complex [C5H5(CO)Felz(p- 
CO){p-C-C[CH(CH3)21--_CH2}+PF; (41) in 63% 
yield as a 2.4 : 1 mixture of cis and trans isomers 41c 
and 41t. These results clearly demonstrate that 
the product selectivity is not controlled by the abil- 
ity of electron donor substituents to stabilize the 
electron deficient vinylcarbyne group. Subtle con- 
formational effects must be influencing the kinetic 
selectivities observed. 

* The results presented here contain further refinement 
of the structure of 28 beyond that presented in Ref. 13. 

?A complete list of bond lengths and angles, as well 
as atomic coordinates and thermal parameters for 28 and 
30, are available as supplementary material. A complete 
list of bond lengths and angles, and atomic coordinates 
and thermal parameters for 4 are available as sup- 
plementary material from Ref. 3. 
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(23) 

Fig. 3. Structure of 4, BF; and hydrogens omitted for 
clarity. 

Crystal structures of vinylcarbyne complexes 

In order to more completely define the bonding 
within vinylcarbyne complexes, the X-ray crystal 
structures of the p-tolyl substituted vinylcarbyne 
complex 4, tetrairon vinylcarbyne complex 28,* and 
dimethylamino substituted vinylcarbyne complex 30 
were determined. Overall geometries and atom 
labelling schemes for 4,28 and 30 are presented in 
Figs 3,4 and 5 respectively. A summary of important 
bond lengths and angles for 4, Zs and 30 is presented 
in Tables 2, 3 and 4.7 
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Fig. 4. Structure of 28, BF; and hydrogens omitted for clarity. 

Fig. 5. Structure of 30, BF; and hydrogens omitted for clarity. 

Table 2. Selected bond lengths and angles for 4 

Bond lengths (s;> Bond angles (deg) 

Fe( I)---Fe(2) 

Fe(l)--C(4) 
Fe(2)-C(4) 
C(4)-C(5) 
C(5)---C(6) 
C(6>-Cb(l) 

2.507( 1) 
1.833(6) 
1.848(6) 
1.422(8) 
1.335(8) 
1.472(7) 

Fe(1 k--C(4)--c(5) 
Fe(2)_C(4>--C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6tCb(l) 

141.6(5) 
132.5(5) 
123.9(6) 
126.3(5) 
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Table 3. Selected bond lengths and angles for 28 

Bond lengths (A) Bond angles (deg) 

Fe(l)-Fe(2) 
Fe(3)-Fe(4) 

Fe(U-W) 
Fe(2HXl) 
Fe(3+C(5) 
Fe(4)--C(5) 
C(l)-C(2) 
C(2)-C(3) 
C(3W(4) 
C(4)_C(5) 

2.498( 1) 
2.506(2) 
1.894(7) 
1.860(7) 
1.884(7) 
1.854(7) 
1.352(10) 
1.382(10) 
1.370(11) 
1.377(10) 

Fe(lPW-C(2) 
Fe(2)-W)-C(2) 
Fe(3>--C(5-(4) 
Fe(4>-C(5+C(4) 
C(lw(2>-c(3) 
C(2)_C(3)-C(4) 
C(3)-C(4)--c(5) 

134.4(5) 
141.7(5) 
138.2(6) 
136.8(6) 
124.9(7) 
127.5(7) 
125.1(7) 

Table 4. Selected bond lengths and angles for 30 

Bond lengths (A) 

Fe( l)-Fe(2) 2.508(Z) 

Fe(WC(4) 1.853(8) 

Fe(2)--C(4) 1.881(7) 

C(4wJ5) 1.377(10) 

C(5)-C(6) 1.391(11) 

C(6)-N 1.295(9) 

N-C(7) 1.439(11) 

N--C(8) 1.454(11) 

Bond angles (deg) 

Fe(lk--C(4)--C(5) 142.7(6) 

Fe(2)-C(4)--C(5) 132.8(7) 

C(4)-C(5)-C(6) 122.5(8) 

C(5)--c(6)-N 126.7(8) 

C(6P+--C(7) 123.1(7) 

C(6)-N-C(8) 121.6(7) 
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The nearly planar geometry of the two iron atoms 
and the entire vinylcarbyne ligand is the most strik- 
ing structural feature of these complexes. For 4, the 
maximum deviation from planarity is the 0.18 8, 
displacement of Fe(2); for 28 the maximum devi- 
ation from planarity is the 0.22 8, displacement of 
Fe(4) ; and for 30, the maximum deviation from 
planarity is the 0.118, displacement of an N-methyl 
carbon (C7). The observed planar conformation 
maximizes conjugation of the vinylcarbyne ligand 
with an electron deficient p-alkylidyne carbon p- 
orbital perpendicular to the planar system. 

For p-tolyl substituted vinylcarbyne complex 4, 
the vinylcarbyne ligand is best described as having 
a localized double bond within the vinyl unit 

4A 4B - - 

Structures 4A and 4B 

[C(5)-C(6), 1.335(8) A] and a single bond between 
the p-alkylidyne carbon and the vinyl group 
[C(4)-C(5), 1.422(8) A];]. The C(4)-C(5) bond is 
slightly but significantly shortened relative to a nor- 
mal sp’-sp2 carbon-carbon single bond and indi- 
cates some delocalization of positive charge out 
onto the vinylcarbyne ligand as depicted in res- 
onance structure 4B. 

For the amino substituted vinylcarbyne complex 
30, there is more extensive delocalization of positive 
charge out onto the vinylcarbyne ligand as depicted 
in resonance structures 30A and 30B. Evidence for 
this delocalization comes from the observation 
of similar carbon-carbon bond lengths in the 
vinylcarbyne group [C(4)---C(5), 1.376( 10) 8, ; 
C(5)--C(6), 1.392(12) I!] and of a short bond from 

30A 30B - - 

Structures 30A and 30B 
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22 28 

Structure 28 

the amino nitrogen to the vinyl carbon [N-C(6), 
1.297( 10) A]. 

For the tetrairon vinylcarbyne complex 28, the 
near equivalence of all the carbon<arbon bond 
lengths [1.37(l) A] of the p-C,H, ligand is readily 
understood in terms of the two equivalent res- 
onance forms for this planar delocalized n-system. 

Conclusion 

We have developed two complementary pro- 
cedures for the synthesis of a wide variety of p- 
vinylcarbyne diiron complexes in good yield. One 
involves hydride abstraction from p-alkenylidene 
complexes ; its major limitation is the low selectivity 
for abstraction of different types of allylic hydro- 
gens. The second procedure involves the con- 
densation of ,u-alkylidyne complexes with carbonyl 
compounds. This procedure works extremely well 
for non-enolizable aldehydes. Multigram quan- 
tities of analytically pure microcrystalline pro- 
ducts are easily obtained, especially from aromatic 
aldehydes. The reaction of ethylidyne complex 1 
with enolizable aldehydes is very sensitive to the 
nature of the aldehyde and in no case have pure 
vinylcarbyne complexes been isolated. For enol- 
izable aldehydes with two /I-alkyl substituents, p- 
alkenyl complexes were obtained as rearrangement 
products derived from an initially formed unstable 
vinylcarbyne complex. The condensation of 1 with 
ketones is slow and requires the use of neat ketone 
to obtain reasonable reaction rates. The reactions 
of longer chain alkylidyne complexes with alde- 
hydes are also slow but reasonable yields can be 
obtained by using neat aldehyde. 

We are currently investigating the reactions of 
these new vinylcarbyne complexes with nucleo- 
philes (Ref. 2 ; C. P. Casey, M. S. Konings and S. 
R. Marder, in preparation), and are actively pur- 
suing methods to release the hydrocarbyl fragment 
from the metal center in a synthetically useful 
manner. 

EXPERIMENTAL 

‘H NMR spectra were obtained on a Bruker 
WP200, WP270, or AM500 spectrometer. 13C 

NMR spectra were obtained on a JEOL FX200 
spectrometer operating at 50.1 MHz or an AM500 
spectrometer operating at 126 MHz ; samples con- 
tain 0.07 M Cr(acac), as a shiftless relaxation agent. 
CD&l2 was dried over P205. Acetone-d, was dried 
over 4 8, molecular sieves or Bz03. CD3N02 was 
dried over CaH,. CD3CN was dried over 4 8, molec- 
ular sieves and stored over CaH,. NMR samples 
were prepared on a vacuum line and sealed under 
a positive flow of N,. IR spectra were recorded on a 
Beckman 4230 or 4250 spectrometer and calibrated 
with polystyrene film or on a Mattson Polaris FT- 
IR spectrometer. Mass spectra were obtained on 
a KRATOS MS-80 mass spectrometer. Elemental 
analyses were performed by Schwarzkopf Micro- 
analytical Laboratories or Galbraith Labora- 
tories. Air sensitive compounds were handled using 
standard high vacuum line of Schlenk procedures 
and glovebox manipulations. Diethyl ether, THF, 
and hexane were distilled from degassed, purple 
solutions of sodium and benzophenone immedi- 
ately prior to use. Acetone was dried over B203. 
CH2C12 was distilled from CaH,. p-Tolualdehyde, 
isophorone, cyclohexanone, triethyl orthoformate, 
and phenylacetaldehyde were distilled on a short 
path column from MgSO,. Other aldehydes were 
used as purchased. 

[C,H,(CO)Fe],(p - CO)@ - C - E - CH=CHCsH4 - 
p-CH3)+BF, (4) 

A suspension of 1 (2.10 g, 4.77 mmol) and p- 
tolualdehyde (1.64 g, 14.3 mmol) in THF (150 cm’) 
were stirred at 40°C for 22 h under Nz. The volume 
of solvent was reduced to 10 cm3 by evaporation 
under high vacuum and a purple microcrystalline 
solid was isolated by filtration on a reversible 
Schlenk filter frit, washed four times with 2 cm3 
portions of solvent distilled from the filtrate, and 
dried under vacuum to give 4 (2.37 g, 92%). ‘H 
NMR (acetone-d,, 270 MHz) : 6 10.26 (d, J = 14.9 
Hz, p-C-CH), 8.20 (d, J = 8.2 Hz, o-&H& 8.09 
(d, J= 14.9 Hz, ,u-C-CH=CH), 7.45 (d, J= 8.1 
Hz, m-&H,), 5.67 (s, lOH, CsH5), 2.45 (s, CH3). 
“C{ ‘H} NMR (acetone-d,, 50.1 MHz) : 6 439.9 (p- 
C) ; 254.3 (p-CO) ; 208.9 (CO) ; 153.4, 152.4 (,u- 
C-CH=CH); 146.8 (p-&H,); 133.5, 131.6 (o,m- 
C,H,); 132.8 (@SO-C6H4); 93.1 (C5H5); 22.2 
(CH,). IR (CH,Cl,): 2033 (vs), 2000 (m), 1848 (s) 

-I. Anal. Found : C 51.06. H 3.76. Calc. for 
km3H,,BF,Fe,0,: C, 56.98; H: 3.53%. 

[C,H,(CO)Fe],(p - CO)@ - C - E - CH=CHC6H4 - 
p-NOz)+BF; (2) 

1 (1.65 g, 3.75 mmol) and p-nitrobenzaldehyde 
(1.14 g, 7.50 mmol) were stirred in THF (175 cm’) 
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at 35°C for 26 h. The volume of solvent was reduced 
to 30 cm3 and diethyl ether (50 cm3) was added. 
The resulting dark purple microcrystalline solid was 
isolated by filtration, washed three times with 5 cm3 
portions of solvent, and dried under vacuum to give 
2 (1.88 g, 87%). ‘H NMR (acetone-& 270 MHz) : 
6 10.35 (d, J = 15.6 Hz, /X-CH), 8.52 (d, J = 9.0 
Hz, o-&H& 8.39 (d, J = 8.9 Hz, m-C6H4), 8.05 (d, 
J = 15.2 Hz, p-C-CH=CH), 5.73 (s, lOH, C,H,). 
“C{ ‘H} NMR (acetone-d,, 126 MHz) : 6 451.2 (p- 
C); 252.5 (p-CO); 208.2 (CO); 157.4, 144.5 (p- 
C-CH=CH); 150.3(~-C~H& 141.5(@0-C6H4); 
133.1 (o-CgH4); 125.0 (m-C,H,); 93.5 (C,H,). IR 
(CH,Cl,) : 2040 (vs), 2015 (sh), 1853 (s) cm- ‘. Anal. 
Found : C, 45.96 ; H, 2.94 ; N, 2.34. Calc. for 
Cz2H16BF4Fe2N05: C, 46.13; H, 2.82; N, 2.45%. 

[CSH,(CO)Fe]& - CO)@- C - E- CH=CHC,H,)+ 

BF; (3) 

1 (200 mg, 0.455 mmol) and benzaldehyde (89 
mg, 0.91 mmol) were stirred in THF (20 cm’) at 
36°C for 25 h. The volume of solvent was reduced 
to 5 cm3 and a purple microcrystalline solid was 
isolated by filtration, washed once with 2 cm3 of 
solvent, and dried under vacuum to give 3 (18 1 mg, 
75%). ‘H NMR (acetone-d,, 270 MHz) : 6 10.27 (d, 
J= 15.0 Hz, /J-C-CH), 8.30 (d, J= 7.5 Hz, o- 
C6H4), 8.07 (d, J = 15.0 Hz, p-C-CH=CH), 7.73 
(t, J = 7.4 Hz, p-&H& 7.62 (t, J = 7.7 Hz, m- 
C6H4), 5.68 (s, lOH, C,H,). 13C{‘H} NMR 
(acetone-d,, 126 MHz): 6 443.0 (p-C); 253.9 
@-CO); 208.4 (CO) ; 152.6, 151.9 (p-C-CH- 
CH); 135.1 (ipso-CsHS); 134.6 (p-&H,); 132.9, 
130.5 (o,m-C,H,); 93.0 (C,H,). IR (CH,Cl,) : 2038 
(vs), 2005 (m), 1847 (s) cm- ‘. Anal. Found : C, 
50.12; H, 3.23. Calc. for CZ2H1,BF4Fe203: C, 
50.06; H, 3.25%. 

[C5H,(CO)Fe],(p - CO)@ - C - E - CH=CHC,H, - 
p-0CH3)+BF; (5) 

1 (250 mg, 0.568 mmol) and p-anisaldehyde (92 
mg, 0.85 mmol) were stirred in THF (30 cm’) at 
40°C for 25 h. The volume of solvent was reduced 
to 20 cm3 and diethyl ether (15 cm3) was added. A 
purple microcrystalline solid was isolated by fil- 
tration, washed twice with 2 cm3 portions of 
solvent, and dried under vacuum to give 5 (250 mg, 
790/p). ‘H NMR (acetone-d,, 270 MHz) : 6 10.20 (d, 
J= 14.6 Hz, /X-CH), 8.31 (d, J = 8.9 Hz, o- 
C6H4), 8.13 (d, J = 14.8 Hz, p-C-CH=CH), 7.23 
(d, J = 8.9 Hz, m-C,H,), 5.64 (s, lOH, CSH,), 4.00 
(s, CH3). 13C{ ‘H} NMR (acetone-& 50.1 MHz) : 
6 431.6 (p-C); 255.1 @-CO); 209.1 (CO); 166.7 (p- 
C6H4); 155.1, 151.5 @-C-CH=CH); 136.5 (o- 
&H& 127.8 (ipso-C6H4); 116.8 (m-C,H,); 92.8 

(C,H,) ; 56.9 (CH,). IR (CH,Cl,) : 2028 (vs), 2001 
(m), 1842 (s) cm- ‘. Anal. Found : C, 49.69 ; H, 3.5 1. 
Calc. for Cz3H19BF4Fe204: C, 49.52; H, 3.43%. 

[C,H,(CO)Fe]& - CO)@ - C - E - CH==CHC,H, - 
p-OH)+BF; (6) 

1 (500 mg, 1 .I4 mmol) and p-hydroxy- 
benzaldehyde (208 mg, 1.70 mmol) were stirred in 
CHzC12 (40 cm’) at 40°C for 30 h. The volume of 
solvent was reduced to 5 cm3 and diethyl ether (10 
cm3) was added. A purple-brown microcrystalline 
solid was isolated by filtration, washed twice with 
5 cm3 portions of solvent, and dried under vacuum 
to give 6 (587 mg, 95%). ‘H NMR (acetone-d,, 270 
MHz): 6 10.17 (d, J = 14.7 Hz, p-C-CH), 10.00 
(s, OH), 8.25 (d, J= 8.7 Hz, o-CgH4), 8.12 (d, 
J= 14.6 Hz, /K--CH==CH), 7.12 (d, J= 8.7 Hz, 
m-C6H4), 5.63 (s, lOH, C,H,). 13C{ ‘H} NMR (ace- 
tone-d,, 50.1 MHz) : 6 428.1 (J-C); 255.3 (p-CO) ; 
208.9 (CO); 165.3 (P-C6H4); 155.8, 150.9 (p- 
C-CH=CH); 136.9 (o-CgH4); 126.7 (ipso- 
C6H4); 118.2 (m-C,H,); 92.5 (C,H,). IR (THF): 
2024 (vs), 1996 (m), 1838 (s) cm-‘. Anal. Found: 
C, 48.32 ; H, 3.29. Calc. for CZ2H17BF4Fe204 : C, 
48.59; H, 3.15%. 

[C,H,(CO)Fe12(p - CO)b - C - E - CH=CHC6H4 - 

P-N(CH,M+BF; (7) 

1 (250 mg, 0.568 mmol) and p-dimethyl- 
aminobenzaldehyde (128 mg, 0.852 mmol) were 
stirred in THF (30 cm3) at 40°C for 25 h. The 
volume of solvent was reduced to 5 cm3. A green- 
grey microcrystalline solid was isolated by 
filtration, washed once with THF (2 cm3), twice 
with diethyl ether (2 cm3 portions), and dried under 
vacuum to give 7 (291 mg, 900/,). ‘H NMR (ace- 
tone-d,, 270 MHz): 6 9.94 (d, J = 13.8 Hz, p 
C-CH), 8.17 (br s, o-&H& 8.07 (d, J= 13.8 Hz, 
p-C-CH=CH), 7.07 (d, J = 9.2 Hz, m-C&H& 
5.49 (s, lOH, C,H,), 3.35 (s, 6H, CH3). 13C(‘H} 
NMR: (acetone-d,, 50.1 MHz): 6 395.2 (p-C); 
258.7 @CO); 210.0 (CO); 158.5, 148.4 (p- 
C-CH=CH); 157.7 (J+H‘,), 138.4 (o-CgH4), 
122.6 (@W&H,); 114.6 (m-&H,); 91.8 (C,H,); 
41.0 (CH,). IR (CHzC12) : 2019 (vs), 1995 (m), 1827 
(s) cm-‘. Anal. Found: C, 50.33; H, 3.77; N, 2.23. 
Calc. for C24H22BF4Fe2N03: C, 50.49; H, 3.88; 
N, 2.45%. 

[CSH,(CO)Fe],(p - CO)b - C - E - CH=CHC 
(CHAl+BF;, (10) 

1 (250 mg, 0.568 mmol) and pivalaldehyde (1.9 
g, 14 mmol) were stirred in CH2C12 (10 cm3) at 40°C 
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for 16 h. Solvent and excess aldehyde were removed 
under reduced pressure. CH,Cl, (2 cm3) was added 
and the solution was filtered. Diethyl ether (30 cm3) 
was added over 30 min to produce a red precipitate 
which was isolated by filtration and dried under 
vacuum to give 10 (241 mg, 83%). ‘H NMR 
(acetone-& 270 MHz): 6 9.44 (d, J = 15.0 Hz, 
p-C-CH), 7.41 (d, J = 15.0 Hz, p-C-CH=CH), 
5.62 (s, lOH, C5HS), 1.37 (s, 9H, CH3). ‘3C(1H} 
NMR : 6 451.7 (p-C), 251.6 @-CO), 206.8 (CO), 
167.9 (&-CH=CH), 152.2 @-C-CH), 91.6 
(C,H,), 35.3 (Cq), 26.7 (CH,). IR (CH2C12) : 2036 
(vs), 2003 (m), 1853 (s) cm-‘. Anal. Found : C, 
46.92; H, 3.87. Calc. for C&,H2,BF4Fe203: C, 
47.30; H, 4.17%. 

[C,H,(CO)Fe],(p - CO)@ - C - E,E - CH=CHCH 
=CHC,H,)+BF, (11) 

1 (200 mg, 0.455 mmol) and truns-cin- 
namaldehyde (11 mg, 0.909 mmol) were stirred in 
CH2C12 (20 cm’) at 35°C for 6 h. Solvent was 
removed under reduced pressure. CH$l, (2 cm’) 
was added and the solution was filtered. Diethyl 
ether (25 cm3) was added and a black powder was 
isolated by filtration, washed four times with 5 cm3 
portions of solvent, and dried under vacuum to 
give 11 (234 mg, 93%). ‘H NMR (acetone-d,, 270 
MHz) : 6 9.64 (d, J = 14.1 Hz, p-C-CH), 8.08 (d, 
J= 15.5 Hz, p-C-CH=CHCH-CH), (dd, 
J = 14.1, 10.3 Hz, p-C-CH==CH), 7.83 (m, 2H, 
CsH5), 7.57 (dd, J= 15.3, 10.9 Hz, fi-C-CH 
=CHCH), 7.53 (m, 3H, GH,), 5.63 (2, IOH, 
C,H,). 13C{ ‘H} NMR (acetone-&, 50.1 MHz) : 6 
434.3 (P-C); 254.3 @-CO); 206.8 (CO); 156.1, 
154.8, 154.0, 137.1, 132.3, 130.2, 129.6, 129.1 (vinyl 
and aryl); 92.7 (C,H,). IR (CH,ClJ: 2038 (vs), 

2006 (m), 1846 (s) cm- I. Anal. Found : C, 51.72 ; 
H, 3.83. Calc. for C2,H19BF,Fe203: C, 52.04; H, 
3.46%. 

&H5(CO)Fe]& - CO)@ - C - E - C(CH3)= 
CHC,H,-p-CH,)+PF, (13) 

128 (350 mg, $684 mmol) was stirred in p-tolu- 
aldehyde (5 g) at 25°C for 20 h. Diethyl ether (50 
cm3) was added and a brown powder was isolated 
by filtration, washed five times with 5 cm3 portions 
of solvent, and dried under vacuum to give 13 (345 
mg, 83%). ‘H NMR analysis revealed 5% of 
C,H,Fe(CO): as an impurity. Analytically pure 13 
was obtained by washing a CH2C12 solution (50 
cm’) of 13 (340 mg, 0.559 mmol) with saturated 
aqueous NaHC03 (50 cm’). The CHQ, layer was 
separated, dried (MgSO,) and filtered. The volume 
of solvent was reduced to 5 cm3 to yield a purple 

microcrystalline solid which was isolated by fil- 
tration, washed with 2 cm3 of solvent, and dried 
under vacuum to give 13 (200 mg, 48%). ‘H NMR 
(acetone-d,, 270 MHz): 6 8.31 (s, &--C=CH), 
8.00 (d, J= 8.2 Hz, o-&H& 7.50 (d, J= 8.1 Hz, 
m-CsH,), 5.72 (s, IOH, CsH5), 3.27 [s, C(CH,)], 2.46 
(s,p-CH3). 13C{ ‘H) NMR (acetone-d,, 50.1 MHz) : 
6 451.0 (p-C); 253.8 &-CO); 208.7 (CO); 161.6, 
158.5 (p-C-CH=CH); 145.2 (p-C6H4); 132.9 
(ipso-C,H,); 133.9,131.1 (o,m-CsH4);93.2(C,H,); 
25.0,22.9 (CH,). IR (CH,Cl,) : 2028 (vs), 2003 (m), 
1845 (s) cm-‘. Anal. Found: C, 46.63; H, 3.61. 
Calc. for Cz4H2,FsFe203P: C, 46.94; H, 3.45%. 

cis- and trans-[CsH,(CO)Fe],(,u-CO)b-C-E-C 
(CH2CH&H3)=CHCgH4-p-CHJ+BF: (14) 

S’,’ (250 mg, 0.519 mmol) was stirred in p-tolu- 
aldehyde (3 g) at 25°C for 42 h. Solvent was 
removed under reduced pressure and THF (5 cm”) 
was added and the solution was filtered. The solvent 
was removed under reduced pressure and CH,Cl, 
(2 cm’) and then diethyl ether (25 cm’) were added 
to give a red-black powder which was isolated by 
f&ration and dried under vacuum to give 14 (235 
mg, 77%, 4.4 : 1 cis : trans). ‘H NMR (acetone-&, 
270 MHz) for 14e: 6 8.21 (s, p-C-CLCH), 7.98 
(d, J= 8.4 Hz, o-CgH4), 7.51 (d, J= 8.3 Hz, m- 
C6H4), 5.72 (s, lOH, C5HJ, 3.65 (m, CH2CHICH3), 
2.46 (s, p-CH& 1.90 (m, CH$H,), 1.19 (t, J = 7.1 
Hz, CH3) ; for 14t : 6 8.02 (s, ,u-C--C----CH), 7.88 
(d, J= 8.2 Hz, o-CgH4), 7.47 (d, J= 8.2 Hz, m- 
C6H4), 5.49 (s, lOH, CsH,), 3.80 (m, CH&H2CH3), 
2.44 (s,p-CH3), 1.81 (m, CH,CH,), 1.09 (t, J = 7.0 
Hz, CH3). 13C{lH) NMR (acetone-d,, 126 MHz) 
for 14c : 6 452.6 (p-C) ; 253.9 (p-CO) ; 209.1 (CO) ; 
167.0,157.4 (p-C-C-CH) ; 145.3 (p-C,H,) ; 133.0 
(ipso-C,H,); 133.8, 131.3(o,m-CsH4);93.4(C,H,); 
39.6 [C(CH,)]; 23.0, 21.9 (CH2CH2CH3, p-CH3); 
14.2 (CH,); for 14t: 6 457.7 01-C); 252.0 (p-CO); 
207.8 (CO); 172.4, 144.5 (p-C-C==CH); 143.5 (p- 
C6H4); 132.4, 131.0 (o,m-C,H,); 94.8 (C,H,); 39.8 
[C(CH,)] ; 23.7, 21.8 (CH2CH2CH3, p-CH3), 14.5 
(CH,), (@Yo-C6H4, not observed). IR (CH,Cl,): 
2033 (vs), 2009 (s), 1850 (s) cm- ‘. Anal. Found : 
C, 53.55 ; H, 4.36. Calc. for Cz6H2=,BF,Fez03 : C, 
53.48 ; H, 4.32%. 

F&-~~~~;$;M_~~CP - C--CH~CJWH2 
2 2 2 4 

1 (250 mg, 0.568 mmol) was stirred in cyclohex- 
anone (11 g) at 0°C for 12 h and 28°C for 11 h 
under vacuum. Solvent was removed under reduced 
pressure and THF (10 cm3) and diethyl ether (20 
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cm3) were added. A red powder was isolated by 
filtration, washed three times with 5 cm3 portions 
of solvent, and dried under vacuum to give 15 (241 
mg, 82%). ‘H NMR analysis revealed several 
impurities. Suspension of the solid in THF (25 cm3) 
gave red microcrystals which were isolated by fil- 
tration and dried under reduced pressure to give 
pure 15 (130 mg, 44%). ‘H NMR (acetone-& 270 
MHz) : 6 9.62 (p-C-CH), 5.59 (s, lOH, C,HJ, 3.08 
[t, J = 5.5 Hz, C=CC(CH3(CH,)], 2.66 [t, J = 6.1 
Hz, C=C(CH,)(CH,)], 1.96 (pentet, J = 5.5 Hz, 
CH2), 1.78 (m, CH$H2). 13C{ ‘H} NMR (acetone- 
d6, 126 MHz): 6 438.1 (p-C); 252.3 (p-CO); 207.2 
(CO) ; 167.8 (p-C-CH=C) ; 154.2 (p-C-CH). 
IR: 2035 (vs), 2000 (m), 1851 (s) cm-‘. Anal. 
Found: C, 48.42; H, 4.23. Calc. for C2,HZlBF4 
Fez03 : C, 48.52; H, 4.07%. 

[C,H,(CO)Fe]& - CO)[p - C-CH=C(CH,),]+ 
BF, (16B) 

1 (200 mg, 0.455 mmol) was stirred in acetone 
(32 g) at 23°C for 25 h. The volume of solvent was 
reduced to 5 cm3 and the solution was filtered. The 
solvent was removed under reduced pressure and 
CH2C12 (2 cm3) and diethyl ether (20 cm’) were 
added to give a red precipitate of 16B (193 mg, 
88%) which was isolated by filtration. This 
material was shown by ‘H NMR to be con- 
taminated with a small amount (< 5%) of 
CgH5Fe(CO):BF;. ‘H NMR (acetone-de, 270 
MHz): 6 9.69 (s, fi-C-CH), 5.60 (s, lOH, C5HS), 
2.48 (s, CH3), 2.37 (s, CH3). 

[C SH ,(CO)Fe] &-CO)b-C-CH=CCH=C(CH J 
CH&(CH&CHJ+BF; (17) 

l(l25 mg, 0.284 mmol) was stirred in isophorone 
(11 g) at room temperature for 125 h. Solvent was 
removed under reduced pressure, THF (5 cm’) was 
added, and the solution was filtered. Solvent was 
removed under reduced pressure and CH2C12 (2 
cm3) and diethyl ether (25 cm’) were added to give 
a dark brown powder which was isolated by filtration 
and dried under reduced pressure to give 17 (99 mg, 
62%). ‘H NMR analysis revealed a 2.8 : 1 ratio 
of 17E: 172 approximately 80% pure. Repeated 
crystallizations failed to give pure 17. Pure 17 was 
obtained in low yield enriched in 17E (17E: 172, 
8: 1) by vapour diffusion of diethyl ether into a 
concentrated CH2C12 solution of 17 (29 mg, 18%). 
‘H NMR (acetone-d,, 270 MHz) for 17E : 6 9.60 (s, 
p-C-CH), 6.59 (q, J = 1.5 Hz, p-C-CH=CCH), 
5.55 (s, lOH, CSH,), 3.01 (d, J = 1.5 Hz, CH2), 2.37 
(m, CHJ, 2.01 (d, J= 1.9 Hz, C=CCH3), 1.04 [s, 
C(CH,),]. 13C{‘H} NMR (acetone-de, 126 MHz) 

for 17E: 421.3 (p-C); 209.4 (CO); 166.4, 155.7, 
155.3, 128.5 @-C-CH=CCH=C); 93.3 (C,H,); 
47.0, 41.6 (CH,); 27.9 [C(CH,),], 28.2, 26.3 
[C(CH,),, C=CCH3] @-CO not observed). IR 
(CH2C1,): 2038 (vs), 1999 (m), 1844 (s) cm-‘. 
While the crystalline material contained no NMR 
detectable impurities, repeated attempts to ob- 
tain fully satisfactory elemental analyses failed. 
Anal. Found : C, 50.85 ; H, 4.35. Calc. for 
C24H25BF4Fe203: C, 51.48; H, 4.50%. 

[C,H,(CO)Fe],(p - CO)(p - C - E - CH=CHCH, 
CH,)+PF, (18P) 

98 (2.33 g, 5.91 mmol) and (C,H,),C+PF; (2.25 
g, 5.74 mmol) were stirred in CHzClz (25 cm’) at 
0°C for 1.5 h. The volume of solvent was reduced 
to 15 cm3 and a red microcrystalline solid was 
isolated by filtration. The solid was washed with 
CH2C12 until the washings were only slightly col- 
ored and then the solid was dried under vacuum 
to give 18P (2.54 g, 82%). ‘H NMR (acetone-d,, 
270 MHz) : 6 9.53 (dt, J = 14.6, 1.3 Hz, ,u-C-CH), 
7.55 (dt, J = 14.6,6.6 Hz, y-C-CH=CH), 5.62 (s, 
lOH, CsH5), 2.66 (m, CHJ, 1.33 (t, J= 7.5 Hz, 
CH3). ‘3C(1H} NMR (CD,N02, 50.1 MHz): 6 
451.1 (p-C);253.8@-CO);208.2(CO); 164.8,157.6 
(P-C-CH=CH) ; 93.2 (C,H,) ; 30.0 (CH,), 11.9 
(CH,). IR (CH2C12): 2037 (vs), 2005 (m), 1850 (s) 
cm-‘. Anal. Found : C, 40.39 ; H, 3.39. Calc. for 
C18H17F6Fe203P: C, 40.19; H, 3.19%. 

[C,H,(CO)Fe],(p-CO)@-C-E-CH,CH, 
C,H,)+BF; (19) 

1 (250 mg, 0.568 mmol) and 3-phenylpropanal 
(147 mg, 1.14 mmol) were stirred in CH2C12 (75 
cm3) at 35°C for 13 h. The volume of solvent was 
reduced to 10 cm3 and the solution was filtered. The 
volume of solvent was reduced to 2 cm3 and diethyl 
ether (50 cm3) was added. A red precipitate was iso- 
lated by filtration, washed with 5 cm3 of solvent and 
dried under vacuum (274 mg). ‘H NMR analysis 
revealed the presence of 19 (N 60% pure). Repeated 
crystallizations failed to give pure 19. ‘H NMR 
(acetone-d,, 270 MHz) : 6 9.47 (dt, J = 14.8, 1.1 Hz, 
,u-C-CH), 7.46 (dt, J= 14.8, 6.9 Hz, p- 
C-CH=CH),7.20(m,C,H,), 5.56(s, 10H,CsH5), 
3.14 (m, CH& 2.56 (m, CH,). 

[C,H,(CO)Fe]Z(~-CO)~-~1,~2 - E- CH=CHCH= 
C(CH3)2J+BF; (21B) 

1 (200 mg, 0.568 mmol) and isobutyraldehyde 
(157 mg, 1.36 mmol) were stirred in CH2C12 (75 
cm’) at 37°C for 15 h. Solvent was removed under 
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reduced pressure and acetone (15 cm3) was added. 
The solution was stirred at 37°C for 2 h to insure 
the complete isomerization described in the text 
and filtered. Solvent was removed under reduced 
pressure and CHzClz (2 cm’) and diethyl ether (40 
cm’) were added. A red precipitate was isolated 
by filtration, washed twice with 5 cm3 portions of 
solvent, and dried under vacuum to give 21B (197 
mg, 88%). ‘H NMR (acetone-d,, 270 MHz): 6 
12.03 (d, J= 11.8 Hz, ,u-CH), 6.13 (d, J= 10.5 
Hz, p-CH=CHCH), 5.60 (s, lOH, CSHS), 4.73 (t, 
J= 10.9 Hz, p-CH=CH), 1.86 (s, CH& 1.85 (s, 
CH3). 13C NMR (acetone-d,, 126 MHz): 6 243.9 
(p-CO), 211.7 (CO), 173.2 (d, J = 157 Hz, p-CH), 
146.4 [s, C(CH,),], 128.1 (d, J= 160 Hz, p- 
CH=CHCH), 95.9 (d, J = 157 Hz, p-CH=CH), 
91.4 (d, J = 183 Hz, CsHs), 26.4 (CH3), 19.1 (CH,). 
IR (CH,Cl,): 2024 (s), 1998 (m), 1853 (m) cm-‘. 
Anal. Found : C, 45.92 ; H, 4.01. Calc. for 
C19H,9BF4Fe203 : C, 46.21 ; H, 3.88%. 

[C,H,(CO)Fe]& - CO)[,u - C - E - CH=CHCH 
(CH,),l+PF, W’) 

22 (162 mg, 0.397 mmol) and (C,H,),C+PF; 
(146 mg, 0.377 mmol) were stirred in CHzCll (10 
cm3) at 0°C for 45 min then at 25°C for 30 min. The 
volume of solvent was reduced to 5 cm3 and diethyl 
ether (20 cm’) was added. A red precipitate was 
isolated by filtration, washed twice with 5 cm3 por- 
tions of solvent and dried under vacuum to give 20P 
(184 mg, 88%). ‘H NMR (acetone-d,, 270 MHz) : 6 
9.48 (dd, J= 14.8, 1.1 Hz, p-C-CH), 7.42 (dd, 
J= 14.9, 6.9 Hz, p-C-CH=CH), 5.60 (s, lOH, 

GH,), 2.89 (octet d, J = 6.7, 1.1 Hz, 
CH=CHCH), 1.33 (d, 6H, CH3). 13C{‘H) NMR 
(acetone-& 126 MHz): 6 451.5 (p-C); 253.2 (,u- 
CO); 208.2 (CO); 166.9, 155.0 (p-C-CH=CH); 
92.8 (C,H,) ; 33.8 (CH) ; 20.4 (CH,). IR (CH,Cl,) : 
2019 (vs), 2007 (m), 1852 (s) cm-‘. Anal. Found: 
C, 40.93; H, 3.74. Calc. for C,9H19FSFe203P: C, 
41.27; H, 3.46%. 

[C5HS(CO)Fe]2(p - CO)b - C=CHCH,CH(CH,),] 

(22) 

318,14 (350 mg, 0.723 mmol) was suspended in 
CH2Cl, (50 cm’). 3-Methyl-I-butene (0.50 atm, 350 
cm’, 25°C 7.2 mmol) was added and the solution 
stirred at 0°C for 2 h. Trimethylamine (0.50 atm, 
350 cm3, 25°C 7.2 mmol) was added. Solvent was 
removed under reduced pressure and the residue 
was purified by chromatography (alumina, 2 x 15 
cm, 1 : 1 diethyl ether-hexanes eluant) to give 22 
(241 mg, 82%) as a red powder. ‘H NMR (acetone- 
d6, 270 MHz) : 6 7.11 (dd, J = 8.1, 5.9 Hz, p-C 
=CH), 4.95 (s, C,H,), 4.90 (s, CSHS), 2.82 (dt, 
J= 13.7,5.9Hz,CHH),2.54(dt, J= 13.7,8.1 Hz, 

CHH), 1.82 [nonet, J= 6.7 Hz, CH(CH,)J, 1.05 
(d, J= 6.7 Hz, CH3), 1.01 (d, J= 6.6 Hz, CH3). 
13C NMR (acetone-d,, 126 MHz): 6 271.5 (U-C), 
266.4 (P-CO), 213.0 (CO), 212.9 (CO), 139.7 (d, 
J = 153 Hz, p--CH), 88.7 (d, J = 178 Hz, CSH5), 
88.0 (d, J= 178 Hz, CSH5), 46.9 (t, J= 126 Hz, 
CHz), 23.1 (q, J= 124 Hz, CH3), 22.6 (q, J= 
124 Hz, CH3). IR (CH&I,): 1997 (vs), 1906 (m), 
1785 (s) cm- ’ HRMS. Found : 408.0113. Calc. for 
C19HZOFe203 : 408.0111. 

carboxyaldehyde (221 mg, 1.70 mmol) were 
stirred in CH2Clz (20 cm3) at 35°C for 18 h. Sol- 
vent was removed under reduced pressure and THF 
(5 cm3) was added. The solution was filtered to 
remove small amounts of CSH,Fe(CO): and sol- 
vent was removed under reduced pressure. CH2C12 
(2 cm’) and diethyl ether (20 crn3) were added to 
produce a red-brown powder which was washed 
twice with 5 cm3 portions of solvent and dried under 
vacuum to give 23 (197 mg, 65%). ‘H NMR (ace- 
tone-de, 270 MHz) : 6 12.05 (d, J = 11.6 Hz, p-CH), 
6.07 (d, J = 10.4 Hz, ,+CH=CHCH), 5.63 (s, lOH, 
CSH5), 4.80 (t, J= 11.2 Hz, CL-CH=CH), 2.39 [m, 
C----C(CffXH2K 2.33 b, C---C(CH&CHA 
1.62 (m, 6H, CH2CH2CH2CH2CH2). 13C NMR 
(acetone-d,, 126 MHz) : 6 243.9 (p-CO) ; 211.8 (CO) ; 
173.6 (d, J = 159 Hz, ,u-CH); 154.0 (s, p-CH= 
CHCH-C) ; 125.1 (d, J = 154 Hz, ,u-CH= 
CHCH) ; 95.3 (d, J = 147 Hz, p-CH=CH) ; 91.1 
(d, J = 183 Hz, C,H,); 37.9, 30.5, 28.3, 26.9 (CH*, 
one obscured by solvent). IR (CH,C13: 2024 (s), 
1997 (m), 1852 (m) cm-‘. Anal. Found : C, 49.29 ; 
H, 4.36. Calc. for C22H23BF4Fe203: C, 49.49; 
H, 4.34%. 

[C,H,(CO)Fe],(p - CO)@ - q’,r12 - E,E - CH=CH 
CH=CHC6H5]+BF, (25) 

1 (120 mg, 0.273 mmol) and phenylacetaldehyde 
(92 ,mg, 0.82 mmol) were stirred in CH2C12 (75 
cm3) at 37°C for 18 h. Solvent was removed under 
reduced pressure and THF (10 cm3) was added. The 
solution was filtered and solvent was removed under 
reduced pressure. CH ?Cl 2 (5 cm 3, and diethyl ether 
(25 cm’) were added to give an orangebrown 
powder which was isolated by filtration and dried 
under vacuum to give a mixture (see text) of 25 and 
26 (120 mg, 81%). For 25 : ‘H NMR (acetone-d,, 
500 MHz): 6 12.27 (d, J = 12.4 Hz, ,u-CH), 7.62 
(m, 2H, C6HS), 7.37 (m, 3H, C6HS), 7.20 (d, 
J = 15.0 Hz, p-CH=CHCH=CH), 7.11 (dd, 
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J= 15.6, 9.8 Hz, F-CH=CHCH), 5.67 (s, lOH, 
C,HS), 4.69 (t, J = 11.2 Hz, I.I-CH=CH). For 26: 
6 7.55 (m, 2H, CsH5), 7.33 (m, 3H, C6HS), 7.33 (dd, 
J p 11.6, 5.8 Hz, IH, +ZH=CHCll, obscured by 
C6H5, established through decoupling experi- 
ments), 6.78 (ddd, J= 13.5, 5.8, 0.7 Hz, p- 
CH==CH), 5.38 (s, CSH5), 5.21 (s, C&H,), 4.65 (d, 
J = 13.4 Hz, /kH), 2-57 (d, J = 11.6 Hz, p- 
CH=CHCH=CH). 

[~~H~(CO~Fe]~(~ - CO)(p - C - E - CH==CHOCH2 
CH,)+BF; (27) 

1 (2.00 g, 4.55 mmol) and HC(OCH&JH& (20 
g, 140 mmol) were stirred in CH&l;? (20 cm3) at 
35°C for 2 h. Solvent and excess HC(OEt)3 were 
removed under reduced pressure. Acetone (20 cm3) 
was added and the solution was filtered at - 78°C. 
Solvent was removed under reduced pressure and 
THF ( 10 cm ‘> and diethyl ether (2 cm 3, were added 
to give an oil which crystallized upon sonication (5 
min) and was isolated by filtration. The solid was 
washed twice with 10 cm3 portions of solvent and 
dried under vacuum to give 27 (1.83 g, 77%). ‘H 
NMR (acetone-d,, 270 MHz) : 6 9.23 (d, J = 11.0 
Hz, ,u-C-CH), 8.66 (dq, J = 11 .O, 0.5 Hz, p- 
C-CH=CH), 5.52 (s, IOH, C,Hs), 4.80 (qd, 
J = 7.1, 0.5 Hz, CH2), 1.53 (t, J = 7.1 Hz, CH3). 
13C(‘H) NMR (acetone-d,, 50.1 MHz): 6 410.3 
(,u-C), 256.0 (p-CO), 208.9 (CO), 177.1 &- 
C-CH=CH), 142.1 (p-C-CH), 92.0 (C,H,), 74.5 
(CH,), 14.8 (CH,). IR (CH,Cl,): 2019 (vs), 2007 
(m), 1852 (s) cm-‘. This material showed no 
impurities by ‘H NMR but failed to give a sat- 
isfactory analysis. Anal. Found : C, 42.83 ; H, 3.27. 
Calc. for ClsH17BF4Fe204: C, 43.60; H, 3.46%. 
Crystallization from acetone gave an analytically 
pure acetone solvate of 27. Anal. Found : C, 44.49 ; 
H, 3.82. Calc. for C,gH17BF4Fe204*0.5C3H60: C, 
44.62; H, 3.84%. 

([CSHSfCO)Fel*(CL-CO))~~-CsH3)+BFB (zs) 

A mixture of 27 (100 mg, 0.202 mmol) and 297 
(77 mg, 0.22 mmol) was stirred in CH&l, (5 cm’) 
for 5 min at ambient tem~rature. A rapid color 
change from red to deep purple was observed and 
microcrystals pr~ipitated from solution. The vol- 
ume of solvent was reduced to 2 cm3 and diethyl 
ether (20 cm3) was added. Pink-brown micro- 
crystals were isolated by filtration, washed twice 
with 2 cm3 portions of solvent, and dried under 
vacuum to give 28 (138 mg, 85%). ‘El NMR (ace- 
tone-d,, 270 MHz) : 6 9.10 (d, J = 12.6 Hz, 2H, 
/J-C-CH), 7.73 (t, J = 12.6 Hz, P-C-CH=CH), 
5.44 (s, 2OH, C,H,). IR (CH,Clz) : 2010 (vs), 1990 

(sh), 1830 (s)~ 1822 (s) cm-‘. Anal. Found: C, 
46.30; H, 2.79. Caic. for C3,Hz3BF4Fe406: C, 
46.44; H, 2.89%. 

[C,H,(CO)Fe]& - CO)b - C - E - CH=CHN 
FfAI+BF’; @@I 

27 (100 mg, 0.202 mmol) was dissolved in THF 
(15 cm3) at -78°C. HN(CH& (350 cm3, 0.13 atm, 
23”C, 1.9 mmol) was condensed in at -78°C. An 
instant color change from red-orange to orange 
was observed. After 2 min orange microcrystals 
precipitated from solution. The crystals were iso- 
lated by filtration, washed three times with 2 cm3 
portions of solvent and dried under vacuum to give 
30 (84 mg, 84%). ‘H NMR (acetone-de, 270 MHz) : 
6 8.85 (d, J = 11.1 Hz, p-C-CH), 8.41 (d septets, 
J= 11.1, 0.7 Hz, &---CH=CH), 5.35 (s, C,H,), 
5.31 (s, C,H,), 3.71 (d, J= 0.7 Hz, CH& 3.56 (d, 
J = 0.8 Hz, CH3). 13C(iH) NMR (acetone-d,, 50.1 
MHz): 6 355.7 @-C), 261.1 (p-CO), 210.9 (CO), 
164.6 @-C--CH=CH), 137.0 @-C-CH), 91.1 
(C,H,), 90.5 (C,H,), 47.4 (CH,), 40.4 (C)I,). IR 
(Nujol): 2001 (vs), 1964 (m), 1828 (s) cm-‘. Anal. 
Found: C, 43.46; H, 3.81; N, 2.68. Calc. for 
C1gH1sBF4Fe,03N: C, 43.69; H, 3.67; N, 2.83%. 

[C,H,(CO)Fe]& - CO)b - C-CH=C!(CH,)J+PF; 

(16P) 
. 

328 (148 mg, 0.38 mmol) and (C6HS),C+PF; 
(139 mg, 0.36 mmol) were stirred in CHzCIz (10 
cm’) at 0°C for 1.5 h. The volume of solvent was 
reduced to 6 cm3 and a red precipitate was isolated 
by filtration, washed with CH2C!12 until the wash- 
ings were only slightly colored, and dried under 
vacuum to give 16P (147 mg, 77%). ‘H NMR 
(acetone-d,, 270 MHz): 6 9.68 (p-C-CH), 5.60 
(s, C,H,), 2.48 (d, J = 0.7 Hz, CH,), 2.34 (s, CH,). 
’ ‘C( ‘H} NMR (CD3NO;?, 50.1 MHz) : 6 440.2 
(p-u-c), 254.3 @-CO), 208.7 (CO), 163.2 (II- 
C-CH=C), 158.1 (y-C-CH), 93.7 (C,H,), 29.4 
(CH,), 23.4 (CH,). IR (CH,Cl,): 2030 (vs), 2000 
(m), 1850 (s) cm- ‘. Anal. Found : C, 40.34 ; H, 3.33. 
Calc. for C18H17F6Fe203P: C, 40.19; H, 3.19%. 

[C,H,(CO)Fe],(p - CO)@ - C---&CHCHZ 
CH$H2)+PF; (34P) 

32” (170 mg, 0.42 mmol) and (C6H,)$+PF; 
(154 mg, 0.40 mmol) were stirred in CHzClz at 0°C 
for 30 min and then at ambient ~m~rature for 1 
h. The volume of solvent was reduced to 5 cm3 
and hexane (3 cm3) was added. A pr~ipitate was 
isolated by filtration, washed with solvent and dried 
under vacuum to give 34P (155 mg, 71%). ‘H NMR 
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(acetone-d,, 200 MHz) : 6 7.55 (m, p-C-C=CH), 
5.64 (s, lOH, C5HS), 3.66 (m, CH,C=CH), 2.85 
(m, C=CHCH3,2.32 (m, CH2CH2CH2). 13C{ ‘H) 
NMR (CD3N02, 50.1 MHz) : 6 444.6 (p-C>, 252.1 
(p-CO), 207.3 (CO), 172.0 (p-C--c), 163.2 (p- 
C-C=CH), 93.1 (C,H,), 40.2 (CH,C=CH), 38.0 
(C=CHCH2), 25.7 (CH,CH,CHJ. IR (CH,ClJ : 
2030 (vs), 2000 (m), 1853 (s) cm- ‘. Anal. Found : 
C, 41.19; H, 3.58. Calc. for C,9H,7F6Fe203P: C, 
41.46; H, 3.12%. 

Reaction of [C,H,(CO)Fe12(p - CO)b - C=C 
(CH3)CH,CH3] (35) with (C,H,),C+PF; 

358 (194 mg, 0.49 mmol) and (C6H5)3C+PF; 
(184 mg, 0.47 mmol) were stirred in CH$l, (10 
cm3) at 0°C for 1 h. The volume of solvent was 
reduced to 5 cm3 and hexane (4 cm3) was added. A 
brown powder was isolated by filtration, washed 
three times with 9 cm3 portions of solvent, and dried 
under vacuum to give a 3.8 : 1 mixture of 36 : 37 (237 
mg, 900/,). The ‘H NMR (acetone-d,, 270 MHz) of 
a mixture of 36 : 37 was assigned. For 36 : 6 7.67 (q, 
J = 7.2 Hz, p-C-C.=CH), 5.65 (s, lOH, CSH5), 
2.89 (s, p-C-CCH3), 2.25 (d, J = 7.2 Hz, CHCH3) ; 
for 37 : 6 6.38 (br s, p-C-C=CHH), 6.25 (br s, 
p-C-C=CHH), 5.69 (s, lOH, C5H5), 3.23 (q, J = 
7.0 Hz, CH,CH,), 1.39 (t, J = 7.0 Hz, CH3). 

[GHdCWW~ - WEP - (S----C(CH3)CH2GH4 - 
P-CH~I W 

13 (250 mg, 0.407 mmol) and N(CHICHJ4+ 
HFe(C0); (185 mg, 0.611 mmol) were stirred in 
THF (30 cm3) at 25°C for 30 min. Solvent was 
removed under reduced pressure. The residue was 
chromatographed (alumina, diethyl ether) to give 
pure 38 (84 mg, 44%). ‘H NMR (acetone-d,, 270 
MHz): 6 7.36 (d, J= 7.9 Hz, 2H, CsHJ, 7.13 (d, 
J= 7.9 Hz, 2H, C6H4), 5.03 (s, CSH,), 4.96 (s, 
CSH5), 4.25 (d, J= 15.2 Hz, CHH), 4.06 (d, 
J= 14.9 Hz, CHH), 2.32 (s, CH3), 2.30 (s, CH3). 
‘3C{‘H} NMR (acetone-d,, 126 MHz): 6 271.2, 
261.7 (p-C); 213.4, 213.2 (CO); 140.6, 139.7, 135.3 
(para, ipso and p-C&C) ; 129.5,128.9 (ortho, meta) ; 
85.2, 85.1 (C>H,); 48.7 (CH3; 25.3, 20.9 (CH,). 
IR (CH,ClJ: 1997 (s), 1956 (m), 1785 (m) cm-‘. 
HRMS Found : 470.0265. Calc. for CZ4HZ2Fe203 : 
470.0261. 

Reaction of [C,HXCO)Fe],(p - CO)b - C=C(CH3) 
CH&H, -p - CH3] (38) with (&H&C+PF; 

38 (65 mg, 0.14 mmol) and (&H&C+PF; (51 
mg, 0.13 mmol) were stirred in CH2C12 (1 cm’) at 
0°C for 1 h and then at ambient temperature for 15 

min. Diethyl ether (1 cm’) was added and a red- 
brown precipitate was isolated by filtration, washed 
with 1 cm3 portions of solvent until the washings 
were colorless, and dried under vacuum (39 mg, 
49%). The ‘H NMR (acetone-d,, 200 MHz) of the 
1 : 6.2 : 2.2 mixture of 13 : 39c and 3% was assigned. 
For 39c : 6 7.32 (d, J = 7.9 Hz, 2H, C6H4), 7.23 (d, 
J = 7.9 Hz, 2H, C6H4), 6.34 (br s, p-C-C=CHH), 
6.01 (br s, ,u-C-C=CHH), 5.69 (s, IOH, C5HS), 
4.54 (br s, CH&H,-p-CH,), 2.33 (s, CH3); for 
39t: 6 7.44 (d, J = 7.9 Hz, 2H, C6H4), (remaining 
CsH4 obscured by 39~ C,H,), 6.13 (br s, p- 
C-C==CHH), 5.95 (br s, p-C-C=CHH), 5.43 (s, 
IOH, CSH,), 4.59.(br s, CHHC6H4-p-CH,), 4.57 (br 
s, CHHC6H4-p-CH,), 2.31 (s, CH3). 

Cis- and trans-[CsH,(CO)Fe],(p-CO)@-C-C[CH 

Wd,I=CHz)+PFs (41) 

40 (C. P. Casey, M. W. Meszaros and S. R. 
Marder, unpublished observations) (160 mg, 0.39 
mmol) and (&H,),C+PF; (145 mg, 0.37 mmol) 
were stirred in CH2C12 (3 cm3) at 0°C for 1 h. 
Hexane (2 cm’) was added and a red precipitate 
was isolated by filtration, washed with solvent and 
dried under vacuum. Concentration of the mother 
liquor gave additional 41 (129 mg, 63% 2.4 : 1 
cis: tram). ‘H NMR (acetone-d,, 270 MHz) for 
41C: 6 6.36 (br s, ,u-C-C=CHH), 6.23 (br s, p- 
C=CHH), 5.63 (s, CSHS), 3.44 (septet, J = 7.0 Hz, 
CH), 1.41 (d, J = 7.0 Hz, 6H, CH,); for 41t: 6 6.27 
(br s, p-C-C=CHH), 6.21 (br s, p-C-C=CHH), 
5.43 (s, lOH, CSH,), 3.84 (septet, J = 7.0 Hz, CH), 
1.57 (d, J= 7.0 Hz, CH3), 1.32 (d, J= 7.0 Hz, 

CH3). 13C{‘H} NMR (CD3N02, 50.1 MHz) for 
41c : 472.7 (p-C), 252.1 (J-CO), 207.3 (CO), 185.0 
(p-C--c), 120.4 (C=CH?), 94.2 (C,H,), 37.0 (CH), 
24.0 (CH,), 22.0 (CH3); for 41t: 250.6 (p-CO), 
209.1 (CO), 183.2 (p-C-C), 122.9 (C==CH,), 95.3 
(C,H,), 37.9 (CH), 24.7 (CH,), 24.0 (CH,), (p-C 
not observed). IR (CH,Cl,): 2039 (vs), 2011 (s), 
1860 (m) cn-‘. Anal. Found: C, 41.56; H, 3.60. 
Calc. for C,9H19F,Fe,03P: C, 41.34; H, 3.47%. 

Crystallography 

A summary of crystal data and intensity col- 
lection is presented in Table 5. Data reduction, 
solution, and refinement of the structures were 
performed with the SHELXTL structure determi- 
nation package (Nicolet XRD Corp., Madison, 
WI) similar to that described previously. I5 For 
28 and 30 second orientations of the BF4 counterion 
were located on a difference map and refined to 
13 and 17% occupancy respectively. For both 28 
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Table 5. Summary of crystal data and intensity collection 

901 

4 28 30 

Empirical formula 
Formula weight 
Crystal dimension, mm 
Temperature, K 
Cell parameters 

a, A 
b, A 
c, A 

B, deg 
Space group 
Z 
Calculated density g cm- 3 
Absorption coefficient, p, cm- 
Nicolet diffractometer’ 
Scan type 
Scan range, 

deg below 20-K, 
deg below 20-K, 

Scan speed 
Background/scan ratio 
28 limits, deg 
Max sin 011, A- ’ 
Absorption correction 
Unique data, theoretical 

F, ’ 3@‘0) 
P; weight = [~Z(F)+p2FZ]-1 
Discrepancy indices 

R, % 
Rw, % 

Observation/variable ratio 
Final difference pm_, e/A’ 

C23H19BF4Fe203 C31H23BF4Fe406 G&I I 8F4Fe203N 
541.898 801.713 494.845 

0.45 x 0.39 x 0.30 0.80 x 0.30 x 0.05 0.40 x 0.05 x 0.05 

297 297 297 

10.444(2) 8.715(2) 16.403(3) 
12.994(3) 27.586(9) 9.237( 1) 
16.827(3) 12.974(3) 14.416(2) 
90.76(2) 98.20(2) 113.72(l) 

P21in P2,lc P2,lc 
4 4 4 
1.58 1.72 1.64 
13.24 18.10 15.04 
P3/F P3/F P3/F 
Wycoff e-28 e-28 

1 .Ob 1.0 0.7 
1.0 1.0 0.7 
4.0-29.3 3.5-29.3 1.5-14.65 
1 .oo 1 .oo 0.05 
3.0&45.00 3.Oe50.67 4.OM2.93 
0.539 0.602 0.515 
Psi-scan method Psi-scan method None 
3341 7092 2286 
2286’ 3716 1615 
0.001 0.00021 0.0016 

5.85 6.74 6.62 
6.10 5.53 5.93 
9.5 9.0 6.1 
0.46 0.83 0.57 

“Diffractometer equipped with a graphite monochromated MO-K, radiation source. 
b Scan range and background offset. 
‘F,, > 2.5~(F,). 

and 30 the major and minor orientations of the BF4 
counterion were constrained to be approximately 
tetrahedral with similar isotropic thermal factors 
for the minor orientation. Some disorder of the BF4 
counterion for 4 was evident from the large thermal 
parameters of the fluorine atoms but a suitable dis- 
order model was not found. The phenyl and Cp 
groups of 4 were refined as rigid bodies. Atomic 
coordinates have been deposited with the Cam- 
bridge Crystallographic Data Centre. 
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NMR SPECTROSCOPIC AND THEORETICAL 
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Abstract-In reactions between M,(OR),(py), compounds, where M = MO and W, R = Np 
(Np = neopentyl), i-Pr and t-Bu, x = 0 or 2, and alkynes (1: 1 stoichiometry) in hydro- 
carbon/pyridine solvents at or below room temperature, M2(OR),(py)x(@2R2) complexes 
are formed and have previously been shown to adopt one of three different structural types. 
Based on the local coordination geometry about each metal atom, these structural types 
can be described as octahedral-octahedral, I, octahedral-trigonal-bipyramidal, II, and 
trigonal-bipyramidal-trigonal-bipyramidal, III. All MO&C2R2) containing complexes 
adopt structure I while the W2(p-C2R2) complexes adopt one of I, II, or III, depending on 
the alkyne and the alkoxide. A comparison of structures and C-C bond distances in the 
p-CZRZ ligand reveals that the C-C bond distance is dependent on the structural type and 
increases in the order I < II < III and MO c W. The magnitudes of ‘JI~_I~~ for the M&- 
C2H2) moieties show an inverse correlation with d(C-C). Fenske-Hall molecular orbital 
calculations performed on the model compounds M2(0H)6(NH3),(p-C2H2), where M = MO 
and W and x = 1 or 2, reveal that the major factor contributing to the reduction of the 
alkyne in I, II, and III, is the local coordination geometry about each metal atom. Trigonal- 
bipyramidal coordinated metals and monoalkoxy-bridged M2(@Z2R2) complexes reduce 
the alkyne more than octahedral coordinated metal atoms and di-alkoxy-bridged structures, 
respectively. The reduction of the alkynes for M = W > MO can be traced to the relative 
orbital energetics and radial extension of the metal atomic orbitals. The intluence of the 
supplemental Lewis base ligand NH3 is found to be small. The effect of alkoxide n-donation 
is seen in calculations employing a frozen n orbital approach. It is demonstrated that 
alkoxide n-donation to the metal atom enhances metal rr back-donation into the alkyne n* 
orbitals. 

During our investigations of the organometallic n-donating oxygen ligands. The use of alkoxide 
chemistry associated with molybdenum and tung- ligands has two pronounced effects : (1) it solubilizes 
sten supported by alkoxide ligands, we have pro- the cluster units and (2) the nuclearity of the cluster 
posed that alkoxide clusters of these metals may act can be controlled by steric effects associated with 
as homogeneous models for heterogeneous metal the OR ligands. The chemistry of discrete dinuclear, 
oxide catalysts.’ In both systems the metals are in trinuclear and tetranuclear clusters can then be 
middle to high oxidation states supported by strong studied. 

t For Part XII, see ref. 1. 
SAuthor to whom correspondence should be addressed. 

M2(0R)6L, compounds (M = Mo, W ; R = Np, 
i-Pr, t-Bu ; x = 0, 2) react with small unsaturated 
molecules, e.g. RC%C!R,“7 w,1c24 R2m,25 
RGN,‘3”“28 RNEC,~~ N4,3@-33 and 
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R2NC=N,34*35 to produce either a large reduction 
in the coordinated C-E multiple bond or a cleav- 
age of the C-E function. 

In the reactions of M,(OR),L, with alkynes 
(R’C=CR’), a wide variety of compounds are for- 
med depending on (1) the metal, (2) the steric bulk 
of the alkoxide or the alkyne substituents, (3) the 
stoichiometry of the reaction and (4) the reaction 
temperature. Isolated products include M2(0R)6 
L,(/&R;),3-6*10.‘5 [L,(RO),M~CR’],,6,g,“-‘6 
M,(OR)g(p&R’),7-‘1 Mz(OR)6Lx(~-C4R;),3,4,7*” 
and W2(0R)6(p-C4R~)($-C2R;).3-5,7~g~” 

The M,(OR),L,(p-C,R$) complexes of molyb- 
denum appear to adopt structure 13s4 while the 
tungsten complexes adopt structures I, II and III,56*1o 
shown below. The W&-C2R;) complexes favour 
structure III over structure I and II when sterically 
bulky combinations of alkoxide and alkyne are 
used. 

EXPERIMENTAL 

Computational procedures 

We have employed the model systems 
M,(OH),(NH,)XC,H& where M = MO and x = 2, 
and M = Wand x = 1 or 2, to investigate the nature 
of M2(p-C2H2) bonding. The coordinates for these 
model compounds were idealized to either Cl0 or C, 
point symmetry, but otherwise bond lengths, bond 
angles and dihedral angles were taken from the 
crystal structures of Mo2(0-i-Pr)6(py),(p-CzHZ),4 

W*(O-i-Fr)6(PY)*(~-C,H2),6 Wz(ONP)6(PY)*(~- 
C2H2)10 and W,(o-t-BU),(py)Ol-C,H,).6 A summary 
of the structural parameters employed in this study 
is listed in Table 1. 

Molecular orbital calculations were performed 
using the FenskeHall method, which has been dis- 

R’ 

I II 

Upon further investigation, it was found that 
Wz(O-t-BU)6(py)(p-C2H2) was in equilibrium with 
(t-BuO),W&H in toluene-d, solution [eq. (l)] in 
a 5 : 1 ratio, respectively.6 

Wz(O-t-Bu),(PY)(@,H,) 

=2(t-BuO),W=CH + py. (1) 

Changing the alkoxide to the slightly larger t-amy- 
loxide (OCMe,Et) changed the equilibrium ratio to 
ca 1 : 5, favouring the alkylidyne.” Schrock et al. 
found that increasing the steric bulk of the reactant 
molecules favoured carbon-carbon bond cleavage 
[eq. (2)].‘“‘” 

W,(O-t-BU),+ RC=CR +2(t-BuO),W=CR. 
(2) 

R = Me, Et, Pr 

In this report we will use metal-metal and car- 
bon-carbon bond distances, carbon-carbon coup- 
ling constants in the M2(p-C2H2) moieties, and Fen- 
ske_Hall molecular orbital calculations to 
investigate the reduction of alkynes by M2(0R)6L, 
compounds. 

III 

cussed in detail elsewhere36 and its applications 
reviewed.37 The FenskeHall method is an approxi- 
mate Hartree-Fock-Roothaan SCF-LCAO pro- 
cedure, and the final results depend only upon the 
chosen atomic basis set and internuclear distances. 
SCF calculations were performed in the atomic 
basis on the C2H2, (NH,), (x = 1 or 2) and M2(0H), 
fragments, and on the M,(OH),(NH3)&-C2H2) 
compounds. To aid in the interpretation of orbital 
interactions, the converged wave functions were 
transformed into a basis consisting of the canoni- 
cal orbitals of the isolated C2H2 and M2(OH)6 
(NH,), fragments. All of the calculations described 
in this paper were performed at the Indiana Uni- 
versity Computational Chemistry Center using a 
VAX 1 l/780 computer system. 

All atomic wave functions were generated by a 
best fit to Herman-Skillman atomic calculations 
using the method of Bursten et al.38 Contracted 
double-l: representations were used for MO 4d and 
W 5d AO’s as well as C, 0, and N 2p AO’s. Basis 
functions for the metal atoms were derived for a 
+ 1 oxidation state with the valence s and p 
exponents fixed at 1.55 for MO 5s and 5p, and 1.80 
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Table 1. Structural parameters for M,(OH),(NH,),(y-C2HJ model compounds of Mo 
and W 

Distance” Ib I’ IP III< Fixed’ 

M-M 2.554 2.567 2.609 2.665 2.614 
M-C 2.088 2.097 2.164 2.107 2.104 

2.084 2.092 
C-C 1.368 1.394 1.390 1.441 1.408 
M-PO 2.146 2.143 2.070 2.083 2.075 

2.012 1.999 
M-Q 1.942 1.941 1.961 1.938 1.940 

1.927 1.919 
M-N 2.312 2.312 2.314 2.267 2.291 

2.274 - 

O-H 0.960 0.960 0.960 0.960 0.960 
N-H 1.010 1.010 1.010 1.010 1.010 
C-H 0.960 0.960 0.960 0.960 0.960 

Angle 

C-C-H 137.0 140.5 136.8 135.5 137.6 
M-0,-H 135.5 134.6 133.8 149.0 135.0 

136.2 152.4 
M-@--H 125.3 124.9 133.9 139.6 135.0 

132.7 138.9 
H-N-H 112.0 112.0 112.0 112.0 112.0 

a Distances are in Angstroms. 
b For M = molybdenum. 
‘For M = tungsten. 
d When two numbers are given, the first number refers to the distances or angles from 

the octahedral metal and the second number refers to the trigonal-bipyramidal metal. 
‘When two numbers are given, the first number refers to the distances or angles 

from the pyridine coordinated metal and the second number refers to the non-pyridine 
coordinated metal. 

IThese parameters were assumed for calculations described in the text and for the 
results given in Table 5. 

g Angles are in degrees. 

for W 6s and 6p orbitals.? Examination of a variety 
of Xa optimized atomic orbital bases for the metal 
atoms with various valence s and p exponents 
showed no effect on the general conclusions pre- 
sented herein. An exponent of 1.16 was used for the 
H 1s atomic orbital since it minimizes the energy of 
methane.3g 

Synthetic methods and spectroscopic studies 

Standard experimental techniques for the 
manipulation of air- and water-sensitive materials 
were used. The known compounds were prepared 
as previously described.4*6*‘0,40A’ 

TValence s and p orbital exponents were those that 
kept the populations of the MO atomic 5s and 5p orbitals 
and W atomic 6s and 6p orbitals less than 0.1 

13C NMR spectra were recorded on a Nicolet 
NT-360 spectrometer at 90 MHz or on a Varian 
XL-300 at 75 MHz in benzene-d6 or toluene-d, sol- 
vent. The 13C NMR spectra for M,(OR),(py),& 
C,H,) were obtained using labelled ethyne (ethyne- 
1,2-‘3C2 92 mol% “C). The ’ 3C labelled ethyne was 
purchased from MSD Isotopes and used without 
purification. “C NMR chemical shifts are in ppm 
relative to the C6D6 triplet of benzene-d, set at 6 
128.0 or the methyl-carbon of toluene-ds set at 6 
20.4. The ‘3C-‘3C coupling constants reported for 
the ethyne adducts were obtained by use of gated 
‘H decoupling techniques. 

RESULTS AND DISCUSSION 

Bonding cotisiderations 

The presence of three structural types for the 
alkoxide-supported M&&HZ) compounds raises 
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several questions concerning the role of structural 
geometry on the reduction and cleavage of the 
alkyne ligand in this system. The reduction of the 
C=C bond is an important first step in alkyne 
metathesis reactions and a detailed understanding 
of alkyne reduction in these systems is clearly desir- 
able. In particular, what is the effect of (1) the metal, 
(2) the local geometry, (3) the M-M distance, (4) 
the presence of n-donating alkoxide ligands and (5) 
the presence of Lewis bases on the dimetal centre 
with regard to the reduction of the alkyne? We have 
used Fenske-Hall molecular orbital calculations in 
an attempt to answer these questions and to gain 
insight into the nature of the bonding in these com- 
plexes. 

tained in the plane of the bend (as shown in IV) and 
are relatively unperturbed by the bending process 
as demonstrated by the C-C overlap populations 
in Table 2 and the relative orbital energetics in 
Fig. 1. The small decrease in the C-C overlap 
populations of the rcr and rcrorbitals (Table 2) can 
be attributed primarily to an elongation of the 
C-C distance and not to a change in the C-C-H 
angle. 

Linear us bent C2H2 

Although the result is known4* it is useful to 
review briefly the changes that occur in the molecu- 
lar orbitals when linear C2H2 bends upon coor- 
dination to a metal. The orbitals of C2H2 that are 
important for M-C bonding are the C-C rc and 
rr* orbitals. In linear C2HZ, the rr and rc* orbital 
pairs are each doubly degenerate. Bending the CIH, 
molecule in the plane of the page lifts the degeneracy 
of the rr and rr* orbital pairs as shown in Fig. 1. For 
simplicity, the rc orbitals of bent C2Hz are referred 
to as rrnll and al being parallel or perpendicular to 
the metal-metal bond in the M&C2H2) complexes, 
respectively. The z,, and rrf orbitals are not con- 

Fig. 1. Molecular orbital diagram comparing the valence 
‘II and ?r* orbitals of CzH2 in linear and bent geometries. 

The n1 and rty orbitals of CzHz are contained 
within the plane of the bend, and the bending pro- 
cess promotes a rehybridization of s and p atomic 
orbital character as shown in V. This rehyb- 

ridization results in a dramatic decrease in the anti- 
bonding character of the nr orbital, as revealed in 
the overlap populations listed in Table 2, and a 
concomitant lowering in orbital energy (Fig. 1). 
The consequent stabilization of the ?t* orbitals that 
results from both a bending of the C2Hz molecule 

Table 2. C---C overlap populations” for an unco- 
ordinated C2Hz ligand at the internuclear distances 
relevant for free CzHz and the bent C2H2 moiety in 

W,(O~-Pr),@y)~oL-C,H,) 

Overlap populations 
Compound Zll XI nr n;f 

Linear CzH2 0.296 0.296 -0.727 -0.727 
Bent C2H, 0.256 0.154 -0.260 -0.525 

‘Overlap populations for a single electron occupying the 
molecular orbital. 
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and the lengthening of the C-C distance will have 
important consequences towards the interaction of 
C2H2 with the M2 centre. 
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The CZV-W2(0H),(NH& fragment, I 

In order to investigate the bonding interactions 
between C2H2 and the Mz(OR),(py), moieties, we 
have used the model compounds M2(OH)6(NH3)x 
(CL-CZH2). The use of OH in place of OR reduces 
the number of molecular orbitals in the calculations 
but allows us to maintain oxygen lone pair inter- 
actions with the metal. NH3 was chosen to repre- 
sent the pyridine ligands despite the fact that pyri- 
dine has a E system because the long M-N dis- 
tances (ca 2.3 A) preclude any significant n-interac- 
tion with the metal atoms. 

binations of two d,, atomic orbitals would give rise 
to the lb, and lq n-bonding and -antibonding 
orbitals, respectively,while the d,,= atomic orbitals 
give rise to the lai and 2b2 a-bonding and -anti- 
bonding orbitals, respectively. The last two frag- 
ment MO’s of importance to our discussion are the 
in-and out-of-phase combinations of two dx2_Y2 
atomic orbitals producing the 3a, and 1 b2 fragment 
MO’s of I’. The six metal d-electrons occupy the 
la,, lb, and 2a, M-M bonding orbitals as seen on 
the left of Fig. 2. The M-M a-bonding and 
-antibonding 3a, and 1 bz fragment orbitals lie high 
in energy as a result of strong A-donor interactions 
with the OH ligands. This has been discussed in 
detail elsewhere.lg 

A simple way to discuss the bonding interactions 
between the C2Hz ligand and the W, unit in the 
W&-C,H,) compounds is to examine the inter- 
actions in terms of fragment MO%. The tungsten 
model compound for structure I, C2v-W2(OH)6 
(NH3)&C2H2), can be decomposed into C2”-W2 
(OH),(NH,),, I’, and C2Hz fragments. The im- 
portant metal-based fragments of I’ are shown 
schematically in VI along with a local coordinate 
system for each metal atom. 

M-M and M-C bonding in complexes of structure 
I for W and MO 

The ‘IE and K* orbital pairs of the alkyne ligand 
are involved in metal-carbon bonding interactions. 
The alkyne ligand bonds to the dinuclear centre via 
a synergistic mechanism of electron donation from 
filled alkyne n orbitals to empty metal d-orbitals, 
and backbonding results from electron donation 
from filled metal d-orbitals to unoccupied alkyne 
7r* orbitals. The relative magnitude and nature of 

10, lb, 20, 30, 

24 34 

Using this local coordinate system, the important 
metal-localized MO’s of I’ can be visualized in terms 
of combining two square-based-pyramidal metal 
fragments “hinged” along a common edge. In- and 
out-of-phase combinations of two metal dz2 atomic 
orbitals yield the 2a, and 3b2 M-M u-bonding 
and -antibonding fragment MO’s, respectively. The 
2al fragment MO is hybridized away from the ter- 
minal NH,‘s to minimize M-N antibonding. In a 
similar fashion, the in- and out-of-phase com- 

the metal-alkyne bonding interactions are similar 
in nature, but different in magnitude for the tung- 
sten and molybdenum analogues. We first describe 
the interaction of C2H2 with I’ (I’ = C2”- 
M,(OH),(NH& of tungsten in detail. 

As shown in Fig. 2, the C2H2 n,, orbital has b2 
symmetry in the CZv point group and can interact 
with W2 fragment orbitals of the same symmetry. 
From simple perturbation theory, the magnitude of 
the interaction will depend on the relative orbital 
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- a,*t3bzl 

~ 
- u,*(2bz) 

\\ 

c2v 

Fig. 2. ~ra~ent molecular orbital diagram showing the ~~urbation of C~~-W~(OH)~~H~~~ [I7 
fragment orbitais by interaction with a bent C,H, moiety. Orbital occupation by dectrons is denoted 

by bars. Only the important metal- and aeetylene-based fragments are shown. 

energetics and degree of overlas between the M2 d~d~tion of the 2b2 and 34 fra~ent orbitals 
and C2 fragments.@ In the I’ fragment of tungsten, of I’ in order to maximize the M-C & bonding 
no single b2 fragment orbital is spatially oriented to interaction. The forced rehybri~~tion of the 2b, 
produce good overlap with the b2 q orbital of C,H,. and 3b, orbitals of I’ is shown qualitatively in VII 
As a result, the bz interaction forces a rehy- and the resulting lb, W-C bonding orbital of the 

4 

2b, hybrid 
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lb, 

XIII 

W&-C2H2) moiety is shown in VIII. The lb, frag- 
ment orbital of I’ also has the correct symmetry to 
interact with the b2 C,H2 x,, orbital but there is 
negligible overlap. Therefore the 1 b2 orbital of frag- 
ment I’ is relatively unperturbed by interaction with 
the C2H2 moiety and becomes the 2b2 orbital 
(LUMO) of the W&J-C2H2) compound. 

The C,H, n1 orbital has a, symmetry and inter- 
acts primarily with the 2a, W-W a-bonding orbital 
of I’ resulting in the lai W-C bonding MO of I, 
shown in IX. 

la, 

lx 

Both the la, and 34 fragment orbitals of I’ have 
the correct symmetry to interact with the CzH2 nI 
fragment orbital but have negligible overlap. The 
3u1 fragment orbital of I’ transfers essentially unper- 
turbed into the 3ui MO of I. The la, fragment 
orbital of I’ mixes somewhat with the 24 fragment 
orbital of I’ to give the 24 MO of I which is desta- 
bilized relative to its parent orbital, the la, of I’. 
The resulting 24 MO represents the primary com- 
ponent of the W-W a-bond in I. 

We can gain a relative measure of the magnitude 
of the alkyne n-interaction with the W2 centre 
through the aid of fragment overlap populations. 
The total overlap population between the W2 and 
C2H, fragments is 0.327 for the b, interaction, while 
the overlap population for the a1 interaction is only 
0.225. The bz interaction has a better overlap than 
the a, interaction, even though the b2 fragment 
orbitals are energetically further away than the aI 
fragment orbitals. The balance between orbital 
energetics and the magnitude of the overlap, results 
in a situation where both a, and bz alkyne x orbitals 
are stabilized by approximately the same amount. 

The 2b2 and 3u, orbitals of I’, the LUMO and 
SLUM0 (second lowest unoccupied molecular 
orbital), have just been described as transferring 
essentially unperturbed from the I’ fragment. How- 
ever, there is a reordering which takes place between 
these two orbitals as they are transferred from their 
parent lb2 and 34 orbitals of I’ to the 2b, and 3u1 
orbitals of I. While the overlap populations between 
the lb2 and 3ui orbitals of I’ and the q and A~ 
orbitals of C2H2, respectively, are small, the overlap 
population for the a, interaction is larger than the 
b2 interaction. This switches the order of the 3u, 
and lb2 orbitals of I’ such that the 34 orbitals of I 
(M-M o-bonding) is higher in energy than the 2b2 
orbital of I (M-M o-antibonding). 

The C&H, rc* fragment orbitals are involved in 
strong, covalent interactions with I’. The C2H2 R: 
fragment orbital interacts with the lb, fragment 
orbital of I’ resulting in the formation of the lb1 
W-C bonding MO of I. In a similar fashion, the 
CzH2 $ fragment orbital of I’ interacts with the 1~2 
orbital of I’ to give the 1~ W-C bonding orbital 
of I as shown in Fig. 2. The resulting la, and lb, 
M-C bonding orbitals are illustrated in X. 

Ia2 14 

The bonding picture shown in Fig. 2 has the 
components of four M-C bonds. The la, and lb2 
orbitals are predominantly alkyne 71 in character 
and represent alkyne n-donation to the M2 centre. 
The lb, and la, orbitals have more balanced con- 
tributions from both M, and alkyne fragments and 
represent strong, covalent n-backbonding inter- 
actions. 

We can now discuss the qualitative similarities 
and differences between the MO and W analognes 
of the formula MZ(OI-I)6(NH3)2~-C,HJ having CZ,, 
point symmetry, structure I. The overall bonding 
picture is found to be very similar with the primary 
difference being their fragment orbital energies, 
degree of overlap with the C2H2 ligand and the 
degree of rehybridization of M2 fragment orbitals. 

In general, the fragment MO’s constructed from 
W 5d atomic orbitals are higher in energy than the 
corresponding fragments constructed from MO 4d 
atomic orbitals. Thus for x-backbonding into vac- 
ant alkyne x* orbitals, the W-based fragments are 
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Table 3. Mulliken populations of the canonical orbitals of bent C2H2 and the CzH2 moiety in 

M2(0H)6(NH,),(~-C*H*) 

Compound Structure 
Mulliken populations n-density 

“II n, nI ZlY % 2(,* 

Bent CzH2 2.000 2.000 0.000 0.000 4.000 0.000 
C~-MO~(~H)~(NH~)~~-C~H~) I 1.631 1.672 0.742 0.537 3.303 1.279 
C~“-W*(OH)~(NH~)Z(~-C~H~) I 1.666 1.705 0.788 0.633 3.371 1.421 
C,-W,(OH),(NH,),01-C,H,) II 1.625 1.737 0.886 0.652 3.362 1.538 
C,-W,(OH),(NH,)(~-C,H,) III 1.570 1.754 1.002 0.818 3.324 1.820 

energetically closer and have better overlap with 
alkyne rr* orbitals than their MO counterparts. In a 
similar fashion, for n-donation from filled alkyne z 
orbitals into vacant metal orbitals, the MO-based 
fragments are energetically closer than their W 
counterparts. 

The lower energy MO, fragment orbitals result in 
a greater degree of rehybridization of al orbitals, 
and now the la, M-M a-bonding orbital has a 
primary interaction with the alkyne x,_ orbital. This 
is the same result found by Hoffmann et al. in 
their studies of alkyne complexes employing the 
Extended Hiickel Method.42 

The important message from the orbital picture 
presented here, is that the alkyne ligand is both a 
better K-acceptor and weaker A-donor to the W 
compounds than to the MO compounds. These 
observations are supported by an examination of 
the Mulliken populations (or orbital occupancies) 
of the canonical orbitals of the CzH2 moiety in the 
M2@C2H2) compounds listed in Table 3. Since the 
a* orbitals of free C2H2 are empty, populations 
greater than 0.000 represent a measure of the degree 
of n-backbonding from the M2 centre, and popu- 
lations less than 2.000 for a ‘II orbital represents 
n-donation to the M2 centre. From Table 3 the 
synergistic nature of M&CzHz) bonding in these 
systems is demonstrated via the loss of alkyne n 
density and the gain in alkyne rr* density for all 
three geometric types. The greater decrease in x,, 
and x1 populations of structure I for MO relative 
to W reveals the slightly greater n-donation to MO 
relative to W. In a similar fashion, the larger 
increase in rrt and a’j populations for the W ana- 
logue reveals the stronger a-backbonding for W 
relative to MO. 

Again, these results can be attributed to the rela- 
tive energetics and magnitude of overlap between 
W 5d and MO 4d fragment orbitals with CzH2. Both 
interactions represent C-C bond weakening and 
M-C bond strengthening for W compounds rela- 
tive to MO compounds and are consistent with the 
longer C-C bond in the W complex. In general, R- 
backbonding is the dominant M-C bonding mech- 
anism. These results parallel those found in earlier 
studies on M&-CX) compounds (X = 0,” NR*p of 
MO and W which emphasized the greater reducing 
strength of the W=W bond relative to the 
Mo=Mo bond towards unsaturated substrate mol- 
ecules. 

A comparison of the I’, II’ and III’ ditungsten 
fragments 

During the course of our studies on the MZ@- 
C,H,) compounds, we realized that the C-C dis- 
tance (Table l), and hence the degree of alkyne 
reduction, is different in the three structural types 
found for W&C2HZ) containing compounds. For 
all three structural types, the C2Hz moiety uses both 
z and II* orbital pairs in W,@-C,H,) bonding. 

The primary difference in the magnitude of alkyne 
reduction can be traced to the geometry of the W2 
fragments I’, II’ and III’. The W, fragment 
geometry controls the relative orbital energetics and 
spatial orientation of the fragment orbitals. This, in 
turn, determines the magnitude of orbital inter- 
actions between the W, and C2Hz fragments in 
structural types I, II and III. 

To understand this, compare the W, fragment 
orbitals of the WZ fragments I’, II’ and III’ illus- 
trated in XI below. These WZ fragments originate 

I’ I’ m’ 
XI 
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Fig. 3. Molecular orbital diagram comparing the valence fragment orbitals of W,(OH),(NH,), 
fragments with local oct-oct (left), act-tbp (centre) and tbp-tbp (right) geometries. Orbital occupation 

by electrons is denoted by bars. Only the important metal-based fragment orbitals are shown. 

from the fused octahedral-octahedral units in I, 
octahedral-trigonal-bipyramid units in II and tri- 
gonal-bipyramid-trigonal-bipyramid ‘units in III 
counting the C2H2 ligand as a common vertex for 
each metal atom. We shall refer to these fragments 
as I’, II’ and III’, respectively. 

The relative orbital energetics of W2 fragments 

I’, II’ and III’ are compared in Fig. 3. Since the W2 
fragments are not all of the same symmetry, we use 
the simplistic orbital designations rr, rr*, R and n* 
for easy comparison between the three fragments. 

Differences between the fragment orbital ener- 
getics in I’, II’ and III’ can be understood in terms 
of the combination of ML5 (square-based pyramid) 
and ML4 (trigonal-bipyramid minus one equatorial 
vertex) units. The W, fragments will be constructed 
from the remnants of an octahedral “lb” set and 
from hybrid orbitals pointing to the missing vertices 
of an octahedron. The “tzg” remnants will be low- 

lying and the hybrid counterparts will be high-lying. 
For example, compare the octahedral origin of the 
x* orbitals in Fig. 3 for geometry I’ and III’ shown 
in XII. 

**-I’ a*-III’ 

XI 

In geometry I’, the rr* orbital is constructed from 
“t2g” orbitals and therefore is relatively low-lying 
in Fig. 3. In contrast, the n* counterpart in 
geometry III’ is constructed from hybrid orbitals 
pointing to the missing vertices of an octahedron. 
As a result, this rr* orbital is destabilized relative to 
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its counterpart in I’. Since geometry II’ is composed 
of both “tZ9” orbitals and hybrid orbitals, the rr* 
orbital for geometry II’ is intermediate in relative 
energy between its II* counterpart in I’ and III’. 

The W2 fragment orbital which becomes the 
M-M o-bond in the W&-C2H2) complexes is 
labelled rrI in Fig. 3. This orbital is unaffected by 
changing the geometry from I’ to II’ to III’. 

The a2 and a* orbitals in Fig. 3 undergo some- 
what more complicated changes as a function of the 
changing structure. Besides the factors mentioned 
affecting the rr and n* orbitals, i.e. “tZg” remnants 
being low-lying and hybrid orbitals being high- 
lying, the effect of the asymmetry between the two 
metals in II and III is realized. In II’ and III, there 
is an uneven contribution from each metal in the a2 
and a* orbitals. 

It was demonstrated for structure type I that 
the W&C2H,) bonding is dominated by strong, 
covalent a-backbonding interactions between W2 
fragment orbitals of rc symmetry (Fig. 3) and alkyne 
Z* orbitals. Since this rc-backbonding is the domi- 
nant interaction, we can anticipate the relative mag- 
nitude of x-backbonding to be III > II > I based 
on the relative orbital energetics and spatial orien- 
tation of the W2 rc and rr* fragment orbitals shown 
in Fig. 3. 

loss of electron density from the bonding n orbitals. 
This is a well-known consequence of orbital inter- 
actions43 and is illustrated by the C-C overlap 
populations (a measure of bond strength) of Table 
2 where a linear C2H2 rr orbital contributes 0.296 
and a rc* orbital - 0.717 to the C-C overlap popu- 
lation. With this background we can compare the 
total electron occupation of A and rr* orbitals of the 
alkyne moiety in M&-C2H2) compounds shown in 
Table 3. In Table 3 the total occupation of n and 
R* orbitals are denoted as rcP and rrp*, respective1y.S 
Note that all the M&&HZ) containing com- 
pounds display a rr orbital occupation (nP in Table 
3) which is relatively constant between ca 3.2-3.4. 
By contrast, the total occupation of n* orbitals ($ 
in Table 3) steadily increases from ca 1.3 to 1.8 in the 
order MO < W and I < II < III. From this data, we 
reiterate that a-backbonding into alkyne rc* orbitals 
is the dominant C-C bond weakening process and 
further illustrates the effect of structural change on 
n-backbonding in the order III > II > I and 
W > MO for the series of compounds under study. 
This ordering of C-C bond weakening is further 
amplified by the C-C overlap population which 
gives a measure of relative C-C bond strength. 
One can see that C-C bond strength is inversely 
proportional to the degree of n-backbonding. 

Since the W2 fragment rc and rc* orbitals of III 
are composed of hybrid orbitals, they are ener- 
getically closer to the alkyne rc* orbitals than their 
W, fragment rc and rr* counterparts in II’ and I’. 
Moreover, the nature of the hybridization in the W2 
fragment n and rc* orbitals in III’ is such that the 
hybrids are strongly polarized towards the 
incoming C2Hz orbitals. As a result, we anticipate 
III’ to have the strongest rc-backbonding interaction 
with the alkyne ligand of the three structures. 

The changes in the relative energy and order of 
the fragment orbitals in Fig. 3 seem to explain the 
changes in the reduction of the C2H, moiety in the 
three M&.&HZ) containing structures, as reflected 
by the Mulliken populations. The picture is a little 
more complicated than this, however, because there 
are two other important orbitals in fragments II’ 
and III, those structures containing only one bridg- 
ing alkoxide, that have not been considered. 

We can use the Mulliken populations of the 
canonical orbitals of the CzHz moiety in each struc- 
tural type to gauge the relative degree of alkyne 
reduction. We begin our discussion by noting that 
electron occupation of rc* orbitals will contribute 
more to the weakening of the C-C bond than a 

In fragment I’, the molecular orbitals composed 
of two &,, atomic orbitals are M-O a-antibonding 
and lie high in energy, out of the bonding picture. 
In fragments II and III’, these orbitals are M-O 
rr-antibonding and find themselves amongst the 
M-M bonding and antibonding fragment orbitals 
shown in Fig. 3. These are M-M nonbonding 
orbitals and are labelled n.b., and n.b.z in Fig. 3. 

$Total occupation of x orbitals calculated as arith- When the alkyne moiety interacts with WZ frag- 

metic sum of n,, and n1 Mulliken population. Total a* ments II and III’, the W2 n.b., and n.b.2 and ‘IL* 
occupation calculated as arithmetic sum of xf and ky orbitals mix to form a new hybrid orbital shown in 
Mulliken population. XIII for fragment III. This new hybrid is now 

n.b., n.b., 7r* hybrid 

¶ 
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Table 4. Selected overlap populations between If’ and 
III’ and C2H, fragments 

II 
III 

n.b.,/n,* n.b.,/af r0rB 

0.220 0.070 0.061 
0.195 0.101 0.169 

spatialiy oriented so as to afford better M-C over- 
lap in the resulting M-C bonding orbital shown in 
XIV. A similar rehyb~dizatio~ takes place for the 

hybrid + C&l2 a,; 

interaction between CzH2 and fragment II’. The 
fragment overlap populations for this interaction, 
given in Table 4, show that all three fragment 
orbitals contribute substantially to M--C bonding. 

Population changes : real or artifactual? 

Thus far we have argued that changes in the 
calculated Mulliken populations of the alkyne moi- 
‘ety occur as a direct result of metal-alkyne bonding 
and provide a relative measure of alkyne reduction 
in each structural type. However, the C-C, M-M 
and M-C bond distances differ in each structural 
type, and this could have an effect on the Mulliken 
populations. In order to test that the relative trends 
observed in the populations are not biased by the 
structural parameters employed, we undertook a 
series of calculations in which all three structural 
types used identical W-W, C-C, W-C and 
W-O distances and W-O-H angles (Table 1). 

The M~liken populations of the C2H2 moiety for 
the three tungsten structures from this study are 
given in Table 5. The general trend of n-back- 
bonding and alkyne reduction based on these popu- 
lations and the resultant Z* orbital pupation (~3 
given in Table 5 is still in the order III > II > I. 

Eflect oj’ oxygen to metal ~-~o~ati~~ 

Alkoxides, which are strong n-donor ligands, will 
have a destabilizing influence on the metal d-block 
electrons relative to a-donor ligands, while E- 
acceptingligands such as carbon monoxide will sta- 
bilize the electrons in the metal d-block. Since the 
relative energy of the fragment orbitals in I’, II 
and III’ have been described as having a direct 
correlation with the reduction of the C,H, ligand in 
these complexes, we sought to investigate the role 
of alkoxide n-donations towards reduction of the 
ancillary alkyne ligand in these molecules. We can 
separate the alkoxide CF and n interactions through 
what we will refer to as a “frozen n orbital” 
method.& To accomplish this we first reconverge a 
calculation on each model compound with linear 
W-O-H angles and note that variation in this 
angle has a negligible effect on the Mulliken popu- 
lations of the C2H2 moiety. With linear M-O-H 
angles, the %H 7~ orbitals are pure atomic p in 
character and in the canonical basis they are par- 
titioned in the Fock and overlap matrices, in a 
fashion similar to the partitioning of the matrices 
of a diatomie molecule into core and valence 
regions, as illustrated by Roothaan4’ The z orbitals 
are then deleted from variational treatment as 
described by Lichtenberger and Fenske46 and we 
will refer to them as “frozen n orbitals”. With this 
method we can effectively “switch off’ the alkoxide 
w interaction to examine the a-only interaction in 
the absence of the n. The results of “freezing” the 
hydroxide z lone-pair orbitals in the canonical basis 
are quite revealing. Table 6 lists the Mulliken popu- 
lations of the C2H2 ligand in compounds I, II and 
III with frozen OH n lone-pairs and may be com- 

Table 5. Selected Mulliken populations of the canonical orbitals of bent C,H, and the C,H, moiety in the 
molecules W~(OH)~(~H~)~(~-~*H~) using fixed structural parameters” 

Mulliken populations n-density 
Compound Structure 1111 711 @ n;c % Irf 

Bent C2Hz 2.000 2.000 0.000 0.~0 4.000 0.000 
C,,W,(OH),(NH,),(y-C,H,) I 1.662 I.708 0.817 0.649 3.370 1.466 
~~-W~(oH),(NH,),~-C,H,) II 1.610 1.745 0.916 0.685 3.355 1.601 
C,-W,(oH),CNH~X(cl-eH~) III 1.591 1.742 0.971 0.747 3.333 1.718 

a Only the angles necessary to define a new geometry were varied. Parameters are listed in Table 1. 
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Table 6. Selected Mulliken populations of the canonical orbitals of the CzH2 moiety in the molecules 
W2(0H),(NH3),(,u-C2HJ with frozen hydroxide ‘I[ orbitals 

Compound Structure 
Mulliken populations n-density 

XII AI nf G RP 
* 

% 

C,-W,(OH),(NHA&C,HJ I 1.630 1.680 0.770 0.560 3.310 1.330 
C,-W,(OH),(NH,),OI-C,H,) II 1.633 1.760 0.815 0.537 3.393 1.352 
G-W,(OH),(NH,)O-GH,) III 1.558 1.781 0.996 0.687 3.339 1.683 

pared with those in Table 3 where OH z-donation 
is allowed. Most notable is the dramatic decrease 
in the population of the z* orbitals of &Hz in each 
structural type as a result of “switching off’ the 
OH n-donation. This z-donation from the alkoxide 
ligands, enhances rc-backbonding to the alkyne 
ligand as evidenced in a decrease by the C&H2 n* 
population, relative to those where OH x lone-pairs 
are allowed to interact. Thus we conclude that rc- 
donor interactions with alkoxide ligands enhance 
rc-backbonding to the z* orbitals of the ancillary 
C2Hz ligand in all three structural types. 

E&et of Lewis base 

In a previous paper,lg we discussed the effect of 
Lewis base addition on the reduction of CO when 
bound to an M2(0R), unit. It was found that coor- 
dination of a Lewis base tram to the CO ligand 
enhanced the extent of CO reduction. In this study 
we find that Lewis base association does not sub- 
stantially affect the reduction of C2H2 because (1) 
the Lewis base either does not coordinate tram to 
the C2H2 ligand or (2) if it does, the orbitals affected 
are not involved in metal to &Hz n-backbonding 
which is the major contributor to C2H2 reduction. 

C-C distances and ’ 3C-1 3C coupling constants in 
perpendicular alkyne adducts 

The term dimetallatetrahedrane is often used to 
describe a perpendicular bridged alkyne complex. 
However, the C-C bond distances in most M&- 
C2R2) containing compounds are close to 1.34 A;’ 
the C-C distance found for C-C double bonds. 
The C-C distances in the W2@-C2R2) complexes 
supported by alkoxides are amongst the longest 
reported. Indeed, the C-C distance for @Z2H2 in 
W2(0-t-Bu)6(py)(~-CzH2), 1.44(l) A,6 is the longest 
reported and approaches that for the central C4 unit 
in C4(f-Bu)4, 1.48(l) J%.“~ It is not unreasonable to 

t ‘&_I~c for the edge of the tetrahedron is C,(t-Bu), 
is 9.4 Hz4’ 

expect that the C-C bond distance and the C-C 
bond order reduction should show a correlation. 
Regrettably, the typical esd in a C-C distance close 
to a heavy metal is one or two hundredths of an 
Angstrom which leads to uncertainties in com- 
paring distances within these compounds. 

We were attracted to the notion that the value of 
‘&_13~ for the p-C2H2 ligand might correlate with 
C-C bond order reduction. There is, in fact, a 
rough inverse correlation between ‘JI~~_IJ~ and 
C-C bond distance. Note the values of d(C-C) 
and ‘JIQ_u~ listed in Table 7 and see Fig. 4.t 

However, within the specific group of compounds 
that we have carried out Fenske-Hall molecular 
orbital calculations on, there is no direct correlation 
between &Hz n* occupation and ‘Ju_I~~ (see 
Table 8). This is perhaps not surprising because the 
range of ‘&_u~ is very small and the magnitude 
of this coupling constant is also very small, cf. 
‘J~3c_~~c = 171 Hz in HC=CH and 67 Hz in 
CH2---_CH2.50 

Coupling constants have been described as aris- 
ing from three types of interactions ; orbital-dipole, 
magnetic spindipole and Fermi contact inter- 
actions.” Of these, the Fermi contact interaction is 
usually considered to contribute the largest amount 
to the magnitude of the coupling constant.51 As a 
result, several empirical equations have been 
developed to predict one-bond coupling 
constants.52 Each of these formulae use the percent- 
s-character of the interacting nuclei to predict the 
magnitude of the coupling. The assumption in these 
equations is that the coupling constant is of a 
reasonably large value such that the Fermi contact 
term dominates. If, however, the coupling constant 
is in the low range, the Fermi contact term becomes 
no more important than the magnetic spin-dipole 
and orbital-dipole terms.5’ Thus the percent-s- 
model for coupling constants may breakdown. 
Table 8 shows the carbon 2s-carbon 2s overlap 
populations for the three tungsten model 
compounds. A direct comparison of the overlap 
populations with ‘JIJ~__u~ shows the lack of a cor- 
relation. 

Some of the predictive equations for one-bond 
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Table 7. Se&ted bond distances and 13C NMR data for M~(OR)~~y~~-C*~~ compounds and related carbonyi 
derivatives 

Compound 
structure 

type M-M” C-C” S(‘c,” ‘J’+_“C Ref. 

I 
I 
f 

I 
II 
III 

& 
c12 

2*554(l) 1.368(6) 163.4d 28.2 this work 
- 166.7’ 26.9 this work 

- - 127.1g 23.2 this work 
2567(l) 1.39(2) 166.3h 11.4 this work 
2.610(l) I .39(2) 133.2 19.0 this work 
2.665( 1) 1.44(l) 121.9’ 10.3 this work 
2.464( 1) 1.327(6) 71.lk 56.0 48’ 
2.980(l) 1.337(5) 61.9 43.4 this work 

@ Distances are in Angstroms. 
b Chemical shifts are in ppm relative to Me,% 
‘Coupling constants are in Hz. 
d -4O”C, CD,. 
@ - 65”C, CD,. 
‘Structure unknown. 
@ - 2O”C, CD,. 
Ir 25°C CD,. 
‘25C, C,D,N/C,D,. 
‘The distances shown are for the closely related Co(CO),(PMe,),&-&II,) complex. The M-M and C-C 

distances of Co,(C0)&&H2) are not known. 
@25”C, C6D,. 
‘Original values were obtained using a 60 MHz NMR spectrometer. The compound was synthesized and analysed 

in our laboratories using a 360 MHz spectrometer. The values were found to correlate well with the originally 
reported values, however, for the sake of consistency, our values are entered here. 

coupling constants include an energy term, AE5’ If W~(ONp)~(py)~(~-COHN). Model compound I for 
we assume that AE is proportional to the HOMO- tungsten has an intermediate HOMO-LUMO gap 
LUMO gap, a correlation does appear, as shown and ‘J~SC-IJC for W2(0-i-Pr)6(py),(&2H2), and III 
in Table 8. The model compound with the largest has the smallest HOM~LU~O gap and ‘J~s~.__zs~ 
calculated HOMO-LUMO gap, II, also has the for W,(O-t-Bu),(py)(~-C,H,). Therefore the trend 
largest ‘JI~~__I~~ for the actual compound, in C-C coupling constants seems to depend more 

I.55 _ 

( 

150 _ 

1.45 _ 

6s 
140. 

6‘ 
3 
7 1.35 _ 

230 _ 

1.25 + 

W,(ONP),(PY),~C-C,H,) 

L/ 
MolL(O-i-Pr)CI(Py)Z(P-CZHZ) 

0 5 10 15 20 25 30 35 40 45 50 55 

lJ 
13~_3_13~ W 

Fig. 4. Comparison of C-C distance with ‘J 13~ _ 13~ in selected M2&-C2H2) compounds and 
C.,(f-Bt&_ The vertical bars indicate the esd in the C-C distances. 
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Table 8. Selected properties of the W,(OH),(NH,)x(@Z,H,) model com- 
pounds and the W2(0R)&y),(@,H,) compounds 

Property 
Structural type 

I II III 

K* occupation 1.421 1.538 1.820 
C2s-C2s overlap population 0.233 0.216 0.185 
‘JI~~_-“~ (Hz) 11.4 19.0 10.3 
HOMO-LUMO (eV) gap 2.88 3.22 2.80 
6(“C) 166.6 133.2 121.9 
Mulliken atomic charge -0.529 -0.591 -0.657 

on AE than on C2s-C2s bonding in this low range 
of the magnitude of lJ~~_-‘~c. 

As a final note, the carbon-13 chemical shifts of 
the C2H2 moiety in the W&-C,H,) complexes were 
found to vary with structure. A comparison of the 
carbon-13 chemical shifts with the Mulliken atomic 
charge on the alkyne carbon atoms shows a direct 
correlation (see Table 8). This may be due to a 
change in the shielding of the carbons as the R- 
electron density about the C2H2 ligands changes.54 It 
seems reasonable that x- backbonding in the order 
III > II > I places increased electron density on 
carbon and this is reflected in the decrease in nega- 
tive charge on carbon in the same order, 
III > II > I. 

CONCLUSIONS 

There are many examples of alkynes bridging a 
dimetal centre. For those that have been cry- 
stallographically characterized, very few have 
alkyne carbon-carbon bond lengths approaching 
the carbon-carbon bond lengths found in the 
M,(OR),(py),(&,R;) complexes. There are a 
number of reasons for this. Most of the alkyne 
bridging dimers involve middle to late transition 
metals in low oxidation states with partial or total 
CO ligand environments. In contrast, we show that 
n-donation from alkoxide ligands enhances n-back- 
bonding and hence C-C reduction. 

In general, as a metal progresses from left to right 
across the transition series, the added electrons are 
inefficiently shielded from the effective nuclear 
charge and the resultant energy of the d-block falls 
in energy. For high oxidation state metals, the Z,, 
is even higher and the d-block drops more.55 CO, a 
n-withdrawing ligand, effectively increases the elec- 
tronegativity of a metal by lowering the metal-d- 
block while n-donating ligands decrease the elec- 
tronegativity of a metal by raising the metal-d- 

block.55 Also, the metal-d-block of early third row 
transition metals are generally higher than those of 
the second and first row transition metals, for mid- 
dle to high oxidation states, because of the increased 
shielding of the core electrons.” The net sum of 
the various effects is that the metal-d-block of the 
alkoxide supported M2(yC2RJ complexes is much 
higher than those of most other M&-C2R2) com- 
plexes. 

With the metal-d-block higher in energy, a better 
energy match is made between the filled metal 
orbitals and the empty R* orbitals of C2H2. There- 
fore, while the n-donation of electrons from C2R2 
to M2 in alkoxy supported M&&R& complexes 
appears to be very similar to those of the Cp and 
CO supported M&&R,) complexes,42 the n- 
acceptance of electrons to C,R, from Mz is superior. 
This reduces the alkyne to a much greater extent, 
even to the point of cleaving the carbon-carbon 
bond. 

The changes in M-M, M-C and C-C bond 
distances and M-O-H bond angles in I, II and 
III have little affect on the reduction of the C,H, 
ligand. When comparing the molybdenum and 
tungsten complexes of I, the tungsten complex is 
found to have a larger reducing potential than mol- 
ybdenum,as would be expected by the Z,, differ- 
ences listed above. Turning off the n-donation from 
the alkoxide ligands decreases the ability of the 
M2 centre to reduce the alkyne ligand. Also, the 
presence of Lewis bases on the M2(p-C2R2) com- 
plexes are shown to have little effect on the 
reduction of the alkyne ligand. This leads us to 
conclude that the steric interactions between the 
OR, py and CzRz ligands on the dimetal framework 
combine to determine the geometry adopted (I, II 
or III), and the geometry determines the extent of 
reduction of the alkyne ligand. 

It is interesting to speculate about non-alkoxide- 
bridged MZ(OR)&-C2R;) structures and the reac- 
tion pathway leading to C-C and M-M cleavage. 
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Abstract-The compound Mo,(ONp)&-q ‘,q*-NCNEt2) reacts with MeC%CMe (2 equiv.) 
in hydrocarbon solvents at ca 0°C to give Mo2(ONp)&C4Me,)(NCNEt2), I, which is 
shown to be structurally related to the previously characterized compound Mo,(ONp)& 
C,H,)py obtained in the reaction between Mo,(ONp), and HC&CH (2 equiv.) in the 
presence of pyridine (py = pyridine and Np = neopentyl). Compound I is unstable in 
hydrocarbon solutions at room temperature. It rapidly and reversibly loses NCNEt2 and 
addition of py or PMe, leads to the compounds Mo2(ONp).&-CqMe4)L, where L = py or 
PMe3. Compound I also reacts by C-C and N-H bond formation to give Mo2(ONp)&- 
C4Me3CH2C(NEt2)NH), II. A mechanism for the conversion of I to II is proposed to 
involve (i) initial dissociation of NCNEt,, (ii) C-H bond cleavage of a j?-CMe group and 
(iii) insertion of the C=N moiety into the Mo-H bond with C-C bond formation. Rate 
studies show that the conversion of I to II is suppressed by the addition of excess py or 
PMe, supporting the view that initial dissociation of NCNEt2 is required in a rapid pre- 
equilibrium step. The new compounds I and II have been characterized by elemental 
analyses, IR spectroscopy, ‘H and 13C NMR spectroscopy and single crystal X-ray studies. 

It was recently shown that W,(OR),(py),@-C2K2) 
compounds which contain a perpendicular bridging 
alkyne ligand react with nitriles. The reactions pro- 
ceed under mild conditions to give coupling of the 
,u-C2R2 and R”CN groups, inserting either one or 
two R”CN units to form five or seven membered 
heterocyclic rings, e.g. as in W,(O-t-Bu)&- 
CHCHCPhN) and W2(ONp),(p-N(CMe)4N)(py) 
where Np = neopentyl. ’ 

In light of these reactions we examined the 
reactivity of Mo2(ONp)&R2NCN)* compounds 
toward alkynes in order to compare the reactivity 
of bridging alkyne ligands and bridging nitrile 
ligands. It was anticipated that similar C-C bond 
forming reactions might result. A preliminary 
aspect of this work has appeared. 3 

RESULTS AND DISCUSSION 

Synthesis 

The reaction of Moz(ONp)&-R2NCN) com- 
pounds with excess ethyne proceeds rapidly at low 

*Author to whom correspondence should be addressed. 

temperature (cu -78°C) to give scarlet solutions 
which upon warming to room temperature change 
to deep brown solutions. Removing the solvent in 
vacua from the scarlet solution resulted in isolation 
of Moz(ONp)&-Et2NCN). Low temperature 
NMR spectroscopic studies on the reaction of 
Mo,(ONp)&-Me,NCN) and C2H2 showed two 
singlets of equal intensity, 6 9.94 and 9.40 ppm, 
which may be attributable to a bound C2H2 unit. 
Signals were also present in the region 2.8-3.4 ppm 
which may be attributed to a bound MezNCN 
ligand. The alkyne signals broadened and collapsed 
into the baseline upon warming the sample. Col- 
lectively, this information is consistent with initial 
alkyne adduct formation which is readily reversible, 
and the adduct reacts further upon warming. A 
reaction product was not purifiable and only poly- 
acetylene and unreacted Mo2(ONp)&-NCNMe2) 
are obtained. 

Mo,(ONp),@-Et,NCN) and C2Me2 follow a 
similar reaction scheme. However, a brown crys- 
talline compound may be isolated from hexane 
solutions which have been warmed to room tem- 
perature for 10 min and then cooled to - 15°C. 

919 
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Fig. 1. A ball-and-stick drawing of Mo,(ONp)&-C,Me,)(NCNEt& using the numbering scheme 
found in Tables 1 and 2. 

Solid state and molecular structure of 
Mo,(ONp)60L-C,Me,)(NCNEt,) 

Figure 1 shows a ball-and-stick drawing of 
the molecular structure of Mo2(0Np)&-C4Me4) 
(NCNEtJ, I, found in the solid state. The 
bridging NCNEtz ligand in Mo,(ONp),(R,NCN) 
becomes terminally bound, and two equivalents of 
alkyne have coupled to form a metallo- 
cyclopentadiene moiety which is rc-bonded to the 

neighbouring molybdenum atom. Pertinent bond 
distances and angles are given in Tables 1 and 2, 
respectively. Compound I is closely related to a 
previously characterized complex, Mo2(ONp)&- 
C,H,)(py), which is formed in the reaction between 
Mo2(0Np),(py), and excess acetylene.4 Table 3 
shows a comparison of the pertinent bond distances 
and angles for these two compounds. 

Each molybdenum is in a distorted octahedral 
environment if the p-C4Me4 ligand is considered to 

Table 1. Selected bond distances (A) for the Mo,(ONp)&-C,Me4)(NCNEt2) 
molecule 

A B Distance A B Distance 

MO(~) 
O(3) 
O(9) 
O(22) 
N(15) 
C(29) 
C(32) 
O(22) 
O(36) 
o(42) 
O(48) 
C(29) 
C(30) 
C(31) 

2.6393( 15) 
1.959(4) 
1.918(5) 
2.073(4) 
2.168(6) 
2.158(7) 
2.131(6) 
2.150(4) 
1.922(5) 
2.015(4) 
1.941(4) 
2.295(7) 
2.432(6) 
2.407(7) 

MO(~) 
O(3) 
O(9) 
(x22) 
O(36) 
o(42) 
O(48) 
N(15) 
N(17) 
N(17) 
N(17) 
C(29) 
C(30) 
C(31) 

~(32) 
C(4) 
C(l0) 
~(23) 
C(37) 
C(43) 
C(49) 
C(16) 
C(16) 
C(18) 
C(20) 
C(30) 
C(31) 
~(32) 

2.369(6) 
1.408(8) 
1.406(8) 
1.440(7) 
1.439(8) 
1.400(8) 
1.418(8) 
1.146(8) 
1.317(8) 
1.471(10) 
1.477(9) 
1.383(10) 
1.450(10) 
1.395(9) 



Reaction of 2-butyne with MO compounds 

Table 2. Selected bond angles (“) for the ~o~(O~pj~~-C~Me~)~~~Et*) molecule 
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A B C Angle A B C Angle 

M&3 
MOP) 
M&2 
MO(~) 
MoCV 
MO(~) 
Q(3) 
O(3) 
O(3) 
O(3) 
O(3) 
O(9) 
o(9) 
O(9) 
O(9) 
o(22j 
O(22) 
O(22) 
W5j 
N(l5j 
c(29) 
MO(l) 
MO(I) 
Mo(lj 
Mo(Ij 
MO(~) 
Mo(lj 
MoW 
Mo(lj 
O(22j 
O(22) 
O(22j 
c&22) 
O(22) 
O(22) 
O(22) 
O(36j 
O(36j 
O(36) 
O(36) 
O(36) 
Ot36j 
O(42) 
o(42) 
o(42) 
O(42j 
o(42) 
O(48) 

o(3) 126.11(13) 

O(9) 112.22(14) 

O(22) 52.63( 12) 

W5j 130.16(U) 

C(29j 56.09(18) 

~(32) 58.39(17) 

O(9) f05.79(20) 

O(22j 89.22(18) 

W5) 87.4qZO) 

C(29j 159.73(22) 

c(32) 90.94(23) 

O(22j 93.50(18) 

N(15j 86.93(D) 

~(29) 89.39(23) 

~(32) 162.75(23) 

W5j l-&64(18) 

~(29) 103.45(21) 

c(32f 90.87(2Oj 

~(29) 79.88(23) 

~(32) 89.67(23) 

~(32) 73.36(26) 

O(22) 50.04(11) 

W36) 103.78(14) 

~(42) 152,27(13) 

(X48) 112.54(13) 

c(29j 51.28(17) 

C(3Oj 74.35616) 

C(3Ij 75.23(16) 

C(32j 50.01(16) 

O(36) 84.74(18) 

q42j 157.00(17) 

O(48j 82.65(17) 

~(29) 96.67(21) 

(x30) 124.36(19) 

C(3lj 116.58(20) 

~(32) 82.90(20) 

o(42j 82.35(19) 

O(48) 118.17(19) 

~(29) 90.40(22j 

C(3Oj 110.18(22) 

C(31) 144.78(22) 

~(32) 152.27(21) 

O(48j 86.78(S) 

C(29) 102.36(22) 

C(3Oj 78. I S(20) 

C(31j 84.29(21) 

~(32) 116.47(21) 

c(29j 151.10(21) 

O(48j 
OW) 
O(48) 
~(29) 
C(29j 
~(29) 
C(30) 
C(3Oj 
C(31) 
Mo(1) 
Mo(lj 
Mo(1) 
Motlj 
Mo(2) 
Mo(2) 
Mo(2j 
Mo(2) 
MO(~) 
C(16j 
W6j 
C(18) 
N(l5) 
W7) 
W7j 
Mo(lj 
Mo0) 
MoS) 
Mo(2j 
Mo(2) 
C(28j 
Mo(2) 
Mo(2) 
Mo(2j 
C(29j 
c(29) 
C(31) 
Mo(2) 
Mo(2j 
Mo(2j 
C(3Oj 
C(3O) 
c(32j 
Mo(lj 
Mo(1) 
No(l) 
Mo(2) 
Mo(2) 
C(31j 

M421 
MOP) 
MoPj 
MO@) 
MO(~) 
MO(~) 
MO(~) 
MOP) 
MoPI 
O(3) 
O(9) 
O(22) 
O(22j 
O(22) 
O(36) 
~42) 
O(48j 
W5j 
W 7) 
W7) 
W7j 
C(l6) 
C(l8j 
C(20) 
~(29) 
C(29j 
C(29j 
C(29) 
~(29) 
~(29) 
C(30) 
C(30) 
C(3Oj 
C(3Oj 
C(30) 
C(30) 
C(31) 
C(31j 
C(31j 
C(31j 
C(31) 
C(31j 
~(32) 
c(32) 
~(32) 
~(32) 
~(32) 
~(32) 

C(30) 
et30 
c(32j 
C(30) 
C(31) 
c(32) 
C(31) 
c(32) 
c(32j 
C(4j 
WOj 
Mo(2j 
~(23) 
c(23j 
C(37) 
C(43) 
C(49) 
C(l6) 
C(18) 
(x20) 
C(20) 
W7) 
W9) 
C(21) 
Mo(2) 
Ct28j 
C(30) 
C(28) 
C(30) 
C(30) 
C(29j 
C(3)) 
C(34) 
C(3 lj 
C(34) 
C(34j 
C(30) 
~(32) 
C(35) 
~(32) 
C(35) 
C(35j 
Mo(2j 
C(31) 
C(33j 
C(31j 
(x33) 
C(33j 

126*58(22) 
93.34(Z) 
84.71(21) 
33.86(24) 
60.99~24j 
66.62(23) 
34.87(23) 
58.85(23) 
33.96(22) 

131.0(4) 
140.4(4) 
77.33( 14) 

121,5(4j 
128.1(4) 
130*4(4j 
128.3(4) 
126.3(4) 
173.3(5) 
120.5(6) 
118.0(6) 
117.5(6} 
177,7(X) 
111.7(7) 
112.3(6) 
72.63(20) 

122.1(5) 
118.5(5) 
124.5(5) 
78.5(4) 

119.1(6) 
67.q4) 
7 1.6(4) 

129.7(5} 
114.9(6) 
125.8(7) 
119.3(7) 
73.5(4) 
71.5(4} 

125.5(5) 
f 12.0(6) 
120.3(6) 
127.6(6) 
71.60(19) 

120.7(5) 
118.6(5) 
74*5(4j 

122.0(4) 
120.6{6) 

occupy a pair of eis sites for each MO atom, with ligand to MO(~) based on the bond lengths. MO(I) 
two Ma-C o bonds for MO(~) and two n bonds for may be considered to be formally in oxidation state 
MO(~). The terminal alkoxide ligands show some ;n 5+ while MO(~) is in oxidation state 3 -t- . The 
donation to the dimetal centre having No-0 bond Mo-MO distance, 2.6393( 15) A, indicates that 
lengths of 1.94 1$.’ The bridging alkoxide ligand there is a single bond between the metal centres. 
may be considered a I-ligand to Mo( 1) and a dative The Mo-N dative bond lengths are comparable 
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Table 3. Internuclear distances (A) associated with the 
central M&Q moiety in Moz(ONp),(@.,Me4) 

(BtWW(A)and M~~(ONp),gl-c,H,)(py)(B) 

Bond A B 

M(l)-M(2) 2.6393( 15) 2.69( 1) 
M(l)--(W) 2.131(6) 2.12(2) 
M(lW(4) 2.158(7) 2.12(2) 
M(2)-C(1) 2.369(6) 2.39(2) 
M(2)--c(4) 2.295(7) 2.39(2) 
W2>-C(2) 2.407( 1) 2.34(2) 
M(2W(3) 2.432(6) 2.34(2) 
C(l)--C(2) 1.395(9) 1.47(3) 
C(3J-C(4) 1.383(10) 1.47(3) 
C(2)-C(3) 1.450(10) 1.43(6) 
M(l)_N 2.168(6) 2.15(3) 

in I and Mo,(ONp),(C,H,)(py) being 2.168(6) and 
2.15(3) A, respectively. There appears to be involve- 
ment of the amide lone pair in the cyanamide, as 
the Et2N-C bond length is 1.317(8) A, the C%N 
distance is 1.146(8) A, and the amide N is planar. 
This type of interaction was predicted for terminal 
N bound cyanamides on the basis of Extended- 
Hfickel calculations. ’ 

Solution behaviour 

In toluene-d, solution, compound I is fluxional 
and a low temperature limiting spectrum is not 
frozen-out on the ‘H NMR time-scale at 360 MHz 
and - 80°C. The solution behaviour is further com- 
plicated by the presence of an equilibrium involving 
I, M02(ONp)&-C4bk4) and Et,NCN. The pos- 
ition of this equilibrium will be influenced by both 
temperature and concentration with both of these 
factors complicating the interpretation of dynamic 
solution behaviour. At a temperature of 60°C com- 
pound I reacts rapidly (ta, ca 1 h) in NMR tubes to 
give II. Conversion of I to II takes ca 2 h at 20°C. 

The lability of the EtzNCN ligand in I is seen in 
a number of NMR tube reactions. (1) Addition 
of either of the donor ligands pyridine and PMe, 
gave Mo,(ONp)6(~-C~Me4)(L) compounds where 
L = py or PMe,. These compounds, MO@Np)&- 

C,Me,)(L) have been characterized by ‘H NMR 
studies and appear to be related to the fully charac- 
terized analogue MO@Np)&-C,Me4)(py).4 The 
PMe3 adduct gives NMR spectra consistent with a 
static structure at room temperature, while the pyri- 
dine adduct is fluxional. (2) The addition of excess 
EtzNCN to I in tolune-ds leads to one sharp set of 
signals for the EtPNCN species present in solution 

at 22”C, 360 MHz. (3) The ’ 3C NMR spectrum of I* 
in toluene-d,, where I* represents the ‘3C-labelled 
compound incorporating Et2N13CN, shows a 
broad signal at 6 129 ppm at 22°C 90.8 MHz which 
sharpens on cooling to give a signal at 132 ppm 
assignable to the cyanide carbon atom. The signal 
for the free ligand Et2N13CN occurs at 6 118 ppm. 

Of particular note in the ‘H NMR spectrum of 
II was the presence of seven AB quartets of equal 
intensity and only three Me signals derived from 
the C,Me, ligand of I. Reactions employing 
N’ 3CNCEt, revealed that the high field AB quartet 
is coupled to ’ 'C (‘&_n = 6.1 Hz), as shown in 
Fig. 2. This was suggestive of C-C bond formation 
involving the N13CNEt2 carbon. A broad singlet at 
5.07 ppm, a band at 3358 cm- ’ in the IR spectrum, 
along with a shift in the C&N stretching frequency 
from 2205 to 1590 cm- ’ were indicative of the for- 
mation of a CH2C(NEt2)NH unit. Coordination of 
the NH function to a MO atom was anticipated but 
to which MO atom was uncertain. Furthermore, 
which methyl of the p-C4Me4 ligand (a or 8) had 
reacted could not be ascertained. 

Solid state and molecular structure of MO&L- 
C4Me3CH2C(NEt2)NH), II 

A single crystal suitable for X-ray crys- 
tallography was obtained from a concentrated tolu- 
ene solution of II and the resulting structure is 
shown in Fig. 3. It should be pointed out that the 
space group for the compound was chiral and only 
one of the two possible enantiomers eventually 
crystallized. Pertinent bond distances and angles 
of the crystallized compound are given in Tables 4 
and 5 respectively. 

The bicyclic system may be viewed as having a 
dative bond from the NH unit to MO(~), 2.167(7) 
A. A partial double bond system exists in the 
N-C-N portion since the amide N is planar and 
the N=C distance has lengthened to 1.319(10) A 
and the C-N amide distance is 1.353(10) A. At 
room temperature rotation about the Et2N-C is 
just approaching the NMR time-scale as shown in 
Fig. 2. The C-C distances within the flyover ring 
are nearly equivalent and average 1.42 A, sup- 
porting the view that the ring system may be viewed 
as a metallacyclopentadiene ligand. 

The MO atoms are still in a pseudo-octahedral 
environment, and the overall oxidation state of the 
dimetal centre has not changed from compound I. 
The Mo-MO distance is 2.7108(18) A and is 
slightly longer than in compound I, 2.6393(15) A, 
but still with the distances assignable to a MO-MO 
single bond. * 
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Fig. 2. A ‘H NMR spectrum of Mo2(ONp),@-C,Me,CH,C(NEt,)NH) taken at room temperature 
in toluene-d8(*), and an insert showing the carbon-13 coupling to the high field AB quartet in 

Mo,(ONp),@C,Me,CH~3C(NEt,)NH). 
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3. A ball-and-stick drawing of Mo,(ONp)&-C,Me,CH,C(NEtJNH) using the numbering 
scheme found in Tables 4 and 5. 
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Table 4. Selected bond distances (A) for the Mo,(ONp)&C,Me,CH,C 
(NEt ,)NH) molecule 

A B Distance A B Distance 

MO(~) Mo(2) 2.7108(18) O(l8) C(19) 1.397(10) 

Mo(1) O(l8) 1.938(5) o(24) C(25) 1.422( 10) 

Mo(1) o(24) 1.944(5) O(30) C(31) 1.424(9) 

MO(~) O(30) 2.135(5) (X36) C(37) 1.432(l) 

Mo(1) N(3) 2.167(7) o(42) C(43) 1.407( 10) 

Mo(1) C(l1) 2.335(8) O(48) C(49) 1.391(11) 

Mo(1) C(12) 2.319(8) N(3) C(4) 1.319(10) 

MO(~) C(14) 2.264(8) N(5) C(4) 1.353(10) 

Mo(1) C(16) 2.299(8) N(5) C(6) 1.465( 10) 

Mo(2) O(30) 2.127(5) N(5) C(8) 1.472(11) 

Mo(2) O(36) 1.950(5) C(4) C(l0) 1.500(11) 

MO(~) ~~42) 1.890(6) C(l0) C(l1) 1.510(11) 

Mo(2) O(48) 1.920(6) C(l1) C(12) 1.414(12) 

Mo(2) C(12) 2.118(8) C(14) C(16) 1.411(11) 

Mo(2) C(16) 2.164(8) 

Reaction pathway 

A possible reaction pathway leading to the for- 
mation of II may be based on the C-H activation 
chemistry established for (C5Me&MR2 com- 
pounds where M = Ti, Zr, Hf, Th, and W.‘-” 
C-H activation is also known for MORROW 
compounds where B-H elimination from alkyl 
ligands was found to be facile and reversible under 
conditions where the bulk of the alkoxide ligand 
and the alkyl group permitted an open coordination 
site. ‘* In the present case, loss of cyanamide from I 
leads to an unsaturated intermediate, which upon 
a fluxional process involving the alkoxide ligands 
would open a coordination site next to the 
MoC,Me, ring. This intermediate could undergo 
B-H abstraction from the metallapentadiene ring to 
form metal hydride and metallafulvelene ligands. 
The cyanamide would then insert into either the 
M-H bond or the “tucked in” position on the ring 
as shown in Scheme 1. Cyanamide ligands have 
been shown to insert into (a) M-H bonds, e.g. in 
reactions with OS~(H)~(CO),~,‘~ and (b) M=CR, 
bonds as in reactions with (CO),M=CPh(R’) com- 
pounds where M = W or Cr. 

It was decided to study the conversion of I to II 
in more detail in order to gain a better under- 
standing of the reaction and possible mechanism. 
Accordingly, a series of rate studies were 
undertaken. All of the experiments were followed 
via ‘H NMR spectroscopy. The increasing con- 
centration of the final product was determined in 
relationship to the protio impurities of the solvent 
(toluene-d,). 

Initial experiments showed that Et2NCN was in 
rapid equilibrium between the bound and free 
states. Indeed, the equilibrium is faster than 
the NMR time scale even at -75°C. In cross- 
over experiments with excess Me,NCN, II was 
virtually quantitatively converted to Mo,(ONp)& 
C,Me,)(NCNMe,), II’. Compounds in which the 
cyanamide donor ligand has been replaced by pyri- 
dine or PMe, also react, at slower rates, with free 
cyanamide to produce II. The relative rate of reac- 
tion found for various L is Et,NCN > py > PMe, 
which is the inverse of the donor ability of the ligand 
L. These data indicate that the pre-equilibrium pro- 
cess is governed by the relative donor ability of the 
ligand L. Table 6 shows the specific rate data for 
each study. 

While following the conversion of I to II, no 
intermediates are visible via NMR spectroscopy. 
Therefore, if an intermediate metal hydride com- 
pound is formed, it must react quickly to form the 
final product and may be assumed to be in a steady 
state of formation and reaction. Accordingly, the 
following reaction expression and rate law were 
determined as a possible mechanism for the con- 
version of I to II in the case of L being Et,NCN. 
[M,] represents the total concentration of the di- 
nuclear metal compounds contained in the equilib- 
rium K,. 

Mo,(ONp),(C,Me,)(Et,NCN) 
A 

z% Mo,(ONp)&Me,)+ EtzNCN 
B L 

Fast equilibrium 
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Table 5. Selected bond angles (“) for the Mo,(ONp),(C,Me,CH,C(NEtJNH) molecule 

A B C Angle A B C Angle 

MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
Mot21 
MO(~) 
MO(~) 
OW) 
O(l8) 
W8) 
otw 
W8) 
008) 
OtW 
o(24) 
o(24) 
o(24) 
o(24) 
o(24) 
o(24) 
O(30) 
O(30) 
O(30) 
O(30) 
O(30) 
N(3) 
N(3) 
N(3) 
N(3) 
C(l1) 
C(l1) 
C(l1) 
C(12) 
C(12) 
C(14) 
Mo(1) 
Mo(1) 
Mo(1) 
MO(~) 
Mo(1) 
Mo(1) 
O(30) 
O(30) 
O(30) 
O(30) 
O(30) 
O(36) 
O(36) 
O(36) 

W9 
o(24) 
O(30) 
N(3) 
C(l1) 
C(12) 
C(14) 
C(16) 
o(24) 
O(30) 
N(3) 
C(l1) 
C(12) 
C(14) 
C(16) 
O(30) 
N(3) 
C(l1) 
C(12) 
C(14) 
C(16) 
N(3) 
C(l1) 
C(12) 
C(14) 
C(16) 
C(l1) 
C(12) 
C(14) 
C(16) 
C(12) 
C(14) 
C(16) 
C(14) 
C(16) 
C(16) 
(x30) 
O(36) 
o(42) 
O(48) 
C(12) 
C(16) 
O(36) 
o(42) 
O(48) 
C(12) 
C(16) 
o(42) 
O(48) 
C(12) 

126.65(U) 
99.77(18) 
50.38( 14) 

141.12(18) 
74.50(20) 
49.05(20) 
75.82(20) 
50.37(19) 

106.36(23) 
88.83(21) 
86.97(24) 

126.81(27) 
158.64(26) 
96.19(26) 
93.10(24) 
80.88(22) 
86.26(25) 

117.85(27) 
94.89(27) 

154.06(26) 
150.03(26) 
164.75(23) 
124.62(24) 
96.85(23) 

112.80(25) 
76.89(24) 
68.91(26) 
92.34(28) 
82.25(27) 

117.97(26) 
35.4(3) 
36.2(3) 
62.25(28) 
62.6(3) 
68.4(3) 
36.02(27) 
50.64( 14) 

121.28(16) 
98.65( 16) 

141.11(17) 
55.79(21) 
54.90(20) 
85.43(21) 
84.19(22) 

167.91(21) 
103.52(24) 
80.04(24) 

115.38(24) 
84.1 l(23) 

155.4(3) 

O(36) 
o(42) 
o(42) 
o(42) 
O(48) 
O(48) 
C(12) 
Mo(1) 
Mo(1) 
MO(~) 
Mo(1) 
Mo(2) 
Mo(2) 
Mo(2) 
Mo(2) 
Mo(1) 
C(4) 
C(4) 
C(6) 
N(3) 
N(3) 
N(5) 
N(5) 
N(5) 
C(4) 
Mo(1) 
MoU) 
Mo(1) 
C(l0) 
C(l0) 
C(12) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(2) 
Mo(2) 
C(l1) 
Mo(1) 
MoU) 
Mo(1) 
CU 1) 
C(l1) 
C(15) 
Mo(1) 
Mo(1) 
Mo(1) 
Mo(2) 
Mo(2) 
C(14) 

MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
MO(~) 
W3) 
o(24) 
(x30) 
O(30) 
(x30) 
O(36) 
o(42) 
O(48) 
N(3) 
N(5) 
N(5) 
N(5) 
C(4) 
C(4) 
C(4) 
C(6) 
C(8) 
C(l0) 
C(l1) 
C(l1) 
C(l1) 
C(l1) 
C(l1) 
C(l1) 
C(12) 
C(12) 
C(12) 
C(12) 
C(12) 
C(12) 
C(14) 
C(14) 
C(14) 
C(14) 
C(14) 
C(14) 
C(16) 
C(16) 
C(16) 
C(16) 
C(16) 
C(16) 

(316) 
(X48) 
C(12) 
C(16) 
C(12) 
C(16) 
C(16) 
C(19) 
C(25) 
Mo(2) 
C(31) 
C(31) 
C(37) 
C(43) 
C(49) 
C(4) 
C(6) 
C(8) 
C(8) 
N(5) 
C(l0) 
C(l0) 
C(7) 
C(9) 
C(l1) 
C(l0) 
C(12) 
C(14) 
C(12) 
C(14) 
C(14) 
Mo(2) 
C(l1) 
C(13) 
C(l1) 
C(13) 
C(13) 
C(11) 
C(15) 
C(16) 
C(15) 
C(16) 
C(16) 
Mo(2) 
C(14) 
C(l7) 
C(14) 
C(17) 
C(17) 

84.63(27) 
94.85(25) 
88.6(3) 

153.43(25) 
88.49(28) 

104.94(27) 
74.6(3) 

132.2(5) 
134.6(5) 
78.98(18) 

125.2(5) 
125.9(5) 
128.8(5) 
143.9(5) 
139.8(6) 
129.1(6) 
120.8(6) 
121.6(7) 
117.6(7) 
125.4(7) 
114.4(7) 
120.2(7) 
112.4(7) 
113.8(8) 
109.1(7) 
117.9(5) 
71.7(4) 
69.2(4) 

125.8(8) 
119.4(8) 
113.7(7) 
75.16(24) 
72.9(5) 

124.2(6) 
119.3(6) 
122.8(6) 
117.9(7) 
74.6(5) 

124.6(5) 
73.3(4) 

121.7(7) 
114.9(7) 
123.3(7) 
74.73(24) 
70.7(4) 

122.3(5) 
117.2(6) 
123.6(5) 
119.2(7) 
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Fig. 4. A possible reaction pathway for the conversion of compound I to compound II. 

* Moz(ONp)6(C4Me3CHz)(H) 
C 

Rate determining step 

Mo,(ONp),(C,Me,CH,)(H) + Et2NCN 
C L 

AMoz(ONp)&,Me,CHzC(NEt2)NH) 
D 

Very very fast 

WI U,[M 21 -= 
dt K,+[Ll * 

Table 6. The rate data for the conversion of compound 
I to compound II 

T [MzlM 
kob @) 
x 103 Cor. Coeff. 

42.9 0.0325 0.195 0.988 
47.6 0.0325 0.315 0.994 
52.3 0.0325 0.856 0.986 
56.8 0.0325 1.220 0.974 
49.0 0.0217 0.405 0.991 
49.0 0.0217+ 10 Et,NCN 0.395 0.953 
52.3 0.0325 + 7 Et,NCN 0.900 0.87 
52.3 0.0325 L = PMe, 0.371 0.993 
52.3 0.0325 L = py 0.662 0.977 

If the reaction in Scheme 1 is correct, the rate 
determining step is the 8-H abstraction from the 
MO&Me4 ring. Activation parameters taken 
at 43.0, 47.6, 52.3 and 57.O”C yielded AHib, = 

28.4+ 3.6 kcal mol-’ and A& = + 14.25 + 11.22 
eu. The value for AH+ is consistent with a rela- 
tively high enthalpic process being the dominant 
factor. Although the error margin in the A,& 
value is extremely large, AS+ is at least zero to very 
positive indicating that incorporation of EtzNCN 
must be occurring after the rate determining 
step. A large positive entropy value would be 
consistent with the loss of Et2NCN in the pre- 
equilibrium process before the rate determining 
step. I4 

The rate expression also shows dependence on 
[L], and by varying [L] the value of kz may be 
determined. It was found that adding up to 10 
equivalents of Et,NCN had no effect on the rate. 
Therefore, it was assumed when [L] was equal 
to one equivalent that K, was much greater than 
[L] and the rate law could be altered to that 
shown below. In this case the observed rate con- 
stant would reflect only the rate determining step. 

4Pl ~ = k2[M2]. 
dt 

In the development of this reaction scheme other 
possible mechanisms have been ignored. These 
mechanisms include attack of free cyanamide on 
the C-H bond of the MoC,Me, ring, and a direct 
coupling between a rc-bound cyanamide with the 
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methyl of the flyover ring involving a 1,3-hydrogen 
shift as shown in Scheme 1. Both of these schemes 
would be dependent on the concentration of cyana- 
mide and would be expected to give second order 
or even more complicated kinetics rather than the 
simple first order kinetics observed. Attack of free 
cyanamide would also be expected to have negative 
entropy of activation. 

The kinetic data are consistent with C-H acti- 
vation and H abstraction on the MoC4Me4 ring. 
Hydrogen abstraction is becoming recognized as a 
viable and relatively widespread reaction in per- 
methylated cyclopentadienyl metal complexes.’ 
This type of reaction has not been seen before for 
&,R4 ligands involving bimetallic complexes. 
Nevertheless, the occurrence of this type of reaction 
in dinuclear compounds having a metallacyclo- 
pentadiene ring is not unexpected, and empha- 
sizes the comparison between metallacyclopenta- 
diene ligands and cyclopentadiene ligands. This 
reaction also shows that dinuclear metal alk- 
oxide compounds may undergo the same type of 
reactions previously seen for monomeric metal 
complexes. 

It may be expected, based on this work, that 
C-H activation in W2(OR)&C&)L com- 
pounds may prove to be yet an additional mode of 
activity. ’ 6 

EXPERIMENTAL 

Reagents and general techniques 

General procedures and the preparation of 
Mo,(ONp),(R,NCN) have been described.3 Dry 
and oxygen-free solvents were used in all prep- 
arations and all manipulations were carried out 
under inert atmospheres (N,) using dry box and 
Schlenk techniques. Elemental analyses were per- 
formed by Alfred Bernhart Microanalytisches 
Laboratorium, West Germany. 

‘H NMR spectra were recorded on a Nicolet NT- 
360 360-MHz spectrometer in dry and oxygen-free 

toluene-ds or benzene-d,. 13C NMR spectra were 
recorded on a Nicolet NT-360 or a Varian XL-300. 
The i3C NMR spectra were obtained for the ,u- 
Et,NCN using i3C-labelled Et*N*CN.” All ‘H 
NMR chemical shifts are in ppm relative to protio 
impurities in the solvent. 13C NMR chemical shifts 
are in ppm relative to the ipso carbon of toluene-ds 
at 6 137.5. 

IR spectra were obtained on a Perkin-Elmer 283 
spectrophotometer as Nujol mulls between CsI 
plates. 

Mol(GNp),@NCNEtz) (0.240 g, 0.29 mmol) 
was dissolved in hexane (5 cm’) and was frozen at 
liquid Nz temperature. &Me2 (0.738 mmol) was 
condensed into the flask using a calibrated gas line. 
The solution was rapidly warmed to room tem- 
perature and stirred vigorously for 15 min. During 
this time the solution turned scarlet and then brown. 
Just as the brown colour became dominant the flask 
was cooled to - 15°C. After 24 h brown diamond 
shaped crystals were filtered from the blue solution. 
Reduction of the solvent volume led to second and 
third crops of crystals. Total crystalline yield was 
ca 60% based on MO. 

Analysis. Found : C, 55.87 ; H, 9.48 ; N, 3.03. 
Calc.: C, 56.08; H, 9.63; N, 3.04%. IR: 2207(m), 
1345(sh), 1255(w), 1239(w), 1211(w), 1070(vs,br), 
1038(sh), 1020(s), 930(w), 905(w), SOO(w,br), 
752(w), 720(w), 650(s), 625(m), 460(m,br) cm-‘. 
‘H NMR (toluene-d,, room temperature) : 6 2.11, 
0.653 (q, t, Et2N); 2.4, 1.8 (vbr, C,Me,,); 1.15 (br, 
OCH,-t-Bu). ’ 3C NMR (room temperature) : 129.1 
ppm (vbr, Et,NCN) ; (-60°C toluene-ds) : 132 
ppm (EtzNCN). 

Mo,(ONp),@-C,Me&NCNEt,) (0.250 g) was 
dissolved in toluene (10 cm3) and heated to 60°C 
for 2 h while stirring rapidly. The solution was 
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concentrated to approximately 1 cm3 in vacua and 
cooled to - 15°C. The compound precipitated as a 
powder. After repeated attempts, a single crystal 
was crystallized from concentrated toluene. 

Analysis. Found: C, 55.79; H, 9.43; N, 3.01. 
CL&. : C, 56.08 ; H, 9.63 ; N, 3.04%. IR : 3358(vw), 
1590(s), 1340(sh), 1275(w), 1255(m), 1210(w), 
1190(w), 1091(s), 1071(s), 1058(s), 1020(s), 
800(br,m), 645(s), 450(br,w). ‘H NMR (toluene-d,, 
room temperature): 6 5.08 (brs, NH); 5.23, 5.20, 
4.90, 4.84, 4.68, 4.40, 4.05, 3.95, 3.90, 3.68, 3.44 
(d of AB quartets, OCHz-t-Bu, JHH = 9-l 1 Hz) ; 
3.29, 2.80 (d of AB quartet, JHH = 16 Hz, 
CCH,C(NEt,)MH) ; 2.45, 2.42, 1.63 (s, &Me,) ; 
1.59, 1.37, 1.28, 1.11, 1.09, 1.05 (s, OCH,-t-Bu); 
2.49, 0.656 (br qt, t, NEQ. 13C NMR (toluene- 
ds, room temperature) : 170 ppm (JCH = 6.1 Hz, 
CH,C(NEt,)NH). 

Mo@Np)&Me&H,(NMe,)NH) 

Mo,(ONp)&-C,Me,)(NCNEtJ (0.010 g, 0.01 
mmol) was dissolved in benzene-d, (0.5 cm’) and 
excess Me,NCN (5 ,nl) was added via syringe. The 
solution was frozen and sealed under vacuum in an 
NMR tube. The reaction was heated to 65°C for 
2 h. The resultant solution was spectroscopically 
identified via ‘H NMR spectroscopy. 

‘H NMR (benzene-d,, room temperature): 6 
5.31, 5.25, 5.00, 4.83, 4.78, 4.34, 4.26, 4.11, 3.90, 
3.75,3.40 (d of AB quartets, JHH = 9-l 1 Hz, OCH,- 
t-Bu) ; 4.91 (s, br, NH) ; 3.17,2.72 (d of AB quartet, 
JHH = 15 Hz, C4Me3CH2); 2.49, 2.48, 1.76 (s, 
C4Me3); 1.634, 1.392, 1.309, 1.147, 1.108, 1.055 (s, 
OCH,-t-Bu) ; 2.21, 0.757 (q,t, free Et,NCN) ; 1.93, 
1.922 (s, CH,C(NMe,)NH) ; 1.842 (s, free 
Me,NCN). 

Mo@Np)&C4MeJ(PMeJ 

Moz(ONp)&n-C,Me&NCNEtJ (30 mg, 0.0325 
mmol) was dissolved in toluene-d, (1 cm3). The 
solution (0.5 cm3) was transferred to a NMR tube 
with a gas tight Teflon plug. PMe, (3.5 equiv.) 
was condensed into the tube using a calibrated gas 
line. The tube was warmed to room temperature 
and characterized via ‘H NMR spectroscopy. 

‘H NMR (toluene-d,, room temperature) : 6 
3.51, 4.23, 4.00, 4.15 (s,s,d,vbr, OCH,-t-Bu); 2.13, 
1.90, 1.89 (s, C,Me,); 1.37, 1.30, 1.09, 1.07 (s, 
1: 1 : 2 : 2, OCH,-t-Bu) ; 0.89 (d, JPH = 7.95 Hz, 
bound PMe,) ; 0.79 (d, JPH = 2.2 Hz, free PMe,) ; 
2.26,0.79 (q, t, Et,NCN). 

(a) Mo,(ONp), (0.28 g, 0.392 mmol) was dis- 
solved in hexane (5 cm3) and py (1 cm3). The solu- 
tion was frozen at liquid N2 temperature and &Me2 
(2.5 equiv.) was condensed into the evacuated 
flask using a calibrated gas line. The solution was 
rapidly warmed to room temperature and stirred at 
room temperature for 4 h. The solvent was evap- 
orated in vacua and the residue was checked by 
‘H NMR spectroscopy which showed a mixture 

of Mo@Np)&C,MeJ(py) and Mo@Np)&- 
C,Me,)(py). The remaining sample was redissolved 
in hexane (7 cm’) and &Me, (2.5 equiv.) was 
reintroduced into the flask using the previously 
described method and allowed to stir for 12 h. The 
solvent was concentrated to 1 cm3 and cooled 
to - 15°C and microcrystalline Mo,(ONp)&- 
C,Me,)(py) was collected and characterized via ‘H 
NMR spectroscopy. 

‘H NMR (benzene-d,, room temperature, all sig- 
nals are very broad) : 6 8.68, 6.74, 6.48 (0, p, m 
protons of py), 5.38, 4.47, 4.39, 4.22, 3.70 (br, 
OCHz-t-Bu); 2.18 (s, C4MeJ; 1.46, 1.36, 1.12 (s, 
OCH,-t-Bu). 

(b) Mo,(GNp)&,Me&NCNEt2) (10 mg) was 
dissolved in benzene-d, and placed in a NMR tube. 
The sample was checked for authenticity via ‘H 
NMR spectroscopy and excess py (5 cm3) was 
injected into the sample via syringe through a rub- 
ber septum. The sample was than identified via ‘H 
NMR and compared to authentic samples of 

Mo,(ONp)&-C,Me&py). 

Kinetic studies 

Mop(ONp)&-C,MeJ(NCNEtJ was weighed 
and dissolved in toluene-ds (1 cm’) in a volumetric 
flask. The solution (0.5 cm3) was measured into a 
NMR tube and sealed. The sample was stored in 
an ice bath until studied. The sample was then 
inserted into the NMR probe which was heated to 
a specific reaction temperature. Two signals (1.61 
and 1.52 ppm) were integrated and the average 
A,/& value from both peaks was used in the deter- 
mination of the rate given in Table 6. The reactions 
were followed for three half-lives. 

Crystallographic studies 

General operating procedures and listings of pro- 
grams have been previously described. l7 A sum- 
mary of crystal data is given in Table 7. 

Mo2(0Np)&C4Me4)(NCNEtJ. Transfer and 



Reaction of 2-butyne with MO compounds 

Table 7. Summary of crystal data 
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I II 

Empirical formula MoG&nNA Mw3%~N~O~ 
Colour of crystal red/brown black 
Crystal dimensions (ti) 0.18 x0.18x 0.22 0.20 x 0.30 x 0.40 
Space group P2,la p212121 
Cell dimensions 

Temperature (“C) 

a (A) 
b (A) 
c 0% 
B (“) 

- 153 
11.101(4) 
17.177(9) 
25.766(14) 

Z (molecules/cell) 
Volume (A’) 
Calculated density (g cnP3) 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm- ‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average omega scan width at half height 
Scan speed (deg min- ‘) 
Scan width (deg + dispersion) 
Individual background (s) 
Aperture size (mm) 
Two-theta range (“) 
Total number of reflections collected 

Number of unique intensities 
Number of F > 0.0 
Number of F > 3.00(F) 

R(F) 
RwQ 
Goodness of fit for the last cycle 
Maximum delta/sigma for last cycle 

-159 
11.892(5) 
32.487(18) 
13.919(6) 
111.38(2) 
4 
5007.48 
1.208 
0.71069 
910.98 
5.274 
22.5 
23.5 
0.25 
4.0 
2.0 
5 
3.0 x 4.0 
&45 
7199 
6560 

4486 
0.0487 
0.0486 
0.854 
0.05 

4 
4913.34 
1.245 
0.71069 
921.06 
5.274 
22.5 
23.5 
0.25 
6.0 
1.5 
6 
3.0 x 4.0 
6-45 
3716 
3631 
3475 
3200 
0.0419 
0.0435 
0.758 
0.05 

I = Mo,(ONp)&-C,Me3(NCNEQ; II = Mo,(ONp)&-C,Me,CH,C(NEt,)NH). 

characterization were by the usual methods with 
the space group being uniquely determined to be 
P2,/a (a non-standard setting of P2,/c). 

The structure was solved by direct methods and 
Fourier techniques and refined by full-matrix least 
squares. Hydrogen atoms were located in a differ- 
ence Fourier phased on the non-hydrogen par- 
ameters. Attempts to refine the hydrogen met with 
limited success, with ca 10% failing to converge to 
reasonable positions. For this reason the located 
positions were used to place all hydrogens in fixed 
idealized positions for the remainder of the refine- 
ment. 

A final difference map was featureless, the largest 
peak being 0.59 e A- 3. No absorption correction 
was made. 

Mo,(ONp),&C4Me&HzC(NEtZ)NH). A small 
crystal w&s selected, transferred to the goniostat 

and cooled to - 153°C for characterization and 
data collection. A systematic search of a limited 
hemisphere of reciprocal space yielded a set of 
reflections which exhibits orthorhombic symmetry. 
The systematic extinction of hO0 for h = 2n + 1,OkO 
for k = 2n+ 1, and 001 for 1 = 2n+ 1 identified the 
space group as P2,2,2,. 

The structure was solved by using a combination 
of direct methods and heavy atom techniques. The 
structure was refined by full-matrix least-squares, 
using 3200 reflections having F > 3.0aQ. Hydro- 
gen atoms were included in fixed calculated 
positions. All non-hydrogen atoms were refined 
using anisotropic thermal parameters. The final R 
was 0.042. The final difference map was essentially 
featureless, the final peak being 0.4 e A-‘. The 
enantiomer was checked, and the proper one is dis- 
played in this report. 
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Abstract-Photolysis of OS~(CO),~ in the presence of alkenes with filtered radiation (;1> 
370 nm) leads to fragmentation of the cluster and gives mononuclear 0s(C0)4(q2-alkene) 
derivatives and dinuclear 1,2-diosmacyclobutanes, OS~(CO)~(&,?,+-CHRCHR’). 
Attempts to extend the photochemical method to the preparation of other types of diosma- 
cycles met with little success. As an alternative synthetic approach the exchange of ethylene 
in Os2(CO)&&-~‘,~‘-C2H4), %I, for other unsaturated organic substrates was explored. 
Reaction of 3a with alkynes gave diosmacyclobutenes, whereas with dienes regiospecific 
1,Zaddition was observed. The scope and limitations of the exchange reactions are reviewed. 
The properties of the diosmacycles and of the product obtained via hydride abstraction 
from 3a are outlined. 

Interest in the chemistry of dimetallacycles can be 
traced to the now often verified postulate that such 
species are involved as key intermediates in a variety 
of chemical reactions and that they may serve as 
useful models for the bonding and transformation 
of unsaturated organic substrates on metal 
surfaces.’ Although the importance of these com- 
pounds is well recognized, the number of examples, 
with the exception of dimetallacyclopropanes2 (i.e. 
alkylidene bridged dimetallic complexes) and those 
resulting from alkyne addition to dimetallic com- 
plexes,3 is still rather small. 

It is the purpose of this article to give a brief 
overview of our discovery, albeit serendipitous, of 
a convenient photochemical synthesis of l,Zdios- 
macyclobutanes4 and the utilization of these com- 
pounds for the preparation of other diosmacycles. 
Emphasis will be on the work from the author’s 
laboratory, although relevant work from other 
groups will be also mentioned. 

PHOTOCHEMICAL SYNTHESIS OF 
1,2-DIOSMACYCLOBUTANES, 

O&(CO)&-q’,+CHRC!HR’) 

The successful preparation of a range of Ru(CO), 
(q2-alkene) compounds via photolysis of Ru~(CO),~ 

t Reaction (1) proceeds in 100% yield by IR spec- 
troscopy. Isolated yields are somewhat lower and depend 
on the nature of the ligand, the most stable compounds 
are obtained with strongly z-acidic alkenes. 

(14~) in the presence of alkenes’ [eq. (l)] promp- 
ted us to investigate the similar photoreaction 
with OS~(CO),~(~-OS). 

RUDER + alkene hv’ ’ ’ 370 M1 b 
hydrocarbon, RT 

3Ru(CO),(q’-alkene). (1) 

The goal being to complete the series of iron triad 
M(C0)4(q2-alkene) (M = Fe, Ru, OS) compounds 
and compare their properties. 

However a potential problem presented itself. It 
was well documented at the time, that whereas near- 
W irradiation of Ru3(CO), 2 in the presence of CO, 
C2H4 and PPh3 led to photofragmentation, the 
reaction between Os3(CO)12 and PPh3 resulted in 
photosubstitution Indeed the success of the reac- 
tion shown in eq. (1) resides in the use of selective 
excitation into the first allowed electronic band of 
Ru3(C0)r2 at 380 nm, which is known to have 0 -+ 
6* (Ru-Ru) character and therefore leads to facile 
and synthetically efficient photofragmentati0n.t 
The different reactivity of Os3(CO)12 was attributed 
to a reversal in the relative order of the two lowest 
energy absorptions. In the case of osmium, the pre- 
dominantly 0 + o* (Os-Os) transition being 
associated with the second band at 330 mn. Accord- 
ingly, the first .synthetic reactions with OSCAR 
utilized Pyrex filtered radiation (,l, > 280 mn) to 
ensure excitation into the o + (r* transition. A rc- 
acidic alkene, methyl acrylate, was chosen as the 
organic substrate in order to favour the formation 
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c(12) 2 o(9) 

c(ll) WO) 

Fig. 1. Molecular structure of Os2(CO)&-$,~ ‘- 
CH2CHCOZCH3),’ 3b. Relevant bond distances 
(A): Os(l)-Os(2) = 2.8850(l), Os(l)-C(lO) = 2.223(9), 
Os(2)-C(9) = 2.203(9), C(9jC(lO) = 1.52(l). Tor- 

sional angle OS-OS and C-C 23.0”. 

of a stable product. Although 0s3(CO)i2 was con- 
sumed, mixtures of carbonyl-alkene complexes 
were obtained which defied separation and char- 
acterization. Undaunted, if a bit sceptical, the same 
reaction was tried with near-UV radiation. Ser- 
endipity smiled and formation of carbonyl-alkene 
complexes of osmium was again observed.? After 
some initial difficulties, it was ascertained’ that the 
crude reaction product was in fact a mixture of two 
compounds [eq. (2)], the anticipated monomeric 2b 
and the unexpected diosmacyclobutane derivative 
3b, Fig. 1. 

OSCAR + CH2CHC02CH3 E 

OS(CO)~(~*-CH~CHCO~CH~) 
2b 

+OS~(CO)&L_?‘,~‘-CH~CHCO$H~). 
3b (2) 

While this work was in progress we have learned 
that Norton and co-workers” have synthesized the 

7 From a recent study by Bensten and Wrighton,’ it is 
clear that severe overlap of the absorption bands at room 
temperature is the cause of the early difficulties and for 
the success of the filtered radiation approach. In other 
words irradiation with 1> 370 nm gives suitable exci- 
tation into the tail-end of the a + IJ* band without affect- 
ing the higher energy band which, under Pyrex filtered 
radiation is also excited and causes further reaction of 
the primary photoproducts. 

$Yields of up to 86% based on the presumed stoi- 
chiometry of eq. (2) (57% based on osmium carbonyl) 
have been achieved. The average yield of several synthetic 
runs (0.5 g of Os,(CO), 3 is approximately 45% based on 
osmium. 

unsubstituted 1,2-diosmacyclobutane, 3a, via a very 
different reaction sequence [eq. (311. Prompted by 
the successful preparation of 3a without the sta- 
bilizing electron withdrawing substituents on 
carbon, the photoreaction under a continuous eth- 
ylene purge was carried out and, gratifyingly, gave 
a mixture of Os(CO)&‘-CzH4), 2a and 3a. 

Na,[oS~(co),] + TsOCH&H,OTs 

+ Osz(CO)s(~-?‘,?‘-C*H4). (3) 
3a 

Since 2a is volatile and consequently removed dur- 
ing the evaporation of the solvent, the isolation of 
3a is very simplet and makes the photochemical 
route the preparative method of choice” for this 
interesting and synthetically very useful material. 
Extension of this method to other olefins has met 
with moderate success. In our hands,‘* substituted 
diosmacyclobutanes were observed with propylene, 
methylvinyl ketone, dimethylfumerate (DMF) and 
dimethyl maleate (DMM). Other workers reported 
similar results with 1-octene,i3 5,6_dimethylidene- 
7-oxabicyclo[2.2.1]-hept-2-ene’4 and propylene, l- 
butene, styrene, tert-butylethylene.‘5 

The molecules exhibit relatively rich IR spectra 
in the terminal carbonyl region with a characteristic 
absorption above 2100 cm-‘. Another typical fea- 
ture is the high field position of the carbon atoms 
of the OsZCZ ring in the ’ 3C NMR spectrum (cf. 3a, 
& = -25.2 ppm). The stability of the diosma- 
cyclobutanes is a function of both steric and elec- 
tronic factors. Thus the propylene bridged com- 
pound is much less stable than 3a which in turn is 
less stable than 3b and other diosmacyclobutanes 
having electron withdrawing substituents at the 
bridgehead carbon atoms. Although the reaction 
with n-acidic alkenes is not always without 
complication, nor does it guarantee the universal 
formation of dimetallacyclic compounds. For 
instance, the photoreaction with DMM proceeded 
with isomerization of the alkene and formation of 
all possible mono- and dinuclear compounds [eq. 
(4)]. Contrary to this, the reaction with 1-Ru gave 
only Ru(CO)~(~*-DMM).’ 

OSCAR + DMM E 

OS(CO)~(~*-DMM) + OS(CO)~(~*-DMF) 

+ Os,(CO),(~-DMM) + Os,(CO),@-DMF). 

3c 3d (4) 

The structures of 3c and 3d, shown in Figure 2, 
also emphasize another characteristic of the com- 
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(b) 

Fig. 2. Views of (a) Os,(CO),@-DMM), 3e, and (b) Os,(CO)&DMF), 3d, looking down the 
C(9)-C(12) vector.” Relevant bond distances (A) 3e: Os(l)--Os(2) = 2.8788(4), 
Os(l)-C(9) = 2.220(7), Os(2)--C(12) = 2.202(6), C(9)--C(12) = 1.54(l); 3d: Os(l)--Os(2) = 
2.8719(4), Os(l)-C(9) = 2.205(6), Os(2)-C(12) = 2.221(7), C(9)-C(12) = 1.501(g). Torsional 

angle Os-Os and C-C : 3c 18.5” ; 3d 23.2”. 

pounds, the puckered nature of the four-membered 
ring. However, the conformational mobility of the 
ring is high. 

No reaction between 1-0s and tetrafluo- 
roethylene, perlluoro-Zbutene and maleic anhy- 
dride was observed, although a diosmacyclobutane 
based on the latter n-acidic olefin is available via an 
alternate route (see below). 

Thus it appears, at least to this author, that even 
after several thoughtful reports, all the details of 
the photofragmentation of 1-0~~~‘~ and l-Rd6 are 
still not completely understood. What seems irre- 
futable is that at some stage M3(C0)12 (M = Fe, 
Ru, OS) breaks down to mononuclear, M(C0)4 and 
dinuclear, Mz(C0)8 fragments probably stabilized 

by some supportive ligands. Based on this con- 
sideration it was of interest to establish whether the 
interception of the dinuclear osmium fragment by 
other unsaturated organic substrates may lead to a 
potentially general synthetic strategy for a variety 
of diosmacyclic compounds. 

PHOTOREACMON OF O&CO),2 WlTH 
ALKYNES 

Although the thermal reaction of 1-0s with 
alkynes has resulted in a rich derivative chemistry,” 
the corresponding photoreaction remained, sur- 
prisingly, untouched. With the precedent estab- 
lished by the saturated 1,2diosmacyclobutanes, the 
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Fig. 3. Molecular structure of OS~(CO)~@~~,~‘-DMAD),‘~ 4-0s. Relevant bond distances (A): 
Os(l)-Os(l) = 2.8975(l), Os(l)-C(5) = 2.138(5); C(S)-C(S)’ = 1.33(l). Torsional angle Os-Os 

and C-C 8.4”. 

less common “parallel” bonding’ mode of the 
alkyne18 (i.e. formation of 1,2-diosmacyclobutene) 
was anticipated from the photoreaction. 

Since activated alkenes afforded the most 
stable diosmacyclobutanes, the choice of dimethyl- 
acetylenedicarboxylate (DMAD, C2(C02CH3)J 
was obvious. Unfortunately the reaction resulted 
in the formation of a mixture of products [eq. (511. 

OS~(CO),~ + DMADS 

OS~(CO)~(~-~‘,~‘-DMAD) 
4-0s 

+ Os#X%(DMAD), + C&O&H& 
SOS 

+ unidentified compound(s). (5) 

Because of separation difficulties only two osmium 
containing products could be isolated, in low 
yields. I9 Compound 4-0s is the desired l,Zdios- 
macyclobutene, Fig. 3. As expected from the more 
rigid parallel alkyne bridge, the four membered ring 
in 4-0s is less puckered than in the saturated rela- 
tives, the 0s-C and C-C distances are also in 
accord with the unsaturated nature of 4-0s. Not 
surprisingly, the compound is also more stable than 
the diosmacyclobutanes and undergoes thermal CO 
substitution by PPhs, as opposed to alkene loss 
from and fragmentation of the saturated four 
membered OS& rings.‘* Interestingly, and perhaps 
as a result of the enhanced stability of the unsatu- 

rated dimetallacyclobutenes, the analogous diru- 
thenacyclobutene, 4-Ru, is also accessible from the 
photoreaction between Ru3(CO)r2 and DMAD [eq. 
(6)].” The compounds 4-0s and 4-Ru are iso- 
morphous and isostructural. 

Ru3(CO)r2 + DMAD s 

Ru2(C0)&~‘,+DMAD) 
4-Ru 

+ Ru,(CO),(DMAD),+ C6(CO&H&. (6) 
Sa-Ru, 5b-Ru 

As with osmium, this reaction is accompanied by 
the formation of another product, SRu. Indeed, in 
this case the material is present under two isomeric 
forms, Sa-Ru and 5b-Ru. Spectroscopic work 
showed that the osmium compound corresponds to 
isomer 5a. 

The structures of the osmium compound, 5a-Os, 
and the isomeric 5h-Ru are shown in Fig. 4. The 
compounds are seen to arise from what can be 
considered “head-to-tail”, 5a and “head-to-head”, 
5b, dimerization of the 16 electron metalla- 
cyclopentadiene, M(CO),[C,(CO,CH,).,], [eq. (7)]. 
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(a) 

(b) 

Fig. 4. Perspective views of (a) OS~(CO),(DMAD),,‘~ 5a-Os and (b) Ru~(CO)~(DMAD),,~ 5b-Ro. 
Primed atoms are related by the centre of symmetry and the C, axis of symmetry, respectively. R 

represents the CO&H3 group. 



End-on coordination of a carboxylate oxygen 
donor completes the electronic demand of each 
metal. This is clearly evidenced by the lengthening 
of the C=O distance (N 1.25 vs 1.19 A for the 
unbound moieties) and the appearance of a low 
frequency c---O stretching frequency absorption 
around 1600 cm-‘. The coupling of the alkyne units 
is thus different from the usual sequential addition 
of one to four alkyne units to dimetallic centres.3(d*@) 
It is noteworthy that from a thermal reaction Bruce 
et al.*l identified two ruthenium containing com- 
pounds, Ru~(CO)~(DMAD), and Ru2(CO)4 
(DMAD)*, both different from the photoprod- 
ucts described here. 

The photoreaction of 1-0s was also carried out 
with bis(trimethylsilyl)acetylene (BTMSA), hexa- 
fluorobut-2-yne (HFB), diphenylacetylene (DPA) 
and acetylene. Although the reaction with BTMSA 
led to the isolation of the first simple tetracarbonyl 
alkyne osmium compound,** Os(C0)4(#-BTMSA) 
and paved the way for the preparation of the anal- 
ogous ruthenium compound,** the other alkynes 
gave disappointing results. The reactions led to 
complicated and difficult to separate mixtures of 
products, many accessible from thermal reactions. 
Diosmacyclobutenes were seen with HFB and 
DPA, but isolated yields were exceedingly small. 

ALKENE EXCHANGE IN 
0a3(CO)&r+,+CH,CHR) (R = CO3CH3, H) 

The problems encountered already in the pho- 
toreaction of OSCAR with certain alkenes and 
even more extensively with alkynes, clearly indi- 
cated the necessity of an alternate synthetic route if 
we hoped to extend the number of known dios- 
macycles. Since, naively, we envisaged the for- 
mation of Os3(CO)&-C2H4), 3a, as arising from 
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the interception of nascent Osz(CO)3 by ethylene, it 
seemed plausible that reversal of this process, [eq. 
(S)], could yield the reactive diosmium fragment 
which could then be scavenged by other unsaturated 
organic substrates giving other diosmacycles. 

W -CH2 

I I 

H2C = CH2 

e + 
(oc)4Os -osw)4 pch0s =os(co)‘l 

(8) 
The attractive feature of such an approach was 
the ready availability of 3a in moderate yields (see 
above). 

Although from the isolobal relation between 3a 
and cyclobutane,23 fragmentation of 3a, as shown in 
eq. (8), is a symmetry forbidden process,? Trinquier 
and Hoffman24 have shown that the activation bar- 
rier to such a dinuclear reductive elimination pro- 
cess is significantly lowered when the leaving groups 
are tied together, as in 3a. Indeed, anticipating some 
of the results, elimination of ethylene from 3a is 
facile and in solution occurs already at around 
30°C albeit slowly. More surprisingly, some recent 
very elegant experiments by Nortor? have estab- 
lished that the elimination is stereospecific and as 
such, contrary to the symmetry rules, most prob- 
ably proceeds via a concerted process. 

Exchange reactions with aIkynes 

The initial experiment between Os2(CO)&#,n1- 
CH2CHC02CH3) 3b, and DMAD was encour- 
aging. Although a temperature of 80°C was 
required to give convenient conversion rates, a yield 
of 47% of the diosmacyclobutene, ~-OS, was 
obtained.“1 However, the high temperature neces- 
sary for exchange was deleterious with other alkynes 
and consequently contemporary exchange reactions 
involve 3a [eq. (9)].” 

P@nm “h-=/ 
0sa(CO)&C2H4) + R-C=CR’ - / \ 

25’iWC 
(OC),OS OSWO), + c2H4 (9) 

t The forward reaction, or further reaction of Os,(CO), 
with double or triple bonds is also a symmetry forbidden 
thermal process. It is the organometallic analogue of the 
organic [27rS + 2nd cycloaddition reaction. 

$ For the use of DMAD as a trapping agent in a related 
dimetalla-Diels-Alder reaction ([4nS + 27rJ cycload- 
dition) involving the six-membered benzodicobalta- 
cyclohexane ring, Cp,Co,@-CO),@-o-xylylene), see 
Hersch and Bergman.26 

$The yields in parentheses refer to photochemical 
exchange reaction. 

R R Yield (%) 

C02Me CO,Me 50 (68§) 
Ph Ph 20 (324) 
H COMe 70 
H CO,Me 70 
CF3 CF3 5-20 

It should be noted that the thermal exchange reac- 
tion can also be used to prepare saturated dios- 
macyclobutanes which are more robust than 3a 
and/or 3b. Heating 3b with excess maleic anhydride 
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gave OS~(CO)~~-~‘,~~-CHCHC(O)OC(O) in 54% 
isolated yield. This material, as indicated before, is 
not accessible via photolysis. 

The improved yield of 4-0s and the isolation of 
the DPA and HFB bridged compounds in quan- 
tities sufficient for full characterization, clearly indi- 
cate the superiority of the thermal exchange method 
over the photolysis of 0s3(CO)i2 and alkynes. 
Unfortunately the procedure is not universal in its 
application. Already the reaction with DPA is 
accompanied by the formation of other products 
including Os,(CO) , 2, a ubiquitous by-product in 
many reactions. Similar problems have been encoun- 
tered with acetylene and HFB. Indeed the parent 
diosmacyclobutene, 0s2(C0)&-$,tf’-HCCH), has 
so far defied isolation. Also puzzling is the reaction 
with HFB which also gave mixtures of products. 
That the problem is not associated with some pecu- 
liar property of the product diosmacyclobutene, 
0s2(C0)&$,$-HFB), is evidenced by an inter- 
esting and unusual alternate synthesis which can 
be extended to the RuRu and mixed RuOs 
compounds as well. In a very interesting devel- 
opment we have discovered that the 18 electron 
M(C0),(q2-HFB) (M = Ru, OS) complexes react 
further with the respective pentacarbonyls to pro- 
duce dimetallacyclobutenes in good yields [eq. 
(lo)].‘” No solid state structural work is yet avail- 
able, but the proper formulation of the compounds 
was ascertained by spectroscopic techniques, the 
13C NMR spectra being especially valuable. 

M(C0),(q2-HFB) + M’(CO), A 
alkane 

MM’(CO)B(&,$-HFB) (10) 

A Yield 

M = Ru M’= Ru MM’= RuRu 25°C 73% 
OS OS 0~0s 60°C 66% 
Ru OS RuOs 25°C 77% 

The limiting spectra are shown in Fig. 5. The num- 
ber and intensity distribution of the peaks are 
clearly consistent with the proposed structures. The 
spectra provide a nice illustration of the predictable 
upfield shifts of the carbonyl signals as the metal 
triad is descended.29 With the exception of the 0~0s 
compound, which is rigid at room temperature, the 
molecules are fluxional. The intermetallic carbonyl 
exchange proceeds most plausibly via the “merry- 
go-round” process3’ which exchanges the environ- 
ments of carbonyl groups lying in a plane, leaving 
one, the unique CO tram to the parallel alkyne 
bridge, invariant. The activation energy for inter- 
change follows RuRu (11 .O kcal mol- ‘) < RuOs 

M ERU 
M’ I RU 

T.-90°C 

NMR spsctrs 

e 

u 
a 

M .os 
M’ZOS 

T.30°C 

260 160 llio li0 lb0 
PPM 

Fig. 5. Limiting 13C NMR spectra of MM’(CO)&-$,$- 
HFB) molecules.‘* 

(14.4 kcal mol- ‘) c 0~0s (static at room tem- 
perature) . 

Exchange reactions with dienes 

The thermal reaction between 3a and 1,3-dienes 
was initiated with the hope of producing dios- 
macycles with different ring sizes. Indeed as shown 
in eq. (1 l), the reaction in principle can proceed 
via 1,2- and/or 1,4-addition, yielding four-and six- 
membered diosmacycles, respectively. Although the 
1 ,Ztype addition with 3a is now firmly established, 
in view of the precedented dimetalla-Die&Alder 
type reaction,26 the 1,Caddition can not be dis- 
missed lightly. 

The reaction between 3a and diethyhnuconate 
(MUCO) gave Os,(CO),(MUCO) in good yield.31 
The complex 13C NMR spectrum, Fig. 6, clearly 
implies the formation of a 1,Zadduct. Trace 
amounts of an isomeric product were also isolated 
from this reaction which may be the symmetric 1,4- 
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l’honnd Rmolion of Os.#O)&+H,) wllh 1,2dl8nn 

o+W), W2H4 

-%“4 IA 

O~CO), + N 

12 A Wdlli0n 1.4 

-h - 
GO), 

n 
(OC),os - (w,- -OS(CO), 

(11) 

adduct. Efforts are underway to identify appro- 
priate reaction conditions to favour the Diels-Alder 
path. Similar 1,2-addition occurred with two het- 
erodienes,3’ Table 1. The reaction with the diaz- 
adiene ligand gave the aza-diosmacyclobutane 
Os,(CO)&q’,q’-Gpi), in 35% isolated yield ( 13C 
NMR spectrum, Fig. 7) and represents a new type 
of bonding of this ligand system on dimetallic 
centres.32 The reaction with truns-benzalacetone 

gave only a single, tram adduct and as such rep- 
resents an interesting example of regio- and ste- 
reospecific 1 ,Zaddition. Thus, although our initial 
goal of preparing diosmacycles with a larger ring 
size has been temporarily aborted, the prospect of 
obtaining diosmacycles with different heteroatoms 
and functional groups for further derivatization is 
nevertheless encouraging. 

It would be less than candid to close this section 
by giving the impression that the thermal exchange 
reactions are not without difficulties. Problems were 
encountered especially with “unactivated” dienes. 
In an effort to promote the l,Caddition, the reac- 
tions with cyclopentadiene (CpH), 2,3-dimethyl- 
1,3-butadiene (DMBU) and 2-trimethylsiloxy-1,3- 
butadiene (TSBU) were carried out. No reaction 
was observed with CpH. The reaction with DMBU 
gave mostly Os3(CO)12 and a small amount of 
Os(C0),(q4-DMBU), whereas with TSBU a very 
slow 1 ,Zaddition to the unsubstituted double bond 
occurred.31 Believing that at least part of the diffi- 
culties are associated with the thermal fragility of 
the newly formed diosmacycles, current efforts are 
centred on the photochemically induced ethylene 
exchange from 3a. 

Fig. 6. APT 13C NMR spectrun~ of 0s,(CO),(~-~*,~‘-diethylmuconate).3’ 
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Table 1. Thermal reaction of Os,(CO)&C,H.,) with “dienes” 
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Dlrno Product(r) Addltlon 

(1) 
0 

(uuco) 

“1, 
os,(co),)(lr-wJco) rt GC) 

Et0 
OEt 

0 

(2) I PrNxNlp, (Gpi) O~,(CO),(P-GPU 1.2 (‘AN) 

(3) Ph (BEAC) Os,(CO),(p.BEAC) 1.2 KC) 

0 oa-OS 

Ph)--+0 

REACTMTY OF THE tion from 0sz(C0)&C2H4), 3a, was investigated. 
DIOSMACYCLOBUTANES : The reaction of 3a with Ph3CBF4 proceeded readily 

HYDRIDE ABSTRACTION FROM and gave the p-~‘,$-vinyl complex 6 in excellent 
OWO)&-C*IU yield [eq. (12)].33 

An important aspect of the chemistry of dimet- 
aUacy& -cornPounds is &e ksk &at suck mo>- 
ecules may serve as useful models for the surface 
transformations of unsaturated organic substrates. 
As a first test of hydrogen mobility, hydride abstrac- 

3a+Ph3CBF, c~~~2 ) 

[Osz(CO)a~-~‘,r12-CzH,)IBF,. (12) 
6 (92%) 

0 0 
Cl 0 

k 

c7 

OS-60 

I 
C2 

13 l-4 

I I I I 

200 190 LB0 170 160 ’ 
8 

66 78 66 SB 40 5.0 20 10 

&PpmI 

Fig. 7. 13C NMR spectrum of 0s~(C0)8~-~‘,~‘-C-glyoxalbis(isopropylimine)).3’ 
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Fig. 8. Molecular structure of OS~(CO)~(&,~*-CHCH~)+, 6?3 Relevant bond distances (A): 
Os(l)--Os(2) = 2.8569(5), Os(2)-C(lO) = 2.061(9), Os(l)-C(lO) = 2.30(l), Os(l)-C(9) = 2.34(l), 

C(9)-C(lO) = 1.41(2). 

The structure of 6 is shown in Fig. 8. A charac- 
teristic feature of the @ZH moiety in related vinyl 
bridged cationic species is the p-carbenoid nature 
of this group, which is reflected in the low field 
NMR position of the yCH carbon and hydrogen 
atoms34 and the nearly symmetrical metal-carbon 
distances.3’ This type of behaviour is manifested in 
the present complex as well, although perhaps to a 
more limited extent. Indeed the P-CH (S = 8.56 
ppm) and &H (6 = 134.9 ppm) resonance posi- 
tions are at higher, whereas the CHz signal (6 = 64.8 
ppm) is at lower field than expected. Also, the 
Os(2)--C( 10) interaction, 2.06( 1) A is significantly 
shorter than the Os(l)-C( lo), 2.30(l) A distance, 
indicative of a greater contribution from a,rr-vinyl 
type bonding in this comp0und.t Interestingly the 
bonding changes appear to have a noticeable effect 
on both physical and chemical properties of 6. Thus, 
contrary to other ~-$,~2-vinyl complexes which are 
fluxional in solution, 34,3 7 6 remains rigid up to 90°C 
Also, as opposed to the normal behaviour of the 
related compounds which undergo hydride addition 
to the b-carbon of the p-vinyl group and generate 

t A more pronounced distortion of the bridging vinyl 
group in W2C13(NMe2)2(CHCH2)(PMe2Ph),, led Chis- 
holm36 to postulate a tendency towards “terminal” metal - 
carbine type interaction of the CH moiety in this com- 
pound. 

1 The utility of OSLO as a source of OSLO for 
reactions with unsaturated substrates is being explored 
by J. R. Norton and his co-workers, personal com- 
munication. 

p-carbene complexes, 34 hydride attack on 6 initially 
occurs at the a-carbon and regenerates the original 
1,2-diosmacyclobutane, 3s. 

Attempts to deprotonate 6 proved unsuccessful. 
Even hindered bases like KO’Bu and DBU acted as 
nucleophiles and NaN(SiMe3)2 led to decompo- 
sition. The reaction with PMe, gave a single 
product. The 13C NMR features at -21.2 ppm 
(d, JPX = 25.9 Hz, CHPMe3) and -28.6 ppm (d, 
J p-_c = 8.3 Hz, CH2), clearly show the formation 
of a substituted 1,2-diosmacyclobutane [eq. (13)]. 

6+PMe3T 

[Os2(CO)&~‘,#-CH,CHPMe3]BF4. (13) 

CONCLUSION 

A serendipitous discovery led to the synthesis 
of a modest number of saturated 1,2dios- 
macyclobutanes. The hope that the simple pho- 
tochemical route could be extended and would 
allow the preparation of a wide range of dios- 
macyclic compounds proved short lived. This 
resulted in a search for a more rational synthesis of 
such compounds. Although not without problems, 
the thermally and/or photochemically induced eth- 
ylene exchange reaction from Os2(CO)&-~‘,~‘- 
C2H4) has already proved useful in this regard. The 
scope of this reaction and the chemistry of the 
derived diosmacycles is of continuing interest to 
us.$ 
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ELECTRONIC STRUCTURE OF PIANO-STOOL DIMERS-VII. 
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Abstract-The electronic structure of a number of hydrocarbyl-bridged piano-stool dimers 
has been calculated by using the non-empirical FenskeHall molecular orbital method. It 
is shown that there is a close connection between a number of electronic structural factors 
(e.g. the number of available metal-based orbitals, the number and energies of available 
orbitals on the hydrocarbyl bridge, and the electronic competition between the hydrocarbyl 
bridge and the ancillary ligands) and the reactivities and conformational preferences of the 
dimers. Examples are chosen from both low-valent dimers with n-acid ancillary ligands and 
high-valent dimers with predominantly a-donor ligands. 

Piano-stool dimer frameworks [species adhering to 
the general formula [CpMhL,, (Cp = $-C5H5)] 
provide, in many cases, a convenient template for 
the coordination and experimental manipulation of 
a number of hydrocarbyl moieties. The synthetic 
versatility afforded by these species has fueled the 
recent development of a rich and diverse chemistry 
within this area. The electronic structure and bond- 
ing of complexes comprising this class are equally 
diverse and are quite dependent upon the number 
and type of ligands L, nature of the transition metal 
M, as well as the various geometries assumed. We 
have previously demonstrated a close relationship 
between the electronic structure of piano-stool 
dimers and their reaction chemistry and geometric 
preferences. ‘,2 In this contribution, we will examine 
several of the electronically-driven properties of 
hydrocarbyl-bridged piano-stool dimers. We will 
also make an effort to delineate those characteristics 
imparted to the dimers by the hydrocarbyl bridges, 
and to draw comparisons between low-valent and 
high-valent systems. 

t For part VI see ref. 1. 
$ Author to whom correspondence should be addressed. 

Camille and Henry Dreyfus Foundation Teacher- 
Scholar (1984-1989) and Fellow of the Alfred P. Sloan 
Foundation (1985-1987). 
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Before detailing our molecular orbital approach 
into the electronic structure of specific hydrocarbyl- 
bridged systems, it will be beneficial to illustrate the 
derivation of the orbitals of a piano-stool dimer for 
a general case. Because of the multitude of geo- 
metries observed for this class we have neither the 
time nor space for an in-depth analysis of each 
here. Therefore, in light of this restriction, we will 
focus on a specific geometry keeping in mind that 
similar derivations are possible for the other struc- 
ture types. 

The piano-stool dimer framework, [CpML],&- 
L)2, is a very common structure type in this class 
and is assumed by nearly all of the Cp2M2L4 
systems. The structure of the cis isomer is shown 
below. The geometry about each metal centre 
resembles that of a three-legged piano-stool (hence 
the term piano-stool dimer) (see Structure 1). There 

L L 
Structure 1. 

have been a number of theoretical treatments 
applied to compounds adhering to this basic struc- 
ture ;2.3 we have, however, developed a method 
which we have found to be particularly useful in 
elucidating the separate 0 and z effects of various 
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co 2n 

1 bv 
t 

CH2 n 

Fig. 1. MO diagram illustrating the derivation of the orbitals of the piano-stool dimers 
[CpFe(CO)],(p-CO), and [CpFe(CO)]&-CO)@-CH,) from those of [CpMH],(yH),. 

ligands, L. First the appropriate “6-only” frame- 
work is constructed using L = H, followed by 
“turning on” the n-effects by substituting H with 
the ligand under investigation.? Figure 1 depicts 
the frontier orbitals of the a-only framework 
[CpMH]&-H),, 1, as calculated by the Fenske 
Hall method (calculational details are provided in 
the Appendix). Since the metal centres of 1 are in a 
three-legged piano-stool environment, the orbitals 
of 1 are correlated to the orbitals of the appropriate 
monomeric piano-stool hydride. The metal-based 
orbitals of three-legged piano-stool complexes are 
well-known4 and are illustrated on the left of Fig. 
1. As is the case for other CpML, complexes, the 
CpMH3 species can be treated as a pseudo-octa- 
hedral system by virtue of itsfuc-MH, “legs”. As a 
result, its metal-based orbitals are split into two 
groups resembling the Oh tzs and e, sets. The “fZg” 
set is composed of three metal-based non-bonding 
orbitals, whereas the “eg” set contains two orbitals 
that are antibonding between M and both the H 1s 
and the Cp rc2 orbitals. The similarity of these 

t A more detailed derivation by this method is outlined 
for CplM2L4 complexes in ref. 2e and for CplM,L6 
complexes in ref. 1. 

orbitals to the t2, and e, sets of an Oh ML6 com- 
pound illustrates how CpML, species “remember” 
their Oh parentage. 

Inasmuch as the structure of 1 keeps the metal 
centres in a pseudo-octahedral environment, its 
metal-based orbitals can be viewed as resulting from 
dimerization of the orbitals of CpML3. The MO’s 
of 1 that are derived from the “tzg” orbitals are split 
slightly (< 1 .O eV for M = Fe), a splitting that is 
due entirely to a very weak M-M interaction. 
Those derived from the “eg” orbitals are uniformly 
destabilized with the exception of the 2a2 orbital, 
which is substantially stabilized. The 2~ is a M-M 
rc* orbital that, due to the generation of a nodal 
plane bisecting the M-M vector upon dimer- 
ization, cannot by symmetry contain any P-H 
character. It is thus converted from a M-H anti- 
bonding orbital into a non-bonded one, and there- 
fore ends up close in energy to the “t,“-based 
orbitals. 

The simple picture derived for the o-only frame- 
work, 1, can be used as a basis for the subsequent 
consideration of the electronic structure of more 
complicated piano-stool dimer systems of this same 
basic geometry. The H ligands can be replaced by 
rc-acid or n-donor ligands of varying strength and 
the metal-based frontier orbitals may be followed 
as they are stabilized or destabilized accordingly. 
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In this way a qualitative picture of a seemingly 
complicated bimetallic system can be constructed 
with relative ease. We have included the case for 
the well-known dimer, ~~pFe(CO~]~(~-CO)~,~ to the 
right of 1 in Fig. 1. The x-acid CO ligands serve to 
stabilize the metal-based orbitals with which they 
are allowed to interact. We could just have easily 
replaced the H ligands of 1 with 0 ligands to form 
the known compound, [CpMoO]&-0),,6 and fol- 
lowed the subsequent destabilization of the metal- 
based orbitals due to the a-donor ability of 0. We 
need not concern ourselves with the CO or 0 (T 
interactions as they have been qualitatively 
accounted for by the o-only H ligands in frame- 
work 1. The a-donor strengths of various ligands 
will, of course, differ from that of H, but the orbitals 
resulting from such interactions generally do not lie 
in the important frontier orbital region. Thus, for 
most qua~tative appli~tions (such as those to be 
presented here) it is not essential to modify the 
M-L t? interactions. With mixed ligand sets (as is 
the case for most hydrocarbyl-bridged piano-stool 
dimers) the competitive n-effects (and, to a lesser 
extent, e-effects) become more complicated; never- 
theless, they may be conveniently accounted for 
using this approach. The methylene-bridged 
system, [CpFe(~O)]~~-CO)~-OHM), 3, is provided 
to the right of [CpFe(CO)]&-CO), in Fig. 1 as an 
example. The a-effects associated with the sub- 
stitution of a CO bridge with a CHZ bridge are 
minor and can easily be traced. As shown in Fig. 
I, the CH2 iigand possesses just one n orbital (in 
contrast to the degenerate 27~ set in CO) that is 
closer in energy, and hence interacts more strongly 
with a metal-based orbital (the 2~ orbital in frame- 
work 1). The lack of a second z orbital for CH2 
causes a slight destabilization of one metal-based 
orbital (the orbital that had previously been sta- 
bilized by CO interaction). The remainder of the 
MO picture changes little. While it is true that some 
subtle electronic effects can only be discerned via 
MO placations, the approach outlined above can 
often go a long way in developing a qualitative 
understanding of the electronic structure of many 
piano-stool dimers. Such a treatment can be viewed 
in the same spirit as Hoffmann’s isolobal analogy, 

t The crystal structure of c&[CpFe(CO)]&-CO)* has 
been reported.5 The electronic structure has been inves- 
tigated by a number of methods.2(cxc’,3@‘“Hd) 

$ The Co analogue was used to model the Rh complex 
(4) in order to provide a more direct comparison to the 
other two me~ylene-budged compounds containing first 
row transition metals, Mn and Fe. Calculations on the 
Rh complex yield similar results. 

which provides simple qualitative descriptions of 
mononuclear fragments.’ 

With regard to correlation of the calculational 
results to the experimental observations, we have 
found that the Fenske-Hall MO method provides 
reliable results when applied to hydrocarbyl- 
bridged transition metal dimers? We will begin our 
discussion with an examination of electronic struc- 
tural effects on the reactions of simple electrophiles 
and nucleop~les with hydr~arbyl-budge dimers. 
Several guidelines must be kept in mind when using 
MO theory to explain chemical reactivity : (1) The 
electronic structure of a ~euc~~~~ provides infor- 
mation concerning possible sites of reactivity, or 
the kinetic product of a reaction. (2) In order 
to obtain info~ation pertaining to the ~~e$~~- 
dynamic product, one must consider the elec- 
tronic structures of the possibleproducls of the reac- 
tion in question. (3) We will be considering only 
reactions which proceed via orbitaf control or 
charge control. (4) For reactions which are orbi- 
tally-controlled, the HOMO will direct an elec- 
trophilic attack, and the LUMO will direct a nucleo- 
phik attack. 

PROTONATION OF j&H2 COMPLEXES 

The simplest eiectrophile is the proton. It has 
been shown that the treatment of a series of closely 
related methylene~b~dg~ piano-stool dimers with 
strong acids yields a variety of results [eqs. (1)-$3)]. 
For example, Herrmann found that protonation of 
the complex ~CpMn(CO)~*~-CH~), 2, resulted in no 
apparent reactivity [eq. (l)J8 However, Casey et 
al. showed that treatment of [CpFe(CO)]&CO) 
(p-CH2), 3, with strong, non-coordinating acids 
resulted in the formation of an agostic, methyl- 
bridged cation [eq. (2)J9 Herrmann et al. noted yet 
a different type of reactivity by moving farther 
across the periodic table to [CpRh(CO)]&-CH,), 
4, and upon protonation of this dimer observed the 
fo~ation of a hyd~de-budged cation [eq. (3)].‘O 
The potential driving forces behind such diverse 
reactivity can be uncovered via the electronic struc- 
tures of the parent methylene-bridged dimers. 

Figure 2 illustrates the frontier MO diagrams of 
the methylene-bridged compounds 2,3 and 4’ (4’ is 
the Co analogue of the Rh complex 4).$ A cornpar& 
son of the three electronic structures allows us to 
highlight several features. First, the highest occupied 

H+ - N.R. (1) 
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Fig. 2. Comparative MO diagrams of the methylene-bridged compounds 2, 3, and 4’. The arrows 
indicate the highest occupied MO. 

H+ 

H+ 

molecular orbitals are primarily metal-based 3d based orbital “removed” by M-L a-interactions. 
orbitals that are, for the most part, metal-ligand In 4’, which has one less CO ligand than 3, there 
non-bonding. For 2, this group is comprised of five are now seven metal-based 3d orbitals in the - 8 to 
such orbitals, including the HOMO which is Mn- - 10 eV region. In addition, the removal of a P-CO 
Mn rc* in character.” The HOMO of 3 is similar to on proceeding from 3 to 4’ markedly changes the 
that found for 2 (Fe-Fe a*). However, since 3 nature of the HOMO and second-highest occupied 
contains only three CO ligands, an additional MO (SHOMO) of 4’ relative to those of 2 or 3. The 
metal-based orbital is present in its group of now two highest occupied MO’s are the symmetric and 
six occupied metal orbitals ; it has one less metal- antisymmetric (with respect to the C, axis) linear 

(2) 

(3) 
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combinations of hybrid orbitals directed toward the 
vacant bridge position.? In 3, which is geometrically 
very similar to 4’, the orbit& that are the analogues 
of the HOMO and SHOMO of 4’ are strongly desta- 
bilized and (less strongly) stabilized, respectively, 
via interaction with the 50 and one of the 2a orbitals 
of the p-CO ligand. 

The LUMO of each dimer is essentially a M-M 
6* interaction that is isolated by, in each case, 
> 2.5 eV from the next lowest virtual orbitals. The 
HOMO-LUMO separation calculated from each 
compound is similar : 2 = 2.20,3 = 2.95,4’ = 2.42 
eV. The occupied orbitals below the metal-based 
sets are arranged in a similar pattern for all three 
dimers. Highest in energy is the M-CHI n-type 
interaction, with the M-Cp rr2 orbitals at slightly 
lower energy. Below the Cp orbitals are found the 
M-CH2 and M-CO r~ interactions. 

As was mentioned earlier, the electronic structure 
of a reactant provides information on the site of 
attack, or kinetic product of a reaction. Thus for 
compounds 2,3 and 4’, we will primarily be inter- 
ested in the nature of the HOMO for an electro- 
philic, orbital-controlled reaction and the Mulliken 
atomic charges for the case of a charge-controlled 
reaction. Considering first the two reactions which 
yield products [eqs (2) and (3)], we can identify the 
electronic effects which lead to their formation. The 
HOMO of 3 is an Fe-Fe rc* orbital which is ori- 
ented perpendicular to the bridge plane, causing it 
to lie in the plane of the Cp ligands and the terminal 
CO ligands. Therefore the HOMO is sterically inac- 
cessible to incoming electrophiles, which would 
appear to retard an orbital-controlled reaction 
pathway. If the reaction were to be charge- 
controlled, the electrophile would seek out the most 
negative site on the complex. In the case of 3, the 
most negative site is the methylene carbon 
(qc = -0.52 e, see Table 1). Hence it would appear 
that the charge-controlled pathway is more favour- 
able in the protonation of 3, thereby inducing pro- 
tonation at the methylene carbon.1 The observed 
product is indeed a methyl-bridged cation which 
displays some interesting electronic interactions 
and fluxional behaviour in its own right.2b 

The formation of the hydride-bridged cation 
from the protonation of 4 can also be rationalized 
with the aid of its electronic structure. As with 3, the 

t Similar frontier orbitals were found by P. Hofrnann 
using the EHMO approach.‘* 

$ It is possible that a sterically-accessible, filled orbital 
below the HOMO could direct an orbitally-controlled 
mechanism, and such a possibility has been previously 
addressed in ref. 3d. 

Table 1. Mulliken atomic charges in [CpMn(CO)& 

OI-CH,) (2), [CpFe(COI1*01-C0)01-CH*) (3) and 
[CPCWOMP-CH~~ (4’) 

2 3 4’ 

&-CH,) 
+ 0.49 +0.39 +0.59 
-0.53 -0.52 -0.63 

C@-CO) - -0.02 - 
O@-CO) - -0.20 - 
C(t-CO) +o.oY +0.11 +0.01 
0(/l-CO) -0.08” - 0.06 0.00 

“Average charge of atoms for the two t-COs. 

most negative site calculated for 4’ is the methylene 
carbon atom, In fact, the p-CH2 carbon of 4’ is 
even more negative (qc = -0.63 e) than that of 3, 
indicating even greater charge transfer from the 
metal atoms to the methylene bridge. This would 
seem to indicate that a charge-controlled pro- 
tonation of the pCH2 bridge of 4 would constitute 
a viable reaction pathway. Although we cannot rule 
out the charge-controlled route, in this case an orbi- 
tal-controlled mechanism appears just as likely. In 
the MO diagram of 4’ (Fig. 2) the HOMO was 
calculated to be a symmetric M-M bonding 
interaction oriented towards the “open” bridging 
position, thereby providing a sterically accessible, 
filled orbital for electrophilic attack. The pro- 
tonation product exhibits a hydride-bridged metal- 
metal bond wherein the proton interacts with the 
HOMO of 4’. Although it is impossible to say which 
kinetic pathway (charge-controlled or orbital-con- 
trolled) is utilized initially in the protonation of 4, 
it is clear that the character and availability of the 
HOMO facilitates the formation of the observed 
thermodynamic product. 

The lack of reactivity found for the Mn dimer 2 
is not as clear. Based on the electronic properties 
operating in the reactions of the Fe and Rh dimers, 
we would predict that 2 would react in a manner 
similar to 3. From Fig. 2 we find that the HOMO of 
2 is a Mn-Mn rr* orbital and is rendered sterically 
inaccessible by the Cp and CO ligands. Like dimers 
3 and 4’, the methylene carbon of 2 is calculated to 
be the most negative site (qc = -0.53 e). Therefore 
we would expect 2 to follow a protonation pathway 
similar to the Fe dimer 3 to yield a methyl-bridged 
cation. Calculations performed on a methyl- 
bridged manganese dimer indicate that, like 
[CpFe(CO)]&CO)(~-CH3)+, an asymmetric 
methyl bridge would be favoured over a symmetric 
bridging structure. I3 However, the calculations also 
show that the stabilization gained from an asym- 
metric methyl bridge in the iron system is greater 
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than that of the manganese species, and although a another. Once again, the highest occupied MO’s in 
charge-controlled protonation of 2 at the p-CH2 each complex are a set of primarily metal-based 3d 
carbon is predicted kinetically, it may be that the orbitals. As before, the presence of one fewer NO 
relative thermodynamic instability of the product ligand in 6 than there are CO ligands in 5 results in 
impedes its formation and isolation. the generation of one more metal-based orbital in 

6 than in 5. Below these are the Fe-CH n-bonding 

NUCLEOPHILIC ATTACK OF p-CH interactions in which the denotations l_ and 11 refer 

COMPLEXES to the orientation of the CH rr orbitals as either 
perpendicular or parallel to the Fe-Fe vector. Just 

It has been established that a number of nucle- below these orbitals are found the Cp az bonding 
ophilic addition reactions on transition metal com- levels, with the Fe-CH o interaction at still lower 
plexes are directed by their LUM0.14 We have energy. The major difference that exists between the 
found such to be the case for two isovalent methy- electronic structures of 5 and 6 is due to the virtual 
lidyne-bridged piano-stool dimers, namely orbitals. The LUMO of 5 is the Fe-CH rrl anti- 
[CpFe(CO)]&-CO)(p-CH)+, 5’ and [CpFe(p- bonding level, 50% of which is due to contribution 
NO)],(yCH)+, 6.15 Both complexes contain the from the p-CH carbon 2p orbital. Just above this 
bridging methylidyne unit; 5 contains three CO orbital in energy lies the Fe-Fe 6* interaction. 
groups whereas 6 contains two NO ligands. As is The virtual orbitals of 6 are exactly reversed. The 
evident in eqs (4) and (5), these two compounds LUMO is the Fe-Fe rr* interaction and above 
demonstrate markedly different reactivity with this orbital lies the Fe-CH n, antibonding level. 
nucleophiles. Therefore, as long as nucleophilic addition reac- 

H 
A + Ni,/l 

CPI, /“\ 
r 

,ICP 
2 Fe,T,FejCo 

Nu- : CPI,, /-\ 
. Fe-Fe.’ 

,ICP 

OC oc/ \,/ ‘*co 
(4) 

L 
0 

5 

“0 

Cp-Fe/‘\ ,‘;c_.Fe - CP 
_- 

ON No 

6 

“yy 

Cp-Fe!‘\ ,T_.Fe - C P 

ON No 

Compound 5 readily forms adducts with a wide 
variety of nucleophiles, attack occurring in all cases 
at the methylidyne carbon.16 Even very weak nucle- 
ophiles such as CO and alkenes have been shown 
to react. In contrast, the treatment of 6 with nucle- 
ophiles produces no adducts comparable to those 
of 5, and the complex apparently decomposes to 
yield [CpFe(p-NO)]* as the only tractable organ- 
ometallic product. I5 The site specificity of nucle- 
ophilic attack on 5, as well as the lack of nucle- 
ophilic addition observed for 6, can be explained 
on the basis of their electronic structures. 

The MO diagrams of 5 and 6 are shown in Fig. 
3. The occupied MO’s of these two methylidyne- 
bridged piano-stool dimers are similar to one 

/N\ 
Cp-Fe,=,Fe-Cp 

(5) 

\ / 

t 

tions are orbitally-controlled in this system, the 
LUMO of 5 offers a sterically accessible orbital 
containing a high degree of y-CH character. Hence 
the electronic structure would support nucleophilic 
attack at the p-CH carbon atom of 5. On the other 
hand, the LUMO of 6 is quite sterically inaccessible 
as it lies along the Fe-Fe vector and between the 
Cp ligands. In this case nucleophilic additions are 
retarded from occurring at the LUMO, and com- 
pound 6 does not form analogous products. 

We would not expect a charge-controlled mech- 
anism to operate in the nucleophilic addition reac- 
tions of these systems since the most positive sites 
on both 5 and 6 are the metal centres, and there is no 
evidence for attack at these sterically congested sites. 
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IR spectroscopic monitoring of eq. (6) indicated 
that the NO ligands changed from terminal coor- 
dination in 8 to a bridging mode in 6. The reason 
for the bridging NO preference in 6 can be explained 
through a fragment analysis of the possible limiting 
geometries for this complex. 

Fe-Fe 3d m 

t 
1 ev 
t 

Fe-CH D 

c + 
cm,,. A ,&P 
oc /Fe,-,FejCo 

s 

c + 
A 

CP-F~,~~F~-CP 

0” “0 

5 6 

Fig. 3. Comparative MO diagrams of the methylidyne- 
bridged compounds 5 and 6. The arrows indicate the 

highest occupied MO. 

CONFORMATIONAL PREFERENCES 
IN /I-CH COMPLEXES 

Thus far we have utilized MO theory to analyse 
certain reactivity patterns exhibited by a few hydro- 
carbyl-bridged systems. In doing so we have con- 
centrated on the electronic structure of the reactants 
involved in order to elucidate the possible sites of 
reactivity. In this section we utilize the MO cal- 
culations to determine geometric preferences in 
similar hydrocarbyl-bridged systems. 

We will focus our attention on two alkylidyne- 
bridged molecules, [CpFe(p-NO)]&CH)+, 6 and 
[Cp*W(CH&(yCCH& 7 (Cp* = $-CSMes).” In 
the previous section we have already briefly 
addressed the reactivity of 6 with nucleophiles. 
Complex 6 was prepared from the reaction of 
its methylene-bridged parent compound, [CpFe 
(NO)],@-CH,), 8, with the trityl cation [eq. (6)].15 

Figure 4 displays the MO diagrams for the bridg- 
ing NO isomer, 6 and the terminal NO isomer, 
[CpFe(NO)]&-CH)+, 9. Fragment analysis is used 
to view each isomer as a CH+ moiety interact- 
ing with its respective Cp,Fe,(N0)2 framework. 
Through such an analysis we can isolate the elec- 
tronic driving force responsible for the geometric 
preference of isomer 6 over isomer 9. The CH+ 20 
orbital (the carbon-based “lone pair”) interacts to 
about the same extent with either Cp,Fe,(NO), 
framework. The CH+ lx,, interactions are also 
similar with both frameworks, in either case 
involving the C, (Cp,Fe,(NO),) or mirror-plane 
(Cp,Fe,(NO),) antisymmetric metal-based orbitals 
(17b and 18b in 9 ; 8b, and 9b, in 6). At first glance, 
the interactions of the CH+ 17r1 orbital with the 
two frameworks look very similar; however, it is 
the nature of the framework orbital with which the 
lrrnl can interact that determines the fate of the NO 
ligation mode. In the terminal NO geometry (left 
side), the 16b framework orbital interacts with the 
CH 1~~ orbital. The 16b orbital is 56% Fe and 42% 
NO 27c in character, and thus the CH la1 orbital is 
involved in competition with a substantial amount 
of NO 27~ character for the same metal orbital. 
In the bridging NO geometry (right side) the 8b2 
framework orbital interacts with the CH 17~~ 
orbital. The 8b2 orbital is 81% Fe and only 16% 
NO 27~ in character. Hence, the CH lrcl orbital is 
competing with much less NO 27r character for the 
same metal orbital than in the terminal NO 
geometry. Accordingly, the CH+ fragment displays 
a stronger interaction with the metal centres when 
the NO ligands are in a bridging geometry, thus 
achieving a better separation of Fe-CH and 
Fe-NO x interactions. For ligands that lack a nl 
orbital (such as CHJ the electronic preference for 
bridging NO ligands would be removed. That this 
is the case is seen, of course, in the observed 
geometry of 8.14 

All of the systems we have thus far looked at are 
low-valent systems with n-acid ancillary ligands. 
Many of the same types of arguments can be used 

H 

tA 
+ 

CPh3+ 
t Cp-FEFe-Cp 

L-g’ 

8 ON No 

6 
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H + H H 
’ + ’ l 

CP... ,340 CP,,, 2\ ,.NO A A 
ON 

/Fe-Fe. 
‘CP ON 

,Fe-Fc.; 
CP 

CP-Fe,tFe-CP 
CP-Fe,zFe4 

NfT 
NA 

0 0 
0 0 

9 6 

Fig. 4. The orbital interaction diagram for Cp,Fe,(NO),&-CH)+ in conformations 6 and 9. The 
arrows indicate the highest occupied MO. 

for high-valent hydrocarbyl-bridged dimers as well. 
Recently Schrock and co-workers synthesized and 
structurally characterized an interesting bis-alky- 
lidyne-bridged piano-stool dimer of the for- 
mulation [Cp*W(CH&(p-CCH&, 7.17 This com- 
plex can formally be considered as a 1,3-dimetalla- 
cyclobutadiene and is structurally and electroni- 
cally (vide infra) analogous to a variety of such 
compounds of the formulation m&(p-CSiMe3)2 
(X = OR, R), recently investigated by Chisholm 
and Heppert. ’ a The Schrock dimetallacycle, 7, 
can be considered a derivative of the Chisholm 
alkyl system wherein one terminal alkyl ligand 
on each tungsten atom has been replaced by a Cp* 
ligand. The structure of 7 differs from those of Chis- 
holm in one significant regard, however. Unlike 
the Chisholm systems, the W2(p-CR)2 dimetalla- 
cyclic core of 7 is decidely non-planar (as shown 
below) with the p-CR ligands bent up towards the 
Cp* ligands (dihedral angle = 155’) (see Structure 
2). Such a structural perturbation would seem steri- 

i A full paper describing the electronic structure of 7 
in detail, and its relationship to other 1,3-dimetalla- 
cyclobutadiene systems is in preparation. 

Structure 2. 

tally unfavourable in that the p-CMe ligands are 
closer to the bulky CSMeS ligands than they would 
be in a planar structure. A bent core would also 
seem to be unfavourable electronically, in a quali- 
tative sense, due to the apparent weakening of the 
conjugated n system.? 

Since it is clear that the structural deformation in 
7 must be electronic in origin, we have investigated 
its source via MO calculations on the model piano- 
stool dimer [CpW(CH,)]&CH), (7’). We will 
derive the MO scheme for 7’ in the same manner as 
was outlined earlier for the case of a general piano- 
stool dimer of the structure type [CpML]&-L),. In 
this way we can separate the G and n effects of the 
ligands in order to explain the geometric preference 
for a bent WZCZ core. The left side of Fig. 5 shows 
the MO diagram of the a-only framework for the 
fictitious [CpW(CH,)],(p-H),. The orbital ener- 
getics of this framework are similar to those shown 
earlier for the general [CpMH],(p-H), system. This 
is not surprising considering the structural simi- 
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5al 

@-@ '2b 

0 2 

* la2 

2”l L/ 

2a2 

bz 

e 
a2 

‘bz 

Fig. 5. Frontier orbital diagram of 7’ and its correlation to the o-only framework [CpWMe]&-H),. 
The arrows indicate the highest occupied MO. 

larities and that CH3 is predominantly a 0 donor 
like H. The metal-based orbitals begin with the 3ai 
orbital. The three highest lying “eg” orbitals are not 
shown here since they are not subsequently affected 
by CH R interaction. It should be noted that the 
splitting within the “tZ9” set is somewhat greater 
than with the [CpMH],(p-H), framework 
(M = Fe), indicating a stronger W-W interaction. 
The shape of the 2b2 orbital warrants some 
comment. Simple dimerization of the orbitals of the 
“ fZ9” set from CpMH, (Fig. 1) would result in the 
generation of an orbital similar in shape to the 
3a, orbital, but M-M antibonding in character. 
However, an allowed mixing of this antibonding 
orbital with a higher energy b2 combination takes 
place to produce the 2bz orbital (see Scheme 1) 
shown in Fig. 5. This serves to decrease the W-W 
anti-bonding character among the filled MOs, thus 
facilitating stronger overall W-W bonding. 

When the p-H ligands are replaced by p-CH 

ligands, the 7c interactions are “turned on”. The 
resulting frontier MO diagram is shown in the 
centre of Fig. 5, in which a planar W& core has 
been assumed, along with its correlation to the 
orbitals of the o-only framework. The K orbitals of 
the two CH ligands transform as aI +az+ b, + b2 
representations under C,, symmetry, and they find 
symmetry matches with four appropriate W-based 
orbitals. This results in the generation of four 
W-CH rr bonding MOs that are predominantly 
of CH character with corresponding antibonding 
orbitals that are mostly metal-based. Above the 
manifold of x bonding orbitals is the HOMO of the 
complex, the metal-based bonding 4ui orbital that, 

-* 
t-8 

=8-Q 
Scheme 1. 
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by symmetry, cannot interact with CH z orbitals. 
The LUMO is a W-W orbital of approximate 6* 
symmetry (see discussion below) that similarly is 
unable to interact with CH n: orbitals of the bridging 
ligands. This MO description is in complete accord 
with that recently advanced by Chisholm et al. for 
the M2R4(@R’)2 (M = Ta, W, Re) systems.lg 

Why does 7 contain a bent rather than a planar 
W2C2 core? The introduction of two cis Cp* ligands 
destroys the W2C2 mirror plane symmetry found in 
the Chisholm systems and allows for the generation 
of slightly asymmetric frontier orbitals. The driving 
force behind the bending of the W2C2 core lies in 
the W-CH z interactions. The CH n combinations 
corresponding to al, bl and b2 symmetry each find 
W-based orbitals of the correct symmetry located 
rather low in energy, close to that of the CH 7r 
orbitals. However, the CH a2 combination must 
interact with a W-based a2 orbital (2a2 in the o-only 
framework) which is quite high in energy. Another 
W-based a2 orbital matches-up much better ener- 
getically (the la2 in the a-only framework), but in 
a planar geometry this orbital has zero overlap and 
cannot interact with the CH a2 combination. As is 
evident in Fig. 5, the la, orbital of [CpW(CH,)],(p- 
H)2 is mostly W-W 6*, but there is a small mixing 
of W-W n* interaction as well. This leads to a 
“tipping” of the orbitals such that they point 
towards the “Cp* side” of the W2H2 core. Bending 
the p-CH ligands up towards the Cp ligands allows 
the CH a2 set to overlap with this low-energy W- 
based a, orbital and provides an overall greater 
interaction. Also, such an interaction destabilizes 
the 2a2 orbital of 7’, thus causing an increase in 
the HOMO-LUMO separation, which may also 
contribute to its stability.? Although bending the 
W2C2 core does increase the a2 interaction, it is done 
at the expense of the W-CH a, and b, interactions. 
Hence, at some point in the distortion from plan- 
arity, the stabilization gained from a more favour- 
able a2 interaction will be offset by weakening the 
other K interactions. This is most easily seen in the 
Walsh diagram in Fig. 6. Figure 6(a) depicts the 
fate of the frontier orbitals of 7’ upon decreasing 
the dihedral angle 4 from 180 (planar) to 100”. The 
orbitals most affected are the W-CH a2 n-bonding 
orbital (la2), which is stabilized as 4 decreases, and 
its antibonding counterpart (2a2, LUMO), which is 
destabilized accordingly. When 4 becomes < 130”, 
the W-CH b, interaction (2bJ begins to rise very 

t Chisholm et al. found that substituting X = OR for 
X = R in [WX2]2(p-CSiMe,)2 caused a similar increase in 
the HOMO-LUMO separation as well as resulting in 
more stable complexes. I9 

I I 

0-z 180 140 120 

0 

HC--CH 

Fig. 6. (A) Walsh diagram for the variation of the dihedral 
angle 4 for 7’. (B) Energy profile for the variation of 4 

in 7’. 

quickly in energy. This is due to a C-C antibonding 
interaction that begins to dominate this orbital 
when the distance between the CH ligands is less- 
ened. Figure 6(b) shows the summation of the 
orbital energies for the filled orbitals included in the 
Walsh diagram of Fig. 6(a). This includes the p-CH 
0 and x interactions, the CH, (T interactions and 
the W-W c interaction. The Cp orbitals are not 
affected by this structural perturbation and there- 
fore are not shown. The energy decreases down to 
4 x 155” due to the more favourable a2 interaction, 
then rises rapidly as the 2b1 orbital begins to domi- 
nate the picture. If the sum of orbital energies is 
used as an approximate total energy, then the cal- 
culations indicate that a bent core with 4 = 155” is 
15.5 Kcal mol-’ lower in energy than the planar 
geometry. 

It is interesting that 7 prefers a cis Cp* arrange- 
ment rather than the sterically less hindered trans 
conformation. Similar calculations performed on 
the trans-7’ isomer indicate it to be 11.8 Kcal mol-’ 
more stable than the planar c&7’ geometry, but still 
3.7 Kcal mol-’ less stable than cis-7’ with a bent 
W2C2 core. In contrast to the cis isomer, bending 
the W2C2 core in trans-7‘ does not lead to a lower 
energy geometry. This is due primarily to the lack of 
stabilization in its a,-type interaction upon bending. 
The 2a, orbital is the low-energy, W-based orbital 
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of trans-7’ that is comparable to the 2az orbital of 
cis-7’. As in c&7’, the Cp rings in trans-7’ induce a 
tipping of the metal-based orbitals such that the 2a, 
is no longer pure W-W 6*. As shown in Structure 
3, however, the trans arrangement of the Cp ligands 
dictates that the orbitals rotate in a “conrotary” 
fashion. As a result, the 2a, orbital of truns-7’ is less 
effective at interacting with “bent” CR ligands than 
was the 2az orbital of cis-7’. 

*a2 

cis- 7’ 

Structure 3. 

*au 
trans - 7’ 

We can use the Walsh diagram of Fig. 6 to offer 
predictions concerning the core geometries of 
the unknown do%? and 8-8 dimetallacycles, cis- 
[CpM(R)]&CR’), (M = Ta, Re). The Ta system 
would have two less electrons than 7’ and these 
would be removed from the 4a, HOMO. This 
orbital is energetically invariant to the bending of 
the core and thus the Ta complex should display a 
geometry similar to that of 7’, i.e. it should contain 
a puckered Ta& cycle. The Re system, on the other 
hand, contains two more electrons than 7’ and these 
would occupy the 2a2 LUMO of 7’. This would 
remove the motivation for a bent MzCz core inas- 
much as the 2~ orbital rises rapidly as the system 
is made non-planar. Thus we would expect cis- 

[CpRe(R)]&CR’), to have a planar (or nearly so) 
Re,C, core. We look forward to the experimental 
testing of these predictions. 
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APPENDIX 

Molecular orbital calculations were performed on an 
IBM 3081-D computer system using the FenskeHall 
non-empirical approximate MO method.” All atomic 
basis functions were generated by using the method of 
Bursten et al.” Contracted double-c representations were 
used for the Mn, Fe and Co 3d AOs, W 5d AOs and C, 
N and 0 2p AOs. An exponent of 1.16 was used for 
the H 1s AOs.” The basis functions for Mn, Fe and 
Co were derived for the + 1 oxidation state with the 4s 
exponents fixed at 2.0,2.0 and 2.2, respectively, and the 
4p exponents fixed at 1.8, 1.8 and 2.0, respectively. The 
basis functions for W were derived for the f3 oxidation 
state with the 6s and 6p exponents fixed at 1.8 and 1.6, 
respectively. The CO and NO 3a orbitals as well as the 
first three occupied Cp orbitals were filled with 2.0 elec- 
trons and deleted from the basis transformation sets. The 
CO and NO 6a orbitals as well as all virtual orbitals 
above the e’; level of Cp were filled with 0.0 electrons and 
deleted from the basis transformation sets.23 

In all calculations the Cp rings were idealized to local 
D,, symmetry. All C-H bond lengths were set at 1.08 
A. The atomic coordinates used in the calculation of 
model complex 1 were taken from the crystal structure 
of cis-[CpFe(C0)]2(~-CO)Z5 and were idealized to C,, 
symmetry. The following Fe-H bond lengths were 
assumed: Fe-tH = 1.55 A, Fe-PH = 1.65 A. The 

atomic coordinates for CpMHS were obtained from a 
direct fragmentation of 1. The atomic coordinates for 
[CpFe(CO)],@-CO), were reported in earlier work.Xc) 
Details of the structures used in the calculations of 2,3, 
4’, 5 and 6 were also reported earlier.Xc)*(d) For the model 
complex 7’, the atomic parameters were taken from the 
crystal structure of 7” and idealized to C, symmetry. 
The model complex, [CpW(CH,)],(p-H),, was con- 
structed with a planar W,H, core and a W-H distance 
of 1.90 A. Calculations on 7’ with bent W2CZ cores were 
performed keeping the W-_ctC distance and W-PC-W 
angle the same, and varying only the dihedral angle 
between W--&-W planes. The atomic coordinates 
for trans-7’ were obtained by rotating one CpW(CHJ) 
group of cis-7’ 180”, idealizing the complex to Cu sym- 
metry. 

As specified in the text, many of the calculations were 
performed using a fragment analysis. The CO and CH, 
ligands were converged as neutral fragments. The Cp and 
CH, ligands were converged as mono-anions, and the 
CH ligands of 5 and 6 were converged as mono-cations. 
In the case of the NO ligand, it was converged as NO+ 
for t-NO and NO- for p-NO geometries. The CH ligands 
of 7’ were treated as neutral fragments. All calculations 
were converged using a self consistent field iterative 
method until the largest deviation in orbital populations 
was less than 0.0010 in successive cycles. 
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Abstract-The p3-acetyl cluster [Ru~(CO),~~-CO)@,-CC(O)CH~)]- (l), readily adds CO to 
produce the acylketene clusters [Ru~(CO)~@-CO)&~-~~-CH~C(O)CCO)]- and under mod- 
erate CO pressures a mobile equilibrium is established between these two species. The phos- 
phine-substituted acetyl cluster [Ru3(CO)8~-CO)(PPh3)(~3-CC(0)CH3)]- does not add CO 
under conditions in which the parent cluster 1 does. The acetyl cluster 1 also reacts with 
H- or OH-, to produce the complex [Ru~(CO)&CO)~(~~-~~-CHC(O)CH~)]~--, which has 
been characterized spectroscopically. Mobile C-C and C-H formation is characteristic 
of these three-metal cluster systems and it is attributed to the variety of multi-site ligand- 
metal interactions that are possible with a three-metal ensemble. 

Recently an extensive chemistry has been observed 
for the ketenylidene ligand, CCO, in a variety of 
three-metal clusters, and in particular for anionic 
ketenylidenes such as [Ru3(CO)&CO),(~,- 
CCO)]2-.‘-5 Several routes to cationic, neutral and 
anionic ketenylidenes have been devised.‘-” The 
generation of the CC0 group in these clusters can 
be described formally as the coupling of a cluster- 
bound carbide atom with a CO molecule. Fur- 
thermore, in the anionic ketenylidene clusters the 
CO group is readily displaced. Thus reaction with 
alkylating agents,2-5 nucleophiles,i2 or electrophilic 
metal complexes’3*‘4 can result in scission of the 
C-C bond of CCO, eqs (l)--(3). 

[Fe3(C0)9(~3-CCO)]2- + CH3I 

-, R&Oh&-CCH3)1- (1) 

[CoFe2(C0)9(p3-CCO)]- + PMe3 

+ [CoFe2(CO)9(~3-CPMe3)]- + CO (2) 

[Fe3(C0)9(~3-CCO)]2- + Cr(C0)3(NCCH3)3 

+ [CrFe3C(C0),3]2-. (3) 

The above reactions demonstrate that the CO of 
CC0 can be quite labile in these clusters. 

An unusual example of the lability of the CO 
moiety of CC0 is provided by the acylketene clus- 

*Author to whom correspondence should be addressed. 

ter [Ru~(CO),~-CO)~~~-~~-CH~C(O)CCO)]- (2). 
This compound exists in equilibrium with 
[Ru~(CO)&~-CO) @3-CC(0)CH3)]- (1) under a 
CO atmosphere, eq. (4).i5 The acylketene complex 
2 reverts to 1 on removal of the CO atmosphere, 
and it was previously characterized in situ by two- 
dimensional 13C NMR spectroscopy on a highly 
13C-enriched sample. I5 In this report we describe 
some of the factors involved in this C-C bond 
forming reaction, as well as a related reaction 
involving C-H bond formation on complex 1. 

RESULTS AND DISCUSSION 

Although the formation of the acylketene moiety 
of 2 is observed on the addition of CO to 1, an 
isotopic tracer experiment has shown that the 
ketenyl CO is derived from an originally cluster- 
bound CO ligand rather than the external carbon 
monoxide.” Similar CO-insertion reactions have 
been observed in several osmium carbonyl clusters 
containing the p-CH2 group.i6 In an attempt to 
elucidate the factors responsible for the formation 
of the unusual acylketene cluster 2 of eq. (4), we 
investigated the reaction of 1 with other ligands. 
Treatment of the acetyl cluster 1 with PPh3 does not 
lead to the phosphine-substituted analogue of 2. 
Rather, simple substitution of phosphine for CO 
occurs. Thus, reaction of PPh, with 13C-enriched 

955 
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PPk, 

~Ru~(C~)~(~L~-CO)(~~-~C(~)CH~)~- in CD2Clz in 
a sealed NMR tube rcsuhs in a i3C NMR signal 
for free CO at 183.4 ppm and ~sana~c~s that 
have been assigned to the phosphine”subst~t~t~ 
acety~m~thy~id~e cluster 3, eq. (5), Additionally, 
when a soi~~on of ERu3(Co),(Ct-Co)(PPh~)~~~ 
C~~)~H~)~- (3) is placed under an atmosphere 
of CO, we see no s~ctroscopic evidence for 
reaction. These rest&s suggest that the forward 
reaction represented by eq. (4) is less favoured for 
the phospbi~~-subsisted cluster 3 than for the car- 
bony1 complex 1. Similar results are ob~~ned with 
P(~~~)~ 

We have pre~ously reported that Hz will also 
react with [Rn1(~)~(~3-~~)~~~GC(Q)CW3)J- .” 
Addition of Hz to 1 results in loss of one CO ligand 
and fo~atio~ of a ear~n-bydro bond, eq. (6). 
crayon (6) is similar to eq. (4) because in the 
course of the reaction the oxygen atom of the acetyl 

(4) 

ligand enters into an interaction with the metals, at 
the expense of a rne~~r~n interaction. The 0 + 
Ru bonding a~a~~rn~nt apparently is ~rn~~nt 
in the 6-C and C-H bond foxing recross of 
eqs (4) and (6), use trcatme~t of either of the 
products with C~~~S~~~F~ results in ajkylatio~ of 
the acetyl oxygen atom and d~srup~o~ of the C---C 
or C-H bond, Zn both cases a ~ny~idene ch&cr is 
produced (Scheme 1).15 

A ~~-~~-C~C(~)C~~ ~~ga~d can also be generated 
by reaction of [Ru~(CO}~~~-CO)(~~c13”cc(o)cH311~ 
with hyd~de or hydroxide, eq. (7). The di~egati~e 
compIex 7 has been cbaracte~zed spectroscopically* 
The con~gnrat~o~ of the cappmg ligand was estab- 
lished by r3C and “H NMR spectra of a sample of 
7 that was enriched with s3C. The NMR data are 
s~rn~zed and compared to two related, pre- 
viousIy ~~~ac~e~ clusters co~ta~n~~g the j+-#- 
CHC(0)CHi, liga~d in Table 1. Although the ‘I-f 
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(CO), 

6 

NMR signal of the unique proton in the 
CHC(0)CH3 ligand of 7 is more than 2 ppm upfield 
of the corresponding resonances of the complexes 
[HRu~(CO),(~~-$-CHC(O)CH~)]- (8) and H2Ru3 
(CO)&-q’-CHC(O)CH,) (9), the associated ‘JcH 
coupling constant is comparable. The high-field ‘H 
NMR shift for the unique proton in 7 may be a 
reflection of the CO ligand disposition, which is 

Scheme 1. 

different in 7 than in either of the other two clusters 
8 or 9. Although the anionic and neutral complexes 
[HRu,(CO),~~-~~-CHC(O)CH~)]-~~~H~R~~(CO), 
(p3-q2-CHC(0)CH3) contain only terminal CO 
ligands, the IR and 13C NMR data indicate that di- 
negative [Ru~(CO),~-CO),~~-~~-CHC(O)CH~)]~- 
contains three bridging carbonyl ligands. Presum- 
ably the carbonyl ligands of 7 more effectively 

1 2- 

HZ OH- 
- 

(7) 

1 

Eq. 7 

7 
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Table 1. 13C and ‘H NMR shifts and coupling constants for the 
pj-q*-CHC(0)CH3 ligand” 

Me 

I 

Compound 
13C NMR (ppm) ‘H NMR @pm) ‘J (HZ) 

C, C, H, Me C,-C, C,-H, 

[Rus(W,(L)1*- 56.9 216.1 1.46 1.45 49 140 
[HRu,(CO),(L)]-b 77.5 230.7 4.03 1.79 46 141 
H,Ru,(CO),(L)” 74.3 239.5 4.16 1.99 43 143 

“L is defined as the p3-q*-C,H,C@(O)Me group. All measurements made 
in CD2C12 solution on ‘3C-enriched complexes. 

‘Ref. 15. 

shield the unique proton, resulting in the higher- 
field ‘H NMR resonance. 

With respect to the carbonyl ligand disposition, 
the isoelectronic series of p3-I$-CHC(0)CH3 clus- 
ters 7,8 and 9 is similar to the series of ketenylidene 
clusters H2Ru3(C0)&.+CCO), ~Ru3(C0).&- 
CCO)]- and [Ru~(CO)~~-CO)~@~-CCO)]~-.~ Pre- 
sumably the presence of the bridging carbonyl 

groups in the dinegative compounds partially allevi- 
ates the high negative charge in these complexes. A 
set of variable-temperature 13C NMR spectra in the 
CO-region of 7 is presented in Fig. 1. The low- 
temperature spectrum indicates that the molecule 
possesses a mirror plane that contains the p3-$- 
CHC(0)CH3 ligand (excluding the methyl hydro- 
gens from consideration), a bridging CO, two ter- 

I I I I 1 I 1 
280 270 210 200 

PPm 
Fig. 1. Variable-temperature r3C NMR spectrum (100.58 MHz) of [Ru~(CO)&-CO)~&~-~*- 

CHC(O)CH,)]‘-, 7, showing the carbonyl ligand fluxionality. 
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CH,' 
- 

(8) 

Eq. 8 

minal carbonyl ligands and a ruthenium vertex. On 
raising the temperature, exchange between all but 
one of the carbonyl ligands becomes fast on the 
NMR timescale, as evidenced by the broadening of 
all but one of the 13C NMR signals for the CO 
ligands. The unique CO ligand is presumed to be 
tram to the 0 + Ru interaction, in line with the 
previous interpretation of the VT-13C NMR spectra 
of 8.1S 

As might be expected, the compounds [HRu3 
(CO)&,-~2-CHC(0)CH3)]- (8) and H2Ru3 (CO), 
@3-q2-CHC(0)CH3) (9) can be synthesized from 

[Ru~(C~>,~L-C~)~(~~-~~~_CHC(O)CH~)I~- (7) by 
successive protonation. It is interesting that ad- 
dition of hydride or hydroxide to 1 results in C-H 
bond formation to generate 7, but that subsequent 
addition of H+ to 7 occurs at the metal framework 
rather than the carbon atom. Thus the p3-q2- 
CHC(0)CH3 moiety is apparently a relatively stable 
ligand. Another indication of the stability of the 
p3-$-CHC(0)CH3 group is that the cluster 
[Ru~(CO),&CO),(~~-?Z_CHC(O)CH~>~’- can also 
be synthesized by reaction of the ketenylidene clus- 
ter [HRu3(C0)&-CCO)]- with LiCH3, eq. (8). In 
reaction (8) the CH; group is presumed to attack 
the carbonyl carbon of the CC0 ligand to form a 
pL,-acetyl ligand. In the course of the trans- 
formation, the metal-bound hydride migrates to the 
apical carbon atom of the former pj-CCO ligand. 
Apparently, in these anionic clusters the pL3-q2- 
CHC(0)CH3 ligand is favoured over a p3- 
CC(0)CH3 moiety. 

CONCLUDING REMARKS 

In this work we have discussed two related pro- 
cesses involving the activation of a cluster-bound 
carbon atom and these can be systematized by the 
following formal description. In the pJ-acetyl cluster 
[Ru~(CO)~(~~-CO)(~&C(O)CH~)]-, the replace- 
ment of a carbon-to-ruthenium bond with an 0 --* 
Ru interaction can be considered to generate an 
“unsaturation” at the capping carbon atom. The 
carbon can either couple with H to form a p3-q2- 
CHC(0)CH3 ligand, or with CO to form a p2-q2- 
CH,C(O)CCO moiety. In these anionic clusters, the 

barrier to C-C and C-H bond formation and 
cleavage is apparently very low. 

EXPERIMENTAL 

General 

All manipulations were carried out under a dry 
dinitrogen atmosphere using standard Schlenk and 
syringe techniquesI or in a Vacuum Atmospheres 
drybox. Solvents were distilled from the appro- 
priate drying agents before use: CH2C12 and 
CD2C12 from P205 ; THF and Et,0 from sodium 
and benzophenone. The compounds [PPN] [Ru, 

(C~)~~L~-CO)(CL~-CC(O)CH~)I, [PPNI lBRu3 (CO), 
(p3-CCO)] and 13C-enriched [PPNl[Ru, (*CO)&,- 
*CO)(p3-*C*C(0)CH3)] were prepared as de- 
scribed previously.2 Potassium tri-secbutylboro- 
hydride (“K-selectride”, 1.0 M solution in THF, 
Aldrich) and methyllithium (low-halide 1.4 M 
solution in Et,O, Aldrich) were used as received. 
Elemental analyses were performed by Elbach 
Analytical Laboratories. 

Infrared spectra were obtained on Nicolet 7199 
Fourier transform or Perkin-Elmer 283 infrared 
spectrometers. Multinuclear NMR spectra on ‘H, 
31P and 13C were obtained on either JEOL FX-270 
or Varian XL-400 NMR spectrometers, and were 
referenced to residual solvent protons, external 
20% H3P04 in D20, or the 13C NMR signal of the 
solvent carbon atoms, respectively. Unless other- 
wise noted, the i3C NMR data reported are on 13C- 
enriched materials. The data for Jcc reported were 
measured from the i3C-13C satellite peaks from 
samples ca 30% enriched with i3C. Note that the 
13C-enriched starting material [Ru~(*CO)&~- 
*CO)(p3-*C*C(0)CH3)]- was not enriched at the 
methyl carbon. 

Synthesis and characterization of [PPN] [Ru, 

(CO),(PPh3)OL3-CC(O)CH3)1,3 

A 30 mg sample of [PPN][Ru,(*CO),b,- 
*CO)@3-*C*C(0)CH3)] (* denotes 13C enrichment 
of ca 20%) and a 6 mg sample of triphenyl- 
phosphine, were loaded into a 5 mm NMR tube 
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fitted with a concentric Teflon valve. Approxi- 
mately 0.5 cm3 of CD,Cl, was vacuum transferred 
into the tube at liquid nitrogen temperature. ‘H 
NMR (taken 15 min after sealing and warming the 
NMR tube) : phenyl protons (PPh3 and [PPN]+) ; 
2.41 (s, CH3 of 3) ; 2.36 (s, CH3 of 1) ; 1.87 (s, CH3 
of 2) ppm. After 8 h the signals for 1 and 2 had 
almost disappeared and the only detectable pro- 
duct was species 3. 31P NMR: 35.95 (PPh, of 3); 
21.54 ([PPN]+) ; - 5.12 (free PPh3) ppm. 13C NMR 
(-90°C): 274.6 (& = 7 Hz, p-CO); 212.7 
(‘& = 44 Hz, CC(O)CH,) ; 204.1 (Jcr = 10 Hz, 2 
CO’s); 199.6 (br, 6CO’s); 193.5 (Jcr = 29 Hz, 
‘JcC = 42 Hz, CC(O)CH,) ; 183.4 (dissolved CO) ; 
31.4 (CC(O)CH,) ppm. The methyl carbon was 
unenriched in these experiments ; thus the signal 
was too weak to discern any associated 13C-13C 
coupling satellites. IR(vco, THF) :’ 2065(vw), 
2035(m), 1982(vs), 1947(sh), 1916(w), 1655(w). 
There was also a small resonance at 203.3 ppm that 
was assumed to be an impurity. Reaction of 1 with 
a five-fold excess of PPh, for two days led to an 
approximately 1: 1 mixture of 3 and a species with 
an ‘H NMR resonance at 2.45 ppm, tentatively 
assigned to a bis-phosphine adduct. 

Synthesis and characterization of [PPN12[Ru3 
~~~~,~~-~~~,~~~-~‘-~~~(~~~~,)I, 7 

A 150 mg sample of [PPN] [RuJ(CO)&-CO) (p3- 
CC(O)CH,)] was dissolved in 2 cm3 of THF. Eight 
drops of 4 M KOH in methanol solution was added 
with stirring, at which point the colour of the solu- 
tion had changed from yellow to red-orange. A 
solution of 0.2 g of [PPN]Cl in 2 cm3 of methanol 
was added to the solution, followed by 10 cm3 of 
Et,O. A red oil was produced, which was separated 
from the supernatant and extracted into THF. Fil- 
tration and addition of diethylether produced 140 
mg (69%) of 7 as a yellow powder. Anal. Calc. 
(found) for Cs4H,01,,P,N2Ru3 : C, 59.70 (59.12) ; 
H, 3.82 (3.97); P, 7.34 (5.57); Ru, 17.96 (17.75). IR 
(vco, Nujol): 1988(w), 1932(vs), 1886(m), 1869(m), 
18OO(vw), 1741(s). ‘H NMR (CD&, 25°C): 1.46 
(lH, CHC(O)CH,); 1.45 (3H, CHC(O)C&) ppm. 
“C NMR (CD&I,, - 80°C) : 281.2, 268.9 (2 : 1, p- 
CO’s) ; 216.1 (‘JcC = 49 Hz, CHC(O)CH,) ; 207.7, 
206.6,205.9,202.7 (2 : 1 : 2 : 1, CO’s) ; 56.1 (‘Jcc = 49 
Hz, CHC(O)CH,) ppm. In the proton coupled 
spectrum the 56.1 ppm peak is split into a 
doublet, ‘J,-n = 140 Hz. In the ‘H NMR spec- 
trum of 13C-enriched [HRu~(*CO)&*CO)~(~~-$- 
*CH*C(O)CH,)]‘-, ’ 3C satellites of 140 Hz are 
observed on the 1.46 ppm resonance. Addition of 

successive aliquots of HBF4 * Et20 to a sample of 
7 in a CD& solution in an NMR tube gener- 
ates [HRu~(CO)&~-$-CHC(O)CH~)]- and H2Ru3 
(CO),&3-$-CHC(0)CH3) sequentially, as deter- 
mined by ‘H NMR. Complex 7 was also produced 
by addition of K-selectride to a solution of 1 in 
THF (identified by IR), or alternatively by addition 
of a LiMe solution to [HRu,(CO)&,-CCO)]- in 
Et,0 at - 78°C. In the latter case the product 7 was 
identified by IR and ‘H NMR spectroscopy. 
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Abstract-Pyrolysis of H@S3(C0)g&-CC6H5) (1) in a sealed glass tube at 220°C gives 
the known methylbenzyne complex H20s3(CO)g(~33,~2-C6H3CH3) (2), previously prepared 
from OS~(CO)~~(NCCH~)~ and toluene. Similar pyrolysis (220°C) of 2 either as a solid or 
in tridecane solution shows significant conversion to 1, demonstrating reversibility. Pyrolysis 
of H@S3(CO)g@3-CCgD5) (l-d,) provides 2, which shows scrambling of the deuterium 
atoms into all sites by ‘H NMR. However, pyrolysis of a mixture of 1 and 
D20s,(CO)g(~3,tf2-C6D&D3) (2-d,) gives 2 which is also just partially deuterated in all 
proton sites. Thus, intermolecular hydrogen/deuterium exchange accompanies the benzyl- 
idynelmethylbenzene interconversion. 

Organotriosmium cluster compounds undergo a 
variety of transformations in which the organic 
moiety is changed by proton transfers to and/or 
from the metal framework.’ As part of out interest 
in alkylidyne triosmium clusters, we have inves- 
tigated the properties of H30s3(C0)g(~3-CC61-IS) 
(1).2,3 To our surprise, heating this compound leads 
to the methyl-substituted benzyne complex 
H&3(CO)g(~3,~2-C6H3CH3) (2);4,5 furthermore, 
this transformation is reversible [see eq. (l)]. In this 

1 2 

paper we describe our information concerning this 
dramatic interconversion. 

EXPERIMENTAL 

H30s3(C0)g(fi3-CBr) was prepared by Keister’s 
method.6 H,0s3(C0)g(p3-CC6H,) was prepared as 
described by Strickland.2 H20s3(C0)g@3,q2-C6 

* Author to whom correspondence should be addressed. 

H,CH,) was prepared from os3(w,O 

(NCCH3)27 and toluene.5 Aluminum trichloride 
(Mallinckrodt, AR), benzene-d6 (Aldrich) and 
toluene-d, (Aldrich) were used directly as received. 
Tridecane and benzene were distilled from sodium 
before use. Preparative thin-layer chromato- 
graphic (TLC) plates were prepared from Silica 
Gel GF (Type 60, E. Merck). ‘H NMR spectra 
were obtained on a Nicolet NT-360 spectrometer 
at 360 MHz or on a GE GN-500 spectrometer at 
500 MHz. IR spectra were recorded either on a 
Perkin-Elmer 281 B spectrometer or on a Perkin- 
Elmer 1750 FT spectrometer. Microanalyses and 
mass spectra were determined by the personnel of 
the respective service facilities in the School of 
Chemical Sciences at the University of Illinois. 

Preparation o~H30S3(Co)g(~3-CC6D~) (l-d,) 

Aluminum trichloride (50 mg, 0.38 mmol) was 
placed in an oven-dried 50 cm3 Schlenk flask 
equipped with a magnetic stir bar and an oven- 
dried 35 cm3 pressure-equalizing addition funnel, 
topped with a rubber serum stopper. The system 
was evacuated for 30 min and then nitrogen gas was 
admitted. A solution of H30s3(C0)g&3-CBr) 
(49 mg, 0.053 mmol) in benzene-d6 (5 cm3) was 
transferred into the addition funnel via a cannula 
through the serum stopper. It then was added drop- 
wise to the flask over a period of 30 min, forming 

961 
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an orange slurry. A mixture of aqueous sodium 
bicarbonate (lo%, 20 cm3) and benzene (10 cm’) 
was then poured into the flask. The organic layer 
was transferred to a separatory funnel, washed with 
distilled water (3 x 5 cm3), dried over magnesium 
sulphate, filtered and the solvent was removed on a 
rotary evaporator. The residue was subjected to 
TLC, eluting with n-pentane. Isolation of the 
material forming the single yellow band gave 
H30s3(C0)&-CC6D5) (44 mg, 0.048 mmol, 
90%), which showed an IR spectrum in the car- 
bony1 region identical to that of 1. The level of 
deuteration for H30s3(C0)9(~3-CC6D5) was cu 
90%, based on ‘H NMR data (acetone-d6, 17°C) : 
6 7.76 (s, 0.2H), 7.23 (s, O.lH), 7.02 (s, 0.2H), 
- 18.49 (s, 3H). 

Pyrolysis of 1 in vacua 

A sample of l(17 mg, 0.018 mmol) was sealed in 
glass tubing in vacua (0.1 mmHg), and the tube 
placed in a silicone oil bath at 220°C. After 40 min, 
the tube was removed from the bath, cooled to 
room temperature and opened in air. The brown 
residue was extracted with dichloromethane and 
subjected to TLC, eluting with n-pentaneldichlo- 
romethane (9: 1 v/v). The starting material was 
recovered from the second, yellow band (3 mg, 

18%). Isolation of the material forming the first 
yellow band gave the methylbenzyne complex 
HzOs,(C0)9@3,~2-C6H&H3 (2)4,5 (8 mg, 47%). IR 
GH12): vco, 2109(m), 208O(vs), 2070(w), 2055(vs), 
2034(vs), 2023(s), 2007(vs), 2002(s), 1988(sh), 
1984(s) cm- ‘. ‘H NMR (CDCl,, 16°C mixture of 
two isomers, A and B, A: B = 4: 1) A: 6 7.76 (d, 
lH, J = 8 Hz), 7.63 (s, lH), 6.65 (d, lH, J = 8 Hz), 
2.27 (s, 3H), -19.00 (s, s-); B: 6 7.66 (d, lH, 
J= 8 Hz), 7.01 (d, lH, J= 7 Hz), 6.66 (m, lH), 
2.40 (s, 3H), - 18.62 (s, 1H). 

Pyrolysis of l-d5 in vacua 

This reaction was carried out and worked up in 
a fashion identical with that above. The ‘H NMR 
spectrum (CDC13, 17°C) of the methylbenzyne com- 
plex indicated that the deuterium atoms scrambled 
in all sites of both isomers A and B (see Fig. 1). 

Pyrolysis of 1 in presence of toluene-ds 

This reaction was conducted as above, except 
that two drops of toluene-d, were added to the tube 
before sealing. After work-up, the ‘H NMR and 
mass spectra of both products showed no evidence 
for deuterium incorporation. 

5 

-16.6 -10. a -19.0 ppm 

Fig. 1. ‘H NMR spectra (500 MHz, CDCl,, 17°C) of (a) 2 and (b) 2-d,. 
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Pyrolysis of 2 in solution . 

A solution of 2 (9 mg, 0.001 mmol) in tridecane 
(1 cm3) was evacuated and sealed in glass tubing. The 
tube was heated at 220°C in a silicone oil bath 
for 60 min, then cooled to room temperature and 
opened in air. The resulting brownish-yellow 
mixture was subjected to TLC, eluting with n- 
pentane/dichloromethane (9 : 1 Y/U). The starting 
material was recovered from the first yellow band 
(6 mg, 67%). Compound 1 was isolated from the 
second yellow band (1 mg, 10%). 

of the recovered methylbenzyne mixture showed 
complete scrambling of the deuterium label 
(CDCl,, 17”C, A:B = 4: 1); A: 6 7.76 (s, d, 0.4!), 
7.63 (s, d, 0.4H), 6.65 (s, d, 0.4H), 2.27 (s, 0.9H, 
CH,), 2.25 (br, 0.9H, CH2D and CHD2), - 18.96 
(s, 0.2H, p-(HD)), - 19.00 (s, 0.7H, ,u-(HH)); B: 6 
7.66 (s, d), 7.Ol(br), 6.66(m), 2.40 (s, CH3), 2.38 (br, 
CH2D and CHD2), - 18.57 (s, p-(HD)), - 18.62 (s, 

p-(HH)). 

RESULTS AND DISCUSSION 

Pyrolysis of 2 in vacua Interconversion of 1 and 2 

A sample of 2 (11 mg, 0.012 mmol) was sealed in 
an oven-dried glass tube under vacuum, and the 
tube placed in a silicone oil bath at 220°C. After 40 
min, the tube was removed from the bath, cooled 
to room temperature and opened in air. The residue 
was dissolved in dichloromethane and subjected to 
TLC, eluting with n-pentane/dichloromethane (9 : 1 
v/v). Compounds 2 (6 mg, 55%) and 1 (1 mg, 9%) 
were isolated and identified. 

Pyrolysis of 2 in presence of CO or Hz 

Two samples of 2 were treated as above except 
that they were sealed under 0.1 atm of CO or HZ, 
respectively. Only 2 was recovered from the former 
tube and 2 with just a trace of 1 was obtained from 
the latter tube. 

Pyrolysis of solid 1 at 220°C for 40 min affords 
H@s3(CO)&,?7*-C6H3(CHr)) (2) (47%) and re- 
covered 1 (18%) together with some decomposed 
materials. The methylbenzyne complex 2 has been 
characterized by IR, ‘H NMR and mass spec- 
troscopy and the results are in close agreement with 
those reported by Deeming4 and by Lewis. 5 The IR 
(vco) absorption pattern resembles that recorded 
for the parent species H20s3(C0)9~3,~2-C6H4);8 
the benzyne structure of this complex has been 
established by X-ray crystallography.’ The ‘H 
NMR spectrum of 2 [Fig. l(a)] shows the existence 
of two isomers, A and B in ca 4 : 1 ratio, which 
cannot be separated by TLC. Assignment of the 
major isomer A as the 1,2,4+.ubstituted complex has 
been based on the ring proton coupling constants.4ss 

Preparation of (~-D)20~3(CO)9(~33,$-CgD3CD3) 

(I-d,) 

OS,(CO),~(CH~CN)~ (31 mg, 0.033 mmol) and 
toluene-ds (1 cm3) were placed in an oven-dried 
glass tube. The solution was frozen with a liquid 
nitrogen bath and the tube sealed under vacuum. 
The tube was then placed in an oil bath at 100°C 
for 60 min, cooled to room temperature and opened 
in air. The volatile materials were removed under 
vacuum and the residue subjected to TLC, eluting 
with n-pentane. (~-D)20~s(CO)&s,$-C6D3CD3) 
(11 mg, 0.012 mmol, 36%) was obtained from the 
first, yellow band. The level of deuteration was 
> 95%, and no loss of label after TLC was 
observed. 

Pyrolysis of solid 2 in vacua at 220°C for 40 min 
produces 1 (9%), recovered 2 (55%), and some 
decomposed materials. Similar results are obtained 
by heating a tridecane solution of 2 in a sealed tube 
at 220°C for 60 min. Although these conversions 
do not achieve equilibrium, they do establish that 
a mixture of 1 and 2 can be approached from either 
direction. 

Deuterium labeling experiment 

Vacuum pyrolysis of (~-D)20s~(CO)g(~3,~2-CsD3 
(CD,)) mixed with HzOs3(CO)9(~3,~2-C6H3(CH3)) 

A mixture of 1 (2.3 mg) and 2-d* (2.1 mg) was 
pyrolysed and worked up according to the pro- 
cedure described above. The ‘H NMR spectrum 

The selectively labelled complex H,Os,(CO), 
(/J~-C!C~D~) (l-d,) is prepared cleanly from 
H30s3(C0)9@3-CBr), A1C13 and benzene-de. Pyrol- 
ysis of l-d5 gives 2-dS. However, the ‘H NMR spec- 
trum of this product, as illustrated in Fig. l(b), 
shows complete scrambling of the deuterium atoms 
(and hence the protons), so that the intensities of 
the ring proton, methyl and hydride resonances are 
approximately in a 4 : 5 : 3 ratio. Moreover, an iso- 
tope effect is observed for the methyl resonances 
(0.02 ppm upfield shift) as well as the hydride res- 
onances (0.04 ppm downfield shift) upon replacing 
a hydrogen atom with a deuterium atom. 
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Cross-over experiment 

The ‘H NMR spectrum of the recovered complex 
2, generated by pyrolysis of HZOs3(C0)&, 
q2-C6H3CH3) mixed with (P-D)~OS,(CO),(,U~,~~- 
C,D,CD3) (1.1: I), is essentially the same as that 
shown in Fig. l(b). The isotope effects make it obvi- 
ous that intermolecular scrambling of the deu- 
terium atoms (and the protons) has occurred. 

Possible mechanism 

Our observations on the interconversion of 1 and 
2 certainly show an intermolecular component to 
the reaction system. However, whether this com- 
ponent is required for the fundamental inter- 
conversion of the organic moieties, or is incidental 
to it, is not so clear. The inhibition by CO and by 
H2 imply reversible dissociation of these species, 
and the intermolecular H/D scrambling established 
by the crossover experiment is likely to be caused 
by exchange of HJHD/D2 between cluster inter- 
mediates. On the other hand there is no exchange 
with free toluene, so that the C, moiety remains 
bound to one or more metal centres throughout the 
interconversion. Although it is certainly possible to 
envision reversible fragmentation to a lower 
nuclearity, there is ample precedent for the 
rearrangement to occur on a triosmium frame- 
work. ’ 

Key stages in the interconversion of 1 and 2 relate 
to the distribution of hydrogen atoms on the C7 
moiety. Compound 1 has no hydrogen atoms 
attached to the benzylidyne carbon atom, whereas 
compound 2 has this carbon centre converted to a 
methyl group, with three attached hydrogen atoms. 
Obvious important intermediates, then, are com- 
plexes with one or two hydrogen atoms attached 
to this carbon, respectively. On the other hand, 
compound 2 has IWO ring carbons attached to the 
metal framework, whereas 1 has none. Thus, likely 
intermediate structures should be similar to I and 

II& a 

I II 

Proceeding from 1, we expect that one phenyl 
C-H bond undergoes oxidative addition con- 
comitant with migration of a hydride ligand to the 
alkylidyne carbon (see I). Close precedents for this 

behaviour are the rearrangements of the benzylidyne 
compound 3 [eq. (2)]’ and the ester-substituted 
alkylidyne compounds 5 [eq. (3), M = Ru ; I0 OS’ ‘I. 

A * 

$a = MW), 
M=Rll,Os 

5 6 

Migration of a second hydride ligand to the benzylic 
carbon centre could be accompanied by a change 
in the ring coordination (see II). Precedents for this 
step include the rearrangement shown in eq. (4)12 
as well as the structure of complex 9 derived from 
phenol [eq. (5)],” which contains an isoelectronic 

SC,“, I-L 

7 8 

Q ‘I 
O'/ 

OS&CO),~ + C,H,OH 
A 4 -e (5) 

$i# q Os(CO), 

9 

organic moiety. Formation of 2 is completed by 
transfer of the third hydride ligand and cleavage of 
the second ring C-H bond. In other work we have 
shown that exchange between the ring protons and 
the metal protons in 2 is fast at 90°C ; I4 this dynamic 
process also interconverts the two positional iso- 
mers of 2 [eq. (6)]. 

(6) 
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Finally, it is likely that species similar to 1 and 2 
are involved in the chemisorption of toluene on 
metal surfaces. I5 Friend and MuettertiesL6 found 

that the methyl protons of toluene undergo exch- 
ange with deuterium over nickel surfaces under mild 
conditions, followed by exchange of the ring pro- 
tons at higher temperatures. The interconversion of 
1 and 2 together with the extensive H atom scram- 

bling involved, provides a compelling molecular 
model for the surface reactions. ” 
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Abstract-A summary of recent developments in the study of the reactions of tertiary 
amines with triosmium cluster complexes is presented. The relationships between iminium 
ion ligands, dimethylaminocarbene ligands and dimethylaminocarbyne ligands in several 
series of triosmium carbonyl cluster complexes are described. The transformations are 
dominated by binuclear C-H activation processes. Novel ligand coordination modes were 
characterized by crystallographic methods. 

Fischer carbenes are one of the most thoroughly 
studied of all the ligand systems known to organ- 
ometallic chemistry.’ Discoveries involving the 
chemistry of carbene complexes have contributed 
to our understanding of catalytic reactions such as 
the Ziegler-Natta polymerization of olefins,’ the 
olefin metathesis reaction3 and the Fischer-Tropsch 
reaction.4 Transition metal carbene complexes have 
also found applications in organic synthesis.’ 

Until recently, however, the chemistry of carbene 
ligands in transition metal clusters has received very 
little attention.“” The lack of significant work in 
this area may be attributable largely to difficulties 
encountered in the synthesis of cluster complexes 
containing carbene ligands. The most common 
method of carbene ligand synthesis in mononuclear 
metal complexes, namely, the nucleophilic/ 
electrophilic treatments of carbonyl ligands,‘* 
does not work well when applied to cluster com- 
pounds. Kaesz showed that the acetyl ligand in 
the complex, [Os,(CO),,(COMe)]-, generated by 
the treatment of 0s3(CO)12 with MeLi, could not be 
alkylated to yield a methoxycarbene cluster [eq. 

(1)l.” 

In addition, complexes containing Fischer car- 
bene ligands have been shown to undergo facile 
transformations that involve the cleavage of C-H 
bonds on the a-positioned carbon atom [eq. (2)].’ 
In other cases they have been found to combine 
with seemingly “innocent” ligands [eq. (3)].” 

An alternative route to the synthesis of carbene 
ligands is the addition of carbene precursors to the 
metal complex. Imidoyl chloridesi and iminium 
saltsI have been employed previously in the syn- 
thesis of mononuclear carbene complexes. We have 
recently found that trimethylamine can serve as a 
precursor to dimethylaminocarbene ligands by acti- 
vation of the C-H bonds on one of the methyl 
groups. The reaction of 0s3(CO)g@3-CO)(,u3-S), 1 
with NMe, at 125°C yields the trinuclear cluster 
0s3(CO),[C(H)NMe2]@3-S)(~-H)2, 2, which con- 
tains a dimethylaminocarbene ligand, C(H)NMe2.15 
Thermolysis of the cluster 0s3(C0)8(NMe3)(p3- 
SC6H.&-H)2, 3, at 98°C results in the formation 
of three isomeric hexanuclear carbene clusters 

Os,(CO)&(H)NMe&@S)(P,-S)(P-H),, 4, that 
contain a dimethylaminocarbene ligand. I6 

While searching for other reagents that may serve 

OS,(CO),~ + MeLi (1) 

*Author to whom correspondence should be addressed. 
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Ph Ph 

Ph Ph 

980 c 
+ (Me,N)&H, 

11 hrs. 

(2) 

(3) 

(4) 

5 6 

as useful precursors for carbene ligands, we dis- 
covered that tetraalkyldiaminomethanes can also 
react with transition metal cluster complexes 
to yield carbene-containing products.“*‘* For 
example, the reaction of Os,(CO),,@-SPh)(@I), 
5 with CH2(NMeJ2 results in the formation 
of the aminocarbene containing cluster 0s3(CO)g 
[C(H)NMe,l(~-sPh)(~-H); 6 [(es. (4)l. 

While the pathway for the transformation of the 
diamine reagent into carbene ligands has not been 
established, we have amassed significant evidence 
to suggest that iminium ion ligands are key inter- 
mediates. In this report we will summarize our 
recent studies involving the synthesis and reactivity 
of cluster compounds that contain dimethyl- 
aminocarbene ligands and will discuss the rela- 
tionships that we have observed between iminium 
ion, aminocarbene and aminocarbyne ligands. 

SYNTHESIS OF CARRENE CONTAINING 
CLUSTERS 

The aminocarbene cluster Os,(CO),[C(H)NMed 
(P~-S)(~-H)~, 2, was obtained from the reaction of 
OS~(CO)&~-CO)(~~-S), 1, with trimethylamine at 
125°C [eq. (5)].i5 Compound 2 was characterized 
structurally, see Fig. 1 and the dimensions of the 
carbene ligand were found to be very similar to 
those in mononuclear metal complexes, (e.g. a 
planar nitrogen atom, a carbene C-N distance of 
1.28 (2) A and methyl C-N distances of 1.48 (2) 
A). The ‘H NMR spectrum of 2 showed a resonance 

at 6 = + 11.18 ppm indicative of the hydrogen atom 
of a terminal secondary carbene ligand.14(@ 

In contrast to reaction 5 the reaction of 
0s3(CO)i2, 7, with trimethylamine [eq. (6)], yielded 
three products in low yield, OQCO) ,&-HC= 
NMe)(p-H), 8, Os3(CO)&-HC=NMe)(p-H), 
9 and 0s3(CO)&-CNMe&,u-H), 10.” Com- 
pounds 8 and 9 were formed by C-H activation 
processes and by the elimination of methane. Com- 
pound 10 contains a dimethylaminocarbyne ligand 
which was derived by C-H activation and elim- 
ination of Hz from the NMe, molecule. No carbene 

- - 

Fig. 1. 
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+ NMe, 

containing products were isolated from this reac- 
tion. 

Compound 2 exhibits remarkable stability even 
at temperatures in excess of 15O”C, but has been 
found to serve as an effective catalyst for the meta- 
thesis of alkyl groups between tertiary amines 

[es. (7>L2' 

Et,N + Pr,N * F EtJWr + EtNPr,. 
MeOH, 145% 

(7) 

An extensive study aimed at determining the mech- 
anism of this reaction has been performed and the 
available evidence indicates that the carbene ligand 
plays an intimate role in the catalytic process.22 

Unfortunately, due to the great stability of com- 
pound 2 we have not yet succeeded in isolating 
new products derived from transformations of this 
carbene ligand. To study the chemistry of the car- 
bene ligand in clusters more thoroughly, it thus, 
seemed desirable to synthesize other clusters with 
carbene ligands which might display greater reac- 
tivity. Our efforts were rewarded by the preparation 
of compound 6 from the reaction of 5 with 
CH*(NMe), at 98°C [eq. (4)]. Compound 6 is struc- 
turally very similar to the parent compound, 5, but 
has a dimethylaminocarbene ligand coordinated to 
one of the osmium atoms that contains the bridging 
thiolato ligand, Fig. 2. The carbene hydrogen signal 
appears in the ‘H NMR spectrum at a charac- 
teristically low field position of + 11.71 ppm. Poss- 
ible intermediates for the formation of this carbene 
complex will be discussed later in this report. First, 
we will discuss the reactivity of compound 6 and its 
derivatives. 

969 

(5) 

(6) 

PHOTOLYSIS OF 
~s~(C~)~ICONMe~lOl-SPh)(p-H), 6 

Photolysis of compound 5 under a carbon mon- 
oxide atmosphere yields Os,(CO),&-CO)&-S), 1, 
through cleavage of the sulphur-carbon bond and 
the elimination of benzene. [eq. (8)].23 

Photolysis of compound 6 however, proceeds in a 
completely different fashion to yield two products, 
both of which involve an initial CO dissociation 
from the Os(CO), group. [eq. (9)]. 

One product, 0s3(CO),[C(H)NMe,l(,u3-SC,&)&- 
H)6, 11 contains a triply bridging S&H4 ligand 

Fig. 2. 
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I/ 
0 

5 1 

6 11 12 

formed by an ortho-metallation of the phenyl group 
at the third metal. The dimethylaminocarbene 
ligand was unchanged in the transformation of 10 
to ll.18 

The second product is 0s3(CO)&CNMe& 
SPh)&-H),, 12. This complex contains a dime- 
thylaminocarbyne ligand which bridges an edge of 
the cluster. The carbyne ligand was derived from 
the carbene ligand in 6 by an oxidative addition of 
the carbene C-H bond at the adjacent metal atom. 
The first mononuclear carbyne complexes that were 
discovered by Fischer were also derived from car- 
bene ligands. These transformations, however, 
involved Lewis acid promoted activation of C-X 
bonds where X = Cl, Br, I, SnPh,, SeC6H4R, PbPh3 
and TePh.24 The transformation of 6 to 12 is the 
first example of a binuclear activation of a carbene 
C-H bond. 

Compound 12 was also characterized struc- 
turally, Fig. 3. The metrical parameters of the car- 
byne ligand, OS-C = 2.1 l(2) and 2.00(2) A and 
C-N = 1.30(2) A, are very similar to those found 
in the carbyne clusters M3(CO)&-CNMe2)@H) 
M = OS, 825 and Ru, 13.26 The short C-N distance 
indicates a significant degree of multiple bonding 
between these atoms.18 

Compound 11 was converted to 12 in a refluxing 
hexane solution, suggesting that 11 could be an 
intermediate in the formation of 12. To test this 
possibility, the methanethiolato analogue of 10, 
Os,(CO),[C(H)NMe,]&-SMe)(p-H), 14 was pre- 
pared. Photolysis of 14 also resulted in a car- 
bene-carbyne transformation to yield OSLO 
(p-CNMe,)(p-SMe)(p-H), 15. In a similar experi- 
ment a perflourinated analogue of 6, OSLO 

(9) 

[C(H)NMe,](p-SC,F,)(p-II), 16, was converted to 
the aminocarbyne cluster 0s3(C0)&-CNMe2)@- 
SC,F&-H),, 17. These experiments indicate that 
11 is not a necessary intermediate in the formation 
of 12. The formation of 11 is merely an alternative 
way for the intermediate to relieve the unsaturation 
caused by the loss of CO from 6. 

Fig. 3. 
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HIGH TEMPERATURE PYROLYSIS OF OMe)2. 29 The carbyne ligand is similar to those 

Os,(CO)&(H)NMe#pSPh)(p-IQ, 6 observed in 12” and S2’ 

When 5 is pyrolyzed in the absence of solvent in 
a sealed glass tube at 2OO”C, benzene elimination 
occurs and is followed by condensation reactions 
to yield a wide variety of sulphidoosmium clusters 
[eq. (lO)].” 

The structure of 26 consists of a square pyramidal 
cluster of five osmium atoms capped on the base by 
a quadruply bridging sulphido ligand. Two adjacent 
edges of the square base are bridged by an Os(CO), 
group and a dimethylaminocarbyne ligand. The 
bond between the basal and edge bridging osmium 
atoms are also bridged by a benzenethiolato ligand. 

Os,(CO)&-SPh)(p-H) 200°C 
5 

Os3(CO)& + O%(CO),*S + O%(CO),& 
18 19 20 

WC%S+ o%(CohS2+ 0w33)2cs2. 

21 22 23 

(10) 

It seemed possible that pyrolysis of 6, might also 
yield higher nuclearity clusters, containing carbene 
ligands. 

Pyrolysis of 6 at 200°C resulted in the formation 
of five products : OS,(CO),(~,-S)(~-H)~, 24, 
OUCO)&-CNMe&-H), 8, O%(CO)Io(~- 
CNMe&-SPh), 25, Oss(CO)&-S)(p-CNMe2)(p- 

THERMOLYSIS OF OsJ(CO)&-CNMe,) 

(p-=0&H),, I2 

While benzene elimination from 6 was evidently 
side-tracked by the greater reactivity of the carbene 
ligand, the product 12 still contained the groups 
necessary for benzene formation and it seemed 
plausible that a pyrolysis of 12 might induce the 
elimination of benzene. 

Thermolysis of 12 in refluxing octane did induce 
cleavage of the sulphur-carbon bond, but the elim- 
ination of benzene did not occur. Instead, the phe- 
nyl group was transferred from the sulphur atom 
to the carbyne carbon atom and the new complex 
0s,(CO),[C(Ph)NMe2](~3-S)(~-H),, 28 was formed 
[eq. (1 l)].‘” 

(11) 

Ph 

1250 c 

12 

SPh), 26 and a red compound which was not com- 
pletely characterized, 27.27 Compounds 24” and 8” 
have been observed previously. 

The remaining products are new. Compound 25 
consists of an open triangular cluster of three 
osmium atoms with the non-bonding osmium- 
osmium distance bridged by a benzenethiolate 
ligand and a dimethylaminocarbyne ligand. It is 
structurally very similar to the cluster 0s3(CO)ro(~- 

7.8 

Curiously, this product is simply the phenyl-car- 
bene analogue of 2, Fig. 4. It also exhibits activity 
towards the trans-alkylation reaction. A crossover 
experiment consisting of the thermolysis of a mix- 
ture of 12 and Os,(CO)&-CNEt,)(@-tol)(yH),, 
29, was performed to determine if the shift of the 
phenyl group occurred by an intra- or inter- 
molecular pathway. The results given in eq. (12) are 
consistent only with an intramolecular pathway. 

25 26 
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Fig. 4. 

It seemed plausible that the mechanism might 
involve o&o-metallated-phenyl intermediates, but 
the transformation of 0s3(C0)&-CNMe&- 
SW’JOL-H)Z, I5 to 0s3(CO)8[C(C6FS)NMe21(~3- 
S)(P-S)~, 33, strongly indicates that o&o-metallated 
intermediates are not necessary. 

A sigmatropic shift process such as those shown 
in Scheme 1 through which the C-S bond is acti- 
vated by the third metal of the cluster was 
proposed. l8 These processes seem reasonable in 
view of the apparent P-C bond activation induced 
by the third metal atom of the cluster in the com- 
pound Ru3(CO),@-PPh,)(p-H), 34.30 

The thermolysis of 15, was also studied.3’ This 
reaction does not proceed by cleavage of the sul- 
phur-carbon bond, but instead involves a cluster 
condensation that yields the hexanuclear product 
Os6(CO)&-CNMeJ&-SCHU-H)z, 35 [es. 
(13)]. Compound 35 was found to consist of a novel 

Os,(CO),(CNMe,)(SPh)H,, 12 
+ 

OQCO)s(CNEt,)(S-tol)H,, 29 

125°C 

0s3(CO),[C(Ph)NMeJ(S)H2, 28 (52%) 

0s3(CO),&ol)NMeJ(S)H2, 30 (0%) 

Os,(CO),,C(Ph)NEtJ(S)H,, 31 (0%) 
(12) 

Os,(CO),[C;ol)NEt~](S)H~, 32 (43%) 

- - 

NMe, 
I 

‘I\ 

Scheme 1 
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1.5 

edge-fused bitetrahedron of six metal atoms. Bridg- 
ing carbyne ligands span opposite edges of the clus- 
ter. There are also two triply bridging methane- 
thiolato ligands. 

SYNTHESIS AND REACTIVITY OF 
CLUSTERS CONTAINING IMINIUM 

ION LIGANDS 

A point of great interest is the mechanism for the 
formation of the carbene ligands from the tetraal- 
kyldiaminomethanes. The first insight into the 
mechanism of carbene formation was obtained 
from the reaction of the carbyne containing cluster 
12 with tetramethyldiaminomethane. Two products 
were formed that were found to be isomers with the 
formula Os,(CO),b-CNMe,)(H,CNMe&-SPh) 
b-H), 36 and 3732 [eq. (14)]. 

Compound 36 contains a rr-complexed N,N- 
dimethyliminium ligand in addition to bridging 
benzenethiolato and dimethylaminocarbyne lig- 
ands, Fig. 5. This type of bonding has been ob- 
served for iminium ligands in mononuclear metal 
complexes.33 The short C-N distance of 1.42(2) A 
indicates the existence of a significant amount of 
C-N multiple bonding. 

Compound 37 also contains an N,N-dime- 
thyliminium ligand, but in this case the iminium 
ligand bridges an edge of the cluster, Fig. 6. The 
C-N distance of 1.50(2) A, is slightly longer than 
that of a normal C-N single bond.34 This ligand 
may be described more accurately as a bridging 
dimethylaminomethyl ligand. 

When heated to reflux in a heptane solution under 
a CO atmosphere, 36 was converted into 37. This 

973 

(13) 

Fig. 5. 

transformation involves a shift of the carbyne 
ligand, from one pair of metal atoms to another. 
Intermediates containing terminal and triply bridg- 
ing carbyne ligands have been proposed, Scheme 2. 
The initial step may involve a CO induced cleavage 
of the Os-N bond in 36 to yield a terminal dime- 
thylaminomethyl ligand. The nitrogen atom may 
then attack the second osmium atom to form the 
bridging iminium ligand. 

The formation of 36 most likely proceeds by for- 
mation of a CO-substituted intermediate such as 

Ph 

(14) 
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Fig. 6. 

Fig. 7. 

OsJ(CO)&- CNMe2)(MezNCH2NMe&- SPh)(p- 
H)*, 38. A coordinated diamine ligand was found in 
the cluster 0s3(C0)8(Me2NCHzNMez)@-SC6H4)(~- 
Hh, 39, obtained from the reaction of 3 with 
CH2(NMeJ2, Fig. 7.33 A d&nine ligand of this type 
could undergo cleavage of a carbon-nitrogen bond 
and eliminate a dimethylamido grouping. A proton 
is also eliminated in this process. This would com- 
bine with the dimethylamido group to yield dime- 
thylamine. 

Thermolysis of compound 37 results in an acti- 
vation of both C-H bonds of the methylene group 

\o[/C\N/Me 
‘I\ iil, 

36 

Ph 
I 

of the iminium ligand to yield the cluster 
Os,(CO),(~-CNMe&-SPh)(y-H), 40,35 which 
contains two dimethylaminocarbyne ligands. 
Details of this transformation have not yet been 
established. 

An iminium containing cluster, OS~(CO)~(~~- 
HC(Ph)NMe,)(p,-S)(p-H), 41, was obtained by 
heating the o&o-metallated cluster 11 in refluxing 
CHC13 [eq. (15)], Fig. 8.36 The formation of 41 
occurs by a transfer of the metallated-phenyl group 

- 

Me2N’ 

C 

Ph 

! 

Scheme 2. 



Iminium, aminocarbene and aminocarbyne ligands in triosmium cluster complexes 975 

Fig. 8. 

from the sulphur and metal atoms to the carbene 
carbon atom. In this case the iminium C-N dis- 
tance of 1.48(3) A is similar to that of a C-N single 
bond.37 

Treatment of 41 in refluxing heptane resulted in 
a nearly quantitative transformation to the phenyl- 
carbene cluster 2JL3’j This conversion must proceed 
by activation of the iminium C-H bond. Com- 
pound 41 may be an analogue of the intermediate 

Fig. 9. 

(15) 

traversed in the formation of 2, from the reaction 
of 1 with NMe+” 

An interesting series of products was obtained 
from the reaction of OS~(CO)&-H)~, 42 with 
CH2(NMe&. The first product is 0s3(CO),&-n2- 
H,CNMe,)(p-H), 43, which contains a bridging 
N,iV-dimethyliminium ligand.25 (Fig. 9.) 

When compound 43 was heated to 98°C two 
products were obtained. One of these is 
0s3(CO),&CNMe2)(~-H), 10. The other is the new 
compound 0s3(C0)9@3-~2-C(H)NMe2)@-H)2, 44, 
which contains a dihapto triply bridging dime- 
thylaminocarbene ligand. 38 This product was char- 
acterized structurally, see Fig. 10. The carbene 
C-N distance of 1.46(5) A, is similar to that of a 
C-N single bond and is significantly longer than 
those in terminal carbene ligands (e.g. C-N = 1.28 

A). 
The conversion of 43 to 44 is believed to occur 

by a binuclear C-H activation process that is 
initiated by the loss of CO from the Os(CO), group, 
eq. (16). The vacant coordination site on the inter- 
mediate E reacts by an oxidative addition of the 
methylene C-H bond. 

Fig. 10. 
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46 

Compound 44 can be converted to 10 at 125°C 
under a CO atmosphere ; but there appears to be a 
second route for the conversion of 43 to 10, since 
44 is not converted to 10 under the conditions of 
the original reaction. 

Another complex containing a triply bridging 
carbene ligand was formed from the reaction of 
Os,(CO)&-OMe)(p-H), 45, with tetramethyl- 
diaminomethane. This compound 0s3(CO)&-$- 
C(H)NMe&-OMe)(,u-H), 46, was isolated along 
with an analogue of the thiolato carbene cluster, 
5,Os,(CO),[C(H)NMe&p-OMe)(p-H), 47.38 

Compound 46 contains only two metal-metal 

(16) 

(17) 

bonds. When heated to 69”C, the OS-N bond is 
cleaved, the cluster closes to a triangle and the car- 
bene ligand is shifted into a terminal bonding mode, 
eq. (17). 

CONCLUSION 

In the course of studying several systems, we have 
observed all the elements of the transformation 
series involving iminium, aminocarbene and 
aminocarbyne ligands (e.g. Scheme 3). Reaction of 
the diaminomethane reagents with hydride con- 
taining clusters results initially in substitution prod- 

- observed 

______--__ + proposed 

Scheme 3. 



Iminium, aminocarbene and aminocarbyne ligands in triosmium cluster complexes 977 

ucts. A ~rbon-nitrogen bond in this coordinated 
diamine may then be cleaved, apparently by a 
hydride abstraction/nucleophilic displacement pro- 
cess, to yield either n-complexed or bridging N,N- 
dimethyliminium ligands. Tbe A-complexed imin- 
ium ligands can be converted to bridging iminium 
ligands, or be transfo~ed to carbene ligands by 
C-H activation processes. By a second C-H acti- 
vation process, the carbene ligands may be con- 
verted to carbyne ligands. 

These transformations illustrate the importance 
of polynuclear ligand coordinations in the chem- 
istry of transition metal cluster compounds.39 The 
isolation of bridging iminium, aminocarbene and 
aminocarbyne ligands in these systems suggests that 
intermediates with bridged ligands must play key 
roles in these cluster-based ligand transformations. 

It is hoped that other carbene containing clusters 
will be synthesized by using the methodology 
reported herein. The study of clusters containing 
carbene ligands is still in its infancy, but its future 
now appears to be as promising and as exciting as 
the study of mononuclear metal carbene com- 
plexes was 20 years ago. 
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Abstract-The hydrido cluster [Os,H,(CO),,] reacts with CmCHO to give [Os,H 
(CO),,(CH,--CCHO)] in which the ligand is bridging as a three-electron donor through 
the oxygen and the unsaturated a-carbon atom. On thermolysis in refluxing cyclohexane, 
two compounds are formed. One is the isomer [OS~H(CO),~(C~~-CH=CHCHO)] which has 
an open structure with two OS-OS bonds, since the organic ligand is now a five-electron 
donating bridge. The other product is the dinuclear derivative [Os,H(C0)6(cis-CH= 
CHCHO)]. The clusters [Os3H2(CO),,,], [Os,(CO),,(MeCN)~ and [Ru,(CO),,(MeCN),] 
react with CH=CCHzOMe to give [M3(CO),,,(CH=CCH,0Me)] (M = Ru or OS), 
[Os,(CO)g(RCCHCOCH=CR)] and [Os3(C0)g{(RC,H),CO)] (R = CH*OMe), where the 
last two correspond to alkyne-coupled products. [Os3HZ(CO),,,] and [Os,(CO),,,(MeCN),] 
react smoothly with CH&C02H to give, as expected, the carboxylato derivative [Os,H 
(CO),,,(CH=CCO,)] which contains an uncoordinated alkyne group. With the aim of 
producing linked clusters we reacted this compound with [M,(CO),,(MeCN),] (M = Ru 
or OS) to give the two linked clusters in high yields: [OS,H(CO),~(~~-CH=CCO~)] and 
[OS~RU~H(CO)~~($-CH’~CO~)~. 

We have been interested in the coordination and 
rearrangements of small organic ligands containing 
oxygen atoms in trinuclear clusters, in view of the 
importance of oxy-ligands of various sorts in 
the chemical modification of CO in clusters. 
Previously, we have reported studies on oxy-ligands 
derived from aldehydes (saturated’ or unsatu- 
rated’), unsaturated ethers,3 ketones (saturated’ or 
unsaturated)4 and formyl derivatives of heter- 
ocycleq5 among others. 

Organic oxy-ligands readily coordinate through 

*Author to whom correspondence should be addressed. 

an oxygen atom by chelation, or bridging in trios- 
mium clusters when this is geometrically allowed.2*3 
For example, @-unsaturated aldehydes RCH- 
CHCHO, react with triosmium clusters by com- 
petitive oxidative additions with cleavage of a 
vinylic C-H bond to give compounds of the type 
[Os,H(CO),,(RC=CHCHO)], or with cleavage of 
the aldehydic C-H bond to give p-acyl clusters of 
the type [Os,H(CO),,(RCH=CHCO)] (Scheme 1).3 

In both cluster products the oxygen atom of the 
organic carbonyl ligand is coordinated, even though 
one could easily envisage alternative structures in 
which there is q2-coordination through the available 
c---C bond. Indeed, if the organic carbonyl group 
is not set up for bridging or chelation, as is the case 
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R 

k--H 
4 

H-c 
\ 

Os3HdCO)lo RCH=CHCHO 
rcor,0[*0 

-I-H 
or - (CO) 0s’Los’ L 

0s3(CO)lolMeCN)2 (R=Meor Ph) (CO)~ 

Scheme 1. 

with [Os3H(CO),o(trans-CH=CHCH~CH~COMe)], 
then $-alkene coordination is found and the 
ketone remains uncoordinated. This particular 
compound contains a normal p,#-vinyl bridge. 
Chemistry related to that in Scheme 1 is found for 
c&unsaturated ketones except, of course that, p- 
acyl complexes are not accessible. We have found 
that the mode of coordination of the cyclo- 
metallated product depends upon the substituents 
at carbon. Thus CH,--CHCOMe and RCH= 
CHCOMe (R = Me or Ph) give related com- 
pounds but of different structure (see Scheme 2).4 
Both types of product have the stoichiometry 
[OS~H(CO),~(RC = CHCOMe)] (R = H, Me, or 
Ph) and both are formed by cyclometallation with 
oxidative addition involving #?-C-H bond cleav- 
age. However, if R is bigger than a hydrogen atom 
#-coordination of the alkene is apparently pre- 
vented (most likely for steric reasons). The organic 
ligand is a three-electron donor and a closed tri- 
angular metal cluster is formed. When R = H the 
ligand can donate five electrons and the cluster 
opens out since only two OS-OS bonds are then 
required. Oxygen coordination occurs whatever. 

In this paper we describe the syntheses of several 
triosmium and triruthenium clusters derived from 
the reactive clusters [Os,H,(CO),,,], [OS~(CO),~ 
(MeCN)*] and [Ru,(CO),,,(MeCN),] with prop-Z 
ynal (CHSCHO), prop-Zynoic acid 
(CH&C02H) and methyl prop-Zynyl ether 
(CH&CH,OMe). We believed that the alkyne 

function would strongly bond to the cluster and 
donate four electrons and that this might work 
against oxygen atom coordination. In the case of 
CHzCCH20Me no coordination through the oxy- 
gen atom was observed, as expected for a weakly 
coordinating ether group in the presence of the 
strongly coordinating alkyne function. This con- 
trasts with methyl vinyl ether which gives an inser- 
tion product [Os,H(CO) ,&MeCHOMe)] with ether 
coordination.3 Only alkyne and coupled alkyne 
products were obtained from CH=CCH,OMe, 
i.e. the only reactions to occur are through the 
alkyne function. With triosmium clusters, 
CH&CHO reacts by coordination and insertion, 
while CHzCC02H reacts initially through coor- 
dination of the carboxylate group rather than 
through the alkyne. However, we could sub- 
sequently synthesize compounds with the 
CHzCCOz ligand bridging two M3 clusters by 
bonding to two metal atoms at one cluster and to 
three at the other, so that CH=CC02 behaves as a 
p,-seven-electron donor. 

RESULTS AND DISCUSSION 

The alkyne CHdCH,OMe reacts 
with D3H&%d, Ps3(CO)10WeCNM1 and 
[Ru3(CO),0(MeCN),] to give compounds (l)--(4) 
(Scheme 3). The structures are based on v(C0) IR 
and ‘H NMR spectra which arc quite characteristic 
for these known types of compound.6 

H Me 
\ 
c-c’ 

H-C{ j3 
CH2=CHCOMe OS~H~(CO~~ RCH=CHCOMe 

4 or 
Os(CO)3 

\ 
Os,(CO)lolMeCNlz 

OsHCCOl 
(CO)/, 0 

(R = Me or Ph) 

Scheme 2. 
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OS3H,KO),o CHECCH20Me [la) (M =OS) 
or L 

M3KO)lo(MeCN)2 
25T (lb) (M =Ru) 

Scheme 3. 

(2a) (M= OS) 

(2bl (M = Ru) 

Compounds (la) and (lb) adopt the usual bridg- 
ing CO structure [v(CO) 1850 and 1880 cm-‘, 
respectively] and ready decarbonylation of these 
compounds above 85°C affords compounds (2a) 
and (2b) almost quantitatively. Compound (2b) is 
unstable in solution and in air. The ‘H NMR spec- 
tra of compounds (la) and (lb) require that there 
is mobility of the alkyne ligand with respect to the 
metal triangles, leading to exchange of the dia- 
stereotopic CH2 protons. The osmium compound 
(la) shows separate signals for these protons (an 
AB-quartet) at room temperature, but this is well 
above the coalescence temperature for the 
ruthenium compound (lb) and an AB-quartet is 
only observed for the CH2 group at -73°C. The 
process giving this exchange is an enanti- 
omerization. Rotation of the alkyne (in conjunction 
with CO migration) occurs by the plane of the 
ligand passing through an angle orthogonal to the 
metal plane and back into a tilted orientation. The 
formulations of compounds (3) and (4) shown in 
Scheme 3 are based on IR and ‘H NMR spec- 
troscopic data (Table 1) which were compared with 

those of analogous compounds obtained from the 
reactions of [OS~(CO),~ with PhC=CH7 and 
[Os,H,(CO),,] with R-H.8 

The cluster [Os3H2(CO),,] reacts with prop-Zynal 
(CHGCCHO) under mild conditions to afford, in 
moderate yields, the compound [OS~H(CO),, 
(CH,CCHO)] (5). By comparison of the IR and 
‘H NMR data with those of [Os,H(CO),, 
(PhCH=CCHO)],’ we were able to assign the 
structure shown in Scheme 4. The organic car- 
bony1 is coordinated [v(CO) 1515 cm-‘] and the ‘H 
NMR spectrum of (5) shows two doublets at S 
7.40 and 7.30 (J = 2.3 Hz) corresponding to gem 
coupling and a low field singlet at S 9.5 for the CHO 
proton. Thus compound (5) is closely related in 
structure to the oxidative addition (cyclo- 
metallation) product of cyclohex-Zenone, [Os,H 
(CO),,)C,H,O)], which we have already reported.’ 
On thermolysis of compound (5) an interesting iso- 
merization to [OS,H(CO)~,,(&CH=CHCHO)J (6) 
occurs. Compound (6) was isolated together with 
the closely related dimer (7) formed by loss of an 
Os(CO), group (Scheme 4). The aldehydic and 

H H 

CHXCHO 
OS3H2lCOI,o -OSos(c0), - 

25T 81 oc OSlCO)3 

I51 
\ 
OsH(CO)h 

Scheme 4. 
(6) (7) 



Table 1. Some spectroscopic data for the compounds (1x9) 

Compound v(C0)” (cm’) ‘H NMRb 

[Os,(CO),O(CHx=CCH~OMew)] 

(la) 

2100m, 2061vs, 
2055vs, 202Os, 
2004m, 1848 &-CO) 

[Rus(CO),,(CHX=CCH~OMeW)] 

(lb) 

2096w, 2058~s 
2052~s 2026s 
2006m, ISSO@-CO) 

[Os,H(CO),(CkCCH”,OMeY)] 21OOm,2075s, 

@a) 2054s, 202Ovs, 
2013vs, 1982m 

[Ru,H(CO),(CkCCH$OMeY)] 2102m, 2082s, 

(2b) 2066s, 2036vs, 
2006m, 1975~ 

[Os,(CO),(MeXOCH?p~H~OCCHqCCH~OMe’ 2096m, 206Ovs, 

(3) 2032vs, 2026sh, 
201 lm, 1990m, 
1846@-CO) 

[Os,(CO),{(CHXSCH~OMe”‘)~CO)I 

(4) 

[OS,H(CO),,(CH;~ = CCH’O)] 

(5) 

[Os,H(CO),,(CHx=CHyCH=O)] 

(6) 

[Os,H”(CO),(CHx=CHYCH’O)] 

(7) 

2094m, 206Ovs, 
205Ovs, 2021s, 
2012m, 20OOm, 
1978w, 1635(C=O) 

21OOm, 2062vs, 
205Os, 2022vs, 
2008m, 2002s, 
1996br, 1985m, 
1968m, 1515(CHO) 

2 112m, 2078~s 
205Os, 2024~s 
2018vs, 2O!Os, 
1994m 

2098m, 2062vs, 
202Os, 2008s, 
1990m, 1980m 

[Os,H(CO),,(CH+CCO,)] 

(8) 

[Os,H(CO),(CH+CCO,)] 

Pa) 

[Os,Ru,H(CO),,(CH+CCO,)1 

( 9b) 

2 11 Om, 2072~s 
2061 s, 2024vs, 
2014~s 1980m 

2112vw, 2102w, 
2074vs, 2062s, 
2056sh, 2032sh, 
2025s 2OlOvs, 
1982m, 1860(~-CO) 

2112vw, 2102w, 
2076vs, 2064s, 
2054sh, 2036sh, 
2026s 2OlOvs, 
1982m, 1896@CO) 

9.3($X) 
4.l(d,Y) JX, = 14 
3.5(d,z) 
3.3(&W) 

8.3(s,x) 

3.8(s,yz) 
3.3(s,w) 
3.4(dy) JyZ = 1.7 
4.0(d,z) 

5.0(&X) 

3.6(s,~) 
-23.6(s,OsH) 

4.6(s,x) 

3.5(s,y) 
-2l.O(s,RuH) 

8.9(s,q) 
7.2(s,~) 
4.8, 4.2(d,Yz) J,,= = 12 
4.6,4.4(dYz) J, = 4 
3.5, 3.4(s,x) 

6.l(s,x) 
4.6, 3.9(d,Yz) J,,= = 15 
3.5(s,w) 

9.5(&Z) 
7.4, 7.3(d,xY) JX,, = 2.3 

- 12.8(s,OsH) 

9.0(m,z) 
8.4(m,z) 

4.9(m,Y) 
-9.l(s,OsH) 

9.2(m,z) 
7.5(m,x) 

4.4(m,Y) 
- 11 .S(d,OsH) J,, = 1.6 

2.8(s,x) 
- 10.5(s,OsH) 

lO.l(s,x) 
- 10.5(0sH) 

9.O(s,x) 
- 10.6(s,OsH) 

“Cyclohexane solutions. 
’ 100 MHz spectra at room temperature (J in Hz) in CDCl, except for (lb) which is in CD,Clz : chemical shifts (6) 

given with multiplicities and assignments in parentheses. 
‘Recorded at - 73°C. 
‘Couplings between H”, HY and H’ were not analysed. 
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c---C groups are both coordinated in compound 
(6) and the cluster has opened up in the iso- 
merization from (5) to (6) since only two OS-OS 
bonds are required on the basis of electron-counting 
(data in Table 1). The cis geometry at the double 
bond allows the ligand to chelate ; the ‘H NMR 
shift for the hydride is rather low for a triosmium 
hydride (6 - 9.1) and almost certainly this is ter- 
minally bonded. The structure shown in Scheme 4 
for compound (6) is based on the similarity of the 
v(C0) absorptions to those of the cluster [Os,H 
(CO),~(c~-CH~HC~H~N~] formed by cyclo- 
metallation of 2-vinylpyridine.” The X-ray struc- 
ture of this compound is just like that shown for (6) 
but with the formyl (CHO) group replaced by the 
2-pyridyl (C,H,N) group. The hydride ligand in the 
2-vinylpyridine derivative is terminal and the ‘H 
NMR hydride shift is likewise rather low. Similarly 
very strong evidence allowed the structure of the 
related ketone in Scheme 2 to be established. 

The dimeric compound [Os,H(CO),(cis- 
CH==CHCHO)] (7) compares spectroscopically, 
very closely with [Os,H(CO),(cis-MeCH,C= 
CHCOMe)] obtained from the reaction of 
[Os,H,(CO)io] and hex-S-en-2-one.” 

The CH=CHCHO ligand donated five-electrons 
so the structure shown for compound (7) in Scheme 
4 is most likely. The ‘H NMR spectrum (Table 1) 
confirms the overall composition of the cis- 
CH=CHCHO ligand. In support of our proposed 
structure, the analogous dinuclear compound 
[Ru~H(CO)~~~~HCOMe~] of known X-ray 
structure’* corresponds directly with our rep- 
resentation of (7). In compounds (5), (6) and (7) the 
aldehydic group remains coordinated [e.g. v(C0) 
1515 cm-’ for (5)]. Just like the ketones shown 
in Scheme 2, the aldehydes [Os,H(CO),, 
(RC==CHCHO)] (R = Me or Ph) and 

[OS~H(CO),~(CH~HCHO)J (6) adopt different 
structures. 

The clusters Fh(COhdMeW~I and 
[OS,H,(CO),~] both react with CHzCCOIH under 
mild conditions to afford good yields (58% from 
the bis-acetonitrile compound) of the carboxylate 
derivative [0s,H(C0),,(CI-I=CC0~)] (8) shown in 
Scheme 5. The v(C0) absorption spectrum is essen- 
tially identical to that of the reported carboxylate 
[OS,H(CO),,(HCO,)]‘~ and the ‘H NMR spectrum 
shows two singlets at 6 - 10.5 and 2.8, indicating 
that the acetylenic group is un~oordina~d (CH pro- 
ton for the free ligand at 6 3.0). Based on the well- 
known reactivity of alkynes towards trinuclear clus- 
ters, we decided to react compound (8) with labile 
trinuclear clusters in order to get linked triangular 
clusters. fOs,(CO),,(MeCN)J and [Ru~(CO),~ 
(MeCN)2] react with compound (8) in a 1 : 1 mol 
ratio at room or below room temperature, to give 
very good yields of two new clusters : [Os,H(CO), 
(CHzmCCO,)] (9a) and [OS~RU~H(CO)~~(CH~ 
CCO&‘J (9b), respectively (Scheme 5). The v(C0) 
absorption spectra of (9s) and (9b) can be re- 
produced almost exactly by a combination of the 
spectra of compound (8) and either (la) or (lb). 
The v(C0) absorptions at 1860 and 1896 cn-’ for 
compounds (9a) and (9b) are associated with the 
metal-boding CO ligand and are very charac- 
teristic of clusters of the type [M3(CO),o(alkyne)]. 
The ‘H NMR spectra [singlets at 6 - 10.5 and 
10.1 for (9a) and at 6 - 10.5 and 9.0 for (9b)] 
show the characteristic signals around 6 9-10 for 
p3-terminal alkynes. The structures depicted for 
(9a) and (9b) in Scheme 5 are most likely. We are 
now trying to grow good crystals for an X-ray 
structure determination in order to confirm our 
assessment that these compounds contain seven- 
electron donating p5-ligands. Although we have 

0s3H21COl,, 
or 

0s$CO)&leCN)2 

CHXC02H 

M=RuorOs) 

19o) IM = OS) 

(Qbl (M = Ru) 

Scheme 5. 
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not done it yet, it should be quite simple to ther- 
mally decarbonylate compounds (9a) and (9b) 
to give the clusters [Os,H,(CO),,(cCCO,)] and 
[OS~RU~H~(CO)~~(C=CCO~)] which would contain 
eight-electron donating C302 ligands. This is a 
remarkable number of electrons to be donated by 
a ligand with so few atoms. 

EXPERIMENTAL 

The starting clusters [OS,H,(CO),,],‘~ [OS, 
(CO)I,,(MeCN)$5 and [Ru3(CO),,,(MeCN)2]‘6 were 
prepared as described previously. Methyl prop-2- 
ynyl ether and prop-2-ynoic acid were purchased 
from Aldrich and purified prior to use. Prop-Zynal 
was synthesized according to the literature.17 All 
solvents were purified by conventional methods and 
all reactions were carried out under nitrogen. Prod- 
ucts were isolated by preparative TLC using Merck 
SiOl (H. Type 60). 

Methyl prop-2-ynyl ether 

(i) A solution of [Os3(CO),o(MeCN)d (0.210 g) 
and CH&CH,OMe (0.02 cm3) in dichloro- 
methane (50 cm3) was stirred at room tem- 
perature for 5 h. After removal of solvent in uacuo, 
the red-orange residue was separated by TLC [elu- 
ant : petroleum ether (b.p. 4060”C)/diethylether, 
10/l by volume] to give four bands. The main yellow 
band gave [Os3(CO),,,(CH=CCH,0Me)] (la) 
(0.060 g, 30%) and the second yellow-orange band 
gave [Os3(C0)9(MeOCH$=CHOCCHCCHz 
OMe)] (3) (0.063 g, 20%). The other two bands 
gave very small quantities of compounds which 
were not characterized. 

(ii) The purified ether (0.5 cm’) was added to a 
yellow solution of [Ru,(CO),,(MeCN),] (0.175 g) in 
dichloromethane (30 cm’) at - 20°C which became 
red in 5 min. Separation as above gave only 
two bands. The main one gave [Ru3(CO)i0 
(CH=CCH,OMe)] (lb) (0.084 g, 46%) as an 
orange solid and [Ru3(C0)r2] (0.043 g, 25%). 

(iii) A solution of [Os,H,(CO),,] (0.025 g) and 
the ether (0.5 cm3) in dichloromethane (50 cm3) was 
stirred at room temperature for 4 h. Removal of the 
solvent under vacuum and separation of the residue 
by TLC [eluant : petroleum ether (b.p. 4060”C)/di- 
ethylether, 10/l by volume] gave several species of 
which two were characterized as [Os,(CO), 
{(HC2CH,0Me),CO)J (4) (0.180 g, 65%) as 
purple crystals and [Os3(CO)r,,(CH=CCH,0Me)] 
(la) (0.068 g, 25%) as yellow crystals. Other prod- 
ucts which increased in number on extended reac- 
tion time were not characterized. 

Prop-2-ynal 

A solution of [Os,H,(CO),,] (0.200 g) and 
CH-=CCHO (0.09 cm3) in dichloromethane (40 
cm3) was stirred at room temperature for 5 h and 
set aside at - 20°C overnight. After removal of the 
solvent in uacuo, the orange residue was separated 
by chromatography (eluant : pentane/diethylether, 
20/l by volume) to give one yellow band yielding 
[Os3H(CO),,(CH,-CCHO)] (5) (0.085 g, 40%) as 
orange crystals. 

Prop-2-ynoic acid 

A solution of [Os,(CO),,(MeCN)d (0.200 g) and 
CH=CCOzH (0.5 cm3) in THF (30 cm3) was heated 
under reflux for 45 min. Removal of the solvent and 
TLC (eluant : pentane) produced one main yellow 
band giving [Os3H(CO),,(CI-I=CCOZ)] (8) (0.116 g, 
58%) as yellow crystals. 

Thermelysis of [Os3(CO)io(CH=CCH,0Me)] (la) 
in rejluxing n-octane 

A solution of compound (la) (0.050 g) in octane 
(20 cm3) was refluxed for 5 min. TLC work-up 
as above gave one yellow crystalline compound, 
[Os,H(CO),(C=CCH,OMe)] (2a) (0.030 g, 75%). 

Thermolysis of [Ru3(CO)r,,(CH=CCH20Me)] (lb) 
in rejluxing cyclohexane 

A solution of compound (lb) (0.070 g) 
in cyclohexane (30 cm3) was heated under re- 
flux for 30 min. TLC separation gave 
[Ru,H(CO),(C=CCH,OMe)] (2b) (0.038 g, 55%) 
as a pale yellow solid. 

Thermolysis of [Os,H(CO),,,(CH,--ZCCHO)] (5) in 
refluxing cyclohexane 

A solution of compound (5) (0.080 g) in cyclo- 
hexane (50 cm’) was refluxed for 6 h, after which 
time the IR spectrum showed no more change. TLC 
work-up [eluant : petroleum ether (b.p. 40--6O”C)] 
gave two yellow bands which yielded [OS, 
H(CO),,(CH=CHCHO)] (6) (0.030 g, 40%) and 
[Os,H(CO),(CH==CHCHO)] (7) (0.017 g, 30%). 

Reaction of [Os,H(CO),,,(CH&CO,)] (8) with 
PsdCOhdMeCN)21 

A solution of the bis-acetonitrile compound 
(0.110 g) in dichloromethane (20 cm’) was added to 
a yellow-orange solution of compound (8) (0.094 g) 
in dichloromethane (15 cm’). The mixed solution 
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became red in 1 min and was stirred at room tem- 
perature for 13 h. Removal of the solvent and TLC 

separation [eluant : petroleum ether (b.p. 40-6O”C)] 
gave one main yellow band resulting in [Os,H- 
(CO),,(CH==CCOz)] (9a) (0.126 g, 70%) as yellow- 
orange crystals. 

Reaction of [OS~H(CO)~,,(CH~CO~)] (8) with 

FWWIO WeWd 

The bis-acetonitrile compound (0.085 g) was 
added to a yellow-orange solution of compound 
(8) (0.116 g) in dichloromethane (20 cm3) at 
-20°C which after warming to room temperature 
became orange-red in 20 min. After removal of the 
solvent, TLC work-up [eluant : petroleum ether 
(b.p. 4&60”C)/diethylether, 10/l by volume] gave 
[OS~RU~H(CO)~,,(CH=CCO~)] (9b) (0.144 g, 75%) 
as an orange solid and some [Ru3(CO), J (0.020 g, 
14%). 
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Abstract-The complex (~-C,H,)(CO)2Mo(~-H)(~-PPh2)Mn(C0)4 reacts under photolysis 
with the dienes allene, l,l-dimethylallene, 1,3-butadiene and 2-methyl- 1,3-butadiene to give 
heterodimetallic ally1 complexes in which the ally1 ligand is bonded to either the Mn atom, 
the MO atom or, alternatively, to both metal atoms. The crystal structure of two of these 
complexes, (r&Hs)(CO)2Mo@-PPh2)Mn(~3-C3Hs)(CO)3 and (+.Z,H,)(CO)Mo&-o : q4- 
C5H9)(p-PPh2)Mn(CO)3, have been determined by X-ray diffraction. In the former the 
ally1 ligand is q3-bonded to the manganese atom, which is also coordinated by three CO groups, 
the bridging PPh2 group and the MO atom [Mo-Mn = 3.038(l) A]. In the latter complex 
the syn-CH3CHC(CH3)CH2 ally1 ligand is q3-bonded to the MO atom and also via co- 
ordination of one C-H bond of the CH2 group to the Mn atom. The MO atom is addition- 
ally coordinated by an q-C5H, ligand, a CO group, the PPh2 group and the Mn atom 
[Mo-Mn = 2.800( 1) A]. In the presence of CO, the p-ally1 complexes are in equilibrium in 
solution with complexes of proposed formula (+Z,H5)(CO)(~3-allyl)Mo@-PPh2)Mn(C0)4, 
containing the ally1 ligand bonded exclusively to the MO atom, but these latter complexes 
lose CO and revert to the p-ally1 complexes readily on attempted isolation. The p-ally1 
complex (q-C,H,)(CO)Mo@a : q4-C4H7)Mn(CO), gives a 1 : 1 adduct with P(OMe), in 
which the coordination of the ally1 C-H bond to the Mn atom is replaced by bonding 
of the P(OMe), group. The p-ally1 complexes can be deprotonated with LiBu” giving 
anionic species which are postulated to contain p-allylidene ligands. One such species, 
[(r,G,H,)(CO)Mo@-o : ~3-CH3CHCHCH)(~-PPh2)Mn(CO)3]-, has been reacted with 
CD3COOD to regenerate the corresponding ally1 complex ; the added deuterium atom is 
located exclusively at the site involved in the interaction with the Mn atom. 

The reaction of unsaturated organic molecules with 
dimetallic or polymetallic complexes containing p- 
H ligands has proved to be a useful route to com- 
plexes containing bridging hydrocarbyl ligands. ‘-’ 
Certain complexes with p-H ligands such as 0s3@- 
H)2(CO) 1 o react with a wide variety of unsaturated 
organic substrates under mild conditions2*6 but 
other homometallic complexes such as Mn,(p-H) 
@-PPh2)(CO)83 and (rl-C5H5)2C02gL-H)@-PMe2)27 
generally require thermal or photochemical 
activation or the use of activated organic substrates. 

- 
*Author to whom correspondence should be addressed. 

Although many heterometallic complexes con- 
taining p-H ligands are now known there have been 
few studies on the reactions of these species with 
unsaturated organic molecules,8-‘0 even though it 
might be expected that the polarity of the the het- 
erometallic bonds would lead to greater reactivity 
as compared to related homometallic species. We 
have recently reported the synthesis of the het- 
erodimetallic complex (r,&,Hs)(CO),MoMn&- 
H)(p-PPhz)(CO), (1) ‘1,12 and we now describe the 
reactions of this complex with dienes, which lead to 
ally1 complexes of three different types, in which the 
ally1 ligand is q3-bonded to the MO or Mn atom or, 
alternatively, q4-bonded as a bridge between the 
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metal atoms. The deprotonation of the (q4-allyl)- 
bridged complexes has also been studied. Pre- 
liminary accounts of part of this work have been 
published. ’ ‘2 ’ 3 

The ‘H NMR spectra of 2a-2c indicate the pres- 
ence in solution of two isomers for each of these 
complexes. Thus, the spectrum of 2a at room tem- 
perature shows, in addition to resonances assigned 
to phenyl and two cyclopentadienyl groups, res- 
onances due to ten q3-ally1 hydrogens. The ratio of 
the intensities of the cyclopentadienyl and v3-ally1 
resonances of the two isomers, indicates that the 
relative concentrations are ca 4 : 1. The resonances 
due to the q3-ally1 hydrogens in the two isomers 
have been assigned on the basis of their distinctive 
chemical shifts and ‘H-‘H coupling constants. In 
particular, in each isomer, the central ally1 hydrogen 
couples to the syn and anti hydrogens with coupling 
constants of ca 6 and ca II-13 Hz, respectively. 
Selective irradiation of each of the q3-ally1 res- 
onances in the ‘H NMR spectrum of 2a results in 
the collapse of a resonance due to a corresponding 
hydrogen in the other isomer. Thus, for example, 
irradiation of an anti ally1 hydrogen in the major 
isomer results in the collapse of one of the anti ally1 
hydrogens in the minor isomer and vice versa. These 
results are consistent with the operation of a 
fluxional process, which interconverts the two iso- 
mers of 2a at a rate too slow to result in broadening 
of the resonances, but sufficiently rapid to result in 
spin saturation transfer between them. ’ 4 A similar 
fluxional process, occurring at a slightly greater 
rate, is presumably responsible for the broadening 
of the ally1 and cyclopentadienyl resonances in the 
‘H NMR spectrum of complex 2b at 293 K com- 
pared to the well resolved spectrum at 278 K. The 
two isomers of the q3-syn-1 -methylallyl complex, 

RESULTS AND DISCUSSION 

(a) Reactions of(l) with dienes 

The reactions of complex 1 with the four 
dienes, allene, 1,l -dimethylallene, butadiene and 2- 
methyl-l,3-butadiene give the new complexes (q- 
C,H,)(CO),Mo~-PPh~)Mn(~3-allyl)(CO)3 (ally1 = 

2h; CsHs, 2~) (r&HJ 
~$Mo~~~cr :$%yl)&-PPhZ)Mn(C& (ally1 = 
C3HS, 3a; C4H7, 3b; C5H9, 3c) and (r&H,) 
(CO)(~3-C4H7)Mo@-PPh2)Mn(C0)4(4b), the 
proposed structures of which are shown in Fig. 
1. Reaction takes place on UV irradiation in hex- 
ane-benzene (3 : 1) solution at room temperature 
and the mixtures of products obtained were sep- 
arated by TLC. Complexes of type 2, in which the 
q3-ally1 ligand is bonded exclusively to the Mn 
atom, were obtained from all four dienes and com- 
plexes of type 3, containing an q4-ally1 ligand bridg- 
ing the two metal atoms, from each diene apart 
from 1 ,I-dimethylallene. A product of type 4 in 
which the q3-ally1 ligand is bonded exclusively to 
the MO atom was only isolated (4b) in the reaction 
of 1 with 1,3-butadiene, although spectroscopic evi- 
dence was obtained for the existence of 4a and 4c 
in solution in equilibrium with, respectively, 3a and 
3c under favourable conditions (see below). 

4 P 

2a; I? = R’. H 3a; I?= R’= H 
2b; I?‘. H, &Me 3b; I?= Me, P= H 
2c; RI= F&Me 3c; F&F&Me 

4a; Ff. f?‘= H 
4b; R*= Me,F?=H 
4c ; R’= I?% Me 

6a;&Me,l?=H 
6b;Fhe Me 

Fig. 1. Proposed structures for the new complexes. 
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2b, are present in a ratio of ca 3 : 1. The two isomers In order to confirm that the ally1 ligand in the 
of the q 3- 1,l -dimethylallyl complex, 2c, formed on complexes 2 is bonded to the Mn atom and in the 
reaction of 1 with either 1,1-dimethylallene or 2- hope of obtaining further information about the 
methyl-l ,Zbutadiene, are present in the same ratio, isomerism of 2 in solution, an X-ray diffraction 
18 : 7, in each case (as shown by the well resolved study of 2a was undertaken. Suitable crystals of 2a 
‘H NMR spectrum at 293 K) ; this is further evi- were grown by slow cooling of a solution in hexane- 
dence that the two isomers of each of the q3-ally1 CH2C12 (1: 1). The molecular structure of 2a is 
complexes are readily interconverted by a process shown in Fig. 2 ; Table 1 lists the final bond lengths 
which is nevertheless slow on the NMR time scale. and interbond angles. 

The 13C0 NMR spectra of complexes 2a and 2b 
each show the expected five resonances attributable 
to the carbonyl ligands of the major isomer but the 
signal intensities were such that only two of the 
minor isomer carbonyl resonances were observed. 
Two of the major carbonyl resonances of 2b, a 
doublet at 6 244.0 (‘Jrc = 23.1 Hz) and a sharp 
singlet at 6 235.7 ppm, are very similar to the res- 
onances due to the two carbonyl ligands on MO in 
1 [a doublet at 6 242.2 (2Jpc = 25.9 Hz) and a singlet 
at 6 234.8 ppm]. These two resonances may there- 
fore be assigned to two carbonyl ligands on MO in 
2b, whilst the other three major resonances may be 
assigned to three carbonyl ligands on Mn. 

The central carbon of the q3-ally1 group is dis- 
ordered over two sites, with occupancy factors of 
57% C(2A) and 43% C(2B). The structure shown 
in Fig. 2 is derived by inclusion of only the major 
central carbon site, C(2A). The angle between the 
two ally1 planes, C(lA)-C!(2A)-C(3A) and 
C(lA)--C(2B)-C(3A), is 131.8” and the two struc- 
tures are related by a cu 180” rotation of the ally1 
fragment about the Mn-ally1 axis. The disorder 
in the ally1 fragment of 2a prevents an accurate 
assessment of the bonding in this ligand. The aver- 
age Mn-C(terminal, allyl) bond distance [2.204(5) 
& is slightly longer than the average Mn-C(cen- 
tral, allyl) distance for the disordered atom [2.156(9) 

Table 1. Selected bond lengths and angles for (~s-C,Hs)(CO)pMo~-PPh~)Mn(~3-C3H5) 
(CO) 3 (24 

Mn(l)-MO(l) 
P(l)_-Mo(l) 
C(ll)-MO(~) 
C(12)-MO(~) 
C(lP)-MO(~) 
C(2P)-Mo( 1) 
C(3P)-Mo( 1) 
C(4P)-Mo( 1) 
C(SP)-Mo( 1) 
C(lOl)--P(1) 
C(201)-P(1) 

P(l)-MO(l)-Mn(1) 
C(ll)-MO(l)--Mn(1) 
C(ll)--MO(~)--P(1) 
C(12)-MO(l)-Mn(1) 
C(12)-Mo(l+P(l) 
C(12)-Mo(l)-C(ll) 
C(21)-Mn(l)-MO(l) 
C(21)--Mn(l)--P(1) 
C(22)-Mn( l)-MO(l) 
C(22)--Mn(l)-P(1) 
C(22)-Mn(lFC(21) 
C(23)--Mn( I)--Mo( 1) 
C(23)-Mn( l)-P( 1) 
C(23)-Mn(l)-C(21) 
C(23)-Mn(l)-C(22) 
CVA)-C(2A+C(lA) 

Bond lengths (A) 
3.038(l) P(l)_Mn(l) 
2.376(l) C(lA)--Mn(1) 
1.964(4) C(2A)-Mn( 1) 
1.934(4) C(2B)--Mn( 1) 
2.390(4) C(3A)-Mn( 1) 
2.352(5) C(21)-Mn(1) 
2.301(4) C(22)-Mn( 1) 
2.330(4) C(23)--Mn(1) 
2.366(4) C(2A)-C( 1 A) 
1.835(3) C(2B)-C(lA) 
1.834(3) C(3A)-C(2A) 

C(3A)--C(2B) 

Bond angles (“) 
48.0( 1) P(l)--Mn(l)-MO(l) 
86.1(l) C(lA)-Mn(l)-MO(l) 

108.1(l) C(lA)-Mn(ltP(1) 
121.0(l) C(2A)-Mn(l)--MO(l) 
82.9(l) C(2A)-Mn( I)--P( 1) 
80.2(2) C(2A)-Mn(l)-C(lA) 
90.6(l) C(2B)-Mn( l)-Mo( 1) 
89.2( 1) C(2B)-Mn(l)-P(1) 
69.6(l) C(2B)-Mn(lt_C(lA) 

120.2( 1) C(3A)-Mn(l)-MO(l) 
88.3(2) C(3A)-Mn( I)--P( 1) 
85.7(l) C(3A)--Mn(lt_C(lA) 
91.1(l) C(3A)-Mn(l)-C(2A) 

174.9(2) C(3A)-Mn(l)-C(2B) 
87.2(2) Mn(l)-P(l)-MO(l) 

125.6(7) C(3A)-C(2B)--C(lA) 

2.282( 1) 
2.221(5) 
2.118(7) 
2.194(9) 
2.187(5) 
1.846(4) 
1.813(4) 
1.824(4) 
1.303(9) 
1.418(12) 
1.383(10) 
1.215(12) 

50.7(l) 
137.4(l) 
86.7(l) 

160.3(2) 
117.3(2) 
34.9(2) 

166.0(3) 
121.3(3) 
37.5(3) 

157.0(2) 
152.4(2) 
65.7(2) 
37.4(3) 
32.2(3) 
81.4(l) 

130.2(9) 
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A Cl2061 

Fig. 2. Molecular structure of (~-C,H,)(CO),Mo@-PPh,)Mn(~3-C)Hs)(C0)3 (2a) showing the 
crystallographic numbering. 

A]. Although the two axial carbonyl ligands at Mn 
are perpendicular to the Mo-Mn vector, as in com- 
plex 1, the equatorial carbonyl ligand in the com- 
plex occupies the space taken up by the hydride 
ligand in 1 [Mo-Mn-CO(truns to PPhl) angle, 
69.6(l)’ in 2a, compared to 116.2(2)’ in 11. For 
comparison, the average Mo-Mn-CO(trans to 
PPh,) angle in [Mn,&-PPhz)(CO),]-, in which two 
carbonyls have moved towards the space pre- 
viously occupied by the bridging hydride ligand in 
[M&u-H)(p-PPh,)(CO),], is 88.5(3)“.” Although 
CO(22) is non-linear [Mn-CO interbond angle of 
170.5(3)“], the large separation of C(22) and Mo( 1) 
[2.946 A] and the lack of a semi-bridging carbonyl 
absorption band in the IR [v(CO)] spectrum of 2a 
confirms the absence of any semi-bridging character 
for CO(22). The reduced n-acid character of the q3- 
ally1 ligand, compared to a carbonyl ligand, leading 
to increased electron density on Mn, may explain 
the slightly reduced average Mn-CO bond dis- 
tance in 2a [1.828(4) A] compared to that in 1 
[1.838(6) A]. 

The geometry of the ligands at MO is, apart from 

the loss of the hydride ligand, little altered from 
that in 1. Although the complex obeys the 18-elec- 
tron rule overall, the MO centre is electron poor and 
the Mn centre electron rich. This is counteracted to 
some extent by increased electron donation from 
phosphorus to MO as reflected in the short Mo-P 
bond [2.376(l) A] in 2a compared to that in 1 
[2.435(l) A]. I n contrast, the Mn-P distance 
[2.282(l) A] is only slightly shorter than in 1 
[2.294(2) A]. The reduction in the Mn bond distance 
may perhaps be ascribed to the poor n-acid charac- 
ter of the q3-ally1 ligand, which increases the elec- 
tron density available for z-back bonding from Mn 
to phosphorus. The loss of the b-H] ligand in 1 is 
accompanied by a reduction in the Mo-Mn bond 
distance [3.088(l) A in 1 as compared to 3.038(l) A 
in 2a]. The reduction in the Mo-P and Mo-Mn 
bond distances in 2a from those found in 1 accounts 
for the similar bite angles at phosphorus in the two 
complexes [81.4(l)” in 2a and 81.5( 1)” in 11. 

The structures of 2a-2c in solution are almost 
certainly closely related to that found for 2a in the 
solid state and we propose that the two isomers for 
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Fig. 3. Molecular structure of (q-CSH5)(CO)Mo(p-~ : q4-C5H,)(p-PPh,)Mn(C0)9 (3e) showing the 
crystallographic numbering scheme. 

each complex differ only in the orientation of the 
q3-ally1 ligand relative to the rest of the molecule. 
The mechanism of interconversion of the isomers 
may involve a cu 180” rotation about the Mn-ally1 
axis ; similar isomerization has been observed in 
other q3-ally1 complexes’6*‘7 and it is possible that 
the two isomers of 2a may be structurally related 
to the disorder of the q3-ally1 ligand over the two 
sites in the crystal structure of the complex. 

The molecular structure of 3e in the solid state 
has also been determined by X-ray diffraction. Suit- 
able crystals of 3c were grown by slow evaporation 
of a solution in hexane-CH,Cl, (1 : 1). The struc- 
ture of 3c is shown in Fig. 3 ; Table 2 list the final 
bond lengths and interbond angles. 

The CSHg ligand is coordinated via the q3-ally1 
group to MO and via a three-centre “agostic” inter- 
action’* of an anti C-H bond to Mn. The q3-ally1 
group adopts the exe conformation relative to the 
cyclopentadisnyl ligand on MO ; the bonding may 
perhaps best be described as of the c-z type, since 
the Ma-C (allyl, terminal) bond distances are 
significantly different [Ma-C(l), 2.276(4) A and 

MO-C(~), 2.397(4) A] and C(2)---C(3) [1.392(6) A] 
is slightly shorter than C(l)-C(2) [1.431(5) A]. In 
addition the deviation of 0.71 A of the agostic 
hydrogen atom, H( 1 l), from the C( l)-C(2)-C(3) 
plane corn ared to 0.01 A for H(12), 0.06 A for 
C(4), 0.32 8: for H(31) and 0.01 A for C(5) provides 
some evidence for a departure from spz hybrid- 
ization at C(1). On the other hand, the relatively 
short Mo-C(2) (allyl, central) separation [2.239(4) 
A] suggests that the CJ-rc component of the bonding 
is less than for the highly asymmetric ally1 ligand in 
(q-CgHs)MoI(q3-CgHs)(NO). l9 

A number of polynuclear complexes containing 
aC . . . H . . . M interaction have been reported ’ * but 
few of these have been heteronuclear complexes.” 
A similar agostic interaction to that in 3c, involving 
a formal sp ’ C-H bond of an q ‘-ally1 group, has 
been observed previously in the crystal structure 
of [(qC,H,)2M02&-C,Me,H)]+.2’ The increased 

C(1) [2.346(4) A] and Mn . . . H(11) [2.02(4) I$-, t. se ara ions in 3e compared to the corresponding 
values [2.196(5) and 1.88(8) A] in the Mo2 complex 
indicate that the “agostic” bonding interaction in 
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Table 2. Selected bond lengths and angles for (q’-C,H3(CO)Mo@a : q4-CsHs)@-PPhJ 
Mn(CC% (W 

Mn(l)--MO(l) 
P(l)-Mo(1) 
C(201)-MO(~) 
C(202)-Mo( 1) 
C(203)-Mo( 1) 
C(204)-Mo( 1) 
C(205)-Mo( 1) 
C(ll)--MO(~) 
C(l)_Mo(l) 
C(2)-Mo(1) 
C(3)-Mo(1) 
C(5)--c(3) 

P(l)-MO(l)-Mn(1) 
C(ll)-Mo(lFMn(1) 
C(ll)-Mo(leP(1) 
C(l)-MO(l)-Mn(1) 
C(l)-Mo(ltiP(1) 
C(l)-Mo(lt-C(ll) 
C(2)-Mo( l)-Mn( 1) 
C(2)-MO(~)---P(l) 
C(2)-Mo(l)-W 1) 
C(2)-Mo(l)-W) 
C(3)-Mo(ltiMn(1) 
C(3)-Mo(lFP(1) 
C(3)-Mo(lWY 1) 
C(3)-Mot1F-W) 
C(3)-Mo(l)--~(2) 
H(ll)-Mn(lFMo(1) 
H(ll)---Mn(lFP(1) 
H(ll)--Mn(l)-C(ll) 
H(l I)--Mn(l)-C(21) 
H(l l)-Mn(l)-C(22) 
H(ll)-Mn(l)-C(23) 
H(ll)-Mn(lFC(1) 
C(l)-H(llFMn(1) 
C(3)--c(2)-~) 
C(4)-C(2)--c( 1) 
C(‘W--W~(3) 

Bond lengths (A) 
2.800( 1) P(l)-Mn(1) 
2.428(l) 
2.382(4) 
2.352(4) 
2.3 12(4) 
2.309(4) 
2.341(4) 
1.944(4) 
2.276(4) 
2.239(4) 
2.397(4) 
1.497(6) 

C(l l)-Mn(1) 
C(21)---Mn( 1) 
C(22)---Mn( 1) 
C(23)--Mn( 1) 
C(1)---Mn(1) 
H(ll)-Mn(1) 
C(lOl)-P(1) 
C(lll)-P(1) 
C(2)_C(l) 
H(l1F-W) 
C(3)-C(2) 
C(4)-C(2) 

Bond angles (“) 
50.8( 1) P(l)-Mn(l)-MO(l) 
60.7( 1) C(ll)-Mn(l>-MO(l) 
94.4( 1) C(ll)-Mn(l)-P(1) 
53.9( 1) C(21)-Mn(l)---MO(l) 
72.9(l) C(21)-Mn(l)--P(1) 

103.5(2) C(21)--Mn(l)-C( 11) 
82.8( 1) C(22)-Mn( I)---Mo( 1) 

109.4( 1) C(22)-Mn( l)-P( 1) 
105.8(l) C(22)-Mn( 1 )-C( 11) 
36.9( 1) C(22)-Mn(lFC(21) 
83.6( 1) C(23)-Mn( l)-Mo( 1) 

129.8(l) C(23)--Mn(l)--P( 1) 
76.1(2) C(23)-Mn( l)-C( 11) 
62.3( 1) C(23)-Mn( l)-C(21) 
34.7(l) C(23)-Mn( l)-C(22) 
72.9( 11) C(l)-Mn(lFMo(1) 
95.7( 11) C(l)_Mn(lFP(l) 
99.1(10) C(l)-MnW-W 1) 

170.6(11) C(l)-Mn(WC(21) 
83.5(11) C(l)-MnW--C(22) 
87.6(11) C(l)-Mn(l)-C(23) 
23.8(11) Mn(l)-P(l)--MO(l) 
97.5(25) C(5)-C(3)-C(2) 

117.9(3) 
118.2(4) 
123.9(4) 

2.267( 1) 
2.507(4) 
1.776(4) 
1.838(4) 
1.790(4) 
2.346(4) 
2.023(36) 
1.841(3) 
1.829(2) 
1.431(5) 
0.955(38) 
1.392(6) 
1.517(5) 

56.1(l) 
42.5( 1) 
84.8(l) 

113.6(l) 
93.7( 1) 
82.7(2) 

110.5(l) 
165.7(l) 
81.2(2) 
87.7(2) 

1442(l) 
98.0( 1) 

172.4(2) 
90.1(2) 
96.2(2) 
51.6(l) 
74.7( 1) 
86.3( 1) 

164.6(2) 
101.2(2) 
101.2(2) 
73.1(l) 

125.3(4) 

3e is the weaker. It is also weaker in 3e than in 
the mononuclear manganese complex Mn(q3- 
C6HBMe)(C0)322 as indicated by the reduced 
Mn . . . H distance and the shift to higher field of the 
“agostic” hydrogen in the ‘H NMR spectrum of 
the latter complex. Thus a reduction in the Mn . . . H 
distance from 2.02(4) A in 3c to 1.84(l) 8, in 
Mn(q3-&H,Me)(CO), is accompanied by an 
upfield ‘H NMR shift from 6 -7.64 to - 13.7 (5- 
en&-methyl isomer). 

The “agostic” C-H group in 3c occupies the 

coordination site of the fourth carbonyl ligand in 
1: the other most significant changes in the coor- 
dination at the manganese atom compared to that 
in 1 are the replacement of the bridging hydride in 
1 by a semi-bridging carbonyl interaction, and the 
resultant movement back of CO(21) from the Mo- 
Mn vector ; the Mo-Mn-CO(21) interbond angle 
increases from the corresponding value of 89.8(2)O 
in 1 to 113.6( l>” in 3c. The semi-bridging nature 
of CO(ll) is indicated by the Mo-CO(l 1) and 
Mn-CO(ll) distances [1.944(4) and 2.507(4) A 
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respectively] and by the Mo-C(l l)-O(l 1) inter- 
bond angle [161.9(3)“]. The Mn centre in 3c is elec- 
tron poor, even if the agostic group is considered 
as donating two electrons so that the complex 
obeys the B-electron rule overall, and this electron 
deficiency is compensated for by the semi-bridging 
carbonyl ligand, the reduced Mn-P distance of 
2.267(l) 8, [compared to 2.294(2) A in l] and the 
short Mol_Mn bond distance of 2.800(l) A [com- 
pared to 3.088(l) 8, in l] which may indicate an 
Mo-Mn bond order of greater than one. The 
reduction in the Mo-Mn bond length is 
accompanied by a reduction in the bite angle at 
phosphorus [73.1(O)” in 3c compared to 8 1 .S(O)O in 
11. 

The ‘H NMR spectra of the complexes 3a-3c 
show in each case a high field resonance which may 
be assigned to an agostic hydrogen atom, indicating 
that the structure found for 3c in the solid state is 
maintained in solution. Thus for 3b this signal is at 6 
- 7.5 1 and the geometrical and electronic distortion 
introduced into the ally1 ligand as a result of the 
C . . . H . . . Mn interaction is reflected in the large 
geminal coupling constant between H5 and the syn 
hydrogen, H4, of 7.3 Hz, and in the unusually low 
coupling constant (for an anti hydrogen) of 6.3 Hz 
between H5 and the central ally1 hydrogen, H3. In 
contrast, the other anti hydrogen, H’, is coupled to 
H3 with a coupling constant of 10.2 Hz. The chemi- 
cal shifts of H3, 6 4.49, H’, 6 2.58, and the methyl 
substituent, Me’, 6 1.65, are within the range nor- 
mally observed for r73-allyl complexes. The syn 
hydrogen atom in 3b, H4, gives rise to a resonance 
at the unusually high field value of 6 -0.74 ppm. 
There is no indication from the crystal structure 
determination that H4 interacts directly with the 
Mn atom, and the high field shift is presumably 
associated with the agostic interaction in which the 
other hydrogen atom, H’, attached to the same 
carbon atom as H4, is involved. This may also 
account for the large 3’P-1H coupling constant for 
H4 of 168 Hz. 

The ’ 3C NMR spectrum of 3b shows four ’ 3C0 
resonances which may be assigned on the basis of 
their relative chemical shifts to a carbonyl ligand 
on MO and three carbonyl ligands on Mn. Two 
13C-‘H coupling constants for the carbon in the 
“agostic” C-H group of 162.7 and 123.5 Hz are 
observed, which may be compared with the cor- 
responding couplings of 167.7 and 163.3 Hz for 
the other terminal and central ally1 carbons. The 
reduced coupling constant for the agostic C-H 
bond of 123.5 Hz may be attributed to the reduction 
in electron density along the C-H vector as a result 
of interaction with the Mn centre. A similar 
reduction from ca 12&130 Hz to ca 75-100 Hz has 

been observed for agostic C-H bonds involving 
an sp3 hybridized carbon.” 

Complex 4b, a red crystalline material obtained 
in 10% yield in the direct reaction of 1 with 1,3- 
butadiene, was more conveniently prepared in 83% 
yield by treatment of a solution of 3b with CO 
followed by slow crystallization under CO. Loss of 
CO from 4b takes place readily even in the solid 
state at room temperature and 4b is converted 
essentially quantitatively to 3b when N2 is passed 
through a hexane solution of the complex. Satis- 
factory microanalytical data for 4b could not be 
obtained and the complex was characterized by its 
spectroscopic properties. Thus the ally1 resonances 
in the ‘H NMR spectrum of 4b are closely similar 
to those assigned to the exo isomer of the dimolyb- 
denum ally1 complex (r&H5)2M~2(~3-C4H7)(~- 
PPh,)(CQ 3. 23 Whereas in the dimolybdenum com- 
plex ‘H NMR signals due to an endo isomer are 
also observed, the spectrum of 4b indicates that 
only one isomer is present in solution. 

The yield of 4b relative to that of 3b is increased 
if the reaction of 1 with 1,3-butadiene is carried out 
at a lower temperature (see Experimental section). 
This suggests that the initial products of the reaction 
are 2b and 4b with subsequent formation of 3b by 
CO loss from 4b. Complexes 4a and 4c lose CO 
so readily that they are not present in detectable 
concentrations in the product mixtures formed on 
reaction of 1 with the appropriate dienes at room 
temperature, although low concentrations of 4a 
were detected by IR spectroscopy during the reac- 
tion of 1 with allene at 253 K. Saturation of a 
benzene solution of 3a at room temperature with 
CO gave an equilibrium mixture of 4a and 3a, with 
a ratio 4a : 3s of ca 3 : 2. Complexes 4a and 4c were 
only characterized by their IR spectra which are 
closely similar to that of 4b ; all attempts at isolation 
led only to their complete conversion to 3a and 3c 
respectively. 

The product ratio of Mn-ally1 to Mo-ally1 com- 
plexes formed in the reactions of 1 with dienes 
depends critically on the diene used, as shown in 
Table 3. The increased steric crowding at the MO 
centre compared to the Mn centre, as a result of the 
bulky cyclopentadienyl ligand at MO, could result 
in preferred attack of bulky dienes at Mn rather 
than MO. This may explain the higher proportion 
of the Mn-ally1 product formed on reaction of 1 
with l,l-dimethylallene (100%) as compared to the 
reaction with allene (85%). Steric effects are per- 
haps also important in the reaction of 1 with 2- 
methyl-1,3-butadiene, which results in two different 
ally1 ligands depending on the metal centre to which 
the ligand is coordinated. Thus the 1,l -dimethylallyl 
ligand on Mn in 2c is derived from attack of the 
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Table 3. Proportions of ally1 products formed on reaction 
of 1 with dienes at room temperature 

Diene 

Mn-ally1 Mo-ally1 
complex complexes 

2 3+4 

1 , 1-Dimethylallene 
Allene 
1,3-Butadiene 
2-Methyl- 1,3-butadiene 

100% 0% 
85% 15% 
21% 79% 
20% 80% 

hydride ligand on the more sterically hindered end 
of the diene, whilst the syn- 1,2-dimethylallyl ligand 
on MO in 3e is derived from attack on the less 
hindered end. On the other hand electronic as well 
as steric factors are known to be important in deter- 
mining the mode of metal hydride addition to sub- 
stituted butadienes in mononuclear complexes. 24 
Thus, for example, whereas HCo(CO), adds to the 
more basic double bond in 2-methyl-1,3-butadiene 
to give a I,l-dimethylallyl complex, the less acidic 
IrH(C0)2(PPh3)2 adds to the less basic double 
bond. 24 Clearly a much more comprehensive study 
would be needed to determine the relative import- 
ance of steric and electronic factors in the addition 
of dienes to dinuclear complexes such as 1. 

(b) Addition reaction of (&gH5)(CO)M~(,u-u : q4- 
C4H 7)01-PPh2)MWO) 3 (3b) 

Agostically bonded C-H ligands are usually 
readily displaced by two-electron donor ligands 
such as CO, PR3 and RNC.2s27 In the case of 3b, 
however, as described above, reaction with CO at 
room temperature and atmospheric pressure leads 
to an equilibrium in solution which favours the 
agostically bonded complex. Reaction of 3b with 
P(OMe), is more favourable to adduct formation 
but also fails to proceed to completion. Thus, 
addition of 1.3 equivalents of P(OMe)3 to a CDC13 
solution of 3b in an NMR tube results in the near 
instantaneous formation of a red complex in solu- 
tion, formulated on the basis of its ‘H NMR 
spectrum as (~-C5Hs)(CO)(~3-C4H7)Mo&-PPh2) 
Mn(CO),[P(OMe),] (5). The presence of two 
sets of five ‘H NMR signals in an intensity ratio of 
1: 1: 3 : 1: 1 due to the ally1 protons in 5 indicates 
that 5 exists in solution as a mixture of two isomers. 
The chemical shifts and coupling constants of the 
ally1 protons for both isomers of 5 are very similar 
to those of 4b and to those of the exe isomer of 
(~-CSH,)2M02(~3-C4H7)(yPPh2)(C0)3.23 The exo 

and endo isomers of the dimolybdenum complex 
show resonances with widely differing chemical 
shifts, suggesting that the isomerism of 5 is not of 
this type. A more likely explanation is that the two 
isomers result from the P(OMe), ligand in 5 occu- 
pying alternative coordination sites on the Mn 
atom. All four CO sites on the Mn atom in 4b are 
non-equivalent and there are thus four possibilities 
for the location of the P(OMe)3 ligand in 5 which 
cannot be distinguished on the basis of the available 
data. 

The reaction of 3b with a slight excess of P(OMe)3 
as above proceeds only ca 72% towards com- 
pletion, as judged by the ‘H NMR spectrum of 
the mixture. Addition of a total of ca 16 equivalents 
of P(OMe), results in the reaction going ca 95% 
towards completion. The reaction is, however, 
reversible as indicated by the slow reformation of 
3b on attempted TLC purification of 5. There was 
no evidence for loss of CO rather than P(OMe), to 
give P(OMe)3 substituted complexes analogous to 
3b. The ligand PPh, did not react with 3b over a 
period of 24 h but further studies are needed to 
determine whether this is due to steric or electronic 
factors. 

(c) Deprotonation of the p-ally1 complexes 3b and 
3c 

Reaction of 3b or 3c with an excess of LiBu” in 
THF leads to an air unstable orange-olive solution 
in each case, the IR [v(CO)] spectrum of which 
shows absorption bands shifted to lower frequency 
compared to 3b or 3e. Addition of excess CD3C02D 
to the solution formed from 3b and LiBu” gives 
monodeuterated 3b for which the ‘H NMR spec- 
trum reveals that the deuterium atom is located 
exclusively at the agostic site. On the basis of the 
IR spectra and the deuteration experiments it is 
proposed that the orange-olive solutions obtained 
on deprotonation of 3b and 3c contain respectively 
the anions [(q-C,HJ(CO)MO(L~-o : v~-C~H&- 
PPh,)Mn(CO),]- (6a) and [(tpC5H5)(CO)Mo(p- 
(r : ~3-CSH8)(~-PPh2)Mn(CO)~]V (6b) with the 
structures shown in Fig. 1. The bridging organic 
group in 6a and fib may be described as a p-ally- 
lidene ligand, with an q3-ally1 linkage to the MO 
atom and a n-bond to the Mn atom, although there 
are a number of other possible representations.” 
Similar bridging ligands have been identified in a 
number of other dinuclear complexes.2**2g~30 

The protonation of the anion 6a to give the un- 
charged complex 3b is closely related to the pro- 
tonation of (~-CSH5)2M02(&8Me8) to give [(q- 
GW2M02bGMe8H)I . + 21 Unlike the Mo2 com- 
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plex, however, there is no evidence that the agostic 
deuterium in [2H ,I-3b can migrate over the organic 
ligand. Thus the deuterium remains located at the 
same position on the ligand in [‘HI]-3b over long 
periods in an NMR tube in CDCl, solution at room 
temperature. Furthermore in [‘H,]-4b, formed on 
treatment of [2H ,)-3b with CO as previously 
described, the deuterium resides exclusively at the 
H’ position and no exchange is observed with H4. 

EXPERIMENTAL 

All reactions were carried out under an N2 atmo- 
sphere in N,-saturated solvents distilled from an 
appropriate drying agent and stored over 4 8, 
molecular sieves. Work-up procedures were gen- 
erally performed in air. The instrumentation used 
to obtain spectroscopic data has been previously 
described. l5 The ’ 3C spectra are ‘H gated deco- 
upled unless otherwise stated. ‘H and i3C chemical 
shifts are given in ppm relative to SiMe4 = 0.0 ppm. 
31P NMR chemical shifts are given relative to 
P(OMe)3 with upfield shifts negative. All NMR 
spectra were recorded at 293 K unless otherwise 
stated. Preparative thin layer chromatography 
(TLC) was carried out on commercial Merck plates 
coated with a 0.25 mm layer of silica. The complex 
(?-C5H5)(CO)2Mo(q-H)(~-PPh2)Mn(CO)4 (I) was 
prepared as previously described. l2 All other 
reagents were obtained from the usual commercial 
suppliers and used without further purification. 

Reaction of 1 with dienes 

(a) With allene at room temperature. Complex 1 
(0.114 g, 0.2 mmol) was dissolved in 30 cm3 hexane, 
10 cm3 benzene and the solution saturated with 
allene. Irradiation with UV light (Hanovia, medium 
pressure lamp) for 4 h at room temperature gave a 
dark red solution. After removal of the solvent on 
a rotary evaporator, the residue was dissolved in 
CH2C12 and applied to the base of TLC plates. 
Elution with hexane-CH,Cl, (3 : 1) gave, after 
removal of solvent on a rotary evaporator (highest 
R, value complexes first), 1 (0.010 g, 9%), dark 
red crystalline (q-C5H5)(C0)2Mo(,a-PPhz)Mn(q3- 
C,H,)(CO), (2a) (0.072 g, 62%) and orange 
crystalline (q-C5HS)(CO)Mo(p-a: q4-C3H5)@- 
PPh2)Mn(CO), (3a) (0.012 g, 11%) together with 
several other compounds in very low yields. 

Found: C, 51.3; H, 3.5. Calc. for (q-C,H,) 
(CO)2MoOl-PPh2)Mn(?3-C3Hs)(CO)3 (2a) (C25H20 
MnMo05P) : C, 51.6 ; H, 3.5%. Mass spectrum : 

m/e 554 [M-CO]+. IR(n-hexane) v,, (CO) : 
2034m, 1952sh, 1947m and 1877m cm-‘. NMR (J 
values in Hz): ‘H(CD,Cl,); major isomer (80%), 
6 7.6-7.0 (m, lOH, Ph), 5.05 (s, 5H, C5H5), 4.95 
(obscured,H3), 3.60(m, lH,H’),3.41 (m,J23 = 6.3, 
lH, HZ), 2.27 (d, J,3 = 11.2, lH, Hi), 1.06 (d, 
J35 = 12.7, lH, H’) ppm; minor isomer (20%), 6 
5.14 (s, 5H, C5H5), 4.60 (m, Ji3 = 11.9, J35 = 11.9, 
lH, H3), 3.60 (m, lH, H4), 2.90 (m, lH, HZ), 2.56 
(d, lH, H’) 2.51 (d, lH, H’) ppm. 13C (CDC13, 243 
K) ; major isomer, 6 243.9 (d, 2JPc = 23.5, lMoCO), 
236.6(s, lCO),235.5(~, lCO),216.5(d, 2Jpc = 13.0, 
lMnCO), 212.3 (d, 2Jpc = 13.3, lMnCO), 143.1- 
127.5 (m, Ph), 93.3 (s, CSH5), 89.3 (s, CH2CHCH2), 
48.5 (s, CH,CHCH2), 47.2 (s, CH2CHCH2) ppm; 
minor isomer, 6 236.0 (s, lCO), 215.9 (d, 2JPc = 10, 
lMnCO), 143.1-127.5 (m, Ph), 93.5 (s, CSH5), 89.8 
(s, CH2CHCH2), 49.5 (s, CH&HCH2), 48.3 (s, 
CH2CHCH2) ppm. 3’P (CDC13, 243 K); major 
isomer, 6 57.2 (s, p-PPh,) ; minor isomer, 6 54.8 
(s, p-PPh2) ppm. 

Found: C, 51.5; H, 3.6. Calc. for (q-C,H,) 
(CO)Mo@-a: q4-C3H5)@-PPh2)Mn(C0)3 (3a) (C24 
H20MnMo04P): C, 52.0; H, 3.6%. Mass spec- 
trum : m/e 554 lM]+ ; [M-nCO]+ (n = 2-4). IR (n- 
hexane) v,,(CO) : 2014s, 1938m, 1924m and 1840~ 
cm- ‘. NMR (J values in Hz): ‘H(CDC13), 6 7.7- 
7.2 (m, lOH, Ph), 5.14 (s, 5H, CSH5), 4.59 (dddd, 
J13 = 10.6, J23 = 6.7, J34 = 6.6,535 = 6.0, 1H,H3), 
2.53 (d, lH, HI), 1.64 (d, lH, H2), -0.57 (ddd, 
3JPH = 17.1, J45 = 6.4, lH, H’), -7.51 (dd, lH, 
H5) ppm. 

(b) With allene at 253 K. An identical procedure 
to that followed for the room temperature reaction 
was used. IR monitoring of the reaction solution 
indicated the formation of an additional product, 
(r&H s)(CO)(rl 3-C 3H 5)MoOL-PPh2)Mn(CO)4 (4a) 
the amount of which, in comparison to 3a, 
decreased as the reaction proceeded. However, on 
work-up of the mixture the product distribution 
was the same as in the room temperature reaction 
and no 4a could be isolated. 

(c) With l,l-dimethylallene. Complex 1 (0.114 g, 
0.2 mmol) and l,l-dimethylallene (excess) were 
used at room temperature as in (a) above to give 1 
(0.036 g, 32%) and dark red (q-C5Hs)(CO)2Mo(p- 
PPh2)Mn(q3-C5H9)(CO)3 (2e). Found : C, 51.3 ; H, 
3.9. Calc. for 2c (C27H24MnMoOSP): C, 53.1; H, 
3.9%. IR(n-hexane) v,,(CO) : 2026m, 1948s, 1942s, 
1918m and 1875m cm- ‘. Mass spectrum : m/e 596. 
NMR (J values in Hz) : ‘H(CDC13) ; major isomer 
(72%), 6 7.8-7.0 (m, lOH, Ph), 5.01 (s, 5H, C5HS), 
4.65 (dd, J35 = 12.2, J34 = 6.7, lH, H3), 3.68 (ddd, 
3JPH = 4.6, J45 = 2.9, lH, H’), 2.08 (s, 3H, Me’), 
1.36 (s, 3H, Me’), 1.26 (dd, lH, H5) ppm; minor 
isomer (28%), 6 5.12 (s, 5H, C5H5), 4.21 (dd, 
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as judged by IR monitoring, of ca 9 : 1. Prolonged 
exposure of the solution to CO did not lead to 
any change in the IR spectrum. Red crystal- 
line 4b (0.013 g, 84%) was obtained on slow 
crystallization of the above solution under CO. 

(c) Reaction of 3c with CO. Complex 3c (0.015 
g, 0.026 mmol) treated with CO as in (a) above, to 
give, after 18 h, a mixture of 4e and 3c in a ratio, 
as judged by IR monitoring, of ca 3 : 2 [IR for 4c 
(n-hexane) v_(CO) : 2049s, 1984m, 1963sh, 1958s 
and 1947m cm-‘]. As in (a), prolonged exposure to 
CO did not alter this ratio and led only to the 
slow formation of new products ; attempted TLC 
separation of 4e and 3e was unsuccessful due to the 
slow conversion of 4c to 3c. 

(d) Conversion of 4b to 3b. Complex 4b (0.012 g, 
0.02 mmol) was dissolved in 15 cm3 hexane, 5 cm3 
benzene and the solution stirred at 291 K under Nz 
for 18 h to give 3b (0.01 g, 88%) as the only product 
on TLC separation. 

(e) Reaction of 3b with P(OMe)3. Complex 3b 
(0.006 g, 0.01 mmol) was dissolved in CDCl, (0.5 
cm3) in an NMR tube and P(OMe), (0.0015 cm3, 
0.013 mmol) added. ‘H NMR monitoring of the 
reaction showed the rapid but incomplete for- 
mation of two isomers of (q-CSH,)(CO)(q3- 
C,H,)Mo(p-PPh,)Mn(CO),P(OMe), (5) with a 
ratio 3b: 5 of ca 1: 3. Addition of a large excess of 
P(OMe)3 (0.018 cm3, 0.15 mmol) gave an equi- 
librium ratio of 3b : 5 of cu 1: 20. Attempted TLC 
separation of the complexes failed due to the slow 
conversion of 5 to 3b on the plates. 

Spectroscopic data for (q-C,H,)(CO)(q3-C,H,) 
Mo@-PPh,)Mn(CO)3[P(OMe)3] (5). NMR (J 
values in Hz) : ‘H(CDC13) ; isomer 1 (50%), 6 
7.8-7.0 (m, lOH, Ph), 4.93 (s, 5H, CSH5), 3.92 (ddd, 
J35 = 10.8, J,3 = 10.1, J34 = 7.0, lH, H3), 3.78 (d, 
3JpH = 10.6, 9H, OMe), 1.99 (dq, J,2 = 6.1, lH, 
H’), 1.66 (d, 3H, Me2), 1.37 (ddd, Jd5 = 4.5, 
3JpH = 2, lH, H4), -0.42 (ddd, 3JpH = 10.8, lH, 

Table 4. Summary of crystal data for 2a and 3e 

Empirical formula 
Molecular weight 
Crystal habit 
Crystal colour 
Crystal dimensions (mm) 
Cell dimensions (at 293 K) 

a (A) 
b (A) 
c (A) 
B(“) 

Volume (A’) 
Crystal system 
Space group 
Z 
Calculated density (g cm- ‘) 
F@‘O) 
Absorption coefficient (cm- ‘) 
Scan step width (“) 
No. steps in scan 
Scan time per step (s) 
Two-theta range (“) 
Index limits 
Total No. reflections collected 

No. unique reflex 
R(int) 
No. with F > b(F) 

Transmission factors 
max. 
min. 

Weighting scheme 

RQ 
RvQ 
Max. A/a for last cycle 

CzsH2,,MnMoOSP 
582.26 
orange 
block 
0.28 x 0.30 x 0.41 

11.422(l) 10.337(l) 
11.747( 1) 15.743(l) 
18.220(l) 15.281(l) 
100.83( 1) 102.49( 1) 
2401 2428 
monoclinic monoclinic 
F21lc F2 ,Ic 
4 4 
1.61 1.59 
1168 1176 
10.81 11.49 
0.04 0.04 
24 24 
0.5-2.0 0.52.0 
5-50 5-50 
*h, +k, +1 +h, -k, +1 
9390 9413 
4234 4281 
0.027 0.041 
3799 3772 

0.751 0.835 
0.654 0.620 
2.8061 3.9351 
[a’(F) + 0.0005F’) [a’(F) +0.0005F2] 
0.036 0.037 
0.040 0.042 
0.70 0.04 

C,,H2,MnMo0,P 
582.30 
red 
rectangular block 
0.17 x 0.20 x 0.53 
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H’); isomer 2 (50%), 6 4.90 (s, 5H, CSH5), 3.77 
(obscured, H3), 2.26 (dq, J13 = 10.1, Jlz = 6.2, lH, 
Hi), 1.74 (d, 3H, Me’), 1.09 (ddd, J34 = 7.0, 
Jd5 = 4.5, 3JPH = 2, lH, H4), -0.27 (ddd, 3JPH = 
10.4, J35 = 10.4, lH, H’) ppm. 3’P(CDC13), 
6 54.9 [m, P(OMe)3], 37.3 [m, P(OMe),], 
29.0 (m, p-PPh2), 23.5 (m, p-PPh2) ppm. 

(f) Attempted reaction of 3b with PPh3. Complex 
3b (0.006 g, 0.01 mmol) and PPh3 (0.021 g, 0.08 
mmol) were dissolved in benzene (10 cm3). IR and 
TLC monitoring over 24 h showed that no reaction 
had occurred. 

except the ally1 group in 2a, assigned anisotropic 
thermal parameters. Phenyl, methyl and cyclo- 
pentadienyl hydrogens were fixed in idealized pos- 
itions and refined with common isotropic tem- 
perature factors. Other hydrogen atoms were 
directly located and refined freely with isotropic 
temperature factors. Details of crystal data and 
data collection and refinement parameters are given 
in Table 4.* 
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Abstract-Some members of the family of coordinatively unsaturated rhodium hydride 
dimers of the formula [{R2P(CH2),PR2}Rh]2@-H)2 (la: n = 2, R = Pi; lb: n = 3, R = pi) 
were found to react stoichiometrically with olefins and dienes. The reactivity towards olefins 
is influenced by the steric properties of the ancillary bisphosphine ligand. Compound la 
reacts with a variety of simple olefins to yield binuclear bridging alkenyl-hydride complexes 
of the formula [(dippe)Rh]2@-~2-a-RC--CH(R)@-H), whereas lb, which incorporates the 
more sterically bulky dippp ligand, reacts only with ethylene. The p-alkenyl ligand in these 
complexes exhibits the well known “windshield wiper” fluxionality, with a AG$ of 12.2(2) 
kcal mol-’ found for [(dippe)Rh]2(~-~2-o-H~HJ@H), 2a. The proposed mechanism 
for these reactions involves a dehydrogenation of the dihydride by one equivalent of olefin, 
followed by reaction of a second equivalent of alkene with the transient [(P2)Rh12 d9-d9 Rh(0) 
dimer. Dihydrides la and lb also react with 1,3-dienes (butadiene, isoprene and piperylene) 
to afford binuclear products. Two distinct bonding modes for the diene ligand are found : 
a p-q4-a mode, and a p-q3-q3 mode in which the diene ligand is partially sandwiched between 
the two metal centres. The distribution of products is governed by the steric requirements 
of both the chelating phosphine ligand and the diene. In some cases, mononuclear methyl 
substituted ally1 complexes are produced either as side products, or as the major products. 
The binuclear compounds may alternatively be synthesized via reaction between the 
chlorobridged dimers [{R2P(CH2),PR2}Rh]2(~-C1)2 (n = 2,3 ; R = P8) and magnesium 
diene reagents ; indeed this route provides an avenue to compounds not accessible via the 
dihydrideldiene reaction. 

Small unsaturated hydrocarbon molecules such as 
olefins and dienes react with mononuclear tran- 
sition metal hydrides with fairly predictable results. 
With olefins, metal alkyls are the kinetic products 
while with dienes, ally1 derivatives can be obtained. 
The conversion of a mononuclear metal hydride to 
a metal alkyl or an ally1 by reaction with respec- 
tively, an olefin or a diene, constitutes one of the 
fundamental processes involved in organometallic 
chemistry,’ namely olefln insertion. Other fun- 
damental processes that are known for mono- 
nuclear systems are /?-elimination, oxidative addi- 
tion/reductive elimination and migratory CO 

t Author to whom correspondence should be addressed. 

insertion/deinsertion. A knowledge of these basic 
stoichiometric transformations is crucial to the 
optimization of the corresponding catalytic cycles 
involved in the homogeneous hydrogenation of 
these hydrocarbon molecules.’ 

With polynuclear metal hydrides, the reaction of 
these simple hydrocarbons is not so predictable. In 
fact, there is no corresponding library of fun- 
damental processes with which to model trans- 
formations at complexes with more than one metal 
centre. It may well be that the same fundamental 
processes detailed for mononuclear systems above, 
hold for polynuclear metal derivatives either acting 
in parallel at each metal centre or in series at sep- 
arate metal centres. A more exciting possibility 
is that new primary processes,3 pertaining only 
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to polynuclear metal systems, are required to 
adequately explain observed transformations. For 
example, a hydrocarbyl ligand bridging two or more 
metal centres may undergo a rearrangement that is 
not possible for a mononuclear metal complex and 
more importantly, that is not describable using the 
aforementioned primary processes. 

Our approach to examining the primary pro- 
cesses associated with polynuclear metal complexes 
was to take a simple, well defined system involv- 
ing two metal centres and examine the reactions 
with unsaturated hydrocarbons. Our rationale was 
straightforward : since a derivative with two metals 
is the simplest type of polynuclear metal complex 
possible, complexity associated with higher clusters 
can be avoided. In addition, we had access4 to 
binuclear complexes with hydride ligands and thus 
allowed comparison to mononuclear metal 
hydrides. The family of coordinatively unsaturated 
rhodium hydride dimers of the formula 
[{R,P(CH2).PR2}Rh]Z(p-H)z (la : n = 2, R = Pr’; 
lb: n= 3, R=Pr’; lc: n = 2, R=OPr’) provide a 

la 

\,,/“\,,lP 
p/ ‘H’ 1, 

do' 'O'Pr 

and W. E. PIERS 

olefins leads to the formation of bridging alkenyl- 
hydrides as shown in eq. (1). The scope of this 
reaction appears to correlate with the steric and 
electronic properties of the ancillary chelating 
phosphine ligand. For example, complex la, 

[(dippe)Rh]z@-H)z (dippe = l,Zbis(diisopropyl- 
phosphino)ethane) having the five-membered 
chelate rings, reacts with simple terminal olefins 
and internal olefins, but does not react with 
bulkier olefins such as t-butylethylene and cyclic 
olefins such as cyclooctene. Presumably, approach 
by these olefins to the reactive Rh2(p-H)2 core is 
impeded by the isopropyl substituents of the dippe 
ligands. The complex lb, [(dippp)Rh]&H), 
(dippp = 1,3 - bis(diisopropylphosphino)propane6), 
which has the six-membered chelate rings, only 
reacts with ethylene to generate the corresponding 
vinyl-hydride complex 2b. This reaction is quite 
slow requiring l-2 h to proceed to completion ; by 
contrast, the reaction of la with ethylene proceeds 
within minutes even at - 20°C. The larger bite angle 
of the dippp7 ligand as compared to the dippe’ could 

versatile set of starting materials. In this sym- 
posium-in-print, we detail the reactivity of these 
binuclear rhodium hydrides with olefins and dienes. 

RESULTS AND DICUSSION 

Ole$ns 

As was reported earlier,’ reaction of these 
binuclear rhodium hydride complexes with simple 

PiO’ ‘O’Pr 

lb 

1c 

conceivably force the isopropyl substituents to be 
in closer proximity to the RhZ&-H)Z core, thereby 
retarding olefin approach. Alternatively, the differ- 
ence in reactivity of these two binuclear complexes 
might be electronic in nature since it has been 
shown8 earlier that the P2 bite angle can dra- 
matically affect the energy of the HOMO in certain 
d9 complexes. Evidence that electronic effects are 
important comes from the attempted reaction of 
olefins with lc, [(dipope)Rh]l(p-H)z (dipope = 
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olefin 

olefin 

la n=O ethylene R’=R2=H; n=O 2a 

lb n=l propene 
Rl=H; R2 =CX-&; n=O 

R’=CH,; R2=H; n=O 

1 -hexene R’=H; R2=C4Hp; n=O 

R1=C,H,; R2=H; n=O 

trans-butene R’=H; p=C2HS; n=O 
R’=C,H,; R2=H; n=O 

RI-CH,; R2=CH3; n=O 

cisQ-pentene 
R’=H; R2=C3H7; n=O 

Ri =C,H,; R2=H; n-0 

R1 = CH,; R2 = C,H,; n = 0 

ethylene 
R’ = C,H,; R2 = CH,; n = 0 

2b 
R1=R2=H; n=l 

Eq. (1) 

1,2-bis(diisopropoxyphosphino)ethane), the cor- 
responding complex with electron-withdrawing 
substituents on the phosphorus donors ; with this 
derivative, there is no measurable reaction with 
ethylene or any other mono-olefin. A similar result 
was reported lo for the related binuclear complex 
[{PriO)3P}$h]2(~-H)2 having the monodentate, 
electron-withdrawing phosphite ligands. 

The reaction of [(dippe)Rh]z(p-H)2, la, with sub- 
stituted olefins, generates isomeric products in 
approximately 1: 1 ratios.’ As shown in eq. (l), the 
two isomers produced in the reaction with propene 
differ in the positioning of the methyl group of the 
ypropenyl ligand either being cis or geminal with 
respect to the a-bound rhodium atom. The E-iso- 
mer having the methyl substituent trans to the rho- 
dium was not detected, again presumably because 
the bulky isopropyl groups on the dippe ligand 
either destabilize this particular product or impede 
an intermediate in its formation. The use of internal 
olefins such as trans-butene or cis-2-pentene gen- 
erates a mixture of products with the major com- 
ponents being those expected of the corresponding 
terminal olefins, 1-butene and I-pentene, respec- 
tively ; although the internal alkenyl-hydride 
derivatives are detectable, clearly they react at a 
rate which is competitive with oleCn isomerization 
to the more reactive terminal olefins. Once again 
the steric requirements of this reaction are quite 
pronounced as judged by the decreasing rates of 
conversion as the olefin becomes more bulky. 

Alkenyl-hydri&$uxionality 

The solution behaviour of a bridging alkenyl 
ligand is well documented.5,9 In the binuclear rho- 
dium complexes described above, this so-called 
“windshield wiper” process (Fig. 1) equilibrates the 

H. 

Rh <-,, H’--Rh B 

u( 

H’ 

C-H 

Rh .y,> Rh 

Ir: 
H’ 

_...H -. 
Rh -\ z> Rh 

-. 
I! 

H” $ 

H _ 

H-c 
\ 

H-c 
\ 

H H 

Fig. 1. “Windshield wiper” process to explain the 
fluxional behaviour of the vinyl-hydride complexes 2a 
and 2b. The symmetrical transition state A is also shown. 
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two metal centres and exchanges the pairs of phos- 
phorus nuclei A and B, and C and D, rapidly at 
room temperature. A highly symmetrical transition 
state such as A in Fig. 1 is consistent with the 
high temperature limit for these derivatives. Further 
evidence for A is found in the one-bond carbon- 
hydrogen (i&J and carbon-carbon (i&c) coup- 
ling constants of the bridging vinyl ligand of the %!- 
labelled complexes 2a and 2b. In the fast exchange 
regime, the smaller ‘JC,H of 127 and 132 Hz for the 
a-C as compared to ‘JC,H of 148-151 Hz for the /I- 
carbon are suggestive of considerable sp3 character 
about C,. The observed ‘Jc,cs in 2a and 2b are 
about 6-8 Hz lower than those normally found in 
q4-bound diene complexes, but are of the same order 
of magnitude as the CI-Cz coupling constants found 
in early transition metal derivatives wherein the 
diene binds in the q4-o*-n fashion.” Therefore, it is 
reasonable to invoke that some single bond charac- 
ter is inherent in the C,-C, bond in the vinyl- 
hydrides 2a and 2b. 

At low temperatures, the slow exchange spectrum 
can be obtained. The 31P{‘H} NMR spectrum of the 

and W. E. PIERS 

dippe dineyl-hydride 2a shows four inequivalent 
phosphine environments (Fig. 2), completely in 
agreement with the ~(-$-a vinyl-hydride structure 
found in the solid-state. Simulation of this spectrum 
as an ABCDXY spin system (Fig. 2: A, B, C, 
D = 31P ; X, Y = io3Rh) shows that substantial 
coupling through three and four bonds exists via 
the hydride bridge between P1 and Pz (4JAB), 
Pi and Rhz (3JAy) and Pz and Rh, (3JBx). Such 
strong couplings through the bridge have been 
observed4(cL’2 previously in systems of the type 
[P,Rh]&-H)(p-X) where X = NR,, OR”. Pre- 
sumably these arise because the geometry around 
the metal is distorted through steric interactions 
between the X ligand and the proximate phos- 
phorus donors, such that the phosphorus nuclei cis 
to X are nearly tram disposed across the Rh-Rh 
vector thus enhancing magnetic communication 
between each side of the metal complex. 

As the temperature is raised, PI/P2 and P3/P4 
coalesce and decoalesce as complex multiplets of 
doublets (Fig. 2). A AG$ of 12.2kO.2 kcal mol-’ 
has been determined for this process in 2a and is 

- _ b 

I 

d 

155 $20 lb lC0 PPm 

Fig. 2. Variable temperature 31P{‘H} NMR (162.2 MHz, C,D,) spectra of [(doppe)Rh]&-$-o- 
CH=C!H&-H), 2a ; spectrum a : T = 333 K ; spectrum b : T = 283 K ; spectrum c : T = 203 K ; 

spectrum d : simulation of the low temperature limit (see Experimental for parameters). 
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slightly Iarger than the value of 10.3 kcal mol- ’ 
that was found’q3 for (CO), ,O~&H)(_WCH=CH,), 
but identical with the value reported for the com- 
plex (CO),(PPh,)Re,(fi-H)(p-CH=CH,). ’ 3 
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mation of the observed products are represented. 
The coordinatively unsaturated dihydride dimers 
must first react with the olefin to generate an olefin 
complex B which undergoes insertion, followed by 
binuclear reductive elimination to generate the 
binuclear rhodium(O) dimer C and one equivalent 
of alkane. The subsequent reaction with the second 
equivalent of alkene can follow path a or path b. In 
path a, the olefin coordinates to one metal centre 
of the dimer C, and the second metal centre acti- 
vates the vinylic C-H bond by an oxidative 
addition. This is the most commonly assumed path- 
wayI for the formation of alkenyl-hydride com- 
plexes. An intriguing alternative pathway is pre- 
sented in b wherein the olefin inserts into the metal- 
metal bond of the binuclear rhodium(O) dimer C to 
produce a bridging alkanediyl linkage in D which 
subsequently undergoes a binuclear /J-elimination 
to generate the observed products. Both pathways a 

Mechanism of formation 

The formation of the observed alkenyl-hydride 
products 2 from the starting dihydride precursors 1 
requires that two equivalents of olefin be con- 
sumed: one equivalent to &hydrogenate the dihy- 
dride dimers and the remaining equivalent to 
become the alkenyl-hydride unit. The use of the 
deuterium labelled complex, [(dippe)Rh]z(p-D)z, 
&la, and ethylene shows no incorporation of deu- 
terium into the vinyl-hydride product 2a, clearly 
consistent with this &hydrogenation step. 

In Scheme 1 possible mechanisms for the for- 

H H2C = CHR 
H\ /H 

Rh <, ‘33;;: Rh 4 H/“T;\~H..._ 

Rh\HGRh 

1 B 

II 
CH,CH,R 

CH,R 
I 

..C”,.._ 

Rh-Rh Rh-<, >Rh 

C 

I H2C = CHR 

H\ /H 
HHcIchR 
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I 
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H H 
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. 
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/ \ 
Rh Rh 

D 

path a 

c\ 

Rh\c Rh 
/ 

H..’ ‘H D 
Scheme 1. 
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and b are consistent with all of the labelling studies. 
Recent stereochemical studies14 on the reaction of, 
formally, HZC=CHP and “(C0),0s--Os(C0),” 
show that this process corresponds to a 2+2 
concerted cycloaddition to generate a diosma- 
cyclobutane derivative. In the mechanism shown 
in Scheme 1, path b also corresponds to a 2+2 
cycloaddition between the double bond of the olefin 
and the single bond of D, the binuclear rhodium(O) 
complex. Our attempts to determine the stereo- 
chemical course of the reaction of olefins with 
purported C using cis- 1 ,2-dz-ethylene and cis- 1,2- 
d,-propylene were thwarted by the scrambling and 
isomerization side-reactions. The use of tetrafluoro- 
ethylene as a possible trap for a species like D with 
a B-elimination stabilized 1,2-alkanediyl bridge was 
unsuccessful since the only product isolated from 
the reaction with [(dippe)Rh],@-H), la was the 
fluorobridged dimer [(dippe)Rh]&F),. 

While we have no evidence to distinguish between 
path a and path b, we have been able to follow 
the progress of the reaction in the early stages by 
running the reaction at low temperature. Thus the 
interaction of I-butene with the dippe dimer la 
at - 78°C generates an intensely magenta-coloured 
solution which by 3’P{ ‘H} NMR spectroscopy 
shows the presence of another species besides sig- 
nals for la and the diastereomeric butenyl hydride 
products. The four extra peaks are attributable to 
the intermediate B (Scheme 1) in which the olefin is 
$-bound to one of the rhodium centres. Raising 
the temperature in the presence of excess olefin, 
resulted in the disappearance of the signals due to 
this intermediate and the completion of the 
reaction. A similar intermediate has been detected’ 
in the reaction of la with 1,3-butadiene. The reac- 
tion of terminal olefins and even ethylene with the 

dippp dimer lb is so slow that this type of inter- 
mediate has never been observed. It is conceivable 
that an increase of the steric crowding about the 
inner Rh&H), core in lb, as discussed above, 
may hinder olefin coordination even at low tem- 
peratures. 

Dienes 

The reaction of the dimers la, lb and lc with 1,3- 
butadiene has been reported’s*‘6 but will be briefly 
recounted here. The dippe dimer la reacts quite 
cleanly with 1,3-butadiene to generate two isomeric, 
binuclear complexes of the formula [(dippe)Rh], 
* C4H6 as shown in eq. (2). The solution behaviour 
of this isomeric mixture is complex ;’ not only are 
the two derivatives [(dippe)Rh]&-H)(~-t14,-C,H,), 
3a and [(dippe)Rh]&rj’-t3-C4H6), 4a, in equili- 
brium above -20°C (by ‘H NMR spectroscopy), 
but the butadienyl-hydride core of 3a is itself 
undergoing intramolecular rearrangements on 
the NMR time scale. 

The analogous reaction of the dippp dimer, lb, 
generates only one binuclear product, the non- 
fluxional complex [(dippp)Rh],(~+r’-q3-C4H6), 4h, in 
approximately 60% yield along with 30% of mono- 
nuclear I-methylallyl complexes as shown in eq. (3). 
Both of the binuclear types of products are unusual 
and represent new binding and activation modes 
for 1,3-butadiene on two metal centres. In particu- 
lar, the derivatives 4a and 4b, having the pq3-q3- 
C4H6 are termed16 “ partial butadiene sandwich” 
complexes since the butadiene ligand is sandwiched 
between the two metal centres. 3’P(1H} NMR spec- 
troscopy is particularly diagnostic’ for each binding 
mode, given the symmetry of the individual com- 
plexes and the fact that the ,u-q4-a-C4H, core is 

AR* 
excess 

,.-- 
. . Rh’ 

a’ i 
: 

m 

. 

\ 
Rh’ 

4a 

(2) 

la 

Rh’ = Rh(dippe) 

Eq. (2) 
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lb 

..** 
. . Rh’ 

a’ ; 
I 

. m \ 

’ 4b 
Rh’ 

60% 

5 - 10 equivalents 
+ 

Rh’ = Rh(dippp) 

(3) 

Eq. (3) 

fluxional while the p-q3-q3-C4H6 unit is rigid on the 
NMR time scale. The reaction of the dipope dimer 
lc with 1,3-butadiene is totally different. Alkenyl- 
hydride complexes are formed in a similar way to 
those found by reaction of olefins with la and lb. 
These alkenyl-hydride derivatives are thermally 
sensitive particularly in the presence of excess buta- 
diene.” 

The X-ray crystal structures of the butadienyl- 
hydride complex 3a, having the five-membered che- 
late ring dippe ligands, and the sandwich derivative 
with the six-membered chelate ring dippp ligands 
4b, have been reported.7*‘5*‘6 Although in the dippe 
system the butadienyl-hydride form (,wq4-a-C4H5), 
3a, is more thermodynamically preferred in solution 
than the sandwich isomer (P-v~-~~~-C~H~), 4a, none 
of the former can be detected in the dippp system. 
The reason for this may be related again to the steric 
demands of the two chelating bidentate ligands. 
The solid-state structure of 3a indicates that the 
isopropyl groups of the dippe ligand on the a-bound 
rhodium centre are close to the dienyl-hydride core, 
and this in turn suggests that the dippp ligand 
having the larger chelate bite angle would place 
the isopropyl substituents even closer to the core 
ligands in the butadienyl-hydride isomer. Such is 
not the case from examination of the solid-state 
structure of the sandwich derivative 4b since in the 
bridging sandwich mode, the p-r73-t73-C4H6 moiety 
is placed between two skewed (dippp)Rh units. This 
destabilization of the dienyl-hydride form by steric 
crowding was suthciently intriguing to us that we 
examined the reaction of methyl substituted buta- 
dienes, namely isoprene (Zmethyl-1,3-butadiene) 
and piperylene (&/trans-1-methyl-1,3-butadiene), 
with the electron-rich, binuclear dihydride com- 
plexes la and lb. In addition, we also briefly exam- 
ined the effect of bulkier substituents on the phos- 
phorus donors using a new synthetic procedure with 
“magnesium butadiene”. 

Reaction of [(dippe)Rh]&-H), with isoprene and 
piperylene 

The dihydride la reacts readily with isoprene and 
piperylene, but the reaction times are significantly 
longer as compared to the analogous reaction with 
l,Zbutadiene, which is rapid even at - 20°C. 
Although shorter reaction times can be obtained 
by the use of excess diene, this also decreases the 
proportion of binuclear products. Optimal pro- 
duction of binuclear products with reasonable reac- 
tion times are possible with 5-10 equivalents of the 
diene. 

The reaction with isoprene is summarized in eq. 
(4). A syn/anti mixture of the mononuclear 2,3- 
dimethylallylrhodium complexes is obtained as the 
major product with the binuclear isoprenyl-hydride 
derivatives 5a/5a’ as the minor component ; the best 
ratio of mononuclear to binuclear products is 
approx. 4 : 1. Unfortunately, the binuclear com- 
plexes could not be separated from the mono- 
nuclear dimethylallyl products by fractional crys- 
tallization or chromatography and this compli- 
cated NMR analysis. Although we could not de- 
tect any of the binuclear isomeric isoprenyl sand- 
wich derivative [(dippe)Rh]z@-~3-~3-C5HJ, at best 
we can say that there is less than 10% since this is 
probably the limit of detectability given the complex 
pattern of overlapping signals. The complexity of 
the spectra also precluded meaningful data from 
13C and 3’P spectra ; however, from the variable 
temperature ‘H{ 3’P} NMR spectra, we were able to 
observe that the isoprenyl-hydride species, 5a/5a’, 
are fluxional and apparently interconvert between 
the two possible diastereomeric forms as shown in 
eq. (4). Support for this comes from the hydride 
resonance at -8.34 ppm that appears as a broad 
triplet (with broad-band 3*P decoupling) at ambient 
temperatures ; as the temperature is lowered the 
pattern becomes more complex, consistent with two 
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// I, 
5 = 10 equivalents 

80% 

Syn:Anti = 3:2 

+ 

(4) 

Rh’ = Rh(dippe) 
\ 5aEia’ 

Eq. (4) 

species both having inequivalent ro3Rh nuclei invoke a process to exchange both rhodium centres 
coupled to the bridging hydride ligand. Other res- and both ends of the isoprenyl ligand, all of which 
onances downfield were observed, in particular, a require substantial bond-breaking and bond- 
doublet at 1.5 ppm is attributed to the methyl group making. One possible process is shown in Scheme 
on the isoprenyl ligand ; as the temperature is 2 and is a modification of a process already pro- 
lowered, this doublet broadens and sharpens into posed by us to explain the fluxionality of the buta- 
two doublets of equal intensity again consistent dienyl-hydride 3a and its conversion to the buta- 
with the slow exchange limit for the diastereomeric diene sandwich complex 4a. Dissociation of one end 
isoprenyl-hydride complexes 5a/5a’. Other res- of the isoprenyl ligand followed by a “windshield 
onances were observed to broaden and coalesce, wiper” process (see Fig. 1) inter-converts the two 
but we have been unable to assign these peaks with rhodium centres on any one particular diastereo- 
certainty. Nonetheless, to explain the rearrange- merit isoprenyl-hydride complex 5a. To intercon- 
ments in the high temperature limit, one must vert the diastereomers, we suggest a binuclear 

I- 

= Rh-Rh - WI--Rh - 
Rl-R 

..,,, ,fi=TRh = R/$ =,$fj ,.... 

Ii H 

Scheme 2. 
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..*’ 
..a ?h: 

,* : 

/3 
’ ’ 

(ix (Zajor 
5 - 10 equivatents 

@ ml l j$i.,a, 

(5) 

Rh'= Rh(dippe) 

Eq. (5) 

10 - 15% allyls 

reductive elimination of the hydride and the iso- 
prenyl ligands to generate an q4-isoprene ligand 
bound to a formally Rh(0) dimer. By analogy to 
Scheme 1, the C-H bond can be cleaved either by 
oxidative addition or by insertion of one of the 
double bonds of the isoprene unit into the Rh-Rh 
single bond, followed by a binuclear b-elimination. 

The reaction of [(dippe)Rh],&-H)z, la, with 
piperylene was more straightforward and is sum- 
marized in eq. (5). The binuclear products are now 
the major components with the mononuclear sub- 
stituted-ally1 complexes spectroscopically observed 
in only 10-l 5% yield, The binuclear products are a 
4 : 1 mixture of the syn-piperylene sandwich 6a and 
piperylenyl-hydride diastereomers 7a/7a’ and can 
be isolated, as a mixture, in approximately 50% 
yield with only a slight contamination of the tena- 
cious ally1 side products. The behaviour of this 
mixture in solution is similar to that already dis- 
cussed for the prototype butadiene reaction ; the 
piperylene sandwich 6a is in equilibrium with the 
piperylenyl-hydride diastereomers 7a/7a’, but in 
this case the equilibrium favours the sandwich 
derivative. This observation is consistent with our 
analysis of the steric requirements of this reaction, 
since the presence of the methyl group at the l- 
position of butadiene has reversed the thermo- 
dynamic preference found for the (unsubstituted) 
butadiene reaction products with [(dippe)Rhh 

(P-H),, la. Unfortunately, we were unable 
to obtain an accurate ratio of the diastereomers 7a 
and 7a’ due to the complexity of the spectra. 

Reaction of [(dippp)Rh],@-H), with isoprene and 
piperylene 

The sluggish reactivity of [(dippp)Rh],(@-I),, lb, 
with unsaturated hydrocarbons has already been 
discussed in its reaction with ethylene. The cor- 
responding reaction with isoprene is also very slow 
proceeding over a period of 6-7 days to produce a 

mixture of exclusively mononuclear dimethylallyl 
complexes. As no binuclear products were ob- 
served, this reaction is not appropriate for discus- 
sion here. 

The reaction of the dippp dimer lb with cisltrans- 
piperylene also generates mononuclear substituted 
ally1 derivatives, but not exclusively ; also formed is 
the binuclear piperylene sandwich complex 6h in 
approximately 20% spectroscopic yield as shown 
in eq. (6). Separation of 6b from the complex mix- 
ture of ally1 complexes (at least five derivatives 
could be detected although not unambiguously 
assigned) was not possible but spectroscopic char- 
acterization of 6b was and there is no doubt of 
its formulation as the syn-piperylene sandwich 
complex. The corresponding piperylene-hydride 
isomers were not detected, in line with the desta- 
bilization of the dienyl-hydride isomer by sub- 
stitution on the diene. 

Alternate preparation : the “magnesium butadiene” 
route 

It is quite clear that the reaction of 1,3dienes 
with the electron-rich binuclear hydride complexes 
la and lb can be complicated by the formation 
of mononuclear ally1 side-products either as minor 
constituents or as the major components. Because 
of our interest in the binuclear products of these 
reactions, we examined other possible synthetic 
routes to these materials. One rational sequence 
which proved to be successful was the reaction of 
“magnesium butadiene”’ 7 (wg - C4H6 - 2THF],) 
with chlorobridged dimers of rhodium(I) as shown 
in eq. (7). Using this procedure, we have been able 
to prepare7 binuclear compounds in very high yields 
with only a trace formation of the mononuclear 
ally1 side-products. Of particular importance is the 
fact that we can now access compounds for which 
the corresponding hydride dimer is not available ; 
for example, because [(dtbpp)Rh],b - H),, where 
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bb 

lb 

Eq. (6) 

THF 

(-MgCI,) 
: /i/7 : \ 

Rh 

(7) 

R 

su’ 8 

cyclohexyl 9 

Eq. (7) 

dtbpp = 1,3 - bis(ditertiarybutylphosphino)propane, 
is thermally unstable,18 reactions with dienes are 
not feasible. However, the “magnesium butadiene” 
route generates the corresponding butadiene 
sandwich complex [(dtbpp)Rh]&q3-q3-CqH6), 8, 
in excellent yield. The corresponding chelating 
phosphine with cyclohexyl substituents, dcypp = 
1,3-bis(dicyclohexylphosphine)propane, has also been 
utilized on rhodium(I) using this alternative route 
to produce the butadiene sandwich complex 
[(dcypp)Rh]&v3-q 3-C4H& 9 ; the relative insolu- 
bility of this latter derivative has precluded 13C{ ‘H} 
NMR data collection, although the 31P{1H) 
and ‘H NMR spectra are diagnostic for the sandwich 
formulation. The availability? of other “mag- 
nesium diene” reagents makes this an attractive 
procedure for more complex systems. 

t In fact, recently we have obtained the compound 
[(dippp)Rh1201-r13-‘3-C5Hs) from Kdippp)~l~oL-C~)2 and 
“magnesium isoprene”.20 This compound was unavail- 
able via the lb plus isoprene route, illustrating the utility 
of the magnesium diene synthesis. 

CONCLUSIONS 

The reaction of simple olefins with these 
binuclear rhodium hydride complexes appears to 
be under steric control in the formation of alkenyl- 
hydride derivatives. In fact, it is quite remarkable 
that chelate ring size has such an effect on the rela- 
tive rates of these reactions. In an attempt to for- 
mulate a mechanism for this process, we have sug- 
gested that an important step is insertion of an 
olefin into a Rh-Rh bond. Although speculative, 
such a transformation would constitute a new pri- 
mary process for polynuclear metal systems. 

In this work we have also outlined two new acti- 
vation modes for 1,3-dienes on a bimetallic frag- 
ment : (i) the bridging dienyl-hydride core repre- 
sented by p-q4-a-dienyl, which is remarkably 
mobile between metal centres, and (ii) the partial 
diene sandwich form represented by p-q3-q3-diene. 
These products are the result of the interaction of 
a 1,3-diene with a binuclear rhodium hydride de- 
rivative ; however, mononuclear ally1 derivatives are 
also sometimes formed as the predominant species. 
The use of the “magnesium butadiene” route 
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circumvents this and generates the binuclear com- 
plexes in excellent yields. We have already suggested 
a mechanism to account for the binuclear and 
mononuclear products of the reaction of 1,3-buta- 
diene with la and lb. What emerges from this study 
is the extent of rearrangement of the core in the 
dienyl-hydride isomers. Not only is there a process 
which exchanges both ends of the binuclear metal 
fragment (via the modified “windshield wiper” 
rearrangement), but a more complex process is also 
operative to exchange the ends of the dienyl unit. 
We suggest that this unique rearrangement involves 
both metal centres and requires that the 1,3-diene 
shunts from q4 to cis-~-#-r12 back to q4, but now on 
the adjacent metal (see Scheme 2). Such massive 
structural rearrangements are undoubtedly a result 
of the coordinatively unsaturated, electron-rich 
nature of the dirhodium core and bode well for the 
activation of other small organic molecules. 

EXPERIMENTAL 

General procedures 

The general procedures used in this work have 
been described in detail elsewhere.5,7 The dienes iso- 
prene and piperylene were purchased from Aldrich 
Chemical Co. (the piperylene came as a 90% mix- 
ture of cisltrans isomers, with 10% cyclopentene) 
and were dried over 3 A molecular sieves. They 
were then vacuum transferred into storage vessels, 
thoroughly degassed via the freeze-pump-thaw 
routine and stored in the dark. The ligands 
R2P(CH2)3PR2, (R = Pri,6 and cyclohexy12”) were 
prepared using literature procedures and for 
R = Bu’, Otsuka’s procedure was employed. 

Reaction of[(dippp)Rh],(yH), with ethylene 

A solution of lb (0.075 g, 0.10 mmol) in toluene 
(5 cm’) was loaded into a thick-walled reactor bomb 
equipped with a 5 mm Kontes needle valve. The 
vessel was attached to a vacuum line and degassed ; 
ethylene was then admitted to a pressure of 1 atm. 
A slow deep green to red colour change was 
observed over a period of 2-3 h. The toluene was 
removed under reduced pressure and the residue 
recrystallized from minimum hexanes, from which 
0.067 g (86%) of the deep red crystals of 2b 

TPANIC: Parameter Adjustment in NMR by Iter- 
ation Calculation. PANICis a minicomputer version of 
1argerxAOCOON type programs used with the Bruker 
Aspect 2000 software package. 

were isolated. ‘H NMR (C6D6, ppm): RhCH= 
CH,H,, 9.79 (m, JH, = 17.5 Hz, JH, = 9.5 Hz, 
JH_~3C = 132.4 Hz, additional couplings to three 
phosphorus nucleus, JP = 3.3, 3.3, 3.8 Hz); RhCH 
=CH,H,, 5.40 (m, JH, = 3.6 Hz, JH_+ = 148.3 
Hz, JP x 4 Hz) ; RhCH=CH,H,, 4.53 (dd, 
JH_lsC = 151.9) ; CH(CH3)2, 1.8-2.2 (3 br over- 
lapping d of sp) ; CH(CH,), and PCH,CH,CH,P, 
1.0-1.6; Rh--H-Rh, -9.76 (m). 13C{‘H} NMR 
(C6D6, ppm) : Rh’3CH=‘3CH 2, 201.7 (m); 
Rh’ 3CH=‘3CH2, 69.6 (d, Jc4 = 35.4 Hz) ; ligand 
resonances, 18-32. Anal. Calc. for C32H72P4Rh2 : C, 
48.85; H, 9.24. Found: C, 48.89; H, 9.15%. 

Spectral simulation of the low temperature limit 
spectrum of 2a 

The simulation of the 31P{1H) NMR spectrum 
for 2a at -70°C was carried out using the program 
UBCPANIC.? Using measured coupling constants, 
a close fit was obtained by manual iteration. A line 
width of 7 Hz was used to obtain the calculated 
trace found in Fig. 2(d). Chemical shift and coup- 
ling constant assignments are based on the fol- 
lowing spin system : 

*\ LAB )4; / xy/y\ D 

Chemical shifts: iSA = 114.5; aB = 115.9; 6c = 
110.5; 6,, = 121.8 ppm. 
Coupling constants : JAB = 15.8; JAC = 22.2 ; 
JAD = 0.0; JAx = 196.1; JAy = 6.0; JBC = 0.0; 
JBD = 25.0; JBx = 25.0; JBY = 162.8; J,-D = 0.0; 
JCx = 123.9; JCu = 0.0; JDx = 7.5; JDy = 160.9; 
JxY = 4.0 Hz. 

Reactions of [(dippe)Rh],&-H), and [(dippp)Rh], 
&-H)2 with tetrafluoroethylene 

An identical procedure was employed for both 
of these reactions. The hydrides (la or lb) were 
dissolved in toluene and loaded into a small, thick- 
walled reactor bomb equipped with a 5 mm Kontes 
needle valve. The vessel was attached to a vacuum 
line, and about 5 equivalents of tetrafluoroethylene 
were vacuum transferred into the bomb. The reac- 
tion was immediate for la, while lb took about 0.5 
h to react completely. The solids isolated had very 
similar ‘H NMR spectra to the chlorobridged 
dimers [(dippe)Rh],@-Cl), and [(dippp)Rh],@- 
C1)2,7 and the 31P{1H} spectra consisted of a com- 
plex multiplet indicative of the AA’A”A”‘MM’XX 
spin system expected for the fluorobridged dimers 
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[@we)fil&F)~ and Kdippp)Rhlz(p-F)z. Data 
for K~P~WMP-F)~ : ‘H NMR (C,D,, ppm): 
CH(CH&, 1.90 (br m) ; CH(CH,),, 1.49, 1.18 (dd, 
3JH = 7.6,6.4Hz, 3JP = 14.4,13.6 Hz) ; PCH$H,P, 
0.92 (m, ‘JP = 9.2 Hz). 31P{‘H} NMR (C6Ds, ppm 
referenced to P(OCH& at 141 .O) : 109.1 (m). Data 
for WPPP)R~I&F)Z : ‘H NMR (C6D6, ppm): 
CXYZ(CH~)~, 1.90 (br m) ; CH(CH,),, 1.52, 1.25 (dd, 
3J,., = 7.2, 7.2 Hz, 3JP = 13.2, 12.0 Hz); PC& 
CH,CH,P, N 1.4 (partially obscured) ; PCH2 
CH2CH2P, 0.75 (br m). 31P{1H} NMR (C6Ds, ppm 
referenced to P(OCH3)3 at 141.0): 59.3 (m). Anal. 
Calc. for C3&168P4F2Rh2 : C, 45.24 ; H, 8.60. Found : 
C, 45.60 ; H, 9.00%. 

Reaction of[(dippe)Rh],@-H), with isoprene 

A solution of la (0.10 g, 0.14 mmol) in toluene 
(10 cm’) was loaded into a reactor bomb and 
degassed on a vacuum line. Approximately 10 equi- 
valents of isoprene were then introduced into the 
system, and the reaction was stirred at room tem- 
perature until the green to orange colour change 
was complete (4-6 h). The solvent was removed in 
uacuo to leave 0.110 g (* 95% by mass balance) of 
an orange oil consisting of a syn: anti mixture 
of 1,2-dimethylallylrhodium(I)dippe compounds 
(80% by NMR), and about 20% of the equili- 
brating binuclear isomers 5a and 5a’. ‘H NMR 
(CDs, ppm), sun-1,2_dimethylallylrhodiumOdippe: 
CH,(H,), 3.40 (s); CHJCH,), 3.07 (m, JCH, = 6.4 
Hz, JP = 4.0 Hz) ; CH,(H,), 2.37 (s) ; CCH,(H,), 
2.09 (dt, JP = 4.8 Hz); C-(X3, 1.65 (d, JRh = 
1.5 Hz). ‘H NMR (CDs, ppm), anti-1,2-di- 
methylallylrhodium(I)dippe : CHJCH,), 4.38 (m, 
J = 6.8 Hz) ; CH,(H,), 3.41 (s) ; CH,(H,), 2.32 
(::;r = 7.4 Hz) ; C-CH,, 1.63 (d, JRh = 1.6 Hz) ; 
CCH,(HJ, 1.32 (m). ‘H NMR (CDs, ppm) : broad 
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signals for dienyl protons appear at 5.90 and 2.63 
ppm at ambient temperature ; C-CH,, 1.5 (d, room 
temp.) ; 1.6, 1.4 (d, J = f&8 Hz, - 70°C) ; Rh- 
H-Rh, -8.36 (br m). Analytically pure samples 
were unobtainable. 

Reaction of [(dippe)Rh]z@-H)2 with piperylene 

A procedure analogous to that .described above 
for the reaction of la and isoprene was employed. 
This reaction took 4-5 h for completion, and pro- 
duced 0.045 g (42%) of a solid consisting of a mix- 
ture of the binuclear products 7a and $a, as traces 
of contaminating mononuclear ally1 products. ‘H 
and 13Cf1H} NMR data for 6a are included in 
Tables 1 and 2. 31P{1H) NMR (C6D6, ppm refer- 
enced to P(OCH3)3 at 141.0), 6a: 102.9 (dm, 
JR,, = 239.3 Hz) ; 96.2 (dm, JRh = 240.1 Hz) ; 88.5 (2 
overlapping dm, JRh z 187-193 Hz, 2P). ‘H NMR 
(CsD6, ppm), 8a : dienyl proton resonances at 3.98 
and 5.77 (br m, ambient temp.) ; Rh--H-Rh, 
-7.83 (m, JR,, = 25.1 Hz). 31P(1H} NMR (C6D6, 
ppm referenced to P(OCH3)3 at 141.0): 94.8 (d, 
J RhCavj = 167.8 Hz). 

Reaction of [(dippp)Rh]z(p-H)s with piperylene 

An analogous procedure to that described above 
for the reactions of la with isoprene and piperylene 
was employed. An oily, extremely soluble (hexane) 
orange solid was obtained (91% by mass balance), 
consisting of a complex mixture of 1,3-dimethyl- 
allylrhodium(I)dippp, and 1-ethylallylrhodium(1) 
dippp isomers, as well as the binuclear product 
6h (20% by NMR). ‘H and 13C(1H} NMR data 
for 6b are included in Tables 1 and 2. 31P(‘H) 
NMR (CsD6, ppm referenced to P(OCH,X at 

Table 1. ‘H and 13C{ ‘H} NMR data” for the partial sandwich compounds 4a/b, 6a/b, 8 and 9 

Compound R HI HZ H3 

4a H 0.75 2.66 4.85 

4b H 0.87 2.65 4.78 

6a CH3 0.95 2.59 4.71 

6b CH3 0.65 2.32 4.57 

8 H 0.86 2.98 4.90 

9 H 0.73 2.56 4.79 

H3 b c H4 

H2 I-t 
a dR 

HI HS 

H4 H5 CH3 C, Cb G cd 

40.0 63.2 

37.9 60.2 

4.93 1.61 2.00 37.6 56.5 67.4 so.5 

4.71 -e-b 2.03 36.8 57.2 66.5 48.6 

39.5 60.1 

___.b 59.8 

aPPM, CT&. bgignd obscured by ligand resonances and/or impurities 
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Table 2. Cotipling constants” in partial diene sandwich complexes G 

‘. 

H2 

HI HS’ 
.: 

Comm R J12 J13 Jzl J33’ J3.4 J4.5 Js.M~ J,I.P Jaah Jbs Jcs’ J dP Jd.& 

4~3 H 4.0 10.3 __._b ___b 36.5 10.5 19.8 ’ 

#I H 3.9 10.8 6.6 4.5 35.0 10.0 18.0 ‘, ., 

6a . . CH3 4.5 12.4 6.4 5.2 11.2 5.6 37.2 9.1 21.6 19.3: 44.1 10.6 

6b CH3 3.2 12.0 6.2 4.4 11.1 5.6 35.2 10.1 ---c 19.4. 36.5 10.4 . 
’ 8 H 3.8 10.4 6.3 4.0 353 ‘ 10.0 16.0 ,., .- 

9 H 3.9 10.0 6.3 4.2 __A _.._c 18.2 . . 
_ . 

aHertz. bUnobtainable due to pcor resolution. CSigml obscured by ligand’resonanccs andh impurities. . . 

141.0): 54.7 (dm, Jm = 235.0 Hz); 48.6 (dm, JRh 
* 234.8 Hz); 35.3 (2 overlapping dm, JRh z 152- 
158 Hz). 

Synthesis of[(dcypp)Rh]&Cl), 

To a vigorously stirred suspension of [(COD) 
Rh]&-Cl), (0.250 g, 0.51 mmol) in THF (30 cm3) 
was added in one portion, a solution of 1,3- 
bis(dicyclohexylphosphino)propane, dcypp (0.442 
g, 1.02 mmol) in THF (10 cm’). The disappearance 
of all soljd [(COD)Rh],@CI), along with a deep- 
ening of the orange colouring of the solution was 
followed by precipitation of the bright orange pro- 
duct. The product suspension was reduced in volume 
to 40 cm.! and cooled to - 30°C to complete product 
precipitation. The product was collected on a fine 
porosity frit, and washed with three 15 cm3 portions 
of cold hexanes (0.522 g, 0.45 mmol, 89.7%). ‘H 
NMR (C6D6, ppm) : ligand resonances, 0.9-2.1 (br 
m). 3’P{1H) (CsDa, ppm referenced to P(OCH3)3 at 
141.0): 35.37 (d, JR,, = 187.6 Hz). Anal. Calc. for 
C54H,ooP4ClzRhz : C, 56.40 ; H, 8.76. Found : C, 
56.09 ; H, 8.70%. 

&&es& of[(dtbpp)Rh],(@l), 

To a stirred suspension of [(C,H4),Rhh@-Cl), 
(0.250 g, 0.64 mmol) in THF (50 cm3), was added 
dropwise a solution of 1,3-bis(ditertiarybutylphos- 
phino)propane, dtbpp (0.429 g, 1.28 mmo!) in 
THF (5 cm3) over a period of 5 min. A deep red 
solution resulted, which was allowed to stir for 
J5 min before removal of the THF in uacuo. The 
remaining red powder was washed with two 10 
cm’ portions of cold hexanes and isolated by fh- 
tration (0.526 g, 87%). ‘H NMR (C6D6, ppm): 

. 

C(CI-I,),, 1.53 (d, Jp = 12.0 Hz) ; CH&H&&, 
1.3 1 (br m3 JH ,= 7.6 Hz), CH2CH2CH2, 1.09 (br m). 
31P{ ‘H} NMR (C6D6, ppm refe$enced to P(CCH& 
at 141.0) : 52,99 (d, JRh,= 197.7:Hz). 

. : 

Synthesis ofI(dtbpp)Rh32(~-~3-r3-C4Hd 

A solutionof [(dtbpp)Rh]&~l), (0.040 g, 0.043 
mmol) in THf; (15 cm’), was cijoled to - 30°C. A 
similarly co&d suspension o& magnesium buta- 
diene (0.011 g, 0.049 mmol) in THF (2 cm3) was 
added dropyvise to the deep red rhodium solution. 
Upon wart@@, this red colot@ng gave way to an 
orange-yelIox@ solution, which&as pumped down, 
extracted with 3 x 15 cm3 portions of hexanes, and 
filtered thrqugh a cehte pad. The hexane solution 
was concentrated to about 5 cq3 and cooled. The 
product was collected as b&&t’ yellow crystals 
(0.034 g, 87.2%). 3’P(‘H) NI@ (C6D6, ppm ref- 
erenced to P(OCH3)3 at 141.0) :.PA, 67.43 (d of m, 
&h = 236.2, Hz) ; Px, 47.88 (dd, JAB = 24.0 Hz, 
&,, = 183.1.H~). ./ 

Synthesis of[(dcypp)Rh]&q3-q3-C4H6) 

A THF suspension of [(dcypp)Rhh(~-Cl), (0.185 
g, 0.16 mmol) and magnesium Qutadiene (0.045 g, 
0.20 mmol), were loaded into a reactor bomb and 
stirred at 70°C until the suspension went clear (OS- 
1 h). The resulting orange sohttion was pumped 
down and extracted with 3 x q cm3 portions of 
hexanes. Concentration of this. solution resulted in 
the ‘precipitation of a yellow powder which was 
collected on .a, fine porosity frit (0.162 g, 90%). 
Approximately 5% of this poqder was l-methyl- 
ally1 derivatives which was inseparable from the 
main product. 
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Scheme 1. 

reactions proceeded qualitatively in the same 
manner, certain differences were noted. In particu- 
lar, (i) alkyne adducts of type I were not isolable, 
though. (Pri0)4Wz~-CSiMeJ2($-*C~H~) was de- 
tectable by low temperature 13C NMR spectro- 
scopy (*C represents 92.5 atom % 13C) and (ii) 
the rearrangement within the C(R)C(R’)C(SiMe3) 
ligand was notably slower for X = OPr’ than for 
X = CH$iMe,. 

In .this paper we describe quantitative studies of 
the reaction involving (PriO)4W2(@SiMe3)z and 
Me,SiC=CH and compare these to related find- 
ing? for (Me3SiCHz),W2(‘@SiMe3)2. We further- 
more present a comparative study of the p-C(R) 
C(R’)C(SiMe3) scrambling as a function of the 
supporting ligands, X, OPr’ vs CH2SiMe3. 

RESULTS 

1. Alkyne-alkylidyne (C-C> coupling 

We can now present a general scheme for the 
alkyne insertion reaction, the C-C bond forming 
reaction, based on that shown in Scheme 1. In the 
case of X = CH2SiMe3, reactions give 1: 1 alkyne 
adducts, I, more rapidly than I goes to II, i.e. 
k, > k2. We have no evidence for reversible steps 
k_, and k_2. By contrast, when X = OPr’, the 
alkyne adduct I has only been detected at -78°C 
for reactions involving *C2HZ, where *C represents 

92.5 atom % 13C. Thus, kinetic studies of C-C 
bond formation for X = OPr’ reveal that k2 > kl 
and studies were carried out under pseudo first- 
order reaction conditions. Specifically, samples of 
(Pr’0)4Wz(p-CSiMe3)z in toluene-ds were allowed to 
react with excess Me,SiC-=CH in the temperature 
range - 50 to + 22°C and progress of the reaction 
was monitored by ‘H NMR spectroscopy. A listing 
of specific conditions and of kobs and second-order 
rate constants determined in these studies is given in 
Table 1. The activation parameters were evaluated 
from Eyring plots and these together with a com- 
parison of similar data for X = CH$iMe, are sum- 
marized in Table 2. 

Rather interestingly, the AG& values are essen- 
tially identical for X = CH2SiMe3 and OPr’, 
although this is only at 298 K. The two reactions 
differ most markedly in their A$ values, with that 
for X = OPr’ being large in magnitude and 
negative, -43 eu, consistent with a sterically 
encumbered bimolecular process. The A$ value 
for X = CH$iMe, is negative but modest by com- 
parison, - 15 eu, implying a sterically ordered tran- 
sition state. This is, of course, a unimolecular pro- 
cess whereas, for X = OPr’, AS’ reflects the entropic 
barrier associated with k, . 

The AH’ values for X = CH,SiMe3 (15 + 1 kcal 
mol-‘) and OPr’ (7.3 +0.2 kcal mol-‘) reveal that 
enthalpically the alkoxy groups favour C-C bond 
formation. 

Table 1. First-order rate constants (kobs) and derived second-order rate constants 
for the reaction of (Pr’O)~W,(p-CSiMeJ, with excess Me,SiCCH in toluene-d, 

solution 

T (K) 

Equiv of 
Me,SiCCH kobs (s-l) 

223 10 5.55 x 10-S 1.12 x 10-4 
233 10 1.17 x 10-4 2.37 x 1O-4 
251 10 3.86 x 1O-4 7.82 x 1O-4 
243 10 2.51 x 1o-4 5.08 x 1O-4 
243 20 4.98 x 1O-4 5.04 x IO-4 
243 5 1.28 x 1O-4 5.22 x 1O-4 
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Table 2. Activation parameters for the formation of Table 3. Rate constants for the rearrangement process 
&W,(p-CSiMe&-C(SiMeJC(H)C(SiMeJ) in toluene- X,W2@-C(H)C(H)C(SiMe&-CSiMe,)AX,W2&- 

ds solution C(H)C(SiMe,)C(H))@CSiMeJ 

X = CH,SiMe3” AHf = 15.2+ 1.2 kcal mol-’ X = CH$iMe, X = Pr’O 
ASf = -15+5 eu T (K) k( x 1w4 s-‘) T(K) k( x 1O-4 s-‘) 

AG& = 19.7k2.7 kcal mol-’ 

X = PriOb AHih = 7.3 +0.2 kcal mol-’ 274.0 0.45 f. 0.02 354.5 1.88&0.89 
A,Yf = -43.1+ 1.0 eu 279.0 1.10+0.06 366.5 4.8OkO.17 
AGib, = 20.1 kO.5 kcal mol-’ 284.5 2.13 +0.09 373.0 8.15kO.77 

291.0 6.65f0.15 383.0 19.1 f0.7 
“Activation parameters are those associated with 2 

the reaction X,W,+-CSiMe,),(q*-C(SiMe,)C(H)) -+ X4 
W,(p-CSiMe&C(SiMe,>C(H)C(SiMe~)). 

bActivation parameters are those associated with the 
reaction X,W,@-CSiMeJ2 + Me,SiCCH + X.,W,@-CSi While the AHt values do not differ significantly 
Me,)(@(SiMe,)C(H)C(SiMe,)). (24 kcal mol-’ for X = CH2SiMe3 vs 21 kcal mol-’ 

for X = OPr’), there is a pronounced difference in 
the ASi values (- 16 eu for X = OPr’ vs + 9 eu for 
X = CHrSiMe,). Thus while the enthalpic con- 

2. C(R)/C(R’)/C(SiMeJ scrambling in II tribution is greater for X = CH2SiMe3, the entropic 

For the rearrangement reaction we selected region of interest 
term becomes rate-limiting in the temperature 

ethyne insertion products, since these undergo clean 
(quantitative) conversion to the /I-CSiMe, deriva- 
tive, i.e. III + IV. It should be emphasized that this DISCUSSION 

Having summarized the facts we may proceed to 

H~SiMe, H&H 

the speculation of the differing roles of Me$CHz 
vs OPi. We shall assume that the differences are 
essentially electronic in origin, i.e. that steric factors 

III IV for OPti are comparable to those for CH,SiMe,, or 
at least not limiting with respect to 1: 1 x-complex 

is truly a CR/CR’/CSiMe, scrambling and does not formation. This seems reasonable from consider- 

involve R, R’, SiMe, migrations, since reactions ations of space filling drawings of the starting com- 

employing *C2H2 show that carbon-hydrogen pounds X4W&-CSiMe& for X = OPr’ vs CH2 

bonds are retained. This is apparent from 13C-H SiMe, and also because the compound W&H2 

c0uplings.t SiMe3)r(0Pi$ can coordinate two molecules of 

For X = CH2SiMe3, the rearrangement is rela- Me*CMe.3 
tively rapid at room temperature and kinetic studies 
were carried out in toluene-ds in the temperature 1. Alkyne-alkylidyne coupling : C-C bond for- 
range 0 to + 18°C. For X = OPr’, the rearrangement mation 
is sluggish at room temperature and rate measure- 
ments were carried out in toluene-ds at +80-l 10°C. We suggest that the different reaction profile for 

In both cases we observed first-order kinetics and X = CH,SiMe, vs OPr’ arises from the n-donating 

reactions were followed for approximately three 
half-lives. A summary of rate data is given in Table 
3 and activation parameters are given in Table 4. Table 4. Activation parameters for the rearrangement 

reaction X,W,@C(H)C(H)C(SiMe,))Ol_CSiMe,)* 
X.+W,gl-C(H)C(SiMe,)C(H))&-CSiMes) 

7 13C proton-coupled spectral data (90.8 MHz) for: X = CH2SiMe3 AH* = 24.0* 1.3 kcal mol-’ 
IIIa, (Me3SiCH2)4W2(p-C(H)C(H)C(SiMe3))(p-CSiMe3), ASf = +9.3f4.2 eu 
‘J~_-‘H = 160, 135.8 Hz; IVa, (Me,SiCH,),W,@- AGig = 21.2f2.5 kcal mol-’ 
C(H)C(SiMe,)C(H))gl-CSiMe3, ‘J13~_-1~ = 161, 156 X = pr’o AHt = 21.2kO.7 kcal mol-’ 
Hz; W, (PrO?4W2(p-C(H)C(H)C(SiMe,))(p-CSiMe3), AS’= -16.3+2.Oeu 
‘hc__+, = 163,160 Hz; IVb, (P0),W,(pC(H)C(SiMe,) AG& = 26.1+ 1.3 kcal mol-’ 
C(H))(p-CSiMe,), lJ~~C_~H = 151 Hz. 
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ability of the alkoxide ligands. The latter act as 
x-buffers and decrease the strength of alkyne-to- 

2. C(R)/C(R’)/C(SiMe,) scrumbling 

tungsten bonding4 in the 1: 1 alkyne adduct, I. This The kinetic data obtained in this study indicate 
is seen in an examination of the NMR parameters that for the C(R)/C(R’)/C(SiMe,) rearrangement 
previously obtained for 1 : 1 adducts involving process, when X = OPr’, the entropic term becomes 

*C&HZ, which are listed in Table 5. (a) The chemical rate-limiting. Our ability to previously isolate 

shift values reflect the ti donor properties of the and structurally characterize’ (Pri0)4W2(p- 
CzH2 ligand.’ The 6 value of 217 ppm is typical of C(H)C(H)C(SiMeJ)@-CSiMe,) was largely due to 

a x4 donor while 6 187 ppm is indicative of a rc3 the significant entropy of activation for its 
donor, i.e. the alkyne and the alkoxide ligands com- rearrangement to (PtiO),W&C(H)C(Si- 
pete for vacant metal d, orbitals to a comparable Me,)C(H))(p-CSiMe,), III + IV. Had the A$ value 

extent. (b) The relative magnitude of ‘Jw_o and been comparable to that for X = CH,SiMe,, the 

‘Jc--c are inversely related for the two compounds rate of rearrangement would have been comparable 

in a manner consistent with stronger W-C2 bond- to the rate of formation of the p- 
ing when X = CH,SiMe, relative to X = OPr’. C(H)C(H)C(SiMe,) ring. This was, in fact, the case 

These are, however, ground state effects. The for reactions employing PhC%CH where X = CH2 

alkoxy n-donor ligands will have a destabilizing SiMe, which gave rise to isomers wherein all three 

effect on the approach of the alkyne ligand since in substituents within the metallaallyl ligand had been 

the starting compound, (PriO)4W,(~-CSiMe3),, the scrambled. The fact that these isomers had formed 

alkyne-tungsten bonding orbitals are otherwise at similar rates indicated that kinetic control in the 

engaged in M-OR a-bonding. Thus formation of C-C bond forming step was not apparent in this 

the alkyne adduct will be less favoured for X = OPr’ instance. 

than for X = CH$iMe, on both thermodynamic A possible mechanism for the rearrangement pro- 

and kinetic grounds. cess within the p-C(R)C(R’)C(SiMe,) ring, which 

The fact that AH* is less for C-C bond for- invokes the formation of a W,(p-$,$-cyclo- 

mation when X = OPr’ relative to X = CH*SiMe, propene) intermediate, is shown in Scheme 2. It 

could be attributed to (i) formation of a less stable should be emphasized that we have no evidence for 

alkoxide supported 1 : 1 rr-complex and/or (ii) elec- the reversibility of the reactions depicted in Scheme 

tronic factors that may actually promote C-C 1 and we can rule out any mechanism involving 

bond formation, i.e. their n-donor capability may alkyne deinsertion in a number of instances on kin- 

allow them to mix 0 p atomic orbitals with p-C etic grounds. 

alkylidyne C p orbitals and alkyne n/rc* orbitals, to The rearrangement of the substituents in the ,u- 

lower the electronic barrier to C-C bond for- C(R)C(R’)C(SiMe,) ligand, which shows a sig- 

mation. nificantly greater ordering in the transition state 

For X = OPr’, the AS* value was found to be when X = OPr’ relative to X = CH*SiMe,, could 

large in magnitude and negative, -43 eu, indicative again be explained qualitatively on electronic 

of an associative bimolecular process in which grounds. If the alkoxides have specific metal d, 

extensive restriction of degrees of freedom has orbital bonding preferences in the ground state, 

occurred on formation of the transition state. It then rotations about M-O-C bonds will have 

should be noted that activation entropies have been electronic barriers. It may be that the electronic 

evaluated in a number of Diels-Alder [4 +2] barrier to rearrangement within the p-C3 ligand, the 

cycloaddition reactions and AS values typically lie formation of the p-cyclopropene intermediate, is 

in the range -35 to -45 eu.6 coupled to such rotations about M--O-C bonds. 
An orbital analysis of the effects of RO-n-donation 
on W&C,) rearrangements could be useful in eval- 

Table 5. Selected “C NMR data for )dW2@CSiMe3)2 uating these points. 

(+*GHz) 

6 216.8 ppm 187.3 ppm CONCLUDING REMARKS 

‘J18)w_13c 33.0 Hz 23.7 Hz 
The reactions between &W&-CSiMe& 

‘J”C_-‘3C 42.0 Hz 49.0 Hz (M-M) compounds, where X = CH$iMe, or 
OPi, and alkynes follow different reaction profiles. 

013C NMR spectral data pertain to the acetylenic (See Scheme 3.) For X = CH$iMe, there is a two- 
carbon resonances in the labelled compounds X.,W,@ step reaction sequence in the formation of the 1,3- 
CSiMe9)2(q2-*C,H,) where *C represents 92.5 atom % dimetallaallyl products, II, in which the alkyne- 
13C ; recorded in toluene-d, at - 7O”C, 90.8 MHz. alkylidyne coupling step, I + II, is notably slower 
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Initial insertion 
product 

60” 
rotation 

II 

,,,&H,SiMe~ - 1 

SiMes 

Me&i 
\ H’ /” 

Me3SiCH2m,, 
:\I,-” 
=bC -5 ,&H2SiMe, 

M&jiCHfWvw’CHzSiMe, 

SiMeo 

Scheme 2. Proposed rearrangement mechanism. 

than the initial formation of the 1: 1 alkyne adduct, 
I. For X = OPr’, C-C bond formation follows 
biomolecular kinetics and there is evidence for only 
the fleeting existence of 1 : 1 alkyne adducts, I. The 
rate of rearrangement within the metallaallyl 
ligand, subsequent to C-C bond formation, is also 
significantly influenced by the nature of X. 

It seems reasonable to attribute the relative rate 
in the formation of the 1 : 1 alkyne adducts, I, to 
the influence of the x-donating alkoxide ligands. 
The latter act as x-buffers weakening both the 
alkynetungsten bonding in I and suppressing the 
rate of formation of I. The role of the alkoxide 
ligands in the subsequent C-C bond forming step 
is less clear. The lower values of AHt could arise 

Reaction coordinate 

Scheme 3. Qualitative reaction profile of allyne insertion 
reactions. 

from either a destabilization of I or a direct assist- 
ance in C-C bond formation-a a-orbital involve- 
ment in the transition state for C-C bond forma- 
tion. Similarly, the marked difference in the ASt 
values for the rearrangement within the @ZJ ring 
may have an electronic origin. A rotation about 
M-O-C bonds, which would alter 0 to W A- 
bonding, may be coupled with the formation of the 
cyclopropene ring intermediate. 

The role played by the n-donating OPr’ ligands 
may perhaps be clarified by devising experiments 
wherein the degree of x-donation has been effec- 
tively reduced. For example, experiments may 
involve either the use of weaker x-donating alk- 
oxides (e.g. OAr) or the addition of excess alcohol 
to the reaction. In the latter instance, hydrogen 
bonding involving oxygen lone pairs would effec- 
tively decrease the extent of x-donation of the OR 
ligand. This has been seen before to have pro- 
nounced effects on M-M and M-O distances in 
compounds of the formula MODULE (MeM), 
where L = ROH or p~.~ In addition, molecular 
orbital analyses of the type previously reported by 
Jemmis and Prasad’ could be extended to include 
an evaluation of the influence of x-donor alkoxides 
as supporting ligands. Experimental studies on 
mixed alkyl/alkoxide ditungsten systems such as 
the gem-disubstituted compound (R0)2W(p-CSi 
Me&W(CH$iMe& and the syn or anti compounds 
(RO)(Me3SiCH2)W@-CSiMe3)2W(CHzSiMe3(OR) 
could further probe the role of alkoxide ligands 
in Ic-complexation, alkyne-alkylidyne coupling 
and isomerization processes. Further studies are 
in progress. 
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EXPERIMENTAL 

General hrocedures 
.’ 

All procedures were carried out under a dry nitro- 
gen atmosphere using~ standard Schlenk and glove- 
box techniques. (Me3SiCH2)4W&-CSiMe3)2 and 
(PriO)qWZ(p-CSiMe,h were prepared by previously 
published procedt.&. ‘3’ Acetylene (Matheson) was 
used without further purification and transferred 
using a calibrated vacuum line. Me,SiCCH 
(Petrarch) was deoxygenated and stored over 3 A 
sieves and transferred via a microlitre syringe. 
Toluene-d8 was degassed using a dry nitrogen purge 
and dried over 3 A sieves. All solid reagents were 
weighed and transferred in a nitrogen-filled vacuum 
atmospheres dryb& 

Reaction rates weremonitored by !H NMR spec- 
troscopy using a ,l&colet NT-360 spectrometer 
equipped with an automated kinetics software pro- 
gram (KINET) and with a variable‘temperature 
unit. Probe tempetatures (T < 0°C) were calibrated 
against an extemai MeOH standard. .I 

Kinetics . 
. . 

(a) Insertion p;f Me,SiCCH $ito &W&- 
CSiMe,), (X = O&$@,SiMe,). All NMR samples 
were prepared by charging 5 mm tubes with 20 
mg of (Pr’0)4W2(K-CSiMe3)2 and adding 0.5 cm3 of 
toluene-d, via a microlitre syringe. The tubes were 
sealed with septum caps, cooled to - 78°C and pre- 
determined excess quantities of Me,SiCCH were 
injected into the tubes. The samples were warmed 
briefly ( < 10 s) in order to ensure mixing of the 
tube contents and,were then pface’d into the pre- 
cooled NMR probe._ After allowing for thermal 
equilibration (several min), NMR spectra were 
acquired periodically using preset delays and acqui- 
sition times loaded into the KINET sub-program. 
The rate of formation of II, the alkyne insertion 
product, (Pr’O),W&C(SiMe,)C(H)C(SiMe,))(p- 
CSiMe,), was determined from the absolute integral 
intensities of the -OCH(Me)* resonances. In each 
instance, data were acquired for 2 2.5 half-lives. 
Rate data conformed to simple pseudo first-order 
kinetics giving linear plots of In @‘J vs time and 
relative rate con+& were obtain@ from linear 
regression analyses. Relative, rate constants were 
determined at four temperatures using a ten-fold 

t In order to obt&n accurate integrations it was neces- 
sary to acquire data at - 50°C at which temperature the 
fluxional behaviour associated with the p-C,R, scram- 
bling process was frozen out. 

excess of alkyne. Second-order rate constants were 
then obtained from linear plots of k,,ss vs ]tiIkyne],,. 
Activation parameters were obtained from a plot of 
Ink, (time-‘) vs T-’ and linear regression analyses. 

(b) Rearrangement of X,W,(p-C(H)C(H)C(Si 
Me,))@-CSiMe3), III, to X,W&-C(H)C(SiMe,) 
C(H))(@SiMe,), IV. All NMR samples used to 
study the kinetics of rearrangement were-prepared 
in the following manner. In a drybox, samples of 
either (Me3SiCH2)4W2(p-CSiMe3)2, (40 mg, 0.045 
mmol) or (Pr’O),,W&-CSiMe& (40 mg, 0.052 
mmol) were placed in 5 mm NMR tubes equipped 
with glass extensions. Toluene-d8 (0.5 cm3) was 
added via a syringe and the solutions were then 
cooled to - 196°C. Acetylene (1 equiv) was con- 
densed above the frozen solution and the tubes were 
flame sealed under vacuum. All samples were kept 
at - 196” prior to use. For reactions involving 
(Me3SiCHJ4W&C!SiMe3)2, the NMR sample 
tubes were warmed from - 196°C to a predetermined 
temperature using a suitable slush bath for a fixed 
period of time, then cooled to -78°C to quench . 
the reaction, and placed into an NMR probe pre- 
cooled to -50°C for data acqnisiti0n.t The rate 
of formation of the rearrangement product, 
(Me,SiCH&W~@-C(H)C(SiMe3)C(H))Ot_CSiMe3), 
was monitored by integration of the (i&HCSi, 
Me3CH) resonances. Rate data were treated as for. 
irreversible consecutive first-order reactions,12 

ALB ’ -C with the assumption that kl > k*. 
Thus, the concentration of C, the rearranged di- 
metallaallyl product, which may be expressed as 

[Cl = MO 
k, 

exP(-k,t)+k2_k,txP(-k2t) 1 
reduces to [C]/[A10 = - k2t. Plots of In ([C]/fA],,) vs 
time (where A represents the alkyne mono-adduct) 
gave linear plots over 2.5 half-lives. Relative rate 
constants were determined at four temperatures 
and activation parameters were derived from a plot 
of In k, (time- ‘) vs T- ’ and linear regression analy- 
ses. Reported errors are those obtained from least- 
squares standard deviations. 

Sample tubes containing (Pr’0)4W2&-CSiMe3)2 
were warmed in oil baths at predetermined tem- 
peratures for timed intervals. The reaction was then 
quenched by submerging the tubes into an ice/salt 
bath and the tubes were then placed into the NMR 
probe (22°C) for data acquisition. The rate of for- 
mation of the rearranged product IM, (PTiO)qWZ(p- 
C(H)C(SiMe,)C(H))@CSiMe,), was monitored 
by integration of the (p-C(H)C(SiMe,)C(H)) res- 
onances. Rate data were again treated as for 
irreversible consecutive first-order reactions,” 
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A+ Bk“ C, but in this case A represents the k, 

starting compound, @O),W,&-CSiMe,),, and k, 

represents kobs. Since kobs > k,, the concentranon of 
C, the rearranged dimetallaallyl product, can be 
expressed as [C] = - [A],k,t. Plots of In ([C]/[A],,) vs 
time gave linear plots over three half-lives from 
which relative rate constants were derived. Rate 
constants were determined at four temperatures 
and activation parameters were derived from 
Eyring plots of lnk,(time-‘) vs T-’ and linear 
regression analyses. Reported errors are those 
obtained from least squares standard derivations. 
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Abstract-The trinuclear cobalt biscarbyne clusters [C1&-CR’] b&-CR21 [CpCo], (1) react 
with sulphur (or selenium) to give the CpCo dithiolenes (or selenolenes) 2. This degradation 
is thought to proceed via electrophilic attack of the chalcogen, a step modelled by the 
addition of CH$+ to la to furnish 6, characterized by X-ray crystallography. Labelling 
experiments aimed at elucidating the mechanistic features of the formation of 2 were 
inconclusive because of the occurrence of CpCo-scrambling. 

Sulphur is a well-known poison to catalysts of 
industrial significance.’ Here we present a report on 
the reaction of trinuclear cobalt p&-biscarbyne 
clusters with sulphur and selenium which causes 
the disassembly of the metal framework and the 
intramolecular coupling of the carbyne fragments 
to yield cobaltadithiolenes and -selenolenes, respec- 
tively, a process that is of possible relevance to 
surface-mediated transformations.2 There is a con- 
siderable body of literature dealing with the events 
that occur when transition metal clusters are 
exposed to sulphur. 2(c),3 Some of these lead to metal- 
ladithiolenes,4 molecules of structural and elec- 
tronic interest, often by mechanisms which are 

*Author to whom correspondence should be addressed. 

obscure. The results summarized in this manuscript 
are unique and add to the diversity of the reactivity 
patterns that are possible in such processes. 

This investigation was inspired by the obser- 
vation that the clusters b3-$-CR’] bU3-$-CR2] 
[CpCo], (l), readily available by the reaction of 
CpCo(C0): or C~CO(CH~H,),~ with alkynes, 
are remarkably resilient to oxidation with 02.7 
However, exposure to an excess of elemental 
sulphur for two days in boiling chloroform pro- 
vided the mononuclear q 5-cyclopentadienylcobalt di- 
thiolenes 2 [eq. (l)] in unusually high yield (Table 1). 
While the generation of the known’ bis-/.+sulphido 
species 3 (10% yield) was only ascertained in the 
case of the reaction of lb, it is assumed to be a by- 
product in all the other degradations. The structural 
assignments of 2 were based on the characteristic4 
spectral and the analytical data. 

R2 

(1) 

1 2 (X=S) 

5 (X= Se) 

1023 

3 (R’ = H, X = S) 
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Table 1. Results of the reaction of 1 with sulphur 

I-Colbata-2,5-dihetero- 
cyclopent-3-ene 

Cluster R’ RZ R3 X % Yield 

la’ CH,CH&H,CH, CH,CH,CH2CHZ H S 2a, 99 
lb5 CsH5 CsH, H S 2b, 99 
1c5 CNCH& CNCHJ, H S 2c, 33 
Id CsH, CzHs H S 2d, 98 
le C,H, CD, H S 2e, 95 
lf5 CO&H, C02CH3 H S 2f, 90 

lg GHs CsH, CH, S 2% 97 
la’ CH,CH,CH,CH2 CH,CH,CH,CH, H Se 5, 97 

Phenyl, alkoxycarbonyl and remarkably, 
appended ethynyl groups, appear to be tolerated by 
the reaction conditions, the latter albeit not com- 
pletely. It is probably of mechanistic significance 
that the sulphurization of lc gives 2c and none of 
2h, a feasible product should any of the reacting 
metal species undergo migration along the triple 
bonds.g That the ethynyl substituents are not 
entirely inert is evidenced by the isolation of a small 
amount (5%) of the unusual bisdithiolene 4. Its 
structure follows from spectral and analytical data. 
Thus, the ‘H NMR spectrum exhibited the expected 
four singlet signals and a parent ion at m/z 594 in 
conjunction with a fragmentation pattern con- 
sistent with that of other dithiolene complexes was 
seen in the mass spectrum. The formation of 4 can 

The mechanistic details of the conversion of 1 to 
2 were of obvious interest. ‘H NMR monitoring of 
the progress of the degradation in the presence of 
either sulphur or selenium did not allow the detec- 
tion of any intermediates. A clue to the intra- 
molecular nature of the coupling of the two carbyne 
fragments as observed in 2 was provided by the 
reaction of Id which did not furnish any crossover 
products. A more rigorous experiment involved 
deuterium-labelled le which resulted in 2e cleanly, 
the absence of deuterium scrambling being readily 
ascertained by mass spectral analysis. At the time 
of its discovery,2(d) such a bond-forming reaction 
between cluster-bound carbyne units had only one 
precedence in related double-decker clusters.g(b) 
Since then, several of these unusual couplings have 

SW-W3 2h 4 5 

be envisioned to involve the intermediacy of 2c, in 
which one of the triple bonds functions as an internal 
trap for the excess cyclopentadienylcobalt frag- 
ments generated from the starting cluster. 

As a demonstration of the potential generality of 
the chalcogen degradation reaction, selenium trans- 
formed la to 5 in virtually quantitative yield, 
although relatively higher temperatures were 
needed compared with the analogous sulphur reac- 
tion. 

been observed, not only featuring trinuclear CpCo- 
systems” but also others.” 

Considering that alkynes convert to compounds 
of type 2 in the presence of CpCo and sulphur (or 
selenium), 4(a) the possibility of the intermediacy of 
the free alkyne RLC%CR2 derived from 1 had to be 
considered as a mechanistic pathway in the present 
work. However, admixture of external 5-decyne to 
lb followed by addition of sulphur resulted in the 
formation of only 2b, ruling out any mechanisms 
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in which carbyne-carbyne coupling followed by slight compression of the Col-carbyne of approxi- 
alkyne dissociation was responsible for the mately 0.015 A and elongation of the Co2,3--car- 
observed products. byne carbon bonds of nearly 0.1 A is evident. 

The established7g10 nucleophilicity of clusters of Although perhaps of dubious relevance with 
the type 1 made it appear reasonable to assume that respect to the mechanism of the conversion of 1 to 
whatever form of sulphur” attacked them, it was 2,6 did convert to 2a (78%) on exposure to sulphur 
of an electrophilic nature. To establish the feasibility under the conditions used to degrade la to the same 
of this notion, which has precedence in the litera- product. 
ture, ’ 3 dimethyl(methylthio)sulphonium tetrafluoro- While it was clear that intramolecular carbyne- 
borate, l4 a source of CH3S+, was allowed to react carbyne coupling was occurring in the reactions of 
with la in nitromethane for 1 h [eq. (2)]. This treat- 1 with sulphur (and presumably also selenium), the 
ment afforded a black crystalline salt, 6, whose molecularity of this process with respect to the 

CpCo unit remained to be established. To this end, 

+ 

\+ 
S - SCH3 

la 

structure was initially assigned based only on spec- 
tral and analytical data. In particular, the chemical 
ionization mass spectrum showed a parent ion at 
m/z 584 for the cationic portion of the salt. More 
diagnostic was the ‘H NMR spectrum which exhi- 
bited two singlets in the chemical shift range typical 
for cyclopentadienyl ligands (6 = 5.08, 4.81 ppm) 
in a ratio of 1: 2. Of further note was the apparent 
non-equivalence of the two butyl groups, best indi- 
cated by the two distinct triplets assigned to the 
two sets of terminal methyl protons. Assuming the 
geometry about the sulphur atom to be tetrahedral, 
these data would be consistent with the structure of 
an edge-on bound methylsulphonium salt as 
depicted by 6. To corroborate this assignment and 
to rule out other feasible structural alternatives, an 
X-ray structural analysis was carried out, the 
results of which confirmed the initial formulation 
(Fig. 1, Table 2). 

On inspection of the structural parameters, it is 
interesting to note that the sulphur has indeed 
adopted a tetrahedral geometry and the molecule has 
attained C2,-symmetry. The Co2-Co3 distance 
has lengthened to 2.738 A, an increase of almost 
0.4 A from that observed in ~3-~‘-CH]2[CpCo]3.‘5 
The Co2,3--Col distances are 2.38 A, relatively 
unchanged from those seen in the parent system. A 

BF, (2) 

Fig. 1. ORTEP drawing of 6. Ellipsoids are scaled to 
represent the 50% probability surface. There is some 
disorder at the terminus of one of the butyl substituents. 
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Table 2. Bond lengths (A) and angles (“) for 6 

Intramolecular angles Intramolecular distances 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Distance 

co2 
Cl6 
co2 
co3 
Cl6 
c21 

co1 
co1 
Cl6 
co1 
co3 
S 
Cl6 
c21 

co1 
co1 
Cl6 
co1 
co2 
S 
Cl6 
c21 

co1 
co1 
co2 
co1 
co2 
co3 

co1 
co1 
co2 
co1 
co2 
co3 

co2 
co2 
co3 
Cl6 
Cl7 
Cl8 

c21 
c22 
C23 
C23 

C5 
Cl 
c2 
c3 
c4 

Cl0 
C6 
c7 
C8 
c9 

co1 co3 
co1 c21 
co1 Cpl” 
co1 CPl 
co1 CPl 
co1 CPl 

co2 co3 
co2 S 
co2 c21 
co2 Cp2” 
co2 CP2 
co2 CP2 
co2 CP2 
co2 CP2 

co3 co2 
co3 S 
co3 c21 
co3 cp3 
co3 CP3 
co3 CP3 
co3 CP3 
co3 CP3 

Cl6 co2 
Cl6 co3 
Cl6 co3 
Cl6 Cl7 
Cl6 Cl7 
Cl6 Cl7 

c21 
c21 
c21 
c21 
c21 
c21 

S 
S 
S 
Cl7 
Cl8 
Cl9 

c22 
C23 
C24 
C24 

Cl 
c2 
c3 
c4 
C5 

C6 
c7 
C8 
c9 
Cl0 

co2 
co3 
co3 
c22 
c22 
c22 

co3 
C26 
C26 
Cl8 
Cl9 
c20 

C23 
C24 
C25 
C25’ 

c2 
c3 
c4 
C5 
Cl 

c7 
C8 
c9 
Cl0 
C6 

70.10(l) 
86.12(11) 

145.0 
144.9 
136.8 
137.1 

54.84(l) 
106.64(2) 
79.59( 10) 

127.7 
177.1 
125.4 
136.6 
134.3 

55.06(l) 
106.86(2) 
78.97(10) 

129.0 
174.9 
123.7 
139.3 
133.6 

78.43(9) 
77.80(9) 
89.10(10) 

133.21(19) 
125.71(18) 
133.47(19) 

78.65(10) 
78.12(10) 
89.11(11) 

133.45(20) 
128.52(19) 
130.28(19) 

76.19(2) 
111.17(11) 
110.21(11) 
117.5(2) 
113.9(3) 
116.6(3) 

115.2(3) 
110.7(4) 
110.7(4) 
129.7(8) 

108.7(4) 
108.3(4) 
109.3(4) 
106.8(4) 
106.9(4) 

109.3(4) 
110.8(4) 
109.4(4) 
106.2(4) 
104.3(4) 

co1 
co1 
co2 
S 
S 
S 
S 
Cl6 
Cl6 
Cl6 
c21 
c21 
c21 

co1 
co1 
co1 
co1 
co1 
co1 

co2 
co2 
co2 
co2 
co2 
co2 

co3 
co3 
co3 
co3 
co3 
co3 

S 

Cl6 
Cl7 
Cl8 
Cl9 

c21 
c22 
C23 
C24 
C24 

B 
B 
B 
B 
Cl 
c2 
c3 
c4 
c5 

C6 
c7 
C8 
c9 

co2 
co3 
co3 
co2 
co3 
Cl6 
c21 
co1 
co2 
co3 
co1 
co2 
co3 

Cl 
c2 
c3 
c4 
c5 
Cpl” 

C6 
c7 
C8 
c9 
Cl0 
cp2 

Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cp3” 

C26 

Cl7 
Cl8 
Cl9 
c20 

c22 
C23 
C24 
C25 
C25’ 

Fl 
F2 
F3 
F4 
c2 
c3 
c4 
c5 
Cl 

c7 
C8 
c9 
Cl0 

2.387( 1) 
2.380(l) 
2.738(l) 
2.219(l) 
2.218(l) 
2.729(2) 
2.614(3) 
1.829(2) 
1.944(2) 
1.959(2) 
1.817(2) 
1.946(2) 
1.956(3) 

2.076(3) 
2.093(3) 
2.076(3) 
2.056(3) 
2.064(3) 
1.715 

2.035(3) 
2.053(3) 
2.105(3) 
2.080(3) 
2.064(3) 
1.721 

2.098(3) 
2.082(3) 
2.078(3) 
2.072(3) 
2.054(3) 
1.725 

1.812(3) 

1.505(3) 
1.503(4) 
1.503(4) 
1.476(5) 

1.502(4) 
1.519(5) 
1.550(5) 
1.368(8) 
1.173(12) 

1.365(4) 
1.340(4) 
1.358(5) 
1.346(5) 
1.367(6) 
1.329(6) 
1.390(6) 
1.384(6) 
1.375(6) 

1.326(6) 
1.279(6) 
1.345(7) 
1.438(7) 
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Table 2. (conGnued) 

Intramolecular angles Intramolecular distances 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Distance 

Cl5 Cl1 Cl2 108.3(4) Cl0 C6 1.344(7) 

Cl1 Cl2 Cl3 110.2(4) Cl1 Cl2 1.326(6) 
Cl2 Cl3 Cl4 105.2(4) Cl2 Cl3 1.380(6) 
Cl3 Cl4 Cl5 106.4(4) Cl3 Cl4 1.398(7) 
Cl4 Cl5 Cl1 109.9(4) Cl4 Cl5 1.372(7) 

Fl B F2 110.2(3) Cl5 Cl1 1.325(6) 

Fl B F3 109.6(3) 
Fl B F4 109.5(4) 
F2 B F3 108.9(4) 
F2 B F4 108.8(3) 
F3 B F4 109.8(3) 

“Cpl, Cp2 and Cp3 are the centroids of the cyclopentadienide ligands. 
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another crossover experiment was devised involving processes can be envisaged as a rationale for this 
methyl labelled lg. To also address the possibility of molecular reorganization: exchange of Cp, CpCo 
a potentially regioselective (albeit mechanistically or CpCoS, (or R’R’C,). The feasibility of the first 
rather obscure) metal attachment pathway, this option was made likely by literature precedence for 
compound was reacted with sulphur in the presence Cp exchange” and the fact that exposure of 2g 
of le. The outcome of this experiment revealed the to nine equivalents of sodium cyclopentadienide in 
occurrence of scrambling of the labelled CpCo unit boiling THF afforded 2b and starting material in a 
to give 2b, 2e, 2g and 7 [see eq. (3)]. 

Although one could have construed this result as 
being indicative of an intermolecular mechanism by 
which the metal units progressed to 2, a control 
experiment in which 2e and 2g were heated in 
chloroform to give an equilibrium mixture with 2b 
and 7 negated the validity of that conclusion. Trans- 
positions of this type had been known in metal- 
ladithiolenes,4,‘6 but had never been rigorously 
scrutinized mechanistically. The observation of 
scrambling in the transformation of 2e in the pres- 
ence of 2g provided an opportunity to do so. Three 

Zb 

(3) 

roughly equimolar ratio. This experiment suggested 
the possibility that trace quantities of anionic Cp 
could function as reactive intermediates in the 
observed scrambling. The second option had been 
implied in previous reports4*r6 but was never proven. 
The possibility of alkyne exchange also had to be 
considered seriously, based on some literature anal- 
ogies” and the finding that 2b, when treated with 
dimethyl butynedioate in boiling CH,Cl, gave 2f 
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(18%), diphenylacetylene (45%) and dimethyl 4,5- 
diphenylthiophene-2,3-dicarboxylate (10%). 

To differentiate between these three modes, a 
series of crossover experiments was designed aimed at 
revealing the conservation (or lack thereof) of the 
presence of the various bonds which are involved. 
These utilized selenium as a label for sulphur and 
rhodium as a label for cobalt. To probe the possi- 
bility of alkyne exchange, a solution of 2g and 5 
was heated to 90°C for 12 h, after which the reaction 
was stopped and the mixture separated by HPLC 
to give the respective pairs of dithiolenes 2b, 2g and 
diselenolenes 5, 8 [see eq. (4)]. These were then 

and E. C. WALBORSKY 

eliminates the consideration of cyclopentadienyl 
ligand transfer in the degradation of 1, leaving 
only Cpmetal exchange as a viable mechanism. 
It therefore appears that the reaction of 2g with 
cyclopentadienylanion is mechanistically unrelated 
to the transformations which constitute the main 
body of this report. 

Although the details by which cyclo- 
pentadienylmetal exchange occurs in these pro- 
cesses are not known, several possibilities present 
themselves. The first to be considered is a dis- 
sociative pathway in which 2 would split into cyclo- 

2g 5 2b 8 

analysed by both ‘H NMR and mass spectroscopy 
to reveal only exchange products in which the chal- 
cogen had remained attached to the alkyne frag- 
ment. This finding ruled out the possibility that 
alkyne units were being transferred in these pro- 
cesses and suggested that the reaction of 2b with 
dimethyl butynedioate followed an independent 
(and as yet unexplored) pathway. 

To distinguish between Cp and Cpmetal ex- 
change it was necessary to label the metal centre. This 
goal was reached by the preparation of rhodium 
dithiolene 9 via an adaptation of the Biinnemann- 
Schrauzer procedure. 4(a) Exposure of 9 to 10 
(obtained in an analogous way from (~5-CH3C5H4) 
COG, 5-decyne, and S,) in xylene at 130°C 
showed products 11 and 2g, determined by mass 
spectral analysis to be derived only from cyclo- 
pentadienylrhodium or methylcyclopentadienyl- 
cobalt exchange [see eq. (5)]. This experiment 

pentadienylcobalt and the corresponding dithio- 
ketone. While such a mechanism is attractive because 
of its topological simplicity, it seems unlikely, as 
the organometallic fragment produced contains a 
highly coordinatively unsaturated 14e configur- 
ation. Indeed, attempts to trap such a complex were 
unsuccessful. Thus, addition of disodium 1,2- 
dicyanoethene-1 ,Zdithiolate to a heated solution 
of 2a gave only recovered starting material. 

A more likely scenario draws again from litera- 
ture precedence which shows that metal- 
ladithiolenes are capable of forming diverse 
dimeric structures incorporating bridging ene- 
dithiolate ligands, ’ * all of which could be inter- 
mediates in the exchange reactions uncovered in 
this work. 

Finally, although more of the details by which 

(5) 
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clusters 1 transform in the presence of chalcogens 
remain to be established, it is likely that after sul- 
phur has attacked one of the cobalt-cobalt bonds, 
migration into a carbyne-metal bond takes place, 
as observed for NO+ and HCO+,” to, in the present 
case, furnish a cluster bound thioacyl group, a spec- 
ies that has been the result of a number of related 
reactions of metal clusters with sulphur or sulphur- 
containing reagents.” 

EXPERIMENTAL 

General procedures 

Unless otherwise noted, materials were obtained 
from commercial suppliers and used without 
further purification. THF was purified by distil- 
lation from sodium-benzophenone ketyl under N2 
and hydrocarbon solvents by stirring over H2S04 
for several hours. This treatment was repeated until the 
HZS04 remained colourless. The organic layer was 
washed five times with 5% aqueous bicarbonate, 
five times with H20, twice with aqueous KMn04, 
again H,O, then dried over MgSO,, and distilled 
from CaH,. Solvents and solutions were deoxy- 
genated either by bubbling a vigorous stream of 
nitrogen through the liquid for several hours or by 
subjecting the latter to several freeze-evacuation- 
thaw cycles. All reactions involving cobalt were 
executed in deoxygenated solvents and under an 
inert atmosphere. Melting points (open Pyrex capil- 
lary) are uncorrected. ‘H NMR spectra were rec- 
orded at 250 or 200 MHz on instruments equipped 
with Cryomagnets Inc. magnets and Nicolet model 
1180 data collection systems. ‘H NMR data are 
tabulated in the order: multiplicity (s, singlet; d, 
doublet ; t, triplet ; q, quartet ; quin, quintet ; sex, 
sextet; m, multiplet), coupling constant(s) in Hz 
and number of hydrogens (H). Chemical shifts are 
reported in ppm downfield from TMS, referenced 
to the residual proton peak of deuterated solvent as 
follows : 6 CHC&, 7.24 ; C6DSH, 7.15 ; 
CD3C(0)CD2H, 2.04; CD,HCN, 1.09 ppm. 13C 
NMR chemical shifts are reported in ppm down- 
field from TMS, referenced to the respective central 
peaks of the perdeuteriobenzene (6 = 127.0 ppm) or 
deuteriochloroform triplet (6 = 77.0 ppm). Infrared 
absorptions were measured on a Perkin-Elmer 
infrared spectrophotometer model number 681. 
Mass spectral data are tabulated as m/z (relative 
intensity) and were obtained with Atlas MS-12 (low 
resolution) or Consolidated 12-l 10B (high res- 
olution) mass spectrometers. Elemental analyses 
were provided by the Microanalytical Laboratory 
in the College of Chemistry, University of Califor- 
nia, Berkeley, California. All chromatography was 

carried out with Alfa alumina (neutral) which had 
been deactivated by adding 5% HZ0 w/w. High 
pressure liquid chromatography was performed 
with an Altex model IlOA pump and an Altex 
model 153 UV detector using, linked in series, two 
Ultrasphere ODS 10 mm x 25 cm, 5~ particle col- 
umns (reverse phase). All crystallizations took place 
in hexane at - 78°C. 

General procedure for the preparation of bis&-q’- 
alkylidyne)tris($-cyclopentadienylcobalt) complexes’ 

Decalin (300 cm’) was placed in a 500 cm3 round 
bottom flask equipped with a magnetic stirbar and 
a reflux condenser stoppered with a rubber septum 
pierced by two 20 gauge syringe needles, one of 
which reaches a position just above level, the other 
functioning as a pressure release. The solvent was 
heated to reflux and exposed to a nitrogen purge 
for 2 h. A decalin solution (20 cm’) containing the 
alkyne (1 equiv) and COCOS (3 equiv) was then 
added via syringe pump to the boiling solvent with 
continued nitrogen purge over 6 h. After boiling the 
resulting mixture for an additional 4 h, it was fil- 
tered through glass wool and the solvent removed 
via vacuum transfer. The residue was dissolved in 
CHzClz and preadsorbed onto alumina, then chro- 
matographed on alumina with hexane and hexane- 
ether mixtures to afford the desired biscarbyne 
clusters. 

~3-~‘-Benzylidyne)(~~-~‘-propylidyne)tris(~5-cyclo- 
pentadienylcobalt) (ld) 

Following the general protocol for the pre- 
paration of biscarbyne clusters, the following 
reagents were used : 1-phenyl-1-butyne (1 g, 7.69 
mmol) and COCOS (4.15 g, 23 mmol). This 
reaction afforded Id (1.56 g, 41%) : maroon 
crystals, m.p. 155-157°C ; IR (NaCl) 2960m, 
2935m, 1415w, 116Ow, 1005m,8OOscm-‘;‘HNMR 
(250 MHz, CDC13) 6 2.16 (t, J = 7 Hz, 3 H), 4.94 
(s, 15 H), 5.19 (q, J= 7 Hz, 2 H), 7.41 (m, 3 H), 
8.18 (br d, J = 7 Hz, 2 H) ; mass spectrum m/z 502 
(M+, 89), 370 (60), 247 (32), 189 (loo), 124 (17). 
Exact mass. Found : 501.9949. Calc. for CZ5H&03 : 
501.9952. Analysis. Found : C, 60.00 ; H, 5.02. Calc. 
for C&H&o3 : C, 59.76 ; H, 5.02%. 

(p3-q’-Benzylidyne)(p3-q’-penta&uteriobenzylidyne) 
tris($-cyclopentadienylcobalt) (le) 

Diphenylacetylene-d;’ (1 .O g, 5.46 mmol) and 
COCOS (3.0 g, 16.7 mmol) were converted to 
le (1.29 g, 42.5%) : maroon crystals ; mass spectrum 
m/z 555 (M+, loo), 370 (26), 189 (90), 124 (49). 
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B~&-~‘-benzylia’yne)tris(~~-methylcycIopentadknyl- 62.72; H, 4.18; S, 17.2. Calc. for Ci9Hi5CoSz: C, 
cobalt) (lg) 62.28; H, 4.13; S, 17.5%. 

Diphenylacetylene (500 mg, 2.8 mmol) and ($- 
CH,C,H,)Co(CO), (1.6 g, 8.2 mmol) transformed 
to lg (1.2 g, 74%) : maroon crystals, m.p. 131- 
132°C ; IR (NaCl) 292Ow, 1570m, 1432m, 800s 700s 
cn-’ ; ‘H NMR (200 MHz, CsD6) 61.28 (s, 9 H), 
4.21 (br s, 6 H), 4.38 (br s, 6 H), 7.45 (m, 6 H), 8.38 
(br d, J= 8 Hz, 4 H) ; mass spectrum m/z 592 (M+, 
46), 372 (loo), 316 (30), 267 (33), 217 (49), 178 (24). 
Exact mass. Found : 592.0414. Calc. for C3zH&03 : 
592.0422. Analysis. Found : C. 65.20 ; H, 5.38. Calc. 
for C32H3,Co3: C, 64.94; H, 5.29%. 

A second more polar compound was then iso- 
lated and characterized as 3 (8 mg, 10%): black 
plates, m.p. > 250°C (ref. 8 > 250°C ; ‘H NMR (250 
MHz, CDC13) 6 4.65 (s) ; mass spectrum m/z 436 
(M+, 1 l), 189 (79), 124 (100). 

Degradation of bisb3 -q ’ - (3 - trimethylsilyl) - 2 - 
propynylidyne]tris(cyclopentadienylcobalt) (lc) 

General procedure for sulphur degradations 

In a 50 cm3 round bottom flask equipped with a 
stirbar was placed CHCl, (35 cm3) and an excess 
of sulphur (- 0.6 mmol) while N, was bubbled 
through the solution for several hours. The cluster 
(- 0.2 mmol) was added, the mixture boiled for 2 
days, alumina (5 g) added and the solvent removed 
on a rotary evaporator. The reaction mixture, thus 
preadsorbed, was placed on top of an alumina 
column and chromatographed using hexane and 
hexane-ether mixtures. 

Following the general procedure, lc (100 mg, 
0.17 mmol) and sulphur (20 mg, 0.63 mmol) were 
converted to 2c (23 mg, 33%) : aquamarine crystals, 
m.p. 115-l 16°C ; IR (KBr) 296Ow, 206Ow, lOlOw, 
800~ cm’; ’ H NMR (250 MHz, C6D6) 6 0.23 (s, 
9 H), 4.35 (s, 5 H); mass spectrum m/z 406 (M+, 
20), 279 (35), 188 (41), 183 (33), 149 (94), 57 (100). 
Exact mass. Found : 406.0111. Calc. for 
C,,Hz3CoS2Si2 : 406.0111. A second more polar 
compound turned out to be 4 (5 mg, 5%): forest 
green crystals, m.p. 187-189°C ; IR (NaCl) 206Ow, 
1460m, 730m cm-’ ; ‘H NMR (250 MHz, CDClJ 
6 0.24 (s, 9 H), 0.28 (s, 9 H), 4.35 (s, 5 H), 4.42 (s, 
5 H) ; mass spectrum m/z 594 (M+, 8.5), 522 (36), 
366 (19), 189 (8.1), 44 (100). Exact mass. Found: 
593.9274. Calc. for C2zH2&oZS4Si2 : 593.9276. 

Degradation of bis(,u3-~‘-pentylidyne)tris(~5-cyclo- 
pentadienylcobalt) (la) 

Degradation of (p3q’-benzylidyne)(p&-propyli- 
dyne)tris(cyclopentadienylcobalt) (ld) 

According to the above general procedure, la 
(100 mg, 0.196 mmol) and sulphur (20 mg, 0.63 
mmol) were transformed into 2a (63 mg, 99%): 
purple crystals, m.p. 6264°C ; IR (NaCI) 2960m, 
2940m, 147Ow, 141Ow, IOOOm cm-‘; ‘H NMR (200 
MHz, C,D,) 6 0.84 (t, J = 7.3 Hz, 6 H), 1.33 (quin, 
J = 7.5 Hz, 4 H), 1.78 (sex, J = 8 Hz, 4 H), 2.78 (t, 
J = 7.4 Hz, 4 H), 4.69 (s, 5 H) ; mass spectrum m/z 
326 (M+, 77), 241 (39), 188 (83), 44 (100). Exact 
mass. Found : 326.0581. Calc. for C15H23C~S2 : 
326.0556. 

Reaction of Id (100 mg, 0.20 mmol) with sulphur 
(20 mg, 0.63 mmol) afforded 2d (62 mg, 98%) : blue 
crystals, m.p. 110-l 11 “C ; IR (KBr) 3 1 OOw, 295Ow, 
1455m, 1430m, 1405m, 835m, 742m, 740m err-‘; 
‘H NMR (250 MHz, CDC13) 6 1.31 (t, J = 7 Hz, 3 
H), 2.83 (q, J= 7 Hz, 2 H), 4.67 (s, 5 H), 7.11 (m, 
3 H), 7.43 (m, 2 H) ; 13C NMR (50 MHz, CDC13) 
16.43, 31.09, 79.28, 127.31, 127.97, 128.45, 142.70, 
167.69, 174.12; mass spectrum m/z 318 (M+, 36), 
188 (loo), 149 (13) 124 (35). Analysis. Found: C, 
56.28;H,4.71;& 19.76.Calc.forC,,H,,CoSz:C, 
56.59 ; H, 4.76 ; S, 20.14%. 

Degradation of bis(p3-q1-benzylidyne)tris(~5-cyclo- 
pentadienylcobalt) (lb) 

Degradation of le 

Complex lb (100 mg, 0.18 mmol) and sulphur 
(20 mg, 0.63 mmol) were allowed to react as above 
to furnish 2b (66 mg, 99%) : blue crystals, m.p. 113- 
1 14°C ; IR (KBr) 305Ow, 1598m, 1490m, 1440m, 
755s, 680s cm’ ; ‘H NMR (250 MHz, CsD,) 6 4.71 
(s, 5 H), 6.95 (m, 6 H), 7.45 (m, 4 H); i3C NMR 
(50 MHz, CDCl,) 6 79.61, 127.14, 127.85, 129.02, 
142.24, 168.82; mass spectrum m/z 366 (M+, 74), 
188 (loo), 178 (91), 124 (61). Analysis. Found: C, 

Complex le (100 mg, 0.18 mmol) and sulphur (20 
mg, 0.63 mmol) transformed to 2e (66 mg, 99%): 
blue crystals, m.p. 113-I 14°C ; mass spectrum m/z 
371 (M+, 45), 188 (loo), 183 (33). 

Degradation of If 

Complex If (100 mg, 0.195 mmol) and sulphur 
(20 mg, 0.63 mmol) converted to 2f (58 mg, 90%) : 
red violet crystals, m.p. 112-114°C; IR (KBr) 



Novel synthesis of 1-cobalta-2,5-diheterocyclopent-3-enes 1031 

295Om, 291Om, 171Os, 1365m cm-’ ; ‘H NMR (250 
MHz, C6D6) 6 3.52 (s, 6 H), 4.40 (s, 5 H); mass 
spectrum m/z 330 (M+, 75), 188 (loo), 168 (39), 
124 (82). Exact mass. Found: 329.9429. Calc. for 
C,,H,,CoO& : 329.9449. 

Degradation of lg 

Complex lg (100 mg, 0.17 mmol) and sulphur 
(20 mg, 0.63 mmol) provided 2g (62 mg, 97%) : blue 
crystals, m.p. 165-166°C ; IR (KBr) 305Ow, 1595m, 
1475m, 1460m, 142Om, 102Om, 745m, 690m cm-’ ; 
‘H NMR (250 MHz, C6D6) 6 1.80 (s, 3 H), 4.52 
(br, s, 2 H), 4.66 (br, s, 2 H), 6.95 (m, 6 H), 7.48 (m, 
4 H) ; mass spectrum m/z 380 (M+, 82), 202 (loo), 
178 (45). Exact mass. Found: 380.0106. Calc. for 
C2,,H&oSZ : 380.0076. 

Degradation of la with selenium 

Complex la (100 mg, 0.196 mmol) was dissolved 
in toluene (25 cm’) in a 50 cm3 round bottom flask 
containing a stirbar. The solution was purged with 
nitrogen for 2 h and selenium (1 .O g, 13 mmol) 
added. The reaction mixture was heated for 2 days, 
the solvent removed and the residue purified by 
chromatography on alumina eluting with hexane 
and hexane-ether mixtures to furnish 5 (78 mg, 
94%) : dark violet crystals, m.p. 72-73°C ; IR 
(KBr) 2975w, 2915w, 145Ow, 141Ow, 1009m, 995m 
cm-’ ; ‘H NMR (250 MHz, C6D6) 6 0.847 (t, J = 7 
Hz, 6 H), 1.27 (m, 4 H), 1.83 (m, 4 H), 3.01 (t, J = 7 
Hz, 4 H) 4.59 (s, 5 H) ; mass spectrum m/z 422 (M+, 
9.0), 420 (8.2), 286 (23), 284 (770), 124 (62), 44 (100). 
Exact mass. Found: 421.9474. Calc. for 
CISHZ3CoSe2 : 421.9461. Analysis. Found : C, 42.93 ; 
H,5.61.Calc.forC,,H,,CoSe2:C,42.87;H,5.53%. 

Preparation of the sulphonium salt 6 

In a 100 cm3 round bottom flask equipped with 
a stirbar, la (275 mg, 0.539 mmol) dissolved in 
nitromethane (50 cm’) was added to dimethyl- 
(thiomethyl)sulphonium tetrafluoroborate (105 
mg, 0.54 mmol) and the mixture stirred at ambient 
temperature for 2 h. The solvent was removed via 
vacuum transfer and the residue triturated with 
benzene to remove any residual starting material. 
The remainder was dissolved in acetone and the 
product crystallized by vapour diffusion using hex- 
ane over 2 days leading to 6 (320 mg, 92%) : black 
prisms, m.p. > 300°C; ‘H NMR (250 MHz, 
CD,CN) 6 1.21 (s, 3 H), 1.28 (t, J= 8 Hz, 3 H), 
1.36 (t, J= 7 Hz, 3 H), 2.05 (m, 4 H), 2.53 (m, 2 
H), 2.99 (m, 2 H), 4.81 (s, 10 H), 5.08 (s, 5 H), 5.27 
(m, 4 H) ; CI mass spectrum m/z 557 (M+ of cation, 

1.7), 473 (1.7), 431 (5.7) 189 (100). Analysis. 
Found : C, 47.32; H, 5.36; S, 4.53. Calc. for 
C26H36BCo3F,S: C, 48.46; H, 5.64; S, 4.53%. 

Crystal structure determination of 6 

Shiny black crystals were grown from an 
acetonehexane bilayer. One of these was cleaved 
and a fragment of dimensions N 0.21 x 0.23 x 
0.32 mm mounted on a glass fibre in air using poly- 
chromate cement. Crystal parameters at 25°C : a = 
8.8230(6), b = 20.331(25), c = 15.3307(14) A, 
b = 101.088(7)“, V = 2699 A3, space group P2,/c; 
weight = 644.24 amu, Z = 4, daIc = 1.585 g crn3, 
paI, = 109.36 cm-‘. Data measurement par- 
ameters : diffractometer, Enraf-Nonius CAD-4 ; 
monochromatic radiation, MO-K, (A = 0.71073 A); 
highly-orientated graphite (28, = 12.2) per- 
pendicular mode, assumed 50% perfect ; detector, 
crystal scintillation counter with PHA ; aperture + 
crystal = 173 mm, vertical aperture = 3.0 mm, 
horizontal aperture = 2+ 1 tan(B) mm (variable) ; 
reflections measured : + H-t K+ L ; 28 range 3-45” ; 
scan type 8-28; scan speed, 0.666.7 (8, o mm-‘; 
scan width, AtI = 0.55+0.347 tan 8 ; background, 
measured over an additional 0.25 (A@ added to 
each end of the scan ; number of reflections 
collected, 3916 ; number of unique reflections, 3525 ; 
intensity standards, 553,239,O 12 1; measured every 
2 h of X-ray exposure time ; no decay in intensity 
was observed ; orientation, three reflections were 
checked after every 250 measurements ; no re- 
orientation was necessary during data collection ; unit 
cell parameters and their esds were derived from a 
least-squares fit to the setting angles of the unre- 
solved MO-K, components of 24 reflections with 28 
near 28” ; the esds of all parameters are given in 
parentheses, right-justified to the least significant 
digits. 

Structure solution and refinement : the 3916 raw 
intensity data were converted to values of the struc- 
ture factor amplitudes and their esds by correction 
for scan speed, background, and Lorentz and polar- 
ization effects. Inspection of the azimuthal scan 
data revealed a + 5% variation in intensity. At the 
end of refinement an absorption correction was per- 
formed based on the measured shape and size of the 
crystal and a 10 x 10 x 8 Gaussian grid of internal 
points. The maximum transmission factors were 
0.84 and 0.70, respectively. Rejection of sys- 
tematically absent and redundant data yielded 3525 
unique data. 

The three cobalt atoms were located by analysis 
of a three-dimensional Patterson map. Location of 
the other non-hydrogen atoms proceeded via stan- 
dard Fourier and least-squares techniques. Analysis 
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of the disorder for C25-C25’ was performed by 
applying different occupancies until the isotropic 
thermal parameters were approximately equal. 
Over a broad range of occupancy distributions 
there was no significant change in the residuals. 
Prior to the last cycles of least squares refinement 
the idealized positions of all hydrogen atoms 
(except those on C24 and C25) were calculated and 
their contribution included in structure factor cal- 
culations. The final residuals for 315 variables 
refined against 2953 data for which Fz > 3o(F*), 
R = 3.32%, R, = 4.93%, and GOF = 2.401. The 
R value for all 3525 data was 4.40%. 

The quantity minimized by the least-squares pro- 
gram was Cw(lFJ - lF#, where w is the weight of 
a given observation. The p-factor used to reduce 
the weight of intense reflections was set to 0.03 
throughout the refinement. The analytical forms of 
the scattering factor tables for the neutral atoms 
were used and all non-hydrogen values corrected 
for both the real and imaginary components of 
anomalous dispersion. Inspection of the residuals 
ordered in ranges of IF01 and parity, and value of 
the individual indices showed no unusual features 
or trends. There was no evidence of secondary 
extinction in the low-angle, high intensity data. 
Reflections with low sin O/1 were systematically 
poor in fit, probably due to the observed disorder. 
The largest peak in the final difference Fourier map 
had an electron density of 0.55 e- A-3. The atomic 
positional and thermal parameters as well as struc- 
ture factor tables have been deposited with the edi- 
tor as supplementary material. 

Notes on the structure of 6. Molecules of the 
cationic part are well separated from each other 
and from their counterion. There are no particularly 
close contacts between molecules. Each cation core 
has approximate 2 mm (C,,) symmetry. One plane 
is defined by the three cobalt atoms, the sulphur 
and the cyclopentadiene centroids, Cpl, Cp2 and 
Cp3. An orthogonal plane includes Cpl, Col, S, 
C 16, C2 1 and the methyl carbon C26. The three Cp 
ligands are all planar. The torsional angles of the 
rings about the Co-centroid vector differ quite sig- 
nificantly from the mirror ideal values. The internal 
distances in the Cp ligands show clear systematic 
and random errors due to the very large amplitudes 
of vibrational motion about the Co-centroid axis. 
Thermal motion effects and those of disorder are 
also evident at the distal ends of the carbyne ligands, 
e.g. C19-C20, C24-C25 and C24-C25’. The sul- 
phur is bridging Cp2 and Cp3 in the plane of Col, 
Co2 and Co3 and displays a pyramidal environ- 
ment. A Co2-Co3 distance of 2.738(l) A is con- 
sistent with the absence of any significant metal- 
metal bond. Comparison of the three Co-C(car- 

byne) bonds indicates a strengthening of the linkage 
to the unique metal centre Col, at the expense of 
the other two. There is also a slight and probably 
not significant, difference in the Co-Cp distances 
between the two types of chemically non-equivalent 
cobalt atoms. The CSHg ligands adopt basically an 
extended trans configuration, their planes oriented 
in different directions (probably due to packing 
forces) ; ClbC20 aligns roughly parallel to the 
plane defined by Co2, Cl6 and C21, and C21- 
C25 is approximately parallel to that incorporat- 
ing Col, Cl6 and C21. 

Conversion of 6 to 2a 

The salt 6 (25 mg, 0.039 mmol) and sulphur (10 
mg, 0.39 mmol) in acetonitrile were heated to reflux 
for 48 h. The solvent was removed on a rotary 
evaporator and the residue chromatographed on 
alumina to afford 2a (10 mg, 78%). 

Mixed degradation of le and lg 

Complexes le (50 mg, 0.084 mmol) and lg (50 
mg, 0.09 1 mmol) were allowed to react with sulphur 
(20 mg, 0.63 mmol) under standard conditions. The 
so-generated mixture was analysed by mass spec- 
troscopy to reveal the presence of equimolar 
amounts of 2b, e, g and 7. 

Reaction of 2e with 2g 

In a 25 cm3 round bottom flask, a CHC13 solution 
(10 cm3) containing 2e (10 mg, 0.027 mmol) and 2g 
(10 mg, 0.026 mmol) was heated to reflux for 24 h. 
The reaction mixture was filtered through alumina 
and the products analysed by mass spectroscopy to 
reveal the parent ions of the four dithiolenes 2b, e, 
g and 7 present in roughly equal intensity. 

Reaction of 2g with NaCp - DME complex 

Methylcyclopentadienylcobalt(diphenyldithiolene) 
2g (50 mg, 0.13 mmol) was dissolved in THF (15 
cm3), NaCp - DME (200 mg, 1.12 mmol) added and 
the reaction mixture boiled for 24 h. The solvent 
was then removed on a rotary evaporator and the 
residue chromatographed on alumina to afford 2b 
and 2g as a roughly equimolar mixture, analysed 
by mass spectroscopy. 

Reaction of dimethyl butynedioate with cyclo- 
pentadienylcobalt(diphenyldithiolene) (2b) 

The dithiolene 2b (50 mg, 0.136 mmol) was dis- 
solved in CH2C12 (15 cm’) and the solution heated 
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to reflux. A first portion of dimethyl butynedioate 
(200 mg, 0.141 mmol) was added, followed after 
12 h by a second (200 mg, 0.070 mmol), and after 
36 h a third (200 mg, 0.070 mmol). After 48 h, 
the solvent was removed and the reaction mixture 
purified by chromatography on silica gel eluting 
with hexane and hexane-ether mixtures. The first 
compound to be isolated was diphenylacetylene 
(11 mg, 45%), the second the fluorescent dimethyl 
4,5-diphenylthiophene-2,3_dicarboxylate (5 mg, 
10%) : m.p. 9&92”C (ref. 21 92°C) ; mass spec- 
trum m/z 352 (M+), and the third the red violet 
2f (8 mg, 18%). 

Crossover between 2g and 5 

A mixture of 2g (5 mg, 0.013 mmol) and 5 (5 mg, 
0.012 mmol) was dissolved in benzene (1 cm3) and 
heated in a sealed tube for 24 h at 110°C. The crude 
product was filtered through alumina and purified 
by reverse phase HPLC, eluting with acetonitrile to 
give mixtures of 2b and g and 5 and 8, respectively, 
analysed by mass spectroscopy. 

qs - Cyclopentadienylrhodium(3,4 - diphenyldithio - 
lene) (9) 

A cyclooctane solution (10 cm’) containing 
CpRh(C0)22 (1.0 g, 4.4 mmol) and diphenyl- 
acetylene (794 mg, 4.4 mmol) was added via 
syringe pump over 0.66 h to a boiling solution of 
sulphur (600 mg, 18.75 mmol) in cyclooctane (100 
cm3). After heating to reflux for an additional 1.5 
h, the solution was cooled to room temperature, the 
solvent removed and the residue chromatographed 
on alumina eluting with hexane and hexane-ether 
mixtures to provide 9 (458 mg, 25%): red-violet 
crystals, m.p. > 250°C ; IR (KBr) 16OOm, 1495m, 
1442s, 1070m, 919m, 758s, 690s cm-‘; ‘H NMR 
(250 MHz, acetone-d& 6 7.20 (br s, 10 H), 5.78 (s, 
5 H); mass spectrum m/z 410 (M+, 55), 232 (2) 
178 (loo), 176 (23) 149 (25). Exact mass. Found: 
409.9668. Calc. for C,9H,5RhS2 : 409.9659. 

15-Methylcyclopentadienylcobalt(3,4-dibutyldithio- 
lene) (10) 

A cyclooctane solution (10 cm’) containing ($- 
CH3C,H,)Co(CO), (1 .O g, 5.15 mmol) was added 
over 0.66 h via a syringe pump to boiling cyclo- 
octane (75 cm’) containing sulphur (330 mg, 10.3 
mmol) and 5-decyne (700 mg, 5.15 mmol). The mix- 
ture was heated for an additional hour, the solvent 
removed and the residue purified by chromato- 
graphy to afford 10 (472 mg, 27%): purple 
crystals, m.p. 116-l 18°C ; IR(NaC1) 2960m, 291Om, 

146Om, 1020~ cm-’ ; ‘H NMR (250 MHz, C,D,) 6 
0.85 (t, J = 7 Hz, 6 H), 1.32 (m, 4 H), 1.72 (s, 3 H), 
1.84 (m, 4 H), 3.03 (t, J = 7 Hz, 4 H), 4.56 (br s, 2 
H), 4.57 (br s, 2 H) ; mass spectrum m/z 340 (M+, 
61), 225 (40), 202 (65), 44 (100). Exact mass. Found : 
340.0747. Calc. for C16H2sCoS2 : 340.0730. 

Crossover between 9 and 10 

A solution of 9 (5 mg, 0.015 mmol) and 10 (5 mg 
0.012 mmol) in m-xylene (5 cm’) was heated to 
reflux for 48 h. An aliquot was filtered through 
alumina and the solvent removed under reduced 
pressure. The residue was then analysed by mass 
spectroscopy, revealing the presence of approxi- 
mately equimolar amounts of 9, 10,ll and 2g. 
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Abstract-The complex 0s3(CO)i2 (1) is alkylated with organolithium reagents to give 
[Li][Os,(rl’-C(O)R}(CO),] ([Li][2]). Attempts at electrophilic alkylation of such salts has 
been unsuccessful. Acidification of a tetrahydrofuran (THF) solution of [Li][2] leads to 

Os3(CO), ,(THF) (3). 
Metathesis of [Li][2] with [pPN]Cl ([pPN’J+ = (Ph,P),Nj+) accompanied by exchange of 

THF by CHC13, leads to a solution of [PPNj[Os,{ 1,2-@=C(Me)}(CO)i,,] (lPPN’j[4]). 
Acidification of the latter gives OS,{ 1,2-p-H ; 1,2-p-O=C(Me)}(CO),, (5). Alkylation of 
[pPNJ[4] with ROS02CF3 gives the bis-acyl derivative Os,(q”-C(0)R){~-O=C(Me))(CO)9 
(6). This reacts with water to give a small amount of Os,(1,2-P-X ; 1,2-p-O=C(Me))(CO) i0 
(7, X = Cl, or I) along with the two principal products, the Fischer carbene complex 
Osj{ 1,2-p-H; l,2-@=C(Me)}{l-C(OR)Me}(C0)9 (8, R = CH3, CDs, C6H5), and 
OS,{ 1,2-p-(OH) ; 1,2-p-QC(Me)}(CO), 0 (9). 

Complex 5 is deprotonated by alkyl lithium reagents at 25°C ; at -30°C however, it is 
alkylated to give [Li][0s3(C(0)R}{pH,@=C(Me)}(C0),] ([Li](lO)). Electrophilic alkyl- 
ation of this salt with R’OS02CF3 at 25°C leads to cluster complexes containing a Fischer 
carbene group, 0s3{ l-q’-C(OR’)R}(1,2-p-H; 1,2-@=C(Me)}(CO), (8, R = R’ = Me; 
R = Me, R’ = Et; R = Ph, R’ = Et) in high yield. 

Treatment of Ru3(1,2-p-H ; 1,2-p-M(Me)}(CO), ,, (11) with LiR at - 30°C leads to 
[Li][Ru,{C(0)R)(~-H,~-O=C(Me)}(CO)9] ([Li][lZ]). Electrophilic alkylation of these salts, 
however, leads to the elimination of acetaldehyde along with the formation of double C-H 
oxidative addition products, Ru~{~-H}~{~~,~~-C(OE~)=C(H)}(CO)~ (13). Starting with 
MezNH instead of alkyllithium in this sequence gives Ru3(p-H}2{f12,p3-C(OEt)N(Me) 

CW)(CO), (14). 

A few years ago’ we noted that despite the passing 
of 18 years since the isolation of the first hetero- 
carbene complex by Fischer and Maasbiil,’ there 
had been no report of the synthesis of such a func- 
tional group on a cluster complex of nuclearity three 
or higher. Formation of one (or two) Fischer car- 
bene groups on dinuclear carbonyls had been 
reported3 and the migration or transfer of a pre- 
formed Fischer carbene group had been achieved 
in the reaction of M{C(OMe)Ph}(CO)S (M = Cr or 
W) with zero-valent platinum complexes (giving di- 

t Author to whom wrrespondence should be addressed. 

and trinuclear complexes containing a {p-C(OMe) 
Ph} group).4 A u-i-iron complex containing the 
v’-CS~(CH)~ group had been obtained in the reac- 
tion of 1,3-dithiole-2-thione with Fe2(C0)9.5 

ATTEMPTS TO FORM A 
FISCHER CARBENE GROUP 

ON OS&% 

Our investigations with 0s3(CO)i2 (1) are sum- 
marized in Scheme 1. The lithium salt of the acyl 
anion [OS~{~‘-C(O)CH~}(CO)~ ,I- ([2]-) is formed 
instantaneously by treatment of 1 with methyl lith- 
ium at 0”C6 Care must be taken in the stoi- 

1035 
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Osg(CO)t 2 

1 

-30 “C LiMe/Et20 

THF instantaneous 

1 

Os3 (CO)1 I P (OMe)3 ( or 1) 

P (OMe), (or CO) 
25 “C/instantaneous 

Osg(CO)t 1 VHF) + CH3C(O)H + 1 (28%) 
THF I25 “C 
instantaneous 3 

[t-i1 1osgIequ -rl’-o(O)Mel (CO)1 11 
[l-i1 lzl 

I 

Et301 laF41 u 
or CH30S02CF3 

No reaction after 24 h. 

After several days, 1 H NMR 
indicates a THF adduct. 

Scheme 1. 

chiometry since OS 3(CO)1 z can absorb two mols of 
alkyl lithium reagent.’ 

The anionic complex [2]- is shown in Scheme 1 
with the acyl group in the equatorial position, as 
deduced from the { ‘H) ’ 3C NMR at - 85”C.‘(b) This 
spectrum contains seven resonances in the carbonyl 
region (6 196.31735) with an intensity pattern 
2 : 4 : 1: 1: 1: 1: 1; the resonance for the acyl carbon 
of the (VI-C(O)R} group is observed at 6 238.8 
ppm. The carbonyl group resonances coalesce to an 
averaged signal at room temperature, indicating 
fluxionality for this anion. Information about the 
first-formed (kinetic) product is thus lost ; this might 
well have been the anion with an axial-acyl group, 
deriving from initial attack of the nucleophile at the 
carbon of an axial CO group, where this is expected 
to be favoured. 

Alkylation of [Li][2] at 25°C proved to be slow 
and fraught with the usual complicationq8 see 
Scheme 1. After about 8 h the principal solution 
constituents are 0s3(C0)r,(THF) (3) and a cor- 
responding amount of acetaldehyde. Some 
Os,(CO) I z is also obtained as by-product. Complex 
3 is not isolated but its presence is confirmed by 
‘H NMR and by its instantaneous reaction with 
P(OMe)3, as shown in Scheme 1. We ascribe the 
formation of acetaldehyde to protonation of [2]- 
by trifluoromethylsulphonic acid9 produced in the 
hydrolysis of the alkylating agent by traces of water 

TThe formation of aldehyde may result from either 
protonation at the metal followed by reductive elimin- 
ation of the aldehyde,‘q”) or from protonation at oxy- 
gen to give a hydroxycarbene followed by rearrangement 
to the aldehyde.“‘@) 

in the system ; protonation of metal acylates is 
known to give a1dehydes.t In support of this con- 
clusion, addition of a stoichiometric amount of 
trifluoromethylsulphonic acid to a THF solution 
of [Li][2] results in the instantaneous formation 
of 3 along with a stoichiometric amount of 
acetaldehyde. 

Under rigorously anhydrous conditions, no alkyl- 
ation is seen. After 16 h, polymerization of the 
THF solution” is observed. 

CONVERSION OF 

We next sought to perform the electrophilic alky- 
lation of [2]- in chloroform as its [PPNJ+ salt, see 
Scheme 2. This salt is formed by metathesis of [Li][4] 
with [PPNjCl. The substitution of solvents, 
however, is accompanied by appreciable conversion 
of [2]- into [OS,{@=C(CH~))(CO)~~]- ([4]-).6 
A part of this transformation occurs during the 
removal of the THF under reduced pressure and is 
completed in chloroform. 

ALKYLATION OF [PPM[4] 

Methyl triflate is added to the solution of 
[PPNj[4] and, after 2 h, the anion is completely 
converted to a neutral derivative, (6). The reactivity 
of [4]- towards alkylating agents was compared to 
that of [2]- ; we observed no alkylation of [2]- 
before polymerization of the THF sets in, while [4]- 
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lPPN1141 

I ROSO2CF3 (R = CH3 or CD3) 

CHCl3 

25OC, 6h 

Os3(qx-c(O)R}{B-0=CCH3)(CO)g 

6 

Scheme 2. 

shows partial alkylation to 6 in about the same 
time (in THF). 

The { ‘H} ’ 3C NMR of 6 is shown in Fig. 1. Nine 
resonances of equal intensity are seen in the region 
6 186173 ppm, denoting a cluster with nine CO 
groups, each in a different environment; the CO 
groups do not exchange at room temperature. The 
remaining signals attributable to 6 consist of two 
pairs of resonances at 6 283.8,269.1, 50.2 and 49.4 
ppm. One (low field)-@@ field) pair must rep- 
resent the original (CL--(Me)) group, while the 
other pair represents the functional group formed 
during the electrophilic alkylation. 

There are two possibilities for the site of alky- 
lation in [4]-. One is the formation of a new acyl 
group arising from alkylation at a metal centre in 
[4]- followed by migration to coordinated CO. This 
would parallel the formation of [Fe{q’-C(O)Me} 
(CO)2{~-P(CgH5)2}Fe(CO)3]‘- (in the reaction of 
[Fe(CO)3{~-P(C~H,),}Fe(C0)3]2- with CH,I).” 
Such a reaction would give a bis-acyl derivative 
0s3{~x-C(0)R}(@=C(Me)}(C0)9 (i-bis-acyl; 
R = CH3 or CD3) ; in such a derivative, the 
{-C(O)R} group would probably be dihapto to 
attain a 48 e- count on the cluster. 

A second possibility is 0-alkylation of [4]- to 
form an alkoxy-carbyne derivative, ’ 3g ’ 4* ’ ’ namely 
0s3(~X-C(OR)}(@=C(Me)}(C0)9 (6_alkoxy--car- 
byne). It has not as yet been possible to obtain a 
definitive characterization of 6 owing to its extreme 
reactivity (see below). We have proposed a bis-acyl 
formulation for 6 based on the chemical shifts of 

the resonances mentioned above; while the res- 
onance of the carbyne carbon in the triply-bridged 
alkoxycarbyne group in 0s3{~-H}3{~3-C(OMe)} 
(CO), is observed at 6 205.5 ppm,14 this res- 
onance in other alkoxy+zarbyne complexes occurs 
below 300 ppm. ’ 3* ’ ’ Still, the structure of 6 must be 
regarded as an open question, and to reflect this in 
the present account, we write the formula as Os3 
{rl”-CO(R)}{~-O=C(Me)}(CO)9. 

FORMATION OF A FISCHER CARBENE 
COMPLEX IN THE REACTION 

OF 6 WITH H,O 

Attempts to purify 6 by silica gel column chroma- 
tography results in its conversion to the three 
products shown in Scheme 3 (R=CH,). The 
Fischer carbene containing cluster complex 0s3 
(l-q’-C(OMe)Me}(l,2-p-H;1,2-p--(Me)}(C0)9 
(8) is obtained in 38% yield ; its structure was deter- 
mined by X-ray diffraction. ’ The (p-hydroxy,p- 
acyl) complex OS,{ 1,2-p-(OH) ;1,2+-O=C(Me)} 
(CO),, (9) is obtained in about the same yield. 
A halogen bridged complex 0s3( 1,2-p-Cl; 1,2-p- 
O=C(Me))(CO) , ,, (7, X = Cl) is a minor by-prod- 
uct in this reaction. This arises from the presence 
of a chloride ion in the mixture owing to incomplete 
precipitation of LiCl in the metathesis of IpPN]Cl 
with [Li][2]. 

In order to trace the origin of the methyl group 
in the above conversion, we alkylated [pPNj[4] with 
CD30S02CF3, Scheme 2 (R = CD3). The complex 
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186.2 173.2 

-3 

I“-“.--‘,....““‘,. “I-. I’.“‘- “I 
400 300 delta &Ipld 200 100 0 

Fig. 1. 13{ ‘H} NMR of OsB{rl’-C(0)CHSf(Ir-~CIE,)(CO), (6), at 25”C, CDCI, solution; carbonyl 
groupresonancesareat& 186.2,185.6,180.1,179.7,178.8,178.1,L77.3,175.5,173.2. (c$ Dissertation, 

C. M. Jensen, UCLA, 1984). 

ii-d3 was examined by 2H NMR and found to con- Addition of water to a solution of 6-dj (Scheme 
tain the deuterium label only in the {q”-CO(R)] 3, R = CD,) followed by removal of the chloroform 
group, i.e. OS,(~“-CO(CD~)).(I.~-O==C(M~))(CO)~. solvent and extraction with petroleum ether, results 
No scrambling of the deuterium label is observed in the disappearance of the resonance COP 
in this complex over 1 week at room temperature responding to the jfJx-CO(CD3)) group in the ‘H 
(under exclusion of air and moisture). NMR and its replacement by resonances cor- 

,CH3 
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&CH3 

/ \ (CO)30s,,,gC~~ uR’(LiBr) _ 

H Et2OlOw 

[Lil+ [&&g&)4] - 

5 instantamous [Lii[lO a] R=Me 
[li][lO b] R=Ph 

R’OSO2CF3 

25% 
48-108h 

1 

(CQ&&)4 

‘H’ 

8 a R=R’=Me (68%) 
b R=Me, R=Et (80%) 
c R=Ph, R’=Et (42%) 

+ 7, X=Br ( 8%) 

Scheme 4. 
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responding to the CD3 and 0CD3 groups of the 
carbene moiety of 8-d+ Chromatography of the 
petroleum ether extracts on silica gel produces 
8d3 : Os~(r$-C(OCD3)CH3)(1,2-p-H;1,2-p-O=C 

(Me))(CO) 1 o ; loss of the label on the carbene 
methyl group results from H/D exchange on silica 
gel, owing to the acidic nature of these protons. ’ 6 
No label is detected in complex 9 which is also 
produced in this reaction. In transformations of 
the CD,-labelled materials, the minor by-product 
is 0s,(1,2-~-I;1,2-yO=C(Me)}(CO)10 (7, X = I). 
This arises from reaction of residual [fl- which is 
introduced in the preparation of the methyltriflate- 
d3 by the reaction of silver triflate with CDJ. 

The conversion of 6-d3 into 8-d6 and 9 by water 
does not involve the p-acyl group. To achieve the 
regiospecific transfer of a -CD3 group while also 
explaining the observed product distribution, we 
have proposed attack of a water molecule on 6 
followed by proton transfer to a second molecule 
of 6 leading to the ionic species [A-] and [B+] as 
shown in eq. (1). 

20s,{rf-CO(R)}{p-W(Me)}(CO),+H,O 

= [Os3{f-CO(R)}{@=C(Me)} 

{(OH)~(CO),I-([Al-)+[Os,{rl”-CO(R)~ 

{~-o--Me)){H}(Co),1+([Bl+). (1) 
Our proposal for the transfer of a -CD3 group and 

7 The cluster hydrogen is removed as a proton in the 
reaction of hydrido-cluster complexes with H-.‘7(d) 

a pair of electrons from [A]- to p]+ (assuming a 
bis-acyl structure in 6) is shown in Scheme 4 of 
ref. 1. The structure of 6 and the details of the 
regiospecific “disproportionation” of -R groups 
are still open questions at this time. 

THE FISCHER REACTION 
SEQUENCE ON 

0s3{1,2-pH;1,2-@=C(Me)}(CO),o (5) 

Having obtained 8 unexpectedly in the afore- 
mentioned reactions, we were led to attempt its 
direct synthesis from 5. This proved successful as 
summarized in Scheme 4. Titration of 5 in diethyl- 
ether at -30°C with LiMe (also in diethylether, 
low bromide content) produces [Li][Os,{q’-C 
(O)Me}(1,2-yH;1,2-p-O=--C(Me)}(CO), ([Li][lOa]). 
This is remarkable in view of the Brijnsted acidity 
of cluster hydrides,? ’ 7 where acidity, however, 
is not kinetically favoured at slightly lowered 
temperature. At room temperature, deprotonation 
rather than nucleophilic alkylation is observed 
(see discussion for triruthenium complexes, 
below). 

Warming the solution of [Li][lOa] to 25°C and 
treating it with a slight excess of CH30S02CF3 
leads, after 36 h stirring, to 8a (R = CH3) in 68% 
yield. Longer reaction time does not increase the 
amount of 8a produced. Instead, increasing 
amounts of the ethoxy carbene derivative Osg( 1 -q ‘- 
C(OEt)Me}( 1,2-p-H;1,2-p-w(Me)}(CO), (8b) 
are obtained in yields approaching 10% in 70 h. 
Formation of this product results from the fruns- 
alkylation reaction between CH30S02CF3 and the 



1040 H. D. KAESZ and C. M. JENSEN 

Scheme 5. 

diethylether.9 When [Li][lO] is alkylated directly 
with ethyl triflate, 8b is obtained in 80% yield (48 
h reaction time). In these reaction sequences, the 
minor by-product is the bromide complex 0s3( 1,2- 
p-Br;l,2-@=C(Me)}(CO), 0 (7, X = Br), arising 
from reaction of LiBr originating in the LiMe 
solution. 

Titration of 5 with LiC6Hs in diethylether at 
- 30°C produces a solution of [Li][lOb], see Scheme 
4. Alkylation at 25°C with a slight excess of EtO- 
SO&F3 requires 108 h to form OS,{ I-q’-C(OEt) 
C,H,}(l,2-p-H;1,2-p-0-_Me)}(CO), (&) in 
42% yield. Again, a minor amount of 7 (8%) is 
obtained. 

0-alkylation of the salts Li[lO] in diethylether 
contrasts the chemistry of iron acylates,t which 
undergo alkylation at the metal centre with this 
combination of solvent and counter ion. A long 
reaction time and/or excess of reagent is usually 
required for the alkylation of cluster anions.8(b)“3 
This is presumably due to delocalization of charge 
on the cluster framework. 

THE FISCHER REACTION 
SEQUENCE ON 

Ru,(rc-H,po=C(C}(CO),, (11) 

Titration of 11 with LiCH3 in diethylether at 
-30°C leads to its instantaneous conversion to 

[Lil[Ru3{~‘-C(0)CH,}{~-H,~-~(CH3)~(CO)91 
([Li][12]). Complete spectroscopic data for this 
anion have recently been published ;19 two distinct 
methyl resonances are seen in [12]-, indicating that 
the two different types of acyl group do not ex- 
change on the NMR time scale ; experiments with 
’ 3C and deuterium labelled complexes (mentioned 
below) indicate that there is no exchange at longer 
periods as well. Such exchange would require con- 
version of the p-acyl group in the q’,,u-isomer to an 
n ‘-acyl group, as shown in Scheme 5. However, the 

t 0-alkylation has been found to occur in special sys- 
tems where the acylate complexes are phosphine sub- 
stituted,‘*@) or where the acylate contains a C&l,, CsFS 
or N(Me)2 group,‘*@) or where HmPA is utilized as a 
cosolvent. ‘*@) 

coordinative unsaturation thus created must draw 
the original q’-acyl group into $-bonding, cf. Ru 

(PPh&(I){?‘-C(O)Me}. 2o The g’,q’-tautomer of 
the bis-acyl anion would explain the non-inter- 
conversion of the two acyl groups, and could also 
account for variability in 0-alkylation observed in 
the anions [12]- R = Ph, or CMe,, as discussed 
below. 

It should be noted that despite the thermo- 
dynamic acidity of cluster-bonded hydrogen 
atoms, ’ 7 these prove to be kinetically slow to 
remove, as also observed for the hydrido tri- 
osmium complex 5. By contrast, on& deprotonation 
is observed in the treatment of 11 with LiCH3 at 
25”C, to give the salt [Li][Ru,{p-O---C(CH,)) 
(CO)*oV9 

Alkylation of [Li][12] with C2H50S02CF3 at 
25°C leads, after 48 h, to Ru3{,u-H}2{q2,1(3-C(OEt) 

=C(H))(CO), (13) in 80% yield ; acetaldehyde is 
obtained as a by-product ; this is illustrated in Scheme 
6 for isotopically labelled material, discussed below. 

EtOSO2CF3 

25% 
48-103h 

-I 

,CH3 k-b9 ] WCO)4 

WCO)3 
H 

C I 

CH3C(0)H 1 
13. 

Scheme 6. 
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Compound 13 was characterized by spectroscopic 
means, as a heteroatom substituted homologue of 
ethyne complexes earlier observed in the reaction 
of olefines,“t or acetylene? with Ru~CO),~. The 
structure of a close analogue, Ru~{~-H}~(~~,~~- 
C(OMe)=C(OMe))(C0)9 (isolated as one of the 
products in the hydrogenation of Ru,(~-H,~~,~~- 
C(H)C(H)C(OMe)}(CO),) has been reported.24 

Using Li13CH, in the reaction with 11 gives 
rise to the regiospecihcally ’ 3C-labelled product, Ru3 
{~-H}2{t12~3-C(OEt&=13C(H))(CO)9 (*I3), see 
Scheme 6. The regiospecificity of 13C in this pro- 
duct establishes that the non-exchange of acyl groups 
observed in the NMR of [12]-,I9 persists over a 
longer time frame, and is also consistent with the 
regiospecific alkylation shown in intermediate C in 
Scheme 6. The regiospecificity indicated in Scheme 
6 has been confirmed in two other experiments.1g In 
the first of these, regiospecifically labelled starting 
material (ll-13C) [see eq. (2)] is synthesized from 
Ru3(CO), 2 and Li13CH3. When this is treated with 
unlabelled LiCH,, followed by alkylation, the tri- 
nuclear product Ru~{~-H)~{~~~~-C(OE~)=C(H)} 
(CO), (13) is obtained containing no 13C incorpo- 
ration. 

(i) LiCH, 

(ii) EtOSO$ZF, 
b 13+ 13CH3C(0)H (2) 

R~~~~-H,~-O--C(CD~))(CO)IO 
ll-CD3 

(i) LiCH, 

(ii) EtOSO,CF, 
b 13+CD,C(O)H. (3) 

Similarly, starting with ll-CD3 [see eq. (3)] there is 
no deuterium incorporation into the triruthenium 
product.1g 

EFFECT OF CO 

Under an atmosphere of CO, acetaldehyde is still 
eliminated from the initial alkylation product but 
oxidative addition is temporarily prevented; IR 
indicates the presence of a new complex, presumably 
Ru3{C(OEt)CH3}(CO)1 1. This has eluded char- 
acterization owing to its rapid conversion to 13 
under conditions attempted for its isolation or puri- 
fication ;I9 removal of the CO above a solution of 
the new complex results in its rapid conversion to 
13. Addition of excess triphenylphosphine to a solu- 

7 For a review of other cluster complexes of these and 
related fragments see ref. 22. 

tion of the new complex results in the instantaneous 
formation of UU,(CO),(P(C,H,),),.~~ 

USE OF LiPh OR LiCMe, TO 
INITIATE THE FISCHER 
REACTION SEQUENCE 

Reaction of 11 with other organo-lithium re- 
agents, followed by alkylation with C2H50S02 
CF3, is shown in Scheme 7. These routes also 
give 13 along with the corresponding aldehyde 
RC(O)H. This suggests intermediate D in Scheme 
7, in contrast to intermediate C in Scheme 6, arising 
perhaps through alkylation of the tautomer $,q’- 
[12]- (Scheme 5). The phenacyl or t-butyl-acyl 
groups (RC(O)-, R = Ph or CMe,) of q’,p-[12]- 
(Scheme 5) must somehow be deactivated towards 
0-alkylation. In the case of the t-butyl derivative, 
it would be steric hindrance, while in the phenacyl 
anion it would be due to deactivation of the oxygen 
atom by the phenyl group. For related reports 
where similar considerations of an q’-form for a 
coordinated acyl group may be of importance, see 
the 0-alkylation of [Fe3{~3-O=CMe}(CO)&],8’b’ or 
the protonation of a p-acyl group in Cp2Zr(q2- 
0=CMe)Mo(CO)3Cp.26 

ABSENCE OF H/D EXCHANGE IN 
DOUBLE C-H OXIDATIVE 

ADDITION PRODUCTS 

The deuterium labelling experiment described in 
eq. (3) above indicates that there is no scrambling 
between cluster-bonded hydrogen atoms formed in 
the double oxidative addition and the eliminated 
aldehyde. The aldehyde must be formed and elim- 

[til [Ru3{q’-C(0)WA-L @=CC+J (CO),01 
[hi] [lq R=Ph, or CM33 

EtOSO2CF3 

25% 
72-120 h - 

’ ,CH3 [R-L ] O .+-C\gR”(CO), 

(C0)2RU\H, wm3 

I D 

=(W 
RPh. or CMe3 1 

13 

Scheme 7. 
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inated in a step preceding the double oxidative 
addition. 

ISOLATION AND CHARACTERIZATION OF 

RuJ(~-H}~(lr’,rusC(OEt)~eCo)(CO), (14) 

Substitution of HNMe* for RLi in the Fischer 
sequence on 11 gives deep orange crystals of 14 in 
45% yield, see Scheme 8. The structure shown for 
14 is consistent with a variety of spectroscopic 
data i9 An intermediate like C in Scheme 6 con- 
taining the {q’-C(NMe,)(OEt)} carbene group 
must be traversed. 

COMPETITION BETWEEN THE 
DOUBLE C-H OXIDATNE ADDITION 
PROCESS AND EXTERNAL REAGENTS 

Aromatic hydrocarbons 

The alkylation of [Li][12] was carried out in the 
presence of C6H5F or CaH&F3 to see whether 
C-H activation of these could compete with the 
intramolecular double oxidative addition, to com- 
pare with studies on mono-nuclear complexes,” 
in which it is observed that certain intramolecular 
C-H oxidative additions are slower than C-H 
addition of an external hydrocarbon. In the com- 
petition experiments, the aromatic hydrocarbons 
are added just before alkylation of [12]-; IR spectra 
taken at various intervals show the absorptions of 
the anion being replaced by those of 13, with no 
bands of any other compounds evident. The same 
results are obtained in the presence of tri- 
fluorotoluene. I9 

tLi1 lRusIn’-C(0)RlW-L @=CCHsl (Co1101 
14 Wl R=Nm2 

EtOS02CF3 

25% 
48h 

CH3C(O)H 1 
H 
I 

Et0 

14 

CONCLUSION 

A Fischer carbene group can be constructed on 
edge double-bridged {p-H,@=C(Me)) tri- 
osmium complexes. The same reaction sequence 
on triruthenium complexes undoubtedly leads to 
analogous but unstable complexes. 

Products isolated in the trirutheuium system 
must derive from further transformations on the 
complexes first formed in the Fischer reaction 
sequence. These transformations involve reductive 
elimination of an aldehyde (an overall four-electron 
donor in its separate precursor parts), followed by 
the double oxidative addition of a C-methyl of a 
Fischer carbene group. Both of theseprocesses occur 
at the unprecedented mild temperature of 25°C. 
There are many examples of double oxidative 
addition products, but all have been formed at sig- 
nificantly higher temperatures. For example, tri- 
nuclear reaction intermediates containing double 
oxidatively added groups are postulated in the H/D 
exchange in amines catalysed by Ru3(C0)i2 and 
Rh,(CO), 6 at 1 50”Cz8 Another example of double 
oxidative addition is the complex OS~{,WH}~{~~- 
C(H))(CO),, obtained in the thermolysis of Os,{p 

H,+=C(CH,)WG), or Os,{p-H,p-O(CH= 
CH,)}(CO), at 150”C,29(a) or in the thermolysis of 
OS~{~-H,~-CH~}(CO)~,, at 100”C.29(b) In this same 
vein, the complex OS~{~-H}~(~~~~-C(R)P(R’)~} 
(CO), is obtained in the thermolysis of Os3(CO)r1 
P(R’), at 1 50”C.29~c~ 

The higher temperatures required to achieve 
coordinative unsaturation on the metal cluster com- 
plexes in these other examples, masked the tem- 
perature at which double oxidative additions may 
occur, which in this work are shown to take place 
at ambient temperature. These results provide clues 
to two other observations in the literature. Firstly, 
to the extensive transformation reported in iso- 
lation of the complex Ru3{~-H,~,~3-C(Ph)- 
C6H4)(C0)9,30 from the reaction of Ru3(C0)i2 
with LiPh, and secondly, to the dehydro- 
genation of triethyl amine by 0s3(CO)i0 
(NCCH3)z leading to HOs3{p--CHCH=+NEt2} 
(CO), o in refluxing benzene. 3 ’ 

It is also significant that oxidative addition in the 
triruthenium system is prevented under an atmo- 
sphere of CO. The coordinatively unsaturated inter- 
mediate(s) formed by the loss of the aldehyde can 
obviously be intercepted by this nucleophile, 
although not by the two aromatic hydrocarbons 
tested (C,H,X, X = F or CF3). The rate of the 
internal oxidative additions observed must thus fall 
somewhere between the rate of attack by these two 
types of external reagents. 

Scheme 8. 
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Abstract-Carbon- 13 NMR data for a range of iron group polynuclear acetylide complexes 
with p2-q2, p3-q2 and ~~-1~ alkynyl groups are presented. For doubly bridging p*,-q2-acetylides 
of Fe, Ru and OS, the C, resonance lies in the range 65-110 ppm dotield of TMS, while 
C, shifts cover the range 90-l 10 ppm. In p3-q2-complexes C, lies in the region 115-220 ppm 
and is always downfield of C, (43-153 ppm). For pd-q2-acetylides, C, is also downfield of 
C, with values lying in the ranges 185-230 and 91-165 ppm, respectively. Comments on 
the most appropriate experimental parameters for the observation of 13C spectra of 
acetylides and techniques for assigning resonances are included. 

Among C2 hydrocarbyl groups the acetylide or 
alkynyl ligand -C&R occupies a unique position. 
It has the highest degree of unsaturation and the 
greatest versatility as a bridging ligand, being cap- 
able of functioning as a one, three or five electron 
donor when considered as a radical. For reviews 
on acetylide chemistry see ref. l(a-c). Examples of 
coordination modes illustrating these donor charac- 
teristics are shown in Scheme 1. The organometallic 
chemistry of the alkynyl group is thus characterized 
by its structural variety, by the diversity of its reac- 
tion chemistry and utility as a source of other 
C2 hydrocarbyls including alkenyls, vinylidenes, 
alkylidenes, alkylidynes and alkyls (Scheme 2).-t 

Although a large number of mono- and poly- 
nuclear alkynyl complexes have been charac- 
terized,? 13C NMR data for bridging alkynyl carbon 
atoms are sparse, particularly in comparison 
with 13C shifts for other hydrocarbyl ligands. 
There is an obvious reason for this lack of data. 
Alkynyl sp-hybridized carbon atoms are generally 
assumed to have long relaxation times and Nuclear 
Overhauser Enhancement effects are small or neg- 
ligible. Thus 13C resonances of alkynyl carbon 

*Author to whom correspondence should be addressed. 
t For some recent work on acetylide chemistry without 

acetylide 13C NMR data see ref. I(d-0). Work with ace- 
tylides which does include “C NMR data is included 
in refs 2-14. 

atoms are often difficult to detect without long 
accumulation times. One solution to this problem 
is 13C isotopic substitution but this is expensive and 
may be time consuming. Another difficulty even 
when good quality 13C NMR spectra are available, 
is the assignment of 13C resonances to the CI- and /I- 
carbons of the -Ce,R group. A lack of sys- 
tematic information on 13C shifts and their cor- 

R 
I 

Iii 
M/X4 

Scheme 1. Bonding modes of acetylides. 

1045 



1046 A. J. CARTY et al. 

-c-C-R 

\ -lR PC” 
Scheme 2. 

relation with the structural parameters and bonding 
mode is a serious shortcoming in this regard. 

In this study we set out to: (i) expand the data 
available for 13C shifts in polynuclear acetylides ; 
(ii) describe some experimental techniques useful in 
assigning 13C resonances ; (iii) correlate the chemical 
shifts for alkynyl carbon atoms, with the type of 
bonding mode ; (iv) assess the influence of the metal 
atom on 13C shifts down a triad. 

EXPERIMENTAL 

The compounds for which 13C NMR parameters 
are reported herein were synthesized and char- 
acterized as described elsewhere. References are 
included in the appropriate tables. 

NMR techniques 

The “C NMR spectra were obtained on Bruker 
WH-400, AM-250 or AC-200 spectrometers and 
were referenced internally to the solvent 
(CDC13 = 77.0 relative to TMS). Typically, lOO- 
200 mg of each complex was used to obtain the 13C 
NMR spectra. The best results were obtained from 
the AC-200 spectrometer which is equipped with an 
Aspect 3000 computer. A digitization of 64K data 
points was generally used to obtain satisfactory line 
shapes (Hz/pt = 0.43). The optimum conditions for 
data accumulation were a relaxation delay of 7 s 
with a pulse angle of 40” (3.5 ps). A more complete 
discussion of the optimization of pulsed Fourier 
transform experiments can be found in ref. 15. Spec- 
tra were recorded at 300 K under temperature con- 
trolled conditions and samples were contained in 
5 mm tubes. Total acquisition times were typically in 
the range of 4-8 h, with the most difficult sample 
[Ru,(CO),3(~~-~2-C=C-i-Pr)(,u-PPhz)] requiring a 

RESULTS AND DISCUSSION 

Assignment of 13C resonances for acetylides 

Acetylide resonances, like 13C0 metal carbonyl 
signals are generally of low intensity since quater- 
nary carbon atoms typically exhibit longer relax- 
ation times than protonated carbons and exhibit 
little Nuclear Overhauser Enhancement. However, 
it should be stressed that to our knowledge no relax- 
ation studies of transition metal coordinated acet- 
ylenic carbon atoms have yet been published. In 
order to obtain useful 13C acetylide spectra, acqui- 
sition parameters must be optimized or alter- 
natively enriched samples used. The former entails 
the use of a suitable relaxation delay and a pulse 
angle of less than 90”. We have found that a relax- 
ation delay of 7 s and a pulse angle of approximately 
40” gave optimal results in our hands. 

The presence of heteronuclear coupling reduces 
the intensities of 13C signals ; however this coupling 
has proved to be advantageous for peak assign- 
ments. In phosphido-bridged complexes such as 
Mz(C0)&-$-C=CR)(~-PPh2)~ the resonance 
with the larger phosphorus-carbon coupling has 
been empirically assigned to the alpha carbon atom 
(Fig. l).2 To unequivocally assign the C, and C, 
resonances we undertook a series of proton coupled 
experiments. The results for Ru~(CO)&-~~-C- 
i-Pr)(p-PPh,) are shown in Fig. 2. The fully coupled 
spectrum shows a complex pattern consisting of a 
doublet of doublets of septets for C, and a doublet 
of doublets for C,. In general, we have observed 
that remote coupling to proton nuclei four bonds 
removed does not occur. Thus for R = C(CH3)3, the 
beta carbon is a doublet of decets while the alpha 
carbon resonance remains as a doublet uncoupled 
to any protons (Fig. 3). We have found that the t- 
butyl group in particular serves as a very useful 
probe for the assignment of 13C resonances in alky- 
nyl complexes since in the proton coupled spectra 
it is immediately evident from a comparison of 
intensities, which is the uncoupled C, resonance. 

,u2-q2-acetylides 

The range of 13C shifts for these edge bridging 
alkynyl groups is N 45 ppm. Comparison with the 

/” 
\ 

(CO) ,M ’ m\M(Co) J 

\P/ 
Ph t 

Fig. 1. Central core of M2(C0)&-$-CCR)b-PPhJ, 
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I-““~~~~I~‘~~“-~-I“~“~~~~I’~~“~~’~l‘~‘~’~~-7”~“‘~“l‘~~‘- 
104 102 100 99 96 94 92 

ppm 

Fig. 2. 13C {‘H) NMR spectra of the acetylide region of Ruz(CO),~2-~2-C=C-kPr)~-PPh~ under 
conditions of (a) broad band decoupling; (b) gated decoupling (fully proton coupled with NOE), 

and (c) selective proton decoupling (irradiation at the frequency of the methine proton, CHMe,). 

13C shift scales for ~3-$- and P.&-groups (Scheme 
3) shows that although there is some overlap par- 
ticularly for C,, the C, resonance generally moves 
to lower field in the sequence ,u2-q2 < p3-n2 < ,u~- 
u2 as the number of metals interacting with the 
hydrocarbyl increases. Deshielding of C, can prob- 
ably be attributed to the development of a positive 
charge density on this atom due to coordination to 
electrophilic M(CO), fragments. 

The series M2(C0)6(p2-q2-C=CR)@-PPh2) 
(M = Fe, Ru, OS; R = Ph, t-Bu, i-Pr) 1 illustrates 

two effects (Table 1). (a) A metal effect on S(13C) : 
generally C, which is bound to two metals moves 
downfield in the order Fe > Ru > OS, while the 
position of the C, resonance (C, is coordinated to 
only one metal) remains relatively unchanged. (b) 
An effect of the R group : for the p2-v2-acetylides 
listed in Table 1, C, is at higher field than C, except 
in the cases of M = Fe, Ru; R = Ph, where the 
order is reversed. This suggests that the electronic 
properties of the R group have an influence on 
the “C NMR shifts (see also ref. 3). The coupling 
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(b) I 

I 
110 

I 

108 
I 

106 
I 

IO4 
I 

102 
I I I I I 

too 98 96 94 92 

ppm 

Fig. 3. 13C (‘H} NMR spectra of the acetylide region of Ru,(CO)&-$-CSC-t-Bu)&-PPh3: (a) 
broad band decoupling ; (b) gated decoupling. 

constants Ju~._-“~ are greater for C, than for C, in 
each case, with the values of&-C, decreasing in 
the sequence Fe > Ru > OS. The .J~I~_._I~~~ par- 
ameters change relatively little down the triad. 

Three trinuclear complexes M3(C0)&-$- 
CI=CR)2(p-PPh2)2 (M = Ru, R = i-Pr ; M = OS, 
R = Ph, i-Pr) of type 2 with edge bridging alkynyl 
ligands, have been characterized. Assignments 2 

a M=Rll. R-R’ 
bM=Cs, R-P+ 
CM=os, R=Ph 
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110-90 
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2230 195 

P*- rl 165 91 

Scheme 3. Range of 13C resonances for bridging acetylides. 

(Table 2) are based on 31P-‘3C coupling con- 
stants. A similar pattern of chemical shifts to 
those in type 1 complexes is seen with C, at higher 
field than C,. However the EI~_-‘s~ values are sig- 
nificantly smaller in the trinuclear compounds. 

Two other complexes which provide valuable 
new data are the phosphinoalkyne substituted 
binuclear compound Ru~(CO)~(~~-~~-CEC-~- 
Bu)(p-PPh,)(Ph,PCSC-r-Bu) 3 and the triosmium 4 

Table 1. Acetylide 13C {‘H) NMR resonances for Mz(CO)&-q2-CkCR)& 
PPh,), (M = Fe, Ru, OS, R = Ph, Z-Bu, i-Pr), (1). (Refs. l(c), 2) in CDC13 at 

50.3 MHz (EI~__-“c in Hz) 

M R C, 2J+_13C c, %‘p__-‘3C 

Fe Ph 
Fe t-Bu 
Fe i-Pr 

Ru Ph 
Ru t-Bu 
RU i-Pr 

OS Ph 
OS t-Bu 
OS i-Pr 

110.0(d) 52.9 
97.7(d) 53.4 
98.2(d) 52.7 

105.4(d) 27.5 
93.4(d) 27.8 
93.0(d) 27.4 

86.0(d) 19.8 
73.1(d) 19.5 
72.5(d) 18.9 

91.7(d) 7.7 
106.3(d) 8.0 
101.0(d) 7.7 

92.7(d) 7.7 
106.7(d) 7.8 
101.2(d) 8.0 

90.4(d) 9.3 
103.7(d) 9.5 
97.2(d) 9.5 

Table 2. Acetylide “C {‘H) NMR resonances for M3(CO),@2-q2-CkCR)2@z-PPh2)2. (M = Ru, 
R = i-Pr (2a), M = OS, R = i-Pr (2b), M = OS, R = Ph (2c), in CDC13, 50.3 MHz (2J~~p_-1~c in Hz) 

(ref. 3) 

Compound C, 

2a 85.6(dd) 16.0 14.0 101.0(d) 6.4 - 
100.2(dd) 7.4 2.4 109.8(d) c5 - 

2b 66.l(dd) 15.9 13.3 80.5(d) 4.5 - 
97.7(dd) 7.4 3.6 107.7(dd) 4.7 2.1 

2c 74.9(dd) 16.2 12.9 96.5(d) 5.4 - 
93.7(dd) 8.4 3.0 105.7(d) <5 - 
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Table 3. Acetylide r3C {‘H) resonances for Ru,(CO)5(Ph2PCCBu’)(~2-~2-C=CBu’)~-PPhJ (3) (ref. 4) and 
0s3(CO)&-q’-WPh)(q’-CCPh)@-PPh&NEtH& (4) (ref. 3) in CDC13, 50.3 MHz (hq--‘3~ in Hz) 

Compound Acetylide C, .&_-13C JL_IIC CL+ J31p-13c JL,l3, 

3a -PC=CBu’(trans) 75.1(d) 86.2 - 120.7(dd) 10.8 1.0 
b -PC=CBu’(cis) 75.1(d) 86.2 - 117.6(d) 11.9 
; p2-q2-(trans) 104.9(dd) 26.4 29.0 17.7 6.0 107.6(dd) 

p2-q2-(cis) 98.3(dd) 106.3(dd) 
8.5 8.0 <2 2.9 

4 W12 98.9(t) 22.4 22.4 10%7(t) 12.3 12.3 
I’ 101.1(t) 12.0 12.0 109.1(s) - - 

30 

Pilz 

3b 

Fig. 4. The two isomers of Ru2(CO),(Ph2PC=C-t- 
Bu)@2-q2-CC-t-Bu)~-PPh2) 3a (“trans”), 3b (“cis”). 

species 0s3(CO)&-~‘-C=CPh)(t$-(1,=CPh)(~- 
PPh2)2(NEtH2)2 4 (Table 3). In both of these com- 
plexes the acetylide 13C resonances lie in the same 
region of the spectrum and pose a problem for 
assignments. For 3 an additional complication is 
the existence of tram and cis isomers 3a and 3b in 
which the phosphinoalkyne is respectively trans to 
the p-PPh2 and cis to the fluxional acetylide 3a or 
cis to the p-PPh2 group and cis to the acetylide 
3b (Fig. 4). A doublet resonance due to C, of the 
Ph,PC-=C-t-Bu ligand is readily recognized by vir- 
tue of a large 1J3q_13c of 86.2 Hz and the presence 
of isomers, with the trans species predominant is 
readily apparent from the number of 13C peaks. 
Comparison with the 13C spectrum of Ru~(CO),&~- 
q2-C%C-t-Bu)(p-PPh,) shows that two sets of 
double doublets centred at 107.6 and 106.3 ppm 
lie close to the C, peak position in the unsubstituted 
complex. These are attributed to CB of the ,u~-v~- 

acetylide in the trans and cis isomers 3a and 3b. The 
C, resonances in 3a and 3b are assigned to double 
doublets at 104.9 and 98.3 ppm, respectively, with 
the former exhibiting the greater change compared 
to the parent. The trans isomer 3a also has the 
largest (17.7 Hz) coupling to the phosphorus atom 
of the phosphinoalkyne. 

Complex 4 provides a novel example, for a cluster 
compound, of a terminal $-bound alkynyl group. 
Here the phosphido bridges are respectively cis to 
the q’-ligand and tram to the p2-q2-acetylide. We 
attribute a singlet at 109.1 ppm to C,, the unco- 
ordinated atom of the q’-acetylide and a resonance 
at 98.9 ppm with a *.&_13~ value of 22.4 Hz, com- 
parable to that in 0s,(CO),(~2-q2-C=CPh)(~-PPh2) 
(19.8 Hz), to C, of the p2-q2-ligand. The remaining 
triplets were assigned on the basis of proton coupled 
spectra. It is worth noting here that q’- and p2-v2- 
alkynyl groups appear in the same spectral region. 

p,-q2-acetylides 

Structurally these face bridging acetylides can be 
considered as “alkylidyne-carbides” in which a pr- 
CR unit and a bare carbide-like carbon atom 
occupy adjacent vertices in a skeletal framework. 
For example, the M3C2 framework of the 50-electron 
species M3(CO)&-q’-c-=C-i-Pr)@-PPh2) (M = Ru, 
OS) closely approximates an open-hinged butter- 
fly arrangement of three metal atoms and an alkyl- 
idyne carbon, with a carbide-like carbon atom co- 
ordinated between the wings of the butterfly.’ 
The “bare” acetylide carbon atom is thus four con- 
nected in these structures. Not surprisingly in view 
of the structural features, the C, resonances in 
0s3(C0)&3-q2-C=CR)(p-PPh2) (R = Ph, t-Bu, i- 
Pr) 5 [Table 4(a)] lie substantially downfield of the 
C, shifts in the binuclear series 0s2(CO)&-q2- 
C&R)@-PPh,). In each case C, resonates at lower 
field than C,. Moreover the C, shifts are less positive 
(i.e. more upfield) than for the p2-q2-complexes of 
the same acetylide. The net effect is a much greater 
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Table 4(a). Acetylide 13C {‘H} NMR resonances for OS~(CO)&I~-#- 
C&CR)@-PPh,), R = Ph (5a), t-Bu (5b), i-Pr (5c), (ref. S), in CDC13 

at 100 MHz (2J=e_~~c in Hz) 

Compound C, 2J31&-‘3C c, *hlp_-“C 
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5a 125.1(d) 12.2 43.3(d) 9.1 
5b 117.1(d) 11.7 59.5(d) 5.0 
5e 116.8(d) 12.1 52.6(d) 7.0 

Table 4(b). Acetylide “C {‘H} NMR resonances for M3(C0)9(~3-~2-~-t-B~)2{~-P(C=C- 
~-Bu)~}, M = Fe(6a), Ru(6b), Os(6e), (ref. 6), in CDC13 at 62.9 MHz (J~._I?~ in Hz) 

Compound Acetylide C, J~I~__-“~ c, J~I~_I~~ 

6a P3+12 147.6(d) 10.2 74.7(s) - 

PCC-t-Bu 78.1(d) obscured 114.9(d) 5.4 
PC=&-t-Bu’ 74.4(d) 79.0 110.2(d) 3.3 

6b /G-1* 134.5(d) 9.6 76.2(d) 7.5 
PC=C-t-Bu 79.6(d) 68.2 112.5(d) 10.8 
PC=C-t-Bu’ 75.2(d) 75.8 107.6(d) 7.9 

6c /*x-1* 116.6(d) 14.4 65.1(d) 7.3 
PC=C-t-Bu 77.2(d) 131.5 111.3(d) 13.0 
PC=C-t-Bu’ 73.5(d) 103.2 107.0(d) 10.9 

Table 5. p3-q2 13C {‘H} NMR resonances for some other compounds 

Compound C, C, Ref. 

Cp2W2Fe(C0)&,-q*-C=CCeHbMe-4) 

134.4(d) 
*EI~_-“~ = 33.4 Hz 

165.7(s) 
164.2(s) 
172.9(s) 
184.7(s) 
172.9(s) 
165.7(s) 
18 1.8(s) 
160.9(s) 
160.4(s) 
192.0(s) 
219.4(d) 

168.5(s) 

103.8(s) 

112.2(s) 
110.6(s) 
132.2(s) 
99.5(s) 

112.7(s) 
108.3(s) 
95.9(s) 

148.5(s) 
147.6(s) 
141.0(s) 
136.2(d) 

JII~_I~~ = 43 Hz 
153.8(s) 

l(c), 5 

l(c), 4 
7 

8(a) 
9 

10 
10 
10 

8(b) 
8(b) 
11 
11 

12 

chemical shift separation between the CL- and fi- 
carbon atoms than in the edge bridging cases. 

A complete triad of alkynyl clusters M3(C0)&- 
~2-~-t-Bu){~5P(C=C-t-Bu)2} 6, has recently 
been characterized. Similar trends in 6(13C) are evi- 
dent [Table 4(b)] with C, downfield of C, in all 
cases. A “metal-effect” on the C, shifts is observed 
with an upfield shift in the sequence Fe < Ru < OS. 
Coupling constants .731~__13~ between the phosphido 
bridge 31P nucleus and C, lie in the fairly narrow 

range 9.6-14.4 Hz for these compounds. Much 
larger ‘JJ~~_-“~ couplings are observed for the alky- 
nyl groups on the phosphido bridge. 

Table 5 lists a number of other 13C shifts for 
homo- and heteronuclear p,-q2-acetylides. Assign- 
ment of C, and C, resonances in many of these cases 
appears to have been largely empirical although for 
PPN[Fe3(CO),(CCOC(0)CH3)] 13C isotopic label- 
Iing confirmed that the CCOC(0)CH3 resonance 
was downfield of the substituted carbon atom.* In 
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Table 6. 13C {‘H} NMR acetylide shifts for p,-$-acetylides (.LI,~,, in Hz) 

Compound C, ~‘p__-“c G J31p_-“c Ref. 

Ru5(CO),&~-~*-C=C-i-Pr)(~-PPh2) 2188(d) 2.7 164.0(d) 3.0 13 
b-H)Ru,(CO) , o(~3-OH)@4-t+.%C-t-Bu)~-PPh2) 226.9(d) 12.3 118.6(s) - 4 
(r$-C,H,),NizFe,(CO)&d-q2-C=CPh)(p-PPh2) 187.7(s) - 91.6(s) - 14 

all cases reported C, and C, are well separated 
with A6 values ranging between 15-86 ppm, and C, 
downfield of C,. 

NR’ 

WhM /c%(co)s 
\ -t 

GO? \ 3’PR, 
5 6 

M=os,R=Ph R.Bu’,R=C*W 

aR’.Ph a M-Fe 
bR’-Ed b M.Ru 
CR’_Ph c M-09 

p4-q2-acetylides 

Few examples of this type of bonding mode have 
been documented and 13C data is very limited for 
obvious reasons. Clusters with a single pd-acetylide 
on a metal framework consisting of at least four 
atoms have high molecular weights and a low 
weight percentage of alkynyl carbon, making detec- 
tion of 13C signals a tedious task. Table 6 lists data 
for three such complexes. The C, shifts are down- 
field of C, in all cases and 6 values for C, and C, 
are well downfield of their counterparts in p2-q2- 
and p3-q2- complexes. It would seem from the C, 
13C shifts in these clusters that the p4- carbon atom 
is quite electron deficient. Indeed these shifts 
approach the values for coordinated carbonyls and 
alkylidenes. 

1 
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Abstract-7-Carboxymethyl-7,16-diaza- 18-crown-6 acid hydrates (LH * H *O) and their 
copper(I1) complexes [CuLX], (X = Cl, Br, N03, ClO, and CH3COJ were obtained. The 
earlier X-ray investigation of the [CuLCl] complex, as well as the IR and UV-vis spectral 
evidence for the complexes revealed the inner chelate structure with the six-coordinated 
copper(I1) ion embedded inside the macrocyclic ligand (deformed octahedral, 4+2, N,N, 
CO; ,X-,O,O-coordination sphere) and the tram arrangement of the CO2 and X ligands. 
The spectral data, the conductivity measurements and the chemical properties show the 
existence of the macrocyclic inclusion cation [CuL]+ and the formulation of the complexes 
as the [(CuL)+X-] inner salts. The magnetic moments of the complexes amount to 1.76 
1.83 BM at room temperature and 1.3-0.92 BM at 4.2 K. These results revealed the 
monomeric form of the complexes with the occurrence of the intermolecular (through 
space) magnetic super-exchange interactions of copper(I1) paramagnetic centres. 

Macrobicyclic aminoethers (cryptands) have excel- 
lent complexing properties for metal ions. A charac- 
teristic feature of these ligands is their selectivity, 
which is adjustable toward various metal ions by 
the design of a suitable topology for the molecule, 
the choice of suitable binding atoms and the choice 
of ligand layer properties. ’ All these structural fea- 
tures are built into the ligand molecule during its 
often tedious and difficult synthesis. 

We aimed to imitate the complexing properties 
of cryptands by using simpler molecules, namely, 
macromonocyclic compounds with pendant arms 
containing charged binding sites, i.e. carboxylate or 
other anionic groups. We expected that the ligands 
of such a flexible structure would be able to adopt 
the topology related to cryptands in complexes and 
thus, these ligands would have the selectivity of 
cryptands. We further expected that the occurrence 

*Authors to whom correspondence should be addressed. 

of metal ion-carboxylate bonds would increase the 
desired stability of complexes, whereas co- 
ordination with numerous ligating heteroatoms of 
the macrocycle would positively contribute to the 
selectivity of the ligand towards specific metal ions. 
We also hoped that the synthesis of pendant ligands 
should be much easier than that of corresponding 
macrobicyclic ones. 

Cryptand 12.2.21 

Cryptate [M2*C2.2.2] 

x- 
Ligand L - 

Complex [ CuLX J 

1053 
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We report here the synthesis of 1,4,10,13- 
tetraoxa-7,16-diazacyclooctadecane-7-acetic acid 
and its stable copper(I1) complexes. 

a suitable solvent, generally methanol, tri- 
ethylamine is added in order to deprotonate the 
ammonium group of the ligand and to bind the HX 
acid formed during the reaction, and the reaction 
mixture is refluxed. Concentration of the solution 
leads to the crystallization of the appropriate com- 
plexes [CuLX], which are recrystallized in order to 
obtain analytical samples. 

RESULTS AND DISCUSSION 

1,4,10,13-Tetraoxa-7,16-diazacyclooctadecane- 
7-acetic acid (LH) was first obtained as an 
intermediate in the synthesis of 16-dodecanoyl- 
1,4,10,13 - tetraoxa - 7,16 - diazacyclooctadecane - 7 - 
acetic acid2 by a mono-N-alkylation of 1,4,10,13- 
tetraoxa-7,16-diazacyclooctadecane with sodium 
chloroacetate. However, the acid LH has neither 
been isolated in a pure state nor characterized. 

We obtained the acid by the method quoted 
above’ and we have improved its isolation by the 
application of a cation exchange resin and by 
crystallization from methanol. Thus, we have ob- 
tained the acid LH as a crystalline monohydrate, m.p. 
13&132°C. 

The relevant IR spectral properties of the solid 
acid monohydrate LH - HZ0 are the occurrence of 
a very strong carboxylate band at 1580 cm- I (an 
antisymmetric vC0, vibration), the lack of the 
symmetric vC0; band and the occurrence of broad 
bands at 2710s 2600sh, 2340m cm-’ assigned to 
the vN+-H vibration. The low frequency of the 
vC0; band suggests the presence of the 
NCH&O; group3 with an uncharged nitrogen 
atom, and the occurrence of the ammonium bands 
weakly separated from the vCH2 bands4 suggests 
the protonation of the secondary amino group. The 
H,O absorption bands were observed at 3535s and 
3490s (vO-H) and 1635s cm-’ (6H20). All these 
bands disappeared on vacuum drying of the acid 
at 110°C. Very strong vC-0 (ether) bands were 
observed at 1130, 1115 and 1100 cn- ‘. The quoted 
IR spectral evidence allowed us to propose the zwit- 
terionic structure for the acid monohydrate 
LH*H*O. 

The synthesis of copper(H) complexes from the 
acid LH is quite straightforward ; equimolar quan- 
tities of the acid and the CuX, salt are dissolved in 

LH+CuX,+NEt, -+ [CuLX]+HN+Et3X- 

X- =Cll,Br-,NO;,CIO~,CH,CO;. (1) 

Elemental analysis of compounds [CuLX] 
revealed that the 1 : 1: 1 copper : macrocyclic ligand : 
ligand X- complexes were obtained. In the case 
of copper(H) diperchlorate tetrahydrate, a 
hydrated [CuLClO,] - HZ0 complex was obtained. 

The good solubility of the complexes in organic 
solvents i.e. [CuLCl] in chloroform, [CULCH~CO~] 
in acetone, etc. is indicative of the inner-chelate 
structure of these complexes. Upon dissolution in 
water or in other polar solvents, a partial or total 
dissociation of the complexes occurs to yield the 
solvated cation [CuL - Solv] + and the anion XP. 
This was confirmed by the immediate precipitation 
of AgCl or AgBr by adding aqueous silver nitrate 
to aqueous solutions of the complexes. 

[CuLX] + Solvent + [CuL - Solv] + +X- . (2) 

The conductivity measurements of the 0.001 M 
aqueous solutions of [CuLCl] and [CuLClO,] - Hz0 
at 25°C gave molar conductivities of 111 and 207 
Sz- ’ cm2 mol- ‘, respectively. The conductivity 
ArcuLl+ of the macrocation [CuL]+ was calculated 
to be 32 + 3 RP ’ cm2 mol- ’ from the known values 
of the conductivity of Cl- and Cl07 anions. The 
relatively low value for the [CuL]+ cation con- 
ductivity results undoubtedly from its small 
mobility, owing to the bulkiness of the cation. 

The steric structure of the [CuLX] complex was 
established by the. X-ray investigation’ revealing 
that this is an inclusion complex with the copper(I1) 
cation located within the cavity of the macrocycle. 
The molecule belongs to the orthorhombic system, 
space group Pbca, with cell dimensions a = 1273.4, 
b = 1196.5, c = 2325.2 pm, and Z = 8. The closest 
coordination sphere of the copper ion is formed 
by two nitrogen atoms, one oxygen atom of the 
carboxylate group and the chlorine ; the bond 
lengths are : Cu-N, 206.5, Cu-N,, 202.0, Cu-C- 
192.9 and Cu-Cl- 226.1 pm. The next two atoms 
closest to the copper ion are the oxygen atoms 0, 
and 0,3 of the macrocycle at distances 276.7 and 
275.3 pm, respectively. Thus, the [CuLCl] and the 
other [CuLX] complexes are of the (4+2) co- 
ordination type, i.e. they have deformed octahedral 



trans-Aniono(l,4,10,13-tetraoxa-7,16-diazacyclooctadecane-7-acetato)copper(II) complexes 1055 

coordination spheres. The 1 gmembered ring of the 
ligand is too large for binding the copper ion 
with all of its heteroatoms ; oxygen atoms 0, and 

0, ,, are too far away to be bonded. 
The Cu-Cl and Cu-O- (carboxyl) distances, 

are only slightly shorter than the sum of cor- 
responding ionic radii (Cu-Cl_‘,, = 69 + 181 = 
250 pm, A(Cu-CL’, - Cu-Cl,,,J = 250 - 226 = 24 
pm ; Cu-O&, = 69+ 145 = 214 pm, A(Cu--O~&. 
-Cu-O,,J = 214- 193 = 21 pm). This proves 
that the bonds have only little covalent char- 
acter and explains their easy dissociation. 

The relative configuration of the carboxylate 
group and the Cl- anion in the coordination sphere 
of the [CuLCl] complex is tram, and that of the 
carboxylate group and the hydrogen of the N-H 
group is cis, without any hydrogen bonding between 
them. The same configuration and structure are 
proposed for the remaining [CuLX] complexes. The 
properties and structures of the [CuLX] complexes 
suggest that the latter exist as neutral salts of a 
monovalent, positively charged inclusion 
copper(I1) cation, “a macrocation” [CuL]+, with 
X- anions, i.e. a [(CuL)+XP] structure. In the 
macrocation, one charge of the dipositive 
copper(I1) cation is neutralized by the carboxylate 
group of the macrocyclic ligand : 

cu*+ +L- + [cuL]+ (3) 

and the whole macrocation is stabilized by the co- 
ordination bonds of the copper ion with the 
macrocycle ligating atoms. This concept was further 
confirmed by some X- metathesis reactions of the 
[CuLX] complexes6 and by the IR spectral evidence 
(see below). 

IR spectra 

Generally, the IR spectra of the [CuLX] com- 
plexes in the 4000-600 cm- ’ region are very similar 

to each other (Table 1). They clearly consist of the 
spectrum of the macrocyclic ligand, more precisely 
speaking that of the coordinated ligand in the 
inclusion cation [CuL]+, and the spectra of ligands 
X and water (if present) superimposed onto the 
[CuL]+ spectrum. This strongly confirms our 
hypothesis of the occurrence of the inclusion cation 
[CuL]+ in these compounds. 

The most distinct absorption bands of the cation 
[CuL] + are : 

(i) A sharp vN-H band in the range 3270-3245 
cm-‘. According to the X-ray structure5 of 
[CuLCl], this band is assigned to the free, non- 
hydrogen bonded N-H group. The vN-H band 
of [CuLCH3C02] at 3162 cn- ’ is indicative of an 
intermolecular hydrogen bonding of the N-H 
group, probably to a carboxylate group, as it is 
shifted to 3270 cm-’ in solution (Table 1). In the 
case of the perchlorate hydrate complex [CuL 
C104] * Hz0 a broad vO-H band centred at 3450 
cm- ’ is superimposed onto the sharp vN-H band 
(3250 cm-‘) and a 6H20 band is discernible as a 
shoulder (1670 cm- ‘) on the vC=O band (1650 
cm- ‘). 

(ii) A very strong vC=O absorption band in the 
range 166&1640 cm-’ proves a unidentate co- 
ordination of the ligand carboxylate group 

//” 
-C 

\ ’ 
o---cu 

Table 1. Characteristic IR absorption bands of [CuLX] complexes [v,,, (cm- ‘)I 

Complex [CULX]” vN-H 
Ligand L 

vC==o (CO;) vc-0 (CO,) Ligand Xb 

[CllLCl] 

[CuLBr] 
[CuLNO,] 

[CuLCH ,COJ 

[CuLClO,] - H,O 

Solid 
CHClj soln 
Solid 
Solid 

Solid 
CHCI, soln 
Solid 

3250m 
3272m 
3250m 
3245m 

3162m 
3270m 
3250m 

1650~s 
1647vs 
1651~s 
166Ovs 

1662~s 
1642vs 
1650~s 

1370s 
1380s 
1370s 
1356s 

1386s 
1383s 
1368s 

1482s, 1291s, 1006s, 
792w, 733m, 725sh 

161Ovs, 1332s, 
1613~s 1346s 
(1 lOOvs)“, 637s, 626s 

L? Solid samples as paraffin oil mulls and KBr pellets. 
b See description in the text. 
’ H,O bands at 3450s br cn- ’ (‘0-H) and 1670sh cn- ’ (6H,O) were observed. 
dFour bands at 1145, 1125, 1110 and 1090 cm- ‘, all very strong, were observed, but in this region overlapping 

with strong vC-0 ether bands occurred. 
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this vibration having a distinct carbonyl character, 
rather than its assignment to the antisymmetric 
mode of the carboxylate group vibration. 

(iii) A strong vC-O- (carboxyl) absorption 
band in the range 13861356 cm- ’ corroborates the 
assignment of (ii). 

(iv) All spectra contain sets of strong vC-0 
(either) bands in the 1150-1045 cm- ’ region (five- 
seven bands). 

The spectra of the solid complexes and those of 
their chloroform solutions show only minor differ- 
ences in band positions (except for the hydrogen 
bonded N-H group), and indicate the same struc- 
ture of complexes in both phases. 

A very important piece of structural information 
results from the IR spectra of the coordinated 
ligands X (Table 1). For [CuLCl] and [CuLBr] 
complexes we observed the vCu-Cl and vCu-Br 
bands at 238 and 187 cm-‘, respectively (tentative 
assignments). For [CuLNO,], the observed NO3 
bands reveal the unidentate coordination, 
Cu-0-N02, of the nitrate anion.7 For the [CuL 
Clod] * Hz0 complex, we observed the ClO; 
vibration modes as a set of very strong bands 
around 1100 cm-‘, which were superimposed on 
the vC-0 (ether) bands, and two strong, sharp 
bands at 636 and 626 cm-’ characteristic of 
a unicoordinated, Cu-0-C103, perchlorate 
anion.7 The acetato complex, [CuLCH&OJ, has 
two carboxylate groups: one, in the macrocyclic 
ligand and another in the acetate anion. Both of the 
carboxylate groups were found unicoordinated to 
the copper ion. Their IR frequencies were assigned 
by analogy to the other [CuLX] complexes. 

Electronic spectra 

The spectra of solid and dissolved [CuLX] 
complexes are as should be expected for the six- 

coordinated d9 copper cation complexes, having 
low symmetry of the coordination sphere (asymmetric 
or close to C,,). Two very broad asymmetric or 
weakly split absorption bands were observed (see 
Table 2). The first occurred at 48 100-34100 cm- ’ 
in the spectra of solid complexes and at 38000- 
33900 cm-’ in the spectra of methanolic solutions 
of the complexes ; it was assigned to the charge- 
transfer transition.* A blue shift (ca 6000-2000 
cm-‘) of this band was observed in aqueous solu- 
tions. The d-d transition bands (the second band) 
occurred at 14800-14400 cm-’ in the spectra of 
both the solid and dissolved complexes.’ Two weak 
inflections on this band were detected at 18000- 
16000 and at 1360&l 3400 cm- ‘. 

The UV spectra of all [CuLX] complexes are also 
quite similar to each other. This can be explained 
by the similarity of the spectrochemical properties 
of the coordination sphere of the complexes, in 
which only one ligand X is changed when going 
from one complex to another. Moreover, all the 
ligands, X are soft acids, which induce only small 
changes in the ligand fields. Another factor could 
be a similar position of the dissociation equilibrium 
[eq. (2)] for all complexes. If the equilibrium is 
strongly shifted to the right, the spectrum of each 
complex originates from the same species, 
[CUL * Solv] + ) and this may explain their 
similarity. 

Magnetic investigations 

The magnetic susceptibilities of the [CuLX] com- 
plexes were examined by the Faraday method in a 
temperature range of 290-4.2 K (Table 3). The 
basic difference in the magnetic properties of com- 
plexes was observed in the low temperature range. 
For the chloride and bromide complexes a drastic 
decrease in the XcuTproduct value is observed, from 

Table 2. Electronic spectra of [CuLX] complexes (cm- ‘) 

Compound 

Reflection spectra 
(solid state) 

Charge transfer d-d 

Absorption spectra 
(methanolic solution) 

Charge transfer d-d” 

[CuLCl] 35300 18200sh 14400 37700(6080) 
33900sh(3640) 

41700sh(2790)* 35800(3575)* 

[CuLBr] 48100 34100 18200sh 14400 34400(5250) 

[CuLNO,] 47200 35700 18020sh 14800 - 36400(3760) 

[CuLCH&OJ - 36400 18200sh 14700 38000(5090) 

[CuLC104] - H,O - 39500 - 14700 36600(3870) 
41700sh(1300)b 36200( 1660)b 

“A very broad band with weak shoulders at 16000-l 8000 cm- ’ and 1340&l 3600 cm- ’ . 
bAqueous solutions. 

14600(48.9) 

14700(56.5)b 
14800(51.6) 
14450(59.1) 
14700(45.1) 
MIOO(58.7) 
15150(26.8)b 
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Magnetic Magnetic moment 
susceptibility pen = 2.83(x?; 7)” 

x?: x lo6 (cm3 mall’) (BM) Constanta 
Curie Weiss 

Complex Temperature Temperature C 
4.2 K 290 K 4.2 K 290 K (cm3mol-‘K) (& 

[CuLCl] 50400 1460 1.30 1.84 0.430 -3.3 
[CuLBr] 25400 1330 0.92 1.76 0.401 -7.2 
[CuLNO 3] 102000 1370 1.83 1.79 0.395 0.7 
[CuLCH 3COZ] 116000 1650 1.98 1.96 0.495(0.477) -11.9(-4.1) 
[CuLClO,] - H,O 139000 1520 2.16 1.88 0.435 2.4 

“Curie and Weiss constants were calculated in the temperature range 4.2-290 K, and for the [CuLCH$OJ 
compound also in the range 14-290 K (in brackets). 

0.425 and 0.385 cm3 mol- ’ K at 290 K, to 0.212 
and 0.107 cm3 mol-’ K at 4.2 K, respectively. This 
is related to a drastic lowering of the magnetic 
moment value, from 1.84 and 1.76 BM at 290 K to 
1.30 and 0.92 BM at 4.2 K, respectively. This is 
most likely connected with the presence of super- 
exchange magnetic interactions between the 
copper(I1) paramagnetic centres of different mole- 
cules of the complex in the crystal lattice. 

Since the complexes examined have monomeric 
forms and do not contain any bridge system bond- 
ing the copper ions, a magnetic super-exchange 

via space or hydrogen bonded systems must be 
involved, which can thus take place at quite long 
distances between the interacting magnetic 
centres.“’ An interaction of this type was observed 
earlier in monomeric hexahalogenorhenates(IV) 
via the halogenide ions, even when the rhenium- 
rhenium distance was close to 1000 pm and 
depended on the halogen involved in super- 
exchange.‘“” Antiferromagnetic super-exchange 
interactions increase in the order F < Cl < Br < I, 
i.e. with the increasing covalent character of the 
metal-X bond. 

This is consistent with the observations for 
[CuLCl] and [CuLBr] complexes. For the bromide 
complex, the magnetic super-exchange effect con- 
siderably exceeds that for the chloride complex 
(Fig. 1, Table 3). 

In the crystal lattice of the [CuLCl] complex, the 
shortest copper-copper distance is 647 pm. Since 
the shortest Cl-Cl distance from the adjacent com- 
plex molecules is 660 pm, and the Cu-Cl bond 
lengths are 226.1 pm, the magnetic super-exchange 
path Cu-Cl . . . Cl-Cu involving the dn-pn orbitals 
from Cu-Cl bonds and the px-pn overlapping 
orbitals of the Cl atoms is equal to about 1100 pm. 

The suggestion about the relation between the 
kind of ligand X and the effect of the magnetic 
interaction (based upon the studies of the chloride 
and bromide complexes) was confirmed also for 
other [CuLX] complexes, i.e. acetate, nitrate and 
perchlorate. 

The acetate complex, [CuLCH3C02], in the tem- 
perature range 290-14 K (Fig. 1) shows magnetic 
properties which are similar to those of the chloride 
and bromide complexes, i.e. a drastic decrease in the 
xcuT product value upon lowering the temperature 
from 0.480 to 0.239 cm3 mol- ’ K at 290 and 14 K, 
respectively. This is characteristic of anti- 
ferromagnetic interactions in molecular systems. As 
a result of the magnetic super-exchange, the mag- 
netic moment of the complex declines from 1.96 
BM at 290 to 1.35 BM at 14 K. Below 14 K, an 
anomalous constant increase in the xcuT product 
value to 0.489 cm3 mall ’ K is observed, which may 
suggest a transition to the long ordering magnetic 
phase at the lowest temperatures. 

The nitrate complex at 29G4.2 K (Fig. 1) exhibits 
a practically constant value of the xcuT product, 
0.408 fO.O1O cm3 mall ’ K, which is related to the 
magnetic moment value 1.8 1 f 0.02 BM. Magnetic 
properties of the nitrate complex can result either 
from complete isolation of the magnetic centres of 
the complex or from a possible compensation of the 
intermolecular antiferro- and ferromagnetic inter- 
actions in the crystal lattice. 

Upon temperature lowering, the perchlorate 
complex [CuLClO,] * HZ0 shows an increase in the 
xc-T product value (Fig. l), from 0.440 to 0.580 
cm3 mall ’ K at 290 and 4.2 K, respectively, and an 
increase in the magnetic moment, from 1.88 to 2.16 
BM. The rapid increase in the xcuT product value 
at temperatures below 20 K may suggest the 
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Fig. 1. Temperature dependence of the product xcuT and that of ~62 for the [CuLX] complexes. 

presence of a phase transition to a magnetically The chloride complex shows a rhombic spectrum 

ordered state at temperatures below the liquid at room temperature (g, = 2.05,,, g2 = 2.072, 
helium temperature. g3 = 2.21 6 and (g) = 2.11 1) and at 170 K 

((g) = 2.1 14). The bromide complex exhibits 

EPR spectra identical axial spectra at room temperature 
(gl = 2.054, g,, = 2.226,(g) = 2.11,) andat 180K 

The EPR spectra of [CuLX] complexes were ((g) = 2.11,). In both of them the area between 

measured at room and lower temperatures. the parallel and perpendicular part of the spectrum 
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contains a very complicated super-hyperfine pattern 
derived from the interaction of the electron spin of 
the copper ion with the nitrogen nuclei (Z = l), 
bromide nuclei (I = 3/2), as well as with the nuclei 
of the CUDS and Cu6’ isotopes. 

The acetate complex, at room temperature, 
shows a single, asymmetric signal (g = 2.07*), while 
the temperature lowering (to 180 K) is accompanied 
by the appearance of a weak parallel component. 
The continued temperature lowering (to 77 K) 
results in the appearance of a weak rhombic line 
(g, = 2.05,+ g2 = 2.107 and g3 = 2.187) with the 
average spectroscopic splitting factor (g) = 2.11,. 

Thus, at low temperatures, all three complexes, 
i.e. the chloride, bromide and acetate have an 
almost identical average spectroscopic splitting factor 
value, (g) = 2.11,_,. 

The nitrate complex shows an, axial spectrum 
at room temperature (gl = 2.06*, gll = 2.24s and 
(g) = 2.12,) and at 180 K (g) = 2.12*. 

The perchlorate complex is characterized by the 
lack of an EPR signal in the range 290-77 K. 

The results of low-temperature magnetic 
investigations together with the EPR results 
revealed that the [CuLX] complexes are very inter- 
esting macrocyclic compounds in which inter- 
molecular magnetic interactions take place. In the 
latter, the effects of magnetic super-exchange 
depend strongly upon the ligand X and the charac- 
ter of the Cu-X bond. 

EXPERIMENTAL 

Materials 

1,4,10,13 - Tetraoxa - 7,16 - diazacyclooctadecane 
(m.p. 115-l 16°C) was obtained according to Kul- 
stad and Malmsten,” or Kryptofix 22 (Merck) re- 
crystallized from acetone (m.p. 115116°C) was used. 
Commercial reagents and copper(I1) salts were 
used without further purification. 

Physical measurements 

Conductance of 0.001 M aqueous solutions of com- 
plexes was measured at 25°C on a laboratory con- 
ductometer model N 572. IR spectra were re- 
corded in paraffin oil mulls and in KBr pellets on a 
Perkin-Elmer 180 spectrometer. Electronic spectra 
in solution were recorded in the range 200-1000 nm 
on a Cary 14 spectrometer. Reflectance spectra of 
the undiluted compounds were measured in the 
350-1500 nm region on a Beckman UV spectro- 
meter and those of Li,C03 diluted compounds in 
the 20&800 nm region on a Hitachi 356 spectro- 
meter. EPR spectra of the solid samples were 

measured on a Jeol JES-ME-3X spectrometer in 
the temperature range 29&77 K. The spectra were 
analysed by means of a manganese standard (Mn*+ 
in MgO). Magnetic susceptibilities were measured 
using the Faraday method with a Cahn RG-HV 
electrobalance. Magnetic measurements were car- 
ried out on a polycrystalline samples (weight ca 
60 mg) in the temperature range 29tJ-4.2 K and a 
magnetic field of ca 0.505 T. Magnetic sus- 
ceptibilities of all of the samples were found to be 
field independent. The susceptibilities were cor- 
rected for the diamagnetism of all the constituent 
atoms using Pascal’s constants” and the TIP of the 
copper(I1) ion. The calibrant employed was HgCo 
(SCN)4, for which xs = 16.44 cm3 gg’ at 293 K.** 
The temperature was determined with an accuracy 
of about fO.l K. 

1,4,10,13 - Tetraoxa - 7,16-diazacyclooctadecane - 
7 - acetic acid monohydrate, LH * Hz0 

1.89 g of chloroacetic acid (20 mmol) in 50 cm3 
of water was adjusted to a pH value of ca 9.5 using 
4 N NaOH and added dropwise over a period of 4 h, 
to a boiling solution of 7.86 g of 1,4,10,13-tetraoxa- 
7,16-diazacyclooctadecane (30 mmol, 50% excess) 
in 40 cm3 of water. The reaction mixture was 
refluxed for 10 h. It was then adjusted to a pH ca 
12 using 4 N NaOH and extracted with chloroform 
(3 x 100 cm’) to remove any unreacted aminoether. 
The aqueous layer was concentrated in uacuo and 
passed through an ion exchange column (Amberlite 
IR-120, Hf form). The column was washed with 
water until the pH was ca 7, followed by eluation 
of the desired product by 4N NH3(aq). The latter 
eluate was collected and evaporated in uacuo to 
dryness. The remaining white solid acid LH - Hz0 
was recrystallized from 96% ethanol. Yield 70%. 
M.p. 130-132°C. IR (solid sample mull in paraffin 
oil) bands at 3535s, 3490s (vOH, disappeared on 
drying), 2710m, 2340br (vN+H2), 1635s (6H20, 
disappeared on drying), 1575~s (antisymmetric 
vCO;), 1130, 1115, 1100~s (vC-O-C) cm- ‘. ‘H 
NMR (D,O/DSS) 3.15 (m, 8H, N--CI12 
-CH,-0), 3.41 (s, 2H, N-CH,-COOH), 3.70 
(s, 8H, 0-CH,-CII,-0), 3.76 (m, 8H, 
0-CI12-CH *-N) . 

trans - ChZoro(1,4,10,13 - tetraoxa - 7,16 - 
diazacyclooctadecane - 7 - acetate) copper( 
[CuLCl] 

170.5 mg of CuC12 * 2H20 (1 mmol) was dis- 
solved in 20 cm3 of methanol and added to 338 mg 
of LH - H20 (1 mmol) in 20 cm3 of methanol. A few 
drops of triethylamine were added to the reaction 
mixture and the dark blue solution was refluxed for 
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Table 4. Elemental analysis 

Compound 

LH.H*O 
C,,H,,N,O, 

[CULCI]” 
C,,H,,ClCuN,O, 

[CuLBrlb 
C14H27BrCuN206 

[CuLNO,] 

Cr4HXuN309 
[CuLCH $04 

C,hH&uN,O, 
[CuLCIO,] - H,O 

C,,HxClCuN,O,, 

C 

49.7 

40.2 

36.3 

37.8 

43.5 

33.6 

Calc. (%) 
H N 

8.9 8.3 

6.5 6.7 

5.8 6.0 

6.1 9.4 

6.8 6.3 

5.8 5.6 

cu C 

- 49.4 

15.2 40.0 

13.7 36.6 

14.3 37.8 

14.4 43.1 

12.7 33.7 

Found (%) 
H N 

8.9 8.3 

6.6 6.6 

6.1 5.9 

6.4 9.2 

7.2 6.1 

5.6 5.3 

cu 

- 

15.2 

13.7 

14.1 

13.9 

12.4 

’ % Cl ; Calc. 8.5 ; found 8.6. 
b% Br; Calc. 17.3; found 17.3. 

1 h. Then, the solution was concentrated in ~acuo 
and was left overnight in the refrigerator yielding 
dark blue crystals of [CuLCl], which were filtered 
off, washed with ethanol and dried over P,O , o. 

trans - Bromo(l,4,10,13 - tetraoxa - 7,16 - diazu- 
cyclooctadecane-7-acetate) copper( [CuLBr], 
trans - nitrato( 1,4,10,13 - tetraoxa - 7,16 - diaza- 
cyclooctadecune-7-acetate) copper( [CuLNOJ 
and trans-perchlorato(l,4,10,13-tetraoxa-7,16- 
diazacyclooctadecane-7-acetate) copper(I1) hydrate, 
[CuLClO,] * Hz0 

These were prepared in the same manner as the 
complex [CuLCl] using CuBr*, Cu(NOJZ - 3H20 
and Cu(ClO& - 6H20, respectively. 

trans - Acetato(l,4,10,13 - tetraoxa - 7,16 - 
diazacyclooctadecane - 7 - acetate) copper( 
[CuLCH$02] 

338 mg of LH - Hz0 (1 mmol) was dissolved in 
20 cm3 of methanol and added to .a slurry of 200 
mg of Cu(CH &02) 2 * H *O in 50 cm 3 of methanol. 
A few drops of triethylamine were added to the 
reaction mixture and the dark blue solution was 
refluxed for 1 h. The methanol was removed in 
oacuo followed by the addition of 10 cm3 of acetone 
and a few drops of triethylamine. The solution was 
left overnight in the refrigerator yielding a dark blue 
powder of [CuLCH3C02] which was filtered off and 
dried in ~acuo over P,Oi,,. 

Elemental analysis of all complexes is given in 
Table 4. 
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Abstract-Three complexes of ruthenium(II1) with Schiff bases of the type K[Ru(SB)Cl,] 
(where SB = bisacetylacetoneethylenediimine, bisbenzoylacetoneethylenediimine and bis- 
benzoylacetone 1 ,Zpropylenediimine) were prepared and characterized by elemental 
analysis, conductivity measurements, UV-vis, IR, ESR, magnetic susceptibility and XPS 
data. The report involves the first synthesis of simple Ru(II1) Schiff base complexes without 
a n-acidic ligand. 

Although a number of ruthenium(II1) coordination 
complexes have been reported’” complexes with 
Schiff base ligands are relatively less known. Vari- 
ous Schiff base complexes of Ru(I1) with appended 
CO and PPh3 groups were reported by Wilkinson 
et ~1.~ Simple Ru(II1) and Ru(I1) Schiff base com- 
plexes without the appended n-acidic groups are not 
known. We report here three simple ruthenium(II1) 
complexes with Schiff bases prepared from &[Ru 
Cl5(H,O)] as a convenient starting material and 
characterized by physicochemical and spectro- 
scopic data. 

EXPERIMENTAL 

The complex K2[RuC15(H20)]5 and the Schiff 
bases acac,en, benac*en and benaczpropylene- 
diimine6 were prepared, purified and charac- 
terized according to literature procedures. 

Preparation of the Schlrbase complexes 

(1) Dichlorobis(acetylacetone)ethylenediimine - 
ruthenium(II1). 

(2) Dichlorobis(benzoylacetone)ethylenediimine - 
ruthenium(II1). 

(3) Dichlorobis (benzoylacetone) propylenediimine- 
ruthenium(III). 

To an ethanolic solution of the appropriate Schiff 
base (1 mmol) in 10 cm3 of EtOH, an aqueous 

*Author to whom correspondence should be addressed. 

solution of K2[RuC15(H20)] (1 mmol) in 10 cm3 of 
water was added. The mixture was allowed to reflux 
for 5-6 h. After completion of the reaction checked 
by TLC, the solvent was evaporated on a rotary 
evaporator and the residue was dissolved in absol- 
ute ethanol and filtered. The filtrate was allowed to 
run over a column of silica gel. Ethanol was 
removed on a rotary evaporator and the residue 
recrystallized with ethanol : diethyl ether (1: 1). The 
yields of complexes l-3 were N 80%. 

The microanalyses of complexes l-3 were carried 
out at the Australian Mineral Development Lab- 
oratory, Australia. Conductance measurements in 
methanol were made at room temperature using a 
Digisun Electronics conductivity bridge. The elec- 
tronic spectra were recorded on a Shimadzu UV- 
160 spectrophotometer. IR spectra were recorded in 
Nujol mulls on a Perkin-Elmer spectrophotometer. 
Magnetic susceptibility was measured by the Fara- 
day method using a Cahn magnetic susceptibility 
system at room temperature. Hg[Co(CNS),] was 
used as a standard for calibration. The electron 
spin resonance (ESR) spectra were measured on a 
Brucker 300 ESR instrument with 100 KHz modu- 
lation. The spectral g values were calibrated with a 
DPPH standard. 

The X-ray photoelectron spectra were recorded 
on a VG Scientific ESCA-3 MKII electron spec- 
trometer. The MgK X-ray line (1253.6 ev) was 
used for photoexcitation. The Cu 2p3,, 
(Eb = 932.8 f0.2) and Au 4& (Eb = 83.8 fO.l) 
lines were used to calibrate the instrument and Ag 
3d5,, (Eb = 368.2) was used for cross checking.7 All 
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the spectra were recorded using the same spec- 
trometer parameters of 50 eV pass energy and 4 mm 
slit width. The reduced full width at half maximum 
(FWHM) at the Au 4f7,2 (Eb = 83.8 eV) level under 
these conditions was 1.2 eV. 

The powdered sample was mixed with higher 
purity silver powder to reduce the charging effect. 
A thin layer of such a sample was pressed on a gold 
metal gauze which was welded to a nickel sample 
holder. The Ag 3d,,, level (Eb = 368.2 eV) obtained 
from this sample was sharp and did not show any 
observable shift. Thus the charging of the samples 
if present at all was negligible.8 The spectra were 
recorded in triplicate in the region of interest. In 
most of the cases the binding energies were repro- 
ducible within +O. 1 eV. The usual least-squares 
fitting procedures of determining peak position, line 
widths and areas were used. 

RESULTS AND DISCUSSION 

Complexes l-3 are reddish-brown in colour, air 
stable with high melting points. They are soluble in 
all common organic solvents except benzene and 
ether. Elemental analyses were within f0.5% for 
C, H. N and Cl. The observed molar conductances 
in methanol were 120, 124 and 130 R-’ cm2 mol-‘, 
respectively for complexes 1-3, indicating that all 
these complexes are 1 : 1 electrolytes with the com- 
position K[Ru(SB)ClJ.’ 

An intense band at N 324 nm in the UV spectrum 
of K[Ru(acaczen)C12] and two bands at N 314 and 
- 248 nm for K[Ru(benac,en)Cl,] and m 308 and 
N 262 nm, for K[Ru(benac,propylenediamine)C1,1 

and S. SRIVASTAVA 

are attributed to a X-X* transition due to pseudo- 
aromaticity of the acetylacetonate and benzoyl- 
acetonate complex ring. lo-’ 2 The electronic spec- 
trum of complex 1 KIRu(acaczen)C1,] shows two 
weak d-d transition bands at - 699 and N 506 nm. 
Complexes K[Ru(benac2en)C1,] 2 and K[Ru 
(benaGpropylenediimine)C1,13 show only one single 
&d transition band at N 404 and N 402 nm, respec- 
tively. These peaks have been assigned to a d-d 
transition of spin paired (229)5 ruthenium(III).‘3 The 
IR bands observed in the region 1590-1560 and 
15 15-I 480 cm- * in the spectra of complexes l-3 are 
assigned to perturbed carbonyl and (c---C/C&N) 
stretching vibrations, respectively.“*‘4 The v M-Cl 
is observed as a single peak at 330 cm-’ indicating 
a tram configuration of the complexes. 

The magnetic moment (c(efl) of complexes l-3 
are 1.93, 2.18 and 2.19 BM, respectively, at room 
temperature corresponding to one unpaired elec- 
tron spin. The ESR spectra of solid complexes l-3 
exhibited axial distortion with gil ca 1.8-2.4 and g1 
ca 1.75-l .9 at room temperature. None of the ESR 
spectra of these complexes l-3 revealed hyperfine 
splitting due to nuclear interaction with ruthenium. 

The binding energies data of the N Is, 0 Is, Cl 
2p and Ru 3p3,2,1,2 photoelectron peaks for K,[Ru 
Cl,(H,O)], acac2en, benac2en and benac, pro- 
pylenediimine Schiff base ligands with their metal 
complexes are listed in Table 1. It may be seen 
that the 0 1s BE value in the starting complex 
K2[RuClS(H20)] is observed at 534.2 eV for coor- 
dinated water, but in complexes l-3 only one sym- 
metrical 0 1s peak was observed in the range 532.9- 
532.4 eV as also with the respective ligands. From 

Table 1. Ru 3p3,2,,,2 N Is, 0 Is and Cl 2p binding energies (eV) in K,[RuCl,(H,O)], Schiff base ligands 
and K[Ru(SB)Cl,] complexes” 

Ru’+ 
Complex Ru 3113,~ Ru 3~~2 N 1s 0 Is Cl 2p 

KJRuCMfWl 466.4 489.8 534.2 199.2 

(5.2) (4.8) (4.3) (3.3) 
acaczen - 400.8 532.4 - 

(3.1) (4.8) 
K[Ru(acac,en)ClJ 464.7 486.8 401.2 532.9 199.6 

(4.0) (4.2) (2.4) (2.6) (3.2) 
bena%en 400.2 531.9 - 

(3.6) (3.8) 
K[Ru(benac,en)ClJ 464.6 486.7 400.9 532.5 199.4 

(4.0) (4.6) (2.8) (2.6) (3.2) 
benac,propylenediimine - - 399.1 531.8 

(2.6) (2.6) 
K[Ru(benacgropylenediimine)ClJ 464.7 486.8 400.2 532.4 199.5 

(4.1) (3.8) (2.6) (2.8) (3.2) 

‘Full width at half maximum (FWHM) of the peak is given in parentheses. 
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the XPS data, it may be concluded that coordinated 
water is absent in complexes l-3. It may be further 
noted that of all the three Schiff base ligands, 0 1s 
and N 1s binding energies are maximums for 
acac,en and minimums for benac, propylene- 
diimine. Using Siegbahn’s generalization’5,‘6 one 
may conclude that the maximum effective posi- 
tive charge on the oxygen and nitrogen atom is 
for acac,en Schiff base and the minimum is for 
benac,propylenediimine. The decreasing order of 
effective positive charge on 0 1s and N 1s in these 
Schiff base ligands is: acac,en > benac,en > 
benaqpropylenediimine. It is clear that the phenyl 
group of benaqen increases the electron density 
on the oxygen and nitrogen atoms and this elec- 
tron density was comparatively more in bena+ 
propylenediimine oxygen and nitrogen atoms due 
to the presence of one methyl group in propylene- 
diimine. The trend of 0 1s and N 1s binding 
energies in the metal complexes l-3 was the 
same as in the ligand 1 > 2 > 3 (Table 1). The 
values of 0 1s and N 1s binding energies in the 
metal complexes were, however, more positive than 
their free ligand (Table 1). One can conclude from 
these observations that oxygen and nitrogen atoms 
of the Schiff base ligands are coordinated to the 
Ru(II1) ion. 

The Ru 3p3,2,3,2 photoelectron peaks of complexes 
l-3 are about the same (Fig. l), but less than the 
starting complex, Kz[RuC15(H20)]. This further 
suggests that the electronegative oxygen and nitro- 
gen atoms of the Schiff base are coordinated to the 
Ru(II1) ion. The electron density on the ruthen- 
ium(II1) in complexes l-3 is more thanthat for the 
chloro complex K2[RuC15(H20)]. The Ru 3p,,, and 
Ru 3p,,, photoelectron peaks in complexes l-3 are 
broad and asymmetric towards higher BE values 
having one shake up satellite.17 

I I I 1 
458 464 4-m 476 

BE W) 
Fig. 1. Ru 3p,,, photoelectron spectra in metal complexes. 

The Cl 2p photoelectron spectra of complexes l- 
3 have shown BE values in the range 199.6199.5 
eV, as in the starting complex, K2[RuC15(H20)] (Cl 
2p BE = 199.2 eV), which suggests that in each of 
the three complexes l-3 the chloride ion is coor- 
dinated in the inner coordination sphere of the 
metal ion. The binding energy of the outer sphere 
chloride should be less than 198.3 eV.‘8,‘9 These 
data thus support the conclusion which was 
arrived at on the basis of conductivity and IR 
data, for the presence of tram coordinated chloride 
groups in the complexes. 

Since there was more than one type of carbon 
in these complexes, the signals due to C lqZ over- 
lapped and one broad signal was obtained. The data 
of C 1s1,2 could not be therefore utilized for the 
structural analysis. 
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Abstract-Anionic [Rh(diolefin)X,]- species (X = Cl, Br) have been prepared and their 
reactions studied. The reactions with monodentate ligands led to neutral tetracoordinated 
complexes, and with N-donor bidentate ligands (Rh : LL = 2 : 1) gave Rh(X)(diolefin)(LL), 
[Rh(diolefin)(LL)]‘[Rh(diolefin)Xd-, or [Rh(diolefin)(LL)]X compounds, depending on 
the nature of LL or X. Reactions with carbon monoxide involved diolefin displacement. 
A trichlorostannato complex was obtained from the [Rh(COD)C12]- species. Reactions of 
[Rh(COD)Br], with bidentate N-donor ligands were also studied. 

The reaction between [Rh(diolefin)Cl], and some 
bidentate N-donor ligands (Rh : LL = 2 : 1) may 
give, depending on the nature of LL, ion-pair 
[Rh(diolefin)(LL)]‘[Rh(diolefin)C1,1- complexes, 
that contain diolefinic rhodium(I) anions.ld 
While anionic carbonylated rhodium(I) species 
[Rh(CO),X,]- have been extensively studied’-” 
and the crystal structure of [Rh(CO),Cl,]- has been 
determined,H similar diolefinic [Rh(diolefin)X,]- 
species have received less attention. AsPh,[Rh 
(COD)Cl,] has been isolatedI and the molecular 
structure of an ionic complex containing the [Rh 
(COD)Ci;l- anion has been reported.14 

In the present paper, we describe the synthesis of 
different [Rh(diolefin)X,]- species and their reac- 
tivity with mono- and bidentate ligands containing 
N- or P-donor atoms, with carbon monoxide and 
with tin(I1) halides. 

RESULTS AND DISCUSSION 

[Rh(diolefin)Xd- species may be easily prepared 
by the reaction of [Rh(diolefin)Xl, dimers with a 
stoichiometric amount of the corresponding halide 
as the salt of bulky cations that favour precipitation 

[es. (111 
[Rh(diolefin)X], + 2RX + 2R[Rh(diolefin)XJ. 

(1) 

*Author to whom correspondence should be addressed. 

The complexes (I-III) thus obtained (see Table 1) 
are yellow and air stable, behave as 1: 1 electrolytes 
in acetone solution and their IR spectra show, along 
with the bands due to the corresponding cations 
and diolefins, one or two bands in the far-IR due 
to v (Rh-X). The ‘H-NMR spectra of the two 
anions containing 1,5-cyclooctadiene (X = Cl, Br) 
show three groups of resonances, around 4.3, 2.4 
and 1.7 ppm. These values agree with those found 
in the literature for the anion [Rh(COD)Cl,]- iso- 
lated as the tetraphenylarsonium salt by a more 
complicated method. I3 The anion [Rh(NBD)C12]- 
shows the corresponding signals around 3.8, 3.6 
and 1.1 ppm. All these signals are very similar 
to those corresponding to the starting dimers 
[Rh(diolefin)Xlz. l5 

The reactivity of [Rh(COD)X,]- with aliphatic 
diamines (LL) depends on the degree of N-sub- 
stitution in the diamine. Thus, when LL = 
ethylenediamine (en), pentacoordinated neutral 
Rh(X)(COD)(en) compounds are obtained, irre- 
spective of the stoichiometric ratios employed 
(Rh : LL = 2 : 1 or 1 : 1) [eq. (2)] 

Et4N[Rh(COD)X,] + en 

+ Rh(X)(COD)(en) + Et,NX, (2) 

but when the more crowded LL = N,N,N’,N’- 
tetramethylethylenediamine (tmen) is used, no reac- 
tion occurs and the starting products are recovered 
unchanged. 

1067 
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The anions [Rh(COD)XJ react with bidentate [Rh(COD)Br], + LL 
heterocyclic N-donor ligands to give products that 
depend on the type of halogen, X. Thus, 
Et,N[Rh(COD)Cl,] reacts with 2,2’-bipyridine 
(bipy), 1, lo-phenanthroline (phen), 5,6-dimethyl- 
1 , 1 0-phenanthroline (5,6-Mqphen) or 4,7diphenyl- 
1, IO-phenanthroline (4,7-Ph,phen) to yield ion- 
pair compounds [Rh(COD)(LL)]+[Rh(COD)Cl,]- 
when Rh : LL = 2 : 1 or ionic tetracoordinated 
[Rh(COD)(LL)]Cl when Rh : LL = 1: 1. These 
products may also be obtained by the reaction of 
[Rh(COD)Cl], with these ligands.3,‘6 On the other 
hand, the reaction of Et,N[Rh(COD)Br,] with these 
ligands gave only tetracoordinated ionic [Rh(CO- 
D)(LL)]Br complexes, irrespective of the stoichio- 
metric ratios employed (Rh: LL = 2: 1 or 1: 1). 
The elemental analyses, molar conductivities and 
yields for the complexes obtained (IV-VII) are col- 
lected in Table 1. 

+ [Rh(COD)(LL)]+[Rh(COD)BrJ. (5) 

The complexes obtained are collected in Table 1 
(X-XVI), they behave as 1: 1 electrolytes in acetone 
solution and their IR spectra show bands due to v 
(Rh-Br) of the anion [Rh(COD)BrJ-. In keeping 
with previous suggestions’* we could attribute the 
behaviour of [Rh(COD)Br],, to a bridge cleavage 
mechanism via five-coordinate intermediates that 
could avoid free bromine appearing in solution. 

The reaction of [Rh(COD)Br], with ethy- 
lenediamine, 2,9dimethyl- 1,l O-phenanthroline (2,9- 
Mezphen) or 2,9-dimethyl-4,7-diphenyl- 1,l O-phen- 
anthroline (2,9-Me2-4,7-Ph,phen) (Rh : LL = 1 : 1 
or 2 : 1) gave only pentacoordinated neutral com- 
pounds Rh(Br)(COD)(LL) (XV-XVII), analogous 
to those obtained from [Rh(COD)C1]23*4 [eq. (6)] 

++ 1/2lRh(COD)(LL)]+[Rh(COD)X,I- +X- 
- . [Rh(COD)X,]- 

-L 
(ii) 

[Rh(COD)(LL)]X+X- 
(3) 

(i) = 1/2LL (X = Cl) ; (ii) = LL (X = Cl, Br). 

These results indicate a lower tendency to form 
the ion-pair compounds, when the anionic species 
contain bromine. 

Monodentate P- or N-donor ligands, such as 
quinoline (quin) or triphenylphosphine, react easily 
with [Rh(diolefin)X,]- species (Rh : L = 1: l), and 
displace one halide atom, yielding neutral tetra- 
coordinated compounds [eq. (4)] 

Et,N[Rh(COD)Xd + L + Rh(X)(COD)L + Et4NX 

L = quin, Ph,P. 

(4) 

Carbon monoxide displaces the coordinated diole- 
fin, leading to the well-known dicarbonylated 
anions [Rh(C0)2C12]-5 identified through the IR 
spectra of the solutions obtained. 

Et,N[Rh(COD)ClJ reacts with SnCl, but needs 
Rh : Sn = 1 : 3 molar ratios to react completely and 
give (Et,N),[Rh(SnCl,),(COD)],” while Et4N 
[Rh(COD)Br,] does not react with SnBr, under the 
same conditions and the starting product is re- 
covered unchanged. 

In the light of the above results, we have studied 
the reaction between [Rh(COD)Br],, prepared in 
situ from [Rh(COD)CI],,’ and bidentate N-donor 
ligands (Rh : LL = 2 : 1). The reaction with LL = 
bipy, phen, 5,6-Me,phen, 4,7-Ph,phen or tmen, 
gave ion-pair compounds [eq. (5)] 

[Rh(COD)Br], + 2LL --f 2Rh(Br)(COD)(LL). 

(6) 

These compounds behave as non-electrolytes in ace- 
tone solution and their IR spectra show one band 
around 200 cm-’ that may be due to v (Rh-Br), 
thus confirming the bromine being bonded to the 
rhodium atom. Rh(Br)(COD)(en) shows bands due 
to the coordinated diamine at v (N-H) = 3190 
(Av = 180), 3170 (Av = 200) and 3080 (Av = 205) 

-‘. The band at the higher frequency is split, 
ERbably due to crystal lattice effects. The v (N-H) 
decreases upon coordination are smaller than in the 
analogous Rh(C1)(COD)(en).4 

EXPERIMENTAL 

[RWOD)% in situ [Rh(COD)Br],’ and 
[Rh(NBD)C1]2’9 compounds were prepared by 
published methods. The C, H and N microanalysis 
were carried out with a Perkin-Elmer 240C micro- 
analyser. Conductivities were measured in cu 
2.5 x lop4 M acetone solutions with a Metrhom 
E518 conductimeter. Proton NMR spectra were 
recorded at room temperature with an XL-200 
Varian spectrometer with tetramethylsilane as the 
internal standard and deuterochloroform as the sol- 
vent. IR spectra were recorded on a Perkin-Elmer 
598 spectrophotometer in the range 4000-200 cm-’ 
using Nujol mulls between polyethylene sheets and 
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Table 1. Analytical, conductivity and IR data and yields for the isolated compounds 
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Compound 
Found (talc.) ,-$m, v @h-X) Yield 

%C %H %N mol-‘) (cm-‘) (%) 

Et.,N[Rh(COD)ClJ (I) 

AsPh.JRh(NBD)ClJ (II) 

Et,N[Rh(COD)BrJ (III) 

[Rh(COD)(phen)]Br (IV) 

[RWOD)@WlBr (VI 

[Rh(COD)(5,6_Me,phen)]Br (VI) 

[Bh(COD)(4,7-Ph,phen)]Br (VII) 

Rh(Br)(COD)(quin) (VIII) 

WCI)(COD)(qW W) 

[Rh(COD)(4,7-Ph,phen)] [Rh(COD) Br,] (X) 

[Rh(COD)(phen)] [Rh(COD)Br,] (XI) 

[Rh(COD)(5,6-Me,phen)] [Rh(COD)BrJ (XII) 

[Rh(COD)(bipy)] [Rh(COD)BrJ (XIII) 

[Rh(COD)(tmen)] [Rh(COD)BrJ (XIV) 

Bh(Br)(COD)(2,9-Me,phen) (XV) 

Rh(Br)(COD)(2,9-Me,-4,7-Ph,phen) (XVI) 

Rh(Br)(COD)(en) (XVII) 

45.3 
(46.4) 
56.2 

(57.3) 
38.4 

(38.3) 
49.9 

(51.0) 
46.9 

(48.4) 
50.4 

(52.9) 
60.1 

(61.6) 
47.5 

(48.6) 
54.0 

(54.3) 
51.8 

(52.5) 
43.8 

(44.1) 
45.4 

(45.6) 
42.7 

(42.3) 
36.0 

(37.8) 
51.6 

(52.9) 
61.6 

(62.6) 
33.6 

(34.2) 

106 

112 

136 

(I 

109 

121 

114 

10 

10 

96 

(I 

(1 

104 

116 

2 

2 

LI 

270(sh) 
258(s) 
275(m) 

260(m) 
188(s) 

- 

- 

- 

193(s) 

285(sh) 
265(m) 
178(m) 

191(s) 

179(s) 

190(m) 

195(s) 

202(s) 

202(s) 

202(s) 

61 

76 

74 

52 

70 

75 

66 

53 

31 

72 

69 

65 

47 

79 

48 

85 

65 

‘Insoluble in acetone. 

with a Nicolet 60SX spectrophotometer in the range 
500-140 cm-‘, using polyethylene pellets. 

Preparation ofEt,N[Rh(COD)X,] complexes 

To 5 cm3 of dichloromethane solutions of 
[Rh(COD)X], (0.12 mmol), the appropriate Et,NX 
(0.24 mmol) was added. Upon addition of diethyl 
ether yellow precipitates were formed, filtered off, 
washed with diethyl ether and air-dried. 

Preparation ofPbAs[Rh(NBD)Cl,] 

Addition of Ph,AsCl (0.24 mmol) to 5 cm3 of a 
dichloromethane solution of [Rh(NBD)Cl], (0.12 

mmol), followed by addition of n-hexane gave a 
yellow solid that was filtered off, washed with n- 
hexane and air-dried. 

Reactions of Et,N[Rh(COD)XJ 

(i) Reaction with ethylenediamine. Addition of 
ethylenediamine (0.12 mmol) to solutions of 
EtdNIRh(COD)Xz] (0.12 mmol) in 5 cm3 of dichlo- 
romethane yield yellow solids that were hltered off, 
washed with dichloromethane and air dried. The 
solids obtained were identified as Rh(X)(COD)(en). 

(ii) Reaction with phenanthroline type ligands. 
To Et,N[Rh(COD)XJ (0.12 mmol) solutions in 5 
cm3 of dichloromethane, the corresponding stoi- 
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chiometric amounts (0.12 mmol) of l,lO-phen- 
anthroline, 2,2’-bipyridine, 5,6-dimethyl-l,lO-phen- 
anthroline or 4,7-diphenyl- 1 , 1 0-phenanthroline 
were added, whereupon the solution turned red 
or violet. The formed [Rh(COD)(LL)]Br complexes 
precipitated immediately as red crystals when 
LL = 1, IO-phenanthroline or 5,6-dimethyl-1, lo- 
phenanthroline were added and required elimin- 
ation of CH2C12 and addition of acetone when 
LL = 2,2’-bipyridine (red crystals) or 4,7-diphenyl- 
1, lo-phenanthroline (violet crystals) was used. The 
complexes obtained were filtered off, washed with 
acetone and air-dried. 

(iii) Reaction with triphenylphosphine. Ph,P (0.08 
mmol) was added to yellow solutions of Et4N 
[Rh(COD)X,] (0.08 mmol) in 5 cm3 of CH2C1,/ 
MeOH (1: 1) whereupon the solutions became 
orange. The elimination of dichloromethane yielded 
orange Rh(X)(COD)(Ph,P) compounds that were 
filtered off, washed with methanol and air-dried. 

(iv) Reaction with quinoline. Quinoline (0.12 
mmol) was added to 5 cm3 of yellow dichlo- 
romethane solutions of Et,N[Rh(COD)X,] (0.12 
mmol). Addition of methanol (3 cm3) and elimin- 
ation of dichloromethane led to yellow precipi- 
tates of Rh(X)(COD)(quin) complexes that were 
filtered off, washed with methanol and air-dried. 

(v) Reaction with carbon monoxide. Carbon mon- 
oxide (P = 1 atm) was bubbled through dichloro- 
methane solutions of Et,N[Rh(COD)X,] (0.12 
mmol) for 30 min. IR spectra of the yellow solutions 
obtained confirmed the formation of Et,N[Rh 
(CO),X,] complexes. 

(vi) Reaction with tin(I1) halides. SnC&-2H,O 
(0.30 mmol) in 5 cm3 of methanol was added to 5 
cm3 of EtdNIRh(COD)C1,] (0.10 mmol) in dichlo- 
romethane. The addition of EtdNCl (0.10 mmol) 
followed by elimination of dichloromethane gave 
(Et,N),[Rh(SnCl,),(COD)] that was filtered off, 
washed with methanol and air-dried. 

Et,N[Rh(COD)Br,] did not react with SnBr, 
under the same conditions. 

Preparation of [Rh(COD)(LL)]+[Rh(COD)Br,]- 
complexes 

Addition of.. the corresponding ligand (0.06 
mmol) to 5 cm3 of dichloromethane solutions of in 
situ prepared [Rh(COD)Br], (0.06 mmol) gave 
red solids when LL = 1, lo-phenanthroline, 2,2’ 
bipyridine or 5,ddimethyl- 1 , 1 0-phenanthroline. 
When LL = 4,7-diphenyl-l,lO-phenanthroline or 
N,N,N’,N’-tetramethylethylenediamine, addition of 
diethyl ether was necessary to afford precipi- 
tation of the corresponding compounds. The 

complexes obtained were filtered off, washed with 
diethyl ether and air-dried. 

Preparation of Rh(Br)(COD)(LL) complexes 

0.12 mmol of the corresponding ligand were 
added to 5 cm3 of dichloromethane solutions of in 
situ prepared [Rh(COD)Br], (0.06 mmol). When 
LL = ethylenediamine, a yellow solid appeared 
immediately. When LL = 2,9-dimethyl- 1, lo-phen- 
anthroline or 2,9-dimethyl-4,7-diphenyl-l,lO-phen- 
anthroline, addition of diethyl ether gave yellow 
solids. The complexes thus obtained, were filtered 
off, washed with diethyl ether and air-dried. 
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Abstract-The reaction of RuS(CO),&,-S) with HC2Ph at 68°C has resulted in the for- 
mation of the complex Ru~(CO)~,@-CO)(~~-~~-HC~P~)(~~-S), 1 in 60% yield. Compound 
1 was found to react with RUB at 80°C to yield the enlarged cluster Ru6(CO) I 7(p4-q2- 
HC,Ph)&S), 2 in 53% yield. Compound 2 was characterized structurally. Crystal data : 
Ru$O,~C~~H~, M = 1216.80, monoclinic, P2,/c (No. 14), a = 11.050(2), b = 22.503(5), 
c = 29.26(l) A, p = 90.80(3)“, V = 7276(4) w3, D, = 2.27 g cme3, Z = 8, I(Mo-K,) = 
0.71073 8, (graphite monochromator) p = 24.9 cm-‘. Methods: MITHRIL, differ- 
ence Fourier, full-matrix least-squares. Refinement of 4647 reflections (F2 > 3a(F2)), 
(1” < 28 c 42”), gave R and R, values of 0.049 and 0.048, respectively. Data/parameters 
ratio = 9.54, highest peak in final difference Fourier = 0.79 e A-‘. The molecule consists 
of a distorted square of four ruthenium atoms that contains a quadruply bridging sulphido 
ligand on one side of the cluster and a quadruply bridging alkyne ligand on the other side. 
RUG groups bridge adjacent edges of the cluster. The Ru(CO), groups can be cleaved 
off sequentially by treatment with CO at 8O”C/l atm. 

In recent years, much of our research has focused EXPERIMENTAL 
on developing procedures for the synthesis of 
osmium carbonyl clusters that contain sulphido General 
ligands.’ In an expansion of our studies of cluster 
synthesis, we have recently focused on the element All reactions were performed under a nitrogen 

ruthenium. We have discovered high yield syntheses atmosphere. Reagent grade solvents were stored 

for the compounds Ru3(CO)g(p3-CO)(p3-S) and over 4 w molecular sieves. Ru3(CO) i2 was pur- 

Ru3(CO)g@3-S)2, both of which have been found to chased from Strem Chemical Company and was 

be useful reagents for the preparation of new high used as received. Phenylacetylene was purchased 

nuclearity sulphido ruthenium carbonyl clusters. from Aldrich Chemical Company and was vacuum 

We have now extended these studies to include distilled before use. CP grade carbon monoxide was 

sulphidoruthenium carbonyl clusters which contain purchased from Linde Company and was used 

alkyne ligands.4 In the course of these studies, we without further purification. RUG was prepared 

have discovered a new route to the compound by the reported method.’ RUG, 5@4-S) was 

Ru,(CO), 3@-CO)~4-r12-HC2Ph]@4-S), 1, and have prepared as previously reported.3 

prepared and structurally characterized the new All chromatographic separations were performed 

higher nuclearity cluster Ru,(CO), 7b4-q2-HC2Ph] in air. TLC separations were performed on plates 

(p4-S), 2. These results are described herein. (0.25 mm Kieselgel 60 F254, E. Merck, West Ger- 
many) purchased from Bodman Chemicals, U.S.A. 
IR spectra were recorded on a Nicolet SDXB FT- 
IR spectrophotometer. ‘H NMR spectra were re- 

*Author to whom correspondence should be addressed. corded on a Bruker AM-300 spectrometer operating 
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at 300 MHz. Elemental analyses were performed by 
Desert Analytics, Tucson, Arizona. 

Preparation of Ru,(CO) I &-C0)b&-HC2Ph] 
@4-S), I 

40 mg (0.042 mmol) of RuS(CO)i5(~&G) and 
2.3 x lo-* cm3 (0.209 mmol) of HCzPh was added 
to 40 cm3 of hexane. This mixture was refluxed 
for 15 min. During this time, the RuS(CO)i&-S) 
dissolved and the solution turned dark green. The 
solvent was removed in uacuo. The residue was 
dissolved in a minimal amount of CH2C12 and was 
chromatographed by TLC on silica gel. Elution 
with hexane/CHzClz, 95/5 solvent mixture yielded 
26 mg of Ru,(CO) 1 3@-C0)~4-~2-HC2Ph](~& 1, 
60%, as a green band. 

reflux (SOT) for 5 h under a CO purge. The 
cyclohexane was removed in vacua. The residue was 
dissolved in a minimal amount of CH2C12 and was 
chromatographed by TLC on silica gel. Elution 
with hexane/CH2C12, 95/5, solvent mixture yielded 
7.5 mg of 3, 60%, as an orange band, 0.7 mg of 
unreacted 2, and 0.5 mg of 2,3%, as a brown band. 
The yields of compounds 2 and 3 were calculated 
on the basis of the amount of 1 consumed. 

Reaction of 2 with CO 

Preparation of Ru,(CO) 1 7b4-)12-HC2Ph](pd-S), 2 

16.6 mg (0.014 mmol) of 2 was dissolved in 25 
cm3 of cyclohexane. The solution was heated to 
reflux (SO’C) for 3 h under a CO purge. Work-up 
as described above yielded 4.6 mg of compound 3, 
51%, 3.0 mg of 1,27% and 3.6 mg of unreacted 2. 
The yields of compounds 1 and 3 were calculated 
on the basis of the amount of 2 consumed. 

40 mg (0.039 mmol) of compound 1 was dissolved 
in 30 cm3 cyclohexane and brought to a reflux. A 
100 cm3 cyclohexane solution of RUG (0.422 
mmol) was added from a dropping funnel over a 
period of approximately 30 min. The reaction solu- 
tion was then refluxed for an additional 15 min. The 
solution was concentrated and chromatographed 
over a Florisil column using hexane solvent. The 
first yellow band was RUDER. A second black 
band was eluted with CH2C12 and was subsequently 
purified further by TLC. Elution with a hexane/ 
CH2C12, 95/5, solvent mixture yielded 0.5 mg of 
Ru4(C0)&CO)2~q-~2-HC2Ph]@4-S), 3, 2%, as 
an orange band, 6.7 mg of unreacted 1 and 20.9 
mg of Ru~(CO)~~~~-~~-HC~P~](~~-S), 2,53%, as a 
brown band. IR for 2 : [v(CO)in hexane] 2115(vw), 
2091(s), 2074(vs), 2050(m), 2043(s), 203O(vs), 
2023(s), 2009(m), 1999(vw), 1987(vw), 1962(w), 
1956(w). ‘H NMR (in CD,Cl,) 7.27-7.19 (m, 3H), 
7.09-7.05 (m, 2H), 7.21 (s, 1H). Found: C, 25.1; 
H,0.5.Calc. forRu,SO,,C,,H,: C,24.7;H,0.5%. 
The yields of compounds 2 and 3 were calculated 
on the basis of the amount of 1 consumed. 

CRYSTALLOGRAPHIC ANALYSES 

Crystals of 2 were grown by slow evaporation of 
solvent from benzene solutions at 5°C. The data 
crystal was mounted in a thin-walled glass capillary. 
Diffraction measurements were made on a Rigaku 
AFC6 automatic diffractometer by using MO-K, 
radiation. The unit cell was determined and refined 
from 25 randomly selected reflections obtained by 
using the AFC6 automatic search, centre, index and 
least-squares routines. Crystal data, data collection 
parameters and results of the analyses are listed in 
Table I.* All data processing was performed on a 
Digital Equipment Corp. MICROVAX II com- 
puter by using the Molecular Structure Corp. 
TEXSAN structure solving program library. Neu- 
tral atom scattering factors were obtained from the 
standard sources. 6(a) Anomalous dispersion cor- 
rections were applied to all non-hydrogen atoms.qb) 
Full-matrix least-squares refinements minimized 
the function 

Reaction of 1 with CO where 

15.9 mg (0.015 mmol) of 1 was dissolved in 25 
cm3 of cyclohexane. The solution was heated to 

w = 1/@)2, a(F) = a(F:bs)2/Fobs 

and 

* Complete tables of bond lengths, angles and thermal 
parameters for (lH3) and observed and calculated struc- 
ture factors for (1x3) have been deposited as supple- 
mentary material with the Editor, from whom copies are 
available on request. Atomic coordinates have been sub- 
mitted to the Cambridge Crystallographic Data Centre. 

Compound 2 crystallized in the monoclinic cry- 
stal system. The space group P2 i/c was determined 
by the systematic absences observed in the data. 
Compound 2 crystallizes with two independent 
molecules in the asymmetric unit. Metal atom 
positions were determined by direct methods 

@?b,) = [~(kv)2 + V’&d21 1’2Lp- 
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Table 1. Crystallographic data for the structural analysis for compound 2 

1073 

(b) 

(4 

Formula 
Temperature (+ 3°C) 
Space group 

a (A) 
b (A) 
c (A) 

“v($; 

M, 
Z 

pcalr: (g cm- ‘) 

Measurement of intensity data 
Radiation 
Monochromator 
Detector aperture (mm) 

horizontal 
vertical 

Crystal faces: 

Crystal size (mm) : 
Crystal orientation : 

lattice direction; deg from e-axis 
Reflections measured 
Max 26 
Scan type 

w-Scan width 
(A +0.347 tan 6)’ 

Background : time at 

w-Scan rate (deg min- ‘)* 
Data used (F* 2 3.0a(F *)) 

Treatment of data 
Absorption correction : 

coefficient (err- ‘) : 
P-factor 
Final residuals R, 

R 
Esd of unit weigh;Fobservation 
Largest shift/error 
Value of final cycle 
Largest peak in final 

diff. Fourier (e A- ‘) 
No. of variables 

RusSOIG& 
23°C 
P2,/c, No. 14 
11.050(2) 
22.503(5) 
29.26( 1) 
90X0(3) 
7276(6) 
1216.8 
8 
2.22 

MO-K, (0.71073 A) 
Graphite 

2.0 
2.0 
o1o,oTo, 001 
ooi, iTo, To2 
0.06x0.18x0.19 

[loo] ; 6.06 
+h, +k, +I 
42” 
Moving crystal- 

stationary counter 

A = 1.10 
: addition scan 

at each end of scan 
4.0” 
4647 

Not applied 
24.9 
0.02 
0.049 
0.048 
1.51 

0.03 

0.79 
487 

“Rigaku software uses a multiple scan technique. If the I/u(r) ratio is less 
than 10.0, a second scan is made and the results are added to the first scan, etc. 
A maximum of three scans was permitted per reflection. 

(MITHRIL). All other non-hydrogen atoms were crystallized per 2 moles of 2 was located. This was 
located by subsequent difference Fourier syntheses. added to the analysis and satisfactorily refined. 
Due to the large size of the calculations, only atoms Hydrogen atom positions were calculated by 
heavier than oxygen were refined with anisotropic assuming idealized geometries. Their positions were 
thermal parameters. In the later stages of refine- not refined but their contributions were added to 
ment one mole of benzene solvent that had co- the structure factor calculations. 
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When RQCO) 1 &-S) was allowed to react with 
HC,Ph at 68”C, the compound Ru,(CO),,@-CO) 
(pJ$-HC2Ph)&-S), 1 was formed in 60% 
yield. Compound 1 was obtained previously in low 
yield by cluster enlargement in the reaction of 
Ru4(CO)9(~-CO)2(~~-~2-HC2Ph)(~C14-S), 3 with 
Ru(CO)+~ We have now found that 1 can also be 
enlarged by reaction with RUG to yield 
Ru~(CO),,(~~-~~-HC~P~)@~-S), 2 in 53% yield. 
Compound 2 was obtained in trace amounts from 
the reaction of 3 with Ru(CO)~.~ 

Compound 2 has been characterized by a single- 
crystal X-ray diffraction analysis. It was found to 
contain two independent molecules in the asym- 
metric crystal unit. Both molecules are structurally 
similar. An ORTEP diagram of the molecular struc- 
ture of 2 is shown in Fig. 1. Selected intramolecular 
bond distances and angles are listed in Tables 2 
and 3, respectively. The molecule consists of an 
approximately square cluster of four ruthenium 
atoms, Ru(l), Ru(2), Ru(3) and Ru(4) that contains 
a quadruply bridging sulphido ligand on one side 
of the cluster and a quadruply bridging HC2Ph 
ligand on the other side. The four metal atoms 
together with the sulphido ligand and two alkyne 
carbon atoms could be viewed as a larger cluster 
of seven atoms that has an idealized shape of a 
pentagonal bipyramid. The pentagonal plane 

Fig. 1. An ORTEP diagram of the molecular structure 
of Ru6(C0), 7(p4-q2-HC2Ph)(p4-S), 2 showing 50% prob- 

ability thermal ellipsoids. 

includes the sulphido ligand, the two carbon at.oms 
and the two metal atoms, Ru(1) and Ru(3). This 
portion of the molecule is very similar to those found 
in 1 and 3 which have also been structurally char- 
acterized.4 Compound 2 also contains two Ru(CO), 
groups that bridge adjacent apical-equatorial 

Table 2. Intramolecular distances for Ru~(CO),,@~-~*-HC~P~)(~~-S), 2” 

Atom Atom Distance Atom Atom Distance 

Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2b) 

C(a) 
C(b) 

C&4 
SW 
Ru(6a) 
Ru( 5a) 
Ru(2a) 
Ru(4a) 

Wb) 
Wb) 
Ru(4b) 
Ru(6b) 
Ru(5b) 
Ru(2b) 

C(2a) 
S(la) 
Ru(6a) 
Ru(3a) 

C(2b) 
o(a),. 
O(b),,. 

2.12(2) 
2.419(5) 
2.754(2) 
2.770(2) 
2.787(2) 
2.788(2) 
2.08(2) 
2.432(5) 
2.753(2) 
2.770(2) 
2.790(2) 
2.823(2) 
2.35(2) 
2.470(5) 
2.732(2) 
2.766(2) 
2.31(2) 
1.15(2) 
1.16(2) 

Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(3a) 
Ru(3a) 
Ru(3a) 
Ru(3b) 
Ru(3b) 
Ru(3b) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4b) 
Ru(4b) 
Ru(4b) 

C(la) 
Wb) 
C(a) 
C(a) 

Wb) 
Ru(6b) 
Ru(3b) 

C(2a) 
s(la) 
Ru(4a) 

C(2b) 
S(lb) 
Ru(4b) 

c(2a) 
Wa) 
Ru( 5a) 

C(2b) 
Wb) 
Ru(5b) 

C(2a) 
C(2b) 
C(b),, 
C(b),. 

2.493(5) 
2.732(3) 
2.794(2) 
2.18(2) 
2.434(5) 
2.753(2) 
2.13(2) 
2.445(6) 
2.744(2) 
2.31(2) 
2.491(5) 
2.738(2) 
2.34(2) 
2.485(5) 
2.739(2) 
1.43(2) 
1.41(2) 
1.38(2) 
1.37(2) 

“Distances are in angstroms. Estimated standard deviations in the least sig- 
nificant figure are given in parentheses. 



Table 3. Intramolecular bond angles for Rus(CO), 7(~4-r$-HC2Ph)(~L4-S), 2” 

Atom Atom Atom Angle Atom Atom Atom Angle 

Wa> 
CtW 
CtW 
W4 
CtW 
SW 
SW 
SW 
SW 
Ru(6a) 
Ru(6a) 
Ru(6a) 
Ru(5a) 
Ru(5a) 
Ru(2a) 

C(lb) 
C(lb) 
C(lb) 
CUb) 
C(lb) 
S(lb) 
S(lb) 
S(lb) 
Stlb) 
Ru(4b) 
Ru(4b) 

C(2a) 
S(la) 
S(la) 
Ru(4a) 

C(2b) 
C(2b) 
C(2b) 
S(lb) 
S(lb) 
Ru(4b) 

C(2a) 
C(2a) 
C(2a) 
C(2a) 
S(la) 
S(la) 
S(la) 
Ru(5a) 
Ru( 5a) 
Ru(3a) 

C(2b) 
C(2b) 
C(2b) 
C(2b) 
S(lb) 
Wb) 
Ru(3a) 
Ru(4a) 

C(lb) 
C(lb) 
C(lb) 
C(lb) 
Ru(3b) 
Ru(3b) 
Ru(2b) 

Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru( la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(3a) 
Ru(3a) 
Ru(3a) 
Ru(3a) 
Ru(3b) 
Ru(3b) 
Ru(3b) 
Ru(3b) 
Ru(3b) 
Ru(3b) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4a) 
Ru(4b) 
Ru(4b) 
Ru(4b) 
Ru(4b) 
Ru(4b) 
Ru(4b) 

C(2a) 
C(2a) 
C(2b) 
C(2b) 
C(2b) 
C(2b) 
C(2b) 
C(2b) 
C(2b) 

SW 
Ru(6a) 
Ru(5a) 
Ru(2a) 
Ru(4a) 
Ru(6a) 
Ru(5a) 
Ru(2a) 
Ru(4a) 
Ru( 5a) 
Ru(2a) 
Ru(4a) 
Ru(2a) 
Ru(4a) 
Ru(4a) 

S(lb) 
Ru(4b) 
Ru(6b) 
Ru(5b) 

Ru(2b) 
Ru(4b) 
Ru(6b) 
Ru(5b) 
Ru(2b) 
Ru(6b) 
Ru(5b) 
Ru(2a) 
Ru(4a) 
Ru(2a) 
Ru(2a) 

S(lb) 
Ru(4b) 
Ru(2b) 
Ru(4b) 
Ru(2b) 
Ru(2b) 

Wa) 
Ru(5a) 
Ru(3a) 
Ru( la) 
Ru(5a) 
Ru(3a) 
Ru(la) 
-Ru(3a) 
Ru(la) 
Ru(la) 

SUb) 
Ru(5b) 
Ru(3b) 
Ru(lb) 
Ru(5b) 
Ru(3b) 
Ru(2a) 
Ru(2a) 
C7(lb) 
Ru(3b) 
Ru(2b) 
Ru(4b) 
Ru(2b) 
Ru(4b) 
Ru(4b) 

81.8(5) 
100.7(4) 
97.3(4) 
53.5(4) 
53.0(4) 
92.8( 1) 
96.7(l) 
56.1(l) 
56.6( 1) 

160.67(8) 
59.09(6) 

139.23(8) 
139.57(8) 
59.02(6) 
80.56(7) 
79.5(5) 
52.4(5) 
95.5(5) 

102.0(5) 
51.8(5) 
56.9( 1) 
97.5( 1) 
92.7( 1) 
56.1(l) 

139.35(8) 
59.24(6) 
55.3(5) 
57.0( 1) 
56.3( 1) 
81.54(7) 
83.5(5) 
55.6(5) 
53.8(5) 
56.9(l) 
56.4( 1) 
81.63(7) 
80.0(5) 

131.0(4) 
50.0(4) 
79.7(4) 
95.9( 1) 
55.0( 1) 
54.2( 1) 

150.89(8) 
60.17(6) 
96.32(7) 
78.7(4) 

135.9(4) 
48.8(4) 
79.5(4) 
92.7( 1) 
55.5(l) 
75.2(5) 

101.2(7) 
117(2) 
123(l) 

70(l) 
67(l) 
77.9(6) 
75.6(5) 

102.5(7) 

Ru(4b) 
Ru(6b) 
Ru(6b) 
Ru(5b) 

C(2a) 
C(2a) 
C(2a) 
C(2a) 
S(la) 
S(la) 
S(la) 
Ru(6a) 
Ru(6a) 
Ru(3a) 

C(2b) 
C(2b) 
C(2b) 
C(2b) 
Wb) 
Wb) 
S(lb) 
Ru(6b) 
Ru(6b) 
Ru(3b) 

C(2a) 
C(2a) 
S(lb) 
Ru(5b) 
Ru(5b) 
Ru(3b) 
Ru(4a) 
Ru(4b) 
Ru(2a) 
Ru(2b) 
Ru(la) 
Ru(la) 
Ru(la) 
Ru(3a) 
Ru(3a) 
Ru( 2a) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(3b) 
Ru(3b) 
Ru(4b) 

C(2a) 
C(2b) 
C(la) 
C(la) 
C(la) 
Ru(3a) 

Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(lb) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2a) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(2b) 
Ru(3a) 
Ru(3a) 
Ru(4b) 
Ru(4b) 
Ru(4b) 
Ru(4b) 
Ru( 5a) 
Ru(5b) 
Ru(6a) 
Ru(6b) 

SUa) 
Wa) 
S(la) 
S(la) 
S(la) 
S(la) 
S(lb) 
Wb) 
S(lb) 
Wb) 
S(lb) 
S(lb) 
C(la) 
C(lb) 
C(2a) 
C(2a) 
C(2a) 
C(2a) 

Ru(2b) 
Ru(5b) 
Ru(2b) 
Ru(2b) 

SUa) 
Ru(6a) 
Ru(3a) 
Ru(la) 
Ru(6a) 
Ru(3a) 
Ru(la) 
Ru(3a) 
Ru(la) 
Ru(la) 

S(lb) 
Ru(6b) 

Ru(3b) 
Ru(lb) 
Ru(6b) 
Ru(3b) 
Ru(lb) 
Ru(3b) 
Ru(lb) 
Ru(lb) 

S(la) 
Ru(4a) 
Ru(lb) 
Ru(3b) 
Ru(lb) 
Ru(lb) 
Ru(la) 
Ru(lb) 
Ru(la) 
Ru(lb) 
Ru(3a) 
Ru(2a) 
Ru(4a) 
Ru(2a) 
Ru(4a) 
Ru(4a) 
Ru(3b) 
Ru(4b) 
Ru(2b) 
Ru(4b) 
Ru(2b) 
Ru(2b) 
Ru(la) 
Ru(lb) 
Ru(3a) 
Ru(4a) 
Ru(2a) 
Ru(4a) 

80.97(6) 
161.10(9) 

58.46(6) 
139.49(8) 
79.7(4) 

133.3(4) 
49.6(4) 
79.1(4) 
92.2(l) 
55.1(l) 
54.4( 1) 

147.23(8) 
59.87(6) 
96.06(7) 
79.0(4) 

128.5(4) 
48.2(4) 
78.5(4) 
97.0(l) 
54.7(l) 
54.0( 1) 

151.21(8) 
59.81(6) 
94.74(7) 
84.0(5) 
54.5(5) 
55.0(l) 

148.01(8) 
61.05(6) 
97.51(7) 
60.82(6) 
59.71(6) 
61.04(6) 
61.74(6) 

116.5(2) 
69.5(l) 
69.2( 1) 
68.6( 1) 
67.9( 1) 
93.2(2) 

115.9(2) 
68.1(l) 
69.9( 1) 
67.6( 1) 
68.9( 1) 
93.3(2) 

134(l) 
138(l) 
124(l) 

70(l) 
70(l) 
75.6(6) 

a Angles are in degrees. Estimated standard deviations in the least significant figure are given in 
parentheses. 
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Scheme 1. 
1 

edges, Ru( l)-Ru(4) and Ru( l)-Ru(6), of the clus- 
ter. Compounds 1 and 3 have one and two bridging 
carbonyl ligands on these sites, respectively. Struc- 
turally, the substitution of a bridging group with 
a bridging RUG group produces a significant 
lengthening of the bridged metal-metal bond (e.g. 
Ru(l)-Ru(2) = 2.787(2) 8, [2.823(2) A] and 
Ru(l)--Ru(4) = 2.788(2) 8, [2.753(2) A] in 2 vs the 
Ru(l)-Ru(2) = 2.6954(6) A in 1; and Ru(1 j 
Ru(2) = 2.7188(g) A and Ru(l)-Ru(4) = 
2.7293(9) A in 3). The value in brackets is for the 
second independent molecule. The Ru-Ru distances 
to the bridging Ru(CO), groups, 2.732(2)-2.790(2) 
A are not unusual.’ There are no other significant 
differences in the metal-ligand bonding between 2, 
and 1 and 3. 

Electron counting procedures reveal that the clus- 
ter violates the Effective Atomic Number Rule by 
being deficient by the amount of two electrons. 
Inspection of the molecular geometry shows no evi- 
dence of a localized form of electronic unsaturation. 
Thus, it is believed that this unsaturation is dis- 
tributed throughout the cluster as a unit. In accord 
with this, it is found that 2 obeys the electronic 
requirements of the Skeletal Electron Pair Theory. 8 

DISCUSSION 

RuS(CO), 5(,uLq-S) contains a square pyramidal 
cluster of five metal atoms with a quadruply bridg- 
ing sulphido ligand spanning the square base. It 
reacts with H&Ph by the loss of one carbonyl 
ligand to form 1 in which the square pyramid is 
converted to a Ru(CO), bridged square of four 
metal atoms, Scheme 1. It was not established if the 
CO loss is a prerequisite to the H&Ph addition. In 
fact, in our studies of sulphido-osmium carbonyl 
clusters, we observed that the reaction of 
OSLO .&-S) with H&Ph proceeds by an 
addition of the alkyne to the sulphur atom, and 
after a sequence of polyhedral rearrangements, a 
decarbonylation step yields Os,(CO) 1 ,&-H&Ph) 
(p.+-S) which is an analogue of 3.9 It is possible 
that the reaction of RuS(CO)&,-S) with alkynes 
is also initiated by alkyne-sulphur interactions. 

Compound 1 was made previously by us from 
the reaction of 3 with Ru(CO)~.~ Small amounts 
of 2 were also obtained in this reaction and were 
believed to be formed by the addition of a mono- 
nuclear ruthenium carbonyl unit to 1. This is sup- 
ported by our current study which shows that 2 can 

3 1 2 

Scheme 2. 
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be made in good yield from 1 by the reaction with 
Ru(CO)s. Under a CO atmosphere, 2 is degraded 
to 1 and 3 by the sequential removal of the bridging 
RUG groups, Scheme 2. A similar cluster 
growth/degradation sequence was observed to 
occur for the cluster series Ru,(CO),&-S), Rus 
(CO),&,-S), Ru,(CO)~~@~-S).~ While the facile 
addition and elimination of mononuclear metal 
carbonyl fragments might be viewed as an advan- 
tage in the scheme of cluster synthesis in general, 
the equilibria that are generated under these condi- 
tions also make the isolation of a selected species in 
good yield more difficult. 
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Abstract-The compounds (BuN),Re(aryl), (aryl = o-tol, xylyl and mest), have been pre- 
pared from (Bu%l),Re(OSiMe,) and the appropriate Grignard reagents. The aryls have 
been converted to the corresponding dichloride compounds, (Bu’N),ReCl,(aryl) by treatment 
with HCl. The X-ray crystal structure of (Bu’N),ReCl,(o-tol) has been determined. The 
compound has square pyramidal geometry with one linear (basal site) and one bent (axial 
site) imido group, which formally suggests a 16e configuration. 

The interaction of xylyl magnesium bromide with [Me,NH] [ReO,] or Rez07 gives the 
diamagnetic rhenium(V) complex [(xylyl)zReOz]2Mg(THF)2, which can be oxidized to the 
paramagnetic rhenium compound, ReO,(xylyl),. Interaction of ReO,(OSiMe,) with either 
xylyl or mesityl Grignard yields ReO,(aryl), directly in higher yield. The molecule is tetra- 
hedral. 

The interaction of 0~0~ with xylyl magnesium bromide yields O~O~(xylyl)~. The geome- 
tries of the OzMCz units in MOz(xylyl)r, M = Re and OS, are analogous to those found in 
the corresponding mesityl derivatives, with the O-OS-O angle much larger than the 
G-Re-0 angle (139” vs 121”). 

Following studies on do-imidoaryl compounds 
of Cr, MO and W’ [various ‘BUN compounds 
of Mo(V1) such as (BuT\T)MoC~(CH,BU)~ have 
also been reported, see ref. l(c)] of the type, 
(Bu’N),M(aryl),, we now report the preparation of 
similar rhenium derivatives. Rhenium(VII)bis 
(imido)neopentylidene complexes have been 
studied by Schrock et ~1.~~~~~) with a view to 
finding an alkene metathesis catalyst, but the a- 
imido aryl compounds have not been reported. The 
trialkyl complexes, (Bu’N),ReR, (R = Me, CH,Ph, 
CH2SiMe3), are obtained in good yield from 
(BuN)2ReC1,2(a)y(b) and the mixed alkyl/halide 

*Authors to whom correspondence should be addressed. 
t o-to1 = 2-methylphenyl, xylyl = 2,6_dimethylphenyl, 

rnes (mesityl) = 2,4,6_trimethylphenyl. 

species, (BuN),ReClR, (R = Me, CH2SiMe3) are 
also known.2(b) 

We have made the tris(imido)aryl compounds, 
(BuN),Re(aryl) (aryl = o-tol, xylyl, mes) and con- 
verted these to the corresponding (Bu’N),ReCl, 
(aryl) by treatment with HCl. An analogous alkyl 
complex (RN)2ReC12(CH2Bu? (R = 2,6-diiso- 
propylphenyl) has been obtained from the reaction 
of 0.65 equiv of Zn(CH2Buq2 with (RN)2Re- 

(PY)C13, '(') but no crystal structure is reported. 
Further work on 0x0 aryl compounds of rhenium 

has led to the isolation of [(xylyl)2Re02]2Mg(THF)2 
and its oxidation to the paramagnetic Re02(xylyl)2. 
An alternative higher yield synthesis of ReO,(xylyl), 
and of Re02(mes)2 from Re03(0SiMe3) is also 
reported. The similar dioxo compound, 0~0, 
(xylyl),, has been obtained by interaction of 0~0, 
and the Grignard reagent. 

1079 
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Table 1. Physical properties and analytical data 

Compound Colour 

(Bus),Re(o-tol) Yellow 

(Buw),Re(xylyl) Yellow 

(Bu’N),Re(mes) Yellow 

(Buw),ReCl,(o-tol) Yellow 

(Bu’V&eCl,(xylyl) Yellow-green 

(Bu’N),ReCl,(mes) Yellow 

[ReOz(xylyl)~2M8(THF), Purple 

Re02(xylyl)Z Red 

OWXYlYl), Green 

M.p.(“C) C 

47-48 46.3 
(46.7) 

65 47.5 
(47.6) 

69 48.8 
(48.6) 

135 36.9 
(36.7) 

122 37.2 
(38.1) 

125-127 39.3 
(39.4) 

132 47.0 
(46.9) 

138-140 (Z, 

144 44.8 

(44.4) 

Analysis (%) 
H N 

(i::, 
8.4 

(8.6) 

(:::, (Z) 

(Z) (K) 

:::, (Z) 

:::, ::;1, 

(Z) (Z) 

:::, 
4.4 

(4.2) 
b 

a Found (required). 
‘No hydrogen analysis possible in presence of OS. 

Physical and analytical data for new compounds 
are given in Table 1 and NMR spectroscopic data 
in Table 2. 

RESULTS AND DISCUSSIONS 

(1) Imido aryl compounds of rhenium 

The imido aryl complexes were prepared from 
(BuN),Re(OSiMe,)’ by the reaction 

(Bu’N),Re(OSiMe,) + (aryl)MgBr 5 

(BuN),Re(aryl) + Mg(OSiMes)Br 

which is analogous to that used in the preparation 
of a-imidoaryl derivatives of Cr, MO and W.’ 

The products- are bright yellow, low-melting 
solids that are air-stable, although on prolonged 
exposure they appear to be hygroscopic ; they can 
be recrystallized from acetonitrile or diethyl ether 
and are stable in hydrocarbons ; (BuN)3Re(o-tol) 
decomposes in halogenated solvents. As well as 
unreactivity towards oxygen, the compounds do 
not react with carbon monoxide even at 50 atm, in 
contrast to the behaviour of (BuN),Cr(mes),.’ This 
stability is presumably due to the steric protection 
afforded by the o-methyl group on the arene ring 
and the bulky t-butyl groups on nitrogen inhibiting 
insertion reactions. 

The room temperature ‘H NMR spectra of the 
compounds show only singlets for the t-butylimido 
functions and the spectra are unchanged on cooling 
to - 50°C. The ortho-hydrogen in (BuN),Re(o-tol) 
is shifted to low-field as expected. The room tem- 
perature 13C NMR spectrum also shows that the 
three t-butylimido groups are equivalent with peaks 
at 32.3 (CH,) and 69.2 (Me-$) for (Bu’N),Re(xylyl). 

The mass spectra all show parent ions with the 
characteristic rhenium isotope pattern and the 
subsequent loss of imido and alkyl groups. The 
IR spectra show weak aromatic stretches at 1550- 
1600 cm-‘. 

Attempts to prepare the analogous phenyl andp- 
(t-butyl)phenyl derivatives gave oils that could not 
be crystallized. 

The treatment of the tris(imido)aryl compounds 
with excess HCl in ether [cf. ref. 2(b), (c)] produces 
one equivalent of BuNH&l and the corresponding 
dichlorocomplex (Bu’N)2ReCl,(aryl). These com- 
pounds may also be prepared by treating 
(BuN)2ReC1~(a) with one equivalent of the appro- 
priate aryl Grignard reagent. Golden crystals are 
obtained on concentrating ether solutions of 
(BuN),ReCl,(o-tol) and (BuN),ReCl,(mes) ; the 
xylyl complex was isolated as a yellow-green 
powder. The compounds are higher melting than 
their precursors and decompose slowly on exposure 
to air both in the solid state and in solution. They 
are sparingly soluble in hexane, but quite soluble in 
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Table 2. ‘H nuclear magnetic resonance data 

Compound 6 (Ppm) Assignment 

1081 

(BuW),Re(o-tol) 

(BuW),Re(xylyl)” 

(BuW),Re(mes) 

8.05(dd) 
7.10(m) 
2.44(s) 
1.41(s) 

7.25(d) 
7.07(t) 
2.68(s) 
1.36(s) 

7.06(br.s) 
2.65(s) 
2.21(s) 
1.41(s) 

7.92(m) 
7.07(m) 
2.47(s) 
1.10(s) 

7.10(m) 
2.37(s) 
1.10(s) 

6.94(m) 
2.38(s) 
2.1 O(s) 
1.12(s) 

6.91(d) 
6.65(t) 
3.57(m) 

if,“” (br.m) 
. > 

1.25(m) 

7.15(d) 
6.92(t) 
2.37(s) 

1H o-H-CgH3 
3H m,p-HS-C6H2 
3H o-CH, 

27H CCH, 

2H m-Hz-C6H, 
1H p-H-CsH, 
6H o-CH3 

27H CCH3 

2H m-Hz-C, 

6H o-CH, 
3H p-CH, 

27H CCH, 

IH o-H-CsHS 
3H m,p-H3-C,H, 
3H o-CH, 

18H CCH, 

3H m,p-H,-C, 
6H o-CH, 

18H CCH, 

2H m-Hz-C, 
6H o-CH, 
3H p-CH, 

18H CCH, 

8H m-H*-C,H, 
4H p-H-CsH, 
8H ceCH,(THF) 

24H o-CH3 

8H p-CH,(THF) 

4H m-Hz-&H, 
2H p-H-C,H, 

12H o-CHg 

“In CDC&. 
b In C,D,. 

benzene and ether, and very soluble in dichloro- 
methane. 

Again, all three compounds show a parent ion in 
the mass spectrum, the peaks being complicated by 
the presence of both rhenium and chlorine isotopes. 

The structure of the o-tolyl compound has been 
determined by X-ray crystallography. A diagram of 
the molecule is given in Fig. 1, bond lengths and 
angles are given in Table 3. The molecular geometry 
is logically described as square pyramidal with the 
t-butylimido group containing N(2) occupying the 
axial site. The trans angles in the basal plane are 
then 146.4(2) [C(4)-Re-Cl( 1)] and 151.4(3) 
[N(l jRe-C1(2)] and the axial/equatorial angles 
are 100-109”. Fig. 1. The structure of ReCl,(NBu?,(2-MeC,H,). 
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Table 3. Selected bond lengths and angles for ReCl,(NBu’),(o-tolyl) 

(a) Bond lengths (A) 

Cl(ljRe(1) 
N(ljRe(1) 
C(21jRe(l) 
C(2jC(l) 
C(4jC(l) 
C(6jC(5) 
C(8yC(5) 
C(2ljC(22) 
C(24>--c(23) 
C(26jC(25) 

(b) Bond angles (“) 

Cl(2jRe(ljC((l) 
N(ljRe(l)--Cl(2) 
N(2jRe(l)--C1(2) 
C(21 jRe(ljCl(1) 
C(21jRe(ljN(l) 
C(5jN(ljRe(l) 
C(4j~(l>-c(2) 
N(2jC( 1 jC(2) 
~(2jC( 1 jC(4) 
C(6jC(5jN(l) 
C(7jC(5jC(6) 
C(8jC(5jC(6) 
C(21 jC(22jC(23) 
C(221)---C(22jC(21) 
C(25)--c(24)--c(23) 
C(2 ljC(26)--C(25) 
C(26jC(21 jRe(1) 

2.372(5) 
1.715(9) 
2.148(S) 
1.552(18) 
1.536(18) 
1.538(18) 
1.521(20) 
1.395 
1.395 
1.395 

81.3(2) 
151.4(3) 
100.3(4) 
146.4(2) 
89.9( 1) 

176.4(7) 
109.6(12) 
107.6(9) 
110.3(9) 
109.1(10) 
109.7(15) 
108.9(15) 
120.0 
122.7(7) 
120.0 
120.0 
120.8(2) 

Cl(2 jRe( 1) 
N(2jRe(l) 
C(5jVl) 
C(3jC(l) 
N(2jC(l) 
C(7jC(5) 
C(23jC(22) 
C(221jq22) 
C(25jC(24) 
C(2l)--c(26) 

N(l jRe(1 j-Cl(l) 
N(2jRe(l)--Cl(l) 
N(2jRe(ljN(l) 
C(21 jRe(ljCl(2) 
C(21 jRe(1 jN(2) 
C(3j~(ljC(2) 
C(4jC(ljC(3) 
N(2jC(l)--C(3) 
C(ljN(2jRe(l) 
C(7jC(5jN(l) 
C(8jC(5jN(l) 
C(8jC(5jC(7) 
C(221jC(22jC(23) 
C(24jC(23jC(22) 
C(26)--c(25)--c(24) 
C(22jC(21jRe(l) 
C(26jC(21 jC(22) 

2.410(4) 
1.708(10) 
l&5(12) 
1.508(18) 
1.470(13) 
1.503(20) 
1.395 
1.536(17) 
1.395 
1.395 

92.1(3) 
109.4(4) 
108.1(5) 
81.0(3) 

101.8(4) 
110.8(11) 
110.0(13) 
108.5(11) 
150.5(7) 
110.0(11) 
106.1(10) 
112.8(16) 
117.3(7) 
120.0 
120.0 
119.2(2) 
120.0 

The geometries of the imido groups, and the result- 
ing implications for the electronic configuration of 
the metal are interesting. Were both imido groups 
to act as normal 4e donors with a linear MNR unit, 
the metal atom would have a formal 18e con- 
figuration. The imido group in the basal site con- 
taining N( 1) is linear and typical of a 4e interaction 
(ReN-R), but the imido group occupying the 
axial site is bent (Re-N-C = 150’), suggesting 
that this group is tending to act as two electron 

Re=N 

donor 

( 1 

\ . Unusually, however, the for- 
R 

ma1 M-N double bond is slightly shorter than the 
formal M-N triple bond, and we can only presume 
that this is a reflection of the stronger n-bond over- 
lap capability at the axial site. 

If this is a true picture of the bonding, then, in 
the absence of any other interactions, the metal 
would seem to be adopting a 16e configuration. 
Several compounds containing both linear and bent 
imido groups exist, but in all cases bar one the 
complexes would have a maximum count of 20 or 

more if both NR groups were 4e donors.4 Examples 
are OS(NBU?~O~,’ Mo(NPh)@2CNCEt2)26 and 
Re,(NBu’),O,(OSiMe,),. 3(a) In the latter, one of the 
bent (154.9”) imido groups has a Re-N bond dis- 
tance 0.01 A shorter than that of the linear (157.8”) 
group. For this complex and for Os(NBu’),O;? the 
bent and linear t-butylimido groups are reported to 
be indistinguishable by NMR. Similarly, the ‘H 
NMR spectra for Re(NBu’),Cl,(aryl) show only a 
singlet for the t-butyl groups, even on cooling to 
-50°C. The only example in which a bent imido 
ligand is bound to a metal with a formal elec- 
tron count less than 18 is the complex’ [Mo4S4 
(S,CNBu’2)(N-p-tol)4] in which one of the four ter- 
minal imido ligands is bent to an angle of 157” (the 
others are 164, 170 and 173”). This geometry is 
explained in terms of a steric interaction involving 
a neighbouring molecule. 

In our structure there are no short contacts either 
intra- or intermolecular involving atoms of the bent 
t-butylimido ligand. We have examined in detail 
other geometrical features of the molecule, 
especially at the methyl group C(221) on the o-tolyl 
ligand, which is positioned below the basal plane of 
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the square pyramid and truns to the axial imido 
group. Although one of the methyl hydrogens is 
close to the metal (H(223) * *Re = 2.82 A), there 
does not seem to be any deformation of the 
CH, group and the o-tolyl ligand is bonding 
symmetrically (i.e. with approximately equal 
Re-C-C angles). It is possible, however, that this 
apparently “normal” geometry is masking the true 
picture. A non-interacting methyl group may well 
be repelled by steric interactions and lead to unsym- 
metrical o-tolyl bonding. The geometry as found, 
may thus indeed arise from an agostic C-H- . .Re 
interaction and this may be the source of the 
“missing” 2e contribution to the metal electron 
count. 

Finally, it may be noted that the structure of 
Re(NBu’)$13 was held to be trigonal bipyramidal 
with equatorial imido ligands, because the t-butyl 
groups give a singlet in the NMR spectrum.2(a) Simi- 
larly, NMR spectra for Re(NBu?,R, (R = Me, 
CH2Ph, CH#iMe,) are said to indicate a trigonal 
bipyramidal structure with one type of imido and 
two types of alkyl groups.2(b’ A trigonal bipyramid 
containing equatorial imido and an axial neopentyl 
group has also been suggested for Re(NAr), 
(CH2Bu’)C12 (Ar = 2,6_diisopropylphenyl) on the 
basis of ‘H NMR data. 2(c) Since, for the aryl dis- 
cussed here, NMR indicates equivalence, either the 
molecule is non-rigid or has a structure in solution 
different than that in the solid state. X-ray data on 
one or more of Schrock’s (BuN)2ReR3 compounds 
is desirable and is now being undertaken. 

These bis(imido) derivatives may adopt different 
geometries depending on the nature of the other 
three ligands, but in most cases the solution NMR 
data may not be regarded as conclusive evidence 
for a particular solid state structure. 

(2) 0x0 aryl compounds ofrhenium and (VII) 

The synthesis of oxorhenium(V,VI) aryls and 
the X-ray crystal structures of ReOz(mes), and 
ReO(mes), have been described’ while comparable 
alkyls have also been studied.’ For both alkyls 
and aryls, anionic species such as [(mes)2ReOz]z 
Mg(THF), were usually formed initially in the 
alkylation of (Me,NH)(ReO,) or Re207, and these 
species could be oxidized to the neutral com- 
pounds, e.g. ReOz(mes)z. It may be noted that salts 
of the related anion [Re02(CH2CMe3)J have 
recently been described;‘q”) the first oxorhenium 
alkylate anion, [ReO(CH2SiMe3)&, was obtained 
some time ago by chemical (Na/Hg) or electro- 
chemical (le) reduction of ReO(CH,SiMe,),.‘qb) 

(a) Synthesis of [(xylyl)2Re02]2Mg(THF)z. The 
interaction of Me,NH[ReO,] or Re207 with seven 

equivalents of xylyhnagnesium bromide per rhe- 
nium atom in THF gives diamagnetic air-sensitive 
red-purple crystals of [(xylyl)2ReOJMg(THF)z 
from diethyl ether. The compound is soluble in 
aromatic hydrocarbons and ethers but decomposes 
rapidly in halogenated solvents like the analogous 
mesityl compound.8 

The IR spectrum contains peaks at 1025, 1005, 
920,900 and 860 cm-’ that can be assigned to the 
skeletal vibrations of THF ;‘I these partially mask 
the Re=O stretches although shoulders at 992 and 
943 cn- ’ are probably v(Re=O) bands. In view of 
structural determinations on similar compounds8g9 
we assume that these tetrahedral [(xylyl),ReO,]- 
units are coordinated to solvated M$+ via only 
one oxygen. A bridging stretch would therefore be 
expected at lower frequency, compared to the 975 
and 930 cm-’ stretches of the neutral ReO,(xylyl)z 
compound (see below), and this stretch is probably 
obscured by the broad THF vibrations. 

Unlike the situation for the analogous mesityl 
complex,* the 13C NMR spectrum proved to be 
more useful than the ‘H NMR spectrum. At ambi- 
ent temperatures the latter shows the usual doublet 
and triplet pattern for the aromatic protons at 6 
6.65 and 6.91 ppm while the broad THF peaks 
appear at 6 1.25 and 3.57. However, the ortho- 
methyl on the arene ring groups show complicated 
patterns-two sharp peaks (6 2.14 and 2.79) and a 
broad hump between 6 2.63.2, possibly caused by 
restricted rotation about the Re-C, bond and the 
non-equivalence of the ortho-methyls of the xylyl 
ligands. The 13C-{ ‘H} spectrum shows six unique 
aromatic carbons at 6 124.3, 125.3, 126.4, 130.2, 
137.7 and 150.0, coordinated THF at 6 25.3 and 
68.8 and a broad peak at 6 29.6, presumably due 
to the non-equivalent ortho-methyls. 

(b) Synthesis of ReO,(xylyl),. In THF the 
above rhenium(V) complex is rapidly oxidized 
by dry oxygen or by addition of aqueous Hz02 
to give bright red solutions of the paramagnetic 
Re02(xylyl)2. However, better yields can be ob- 
tained from the interaction of xylyl Grignard and 
ReO,(OSiMe,), where the product is formed 
directly, oxidation being avoided. The mesityl 
analogue’ can similarly be prepared in higher 
yields in this way. The expected initial product of 
this reaction, i.e. ReO,(xylyl), however, proved 
difficult to isolate (as did the mesityl, ReO,mes), 
although there is evidence for it in the mass spec- 
trum of the crude product before recrystallization. 

The IR spectrum of Re02(xylyl)2 shows two 
strong peaks at 975 and 930 cm-’ for the v(Re=O) 
stretches of the “Re02” unit and like ReOz(mes)z, 
the compound shows high air and thermal stability 
in the solid state. However, on exposure to air, 
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solutions of the complex slowly turn from bright 
red to pale yellow. 

The mass spectrum shows the parent ion doublet, 
m/e 429 and 421 and subsequent losses of both xylyl 
groups. The electron spin resonance spectrum (293 
K, X-band) of ReO,(xylyl), prepared under anaer- 
obic conditions showed a band with a six-line hyper- 
fine structure @iso = 1.967, Aiso = 0.0194 cm-‘). 
When the temperature of the solution was lowered, 
the spectrum gradually resolved into a complicated 
pattern showing, at 98 K, more than two sets of six 
rhenium hypertine lines with unequal spacing. The 
Q-band spectrum showed that this pattern cor- 
responds to a molecule with rhombic symmetry 
with the z- and x-axes well apart, whereas the y-axis 
lies in between (gZ > gY > gx and A, > A, > Ay). The 
parameters for the z-axis (gZ = 2.094, A, = 0.0337) 
and the x-axis (gx = 1.865, A, = 0.0244) were 
derived directly from the y-axis (g,, = 1.943, 
A, = - 4 x 10-3 and were calculated from the iso- 
tropic and anisotropic values by using the equations 

S.v = 3.%o-9r-9x and A, = 3Aiso_A,-A,. 

(3) Synthesis ofOsOz(xylyl), 

The reaction of 0~0, with aryl Grignards and 
aluminium aryls has yielded both aryls and 0x0 
aryls,8~12 namely OS(C~H~)~, Os(O-MeCgH4)z and 
OsOz(mes),. Interaction of 0~0, with seven equi- 
valents of xylylmagnesium bromide in THF with 
subsequent oxidation of the deep red solution 
(which presumably contains an unisolated anionic 
species), leads to moderate yields of the diamag- 
netic, air stable OsO,(xylyl), as green crystals. 

As well as the xylyl peaks, the IR spectrum shows 
two strong peaks at 960 and 915 cm-’ (both with 
shoulders at 970 and 926 cm-‘, respectively, prob- 
ably due to lattice effects) that can be assigned as 
v(O&) stretches of the 0~0, unit ; these compare 
favourably with values for the analogous mesityl 
compound. 

The ‘H NMR spectrum shows a sharp peak at 6 
2.37 readily assigned to the o&o-methyls of the 
arene ring, a triplet at 6 6.92 (1 ,p-H) and a doublet 
at 6 7.15 (2,m-H). The 13C-( ‘H} spectrum shows the 
ortho-methyls at 6 28.9 and of the four unique aro- 
matic carbons only three appear at 6 126.7, 131.0 
and 146.5 ppm. This phenomenon occurs in other 
high oxidation state aryl compounds, e.g. OsPh, 
and 0s02(mes)z. The mass spectrum of the com- 
pound shows the parent ion OsOzR: and the ions 
OsO*R+, OsR:, OsOR+ and OsR+ with patterns as 
expected for the isotopes “‘OS, ‘goOs, lsgOs and 
‘s8os. 

C( 

Fig. 2. The structure of Re02(2,6-Me&H&. 

Cl251 

Fig. 3. The structure of Os02(2,6-Me&H,). 

(4) Structures ofMOz(xylyl)z, M = Re and OS 

The structures of both xylyl compounds have 
been determined by X-ray crystallography and are 
analogous to those of the corresponding mesityl 
derivatives.g Thus, the considerable difference in the 
deformation of the OzMCz “tetrahedral” geometry 
involving the O-M-O angles found in the mesityl 
structures is again found here, where the O-OS-O 
angle is 139.2(3)” and the 0-Re-0 angle is 
121.3(4)’ (cf. 136.1(3)“ and 121.5(4)’ for the respec- 
tive mesityls). Furthermore, there is no indication 
of xylyl methyl-to-metal interactions and the xylyl 
rings bond quite symmetrically, with M-C-C 
angles of 119-121”. Diagrams of the two structures 
are given in Figs 2 and 3 ; bond lengths and angles 
are given in Table 4. 

EXPERIMENTAL 

Microanalyses were by Pascher, Remagen. Spec- 
trometers : IR, Perkin-Elmer 683 (spectra in Nujol 
mulls, values in cm- ‘) ; NMR, Bruker WM-250 and 
JEOL FX 900 (data in ppm relative to SiMe,) ; 
mass, Kratos MS902, at 70 eV ; ESR, Varian E-9 
(X-band) and Bruker ER 2OOOO-SRC (Q-band). The 
following were prepared as before: Re207,12 
Re03(0SiMe3),” (Me,NH)ReO,’ and (Bu’N)3Re 
(OSiMe3).3 Solvents were refluxed over sodium or 
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Table 4. Bond lengths and angles for ReO,(xylyl), and OsO,(xylyl), 
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(a) Bond lengths (A) 

O(l)-Re(l) 
O(2)--Re(1) 
C(l I)--Re(1) 
C(21)--Re(1) 

C(12FC(ll) 
C(l6FWl) 
C(l3)--c(l2) 
C(l7)-w2) 
C(l4PJl3) 
C(l5)-C(l4) 
C(l6FW5) 
C(l8)--c(l6) 
C(22wX21) 
C(26)--c(21) 
C(23)-~(22) 
C(27)--c(22) 
C(24FC(23) 
C(2wC(24) 
C(26FJ25) 
C(28)-C(26) 

(b) Bond angles (“) 

C(2)-Re(lFC(l) 
C(1 Q-Re(U-Wl) 
CU l)-Re(l)--0(2) 
C(2WRe(l)--o(l) 
C(21)-Re(lFW2) 
C(21)-Re(l)-C(Il) 
C(12)-C(llFRe(l) 
C(16)-C(ll~Re(l) 

C(l6FW lFC(l2) 
C(l3)-C(l2)-C(ll) 
C(l7~-w2w(ll) 
C(l7)-C(l2)-C(l3) 
C(l4)-V3W(12) 
C(l5)--c(~4)--c(l3) 
C(l6)-C(l5HW4) 
C(l5)-C(l6)-C(ll) 
C(l8)-C(l6)-C(ll) 
C(l8)-C(l6)-C(l5) 
C(22)---C(21)--Re( 1) 
C(26)--C(21)--Re( 1) 

C(26>-c(2l>-c(22) 
C(23)-~(22)-~(2 1) 
C(27)-C(22)-C(2 1) 
C(27>--c(22)--c(23) 
C(24F’J23>--c(22) 
C(25)--c(24)--c(23) 
C(26)-C(25)-C(24) 
C(25)--c(26)-C(2 1) 
C(28)--c(26)-C(21) 
C(28FC(26)--c(25) 

1.686(7) 
1.672(6) 
2.065(7) 
2.069(7) 
1.430(9) 
1.413(8) 
1.376(10) 
1.505(10) 
1.384(12) 
1.376(12) 
1.380(11) 
1.514(12) 
1.431(8) 
1.421(8) 
1.396(10) 
1.489(11) 
1.363(12) 
1.377(12) 
1.390(10) 
1.497(10) 

121.3(4) 
106.5(3) 
109.5(3) 
110.3(3) 
106.8(3) 
100.4(3) 
122.1(5) 
119.2(5) 
118.6(6) 
119.4(6) 
123.0(6) 
117.7(6) 
121.5(7) 
119.3(7) 
121.8(7) 
119.5(7) 
122.2(7) 
118.3(7) 
121.3(5) 
119.2(5) 
119.5(6) 
118.2(7) 
124.9(7) 
116.9(6) 
121.5(7) 
120.8(7) 
120.9(7) 
119.0(6) 
122.3(7) 
118.7(7) 

WWstl) 
(w9---Q(1) 
cu lb-wl) 
ct2l>-ostl) 
C(w-w 1) 
W6Ftll) 
C(l3>--c(l2) 
C(l7)-w2) 
C(l4>--c(l3) 
C(15)--c(l4) 
C(l6FC(l5) 
C(l8)-C(l6) 
C(22)--c(21) 
C(26)-C(21) 
C(23+C(22) 
C(27)--c(22) 
C(24)--c(23) 
C(25)-C(24) 
C(26F4X25) 
C(28)-C(26) 

0(2~s(lW(l) 
C(1 l~s(lW(1) 
C(1 l)--os(l)--o(2) 
C(21Fw1wv) 
C(2l)--os(lW(2) 
C(2l)-wl)--c(ll) 
C(l2)-vl~s(l) 
C(l6)-C(ll)-@(l) 
C(l6)-C(ll)--c(l2) 
C(l3~(12)--c(ll) 
C(l7)-~(12)-~(11) 
C(l7)-C(l2)--c(l3) 
C(l4>--c(l3)-C(l2) 
C(15)-C(l4)-C(l3) 
C(16)-W5F--C(l4) 
C(l5~(16)--c(ll) 
C(l8>--c(l6~(11) 
C(18FC(l6)-w5) 
C(22)-C(2l)--os(l) 
C(26)-C(2lHs(l) 
C(26F(2 1 )--c(22) 
C(23)--~(22)-~(21) 
C(27)--~(22)-~(2 1) 
C(27)--c(22)-C(23) 
C(24)-C(23>--c(22) 
C(25)-C(24)--c(23) 
C(26)--c(25FC(24) 
C(25)-C(26W(2 1) 
C(28tc(26FC(2 1) 
C(28>--c(26)--c(25) 

1.699(5) 
1.688(5) 
2.058(6) 
2.060(6) 
1.427(7) 
1.403(7) 
1.395(9) 
1.512(10) 
1.384(13) 
1.360(12) 
1.400(8) 
1.515(10) 
1.413(8) 
1.420(8) 
1.392(9) 
1.516(11) 
1.399(12) 
1.348(12) 
1.370(8) 
1.525(10) 

139.1(2) 
101.5(3) 
108.4(3) 
107.1(3) 
98.2(3) 
93.9(3) 

120.6(4) 
118.6(4) 
120.7(5) 
117.3(6) 
124.5(6) 
118.1(6) 
121.8(7) 
119.9(7) 
121.7(7) 
118.2(6) 
123.6(5) 
118.1(6) 
118.2(5) 
122.3(4) 
119.2(5) 
119.1(6) 
123.8(6) 
117.1(6) 
120.4(7) 
119.3(6) 
123.2(7) 
118.6(6) 
123.5(6) 
118.0(6) 
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sodium-benzophenone under nitrogen and distilled 
before use ; all manipulations were carried out in 
vacua or under purified argon or dinitrogen. 

Tris(t-hutylimido)(2-methylphenyl)rhenium(VII) 

To a stirred solution of (Bu’N),Re(OSiMe,)3 (lg, 
2.05 mmol) in hexane (50 cm’) was added o-tolyl- 
magnesium bromide (1.1 cm3 of a 1.9 mol dm-3 
solution in EtzO, 2.1 mmol) at - 78°C. The solution 
was allowed to warm to room temperature and 
stirred for 2 h. The solvent was removed in vacua 
and the residue extracted with hexane (20 cm3), the 
solution was filtered and the clear yellow solution 
evaporated. The residue was recrystallized from 
concentrated Et20 or hexamethyldisiloxane 
solutions at - 21°C to give a yellow crystalline 
solid. Yield, ca 45%. Mass spectrum: m/e 491 
(32%) ‘87Re(NBu’)3(C7H7)+ ; 489 (18%), “‘Re 
(NBu’),(C,H,)+ ; 420 (9%), ‘87Re(NBu’),(C,H7)+ ; 
418 (4%) ‘85Re(NBu’)2(C7H,)+. IR : 158Ow, 
1366s 1270(sh), 126Om, 1230s 121Os, 1131m, 
1090(br), 105Ow, 1025(br), 935w, 915w, 824m, 
805s, 738vs, 605m, 565w, 535w, 492m. 

Tris(t-butylimido)(2,6-dimethylphenyl)rhenium(VII) 

As for (Bu’N),Re(o-tol) from (Bu’N),Re(O 
SiMe3) (lg, 2.05 mmol) and xylylmagnesium 
bromide (1.8 cm3 of a 1.2 mol dme3 solution in 
Et,O, 2.15 mmol). The orange-yellow residue 
obtained from the hexane extract was recrystal- 
lized from acetonitrile at - 21°C to give yellow 
needles. Yield, ca 50%. Mass spectrum: m/e 
505 (lOO%), ‘87Re(NBu’)3(C8H9)+ ; 503 (60%), 
‘85Re(NBu’)3(C81-I,)+ ; 490 (lOO%), 18’P-Me+ ; 488 
(54%), “‘P-Me+; 448 (55%), ‘87P-But; 446 
(14%), “‘P-Bu’+ ; 434 (51%), ‘87P-NB~‘+ ; 432 
(39%), ‘8sP-NB~‘+. IR: 14OOw, 1355s, 1265s 
1225s, 1209s, 1130m, 1021(br), 904s, 803s, 762s, 
708m, 611w, 600m, 532w, 499m, 484m, 455~. 
NMR. 13C-{‘H} (C6D6): 32.3 [s, CMe3], 33.7 (s, o- 
Me), 69.2 [s, C, Me,], 126.6, 127.9, 146.3 (C,H,). 

Tris(t - butylimido)(2,4,6 - trimethylphenyl)rhenium 
(VII) 

As for (BuN),Re(xylyl) from (BuN),Re(O 
SiMe,) (1 g, 2.05 mmol) and mesitylmagnesium 
bromide (2.1 cm3 of a 0.98 mol dme3 solution in 
THF, 2.06 mmol). Bright yellow crystals were ob- 
tained from concentrated MeCN or Et20 solu- 
tions at -21°C. Yield, ca 50%. Mass spectrum: 
m/e 519 (69%), ‘87Re(NBu’)3(C9H’ ‘)+ ; 17 (82%) 
‘85Re(NBu’)3(C9H,‘)+ ; 504 (44%), “‘P-Me+ ; 502 
(24%) “‘P-Me+. IR: 1595w, 1353s 1258s, 1223s 

1205s 1127m, 1085(br), 1025(br), 905m, 842s, 8Ols, 
75Ow, 705w, 600(br), 493(br), 450~. 

Di(t - butylimido)dichloro(2 - methylphenyl)rhenium 

(VII) 

To a stirred solution of (BuN),Re(o-tolyl) (0.5 g, 
1 .O mmol) in Et,0 (30 cm’) was added a solution of 
HCl in Et20 (7 cm3 of a 0.5 mol dme3 solution) at 
- 78°C. The solution was allowed to warm to room 
temperature and stirred for ca 3 h, then filtered 
from BuNH,Cl, and the filtrate evaporated. The 
yellow-green residue was recrystallized from Et20 
to give golden crystals. Yield, 60%. Mass spec- 
trum : m/e 494 (4%), 492 (15%), 490 (21%), 488 
(12%) Re(NBu’)2C12(C7H7)f (‘87~‘85Re and 37*35C1 
isotopes) ; 457 (11%) 455 (35%), 453 (20%), 
Re(NBu’),Cl(C,H,)+ ; 421 (26%), 419 (15%), 
Re(NBul)C12(C7H7)+ ; 401 (8%), 399 (24%) 397, 
Re(NBtQCl,+ ; 366 (34%), 365 (50%), 364 (lOO%), 
363 (31%), 362 (55%), Re(NBu’),Cl+ ; 91 (31%) 
C,H:, 57 (35%), C4H;. IR: 1576w, 1565w, 145Os, 
1361s, 1257s, 1245s, 1215m, 1192s, 1238w, 1118w, 
1090(br), 1055m, 1025(br), 950(br), 928w, 841m, 
800s 747vs, 646w, 605(br), 508w, 47Ow, 447~. 

Di(t - butylimido)dichloro(2,6 - dimethylphenyl)rhe- 
nium(VI1) 

As for (BuN),ReCl,(o-tol) from (Bu’N),Re 
(xylyl) (0.5 g, 0.99 mmol) and HCl in Et,0 (7 cm3 
of a 0.5 mol dmW3 solution, 3.5 mmol). The solu- 
tion, which became blue-green, was filtered from 
BuNH,Cl and concentrated to give a yellow-green 
precipitate which was recrystallized from Et,O. 
Yield, 45%. Mass spectrum: m/e 506 (24%), 505 
(12%), 504 (61%), 502 (20%), Re(NBu?, 
Clz(C8Hg)+ (‘87,‘85Re and 37,35C1 isotopes); 457 
(ll%), 455 (35%), 453 (20%), Re(NBu’), 
Cl(C,H,)+ ; 105 (53%) C8H;. 57 (100%) C,H,+. IR: 
1571w, 136Os, 1250m, 122Ow, 121Ow, 1175(br), 
116Ow, 113Ow, 1020(br), 905s, 8OOm, 771vs, 72Ow, 
71Ow, 625w, 604w, 562w, 475~. 

Di(t-butylimido)dichloro(2,4,6-trimethyle- 
nium(VI1) 

As for (BuN)PReCl,(o-tol) from (BuN),Re(mes) 
(0.3 g, 0.58 mmol) and HCl in Et,0 (4 cm3 of a 
0.5 mol dmd3 solution, 2 mmol). The blue-green 
solution was filtered and concentrated to give a 
yellow powder which was recrystallized from Et,O. 
Yield, 58%. Mass spectrum. m/e 520 (32%), 518 
(79%), 516 (30%), Re(NBu~,Cl&$I-I’,)+ (‘57~‘58Re 
and 37,38C1 isotopes); 485 (lo%), 483 (55%), 481 
(30%) Re(NBu’),Cl(C,H, ,)+ ; 119 (30%), CgHTl ; 
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57(98%),C,Hl. IR: 1595w, 136Os, 1288m, 1240m, 
1215m, 1173(br), 1119m, 1025(br), 995w, 855s, 
799(br), 709m, 63Ow, 607w, 55Ow, 473~. 

Bi.s(tetrahydrofuran)magnesium bis[dioxodi(2,6-di- 
methyZphenyl)rhenate(V)] 

To a cooled (- 78°C) suspension of Re,O, (1.30 
g, 2.68 mmol) in THF (45 cm’) was added xylyl- 
magnesium bromide (31.3 cm3 of a 1.20 mol dmP3 
solution in Et*O, 37.6 mmol). The mixture was 
allowed to warm slowly and was held at room tem- 
perature for ca 1 h. The resulting red-purple solu- 
tion was evaporated and the residue extracted with 
Et20 (3 x 20 cm3), filtered and concentrated to ca 
40 cm3 to afford, on cooling to -20°C red-purple 
crystals. Yield, 18%, IR : 1572m, 1555w, 1348w, 
1299w, 125Ow, 1215m, 118Ow, 116Ow, 112Ow, 
1075s, 1025(vbrs), 1005(sh), 992(sh), 943(sh), 92Os, 
900(sh), 86Os, 822(sh), 76Os, 709m, 678m, 551m, 
52Ow, 471m, 440~. NMR: 13C-{lH} : 6 25.3 (s, /I- 
CH2, THF), 29.6 (br, o-CH3), 68.8 (s, cr-CH2, THF), 
124.3,125.3, 126.4,130.2,137.7and 150.0(s, C,H,). 

Dioxodi(2,6-dimethylphenyl)rhenium(VI) 

To a stirred solution of O,Re(OSiMe,) (0.85 g, 
2.64 mmol) in THF (30 cm3) was added xylyl- 
magnesium bromide (4.4 cm3 of a 1.20 mol dme3 
solution in EtlO, 5.28 mmol) and the solution was 
warmed to room temperature and stirred for 2 h. 
The resulting red solution was evaporated and the 
residues were extracted into Et20 (3 x 25 cm3), 
which was filtered, concentrated to ca 45 cm3 and 
cooled at -20°C overnight to yield dark red 
crystals. Yield, 63%. Mass spectrum: m/e 429 
(51%), ‘87Re02R: ; 427 (35%), ‘85Re02R:; 324 
(7%), ‘87Re02R+; 332 (16%), lg5Re02R+ ; 308 
(12%), 18’ReOR+ ; 306 (4%), 18sReORf; 105 
(loo%), R+ ; 91 (73%), C,H:. IR : 3000m, 1566m, 
1230m, 1165m, 1115w, 1026s, 975s, 93Os, 855w, 
770~3 705~. ESR : Qiso = 1.967, Aiso = 0.0194, 92 = 
2.0937, A, = 0.0377, gY = 1.943, A, = -4.0 x 
10P4, gX = 1.865, A, = 0.0244, energies in cm-l. 

Dioxodi(2,6-dimethylphenyl)osmium(VI) 

To a stirred solution of 0s04 (0.5 g, 1.98 mmol) in 
THF (35 cm’) at - 78°C was added xylylmagnesium 

Table 5. Crystal data, details of intensity measurement and refinement 

Formula 

M 
Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
a 0 
b (“) 
c (“) 
u (A’) 
Z 
D (g cm-‘) 
WW 
P (cm) 
e-range 
h, k, I range , 

Total no. of reflections 
No. of unique reflections 
Significance test 
No. of observed reflections 
No. of refined parameters 
Weighting scheme parameter 

g in w = l/[a2(F0)+gF~] 
Final R 
Final R, 

478.460 428.504 432.504 
Monoclinic Triclinic Triclinic 
CC PT PT 
9.725(2) 8.192(l) 9.113(l) 
13.671(l) 8.575( 1) 12.354(l) 
14.039(2) 12.522(2) 7.064(l) 
90.0 77.87(l) 85.89(6) 
92.73(2) 71.21(l) 91.50(8) 
90.0 62.30( 1) 68.49(8) 
1864.29 735.39 736.78 
4 2 2 
1.704 1.935 1.949 
904 410 412 
68.46 83.42 82.95 
1.5, 25.0 1.5, 30.0 1.5, 30.0 
-ll-> 11 -9> 9 -l&> 10 

0-> 16 (r> 10 -14> 14 
@-> 16 -14> 14 0->8 

1838 2590 2856 
1701 2582 2594 
F, ’ 3@0) F. ’ 3@0) F, > 4@‘0) 
1595 2368 2399 
167 244 244 

0.0003 0.00052 0.0012 
0.0182 0.0273 0.0209 
0.0188 0.0289 0.0225 
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bromide (40.5 cm3 of a 0.3 mol dnP3 solution in 
EtzO, 13.8 mmol). The mixture was allowed to 
warm slowly to room temperature and was held 
there for 1 h. The solvent was removed and oxygen- 
saturated hexane (60 cm’) was added to the residue 
and the mixture stirred overnight. The green filtered 
extract was concentrated to ca 15 cm3 and cooled to 
-20°C to give green crystals. Yield, 0.38 g, 44%. 
Mass spectrum: m/e 434 (58%), 1920s02R$ : 432 
(42%), ‘900s0,R,+ ; 431 (28%), ‘890s02R; ; 432 
(23%), rg80s02R: ; 416 (7%), 1900sOR: ; 400 (7%), 
‘900sR; ; 327 (18%), ‘900s02R+ ; 313 (49%), 
‘920sOR+ ; 311 (35%), ‘900sOR+ ; 298 (21%), 
‘920sO(R-Me)+ ; 296 (17%), i9’0sO(R-Me)+ ; 
295 (ll%), 19’0sR+ ; 210 (42%), R; ; 195 (12%), 
R,-Me+ ; 180 (14%) R,-2Me+ ; 105 (95%), R+ ; 
91 (lOO%), CrH:; 77 (68%), C6H:. IR: 1556m, 
1261w, 1238s, 1196w, 1165(sh), 116Os, 1117w, 1025(sh), 
lOlOs, lOOOm, 96Os, 926(sh) 915(vsbr), 89O(sh), 
77Ovs, 750m, 706s, 556m. NMR : ‘3C-{‘H} : 28.9 (s, 
o-Me) and 126.7, 131.0 and 146.5 (s, ring carbons). 

X-ray crystallography 

All crystallographic measurements were made at 
room temperature (293 K) on crystals sealed 
in thin-walled glass capillaries, using a CAD4 dif- 
fractometer operating in the o-28 scan mode 
with graphite monochromated MO-& radiation 
(A = 0.71069 A) as previously described.13 The 
structures were solved via standard heavy atom pro- 
cedures and refined using full-matrix least squares, 
with scattering factors calculated using data from 
ref. 14. All non-hydrogen atoms were refined aniso- 
tropically, hydrogens were included in exper- 
imentally determined positions with isotropic dis- 
placement factor coefficients, but with the C-H 
bond lengths constrained to a value of 0.96 A. 
Details of crystal data, intensity measurements and 
refinements are given in Table 5.* 

*Atomic coordinates, thermal parameters, full lists of 
bond lengths and angles of lists of F,/F, values have been 
deposited as supplementary data with the Editor, from 
whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 
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Abstract-Formation of the proton, zinc(I1) and cobalt(I1) complexes of GlyCys and 
CysGly was studied by pH-metric, spectrophotometric and ‘H-NMR methods. CysGly 
forms stable bis-complexes with both metal ions, with cysteine-like (S,N)-coordination. 
(SO)-coordination is favoured, however, in the zinc(I1) and cobalt(I1) complexes of GlyCys. 
The binding mode is supported by the deprotonation micro-constants of the ligands and 
protonated complexes, and by the results of spectrophotometric and NMR studies. Amide 
deprotonation and coordination can not be observed below pH 10 in any of the systems 
studied. 

In a previous paper,’ equilibrium and spectroscopic 
results on the nickel(I1) complexes of simple cys- 
teinyl dipeptides were reported. In accordance. with 
expectations, it was found that the presence of the 
thiol group significantly changes the binding mode 
of the peptide molecules as compared to aliphatic 
dipeptides.* The interactions of glutathione and 
mercaptopropionylglycine with nickel(I1) and 
copper(I1) also reveal the considerable effect of thiol 
groups. 3-5 Solution equilibria of peptide complexes 
of other transition metal ions have scarcely been 
studied, because stable complexes are not present 
around the physiological pH range. Histidyl pep- 
tides (i.e. glycylhistidine and derivatives) are so far 
the only exception. Here, there is a significant influ- 
ence on the complex formation with zinc(I1) and 
cobalt(I1) ions: amide deprotonation and coor- 
dination ta zinc(I1) and cobalt(I1) ions around pH 
7 was proved by equilibrium6 and NMR studies.7 
In aliphatic dipeptides, cobalt(I1) induces amide 

*Author to whom correspondence should be addressed. 

deprotonatior? only above pH 10. On the other 
hand, O2 uptake of the cobalt(I1) peptide complexes 
and the corresponding cobalt(II1) complexes were 
extensively studied.vg’0 

Little data on the complexes of thiol containing 
peptides with zinc(I1) and cobalt(I1) are available. 
Studies on mercaptopropionylglycine suggest that 
amide deprotonation does not occur,4’11 but this 
process has been proposed in the zinc(II)-gluta- 
thione system,” at pH above 10.5. 

In the present study, equilibrium and spec- 
troscopic data are reported for glycyl-L-cysteine 
(GlyCys) and L-cysteinyl-glycine (CysGly) with 
zinc(I1) and cobalt(II), and the effect of the thiol 
group on peptide coordination is discussed. 

EXPERIMENTAL 

L-Cysteine containing peptides (CysGly and 
GlyCys) were prepared by procedures described 
earlier.’ N-acetyl-D-penicillamine was a com- 
mercial product of Fluka. Metal ion stock solutions 
were prepared in the form of chloride salts and their 
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concentrations were checked gravimetrically via the 
oxinates. 

In the pH-metric studies, the ligand con- 
centration varied between l-4 x lo- 3 mol dm- 3, 
while the metal ion to ligand ratios ranged from 1: 1 
to 1: 3. Argon was bubbled through the samples (5 
cm’) to ensure the absence of oxygen and carbon 
dioxide, and to mix the solutions during titration 
with carbonate-free potassium hydroxide. The 
removal of oxygen contamination was crucial for 
cobalt(I1) complexes, which are readily oxidized in 
slightly basic solution. Measurements were made 
with a Radiometer pHM 84 pH-meter with a GK 
2421 C combined electrode and an ABU 80 auto- 
matic burette. The purities of the peptides and their 
concentrations in solution were checked by poten- 
tiometric titration. The calculation of [H+] ion con- 
centration from the measured pH and the other 
details of the pH-metric procedure, have been 
described previously.13 All pH-metric studies were 
carried out at 298 K, at a constant ionic strength of 
0.2 mol dme3 KCl. Stability constants were cal- 
culated with PSEQUED, a general computational 
program.14 

The dissociation micro-constants of the ligands 
were determined by pH-spectrophotometric titra- 
tion, the dissociation of the SH group being 
monitored separately on the UV-band of the thio- 
late. The measurements were carried out as 
described earlier,‘5*‘6 using a Beckman Acta MIV 
double-beam recording spectrophotometer. The 
same instrument was used to obtain the visible 
spectra of cobalt(I1) complexes in an oxygen-free 
atmosphere. 

‘H-NMR spectra of the zinc(II)-GlyCys system 
were recorded on a WP 200SY impulse FT NMR 
spectrophotometer in D20. The zinc(B) and ligand 
concentrations were 2.3 x 10e3 and 5 x lop3 mol 
dmp3, respectively. 

RESULTS AND DISCUSSION 

The pH-metrically and spectrophotometrically 
determined dissociation constants, are listed in 
Table 1. The fully protonated forms of the peptide 
molecules have three dissociation constants, the 
first relates to the dissociation of the carboxyl 
group. Similarly to cysteine itself l5 the pK, and pK3, 
however, cannot be ascribed unambiguously to the 
dissociation of the ammonium group and the thiol 
group because these processes overlap. Thus, the 
real acidity of the individual groups must be char- 
acterized by micro-constants. These values, 
together with those for cysteine, are also given in 
Table 1. 

It can be seen from Table 1 that for both peptides 

Table 1. Dissociation macro-constants (pK) and micro- 
constants (pk)” of the ligands at 25°C and I = 0.2 mol 

dmm3 

H,A+--‘H2A _ 
K* 

~2 HA-- 
K, A2- 

I 
+HNRS 

+,,,,,“‘” v2, 
NRS- 

k3h A,, 
NRSH 

GlyCys CysGly Cys 

PKI 2.73f0.02 3.13fO.01 1.86 

pK2 8.04IfrO.02 6.94kO.02 8.10 

pK3 9.48f0.02 9.37kO.02 10.16 

pk2 (SH) 9.14kO.03 7.78kO.05 8.3lkO.06 

pk3 (NH:) 8.08kO.02 7.01 f0.02 8.52kO.07 

pkzx 8.38 f0.03 8.53 f0.05 9.95 f 0.06 

p& 9.44+0.03 9.3OkO.03 9.74kO.07 

k&3 0.09 0.17 1.62 

a Although k generally stands for rate constants, it is 
widely used for the notation of equilibrium constants of 
processes at the molecular level (microscopic processes). 

the NH: group is more acidic than the SH group 
(kz/k3 < l), whereas the acidity sequence is just the 
opposite for cysteine (k2/k3 = 1.62). This can mainly 
be attributed to the greater distance of the strong 
electron-releasing carboxylate group from the NH: 
group in the peptides, so, that the acidity of the 
terminal NH: group is higher in the Cys-peptides 
than in cysteine. The overlap between the two dis- 
sociation processes is relatively small ; the second 
proton dissociates mainly from the NH: group, the 
proportion of this being 91% in GlyCys and 83% 
in CysGly. 

To check the validity of these micro-constants, 
they can be compared with the pK values of various 
model compounds. Thus, in the case of CysGly, for 
instance, the presence of the SH group increases 
the acidity of the NH: group by 8.19-7.01 = 
1.18 log units, as compared with pKNH: = 8.19 for 
GlyAla.13 There is a similar increase in the acidity 
of the NH: group due to the SH group in the case 
of cysteine. This can be seen when pk3 for cys- 
teine is compared to pKNH; for alanine” (9.68- 
8.52 = 1.16 log units). 

Stability constants of cobalt(I1) and zinc(I1) 
complexes with CysGly, GlyCys and N-acetyl-D- 
penicillamine (NAP) are collected in Table 2. 
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Table 2. Stability constants (log &,,y of cobalt(I1) and zinc(I1) complexes with CysGly, GlyCys and N-acetyl-D- 
penicillamine at 25°C and Z = 0.2 mol dme3 

MA 

MA, 
MA,H 

MAzH, 
MA*H_, 
log (KJK,) 
PK%$? 
PK%:~ 

CysGly GlyCys NAP 
Co(I1) Zn(I1) Co(I1) Zn(I1) Co(I1) Zn(I1) 

6.65 f0.05 8.15f0.04 - - 4.63 + 0.08 6.85 +0.05 
13.29f0.03 15.96 f0.03 10.03 f 0.04 11.60f0.03 10.10+0.04 14.03 f 0.03 

- 18.47IfIO.05 20.28 f0.04 - 
25.78kO.04 27.86f0.04 - 

- 1.87kO.06 - 
0.01 0.34 -0.84 -0.33 
- - 7.31 7.60 - 

8.44 8.68 

~&‘WI 
“&’ = [M]PIA]q[Hl” 

It is clear from Table 2 that CysGly forms only 
mono- and bis-complexes with both metal ions ; 
this result is analogous to that obtained for the 
complexation with nickel(II).’ From the small 
log(K,/&) values, it is also obvious that the for- 
mation of bis-complexes is especially favoured. The 
equilibrium results for L-cysteine and D-peni- 
cillamine11~‘8 show the same trend, but an overall 
comparison of the stability constants of CysGly and 
L-cysteine (or D-penicillamine) is not possible for 
several reasons. The presence of the carboxylate 
group in L-cysteine makes two types of coor- 
dination possible with this compound [(SO)- and 
(S,N)-coordination]. Steric factors preclude (S,O)- 
coordination of the peptide molecule via the car- 
boxylate and thiol groups, and therefore the for- 
mation of various protonated complexes is ruled 
out. On the other hand, polynucbar complexes were 
formed with L-cysteine with all the metal ions 
studied, but such species were negligible in the 
nickel(II)-CysGly system.’ 

Equilibrium calculations on the cobalt(I1) and 
zinc(I1) complexes also ruled out polynuclear com- 
plex formation which can be interpreted in terms of 
steric requirements of the CysGly molecule. 

The equilibrium relations of dipeptides con- 
taining N-terminal cysteinyl residues are therefore 
very simple. The formation of bis-complexes is 
almost exclusive, and the strong cysteine-like coor- 
dination, via the amino and thiol groups, precludes 
the possibility of amide deprotonation and coor- 
dination. The absorption spectra of the cobalt(IIk 
CysGly system (in a 1: 3 molar ratio) lend support 
to these findings. An absorption maximum appears 
at I = 520 nm which corresponds to that for the 
cobalt(II)-L-cysteine system.” The same process 
was observed with N-terminal histidyl peptides, 

where the stable histidine-like coordination favours 
bis-complex formation and precludes peptide amide 
ionization.6 

In the case of GlyCys where the cysteine is in 
the C-terminal position, steric requirements exclude 
(S,N)-coordination (&membered chelate ring), but 
(S,O)-coordination is possible (6-membered che- 
late ring), and the complexes of N-acetyl-D-peni- 
cillamine (NAP) were therefore also studied. (Poly- 
nuclear complex formation is characteristic of 
N-acetyl-L-cysteine,3.” and thus N-acetyl-D-peni- 
cillamine is a better model for comparison.) Cor- 
responding stability constants are collected in Table 
2. As an illustration, the concentration distribution 
curves of species formed in the zinc(II)-GlyCys sys- 
tem as a function of pH are depicted in Fig. 1. 

It can be seen from Table 2 that only mono- 
and bis-complexes are formed with NAP, in which 
coordination can occur via the thiol-sulphur and 
carboxylate-oxygen donors. The formation of bis- 
complexes is especially favoured as indicated by 
the negative log&/&) values. If similar complex 
formation processes are assumed for GlyCys, and 
it is borne in mind that it has three dissociable 
protons (thiol, ammonium and carboxyl), the for- 
mation of protonated species is also to be expected. 
The existence of bis-complexes is again favoured 
and reliable stability constants can therefore not be 
obtained for complexes of type [MA] and [MAH]+. 
(Their concentrations do not reach 5% of the total 
metal ion concentration.) 

The structures of the species [MA,H;l, [MA$I” 
and wAd2- can therefore be explained by (S,O)- 
coordination and the stepwise deprotonation pro- 
cesses can be ascribed to the dissociation of the non- 
coordinated terminal NH: groups of the glycine 
residues. This assumption is supported by the fact 
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5 5.9 6.6 7.7 6.6 9.5 

PH 

Fig. 1. Concentration distribution of complexes formed in the zinc(II)--GlyCys system, as a function 
of pH. cz-2+ = 1.033 x 10e3, cA = 3.256 x low3 mol dm-‘. 

that pK$$ and PKE~;~ (see Table 2) correspond 
fairly well to the pk3, characteristic of the dis- 
sociation of the terminal NH: group of the ligand 
(pk, = 8.08) and are much lower than the pk, 
characteristic of the dissociation of the SH group. 
However, the difference between pKE#jz and 
pK$“r differs from 0.6 log units (the statist&al case 
for the ratio of the stepwise deprotonation con- 
stants of a molecule containing two acidic groups 
of the same acidity), suggesting that ammonium 
group deprotonation and hydroxo complex for- 
mation take place simultaneously. In the zinc(IIt 
GlyCys system a further proton dissociation with 

PK$n_, = 9.73 takes place (followed by hydrolysis 
and precipitation), which seems to confirm the 
above assumption. The spectrophotometric results 
of the cobalt(II)-GlyCys system support the (S,O)- 
binding mode of the ligand. 

and CH,-protons suggests that the coordination 
probably occurs via the thiol and carboxylate donor 
groups. ’ 

To summarize the results on the GlyCys com- 
plexes, it can be stated that (SO)-coordination is 
characteristic of both of the metal ions studied. This 
result, however, is different from that obtained for 
nickel(II)-GlyCys, where deprotonation and coor- 
dination of the amide group occurred, resulting in 
the formation of an miAH_,]- species, coordi- 
nated via amino, amide and sulphur donor atoms. 

The absorption maximum of the CoA,H, com- 
plex of GlyCys appears around 1= 700 nm, and is 
characteristic of a tetrahedral cobalt(I1) complex. ’ ’ 
Similar geometry is present in other (S,O)-coor- 
dinated cobalt(I1) complexes, while octahedral 
coordination is characteristic of (N,S)-coordi- 
nation.” Increase in the pH of this solution does 
not lead to any spectral, changes, supporting the 
assumption that only. deprotonation of the 
ammonium group takes place, which results in the 
formation of the species [CoA,H]- and [CoAJ-. 
In the case of the zinc(II)-GlyCys system, ‘H-NMR 
studies were carried out to prove the occurrence of 
(SO)-coordination. In solutions containing zinc(I1) 
and GlyCys in 1: 2 molar ratio the chemical shift 
of the glycyl-CHz protons was observed only in the 
pH range of 7-9. The low-frequency chemical shift 
supports the deprotonation of the free ammonium 

The coordinating ability of GlyCys therefore 
differs from that of GlyHis, where amide coor- 
dination was characteristic for all metal ions 
studied. However, this result is not surprising if 
it is remembered that nickel(I1) generally induces 
amide deprotonation in dipeptides. On the other 
hand, nickel(I1) does not prefer (SO)-coordination, 
which is favoured for cobalt(I1) and zinc(I1); this 
precludes the possibility of amide deprotonation in 
the corresponding GlyCys complexes. 
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Abstract-Two series of lanthanide organometallics of the general formulae, Cp,Ln(acac) 
and CpLn(acac)* (Cp = cyclopentadienyl ; Ln = Nd, Sm, Gd, Dy, Er ; Hacac = 
acetylacetone), have been synthesized and characterized. These compounds are not very 
stable to heat and tend to disproportionate into Cp,Ln and Ln(acac), at moderate 
temperatures. The sequence of thermal stability of the compounds of these two series has 
been determined and discussed in connection with the lanthanide contraction effect. 

It is well-known that almost all organolanthanide 
compounds are very sensitive to moisture and air, 
but they have excellent thermal stability and many 
of them can be purified by sublimation. We have 
reported that either dicyclopentadienyl samarium 
acetate or halides,’ or ytterbium organometallics 
involving both cyclopentadienyl and j&diketonato 
chelate ligands tend to disproportionate* at a mod- 
erately high temperature. Up to now, only a few 
ytterbium organometallics involving both cyclo- 
pentadienyl and j?-diketonato chelate ligands have 
been synthesized.‘v3 The analogous lanthanide 
organometallics, except ytterbium, have not been 
reported. The purpose of this paper is to expand 
the scope of investigation to the lanthanides other 
than ytterbium. We have synthesized two series of 
lanthanide organometallics involving both cyclo- 
pentadienyl and acetylacetonato chelate ligands and 
compared their thermal stability. 

RESULTS AND DISCUSSION 

By reaction of the tricyclopentadienyl lan- 
thanides with one or two equivalents of acetyl- 
acetone at room temperature in THF, ten new com- 
pounds have been synthesized. They are : 

1: 1 Ratio of reactants 1 : 2 Ratio of reactants 

Cp,Nd(acac) (1) CpNd(acac)2 (2) 
Cp,Sm(acac) (3) CpSm(acac)2 (4) 
Cp,Gd(acac) (5) CpGd(acac)z (6) 
CpzDy(acac) (7) CpDy(acac), (8) 
Cp,Er(acac) (9) CpEr(acac)2 (10) 

*Author to whom correspondence should be addressed. 

All compounds were identified by elemental 
analysis, IR (Table 1) and MS (Table 2). 

All ten compounds exhibit four characteristic Cp 
absorption peaks at approx. 3100, 1400, 1010,780 
cm-’ and an absorption peak at about 250 cm-’ 
for the Ln-C of the n-bonded Cp group4 All of 
them exhibit the characteristic C-0 and C=C 
multiple absorption bands of 0-chelate complexes.’ 

Due to the large radii and coordination unsatu- 
ration of lighter lanthanides, their organometallics 
involving both Cp and Cl ligands, such as, Cp,LnCl 
and CpLnCl, (Ln = La, Ce, Pr, Nd), have not been 
synthesized. Recently, Chen et aL6 reported the 
successful preparation of CpNdCl, * 3THF and 
Cp,NdCl * THF by improving the traditional pre- 
parative conditions, although the two compounds 
are both solvated and unstable at room tempera- 
ture. Here, the facile preparation of the unsolvated 
and room-temperature stable Cp,Nd(acac) and 
CpNd(acac)2 is obviously due to stabilization of the 
species by the chelation effect. 

The mass spectra of all the compounds were rec- 
orded at different temperatures and revealed that 
all compounds display their molecule ion peak M+ 
and fragments thereof at comparatively low tem- 
peratures, but neither the ion peak for M2 nor that 
for THF could be found. It is obvious that all of 
these compounds are unsolvated monomers. Sec- 
ondly, the MS data reveal that these compounds 
tend to disproportionate at moderately high tem- 
peratures. We adopt the lowest temperature of 
vaporization at which the disproportionation reac- 
tion begins to be observed as a standard in order 
to compare the relative thermal stability of all the 
compounds. In the course of gradually raising the 
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temperature, CpLn(acac&, initially dispropor- 
tionates into Cp,Ln(acac) and Ln(acac)3 and then 
further into Cp,Ln and Ln(acac)3. The dispropor- 
tionate reaction of CpLn(acac)z presumably involves 
the following equilibria : 

EXPERIMENTAL 

2CpLn(acac), * Cp,Ln(acac) + Ln(acac)3 

3Cp,Ln(acac) Z$ 2Cp,Ln + Ln(acac)3. 

All manipulations on these lanthanide organ- 
ometallics were carried out in an atmosphere of 
purified argon using Schlenk techniques or a glove- 
box. All solvents were refluxed and distilled over 
either finely divided LiAlH., or the sodium ketyl of 
benzophenone under argon immediately before use. 
The acetylacetone was dried over anhydrous 
Na$O, and distilled under argon. 

The reversibilities of the above dispropor- 
tionation reactions have been verified by their 
reverse reactions. The purified products of the re- 
verse reactions, CpLn(acac), and Cp,Ln(acac), are 
all characterized by elemental analyses and MS. So, 
we conclude that, for the same lanthanide metal, 
the compound of the type CpLn(acac)* is much less 
thermally stable than that of Cp,Ln(acac). Evans7 
pointed out that ligand rearrangement and revers- 
ible modification of the coordination geometry may 
be relatively facile in the absence of orbital factors, 
as long as electrostatic demands are met. We sug- 
gest that the lability of the $-Cp ligand* is the 
cause of the disproportionation reactions. It is also 
possible that the disproportionation takes place via 
an intermediate bimolecular complex in which the 
Cp groups are bonded in an q5-fashion to one mol- 
ecule and in an $-fashion to a second molecule of 
the complex. The transfer of one Cp group from 
one molecule to another may initiate the dis- 
proportionation reaction. Since the transfer of one 
Cp group is more facile than the transfer of two Cp 
groups at the same time, therefore, CpLn(acac)* is 
thermally less stable than Cp,Ln(acac). 

Cp,Ln (Ln = Nd, Sm, Gd, Dy, Er) was prepared 
by a published procedure.’ 

General method of synthesis of Cp,Ln(acac) or 
CpLn(acac), 

To a suspension of Cp,Ln (1 equiv.) in n-hexane 
was added acetylacetone (1 or 2 equiv.). After 
stirring for 1 day, the n-hexane was removed in 
vacua and the resulting solid was recrystallized from 
THF/n-hexane (twice) to afford Cp,Ln(acac) or 
CpLn(acac),. 

Yields, analyses and physical properties of all ten 
compounds are listed in Table 1. 

Preparation of anhydrous Ln(acac), 

Acetylacetone (3.50 g, 0.035 mol) was added to 
a suspension of anhydrous Cp,Ln (0.01 mol) in n- 
hexane. The reaction mixture was stirred for 10 h 
and then, the n-hexane was removed in vacua. The 
resulting solid was dried for 3 h to afford Ln(acac)3. 
The products were characterized by elemental 
analyses and IR. 

From the MS data, we also conclude that the 
sequence of thermal stability of the compounds 
of either the CpLn(acac), or Cp,Ln(acac) series is : 
Er>Dy>Gd>Sm>Nd. 

Reactions of Ln(acac)3 with Cp,Ln(acac) 

Evidently, the dependence of thermal stability on 
ionic radii of the rare earths implies that attraction 
forces among Ln3+ and anionic ligands are impor- 
tant in determining the relative stability. These for- 
ces should become greater as the radius of the metal 
ion decreases. For this reason, the thermal stability 
of lanthanide organometallics involving both Cp 
and acac ligands is firmly connected to the lan- 
thanide contraction effect. 

A suspension of 4 mmol Ln(acac)3 and 4 mmol 
Cp,Ln(acac) in n-hexane was allowed to react under 
stirring at room temperature for 1 day. The n-hex- 
ane was removed in vacua and the resulting solid 
was recrystallized from THF/n-hexane (thrice). 
Each product, CpLn(acac), (Ln = Nd, Sm, Gd, Dy 
or Er), was characterized by elemental analyses and 
MS. 

Reactions of Ln(acac)3 with Cp,Ln 

Comparing with the MS data in the previous A suspension of 4 mm01 Ln(acac)3 and 8 mm01 
paper,’ we ought to point out that Cp,Yb(acac) Cp,Ln in n-hexane was allowed to react at room 
is much more thermally stable than Cp,Ln(acac) temperature. After stirring for 1 day, the n-hexane 
(Ln = Nd, Sm, Gd, Dy, Er), as Cp,Yb(acac) begins was removed in vacua and the resulting solid was 
to disproportionate at 200°C. But, CpYb(acac)Z recrystallized from THF/n-hexane (thrice). Each 
begins to disproportionate at 50°C and is appar- product, Cp,Ln(acac) (Ln = Nd, Sm, Gd, Dy or 
ently less thermally stable than the other rare earth Er), was characterized by elemental analyses and 
analogues. MS. 
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Abstract-The chelates, Ln(HL)$13 - nHzO of acetylferrocene benzoylhydrazone with 15 
lanthanide(II1) metals have been prepared and characterized by elemental analysis, IR, 
UV, molar conductance, TG and DTA. It was found that the ligand coordinates to the 
central ions in the keto form, and some chloride ions and water molecules participate in 
coordination to the metal ion. The chelates are 1: 1 electrolytes in methanol and DMF, and 
are more thermostable than their ligand due to the formation of chelate rings. 

Due to their biological activity, especially as potent 
inhibitors for many enzymes, the coordination 
chemistry of aroylhydrazines and related com- 
pounds is a subject of extensive studies. ’ Edwards 
et al.’ have shown that the replacement of aromatic 
groups by the ferrocenyl moiety in the penicillins 
and cephalosphorins improves their antibiotic 
activity. Some transition metal chelates with a-N- 
aroyl+ferrocenylidenehydrazides have been syn- 
thesized by Patil et aL3 However, the chelates of 
this ligand with lanthanide metals have not been 
reported so far. In this paper, we report the syn- 
thesis of the chelates of acetylferrocene benzoyl- 
hydrazone with lanthanide(II1) chloride, and 
discuss their IR, UV, molar conductance, 
thermagravimetry (TG) and differential thermal 
analysis (DTA). 

EXPERIMENTAL 

Methocis and materials 

Acetylferrocene was prepared according to the 
literature method.4 Benzoylhydrazine was chemical 
reagent grade. The ligand, acetylferrocene 
benzoylhydrazone (HL) was obtained and purified 
by the literature method. 3 Lanthanide(II1) chlorides 
were prepared from their oxides and hydrochloric 
acid. 

*Author to whom correspondence should be addressed. 

Syntheses of lanthanide chelates 

The chelates were prepared by mixing lan- 
thanide(II1) chloride (0.0005 mol) in ethanol-tri- 
ethyl ortho-formate and acetylferrocene benzoylhy- 
drazone (0.001 mol) in warm ethanol and refluxing 
the solution for 9 h. The mixture was then con- 
centrated to the appropriate volume. The solid 
which formed when the mixture was cooled was 
filtered, washed several times with ethanol-ether 
and dried in vacua. Yield above 82%. Elemental 
analysis and some physical properties of products 
obtained are listed in Table 1. 

Measurements 

The IR spectra were made on KBr pellets using 
a NIC-5DX spectrophotometer. UV spectra were 
recorded in the 200-500 nm region in methanol with 
a DJ-240 spectrophotometer. Electrolytic con- 
ductivities were carried out using a DDS-IIA molar 
conductometer using methanol and dimethyl- 
formamide (DMF) as solvents at 25°C. TG and 
DTA measurements were made in a nitrogen atmo- 
sphere between room temperature and 800°C using 
a Thermoflex TG-DTA meter (Japan). 

RESULTS AND DISCUSSION 

These chelates of acetylferrocene benzoylhy- 
drazone with lanthanide metals are insoluble in 
non-polar solvents such as pentane and benzene, 
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Table 1. Physical properties and elemental analyses of chelates Ln(HL),Cl, - nH,O” 

Chelate 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

xv 

- 
Formula 

Y(HL),Cl,.2H,O 

La(I-IL)2CI,*H20 

Ce(HL),CIs*3H20 

Pr(HL),C1,.3H,O 

Nd(HL),Cl,.H,O 

Sm(HL)&l,.2H,O 

Eu(HL),CI,.2H,O 

Gd(HL),Cl,.2H,O 

Tb(HL),C13 * 3H,O 

Dy(HL)Jl,.3H,O 

Ho(HL)&l, - 3H20 

Er(HL)&13.3H,0 

Tm(HL),CIS * Hz0 

Yb(HL)&13*5H,0 

Lu(HL),Cl,.3H20 

- 

M.p. 

(“C) Colour 
Elemental analysis (%)” 

C H N Cl 

178’ Brown 

180 Brown 

173 Brown 

175 Brown 

181 Brown 

185 Red-brown 

187 Red-brown 

182 Red-brown 

185 Brown 

181 Red-brown 

184 Brown 

183 Red-brown 

174 Brown 

180 Red-brown 

186 Red-brown 

49.4 4.3 
(49.3) (4.3) 
47.7 4.2 

(47.7) (4.0) 
45.9 4.0 

(46.0) (4.3) 
47.2 4.3 

(47.6) (4.3) 
47.5 4.1 

(47.4) (4.0) 
46.3 4.0 

(46.3) (4.1) 
45.9 4.1 

(46.2) (4.1) 
45.8 4.0 

(46.0) (4.0) 

(z:) (:::) 

(z::) (.z) 
44.9 4.0 

(44.8) (4.1) 

(z) _(E) 
46.6 3.9 

(46.2) (3.8) 
42.9 4.0 

(42.9) (4.3) 

(:::) (::;) 

6.2 

(5.9) 

(z::) 

(& 
6.3 

(5.8) 

(z:;) 

($ 
6.4 

(5.6) 

(z::) 
6.1 

(5.5) 

(z::) 

(& 

(;::) 

(:::) 

(:::) 

11.6 
(11.4) 
11.3 

(11.2) 
11.0 

(11.7) 
11.1 

(10.8) 
11.2 

(11.0) 
10.1 

(10.8) 
10.5 

(10.8) 
10.4 

(10.7) 
10.5 

(10.5) 
10.6 

(10.4) 
10.7 

(10.4) 
10.5 

(10.4) 
10.2 

(10.8) 
10.3 

(10.0) 
10.6 

(10.4) 

“HL = C~H,FeCSH4CMe=NNHCOC,H,. 
b Calculated values are given in parentheses. 
’ M.p. of all chelates are their decomposition points. 

but soluble in DMF, methanol, ethanol and ace- 
tonitrile. These chelates are hygroscopic. Their 
elemental analyses show that LnCl, - nH20 
(Ln = lanthanide) forms chelates without loss of 
chloride ions and they conform to the formula 
Ln(HL)&13 - ( l-5)Hz0. Their molar conductance, 
IR and UV spectra, TG and DTA measurements 
suggest the structure shown in Fig. 1. 

IR spectra 

The IR frequencies along with their relative 
assignments are given in Table 2. The IR spectra of 
these chelates are similar to those of the ligand. 
They appear as characteristic bands of amide I, v 
(c=O), azomethine v (CkN) and amide II.‘. 
Usually the v (C=S) and v (C=N) bands are 

shifted by ca 3&50 and 15-25 cm- ‘, respectively to 
lower frequencies compared with the parent ligand. 
The hydrazone residue acts as a neutral bidentate 

‘Cl,‘nHzO 

Fig. 1. Proposed structure for the chelates, Fc = C,HS 
Fe&H, n = I, M = La, Nd, Tm; n = 2, M = Y, Sm, 
Eu, Cd; n=3, M=Ce, Pr, Dy, Ho, Er, Lu; n=4, 

M=Tb;n=5,M=Yb. 



Chelates of acetylferrocene benzoylhydrazone with lanthanides 

Table 2. Important IR frequencies (cm- ‘) of the ligand and its chelates 

Amide I 
Chelate v ((3-‘=0) v (C==N) v (N-N) v(M-N) v(M-0) 

HL 1645~s” 1526s 910m 
I 16llbr,s 1520s 910m 546~ 376~ 

II 1612br,s 1520s 910m 543w 374w 

III 1608br,s 1521s 910m 537w 380~ 

IV 1600br,s 1523s 911m 548~ 378w 

V 1593br,s 1520br,s 910m 546m 375w 

VI 1595br,s 1521s 910m 546m 375w 
VII 1600br,s 1520s 910m 545m 378~ 
VIII 1597br,s 1523br,s 910m 550w 380w 
IX 160lbr,s 1520br,s 911m 546~ 376m 

X 1596br,s 1520br,s 913m 548m 381m 
XI 1598br,s 1520br,s 911m 550w 385~ 
XII 1592br,s 1515br,s 910m 543w 376m 
XIII 1595br,s 1516br,s 910m 548m 375m 
XIV 160lbr,s 1520br,s 910m 546~ 373w 
xv 1615br,s 1520br,s 915m 546~ 375w 

’ vs = very strong, s = strong, m = medium, w = weak and br = broad. 

ligand in these chelates and is coordinated to the 
central Ln(II1) ion via the carbonyl oxygen atom 
and the azomethine nitrogen atom. The v (N-N) 
band appears at 910 cm- . ’ 6 The bands observed at 
cu 1435,1100,820,491 and 395 cn- ’ are attributed 
to the ferrocenyl group as the v (C-C), 6 (C-H), 
n-CH, and g(Fering), respectively. 7 The stretching 
vibration frequency v (O-H) of water appears in 
the range 3300-3500 cm-l.* The v (N-H) and 
ferrocenyl group v (C-H) stretching are covered 
by the v (O-H). In the far-IR region, two new 
bands which are observed at ca 548 and 380 cm-’ 
may be attributed to v (Ln t N) and v (Ln t 0), 
respectively. 

WV spectra 

UV-vis absorption spectra of the ligand and its 
chelates in methanol are shown in Table 3. UV 
spectra of these chelates show that the K band of 
the ligand at 296 nm is shifted to lower wavelength 
290-294 nm ; there is a shoulder peak similar to that 
of the ligand at cu 220-230 run, which can be attri- 
buted to the ‘IZ --, a* transition on azomethine. The 
very weak but single peak at 260 nm in the spectra 
of these chelates, which is not clear in that of the 
ligand, may be due to the B band of the cyclo- 
pentadienyl ring.’ The band at 202 nm can be attri- 
buted to the E2 band of benzene. The band around 
450 nm may be due to charge-transfer from the 
3d orbitals on iron to either the non-bonding or 
antibonding orbitals on the cyclopentadienyl ring 
(d + 7r* transition). lo Thus, these small changes 

1103 

in the wavelength of these chelates as compared to 
that of the parent ligand suggest that the lanth- 
anide(II1) ions are bonded to the acetylferrocene 
benzoylhydrazone entity. 

Electrolytic conductance 

Dissolving the lanthanide chelates in methanol 
and DMF afforded a dark brown solution. The 

Table 3. UV spectra of the ligand and its chelates 

Chelate 
Absorption peaks (mu, L max) 

(1) (2) (3) (4) (5) 

HL 
I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 
XIII 
XIV 
xv 

202 
202 
202 
201 
202 
202 
202 
202 
202 
202 
202 
202 
202 
202 
202 
202 

220-23Osh” 296 450 
220-230sh 270 294 451 
220-230sh 270 294 450 
220-230sh 263 294 450 
220-230sh 262 292 450 
22&230sh 255 292 451 
220-230sh 257 291 450 
220-230sh 261 293 450 
220-230sh 258 291 451 
22&230sh 259 291 450 
220-230sh 256 291 451 
220-230sh 254 290 450 
22&230sh 256 293 451 
22&230sh 255 294 450 
220-230sh 258 293 450 
22S230sh 256 292 450 

“sh = shoulder. 
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Table 4. Molar conductances of the chelates at 25°C 

Chelate 
In methanol 

cont. (10m3 mol) 1, (W’ cm* mol-‘) 
In DMF 

cont. (10m3 mol) k (Q-’ cm* mol-‘) 

I 1.03 101.0 1.28 65.0 
II 1.04 104.2 1.08 68.1 
III 0.96 93.5 1.11 65.4 
IV 1.12 92.9 1.07 67.5 
V 1.07 98.5 1.09 68.7 
VI 1.04 89.5 1.05 66.7 
VII 1.11 85.7 1.19 61.2 
VIII 0.98 90.1 1.06 66.6 
IX 1.12 105.2 1.06 69.2 
X 1.07 96.3 1.14 62.1 
XI 1.03 123.1 1.01 69.5 
XII 1.01 99.7 1.01 67.8 
XIII 1.11 91.7 1.06 53.3 
XIV 1.08 94.3 0.99 56.1 
xv 1.07 97.1 1.05 58.9 

Cont. = concentration. 

Fig. 2. TG-DTA diagram of (a) HL l-168, 2-200, 3-224, -20, 5-570, 6-648”C. (b) 
F’r(HL)2Cl,-3H20 l-70, 2-180, 3-240, k380, 5-417, -70, 7-560, 8-756°C. (c) 

Tb(HL)2Cl,-4H20 l-90,2-167,3-250,4-331,5-410,~527,7-587,8-786°C. 

molar conductances (Table 4) of these solutions 
approach those reported for 1 : 1 electrolytes. ’ ’ It is 
fairly evident that there are two chloride ions which 
participate in coordination. 

TG and DTA 

In order to investigate their thermal properties 
we measured weight-loss and decomposition tem- 
perature of the ligand and its two chelates by the 
TG and DTA methods (Fig. 2). The TG-DTA dia- 
gram of the ligand pig. 2(a)] shows that the ligand 
melts at 168°C and begins to decompose at 200°C 
accompanied by the release of heat. It loses weight 
intensely at about 224 and 570°C but only slightly 
between 268420°C. The TG-DTA diagram of the 
chelate Pr(HL)2C13 * 3H20 [Fig. 2(b)] indicates that 
this chelate loses about 2.5% of its weight at 70°C 

which corresponds to the loss of one molecule of 
water (calculated value 2.0%). It then loses ca 5% 
of its weight at 180°C perhaps indicating that the 
other two molecules of water break away from the 
chelates (calculated value 5.4%). It appears that the 
former is crystal water and the latter is coordinated 
water. The chelate decomposes exothermically and 
continuously at 240, 380, 417, 470 and 560°C. 
The TG-DTA diagram of the chelate 
Tb(HL)&l, * 4H,O(c) indicates that the chelate 
loses 5.3% of its weight at 90°C. This should be 
due to the release of its three molecules of water 
(calculated value equals 5.8%). The other molecule 
of water is lost endothermally at 167°C (found 2.5, 
talc. 2.5%). The chelate continues to decompose 
exothermally at 250, 331, 410, 527 and 587°C and 
is complete at 786°C. 

It can be seen from the aforementioned data that 
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in these chelates, the coordination numbers of the Peterson and G. M. Whitman, J. Am. Chem. Sot. 

central ions are different, i.e. those of Pr(II1) and 1957,79,3416. 

Tb(II1) equal eight and seven, respectively. 5. M. Mashima, Bull. Chem. Sot. Japan 1962,35,1882 ; 
M. Mashima, Bull. Chem. Sot. Japan 1963,36,210. 
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POLYHIDRAL REARRANGEMENTS IN CLUSTERS 
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Abstract-Alternative reaction mechanisms for the rearrangements of cluster compounds 
containing from five to twelve atoms (or units of atoms) are deduced using purely geo- 
metrical arguments and the fact that cluster structures are determined by strong attractive 
forces between component units. This forms the first stage of a two-stage procedure, The 
results of the first stage apply to all clusters of a given geometry and the second stage 
involves quantitative consideration of the electronic states of a given system to determine 
the relative energetics of the geometrically dete~ned mechanisms. 

The rearrangement mechanisms for transition 
metal cluster compounds might be expected to pro- 
ceed differently from those for either transition 
metal complexes or main group cluster compounds 
such as boranes and carboranes. ’ Transition metal 
clusters have two or more metal atoms which are 
bonded to one another, so not all metal electron 
density is available for metal-ligand bonding. In 
addition, ligands may attach terminally to one 
metal atom or else be bridged between two or more 
metal atoms. The main differences between tran- 
sition metal clusters and boron etc. clusters are in 
the involvement of d-electrons in the bonding 
between cluster atoms, and the difference in mass 
between metal atoms and ligand atoms. 

Despite these differences, reactions of all systems 
have a common feature, namely that each step of 
the reaction proceeds along a normal mode of 
vibration of the system.* A number of symmetry 
selection rules (SSR) can then be derived, which 
restrict the s~rnet~ (and hence geometry) changes 
that are possible in each step of a reaction. Such an 
approach is general and classical in nature, in that 
no account is taken of the details of electronic struc- 
ture in a particular system. It can be seen as the first 
stage in a two stage approach to investigate cluster 
rearrangements. The first stage, from geometrical 
and symmetry arguments, elicits all potentially feas- 
ible reaction mechanisms for systems of a given 
geometry. The second stage, the quantum refine- 
ment, involves quantitative calculations on specific 

systems to determine which of these geometrically 
feasible reactions is the most probable pathway. In 
some instances there may not be a feasible process, 
thus indicating for example a non-fluxional system. 
The dependence of cluster energy on the details of 
electronic structure means it is not possible to make 
any but the most qualitative general conclusions 
about the relative merits of proposed mechanisms. 
Separate calculations must be performed for each 
system of interest. However, it is precisely this lack 
of general quantitative conclusion that makes the 
two stage approach of this work so valuable as it 
separates off that part of the problem which is de- 
pendent only on geometry, thus enabling valuable 
general conclusions to be made which provide a back- 
ground for q~ntitative calculations if required. 

If all the normal modes of a system are deter- 
mined, then the initial stages of potential reaction 
pathways are apparent. For transition metal clus- 
ters determining normal modes is seldom easy, and 
usually impossible with currently available tech- 
niques, due to the large number of component 
atoms of each cluster. However, some of the special 
features of transition metal clusters mean that an 
approximate determination of normal modes, and 
hence mechanisms, can often be made. These are 
helpful in the interpretation of experimental mech- 
anistic data. Of particular value to us are (i) the 
difference in mass between the metal atoms in the 
metal polyhedron, M,, and the atoms in the ligand 
system L,, and (ii) the comparatively short range 
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nature of metal-metal interactions. (i) results in 
most of the normal modes of the system being able 
to be classified as largely M, or largely LI. (Notable 
exceptions to this are those vibrations which 
account for the rearrangement of M, with L,.3) As 
a result, the normal modes which are relevant for 
rearrangements within M, can be approximated 
by the normal modes of M, in isolation from the 
ligands. Once symmetry allowed mechanisms for 
an isolated M, polyhedron have been determined 
it is necessary to consider the effect of the ligand 
motion to which the reacting motion is coupled. In 
general, the effect of the ligands will alter the relative 
energetics of any postulated motion from that sug- 
gested by consideration of M, alone. No additional 
SSR can be introduced by the ligand system since 
if anything it reduces the symmetry of M,. Thus, 
consideration of the ligand system can be post- 
poned to the second stage in the study of reaction 
mechanisms. (ii) provides us with an approximate 
criterion for selecting those mechanisms which are 
most likely to be energetically unfeasible. Thus, 
strictly speaking it is part of the second stage but 
we shall introduce it at the beginning to reduce the 
dimensions of the problem. If the M-M inter- 
action is short range, then it is energetically expen- 
sive to break or significantly stretch many M-M 
links. Keppert’s empirical parametrization of the 
atom-atom interactions in the core of a cluster in 
terms of an attractive and a repulsive inverse dis- 
tance dependence illustrates how short range the 
transition metal interactions are, compared with 
close borane systems.4 His optimized exponents for 
boranes are two and one, whereas for transition 
metals he finds the exponents should be somewhere 
from one to ten depending on the system. Woolley’ 
has rigorously determined, using metallic bonding 
arguments, the metal-metal interaction energy for 
systems with high connectivity, the cohesive energy, 
to be CAdz/R5 where A is a constant, z is the 
connectivity (i.e. the number of nearest neigh- 
bours), R is the nearest neighbour distance and the 
sum is over metal atoms. 

The above discussion leads us to three hypotheses 

which will provide the modus operandi for the analy- 
sis of M, rearrangements which is contained in the 
next Section. 

Hypothesis 1. In order to determine possible 
mechanisms metal polyhedron rearrangements can 
be considered in isolation from ligand motion, the 
effect of ligand motion being on the relative ener- 
getics of postulated mechanisms. 

Hypothesis 2. Rearrangement reactions of M, 
proceed by successive breaking and formation of 
single M-M links. 

Hypothesis 3. The point symmetry of a reacting 
system is the highest symmetry consistent with (a) 
the atom-atom linkages present in the system, and 
(b) reactant and product geometry. 

The justification of Hypothesis 3 follows from 
consideration of the potential energy surface of the 
system being studied. The Taylor series expansion 
of potential energy in terms of a normal coordinate 
indicates that high symmetry points are either stable 
or completely unstable (i.e. not semi stable) with 
respect to motion along that coordinate.2’6 Since 
we generally know the symmetry of the (stable) 
reactant in a rearrangement, we can deduce whether 
a given high symmetry structure is stable or 
unstable. It should be noted that throughout this 
work point symmetry operations are defined in a 
labelled atom sense ; i.e. in order to claim a common 
symmetry element two structures must have a 
given type of symmetry operation (say a CZ 
rotation) which relates the same atoms in the two 
structures. 

Hypothesis 2 implies that for a system with 
triangular faces, if the diamond-square-diamond 
rearrangement7 illustrated in Fig. 1 is possible for 
the chosen link breakage, then it will take place. If 
it is not possible because a and d of Fig. 1 are 
already linked, then either b or c rotate or b-c 
reforms. The single diamond-square-diamond 
rearrangement has fallen into a certain amount of 
disfavour as a result of the extended Hi.ickel cal- 
culations of Gimarc and Ott8*9 on main group 
systems, which indicate that it defies orbital sym- 
metry if an equatorial link of a trigonal bipyramid 

b 
b 

Fig. 1. The diamond-square-diamond rearrangement. 
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or a link between two atoms of order five con- 
nectivity in a tricapped trigonal prism is broken. 
Conclusions from such a study (if they apply to 
transition metal systems which is by no means obvi- 
ous at this stage of our knowledge) form the second 
stage of a mechanistic study-the energetic stage. 
As an aside it should be noted that orbital symmetry 
arguments strictly determine how probable a reac- 
tion mechanism is, although the vocabulary used is 
often to say “allowed” or “forbidden” by orbital 
symmetry. 

Hypothesis 2 is less appropriate for systems with 
low degrees of connectivity than for those systems 
with high degrees of connectivity since next-nearest 
neighbour distances can be small in systems of low 
formal connectivity and so next-nearest neighbour 
interactions can make a significant contribution 
to the stability of the system. For example, the 
vertices of a dodecahedron have three nearest 
neighbours and six next nearest neighbours at 
sin 108/sin 36 = 1.6 times the nearest neighbour 
distances. So next nearest neighbour interactions 
account for 20% of the nearest neighbour inter- 
action energy in a dodecahedron. Hypothesis 2 also 
contains the .implicit assumption that the energy 
required to break links cannot be provided by a 
resulting net contraction of the cluster, i.e. the 
assumption that breaking links does not enable the 
r- 5 contribution to the stability to increase without 
the repulsive contribution to the energy coming sig- 
nificantly in to play. Once again this assumption is 
less likely to be valid for the low connectivity sys- 
tems since in high connectivity systems more links 
are required to be broken to enable much con- 
traction to occur. It is for these reasons that we 
shall limit our consideration to m = 5-12 systems. 

The nature of Hypothesis 2 tends to suggest that 
M, rearrangement reactions are generally, though 
not always, multi-step. Thus, the symmetry selec- 
tion rule procedure (SSRP) of refs 2 and 10 cannot 
be used directly to generate reaction mechanisms as 
was the case for the corresponding metal complexes. 
However, it is still a useful tool since it can often 
(i) indicate whether a given break/link process is 
concerted or non-concerted, (ii) restrict the links 
which can be broken in a high symmetry (C,,, or 
higher) reactant or intermediate (since Hypothesis 
2 requires only one breakage and the symmetry 
selection rules define the possible symmetries of the 
next stable species), and (iii) indicate whether the 
next step of a reaction is a distortion of the system 
rather than a link breakage. A more direct applica- 
tion of point symmetry is that it is a convenient way 
of cataloguing which links are equivalent in a system. 

In this work we shall be focusing on the 
rearrangement of the metal polyhedron of a tran- 

sition metal cluster. At the present time little, except 
for what has been deduced by analogy with main 
group clusters (a potentially hazardous way of pro- 
ceeding), is known about these. Our aim in this 
study is to investigate M, rearrangements sys- 
tematically based on the hypotheses given above. 
The applicability and limitations of the work are 
then immediately apparent. We shall be able to 
derive symmetry allowed rearrangement mech- 
anisms for M, which if not comprehensive at least 
provide a starting point and a systematic study 
against which later work can be compared. 
Additional rearrangement mechanisms can be 
derived in the same manner by, for example, relax- 
ing Hypothesis 2. We shall focus on the most 
common metal polyhedra found for m = 5-12. 
Exactly the same principles can be applied to other 
geometries. 

Before proceeding to investigate particular 
rearrangement processes, we must develop the 
notation with which to express our analysis. Pic- 
torially the clusters are represented by solid shapes 
for atoms (or units of atoms) with lines joining 
nearest neighbours. The number of links that each 
atom possesses (denoted its order) is indicated by 
the shape which represents it. Thus, an atom with 
three links is represented by a triangle, an atom 
with four links by a square and so on. Each atom 
is numbered and retains that number throughout a 
reaction sequence. The links which are in front of 
the clusters are drawn as solid lines and those 
behind as broken lines. If the link a-b is broken and 
c-d formed in a step this is indicated “alb,c-d”. 
Although not explicitly included in this work, a 
table indicating the orders of the atoms at each 
stage of a reaction pathway is helpful. Finally, since 
we are considering rearrangement reactions 
between identical structures, the net effect of a reac- 
tion pathway can be indicated using permutation 
notation. For example, if, as in Fig. 2(a), atom 2 is 
replaced by atom 4, atom 4 by atom 5, atom 5 by 
atom 2 and atoms 1 and 3 remain unchanged, we 
may write, P = (1,2,5)(3)(4)R = (1,2,5)R where 
R = reactant and P = product. Although a con- 
venient form of notation, this is not unique since we 
could also have written P = (2,5)(3,4)R. We shall 
therefore adopt the convention that the per- 
mutation notation used must rearrange the fewest 
number of atoms. (Even this is not necessarily 
unique.) 

We are now in a position to consider rearrange- 
ments of particular clusters beginning with those of 
five atoms. The smaller clusters are treated fully 
and in some detail. To do so for the larger clusters 
is impracticable and unnecessary since many of the 
symmetry allowed mechanisms are energetically 
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Fig. 2. Reaction mechanisms for five atom cluster rearrangements. 

unfeasible and can be ignored on that basis. The 
next eight sections are very formalistic in content. 
The results are clearly summarized in Figs 2-9 using 
the notation discussed above. 

FIVE ATOM CLUSTERS 

The most stable five atom M, structure is the 
D3,, trigonal bipyramid shown in Fig. 2. It has two 
distinct types of links, viz. l-2 and 2-3. In accord 
with Hypothesis 2 we shall consider the effect of 
breaking one of these links as the first step in any 
rearrangement process. 

Breaking edge l-2 is followed by the relaxation 
and linking illustrated in Fig. 2(a) since the two 
atoms opposite 1-2, namely 34, are already joined. 
The net effect of this mechanism is a migration of 
an atom from one face of a (distorted) tetrahedron 
to another. By the SSRP this is potentially a sym- 
metry allowed concerted reaction along an E” 
vibration of R which results in PI = (1,2,5)R. 

Breaking 2-3 results in the linking of 2 and 5 (by 
Hypothesis 2) giving the product illustrated in Fig. 
2(b). Once again this is potentially a symmetry 
allowed concerted reaction, this time along an E’ 
vibration, with P2 = (1,2,5,3)R. 

These two mechanisms are the only possibilities 
for MS polyhedra. Repeated application of either 
can result in any trigonal bipyramidal structure. 

There is no obvious classical reason to suggest 
which of these mechanisms is more likely to be 
the dominant. Consideration of the details of the 
electronic structure of the main group cluster 
C2B,HS by extended Hiickel calculations’ has 
shown that the mechanism of Fig. 2(b) does not 
conserve orbital symmetry for that system. Thus, 
for C2B3H5, state selection rules enable us to 
conclude that the mechanism of Fig. 2(a) is the 
dominant one. The same conclusion cannot be 
immediately applied to transition metal clusters 
since their bonding involves d-electrons. This case 
must be treated on its own merits so we can only 
conclude that one or both (or perhaps neither, in 
which case the cluster is non-fluxional) of the 
mechanisms is significant. In fact, even for other 
s-p bonded systems, the ordering of the molecu- 
lar orbitals may be different and so the state 
selection rules different. 

SIX ATOM CLUSTERS 

The most common stable six atom M, structure 
is the octahedron. In the course of analysing it we 
shall also examine the bicapped tetrahedron. Other 
structures such as the capped square pyramid and 
the trigonal prism can be treated in an analogous 
manner. There are six distinct types of octahedral 
products possible from the octahedral reactant 
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of Fig. 3. Typical examples of each are P, 
= (~4)~wh1, p2 = (2,3)~[~,,1, p3 = (4,5,6)w,i, 
Pz, = (4,6,5)W,l,P, = (2,3)(4,6)WU,P, = (375) 
(4,6)R[D,] (the point groups in square brackets 
are the intersection of the R and P point groups). 
All routes from R to Pi must be at least two step 
since any SSRP-allowed concerted step requires two 
or more M-M links to be simultaneously broken. 

We shall now proceed to derive feasible cluster 
rearrangement mechanisms using Hypotheses 1-3, 
and noting any additional information given by the 
SSRP about each step. All links of R are equivalent 
so we choose one to be broken as the first step, say 
1-6. The system then relaxes according to Fig. 1 

resulting in the Czv bicapped tetrahedron inter- 
mediate, I,, of Fig. 3(a). (This is a symmetry allowed 
step via a T,, vibration.) II has three distinct links. 
We shall consider the effect of breaking each in 
turn. 

(1) If 2-5 is broken the system returns to R. 
(2) If 3-4 is broken, l-6 will be linked and the 

system will relax to an equivalent structure 
Z\ = (1,4)(3,6)1,. The transition state for this 
step can be envisaged from Fig. 3 with both 
3-4 and l-6 half-formed and stretched. This 
step may be concerted. 

(3) If 64 is broken, l-6 will be linked and the 
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system will relax to an equivalent structure 
Z! = (1,6,4,3)Z,. This step may be concerted. 
The fourth type of link is represented by 5-6. If 
it is broken, 6 will continue to migrate around 
the cluster until it links with 3. This results in 
yet another bicapped triangular pyramid 
Zy = (2,3,5)Z,. This process, by the SSRP, is 
non-concerted and since 5-6 does not lie on 
any symmetry planes of I,, the first step is a 
distortion of the system to a lower symmetry. 
Finally, if 2-4 is broken, 6 will migrate until it 
links with 3, resulting in Z’; = (2,5,3)(4,6)Z,. By 
the SSRP this process is also non-concerted and 
once again the first step is a geometry distortion. 

Any one of the Z, intermediates can then react 
concertedly to give an octahedron simply by break- 
ing the link between the fifth order atoms and join- 
ing the third order atoms. Figure 3 illustrates these 
possibilities viz. Pi = R, Pii = R, Piii = (2,6)R and 
piv = (4,6,5)R. Alternatively, another bicapped 
tetrahedron to bicapped tetrahedron step can be 
inserted. Examination of the break link processes 
for R to P’ = P” = R indicate why there is no net 

reaction: all new links are broken and all breaks 
reformed during the reaction. It is interesting to 
note that R to P” effects the same rearrangement 
as a Bailar twist but via a different route. It is by 
no means obvious which of R to Pl” or R to Pi’ is 
more energetically feasible but repeated application 
of either can result in any one of the possible 
products. 

SEVEN ATOM CLUSTERS 

The two most common M, geometries are the 
pentagonal bipyramid and the capped octahedron. 

Pentagonal bipyramid 

A pentagonal pyramid has only two distinct types 
of links, l-2 and 2-3 in Fig. 4. If 2-3 of Fig. 4(a) is 
broken, then the only link that can possibly be 
formed is l-7. Such a strained structure is unlikely, 
especially when compared with the mechanism of 
Fig. 4(a), so will not be considered further. If the 
link l-2 of R is broken, by Hypothesis 2, 6 and 3 
become linked thus forming a capped octahedron. 
Breakage of either 67 or 3-7 will result in the 
new pentagonal bipyramids: P, = (1,3,5,7)R and 
P, = (1,6,7,4)R. Figure 4(a) thus summarizes the 
most direct rearrangement for pentagonal bipyra- 
mids. Each step is symmetry allowed by the SSRP, 
so potentially concerted. Alternative pathways fol- 
low from inserting any of the pathways determined 
below for rearrangements of capped octahedra. 

Capped octahedron 

R in Fig. 4(b) has four distinct types of links. The 
effect of breaking 67 is illustrated in Fig. 4(a). We 
now consider the others. If 2-3 of R is broken, atom 
2 is free to migrate from the 6-7-3 face to the 6-7- 
5 face and form a link with atom 5 resulting in 
P3 = (3,6,5,4)R. This mechanism enables atoms of 
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Fig. 7. Energetically feasible reaction mechanisms for ten atom cluster rearrangements. 

order four and five to interchange, but atom 2 
always remains of order three. Thus complete 
rearrangement is not possible by this mechanism. 
Breaking l-5 or 5-6 of R results in the formation, 
respectively, of 46 or l-7 and the structures Z3 and 
Z4 of Fig. 4(b). Z3 and Z4 and the possible structures 
in the succeeding steps are significantly less stable 
for MY than the structures of Fig. 4(a). These mech- 
anisms are therefore unlikely to be significant causes 
of rearrangement in seven atom systems and will 
not be explicitly enumerated here. 

In conclusion then there are two energetically 

feasible rearrangement mechanisms for seven atom 
clusters. That of Fig. 4(a) is a two step mechanism 
applicable either to pentagonal bipyramids or 
capped octahedra. That of Fig. 4(b) provides a 
means for the cap on the capped octahedron to 
migrate from face to face. It could easily be an 
intermediate step in a Fig. 4(a) rearrangement. 

EIGHT ATOM CLUSTERS 

The most common, though not necessarily the 
most stable, M8 structure is the DZd triangulated 
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dodecahedron of Fig. 5. We shall explore the effect 
of breaking its three distinct types of links. The 
simplest reaction pathway results from breaking 
16 and joining 2-5 giving P, = (1,3,8,5)(2,7,6)R as 
illustrated in Fig. 5(a). Successive application of this 
symmetry allowed concerted mechanism (via an 
E vibration) will enable any atom rearrangement 
to be produced. If l-2 of R is broken than 3 and 
6 will be linked making I,, a C, capped capped 
octahedron. There are then a number of possibilities 
depending upon which of the nine types of links are 
broken. One of these possibilities (breaking 7-8) 
leads to an equivalent structure which will probably 
relax back to the reactant. Breaking 6-8 is a more 
circuitous higher energyroute to a Pi-like product. 
The remainder go via significantly energetically 
unfavourable structures compared with the Fig. 
5(a) mechanism. 

The final possible first step to be considered is the 
breaking of l-5 and formation of 4-6 resulting in I2 
of Fig. 5(c). By the SSRP this cannot be a concerted 
process since all normal modes of a DZd system 
retain at least one symmetry operation and l-5 does 
not lie on any symmetry elements. The first step of 
the reaction must therefore be a distortion of the 
geometry to a lower symmetry. As I2 has eleven 
types of links it is not immediately apparent what 

the next step should be. Breaking 5-6 or 5-8 leads 
to an equivalent structure which permutate the 
atoms in any product, but does not provide a route 
to that product. They are therefore potential inter- 
meiliate steps. Breaking 68 and forming 5-7 leads 
to P2 = (1,4,8,7,2)R as indicated in Fig. 5(c). This 
process is the reverse of that used to get from R 
to I2 so cannot be concerted. The remaining pos- 
sibilities go via unstable structures so do not pro- 
vide competitive mechanisms. 

In conclusion then, there are two energetically 
feasible rearrangement mechanisms for eight atom 
clusters. That of Fig. 5(a) being a one step mech- 
anism and that of Fig. 5(c) being four step (two 
break-link processes). Repetition of either could 
lead to any arrangement of atoms in the product. 
Alternatively, additional intermediate steps be- 
tween Iz and equivalent structures may be inserted. 

NINE ATOM CLUSTERS 

The most common M, structure is the D3* 
&capped triangular prism structure of Fig. 6. It 
has three distinct types of links. Breaking 14 and 
linking 8-9 results in P, = (1,6,2,9,7)(4,5,8)R, 
which is a one step rearrangement reaction via an 
E’ vibration as illustrated in Fig. 6(a). If l-2 of R 
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Fig. 9. Energetically feasible reaction mechanisms for 12 atom cluster rearrangements. 

is broken, then 8-3 will be linked giving I, of Fig. 
6(b) which gives P2 = (1,7)(2,9)(4,5)(6,8)R if 6-3 is 
broken and 9-7 is formed (the converse of the first 
step). Alternative second steps are more circuitous 
and proceed via less stable structures. Upon break- 
ing l-8, 24 might perhaps link up. However this 
is such a strained structure that it is more probable 
that it will relax back to R. 

Two rearrangement mechanisms similar to those 
deduced in this work are also reported by Gug- 
genberger and Muetterties” based on a “points on 
a sphere” repulsion calculation. The difference lies 
in the fact that the Fig. 6(b) mechanism of this 
work, in accord with Hypothesis 2, consists of two 

successive link breaks and formations whereas their 
second mechanism is seen as a simultaneous break- 
ing of both links. In light of Hypothesis 2, we cannot 
therefore catagorically adopt their conclusion that 
the Fig. 6(a) mechanism is the more energetically 
feasible, though it is likely that this is so. At this 
stage it is appropriate to mention the extended 
Hiickel calculation of Gimarc and Ott on the main 
group cluster B,HG-.I0 They showed that the mech- 
anism of Fig. 6(a) is energetically unfeasible on 
the basis of orbital symmetry not being conserved 
between reactant and product. As they note, this 
is consistent with the experimentally observed 
stability of BgH$-. Once again we note that care 
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must be taken in extrapolating this conclusion to 
other types of tricapped triangular prisms. 

TEN ATOM CLUSTERS 

The most stable M 1 o structure is the Ddd structure 
illustrated in Fig. 7 which has three different types 
of linkages. If 2-5 is broken and l-9 formed we get 
the C3” structure I, of Fig. 7(a) by a one step process 
(E, or E3 vibration). There are seven distinct links 
in Z1. Breaking any one of them could set the system 
on a path to the required product structure. 
However, most of them are circuitous, proceeding 
via comparatively unstable intermediates. The most 
direct route to a product comes from breaking 9-6 
(or 9-8) and the formation of 2-10 (5-10) which is 
the reverse of a step like the first step. This results 
in PI = (1,5,8,7,3)(2,9,10,6)R. If 5-8 of R is broken 
and 4-9 joined the C2 intermediate Z2 of Fig. 7(b) 
results by a concerted process. This structure is 
rather strained as is any further intermediate en 
route to a product. It is therefore most likely that 
it relaxes back to R. If l-5 of R is broken and 24 
joined, the C2 intermediate Z3 of Fig. 7(c) results. Z3 
is also strained compared with I, so any mechanism 
proceeding via Z3 will be much less probable than 
that of Fig. 7(a). We can therefore conclude that 
the Fig. 7(a) mechanism is the only feasible one for 
rearrangements of ten atom clusters. 

ELEVEN ATOM CLUSTERS 

The most common M, , structure is the Czv one 
illustrated in Fig. 8. Since R has CzD symmetry, 
by the SSRP the first reaction step must retain all 
symmetry operations, or the C2 axis, or one of the 
reflection planes. Thus there are four types of links 
which can be broken in the first step. Rep- 
resentatives of these types being 9-l 1, 1-2, 2-8, 
7-6. Alternatively, the first step may simply be a 
geometry distortion that removes two symmetry 
elements, in which case the second step could 
involve the breaking of 1-7, or 2-7, or 8-l 1, or 
8-7, or 7-l 1 type bonds. 

The simplest rearrangement reaction follows 
from distorting the geometry then breaking 1-7, 
followed by the formation of 2-6. As illustrated in 
Fig. 8(a) this results in P, = (1,6,10,4)(2,7,11, 
9,3)R. For transition metal clusters, where the 
cohesive energy goes as the square root of the 
connectivity,5 the link between highest order atoms 
requires the least energy to break it. Thus not 
only is this mechanism the simplest, but it is also 
energetically favourable as l-7 connects the highest 
order atoms in the cluster and so is the weakest 
link. Repeated application can lead to any arrange- 

ment of atoms. Breaking 7-2 or 7-6 results in the 
formation of, respectively, l-8 or l-l 1. Atom 1 in 
such structures is of order seven and the structure 
as a whole is strained, so we shall not pursue these 
further. 

Alternative mechanisms to that of Fig. 8(a) can 
be determined. For example if 9-l 1 is broken and 
8-10 joined the “nearest” product obtained by 
breaking l-2 and forming 3-7, then breaking 8-7 
and forming 2-l 1, and finally breaking 8-3 and 
forming 2-9 is P2 = (1,10)(2,8)(3,11)(4,6)(7,9)R 
of Fig. 8(b). Other possibilities can be contrived, 
however other first steps do not suggest the 
route to the product and they proceed by structures 
less stable than the simple mechanism of Fig. 7(a). 

TWELVE ATOM CLUSTERS 

The icosahedron is the most common MI 2 struc- 
ture. Any rearrangement of such a cluster must 
proceed by breaking one of the 20 identical links, 
say l-6 in Fig. 9, which gives the Cav intermediate 
I, after the formation of 2-5. There are then ten 
distinct types of links to be considered. Of these, 
2-5 can be ignored as it leads back to R. Breaking 
l-3 or 62 results in the comparatively unstable 
intermediate with atoms of order seven and three. 
Breaking 3-7 requires an atom of order seven in a 
rather strained structure, so this can also be ignored. 

The symmetry allowed second steps of breaking 
5-9, or 334, or 12-8 effectively result in the same 
mechanism by a different ordering of the same steps. 
We shall consider the path where the weakest link 
(determined on connectivity grounds) is broken at 
each stage. If 5-9 is broken and 4-10 formed then 
Z2 of Fig. 9(a) results. The lowest energy sequence 
is therefore 5/9, 4-10 [giving Z2 of Fig. 9(a)]; 3/4, 
1-8; 2/7, 3-11; lO/ll, 612 and finally 8/12, 7-9, 
which gives the product P, = (2,3,8,9,10,6)R. 

Finally we consider the effect of breaking 2-3, or 
12-7, or 48 in I,. Each of these effectively results 
in the same mechanisms and each by symmetry 
requires a geometry distortion as the first step. Once 
again we shall follow the reaction along its most 
probable course by breaking the weakest links. 
Thus 2/3, l-7 [Z3 of Fig. 9(b)]; 7/12, 8-11; 4/8, 
3-9; S/9, 410 and finally lO/ll, 6-12 resulting in 
the product P2 = (2,7,8,9,10,6)R. 

Of course other possibilities can easily be envis- 
aged by forcing a different third step into each of 
the above two sequences. However, these are the 
ones which result from following through from a 
reactant icosahedron to a product icosahedron via a 
path with intermediates strained as little as possible. 
Qualitatively there does not seem to be much to 
choose between the two mechanisms of Fig. 9. 
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CONCLUSION 

Using the hypotheses proposed in the intro- 
duction and the SSRP it has been possible to per- 
form the first stage of a two stage approach to study 
the rearrangement reactions of the metal poly- 
hedron of a transition metal cluster, viz. the classical 
geometrical derivation of rearrangement mech- 
anisms for M, units of five to 12 atoms. For the 
smaller systems it was possible to investigate all 
possible reaction pathways, however, with increas- 
ing complexity it became necessary to rely on quali- 
tative energy arguments to limit our consideration 
to those mechanisms which might be significant. 
(Thus, qualitatively introducing the energetic stage 
into the first stage.) As one might expect for systems 
where the structures are determined by different 
criteria, the rearrangement mechanisms for transi- 
tion metal clusters (where the structure is deter- 
mined by strong attractive forces), often proved to 
be different from those for corresponding normally 
bonded compounds and also may be expected to 
differ from those of main group clusters. 

The second stage of investigating reaction mech- 
anisms, namely the determination of the relative 
feasibility of the proposed mechanisms, was only 
briefly touched upon. Some account was given to 
strain arguments to eliminate mechanisms, and 
reference was made to boron hydride calculations 
of Gimarc and Ott, though at this stage it is not 
possible to know how they relate to transition 
metal systems. A general conclusion to be made is 
that for each geometry type at least one relatively 
simple feasible mechanism has emerged. This is in 
accord with observed fluxional behaviour of metal 
polyhedra, although more detailed consideration 
of the energetics of each symmetry allowed mech- 
anism is required before definite conclusions can be 
drawn. The ligand motion which is coupled to metal 
motion can no longer be ignored when one is asking 
questions about energetics, so the second stage is 
by no means a simple one. From this work it is 
possible to provide a framework for a study of the 
energetics and to limit the mechanisms which it may 
otherwise have seemed necessary to study. 

The question arises as to whether these reaction 
mechanisms, for systems which differ quite dra- 
matically in structure, have features in common. 

Can a general polyhedral rearrangement pathway 
be proposed which is applicable to all systems? A 
general mechanism has been proposed’ which can 
be schematically expressed as in Fig. 10(a) and can 
be summarized as : 

(i) a cap is extruded onto the surface of the poly- 

hedron, 
(ii) the cap migrates to another face, 

(iii) the cap sinks back into the polyhedron. 

Analysis of this mechanism shows that it effects the 
exchange of two neighbouring atoms of order four. 

“’ . 
This is precisely the route from R to I”” in Fig. 3. 
It cannot be used to explain the equivalence of all 
links in the structures with atoms of orders other 
than four. Slight variants of the mechanism do how- 
ever occur in a number of the mechanisms deter- 
mined in this paper. For example, in Figs 4(a) and 
5(a), a cap is formed and instead of migrating it 
“sinks back” into a different position in the poly- 
hedron. It also appears partially in some instances, 
for example the mechanisms of Figs 2(a) and 4(b) 
involve only step (ii) above. Thus, on the basis of 
this study we must conclude that there is not a 
general energetically feasible mechanism for clus- 
ters of five to twelve atoms but there are similarities 
between the mechanisms. Most importantly, we can 
conclude that we can approach the determination of 
reaction mechanisms in the same systematic manner 
for all triangulated systems. The variety of actual 
mechanisms which have resulted is due to a range 
of vertex orders in the clusters. For systems of 13 
atoms and higher, the approach used in this work 
requires some modification to account for the 
significant contribution to the metal polyhedron 
stability from the next nearest neighbour metal 
atoms. 
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Abstract-The copper(I) thiolate CuSC5H11 (CuSR; R = -C(CH3)&H2CH3) dissolves 
in carbon disulphide to yield CU~(SR)~(S~CSR)~. The crystal structure of this substance 
is monoclinic, with a = 31.532(26), b = 20.700(6), c = 23.725(10) A, j? = 114.16(3)“, 
V = 14 129( 13) A3, Z = 8 and space group C2/c. The molecule is a complex cage of copper 
atoms ligated by RS and RSCS2 ligands. The structure breaks down on thermal loss of CS2 
or on electrochemical oxidation. Reaction with PPh3 or PPhCy2 (Cy = cyclohexyl) gives 
the 1 : 2 adducts of CuS,CSR, which are also unstable to loss of CS2. 

The range of structures identified amongst the com- 
plexes formed by copper(I) and alkyl or aryl thiolate 
ligands, with or without neutral donors, is indeed 
surprising. As we note in the Discussion below, 
these complexes vary in terms of the stereo- 
chemistry at copper, of the degree of molecularity, 
and in consequence of the Cu-S bond distances 
and angles. The present paper reports the prepara- 
tion of a carbon disulphide insertion product of 
copper(I) thiolate CuS&H II (CSH , , = 2-methyl-2- 
butyl), shown by X-ray crystallography to have the 
unusual cage structure CU~(SC~H,,)~(S~CSC~H~,)~. 
The latter reacts further with tertiary phosphines 
to give species which are formally 1 : 2 adducts of 
CuS2CSCSH,, and PR3. A preliminary report of 
part of this work has already appeared.’ 

EXPERIMENTAL 

General 

Solvents were distilled from either calcium 
hydride, phosphorus pentoxide or molecular sieves 
as appropriate and stored over the same reagent. 
Copper metal for electrolysis was as a foil, which 
was washed with nitric acid and then water, and 

* Present address : Department of Chemistry, Univer- 
sity of Manitoba, Winnipeg, Manitoba, Cinada R3T 
2N2. 

tAuthor to whom correspondence should be addressed. 

dried before use. All other materials were used as 
supplied. 

Copper was determined by atomic absorption 
spectrophotometry and microanalysis was carried 
out by Guelph Chemical Laboratories. IR spectra 
were recorded on a Nicolet 5DX spectrometer and 
mass spectra on a MAT CH-5 instrument operating 
in the EI mode. ‘H NMR spectra were obtained 
with a Perkin-Elmer 20 instrument and 31P spectra 
on a Bruker 90 spectrometer. 

Reaction of CuSCsHII with CS2 

(i) Copper metal was oxidized electrochemically 
in an acetonitrile solution of C5HIlSH to give 
CuSC5H, 1 ; details of this and related syntheses have 
been given elsewhere.* 

(ii) When carbon disulphide (50 cm3) was added 
to CuSCSHll (0.5 g, 3.0 mmol) with stirring, the 
solid immediately dissolved to give a clear red 
solution. Stirring was continued at room tempera- 
ture for up to 12 h, although we subsequently found 
that the duration of this stirring had no effect on 
the nature of the final product. Excess CS2 was 
then removed in vacua and the red-brown residue 
was recrystallized from tetrahydrofuran-methanol. 
Yield 92%. Found : C 32.3 ; H 5.6 ; Cu 30.4. Calc. 
for Cu~(SC5Hll)4(SZCSC5Hll)4: C 32.3; H 5.4; Cu 
31.0%. M.p. 140°C. 

The ‘H NMR spectrum of this substance is dis- 
cussed below. The mass spectrum in the m/e range 
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O-800 available to us did not show any fragments 
above m/e = 666 ; as for the other ions reported, 
this represents the most intense peak in a complex 
manifold whose relative intensities were success- 
fully fitted to a computer generated pattern based on 
the known isotopic abundances of C, H, S and Cu 
for the ion [CuSC5H1,]4+. Other ions in the high 
mass region of the spectrum are at m/e = 595, 
[(CuSC,H,,)&uS]+ : 524, [CuSCSH,iCuS]: : 453, 
[CuSCSH1,Cu3S3]+ : 382, CyS: : 350, CyS: and 
168, CuSCH;. A number of relatively intense ions 
in this region at 202,235,263,285,313,335 and 501 
do not apparently contain copper on the evidence of 
the isotopic abundance patterns. The integrated ion 
current in this region (m/e > 200) was approxi- 
mately 3% of the total spectrum. Significant ions 
in the low m/e region were identified at 76, CS: : 
71, CSH:I and 61, C,H,S+. 

Reactions ofCus(SCSH, &,(S2CSC5H1 &, 1, with PR3 

A. (i) Solid PPh, (0.97 g, 3.70 mmol) was gradu- 
ally added to a solution of 1 (0.38 g, 0.23 mmol, or 
1.85 mmol of CuSR* !CS,) in a mixture of n- 
pentane (20 cm’) and CS2 (2 cm’). A thick yellow 
precipitate was immediately thrown down. The 
reaction mixture was stirred at room temperature 
for 334 h, after which the precipitate was collected, 
washed with n-pentane and dried in vacua at 
room temperature. Recrystallization was effected 
from toluene-n-pentane mixtures (1 : 10 v/v). Yield 
90%. 

(ii) The above procedure was repeated with 0.30 
g of 1 (0.18 mmol, or 1.47 mmol of CuSR * fCS,) in 
20 cm3 of n-pentane. A heavy yellow precipitate 
appeared on the addition of PPh3 (0.77 g, 2.9 mmol) 
and this was collected as before. No products could 
be isolated from the filtrate. 

(iii) The precipitate thrown down from an 
experiment as in (i) above was stirred for 3-4 h with 
a large excess of PPh3. No change in appearance 
was observed and subsequent analysis showed that 
the composition of the product was unchanged by 
this procedure. 

The products from procedures (i)--(iii) were iden- 
tical, being CuS2CSCSH, 1 * 2Ph,P. Found : C 65.8, H 
5.6, Cu 9.0. Calc. for CJ2H4,P2S3Cu : C 65.7, H 5.4, 
Cu 8.3%. ‘H NMR spectrum (CS,): 7.13 (br, 30 
H), 1.80 (t, 2H), 1.36 (s, 6H), 0.90 (q, 3H) ppm 
relative to Me$i. 3’P (‘H} resonance in CS1 at 
-0.605 ppm relative to 85% H3P04 ; PPh3 in same 
solvent + 5.691 ppm. The EI mass spectrum of this 
compound in the region m/e > 200 was essentially 
identical with that of 1 except for the presence of a 
peak at m/e = 262, Ph3P+. 

B. When a three-fold excess of dicyclohexylphenyl- 
phosphine was used in place of Ph3P with l(0.32 g, 
0.20 mm01 ; 1.56 mmol calculated as CuSCSHII . $SJ 
in 20 cm3 n-pentane, a deep yellow solution resulted. 
Slow removal of the solvent in vacua with cooling 
produced a yellow-orange precipitate which was 
washed with cold n-pentane and dried in vacua. 
Yield 60%. Found Cu 8.7. Calc. for CuSZCSCSHll * 
2(C6H,J2PC6HS: Cu 8.1%. 31P{1H} in CS2: 6.18 
ppm (- 1.534 for (C,H, I)2PPh in C&). ‘H NMR : 
7.23 (m, lOH), 1.44 (m, 55H). The EI mass spec- 
trum of this substance was almost identical with 
that of 1, except for m/e = 274, (C6H, JZPCeH$. 

Thermal stability of 1 

(i) A solution of 1 (0.05 g, 0.24 mmol calculated 
as CuSC H 5 i, * $S,) in benzene (15 cm’) was re- 
fluxed. A rapid (N 15 min) change of colour from 
red-brown to pale yellow was observed. After a 
further 1 h of refluxing, the mixture was taken to 
dryness in vacua to give a gummy solid, which was 
triturated with n-pentane. The resultant yellow solid 
was identified as CuSCsHll (Found : Cu 37.8 ; Calc. 
Cu 38.2%). 

(ii) A suspension of 1 (0.15 g, 0.73 mmol cal- 
culated as CuSC H 5 , , * fCS,) in 10 cm3 methanol was 
refluxed for 2 h. No colour change was observed 
and subsequent analysis showed that the recovered 
solid was the unchanged starting material. 

(iii) A sample of 1 was heated to 100°C under 
reduced pressure (72.5 cm Hg) for 10 min. No 
colour change was observed and the m.p. of the 
substance was unchanged. In contrast, a sample 
which had been heated to 150°C (5 min) and then 
cooled to room temperature, showed signs of de- 
composition at 120°C and turned black during 
a subsequent m.p. determination. 

Cyclic voltammetry 

Solutions of 1 (0.001 M) in acetonitriletetra- 
hydrofuran mixtures (2: 1 v/v) containing tetra- 
ethylammonium perchlorate (0.1 M) as the sup- 
porting. electrolyte were studied with a Mandel 
Scientific electrochemistry unit,, using a conven- 
tional three-electrode arrangement at a scan rate 
of 400 mv s- ‘. The cyclic voltammagram showed 
a sharp oxidation peak at -0.14 V (relative to 
SCE). This reaction is irreversible and the scan 
showed no other features of interest. No colour 
change was observed, but a yellow-brown pre- 
cipitate, not identified, was observed in the vessel 
at the end of the experiment. 
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Table 1. Summary of crystal data, intensity collection and structural refme- 
ment for CU~(SC~H,,)@~CSC~H~~)~ 
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Cell constants 

Cell volume (A’) 
Crystal system 
Space group 
Mol. wt 
Z 

pc (g cm-3) 
p0 (g cm-‘) 
Abs. coeff. p (cm-‘) 
Min. abs. corr. 
Max. abs. corr. 
Radiation 
Monochromator 
Temp (“C) 
28 angle (“) 
Scan type 
Scan width 
Scan speed (” mm’) 
Background time/scan time 
Total reflections measured 
Unique data used 
Number of parameters (NP) 

K = (WF,l -IF,IIIW~I) 
& = ]xw(lF,I - IF,I)*/W~ol% 
A.pmax (eA_“) 
Shift error (max) 

a = 31.532(26), b = 20.700(6), 
c = 23.725(10) A, /I = 114.16(3) 
14129(13) 
Monoclinic 
c2/c 
1636.4 
8 
1.54 
1.50 
27.58 
1.436 
1.714 
MO-K, il = 0.71069 A 
Highly oriented graphite 
21 
4-45 
Coupled 0 (crystal)/20 (counter) 
K,2-l” to Kd,+ 1” 
Variable, 2.02-14.88 
0.5 
10297 (+h,+k,*l) 
4307 [I > 2a(Z)] 
412 (199,213) 
0.0745 
0.0741 
0.7 
0.5 

Crystallographic analysis of 1 

A red-brown transparent crystal, 0.13 x 0.19 x 
0.34 mm, was mounted along its longest dimension 
on a Syntex P21 diffractometer and data collected 
at room temperature (-2YC) by the procedures 
described previously.3 Intensities of three check 
reflections were monitored after every 60 reflections ; 
no significant decay was observed during the 
time required for data collection. The cell par- 
ameters were measured and refined from data from 
15 strong high angle (15 < 28 < 30”) reflections. 
Data used in structure determination were cor- 
rected for Lorentz and polarization effects, and ana- 
lytically for absorption. The unit cell dimensions 
and other pertinent data are given in Table 1. The 
density was measured by the flotation method in 
ethanol-hexachlorobutadiene mixtures containing 
a drop of diethylamine to render these solvents 
miscible. This approach was necessary because 
of the high solubility of 1 in most organic solvents. 

The systematic absences (hkl, h +k = 2n + 1; 
hOl,l = 2n+ 1) are consistent with either C2/c or 
Cc space groups ; the former was used and later 
assumed to be correct because of the successful 
refinement of the structure. The structure was 

solved by direct methods using the program 
SHELX. The copper atoms were all found from the 
E-map, and the sulphur and carbon atoms from 
the difference Fourier syntheses. The structure was 
refined in blocks during the least squares analysis, 
with Cu( 1) and Cu(2) in every cycle, Cu(3)-Cu(S) 
and S(l)---S( 14) (199 variables) in alternate cycles 
with S(15), S(16) and C(l)-C(44) (213 variables). 
The refinement gave unreasonable C-C distances, 
in the range 1.1&l .72 A, and these distances were 
subsequently constrained within the limits 1.4& 
1.54 A. Hydrogen atoms were not included in the 
calculation and the final refinement was carried out 
with anisotropic temperature factors for copper and 
sulphur atoms only. Unit weights were used in the 
initial stages, while in the final cycles the weighting 
scheme used was of the form w-’ = a’(&)+ 
0.0001F2. The refinement minimizing the function 
(IF,1 - IFJ)’ converged at R = 0.0745 and 
R, = 0.0741 ; these relatively high R values are due 
to the high thermal motion of the carbon atoms 
and there may also be some positional disorder in 
certain carbon atoms. 

The computer programs and the source of 
scattering factors were those used in earlier work.3 
Important bond lengths and angles for the copper, 
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Structure of CU,(SC~H,,)~(S~CSC~H,J~, showing the atom labelling scheme. Copper and 
atoms are drawn as 30% probability ellipsoids, while the amyl carbon atoms shown are 

represented by circles of arbitrary radius. 

Fig. 1. 
sulphur 

the sulphur, and the carbon next to the sulphur, 
are given in Table 2. Tables of anisotropic thermal 
parameters for copper and sulphur atoms, bond 
lengths and angles other than those in Table 2, a 
unit cell packing diagram, observed and calculated 
structure factors, and atomic coordinates have been 
deposited with the Editor,* from whom copies may 
be obtained. 

RESULTS AND DISCUSSION 

Preparative 

As we have reported earlier, the synthesis of 
CuSR compounds by direct oxidation of a sacri- 
ficial anode is a simple and efficient method? The 
resultant thiolato complexes are insoluble in the 
common organic solvents, but CuSC5H,, dissolves 
readily in carbon disulphide to give the octacopper 
complex 1, whose structure is discussed below. This 
is another example of the in situ insertion of CS2 
into the M-S bond of an existing thiolato complex, 
as opposed to those syntheses which depend on the 
prior reaction of CS2 with a thiolate anion to give 
RSCS; which then reacts to form the appropriate 
thioxanthate derivative.4 In the present case, as with 
the reaction of Cd(SPh)z with CS2 to give Cd(SPh) 
(&CSPh),’ the product corresponds stoichio- 
metrically to the insertion of CS2 into only half of 
the Cu-S bonds of CuSC&H II. 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

The octacopper cage 1 reacts readily with Ph3P 
or Cy,PhP to give products of formal stoichiometry 
CuS,CSC,H,, * 2PR3, independent of the reaction 
conditions, so that the adducts are of the copper(I) 
thioxanthate and not of the mixed ligand starting 
material. This clearly implies a drastic rearrange- 
ment of the CuS cage, since the tridentate thiolato 
ligands in 1 are in fact bonded to copper atoms in 
the core of the structure (see below). In view of the 
wide variety of structures reported for copper(I)- 
thiolato complexes, there is little point in specu- 
lating about the actual structure of these thio- 
xanthate adducts in the absence of X-ray crys- 
tallographic results. 

The structure CJ~CU~(SC~H~~)~(S~CSC~H,,)~ (1) 

The molecular structure of 1 is based on a CusSi 
cage, shown in Fig. 1 and in a simpler form in 
Fig. 2, and the complexity of the structure is the 

Fig. 2. Simplified diagram of CU,(SC~H~~).,(S$SC~H~~)~ 
showing the two layers of Cy(SC,H,,), held together by 

four amylthiocarbonate groups. 
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Table 2. Interatomic distances (A) and angles (“) for copper, sulphur and 
carbon atoms shown in Fig. 1 
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cwew 
cu(l)_-st8) 
Cut 1)-S(9) 
Cu(2)_S(l) 
Cu(2>-S(2) 
Cu(2)-S(7) 
Cu(3)+2) 
Cu(3)_S(3) 
Cu(3)-S( 15) 

Cu(4vW) 
Cu(4>-S(3) 
Cu(4)-S(4) 
Cu(5)-S(4) 
Cu(5)s(5) 
Cu(5>s(l2) 
Cu(6>-S(3) 
Cu(6)_S(5) 
Cu(6)-S(6) 
Cu(7)_S(6) 
Cu(7>-S(7) 
Cu(7)-S( 13) 

Cu(8k-S(5) 
Cu(8>-S(7) 
Cu(8)_S(8) 

S(2)--c(l3) 

S(4)-(W) 

S(6PW9) 

%8)-C(7) 

2.240(6) 
2.271(7) 
2.263(5) 
2.254(4) 
2.286(6) 
2.295(7) 
2.270(6) 
2.237(5) 
2.277(5) 
2.301(5) 
2.245(5) 
2.292(5) 
2.270(6) 
2.250(5) 
2.276(6) 
2.292(6) 
2.259(6) 
2.284(5) 
2.281(6) 
2.251(5) 
2.276(6) 
2.287(5) 
2.267(5) 
2.282(5) 

1.743(17) 

1.739(16) 

1.718(22) 

1.753(18) 

W)--cWVV9 
S(lWW)-v9) 
S(8PWlW(9) 
S( 1 )-Cu(2)-S(2) 
S( 1 >-cu(2)+7) 
S(2+Cu(2)+7) 
S(2)--cu(3)-+3) 
S(2)-Cu(3+S( 15) 

S(3)--cu(3)-S(l5) 
S(l)-W4W(3) 
S( 1 >--cu(4k-S(4) 
S(3vW4)_S(4) 
S(4)-Cu(5PS(5) 
S(4)--cu(5)---W 2) 
S(5>-cu(5)_S(l2) 
S(3)-‘W6k-S(5) 
S(3)-W6tiS(6) 
S(5)-W6tiS(6) 
S(6)-Cu(7)-S(7) 
S(6)-Cu(7WW 3) 
S(7)-Cu(7)-S(l3) 
S(5WW8YS(7) 
S(5vW8YS(8) 
S(7)-Cu(8FS(8) 
Cu(l)_S(l)--cu(2) 
Cu(lk--S(l)--cu(4) 
Cu(2>-S(l>--cu(4) 

Cu(lv(l)-C(25) 
Cu(2)-S(l+C(25) 
Cu(4)_S( 1 >-c(25) 
Cu(2)+2)-Cu(3) 
Cu(2)-S(2)--c(l3) 
Cu(3)_S(2W(l3) 
Cu(3)-S(3Fu(4) 
Cu(3)-S(3)-Cu(6) 
Cu(4)-_S(3)--cut6) 
Cu(3)---S(3)--c(30) 
Cu(4)-S(3FC(30) 

Cu(6)-S(3)--c(30) 
Cu(4)-S(4)-W5) 
Cu(4)-S(4)-C( 1) 
Cu(5>-%4)-C(l) 
Cu(5)-S(5PW6) 
Cu(5)-S(5WX8) 
Cu(6)_S(5)--cu(8) 
Cu(5)--s(5)--c(40) 
Cu(6>-S(5W(40) 
Cu(8)_S(5)--c(40) 
Cu(6>-S(6Wu(7) 
Cu(6)-S(6W( 19) 
Cu(7)-S(6W(l9) 
Cu(2)_S(7>--cu(7) 
Cu(2)-S(7)-Cu(8) 
Cu(7>-S(7)-Cu(8) 
Cu( 1 )-S(8ycu(8) 
Cu( 1 )_S(8yC(7) 
Cu(8YS(8yc(7) 

118.2(2) 
122.6(2) 
118.7(2) 
115.9(2) 
115.2(2) 
127.2(2) 
121.8(2) 
117.8(2) 
119.7(2) 
111.7(2) 
130.0(2) 
116.9(2) 
120.3(2) 
115.7(2) 
123.3(3) 
112.5(2) 
125.5(2) 
120.6(2) 
121.7(2) 
116.1(2) 
121.4(2) 
112.1(2) 
128.6(2) 
117.7(2) 
120.1(3) 
71.5(2) 
87.4(2) 

120.9(7) 
118.6(7) 
105.3(8) 
74.5(2) 

111.5(8) 
102.9(7) 
120.4(2) 
75.1(2) 
89.7(2) 

120.1(7) 
119.4(6) 
106.7(9) 
75.7(2) 

110.4(7) 
105.1(7) 
119.6(3) 
72.0(2) 

86.9(2) 
119.0(8) 
120.9(8) 
104.6(8) 
74.3(2) 

109.3(6) 
104.9(7) 
73.5(2) 
86.7(2) 

119.9(2) 
77.8(2) 

102.6(6) 
113.7(6) 
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Table 2-continued 

S(9)--c(l) 1.656(18) 

S(4)_C( 1 F--S(9) 126.6(10) 
S(lO)--c(l) 1.746(17) 

S(4k--w)_S(lO) 107.8(10) 

S(llFC(7) 1.720(18) S(9>--c(l)_S(lO) 125.5(10) 

S(l2)-C(7) 1.660(17) Cuw-S(l2w(7) 102.2(7) 

S(l3wJl3) 1.664(23) cu(7)-s(13)--c(13) 101.8(7) 

S(l4)-C(l3) 1.733(22) 

S(w-C(l9) 1.634(24) Cu(3)-S( 15)-x( 19) 100.9(6) 

S(l6)--c(l9) 1.769(19) 

S(8yC(7>-c(ll) 108.0(9) 

S(8)_C(7FS(l2) 125.4(11) 

S(ll)-C(7w(l2) 126.5(11) 

combination of several interesting detailed features. 
The arrangements of the copper atoms is a con- 

venient starting point, since these form an array of 
distorted tetrahedra. There are a number of reports 
of polymeric inorganic? and organometallic7 copper 
compounds, but in general these possess higher 
symmetry in terms of the copper atom array than 
in the present case. The Cus cage is linked together 
by a series of sulphur atoms of either RS- or 
RSCS; ligands, with mono-, bi- and tridentate 
coordination. The thiolato sulphur atoms, S(l), 
S(3), S(5) and S(7) each bridge three copper atoms in 
an approximately tetrahedral CSCu3 arrangement 
[e.g. C-S(l)---&(l), Cu(2), Cu(4)]. It has been sug- 
gested elsewhere’ that the polymeric structure of 
CuSR compounds is due to cross-linking through 
sulphur atoms, which at its simplest can be written 
as in Structure 1. The nature of the thiolate bonding 

Structure 1. 

in 1 appears to support this suggestion, since the 
same CSCu3 site is involved in both cases. The 
thioxanthate ligands provide sulphur atoms which 
are of two types, namely non-bridging [S(9), S( 12), 
S( 13) and S( 15)], or doubly bridging [S(4), S(8), S(2) 
and S(6)]; each of the latter bridges two copper 
atoms, as in S(4), Cu(4), Cu(5), with pyramidal 
geometry at each bidentate sulphur. 

Each copper atom in the structure is coordinated 
by three sulphur atoms ; atoms 1, 3, 5 and 7 are 
attached to a non-bridging, a doubly-bridging and 
a triply-bridging sulphur atom, while atoms 2, 4, 6 

and 8 are ligated by one non-bridging and two 
triply-bridging sulphurs. The average sum of the 
bond angles on all the copper atoms is 358.8”, so 
that each is in a slightly distorted CuS3 plane. There 
is some difference in the average value for copper 
atoms 1, 3, 5 and 7 (359.3”) and 2, 4, 6 and 8 
(358.4”), but the major difference between the two 
groups is that for 2, 4, 6 and 8 the average is the 
result of two small and one large value, while for 1, 
3, 5 and 7 the angles are clustered more closely 
about the mean (see Table 2). This deviation from 
trigonal symmetry is presumably related to the 
effect of the bridging sulphur atoms in the co- 
ordination kernel of this group of copper atoms. 

The overall cage structure includes eight six- 
membered rings in the boat form, as in 
Cu(l)-S(1~Cu(4)-S(4)-C(1)--S(9), and these 
can be regarded collectively as a core which is 
capped by two eight-membered rings [e.g. Cu(3) - 
S(2) - C(13) - S(13) - Cu(7) - S(6) - 
C( 19)-S( 15)-Cu(3)]. An approximately two-fold 
axis passes through the centre of the cage. In terms 
of the insertion process by which 1 is formed, the re- 
action presumably takes place at the boundaries of 
a (CuSR), oligomer (see above) and the final struc- 
ture retains some of the features of that unit. The 
Cu. . . Cu distances are in the range 2.652(3)-3.250(4) 
A, with an average value of 2.92(l) A, implying 
a non-bonding interaction (cf. ref. 2 for a discus- 
sion of this point). 

As a consequence of the variety of copper(I) 
thiolate structures which have been studied, there 
is a large number of Cu-S bond distances against 
which the present results can be compared. The 
values for Cu-S (thiolate) lie in the range 2.237(5)_ 
2.301(5) A, while for Cu-S (thioxanthate) the 
range is 2.263(5)-2.295(5) A. The reported Cu-S 
distances in complexes with doubly-bridging sul- 
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phur atoms attached to alkyl groups are in the 
range 2.402(2 j2.451(2) A in (phJP),CuSZCOEts and 
2.41 l(5)-2.479(5) A in (Ph3P)&u(S2CSCH2SCSJ 
Cu(PPh&, and these clearly represent longer 
bonds than those found for 1, as do the distances 
of 2.308-2.406 A in Cu, (dppm)~(CS~)* (dppm = 
diphenylphosphinomethane)’ whose structure 
involves six-membered CuSCuPCP and CuSCSCuS 
rings. The present values are close to those in 
the Cu(SPh); anion”*” where the ranges are 
2.274(4)-2.335(4) A or 2.23912 j2.258(2) A, de- 
pending on the cation, but a detailed comparison 
with oligomeric structures involving phenylthiolate 
ligands does not seem justified. 

It is clear that the reaction of CuSC,H,, with CSI 
to give 1 is reversed in refluxing benzene and such 
reversibility is found with other thioxanthates.4*5 
The breakdown of the cage structure of 1 under 
these conditions is complete and rapid, and there is 
no evidence for intermediate structures of lower 
molecularity than in 1. A comparison of the results 
for a solution in benzene (b-p. SOC) and a sus- 
pension in methanol (b.p. 65°C) points to the 
importance of homogeneous decomposition. The 
thermal stability of the solid at 100°C again under- 
lines this, and we conclude that the cage structure 
is remarkably stable to thermal decomposition by 
heterogeneous elimination of CL!.&. It seems prob- 
able that in benzene solution there are fluxional 
changes like those reported for various adam- 
antane-like [M,(SR)$ anions12 and that these 
provide an accessible path for decomposition, but 
are obviously not available in the solid state. 

The EI mass spectrum of 1 is then explicable in 
terms of the high energy decomposition. 

--cs Cus(SR),(S&SR), - (CUR), -% ions 

so that the EI spectrum is not that of 1 itself, but 
of its decomposition product CuSR. The insolu- 
bility of CuSCSH1, in all solvents except CS, pre- 
vents a direct test of this conclusion. The mass 
spectra of the 1: 2 adducts of PR, with 
CuSZCSCSHII are almost identical with that of 1, 
and again we suggest that the sequence is 

CuS$ZSR * 2PRs s (CuSR), 5 ions. 
3 

The decomposition of 1 observed in the cyclic vol- 
tammetry also illustrates the finely balanced stab- 
ility of the structure. The removal of an electron is 
not ac~~odat~ by a structural r~rrangement, 
as is the case in many transition metal clusters, but 

rather by an irreversible collapse of the cage. The 
decomposition of Cu,(SR),(S,CSR), to (CuSR), on 
either an oxidative or thermal reaction emphasises 
that cages are both more labile and more fragile 
entities than clusters, which depend on both M-M 
and M-ligand bonding for their stability. 

The IR spectra of 1 and its PR3 adducts convey 
little structural info~ation, other than coning 
the presence of the neutral ligands. Strong bands at 
885 and 822 cm-’ in 1 are assigned to v(C-S) of 
the CJHllSCSz ligand, following earlier reports,‘3*‘4 
and similar modes are observed in the adducts with 
PPh3 (990,885 cm- “) and PPhCy, (984,889 cm-‘). 

The ‘H NMR spectrum of 1 in CSr solution can 
be assigned in the light of the structural deter- 
mination. There are two C5HII environments, 
depending on whether the ligand is -SR or 
-S&SR and the spectrum is the superimposition 
of two sets of signals. The terminal CH, of ---C(CH,), 
CH2CH3 gives a pair of triplets, centred at 0.70 and 
0.72 ppm from Me,Si ; since the thioxanthate group 
is more electron-withdra~ng than the sulphur of 
thiolate, the upfield resonance is assigned to 
CH3CH2C(CH&S. Similarly, the CHz groups of RS 
and RSCS,! generate a pair of quartets at 1.74 + 1.76 
ppm (mid-mints). The resonances of the cl-CH, 
groups appear as a pair of doublets at 1.23 + 1.25 
and 1.46 + 1.48 ppm. Two effects are at issue here. 
The two CH3 environments, close to S- or SCS;-, 
should produce resonances more widely separated 
than for the terminal CH3, and in addition each 
ligand has a pair of diastereotopic CH3 groups. 
Whether the latter effect is dominant over the for- 
mer in terms of the separation of the signals is not 
clear at this point. 
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COMMUNICATION 

SYNTHESIS AND STRUCTURAL CHARACTERIZATION 
OF A BINUCLEAR OXOMOLYBDENUM(VI) TROPOLONATE 

COMPLEX, (n-B~,N)~[Mo~O,(trop)~], DISPLAYING THE 
NOVEL (MoO,~-O),MoO,]O CORE 

SHUNCHJZNG LIU and JON ZUBIETA* 

Department of Chemistry, State University of New York at Albany, Albany, 
NY 12222, U.S.A. 

(Received 25 November 1987 ; accepted 19 January 1988) 

Abstract-Reaction of (n-Bu,N),[Mo,O,] with tropolone (C7HbO2) in acetonitrile yields 
(n-Bu4N)2m0206(trop)d. The title complex is a unique example of a binuclear oxo- 
molybdenum(V1) species exhibiting the [MoO~(~-O)~MOO~]~ core. Crystal data : mono- 
clinic space group P21/c, a = 10.092(2), b = 14.867(3), c = 17.002(4) A, B = 93.05(l)“, 
V = 2.547.4(11) A3, Z = 2, Dcalc. = 1.37 g cm- 3 ; 3764 reflections to give R = 0.035. 

Catecholato complexes of transition metals are of 
fundamental chemical interest as models for metal 
sites in metalloproteins,’ in the investigation of 
ligand-centred redox processes2 and in the prep- 
aration of metal-semiquinone species. 3 The chem- 
istry of molybdenum<atecholato species has been 
explored extensively by Pierpont4 and others5y6 and 
shown to present a variety of novel structural types. 
The tropolonato ligand, the seven-numbered ring 
analogue of the catecholato group, has also been 
demonstrated to react with molybdate in aqueous 
solution to yield a dioxomolybdate(V1) complex, 
[Mo02(trop)2].7 By exploiting the synthetic poten- 
tial of polyoxomolybdate species soluble in non- 
aqueous solvents, * we have prepared and struc- 
turally chardcterized the binuclear Mo(V1) 
complex, (n-B~~N)~[Mo~O~(trop)~], which pre- 

* Author to whom correspondence should be addressed. 
t Elemental Analysis : Found : C, 54.2; H, 8.3 ; N, 2.7. 

Calc. for C,6H,,N,0,0Moz : C, 54.4; H, 8.1 ; N, 2.8%. 
$ Final atomic positional and thermal parameters, 

bond lengths and angles, and Fo/Fc values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic co- 
ordinates have also been submitted to the Cambridge 
Crystallographic Data Centre. 

sents the first example of the [MoO~(~-O)~MOO~]~ 
core. The 0x0 group is ubiquitous to the chemistry 
of Mo(V1) and MO(V), and a variety of oxo- 
molybdenum cores have been structurally char- 
acterized: [Mo0d2+, [Mo03]’ and [Mo~O,]~’ for 
MO(W) and [M020314+, [M020412+ and [MoO]~+ 
for Mo(V).~~‘~ To our knowledge, the wo206]o 
core of [Mo206(trop)2]2- is unique. 

(n-Bu4N)2[Mo206(trop)2] was prepared from the 
reaction of (n-Bu4N),[Mo207] with an equimolar 
amount of tropolone in acetonitrile. Addition of 
ether, followed by cooling at 4°C for 3 days, gave 
bright yellow-range crystals in 65% yield.? The 
IR spectrum is characterized by strong bands at 920 
and 894 cm-’ assigned to v,(Mo=O) and 
v,,(Mo=O), respectively, and a band at 1600 cm- ’ 
associated with v(C!=C). The electronic spectrum 
shows bands at 388 and 325 nm with extinction 
coefficients of 3x lo3 and 9x lo3 M-’ cm-‘, 
respectively. The complex crystallizes in the mono- 
clinic space group P2,/c with a = 10.092(2), 
b = 14.867(3), c = 17.002(4) A, fi = 93.05(l)“, 
V = 2547.4(11) A’, Z = 2 (based upon binuclear 
formulation), Dcalc. = 1.32 g cmp3. Structure solu- 
tion and refinement based upon 3764 reflections 
with F0 2 6a(F,)(Mo-K,, I = 0.71073 A) con- 
verged at R = 0.035.x 
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Fig. 1. ORTEP view of the structure of [Mo,Os(trop),]‘-, showing the atom-labelling scheme. 
Selected bond lengths (A) and angles (“) : MO(~)-O(l), 2.190(2) ; Mo(l)-O(2), 2.252(2) ; 
Me(1)-0(3), 1.729(2) ; MO(~)-O(4), 2.215(2) ; MO(l)-0(4a), 1X07(2) ; MO(~)-O(5), 1.715(2) ; 
C(7)-O(1), 1.285(4); C(6)--O(2), 1.262(4); MO(l)-Mo(la), 3.153(l); O(l)-Mo(l)--0(2), 
70.2(l); O(1)-Mo(1)-0(3), 93.2(l); O(1)-MO(~)-O(4), 80.9(l); O(l)-Mo(l)-O(5), 86.7(l); 
W)-M4l)-0(3), 86.3(l) ; O(2)-MO(~)-O(4), 75.2(l) ; O(2)-MO(~)-O(5), 155.7(l) ; 

O(3)--MO(~)-O(4), 161.5(l); O(3)--MO(~)-O(5), 103(l); O(4)-Mo(l)-O(5), 94.1(l). 

The structure of [MozOb(trop),]*- is shown in 
Fig. 1, and, selected bond lengths and angles are 
presented in the caption. The crystallographically 
unique halves of the binuclear dianion are related 
by a centre of symmetry at the midpoint of the 
MO(l)-Mo(la) vector. The most unusual feature 

of the structure is the presence of the unique struc- 
tural core [Mo,O,]‘. The metrical parameters 
associated with the core are not unanticipated. 
Thus, the MO(~)-O(2) distance is significantly 
longer than Mo(l)-O(l) as a consequence of the 
fruns influence of the terminal oxo-group O(5), rela- 
tive to that of the bridging oxo-group O(4a). In 
a similar fashion, the molybdenum-bridging 0x0 
distances are non-equivalent, 2.215(2) and 1.807(2) 
A for Mo(l)-O(4) and MO(l)-0(4a), respec- 
tively, due to the significant tram influence of the 
terminal 0x0 group O(3) and the negligible fruns 
influence of O(1). The MO(l)-Mo(la) distance 
of 3.153( 1) A is consistent with the absence of a 
Mo-MO interaction, as expected for a binuclear 
Mo(VI)-do complex, and contrasting with the dis- 
tance of CQ 2.70 A observed for [&-O)2M~2(V)] 
centres where a metal-metal bond is invoked. 
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EQUILIBRIA OF THE H+-MoOi-SeOt- SYSTEM IN AQUEOUS 
1 M Na(C1) MEDIUM 

T. OZEKI, A. YAGASAKI, H. ICHIDA and Y. SASAKI* 

Department of Chemistry, Faculty of Science, The University of Tokyo, 7-3-l Hongo, 
Bunkyo-ku, Tokyo 113, Japan 

(Received 22 December 1987 ; accepted 1 February 1988) 

Abstract-The equilibria pH+ + qMoO:- + rSeO:- e (H’),(MoOf-),(SeO:-), have been 
investigated by potentiometry at 25°C in 1 M Na(C1). The data have been explained by the 
formation of the following ternary species denoted by (p,q,r) according to the equation 
above : (1.0,5,2), (11,5,2), (14,8,2) and (15,8,2). 77Se NMR spectra have also been recorded 
at various hydrogen ion concentrations. 

A large number of heteropolyanions have been iso- 
lated and their crystal structures have been deter- 
mined in the last two decades. These works have 
made a great contribution to the heteropolyanion 
chemistry. However, preparative works do not give 
us any information on the stability or lability OF 
polyanions in solution. There is always a possibility 
that a certain species was isolated only because it 
was less soluble than the species predominant in 
solution. 

As part of our project to study the solution chem- 
istry of heteropolyanions, we have carried out 
a potentiometric investigation of the H+-MOO:- 
-SeO:- system. We have also measured the 77Se 
NMR of this system. 77Se is a good NMR nucleus 
with I = l/2, moderate sensitivity and large chemi- 
cal shifts.’ We anticipated that 77Se NMR would be 
a good probe for the investigation of the title system. 

EXPERIMENTAL 

Chemicals 

NaCl (Matsunaga, JIS Primary Standard) was 
heated at 140°C for cu 8 h before use. The molyb- 
date stock solution was prepared as described 
elsewhere.’ SeO, (Wako, 1) was purified by double 
sublimation.3 

*Author to whom correspondenoz should he. addressed. 

Emf measurement 

The same apparatus as in our previous report 
was employed.’ The temperature was kept constant 
at 25.0fO.l”C throughout the experiment. Nine 
titrations were performed and 254 data points were 
collected. The data covered the ranges 
5.8 > -1ogh > 2.0, 58.9 > B/mM > 33.2, 48.8 > 
C,lmM > 4.3, and 0.8 < B,iC < 10.0, where h is 
the concentration of the free hydrogen ion. B 
stands for the total concentration of molybdate and 
C that of selenite. In most cases stable emf values 
were attained within 5 min. However, we found 
somewhat slower equilibria in the range B/C 2 3 
when -log h was around 4.5. 

NMR measurement 

77Se NMR spectra were recorded on a JEOL FX- 
90Q spectrometer at 17.03 MHz. Chemical shift 
values were externally referenced to pure (CH&Se 
by the sample replacement method. However, most 
spectra were recorded by using an aqueous satu- 
rated SeO, solution as a secondary reference. The 
spin-lattice relaxation times (T,) were evaluated by 
the inversion-recovery method. The T,/s (and 
Av/Hz) values of peak 2 in Fig. 1 were 5.2(5.36) and 
1.2( 16.07) at pH of 6.16 and 2.25, respectively. The 
pH of the sample solution was measured by an 
ordinary pH-meter. The difference between the pH 
and -log h values was found to be less than 0.1. 

1131 
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Analysis of the data 

The equilibria in solution can generally be written 
as 

pH dependence of 77Se chemical shift 

A Se 0.5 M ; MO 0.5 M 
n Se 0.25 M ; MO 0.3125M 

pH+ + qMoO:- + rSeO:- 

+ (H’),(MoOj-),(SeO:-),. 

The complex on the right hand side will simply be 
referred to as (p,q,r) and its formation constant &. 
The search for the best set of (p,q,r) and /?,,I was 
performed with the least-squares program LETA- 
GROPVRID, version ETITR.4 The function 

u = X(&c. - H)’ has been minimized, where H,,,, 
and H stand for calculated and actual total hydro- 
gen concentrations over the zero level (H20, 
MOO:- and SeO:-). 

45 10 5 0 
Slwm 

Fig. 1. Plot of “Se chemical shifts vs pH. (1) (p,O,l) (2) 
(p,5,2). A: B=OS M, C=OS M; n : B=0.3125 M, 

C = 0.25 M. 

Binary systems 

Since there was no former report on the binary 
H+-SeO:- equilibria in 1.0 M Na(Cl), three sep- 
arate titrations were performed to determine the 
formation constants of this system. A total of 
125 emf data points were collected. The data 
covered the ranges 6.9 > -log h 2 2.0 and 
10.6 < C/mM < 34.5. The titration curves did not 
show any sign of concentration dependence. This 
means that only monomeric species existed in the 
range investigated. The system was well explained 
by (O,O,l), (l,O,l) and (2,0,1) with the formation 
constants logb,,,,, = 8.28+0.04 and log/?,,,,, = 
10.64+0.04. These values were in accord with 
the change of the chemical shift of peak 1 
observed in the “Se NMR (see Fig. 1). The final 
o(H)* was 0.32 mM. 

However, the residuals in the least-squares analy- 
sis of the emf data showed some systematic trends : 
they were unsatisfactorily large in the ranges (1) 
-log h < 3 and (2) B/C > 4. We made a further 
analysis as follows. 

Low ratio data 

For the H+-MOO:- equilibria the constants we 
reported elsewhere5*6 were used. 

Several calculations were carried out to deter- 
mine the formation constant of (10,5,2) by 
using the experimental points of low B/C 
ratios (B/C < 2.5, 145 points). The least-squares 
calculation gave a(H) = 0.62 mM with 
lag/3,,,5,, = 71.41 f0.04 when (10,5,2) was intro- 
duced to the system as the only ternary species. Here 
again the residuals showed a systematic deviation as 
h increased. This systematic deviation disappeared 
after the introduction of (11,5,2). The “Se NMR 

RESULTS AND DISCUSSION 

A preliminary pqr-analysis’ strongly favoured 
(10,5,2).’ In fact, the introduction of a single ternary 
species of (10,5,2) to the system resulted in a a(H) 
value as low as 0.91 mM. The “Se NMR spectra 
of the solution of B/C = 1 showed that about 40% 
of Se in solution is bound in a single ternary species, 
in a wide -log h range, which is consistent with the 
formation of a strong heteropoly species whose q/r 
ratio is 2.5 (see Fig. 2). 

Se = 0.5 M 
MO = 0.5 M 

7 6 5 4 3 2 1 

PH 

* u(H) is defined [ U/(m - n)] I/‘, where m is the number Fig. 2. Distribution of Se as a function of pH. Exper- 
of data points and n is the number of complexes. See ref. imental points are indicated by triangles. B = 0.5 M, 
4 for details. C = 0.5 M. 
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spectra also indicated the protonation of (10,5,2). 
The shift of peak 2, which was assigned to the 
Mo,Sez species, showed a slight change in the very 
acidic region (see Fig. 1). The least-squares cal- 
culation with both (10,5,2) and (11,5,2) converged 
with a(H) = 0.35 mM and gave log#?,,,,,, = 
71.39kO.02 and log/?,,,,,, = 72.63f0.01. 

High ratio data 

While the low B/C ratio data were explained 
satisfactorily, there was still a discrepancy between 
the calculated and observed titration curves in the 
high B/C ratio even after the introduction of 
(11,5,2). A pqr-analysis on the whole range of data, 
where the constants for (10,5,2) and (11,5,2) were 
fixed to the values described in the preceding para- 
graph, revealed that there were one or more ternary 
species whose (average) z,+J = p/(q+r)] was ca 
1.4.7 

In Table 1 tentative models and the formation 
constant of each species are given. We have selected 
these two models out of numerous possible ones 
because of their simplicity. The composition of 
(14,8,2) coincides with that of Se,Mo,Oi; reported 
in the hterature.’ The species (10,5,2) has the same 
composition as Se,Mo,O& which was isolated as 
an ammonium salt previously.” We have isolated a 

t It has been pointed out that the ordinary pqr-analysis 
only gives information on the proton consumption of 
the species in the search when applied to a complicated 
system like the current one, although it works more effec- 
tively for simpler systems. See ref. 14. 

$ The bond order” calculation showed that the oxygen 
atoms doubly shared by one MO atom and one Se atom 
are slightly more basic than the others. 

Fig. 4. Distribution of MO among different species at B/C = 4. B = 0.04 M, C = 0.01 M. 

Table 1. Proposed models and log &, of each species 

Model (a) Model (b) 

(IOS2) 71.32kO.02 71.40+0.02 
(1 LV) 72.73 k 0.04 72.74kO.03 
(14,8,2) 97.97 IfI 0.02 
(IGV) 101.04f0.03 - 
(11,7,1) - 74.37+ 0.03 
(I&7,1) 77.71 AO.03 

U/mM* 21.3 24.5 
q(H)lmM 0.30 0.32 

sodium salt of the anion and the X-ray diffraction 
study has revealed it has the structure shown in 
Fig. 3.” We presume this structure is maintained in 
solution. Possible protonation sites are indicated by 
asterisks in the figure.$ 

Figure 4 illustrates the distribution of molybdate 
in each species based on model (a) in Table 1. For- 
mation of the ternary species starts at around 
-log h = 6, which is a common feature of het- 
eropolymolybdate systems which have tetrahedral 

Fig. 3. Structure of [Se2M0502J-. 

TOTAL B = 0.0400 TOTAL C q 0.0100 

log h 
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heteroatoms.*,‘r’s The diagram also tells us that 
(p,8,2) are weak. Notable amounts of iso- 
polymolybdates exist even at such a low B/C ratio 
as 4. This type of weak heteropolyanions have also 
been found in the molybdophosphonate’4 and 
molybdoarsonate” systems. 

Although we started “Se NMR measurements in 
order to fully characterize the Hf-MoOi--SeO:- 
system, this was not possible with our spectrometer 
because of its limited sensitivity. Precipitation pre- 
vented us from preparing a solution of high B/C 
ratios with high Se content. We are planning a fur- 
ther investigation of this system using a spec- 
trometer with a higher frequency. 
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A RAPID AND DIRECT ELECTROCHEMICAL SYNTHESIS OF 

UMoOF,I 

MUKUL C. CHAKRAVORTI* and DEBASIS BANDYOPADHYAY 

Department of Chemistry, Indian Institute of Technology, Kharagpur-721302, India 

(Received 25 January 1988 ; accepted 9 February 1988) 

Abstract-A single-step synthesis of K2[MoOF,] has been made by the oxidation of a 
sacrificial molybdenum anode in a solution containing 20% HF followed by the addition 
of KF. This electrosynthesis represents a significant improvement over the existing methods. 

The preparation of 0x0 and p-oxofluoro complexes 
of quinquevalent molybdenum (e.g. K2[MoOF5], 
Cs2[Mo204F4], Cs4[Mo204F6] etc.) by chemical 
means starting from MOOR has been devel- 
oped earlier in our laboratory. I-3 We have now 
achieved a rapid single-step preparation of 
K2[MoOF,] by electrochemical anodic dissolution 
of molybdenum metal in aqueous hydrofluoric acid. 
Although the electrochemical synthesis of chloro 
complexes by oxidation of a sacrificial metal anode 
is already known, 4s the electrosynthesis of anal- 
ogous fluoro complexes does not appear to have 
been previously reported. 

Electrochemical procedure 

EXPERIMENTAL 

1135 

Molybdenum metal was used as supplied by 
Johnson Matthey & Co. Ltd, U.K. in the form of 
a rod (diameter N 5 mm). All other chemicals used 
were of A.R. or G.R. quality of reputed manu- 
facturers. The analysis of molybdenum, fluorine 
and potassium, the determination of the oxidation 
state of molybdenum, recording of spectra and 
measurement of magnetic susceptibility were made 
by the methods described earlier. 6,7 

*Author to whom correspondence should be addressed. 

The electric power was supplied by a dc power 
supply (Aplab, India). The experiment was per- 
formed in a 100 cm3 polythene beaker fitted with a 
rubber stopper through which three polythene tubes 
were inserted. A molybdenum rod (weighed pre- 
viously) and a platinum foil each connected with 
platinum wire electrical leads were inserted through 
two of the tubes. The tube containing the rod was 
hlled up with mercury for easy contact with the 
lead. The third tube served to permit the escape of 
hydrogen gas generated at the cathode. 10 cm3 of 
20% aqueous hydrofluoric acid was placed in a 
beaker and the electrodes were dipped in the solu- 
tion. The molybdenum rod and platinum foil were 
connected to the positive and negative terminals of 
the power supply, respectively. Completion of the 
circuit gave a current of 1 .O A for an applied voltage 
of 6 V. As the electrochemical reactions proceeded, 
hydrogen gas was evolved at the cathode and the 
solution gradually became greenish in colour and 
warm. The electrolysis was continued for 2.5 h. 
During the electrolysis, part of the anode dis- 
integrated into small particles which deposited at 
the bottom of the vessel. The current remained 
almost steady. After switching off the circuit the 
solution was filtered and 2.0 g of potassium fluoride 
dissolved in a minimum volume of 20% HF was 
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added to it. A green microcrystalline precipitate number of moles of metal dissolved per Faraday of 
appeared within 2 min of stirring. This was filtered electricity passed) was 0.16 mol F- ‘. The deviation 
and dried by pressing between folds of filter paper of this value from the theoretical value is attributed 
followed by keeping it in a desiccator over sulphuric to the disintegration of the anode and the slight 
acid and sodium hydroxide pellets. variation of current during the electrolysis. 

The molybdenum rod was washed with water 
followed by ether, dried in a desiccator and Acknowle~ements-One of the authors (D.B.) gratefully 

weighed. acknowledges the financial support given to him by the 
Council of Scientific and Industrial Research, India. 

RESULTS AND DISCUSSION 

The characterization of the complex was made 
by the usual methods. Analysis gave, found : MO, 1. 
32.8 ; F, 32.5 ; K, 27.5. Calc. for K2[MoOFS] : MO, 
33.6; F, 33.3 ; K, 27.3%. 2. 

The oxidation number of molybdenum in the 
complex has been found to be 4.98. The complex is 3. 
paramagnetic with a peff value of 1.62 BM at 26°C. 

The IR spectrum shows bands at 980(s), 943sh(w) 
4 

’ 
and 910(m) cm-’ which is in agreement with the 
spectrum reported earlier.‘s2 

5 

In a typical experiment 1.5 g of the metal was 6. 
dissolved and 2.5 g of the product was isolated. The 
yield based on the weight of metal dissolved was 7. 
about 56%. The electrochemical efficiency (the 
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CORRIGENDUM 

Aqueous redox chemistry of dinuclear clusters. A mechanistic study of proton oxidative addition to the 
Mo,Cli- ion and the homogeneous reduction of MO,@ -X)@- CI),Cl i-, X= H, Cl, by aqueous 
chromium(I1). C. Mertis, M. Kravaritou, A. Shehadeh and D. Katakis (Polyhedron, Vol. 6, No. 11, 
pp. 19751980, 1987). 

(i) The units (min-r) for kobs in Fig. 5 should be inserted. 

(ii) The scale for the three lines in Fig. 4 is not the same. The corrections are: the value - 1.0 
corresponds to -6.5; values for the 6M line should be multiplied by 10-r. 
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SPECTRAL IDENTIFICATION OF Al&l, IN l-METHYL- 
3-ETIWLIMIDAZOLIUM CHLOROALUMINATE 

MOLTEN SALT 

C. J. DYMKK, JR. and J. S. WILKKS 

Frank J. Seiler Research Laboratory, U.S. Air Force Academy, Colorado Springs, 
CO 80840-6528, U.S.A. 

and 

M.-A. EINARSRUD and H. A. oyE* 

Institute of Inorganic Chemistry, The Norwegian Institute of Technology, 7034 Trondheim, 
Norway 

(Received 24 August 1987 ; accepted 5 January 1988) 

Abstract-The IR specular reflection of molten 1-methyl-3-ethylimidazolium (MEI) A13Cl,,, 
is reported. After elimination of vibrational bands due to MEI+, A12Cl~ and A12C16, the 
following bands were assigned to A13Cl;: 583, 540, 488, 424, 361, 293 and 174 cm-‘. 
MNDO-MOPAC calculations were carried out and the predicted frequencies and intensities 
agreed remarkably well with the experimental spectrum. 

In molten mixtures of A1C13 with MC1 (M+ being sharply to 0.30 and 0.14 for 73.8 and 70.5 mol % 
an alkali ion or an organic cation), the anionic AlClr, respectively. A straightforward explanation 
species Cl-, AlClb and A12Cl; are well recognized of this behaviour is the presence of substantial 
and the latter two have been characterized spec- amounts of Al&&, and no other high polymers. 
troscopically.‘-’ Evidence for the existence of minor Based on a thermodynamic model,g the following 
amounts of higher polymers, Al,Cl,+ , with n 2 3 relative amounts were predicted at 250°C and 75 
has been found in melts with more than 66 mol % mol % A1C13 : Al+& = 50%, A12C1; = 33% and 
AlCl 2*3*5*6*7*8 While AlCl;, A12Cl; and Al&l6 are 
well iharacterized, only a few weak spectral bands 

A12C16 = 17%. The relative amount of Al&&, in 
the MEICl-AlC& melts is substantially higher than 

or shoulders have been attributed to higher poly- in alkali chloride-AlCl, melts. This melt should 
mers. The stoichiometry of the higher polymers has then provide an excellent opportunity to charac- 
also been uncertain. Generally the formation of terize the Al&&, ion spectroscopically and at the 
higher polymers is more likely with larger M+ cat- same time serve as a check on the thermodynamic 
ions.’ model. 

The two components 1-methyl-3-ethylimi- 
dazolium chloride (MEICl) and A1C13 are com- 
pletely miscible. A recent thermodynamic study’ of 

EXPERIMENTAL 

acidic mixtures (XAIcI, > 0.5) of MEICl and alumi- A melt with 25 mol % MEICl-75 mol % A1C13 
num chloride showed a much stronger dependence and a pure MEICl melt were prepared.” The melts 
of the AlC13 activity on melt composition than for were added to a cell described in detail earlier’ and 
alkali chloride-aluminum chloride mixtures. Vap- their IR specular reflection spectra were obtained 
our pressure measurements gave AlC13 activity as with a Bruker IFS 113~ Fourier transform instru- 
high as 0.53 at 76.7 mol % AlC13. However, with ment. The spectra of these films (< 10 pm) were 
the addition of MEICl, the A1C13 activity drops off recorded after letting a piston press the melt against 

a diamond window (Type II A, D. Drukker and 
*Author to whom correspondence should be addressed. Zn). Thick samples (2-3 mm) were used as a ref- 
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erence to avoid false band splitting.“*‘2 The aver- 
aged spectra consisted of 400 single scans obtained 
with a DTGS detector at a resolution of 8 cn-‘. A 
3.5 pm Mylar beam splitter was used in the fre- 
quency range 150-700 cm-‘. 

quencies are given in the figure. The following 
uncertainties in the band positions are estimated for 
the reflection spectra : 

-2 cm-’ for narrow bands with medium or less 
intensity. 

-5 cm-’ for broad bands, well defined shoulders 
RESULTS and narrow bands with high intensity. 

Figure 1, curves (a) and (b) show the spectra 
of the melt having the stoichiometric composition 
MEIAl#& at 200°C. The melt film was slightly 
thicker for the lower spectrum. Figure 1, curve (c) 
gives the spectrum of MEICI at the same tempera- 
ture. The goal of the present work was to charac- 
terize the Al-species, Al&l;, A12Cli and A12C16. 
Although the spectrum of MEICl was recorded 
over the range 4000-150 cm-‘, it is only shown here 
in the range 700-150 cm-‘, with the purpose of 
eliminating bands in the spectrum of MEIA1&l,O 
not belonging to Al-species. By comparing curves 
(b) and (c), the following bands in curve (b) can be 
eliminated as due to MEI+ : 643, possibly 616,247, 
228, 204 and 154 cm-‘. The remaining band fre- 

-10 cm-’ for very strong and broad bands and less 
defined shoulders. 

The band positions are to some extent dependent 
upon the melt thickness. 

The assignment of peaks (or parts of broad 
bands) to A12C16 and A&Cl; are based on previous 
analyses of inorganic melts.3,13 The bands assigned 
to A&Cl; and A12Cls which do not show up as a 
peak or a pronounced shoulder, but which are given 
based on previous evidence,3,‘3 are marked with an 
asterisk. 

In a previous IR study,5 the A13Cl; ion was 
looked for in a NaCl-AICl, melt having the com- 
position NaA13Cl,,+ Due to the lower stability of 
A13Cli in this melt, the strong peak at 540 cm-’ 
only appeared as a shoulder, giving a frequency 
shift of the maximum to 533 cm- ‘. A shoulder at 
361 cm-’ was, however observed in agreement with 
one of the presently observed peaks. 

, 

, 
I 

7oa 

MEI + 

\ 

I I , I 

300 600 WA”EN”tV&kl 300 200 

Fig.. 1. IR reflectance spectra of a molten mixture of 25 
mol % I-methyl-3-ethylirnidazolium chloride (MEICl) 
and 75 mol % aluminum chloride (a) and (b), and of 
MEICl (c) at 200°C. The (a) spectrum has been recorded 
on a melt with a slightly higher thickness than the melt 

in the (b) spectrum. 

Several Raman studies2,3,6 have been performed 
on melts which are high in AlC13 content, and bands 
due to high polymers, i.e. Al,Cl,, have been 
reported. All the papers reported a peak in the 
region 390-395 cm-’ which we do not observe, 
although it may be hidden as a shoulder on the 380 
cm-’ peak. In addition, peaks at 493 and 177 cm-’ 3 
and 297 cm-’ 6 were reported. These frequencies 
correspond closely to frequencies found in the pre- 
sent IR study. 

SPECTRAL CALCULATIONS 

Semi-empirical molecular orbital calculations 
were carried out on the A13Cl; species to provide 
guidance in the analysis of the spectrum. The 
MNDO (Modified Neglect of Diatomic Overlap) 
model14 as incorporated in the MOPAC programI 
was used. The MOPAC program has been suc- 
cessfully used in studying chloroaluminate species.i6 
It readily calculates optimum geometries, heats of 
formation, force constants of normal modes and 
other molecup parameters from the input initial 
geometries. In this work, we also used MOPAC to 
calculate vibrational modes along with their fre- 
quencies and transition dipoles. 

The initial geometry input for A13Cli was con- 
structed by simply adding an AlC13 group to one of 
the terminal Cls in the geometry of A12C1;.r6 The 
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most stable configuration was calculated to have a 
heat of formation of -589.8 kcal mol-’ and the 
structure shown in Fig. 2(a). The characteristic 
feature of the “stretched” structure is that atoms 
I-5-6-7-10 are in a plane, and chlorines 2 and 
11 are staggered relative to the central chlorines, 8 
and 9. Thus the symmetry is CZV. 

It should be noted that the calculation is for an 
isolated gas phase molecule, while our interest is in 
Al&lh in the liquid phase surrounded by an ionic 
environment. In previous work,16 this environment 
was simulated by arranging ions in a cluster around 
the ion or ions of interest, significantly lengthening 
the time required for the computations. Cal- 
culations on reaetion energetics were improved 
(by comparison with experimental data) by includ- 
ing surrounding ions. However, the calculated 
vibrational frequencies and normal modes were vir- 
tually unchanged. Therefore, in the present cal- 
culations on Al&l,, we did not attempt to simulate 
the ionic environment. 

In the melt, Al$?&, is not expected to stay rigidly 
in the most stable configuration. The activation 
energies for rotation around the single bridge bond 
are small (about 1 kcal mol-‘) and so the A&Cl; 
will twist and be in several different conformations. 
In order to account for this twisting structure, in 
predicting the IR spectrum, calculations were per- 
formed for two other structures, “winged” and 
“cart” [Fig. 2(b), (c)l. The “winged” structure was 

(a) 

2.3i7 n 

STFIETCHEO 

AHHt=-589.8 kcallmol 

(b) 

WINGED 

AHf=-589.2 kcalhol 

CART 

AHf=-588.6 kcallmol 

Fig. 2. The tliree optimized A&Cl; conformations for The following comments apply to the bands given 
which calculations are carried out. in cn-’ assigned to Al$l,o : 

obtained by positioning atoms 6-9-5-l and 6-9-7- 
10 each in a plane. In the optimized geometry, the 
bonds 10-7 and 5-l are twisted out of plane by 
24 and 17”, respectively. The “cart” structure was 
optimized from an initial geometry in which atoms 
l-5-6-7-10 formed a plane. The plane was retained 
(0.3” deviation), but the central and terminal chlor- 
ines were optimized in a staggered structure. The 
“winged” and the “cart” structures were 0.6 and 
1.2 kcal, respectively, less stable than the stretched 
structure. 

Table 1 gives calculated and experimental fre- 
quencies, The calculation is carried out for all three 
structures. The frequencies are given as bold face 
numbers in cm- ‘. The numbers in parentheses refer 
to intensity. The experimental frequencies are listed 
as s--strong ; m-medium ; w-weak and sh- 
shoulder, while the calculated intensities are given 
as the square of the transition dipole multiplied by 
the frequency. Calculated stretching modes which 
contribute more than 10% to the total vibrational 
energy are listed. All 12 stretching frequencies are 
listed, but of the 21 bending modes, only those with 
intensities greater than one are given. The bonded 
atoms listed as m, +mz signify stretching, and 
m, -m, signify compression following the pictorial 
representations of the normal mode’s output by 
MOPAC. The atom numbers refer to the structures 
given in Fig. 2. 

In Table 1, column 4, the average values for the 
band locations and intensities are calculated. The 
values for the different models and the average do 
not give an exact description of the vibrations, but 
important features are illustrated. The band 
locations are found to be quite insensitive to the 
different conformations, while this is not the case 
for the intensities. Only for the vibrations that are 
calculated to be close together, i.e. the terminal 
antisymmetric and the outer symmetric bridge 
modes, do cross-overs in band location occur. 
Experimentally, both bands are found to be broad 
as expected from the calculations. Another note- 
worthy feature is the calculated strong increase in 
intensity for the terminal symmetric stretching 
modes when the structure is no longer “stretched”. 

In Fig. 3 calculated and experimental frequencies 
are compared. The strongest single mode, the 595 
cm -’ “cart” mode, is set equal to 100 and the other 
intensities are given relative to this. A close cor- 
respondence is found between calculated and exper- 
imental values with respect to both band location 
and intensity. The calculated frequencies tend, how- 
ever, to be a little higher than the experimental 
values. 
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Y EXPERIMENTAL SPECTRUM 

MNDD-GENERATED 

SPECTRA 

Fig. 3. Comparison of the experimental reflection spec- 
trum with combined MNDO-generated spectra for the 

three structures given in Fig. 2. 

583 : 

540 : 

488 : 

424 : 

361: 

the central antisymmetric stretching mode is 
found at the highest frequency as expected. 
the four terminal antisymmetric stretching 
modes are calculated to be strong and close 
together with partial cross-overs. The exper- 
imental band is found to be broad and strong 
as expected. 
the central symmetric stretching mode is also 
strong in accordance with calculations. 
the terminal symmetric band is the only 
stretching mode for which the calculations 
predict a lower frequency. This mode is, 
however, expected to give the strongest inter- 
action with the surroundings, with all six ter- 
minal chlorines vibrating. This interaction 
may well result in an increase of the experi- 
mental frequency relative to the calculated 
values. An alternative explanation is to assign 
the 424 cm-’ band to a combination of 
Al&l;, A&Cl, and the weak A&Cl, mode 
predicted at 43 1 cm-‘. The symmetric 
stretching mode is unobserved in the region, 
390-395 cm-‘, where a Raman band has 
been reported. 2*3,6 
three inner bridge modes are predicted at 43 1, 
371 and 352 cm-‘. Of these, the 431 and 352 
modes are predicted to be weak. In accord- 
ance with this, only the inner antisymmetric 
bridge with intensity reinforcements from the 
outer Al atoms are clearly observed, while 

293 : 

(304) 
(287) 

174: 

et al. 

the two weak bands may be hidden by the 
424 and 331 cm ’ bands, respectively. 
this may be only one band, the splitting being 
caused by electronic noise. The band is due to 
outer symmetric and antisymmetric stretch- 
ing, the cross-overs giving a broad band. 
this band is due to bridge bending frequen- 
cies. The calculated frequencies are a little 
lower than the experimental. 

CONCLUSION 

The MNDO-MOPAC calculations predict the 
observed frequencies and intensities remarkably 
well, in spite of the fact that the model considers an 
isolated Al&l, ion and has no adjustable 
parameters. The vibrational modes were assigned 
based on the empirical rules and comparison with 
AlC& , A12Cl; and Al&l6 before the MNDO model 
was applied. The MNDO vibrational analysis con- 
Brmed the results. This generally good agreement 
indicates that discrepancies between the theoretical 
and experimental spectra may be due to shifts in 
the experimental frequencies caused by interactions 
with surrounding ions, rather than to imperfections 
in the MNDO method. 

The A13Cl~ ion having low symmetry and shifting 
conformations is particularly rewarding to study 
by IR spectroscopy because all the modes become 
allowed. We were indeed able to assign 10 of the 12 
calculated stretching modes and can probably also 
see the modes predicted at 432 and 352 cm-’ as part 
of the 424 and 33 1 cm-’ bands. 

The present method of calculating intensity as 
the mean of three arbitrary but carefully chosen 
models can be improved. A future development of 
the MNDO-MOPAC calculation may be to gen- 
erate conformations statistically and give the con- 
formations weight according to their Boltzmann 
energy. 

Finally, the spectra give a qualitative check on 
the conclusion of the thermodynamic study where 
the ratio of the species A12Cl;/A13Cl~/A12C16 were 
predicted to be 2/2/l.’ By comparing the present 
spectrum with the spectra for 67 and 100 mol % 
A1C17 in Fig. 6 in ref. 5 the predicted ratios are 
confirmed within the limits of uncertainty. 
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Abstract-Ethylhydrazine (EH) forms the complexes MX2(EH)2 (M = Co, Ni ; X = Cl; 
M = Co, X = Br), NiBr2(EH)2(H20) and MX,(EH) (M = Zn, Cd; X = Cl; M = Zn, 
X = Br). Spectroscopic evidence suggests that these all contain bridging hydrazine ligands, 
the cobalt and nickel complexes containing six coordinated metal atoms while the zinc and 
cadmium complexes are tetrahedral. 2,2,2-Trifluoroethylhydrazine (TFEH) in contrast, 
forms six coordinate complexes of the type MX2(TFEH)4 (M = Co, Zn, X = Br ; M = Co, 
Ni, X = NCS ; M = Ni, X = Cl) for which spectroscopic evidence points to unidentate 
coordination by the hydrazine. An X-ray crystal structure determination on NiC12(TFEH)4 
conhrms that the hydrazine bonds to nickel through the NH2 nitrogen only, in a tetragonal 
structure with axial chlorine atoms. One bis(TFEH) complex ZnBr2(TFEH)2 and one 
hexakis (TFEH) complex, NiBr2(TFEH)6, have also been isolated. 

Hydrazine complexes of metal(I1) ions are of two 
principal types. By far the more common are com- 
pounds of the type MX 2(N 2H4) 2 in which the hydra- 
zine is acting as a bidentate bridging ligand in a six 
coordinate structure around the metal.’ Complexes 
containing unidentate hydrazine are less common ; 
they can sometimes be prepared by crystallization 
from anhydrous hydrazine e.g. [Co(N2H4),5]Cl2.’ 
The complexes M(N2H4)2(N2H3C02)2 (M = Zn, 
Mn, Co, Ni) also contain unidentate hydra- 
zines along with bidentate hydrazine carboxy- 
late ligands. 3,4 With mono-substituted hydra- 
zine ligands, e.g. methylhydrazinesS and phenyl- 
ethylhydrazine,6 the bridging mode of bonding 
again predominates, but one remarkable complex 
of phenylhydrazine, 7 [(q ‘-C5H 5)Mo(NO)I(NH2 
NHPh)12[BFJ2 represents the only established 
example of a hydrazine acting as a chelating 
ligand. With disubstituted hydrazines such as N,N- 

*Present address: Pusat Asasi Sains, University of 
Malaya, Kuala Lumpur, Malaysia. 

t Author to whom correspondence should be addressed. 

dimethylhydrazine, Me2N’N2H2, steric and elec- 
tronic effects become important; the ligand is 
known to act as unidentate through N’ in 
CoC12(Me2NNH2)2,2 unidentate through N2 in 
[RuH(cod)(NH2NMe2)]3pF6]8 and bridging in 
[RuC1(H)(cod)]2(NH2NMe2)9 (cod = cyclo-octa- 
1 $diene). 

In this paper we report on attempts to prepare 
complexes of the monosubstituted hydrazines, 
ethylhydrazine (EH) and 2,2,2-trifluoroethyl- 
hydrazine (TFEH). These monosubstituted 
hydrazines RNHNH2 differ in the relative electron 
withdrawing effect of the two R groups CH3CH2 
and CF3CH2 ; this is likely to affect their relative 
basicities and tendencies to bond in a bridging 
fashion. In order to confirm the spectroscopic 
evidence for the mode of bonding of TFEH, a crys- 
tal structure determination has been carried out on 
[Ni(TFEH),Cl,]. 

EXPERIMENTAL 

Experimental techniques were as described pre- 
viously ’ O except that reflectance spectra were re- 

1147 
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Table 1. Complexes of ethylhydrazine (EH) and 2,2,2-trifluoroethylhydrazine (TFEH) : colours and 
analytical data 

Complex Colour 
Elemental analysis” (%) 

C H N M 

Co&(EH), Pink 19.1 (19.2) 6.3 (6.4) 
CoBr,(EH), Pink 14.5 (14.2) 4.7 (4.7) 
NiCl,(EH)* Blue 19.2 (19.2) 6.4 (6.4) 
NiBr,(EH),(H,O) Blue-green 13.2 (13.5) 4.6 (5.0) 
ZnCl,(EH) White 12.1 (12.2) 3.9 (4.1) 
ZnBr,(EH) White 8.6 (8.4) 2.8 (2.8) 
CdCl,(EH) White 9.7 (9.9) 3.3 (3.3) 
CoBr,(TFEH), Orange 18.2* (14.2) 2.8 (3.0) 
Co(NG$(TFEH), Pink 18.3 (19.0) 3.2 (3.2) 

NiCl,(TFEH), Blue 16.5 (16.4) 3.3 (3.4) 
Ni(NCS),(TFEH), Violet 19.0 (19.0) 3.3 (3.2) 
NiBr,(TFEH), Blue 16.6 (16.0) 3.1 (3.3) 
ZnBr,(TFEH), White 10.3 (10.6) 2.2 (2.2) 
ZnBr2(TFEH), White 14.3 (14.1) 3.1 (2.9) 

a Theoretical percentages in parentheses. 
*Because of the poor C figure, F was estimated; found, 33.7 (33.8). 

21.3 (22.4) 23.5 (23.6) 
16.5 (16.5) 17.1 (17.4) 
22.2 (22.4) 23.2 (23.5) 
15.9 (15.7) 16.6 (16.5) 
13.5 (14.3) 33.9 (33.3) 
9.5 (9.8) 23.3 (22.9) 

11.0 (11.5) 46.6 (46.2) 
16.6 (16.6) 8.7 (8.7) 
22.2 (22.2) - 
18.8 (19.1) 9.9 (10.0) 
21.7 (22.2) 9.3 (9.3) 
17.6 (18.6) 
11.9 (12.4) 
15.5 (16.4) 

corded on a Perkin-Elmer 330 spectrophotometer 
over the range 40,000-6,600 cm- ‘. 

Anhydrous cobalt(I1) halides were prepared by 
dehydration of the hydrated salts at 100°C in zxzcuo. 
Ethylhydrazine was prepared via Fischer’s syn- 
thesis as modified by Condon and Thakker, l1 it 
was dried by distillation from barium oxide. 2,2,2- 
Trifluoroethylhydrazine was obtained as a 70% 
aqueous solution (ex Aldrich) and was used as such. 

The complexes (Table 1) were prepared from the 
metal salts and appropriate ligand in a variety of 
solvents. No single solvent was found satisfactory 
for the preparation of all the complexes so that 
their isolation proved more difficult than that of 
complexes of hydrazine and methylhydrazine. ’ 

Ethanol was the most commonly used pre- 
parative solvent for complexes of EH but ether or 
water usually proved better for the precipitation of 
pure complexes of TFEH. Thus the EH complexes 
of cobalt and nickel halides were prepared by heat- 
ing, under reflux, ethanolic solutions of the metal 
halide (anhydrous cobalt halides were necessary but 
hydrated nickel halides gave satisfactory results) 
with an excess of the ligand under an atmosphere 
of nitrogen [to prevent oxidation of cobalt(II)]. The 
complexes either precipitated immediately or upon 
cooling the mixtures to 0°C. They were filtered off, 
washed with ethanol and ether and dried in uucuo. 
An ethanol-ether mixture (1 : 1) was found to be 
the best medium from which to precipitate the zinc 
complexes of EH. The preparation of [Ni 
(TFEH),ClJ is fully described below because of 
its importance in this paper. The other TFEH com- 

plexes were prepared, however, using concentrated 
solutions of the metal salts in ether, (CoBr, 
(TFEH)4 and ZnBr*(TFEH),), or water, (Co 
(NCSMTFEH),, Ni(NCS),(FTEH),, NiBr, 
(TFEH),) as the crystallization medium. The zinc 
complex ZnBr,(TFEH), was obtained by pre- 
cipitation from an ethereal solution using ethanol. 
In all cases an excess of the ligand was used (i.e. 
) 6 : 1 ligand : metal) ; when the metal salts were in 
excess, only impure compounds or mixtures were 
isolated. 

Preparation of pi(TFEH),Cl,] 

Nickel(I1) chloride hexahydrate (0.48 g) was dis- 
solved in hot ethanol (15 cm’) and TFEH (2 cm3) 
was slowly added until a dark blue solution was 
obtained. This was heated to boiling and then 
allowed to cool in a refrigerator for several days. 
The bright blue crystals which had grown were fil- 
tered off washed with ethanol and ether and dried 
in vucuo. 

Crystal and moleculur structure of mi(TFEH),ClJ 

The material as prepared above contained suit- 
able crystals for X-ray structure determination. Pre- 
liminary oscillation and Weissenberg photographs 
indicated a triclinic crystal ; the intensities of 1540 
unique reflections, to 0,,, = 60”, were recorded on 
a Stoe Siemens AED diffractometer at Edinburgh 
University, for a crystal of dimensions 
0.4 x 0.4 x 0.2 mm3. 
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Table 2. Magnetic moments, molar conductivities and electronic spectra of ethylhydraxine (EH) and 2,2,2-tri- 
fluoroethylhydraxine (TFEH) complexes 

Complex 

Magnetic 
moments Molar Electronic spectra Solution spectra 

P.&BM) conductivities (cm- ’ x 109) [& (lmol- ’ cn- ‘) 
at 20°C 1 (a-’ mol-’ cm’) solid state (reflectance) in parentheses] 

COCCYX 

CoBr,(EH), 

NiC12(EH), 

NiBr,(H,O)(EH), 
ZnCl,(EH) 
CdCl ,(EH) 
COBr2(TFEH)4 
Co(NCS),(TFEH), 
NiC12(TFEH), 

Ni(NCS),(TFEH), 
NiBr,(TFEH), 
ZnBr,(TFEH), 
ZnBr2(TFEH), 

4.97 0 35.7,27.8sh, 20.2, 19.4sh, a 
17.0sh, 8.4 

5.03 D 35.3, 20.9, 19.6, 18.7sh, a 
16.3sh, 8.7 

3.12 0 34.5, 26.0, 15.5,9.0 (I 

3.41 ll 34.1, 25.3, 17.lsh, 15.5, 8.4 D 
Diamagnetic b 7.9 36.6 
Diamagnetic b 12.8 38.6 

3.81 31.0, 22.2, 19.8sh, 11.6, 7.9 
5.39 II 34.1, 21.6sh, 20.6, 9.8 
3.30 = 17.8 27.4, i7.4, 12.9sh, 10.6, 8.7 ’ 26.7(13), 16.4(7.5) 

d 1.2 8.8(4.7) 
3.09 d 10.8 27.8sh, 18.0, 10.8 d 17.5(16), 10.6(13) 
3.49 d 6.3 obsc., 17.4, 10.5 

Diamagnetic 0 35.1 
Diamagnetic U 36.1 

(1 Insoluble in suitable solvents. 
b N 10m3 M in DMSO. 
’ N lo- 3 M in acetonitrile. 
d N lo- 3 M in nitromethane. 
sh = shoulder. 
obs = obscured under charge transfer band. 

The structure was solved from a nickel phased 
electron density map and then refined using 
SHELX76;” the assumption of space group PI 
proved satisfactory. Hydrogen atoms were placed 
at stereochemically expected positions and their 
coordinates refined with N-H and C-H distances 
restrained. All non-hydrogen atoms were treated as 
anisotropic. Unit weights were used. Refinement 
converged to R = 0.063, for 1505 reflections with 
111 > 30(Z). The largest peaks in the final electron 
density difference map are ca 0.4 e A- 3, but appear 
to have no chemical significance. 

Crystal data* 

Crystals of CsH&12Fi2NsNi, MW 585.75 are 
triclinic, with a = 5.864(l), 
c = 11.016(2) A, 

b = 8.923(l), 
tl = 101.23(l), jI = 94.38(l), 

y = 100.68(l)“, U = 551.78 A3, D, = 1.78 g cmm3, 

*Atomic coordinates, tables of thermal parameters, 
and observed and calculated structure factors have been 
deposited with the Editor as supplementary data; atomic 
coordinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

Z = 1, D, = 1.763 g cmm3. Space group PI, Cu-& 
radiation, 1 = 1.5418 A, p = 46.52 cm-‘. 

RESULTS AND DISCUSSION 

Ethylhydrazine complexes of cobalt(II), nickel 
(II), zinc(I1) and cadmium(I1) (Table 1) have been 
isolated. When iron(II1) chloride or bromide in 
ethanolic solution were treated with the ligand, only 
black oils were obtained and copper(I1) chloride, 
when similarly treated, gave only a white precipitate 
of copper(I) chloride. The pink cobalt(I1) com- 
plexes COXES have magnetic moments and 
electronic spectra (Table 2) typical of pseudo-octa- 
hedral complexes ; the bands around 8,500 cn- ’ 
being assigned to the 4T1, + “Tzg transition, the 
bands at 17,000 (chloride) and 16,300 cm-’ (bro- 
mide) to the 4T,, + 4A, transition and those at 
20,200 (chloride) and 19,600 cn- ’ (bromide) to 
the 4T1, + 4T,,(P) transition. These complexes were 
not indefinitely stable in dry air; they slowly 
changed colour first to violet and then to blue. The 
reflectance spectra recorded during these changes 
showed the slow disappearance of the bands in the 
19-20,000 cm-’ region and the growth of a band 
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at 15,200 (chloride) or 14,400 cm- ’ (bromide) 
(assignable to the 4A Z + 4T,(P) transition in a tetra- 
hedral complex) and the formulae of the complexes 
approached CoX,(EH). A similar effect was 
observed when CoBr(EH)2 was heated in wcuo to 
100°C for 24 h ; the blue residue had an empirical 
formula close to CoBr,(EH) and gave the same 
spectrum as the blue material obtained at room 
temperature. Thus the bis(ethylhydra~ne) com- 
plexes appear to evolve 1 mol of ligand and the 
cobalt to change from an octahedral to a tetrahedral 
environment. A similar transformation was noted 
for cobalt(I1) complexes of phenelzine.6 Curiously 
it was not possible to isolate pure mono 
(ethylhydrazine) complexes from solutions con- 
taining an excess of cobalt(I1). The spectral and 
magnetic data on the bis(ethylhydr~ine)nickel(II) 
complexes again clearly show pseudo-octahedral 
coordination around the nickel, the three peaks 
being assigned to the transitions 3A, --+ ‘T,, 
(- 9000 cm- ‘), 3A, + 3T1,(F) (N 15,500 cm- ‘) 
and 3A, + 3T,,(P) (- 26,000 cm- ‘). There is evi- 
dence of splitting of the 3T,,(F) band in the bromide 
complex arising from tetragonality (3B,, --, 3.??, and 
3B,, + ‘A, transitions). The positions of these 
transitions are as expected for a NiN4X2 chro- 
mophore, i.e. very close to those found in 

NioPy)4Clz,‘3 so that our complexes must contain 
bridging ethylhydra~ne. The IR spectrum of 
NiBr,(EH)2(H20) confirms that the water molecule 
is present as lattice water. 

The IR spectra of the bis(ethylhy~~ine) com- 
plexes of cobalt(I1) and nickel(I1) are similar. The 
shift in the N-N stretching band (Table 3) from 

1110 cm ‘, observed for the free ligand, to around 
1170 cm- ’ in the complexes indicates a bridging 
mode for the hydrazine. A similar shift in v(N-N) 
is observed when hydrazine becomes a bridging 
ligand.14 The M-Cl stretches in these complexes 
are in the region usually found’ ’ for terminal metal- 
chlorine bonds in six coordinate complexes. The 
non-appearance of v(M-Br) above 200 cm-’ is 
also expected in such a structure. It is ahuost 
certain, therefore, that these complexes possess a 
polymeric structure with bridging ethylhydrazines 
and terminal halides as found in Co(N,H3&1,’ 
and Co(MeNHNH,)&l,.* 

A less likely, but possible structure for these bis 
(ethylhydrazine) complexes is one containing 
bidentate ethylhydrazine(2 -) ligands. Such a 
bonding mode has been found recently16 in 
~Cl*(H*NNMePh)~(~MePh)]Cl and the scarc- 
ity of bis(trifluoroethylhydrazine) complexes (see 
later) may be attributable to the lesser tendency to 
form hydrazide(2-) complexes arising from the 
presence of the electron withdrawing CF3 groups 
on the ligand. In nickel and cobalt chemistry how- 
ever, the occurrence of q 2--NNHEt ligands in six 
coordinate complexes containing terminal metal- 
halogens would require unus~~y high oxidation 
states for the metals. The general insolubility of the 
complexes also supports the preferred polymeric 
structure. 

Mono(ethylhydrazine) complexes are formed by 
zinc chloride. These complexes show, (Table 3), 
v(M-X) in the regions expected for terminal hal- 
ogens in tetrahedral structures ’ ’ while the v(N-N) 
bands are in similar positions to those of the cobalt 

Table 3. Some important IR bands in complexes of ethylhydrazine (EH) and 2,2,2- 
~uoroethy~ydr~e (TFEH) 

Compound v(CN) ~0 v(CS) G(NCS) v(MN) v(MW 

EH 1110 
COCCYX 1175 
CoBr2(EH)2 1175 
NiCl,(EH), 1179 

NiBr,(EHWW) 1172 
ZnCl,(EH) 1169 
ZnBr,(EH) 1164 
CdCl,(EH) 1162 
TFEH 1148 
CoBr,(TFEH), 1145 
CO(NCS)~(TFEH)~ 2070 1150 
NiCl,(TFEH), 1153 
Ni(NCS)~(TFEH)~ 2090 1160 
NiBr ,(TFEH) 6 1158 
ZnBr,(TFEH), 1152 
ZnBr~~FEH~4 1162 

295,279 25 1,249 
288,280 
302,280 250 

338 325,278 
382 260,255 
375 340,310 

261,230 
790 470,450 230 

275 238 
795,781 471 258 

290,275 
360 230 
370 
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and nickel complexes. These complexes thus prob- 
ably contain tetrahedrally coordinated zinc and 
cadmium atoms in polymeric structures with bridg- 
ing ethylhydrazine. The polymeric structure may be 
broken down in dimethylsulphoxide in which the 
compounds behave as non-electrolytes. 

Trifluoroethylhydrazine formed complexes less 
readily then hydrazine,’ methylhydrazines, 5 
ethylhydrazine and phenylethylhydrazine,6 the 
reactions generally requiring concentrated solu- 
tions of the metal salt and heat. Even then pre- 
cipitation and crystal growth were slow. This is 
most likely to be due to the lower basicity of the 
hydrazine which results from the electron with- 
drawing effect of the trifluoromethyl group. As with 
ethylhydrazine, an excess of the ligand was necess- 
ary in order to isolate pure complexes. In contrast 
to the reactions of hydrazine however, tri- 
fluoroethylhydrazine yielded bis(ligand) complexes 
only rarely (Table 3) ; several tetrakis(TFEH) com- 
plexes have been isolated and one hexakis(TFEH) 
complex. Further, some of these complexes are sol- 
uble in nitromethane in which they behave as weak 
or non-electrolytes. It seems likely therefore that 
the TFEH complexes are not polymeric and that 
only unidentate TFEH is present. The electronic 
spectra of the cobalt(I1) tetrakis(TFEH) complexes 
are clearly indicative of six coordination around the 
cobalt ; the 9,800 cm- ’ peak in Co(NCS),(TFEH), 
assigned to the 4T1, + “Ta transition is in fact split 
in CoBr2(TFEH)4 into the two components at 
11,560 (4E,) and 7,900 cm-’ (4Bt) expected in a 
tetragonal field. The magnetic moment of this com- 
plex is surprisingly low at room temperature ; it may 
arise from an equilibrium between spin states as has 
been observed in similar tetragonal complexes such 
as CoBr,(diacetyldihydrazone). ” The similarity of 
the ligand field strengths of -NCS and TFEH 
again result in no tetragonal splitting being 
observed in Ni(NCS),(TFEH),. With the chloro 
complex NiC12(TFEH)4 however the transitions to 
the 3Eg (8,700 cm-‘), 3B2g (10,600 cm- ‘), 3A, 
(12,900 cm- ‘) and 3Eg (17,400 cm- ‘) are all visible 
resulting from a tetragonal D4,, structure. The 
hexakis(TFEH) complex of nickel(I1) bromide 
shows no splitting in its spectral bands which are in 
very similar positions to those in [Ni(MeCN)6]2+ ;” 
it may therefore contain the [Ni(TFEH)6]2+ cation. 
Because of its surprisingly low conductivity in nitro- 
methane we carried out conductivity studies over 
the concentration range lo- 3-10- 6 M and found 
that the Onsager plot of AM against C (C = con- 
centration in gram moles per litre) has the charac- 
teristic curve shape found for weak electrolytes. The 
complex is thus heavily ion-paired at the higher 
concentration. 

Some important IR bands in complexes of TFEH 
are given in Table 3. In the free ligand we assign 
the band at 1148 cm- ’ to v(N-N) (bands at 1305 
and 1268 cm- ’ being assigned to C-F stretching 
bands). The complexes show only a slight shift to 
higher frequencies for this band indicating that the 
TFEH is bonded from one nitrogen atom only. The 
complexes CO(NCS)~(TFEH)~ and Ni(NCS)2 
(TFEH)4 exhibit bands assignable to v(CN), 
v(CS) and G(NCS) in the regions characteristic- 
ally found” with N-bonded thiocyanates. Zinc 
bromide curiously forms a bis- and a tetrakis 
(TFEH) complex; the IR spectra imply (through 
the presence and absence of v(Zn-Br) that these 
complexes may be tetrahedral and octahedral, 
respectively. 

In order to provide unambiguous proof of struc- 
ture, an X-ray diffraction study has been carried 
out on NiC12(TFEH)4. The compound is confirmed 
to be NiC12(HZN *NH *CH2 - CF,), with molecular 

Table 4. Selected interatomic distances (A) and angles (“) 
in NiCl,(H,N.NH*CH2*CF,), 

Ni(l)--Cl(l) 2.444(2) 
Ni(l)-N(I) 2.091(6) 
Ni(l)-N(l1) 2.120(5) 
N(2)-N(1) 1.427(8) 
N(2)-C(3) 1.43(l) 
C(3)-C(4) 1.46(l) 
C(4WY5) 1.36(l) 
C(4)_F(6) 1.30(l) 

C(4)-F(7) 1.32(l) 
N(ll)--N(12) 144(l) 
N(l2)--C(l3) 1.45(l) 
C(l3)-C(l4) 1.47(l) 
C(l4)-F(15) 1.33(l) 
C(14)-F(16) 1.34(l) 
C(14FF(l7) 1.35(l) 

Cl(l)--Ni(l)--N(1) 89.0(2) 
Cl(l)--Ni(l)-N(l1) 89.1(l) 
N(l)--Ni(lFN(l1) 91.8(2) 
N(l)-N(2)-C(3) 115.0(6) 
Ni(l)-N(l)-N(2) 115.3(4) 
N(2)--C(3)-C(4) 112.6(7) 
Ni(l)-N(ll)-N(12) 114.4(4) 
N(ll~N(l2)-C(l3) 114.9(5) 
N(f2)-W3W(l4) 115.4(6) 

Cl(l)--Ni(l)-N(lFN(2) - 52.9(4) 
N(1 I)-Ni(l)-N(I)-N(2) 36.2(4) 
Cl(l)-Ni(lFN(ll)---N(I2) - 142.8(4) 
C(3)--N(2)-N(l)---Ni(l) 168.4(5) 
N( 1 )-N(2>-c(3)-C(4) 84.8(8) 
N(2)-C(3)-C(4)_F(5) -60.6(10) 
Ni(l)---N(ll~N(l2)-C(13) - 161.8(4) 
N(12)-C(13)--C(14+F(15) - 6 1.4(9) 
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Ftli'l 

Fig. 1. A view of the NiC12(TFEH)4 molecule (hydrogen 
atoms are shown unlabelled). 

symmetry i(i) and octahedrally coordinated nickel ; 
the molecule is illustrated in Fig. 1. The hydrazine 
is seen to be unidentate through the more basic NH2 
nitrogen atom. Selected bond lengths and angles are 
given in Table 4 and it is seen that the two chem- 
ically equivalent but crystallographically inequi- 
valent ligands are not significantly different from 
each other or from expected values. 

Acknowledgement-We are grateful to Dr R. 0. Gould, 
Edinburgh University for recording the intensity data. 
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Abstract-In the cis(NO,),trans(NH,)-bis(aminocarboxylato)dinitrocobalt/ate(III) iso- 
mers, containing glycinato, S-alaninato, S-n-valinato, S-valinato, S-n-leucinato, S-leuc- 
inato, S-i-leucinato and S-arginine ligands, respectively, it was found that in the A-isomers 
circular dichroic spectra are determined by the configurational contribution to the optical 
activity. This is connected in the case of optically active ligands with the chair conformation 
of the chelate rings and the equatorial position of the ring side group. In the A-isomers, 1- 
conformation of the aminocarboxylato chelate rings and the axial position of the ring side 
groups induce a considerable contribution to the optical activity, which varies from complex 
to complex. NMR spectroscopy showed that these variations are related to small changes 
in the chelate ring conformation in such a way that a more axial position of a ring side 
group induces a larger contribution. The I-conformation of a S-aminocarboxylato chelate 
ring induces a large negative contribution to the circular dichroism of the investigated 
complexes. 

In aminocarboxylatocobalt(II1) complexes, the 
optical activity may arise’ from the configurational 
dissymetry of the chelate rings (assymmetry of 
donor atoms’) arrangement, the conformational 
assymmetry of a chelate ring and from the vicinal 
effect of an assymmetric centre in an optically active 
aminocarboxylato ligand. The vicinal contribution 
to the optical activity in aminocarboxyl- 
atocobalt(II1) complexes has been considered 
as an important contribution, while the conforma- 
tional contribution of an a-aminocarboxylato ring 
was considered to be of small importance, due to 
the almost planar arrangement of ring atoms.3-‘0 
However, in order to extract the vicinal con- 
tribution from the total optical activity of a 
complex, i.e. to separate it from the configurational 
contribution, an additive and equal vicinal con- 

* Author to whom correspondence should be addressed. 
t Their absolute configuration was assumed from cir- 

cular dichroic spectra’ and later confirmed by crystal 
structure analysis. ’ ‘3’ 2 

tribution to the optical activity of a diastereomeric 
pair of a complex has been assumed.3,4*8 Such an 
approach has not allowed the investigation of the 
effect of unequal steric constraints, imposed on the 
aminocarboxylato ligand in a diastereomeric pair 
of a complex, on its contribution to the optical 
activity. It seems that this effect was usually small, 
which inhibited investigations in this direction. But 
in the cis(N0,),trans(NH2)-bis(aminocarboxyl- 
ato)dinitrocobaltate(III) complexes, which contain 
sterically demanding nitro groups as ligands, a large 
difference in the effect of aminocarboxylato ligand 
conformation on the optical activity of their dia- 
stereomers has been suggested.9 Because of that, this 
series of complexes seems to allow investigation 
of the effect of the aminocarboxylato chelate ring 
conformation on the optical activity. However, in 
earlier work, 9 the optical isomers of cis- 
(NO&ans(NHz) - bis(aminocarboxylato)dinitro- 
cobaltate(II1) complexes have been separated 
by fractional crystallization,t which preclude 
the isolation of optically pure substances and 
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the corresponding CD data, which are essential 
for the above mentioned investigation. We have de- 
cided to devise a new procedure for the prepara- 
tion of some of the optically pure isomers and 
to use them for such an investigation. 

RESULTS AND DISCUSSION 

Circular dichroic spectra of the investigated iso- 
mers are presented in Figs 1 and 2, and in Table 
1 the wavelength and dichroism of their dichroic 
maximum in the region of the first b-d electronic 
transition are tabulated. The results differ con- 
siderably from those previously reported,’ mainly 
due to the higher optical purity of the optical iso- 
mers produced in the present work. 

As is seen, the diastereomers having a positive 
sign Cotton effect in the region of the first bd 
transition and having the A-absolute configuration, 
exhibit approximately the same CD spectra, irres- 
pective of the type of optically active amino- 
carboxylato ligand used. There is also only a small 
difference between the corresponding spectrum of 
the analogous glycinato complex, which does not 

possess the vicinal contribution, and the spectra of 
the complexes with S-aminocarboxylato ligands. 
The situation is quite different with those dia- 
stereomers having a dominant negative Cotton effect 
and A-absolute configuration. In these cases maxi- 
mal dichroism is more than doubled in the tran- 
sition from the glycinato to S-valinato or S-iso- 
leucinato complexes. 

To understand the observed data it is necessary 
to consider the structures of the investigated dia- 
stereomers, ’ ‘-’ ’ general features of which are pre- 
sented in Fig. 3. In the A-isomers the chelate ring 
side group is strongly repulsed by the bulk nitro 
group and occupies the equatorial position ; 
because of this the chelate ring adopts the strained 
chair conformation, In the isomers of A-absolute 
configuration the chelate ring side group is not in 
the vicinity of a nitro group but it is orientated 
towards a relatively small coordinated oxygen 
atom, and therefore the chelate ring adopts a 
slightly puckered bconformation, with the side 
group in an axial position. This arrangement is not 
strained, since the same ring conformation is found 
in a structurally closely related glycinato complex. ’ 3 

Fig. 1. Circular dichroic spectra of the cis(N0,),trans(NH2) - bis(aminocarboxylato)dinitro- 
cobalt/ate(III) complexes containing glycinato -, S-alaninato ---, S-n-valinato . . . ., or 

S-valinato ---- ligands. The positive dominant Cotton effect corresponds to A-diastereomers. 
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Fig. 2. Circular dichroic spectra of the ck(NO,),truns(NH,) - bis(aminocarboxylato)dinitro- 
cobalt/ate(III) complexes containing S-leucinato . . . ., S-n-leucinato ----, S-arginine ---, or 

S-i-leucinato - ligands. The positive dominant Cotton effect corresponds to A-diastereomers. 

By applying the concept of the Quadrant rule sidered isomers could be explained as shown in Fig. 
for conformational and vicinal contributions to the 4. In the A-isomer the chelate ring chair con- 
optical activity of octahedral complexes, suggested formation and equatorial position of the side group 
by Bosnich and Harrowlield, l4 the effect of the would produce small or no net optical activity. Con- 
ligand conformation on the activity of the con- trary to this, in the A-isomer a strong negative cir- 

Table 1. Wavelength (1, mn) of the circular dichroic maximum in the region of the first electronic M 
transition and the corresponding dichroism (Aa, mol-’ m*), and the proton chemical shift of the 
aminocarboxylato ligand cc-hydrogen (6, ppm) for the A- and A-isomers of the investigated bis 

(aminocarboxylato)dinitrocobalt/at(III) complexes 

Complex” 

cis(N0&~~ns(NH,) 
-&Ko(NWdgb9,l 
-Ag]Co(NO J @-ala) *I 
-K[Co(NO&S-nva),3 
-K[Co(NO,),(S-val)d 
-K[Co(NO,),(S-nle),] 
-Na[Co(NO,),(S-leu)d 
-Na[Co(NO,),(S-ile), 
-[Co(NO,),(S-argH)&l 

A-isomer A-isomer 
L AE 6 I AE 6 

475 +0.298 3.66(equat.) 475 -0.298 3.77(axial) 
475 +0.25 3.76 467 -0.38 3.93 
480 +0.261 3.66 468 -0.478 3.87 
477 + 0.263 3.65 467 -0.596 3.90 
478 + 0.290 3.67 467 -0.393 3.84 
477 +0.294 3.67 468 -0.383 3.85 
477 + 0.292 3.66 466 -0.603 3.90 
478 +0.326 3.70 467 -0.496 3.89 

a The content of crystallization water in some of the diastereomers is given in Table 2. 
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A- ISOMER A-ISOMER 

Fig. 3. Main structural feature of the investigated bis(S- 
aminocarboxylato)dinitrocobalt/ate(III) diastereomers. 

-+ 7” 
A- ISOMER A- ISOMER 

Fig. 4. Aminocarboxylato ligands skeletal atom pro- 
jection according to the Quadrant rule for their con- 
formational and vicinal contribution to the optical 

activity of the investigated isomers. 

cular dichroism would be predicted on the assump- 
tion that the aminocarboxylato chelate ring having 
the l-conformation generates negative circular 
dichroism in the region of the first &d electronic 
transition. It may be further concluded that A-iso- 
mers, containing S-aminocarboxylato ligands, pos- 
sess almost solely a configurational contribution to 
the optical activity and therefore exhibit circular 
dichroism similar to that of the corresponding com- 
plex with the glycinato ligand. In this isomer the 
circular dichroism does not depend significantly on 
the kind of the aminocarboxylato ligand, because 
the chelate ring side group protrudes into the equa- 
torial region where no constraints for larger group 
accomodation exists. In the A-isomer, the amino- 
carboxylato ligand is flexible. The dominant steric 
constraint on a chelate ring side group in this case 
would be the intraligand interaction with the car- 
boxylato oxygen atom, ’ ’ which may cause a certain 
change in the orientation of a bulk side group. 
According to the same rule one can conclude that 
a more axially oriented side group would enhance 
the negative contribution to the circular dichroism 
in the region of the first absorption band. Therefore, 
we suggest that the large variation in the circular 

dichroism of the A-isomers, containing S-amino- 
carboxylato ligands, is due to the conformational 
and vicinal contribution to the optical activity, 
which would be the largest for the most axially 
oriented aminocarboxylato chelate ring side group. 

To substantiate the proposed correlation between 
the chelate ring side group’s spatial position and its 
contribution to the optical activity of the inves- 
tigated diastereomers we examined their proton 
NMR spectra. In particular, the chemical shift of 
the hydrogen atom on the cl-carbon atom of the 
aminocarboxylato ligand was considered, because 
the spatial positioning of this hydrogen atom is 
directly related to the positioning of the side group, 
i.e. when a side group is in an equatorial position 
the hydrogen atom is in an axial position and vice 
versa. The chemical shifts of the considered hydro- 
gen atom are influenced by the neighbouring mag- 
netic anisotropy of cobalt(II1)’ ‘j and carboxylato 
group. ’ ’ Both influences predict that the chemical 
shift of this hydrogen atom becomes progressively 
smaller when the hydrogen atom is moving from an 
equatorial to an axial position. In accordance with 
this prediction, the experimental data (Table 1) 
show that in the diastereomers of A-absolute con- 
figuration the chemical shift is always smaller than 
in the diastereomers of A-absolute configuration. 
Besides, the small variations in the chemical shifts 
among the diastereomers of A-absolute con- 
figuration could be well explained as a consequence 
of the different substituents on the a-carbon atom. 
This effect becomes unimportant when the differ- 
ence in the hydrogen chemical shift between the 
members of a diastereomeric pair is considered. 
This difference varies notably with the kind of amino- 
carboxylato ligand and it is related to the differ- 
ence in circular dichroism between diastereomers, 
as is shown in Fig. 5. Since in the A-isomers the 
circular dichroism has almost the same value for all 
the investigated aminocarboxylato ligands (the side 
group orientation cannot vary appreciably), the 
correlation presented in the figure is proof that in 
the A-isomer the more axially oriented side group 
induces a larger conformational contribution to the 
circular dichroism. From the figure it can also be 
concluded that the bulkiest chelate ring side groups 
on the first side carbon atom (encountered in the 
valinato and isoleucinato ligands) are positioned 
the furthest away in the axial direction (in accord- 
ance with the predicted repulsion from the car- 
boxylato oxygen atom). 

In conclusion, we point out that our results sug- 
gest that the strong negative circular dichroism is 
associated with the il-conformation of the amino- 
carboxylato chelate ring of the S-amino acids. 
These results may be valuable in the analyses of the 
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Fig. 5. Correlation between the dichroism and the a-proton chemical shift differences in a dias- 
tereomeric pair of the investigated complexes. The formulas represent the a-carbon side groups. 

CD spectra of octahedral aminocarboxylato com- 
plexes. 

EXPERIMENTAL 

Preparations 

Enantiomers of silver cis(NO,), trans(NH,)-bigly- 
cinatodinitrocobaltate(II1). These were obtained by 
a previously described procedure. ’ ‘9’ 9 

Diastereomers of the cis(NOz),trans(NH&bis 
(aminocarboxylato)dinitrocobaZtate(III) complex. 
These were synthesized according to the procedure 
described by Celap et aL9 The procedure was modi- 
fied by prolonging the heating of the reaction mix- 
ture to 2 h and the mixture of diastereomer obtained 
was resolved by column chromatography. After the 
reaction was over, the hot solution was filtered off 
and the filtrate evaporated to dryness on a rotatory 
evaporator ; the dry residue was extracted with 95% 
ethanol and evaporated to dryness. The mixture 
obtained was dissolved in a small amount of water 
and poured on a Dowex l-X4 (200400 mesh, 24 
cm length and 4 cm o.d.) column in the chloride 
form. The column was first washed with water and 
then elution was carried out with a 0.2 M potassium 
chloride solution until the first zone was completely 
eluted, and then with a 0.5 M solution. In the cases 
of the leucine and isoleucine complexes, instead of 
potassium chloride, sodium chloride was used. 
From the eluate of the first zone, the A-diastereomer 
was obtained, whereas the eluate of the third zone 
yielded the corresponding A-diastereomer (the 
second and the fourth zones were found to contain 
the corresponding cis,cis,cis-diastereomers). When 
the eluates of the individual zones started to elute 

from the column, they were collected in portions of 
about 5&100 cm3 and each portion was immedi- 
ately evaporated on a rotatory evaporator (30°C). 
Each dry residue was extracted with absolute etha- 
nol and the filtered extracts kept in a refrigerator. The 
united extracts of one zone were then evaporated 
to dryness on a rotatory evaporator, and the dry 
residue was extracted again with absolute ethanol. 
The filtered extract was concentrated to a small 
volume on a rotatory evaporator until the crystals 
began to separate, and then left to stand overnight 
in a refrigerator. The separated crystals were filtered 
off and washed with ethanol and ether. The filtrate 
was again concentrated and cooled in a refrigerator 
yielding an additional amount of the corresponding 
substance. The substances thus obtained were 
almost optically pure and their yields are given in 
Table 2. The diastereomers obtained, except those 
of the S-alanine complex, were purified as follows. 
The A-diastereomers were purified by pouring their 
solutions again onto a Dowex l-X4 column (200- 
400 mesh, 4 cm length and 2.5 cm o.d.). The elution 
(with a 0.2 M solution) and the isolation of sub- 
stances was carried out as already described. The 
A-diastereomers were purified by extracting them 
with absolute ethanol and evaporating the extracts 
obtained on a rotatory evaporator until the crystals 
started to separate. The optically pure dia- 
stereomers of the S-alanine complex were obtained 
by dissolving about 0.5 g of the corresponding pot- 
assium salt, obtained as described above, in 10 cm3 
of water and by adding a 1 M silver nitrate solution 
(20% more than the equivalent amount). The solu- 
tion was then filtered off to remove the white pre- 
cipitate of silver chloride formed as impurity and 
the filtrate was kept overnight in a refrigerator. 
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Table 2. The yields and specific optical rotations [&‘” of the 
cis(NO,),truns(NH,)-bis(aminocarboxylato)cobaltate(III) dias- 

tereomers separated by ion exchange chromatography 

No. Diastereomer Yield (%) [cr]ioO 

1 A-Ag[Co(NO,),(S-ala)d 9 -573 
2 A-Ag[Co(NO,),(S-ala),] 23 + 343 

3 A-K[Co(N0,)2(S-nva),*H,0 9 -790 
4 A-K[Co(NO,),(S-nva),] * H,O 30 + 232 

5 A-K[Co(NO,),(S-val)d *2HZ0 4 - 795 
6 A-K[Co(NO,),(S-val),] 32 f165 

7 A-K[Co(N0,)z(S-nle)2] - 2H,O 15 -666 
8 A-K[Co(NO,),(S-nle),] 22 +267 

9 A-Na[Co(NO&(S-leu),] * Hz0 11 - 607 
10 A-Na[Co(NO,),(S-let&] - Hz0 29 + 294 

I1 A-Na[Co(N02),(S-ile)2] 8 - 690 
12 A-Na[Co(NO&,(S-ile),] 40 +189 

The A-diastereomer crystallized out in dark brown, 
cube-like crystals, whereas the A-diastereomer sep- 
arated out in the form of needle-like crystals. The 
optical rotations of the isomers obtained are given 
in Table 2. 

Diastereomers of cis(NO&trans(NH,)-bis(S- 
arginine)dinitrocobalt(III) chloride. These were pre- 
pared by an earlier described procedure. *’ 

Measurements 

Optical rotation. This was measured with a Per- 
kin-Elmer 141 MC polarimeter, using 2 x lop3 M 
aqueous solutions. 

CD spectra. These were recorded on a JASCO 
Dichrograph model 5OOA, using the same solutions. 

NMR spectra. These were recorded on a Varian 
FT-80A spectrometer, using D20 solutions and 
DTS as an internal standard. 
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Abstract-The title reaction is first-order in both complex and amine concentrations and 
second order rate constants were obtained spectrophotometrically (~2~‘“) under pseudo- 
first-order conditions (excess amine). For amines of the type RCH2NH2, the rate is pro- 
portional to pK,, but steric factors are important. Thus, Vzptro values for n-, set- and iso- 
butylamine (with approximately constant pKJ are in the ratio 1 : 0.41 : 0.37, respectively, 
and likewise 1 : 0.46 : 0.33 for benzylamine, a-Me- and N-Me-, respectively. The spec- 
trophotometric method essentially monitors the rate of loss of the trans-dichloro- by all 
paths and the rate of coordination of the monoamine was more securely measured by 
monitoring the rate of increase in optical activity (kFD) using chiral amines. Where com- 
parable data are available, kzD is usually less than tiTectro, and ~2~tro data are probably 
composite quantities. 

Chloropentaaminecobalt(II1) complexes of the type 
[CoCl(en)2(monoamine)]2+ are almost always pre- 
pared by the reaction between the trans-dichloro- 
bis(ethylenediamine)balt(III) cation and the mono- 
amine in a suitable solvent (usually water).?‘” 
Although this reaction is of considerable synthetic 
utility, very few studies of the rate have been 
reported. Yields certainly vary with the nature of 
the amine and the time for completion on a syn- 
thetic scale varies from minutes7.’ to weeks.’ Data 
from the synthetic studies are summarized by the 
statement “the yields of [CoCl(en)2(A)]2+ run par- 
allel to the basicity of the amine. At the same time, 
the marked influence of basicity on complex for- 
mation may sometimes be overshadowed by the 
effect of other factors which cannot be strictly 
defined at present.“’ 

The stereochemistry of the product has also been 

*Author to whom correspondence should he addressed. 
t Between 1904-1923 there were 11 unpublished dis- 

sertations produced by students of A. Werner, University 
of Zurich, on various aspects of this reaction.’ 

the subject of much speculation.’ For many com- 
plexes, the cis configuration has been established by 
resolution6 or by X-ray structure’O*” but for at least 
one amine (theophylline), both cis- and trans- 
CoCl(en),{theoplylline( - l)}’ have been char- 
acterized.‘2T’3 

A kinetic study of the reaction between trans- 
CoCl,(en): and amines in methanol’4.1s (followed 
conductometrically), shows that the methoxide ion 
makes an important contribution to the reaction 
rate. In DMF alone, the rate is N lo3 times slower. 

In this investigation, we report a more detailed 
spectrophotometric study of the reaction between 
trans-[CoC12(en)2]C104 and some 23 monoamines 
(Fig. 1) in DMF. 

EXPERIMENTAL 

truns-[CoC12(en)2]C104 was prepared by litera- 
ture procedures’qa) and the amines and DMF 
(Reagent Grade) were used as supplied without fur- 
ther purification. Amine solutions in DMF (0.1-0.3 
M) were prepared by weight and standardized by 
titration in aqueous solution using 0.100 M HCl and 
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Fig. 1. Representative amines used in this investigation. Chiral centres are marked* with the sign of 
rotation at the Na, lines in parentheses. 
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Table 1. Activation parameters associated with &F’ro or kfD (25°C) 
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Amine 

Imidazole CX) 
(+)-Dihydroabietylamine (VI) 
3-Methoxypropylamine 
(+)-a-Me-Benzylamine (V) 
(-)-a-Me-Benzylamine (V) 
(-)-cc-Me-Benzylamine (V) 
(-)-ZAminobutane-l-01 (XV) 
( + )-2-Amino-l -phenyl- 1,3-propanediol (XIV) 

103 &r=‘” lo3 kFD 
# 

E” 698 
(M-’ SC’) (M-’ SC’) (kJ mol-i) (JK-’ mol-‘) 

0.0457 147.5f2.8 +139+6 
1.74 83.5k2.9 -26f6 
4.00 61.2kO.3 -94+1 
1.09 54.3 +0.6 - 128f2 
0.823 53.3 +2.2 - 133+5 

0.893 90.6f4.9 -81f:lO 
1.11 60.5 + 1.9 -107f4 
0.356 68.4kO.9 -90+_2 

screened methyl-red indicator.* A Varian Superscan 
recording spectrophotometer was used for all 
absorption spectral measurements and a JASCO 
ORD/CD/UV-5 recording spectropolarimeter for 
all CD measurements. 

The reaction rate was investigated using a 
sequence of experiments of increasing sophis- 
tication. 

(1) The amine solution (5 cm3, 2 0.1 M) was 
added to 20 mg of trans-[CoC12(en)&104 in a screw- 
capped vial at room temperature and subjected to 
visual examination from time to time. The initial 
green solution changed through purple to grey to 
red and allowed a rough estimate (essentially fast 
or slow) of the rate. ” In many cases, red crystals 
of some chloropentaamine salt deposited after 2-3 
weeks. 

(2) Small amounts of tru7zs[CoC12(en)~C104 (- 7 
mg) were added to DMF solutions of the amine 
in a 1.00 cm spectrophotometer cell maintained at 
25.O”C using circulating water from a temperature 
controlled water bath. Repeat scan techniques (5 
min cycles) gave the position of isobestic points and 
provided an approximate measure of half-life. 

(3) The above procedures were repeated using 
fixed-wavelength techniques (500 nm) to obtain a 
plot of absorbance vs time. Mean pseudo-first-order 
rate constants (k”,*’ + the standard deviation) were 
the average of l&15 point-by-point calculations 
over 2-3 half-lives using the expression 
t x k;r’=’ = ln[(A,-A,)(A,-A,)-‘l. 

These data were converted to GPctro using the 
expression : 

k ;Pectro = po$Ttro [amine] - ’ . 

Overall reproducibility from completely inde- 
pendent experiments, was about 5%. 

*The mixed indicator is prepared from one part 
0.2% methyl-red in alcohol and three parts of 0.1% 
bromocresol-green in alcohol.‘6@’ 

(4) For some of the more interesting systems, 
activation parameters (Table 1) were obtained from 
the variation of E2F*” with temperature using stan- 
dard calculationsi and L$Ftro (25°C) values were 
obtained by extrapolation. The variation of Pop, 
P2@” and E2ptr0 (talc.) (calculated from the acti- 
vation parameters) with temperature, is shown in 
Tables 2 and 3. 

(5) Where chiral amines were available, similar 
methods were used to monitor the increase in CD 
with time in the 650-300 nm region (Table 4). Con- 
centrations were slightly modified to accommodate 
the use of a jacketed 5.00 cm reaction cell. Once a 
suitable wavelength had been established from the 
repeat scan CD measurements, kinetic data were 
accumulated using fixed wavelength techniques. 

RESULTS 

The rate of solvolysis of trans-CoC12(en)$ in 
DMF is 8.5 x lo-’ SK’ (t1,2 - 3.8 days) at 25°C 
(& = 88.6 kJ mol-‘, ASg8 = -63 J K-’ mol-I).” 
Addition of > 10 times of an excess of the mono- 
amine (pseudo-first-order conditions) causes a much 
more rapid colour change from green to red which 
can be monitored spectrophotometrically at 25°C 

(t i/2 - 10-50 min). Repeat scan techniques were 
initially used to establish the presence and position 
of isosbestic points (Table 5) and kinetic data were 
obtained by monitoring the rate of increase in 
absorbance at 500 mm. Near this wavelength, the 
trans-dichloro parent has a minimum (525 nm, 
E = 6.5 M-’ cm-‘) and the chloropentaamine pro- 
duct a maximum (e.g. cis-CoCl(en)z(NH,(CH2)3 
OCH#+ 523.5 nm, E = 77.2 M-’ cm-‘). In gen- 
eral, satisfactory isosbestic points and constant 
“infinity” values were obtained, but there were 
occasional systems where “drifting” was noticeable. 

For one amine system (3-methoxypropylamine), 
h$Etro were determined over a five-fold variation in 
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Table 2. ,Zptr“ (M-’ s-‘) data for the reaction between trans-[CoCl,(en)J CIO, and amines in DMF at various 
temperatures 

Amine 
Cont. 

(M) 

194 POE’, 103 &@” a IO3 &+” (calc.)b 
(s-l) (M-’ s-‘) (M-' s-‘) 

Imidazole (X) 0.205 

3-Methoxypropylamine 0.0524 
0.105 
0.157 
0.182 
0.220 

0.262 

0.220 
0.235 
0.235 
0.235 

a-Methyl-benzylamine (V) 

(+)-Dehydroabietylamine (VI) 

(-)0.220 
(j-)0.195 

(-) 
(-)0.220 
(+)0.203 
(-)0.210 
(+_)0.203 
(&)0.203 
(-)0.210 
(+)0.203 
(-)0.210 
(*)0.203 
(-)0.210 

0.170 
0.170 
0.170 
0.170 
0.208 
0.170 

48.0 
50.0 
52.0 
54.0 
56.0 
58.0 

25.0 

25.0 
29.9 
35.0 
39.9 
47.2 

24.0 
25.0 
25.0 
27.2 
29.5 
31.1 
31.5 
34.0 
34.6 
36.8 
39.9 
40.0 
47.2 

34.0 
36.6 
40.0 
43.1 
44.5 
48.0 

0.66_+0.01 
0.93 f0.03 
1.33kO.06 
1.90+0.06 
2.51 f0.08 
3.48f0.08 

2.33 +0.24 
4.23 + 0.26 
6.00+0.33 
7.82+ 0.47 
8.6lkO.24 
8.22kO.20 
11.0+0.62 

13.1 kO.2 
20.8k1.8 
30.5k2.6 
52.2+3.5 

1.71 f0.08 
2.13kO.09 

0.322 + 0.007 
0.45~0.01 
0.65 +0.03 
0.93 + 0.03 
1.22+0.04 
1.69kO.04 

4.45 f 0.45 
4.04 +0.25 
3.82 f 0.21 
4.29 f 0.26 
3.91 kO.12 
3.74f0.09 
4.21 f0.24 

mean 4.06 f 0.26 
5.96f0.11 
8.83 +0.76 
13.0f 1.1 
22.25 1.5 

0.777 kO.036 
1.09&0.04 

2.15kO.08 0.978 f0.034 
3.00+0.20 1.50+0.10 
2.72*0.13 1.30+0.06 
3.5OkO.20 1.73kO.08 
4.20 f 0.30 2.10+0.10 
3.06kO.15 1.46kO.07 
4.90 * 0.20 2.50&0.10 
4.90 * 0.20 2.33 f0.09 
6.3OkO.20 3.10+0.10 
7.86f0.12 3.74 +0.06 

7.88 f0.4 4.64kO.2 
10.9kO.6 6.4OkO.4 
14.2kO.9 8.36kO.5 
2l.lkl.O 12.4kO.7 
27.4f 1.0 13.2kO.5 
33.5f 1.0 19.7kO.8 

0.324 
0.456 
0.639 
0.892 
1.24 
1.71 

4.00 
5.96 
8.91 

12.9 
22.1 

0.765 
1.09 
0.822 
0.963 
1.51 
1.27 
1.74 
2.07 
1.61 
2.50 
2.29 
3.11 
3.65 

4.67 
6.14 
8.73 

12.0 
13.7 
19.4 

u&~tro calculated from the expression &‘W’ro = key”” [amine]-‘. 
b kp”’ calculated from the activation parameters cited in Table 1. 

amine concentration. These data (Table 6) showed 
that tiZWtro, calculated from the expression, h$$Wtro 
= tiOr”“ [amine]-‘, were essentially constant and 

the rate of reaction can be represented as : 

was linear, with the intercept at the origin, indi- 
cating negligible background solvation during the 
course of the reaction. 

- d[trans-CoCl,(en): J d[product] 
= 

dt dt 

= k&0(111)] [amine]. 

This situation was assumed to prevail for all 
amines investigated and when occasionally 
checked constant L$pctro values were obtained with 
variatioh in amine concentration. Table 5 lists 
h$PectrO data at 25°C for a variety of monoamines 
and aminoalcohols. 

The plot of k:Etr” vs [3-methoxypropylamine] During the course of this data accumulation it 



Amine 

(-)-~~Methylbenzylamine 

(-)-(R)-2-Aminobutan-l-01 (XV) 

(+)-2-Amino-1-phenyl-1,3-propanediol 
@Iv) 

Reaction between truns-dichlorobis( 1,2-diaminoethane)cobalt(III) perchlorate and monoamines 

Table 3. kFD (M-’ s-‘) data for the reaction between truns-[CoC&(en)d C104 and amines 
in DMF at various temperatures 
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&) 

25.0 
36.9 
39.6 
43.2 
46.3 
50.9 

25.0 
29.9 
32.2 
40.1 
43.9 
47.6 
51.5 

25.0 
43.0 
44.4 
50.1 
56.8 
59.9 

103 kfn 
(M-’ s-‘) 

3.9OkO.05 
4.68 +0.22 
6.88 f0.30 
10.3kO.14 
17.1+0.10 

1.69kO.02 
1.97kO.02 
3.61 kO.08 
4.43f0.10 
6.18f0.20 
8.54kO.10 

1.69kO.05 
1.95f0.06 
3.03 kO.07 
5.16kO.17 
6.35 f0.42 

10’ kFD (talc.) 
(M- ’ s-l) 

0.893 
3.63 
4.92 
7.32 

10.2 
16.6 

1.11 
1.65 
1.97 
3.60 
4.76 
6.19 
8.13 

0.356 
1.71 
1.92 
3.04 
5.09 
6.42 

“Calculated from the activation parameters cited in Table 1. 

became apparent that in some systems, cis-CoCl 
(oz@&X.$~f %%i% ?f?J; <+rz @&k ~J-cirK~. T!& kk- 
etic conditions (lo-fold excess amine in DMF) are 
different from the usual synthetic conditions (1.2- 
f&b excess aJnSne jD wate-r) anb base cata5yseA so>- 

volysis or substitution of the second coordinated 
&k97& &gi& k “~&%&-V~. T?r& WT. %~U%!& QL& 
Pzpectro is a composite quahtity, reflecting the loss of 
trans-CoC12(en): by all hths. 

Table 4. Wavelengths of CD max. or min. induced by the coordination of chiral 
amines to truns-[CoCl,(en),] ClO, in DMF 

Amine 1 (mn) 

(-)-(R)-2-Aminobutan-l-01 (XV) 
Isorotatory points 

(-)-2-Amino-1-phenyl-1,3-propanediol (XIV) 
Isorotatory points 

(-)-a-Methylbenzylamine (V) 
Isorotatory points 

(+)-Bomylamine. HCl@,b (XVIII) 
Isorotatory points 

(-)-3-Aminomethylpinane. HCl” (III) 
Isorotatory points 

(+)-D-@UCQSaIUiUe. HCl” (XIX) 
Isorotatory points 

550( - ), 480( + ), 400( -) 
524,436,340 

575( +), 485( -)n 390( +) 
554,426,352 

555( -). 480( +), 400( -) 
490,460 

555( -), 470( +) 
515,400 

550( -), 465( +) 
510,390 / 

480( -) 
410 

a Measured in the presence of excess triethylamine. 
bSynthesized by the method of J. B. Cohen, Practical Organic Chemistry, 3rd 

Edn, p. 297. MacMillan, London (1924). 
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Table 5. ksp”v” data (M-’ s-l) for various monoamines at 25°C in DMF 

Amine” pKb ] 03 @=‘” Isosbestic points 

Class A : RCH,NH, 

Furfurylamine (I) 8.89 1.58_+0.05 410 430 590 
Benzylamine (II) 9.33 2.34f 0.03 595 
2-Methoxyethylamine 9.4 1.86kO.05 348 401 432 586 
3-Methoxypropylamine’ 10.1 4.00_+0.07 347 398 430 582 
(-)-Myrtanylamine (III) 10.6 6.5lkO.20 348 411 432 584 
n-Octylamine 10.65 4.49kO.12 402 429 584 
n-Butylamine (IV) 10.77 7.5OkO.40 348 407 434 582 
iso-Butylamine (IX) 10.83 2.75 f 0.09 347 403 432 585 

Class B : RC(R,)(R,)NH, 

(k )-a-Methylbenzylamine (V) 9.35 1.09+0.07 403 440 586 
(-)-a-Methylbenzylamine’ 9.35 0.823 + 0.039 405 441 586 

0.893 + O&Wd CD 
(+)-Dehydroabietylamine (VI) 10.3 1.74kO.06 405 437 588 
Cyclohexylamine (VII) 10.66 3.41 fO.l 595 
set-Butylamine (VIII) 10.72 3.05 f0.04 350 412 439 590 

Class C : R,NHR, 

Imidazole (X) 6.99 0.0457 * 0.0009 582 
N-Me-Benzylamine (XI) 9.58 0.785 f 0.03 592 
Diethylamine 10.49 2.09f0.18 595 
N-Me-n-Butylamine 10.9 2.28kO.11 596 
Piperidine (XII) 11.2 3.4OkO.19 598 
Pyrrolidine (XIII) 11.27 4.74*0.12 593 

Class D : aminoalcohols 

(+)-ZAmino-1-phenyl-1,3-propandiol (XIV) 8.0 1.49kO.09 599 
0 356+0 024’~~ CD 

(-)-2-Aminobutane-l-01 (XV) 9.5 3.51 IO:11 587 
1.11 f0.04c*d CD 

Ethanolamine (XVI)d 9.5 4.96f0.10 593 
3-Aminopropane-l-01 (XVII)d 10.11 7.89f0.21 593 

“For amine structure see Fig. 1. 
b See ref. 23. 
’ For activation parameters see Table 1. 
dk$D data (see text). 

Table 6. Variation of kig’” vs amine con- 
centration in DMF at 25.O”C” 

[Amine]’ 

NM) 

103 &P-O d 

(M-’ s-‘) 

52.4 2.33f0.24 4.45 f 0.45 
105 4.23 f 0.26 4.04kO.25 
157 6.00f0.33 3.82kO.21 
182 7.82f0.47 4.29 + 0.26 
220 8.61 f 0.24 3.9lkO.12 
262 ll.Of0.62 4.21 kO.24 

n t-[CoCl,(en)J+ concentration - 10 mM. 
bAmine = 3-methoxypropylamine. 
‘Observed pseudo-first-order rate constant. 
’ k;ptro = Eo~‘ro [amine] - ’ . 

dination of the monoamine to the Co(II1) centre 
was obtained by measuring the rate of increase in 
the circular dichroism induced by a chiral monoam- 
ine (Fig. 2). trans-CoC12(en): is achiral, but a coor- 
dinated chiral monoamine will produce induced cir- 
cular dichroism at the COCI(N~)~+ chromophore.” 
The intensity of this induced CD is related to the 
nature of the amine and decreases rapidly as the 
site of the asymmetric centre in the ligand is pro- 
gressively remote from the metal centre. We inves- 
tigated the chiral amines (III), (V), (VI), (XVIII) 
and (XIX) and chiral aminoalcohols (XIV) and 
(XV) (Table 4) but only (V), (XIV) and (XV) gave 
induced CD of sufficient intensity to evaluate kin- 
etic parameters (Table 5). 

Preliminary data were also obtained for epectrO in 
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Fig. 2. CD spectral scans for the reaction of t-CoClz(en): with (-)-(R)-Zaminobutan-l-01 in DMF 
in 25°C. Times reading upwards at 480 mn are 0,9, 17,27,42, 74, 112 and 184 min. 

other dipolar aprotic solvents (DMSO and DMA). 
In general PzPkO values were within experimental 
error for DMF and DMA, but distinctly smaller 
(0.8-0.3 times) in DMSO. Controlled addition of 
2% Hz0 to DMF resulted in a two-fold increase in 
k$ptro and reproducible data could not be obtained 
on addition of 4% H20. 

DISCUSSION 

Class A-primary amines unsubstituted in the IX- 
position, Class B-primary amines substituted in 
the a-position, Class C-secondary amines and 
Class D-aminoalcohols. Within each class, plots 
of -log k”y vs pK, (amine) are linear, but dis- 
placed successively upwards (i.e. slower) in the 
order D < A < B < C (Fig. 3), to give a set of four, 
almost parallel, lines. 

Despite the probability that PzP*” data are com- 
posite quantities, we believe that cis-CoCl(en), 
(amine)‘+ represents a considerable proportion 
(> 25%) of the product, from the reaction under 
investigation, as red crystals frequently deposit 
from aged reactant solutions used in preliminary 
investigations. Support for this comes from a com- 
parison of Gmtro with kFD for chiral aminoalcohols 
where kFD represents 4 to 4 of the PzmtiO values. The 
fact that the plot of k$,p”” vs [amine] is linear and 
passes through the origin merely indicates that all 
“by-product” reactions are proportional to [amine] 
as well. 

A linear plot is to be expected if the SN,CB mech- 
anism is operating, as the first step involves the 
base-assisted removal of a proton from the 
complex, forming its conjugate base. The position 
of the equilibrium will depend on the strength of 
the base, as measured by the pKQ of its conjugate 
acid. 

t-CoClz(en): + : B z& BH+ + CoClz(en)(en-H) 

CoCl,(en)(en-H) kz + CoCl(en)(en-H)+ + Cl - 
rate determining 

With due respect for the uncertainties in the CoCl(en)(en-H)++ BH + k, CoCl(en),(B)*+ . 

nature of the reaction, it is apparent that the amines 
can be placed into about four categories. 
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y= 5.1412 -0.265x R = 0.61 Cc) 
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Fig. 3. Plots of -1ogp vs pK, (amine) at 25°C (Table 5). (a) Primary amines unsubstituted in the 
cl-position. (b) Primary amines substituted in the cl-position. (c) Secondary amines. (d) Aminoalcohols. 

Therefore, the general dependence of reactivity is 

on the base strength. Most interesting, is the fact 
that under the conditions employed, the reaction 
with pyridine (p% = 5.25) is extremely slow and yet 
quite satisfactory yields are rapidly obtained using 
conventional synthetic procedures.‘T4*” Obviously, 
in pure DMF, py is too weak to act as a facile 
proton acceptor, while in water,*’ there are sufficient 
OH- ions generated to allow the efficient pro- 
duction of the conjugate base. 

Activation parameters for both ,iwtro and kfD 
(Table 1) indicate an overall general trend of large 
negative values for AS’. This is different from the 
trend observed in aqueous base hydrolysis reactions 
where large positive AS# values are the norm6 
We attribute this effect to the fact that the species 
removing the protons in the present reaction are 
neutral rather than negative, and the charge neu- 
tralization that accounts for the large position AS#, 
in conventional base hydrolysis,** is absent. 

Aminoalcohols are the most reactive of the bases 
studied here, when compared with aliphatic amines 
of similar pK, values. Autoionization is possible for 

those systems (similar to the generation of MeO- 
in MeOH plus amine14,15) and the resulting alkoxide 
ion is expected to be several orders of magnitude 
more effective in conjugate base formation. When 
0-alkylated, the amino alcohols “revert” to the 
“normal” aliphatic amine values. 

ROH+ :BoRO-+BH+. 
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Abstract-Te2(C6H5)2 undergoes reaction with [{PtX(CH,),},] (X = Br, I) in chloroform 
solution to yield the bimetallic products [{PtX(CH3)3}2{Te2(C6H5)2}]. These complexes have 
been characterized by elemental analysis and low temperature multi-element (‘H, 13C, 125Te, 
“‘Pt) NMR studies. [{PtCl(CH,),),] was unreactive towards Te2(C6H5)2, and similarly 
Se2(C6H5)2 and S2(C6H5)2 failed to bring about the fission of the tetranuclear [{PtX(CH,),},] 
(X = Cl, Br, I) molecule. [{PtI(CH3)3}2{Te2(C6H5)2}] was found to be fluxional over the 
temperature range -20 to +65”C, and a dynamic NMR study of the complex revealed 
two different modes of fluxionality. The lower energy process has been ascribed to the 
concerted/correlated double inversion of the coordinated tellurium atoms (AG* = 59.7 f 0.1 
kJ mol-‘), and the higher energy fluxion (AGt = 64.5kO.03 kJ mol-‘) is attributed to an 
intermetallic ligand commutation of the two tellurium atoms between the two platinum 
atoms, leading to exchange of the three platinum methyl environments. 

There have been extensive investigations of the 
interaction of organic sulphides and selenides with 
trimethylplatinum halides ;’ and in particular 
we have found that the dialkyldichalcogens pro- 
duced2W5 the binuclear complexes [(PtX(CH,),}, 
REER], R = alkyl, E = S and Se. Similar isoelec- 
tronic and isostructural complexes of the rhenium 
carbonyl halides have been reported [ { ReX(CO)3}2 
REER], E = S, Se and Te, R = alkyl and ary16 The 
absence of any reported diaryldichalcogen com- 
plex of Pt(IV) has prompted us to look at these 
reactions. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

All reactions were performed under dry nitrogen 
in Schlenk glassware. CgH,SSCgHS and &H,Se 
SeCdHs were used as purchased and [(PtX(CH,),},] 
(X = Cl, Br and I) and C6HSTeTeC6HS were pre- 
pared by standard methods. 

‘H, ‘3C-(‘H}, “‘Te-{ ‘H} and lg5Pt-{ ‘H} NMR 
spectra were recorded in CDC13 solution on a 
Bruker AM250 F.T. spectrometer operating at 
250.1, 62.9, 78.9 and 53.5 MI-Ix, respectively. For 
‘H and ‘3C-{1H} experiments Si(CH3)4 was used 
as an internal standard. 125Te-(‘H} spectra were 
referenced to Te(CH3)2 and 1g5Pt-(‘H) spectra to 
the standard frequency (E) of 21.4 MHz. All chemi- 
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plexes [Re2(C0)6X2{E2(C6H5)2}l, o< = Cl, Br, I; 
E = S, Se). Despite prolonged reaction times and a 
range of conditions we have failed to obtain the 
corresponding isoelectronic and isostructural com- 
plexes of Pt(IV) from the reactions between the 
[{PtX(CH,),},] tetramer and diphenyldisulphide 
and diphenyldiselenide. Similarly, there appears 
to be no reaction between [{PtCl(CH,),),] and 
diphenylditelluride. In contrast, however, the 
reactions between Tez(C6H& and the corres- 
ponding bromide and iodide tetramers [{PtX 

OW& (X = B r and I) proceed rapidly in chloro- 
form at room temperature to produce the binuclear 
species (Fig. 1). 

[{PWCH3h}41 + 2TedGW~ 

+ 2[{PtX(CH3)~)2{Te2(C6HS>,>1 o( = Br, 0. 

These orange-red crystalline products are formed 
in good yield and appear to be air stable in both 
solid and solution. 

Low temperature NMR studies 

These binuclear complexes were found to be 
fluxional in solution like the corresponding 
binuclear Pt(IV) complexes of dialkyldisulphides 
and dialkyldiselenides. At low temperatures 
fluxionality is halted and NMR parameters for the 
“static” molecules may be obtained. Multinuclear 
NMR data (‘H, 13C, lz5Te, ‘95Pt) for these two new 
complexes are recorded in the experimental section. 

The low temperature ‘H and ‘3C-{1H} spectra 
of the complexes are consistent with the structure 
shown in Fig. 1. This trans (DL) configuration for 
the complexes is also that adopted in the solid state 
for the analogous binuclear rhenium(I) complexes 
and the corresponding platinum(W) complexes of 
the dialkyl4isulphides and -diselenides. 

At low temperature the ‘H NMR spectra of these 
complexes show the expected aromatic ‘H signals 
(relative intensity 10) at 6 7.241 and also three 
low frequency signals (each one of relative intensity 
six). These are the “‘Pt-coupled hydrogens of the 
platinum methyl groups. Of these three separate 
PtCH3 signals, the one at highest frequency is 
assigned to the axial PtCH3 groups trans to the Te 

;>;;&JL 
Pt 

I X I Me 

Me Me 

Fig. 1. Proposed truns structure of [{PtX(CH,),}, 
PhGH5M1. 

atoms, and the other two are the equatorial PtCH3 
groups trans to the halide atoms. These equatorial 
PtCH3 resonances have 2J(195Pt-‘H) and 
1J(‘95Pt-13C) coupling constants in the ranges 
expected’ for PtCH3 groups trans to bridging 
halides, whilst the zJ(‘95Pt-‘H) values for the 
PtCH3 groups trans to Te are at the high end of the 
ranges already observed3 in the related S2(CH3)2 
and Se2(CH3)* complexes. 

The lz5Te spectra of these materials show cou- 
pling to ‘95Pt with 1J(‘25Te_195Pt) of ca 900 Hz. 
The “STe resonances of the complexes are 361 ppm 
(X = Br) and 417 ppm (X = I) to the high fre- 
quency side of the free ligand value of 6 422 ppm. 
The magnitudes of the ‘J(‘25Te-‘95Pt) coupling con- 
stants are confirmed by 195Pt spectra where satellites 
from ‘25Te nuclei (natural abundance 7%) and 123Te 
nuclei (natural abundance 0.89%) can be seen. 
Moreover, ‘J(‘25Te-‘95Pt) and ‘J(‘23Te-‘95Pt) are, 
as expected, in proportion to the magnetogyric 
ratios of the ‘23Te and 125Te nuclei. 

13C and ‘25Te data were obtained for the free 
ligand Te2(C6H5)2 at -20°C and are noted in the 
experimental section. Both 13C and “‘Te spectra of 
Te2(C6H5)2 showed exchange broadening at raised 
temperatures. This has previously been seen in 
the spectra of diarylditellurides and has been 
attributed to an exchange reaction. lo The ‘25Te sig- 
nal in Te2(C6H5)2 was sensitive to temperature and 
shifts of ca 0.3 ppm K- ’ were observed over the 
range -20 to +2O”C. 

Dynamic NMR studies of the complex [{PtI 
(CH3)3}2{Te2(C6H5)2}1 

There are reversible changes both in the number 
and shape of the PtCH3 signals in the ‘H spectrum 
of this complex on warming from -20 to +65”C. 
Between - 20 and + 20°C the two individual equa- 
torial PtCH3 signals broaden and coalesce. A fur- 
ther increase in temperature causes broadening of 
the axial PtMe signal and its eventual coalescence 
with the single averaged equatorial PtCH3 signal at 
ca + 50°C. Above this temperature the single PtCH3 
signal sharpens and its ‘95Pt satellites are visible at 
+ 65°C. These fully reversible changes indicate that 
the complex is undergoing a series of fluxional 
rearrangements, or alternatively that ligand 
dissociation/recombination may be occurring. 
However, 13C NMR spectra of the complex in the 
presence of free Te2(CsH5h show that at + 50°C no 
ligand exchange is taking place, and thus the spec- 
tral changes observed in the PtCH3 region of the ‘H 
spectrum are intramolecular in origin. 

These changes, involving two stage collapse of 
the PtCH3 region of the ‘H NMR spectra are remi- 
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Fig. 2. Synchronous or correlated tellurium atomic inversions in [{PtX(CH,),},(Te2(C6H&}]. 

Ph 

Fig. 3. Intermetallic ligand commutation in [{PtX(CH,)3}2{Te,(C6H,),)I, showing the proposed facile 
fluxionality of the methyl groups in the effectively seven coordinate platinum atoms. 

niscent of those observed4 for the binuclear com- 
plexes of disulphides and diselendides. The lower 
energy process for which only the equatorial PtCH3 
signals are averaged can be attributed to the double 
chalcogen inversion which can involve the tellurium 
ligand atoms in either synchronous or correlated 
inversions (Fig. 2). The higher energy process, in 
which all three PtCH3 signals are averaged, is 
ascribable to a ligand commutation process, Fig. 
3, the transition state of which involves seven 
coordinate Pt(IV). In this transition state the 
rotational scrambling of all PtCH3 groups would 
be a facile process. 

The equatorial PtCH3 region of the ‘H NMR 
spectrum of [{PtI(CH3)3}2(Te2(CsH5)2)] was simu- 
lated over the temperature range 0-25°C in intervals 
of 5°C in order to evaluate the process of double 
tellurium inversion, Fig. 2. AG$ for this trans- 
formation was found to be 59.7 f 0.1 kJ mol-‘, and 
values for A$ and log,,, (A/s-‘) (see Experimental) 
indicated the process to be strictly intramolecular. 
Unfortunately the sulphur and selenium analogues 
could not be prepared to obtain comparative 
values of AGf. However, double sulphur and 
selenium inversions in comparable dialkyldichalco- 
gen complexes have values for AGj of 40.7 kJ 
mol-’ [{PtBr(CH,),},{S,(CH,),}] and 53.4 kJ mol-’ 
[{PtBr(CH3)~}2(Se,(CH3),}], respectively.4 Thus 
the values for the activation energies of such 

double inversions are clearly seen as S < Se < Te 
and are in accord with the order indicated pre- 
viously in a series of mononuclear complexes of 
Pt(I1). ’ ’ 

The higher temperature fluxionality, which 
then averages the axial and equatorial PtCH3 
groups, has a value for AGf of 64.5 kJ mol- ’ 
for this intermetallic ligand commutation/methyl 
scrambling process, Fig. 3. Comparing this 
with the corresponding values4 for sulphur 
commutation (in [{PtX(CH,),},{S,(CH,),)1) of 
61.3-62.4 kJ mol-’ and selenium commuta- 
tion (in [{PtX(CH,),},{Se,(CH,),}]) of 65.1- 
65.2 kJ mol-‘, we see that the activation energy for 
this particular fluxional process is virtually insensi- 
tive to the nature of the commuting chalcogen atom, 
in contrast to the great sensitivity for the inversion 
process. Whilst values of A,!!8 and log,,(A/s-‘) are 
high (see Experimental), they are not unreasonably 
so for a unimolecular process of this complexity. 

1. 

2. 
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Abstract-The extensive polymorphism among hydrated racemic and resolved salts of 
tris-l,lO-phenanthrolinenickel(II), notably the iodides, [Ni(phen),]Iz - nH,O, is described. 

Phenanthroline is a popular ligand. Many com- 
pounds have been preparedlm6 and much work 
on tris-complexes has included the kinetics and 
mechanisms of the racemization of the octahedral 
tris-complexes in solid7-g and solution’ O*l’ phases. 

The tris-( l,lO-phenanthroline)nickel (II) cation is 
easy to make and resolve.‘*-14 It has been used to 
resolve other complex anions by the unusual 
method of clay column chromatography, where 
D-( -)Ssg-[Niphen3]2+ is adsorbed on sodiun-mont- 
morillonite and the complex to be resolved is passed 
through this material.” Another method of resolv- 
ing (partially) [Ni(phen) 3] *+ is based on the Pfeiffer 
effect.16 [M(phen),]*+ complexes have classically 
shown this effect’ 7* ’ * and a number have been inves- 
tigated ; M = Zn,17 Ru indirectly on solubility 
grounds ; ’ ’ and Zn, Ni, Co, Mn, Cd, Hg. *O** ’ Enanti- 
omerization of [Ni(phen),]*+ has been studied in 
(-)-2,3-butanediol** for which the equilibrium 
constant 1.062 [K2& -)/( +)] is found and in aque- 
ous solution containing” (-)-malic acid. 

Recent work7,* on rates of racemization of solid 
salts of [Ni(phen),]*+ indicates that different phases 
may exist. No crystallographic information was 
presented with the kinetic data, nor is it available 
at all. It may be that the various reports concern 
different phases. (Certainly, polymorphism and/or 
the existence of several solvates is known for a 

*Part XLV-D. W. Clack and R. D. Gillard, Znorg. 
Chim. Acta 1988,141, 37. 

TPresented, in part, at the NZIC Conference, Uni- 
versity of Otago, Dunedin, (August 1986). 

$ Author to whom correspondence should be addressed. 

number of phenanthroline-containing compounds, 
for example cis-[M(phen)2C12]C1 * nH,O, with’ 
M = Ir, n = 2 or 3; M = Co, Rh or Cr with’ up to 
five phases identified ; M = Co and Cr. 3, 

It is surprising that there have been no studies 
using powder diffraction or crystal structures for 
these simple salts of [Ni(phen)3]2+, although one 
report says that [Ni(phen)3]12 is amorphous.g,36 The 
literature certainly reveals (Table 1) that the state 
of hydration of some salts is variable or at least 
hard to determine. 

We have now established the crystal and molec- 
ular structure of one of the stable forms of 
pi(phen) 3]12 - 3H *O (reported elsewhere) and 
established the polymorphism in both racemic and 
optically active systems, which we describe here. 

The present distinction between phases is based 
almost exclusively on X-ray powder diffractograms 
and photographs. As powders, many of the com- 
pounds are very similar in colour (pink or salmon- 
pink). In many cases, the powder pattern and degree 
of hydration were particularly difficult to determine 
because of changes that began when the compounds 
were removed from solution. For this reason, good 
crystals only (when available) were used to deter- 
mine the hydration number and precautions were 
taken when recording powder patterns. 

EXPERIMENTAL 

[Ni(phen)3]X2 * nH,O. Typically : 1, lo-phen- 
anthroline monohydrate (1 .O g, 5.05 x lo- 3 moles) 
was stirred in water (40 cm’) and an aqueous solu- 
tion of a nickel salt (e.g. NiS04 - 7H20, 0.45 g, 
1.6 x lo- 3 moles) was added dropwise, giving (over 
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Table 1. Reported states of hydration and solvation for 
salts of racernic (+) or resolved (+, -) [Ni(phen),lX, - nS 

X S 

Cl Hz0 

Br Hz0 

I 

103 

Cl CHzClz 
CH30H 
CHSOH +HzO 
CH,OH+H*O 

4 
6 
7 
8 

10 

5 
6 
7 

2 
3 
7 

9 

9 
14 

0.5 
1 
2 

2 
2 

1+1 

n 
(+) or (-) Ref. 

23 
24-26 

27 
4 

28,29 
8 14 

4 
24 
18 

5 14 

4, 24 
1 

25 
4 30 

18 

18 
29 

25 
4 

12 
2 30,32,33 
3 12,31 

6.5 34 

35 
35 
22 

2+2 22 

“Here, SO., = 2X. 

a few minutes) a clear burgundy solution. The com- 
plex cation was precipitated by the addition of an 
excess of the appropriate anion. For the chloride, 
it is necessary to dilute the solution with acetone to 
effect precipitation. The solids were recrystallized 
by dissolution in water (with or without heating) 
and reprecipitation. 

Chloride and bromide salts were prepared from 
NiCl* and NiBr,, while the iodide salt was prepared 
from NiCl, or NiS04. 

(+)- and (-)-[Ni(phen),]I,.nH,O. pi 
WenM2+ was resolved by the method of Dwyer 
and Gyarfas. I2 The chloride was the starting 
material, and the enantiomers were precipitated as 
iodide rather than perchlorate salts. Both enantio- 
mers were recrystallized by washing them through 
a filter paper with cold water into an aqueous 
potassium iodide solution so that they precipitated 

immediately. The purity of the enantiomers was 
established by polarimetry. (Sucrose was the cali- 
brant.) Solutions were prepared and their optical 
rotation measured immediately. Electronic spectra 
were then recorded and the concentration in solu- 
tion calculated as pi(phen)3]Iz * 3H20. The specific 
rotations, [c$, of (+)- and (-)-[Ni(phen),J 
(C10J2 - 3H20 have already been determined : 
(+)- and (-)-[Ni(phen),](ClO,), * 3Hz0 [a]hsb’“, 
HZ0 = 1463 ; I2 ( +)-[Ni(phen),](C10J2 - 3H20 [c#‘, 
H,O/acetone (50% u/u) = + 1476;13 (-)- 
[Ni(phen),](ClO,), - 3H20 [c&?“, H,O/acetone 
(50% V/U) = - 1482.13 

If a molar rotation [M] is defined by [M] = r/(lM) 
(r = rotation, degrees ; I = cell path, decimeters ; 
M = molar&y) then [c1] = 1000 [M]/mol. wt. The 
molar rotation calculated for [Ni(phen),]‘+ from 
the perchlorate salt is N 1260 ([a] = 1479). This 
number was used to calculate the purity (enantio- 
merit excess) of the iodide salt assuming that the 
anion does not affect the rotation. In all deter- 
minations, the concentration of the complex is less 
than 1O-3 molar. 

The purity of the freshly prepared resolved salts 
(phase B) is 98% for the (+)-isomer, and 92% for 
its (-)-enantiomer. After 16 months (now phase 
B’), the purity was still > 80%. 

X-ray powder d#raction 

Tables 2-5 give the recorded patterns. Three 
recording methods were used ; chiefly Guinier 
photographs, but also diffractograms and Debye- 
Scherrer photographs. Guinier photographs took 
34 h to record and are difficult to measure, because 
the complex is a weak reflector and the lines are 
broad. A diffractometer was used to record a few 
patterns ; these were recorded rapidly at 2”28/min 
to ensure minimal changes. 

More detail is present in diffractograms because 
band profiles and intensities may be readily exam- 
ined. When available, these were used as sources 
for the results in the tables. Identification of the 
phases initially precipitated was made difficult by 
the ready loss of water, accompanied by colour 
changes observed before and after a scan. Guinier 
X-ray powder photographs required relatively long 
exposures, and there must necessarily then be uncer- 
tainty as to whether the observed colour changes 
were accompanied by structural changes. The 
changes may have been extremely rapid, depending 
on the prevailing environmental conditions and 
only the pattern of the more stable final phase was 
obtained. 

The original crystal morphology and/or colour 
were good indicators of the parent phase and with 
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Table 2. X-ray powder patterns for phases of pi(phen) JI r * nH r0 

1177 

Phase B D (I/&) B’ C 

10.281~ 
9.165s 
8.153s 
7.468~~ 
6.997~~ 
6.681vw 
6.416~ 
6.303m 
5.965~ 
5.644s 
5.556s 
4.506m 
4.385~ 
4.076s 
3.986m 
3.858m 
3.801s 
3.670~~ 
3.597w 
3.568~ 
3.254~~ 
3.084~~ 

10.402 8 
9.212 3 
8.153 4 
7.595 2 
7.053 4 
6.150 9 
5.735 100 
5.421 7 
4.996 5 
4.821 4 
4.569 4 
4.428 4 
4.185 17 
4.049 38 
4.017 13 
3.875 27 
3.809 18 
3.711 43 
3.433 6 
3.287 6 
3.107 18 
3.032 12 
3.010 10 
2.866 12 
2.801 8 
2.767 8 
2.684 12 

9.826~ 
8.38%~ 
7.437vw 
6.81Om 
6.394s 
5.717s 
5.471w 
5.356~~ 
5.096~ 
4.969~ 
4.439m 
4.332~ 
4.142m 
3.810~s 
3.693~ 
3.493vw 
3.421~ 
3.153w 
3.079vw 

9.612s 
7.468~ 
6.889~~ 
6.371s 
5.887s 
5.626~~ 
5.324~ 
4.758m 
4.364~ 
4.095vs 
3.892m 
3.802s 
3.466~ 
3.232~ 
2.801~ 
2.640~~ 

u For phase D. 

suitable precautions [(a) using crushed rather than phases A or % recrystallize over several days giving 

ground crystals ; (b) leaving the material damp, with rose-red rhombs of a third phase (C). A fourth 
water or aq. KI ; (c) mulling in Nujol; (d) encap- phase (D), also salmon-pink, was prepared by 
sulating damp material between sellotape layers] rapidly treating a solution of the iodide salt 
a diffraction pattern of the parent phase was with a concentrated aqueous solution containing 
olhtained. an excess of KI, 

Crystal phases of [Ni(phen),]I, * nHzO 

When the &is-( l,lO-phen)nickel(II) cation, pre- 
pared from either NiC& or NiSU4, is precipitated 
with aqueous potassium iodide, a number of differ- 
ent coloured compounds are produced. 

(i) Racemic phases. If a concentrated aqueous 
sco’lulion 05 po>as$mn io&be js ra@i$y aBbeb 10 
a solution of a salt of the complex, a lilac-pink 
precipitate is produced (phase A). At low iodide 
cumcentraljon onSy, 15s rapXi>y @$nnms> chaDges 
tco a new s&mon-$>ti phax >X$>, 3%~ C~XQJ~ byes 
not happen with a higher concentration of iodide. 
Alternatively, slow addition of aqueous potassium 
iodide to precipitate the complex gives phase (B) 
directly. If the iodide concentration is not too high, 

Phase A : the identification of this as a distinct phase 
is based on its colour, lilac-pink. All attempts to 
record a powder pattern (Guinier) resulted in phase 
B, B’, or C type patterns being recorded. Similarly, 
attempts to prepare a dry powder for thermo- 
gravimetric analysis resulted in a colour change 
to salmon-pink indicating a phase change. 
Refrigeration of the damp material immediately 
affer preparation retains the cofour. 

Phase 23 and B’ : good crystals (pale rose-pink) of 
phase B may be prepa& by nm-ysti~~tj~n from 
MI w2&x. 3~1 B&SS %U.Z ~3pi7_2iT-tigS 2213 

mother liquor is cooled these readily recrystallize 
to give phase C. Crystals freshly removed from 
solution and dried on a filter paper, show a great 
variability in water content (Table 6). Water con- 
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Table 3. X-ray powder pattern of pi(phen),]I, - 3Hz0 (phase C) 

- 
ZC do 

110 12.683 24 
200 9.954 26 

011 8.774 31 
iii 8.732 10 
210 8.517 33 

111 7.472 23 
21i 7.395 85 
220 6.341 100 
211 5.989 55 
31i 5.923 39 
121 5.873 22 
22T 5.835 8 

102 5.352 15 
130 5.288 22 
002 5.186 23 
112 5.090 84 
221 5.066 38 
32i 5.026 32 
400 4.977 7 
012 4.946 7 
031 4.849 53 
13i 4.841 35 
311 4.829 21 
410 4.764 87 
102 4.740 14 

131 4.590 49 
23i 4.572 46 

7.345m 
6.326m 
5.965~ 

5.484~ 

5.662~~ 
5.539vw 
5.324~~ 
5.262~~ 
5.14ovw 
5.068s 

4.997vw 
4.942~~ 

4.835m 

4.758m 

112 4.555 65 
312 4.508 28 
202 4.194 15 
33i 4.150 13 
322 4.073 12 
212 4.064 44 
412 4.014 22 

041 3.824 14 
14T 3.820 70 
240 3.802 28 
222 3.736 39 
43i 3.693 19 
24i 3.684 10 
421 3.675 39 
302 3.669 10 
502 3.620 75 
34i 3.452 13 
322 3.351 58 
600 3.318 12 
522 3.314 26 
53i 3.268 15 
123 3.266 31 
610 3.252 39 
113 3.210 11 
44i 3.175 27 
323 3.169 18 
612 3.154 7 

123 3.041 14 
423 3.015 8 

4.564vs 
4.484~~ 
4.171vw 
4.124~~ 
4.058~ 

4.004vw 
3.875~~ 

3.810s 

3.371m 

3.67Om 

3.612s 
3.453w 
3.345w 

3.308~ 

3.249m 

3.198~~ 
3.164~ 
3.116~~ 
3.074vw 
3.043vw 
3.008~~ 

tents between 14.1 and 11.2% (7.8-6.0 H?O) were 
found by thermogravimetry. . - ’ 

Air-drying begins a process of transformation, 
shown by a change from pale rose-pink to orange. 
Water is lost to varying degrees, probably depend- 
ing on the environmental conditions (Table 6). Sam- 
ples presumably in equilibrium with the atmosphere 
gave water contents of 10.0-4.5%. (5.3-2.2 HzO). 
Below 6.6% (3.0 H,O), a new salmon-pink-orange 
phase (B’) is found. 

Oven dehydrated samples of phase B give a phase 
B’ pattern and when rehydrated (95% RH, 
Na,SO,) gave back-in one instance-phase B’ 
and-in another-phase C, with water contents of 
4.8 and 5.2%, respectively. 

Phases C and C’ : phase C grows rapidly by the 
recrystallization of phases A and B, which even 
when merely damp, will transform into good crys- 
tals. Rose-red rhombs grow by the accretion of the 
complex from its immediate surroundings with a 

gradually expanding cleared zone around each crys- 
tal. Phase C is a trihydrate. We report its crystal 
structure elsewhere. It is reasonably stable : air-dry- 
ing does not cause loss of water. Dehydration by 
heating gives a cream-coloured powder, phase C’, 
which rehydrates readily to reform the present tri- 
hydrate. Analysis for [Ni(phen),]I, * 3H20 : Found : 
C, 47.5; H, 3.6; H, 9.4; H20, 5.9. Calc. for 
C36H3012N6Ni06: C, 47.7; H, 3.3; N, 9.3; HzO, 
6.0%. 

Phase D: this was obtained only once, when an 
aqueous solution of the iodide was precipitated with 
a concentrated aqueous solution of potassium 
iodide. The salmon-pink precipitate was filtered 
off, washed with water and the X-ray powder dif- 
fractogram recorded on the damp material. 
Dehydration by heating (1 IO’C) gave phase B’ 
(mustard colour). 

(ii) Chiral phases. The phase system of (+)- or 
(-)-[Ni(phen),]I,*nH,O is similar to that of the 
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Table 4. X-ray powder patterns of (+)- and (-)-[Ni(phen),]I,*nH,O and the 
racemization product 
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(+)-B 
d, ‘-JB B Iac (-)-C (-)-c 

0 vo do I/IO do do 

10.494m 
10.105m 
9.612~~ 
9.358~~ 
8.889~ 
8.505~ 
8.267~~ 
7.864~ 
7.595w 
7.225m 
6.997~ 
6.732~~ 
6.558w 
6.325m 
6.150~ 
5.975w 
5.809m 
5.626m 
5.488~ 
5.364~~ 
5.238m 
5.111m 
4.854m 
4.783~ 
4.483~ 
4.406m 
4.321~ 
4.086s 
4.035vs 
3.908~ 
3.825s 
3.769m 
3.662~ 
364ow 
3.459w 
3.360~ 
3.249~ 
3.164~ 
3.131vw 
3.078~ 
2.978~~ 
2.940~~ 
2.893~ 
2.848~~ 
2.820~~ 
2.792~~ 

- 

9.825 20 
7.917 14 
7.778 13 
6.915 25 
6.745 23 
5.876 39 
5.698 38 
5.300 40 
5.147 33 
4.914 18 
4.634 45 
4.353 29 
4.156 31 
4.076 40 
4.017 22 
3.900 IO0 
3.833 60 
3.746 21 
3.625 68 
3.516 12 
3.479 16 
3.388 9 
3.314 12 
3.290 14 
3.249 15 
3.203 16 
3.110 35 
2.980 27 
2.862 15 
2.824 22 
2.752 11 
2.676 21 
2.614 14 

11.120 19 
9.212 18 
8.445 23 
7.628 19 
7.405 20 
6.451 28 
6.015 11 
5.886 11 
5.698 58 
5.573 68 
5.200 10 
5.133 17 
5.096 17 
4.975 17 
4.682 17 
4.500 41 
4.363 18 
4.195 52 
4.081 100 
3.917 89 
3.891 84 
3.817 32 
3.707 14 
3.554 24 
3.496 48 
3.237 23 
3.153 23 
3.058 23 
3.045 23 
2.990 20 
2.884 10 
2.813 19 
2.726 13 
2.638 6 
2.546 8 
2.479 23 

15.781~ 
14.488~ 
12.109m 
10.982~ 
9.638s 
8.801s 
8.210~ 
7.830~ 
7.612~ 
7.254~s 
6.915s 
6.558~~ 
6.129vw 
5.985~~ 
5.847~ 
5.608~~ 
5.17ovw 
5.111w 
4.982~ 
4.834m 
4.646~~ 
4.439vw 
4.395vw 
4.327m 
4.23Ow 
4.104w 
4.040m 
3.942~ 
3.801~ 
3.746~ 
3.640~ 
3.593w 
3.506~~ 
3.462~ 
3.388~~ 
3.341vw 
3.278~ 
3.243~~ 
3.192~ 

16.289 
9.664~s 
8.116w 
7.39Om 
6.942~~ 
6.758m 
6.005m 
5.886s 
5.716~~ 
5.617s 
5.471vw 
5.308s 
4.133vw 
4.821m 
4.646~~ 
4.563~~ 
4.506~~ 
4444vw 
4.301m 
4.220~ 
4.104w 
4.022~ 
3.917w 
3.842m 
3.769~ 
3.685~ 
3.600~ 
3.533w 
3.472~ 
34Olw 
3.344w 
3.314vw 
3.249~ 
3.203~~ 
3.105vw 
3.053vw 
2.988~~ 
2.956~~ 

racemate. -Observations and comments concerning recrystallize phase B at low temperature (2”C), to 
colour and stability are similar for both systems. keep the solution concentration as low as possible, 

The chiral phase B is readily prepared by adding while at the same ‘time maintaining some transfer 
aqueous potassium iodide to a solution of the to the new phase. With the bulk of the complex in 
enantiomer. In contrast to the racemic case, phase the solid state, racemization is much slower. 
C is difficult to prepare because it is necessary to Other salts : other salts of wi(phen)$+, namely 
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Table 5. X-ray powder patterns of [Ni(phen),]X, *nH20 

x= Cl Br Cl04 

10.749vs 
7.694~~ 
5.372~ 
4.406~ 
4.240~ 
3.817s 
3.597m 
3.332~ 
3.249~~ 
2.581~~ 
2.535~~ 

11.12ovw 
10.652s 
7.899~ 
7.563m 
6.370~ 
6.108w 
5.906~ 
5.488~ 
5.356m 
5.185~~ 
4.982~~ 
4.808~~ 
4.395vw 
4.132~~ 
4.040s 
3.833~s 
3.561~ 
3.493w 
3.433w 
3.260~~ 
3.llObrw 
3.027brw 
2.862brw 
2.788brw 

9.717s 
9.117w 
8.714~~ 
7.761~~ 
6.915s 
6.440s 
6.303~~ 
5.79Om 
5.388m 
5.111w 
5.024~ 
4.783brw 
4.658~ 
4.552~~ 
4.483~~ 
4.385m 
4.095w 
3.934vw 
3.858~s 
3.738~ 
3.692~~ 
3.604~~ 
3.54ovw 
3.472~~ 
3.426~ 
3.363~~ 
3.308~~ 
3.169~ 
3.027brvw 
2.813~~ 
2.784~ 

Br, Cl, N03, C104 gave compounds, precipitated as 
hydrates, that were stable and did not change colour 
on air-drying, although some water of crystal- 
lization was lost. The bromide salt was the most 
variable. Good plum-red crystals were produced 
and care was taken to remove surface water before 
analysis. Thus, the variability of water content 
found between successive runs can be attributed 
only to occluded water. No X-ray powder photo- 
graph showed sufficient similarity with any other 
(including iodide phases) to indicate isomorphous 
phases, nor was any salt found to be polymorphic. 

Thermal reactions : Thermogravimetric analysis 
(Table 6) was used chiefly to determine water 
content. Crystals were removed from solution 
immediately before use and dried on a filter paper ; 
because of the high volume to surface ratio, there 
are unlikely to be serious errors due to adhering 
surface water. The thermogravimetric analysis 
shows results similar to those found by 

others ;g926V36 water is lost readily at low tem- 
perature ; by 12O”C, water loss is complete, although 
heating is not necessary. Then follows the loss of 1.0 
phen in a discrete step beginning at about 180 (Cl-), 
240 (Br-), and 320°C (II, all phases) giving pale- 
green Ni(phen),X,. Beyond this stage, loss of phen 
is indistinct and merges with sublimation of Nix*. 

[Ni(phen)3]I, * 3H20 (phase C) was heated in a 
differential scanning calorimeter so that colour 
changes could be correlated with thermal/heat 
changes and temperature. Runs were from room 
temperature to at least the onset of decomposition 
of the complex (loss of phenanthroline). The com- 
pound began as a salmon-pink powder which 
changed to orange-salmon-pink at the beginning of 
an endotherm due to water loss (66°C). By 88°C 
the compound was yellow-mustard-yellow and at 
lOO”C, the end of the endotherm, mustard-yellow. 
Thereafter there were no changes till N 280°C when 
a green tint was apparent. Thermograms show that 
it is at about this temperature that phenanthroline 
begins to be lost. 

Diffraction patterns were recorded from a sample 

Table 6. Hydration states of some salts [Ni(phen),] 
X,.nH20 

X %H,O” n 

Cl 15.9 7.1 
Br 16.0” 8.0 

NO3 14.0 6.5 rose crystals 

NC& 20.0 10.0 rose crystals 

(+>- or (-)-I 

7.6 3.9 salmon-pink, phase B 

(+)-I Phase C 

5.9 3.0 air dry red-rose crystals 

(+)-I Phase B and B’ 

Crystals freshly removed from solution : 

14.1’ 7.8 
12.4 6.7 
12.2 6.6 
11.4 6.1 
11.2 6.0 

Air dried crystal and powders : 

10.0 5.3 salmon-pink 
9.9 5.2 orange crystals 
6.6 3.3 phase B’ 
4.5 2.2 orange-pink/orange flakes 

“By thermogravimetry. 
‘Other samples gave 14.2, 15.0, 15.2, 18.6%. 
‘Calculated; 6H,O, 11.2; 7H20, 12.9; 8H20, 14.4%. 
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of racemic phase C that had been heated to 110°C 
and cooled to room temperature, and on the 
reheated sample as it cooled. A pair of lines at 3.802 
and 3.892 8, in the hot sample coalesce as the sample 
cools, to a peak at 3.810 A. Finally at room tem- 
perature they are separate again, at 3.778 and 3.867 
A. Another line at 4.095 A in the hot sample 
becomes two lines at 4.049 and 4.124 A at room 
temperature. These differences point to a further 
subtle phase change as phase C is heated ; this is 
substantiated by the change from cream at room 
temperature to mustard-yellow when hot. 

Colour changes are not only associated with loss 
of water and heating. A sample of racemic phase B 
was heated to drive off water and then sealed in a 
glass tube. At room temperature it was cream but 
in liquid nitrogen changed back to a weak pink. 

To investigate possible connections between the 
phase systems of the racemic and chiral phases, a 
sample of the chiral phase B, (-)-[Ni(phen),] 
I2 - nHzO, was heated so as to racemize it.9 A 
sample was heated for 7 days at 190°C which is 
much longer than required to complete race- 
mization. 

The product gave the normal electronic spectrum 
of [Ni(phen)J2+ and had no C.D. spectrum. Its X- 
ray powder pattern (Table 4) does not correspond 
to any previously recorded for a racemic salt. This 
new phase is designated B,,,. 

RESULTS 

Infrared spectra 

There have been several studies of the IR spectra 
of tris-phenanthroline metal complexes. * 5,3 7-39 The 
spectra for divalent and trivalent metal complexes 
are quite similar. Phenanthroline ligand modes are 
little shifted and are similar to those in l,lO- 
phen * H20. There was no evidence for a correlation 
between any of the ligand bands and the nature of 
the metal centre.25*38 

The identities of the modes of phenanthroline 
(free or complexed) have been little studied. Know- 
ledge of metal-ligand (Ni and Fe) modes is much 
more complete. The metal isotope effect has been 
used*’ to identify metal-ligand bands between 500 
and 150 cm-‘. 

Despite these complexes being hydrates, the 
water modes have attracted no mention whatso- 
ever. In view of the extensive phase system of 
[Ni(phen)3]12*nH20, we looked at IR spectra to 
find distinctions that might relate to structural 
differences. Snectra are recorded in Table 7. 

Table 7. Some corresponding IR bands of [Ni(phen),] 
I,-nH,O and l,lO-phen*H,Ob 

phen - H 2O Phase B Phase C 

Hz0 
Hz0 
H20 3380s 
Hz0 1646m 

1618m 
1588m 
1562m 

150% 
1493m 
1423s 
1347m 

1296w 

1219w 

1143w 
1138~ 
1092m 
1079w 
1037w 

988w 

883~ 
854s 

778, 
766~ 
738s 
723~ 
623m 

Evans window( +) 

Hz0 

Evans window( +) 509w 

Hz0 
499w 

Hz0 
Hz0 
Hz0 
phen 411m 

Hz0 
@b-N) 
v(Ni-N) 
v(Ni-N) 

3405s 

1626m 
1607~ 
1582m 

1516s 
0 

1425s 
1341w 

1306~ 

1224~ 
1208~ 
1196w 
1169w 
1142m 

1104m 

’ 970brm 

870m 
849s 
845s 

770w 
724s 

643w 

505brm 

425~ 

300m 
252~ 
244w 

355ow 
3455s 
3420s 

1627m 
1608m 
1588m 
1581m 
1517s 
1496m 
1421s 
1340w 
1337w 
1305w 
1253~ 
1221m 
1206~ 
1194w 

1143m 
1137w 
1103m 
1092w 
1002w 
982w 
971w 
948w 
869m 
848s 
843s 
777w 
763~ 
722s 

643m 
563~ 
530m 
513m 

493s 
480s 
442w 
425m 
394s 
300m 
253m 

(1 Obscured by Nujol. 
b Unlabelled bands are due to 1 , 1 0-phenanthroline. 
c Positive component of an Evans window. 
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Ligand modes 

Very little difference was found between the 
various phases of the iodide or other salts ; the 
anhydrous materials could be distinguished from 
hydrates by the slight difference in the splitting pat- 
tern for a few modes. Some modes previously unde- 
tected appeared on dehydration because they were 
no longer obscured by a broad water mode(s) ( N 500 
cm- ‘), and in the hydrate spectra, Evans windows 
associated with this band caused slight obscuring 
of some bands. 

(a) M-L modes : there was only one band readily 
accessible found at the same position (300(2) cm- ‘) 
in all the iodide phases. (b) Water bands: water 
bands were observed only in two regions: 360& 
3200 err- ’ and 60&300 cm-‘. No bands were 
found in the region 170&l 600 cm- ’ (HOH bend), 
this being for the most part obscured by phen 
bands. 

The water bands between about 600 and 300 
cm-’ are libration modes. The structure of phase 
C is known to contain three unique water molecules 
in general positions in the cell, each of which hydro- 
gen bonds to iodide. This structure is probably as 
simple as that of any other hydrate or polymorph. 
Consequently many distinct libration (and other) 
modes might be expected for all the hydrated 
phases. 

mi(phen),]I, * 3H20 (phase C) 

There are two groups of absorptions in the spec- 
trum of mi(phen),]I, * 3Hz0 (Table 8) some at least 
of which arise from libration modes. The group at 
the higher wavenumber 570-470 cm ’ has a good 
deal of structure, arising probably from a com- 
bination of water and phen bands, and Evans win- 
dows. Window minima occurring at 557 and 506 
cm-’ would be responsible in part for the apparent 
peaks at 563 and 513 cm- ‘. However, the weak 
bands of phen observed at 508 and 481 cm-’ in 
the anhydrous salt and at 509 and 499 cm-’ in 
phen - Hz0 might contribute to the bands at 513 
and 493 or 480 cm- ‘. 

To confirm the position of the libration modes 
of water, [Ni(phen),]I,(H,O,D,O) was prepared by 
recrystallization from aqueous solutions with 
different D20 contents. As the DzO content 
increased, a pair of bands at 493 and 480 cm- ’ and 
the bands at 530 and 394 cm-’ weaken, while a 
band grows at 360 cm- ‘. It appears that an Evans 
window at 486 cm- ’ is in fact dividing a water band 
to give the pair of bands seen at 492 and 481 cm- ‘. 

Libration modes are expected3’ to show marked 
isotopic shifts (1.35-l .41 for H,0/D20). Although 

Table 8. Water and other bands of [Ni(phen),]I,* 3HrO 
(phase C), in the regions 4000-2000 and 600-250 cm-’ 

50% 100% 
a 3Hz0 D,Ob D,Ob 

VP-~) 355ow 

‘9-W 3415 3455s 

+---H) 3420s 
3490 

VP-D) N 2520 

VP-D) N 2470 
VP-D) N 2330 

phen windowsy +) 
phen? 

H,G 
phen + windows’ 508 
window minimum 
phen? 

Hz0 
window minimum 
H *O + phen 
phen 481 

phen 

H@ 
424 

D,O or HOD 
Rot * H,O 
Rot-H,0 
Rot - H,O 
Ni-N 
Ni-N 

298 300 
250 253 

563 

530 
513 
506 

493 
486 
480s 

442 
425 
394s 

3455 

w 2505 

v 2370 

561 562 
543 544 

512 512 

502 506 
492 496 
486 488 
481 483 

444 
425 
394 

444 
425 

361 
350 
333 
324 
300 

390 
383 
360 
350 
332 
325 
300 

r? Sample dried by heating. 
bThis is the composition of the water used for re- 

crystallizing the sample. 
‘See text. 

two sets of bands were found to move on deutera- 
tion, only the one new band appears (360 cm-‘). 
If this band is due to movement of the libration 
mode at about 486.5 cm- ‘, then its isotopic shift is 
1.35 (486.5/360), confirming it or the group of bands 
in this region as a libration mode. A similar isotopic 
shift for the other band at 394 cm- ’ would place it 
at 292 cm-’ in the deuterate but no absorption 
occurs with that frequency. Instead, if the 394 cm- ’ 
band has moved into the region 360-320 cm-’ then 
the isotopic ratio is 1.16 (394/340). This might indi- 
cate that the mode is more influenced by hydrogen 
bonding to iodide. 

The presence of an O-H band at 3455 cm- ’ in 
the sample prepared from pure DzO indicates that 
there must still be protons present. It seems unlikely 
that this absorption at 3455 cn- ’ could stem from 
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an overtone or a combination band. This incom- 
plete exchange probably accounts for the continued 
presence of the bands at 483 and 496 cn- ’ (Hz0 
or HOD bands). 

Phase B 

mi(phen),]I, - nHzO (phase B) has broad fea- 
tureless water bands at 3380 and 505 cm- ‘. The 505 
cm- ’ band obscures weak phen bands. Oven-drying 
causes conversion to phase B’, the loss of water 
bands and the appearance of weak phen bands at 
sso, f?2,48f an-c? 4‘?7 GI-i-i- -: Pi&i?rc B’ is Z&U pfu- 
duced when phase B is treated with dry ether; the 
cc&our chan>es”lYom s&mon+nk’ro cream VjjIh a 
pink flush, and weak water bands appear at 3520, 
3420 and 400 cm- ‘. 

Reaction with organic solvent 

As already mentioned, treatment of [Ni(phen),] 
I2 * nH,O (phase B) with dry diethyl ether causes 
an immediate change from salmon-pink to cream 
with a pink flush, indicative of the loss of water. A 
thermogram on the product shows a rapid loss of 
3.8% up to 94°C (beating rate 2”C/min), and a 
gradual loss of phenanthroline from 140°C. This is 
a temperature much lower than for an untreated 
sram_&e unber &e. same con&&ns. 1% ‘&s u&r? 
phase B (now phase B’) is rapidly air-dried, a new 
very asymmetric band is observed at 400 cn- ‘. This 
band does not occur on the oven-dried sampl’e or 
with phase C similarly treated. Its near coincidence 
with the librational mode of phase C and presence 
of unusual O-H stretching bands suggests water 
in an unusual environment, and/or since it is near 
a moderately strong mode of free phen and phen is 

Solution Solid 

l?Whe&l~~ - + phase A 

salmon-pink colour. In addition some dissolves 
slowly to give yellow solutions. After some time 
in dichloromethane, red-rose crystals grow ; these 
are probably a dichloromethane solvate but 
their composition was not determined. 

The solvate [Ni(phen),]C1,*2CH$l, has been 
described35 but the crystals were yellow. The differ- 
ence in the anion might account for this difference. 
Certainly water is not required to produce a 
pink-coloured chloride salt, witness35 the ethanol 
solvate [Ni(phen)JC12 - 2EtOH which is pink. 

Soxhlet extraction of anhydrous [Ni(phen),]I, by 
~,2-&&?~&i-&-i=c? I-csu-?I.+& iIT a c&i?& y&0$+, &&i= 
tion from which dark red tablets (brown-mustard 
vj,en powberel$ _Erew when ?nr sdJyen1 was 
slowly evaporated. The absence of water is shown 
by the IR spectrum. A thermogram gave a loss 
of 18.0% from about 5O”C, equivalent to 1.9 
(1 ,Zdichloroethane) molecules ; thus the 
formula is [Ni(phen),]I, - 2CH2C1CH2Cl. 

When the iodide salt was crystallized from 30% 
(v/v) aqueous acetone, plum-coloured crystals were 
produced, which show a large loss of 21.4% from 
room temperature and a minor loss of 2.8% from 
180°C. If all the loss is associated with acetone, then 
4.7 moles are indicated. However it seems more 
likely that water and acetone combine in giving the 
total loss ; mixed water-methanol solvates, 
5l;ir@&=~r&Q, *c&0- *Y&Q an& 1 It:)- or :( -+ 
wi(phen)3]C12 - 2CH30H * Hz0 have been 
described.22 

CONCLUSIONS AND DISCUSSION 

The relationships found between the racemic 
phases of the iodide salts of [Ni(phen),12+, prepared 
from aqueous solution and by drying are shown 
below : 

+ - -+ phase B --+ phase B’ 

excess I& - + phase C ---+ phase C’ --+ phase C” 

-+ + phase D 

more readily lost than usual, possibly a Ni-N bond 
has been disrupted. 

Phase C in diethyl ether loses its water only slowly 
(days) changing to a creamy-pink. Its IR spectrum 
is like the trihydrate but with weaker water bands. 

Oven dehydrated samples of [Ni(phen) 3] 
I2 - nH*O, phases B or C when placed in dichlo- 
romethane, 1,2-dichloroethane or chloroform 
(CaCl, or P401,, dry) immediately recover their 

Phases A, B, C, and D crystallize directly from 
solution. All are hydrates ; phase C is a trihydrate 
and phase B probably a 6- or 7-hydrate. The 
hydration states of phase A and D are not known. 

Drying the hydrate phases brings about con- 
version to phases B’ and C’ ; these may have a 
small amount of water present in the lattice or be 
anhydrous. Heating phase C’ brings about a further 
change to phase C”. In general, the phases that 
crystallize as hydrates are pink. Partial drying 



1184 R. D. GILLARD and S. H. MITCHELL 

causes a change to salmon-pink-range and finally chloroform, nitrobenzene, or dichloromethane, 
cream with a pinkish tint for the anhydrous whereas only a small proportion of it remains in 
material. Heating the anhydrous salt produces a aqueous solution. (Certainly, the circular 
mustard-yellow compound. Clearly, water is dichroism of (+)-[Ni(phen),]*+ in aqueous 
involved in determining the colour. and dichloroethane solutions are quite different’ 1 

A similar relationship was found between the indicating that the chromophores present differ.) 
phases of resolved mi(phen)3]12 *nH,O. However, In contrast, water is very good at solvating ions 
fewer phases were discovered. Completely analog- but a poor solvator of neutral organic molecules. 
ous colour changes were observed. 

Solution Solid 

(+)- or (-)-[Ni(phen)&$ - --+ phase B --+ phase B’ 

+ excess I&) - --+ phase C --+ phase C 

Chiral phase B’ racemizes to give a new phase 

(Bra,). 
The situation here with jNi(phen)J]12 -nH,O is 

similar to that4’ for ( +)-[Co(en)JX3 .nH,O 
(X = Br- or I-), wherein the presence of water 
affects the rate of racemization and its loss causes 
a phase change. During racemization, however, the 
X-ray powder diffraction pattern of the chiral salt 
does not change even though there is a 5&70% loss 
of optical activity. No new lines were found but the 
authors conclude4’ that a new racemic phase does 
form. 

Colours and phases 

Colour differences are also found in different 
solutions of the nickel complex and this raises the 
question of the nature of the. species involved. In 
water, [Ni(phen) s] *+ is burgundy-pink and with 
iodide can be extracted or dissolved in organic sol- 
vents to give yellow solutions. The related property 
has been used in the determination of iron ; 
[Fe(phen),]I, (blood-red in water) is extracted into 
chloroform (colour yellow) and its concentration 
determined4’ calorimetrically. 

[FeL3]X2 (L = phen or bipy; X = II, ClO; and 
others) association complexes have been identified 
in solution by Johansson.42-44 Solubility measure- 
ments in water show that iodide and perchlorate form 
strong outersphere complexes, ([Fe(phen)3]X}(2-n)+ 
(X = I-, n < 4; ClO;, n < 3), with the anions said 
to occupy pockets between the phenanthroline 
ligands. 42 The varying degree of association in 
w@hen),]*+ (M = Fe and Ru) in a variety of sol- 
vents has been attributed45 to the varying dielectric 
constant of the solvent. The solvating ability of 
the solvent accounts for the solubility properties 
of [M(phen),] salts in a number of ways. Because 
organic solvents are poor at solvating ions, 
they ought to favour neutral species such as 

{DW@enM2>&~V~. Their formation would ex- 
plain4* why [MOphen),]*+ can be extracted into 

Despite this, aqueous solutions of [Ni(phen)J*+ 
have been shown46 to salt-in toluene and nitro- 
benzene ; a nitrobenzene solvate, [Fe(phen)3] 
I2 * 2H20 * PhN02 has been prepared in which 
PhN02 indeed occupies pockets.47 The presence of 
2,2’-bipyridine in solution likewise increases44 the 
solubility of [Fe(bipy),](ClO,),. An explanation is 
that organic molecules occupy (displacing the anion 
if present or necessary) the outer coordination 
sphere because the anions are more readily solvated. 
A similar relationship with L-malic acid I6 or (-)- 
2,3-butanediol** has been held responsible for the 
enantiomerization (Pfeiffer effect)*’ of [Ni@hen),]*+. 

The observation4* that NaOH suppresses the 
solubility of [Ni(phen)3]X2 (X = I- or ClO;) in 
aqueous solution is more difficult to explain. If the 
species [Ni(phen),](OH)i*-“‘+ form, then effectively 
an extra free anion is available ; this is like adding 
iodide (or perchlorate) to the system. Now the 
solubility of [Ni(phen),]X, is the amount of all 
the nickel species present in solution. So whether 
more or less dissolves in the presence of hydrox- 
ide will depend on the relative stabilities of the 
[Ni(phen),](OH)!*-“)+ and/or mixed species. 

The colour differences found49 for salts of 
[Rh(bipy),]X3 and [Rh(terpy)*]X3 (X = halide, 
SCN-, ClO;) in solid and solution are of a nature 
similar to those for pi(phen),]I, - nHzO, traced to 
the shift of a charge-transfer band to lower 
energy as the anion-complex gegen ion distance 
decreases. Solvent properties also determine the 
position of the charge-transfer bands of N-alkyl- 
pyridinium iodides So and of the Schilt-Barbieri 
compound [Fe(phen)2(CN)2]0.51952 

The charge-transfer band could of course change 
the colour of the compounds not by moving to 
different energy but simply by changing shape. 53 In 
the case of [Ni(phen)3]12 * nH20, the pink colour 
arises from a &d band (513 nm, E = 220 mol- ’ 
dm-* 3T,, t 3A2q of Oh parentage) and the yellow 
colour from a charge-transfer band which 
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encroaches on the visible spectrum. Being a much 
stronger transition, it dominates the observed 
colour when it moves into the visible region. 

The reason for the development of the yellow 
colour is probably that water in the solid or solution 
phases solvates (at least partially) the anion. 
Removing the water causes the anion and the com- 
plex cation to associate more closely and the charge 
transfer band shifts into the visible region. To what 
extent the presence of species {~i(phen)~]I,}(Z-“‘+ 
affects the colour is not easily determined because 
the iodide salts are not very soluble. The ready 
formation4’ of the neutral species {[Ni(phen)J12}‘, 
poorly solvated by water, probably accounts for 
this. In [Ni(phen),]I, * 3H20, phase C, which is rose- 
red, the complex molecules and iodide are held 
apart because the iodide is embedded in a hydrogen 
bonded network with water. However, no water 
molecules actually intrude between it and the com- 
plex, so removing water would probably result 
directly in reducing the distance and a shift to lower 
energy of the charge-transfer band. 

The thermochromism (pink at - 196°C and 
mustard-yellow at 1OO’C) found for [Ni(phen),]I, 
(phase B’) is also probably linked to a change of the 
charge-transfer band in one of the two ways above. 
Lattice changes might bring about a separation of 
the iodide and complex cations, or the vibrationally 
excited states could be depopulated by cooling, 
giving the usual 10s~~~ of “hot” bands. 

Our work on the phases of [Ni(phen),]I,.nH,O 
bears on the subject of solid state racemization in 
that previously the variety of phases involved and 
their relation to water have not been recognized. 
Such detail is an important factor in understanding 
the mechanism and kinetics involved.’ Phase 
changes during dehydration or resulting from it 
have been implicated as being responsible for the 
rapid initial loss of optical activity of solid salts of 
tris-phen or tris-bipy complexes of iron,’ nickel’ 
and cobalt.’ A mechanism proposed for this is that 
escaping water expands the lattice leading to the 
easier formation of the transition state.54 With all 
the water gone, a new condensed phase forms as 
shown by the mustard-yellow colour arising from 
the now closer association of iodide and the 
[Ni(phen) 31~ units. Undoubtedly this new phase 
contains a large number of defects which participate 
in the subsequent racemization. 

Fujiwara and Yamamoto report’ that they used 
anhydrous complexes. They state that “dehydration 
was accompanied by slight colour changes”; 
however we find considerable changes to accom- 
pany dehydration. Thus their compounds were 
not actually anhydrous, nor are they amorph- 
ous as stated.9,36 An initial loss of water would 

accompany the observed initial rapid loss of optical 
activity. Water has been shown to depress the race- 
mization of [Fe(phen),]Br* at room temperature’ 
and the pressure induced racemization3* of 

lN(phen)31(C104)2- 

Gomes has pointed outs5 that it is difficult to 
relate activation energies or rate constants to 
mechanism in solid state reactions. The present 
work would add the further caveat that just as 
in any mechanistic study, a material balance is 
a prerequisite, so, in work on solid coordina- 
tion compounds as complicated as those of 
these N-heterocyclic ligands, it is vital to identify 
the particular phase or solvate in hand. 
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Abstract-The complex species formed in aqueous solution between 4-chloro- 1,2-phenyl- 
enediamine-N,N,N’,N’-tetraacetic acid (4-Cl-o-PDTA) and Co(II), Ni(I1) and Cu(II), and 
between 3,4-toluenediamine-N,N,N’,N’-tetraacetic (3,4-TDTA) and ortho-phenylenedi- 
amine-N,N,N’,N’-tetraacetic (o-PDTA) acids and Cu(II), were studied at 25°C and ionic 
strength 0.1 M in KCl. Potentiometric investigations were carried out at metal : ligand 
ratios 2 : 1, 1 : 1 and 1: 2. The concentration of metal was 2 mM (ratios 2 : 1, 1: 1 and 1: 2), 
1.5 mM (ratio 1 : 1) and 1 mM (ratio 1 : 1). The applications of the least-squares com- 
puter program LETAGROP to the experimental potentiometric data, in the pH ranges 
studied, indicate that the following complex species are formed (ligands H&): 4-Cl-o- 
PDTA acid: [CoHC]-, [CoC]*-, [NiHC]-, [NiC]‘-, CuH2C, [CuHC]- and [CuC]‘- ; 
3,4-TDTA acid: CuH,C, [CuHC]- and [CuC]‘- ; o-PDTA acid: CuH,C, [CuHC]-, 
[CuC]‘- and [Cu(OH)C13-. These ligands, 4-Cl-o-PDTA, 3,4-TDTA and o-PDTA, are 
potentially hexadentate ligands with a coordination sphere, as occurs in the case of 
EDTA. 

The greater proximity of the nitrogen atoms in 
methylcarboxylic tetraacids derived from aromatic 
diamines in ortho positions (Fig. l), permits the simul- 
taneous coordination of both to the same metallic 
cation. Moreover, the proximity of the four methyl- 
carboxylate groups enhances the formation of a 
large number of chelate rings. Both effects con- 
siderably increase the stability constants of the 
complexes formed in aqueous solution, such that 

*Author to whom correspondence should be addressed. 

despite the lesser basicity of the aromatic amines 
with respect to the aliphatic ones, the coordi- 
nating capacity of these ligands is close to that of 
EDTA. The hexadentate coordinating capacity has 
been proven by way of an X-ray diffraction ana- 

R=H , o-PDTA 

R=CH, , 3,4-TDTA 

R=CI , 4-CI-O-PDTA 

Fig. 1. Structural formulae of o-PDTA, 3,4-TDTA and 
4-Cl-o-PDTA. 
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lysis of the crystal structure for the complexes 
Co(II)-o-PDTA’ (o-PDTA = ortho-phenylene- 
diamine-N,N,N’,N’-tetraacetic acid), Mn(II)-o- 
PDTA, Cu(II)--o-PDTA and Zn(II)-o-PDTA.* In 
accordance with this behaviour as potentially 
hexacoordinated ligands, studies have been carried 
out on the complexing capacity, in aqueous solu- 
tion, of o-PDTA acid with the divalent transition- 
metal cations, Mn, Co, Ni, Cu and Zn ;3 on o-PDTA 
and 3,4-TDTA acids (3,4-TDTA = 3,4-toluene- 
diamine-N,N,N’,N’-tetraacetic acid) with alkaline 
and alkaline earth cations ;4 and on o-PDTA, 
3,4-TDTA and 4-Cl-o-PDTA acids (4-Cl-o-PDTA 
= 4-chloro- 1,2-phenylenediarnine-N,N,N’,N’-tetra- 
acetic acid) with Be(II).S Contrary to this is 
the behaviour of diaminetetracarboxylic ligands 
derived from aromatic meta- or para-diamines, 
which can only coordinate an N atom of the ligand 
to the same metallic cation and are potentially 
tridentate ligands, as confirmed by our studies in 
aqueous solution, of the coordinating capacity of 
the m-PDTA (m-PDTA = meta-phenylenediamine- 
N,N,N’,N’-tetraacetic) and p-PDTA (p-PDTA 
= para-phenylenediamine-N,N,N’,N’-tetraacetic) 
acids with Be(H), 6 CUE and Co(I1). a 

The present work is a continuation of our studies 
on the coordinating capacity in aqueous solution 
of tetramethylcarboxylic acids derived from or&- 
diamines, of 4-Cl-o-PDTA acid with Co(II), Ni(I1) 
and Cu(II), and of 3,4-TDTA and o-PDTA acids 
with Cu(I1). 

EXPERIMENTAL 

Reagents 

o-PDTA acid was obtained following a modi- 
fication of the method developed by McCandlish et 
al.’ with a significant increase in the yield of 
this synthesis.’ Adopting a similar technique, the 
monopotassic salt of 3,4-TDTA acid’ and the 
monosodic salt of 4-Cl-o-PDTA acid” were 
prepared for the first time and used as a base 
product in the titrations, since the acids did not 
precipitate from their respective aqueous solutions 
when the pH decreased. 

The metal solutions (in the form of the chloride) 
were evaluated: Co(I1) and Cu(II), electro- 
lytically”~‘2 and complexometrically ;13 Ni(II), 
gravimetrically with dimethylglyoximate.” A 
carbonate-free sodium hydroxide solution was 
prepared according to the School of SillCn’4 and 
standardized against potassium hydrogen phthal- 
ate. KC1 was prepared by recrystallization of KC1 
(KCl, CoCl,, NiC12, CuCl,, HCl and NaOH, 
Merck, analytical grade). 

Apparatus and titration procedures 

The potentiometric titrations in aqueous solution 
were carried out in an inert argon atmosphere at 
25 f O.O5”C, I = 0.1 M in KCl, using a Radiometer 
Type PHM-64 potentiometer, a Radiometer G 202 
B glass electrode and a K 401 calomel electrode. 
The cell constants were determined according to 
the method of Biedermann and SillBn,‘S the liquid 
junction potentials being found to be negligible 
within the margins of [H+] studied. 

Measurements were taken of the ligands alone at 
the following concentrations : o-PDTA (1.17 mM), 
3,4-TDTA (2 mM) and 4-Cl-a-PDTA (2 mM) ; and 
the ligands in the presence of metallic cation at the 
following concentrations and ligand : metal ratios : 
C~=2mM(ratios2:1,1:1and1:2),C~=lS 
mM (ratio 1: 1) and C, = 1 mM (ratio 1 : 1). 

Data treatment 

The experimental potentiometric data were ana- 
lysed by means of the NERNST/LETA/GRAFICA 
version16 of the LETAGROP program,17 based 
on a generalized form of the least-squares method 
that establishes the best model and best values 

of the l&, constants, minimizing the function 
U = c (Z,,,-- Zcalc)*, Z being the average number of 
dissociated protons for the concentration of ligand 
(Z,) or for the total concentration of metal (Z,). 
The LETAGROP calculations also give standard 
deviations o(Z) and o(log &,,).‘” The computations 
were performed on a Burroughs 6700 computer 
(Facultad de Ciencias, Universidad Central de 
Venezuela, Caracas). 

From the LETAGROP calculations corre- 
sponding to the potentiometic titrations of the 
ligands it is found that pK, = 13.694+0.018. 

The presence of the [CU~(OH)~]~+ species, which 
is the major hydrolytic species of Cu(II),19 has been 
taken into account in the calculations for the 
ligand-Cu(I1) systems. 

The calculations are begun by fitting the 4-Cl-o- 
PDTACo(I1) system, since Co(I1) is the least com- 
plexing cation. The final values are the result of 
the simultaneous fit of the five potentiometric 
titrations. The values found for -log Bpqr are taken 
as reference for the subsequent fit of the remaining 
systems, in the order 4-Cl-o-PDTA-Ni(II), 4-Cl- 
o-PDTACu(II), o-PDTA-Cu(II) and 3,4-TDTA- 
Cu(II), respectively. The calculations show that the 
MH& species for Co(I1) and Ni(I1) is not present 
in significant amounts, since -log &, N 0. The 
[Cu(OH)C13- species was discarded for 4-Cl-o- 
PDTA and 3,4-TDTA acids at the pH intervals 
studied. 
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RESULTS AND DISCUSSION Stability constants of the complexes formed 

Ionization constants of the acids 

From the values obtained for the constants fl,, 
corresponding to equihbrium (1) : 

PH’ + rH4C + [Hp(H4C)J’+ (1) 

the ionization constants of the acids (ZQ given in 
Ta+k > cati l~u+;+y be d~kimk~k 

The values found for the pKi are in excellent 
agreemenCwith tkis~pmvks+ fun-d for the thnee 
ligands at the same ionic strength and tempera- 
ture,‘.” and with those found also for the three 
lilgan&s’- at 25W. anb I =%.5 M in NaS!!Q4, ana 
at 25°C and I = 1 M for o-PDTA acidV3 The values 
off pK, indicate that the bask stren_zth af the 
C4- anions follow the order 3,4-TDTA > o- 
P%)TA > 4-Cl-o-PDTA,. as expected from the elec- 
tron donor inductive effect of the methyl radical in 
3,4-TDTA acid and from the effect of the with- 
drawal of electronic density exerted by the Cl atom 
on the aromatic kg anA on ‘rhe I+ atoms in tlx 4- 
Cl-o-PDTA acid. The diagrams of the distribution 
of species as a function of -log m-I+] (Fig. 2 for the 
o- PDTA and 3p- TDTA tids ; for 4-&l-+ PDTA’O) 
c~~ak~m aocorhane vk%k va?mes d --kjs,%, 
given in Table 1, show that the monoprotonated 
species HC3-, with a fundamentally betainic struc- 
ture,9,20 is most basic for 3,4-TDTA acid. 

The analysis of the experimental data of the 
metal-ligand systems studied by the NERNST/ 
LETA/GRAFICA version16 of the LETAGROP 
program” allowed us to calculate the fipgr 
constants for the complex species formed for 
each ligand, defined by means of equilibrium (2) : 

pH+ + qM*+ +rH4C s [H,M,(H4C),]@+24)+. (2) 

The model that best fits the experimental results 
for eaek sqskm k that Whk.k oXr~~r%ds .% tke 
complex species indicated in Table 2. 

The validity of similarity is proven in Figs 3(a), 
~~a~anbS~a),~~~~an-~~~~~~~~ 
between the experimental 2 vs -log[H+] curves 
]Z,, Fips 3[a> ana ala>; ZI(, IQ. 3[2Jj ana those 
calculated from the values of jpg, given in Table 
2. Anaiogous curves are obtained for the 4-a-o- 
PDTA-Co(I1) and 3,4-TDTA-Cu(II) systems. 
Although models were tested that included the poss- 
ible presence of complex species with an excess of 
l&and an& wit’n an ix223 of m&al, t!ix 1~&3 in&- 
cate that they are not present in significant amounts. 

The values of log Kcorresponding to the stability 
.%?rZSti& Qf .t.!X CQmpkx +.Y&k.s fQL?td, L&XQX!kZg 
%x2%1eeg&i~~a 

M*+ + H C*- - MH2C 2 - (3) 

M*+ +HC3- +[MHC]- (4) 

Table 1. Ionization constants of 4-Cl-o-PDTA, 3,4-TDTA and o-PDTA (25°C Z = 0.1 M in KCl) 

- Log BFW 
Pf 4-Cl-o-PDTA 3,4-TDTA pr o-PDTA 

11 0.574+0.132 
11 3.396f0.012 2.898 kO.004 -11 - 2.877 kO.067 

-11 -3.621 kO.015 -3.531 f0.006 -21 - 6.477 + 0.043 
-21 - 8.463 f 0.024 - 8.245 f 0.008 -31 -11.234+0.018 
-31 - 14.359 kO.027 - 15.247f0.013 -41 - 17.876+0.021 

No. of titrations/No. of experimental points 2172 2168 2186 
Standard deviation [a(Z)] 0.017 0.006 0.009 
-Log [H+] range 2.75 - 8.05 2.67-8.71 1.60-9.50 

Equilibrium PK, 

H,C+-H,C 0.6 
H,C-H,C- 3.40 2.90 2.88 
H$--HzCZ- 3.62 3.53 3.60 
H2C2--HC3- 4.84 4.72 4.76 
HC3--C- 5.90 7.00 6.64 

“The use of the monosodium salt of 4-Cl-o-PDTA acid and the monopotassium salt of 3,4-TDTA acid led to the 
calculated real values of pr of 11, - 11, - 21 and - 31, respectively. 
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M2+ +C4- $ [MC12- (5) 

M2+ + C4- + OH- Z$ [M(OH)C13 (6) 

are also given in Table 2, being readily obtained 
from the values of the fipyr in Table 2, and taking 
into account the values of & constants of the acids 
presented in Table 1. 

The values of pKi = -log& corresponding to 
the ionization of the complex species, according to 
the equilibria 

MH2C = [MHC]- +H+ (7) 

[MHC]- =[MC12- +H+ (8) 

[MC12- Z$ [M(OH)C13- +H+ (9) 

are also given in Table 2, and are readily obtained 
from the values of the /&, constants in Table 2, by 
means of the equation 

PK, = l”gP-“il -l”gB-(,+,jll. 

For comparison purposes, data reported in the 
literature on the values of 1ogK of metallic 
complexes of EDTA,2’ o-PDTA3 (I= 1 M in 
NaClO,) are given in Table 3, as well as those 
of tetramethylcarboxylic acids derived from 
meta- and para-phenylenediamines : m-PDTA,* 
p-PDTA,’ 2,4-TDTA22 (2,4-TDTA = 2,4-toluene- 

1 

I Cc2mM 

/ 

I ; * : . , , . 
0 6 -LOG[H*l 

4-CCa-PDTA 

Fig. 3. For the 4-Cl-o-PDTA-Ni(I1) system : (a) Z, vs 
-log [H+] curves ; full curves have been calculated using 
the &r constants in Table 2. (b) Species distribution as 

a function of -log [H+]. 

(a) 
100 

%t 

(b) 

Fig. 2. Species distribution as a function of -log [H+] : 
(a) o-PDTA and (b) 3,4-TDTA. 

Fig. 4. (a) Z, vs -log [H+] curves for the 4-Cl-o-PDTA- 
Cu(I1) system ; full curves have been calculated using the 

B pqr constants in Table 2. (b) Species distribution as a 
function of -log [H+] for the 3,4-TDTAXu(I1) system. 

-. 
. 111 
- 112 
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l:i:i;b: 
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(b) 
100 
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(b) 
100 

KU 
I 

Gd=2mM 
L,M& 

lil: 

. L/M=l/l 

O-PDTA 

&Z 

8 

Fig. 5. For the o-PDTAXu(I1) system: (a) Z, vs 
-log [H+] curves ; full curves have been calculated using 
the j&r constants in Table 2. (b) Species distribution as 

a function of -log [H+]. 

diamine-N,N,N’,N’-tetraacetic acid), 2,6-TDTA22 
(2,6-TDTA = 2,6-toluenediamine-N,N,N’,N’-tetra- 
acetic acid) and 2,6-PDTAz2 (2,6-PDTA = 2,6- 
pyridinediamine-N,N,N’,N’-tetraacetic acid). 

The special conformation of the tetramethyl- 
carboxylic ligands derived from meta- and para- 
phenylenediamines implies that a metallic cation 
can only be bonded to a single, potentially tri- 
coordinating, iminodiacetic group of one and the 
same ligand. 7*22 In the case of m-PDTA, in aqueous 
solution as with Co(II),* or forming crystalline 
solids as with CU(II),~~ a metallic cation can be 
bonded to iminodiacetic groups of different ligands, 
forming M2(m-PDTA)2 dimeric species. The data 
presented in Tables 2 and 3 for the CuC2- species 
indicate that the values of 1ogK for the ligands 
derived from meta- and para-phenylenediamines 
are practically half of those corresponding to the 
ligands derived from ortho-phenylenediamines. 
That is, the tetramethylcarboxylic ligands derived 
from ortho-phenylenediamines are potentially 
hexadentate, and use both iminodiacetic groups 
in order to bond them to the same metallic cation, 
as has been proven with the crystalline solids 
studied.‘,2 o-PDTA, 3,4-TDTA and 4-Cl-o-PDTA 

are, therefore, strong complexing agents, although 
somewhat less than EDTA because of the lower 
basicity of the aromatic amines with respect to the 
aliphatic amines and because of the distortions of 
the octahedral symmetry imposed by the planar 
N-C-C-N structure which includes both N 
atoms.‘-3 

However, compared to EDTA, these distortions 
facilitate the formation of stable protonated com- 
plexes ; the values of log Kfor the MHC complexes 
are practically identical, or somewhat higher for 
the complexes of o-PDTA, 3,4-TDTA and 4-Cl-o- 
PDTA with respect to EDTA. If the values of log K 
for the CuHC species [equilibrium (4)] of o-PDTA, 
3,4-TDTA and 4-Cl-o-PDTA are compared to the 
log K values of the CuC2- species [equilibrium (5)] 
of m-PDTA and p-PDTA, which only bond an 
iminodiacetic group to the Cu(II), it is observed 
that in the CuHC complexes of the acids derived 
from ortho-phenylenediamines, the ligand utilizes 
both iminodiacetic groups to bond itself to the 
Cu(I1) as a tetra- or pentadentate ligand. In the 
CuHC- complexes of the ligands derived from 
meta- or para-phenylenediamines, one imino- 
diacetic group is bonded to the metal and the 
other to the proton7,22 [equilibrium (8), Table 31. 
The values of pKi [equilibrium (8), Tables 2 and 31, 
indicate that in o-PDTA, 3,4-TDTA and 4-Cl-o- 
PDTA the proton of the [MHC]- complex is 
not firmly bonded to the N atom, but is a car- 
boxylic proton, possibly due to the repulsion of the 
very close metallic cation which is preferentially 
bonded to both N atoms. 

The formation of the MH2C complex species, 
proven by us for Cu(I1) with the o-PDTA, 3,4- 
TDTA and 4-Cl-o-PDTA, takes place more readily 
with these ligands than with EDTA, very probably 
due to the distortion of the octahedral symmetry 
mentioned earlier.3 Log Kfor the CuH2C complexes 
[equilibrium (3), Tables 2 and 31 of o-PDTA, 3,4- 
TDTA and 4-Cl-o-PDTA is somewhat greater than 
1ogK for the [CuC]‘- complexes [equilibrium (5), 
Table 31 of m-PDTA and p-PDTA, which seems to 
indicate that in the CuH,C complexes the ligand is 
tetradentate. This totally carboxylic second proton 
is much more readily lost, as is to be expected, 
in the complexes of the acids derived from ortho- 
phenylenediamines, than in those derived from 
meta- andpara-phenylenediamines [equilibrium (7), 
Tables 2 and 31, because in the former the proton 
is subjected to a greater repulsion due to the close 
proximity of the metallic cation and another 
proton. 

The [MC12- complexes of o-PDTA, 3,4-TDTA 
and 4-Cl-o-PDTA are, therefore, strong complexes, 
the ligand acting as a hexadentate one. For this 
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reason, the M2C bimetallic species is not formed, 
nor are complexes with an excess of the ligand, in 
contrast to m-PDTA and P-PDTA.~ The diagrams 
for the distribution of the species of M(H) as a 
function of -log [H+] were calculated from the 
values of & given in Table 1, those of Bpqr in Table 
2 and for Cu(II), those of &,q,‘9 They are plotted in 
Fig. 3(b) for the 4-Cl-o-PDTA-Ni(I1) system (anal- 
ogous to the 4-Cl-o-PDTA-Co(II) system), in Fig. 
4(b) for the 3,4-TDTA-Cu(II) system (analogous 
to the 4-Cl-o-PDTA-Cu(I1) system), and in Fig. 
5(b) for the o-PDTA-Cu(I1) system. The diagrams 
show that at pH2 the metal is already practically 
100% complexed. For comparison purposes, it 
should be noted that in the m-PDTA-Co(I1) 
system,* the metal is only practically complexed at 
pH6 with C, = 10 mM. For the [MC12- com- 
plexes of Co(II), Ni(I1) and Cu(II), corresponding 
to 4-Cl-o-PDTA, the Irving and Williams sequence 
is fulfilled, but the stability of the Ni(I1) complexes 
is close to that of the Cu(I1) complexes, as occurs 
with EDTA (Tables 2 and 3). 

Figures 3(a) and 4(a) (analogous to the other 
systems studied) display graphically the non-for- 
mation of M2C and MC1 species. The 1: 1 and 1: 2 
ligand : metal curves coincide, since the M2C species 
is not formed and the metal is almost totally com- 
plexed in the MC species. The 2 : 1 ligand : metal 
curve is shifted to the right in accord with 
titration of the excess of the non-complexed ligand. 
2, + 3, as is to be expected, upon utilizing the 
starting ligand H,C. 

Figure 3(b) shows that for Ni(II), the 1 : 1 com- 
plex is practically [NiHC]- at pH 2 (to 97%), 
[NiHC]- and [NiC]‘- up to 50% at pH 3.5 and 
[NiC]‘- up to 100% at pH > 6. The almost non- 
formation of either the NiH& or the CoHzC species 
for 4-Cl-o-PDTA, in contrast to the formation 
of the CuH,C species, may be due to the greater 
symmetry of the coordinating polyhedron for the 
complex [NiHC]- with respect to [CuHC]-, due to 
the requirements of the metallic cation. Figure 4(b) 
for the 3,4-TDTACu(II) system (analogous to the 
4-Cl-o-PDTA-Cu(II) system) shows that at 
pH < 3.3 the protonated species predominate, with 
a maximum for the [CuHC]- species at pH 2.6, 
the proportion of the CuH2C species increasing at 
lower pHs. Figure 5(b) displays similar behaviour 
for the o-PDTA-Cu(II) system, the protonated 
species predominating at pH < 3.3, the [CuC]‘- 
species being the sole species at 100% complexation 
between pH 5.5-8.5. 

The hydrolysis of the [CuC]‘- species begins at 
pH > 8.5, to form the [Cu(OH)C13- species. This 
hydrolysis is also observed in Fig. 5(a), where Z, vs 
-log [H+] curves are plotted. With the ligand : metal 

ratio 1 : 1, 2, > 4 at pH > 8.5 (starting ligand H,C), 
and with the ratio of 2: 1, Z, > 8 at pH > 8.5, indi- 
cating the titration of an acidity supplementary to 
that of the ligand, due to the formation of the 
complex [Cu(OH)C13-. Figure 5(b) indicates that 
the complex [Cu(OH)C13- is formed starting from 
[CuC]‘-. The chelate ion [CuC]‘- in the solid state 
is not aquated, the formation reaction thus being 

[CuC12- +OH- = [Cu(OH)C13- 

and the hexadentate ligand becomes pentadentate. 
The alternative would be that at a pH below 8.5, in 
aqueous solution, the complex [CuC]“- is aquated, 
in accord with the aquation reaction 

[CuC]‘- + H20 = [CU(H,O)C]~- 

the hexadentate ligand becomes pentadentate, and 
the subsequent hydrolysis reaction occurs 

[Cu(H20)C12- + [Cu(OH)C13- +H+, 

but no evidence is available to enable a choice to be 
made between the two alternatives. 

The values of 1ogK for the complex [CuC]‘- 
(Table 2) indicate that 3,4-TDTA is the strongest 
chelating agent, very probably due to the electron 
donor effect of the methyl radical which increases 
the electronic density on the N atoms. In contrast, 
no appreciable difference has been observed in this 
work in the coordinating capacity of 4-Cl-o-PDTA 
and o-PDTA with Cu(I1). 
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Abstract-Thiols RSH (RSH = MeSH, cysteine, N-acetylcysteine, 2_methylcysteine, N- 
acetyl-2-methylcysteine, penicillamine, N-acetylpenicillamine and glutathione) react with 
nitroprusside ([Fe(CN),NO]‘-, pentacyanonitrosylferrate(2-)) to give, via the inter- 
mediates [Fe(CN),N(0)SR13- and [Fe(CN),N013-, the pentacoordinate iron(I) complex 
[Fe(CN),NO]‘- . The fate of this complex depends crucially upon the reaction conditions ; 
in the presence of oxygen, [Fe(CN),N012- can reform [Fe(CN)5N0]2- to give an effective 
stoichiometry of RS- to [Fe(CN),N012- substantially greater than 1: 1; in the absence of 
oxygen and with a stoichiometric ratio of 1 : 1, the [Fe(CN),N012- follows a well established 
pathway to yield [Fe(CN),14-, Fe’+ and NO ; in the absence of oxygen and with an excess 
of the RS- ligand, substitution occurs at [Fe(CN),N012- to give firstly [Fe(NO),(SR),]- and 
subsequently [Fe,(SMe),(NO),] (where R = Me) or [Fe,S,(NO),]- (when R = H). For every 
R except R = H, decomposition of the initial adduct [Fe(CN),N(0)SR13- yields the disul- 
phide RSSR ; when R = H, elemental sulphur is formed. 

The kinetics of the reactions of thiols RSH and 
thiolate anions RS- with the nitroprusside ion, pen- 
tacyanonitrosylferrate(2 -) [Fe(CN),N012-, have 
been rather extensively studied.2-5 The initial step 
in the reaction is attack by the thiolate anion RS- 
on the nitrogen atom of the nitrosyl ligand :’ this is 
comparable to the initial step in the reactions of 
other oxygen-, nitrogen- and carbon-centred”” 
nucleophiles with nitroprusside, eq. (1) : 

/O 
[Fe(CN),N012- +X + [Fe(CN),N 

\ I- 
2 

X 

(1) 

*For Part IV, see ref. 1. 
tAuthor to whom correspondence should be addressed. 

where X = -OH (ref. 6), -SH (ref. 2), NH2R (refs 
7, 8), -NHR (ref. 9), NHR2 (ref. IO), -CHR2 (refs 
1, 1 l-14), -SR (refs 3-5, 16, 17). 

In some cases,3 the primary intermediate 
[Fe(CN),N(0)SR13- has been observed to decay to 
a paramagnetic species, characterized by g = 2.024, 
A(14N) = 15 G (lN), which can also be obtained by 
reduction of nitroprusside electrochemically,3 or by 
use of borohydride, ascorbic acid, quinol or 
dithionite,3 or superoxide. I8 This paramagnetic 
species, commonly described in the literature as 
[Fe(CN),N013- (although formulations such as 
[Fe(CN)5NOH]2- and [Fe(CN),NOJ’- have also 
been suggested), is19 in fact [Fe(CN),NO]‘-, pre- 
sumably formed in every case by very fast” dis- 
sociation of [Fe(CN),N013-. Apart from these 
observations3 of [Fe(CN),NO]‘-, together with the 
identification3 of the disulphide RSSR cor- 
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responding to the initial thiol RSH when RSH was 
PhSH,3 PhCh2SH3 or cysteine,4 essentially nothing 
is known of the subsequent course of the reaction 
between nitroprusside and thiols. 

In this paper we report the determination of the 
reaction stoichiometry and the final products, and 
the identification of a number of the intermediates, 
for a wide range of thiols. 

RESULTS 

Final products 

For all the thiols RSH examined in this study, 
except H2S, the final products of similar reactions 
were the corresponding disulphide, identified in 
most examples by ‘H and 13C NMR spectroscopy, 
and hexacyanoferrate(I1) [Fe(CN),14- again ident- 
ified*’ by 13C NMR spectroscopy. When H,S was 
the thiol, [Fe(CN)J4- was again formed along with 
elemental sulphur. Nitrogen(H) oxide was identified 
as a product of the reactions of several thiols with 
nitroprusside. 

The products and intermediates which were 
unambiguously identified are summarized, for each 
of the thiols studied, in Table 1. 

Reaction stoichiometry 

When the primary adduct [Fe(CN),N(0)SR]3- 
formed from nitroprusside and thiolate anions 
decomposes, the characteristic3,4,5 purple colour 

fades : however if the thiolate is in excess, then aer- 
ation of the faded solution regenerates the purple 
adduct. The sequence of aeration, followed by fading 
of the newly purple solution, followed by further 
aeration can be repeated many times ; in this way, 
nitroprusside has been made4 to oxidize up to ten 
molar equivalents of cysteine to cystine. 

We have confirmed these observations4 and find 
from NMR titrations that, in air, typical stoi- 
chiometric ratios of thiolate : nitroprusside lie in the 
range 2 : 1 to 4 : 1. However, when oxygen is rig- 
orously excluded, the reaction stoichiometry is pre- 
cisely 1 : 1. The simplest rationalization of the effect 
of oxygen is in terms of eq. (2) : 

0, 

1 i 
[Fe(CN),NO]*- RS- [Fe(CN),N(0)SR13- -“2R2SJ [Fe(CN),N013- 

-ddia t es. [Fe(CN),NO]*- ------+ 

Table 1. Formation” of intermediates and products in the reactions of RS- with [Fe(CN),NO]‘- 

(2) 

RSH - 

Intermediates Final products 
[Fe(CN),N(0)SR13- 

a,,, (nm) [Fe(CN),NO]‘- [Fe(NO),(SR)J- [WCN)614- RSSR 

H,S 
MeSH 
Cysteine 
N-acetylcysteine 
2-Methylcysteine 
N-acetyl- 

2-methylcysteine 
Penicillamine’ 
N-acetylpenicillamine 
Glutathion@ 

570 + 
522 + 
522 + 
522 + 
521 ns. 

520 + 
526 n.s. 
525 + 
520 + 

+b + 
+b + 
- + 
+’ + 
- + 

+’ n.s. 
- + 
+’ + 
- + 

d 

d 

+ 

+ 

n.s. 
+ 
+ 
+ 

“Product observed, + ; product not observed, - ; not studied, ns. ; [Fe(CN),NO]‘- and [Fe(NO),(SR)$ identified 
by EPR spectroscopy ; [Fe(CN)$- and RSSR identified by 13C NMR spectroscopy, except as noted. 

b Observed only with excess of RS-. 
‘Elemental sulphur (but not HSSH) isolated and identified by mass spectrometry. 
d Water-insoluble RSSR isolated prior to identification. 
e Observed as a minor product in reactions at 1: 1 stoichiometry. 
f2,2-Dimethylcysteine. 
9Ref. 30. 
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The reduced anion [Fe(CN),N013- is known2’ 
from pulse radiolysis work to be the primary prod- 
uct of electron attachment to nitroprusside, which 
furthermore undergoes” very rapid dissociation to 
yield [Fe(CN),N012-. This latter cyanoferrate is 
that observed by EPR spectroscopy in the reactions 
of thiolates with nitroprusside (ref. 2 and Table l), 
and probably arises by the same route ; the 
[Fe(CN),N013- having been formed by the loss of 
RS’ or fR2S2 from the purple adduct 
[Fe(CN),N(0)SR13-. 

The intermediate [Fe(CN),N013- is formed by a 
reaction between RS and [Fe(CN),N012- of 1: 1 
stoichiometry : in the absence of air it all decays 
to [Fe(CN),N012-. However, in the presence of 
oxygen at least part of the [Fe(CN),N013- is oxid- 
ized, reforming [Fe(CN),NO]‘- which can react 
with further RS, so giving an overall stoichi- 
ometry, in air, with the ratio RS : [Fe(CN),N012- 
greater than 1 : 1. 

While the recycling back to [Fe(CN),N012- was 
observed with most of the thiols in Table 1 (and 
with homocysteine), no such recycling was observed 
with the sterically hindered thiols HSCMe, 
CH(NH,)COOH (penicillamine) and HSCEt3. 

Ident$ed intermediates 

The initial adduct is4 of type [Fe(CN), 
N(O)SR]‘- : for a wide range of thiols RSH, 
except for H2S, the adduct has A,,, in the range 
520-526 nm (Table 1). Thioglycolic acid and 2-mer- 
captoethanol gave3 similar adducts having A,,, 
of 522 nm. 

The hydrogen sulphide anion HS is a unique 
thiolate, because of the possibility of further proton 
loss from its initial adduct with nitroprusside. The 
kinetics of the reaction of HS with nitroprusside 
were interpreted2 in terms of an initial species A, 
which was then converted to a second species B. 
The formation of A was first-order in each of nitro- 
prusside and HS-, while the conversion of A to B 
was first-order in A only, and was independent of 
both pH and HS concentration.’ A and B were 
identified2 [Fe(CN),N(0)SH13- 
[Fe(CN)SNOS]4as, respectively, although I,,, fozd 
570 nm, is markedly different from that of other 
[Fe(CN),N(0)SR13- species (Table 1). Nor has the 
constitution of B been fully established.22 

Loss of either RS’ or $R2S2 from the primary 
adduct [Fe(CN),N(0)SR13- yields the known” 
[Fe(CN),N013-, which in the absence of oxygen 
decays2’ to the paramagnetic [Fe(CN)4NO]2-.23 
When RSH is cysteine, the decay of the primary 
adduct [Fe(CN),N(0)SR13- has been shown4 to fol- 

low first-order kinetics : this suggests that the initial 
decay products are [Fe(CN)sNO]‘- and the thiyl 
radical RS’, eq. (3), but it has not yet proven poss- 
ible to detect or trap such thiyl radicals in these 
reactions : 

[Fe(CN),N(0)SR13- + [Fe(CN),N013- + RS’. (3) 

The square-pyramidal 23 five-coordinate complex 
[Fe(CN),N012- is substitution labile24 and in the 
presence of a lO-20-fold molar excess of RS (for 
R = H or Me) the characteristic” EPR spectrum of 
[Fe(CN),N012- is rapidly replaced by those of the 
known25 dinitrosyl complexes [Fe(N0)2(SH)J 
and [Fe(NO),(SMe),]- ; (R = H : g = 2.027, 
_4(14N) = 2.7 G, A(‘H) = 0.5 G; R = Me: 
g = 2.027, A(r4N) = 2.1 G, A(‘H) = 2.1 G). The 
resulting conversion of an {Fe(NO)}’ complex to 
an {Fe(N0)2}9 complex is yet another example of 
the very easy interconversion of [Fe(N0)12+ and 
[Fe(N0)2]+ fragments. 

The mononuclear dinitrosyls [Fe(NO),(SH)$ 
and [Fe(NO),(SMe),]- are known25,26 precursors of 
tetranuclear [Fe,S,(NO),]- and dinuclear Fe, 
(SMe),(NO),, respectively : on a preparative scale, 
similar oxygen-free reactions of [Fe(CN),NO]‘- 
with an excess of HS or MeS gave isolated puri- 
fied yields of Na[Fe4S3(NO),] (when RS = HS-, 
yield 26%) or Fe,(SMe),(NO), (when RS- = MeS-, 
yield 7.2%). 

Similar paramagnetic species having g values 
slightly higher than the primary paramagnetic com- 
plex [Fe(CN),N012- have previously been 
observed3 in reactions between [Fe(CN)5NO]2- and 
HOCH2CH2SH, HSCH,COOH or PhSH: these 
species were not identified,3 but the formulation 
[Fe(CN),NHSR13- (containing the neutral radical 
ligand RSNH’) was suggested. We can now, with 
some confidence, reassign these in every case as 
[WNOMW~I-, having R = CH2CH20H, 
CH,COOH and Ph, respectively. 

The observation noted above, that with an excess 
of HS nitroprusside yields [Fe(CN),NO]*- which 
in turn reacts with HS- to give [Fe(NO),(SH),]-, 
must call into question the published’ interpretation 
of the kinetics of the reaction of [Fe(CN),N012- 
with HS : typical molar ratios of HS to 
[Fe(CN),NO]*- were2 80 : 1. Hence the interpre- 
tation* of species A and B as [Fe(CN),N(0)SH13- 
and [Fe(CN)5NOS]4-, respectively, seems unlikely 
to be complete. Under the conditions used in the 
kinetic study,2 we have identified, in succession 
[Fe(CN),NO]*-, [Fe(NO),(SH),]- and [Fe4S3 
(NO),]-, but we have no unambiguous evidence for 
the existence of [Fe(CN),NOS14-. The identified 
intermediates are summarized in Table 1. 
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1 
[F~cN~o]*- x [FelCNi,N:~R]3--~[Fe~CNI,NO]3-~ [F~(cN),NO~'- 

~.dNOil:i:;-=- 

{[F~IcNLJ~-} 
2 2 

+ CN-: Ligmd 
reorganizat/ I 

[Fe,S,(NO),]- (R=H) 

5/6[Fe(CN),]4-+ ‘I6 Fe,‘+ or Fe,(SMe),(NO), (R=Me) 

Scheme 1. 

Reaction mechanism 

The overall mechanistic scheme for the reaction 
between nitroprusside and thiols is given in Scheme 
1. In terms of this scheme, three distinct reaction 
pathways can be defined dependent upon the initial 
ratio of RS- to [Fe(CN),NO12- and upon the pres- 
ence or absence of atmospheric oxygen. 

(i) Oxygen present. Part or all of the 
[Fe(CN),NO13- (or possibly [Fe(CN),NO12- and 
CN-) is oxidized back to [Fe(CN),N012-. If a 
molar excess of RS- over initial [Fe(CN),N012- is 
present, the reformed [Fe(CN),NO]‘- will react 
with further RS- to give an effective stoichiometric 
ratio of RS- to [Fe(CN),NO]‘- greater than 1 : 1. 

(ii) Oxygen absent and no initial excess of RS. 
All of the [Fe(CN),NO]“- loses NO and after re- 
addition of the cyanide ion lost earlier and 
ligand reorganization, yields [Fe(CN),14-, together 
with Fez,+. 

(iii) Oxygen absent and RS present in excess. 
Ligand substitution occurs in [Fe(CN),NO]*- to 
yield, after nitrosyl ligand migration25 and redox 
disproportionation,2’ [Fe(NO),(SR),]-. 

With the single exception of the postulated inter- 
mediate, [Fe(CN),]‘- arising from loss of NO from 
[Fe(CN),N012-, all of the intermediates and prod- 
ucts in Scheme 1 have been identified and char- 
acterized, mainly by us, but [Fe(CN),N0]3- and 
Fezi by others.20T27 

In Table 1, we summarize the identified inter- 
mediates and products for each of the thiols studied 
in the present work. In addition to the results of 

Table 1, we note that [Fe(CN),NO]‘- was formed, 
although not identified as such,3 when RSH was 
HSCH2CH20H, HSCH2COO-, HSPh and 
HSCH2Ph. 

Kinetics 

The kinetics of the initial adduct-forming step, 
eq. (4), have been studied by Wilkins’ for a range 
of thiols, using temperature-jump methods and the 
values of kr and kd established. 

[Fe(CN),NO]‘- + RS- 

$&[Fe(CN),N(O)SR]“-. (4) 
d 

We have extended the range of thiols studied 
to include penicillamine HSCMe,CH(NH,)COOH, 
N-acetylpenicillamine and homocysteine HSCH2 
CH2CH(NH2)COOH. The relaxations were effec- 
tively first-order and with nitroprusside in excess 
over the thiol the relaxation time r is given by eq. 

(5) : 

z -’ = kdFe(CN),NO]‘- + kd. (5) 

The resulting values of kf and b are given in 
Table 2 and confirm further that the variation of kf 
and kd with structural variation adjacent to the thiol 
centre is very slight. For all the thiols studied, here 
and elsewhere,’ the overall range of kf and kd is 
small. In all cases kf is of the order of lo4 s- ’ dm3 
mol-‘. 

Table 2. Rate constants for adduct-forming equilibria 

Thiol PH kl (SC’ dm3 mol-‘) kd (s-l) 

Penicillamine 11.2 1.50 x 104 3.90 x 103 
N-acetylpenicillamine 11.2 1.75 x 104 2.55 x lo3 
Homocysteine 10.5 1.33 x 104 2.47 x lo3 
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DISCUSSION 

The course of the reaction between RS- and 
[Fe(CN),N012- established above (Scheme 1) is 
clearly entirely different from those which have been 
described for other nucleophiles such as OH-,$ 
primary and secondary am&s,‘-“’ and simple car- 
banions.“-’ In such cases the initial adduct 
[Fe~CN)~N(~)X]‘- arising from the addition of the 
nucleophile X to nitroprusside [eq. (l)] decomposes 
in a dissociation reaction giving [Fe(CN),H20]3- 
and XNO which undergoes further reaction. The 
eventual products from XNO are NO; (when 
X = OH-), ROH (when X = RNH2),?s8 R2NN0 
(when X = R2NH),10 or R2C = NOH (when 
X = -CHR2). ‘r-l4 For each of these nucleophile 
types, the nitrosyl ligand is inco~orated into the 
final products : when X = RNH2, the final products 
are ROH and N2 where one atom of the each dini- 
trogen molecule arises from the nitrosyl ligand of 
[Fe(CN)~NO12-, and the other atom from RNH2. 

In contrast, the reaction of [Fe(CN)sNO]z- with 
RS does not generate any product which incor- 
porates the nitrosyl ligand. A strict parallel with the 
reactions of amines and carbanions would suggest 
that the S-nitrosothiol, RSNO, is the primary prod- 
uct XNO. However, we have never observed such 
products, even from reactions using thiols like N- 
a~~l~~~~~ne which are GOVE’ to form boy 
stable S-nitroso derivatives. Rather, the reactions 
proceed as indicated in Scheme 1 and the nitrosyl 
ligand is liberated as neutral NO. For reactions in 
vitro in the absence of oxygen, the NO is lost 
from the reaction and is readily identified by IR 
spectroscopy. In reactions in uiuo, the NO may be 
trapped, for example, by haem groups, as a nitro- 
sylhaem.2gTM 

Now that the course of the reactions of thiols 
with nitroprusside have been delineated, it seems 
probable that several of the kinetic studies of these 
reactions3-’ will require re-evaluation. 

Except where stated otherwise, thiols were pur- 
chased from Sigma and were used as received. 
NaSH and NaSMe were prepared by the reaction 
of metallic sodium with H2S or Me&, in ethanol or 
liquid ammonia, respectively. A sample of Et&SW 
was kindly donated by Prof. Sir Derek Barton, 
FRS. 

Preparation of 2-methylcysteine 

A mixture of acetaldehyde (158 cm3), hippuric 
acid (56.5 g) and sodium acetate (26.0 g) was 

refluxed in acetic anhydride (158 cn?) for 3 h. The 
mixture was cooled and ice-cold water was added 
to precipitate 4-ethylidene-2-phenyl-5-oxazolone 
(44.1 g, 75%) : S (‘H) (CDCl, solution) ; 2.2 (d, 
3H), 6.8 (q, lH), 7.6-8.1 (m, SH). A solution of 
oxazolone (39.7 g) in toluene (210 cm’) was added 
slowly, at I-IO”C, to a solution formed from 
sodium metal (10.6 g) and benzyl mercaptan (25 
cm3) in dry methanol (200 cm3). The mixture was 
stirred overnight and then acidified with aqueous 
HCl (Congo Red). The solvent was removed and 
the resulting syrup was dissolved in glacial acetic 
acid (500 cm3) and refluxed for 1 h. The mixture 
was cooled to 4°C overnight and the resulting pre- 
cipitate filtered off and washed successively with 
acetic acid and water to provide I-(N-benxoyl- 
a~no)-2-~~ylthiobuty~c acid (2 1 .O g, 30%). 
This was suspended in a mixture of 85% formic 
acid (325 cm’), concentrated hydrochloric acid (325 
cm3), and water (325 cm3), and the whole refluxed 
for 4 h. The solvent mixture was removed and the 
residue extracted with hot petroleum (b.p. SO-8O’C) 
(2 x 250 cm3) and then with hot water (2 x 250 
cm3). The aqueous extract was filtered, neutralized 
with ammonia and concentrated to 65 cm3. Cooling 
this solution precipitated 1-amino-2-benzyl- 
thiobutyric acid (11.0 g, 77%) : 6 (‘H) (CDCl, solu- 
tion); 1.3 (d, 3H), 2.1 (s, 2H), 3.4 (m, HI), 3.7 
(s, ZH), 5.0 (d, IH), 7.3 (m, 5H). 

The foregoing amino acid (2.0 g) was dissolved 
in a solution of sodium (0.83 g) in liquid ammonia 
(55 cm3). Ammonia chloride (1.86 g) was added 
and the solvent removed. Concentrated hydro- 
chloric acid (0.70 cm3) was added and the solid 
residue extracted with ether (3 x 30 cm3). The resi- 
due was then extracted with warm ethanol (3 x 15 
cm”). The ethanol was removed and replaced by 120 
cm3 of ether/ethanol (10 : 1 v/u), and the resulting 
solution was cooled overnight to yield 2-methyl- 
cysteine (0.31 g, 26%). 

Instruments 

NMR spectra were recorded on a Bruker AM- 
300 spectrometer, EPR spectra on a Bruker 
ER200D spectrometer with d-t-butyl nitroxide as 
the standard for the measurement of line positions, 
and electronic spectra on a Pye-Unicam SP8-100 
spectrophotometer. Fast kinetics were measured 
using a Messenlager T-jump apparatus. 
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Abstract-The kinetic tram-effect in associative ligand substitution reactions of square- 
planar complexes is explained theoretically on the basis of the angular deformability of the 
bond in the trans-activating ligands. The ability of these ligands, under the condition of 
low energy input, to leave the plane of the complex determines the ease with which the 
transition of the complex into the pentacoordinate state takes place in the substitution 
process. The most general property of ligands exhibiting a strong tram-effect is the large 
angular unfolding of the donor orbital in the direction of the central atom. This facilitates 
coordination between the bond-cleaving process and the formation of chemical bonds in 
the intermediate compound. 

The idea of the trans-effect’-3 emerged in the course 
of the development of the theoretical concepts 
about the nature of the Chernyaev trans-influence.3 
Despite the considerable progress made in the 
research on the truns-effect during the last three 
decades on the basis of the chemical bond theory 
and quantum-chemical calculations,4,5 there is still 
no complete and consistent explanation of this 
phenomenon. There was insufficient knowledge as 
to what factors determine the tram-effect and the 
interrelationship between the tram-effect and the 
mutual influence of the ligands. There was also no 
clear understanding about the nature of the so- 
called a-tram-effect. These difficulties were largely 
due to a failure up to now to explain the mechanism 
of the tram-effect. The theory of the n-tram-effect 
explains to a certain extent the reduced energy of 
the transition state in the presence of a x-acceptor 
ligand in the transposition with respect to the leav- 
ing group. However, this theory does not consider 
how the trans-activating ability of the ligand is real- 
ized in the formation of the pentacoordinate inter- 
mediate. Thus, it seems that the tram-effect, which 
is clearly evident in experiments, becomes nebulous 
when it is analysed theoretically. 

The purpose of the present work is to formulate 
a mechanical approach to explaining the tram-effect 
and to substantiate this approach with the help of 
electronic concepts. 

We shall regard the location line of the central 

atom and the two .ligands (one of which repre- 
sents the leaving group) as the active coordinate of 
the complex, and the ligands on this coordinate in 
the trans-position with respect to the leaving group 
as the tram-activating ligand (conditionally). Here 
we shall consider mainly square-planar complexes 
of platinum(I1) since the tram-effect appears most 
clearly in the reactions of these complexes. 

It has been reliably established6*7 that associative 
ligand substitution reactions pass through a pen- 
tacoordinate trigonal-bipyramidal intermediate. 
The leaving group (L), entering group (E) and trans- 
activating group (A) in the intermediate are on a 
trigonal plane. When the angle L-Pt-A is 180” 
in the starting complex, it is close to 120” in the 
intermediate compound (Fig. 1). Therefore, in the 
course of the substitution reaction a bending of 
the active coordinate takes place. If the complex 
contains at least one ligand which relatively easily 
(at a low energy input) deviates from the complex 
plane, it will determine the flexibility of the coor- 
dinate. And it is this coordinate which will become 
active in the substitution reaction. 

It is usually thought that in the substitution pro- 
cess the leaving group becomes displaced from the 
plane of the complex. However, this view was not 
subjected to direct verification and it may well have 
prevented a correct understanding of the mech- 
anism of the tram-effect. Let us try to explain this 
phenomenon from the “other end” of the active 
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Fig. 1. Deflection of the active coordinate of the complex during transition into the pentacoordinate 
state. 

coordinate. Let us assume that the tram-effect is a 
manifestation of the angular mobility of the trans- 
activating ligand, in other words, of the ability of 
its bond with the central atom to undergo angular 
deformation, with this bond remaining sufficiently 
strong, stronger than the bond of the leaving group. 
What is meant here by angular deformability is the 
fact that the bending of the bond in the direction in 
which the ligand leaves the complex plane requires 
only a small amount of energy. Of the two ligands, 
the one which can be removed from the plane of 
the complex with less energy is characterized by a 
larger angular deformation of the bond. Further, 
the stability of the metal-ligand bond and the angu- 
lar deformation of this same bond will be con- 
sidered as two different and relatively independent 
characteristics ; thus, for example, the stable M-A 
bond can be simultaneously characterized by a large 
angular deformation. 

As a result of the deformation of the complex, 
along the active (flexible) coordinate a site becomes 
free in the coordination sphere of the central atom 
for the attachment of a fifth ligand. Regardless of 
whether the given mobile (in the sense defined 
above) ligand has a trans-influence on the second 
ligand, which is aligned on the same coordinate, 
this second ligand, owing to the ease with which it 
deviates from the plane of the complex, facilitates 
the formation of a pentacoordinated intermediate 
compound upon a small increase in potential 
energy. The second ligand on the active coordinate 
appears in the trigonal plane as if accidentally, irres- 
pective of its own properties and of the mutual 
influence of the ligands. This shows that the concept 
of the “truns-activating” ligand is of a conditional 
nature. Actually, the trans-effect amounts to labi- 
lization of the complex ; and this labilization is the 
more pronounced, the greater the angular mobility 
of at least one of the ligands that makes up its com- 
position. This phenomenon is of the nature of the 
trans-effect owing to the specific geometry of the 

pentacoordinated intermediate. Therefore, we can 
consider that the very presence of the truns-effect 
confirms the trigonal-bipyramidal structure of the 
intermediate compound in associative substitution 
reactions in square-planar complexes. 

The pentacoordinate intermediate M(X),ALE 
goes over to the plane of the tetracoordinate 
complex, detaching in the process one of the ligands 
located in the trigonal plane. Depending on the 
strength of the bonds between the A, L and E 
ligands and the central atom, the following cases 
are possible. 

(1) The least stable is the bond of ligand L which 
does not deform easily. This ligand splits off from 
the inner sphere of the complex ; and the apparent 
cause of its quick substitution is the trans-effect of 
ligand A with its readily deformable bond. 

(2) The readily deformable M-A bond is at the 
same time the least stable. In this case the rrans- 
effect is absent. Ligand A itself becomes a leaving 
group characterized by a sufficiently high rate of 
substitution. Complexes [PtdienX]+ can serve as an 
example (here, X = Cl-, II). Trident ligand N-(2- 
aminoethyl)- 1,2diaminoethane (dien) should be 
characterized by sufficient rigidity of the bonds 
and the substitution of X proceeds through the 
angular deformation of Pt-X bonds. With X = I- 
the rate constant of the conversion into thiourea 
is greater than in the case where X = Cl-.* This 
corresponds to the position of ligands in a series of 
decreasing trans-labilizing ability, which, according 
to what has been said above, should coincide with 
a series of decreasing angular mobility of the same 
ligands. 

(3) The least stable is the bond of the fifth 
attached ligand E, which should play the role of 
the entering group. However, in the majority of 
elemental transformations the intermediate com- 
pound decomposes, followed by the detachment of 
this ligand. Therefore, the substitution proceeds at 
a slow rate. For example, in the ptdienX]+ com- 
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plexes under consideratioa, the excltange of Cl- 
takes place at a higher rate constant than the sub- 
stitution of I- by C1-.9 Further, one can assume 
that a stable complex, in which the Iigands are char- 
acterized by a high angular mobility, in reacting 
with solvent molecules becomes transformed into 
the trigonal-bipyramidal state. A considerable por- 
tion of its molecules can remain in this state in 
solution. 

It should be emphasized that the proposed 
approach in exqhining tke rm..-e~~~ kdds O-LX 
d~s~‘~~‘inepm.e~~ 03 ‘~nree’lheri~c~~‘ilan~s’in’~ne 
trigonal plane of the complex; for example, in the 
cease ~5 ‘rie sriisiMiron reac%ons t5i 3neQr3e : 

ptx:- +x*- -+ ptx3x*2- +x-. 

T”fle a’er”ormatibn orptrie active cooraliiate r5r sued 
reactions is determined by the angular mobility of 
both the ligands in the molecule. 

The mechanical concept of the trans-effect makes 
it possible to have an effective approach to ana- 
lysing the properties of the electronic structure which 
&e1ermine tis phenomenon. The most impofian~ 
factor on which the angular deformation of bonds 
depends is apparently the ease with which free 
p,-orbitals of metal can be drawn into sp3d- 
hybridization when a pentacoordinate complex is 
formed. This should be facilitated by the presence, 
in the donor atoms of the ligands, of electron pairs 
on orbitals characterized by a large angular unfold- 
ing in the direction of the central atom, To such 
orbitals belong spherical as well as sufficiently 
diffuse (expanded) nodular orbitals. The angular 
deformation is accompanied by a weakening of the 
bond due to a decrease in the density of overlapping 
of the ligand orbital with the dsp2-orbital of the 
metal. However, in the case where the orbital of the 
Iigand is strongly spread in the direction of the 
central atom and has a large transverse diameter, 
the decrease in the overlapping density with the 
dsp2-orbital is considerably compensated for by the 
transfer of electron density onto the p,-orbital of 
the metal. It is this concurrent weakening of the 
interaction between the donor atom in the ligand 
and one orbital of the metal, on the one hand, and 
an intensification of the interaction between the 
donor atom in the ligand and another orbital, 
on the other, that facilitates the formation of a 
pentacoordinate complex with a relatively small 
increase in potential energy. 

This principle of the concurrence of the weak- 
ening and stabilization of bonds makes it possible 
to explain the strong truns-effect of the hydride 
ion, which has electrons on a spherical s-orbital. In 
hydride complexes of Pt(I1) this orbital, even at 
a small angular deformation, becomes effectively 

Fig. 2. Overlapping of the spherical orbital of the hydride 
iimwr~-al-r~~~~~-~~~‘o~~~‘~~~urn~~n~~angul~Tir~Sr- 

mation of the bond. 

overlapped with the 6p,-orbital of Pt (Fig. 2). Phos- 
pXne.s, wSrch are characXeri2e~ by a strong rrnns- 
effect, also form a-bonds with platinum owing to 
the presence of an electron pair which is pre- 
dominantly s-type. Olefins, which exhibit a very 
pronounced truns-effect,. are one more exampIe of 
ligands having expanded, strongly unfolded orbitals 
towards the central atom. The mechanism of the 
overlapping of orbitals in the Pt complex formed 
with &y&e, as propused by Chatt and Duncan- 
son,” clearly shows a large unfolding of the 2p7r- 
orbitals of ethylene in the direction of the Pt atom. 
Ligands with donor atoms that have narrow 
pointed hybrid orbitals such as, for instance, 
ammonia and saturated amines, exhibit a weak 
trans-effect. This is due to the fact that the effective 
transfer of eIectron density onto the 6p,-orbital of 
Pt can begin only when the angular deformation 
of the bond is sufficiently large, which requires a 
corresponding increase in the activation energy. 
Ammonia forms a strong bond with Pt but it does 
not fall into the group of a-donor ligands having 
a strong trans-effect because of the high density of 
its donor orbital. 

If one and the same donor atom forms part of 
the composition of ligands in different hybrid states, 
the trans-effect will apparently increase in the order 
sp3 < sp2 -c sp, i.e. with an increase in the s-charac- 
ter of the electron cloud. For example, the trans- 
effect of the saturated amine is smaller than that of 
pyridine, and that of pyridine is smaller than that 
of nitrile. However, in the case of pyridines and 
nitriles the situation becomes complicated owing to 
the possibility of formation of a-bonds. 

In a series of ligands of the same type, such as 
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halide ions, the trans-effect increases with an in- 
crease in the ion radius, i.e. in the same direc- 
tion as the changes in the size of the donor elec- 
tron cloud. Simultaneously, the donor properties of 
the halogen ligand are enhanced. Thus, the stability 
of the bond and the tram-effect change in the same 
direction. 

It is true, in the case of rc-acceptor ligands that 
the formation of rc-bonds does not decrease the 
angular mobility of the ligands, but on the contrary 
increases it. Partly, this can be explained by CR- 
synergism, i.e. by an increase in the stability of 
the o-bond and a corresponding decrease in the 
internuclear distance as a result of n-bond forma- 
tion. Also, the angular deformation capacity appar- 
ently arises from the symmetry of the rc-bonds, since 
a decrease in the overlapping of rt-orbitals in one 
region is accompanied by an increase in the over- 
lapping of rc-orbitals in another region. 

Thus, our explanation of the tram-effect encoun- 
ters no basic difficulties from the point of view of 
the electron structure of the complex compounds 
and makes it possible from a uniform position to 
understand the causes of a strong tram-effect in 
ligands of a different nature, such as a hydride ion 
and olefins. A common property of all trans-acti- 
vating ligands is the presence of donor orbitals with 
large orbital unfolding in the direction of the central 
atom, in other words, with a large transverse diam- 
eter. The factor which facilitates angular defor- 
mation of the bonds is the presence of a-bonds 
between the trans-activating ligand and the central 
atom. 

Of great interest and apparently very complex is 
the question concerning the interdependence 
between the tram-effect and the mutual influence 
of ligands. However, within the framework of the 
proposed approach to an understanding of the trans- 
effect, the question about the mutual influence of 
ligands in the kinetics of substitution reactions can 
be formulated more definitely : the mutual influence 
of ligands can change the flexibility of the active 
coordinate of the complex and correspondingly 
affect the reaction rate. Thus, a clear differentiation 
of the tram-effect and the mutual influence of 
ligands makes it possible to forecast that the latter 
in different forms (cis and tram) can result in either 
an increase or a decrease in the rate constant of 

substitution reactions. A more detailed analysis of 
this question is outside the scope of this study. 

CONCLUSIONS 

(1) The tram-effect is explained as being due to 
the angular mobility of trans-activating ligands. 

(2) The nature of the tram-effect basically differs 
from the trans-influence. The mutual influence of 
ligands can either increase or decrease the trans- 
effect. 

(3) The trans-activating ability of ligands and 
the ability of ligands to be substituted are realized 
through the same mechanism of angular defor- 
mation of the complex along the active coordinate. 
Of the two ligands on this coordinate, the one with a 
stronger linkage becomes the trans-activating group 
and the one with a weaker linkage-the leaving 
group. 

(4) The most general property of ligands that 
determines their trans-activating ability is the pres- 
ence of a donor electron pair in an orbital, which is 
characterized by a large angular spreading in the 
direction of the central atom. 
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ISOLATION AND STRUCTURE OF [RqCl,(dto)]-. A QUADRUPLY 
BONDED INTERMEDIATE IN AN INTRAMOLECULAR 

DISPROPORTIONATION REACTION 
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Abstract-The preparation and structural characterization of (n-Bu,N)[Re,Cl,(dto)] 
(dto = 3,6-dithiaoctane) is described. Crystallographic parameters at 20°C are a = 11.299 
(3), b = 11.552 (4), c = 14.645 (4) A, a = 108.19 (2)“, /? = 104.07 (2)“, y = 88.65 (3)“, Z = 2, 
and space group PT. This compound is the first example of a quadruply bonded complex 
of the type [Re,X,(LL)]-. The anion has a slightly staggered structure in which the dto 
ligand coordinates in an equatorial-axial arrangement on one Re atom. The R+Re bond 
distance is 2.248 (1) A. This complex is an air-stable intermediate in the formation of triply 
bonded Re,Cl,(dto), from quadruply bonded (n-BUqN)2[Re2Cls]. 
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The rich chemistry of quadruply bonded di- 
rhenium(II1) complexes includes two examples of 
intramolecular disproportionation reations. Com- 
pounds of the type Re2(02CR)2)dL2 react with PPh3 
in refluxing alcohols (ROH) to yield the complexes 
(R0)2C12Re-ReC12(PPh3)2 with retention of the 
quadruple bond,‘,2 while [Re2C1812- reacts with 

TAuthor to whom correspondence should be addressed. 
$3,6-Dithiaoctane was purchased from Pfaltz & Bauer, 

Inc. and used as received. All reactions were carried out 
under a nitrogen atmosphere using standard vacuum line 
techniques. 

Q Crystal data for (n-Bu,N)[Re$l,(dto)] at 20°C ; 
a = 11.299(3), b = 11.552(4), c = 14.645(4) A, CI = 
108.19(2)“, /? = 104.07(2)“, y = 88.65(3)“, Z = 2, 
d talc. = 1.913 g cm3, and space group Pl. Crystals were 
grown by slow diffusion of hexane into a CH2C12 solution 
of the complex. Data collection, data reduction and an 
empirical absorption correction based on psi scans for 
five reflections were performed by Crystalytics Company, 
Lincoln, Nebraska. Solution and refinement of the struc- 
ture were carried out on a VAX-11/785 computer at 
Abilene Christian University with use of the SDP-VAX 
software package. A Patterson map was used to find the 
positions of the two Re atoms. Full-matrix least squares 
refinement of 307 parameters using 3324 reflections with 
Fi > 3a(Fi) gave residuals of R = 0.048 and R, = 0.058. 
Atomic coordinates have been deposited with the Cam- 
bridge Crystallographic Data Centre. 

excess 2,5-dithiahexane (dth) to give the triply 
bonded complex C1,Re-Re(dth)2C1.3T4 In our 
investigations of the reactions of [Re2Cls]‘- with 
other dithioether ligands, we have isolated a new 
quadruply bonded dirhenium(II1) complex of the 
type [Re2C17(LL)]- that is an air-stable intermediate 
in the formation of another triply bonded 
Re2C15(LL)2 compound. 

The reaction between (n-Bu4N)2[Re2Cls]S and 3,6- 
dithiaoctane (dto)$ was carried out in ethanol at 
55°C. After 6 h, (n-ByN)[Re,Cl,(dto)] was pro- 
duced as a green powder in 82% yield. Found : C, 
25.9 ; H, 4.8. Calc. for C22HS,,NS2C17Re2 : C, 26.1 ; 
H, 4.9%. The results were the same regardless of 
whether a large excess or a stoichiometric amount 
of dto was used. However, at reflux temperatures 
(80°C and higher) a second product, brown 
Re2Cl,(dtoX, was also formed. Found : C, 16.8 ; H, 
3.4. Calc. for C12H28S4C15Re2: C, 16.9; H, 3.3%. 
Both products are air-stable and soluble in CH2C12. 
The UV-vis. spectrum of (n-Bu4N)[Re2C17(dto)] 
exhibits a relatively strong absorption band centred 
at 732 nm (E = 1346) that is typical of the 6 + 6* 
transition in quadruply bonded Re2 species.‘j Such 
an absorption is absent in the UV-vis. spectrum 
of Re2Cls(dto)z, with bands at 589, 508, 444 and 
382 nm. 

The structure of (n-Bu,N)[Re,Cl,(dto)] has been 
determined by X-ray crystallography§ and a view 
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Fig. 1. ORTEP view of the anion in (n-Bu,N) 
[Re,Cl,(dto)]. Thermal ellipsoids are at the 50% prob- 
ability level. Selected bond distances (A) and angles 
(deg) are Re(l)-Re(2) = 2248(l), Re(2)-S(l) = 2.455(3), 
Re(2)-S(2) = 2.906(5), avg. Re-Cl = 2.322[6], Re(l)- 
Re(2)-S( 1) = 95.3(l), Re( l)-Re(2FS(2) = 172.3(l), 

avg. Re-Re-CI = 102 [2]. 

of the anion appears in Fig. 1. The dto ligand is 
unsymmetrically chelated to the rhenium atom 
Re(2). The seven chloride ligands along with the 
sulphur atom S(1) occupy equatorial sites, while 
S(2) binds in an axial position to give a distorted 
square-pyramidal coordination geometry for Re( 1) 
and a distorted octahedral geometry for Re(2). The 
rotational conformation is nearly eclipsed with an 
average L-Re-Re-L torsion angle of 2.25”. The 
structure is perhaps best thought of as a modi- 
fication of the [Re2C18]*- structure by replacement 
of one chloride ligand with one sulphur atom of the 
dto ligand and subsequent binding of the second 
sulphur atom along the Re-Re axis (see Scheme 
1). This is the first example of a quadruply bonded 
Re, compound with no bridging ligands and only 
one axial ligand. The axial Re-S bond is much 
weaker than the equatorial, reflecting the strength 
of the metal-metal bond. The Re-Re distance 
in [Re,Cl,(dto)]- is slightly longer than that in 
(n-Bu4N)2[Re2C18],7 2.248 (1) vs 2.222 (2) A, 
respectively. 

To our knowledge, [Re,Cl,(dto)]- is the first 
example of a quadruply bonded anion of the 
type [Re,X,(LL)]-. Recently, Bakir and Walton 
reported the isolation of the first examples of quad- 
ruply bonded complexes containing monoanionic 
[Re2C17L]- units, namely (n-BuqN)2[(Re2C17)2 
(p-L-L)], where L-L is either Ph,PwPPh, 
or truns-Ph,PCH=CHPPh,.* Although no crystal 
structure was determined, the suggested arrange- 
ment involves replacement of one of the chloride 
ligands on each of the two [Re,Cl,]*- units with one 
phosphorus atom of the L-L ligand (see 1). The 

L I I /jf$ x\\cc,L,:lLjI( 
Cl Cl Cl Cl 

1 

rigid C-C backbone of the diphosphine ligands 
prevents them from chelating one Re atom as the 
dithioether ligand does in [Re,Cl,(dto)]-. However, 
no examples of dimers with only one chelating 
bidentate ligand have ever been observed in the 
many previous studies of reactions between 
[Re,X,]*- and the more flexible diphosphines and 
dithioethers.6p9 One such reaction of particular rele- 
vance is the aforementioned reaction of [Re2C18]*- 
with excess 2,5-dithiahexane (dth) to yield 
Re,Zl,(dth),, a compound with a staggered struc- 
ture in which both dth ligands chelate one Re 
atom (see 2). This product of intramolecular 
disproportionation was the first example of a 
compound containing a metal-metal triple bond,3 
and its molecular geometry and one-electron 
paramagnetism (pefi = 1.72 BM) led to its assign- 
ment as the zwitterion [C1,Re]-[Re(dth)2C1]‘.4 

Cl Cl 

[Fle,Cl 8 J2- 

Cl Cl 

[Re,Cl 7(dto)l- 

Scheme 1. 
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Further reaction of (n-ByN)[Re,Cl,(dto)] with 
dto in refluxing ethanol results in the formation 
of RezC1s(dto)Z in up to 62% yield. This involves 
reduction of the Re(III)--Re(II1) core to an 
Re(II)-Re(II1) core with concomitant reduction 
in the metal-metal bond order. The new com- 
pound Re,Cl,(dto)z is paramagnetic beff = 1.85 
BM) at room temperature. A crystal structure 
determination (still in progress) has confirmed 
a structure analogous to that of Re,Cl,(dth), 
with an Re-Re distance of 2.278 (1) A. This is 
only the second example of a complex with the 
stoichiometry RezC15L4 and the structure 2. With 
the isolation and characterization of the title com- 
pound, it is logical to assume that triply bonded 
Re2ClS(LL)2 species are formed through an inter- 
mediate of formula [Re,Cl,(LL)]-, with coor- 
dination of a second diothioether ligand on the 
Re atom to which the first dithioether is already 
bonded. 

The reactivity of dithioethers towards multiply 
bonded dimers is not well understood. An im- 
portant question arising from the present work is 

whether or not the dto ligand initially coordinates 
to a vacant axial site of [Re2C18]z-. We are currently 
studying the interactions of other RS(CHJ,SR 
ligands with complexes containing triple and quad- 
ruple M-M bonds. A report of our results, along 
with a more detailed account of the work presented 
in this paper, will be submitted later.” We are also 
investigating the reactivity of [Re,Cl,(dto)]- toward 
a variety of reagents. It could prove to be a useful 
precursor in the synthesis of new types of multiply 
bonded dirhenium compounds. 
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3C- AND ‘H-NMR STUDY OF SOME Pt(I1) COMPLEXES WITH 
DITHIOCARBAZIC LIGANDS 
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(Received 9 November 1987 ; accepted after revision 18 February 1988) 

Abstract-Pt(I1) complexes with singly- and doubly-deprotonated dithiocarbazic ligands 
have been examined by ‘H- and 13C-NMR. Complexation induces a deshielding of all the 
ligand resonances, except that of the thiono carbon. The shielding of C(1) is greater in 
complexes with singly-deprotonated rather than with twice-deprotonated ligands. The 
upfield shift may be connected with a decrease of the c=S bond order. The ensemble of 
the experimental NMR results indicates that considerable differences in bond order, electron 
density distribution and stereochemistry exist between the complexes with singly- and 
doubly-deprotonated ligands. 

Dithiocarbazic acid derivatives, R’NHNHCSSRT 
(= L), constitute a class of very versatile ligands. 
They can be coordinated in the neutral (L), singly- 
deprotonated (L-H) and doubly-deprotonated 
(L-2H) anionic forms, giving rise to three different 
series of complexes ; they can moreover act as 
monodentate S-ligands or bidentate (SN)-chelating 
agents. ls2 

Reported and discussed here are the ‘H- and ’ 3C- 
NMR spectral data of Pt(I1) complexes with the 
following dithiocarbazic ligands, in the singly- or 
doubly-deprotonated forms : 

I. R=CH,; R’=H 
Iv. R=PhCH2; R’=H 

VII. R=CH3; R’=PhCH, 
IX. R = PhCH* ; R’ = PhCHz 
XI. R=CH,; R’=Ph 

XIII. R=CH3; R’=Pr’ 
XVI. R=CH,; R’=Bu’ 
XIX. R=CH3; R’=Hex” 

XXII. R = PhCH2 ; R’ = Hex” 

*Author to whom correspondence should be addressed. 
t Numbering of the atoms follows the IUPAC con- 

EXPERIMENTAL 

All the products were donated by Drs F. Tarli 
and L. Suber of ITSE-CNR. The ‘H- and 13C- 
NMR spectra were recorded with a Bruker WP-200 
spectrometer operating at 4.7 T (NMR service 
of the Area della Ricerca di Roma, CNR). The 
deuterated solvent (Merck UVASOL) was used 
for reference and field-frequency lock. All chem- 
ical shift data are given relative to TMS ; the 
experiments were run at 27+ 1°C. The choice of 
solvent, chloroform or dimethylsulphoxide, has 
been mainly dictated by solubility reasons. 

RESULTS AND DISCUSSION 

The ‘H-NMR spectra for the Pt(I1) complexes 
with singly-deprotonated ligands are collected in 
Table 1, together with those of ligands I, IV and 
XVI. The parameters for the other ligands and for 
the complexes with doubly-deprotonated ligands 
have been reported previously. 3 

A downfield shift is observed for the S-CH 3 and 
the R’ resonances upon ligation, while the S-CH2 
spectral position is essentially unaffected. Satellites 
of “‘Pt are observed for the N(3)H resonances 
indicating coordination through the terminal nitro- 
gen atoms ; the satellites are broader than the cen- 

1211 



T
ab

le
 

1.
 ‘

H
-N

M
R

 
da

ta
 

fo
r 

th
e 

Pt
(I

1)
 

co
m

pl
ex

es
 

w
ith

 
si

ng
ly

-d
ep

ro
to

na
te

d 
di

th
io

ca
rb

az
ic

 
lig

an
ds

. 
C

he
m

ic
al

 
sh

if
ts

 
ar

e 
in

 p
pm

 
fr

om
 

T
M

S 
; c

ou
pl

in
g 

co
ns

ta
nt

s 
to

 
Ig

sP
t, 

in
 H

z,
 

ar
e 

re
po

rt
ed

 
in

 p
ar

en
th

es
es

. 
(&

 
=

 4
.7

 T
) 

C
om

po
un

d 
N

o.
 

So
lv

en
t 

N
(3

)H
 

6 
(m

m
) W

P
 

SR
 

u 
B

 
O

th
er

s 
N

(2
)H

 
u 

B
 

H
*N

N
H

C
SS

C
H

, 

(=
 

L
,)

 

c-
Pt

(L
 

,-H
)*

 

t-
Pt

(L
 

,-
H

)z
 

H
 #

N
H

C
SS

C
H

 
,P

h 

(=
 

L
,)

 

c-
Pt

(L
,-

H
),

 

t-
Pt

(L
,-

H
),

 

c-
Pt

(P
hL

 
,-

H
),

 

I 
D

M
SO

-d
6 

5.
2;

 
7.

8 
10

.7
4 

2.
39

 ;
 2

.3
2 

II
a 

IIl
l 

Iv
 

D
M

SO
-d

6 

D
M

SO
-d

s 

D
M

SO
-d

s 

8.
61

 (
43

.9
) 

8.
82

 (
45

.9
) 

5.
23

 

2.
50

 

2.
47

 

4.
49

; 
4.

51
 

8.
58

 
7.

44
” 

7.
44

” 

7.
44

” 
6 1 $.

 
g.

 
: 

7.
44

” 

8.
82

 (
42

.0
) 

9.
04

 (
42

.6
) 

10
.3

1 
(5

1)
; 

10
.9

4 
(5

3)
 

11
.5

9 
(6

0)
; 

11
.6

3 
(6

4)
 

9.
20

 (
50

.8
)“

; 

9.
52

 (
60

.0
) 

; 
9.

55
 (

58
.0

) 

3.
64

 

9.
20

 (
5.

40
) 

7.
97

; 
7.

98
 

(6
0-

68
) 

9.
54

 (
44

.8
) 

; 
9.

82
 (

55
.2

) 

V
a 

D
M

SO
-d

s 

vh
 

D
M

SO
-d

s 

X
II

a 
D

M
SO

-d
s 

4.
45

 

4.
41

 

2.
51

; 
2.

52
 

2.
50

 ;
 

2.
49

 

2.
66

“ 
2.

60
’ 

7.
1 

7.
1 

3.
83

” 
3.

44
 

3.
09

; 
3.

56
 

3.
4 

t-
Pt

(P
hL

 
,-

H
),

 
X
I
I
h
 

D
M

SO
-d

s 

Pt
(P

r’
L

 
i-

-H
),

 
X

IV
 

D
M

SO
-d

B
 

1.
18

; 
1.

49
” 

1.
20

; 
1.

23
; 

1.
34

 

1.
16

; 
1.

25
 

8.
54

 

1.
35

 

1.
55

; 
1.

87
 

1.
27

 ; 
0.

87
 

1.
86

 
1.

29
 ;

 0
.9

6 

B
u

’L
 , 

X
V

I 
C

H
C

l,-
d 

I 

Pt
(B

u’
L

 
,-

H
),

 
X

V
II

 
D

M
SO

-d
s 

Pt
(H

ex
”L

 
,-

H
),

 
xx

 
C

H
C

l,-
d

 
, 

2.
54

; 
2.

64
 

2.
60

’ 

2.
54

 

Pt
(H

ex
”L

,-
H

),
 

X
X

II
I 

D
M

SO
-d

s 
4.

4’
 

m
 M

ul
tip

le
t. 

‘T
en

ta
tiv

el
y 

as
si

gn
ed

 
to

 t
he

 
ci

s
 is

om
er

. 
b 

O
ve

rl
ap

pi
ng

 
so

lv
en

t. 
‘B

ro
ad

. 



T
ab

le
 

2.
 1

3C
-N

M
R

 d
at

a 
fo

r 
di

th
io

ca
rb

az
ic

 
lig

an
ds

 
an

d 
th

ei
r 

Pt
(I

1)
 c

om
pl

ex
es

. 
C

he
m

ic
al

 
sh

if
ts

 a
re

 i
n 

pp
m

 f
ro

m
 T

M
S;

 
co

up
lin

gs
 

to
 ‘

95
Pt

, i
n 

H
z,

 a
re

 r
ep

or
te

d 
in

 p
ar

en
th

es
es

. 
(B

, 
= 

4.
7 

T
) 

C
om

po
un

d 
N

o.
 

So
lv

en
t 

Ix
 

N
(3

)R
 

B
 

6 
(p

pm
) 

SR
 

O
th

er
s 

C
I 

8 
O

th
er

s 
C

=
=

S 

LI
 pa

 r-
--

w
2 

W
e-

-W
, 

Pt
(L

,-
2H

),
 

Ph
C

H
,L

, 

Pt
(P

hC
H

,L
,-

2H
),

 

Ph
C

H
,L

2 

Pt
(P

bC
H

,L
,-

2H
),

 

PA
, 

Pt
(P

ri
 

,-
--

H
)z

 

Pt
(I

V
L

 ,
--

-2
H

) 
2 

B
u

’L
 , 

F
 

Pt
(B

u’
L

 i
--

H
&

 

1 
Pt

(B
u’

L
 ,

--
2H

) 
2 

G
. 

H
ex

”L
i 

B
 

T
 

$ 

I II III
 

Iv
 

V
 

V
I 

V
II 

V
II

I 

IX
 

X
 

X
II

I 

X
IV

 

xv
 

X
V

I 

X
V

II
 

X
V

II
I 

X
IX

 

C
H

C
&

-d
t 

D
M

SO
-d

, 

D
M

SO
-d

6 

C
H

C
lr

d 
I 

D
M

SO
-d

6 

D
M

SO
-d

6 

C
H

C
I,

-d
, 

54
.6

2;
 5

5.
38

 
13

6.
48

; 
13

8.
86

 

C
H

C
l,-

d,
 

cu
 7

7”
 

13
8.

89
 

C
H

IC
&

-d
, 

55
.4

4;
 5

4.
61

 
13

6.
41

 

C
H

Z
C

12
-d

2 
ca

 5
3”

 
13

8.
72

 

C
H

C
I,

-d
, 

50
.8

8;
 5

1.
77

 
20

.4
2;

 2
0.

52
 

C
H

C
l,-

d,
 

64
.6

1;
 6

5.
09

 
21

.7
4;

 
21

.9
8 

C
H

C
&

-d
 ,

 
74

.0
5 

(7
1.

2)
 

25
.3

6 

D
M

SO
-d

, 
55

.1
7;

 
58

.5
2 

28
.2

1 

D
M

SO
-d

 6
 

66
.3

0 
28

.8
0 

C
H

C
I 

j-
d,

 
75

.8
4 

(7
7.

0)
 

37
.0

7 

C
H

C
l,-

d,
 

51
.3

3 
27

.4
4 

50
.8

rl
 

b 12
7.

79
(p

);
 

12
9.

04
(m

) ; 
12

8.
52

(o
) 

c d 

26
.5

2 
; 

31
.4

5;
 

22
.4

0 
; 

13
.8

6 

17
.5

0 

19
.1

9;
 

19
.4

3;
 

19
.5

3 

19
.6

2 

39
.3

9 

ca
 4

0”
 

ca
 4

0”
 

17
.3

3 

19
.1

3 

39
.0

7 
; 3

9.
23

 

ca
 4

1”
 

17
.3

3 

19
.2

0;
 

19
.3

7 

19
.0

2 
(2

1.
4)

 

17
.3

5 

19
.1

9 

19
.0

7 
(1

9.
5)

 

17
.0

9 

13
6.

20
 

12
7.

13
(p

);
 

12
8.

74
(o

);
 

12
9.

14
(m

) 

13
8.

70
; 

13
8.

81
 

12
8.

19
(p

);
 

12
9.

47
(o

) ;
 

12
9.

95
(m

) 

13
8.

73
 

12
8.

00
(p

);
 

12
9.

87
(m

) 
; 

12
8.

06
(o

) 

13
5.

77
 

13
8.

72
 

d
 

19
9.

87
 

17
6.

69
; 

17
8.

75
 

18
7.

69
 

19
8.

15
 

17
8.

01
; 

17
6.

00
 

I?
 

17
5.

82
 

E
 

E
. 

;G
 

20
5.

98
 

E
T

. 
3 

18
3.

74
 

20
4.

36
; 

19
4.

86
 

e 20
6.

58
 ; 

19
6.

44
 

17
6.

56
 

18
2.

23
 

20
7.

65
 ; 

19
5.

50
 

17
8.

52
 

17
6.

81
 

20
5.

38
 

19
5.

15
 



T
ab

le
 

2.
 (

co
nt

in
ue

d)
 

C
om

po
un

d 
N

o.
 

So
lv

en
t 

Pt
(H

ex
”L

 
i-

H
),

 
xx

 

Pt
(H

ex
”L

 
,--

2H
)*

 
X

X
I 

H
ex

”L
 2

 
X

X
II

 

Pt
(H

ex
”L

,-
2H

),
 

X
X

II
I 

C
H

C
l,-

d,
 

62
.6

9;
 

63
.1

3 

C
H

C
l 

j-
d,

 
73

.7
6 

(7
1.

5)
 

C
H

C
l,-

d
 

, 
51

.5
3 

50
.8

7 

C
H

C
l,-

d,
 

73
.8

7 
(7

0.
9)

 

lx
 

- 

u 
U

nd
er

 
so

lv
en

t. 
b M

an
y 

si
gn

al
s 

be
tw

ee
n 

12
8 

an
d 

12
9 

pp
m

. 
“M

an
y 

si
gn

al
s 

be
tw

ee
n 

12
7.

5 
an

d 
12

9.
5 

pp
m

. 
*M

an
y 

si
gn

al
s 

be
tw

ee
n 

12
7.

4 
an

d 
12

8.
8 

pp
m

. 
’ U

nd
et

ec
te

d,
 

to
o 

lo
w

 
so

lu
bi

lit
y.

 

N
(3

)R
’ 

B
 

6 
(p

pm
) 

O
th

er
s 

ff
 

27
.6

0 
; 2

7.
73

 

36
.8

8 

27
.4

4 

27
.4

4 

36
.9

7 

26
.1

5;
 

19
.1

1 
(1

7.
9)

 

31
.5

1;
 

22
.5

1;
 

13
.9

8 

26
.5

1;
 

18
.9

8 
(2

0.
1)

 

31
.4

5;
 

22
.4

5 
; 

13
.9

7 

26
.5

5 
; 

38
.9

5 

31
.5

2;
 

22
.4

6 
; 

13
.9

3 
38

.9
5 

26
.5

6 
; 

40
.7

1 
(1

5.
8)

 

31
.4

8;
 

22
.4

6 
; 

13
.9

9 

SR
 

B
 

O
th

er
s 

13
6.

43
 

12
7.

38
(p

);
 

12
8.

59
(o

);
 

12
9.

39
(m

) 

13
6.

36
 

12
7.

65
(p

);
 

12
8.

70
(o

);
 

12
9.

09
(m

) 

13
6.

26
 

12
7.

69
(p

);
 

12
8.

67
(o

);
 

12
9.

18
(m

) 

c=
s 

17
8.

43
; 

17
6.

24
 

18
2.

62
 

20
4.

18
 

s ! e.
 

8 c.
 

19
3.

63
 

2 

18
0.

76
 



Communication 1215 

tral peak as already observed by other authors.4 ability of the sulphur atom towards the metal is 
The ‘JhNH couplings range between 42 and 67 Hz. greater in the former case. 

Two sets of resonances are observed for several 
complexes and have been attributed to the simul- 
taneous presence of the cis and fruns isomers of 
the [&NJ chromophore ; assignment to one isomer 
or the other was based on variable temperature 
spectra for II and V,2 and was made by analogy 
with them for the others. 

The *JRSC couplings are of the order of 5-10 Hz, 
considerably smaller than the literature values for 
monothio+diketonate Pt(I1) complexes. I2 This 
finding may be connected with the different value 
of the PtSC angle, suggesting a strong dependence 
of the coupling on stereochemistry. 

Complex XIV exhibits three sets of resonances, 
accountable for by the possibility of the truns, but 
not the cis, isomer to exist with the isopropyl groups 
on the same or on opposite sides of the chromo- 
phore plane. 

The two-bond couplings *JRNc (of the order of 
70-77 Hz) observed for the complexes with doubly- 
deprotonated, but not with singly-deprotonated 
ligands are considerably larger than those reported 
for other classes of Pt complexes.s~13~14 

The two-bond coupling constants 2JptNH are 
much smaller in the complexes with the doubly- 
deprotonated ligands3 than in those with singly- 
deprotonated ones (4267 vs ca 90 Hz). Several 
geminal PtH couplings have been reported in the 
literature,5m7 relative to the PtCH fragment, while 

2JFYNH is known to be negative,’ but no general 
theory has been proposed for these couplings. 

The nJRNC values depend significantly on the K- 
bond order” and on the bond angles ; our experi- 
mental results suggest the existence of marked 
differences in the bond angles and/or n-bond order 
between the two classes of dithiocarbazato com- 
plexes. IR spectral data3 support this hypothesis. 

The 2J~t~H couplings are very sensitive to steric 
factors7 and the large difference found between the 
complexes of I and IV in the singly- or in the doubly- 
deprotonated form might be connected to a differ- 
ent geometrical relationship of the Pt and the H 
nuclei. 

The 3 JR~CC couplings, which obey a Karplus- 
type relationship, ’ 3 have been found to be zero, 
giving a value close to 90” for the dihedral angle 4. 
The X-ray data for VIII3 give a I$ value of 99.2”, 
while for XV the two values of 4 are 120.6 and 
115.6”,16 indicating that the solution average con- 
formation is different from the crystal structure. 

The 4Jpt~~~~ couplings (16-21 Hz) of lg5Pt to the 

The ’ 3C-NMR data for the ligands and the Pt(I1) 
complexes with the ligands in the (L-H) or 
(L-2H) form are collected in Table 2. Two sets of 
resonances are observed for the complexes with 
(L-H) ligands, in agreement with the existence of 
cis and trans isomers, as already found by ‘H- 
NMR. The greater complexity of the ‘H- relative 
to the 13C-spectrum of XIV is probably connected 
with the solvent difference. 

SCH3 are unusually large, the reported values for 
cis-[Pt(NH3)2X2]2+ complexes being of the order of 
11 Hz. I5 Some rc bonding involving the sp3 hybrid 
orbitals of sulphur (the CSC angle is 103.1” in VIII3 
and 104” in XV16) and the metal may be envisaged 
as in agreement with the observed deshielding of 
SCH3 upon complexation. 

All resonances show a marked downfield shift 
upon complexation, except the thiono carbon. The 
shift is larger for the c1 carbon of the R’ substituent 
and it increases going from the singly- to the doubly- 
deprotonated ligand. This downfield shift reflects 
the expected reduction of electron density resulting 
from ligation. On the other hand, the upfield shift 
of the thiono carbon resonance indicates a build up 
of electronic density on the atom. The shielding 
is consistent with a lowering of the C=S bond 
order, as already observed for Pt(I1) and Pt(IV) 
thioamido complexes9 and for the S-methyl dithio- 
carbazato ligand. lo 
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AS A ROUTE TO HIGH PURITY MnF4 
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61000 Ljubljana, Yugoslavia 
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AbstracG-In the system KrF,-MnF,-HF two new adducts, 2KrF2 * MnF, and 
KrF2 * MnF, have been synthesized. The 2 : 1 adduct decomposes in a dynamic vacuum at 
-45°C yielding KrF, and the 1: 1 adduct, which is stable in a dynamic vacuum up to 
- 25°C. KrF, * MnF4 decomposes further at room temperature to krypton, fluorine, kryp- 
ton difluoride and manganese tetrafluoride. This reaction is a useful synthetic route for the 
preparation of pure manganese tetrafluoride. 

The xenon fluoride chemistry of manganese has 
been investigated in the past.‘*2*3 Mn2+ or Mn3+ is 
oxidized by xenon dif3uoride or xenon hexafluoride 
to Mn4+ and at the same time both xenon fluorides 
act as good fluoride ion donors and form corres- 
poriding xenon(I1) and xenon(V1) fluoroman- 
ganates(IV). ‘s2 The reaction between NH4MnF3 
and XeF6 yields ammonium xenon(V1) hexa- 
fluoromanganate(IV), which is the first known 
ammonium xenon(V1) fluorometalate.3 Recently 
these studies were extended to reactions with KrF2 
as a strong fluorinating agent, in combination with 
XeF, as a moderately good fluoride-ion donor, in 
anhydrous hydrogen fluoride. This synthetic route 
yielded xenon(VI) fluoroargentate(III)4 and was 
used in the case of manganese with the intention 
of synthesizing xenon0 fluoromanganates with 
manganese in a higher oxidation state than 4+. 
Because only known xenon(VI) fluoromangan- 
ates(IV) were synthesized, the system MnFTKrF2 
in HF as a solvent without XeF6 was further inves- 
tigated. This paper describes the preparation and 
some of the properties of KrF2 adducts with man- 
ganese(IV) fluoride and the synthetic route to high 
purity manganese0 fluoride. 

* Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

The reaction between manganese difluoride and 
an excess of krypton difluoride in HF as solvent 
yields oily, dark red krypton difluoride-manganese 
tetrafluoride adducts. After removal of the solvent, 
the curve of weight-loss versus time of pumping 
was recorded at -45°C (Fig. 1). From the change 
in the slope of the curve it could be concluded that 
the adduct 2KrF2 * MnF, exists. It is unstable at this 
temperature and loses KrF2 yielding KrF2 - MnF,. 
The 1: 1 adduct is stable at -25°C and is without 
measurable vapour pressure. Its colour is a little 
darker than the 2 : 1 adduct. The 1: 1 compound 
decomposes to KrF2, Kr and fluorine, and MnF, at 
higher temperatures. At - 10°C the decomposition 
rate is ca 2 mol % h- ’ and at 0°C about 8 mol % 
h- ‘. At room temperature KrF2 * MnF4 decom- 
poses to krypton, fluorine and managanese 
tetrafluoride, as shown by analysing the evolved 
gases. The analysis of decomposition gases at room 
temperature showed 48.2 vol % of fluorine and 
the rest was pure krypton as was shown by mass 
spectrometry. When MnF, was reacted again with 
KrF, in HF as the solvent, again an oily, dark 
red substance was obtained. Neither adducts give 
Raman spectra, either at - 196°C directly in the 
reaction vessel together with excess KrF2 and HF, 
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Fig. 1. Weight loss vs time of pumping curve for the reaction between 5.29 mm01 of MnF, with 47 
mm01 of KrF, at - 45°C. 

or at high temperatures when they were already 
separated from excess KrF, and the solvent. 

The reaction between manganese difluoride and 
excess krypton difluoride in HF (solvent) at room 
temperature, after pumping off krypton, fluorine, 
excess KrFz and HF, yields pure deep blue manga- 
nese tetratluoride : chemical analysis : Found : Mn, 
41.9; F, 57.4. Calc. for MnF,: Mn, 42.0; F, 58.0%. 

MnF,+nKrFzzMnF4 
20°C 

+(z+ l)Kr+zF,+(n-z- l)KrF, 

n > 10. 

This reaction represents the simplest route so far 
for the preparation of pure MnF, in high yield. 
MnF, was prepared up until now in small yield 
(20 mg h- ‘) from manganese@) or manganese(III) 
compounds in a stream of fluorine at 550°C,5,6 by 
fluorinating manganese powder in a fluidized bed 
at 6OO-7OO”C, ‘** or by fluorination under high pres- 
sure (2-3 kbars) and high temperature (30s 
5OO”C).9 

Magnetic susceptibility measurements confirm 
that the manganese tetrafluoride obtained is pure. 
The compound follows the Curie-Weiss law with a 
magnetic moment of 3.85 BM and a Weiss constant 

0 = 10 K. Since the Weiss constant is small, the 
super exchange coupling Mn(IV)-F-Mn(IV) must 
be weak. These magnetic susceptibility measure- 
ments are in agreement with literature data.5*6 
MnF, synthesized by this method is amorphous 
and no X-ray powder patterns were obtained. 

EXPERIMENTAL 

General apparatus and techniques 

The synthetic procedure for working with the 
metal fluoride or oxideKrF,-XeFbHF systems 
is described elsewhere. 4 

In a typical experiment MnFz (5 mmol) was 
weighed into a FEP reaction vessel. Then a few cm3 
of anhydrous HF were distilled and condensed onto 
the MnF,. Krypton difluoride was added by sub- 
limation at - 196°C. The FEP reaction vessel was 
connected to an expansion vessel for the removal 
of the krypton and fluorine generated by the reac- 
tion and/or krypton difluoride decomposition. The 
reaction vessel was then slowly warmed up to room 
temperature. After the reaction was completed, the 
volatiles were pumped off at -45°C (isolation of 
2KrF, * MnF,), - 30°C (isolation of KrF, - MnF,) 
or at room temperature (isolation of MnF4). The 
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stoichiometry of the reaction was followed using Acknowle&ements-This material is based on work sup- 
mass balance throughout the experiment with an ported by the U.S.-Yugoslav Joint Fund for Scientific 

accuracy of & 5 mg. and Technological Cooperation, in cooperation with the 
National Science Foundation under Grant No. 552. The 
financial support of the Research Community of Slovenia 

Routine characterization of materials 

Routine characterization (Raman spectroscopy, 
X-ray powder photography, magnetic susceptibility 
measurements) of materials was carried out as 
described elsewhere.4 

Chemical analysis 

The amount of total fluorine was determined by 
an ion-selective electrode in the presence of appro- 
priate buffer solutions and masking reagents. The 
amount of manganese was determined by direct 
complexometric titration in alkaline media in the 
presence of a visual indicator. lo 

Reagents 

Manganese difluoride was used as supplied by 
Riedel de Haen (analysis of MnF,. Found: Mn, 
58.2; F, 39.7. Calc. : Mn, 59.1; F, 40.9%). Krypton 
difluoride was prepared by irradiation of a liqui- 
fied mixture of fluorine and krypton with near- 
UV light at - 196°C. l1 Fluorine was prepared and 
purified in this laboratory. I2 Additional purifica- 
tion was performed by a photochemical method. ’ 3 
Commercial anhydrous hydrogen fluoride was 
purified by a modified method as described 
elsewhere,14 and before use it was treated with 
krypton difluoride. 

is also acknowledged. The authors are grateful to Miss 
B. Sedej for chemical analysis. 
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SYNTHESIS AND CHARACTERIZATION OF 
BIS(CYCLOPENTADIENYL)BIS(HEXAFLU~ROANTIMONATO) 

TITANIUM(IV)* 
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Abstract-Reaction of titanocene dichloride with two equivalents of silver hexa- 
fluoroantimonate in sulphur dioxide quantitatively yields CpzTi(SbF& (Cp = $-C,H,) 
and AgCl. The titanocene bishexafluoroantimonate was recrystallized from SO* and char- 
acterized by chemical analysis, ‘H NMR, IR and mass spectroscopy. 

Transition metal halides have been reported to pos- 
sess Lewis base qualities and it has been assumed 
that the metal-halide bond is not broken in the 
complexes formed. ’ Adduct formation between 
Cp,TiF,,and Lewis acids (e.g. BF3 and PFS) has 
been investigated. However, by these reactions and 
by treatment of Cp,TiClz with two equivalents of 
AgBF4 (or AgPFJ only oils could be obtained.’ 
The isolation of Cp,TiF* has been reported from 
reactions involving fluorine-containing reagents 
such as the silver salts of CF3S-,3 BF;, PF;, SbF; 
and AsF; ;4 but in these cases no complex of the 
type Cp,Ti(MF&t was either isolated or identified. 
Titanocene derivatives containing MF; groups, 
directly coordinated to the Cp,Ti centre, have not 
previously been described, so this was the reason 
to study this particular problem in organometallic 
chemistry. The synthesis of a compound like 
Cp,Ti(MF& seemed to be of interest in terms of 
the Cp,Ti-MF6 bond situation (ionic or Ti-F 
bond interaction with reduced MF, symmetry: 
Oh + C4J, its stability (decomposition routes and 
mechanism), and last but not least the possibility 
that (Cp,Ti(NR,):+(SbF&) (known as a stable 

* Organo-transition metal chemistry of highly fluori- 
nated ligand systems (Organo-fjhergangsmetall-Chemie 
hochlluorierter Ligand-Systeme) : first communication. 

t (M = pnictogen). 

complex’) may be the only preparation of (Cp,Ti 
(SO&+(SbF;),). The first results on this project 
are reported in this paper. 

Reaction of Cp,TiCll with two equivalents of 
AgSbFQ (Alfa) in SO1 at -20°C quantitatively 
yielded the precipitation of AgCl and led to the 
formation of Cp,Ti(SbF& (1) according to eq. (1). 

Cp,TiClz+2AgSbF, 

“‘(‘) rCp,Ti(SbF,),+2AgClJ. (1) 
- 20°C 

(1) 

1, which is highly soluble in SO2 (deep red solution), 
was separated from AgCl by filtration (D4) and 
recrystallized from the same solvent at room tem- 
perature (yield, 94%). The chemical analysis 
(C1,,H10F12Sb2Ti, M = 649,55 gmol-‘. Found: C, 
18.3; H, 1.35. Calc. for CloH,,,FlzSbzTi: C, 18.5; 
H, 1.55%) of the deep red microcrystalline air- and 
moisture-sensitive solid is in very good agreement 
with the composition CpaTi(SbF& and there is no 
evidence for coordinated S02. 

While the ‘H NMR spectrum of CpzTiF, consists 
of a triplet in the Cp region3s6 in the ‘H NMR 
spectrum of 1 (SO2 solution, relative to TMS) only 
one very sharp singlet appears in the Cp range at 
6 = 7.25 ppm (6, Cp,TiClz = 6.65 ppm). This value 
and the low-field shift, compared with Cp,TiClz, 
indicate a partial dissociation of 1 in solution 
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Fig. 1. IR spectrum of solid Cp,Ti(SbF& in the regions 1600-200 cm-’ and 3200-3000 cm- ’ 
(Perkin-Elmer 457). 

according to eq. (2) (cf. ref. 4). 

1 so2o) b (Cp*Ti(S~~)~+(SbF~~*). (2) 

The mass spectrum of 1 (electron-impact, 70 eV, 
60°C) does not show a peak due to the molecular 
ion but to one corresponding to CpTiF3. This fact 
and also the appearance of SbFz indicate that a 
fluorine transfer from the SbF6 group to the tran- 
sition metal occurs as a decomposition reaction at 
low temperature. The base peak is given by Cp’. 

Figure 1 shows the IR spectrum of 1, obtained 
with the pure powdered compound. IR values and 
assignments are given in Table 1. 

All bands due to the Cp,Ti fragment are quite 
strong and nearly unchanged compared with those 
of CpzTiFz. In the spectrum of Cp,TiFz, bands at 
564 and 539 cm- ’ have been assigned to the Ti-F 

Table 1. IR frequencies of Cp,Ti(SbF& 

Frequency (cm- ‘) Assignment 

3110s 
1435 s 
1025 m,sh 
1015 s 
845 vs 
665 vs 
640 vs 
535 s 
so5 s 
287 vs 
275 vs 

V-CH 
W-CC 
s-CH 
&CH 
y-CH 
v,,-SbF, v, 2 
v,,-SbF 1 
v,-TiF 
v,,-TiF 

a-SbF4 ,,,z 
&SbF, t 

symmetric and asymmetric stretching modes, 
respectively.’ However, in 1 these bands are shifted 
to 535 and 505 cm-‘. This indicates weaker Ti-F 
bonds in 1 compared with Cp,TiFz. This is in agree- 
ment with a fluorine bridged structure where a 
“divalent” fluorine is coordinated to both the Cp,Ti 
group and a “SbF,” unit. The lower symmetry (C,,) 
of the SbF6 system (0, in SbF;) with five short 
(strong) and one long (weak) Sb-F bonds leads as 
expected to a splitting of the v3 and v4 bands at 650 
and 285 cm’ ‘, respectively.8-10 

While Cp2Ti(PF& seems to be unstable in the 
solid state, the antimony analogue is described as 
the first stable and well characterized titanocene 
MF6 (M = pnictogen) compound in the present 
paper. Our interest will now be extended to the 
AsF, compounds, as the fluorine affmity of AsFJ is 
significantly higher than that of PFS” and therefore 
the preparation of Cp,Ti(AsF,), seems to be very 
likely. 
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BOOK REVIEWS 

Gmelin Handbook of Inorganic Chemistry, Sn- 
organotin Compounds, part 14. Dimethyltin-, 
diethyltin- and dipropyltin-oxygen compounds. 
Sn-Tin/System No. 46. Published by Gmelin Insti- 
tute for Inorganic Chemistry of the Max Planck 
Society for the Advancement of Science, 8th Edn. 
Springer, Berlin, 1987. ISBN 3-540-93551-7, 
xiv+248 pp, 13 figs. DMl119. 

This 14th Gmelin volume on organotin compounds, like 
all the previous ones, has been compiled by Herbert and 
Ingeborg Schumann. It deals with dimethyltin-, diethyl- 
tin- and dipropyltin-oxygen compounds, that is the 
hydroxides, alkoxides, peroxides, carboxylates and 
derivatives of inorganic oxyacids such as the nitrates, 
sulphates and phosphates. The text is wholly in English 
and the literature is covered up to the end of 1985. 

General preparative methods for a particular group of 
compounds are given, then the members of the group are 
tabulated with data such as mp, bp and IR and NMR 
spectra. Important members are then listed individually 
and their preparations and properties, particularly their 
IR and NMR spectra, are discussed in detail. When the 
structures have been determined by X-ray diffraction, 
they are illustrated and labelled with their important 
dimensions. 

The book begins with a bibliography of the relevant 
literature which has been published since the end of 1982, 
continuing that which appeared in Vol. 11, and it con- 
cludes with 34 pages of empirical formula and ligand 
formula indexes. 

The printing and presentation are above reproach. 
Like its predecessors, this volume will be invaluable to 
organotin chemists. 

Department of Chemistry 
University College London 
20 Gordon Street 
London WCIH OAJ, U.K. 

PROF. A. G. DAVIES 

Gmelin Handbook of Inorganic Chemistry, Cu- 
organocopper Compounds, part 4. CuCopper/ 
System No. 60. Published by Gmelin Institute for 
Inorganic Chemistry of the Max Planck Society for 
the Advancement of Science, 8th Edn. Springer, 
Berlin, 1987. ISBN 3-540-93555-X, xii +272 pp., 86 
figs. DM1249. 

This volume covers mononuclear compounds carrying 
two or more ligands bonded through carbon, as well as 
all dinuclear to octanuclear and polymeric compounds. 
Related mononuclear compounds carrying one carbon- 
bonded ligand have already been discussed in Vols 1, 2 
and 3. The literature is covered up to the end of 1986, 
and the text is wholly in English. 

The presentation follows the familiar pattern. A 
general description of a group of compounds is given, 
the properties and the reactions of compounds within 
the group are tabulated, and important members are 
then discussed in detail. There are 86 figures illustrating 
the structures of compounds which have been studied by 
X-ray diffraction. 

The organocopper compounds are finding increasing 
applications in organic synthesis and these Gmelin 
volumes provide an invaluable guide to the relevant 
literature. A complete formula and ligand index of 
the four volumes on organocopper compounds is to 
appear shortly as Vol. 5. 

Department of Chemistry 
University ColIege London 
20 Gordon Street 
London WClH OAJ, U.K. 

PROF. A. G. DAVIES 
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SPECTROPHOTOMETRIC STUDY OF THE COMPLEXATION 
REACTIONS BETWEEN ALKALINE EARTH CATIONS AND 

MUREXIDE IN SOME NON-AQUEOUS SOLUTIONS 

SOHEILA KASHANIAN, MOHAMMAD BAGHER GHOLIVAND, 
SIAVASH MADAENI, ALIREZA NIKRAHI and MOJTABA SHAMSIPUR* 

Department of Chemistry, Razi University, Bakhtaran, Iran 

(Received 7 July 1987 ; accepted 13 October 1987) 

Abstract-The complexation reactions between alkaline earth cations and murexide in 
methanol, dimethylformamide and dimethylsulphoxide solutions have been studied spec- 
trophotometrically at 25°C. The formation constants of the resulting 1: 1 complexes were 
determined. In all solvents used, the stabilities of the murexide complexes vary in the order 
Ca2+ > Sr2+ > Ba2+ > Mg2+. There is an inverse relationship between the stabilities of 
the complexes and the Gutmann donicity of the solvents. 

Murexide, the ammonium salt of purpuric acid (I), 

I 

has been known for a long time as a good indicator 
for the calcium ionlm4 and some other alkaline earth 
cations’ in aqueous solutions. At neutral pH, 
murexide is present as a monovalent anion in which 
the negative charge is distributed among the N- 
bridge atom and four neighbouring oxygens. Chel- 
ation of the metal cations by this ligand involves 
then the contribution from the bridge nitrogen as 
well as from the neighbouring oxygen atoms. Since 
the Ca2+-murexide equilibrium is very rapidly 
established in aqueous6 and methanol7 solutions, 
the ligand has been used in the kinetic studies of 
calcium crypt&es using the stopped-flow method.’ 
The use of murexide as a metal indicator in the 
study of the dynamics of Mg2+-bicarbonate 
interactions by means of stopped-flow and tem- 
perature-jump methods has also been reported.g 

Despite the important role of murexide as a metal 
indicator in the determination of alkaline earth cat- 

* Author to whom correspondence should be addressed. 

ions as well as in the thermodynamic and kinetic 
studies of their complexes, the alkaline earth- 
murexide interactions have only been studied in 
aqueous solutions,6*‘h’2 and information about 
their interactions in non-aqueous solutions is quite 
sparse. 

It was of interest to us, to study the effect of 
solvent properties on the stoichiometry and stability 
of the murexide complexes with alkaline earth 
cations. In this paper we report a spectropho- 
tometric study of the murexide complexes with 
Mg2+, Ca2+, Sr2+ and Ba2+ ions in methanol, 
dimethylformamide and dimethylsulphoxide solu- 
tions at 25°C. 

EXPERIMENTAL 

Reagent grade magnesium chloride, calcium 
chloride, strontium nitrate (all from Merck Co.), 
barium chloride (Fluka) and murexide (Merck) 
were dried over P401 o in uacuo for 72 h. Methanol 
(Baker, MeOH), dimethylformamide (Fisher, 
DMF) and dimethylsulphoxide (Fisher, DMSO) 
were purified and dried by the previously reported 
methods. I 3 All spectra were obtained with a Model 
34 Beckman UV-vis. spectrometer at 25°C. 

The formation constants of 1: 1 complexes 
between murexide and alkaline earth cations were 
determined by the absorbance measurements at 
several wavelengths of the spectra of solutions in 
which varying concentrations of the metal ions 
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(1.0x 1O-5-1.Ox 10P4 M) were added to a fixed 
concentration of murexide (2.0 x low5 M) in dif- 
ferent solvents. Attainment of equilibrium was 
checked by the observation of no further change in 
the spectra after several hours. Errors associated 
with the formation constants were reported as 
5 standard deviations. 

RESULTS AND DISCUSSION 

The spectra of murexide and its alkaline earth 
complexes were obtained. All of the complexes are 
distinguished by a strong spectral shift in com- 
parison to the free murexide in all three solvents 
used. The resulting spectra in DMSO solution are 
shown in Fig. 1. The spectral behaviour of murexide 
complexes is quite unique in all three solvents 
studied, consisting of strong and ion specific absorp- 
tion shifts towards shorter wavelengths. Generally, 
the electrostatic interactions of a bound metal ion 
would not be able to produce such a pronounced 
effect on the electrostatic structure of a dye 
molecule, and hence on its spectrum. It is reason- 
able to assume that the twisting of the two rings of 
the murexide molecule relative to each other 
(around the N-bridge axis), brought about by metal 
ion complexation, is responsible for such spectral 
behavior. 

The stoichiometry of the alkaline earth-murexide 
complexes in MeOH, DMF and DMSO solutions 
were examined by the method of continuous vari- 
ations, introduced by 0stromisslensky’4 and Job.” 
Two samples of the resulting plots are shown in Fig. 
2. It was found that the metal ion to ligand mole 
ratio in the alkaline earth-murexide complexes is 
1 : 1. Moreover, the existence of a well defined isos- 
bestic point in the spectra of murexide upon titra- 
tion with alkaline earth cations (Fig. 3) is also a 

Fig. 1 
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Visible spectra for murexide and its alkaline earth 
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Fig. 2. Continuous variation plots for Ca’+-murexide in 
DMSO (a) and Sr’+ -murexide in DMF (h). 

good indication for a simple 1 : 1 complexation 
equilibrium. 

In order to determine the stability of metal ion- 
murexide complexes, the spectra of a series of solu- 
tions of fixed murexide concentration and vary- 
ing amounts of the alkaline earth cations were 
recorded, In all cases, maximum absorption of the 
free and complexed murexide molecules were sep- 
arated by about 20-90 nm. All spectra presented 
satisfactory isosbestic points. The deviations of 
spectra from isosbestic points were at the most 
f 5%. The spectra of mixtures of strontium ion and 
murexide in DMSO solutions are shown in Fig. 3. 
All calculated formation constants of the resulting 
1: 1 complexes in MeOH, DMF and DMSO solu- 
tions are presented in Table 1. The corresponding 
reported values in aqueous solution” are also 
included for comparison. The relationship between 
the stabilities of the complexes and crystal radii of 
the cations’ * are shown in Fig. 4. 

All of the solvents used have relatively high 
dielectric constants (Table 1) and at the very low 
salt concentrations we used (10-4-10-5 M), the 
amount of ion pairing with free alkaline earth 
cations, and especially with large complex ions is 
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Table 1. Log Kf of different alkaline earth-murexide 
complexes in various solvents at 25°C 

500 
Wavelength lnm) 

Fig. 3. Visible spectra for titration of murexide 
(2.0 x lo-’ M) with the Sr*+ ion in DMSO at 25°C. 
Respective concentrations of the Sr2+ ion in different 
solutions are: 1, 8.0 x lo-’ M; 2, 6.0 x lo-’ M; 3, 
4.0~10-~ M; 4, 2.0x 1O-5 M; 5, 1.0x lo-’ M; 6, 

murexide alone. 

negligible. Therefore, the nature of the anion should 
not influence the complexation reaction. 

Figure 1 shows that the absolute binding strength 
of the alkaline earth complexes with murexide 
decreases monotonically with increasing ionic size 
from Mg’+ to Ba2+ (both A&,, and As are largest 
for the smallest cation). In contrast, the results given 
in Table 1 show a decrease in the stability of 
the resulting murexide complexes in the order 
Ca2+ > Sr2+ > Ba2+ > Mg2+ in MeOH, DMF 
and DMSO solutions as well as in aqueous solution. 
However, it should be noticed that the thermo- 
dynamic stability constants are not just a measure 
of the absolute strength of the complexes, but 
a measure of the relative strength as compared to 
the ionic solvation. Remember that the species 
involved in the complexation reaction (i.e. cation, 
murexide and their complex) are all carrying either 
positive or negative charges. Thus the maximum & 
for the Ca2+ ion complex results from a balance 
between the binding and solvation energies. Figure 
4 shows that the selectivity of murexide for alkaline 
earth cations follows the same trend in various 
solvents. 

Solvent D" DNb Cation Log % 

MeOH 32.7 25.7’ 

DMF 36.7 26.6 

DMSO 46.7 29.8 

H,Od 78.5 33.0 

Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Mg2+ 
Ca*+ 
Sr2+ 
Ba2+ 
Mg=+ 
Ca*+ 
Sr2+ 
Ba2+ 
Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 

3.85kO.10 
6.09 +0.09 
5.68+0.10 
5.40+0.11 
3.57+0.07 
4.98 f0.09 
4.52 f0.09 
4.43 f 0.07 
3.22 f0.07 
4.64kO.06 
4.35 +0.09 
4.05 * 0.07 
0.0 
2.70 
2.45 
2.14 

*D = dielectric constant, ref. 16. 
b DN = donor number, ref. 16. 
‘Ref. 17. 
d Data from ref. 10. 

From Table 1, it is obvious that the solvent plays 
a very fundamental role in the complexation reac- 
tion. There is an inverse relationship between the 
donating ability of the solvents, as expressed by the 
Gutmann donor number,i6 and the stability of 
the complexes. This result is not surprising, since 
the solvent molecules acting as electron donating 
ligands can compete with murexide for the alkaline 
earth cations in solution. Among the solvents used 

I I I I 1 
0.6 I 1.2 1.4 

Ionic radius (A) 

Fig. 4. Stability constants of the alkaline earth-murexide 
complexes vs ionic radii of the cations in various solvents. 
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in this study, DMSO is the one with the highest 8. 
donicity and, therefore, competes the most with 
murexide molecules for the cations, which in turn 9. 
results in the least stable murexide complexes in the 
series. The results in water, which is a better donat- 
ing solvent,17 nicely follow the lines of the argument. 

:y. 

The same solvent effect has already been reported 
12’ 

for different alkali and alkaline earth complexes in 
13’ 

’ 
various solvents. ‘9-22 14. 

1. 

2. 

3. 

4. 
5. 

6. 
7. 

15. 
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Abstract-The syntheses, properties and reactivity of the gold complexes AuRdtc, 
Au(Rdtc),, Au(Rdtc),X and Au(Rdtc)X* (X = Cl, Br ; Rdtc = piperidine-, morpholine-, 
thiomorpholine-, piperazine-, N-methylpiperazine-, N-phenylpiperazine- and 4-phenyl- 
piperidinedithiocarbamate) are reported. Elemental analysis, electrical conductance 
measurements, spectral (electronic and IR), magnetic susceptibility and thermogravimetric 
studies were used for characterization. The dithiocarbamato ligands exhibit both bidentate 
behaviour acting as S,S’-donors and monodentate behaviour acting as S-donors, depending 
on the type of the complex. The diamagnetic behaviour confirms the low-spin d8 con- 
figuration for Au(II1) complexes and some metal-ligand and metal-halide stretches have 
been assigned. 

As a part of our studies on the coordinating behav- 
iour of the heterocyclic dithiocarbamate ligands 
towards transition metals, we report in this paper 
the synthesis, properties and reactivity of new com- 
plexes of gold(I) and gold(II1) with the ligands indi- 
cated in Structure 1. 

Structure 1. 

We have previously described the complexes with 
d- andp-block metals, their reactivity towards nitro- 
gen donor ligands, their mass spectral investigations 
and their structural characterization by XPS tech- 
niques. l-7 It is of interest to monitor the influence 
of the different heterocyclic groups bearing different 
substituents in the ring, on the C-N and C-S 
bonds and, consequently, on the electron structure 
of the complexes. The nature of the heterocycle 
influences the behaviour of the dithiocarbamates 
through variation in the electron-releasing ability 
of the different amines. 

* Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

The analytical data for the ligands and the com- 
plexes are reported in Tables 1 and 2, respectively. 
The complexes obtained were characterized by con- 

X= CH2 Pipdtc 

=o Morphdtc 

=S Timdtc 

=NH Pzdtc 

= N- CH3 N - MePzdtc 

=N-C6H5 N- PhPzdtc 

=HC-C6HS 4- PhPipdtc 

ductivity measurements, magnetic moment studies, 
electronic, IR and far-IR spectra and thermal analy- 
ses (TG and DTG techniques). In Table 3 the most 
important IR bands with their assignments are 
listed. The electronic spectra data for the dithio- 
carbamato derivatives are collected in Table 4. 

The compounds are stable at room temperature, 
insensitive to atmospheric oxygen and moisture, 
and are soluble in N,N’-dimethylformamide, pyri- 
dine, benzene, nitrobenzene and nitromethane. 
Conductance measurements in nitrobenzene and 
N,N’-dimethylformamide solution are indicative of 
1: 1 electrolytes for compounds of the Au(Rdtc),X- 
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Table 1. Analytical data for the dithiocarbamate sodium salts and for the thiuramdisulphides 

Compounds C 
Found (required) % 

H N s 

CsH10NS2Na-2H20 (PipdtcNa*2H,O) 
CsH,NOS2Na*2H,0 (MorphdtcNa-2H,O) 
C,H,NS3Na*2H20 (TimdtcNa*2H,O) 
C5H9N,S2Na*3H,0 (PzdtcNa*3H,O) 
CsH, ,N&Na-2HrO (N-MePzdtcNa*2H,O) 
C, ,Hi3NzSzNa*2H,0 (N-PhPzdtcNa*2H,O) 
C,2H,.,NS2Na-2H20 (CPhPipdtcNa*2H,O) 
C2HZON2S4 (Pip,tds) 
C,OH,~NZO& (Morph,tds) 
ClOH,,N& (Tim,tds) 
C ioH sN.A F%tW I 
C,2H22N4S4 (N-MePz,tds) 
CZ2HZ6N4S4 (N-PhPz,tds) 
CZ4H2sNZS4 (CPhPip,tds) 

33.0 (32.9) 6.5 (6.4) 6.4 (6.4) 29.1 (29.2) 
27.0 (27.1) 5.4 (5.5) 6.4 (6.3) 28.9 (29.0) 
25.1 (25.3) 5.1 (5.1) 5.9 (5.9) 40.6 (40.5) 
25.2 (25.2) 6.2 (6.3) 11.9 (11.8) 27.0 (26.9) 
30.6 (30.7) 6.6 (6.5) 11.8 (11.9) 27.3 (27.4) 
44.7 (44.6) 5.6 (5.8) 9.5 (9.5) 21.5 (21.6) 
48.7 (48.8) 6.1 (6.1) 4.8 (4.7) 21.8 (21.7) 
44.9 (45.0) 6.3 (6.3) 8.7 (8.7) 40.2 (40.0) 
37.0 (37.0) 5.0 (5.0) 8.7 (8.6) 39.7 (39.5) 
33.7 (33.7) 4.5 (4.5) 7.8 (7.8) 54.0 (53.9) 
37.3 (37.2) 5.4 (5.6) 17.5 (17.4) 39.8 (39.8) 
41.1 (41.1) 6.4 (6.3) 16.0 (16.0) 36.5 (36.6) 
55.7 (55.7) 5.5 (5.5) 11.8 (11.8) 26.9 (27.0) 
61.0 (61.0) 6.0 (6.0) 5.9 (5.9) 26.9 (27.1) 

type ; all the remaining compounds were non-con- 
ducting in the above solvents, hence the absence of 
ionic species is indicative of the covalent nature of 
these complexes. * 

IR spectra 

The IR spectra of the ligands and their gold com- 
plexes are given in Table 3. The thioureide band 
in the range 1440-1470 cm-’ of the free ligands 
indicates considerable double-bond character of the 
carbon-nitrogen bond, this band being between the 
stretching frequencies of v(C=N) and v(C-N), 
which lie at 1690-1640 and 1350-1250 cm-‘, 
respectively. This fact could be explained by taking 
into account that the electron-releasing ability of 
the heterocyclic group which, by forcing high elec- 
tron density on the sulphur atom via the R system, 
produces greater double-bond character of the car- 
bon-nitrogen bond whose stretching vibration, as 
a consequence, increases. 

All complexes reported here show bands assigned 
to v(C+N) in the 1560-1480 cm-’ range ; in 
addition the 1: 3 gold(II1) derivatives show a second 
band between 1470-1445 cm-’ ; this fact clearly 
indicates that the dithiocarbamate groups are 
linked to the central metal ion in different ways. 

// s /SC--) 

On passing from the dithiocarbamato sodium 
salts to the complexes, the v(C-N) mode is shifted 
to higher energies and in particular undergoes blue 
shifts in the order Au(I) < Au(II1). As regards 
the halo-derivatives, the v(C-N) band is shifted 
to higher frequency following the order 
Au(Rdtc)Xz > Au(Rdtc),X. This sequence is due 
to the increase in electronegativity deriving from 
the increase of halide atoms in the complexes, and 
this fact promotes a higher positive charge on the 
nitrogen atom. 

Taking into account the structure of the 
dithioanions which can be represented by the for- 
malism shown in Scheme l(a)-(d), we can conclude 
that the contribution from structure (d) is greater 
in the bishalo-derivatives and decreases on passing 
to the monohalo-derivatives and from gold(II1) to 
gold(I). 

The band in the region 1020-970 cm-’ can be 
attributed to the prevailing contribution of 
v(C-S) ; this value enables a decision to be made 
as to whether the dithio-ligand moiety is mono- or 
bidentate. The presence in the spectra of all the 
complexes (except the 1 : 3 gold derivatives), of only 
one strong band at about 1000 cn- ’ strongly sup- 
ports bidentate coordination of the dithio-ligand, a 
doublet being expected in the 1000 + 70 cm- ’ range 

LS (+I /se1 
R,N-C’ 

\ s c-1 - R2N-ck 

- R,N-C’<ss(-) - RzN =C’ 
\ 

s t-1 

(a) (b) (cl td) 

Scheme 1. 
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Table 2. Analytical data for the gold complexes 
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Compounds Colour N 
Found (required) % 

C H S 

Au(Pzdtc) 3 
Au(Pzdtc),Cl 
Au(Pzdtc)Cl, 
Au(Pzdtc)Br, 
Au(N-MePzdtc), 
Au(N-MePzdtc)Cl, 
Au(N-MePzdtc)Br, 
Au(N-PhPzdtc), 
Au(N-PhPzdtc),Cl 
Au(N-PhPzdtc)Cl, 
Au(N-PhPzdtc),Br 
Au(N-PhPzdtc)Br, 
Au(Pipdtc), 
Au(Pipdtc),Cl 
Au(Pipdtc)Cl, 
Au(Pipdtc)lBr 
Au(Pipdtc)Br, 
Au(CPhPipdtc), 
Au(4-PhPipdtc)$l 
Au(4-PhPipdtc)Cl, 
Au(4-PhPipdtc),Br 
Au(4-PhPipdtc)Br, 
Au(Morphdtc), 
Au(Morphdtc),Cl 
Au(Morphdtc)Cl, 
Au(Morphdtc),Br 
Au(Morphdtc)Br, 
Au(Timdtc), 
Au(Timdtc),Cl 
Au(Timdtc)Cl, 
Au(Timdtc)*Br 
Au(Timdtc)Br, 
Au(Pzdtc) 
Au(N-MePzdtc) 
Au(N-PhPzdtc) 
Au(Pipdtc) 
Au(CPhPipdtc) 
Au(Morphdtc) 
Au(Timdtc) 

Pale brown 
Brown 
Brown 
Brown 
Brown 
Red-brown 
Ochre 
Hazel-brown 
Pale brown 
Pale brown 
Hazel-brown 
Hazel-brown 
Dark violet 
Brown 
Light green 
Brown 
Yellow+chre 
Pale green 
Green 
Pale yellow 
Yellow-green 
Orange 
Brown 
Pale Brown 
Light green 
Pale brown 
Yellow-green 
Brown 
Pale brown 
Light brown 
Pale brown 
Yellow 
Brown 
Grey-green 
Grey-green 
Dark brown 
Light green 
Pale yellow 
Pale green 

12.3 (12.3) 
9.9 (10.1) 
6.5 (6.5) 
5.0 (5.4) 

11.6 (11.6) 
6.6 (6.3) 
5.3 (5.3) 
9.2 (9.2) 
8.0 (7.9) 
5.7 (5.5) 
7.2 (7.5) 
4.9 (4.7) 
6.3 (6.2) 
5.1 (5.1) 
3.2 (3.3) 
4.7 (4.7) 
2.7 (2.7) 
4.8 (4.6) 
4.0 (4.0) 
2.8 (2.8) 
3.8 (3.7) 
2.5 (2.4) 
6.2 (6.1) 
5.1 (5.0) 
3.3 (3.2) 
4.7 (4.7) 
2.8 (2.7) 
5.7 (5.7) 
5.0 (4.8) 
3.0 (3.1) 
4.6 (4.4) 
2.9 (2.6) 
7.5 (7.8) 
7.5 (7.5) 
6.5 (6.4) 
3.9 (3.9) 
3.3 (3.2) 
4.0 (3.9) 
3.7 (3.7) 

26.2 (26.5) 
21.9 (21.6) 
13.9 (14.0) 
11.6 (11.6) 
30.0 (29.9) 
16.5 (16.3) 
13.7 (13.5) 
43.8 (43.6) 
37.6 (37.4) 
26.7 (26.2) 
35.0 (35.2) 
22.6 (22.2) 
31.9 (31.9) 
26.1 (26.1) 
16.3 (16.8) 
24.2 (24.1) 
13.6 (13.9) 
47.6 (47.7) 
40.4 (40.9) 
28.5 (28.6) 
37.7 (38.5) 
24.4 (24.3) 
26.0 (26.3) 
21.7 (21.6) 
14.1 (14.0) 
20.4 (20.0) 
12.1 (11.6) 
24.3 (24.6) 
20.6 (20.4) 
13.2 (13.4) 
19.3 (19.0) 
11.4 (11.2) 
16.8 (16.8) 
19.4 (19.4) 
30.4 (30.4) 
20.1 (20.2) 
33.2 (33.3) 
17.0 (16.7) 
15.6 (16.0) 

3.6 (4.0) 
3.1 (3.3) 
2.1 (2.1) 
1.6 (1.8) 
4.6 (4.6) 
2.5 (2.5) 
2.1 (2.1) 
4.2 (4.3) 
3.7 (3.7) 
2.7 (2.6) 
3.5 (3.5) 
2.2 (2.2) 
4.5 (4.5) 
3.6 (3.6) 
2.3 (2.3) 
3.2 (3.4) 
1.7 (1.9) 
4.6 (4.7) 
4.0 (4.0) 
2.8 (2.8) 
3.6 (3.8) 
2.3 (2.4) 
3.5 (3.5) 
2.9 (2.9) 
1.9 (1.9) 
2.7 (2.7) 
1.6 (1.6) 
3.3 (3.3) 
2.9 (2.7) 
1.8 (1.8) 
2.6 (2.5) 
1.8 (1.5) 
2.5 (2.5) 
3.0 (3.0) 
3.1 (3.0) 
2.9 (2.8) 
3.2 (3.2) 
2.2 (2.2) 
2.0 (2.1) 

28.2 (28.3) 
23.0 (23.1) 
14.8 (14.9) 
12.5 (12.4) 
26.6 (26.6) 
14.9 (14.5) 
12.3 (12.0) 
21.2 (21.2) 
18.0 (18.1) 
13.0 (12.7) 
17.0 (17.1) 
11.3 (10.8) 
28.4 (28.4) 
22.8 (23.2) 
14.9 (15.0) 
21.8 (21.5) 
12.4 (12.4) 
21.3 (21.2) 
18.2 (18.2) 
12.8 (12.7) 
17.0 (17.1) 
10.8 (10.8) 
28.0 (28.1) 
22.9 (23.0) 
15.7 (14.9) 
21.4 (21.3) 
12.6 (12.4) 
39.4 (39.4) 
32.6 (32.7) 
21.5 (21.6) 
30.3 (30.4) 
18.3 (18.0) 
17.8 (17.9) 
17.1 (17.2) 
14.9 (14.8) 
18.0 (17.9) 
14.8 (14.8) 
17.7 (17.8) 
25.4 (25.6) 

for monodentate behaviour. ‘-’ ’ On the contrary, a 

split band in the 1020-970 cm- ’ range for gold(II1) 
tris-derivatives suggests that monodentate dithio- 
carbamato groups are present in the complexes. 
Further confirmation comes from an analysis of the 
position of the v(C=N) mode ; in fact this band 
undergoes upward shifts for bidentate behaviour 
and it would undergo downward shifts or, at least, 
it would remain unchanged having the same value 
as for the free sodium dithiocarbamate in the case 
of monodentate coordination. I2 

Turning now to the 1 : 3 gold derivatives, from 
the behaviour of the v(C--N) and v(C4) stretch- 

ing modes, we propose the simultaneous presence 
of bidentate and monodentate dithiocarbamato 
groups. In all the other complexes, the presence of 
only one v(C=S) band and the shift of the v(C-N) 
mode towards higher energies point to a bidentate 
behaviour of the ligands. The vibrational modes in 
the 580-470 cn- ’ range can be ascribed to the 
contribution of v(CS) + S(SCS), but it is interesting 
to point out that the band in this range must involve 

some =C/‘\lkl ring deformation, as dem- 

‘S’ 
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Table 3. Most important IR bands (cm- ‘) for the ligands and for the gold complexes 

Compounds v(CzN) 

PzdtcNa 
N-MePzdtcNa 
N-PhPzdtcNa 
PipdtcNa 
4-PhPipdtcNa 
MorphdtcNa 
TimdtcNa 
Au(Pzdtc), 
Au(Pzdtc),Cl 
Au(Pzdtc)Cl, 
Au(Pzdtc)Br, 
Au(N-MePzdtc), 
Au(N-MePzdtc)Cl, 
Au(N-MePzdtc)Br, 
Au(N-PhPzdtc), 
Au(N-PhPzdtc),Cl 
Au(N-PhPzdtc)Cl, 
Au(N-PhPzdtc),Br 
Au(N-PhPzdtc)Br, 
Au(Pipdtc), 
Au(Pipdtc),Cl - 
Au(Pipdtc)Cl, 
Au(Pipdtc)ZBr 
Au(Pipdtc)Br 2 
Au(CPhPipdtc), 
Au(4_PhPipdtc),Cl 
Au(4-PhPipdtc)Cl, 
Au(4_PhPipdtc),Br 
Au(4_PhPipdtc)Br, 
Au(Morphdtc), 
Au(Morphdtc),Cl 
Au(Morphdtc)Cl, 
Au(Morphdtc),Br 
Au(Morphdtc)Br, 
Au(Timdtc), 
Au(Timdtc),Cl 
Au(Timdtc)Cl, 
Au(Timdtc),Br 
Au(Timdtc)Br, 
Au(Pzdtc) 
Au(N-MePzdtc) 
Au(N-PhPzdtc) 
Au(Pipdtc) 
Au(CPhPipdtc) 
Au(Morphdtc) 
Au(Timdtc) 

1460~s 
1450vs 
1465~s 
1465~s 
1469vs 
144ovs 
1458~s 
1545~s 1460ms 
153ovs 
1535vs 
1535vs 
1535vs, 1455ms 
154ovs 
1555vs 
155Ovs, 1450ms 
1545vs 
155ovs 
1545vs 
1550vs 
155Ovs, 1460ms 
153ovs 
155ovs 
154ovs 
1555vs 
154ovs, 1470ms 
154ovs 
155ovs 
1545vs 
155ovs 
154Ovs, 1445ms 
153ovs 
154Ovs 
153ovs 
1560~s 
1535~s 1455ms 
154ovs 
153ovs 
1535vs 
1545vs 
1530s 
1480ms 
154Ovs 
1545vs 
1545vs 
1525~s 
154ovs 

v(Ce3) v(CS) + S(SCS) v(M-S) v(M-X) 

1 ooovs 
995s 
975m 
965vs 
958ms 
990s 
995s 

102os, 990s 
1OlOm 
1005m 
1OOOm 
lOOOs, 970ms 
1000s 
995s 

lOlOs, 995ms 
1010s 
1015s 
1000s 
1020s 
lOlOs, 990s 
1015s 
995s 

1005m 
1OlOm 
1020m, 1000s 
995m 
995m 
99Om 
995m 

102ovs, 1000s 
1010s 
1010s 
1000s 
1000s 
99os, 975s 

1000s 
1OlOm 
1000s 
1000s 
IOlOm 
990m 

1015m 
1 OOOm 
995m 
990ms 

1 OOOms 

560m 
540m 
524m 
525m 
530m 
535m 
490ms 
575m 
570m 
572m 
580m 
535m 
550m 
545m 
530m 
525m 
525m 
515m 
520m 
515m 
520m 
530m 
520m 
530m 
525m 
525m 
520m 
520m 
525m 
540m 
540m 
535m 
540m 
540m 
480m 
475m 
470m 
470m 
475m 
565m 
535m 
520m 
515m 
530m 
540m 
490m 

- 

425m, 400m 
428m, 398m 
420m, 395m 
422m, 385m 
435m, 382m 
410m, 372sh 
402m, 37&h 
420m, 390m 
415m, 385sh 
440m, 395m 
419m, 387sh 
418m, 390m 
428m, 382m 
415m, 395sh 
410m, 390sh 
420m, 393m 
417m, 392m 
415m, 385m 
410m, 390m 
415m, 385m 
418m, 390m 
416m, 386m 
430m, 398m 
412m, 398sh 
410m, 380sh 
409m, 388m 
408m, 388m 
409m, 393m 
410m, 392m 
408m, 394m 
410m, 395m 
410m, 392m 
419m, 395m 
430m, 378m 
410m, 387m 
408m, 380m 
400m, 380m 
425m, 390m 
405m, 390m 

- 
- 

- 
- 

- 
- 

345m, 325m 
245m, 222m 

348m, 325m 
249m, 224m 

- 

355m, 330m 
- 

246m, 238m 
- 
- 

356ms, 335m 
- 

247m, 236m 

- 

345m, 330m 

248m, 225m 
- 
- 

354m, 324m 
- 

245m, 224m 
- 
- 

34Om, 324m 
- 

248m, 218m 
- 

- 
- 

onstrated by a detailed IR isotopic study on In the far-IR region, the bands of the ligands 
“Ni(II), 62Ni(II), 63Cu(II) and 65Cu(II) dithio-com- appear unchanged in the spectra of the complexes. 
plexes. ’ New bands, absent in the spectra of the starting 

The vibrational modes involving the heteroatom materials, are observed in the 44&370 cm- ’ range 
of the ring are unchanged relative to the free ligands, and they can be assigned to the metal-sulphur stret- 
so any coordination to the metal via these oxygen, thing mode according to the normal coordinate 
sulphur and nitrogen atoms is excluded. analysis of the dithiocarbamato complexes and pre- 
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Table 4. Main absorption bands in the solid state electronic spectra of the 
complexes 

Compounds max (cm- ‘) 

Au(Pzdtc) 3 36760,32780,31250,23800, 17860 
Au(Pzdtc),Cl 36360,29325,24390,19610, 17390 
Au(Pzdtc)Cl, ‘36290,29200,22180,17750 
Au(Pzdtc)Br, 36360,31240,27770,20000, 16660 
Au(N-MePzdtc), 36360,31250,24390, 18180 
Au(N-MePzdtc)Cl, 35100,29850,22220, 17860 
Au(N-MePzdtc)Br, 35080,30770,22730, 17390 
Au(N-PhPzdtc), 36800,31150,23810, 18200 
Au(N-PhPzdtc),Cl 37170,32150,22220,17820 
Au(N-PhPzdtc)Cl, 36750,30670,24090, 18350 
Au(N-PhPzdtc),Br 36360,32260,22990, 17820 
Au(N-PhPzdtc)Br, 36200,30670,24950, 17700 
Au(Pipdtc)s 36360,32150,30770,23530,20000,17090 
Au(Pipdtc),Cl 36100,32050,24390,20410,16000 
Au(Pipdtc)Cl, 35710,30770,24100, 19230, 18000 
Au(Pipdtc)lBr 36350,32150,24390,21730, 17400 
Au(Pipdtc)Br, 36230,3 1050,26660,20000,18000 
Au(4-PhPipcltc), 36350,33900,21740,20000, 17900 
Au(CPhPipdtc),Cl 35970,32150,22170, 18600 
Au(CPhPipdtc)Cl, 35850,30770,24390, 17390 
Au(4-PhPipdtc)zBr 36360,32000,22220, 18180 
Au(4_PhPipdtc)Br, 36000,31270,24240, 18000 
Au(Morphdtc), 37030,30400,23530, 17090 
Au(Morphdtc),Cl 37730,31350,29410,23530, 19050, 16950 
Au(Morphdtc)Cl, 36360,34960,29410,24350, 18520 
Au(Morphdtc),Br 37300,30770,24450, 19700, 17100 
Au(Morphdtc)Br, 37040,31060,24390, 19700, 16960 
Au(Timdtc) 3 36760,31350,29850,24450,22220, 16660 
Au(Timdtc),Cl 36900,30770,24400,20000, 17390 
Au(Timdtc)Cl, 36490,30300,21500,17390 
Au(Timdtc),Br 36360,30860,23810, 19050, 16390 
Au(Timdtc)Br, 36350,29850,20400, 17240 

vious work on gold derivatives. ‘3*‘4 It is noteworthy 
that v(Au-S) increases in frequency as the oxidation 
number of the gold ion increases. 

The bands present at 356-324 and at 249-218 
cm - ’ in the chloro- and bromo-bishalo-derivatives, 
respectively, are attributed to the v(Au-Cl) and 
v(Au-Br) stretching frequencies for terminal 
halides. I4915 The above mentioned metal-halide 
modes have not been found in the spectra of the 
Au(Rdtc)zX-type complexes, in agreement with the 
conductivity measurement results indicative of the 
1: 1 electrolyte character of these compounds. 

Electronic spectra 

The solid state electronic spectra of the complexes 
are reported in Table 4 ; these derivatives show 
absorptions in the 37730-26660 cm- ’ range, which 
can be attributed to intramolecular charge-transfer 

due to the chromophore group NCSZ.16 The band 
at higher energy is a n* t rr transition located 
mainly in the N-C--S group.“,‘* The position of 
this band is sensitive to the number of the dithio- 
carbamato groups linked to the central atom 
showing the sequence 

Au(Rdtc), > Au(Rdtc),X > Au(Rdtc)X,. 

The nature of the halogen has little influence on the 
position of this band and in general the sequence 
Cl > Br is observed. The second band at about 
32000-29000 cm- ’ is attributed to a second rr* c R 
transition of the S=CuS group. l9 

All the gold(II1) complexes give a characteristic 
spectrum on the low energy side of the main charge- 
transfer edge. These transitions can be attributed to 
d-d bands, whose position is clearly indicative of a 
square-planar environment for the metal in these 
complexes. The most intense band between 245OG 
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22000 cm- ’ can be assigned to the ‘A rg + ‘E, band 
corresponding to the dx, + d,,,d,, transition, while 
the second weaker band, accompanied in some 
cases by a shoulder at lower energy, can be attri- 
buted to the first spin-allowed transition ‘A rg + 
‘AZ9.*’ All the complexes are diamagnetic accord- 

ing to the low-spin configuration of the metal ion. 

Thermogravimetric studies 

Thermal analyses, performed using TG and DTG 
techniques, indicate that all the complexes undergo 
decomposition, transforming the dithiocarbamates 
into polysulphides and giving metallic gold as the 
end-product. The data give metal analyses in accord 
with the formulae given in Table 1. 

Reactivity 

The gold(I) derivatives of the AuRdtc-type give, 
by reaction with the corresponding thiuram- 
disulphide, the gold(II1) trisdithiocarbamates as 
final products ; in this reaction Au(I) is oxidized 
to Au(II1) according to the scheme : 

AuRdtc + R,tds + Au(Rdtc),. 

Analogous to the above reported reaction, the 
dihaloaurate(1) ion is oxidized with thiuram- 
disulphide to obtain the complex Au(Rdtc),X : 

AuX; + R,tds + Au(Rdtc),X. 

The oxidative reaction of AuRdtc with halogens 
in methylene chloride produces the Au(Rdtc)X, 
complexes : 

AuRdtc+X, --) Au(Rdtc)X,. 

The compounds of the Au(Rdtc)*X-type react 
with MAuX4 (M = Na, K) in methylene chloride to 
give ionic complexes [At&-[Au(Rdtc)J+ which 
easily rearrange, by boiling in methylene chloride, 
to the non-ionic isomers Au(Rdtc)X,. These last 
compounds, by reaction in methylene chloride with 
the dithiocarbamate sodium salts produce com- 
plexes of the type Au(Rdtc),X : 

Au(Rdtc)X* + RdtcNa + Au(Rdtc)*X + NaX. 

EXPERIMENTAL 

Preparation of the ligands 

The sodium salts of the ligands were obtained by 
treating piperazine and 4-phenylpiperidine in dry 
diethylether and isopropyl alcohol ; piperidine, 
morpholine, thiomorpholine, N-methylpiperazine 
and N-phenylpiperazine in dry diethylether with 
CS, and adding NaOH with vigorous stirring over 

4 h using molar ratios of amine: CS,:NaOH = 
1: 1 : 1. The crude products were recrystallized from 
isopropyl alcohol. 

The thiuramdisulphides have been prepared by 
treating an aqueous solution of the corresponding 
sodium dithiocarbamates with a slight excess of 
potassium esacyanoferrate(III), K,[Fe(CN),], at & 
5°C. The precipitates so formed were filtered, 
washed several times with cold water and dried 
over P40 1 o. The analytical data are summarized in 
Table 1. 

Preparation of the complexes 

Commercial NaAuCl, and KAuBr4 of high 
purity grade were used. The preparation of the 1: 3 
gold derivatives was performed in water, starting 
with NaAuCl, having a metal to ligand stoi- 
chiometrical ratio of 1 : 3 or by the reaction of the 
gold(I) dithiocarbamates with the corresponding 
thiuramdisulphides in a 1 : 1 stoichiometrical ratio. 

The gold(I) complexes were prepared by starting 
with MAuX, (X = Cl, Br) in aqueous solution 
cooled to 0°C carefully reducing these with a water 
solution of Na2SOx (0.1 M) until the solution 
became colourless and then treating with an aque- 
ous solution of the ligands in a 1: 1 molar ratio. 

The gold(II1) chloro- and bromo-derivatives 
were obtained by metathetical reactions starting 
with a water solution of MAi,& and the dithio- 
carbamate sodium salts in 1 : 1 or 1: 2 metal to 
ligand molar ratios in the same solvent. 

The Au(Rdtc)2X-type complexes can be obtained 
by treating a gold(I) solution, prepared according 
to the method described above, with thiuram- 
disulphides dissolved in methanol, in a 1 : 1 molar 
ratio. A second way consists of reaction of the 
compounds Au(Rdtc)X, in methylene chloride 
with the dithiocarbamato sodium salts dissolved in 
methanol. 

Compounds of the Au(Rdtc)X,-type can be 
obtained starting with Au(Rdtc)*X and MAuX,, 
(M = Na, K ; X = Cl, Br) and refluxing in meth- 
ylene chloride under stirring, or by oxidative reac- 
tion of the AuRdtc derivatives with halogens in 
methylene chloride at room temperature. 

All the precipitates were filtered, washed with 
ethanol, diethylether and dried over P_,O, o. 

Electronic spectra 

The electronic spectra were recorded with a Shim- 
adzu MPS-SOL spectrophotometer in the solid state 
in the 500045000 cm-’ region. Samples were pre- 
pared by grinding the complexes on a filter paper 
as a support. 
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IR spectra 

The IR spectra have been recorded in the 4000- 
50 cm-’ range with a Perkin-Elmer 180 spectro- 
photometer at the “Centro Interdipartimentale 
Grandi Strumenti” of Modena University. The 
spectra in the 4OOWtOO err- I range were measured 
for KBr discs or Nujol mulls. Far-IR spectra were 
measured on Nujol mulls suported between poly- 
ethylene sheets. Atmospheric water was removed 
from the spectrophotometer housing by flushing 
with dry nitrogen. 

Magnetic susceptibility measurements 

These measurements were carried out by Gouy’s 
method at room temperature. The molecular sus- 
ceptibilities were corrected for the diamagnetism of 
the component atoms by the use of Pascal’s con- 
stants. All the complexes were diamagnetic. 

Conductivity measurements 

These measurements were carried out with a 
WTW LBR type conductivity bridge for freshly 
prepared lo- 3 M solutions in DMF at 25 + O.l”C. 

Thermal analyses 

Thermogravimetric analyses (TG and DTG) 
were performed in air on a Mettler TG50 thermo- 
balance equipped with a Mettler TClOTA pro- 
cessor. A scan rate of 10°C min- ’ was used. 

Analyses 

Carbon, nitrogen, hydrogen and sulphur were 
determined with a Carlo Erba 1106 elemental 
analyser. 
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Abstract-The metal-metal bonded carboxylates, Ru&-O&R)~, R = CH3 and CF3 have 
been studied as catalysts for the homogeneous hydrogenation of alk-1-enes. Evidence for 
interaction of Hz with Ru2(02CMe)4 and of complex formation between alk-1-enes and 
the carboxylates has been obtained. 

Both the ruthenium acetate compounds RuZ(OZ 
CCH3)4C1 and [Ru,O(O~CCH~)~(H~O)~](O~CCH~) 
have been used as catalysts for the homogeneous 
hydrogenation of alkenes. I,* The former and its 
triphenylphosphine reaction product, ’ exhibit cata- 
lytic activity in the presence of strong, non-com- 
plexing acids and excess triphenylphosphine ; 
in these cases the active system appears to in- 
volve cationic alkene-bis(triphenylphosphine)- 
ruthenium(I1) species,3 [Ru(PPh,),(alkene)]‘+. The 
oxo-triruthenium cluster acts as a hydrogenation 
catalyst at elevated temperatures (> SO’C) in di- 
methylformamide, and mechanistic studies indi- 
cate that only one ruthenium centre of the ion [Ru3 

WzC’=,MDMF)I+ is active in coordinating 
both the hydrogen and alkene molecules and in 
mediating the subsequent hydride transfer to the 
alkene.* Other catalytically active ruthenium com- 
plexes have been prepared3 from the oxo-centred 
species but none retain the triruthenium centre. 

All these ruthenium systems catalyse the 
reduction of terminal alkenes but have varying 
selectivities for the reduction of internal and 
cyclic alkenes. For example, protonated Ru2(02 
CCH3)4C1 solutions will not reduce cyclooctene 
whereas the oxo-centred cluster readily reduced 
cyclohexene. The extent of substrate isomerization 
during these reductions is usually less than 5%, 
which is in marked contrast to that observed for the 
system using rhodium acetate Rh2(02CCH3)4.4 

We now report the use of Ru~(O~CCH~)~~ as a 
catalyst precursor for the homogeneous hydro- 
genation of alkenes and alkynes to alkanes. The 

*Author to whom correspondence should be addressed. 

complex is effective in methanol under ambient 
conditions and the reduction proceeds with 
no isomerization of the unsaturated substrate. 
Unlike the ruthenium acetate system noted earlier, 
Ru~(O~CCH~)~ does not require elevated tem- 
peratures or additional acid or phosphine ligands 
to induce catalytic activity. 

RESULTS AND DISCUSSION 

Methanolic solutions of Ru~(O~CCH~)~ hydro- 
genate terminal and cyclic monoenes, and terminal 
alkynes homogeneously at room temperature under 
1 atm of hydrogen. Comparative rates given in 
Table 1 indicate the reactivity order, cyclic alkene > 
terminal alkene > terminal alkyne: hydrogen- 
ation occurs at similar rates in ethanol and in 
dimethylformamide but is markedly slower in 
CH3CN and CH2C12 and does not occur in THF 
and benzene. No hydrogenation of internal mono- 
enes, dienes or of other compounds such as ketones 
and imines was observed. 

In the absence of alkene, diruthenium(I1) tetra- 
acetate takes up one molecule of hydrogen per 
dimeric unit. In the absence of hydrogen, there is 
evidently the formation of an alkene adduct with 
Ru*(O*CCH~)~. Thus the initial electronic absorp- 
tion spectrum of Ru2(02CCH3)4 in methanol (A 445 
nm, E = 880 dm3 mol- ’ cm-‘) changes upon the 
addition of hydrogen or alkene to the solution as 
shown in Figs 1 and 2, respectively. NMR spectra 
of the reacting solutions of Ru~(O~CCH~)~ showed 
considerable line broadening indicating that the 
paramagnetism of the catalyst species was retained 
throughout. Upon completion of a hydrogenation 
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Table 1. Representative hydrogenations using [Ruz(02 

CCH 941 

Substrate Time (mm)” 

Hex- 1 -ene 
Ott-1-ene 
Cyclohexene 
Cyclooctene 
Styrene 
Hex- 1 -yne 
Ott- 1-ene 
Ott- 1-ene 
Ott- 1-ene 

70 
85 (96) 
63 
79 (300) 

125 
570 
94d 
90 

340f 

“Reaction conditions: 50 cm3 of 2 mM methanolic 
solution of complex, 25”C, 1 atm Hz, catalyst : substrate 
1: 15. 

b Time for complete hydrogenation. 
‘Time for “complete” hydrogenation using 

[Rh2(02CCH3)4] under identical conditions. 
‘S’fSolvent = ethanol, DMF, acetonitrile, respectively. 

reaction the Ru2(02CCH&, was easily recovered 
and could be reused without appreciable loss of 
activity. 

No detailed mechanistic studies have been under- 
taken but the kinetics for the hydrogenation 
appear to be first-order in alkene at low alkene 
concentration for the solvents and substrates used ; 
in all cases hydrogen consumption levelled off at an 
amount close to that required for complete hydro- 
genation of the unsaturated substrate. Analysis of 
the final solution by gas-liquid chromatography 
contirmed the complete conversion of the alkene 
or alkyne to alkane and the absence of any 
isomerization products. The absence of isom- 
erization suggests that Ru2(OZCCH3)., may be of 
more practical use than the rhodium analogue 

Rh2(OKCH&, which leads to isomerization of 

A 

Fig. 1. Change in the electronic spectrum of 
Ru~(O$CH~)~ in CH30H after stirring under hydrogen 
(1 h). Initial spectrum -, hydrogenated spectrum ---. 

Fig. 2. Changes in the electronic spectrum on sequential 
addition of octene to Ru2(02CCH3),+, 3 cm3, 0.9 mM 
methanol solution at 25°C ; (a) no octene ; (b) 1.14 mM ; 

(c) 2.4 mM ; (d) 3.7 mM. 

alk-l-enes.4 The absorption of dihydrogen noted 
above suggests the formation of a hydride complex 
but the paramagnetism of the solutions and low 
solubilities prevented any characterization by IR 
and NMR spectra. Concentration of the hydride- 
containing solution under hydrogen results only in 
precipitation of the Ru~(O$CH~)~. For the 
trioxoruthenium cluster’ and rhodium(I1) acetate4 
systems the initial activation step has been proposed 
to occur by hydrogenolysis for example : 

Rh2(02CCH&+H z=HR~z(O~CCH& 

+H+ + -02CCH3. (1) 

Hydrogen uptake has also been observed for the 
oxo-centred triruthenium species and an inverse 
dependence of hydrogen uptake rate on free acetate 
concentration is observed ;’ a similar dependence 
has been observed for Ru~(O~CCH~)~ and the reac- 
tion with hydrogen is doubtless as in eq. (1). The 
requirement of a polar solvent (MeOH, DMF) for 
hydride formation suggests that solvation of the 
proton is necessary in addition to solvating the com- 
plex. In the hydrogenation cycle, we hence have the 
reactions (solvated methanol omitted) : 

zs HRu2(02CMe)3 + H+ + MeCO; 

Ru2(02CMe)4+ alkene zs Ru2(02CMe),(alkene) 

HRu2(0,CMe), + alkene zs Ru,(O,CMe),(alkyl) 

Ru2(02CMe)3(alkyl)+H+ +MeCO; 

+ Ru2(02CMe)4 + alkane. 

There is no change in oxidation state of the 
ruthenium in any reaction and H-transfer to coor- 



Hydrogenation of alkenes by diruthenium(I1) tetraacetate 1241 

dinated alkene doubtless occurs at the same 
ruthenium atom. 

In the second step it is assumed as usual that R- 
complex formation occurs between the alkene and 
the hydride species followed by an insertion of the 
coordinated alkene into the ruthenium-hydride 
bond to form an alkyl complex.6 The most facile 
route for hydrogen transfer would be obtained 
when the alkene is n-bonded to the ruthenium- 
hydride centre as shown in 1. 

The absence of alk- 1 -ene isomerization indicates 
that the alkyl formation is irreversible unlike the 
analogous dirhodium(I1) system where reversible 
alkyl formation results in significant isomerization.4 

Although it might be expected on the basis of the 
above mechanism that the addition of a strong base, 
such as triethylamine, would favour hydrogenolysis 
and metal-hydride formation, the rate of hydro- 
genation is strongly inhibited by addition of tri- 
ethylamine. Electronic spectra suggest that this 
results from the blocking of sites by axial coor- 
dination of the amine (L) through formation of 
an adduct of type LRu~(O$CH~)~L, examples of 
which have been reported.’ 

Acidification of a methanolic solution of 
Ru~(O&CH~)~ with an excess of a strong non- 
complexing acid such as HBF4 produces a red col- 
ouration. The low catalytic activity of this red solu- 
tion is however enhanced by the addition of tri- 
phenylphosphine and the yellow-brown solution so 
formed readily catalyses the hydrogenation of ter- 
minal and cyclic monoenes under hydrogen (cf. ref. 
3); however, on standing, yellow Ru(O&CH& 
(PPh,), is deposited. 

The complexing of the alkene noted above is not 
observed with Rh2(02CCH3)4, but alkene com- 
plexing has been reported for the trifluoroacetate, 
Rhz(OzCCF3)4.8 This adduct formation may be 
attributed to the electron deficient nature of the 
rhodium atoms in the trifluoroacetate complex 
compared to the acetate species. It is reasonable to 
assume that similar 1 : 1 adduct formation occurs 
in the ruthenium(I1) system given the similarity in 
spectral shifts and the relatively electron deficient 
ruthenium centres in the tetraacetate. The absence 
of 2 : 1 complexes is probably due to the decreased 
acceptor capabilities of the 1 : 1 ruthenium adducts 
as observed for the rhodium(I1) species.’ 

Rh2(02CCHJ)4 has been used as a catalyst for a 
variety of organic transformations including the 
autooxidation of alkenes” and the dehydro- 
genation of alcohols. ” However, the air-sensitive 
nature of Ru~(O&CH~)~ prevents its use as an 
autooxidation catalyst because of decomposition, 
while cleavage of the dimeric unit occurs with CO’ 
thus preventing its use as a hydroformylation cata- 
lyst. 

Hydrogenations using Ru~(O$CF~)~ 

Qualitatively, we observe that the complex 
Ru~(O~CCF~)~ takes up hydrogen in the presence 
of terminal and cyclic monoenes on a significantly 
slower timescale than Ru~(O&CH~)~. The times 
required for hydrogenation of alkenes, using the 
same conditions as for the Ru~(O&CH~)~ experi- 
ments were about IS-24 h, regardless of whether a 
terminal or cyclic monoene was the substrate. The 
slowness of hydrogen uptake for the Ru~(O&CF~)~ 
system is understandable in that .the more electron- 
poor trifluoroacetato complex should be slower to 
add hydrogen than the corresponding acetato com- 
plex. 

The electronic spectra of solutions following the 
addition of aliquots of alkene to a CH2C12 solution 
of Ru~(O~CCF~)~ show that the complex coor- 
dinates alkene, as judged by the change in the 
extinction coefficient (initially > 455 nm, E 590 dm3 
mall’ CII- ‘) and slight shift in the I,,, for the 
absorption in the visible region similar to Fig. 2. A 
plot of l/AA vs l/[alkene] provided evidence for a 
1: 2 complex between Ru~(O&CF~)~ and alkene 
(L) presumably forming adducts of the type LRuz 

(%CCF3)4L. 

EXPERIMENTAL 

Hydrated ruthenium “trichloride” was from 
Johnson Matthey plc. The carboxylates, 

R~z(OZCCH&~ and Ru~(O~CCF~)~’ were pre- 
pared as before.5 Solvents and substrates were rig- 
orously purified and thoroughly degassed prior to 
use. Hydrogen was passed through an Englehard 
“Deoxo” catalyst before admission to the vacuum 
system. 

Electronic spectra were recorded on a Perkin- 
Elmer 551 spectrophotometer. Successive injections 
of alkene into a 10m3 M solution of Ru~(O&CF~)~ 
were made until the limiting &,,,, of the complex 
could be determined. GLC analysis was carried out 
using a Perkin-Elmer Sigma 1B gas chro- 
matographic system: for alkane and isomerized 
alkene detection a 4 m column of 15% Carbowax 
20 M on Chromosorb (W.SO-100 mesh) was used. 
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Hydrogen uptakes were measured using a mer- 
cury-filled gas burette and the thermostatted reac- 
tion flask was fitted with a Teflon stirrer rotating at 
the gas-liquid interface. 

AcknowIe&ements---We thank Johnson Matthey plc for 
the loan of ruthenium and the SERC for support. 
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Abstract-The red O,S-bonded linkage isomer of tris(S-cysteinato)cobaltate(III) has the 
facial geometry and forms stereospecifically. 

a-Amino-acids such as glutamic acid, histidine or 
cysteine with functional side-chains have three pos- 
sible binding sites for metal ions. In the case of 
cysteine, shown as its di-anion, I, these are N, 0 

%H2CAc\ 

/ coo@ 
H. 

(II 

and S. When cysteine acts as a bidentate ligand in 
forming a chelate ring, three linkage isomers are 
possible : N,O ; N,S and OS. 

Schubert’ studied the reaction between cobalt 
(III) and L-cysteine in basic aqueous solution, and 
the oxidation of the resulting unstable green pot- 
assium tris(cysteinato)cobaltate(III) with hydrogen 
peroxide to give a yellow sulphinate. Neville3 
deduced that the green compound was the N,S- 
bonded linkage isomer by comparison of its elec- 
tronic spectrum with that of tris(Zamino- 
ethanethiolato)cobalt(III). He also prepared the 
red tris(cysteinato-O,S)cobaltate(III) isomer and 
proved the 0,s mode of coordination by com- 
parison with t&N-formylcysteinato)cobaltate 
(III). Gorin4 rectified some errors in his student’s 
(Neville’s) earlier paper, but confirmed the mode 
of coordination of both the red and green linkage 
isomers. 

*For Part XLVI, see ref. 1. 
TAuthor to whom correspondence should be addressed. 

We report here the stereoselectivity of the for- 
mation of the red isomer, and some of its properties, 
to accompany our earlier work’ on the green isomer 
and its derivatives. 

EXPERIMENTAL 

tris(L-cysteinato-O,S)cobaZt(III) tetrahydrate 

The method of preparation is essentially that 
used by Gorin.4 3.15 g (0.002 mole) of L-cysteine 
hydrochloride was dissolved in 6.0 cm3 of 1.0 M 
Co(NO&* 6H20 and 8.203 g (0.10 mole) of anhy- 
drous sodium acetate was added (the resulting pH 
was 5.1). The reaction flask under an inverted litre 
beaker, with a dish containing water to minimize 
evaporation, was stirred continuously for 16 h. The 
thick reddish-brown paste formed was treated with 
20 cm3 of 5.8 M HCl and the mixture was filtered : 
the filter-cake was washed with 25 cm3 of water 
and dried at 100°C for 2.5 h. The crushed product 
was added to 500 cm3 of 0.05 M KOH solution. 
After stirring for 1 h and filtering, the burgundy 
solution was acid&d to pH 2 with concentrated 
HCl and the stringy, red precipitate allowed to 
stand for 10 min. Most of the clear solution was 
decanted before liltration, which is slow. To 
facilitate subsequent drying, the red product was 
pressed gently while washing away the brown 
bis-cysteinato complex with 100 cm3 of H20. 
Preparations which are not thoroughly washed 
give analyses low in C and N. The tris(L-cystein- 
ato-O,S)cobalt(III) tetrahydrate was dried for 48 
h over cont. H2CO4 in oacuo. (wt = 1.65 g, 61% 
yield). Found: C 21.9; H 3.9; N 8.3, Hz0 (by 
TGA), 15.0. Calc. for “H,[Co(L-cysteinato(2 - ) 
G,S)3]4H@“, CgH2aCoN3010S3: c 22.0; H 5.3; 
N 8.6; Hz0 14.7%. The residue from TGA was a 
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grey ash. The low value for the hydrogen content 
in combustion analysis is a common experience 
for hydrated compounds. 

The compound has a green metallic sheen when 
dry, forming cherry-red solutions in dilute base. In 
more concentrated base (> 1 M), decomposition 
occurs to give a brown-yellow solution, presumably 
containing a bis-cysteinato complex. The tris com- 
plex is insoluble in water, ethanol, dilute acids, 
THF, ether, acetone, benzene, DMF, DMSO or 
hexane. However, it dissolves in concentrated sul- 
phuric acid to give a red solution and is repre- 
cipitated on dilution (like the water-insoluble /I- 
facial-isomer of [Co@-ala-O),]). 

RESULTS AND DISCUSSION 

The proton magnetic resonance of the compound 
at 35°C in DzO (NaOD) shows only three doublets 
of doublets, at 3.56 (assigned to the asymmetric 
carbon proton) and at 3.10 and 2.88, both assigned 
to methylene protons. This typical [ABX] splitting 
pattern is consistent with all three cysteinate ligands 
being equivalent, i.e. with the facial structure. 

The circular dichroism and electronic spectra are 
shown in Table 1. The high extinction coefficient 
(ca 24,000) of the lowest energy transition at 508 
nm confirms the presence of S--Co(III) bonds. 
The circular dichroism in this band is made up 
of two overlapping components of opposite sign, 
leading to rather small asymmetry factors. The cir- 
cular dichroism reveals a clear transition at 327 
nm (As = +4.6) whereas the isotropic absorption 
spectrum shows only a shoulder in this region. 

Attempts to modify crystal morphology were 
unsuccessful ; a solution of the complex was made 
up in dilute base and (a) water was allowed to 
evaporate slowly or (b) ethanol was diffused slowly 
into solution or (c) hydrochloric acid was slowly 
added until the equivalence point. They all resulted 
in the same red gelatinous precipitate. 

A solution of this red O;S-bonded linkage isomer 
gives no reaction with hydrogen peroxide, merely 
forming the voluminous red precipitate of the solid 
acid as the solution becomes acidic ; oxidation of 
the thiolate group to the sulphinate of the well- 
known resolving agent [CO(L-CYSU)~]~- does of 

*The probability of a bidentate chelating ligand 
forming, on an octahedral metal ion, the meridianal as 
against the facial isomer is 3 : 1. The statistical pro- 
portions for the case of meridianal (cistrans, 1,2,4) as 
against facial (C&CL, 1,2,3) among unidentate ligands 
differ from the chelated case. 

and R. D. GILLARD 

Table 1. Electronic spectra of facial [Co@-cysteinato 
(2-)0,S]3- in dilute base 

Isotropic absorption Circular dichroism 
1 E I AE Ref. 

510 24,700 - 4 
508 24,230 567 +12.7 a 

511 -17.3 a 
417 8400 - - 4 
414 7680 420’ +5b lz 
362’ 3900 373 +1.3’ a 
330d 5000d 327 +4.6 ’ 
270 9800 - 4 
273 7810 280 -6.0 ’ 

“This work : these spectra are reproduced on p. 74 of 
the Ph.D. thesis of P.S.C., University of Wales (1987). 

b A plateau, cu 45&410 nm. 
‘A local minimum. 
d Shoulder. 

course occur,‘~5 when a basic solution of the green 

N,S-bonded isomer is treated with hydrogen 
peroxide, and is also observed6 for other N,S- 
bonded cysteinates, such as [Co(en),(cys-O)]+, 
where the sulphinate forms via the sulphenate. 

Both the known isomers of [Co(S-cy~-O),]~- 
form stereoselectively (in the sense of geometric, 
linkage and optical isomerism). The syntheses differ 
(green N,S-isomer with five-membered rings from 
[Co(NH&]Cl3 in strongly basic solution ; red OS- 
isomer with six-membered rings from Co(I1) and 
air oxidation) but in each case the less probable* 
facial isomer results. 

Of the three possible homoleptic linkage isomers, 
the only one not yet made is the tris(N,O)-bonded 
structure, which is of course commonplace’ among 
bidentate amino acidates like glycine and alanine. 

1. 

2. 
3. 

4. 

5, 

6. 

7. 
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Abstract-The equilibria in aqueous solution in the system L-alanine+VO*+ have been 
studied by a combination of pH-potentiometric and spectroscopic methods (EPR, visible 
absorption and circular dichroism) in the pH range 1.5-13. For pH > 4, high ligand to 
metal ratios were used. The results of the various methods are made self-consistent, then 
rationalized assuming an equilibrium model including the species MAH, MA, MAH_2, 
MA2H2, MA2H, MA2, MA2H_ I, M2A2H_ 2, M2A2H_3 (where HA denotes L-alanine) and 
several hydrolysis products ; their formation constants and individual electronic spectra 
(isotropic and circular dichroism) are given. The isomerism arising from the combination 
of the lop-sided oxovanadium ion with the asymmetric carbon ligand is analysed. 

The biochemistry of vanadium has attracted 
increasing interest, ‘M particularly in studies related 
to its accumulation in certain tunicates7-” and in 
the mushroom Amanita muscaria.~‘~‘7 

* Author to whom correspondence should be addressed. 
SNOW at University of the West Indies, Kingston 7, 

Jamaica. 
$ The occurrence of vanadium in mushrooms (50 spec- 

ies) was surveyed by H, Meisch, J. A. Schmitt and W. 
Rienle, 2. Naturforsch. 1978, 33c, 1, who found back- 
ground levels in all but A. muscaria. The hazardous 
nature of vanadium, chiefly vanadate, for marine life in 
general is also documented (see NERC report 1977/8, 
HMSO, London (1978). 

0 When solids of known structure can be isolated from 
solutions at labile equilibrium between a metal ion and 
an optically active ligand, a comparison of their CD 
spectra (as discs or mulls) with those of their solutions 
can be informative, as found with vanadyl(+)tartrato 
species or with copper(I1) amino acid complexes (R. D. 
Gillard and S. H. Laurie, J. Chem. Sot., Chem. Commun. 
1969, 489; J. Chem. Sot. 1970, 59). We have not yet 
isolated pure crystalline compounds from any aqueous 
oxovanadium(IV)-amino acid system. 

The V02+ ion is a useful paramagnetic probe of 
protein structure ; it would be useful to know the 
nature of its amino acid complexes in solution and 
the preference exhibited by V02+ for various poten- 
tial chelating combinations with those a-amino 
acids like serine having additional coordinating 
groups. 

Although knowledge of such complex equilibria 
of vo2+ in the presence of amino acids is relevant 
in understanding its possible interaction with likely 
biological ligands, few reliable data exist. The equi- 
libria in aqueous solutions containing V02+ and 
amino acids have been reviewed recently. I8 Several 
experimental methods have been used and the iso- 
lation of solids has also been claimed.§” 

This first part introduces our study and gives 
detailed results for L-alanine+VO*+ in the pH 
range 2-12. The development of the series will then 
be : (2) L-serine and L-threonine : (3) L-cysteine and 
D-penicillamine ; (4) L-aspartic and L-glutamic 
acids. Some work has been presented in a pre- 
liminary form.2”24 

In pH-potentiometric investigations of solutions 
containing V02+ + N-donor ligands, relatively high 
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pH is necessary to achieve an appropriate free 
ligand concentration for complex formation. At 
pH > 4, however, hydrolysis of the V02+ ion takes 
place and oxidation to V(V) may also be significant 
unless careful deoxygenation is carried out. 
Another difficulty is that the nature (and formation 
constants) of the hydrolysis products of VO’+ in 
the pH range 5-12 is not well understood. 

Tomiyasu and Gordon2’ studied the system 
glycine + V02+ in the pH range 2-7 mainly by spec- 
trophotometric measurements. They used large 
ratios of glycine to VO*+ to suppress metal pre- 
cipitation and explained their results assuming that 
the system is characterized by model I in Table 1. 
At pH 3 7, Tomiyasu and Gordon” report that, 
even with a glycine: vanadium ratio of 100, the 
absorbance of the solution decreases and the system 
is markedly less stable with respect to hydrolysis. 

Fabian and Nagypa126 studied the same system 
using a very high excess of glycine and characterized 
it assuming model II in Table 1. This is certainly a 
better approximation to the “real” situation exist- 
ing in VO*+ + glycine solutions than model I. How- 
ever, in both cases, the only species included not 
containing coordinated glycine are VO*+, 

IWWW and KW2(OH)212'. 
The hydrolysis of oxovanadium(IV) has recently 

been reviewed.27 The nature of species present in 
neutral or basic solutions is still controversial but 
it is clear that for pH > 5 other hydrolysis products 
predominate which should be included in any equi- 
librium model, especially for systems like L-Ala 
+vo*+ where-even using high ligand-to-metal 
ratios-for pH > 7-8, solutions have a brown 
colour, in contrast to Set-, Thr, Cys or Asp + VO’+. 

Two OH- : V02+ stoichiometries seem reason- 
able in the pH range 5-11; (i) 5: 2 (e.g. [(VO), 
(OH);], and (ii) 6 : 2 (e.g. [(VO),(OH)i-I,). Prob- 
ably a 5 : 2 stoichiometry predominates in this pH 
range,27-29 although the value of n is not known 
(evidently it depends on the total vanadium con- 
centration). Assuming that [(VO),(OH),]- pre- 
dominates in the pH range 9-12, Komura ef al. 
determined its formation constant’in 0.1 M LiC104 
and T = 25”C, /320_ 5 = 1.4 x 10m2*. 

We have now studied solutions containing oxo- 
vanadium(IV) and amino acid by combining the 
results of potentiometric and spectroscopic tech- 
niques. Fabian and NagypS126,30 have discussed the 
possibility and accuracy of pH-metric equilibrium 
studies at high ligand-to-metal ratios ; an important 
conclusion was that if complex formation takes 

* In the final calculationz9 of b2,,_ 5r K, = 1.0 x IO- I4 
replaced 1.66 x lo- I4 used in the rest of that work. We 
recalculated fizO_ 5 taking the latter value for K,. 

place in a pH region where the protonation of the 
ligand has no significant buffer effect, the poten- 
tiometric method can be used. 

To estimate formation constants, we developed 
programs to simulate titration curves as well as 
methods based on spectrophotometric results. The 
constants were subsequently refined using MINI- 
QUAD3’*32 and SUPERQUAD ; 33*34 the results 
obtained with these two programs were compared. 

Visible isotropic spectra (VIS spectra), circular 
dichroism spectra (CD spectra) and EPR spectra 
were recorded within a wide range of amino acid 
and metal concentrations and amino acid: metal 
ratios. Spectrophotometric results are analysed by 
the SQUAD35-37 program. 

The formation constants calculated correspond 
to the general reaction : 

xVO’+ +yAlaO- + zH+ Z$ (VO),(AlaO),,(H),. 

(1) 

In common with biochemical studies, we call the 
singly charged alaninate ion L-AlaO. We abbrevi- 
ate L-alanine as HA and the alaninate ion is then 
A-. 

For the formulation (VO),(AlaO),,(H), we nor- 
mally use the abbreviation M,A,,H,. For each 
species M&H, proposed in our final equilibrium 
model, possible structures are discussed. 

MATERIALS AND METHODS 

Reagents 

All solutions were prepared in an inert atmo- 
sphere (high purity dinitrogen passed through soda- 
lime and glass wool). All measurements were per- 
formed at 25.O”C with solutions containing 2.25 M 
NaN03. 

Stock solutions of the VO(H,O):’ ion in per- 
chlorate media were prepared by the stoichiometric 
addition of barium perchlorate to vanadyl sulphate 
(Merck) at 80°C. The solutions were kept acidic by 
the addition of small amounts of HC104 ; normally 
the final HC104 concentration was around 0.1 M, 
this was determined by Gran’s procedure.3” The 
oxovanadium(IV) stock solutions were analysed by 
titration with standard KMnO,. Stock NaN03 
solutions, prepared from anhydrous NaN03 
(Merck pa) oven-dried at 110°C for 48 h, usually 
contain a small amount of base and this was taken 
into account; similar problems were reported by 
Johansen and Jarns3’ for KN03 (Merck pa). 

L-Alanine (BDH) for stock solutions was dried 
for 5 days (in a desiccator with silica gel in vacua). 
Their concentration was checked by titration with 
strong base. N,N-dimethyl-D-alanine (chromato- 
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Table 1. Compositions and formation of the species in the L-Ala+VO’+ system, 
assuming various equilibrium models, with comparable data.25s26 Values for 

log fl, of eq. (1) are given 

Species 
G~Y+VO~+~ 

Model I25 Model 1I26 

L-Ala+VO’+’ 
Final 

Model IX (High L/M)d 

MLH 
ML 

MLzH2 
ML2H 

ML, 
M,LzH-2 
ML,H_, 
MU--, 
MLH-, 
MLH-, 
ML,H_ z 
M,LH_, 
H2L 

HL 
MH-, 
M&-z 
M&-s 
MH-, 

10.06(0.02) 
6.23(0.05) 

- 
- 

10.96(0.06) 
- 
- 
- 
- 
- 
- 
- 

11.94 
9.60 

-6.00 
-6.88 

- 
- 

10.81(0.02) 
6.51(0.03) 

- 

16.63(0.04) 
11.82(0.05) 

5.1(0.4) 
4.1(0.06) 

- 1.7(?)f 
1.3(0.3) 

-6.3(0.3) 

80’ 
- 0.7(?)f 

12.11 
9.64 

- 6.07 
-6.59 

- 
- 

11.16(0.01) 
6.87(0.02) 
21.4(0.1) 
17.6(0.1) 
12.4(0.1) 
5.8(0.2) 
4.4(0.2) 

-0.8(>) 
- 
- 
- 
- 

12.49 
9.96 

-5.98 
-6.95 

- 22.228 
h 

11.16(0.01) 
6.87(0.02) 
21.4(0.2) 
17.6(0.1) 
12.4(0.1) 
5.8(0.2) 
4.4(0.2) 

- 1.3(0.2) 
- 

- 6.7(0.2) 
- 
- 

12.49 
9.96 

-5.98 
-6.95 

- 22.22 
- 

a 1 M NaCIO,; 25°C. 
’ 2.25 M NaNO, ; 25°C ; 2 e pH e 8. 
‘From the SUPERQUAD calculation (including standard deviations) on poten- 

tiometric titrations : CH12 = 21.22. cf. CHI* = 29.93 for the model where MA2H2 
is omitted, which gives values of 17.83, 12.41, 6.87, 4.77, -0.19, for the species 
ML2H to M,L,H_, with remaining values (MLH, H2L, MH_ ,) unchanged, as 
explained in the text. Other models for explaining potentiometric results are ana- 
lysed in the doctoral thesis of J. Costa Pessoa (“Estudos de Complexos de Oxo- 
vanadio(IV) corn Alguns Aminoacidos”, Instituto Superior T&cnico, Lisbon, 
1986): they all have in common the ligand species, the hydrolysed ions and the 
complex species MLH, ML, ML2H2, ML2H, ML*, M2L2H_, and vary only 
among minor species. 

dThese are our final values for the species formed in the systems with high L/M, 
self-consistent between potentiometry-model IX of this table, VIS-Table 3 
and CD-Tables 3 and 4. 

’ Tomiyasu and Gordon2’ included the complex resulting from dissociation of 
H+ from MGH (NH2 uncoordinated). 

‘Fabian and Nagypa126 included these species, of uncertain existence. 
g Approximated from the value of fizO_ 5 obtained2’ for a 0.1 M LiC104 medium, 

with correction for the ionic strength difference. When /120_ 5 is included in our 
potentiometric models as a constant to be refined, the final set of species is the 
same and the value refines to 10-23-10-22 with low standard deviations. 

h Not included in SUPERQUAD calculations : this species is certainly important 
for pH > 11: probably lo-‘* > /I,0_3 > lo-“. 

graphically pure, kindly supplied by Dr S. Wein- titrations with standard HCl. The solutions were 
stein, Weizmann Institute of Science, Israel) and kept in an inert atmosphere in polyethylene bottles. 
L-alanine ethyl ester hydrochloride (Aldrich) 
were dried for 5 days (desiccator with silica gel) 
before preparing their stock solutions. The NaOH 

Instrumentati0,r 

solutions were prepared from Titrisol@ solutions For potentiometric titrations we used a special 
and their concentration was determined by several glass vessel with a double wall, with entries for the 
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glass electrode (Corning 003 11 101 J), calomel ref- 
erence electrode (Corning 476 109 OOK), thermo- 
meter, nitrogen and base from the burette (Radi- 
ometer Autoburet ABU12). The emf measurements 
were made with a Corning EEL Digital 112- 
Research pH meter. Visible spectra were recorded 
with a Cary 17 spectrophotometer and circular 
dichroism spectra with a Roussel-Jouan Dicro- 
graphe MK III using anaerobic cells. Cell com- 
partments were kept at 25.O”C with circulating 
water from a thermostatted bath. Unless otherwise 
stated, by VIS spectra we always mean a rep- 
resentation Of Em values vs il (E, = ab- 
sorption/b x Cv, ; b = optical path) and by CD 
spectra a representation of A&,,, values vs 1 
(As, = (differential absorption)/b x Cvo)). The 
X-band EPR spectra were recorded at 77 K (on 
glasses made by freezing solutions in liquid N,) 
mainly with a Bruker-ESR-ER 200tt connected 
to a Bruker-B-MN C5 EPR and to a Bruker 
EPR Data System (linked to a Nicolet 1180 
computer). A few of the spectra were recorded on 
a Varian El09 spectrometer. MINIQUAD3”32 and 
the program used to simulate EPR spectra4’ were 
run in an Eclipse S/140 data general computer (and 
a Calcomp 565 plotter) ; SQUAD35-37 and SUPER- 
QUAD33,34 were run in a VAX 1 l/780 digital 
computer. 

Calibration procedure 

For calibration, we assumed that the measured 
potential depends on [H+] according to eq. (2). 

The pH measuring system was calibrated by 
titrating dilute HCl (2-10 mmol 1-l) by standard 
NaOH (0.2 M), three or four times daily. For the 
acidic region of each titration, the Gran method 
was used to calculate V,. Then we calculated 

(i) the average ET (and standard deviation) 
assuming a slope S = 59.157 mV ; 

(ii) the Ez and S values (and standard deviations) 
by a linear least squares method (ET = E” for the 
acidic region). 

The value of S obtained in (ii) was used to check 
whether the “measuring system” has a Nernstian 
slope. The MINIPOT program4’ was then used to 
refine a value of E”’ for the acidic region (keeping 
S = 59.157) ; the value obtained was considered 
correct for [H+] calculations. Several tests were also 
made for the S, JH and EO’ values. In the calibration 
procedure used for the titration curves in the L- 

Ala+VO’+ system, the acid pH range was 2.3-3.3 
(therefore JH = 0). The calibration was.considered 
satisfactory only if JH = 0 and S and Ew approxi- 
mately coincide with the initial values. 

E= E”‘+Sxlog[H+]+J,[H+]+J,,x[OH-1. 

(2) 

For the basic region of each titration curve and 
using the value of E”’ obtained in the acidic region 
(ET), the Gran method was used to calculate V, 
and 

(iii) K,* assuming S = 59.157 ; 
(iv) K,* and S by a linear least-squares method. 

The value of S obtained in (iv) was used to check 
that the “measuring system” has a Nernstian 
slope in the basic region. A constant value of 
-logK,* = 13.82 rtO.02 was found ; K*, is a con- 
ditional constant dependent on the apparatus and 
electrode used. It does not correspond exactly to the 
ionic product of water, K,,,, for solutions containing 
2.25 M NaNO,. The MINIPOT program4’ was 
also used to refine values for Ew, JOH, S and/or 
log K$. The calibration was considered satisfactory 
only if JOH = 0 and if S and K,* approximately 
coincided with the initial values. The value obtained 
for K,* was used in all protonation and formation 
constant calculations. 

Calibrations from data at pH 2.3-3.3 and 10.5- 
1 1 .O may introduce errors into results collected out- 
side these regions. However, the use of buffers 
would probably introduce greater errors (since the 
change in liquid-junction potential due to differ- 
ences in composition between buffers and test solu- 
tions may amount to several millivolts4*) and in 
practice, even greater errors are probably generated 
by the transfer of reference electrodes between solu- 
tions of different electrolytes.43 

The acidity constants of L-Ala in 2.25 M NaNO, 
are such (pK,, 2.5 and pKti 10) that the cali- 
bration used is adequate for their determination 
(especially for pK,)). For the L-Ala+VO’+ system, 
with ligand to metal ratios l-10, the calculations 
are based on pH values in the range 2.4-4.0 and the 
calibration is also adequate. However, for titration 
curves with high ligand-to-metal ratios (40-110) 
and other pH measurements in the range 3.5-9.5, 
our method of electrode calibration may introduce 
some errors. Similar approximated procedures are 
of course used in many other laboratories. 

General experimental conditions 

Five titration curves (CAla = 3-8 x IO- 2 M) were 
obtained to determine the protonation constants of 
L-Ala in 2.25 M NaNO, ; NaOH (2 M) was used. 
For L-Ala+VO’+, 14 titration curves were mea- 
sured with initial oxovanadium(IV) concentrations 
in the range 1-20x low3 and L-Ala 5 x 10e4-0.45 
M. Titrations involving pH measurements in the 
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range 24 and 4.5-8 were performed using ligand- 
to-metal ratios of 0.5-12 and 48108, respec- 
tively. 

A total of 60 VIS spectra and 82 CD spectra 
(visible region) were used for the refinement of con- 
stants and calculation of spectra of individual 
species, with total oxovanadium(IV) and L-Ala 
concentrations in the range 240 x lo- 3 and 2- 
60 x lo-’ M, respectively. Ligand-to-metal ratios 
were in the range 0.5-97. 

RESULTS 

EPR studies 

The EPR spectra recorded with “solutions” con- 
taining V02+ and L-Ala at 77 K are typical V02+ 
axial spectra. The region that corresponds to A,, 
and MI = 512 and 712 gives more information about 
the type and number of species present. In Fig. 1, 
we include the high-field region of the EPR spectra 
of “solutions” with metal-to-ligand ratios of 53.9 
at several values of pH. Clearly, as the pH is 
increased, the peaks corresponding to A,, and 
M, = 512 and 712 shift to lower field values (in an 
approximately continuous manner) until pH = 5.0. 
This means that in this pH range more than one 
species exists with rather similar A,, values (see 
Fig. 1). 

Between pH 5.0 and 6.2, one can see two distinct 
peaks. As the pH is increased, their relative inten- 
sities invert and for pH > 6.2 only the peaks cor- 
responding to the species with lower A ,, are detected. 
The g and A (I and 11) parameters obtained by 
simulation of the spectra at pH 6.2 are consistent 
with a formulation VO(AlaO), with N202 coor- 
dination in the equatorial plane. This spectrum 
coincides with those of V02+ +L-Ser (or L-Thr) 
solutions at pH 6.0 with comparable ligand-to- 
metal ratios. 20,21 

For pH > 6.2, the spectra apparently correspond 
to that of only one species and (except for intensity) 
are very similar (at least till pH 11.3) to the one 
recorded at pH 6.2, only a slight shift of the 
MI = 512 and 712 peaks being detected. Several g 
and A (I and 11) values calculated by spectra simu- 
lation4’ are included in Table 2. 

Starting with V02+ + L-Ala solutions at (a) pH 
4.4 or (b) pH 4.8 with ligand-to-metal ratios of 97 
and C,, = 2 x IO- 3 M, and progressively adding 
stock V02+ solution, the position and relative 
intensities of the several peaks hardly change down 
to ligand-to-metal ratios of 9.4 (Cvo- 1.4 x 10m2 
M) and 15.8 (Cvo-9.3 x lop3 M) for (a) and (b) 
respectively. Similar experiments at pH 5.9 and 9.2 
started with V02+ : L-Ala of 1 : 54, till respective 

5.06 

6.9 

4000 G 

Fig. 1. High-field range of the first derivative EPR spectra 
at 77 K of frozen “solutions” containing L-Ala and VO*+ 
with a L/M ratio of 53.9. The total vanadium con- 
centration is in the range 7.1-8.7x 10m3 M. Gain 
= 2 x 10’ and the modulation is in the range 1.6-2.5 

depending on the spectra. pH values are indicated. 

ratios of 15 (C,, = 0.044 M) and 11.4 (C,, = 0.05 
M) were reached. The several peaks are unchanged. 
Except at pH 9.2, further addition of V02+ stock 
solution precipitated VO(OH)*. No EPR signal was 
detected for any solution in the region corres- 
ponding to g N 4. 

Circular dichroism and visible absorption spectra 

Figure 2 includes visible spectra of solutions with 
a ligand-to-metal ratio of 53.9. For pH < 3, except 
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Table 2. Vanadium hype&me coupling constants and g 
values calculated by simulation of EPR spectra recorded 
at 77 K43 of “solutions” containing VO*++L-Ala 

with high ligand-to-metal ratios 

L/M Go -4, All 
ratio (x 10’) pH g1 911 (cm-’ x 104) 

53.9 7.88 3.43 1.973 1.934 64 177 
53.9 7.50 8.80 1.972 1.945 54 165 
40.0 15 1.1 1.971 1.931 70 181 
40.0 15 2.3 1.975 1.933 63 173 
40.0 15 4.0 1.976 1.935 62 170 
40.0 15 6.2 1.976 1.944 55 164 
40.0 15 6.6 1.976 1.944 55 164 
40.0 15 10.4 1.973 1.947 52 160 
40.0 15 13.4 1.974 1.948 50 161 

voso,a 1.1 1.970 1.925 68 180 
13.4 1.974 1.948 50 162 

“The solution contains glycerol, but no amino acid. 

for the a, values, the spectra are similar to the 
spectra of aqueous oxovanadium(IV) solutions. 
For pH > 3, the spectra reveal an increase of the 
ligand field around VO’+. For pH > 6, the general 

increase in a,,, (especially for 450 < 1~ 600 nm) 
suggests hydrolysis and/or oxidation of VO’+. 

The CD spectra of the same solutions show enor- 
mous modifications in the pH range 1.8-12 (Figs 3, 
4 and 5). Up to pH 6, the IAc,,,I values gradually 
increase (Fig. 6) and the I,,, of band II shifts to 
longer wavelengths, consistent with increased com- 
plex formation and a change in the ligand from 
predominantly monodentate at pH c 2.5 to pre- 
dominantly bidentate for pH > 3-4. 

For pH > 6, the IAe,,J values generally decrease 
except in the pH range 8-9.8 where different types 
of behaviour may be observed (Fig. 6). This is con- 
sistent with the gradual hydrolysis of the complexes 
that predominate at pH 6. For pH > 12.1, no 
CD spectrum is detected ; this shows that no L-Ala 
is then coordinated to vanadium(N). 

If solutions with high alanine-to-metal ratios that 
have been kept at pH 9-10 are acidified, equi- 
libration is fast and the CD spectra coincide with 
those of freshly prepared solutions with the same 
pH (if dilution is not extensive), so no extensive 
V02+ oxidation or L-Ala racemization has 
occurred. However if solutions that have been kept 
at pH > 1 l-12 are acidified, depending on the final 
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Fig. 2. Visible spectra of solutions containing L-Ala+VO’+ with ligand-to-metal ratios of 53.9 and 
C vo = 8-10 x low3 M. The pH corresponding to each spectrum is indicated. Note the different scales 

on the a, axes for A, B and C. The CD spectra for the same solutions are in Figs 3 and 4. 
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Fig. 5. CD spectra of solutions containing L-Ala+VO’+ with the ligand-to-metal ratio of 53.9 and 
C,, = 9-10 x 10m3 M. The pH corresponding to each spectrum is indicated. 

pH, the rate of equilibration varies, consistent with 
extensive polymerization of vanadium(IV) for 
pH > 12.44 For low vanadium(N) concentrations, 
VO(OH); would predominate.45 

Figure 7 gives several examples of spectra at fixed 
pH (= 2.26, 2.62, 3.50 and 4.00), varying the 
alanine-to-vanadium ratio (0.5 to 5.0). The CD 
spectra change quite drastically as the total alanine 
concentration is increased (for low alanine-to- 
vanadium ratios). The changes in the VIS spectra 
are much less pronounced. 

Spectra have also been recorded at fixed pH (4.4, 
4.8, 5.9 and 9.2) at varying but high alanine: 
vanadium. The total concentration of the L-Ala 
in solution is constant and the concentration of 
V02+ is varied. At pH 4.4, the VIS and CD spectra 
show minor changes between alanine : vanadium 
ratios of 97 (Cv, = 1.8x lop3 M) and 12.1 
(Cv, = 1.4x 10e2 M). For lower L/M ratios, 
changes in CD spectra are rather pronounced, 
probably due to hydrolysis of the complexes. At pH 
4.8, the VIS and CD spectra gradually change (the 

Fig. 6. Change with pH of the AE, values of L-Ala+V02+ solutions with a ligand-to-metal ratio of 
53.9 (Figs 3-5) at three different wavelengths. (a) 697, (b) 532 [AE, x (- 1)] and (c) 637 nm. 
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Fig. 7. CD spectra of solutions containing L-Ala and VO’+ with Cv, = 3.340 x lo-* M. The 
solutions were prepared by adding the same volume of VO*+ stock solution, varying the volume of 

the L-Ala stock solution and adjusting the pH. The L/M ratios are indicated. 

IA&,,,1 values decrease and a,,, increase) between 
L/M = 97 and 21, but the changes are small. For 
L/M < 20, the s,,, values in the VIS spectra increase 
drastically ; the IA&,,,1 decrease signikantly. At pH 
5.9 and 9.2, the CD spectra change quite drastically 
as the L/M ratio varies between 55 and 20 (Fig. 8). 

The results in Fig. 8 can be explained only by an 
equilibrium, at pH 5 and 9.2, between at least two 
vanadium-containing species with different degrees 
of polymerization. 

Between pH 4 and 8, vanadium(IV) must be 
mainly coordinated to alanine, otherwise VO(OH)2 
would precipitate, but the importance of a soluble 
oxovanadium(IV) hydrolysis product may gradu- 
ally increase. Thus species with different degrees of 
polymerization must involve complexes of VO’+ 
containing alanine (at, say, pH 6) but not neces- 
sarily at pH 9.2. Therefore the main features of the 
spectra of Fig. 8A could be explained assuming 
equilibria of the type : 

VO(Ala0)2 
(and other monomeric complexes) 

L/M decreasing 

L/M increasing 
L W)dAla%(0H)2 (3) 

(and other polymeric species). 

With L/M = 54 and Cvo = 6-10x lop3 M, 
while EPR spectra hardly vary in the pH range 
6-l 1, the CD and VIS spectra change drastically 
(Figs 2-5). A possible hydrolysis product of 
VO(AlaO),, VO(Ala0)2(OH)-, (corresponding to 
VO(GlyO),(OH)- considered by Fabian and 
Nagypalz6 as a hydrolysis product in the range 
6 < pH < 8) probably has an EPR spectrum similar 
to that of its parent VO(AlaO)r. In fact, if the OH- 
group is assumed to be equatorial, the values esti- 
mated for gr and A,, 46 are 1.950 and 164.2x 10e4 
cm-’ for VO(Ala0)2(OH)-, and 1.948 and 
165.6 x low4 cm-’ for VO(Ala0)2 (see below). In 
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Fig. 8. CD spectra of solutions containing L-Ala and VO’+ with Cvo = l-2.7 x lo-’ M (L/M ratios 
are indicated). The solutions were prepared by varying the volume of the V02+ stock solution; the 

total alanine concentration is approximately the same in all cases. 

contrast, one would expect very different con- 
tributions to the CD spectra from VO(AlaO)r 
and VO(Ala0)2(OH)-, especially if the OH- is 
equatorial. 

In solutions containing V02+ and N,N-dimethyl- 
D-alanine with L/M = 1, as the pH is increased 
from 1.4 to 3.3, the IA.e,,J values gradually increase, 
as in similar L-Ala + VO’+ solutions. For pH > 3.0, 
the IAE,J values are substantially lower than for L- 
Ala + VO*+ solutions with the same pH, metal and 
ligand concentrations. With solutions containing 
vo*+ and L-alanine-ethyl-ester with L/M = 2, 

As,,, 1: 0 in the range 400 c 3, < 800 nm between pH 
1.7 and 2.3. For 2.3 e pH e 4 the JAE,,J values are 
approximately ten times lower than with “similar” 
L-Ala + VO*+ solutions. 

These experiments show that for low pH values 
(e 2.5) the NH2 group is not coordinated to VO*+. 

Potentiometry 

The protonation constants calculated by the 
MINIQUAD and SUPERQUAD programs prac- 
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tically coincide. From MINIQUAD, for L-alanine 
in solutions containing 2.25 M NaNO, (at 25°C) : 
pK,, = 2.53 and pK,, = 9.96. These values will be 
used in all our calculations. 

Formation curves calculated from our titration 
curves show the same trends as found by Fabian 
and NagypSlz6 for Gly +VO’+, so we do not com- 
ment further. 

The system is quite complicated. Calculations 
involving the refinement of p, values of all possible 
species that may form (i.e. M,A,,H, with x, y, and 
z quite general) always gave results with no physical 
meaning. We therefore chose the following strategy 
for the calculations. 

(i) From curves of solutions with low L/M, 
“titration points” were selected to correspond to 
“solutions” where only MAH and MA (and VO*+) 
co-exist (several iterations were needed to select 
these “titration points”). Taking only these 
“titration points”, the MINIQUAD and SUPER- 
QUAD programs were used to calculate the cor- 
responding /I,, , and /I,, ,, values (the results prac- 
tically coincide). These results satisfy the criteria 
proposed by Braibanti and colleagues.47 They also 
agree with those we calculated from VIS and CD 
spectra of solutions with L/M ratios of l-4 and 
2 c pH < 3 using the MINISPEF program48 and 
other simple programs.** The B,, , obtained cor- 
relates well with the formation constants obtained 
by others49 for several monocarboxylates and for 
the corresponding complex with glycine.26 

(ii) Taking /I,, 1 and 8, ,,, as known constants, the 
MINIQUAD and SUPERQUAD programs were 
used to calculate the BxYZ of other species now 
including the full set of the “complete” titration 
curves. 

Our best model (model IX) obtained following 
this procedure is in Table 1. 

Besides the usual criteria used to select equi- 
librium models of speciation using these sorts of 
programs (CHI* and R values, standard deviations 
etc.), we have used a comparison with the spectro- 
scopic results. It is this self-consistency between 
thermodynamic and spectroscopic results which 
constitutes the novelty of our method of speciation. 
Several other models, differing from that in Table 
1 in minor respects, were acceptable if the species 
MA2H2 is not included. However, by including 
MA2H2, almost all formation constants have lower 
CHI’ and standard deviations. Moreover, cal- 
culations involving CD spectra in the pH range 
2.6-3.5 also suggest that (besides MAH and MA), 
MA2H2 must be included to get satisfactory CD 
spectra for the individual species and to simulate 
the experimental spectra of the solutions.** 

For each species in Table 1, the actual values 

obtained in the whole set of calculations performed 
with MINIQUAD and SUPERQUAD lie between 
the maximum and minimum values presented. 

In model IX, we include a plausible range for 
each of the log/& values, established by critical 
examination of all calculations performed with 
these programs. Species important for pH > 6 show 
a wider range of values probably due to the uncer- 
tainty in the value assumed for /IZO- 5. We emphasize 
that if pzO_ 9 is included as a constant to be refined, 
avalueoffi20_5 3 6x 10-23isalwaysobtainedwith 
a low standard deviation. 

The CHI* values corresponding to the models 
which contributed to Table 1 are relatively high 
(2&70). However, these values are reasonable 
because : the system is quite complicated ; pzo_ 5 is 
not accurately known ; and many different titration 
curves (with two different NaOH concentrations, 
0.2 and 2 M) in two different pH ranges are included 
(2.1-4.0 and 4.5-8.0). 

Spectrometry 

In solutions containing VO*+ and L-amino acids, 
in the visible spectra, only vanadium complexes 
contribute to the E, or As,,, values observed. This 
fact removes the limitation of potentiometry to 
regions of pH where the ligand has no significant 
buffer effect. Therefore, when calculating formation 
constants based on CD or VIS spectra, one is in 
a more favourable situation for species that are 
important for pH > 556 because a wider range of 
L-Ala and VO*+ concentrations can be used as well 
as solutions with pH > 8. 

Table 3 summarizes results with the program 
SQUAD for solutions in the pH range 1.8-6.2. In 
all cases, the E (or As) values for species MAH, 
MA, MA2H2, MA2H and MA2 are considered as 
parameters to be refined. Except for /?120 in CDlO, 
the values obtained for the constants are within the 
range obtained in the calculations with 
MINIQUAD and SUPERQUAD. Therefore one 
may accept as correct the values for /I, 22, /I, 2 ,, j?, 2. 
and /I**_ 2 in the last column of Table 1. 

Taking B1 I ,, B112, 8122, B121, 8120 and h-2 as 
known constants, the VIS and CD spectra of species 
MAH, MA, MA2H2, MAzH and MA2 were cal- 
culated using SQUAD3S-37 based on experimental 
spectra in the pH range 1.8-5.1. We used a step by 
step procedure, following the order : VIS spectra : 
(i) MAH and MA,H2, (ii) MA2H, (iii) MA and (iv) 
MA*. CD spectra : (i) MAH, (ii) MA*H, (iii) MA, 
(iv) MA2H2 and (v) MA*. For example, in the cal- 
culation of the CD spectra of MA [step (iii)], after 
having included the CD spectra of MAH and 
MA2H in the input file [they were calculated in steps 
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Table 3. Calculations using the program SQUAD35,37 based on experimental VIS and CD spectra in the pH range 
1.8-6.2”~~ 

pH range of experimental 
Number of spectra used in the 

Calculation iteration logB,,, logB,*, logB,*, calculations (and number 
number cycles (SD) (SD) (SD) of spectra included) 

VISl 3 21.417 (0.084) 1.84.8 (23) 
VIS2’ 3 21.447 (0.080) 1.84.8 (23) 
VIS3 4 21.303 (0.095) - 1.8-5.1 (25) 
VIS4 6 17.632 (0.074) 1.84.8 (23) 
VISS 5 21.459 (0.082) 17.649 (0.075) 1.8-5.1 (25) 

CD1 3 21.284 (0.042) - 1.8-5.1 (38) 
CD2 3 21.547 (0.038) 1.8-5.1 (38) 
CD3 4 21.331 (0.053) 1.8-4.8 (36) 
CD4d 4 21.199 (0.066) - 1.84.8 (36) 
CD5 3 17.292 (0.034) 1.5-5.1 (38) 
CD6 3 17.572 (0.018) 1.8-5.1 (38) 
CD7 4 21.261 (0.072) 17.593 (0.044) 1.8-4.6 (21) 
CD8’ 3 21.537 (0.039) 17.569 (0.019) - 1.8-4.8 (36) 
CD9 17 21.280 (0.063) 12.572 (0.021) 1.8-6.2 (43) 
CD10 6 17.965 (0.014) 12.966 (0.018) 1.8-6.2 (43) 

“Unless otherwise specified the values for the formation constants were : log j?, , , = 11.16, log j?, 22 = 21.39, 

1ogB ,,o = 6.87, logB,,, = 17.52, log/I,,, = 12.42 and lag/3,,_, = 5.80; the E.+,= (VIS spectra) or AE,,,~ (CD spectra) 
values are calculated for the corresponding complex species. 

=‘The spectral region covered is 48&820 nm for VIS spectra and 447-777 nm for CD spectra (at 5.0 nm intervals). 
All CD data used (Aabs. and AE values) were multiplied by 10“. 

‘AEON_ z not refined in the calculation. 
dTaking log/I,,, = 17.60 as fixed constant. 
‘These /I values are too high. Probably other species are important in the pH range 5.14.2 that have not been 

included, e.g. MA,H_ , and M,A,H_ 3. 

(i) and (ii)], a set of experimental spectra was first 
chosen ; then, the CD spectra of MA, MA2H2 and 
MA2 were calculated using SQUAD. The values 
obtained for AE, ,0 were then included in the input 
file of SQUAD as known parameters. Step (iv) (cal- 
culation of the CD spectra of MA,H,) was then 
executed. The spectra so obtained were similar to 
those from a single calculation of all five spectra 
using the whole set of experimental results. The VIS 
spectra are in Fig. 9, the CD spectra in Fig. 10A. 

For pH > 6, the VIS spectra reflect the increase in 
importance of the hydrolysis of VO’+. For pH > 8, 
bands I and II cannot be located. Oxidation of a 
small fraction of the total V(IV) may also have a 
substantial effect on the spectra. We therefore made 
no calculations with SQUAD using VIS spectra of 
solutions with pH > 5.1. 

Table 4 summarizes some results obtained with 
SQUAD for the CD spectra (high L/M ratios) in 
the “high” pH range. The CD spectra of M2A2H_ 2, 
MA,H_ ,, M2A2H_3 and MAH_, obtained in cal- 
culation CD14 are in Fig. 1OB. 

DISCUSSION 

The proposed equilibrium model-the set of 
species that should be included to explain all the 
experimental potentiometric and spectroscopic 
results (with plausible values for their formation 
constants)---is in Table 1. For low L/M ratios, 
MAH-’ [p = 5O-150(?)] and other complex species 
might possibly be important. 

For pH > 11, VO(OH); [B = 10-18/10-19(?), 
probably j? N lo- ‘*I and oligomeric species may 
form. Johnson and Schlemper44 identified a deep- 
brown species with the stoichiometry V,,O::-, 
which may be prepared from concentrated VOS04 
solutions at pH near 14, but remarked that it is not 
stable in dilute solutions. The equilibrium relation- 
ship between the monomer and oligomer is not 
known in detail. The formation of oligomeric 
species at high pH (> 11-12) may account for the 
slow re-establishment of the equilibrium that may 
be observed when acidifying these solutions. 

The concentration distribution of the complexes 
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(nm) 

Fig. 9. Visible spectra (calculated using the SQUAD program) for complex species that may form in 
solutions containing L-Ala and VO*+ (high L/M ratios) in the range 1.6 e pH e 5.1 (log /IX,,= in 

Table 1). 

formed in the L-Ala+V02+ system calculated for (i) maximum IA&,,,1 values are obtained when MA2 

L/M = 53.9 and a total vanadyl concentration close has a maximum concentration ; 
to those corresponding to the EPR, VIS and CD (ii) the odd behaviour of the CD spectra in the 

spectra of Figs 1-5, is represented in Fig. 11. range 7.5 e pH e 9.5 may be explained by the 

On a semi-quantitative basis, the concentration effect of MA2 and M2A2H_2 decreasing in con- 

distribution shown explains the evolution of VIS centration and M2H_5 first increasing and then 

and CD spectra of Figs 3-6, namely : decreasing in concentration ; 
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Fig. 10. CD spectra (calculated using the SQUAD program) for the species M,A,.H, that may form 
in solutions containing L-Ala and V02+ (high L/M ratios) in the pH range 1.612 (log&z in 
Table 1). A Species that predominate at pH < 6, B Species that predominate at pH > 6. Note the 

different scales for A and B. 
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Table 4. Calculations of CD spectra and/or formation constants of species M,A,H_*, 
MA*H_ ,, M,A,H_, and MAH-, using SQUAD, based on experimental CD spectra of L- 

Ala+VO’+ solutions (high L/M ratios) in the pH range 4.4-10 

Calculation 
number CD11 CD12 CD13 CD14 CD15” 

log82*-* 
(SD) 

1% PI,- 1 

(SD) 
log/%-3 

(SD) 
log8,,-2 

(SD) 

5.173 
(0.011) - 

5.575 
AE refined (0.042) 

- - - 

AE refined AE refined 
- 0.922’ 

(0.019) 
-4.569 

(0.020) 

- 

AE refined AE refined 
4.503 5.4096 

(0.03 1) (0.072) 
-1.349d - 

(0.054) 
-6.71gd - 

(0.144) 

Number of 
iteration 
cycles 

3 4 7 6 5 

pH range’ (and 
number of 
experimental 
spectra included 

4.4-6.2 4.610.8 4.6-10.8 4.6-10.8 4.6-10.8 

(12) (20) (20) (20) (20) 

“The fit of the calculated and experimental spectra is not good. This probably results 
from not having included other species important in this pH range. 

bThe value obtained is too high and the CD spectrum obtained for MA*H_, is not 
acceptable. 

‘The p22_3 obtained seems to be high and the calculated CD spectrum is not what one 
would expect from the observation of the experimental spectra. 

dThe values obtained may be considered reasonable taking into account the experi- 
mental CD spectra and the calculations with MINIQUAD and SUPERQUAD (MAH_, 
is not an important species for pH < 8.0 and the /?22_-3 value is not well defined). 

e The value obtained is too high. If correct one would refine satisfactory p,, _ 2 values in 
the calculations with the MINIQUAD and SUPERQUAD. This probably results from not 
having included in the calculation other species important in this pH range. 

/Although As values (# 0) are obtained in the range 10.8 e pH e 12, experimental CD 
spectra in this pH range were not included owing to (i) possible formation of other hydrolysis 
products of V(IV), (ii) higher risk of V(IV) oxidation, (iii) increasing inaccuracy in pH 
measurements and (iv) sluggish equilibria. 

(iii) at extreme pH values, N 1.6 and 2: 12, the 
As,,, values observed should be approximately pro- 
portional to BE 1 I, and ALE,, _ 2, respectively. 

On a quantitative basis, the VIS and CD spectra 
calculated using SQUAD, taking the formation con- 
stants of Table 1 and the VIS and CD spectra of 
Figs 9 and 10, almost coincide with the cor- 
responding experimental spectra. 

Estimation offormation constants in similar systems 

Figure 12 shows a representation of the log j?’ 
obtained in this work for the L-Ala+VO’+ system 
and the logfl’ values obtained by Fabian and 

Nagypal 26 for the related system Gly +V02+ at 
the same temperature but in a 1 M NaC104 
medium. The linear plot can be used to estimate 
log/3 values for MAH_ 1 and MG2H2, assuming 
that the values for MGH_ , and MA2H2 are correct. 

This type of plot (Fig. 12) can also be used to 
estimate formation constants of corresponding 
species, for example in V02+ + L-leucine, L-valine, 
L-phenylalanine or L-methionine systems, if the cor- 
responding pK,, and pK,, are known in the appro- 
priate medium. For other amino acids (like L-serine) 
containing other groups that may coordinate to 
V02+, this type of plot may also be used for 
species with the same stoichiometry and type of 
coordination. 5o 
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Fig. 11. Concentration distributions of the complexes formed in the VO’+ +L-Ala system in 
solutions with C,, = 8.0 x 10e3 M and L/M = 53.9, calculated using the bxyr values of Table 1. 

Possible structure of the complexes 

Because the vanadyl ion is lop-sided, chelates 
of oxovanadium(IV) may form more isomers than 
apparently analogous mono-atomic metal centres. 
For example, for 1: 1 complexes of a N,O- 
coordinating chelate like glycine, two enantiomers 
(I) and (II) may form in equal concentrations : 

l-w\ i vHN 
> 

H,O,i 

H20’ 10 
“‘O 

H1O’ ‘N 

(I) ( II 1 

20 =-- 

15 - 

0 
Q 

E 

IO - 

In the case of L-Ala, similar 1: 1 complexes (III) 
and (IV), respectively, are not enantiomers ; in (III) 
[akin to (I)] the -CHJ is “parallel” to the V=O 
group and in (IV) it will be “antiparallel”. The 
equilibrium between (III) and (IV) is not pH depen- 
dent and unless one uses an experimental technique 
that does permit distinction between (III) and (IV), 
the determined formation constant j?l ,,, will cor- 
respond to the sum fi, 1 0(111) + /I 1 , &V). 

For complexes of say L-alaninate with a MA2 
stoichiometry, three isomers (V), (VI) and (VII) 
may form in different concentrations, again, the for- 
mation constant j?:20 corresponds to the sum 

B?20(V) +/%0(\‘1) + B:20(VW 

/ 
/ 

t ML 
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.’ 

, iM,L,H, 

,/ ML,%, 
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Fig. 12. Representation of log /3’& obtained by Fgbiln and Nagypi126 for the Gly+V02+ system in 
1 M NaClO, medium and log S& obtained in this work for the L-Ala+V02+ system. The pK,, and 

pKaz are also represented. 
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EPR, VIS and CD spectra of the isomeric species 
(III) and (IV) or (VXVII) should differ. However, 
as the concentration ratios of (III)/(IV) and (V)/ 
(VI)/(VII) are not dependent on pH, CAla or 
Cvo, at least in a first approximation, it was not 
possible to distinguish the several isomers corres- 
ponding to MA and MA2 stoichiometries (nor, 
indeed, for other stoichiometries where different 
types of isomers may also be envisaged). Further- 
more, in the pH range where MA2 predominates, 
the EPR spectra seem to involve the contribution 
of one species only. This could be due either to 
the existence of only one isomer [for example (V)] 
or to isomers (Vm) having very similar g and 
A parameters. 

The MAH stoichiometry probably corresponds 
to a complex with the R-COO- group coor- 
dinated in an equatorial position. For the MA2H2 
stoichiometry, at least two isomers may be 
considered, as two carboxylate groups coordinated 
in equatorial positions may either be cis or trans. 

The MA stoichiometry may correspond to struc- 
tures (III) and (IV). For MA,H, as the vanadyl 
ion is lop-sided, four structures may be envisaged 
considering one L-AlaO- as bidentate and the other 
coordinated by the R-COO- group (coordination 
involving the NH2 group is not likely). For either 
MA or MA2H stoichiometries, other structures 
may be envisaged if one considers the possibility of 
coordinating one of the R-COO- groups in an 
axial position. 

Using the R-COO- and R-NH2 contributions 
tog,, and A,, ( x 1 O- 4 cn- ‘) proposed by Chasteen 
for additivity calculations assuming equatorial 
coordination, leads to 1.935,179.7 for MAH, 1.937, 
176.8 for MA2H2, 1.940, 174.1 for MA and 1.942, 
171.2 for MA*H. Therefore, as MAH, MA2H1, 
MA, MA2H (and V02+) gradually interconvert in 
the range 1.6 < pH < 4.0, it is not surprising that 
the EPR spectra in this pH region show no clear 
contribution from the different species. 

In the equilibrium model proposed, for pH > 6.2 
the species that may be important are: MA,, 
MA2H_,, M2H2H_2, MZA2H_3, MAH_, and the 
hydrolysis products of V02+ ([(VO),(OH);],, 
VO(OH); and oligomeric species). However, as 
mentioned above, for pH > 6.2 the EPR spectra 
apparently correspond to the spectra of only one 

(or two) vanadyl complex moieties and they are all 
very similar to the one recorded at pH 6.2 (Fig. 1 
and Table 2). We will now examine briefly how this 
might be explained. 

For MA2 stoichiometry, the most plausible struc- 
tures are (V)+I). Using Chasteen’s parameters 
to predict g,, and A,, for these structures, 
gives g,, = 1.948 and A,, = 165.6x 10e4 cm-’ (no 
correction exists differentiating cis and tram coor- 
dination). For the MA2H_, stoichiometry, if coor- 
dination involves two R-COO- groups, one 
R-NH2 and one OH- coordinated in the equa- 
torial plane and Hz0 in the axial position, the 
prediction is similar : g,, = 1.950 and A,, = 164.2 x 
10m4 cm-’ (if the axial position is not occupied 
by an Hz0 molecule, estimates of g,, and A,, are no 
longer “safe”). 

Therefore for such structural types, the estimated 
parameters approximately coincide with g,, and A,, 
obtained by simulating the EPR spectra in the pH 
range 6.2-10 (Table 2). 

In the case of the stoichiometries M2A2H_2 and 
M2A2H-3, where many different structures may be 
envisaged, there are two possible situations: (i) the 
actual structures are such that their EPR spectra 
are similar to those of MA2 and MA&, and (ii) 
these species are EPR silent. Possibly the latter 
explanation is correct. In fact, (VO),(OH)$’ 
and the soluble hydrolysis species (except VO 
(OH);) that may be important for pH > 6 are EPR 
silent; 45*5’ it has also been suggested that 
(Cu)2(AlaO)2(OH), is EPR silent.52 

At pH 13.4, EPR spectra of VO*+ and L- 

Ala+VO*+ solutions with high L/M ratios prac- 
tically coincide (Table 2) and no CD spectra are 
observed. Therefore, at this pH, L-AlaO- is not 
coordinated to VO*+. 

In the range 10 < pH < 12 the important 
stoichiometries are MA2H_ ,, MAH_ 2 and V(IV) 
hydrolysis products, and no important changes of 
the EPR spectra may apparently be predicted ; in 
fact, assuming for MAH_2 that the equatorial posi- 
tions are occupied by a bidentate L-AlaO- ligand 
and two OH-, the estimates are g,, = 1.955 and 
A,, = 160.2 x 10m4 cm-‘, values similar to those 
observed for VO(OH);. 

As a final point, the values of molar circular 
dichroism for the visible transitions of the bis- 



Oxovanadium(IV) and amino acids-1 1261 

Acknowledgements---J.C.P. and L.F.V.B. thank the Insti- 
tuto National de Inv&igact%o Cienti~ca e Tecnologica 
(INIC), Funda9ao Calouste Gulbenkian and the British 
Ccound for Imantia) support, 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

REFERENCES 

K. Schwarz and D. B. Milne, Science 1971,174,426. 
N. D. Chasteen, Struct. Bonding (Berlin) 1983, 53, 
105. 

20. 

K. Kustin, G. C. McLeod, T. R. Gilbert and Le 
Baron R. Briggs, Struct. Bonding (Berlin) 1983, 53, 
139. 

21. 

D. W. Boyd and K. Kustin, Adv. Znorg. Biochem. 
1984,6, 311. 
R. L. Robson, R. R. Eady, T. H. Richardson, R. W. 
Miller, M. Hawkins and J. R. Postgate, Nature 1986, 
322, 388 ; J. M. Arber, B. D. Dobson, R. R. Eady, 
P. Stevens, S. S. Hasnain, C. D. Garner and B. E. 
Smith, Nature 1987, 325, 372. 
E. de Boer, Y. V. Kooyk, M. G. M. Tromp, H. Plat 
and R. Wever, Biochem. Biophys. Acta 1986, 869, 
48 ; E. de Boer, M. G. M. Tromp, H. Plat, B. E. 
Krenn and R. Wever, Biochem. Biophys. Acta 1986, 
872, 104; H. Vilter and D. Rehder, Znorg. Chim. 
Acta 1987, 136, L7. 

22. 

23. 

24. 

25. 

26. 

R. C. Bruening, E. M. Oltz, J. Furukawa, K. 27. 
Nakanishi and K. Kustin, J. Am. Chem. Sot. 1985, 28. 
107, 5298. 29. 
R. J. Seltzer, Chem. Engng News 1985,63,67. 
P. Frank, R. M. K. Carlson and K. 0. Hodgson, 
Znorg. Chem. 1986,25,470. 
S. G. Brand, C. J. Hawkins and D. L. Parry, Znorg. 
Chem. 1987,26, 627 and refs therein. 
R. D. Gillard and R. J. Lancashire, Phytochemistry 
1984, 23, 179. 
J. Felcman, M. C. T. A. Vaz and J. J. R. Frausto da 
Silva, Znorg. Chim. Acta 1984, 93, 101. 
M. A. Nawi and T. L. Riechel, Znorg. Chim. Acta 
1984,93, 131. 
G. Bemski, J. Felcman, J. J. R. Frausto da Silva, I. 
Moura, J. J. G. Moura, M. C. T. A. Vaz and L. F. 
Vilas-Boas, in Frontiers in Bioinorganic Chemistry 
(Edited by A. V. Xavier), p.97. VCH Verlags- 
gesellschaft, Weinheim (1986). 
H. Kneifel and E. Bayer, J. Am. Chem. Sot. 1986, 
108, 3075. 

30. 
31. 

32. 

33. 

34. 

35. 

36. 
37. 

38. 

G. Anderegg, E. Koch and E. Bayer, Znorg. Chim. 
Acta 1987,127, 183. 
;BP. A. W-%i and T. &. &a&& Irrcng. C&m. _&a 
1987,13& 33. 
L. F. Vilas-Boas and J. Costa Pessoa., in Com- 
prebensine Coordmatian Cbe?s_q t,~&!. Gy G. 
Wilkinson, R. D. Gillard and J. A. McCleverty) Sect. 
33.5.9.2. Pergamon Press, Oxford (1987). 
#: 6: ~~I%iii, r?. 8. &n&i and I: f&h-d< hrr: J: 

C&em 1974 14k, 342; Y Xsc, X Li, L. Yq c Lisr, 
J. Ls, on& W. c L.+ &qrlY ,Y&W&~, I,%%!, 3, 55 
(Chem. Abs. 1983,98, 136 555r) ; 0. F. Khodzhaev, 
U. M. Shodiev, Z. M. Musaev, Ya. S. Usman- 
khodzhaevaand N. A. Parpiev, t’zb. Khim. Zh. 1984, 
15, (Chem. Abs. 1984,102,105 09Og); U. M. Shodiev, 
0. F, Xhodzhaev and N. A. Parpjev, D&I. Akad. 
Nauk USSR, 1984, 35 (Chem. Abs. 1984, 103, 47 
216k) ; L. Xi and Y. Xu, Kexue Tongbao (Foreign 
Lang. Edn), 1985, 30, 340; U. M. Shodiev, Z. M. 
Musaev, 0. F. Kodzhaev, Ya. S. Usmankhodzhaeva 
and N. A. Parpiev, Uzb. Khim. Zh. 1985,59, (Chem. 
Abs. 1985, 104, 156 745a). 
R. D. Gillard, R. J. Lancashire, J. Costa Pessoa and 
L. Vilar-Boas, ComunicaEao 3AI1, 2” Encontro 
National de Quimica, Porto (1979). 
J. Costa Pessoa and L. Vilas-Boas, 1980 Autumn 
Meet. Chem. Sot. University College, Cardiff (1980). 
R. D. Gillard, J. Costa Pessoa and L. Vilas-Boas, 
Comunica@o C31.9. 5” Encontro National de 
Quimica, Porto (1982). 
R. D. Gillard, R. J. Lancashire, J. Costa Pessoa 
and L. Vilas-Boas, Comunica@o PA54, 6” Encontro 
National de Quimica, Aveiro (1983). 
R. D. Gillard, R. Marques, J. Costa Pessoa and 
L. Vilas-Boas, Comunica@o 5CP12, 9” Encontro 
NacionaE de Quimica, Coimbra (1986). 
H. Tomiyasu and G. Gordon, J. Coord. Chem. 1973, 
3,47. 
I. Fabian and I. Nagypal, Znorg. Chim. Acta 1982, 
62, 193. 
Ref. 18, section 33.5.5.1.2. 
L. P. Ducret, Ann. Chim. (Paris) 1951, S12, V6, 705. 
A. Komura, M. Hayashi and H. Imanaga, Bull. 
Chem. Sot. Japan 1977,50,2927. 
I. Fabian and I. Nagypbl, Talanta 1982,29, 71. 
A. Sabatini, A. Vacca and P. Gans, Talanta 1974, 
21, 53. 
P. Gans, A. Sabatini and A. Vacca, Znorg. Chim. 
Acta 1976, 18, 237. 
P. Gans, A. Sabatini and A. Vacca, Znorg. Chim. 
Acta 1983,79, 219. 
P. Gans, A. Sabatini and A. Vacca, J. Chem. Sot., 
Dalton Trans. 1985, 1195. 
D. J. Leggett and W. A. E. McBryde, Anal. Chem. 
1975,47, 1065. 
D. J. Leggett, Anal. Chem. 1977,49, 276. 
D. J. Leggett, S. L. Kelly, L. R. Shine, Y. T. Wu, D. 
Chang and K. M. Kadish, Talanta 1983,30, 579. 
G. Gran, Acta Chem. Stand. 1950,4, 559; G. Gran, 
Analyst 1952, 77, 661; F. J. C. Rossotti and H. S. 
Rossotti, J. Chem. Ed. 1965,42, 375. 



1262 J. COSTA PESSOA et al. 

39. E. S. Johansen and 0. Jons, Talanta 1984,31,743. 
40. T. D. Smith, J. F. Boas and J. R. Pilbrow, Aust. J. 

Chem. 1974,27,2535. 
41. F. Gaizer and A. Puskas, Talanta 1981,28, 565. 
42. R. G. Bates, CRC Crit. Rev. Anal. Chem. 1981, 10, 

247. 

43. D. P. Brezinski, Analyst 1983,108,425. 
44. G. K. Johnson and E. 0. Schlemper, J. Am. Chem. 

Sot. 1978,100,3645. 
45. M. M. Iannuzzi and P. H. Rieger, Znorg. Chem. 1975, 

14, 2895. 
46. N. D. Chasteen, Biological Magnetic Resonance, Vol. 

3, p. 53. Plenum Press, New York (1981). 
47. A. Braibanti, F. Dallavalle, G. Mori and M. 

Pasquali, Gazz. Chim. Ital. 1983, 1113, 407. 
48. F. Gaizer and A. Puskas, Talanta 1981, 28, 925. 

49. A. Lorenzotti, D. Leonesi, A. Cingolani and P. 
Bernardo, J. Znorg. Nucl. Chem. 1981, 43, 737 ; A. 
Lorenzotti, D. Leonesi, A. Cingolani and A. Turolla, 
Gazz. Chim. Ital. 1983, 113, 229; A. Lorenzotti, D. 
Leonesi and A. Cingolani, Znorg. Chim. Acta 1981, 
52, 149. 

50. R. D. Gillard, J. Costa Pessoa and L. Vilas-Boas, to 
be published. 

51. J. Francavilla and N. D. Chasteen, Znorg. Chem. 
1975,14,2860. 

52. R. D. Gillard, R. J. Lancashire and P. O’Brien, 
Trans. Met. Chem. 1980,5, 340. 

53. J.-P. Mathieu, Volume Commem. Victor Henri, 
p. 111. Desoer, Liege (1946) ; for a later extension, 
see R. D. Gillard, J. Znorg. Nucl. Chem. 1964, 26, 
657. 



Polyhedron Vol. 7, No. 14, pp. 1263-1266, 1988 
Printed in Great Britain 

0277-5387/88 $3.00+.00 
0 1988 Pergamon Press plc 

METAL-DIRECTED SYNTHESIS OF THE NEW 
POTENTIALLY PENTADENTATE AMINOALCOHOL LIGAND 
5-AMINO-5-METHYL-3,7-DIAZANONAN-1,9-DIOL BASED ON 

ETHANOLAMINE 
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Abstract-Reaction of the copper(I1) complex of ethanolamine in basic methanol with 
formaldehyde and nitroethane produces the cation (5methyl-5nitro-3,7-diaza-l-oxy- 
nonan-9-ol)copper(II). Reduction with zinc in aqueous hydrochloric acid yields the hydro- 
chloride salt of the new aminoalcohol 5-amino-5-methyl-3,7-diazanonan-1,9-diol. This mol- 
ecule has the capacity to act as a pentadentate N3O2 ligand to metal ions, illustrated by the 
synthesis and characterization of a chlorocobalt(II1) complex of the ligand. 

The facile syntheses of new multidentate polyamine 
ligands have been described recently, in which reac- 
tion relies on the condensation of two coordinated 
and c&disposed primary amines with for- 
maldehyde and nitroethane. I-4 A new six-mem- 
bered chelate ring is built during this reaction [eq. 
(l)]. Further, reduction of the nitro-substituted 
macrocyclic copper(I1) complexes with zinc in aque- 
ous acid [eq. (2)] forms a new class of macrocycles 
with a pendant primary amine on the ring.2T5 A 
reaction based on [Cu(en),]” (en = ethane-1,2- 

* Author to whom correspondence should be addressed. 

RCH,NOI 
t 

CH1O, base 

NO2 

diamine) produces both a dicapped macrocycle 
and a half-capped molecule which yields the penta- 
amine L,.2,6 

Apart from reactions involving polyamines, only 
the aminothioether (H2NCH2CH2SCH2)2CH2 has 
been reacted by the method outlined in eq. (1).7 
Since the groups binding the metal ion in addition 
to the reacted cis primary amines apparently do not 
affect ring formation as presented in eq. (l), we 
believed that a dialcohol analogue of L1 could be 
accessible by the reaction of the known ethanol- 
amine complex of copper( We have pursued 
the synthesis of firstly L2 and then the desired L3 

NO2 

(1) 

R 

5 HCL (2) 

NH2 
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NH 

Ix 

CH3 HO NH 

Ix 

CH3 HO NH CH3 

H’NwNH NH2 

HOdH NO2 HOdH NH2 

L, L, L, 

Structure 1. 

molecule (see Structure 1) and the details are 
reported here. 

EXPERIMENTAL 

Syntheses 

[Cu(NH2CH2CH20H,,,),](N0,). This known 
compound was prepared essentially as described. ’ 
To a warm solution of CU(NO~)~* 2H20 (6 g) in 
methanol was added with stirring a solution of etha- 
nolamine (10 cm3) in methanol (20 cm3). The bright 
blue suspension was warmed and stirred for 2 h, 
then the blue crystals were collected (3.4 g, 53%). 
The product can be recrystallized as the perchlorate 
salt from water on addition of NaClO,. 

[Cu(L,-H)](ClO,). Triethylamine (0.5 cm3) was 
added to a suspension of the above complex (3 g, 
12.2 mmol) in methanol (100 cm’). The mixture was 
warmed and nitroethane (1.0 cm3, 14 mmol) and 
formaldehyde (4 cm3, 37% aq, 52 mmol) were 
added. The deep green mixture was warmed at 
N 50°C and stirred for 2 h, during which solids 
dissolved to give an emerald green solution. On 
standing overnight, the blue crystals which 
deposited, were collected, washed with a little cold 
water to remove some green material, then washed 
with propanol and ether and dried. Further stand- 
ing of the filtrate yielded a second crop (0.8 g, 20%). 
The product was recrystallized from water by 
addition of NaClO,. An alternative method of sep- 
aration involves dilution of the reaction mixture 
with water, sorption on a column of SP-Sephadex 
C-25 resin, and elution with 0.2 dm3 mol- ’ NaClO,. 
The desired product can be recovered as the only 
blue band and crystallized by concentration and 
standing. Found : C, 24.8 ; N, 10.5. Calc. for 
CsH,,ClCuN30s; C, 25.1; H, 4.7; N, 10.9%. IR 
(KBr disc); v&NO,) 1553 cm-‘, v,(NO,) 1345 

-I. Electronic spectrum (water): I,,, 610 nm 
;c= 65 d m3 mol-’ cm-‘), 260 nm (E = 3170). 
Voltammetry (El,*, V, vs Ag-AgCl in 0.1 mol 
dm- 3 aq. NaClO,) : -0.56 [Cu(II)-(I)] ; - 0.92 
(-NO, + -NHOH). 

L, * 3HC1. $H*O. Zinc dust (1 g) was added to a 
solution of [Cu(L,-H)](ClO,) (0.58 g) in water 
(50 cm’) containing concentrated HCI (8 cm’). The 
mixture was stirred at room temperature for 1 h, 

filtered through cellulose to remove Cu and Zn, 
then sorbed onto a column (7.5 x 3 cm) of Dowex 
50W x 2 cation exchange resin. The column was 
washed with 0.5 mol dm-3 HCl to remove Zn*+, 
then eluted with 2 mol dm- 3 HCl to recover the 
ligand. The solution was rotary evaporated to dry- 
ness, triturated with ethanol, then diethyl ether, 
then dried in vucuo at 60°C for 4 h (0.28 g, 65%). 
The product was recrystallized from water-ethanol 
and dried as before. Found : C, 31.4 ; H, 8.1; N, 
13.5. Calc. for CsH25C13N302,5: C, 31.0; H, 8.1 ; 
N, 13.6%. ‘H NMR (D,O): 6 1.66 (3H, s), 3.59 
(4H, s), 3.4 (4H, m), 3.9 (4H, m). 13C NMR (D,O): 
6 20.15, 51.8, 52.9, 53.9, 57.1. 

[Co(L,)CI]Cl - H,O. Excess CoCl, - 6H20 (N 0.4 
g) was added to a solution of L3 * 3HCl (N 0.2 g) in 
water (50 cm’) and the pH was raised to eight with 
NaOH. The solution was warmed and H202 (30%, 
2 cm3) added. Following filtration, concentrated 
HCl(5 cm’) was added and the solution left to stand 
overnight. The cherry-red solution was diluted and 
sorbed onto a column of Dowex 50W x 2 cation 
exchange resin, and eluted with 2 mol dm- 3 HCl. 
A major purple band was collected, rotary evap- 
orated to dryness, triturated with propanol and 
dried in uucuo at 50°C for 6 h. A second minor 
red band turned purple on standing in HCl and 
appeared to be simply the aqua rather than the 
chloro complex isolated. The isolated complex was 
very soluble in water or water-alcohol mixtures and 
could not readily be recrystallized. As isolated, it 
proved to be relatively pure. Found : C, 28.8 ; H, 
6.9 ; N, 12.45. Calc. for CsH22C12C~N303 : C, 28.4 ; 
H, 6.8 ; N, 12.4%. Electronic spectrum (water, pH 
1): ;1,,, 548 (E 174 dm3 mol-’ cm-‘), 382 (E 132). 
‘H NMR (D,O/DCl): 6 1.57 (CH3, s), 3.0-4.0 
(-CH2--, m), 5.4, 7.3 (NH, br), 8.2 (OH); 
(D,O/NaOD) : 6 1.27 (CH3, s), 2.4-3.0 (-CH,-N, 
m), 3.1-3.5 (-CH,-0, m). 13C NMR (D,O): 6 
18.7, 53.6, 56.3, 57.9, 65.5. 

Physical methods 

Electronic spectra were recorded using a Hitachi 
220A spectrophotometer. IR spectra were recorded 
on compounds dispersed in KBr discs using a 
Nicolet MX-1 Fourier-transform spectrometer. 
Electrochemical measurements were performed 
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Table 1. Comparison of the ‘H and ’ 3C NMR spectra of 
the ligands L, * 5HCl and L, * 3HCl in D20” 

with a Bioanalytical Systems Inc. CV-27 controller 
and a conventional three-electrode system with an 
Ag-AgCl reference electrode and argon purge 
gas. The ‘H and ’ %2 NMR spectra were recorded 
using a JEOL FX-90Q spectrometer; chemical 
shifts are cited vs SiMe,. 

RESULTS AND DISCUSSION 

Reaction of the copper(I1) complex of ethanol- 
amine with formaldehyde and nitroethane does 
not proceed as cleanly as similar reactions with 
ethane- 1 ,Zdiamine or related polyamines. I-4 
Nevertheless, a - 20% yield of the blue [Cu(L,)]‘+ 
complex was obtained from a reaction mixture 
which also contains very soluble and unchar- 
acterized green species. The relative instability of 
the aminoalcohol complex under the basic reaction 
conditions probably affects the yield ; with the anal- 
ogous propanolamine complex, we have not been 
able to obtain any of the desired product. Although 
chromatography on SP-Sephadex offers the sim- 
plest way of separating the desired product from 
other species, we were also able to separate the 
complex by direct crystallization from the reaction 
mixture. The new six-membered ring formed 
between the two ethanolamine chelates generates 
a new tetradentate ligand with nitro and methyl 
substituents on the central carbon of the six-mem- 
bered ring. The nitro group is readily characterized 
by strong IR vibrations near 1550 and 1350 cm- ’ 

(vas and v,, respectively), and by an irreversible 
multielectron reduction in voltammetry experi- 
ments (near -0.9 vs Ag-AgCl). The product, 
with a CuN202 chromophore, has an electronic 
maximum in the visible region at lower energy 
(610 nm) than the known analogue with a CuN, 
chromophore (529 nm), where NH2 groups replace 
the OH groups,’ consistent with the locations 
of these donors in the spectrochemical series. 

dCH,--eCH2 

/ \ 
H2N \ /H’--HN X 

H& 'CH -HN 2 

\ ; 
‘CH~-CH; 

Group X=OH X=NH* 

6( ’ ‘C) @‘I-U 6( ‘T) WH) 
f: 20.15 53.9 I .66 - (s) 20.75 55.0 1.46 - (s) 

: 52.9 51.8 3.59 3.4 (s) (m) 47.0 53.3 3.56 3.35 (s) (m) 
e 57.1 3.9 (m) 37.0 3.45 (m) 

a Shifts cited vs SiMe, ; ‘H-decoupled ’ ‘C spectra ; all 
amines deuterated. 

with the hydrogen bond operating in an intra- 
molecular fashion to form a pseudo-macrocycle. 

The cation formed between Cu(I1) and L2 carries 
an overall charge of 1 +, due to deprotonation of 
one alcohol group. This is also observed for the 
bis(ethanolamine)copper(II) cation, where struc- 
tural investigations defined this as, in effect, a dimer 
with strong hydrogen-bonding interactions between 
the OH group on one cation and an O- group 
on the adjacent cation.’ It is presumed that the 
analogous arrangement also exists here, see Struc- 
ture 2. The alternate arrangement is for a monomer 

The [Cu(L,)]+ cation readily dissociates in aque- 
ous acid and the ligand is reduced cleanly in the 
presence of zinc dust to the amine analogue L3. 
This stable polyaminoalcohol carries two alcohol 
groups, two secondary amines and one primary 
amine, all potentially capable of coordinating to a 
metal ion. Therefore it represents a new potentially 
pentadentate saturated ligand with mixed nitrogen 
and oxygen donors. The similarity to the penta- 
amine L,, which has been characterized struc- 
turally and shown to coordinate to cobalt(II1) as 
drawn below (X = NH2),6 is apparent. The NMR 
spectra of the ligands L1 and L3 are compared 
in Table 1, with assignments. The very soluble 
cobalt(II1) complex of L3 was isolated as a 1 + 

cation, presumably with a CoN302Cl chromo- 
phore and one deprotonated hydroxyl group. The 
single symmetric low-energy electronic transition 
at 548 nm is consistent with a fat-CoN,X3 geo- 
metry like that in Structure 3 (X = OH), as is the 

H& HL., \ ,f-~_+,__ _..._ 
::cf 

cl’r \ 
.NH NO2 

O2N HN*- 

_::cg 

.* - o_--____H--O;[ , "NH 
\ / 

CH3 

Structure 2. 

\ ! I 

Cl 

Structure 3. 
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observation of five resonances in the 13C decoupled 
NMR. The L, analogue, of known stereochem- 
istry, likewise shows five resonances in the 13C 
NMR spectrum. Evidently, L3 can act as a penta- 
dentate ligand at least for cobalt(II1). It represents 
a new and relatively simply prepared mixed N,O- 
donor ligand. 

Acknowledgement-Support of this research by the Aus- 
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SYNTHESIS OF UNUSUAL MIXED LIGAND TELLURIUM(IV) 
DITHIOCARBAMATES WITH PERCHLORATE. CRYSTAL AND 
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Abstract-Synthetic and structural aspects of perchlorato complexes of tellurium(IV) with 
different dithiocarbamates (dtc) [(R,R2NCS2) where RI = R2 = methyl, ethyl, n-propyl, i- 
propyl ; R1R2 = (CH,),(piperidine), C2H40C2H4 (morpholine)] are reported. The crystal 
structure of TeL3C104 (where L = diethyl dtc) has been determined. The crystals of the 
complex are monoclinic, space group P2,/n, a = 11.379(3), b = 17.745(7), c = 14.016(8) A, 
y = 103.30(2)“, V = 2754.2 A3, F(OOO) = 1352, D, = 1.61 mg M-3. The final R and R, 
values are 0.047 and 0.058, respectively for 5224 unique reflections. Tellurium displays a 
distorted dodecahedral stereochemistry formed by two interposing trapezoids, one resulting 
from the four sulphurs of two L groups and the other from the two sulphurs of the third 
Land the two oxygens of the perchlorate ion. The average Te-S distance 2.648(2) 8, is close 
to that reported in other tris(dithiocarbamato)tellurium(IV) complexes. The perchlorate is 
weakly coordinated to tellurium(IV), with the average Te-0 distance being 2.994(8) A. 
The unusual coordination of perchlorate (as a bidentate ligand) to tellurium(IV) dithio- 
carbamate is reported for the first time. 

In acid media tellurium(IV) mostly gives tetrakis 
complexes on the addition of excess dithio- 
carbamates (RIR2NCS2). I-4 Recently, mixed 
ligand complexes of the type TeL;X5-7 (L’ = N(2- 
hydroxyethyl)-N-methyldithiocarbamate, X = Cl, 
SCN), TeL;‘X8 (L” = bis(2-hydroxyethyl)dithio- 
carbamate, X = Cl), TeL;“X9 (L”’ = 2,2’-imino- 
diethanoldithiocarbamate, X = SCN), TeL3Ph” 
L = diethyldithiocarbamate) and TeL;‘I,, featur- 
ing six and seven-coordinated tellurium, have been 

*Author to whom correspondence should be addressed. 

prepared and their crystal structures reported. ’ ’ 
Most of the dtc mixed ligand complexes were 
readily prepared by weakening the coordinating 
ability of the ligand by attaching electron with- 
drawing or solvent interacting moieties to the R, 
and R2 groups. In the case when R, = R, = 
ethyl, where only electron donating groups are 
attached, mixed ligand complexes ’ 2,’ 3 were 
formed under non-aqueous conditions. 

Most unexpectedly we observed that in perchloric 
acid medium, L readily interacts with Te(IV) to give 
two complexes, one red in colour and the other 
yellow. Analysis indicated that these were not the 
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tetrakis dtc complexes of tellurium(IV), which are 
formed quantitatively in hydrochloric or sulphuric 
acid media. The molecular formulae of the red and 
yellow complexes are found to be Te3L&104(OH)2 
and TeL&lO,+ respectively. Synthetic aspects of 
the complexes and the crystal structure of TeL, 
C104 are reported here. The unusual coordination 
of perchlorate to tellurium(IV) is discussed based 
on a structural investigation. In addition to L, the 
study was extended to dimethyl, di-n-propyl, di-i- 
propyl, morpholyl and piperidenyl dtc complexes. 

EXPERIMENTAL 

Tellurium dioxide, sodium dimethyl dtc, mor- 
pholine, piperidine, di-n-propylamine, di-i-pro- 
pylamine (all from Aldrich) and sodium diethyl dtc 
(s.d. them., India) were used. Dithiocarbamates of 
the corresponding amines were prepared by con- 
ventional methods.14 IR spectra were recorded on 
Perkin-Elmer 781 and 983 IR spectrometers, using 
Nujol mulls and potassium bromide discs. 

Preparation of the complexes 

Method(i) : Te3L&104(0H),. 0.16 g of TeO, (1 
mmol) dissolved in 5 cm3 of 1 M sodium hydroxide 
was acidified with 20 cm3 of 4 N perchloric acid 
(solution A). A solution of 6 mmol of the sodium 
salt of L dissolved in 25 cm3 of water was added to 
solution A with continuous stirring. A red pre- 
cipitate was obtained. It was extracted with 15 cm3 
of dichloromethane and the solution was evap- 
orated to a small volume by suction. Addition of 10 
cm3 of ethyl acetate gave red needle shaped crystals. 
Found: Te, 20.5; C, 29.2; H, 4.9; N, 6.7; S, 31.2; 
Cl, 2.0. Calc. for Te3L9(C104)(OH)2: Te, 20.6; C, 
29.2;H,5.0;N,6.8;&31.2;C1,1.9%. 

The percentage yield of the complex is 87%. The 
crystal data were collected but the structure could 
not be solved due to the poor quality of the crystal 
(high mosaic properties, poorly diffracting) and 
hence data was poor. The compound is prone to 
hydrolytic decomposition. 

Method (ii) : Perchloratotris(diethyldithiocar- 
bamato)tellurium(IV) : [TeL,ClO,]. Methanol (25 
cm3) was added to solution A and 25 cm3 of a 
methanolic solution of 6 mmol of the sodium salt 
of L was added. A yellow crystalline solid separ- 
ated. This was filtered and washed with ether. 
Found: Te, 18.9; C, 26.8; H, 4.4; N, 6.2; S, 28.5; 
Cl, 5.5. Calc. for TeL3(C104): Te, 19.0; C, 26.8; 
H, 4.5; N, 6.2; S, 28.6; Cl, 5.3. 

The percentage yield of the complex is 83%. 
Single crystals of the above complex were pre- 
pared by dissolving 50 mg of the complex in 2 

cm3 of dichloromethane and evaporating the solu- 
tion at room temperature after the addition of 5 
cm3 of ethyl acetate and 0.1 cm3 of 6 N per- 
chloric acid. The compound was stable indefinitely 
under dry conditions but was best preserved 
under liquid paraffin. 

General method of preparation for other dtc tel- 
lurium(IV) perchlorate complexes 

Method (i) was used as a general method of prep- 
aration for other dithiocarbamates. N,N-dimethyl 
dtc formed only the Te3L9(C104)(OH)2 [type I] 
complex. Attempts to prepare the TeL3C104 [type 
II] complex with it were unsuccessful. Morpholino 
and piperidino dtcs formed only type II complexes 
while the preparation of the type I complex was 
unsuccessful. When R, = R2 = i-propyl or n- 
propyl, both type I and type II complexes were 
formed. However, the type II complex of n-propyl 
dtc was prepared with difficulty, using a higher con- 
centration of perchloric acid. The type I complex 
of N,N-di-n-propyl dtc was comparatively more 
stable than its diethyl dtc complex. The structure 
determination of the above reported complexes is 
being taken up. 

Crystal data of Te3(dedtc)gC104(0H)2 

C45H90N$,BTe3C104(OH)2: fw = 1847, a = 
13.827(2), b = 22.853(3), c = 24.631(3) A, 1 = 
0.71069, V = 7783.37 A’. Space group Pcan, 
~(Mo-K,) = 15.51 mm-‘, Z = 4, P(OO0) = 3727. 
Crystal data were collected with an Enraf-Nonius 
CAD 4 diffractometer. Graphite monochromated 
MO-K, radiation was used. Complete structure eluci- 
dation was not possible due to the poor quality of 
the crystal. Only the central tellurium atom and the 
surrounding sulphur atoms were located. 

Crystal data of Te(dedtc),ClO, (at 23°C) 

C,5H30N3S6TeC104 : fw = 670.5, a = 11.379(3), 
b = 17.745(7), c = 14.016(8) A, y = 103.30(2)“, 
V = 2754.2 A3. Space group P2,/n, Z = 4, 
F(OO0) = 1352, D, = 1.61 mg Mw3, ~(Mo-Km) = 
15.3 mm- I. A crystal of size 0.2 x 0.37 x 1.0 mm3 
was mounted on an Enraf-Nonius CAD-4F auto- 
matic diffractometer. Graphite monochromated 
MO-K, (0.71069 A) radiation was used. The inten- 
sity data were collected by the o scan tech- 
nique, maximum sin e/n = 0.7 A-‘. 5395 inde- 
pendent reflections with Z > 30(Z) were collected. 
After merging 17 1 reflections, Rint = 0.154. The tel- 
lurium atom was located using the Patterson map 
and all the peaks corresponding to other non- 
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hydrogen atoms were located using difference Four- 
ier maps. Least-squares refinement of positional 
and thermal parameters was carried out using the 
SiYELX-76’* program. Twenty-live out of 30 
hydrogens appeared in the subsequent Fourier and 
difference Fourier maps and were refined iso- 
tropically. Convergence was reached at R = 0.047 
and R, = 0.058 [where w is the weighting scheme 
used) = 1~(02(~o)+0,0599(I;o~2]. The maximum 
peak in the final difference Fourier map was 2.3 e 
A- 3, but was chemically meaningless. 

Neutral atomic scattering factors of the non- 
hydrogens, ’ 6 the hydrogens ’ 7 and the anomalous 
scattering factors” were used in the structure eluci- 
dation. The final positional coordinates of non- 
hydrogens are deposited* and Table 1 contains the 
bond lengths and bond angles. Figures 1 and 2 
depict the molecule and the packing of the molecule, 
respectively, and were drawn using the ORTEP19 
program. 

RESULTS AND DISCUSSION 

Tellurium(IV) gave two types of perchlorato dtc 
complexes, one of composition Te3(dtc)&104 
(OH), was red in colour, and the other of com- 
position Te(dtc)$104 was yellow in colour. Both 
types of complex were highly soluble in dichloro- 
methane and moderately in chloroform, but unlike 
the Te(dtc), complexes, they were insoluble in 
benzene and carbon tetrachloride. The complexes 
were stable under anhydrous conditions, but on 
the addition of an excess of the sodium salt of 
dtc in a methanolic medium, they were converted 
to the corresponding Te(dtc)4 complexes. 

The composition of the complexes prepared, 
along with the vC___N and vc_s frequencies observed 
in them are given in Table 2. The assignment of 
these frequencies were made based on the data 
availableI for dtc complexes of other metals. The 
vC__N frequency for the perchlorate complexes was 
slightly higher than for the correspon~~g Te(du& 
complexes. In all the perchlorate complexes a broad 
band was observed at around 1100 cm- ’ which was 
ascribed to the perchlorate group. However, it was 
difficult to conclude from IR spectral consideration 
whether Cl04 was strongly bonded to Te(IV). Also, 
it was difficult to pick out the Te-S and Te-0 

* Lists of atomic coordinates of non-hydrogens, hydro- 
gen bond lengths, bond angles of the hydrogen atoms, 
mean plane ~l~u~ations, anisotropic the~al parameters 
and the structure factor tables are deposited with The 
Institiit fiir Anorgauische Chemie (IAC). 

C(32) 

t&NO) 

Fig. 1. Perspective of the molecule. 

frequencies from the large number of bands ob- 
served in the far-IR region. 

Crystal structure of TeL3C104 (r&v- to Table 1 and 
Figs 1 and 2) 

In tetrakisdithiocarbamate complexes of Te(IV), 
the- central tellurium atom exhibits distorted 
dodecahedral coordination with eight sulphurs. ’ In 
the perchlorato complex, the perchlorate replaces 
one of the dithiocarb~ates and acts as a very weak 
bidentate ligand through two of its oxygen atoms. 
As is usual, the dodecahedron is considered to com- 
prise two interposing trapezoids. The first trapezoid 
contains Te, S3, S4, S5, S6 atoms and the other is 

Fig. 2. Molecular packing in the unit cell of the molecule 
down the b-axis. 
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Table 1. Some important bond lengths (A) and bond angles (“) with their standard 
deviation in parentheses 

Te-S( 1) 
Te-S(3) 
T-S(S) 

Te---Wl) 
S(ljC(1) 
C(ljN(1) 
C(1 l)--c(l2) 
C(l3jC(l4) 
S(4)+2) 
N(2jC(21) 
N(2jC(23) 
S(5jC(3) 
C(3)---N(3) 
C(3 lj~(32) 
C(33)--c(34) 
Cl-O(2) 
C1-0(4) 

S( 1 jTe--S(2) 
S(5 jTe--S(6) 

Te--S(2jC(l) 
S(2jWtN(l) 
C(ljN(l>-C(l3) 
N(ljC(l3jC(l4) 
S(ljC(lF--S(2) 
S(3t-C(2jN(2) 
C(2jN(2)--C(21) 
N(2jC(2 1 )--c(22) 
C(2ljN(2j~(23) 
Te-S(4)-C(2) 
Te-S(6 j-c(3) 

S(5k-C(3jN(3) 
C(3jN(3)--c(3 1) 
N(3 jC(31)--C(32) 

C(3lF--N(3)--c(33) 

Bond lengths (A) 

2.426(2) Te-S(2) 
2.590(2) Te-S(4) 
2.598(3) Te-S(6) 
3.124(7) Te-W3) 
1.780(9) S(2)---C(l) 
1.303(11) N(ljC(l1) 
1.508(14) N(l)--C(l3) 
1.500(13) S(3)--c(2) 
1.717(9) C(2jN(2) 
I .494(9) C(2l)--c(22) 
1.453(10) C(23)--c(24) 
1.744(7) S(6)--c(3) 
1.329(g) N(3jC(31) 
1.508(13) N(3tC(33) 
1.513(14) c1-0( 1) 
1.403(7) Cl-O( 3) 
1.436(8) 

Bond angles (“) 

68.8(2) S(3jTe-S(4) 
66.8(2) Te--S(l)--C(l) 
82.1(4) S(lk--C(ljN(1) 

124.7(6) C(ljN(l)--c(ll) 
121.3(6) N(ljC(l1 jC(12) 
112.9(7) C(1 lk--N(ljC(l3) 
117.1(5) S(3jC(2)-S(4) 
119.5(6) S(4>--c(2)-N(2) 
120.9(6) C(2jN(2)--c(23) 
110.3(6) N(2jC(23)--C(24) 
116.7(6) Te-S(3)-C(2) 
85.6(4) Te--S(5)--c(3) 
85.5(4) S(5)-C(3jS(6) 

118.6(5) S(6)-C(3jN(3) 
120.5(5) C(3jN(3jC(33) 
111.8(6) N(3 jC(33)-C(34) 
117.7(5) 

2.790(3) 
2.732(2) 
2.753(2) 
2.876(9) 
1.692(9) 
1.482(12) 
1.476(12) 
1.740(8) 
1.320(8) 
1.527(12) 
1.482(18) 
1.704(8) 
1.494(9) 
1.483(10) 
1.437(8) 
1.408(8) 

67.2(2) 
92.0(4) 

118.2(6) 
122.8(6) 
111.2(7) 
115.9(6) 
117.0(5) 
123.5(6) 
122.4(6) 
114.4(7) 
89.7(4) 
89.7(4) 

117.6(5) 
123.8(5) 
121.7(5) 
112.7(6) 

made up of Te, Si, S2, O,, O3 atoms. The inter- 
planar angle between them is found to be 88.4(2)O 
which is comparable to 86.5” in Te(bis(2_hydroxy- 
ethyl)dtc),, ’ 88.5” in Te(morphdtc)4,2 89.8” in 
Te((hydroxyethyl)methyl dtc)43 and 90.0” in Te(di- 
ethyl dtc)4.4 The geometry of the sulphur around 
the tellurium is very similar to that observed in 
other tris(dithiocarbamato)tellurium(IV) complexes 
featuring chloride,7~8~‘2 thiocyanate6*’ and iodide,” 
as additional ligands. Five of the sulphurs are 
weakly bonded (Te-S distance varies from 
2.590(2) to 2.790(3) A) and these form a puckered 
pentagonal girdle around the tellurium. The sixth 
sulphur atom is closely bonded to tellurium at a 
distance of 2.426(2) A, which is only slightly longer 

than the sum of the single covalent radii for tel- 
lurium and sulphur, namely 2.36 A. 

The average Te-0 bond distance is found to be 
2.994(8) 8, which is very much longer than the sum 
of the covalent radii, 1.98 A, but is however, shorter 
than the sum of the van der Waals radii of 3.50 A.” 
This clearly shows that the coordination of the two 
oxygens of the perchlorate to tellurium(IV) is very 
weak indeed and in support of this, no perturbation 
is observed in the y3 region of the perchlorate in the 
IR spectrum and therefore it appears as if it is ionic. 

The average intraligand S-Te-S angle is 
67.6(3)“, which is more than the angle in the eight- 
coordinated TeL, (65.0”). In nickel dtcs where four- 
coordination was found, the average S-Ni-S 
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Table 2. Perchlorate dtc Te(IV) complexes 

Complex 

NaDEDTC 
Te(DEDTC), 
Te(DEDTC)9C104(0H)2 
Te(DEDTC)&104 
NaDMeDTC 
Te(DMeDTC), 
Te,(DMeDTC),ClO,(OH), 
Na(D-n-propDtc) 
Te(D-n-propDtc), 
Te,(D-n-propDtc),C104(OH)z 
Morpholino(morpholineDtc) 
Te(morphDtc), 
Te(morphDtc),ClO, 
Na(pipDtc) 
Te(pipDtc), 
Te(pipDtc) ,C104 
Na(D-i-propdtc) 
Te(D+propdtc), 
Te(D-i-propdtc),ClO, 

vC-N k-s 

(cm- ‘) (cm- ‘) 

1476 986 
1483 984 
1491 983(w) 
1500 982 
1490 960 
1520 960 
1525 940(w) 
1470 975 
1485 970 
1510 960 
1455 995 
1480 980 
1480 
1470 965 
1480 955 
1500 
1460 950 
1475 935 
1490 

angle reported was 79.3(l).‘* It was also found that 
on heating TeL423 or on keeping the TeL4’ solution, 
TeL, and L-L form, relieving the steric strain over 
tellurium. So the feasible substitution of dtc by per- 
chlorate may be due to the smaller size of the per- 
chlorate ion, which lowers the steric strain over 
tellurium and retains the dodecahedral con- 
figuration around it, thus satisfying the stereo- 
chemical requirement. We also observed that the 
feasibility of the substitution of perchlorate 
increases with increase in size of the substituent in 
the dtc (R, = R2 = Me < Et c n-Pr < i-Pr). 

The C-S bond lengths vary between 1.692(9) 
and 1.780(9) A with an average of 1.730(9) A. The 
C-N bond lengths are between 1.303(9) and 
1.327(8) A having an average of 1.317(9) A. This 
indicates that the C-S and C-N bonds exhibit 
partial double bond character due to the usual 
mesomeric shift of electrons from the nitrogens to 
the sulphur found in the dithiocarbamate 
complexes. N-C and C-C bond lengths and bond 

angles around them are normal and no abnormal 
short-contacts were observed. 

Acknowledgement-We thank B. V. Merinov for his 
assistance in making the X-ray measurements. 
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Abstract-Pt(I1) and Pd(I1) complexes with creatinine, C3H2N2(0)(CH3)NH2, were syn- 
thesized. Potentiometric and IR spectroscopic analyses were carried out. A model 
for the coordination of the ligands to the central atoms was confirmed by X-ray struc- 
tural investigation of Pt(creat)4(C104)z. The compound [Pt(C,H,N,O)(ClO,)J crystallizes 
in the monoclinic crystal system, space group n/c, a = 15.748(5), b = 15.763(7), 
c = 24.843(8) & /3 = 106.84(4)“, I/ = 5902 A3, 2 = 8. The refinement of the structure by 
the least-squares method gave R = 0.051 and R, = 0.054 for 1527 observed reflections 
with Z > 2a(I). The structure consists of Pt(creat):+ complex cations, possessing 
approximate 02 symmetry and rotationally disordered perchlorate anions. The Pt atom 
is square-planarly coordinated by the endocyclic N atoms of four creatinine ligands. The 
Pt-N bond lengths range from 2.00(2) to 2.03(l) A and the N-Pt-N angles from 
88.4(9) to 91.8(B)“. The ligands are almost planar and tilted towards the PtN4-plane by 
82.1(8)-93.5(9)“. 

Creatinine is a final product of the creatinine metab- 
olism.‘,* Considering the possibility of it existing in 
imino- or/and amino-tautomeric forms (I, II) and 
the presence of several donor groups we presume 
that creatinine may coordinate to metal ions in 
different ways according to the metal ions’ nature 
and the reaction conditions. 

Recently we have started a systematic inves- 

I II 

*Author to whom correspondence should be addressed. 

tigation on the creatinine coordination to different 
metal ions.3-s The complexation of this important 
bioligand is scarcely studied-only data concerning 
its complexes with Hg(II), Cd(II), Co(H), 
Zn(II), Cu(II), Ag(I), Pd(I1) and Pt(I1) have been 
reported.lm9 In the latest studies on the complex 
formation with Pt(II) and Pd(I1) it was dem- 
onstrated5r9 that variation of the reaction conditions 
leads to different types of M(I1) complexes as well as 
to the formation of a paramagnetic Pt(II1) complex, 
most probably, an analogue of pyridonate- and 
pyrrolidonateplatinum blues.‘“~” 

In the present paper we report the results of the 
IR spectroscopic study of M(I1) complexes, formed 
as a product of the M(II)Cl:- (M = Pt, Pd) reaction 
with creatinine at a ligand (L) excess L : M > 4, as 
well as the X-ray crystal study of Pt(creat)4(C104)2, 
particularly since we obtained crystals suitable for 
structural analysis. 
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EXPERIMENTAL 

Synthetic and analytical procedures 

Complexes with a general formula 

M. MITEWA et al. 

(M = Pt, Pd ; A = tetraphenylborate (TPB), per- 
chlorate) were prepared by mixing the aqueous 
solutions of the corresponding MCl:- (5 x lo-* 
M) and creatinine (5 x lo-’ M) at a ligand 
excess L: M > 4. The reaction mixture was 
stirred for 1 h at room temperature and the com- 
plexes formed were precipitated with perchlorate or 
TPB, filtered off and washed with water. 
(NH&MC& of Fluka (puriss) and other reagents 
of AR grade were used. The composition of the 
complexes formed was determined by an elemental 
analysis. Pt and Pd were estimated gravimetrically 
after treating the complexes with cont. H2S04 and 
heating to a constant weight. 

IR andpotentiometric studies 

The IR spectra were recorded on a Perkin-Elmer 
580 spectrophotometer (KBr discs). The poten- 
tiometric studies were performed with a precise digi- 
tal pH-meter Radelkis OP-208 equipped with Cl- 
selective (Crytur, CSSR) and standard calomel elec- 
trodes. A two-vessel cell with a graphite bridge 

at constant temperature (25 + 0.1 “C) and constant 
ionic strength &= 0.1 M KNOJ was used. 

Crystal data and structure solution 

The essential crystallographic information is 
summarized in Table 1. A white prismatically 
shaped crystal with the approximate dimensions 
0.15 x 0.20 x 0.12 mm was mounted on a glass 
capillary and analysed on the computer controlled 
Enraf-Nonius CAD4 diffractometric system 
CAD4SDP44M at the Institute of Applied Min- 
eralogy. For the monoclinic crystal system the space 
group C2/c was chosen according to the systematic 
absences and confirmed by the subsequent suc- 
cessful structure solution. Accurate cell constants 
were obtained from a least-squares refinement of 
the setting angles of 22 reflections in the range 
15 < f3 < 16”. Graphite monochromatized MO-K, 
radiation was employed. The diffraction data were 
collected at a temperature of 292 K, using the o/28 
scan technique. The intensities of three standard 
reflections were monitored in order to check the 
instrument and crystal stability, The intensity vari- 
ation was < 0.1% and no decay correction was 
applied. The structure was solved by the heavy- 
atom method. In the final full-matrix least-squares 
refinement, anisotropic temperature factors for Pt 

Table 1. Crystal data and experimental details 

Molecular weight 
Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
B(“) 
v (A’) 
Z 

D, (g cm-‘) 
P (cm-‘) 
F (000) 
Max sin (0)/n 
hkl limits 
Reflections measured 
Transmission factor range 
Reflections unique 

Z&t (IFI) 
Reflections unobserved 
Minimization function 
Weighting scheme 
R 

R, 
s 
Max. (A/a) 
Max. (Ap) 

846.47 
Monoclinic 
n/c 
15748(S) 
15.763(7) 
24.843(8) 
106.84(4) 
5902( 1) 
8 
1.905 
50.59 
3328 
0.481 
- 15/15, - 14/14, -23/O 
6054 
79.222-99.955 
1620 
0.050 
1966, Z < 2a(Z) 
M = c R’(lFJ - IFA) 
W = 4Z$/[~(r;,)~]~ 
0.051 
0.054 
1.056 
2.045 
1.026 e A-’ 
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Fig. 1. ORTEP drawing of the complex cation. The atom 
and ring labelling schemes are given. The hydrogen atoms 

are not depicted. 

and isotropic for all the other atoms, were applied 
with H-atoms being ignored. The extinction effect 
was neglected. Atomic scattering factors and anom- 
alous dispersion coefficients for neutral atoms were 
used as coded in the SDP/PDP V3.0 crystallo- 
graphic package. Selected interatomic distances 
and angles are given in Table 2. Listings of 
the observed and calculated structure factors, 
positional and thermal parameters and least-square 
planes have been deposited as supplementary data 
with the Editor, from whom copies may be obtained 

on request. Atomic coordinates have also been 
deposited with the Cambridge Crystallographic 
Data Centre. Figure 1 depicts the geometry and 
atom-labelling scheme of the complex cation. The 
packing of the molecules within the unit cell is rep- 
resented in Fig. 2. 

RESULTS AND DISCUSSION 

On the basis of the analytical data obtained 
(Table 3) it was assumed that the complexation at 
a ligand excess (L : M ranging from 4 : 1 to 10 : 1) 

resulted in the formation of [M(II)(creat),]*+ com- 
plexes. Additional evidence for the composition of 
the complexes was obtained by potentiometric 
determination of the liberated chloride in the course 
of the (PtCl,)*- and creatinine reaction. It was 
found that at the end of the reaction the total 
amount of Cl- liberated in the solution is equal to 
the calculated one in the case when all Cl- ions 
are substituted by creatinine molecules in the inner 
coordination sphere of Pt(I1). 

IR results 

The cationic complexes formed were precipitated 
with TPB or perchlorate and their characteristic IR 
spectra are represented in Table 3. 

The IR spectra of the M(II)(creat),(C10J2 and 
M(II)(creat),(TPB), complex salts are similar, sug- 
gesting an analogous structure of the complex 
cation. The vc+ bands were observed in the region 

Fig. 2. The unit cell content viewed along the b axis. 
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Table 2. Interatomic distances (A) and angles (“) within the cation and the perchlorate 
anion with e.s.ds in parentheses 

Pt-N( la) 
Pt-N(lb) 
Pt-N( Ic) 
Pt-N(ld) 
0(8aFC(5a) 
0(8b)--C(5b) 
0(8c>-c(5c) 
0(8d)--C(5d) 
N(la)--C(2a) 
N( la)-C(5a) 
N(lb>-c(2b) 
N(lb>-C(Sb) 
N(lcFC(2c) 
N(lc)--C(5c) 
N(ld>-C(2d) 
N(ld>-C(5d) 
N(3a)--C(2a) 
N(3a)--C(4a) 
N(3aF-C(7a) 
N(3b)-C(2b) 
N(3bHJ4b) 
N(3b)-C(7b) 
N(3c>--C(2c) 
N(3c>--C@) 
N(3c>--C(7c) 
N(3d)--C(2d) 
N(3d)-C@d) 
N(3d)-C(7d) 

N(la)-Pt-N(lb) 
N(la)-Pt-N(lc) 
N(la)-Pt-N(ld) 
N(lb jPt-N(lc) 
N(lb)-Pt-N(ld) 
N(lc)-Pt-N(ld) 
C(2a)-N( la)-C(Sa) 
C(2b)-N(l b)-C(Sb) 
C(2c)-N(lc)-C(Sc) 
C(2d)-N( ld)-C(Sd) 
C(2a)-N(3a)-C(4a) 
C(2a)-N(3a)-C(7a) 
C(4a)-N(3a)-C(7a) 
C(2b)-N(3b)-C(4b) 
C(2b)-N(3b)-C(7b) 
C(4b)-N(3b)-C(7b) 
C(2c)-N(3+~(4c) 
C(2c)-N(3c)-C(7c) 
C(4+-N(3cFC(7c) 
C(2d>-N(3d)--C@d) 
C(2d)-N(3dj-C(7d) 
CH-N(3d)--C(7d) 
N( 1 a)-C(2a)-N(3a) 
N( law(2a)-N(6a) 
N(3a)-C(2a)-N(6a) 
0(11~1(1)--0(12) 
OU 1~1(1)--0(13) 
0(11~1(1)--0(14) 
0(12~1~1>--0(13) 
0(12)-Cl(l~-0(14) 
0(13Fx1)--0(14) 
0(11’)-C1(1)-0(12’) 
0(11’)-C1(1)-0(13’) 
0(11’)-C1(1)-0(14’) 
0(12’)--C1(1)-0(13’) 
0(12’)-Cl(l)-O(14’) 
0(13’)-C1(1~(14’) 

2.03( 1) 

1.36(2) 

1.38(3) 
1.52(3) 
1.33(4) 

177.3(8) 
88.4(8) 

106(2) 

113(2) 

124(2) 
109(2) 

WW--JXN 
N(W-C(2b) 
W4-WW 
NW-W4 
WW-Wa) 
gyzW{;;l 

w4-& 
C(l1J-wl) 
cc1 1ww 
C(ll>--o(l3) 
C(ll>--o(l4) 
C(ll)--O(ll’) 
C(ll)---O(12’) 
C(ll)-O(13’) 
C(11)--0(14’) 
C(l2)--0(21) 
C(l2)--0(22) 
C(l2)-0(23) 
C(l2)-0(24) 
C(12)-0(21’) 
C(12)-0(22’) 
C(12)-0(23’) 
C(12)--0(24’) 

N(lb)-C(Zb)--N(3b) 
N( 1 b)-C(2b)-N(6b) 
N(3b)-C(2b)-N(6b) 
N( 1 c)-C(2c)-N(3c) 
N(lc)-Q+Nt6c) 
N(3cFV+-NFc) 
N( ld)-C(2deN(3d) 
N( ld)-C(2deN(6d) 
N(3d)-C(2dFN(6d) 
N(3a>-C(4aFC(5a) 
N(3b)-C(4b>-C(5b) 
N(3c)-C(4c)-C(5c) 
N(3d)-C(4d)--C(5d) 
0(8a)-C(5aeN(la) 
0(8aF(5a)-c(4a) 
N(la)-C(5a)--c(4a) 
O(lb)-C(Sb+N(lb) 
0(8b)--C(5b)-C(4b) 
N(lb)-C(5b>-C(4b) 
0(8cHJ(5c)-c(4c) 
0(8+C(5c)--c(4c) 
N(lc)-C(5c)-Vc) 
0(8d)--C(5d)--N( Id) 
0(8d)-C(5d)--CVd) 
N(ld)-C(5dt--CVd) 
0(21>--c1(2)--0(22) 
0(2 1 )--cl(2vx23) 
0(2l)--cl(2)-0(24) 
0(22)-Cl(2>-0(23) 
0(22)-fz2)--0(24) 
0(23)--c1(2)--0(24) 
0(21’)-C1(2)-0(22’) 
0(21’jC1(2)-0(23’) 
0(21’)-C1(2)--0(24’) 
0(22’)--C1(2)-0(23’) 
0(22’)-C1(2)-0(24’) 
0(23’)-C1(2)-0(24’) 

1.30(2) 
1.32(3) 
1.35(3) 
1.29(3) 
1.49(3) 

; g 
1:52(4) 
1.48(3) 

Kg 
1:46(2) 
1.53(4) 
1.47(4) 
1.50(4) 
1.39(4) 
1.48(3) 
1.38(2) 
1.39(3) 
1.50(3) 

Kg] 
1:50(5) 
1.37(4) 

112(2) 
126(2) 

K# 

Kg{ 
108(2) 

::g] 
99(l) 
95(2) 

lOl(2) 

;;:gj 
125(2) 
112(2) 
122(2) 
123(2) 

K[$ 

q;; 
125(2) 
126(2) 

:cg 
109(2) 
103(l) 
115(2) 
113(2) 

::g 
109(2) 

:cg] 
107(2) 
112(3) 
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Table 3. Elemental analysis and selected IR data 

Compound 

Pt(creat)d(TPB)z 

Pd(creat).,(TPB), 

Pt(creat),(ClO& 

Pd(creat),(ClO& 

Calc. Found vr-_n vNH, 6 N% 

W) (%) (cm’) @r-‘) (a-‘) 

15.2 14.9 1705 3390 1665 
3330 

8.9 9.1 1710 3345 1665 
3320 

23.1 22.5 1725 3410 1675 
3315 1655 
3290 
3215 

14.1 13.8 1720 3405 1650 
3315 1670 
3295 
3215 

172551705 cm-‘, showing unequivocally that 

> 
-0 groups are not involved in the coordi- 

nation. A number of bands were observed in the 
region 340&3200 cm-‘, where VNH, symmetric and 
asymmetric vibrations appear. These data show 
that the ligand is present in the complex as its 
amino-tautomer form (II). At the same time the 
existence of two pairs of bands for VNH, (two bands 
due to &Hz, respectively) in the case of M(I1) 
(creat),(ClO,), shows the formation of two differ- 
ent types of H-bonds, in contrast to M(H) 
(creat),(TPB),. 

In the IR spectra of M(II)(creat),(TPB), the 
vc+ bands are observed at lower frequencies 
(Table 3) indicating stronger H-bond formation 
between C=O and NH2 groups. 

These spectroscopic data, however, were not 
sufficient to determine the details of the coor- 
dination mode and the stereochemistry of the 
GcJr@XS. 

The crystal structure consists of Pt(creat)$+ cat- 
ions and perchlorate anions disposed in general pos- 
itions. The complex cation possesses approximate 
Dz symmetry. The platinum atom has its usual 
nearly perfect square-planar coordination with 
Pt-N(1) bond lengths ranging from 2.00(2) to 
2.03(1) A and iv(IFpL---N(I) angles from 88.4(9) 
to 91.8(8)“. 

*The H-bonding scheme was deduced from the cal- 
@ulateu posjtions of the amino-hyorogen atoms pre- 
szzkzg %Gr co&a~~z+ity w&r &e ZgazA. 

The four creatinine ligands are planar within 0.02 
A. The Pt atom is displaced from the ligand planes 
(a-d) by 0.185(l), 0.197(l), 0.076(l) and 0.194(l) A, 
respectively. The tilt angles between adjacent ligand 
planes are a-c 99.8(9), a-d 90.4(9), b-c 86.8( 1.1) and 
b-d 77.4( 1.1)“. The tilting between the PtN4-plane 
and ligand planes ranges from 82.L(8) to 93.5(9)“. 
This originates from intramolecular steric factors 
and is supported by the intermolecular hydrogen 
bonding between the amino-hydrogen atoms and 
the H-bond acceptors-carbonyl groups of the 
ligands and the perchlorate anions.* The shortest 
N(6). . * O(8) distances are : 2.87(2) (a-d), 2.90(3) 
(d-b), 2.90(3) (c-b) and 2.92(3) (b-d) and 
N(6)-O(No.) : 2.86(4) (a-24’), 2.95(3) (b12), 
2.84(4) (c-14’), 2.97(3) A (d-22). 

The ClO: ions in the structure are surrounded 
by four creatinine ligands, which are parallel in 
pairs, and are rotationa& disordeted. The disurderk2g 
scheme chosen presumes full occupancy of the 
c< pGSkk&S W&d a~WkX&t+ 68 z& #%I ‘z&U- 
panty of the bifurcated O-sites. The Cl-O dis- 
tances range from 1.36(2) to 1.53(4) A (av. 1.45(3) 
.~~a~,t\rs_~~~a~~.~~~gs?c?;\,~~ XXy-1;\9 
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Abstract-The reactions of Mo2(02CCH3)2C12(PPhJ2 with the bidentate phosphine ligands 
Ph2PCH2CH2PPh2(dppe), Ph2PCH=CHPPh2(dppee) and o-C,H4(PPh2),(dppbe) yield 
purple complexes of the stoichiometry Mo2(02CCHJ2X2(L-L) in which the acetate ligands 
are believed to be cis and the L-L ligands bridge the dimolybdenum core so that their P 
atoms are anti to one another. The relationship of these complexes to the previously 
reported complex Mo2(OzCCH3),C12(dppm), where dppm = Ph2PCH2PPh2, is discussed. 
These complexes have been characterized on the basis of their electrochemical redox prop- 
erties, and electronic absorption and NMR (‘H and 31P{‘H}) spectral measurements. 

Our recent isolation and characterization of geo- 
metric isomers of the series of triply bonded dirhen- 
ium(I1) complexes cis- and trans-Re2(02CR)2X2 
(dppm),(R = CH30rC2H5;X = ClorBr;dppm = 
Ph2PCH2PPh,),’ in which the halide ligands X 
are axially bound, has led us to examine whether 
complexes of this or a similar type could be 
isolated in the case of the quadruply bonded 
dimolybdenum(I1) core, in spite of the proclivity of 
the latter to form (at best) weak axial interactions 
with various ligands.2 In this report we describe 
such a study in which the phosphine ligands 
Ph2PCHzPPh2(dppm), Ph2PCH2CH2PPh2(dppe), 
Ph,PCH=CHPPh,(dppee) and o-CgH4(PPh2)2 
(dppbe) have been used. 

EXPERIMENTAL 

Starting materials 

The compounds Mo~(O~CCH&,,~ Mo,(O~CCH~)~ 
C12(PR,),, where R = Ph or n-Bu,4 were pre- 
pared by standard literature procedures, while 
Mo2(02CCH3)2Cl,(dppm) was prepared by a modi- 
fied version of the procedure [see Section (b)] 
described by Green et al.4 The ligands PPh3, dppbe 
and dppe were purchased from Strem Chemicals 
and dppee was purchased from Pressure Chemical 

*Author to whom correspondence should be addressed. 

Company. Solvents used in the preparation of the 
complexes were of commercial grade and were 
deoxygenated prior to use. 

Reaction procedures 

All reactions were performed in a nitrogen atmo- 
sphere with the use of standard vacuum line tech- 
niques. 

(a) Preparation ofMo2(02CCH3)2Br2(PPh3)2 

A mixture of Mo~(O~CCH~)~ (0.20 g, 0.47 mmol), 
PPh3 (0.31 g, 1.18 mmol), THF (10 cm’) and 
Me,SiBr (0.30 cm3) was stirred at room temperature 
for 20 min. A red-pink solid was filtered off, washed 
with THF, hexanes and diethyl ether and then dried 
in vacuum ; yield 0.24 g (52%). Found : 47.6 ; H, 
3.6. Calc. for C40H36Br2M0204P2 : C, 48.3 ; H, 3.6%. 

(b) Preparation ofMo2(02CCH3)2C12(dppm) 

A mixture of Mo2(02CCH3)2C12(PPh3)2 (0.20 g, 
0.22 mmol), dppm (0.11 g, 0.30 mmol) and THF (5 
cm’) was stirred at room temperature for 20 min. 
A red-purple solid was filtered off, washed with 
THF (N 2 cm3), hexanes and diethyl ether, and then 
dried; yield 0.12 g (72%). Found: C, 45.9; H, 3.9. 
Calc. for C29H2BC12M0204P2: C, 46.4; H, 3.8%. 
This product was unstable even at 0°C and after a 
few hours its colour had changed to brown. 

1279 
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When a freshly prepared sample of Mo2(02 
CCH&Cl,(dppm) (0.10 g, 0.13 mmol) was refluxed in 
THF (10 cm’) for 6 h, the colour of the reaction 
mixture changed from red-purple to dark green. 
The reaction mixture was cooled to room tem- 
perature and an excess of diethyl ether was added. 
A dark brown solid was filtered off and the green 
filtrate was evaporated to dryness. The resulting 
green residue was recrystallized from CH,Cl,/ 
diethyl ether to afford dark green crystals of 
Mo&l.+(dppm), which werefiltered off, washed with 
hexanes and diethyl ether, and dried ; yield 0.03 g 
(22%). The identity of this product was confirmed 
by its electrochemical and spectroscopic prop- 
erties.’ 

(c) Preparation of Mo2(OpCCH3),C1,(L-L), where 
L-L = dppee, dppbe or dppe 

(i) Mo2(02CCH3).&(dppee). A mixture of 
Mo2(02CCH&C12(PPh3), (0.40 g, 0.44 mmol), 
dppee (0.22 g, 0.56 mmol) and THF (10 cm’) was 
stirred at room temperature for 1 h. A purple solid 
was filtered off, washed with THF, hexanes and 
diethyl ether, and dried in vacua ; yield 0.30 g (87%). 
Found: C, 46.8; H, 3.3; Cl, 8.6. Calc. for 
C30H28C12M0204P2 : C, 46.4 ; H, 3.6 ; Cl, 9.1%. 

(ii) Mo2(0$CH3)&12(dppbe) * THF. This prod- 
uct was obtained as a purple solid by the use 
of a procedure very similar to that described in (i) ; 
yield 55%. Found: C, 50.5; H, 4.0. Calc. for 
C38H38C12MoZ05P2 : C, 50.7; H, 4.3%. 

(iii) Mo2(02CCH3)$l,(dppe). A procedure simi- 
lar to (i) gave the title product as a purple insoluble 
solid ; yield 93%. Found : C, 46.2 ; H, 4.3 ; Cl, 10.0. 
Calc. for C3,,H3&lZMo204PZ : C, 46.2 ; H, 3.9 ; Cl, 
9.1%. 

(d) Preparation of Mo2(02CCH3)2Br,(L-L), where 
L-L = dppee or dppbe 

(i) Mo,(OJCH,),Br,(dppee). A mixture of 
Mo2(02CCH,)zBrz(PPh3), (0.20 g, 0.20 mmol), 
dppee (0.10 g, 0.25 mmol) and THF (10 cm3) was 
stirred at room temperature for 20 min. A purple 
solid was filtered off, washed with THF, hexanes 
and diethyl ether, and dried in uacuo ; yield 0.15 g 
(86%). Found : C, 42.1; H, 3.3. Calc. for 
C30H28Br2M0204PZ: C, 41.6; H, 3.3%. 

(ii) Mo2(02CCH3),Br2(dppbe). A reaction similar 
to (i) but with a reaction time of 1 h gave this 
product in the usual way ; yield 87%. Found : C, 
44.5; H, 3.5. Calc. for &H3,,BrZMo204PZ : C, 44.6 ; 
H, 3.3%. 

R. A. WALTON 

(e) Reactions of Mo~(O~CCH~)~C~~(L-L), where 
L-L = dppee or dppbe, with bidentate phosphines 
in the presence of Me,SiCl 

(i) Reaction of Moz(0,CCH3)zC12(dppee) with 
dppee in THF. A mixture of Mo2(02CCH&Cl, 
(dppee) (0.10 g, 0.13 mmol), dppee (0.07 g, 0.17 
mmol), THF (10 cm3) and Me,SiCl (0.2 cm3) 
was stirred at room temperature for 24 h. The 
green-brown solid that resulted was filtered off, 
washed with THF, hexanes and diethyl ether, and 
dried. This product was extracted with CH2C12 to 
leave a small quantity of an insoluble green solid 
(ca 0.2 mg) which was identified as a- 
Mo$l,(dppee), on the basis of its electrochemical 
properties.6 The brown CHzClz washings were 
evaporated to dryness and the resulting brown resi- 
due was recrystallized from CH,Cl,/diethyl ether, 
the crystals washed with diethyl ether and then 
dried; yield 0.07 g (48%). This product was ident- 
ified as ~-Mo2C14(dppee)2 from its electrochemical 
properties.6 

When this reaction was carried out for 40 min 
under reflux conditions, only the brown isomer B- 
MozC14(dppee)z was isolated ; yield 55%. 

(ii) Reaction of Mo2(0,CCH3)&lz(dppee) with 
dppm. A mixture of Mo2(02CCH3)zCl,(dppee) 
(0.10 g, 0.13 mmol), dppm (0.07 g, 0.19 mmol), 
THF (10 cm’) and Me,SiCl(O.2 cm3) was stirred at 
room temperature for 20 h. A green solid was fil- 
tered off, washed with THF, hexanes and diethyl 
ether, and dried ; yield 0.08 g (58%). Found : C, 
56.2 ; H, 5.3. Calc. for CSOH&X,Mo2P4 : C, 55.9 ; H, 
4.1%. The properties of this product are in accord 
with its formulation as Mo,Cl,(dppm),.’ 

(iii) Reaction of Moz(OzCCH3)&lz(dppbe) with 
dppbe. A mixture of Mo,(OzCCH3),Cl,(dppbe) - 
THF (0.11 g, 0.12 mmol), dppbe (0.07 g, 0.16 
mmol), THF (10 cm’) and Me3SiC1 (0.10 cm3) 
was stirred at room temperature for 14 h. A green 
solid was filtered off, washed with THF, CH$&, 
hexanes and diethyl ether, and then dried ; yield 
0.06 g (37%). This product was identified as 
a-Mo$l,(dppbe), from its electrochemical and 
spectroscopic properties.’ 

Physical measurements 

IR spectra were recorded as Nujol mulls with 
the use of a Perkin-Elmer 1800 FTR spectro- 
photometer. Electronic absorption spectra were 
recorded as CHzClz solutions or Nujol mulls on 
a HP 845 1 A spectrophotometer. Electrochemical 
measurements were made on CHzClz solutions of 
the complexes which contained tetra-n-butyl- 
ammonium hexafluorophosphate (TBAH) as the 
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supporting electrolyte. The E,,. and E,,* (= Ep,=+ 

EJ2) values were referenced to the silver- 
silver chloride (Ag-AgCl) electrode at room 
temperature and are uncorrected for junction 
potentials. Voltammetric experiments were per- 
formed using a Bioanalytical Systems Inc. model 
CV-1A instrument in conjunction with a Hewlett- 
Packard model 7035 x-y recorder. ‘H and 
31P { ‘H}NMR spectra were obtained on a Varian 
XL-200 spectrometer. For the ‘H NMR spectra, 
the resonances were referenced internally to the 
residual protons in the incompletely deuterated sol- 
vent, whereas for the 3’P(1H}NMR spectra an inter- 
nal deuterium lock and an external reference, 85% 
H3P04, were used. 

Elemental microanalyses were performed by Dr 
H. D. Lee of the Purdue University Microanalytical 
Laboratory. 

RESULTS AND DISCUSSION 

Complexes of the type Mo,(O,CCH,),X,(L-L), 
where X = Cl or Br and L-L = dppm, dppe, 
dppee or dppbe, have been prepared from the reac- 
tion of Mo2(0ZCCH3)2X2(PPh3)24 with L-L in 
THF at room temperature. We found no evidence 
for the formation of stable compounds of stoi- 

chiometry Mo~(O~CCHJ~X~(L-L)~. These com- 
pounds are the first examples of dimolybdemnn(II) 
complexes that contain one bridging bidentate 
phosphine ligand and two bridging acetato groups. 
In the course of this study we have also isolated the 
pink complex Mo2(02CCH3)2Br,(PPh3)2 from the 
reaction of Mo~(O&CH~)~ with PPh3 and Me$iBr 
in THF at room temperature. Of the compounds we 
isolated that contain bidentate phosphine ligands, 
only Mo2(02CCH3)2C12(dppm) was reported pre- 
viously (as it’s THF solvate).4 On the basis of a 
partial characterization of this complex, a structure 
that contains both a unidentate and a bidentate 
acetate-group was proposed.4 However, as we shall 
discuss later, the instability of this complex com- 
plicates its spectroscopic characterization and it 
may in fact be structurally related to other com- 
pounds of the type Mo~(O~CCH~)~X~(L-L). 

The electrochemical properties and electronic 
absorption spectra of these complexes are listed 
in Table 1 along with related data for Mo2 
(02CCH3)2C12(PR3)2 (R = Ph or n-Bu), whose 
preparations were described previously,4 and 
Mo2(02CCH&Br2(PPh&, which is reported here 
for the first time. Cyclic voltammetric data for 
freshly prepared solutions of these complexes in 
0.1 M TBAH-CH2C12 show a single irrevers- 

Table 1. Cyclic voltammetric and electronic absorption spectral data for Mo,(O,CCH,),X, 

(L-L) and Mo2(OZCCHJ2X2(PRJ2 

Compound 
Voltammetric 

potentials (E,,=)” 
Electronic absorption 

spectra (nm)* 

Mo2(WCH3Wlz(dppm) 

Mo2(02CCHS)zClz(dppe)d 
Mo,(WCHWl,(dppee) 

Moz(OzCCH&Brz(dppee) 

- +0.90 

- 

+0.95 

- +1.0 

- 528 
530’ 
528,’ - 380 sh 
554(1190), - 400 sh 
556,’ 400 sh 
550(1210), 400 sh 
550 

Mo,(O,CCH,),Cl,(dppbe) - THF 

Mo@&CH&Br2(dppbe) 

Mo#%CCHJKl~(PPh~), 

Moz(WCH&Brz(PPh& 

Mo~(O~CCH~)~C~~(P-~-BU~)~ 

+0.90 

+0.96 

+0.98 

- +1.15 

+0.90 

546( 1060), - 380 sh 
- 540,’ - 400 sh 

550(1370), - 400 sh 
- 550 

526( 1740), - 390 sh 
526, - 380 sh 
535,400 sh 

- 525, = 400 sh 
512(1630), 372(450) 

“In V vs Ag-AgCl. Recorded on solutions in 0.1 M TBAH-CH,Cl, using a Pt-bead 
electrode. Data obtained at Y = 200 mV .s-‘. 

*Recorded on CH,CI, solutions (unless otherwise stated): E_ values are given in par- 
entheses. 

‘Solid state spectrum measured as a Nujol mull. 
d Insoluble in CH,Q. 
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ible oxidation at Ep+ N + 1.0 V vs Ag-AgCl. remain eclipsed, as is invariably the case with 
This oxidation corresponds to the configura- quadruply bonded MO:+ species.’ Alternative 
tion change a2rc46’ --f a2n4S1 (i.e. oxidation of structures in which there are either cis or trans pairs 
MO;+ to MO:+) and is characteristic of com- of p-acetato ligands but the phosphine atoms of 
plexes that contain the quadruply bonded MO:+ the bridging L-L ligands are syn to one another 
core.* (rather than anti as in 3) are not favoured. 

In the electronic absorption spectra of all the 
complexes listed in Table 1, the 6 + 6* transition’ 
is seen as an intense band in the region 510-560 nm. 
A second weaker feature is observed close to 
400 nm. The similarity in the electronic absorption 
spectra and electrochemical properties of the 
purple coloured complexes Mo~(O~CCH~)~X~(L- 
L) imply a basic similarity in structure. These 
spectra are in turn similar to those reported 
previously for the monodentate phosphine deriv- 
atives Mo2(02CPh)zX2(P-n-Bu3),, where X = Cl 
or Br, in benzene solution,’ and for Mo2 
(02CCH3)2C12(P--n-Bu~)2 and Mo~(O~CCH~)~ 
Xz(PPh&, where X = Cl or Br, in CHzC12 as 
reported herein (Table 1). In the case of the 
latter species, &= for the lowest energy transi- 
tion (6 + 6*) is between 510 and 540 nm. 

X-ray crystallographic data for several com- 
plexes of this type that contain monodentate 
phosphine ligands show that there is either a cis- or 
trans-arrangement of carboxylate groups (struc- 
tures 1 and 2). In the case of Mo~(O~CCH~)~C~~ 

The ‘H NMR and 31P(1H} NMR spectral 
properties of Mo~(O~CCH~)~X~(L-L), where X = 
Cl or Br and L-L = dppee or dppbe, and 
Mo2(02CCH3)2C12(PPh3)2 are listed in Table 2. 
‘H NMR spectra were recorded in CD2C12 and, in 
all instances, showed the correct relative intensities 
for the phenyl protons and acetate methyl protons. 
The data for Mo2(02CCH3)2C12(PPh3)2 show only 
one singlet for the methyl resonance rather than 
the several singlets between 6 +2.5 and +2.8 
that were reported previously! In the case of 
Mo2(02CCH3)2C12(dppbe), additional resonances 
at 6 + 1.82 and +3.68 are due to the one mole of 
lattice THF that is present in the crystalline 
samples. The 31P(1H} NMR spectra of these same 
complexes (recorded in CH,Cl,) each display a 
singlet. For Mo2(02CCH3)2C12(PPh3)2, the chemical 
shift of a freshly prepared sample was 6 +36.7. 
Singlets at 6 +32.0, +26.0 and +23.0 (relative 
intensity 1.0 : 0.1 : 0.05) have been reported4 for 
a CD2C12 solution of this complex. 

In the case of the purple complex Mo~(O~CCH~)~ 
Cl,(dppm), the presence of a monodentate acet- 
ato ligand had been inferred from a band at 
1710 cm-’ in the IR spectrum.4 However, we found 
that for several different preparative samples of this 
complex only a very weak feature was present at 
N 1700 cm-’ and, accordingly, we conclude that 
the IR spectral evidence is not convincing in this 
regard. Note that the ease with which this complex 
decomposes in solution and in the solid state makes 
its characterization quite difficult. The ‘H NMR 
spectra of freshly prepared CD2C12 solutions of this 
compound exhibit a complex pattern between 6 
+7.0 and +7.6 (phenyl protons), a multiplet at 6 
N + 4.6 (-CH2- of dppm) and singlets at 6 + 3.0, 
+2.9 (actually a closely spaced “doublet”), +2.6 
and N +2.0. After 2 h, the spectrum of this same 
solution showed the growth of a pentet at 6 N + 4.3 
(-CH, of Mo2C14(dppm)2)5 and an increase in 
the intensity of the singlet at 6 N + 2.0. The original 
singlets at 6 + 3.0, + 2.9 and + 2.6 had decreased 
in intensity and the phenyl region of the spectrum 
had changed significantly. The resonance at 6 
N +2.0 is probably due to acetic acid. Note that 
when the solid samples decompose they clearly give 
off acetic acid (odour!). 

I,,\\x 1 ,,\-a 

1 2 

(P--I~-Bu~)~,~ Mo2(02CPh)2X2(P-n-Bu3)210 and 
Mo2(02CCH3)2(0SiMe3)2(PMe3)2,‘1 the structures 
determined have proven to be those of molecules of 
type 1, whereas the orange and red isomeric forms 
of Mo2(02CCMe3)2C12(PEt3)2 that were prepared 
correspond to structures 1 and 2, respectively.” In 
this same context, the red and orange coloured iso- 
mers designated as tl- and P-Mo2(02C 
CH3)2X2(PEt3)2 by Green el al.,4 probably cor- 
respond to 2 and 1, respectively. 

Because of the conformational constraints in- 
herent in the six-membered rings that are formed 
when the dppe, dppee and dppbe ligands form intra- 
molecular ligand bridges between pairs of multiply 
bonded metal atoms, the complexes Mo~(O~CCH~)~ 
X,(L-L) most likely possess structure 3, which 
is a close relative of 2. This is especially true when 
the overall rotational geometry is expected to 

The 31P{1H}NMR spectrum of a solution of 
the dppm complex in CH2C12 (recorded within 
15 min of its preparation) showed a singlet 
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Table 2. NMR spectral data for Mo~(O~CCH~)~X~(L-L) and Mo2(02CCH3)2X2(PPhS)z 

‘H NMR (6)* 

1283 

Compound” Phenyl -CH=CH- -CH3 “P{ ‘H}= 

Moz(OzCCH&CUdppee) 7.0-7.5 7.85d 2.94 +29.7 

Moz(OzCCH3)&(dppee) 7.1-7.5 7.83d 2.95 +29.3 

Mo,(OzCCH3)&lz(dppbe) - THF 7.1-7.8 2.78 +34.3 

Moz(OzCCH3)&(dppbe) 7.1-7.8 2.78 +33.8 

Moz(OzCCH,),CUPPh,)z 7.2-7.6 2.57 +36.7 

LI Moz(0,CCH3),C12(dppe) was too insoluble in CD,Cl, for satisfactory NMR spectral data to be 
obtained. 

*All resonances downfield of TMS. Spectra recorded in CD,C12. 
’ Spectra recorded in CH,Cl,. 
dAA’XX pattern. 
‘Additional proton resonances at 6 +3.68(m) and + 1.82(m) arise from the methylene resonances 

of the lattice THF. 

at 6 +28.9 assignable to the authentic complex 
Mo2(02CCHJ2Clz(dppm). This signal decayed 
very rapidly as new singlets appeared at 6 +28.5 
and +23.2 (due to two distinct chemical species). 
These in turn disappeared as features at 6 + 16.4 
and +4.6 developed. The resonance at 6 + 16.4 
is due to MozC14(dppm)r.’ 

the recently prepared Rer(OrCCHJrXr(L-L)r.’ 
Although the complexes with L-L = dppe, 
dppee and dppbe almost certainly are of struc- 
ture type 3, some doubt remains as to the struc- 

o-o 

The available spectroscopic evidence indicates 
that Mo,Cl,(dppm), is one of the final products 
of the decomposition of Mo2(02CCHJ2C12(dppm), 
thereby supporting the earlier observation4 that 
green crystals of Mo&l.,(dppm)r eventually sep- 
arate from solutions of this complex. This decom- 
position is enhanced by heating MoZ(02CCH3)r 
Cl,(dppm) in THF. After a reaction period of 6 h, 
Mo2C14(dppm)r is present in ca 22% yield. The 
nature of the remaining molybdenum containing 
species has not yet been ascertained. 

I I ,\o- ‘0 

& - Mi’ 

p’<l x’ 
X P 

3 

The ease with which Mo~(O~CCH~)~C~~(L-L) 
can be converted into Mo,Cl,(L-L), (L-L = 
dppee or dppbe) by reaction with Me&Cl and 
additional ligand L-L in THF led us to attempt 
the synthesis of mixed ligand complexes of this 
type, viz., Mo,Cl,(L-L)(L-L’). However, since the 
reaction between a mixture of Mo2(02CCHJ2 
Cl,(dppee), dppm and Me,SiCl gave Mo2C14 
(dppm), rather than Mo,Cl,(dppee)(dppm), further 
reactions have not been carried out at this time. 

ture of Mo2(0rCCH,)rClz(dppm). While it may 
well possess structure 3, we suspect that isom- 
erization occurs upon its dissolution in CHrClr (this 
is also the case in CH3CN),4 followed by de- 
composition to give Mo2C14(dppm)r, acetic acid 
and other unidentified species. The isomerization of 
Moz(OzCCH3)$lz(dppm) from 3 to a structure in 
which dppm bridges the MO* unit such that the P 
atoms are syn to one another (see structures A and 
C in ref. 4), may be favoured by the formation of a 
stable five-membered ring in which the MorPr unit 
is planar. 

Acknowledgement-We thank the National Science 
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CONCLUSION 

The reactions of Mo2(OZCCH3)rX2(PPh3)r with 
bidentate phosphines, L-L provide a convenient 
route to Mo~(O~CCH~)~X~(L-L), but we find no 
evidence for the formation of Mo2(02CCH&Xz 
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WITH Cu(NCMe)4+ 
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Ahstract<u(NCMe)4BF4 reacts with fat-IrMe,(PMe,Ph), in THF to yield cis,mer- 
[IrMez(NCMe)(PMe,Ph),]BF4, together with an unstable copper product which could not 
be trapped (added PPh3) and was not further characterized. The geometry of the iridium- 
containing product was established by detailed multi-nuclear NMR studies, including 
heteronuclear decoupling. The same product results from a 1: 1 reaction of fuc-IrMe, 
(PMe,Ph), with HBF4.0Et2 in CH&N. 

We reported earlier numerous examples of using 
Cu(NCMe)$ as a source of the naked’** (or nearly 
naked3) electrophile Cu+ which functions as a 
building block for heterometallic polyhydride clus- 
ters. In every instance, a terminal hydride ligand 
serves to link Cu+ to the second transition metal 
through hydride bridges. We have now explored a 
generalization of this concept by studying whether 
another “one-electron donor” ligand, -CH2R, can 
form heterometallic bridges to yield mixed-metal 
alkyl clusters. 4,5 Heterometallic clusters containing 
unactivated (“typical”) saturated alkyl ligands are 
virtually unknown. 

EXPERIMENTAL 

All manipulations were carried out under an inert 
Nz atmosphere using standard Schlenk line and 
glovebox techniques. THF and benzene were dried 
by refluxing over Na/benzophenone and CH$N 
was dried by refluxing over P401 o. ‘H and 31P 
NMR spectra were obtained on a Nicolet 360 MHz 
spectrometer. Ir(CH3)3(PMe,Ph)3 was made by a 
literature procedure.6 CDC13 was stirred over P401 ,, 
and vacuum distilled. IR spectra were obtained as 
Nujol mulls between KBr plates using a Perkin- 
Elmer 283 spectrophotometer. Mass spectra were 
obtained using a DS-55 Mass Spectrometry Data 
system on a Kratos MS80 mass spectrometer. 
Microanalysis was performed by Malissa and 
Reuter Analytische Laboratorien, F.R.G. 

*Author to whom correspondence should be addressed. 

A solution of CF3S03H (10.0 g, 66.63 mmol ; 
CAUTION : Corrosive!) in 40 cm3 CH3CN was 
added (Teflon cannula) to a suspension of Cu20 
(4.77 g, 33.32 mmol) in 85 cm3 of cold (OOC) CH3CN. 
The reaction mixture was allowed to warm to room 
temperature and stirred for 2 h. The solution was 
then filtered, concentrated and held at -20°C for 
24 h. This yielded large transparent crystals which 
became opaque when filtered and placed under 
vacuum. After 36 h in uacuo at room temperature, 
no further changes were observed. Cu(CH$N)203 
SCF3 was isolated as a grey-white powder (12.01 
g, 61%). IR : 2290 cm- ’ sharp/medium, 2215 cm- ’ 
sharp/weak: CH3CN. FAB/MS confirmed the 
presence of Cu+ and -03SCF3 but no parent ion 
was found. Found : C, 20.2 ; H, 2.1. Calc. for 
CuC5H6F3N2G3S : c, 20.4; H, 2.0%. 

pr(CH3)2(NCCH3)(PMe2Ph)31BF4 from WCH3)3 
(PMe2Ph)3 and CU(NCCH~)~BF~ 

fuc-Ir(CH3)3(PMe2Ph)3 (0.15 g, 0.23 mmol) and 
CU(CH~CN)~BF~ (0.072 g, 0.23 mmol) were each 
weighed into separate Schlenk flasks. To each flask, 
40 cm3 THF was added and the resulting solutions 
were each cooled to -78°C and allowed to stir at 
this temperature for 10 min. The IrMe3(PMe,Ph), 
solution was then added to the Cu(MeCN),BF, via 
a cannula and the resultant solution was allowed to 
stir at -78°C for 25 min. The clear solution was 
then allowed to warm to room temperature. After 
stirring at 25°C for 1 h, the solution had turned 
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yellow with the deposition of a small amount of 
green solid. The solution was then filtered to yield 
a clear yellow solution. THF was then removed in 
uacuo from the filtrate and the resultant yellow solid 
was washed with 40 cm3 benzene to leave a white 
benzene-insoluble powder of [Ir(CH3)2(NCMe) 
(PMezPh)3]BF4. The benzene washings turned blue 
in air, indicating the presence of an organocopper 
compound. ‘H NMR (360 MHz, CDC13) : 7.37 (m, 
Ph) ; 7.20 (m, Ph) ; 2.14 (s, CH,CN, 3H) ; 1.64 (t, 
J = 3.5, PMe, 6H); 1.48 (t, J = 3.3, PMe, 6H); 1.35 
(d, J = 7.9, PMe, 6H) ; 0.18 (m, 6H). 3’P{ ‘H) NMR 
(146MHz,CDCl,): -35.2(d,J= 16.3,2P); -49.1 
(t, J= 16.3, 1P). 

[Ir(CH,),(NCCH,)(PMe,Ph),]BF, from Ir(CH,), 
(PMe*Ph), and HBF,*Et20 

A 40 cm3 CH3CN solution of Ir(CH3)3 
(PMe,Ph), (0.050 g, 0.077 mmol) was cooled to 
0°C. To this solution was added 7.1 x low3 cm3 of 
HBF4*Etz0 (0.012 g, 0.077 mmol). The resulting 
mixture was allowed to warm to room tempera- 
ture. The solvent was then removed in vacua to 
yield a white powder. ‘H NMR confirmed the 
formation of [Ir(CH3)2(NCCH3)(PMezPh)3]BFd. 

RESULTS AND DISCUSSION 

Our initial studies involved an attempt to produce 
and isolate a p-alkyl compound from the reaction 
of Cp,ZrMe, with [Cu(NCMe)4]BF4 in THF. These 
resulted in polymerization of THF. Simultaneously, 
Jordan et al7 reported similar results in the reaction 
of AgPF, with Cp,ZrMe, and reasoned that 
fluoride abstraction from PF; by a Zr(IV) electro- 
phile was followed by PF,-catalysed ring-opening 
polymerization. We therefore sought a copper 
electrophile with an anion more inert than BF;, 
obtaining it according to eq. (1). 

CuzO+2H03SCF3 

a 2Cu(NCMe)203SCF3 + H20. (1) 

1 

Reagent 1 reacts with Cp,ZrMe, in THF to give 
a dark green, insoluble precipitate whose physical 
properties discouraged further study. We next 
sought to incorporate a more stable alkyl group 
into the system and, to this end, investigated 
Cp2Zr(CH,Ph),. This bisbenzyl complex reacts 
with 1 to produce Cue and PhCH,CH2Ph, the latter 
identified by ‘H NMR ; replacement of 1 by 
[Cu(NCMe)4]BF4 in this reaction again gives Cue 
and bisbenzyl. 

We next decided to examine a more robust poly- 
alkyl compound and one which was a close analogue 
to thefac-H,Ir(PMe,Ph), case we had studied pre- 
viously. Reaction of [Cu(NCMe)4]BF, with fac- 
IrMe3(PMezPh)3 in THF occurs below 25°C to give 
a yellow solution from which increasing amounts 
of a green precipitate form with the passage of time. 
Optimally, filtration of the yellow solution from the 
green precipitate after short (c 1 h) reaction times, 
rapid solvent removal in uacuo and washing of the 
solid residue with benzene, leaves behind a white 
solid whose 31P NMR shows an AX2 pattern 
(JAx = 16 Hz) consistent with all three of the struc- 

Me ’ 
P ‘I, \\’ 

A-- 

P 

MeCN P 
Me 

Meb + 
P ‘I, \\’ Pa 

Me’ 4 P 

c 
Me 

I II 

Me 

Fa + 

Met,, ,\\ P 

Me A P 
P 

III 

tures I-III. The ‘H NMR chemical shift and in- 
tegration proves the presence of one MeCN. The 
presence of three PMe ‘H NMR chemical shifts 
rules out structure I. The triplet multiplicity of two 
of the three PMe resonances indicates a mer con- 
figuration of the phosphines, with the three chemi- 
cal shifts due to diastereotopic methyl groups on 
the tram pair of phosphines. This excludes structure 
III and is consistent with structure II. While struc- 
ture II has two inequivalent IrMe groups, the pat- 
tern observed in the 360 MHz ‘H NMR of the 
product cannot be better defined than as being a 
“multiplet”. 

In order to resolve this apparent discrepancy, 
selective ‘H{31P} NMR experiments were carried 
out. First, complete decoupling of both 31P types 
collapses all methyl signals (IrMe and PMe) to sin- 
glets. In the IrMe region, two barely resolved (0.02 
ppm) signals are observed near 0.18 ppm. If the two 
mutually tram phosphorus nuclei are selectively 
decoupled, the upfield IrMe signal is a singlet and 
the downfield signal is a doublet. The downfield 
IrMe peak is thus assigned as the one tram to the 
unique phosphorus (Me” in II). If the unique phos- 
phorus is decoupled, both IrMe peaks are resolved 
into (nearly overlapping) triplets ; the tram phos- 
phines couple to both methyls and thus show larger 
cis coupling than P” does in II. 
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As final confirmation of this stoichiometry and 
structure, an independent synthesis of this iridium 
complex was accomplished by acidolysis (equi- 
molar HBF4*OEtz) of fat-IrMe,(PMe,Ph), in 
CH$N at or below 25°C. 

In summary, IrMe3(PMezPh)3 reacts with 
[Cu(NCMe)4]BF, in THF under mild conditions 
[eq. (2)] to quantitatively* transfer a methyl group 
(net transfer of CH;), with the resulting electrophile 
IrMe,(PMe,Ph)$ being efficiently quenched by 
back-transfer of a molecule of acetonitrile. 

+ [IrMe,(NCMe)(PMezPh),]BF,+CuMe. (2) 

Our attempts to trap the CuMe product by running 
the reaction in the presence of PPh3 were without 
success.t Decomposition of CuMe in the reaction 
medium leads to an insoluble green (presumably 
divalent copper) product and later to the deposition 
of copper metal. The cationic iridium product con- 
tains a rearranged IrP, skeleton (i.e.fuc + mer) and 
avoids competitive (i.e. trans) positioning on Ir of 
the two strong trans influence methyl groups. 

We have employed an oxidation-resistant [Ir(III)] 
alkyl and an electrophile which is (at worst) a weak 
oxidant in our quest for an Ir(@H&,Cu+ species. 
While we are successful in avoiding a net oxidation 
of the iridium alkyl, any bridging species, while an 
obvious candidate as a reaction intermediate in eq. 
(2) is not observed. Instead, net ligand transfer takes 
place, and Cu+ behaves towards CH; in a manner 
formally similar to its more common role in halide’ 
or phosphineg abstraction. 

We feel the weight of evidence supports the 
methyl transfer as evolving from a 1 : 1 intermediate 
or transition state. For example, while a 2 : 1 reac- 
tion of H,Ir(PMe,Ph), with Cu(NCMe): forms a 
2 : 1 complex,* twofac-IrMe,(PMe,Ph), reacts with 

*The reaction was also monitored by ‘H NMR in 
CDCl, solvent. While a green precipitate was observed 
immediately, compound II is the only iridium phosphine 
product observed. 

t We will report separately on the full characterization 
of (Ph,P),CuMe by an independent route: P. Coan 
(unpublished). 

one Cu(NCMe)$ to leave one mole of IrMe, 
(PMe,Ph), unreacted. At the other extreme, Jor- 
dan et al. have considered lo a mechanism where 
two alkyl groups are removed, and then con- 
proportionation with unaltered reagent dialkyl 
complex (i.e. back-transfer of one alkyl) gives the 
observed monoalkyl products. In our system, the re- 
action of fat-IrMe,(PMe2Ph), with 2 Cu(NCMe)$ 
proceeds exactly according to eq. (2), with no 
evidence of any IrMe(NCMe),(PMe,Ph):+ product. 

The possibility that one-electron transfer (rather 
than net methyl transfer) is the actual event which 
follows the 1: 1 encounter of Cu(NCMe): and 
IrMe,(PMe,Ph), has been discussed for the 
Cp,Fe+/Cp,Zr(CH,Ph), case by Jordan et al.” 
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Abstract-The following adducts of Group III trialkyls with phosphines have been 
prepared, either by direct reaction in hydrocarbon solution or by displacement of ether 
from the metal trialkyl etherate : Me,M * PPh3 (M = Ga, In) ; Me,In*P(2-MeC,H4), ; 
(R,M), - (Ph2PCH2)2 (R = Me, M = Al, Ga, In; R = Et, M = Ga, In ; R = Bu’, M = Al) ; 
(Me3M),*(PhlPCH2CH&PPh (M = Al, Ga, In) and (Me,M),-(Ph,PCH,CH,PPhCH,), 
(M = Al, Ga, In). The compounds were analysed by ‘H and 3’P NMR. The “P NMR 
spectra of (Me3M)2*(Ph2PCH2)2 (M = Ga, In) showed little change between 193 K and 
room temperature. Thermal dissociation of the adducts in vacua gave the free metal trialkyl 
with no detectable contamination by the respective phosphine. Crystals of (Me,M), 
*(Ph2PCH& (M = Al, Ga, In) are iso-structural and the molecules contain two distorted 
tetrahedral metals bridged by the (Ph,PCH,),; the M-P distances are 2.544(4), 2.546(4) 
and 2.755(4) A, respectively. The X-ray crystal structure of (Me3A1)3 * (Ph2PCH2CH2)2PPh 
shows the molecule to contain distorted tetrahedral aluminium atoms bonded to each of 
the three phosphorus atoms, with Al-P distances of 2.536(9) and 2.510(9) 8, for the 
terminal and central moieties, respectively ; the unit cell contains two such molecules plus 
one benzene molecule (the crystallizing solvent). 

The trialkyls of Group III and their adducts with 
amines and phosphines have been successfully used 
for the Metal-Organic Chemical Vapour Depo- 
sition (MOCVD) of III-V semiconductors. 1,2 The 
adducts reported hithertoF6 have mainly been vol- 
atile compounds whose principal advantages over 
the parent trialkyls in MOCVD have been reduced 
fire and toxicity hazards with consequently greater 
ease of purification and handling.* An alternative 
approach, reported herein, is the formation of 
adducts with relatively involatile bases which have 
weak adduct bonds. Thus, safety and ease of puri- 
fication are maximized and the purified adduct can 
then be thermolytically dissociated to release the 
volatile metal trialkyl R3M either prior to loading 
into the MOCVD reactor, or in situ. 

* Authors to whom correspondence should be addressed. 
t Deceased. 

The process can be generally illustrated thus : 

xR,M(g) + B(s) s (R,M), * B(s). (1) 

The equilibrium constant K which defines the equi- 
librium partial pressure of the trialkyl over the 
adduct PR+ is given by the following : 

K = &,M)XaB 

(2) 

%,M)J’ 

-AH AS 
lnK=- 

RT +R 

where &, and a@&)$ are the activities of the base 
and adduct, respectively, and AH and AS are the 
enthalpy and entropy change associated with the 
above reaction. The value of AS will be largely 
dominated by the entropy of vaporization of R3M 
and so to a first approximation may be independent 
of the nature of B. Under these circumstances the 
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value of K will be largely determined by the value 
of AH, a term containing the enthalpy of vapor- 
ization of R3M (once again independent of the 
nature of B) and the enthalpy of complex formation 
in the condensed phase AH,. 

An ideal candidate for B must possess a very 
much lower vapour pressure than R3M at normal 
temperatures, but must also have a specific value of 
AH, upon reaction with R3M : if it is too large then 
the dissociation reaction will only proceed appre- 
ciably at very high temperatures which may be both 
inconvenient and lead to further thermolysis of 
R3M itself; if AH, is too low there will be a sub- 
stantial partial pressure of the pyrophoric R,M 
over the adduct even at room temperature, there- 
fore losing all the advantages of the adduct process. 

An additional criterion for a base if the adduct is 
to be used for in situ generation of R3M in the 
MOCVD reactor is that both base and adduct must 
have fairly high melting points, neither must 
the latter form a very low melting eutectic when 
depleted of the metal trialkyl. From eq. (2), if the 
base and adduct are solid then their activities are 
unity and the value of PRIM is independent of the 
extent of depletion from the system, i.e. the source 
is time-independent. If the sample melts however, 
the activities of the base and adduct will rise and 
fall respectively as the sample is depleted ; the value 

of PR,M will gradually decrease with time. 
The vapour pressures of PPh3, P(2-MeC6H& 

and (Ph2PCH& (diphos) were known to be low,’ 
and furthermore it was thought from a simplistic 
viewpoint that the presence of electron-with- 
drawing aryl groups on the phosphorus would 
reduce the ability of the lone pairs to coordinate, 
therefore giving the desired relatively weak aducts 
with R3M. Although the vapour pressures of 
(Ph2PCH2CHJ2PPh (triphos) and (Ph2PCH2 
CH2PPhCHJ2 (tetraphos) were not known, they 
are clearly even less volatile than those listed above. 

Therefore, the five phosphines mentioned above 
were thought to be possible candidates for revers- 
ible adduct formation with R3M. 

RESULTS AND DISCUSSION 

Displacement of diethyl ether from Me,M * OEt, 
by the respective phosphine in the appropriate 
molar ratio gave Me,M*PPh, (M = Ga, In), 
(Me,M), *diphos (M = Ga, In ; diphos = (Phz 
PCHJJ, (Me,Ga), striphos (triphos = (Ph,PCH, 
CH,),PPh) and (Me3Ga)4 * tetraphos (tetraphos 
= (PhzPCH&HzPPhCH&). Direct reaction of 
R3M with the respective phosphine in hydro- 
carbon solution and in the appropriate molar 
ratio gave Me,Al - PPh3, MeJn * P(2-Me&H&, 

(Me,Al),*diphos, (Et,M),*diphos (M = Ga, In), 
(Bu~A~)~ * diphos, (Me,M), * triphos (M = Al, In) 
and (Me3M).,* tetraphos (M = Al, In). The com- 
pound Me 3Al l PPh 3 has already been reported * but 
was prepared here to test its thermal dissociation 
properties. 

All the compounds were white, crystalline solids 
except (Me,In), * triphos which was isolated as an 
oil which could not be crystallized. They reacted 
much more slowly upon exposure to the atmosphere 
than the parent trialkyls : in the solid, r ,,2 values of 
up to 1 h were observed for some. Only (EtJn), 
- diphos appeared to be sensitive to daylight, 
decomposing to a grey metallic solid (indium) after 
several days. 

All the compounds were analysed by ‘H NMR 
and most by 3 ‘P NMR ; selected data are presented 
in Table 1. As has been observed previously, the ‘H 
NMR chemical shifts of the alkyl groups on the 
metal are invariably shifted downfield relative to 
the uncomplexed moiety, but the extent of this shift 
does not appear to be simply related to adduct bond 
strength.6 It has been reported however, that the 
chemical shifts of the protons on the Lewis base, 
particularly those on the carbons CI to the pnicogen, 
are normally more shielded in the complex ;6 the 
reverse is found in all the phosphine adducts 
reported here. No such generalizations can be made 
for the 3 ‘P NMR chemical shifts : only the Me3Ga 
moiety was shown invariably to produce a down- 
field shift upon adduct formation ; the other R3M 
gave either upfield or downfield shifts depending 
upon R and the phosphine, and in fact Me31n 
produced downfield shifts in the central P atoms 
of triphos and tetraphos, but upfield shifts in the 
terminal ones. The P-P coupling constants for 
triphos, tetraphos and their adducts were obtained 
by computer simulation ; the values found in the 
adducts were invariably greater than those in the 
free phosphines. 

The differences between the values for 8r in the 
adducts and respective uncoordinated phosphines 
were surprisingly small in many cases, e.g. < 2.5 
ppm for the diphos adducts. It was thought that 
this may be due to the complexes dissociating at 
least partially in solution ; therefore variable tem- 
perature 3’P NMR was performed on solutions 
of diphos, (Me,Ga), * diphos, (Me31n), * diphos, 
(Me,Ga), * diphos + diphos and (Me,In), * di- 
phos + diphos (the mixtures being present in a 1: 1 
molar ratio). The results are presented in Table 
2. The 8r for each solution moves upfield as the 
temperature is lowered. For diphos, this must be a 
solvent anisotropy effect but for the other solutions 
may include a changing degree of dissociation. The 
BP of (Me,In), sdiphos is upfield of diphos and 
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Table 1. Selected NMR signals for the compounds in CsD6 
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Compound 

& (Ppm) 
Phosphine & (Ppm) 

R,M Alkyl Aryl’ P.4” PEla JPP 0-W 

PPh, 
P(2-Me&H.,), 
Diphos 
Triphos 
Tetraphos 

Me,Al 
Bu;Al 

Me,Ga 
Et3Ga 
Me,In 
Et,In 
Me3Al-PPhS 
Me,Ga*PPh, 
Me,In*PPh, 
Me,In - P(2-Me&H& 
(Me,Al), - diphos 
(Bu\Al),*diphos 

(Me,Ga),*diphos 
(Et,Ga)z*diphos 
(Me,In),*diphos 
(Et Jn), * diphos 
(Me&l),-triphos 
(Me,Ga)3*triphos 
(Me,In), - triphos 
(Me,Al), * tetraphos 

-0.35 
0.29d, l.O4d, 
1.95 hept 

-0.10 
OSOq, 1.22t 

-0.18 
0.53q, 1.42t 

-0.07 
0.17 
0.15 

-0.15 
-0.17 

0.51d, l.lOd, 
2.10 hept 
0.15 
0.8Oq, 1.48t 
0.07 
0.96q, 1.61t 

-0.22 
0.10 
0.12 

-0.25 

(Me,Ga), - tetraphos 0.06 

(Me,In),- tetraphos 0.02 

- 
- 
- 
- 

- 7.01,7.44 - 6.26 - 

2.42 7.01 - 30.76 - 

2.20 7.02,7.35 - 13.81 - 

1.93’ 7.04,7.39 - 18.01 - 14.08 
1.80’ 7.05,7.39 -18.11 - 14.02 

- - 
- - 

- 
- 

- 
- 

- - 
- - 
- - 
- - 

- 7.06, 7.50 
- 7.00,7.45 
- 7.00,7.45 

2.45 7.01 
2.62 7.00,7.47 
2.47 7.01,7.45 

2.52 6.99,7.41 
2.51 7.00,7.44 
2.51 6.99,7.40 
2.51 7.05,7.47 
2.39 6.99,7.50 
2.30’ 7.00,7.46 
2.25 7.04,7.47 
2.24 6.97,7.50 

2.21’ 7.00, 7.50 

2.09 6.97,7.45 

- 
- 
- 
- 

-9.37 
- 5.49 
- 8.96 

-29.19 
- 14.01 
- 12.88 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

-11.38 - 

Not obtained - 

- 15.02 - 

Not obtained - 

- 17.44 - 13.95 
- 14.17 - 10.90 
- 17.91 - 15.29 
- 17.57 - 14.02 

- 14.64 - 11.23 

- 18.05 -15.12 

a For triphos and tetraphos moieties, PA (and PA’) refer to the more central P atom(s). 
‘Calculated assuming JpBpB = 0 Hz. 
“Complex multiplets, median reported. 

changes only slightly with temperature (much less for each of the mixtures of (MejM)* *diphos+ 
so than diphos itself) ; that of (Me,Ga), * diphos is diphos was intermediate between the values for the 
downfield of diphos, so its small but significant adduct and free diphos. For indium, only one signal 
upfield shift as the temperature is lowered cannot was detected down to 193 K implying either that 
be due to greater association. As expected, the BP the adduct was totally dissociated, or a 1: 1 adduct 

Table 2. Variable temperature 3’P NMR chemical shifts (ppm in ChDSCD3) of selected species 

- 
- 
- 

AB 28.3 
AB 28.p 
AA’ 24.ob 

- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 

AB 33.5 
AB 32.8 
AB 33.6 
AB 34.5b 
AA’ 28.96 
AB 32.2’ 
AA’ 27.4’ 
AB 32.2’ 
AA’ 28.2’ 

Temperature (K) 
(Me,Ga),*diphos (Me,In), * diphos 

Diphos (Me,Ga),-diphos + diphos (Me,In),*diphos + diphos 

Room (295-305) - 12.20 -11.33 -11.34 - 15.34 - 14.25 
263 - - - - 15.58 - 14.78 
223 - - - - 15.70 - 15.26 
193 - 14.31 -11.55 - 12.64” - 15.66 - 15.54 

“Signal flanked by spinning side-bands at + 16 Hz, relative intensity l/8. 
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is formed (a fluxional four-coordinate or non- 
fluxional chelate complex), or that exchange be- 
tween adduct components was rapid even at this 
temperature. The first is unlikely since the 
chemical shifts are different from the free phos- 
phines ; attempts to isolate a 1: 1 adduct have 
failed and evidence from measuring the partial 
pressure of Me,M over the diphos adducts sug- 
gests that the 1: 1 adduct at temperatures of 40- 
150°C is unstable with respect to the 2 : 1 adduct+ 
diphos ; the facile exchange of adduct components 
at low temperature has been observed previously6 
and seems the most likely explanation. For 
gallium, one signal was found at ambient tem- 
perature but at 193 K the signal at 6 - 12.64 was 
flanked by two smaller signals of equal intensity 
(1: 8 relative to the central peak) at 16 Hz either 
side of the main signal. These are believed to be 
spinning side-bands but this has not been verified ; 
we can find no plausible explanation for these sat- 
ellites which are based upon “freezing out” of 
fluxionality. Furthermore, both the 31P and ‘H 
NMR spectra of Et,Ga*(Ph2P)2CH2 were largely 
unchanged between ambient and 193 K.9 

The variable temperature NMR evidence implies 
that for (Me,M), sdiphos (M = Ga, In) there is no 
substantial association as the temperature is 
lowered, as would be expected for a partially dis- 
sociated complex. On the other hand, a totally dis- 
sociated moiety would give & and & values vir- 
tually identical with the free moieties, which is not 
observed ; therefore it must be concluded that these 
adducts are associated in solution at these tem- 
peratures and concentrations (cu 5%), even though 
the changes in BP upon adduct formation are often 
small. Variable temperature NMR was not per- 
formed on the other adducts. 

Each adduct was heated in uacno and the resulting 
volatiles, which were analysed by ‘H NMR, showed 
the respective metal trialkyl with no signals cor- 
responding to the phosphine. The sample tem- 
perature at which condensed volatiles first became 
visible to the naked eye varied between 40°C for 
MeJn*P(2-MeC,H,), and 115°C for (Me,Al), 
* diphos, both at lo- ’ mmHg ; these temperatures 
are thought to correspond broadly with the adduct 
bond strengths. For the adducts with PPh3 and 
diphos, these bond strengths, based upon the ease 
of thermal dissociation, followed the series : 

Al > Ga N In. 

This order is similar to that found for adducts 
between Me3M and diphos by dissociation pressure 
measurements, ‘O viz. 

Al >> In > Ga. 

Furthermore, for a given Lewis acid the bond 
strengths appeared to be in the order : 

PPh3 N diphos > triphos 

N tetraphos > P(2-Me&H&. 

Interestingly, when uncomplexed diphos or any of 
the adducts containing triphos and tetraphos were 
crystallized from benzene then this solvent was 
clathrated into the crystals. Prolonged drying at 
just above room temperature and 1 O- ’ mmHg gave 
crystals which still showed the presence of benzene 
in the ‘H NMR ; in fact the benzene can be seen 
in the X-ray crystal structure of (Me,Al), - triphos 
(vide injhz). Furthermore, the benzene was observed 
in the ‘H NMR of the metal alkyls obtained by 
thermal dissociation of these adducts. This 
phenomenon was not observed for the diphos 
adducts provided there was no excess diphos pre- 
sent. 

X-ray crystal structure determination showed 
that the three complexes (Me,M),*diphos (M = 
Al, Ga, In) are isostructural with two distorted 
tetrahedral metal centres linked across a centre 
of symmetry by the bridging diphos. The struc- 
ture of the indium complex as a representative of 
the group, is shown in Fig. 1; selected bond lengths 
and angles are given in Table 3. The bond lengths 
show that the covalent radii of Al and Ga are very 
similar, and are cu 0.2 A smaller than that for In. 
Detailed comparison of M-P and M-C distances, 

Table 3. Selected bond lengths (A) and angles (deg) for 
(Me,M), - diphos 

Al Ga In 

M-P 

M-C(l) 
M-C(2) 
M-C(3) 
P-qll) 
P-C(21) 

P-C(4) 

C(l)-M-P(l) 
C(2)-M-P( 1) 
C(3)-M-P( 1) 

C(l)-M-C(2) 
C(l)-M-C(3) 
C(2)-M*(3) 
C(4FP-M 
C( 11)-P-M 
C(21FP-M 
C( 1 l FP-C(4) 
C(21+P-C(4) 
C(1 IFP-C(21) 

2.544(4) 2.546(4) 
1.967(5) 1.973(S) 
1.967(5) 1.977(5) 
1.957(5) 1.980(5) 
1.819(4) 1.820(4) 
1.817(4) 1.820(4) 
1.835(4) 1.841(4) 

98.7(2) 98.5(2) 96.1(2) 
103.2(2) 102.7(2) 101.7(3) 
104.1(2) 103.3(2) 100.8(3) 
116.5(3) 116.7(3) 118.8(4) 
116.4(3) 116.9(3) 116.5(4) 
114.5(3) 114.7(2) 116.7(4) 
116.1(2) 116.3(2) 116.6(2) 
111.4(2) 111.7(2) 113.5(2) 
114.3(2) 114.5(2) 112.3(2) 
101.8(2) 101.6(2) 104.5(2) 
104.8(2) 104.6(2) 101.9(2) 
107.4(2) 106.8(2) 106.9(2) 

2.755(4) 
2.175(6) 
2.161(6) 
2.177(7) 
1.822(4) 
1.819(4) 
1.841(4) 
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Fig. 1. X-ray crystal structure of (Me,In),*diphos to show the numbering scheme. 

using M-C distances as the basis for covalent radii 
&nBf&%, +lririC&dR. %‘?il&$L ‘3hVhXll~~'(8~%~ A$Vr 

the Ga-P distance compared with the difference 
between the Al-C and Ga-C distances, and a 
s’)ig&1y hrger increase @,.r>:, A> in the 122-P 
&stance. This js perhaps smpr&ng jn vjew of tie 
relative bond strengths as reflected by thermal dis- 
sociation (see above and ref. 20). The In-P 
distance, 2.755(4) A, is substantially longer than 
that found For Me& *PMe, viz. 2.683(4) A, I’ and 
this is consistent with it being a weaker interaction” 
than in the PMe, adduct. 5 There is a dearth of data 
on Al-P and Ga-P distances from X-ray crystal 
data, but values of 2.53(4) and 2.52(2) 8, have been 
determined by gas phase electron diffraction for 
Me,Al*PMe,” and Me ,Ga * PMe,, ’ 3 respectively. 
Again the analogous distances in the diphos adducts 
are greater, but the errors in the gas phase measure- 
ments are too large for meaningful comparisons. 

The X-ray crystal structure of (Me3A1)3 - triphos 
is shown in Fig. 2 with selected parameters in Table 
4. The triphos bridges the three distorted tetrahedral 
aluminium centres ; the central Al-P distance of 
2.510(9) A is shorter than the terminal ones at 
2.536(9) A, either because one phenyl and two eth- 
ylene groups are less sterically crowding than vice 
versa, or because of the electron-withdrawing effect 
of the phenyl groups on the phosphorus lone pair. 
It is noted that the central Al-P distance is shorter 
than that obtained by electron diffraction of 
Me,Al * PMe, (vi& supru), although as has already 
been mentioned, the error in this technique is too 
great for meaningful comparison. Both of the 
Al-P distances are slightly smaller than in the 
diphos adduct described above. The crystal packing 

diagram, Fig. 3, shows the unit cell contains one 
~~Rmnr~uk-~~~,~r’r~~u;‘c 
molecules. 

All operations were performed under an atmo- 
sphere of purified nitrogen using Sch2enk-sty2e 
apparatus and a glove box. Solvents were distilled 
From sodium benzophenone under nitrogen. Anhy- 
drous GaCl,, InCl,, Me31n, Et,Ga, Et31n, all phos- 
phines and solutions of Me,Al (in hexane), Bu\Al 
(in toluene) and MeLi (in diethyl ether), were 
obtained from commercial sources. ‘H and 3’P 
NMR spectra were obtained using Bruker WP80 
FT, WM250 FT, WH400 FT spectrometers and 
micro-analyses on some of the more important com- 
pounds were carried out by the Microanalytical 
Laboratory of University College, London. 

(1) Me3Al*PPh3 

This was prepared as described previously* and 
was recrystallized from benzene (76% yield) ; m.p. 
127-131°C. A sample of this compound (1.3 g, 3.9 
mmol) was heated slowly under lo- ’ mmHg in a 
trap-to-trap distillation apparatus, the receiver flask 
at - 196°C. A distillate became visible at 105°C and 
the dissociation became vigorous at 120°C when the 
adduct melted and bubbled. Final yield of 
(Me,Al), : 0.22 g, 78%. 

(2) Me,Ga*PPh, 

To a solution of GaC13 (11 .O g, 62 mmol) in 
diethyl ether (40 cm’) at 0°C was added MeLi (112 
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Fig. 2. X-ray crystal structure of (Me,Al), * triphos - OSC,H, to show the numbering scheme. 

/ 

\ 

b I 

Fig. 3. Crystal packing diagram of (Me3A1)3 * triphos~O.SC,H,. 
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Table 4. Selected bond lengths (A) and angles (deg) for (Me&l), *(Ph2PCH&H&PPh 

1295 

fwl>--ctll) 
Aw)--c(l3) 
P(l>--c(lOl) 
P(ljC(l) 
Al(2>--C(21) 
~(2)--c(23) 
P(2jC(2) 
P(2jC(201) 
Alt3jC(31) 
Al(3)--C(33) 
P(3)--c(301) 
P(3jC(4) 
C(ljC(2) 

C(l2jAl(ljC(ll) 
C(l3jAl(ljC(l2) 

P(ljAl(l~(l2) 
C(lOljP(ljAl(1) 
c(llo)-P(1jC(lol) 
C(ljP(l)--c(lOl) 
C(2)--c(ljP(l) 
Al(2jP(2)--C(2) 
C(2OljP(2jA1(2) 

C(3jP(2jAl(2) 
C(21 jAl(2jP(2) 
C(22 jA1(2jC(21) 
C(23 jAl(2jC(21) 

C(4)--c(3jP(2) 
AK3jP(3)--c(4) 
C(301 jP(3jAl(3) 
C(310 jP(3 jAl(3) 
C(3 lj-A1(3jP(3) 
C(32jA1(3jC(31) 
C(33 jAl(3 jC(31) 

1.960( 14) 
1.961(14) 
1.802(10) 
1.832(12) 
1.968(11) 
1.983(E) 
1.816(11) 
1.813(10) 
1.936(12) 
1.972(13) 
1.804(10) 
1.816(9) 
1.549(13) 

116.1(6) 
11X2(7) 
107.3(S) 
111.0(3) 
104.7(4) 
104.4(4) 
109.6(7) 
114.5(4) 
118.2(3) 
110.9(4) 
105.6(4) 
116.9(6) 
114.0(6) 
114.0(7) 
108.5(4) 
117.7(3) 
114.2(4) 
101.0(5) 
118.3(6) 
116.5(6) 

cm3 of 1.67 M solution, 187 mmol) dropwise over 
about 1 h. The ether was fractionated off at atmo- 
spheric pressure using a 16 cm Vigreux column and 
the Me,Ga* OEtl was distilled without the column 
at 98°C ; yield 10.3 g, 88% based on GaC13. To 
Me,Ga*OEt, (3.Og, 16mmol)in benzene(10cm3) 
was added PPh, (4.2. g, 16 mmol) in benzene (40 
cm3). The ether was fractionated off as above and 
the remaining benzene solution was concentrated in 
UQCUO to obtain crystalline Me,Ga * PPh3 which was 
recrystallized from pentane ; yield 4.2 g, 70% ; 
m.p. 132-135°C. Found: C, 66.6; H, 6.47. 
GaPC2rHZ4 requires: C, 66.9; H, 6.41%. A sample 
of Me,Ga * PPh, (6.0 g, 16 mmol) began to liberate 
Me,Ga at 80”C/10-2 mmHg but the rate was more 
satisfactory at 90°C. Final yield of Me,Ga : 1.3 g, 
71%. 

(3) Me&*PPh, 

This was prepared in a similar manner to 
Me,Ga-PPh, using InCl, (7.2 g, 33 mmol), MeLi 

-4l(ll-W2) 
~tlwv) 
w-w 10) 

W+‘XW 
AW-P(2) 
P(2jC(3) 

Al(3jCX32) 
Al(3jP(3) 
P(3)--C(3 10) 

C(3)--c(4) 

C(l3jAl(ljC(ll) 
P(ljAl(lW(l1) 
P(ljAl(ljC(l3) 
C(ll0 jP(1 j-Al(l) 
C(ljP(ljAl(1) 
C(ljPtljwl0) 
P(2)--c(2>--c(l) 
C(20 1)-4w43) 
C(3jP(2jC(2) 
C(3jP(2jC(201) 
C(22jAl(2jP(2) 
C(23jA1(2jP(2) 
C(23 jAl(2jC(22) 
P(3)--c(4jC(3) 
C(30 1 jP(3jC(4) 
C(3 lOjP(3>--c(4) 
C(310 jP(3jq301) 
C(32)--A1(3jP(3) 
C(33jA1(3 jP(3) 
C(33jAl(3jC(32) 

1.979(11) 
2.535(7) 
1.808(10) 

1.973(15) 
2.504(6) 
1.812(10) 

1.965(14) 
2.531(7) 
1.790( 10) 

1.536(15) 

117.2(6) 
101.5(4) 
95.5(4) 

121.2(3) 
111.4(4) 
102.7(4) 
112.2(7) 
106.2(5) 
103.1(5) 
102.2(5) 
99.8(4) 
99.7(4) 

117.1(6) 
118.8(7) 
104.1(5) 
105.8(5) 
105.5(5) 
99.2(5) 

103.2(5) 
114.3(6) 

(76 cm3 of 1.30 M solution, 99 mmol) and PPh3 
(10.2 g, 39 mmol). From the crude product (15.5 g) 
which contained excess phosphine, a sample was 
recrystallized twice from benzene ; m.p. 130-133°C. 
Found: C, 59.0; H, 5.64. InPC2,Hr4 requires: C, 
59.7; H, 5.73%. Another crude sample containing 
MeJn - PPh, (2.9 g, 6.9 mmol) plus excess PPh, (0.3 
g) began to liberate Me,In at 85”C/10-2 mmHg but 
the rate was more satisfactory at 105135°C. Final 
yield of [MeJn], : 0.5 g, 45%. 

(4) Me,In *P(2-MeC6H& 

P(2-MeC,H& (3.7 g, 12 mmol) was dissolved 
in benzene (80 cm3) and cooled to - 196°C. Then 
Me,In (1.9 g, 12 mmol) (obtained commercially) 
was condensed onto the frozen solution in uacuo, 
the mixture allowed to warm to room temperature, 
filtered and the filtrate concentrated in vucuo 
whence crystals of Me,In - P(2-MeCaHJ3 were 
obtained; yield 2.8 g, 50%; m.p. llO-125°C. A 
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sample of the adduct (1.6 g, 3.4 mmol) began to 
liberate Me31n at 40°C/10-2 mmHg but the tem- 
perature was gradually raised to 80°C to obtain a 
satisfactory evolution rate. Final yield of [MeJn], : 
0.43 g, 79%. 

(5) (Me,Al), - diphos 

A solution of Me,Al(21 cm3 of 2.3 M solution, 48 
mmol) was added to a solution of diphos (10.2 g, 
25.6 mmol) in benzene (250 cm’). The hexane was 
removed using a fractionating column at atmo- 
spheric pressure and the solution cooled to room 
temperature, filtered and the filtrate concentrated 
in vacua whence large crystals of (Me,Al), * diphos 
were obtained ; yield 9.2 g, 71% based upon Me,Al ; 
m.p. 163-170°C. Found: C, 67.0; H, 6.73. 
A12P2C32H42 requires: C, 70.8; H, 7.80%. A sam- 
ple of (Me3Al),*diphos (3.0 g, 5.5 mmol) began to 
liberate Me,Al at 1 lSC/lO- ’ mmHg but the rate 
was more satisfactory at 130-140°C. Final yield of 
(Me,Al), : 0.71 g, 90%. 

(6) (Bu\Al), - diphos 

A solution of B&Al (14.4 g of 25% solution, 18.2 
mmol) was added to diphos (3.6 g, 9 mmol) in 
benzene. Solvents were removed in vacua to give 
the crude adduct (6.8 g). A sample of this material 
was recrystallized from pentane ; m.p. 7590°C. The 
remainder (2.05 g, 2.58 mmol) was found to start 
liberating Bu\Al at 8O”C/lO-* mmHg and does so 
at a useful rate at 12O-130°C. Final yield of Bu\Al : 
0.9 g, 88%. 

(7) (Me,Ga), - diphos 

This was prepared in a similar manner to 
Me3Ga.PPh3 using GaCl, (6.3 g, 36 mmol), MeLi 
(65 cm3 of 1.67 M solution, 109 mmol) and diphos 
(8.2 g, 21 mmol). The crude product (12.5 g) was 
recrystallized from benzene giving large, colourless 
crystals of (Me,Ga), - diphos ; m.p. 163-167°C. 
Found: C, 61.4; H, 6.73. Ga2P2C32H42 requires: 
C, 61.2; H, 6.74%. A sample of the adduct (3.32 g, 
5.29 mmol) began to liberate Me,Ga at 85’C/lO-* 
mmHg but this proceeded more rapidly at llO- 
130°C. Final yield of Me3Ga : 1.11 g, 91%. 

(8) (Et,Ga),*diphos 

Et,Ga (2.7 g, 17 mmol) was condensed in vacua 
onto a solution of diphos (3.55 g, 8.92 mmol) in 
benzene (40 cm’) at - 196°C. The mixture was 
allowed to warm to room temperature and was 
stirred for 30 min. The solution was concentrated 

in vacua whence crystals were obtained ; yield 5.45 
g, 87% ; m.p. 12&128”C. A sample of this (3.45 g, 
4.85 mmol) began to liberate Et,Ga at 8O”C/lO-* 
mmHg and this continued at 120-125°C. Final 
yield of Et,Ga : 1 .O g, 66%. 

(9) (Me,In)* - diphos 

MeLi (63 cm3 of 1.30 M solution, 82 mmol) was 
added dropwise to a suspension of InC13 (6.0 g, 27 
mmol) in diethyl ether (50 cm’) at 0°C. The contents 
were heated to reflux for 2 h and a solution of 
diphos (6.0 g, 15 mmol) in benzene (200 cm3) was 
added. The ether was fractionated off at atmo- 
spheric pressure and the remaining solution was 
filtered. Solvents were removed in vucuo and the 
crude adduct (9.78 g) was recrystallized from ben- 
zene to give large, colourless crystals of (Me,In), 
sdiphos; m.p. 163-166°C. Found: C, 53.8; H, 
5.90. In2P2C32H42 requires : C, 53.5 ; H, 5.89%. A 
sample of the adduct (3.07 g, 4.28 mmol) began 
to liberate Me,In at 8O”C/lO-* mmHg but was 
conveniently performed at 120-130°C. Final yield 
of [Me,In],: 1.01 g, 74%. 

(10) (Et,In),*diphos 

This was prepared in a similar manner to (Et,Ga), 
sdiphos using Et,In (67 g, 330 mmol) and diphos 
(82 g, 206 mmol) and the product crystallized from 
benzene ; yield 98 g, 74% ; m.p. 95-108°C. A small 
sample exposed to daylight had decomposed to a 
grey metallic material after a few days. The remain- 
der (98 g, 122 mmol) began to liberate Et31n at 
9O“C/lO- ’ mmHg which became rapid at IOO- 
115°C. Final yield of Et,In : 34 g, 69%. 

(11) (Me,Al), - triphos 

This was prepared in a similar manner to (Me,Al), 
sdiphos using Me3Al (6.0 cm3 of 2.3 M solution, 
14 mmol) and triphos (2.46 g, 4.61 mmol). Upon 
the removal of benzene 3.6 g was obtained E 104%! 
From X-ray studies, the compound reformulated 
as (Me,Al), - triphos*0.5CsH,. Recalculated yield : 
99%. A sample of this (1.14 g, 1.44 mmol) began to 
liberate Me,AI at 55”C/lO-* mmHg and proceeded 
rapidly at 70-80°C. Final yield of (Me3A1)*: 0.25 
g, ca 80% as the distillate contained a trace of 
benzene. 

(12) (Me,Ga), - triphos 

This was prepared in a similar manner to 
Me,Ga * PPh, using GaCl, (2.29 g, 13 mmol), MeLi 
(10 cm3 of 1.30 M solution, 13 mmol) and triphos 



(2.45 g, 4.6 mmol), and gave the crystalline adduct ; 
yield 2.6 g, ca 68% ignoring the benzene of cry- 
stallization. A sample of the adduct (1.27 g, cu 1.4 
mmol) began to liberate Me,Ga at 50”C/10-2 
mmHg and the temperature was gradually raised 
to 120°C. Final yield of Me3Ga : 0.49 g, essentially 
quantitative although the distillate contained a 
trace of benzene. 

(13) (MeJn), * triphos 

A sample of (Me,In)z*diphos (5.4 g, 7.5 mmol) 
was heated to 13O”C/lO- * mmHg and the resulting 
Me,In was condensed onto a solution of triphos 
(2.70 g, 5.06 mmol) in benzene (50 cm3) at - 196°C. 
The solution was allowed to warm to room tem- 
perature and solvents were removed in wcuo to 
leave a sticky oil (5.56 g, equivalent to 109%, so 
clearly some benzene had been incorporated ; equi- 
valent to 1.2 moles per mole of adduct from gravi- 
metric estimation). Attempted recrystallization to 
separate from pentane, benzene and toluene was 
unsuccessful. Found : C, 52.5; H, 5.86. 
In3P3Cd3Hs0 requires : C, 50.9 ; H, 5.96%. A sample 
of the adduct (2.8 g, ca 2.8 mmol) began to liberate 
Me31n at 60”C/10-2 mmHg but the temperature 

was gradually raised to 140°C. Final yield of 
[Me,In], : 1 .O g, ca 75% but the sublimate contained 
a trace of benzene. 

(14) (Me,Al),* tetraphos 

This was prepared in a similar manner to (Me ,Al) 2 
mdiphos using Me,Al (6.6 cm3 of 2.3 M solution, 
15 mmol) and tetraphos (2.55 g, 3.81 mmol). Sol- 
vents were removed in vacua to leave a white powder 
(3.92 g, 108%, so benzene has been incorporated; 
equivalent to 0.93 moles of benzene per mole of 
adduct from gravimetric estimation). A sample of 
the adduct (1.58 g, cu 1.6 mmol) began to liberate 
Me,Al at 6O”C/lO-* mmHg but proceeded rapidly 
at 75-80°C. Final yield of (Me,Al), : 0.48 g, essen- 
tially quantitative but the distillate was con- 
taminated with a trace of benzene. 

(15) (Me,Ga), - tetraphos 

This was prepared in a similar manner to 
(Me,Ga),.diphos using GaCl, (2.35 g, 13.3 mmol), 
MeLi (10.3 cm3 of 1.30 M solution, 13.4 mmol) and 
tetraphos (2.45 g, 3.66 mmol). The product was 
crystallized from benzene; yield 2.0 g, 53% based 
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Table 5. Crystal data, details of intensity measurements and structure 

Molecular formula 
Molecular weight 
Crystal system 

a (A) 
b (A) 
c (A) 
0: (deg) 
B (deg) 
Y (deg) 
Volume (A ‘) 
Space group 
Z 

0, (g cm- ‘) 

$000) 
hkl, range 

Total no. of reflections 
No. of unique reflections 
No. of reflections, used ; 

(F ’ 3aQ) 
No. of parameters 
Weighting scheme 

parameter g in 

w = l/[a2(fl+gF;] 
Final R 
Final R, 

AW&JL~ Ga2P2C3Jh2 In2P2C3Jb2 
542.556 628.036 695.922 
Triclinic Triclinic Triclinic 
8.922(6) 8.903(3) 9.003( 1) 
9.485(2) 9.485(4) 9.576(l) 
11.324(2) 11.308(3) 11.332(l) 
68.870(2) 68.922(2) 69.585(9) 
84.001(3) 83.865(2) 84.786(9) 
66.808(3) 66.906(3) 67.302(9) 
820.86 818.97 843.59 
Pi Pi PT 

1.097 1.273 1.413 
1.65 17.52 13.55 
290 326 362 

o-+ 10 -lO-+ 10 o-, 10 
-ll+ 11 0+11 -ll+ 11 
- 13 -+ 13 -13-13 -13-13 
3089 2880 2966 
2884 2880 2966 

2463 2574 2628 2237 
247 247 247 446 

0.0002 0.0002 0.0002 0.0005 
0.0345 0.0282 0.0241 0.0753 
0.0380 0.0309 0.0247 0.0689 

A1,P3C,,H,,~0.5C6H, 
789.814 
Triclinic 
19.968(4) 
12.521(3) 
10.346(9) 
96.175(6) 
93.917(6) 
72.928(2) 
2456.54 
PT 
2 
0.941 
1.60 
778 
-20+20 
-12+ 12 

o-+ 10 
5287 
5287 
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upon benzene-free crystals. The whole sample 
began to liberate Me3Ga at 65”C/lO-’ mmHg and 
was rapid at 120-130°C. Final yield of Me,Ga :0.76 
g, ca 93% but this contained traces of benzene. 

(16) (MeJn), - tetraphos 

This was prepared in a similar manner to (MeJn)3 
- triphos by decomposing (MeJn), *diphos (6.2 
g, 8.6 mmol) and condensing the MeJn onto tetra- 
phos (3.00 g, 44.48 mmol) in benzene (60 cm’). 
The compound was crystallized from benzene ; yield 
4.66 g, 83% based upon benzene-free crystals. 
Found: C, 47.9; H, 5.67. In4P&S4H,8 requires: C, 
49.5 ; H, 6.00%. A sample of the adduct (1.75 g, ca 

1.34 mmol) began to liberate Me31n at 7O”C/lO-* 
mmHg but proceeded rapidly at 130-140°C. Final 
yield of [Me,In],: 0.64 g; ca 75% but was con- 
taminated with a trace of benzene. 

X-ray crystallography 

Crystals of the four compounds were sealed 
under nitrogen in thin-walled glass capillaries. All 
X-ray measurements were made on an Enraf- 
Nonius CAD4 using the 0129 scan technique 
with graphite monochromated MO-K, radiation 
(A = 0.71069 A) following previously detailed pro- 
cedures14 and standard CAD4 software. The struc- 
tures were solved via the heavy atom method and 
refined by full-matrix least-squares. Non-hydrogen 
atoms were assigned anisotropic displacement fac- 
tor coefficients ; hydrogens in all three diphos struc- 
tures were experimentally located and freely refined 
with isotropic displacement factor coefficients, but 
were included in idealized positions in the triphos 
structure and refined as components of rigid groups, 
with group Ui,, values. Crystal data and details of 
intensity measurements and refinement are given in 
Table 5. 
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Abstract-Reaction of mercuric acetate, 2-pyrrolidinone and silver nitrate leads to the 
formation of a dimeric mixed-metal complex, [HgAg(C,H,NO),(NO,)], (where C4H6N0 
is the anion of 2-pyrrolidinone). The complex has been characterized by X-ray diffraction ; 
the crystals are orthorhombic, Pbcn, a = 15.532(3), b = 16.244(2), c = 19.755(2) A, 2 = 8. 
The structure was refined on 2549 reflections to R = 0.054. The dimeric complex has at its 
centre a folded Ag,O, ring with the bridging oxygen atoms being provided by the 2- 
pyrrolidinone anions, the first example of this compound functioning as a trinucleating 
ligand. There are also significant inter-dimer interactions, giving rise to unusually distorted 
silver coordination geometries. Further, weak electrostatic, anion-mediated interactions 
serve to bridge adjacent dimers so as to form loosely linked polymeric sheets. 

We are exploring the ability of the anion of 2- 
pyrrolidinone to function as a binucleating ligand. 
In particular, we have found that in the presence of 
mercuric acetate the ring nitrogen is deprotonated 
leading to the formation of Hg(C4H6N0)2 (1) 
(where C4H6N0 is the anion of 2-pyrrolidinone). 
This can then react with further metal salts to pro- 
duce unusual mixed-metal polymers, several of 
which have been characterized by X-ray analysis. ls2 
When 2-pyrrolidinone, mercuric acetate and 
copper(I1) nitrate were reacted together, a novel 
layer polymer comprised of contiguous 32-mem- 
bered macrocycles resulted. ’ On substituting cobalt 
nitrate for copper nitrate a totally different struc- 
tural type was formed-a chain polymer made up 
of interlocking 16-membered heterobimetallic 
macrobicyclic links.2 As the coordination geometry 
adopted by the transition metal appears to have an 
important influence on the overall structure of the 
polymer, it was felt to be important to extend our 
studies of the range of metals which would react 
with (1). To this end a reaction utilizing Ag+, a 
monopositive cation with a proclivity for distorted 
coordination geometries, has been performed. A 

new dimeric complex [HgAg(C4HsNO)2(N03)]2 (2) 
has resulted which, whilst not having the same 
covalent polymeric character of the mixed metal 
pyrrolidinone compounds previously described,‘*2 
does form polymer-like structures via weak elec- 
trostatic inter-dimer interactions. 

1299 

2Pyrrolidinone (4 mmol) and mercuric acetate 
(2 mmol) in methanol (5 cm3) were added to a 
suspension of silver nitrate (1 mmol) in 9 : 1 meth- 
anol-water (20 cm’). A white microcrystalline pre- 
cipitate began to form immediately. The mixture 
was stirred for ca 2 h, then filtered. The white pow- 
der was washed with methanol (2 x 5 cm’) and dried 
in air. Yield : 0.3 mm01 (60%). Slow evaporation of 
the filtrate gave, after three days, colourless crystals 
suitable for X-ray analysis. Found : C, 18.0 ; H, 2.1 ; 
N, 7.7. Calc. for HgAg(C,H,NO),(NO,) : C, 17.8 ; 
H, 2.2 ; N, 7.8%. 

X-ray studies 

t Author to whom correspondence should be addressed. 
Crystal data. C, 6H24O 1 0N6Ag2Hg2, orthorhom- 

bit, a = 15.532(3), b = 16.244(2), c = 19.755(2) A, 

EXPERIMENTAL 
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U = 4984 A3, space group Pbcn, Z = 8, M = 1077, and is dimeric (Fig. 1). Selected bond lengths and 
D, = 2.87 g cme3, @u-K, = 365 cm- ‘. angles are listed in Tables 1 and 2. 

Measurements. Refined unit cell parameters were 
obtained by centring 20 reflections on a Nicolet 
R3m diffractometer. Using the omega scan meas- 
uring routine, 3367 independent reflections 
(6 < 5S”) were measured with Cu-K, radiation 
(graphite monochromator). Of these, 2549 had 
IF01 > 3a((F,I) and were considered to be observed. 
Lorentz and polarization corrections were applied. 
A numerical absorption correction (face indexed 
crystal) was applied. 

Structure analysis. The structure was solved by 
the heavy atom method, which gave the position of 
one of the mercury atoms. All other non-hydrogen 
atoms were located from subsequent AF maps and 
were refined anisotropically. The hydrogen atom 
positions were idealized (C-H = 0.96 A) and 
assigned constrained isotropic thermal parameters 
U(H) = 1.2U(C). 

The 2-pyrrolidinone ligand adopts two quite 
different binding modes within the dimer. The first 
is a binucleating interaction in which the ring nitro- 
gen atom bonds to mercury and the exocyclic oxy- 
gen to silver. Bonding of this type has been found 
previously when (1) forms heterometallic polymers 
with transition metal ions. ‘** Similar coordination 
also occurs in tetranuclear platinum complexes of 
2-pyrrolidinone.5 The second and novel, ligand 
coordination mode is trinucleating involving the 
exocyclic oxygen bridging two silver atoms. This 
leads to the formation of a folded four-membered I 

Refinement was by block-cascade full-matrix 
least-squares to R = 0.054, R, = 0.058 [w- ’ = 
o’(F) + 0.0017F2]. Computations were carried 
out on an Eclipse S140 computer using the 
SHELXTL program system. 3 Scattering factors 
were taken from the International Tables for X-ray 
Crystallography.4 

Ag-O-Ag-0 ring. Although similar Ag202 
rings have been reported previously (with the 
oxygen atom bridging from 0TeF;,6 tetra- 
phenylcyclopentadienone7 and ClO; 8, in those 
cases the ring is planar. In (2) the dihedral angle 
between the 0( 1)0(3)Ag( 1) and 0( 1)0(3)Ag(2) 
planes is 165”, and the deviation of the four con- 
stituent atoms from the mean plane of the ring is 
ca 0.12 A. This distortion can be accounted for by 
considering inter-dimer interactions. 

Final atomic coordinates, thermal parameters 
and structure factors have been deposited with the 
Editor as supplementary data. Atomic coordinates 
have also been deposited with the Cambridge Crys- 
tallographic Data Centre. 

A view down the c-axis of the unit cell (Fig. 2) 
shows that the dimers form parallel extended 
planes. The structure may be visualized in terms of 
two principal inter-layer interactions, back-to-back 
and anion mediated face-to-face. In the former, 
these interactions chiefly involve the Ag202 units 
which are oriented such that inter-dimer bonds can 
be formed linking the Ag atoms in one ring with 
bridging oxygens in the next (Fig. 3). These Ag-0 
bonds [Ag(l)-O(l)* = 2.72, Ag(2)---0(3)* = 2.67 
A and vice versa] are almost certainly responsible 
for the non-planar nature of the four-membered 
metallocycle. The oxygen atoms are displaced 

RESULTS AND DISCUSSION 

The X-ray structure analysis shows that the com- 
plex has the stoichiometry HgAg(C4H6N0)*(N03) 

Fig. 1. Molecular structure of Hg,Ag,(C4H,NO)4(NOs)2, giving the atom numbering scheme. 
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Table 1. Selected bond lengths (A) for (2) 
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HgU)_-Ntl) 
Wll-Wl) 
WO-Nt3) 
%O-W61) 
AgtlWtl) 
Aid1l-W) 
MlWt61)” 
k&W-W) 
&CQ-W) 
&$+WlY 

2.043( 10) 
2.647( 11) 
2.002( 11) 
2.641(11) 
2.369(9) 
2.407( 10) 
2.745( 10) 
2.435(9) 
2.285( 10) 
2.720( 10) 

WlJ--N(2) 
HgUWW) 
fW9-NW 
HiSWt62) 
Aid1b-W) 
Agtll-W)* 
&V)--0tW 
Agt9-W) 
M3---O(3)* 
&&9-W3Y 

2.047(12) 
2.769( 11) 
2.011(10) 
2.797( 11) 
2.267( 10) 
2.719(10) 
2.725( 10) 
2.402(9) 
2.671(10) 
2.663( 10) 

Table 2. Selected bond angles (deg) for (2) 

NlFHdl)_W) 
WHMl~t52) 
W+Wl)--0(52) 
WHM%-NW 
WH-k(2W(62) 
WFJ-W’Wt62) 
W)_&tl)--o(2) 
WF--AgtlWtl)* 
WI----Ag(l)--otW’ 
WFAgU)_W)* 
WjAgtl)--otW’ 
W)_-Ag(1W(61)” 
0( I)*-Ag( 1)-0(61)” 
0(61)“-Ag(l)---O(63)” 

WjAg(2W(4) 
O(l)---Ag(2W(51)’ 
O(3)-Ag(2)--0(4) 
0(3)_Ag(2W(5 1) 
O(4)---Ag(2)--0(3)* 
O(4)-Ag(2)--0(53)’ 
O(3)*-Ag(2)-0(53) 

Ag(lW(l>-Ag(2) 

174.6(5) 
89.2(4) 
95.3(4) 

174.0(5) 
90.9(4) 
93.8(4) 

142.0(3) 
87.1(3) 

113.4(4) 
85.7(4) 
91.4(5) 

120.4(5) 
162.8(5) 
46.5(4) 

136.7(3) 
118.1(4) 
135.3(4) 
91.9(4) 
86.1(4) 
94.4(4) 

150.0(4) 
96.8(3) 

NljHgtl>--0(51) 
W9-HgtlWW) 
0Wl-WlWtW 
WF-Wl-W61) 
WH-W)--0(6 1) 
0(61H-k(2)--0(62) 
Otl)_-Agtll-W) 
WI-Agtl)--oW)” 
WI-Agt 1 k--W) 
W)_-Ag(lWt6l)” 
WI---&tlWtl)* 
WI-Ad1 WtW’ 
0( I)*-Ag( 1)--0(63)” 

W)_Ag(2)--0(3) 
O(l)-Ag(2)--0(3)* 
O(l)-Ag(2>--0(53) 
0(3jAg(2W(3)* 
O(3)-Ag(2)--0(53)’ 
O(4)-Ag(2)--0(5 1)’ 
O(3)*-Ag(2)-0(51)’ 
0(51)‘-Ag(2w(53) 

Ag( 1)--o(3)-Ag(2) 

92.0(4) 
93.2(4) 
47.0(4) 
94.1(4) 
91.8(4) 
46.5(4) 
82.8(3) 
93.1(4) 

131.2(3) 
83.5(4) 
76.7(4) 
81.1(4) 

147.5(4) 
81.5(3) 
77.1(4) 
82.2(4) 
81.3(3) 

117.1(4) 
87.5(5) 

162.4(4) 
47.0(4) 
96.7(3) 

Fig. 2. The stacking of the dimers in (2) viewed down the crystallographic c-axis, showing the face- 
to-face and back-to-back arrangements. 
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Fig. 3. The back-to-back inter-dimer stacking : (a) viewed normal to the Ag,O, plane, (b) approxi- 
mately edge on showing the dimer-dimer interactions. 

below the plane of the Ag,Oz unit towards the 
silver atoms in the dimer beneath. The silver atoms, 
however, are not displaced towards the oxygen 
atoms in the lower dimer because of the competing 
interactions of the interposed nitrate anions (see 
below). 

The region between the face-to-face layers of 
dimers (Fig. 2) is occupied by the nitrate anions. 

These provide additional structure stabilizing inter- 
layer bridging interactions. Each nitrate can be 
regarded as being bidentate towards a silver atom 
[Ag(lw(61)” = 2.75, Ag(l)--0(63)” = 2.73 A; 
Ag(2)----0(51)’ = 2.72, Ag(2)--0(53)’ = 2.66 A] 
and monodentate to a mercury atom [Hg(l) 
-0(61)” = 2.88; Hg(2)--0(51)’ = 2.87 A] in one 
dimer, whilst simultaneously being bidentate to 

Fig. 4. The anion mediated face-to-face dimer interactions. 
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Fig. 5. A perspective view of the coordination geometries of the two silver atoms within the dimer. 

a mercury atom in another [Hg(l)‘-O(51)’ = 
2.65, H&1)/--0(52) = 2.77 A; Hg(2)“--0(61)” 
= 2.65, Hg(2)“4(62)” = 2.80 A]. (See Fig. 4.) 

As a result of these intra- and inter-dimer silver- 
oxygen interactions, each silver atom is bound to 
six oxygen atoms but with a very irregular geometry 
(Fig. 5). In each case, three of these oxygen atoms 
[O(l), O(2) and O(3); O(l), O(3) and O(4)] are 2- 
pyrrolidinone oxygens within the dimeric unit. The 
non-bridging oxygens form the shortest bonds 
[A&1)---0(2) = 2.27(l), Ag(2)-O(4) = 2.29(l) A], 
whilst the bridging oxygens have slightly longer 
bonds (ranging between 2.37(1)-2.44(l) A]. The 
three remaining oxygen atoms are those involved 
in the inter-dimer binding and have Ag-0 dis- 
tances that are significantly longer (ca 2.7 A, see 
above). The coordination geometry is perhaps best 
considered as a bicapped square pyramid. The two 
mercury atoms in the dimeric unit are, as expected, 
both essentially linearly coordinated to two 2-pyr- 
rolidinone ring nitrogens (see Table 1). 

In previous compounds obtained by the reaction 
of (1) with transition metal nitrates we have found 
that large heterometallic rings are formed, in one 
case as large as 32-membered’ and in another 16- 
membered.’ In (2), bimetallic macrocycles are also 
formed, though on this occasion the ring is only 
eight-membered, comprising one Hg, one Ag, two 
C, two 0 and two N atoms. There are two such 
rings in the dimer, both of which can be considered 
to be essentially planar, but with the silver atoms 
providing the major deviation from planarity [Ag( 1) 
and Ag(2) lying N 0.4 and 0.6 A, respectively from 
the mean planes of the ring atoms other than Ag]. 

The Hg- - -Ag contacts [Ag( l)-Hg(1) = 3.02, 
Ag(2)-Hg(2) = 3.07 A] within the dimer, though 
less than Van der Waals, are too long for any 
significant degree of metal-metal bonding. The 
trans-annular Ag(l)-Ag(2) distance is 3.59 A. 

There are also inter-dimer mercury-mercury con- 
tacts but again these are too long to be of great 
significance, [Hg(l)-Hg(1)’ = 3.67, Hg(2)-Hg(2) 
= 3.77 A]. 
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Abstract-Improved preparations are reported of M4[P208] * nH,O (M = K, n = 0 ; 
M = Na, n = 18 ; M = Li, n = 4; M = NH4, n = 2), as well as their 31P NMR spectra; 
the vibrational spectra for Li4[P@8] *4HZ0 are described. The X-ray crystal structure of 
(NH4)4[P208]*2H20 has been determined, its unit cell is monoclinic with a = 15.336(2), 
b = 9.893(2), c = 8.789(l) A, fi = 91.28(2)0 (at 2o”C), space group C2/c, and 2 = 4. The 
structure has been refined to R = 0.034. The peroxodiphosphate anion consists of two 
phosphate tetrahedra linked by a peroxide bond. 

The peroxodiphosphate ion, [Pz08]4--, is a powerful 
oxidant (E, = 2.07 V’). It is used in organic oxi- 
dations, z-4 and as an initiator in polymerizations. 5*6 
Several salts have been reported and characterized 
by elemental analysis, 7,8 and vibrational spectra are 
reported for two salts.‘p9 However, no crystal struc- 
tures have been determined. 

In this study, lithium, sodium, potassium and 
ammonium peroxodiphosphate have been prepared 
in a pure state and the crystal structure of 
ammonium peroxodiphosphate dihydrate, (NH4)4 
[P208] - 2H20, has been determined by single- 
crystal X-ray diffraction. The vibrational spectra 
of Li4[pz08] * 4Hz0 are reported for the first time, 
and the 31P NMR of the four salts measured in 
the solid state and in aqueous solution. The reac- 
tion of [pz08]4- with ruthenium and its suitability 
as a co-oxidant for organic oxidations has been 
briefly investigated. 

RESULTS AND DISCUSSION 

X-ray crystal structure of ammonium peroxo- 
diphosphate dihydrute, (NH4)4[P208] * 2Hz0 

The [pz08]4- ion consists of two phosphate 
tetrahedra linked through a peroxide bond, as 

*Authors to whom correspondence should be addressed. 

shown in Fig. 1; it lies on a crystallographic two- 
fold axis. The peroxide bond length is lSOl(3) A, 
similar to those found for (NH,),[S@,] (1.497(8) 
A)” and K2[Sz08] (1.482(6) A),” but appreciably 
longer than the value of 1.453(7) A observed in 
solid hydrogen peroxide,” probably because of the 
strongly electron-withdrawing effect of the -PO3 
groups. The terminal Pa distances are identical 
within experimental error, mean 1.508(2) A, with 

a P-(&oxide distance of 1.658(2) A. The angles 
between the terminal oxygen atoms are slightly 
greater than tetrahedral, while those between the ter- 
minal and peroxo oxygen atoms are 99.4” for that 
anti to the peroxo group and 106.5” for the other 
two. The angles at the peroxo oxygen atoms are 
105.7” and the anti 0-P-O-O-Pa moiety is 

Fig. 1. The peroxodiphosphate anion, [pzOs]4-, in 
ammonium peroxodiphosphate dihydrate. 
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Fig. 2. Stereo view of packing in the unit cell of (NH,)JP20s]*2H20, showing hydrogen bonds as 
dotted lines. 

planar. Overall, the structure is similar to that of 
the peroxodisulphate anion in (NH4)z[SzOs]‘o and 

w%0sl. ’ ’ All the hydrogen atoms of the 
ammonium groups and the water molecules are 
involved in a complex network of hydrogen bonds, 
as shown in Fig. 2. Bond lengths, bond angles and 
hydrogen bond data are given in Table 1 and the 
unit-cell packing is shown in Fig. 2. 

Vibrational spectra 

The Raman* and IR9 spectra of a number of salts 
containing the [p,0,]4- ion have been reported. 
We have measured such spectra for K4[Pz08], 
Li4[P208] -4H20, Na4[P208]. MHz0 and (NH4)4 
[p208] *2Hz0 in the solid state and in aqueous 
solution ; for the lithium salt these are recorded 

Table 1. Selected bond lengths (A) and bond angles (“) 
with estimated standard deviations in parentheses 

P1-01 1.509(2) P1-02 1.507(2) 
P1-03 1.508(2) P1-04 1.658(2) 
Ol-P1-02 114.4( 1) Ol-P1-03 113.9(l) 
02-P1-03 114.4( 1) Ol-P1-04 106.5( 1) 
02-P1-04 99.4( 1) 03-P1-04 1065(l) 
P1-04-04A 105.7(2) 

Bond lengths 
Hydrogen bonds 

Angle 

Nl-Hll 
Nl-H12 
N2-H21 
N2-H22 
N3-H3 1 
N3-H32 
N3-H33 
N3-H34 
05-H51 
05-H52 

0.87 Nl 
0.92 Nl 
0.88 N2 
0.85 N2 
0.94 N3 
0.88 N3 
0.82 N3 
0.88 N3 
0.82 05 
0.90 05 

.02 2.82 

.Ol 2.80 
-02 2.82 
-03 2.81 
-01 3.04 
-03 2.84 
.05 2.87 
.Ol 2.84 
.03 2.74 
-02 2.85 

at H (“) 
159 
174 
165 
170 
164 
169 
169 
171 
174 
175 
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Table 2. Vibrational spectra of Li.,[P20J*4Hz0 
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Raman Raman 
(solid) (IM solution) 

IR 
(KBr disc) Assignments 

300( 1) 
390( 1) 

503( 1) 
562( 1) 

790(6) 
894(8) 

1019(10) 

1120(2) 
1137(l) 
1182(l) 

311(l) 
389( 1) 

512(2) 
575(l) 

635(l) 

779(4) 
893(7) 

1008( 10) 

1105(l) 
1125(l) 
1155(l) 

361~ 
392~ 

472w,b 
553m 
629w,b 

774m 

1092m 
1112s 
1132~s 
1161s 

w(pO3) 

%sPO 3) 

Relative Raman intensities in parentheses. 

for the first time and are given in Table 2. Only 
partial assignments for [p208]4- were given by 
Simon and Richter,* with no polarization data. 

The totally symmetric terminal PO3 stretch 
v,(POJ is observed at 1008 cn- ’ in aqueous solu- 
tions of the salts with a depolarization ratio (p) of 
0.02. The band at 779 cm-’ @ = 0.07) is probably 
the symmetric P-O stretch [v,(P-O-O-P)] of 
the peroxo bridge, observed at 842 cm-’ in 
[SZ0,]2-.” The O-O stretch [v,(O-O)] we assign 
to the partially polarized band at 893 cm-’ 
(p = 0.41); a similar ratio, 0.34, was observed for 
the corresponding mode in [S,O,]‘-. ’ ’ The position 
of this band in the solid salts M4[P2Os] *nH,O 
seems to be strongly cation-dependent : 894 cm- ’ 
(M = Li), 860 cm- ’ (Na), 843 cm- ’ (K) and 884 
cm-’ (NH,). The wavenumbers for the Raman 
spectra of K4[PrOs] and Na4[P208] * l8H2O agree 
fairly well with those reported by Simon and 
Richter,8 with the exception of the O-O stretch 
[v,(O-O)] which we find lies at 843 and 860 cm-‘, 
respectively. Also by analogy with the [S20J2- ion 
we assign the strong IR band at 774 cm-’ to the 
P-O-O-P torsion r(P-O-O-P) ; the IR band 
at 996 cm-’ could arise from v&P--o--O--P). 
The IR and Raman bands in the 1100-1200 cm-’ 
region will be due to asymmetric PO3 stretches 
[vas(P03)], with the corresponding deformations at 
400-600 cm-’ and wagging modes at 300-400 
cm- ‘. Similar assignments have been proposed for 
[s20*]2-.” 

3 ‘P NA4R Spectra 

The 3’P NMR spectrum of a 0.5 M aqueous 
solution of K4[P20s] shows a singlet with a chemical 
shift of 6 7.0 ppm (relative to 85% H3[P04]) at pH 
10.3. Acidification causes a shift to lower 6 values, 
presumably due to protonation of the [p20J4- 
anion. A plot of the 3’P shift against pH (from pH 
12 to 2) (Fig. 3) shows only one inflection, at pH 

14- 1 
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Fig. 3. Plot of pH vs “P chemical shift for aqueous 0.5 

M solutions of (a) K4[P208] and (b) KJPO,]. 
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4.8, although the pK3 and p& values for H4[P20s] 
have been found from potentiometric titration data 
to be 5.18 and 7.68, respectively. ’ 3 It is not clear 
why this discrepancy arises, since plots of the 31P 
shift versus pH for the H,PO:-” system give good 
agreement with the published values ; we find the 
p& for HPO:- is 12.3 and the p& for H2P0; is 
7.1, the same as those given in the literature. ’ 3 

We have also recorded the 3’P chemical shifts for 
the solid salts, using 3 ‘P cross-polarization magic- 
angle spinning. The shifts (again relative to 85% 
H3P04) are 6 9.2 ppm (K), 8.0 ppm (Li), 5.7 ppm 
(NH,) and a doublet at 10.0 and 11.0 ppm for the 
sodium salt. The apparent cation dependence of these 
shifts could arise from effects of the cations in the 
solid state, when they are packed next to the anions 
rather than independently solvated ; the splitting in 
the sodium salt could arise from partial dehydration 
of the sample. 

[p20814- us an oxidant 

The peroxodisulphate anion, [S20&, acts as a 
co-oxidant for [Ru0412- in alkaline aqueous solu- 
tion and the [RuO~]‘--[S~O~]~- system is an 
efficient catalytic cycle. I4 Since the [p,0,12- anion 
has a similar structure and E0 value, it was thought 
that it might function similarly. We find this to 
be so ; a solution of RuC13 - nH,O (2 x lo- 5 M) in 
aqueous NaOH (2 M) and a large excess of 
Na4[P206] * l8H2O (0.06 M) does generate the red 
[RuOJ2- ion, identified by its electronic 
spectrum. I5 Such solutions at 50°C slowly oxidize 
benzylic alcohols to the corresponding carboxylic 
acids (e.g. benzyl alcohol to benzoic acid and 4- 
methoxybenzyl alcohol to 4-methoxybenzoic acid) 
with turnovers of up to 100. These reactions are 
however much slower than those with [S208]2--, due 
probably to the higher negative charge on [P20814-. 
Nevertheless such a system could well be of interest 
where mild organic oxidations are required. 

EXPERIMENTAL 

Most of the preparations of salts of [P,Os]‘- 
appear in the patent literature and often lack spec- 
ific detail ; in many cases it is not clear whether the 
products are pure. We have devised modifications 
to existing preparations for these salts to give pure 
products. 

Potassium peroxodiphosphate, K4[PP208] 

The procedure used here is a modification of that 
described in recent patent literature. I6 Potassium 
dihydrogen ortho-phosphate (41 .l g, 0.3 mol), pot- 

assium hydroxide (21.9 g, 0.39 mol) and potassium 
nitrate (8.1 g, 0.08 mol) were dissolved in distilled 
water to give 80 cm3 of solution. The mixture was 
then electrolysed for 6 h on three successive days, 
using a voltage of 6 V and a current of 0.4 A. A 
platinum gauze (approximately 2 cm’) was used as 
the anode, giving a current density of approximately 
0.2 A crn2, and a platinum wire as the cathode. 
Stirring was continued throughout and the prep- 
aration was carried out under a gentle flow of N2 
to prevent the formation of carbonate from atmo- 
spheric carbon dioxide. The temperature was main- 
tained at 10°C during electrolyses. The product was 
then precipitated with methanol. After several 
recrystallizations from water/methanol the pure 
product was obtained by slow evaporation of an 
aqueous solution in YQCUO over concentrated sul- 
phuric acid. Found: O$-, 9.0; K, 44.4; P, 17.7. 
K4P2O8 requires: Oz-, 9.2; K, 45.2; P, 17.9%. 

Lithium peroxodiphosphate tetrahydrate, Li4[P20s] 
’ dH,O 

The procedure used here is a modification of that 
described by Creaser and Edwards. l7 Crude pot- 
assium peroxodiphosphate was prepared as fol- 
lows : potassium dihydrogen ortho-phosphate (45.3 
g, 0.33 mol), potassium hydroxide (29.7 g, 0.53 mol) 
and potassium fluoride (18.0 g, 0.3 1 mol) were dis- 
solved in distilled water to give 80 cm3 of solution 
and electrolysis was conducted as described above. 
The product separated as a solid and following elec- 
trolysis was filtered off and redissolved in distilled 
water (100 cm3). To this was added a solution of 
lithium perchlorate LiC104 - nHzO (54 g) in distilled 
water (150 cm’), and the resulting thick white pre- 
cipitate stirred for 15 min ; it was then filtered off. 
The filtrate was tested for completion of reaction 
by adding a few drops of lithium perchlorate solu- 
tion. The filtrate was then warmed to 45°C and 
methanol (150 cm3) was added rapidly dropwise to 
the stirred solution. Repeated recrystallization from 
water/methanol gave the pure salt as a white 
powder. Found: Oz-, 11.0; Li, 9.9. Li4HBP20s 
requires : O2 , 2- 11.0; Li, 9.6%. 

Sodium peroxodiphosphate octadecahydrate, Na, 
[P,O,] * 18H*O 

Crude potassium peroxodiphosphate was pre- 
pared as described for the lithium salt and dissolved 
in distilled water (100 cm’). To this was added a 
solution of sodium perchlorate (61 g) in water (150 
cm’) ; the resulting thick white precipitate was fil- 
tered off and the filtrate warmed to 50°C. Methanol 
(200 cm’) was then added quickly, with stirring and 
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after overnight storage at 5°C the impure product 
was filtered off as a white solid. This was then dis- 
solved in the minimum quantity of water (30 cm3), 
with stirring. Chilling to 0°C gave a white pre- 
cipitate ; this was filtered off at 0°C and recry- 
stallized by slow evaporation of an aqueous solu- 
tion in val r/o over concentrated sulphuric acid. 
Found : 05 ,5.0 ; Na, 14.3. Na4H36P2026 requires : 
O:-, 5.3; Na, 15.2%. 

Ammonium peroxodiphosphate dihydrate, (NH.&, 

IP@sl-2H@ 

Crude potassium peroxodiphosphate was pre- 
pared as for the lithium salt and dissolved in dis- 
tilled water (100 cm’). To this was added a solution 
of ammonium perchlorate (55 g, 0.46 mol) in water 
(250 cm’) ; the resulting thick white precipitate was 
then filtered off. The filtrate was warmed to 35°C 
and methanol (200 cm3) added quickly with stirring. 
After overnight storage at 5°C the impure product 
was filtered off. Repeated recrystallization from 
water/methanol gave the anhydrous salt as a white 
powder; slow evaporation of an aqueous solution 
in vacua over concentrated sulphuric acid gave the 
dihydrate as large single crystals. Found: Oz-, 
10.6; N, 18.6; H, 6.6; P, 20.2. N4H20P20,0 
requires: O:-, 10.7; N, 18.8; H, 6.8; P, 20.8%. 

X-ray crystal structure o~(NH~)~[P,O~] * 2H20 

Single crystals of the compound were pre- 
pared as described in the Experimental. The one 
selected for study was a rectangular section (of 
approximate dimensions 0.19 x 0.15 x 0.07 mm) cut 
from a large plate. Crystals of the dihydrate decom- 
posed over about a week, with the loss of water 
of crystallization. They were, however, sufficiently 
stable without needing varnish coating or mounting 
in a Lindemann capillary to permit X-ray data col- 
lection, provided that this was commenced immedi- 
ately upon mounting the crystal and completed 
overnight. Measurements were taken on a Nicolet 
R3m/Eclipse S140 diffractometer system with gra- 
phite-monochromated Cu-K, radiation. Unit-cell 
dimensions were determined by least-squares 
refinement of the angular settings of 16 auto- 
matically centred reflections. 

Crystal data. N4H20P2010, M = 298.13, mono- 
clinic, space group C2/c, a = 15.336(2), b = 
9.893(2), c = 8.789(l) A, /3 = 91.28(2)“, U = 
1336.7 A3 at 2O”C, Z = 4, D, = 2.97 g cnp3, 
F(OOO) = 631.9, il(Cu-K,) = 1.5418 A, p(Cu-K,) 
= 34.67 cn- ‘. 

Integrated intensities in one quadrant were mea- 
sured using the o scan technique. The 020 and 202 

reflections were monitored every 50 measurements 
and these increased by ca 10% over the period of 
data collection (12 h) ; it is possible that this was 
due to a decrease in observed extinction. A total 
of 995 independent reflections were measured, to 
8 = 57”, of which 67 were judged to be “unob- 
served” [I < 30(Z)]. The data were scaled using the 
reference reflections and were corrected for Lorentz 
and polarization effects. Later an absorption cor- 
rection was applied’* based on face-indexing. All 
calculations and drawings were made using the pro- 
gram system SHELXTL ;I8 atomic scattering fac- 
tors and anomalous dispersion corrections were 
taken from ref. 19. 

The coordinates of the independent phosphorus 
atom were found by direct methods and after a 
few cycles of least-squares refinement all the non- 
hydrogen atoms were located. When these were 
allowed to refine anisotropically the hydrogen 
atoms were found. All the atoms were then allowed 
to refine, with isotropic temperature factors for 
the hydrogen atoms and a weighting scheme 
was applied such that w = l/[a(F,,)‘+O.O007F~] 
for the last cycle ; R reduced to 0.034, and 
R’ = [Z w AI;*/? w AFz]“* was 0.037. The final 
difference Fourier synthesis was featureless, with 
the largest remaining peak c 0.3 e A-*. 

Final atomic parameters, full lists of bond lengths 
and angles, anisotropic temperature factors of the 
non-hydrogen atoms, and FO/Fc values have been 
deposited as supplementary material with the 
Editor, from whom copies are available on request. 

Physical measurements 

IR spectra were recorded as potassium bromide 
discs and liquid paraflin mulls, using a Perkin-Elmer 
683 IR spectrophotometer ; Raman spectra were 
recorded using a Spex Ramalog V Raman spec- 
trometer and a Spex Datamate data acquisition 
unit. For solid state Raman spectra the samples 
were sealed in capillaries to prevent cation 
exchange. 3’P NMR measurements were taken on 
a Jeol FX-90Q NMR spectrometer for solution 
spectra and a Bruker MSL-300 instrument with a 
“P cross-polarization magic-angle spinning attach- 
ment for solid state spectra. The peroxide content 
was determined by treatment with ammonium fer- 
rous sulphate followed by back titration with pot- 
assium permanganate solution ; hydrogen, nitrogen 
and phosphorus contents were determined by the 
Imperial College Microanalytical Laboratory. Pot- 
assium was determined gravimetrically as the tetra- 
phenylborate, and the lithium and sodium contents 
were determined by inductively coupled plasma 
atomic emission spectrometry. 
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Abstract-The reaction of [Ru($j-p-cymene)C1J2 (p-cymene = p-CH3C6H4CH(CH3)2) 
with Nahp in THF yields [Ru($-p-cymene)Cl(hp)] (1). The crystal structure of (1) has been 
determined by X-ray methods. (1) crystallizes in the space group Pbca, with a = 16.629(2), 
b = 10.201(3), c = 17.752(2) A. The compound contains one coordinated arene group, one 
chlorine and one hp group in a chelating coordination mode. The reaction of (1) with Aghp 
yields [Ru($-p-cymene)(hp),] (2). The 13C NMR spectrum at -70°C is consistent with a 
structure Ru(~6-p-cymene)(q2-hp)(~‘-hp). At room temperature a rapid interconvertion 
between the two hp ligands occurs according to the observed ‘H and 13C NMR spectra. 

Dinuclear compounds of ruthenium in the oxi- 
dation states (II,II), (11,111) or (111,111) are well 
known. ’ In these dimers the metals are linked by 
multiple bonds of orders 2,2.5 and 3 for the R&j+, 
Ru$+ and Ru;+ ions, respectively. Electrochemical 
studies have revealed that electron transfer pro- 
cesses interconverting these oxidation states and 
thus altering the bond order are relatively easy.2 
In contrast, very little is known about dinuclear 
complexes with the Ru:+ core for which the 
assumption of a single M-M bond is compatible 
with the MO description viz. a 0*.n~6~6**rr*~ con- 
figuration. We have recently observed3 that [Ru(q6- 
p-cymene)C12], can be electrochemically reduced to 
a product which, because of the lack of an ESR 
response, we postulate to be the dinuclear Ru(1 j 
Ru(1) compound. This compound has only limited 
stability in solution at room temperature. On the 
other hand, electrochemical data suggest that this 
dinuclear compound should be thermodynamically 
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stable with respect to disproportionation processes by 
virtue of a separation of the reduction waves by 1.1 
V, 3 and we assume that the decomposition is initiated 
by a dissociation of the dinuclear unit. We therefore 
attempted to synthesize Ru:+ starting materials in 
which the dinuclear unit is stabilized by bridging 
ligands such as a-oxypyridinates. We report here the 
results of an attempt to synthesize such dimers by 
reacting [Ru($-pcymene)Cl~2 with Na and Ag salts 
of hydroxypyridine. The products thereby obtained 
are mononuclear complexes of Ru(II) which were 
characterized by chemical and spectroscopic analyses 
and by X-ray crystallography. 

Preparation of the compounh 

t Authors to whom correspondence should be addressed. 

[Ru(~6-p-cymene)C1~2 was prepared by literature 
procedures.4 Hhp was obtained from Aldrich Chemi- 
cal Co. and RuCl, was obtained from Johnson 
Matthey. Nahp was obtained by reaction of sodium 

EXF’ERIMENTAL 
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methoxide in methanol with Hhp and Aghp was pre- 
pared by reacting Nahp with AgNO,. ‘H NMR and 
13C spectra were recorded in CDC13 or CD2C12 on a 
Bruker AC200 spectrometer. 

Ru($-p-cymene)Cl(hp) (1). A mixture of 50 mg 
(0.081 mmol) of [Ru($-p-cymene)Cl& and 19 mg 
(0.162 mmol) of Nahp in 20 cm3 of THF was stirred 
for 1 h. The resulting solution was concentrated 
under vacuum to one third of the initial volume. 
Slow addition of 10 cm3 of ethyl ether gave red- 
orange crystals of Ru($j-p-cymene)Cl(hp). The cry- 
stallization was completed by cooling the sample 
overnight at -20°C. Yield 61%. 

Ru(@-p-cymene)(hp)2 (2). A mixture of 122 
mg (0.334 mmol) of Ru($-p-cymene)Cl(hp) and 
64.5 mg (0.334 mmol) of Aghp in 30 cm3 of THF 
was stirred for 4 h and a white precipitate was 
separated from the yellow solution. The solution 

was filtered and concentrated under vacuum to half 
of its initial vohtme ; a yellow solid separated during 
this process. Precipitation was completed by 
addition of 10 cm3 of n-hexane. The crystals were 
filtered off, washed with hexane and dried under 
vacuum. Yield 67%. Found : C, 54.7 ; H, 5.2 ; N, 
6.1. Calc. for C18HZZN202Ru: C, 56.7; H, 5.2; N, 
6.6%. 

X-ray procedures 

The crystallographic work followed the general 
procedures which have been described previously. 5 
The crystal parameters and procedural information 
corresponding to data collection and structure 
refinement for compound (1) are given in Table 1. 
Lorentz and polarization corrections were applied. 
The position of the ruthenium atom was located 

Table 1. 

Formula 
Formula weight 
Space group 
Systematic absences 
a (A) 
b (A) 
c (A) 
CI (degrees) 
/II (degrees) 
Y (degrees) 
UA’) 
Z 
dcalc (g cm- ‘) 
Crystal size (mm) 
@to-& )(cm- ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature (“C) 
Scan method 
Data collection range (20, degrees) 
No. unique data, total with 

F,’ 7 3a(F,Z) 
Number of parameters refined 
Trans. factors, max., min. 

R” 

R,b 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak, e A-’ 

RuClONC , gH 1 8 
364.84 
Pbca 
(Oh’ k = 2n) (ho1 I = 2n) (h/c0 h = 2n) 
16.629(2) 
10.201(3) 
17.752(2) 
90.0 
90.0 
90.0 
301 l(3) 
8 
1.610 
0.15x0.2x0.2 
5.959 
Syntex Pl 

MO-K, (I, = 0.71073 d;) 

25 
22+2 
w-20 

4-45 
2240 
1559 
172 

0.03410 
0.06846 
1.445 
0.61 
0.586 

bR, = [Z w(lFJ -lF,l)“/c, wlFo12]“‘; w = l/a2(IF01). 
’ QuaWoffit = [I: w(lF,I - Ir’,l)z/(~ob, - &ramcters)l I”. 
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with the use of the direct methods program 
MULTAN. The remaining non-hydrogen atoms 
were located by using successive least-squares 
refinement and difference Fourier maps. The 
refinement converged at residuals of R = 0.043, 
R, = 0.068. 

Electrochemistry 

Cyclic voltammograms were carried out in a 
three-electrode cell using a programmed function 
generator (305 H.Q. Instruments) connected to a 
552 Amel potentiostat and were recorded with a 
Riken-Denshi F35 x-z recorder. The working and 
auxiliary electrode were platinum, the reference 
electrode was a saturated calomel electrode elec- 
trically connected to the non-aqueous solution by 
a “salt bridge”. The solvent was THF which had 
been freshly distilled over Na-benzophenone. The 
supporting electrolyte, Bu4NPF,, was recrystallized 
from ethanol and dried at 80°C in zxzcuo for 48 h. 
All the electrochemical experiments were carried 
out under an argon atmosphere. Controlled poten- 
tial electrolyses were carried out in a three-com- 
partment cell separated by fritted glass using an 
Amel 552 potentiostat. Working and auxiliary elec- 
trodes were of platinum mesh. The charge trans- 
ferred was calculated by recording intensity versus 
time during the electrolyses and carrying out an 
integration. The system was calibrated against 
cobaltocene. 

RESULTS AND DISCUSSION 

The reaction of [Ru($-p-cymene)Cl& and Nahp 
(1 : 1 molar ratio) in THF gives (1) in good yield. 
This in turn reacts with Aghp in dichloromethane 
giving (2). These two compounds are solution in 
halogenated solvents, slightly soluble in ethyl ether 
and insoluble in hexane. They are fairly air stable 
in the solid state and in solution for short periods 
of time. 

Structural results 

The compound [Ru($-p-cymene)Cl(hp)] (l), is 
a mononuclear complex of Ru(I1) with a $-coor- 
dinated aromatic ligand. A perspective view of the 
molecular unit is shown in Fig. 1. Bond distances 
and angles are given in Tables 2 and 3. 

The $-coordination of the aromatic ring and the 
small bite of the chelating ligand lead to a rather 
irregular coordination geometry which can be 
described as distorted octahedral. There is some 
indication of an alternation of bond lengths within 

Fig. 1. Ortep view of (1). 

the aromatic ring indicative of a contribution from 
the cyclohexatriene resonance structure to the over- 
all resonance hybrid. 

The bidentate ligand, which was introduced 
because of its tendency to adopt the bridging mode 

Table 2. Selected bond distances (A) for compound (1) 

Compound 1 

Ru-Cl 
Ru-O( 1) 
Ru-N 
Ru-C( 1) 
Ru-C(2) 
Ru-C( 3) 
Ru-C(4) 
Ru-C( 5) 
Ru-C(6) 

C(l)-C(2) 
C(2+C(3) 
C(3)-C(4) 
C(4VW 
CW-C(6) 
C(6)-(P) 
C(ll)-W) 

2.396(3) 
2.153(6) 
2.084(7) 
2.191(9) 
2.183(9) 
2.207(10) 
2.188(10) 
2.170(8) 
2.209(9) 
144(l) 
1.41(l) 
1.48(l) 
1.41(l) 
1.45(l) 
1.44(l) 
1.30(l) 
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Table 3. Selected bond angles (deg) for compound (1) of ligation, assumes the less common chelating 
function. The bite angle L-M-L’ is 62.4(3)“. The 

Compound 1 13C and ‘H NMR spectroscopic results (Table 4) 
suggest that (1) in solution retains the solid state 

Cl-Ru-O( 1) 86.3(2) 
Cl-Ru-N 85.6(2) 

structure. There are two partially overlapping mul- 

0-Ru-N 62.4(3) 
tiplets at 1.3 1 and 1.34 ppm in the proton spectrum 

C(6)----c( 1)--c(2) 118.6(8) 
which can plausibly be assigned to the inequivalent 

c( 1 )-c(2W(3) 122.5(8) 
methyl groups of the isopropyl substituents. The 

C(2)--c(3W(4) 118.7(g) aromatic protons appear in two blocks centred 

C(4)_-c(5)--c(6) 122.2(8) around 5.3 and 5.6 ppm, while the signals of the 

C(5)-C(6>--c(l) 119.1(8) oxypyridinate appear as four well separated res- 

N--X(11)-0 110.9(8) onances with the expected doublet and triplet fine 

C(ll)-O(l)-Ru 96.6(5) structure. Even more clearly demonstrating the lack 
C( 1 l)-N-Ru 63.9(6) of symmetry is the 13C NMR spectrum where all 

the aromatic resonances appear separated. 

Table 4. ‘H and 13C NMR data for compounds (1) and (2) 

Compound T (“K) ‘H Qvm), [J Hz1 13C &&pm) 

(I) 303 Arene ligand 100.7 ; 96.1 
5.63 m (2H); 5.38 m (2H) 81.2; 80.8; 80.4; 78.8 
2.93 spt (1H) 31.3 
2.36 s (3H) 18.8 
1.34 d (3H) [6.4]; 1.31 d (3H) [5.8] 22.6 ; 22.2 

hp ligand 177.4 
8.00 d (1H) [5.1]; 7.45 t (1H) [8.4] 
6.54 t (1H) [6.2]; 6.13 d (1H) [8.6] 145.1; 136.5; 111.4; 111.2 

(2) 303 Arene ligand 101.9;” 95.8” 
5.63-5.51 (4H, AB) [6.0] 80.5 ; 79.8 
2.87 spt (1H) 17.6“ 
2.27 s (3H) 30.7” 
1.34 d (6H) [6.9] 21.5 

hp ligand 173.0 
7.73 d (2H) [4.72] ; 7.11 t (2H) [7.0] 
6.13 t (2H) [6.2]; 6.02 d (2H) [8.5] 146.7; 136.9; 111.9; 107.5 

(2) 204 Arene ligand 101.5;” 95.8” 
80.9; 80.4; 79.9; 77.9 
17.7” 
30.6“ 
22.0; 20.8 

hp ligand 175.5; 169.5 
147.5; 146.2; 137.7; 136.6 
114.8; 109.9; 108.3; 106.2 

s : singlet ; d : doublet ; t : triplet ; m : unresolved multiplet. 
0 Signal unmodified by the temperature change. 

*Solutions of compound (2) in halogenated solvents 
slowly generate small amounts of compound (1). This 
must be due to the cleavage of the Rb-0 bond in the 
q’-hp ligand by traces of HCl present in the solvent. It is 
consistent with this observation that compound (2) is 
always isolated as a yellow solid with low analytical 
results for C and N. The ‘H and 13C NMR spectra are 
in good agreement with the proposed stoichiometry. 

In compound (2), which according to chemical 
analysis* and ‘H NMR integration has the com- 
position [Ru($-p-cymene)(hp),], there is at room 
temperature only one set of resonances for the hp 
ligand in the ‘H as well as in the r3C spectrum. 
Additionally, the dynamically averaged spectra sug- 
gest a plane of symmetry with only four aromatic 
carbon resonances and the characteristic AA’BB’ 
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(4 
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Fig. 2. 13C NMR spectra of (2) in Cl,CD. (a) 303 K and (b) 204 K. 

pattern in the proton spectrum. Assuming an 
instantaneous structure with one dangling and one 
chelating oxypyridinate ligand, we must invoke a 
dynamic process that involves rapid inter- 
conversion between the dangling and chelating 
mode for each hp. 

Ru($‘-p-cymene)($-hp*)(q’-hp) 

F===* Ru(q6-p-cymene)(q’-hp*)(q*-hp). 

All the * 3C resonances corresponding to the aver- 
age hp ligands in the room temperature spectrum 
collapse at low temperature and give two sets of 
signals at - 70°C (Fig. 2). All the arene resonances 
appear separated, in agreement with the lack of 
symmetry expected for the rigid molecule Ru($-p- 

cymene)(?*-hp)(?‘-hp). 

Electrochemical results 

Compounds (1) and (2) in THF irreversibly 
reduce at potential values of - 1.38 and - 1.56, 
respectively (vs SCE) (peak A,). One oxidation 
peak at about 0.0 V is detected in all cases in the 
reverse sweep. No other clear oxidation peaks are 
observed in the potential range used - 2.0, + 1.4 V. 
A cyclic voltammogram typical for the two com- 
pounds is shown in Fig. 3. 

Controlled potential electrolysis of compound (1) 
at room temperature on the plateau of peak A, 
results in the consumption of 1.9-2.0 Faraday 
mol-’ of Ru. Similar results are also obtained in 
the electrolysis of compound (2). The resulting dark 
red solutions obtained after the electrolysis oxidize 
at 0.0 V. One additional oxidation peak at + 1 .l V, 
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which shows selective reduction from Ru(II)- 
Ru(I1) to Ru(I)-Ru(1). 
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Fig. 3. Cyclic voltammogram of compound (1) in THF. 

is also detected in the reduced solution of (1) and is 5. 
assigned to the oxidation of chloride ions generated 
during the electrolysis. 

These results indicate that direct reduction from 
Ru(I1) to Ru(0) occurs without any evidence of the 
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erally observed for mononuclear Ru(I1) compounds 
as opposed to the dinuclear [Ru($-p-cymene)C1,],3 
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Abstract-The reaction of SnCl, with E(t-Buz)SiMe3 (E = P, As) affords compounds of 
empirical imposition [Sn(E-t-Bu*)Cl]~. An X-ray diffmction study of the arsenic com- 
pounds reveals a dimeric structure, ClSn(,u-As-t-Bu&SnCl. A similar structure is assigned 
to the phosphorus analogue on the basis of NMR data. 

The phosphido and arsenido chemistry of the main- 
group elements has been investigated much less 
extensively than that of the corresponding amides.’ 
In the context of low valent group 14 compounds, 
duMont et al. reported that the reaction of 
K[P-t-Bud with Et3P + SnC12 (2 : 1 stoichiometry) 
afforded the dimer [Sn@-P-t-Bu& (1) [eq. (l)].’ 
It was later found that reaction of Et,P + SnCl, 
with P(~-Bu)2SiMe~ (1: 1 stoichiomet~) afforded a 
material of empirical composition [Sn(P-t-Buz) 

C& (24 kq. GX3 

An arsenic analogue, [Sn(As-t-Bu,)Cl]x (2b) was 
reported subsequently.4 The structure assignment 
for 1 was consistent with 31P and ’ 19Sn NMR data. 
Although a dimeric structure for 2a,b was not 
excluded, a polymeric formulation was suggested 
for these compounds on the basis of their low solu- 
bilities. As part of a general study of the reactions 
of E(t-Bu)$iMe3 (E = P, As) with main-group 
halides, we have reinvestigated the SnC12 reaction. 

““-“““‘*~~~ E(r-Buh SiMt% t ,,.,.,~Bu,,,,,x 

-Si h4e3C1 

2a (E=P) 

2b (E=As) 

*Authors to whom correspondence should be addressed. 
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(1) 

(2) 
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Addition of a hexane solution of E(t-Bu),SiMe, 
(E = P, As) to SnCl, (in Et20) produced yellow 
slurries which upon ‘filtration afforded micro- 
crystalline 2a and 2b in 95 and 83% yields, respec- 
tively. Compounds 2a and 2b are poorly soluble 
in most common hydrocarbon and ether solvents ; 
however, both compounds can be extracted slowly 
into toluene. The same products were produced 
when an excess of E(t-Bu),SiMe, was employed. In 
fact, it is convenient to use an approximately 25% 
molar excess of the silyl reagent to ensure the com- 
plete reaction of SnCl,. Compound 2a can also be 
produced in good yields via the reaction of equi- 
molar quantities of Li[P-t-Bu,] and SnC12. How- 
ever, this methodology was not successful for the 
preparation of 2b because of reduction to metallic 
tin. 

The solid state structure of 2b comprises discrete 
centrosymmetric dimers and there are no unusually 
short intermolecular contacts (Fig. l).* The chloro 
and arsenido ligands adopt terminal and bridging 
positions, respectively, and the rhombohedral 
Sn,As, core is planar. The As geometry is approxi- 
mately tetrahedral, that of the Sn atom is best 
described as pyramidal, and there is an anti arrange- 
ment of the Cl ligands. Overall, the structure of 

%sX 
sn’ vcl 

\N/ / 

a’ ‘ft/ 
sn’ ‘SAN\ 

XX 
-A,/ YN/ 
/ /\ 

2b 3 

*Crystal data for 2b : C,6H,,As2Cl,Sn, ; M = 686.6. 
Crystal data : triclinic, Pi (No. 2), a = 8.027(l), 
b = 9.027(2), c = 9.385(l) A, a = 77.69(l), /3 = 81.09(l), 
y =6740(l)“, V= 611 A3, 2 = 1, DC = 1.87 g cme3, 
~(Mo-K,) = 49.5 cm-‘. 

Crystal growth : Yellow-orange cubic single crystals 
of 2b were grown by cooling a saturated toluene solution 
to -20°C for one week. 

Intensity data : Enraf-Nonius CAD4 diffractometer 
at 23 f 2°C w -20 scan mode within the range 
3 ,< 20 ,< 56”. The structure was solved by Patterson and 
Fourier methods by which all non-hydrogen atoms were 
located and rctined anisotropically. Full-matrix least- 
squares refinement of 2463 reflections [I > 30(Z)] from a 
total of 3142 unique measured reflections gave final R 
and R, values of 0.034 and 0.044, respectively. 

Atomic coordinates, bond lengths and angles and ther- 
mal parameters have been deposited at the Cambridge 
Crystallographic Data Centre. See notice to Authors, 
issue No. I. 

t The tin satellites appear as a doublet-of-doublets : 
‘J( I r9Sn-P) = 1426 Hz ; ‘J(’ ’ 'Sn-P) = 1370 Hz. 

Fig. 1. ORTEP view of (2b) ; key bond lengths (A) and 
angles (“) : Sn( l)-As 2.773(l), Sn( 1’)-As 2.776(l), 
Sn( l)-Cl 2.453(l), As-C( 11) 2.03 l(2), As-C( 15) 
2.032(3), [C-C],, 1.539(4) [over the range 1.529(4) to 
1.549(4)], As-Sn( I)-As 77.78(l), As-Sn( I)-Cl 
98.58(2), As-Sn(l)---Cl 97.82(2), Sn(l)-As-Sn(l’) 
102.22(l), C( 1 l)---As-X( 15) 111 .O( l), [Sn( I)---As-C],, 

110.9(8) [over the range 105.78(7) to 116.17(8)]. 

2b resembles that of [Sn(p-NMe,)NMe& (3).’ The 
most important structural feature for 2b is the 
As-Sn bond distance (av. 2.775( 1) A) which, to the 
best of our knowledge, is the first such measurement 
for a molecular compound. The sum of the covalent 
radii for Sn and As (2.63 A) is approximately 5.6% 
shorter than the observed As-Sn distamz6 Anal- 
ogously for 3, a 5.1% difference between the sum of 
the covalent radii for Sn and N and the (bridging) 
Sn-N distance is observed. For the R,E-SnX 
dimers o< = Cl, NMeJ the four-membered ring core 
consists of alternating single and dative bonds. Since 
the crystallographic experiment gives the E-Sn 
(E = N, As) distances as an average of the two types 
of bonding, it is expected that the observed E-Sn 
distances will be somewhat longer than the cor- 
responding sums of covalent radii. 

Unfortunately, it has not been possible to obtain 
single crystals of 2a suitable for X-ray diffraction 
study. However, on the basis of NMR data it can 
be concluded that 2a is isostructural with 2b. Sig- 
nificantly, the ‘19Sn NMR spectrum of 2a consists 
of a triplet (507 ppm, [t, J(’ “Sn-P) = 1432 Hz]) 
thus demonstrating that the t-PBu, groups reside 
in the bridging positions. The 3’P NMR spectrum 
of 2a consists of a singlet (-61.2 ppm)? that is 
considerably upfield of the chemical shifts for 1 

(Pterminal+ 65 ppm ; Pbridge + 20 ppm). Such an upfield 
shift can be attributed to the presence of chloride 
substituent on Sn. In fact, the 3’P NMR resonances 
for the compounds (Me,_,&)SnP-&Buz are 
shifted progressively further upfield as the number 
of chlorides on tin is increased : - 20.7 ppm, X = 0; 
-40.5 ppm, X = 1 and -72.3 ppm, X = 2.’ 
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As summarized in eq. (3), 1 and 2a can be inter- 

converted. 

1319 

Li[P-t-Bu,] 
\ 

\ I (3) 

2a 

Thus, treatment of 2a with one equiv. of Lip-t- 
Bull causes a rapid conversion to 1. The reaction 
of 1 with SnClz to form 2a is, however, much slower. 2. 
It seems likely that 2a is the intermediate species in 
the formation of 1 from SnCl,. 3. 
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Abstract-The complexes trans-[MC1,(S$R2)2] (M = Pd(II) and Pt(II), R = H and 
Me) have been synthesized and characterized. The energies of pyramidal inversion of the 
metal-coordinated sulphur atoms, measured by NMR bandshape analyses, are in the range 
49-64 kJ mol- ’ for the dichloro complexes. NMR observations suggest that for the 1,3- 
dithiolane complexes (R = H) this pyramidal inversion process is correlated with intra- 
molecular 1,3-metallotropic shifts. 

Palladia and plating ~~a~~-dih~de com- 
plexes of cyclic sulphides have been known for a 
considerable time, l-4 and certain of them have been 
extensively studied by variable temperature NMR 
in order to characterize the pyr~idal inversion 
of the coordinated sulplmr atoms.5-6 One of these 
studies concerned the five-membered tetra- 
hydrot~ophen ring complexes ~MX~~S~H~)4~~] 
(M = Pd(I1) and Pt(II), X = Cl, Br and I). Syn- 
thesis of the related complexes of 1,3-~t~ol~es, 
namely [MCl,(S~R,)~ (M = Pd(I1) and 
Pt(II), R = H and Me), has been prompted for two 
reasons. We wished, firstly, to examine the influence 
of a second heterocyclic sulphur atom on the inver- 
sion rates of the me~I-coordinated sulphur atom, 
and secondly to establish whether the metal under- 
went a 1,Zshift between the two sulphur sites anal- 
ogous to the shifts in metal complexes of the open 
chain ligands, MeS(CH~S)*Me, viz. 2,4-dithia- 
pentane (n = l), 7*8 2,4,&trithiaheptane (n = 2),‘,” 
2,4,6,8_tetrathianonane (n = 3)9 and the cyclic 
ligands 1,3-dithian, SCH2SCH2CH2CH2”‘-‘3 1,3,5- 
trithian, S??HmH2,’ ‘-I3 and 1,3,5,7-tetra- 
thian, ~cH~SCH~SCH~S~H~. i4*15 

We report herein the syntheses and solution ‘H 
NMR properties of the unsubstituted and 2,2- 
dimethyl substituted 1 ,Zdithiolane complexes 

*Author to whom correspondence should be addressed. 

[MCl~(S~R~~~ (M = Pd(I1) and Pt(II), 
R = H and Me), and in the following papers6 on 
the 2-monosubstituted . complexes 
[MCl,(S$HR)J (R = $?!u, and Ph). 

EXPERIMENTAL 

Materials and preparations 

Ligarzds. 1,3-Dithiolane was prepared by con- 
densation of ethylenedimer~ptan with for- 
maldehyde. ’ ’ The mercaptan (8.86 g, 0.119 mol, 
9.43 cm3) was slowly added to a formalin (2.83 g, 
0.119 mol, 2.60 cm3) solution confining a trace of 
HCl(1 cm3) cooled to below 10°C. When the clear 
solution was gently warmed it suddenly became 
turbid with the separation of 1,3-dithiolane and its 
polymeride. The former was steam distilled and the 
distillate purified further by extraction with ether 
(2 x 50 cm3). The combined ether layers were dried 
over MgSO,. Removal of ether under reduced pres- 
sure gave the required product (2.96 g, 0.028 mol; 
yield 23.3%). B-p. 61”C/ll mmHg.17 

2,2-Dimethyl- 1,3-dithiolane was prepared by 
reacting a solution of Analar acetone (7.9 g, 0.13 
mol, 10 cm3) in benzene (100 cm3) with ethane- 
dithiol(12.8 g, 0.13 mol, 11.5 cm3) in the presence 
of p~u-toluenesulpho~c acid (0.2 g). The mixture 
was heated under reflux for 9 h at 65”C, during 
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which time water (2.1 cm3, 0.116 mol) was collected 
using a Dean and Stark apparatus. After removing 
the benzene by distillation at 80°C the required 
product (12 g, 0.090 mol) was obtained by dis- 
tillation of the residue under reduced pressure. B.p. 
SO’C/lO mmHg.‘* 

The palladium(II) and platinum(II) complexes. 
These were prepared by a modified version of the 
procedure of Kauffman and Cowan.” For the 
trans-dichloro complexes this involved stirring an 
aqueous solution of the palladium or platinum salt 
K2MC14 with an aqueous solution of the excess 
ligand for 1 h at room temperature. 

Dichlorobis( 1,3-dithiolane)platinum(II), [PtCl* 
(S-H,),]. (A representative preparation.) 
K*PtCl, (0.27 g, 0.67 mmol) was dissolved in water 
(20 cm’) and added to an aqueous solution (20 
cm3) of 1,3-dithiolane (0.142 g, 1.34 mmol). After 
complete addition the reaction mixture was stirred 
for 1 h, the yellow product filtered and then dried 
over anhydrous calcium chloride. Recrystallization 
from chloroform gave the desired product. Ana- 
lytical data are in Table 1. 

NMR spectra 

All spectra were recorded on a Brtiker AM250 
FT spectrometer operating at 250.1 MHz (‘H) and 
62.9 MHz (’ 3C). All complexes were examined as 
solutions in CDC13 using Me,Si as the internal ref- 
erence. Sample temperature variation was achieved 
by a standard variable temperature unit, tem- 
peratures being considered accurate to + 1°C. 
Bandshape analyses of the ‘H spectra were based 
on at least six spectra and were performed using the 
authors’ modified version of the DNMR program 
of Kleier and Binsch.” 

RESULTS 

Static NMR data 

The trarzs-[MCl&mR&] complexes all 
possess the same basic geometry. The tetrahedral 

Fig. 1. General structure of meso- and DL-[MCI, 
(S-R& (M = Pd(I1) or Pt(II), R = H or Me) 

showing the proton labelling. 

sulphur atoms in these complexes constitute chiral 
centres which render the ring methylene hydrogen 
pairs diastereotopic and hence anisochronous in 
the absence of any exchange process. Because of 
the lower symmetry of the 1,3-dithiolane complexes 
compared to the tetrahydrothiophen complexes,’ 
two diastereomers are possible which differ in the 
relationship of their isolated -CR2- groups. (Fig. 
1). A meso isomer arises when the groups are mutu- 
ally cis and a DL isomer pair results when the groups 
are mutually trans. These diastereomers cannot be 
interconverted by any bond rotation process (e.g. 
rotation about the M-S bonds) but can be ex- 
changed by atomic inversion of the pyramidal S 
atoms. Low temperature ‘H and 13C NMR studies 
clearly show that no isomer exchange is occurring, 
and both meso and DL forms of the complex exist 
in approximately equal amounts. Rapid rotation 

Table 1. Analytical data for the complexes [MC12(SC2H4SCR,)d 

Elemental analysis (%) 
C H 

Yield M.p. (“C) Colour Calc. Found Calc. Found 

FdCl,@C~~,SCIGl 70.5 110 Orange 18.5 18.5 3.1 3.0 
[PtCL&ffi--b),I 80.7 100 Yellow 15.1 14.8 2.5 2.5 
[PdCl,(SmMe,)J 54.0 210 Orange 27.0 24.3” 4.5 3.8” 
[PtCUSmMe&l 78.0 210-20 Yellow 22.5 19.3” 3.7 3.0” 

‘Recrystallization tends to lead to the loss of the ligand. The quoted values are the best obtained 
from a number of attempts. 
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Table 2. Hydrogen-l NMR shifts” for the complexes [MCl,(mRJJ 

1323 

Complex Temp. (“C) RAA’/Rcc RBB,/RnD’ H.&&E I&,&F’ Hcc’/HGG’ HDD’/HHH 

-40 4.14 3.90 4.21 3.47 3.53 2.98 
FdCl@C&SCH&.l 4.70 3.85 4.17 3.39 3.50 2.93 

20 3.91 3.91 3.17 3.17 3.17 3.17 

-20 4.73 3.96 4.22 3.39 3.50 3.08 
[PtCl,(SCJ&SCH~)~l 4.68 3.92 4.17 3.36 3.45 3.06 

60 4.32 4.32 3.44 3.44 3.44 3.44 

-50 2.33 1.96 4.23 3.08 3.41 3.41 
lI’dCl,(SmMe&l 4.17 3.01 

30 2.09 2.09 3.75 3.75 3.49 3.49 

-30 2.15 1.98 4.33 3.15 3.49 3.49 
[PtCl,(SmMe,)J 1.97 4.27 3.10 

60 2.11 2.11 3.77 3.77 3.47 3.47 

(1 In ppm relative to Me,% 

about the M t S bonds is assumed to be occurring 
at all temperatures and the structures in Fig. 1 
depict one arbitrarily chosen conformation. 

The ‘H NMR spectral data for these complexes 
recorded at low temperatures are given in Table 2. 
The proton labelling relates to the structures in Fig. 
1 and the assignments are based on experience with 
the tetrahydrothiophen complexes. 5 The MClz moi- 
ety exerts a deshielding effect on the ring protons, 
particularly those attached to the carbons adjacent 
to the coordinated S atom and directed towards the 
halogen (viz. RAA’, Rcc, HAA’, HEE’, Fig. 1). 

On warming the complexes, major spectral 
changes occur (see later) resulting for most cases in 
single signals for the R substituent protons and for 
the other ring methylene protons. Data for the high 
temperature limiting spectra are also given in Table 
2. The static forms of these complexes were also 
characterized by their 13C chemical shift data mea- 
sured at low temperatures (Table 3). 

Dynamic NMR studies 

At low temperatures (ca -40°C) the ‘H spec- 
tra of the complexes [MCl,(SmH,),l] [M = 
Pd(I1) and Pt(II)] consisted of a pair of almost first- 
order AB quartets due to the methyl pro- 
tons of the isolated C(2) carbon. (Fig. 2). The two 
AB signals are attributed to the meso and DL forms 
but it was not possible to assign each AB system 
individually. On warming the complex, sulphur pyr- 
amidal inversion becomes established and the AB 
signals show exchange broadening. Initially this 
broadening is slight, leading simply to a loss of 
distinction between the meso and DL isomers. On 
heating to 60°C (Fig. 3) further broadening occurs 
leading to coalescence at approximately 30°C in the 
case of the platinum(I1) complex (Fig. 3). By 60°C 
the single band has sharpened somewhat but the 
fast exchange limit was not reached with the chosen 
solvent, CDC13. 

Table 3. Carbon-13 NMR shift data” for the complexes [MC12(SC2H,SCR&] 

Complex 

[PdCl,(SmH,)J 

[PtCl,(SrC2H,S1CH2)J 

[PtCl,(S~Me,)#’ 

Temp(“C) S-C-S C-C-S-M C-C-S-M Me 

-40 42.36 39.80 36.99 - 
42.21 39.65 36.99 

-40 42.37 38.83 36.91 - 
42.24 38.67 36.91 

-30 41.82 37.11 36.33 29.50 
41.83 37.05 36.33 29.40 

LI In ppm relative to Me,% 
‘Quarternary carbon shift not detected. 
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* 

* 

I ” I ’ I I 
ppm 4.5 4.0 3.5 3.0 

Fig. 2.250 MHz ‘H spectrum of [PtClXmHJ,] at -20°C showing the mesetx invertomer 
distinction in the -SCH$-- signals. Additional signals due to 19’Pt satellites, free ligand (*) and 

-SC2H&- (a) protons. 

These changes can be rationalized in terms of 
independent atomic inversions of the coordinated 
S atoms. Such inversions exchange the meso isomer 
with the DL pair according to Fig. 4. The effect of 
this process on the methylene protons attached to 
carbon-2 (R = H, Fig. 4) is to produce a dynamic 
spin system of the type 

ABA’B’eCDD’C 

D’d’lCD=B’A’B A 

where the labelling refers to the local magnetic 
environments of the protons numbered in the order 
(1) to (4) in Fig. 4. Since there are no measurable 
scalar couplings between protons in different rings, 
the spin system may be simplified to 

meso ABeCD DL 

DL&&meso. 

Since there are only two NMR-distinguishable 
species of approximately equal abundance, the spin 
problem is a function of a single magnitude of rate 
constant k(meso + DL) [ = ~(DL + meso)]. Band- 
shape fittings were performed on this basis using 
the static parameters given in Table 4 and the results 
for the platinum(H) complex shown in Fig. 3. The 
fittings of the lower frequency portions of the spec- 

tra were hampered somewhat by overlappings with 
the -SCH2CH2S- proton signals which also exhi- 
bited exchange broadenings. However, reason- 
ably reliable “best-fit” rate constants were deduced 
and from these values inversion energy data based 
on Arrhenius and Eyring plots were calculated 
(Table 5). 

The 2,2-dimethyl- 1,3,-dithiolane complexes 
[MCl,(S~Me&] [M = Pd(II), Pt(II)] exhi- 
bited similar variable temperature NMR features. 
In these cases, the meso-rx interconversion arising 
from the sulphur pyramidal inversions was moni- 
tored by the -CMe,-- proton signals. The ‘H 
spectra of the platinum(H) complex measured in 
the temperature range - 30 to 25°C are shown in Fig. 
5. At low temperatures the meSo-DL isomer dis- 
tinction is only just apparent, the higher frequency 
methyl signals overlapping to give an unresolved 
broadened singlet. Populations of the meso and DL 
isomers are in the approximate ratio 3 : 2. 

On warming the complex, the expected broad- 
ening occurred with coalescence being achieved 
around 10°C (Fig. 5). Bandshape fittings, using the 
static parameters in Table 4, were carried out using 
the same type of spin system as for the 1,3-dithi- 
olane complexes, except that no scalar couplings 
were included. The resulting inversion energy data 
are given in Table 5. 
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1 

200 Hz 

Fig. 3. Experimental and computer synthesized 250 MHz ‘H spectra of the -SCH$- region of 
[PfCl&C,H,SCH,),J in the temperature range 10-6O”C. Additional signals are due to 19’Pt satellites 

(a), free ligand (b), and --SC,H,S- methylene absorption (c). 

0 0 

Fig. 4. The interconversion of meso and DL isomers due to independent pyramidal inversion of the 
coordinated sulphur atoms S, and SF N.B. To retain the same mutual relationship of the two rings 

in all cases the inversion process must be followed by a 180” rotation about the M-S bond. 
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[(PtXMe,),L],“9’5 but this is the first report of 1,3- 
metal fluxions involving palladium(I1) and pla- 
tinum(I1) atoms. In previous studies, 1,3-metal 
shifts have occurred subsequent to the onset of 
rapid sulphur inversion and the two processes have 
not been correlated. The present observations for 
the [MCl,(mH,),] [M = Pd(II), Pt(II)] com- 
plexes are notably different in that respect. In the 
complexes [MC12(SCZH4SCMe2)2], a 1,3-metal shift 
process was not apparent in the spectra of the Pt(I1) 
complex up to 60°C or in the spectra of the Pd(I1) 
complex up to 30°C since distinct signals were 
always present for the HAA’/HBB, and Hcc/Hnu ring 
protons, (Table 2). Thus, the bulky -CMe,-- 
group between the two S atoms appears to prevent 
easy access to the transition state associated with a 
1,3-metal sulphur commutation. 

The precise mechanism of the S inversion/l,3- 
shift fluxion is not known. However, a dis- 
sociation/recombination process can be discounted 
since, although scalar ‘95Pt-‘H couplings could 
not be detected after the onset of S inversion 
because of residual line broadenings, separate free 
and coordinated ligand signals were clearly 
observed (viz. ‘H spectrum at 60°C Fig. 3). The 
spectral changes were in all cases temperature 
reversible and a purely intramolecular process is 
thought most likely. Certainly, in the case of 
[PtClz(SCZH,SCMe,),] where no 1,3-shift occurs, 
the S inversion process can be assumed to be purely 
intramokular by analogy with the complex 

lPtCl,(S(CH&),I.5 
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Abstract-The complexes trans-[MCl,(mHR),] (M = Pd(I1) and Pt(II), R = Me, 
‘Bu and Ph) have been synthesized. In CDCl, solution these complexes exist as two out of six 
possible NMR-distinct isomeric forms. These isomers are not interconverted by pyramidal S 
inversions since the resulting invertomers, having R groups in sterically crowded environ- 
ments, are energetically unfavoured. The palladium(I1) complexes show evidence of 1,3- 
metal shifts coupled with ligand dissociation/recombination, whereas the platinum(H) com- 
plexes are stereochemically rigid at all temperatures up to 60°C. 

The preceding paper’ examined the variable tem- 
perature solution properties of 1,3-dithiolane and 
2,2-dimethyl- 1,3-dithiolane complexes of pal- 
ladium(I1) and platinum(I1) dichlorides, and 
showed how DL and meso forms of the complexes 
co-exist in comparable quantities in CDC13 solu- 
tions at low temperatures. In accordance with pre- 
vious studies of S-coordinated Pd(I1) and Pt(I1) 
complexes, 2-6 pyramidal S inversion occurs on 
increasing the solution temperature and this inter- 
converts the two isomeric forms. In the case of the 
1,3-dithiolane complexes this dynamic process is 
accompanied by a 1,3-metal shift commutation. 
However, a gem-dimethyl group between the two S 
sites, as in [MC12(SC2H,SCMe2)& precludes this 
metal fluxion but slightly accelerates the S inversion 
process. In order to probe more thoroughly the 
relative ground state and transition state energies 
of these 1,3-dithiolane complexes, we have now syn- 
thesized the 2-substituted ligand complexes 
[MCl,(mHR),] (M = Pd(I1) and Pt(II), 
R = Me, ‘Bu, and Ph), and report herein on their 
solution NMR properties. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Materials and preparations 

Ligands. All the 2-alkyl- 1,3-dithiolanes were pre- 
pared by the general method of Gibson.7 

2-Methyl- 1,3-dithiolane. This was prepared in an 
exactly analogous way to 1,3-dithiolane,’ using 
acetaldehyde and ethanedithiol at 5°C. Yield 
51.1% ; b.p. of required product, 58”C/12 mmHg 
(58”C/12 mmHg).* 

2-Tertiarybutyl-1,3-dithiolane. This was syn- 
thesized from ethanedithiol(5.80 g, 0.061 mol, 6.17 
cm3) and trimethylacetaldehyde (5.31 g, 0.061 mol, 
6.68 cm3) in the presence of HCl (1 cm3) at 5°C. 
The reaction mixture was stirred for 1 h, heated 
under reflux for 2 h and then steam distilled. The 
crude product was purified by ether extraction 
(2 x 50 cm3) and the ether extract dried over 
MgS04. On removing the solvent under reduced 
pressure the required product (7.2 g, 0.044 mol) was 
obtained. Yield 72.0%. 

2-Phenyl-1,3-dithiolane. This was obtained by 
reacting ethanedithiol(5.28 g, 0.056 mol, 5.62 cm3) 
with benzaldehyde (5.95 g, 0.056 mol, 5.68 cm3) in 
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Table 1. Analytical data for the complexes [MCl,(SmHR),1 

Complex 

[PdCl,(SmHMe)d 
[PtCl,(SmHMe)J 
[PdCl@&@HBu’)J 
[PtCl,(SC1H4SCHBu’)J 
[PdCI,(mHPh),] 
[PtCl,(SC,H,S1CHPh)J 

Elemental analysis 
C H 

Yield M.p. (“C) Colour Calc. Found Calc. Found 

57.6 75 Yellow 23.1 22.5 3.8 3.8 
51.0 65 Yellow 19.0 17.7 3.2 3.0 
65.0 125 Orange 33.6 32.7 5.6 5.5 
65.0 102 Yelloworange 28.5 27.0 4.7 4.5 
57.0 112 Orange 40.0 40.0 3.7 3.7 
60.0 115 Orange 34.3 34.6 3.2 3.3 

the presence of HCl(1 cm’) at 3°C. The mixture was 
heated under reflux for 2 h and unreacted materials 
removed by steam distillation. The residue was 
extracted with ether and dried over MgSO,. 
Removal of ether under reduced pressure yielded a 
light yellow solid (5.51 g, 0.030 mol). M.p. 30°C. 
Yield 55.1%. 

Palladium(I1) and platinum(I1) dichloride com- 
plexes. The Pd(I1) and Pt(I1) dichloride complexes 
of the above ligands were prepared by a literature 
method which involved stirring an aqueous solution 
of the metal salt K*MCl, with an excess aqueous 
solution of the ligand for 1 h at room temperature.’ 
Fuller details of this general method are given in 
the preceding paper. ’ Analytical data are presented 
in Table 1. 

NMR spectra 

All spectra were recorded on a Brisker AM250 
FT spectrometer under the same conditions as 
described previously. ’ 

RESULTS AND DISCUSSION 

The complexes [MCl,(mHR),] possess 
tetrahedral sulphur atoms which are chiral centres, 
and numerous diastereomers can arise depending 
both on the relationship of the -CHR groups to 
each other and the relative dispositions of the sub- 
stituents within the two groups. Two such isomers 
are shown in Fig. 1. None of these diastereomers 
can be interconverted by any bond rotation process 
such as M-S bond rotation, but certain exchanges 
can be effected by coordinated-sulphur inversions. 
These are depicted in Figs 2 and 3, where the species 
are named according to the relative positioning of 
the five-membered rings (viz. meso and DL) and the 
position of attachment of the R groups, namely 
either directed away from the halogen, (i.e. trans to 

hi’ 

Fig. 1. The most probable solution invertomers of 
[MClI(SC2H,SCHR)J (M = Pd(I1) or Pt(II), R = Me, 

Ph, Bu’) showing the methylene proton labelling. 

the metal centre) or directed towards the halogen 
(i.e. cis to the metal). In each set two invertomer 
species are indistinguishable by normal solution 
NMR spectroscopy. For example in Fig. 2, meso 
(R, trans/cis) and meso (R, cis/trans) are identical 
species and in Fig. 3 DL (R, trans/cis) and DL (R, 
cisltrans) constitute a mirror pair. 

A further consequence of the chirality of the sul- 
phur atoms is the diastereotopic nature of the ring 
methylene hydrogens. In the absence of any ex- 
change process these are anisochronous and thus 
the ring methylenes of each species produce ABCD 
type ‘H spectra. 

Low temperature ‘H spectra of all the complexes, 
with the exception of the 2-methyl- 1,3-dithiolane 
complexes, consisted of pairs of almost first-order 
ABCD systems for the ring methylene protons, indi- 
cating the presence of two out of the six NMR- 
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m.so (R,trans/cls) 

n i n 

dltR,CiS/CiS) meso(R,cis/trans) 

Fig. 2. The interconversion of one set of meso and DL invertomers due to independent pyramidal 
inversion of the coordinated sulphur atoms S, and Sz. N.B. The same mutual relationship of the two 
rings is maintained by performing a 180” rotation about the M-S bond after the S atom has inverted. 

distinguishable invertomers. The ‘H spectrum of 
[PdCl,(SCzH,SCHBu’),] at -20°C (Fig. 4) is rep- 
resentative of the other complexes. The proton 
labelling is according to Fig. 1. Assignments are 
based on the assumed deshielding effect of the MClz 
moiety on the ring protons, particularly on those 
attached to carbons adjacent to the coordinated 
sulphur atoms and directed towards the halogen 
(viz. AA’, EE’, Fig. 1). However, distinction 
between corresponding protons in the two species 
is not known with any certainty. This is reflected in 
the chemical shift values in Table 2, which do not 

unambiguously distinguish between proton pairs 
such as AA’/EE’ etc. Due to the smaller steric effect 
of the methyl group compared to phenyl or r-butyl 
groups, no chemical shift distinction was obtained 
between the two forms of the 2-methyl-1,3-dithio- 
lane complexes. In the cases of the phenyl and t- 
butyl substituted ligand complexes, the two species 
present in solution were also clearly apparent from 
their 13C spectra (Table 3). 

The palladium(I1) and platinum(I1) complexes 
exhibited somewhat different variable temperature 
NMR characteristics. On changing from -20 to 

m.so(R,trans/trans) dl(R,trans/cis) 

n i f-i 

dl(R.Ci./trans) m.so( R,cis/cls) 

Fig. 3. The interconversion of the second set of meso and DL invertomers. Other caption details as 
for Fig. 2. 
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I 
5.3 

I 
4.0 

I 
3.5 

I 
3.0 wm 

Fig. 4. The 250 MHz ‘H NMR spectrum of [PdCl,(S~HBu’);?l in CDCIS at -20°C. The 
methylene signals are labelled according to Fig. 1. 

6O”C, the spectra of the Pt(I1) complexes were essen- 
tially unchanged, whereas the bands in the spectra 
of the Pd(I1) complexes showed considerable ex- 
change broadening. 

The absence of exchange processes in the Pt(I1) 
complexes is clear evidence for the two detected 
invertomer species belonging to the different inver- 
tomer sets depicted in Figs 2 and 3. Steric con- 
siderations strongly favour the R substituents being 
directed away from the halogen (i.e. tram to the 
metal) and the favoured structures are therefore the 

structures shown in Fig. 1, namely DL (R, Pans/ 
trans) (Fig. 2) and meso (R, truns/truns) (Fig. 3). 
Pyramidal sulphur inversion in either species 
necessarily brings an R group into an unfavourable 
cis relationship to halogen, causing the resulting 
species to be thermodynamically unfavoured and 
undetected in the ‘H NMR spectra. Thus, no evi- 
dence of sulphur inversion is obtained from 
the spectra of [PtCl,(mHR),] complexes, 
which are temperature invariant up to 60°C. 

The exchange broadening observed in the spectra 

Table 2. Hydrogen-l NMR shifts for the complexes [MCl,(SmHR),] 

Complex Temp. (“C) R CH H,,./HEE H&HFF’ Hc~‘/Hoo HnD’/HHH 

[PdCl,(mHMe),] -30 1.74 5.26 4.05 3.47 3.50 3.10 
60 1.80 5.3 - 3.8 - 3.8 - 3.3 N 3.3 

~tCl,(SC,H,SCHMe)~ 21 1.80 5.3 4.2 3.6 3.5 3.2 

~dCl,(~HBu’)d -20 1.11 5.30 4.06 3.46 3.64 2.98 
4.01 3.41 3.58 2.92 

70 1.2 5.4 3.85 3.85 3.20 3.20 

[ptCl,(S~HBu’),l 22 1.17 5.38 4.11 3.37 3.67 3.15 
4.07 3.32 3.63 3.12 

FdCl ,(SmHPh) J -60 7.4-7.7 6.46 4.21 - 3.7 - 3.7 3.27 
4.16 - 3.7 - 3.7 3.23 

60 7.4-7.7 6.6 N 3.9 - 3.9 = 3.45 * 3.45 

mCl,(mHPh)J 20 7.4-7.7 6.44 4.20 3.65 3.75 - 3.35 
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Table 3. Carbon-13 NMR shift data for the complexes [MCl,(mHR)J 
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Complex 

IT’dCl,(SmHBu?d 

[PtCl,(SrC,H,SiCHBt&] 

[PtCl,(SmHPh)J 

Temp. (“C) S-C-S C-C-S-M C-C-S-M )c( 

-20 70.04 44.65 39.29 36.58 
69.89 44.55 39.29 36.58 

-30 69.74“ 44.686 38.35 35.97d 
69.57” 44.576 38.35 35.97d 

-30 62.05 44.03 38.90 e 
60.74 43.09 38.14 

Me 

28.26 
28.26 

28.35 
28.33 

e 

= ‘J(C-Pt) = 9 Hz. 
b ‘J(C-Pt) = 8.5 Hz. 
= 3J(C-Pt) = 16.2 Hz. 
d 3J(C-Pt) = 18 Hz. 
‘Phenyl carbon shifts 6 129135. 

of the Pd(I1) complexes affects both the ring meth- 
ylene and methine proton signals. The former sig- 
nals consist of two four-spin ABCD-type systems 
at low temperature (Fig. 4). On raising the tem- 
perature to ca 30°C two exchange-broadened sig- 
nals are observed. At 60°C the lower frequency 
band sharpened to a multiplet whilst the other band 
was still somewhat broad. These changes are con- 
sistent with an approach to an AA’BB’ spin system. 
The methine signal broadens on warming the com- 
plex and remains broad at 60°C. The ring methylene 
changes are indicative of the onset of 1,3-pal- 
ladium(II)-sulphur shifts, while the broadened 
methine signal suggests that this commutation is 
accompanied by the dissociative loss of the ligand. 
Sulphur inversion cannot account for these changes 
since the methylene signals would become the 
ABCD-type, not AA’BB’, in the fast inversion limit. 
In any case the steric factors’mentioned earlier pre- 
clude this as a likely possibility. The proposed 1,3- 
shift fluxion will interconvert the species shown in 
Figs 2 and 3. In particular, meso (R, fruns/tru~s) 
will exchange with DL (R, truns/trans) and band 
broadening of the methylene region will result. 

The dissociative nature of the 1,3-shift as evi- 
denced by the methine signal broadening is clearly 
due to the R substituent on the ligand preventing 
easy access to the transition state for the 1,3-shift, 
thereby leading to dissociation. In the unsubstituted 
1,3-dithiolane complexes’ the process proceeds very 
much more rapidly by an intramolecular non-dis- 
sociative route which is a consequence of rapid py- 
ramidal inversion of the coordinated sulphur atoms. 
The absence of pyramidal inversion in the 2-R- 1,3- 
dithiolane complexes militates against the 1,3-shift 

process, which, when it does occur at elevated tem- 
peratures, involves a dissociative intermediate as a 
result of the steric interaction of the ring substitu- 
ent. This conclusion is also compatible with the 
finding in the previous paper’ that the 2,2-dimethyl- 
1,3-dithiolane complexes do not undergo intra- 
molecular 1 ,Zmetal shifts. 

The absence of any fluxionality or dissociation 
of the platinum(H) complexes is clearly due to 
the greater strength of Pt-S bonds compared to 
Pd-S bonds. This difference is reflected in the 
magnitude of the sulphur inversion barriers in 
[MCl,(SmR,),1, studied in the preceding 
paper, ’ increasing by ca 7 kJ mol- ’ on changing 
from M = Pd(I1) to M = Pt(I1). 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 
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Ahstract-Cu(II~hydroxynaphthoate-picolinate and Zn(II)-hydroxynaphthoate-pic- 
olinate ternary systems were studied in dioxane-water (1 : 1, v/v) solutions at a 0.2 mol 
dmp3 ionic strength and 25°C. From EMF data the mixed ligand complexes M(hna)(pic) 
for M = Cu(I1) and Zn(I1) and M(hna)(pic)2 for M = Zn(II) were detected and their 
formation constants evaluated (log & = 18.94 f 0.03, 18.09 + 0.08 and 23.4+ 0.07, respec- 
tively). Factors contributing to the stabilization of these complexes are discussed and 
optimum experimental conditions for their predominance established. 

The binary complex formation between the pic- 
olinate ion and different metal ions has been studied 
in aqueous solution by Anderegg’ and more 
recently by Casassas and Tauler,’ and in dioxane 
water mixtures (1 : 1, v/v) by Casassas and Fonro- 
dona. The binary complexation between Cu(I1) 
and the picolinate ion takes place in very acidic 
medium, under conditions where the use of a glass 
electrode is not convenient’ and a Cu(I1) ion selec- 
tive electrode must be used. Since picolinatc+Zn(II) 
complexes do not form until higher pH values, in 
the case of Zn(I1) systems the glass electrode can be 
used to obtain reliable EMF readings. 

In previous work the mixed ligand complex for- 
mation between Cu(II), salicylate and picolinate 
ions, was studied as part of a more general study 
on mixed complex formation between salicylate 
copper(I1) ion complexes and several nitrogen 
bases.“6 In the present work a comparison is made 
between the complex-feting abilities of salicylate 
(Sal) and 3-hydroxynaphthoate (hna) ions, not only 
as far as binary metal complexes are concerned7 but 
also including ternary complex formation. In the 
ternary complexes with picolinate (pit) and 3- 
hydroxy-Znaphthoate ions as ligands, three kinds 
of donor groups are involved : the pyridine nitrogen 
atom, two carboxylate groups (one for each ligand) 

*Author to whom correspondence should be addressed. 

and the phenoxyde group of the hna ligand. In 
the present work the ternary systems formed by 
copper(H) and zinc(I1) ions as the central ions and 
the bidentate ligands pit and hna are studied in 
dioxane-water solvent mixtures, at 0.2 M ionic 
strength and 25°C. 

EXPERIMENTAL 

Reagents 

Picolinic acid, Hpic, (Fluka, puriss., 98%), was 
further purified by sublimation. Stock solutions of 
this ligand were prepared and standardized poten- 
tiometrically. 3-Hydroxy-Znaphtoic acid, H,hna, 
(Merck, p.a.) was further doubly recrystallized from 
ethanol-water mixtures after treatment with acti- 
vated charcoal. Fresh solutions of CO,-free KOH 
(Merck, p.a.) were prepared’ and standardized with 
potassium biphthalate. HN03 solutions were pre- 
pared by dilution of concentrated acid (Merck, p.a.) 
and standardized with HgO (Merck, p.a.). Stock 
solutions of Cu(I1) and Zn(II) nitrates (Merck, 
99%) were prepared and standardized by iodo- 
metric and complexometric titrations, respectively. 

Dioxane (Probus, R.A.) was purified by Eigen- 
berger’s method. 9 Water used throughout was pur- 
ified by a Culligan Water Purification System (res- 
istivity 18.3 MR cm). All solutions were prepared 
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at a ionic strength of 0.2 mol dm- 3 with KN03 
(Probus, R.A.) in a dioxane-water solvent (1 : 1 v/v). 

Apparatus 

EMF readings were obtained using an Orion 
70 1 A potentiometer (precision + 0.1 mv), an Orion 
9101 indicator glass electrode and an Orion 9005 
Ag/AgCl (with a saturated aqueous KC1 filling) 
reference electrode. Test solutions were stirred mag- 
netically under a continuous stream of purified N2 
(washed with Ba(OH), and vanadous perchlorate 
solution). The titrant (KOH) was added from a 
Metrhom E415 Multidosimat autoburette equipped 
with an anti-diffusion tip. All the potentiometric 
assembly was automatically controlled with a 
HP9816 microcomputer interfaced to the auto- 
burette and the potentiometer via an HP3421A 
Data Acquisition/Control Unit. The stabilization 
criteria for the EMF readings was 0.1 mV within 
90 s ; if the stabilization is not achieved after 15 min, 
a message is printed and a new addition of titrant is 
performed. The titrant volume additions were pre- 
set depending on the concentrations of the reac- 
tants. 

Titration procedure 

All determinations were made by the well known 
potentiometric methods described elsewhere. 2-6 

Test solutions in a dioxane-water (1: 1 u/1)) mixed 
solvent containing 0.2 mol dm- 3 KN03 were used 
throughout in the potentiometric cell. “In situ” cali- 
bration of this cell using Gran’s method,” was 
employed to determine the standard potential of 
the cell, its liquid junction potential and the initial 
free mineral acid concentration in each experiment. 
EMF readings were found to be stable within the 
covered pH range. Study of the formation equilibria 
for the mixed ligand complexes were carried out 
from titrations of solutions which contained the 
three constituents, the metal ion and the two 
ligands, acidified with a known amount of mineral 
acid using a potassium hydroxyde solution as 
titrant. The EMF readings obtained with the glass 
electrode gave enough information to fully describe 
the studied systems even in the case of copper(I1) 
complexes, which are formed in a quite acidic range. 
In Table 1 the initial conditions for the poten- 
tiometric titrations are summarized for both the 
Cu(I1) and Zn(I1) systems. 

Calculations 

For the evaluation of the stability constants of the 
complexes, SUPERQUAD” and MINIQUAD” 
computer programs were used. All the calculations 
were carried out with an IBM 370 main-frame com- 
puter and with a HP98 16 microcomputer. 

Table 1. Experimental details of potentiometric determinations for the study of ternary 
complex formation in the Cu(II)-hydroxynaphthoate-picolinate and Zn(II)-hydroxy- 
naphthoate-picolinate systems in dioxane-water (1: 1, o/u), at 0.2 mol dm- 3 KN03 and 

25°C 

Curve Cu: hna:pic Cu hna pit acid 
No. ratio (mmol) (mmol) (mmol) (mmol) 

Cu(II)-hydroxynaphthoatepicolinate system 

1 : 0.99 : 0.97 0.1025 0.1025 0.0995 0.2925 
1 : 0.99 : 1.94 0.1025 0.1025 0.1990 0.2925 
1 : 1.99 : 0.97 0.1025 0.2045 0.0995 0.2925 
1:1.99:1.94 0.1025 0.2045 0.1990 0.2530 
1 : 1 : 0.97 0.0408 0.0408 0.0396 0.2928 
1 : 1 : 1.94 0.0408 0.0408 0.0792 0.2928 
1 : 2 : 0.97 0.0408 0.0816 0.0396 0.2928 

Zn(II)-hydroxynaphthoate-picohnate system 

393.9 
394.0 
392.1 
395.8 
393.2 
394.1 
394.2 

1 1: 0.97 : 0.96 0.1031 0.1000 0.0996 0.1189 399.2 
2 1 : 0.97 : 1.92 0.1030 0.1003 0.1978 0.1191 400.6 
3 1: 0.96 : 2.88 0.1035 0.0999 0.2988 0.1193 400.8 
4 1 : 1.94:0.96 0.1035 0.2000 0.0994 0.1191 399.9 
5 1 : 1.92: 1.92 0.1035 0.1989 0.1989 0.1193 399.9 
6 1 : 1.94:2.89 0.1030 0.1999 0.2985 0.1193 399.5 
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Table 2. Overall summary of the equilibrium constants obtained 
from the study of Cu(II)-hydroxynaphthoate-picolinate and 
Zn(II)-hydroxynaphthoate-picolinate systems in dioxane-water 

(1: 1, U/V), at 0.2 mol dmm3 KN09 and 25°C 

Reaction log K Reference 

H+hna+H(hna) 
2H + hna + H&a) 
Cu+hna*Cu(hna) 
Cu + 2hna G= Cu(hna) 2 
Zn + hna e Zn(hna) 

H + pit + Hpic 
2H + pit G H rpic 
Cu + pit G$ Cubic) 
Cu + 2pic * Cu(pic) 2 
Zn + pit * Zn(pic) 
Zn + 2pic * Zn(pic) 2 
Zn + 3pic * Zn(pic) 3 

Cu + hna + pit e Cu(hna)(pic) 
Zn + hna + pit e Zn(hna)(pic) 
Zn + hna + 2pic + Zn(hna)(pic) z 

13.52+0.01 13 
17.17+0.01 
10.44+0.007 7 
18.20+0.008 

7.8 f 0.04 7 

5.36+0.007 3 
6.80 +0.04 
8.76+0.001 3 

16.92+0.007 
6.10f0.05 3 

11.47kO.03 
15.77kO.08 

18.94f0.03 - 
18.09+0.08 - 
23.4kO.07 

RESULTS 

In Table 2 the values found for the formation 
constants of the mixed ligand complexes in the 
Cu(II)-hna-pie and Zn(II)-hna-pit systems are 
given, together with the protonation constants of 
the ligands and the formation constants of the 
binary complexes of these ligands with Cu(I1) and 
Zn(I1). All the values were obtained under the same 
experimental conditions of temperature, ionic 
strength and in 1: 1 v/v dioxane-water mixtures. In 
the Cu(II)-hna-pit system only one mixed species 
was detected, Cu(hna)(pic) (log of formation con- 
stant 18.94 + 0.03), whereas in the Zn(II)-hna-pit 
system two mixed ligand complexes were found, 
Zn(hna)(pic) and Zn(hna)(pic)z (log of formation 
constants 18.09 If: 0.08 and 23.4 & 0.07, respectively). 
The species Zn(hna),(pic) was not detected under 
the experimental conditions used, in agreement with 
the non-existence of Zn(hnca), in the related binary 
system. In Figs 1 and 2 the distribution plots of the 
two mixed ligand systems are given at conditions 
similar to the experimental ones. From these 
figures, the experimental ranges in which the for- 
mation of these species is favoured can be seen. 

DISCUSSION 

The relative stabilization of the mixed species 
with respect to the related binary complexes with 
the same number of ligands can be measured using 
the equilibrium constants for the so-called repro- 

-log IHI 

cu : hla : pit 1 I : I : I ) 

Fig. 1. Distribution plot of the species which contain the 
copper ion in the ternary Cu(II)--hydroxynaphthoate- 
picolinate system. In the figure ALFA is the ratio of each 
species concentration to the total copper concentration. 
0,0,1,0;1,0,1,0;2,0,1,0;0,1,1,0;0,2,1,Oand1,1, 
1,O refer respectively, to Cu*+, Cupic+, Cupic,, Cuhna, 
Cu(hna):- and Cu(hna)(pic). The ratio of the total con- 

centrations Cu : hna : pit is 1: 1: 1. 

portionation reactions, given in Table 3. For all the 
mixed ligand complexes considered in this study, 
the log of the reproportionation constant, log &,., is 
positive, showing that the equilibrium is shifted to 
the formation of the mixed complex, which is fav- 
oured with respect to the formation of the related 
binary complexes with the same number (two or 
three) of ligands. One reason for this stabilization 
is of a .statistical nature, but when this statistical 
contribution is allowed for, the value of the log 
of the new reproportionation constant (log KM, in 
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-log [HI 

Zn : hna : pit (I : I : I) 

Fig. 2. Distribution plot of the species which contain 
the zinc ion in the ternary Zn(II)-hydroxynaphthoate- 
picolinate system. In the figure ALFA is the ratio of each 
species concentration to the total zinc concentration. 0, 
0, l,o; l,O, LO; 2, 0, 1, 0; 3,0, 1, 0; 0, 1, LO; 1, 1, 1, 
0 and 2,1,1,0 refer respectively, to Zn*+, Znpic’, Znpic,, 
Znpic,, Znhna, Zn(hna)(pic) and Zn(hna)(pic),. The 
ratio of the total concentrations Zn : hna : pit is 1: 1: 1. 

Table 3) is still positive, showing that other reasons 
are needed to explain the observed stabilization. 

The stabilization of the mixed ligand complexes 
relative to the binary complexes containing only one 
of the ligands can be measured using the constant 
A log K (see Table 3). This constant gives a measure 
of how favourable the addition of a second or a 
third molecule of ligand on to the binary complex 
already formed with the other ligand is. A positive 
value of this constant means that the mixed complex 
is more favoured than the simple binary complex 
(with only one molecule of either ligand). 

The value of the formation constant for the 
Cu(hna)(pic) species is very similar to that for 
Cu(sal)(pic),2 showing that formation of mixed 

complexes is almost equally favoured in both sys- 
tems irrespective of whether the molecule of one of 
the ligands contains a benzene or a naphthalene 
ring. The high values found for the stabilization 
constants of the mixed Zn(I1) complexes are 
remarkable ; they can be explained by a strong 
back-donation effect of the pit ligand, aromatic in 
character, through the donor N heteroatom. I4 

In Figs 3, 4, 5 and 6 the distribution plots are 
drawn for different total concentrations of the con- 
stituents and for different ligand to metal con- 
centration ratios. An increase in the hna con- 
centration causes an increase in the concentration 
of the 1: 1: 1 mixed ligand complexes [in both 
Cu(I1) and Zn(I1) systems] at low pH values, 
whereas an increase of pit concentration depresses 

I- 

o.a- 

0.6- 

0.2- 

0210 

-Lop [HI 

Cu:hna:pic (1:2:11 

Fig. 3. Distribution plot of the species which contain the 
copper ion in the ternary Cu(II)-hydroxynaphthoate- 
picolinate system. In the figure ALFA is the ratio of each 
species concentration to the total copper concentration. 
0,0,1,0;1,0,1,0;2,0,1,0;0,1,1,0;0,2,1,Oand1,1, 
1,0 refer respectively, to Cu’+, Cupic+, Cupicz, Cuhna, 
Cu(hna):- and Cu(hna)(pic). The ratio of the total con- 

centrations Cu : hna : pit is 1 : 2 : 1. 

Table 3. Stabilization constants for the ternary systems 

Reaction 
Value of the log 

stabilization constant 

1/2Cu(pic) z + 1/2Cu(hna) z G Cu(hna)(pic) 1.38 (logZ&) 
Cupic + Cu(hna) + Cu(hna)(pic) - 0.26 (A log K)* 
Cupic + hna $ Cu(hna)@ic) 10.18 
Cu(hna) + pit + Cu(hna)(pic) 8.50 

Zn(pic) + Zn(hna) e Zn(hna)(pic) 4.06 (A log mb 
Znpic, + Zn(hna) G$ Zn(hna)@ic), 4.05 (A log K)” 
Znpic + hna $ Zn(hna)(pic) 11.86 
Znpic, + hna e Zn(hna)(pic)z 11.85 
Zn(hna) +pic + Zn(hna)(pic) 10.28 
Zn(hna) + 2pic + Zn(hna)(pic), 15.85 

D Log K, = [MA,B,]/[MA,]q’N[MBNr’N (where q+ r = N). 
b A 1% K = log Km,m, - lois &,MB, where KMAeMAB refers to the equilibrium 

MAB+MA+B, and KM,MB refers to MB*M+B. 
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0.6- 

* 0.6- 

1 
0.4- 

0.2 - 1110 

-log [HI 

Cu:hna:pic (1:1:2) 

Fig. 4. Distribution plot of the species which contain the 
copper ion in the ternary Cu(II)-hydroxynaphthoate-pic- 
olinate system. In the figure ALFA is the ratio of each 
species concentration to the total copper concentration. 
0,0,1,0;1,0,1,0;2,0,1,0;0,1,1,0;0,2,1,Oand1,1, 
1,0 refer respectively, to Cu*+, Cupic+, Cupic,, Cuhna, 
Cu(hna):- and Cu(hna)(pic). The ratio of the total con- 

centrations Cu : hna : pit is 1: 1: 2. 

I- Ill0 

o.a- 

% 

-log [HI 

Zn:hna:pic (1:2:1) 

Fig. 5. Distribution plot of the species which contain 
the zinc ion in the ternary Zn(II)-hydroxynaphthoate- 
picolinate system. In the figure ALFA is the ratio of each 
species concentration to the total zinc concentration. 0, 
0, LO; LO, 1,o; 2, 0, LO; 3,0, 1,o; 0, 1, LO; 1, 1, 1, 
0 and 2,1,1,0 refer respectively, to Zn2+ , Znpic+ , Znpic,, 
Znpic,, Znhna, Zn(hna)(pic) and Zn(hna)(pic)z. The 
ratio of the total concentrations Zn : hna : pit is 1: 2 : 1. 

Table 4. Study of optimal conditions for the maximum formation of mixed ligand 
complexes and for the minimum concentration of mono-protonated ortohy- 
droxycarboxylate ligand species. pH ranges studied : 3-9 for the Cu(II)(hna)(pic) system 

and 2-7 for the Zn(II)(hna)(pic) system 

System Species PH 

Optimal conditions 
Max’ Mind 

RI” R,b W) W) 

Cu(II)-hna-pit Cu(hna)(pic) 9.0 2.0 1.0 92.1 - 
H@na) 8.5 1.0 1.0 - 6.8 

Zn(IIkhna-pit Zn(hna)(pic) 7.0 2.0 1.0 98.5 - 
Zn(hna)(pic)* 6.9 1.0 2.1 98.3 - 
H(hna) 9.0 1.0 1.3 - 2.6 

Cu(II)-sal-pit Cu(sal)(pic) 9.0 2.0 1.0 87.9 - 
H(sa1) 12.0 1.0 1.0 - 0.05 

LI Ratio of the ortohydroxycarboxylate ligand to the metal concentration of the solu- 
tion. 

b Ratio of the picolinate ligand to the metal concentration of the solution. 
‘Maximum concentration of the mixed ligand species. 
d Minimum concentration of the mono-protonated ortohydroxycarboxylate ligand 

species. 

their formation, until higher pH values are reached of the mixed species are given. These conditions 
(pH > 8.0). On the contrary, an increase of pit con- were evaluated from the set of protonation and 
centration causes an increase in the concentration stability constants found for these systems, using 
of the Zn(hna)(pic)z species. the optimization CSMC procedure, ’ 5 which gives 

In Table 4 the optimal conditions (pH and total the best experimental conditions for obtaining solu- 
concentrations) for the maximum formation of each tions in which one specific species predominates. 
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-log [HI 

Zn:hno:pic (l:l:2) 

Fig. 6. Distribution plot of the species which contain 
the zinc ion in the ternary Zn(II)-hydroxynaphthoate- 
picolinatesystem. In the figure ALFA is the ratio of each 
species concentration to the total zinc concentration. 0, 
0, LO; 1, 0, 1, 0; 2, 0, 1, 0; 3,0, 1, 0; 0, 1, LO; 1, 1, 1, 
0 and 2,1,1,0 refer respectively, to Zn’+, Znpic+, Znpic,, 
Znpic,, Znhna, Zn(hna)(pic) and Zn(hna)@ic),. The 
ratio of the total concentrations Zn : hna : pit is 1: 1: 2. 
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Abstrac&-Complexation of the Li+ ion by macrobicyclicdiazapolyoxa ligands (cryptands) 
was studied in a 45 : 45 mol% altinum(III) chloride-N-(n-butyl)pyridinium chloride mix- 
ture at 40°C. Lithium-7 NMR measurements at this temperature and a field strength of 
42.28 kG, showed that the exchange of the Li+ ion between the “free” and complexed sites 
is slow, and separate resonance signals were observed for the free and complexed Li+ ion. 
Conditional formation constants were obtained from the integrated areas of the resonance 
lines ; the complex stabilities were found to decrease in the order C221. Li+ > C222 - Li+ 
> C222B * Li+. In the case of the C222 * Li+ complex, a decomplexation rate constant of 
N 5 x lo2 s- ’ was obtained at the coalescence temperature of 40°C. 

Solid state 7Li NMR spectra were obtained for the C211- LiA1C14 and C222B * LiAlCl., 
complexes, in the static and magic angle spinning modes. These measurements indicate that 
the electric field gradient at the 7Li nucleus in these complexes is small, yielding narrow 
resonance lines in the MAS mode. 

Molten salt systems, which are liquid at room tem- 
perature, are interesting non-aqueous solvents with 
some unusual properties. Some ten years ago Oster- 
young et al.’ reported that the aluminum(III) chlo- 
rideN-(n-butyl)pyridinium chloride mixtures, con- 
taining 4466 mol% of AlC13, are liquid at, or near, 
room temperature. Since that time numerous stud- 
ies of this and similar systems have been described 
in the literature. 

We reported previously 7Li NMR studies of 
lithium chloride solutions in these melts’ and, in 
particular, formation of lithium ion complexes with 
several crown ethers, 3 These studies indicated’ that 
in the basic mixtures (< 50 mol% AlC13) lithium 
chloride exists as the dichloride anion, LiCl; and 
that the stabilities of the crown ether complexes 
with the Li+ ion follow approximately the same 
trend as the one observed in many non-aqueous 
solvents. Unfortunately, crown ethers decompose 
rapidly in acidic mixtures (> 50 mol% AlC13) 
which, obviously, precludes complexation studies 
in these media. 

It seems likely that with two-dimensional crown 

*Author to whom correspondence should be addressed. 

ethers the complexed lithium ion may still be 
bonded to a chloride ion or ions. On the other 
hand, macrobicyclic diazapolyoxa ligands (cryp- 
tands), originally synthesized by Lehn et aL4 
form very stable three-dimensional complexes 
(cryptates) with a variety of metal ions, and with 
alkali cations in particular.’ When the size of the 
cation is equal to, or somewhat smaller than the 
cryptand cavity, the cation inside the cavity is com- 
pletely insulated from the environment (“inclusive 
complex”6). It was of interest to us to investigate 
the complexation reactions of the lithium ion with 
several cryptands with different cavity sizes, and 
particularly to determine whether the cryptated lith- 
ium ion is still bonded to one or more chloride ions. 

EXPERIMENTAL 

N-(n-butyl)pyridinium chloride (BPCl) and 
aluminum(II1) chloride were prepared as described 
previously. ’ Melt batches were prepared by mixing 
weighed amounts of AlC13 and of BPCl in Pyrex 
weighing bottles using Teflon-coated magnetic stir- 
ring bars. References to “basic melt” within the 
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text refer specifically to the melt with 45.00 mol% 
AlCl,-55.00 mol% BPCl composition. All oper- 
ations were carried out in a dry box under an inert 
atmosphere (est. H,O/O, c 10 ppm) at room tem- 
perature. Lithium chloride (Fisher) was dried at 
100°C for three days. Lithium tetrachloroaluminate 
was prepared by fusing equimolar amounts of LiCl 
and AlC13 at 150°C in a vacuum-sealed Pyrex 
ampule. The melting point of LiAlCl,, in a sealed 
capillary, was 144+2”C (ref. 7, 143.o”C). Cryptands 
C211, C221, C222 and C222B (monobenzo C222) 
were obtained from MCB Manufacturing Chem. 
Inc. and were used as received. 

Stock solutions of lithium chloride in the basic 
melt (1.00 mol% LiCl in 45.00 mol% AlCl, melt) 
were obtained by adding appropriate amounts of 
LiCl to pure basic melt and stirring the solution 
until it became homogeneous (ca 24 h). Samples 
with different ligand/Li+ mole ratios for NMR 
measurements were prepared by adding weighed 
amounts of the cryptands to the stock solution, 
stirring for 30 min and removing 0.5 g samples at 
the desired cryptand/lithium ion mole ratios. These 
samples were sealed under vacuum. 

All ‘Li NMR measurements were obtained 
at 40 (+ 1)“C on a Bruker WH-180 NMR spec- 
trometer at a resonance frequency of 69.951 MHz 
(field strength of 42.28 kG). Sample tubes were 
mounted co-axially within 10 mm o.d. NMR tubes 
containing the external reference solution (0.015 M 
LiCl in D20 for *H lock). In cases where sample 
and reference 7Li signals overlapped, a secondary 
external reference solution (0.015 M LiCl in pyri- 
dine) was used, and spectra were obtained without 
lock. 

Chemical shifts are reported vs the external 
aqueous reference, and are corrected for the 
magnetic susceptibility of basic melt.* Paramag- 
netic shifts from the reference are indicated to be 
positive. 

Deconvolution of the ‘Li NMR spectra to obtain 
integrated areas was performed by using the 
NTCCAP subroutine provided in the Nicolet 1180 
software package. 

Lithium-7 solid state NMR spectra were 
obtained at 22°C in the static and magic angle spin- 
ning (MAS) modes by using a Doty Scientific multi- 
nuclear solid state probe. Samples were contained 
in Delrin plastic rotors with end caps. Chemical 
shifts are referenced to the primary external 
reference solution (static) by sample substitu- 
tion. 

Elemental analyses for the C211- LiAlC14 and 
C222B - LiAlCl, complexes were performed by Gal- 
braith Laboratories. These results are given in 
Table 1. 

Table 1. Elemental analysis for C211. LiAlC14 and 
C222B - LiAICl, complexes 

C211 -LiAlC14 C222B - LiAlCI, 
Element % theor. % found % theor. % found 

C 40.6 41.8 36.4 36.2 
H 6.3 5.7 6.0 6.1 
N 4.6 4.4 5.3 6.0 
0 18.5 20.2 18.8 13.8 
Li 0.9 1.1 0.8 1.5 
Al 3.7 4.3 4.9 5.8 
Cl 21.8 22.4 28.1 30.5 

RESULTS AND DISCUSSION 

Lithium-7 NMR measurements in the melt 

Lithium-7 NMR spectra were obtained for sam- 
ples with cryptandjithium ion mole ratios varying 
from zero to 4.37: 1 (C222), 3.44: 1 (C221) and 
1.18 : 1 (C222B). For C222, only mole ratios from 
0.757 : 1 to 2.80 : 1 could be studied. Typical spectra 
for the C211, C221 and C222B - Li+ systems are 
shown in Fig. 1. In each case, upfield signals are 
assigned to the cryptated Li+ ion. The chemical 
shifts for complexed Li+ were unaffected (within 
f 0.02 ppm) by changes in the cryptandjithium ion 

8 (ppm) 

Fig. 1. Lithium-7 NMR spectra at 40°C in basic 
melt. - 0.949 mol % C222B+ 1.00 mol % LiCl ; 

---- 0.988 mol % C221+0.992 mol % LiCl ; . . . . 0.888 
mol % C211+0.985 mol % LiCl. In each case the 

diamagnetic signal is that of the complexed Li+ ion. 
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Table 2. Lithium-7 chemical shifts for the lithium cryp- s 
tates in basic AlCl,-(BP)Cl melt at 40°C Et -0.9 

- I * ****ttt t t 
Cryptand (Ppm) t -0.7 

i 1 
c211 

cn 
-0.79 f 

c221 -1.49 
c222 - 1.01* 
C222B -1.08 

“Versus 0.015 M LiCl in DzO external reference ; cor- 
rected for the difference in magnetic susceptibility 
between basic melt and water; uncertainty = f0.02 (4 
ppm. 

C2ll/Li+ MOLE RATIO 

*At a 1: 1 C222 : Li+ mole ratio. 
-1.5 

mole ratios. A summary of chemical shift values for - 1.4 t 
t t ‘tt t* t 

these systems is given in Table 2. 
c I 

As shown in Fig. 2, the high frequency signals 
attributable to the lithium chloro complexes, were 
observed to shift paramagnetically with the increas- 
ing cryptand/lithium ion mole ratio. We reported 
previously2 that in the basic melt lithium chloride 
exists as the dichlorolithium ion LiCl;. Con- 
centration dependence of the 7Li chemical shift as 
a function of LiCl concentration has been inter- 1.8 - t + 

preted as being due to a dimerization equilibrium. * I I I I I I I 

2LiCl- Kd_ 

(b) 0.2 0.4 0.6 0.8 1.0 1.2 I.4 

2 -Li2Cl:- C22l /Li MOLE RATIO 

where log& = 2.82f0.39. At an analytical LiCl 
concentration of 1 .OO mol%, approximately 90% of 
the salt exists as the dilithium tetrachloro complex. -1.1 

tt tt t + 
The above results indicate that observed para- t 

magnetic shift of the “free” Li+ ion results from the g -1.0 

dissociation of the lithium chloro complexes when 
I 

the cryptate is formed. The constancy of the chemi- 
cal shifts for the cryptated lithium ion sites, as the 
total amount of the macrobicyclic ligand is varied, 
indicates that the lithium ion resides within the 
cryptand cavities, i.e. inclusive complexes are 
formed. Similar behaviour has been observed by 
Cahen et al.’ in a 7Li NMR study of the C21 l- 

(cl 0.2 . . 
lithium ion system in various non-aqueous 
solutions. It is apparent that in the basic melt, 

C2228/ Li+ MOLE RATIO 

40°C is well below the coalescence temperature for Fig. 2. Chemical shifts of the “free” (a) and cryptated 
the C211, C221 and C222B * Li+ systems. Slow (*) lithium ion signals as a function of the cryp- 
exchange is observed and the signals for the “free” tand/lithium ion mole ratio at 40°C in basic melt; (a) 

and complexed lithium ion sites are well resolved. C211, (b) C221 and (c) C222B. 

Lithium-7 NMR spectra obtained for the 
C222 * Li+ system in basic melt were found to be 
quite different from those of the other three cryp- 
tates (Fig. 3). In this case, the “free” and cryptated ing C222/Li+ mole ratio. It should be noted that 
lithium ion signals overlapped, yielding broad (ca the linewidths of the other three systems ranged 
100 Hz) lines. In addition, the upfield signal from ca 8 (C221) to 20 Hz (C222B). The linewidths 
assigned to the C222 - Li+ cryptate exhibited a sig- of the C222 - Li+ complex signals decreased with 
nificant (- 0.5 ppm) diamagnetic shift with increas- increasing mole ratio, tending to values which are 
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c222 / Li + 
MOLE RATIO: 

2.60 

5 0 -5 

8 (ppm) 

Fig. 3. Lithium-7 NMR spectra for the C222 * Li+ system 
at 40°C in basic melt as a function of C222/Li+ ratio. 

similar to those observed in the other systems 
( W1,2 = 13 Hz at a mole ratio of 2.80 : 1). 

Thus, it appears that for the C222 * Li+ system, 
40°C is near, but slightly below the coalescence 
temperature. The exchange is slow and the signals 
for the two lithium ion sites are broadened by the 
exchange to the point where they overlap. 

At the coalescence temperature, the rate of a first- 
order decomplexation process (k_ i) is given by eq. 

(l)‘O 

k_ 1 = nAr/,f2 (1) 

where Av = VA - vi,, and A and B refer to the “free” 
and complex sites in the absence of exchange. We 
assume that eq. (1) applies to the C222/Li+ system 
at 40°C and that the chemical shift observed for 
the complex at a C222/Li+ mole ratio of 2.80 : 1 
(6 = BB = - 1.49 ppm) is a fair approximation of 
the limiting chemical shift of the complex site. The 
chemical shift of the “free” lithium ion (site A, no 
C222 present) is dA = + 1.55 ppm. Thus, A6 = 3.04 
ppm or 213 Hz at the stated resonance frequency. 
Substituting this value into eq. (1) yields 
k-, - 5x10*s-‘.C0~etal.“haveestimatedak_, 
value of > 3 x lo* s- ’ for the C222/Li+ system in 
methanol at 25°C. It should be noted that in our 
case eq. (1) does not yield the true value of the first- 
order decomplexation rate constant. The transfer 
of the lithium ion from C222 * Li+ to Li2C1i- 
involves more then one step, therefore, the value we 
obtained is a “conditional” rate constant. 

The NTCCAP subroutine in the Nicolet software 
package was used to calculate integrated areas for 

the signals due to “free” (Sr) and cryptated (6,) 
lithium ion populations in the C221, C222 and 
C222B * Li+ systems at 40( f 1)“C in the basic melt. 
Assuming that the dimer must dissociate in order 
for formation of the cryptate complex to occur, 

LiCl; +LK.‘ _ LiL+ + 2Cl- 

where L is the cryptand. We have previously noted’ 
that small changes in composition in basic melt 
solutions of LiCl have no effect on 7Li chemical 
shifts. Since the concentration of free chloride ions 
in basic melt is in a ten-fold excess of either the lithium 
ion or cryptand concentrations, small changes in 
[Cl-] have little effect on the equilibrium reaction. 
Therefore, in the derivation of the equilibrium 
expression, we can neglect the chloride ion con- 
centration and write, 

[LiL+] 

’ = [LiCl;][L] * (2) 

We define : D 3 [Li2Cl:-] ; A4 z [LiCl:] ; C = 
[LiL+] ; [L] = concentration of the free ligand ; 
N = total concentration of the ligand ; P z total 
concentration of the Li+ ion and f = fraction of the 
total area due to the cryptated Li+ ion. Equilibrium 
relationships and mass balance yield, 

&=y$ 
C 

KS = - 
MXL (4) 

N=L+C (5) 

P = M+2D+C (6) 

c= fP. (7) 

From the above equation we easily obtain an 
expression for K, in terms of known or measurable 
quantities, Kd, P, N and $ 

JK,f P 

Ks = -1+[1+8K,P(l-f)]“*[N-Pf]’ (8) 

A similar procedure was not feasible for the 
C211-Li+ system due to the formation of a pre- 
cipitate at mole ratios between zero and one. Sam- 
ples with mole ratios of 1: 1, or slightly above this 
value, remained homogeneous, but the signal for 
the “free” lithium ion site was too low in intensity 
to be detected. 

The results of these calculations are given in 
Table 3 along with values previously reported for 
lithium cryptates in aqueous and some non-aqueous 
media.g*‘2*‘3 In general, the stability constants for 
the cryptates in basic melt are smaller than those 
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Table 3. Comparison of lithium cryptate stability constants (log&) in 
the basic melt, water and some non-aqueous solvents” 

Solvent c211 
Cryptand 

c221 c222 C222B 

Water 5.5 2.50 0.99 - 
Methanol 8.0, 5.3* 2.6 2.19’ 
Ethanol 8.4, 5.38 2.3 - 
Acetonitrile 10 10.3 7.0 - 
Propylene carbonate 12.4, 9.60 6.94 - 
n-Methylpropionamide 6.43 3.4, 2.9, - 
Dimethylformamide 6.85 3.58 - - 
Dimethylsulphoxide 5.g4 2.7, 1.0 - 
Pyridine - - 2.94’ - 

Basic melt - 2.51 2.06 (kO.15) (kO.12) &Z) 

o Ref. 11 except as noted. 
bRef. 12. 
‘Ref. 8. 

obtained in non-aqueous solutions. It is interesting 
to note that in basic melt, the change in complex 
stabilities in going from C222 to C221 is either equal 
to, or less (by 2-3 log& units) than that found in 
other solvents. This apparently reduced com- 
plexation selectivity with respect to cryptand cavity 
size, and overall reduced stabilities, as compared to 
other media, is a reflection of the stability of the 
dilithium chloro complex in the basic melt. 

As mentioned below, in the solid C222B * Li+ com- 
plex, the cation is bonded only to the donor atoms 
of the ligand, i.e. lithium chloro complexes must 
dissociate before the above lithium cryptate can be 
formed. It seems quite likely that the structure of 
the C222B * Li+ cryptate in the melt is very similar 
to that in the solid state (especially in view of the 
slow ambient temperature exchange of the Li+ ion). 

On the other hand, it also seems likely that in 
the Li+ complexes with the two-dimensional crown 
ethers, the cation remains bonded to the chloride 
ion or ions. In such cases, the “conditional” for- 
mation constant of the crown complexes would be 
roughly of the same magnitude as that for the for- 
mation of the cryptate. Unfortunately, thus far, 
attempts to isolate a crystalline Li+ complex with a 
crown ether have been unsuccessful. 

In comparing the C222B * Li+ and C222 - Li+ 
cryptates, it is apparent that the presence of the 
benzene ring in the former case reduces the decom- 
plexation rate. The steric influence of the benzene 
ring may also be responsible for the slightly smaller 
stability constant for the C222B * Li+ cryptate ver- 
sus C222 * Li+ . 

Cryptate precipitates and 7Li MAS NMR 

Precipitates were observed to form in C211* Li+ 
samples in the basic melt with mole ratios between 
zero and 1: I. This material was isolated by vacu- 
um-filtration of the melt solution containing a ca 
1: 1 C211: Li+ mole ratio, washing obtained crystals 
with benzene, and drying them under vacuum for 
several days. Elemental analysis of the product 
(Table 1) showed it to be the C211 *LiA1C14 
complex. A solid, analysed as C222B * LiAlCl,, was 
obtained with the same procedure as C222B : Li+ 
at mole ratios greater than 1: 1. The crystal and 
molecular structure of this latter complex has been 
recently published. l4 In the basic melt the 
C221. Li+ system exhibits no tendency towards pre- 
cipitate formation ; at 40°C samples remained 
homogeneous at all mole ratios studied. 

Lithium-7 solid state NMR spectra (static and 
MAS modes) were obtained for polycrystalline 
samples of LiCl, LiAlC14, C211. LiA1C14 and 
C222B * LiAlC14. The spectra obtained from 
LiA1C14 and the C222B * LiAlC14 complex are 
shown in Figs 4 and 5. All NMR data are sum- 
marized in Table 4. 

The classic Pake doublet (m = l/2 + m = - l/2 
transition) was observed for LiCl in the static mode. 
According to Fyfe,” for a nucleus with a spin of 
312 in a glass or polycrystalline powder, experi- 
encing large quadrupolar interactions, the observed 
spacing of the doublet equals (25/9)A,, with Az 
defined by, 

A2 = (3/W + x2/vo (9) 
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Resonance Frequency 

Fig. 4. Solid state ‘Li NMR spectra of LiAlC&. Upper 
spectrum--static mode ; lower spectrum obtained with 

“magic angle” spinning. 

I 

Resonance Frequency 

Fig. 5. Solid state ‘Li NMR spectra of the complex, 
C222B - LiAlC14. Upper spectrum-static mode ; lower 

spectrum obtained with “magic angle” spinning. 

where x is the nuclear quadrupole coupling constant 
(e*qQ/h). The observed splitting (5.5 kHz) yields 
A2 = 2000 Hz and x = 1.7 MHz. This result is 
within an order of magnitude of the value for ‘Li 
in lithium silicate glasses (910 kHz) obtained by 
Tokuhiro et al. ’ 6 

No splitting was observed in the static spectrum 
of LiAlC14 (Fig. 4), which indicates a smaller qua- 
drupolar interaction for the Li nucleus in this com- 
pound. In this case,15 

Av,,, = A, = x/4. (10) 

With Av 1,2 = 420 Hz, a x value of 1.7 kHz is 
obtained. This very small value for x is reasonable 
in view of the known crystal structure of LiA1C14 
(SpZiCe group p2,/c), which is made up of LiCl6 
octahedral layers linked together by AlCl, tetra- 
hedra. ’ 7 

The narrowing effect of magic angle sample spin- 
ning is seen in the spectra for C222B * LiAlCl, (Fig. 
5). In the spinning mode, the central transition is 
partially resolved from the broad background. This 
broadening, due to dipolar interactions, is not com- 
pletely removed at the spinning rate of 2.1 kHz. By 
using eq. (10) and since Av,,~ = 1600 Hz (static), a 
coupling constant of 6.4 kHz is obtained for this 
complex. 

For the C211- LiA1C14 sample, stable spinning 
rates of > 1 kHz could not be obtained. Thus, 
very little reduction in the dipolar broadening was 
observed. In the MAS mode, the central transition 
was barely discernable at this spinning rate. A coup- 
ling constant of ca 8 kHz is estimated from Av ,,* of 
approximately 2000 Hz in the static mode. 

The coupling constants for the ‘Li nucleus in the 
two cryptate complexes are quite small, indicating 
highly symmetric environments for the lithium ion. 
Evaluation of the differences in chemical shifts 
among the four compounds (Table 4) is difficult due 
to the lack of literature values for these or other 
lithium compounds in the solid state. Solid state 7Li 
NMR measurements by Dye and Ellaboudy18 show 

Table 4. Lithium-7 solid state NMR results for various lithium compounds 

Sample (Ppm) 
Linewidth (Hz) 

MAS mode Static mode x (kHz) 

0.015 M 
LiCl/D*O 0.0 - 19 - 

LiCl -3.2 450 @ 2.7 kHz Splitting : 5.5 kHz 1700 

LiAlCl., -0.8 58 @ 1.8 kHz 420 1.7 

C222B - LiAlC14 +1.0 2OOa2.1 kHz 1600 6.4 

C211. LiAlCl, +1.0 cu 2000 @ 1 kHz ca 2000 8 
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chemical shifts of -2.8 ppm for LiCl, - 1.1 ppm 
for LiI, -0.8 ppm for C211. LiI, and -3.5 ppm 
for Li+ * C211- Naa. Data given in Table 4 show 
that the cryptands effectively remove the shielding 
influence of the chlorine atoms in the AlCl; ion on 
the ‘Li nucleus ; the shifts for LiCl and LiAlCl, are 
more negative (by about 2-3 ppm) than those of 
the cryptates. This lack of Li-Cl interactions is 
understandable since the lithium ion is expected to 
reside within the ligand cavities, a fact which has 
been confirmed for the C222B - LiAlCl, complex. I4 

5. 
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Abstract-The complex ($-C2H4)Pt(PCy3), (I) exists in the equilibrium (q2- 
C2H4)Pt(PCy3), s Pt”(PCy3)2+C2H4 in solution, involving the reversible coordination of 
ethylene to the platinum(O) centre. Two dimensional 3’P NMR spectroscopy provides 
evidence for exchange between the two platinum(O) species. The X-ray crystallographic 
analysis of (I) * 1/2&H, 4 provides evidence for weak coordination of the ethylene moiety 
in the solid state. I lies on a two-fold crystallographic axis which passes through Pt and 
the mid-point of the olefin C=C bond ; principal dimensions include Pt-P 2.284(l), 
Pt-C(olefin) 2.137(7), C=C 1.440(7) A, P-Pt-P 116.33(7)“, C-Pt-C 39.4(2)“. These 
results are interpreted in terms of possible bonding modes. 

It is possible to identify a number of key steps’ in 
catalytic hydrogenation cycles : (I) reversible oxi- 
dative addition-reductive elimination of hydrogen 
to the metal centre ; (II) reversible coordination of 
the organic substrate ; (III) insertion of the organic 
substrate into the M-H bond ; (IV) reductive elim- 
ination of the C-H bond regenerating the original 
metal species. We have recently described our 
results related to this cycle concerning oxidative 
addition-reductive elimination equilibria [steps (I) 
and (IV)],’ coordination of hydrogen to a platinum 
centre3 [step (I)] and the insertion of acetylene into 
Pt-H bonds4 [step (III)]. The present investigation 
is aimed at better understanding the nature of step 
(II). Many types of olefin complexes of platinum 
have been known for many years,5 in particular 
(R3P)2Pt($-C2H4) complexes are excellent syn- 
thetic sources of coordinatively unsaturated 
(R3P)2Pto species (although for bulky R groups they 
may be obtained by other methods6). It has been 
theoretically predicted that the olefin fragment in 

t Present address : Department of Chemistry, Dalhousie 
University, Halifax, Nova Scotia, Canada B3H 453. 

$ Author to whom correspondence should be addressed. 
Present address : Department of Chemistry, Indiana Uni- 
versity, Bloomington, Indiana 47405, U.S.A. 

4 Speetropin AG, Industrestrasse 26, 8 117 Fallender, 
Zurich, Switzerland. 

(R,P),Pt(q’-01) (where 01 = olefin) complexes is 
highly activated7 and that the barrier to internal 
rotation of the olefin about the M-olefin axis is 
high. Hoffmann* has also predicted that the barrier 
to internal rotation will be reduced as the P-Pt-P 
angle is increased. For (R3P)Pto(ol)2 and Pt(I1) 
(olefin) complexes, however, the barrier to olefin 
rotation’ has been measured and falls in the range 
10.2-13.0 kcal mol-‘. In this paper we provide the 
first evidence for reversible coordination of an eth- 
ylene ligand in (R3P)2Pt(r12-C2H4) complexes, to- 
gether with the X-ray crystallographic analysis of 
(Cy3P)2Pt(q2-C2H4). In contrast, the complex 
(Cy2P(CH2),PCy2)Pt(q2-C2H4) (III) does not dis- 
sociate ethylene even at 100°C in toluene. 

In benzene solution, the ‘H NMR spectrum of 

(?2-C2H4)Pt(PCy3)z’o exhibits a signal which cor- 
responds to a significant amount of free ethylene. 
This might arise from either a small amount of 
decomposition of the complex, the irreversible dis- 
sociation of coordinated ethylene or possibly the 
existence of an equilibrium which involves revers- 
ible coordination of the ethylene moiety to the plati- 
num(0) centre according to eq. (1). 

CY,P 

CY,P 

\ 
Pt’ 

/ 
+ C,He (1) 

CY,P 

I x 
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The 3’P NMR spectrum of a benzene solution of 
I does indeed show the presence of a small signal 
(with a good signal to noise ratio) corresponding to 
II (6 = 62.5 ppm, Jp_pt = 4159 Hz). As the tem- 
perature of this solution (in a sealed NMR tube 
under 1 atm of NJ is raised, the amount of plati- 
num(0) species, II, increases, consistent with pre- 
vious results’ obtained for the oxidative addition- 
reductive elimination equilibrium in cis- 
H[R3Si]Pt(PCy3)2 (R = variously substituted phe- 
nyl and benzyl). On cooling the solution to room 
temperature, the 3’P NMR spectrum obtained was 
similar to that obtained before the temperature was 
raised, and therefore is consistent with the presence 
of an equilibrium process. In order to establish 
unequivocally the presence of equilibrium 1, we 
carried out a 2D 31P chemical exchange experi- 
ment.? In the resulting contour plot, Fig. 1, off 
diagonal contours represent chemically exchanging 
31P nuclei. It can be seen that exchange occurs 
between the 31P nuclei of ($-C2H4)Pt(PCy3), and 
Pt’(PCy,), as shown by a crosspeak, A. There is 
also a crosspeak, B, between the lg6Pt satellites of 
the 3’P resonances of (FJ*-C~H~)~~‘P~(PC~~)~ and 
‘gSPt(PCy3),. However, most importantly, there are 
no crosspeaks between the 31P nuclei bonded to non- 
spin-active Pt and 3’P nuclei bonded to “‘Pt. This 
observation rules out the possibility that the off 
diagonal contours result from dissociative phoshine 
exchange.1 It is interesting to note that the exchange 
between free and coordinated ethylene does not lead 
to exchange broadening of the respective ‘H NMR 

t The benzene solution of ($-C2H4)Pt(PCy,), was 
heated and some ethylene gas was removed via a one- 
way bleed in order to displace the equilibrium of eq. (1) 
to the right, prior to the two-dimensional experiment. 

$ We have previously observed exchange between the 
phosphine ligands of P~‘(PCY,)~ and free PCy, by 2D 
3 ‘P NMR spectroscopy. ’ ’ 

§($-C2HJPt(PCy&- l/3CsH,4, crystal data (23°C): 
hexagonal R&T (No. 167), a = 29.839(3), c = 23.383(6) 
A, V = 18031(g) AS, 2 = 18, d(calc.) = 1.35 gctn3, crys- 
tal size 0.12 x 0.12 x 0.48 mm, Mo-K, radiation. A total 
of 4576 reflections were collected, of which 4200 were 
unique and not systematically absent. Data were cor- 
rected for Lorentz, polarization and absorption effects. 
The structure was solved using the Patterson heavy atom 
method and remaining atoms were located in difference 
Fourier syntheses. Hydrogen atoms were included in the 
refinement, but restrained to ride on the atom to which 
they were bonded. The 2169 reflections for which 
F* > 3a(Fz) were used in refinements. The final cycles of 
refinement included 197 variables and converged with 
R = 0.032, R, = 0.039. Atomic positional parameters 
have been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

I 

Fig. 1. The 2D 3’P NMR chemical exchange contour plot 
of a benzene solution of (~2-C,HJPt(PCy3)2 at 304 Kt 
[2D matrix: 512 W FID (32 scans) x 1281, spectral 
frequency 161.9 MHZ. Shifts are quoted down-field 
from external H3P0& I’ and II’ are the iv5 Pt satellites 

of I and II, respectively. 

resonances on the NMR timescale (at 400 MHz). 
In contrast, we observe that benzene solutions of 

($-C,H@t(Cy,P(CH3,PCy,), n = 2, 3 or 4,3,‘2 do 
not exhibit a ‘H NMR signal corresponding to free 
ethylene and no evidence for dissociation analogous 
to that of eq. (1) was observed by 31P NMR spec- 
troscopy on heating ($-C2H4)Pt(Cy2P(CHJ3 
PCy,), III, to 100°C in toluene-d8. 

In the hope of establishing a firm basis for the 
apparent difference in the strength of ethylene coor- 
dination by the platinum(O) centres, we have carried 
out X-ray diffraction studies on complexes I 
and III. The X-ray structural analysis of III has 
previously been reported’ * and unfortunately is dis- 
ordered about an inversion centre ; the Pt, n*-C2H4 
and (CH2)3 moieties are distributed over two sites. 
Accurate data concerning the coordination of the 
ethylene ligand is therefore not available. The struc- 
ture of (q2-C2H4)Pt(PCy3)2* l/3C6Hi4 is shown in 
Fig. 2 together with some of the relevant dimensions 
in Tables 1 and 2.4 The molecule lies on a crys- 
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Fig. 2. The molecular structure of ($-C2H4)Pt(PCy,),. 1/3C H 6 ,& Cl* is related to Cl by a crys- 
tallographic two-fold axis. Relevant bond lengths (A) : pt--P 2.284(l), Pt-C(l) 2.137(l), 
C(l)-C(l)* 1.440(7), P-C(ll) 1.881(7), P-C(21) 1.861(6), P-X(31) 1.868(8); Bond angles (“): 
P-Pt-P* 116.33(7), P-Pt-C(l) 141.5(2), P-Pt-C(l)* 102.2(2), C(l)-Pt-C(l)* 39.4(2), 

Pt-C( 1)-q l)* 70.3(4). 

tallographic two-fold axis which passes through Pt 
and the mid-point of the olefin C=C bond. The 
solvent molecule (C6HL4) lies about a three-fold 
crystallographic axis. The ethylene moiety essen- 
tially lies in the PtPz coordination planet and the 
C(l)-C( I)* bond distance of 1.440 A is much 
longer than that of free ethylene (1.335 A), but 
similar to that of ($-C2H,)Pt(PPhs)2 (1.434( 13) 
A).]3 The Pt-C(ethylene)bond distances of 
2.137(7) 8, are, however, somewhat longer than 
those of (q2-C2H.,)Pt(PPh3)2 (2.106(8);2.116(9) A). 

Since there are no short intramolecular non- 
bonded distances between the cyclohexyl rings and 
the coordinated ethylene of $-(CzHJPt(PCys)z in 
the solid state, it seems unlikely that the dissociative 
equilibrium, 1, is entirely steric in origin. It might 
be expected that the basicity of the PCy, ligands 
would result in stronger bonding between the olefin 
and the platinum(O) centre if electron donation 
from platinum to the ethylene rc*-antibonding 
orbitals is predominant. However, such interaction 
is expected to cause a significant lengthening of the 
M distance over an analogous species with a less 
basic phosphine ligand (e.g. PPh3). Since such 
lengthening is not observed, the weak coordination 
of the ethylene ligand in I may therefore result, 

TDihedral angle between the P,Pt and PtCz planes 
= 2.6”. 

Table 1. Bond distances in k 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Pt 
Pt 

C(1) 
P 
P 
P 

C(l1) 
CUl) 
C(12) 
C(13) 
C(14) 
C(15) 

P 

C(1) 
C(l)b 
C(11) 
C(21) 
C(31) 
C(12) 
C(16) 
C(13) 
C(14) 
C(15) 
C(16) 

2.284(l) 
2.137(7) 
1.440(7) 
1.881(7) 
1.861(6) 
1.868(8) 
1.515(9) 
1.530(6) 
1.534(12) 
1.504(8) 
1.520(12) 
1.511(11) 

Wl) 
cm) 
WV 
~(23) 
~(24) 
C(25) 
C(31) 
C(31) 
~(32) 
C(33) 
C(34) 
C(35) 

C(W 
CCW 
C(23) 
C(24) 
~(25) 
C(26) 
~(32) 
C(36) 
C(33) 
C(34) 
C(35) 
C(36) 

1.514(10) 
1.530(9) 
1.527(9) 
1.499(11) 
1.501(12) 
1.526(g) 
1.514(9) 
1.464(9) 
1.513(14) 
1.428(11) 
1.477(11) 
1.540(15) 

‘Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

b The coordinates of this atom are obtained by applying 
the transformation : x-y, --y, 0.5 -z. 

in part, from the high trans-influence of the PCy, 
ligands14 and the large P-Pt-P angle. The appar- 
ently stronger coordination of the ethylene ligand 
of ($-CZH4)Pt(Cy2P(CH2)3PCy2) may then be due 
to the reduced trans-intluence of the PCy,R ligands 
(compared to PCy,) as a result of the poorer overlap 
between the a-bonding orbitals of Pt and P and the 
smaller P-Pt-P angle (113.0(4)0 in III). 
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Table 2. Bond angles in degrees” 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

P Pt P” 116.33(7) C(21) C(22) C(23) 110.7(5) 
P Pt C(1) 141.5(2) C(22) C(23) C(25) 112.9(6) 
P Pt C(ljb 102.2(2) C(23) C(24) C(25) 110.9(6) 
C(1) Pt CWb 39.4(2) ~(24) C(25) C(26) 111.7(6) 
Pt C(1) C(ljb 70.3(4) C(21) C(26) C(25) 111.4(6) 
C(11) P C(21) 101.1(3) P C(3 1) C(32) 113.0(5) 
C(11) P C(31) 108.8(3) P C(3 1) C(36) 121.9(6) 
C(21) P C(31) 103.4(3) ~(32) C(3 1) C(36) 112.8(6) 
P C(l1) C(l2) 112.7(4) C(31) ~(32) C(33) 111.0(7) 
P C(11) C(16) 118.3(5) C(32) C(33) C(34) 114.4(7) 

C(l2) C(l1) C(16) 109.1(5) C(33) C(34) C(35) 115.2(7) 
C(11) C(12) C(l3) 111.6(6) C(34) C(35) C(36) 112.6(8) 
C(12) C(13) C(14) 110.3(7) C(31) C(36) C(35) 111.2(7) 
C(13) C(14) C(15) 111.6(6) 

C(l4) C(15) C(16) 111.6(6) 

C(l1) C(l6) C(15) 110.8(6) 
P C(21) C(22) 112.7(4) 
P C(21) C(26) 111.7(4) 

C(22) C(21) C(26) 108.7(5) 

“Numbers in parentheses are estimated standard deviations in the least sig- 
nificant digits. 

b The coordinates of these atoms are obtained by applying the transformation : 
X-Y, -y, 0.5-Z. 

It is conceivable that for I, the opening of the 
P-Pt-P angle results in weaker coordination of 
the ethylene as demonstrated by Hoffman et al.* 
and that the energy barrier to free rotation and 
dissociation are now similar. It is also envisaged 
that if ethylene were to dissociate from III, [(CylP 
(CHJ3PCy,)PtO] would be extremely labile. At pre- 
sent we are examining the possibility of concurrent 
free rotation of the olefin ligands in these 
complexes, by preparing platinum(O) complexes 
containing unsymmetrical olefin ligands. Pre- 
liminary results (variable temperature 31P NMR 
spectroscopy) show that the coordinated olefin 
ligand of (r$-CHdH(C6H4Br-4))Pt(PCY3)2 
undergoes free rotation in solution at elevated tem- 
peratures. 

EXPERIMENTAL 

Our general experimental techniques have pre- 
viously been described. ’ 5 All solvents were dried 
prior to use and all reactions carried out under an 
atmosphere of dry NI. ‘H and 31P NMR spectra 
were obtained on a Bruker WH400 or AM250 
instrument and temperatures were calibrated using 
ethylene glycol or methanol standards. ‘H NMR 
spectra were referenced to the proton-impurities of 

C6D6 or CDs, or to TMS. 31P NMR spectra were 
referenced to external trimethylphosphite and shifts 
are quoted relative to H3P04 using the high fre- 
quency positive sign convention. 

The 2D 3 ‘P NMR experiments were carried out 
at 161.98 MHz and 304 K. 2D Matrix: 512 W FID 
(32 scans) x 128. 

The preparation of the chelating diphosphine 
ligands and their corresponding platinum(I1) 
dichloride complexes will be reported elsewhere. I6 

Preparation ofplatinum(0) ($-CzH4) complexes 

For the modified procedure of Yoshida et al.’ 
for preparing (Cy,P),Pt(q’-C2H,), see ref. 3. The 
preparation of (v2-C2H4)Pt( 1,3-DCPP) (where 1,3- 
DCPP = 1,3dicyclohexylphosphinopropane) is de- 
scribed below. 

0.60 g (0.86 mmol) of (1,3-DCCP)PtC12 was 
placed in a 100 cm3 Schlenk flask and 2.5 cm3 of 
THF were added. The suspension was cooled in 
an ice bath to 0°C and stirred rapidly as sodium 
naphthalide solution was added dropwise. The 
addition was continued until the golden brown solu- 
tion just remained green (indicating a slight excess 
of sodium naphthalide) (- 15 min). The solution 
was vigorously stirred for 3 h as it warmed up to 
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room temperature. The solvent was removed in a 
vacuum and the residue pumped to ensure removal 
of the last traces of THF and to remove some naph- 
thalene. The platinum(O) product was then ex- 
tracted into a 50 cm3 Schlenk flask with 3 x 10 
cm3 portions of warm ( - 40°C) n-hexane, to give a 
pale yellow solution. The presence of a platinum(O) 
species was confirmed by removing a small sample 
(0.1 cm’) and exposing it to air. An immediate white 
precipitate was observed together with loss of col- 
our of the solution. The small flask was then placed 
inside a thick-walled, steel, high pressure apparatus 
which had previously been flushed with nitrogen. 
The tap of the Schlenk flask was opened and the lid 
of the high pressure apparatus quickly replaced and 
tightened down under Nz. The solution was then 
subjected to 1000 psi of ethylene gas for 4 h, and 
then filtered under nitrogen to give 0.355 g (0.54 
mmol) of colourless crystals of (q2-C2H4)Pt(1,3- 
DCPP), 62.8% yield. In an analogous experiment, 
after preparation of the Pt” species, all procedures 
were carried out under an ethylene atmosphere (i.e. 
filtration, etc.) but the yield was not increased. We 
have previously noted’ that a yield of 60-64% is 
usual for reduction of the complexes C12Pt(Cy,P 
(CH&PCyJ to the corresponding Pt” species and 
it is envisaged that formation of the ethylene adduct 
is essentially quantitative. 

Elemental analyses : (1 ,3-DCPP)Pt($-C2H4) : 
Found: C, 52.6; H, 8.9. Calc.: C, 52.8; H, 8.2%. 
(PCy3)2Pt(q2-C2H4): Found: C, 58.6; H, 8.9. 
Calc.: C, 58.2; H, 9.0%. M.p. I, 123-125°C; III, 
- 120°C. NMR : III : 3’P, 26.7 ppm, Jp_rt = 3269 
Hz; ‘H, 2.34 ppm (C,H,), JH_-p(cis) = 1.5 Hz, 

JH-_p(trans) = 3.0 HZ, JH_pt = 82 HZ. I: 3iP, 42.0 
ppm, JP_pt = 3614 Hz. 
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Abstract-The hydrolysis equilibria of the Ce3+ ion have been studied at 50°C by measuring, 
with a glass electrode, the hydrogen ion concentration of Ce(ClO,), solutions. The Ce(II1) 
concentration ranged from 0.1 to 1 m, while the ClO; level was kept constant at 3 m by 
adding LiClO+ Solutions containing hydrolysed species, in which at the most 0.4% of the 
Ce3+ can be transformed into reaction products without the formation of a precipitate, were 
prepared by constant-current coulometry. The potentiometric data have been explained in 
terms of Ce(OH)‘+, Ce2(OH)5+ and Ce,(OH):+ complexes. Their formation constants in 
the inert 3 m LiC104 medium are reported. 

The most careful investigation of the reaction 
between the Ce3+ ion and water is the one carried 
out in 1964 by Biedermann and Newman’ who 
measured, at 25°C in 3 M (Li)ClO., media, the 
hydrogen ion concentration in a series of Ce(ClO,), 
solutions. The predominating reaction product was 
found to be Ce3(OH):+ whereas the expected spec- 
ies such as Ce(OH)2+ and Ce2(0H):+ did not reach 
a suthcient concentration for detection under the 
chosen experimental conditions. 

Concerning the formation of the intermediate 
species, a reinvestigation at 50°C seemed of some 
interest. As a matter of fact, a rise in temperature, 
as pointed out in previous work’ on the hydrolysis 
of the La3+ ion at 60°C should increase the ratios 
[Ce(OH)“]/[Ce,(OH):‘] and [Ce,(OH):+]/[Ce, 
(OH)!+] and consequently, should make the 
detection of complexes bearing less than five 
OH- groups more favourable. 

A temperature of 50°C was considered most suit- 
able, as indicated by the results of exploratory 
experiments performed at 50°C and at 60°C since 
the accessible concentration range diminishes 
rapidly with increase in temperature. It was found 
that at the most 0.1% of the Ce3+ ions was trans- 
formed at 60°C into reaction products before the 
formation of a precipitate. On the other hand, 2 
values as high as 0.004 could be reached at 50°C. 

NOTATION 

A concentration of chloride ion 

a, water activity 

t Author to whom wrrespondence should be addressed. 

B concentration of Ce(II1) 
b concentration of Ce3+ 
*& equilibrium formation constant of Ceq(OH)z--P, 

considering Hz0 and not OH- as reagent 

YH, Ylh r&q activity coefficients of H+, Ce’+, Ce&OH)jg-P, 
respectively 

H Proton concentration excess, = [ClO;] + A - 
[Li+] + 3B 

h equilibrium concentration of H+ 

Kp formation constant of all species containingp OH- 
groups 

X moles of silver deposited per second on the 
cathode of cell(I1) 

Z average number of hydrogen ions set free per 
cerium atom. 

Concentrations and equilibrium constants, if not other- 
wise stated, are expressed on the molal scale, m, mole 
kg- ’ H20. 

METHOD 

The hydrolysis equilibria were studied by 
employing a glass electrode to measure, as a func- 
tion of H and B, the hydrogen ion concentration, 
h, in a series of Ce(ClO,), solutions. The con- 
centration of ClO; in all test solutions was made 
up to 3 m by adding LiC104. Since the hydrolysis of 
the Ce3+ ion becomes measurable at log h < - 5.0 
and, furthermore, not more than 0.4% of the 
Ce(II1) can be transformed into hydrolysis products 
before precipitation ensues, a sufhcient buffer 
capacity could be accomplished only with con- 
centrated Ce(II1) solutions. The B values ranged 
from 0.1 to 1 m. Over this interval 2 values could 
be determined with an uncertainty not exceeding 
l-3%, depending on B. 

1355 
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In conducting measurements in a system of this 
type the main problem inevitably encountered is 
that of keeping protolytic contamination at a mini- 
mum. Taking advantage of the experience gained 
in similar studies, 2-4 the difficulties could be pre- 
vented by making the test solutions more alkaline 
by the coulometric reduction of water. Stable and 
reproducible potentiometric data were measured 
even in solutions where the concentration of OH- 
ions bound to hydrolysis species was as low as 
2x 10e5m. 

The test solutions, abbreviated as TS, had the 
general composition 

BmCe(III),HmH+,AmCl-, 

(3-3B-_+A)mLi+,3mClO; = TS. 

The presence of chloride ions, between 5 x low3 and 
0.05 m, served the purpose of avoiding salt bridges 
in the galvanic cell (I), for measuring h, as well as 
in the electrolysis cell (II), employed to decrease 
the acidity of TS. Measurements at constant B but 
different A yielded practically coincidental results, 
within the limits of experimental error, thus indi- 
cating the negligible effect of chloride ions on the 
hydrolysis reaction. 

The hydrogen ion concentration in TS was deter- 
mined using cell (I) 

- Ag/AgCl/TS/GE + (I) 

in which GE stands for the glass electrode. The 
EMF of’cell (I) at 50°C can be expressed, in mV, 

by 

E= E;+64.115log(hA)+64.115logy&, (1) 

where E6 is a constant in each experiment and Yncl 
denotes the activity coefficient of hydrochloric acid. 
The standard states are defined so that the activity 
of a solute species tends to the value of con- 
centration as the composition of TS approaches 3 
m LiC104. At constant B, due to the low Z reached, 
the variations of Ynci are negligible and h can be 
calculated using eq. (2). 

E = E0+64.11510g(hA). (2) 

E,,, which is constant for a given B, was determined 
for each experiment, carried out as a potentiometric 
titration at constant B, by measuring E in solutions 
where the hydrolysis is suppressed, thus h = H. The 
values of E0 and H,,, the hydrogen ion excess in the 
starting solution, were ascertained simultaneously 
on the basis of Gran diagrams.’ In each case E0 
could be evaluated to within +O.l mV, whilst H,, 
was calculated with an uncertainty of 0.1%. 

The electrolysis circuit consisted of 

- Pt/TS/AgCl/Ag + (II) 

which was connected to a constant-current supply. 
When OH- ions are generated, small but detectable 
amounts of silver ions are reduced on the Pt 
cathode. As found earlier,* the moles of metal 
deposited are proportional to the electrolysis time, 
and under the actual experimental conditions 
x = (9.0 + 1 .O) x lo- ’ ’ mol s- ‘. The uncertainty of 
x represents deviations from the average of 15 deter- 
minations of Ag deposited in different titrations, 
performed at various values of A and current inten- 
sities. In correcting H using the x value found in 
the same titration, the error of x must certainly be 
less than 1 x lo-” mol s-l. 

On the basis of these results, a 99.9% current 
efficiency can be maintained only with current 
intensities greater than 1 mA. High intensities, on 
the other hand, make problematic the avoidance of 
a local excess of base which might promote pre- 
mature formation of cerium(II1) hydroxide. Good 
results were attained with intensities in the interval 
from 0.03 to 0.3 mA. This implies that the use of 
the lowest intensity introduces in Han error of the 
order of l-2%. 

After each passage of current the potential of the 
anode of (II) was measured, but within less than a 
minute it deviated by less than 0.1 mV from that of 
the Ag/AgCl electrode of cell (I). Thus side 
reactions, i.e. oxidation of Ce(II1) to Ce(IV), must 
occur to a negligible extent and the current yield of 
AgCl generation must be very near to the theoretical 
level. 

In the construction of the Z(logh), function, 
which is the basis of the following calculations, we 
had to take into consideration another source of 
error, connected with protolytic impurities intro- 
duced by the inert medium salt. By a potentiometric 
procedure, developed recently in our laboratory, 6 
the salt preparation used was found to contain in 3 
m LiC104, (5 * 1) x lop6 m of a protolytic impurity 
with a pK, = 5.55 +O. 15. From these figures we 
estimate that at the lowest B, the Z values are affec- 
ted by uncertainties of a few per cent, while in the 
remaining part of the reaction range the error is 
far below 1%. 

On the attainment of equilibrium 

A series of experiments was performed in order 
to establish conditions favourable for reaching the 
hydrolysis equilibria in a reasonable time. It was 
found that the rate of increase in alkalinity could be 
varied between 6 x lop8 and 6 x lop9 mol OH-/(kg 
H20 x s) without affecting the shape and position 
of the Z(log h)B curves. During each generation step 
the EMF of cell (I) took 10-20 min to assume a 
steady value which remained constant, within 0.1 
mV, for several hours. Biedermann and Newman’ 



Hydrolysis of the cerium(II1) ion in aqueous perchlorate 1357 

had to wait, at 25°C for a couple of hours for 
constant potentials. This demonstrates the ben- 
eficial effect of a higher temperature to hasten the 
attainment of equilibrium. 

Data for a given B falling on the same curve 
within the limits of the present accuracy, inde- 
pendently of the rate of OH- generation, were con- 
sidered to represent the equilibrium position of 
Z(logh),. If the addition of strong base exceeded 
the level of 10e7 mol OH-/(kg Hz0 x s), the points 
were displaced towards higher acidities and 
readjustment to equilibrium proved to take a long 
time. Evidently, a local excess of base caused the 
premature precipitation of cerium(II1) hydroxide 
which only redissolves slowly. 

A titration, due to the extremely slow addition of 
OH- ions, lastid for more than 15 h inevitably with 
a loss of accuracy, because the E,, of cell (I) may 
have changed. When acidic or hydrolysed solutions 
were left standing overnight the E0 drift was never 
found to exceed &OS mV. 

EXPERIMENTAL 

Materials and analysis 

Cerium(II1) perchlorate. These solutions were 
made from CeO,, Aldrich of 99.999% purity, by 
employing the reaction : 

CeOz(s)+4H++I- +Ce3++0.51,+2H,0. 

To a slurry of the oxide with 4 M HC104 having 
the stoichiometric requirement, azeotropic HI, a 
Baker p.a. product, was added dropwise and iodine 
was expelled on heating. When the major part of 
the oxide had dissolved, a dilute HI solution, 0.1 
M, was used to complete the reaction paying atten- 
tion so that the iodide ions did not greatly exceed 
the lo- 3 m level. 

The iodide ions were removed by precipitation 
with Ag+ ions generated coulometrically, while a 
Ag/AgI indicator electrode served to localize the 
end-point. The final I- concentration was estimated 
to be much less than lo- ’ m. 

In order to suppress heavy metal impurities, 
introduced by the reagents, the solution was made 
alkaline by generating OH- on a Pt cathode until 
a permanent precipitate of cerium(II1) hydroxide 
appeared. The solution, after standing for a week, 
was filtered and acidified to about IO- 3 m. 

The cerium concentration was determined gravi- 
metrically as CeO,. The analyses agreed to within 
0.1%. The hydrogen ion excess was deduced from 
coulometric acid-base titrations employing a glass 
electrode as an indicator. The perchlorate concen- 
tration was calculated from the sum ; 3B+ H. 

Lithium perchlorate. This was prepared as pre- 
viously described4 but with the modification that 
four crystallizations, instead of three, were carried 
out. The salt, analysed for protolytic impurities 
using a potentiometric procedure soon to be pub- 
lished,6 was found to contain, in 3 m LiClO, at 
5O”C, (5 + 1) x 10e6 m of a monoprotic acid with 
pK, = 5.55 f 0.15. The effectiveness of crystal- 
lization is evident when we compare the present 
results with those found for an impurity of 
34 x lo- 6 m, in 3 m LiC104 after three crystal- 
lizations. * 

Perchloric acid and lithium chloride. These were 
obtained as described previously. * 

We also refer the reader to the same paper’ for 
experimental details of EMF measurements. 

THE COMPOSITION OF THE 
HYDROLYSIS PRODUCTS 

Table 1 gives the primary Z(log h)B data which 
are graphically represented in Fig. 1. The data were 
treated as follows. First, each set pertaining to a 
constant B was used to deduce the most important 
p values in Ce,(OH):Q-P and the homo-ligand for- 
mation constants Kp = K,(B). Then, the most’ 
important q and preliminary *&, values were found 
from the variation of Kp with B. The data were 
finally treated with a numerical approach based on 
the principle of least-squares. 

The prevailing values of p 

When we consider a set of data at constant B 
and take into account that in our solutions the 
maximum Z never exceeds 0.004, then, without 
introducing any appreciable error, we may simplify 

5 5.5 6 

Fig. 1. Z, the average number of OH- ions bound per 
Ce(II1) ions, as a function of logh. The curves were 
calculated using the constants of Table 3 and eqs (13)- 

(15) for medium changes. 
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B = 0.100 m 
zx 103(-log@: 

B = 0.200 m 
zx 103(-logh): 

B = 0.300 m 
zx 103(-log/J): 

B = 0.600 m 
zx 103(-logh): 

B = 0.9986 m 
zx 103(-log@: 

Table 1. Z(log h)B data 

(a) 0.197(5.479); 0.314(5.610); 0.493(5.779); 
0.801(5.968); 1.114(6.087) 

(b) 0.329(5.531); 0.531(5.783); 0.742(5.960); 
0.957(6.073) ; 1.284(6.181) ; 1.723(6.274) 

(c) 0.348(5.579); 0.730(5.952); 1.130(6.117) 

0.336(5.536); 0.533(5.805); 0.735(5.943); 
0.940(6.037); 1.145(6.098); 1.351(6.147); 
1.549(6.171); 1.747(6.190); 2.142(6.229); 
2.556t6.261); 3.176(6.292); 3.796(6.315) 

(a) 0.233(5.423); 0.364(5.631); 0.496(5.756); 
0.630(5.844); 0.764(5.906); 0.926(5.962); 
1.098(6.011); 1.291(6.051); 1.493(6.078); 
1.764(6.104); 2.035(6.127); 2.374(6.148); ” 
2.780(6.181); 3.187(6.202); 3.797(6.225); 
4.577(6.254). 

(b) 0.224(5.439); 0.369(5.642); 0.517(5.769); 
0.740(5.887); lMO(5.986); 1.378(6.048); 
1.754(6.089). 

0.156(5.145); 0.324(5.458); 0.547(5.657); 
0.831(5.798); 1.116(5.883); 1.353(5.929); 
1.507(5.970); 1.858(6.009); 2.422(6.047); 
3.002(6.076); 3.588(6.100). 

(a) O.Oll(3.968); 0.143(5.020); 0.262t5.290); 
0.442(5.506); 0.714(5.680); 0.986(5.767); 
1.326(5.829); 1.734(5.873); 2.210(5.913); 
2.822(5.943); 3.435(5.971); 4.251(5.993). 

(b) 0.187(5.121); 0.240(5.267); 0.323(5.393); 
0.422(5.501); 0.537(5.594); 0.683(5.666); 
0.859(5.731); 1.096(5.793); 1.349(5.824); 
1.689t5.854). 

the calculations by making 

[Ce3+] = b N B = constant. (3) 

For the formation of a series of hydrolysis products, 
Ceq(OH)p3gWp, the concentration of hydrogen ions 
set free per hydrolysis, BZ, is expressed by eq. (4) 

BZ = 1 &[Ce,(OH)T’P] 

= 1 ~p*Bp4b4h-Py~y~Pyp9’~p. (4) 

It was postulated, on writing eq. (4), that each H+ 
is solvated by four HzO, as suggested by experi- 
menta17*’ and theoretical9 evidence, and that Ce3+ 
remains unchanged in its coordination in the reac- 
tion products. As far as when B is constant, the 
variation of the activity coefficients and the water 
activity may be neglected so that eq. (4) can be 

written as 

BZ = ~PK&-~ 

where 

Kp = c *&BqyQ;py;La,$‘. 

(5) 

No satisfactory agreement in the entire BZ range 
could be found from comparison of the BZ(log h) 
data with normalized functions” representing a 
single p. However, points for the lowest Z fit well to 
the model curve calculated with p = 1. To explain 
the data we had to assume, that in addition to 
Ceq(OH)3q- ‘, other species also containingp’ OH- 
groups were present. To test the validity of this 
hypothesis, which may be expressed by the equation 

BZ = K,h- ‘+p’Kp,h-p’ (7) 
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the data, recalculated to the form log (BZh) versus graphically by the extrapolation method de- 
logh, were superimposed onto the family of scribed earlier, 3 assuming that the three lowest 
Y,(logu) curves using eqs (8) and (9) calculated experimental points at each B were measured in 
withp’=2,3,4,5,6and7: solutions where only mono-ligand species prevail. 

YP. = log(BZh) - log K, = log (1 +p’up’- ‘) (8) 

log U = (l/(p’ - 1)) log (Kp*/K,) - log h. (9) 

The model function Y,(log U) satisfactorily fitted 
the data, whereas systematic deviations were 
noticed in some parts of the log h range studied with 
any other member of the Y,. group. This result 
indicates the formation of mono- and penta-ligand 
complexes. 

For a given set of data the most probable p’ was 
computed by the method of least-squares. In order 
to gain an idea on the influence of random errors, 
the number of points considered was varied. The 
results are given in Table 2, the limits indicating 
maximum deviations from the mean ofp’ calculated 
by varying the number of points. The reasonable 
constancy of p’ appears to justify the conclusions 
of the graphical approach. 

The probable values of K1 and K,, given in Table 
2, were computed from the differences Yg- 
log (BZh) and log U-( - log h) read off from the 
point of best fit. 

Having ascertained that the main hydrolysis 
products are mono- and penta-ligands we next con- 
centrated our attention upon refining the values of 
KI and Kg. The function 

Additional evidence for the conclusions reached 
using curve fitting can be obtained from a numerical 
approach which enables one to examine sys- 
tematically how the experimental error and the 
underlying assumptions affect the estimation of p’. 
It is easily demonstrated how the sum of the con- 
centrations of all the complexes, S, can be deduced 
using eq. (10) 

log(W-BZ) = log4+logK,-logh (12) 

was chosen to evaluate K, because the contribution 
from the mono-ligandic term is greater in eq. (12) 
than in functions based on BZ. Equation (1 l), 
on the other hand, with p’ = 5 was employed to 
lind Kg. The results are collected in Table 2. The 
errors are the largest deviations from the mean values. 
Since the constants from eqs (11) and (12) are 
affected by smaller errors, they are selected as the 
basis for the following treatment. S = 1 [Ce,(OH)?-P] = 1 Kphpp = @ BZd In h. 

(10) 

By combining eq. (7) with (10) one has 

log (BZ- S) = log (p’ - 1) + log Kp, -p’ log h, 

(11) 

thus, provided only species with p = 1 and p = p’ 
are present, log (BZ- 5’) should be a linear function 
of - log h having a slope p’. 

The integration was performed by using the 
trapezoid rule which avoids smoothed curves and 
makes direct use of the experimental points. 
The magnitudes of the residual integral J&,, BZ 
dln h, where ho denotes the highest h at which a 
reliable 2 could still be obtained, were estimated 

Estimation of the most probable q values 

To ascertain the number of metal ions in the 
predominating complexes we have to compare data 
of different B values. Such a comparison involves 
the evaluation of changes in the activity coefficients 
and in the water activity caused by the replacement 
of Li+ with Ce3+. Medium effects were corrected 
using the specific interaction theory, SIT. ’ ’ Accord- 
ing to theory, since all participants in the equi- 
librium are positively charged and the anionic com- 
position of the medium remains practically 
unchanged, the activity coefficient of a species, i, of 
charge q, defined so that yi + 1 as [i] + 0 in 3 m 

Table 2. Survey of the homo-ligandic equilibrium constants 

B, m 
-log K, -log K, 

eqs (8) and (9) P’ 

-log K, 
eq. (12) 

-log K, 

eq. (11) 

0.9986 8.87kO.03 33.24kO.05 5.2kO.2 8.86 Ifro.02 33.24 f 0.04 
0.600 9.17kO.03 34.04 _t 0.05 5.2+0.5 9.16kO.02 34.05 f 0.05 
0.300 9.59 +0.03 34.99kO.10 4.8 f0.6 9.58 +0.02 34.96 + 0.06 
0.200 9.79f0.02 35.66kO.10 5.3 f0.3 9.79kO.01 35.66 f0.04 
0.100 10.10+0.05 36.5kO.2 - 10.09+0.02 - 
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Fig. 2. K,B-‘<4104D,eq. (16),asafunctionofBx 10lw. 
The line represents: 7.8 x lo-“+3.8 x 10-‘“BIO1w. 

LiC104 at 50°C may be expressed as a function of 
the ionic strength, Z 

where 

lOgyi = -q*D (13) 

D = 0.5339Z”,‘/(1 + 1.5Za~s)-0.2570. (14) 

On the medium scale, a, + 1 as the composition of 
TS tends to 3 m LiC104. The variations of 4~ with 
B were calculated from eq. (15) 

log a,,. = 0.0205B. (15) 

Relationship (15) was deduced from osmotic 
coefficients published by Pitzer, l2 by assuming a 
linear variation between the values prevailing in 3 
m LiClO, and 1 m Ce(ClO,),. 

Equation (6) for p = 1 can then be written as 

K1104D&4B-’ = */?1,+*/?,zB10’2D+ .a.. (16) 

The plot of the left-hand side term of eq. (16) against 
B10’2D is shown in Fig. 2. It can be seen that the 
points, within the limits of experimental error, fall 
on a straight line. This means that Ce(OH)‘+ and 
Ce2(0H)‘+ ions are present. Their formation con- 
stants are given in Table 3. 

For p = 5, eq. (6) yields, neglecting species such 
as Ce(OH):-, 

KS = *~52B2a~010-‘2D+*~s3B3a~010-6D+ .... 

(17) 

4 
I I 

-1 loge 0 
Fig. 3. Log(K5B-3a~20106D), eq. (17), as a function of 

log B. 

As Fig. 3 shows, log(K5B-3a;201060) remains con- 
stant within +0.05 units over the entire B range, 
thus demonstrating the formation of Ce,(OH)$+. 
The formation constant, an average of the values 
calculated for each point, is given in Table 3. 

Refinement of the equilibrium constants 

To check the results determined in the previous 
sections, the data were treated with methods based 
on the principle of least-squares. The calculations 
consisted of minimization of the sum 

(18) 

in which Z, is an experimental datum, while Z, 
denotes a value calculated with a given set of */I,,. 
Medium changes were accounted for by eqs (13)- 

(15). 
The minimum was afforded by the constants of 

Table 3. The uncertainties are three times the stan- 
dard deviation, defined by the D-boundary’ 3 and 
are lower than the maximum errors estimated by 
graphical procedures. 

The numerical treatment of the data, through the 
distribution of the relative error 1 -Zc/Zi, yields 
a quantitative measure of the agreement between 
experimental data and the proposed model. Of a 
total of 82 data points, 41 are found to have a 
positive deviation whereas 41 have a negative devia- 
tion. The average of the positive ones amounts to 
5.9%, the average of the negative ones to 5.0%. 
The magnitude and sign of the deviations do not 
exhibit an appreciable trend with B and Z. 

Table 3. Calculated values of the equilibrium constants 

Method -1og*IJ,, -log*P,, -la*853 

Dependence of 
K,,onB 

Least-squares 
9.11 kO.05 9.46kO.2 35.53 +0.07 
9.13+0.03 9.45 + 0.09 35.6OkO.03 
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DISCUSSION 

The main result of this work is that at 50°C the 
“intermediate” species Ce(OH)‘+ and Ce2(OH)5+, 
which did not reach a sufficient concentration for 
detection at 25°C are readily detected according to 
expectation. The absence of these ions at 25°C is 
understandable in terms of the following argu- 
ments. 

First, the constants 

log*/3,, = -9.78f0.15 (19) 

log*fi,, = - 10.4f0.2 (20) 

valid in 3 M LiC104 at 25°C i.e. the experimental 
conditions used by Biedermann and Newman,’ 
were evaluated. The constants in eqs (19) and 
(20) were obtained from the values of Table 3 
and from the heats associated with the forma- 
tion of Ce(OH)2+ and Ce2(0H)‘+. These were 
assumed to be identical with the ones estimated for 
La3++H20 q La(OH)2++H+, A*H,, = 33f7 
kJ mol- ‘, and for 2La3+ + H20 * La2(0H)‘+ + 
H+, A*H12 = 71+ 10 kJ mol-‘. The enthalpy 
values given here were calculated by combining 
constants determined in 3 m LiC104 at 60°C 
with the quotients, valid in 3 m LiC104 at 25°C 

log([La(OH)2+]h/[La3f]) = -9.89+0.10 

log([La2(OH)“]h/[La3’]‘) = - 10.2fO.l 

which were deduced by treating previous measure- 
ments3 with the procedure described under “esti- 
mation of the most probable q values”. The heats 
now proposed are slightly different from those given 
previously, 2 which however, were derived from 
constants not processed for medium changes. 

The Ce2(OH)5+ complex with the constant given 
,by eq. (20) would attain concentrations influencing 
BZ by less than 1%. On the other hand, a constant 
of -9.78 for log */I, 1 would affect BZ by more 
than 10% at the lowest B, 0.05 M, studied by 
Biedermann and Newman. ’ Therefore Ce(OH)2+ 

should be detectable at 25°C. We invoke kinetic 
factors to explain its absence. Biedermann and 
Newman point out that at low OH- and Ce3+ 
concentrations “. . . the rate of the hydrolysis 
reaction can become so slow that after the addition 
of OH-, h is increasing for a couple of hours”. 
Probably Ce(OH)‘+ does not attain detectable 
amounts within the period of a titration. 

Finally, we would like to understand how La3+ 
and Ce3+, i.e. cations of the same charge and with 
almost identical ionic radii and electronegativities, 
form different polynuclear complexes, La,(OH):+ 
and Ce,(OH):‘. Irregularities must be sought 
for in the partial filling of the 4fand the empty 54 
6s and 6p orbitals which characterize the lanthanide 
series. The exploration of such irregularities may 
motivate a systematic, more comprehensive re- 
investigation of the hydrolysis of the lanthanide 
cations. 
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Abstract-The syntheses of triangulotrirhenium cluster alkoxides from t-butanol, 
(-)-menthol and i-propanol are reported and the structures of Re3(p-C1)3(OBu?6 and 
Re3(yC1)C1(p-menthoxo),(menthoxo), determined by X-ray crystallography. Interactions 
with carbon monoxide and the X-ray structure of Re,@-Cl),(CO),(THF), are reported. 

We have previously reported the syntheses of vari- vents and is extremely air- and moisture-sensitive. 
ous triangulotrirhenium(II1) cluster alkyl species The IR spectrum shows a band at 340 cm- ‘, 
such as Re3(+Z1)3R6 (R = Me, CH,Ph, C6HS, assigned to the Re-Cl-Re stretching frequency 
CH2SiMe3, C,H,Me-p)‘-4 and Re,@-Me),R, by comparison to other trirhenium cluster com- 
(R = Me, CH2SiMe3, CH2Ph).‘,3,4 We have now pounds with chloride bridges. l-3 There is also a 
extended the series to alkoxo clusters of rheni- band at 722 cm- ‘, tentatively assigned to 
um(II1). ~(Re--0).~ 

Rhenium(II1) alkoxides are not common, being 
mainly of the type Re2(OR)2X4(PPh3)2’ (R = Me, 
Et, Pi’, Pr’ and X = Cl, Br). Some trinuclear cluster 
compounds of rhenium(II1) involving Re-0 bonds 
have however been synthesized, for example 
Re3@-C1)3(02CPh)66 and Re3(~-Br)3(~3-03AsO)2 
(Me2S0)3.7 

RESULTS AND DISCUSSION 

(1) The t-butoxide 

The t-butoxo cluster compound, Re,@-Cl), 
(OBu’), (l), was prepared by the interaction of 
Re3C19(THF)3 with NaOBu’, in approximately stoi- 
chiometric amounts, in tetrahydrofuran (THF). 
The product, obtained in good yield as deep green 
needles, gives intense green solutions in organic sol- 

* Authors to whom correspondence should be addressed. 

The ‘H NMR spectrum exhibits a singlet peak at 
6 1.46 ppm due to the butyl protons, whilst the 13C- 
(‘H} spectrum has two resonances (6 87.72 and 
34.71 ppm) which were assigned, via the gated 13C 
NMR spectrum, to the butyl quaternary (singlet) 
and butyl methyl [quartet, J(C-H) = 126.3 Hz] 
carbons, respectively. The structure of Re,@ 
C1)3(0Bu’), has been determined by X-ray crys- 
tallography. A diagram of the molecular structure 
is given in Fig. 1, selected bond lengths and angles 
are given in Table 1. The molecule lies in a general 
position in the unit cell and thus has no cry- 
stallographically imposed symmetry. However, the 
Re3C1306 core has a structure which approximates 
very closely to Cf (but not D3,,) symmetry. Thus 
the Re-Re distances are equal within experimental 
error, as are the Re-Cl distances, and the Re3C13 
unit is accurately planar. The Re-Q distances, 
however, fall into two well defined groups-three 
“short” (Re-0 = 1.82 + 0.02 A) and three “long” 
(Re+O = 1.99 + 0.02 A), one of each per Re atom, 

1363 
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Fig. 1. The structure of Re,@-Cl),(OBu’),. 

with the three bonds of one type on the same side 
of the Re3 triangle (hence the C3 and not D3 sym- 
metry). The presence of short Re-0 (alkoxide) 
bonds may well be an indication of 0 + Re x-bond- 
ing arising out of the electron deficiency of the 
Re(II1) centres in Rer clusters where the metal has 
only two terminal ligands (and is thus a 16e system, 
assuming Re=Re double bonding along each 
Re-Re edge). Surprisingly however, the 
Re-O-C angles in all six ligands are approxi- 
mately the same at 142-145”, and the angles formed 
by the Re-0 bonds and the Re, plane are all very 
similar. 

The occurrence of strong 0 + Re n-bonding is 
also reflected in increases in the Re-Cl distances 
(Cl can also be considered a weak x-donor) and the 
Re-Re distances of 0.02 and 0.05 A, respectively, 
compared with those in the analogous alkyl 
Re3C13(CHZSiMe&, ’ in which the alkyl is a pure 
a-bonding ligand (in the absence, of course of 
Re * * * C-H agostic interactions). 

(2) The menthoxide 

The menthoxo cluster, Re&-Cl)Cl(p-men- 
thoxo)2(menthoxo)5, was prepared by the reaction 
of Re&!1g(THF)3 with the sodium salt of natural 
menthol, in approximately stoichiometric quantities 
in tetrahydrofuran. The green-brown compound 

gives deep brown solutions in organic solvents. 
Bands of interest in the IR spectrum are at 320 and 
338 cm- ’ assigned to the metal-chloride vibrations 
for the bridging and terminal chlorides, respec- 
tively. The ‘H NMR spectrum is very complicated, 
consisting of a complex of peaks, typical of men- 
thoxo groups between OS-l.8 ppm. It was not pos- 
sible to differentiate between the terminal and bridg- 
ing menthoxo groups. 

The crystal structure of the compound has been 
determined by X-ray crystallography. A digram of 
the molecule is shown in Fig. 2, selected bond 
lengths and angles in Table 2. As for the butoxide, 
the molecule has no crystallographic symmetry, but 
the Re,(O,CI)(O,Cl) core has an approximate plane 
of symmetry perpendicular to the ring and contain- 
ing Cl(l), Re( l), 0( 1) and Cl(2). 

The Re3 triangle is isosceles with the Re-Re 
edge bridged by the chloride being slightly longer 
than the two edges bridged by oxygen (2.422 vs 
2.372 A). The bridging Re-Cl distances are very 
similar to those in the butoxide and the bridging 
Re-0 distances are all very similar at 2.10 A. In 
contrast to the butoxide, all terminal Re-0 dis- 
tances are all essentially equal and close to the aver- 
age of the two types of distance found in that com- 
pound. The Re-O-C angles in these terminal 
alkoxides are slightly smaller than those in the 
butoxide, at 133-142”. 
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Table 1. Selected bond lengths and angles for Re,(p-Cl),(OBu?, 
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Re(2 jRe( 1) 
Cl(l)-Re(1) 

O(l)-Re(l) 
Re(3)-Re(2) 
C1(3)-Re(2) 

O(4)--Re(2) 
C1(2)-Re(3) 

O(6)--Re(3) 

Re(3)-Re( l)-Re(2) 
Cl(l)-Re(lFRe(3) 
C1(3)-Re( l)-Re(3) 
O(l)-Re(l)-Re(2) 

WF--ReW-W) 
O(2)-Re( l)-Re(2) 

O(2)---ReW--Cl(l) 
0(2~ReW--W) 
C1(2)-Re(2+Re( 1) 
C1(3)-Re(2)-Re( 1) 
C1(3)-Re(2+C1(2) 
O(3)-Re(2)-Re(3) 

O(3)--Re(2)--Cl(3) 
O(4)-Re(2)-Re(3) 

0(4)_Re(2>--C1(3) 
Re(2)-Re(3)-Re( 1) 
Cl( l)-Re(3)-Re(2) 
C1(2)-Re(3+Re(2) 
0(5 jRe(3)-Re(1) 

0(5)-Re(3>--cl(l) 
O(6)-Re(3)-Re( 1) 

0(6)_Re(3F--W) 
O(6)--Re(3W(5) 
Re(3)-C1(2)-Re(2) 

C(lFw>--Re(l) 
C(3W(3)---Re(2) 
C(5F--W5>-Re(3) 

Bond lengths (A) 

2.438(3) Re(3)-Re( 1) 
2.451(7) C1(3)-Re( 1) 
2.009( 16) 0(2)_Re(l) 
2.436(3) C1(2)-Re(2) 
2.421(7) O(3)--Re(2) 
1.982(16) Cl(l)-Re(3) 
2.394(7) O(5)-Re(3) 
1.824(14) 

Bond angles (deg.) 

59.94(2) Cl( l)-Re( l)-Re(2) 
60.7(2) C1(3)-Re(lhRe(2) 

119.8(2) C1(3)-Re( l)--Cl( 1) 
113.8(5) O(l)-Re(l)-Re(3) 
91.8(5) W-Re(lFCl(3) 

116.5(6) O(2)-Re(l)-Re(3) 
95.1(6) 0(2)_Re(Q---C1(3) 

115.5(7) Re(3)-Re(2)-Re( 1) 
119.0(2) C1(2)-Re(2 jRe(3) 
59.4(2) C1(3)-Re(2)-Re(3) 

175.2(2) 0(3 jRe(2)-Re( 1) 
113.6(6) 0(3)--Re(2>--cl(2) 
97.2(6) O(4)-Re(2)-Re( 1) 

111.4(5) 0(4F--Re(2)--cl(2) 
92.2(5) O(4)-Re(2>-0(3) 
60.04(2) Cl(l)-Re(3 jRe(1) 

119.9(2) C1(2)-Re(3)-Re( 1) 
60.3(2) C1(2)-Re(3jCl( 1) 

112.5(5) O(5)-Re(3)-Re(2) 
84.1(5) 0(5)_Re(3)-W2) 

116.7(5) O(6)-Re(3eRe(2) 
87.2(6) 0(6)_Re(3)--Cl(2) 

115.9(7) Re(3)-C!l(l)-Re(1) 
60.7(2) Re(2)-C1(3eRe( 1) 

144.2(12) C(2>--0(2F-Re( 1) 
142.5(12) C(4)--0(4>-Re(2) 
141.7(13) C(6>--0(6)_Re(3) 

2.439(3) 
2.406(7) 
1.844(15) 
2.425(7) 
1.794(14) 
2.472(7) 
2.001(16) 

120.6(2) 
60.0(2) 

175.1(2) 
118.1(5) 
83.7(5) 

120.8(5) 
88.7(5) 
60.15(2) 
59.0(2) 

119.3(2) 
118.5(5) 
87.5(6) 

116.2(5) 
84.6(5) 

120.9(8) 
59.9(2) 

120.3(2) 
176.4(2) 
117.1(5) 
92.7(5) 

121.9(5) 
95.7(6) 
59.4(2) 
60.7(2) 

144.4(13) 
145.4(13) 
141.1(14) 

It seemed reasonable that all the chloride groups 
of Re,C19 could be replaced by menthoxo groups, 
but the reaction of Re,Cl,(THF), with an excess of 
sodium menthoxide in refluxing THF yielded only 
a brown viscous oil which we were unable to purify 
characterize. 

(3) The i-propoxide 

The reaction of Re3C19(THF)3 with NaOPti in 
approximately stoichiometric amounts in THF 
gave a deep green solution which yielded deep green 
crystals which were soluble in most polar organic 
solvents. However, we were unable to characterize 
the compound conclusively by analytical or spec- 
troscopic techniques and despite numerous 

attempts, we were unable to obtain crystals suitable 
for X-ray crystallography-all samples were par- 
tially crystalline. The IR spectrum was consistent 
with a trirhenium isopropoxo cluster compound 
with Re-Cl stretches at 320 and 348 cm- ’ and the 
presence of both terminal and bridging chlorides, 
as in the case of the menthoxide cluster. The ‘H 
NMR spectrum showed seven sharp doublets 
between 0.8-2.0 ppm, corresponding to six methyl 
protons each for seven isopropyl groups. There are 
also three multiplets at 4.29, 4.93 and 5.18 ppm, 
corresponding to two, three and two protons, 
respectively. This suggests that the product may 
have the molecular formula, Re,@-Cl)@- 
0-Pfi,Cl(O-Prl),, which seems to correlate 
fairly well with the analytical data. 
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Fig. 2. The structure of Re,&-Cl)Cl@-menthoxo),(menthoxo),. The substituents on the menthoxo 
ligands are represented schematically, to reduce overlapping. 

(4) Interaction of alkoxides with CO 

The butoxide did not react with either hydrogen 
or carbon disulphide and the unreacted compound 
was recovered in both cases. However, on reaction 
with CO (1.8 atm) in THF at room temperature, 
the compound is reduced to a mixture of rhenium(I) 
carbonyl chlorides, ReCl(CO),, Re2C12(CO)B, 
[ReCl(CO)& and Re2C12(C0)6(THF)2. The main 
product is ReCl(CO),, followed by RezClz(C0)6 
(THF)2; Re2Clz(CO)8 and [ReCl(CO)& were pre- 
sent in small amounts in the ReC1(C0)5 fraction. 
The carbonyl halides were identified by mass spec- 
trometry, which showed the appropriate molecular 
ion peaks and fragmentation patterns, as well as 
good correlation with isotope cluster abun- 
dance calculations for each of the products. The 
solution IR spectrum of ReC1(CO)5 showed 
two very strong bands at 1985 and 2040 cm-r, as 
well as a medium band at 2155 cm- ’ for the car- 
bony1 stretching modes, which agree well with 
literature values. lo Re2C12(C0)6(THF)2 was ident- 
ified by analytical and spectroscopic data. The IR 
spectrum of Re2C12(CO)6(THF)2 shows three 
bands in the carbonyl stretching region at 1960, 

1948 and 1928 cm- ’ consistent with a Cu symmetry 
and a pans arrangement of the THF ligands, giving 
rise to three IR active bands (A z + 2Bu). This struc- 
ture is confirmed by X-ray crystallography study 
(see below). 

On increasing the pressure of CO (20 atm) and 
the temperature (100°C) of the reaction, 
Re2C12(C0)6(THF)2 was no longer produced and 
the abundance of Re$lr(CO)x and [ReCl(CO)&, 
in ReC1(CO)5 decreases. Using t-BuOH as solvent 
for the reaction (20 atm CO, lOO”C), ReCl(CO)5, 
with the same minor components as above, is 
formed. The reaction of Re3C19(THF)3 with six 
equivalents of NaOMe and CO (20 atm 1OO’C) in 
.methanol gives a good yield of ReCl(C0)5, again 
with small amounts of Re&lr(CO), and 
[ReCl(CO)& impurities. We were unable to isolate 
any product containing or resulting from the 
alkoxo group, either as a solid or a liquid. 

A diagram of the centrosymmetric, chloro- 
bridged dimer structure for RezCl,(CO),(THF), is 
given in Fig. 3, and bond lengths and angles in 
Table 3. The chlorine bridging is symmetrical within 
experimental error and there is only a marginal 
difference between Re-C distances for carbonyls 
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Table 2. Selected bond lengths and angles for Re,(p-Cl)Cl(p-menthoxo),(menthoxo), 
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Re(2)-Re( 1) 
C1(2)-Re( 1) 

O(2)---Re(l) 
Re(3)-Re(2) 

O(2)-Re(2) 
0(6)_Re(2) 
0(3)_Re(3) 
O(7)-Re(3) 
C(21>--0(2) 
C(41)--0(4) 
C(61)-0(6) 

Re(3)-Re( I)-Re(2) 
Re(2)-Re(3)-Re( 1) 
Cl(2)-Re( l)-Re(3) 
O(l)-Re(l)-Re(3) 
O(2)-Re( I)-Re(2) 

O(2)---Re( 1 )-C](2) 
O(3)-Re( l)-Re(2) 

O(3)-Re( 1 )-Cl(2) 
0(3~Re(V-O(2) 
Cl( l)--Re(2FRe(3) 
O(2)-Re(2)-Re(3) 
O(4)-Re(2)-Re( 1) 

O(4)--Re(2)-Cl(l) 
0(6)_Re(2>-Re(1) 
0(6)_Re(2)--Cl( 1) 
O(6)---Re(2)--0(4) 
Cl(l)-Re(3)-Re(2) 
O(3)-Re(3)--Re(2) 
O(5)-Re(3FRe( 1) 

0(5)_Re(3)--Cl(l) 
O(7)-Re(3)-Re( 1) 

O(7)---Re(3)-Cl(l) 
O(7)--Re(3>--0(5) 
C(1 l)--O(lk--Re(1) 
C(21)--0(2tiRe(l) 
Re(3)--0(3)_Re(l) 

Bond lengths (A) 

2.368(3) Re(3)_Re(l) 
2.31q6) O(l)-Re(1) 
2.103(14) 0(3)_Re(l) 
2.422(3) Cl(l)-Re(2) 
2.053(16) O(4)-Re(2) 
1.878(13) Cl( l)-Re(3) 
2.084(12) 0(5)_Re(3) 
1.882(10) C(1 l)-OU) 
1.496(28) C(3 1)--O(3) 
1.438(16) C(5 1)--o(5) 
1.458(17) C(71)-0(7) 

Bond angles (deg.) 

61.4(l) Re(3)-Re(2eRe( 1) 
59.1(l) Cl(2)-Re( 1 )-Re(2) 
97.8(2) O(l)---Re(WRe(2) 

119.9(5) O(l)-Re(l)--W2) 
54.3(4) O(2)-Re( 1 )-Re(3) 
97.5(4) O(2)_ReW-O(l) 

116.1(4) o(3)-Re(ltRe(3) 
93.7(4) O(3)_ReW-O(l) 

166.6(5) Cl( l)-Re(2eRe( 1) 
60.2(2) 0(2)_Re(2)_Re(l) 

115.6(4) O(2)-Re(2>-cl( 1) 
113.0(4) O(4)-Re(2bRe(3) 
85.9(5) O(4)-Re(2)--0(2) 

114.8(4) O(6)-Re(2FRe(3) 
92.6(5) O(6)--Re(2W(2) 

125.2(5) Cl(l)-Re(3 jRe(1) 
60.2(2) O(3)-Re(3FRe( 1) 

114.3(5) 0(3)_Re(3)--cl(l) 
110.9(5) o(5)-Re(3)_Re(2) 
92.3(4) 0(5)_Re(3)--0(3) 

111.5(5) O(7)-Re(3)--Re(2) 
95.6(4) O(7)--Re(3)-0(3) 

125.4(7) Re(3>--cW--Re(2) 
132.8(9) Re(2)--0(2>-Re( 1) 
121.0(8) c(21)--0(2)-Re(2) 
69.3(4) C(31)-0(3fiRe(l) 

2.376(3) 
1.883(10) 
2.096(15) 
2.439(8) 
1.877(11) 
2.438(6) 
1.889(15) 
1.444(18) 
1.467(17) 
1.449(20) 
1.427(15) 

59.4( 1) 
101.4(2) 
113.5(4) 
137.2(4) 
115.6(4) 
84.5(5) 
55.1(4) 
92.4(5) 

119.6(2) 
56.3(4) 

175.3(4) 
107.7(5) 
93.7(6) 

118.5(4) 
91.4(6) 

119.4(3) 
55.6(5) 

172.3(3) 
112.4(4) 
84.9(6) 

119.3(5) 
91.9(5) 
59.6(2) 
69.4(5) 

129.1(9) 
137.4(12) 

truns to chlorine (1.88( 1) A) and truns to THF 

(1.87(l) A). The THF is weakly bonded and the 
carbon atoms show the usual high displacement 
perpendicular to the ring. 

The structure of the bromine analogue, 
Re2Br2(C0)&II-IF)2 has previously been deter- 
mined” and the present structure is very similar. 

EXPERIMENTAL 

Microanalyses were carried out by Pascher, 
Remagen and Imperial College Laboratories. The 
following spectrometers were used: IR, Perkin- 

Elmer 683 (spectra in Nujol mulls or as dichlo- 
romethane solutions for ReCl(CO),, in cm- ‘) cali- 
brated with polystyrene ; NMR, Bruker WM-250 
and JEOL FX9OQ (data in ppm relative to SiMe4) ; 
mass spectra, VG Micromass 7070 and Kratos MS 
25. Re,Cl,(THF),3 was prepared as before. All sol- 
vents were dried by standard methods and distilled 
and degassed before use. All syntheses and manipu- 
lations were carried out under oxygen-free nitrogen 
or argon. Sodium menthoxide, NaOBu’ and 
NaOPi were prepared by the interaction of NaH 
with natural menthol, t-butanol and tpropanol, 
respectively in THF. 
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Fig. 3. The structure of Re,(p-Cl),(CO),(THF),. 

Hexakis(t - butoxo)tris(p - chloro)triangulotrirhe- cm3 of a 0.6 M solution in THF, 5.64 mmol). The 
n&2(111) (1) red suspension darkens and eventually turns deep 

green. The mixture was stirred for 48 h, evaporated 
To a stirred suspension of Re3C19(THF)3 (1 g, and the residue extracted into CHzClz (2 x 30 cm3). 

0.9 mmol) in THF (50 cm3) was added NaOBu’ (9.4 The combined extracts were filtered, concentrated 

Table 3. Selected bond lengths and angles for Re2C12(C0)6(THF)2 

Bond lengths (A) 

Cl(l)-Re(1) 2.505(6) C(l)_Re(1) 1.882(16) 

C(2)-Re(1) 1.867(16) C(3)---Re(1) 1.877(15) 

G(4)-Re(1) 2.213(10) Re(l)-Cl(la) 2.508(6) 

0(1)-w) 1.166(15) 0(2)-C(2) 1.168(16) 

0(3)-C(3) 1.165(16) C(4)-G(4) 1.424(16) 

C(7)-G(4) 1.404(18) C(5)-C(4) 1.467(23) 

C(6)-C(5) 1.475(25) C(7)--c(6) 1.432(22) 

Bond angles (deg.) 

C(l)-Re(l)-Cl(l) 175.5(4) C(2)_Re(l)--cl(l) 92.7(6) 

C(2)--Re(l>--c(l) 89.7(7) C(3)-Re(P-Cl(1) 95.0(5) 

C(3)--Re(H-C(l) 88.9(7) C(3)-Re( 1 )-C(2) 89.2(7) 

G(4)-Re(H---Cl(l) 83.8(3) G(4)-Re(l)--c(l) 93.6(6) 

G(4)---Re( 1 )--c(2) 175.1(5) G(4)-Re(H-C(3) 94.5(5) 
Re(l)-Cl(l+Re(la) 98.7(3) Cl(l)-Re(l)-Cl(la) 81.3(2) 

G(l>--c(H--Re(l) 177.6(13) 0(2)-C(2)_Re( 1) 178.8(13) 

0(3)--c(3)---Re(l) 177.7(12) C(4)-G(4)--Re(l) 124.2(9) 

C(7)--0(4)_Re(l) 123.3(9) C(7wx4)--c(4) 107.2(12) 

C(5)-C(4)-w4) 107.3(15) C(6)-C(5F(4) 106.9( 14) 

C(7>-c(6>--c(5) 105.2(17) C(6)-C(7+G(4) 110.5(15) 

Key to symmetry operations relating designated atoms to reference atoms at (x, y, z). 
a -x, -y, -z. 
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until saturated and then cooled at - 20°C. The dark 
green needles were collected, washed with cold hex- 
ane (2x5 cm3, -78°C) and dried in uucuo. The 
supernatant liquor provided a second crop of crys- 
tals. Yield: 0.78 g, 78% based on Re,Cl,(THF),. 
[Found : C, 25.6 ; H, 4.7 ; 0, 8.7. C24H54C1306Re3 
requires C, 26.1; H, 4.9; 0, 8.7%.] IR: 136Os, 
131Ow, 1264w, 1241sh, 123Om, 116Os, 1025m, 93Os, 
906s, 785s, 722s, 561s, 489w, 372m, 340m err-‘. 
NMR (in C6D6). ‘H ; 1.46, s (t-Bu). 13C-{ ‘H} (in 
CD2C12); 87.72, s (CMe3), 34.71, s (CMe3). 

Pentakis(menthoxo)bis(p - menthoxo)chloro(p - chlo- 
ro)triangulotrirhenium(III) (2) 

To a stirred suspension of Re3C19(THF)3 (2.67 g, 
2.44 x 10m3 mol) in THF (50 cm3) was added 
sodium methoxide (48 cm3 of a 0.32 M solution in 
THF, 15.4 mmol) and the mixture was refluxed 
overnight. The deep brown solution was filtered, 
evaporated and the residue extracted into CH2C12 
(40 cm’). The extract was filtered, concentrated 
until saturated and then cooled at - 20°C. The dark 
brown crystals were collected, washed with cold 
hexane (5 cm3, -78°C) and dried in uucuo. The 
supernantant liquor provided further crops of crys- 
tals. The compound has a tendency to co-crystallize 
with unreacted sodium menthoxide and needs sev- 
eral recrystallizations from CH1C12 to purify. Alter- 
natively, unreacted sodium menthoxide may be 
removed by sublimation. Yield: 1.7 g, 40% based 
on Re3C19(THF)3. [Found : C, 46.9 ; H, 7.73 ; Cl, 
4.21. C70H133C1207Re3 requires C, 49.0; H, 7.75; 
Cl, 4.12%.] IR: 1355w, 1347m, 132Os, 128Ow, 
1269m, 1238m, 1180m, 1160sh, 1150m, 1107m, 
1094m, 1079m, 1061w, 1040m, 1009s, 991s, 969w, 
95Os, 92Os, 91Os, 880m, 851s, 808m, 774w, 727m, 
7OOs, 687s, 652m, 602w, 502m, 461w, 338w, 320m 
cm’ . NMR (in CDC13). ‘H ; 0.5-1.8, m (menthoxo 

group). 

Triangulotrirhenium isopropoxo compound 

To a stirred suspension of Re3C1,(THF)3 (0.9 
g, 8.23 x 10e4 mol) in THF (60 cm3) was added 
NaOPr’ (6 cm3 of a 0.86 M solution in THF, 
5.15 x lo- 3 mol). The suspension darkened quickly 
and the solution, which eventually became deep 
green after stirring for 48 h, was evaporated and 
the residue extracted with CHzClz (40 cm3). The 
extract was filtered, concentrated and cooled at 
- 20°C to give dark green crystals, which were col- 
lected, washed with cold hexane (5 cm3, -78°C) 
and dried in vacua. Yields: 0.3 g, 35% based on 
Re3C19(THF)3. [Found : C, 24.1; H, 4.7 ; Cl, 9.0 ; 
0, 10.3. C2,H4&1207Re3 requires C, 24.2; H, 4.7; 

Cl, 6.8; 0, 10.7%.] IR: 1363m, 1335sh, 132Os, 
126Om, 1167m, 1141w, 1122sh, 1105sh, 1098s, 
1015w, 975sh, 96Os, 91Ow, 848s, 83Os, 72Om, 635s, 
625s, 615s, 6OOs, 54Om, 45Ow, 347m, 318w, 294m 
cm-‘. NMR : (in CDC13, multiplicities and relative 
intensities in parenthesis). ‘H : 0.86 (d, 6), 1.02 (d, 
6), 1.16 (d, 6), 1.27 (d, 6), 1.61 (d, 6), 1.82 (d, 6) 
1.97 (d, 6) (OCHMe2). 4.30 (m, 2) 4.93 (m, 3), 5.19 
(m, 2) (OCHMe,). 

Reactions of alkoxides with CO 

Re3C13(OBtQ6 (0.98 g, 8.88 x 10e4 mol) in THF 
(30 cm3), in a pressure bottle was stirred for 4 h at 
room temperature under CO (2 atm). The red- 
brown solution was filtered, concentrated and 
cooled at -20°C to give colourless crystals of 
ReCl(CO),, which were collected, dried in uacuo 
and purified by sublimation (ca 8O”C, under 
reduced pressure). Yield: 0.31 g, 32% based on 
Re3C13(0Bu& IR: v(CO), in CH1C12 solution: 
1985s, 204Os, 2155m cm- ‘. Mass spectral data : m/e 
327 [Re(CO),]+, m/e 299 [Re(CO),]+, m/e 271 

[Re(CO)31+, m/e 243 [Re(CO)J+, m/e 215 
[Re(CO)]+, m/e 1224 [Re4C14(C0),$, m/e 1168 
[Re4C14(CO) ,,J+, m/e 1140 [Re4C14(C0)9]+, m/e 
1112 [Re4C14(CO)J+, m/e 668 [Re,Cl,(CO),]+, m/e 
640 [Re,Cl,(CO),]+, m/e 612 [Re,Cl,(CO),]+, m/e 
584 [Re2C1,(CO)5]. The intensities of the 
Re4C14(CO)r2 and RezClz(C0)8 peaks were about 
l&20 times less than those for ReCl(CO),. 

The supernatant was concentrated further to ca 
2 cm3 and then extracted into hexane (20 cm’). The 
yellow-brown extract was filtered, concentrated 
until saturated and cooled at -20°C. The brown 
needles of Re,&-Cl),(CO)6(THF)2 were collected, 
washed with cold hexane (5 cm3, - 78°C) and dried 
in uacuo. The crystals were recrystallized from 
hexane. Yield : 0.2 g, 10% based on Re3C13(OBt&. 
[Found: C, 22.3; H, 3.8; Cl, 9.5. C14HI&!120,Re2 
requires C, 22.2 ; H, 2.1 ; Cl, 9.4%.] IR : v(C0) : 
196Os, 1948s, 1928sh cm-‘. 

Interaction of Re3Clg(OBu’)6 in THF or t-BuOH 
at ca 20 atm and 100°C gave yields of ca 72% 
ReCl(CO), on work up ; similar conditions using 
Re,Cl,(THF), and a slight excess of NaOMe in 
MeOH gave a yield of ca 40% ReCI(CO)5. 

X-ray crystallography 

All crystallographic measurements were made at 
room temperature (293 K) on crystals sealed in thin 
walled glass capillaries, using a CAD4 diffrac- 
tometer operating in the o/28 scan mode with 
graphite monochromated MO-& radiation 
(A = 0.71069 A) as previously described. l2 The 



1370 A. C. C. WONG et al. 

Table 4. Crystal data, details of intensity measurements and structure refmement 

Molecular formula 
Molecular weight 
Crystal system 

a (A) 
b (A) 
c (A) 
Alpha (deg.) 
Beta (deg.) 
Gamma (deg.) 
Volume (A’) 
Space group 
z 
Dc(gcm3) 
Mu 

F(OOO) 
h, k, I, range 

Total no. of reflections 
No. of unique reflections 
Significance test 
No. of reflections used 
No. of parameters 
Weighting scheme paramater 

g in w = l/[a’(F)+gFZ] 
Final R 
Final RG 

Re3G4H&1306 Re3G0H13307C12 Re&lgH160dJ 
1103.65 1716.264 720.118 
Orthorhombic Triclinic Monoclinic 
32.955(4) 13.787(6) 8.604(2) 
38.406(6) 13.878(S) 10.938(3) 
11.251(4) 13.735(S) 11.634(3) 
90 66.89(5) 90 
90 111.51(4) 111.89(2) 
90 115.76(5) 90 
14240.95 2102.03 1015.96 
Fdd2 Pl P2 ,ln 
16 1 2 
2.06 1.347 2.353 
105.74 44.46 123.12 
8352 868 610 
o+ 13 -16+16 -10-r 10 
0+39 -16+ 16 0-r 13 
o-+45 O+ 16 o+ 13 
3582 7747 1980 
3298 7743 1775 
F > 3a(F) F > 3aQ F > 30(F) 
2656 6228 1065 
324 737 118 

o.ooooo1 0.001 0.000345 
0.0371 0.0367 0.0286 
0.0382 0.0478 0.0331 

structures were solved via standard heavy atom pro- 
cedures and refined using full-matrix least-squares 
with scattering factors calculated using data from 
ref. 13. All non-hydrogen atoms were refined aniso- 
tropically. Hydrogens were included in idealized 
positions only in the THF molecule in the dimer 
and assigned a fixed Vi,, value of 0.1 A.’ Details of 
the crystal data, intensity measurements and 
refinement are given in Table 4. 

Tables of atomic positional parameters, dis- 
placement factor coefficients, full lists of bond 
lengths and angles, and F,,/Fc values have been 
deposited as supplementary data with the Editor, 
from whom copies are available on request. Atomic 
coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 
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Abstract-The Roussin methyl ester Fe2(SMe2)(N0)4 reacted with bromide or iodide to 
yield the known paramagnetic mononuclear complexes [Fe(NO),X,]- (X = Br or I). With 
thiocyanate the reactions of Fe2(SR),(NO), (R = Me or Bu? proceeded via the S-bonded 
intermediates [Fe(NO),(SR)(SCN)- to the N-bonded product [Fe(N0)2(NCS)~- : azide 
and cyanate gave a similar product [Fe(NO)2(NXY)2]-, with no detectable intermediates. 
Nitrite yielded the known [Fe(N0)2(N02)2]- with a range of Fe2(SR)2(N0)4 (R = Me, Et, 
Pr’ or Ph) in a range of solvents (CH2C12, acetone or DMF) : Fe,S,(NO), with nitrite in 
CH2C12 gave a mixture of [Fe(NO),(N02)~- and [Fe(NO),(SH)~-. With Fe2(SMe)2(NO),, 
sulphate and chromate yielded complexes of the type, [Fe(NO)2(SMe)(OR)]2- (R = Cr03 
or S03). The b&chelating ligand piperazinobis(dithiocarbamate) with Fe2(SMe)2(NO), 
gave both a five-coordinate square pyramidal mononitrosyl and a tetrahedral dinitrosyl 
complex, based on Fe(NO)S, and Fe(N0)2S2 chromophores, respectively. The two com- 
plexes [Fe(NO),(S2MoS2)]- and [Fe(NO)(S2MoS2)~2- which are formed by reaction of 
tetrathiomolybdate with a range of esters Fe2(SR)2(N0)4 have been synthesized also by 
redox reactions from the known complexes [Fe(NO)2(S2MoS2)]2- and [Fe(S2MoS2)d3-, 
respectively. 

The Roussin esters Fe2(SR)2(N0)4 react with thi- 
olate anions RS- to yield’ mononuclear para- 
magnetic complexes [Fe(NO),(SR)d- and with 
tetrathiomolybdate [MoS,]‘- to yield,’ as well as 
[Fe(N0)2(SR)2]-, both the heterometallic mono- 
nitrosyl [Fe(NO)(S2MoS2)2]2- and the het- 
erometallic dinitrosyl [Fe(N0)2(S2MoS2)]-. We 
now describe the reactions of Fe,(SR),(NO),, prin- 
cipally Fe,(SMe),(NO),, with a range of further 
nucleophiles to give, as previously, paramagnetic 
complexes readily detected by EPR spectroscopy. 
The side-chains of proteins and peptides contain a 
number of potentially nucleophilic groups, based 
upon oxygen, nitrogen and sulphur ; as models for 
the formation of paramagnetic mononuclear dini- 
trosyliron complexes from the neutral diamagnetic 
esters Fe2(SR)2(N0)4 by interaction with nucleo- 
philic peptide side chains, we have studied the 
reactions of the ester Fe2(SMe)2(N0)4 with a num- 
ber of nucleophilic anions based upon these three 
elements, together with halide ions. 

* Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

Reactions with halides 

The methyl ester Fe,(SMe),(NO), reacted readily 
with an excess of iodide ion in DMF solution to 
yield the known3 [Fe(NO),I,]-, characterized by 
g = 2.079, A(lz71) = 20.6 G : the bromide ion simi- 
larly yielded [Fe(NO)2Br2]-, having g = 2.049, 
A(79Br) = 18.4 G, A(‘lBr) = 20.0 G and 
A(14N) = 2.5 G. However, the chloride ion gave no 
complexes containing chloro ligands, but rather the 
two solvo complexes’ [Fe(NO)2(SMe)(DMF)] and 
[Fe(NO),(DMF)d+. When the solvent was changed 
to THF, iodide again gave [Fe(N0)212]-, but bro- 
mide gave solutions which were EPR-silent, while 
in acetone as the solvent even iodide gave EPR- 
silent solutions. The ease of ring-opening in Fe2X2 
(NO), to yield mononuclear products is greatest in 
a given solvent for X = I, because FezI,( has 
the longest and weakest Fe-Fe bond : 4 the vari- 
ation with solvent, for given X, follows the order of 
the Gutmann donor numbers.’ 

1371 
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Reactions with pseudohalides 

When Fe,(SMe),(NO), reacted with (PPN)SCN 
[(PPN)+ E (Ph,PNPPh,)+] in CHzClz solution, a 
paramagnetic complex was formed immediately 
upon mixing having a 12 line EPR spectrum 
centred at g = 2.029, with the intensity ratio 
1:3:5:7:9:11:11:9:7:5:3:1. The spectrum 
was consistent with the formulation [Fe(NO)* 
(SMe)(SCN)]-, having A(14N) = 4.8 G and 
A( ‘H) = 2.4 G : confirmation was obtained from 
the corresponding reaction between (PPN)SCN and 
Fe2(SBu’)2(N0)4 where the product [Fe(NO), 
(SBu’)(SCN)]- exhibited no hyperfine coupling to 
hydrogen, only to the two nitrogens of the nitrosyl 
ligands. In these reactions, the softer sulphur site of 
the ambidentate thiocyanate has attacked iron in 
a simple addition reaction, eq. (1): no hypertme 
coupling was detected to the remote nitrogen of the 
thiocyanate. 

Fe2(SMe)2(N0)4+2SCN- 

+ 2[Fe(N0)2(SMe)(SCN)]-. (1) 
Within 30 min of mixing, the spectrum was more 
complex consisting of [Fe(NO),(SMe)(SCN)]- and 
a second species of a higher g value. After 6 h, this 
second species was the sole paramagnetic species 
detectable, having a nine line spectrum centred at 
g = 2.034, with spacing 2.4 G and intensity ratio 
1:4:10:16:19:16:10:4:1. 

The identical spectrum was obtained by reaction 
of Fe,I,(NO), with excess thiocyanate in DMF 
solution, and we attribute it to [Fe(NO),(NCS)2]- 
in which both hypertine couplings to nitrogen are 
2.4 G. The same g value, 2.034, was obtained6 from 
the complex formed from the interaction of NO gas 
with an aqueous mixture of Fe’+ and thiocyanate. 
Hence, although the initial product from thio- 
cyanate and Fe2(SMe)2(N0)4 contained thio- 
cyanate bound through sulphur, the final product 
contained thiocyanate bound to iron through nitro- 
gen : this last product is the thermodynamic one but 
the kinetic product depended upon attack by the 
soft site at the soft Fe( -I), an electron-rich d9 
centre. ‘,3 While formation of the kinetic product, 
eq. (1) is fast, formation of the final thermodynamic 
product, eq. (2) takes several hours. 

[Fe(NO)2(SMe)(SCN)]- + SCN- 

+ MeS + [Fe(NO),(NCS)$ . (2) 

In contrast to the behaviour of thiocyanate, both 
cyanate, NCO- and azide, N;, react with Fez 
(SMe)2(N0)4 to yield a single product of the type 
[Fe(NO),(NXY)d- (where XY is CO or Nz, respec- 
tively) in which the iron is coordinated by four 
nitrogen atoms. For the cyanate complex, g = 2.030, 

and the two A( 14N) values are 4.8 and 2.4 G in 
acetone solution ; for the azido complex, where the 
line width was substantially higher, possibly 
because of a small hyperIme coupling to the central 
14N of the azide ‘lig ands, the spectral parameters 
were virtually identical. However, selonocyanate, 
SeCN- gave with Fe,(SMe),(NO),, a complex and 
rather poorly resolved spectrum indicative of the 
presence of at least three paramagnetic nitrosyl 
complexes. In a comparative experiment, seleno- 
cyanate reacted with Fe,I,(NO), to give, again, a 
very complex spectrum which could not be inter- 
preted. 

Reactions with oxo-anions 

During the course of a study of the isotopic ex- 
change reactions between a range of iron-sulphur 
nitrosyl complexes and labelled nitrite [’ 5N02]-, we 
observed’ that the esters Fe2(SR),(N0)4 (R = Et 
or Ph) with (PPn)+[“NO,]- in CDzClz solution 
gave only broad unresolved absorptions in their 
’ 5N NMR spectra, indicative of paramagnetic spec- 
ies. We subsequently showed that Fe,(SR),(N0)4 
(R = Me, Et or Ph) all gave [Fe(N0)2(N0,),]- with 
nitrite. We have now extended this series to include 
R = Pr’. In the same study we observed’ that 
Fe,S,(NO), also reacted rapidly with (PPN)+ 
[15N02]- in CDzCll to yield the rearranged 
product [Fe,S,(“NO),]-. It has since been 
reported’ that nitrite reacts, as the (PPN)+ salt, 
with CH2C12 solvent to yield ClCH,ONO, which 
acts as a potential source of nitrosyl chloride and 
the nitrosonium cation. Consequently, we have re- 
investigated the reactions of Fe2(SR)2(N0)4, and of 
Fe,S,(NO),, with (PPN)+pO,]- in solvents other 
than CH2C12. 

We have observed the same complex7 
[Fe(NO),(NO,),]-, formed from a range of esters 
Fe,(SR),(NO), in CH,C12, acetone and DMF. 
Although in aqueous solution6 no such complex 
appears to be formed from Fe’+, nitrite and nitric 
oxide gas, in acetone at least this is an extremely 
stable and persistent complex. Solutions of Fe2 
(SMe)2(N0)4 which have been kept in either acetone 
or acetone-d, over a period of several months at 
room temperature show well-developed spectra of 
[Fe(NO),(NO&-. 

Although the “N NMR spectra of solutions of 
Fe,S,(NO), and (PPN)+[“NO,]- in CH2C12 
showed no evidence for the presence of para- 
magnetic complexes, nevertheless EPR study of 
such solutions showed the presence of two 
mononuclear species [Fe(NO)2(SH)Z]- and 
[Fe(NO)2(N02)2]-. As commonly occurs,* a poly- 
nuclear precursor containing only mononitrosyl- 
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iron groups gives only dinitrosyl-iron fragments in 
the mononuclear products ; the presence of such 
products renders intelligible the identity of the final 
product in this solvent, [Fe&(NO),]-. In acetone 
solution however the ’ 5N NMR spectrum of a fresh 
mixture of Fe,S,(NO), and (PPIAI)+[‘~NOJ showed 
only a broad featureless absorption indicative of 
the presence of paramagnetic species : EPR exam- 
ination showed a single paramagnetic complex, 
having a five line spectrum centred at g = 2.028 but 
otherwise unidentified, which disappeared over a 

paramagnetic complexes,* [Fe(NO)(S,MoS,),]*- 
and [Fe(N0)2(S2MoS2)]-. Of these, [Fe(NO)* 
(S,MoS,)]- is analogous to the complexes’ 
[Fe(NO)2(SR)]- and contains tetrahedral9 
iron( -I), while [Fe(NO)(S,MoS,)d*- contains 
square pyramidal iron(I) and is thus analogous 
to the dithiocarbamate complex Fe(N0) 
(S2CNMe&. lo We have now studied the reactions 
of Fe,(SMe),(NO), with two bis-dithio ligands, 
piperazinobis(dithiocarbamate), L1 and tetra- 
thioterephthalate, L2 : 

period of two weeks, after which time the “N 
NMR spectrum showed the presence of both 
[Fe,S,(NO),]- and [Fe2S2(N0)q]2-. Hence, we con- 
clude that while the course of the reaction of the 

Each of (PPN),[CrO,] and (PPN),[SO,] reacted 

esters Fe2(SR)2(N0)4 with nitrite is independent of 

with Fe,(SMe),(NO), in acetone solution to yield 
paramagnetic products whose spectra charac- 
teristics were essentially identical with those of the 

the solvent, that of Fe,S,(NO), differs markedly 

first product, [Fe(NO),(SMe)(SCN)-, from the 

when CH2C12 and acetone are solvents. 

reaction of Fe2(SMe)2(N0)_, with thiocyanate : 
consequently we assign to these products the 
formulations [Fe(NO)2(SMe)(OR)]2- (where 
R = CrO, and SOS, respectively). By contrast, the 
reaction of Fe2(SMe)2(N0)4 with (PPN)2[S203] 
yielded, as the sole parmagnetic product, the 
known1 [Fe(NO),(SMe),]-. This may be compared 
with the formation’ of [Fe(NO),(SPh)J as the the 
sole paramagnetic product of the reaction between 
Fe2(SPh)2(NO), and [MoS,]*-. No paramagnetic 
products were formed by either (PPN)[Mn04] or 
(PPN)[ClO,], possibly because of the very low 
nucleophilicity of these anions. 

Reactions with piperazinobis(dithiocarbamate) and 
tetrathioterephthalate 

The esters Fe,(SR),(NO), (R = alkyl) react 
with tetrathiomolybdate ~oS,]‘- to yield two 

L, 

If these ligands were to be coordinated to square 
pyramidal iron(I) at both ends of the ligand then 
polymeric iron nitrosyls would ensue: the ligands 
L, and L2 have been designed to provide, in the 

Reaction of the disodium salt of the piperazino 

event of such polymer formation, respectively an 

ligand L, with Fe*(SMe)*(NO), in DMF solution 
such that the molar ratio of L, to the ester was 5 : 1 

insulating and a conducting fragment between suc- 

gave an EPR spectrum showing the presence of two 
paramagnetic species (A) and (B). Complex (A) was 

cessive iron centres. 

a mononitrosyl characterized by g = 2.039, 
A( 14N) = 13.6 G: such a large value of A char- 
acterizes* the complex as containing a square 
pyramidal iron(I) with a linear Fe-N-O frag- 
ment and points to the partial structure (I), analo- 
gous to those in Fe(NO)(S2CNMe2), and 
[Fe(NO)(S2MoS2)J2-. Complex (B) was a dinitrosyl, 
characterized by g = 2.014, A(14N) = 3.8 G, and 
hence contains tetrahedral iron( -1) with again lin- 
ear Fe-N-O fragments and the partial structure 
(II). It is not possible to determine from these data 
whether complexes (A) and (B) are monomeric or 
oligameric : however there is no doubt that the reac- 
tions of the ligand L1 with Fe2(SMe),(NO), in 
DMF closely resemble the corresponding reactions 
of [MoS4]*-. 

However, when the solvent was changed from 
DMF to the much less polar acetone, the course of 
the reaction between L, and Fe(SMe),(NO), was 

s /O / \ /N -C/;,)Fe, 

N\O 
(I) (II) 
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radically altered. The initial product had an EPR 
spectrum identical in type to those of the initial 
products formed by thiocyanate, sulphate and chro- 
mate (see above) and characterized by g = 2.030 
with a spacing of 2.5 G : we therefore attribute this 
to a complex of type [Fe(NO)2(SMe)(!%R)].“-. 
This assignment was confirmed as in the thio- 
cyanate reaction by comparison of the behav- 
iour of Fe,(SMe),(NO), with that of Fe, 
(SBu’),(NO),. On standing for 24 h at room tem- 
perature this initial spectrum was replaced com- 
pletely by that of [Fe(NO),(NO,)J- ; at no stage 
were complexes (A) and (B) detected from either 
Fe2(SMe),(NO), or Fe2(SBu’)2(N0)4 when acetone 
was employed as the solvent. 

In reactions of the disodium salt of ligand L2 
with both Fe2(SMe)2(NO), and Fe2(SBu’)2(N0)4, 
whether in DMF or in acetone, we have not detected 
any square pyramidal mononitrosyl complex anal- 
ogous to (A). In all cases, the detected products 
were [Fe(N0)2(SH),]- and [Fe(NO),(SR)d- (R = 
Me or Bu? only. 

Further study of reactions with tetrathiomolybdate 

When R is an alkyl group, reaction of 
Fe,(SR),(N0)4 with [MoS,]‘- in DMF solution, 
such that the overall molar ratio MO: Fe was 
1: 1, yielded2 a mixture of [Fe(N0)2(SR)2]-, 
[Fe(N0)2(S2MoS2]- and [Fe(NO)(S2MoS2)2]2-, 
except that for R = Bu’, the proportion of 
[Fe(N0)2(S2MoS2)]- was negligible. Photolysis of 
such reaction mixtures, with an unfiltered medium 
pressure mercury-vapour lamp, followed a common 
pattern, as judged by their EPR spectra. Firstly, 
the trinuclear [Fe(NO)(S2MoS2)2]2- disappeared, 
leaving the two dinitrosyl complexes: further 
irradiation caused the disappearance of [Fe 
(NO),(S2MoS2)]-, to leave only [Fe(NO), 
(SR),]-. Control experiments showed that 
similar irradiation of solutions of Fe2(SR)2 
(NO), alone in DMF had no influence on the 
EPR spectra of the solvo complexes’ [Fe(N0)2 
(DMV,I+ and [Fe(N0)2(DMF)(SR)]. The 
complexes [Fe(NO),(SR),]- remaining after the 
heterometallic nitrosyls had been converted into 
EPR silent species appeared to be unaffected by 
further irradiation. When R = phenyl, the sole 
paramagnetic complex detectable after reaction 
with [MoS412- was’ [Fe(N0)2(SPh)d- : this like- 
wise was unaffected by irradiation. 

The binuclear paramagnetic dinitrosyl’ 
[Fe(N0)2(S2MoS2)J- is similar in stoichiometry to, 
but differs in redox level from, the diamagnetic 
di-anion” [Fe(NO)2(S2MoS2)]2- : this paramag- 
netic ion should therefore by accessible from 

[Fe(N0)2(S2MoS2)]2- by mild oxidation. Reaction 
of a DMF solution of (Et.,N)2[Fe(NO)2(S2MoS2)] 
with a five-fold molar excess of either NO(BFd or 
NO,(BF,) yielded an intense quintet EPR 
spectrum, characterized by g = 2.027, A(14N, 
2N) = 2.0 G, identical with that observed pre- 
viously’ in the formation of [Fe(N0)2(S2MoS2)]- 
by reaction of Fe2(SR),(NO), with [MoS412- : thus 
NO+ and NO: had effected a one-electron oxi- 
dation of the diamagnetic [Fe(NO)2(S2MoS2)]2- to 
give [Fe(N0)2(S2MoS2)]-, eq. (3) : 

[Fe(NO)2(S2MoS2)]2- +NO,f 

+ N0,+[Fe(N0)2(S2MoS2)1-. (3) 

The trinuclear mononitrosyl’ [Fe(NO) 
(S2MoS2)2]2- is clearly related to the tri-anion12’13 
[Fe(S2MoS2)2]3-, shown by X-ray analysisI 
to contain tetrahedral iron and by magnetic sus- 
ceptibility’ 3 and EPR’ 2 measurements to contain 
three unpaired electrons per anion. Reaction of 
a DMF solution of (Et4N)3[Fe(S2MoS2)2] with 
a five-fold molar excess of NO(BF4) yielded a very 
intense triplet EPR spectrum, characterized by 
g = 2.024, A(14N, 1N) = 15.0 G, identical with that 
observed previously’ in the reactions of 
Fe2(SR)2(N0)4 with [MoS412-. Thus NO+ had 
added to [Fe(S2MoS2)d3-, eq. (4), so converting a 
tetrahedral iron complex13 having S = 12 into a 
square pyramidal iron complex’ having S = 4 : 

[Fe(S2MoS2)2]3-+NO+ 

+ [Fe(NO)(S2MoS2)~2-. (4) 

In [Fe(NO)(S2MoS2)~2-, the linear Fe-N-O 
group (as deduced’ from the A(14N) value) and the 
S = 4 ground state point to a formulation con- 
taining d7 Fe(I) coordinated by two [MoS412- 
ligands : by comparison, both the X-ray data I3 and 
the Mossbauer spectrum13 for [Fe(S2MoS2)2]3- 
suggest a fairly high oxidation state for iron, 
although the electronic structure for this ion has 
not yet been adequately defined. 

These alternative syntheses of [Fe(N0)2 
(S,MoS,)]- and [Fe(NO)(S2MoS2)J2- are taken 
as confirmation of the constitutions derived 
earlier’ from EPR data. 

EXPERIMENTAL 

Literature methods were used for the prepara- 
tion of Fe2(SR)2(NO),,2~14 Fe212(N0)4,15 (NH4)2 

[MoS4]16 and (PPN)+ salts17 [(PPN)+ 
= (Ph3PNPPh3)+] ; (Et4N),[Fe(S2MoS2)2]12913 
was converted into (Et4N)2[Fe(NO)2(S2MoS2)]‘1 
by the action of NO gas in dry DMF solution. 
The disodium salts of the ligands L’ and L2 were 
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prepared by standard methods18 starting from 5. V. Gutmann, Coordination Chemistry in Non-Aque- 
piperazine and a&-dichloro-p-xylene, respec- ous Solutions. Springer, Vienna (1968). 
tively. NO(BF.,) and NO*(BF,) were purchased 6. L. Burlamacchi, G. Martini and E. Tiezzi, Znorg. 

from Aldrich and were used as received. DMF of Chem. 1969,8,2021. 

AnalaR quality was dried over barium oxide, dis- 7. A. R. Butler, C. Glidewell and I. L. Johnson, Po[v- 

tilled under reduced pressure and stored under dry hedron 1987,6,2091. 

nitrogen. All manipulations were carried out under 8. J. C. Fanning and L. K. Keefer, J. Chem. Sot., Chem. 

an atmosphere of dry nitrogen. 
Commun. 1987,955. 

EPR spectra were measured in 1 mm quartz capil- 
9. H. Strasdiet, B. Krebs and G. Henkel, Z. Natur- 

laries using a Bruker ER200D spectrometer with 
firsch. 1986,41b, 1357. 

10. 
di-t-butyl nitroxide as the standard for the measure- 
ment of line positions. Spectral assignments were 
confirmed where necessary by the use of ’ 'N label- 11. 
ling. Photolyses were undertaken using an unfil- 
tered medium pressure mercury-vapour lamp : 12. 

experiments were generally carried out at 240 K, 
except where specified otherwise. “N NMR spectra 

13 
’ 

were recorded using a Bruker AM-300 14 
spectrometer, using recording conditions as pre- ’ 
viously described. lv 15. 
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Abstract-Fourteen mono-substituted arene chromium tricarbonyl and arene chromium 
dicarbonyl triphenylphosphine complexes have been prepared and characterized by IR and 
NMR spectroscopy. Carbonyl stretching force constants for all compounds have been 
calculated. Correlations of stretching forces constants of arene chromium tricarbonyl com- 
plexes with a series of substituent constants agree well with those reported in earlier studies. 
Similarly, both the stretching force constants and 3’P chemical shifts of arene chromium 
dicarbonyl triphenylphosphine complexes have been compared with the same series of 
substituent constants and were found to exhibit trends similar to those previously observed. 

In our previous communications’~2 we have dem- 
onstrated that the Taft substituent constants, bI and 
al, and the carbonyl force constants of arene 
Cr(C0)2L and CpMnJCO)2L complexes vary in a 
regular way depending on the rt acidity of the ligand 
L, where L is a phosphine or phosphite. 

Several workers have investigated the mechanism 
of transmission of electron density from arene rings 
to a complexed metal atom or its ligands. A variety 
of physical parameters have been used to probe the 
changes in metal electron density which result from 
the introduction of substituents onto an arene ring. 

order to determine the nature of this relationship, 
we have prepared a series of arene chromium dicar- 
bony1 triphenylphosphine complexes and measured 
the ‘H and 31P NMR chemical shifts as well as the 
carbonyl stretching frequencies for all compounds. 
The correlations between 31P NMR chemical shift, 
carbonyl force constants and the same set of sub- 
stituent constants examined by Neuse has been 
determined and is discussed in this communication. 

RESULTS AND DISCUSSION 

For example, carbonyl stretching frequencies and Fourteen mono-substituted arene chromium 
force constants, and 13C NMR chemical shifts of tricarbonyl (I) and arene chromium dicarbonyl tri- 
the metal carbonyls have been measured for broad phenylphosphine (II) derivatives were prepared and 
series of compounds. Senoff has exhaustively their NMR and IR spectra recorded. In most cases 
reviewed the literature on this subject up to 1979.3 it was possible to prepare good yields of the arene 
Neuse has presented a particularly thorough study chromium tricarbonyl derivative by refluxing the 
of the changes in the carbonyl stretching frequencies arene with chromium hexacarbonyl in a mixture of 
and force constants for 28 arene chromium tricar- 
bony1 compounds which were correlated with a set 
of selected substituent parameters.4 Q- 

R 
GsR 

We have been concerned with the synthesis of a I 

variety of arene chromium dicarbonyl phosphine 
compounds and have noted that the 31P NMR 

/,I\ 
oc 8 co o,/iYp,, 3 

chemical shifts appeared to be sensitive to sub- 6 
stituents on the arene rings. A similar qualitative 
observation has been made by Setkina et al.’ In I II 

1377 
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butyl ether and tetrahydrofiuan as described by 
Top and Jaouen.6 However, in the case of ben- 
zaldehyde and acetophenone, only low yields of the 
desired chromium complexes could be obtained. It 
was found that conversion of benzaldehyde and 
acetophenone to their dioxolane derivatives fol- 
lowed by metallation in the usual way gave excellent 
yields of the corresponding dioxolane chromium 
tricarbonyl derivatives which could be easily hydro- 
lysed to the corresponding aldehyde and ketone 
complexes. Drefahl et al. adopted a similar strategy 
by using the diethylacetal of benzaldehyde as an 
intermediate in the preparation of benzal- 
dehyde chromium tricarbonyl. 7 

Triphenylphosphine derivatives of arene chro- 
mium tricarbonyl compounds are readily prepared 
by photolysis in benzene.8 Photolysis of the diox- 
olane chromium tricarbonyl derivatives with tri- 
phenylphosphine gave the corresponding tri- 
phenylphosphine complexes in good yield. 
Hydrolysis of the dioxolanes cleanly gave the alde- 
hyde and ketone derivatives. 

IR spectra were recorded for all compounds 
using dichloromethane as a solvent. Carbonyl 
stretching frequencies and stretching force constants 
for all compounds are recorded in Table 1. Stretch- 
ing force constants for the carbonyl groups of both 
the arene chromium tricarbonyl and arene chrom- 
ium dicarbonyl triphenylphosphine complexes were 
computed by using the approximations developed 
by Cotton and Kraihanzel. 9 IR stretching force con- 
stants for the arene chromium tricarbonyl deriva- 
tives agree very well with those reported by Neuse 

for the same solvent and are slightly lower than 
those reported by van Meurs et al. for isooctane 
solutions. ‘O 

Substitution of a triphenylphosphine for a car- 
bony1 group resulted in a shift of the carbonyl 
stretching frequencies to lower energy, consistent 
with the reduced rc acidity of the triphenylphos- 
phine relative to carbonyl. The reduction in force con- 
stant upon introduction of the phosphine is highly 
uniform, averaging 0.879 mdyne A-’ with a stan- 
dard deviation of about 4.3 % . Carbonyl stretching 
frequencies and force constants are presented in 
Table 1. 

‘H, 19F and 31P NMR spectra, as appropriate, 
were recorded for these compounds and were con- 
sistent with reported values. 3’P NMR chemical 
shifts are reported in Table 1. Other spectral par- 
ameters for new compounds are presented in the 
Experimental. Arene ring proton chemical shifts are 
affected only slightly when phosphine is substituted 
for carbonyl, while the chemical shifts of substituent 
methyl groups (Me, t-Bu, OMe, NMe,, SiMe,) are 
shifted downfield. 19F NMR chemical shifts of the 
trifluoromethyl group also move to lower field 
[99.94 ppm for CF$6H5Cr(CG)3 to 100.90 for 
CF3C6H,Cr(CG)2P(C6H5)~] upon introduction of 
the phosphine. 

Fletcher and McGlinchey have reported the 19F 
chemical shifts of a series of m- and p-substituted 
fluorobenzene chromium tricarbonyl derivatives. ’ ’ 
The effect of these substituents upon the chemical 
shifts of the fluorine was correlated using Swain- 
Lupton field and resonance parameters with elec- 

Table 1. IR” and 3 ‘p spectral data and force constants’ 

XC6H5Cr(CO)S XC6H5Cr(CO)2P(C6H5)3 
X A E k ki A, B, k ki 3’P 

H 1973 1892 14.88 0.4218 1892 1833 14.19 0.4394 90.93 

CH3 1971 1892 14.87 0.4208 1887 1828 13.94 0.4448 91.68 

WH3)3 1966 1887 14.79 0.4092 1883 1824 13.88 0.4466 91.90 
0CH3 1972 1892 14.87 0.4158 1886 1827 13.92 0.4385 91.90 

N(CHJz 1955 1867 14.53 0.4510 1869 1806 13.64 0.4671 93.47 

Si(CH3j3 1968 1891 14.84 0.3985 1888 1833 13.98 0.4094 91.30 
F 1982 1907 15.08 0.3897 1903 1847 14.19 0.4411 88.93 
Cl 1981 1907 15.07 0.3847 1904 1845 14.22 0.4162 88.54 
Br 1972 1897 14.92 0.3944 1892 1835 14.03 0.4320 88.31 
COCH3 1983 1913 15.15 0.3675 1908 1854 14.29 0.4108 86.36 
CHO 1988 1919 15.23 0.3605 1917 1861 14.41 0.4269 84.85 
CO&H3 1983 1913 15.15 0.3675 1908 1854 14.29 0.4108 86.65 

CsHs 1970 1893 14.87 0.402 1 1889 1834 14.00 0.4157 90.58 

CF3 1988 1914 15.18 0.3908 1914 1860 14.38 0.4117 85.88 

‘Solvent CH,C12, carbonyl stretching frequencies in cm- ‘. 
b 85% H3P0, reference, CDC13 solvent. 
‘Force constants in mdyn A- I. 
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tron donating groups being found to cause an 
upfield shift of the 19F resonance. In this work, the 
upfield shift of the 19F resonances resulting from 
substitution of a phosphine for a carbonyl [29.50 
ppm for FCgH5Cr(C0)3 and 22.55 ppm for F&H5 
Cr(CO),P(C,H,),] is found to be roughly equi- 
valent to the effect of placing a strongly resonance 
donating group, such as a methoxy or an amine, in 
a para position relative to the fluorine. 

31P chemical shifts were recorded and were found 
to be dependent upon the ring substituents as was 
suggested by our qualitative observations. Electron 
donating ring substituents cause a downfield shift 
of the phosphine resonance while electron with- 
drawing groups shift the resonance upfield. 3’P 
chemical shifts show a good correlation (r = 0.946) 
with the carbonyl stretching force constants indi- 
cating that ring substituents are exerting a pro- 
portional effect on both groups. 

Following Neuse, we have examined the cor- 
relations of k(C0) arene chromium tricarbonyl, 
k(C0) arene chromium dicarbonyl triphenyl- 
phosphine and 31P chemical shifts with several 
sets of substituent constants, Table 2, to deter- 
mine the nature of the interaction between the metal 
ligands and the ring substituents. The six sets of 
substituent constants which were examined include 
o”, cr,“, (T,, crp, o1 and ai. The 0” and c,” series are 
closely related and measure the effects of arene sub- 
stituents on reaction centres which are isolated from 
the arene ring by a methylene group. 1 2,1 3 By iso- 
lating the arene ring, direct conjugation of the sub- 
stituent with the reaction centre is precluded so 
that the observed constants reflect the total electron 
density changes in the ring resulting from the sub- 
stituent. The rs,,, and crp constants are traditional 

Hammett constants as measured by Brown and are 
based on the ionization of substituted benzoic 
acids. I4 Direct conjugation of para substituents 
such as amine and methoxy with the reaction centre 
will result in “exalted” substituent constants for 
these groups. rr, and ai constants have been de- 
veloped by Taft and others to separate the inductive 
and resonance contributions of substituents.‘5-‘7 
As in the case of the c? and 0,” constants described 
above, these values should be free of direct con- 
jugation effects. 

The two sets of stretching force constants and 
the set of 3’P chemical shifts were examined for 
correlations with all six sets of substituent 
constants. The resulting correlations, Table 3, sub- 
stantially parallel those reported by Neuse and 
show that these three sets of data are best correlated 
by those constants which measure both the induc- 
tive and resonance contributions, i.e. a” and cr,“, of 
the substituents. The poor correlations for or and 
cri constants conhrm that the substituent effect is 
not a simple inductive or resonance phenomenon. 
k(C0) arene chromium tricarbonyl and k(C0) 
arene chromium dicarbonyl triphenylphosphine 
were found to have almost identical slopes when 
compared to the a, and c,” constants. The aldehyde 
derivatives were found to yield data which were very 
far out of line with the remaining values. It is not 
clear whether the failure of aldehyde to conform is 
due to solvent effects or to intermolecular inter- 
actions between the aldehyde and the chromium 
atom. 

The correlations presented in this work and in 
our previous paper illustrate the remarkably uni- 
form interrelationships between the physical con- 
stants of these arene chromium tricarbonyl and 

Table 2. Substituent constants 

H 
CH, 
WH,), 
OCH, 
N(CH& 
Si(CH& 
F 
Cl 
Br 
COCH, 
CHO 
CO$H, 
GH, 
CPX 

0.00 0.00 
-0.10 -0.124 
-0.14 -0.174 
-0.09 -0.100 
-0.24 -0.48 

- 
0.18 0.212 
0.29 0.281 
0.30 0.296 
0.502 0.502 
0.43 0.53 
0.46 0.46 
0.06 0.039 
0.53 0.505 

0.00 
- 0.069 
-0.10 

0.115 

- 
- 

-0.04 
0.337 
0.371 
0.391 
0.376 

0.00 
-0.170 
-0.197 
-0.268 
-0.83 
-0.07 

0.062 
0.227 
0.232 
0.502 

- - 
0.37” 0.45” 
0.06 -0.01 
0.43 0.54 

0.00 
-0.08 

- 
0.25 
0.10 
- 

0.52 
0.47 
0.44 
0.28 
0.25 
0.31” 
0.08 
0.41 

0.00 
-0.146 
-0.13 
-0.43 
-0.54 

0.00 
-0.32 
-0.18 
-0.16 

0.19 
- 
0.15 

-0.093 
0.13 

u Literature values are for C02C2HS. 
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Table 3. Summary of linear regression analyses” 

(a) Comparison of XCsH,Cr(C0)3 carbonyl force constants with 
various substituent constants and XCsH&Zr(CO)&H&P 
carbonyl force constants 

Sub. Const. Set Slope (m) Intercept (b) Correlation 

0” 1.24 - 18.39 0.908 
bP 0 0.596 14.88 0.959 
ufn 1.31 - 19.42 0.883 
OP 1.93 -28.75 0.943 
=I 0.539 - 7.82 0.553 
&O) 0 0.801 0.924 - 12.08 0.236 0.901 0.668 

k(CO)b 1.112 -2.55 0.988 

(b) Comparison of XC,H,Cr(CO),(C&IH,),P carbonyl force con- 
stants with various substituent constants 

Sub. Const. Set Slope (m) Intercept (b) Correlation 

1.17 - 16.33 0.890 
1.18 - 16.40 0.934 
0.576 13.78 0.895 
0.664 - 13.99 0.963 
1.06 - 14.71 0.853 
1.73 -24.31 0.953 
0.564 -7.69 0.599 
0.762 - 10.84 0.713 

(c) Comparison of 3’P chemical shifts with various substituent 
constants and carbonyl force constants 

Sub. Const. Set Slope (m) Intercept (b) Correlation 

0” 
an b 

0 
OP 

Ob 
OP 

0, 
OP 

QI 

Y&O) 0 

k(CO)b 

-0.105 9.56 0.934 
-0.107 9.73 0.996 
-0.144 10.3 0.979 
-1.22 11.02 0.985 
-0.084 7.69 0.908 
-0.145 13.0 0.947 
-0.0521 4.91 0.646 

-0.0652 -7.96 21.20 5.72 0.730 0.946 
-7.97 21.21 0.947 

“Data sets calculated without aldehyde derivative included. 
b Data are presented for the relationship : y = mx+b. Linear 

regression calculations were performed using standard statistical 
methods. The correlation coefficient R is reflective of “goodness- 
of-fit” where R = 1 .O for a perfect straight line. 

arene chromium dicarbonyl triphenylphosphine If this simple relationship holds for other sets of 
compounds. Using the carbonyl force constants as organometallic compounds, then it might be possible 
a reference, it would appear that the contributions to determine the 6 contributions for a series of 
of the phosphine and ring substituents can be ligands and substituents on different metal com- 
treated as separate, additive quantities so that plexes and use these 6 values as a measure of the 

sensitivity of a metal complex to electron donation 
6 k(C0) = 6 k(substituent) + 6 k(ligand). or withdrawal. 
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EXPERIMENTAL 

IR spectra were recorded on a Perkin-Elmer 
Model 1750 FT/IR spectrophotometer. NMR spec- 
tra were recorded on a Varian Associates FTSOA 
NMR spectrometer. HPLC analysis of all com- 
pounds and reaction mixtures was conducted on a 
GGW-MAC Model 080-20 HPLC using a silica 
gel column and 3/7 THF/petroleum ether as the 
elutant. 

Chromium hexacarbonyl was purchased from 
Strem. Dioxobenzaldehyde and dioxoace- 
tophenone were prepared by literature 
procedures. ’ * Substituted arene chromium tricar- 
bony1 and arene chromium dicarbonyl tri- 
phenylphosphine complexes were generally pre- 
pared by literature procedures, X&H $r(CO) 3 : 
X=H”CH ” CH30,” CH&O,” CH302C,” 
(CHJ$,” ;)CH&C,lg CgH5,” FCgH4,21*22 
C1CgH4,“*** BrCgH4,23 CHO,’ (CH3)3Si,24 CF3.24 
XC&Cr(CO),P(C,H,), : X = H,5, CH3,25 CH30,5 
CH3C0,26 CH30zC,27 (CH3)zN,5 (CH3)3C,25 
C6H5. 5 Spectral and physical properties of these 
compounds were compared with those reported 
in the literature and were consistent in all cases. 

Exceptions to these procedures are described 
below. Photolysis reactions were conducted in an 
Ace doubly-jacketed photolysis vessel with a quartz 
inner vessel using a Hanovia medium-pressure mer- 
cury lamp. Microanalysis was conducted by Gal- 
braith Laboratories of Knoxville, TN. All reactions 
were conducted under nitrogen. 

Synthesis of dioxolane benzeldehyde chromium 
tricarbonyl 

A 500 cm3 round bottom flask outfitted with a 
spin bar was charged with Cr(CG),, 8.80 g (40.0 
mmol) and dioxobenzeldehyde, 7.0 g (46.7 mmol). 
The flask was flushed with nitrogen and dibu- 
tylether (260 cm3) and THF (30 cm3) were added 
under nitrogen. The flask was outfitted with a reflux 
condenser and the reaction mixture refluxed for two 
days. The reaction mixture was filtered, reduced in 
volume to about 50 cm3 and 50 cm3 of petroleum 
ether was added to precipitate 9.0 g of dioxob- 
enzaldehyde chromium tricarbonyl as a yellow 
powder, m.p. 70-73°C. IR: (CH,Cl,) 1973, 1896. 
‘H NMR: (CDC13) 5.56-5.22 (m, aromatic 
protons), 4.17-3.98 (m, ethylene protons). Yield : 
79%. Found : C, 50.2 ; H, 3.8. Calc. for 
C12H1005Cr: C, 49.7; H, 3.4%. 

The known benzaldehyde chromium tricarbonyl 
can be formed from dioxobenzaldehyde chromium 
tricarbonyl in quantitative yield by brief reaction of 
the former with p-toluenesulphonic acid in acetone. 

The reaction mixture was stripped of solvent and 
the resulting oily residue was chromatographed on 
alumina using methylene chloride as an eluant. 
Benzaldehyde chromium tricarbonyl is recovered as 
a red oil. 

Synthesis of dioxoacetophenone chromium tricar- 
bony1 

In a reaction analogous to that described above 
for dioxobenzaldehyde, Cr(CG)& 4.40 g (20 mmol) 
and dioxoacetobenzene, 4.0 g (24.3 mmol), were 
reacted in butyl ether/THF. After removal of the 
reaction solvent the blue-yellow residue was taken 
up in hot benzene and filtered through Celite. The 
benzene solution was concentrated to about 5 cm3 
and petroleum ether added to precipitate 1.6 g of 
dioxoacetobenzene chromium tricarbonyl as a yel- 
low crystalline solid, m.p. 87-89°C. Yield : 27%. ‘H 
NMR: (CDC13) 5.72-5.41 (m, 5H), 4.08 (s, 4H), 
1.60 (s, 3H). Found: C, 51.9; H, 4.4. Calc. for 
C13H1205Cr: C, 51.3; H, 3.9%. 

Synthesis of arene chromium dicarbonyl tri- 
phenylphoshine derivatives 

In a typical reaction, 0.5 g of arene chromium 
tricarbonyl was photolysed overnight with a 10% 
molar excess of triphenylphosphine in benzene (200 
cm3) at 12°C. Photolyses were conducted in an Ace 
Hanovia reaction vessel equipped with a water-jack- 
eted quartz cold linger and a water-jacketed reaction 
vessel. Nitrogen was bubbled through the reaction 
mixture throughout the photolysis. After photolysis 
the reaction mixture was reduced in volume to 
about 10 cm3 and filtered through Celite. Addition 
of petroleum ether gave the desired products in 40- 
50% yield. Products could be further purified by 
recrystallization from benzene. 

Data for new compounds 

Fluorobenzene. Orange crystalline solid, m.p. 
188-190°C. Yield : 83%. ‘H NMR : (CDC13) 7.59 
6.98 (m, 15H), 4.26-3.77 (m, 5H). “F NMR: 
(CDC13) 22.56 (m). Found : C, 67.2 ; H, 4.7 ; P, 7.1. 
Calc.forC&H20FCrG2P:C,66.9;H,4.3;P,6.6%. 

Chlorobenzene. Yellow-orange crystals, m.p. 
186190°C. Yield : 72%. ‘H NMR : (CDC13) 7.58- 
6.99 (m, 15H), 4.44-4.13 (m, 5H). Found: C, 64.7; 
H,4.6;P,6.8. Cak. for C26H20C1Cd2P: C,64.7; 
H, 4.1; P. 6.4%. 

Bromobenzene. Orange plates, m.p. 168-170°C. 
‘H NMR: (CDC13) 7.57-6.99 (m, 15H), 4.45 (m, 
2H), 4.05 (m, 3H). Found : C, 59.0 ; H, 3.7 ; P, 
5.7. Calc. for Cz,HzoBrCr02P : C, 59.2 ; H, 3.8 ; P, 
5.9%. 
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Trl@uoromethylbenzene. Orange crystals, m.p. 
195-198°C. Yield : 38%. ‘H NMR : (CDCl,) 7.50- 
7.00 (m, 15H), 4.71 (m, 2H), 4.06 (m, 3H). “F 
NMR: (CDC13) 100.90 (m). Found: C, 62.8; H, 
4.2; P, 6.2. Calc. for C2,H,,F3Cr02P: C, 62.8; H, 
3.9 ; P, 6.0%. 

Dioxolanebenzaldehyde. Orange crystals, m.p. 
135-137°C. IR: (CHC13) 1901, 1835. ‘H NMR: 
(CDClJ 7.63-7.00 (m, 15H), 5.65 (s, lH), 4.89 (d, 
2H), 4.25 (m, 3H), 3.50 (m, 4H). 31P NMR : 
(CDC13)90.07ppm.Found:C,66.5;H,5.0;P,5.2. 
Calc. for CzvH&r04P: C, 66.9; H, 4.8; P, 5.9%. 

Benzaldehyde. Orange crystals, m.p. 134137°C. 
IR: (CH,Cl,) 1917, 1861, 1437 (CHO). ‘H NMR: 
(CDC13) 9.04 (s, IH), 7.49-7.03 (m, 15H), 5.09 (d, 
2H), 4.30 (t, lH), 4.09 (t, 2H). Found : C, 68.1; H, 
4.6. Calc. for C27H2,Cr03P : C, 68.1; H, 4.4%. 

Dioxolaneacetophenone. Orange crystals, m.p. 
128-131°C. IR: (CHC13) 1893, 1833. ‘H NMR: 
(C&D,) 7.65-7.02 (m, 15H), 5.26 (m, 5H), 4.18-3.99 
(m, 4H), 1.64 (s, 3H). 31P NMR: (CDC13) 90.75 
ppm. Found : C, 67.4 ; H, 5.3 ; P, 5.1. Calc. for 
C30H27Cr04P: C, 66.9; H, 5.0; P, 5.8%. 

Trimethylsilylbenzene. Orange crystals, m.p. 178- 
182”C, ‘H NMR : (CDC13) 7.667.06 (m, 15H), 4.83 
(d, 2H), 4.23 (m, 3H), 0.29 (s, 9H). Yield: 59%. 
Found: C, 66.3 ; H, 6.0; P, 6.1. Calc. for 
C2vH2vSiCr02P: C, 66.9; H, 5.6; P, 6.0%. 
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Abstract-The crystal structure of the dibromo(pyridine-2-aldehyde 2’-pyridylhydra- 
zone) copper(H) is reported. The compound crystallizes in space group F2,/n, with a = 
12.86(2), b = 11.944(5), c = 8.770(7) A, /I = 97.17(6)“, U = 1336(3) A3, Z = 4, 0, = 
2.06(l), 0, = 2.10 g cmW3, ~(Mo-&) = 78.92 mm-‘, qOO0) = 812, T = 293 K. Final R is 
0.047 (Rw = 0.049) for 854 observed reflections. The structure consists of discrete mol- 
ecules in which the copper(I1) ion is pentacoordinate with a distorted square pyramidal 
geometry. The spectroscopic data are in good agreement with the structural results. The 
stereochemistry of several pentacoordinate complexes of type [Cu(planar tridentate ligand) 
(unidentate ligand)*] is examined and the distortions of the coordination polyhedra are 
calculated. 

Polydentate ligands, particularly with terdentate 
arrangements, can be prepared by condensing pri- 
mary amines or hydrazines derived from pyridine or 
benzopyridine with aldehydes derived from similar 
starting materials. One of these ligands is the pyri- 
dine-Zaldehyde 2’-pyridylhydrazone (C , ,H , ,,N4, 
hereinafter paphy), whose tridentate nature was con- 
tinned by Gerloch’ when determining the crystal 
structure of [Co(paphy)Cld. As far as we are 
aware, it is the only known structure of this ligand 
with a transition metal. 

The ligand paphy forms two types of complexes 
when it reacts with one bivalent transition metal in 
a ratio of 1: 1, [M(paphy)X,] and [M(paphy)XjY 
(X = halide ; Y = PF6, BPh.,). The former leads to 
discrete monomeric molecules, while the latter pro- 
duces polynuclear species in which the X atom acts 
as a bridging ligand, causing magnetic interactions. 2,3 

In order to facilitate the interpretation of the 
physical properties of these compounds and to cor- 

*Author to whom correspondence should be addressed. 
t Present address : Departamento de Quimica Inor- 

ginica, Facultad de Ciencias Quimicas, Universidad de 
Valencia, 46100 Bmjassot, Valencia, Spain. 

roborate the predictions made by the various theo- 
ries on the pentacoordinated transition metal com- 
plexes, we decided to study [Cu(paphy)Brd. This 
compound has been utilized as a precursor in the 
synthesis of a polynuclear complex (ladder-like 
chain). 3 

RESULTS AND DISCUSSION 

The structure consists of monomeric molecules. 
The copper(I1) ions are pentacoordinated by three 
nitrogens [N(l), N(2), N(3)] of the tridentate paphy 
molecule and the two bromine ions. The results of 
the single crystal X-ray diffraction study are sum- 
marized in Table 1. 

Figures 1 and 2 show the [Cu(paphy)BrJ mol- 
ecules with the numbering system and the packing 
in the unit cell, respectively. 

The geometry of the coordination polyhedron is 
better described as square pyramidal, although the 
influence of the rigid tridentate paphy ligand leads 
to deviations. Angles N(2)-Cu-N( l), N(3) [aver- 
age value 78,6(g)“] deviate from 90” by about 12”, 
and the Cu-N(2) bond length is smaller than 
Cu-N( l), N(3). On the other hand, the apical bond 
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Table 1. Some selected bond distances (A), angles (“) and 
esds (in parentheses) of the [Cu(paphy)BrJ complex 

Cu-Br( 1) 2.37(5) 
Cu-N( 1) 2.03(4) 
Cu-N(3) 2.01(5) 

N(l>-C(5) 1.38(3) 

N(2)-N(4) 1.35(5) 

N(3>-C(7) 1.34(2) 

Br(Z)-Cu-N( 1) 
Br(2)-Cu-N(2) 
Br(2)-Cu-N(3) 
Br(Z)-Cu-Br( 1) 
N(ljCu-N(3) 
N(2)-Cu-Br( 1) 
N(l)-C!u-Br(1) 
N(l)-&-N(2) 
N(2)-Cu-N(3) 
N(3)-Cu-Br( 1) 

C(l)-N(l)--c(5) 
N(l>--C(l)--C(2) 
N( 1 FC(5>--c(4) 
C(7)-N(3)-C(ll) 
N(3>-C(7)--C(8) 
N(3>--C(l l)-C(lO) 
N(l>-C(5)-C(6) 
C(5)-C(6>-N(2) 
Cu-N(2)-C(6) 
Cu-N( 1)-C(5) 
Cu-N(l)-C(l) 

N(3>--C(7)_N(4) 
C(7)-N(4)-N(2) 
N(4)-N(2)--Cu 
Cu-N(3)-C(7) 

N(4)--C(7)--c(8) 
Cu-N(3)-C( 11) 

N(4)_N(2>-C(6) 

Cu-Br(2) 2.62(6) 
Cu-N(2) 1.98(2) 

N(l>--C(l) 1.36(5) 

N(2)--C(6) 1.30(2) 

N(4)--C(7) 1.39(3) 

N(3>-C(ll) 1.39(3) 

93.9(3) 
93.8(3) 
96.7(3) 

103.2(9) 
155.4(4) 
163.0(3) 
98.7(3) 
79.2(5) 
78.0(5) 

100.4(3) 
119(l) 
122(l) 
120(l) 
118(l) 
126(l) 
120(l) 
116(l) 
111(l) 
103.4(4) 
113.3(9) 
127.4(9) 
117(l) 
112(l) 
107.7(4) 
114.3(7) 
117(l) 
127.0(9) 
122(l) 

length Cu-Br(2) [2.62(6) A] is appreciably longer 
than the equatorial bond length Cu-Br(1) [2.37(5) 
A]. Values obtained for both bond distances and 
angles in the paphy ligand are in good agreement 
with those given in the literature. ‘*4 

The powder EPR spectrum of the complex shows 
a clear resolution of the g tensor in parallel and 
perpendicular components at room temperature 
(gl = 2.233, g1 = 2.05,, # = 2.116). This result is 
not modified at 125 K (g,, = 2.230, g1 = 2.05s, 
# = 2.11 5). The trend of g values (g,, > g1 > g,,) is 
indicative of a &z_~z ground state for the [CuN,Brd 
chromophore. ’ 

Similar results are obtained with both models. As 
expected, the title compound and most of the other 
complexes possess a topology very near to regular 
square pyramid (SP,). Notwithstanding, the com- 
pound numbers 9, 10 and 11 show an unusual 
geometry (“reverse geometry” s,) that may alter- 
natively be looked at as the intermediate between 
two elongated square pyramids, in which the apical 
positions are alternatively occupied by one of the 
two unidentate ligands. ’ ’ 

EXPERIMENTAL 

Synthesis 

In the visible region, the complex exhibits an The [Cu(paphy)Br,] compound has been synthe- 
unsymmetrical broad band centred at 14000 cm- I. sized by reaction of paphy (0.20 g, 1.01 rnmol) 
We tentatively assign this band to the non-resolved with copper(I1) bromide (0.23 g, 1.01 mmol) in 
transitions B, -+ Bz, E (A,,, AI) in C& symmetry. ethanolic solution. Green single crystals were 
Based on this assumption, it is possible to estimate obtained by evaporation at room temperature of 
the covalence factor from the orbital contributions an aqueous solution containing the resulting 

using the expressions : gll = gz = go + 8~1 and 
g1 = gx = gy = go+2ul (were Ui = K,?lo/Ai and 
i = II, J_ ; lo = 829 cn- I).’ The value obtained, 
K = 0.70 is in good agreement with the analogous 
chloro-complexes of 22’ : 6’, 2”-terpyridine.’ 

The coordination polyhedron around the copper 
atom in this type of compound has been described 
as “distorted square pyramidal” or “distorted trigo- 
nal bipyramidal”. However, these geometries are 
better described as regular square pyramidal (SP,) 
and “tetrahedral or trigonal distorted square pyra- 
midal” (SPti and SP,,, respectively) as Hathaway 
has pointed out. 6 

We have quantified the distortion of the coor- 
dination polyhedron of these complexes of the type 
[Cu(planar tridentate ligand)(unidentate ligand)z] 
using the Muetterties and Guggenberger descrip- 
tion7 and by considering the regular square pyramid 
(SP,) and the ideal trigonal bipyramid (TBP) as the 
limiting geometries. The dihedral angles and the 
deviation (A) from TBP for the ideal geometries and 
the title compound (A = 0.73) are given in Table 2. 
The value obtained for this compound shows a 
topology close to the regular square pyramid (SP,). 
The deviations (A) for the other pentacoordinate 
complexes are given in Table 3. 

The stereochemistry of these compounds has also 
been examined using Kepert’s model,8-1 O based on 
an interligand repulsion approach. The variation 
of angular coordinates @x vs 0x, for the title 
compound, the other pentacoordinate complexes 
(Table 3) and the ideal geometries is displayed in 
Fig. 3. [Qx is defined as the angle between the 
Cu-X(unidentate ligand) and the axis per- 
pendicular to the plane of the tridentate ligand.] 
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Fig. 1. Molecular structure of the [Cu(paphy)BrJ complex showing the atom numbering. 

compound. Found: C, 31.6; H, 2.1; N, 13.5. 
[Cu(C, ,H 10N4)Br2] requires : C, 31.3 ; H, 2.4 ; N, 
13.3%. 

Crystal structure determination 

Crystal (0.08 x 0.15 x 0.22 mm). Weissenberg 
photographs, monoclinic, Laue class 2/m. Phillips 
PW-1100 four-circle diffractometer ; MO-K, radi- 
ation, graphite monochromator, 1= 0.71069 A, m- 
28 scan. The cell parameters were obtained by least 
squares refinement of 25 reflections (3” < 0 < 15’). 

Crystal data. [Cu(C,,H,,N,)BrJ, A4 = 421.6, 
P2 ,/n, a = 12.86(2), b = 11.944(5), c = 8.770(7) A, 

j3 = 97.17(6)“, U=1336(3) A3, Z=4, D,= 
2.06(l), D, = 2.10 g cm- 3, /@IO-&) = 78.92 mm- ‘, 
F(OO0) = 812. The density was measured by flota- 
tion in a bromoform/acetone mixture. 

2158 unique reflections measured, 854 observed 
reflections [I > 2.0a(Q], h- 10 + 10, k0 --) 9, 10 + 
5, e,, = 25”. Three standard reflections measured 
after every hour of X-ray exposure showed no sig- 
nificant intensity fluctuation. Intensities were cor- 
rected for Lore& polarization, but not for absorp- 
tion The atomic coordinates of [Co(paphy)Cld 
published by Gerloch’ were used as starting values 
for the crystal structure refinement. Final least- 
squares refinement of all non-H atoms were 

Fig. 2. Packing of the [Cu@aphy)Brd molecules in the unit cell. 
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Table 2. Dihedral angles (“) and distortion of the coordination poly- 
hedron for the [Cu(paphy)Brz] compound and for the ideal geometries” 

Designation TBP SP,, SP, [Wpaphy)BrJ SP, 

101.5 106.4 109.9 112.2 121.8 
101.5 106.4 109.9 115.2 121.8 
101.5 106.4 109.9 113.7 121.8 
101.5 106.4 109.9 116.4. 121.8 

101.5 93.0 88.0 89.9 73.9 
101.5 93.0 88.0 78.4 73.9 

53.1 55.5 64.1 77.4 73.9 
53.1 55.5 64.1 67.8 73.9 

53.1 46.6 28.7 5.6 0 

0 0.22 0.46 0.73 1 

A = (6a,+6a,+6ad+6aJ-406.0 + (6a,+6a5)-203.0 

182.7 I I 248.4 

a TBP = trigonal bipyramid ; SP,, = tetrahedral distorted square pyra- 
mid ; SP,, = trigonal distorted square pyramid ; SP, = regular square 
pyramid. 

treated anisotropically with SHELX 76l 8 yielded the Editor and have also been deposited with 
R = 0.047 (R, = 0.049) (function minimized : the Cambridge Crystallographic Data Centre. 
z uW0I - lFcll’/~ [I~oll”2 with w = 3.1285[aZIF,I + 
O.O0048O(F,,I ‘I- ‘). The atomic scattering factors Ph~sica1 measurements 
were taken from ref. 19. The atomic coordi- A Brucker ER 200tt spectrometer equipped with 
nates of this work are available on request from a standard low-temperature device, operating at X- 

Table 3. Angular coordinates and deviation (A) from TBP for several five-coordinate complexes of the type 
[Cu(planar tridentate ligand)(unidentate ligand),] 

No. Compound 
xcux’ mx 

Chromophore % (“) (“) A Stereochemistry Ref. 

5 
6 

7 
8 
9 

10 
11 

WtewWIPF6) 
[CuhwPrlPF6) 
WterpyWWNOJ * Hz0 
[Cu@erpyWNWH20)l 

(NW-Hz0 
[Cu(terpy)Cl j * H,O 

Ku(paphy)Br A 

CuN,Cl,CI 102.1 90.1 12.0 0.81 spr 
CuN,Br,Br 106.3 91.4 14.9 0.75 spr 
CuN$,N 113.3 98.8 14.5 0.75 spr 

CuN 300 91.4 83.9 7.5 0.74 spr 
CuN& 107.6 100.9 6.7 0.74 spr 
CuNJBr2 112.0 103.2 8.8 0.73 spr 

CuN,Cl,Cl 110.5 103.2 7.3 0.70 spr 
CuNCl, 115.2 104.5 10.7 0.68 SP, 
CuNjOz 135.9 91.9 44.0 0.34 SP, 
CuNSNz 139.1 98.1 41.0 0.30 SP, 
CuN,Br, 144.5 109.0 35.5 0.21 SP, 

it 
14 

15 
16 

This 
work 

3 
5 

17 
11 
11 

a Abbreviations : terpy = 2,2’ : 6’,2”-terpyridine ; paphy = pyridin-Zaldehyde 2’-pyridilhydrazone ; tda = thio- 
diacetate. @x is the angular coordinate defined as the angle between the Cu-X(unidentate ligand) bond and 
the axis perpendicular to the tridentate ligand plane. XCuX’ is the angle between the umdentate ligands and the 
copper(I1) ion. SP, = regular square pyramid; %r = “reverse geometry”. 
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k? 
k170. er#=165* \I 

%h ,114O’ -c e=‘70’ , .140- 
C4” 

Fig. 3. Angular coordinates for molecules of the type [Cu(planar tridentate ligand)(unidentate 
ligand)d and for the ideal geometries. 

band, calibrated by NMR probe for the magnetic 
field and a HP 5342A frequency counter for the 
microwave frequency, was used to record the EPR 
powder spectra of the complex at different tem- 
peratures. Visible reflectance spectra on solid pow- 
dered samples were recorded using a Cary 17 spcc- 
trometer. 
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Ahstraet-A new bimetallic-p-oxoisopropoxide ~g02A12(OPr‘),] has been synthesized 
by thermal condensation of magnesium acetate (1 mol) and aluminium isopropoxide 
(2 mol) in refluxing decalin. The isopropoxy substitution reaction of this bimetallic [Al(III), 
Mg(II)]-p-oxoisopropoxide with various /$diketones in molar ratios 1: 1, 1: 2 and 1: 3 
yielded compounds of the type [MgO,Al,(OPI),(L)], [Mg02A12(OPrQ2(L)d and [MgO, 
Al,(OPfi(L)3], respectively ; where HL = HAcAc (acetyl acetone), HBzAc (benzoyl 
acetone) and HThTFA(2-thenoyl trifluoroacetone). The goxo compound and its deriva- 
tives were characterized on the basis of elemental analysis, IR, ‘H NMR, 27A1 NMR and 
molecular weight measurements. 

Metal alkoxides often provide molecular models for 
metal oxides. ‘y2 Recently molybdenum and tung- 
sten alkoxides in their middle oxidation states have 
been used as a model for the reductive cleavage 
of carbon monoxide to carbides and oxides via 
the Fischer-Tropsch reaction3 It has also been 
shown that the several atoms linked together 
by ,+0x0 bridges possess polynuclear catalytic 
sites and are highly active in polymerization reac- 
tions. 4*5 A number of bimetallic-p-oxoalkoxides 
possessing properties of metal alkoxides and 
having ,u-0x0 bridges of the type (RO),-Al- 
0-M(II)--O-Al-(OR)2 where M = Cr, Co, 
Fe, Mn, MO and Zn and R an alkyl group (most 
often propyl or butyl) have been reported.6,7 
Teyssie et al. a’4 have made systematic studies 
on the catalytical application of these bimetallic-p- 
oxoalkoxide and have shown that these compounds 
rank among the best catalysts in the ring opening 
polymerization of heterocyclic compounds like 
thiiranes, oxiranes and lactones. These compounds 
have also proved to be good catalysts in the 
insertion polymerization at epoxides.6 

Since these bimetallic-yoxoalkoxides are highly 
soluble in most organic solvents and are excellent 
catalysts it was considered of interest to synthesize 
new bimetallic-p-oxoisopropoxide using an alkaline 
earth metal namely magnesium in place of the tran- 
sition metal. Keeping in mind their interesting prop- 

* Author to whom correspondence. should be addressed. 

erties, it was thought worthwhile to determine the 
structural aspects, arrangement of metal atoms and 
the effect of changing the isopropoxy groups on the 
solubility and molecularity. Therefore their iso- 
propoxy substitution reactions with chelating B- 
diketones were carried out in different molar ratios. 

EXPERIMENTAL 

The experimental techniques and physical 
measurements were carried out as previously 
described. Isopropanol was estimated oxidi- 
metrically using a 1N K2Cr207 solution in 12.5% 
sulphuric acid. ’ 5*‘6 Aluminium was determined gra- 
vimetrically as aluminium oxinate17 and magne- 
sium was estimated volumetrically using EDTA. ’ 7 

Molecular weight measurements of bimetallic 
[Al(III), Mg(II)]-p-oxoisopropoxide and its deriva- 
tives were determined in dry benzene by the cryos- 
copic method (depression in freezing point). The 
IR spectra were recorded on a Perkin-Elmer 
171O(FT) spectrometer as direct film. The PMR 
spectra were recorded on a Jeol JNM FX 2OO(FT) 
spectrometer in CDC13 and 27A1 NMR was 
recorded on Varian FT-80 spectrometer using 
AlC13 - 6H2O as a reference. 

Preparation of bimetaZlic[Al(III), Mg(II)]-p-oxoiso- 
propoxide 

The bimetallic [Al(III), Mg(II)]-p-oxoisoprop- 
oxide was prepared by refluxing two moles of 
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altinium isopropoxide (6.77 g, 33.14 mmol) and 
one mole of magnesium acetate (2.36 g, 16.57 
mmol) in decalin for 8 h on a fractionating column. 
The isopropyl acetate formed in the reaction was 
fractionated continuously from 80°C until the tem- 
perature rose to the boiling point of decalin (190°C). 
The reaction was then continued at this temperature 
for 1 h to ensure its completion. The excess of decalin 
was distilled at 40-50°C/l mm, leaving behind a 
yellow solid which was dissolved in benzene. 
Slow evaporation of benzene gave a pale yellow 
glassy solid (dec. > 300°C). Yield 95%. Found: 
OPr’, 67.9; Mg, 6.9; Al, 15.2. Calc: OPi, 68.2; Mg, 
7.0; Al, 15.6%. 

Reaction of bimetallic [Al(III), Mg(II)]-p-oxoiso- 
propoxide with acetyl acetone (H * AcAc) in a molar 
ratio of 1 : 1 

[MgO,Al,(OPr’),] (0.45 g, 1.29 mmol) and 
H - AcAc (0.13 g, 1.30 mmol) were refluxed in (- 60 
cm3) benzene for 3’, h on an oil bath (temperature 
of - 1OOC) with a fractionating column. The lib- 
erated isopropanol was fractionated at 72-78°C as 
the binary azeotrope of isopropanol-benzene. The 
azeotrope was collected and checked for completion 
of the reaction. The excess of solvent was removed 
at 4O”C/l mm and a light yellow solid product was 
obtained. The preparations of other /I-diketones 
derivatives were carried out by a similar procedure 
and their metal analysis have been summarized in 
Table 1. 

RESULT AND DISCUSSION 

The bimetallic [Al(W), Mg(II)]-p-oxoiso- 
propoxide was prepared by the following reaction. 

Mg(OAc)* + 2Al(OPr’), R~~~~ + 

The compound is soluble in most organic solvents 
and is highly susceptible to hydrolysis. In the IR 
spectra of the compound, the vc_o frequency 
appearing at 1630 cm-’ in Mg(OAc)z is absent 
indicating the removal of the acetyl group. The 
band appearing at 1340 cm- ’ in the compound is 
characteristic of the gem-dimethyl of the iso- 
propoxy group. ‘* The bands at 1156 and 1120 cn- ’ 
are the isobranching vibrations’* of the isopropoxy 
moiety and the one appearing at 950 cm- ’ is assign- 
able to the V~ isopropoxy bridging group. I9 The 
bands appearing in the region 420450 cm-’ may 
be assigned to vAI_020 and those appearing in the 
region 650-700 cm- ’ to the combination bands like 
(Vale, + v~l-_o) and (ring deformation + VA-~), 
respectively. 2o 

The ‘H NMR of the compound carried out at 
room temperature shows a broad overlapping 
doublet centred at 6 1.2 ppm probably due to the 
methyl protons of the overlapping bridging and 
non-bridging isopropoxy groups, and a multiplet 
centred at 6 4.2 ppm due to the methine protons of 
the isopropoxy groups. The 27Al NMR shows a 

Table 1. Analytical data 

SI. No. Compound 

Analysis 
Found (Calc.) 

Mg (%) Al (%) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

13.7 
(14.0) 
12.6 

(12.7) 
11.1 

(11.6) 
12.0 

(12.0) 

(E) 

(Z) 
10.4 

(10.2) 

(E) 

(& 



Synthesis of bimetallic [Al(III), Mg(II)]-p-oxoisopropoxide and derivatives 1391 

singlet at 6 65 ppm assignable to tetrahedral 
geometry about the aluminium atom. 2’ The dimeric 
nature of the compound was confirmed by molec- 
ular weight measurements carried out in dry ben- 
zene using the cryoscopic method. The /I-diketone 
derivatives of the bimetallic [Al(III), Mg(II))-p- 
oxoisopropoxide were prepared by the following 
equation 

[MgO,Al,(OPr’),] + nLH ‘L:zz * 

[Mg02A12(OPr~,_.(L),] +nPr’OH 

where (n = l-3) and LH = H * AcAc, H - BzAc and 
H - ThTFA. All the derivatives obtained were pale 
yellow solids, soluble in common organic solvents 
and are highly susceptible to hydrolysis. It has been 
observed that, of the four isopropoxy groups per 
molecule only three could be replaced even after 
carrying out the 1: 4 (molar ratio) reaction for over 
30 h. The molecular weight measurements of the 
derivatives indicate that the 1: 1 and 1 : 2 products 
are dimeric and the 1: 3 is monomeric. The non- 
replacement of the fourth isopropoxy group and 
the monomeric behaviour of the 1: 3 product 
can be explained by the fact that bimetallic ~-0x0- 
alkoxides are reported to have inter- and intra- 
molecular isopropoxy bridging.7 In the case of 
[MgOzA12(OPr3,] the intermolecular bridging 
appears to be less stable compared to the intra- 
molecular isopropoxy bridging which forms a 
stable six-membered ring structure ; hence 1 : 1 

and 1: 2 products are dimeric whereas the 1: 3 
reaction proceeds by cleavage of the intermolecular 
isopropoxy bridge, resulting in a monomeric 
product. 

The IR spectra of /I-diketones display a strong 
band in the region 1600-1500 cn- ’ due to the 
stretching of C== and C&-C ring groups and 
a broad band in the region 320&2900 cn- ’ due to 
the enolic O-H. The non-shifting of the carbonyl 
frequency and the disappearance of the broad O-H 
band in the #I-diketonate derivative of the com- 
pound suggest that bonding is taking place 
through both terminal oxygens of the carbonyl 
groups. The IR spectra of these derivatives thus 
show that /I-diketones behave as monobasic bi- 
dentate ligands as expected. 

In the ‘H NMR spectra of the compounds 
the enolic peak at 6 13 ppm is absent and a broad 
overlapping doublet centred at 6 1.2 ppm in the /?- 
diketone derivative at room temperature is due to 
overlapping of the methyl protons of the bridging 
and non-bridging isopropoxy groups. In the case of 
the 1 : 2 and 1 : 3 derivatives, a fairly sharp doublet 
centred at 6 1.3 ppm (J = 6.6 Hz) and a multiplet 

centred at 6 4.3 ppm are due to the bridging iso- 
propoxy groups and singlets at 6 2.1 and 5.8 ppm 
are assignable to the acetyl acetonate groups. A 
multiplet in the region 6 7.2-7.8 ppm has been 
assigned to the phenyl protons of the benzoyl 
acetonate derivatives and signals appearing in 
the region 6 7.s7.8 ppm in the 2-thenoyl 
trifluoroacetone derivatives are due to the thenoyl 
ring protons. 

Acknowledgements-We are thankful to the U.G.C. for 
providing financial assistance and to Dr S. K. Mehrotra 
of the University of Texas at Austin for “Al NMR spec- 
tral studies. 

1. 
2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 
17. 

18. 

19. 

20. 

21. 

REFERENCES 

D. C. Bradley, Coord. Chem. Rev. 1967,2,299. 
M. H. Chisholm, Am. Chem. Sot. Symp. Ser. 1983, 
211, 243 ; M. H. Chisholm, .Z. Solid State Chem. 
1985,57, 120. 
M. H. Chisholm, J. Organomet. Chem. 1987, 334, 
77. 
E. J. Vadenberg, J. Polymer Sci. 1960, 47, 149. 
H. Tam, 0. N. Oguni, T. Araki and N. Uejama, J. 
Am. Chem. Sot. 1967,89, 173. 
M. Osgan and Ph. Teyssie, J. Polymer Sci. (B) 

1967,5, 789. 
T. Ouhadi, J. P. Bioul, Ch. Stevens, R. Warin, L. 
Hocks and Ph. Teyssie, Znorg. Chim. Acta 1976, 19, 
203. 
A. Hamitou, R. Jerome, A. J. Hubert and Ph. 
Teyssie, Macromolecules 1973,6,65 1. 
T. Ouhadi, A. Hamitou, R. Jerome and Ph. Teyssie, 
Macromolecules 1976,9,927. 
A. Hamitou, T. Ouhadi, R. Jerome and Ph. Teyssie, 
J. Polymer Sci., Polymer Chem. Ed. 1977, 15, 865. 
L. Hocks, J. P. Bioul, P. Durbut, A. Hamitou, J. L. 
Marbehant, T. Ouhadi, Ch. Stevens and Ph. Teyssie, 
J. Mol. Catal. 1977, 3, 135. 
A. Hamitou, R. Jerome and Ph. Teyssie, J. Polymer 
Sci., Polymer Chem. Ed. 1977,15, 1035. 
Ph. Teyssie, J. P. Bioul, P. Conde, J. Druet, J. 
Heuschen and R. Jerome, Am. Chem. Sot. Symp. 
Ser. 1985,286, 97. 
J. Heuschen, R. Jerome and Ph. Teyssie, Macro- 
molecules 198 1, 14,242. 
D. C. Bradley, F. M. A. Halim and W. Wardlaw, J. 
Chem. Sot. 1950,345O. 
R. C. Mehrotra, J. Znd. Chem. Sot. 1954,31,185. 
A. I. Vogel, Quantitative Inorganic Chemistry, 4th 
Edn. Longmans Green, London (1978). 
C. T. Lynch, K. S. Masdiyanni, J. S. Smith and W. 
J. Grawford, Anal. Chem. 1964,36,2332. 
V. A. Kuzunov, N. I. Kuzlova, N. Ya. Tamova and 
Yu. S. Nekrasov, Zh. Neorg. Khim. 1979,24, 1526. 
K. Nakamoto, P. J. McCarthy, A. Ruby and A. E. 
Martell, J. Am. Chem. Sot. 1961,83,1066. 
D. Mueller, D. Hoebbel and W. Gessner, Chem. 
Phys. Lett. 1981,84,25. 



Polyhedron Vol. 7, No. 15, pp. 139343%. 1988 
Printed in Great Britain 

M77-5387/88 S3.00+.00 
0 1988 Pegamon Ress plc 

KINETICS OF REPLACEMENT OF BRIDGING LIGANDS IN A 
DlRUTHENIUM(II,III) CATION 
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Abstract-Tetrakis-~-propionatodiruthenium(II,III) cation reacts with oxalate, in acidic 
aqueous solution (0.10 M LiCF3S03, [H+] = 0.01 M at 29.4”C) in a two-phase process. 
An initial rapid change results in a small decrease in absorbance. This is ascribed to 
replacement of one propionate ligand by oxalate. A subsequent slower reaction, of which 
the rate is proportional to added oxalate concentration (& = 1.3 M- ’ s- ‘), corresponds 
to a relatively large increase of absorbance at 475 mn, the absorbance maximum of the 
product. The data indicate formation of a bisb-oxalato)bis&propionato)diruthenium(II,III) 
anion with a formation constant Kf > 2 x lo4 M-i and an extinction coefficient of 1.3 x lo3 
M- ’ cm-’ at 475 nm. A third, much slower, change results in decomposition of that 
product. The occurrence of replacement of bridging ligands under mild conditions indicates 
that tris-p-carboxylatodiruthenium(II,III) species (otherwise unknown) function as kinetic 
intermediates. 

There have been many recent studies’ dealing with 
structure and bonding in species such as Ru2(CH3 
COO),(H,O):. Much of the interest in this and 
related compounds has centred on the detailed 
nature of the metal-metal bond. Enthalpies of reac- 
tions in which a number of Lewis bases (acetone, 
tetrahydrothiophene, acetonitrile, pyridine, etc.) 
formed adducts with tetrakis-p-n-butyratodiru- 
thenium(II,III) chloride have been measured and 
interpreted in terms of models of the metal- 
metal bond. That bond strongly inlluences the elec- 
tronic orbitals involved in bonding with bases 
added in axial positions on the dimer.’ We pre- 
viously reported3 that an oxalate ion replaces bridg- 
ing acetate in Ru~(CH~COO)~(H~O)$ to form 
Ru~(CH~COO)~(C~O~)~(H~O)~. Preparation of 
dimeric Ru”*” species containing a variety of ligands 
have recently been reported4 as have additional 
Ru”~“’ species.s*6 Also, a Rh”*“’ dimer containing 
two carboxylate bridges and two bridging tri- 
phenylphosphine ligands (coordinating through the 
phosphorus atom and a phenyl ring) has been 
reported. 7 

We now report the first kinetic study of replace- 

* Author to whom correspondence should be address&. 

ment of bridging carboxylate ligands in a Run*” 
dimer. Replacement of the equatorial bridging 
ligands (studied here) is a quite different process 
than the previously-investigated’ adduct-formation 
involving axial coordination. The axial ligands are 
relatively weakly bonded to the dimer and their 
replacement is of only minor significance to the 
integrity of the dimeric unit. In contrast, presence 
of the equatorial ligands is necessary for the pres- 
ervation of the dimeric unit. We are not aware of 
any previously-existing evidence to indicate that 
dimeric mixed-valence compounds lacking one of 
the four bridging ligands are stable. Our obser- 
vation that substitution reactions involving the 
equatorial ligands occur under mild conditions 
without disruption of the dimer unit was unex- 
pected. 

EXPERIMENTAL 

The method of Mitchell, Spencer and Wilkin- 
son for preparation of tetra-pacetatodirn- 
thenium(II,III) chloride’ was modified by using 
propionic acid (and propionic anhydride) rather 
than acetic acid (and acetic anhydride). A dark red- 
brown product was obtained in good yield. This salt 
was recrystalhzed from hot, concentrated propionic 
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acid and then from a SO/SO ethanol-ether mixture 
and dried over CaCl,. The UV-vis spectrum of 
this compound in acidic aqueous solution is quite 
similar to that of the corresponding tetrakis+-ace- 
tatodiruthenium(II,III) salt, showing an absorb- 
ance maximum at 425 nm (E = 6.4 x 10’ M- ’ 
cm- ‘). Characterization of this product as tetrakis- 
p-propionatodiruthenium(II,III) chloride is based 
on the method of preparation, the spectrum and on 
elemental analysis. Found9 : Ru, 37.24 ; C, 26.77 ; 
0, 24.91 ; Cl, 6.49; H, 3.95. Calc. for Ru&H, 
COO)&l: Ru, 38.14; C, 27.20; 0,24.16; Cl, 6.69; 
H, 3.80%. 

Tetrakis-p-propionatodiruthenium(II,III) chlo- 
ride was dissolved in dilute acidic solution (0.13 g in 
250 cm3 of 8 x lo-* mM CF3S03H) to produce a 
yellow-orange solution which was frozen until used. 

In preliminary experiments, oxalic acid solutions 
were added to aliquots of thawed solution of the 
tetrakis-p-propionatodiruthenium(II,III) cation in 
perchlorate medium (0.01 M HC104, 0.10 M 
LiClO.,, 30.9”C). A change in colour of the solution 
from yellow-orange to red occurred over a period 
of several days. UV-vis spectra showed a new peak 
developing at 475 nm. This peak became more 
intense than the 425 nm peak. Eventually, the inten- 
sity of the peak at 475 nm began to decrease. 

Solutions of tetrakis-n-propionatodiruthenium 
(11,111) cation and various total added oxalate- 
ion concentrations (2-12 mM) were prepared in 
trifluoromethane sulphonate medium and placed 
in a water bath at 29.4”C. Spectra were monitored 

over a period of several days. The solutions were 
prepared, using HCF3S03 and LiCF3S03, so as to 
yield a final [H+] of 0.010 M and ionic strength 
of 0.10 M. Account was taken of oxalate acid- 
base equilibria, using” 0.09 and 4 x 10e4 M for 
K, and K2. 

The change of absorbance with time for these 
solutions was followed at 475 nm. An initial period 
of little absorbance-change was followed by a rela- 
tively fast, large increase in absorbance, giving sig- 
moidal absorbance vs time plots. Eventually an 
additional, much slower, absorbance-increase 
occurred. 

RESULTS 

Fitting the data required two exponential terms 
and a linear term ; 

A = (Ao--A,)e-~‘+(Al-A2)e-k2f+k”t+A,, 

(I) 

where A o, A 1 and A2 are absorbance parameters, k 
and k are rate constants, and k” is the slope of the 
final (linear) absorbance-increase. Initial estimates 
of the parameters were obtained by appropriate 
linear least-squares treatments of sections of the 
data. Data were then displayed on a CRT and com- 
pared with the simulation that resulted from sub- 
stitution of the initial parameters into eq. (1). Par- 
ameters were adjusted until agreement between data 
and simulation was within experimental scatter. 
Table 1 contains final parameters thus obtained. 

Table 1. Kinetic data for reaction“ of oxalate ion with Ru2(CHSCH2COO)$ in 
CF$O; media of ionic strength 0.10 M and [H+] 0.010 M at 29.4”C 

GWI, mM k’x103 kx103 k”x10* kbi 
Total Free A, A, A2 

s-I s-I s-’ M-L s-* 

4.30 0.052 0.08 0.02 0.28 67 7.7 1.7 1.48 
5.00 0.062 0.07 0.03 0.36 133 7.0 7.7 1.13 
5.23 0.064 0.07 0.03 0.28 67 9.7 1.4 1.52 
6.00 0.075 0.06 0.02 0.34 67 8.3 8.0 1.11 
7.00 0.087 0.07 0.01 0.33 83 10.5 8.0 1.21 
7.25 0.091 0.08 0.02 0.28 110 13.7 1.3 1.15 
8.00 0.100 0.08 0.02 0.33 100 10.8 7.6 1.08 
8.24 0.103 0.05 0.02 0.27 200 13.3 0.7 1.29 
9.00 0.112 0.07 0.02 0.31 67 17.3 9.5 1.54 
9.25 0.115 0.08 0.04 0.28 200 14.7 5.0 1.28 

10.00 0.125 0.07 0.03 0.33 200 19.0 9.0 1.52 
10.25 0.127 0.07 0.03 0.29 167 17.3 4.0 1.36 
11.00 0.137 0.06 0.03 0.31 167 21.0 8.0 1.53 
11.09 0.141 0.07 0.02 0.28 200 16.7 3.6 1.18 

Ave: 1.34kO.15 

“[Ruz(CH3CH2COO)~] = 0.24 mM. 
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Absorbance at 475 nm decreases slightly in the 
first portion of the reaction. In the second portion, 
absorbance at 475 mn increases to a valve approxi- 
mately 15 times greater than that reached in the 
first part. Absorbance parameters (& A r, AZ) 
needed for best fits of data did not change in a 
systematic way over the range of oxalate con- 
centrations used. 

Rate constants of the two faster processes varied 
with total oxalate concentration. Both rate con- 
stants increase with increasing oxalate concen- 
tration. The rate for the second process is linearly 
dependent on oxalate concentration (either total or 
free) with a slope of 1.3 M- ’ s- ’ (with respect to 
free oxalate concentration). Rates of the final slow 
increase in absorbance show no trend with variation 
of oxalate concentration. 

DISCUSSION 

Since previous attempts to prepare crystals of 
Ru~(CH&!OO)~(C~O,& salts were unsuccessful, 
we chose to work with corresponding tetra- 
propionato-complexes as starting materials. Our 
attempts to prepare crystals of Ru&H~COO)~ 
(CrO& salts were also not successful, but our 
kinetic data are consistent with, and support, 
previous non-kinetic assignments of composition. 

The straightforward interpretation of our data 
is that there is a two-stage reaction of the starting 
material with oxalate ion, followed by a slow 
decomposition. In perchlorate media the final pro- 
cess corresponds to slight decrease of absorbance ; 
in trifluoromethylsulphonate media, a corresponding 
change involves a small absorbance-increase. 

The spectrum of tetrakis-p-propionatodiruthe- 
nium(II,III) does not change in the absence of ox- 
alate ion. The first step in the observed reaction is 
taken to involve addition of oxalate. This leads 
to a product which has an extinction coeffi- 
cient (at 475 nm) that is about two-thirds of that 
of the starting material. The initial change in ab- 
sorbance is relatively small, so that the rate con- 
stant can be estimated only with a low degree of 
precision. During the second step, the spectrum 
changes more drastically. The rate constant of the 
second step is measurable rather precisely and turns 
out to be linearly dependent on free oxalate con- 
centration. This dependence indicates that an 
additional oxalate ligand is being added to the prod- 
uct formed in the first step. Experiments were car- 
ried out at constant acid concentration ; we have 
no evidence as to the relative activity of H&O.,, 
H&O: or CrO:-. At [H+] = 0.01 M, about one 
per cent of the added oxalate is present as CrO:-. 
Previous studies’ I*” of substitution of oxalate on 

to transition metal ions have shown that such reac- 
tions generally involve CzO:- rather than pro- 
tonated forms of oxalate. It is likely that most, if 
not all, of the reaction involves C,O:- as the 
nucleophile. 

A stoichiometry that is consistent with our data 
is : 

H+ + Ru2(CH3CH2COO).$ +CzO:- 

+CH$ZH&OOH (2) 

H+ + Ru~(CH~CH~COO)~(C~O.J + CrO:- 

+ CH&H&OOH (3) 

--% Ru(C,O,)i- + other products. (4) 

Our data are consistent with characterization3 
(based on IR spectra) of the solid obtained from 
the reaction of oxalate with tetrakis-p-acetatodi- 
ruthenium(II,III) as a salt of bis@oxalato) 
his@-acetato)diruthenium(II,III) anion. 

Since the absorbance parameters corresponding 
to each of the three absorbing species show 
no tendency to increase with increasing oxalate 
concentration, the reaction between oxalate and 
the tetrakis-p-propionatodiruthenium(II,III) cation 
must be at least 90% complete at the lowest con- 
centration of oxalate used in this study. On this 
basis, the extinction coefficient (at 475 nm) for the 
product of the second step, is calculated to be 
1.3 x lo3 M- ’ cn- ‘. This is greater than the cor- 
responding value for the 425 nm peak characteristic 
of the starting material (E = 6.4 x 10’ M- ’ cm- ‘). 
The lowest concentration of total oxalate is 4.23 
mM, which corresponds to a free oxalate con- 
centration of 0.052 mM. The equilibrium constant 
for the second step of this reaction [eq. (3)] must be 
greater than 1.9 x lo4 M-’ SK’. The second order 
rate constant for the second process (kbi = 1.3 M- ’ 
s- ‘) may be identified with k3 in eq. (3). 

The high value of the equilibrium constant and 
the substantial increase in the extinction coefficient 
of the 475 run peak that accompanies addition of 
the second oxalate ligand (a small decrease cor- 
responding to the addition of the first oxalate) indi- 
cated that the substitution of one acetate group by 
an oxalate ion has a relatively minor affect on the 
chromophore, but that replacement of the second 
oxalate makes a substantial change in the chro- 
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mophore. One way that this could come about 
would be by substantial delocalization of electrons, 
involving interaction between two oxalates and the 
diruthenium(II,III) bonding-manifold, in the prod- 
uct of reaction (3), which would be facilitated if the 
oxalate ligands were truns in that product. ’ 3 

There are no reports known to us of stable tris-p- 
carboxylatodiruthenium(II,III) complexes in which 
one bridging carboxylate group has been replaced 
by non-bridging ligands. Nevertheless, the fact that 
the reactions reported here occur at measurable 
rates in room temperature aqueous media indicates 
that such species function effectively as kinetic inter- 
mediates. Substitution reactions of monomeric 
Ruin species appear to involve largely dissociative 
mechanisms. l2 In order to preserve the integrity of 
the dimer, it seems that oxalate must be attached to 
the dimer unit before the initially bridging acetate 
is completely lost. Such a mechanism might involve 
either associative activation of the opening of the 
bridge or relatively-rapid dissociatively activated 
bridge-opening that normally is reversed, but some- 
times is interrupted by insertion of entering oxalate. 
In any case, high thermodynamic stability of the 
quadruply bridged mixed-valence dimer evidently 
does not preclude reaction through kinetic intermedi- 
ates having a lower number of carboxylate bridges. 
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SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF 
CYCLO-PENTAIUS [sIS(p4XIMETHYLSILYLTHIOMETHANE)NICKEL(II)], 

~i(SCH2SiMe3)&, A PENTAMETALLIC TIARA STRUCTURE 
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Ahstract-Reaction of (NEt32NiC1, with HSCH2SiMe3 in a&or&rile yields lustrous dark 
brown crystals of [Ni(SR),15 (1). The structure of 1 consists of a nearly regular pentagon 
of Ni atoms, bridged by pairs of thiolate ligands and represents an unusual example 
of a pentametallic “tiara” structure. Crystal data: space grou P2,/c; a = l&483(3), 
b = 22.219(4), c = 23.439(4) A, /3 = 108.07(l)“, V= 8160.5(13) 8: 3; current R = 0.0611, 
based on 6246 reflections. 

Compounds of the general class [M(SR)J of Ni, 
Pd and Pt have been shown to possess molecular 
cyclic structures with n = 4,6, or 8. l-6 The sizes of 
toroidal molecules INi(S appear to be deter- 

“ned by steric repulsions between ligand sub- 
? s ,‘tuents or the Van der Waals volume of a guest 

olecule.5 We have recently reported the synthesis 

q 
d coordination properties of a second generation 

o, sterically constrained thiolate ligands of the gen- 
eral class, HSCH3_,(SiR3),.’ The structures of Sn, 
Cu and Ag complexes of these ligands cor&rm that 
the degree of aggregation of the metal thiolate is 
sensitive to the steric demands of the ligands.7-q 
As part of our studies of the general coordination 
properties of these ligands, we have prepared and 
structurally characterized a cyclic pentanuclear 
nickel(H) mercaptide, [Ni(SCHzSiMe3)J5 (1). 
While this work was in progress, the structure of 
the analogous pentanuclear complex wi(SC2H5)d5 
was reported. ’ O 

* Permanent address : Hyosung Women’s University, 
aepartment of Educational Chemistry, Daegu City, 
qorea. 

~ 7 Authors to whom correspondence should be addressed. 
~ 1 Tables of fractional coordinates have been deposited 

vciith the Director, Cambridge Crystallographic Data 
Centre. 

Reaction of (NEt4)2NiC14 with excess HSCH2 
SiMe3 in acetonitrile results in a dark brown solu- 
tion from which lustrous dark brown crystals of (1) 
are isolated in 25% yield upon standing at room 
temperature for one week. Crystal data: space 
group P2,/c with a = 16.483(3), b = 22.219(4), 
c = 23.439(4) A, /9 = 108.07(l)“, Y = 8160.5(13) 
As, 2 = 4, Da,c = 1.21 g cm- 3. Structure solution 
and refinement based on 6246 reflections with 
F, > 6a(Fo) converged at a conventional dis- 
crepancy value of 0.0611. 

The structure of 1 is shown in Fig. 1, and Table 
1 lists selected bond lengths and angles.$ The struc- 
ture consists of an approximate pentagon of nickel 
atoms with two doubly bridging thiolate ligands 
between each adjacent pair to produce approxi- 
mately square planar geometry about each metal. 
The cyclic molecule may also be described as five 
square planes linked by opposite edges to form a 
pentagonal prism. 

In comparing the structure of 1 to the pre- 
viously reported examples mi(SR)& (n = 4, R = 
-CSHqNMe; n = 6, R = C,H,, -CH2CH2 
OH, -CH,CH(Me)OH ; n = 8, R = -CH2 
COOEt), the obvious structural difference is in 
the relative conformation of the ligand substi- 
tuents. There are two possible orientations of the 
S-C bond, either axial or equatorial to the 
toroid. For structures with II being even, the bond 
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(GJ m 

Fig. 1. ORTEP view of [Ni(SCH2SiMe3)J5, showing the atom labelling scheme. 

configurations alternate to minimize steric inter- S(6), compared to an average value of 98.2(8)“ for 
actions. In the case of 1, n is odd and a compromise all eZ angles. 
geometry must he adopted, as illustrated in Fig. 1. The average angle between the S4 planes is 108.0”, 
The concomitant steric crowding at adjacent ligand the idealized value for a regular pentagonal array 
sites associated with the S(3) and S(5) axial ligand of nickel atoms. The average Ni-Ni distance of 
types and the S(4) and S(6) equatorial ligand set is 2.835(8) A confums the correlation of,increasing 
reflected in the tIZ angles at Ni(3) of 89.1(l)” for Ni-Ni distance with increased ring size: 2.67(l), 
S(3)--Ni-S(5) and 109.3(1)O for S(4)-Ni(3)- 2.92(l) and 3.05(4) A for n = 4, 6 and 8, respec- 

Table 1. Selected bond lengths (s;> and angles (“)” for 
[Ni(SCH2SiMe3)2]5 

Ni( l)-Si 2.222(3) Ni(3)-S(5) 2.236(3) 
Ni(I)--s(2) 2.220(3) Ni(3)S(6) 2.203(3) 
Ni(l)-S(9) 2.220(3) Ni(+--S(5) 2.217(3) 
Ni(l)-S(l0) 2.223(3) Ni(4)-S(6) 2.210(3) 
Ni(2)--S( 1) 2.197(3) Ni(+-S(7) 2.210(3) 
Ni(2)cs(2) 2.216(3) Ni(4)-S(8) 2.207(3) 
Ni(2)-S(3) 2.207(3) Ni(5)---S(7) 2.218(3) 
Ni(2>s(4) 2.209(3) Ni(5)-S(8) 2.218(3) 
Ni(3)-S(3) 2.219(3) Ni(5)--S(9) 2.221(3) 
Ni(3)-S(4) 2.228(3) Ni(lO)--S(lO) 2.206(3) 

Ni-S-Ni (ave) 79.6(3) 
S-Ni-S (interior), O1 81.5(8) 
S-Ni-S (exterior), & 98.2(8) 
!GNi-S (rruns), es 173.1(8) 

“Interior angles refer to endocyclic Ni,& angles ; 
exterior angles refer to those exocyclic to the Ni,S, rings. 
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tively. This feature is also reflected in the Ni-S-Ni 
angle of 79.6(3)“, compared to values of 74.3(l), 
82.9(5) and 88(2)’ for n = 4, 6 and 8, respectively. 

Although the structure 1 demonstrates that suit- 
ably modified thiolate ligands can control aggre- 
gation of metal-thiolate species, the recent char- 
acterization of [Ni(SC,H,),],‘” suggests that steric 
effects are not the exclusive factors determining the 
degree of aggregation of these complexes. Suitable 

m edifications of the ligands, such as the vari- 
4tions in steric bulk represented by ligand types 

:: 

S&H,-o-SiR3, R = -C2H5 or -C6H5, and 
SCsH3-2,6-(SiR&, recently synthesized by 

us,” may help to elucidate the relative importance 
f steric effects in determining aggregate geometry. 
e 

! 

are currently extending these investigations to 
e coordination chemistries of Fe(II), Co(I1) and 
i(I1) with the class of ligands HSCH3_,(SiMe,), 

and related ligand types. 
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Abstract+Re2(CO), o] reacts with pyridine-Zthione (pySH) in refluxing xylene to give the 
dinuclear cluster [Re,(pyS),(CO),] which contains three fused four-membered rings. The 
novel five-electron donating pyS bridges are easily cleaved by ligand addition and in 
redistribution reactions with [Re2(MepyS),(CO),], the 6-methyl-substituted derivative for 
which the X-ray structure is reported. 

The pyridine-Zthionato (pyS) ligand is commonly 
monodentate through S or bidentate through S and 
N, but can also bridge two transition metal atoms 
through both heteroatoms (A) or just through 
S atoms (B). In both (A) and (B) the pyS ligand 
(counted as a radical) is a three-electron donor but 

* Author to whom correspondence should be addressed. 

it can behave as a five-electron donor in the p3 
mode (C). l-3 This communication deals with a new 
doubly-bridging five-electron donating mode of co- 
ordination (D) for which it is possible to maintain 
octahedral coordination at the metal atoms, unlike 
(A) which has only been found with lower coor- 
dination numbers unless there is a metal-metal 
bond as in the rhodium(I1) dimer [Rh2C12@- 

PYS)~(PYSH)~(CO)ZI.~ 

M M 
M 

(A) (BI (Cl m 

IE) IF1 
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C(l5) 

Fig. 1. The molecular structure of [Re,(MepyS),(CO),] (2) with hydrogen atoms omitted. Selected 
bond lengths (A) and angles (“): Re(l)-S(1) 2.556(6), Re(l)-S(2) 2.529(6), Re(2)-S(1) 2.536(6), 
Re(2)-S(2) 2.530(6), Re(l)-N(1) 2.181(10), Re(2)-N(2) 2.194(10), Re(l)-C(l) 1.936(15), 
Re(l)-C(2) 1.890(17), Re(l)-C(3) 1.934(13), Re(2)-C(4) 1.873(15), Re(2)-C(5) 1.912(13), 
Re(2)-C(6) 1.919(13), S(l)-C(13) 1.805(12), S(2)-C(7) 1.770(11), Re(l)-S(l)-Re(2) 95.3(2), 

Re(l)-S(2)-Re(2) 96.2(2), S(l)-Re(l)-S(2) 80.7(2), S(l)-Re(2bS(2) 81.1(2). 

The reaction of [Re,(CO)iO] with pyridine-Z 
thione (2 mol/mol ReJ in refluxing xylene for 48 h 
gave [Re,(pyS),(CO),] (1) (93% after chroma- 
tography on SiOJ as pale yellow crystals. The 
6-methylpyridine-2-thione and quinoline-Zthione 
analogues reacted similarly to give the related com- 
pounds (2) and (3) but in somewhat lower yields. 
The mass spectrum of (1) showed the parent molec- 

*Crystal data for (2): C,8H,2NZOsRe2S2, M = 
788.82, monoclinic, space group P2,/c, a = 10.769(2), 
b = 14.906(3), c = 13.274(6) A, p = 95.33(2)“, U = 
2122(l) A3, Z = 4, 0, = 2.470 g crn3, F(OO0) = 
1456, Iz = 0.710 69 A, ~(Mo-&) = 117.8 cm-‘, crystal 
size 0.63 x0.38 x0.25 nun. Unit cell parameters 
and intensity data were obtained as described pre- 
viously6 using a CAD4 diffractometer in the (u-26 scan 
mode with graphite monochromated MO-& radiation. 
3729 unique reflections were collected (3 < 26 < 50”), 
scanning the segment of reciprocal space (h) - 12 to 
12, (k) 0 to 17, (I) 0 to 15, and reflection inten- 
sities corrected for absorption using the azimuthal-scan 
method. The structure was solved by routine heavy- 
atom methods7 using 3273 data with F, > 60(F0) and 
refined by full-matrix least-squares’ to R = 0.032 and 
& = 0.033 (277 parameters), all non-hydrogen atoms 
anisotropic, H atoms in calculated positions (C-H 0.96 
8, ; U = 0.10 A’), minimizing the function C, (IF,1 - IF&’ 

with weight w = l/[aZ(F,)+O.OOOOIF~]. Atomic coor- 
dinates, bond lengths and angles, and thermal parameters 
have been deposited at the Cambridge Crystallographic 
Data Centre. See Notice to Authors, Issue No. 1. 

uIar ion and ruled out a cubane-type structure like 

DWSMWW45 with non-coordinated N-atoms. 
Initially we considered two structures (E) and Q ; 
the pyS Iigands are equivalent in both as observed 
(‘H NMR). However, there are five IR v(C0) 
absorptions for (1) [2039(s), 2023(vs), 1947(m), 
1933(s), 1917(vs) cm- ’ (cycle-C,H iz)] supporting a 
non-centrosymmetric structure. Compounds (l), 
(2) and (3) have extremely similar v(C0) spectra. 
A single crystal X-ray structure of the 6-methyl 
substituted compound (2) is shown in Fig. 1 .* The 
chiral structure (F) with Cz symmetry is adopted. 
The Re-S distances are equal and the Re2S2 ring 
is non-planar with a dihedral angle of 150.5(1)” 
between the Re( I)Re(2)S( 1) and Re( l)Re(2)S(2) 
planes. What distortions there are from octahedral 
geometry appear to be associated with the small 
interligand angles of 65.8(3) and 65.6(3)O (SReN 
angles in chelate rings) and 80.7(2) and 81.1(2)” 
(SReS angles). The geometries of the chelating 
ligands do not seem to be substantially distorted by 
the sulphur atoms bridging and it is not obvious 
from this structure why the centrosymmetric struc- 
ture (E) is not adopted instead.’ 

Although the dinuclear compound (1) is appar- 
ently strongly held by sulphur bridges and is therm- 
ally very stable, these bridges are easily cleaved. 
Thus the ‘H NMR spectrum of a CDC13 solution 
containing equimolar amounts of (1) and (2) 
showed separate signals for the two compounds 
but over several days at room temperature an 
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12) 

Scheme 1. 

equilibrium was reached involving (l), (2), and the 
mixed form [Rez(pyS)(MepyS)(CO),1(4) in the mol 
ratio 1: 1: 2, a statistical distribution (see Scheme 
1). These species are separable by TLC on silica and 
a solution of the mixed form (4) regenerates the 
statistical mixture over several days in CDC13. The 
‘H NMR spectrum of (4) is sufhciently different 
from that of a 1: 1 mixture of (1) and (2), that the 
mixture of all three can be easily analysed. This 
redistribution reaction could occur by cleavage of 
the Re-N bonds and dimerization to give a cubane 
structure. Reformation of dimers by cleavage could 
give the redistribution compounds. However, an 
alternative mechanism could involve dimer cleav- 
age to give the unsaturated species [Re(pyS)(CO),] 
and [Re(MepyS)(CO),] and, consistent with this, 
the dimers readily react with donor molecules L 
(PMe*Ph, pySH, py, MeCN etc) to give [Re(pyS) 
(CO),L]. For example, a solution of (1) in MeCN 
does not react immediately but overnight it forms 
[Re(pyS)(CO),(MeCN)] in solution, but removal of 
the solvent regenerates (1). 

Direct thermal reaction of (1) with PMezPh 
in refluxing xylene results in a mixture of (1) 
(15%), the chelating pyS compound fat-[Re(pyS) 
(C0)3(PMe,Ph)] (5) (9%), the monodentate pyS 
compound fuc-[Re(pyS)(CO),)(PMe,Ph),] (6) 
(21%), [Rer(pyS),(CO),(PMe,Ph)] (7) (ll%), and 
a trace of [Re2(pyS)z(C0)@Me,Ph),] (8). A solu- 
tion of compound (7) in CDzClz at room tem- 
perature in the dark for one month underwent redis- 
tribution to give a mixture of(l), (7) and (8). This 

is unlikely to involve PMezPh transfer between 
rhenium atoms but more likely a process like that 
in Scheme 1. 
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INTRODUCTION 

Without a quantitative accounting of the strengths of bonds being made and broken, 
it is impossible to understand the course of any chemical transformation in depth. 
Although such considerations form an integral part of modern physical organic 
chemistry and the chemistry of relatively simple inorganic systems, applications to 
problems in organotransition metal chemistry have traditionally been retarded by a 
paucity of data. This picture is, however, now rapidly changing, and there is a growing 
awareness of the need for metal-ligand bond enthalpy information. Such information 
is of fundamental importance in understanding/predicting organometallic reaction 
pathways, the energetics of the segments of catalytic cycles, the energetics of certain 
metal ion-mediated enzymatic transformations, and the nature of metal-ligand bond- 
ing. 

The purpose of this Polyhedron Symposia-in-Print is to survey the current state 
of knowledge in the emerging area of organotransition element metal-ligand bonding 
energetics. A broadly interdisciplinary view has been taken, and contributions have 
been assembled from recognized authorities in the areas of solution phase, gas 
phase, and theoretical chemistry. The authors have been given great freedom in the 
preparation of their contributions so that vital personal viewpoints and the most 
current results could be disseminated. Within each area, contributions are presented 
in alphabetical order of the senior authors. It is hoped that this volume will alert the 
scientific community to the progress, problems, and stimulating opportunities in this 
burgeoning field. 

TOBIN J. MARKS 
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RELATIVE BOND DISSOCIATION ENERGIES FOR EARLY 
TRANSITION METAL ALKYL, ARYL, ALKYNYL AND HYDRIDE 

COMPOUNDS. EQUILIBRATION OF METALLATED 
CYCLOPENTADhUWL DERIVATIVES OF PERALKYLATED 
HAFNOCENE AND SCANDOCENE WITH HYDROCARBONS 

AND DIHYDROGEN 
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Abstract-Relative bond dissociation energies (BDEs) have been obtained by equilibrating 
early transition metal alkyls and hydrides with H2 or the C-H bonds of hydrocarbons. 
Thus, in benzene solution CpfHfH2 (Cp* = (q5-C5Me5)) equilibrates with Cp$Hf(C6H5)H 
and dihydrogen. From the enthalpy of the reaction, AH0 = + 6.0(3), the Hf-H (BDE) is 
calculated to be 0.8(3) kcal mol- ’ stronger than the Hf-C6H5BDE. Relative Sc-C,H, 
and Sc-alkyl BDEs have been estimated from the equilibration of the metallated complex 
Cp*(~5,~‘-C5Me4CH2CH2CH2)Sc, C6H6 and Cp*(~5-C5Me4CH2CH2CH3)ScC6H,, the 
Sc-C,H, BDE being 16.6(3) kcal mol-’ stronger than the Sc-CH2CH2CH2C5Me4 BDE. 
From a similar reversible intramolecular metallation of Cp*(q’-C5Me4CH2CH2CH3)HfH2 
to give Cp*(~5,~1-C5Me4CH2CH2CH2)HfH and dihydrogen, the Hf-H BDE is estimated 
to be 23.0(3) kcal mol- ’ stronger than the Hf-CH2CH2CH2C5Me4 BDE. The equilibration 
of Cp*(q’-C5Me4CH2C6H5)Sc-CzCCMe3 with metallated scandocene derivative 
Cp*($,q’-CSMe,CH,-o-CbH4)SC and tert-butylacetylene lies very far towards Cp*(q5- 
C5Me4CH2C6H5)Sc-C%CCMe3, so that only a lower limit for the relative SC-alkynyl 
and Sc-aryl BDEs may be determined : BDE(Sc-alkynyl) - BDE(Sc-aryl) > 29(5) kcal 
mol- ‘. These early transition metal-hydrocarbyl (M-R) BDEs correlate with the cor- 
responding H-R BDEs (i.e. M-alkynyl > M-aryl > M-alkyl) ; however, the M-R 
BDEs increase more rapidly with s character for R than do the H-R BDEs. The origin of 
this effect is not known, but it is undoubtedly also responsible for the characteristically high 
M-H BDEs for transition metal hydride compounds. In order to probe the polarity of 
Sc-_aryl bonds a series of scandocene derivatives capable of reversibly metallating at either 
of two differently substituted benzyl groups was prepared. The equilibrium constants for 
these metallated derivatives : (q5,tj’-C5Me4CH2-o-C6H3-p-X)(~5-C5Me4CH2C6H4-m- 
CH3)Sc Ft (tf5-C5Me4CH2C6H4-m-X)(~5,q’-C5Me4CH2-0-C6H3-p-CH3)Sc (X = H, CF3, 
NMe,) were determined. The small dependence of &, on the nature of X suggests that the 
Sc-aryl bond is essentially covalent with only a small ionic contribution. 

Contribution No. 7637 from the Division of Chemistry Early transition metals form many stable com- 

and Chemical Engineering, California Institute. of Tech- pounds with electronegative ligands such as halo- 

nology, Pasadena, CA 91125, U.S.A. gens due to the high degree of ionic character, 
7 Author to whom correspondence should be addressed. and concurrent strength of the M-X bond. Strong 
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bonds between early transition metals and oxygen- 
or nitrogen-containing ligands (e.g. OR, NRJ have 
this same feature. Moreover, multiple M=X or 
MGX bonding may also obtain by donation of one 
or two electron pairs from X to empty orbitals on 
the metal. The later, less electropositive transition 
metals also form strong bonds to these hetero- 
atoms ; ’ however, early metal-heteroatom bonds 
are generally more robust. The strength of early 
transition metal-carbon and early transition metal- 
hydrogen bonds relative to those of the middle 
and late transition metals is somewhat less 
straightforward to predict. Apriori, we might expect 
that they would also be systematically greater since 
the bond homolysis (L,M” - R + L,M”- ’ + ‘R) for- 
mally involves reducing the metal by one unit. Elec- 
tropositive metals have higher reduction potentials 
(for a given oxidation state) as compared with the 
more electronegative transition metals to the 
right. Furthermore, a comparison of the elec- 
tronegativities of carbon, hydrogen, and the various 
transition metals reveals that some ionic character 
(Ma+ -R’- ; R = H, C) may be expected when M 
is an early transition metal. Indeed, the reactions of 
early metal hydrides and alkyls with protic reagents 
such as mineral acids and water, which rapidly 
evolve H2 and RH, suggest just such po1arization.t 
Little direct experimental evidence is available 
which is indicative of the amount of ionic character 
for early transition metal-carbon or -hydrogen 
bonds, however. Moreover, Mulliken populations 
obtained from quantum mechanical calculations 
are generally unreliable indicators of the ionic 
character of M-R bonds.* Likewise, little experi- 
ment evidence is available which reflects the depen- 
dence of the M-R BDE on the hybridization at 
the a carbon, i.e. the quantitative differences in the 
series : metal-alkyl vs metal-alkenyl vs metal-aryl 
vs metal-alkynyl. 

In this manuscript we describe some experiments 
designed to address these issues. Although we have 
thus far been unable to obtain reliable absolute 
bond dissociation energies (BDEs), we have been 
able to derive accurate relative BDEs by equi- 
librating early transition metal alkyls and hydrides 
with the C-H bonds of hydrocarbons via the rapid, 
reversible ‘sigma bond metathesis’ reactions’ 
characteristic of early transition metals, lanthanides 

7 Caution should be exercised in concluding too much 
from this type of reactivity, however, since these reactions 
could, in large part, be due to their very strong thermo- 
dynamic driving force. Moreover, coordination of the 
Brnmsted acid to the metal center prior to deprotonation 
is likely in many cases. 

and actinides [eq. (l)]. 

L,M-R + R-H e L,M-R’ + R-H (1) 

(R, R’ = H, alkyl, alkenyl, aryl, alkynyl). 

Reported for peralkylated-scandocene and -haf- 
nocene derivatives are (i) relative M-H and M-C 
BDEs (M = SC, Hf), (ii) relative bond strengths 
of scandium- and hafniumcarbon bonds as the 
hybridization at carbon is varied, and (iii) relative 
Sc-aryl BDEs as the aryl substituent is sys- 
tematically varied. 

RESULTS 

Determination of relative M-H and M-Ph bond 
dissociation energies via intermolecular equilibration 

As we have reported earlier, 3 the clean, reversible 
nature of the reaction of bis(pentamethyl- 
cyclopentadienyl)scandium hydride, Cp$Sc-H 
(Cp* = ($-&Me,)) with benzene [eq. (2)] permits 
a determination of the relative SC-H and Sc-CgH5 
BDEs : the SC-H BDE is 1.5 kcal mol- ’ greater 
than the SC-C6HS BDE. 

Cp@c---C6HS+H2 P Cp:Sc-H+H-CgH5. 

(2) 

In a similar manner Cp:HfHz in benzene solution 
at > 100°C cleanly establishes an equilibrium with 
Cp:Hf(H)(C,H,) and dihydrogen [eq. (3)]. 

Cp:HfHz+H--C6Hs + Cp:Hf(H)(GHJ+H2. 

(3) 

Cp:Hf(C,H,), is not observed under these con- 
ditions. The enthalpy and entropy of equilibrium 
3, AH0 = +6.0(3) kcal mol-’ and AS0 = +3.5(5) 
e.u., are obtained from the temperature dependence 
of the equilibrium. 

Attempts to extend this approach to include equi- 
libration of alkanes with permethylhafnocene or 
permethylscanodcene hydrides or alkyls were 
unsuccessful, possibly due to interfering reactions 
of the C-H bonds of the pentamethyl- 
cyclopentadienyl ligands. 3 For example, thermolys- 
ing Cp:Sc-C6H, with mesitylene, tetramethyl- 
silane, or n-butane, either neat or with varying 
concentrations of benzene, results in the slow 
decomposition to a mixture of uncharacterized 
scandium containing products. The expected reac- 
tion products, CpfSc-R (R = CHZC6H3-3,5- 
(CH,),, CH2SiMe3, CH&H&H&H~), have been 
independently synthesized, and each reacts with 
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benzene to generate Cp$So--C6H, and H-R [eq. Treatment of 1 with CH,Li yields Cp*($-&Me4 

(4)l. CH2CH2CH3)ScCH3, which rapidly eliminates 

Cp:Sc-R+C6H6 it Cp:Sc-C,H,+H-R 
methane (< 5 min at 25°C) to afford Cp*(q’,q ‘- 

(4) CSMe4CH2CHKI-USc (2) [eq. (711. 

R = CH2C6H3-3,5-(CH3)2 
Cp*($-C,Me,CH,CH,CH,)- 

= CH,SiMe, 

= CH&H2CH2CH3. 

Thus, the reactions of Cp$Sc-C,H, with these 
hydrocarbons appear to be so thermodynamically 
unfavorable as to prevent build-up of detectable 
concentration of permethylscandocene derivatives 
other than Cp,*Sc-C,H,. 

Determination of relative M-H and M-C bond 
dissociation energies via intramolecular equilibration 

We have previously shown that bis(tetra- 
methylneopentylcyclopentadienyl)zirconium di- 

ScCl 
+ CH lLi, - LiCl 

[Cp*($-CtiMe4CH,CH,CH3)ScCH3] 

I 
-CH4 

Cp*($,q’-CSMe,CH,CH,CH,)Sc. (7) 

2 

In contrast to other permethylscandocene alkyls, 
cyclohexane-drz solutions of 2 are quite stable at 
140°C. If however, solutions of 2 in cyclohexane- 
d, z are heated with 5-10 equivalents of benzene, an 
equilibrium consisting of 2, C6H6, and a new species 
identified as Cp*($-CiiMe&H2CH2CH3)ScCgH5 
(3) is established [eq. (8); AH0 = +3.5(3) kcal 
mol-’ and AS0 = 10.5(5) e.u.1. 

3 

hydride is in facile equilibrium with the metallated 
mono-hydride complex and dihydrogen4 [eq. (5)]. 

(r$-CSMe4CHzCMe&ZrHz 

# ($-C5Me4CHzCMe3)- 

($,q’-CsMe4CHzCMeICHz)ZrH+H2. (5) 

With the hope that these types of equilibria are 
quite general, we have undertaken the syntheses 
of compounds which would allow intramolecular 
equilibration via sigma bond metathesis reactions 
of SC-R with the C-H bonds of appended alkyl, 
aryl, etc. groups. Thus, the mixed-Cp scandocene 
chloride 1 has been prepared as shown in eq. 
(6). Heating [Cp*ScClz], with one equivalent of 
Li+(CSMe4CH2CH2CH3)- yields complex 1 as 
an amber oil (> 90% ‘H NMR). 

(Cp*ScClz),+ Li+(CSMe4CH&H,CH,)- 5 

Cp*($-CSMe4CH2CH2CH,)ScCl+LiCl. (6) 

1 

Relative Hf-H and Hf-alkyl BDEs can be 
similarly obtained. The mixed-Cp hafnocene com- 
plex Cp*(q’-CSMe4CH2CH2CH3)HfC12 (4) is pre- 
pared in high yield from Cp*HfC13 and Li+(& 
Me4CH2CH2CH3)- [eq. (911. 

Cp*HfC13 + Li+(CSMe4CH2CH2CH3)- 

z Cp*($-C~Me4CH2CH2CH3)HfC12 

4 

+LiCl. (9) 

Treating 4 with n-butyllithium under a dihydrogen 
atmosphere affords the dihydrido species 5 [eq. 

w91. 

Cp*($-C5Me4CH2CH2CH3)HfC12 

4 
HZ 

2.2~butylLi 
- 2 butane 

Cp*($-CsMe4CH2CH2CH3)HfHz+2LiCl. 

5 

(10) 
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Table 1. Equilibrium data for eqs (3), (8), (11) and (14) 

Equilibrium Temperature (“C) I& 

3 

AH0 = +&O(3) 
AS0 = -3(l) 

8 

AH0 = +3.7(3) 
AS0 = +11(l) 

11 

AH0 = + 15.5(3) 
AS0 = +33(l) 

14 

100.5 5.27 x lo-’ 
109 5.91 x 10-5 
129 8.57 x lo-’ 
144 12.1 x 10-S 
171 18.6 x 10-5 

50 0.65 
60 0.78 
75 0.96 
89.5 1.23 

100.5 1.38 

70 3.28 x lo- 3 
80 3.78 x 10-3 
90 9.58 x lo- 3 

100.5 15.0 x 10-3 
114 39.6 x lo- 3 

59 3.56x lo-’ 
73 5.90 x lo- * 
86.5 9.60 x lo- * 
98.5 17.2 x lo- * 

113 19.0 x lo- * 
AH0 = + 8.5(3) 
AS0 = +19(l) 

Dihydride 5 has not been isolated cleanly ; rather a 
mixture of 5 and the metallated propyl hydride 
6 is obtained from petroleum ether. The equilibrium 
shown in eq. (11) can be driven to the right by the 
periodic removal of Hz from the reaction vessel, 
thus allowing the isolation of clean samples of 6. 
Introducing dihydrogen into an NMR tube charged 
with 6 and benzene-d, re-establishes the equilibrium 
shown in eq. (11) with detectable concentrations of 
the 5 and 6. The temperature dependence of the 
equilibrium (Table 1) indicates AH0 = + 15.5(3) 
kcal mol- ’ and AS0 = 33.5(5) e.u. for eq. (11). 

5 6 

(11) 

Relative Hf-aryl and Hf-H BDEs were also 
determined for comparison to values obtained via 
the intermolecular equilibrations described above. 
Thus, the metallated benzyltetramethylcyclo- 
pentadienyl hafnium hydride complex Cp*(q ‘,q ‘- 
CSMe4CHz-o-CbH4)HfH has been prepared as 
shown in eqs (12)-(14). 

Cp*($-C5Me4CHZC6Hs)HfClz+LiCl (12) 

7 

Cp*(~5-C,Me4CHZC6HS)HfClz 

7 

(1)2C,H,CH2K 
, 

(2) H&XO”C, -2&H&H, 

Cp*($-CSMe4CH2C6H5)HfHz+2KC1 

8 

(13) 
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9 9 

The equilibrium shown in eq. (14) is driven to the 
right by the periodic removal of dihydrogen from the 
reaction vessel. From the temperature dependence 
of this equilibrium a AH0 = +8.5(3) kcal mol- ’ 
and a AS0 = 19(5) e.u. are obtained. The similarity 
of the enthalpy for eq. (14) to that for eq. (3) 
(AH’ = +6.0(3) kcal mol-‘) suggests only a small 
ring strain energy for the metallated benzyl group 
of the ($,q’-&Me,CH,-o-CgH4) 1igand.t 

Attempts to equilibrate Sc-aryl and Sc-al- 
kynyl complexes were unsuccessful, presumably 
due to the exceptionally strong So-carbon bonds 

10 

Cp*($-CSMe4CH2C6H5)ScC1 CH3Li P 

Cp*(~s-C5Me4CH2C6H5)Sc-CH~+LiCl 

I 
- CH4 

Cp*(~5,~‘-CSMe,CH,-o-CgHJSc. 
10 (16) 

When only 0.5 equivalents of Me,CC=C--H is 
used, no free acetylene remains. Thus the equi- 
librium constant for eq. (17) must be greater than 
10’ M-‘. 

t The validity of this statement depends on (i) the 
H-C6H, and (r,?-C,Me,CH,C,H,-o-H) BDEs being 
equal and (ii) the Hf-aryl BDE not depending on the 
orientation of the phenyl ring relative to the hafnocene 
equatorial plane. The possibility also exists that these 
two effects may cancel, at least in part. 

(14) 

+ H-CCEC-CCMe, 

of the latter. For example, Cp*(r,r5,q’-C5Me4CHZ- 
o-&H,)Sc (lo), prepared as shown in eqs (15) and 
(16), reacts completely with tert-butylacetylene ; no 
detectable amount of Cp*($,q’-CSMe,CH,-o- 
C,H,)Sc remains. 

[Cp*ScC12],+Li+(CSMe4CH2C6H,)- 

+ Cp*(~5-C5Me4CHZC6H5)ScC1+LiCl (15) 

SC- CO C- CMe, 
\ I 

11 

(17) 

Determination of aryl substituent effects on the 
relative Sc-aryl bond dissociation energies 

In order to determine the polarity of the Sc-aryl 
bond, a series of compounds which can metallate 
at ather of two differently substituted benzyl groups 
has been prepared [eq. (18)]. Any ionic contribution 
to the Sc-aryl BDE, and hence, the equilibrium 
constant, should respond to the electron releasing 
or electron withdrawing power of the substituents 
X and Y. 

Each of the substituted benzyltetramethyl- 
cyclopentadienyl anions has been prepared from 
the appropriate benzyl Grignard reagent and 
tetrametbylcyclopentenone, followed by dehydration 
of the resulting alcohol. Treatment of the isomeric 
mixture of tetramethylbenzylcyclopentadienes 
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(X, Y = H, CH,, CF,, NMe,) 

Y 

with n-butyllithium affords the lithium salt of the CH2C6H4-m-CF3)ScCl (13) and ($-CSMe4CH2C6 
anion in moderate yield (Scheme 1). H,-m-CH,)($-C,Me4CHzC6HI-m-NMe*)ScCl (14) 

The mixed-Cp scandocene chloride compounds : are prepared by refluxing ((q5-C5Me&H2C6H4- 
(t$-C5Me&H2C6H4-m-CHJ(~5-C5Me&HZC6H5) m-CHs)ScC1,}, with the appropriate tetramethyl- 
ScCl (12), ($-C,Me,CHzC6H,-m-CH,)(~5-C5Me, benzylcyclopentadienyl anion in toluene [eq. (19)]. 

1 ,sc\ 
Cl Cl 

0 

-M- \ 
X 

0 

8 

Ho 

\ 

3 hr 

1. BrMgCH,C,H,-m-X 

2. H,O 

diethyl ether 

b 0 

4 \ 
12, X=H 

13, XICF, 
X 

14, X-N& 

1. [H+j, -H,O 

2. n-BuLi, -butane 

Scheme 1. 

X = H, CH,, NM,, and CF, 

(1% 
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Since ‘H NMR analysis of the equilibrium mixture 
proved rather complex (even at 500 MHz), we have 
chosen ($-CSMe4CHzCgH,-m-CH3) as the refer- 
ence substituted benzyl ligand. When metallated, 
e.g. for Cp*($,q’-C5Me4CH2-o-C6Hs-p-CH3)Sc, 
the ($-CsMe&H2-o-C6H3-P-CHJ resonance 
appears characteristically at 6 2.37. For the com- 
pounds described below, this signal consistently 
shifts from 6 2.05-2.11 to 2.37-2.38 on ortho- 
metallation (Table 2) thus serving as a reliable 
indicator. 

Treating the scandium chloride (q5-CSMe, 
CHZC6H,-m-CH,)(~5-C,Me,CH,CgH~)ScC1 with 
one equivalent of methyllithium generates over the 
course of one hour one equivalent of methane and 
the isomeric mixture (~5,~‘-C5Me4CH2-o-CgH3-~- 
CH3)(q5-CSMe4CH2CgH5)Sc (15) and (q5-CSMe, 
CH&H4-m-CH3)(~5,~1-C5Me4CH2-o-CgH~)Sc (16) 

7 It would, of course, be preferable to demonstrate 
H/D exchange for the benzylic positions of 15 and 16. 
The complexity of the ‘H NMR spectra have thwarted 
attempts at direct observation of deuterium incor- 
poration, however. 

P 0 

# T 
SC-Cl 

CH,Li 

-% 

& 
- LiCl 

in a 1: 2 ratio (Scheme 2). Heating this 1 : 2 mix- 
ture overnight at 110°C in benzene-& does not 
alter this ratio significantly. In order to establish 
that this 1: 2 ratio of 15 and 16 is the equilibrium 
mixture, a small amount of dihydrogen was intro- 
duced to catalyse interconversion of 15 and 16, via 
(T bond metathesis reactions with (r,r5-CSMe,CH, 
CgH,-m-CHs)(~5-C5MeqCHzCgH5)Sc-H. Again, 
no change from the statistical 1 : 2 ratio is noted. 

That dihydrogen does indeed interconvert 15 and 
16 is supported by the following observations: (i) 
treating Cp*(~‘,~‘-CSMe4CH,-o-CsH~)Sc with 
dihydrogen (4 atm) rapidly yields Cp*($-&Me,, 
CHzCgH5)Sc-H, (ii) heating benzene-d, solutions 
of Cp*(~5-C5Me4CH2C6H5)Sc-H under 4 atm Hz 
results in H/D exchange, specifically into the orthb 
benzylic sites. Based on previous results for H/D 
exchange between benzene-d, and hydrocarbons 
catalysed by Cp,*Sc-H, 3 the likely mechanism for 
benzylic H/D exchange involves Cp*($-C5Me4 

CH,Cd-I,P--H, Cp*(r,r’,r~‘-C5Me4CH2-o-CgH4) 
SC, and Cp*(q5-CSMe,CH,C,H,)Sc-C,D, (along 
with HZ, HD, Dz, and CsH,Ds_,.t 

Treating 

+c-CH, 

Scheme 2. 
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Table 2. ‘H and 13C NMR data” 

Compound Assignment Couplingb 

Li+(C,Me&H&H,-m-CH,)-’ 

‘I~-C~(CH,),CH,C&-~-CH, 
$-C,(CH3)4CH2C6H,-m-CH3 
$-C5(CH3)4CHZC6HTm-CH3 
rj%,(CH3),CH2C&,-m-CH, 

Li+(CSMe,CH,CsH,-m-CF,)-’ 

$-CS(CHJ4CH2C6Hd-m-CF3 

‘t5-C5(CH3).,CHZC6H,-m-CF, 
$-C5(CH3)&HzC6H4-m-CFg 

Li+(C,Me&H&H.,-m-N(CH,),)-’ 

‘I~-C#XZ~)~CH~C~H~-~-N(CH,), 

Cp*(rl’-CsMe,CH,CH,CH,)ScCl (1) 

? 5-C5(CH3) 5 

$-C5(CH3)&HZCH2CH3 

~5-CSMe4CH,CH2CH3 
~‘-CSMe4CH2CH2CH3 
v5-C,Me,CH,CH,CH, 

Cp*(rl’,q’-C,Me,CH,CH,CH,)Sc (2) 

15-C5wf3)5 

‘I~,‘I’-C~(CH~)~CH*CH~CH, 

Cp*(~5-C5Me,CH,CH,CH3)HfCl, (4) 

?5-C5(CH3)5 

~5-C5(CH3)4CH2CH$ZH3 

1.87 s 
3.63 br 
2.20 s 
6.6-7.0 m 

1.83 s 
1.87 s 
3.80 br 
7.1-7.4 m 

1.93 s 
1.90 s 
3.60 br 
2.80 s 
6.3-7.0 m 

1.90s 
1.85 s 
2.01 s 
0.79 t 
1.24 m 
2.35 t 

1.83 s 
1.57 s 
1.97 s 
0.77 t 
2.73 tt 
2.91 t 
11.4Oq 
119.4s 
not observed 
38.76 t 
28.9 t 
117.0 s 
119.6 s 
138.2 s 

1.68 s 
1.70 s 
1.72 s 
0.82 t 
1.22 m 
2.18 t 
6.81 d 
6.95 t 
7.09 t 

1.93 s 
1.91 s 
1.99 s 

3JHH = 7 
3JHH = 7 
3JHH = 7 

3JHH = 6.6 
3JHH = 6.6 
3JHH = 6.6 
‘JCH = 126 

‘JcH = 120 
‘JCH = 123 

3JHH = 7 
3JHH = 7 
3JHH = 7 
3JHH = 7 
3JHH = 7 
3JHH = 7 

(Contd.) 
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Compound Assignment Couplingb 

qs-CSMe4CH2CH2CH9 0.82 t 3JHH = 7.3 
q5-C5Me.,CH,CH2CHS 1.28 m 3JHH - 8 
qS-C5Me4CH,CH,CH, 2.50 t 3JHH = 8.0 

Cp*($-CSMe,CH,CH,CH,)HfH, (5) 

$-C&H3), 
$-CJ(CH9)&H&H,CH, 

qS-CSMe4CH,CH,CH, 
qS-C,Me,CH,CH,CH, 
q5-CSMe4CH,CH2CH3 
HfH, 

2.07 s 
2.10s 
1.92 s 
0.88 t 3JHH = 8 
1.41 m 3JHH = 8 
2.50 t 3JHH = 8 
15.6s 

Cp*(q’,q’-CSMe,CH,CH,CH,)HfH (6) 

$-C&H& 
t15,$-G(CHWHKHKHz 

HfH 

rlS,rll-G(CHdXCH~CH,~,) 
~s~~‘-C~(CHNCH,~,CH,) 
?5,$-C~(CHs)4(CH,CH,CHJ 

Cp*(q5-CsMe,CH,C,H,)HfCl, (7)d 

?‘-C&H& 
‘I’-CS(CHWHGH, 

Cp*(q’-CSMe,CH,C,H,-m-CH,)Hf(CH,C,H,), 

$-Cs(CH,)s 
v~-CS(CHWH&H, 

u~-C,(CH,)&H&HS 
HfCH$,H, 

+C,(CH&CH,CSH, 
HfCH&H, 

Cp*(q’-CsMe,CH,C,H,)HfH, (8) 

v~CS(CHJS 
G’~-CS(CH,),CH,C,H, 

$G(CHWH,CsH, 
rlsG(CHWHGH, 
Hf-H 

Cp*($,q’-CSMe4CH,-o-C,H.,)HfH (9) 

‘15-C,(CH,), 

1.91 s 
1.68 s 
1.70 s 
1.72 s 
2.64 s 
-0.60 m 
0.31 m 
1.90 m 
2.02 m 
2.58 m 
2.78 m 
13.2 s 
74.09 t 
37.58 t ‘JcH = 125 
27.28 t ‘JCH = 120 

2.03 s 
1.97 s 
2.03 s 
3.80 s 
6.9-7.2 m 

1.75 s 
1.74s 
1.76 s 
3.61 s 
1.44 d ‘JHH = 13 
1.49 d 2JHH = 13 
6.9-7.2 m 
6.9-7.2 m 

2.07 s 
1.97 s 
2.07 s 
4.08 s 
7.0-7.2 m 
15.70 

19.5 s (Contd.) 
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Table 2. (Co&.) 

Compound Assignment 

q5,q’-C#X3),CH2-wC6H4 

?‘,rl’-CsMe,CH,-o-CgH4 
Hf-H 

Cp*(q5,q1-CSMe,CH2-o-CgH3-p-CH$W 

t15-C5K=3)5 

?5,t11-C5(CH3)4CH2-o-CgHs-p-CHs 

q5,q1-C5(CHJ4CH2-o-C6Hs-p-CH, 
q5,q1-C5(CHJ4CHZ-O-C6Hs-p-CH3 
q5,q1-C5(CHs)4CH2-o-C~s-p-CH3 

Cp*(q5-C5Me,CH,C,H5)ScCI’ 

v5-C5Wf3)5 

r15-C5(CHJciCHKJL 

t15-G(C&WHGH~ 

t15-C5(CHJ&%Gh 

Cp*(q5,q’-C5Me,CH,-o-C,H,JSc (1O)g 

v5-C5(CH3)5 

q’,$-C,(CH,),CH,-o-&H, 

q5,q1-C5(CH3)&H2+C6H4 
‘I~,~‘-C~(CH~)~CH~-O-C~H~ 

Cp*(q5-C5Me4CHZCsH5)Sc-CkCCMe, (11) 

t15-C5(CH3)5 

t15-C5WfJKHzGH, 

WHJ 3 

r15-C5WLW&WL 

t15-C5WHd&HK& 

(q5-C5Me4CH2CsH5)Sc(acac),d 

t15-C&HWHGH~ 

$-OC(CH,)CH(CH,)CO 

t15-G(CHWH&H~ 
$-OC(CHJCH(CHJC0 

r15-G(CHs).+CH&H, 

(q”-C5Me4CHZC6H5)ScClzc 

v5-C5(CHWHGH5 

v5-G(CH,),CH&H, 
v5-G(CHWHGH5 

3JHH = 7.4 
3JHH = 7.4 

6 kvm) 

1.74 s 
1.87 s 
1.97 s 
2.02 s 
3.76 d 
3.92 d 
7.2-7.5 m 
14.15 s 

Couplingb 

‘JHH = 17 
*JHH = 17 

1.96s 
2.03 s 
1.48 s 
2.37 s 
4.06 s 
8.45 d 
7.13 d 
7.26 s 

1.88 s (7 methyls) 
1.97 s (2 methyls) 
3.75 s 
7.s7.2 m 

1.95 s 
2.01 s 
1.45 s 
4.08 s 
7.3-8.55 m 

1.88 s 
1.97 s 
2.07 s 
1.30 s 
3.73 s 
7.0-7.3 m 

1.87 s 
1.90 s 
2.03 s 
3.73 s 
5.57 s 
7.0-7.3 m 

2.03 s 
2.09 s 
4.0 s 
6.9-7.2 m 

(us-C5Me4CHZC6H4-m-CHj)(q5-C5Me&HIC6H5)ScCl (12) 

q5-C5(CH3)&HtC6Hd-m-CH3 1.85 s (2 methyls) 
and 

r15-C~(CHWHzCsH~ 1.95 s (1 methyl) 
2.03 s (1 methyl) (Contd.) 
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Compound Assignment 6 (ppm) Couplingb 

$-C5(CHJ4CHzCgH4-m-W3 2.11 s 
~5-C5(CH~)4CH2C6H,-m-CH, 3.70 s 
I~~-C,(CH,).KWLHH, 3.70 s 
q5-C5(CH3)4CHzC,H4-m-CH3 6.8-7.2 m 

r15-GW-bW-bCdf~ 

(q5-C5Me4CHZC6H,-m-CHs)(qs-CsMe,CH,C,H,)ScH 

~5-CS(CH3).J!H2C6H,-m-CH, 1.89 s 
and 

tlS-G(CHWH,CsH5 1.90 s 
2.02 s 
2.06 s 

q5-Cs(CHJ,CH2CsH4-m-CH, 2.09 s 
q5-C5(CHs)&H2CgH4-m-CH3 3.79 s 
+G(CHW&CsH, 3.79 s 
q5-CS(CHJ&HzCJZ4-m-CH3 

and 6.8-7.2 m 
r15-G(CHs),CHGHS 

(qs-C,Me,CH,C,H,,-m-CH,)Sc(acac)zd 

q5-C5(CH3)4CHZC6H4-m-CH3 1.87 s 
1.90 s 

q5-Cs(CH3).,CHpCgH4-m-CHJ 2.27 s 
$-CS(CH3)&HZC6H4-m-CH3 3.70 s 
$-0C(CH3)CH(CHJC0 2.05 s 
$-OC(CH,)CH(CHJCO 5.55 s 
q’-CS(CHJ.,CHpC6H4-m-CH3 6.8-7.3 m 

($-C,Me,CH,C,H,-m-CHJScClP 

q’-C,(CH,),CH,C,H,-m-CH, 2.20 s 
2.28 s 

q5-CS(CHJ,CH2C6H4-m-CH3 2.07 s 
q5-C5(CHJ4CHZC6H,-m-CH3 4.33 s 
q5-C5(CHs),CH&Hq-m-CH3 6.8-7.1 m 

(rl5-C~Me4CH,C,H,-m-CHJ)(1’-CsMe,CH,C,H,-m-CF,)ScCl (13) 

q-s-C5(CH3).,CH2C6Hrm-CF3 1.80 s 
and 

q5-C,(CH,)4CHzCJI,-m-CH3 1.82 s 
1.85 s 
2.03 s 

?s-CS(CH3)4CHZC6H,-m-CH, 2.08 s 
q5-C~(CHJ.,CH2CgH4-m-CHj 3.72 s 
q5-C5(CHs)&H2CgH.,-m-CF3 3.72 s 
~S-CS(CHJ.,CH,C,JZ,-m-CH3 

and 6.8-7.4 m 
q’-Cs(CHj).,CHzC6H4-m-CF3 

(~‘-C5Me4CH2C6H,-m-CH~)(tl5-CsMe,CHzCgH,-m-CF,)ScC,H, 

q5-C5(CH,),CH2CsH,-m-CH, 1.63 s 
and 

?5-C5(CH3)4CHZC6H4-m-CF3 1.750 s 
1.758 s 
1.761 s 

rl~-C,(CH,),CH,CgH,-m-CH, 2.07 s 
~5-C~(CH&X2C6H,-m-CH, 3.45 s 
tt5-C~(CHs)4CH2C6H4-m-CFs 3.58 s 
q’-C,(CH3)4CH2C6H4-m-CH3 (Contd.) 
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Table 2. (Contd.) 

Compound Assignment 6 (@pm) Couplingb 

‘I~-C~(CH~),CH,CJ~,-~-CF~ 6.7-1.5 m 
Sc--C,H, 

(?‘-C~Me4CHzC,H,-m-CHs)(tl5-C5Me4CH2C6H,-m-NMe3ScCl (14)g 

q5-Cs(CH&CH,C,H,-m-NMe, 1.86 s 
and 

iys-C5(CH3)4CH&6H4-m-CH, 1.89 s 
1.97 s 
2.21 s 

P$C~(CH~)~CH~C~H.,-~-CH, 2.09 s 
q5-C5(CH3)&H2C6H4-m-N(CH& 2.59 s 
q5-CS(CH3)4CH2C6H.,-m-N(CH,), 3.63 s 
q5-C5(CH&CH2C6H4-m-CH, 3.70 s 
$-C5(CH3),CH,C6H,-m-CH3 

and 6.4-7.2 m 
$-C~(CHs)4CH1C6H4-m-N(CH3)2 

(rl5-C,Me,CH,C,H,-m-CH,)(rS-C,Me,CH,C,H,-m-NMe,)ScC,H,B 

$-CS(CH,).,CHZC6H,-m-CH, 1.787 s 
and 

q5-Cs(CH&,CH2C6H4-m-NMez 1.792 s 
1.796 s 
1.86s 

q5-C5(CHs)&HzCgH,,-m-CH3 2.06 s 

‘I~-C~(CHWHK~H~-~-PN(CHJZ 2.51 s 
q-‘-C5(CHJ4CH2CgH,-m-CH, 3.62 s 
q5-C,(CH,),CH&H,-m-NMe, 3.70 
r$-C5(CH3)&H2C6H4-m-CH3 
rf-C,(CH,),CH&H,-m-NMe* 6.5-7.5 m 
Sc-C6H5 

(I]‘-CsMe,CH,C,Hs)(r$,q’-CSMe&H2-o-C6H3-p-CHs)Sc (15)g 

r/5,r/‘-C5(CH3)4CHZ-~-C6H~-~-CHJ 1.53 s 
and 

v5-C,(Cff,),CH,C,H, 1.96 s 
1.993 s 
1.998 s 

$,q’-C5(CH3)&H2-o-C6H3-p-CH3 2.38 s 

v5-G(CH,),CH,CsH, 3.90 s 
$,q’-CS(CH&CH,-o-CsH,-p-CH, 4.09 s 
q’,q’-Cs(CHJ4CH2-o-C6H3y-CH3 

and 6.7-8.5 m 

~s-C4CHWHGH~ 

(q5-C5Me4CHZC6H,-m-CH,)(q5,q’-C,Me,CH,-o-C,H,)Sc (16)g 

$-C5(CH3)&HZC6H,-m-CH, 1.50 s 
and 

‘I’~‘-C~(CH&CH~-O-C~H~ 1.93 s 
1.99s 
2.04 s 

q5-C5(CH3)&H2C6H4-m-CH3 2.06 s 
q5-C5(CH3)4CH2C6H,-m-CH, 4.09 s 
$,q’-CS(CH&CHZ-o-&H4 3.87 s 
q5-C5(CHs)&H&H4-m-CH3 

and 6.7-8.5 m 
5 I 

v JJ -C&HWH~-o-Vf~ 

(?5-CSMe4CH2C6H4-m-CHs)(rl5,1’-CsMe,CH,-o-C,H,-p-CF,)Sc (17)g 

q5-CS(CH,),CH2CsH,-m-CH3 1.39 s (Contd.) 
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Table 2. (Contd.) 

Compound Assignment 6 (ppm) 

and 
$,n’-C&H,),CH~-o-&H,-p-CF3 1.85 s 

1.94s 
1.97 s 

$-C5(CHs)4CHZC6H4-m-CH3 2.06 s 
r$,r/‘-C,(CH&X2-o-C6H+CF~ 3.78 s 
$-Cs(CH,)&H2CgH4-m-CH3 3.86 s 
$-C5(CHs),CH,C,H4-m-CH3 

and 6.648.41 m 
rj5,$-CS(CH3)4CH2-o-CsH~-p-CF~ 

(?5-CsMe,CH,C,H,-m-CF,)(r]5,1’-C,Me,CH,-o-C,H,-p-CHS)Sc (18)’ 

?5,rl’-Cfi(CHS)4CH2-~-C6Hs-p-CHs 1.51 s 
and 

~5-C5(CH3)4CHzCgH,-m-CF, 1.87 s 
1.93 s 
1.99 s 

$,q’-C5(CH3)&H2-o-CgH3-@H3 2.38 s 
r/5,$-C~(CH&Xz-o-CgH~-p-CHs 3.83 s 
r$-C5(CH3)&H2C6H,-m-CF, 4.09 s 
~5,n’-C~(CHJ4CH2-o-C,H3-p-CH3 

and 6.6-8.4 m 
~5-C5(CH3)4CHzC6H4-m-CF3 

(rl5-C5Me,CH,C,H,-m-NMe2)(rl5,1’-C,Me,CH,-o-C,H,-p-CHS)Sc (19) 
and 

(rl’-C,Me,CH,C,H,-m-CH~)(rl’,rl’-C,Me,CH,-o-C,H,-p-NMe,)Sc (20)g 

1.58 s 
1.61 s 

r,+5,~‘-C5(CH,).,CH2-o-C6Hs-p-CHs 1.94s 
nS,~‘-C5(CH,)&H2-o-C6H3-~-NMeZ 1.95 s 
q5-C5(CHJ4CH2C6H,-m-CH, 2.01 s 
$-C5(CH3)&HIC6H4-m-NMeZ 2.05 s 

2.09 s 
2.16 s 

n5,i+-C5(CH3)4CH2-o-C6H3-~-N(CH3)2 2.75 s 
~5-C5(CH3)4CHzCgH4-m-N(CHJ)2 2.47 s 
q5-C5(CH3)4CHZC6H4-m-CH3 2.38 s 
n5,~‘-C5(CH3)J.IH2-o-C6H3-~-CH3 2.06 s 
n5-C5(CH&,CH2C6H4-m-CHj 3.84 s 
~5,~‘-C5(CH,),CH,-o-C,H,-p-N(CH3)2 3.95 s 
I’,~‘-C,(CH,),CH,-~-C~H~-~-CH~ 4.07 s 
~5-C5(CH3)4CHZC6H,-m-NMe, 4.16 s 
~5,n’-C5(CHs),CH,-o-CJf,-~-N(CH,), 
$,+C5(CHs)4CH2-o-C6H3-~-CH3 6.3-8.5 m 
q5-C5(CH3).,CHZCdi,-m-NMe, 
~5-C5(CH3)4CHZC6H4-m-CH3 

Couplin$ 

“All ‘H NMR spectra were recorded in benzene-d, at 400 MHz unless otherwise noted. 
All signals are reference to internal tetramethylsilane unless otherwise noted. 

b Coupling constants are reported in Hz. 
’ ‘H NMR spectrum recorded in THF-d, at 90 MHz. 
d ‘H NMR spectrum recorded in CDCl, at 90 MHz. 
e ‘H NMR spectrum recorded in benzene-d, at 90 MHz. 
“H NMR spectrum recorded in cyclohexane-d,, and referenced to the residual protio 

impurity. 
g ‘H NMR spectrum recorded in benzene-d, at 500 MHz. 
Note: The following abbreviations are used to denote the multiplicity of the NMR 

signals : s, singlet ; d, doublet ; t, triplet ; q, quartet ; m, multiplet ; br, broad. 
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Me,CHZC6H4-m-CF,)ScCl with one equivalent 
of trimethylsilyhnethyllithium rapidly generates 
tetramethylsilane and a ca 1 : 1 mixture of (v5- 
C5Me4CH2C6H,-m-CH&~5,~‘-C5Me4CH2-a-C, 
H,-p-CF,)Sc (17) and (~5,~1-CSMe4CH2-o-Cg 
H3-p-CH3)(~5-C5Me4CH2CgH,-m-CF3)Sc (1% 
presumably via (~5-C5Me4CH2C6H4-m-CH3)(~5- 
C5Me,CH,CgH,-m-CF&Sc-CH,SiMe+ When 
warmed to 50°C for a few minutes, the ratio of 17 
to 18 changes to 16 : 1. Continued heating at 50°C 
results in decomposition over a period of l-2 h ; 
however, the ratio of 17 to 18 remains ca 16 : 1. A 
much more thermally robust mixture of 17 and 18 is 
obtained using an alternative preparation. Treating 
(~5-C5Me,CHaC6H,-m-CH,)(~5-C5Me,CH,CgH4- 
m-CF,)ScCl with one equivalent of phenyllithium 
generates the phenyl derivative (q’-C5Me,CH2 
C6H4-m-CH3)(q5-C5Me4CH2C6H4-m-CFJSc- 
C6H5, which is stable to loss of benzene at 
ambient temperature. Heating an isolated sample 
of (~5-C5Me4CHZC6H4-m-CH3)(~5-C5Me,CH, 
CsHd-m-CFJSc-C6H5 in benzene-d, to 80°C 
results in benzene loss and the 16 : 1 isomeric mix- 
ture? of (~5-C5Me,CH,CgH,-m-CH3)(~5,q’-C5Me4 
CH2-o-C6H3-p-CF3)Sc (17) and (q5,q’-CSMe4 
CH2-o-C6H3-p-CH,)(~5-C5Me4CH2CSH4-m-CF3) 
SC (18). Thermal decomposition of this mix- 
ture is much slower, requiring several days at 80°C. 
The variable thermal stabilities of these compounds 
from batch to batch suggests decomposition is cata- 
lysed by trace impurities, but the value of Keg is not 
in doubt [17 F? 18, K& = 0.063(6)]. 

Treating (n5-CsMe,CH&,Hem-CH3)(n5-C,Me, 
CH,C,H,-m-NMe2)ScC1 with one equivalent of 
Li&H, cleanly generates (~‘-C5Me4CH2C6H4- 
m-CH3)(~5-C5Me&HZC6H,-m-NMeJScCgH5. This 
complex has not been isolated, rather it is generated 
in situ and characterized by ‘H NMR. Heating ben- 
zene-d, solutions of (q5-C5Me4CHZC6H,-m-CHJ 
(~5-CsMe,CH,C,H,-m-NMe,)ScC,H, overnight 
at 50°C generates C,H, and a 1: 1 mixture of (q’,v’- 
C5Me4CH2-o-C6H3-p-CH&$-C5MeqCHZC6H4-m- 
NMez)Sc (19) and (v5-CsMe&HzC6H,-m-CH3) 
(~5,~1-CsMe4CH2-o-C6H~-p-NMeJSc (20). As 
with X = H and CH3, heating solutions of the 
initially formed mixture at 80°C for several hours 
does not alter the isomeric ratio (nor does it effect 
decomposition). In order to assure that a true thermo- 
dynamic equilibrium had been reached, once again 
a small amount of dihydrogen was introduced 
into a benzene-d, solution of the phenyl derivative 
(~5-C5Me4CH2C6H,-m-CH&$-C5Me4CH$&I~- 

t ‘H NMR integration was carried out at 50°C. 
$ We have chosen units of mole fraction in calculating 

the equilibrium constants for these cases. 

m-NMeJSc-C6H5 to catalyse rapid interconver- 
sion of 19 and 20 via (g5-C5Me4CHZC6Hrm-CHs) 
(~5-C5Me,CH,CgH,-m-NMe,)Sc-H. After heat- 
ing for 20 h at 50°C no deviation from the 
original 1 : 1 ratio of (~5,~1-C5Me4CH2-o-C~H3- 
~-CH&~5-C5Me4CHZC6H,-m-NMeJSc (19) and 
($-C5Me4CHzC6H4-m-CH3)(~5,~L-C5Me4CH2-o- 
C,H4-p-NMeJSc (20) was noted. Thus, as for 
15 and 16 no detectable substituent effect of the 
equilibrium constant for the two isomeric metal- 
lated benzyl complexes 19 and 20 was obtained. 

DISCUSSION 

Sigma bond metathesis has proven to be a con- 
venient method to obtain information on the rela- 
tive bond dissociation energies for these types of 
transition metal hydrides and hydrocarbyls. Due 
to interfering reactions, most likely involving the 
C-H bonds of the (q5-C5Me5) ligands, inter- 
molecular equilibrations appear to be limited to the 
very stable hydride and phenyl derivatives. 
Although our data indicate that the alkynyl com- 
plexes are even more stable, side reactions such as 
catalytic dimerization of terminal acetylenes to 
gem-enynes3 preclude equilibration. 

By incorporating reactive groups into the cyclo- 
pentadienyl ligands and introducing systematic 
variations we have capitalized on the tendency for 
the ligand C-H bonds to participate in the cr bond 
metathesis reactions. Morever, the favorable 
entropy associated with these intramolecular 
metallation reactions (AS’ = 11-34 e.u.) provides 
an additional driving y force (TAS’ = 3-10 kcal 
mol- ’ at ambient temperature) to shift otherwise 
prohibitively endothermic equilibria to allow the 
concentrations of all participants to be accurately 
determined. These equilibrium constants [e.g. eqs 
(8), (11) and (14)] are no longer unitless, so that the 
issue of standard statest and transferability of Keq’s 
or AGO’s is potentially problematic. However, by 
comparing AH0 values obtained from the tem- 
perature dependence of the equilibrium constants, 
we can draw some meaningful comparisons. 
Another point of possible concern is the intro- 
duction of ring strain on metallation. Models 
suggest, and experiments appear to bear out [e.g. 
compare AH0 values for eqs (3) and (14)] that there 
is little strain for a three-carbon link connecting the 
cyclopentadienyl ring carbon atom and the metal 
center. In the final series of experiments, those 
involving competitive metallation by scandium at 
either of two benzyl-substituted cyclopentadienyl 
ligands, the symmetry of the ligand system and 
the fact that the equilibrium constants are unitless 
completely remove these concerns. 
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The enthalpies of the equilibrium, established by 
these sigma bond metathesis reactions [eq. (l)], 
allow the relative M-R and M-R bond strengths 
to be determined if one assumes the Benson 
approximation’ and cancellation of the solvation 
energies. 6,7 In eq. (3), for example, since the 
H-&H5 BDE= 110.9 kcal mol-1,8 H-H 
BDE = 104.2 kcal mol- ’ 9 and the heat of solvation 
of H2 in benzene = - 1.5 kcal mol-‘,‘” then the 
+ 6.0(3) kcal mol- ’ enthalpy of reaction indicates 
the BDE(Hf-H) is greater than BDE(Hf--C,H,) 
by (104.2-110.9+ 1.5+6.0) = 0.8(3) kcalmol-‘. In 
eq. (8), if the C-H BDE for Cp*(q*-&Me, 
CH2CH,CH2---H)Sc-C,H, is assumed to be 98 
kcal mol- ’ (the BDE for the 1” C-H bonds of 
propane), then the BDE(Sc-C61-IS) is greater than 
BDE(Sc-CH2CH2CHzC,MeJ) by 16.6(3) kcal 
mol-‘, since BDE(H-C,H,) = 110.9 kcal mol-’ 
and AH0 = +3.7(3) kcal mol- ‘. The following 
ordering for Hf-R and SC-R BDEs are calculated 
in an analogous manner (Scheme 3).t 

Whereas the differences in metal-hydride and 
metal-phenyl bond strengths are essentially the 

t The relative positions of the (SC-R) BDE, (Hf-R), 
and (H-R) BDE columns in Scheme 3 have been arbi- 
trarily set equal at R = CsH,. No absolute correlation 
between the columns is implied. 

$ A roughly linear correlation is found for BDE(H-R) 
vs BDE(Sc-R) (R = alkynyl, aryl, alkyl), with a slope 
of 0.8, not the unity value of the Bryndza/Bercaw cor- 
relation. Similar, less-than-unity slopes have been noted 
by others for transition metal-hydrocarbyl bonds; see 
reference 7(d) and the contribution by Bergman and co- 
workers in this special issue of Polyhedron. 

5 So far as we are aware, no substituent effects on the 
M-aryl (M = alkali or alkaline earth metal) BDEs have 
been examined. Thus, these results suffer from the lack 
of a point of reference. 

same for SC and Hf, the same cannot be said for the 
metal-phenyl vs metal-CH,CH,CH,C,Me, bond 
strengths. Some of the cu 6 kcal mol- ’ discrepancy 
may be due to different ring strain energies for 
the pseudotrigonal scandium vs pseudotetrahedral 
hafnium. On the other hand, the total strain energy 
for the hafnium derivative amounts to only ca 2.5(3) 
kcal mol- ‘, since according to equilibrium 14, the 
BDE(Hf-H) is greater than BDE(Hf-C,H., 
CH&Me4) by 3.3(3) kcal mol-‘. Whatever the 
sources of these small effects, some general con- 
clusions can be derived from the differences in bond 
strengths as the hybridization at the a carbon is 
varied. The order of decreasing BDEs is M-C(sp) 
> M-C(aryl) > M-C(sp3), the same order as for 
H-C BDEs for hydrocarbons (Scheme 3). On the 
other hand, the relative differences for hydrogen- 
carbon bond strengths is small (BDE[H--C(sp)] 
= 132(5) ; BDE[H-C(aryl)] = 111; BDE[H-C 
(l”,sp3)] = 98 kcal mol- ‘} than those for the haf- 
nium and. scandium hydrocarbyls. Indeed, if the 
relative differences were the same, these equilibria 
would be essentially thermoneutral (i.e. AH0 w 0). 
The origin of the effect which is responsible for the 
M-R BDEs increasing more rapidly with s char- 
acter than do the H-R BDEs is not clear; how- 
ever, it undoubtedly again results in stronger 
M-H BDEs than would be anticipated on the 
basis of the correlation suggested by Bryndza, Ber- 
caw and co-workers.6f For these early transition 
metal hydride compounds the BDE(M-H) is cu 
8 kcal mol- ’ stronger than this correlation predicts. 

The sensitivity of the transition metal-carbon 
bond energy to s character could be a reflection 
of considerable ionic (M6+-Cb-) bonding, since s 
character at carbon increases its electronegativity. 
The experiments designed to probe this aspect of 
the Sc-aryl bonding, equilibria 18, reveal very little 
substituent effect on the Sc-aryl BDE.$ Only for 
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pura-CF, is a measureable difference obtained. 
paru-NMez exerts its effect primarily through res- 
onant z donation. Interestingly, the phenyl ring is 
held perpendicular to the equatorial plane of the 
scandocene moiety by the link to the cyclo- 
pentadienyl ligand, i.e. in resonance with the empty 
z symmetry (b,) scandium orbital. Thus, resonant 
donation is possible, but apparently is cancelled by 
the small inductive withdrawing character of the 
electronegative N atom. The generally small effect 
observed, even with the strongly withdrawing CF, 
substituent, is quite significant, and indicates little 
polarity for the SC-C bond in these compounds. 
These experimental results are generally in accord 
with the picture presented by Goddard and Stei- 
gerwald’ ’ for the scandium-hydride bonding of 
Cl$c-H, for which the electronegative Cl ligands 
(and by extension the Cp* ligands) bond primarily 
via the SC 4s orbitals, with the SC-H bonding being 
3d-1s in character (Ejd c Eds ; hence SC appears 
more electronegative12) and essentially covalent. It 
appears this same 3d character also dominates the 
SC orbital used in the Sc-aryl bonding of com- 
pounds 1520. 

EXPERIMENTAL 

General considerations 

All manipulations were performed using glove- 
box, high-vacuum’ 3 or Schlenk techniques. Sol- 
vents were purified by distillation from an appro- 
priate drying agent under a N2 atmosphere and 
either used immediately or vacuum-transferred 
from ‘titanocene’ or sodium-benzophenone. 
Benzene-d, and cyclohexane-d,, were purified by 
vacuum transfer from activated molecular sieves (4 
A, Linde) and then from ‘titanocene’. ‘H and i3C 
NMR spectra were recorded on Varian EM-390 (90 
MHz, ‘H), JEOL GX4OOQ (400 MHz, ‘H ; 100 
MHz, 13C) and Bruker WM500 (500 MHz, ‘H) 
spectrometers. Elemental analyses were performed 
by Mr Larry Henling of the CIT Analytical 
Laboratory. 

Synthetic procedures 

Preparation of Li+(CSMe&H2C6H.,-m-X)- 
[x = H,14 CH3, CF, and N(CH,),].T Each ligand 
was prepared by the reaction of tetra- 
methylcyclopentenone with the corresponding sub- 

t We have found that the meta-methoxide derivative 
Li+(q5-C5Me,CH,C6Hem-OMe)- can also be prepared 
by methods analogous to those described here. 

stituted benzyl Grignard reagent (Scheme l), fol- 
lowed by dehydration with puru-toluene sulphonic 
acid when needed. In each case an excess of the 
substituted Grignard reagent (ca 1.5 mol/mol of 
ketone) was allowed to react with tetra- 
methylcyclopentenone. Due to the high boiling 
points of the ligands, purification and the final char- 
acterization was made by preparing the cor- 
responding lithium salts. 

(a) X = H. To 54 mmol of BrMgCH2C6HS in cu 
100 cm3 of diethyl ether was added 36 nun01 of 
tetramethylcyclopentenone. The reaction mixture 
was refluxed overnight, then quenched with cu 30 
cm3 of H20. The organic products were extracted 
into diethyl ether (2 x 50 cm’). The ethereal extracts 
were concentrated to cu 60 cm3 and 0.5 g puru- 
toluene sulphonic acid was added. The reaction 
mixture was stirred for 10 min at which time cu 50 
cm3 of HZ0 and 1 g of NaHCO, were added. The 
organic product was extracted with diethyl ether 
(2 x 50 cm3), dried over Na2C04 and concentrated 
under high vacuum to yield 7.1 g of yellow oil. To 
this 7.1 g of oil in cu 100 cm3 of diethyl ether (at 
-80°C) was syringed 21 cm3 of a 1.6 M n- 
butyllithium/hexane solution. After stirring for 3 h 
at ambient temperatures a yellow precipitate had 
formed. This solid was collected by filtration, 
washed twice with diethyl ether and dried in vucuo 
to yield 4.2 g of Li+(CSMe4CH2CsHS)- (53% yield 
based on tetramethylcyclopentenone). 

(b) X = CH3. Following the procedure described 
above (for X = H), tetramethylcyclopentenone (5.0 
g) and excess BrMgCH2C6H4-m-CH3 ultimately 
affords 4.4 g of Li+(CSMe4CH2C6H4-m-CH3)- 
(52% based on tetramethylcyclopentenone). It 
should be noted that treatment of the initially iso- 
lated organic product with paru-toluene sulphonic 
acid is not necessary due to spontaneous dehy- 
dration of the alcohol during work-up. 

(c) X = CF3. Again following the procedure 
described above (for X = H), tetramethylcyclo- 
pentanone (5.0 g) and excess ClMgCH2C6H4-m-CF3 
ultimately affords 3.8 g of Li+(CSMe4CH2CsH4- 
m-CF,)- (37% yield based on tetramethylcyclo- 
pentenone). The reaction time for the deprotona- 
tion of HCSMe4CH,CsH,-m-CF3 by n-butyllithium 
should be kept to a minimum (cu 1 h). Longer re- 
action times result in a darkening of the reaction 
mixture and a reduced yield of the lithium salt. 

(d) X = NMe,. metu-N,N-Dimethylamino- 
benzyl potassium was prepared in N,N-dimethyl- 
metu-toluidine following previously described 
procedures. ’ 5 metu-N,N-Dimethylaminobenzyl- 
magnesium bromide was prepared by stirring the 
potassium salt with anhydrous MgBr2 ether- 
ate in diethyl ether, followed by filtration to 
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remove the KBr. To the filtrate was carefully 
added 5 g of tetramethylcyclopentenone and 
the resulting mixture was refluxed for 2 h. The reac- 
tion was quenched with ca 30 cm3 of an aqueous 
solution containing 1 g of NaOH. The organic layer 
was separated and the aqueous layer was washed 
twice with 50 cm3 portions of diethyl ether. The 
ether washings were combined and the volatiles 
were removed in vacua. Residual NJ-dimethyl- 
meta-toluidine was removed by gently heating (30- 
40°C) for 2-3 h under hard vacuum. To the resulting 
alcohol was added 40 cm3 of diethyl ether and 2.0 
g of para-toluene sulphonic acid. After stirring for 
approximately 15 min a water layer became evident. 
To this mixture an aqueous solution containing 2.0 
g of NaOH was added, the organic phase was sep- 
arated, and the aqueous solution was washed twice 
with 50 cm3 portions of diethyl ether. The solvent 
was removed in zxzcuo to afford 5.1 g of viscous 
yellow oil. To the 5.1 of crude ligand in cu 50 cm3 
of petroleum ether was added 12.5 cm3 of n-butyl- 
lithium in hexane (1.6 M). The reaction was stirred 
for 2 h, then filtered to collect the precipitate. The 
product was washed with petroleum ether and 
dried to afford 2.0 g (21% based on tetra- 
methylcyclopentenone) of pale yellow product. 

Cp*(~5-C5Me,CH,CH,CH3)ScCl (1). (q5-C5 
Me=,)ScCl, (4.0 g, 15.9 mmol) and Li(q’-C, 
Me4CH2CH2CH3)‘6 (3.0 g, 17.6 mmol) were heated 
in benzene at 110°C for three days. The solvent was 
removed in txmm and the non-volatiles were washed 
into a flask with petroleum ether (40 cm3) which 
was then attached to a frit assembly. The resultant 
suspension was filtered to remove the LiCl. 
Removal of the solvent in vucuo affords 1 as an 
amber oil in near quantitative yield (90-95% pure 
by ‘H NMR). 

Cp*($,q’-C5Me4CH2CH,CH,)Sc (2). Cp*(q5- 
C5Me4CH2CH2CH3)ScCl (2.5 g, 6.6 mmol) and 
LiCH3 (0.145 g, 6.6 mmol) were stirred for 1 h in 
cu 20 cm3 of benzene. The suspension was filtered 
and the benzene was replaced with petroleum ether. 
Cooling to -78°C resulted in the precipitation of 
product which was collected as a pale yellow solid 
by filtration (0.9 g, 40%). Elemental analysis: 
found(calculated) %C 75.22 (74.13), %H 9.33 
(9.33). 

Cp*(~5-C5Me4CH2CH2CH3)HfC12 (4). (q5-C5 
Me5)HfC13 (10.2 g, 24.3 mmol) and Li(q5-Cs 
Me4CH,CH2CH3) (4.2 g, 24.7 mmol) were refluxed 
in xylenes for three days under an argon atmosphere. 
Removal of the xylene solvent (under reduced pres- 
sure) followed by an aqueous/methylene chloride 
work-up’7 gave 12.6 g (95%) of 4 as off-white 
crystals. 

Cp*(~5,~1-CSMe,CH,CH,CH,)HfH (6). A flask 

was charged with 4 (4.28 g, 7.8 mmol) and cu 50 
cm3 of toluene. 10.7 cm3 of a 1.6 M solution of n- 
butyllithium in hexane (2.2 equivalents of n-butyl- 
lithium) was added to the toluene suspension (at 
- 78°C) under an argon flush. The argon was then 
replaced with one atmosphere of dihydrogen and 
the solution was allowed to warm with stirring. 
When the uptake of dihydrogen had ceased, the 
toluene was replaced with petroleum ether and the 
suspension was filtered. Removal of the petroleum 
ether in vucuo afforded an amber oil which consisted 
of an approximately equimolar ratio of Cp*(q5- 
C5Me4CH2CH2CH3)HfH2 (5) and Cp*(q5,q’- 
C5Me,CH2CH2CHz)HfH (6). A benzene solution 
of this mixture was transferred to a small glass 
bomb which was heated to 80°C for several hours, 
then evacuated to remove the generated dihydro- 
gen. After three cycles the contents of the bomb 
were transferred to a frit assembly and the benzene 
was replaced with petroleum ether. Cooling to 
-78°C and filtering afforded 1.8 g (50%) of 6 as a 
colourless powder. Elemental analysis : found 
(calculated) %C 55.34 (55.43), %H 7.07 (7.13). 

Cp*(~5-C5Me,CH,C6H5)HfC12 (7). b5-C5 

Me5)HfC13 (5.1 g, 12.1 mmol) and Li+(q’-C5 
Me&H&6H& (2.7 g, 12.4 mmol) were refluxed in 
xylenes for three days under an argon atmosphere. 
Removal of the xylene solvent (under reduced pres- 
sure) followed by an aqueous/methylene chloride 
work-up gave 6.5 g (900/,) of 7 as an off-white solid. 
Elemental analysis : found(calculated) %C 
52.24(52.40), %H 5.53(5.75). 

Cp*(q5-CsMe&H&H,)Hf(CH&H&. Ap- 
proximately 20 cm* of benzene was condensed 
onto a mixture of 7 (1.94 g, 3.26 mmol) and excess 
benzylpotassium (1.39 g, 11.1 mmol). After stirring 
for 1 h the suspension was filtered and the benzene 
was replaced with petroleum ether. Cooling to 
-78°C and filtering afforded 1.69 g (73%) of pale 
yellow Cp*($-C5Me,CH2C6H5)Hf(CH2C6H5)2. 

Cp*(~5,~‘-C5Me4CH2-o-C6H4)HfH (9). A large 
glass bomb was charged with 1.49 g (2.10 mmol) 
of Cp*(~5-C5Me,CH,C6H5)Hf(CHzC6H5)2 and 25 
cm3 of toluene. The bomb was cooled to - 196°C 
evacuated, then refilled with one atmosphere of 
dihydrogen (ca 4 atmospheres at 25°C). The solu- 
tion was then stirred at 140°C for one day, 
recharged with dihydrogen, and stirred for a second 
day at 140°C. The ‘H NMR spectra of the crude 
reaction mixture showed the presence of Cp*(q5- 
C5Me4CHZC6H5)HfH2 (8) and Cp*($,r~‘-c~Me, 
CH2-o-C6H4)HfH (9). Three cycles of heating the 
mixture to 80°C followed by removal of the gen- 
erated dihydrogen in uucuo produces colourless 9, 
which was isolated in 79% yield (0.88 g) from 
- 78°C petroleum ether. Elemental analysis : 
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found(calculated) %C 59.39 (59.48), %H 6.51 
(6.53). 

Cp*($-C~Me&HzCgH5)ScCl. Cp*ScC12 (1.4 g, 
5.5 mmol) and Li($-C5Me4CH2CsH5) (1.2 g, 5.5 
mmol) were refluxed for 1 day in ca 25 cm3 toluene. 
Filtering the reaction mixture and removing the 
solvent in U~CUO afforded Cp*($-C5Me4CH2 
CsHS)ScCl as an amber oil which was essentially 
pure by ‘H NMR. 

Cp*($,q’-CSMe.,CH,-o-&HJSc (10). Cp*($- 
C,Me.,CHzCgH5)ScCl (19.7 g, 4.62 mmol) and 
methyllithium (100 mg, 4.55 mmol) were stirred for 
3 h in ca 20 cm3 of benzene. The benzene solvent 
was replaced with petroleum ether and the LiCl 
was removed by filtration. Cooling the solution to 
- 78°C and filtering afforded 0.54 g (30% yield) of 
colourless 10. Elemental analysis : found 
(calculated) %C 79.39 (79.97), %H 8.31 (8.52). 

Generation of Cp*(q5,q1-C5Me4CH2-o-C6H3-P- 
CH,)Sc. Cp*ScC12 (90 mg, 0.36 mmol) and Li(q5- 
C5Me4CHZC6H4-m-CH3) (83 mg, 0.36 mmol) were 
placed into a small glass bomb with 5 cm3 of toluene 
and heated to 110°C for 1 day. To this reaction 
mixture was added LiCHzSiMe3 (34 mg, 0.36 
mmol). After stirring overnight the toluene was 
removed in uacuo and the scandium product was 
extracted with benzene-de. This product, which was 
not isolated, exhibited a ‘H NMR spectrum con- 
sistent with Cp*(q’,v’-C5Me4CH2-o-CgH3-~- 
CH,)Sc. 

(q5-CSMe4CH,C6H,-meta-X)Sc(acac)2. (a) X = 
CH,. Sc(acac)3 (15.0 g, 43.9 mmol) and Li($- 
C5Me.,CH2C6H4-meta-CH3) (11.2 g, 48.2 mmol) 
were refluxed in ca 75 cm3 of toluene for 12 h. The 
toluene was removed in vucuo and the air-stable 
product was washed three times (3 x 50 cm3) with 
anhydrous methyl alcohol to remove the 
Li+(acac)-. The product was dried in Z.WCUO to yield 
11.6 g (56%) of pale yellow (q5-C5ME&HzC6H4- 
metu-CH3)Sc(acac)2. (b) X = H. This air-stable 
compound was prepared in an analogous manner 
from 4.4 g of Sc(acac)3 and 2.8 g of Li(t,r5-C5 
Me&H&H,) to yield 4.1 g (71%) of product. 
Elemental analysis : found(calculated) %C 67.75 
(68.71), %H 7.18 (7.32). 

(q5-C5Me,CH2C6H4-metu-X)ScCl*. (a) X = 
CH,. (q5-C,Me,CH,C,H,-metu-CH3)Sc(acac), 
(11.6 g, 24.8 mmol) and A1C13 (6.61 g, 49.6 
mmol) were stirred overnight in cu 100 cm3 of tolu- 
ene. The resulting toluene suspension was heated to 
100°C to dissolve the sparingly soluble products. 
Allowing the hot toluene solution to slowly cool to 
room temperature resulted in the precipitation of 
(q’-C5Me4CH&H4-metu-CH3)ScCI,, which was 
collected by filtration (5.2 g, 61 Oh). (b) X = H. This 
compound was prepared in an analogous manner 

from 4.14 g of (q5-C5Me4CHZC6H,)Sc(acac), and 
2.44 g of A1C13 to yield 2.2 g (74%) of (q5-C5 
Me,CH,C,H5)ScC12. Elemental analysis : found 
(calculated) %C 59.18 (58.74), %H 6.00 (5.85). 

(q5-C5Me&H&H4-m-CH3)(q5-C5Me&H2C6 
H,)ScCl (12). (q5-C5Me&H2C6HS)ScClZ (0.95 g, 
2.9 mmol) and Li(v’-C5Me,CH&H4-m-CH3) 
(0.67 g, 2.9 mmol) were refluxed overnight in 
cu 15 cm3 of toluene. Filtration, followed by 
removal of the solvent in uucuo yielded 12 as an 
amber oil which was essentially pure by ‘H NMR. 

(q5-C5Me&H2C6H4-m-CH3)(q5-C5MeqCHZC6 
H,-m-X)ScCl (13, X = CF,; 14, X = NMeJ. 
(13; X = CF3) (q5-CsMe4CHZC6H,-m-CH,)ScQ 
(0.95 g, 2.79 mmol) and Li(q’-C5Me4CHzCdH,- 
m-CF,) (0.80 g, 2.80 mmol) were refluxed for 
3 h in cu 20 cm3 of toluene. The toluene was replaced 
with petroleum ether and the solution was filtered. 
Cooling the petroleum ether solution to -78°C 
and filtering afforded 0.77 g (47%) of 13 as an 
off-white powder. (14; X = NMe2) This compound 
was prepared in an analogous manner from 0.96 g 
(2.8 mmol) of ($-C5Me4CHZC6H,-m-CH3)ScC12 
and 0.76 g (2.9 mmol) of Li($-C5Me4CH2CJ-Ir 
m-NMe,) to yield 0.78 g (50%) of 14 as an off-white 
powder. Elemental analysis : found(calculated) 
%C 73.60 (75.05), %H 7.59 (8.10), %N 2.34 (2.50). 

Synthesis of ($-C5Me4CHZC6H4-m-CH3)(q5,q1- 
C5Me,CH2-o-C6H4)Sc (16) and (v5,q1-CSMe,CH2- 
o-C,H,-p-CH3)(q5-CSMe4CH1C6H5)Sc (15) in a 
2 : 1 ratio. Methyllithium powder (60 mg, 2.7 mmol) 
was added to a benzene solution of 12 (1.3 g, 2.5 
mmol) and the reaction mixture was stirred for 2 h. 
The benzene was replaced with petroleum ether and 
the solution was filtered. Cooling to -78°C and 
filtering afforded 16 and 15 in a 2 : 1 mixture (0.65 
g, 54%). Elemental analysis : found(calculated) %C 
81.83 (82.47), %H 8.13 (8.18). 

Synthesis of (~5-C5Me,CH2C6H4-m-CH3)(~5,~*- 
C5Me,CH2-o-C6H3-p-CF3)Sc (17) and (q5,q1- 
C5Me4CH2-o-C6H3-P-CH3)(q5-C5MeqCH2C6H4- 
m-CF,)Sc (18) in a 1 : 1 (kinetic) ratio. Approxi- 
mately 10 cm3 of benzene was condensed onto a 
mixture of 13 (0.71-g, 1.21 mmol) and LiCH$iMe, 
(115 mg, 1.22 mmol). After stirring for 1 h the 
benzene was replaced with petroleum ether and the 
solution was filtered. Cooling the petroleum ether 
solution to -78°C and filtering afforded 390 mg 
(59%) of the two isomers in approximately a 1: 1 
ratio (‘H NMR). 

(q’- C5Me4CH2CsH4-m- CH3)(v5-C5Me&H2C6 
H4-WZ-CF3)ScC6H5. Approximately 20 cm3 of ben- 
zene was condensed onto a mixture of 13 (0.92 g, 
1.57 mmol) and phenyllithium (0.15 g, 1.79 mmol). 
This mixture was stirred for 1 h at room tempera- 
ture and filtered. The benzene was replaced with 
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petroleum ether and cooled to -78°C. Filter- 
ing afforded 0.53 g (54%) of the product as an off- 
white powder. Elemental analysis : found(calculated) 
%C 73.86 (76.66), %H (6.80 (7.08). 

Generation of 17 and 18 in a 16: 1 (thermo- 
dynamic) ratio. Method (a). Heating a sample,of the 
1: 1 mixture of (~5-C5Me4CHzC6H4-m-CH3) 
(q5,q1-C5Me&H2-o-C6HJ-p-CFJ)Sc and (~5,~1-C5 
Me4CH2-o-CgH3-p-CH&~5-C,Me,CH,C,H,-m- 
CF3)Sc (isolated as described above) to 50°C in ben- 
zene-d6 shifts the ratio to 16 : 1 within l/2 h. This ratio 
was measured by integrating the benzyl methyl 
resonance of each isomer. Once established this 
ratio does not change, although decomposition 
is observed to slowly occur over the course of 
several hours. Method (b). Heating benzene-d, 
solutions of (~5-C5Me,CH,CgH4-m-CH3)(~5-C5 
Me4CH2C6H4-m-CF3)ScC6H5 overnight at 50°C 
cleanly generates benzene and a mixture of 17 and 
18 in a 16 : 1 ratio. Samples generated in this manner 
do not undergo detectable decomposition until 
heated for several hours at 80°C. 

Generation of (~5,~1-C5Me4CH2-o-C6H~-p-CHJ 
(q5-C,Me4CHZC6H4-m-NMe,)Sc (19) and (q5-C5 
Me4CH&,H4-m-CH3)(~5,~‘-C5MeqCH2-o-C6H3- 
pNMez)Sc (20) in a 1 : 1 ratio. Method (a). Com- 
pound 14, 22 mg, and C6H5Li, 4 mg, were 
sealed in an NMR tube with benzene-ds. After 
ca 15 min the ‘H NMR spectrum showed a 
single species identified as (q5-C5Me4CHZC6 
H,-m-CH3)(~5-C5Me4CH&~H~-m-NMeZ)ScC~H5. 
Heating (~5-C5Me4CHZC6H,-m-CH,)(~5-C5Me, 
CHzC6H4-m-NMe2)ScC6H5 overnight at 50°C 
resulted in the generation of C6H6 and a 1: 1 mix- 
ture of 19 and 20. Heating this sample to 80°C did 
not alter this ratio. Method (b). (q5-CSMe4 
CH2C,H,-m-CH3)(~5-CSMeJXI&H4-m-NMe2) 
ScC6H5 was generated as described above in a 
NMR tube attached to a Kontes needle valve. A 
catalytic amount of dihydrogen (ca 20 torr) was 
admitted to the tube which was then sealed with a 
torch. Heating the tube overnight at 50°C resulted 
in the generation of C6H6 and a 1 : 1 mixture of 19 
and 20. 

Measurement of equilibrium constants 

The equilibration of Cp*(~‘,~‘-CfiMe4CHZ 
CH$HJHfH (6) and dihydrogen with Cp* 
(q5-C5Me4CHZCHZCH3)HfH2 (5) [eq. (1 l)] was 
studied in the following manner. Compound 6 
(16.8 mg, 0.034 mmol) was placed in a sealable 
NMR tube along with 0.481 g of benzene-d, and 
the tube was attached to a Kontes Teflon stoppered 
valve. The solvent was cooled to -78°C and the 
tube was evacuated. The benzene-d, was kept 

frozen at - 78°C but the remainder of the tube was 
allowed to warm to room temperature. Dihydrogen 
(282 torr) was admitted to the tube which was then 
sealed with a torch. The volume of space above the 
frozen benzene-d, was measured, allowing for the 
initial amount of dihydrogen in the NMR tube to be 
calculated. Subsequent equilibrations were carried 
out in a constant temperature ethylene glycol bath 
which was judged to be constant to +‘0.2”C. The 
equation describing the equilibrium constant is 
given below. 

&=[HJ[q 
PI . 

The concentrations of 6 and 5 were determined 
from the relative heights of the resonances at 6 
1.92 and 2.05, respectively. The total amount of 
dihydrogen in the NMR tube is given by eq. (20). 

total mmol H2 = (mmol Hl)initial- mm018 (20) 

A knowledge of the total amount of dihydrogen in 
the NMR tube allowed the concentration of dihy- 
drogen in solution to be calculated as described 
elsewhere. 3 In order to obtain a unitless equilibrium 
constant the concentration of each species was 
expressed as a mole fraction. The equilibrium con- 
stants for eqs (3) and (14) were determined in an 
analogous manner. 

The equilibration of 3 with benzene and 2 [eq. 
(8)] was studied by sealing 29 mg (0.085 mmol) of 
Cp*($,q’-C5Me,CH,CH,CH2)Sc (2) in a NMR 
tube along with 56 mg of C6H6 (0.72 mmol) and 
0.487 g of cyclohexane-d, 2. The equation describing 
the equilibrium constant is given by : 

Kt4 = LfU PI 
[31 . 

The concentrations of 2 and 3 were determined 
from the relative heights of their respective Cp* 
resonances. The total amount of CsH6 in the NMR 
tube is expressed by eq. (21). 

total mmol C6H6 = (mm01 CeHb)inibal- mmo13. 
(21) 

The amount of dissolved C6H6 was calculated at 
each temperature using Henry’s law. Con- 
centrations were expressed as mole fractions in 
order to obtain unitless equilibrium constants. 

A lower limit for the (Sc-alkynyl) BDE relative 
to the (SC-aryl) BDE was established in the fol- 
lowing manner. tert-Butylacetylene (0.016 mmol) 
was condensed into an NMR tube which contained 
0.033 mm01 of Cp*(~5,~1-C5Me&!H2-o-CgH4)Sc 
(10) and 0.65 g of benzene-d6 and the tube was sealed. 
The ‘H NMR spectrum revealed a 1: 1 mixture of 
10 and a species identified as Cp*($-C5Me, 
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CH,C,H,)Sc-C%CCMe, (11); there was no evi- 6. 
dence for unreacted tert-butylacetylene. Assuming 
as much as 2% tert-butylacetylene could be present 7. 
yet undetected by ‘H NMR, lower values for k& 
and AGO in eq. (17) are 1.4 x lO*M-’ and -3 kcal 
mol- ‘, respectively. If a value for AS0 of - 15 e.u. 
is assumed, AH0 < +7.5 kcal mol-‘, and since 
H-C%CCMe, BDE = 132(5) kcal mol-’ ’ and 
H-&H5 BDE = 111 kcal mol- ‘,* the (Sc- 
alkynyl) BDE must be > 29(5) kcal mol- ’ 
stronger than the (Sc-aryl) BDE. 
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Abstract-This paper discusses the relationship between the intermolecular oxidative 
addition reaction of carbon-hydrogen bonds in organic molecules to transition metal 
centres, and the dissociation energies of the C-H, M-H and M-R bonds that undergo 
changes during this process. Earlier studies of transition metal M-H and M-R bond 
energies are reviewed, followed by a summary of relative and absolute bond energies 
measured more recently for the ($-C,Me,)(PMe,)Ir(X)(Y) system. The M-H and M-R 
energies are unusually large in this System compared with most others that are presently 
known ; an important exception are those in the thorium series, where intermolecular C-H 
activation is also observed. The Ir-C and Ir-H bond energy values are utilized in 
discussing the propensity of iridium for intermolecular C-H insertion, and in predicting 
thermochemistries for its R-H insertion and M(H)(R) reductive elimination reactions. 
Finally, the physical basis for the strong metal-carbon and -hydrogen bonds in the iridium 
system is discussed. 

Catalytic selective functionalization of hydro- 
carbons has been one of the enduring goals of chem- 
ist*. While it may still be years before this goal is 
realized, recent exploration in this field has blos- 
somed. ’ The goal of hydrocarbon functionalization 
consists of two fundamental problems, that of acti- 
vation or bonding to the hydrocarbon, and 
functionalization once it has been activated. Central 
to both problems is the necessity for selectivity. 

Certain alkane functionalization methods have 
been known for some time. Not all these processes 
require the use of a transition metal, and many have 
been shown to have free radical mechanisms (e.g. 
photochlorination, autoxidation).’ In addition to 
requiring harsh conditions, they typically suffer 
from a lack of selectivity. The first attempts at using 
metals to functionalize alkanes were successful but 
left much to be desired in the areas of selectivity 
and efficiency.3 These difficulties led chemists to 

t Authors to whom correspondence should be addressed. 

concentrate on stoichiometric reactions between 
hydrocarbons and transitions metals ; it is this 
approach which has proven most active in recent 
years. 

At the outset, however, it was not clear that this 
approach was the proper one. While the overall 
thermodynamics for many possible alkane 
functionalization processes are favorable, it was 
believed that a possible intermediate in any 
functionalization scheme, a c&transition metal 
allcyl hydride, would not be isolable due to some 
intrinsic weakness of the metal-carbon and metal- 
hydrogen bonds. This belief was not unfounded, 
for at the time the few known cis-alkyl hydrides 
reductively eliminated alkane at low temperatures.4 

In the last 20 years, however (and particularly 
the last five), tremendous advances have been made 
in the area of C-H bond activation. Today, there 
are several examples of transition metal frag- 
ments that will insert intermolecularly in the C-H 
bonds of hydrocarbons forming stable cis-alkyl 
hydrides. This has raised the hopes for function- 

1429 



P. 0. STOUTLAND et al. 

Scheme 1. 

alization of alkanes in at least a stoichiometric man- 
ner from the alkyl hydrides, perhaps by using inser- 
tion reactions followed by reductive elimination. 

Fundamental to this question of C-H activation 
and functionalization is the knowledge of the 
strength of the metal-carbon and the metal-hydro- 
gen bonds, the driving force for C-H bond 
activation. Very little is known about such bond 
strengths, 5 but clearly systems capable of C-H acti- 
vation are special in this regard. It is this uniqueness 
which has spurred our interest in these systems. 

Thermodynamics of C-H activation1 
functionalization 

The isolation of stable alkyl hydrides resulting 
from C-H oxidative addition reactions is sig- 
nificant because such processes constitute the first 
step in simple potential functionalization cycles (e.g. 
Scheme 1). The latter steps, unsaturated molecule 
insertion and reductive elimination, are well pre- 
cedented in organometallic chemistry. 6 Limited 
homogeneous catalytic functionalization of hydro- 
carbons has been achieved using organometallic 
complexes, and may or may not require the inter- 
mediacy of alkyl hydrides. For example, several 
polyhydrides have been shown to convert alkanes 
into alkenes in the presence of a hydrogen atom 
acceptor (Scheme 2). ‘3’ Aromatic hydrocarbons 
appear to be easier to functionalize (presumably 
because they are easier to activate). In this area 
several reports of functionalization have appeared 

0 + cu 

f+ 
NC 
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Scheme 3. 

CM 

Scheme 4. 

(Schemes 3,4).’ Unfortunately, these appear to be 
special cases and may not be suitable for hydro- 
carbons such as methane. lo 

Consider the general C-H activation and 
functionalization sequence in Scheme 1, which 
would be suitable for a wide variety of hydrocarbon 
substrates. An optimum process might be one in 
which each step has a free energy change close to, 
or less than zero. For the first step, this means that 
the sum of the M-C and M-H bond dissociation 
energies should not be substantially smaller than 
the strength of the carbon-hydrogen bond being 
broken. Furthermore, for reactions such as those 
shown the entropy of the first step at room tem- 
perature can be estimated to be close to -30 e.u. 
.This leads to a TAS contribution to AGmaction of 
approximately 9 kcal mol- ’ at 25°C. ” Thus with 
typical C-H bond enthalpies of the order of 95- 
110 kcal mol- ‘, the sum of the M-C and the M-H 
bond dissociation enthalpies must be greater than 
104-119 kcal mol-’ for insertion to be ther- 
modynamically favored. 

For the second step, it is desirable that the 
unsaturated reagent to be inserted into either the 
metal-carbon or the metal-hydrogen bond be one 
that would be amenable to large scale processes. 
Such a reagent should be inexpensive, abundant, 
and easy to handle ; fitting these categories are 
simple olefins, acetylene, and carbon monoxide. 
The enthalpies of these insertion reactions can 
be approximated by starting with the known en- 
thalpies of similar reactions. 

For example, consider the insertion of ethylene 
into the M-H bond of an alkyl hydride. In order 
to estimate the enthalpy of the ethylene insertion 

_-I P(OMeh 
(B(eOWhReH + 

Scheme 2. 
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M(R)(H) + ‘MR + H’ AH = DW+ 
‘H+H2MH2 + CH,-CH; AH= -38.3 
CH,CH; + RM’ + R-MEt AH = - DcM4) 

M(R)(H)+H,C=CH, + R-M-CH$H~ AHinsrrtion = D(M-H) - D(M-C) - 38.3 

Scheme 5. 

Table 1. Enthalpies for selected reactions (kcal mol- ‘) 

Reagent AH (insertion into M-H bond) AH (insertion into M-R bond) 

co +-H) - D(M-) - 1 5 
H2C=CH2 D(M-H) - D,,, - 38 
HCCH D(M-I-I) - +GCLC) y 44 D(M-~ --Dpu~=Cj - 40 
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reaction (cf. Scheme ‘5), one can start [eq. (l)] with 
the M-H bond dissociation enthalpy (BDE), lead- 
ing to H’ and the M-R radical. The next quantity 
required in the enthalpy of addition of H’ to ethyl- 
ene, leading to ethyl radical. This value can be cal- 
culated accurately as - 38.3 kcal mol- ’ from the 
known heats of formation of these three species. 
Finally, one needs AH for combination of ‘MH with 
the ethyl radical, which is equivalent to -BDE for 
the M-C bond in the final product. Using this 
analysis, Allinsertion = Du,+_nj - D(r,,r-cj - 38.3 kcal 
mol- ‘. Estimates for the heats of this and two other 
insertion reactions are given in Table 1. From Table 
1 it is apparent that all the insertion reactions are 
thermodynamically possible unless the M-H bond 
energy is much larger than the M-C bond energy. 

The thermodynamics of reductive elimination, 
the last step in such a functionalization scheme, 
can also be estimated if metal-carbon and metal- 
hydrogen bond strengths are known. However, it 
is clear that such reactions will not be facile, as 
complexes which form stable alkyl hydrides will 
also form very stable dialkyls, alkyl acyls, and vinyl 
alkyls. There is thus the need to couple this step 
with one that is sufficiently exothermic so that the 
overall free energy of the reaction is close to zero. 
Again, knowledge of the metal-carbon and metal- 
hydrogen bond strengths may help in the evaluation 
of the favorability of this process. It is important to 
remember, however, that success of these reactions 
will also depend on the kinetic barriers involved. 

Metal-carbon and metal-hydrogen bond strengths 

Despite recent interest in determining M-C and 
M-H bond strengths, there is still a paucity of 
information, especially for metals of the second and 
third rows of the transition series. Somewhat more 

information is available on the strengths of bonds 
formed with first row transition metals. Halpern, 
for example, has extensively studied cobalt alkyl 
compounds similar in structure to Coenzyme Blz. 
For these complexes it was found that the metal- 
carbon bond strengths typically lie in the range of 
18-25 kcal mol- ‘. The steric requirements of the 
alkyl group are one of the most important factors 
controlling the bond dissociation energy.12 Connor 
has determined metal-carbon bond dissociation 
enthalpies for X-Mn(C0)5.‘3 The similarity of 
these BDE’s is evident (Table 2). The available data 
on other first row organometallic compounds indi- 
cate that their metal-carbon bond dissociation 
enthalpies are also often less than 30 kcal mol-‘.I4 

Extensive information is now available from 
experiments done in ICR spectrometers on the 
strength of metal-carbon and metal-hydrogen 
bonds in simple cationic metal hydrides and 
alkyls. ” Although the transferability of these values 
to organometallic compounds in solution is at best 
tenuous, the relative metal-carbon bond strengths 

Table 2. Selected first row metal-carbon bond 
dissociation enthalpies 

ML 

[R-Co(Saloph)L] 

R-Mn(C0) s 

D Co-R 

R (kcal mol- ‘) 

CH,C(CH,), 18 

CH(CH,), 20 
CHGHs 22 
CH2CH2CH3 25 

CHGHs 29 

(CO)CH 3 39 

CH, 44 

GH, 49 
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Table 3. Selected metal-carbon and metal-hydrogen bond dis- 
sociation enthalpies for third row transition metals and actinides 

H 60 72.9 97.5 
CH3 35.4 50.2 82.4 
CsH, 90.6 
GH, - 74.9 

between a given metal and a variety of alkyl groups 
are certainly valuable. The strengths of metal- 
hydrogen bonds appear to be similar to those found 
in solution, ranging from 35 to 60 kcal moi- ‘. 
Metal-methyl bond strengths, however, are streng- 
thened relative to the metal-hydrogen bond in the 
gas phase when the metal is positively charged. Even 
for first row metals, metal-methyl bond dis- 
sociation enthalpies are typically 60-70 kcal mol- ‘. 

Of more relevance to this study are bond strengths 
for complexes in solution. A reasonable number 
of average bond energies are known for complexes 
such as homoleptic metal alkyls [e.g. Hf(CH&; 
W(CH,),]. I6 However, because average energies are 
often significantly different in magnitude from first 
bond dissociation energies, these numbers are of 
limited value in predicting reactivity. However, 
there appears to be a scarcity of BDE’s (in either 
solution or the gas phase) for coordinatively satu- 
rated, third row late transition metal complexes. 
The limited data available suggest that we may 
expect significantly stronger metal-carbon bonds 
than are found in complexes of the first row metals. 
Summarized in Table 3 are metal-hydride and 
metal-carbon bond dissociation enthalpies for two 
third row transition metal systems, as well as for 
the actinide element thorium.‘7 Both the tungsten 
and the thorium compounds are capable of C-H 
bond activation. 

Information concerning the strength of the 
metal-hydrogen bond is more readily available, but 
is similarly sparse for the third row transition 
metals. Most of the information is for first row 
metals and indicates that metal-hydrogen bond 
strengths hover around 60 kcal mol- ‘. I8 Studies of 
a wide variety of diatomic metal hydrides carried 
out in the gas phase show no convincing trends ; 
few are over 60 kcal mol- ‘, the notable exceptions 
being Au-H and Pt-H at 74 and 80 kcal mol- ‘, 
respectively. Iv The few determinations of third row 
metal-hydrogen bond strengths support the belief 
that stronger bonds are formed to third row metals. 
For example, the OS-H bond strength in 
H,Os(CO), has been estimated to be 78 kcal 
mol- ‘. *’ The metal-hydrogen BDE’s of some other 

heavier transition metals are listed in Table 3, and 
are also significantly stronger than the 60 kcal 
mol- ’ found for many first row metal hydrides. 

It-X BDE’s for Cp*(PMe3)IrXz 

For large organometallic molecules, the deter- 
mination of relative BDE’s is much easier than the 
determination of absolute BDE’s. Several tech- 
niques allow one to determine relative bond 
strengths accurately. For example, measuring 
the temperature dependence of the equilibrium 
constant for a reaction of the type shown in eq. 
(1) allows determination of AH for the reaction. 
AHreaction is equal to the difference in the BDE’s of 
M-X and M-Y. 

L,-M-X + Y z$ L,,-M-Y + X. (1) 

The equilibrium method suffers from several 
weaknesses. First, well behaved equilibria for many 
compounds do not exist. Even when complexes are 
amenable to such studies, they are only useful for 
reactions with limited k& values, meaning that only 
nearly thermoneutral reactions can be studied for 
reactions with small AS values. The only way one 
can obtain relative BDE’s for ligands with sig- 
nificantly different BDE’s is by using the ‘ladder’ 
technique, where one measures a series of equi- 
librium constants. Errors may accumulate as the 
ladder is extended. 

Another way to determine relative bond 
strengths is by using calorimetry, a technique in 
which one measures relative AH values directly. This 
approach to determining relative BDE’s typically 
consists of determining AH for reactions which 
differ by only a single ligand. The results of Yoneda 
and Blake*’ summarized in Table 4 are an example 
of this. By measuring the enthalpy of the reaction 
shown in eq. (2), the relative Ir-X BDE’s could 
be found knowing only the enthalpy of the reaction 
and the appropriate X-I BDE’s. 

(PMe,),(CO)Ir(Cl) +X1 

+ (PMeJ2(CO)Ir(Cl)Oo(I). (2) 
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Table 4. Relative Ir-X bond dissociation enthalpies for 

(PMe&(Co)Ir(Cl)(I)(X) 

X ~,,-&--I 

H 14 

CH3 0 

CH(CH& -7 

CH,(C,H,) -17 

CO(CHJ 0 

Our work has focused on M-C and M-R bond 
dissociation energies in the C-H activating system 
($-C,Me,)(PMe,)Ir(R)(H). Our first attempt at 
understanding the factors controlling the strengths 
of the metal-carbon bonds in this system involved 
an equilibrium study.” In these experiments an 
alkyl hydride was heated in mixtures of alkanes 
of varying proportions. Observation of the final 
amounts of the two C-H insertion products 
allowed determination of equilibrium constants for 
reactions such as that shown in eq. (3). 

Cp*(PMe3)Ir(C6H, J(H)+n-CSHI, 

*Cp*(PMe,)Ir(C,Hl J(H)+C~H~Z. (3) 

This in turn allowed calculation of AG” for the 
reaction. Since the magnitudes of the C-H bond 
dissociation enthalpies in the hydrocarbons are 
known, the origin of AG,,ti,” lies entirely in the 
difference of the free energy contributions from the 
metal-carbon bonds.? Derivation of relative irid- 
iumcarbon bond dissociation enthalpies from the 
equilibrium constants (and thus AGkacti,,,) requires 
separation of the enthalpic and entropic com- 
ponents of AGzactioo . Normally this is done by meas- 
uring the temperature dependence of the equi- 
librium constant. In this case, however, the range 
of temperatures under which the reactions could be 
carried out would have led to large errors in AH0 

values. We instead made the assumption that the 
TAS contribution to AG:,, was close to zero.$ The 
resulting relative irridium-carbon bond dis- 
sociation enthalpies are given in Table 5. 

t This assumes that the strengths of the other bonds in 
($-Me,C,)(PMe,)Ir(R)(H) do not change upon sub- 
stitution of the R group. We feel that such changes would 
be slight, considering the similarities of the R groups 
used. 

$ Because of the similarity of the forward and reverse 
reactions, the translational component of AS0 is almost 
certainly close to zero. Estimation of the rotational and 
vibrational components is more complicated, but the 
contributions of TASfO, and TAS$$, to AGO are likely to 
be less than our uncertainty in AGO. 

Table 5. Relative iridium-carbon BDE’s in 

(tt’-Me&)(PMe,)Ir(R)(H) 

Compound 

[Ir](neopentyl) 
[Ir](cyclohexyl) 

[IrlCwlopentyl) 
pr](2,3-dimethylbutyl) 

[IrlbeWl) 

Al> 11-c 
(kcal mol- ‘) 

-4 
0 
0 
4 
6 

These equilibrium studies sufFered from several 
limitations. For example, highly volatile hydro- 
carbons such as methane and ethane could not be 
used for practical reasons. Hydrocarbons with sev- 
eral different types of C-H bonds could not be 
used due to the difficulty in interpreting the resulting 
mixtures of alkyl hydrides. Finally, the method we 
choose for analysis, 3’P NMR spectrometry, is sub- 
ject to uncertainties on the order of 5-10% and 
is not particularly sensitive, being useful only for 
reactions with KS values between 0.005 and 200. 
Despite these disadvantages, the qualitative trends 
are clear. Perhaps most striking is that the strongest 
iridium-carbon bonds were formed by breaking the 
strongest C-H bonds ; also evident is the depend- 
ence on the steric requirements of the alkyl group. 

Absolute bond dissociation enthalpies are typ- 
ically much more difficult to determine. One tech- 
nique for determining an upper limit for absolute 
bond dissociation enthalpies kinetically involves 
measuring AH% for a process such as that shown 
in eq. (4). 

L,-M-R + L,--M’ + R - (4) 

If the barrier for the back reaction is sufficiently 
low (or if the radicals can be scavenged effectively), 
this provides a reasonable estimate for the BDE. 
Thermolysis of ($-Me,C,)(PMe,)Ir(R)(H) does 
not result in simple Ir-R or Ir-H bond hom- 
olysis ; instead, reductive elimination of R-H 
occurs. Since the appropriate R-H bond strengths 
are known, we can use AH’ to determine an upper 
limit for the sum of the Ir-R and the Ir-H bond 
dissociation enthalpues [eqs. (5)-(7)]. 

($-Me&,)(PMe,)Ir(R)(H) 

+ (r$-Me,CS)(PMe3)Ir+R-H (5) 

R-H+R’+‘H (6) 

($-Me&)(PMe,)Ir(R)(H) 

+ (q5-Me,C,)(PMe,)Ir+R’+‘H. (7) 

This is shown schematically in the energy dia- 
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AH 

Reaction coordinate. 

Fig. 1. Reaction coordinate diagram for the reductive 
elimination of RH from (~5-Me,C,)(PMe,)Ir(R)(H). 

gram in Fig. 1. By measuring the temperature depen- 
dence of the rate constants for the reaction shown 
in eq. (5), we determine that AH* = 35.6 kcal 
mol- ’ for the reductive elimination of cyclohexane. 
This is thus an upper limit for AH5. The low kinetic 
selectivity of the unsaturated intermediate suggests 
the barrier for the reverse reaction (oxidative 
addition) is small, perhaps between 2 and 5 kcal 
mol-‘. Using a value of 95.5 kcal mol-’ (AH,) for 
the C-H bond strength in cyclohexane leads to a 
value of 127-130 kcal mol- ’ [AH7 = AHS+ AHe-- 
(2 to 5 kcal mol- ‘)I for the sum of the iridium- 
carbon and iridium-hydrogen bond strengths. 

Although this gave an estimate of the sum of the 
iridium<arbon and iridium-hydrogen bond dis- 
sociation enthalpies, as well as for some relative 
iridium+arbon bond BDE’s, it did not provide the 
relative strengths of the iridium-carbon and irid- 
ium-hydrogen bonds, nor any absolute BDE’s. We 
thus undertook calorimetric studies to determine 
the difference in the iridium-carbon and iridium- 
hydrogen bond dissociation enthalpies, which when 
combined with the kinetic studies allowed us to 
estimate absolute iridium-carbon and iridium- 
hydrogen bond strengths. 23 

Reaction of either (r,?-Me,C,)(PMeJIr 
(C6H1 J(H) or ($-Me,C,)(PMe3)Ir(H)2 with anhy- 
drous HCl in toluene at 25°C resulted in quan- 

Tit is possible that the cyclohexyl ligand is bulky 
enough to destabilize other metal-ligand bonds in the 
molecule. This would make the iridium-cyclohexyl bond 
dissociation enthalpy proportionally larger. 

SThe strength of the iridium hydride bond has been 
confumed by photoacoustic measurements (ref. 25a). 
This provides independent support for the assumption 
of a negligible kinetic barrier for the oxidative addition 
of (q5-&Me,)(PMe,)Ir to C-H bonds. 

titative production of ($-Me,C,)(PMe,)Ir(Cl), as 
shown in eq. (8) and eq. (9). Subtraction of the AH 

values for these two equations leads directly to the 
heat of hydrogenation of the iridium-cyclohexyl 
bond as shown in eq. (10). Using the well-established 
bond strengths for H-H (104 kcal mol- ‘) and 
Cy-H (96 kcal mol- ‘) we calculated that the 
difference in the iridium+yclohexyl and the irid- 
ium-hydrogen bond strengths is 23.5 kcal mol- ‘.t 
Using the lower value for the sum of the iridium- 
cyclohexyl and the iridium-hydrogen bond 
strengths allowed us to estimate that the absolute 
bond strengths are at least 75 and 52 kcal mol- ‘, 
respectively.1 

Cp*(PMe,)Ir(C,H, ,)(H) + 2HCl 

+ Cp*(PMe3)Ir(C1)2+C6H12+H2 

AH= -45.5f0.5 (8) 

Cp*(PMe3)Ir(H)2+2HC1 

+ Cp*(PMe3)Ir(C1), + 2H2 

AH= -3O.Of1.3 (9) 

Cp*(PMe,)Ir(GH l J(H) + HZ 

+ Cp*(PMeJIr(H)2+C6H12 

AH = - 15.5+ 1.8. (10) 

In a similar manner we were able to determine 
other iridium-carbon bond strengths. Reaction of 
the phenyl hydride with two mol of anhydrous HCl 
resulted in production of the dichloride and a mole 
of benzene and hydrogen [eq. (1 l)]. Subtraction 
of eq. (9) shows that hydrogenation of the phenyl 
hydride is virtually thermoneutral [eq. (12)]. Trans- 
ferring the Ir-H bond strength from above leads 
to an iridium-phenyl bond dissociation enthalpyz3” 
of 82 kcal mol- I. 

Cp*(PMe,)Ir(C,H,)(H)+2HCl 

--, Cp*(PMe3)Ir(C1)2+C6H6+H2 

AH= -30.6k2.7 (11) 

Cp*(PMe3)Ir(C6HS)(H)+H2 

+ Cp*(PMe3)Ir(H)2+C6H6 

AH= -0.6k4.0. (12) 

Calorimetric studies also allow estimation of 
metal-carbon bond dissociation enthalpies derived 
from hydrocarbons which were not suitable for 
equilibration studies. Reaction of ($-Me&) 
(PMe,)Ir(CH,), with two mol of HCl results 
in production of ($-Me,C,)(PMe3)Ir(C1)2 and 
two mol of methane [eq. (13)]. This allows 
determination of the strength of the metal methyl 
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bond (here an average) to be 56 kcal mol- ‘. Simi- 
larly, reaction of (r$-Me&)(PMe,)Ir(HC==CHJ 
(Br) with HCl results in production of ethylene and 
($-Me,C,)(PMe&o)(Br), and leads to a metal- 
vinyl bond strength of 71 kcal mol- ’ [eq. (14)]. 

Cp*(PMe3)Ir(CH& + 2HCl 

+ Cp*(PMe3)Ir(Cl)z+2CH4 

AH= -68.Ok1.3 (13) 

Table 6. Ir-X bond dissociation enthalpies for 

(t15-MeG)(PMe&V% 

Cp*(PMe3)Ir(C,H,)(Br)+HC1 

+ Cp*(PMe,)Ir(Cl)(Br) + C&H4 

AH= -19.3+1.2. (14) 

In order to test the transferability of the iridium- 
hydride bond strength to molecules with different 
alkyl groups, the following reactions were carried 
out [eqs (15)-(18)]. Within experimental error, the 
enthalpies of reaction are the same in all cases, 
indicating that changing the ancillary ligand has a 
negligible effect on the difference between the 
metal-hydrogen and metal-chlorine bond energies. 

+ Cp*(PMe3)Ir(Cl)r + 2CHClS 

AH= -83.OkO.6 (15) 

Cp*(PMe,)Ir(H)(Cl) + CC& 

+ Cp*(PMe3)Ir(Cl)z+CHC13 

AH= -41.8f0.7 (16) 

Cp*(PMe,)Ir(C,H&H)+CC14 

+ Cp*(PMe3)Ir(C6HJ(C1)+CHC13 

AH = -40.9f 1.4 (17) 

Cp*(PMe,)Ir(&H, J(H) + CCL 

+ Cp*(PMe3)Ir(C6H 1 ,)(Cl) + CHC13 

AH = -43.1 If: 1.5. (18) 

A word or two about the level of uncertainty in 
these values is appropriate here. In Table 6 are 
combined relative bond strength values determined 
from equilibrium studies (Table 1) with the calo- 
rimetric work described above. Prior to discussion 
of these data it is important to recall assumptions 
made in assigning the bond strengths collected in 
Table 2. In calculating relative BDE’s from the 
equilibrium study discussed above, it was assumed 
that the entropy of reaction (4) was zero. This is 
probably reliable to about +6 e.u., yielding an 
uncertainty in the bond strengths of +2.5 kcal 
mol- ’ at the temperature studied. In many cases, 
carbon-hydrogen bond strengths for organic mol- 
ecules are only known to & 2 kcal mol- ‘. The calo- 

Q-x 

(kcal mol- ‘) 

CH, 
CHICH(CHS)CH(CH3)2 
GH,, 
CH=CH1 
CsK 
H 
Cl 
Br 
I 

48 
52 
52 
56 
56 
58 
71 
82 
74 
90 
76 
64 

rimetric data are subject to experimental errors of 
similar magnitude. While direct comparison of 
experimental data on related complexes can often 
be made with good accuracy, general trends in bond 
strength data should probably include error bars of 
at least + 5 kcal mol- ’ at each point when dealing 
with complexes in solution. 

It should also be noted that the Tr-CH; and 
Ir-vinyl bond strength estimates were made in 
complexes of a different nature than the other Ir-C 
bonds (which were all alkyl hydride complexes). 
This was due to the difficulty of obtaining pure 
samples of the methyl hydride and vinyl hydride 
complexes in sufficient quantity to do the calor- 
imetry. We hope the Ir-X bonds strengths are 
transferable between these similar systems, but it is 
possible that either steric or electronic factors may 
cause the values to be lower in the dimethyl and 
vinyl bromide complex than in analogous alkyl 
hydrides. 

It is interesting to compare the relative metal- 
carbon/hydrogen bond dissociation enthalpies 
found here with those recently considered by 
Bryndza, Bercaw, and coworkers.24 In their study 
of the relative metal-carbon, metal-oxygen and 
metal-nitrogen bonds in (DPPE)(Me)Pt-X and 
($-Me&)(PMe&Ru-X, a 1 : 1 correlation to the 
analogous H-X bond dissociation enthalpies was 
found. A similar correlation was noted for (q’- 
Me,C&(OCMe,)Th-X. The ruthenium and plati- 
num systems were also surprisingly insensitive to 
steric effects. An attempt to apply this correlation 
to the iridium system is shown in Fig. 2. We have 
not included the metal-halogen bonds in the plot 
because it is not expected that the correlation should 
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Fig. 2. Plot of Ir-X bond dissociation enthalpies in 
($-Me,C,)(PMe,)Ir(X)(H) vs the respective hydrogen- 

carbon BDE’s. 

extend beyond first row atoms. Even so, it is appar- 
ent that not all relative metal-carbon bond 
strengths in (q5-&Me,)(PMe,)Ir(R)(X) correlate 
well with H-X bond strengths. The metal-neo- 
pentyl bond is too weak, most likely due to steric 
hindrance. The metal-methyl bond also deviates 
substantially, being weaker than the H-X bond 
strength would predict. Correlation of M-X and 
H-X bond energies would predict that the values 
for the metal-methyl amd metal-hydrogen bonds 
should be about equal ; the iridium-methyl bond, 
however, is approximately 20 kcal mol-’ weaker 
than the iridium-hydrogen bond, consistent with 
early studies of first row metal complexes. The 
remainder of the bond strengths do lie in a straight 
line when plotted against the H-X bond strengths. 
However, the slope of the line (0.5) is significantly 
smaller than that observed in the earlier work. 

Predictions of reactivity 

We are now in a position to make some pre- 
dictions concerning the reactivity of (r~‘- 
Me5C5)(PMe,)Ir(R)(H) as well as reactions of the 
transient intermediate (q5-Me5C5)(PMe,)Ir with 
other substrates. Specifically, we can make reason- 
able thermochemical estimates for some insertion 
reactions involving (q’-Me5C5)(PMe,)Ir(R)(H). 
Having good estimates for the Ir-R and Ir-H 
BDE’s, we can now refer back to Table 1. Assuming 
the strength of a metal-acyl bond to be f&5 kcal 
mol- ’ weaker than that of a metal-pentyl bond (see 
Table 4),25 we find that insertion of CO into a 
metal-pentyl bond has an enthalpy of reaction of 
- 5 to - 10 kcal mol- ‘, while insertion into the 
metal-hydrogen bond has an enthalpy of reaction 
of + 10 kcal mol- ‘. Assuming the reactions would 

have to be carried out at ambient temperature or 
above, the TAS contribution to AG is at least 10 
kcal mol- ‘. Insertion reactions involving CO, not 
driven by addition of a ligand, are not ther- 
modynamically favored. 

Insertion of ethylene into the metal-hydrogen 
bond can be seen to have an enthalpy of reaction 
of -21 kcal mol- ‘. Insertion of ethylene into the 
metal-carbon bond has an enthalpy of reaction of 
-25 kcal mol- ‘, regardless of the nature of the 
complex. Despite the unfavorable entropy of reac- 
tion, both insertions will be favored at common 
reaction temperatures. Insertion of acetylene into 
either the metal-carbon or metal-hydrogen bond is 
favorable with enthalpies of reaction of -52 and 
- 39 kcal mol- ‘, respectively. The negative entro- 
pies of reaction will have little effect on such exo- 
thermic reactions, and indeed insertion into the 
metal-hydrogen bond has been observed with 
acetylene.26 

Knowing that insertion reactions are ther- 
modynamically feasible leads us to consider the last 
step in a stoichiometric functionalization scheme, 
reductive elimination. Since reductive elimination 
of R2 or RH would result in production of the 
highly energetic fragment (~5-Me5C5)(PMe,)Ir, we 
must couple this reaction with one that will result 
in favorable energetics as well as being compatible 
with our proposed catalytic cycle. Reaction of (q’- 
Me5C5)(PMe3)Ir with RH is such a reaction. The 
enthalpies of reaction are calculated below (Table 
7). In view of the feasible thermodynamics of this 
cycle, it must be kinetic difficulties that have pre- 
vented it from being realized. 

Particularly interesting is the fact that the pro- 
duct of reductive elimination can again react with 
ethylene, completing a catalytic cycle. Unfor- 
tunately, reductive elimination reactions with the 
acetylene or carbon monoxide insertion products 
are not promising due to their endothermicity. Also, 
a significant kinetic barrier exists for insertion of 
ethylene into the M-H bond ; we see no insertion 
products up to temperatures where reductive elim- 
ination of the alkane takes place.27 Such problems 
will most likely be commonplace in these coor- 
dinatively saturated complexes. If insertion could 
be managed, there are significant problems to over- 
come before reductive elimination will be observed, 
not the least of which is competing lower energy 
pathways such as metal-carbon bond homolysis. 

We can now also evaluate reactions involving (q 5- 
Me5C5)(PMe3)Ir other than C-H insertion reac- 
tions. The enthalpies of some of the most inter- 
esting, along with some C-H insertion enthalpies, 
are shown in Table 8. Significant kinetic barriers 
may exist for the C-C insertions in this group. 
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Table 7. Enthalpies for selected reductive elimination/oxidative addition 
reactions 

Reactions 

[Ir](CH,CH,)(R)+RH + [Ir](R)(H)+CH,CH,-R 
[Irl(CH,CH,R)(H) + RH + Br](R)(H)+ RCH,CHS 
[Ir](CH=CHJ(R)+RH + [Ir](R)(H) +H2WHR 
[Ir](CH-CHR)(H)+RH + [Ir](R)(H)+H,C=CHR 
[Ir](COR)(H) + RH + [Ir](R)(H) + HCOR 

[Ir] = (r$-Me,C,)(PMe,)Ir 

AH 
(kcal mol- ‘) 

-4 
0 
4 

21 
10 
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Factors influencing metal-carbon and metal- 
hydrogen bond strengths 

The previous section highlighted the importance 
of having good estimates for bond dissociation 
energies. The myriad of combinations of different 
metals and ligands makes it extremely difficult to 
have experimental values for all possible bond dis- 
sociation enthalpies. Organic chemists have for years 
had a large amount of thermodynamic information 
available, and from this have been able to generate 
‘group additivity tables’ which allow accurate cal- 
culation of AHf for many organic molecules.28 This 
in turn allows accurate estimation of enthalpies of 
reaction. This approach is particularly successful in 
organic chemistry as only a limited number of 
elements is involved, and there are only three stable 
geometries (sp, sp2 and sp3 hybridized) about 
carbon. The many geometries possible for tran- 
sition metal complexes, and the many different 
ligands used, preclude this from being a prac- 
tical approach for organotransition metal chemis- 
try. There is thus the need to identify and quantify 
the key factors responsible for the strengths of 
metal-ligand bonds so that some reasonable esti- 
mates can be made for unknown metal-ligand bond 

Table 8. Calculated enthalpies of oxidative addition for 
selected species to ‘($-Me,C,)(PMe,)Ir’ 

A-B 
-AH 

(kcal mol- ‘) 

GH, ,-GH L I 12 
GH 1 r--H 29 
H-H 44 
C,HS--H 45 
C,HS---GH, 61 
C-Cl 63 
H,C-CH3 22 

strengths. These factors are discussed below. 
The effect of changing the steric requirements of 

an alkyl group has been studied for several systems. 
For example, Halpern4 examined the effect that the 
steric demand of an alkyl group had on the Co-R 
bond strength (Table 2). In this system the metal- 
carbon BDE could be predicted by considering the 
steric requirements of the alkyl group. While not 
studied as extensively, the metal-alkyl bond dis- 
sociation enthalpies in (PMe,),(CO)Ir(Cl)(I)(alkyl) 
also decrease as the steric demand of the alkyl group 
increases. In our investigations as well, the relative 
strengths of the metal-alkyd bonds seem to be con- 
trolled to a large extent by the steric demand of the 
ligand. In each of these cases, the difference between 
the strongest and the weakest metal-alkyl bonds 
was approximately 7 kcal mall ‘. The metal-hydro- 
gen bonds are usually stronger ; hydrogen’s smaller 
steric demand may be one of the reasons for this. 

The effect of changing the metal in a particular 
transition metal complex is less well understood 
than the effect which arises from changing a ligand. 
The existing evidence, however, indicates that 
metal-ligand bond dissociation enthalpies increase 
as one descends a column in the transition series of 
the periodic table. This behavior contrasts with 
non-transition metal systems, where bond energies 
typically decrease as one descends a column in the 
periodic table. Most first row metal-carbon bond 
dissociation enthalpies lie between 20 and 30 kcal 
mol- ‘, while several recent studies of complexes 
containing third row metals indicate that metal- 
carbon bonds formed with these metals may be 
significantly stronger. This trend does not extend, 
however, to simple cationic metal alkyls in the gas 
phase. For example, the metal-carbon bond dis- 
sociation energy of Mf-CH3 is 68 + 4 kcal mol- ’ 
for M = Fe while that for M = Ru is 54 + 5 kcal 
mol- ‘. Similarly, the M+-CH3 bond dissociation 
energies for M = Co and M = Rh are 61+ 4 and 
47 + 5 kcal mol- I, respectively. 
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In an attempt to understand more fully periodic 
trends in bond strengths tlis-&is metal-methyl and 
metal-hydrogen bond strengths, Ziegler et ~1.‘~ 
have recently performed calculations using a modi- 
fied Hartree-Fock-Slater method (also known as 
the Xa method) on molecules as large as 
X-M(CO),. Their calculations are able to accu- 
rately reproduce known bond dissociation enthal- 
pies, and successfully model the increase in metal- 
carbon bond strengths that occurs as one descends 
a column in the periodic table. For example, the 
calculated M-C bond dissociation enthalpy in 
(CO),Mn-CH, is 37 kcal mol-’ (exp. value: 37 
kcal mol- ‘), rising to 48 kcal mall I for M = Re. 
Similarly, the value calculated for the M-C bond 
dissociation enthalpy is 38 kcal mol- ’ in 
(CO).,Co-CH3 and 51 kcal mol- ’ for the cor- 
responding iridium complex. Two key factors were 
identified as responsible for this behavior. Firstly, 
the overlap of the ligand orbitals with the (p,d)- 
hybrid on the metal increases as one descends the 
periodic table. The second factor responsible for 
the particularly strong bonds formed with the third 
row metals is a relativistic effect which may con- 
tribute up to 10 kcal mol- ‘. Systematic studies are 
clearly required if we hope to be able to quan- 
titatively predict how changing the metal in a com- 
plex will affect the BDE’s. 

The effect arising from changing the alkyl/aryl 
group on the metal-carbon bond dissociation 
enthalpy is more predictable than the effect from 
changing the metal. As first noted by Bercaw and 
Bryndzaz4 many metal-carbon BDE’s parallel the 
analogous carbon-hydrogen BDE’s. They noted 
that if the C-H BDE’s are plotted against M-H 
BDE’s, a slope of 1.0 results. This trend was 
observed for several different systems. One can do 
the same thing for the relative BDE data presented 
earlier, and find that this observation is generally 
valid. Deviations from the line occur when the alkyl/ 
aryl group is particularly bulky, and when the 
alkyl group is methyl. Many of the slopes of the lines 
are less than 1.0, indicating that hydrocarbons 
which have strong C-H bonds (such as ethylene 
and benzene), form particularly strong M-C 
bonds, perhaps enhanced by n-effects involving 
empty metal p or d orbitals of the appropriate sym- 
metry. Studies involving (PMe&(CO)Ir(Cl)(I)(X), 
($-Me,C,)(PMe,)Ir(R)(H), and (CO),Mn-R sug- 
gest that the difference between the strongest and 
the weakest metal-carbon bonds (between a metal- 
phenyl and a metal-benzyl or a metal-alkyl bond 
for example) can be relatively large. 

The effects of changing ancillary ligands on the 
metal, and of changing the coordination geometry 
about the metal on the rates of reactions are well 

documented in many cases,3o but the effect of such 
changes on the BDE’s are understood in only a 
qualitative sense. This is particularly relevant to the 
field of intermolecular C-H bond activation, as we 
would like to be able to make systematic modi- 
fications to systems known to insert into the C-H 
bonds of hydrocarbons, so as to improve the sel- 
ectivity of the activation process, and to modify the 
stability of the resulting alkyl hydrides. Changing 
the size of the ancillary ligands seems to have the 
effect predicted from steric arguments, but the 
electronic nature of the ligand is not as well under- 
stood. 

Changing the coordination geometry about the 
metal by using rigid ligands, or by using very bulky 
ligands, also affects the bond strengths in the mol- 
ecule. Unfortunately, this effect is presently difficult 
to quantify. Theoretical papers have addressed this 
question, 3 ’ and reasonably suggest that molecules 
which will lead to highly unstable fragments upon 
reductive elimination, for example, will not tend to 
reductively eliminate (i.e. the sum of the metal- 
carbon and metal-hydrogen bonds will be 
stronger). Experimental evidence is difficult to inter- 
pret as there have been no studies specifically 
directed towards trying to understand the mag- 
nitude of this effect. As an illustration, consider an 
octahedral iridium(II1) complex such as [Ir(H)(Cl) 
(p-C6H4Me)(CO)(PPh3)2], and one of the molecules 
studied by us, ($-Me5C5)(PMe3)Ir(C6H1 i)(H). 
Upon reductive elimination of RH from either 
complex, the resulting metal fragment is one con- 
taining iridium(I) which is known to prefer a square 
planar geometry. 32 The intermediate formed by re- 
ductive elimination from the octahedral complex 
can easily isomerize to one of square planar geo- 
metry. In contrast, ‘(q’-Me,C,)(PMe,)Ir’, formed 
by reductive elimination of cyclohexane from 
($-Me&)(PMe,)Ir(C,H 1 J(H), cannot exist in a 
square planar form. This results in a very unstable, 
reactive iridium(I) intermediate. This reactive inter- 
mediate also has a low kinetic barrier for the back 
reaction, insertion into a C-H bond, perhaps 
because it does not have to undergo a prior iso- 
merization in order to assume in the proper 
geometry for insertion. Of more relevance here, 
however, is that the bonds formed are also much 
stronger for a molecule which does not have to 
undergo this reorganization prior to bond forma- 
tion. While it is difficult to assign differences in 
kinetic stability solely to differences in geometry, 
the relative stabilities of these compounds are con- 
sistent with this idea. The octahedral complex, 
[Ir(H)(Cl)(p-C,H,Me)(CO)(PPh,),], will reduc- 
tively eliminate at ca 100°C while (q5-Me&,) 
(PMe,)Ir(C,H,)(H) is stable to above 200”C.33 
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CONCLUSION 

Efficient and general methods for the catalytic 
activation and functionalization of alkanes are not 
yet available. We also do not yet fully understand 
the C-H activation process. Thermodynamic stud- 
ies are a small but important step toward under- 
standing what is necessary for C-H activation and 
functionalization. These studies have contributed 
to the small but growing body of information con- 
cerning metal-hydrogen and metal-carbon bond 
strengths. 

Accurate absolute bond strengths in com- 
plicated organometallic systems are rare due to the 
errors incurred in converting the species of interest 
to those for which the heat of formation is known. 
The use of a combination of techniques (kinetic, 
equilibration studies, calorimetric experiments), 
however, is now leading to reasonable estimates for 
some of these values. The relative strengths of the 
metal-carbon bonds found here are as expected 
with&H, > CHCHz > CH3 > n-alkyl > c-alkyl. 
The absolute values, however, are much larger than 
those found for first row metals, and the difference 
between the strengths of the iridium-phenyl and the 
iridium-methyl bonds is also much greater than 
found earlier for rhodium. 34 We continue to inves- 
tigate these and related compounds in the hope of 
more fully understanding the factors which affect 
metal-carbon and metal-hydrogen bond dis- 
sociation enthalpies. 
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Abstract-The equilibria : 

L,M-X + H-Y o L,M-Y + H-X 

(L,M = (DPPE)MePt or Cp*(PMe3)2Ru; X, Y = hydride, alkoxide, hydroxide, amide, 
alkyl, alkynyl, hydrosulphide, cyanide) have been examined. The equilibrium constants 
allow for the determination of relative M-X, M-Y bond dissociation energies (BDEs) 
for each series of compounds. A linear correlation of L,M-X to H-X BDEs is found 
for the two dissimilar metal centres. Activation barriers for phosphine dissociation from 
Cp*(PMe3)2RuX complexes have been measured and suggest the principle of functional 
group additivity has limited applicability in organometallic thermochemistry. The generality 
and predictive value of this correlation and the observations on functional group additivity 
are discussed. 

Despite the widespread use of organometallic com- 
plexes as catalysts, synthetic reagents, interesting 
materials, and precursors to advanced materials, 
little is known about the thermochemistry of these 
compounds. Recent advances have led to values 
for some metal-hydrogen and metal-carbon bond 
strengths,’ but the factors governing the reactivity 
of transition metal-heteroatom bonds (M-X, 
X = OH, OR, NR2, PR2, SiR3 and SH) have been 
left relatively unexplored. 

Early transition metaloxygen and -nitrogen 
bonds are quite robust, presumably due to ligand- 
to-metal pi-donation of an oxygen or nitrogen lone 

t Joint contribution from the Central Research and 
Development Department of the E. I. du Pont de 
Nemours & Co., Inc. Experimental Station, Wilmington, 
DE 19898, U.S.A. and the California Institute of Tech- 
nology, Pasadena, CA 91125, U.S.A. 

$ Authors to whom correspondence should be addressed. 

electron pair to an empty orbital of the electrophilic 
metal centre.’ In contrast, there has been a common 
perception that late transition metal-nitrogen and 
oxygen linkages are intrinsically weak due to the 
mismatch or hard ligand base with soft metal acid,3 
thus explaining the relative scarcity of such com- 
plexes in the literature. Only recently has the reac- 
tion chemistry of late transition metal alkoxides and 
amides been examined.4 

Recent examples of the types of reaction chem- 
istry available to late metal-oxygen and -nitrogen 
bonds include CO’ and olefln6 insertions, b-hydride 
elimination7 and ‘sigma bond metathesis’ reac- 
tions ;* the last provide a means of determining rela- 
tive metal-X sigma bond strengths for a series of 
complexes. The assumption inherent in the evalu- 
ation of this data, as well as virtually every other 
solution phase thermochemical investigation into 
organotransition metal chemistry,’ has been the 
principle of functional group thermochemical addi- 
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tivity,” which has proven so appropriate in organic 
systems. 

There have been numerous studies of the effects 
of tran~ labilizing, sigma-bonded ligands on M-L 
bond strengths for ‘classical’ coordination com- 
plexes. ” However, there have been no studies 
where ligand loss from an organometallic complex 
has been investigated in a systematic way as the size 
of the ancillary ligand X is varied. 

In this manuscript we report L,M-X bond 
strengths obtained from measurements of the equi- 
librium constants for a series of reactions involving 
Cp*(PMe,),RuX (Cp* = q5-C5Me5) and (DPPE) 
MePtX (DPPE = Ph2PCH2CH2PPh2) complexes.” 
We also discuss the validity of the functional 
group additivity assumption for a series of 
Cp*(PMeJ2Ru-X species in which the dative bond 
dissociation enthalpies have been measured.13 

METHODOLOGY AND INITIAL 
OBSERVATIONS 

Exchange equilibria 

As reported previously, addition of N-methyl ani- 
line to (DPPE)MePtOMe (1) in THF-d, results in 
the partial conversion of starting materials to meth- 

t The equilibrium constant is also independent of the 
reaction vessel wall material ; e.g. Pyrex, silylated Pyrex, 
sapphire or quartz. 

$ Since AGeq x 0 and since no measurable temperature 
dependence of AG, was noted, this shows AH,, z 
AS,, x 0. 

9 Throughout this manuscript we use interchangeably 
‘L,M-X bond strengths’, ‘bond dissociation energies 
(BDEs)’ and ‘homolytic bond strengths’ to mean relative 
solution phase D(M-X) values. By using gas phase 
@H-X) values, we necessarily assume equivalent solv- 
ation of the functional groups on both sides of the equi- 
libria and that the bonding of ancillary ligands (Cp*, 
phosphines, etc) to the metal does not appreciably 
change. Other studies have noted that the sublimation, 
dissolution and vaporization energies needed to convert 
such solution data to gas phase values make very small 
corrections to the relative bond strengths obtained when 
non-gaseous reagents are involved. Moreover, the values 
and assumptions needed to correct solution phase BDEs 
to gas phase numbers commonly introduce errors as large 
as the corrections to be made. Thus, we prefer to use the 
solution values obtained ; we suggest the gas phase values 
will be similar. The applicability of this approach is evi- 
dent from the utility of the thermodynamic functional 
group additivity tables for organic systems in solution as 
well as the gas phase. See: (a) S. W. Benson, Thermo- 
chemical Kinetics, Second Edition. Wiley, New York 
(1976); (b) S. W. Benson, The Foundation of Chemical 
Kinetics. Robert E. Krieger, Malabar, Florida (1982). 

anol and (DPPE)MePtNMePH (2) [eq. (l)].‘” 
Measurements of the concentrations of each of the 
components in the equilibrium by ‘H and 31P NMR 
spectroscopy yields the equilibrium constant 
(& = 0.8 + 0.2) ; invariant to changes in starting 
conditions, moderate changes in temperature, and 
solvent (THF-dB or toluene-d&t These obser- 
vations show that entropy contributions to the equi- 
librium free energy are negligible1 and that solv- 
ation effects are small. 

(DPPE)MePtOMe + HNMePh 
1 

.&. (DPPE)MePtNMePh + HOMe. (1) 
2 

The thermoneutral character of this equilibrium 
is quite significant. If we assume the only changes 
represented in the equilibrium correspond to 
making Pt-N and H-O bonds at the expense of 
Pt-0 and H-N bonds, the near-unity value of 
& requires the Pt-0 bond in (DPPE)MePtOMe to 
be stronger than the Pt-N bond in (DPPE) 
MePtNMePh by the same amount as the H-O 
bond in methanol is stronger than the H-N bond 
in N-methyl aniline. Moreover, since the equi- 
librium constant is not solvent dependent, gas phase 
bond dissociation energies of 104.5 and 87.5 kcal 
mol-‘,‘5 respectively, for the H-O and H-N 
bonds in methanol and N-methyl aniline, may be 
used to estimate that the Pt-0 bond in (DPPE) 
MePtOMe is ca 17 kcal mol-’ stronger than the 
Pt-N bond in (DPPE)MePtNMePh. This func- 
tional group approach to solution phase bond dis- 
sociation energies has been exploited very effec- 
tively in organi systems and has been used in 
organometallicY thermochemistry, as well. 

Another ramification of the thermoneutral 
character of this equilibrium concerns heterolytic 
bond dissociation constants. As illustrated in 
Scheme 1, the equilibrium constant for eq. (1) (J&J 
may be expressed as the product of the ratio of 
acid dissociation constants (K,‘s) and the ratio of 
Pt-NMePh to Pt-OMe heterolytic dissociation 
constants (& and K,, respectively) : 

Since Keq is approximately one, it follows that the 
relative extent of (DPPE)MePt-OMe and (DPPE) 
MePt-NMePh bond heterolysis (K,/K,) is 
equal to the relative acid dissociation constants 
for H-OMe and H-NMePh [K,(HOMe)/ 
K,(HNMePh)]. Using aqueous solution values of 
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Heterolytic ligand dissociation 

k=l 
(1) (DPPE)MePt-OCH3 - (DPPE)MePt+OCH; KI 
(2) (DPPE)MePt+NCH,(Ph)- - (DPPE)MePt-NCH,(Ph) l/K, 

(3) (DPPE)MePt-OCHS + NCH,(Ph)- - (DPPE)MePt-NCH,(Ph) + OCH; K,lKz 
(4) H+OCH; - H-OCH3 lIK,(CH,OH) 
(5) H-NCHS(Ph) - H+NCH,(Ph)- K,(HNMePh) 

(6) H-NCH,(Ph) + OCH; - H--OCH3 + NCH,(Ph)- K,(HNMePh)/K,(CH,OH) 

(7) (DPPE)MePt--OCH, + H-NCH,(Ph) - @PPE)MePt-NCH,(Ph) + H-OCHS K,(HNMePh) 

K,(CH,OH) > 
K,/K, z K,(CH,OH)/Ka(HNMePh) 

since K = 1 

Scheme 1. 

Table 1. Relative L,,M-X bond strengths from equi- 
librium measurements 

Relative D(Ru-X) 
X (kcal mol-‘) 

(A) Cp*(PMe,),Ru-X derivatives 
OH 0.0 
CCPh 14.3 
CH,C(O)CH, - 20.2 
NHPh -30.1 

NPh, - 37.2 
SH > -18.5 
CN > 14.2 
H -8.9 

(B) (DPPE)MePt-X derivatives 
0CH3 - 15.3 
OH 0.0 

NPhz -34.5 
NMePh - 32.3 
CH&(O)CH, - 19.3 
SH > -18.5 
CN > 14.2 

_Ko for methanol and methyl aniline? (pKO = 16 and 
25, respectively), the extent of [NMePh-] dis- 
sociation from 12 in aqueous solution would be lo9 
less than [OMe-] dissociation from 11. While this 
ratio will vary as the ratio of K, values varies with 

t While it is clear that K, values measured in aqueous 
solution do not accurately reflect dissociation constants 
in organic solvents, such as THF, the example serves to 
illustrate the relative ease of ligand heterolytic dis- 
sociation in a hypothetical aqueous solvent system. The 
use of K, values appropriate to different solvent systems 
may change the ratio of line 6 in Scheme 1; however, any 
such changes, by definition, will also alter the ratio of 
K,/K2 in exactly the same way so that K,sa,v{Khlv = 
K,(HOMe),,,,IK,(HNMePh),,,,. 

different solvents, the conclusion remains the same : 
the relative extent of (DPPE)MePt-X bond het- 
erolysis parallels the relative K, values of the H-X 
analogue. 

The same equilibrium techniques can be used to 
evaluate the relative homolytic bond strengths of 
Pt-X bonds in a larger series : (DPPE)MePtOMe 
(l), (DPPE)MePtNMePh (2), (DPPE)MePtOH (3), 
(DPPE)MePtCH,COCH, (4) and (DPPE) 
MePtNPh, (5) as shown in eq. (2) and listed in Table 
1. Interestingly, these reactions are also essentially 
thermoneutral. Other reactions of (DPPE) 
MePtOMe with H$, HCN and CP(CO)~MH 
(Cp = $-CSHS ; M = Cr, MO, W) have proven 
effectively irreversible ; no evidence for any (DPPE) 
MePtOMe has been observed when (DPPE) 
MePtSH (6), (DPPE)MePtCN (7) and (DPPE) 
MePtM(CO),Cp (8, M = Cr ; 9, M = MO ; 10, 
M = W) were dissolved in 50/50 solutions of THF- 
d&H&H [eq. (3)]. 

(DPPE)MePt-OMe+ H-X 

o (DPPE)MePt-X + H-OMe 

X = OH, OMe, NMePh, NPh2, CH2C(0)CH3 

(DPPE)MePtOMe + H-Y 

+ (DPPE)MePt-Y + HOMe 

Y = SH, CN, CPM(CO)~ (M = Cr, MO, W). 

(2) 

(3) 

Attempts to extend this series to other Pt-X bonds 
is complicated by the high reactivity of these plati- 
num complexes and the long times required to 
attain equilibrium. Fortunately, the Cp*(PMe& 
RuX system proved both kinetically more active 
in exchange equilibria and chemically more 
robust, providing further insights into M-X 
(M = Pt, Ru) homolytic bond strengths. 

Similar equilibrium measurements carried out on 
the ruthenium system show thermoneutral equi- 
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libria are established when Cp*(PMe,),RuOH is 
combined with a variety of HX sources [eq. (4)]. 

Cp*(PMe&Ru-OH + H-X 
11 

o Cp*(PMeJ2Ru--X + H-OH (4) 

X = NHPh (12) 

NPHz(I3) 
CH2C(0)CH3 (14) 
CCPh (15). 

As in the platinum case, these equilibria are insen- 
sitive to changes in temperature, solvents, wall 
effects and concentrations.? As before, ‘irreversible’ 
reactions were observed when Cp*(PMe,),RuOH 
was combined with H$, HCN and CPM(CO)~H 
(M = Cr, MO, W) [eq. (5)]. 

Cp*(PMe&Ru-OH + H-Y 
11 

+ Cp*(PMe3),Ru-Y + H-OH (5) 

Y = SH (16) 
CN (17) 
CpCWOX (18) 
CPMWO), (1% 

CPWW3 (20). 

Reaction of Cp*(PMe3)2RuH (21) with Hz0 gen- 
erates an equilibrium mixture of 11 and H2 ; the 
small equilibrium constant for this reaction 
(AG w 7 kcal mol-‘) limits the precision of our 
measurement. However, the magnitude of the equi- 
librium constant does, nevertheless, establish a 
Ru-H bond strength1 relative to Ru-OH to 
within +2 kcal mol-‘. This value, and the other 
relative L,M-X bond strengths obtained are listed 
in Table 1. 

TThe nearly solvent independent nature of the equi- 
librium is further demonstrated by the fact that the [H,O] 
(between 0.02 and 0.80 M), and hence the dielectric of 
the THF-&/Hz0 solution, does not systematically change 
the measured J& values for eq. (4). Further evidence 
for the insensitivity of the equilibria measured to protic 
solvents comes from the study of eq. (7) (vide infra) which 
gives results, in the absence of protic materials, which 
were predicted by equilibria involving those protic 
organic compounds. 

$ Or, at least, the relative stability of the hydride com- 
plex (vi& in.a). 

$This equilibrium constant can be predicted by sum- 
ming the following equilibria : 

Cp*(PMe&RuNPh, + HOH 

o Cp*(PMe&RuOH + HNPh* 

(DPPE)MePtOH + HNPhz 

o (DPPE)MePtNPh* + HOH. 

While addition of water to Cp*(PMe3),RuSH 
failed to generate detectable amounts of the hydrox- 
ide complex 11, addition of HSi(OEt)3 establishes 
the equilibrium shown in eq. (6). The equilibrium 
constant of 0.75 appears to signal that second row 
main group substituents will be in nearly ther- 
moneutral equilibrium with each other, although 
such Ru-X linkages are apparently substantially 
stronger than analogous bonds to comparable first 
row substituents ; an observation consistent with 
the general effectiveness of sulphur and silicon com- 
pounds as catalyst poisons. 

Cp*(PMe,),RuSH + HSi(OEt)3 
16 

o Cp*(PMe3)2RuSi(OEt)3 + H,S. (6) 
22 

Equilibrium measurements for the reversible 
reaction of Cp*(PMe3)2RuNPh2 with (DPPE) 
MePt(OH) show only a small energetic preference 
for Cp*(PMe,),RuOH and (DPPE)MePtNPhz [eq. 

(7)l. 

Cp*(PMe3)zRuNPhz + (DPPE)MePtOH 
13 3 

o (DPPE)MePtNPh, + Cp*(PMe3)2RuOH. (7) 
5 11 

The equilibrium constant for the reaction in eq. (7) 
was found to be consistent with other equilibria 
measured ;§ this internal consistency further dem- 
onstrates the very small equilibrium solvent depen- 
dence, since the equilibrium constants are appar- 
ently unaffected when substantial amounts of protic 
‘co-solvents’ (such as methanol, water and diphenyl 
amine) are present [eqs (2) and (4)], vis-&is absent 
[(eq. (7)]. Furthermore, this result suggests that the 
combination of ruthenium’s preference for oxygen 
and the relief of steric crowding inherent on going 
from Cp*(PMe3&RuNPh2 to Cp*(PMe3),RuOH 
are small (3.6 kcal mol-I), even in the relatively 
congested Cp*(PMe3)*RuX system. 

Ru-P Bond dissociation enthalpies 

The assumption inherent in the above evaluation 
of equilibrium data, as well as in virtually every 
other solution phase thermochemical investigation 
into organotransition metal chemistry,g has been 
the principle of functional group thermochemical 
additivity.” While it seems reasonable that the 
Ru-P bonds in Cp*(PMe,),Ru-X will be about 
as strong as those in Cp*(PMe3)2Ru-Y, this 
assumption has never been tested for organo- 
metallic systems. 

In order to examine M-L dative bond strengths, 
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ligand exchange reactions were studied by the 
addition of P(CD& to unlabelled Cp*(PMe&RuX 
complexes. I* A large isotopic shift was observed in 
the 31P NMR for perdeutero- vis-&is per- 
proteophosphine (0.9 ppm at 100°C in o-xylene- 
d,,,), and the spectral features of the Ru-PMe3 and 
Ru-P(CD~)~ functional groups were found to be 
similarly well resolved. By measuring NOE sup- 
pressed ligand exchange kinetics? at different tem- 
peratures, the dative bond dissociation enthalpies 
[AH* corresponding to k,, eq. (8)] for Ru-PMe, 
linkages were obtained.1 

Table 2. Ati for phosphine dissociation from 
Cp*(PMe3)2Ru-X complexes 

Cp*(PMe,),RuX 

& Cp*(PMe,)RuX+PMe,. (8) 
1 

A summary of the activation parameters for dative 
ligand loss from some of the Cp*(PMe3)*RuX com- 
plexes examined can be found in Table 2.5 

We must stress these measurements have not 
determined absolute bond strengths for Ru-P link- 
ages. We suggest that since the activation barrier for 
combination of free phosphine with the 16-electron 
unsaturated intermediates is likely to be a small 
(AH: x 0 for k_,) and a fairly constant amount of 
energy for a variety of complexes, the differences in 
activation enthalpies for two complexes should be 
about the same as the difference in Ru-P bond 
strengths (Fig. 1). Support for this premise comes 
from the large positive free entropies of activation 
noted for all of these dissociations indicating the 

t A numerical integration program ‘GIT’ was used to 
extract dissociation rates from the kinetic data. See ref. 
14 for detailed discussion of this process. GIT was 
developed as an iterative integration package based on 
Havchem software by Dr F. J. Weigert at Du Pont 
CR&D. 

$ NOE suppressed kinetics were carried out with pulse 
delays of five T, periods between acquisitions. Typically 
four to six measurements were carried out over a 40°C 
temperature range. “P NMR was utilized in order to 
measure the concentrations of all P containing materials 
in solution ; this also allowed quantification of the sig- 
nificant levels of phosphine and labelled phosphine 
migrating to the gas phase above the solutions. Clearly, 
since the PMe,,,,, o PMe3@,,, equilibrium changes with 
temperature, quantification of all solution phase con- 
centrations is critical to the accurate determination of 
phosphine dissociation rate constants. 

0 The data collected on Cp*(PMe3),RuX complexes con- 
taining nucleophilic lone electron pairs on the ancillary 
ligand does not directly bear on this question of func- 
tional group additivity and, so, has not been included in 
this manuscript. For a complete description of this work 
see ref. 14. 

X 
AHf for PMe, loss (kcal mol-‘) 

(+ 1 kcal mol-‘) 

H > 47 
CCPh 42 
CH3 40 

CH*Ph 38 
Ph 38 
CH,SiMe, 34 

AH 

AAH*=AAHzADIRu-PI 

Fig. 1. Enthalpy diagram for phosphine loss from 
Cp*(PMe,),RuX complexes assuming a small and/or 
constant barrier to phosphine binding to 
Cp*(PMe3)RuX. If this back reaction barrier is either 
negligible or constant then AAHt z AAH = AD(Ru-P). 

importance of ‘late’ (or product-like) transition 
states16 for phosphine loss. This interpretation is 
also consistent with the observation that k_l >> kl 
for all derivatives studied. 

DISCUSSION 

Ru-P Bond strengths 

For ligands, X, which have no significant 71 inter- 
actions with the transition metal, these approximate 
Ru-P bond strengths can be ordered according to 
steric bulk, as shown in Table 2. Such steric trends 
are as expected based on previously published 
studies where phosphine steric requirements were 
varied. When Cp*(PMe&RuMe is used as a bench- 
mark for comparison, changing the ancillary sub- 
stituent to the small, rod-like phenylacetylide ligand 
strengthens the Ru-P interactions by about 2 kcal 
mol-‘. Conversely, when methyl is replaced by a 
slightly larger ligand, such as benzyl or phenyl, 
Ru-P bonds weaken by about the same amount. 
However, when methyl is substituted for something 
very much larger (CH,SiMe3) or smaller (H) sub- 
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stantial deviations of more than 6 kcal mol-’ in the 
strengths of Ru-P interactions are indicated.? 

These observations suggest the functional group 
additivity approach to organometallic thermo- 
chemistry may be quite appropriate when sub- 
stituents of similar sizes are employed. However, 
our data indicate caution must be exercised when 
thermodynamic investigations involve Iigands of dis- 
similar sizes.$ 

This interpretation presupposes the activation 
barriers for adding phosphine to Cp*(PMes)RuMe 
and Cp*(PMe3)RuCHzSiMe3 are the same. In fact, 
the barrier is likely to be larger for adding phos- 
phine to the sterically more congested centre (Fig. 
2) which means the differences in actual Ru-P 
bond strengths are larger than the differences in 
activation barriers for phosphine dissociation. Thus 
our data, as applied to functional group additivity 
questions, represents a best-case situation. The actual 
dtrerences in Ru-P bond strengths are likely to be 
larger than indicated by the data in Table 2 and the 
functionalgroup additivity deviations discussedabove 
may be conservative. 

Steric efects on phosphine dissociation 

Another way of looking at these data, which 
involves no assumptions, is that the steric conse- 

t While differences in ground state or transition state 
hyperconjugative stabilizations due to the different alkyl 
and hydride ligands cannot be ruled out, the similarities 
of Ru-P bond strengths in the ruthenium benzyl, 
phenyl, methyl and phenylacetylide complexes suggest 
any such differences are ‘insignificant compared to the 
magnitude of changes made by steric differences. 

t. This observation suggests, for example, the apparent 
thermodynamic stability of L,M-H bonds, relative to 
L,M-CH3 linkages, noted in a number of studies (uide 
irz>ra) may be due, in large part, to other bonds in those 
hydrides becoming stronger than in the methyl 
analogues. In effect the hydride complexes may be more 
thermodynamically stable than alkyls but this is not 
necessarily due to M-H being particularly strong. 
Another serious ramification of this information is that 
studies of M-X bond strengths in complexes containing 
other ligands (i.e. non-‘naked’ complexes usually present 
in solution) will be difficult to obtain with an uncertainty 
of better than +2 kcal mol-‘. 

§This assumption appears justified based on the similar 
sixes of the X ligands employed in this study. One notable 
exception is the hydride. Based on the analysis (above) the 
significance of the Cp*(PMe3)2RuH data must be 
questioned. Clearly the small hydride ligand tends to allow 
stronger interactions between metal and phosphines which 
tends to make the complex, as a whole, mom stable (uti 
infu) than it might be based on the strength of the M-H 
interaction alone. 

r 

AH 

Fig. 2. Enthalpy diagram for phosphine loss from 
Cp*(PMe,),RuCH, vs Cp*(PMe,),RuCH,SiMe,. This 
figure accounts for the larger steric interactions present 

when PMe, approaches the bulkier complex. 

quences of an ancillary ligand may have more than 
a 13 kcal mol-’ effect on the activation barrier to 
phosphine dissociation and this corresponds to an 
enormous difference in relative rates of those dis- 
sociations. In effect, this study quantifies what 
organometallic chemists have known intuitively for 
many years ; steric changes to a ligated transition 
metal complex can dramatically affect the rates of 
ligand losses. 

Relative o bond strengths 

The nearly thermoneutral character of the equi- 
libria represented by eq. (9) appears to be general 
for a number of sigma bonded ligands. This obser- 
vation naturally implies that the difference in H-X 
and H-Y BDEs is the same as the difference in 
L,M-X and L,,M-Y BDEs, assuming that the 
functional group approach discussed above is 
equally valid for these ruthenium and platinum 
systems.!j Alternatively, one may take the obser- 
vation that K& x 1 to indicate that heterolytic dis- 
sociation of basic ligands from these metal centres 
(L,M-X o [L,M+] +X-) parallels the K, values 
of the corresponding organic acids (H-X-H+ 
+X-). The very small solvent dependence of 
the equilibrium constants allows quantitative 
estimates of relative homolytic bond strengths 
in these L,M-X systems from the appropriate gas 
phase H-X bond dissociation energies.” This com- 
mon assumption that functional groups are 
solvated equivalently in different complexes has 
proven to be valid for both organic” and organo- 
metallic’* systems. 

L,,M-X + H-Y & L,M-Y + H-X (9) 

[L,M = (DPPE)MePt, Cp*(PMe&Ru]. 

An effective method of graphically illustrating 
the data from Table 1 is shown in Fig. 3. For this 
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140 - 

* (DPPElMePt-x 
I= -o Cp” (PMe,),Ru-X 

Z- 

Retdive DIL,M-Xb(kcal mot-‘) 

Fig. 3. H-X vs relative L,M-X bond dissociation ener- 
gies (BDEs) in kcal mol-‘. Data plotted from Table 1 for 
both (DPPE)MePt-X (A) and Cp*(PMe&Ru-X (0) 
systems with L,M-OH arbitrarily assigned a relative 
BDE of 0.0 kcal mol-‘. A line with an arbitrary slope of 
1.0 has been drawn through the hydroxide ‘point’. Data 
depicted for L,M-CN and L,M-SH are minimum 
L,M-X bond strengths (against absolute H-X bond 
strengths) which, as indicated by the arrows, may be 
much stronger than the 9 kcal mol-’ deviation detectable 

by our experimental methods. 

plot of D(H-X) vs relative D(L,M-X), the 
L,M-OH bond dissociation energies for (DPPE) 
MePtOH and Cp*(PMe3)2RuOH are arbitrarily 
assigned a relative value of zero, and a line with an 
arbitrary slope of one is drawn through this point. 
Two important conclusions can be drawn from the 
remarkably good correlation of relative H-X and 
L,M-X bond strengths which is readily apparent : 
(i) the close linear fit for the bond dissociation ener- 
gies of {Cp*(PMe&Ru’} and {(DPPE)MePt’} with 
first row {X’> substituents (except for the metal 
cyanides and sulphides, vide inji-a) indicates that 
other relative L,,M-X (X = first row element) 
bond strengths should be predictable, even for com- 
plexes we have not yet examined, by simple extra- 
polation from the H-X bond strength of the 
organic analogue. (ii) The one-to-one correlation 
between L,M-X BDEs and H-X BDEs may well 
be generally valid for a variety of organometallic 
compounds, in the absence of L,M-X multiple 
bonding (de infra). That the data fit so well on the 
line drawn for Fig. 3 is quite persuasive in this 
regard, since the same close correlation holds both 

t While the data for alkoxides and amides were 
obtained on complexes having slightly different spectator 
ligand environments than the Cp:(OCMe,)ThX, the 
deviations of more than 20 kcal mol-’ (from the values 
expected based on the H-X vs Th-X plot) are large with 
respect to deviations seen in Th-X bonds on 
changing spectator ligands. For example, in the series 
Cp,YOCMe,)ThEt, Cp:(Et)ThEt and Cp:(Cl)ThEt the 
solution phase Th-C bond strengths range over only 
411 kcal mol-’ (76.3, 73.5, 72.2 kcal mol-‘, respectively). 

for square planar, ldelectron, third-row (d*) plati- 
num complexes and for the sterically congested 
‘three-legged piano-stool’, l&electron, second-row 
(d6) ruthenium complexes. 

Extension to other systems 

While examples of comparable sigma-bond 
strength measurements for series of organometallic 
complexes are rare in the literature, thermochemical 
data on two other organometallic systems lend sup- 
port to the generality of this H-X vs relative M-X 
bond strength correlation. Bergman and co- 
workerslg have shown that the reaction between 
Cp*(PMex)(H)Ir(cyclo-C6H,1) and various alkanes 
do not proceed to completion to generate the cor- 
responding alkyls and cyclohexane [eq. (lo)] sug- 
gesting a similar correspondence for Ir-C6H1i, 
Ir-R [R = cycle-CsHg, neo-C5Hg, n-C,H9,CHz 
CH(CH,)CH(CH,)d and H---cyc10--C6Hu, H-R 
BDEs. Furthermore, if the (solution phase) tho- 
rium-carbon bond dissociation energies, obtained 
by reaction calorimetry by Bruno, Marks and 
Morss,” are evaluated in this same manner, once 
again, a one-to-one correlation between Cp,YOC 
MeJI’h-R and H-R BDEs is evident. On the other 
hand, for thorium compounds with alkoxide or amide 
ligands, significant deviations from the one-to-one 
correlation are noted. For example, the Cp,YOC 
MeJTh-OR and Cp:(OCMeJTh-NR2 BDEs are 
greater than would be predicted? for a single sigma 
Th-OR or Th-NR2 bond (i.e. by comparison 
to the corresponding H-OR or H-NR2 BDE). 
Indeed, such deviations are entirely expected, since 
the coordinatively unsaturated, Lewis acidic thorium 
centre of these Cp:Th(IV)X, complexes is a powerful 
x-acceptor of oxygen or nitrogen lone electron pairs, 
increasing the Th-OR or Th-NR, bond order. An 
estimate of the thermodynamic importance of such 
multiple bonds can be made from the magnitude of 
such deviations from the expected correlation. 

Cp*(PMe3)(H)Ir(cyclo-C6H, ,) + HR 

0 Cp*(PMe3)(H)IrR+(cyclo-C,H,,) (10) 

R = cycle-CsH9, neo-C5Hg, n-C5Hg, 
CH2CH(CH3)CH(CH3)2 

Anomalies in the ruthenium andplatinum systems 

Returning to the platinum and ruthenium systems, 
three types of compounds studied exhibit anom- 
alously large L,,M-X BDEs : L,M-CN, LM-SH, 
and Cp*(PMe,)2Ru-H (Table 1 and Fig. 3). The 
cyanide ligand is a moderate n-acceptor and, con- 
sidering the extremely electron-rich character of 
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Cp*(PMe,)zRu(II), considerable ruthenium-to-cyan- 
ide back donation is anticipated, which reconciles the 
higher than one bond order observed. The low energy 
of the v (CN) (2058 cm-’ for 7 ; cf. v (CN) = 
2240-2260 cm-’ for organic nitriles*’ is indeed in- 
dicative of substantial Ru=C=N character for 
Cp*(PMe,),RuCN (7). While the platinum centre 
in (DPPE)MePtCN is not as electron rich as the 
ruthenium case, similar, though reduced, M=C mul- 
tiple bonding is indicated for this complex by v (CN) 
of 2128 cm- ’ . Thus the explanation of the stability of 
the Ma bonds to electron-rich late metal systems 
is essentially the same as found for early metal systems 
with n-donor ligands (i.e. multiple bond order). 

Turning to the sulphides, overlap between 
ruthenium or platinum sigma orbitals and the 3s/3p 
orbitals of the second row main group elements 
may be significantly better than overlap between 
these metal orbitals and the 2s/2p orbitals of the 
first row elements. Such arguments, akin to those 
used to account for the preferences of ‘hard’ and 
‘soft’ acids to bases, may be offered to explain the 
larger than expected L,M-SH BDEs for 6 and 
16. In this regard, it is significant that, although 
Cp*(PMe,),RuSH is unreactive towards a variety of 
first row H-X compounds, a nearly thermoneutral 
equilibrium is established between Cp*(PMeJ2 
RUSH, (EtO),SiH, Cp*(PMeJrRuSi(OEt),, and 
H2S [eq. (6)]. This observation suggests a second 
‘parallel’ H-X vs relative L,M-X bond strength 
correlation may hold for second row main group 
substituents. Because of the experimental limi- 
tations of our equilibrium measurements, we can- 
not quantify the energetic displacement between the 
L,M-X and L,M-Y (X = first row substituent ; 
Y = second row substituent) relationships. We do, 
however, know the line for second row elements 
must lie more than 9 kcal mol-’ to the ‘right’ of the 
established correlation for first row substituents for 
these platinum and ruthenium complexes. The 
observation that all first row substituents show 
D(H-X)/D(L,M-X) correlation with each other 

t The fact that most of the dihydrogen is in the gas 
phase above the solution also contributes to the error in 
translating the Ru-H BDE for 11 to relative gas phase 
values, because the enthalpy of dissolution of dihydrogen 
in THF, which is likely to differ substantially from the 
enthalpies of condensation and dissolution of the other 
organics used in this study, must be incorporated into 
the calculation. Although this quantity has not yet been 
measured to our knowledge, it is unlikely that it exceeds 
the +_ 2 kcal mol-’ uncertainty in the measurement of the 
equilibrium constant. 

1 Assuming a C-H BDE of 111 kcal mol- ’ for 
benzene, H-H BDE of 104 kcal mol-’ and Hsoln = 0.9 
kcal mol-’ for H, in benzene. 

can be interpreted as indicating that a variety of 
carbon, oxygen and nitrogen sigma ligands are 
equally ‘hard’ and that only on changing rows 
does one find ‘softer’ substituents. 

Although the value of the Ru-H BDE for 
Cp*(PMe,),RuH (21) is rather imprecise due to the 
small value of the equilibrium constant found for 
combining 21 with H,O,t its deviation (7 kcal 
mol-‘) from the linear correlation in Fig. 3 clearly 
exceeds the conservative estimate of the uncertainty 
in the BDE of +_ 2 kcal mol-‘. Moreover, Thomp- 
son and Bercaw** have found that Cp$ScH reacts 
with benzene to establish an equilibrium mixture of 
CpTScH, Cp:ScCsH5, C6H6, and HZ, from which 
the thermodynamic parameters AH” = 6.7(3) kcal 
mol-’ and AS” = - 1.5(l) e.u. were obtained for 
eq. (11). Assuming the one-to-one correlation 
between L,M-X and H-X BDEs, the SC-H 
BDE is 6.7 kcal mall ’ stronger than expected,$ i.e. 
again, one finds that there is an increased stability 
associated with the L,M-H bonds, amounting to 
approximately 7 kcal mol-’ for the systems con- 
sidered here. Even the average of the two Th-H 
BDEs in [Cp,*ThH212 (which also includes the 
enthalpy of the bridging interaction between the 
two thorium centres, which more than compensates 
for the loss of translational entropy due to dimer- 
ization) obtained by reaction calorimetry deviates by 
only approximately 15 kcal mol-‘, again to the 
right, of the linear correlation in Fig. 4. 

CpfScH+C6H,oCpfScC,H5+H2. (11) 

140- 
A I DPPE)MePt- X 

I I I I I 
-40 -30 -20 -lo 0 IO 20 30 

Relotwe D 1 L,M-Xl ( kcal mot-‘) 

Fig. 4. Plot of H-X vs relative L,,M-X BDEs for 
(DPPE)MePt-X (A), Cp*(PMe&Ru--X (Oh 
CPSC--x (O), Cp:(OCMe,)Th-X (Cl) and 
Cp*(PMeS)(H)Ir-X (x) depicted for X = singly-bonded 
first-row main group substituents along the arbitrary 
axes from Fig. 3. To put the SC-X data on these axes 
the SC-C bond in CpfSc-Ph has been defined as - 8.1 
kcal mol-’ ; the 1r-C bond in Cp*(PMe,)(H)Ir-(cvclo- 
C,H,,) has been defined as -21 kcal mol-’ and the 
Th-C bond in Cp$(OCMe,)Th-CH, has been defined 

as - 14.9 kcal mol-‘. 
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While the above discussion of metal hydride bond 
strengths suggests these bonds are anomalously 
strong relative to other first row M-X bonds, it 
must be remembered that, as discussed above (foot- 
note on p. 1448), the anomalously small size of the 
hydride ligand clearly makes the Ru-P bonds in 
21 stronger than in other derivatives. Thus, analysis 
of equilibrium or calorimetric data will show 
hydride complexes to be anomalously stable ; how- 
ever, this may have little to do with the actual M-H 
bond strengths. Thus while the experiments 
described provide interesting and useful data on the 
stability of metal hydride complexes, it is unclear 
that they provide any real information on the rela- 
tive strength of metal-hydrogen bonds. 

The common assumption, based on the reported 
BDE difference between (CO)SMn-H and 
(C0)5Mn-CH3, has been that ‘metal-carbon’ 
bonds in organotransition metal compounds are 
approximately 25 kcal mol-’ weaker than metal- 
hydrogen bonds.? Our data, and that of others cited 
herein, appear to indicate that (i) the difference 
in L,M-H and L,M--CHr BDEs is likely to be 
substantially smaller, (ii) the thermodynamic stab- 
ility of hydride complexes found in all of these 
experiments is, at least partly, due to other bonds 
in metal hydrides becoming stronger rather than 
reflecting actual increases in D(L,,M-H), and (iii) 
one must be cautious to correct the L,M-R 
(R = alkyl, alkenyl, aryl, alkynyl, etc.) bond dis- 
sociation energy for the stability of {R’) when dis- 
cussing the relative strengths of metal-carbon and 
metal-hydrogen bonds. As the data of Figs 3 and 
4 demonstrate, metalcarbon bond strengths may 
be expected to vary over a range as large as 40 kcal 
mol-’ (R = CH2Ph to CCR’). An appropriate one- 
to-one comparison would be between L,M-H and 
L,M-CH3, since the bond dissociation energies of 
H-H and H--CH3 are 104 and 105 kcal mol-‘, 
respectively. 

Other potential anomalies 

It is interesting that our ruthenium and platinum 
systems show no significant thermodynamic stab- 
ility gain from the presence of ancillary X ligands 
which are n-electron donors. Clearly, x-acceptor 

t The M-CH, vs M-H bond strength difference of 
14 kcal mol-’ quoted by Connor (Organometallics 1982, 
1, 1166) has been discussed in the more recent reviews 
cited in ref. 1 which take into account other experimental 
data, as well. We feel the cited value of 25 kcal mol-’ 
more accurately reflects the perceptions of these reviews 
which have been widely adopted as state-of-the-art infor- 
mation. 

ligands remove electron density from these metal 
centres and, thereby, stabilize these complexes. At 
this point we have no evidence for a simple rr-con- 
jugative stabilization by ‘neutral’ n-ligands (such as 
the phenyl acetylide in 15 or the phenyl substituent 
in CpTThPhX), though, based on organic 
analogues, some stabilization might be expected. 
Although the stability of phenyl complexes has pro- 
ven difficult to evaluate, there is some evidence23 
that these linkages may be stronger than anticipated 
from the D(H-X)/D(L,M-X) correlations of Figs 
3 and 4. It is unclear if this type of stabilization is 
simply too weak to be detected in our ruthenium 
and platinum data, or if some other, as yet unre- 
cognized, factors which can enhance the M--(sp*)C 
bond strengths are not present in our compounds. 

Interesting trena!s 

Although the bond strength information pre- 
sented here, as summarized for the Cp*(PMe3)* 
Ru-X, (DPPE)MePt-X, Cp:(OCMe,)Th-X, 
CpySc-X and Cp*(PMe3)(H)Ir-X systems 
(X = singly-bonded first row main group sub- 
stituent) in Fig. 4, is somewhat limited, we note 
some interesting trends. The metal-oxygen bonds 
examined for late metals are not, despite con- 
ventional perceptions, particularly weak. The 
L,M-OH bond is stronger than L,M-H and 
L,M--(.sp3)C bonds (as in the carbon-bound metal 
enolates 4 and 14), but weaker than L,M-(sp)C 
bonds (as in the phenylacetylide complex 15). Thus, 
the higher reactivity associated with (DPPE) 
MePt-OR (R = H, CH3) bonds (zk-ci-vis (DPPE) 
(OMe)Pt-Me bonds) is kinetic rather than ther- 
modynamic in origin.24 

Interestingly, L,M-0 bond strengths are con- 
sistently stronger than the L,M-N bond strengths 
measured (apparently for the same reasons that 
H-O bonds are stronger than H-N bonds), sug- 
gesting that L,M-N bonds may be weaker than 
L,M-O bonds for both early and late metal 
systems.*’ Substituents on X that weaken H-X 
bonds (such as phenyl substituents) will also weaken 
M-X bonds for the same reasons. 

The enhanced (greater than 9 kcal mol-‘) stab- 
ility of transition metal bonds to second row main 
group substituents, observed in both platinum and 
ruthenium systems, may explain the efficiency of 
silicon and sulphur compounds as poisons for cata- 
lysts meant for the transformation of first row main 
group substrates. These second row substituents 
appear uniformly ‘softer’ than first row analogues 
(which also show uniform ‘hardness’ across the 
row). 

Perhaps most importantly, correlation of H-X 
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and relative M-X bond strengths is seen for widely 
disparate types of organometallic complexes and 
ligand environments. The same correlation appears 
general for first, second and third row transition 
metal complexes as well as for actinide elements. 
Both 16 and l&electron complexes are included 
in Fig. 4 and the trend fits data for early-metal 
complexes as well as for late-metal derivatives. 
Finally, the observations concerning metal-X 
single bonds holds for carbon, oxygen, nitrogen 
and hydrogen suggesting this correlation may be 
general for many types of organometallic systems. 

(in the absence of oxygen-to-metal dative n-bond- 
ing, as, for example, with early transition metal 
systems), since according to Figs 3 and 4 there is a 
one-to-one trade-off of L,M-C, H-O, H-C and 
L,M-O BDEs [eq. (16)]. Both of these species have 
been proposed as key intermediates in numerous 
schemes for CO hydrogenation and alcohol hom- 
ologation. 26 Hence, pathways which predominate 
via one of these two tautomers are likely to arise 
from a greater kinetic reactivity of that tautomer 
(assuming there is a facile interconversion of the 
two), since comparable concentrations of each 
should be present at equilibrium. 

Predictions 

Since the trends in M-X BDEs correlate so well 
with H-X BDEs, we may estimate the thermo- 
dynamics for individual steps in proposed catalytic 
cycles and for simple processes such as olefin 
or carbon monoxide insertion into L,M-OR or 
L,M-NR2 bonds by evaluating the thermo- 
dynamics of the corresponding processes for 
H-OR and H-NRP [eq. (12)-eq. (15)l.t 

L,M-CH20H Kq = ’ _ L,M---OCHs. (16) 

The relatively small difference in thermodynamic 
stability of M-CHJ and M-H complexes evident 
in some of the species discussed in this manuscript 
suggests that while metal alkyl hydride complexes 
may never become as commonplace as metal dihy- 

L,M--OH + COO L,M-COOH AH” x -6.8 kcal mol-‘, 

since (12) 
H-OH + CO e H-COOH AH” = - 6.8 kcal mol- ’ 

L,M---NH, + CO o L,,M-CONH2 

since (13) 

H-NH2 + CO o H-CONH2 

AH” x -7.1 kcal mol-‘, 

AH” = -7.1 kcal mol-’ 

L,M-OH + CH2--_CH2 o L,M-CH2CH20H . 

since 

AH” % - 10.6 kcal mol-‘, 

(14) 
H-OH + CH--_rH, o H-CH2CH20H AH” = - 10.6 kcal mol-’ 

L,M-NH2 + CH--_rHz o L,M-CH2CH2NH2 

since 

H-NH2 + CH2--_CH1 o H-CH2CH2NH2 

AH”% - 19.2 kcal mol-‘, 

AH” = - 19.2 kcal mol-‘. 
(15) 

Our data also suggest that hydroxymethyl tran- 
sition metal complexes, L,,MCH,OH, should have 
approximately the same thermodynamic stability as 
the corresponding methoxy tautomer, L,MOCH3 

t Standard state used : 298.15 K, 0.1 mPa, HCO,H(g), 
.&O(g), CO(g), HCONB,(g), NH,(g), CH,CH,OH(g), 
C,H,(g), CH,CH,NH,(g). S” values unavailable for 
CH,CH2NH2. Values obtained from J. Phys. Chem. RejI 
Data 1982, 11, supplement 2. 

$Assuming D(C-C) in ethane of 86 kcal mol-‘, 
@H-H) x 104 kcal mol-’ and D(H--C) in methane of 
104 kcal mol-‘. 

drides, alkane C-H bond activation may generally 
produce species which are (thermodynamically) 
only 5-10 kcal mol-’ less stable than analogous 
dihydrides [eq. (1711. While most such species may 
not be isolable, they are, nevertheless, energetically 
accessible, and therefore viable, catalytic inter- 
mediates. Additionally, the same data suggests that 
activation of C-C bonds in ethane should be more 
thermodynamically favorable than the activation 
of C-H bonds in methane ;$ therefore, any com- 
plex capable of activating aliphatic C-H bonds 
should be thermodynamically (but not, necessarily, 
kinetically) able to activate C-C bonds, as well. 
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[L,M] + H-H o L,MH2 AH = Okcalmol-’ 

[L,M] + H-CHS 0 L,M(I-I)CH, AH es + 5-10 kcalmol-’ 

[L,M] + H&--CH3 0 L,M(CH3)2 AH z -2-+8kcalmol-’ 

CONCLUSIONS REFERENCES 

In summary, activation parameters for PMe, 
&sstia%on 3n D~pnDJ7hhimm CDrn@xs, 

Cp*(PMe&RuX, have been obtained as a function 
of varying the size of X. This process, which prob- 
iab\y invo&s a Iale trantition state, pr&&S guan- 
titative evidence for the general perception that 
sterics can p&y an impor&mt ro)e in dative Eganh 
dynamics. In addition, the effectiveness of steric 
congestion in weakening Ru-P bonds suggests 
great care must be exercised when applying the 
functional group additivity assumption to thermo- 
chemical investigations in organometallic systems, 
and further suggests measurements of solution- 
phase L,M-X bond strengths will likely have 
uncertainties greater than &-2 kcal mol-’ because 
of changes in strength of other bonds in the mol- 
ecules (i.e. in the L-M bonding). 

We note that the observed order in L,M-X 
homolytic bond strengths : L,M-(sp)C > L”M-0 
> L,M-H > L,M-(sp3)C > L,M-N might not 
have been predicted prior to this work. The 
correlation of L,M-X bond strengths with those 
of the ‘parent’ H-X BDEs (or the stabilities of X’ 
radicals) allows prediction of the thermodynamics 
accompanying many elementary processes of inter- 
est in organotransition metal chemistry though we 
stress that even the several kcal mol-’ uncertainties 
inherent in our H-X/L,M-X correlation (Figs 3 
and 4) can produce marked changes in product 
selectivities. 

The thermoneutral character of equilibria graphi- 
cally represented in Figs 3 and 4 also requires a 
correlation of the degree of L,M-X bond het- 
erolysis with K, values of the corresponding organic 
acids, H-X. The relative extent of anion dis- 
sociation can thus be predicted within the limi- 
tations of these data, providing information about 
the relative importance of this step in the reaction 
chemistry of L,M-X derivatives. 
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INDUCTIVE TRANSFER AND COORDINATION OF LIGANDS 
IN METAL-METAL BONDED SYSTEMS 

RUSSELL S. DBAGOt and CARL J. BILGBIEN 

Department of Chemistry, University of Florida, Gainesville, FL 32611, U.S.A. 

Abstract-Donor-acceptor complex formation between a range of neutral, dinuclear metal 
carboxylates and a range of Lewis bases has been monitored to obtain equilibrium constants 
and enthalpies for adduct formation. The acceptors studied are Rhz(but)4, Rha(pfb)4, 
Mo,(pfb),, Ru,(but)4C1 and Crz(tfa)4(Et20)2 (but = 0zC4H;, pfb = 0zC4F;, tfa = 
0,CCF;) and the donors include oxygen, sulphur, nitrogen and phosphorous donor 
atom bases. Spectrophotometric and calorimetric titrations were used to measure and 
apportion the experimental heats. The measured enthalpies of adduct bond formation thus 
correspond to stepwise complexation equilibria. 

Measurements with bases which varied in their covalent and electrostatic donor properties 
allowed definition of acid parameters to describe the dinuclear complexes by the E and C 
treatment. The spectral and calorimetric data point towards unusual stabilization of some of 
the donor-Rh dimer adduct bonds which was attributed to n-backbonding from populated 
Rh(II)-Rh(I1) z* orbitals to empty donor orbitals of the proper symmetry. This provides 
one of the first quantitative estimates of z-backbond stabilization energies in transition 
metal systems. The a-backbonding effects were less pronounced for adduct formation with 
Ru,(but),Cl (half-filled z* orbitals) and not observed for Moz(pfb)4 (unpopulated z* 
orbitals). 

Correlation of the first and second enthalpies of adduct formation allowed determination 
of inductive transfer parameters to describe the inductive effects of coordination of the first 
base through the metal-metal bond to influence the coordination of the second base. The 
lowered acidity of the second metal centre upon complex formation at the first could be 
quantified by this treatment and the results correlated with the nature of the metal-metal 
bond. 

This correlation treatment was extended to IR data, vco of (CO)Rh,(pfb), (B) (B = base) 
adducts, and EPR data, g of (TEMPO) Rhz(pfb), (B) adducts to demonstrate the relative 
E and C contributions to these spectral parameters. 

Donor complexation was observed to have profound influences upon the electronic 
structures of the various complexes as followed by electronic spectral shifts. The Cr2 
(tfa),(B), adducts provided additional means for monitoring changes in electronic structure. 
Magnetic susceptibilities of the Cr,(tfa),(B), adducts were found to increase with B donor 
strength suggesting a direct exchange pathway to account for observed antiferromagnetism. 
Solid state measurements on three of the adducts (B = Et,O, Et3P04, HMPA) gave -2J 
ranging from 611 to 688 cm- ‘, values which are larger than those measured for the well- 
studied cupric carboxylates, Cu,(O,CR),(B), 

An underlying theme in the chemistry of molecules rely on multiple metal centres for substrate binding 
with multiple metal centres involves metal-metal or for electron transport. Heterogeneous and some 
interaction to generate unique reactivity. This syn- homogeneous catalysts utilize metal centres in close 
ergistic interplay between metal centres is impli- proximity. The key to understanding the reactivity 
cated in a host of chemical systems. Many enzymes of such systems is determining the ways and extents 

to which a second, third, etc., metal atom can influ- 
ence the coordination and redox chemistry at the 

t Author to whom correspondence should be addressed. first metal site. 
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The simplest metal clusters are those which con- 
tain two metal atoms, and we have elected to study 
the dinuclear metal carboxylates for our initial 
investigations. A considerable body of literature’ is 
now available for these complexes which possess 
several attractive features. Beginning with a crys- 
tallographic study’ of copper(I1) acetate in 1953, 
a significant number of metal carboxylates have 
now been structurally characterized. The tetra- 
carboxylate ligand framework is very common ; 
examples exist for vanadium, chromium, cobalt, 
copper, molybdenum, technetium, ruthenium, rho- 
dium, tungsten, rhenium and osmium. The general 
structure of the Mz(OzC),Lz molecules is shown 
in Fig. 1 where L represents a neutral donor mol- 
ecule or coordinated anion (naked clusters with no 
L also abound). For M(II), neutral soluble com- 
plexes are generally available for study in non-polar 
non-coordinating solvents. When L is a neutral 
donor, adduct formation with Mz(OzCR)., is a 
reversible process for which successive com- 
plexation equilibria occur. When stepwise com- 
plexation can be monitored, these equilibria provide 
a powerful handle on the effectiveness of the metal- 
metal bond in transmitting the effects of coor- 
dinating one ligand upon the coordination of the 
second ligand. 

The axial ligand can be viewed as competing with 
the second metal as a ligand. A stronger metal- 
metal bond leads to a weaker metal-ligand inter- 

R 

R 

Fig. 1. General structure of M2(02CR).,LZ. 

action.3@) The effect of the first metal-ligand bond 
upon the second is thus a secondary tran> influence 
or inductive effect, transmitted through the metal- 
metal bond and carboxylate framework. Donor li- 
gation exerts a perturbation upon the metal-metal 
interaction, which results in a weakening of the 
metal-metal bond.3 Donor complexation can be 
monitored by changes in the electronic spectra of 
the dinuclear core and changes in the electronic 
structure can lend insight into the orbital inter- 
actions involved in ligand complexation. 

In any fundamental study of the coordination 
process two essential requirements must be met : (1) 
thermodynamic data must be obtained in which 
solvent effects are minimal or can be factored 
out; (2) a quantitative indication of what consti- 
tutes normal, coordinate a-bond formation must 
exist. Interesting and unusual effects can then be 
detected instead of offered on the basis of intuition 
(often guided by pK, data) about what is usual. 
Appropriate experimental design to minimize solv- 
ation effects has been reviewedY”) and an empirical, 
four-parameter equation has been reported to 
describe bond strengths of adducts in which the 
interaction involves a-bond formation. The 
enthalpy of interaction measured in a poorly basic, 
non-polar solvent can be predicted for the ‘usual 
case’ with 

-AH+ W = EAEB + C,C, (1) 

where -AH is the enthalpy of adduct formation, 
subscripts A and B represent the Lewis acid and 
base, and E and C roughly parallel the qualitative 
assignment of tendencies of acids and bases to under- 
go electrostatic and covalent interaction, W is a 
constant enthalpy contribution to the observed pro- 
cess. It is often zero but can be finite for a dis- 
placement reaction, cleavage of a dimeric acid, etc. 
One of the great advantages of this correlation is 
its ability to provide enthalpy values for these pro- 
cesses which in many cases cannot be obtained by 
other means. It has been shown previously that the 
existence of extra effects (e.g. a-backbonding or 
steric effects) in the coordination process can be 
demonstrated by first empirically determining the 
acid (or base) parameters on systems where the 
effect cannot exist. If the extra effect exists in the 
suspected system, the measured enthalpy will devi- 
ate from that predicted by eq. (1) in a direction 
consistent with the effect.4 This approach is used in 
the interpretation of the enthalpy data for base 
coordination of the first base to estimate relative 
contributions of c- and x-bonding to the measured 
enthalpies. 

As an extension of the E and C treatment of 
the donor-acceptor bond, we have suggested an 



Ligands in metal-metal systems 1455 

inductive transfer model to describe the coor- 
dination of the second Lewis base, i.e. the Lewis 
acidity of the second metal centre.’ In this model, 
the acid parameters of the 1: 1 adducts, Ef4: I are 
reduced from that of the free acid, EA, by an amount 
that is proportional, k, to the corresponding coor- 
dinated base parameter, ED, as shown in eqs (2) and 

(3). 

E;‘=E -kE A B (2) 

Ci’ = CA-PC,. (3) 

The -AH,:, is given by 

-AH,;, = Ek’EB+Ck’CB. (44 

Substituting eqs (2) and (3) as well as AH,:, = 
EAEB + CACB into eq. (4a) produces (4b) : 

-AH,:, = -AH,:,-kE;-k’C;. W 

The k and k’ are proportionality constants which 
represent the ability of the metal-metal bond to 
transmit the electrostatic and covalent properties of 
the coordinated base. It should be emphasized that 
the intent of this methodology lies not only in the 
determination of EA, CA, k and k’ numbers to pre- 
dict unmeasured enthalpies, but also in the quan- 
titative insight presented about the electronic nature 
of the metal-ligand and metal-metal bonds. 

RESULTS AND DISCUSSION 

1. Synergistic influences on the Lewis acidity of some 
bimetallic carboxylates 

(A) Rh2(OZC4H&. Dirhodium butyrate forms 
both 1 : 1 and 2 : 1 adducts with donors in the solid 
state.1(a)*3(a,b),6 In solution, the relative con- 
centrations of the free acid, 1: 1 adduct and 2 : 1 

6- 

adduct are governed by the equilibria : 

A+BKI‘AB Pa) 

AB+BaAB2. (5b) 

A representative spectrophotometric titration is 
shown in Fig. 2. A method for extracting the equi- 
librium constants from these spectral curves has 
been presented. w The thermodynamic parameters 
that best fit the experimental data for adduct for- 
mation with a range of bases are shown in Table 
1 W 

A qualitative MO scheme which illustrates the 
bonding interactions arising from d orbital overlap 
is shown in Fig. 3. This scheme is general for the 
metal carboxylate dimers, though the exact order- 
ing and relative energy levels may differ as a func- 
tion of metal atom, bridge or axial donor. The 
lowest energy transition, and the one seen to under- 
go a blue shift in Fig. 2, is z* -+ cr*. Rh2(but)4 
(but = 0ZC4H7) functions as a Lewis acid by 
accepting electron density in the (r* orbital. This 
interaction raises the cr* level and a blue shift in the 
electronic transition is observed. Further, if the base 
is a n-acceptor, the Rh-Rh A* orbital is stabilized 
by back donating electron density. This interaction 
also contributes to the magnitude of the blue shift 
in the x* -+ e* transition. 

Since methylene chloride undergoes a specific 
hydrogen-bonding interaction with Lewis bases,7 
which is interrupted when the base coordinates to 
the rhodium dimer, a correction needs to be applied 
to the -AH, : I and -AH,:, values of Table 1. This 
correction can be predicted by the E and C equation 
using7 EL = 1.72 and CA = -0.03 for methylene 
chloride. The solvation corrected enthalpies are 
given in Table 2. 

Wavelength (nm) 

Fig. 2. Spectral titration of Rh,(but), with (CH,)2S0 in CH2C12. 
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o* 

m* 

6’ 

Fig. 3. Qualitative MO scheme for a dinuclear metal 
carboxylate in D, symmetry. (Taken with permission 

from ref. l(a).) 

The E and C model can illustrate the relative 
importance of covalent and electrostatic con- 
tributions to the Q bond and predict the magnitude 
of the a-bonding interactions of Lewis acid-base 
adducts. Application to Rh,(but), is complicated 
by a* metal-to-ligand backbonding ability of this 
acid. The solvent corrected enthalpies for only those 
bases (1 -methylimidazole, piperidine, 4-picoline-N- 
oxide) which do not participate in n-backbonding 
can be utilized in an E and C fity”) Values of 3.55 
and 1.20 for EA and C, result4(“) and must necess- 
arily be considered tentative since only three ‘o- 
only’ enthalpies could be used. 

From these parameters, ‘o-only’ enthalpies can 
be calculated for all the acid-base pairs studied and 
are shown in Table 2. The measured -AH, :, for 
all donors not used to determine EA and C, are 
larger than predicted for a a-only interaction 
( -AHEc). The extra n-stabilization is attributed to 
a n-backbonding interaction and an accompanying 
strengthening of the (T bond. The magnitude of 
this x-stabilization is given in Table 2 as the differ- 
ence of - AH1 :, and - AHEc. 

The magnitude of the n-backbonding sta- 
bilization in these systems exceeds that found for 
any other acid studied thus far in the E and C work 
including [Rh(CO)Cl], and [Rh(COD)Cl],. The 
effectiveness of the n-back donation is attributed to 
effective overlap between empty ligand orbitals 
and populated Rh dimer X* orbitals. The dimer n* 
orbitals are formed from overlap of the Rh(I1) d,, 

and dYZ atomic orbitals. The Z* orbitals are able to 
donate electron density to ligand R orbitals more 
effectively than a mononuclear system because of 
polarization of the X* orbital as shown in Fig. 4. 
This polarization is a consequence of the diffuse 
metal d,, and dyz orbitals interacting when the 
metal-metal bond is formed. Thus, we have been 
able to discover an important synergistic interaction 
in metal clusters ; n-stabilization which strengthens 
the coordination of n-acceptor ligands. 

(B) Rh,(O,C,F,),. The bridging carboxylate 
ligands must certainly play a role in defining the 
Lewis acidity of the metal centres and may assist 
in the mechanism of inductive transfer. It was of 
interest to us, then, to explore the thermodynamics 
of adduct formation with Rh,(pfb), (pfb = per- 
fluorobutyrate) for comparison to the unfluorinated 
system.5’b’ 

Electronic spectral changes upon base binding, 
similar to those observed for Rh,(but),, were used 
to determine the equilibrium constants for 1: 1 and 
2 : 1 adduct formation. Enthalpies were determined 
calorimetrically with the use of these constants. 
Thermodynamic data determined in both toluene 
and methylene chloride solution are given in Table 
1. As before, the methylene chloride solution data 
can be corrected using EL and Ca for this solvent, 
and the solution corrected enthalpies are given in 
Table 2. The differences in the enthalpies of adduct 
formation in the toluene and the solvent corrected 
CH2C12 data indicates doordination of toluene to 
Rhz(pfb)4. The average difference of these values is 
attributed to a - 1.3 kcal mol- ’ bonding by 
toluene. The toluene solution enthalpies are cor- 
rected accordingly in Table 2 (only the -AH, :, 
results are corrected as coordination of the first base 
probably leads to dissociation of more than one 
toluene). 5(a) 

An E and C fit of the solvation corrected -AH, :, 
data (a-only donors : DMSO, DMA and N-MeIm) 
gives the EA and C, values5’b) in Table 3 for rho- 
dium(I1) perfluorobutyrate. By comparison of these 

Fig. 4. Polarization of n-orbitals from metal-metal 
bonding. 
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Table 3. Comparison of the different dimer systems” 

Acid M;+ d” BO EA CA G/J% k k 

Rhz@ut)., 4 14 1 3.55 1.20 0.338 1.12 0.0269 
Rh&fb), 4 14 1 5.58 1.51 0.271 
Mo,@fb), 4 8 4 6.29 0.19 0.030 1.56 0.0084 
Ru,(but),Cl 5 11 2.5 8.36 0.998 0.118 
Cr#fa), 4 8 4 9.17 -0.31 -0.16 0.98 - 0.0045 

(1 The EA and C, parameters as well as the k and k’ values reported here differ from those previously 
reported for these are based on the newly refined E and C data set.qc’ 
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values to those obtained for rhodium(I1) butyrate, 
the effect of the perfluorobutyrate ligand is seen to 
increase both the electrostatic and covalent 
acceptor properties of the rhodium dimer. The C/E 
ratios of the two dimers are, however, comparable. 
As seen in Table 2, the o-only enthalpies predicted 
by the E and C equation are in good agreement 
with the u-only donors used in the fit. The measured 
enthalpies of pyridine and acetonitrile are 14 kcal 
mol- ’ higher than the E and C a-only predicted 
values. We attribute the difference to a-stabilization 
(a-backbonding plus enhanced stabilization of the 
B bond). As can be seen in Table 2, the relative 
amounts of z-stabilization are lower for Rh,(pfb), 
than Rh2(but)4, despite the stronger Lewis acidity 
of the former. The higher formal positive charge on 
the rhodium centre of the perfluorobutyrate system 
decreases the radial extension and lowers the energy 
of the n* orbitals leading to less effective x-back- 
bonding. 

(C) Mo2(OZC4F7).,. Since one might argue that 
some other unusual property of metal-metal 
bonded systems other than rc*-backbonding is caus- 
ing deviations from the E and C correlation, we 
turned our attention to the molybdenum metal- 
metal bonded dimer. Unlike the formally single 
metal-metal bond of the Rh(II)-Rh(I1) systems, d 
orbital overlap gives a net quadruple bond for the 
Mo(II)-Mo(I1) dimers. Utilizing the simple MO 
scheme in Fig. 3, the two d4 MO’+ ions generate a 
02x462 configuration with no population of the A* 
orbitals. Thus, the rc*-backbonding to the donor 
observed in the rhodium system cannot occur. 

The lowest energy transition in the electronic 
spectrum of Mo2(pfb)4 is either a 6 + 6* or 6 + 
7c* transition. ‘O Either of these would be rather 
insensitive to axial coordination and indeed, spec- 
troscopic titrations of Mo2(pfb)4 with donors 
exhibit minor (if any) absorbance shifts, prohibit- 
ing the determination of K from the electronic 
spectra.‘@) 

Calorimetric data must be relied on to deliver 

both the enthalpies and the equilibrium constants 
which apportion the experimental heats. This was 
accomplished by collecting many data points at 
both low and high concentrations of the base and 
by repetition of the titration.‘@) A tabulation of the 
best fit thermodynamic parameters is given in Table 
1. Again, a noticeable inductive effect is observed 
in the equilibrium constants (K, > 4K2) and 
enthalpies (-AH,: 1 > -AH,: J. 

Calorimetric titrations with Mo2(pfb)4 were 
necessarily conducted in toluene solution. Pre- 
viously Rh2(pfb), was found to undergo a 1.3 kcal 
mol- ’ coordination of toluene. Should the 
Mo,(pfb), enthalpies also contain a constant con- 
tribution for toluene dissociation, the magnitude of 
this enthalpy would be revealed by an E, C and IV 
analysis of the data. A fit of the enthalpy data for 
this acid (Table 1) to the E, C and W equation [eq. 
(l)] gave a negligible value of W = 0.4 kcal mol- ’ 
(compare to the - 1.3 kcal mol- ’ for toluene coor- 
dination’(b) to Rh2(pfb)4 and -3.9 kcal mol- ’ for 
benzene coordination5(b) to Rh,(but),). The Table 1 
enthalpies were not adjusted. 

An E and C fit for Mo,(pfb), shows a good 
correlation between all the experimental and cal- 
culated values of - AH1 :, (Table 2), with the excep- 
tion of bridged ether where steric effects may exist. 
The correlation is not improved upon omission of 
the potentially x-acceptor ligands. Thus, the lack 
of n-backbonding stabilization coincides with the 
empty rc* orbitals for this acid and provides con- 
vincing support for the existence of our proposed 
synergistic interaction in metal-metal bonded sys- 
tems with filled A* orbitals. 

A comparison of the EA and C, values for 
Mo,(pfb), (Table 3) to those found for Rh2@fb)4 
shows that the two dimers differ primarily in the C, 
values. Since both rhodium and molybdenum exist 
in the + 2 oxidation state and both dimers have the 
same bridging ligand, the partial positive charge on 
each metal centre is comparable. Accordingly, the 
electrostatic interaction with various Lewis bases 



1462 R. S. DRAG0 and C. J. BILGRIEN 

is comparable. However, the involvement of the 
dimolybdenum electrons in electrode quadruple 
metal-metal bonding results in their not being very 
polarizable. A given molybdenum centre is not able 
to accept electron density from the ligand as effec- 
tively and distribute it over the whole molecule as 
effectively as can be done for the singly bonded 
rhodium system with polarizable electron density 
between the metals. A reduced C, value for 
Mo2(pfb)4 results. 

(D) Ru~(O$Z,H,)~C~. Studies on this ruthenium 
acid offer the possibility to explore the effect of 
mixed valency in metal-metal bonded systems as a 
polarization mechanism for enhancing the acidity 
of a metal centre. The MO scheme for this dimer ’ ’ 
(Fig. 5) illustrates the partial population of the n* 
orbitals. Chloride ion coordination tends to make 
the directly bonded ruthenium have a smaller con- 
tribution to the bonding molecular orbitals of the 
metal-metal bond than the other ruthenium, in 
effect locking in a Ru(II)Ru(III)Cl type of charge 
distribution. If a donor of equal strength in covalent 
and electrostatic bonding was coordinated to 
Ru(II), both ruthenium atoms would have equal 
contributions in the essentially metal-metal molec- 
ular orbitals leading to a bond similar to that in a 
Ru(II$Ru(IIj) compound. This removal of elec- 
tron density from Ru(I1) is similar in the molecular 
orbital description to the polarization mechanism 
in the rhodium-rhodium dimer that enhances 
covalent bonding. However, in this ruthenium com- 
plex it now leads to a greater increase in the positive 
charge on this ruthenium enhancing electrostatic 
bonding. This system can also provide support for 
rc*-backbonding synergisms. If the extent of n-back 

( I 
T I 

I 1 

B---f-+ 

donation depends on the total amount of rc* elec- 
tron density, one would expect to observe a x-sta- 
bilization effect intermediate to that observed for 
the rhodium and molybdenum dimers. 

The visible region of the electronic spectrum of 
Ruz(but)&l in methylene chloride is typified by a 
band at N 450 nm. Little change in position or 
intensity is observed with concentration for various 
donors. Calculations,” resonance Raman” and 
single crystal polarized electronic spectra’ 3 support 
a (RuO) n-~-t* assignment for this band ; little 
influence would be expected from axial base coor- 
dination as observed. For determination of the ther- 
modynamic parameters, we must then again rely on 
the calorimetric data alone. 

The limited solubility of the free acid dictated the 
need to utilize a base exchange reaction. Exper- 
imental enthalpies for the exchange of donor with 
coordinated acetone are given’ in Table 1 for 
Ru,(but),Cl (acetone). Following correction for 
specific interaction of solvent methylene chloride 
with free acetone and base, the experimental 
enthalpies were fitted to eq. (1) to deliver the EA 
and C, (Table 3) of Ruz(but)&l (free acid). The 
calculated W = 8.9 (0.9) kcal mol- ’ corresponds 
to the enthalpy of dissociation of the Ru-acetone 
adduct bond. This quantity has been added to the 
experimental and calculated values in Table 2 to 
provide data for the free acid Ruz(butJC1 coor- 
dinating to donors. Only the enthalpies for those 
donors thought to undergo only a c interaction 
were included ; inclusion of pyridine and aceto- 
nitrile worsens the fit. As Table 2 shows, the 
experimental enthalpies for adduct formation with 
these two donors are larger than those predicted by 
the E and C equation. The differences, attributed to 
a*-backbonding stabilization, are discernable but 
lower than those observed for Rh,(but),,. The mixed 
valent enhancement of acidity would be expected 
to be reflected in large acidity for this complex. 
Indeed, the E value is the largest for the systems 
discussed thus far, the Cvalue is considerably larger 
than that of molybdenum and n-backbonding is 
quite effective when the reduced number of elec- 
trons available is considered. This suggests a syn- 
ergistic mixed valent effect that leads to a readily 
polarized metal-metal bond. Thus, the second 
metal as a ligand causes effects that a conventional 
ligand might not. 

Quantification of inductive transfer across metal- 
metal bonds 

Our next concern involves obtaining an appreci- 
Fig. 5. Simplified MO scheme for the M-M bond in ation of how different metal-metal bonds transmit 

Ru,(but),Cl. the properties of a base coordinated at one metal 
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to the other metal. Accordingly, this will involve 
an interpretation of the 2: 1 enthalpies of adduct 
formation. 

In Table 1, the equilibrium constants and 
enthalpies for cr donors indicate a greatly de- 
creased acceptor capability for coordination of 
the second base, relative to the first. Statistical 
considerations for non-interacting metal centres 
would lead to K, = 4K2 if the metal centres were 
uncoupled. The observed ratio of K, to K2 is much 
greater, indicating the inductive effect of base coor- 
dination at the first metal upon the second. The 
effect is observed after the solvation correction has 
been made (Table 2). Equations (2), (3) and (4b) 
provide the basis for the model that will be 
employed to quantitate inductive transfer. For 
metal-metal systems in which both AH, :, and AH2: 1 
can be determined, all of the quantities in eq. (4b) 
are known except k and k’. A series of simultaneous 
equations each corresponding to a different c 
donor base can be solved for k and k’. 

For Rh2(but)4 the k and k’ values are determined 
using the enthalpy values for I-methylimidazole, 
piperidine, and 4-picoline-N-oxide to eliminate con- 
tributions from n effects. The values of k and k’ are 
given in Table 3. These values are of interest for 
two purposes : (1) comparison to other metal car- 
boxylates (uz’de infia) and (2) computation of a-only 
values for -AH,: 1. With regards to the latter point, 
the magnitude of n-stabilization can be estimated 
by calculating the c contribution to AH, : 1 and using 
k and k’ to calculate the o-only contribution to 
AH,: 1. The deviation in this and the measured value 
is shown in Table 2 and represents n-stabilization 
(K bonding plus the synergistic increase in d 
bonding). Of interest are the calculated n-sta- 
bilization values in the first and second adduct 
bonds. A weak (r donor such as acetonitrile shows 
comparable a-stabilization in formation of both the 
1: 1 and 2 : 1 adduct bonds. Strong a-donors (such 
as pyridine) exhibit substantially decreased x-sta- 
bilization in formation of the second adduct bond. 
The weakened rs bond in the 2 : 1 adduct leads to a 
longer metal ligand distance and less effective rr 
overlap. This constitutes the first quantitative esti- 
mate of the n-stabilization and allows a sorting 
out of the factors contributing to the effect. The 
r~ inductive weakening of rc*-backbonding has not 
previously been recognized in other organometallic 
systems and may lead to alternative interpretation 
of CO stretching frequencies in metal carbonyl com- 
plexes. The often invoked idea of competitive n- 
backbonding decreasing the effectiveness of this 
interaction is not seen in the CH$N adducts and 
may be confused with the Q inductive weakening in 
the literature interpretations of CO frequencies. 

Inductive transfer parameters (k and k’) can also 
be calculated for Moz(pfb)d utilizing the four 
reliable -AH,:, results are given in Table 3. It 
was of interest to determine k and k’ for Rh,(pfb), 
to see the effect of ancillary ligands but only two 
enthalpies for 2 : 1 adducts could be determined. To 
broaden the application of these concepts and to 
determine the changes in k and k’ when the metal- 
metal bond becomes very weak, these studies were 
extended to dimeric chromium carboxylates. 

The dinuclear chromium carboxylates afford an 
opportunity to investigate the chemistry of a 
dimeric metal system with a weak metal-metal 
bond. These carboxylates are such strong Lewis 
acids that they are only rarely isolated without 
ligands coordinated to the axial acceptor sites. 
Coordination of the axial ligand has a pronounced 
effect upon the Cr-Cr distances which range from 
1.99 A for the gas phase Cr,(OAc), molecule14 to 
2.54 8, for” Cr2(tfa)4(Et20)2’5 (tfa = 02CCF3). 
The rhodium and molybdenum dinuclear car- 
boxylate adducts on the other hand display M-M 
bond distance ranges of only 0.12 and 0.13 A respec- 
tively. ‘(a1 The Cr:’ system provides a unique oppor- 
tunity to study the role an appreciably weaker 
Cr-Cr bond might play in the transmission of 
coordination effects across the metal-metal bond. 

Solution studiesI were performed with the 
diethyl ether adduct, Cr,(tfa),(EtzO),. In the 
absence of a weak donor such as Et,O, insolubility 
or complex aggregation occurs in non-coordinating 
solvents. Displacement of ether can be effected by 
donors of moderate strength, but strong donors 
such as pyridine decompose the complex. 

The electronic spectrum of Crz(tfa)4(EtzO), con- 
sists of visible (465 nm, 200 M- ’ cm- ‘) and near 
UV bands (333 nm, 200 M cn- ‘). By analogy” to 
CrZ(OAc)4(H20)2 the bands are assigned to a metal 
centred 6 -+ n* transition (465 nm) and a nP, + r?- 
LMCT (333 nm). One would not expect axial 
donors to directly affect the orbitals involved in 
these transitions. Donor exchange does effect a red 
shift in the 6 + A* transition (Table 4), though the 
effect is less pronounced than that observed for the 
rhodium dimers. The spectral changes are too slight 
to extract K, and K2. 

Following the calorimetric procedure used for 
Mo,(pfb), the equilibrium constants and enthalpies 
for diethyl ether exchange from Crz(tfa)4(EtzO)z 
were determined from calorimetric data and are 
shown in Table 1. In the same manner that the 
exchange enthalpies of Ru,(but),Cl (acetone) can 
give the parameters for Ru,(but),Cl, so does an E, 
C and W fit of the -AH, :, for base displacement 
of Et20 from Cr2(tfa)4(EtZ0)2 give the acid par- 
ameters for Cr2(tfa)4(Et20). Eh: ’ and Ch: ’ values 
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Table 4. Frequency of the lowest energy electronic transition as a function of axial ligand” 

Acid 

Rh,(but); 

Rh&fb).i’ 

CrZ(tfa),(Et#W 

Base Av, (cm- ‘)” Av, (cm- ‘) Av, (cm- ‘)d 

CPicoline-N-oxide 860 810 1670 
Acetonitrile 1470 1210 2680 
Piperidine 2330 1360 3690 
I-Methylimidazole 2370 1440 3810 
Pyridine 2470 1700 4170 

Dimethyl a&amide 720 420 1140 
Dimethyl sulphoxide 780 500 1380 
Acetonitrile 1490 970 2460 
Pyridine 2380 1320 3700 

Dimethyl cyanamide -710 
Dimethyl formamide - 770 
Trimethyl phosphite - 1010 
Triethyl phosphate -1160 
Dimethyl a&amide -1160 
Tetramethyl urea - 1270 
Dimethyl sulphoxide - 1285 
Trimethyl phosphite 1720 
Hexamethyl phosphoramide 2120 

a Methylene chloride solution. 
bv,:,-q. 

cv2:l-vI:1. 

dAv,+Av2. 
e Ref. 5(a). 
/Ref. 5(b). 
#Ref. 16. 

(of 7.79 and -0.23 respectively with W = 2.4) are 
obtained from the donors in Table 2. The W value 
of 2.4 kcal mol- ’ is the heat required to dissociate 
the fraction of ether that remains coordinated and 
solvate it by CH2C12. These E.and C values are 
related to the EA and C, of the naked carboxylate 
dimer, Crr(tfa).,, by eqs (2) and (3). We need only 
solve for the transmission coefficients, k and k’, to 
correct for the kE, and k’C, (B = Et20) terms. 
Since the 2 : 1 adduct is formed by an exchange 
reaction, a modified form of eq. (4) is needed to 
determine k and k’ [eq. (6)]. This procedure allows 

-AH2:,+ W-7.79EB+0.23CB 

= k&(1.08--E,)+k’C,(3.08-C,) (6) 

The relatively large EA and small C, of chromium 
trifluoroacetate demonstrate a pronounced tend- 
ency for this Cr(I1) acid centre to interact primarily 
in an electrostatic sense as might be expected for a 
first row transition metal ion. The negative C, value 
does not imply that the dimer interacts covalently 
in an antibonding sense but simply that this is the 
best fit parameter to a data set in which implicit 
assumptions have been made in defining the mag- 
nitudes of the original parameters. 4 For all practical 
purposes, the C, value merely suggests very little 
covalent interaction between Crz(tfa)4 and donors. 
The strong Lewis acidity of the chromium dimer is 
consistent with the lack of experimental success in 
generating a dinuclear chromium carboxylate with- 
out an axial donor except in the gas phase. l4 

determination of the acid parameters for Cr,(tfa)i The low k’ value for Cr2(tfa),, which corresponds 
(Table 3), allowing direct comparison with the other to transmission of the base covalent parameters, 
metal systems. The enthalpy of the second indicates that base binding does not serve to polar- 
Cr-Et,0 bond is a function of the opposite coor- ize the bonding electron density of the chromium- 
dinated base and is thus different for each exchange chromium bond, consistent with the poor orbital 
reaction leading to the 2 : 1 adduct. The completed overlap between the chromium centres. A k value 
definition of k, k’ and E and C for the naked dimer corresponding to transmission of the base elec- 
mathematically defines the coordination chemistry trostatic parameter is smaller than that of any of 
of this system. the other acids studied and is consistent with the 
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longer metal-metal bond distance in this compared 
to other metal systems. Of the three systems studied, 
the chromium dimer exhibits the longest metal- 

metal bond (2.54 8, for15 Crz(tfa)4(Et20)2, 2.39 A 
for” R~I~(OAC),(H~O)~ and 2.09 8, for18 Mo,(tfa), 
and should exhibit a small k based upon repulsion 
of the second bases’ electron density with that of 
the coordinated base. 

Trans influence across a metal-metal bond 

Two spectral studies were undertaken to com- 
plement the calorimetry experiments and extend our 
systematic investigation of the inductive influence 
across a metal-metal bond. The EPR parameters 
of a coordinated spin label (TEMPO) in complexes 
of the typelg (L)Rh,(pfb),(TEMPO) were ex- 
amined along with the stretching frequency of 
coordinated CO in complexes of the type2’ 

(L)Rh,(pfb),(CO). 

Species of the type (B)Rh,(pfb),(TEMPO), 
where B is a coordinated Lewis base and TEMPO 
is 2,2,6,&tetramethyl piperidine-IV-oxyl, were in- 
vestigated by EPR to measure the influence of B 
on the EPR spectrum of the coordinated spin label. 
Methylene chloride solutions of base, Rh2(pfb)4 
and TEMPO in a 9 : 10 : 1 molar ratio were ex- 
amined by X-band EPR at room temperature. Most 
of the nitroxide existed in the unbound state, and 
most of that coordinated TEMPO existed as 
(B)Rh,(pfb),(TEMPO). A range of g-values was 
observed as B is varied in the mixed-donor 2: 1 
adducts whereas decreased accuracy in the 
measurement of the nitrogen hype&e, AN, shows 
little variation in the measured number. A tabu- 
lation of the EPR parameters is given in Table 5. 
The inductive effect of B upon the Rh-TEMPO 
bond is such that, the stronger the donor (as seen 
by AH, : ,), the closer g is to that of free TEMPO. 

The g-values were fit to a form of the E and C 

Table 5. EPR parameters and CO stretching frequencies of(B) Rh,(pfb),(TEMPO) and (B) Rh,(pfb),(CO) 

B 
AN VCO” talc vco’ 

(10-3 cm’) 9 !Lk 
b -AH,:, (cm- ‘) (cm- ‘) 

No base 
Acetonitrilef 
Methyl acetate 
Ethyl acetate 
Acetone 
p-Dioxane 
Triethyl phosphate 
Dimethyl formamide 
Dimethyl acetamide 
Bridged ether 
Dimethyl sulphoxide 
Tetrahydrofuran 
Hexamethylphosphoramide 
Cage phosphite’ 
Diethyl sulphide’ 
Pyridine-N-oxide 
Pyridineg 
4-Picolineg 
l-Methyl imidazole 
Piperidine 
Triethylamine 
Quinuclidene 

1.57 2.0152 2.0153 
1.56 2.0108 (2.0131) 
1.55 2.0128 2.0131 
1.55 2.0127 2.0128 
1.55 2.0122 2.0123 
1.55 2.0120 2.0122 

1.55 
1.55 
1.55 
1.55 
1.55 
1.55 
1.56 
1.55 
1.55 
1.56 
1.55 
1.56 

2.0114 2.0120 
2.0119 2.0118 
2.0119 2.0114 
2.0116 2.0116 
2.0118 2.0112 
2.0115 2.0111 
2.0095 (2.0103) 
2.0093 (2.0100) 
2.0101 2.0105 
2.008 1 (2.0093) 
2.0083 (2.0088) 
2.0079 2.0080 
2.0074 2.0078 
2.0069 2.0068 

0 
7.05 
7.84 
7.94 
9.23 
9.64 

10.42 
10.65 
11.11 
11.46 
11.79 
12.14 
13.26 
13.84 
14.24 
14.41 
17.36 
18.46 
20.29 
20.73 
23.38 
25.55 

2135.8 2135.9 
2129.1 (2130.0) 

2130.8 2129.5 
2128.6 2128.7 

2126.2 2125.2 

2125.4 2126.9 
2127.0 2128.0 
2126.2 2126.5 

2125.1 (2127.8) 
2126.1 (2128.3) 

2122.8 (2124.5) 
2121.5 (2124.0) 
2124.7 2123.9 
2124.2 2123.2 
2121.6 2122.0 
2120.8 2121.7 

d Refs 19 and 20. 
b Calculated from eq. (7) (see ref. 19) using refined nitroxide ,?I: and Ci values of 0.00133 and 0.0224 

respectively with w - 1.9740. 
’ Enthalpy of adduct formation between Rh,(pfb), and B calculated from eq. (1). 
d Measured and reported to 0.1 cm- ‘. Accuracy is estimated to be k 0.5 cm- ’ as an upper limit. 
‘Calculated from eq. (7) (see ref. 20) using refined Ez and Cg values of 5.108 and 22.42 respectively with 

w = 2073.6. 
‘Systems in which metal-to-ligand a-backbonding occurs. 
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equation used to correlate spectral shifts [eq. (7)].2’ 

Ax + W = EnE;+ C,C$. (7) 

Here, g is substituted for Ax, the acid, A, is the 
adduct Rh2(pfb&,B whose EA and C, parameters 
are calculated from eqs (2) and (3) using k and k’ 
for Rh2(but), and EA and C, for Rh(pfb)+ The 
Eg and Cj$ are the spectroscopic parameters for 
TEMPO needed to predict g and W is the value for 
the free nitroxide with other contributions from a 
non-zero intercept included. The best fit is obtained 
when x-acceptors are excluded as seen in Table 5. 
When the g-values are calculated from eq. (7) using 
the newly obtained W, Et and Cg (1.9740,0.00133 
and 0.0224 respectively) the g-values for those 
adducts with n-acceptors are consistently higher 
than observed experimentally. That is, additional 
stabilization in the B-Rh bond, attributed to A*- 
backbonding, weakens the Rh-TEMPO bond 
beyond what can be attributed to a a-only inter- 
action. This is attributed to the stronger (T bonding 
counterpart of the 7c-stabilization. 

The experimental vco values obtained when CO 
is bubbled through methylene chloride solutions of 
Rh2(pfb)4 containing excess donor are also shown 
in Table 5. The decrease in the carbonyl stretching 
frequency is dependent upon the extent of Rh to 
CO A*-backbonding and the strength of the sigma 
bonding. The lower the value of vco, the greater is 
the metal-carbon n*-backbonding. The data indicate 
that stronger donors induce greater backbonding 
or weaker a-bonding (or both) to CO. 

As was done with the spin label g-values, the 
carbonyl stretching frequencies can also be cor- 
related by eq. (7) by substituting vco for Ax and 
excellent agreement is obtained. Again, those 
donors capable of acting as n-acceptors are 
excluded. When the stretching frequencies for the 
x-acceptor base adducts are calculated from the 
best fit parameters (Table 5), these excluded donors 
all exhibit lower vco than predicted from the o- 
only parameters. Thus, the effect of the B-Rh n*- 
backbond interaction is to increase the extent of 
n-donation to coordinated CO or weaken the c- 
donation or both. 

2. Eflects of axial ligation upon the MM electronic 
structure 

When the electronic transitions involve metal 
centred orbitals, the electronic spectra of the metal 
carboxylate dimers exhibit a pronounced depen- 
dence upon the axial ligand. For the rhodium 
dimers, the lowest energy transition is n* + CT* (Fig. 
3). Adduct formation occurs with stabilization of 
the donor lone pair and corresponding desta- 

bilization of the MM o*, resulting in a blue shift 
for this transition. Should the donor also function 
as a a-acceptor, the filled a* orbital is stabilized, 
shifting the n* + (I* transition towards high energy. 
The blue shifts are more pronounced for the first 
adduct bond formed. 

For Cr2(tfa)4(Et20)2, the red shift observed upon 
donor exchange (Table 5) arises from a weakened 
MM bond. The transition orbitals (6 --, n*) are not 
directly involved in bonding to axial ligands. 
Instead, competition for the metal d,z orbitals serves 
to weaken the Cr-Cr bond. The resulting decrease 
in d orbital overlap compresses the d orbital mani- 
fold, resulting in a red shifted 6 + ?L* transition. 

The effect of axial ligation upon orbital overlap 
in the Cr2(tfa)4(B)2 adducts has a very interesting 
influence upon their magnetic susceptibilities.‘6 An 
early magnetic study22 reported magnetic moments 
of peff = 0.74 BM for ‘Cr(F&C00)2’ and 0.85 BM 
for ‘Cr(F3CCOO)2Et20’. We surmised that a 
regular increase in magnetic moment might 
accompany coordination of stronger donors. Room 
temperature magnetic susceptibilities of various 
adducts, measured by the Evans method,23 are 
shown in Table 6. The very satisfying trend towards 
larger moments with increasing donor strength con- 
firms our expectations. 

The only other first row transition metal for 
which a range of metal carboxylate dimers has been 

Table 6. Magnetic susceptibilities and moments for 
Cr,(tfa)4B, species at 20” (Evans method) in CsDs16 

&r” x 104 ~a (BM)’ 

Cr20f440%P04)2d 
Cr2(tfa)4(DMTF)2”’ 
Cr,(tfa),(Me,Urea), 
Cr,(tfa),(DMF),d 
Cr,(tfa)4(DMSO)zd 
Crz(tfa)4(DMA),d 
Cr,(tfa),(DMCA)/ 

Cr,(tfa),(HMPA)P 

Cr&fa)4(Me3PW 

0 0 
6.66 0.89 
6.91 0.91 
6.95 0.91 

10.94 1.15 
12.40 1.22 
14.53 1.32 
18.18 1.48 
20.73 1.58 
20.80 1.58 
36.90 2.11 
34.52 2.04 
47.01 2.38 
77.86 3.06 

“Per dimer, f 1 x 10m4. 
*Per Cr(I1) atom, &- 0.35 BM. 
‘Multiple determinations. 
dCDZCl, solution. 
e DMTF = dimethylthioformamide. 
f DMCA = dimethylcyanamide. 
g HMPA = hexamethylphosphoramide. 
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prepared is copper. In the cupric carboxylate 
dimers, overlap of the half-tiled d+,,z orbitals with 
carboxylate orbitals allows a super exchange path- 
way via the carboxylate bridges. The resulting anti- 
ferromagnetic interactions range from - 2J = 217 
to 555 cm-‘. Axial ligation influences -2J, gen- 
erally increasing as the terminal ligands become 
stronger electron pair donors.24s25 At a given tem- 
perature, larger values of -2J would give smaller 
experimental moments. Thus, in the cupric systems 
in which the super exchange pathway predominates, 
better donors give smaller magnetic moments. The 
reverse is true for the chromium series studied here 
and the data in Table 6 suggest a direct exchange 
mechanism. That is, d orbital overlap decreases 
(and the magnetic moments increase) as stronger 
donors compete with the truns metal atom for the 
dZz orbitals. 

the electronic structure of adducts of the rhodium 
and chromium dimers was illustrated by electronic 
spectral shifts. Changes in the magnetic sus- 
ceptibility of Cr,(tfa),B, adducts with donor were 
interpreted in terms of a weakening of metal-metal 
d orbital overlap with progressively stronger 
donors, consistent with a direct exchange mech- 
anism to describe the observed paramagnetism. 

Three of the Cr,(tfa),B, adducts were also stud- 
ied in the solid state. Variable temperature (6- 
400 K) magnetic susceptibility data were fit to a 
singlet-triplet model. The calculated singlet-triplet 
splittings I6 were -2J= 611 (B = HMPA), 622 
(B = Et,O) and 688 (B = Et,PO,) cm-‘. These 
values lie above the range found for the copper 
carboxylates (217-555 cm-‘) indicating a more 
efficient exchange mechanism in the chromium 
carboxylates. 

CONCLUSIONS 

The coordination chemistry of several metal car- 
boxylate dimers has been studied with the aim of 
characterizing the effects of ligation at one metal 
site upon the reactivity at another and upon the 
electronic structure of the metal-metal bond. 
Adduct formation of Rh2(but)4, Rhz(pfb)4, 
Moz(pfb)4, Rhz(but),C1 and Cr,(tfa),(EtzO), with 
various donors has been treated as an acid-base 
interaction to allow description of the metal centres 
in terms of the E and C model. The rhodium dimers, 
with filled X* orbitals, undergo n*-backbonding to 
donors capable of acting as n-acceptors. Cor- 
relation of the adduct bond enthalpies allows esti- 
mation of the relative contributions of u- and Z- 
stabilization to the adduct bond stabilization 
energy. Estimated stabilization is lower for adducts 
of Rh,(but),Cl which contain half-filled n* 
orbitals, and is not found for the adducts of 
Moz(pfb)4, the R* orbitals of which are empty. The 
inductive transfer of base effects is a function of the 
metal centres. Inductive effects of base binding in 
adducts of Rhz(pfb)4 were further monitored by 
EPR (for coordinated TEMPO) and IR (for coor- 
dinated CO) and quantitatively fit to our inductive 
transfer model. The effects of axial ligation upon 
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THERMOLYSIS OF THE Co-C BOND IN 
ADENOSYLCOBALAMIN (COENZYME B&-IV. 
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ENERGY STUDIES IN ETHYLENE GLYCOL 
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Abstract-Following an introduction outlining the key questions surrounding the adeno- 
sylcobalamin (AdoB,,) bond homolysis problem, the full details of product, kinetic and 
Co--X5 bond dissociation energy studies of the thermolysis of AdoBIZ in ethylene glycol 
are presented. The anaerobic thermolysis of AdoB,* in the absence of the nitroxide radical 
trap TEMPO proceeds with four isosbestic points to yield lOOf2% Co(II)B,, and two 
nucleoside products, 8,5’-anhydroadenosine and 5’-deoxyadenosine. In the presence of 
2 lo-* M TEMPO, the TEMPO-trapped Ado’ product (T-Ado) and Co(II)Blz account 
quantitatively for the starting AdoBIZ. From HPLC studies of the concentration of the 
nucleoside products vs [TEMPO], absolute rate constants at 110°C for Ado’ cyclization 
and its H’ abstraction from glycol solvent are obtained for the first time, k,( 1lO“C) 1: 5 x lo5 
s-l and k,,(l 10°C) N 7 x lo3 M-’ s-‘. Kinetic studies in the presence of added, authentic 
Co(II)B,, show an inverse, linear dependence of l/k,,, vs [Co(II)B,,], thereby providing 
quantitative evidence for the long sought demonstration of the AdoB,, + Ado’ + Co(II)B,, 
equilibrium outside of the enzyme-cofactor complex. The Co(II)B, 2 dependence data also 
provide the previously unavailable rate constant for recombination of Co(II)B, 2 and Ado’ 
in ethylene glycol of k, 1: 3 x 10’ M- ’ s- ‘. Next, the assumption used previously of slow 
homolysis by the base-off form, kh,oE << k+, an assumption necessary to simplify the AdoB , 2 
thermolysis kinetics, is tested directly by the synthesis and thermolysis of adenosyl- 
cobinamide+OH- and found to be valid. The base-on homolysis rate constants (kh,on) 
were measured from 110 to 80°C. When combined with independently measured tem- 
perature-dependence parameters for the offeon axial base equilibrium, AH = - 7.6 + 0.2 
kcal mol- ’ and AS = - 20.2 f 0.7 e.u., values for the base-on homolysis activation par- 
ameters of ethylene glycol are obtained, AHj$,, = 34.5 kO.8 kcal mol- ‘, and ASt = 14+ 1 
e.u. Use of the AHi,o, data to provide an estimate of the AdoB 1 *Co-C5’ BDE in ethylene 
glycol is discussed, as are a number of additional points and conclusions that result from 
the present work. Key considerations that led to the nitroxide radical trapping method, and 
the desirable features of this method, are then discussed, with an eye towards aiding future 
kinetic studies and BDE determinations of Co-R and other M-R compounds. 

“You will note that Vitamin B12 Coenzyme has a of the adenosylcobalamin (Coenzyme BL2) cofactor 
carbon-cobalt bond. This was the first known corn- does indeed lie in the Co-C bond. 
pound that was discovered that had a water stable The specific proposal that reversible homolysis 
carbon-cobalt bond. In this bond probably lies the of the Co-C bond of adenosylcobalamin (AdoB,*) 
secret of its reactivity.” is the key to its biological function dates back even 

So began Professor R. H. Abeles’ address at a earlier than 1972.‘~~ However, this reversible hom- 
1972 Robert A. Welch Foundation Conference.” olysis, and the subsequent radical mechanism for 
His words were prophetic ; the essential function the rearrangement steps it implied, was not immedi- 

ately nor universally accepted. In fact, the homo- 
lysis/radical mechanism has been controversial,3 

*Author to whom correspondence should be addressed. even though convincing biochemical evidence for 
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the production of radicals has existed for some time 
now.2Tti* A key reason for the lack of acceptance 
of the homolysis/radical mechanism was the lack of 
evidence for clean, reversible thermal homolysis of 
the Co-C bond of AdoB,, in the absence of the 
enzyme prior to the present studies ; in fact, AdoB,, 
was thought (and has been proven) to contain one 
of the stronger and more stable Co-C bonds.7 

Given the lack of evidence for reversible hom- 
olysis of AdoB,, outside the enzyme, many ques- 
tions remained when we began the present studies. 
Does homolysis, heterolysis,3 or some other process 
not involving Co-C cleavage (as others have sug- 
gested)3dpe preferentially occur upon heating AdoBlz 
in solution in the absence of the enzyme? What AHX 
and what homolytic (or heterolytic) Co-C bond 
dissociation energy (BDE) are involved? Is the 
Co-C bond in AdoB,, one of the strongest Co-C 
bonds known as previous data suggested,7 and if so 
why? What, both qualitatively and quantitatively, 
are the effects upon the Co-C cleavage and BDE 
of the corrin conformation, of the probability of a 
caged Co’ R’ pair, and what are the steric and 
electronic effects of both the axial 5,6-dime- 
thylbenzimidazole and the axial adenosyl alkyl in 
AdoB,,? If homolysis occurs, how do the rates of 
homolysis in solution compare to those in the 
enzyme, i.e. how large is the enzymic rate accel- 
eration of the Co-C bond homolysis? How does 
it compare to the rate enhancements exhibited by 
other enzymes and, ultimately, exactly how is this 
rate enhancement achieved at the molecular level? 
These are some of the questions we have attempted 
to answer throughout the present studies.’ 

The mechanistic possibilities initially confronting 
one when considering the homolytic cleavage of the 
Co-C bond of Ado,B,2 are shown in Scheme 1; 
there are five unknown rate constants and one 
unknown equilibrium constant. Fortunately, sev- 
eral simplifications are possible. Based on the litera- 
ture,’ it seemed likely that homolysis through the 
base-off form should be much slower than that 
through the base-on form, kh,off << kh,on. This is, in 
fact, the case as will be documented herein. Scheme 

* The partial (but not 100%) stereospecificity seen in 
the B,,-dependent rearrangement reactions is another 
piece of evidence consistent with the radical mechanism. 
Note that the lack of complete stereospecificity demands 
at least some participation by a non-concerted pathway 
such as a radical pathway. Tightly enzyme-bound and 
oriented (rather than ‘free’) radicals that lead to partial 
stereospecificity are implicated. For a discussion of this 
point, as well as the stereochemistry of the B,,-dependent 
rearrangements, see ref. 6. 

R 
K cb ,\ B 

c! w 
k Con 11 kh.off k kh,on go” 11 

R.+ & R. + co” 

B &ii= 

I+ J 
trap R-trap trap 

k, T 

Scheme 1. 

1 can be further simplified and optimized if a selec- 
tive R’ trap can be found, one that reacts with 
R’ fast enough to prevent the diffusion-controlled 
recombination of free R’ + Co’ radicals” (k,, 
Scheme l), yet, ideally, one that is inert to the Co’ 
even at temperatures of > lOO”C! We note that 
important prior work employing the radical trap- 
ping technique exists, notably work using O2 as a 
trap by Schrauzer and Grategqb and the pioneering 
work of Halpem and co-workers using B,,-model 
compounds and traps such as RSH.” However, it 
was the work of Smith, reported in 1983,8ag’2 that led 
to the nitroxide trapping method, the only method 
successful to date for use with alkylcorrins, and the 
method of choice in at least some other studies. l3 

In 1984 we successfully extended the nitroxide 
method to the B12 cofactor itself and communicated 
initial product, kinetic and Co-C BDE studies of 
AdoB,, in ethylene glycol, the first such studies to 
be described.14 Herein, we report the full details of 
those studies. 

EXPERIMENTAL 

(Readers requiring additional detail over and 
above that presented herein are directed to a Ph.D. 
thesis.8c) 

Adenosylcobalamin (2 98%) was purchased 
from Sigma and dried to a constant weight at 
80°C in vacua. S-Deoxyadenosine and hydroxo- 
cobalamin * hydrochloride were obtained from 
Sigma and used as received. Hydroxocobalamin 
was prepared by passing an aqueous solution of 
hydroxocobalamin - hydrochloride down an Amber- 
lite IRA-400 column in the basic form and re- 
crystallizing from water-acetone. CO(II)B~~‘~ and 
8,5’-anhydroadenosine’6 were obtained as crys- 
talline solids by literature methods. TEMPO 
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(Aldrich) was purified by sublimation (33°C water 
aspirator, mp 39°C lit. 37-39°C). ” 5’-Deoxy-5’- 
[(2,2,6,6 - tetramethyl - 1 - piperidinyl)oxy] - adenosine’* 
and adenosylcobinamide+BF;i9 were prepared 
as described previously. Ethylene glycol was 
distilled in uacuo from Linde 4 A molecular 
sieves. Ethylene glycol-d, (3 98% HOCD2CD20H) 
was obtained from Cambridge Isotopes and used 
as received. 

Proton NMR spectra were recorded as Me,SO- 
d6 solutions on a Nicolet NT-360 spectrometer at 
20 + 1 “C. HPLC analyses were carried out using a 
Beckman chromatograph equipped with a Gilson 
Holochrome variable-wavelength detector on an 
Alltech 300 x 4.1 mm Versapack C-18 column. 
Visible spectra were recorded on a Beckman DU-7 
spectrophotometer thermostatted to 25.0 + 0.2‘C. 
The use of visible spectroscopy to monitor oxygen 
sensitive reactions required the construction of air- 
tight cuvettes. Such cuvettes, hereafter called 
Schlenk cuvettes, were prepared by glass blowing 
Teflon needle-valves onto l-cm pathlength, Pyrex 
cuvettes. These Schlenk cuvettes have contained 
aqueous solutions at temperatures of up to 130°C 
without leaking (calculated internal pressure of 39 
psi). 

Adenosylcobalamin solutions, in ethylene glycol 
deoxygenated by three freeze/pump/thaw cycles, 
were prepared in a Vacuum Atmospheres glovebox 
(N2, < 2 ppm 0,). During the handling of AdoB,, 
solutions, exposure to light was minimized by work- 
ing under red lighting and keeping vessels wrapped 
in aluminium foil. 

Anaerobic thermolysis of AdoB,, in ethylene glycol 

(a) Corrin products. To a Schlenk cuvette were 
added 2.5 cm3 of an ethylene glycol solution con- 
taining 1.5 x lo-& M AdoB,,. The sample was 
sealed under N2 and its 25.O”C spectrum was 
recorded. The sample was then placed in a lOO.O”C 
oil bath. Upon heating a red to yellow colour 
change was observed over a period of 25 h. Spectra 
were recorded at intervals during this reaction (see 
Fig. 1) by removing the cuvette from the bath, quen- 
ching the reaction by plunging the cuvette into cold 
water (18-2o”C), allowing the cuvette to warm to 
25.O”C in the thermostatted cell block of the spec- 
trophotometer, recording the spectrum, and return- 
ing the cuvette to the bath. Superimposed visible 
spectra revealed isosbestic points at 337, 390, 487 
and 58 1 nm. The final (25 h) spectrum is identical to 
that of authentic CO(II)B,~, exhibiting absorbance 
maxima at 404 and 474 nm. Since kinetic data was 
obtained by monitoring the reaction via visible 

460 5&l ’ 660 

Wavelength (nm) 

Fig. 1. Visible spectrum of the anaerobic thermolysis of 
AdoB,* in ethylene glycol without added TEMPO with 
isosbestic points at 337, 390, 487 and 581 nm. Con- 
ditions : [AdoBJ = 9.0 x lo-’ M ; reaction temperature 
lOO.O”C; spectra recorded at 25.O”C (see Experimental). 

spectroscopy, this clean AdoB,* to CO(II)B,~ con- 
version has been repeated many times at AdoB,, 
concentrations ranging from 5 to 30 x 10v5 M, 
temperatures ranging from 90 to 120°C and in the 
presence of 0 to 2.0 x lo-* M TEMPO. The same 
behaviour is exhibited under all these conditions, 
i.e. superimposed spectra show a clean, four 
isosbestic point conversion of AdoB , z to Co(II)B I *. 

(b) Isolation and identijication of nucleosideprod- 
ucts in neat ethylene glycol. To a 100 cm3 round- 
bottom flask were added 250 mg (0.16 mmol) of 
AdoB,,, 50 cm3 ethylene glycol, and a stirbar. The 
vessel was sealed under Nz with a greased ground 
glass stopper, placed in a 1 lO.o”C oil bath, and the 
contents were stirred for 8 h in the absence of light. 
After this time the solvent was removed ( 10e3 torr, 
90-95°C) and the brown residue was dissolved in 
a minimal amount of CH30H. The solution was 
applied to four preparative silica gel plates (20 
cm x 20 cm x 1 mm, EM Reagents Silica Gel PF- 
254). The bands were allowed to air-dry and the 
plates were eluted with a 21: 4 (v/v) n-butanol-HZ0 
solution. When the solvent had migrated to 2 cm 
from the top of the plates (7 h), they were removed 
from the tank. Upon visualization with a UV lamp, 
two purple bands were observed (R, = 0.45-0.62 
and R, = 0.67-0.86). These bands were scraped 
from the plates and similar R, bands combined to 
form an upper R/ and a lower R, fraction. Each 
fraction was removed from the silica gel by repeated 
washings with acetone (250 cm3 acetone/fraction). 
Upon removal of the acetone (water aspirator, 
steam bath) solid residues were obtained. The lower 
R, fraction was recrystallized from water yielding 
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10 mg of small white needles. A 360 MHz ‘H NMR 
spectrum of this purified lower fraction was ident- 
ical to that of authentic 8,5’-anhydroadenosine. ‘H 
NMR (360 MHz, Me,SO-d,J: 6 8.08 (s, lH, H-2), 
7.13 (s, 2H, NHJ, 5.97 (s, lH, H-l’), 5.53 (d, lH, 
OH-3’), 5.24(d, IH, OH-2’),4.60(d, lH,H-4’),4.19 
(dd, lH, H-2’), 4.03 (dd, lH, H-3’), 3.33 (dd, lH, H- 
5’), 3.01 (d, lH, H-5’). 

The upper Rr fraction was dissolved in ethanol 
and yellow impurities (acetone condensation prod- 
ucts) were removed by boiling with charcoal. After 
filtering and removal of the solvent (water aspir- 
ator, steam bath) 8 mg of a white amorphous solid 
was obtained. A 360 MHz ‘H NMR spectrum of 
this purified upper fraction was identical to that of 
authentic 5’-deoxyadenosine. ‘H NMR (360 MHz, 
Me,SO-d6) : 6 8.30 (s, IH, H-2 or H-8), 8.13 (s, lH, 
H-2 or H-8), 7.27 (s, 2H, NHJ, 5.82 (d, lH, C-l’), 
5.42 (d, lH, OH-2’), 5.14 (d, lH, OH-3’), 4.65 (m, 
1 H, H-2’), 3.96 (m, 2H, H-3’ and H-4’), 1.2 1 (d, 3H, 
H-5’). 

(c) HPLC identification and quantitation of 
nucleoside products. Samples for HPLC analysis 
were prepared in ethylene glycol at the same initial 
concentration of AdoB,, used in the kinetic experi- 
ments, i.e. (5-30) x 10-j M AdoB,,. Reactions 
were carried out under a variety of conditions 
including (O-1.0) x low2 M TEMPO and neat ethyl- 
ene glycol-d,. Such samples were prepared in the 
glovebox, sealed under N2 in Schlenk cuvettes, and 
heated in the dark for 2 4 half-lives (9 h) in a 
1 lO.O”C oil bath. After this time, the samples were 
opened to air and analysed for nucleoside content 
by HPLC as described in detail elsewhere.” 

Temperature dependence of the axial-base equi- 
librium 

An ethylene glycol solution of 1.0 x lop4 M 
AdoB,, was placed in a Schlenk cuvette and visible 
spectra were recorded at 5” intervals from 10.0 
to 8O.O”C. Values of AH and AS were calculated 
from 520 nm absorbance vs temperature data by the 
curve-fitting method described previously.i8 This 
method assumes that only two species, a red base- 
on form and a yellow base-off form, are present and 
that each of them exhibits a temperature-inde- 
pendent spectrum over the working temperature 
range. These assumptions are supported by the 
presence of isosbestic points at 389,478 and 596 nm 
and a control experiment showing that adeno- 
sylcobinamide+BF;, a base-off form of AdoB12, 
does not show any significant (< 2%) temperature 
dependent absorbance change at 520 nm upon heat- 
ing in ethylene glycol from 10.0 to 8O.O”C. 

Id R. G. FINKE 

Control demonstrating the thermal stability of 

C~WPI, 

To two separate Schlenk cuvettes were added 
2.0 cm3 samples of 3.0 x 10m4 M Co(II)B, 2, one in 
ethylene glycol and the other in pH 7.0 aqueous 
phosphate buffer. The samples were sealed under 
N,, then heated at 110°C in an oil bath. Periodically 
the cuvettes were removed from the oil bath, cooled 
to 25°C and their visible spectra were recorded. 
The samples were monitored in this fashion for a 
total of 4 h at 1 lO”C, revealing no detectable change 
(A abs < 0.001 over this time period). 

Control demonstrating the stability of Co(II)B,, 
toward oxidation by TEMPO in ethylene glycol 

Separate 2.0 cm3 samples, each containing 
2.0 x lop4 M Co(II)Bi2 and 1.0 x lop2 M (50 eq) 
TEMPO in ethylene glycol, were added to two 
Schlenk cuvettes. One of these samples was heated 
in the cell block of a visible spectrometer at 40°C 
and spectra were recorded at 30 min intervals 
for a period of 3 h. The other sample was heated at 
110°C in an oil bath and monitored over a period 
of 4 h. Periodically, the cuvettes were removed 
from the oil bath, cooled to 25°C and visible 
spectra were recorded. In each case, no change was 
observed by visible spectroscopy, demonstrating 
that Co(II)B,, and TEMPO do not react with one 
another in this solvent. Elsewhere (see pp. 158-163”) 
we have presented electrochemical data showing 
why Co(I1) and TEMPO are thermodynamically 
stable (in ethylene glycol) with respect to the 
formation of Co(II1) and reduced TEMPO, and 
why this is changed somewhat in H20. 

Kinetics of the anaerobic thermolysis of AdoB12 in 
ethylene glycol 

The rate of the thermolysis of (5-30) x lo-’ M 
AdoB,, in ethylene glycol was monitored by visible 
spectroscopy at 520 nm. Thermolyses were carried 
out in an oil bath thermostatted to f 0.2”C at tem- 
peratures from 90.0 to 12O.O”C ; spectra were 
recorded following cooling to 25.O”C as described 
above in the section entitled ‘Corrin products’. The 
rate of the reaction was examined under a variety of 
conditions including (r2.0 x 10m2 M TEMPO and 
O-3.0 x lop4 M Co(II)B,,. Absorbance readings 
were obtained by scanning against reagent blanks 
containing the same [TEMPO] or [Co(II)B,J as the 
AdoB,, sample in order to subtract the absorbance 
of these additives. A plot of l/k,,, vs [Co(II)B,,] was 
linear with a slope of (4.6f0.3) x lo6 M-’ s and 
an intercept at 83 10 + 60 s. Rate-limiting behaviour 
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is observed at [TEMPO] 2 5.0 x low3 M and first- 
order plots of In [(A0 - &)/(A - A,)] vs time were 
linear for > 3 half-lives. Under these rate-limiting 
conditions, values of kObs ( &- 3%) were measured at 
5” intervals from 90.0 to 12O.O”C. 

Kinetics of adenosylcobinamide+BF; thermolysis 
in ethylene glycol 

To a Schlenk cuvette were added 2.0 cm3 of an 
ethylene glycol solution containing 1.0 x lop4 M 
adenosylcobinamide+BF;i9 and 1.0 x low2 M 
TEMPO. The sample was sealed under N2, ther- 
molysed at 112.O”C, and the reaction was moni- 
tored at 380 nm by visible spectroscopy as described 
above. As reported for the aqueous thermolysis of 
adenosylcobinamide+OH-,‘9 the disappearance of 
adenosylcobinamide+ is first-order for at least a 
half-life and this reaction initially yields Co(I1) 
cobinamide. Linear regression of a In [(A,--&)/ 
(A -A,)] vs time plot yields a value of khSoff = 
(5k2) x 1O-6 s-‘. 

RESULTS 

Products of the anaerobic thermolysis of AdoB12 

The anaerobic thermolysis of (5-30) x lo-’ M 
AdoB,2 in ethylene glycol was monitored by visible 
spectroscopy. The observed product is 100+2% 
Co(II)B12 (by comparison to authentic material). 
Superimposed visible spectra (Fig. 1) reveal that the 

ado 
ethylene glycol 

b 
90-120°C, N2 

Ado& Co0 I) B,2 

TEMPO Co(ll)B12 

conversion of AdoB12 to Co(II)Bi2 proceeds with 
four isosbestic points (337, 390, 487 and 581 nm) 
ruling out the build-up of other corrin products or 
intermediates. The same clean reaction is observed 
both in the absence and presence of the alkyl radical 
scavenger, TEMPO. 

The nucleoside products of the anaerobic ther- 
molysis of AdoB,, were examined under a variety of 
reaction conditions including neat ethylene glycol, 
ethylene glycol-d,, and ethylene glycol solutions con- 
taining (O-1.0) x lop2 M TEMPO. While Co(II)B12 
is the only corrin product observed under all these 
conditions, the nucleoside product distribution was 
found to be condition dependent, consistent with 
the formation of an Ado’ radical intermediate. 

In neat ethylene glycol, the anaerobic thermolysis 
of AdoB12 yields two nucleoside products (Fig. 2). 
These products, 8,5’-anhydroadenosine (major) 
and 5’-deoxyadenosine (minor), were isolated and 
identified by comparison of their ‘H NMR spectra 
to those of authentic materials. HPLC provided a 
means of detecting and quantifying ( + 5 “A) these 
products at the visible spectroscopy concentrations 
[(5-30) x lo-’ M] employed in subsequent kinetic 
experiments. Over the temperature range of 90.0 to 
12O.O”C, the yield of 8,5’-anhydroadenosine ranges 
from 73 to 78% and the yield of 5’-deoxyadenosine 
ranges from 27 to 22% ; together these two products 
account for lOO+ 5% of the expected nucleoside 
yield. 

The formation of the major nucleoside product, 
8,5’-anhydroadenosine, suggests the presence of a 

+ 

8,5’- onhydroodenosine 5’- deoxyodenosine 

(mojor) (minor) 

CH2-O- 

T-ado 

Fig. 2. Products for the thermolysis of AdoB,, in ethylene glycol without and with added TEMPO. 
In each case, the mass balance is 100% within experimental error. 
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5’-deoxy-5’-adenosyl radical as a precursor. Such 
nucleoside radicals are known to undergo intra- 
molecular cyclizations to yield products containing 
8,5’-linkages.” In fact, 8,5’-anhydroadenosine is the 
only nucleoside product observed during the anaer- 
obic photolysis of AdoB,, in aqueous solution,‘6J 
a reaction known to involve Co-C bond homoly- 
sis.16*21922 Furthermore, several independent syn- 
theses of 8,5’-anhydroadenosine involve the gen- 
eration of a radical centre at either the 
C5’ position20”,f or the C8 position,20g taking advan- 
tage of the tendency of such radicals to undergo 
intramolecular closure. 

The minor nucleoside product, 5’-deoxyadeno- 
sine, also arises from a 5’-deoxy-5’-adenosyl radical 
precursor via H’ abstraction of a methylene hydro- 
gen from ethylene glycol. This pathway, which 
provides precedent for a proposed step in the 
B, 2-dependent diol-dehydratase reaction, was 
demonstrated by comparing the nucleoside yields 
in ethylene glycol to those in ethylene glycol-d, 
(deuterated at carbons only). If H’ (D’) abstraction 
from ethylene glycol were occurring, then running 
the reaction in ethylene glycol-d, should result in a 
decrease in the yield of 5’-deoxyadenosine. 
However, if 5’-deoxyadenosine is formed via an 
alternate pathway, such as H’ abstraction from 
the corrin (or some other donor) or H+ transfer 
from ethylene glycol to a 5’-deoxy-5’-adenosyl 
anion, then running the reaction in ethylene glycol- 
d4 should not alter the product distribution. Upon 
comparing the 1 lO.O”C nucleoside products in eth- 
ylene glycol to those in ethylene glycol-d,, a sub- 
stantial decrease in the yield of 5’-deoxyadenosine 
(and corresponding increase in the yield of 8,5’- 
anhydroadenosine) is observed ; (22 + 3)“/ in eth- 
ylene glycol vs (4 of: I)% in ethylene glydol-d,. This 
result establishes ethylene glycol as the H’(D’) source 
and provides the ratio kH/kD > 6.7 f 1.5 at 1 lO.O”C. 
Due to the presence of a non-deuterated impurity in 
the ethylene glycol-d, (< 2%), this value should be 
regarded as a lower limit for the true kH/kD ratio.* 

Further product studies, employing the alkyl rad- 
ical scavenger TEMPO, yield results which confirm 
that the 5’-deoxy-5’-adenosyl radical is the pre- 
cursor for both 8,5’-anhydroadenosine and 5’-de- 
oxyadenosine. When TEMPO is present, a third 
nucleoside product, T-ado, is formed (see Fig. 2). 
As the concentration of TEMPO is increased, the 

Having postulated a mechanism, the next step is 
to ascertain whether observed kinetic behaviour is 
consistent with predicted kinetic behaviour and, of 
course, ideally to rule out all other plausible mech- 
anisms. The rate law for this mechanism (see 
Scheme 3) was derived assuming a steady state 
concentration for the 5’-deoxy-5’-adenosyl radical. 
Given this rate law, several predictions can be made. 
The addition of TEMPO should result in an 
observed rate increase by shutting down free-radical 

* Mass spectrometric confirmation that S-deoxy- 
adenosine has incorporated deuterium and further stud- 
ies of the k, and k,/k, values at lower temperatures are 
in progress. R. G. Finke and Y. Wang, experiments in 
progress. 

yield of T-ado increases with corresponding 
decreases in the yields of the other two nucleoside 
products. The effect of (O-l .O) x lo- 2 M TEMPO on 
the product distribution at 1 lO.O”C was investigated 
by HPLC and the results are summarized in Fig. 3. 

The observed TEMPO dependence is in quan- 
titative accord with the partial mechanism depicted 
in Scheme 2 involving competitive cyclization (k,), 
H’ abstraction (k,), and TEMPO trapping (k,) of 
(or by) the Ado’ intermediate. At > 10 eq TEMPO, 
plots of [8,5’-anhydroadenosine] vs p-ado]/ 
[TEMPO] and [5’-deoxyadenosine] vs [T-ado]/ 
[TEMPO] are linear and yield the important 
results (slopes) of kc/k, = (1.12 kO.04) x 1O-3 M 
and k,[ethylene glycol]/k, = (3.120.2) x 10m4 M, 
respectively (Fig. 4). With the reasonable assump- 
tion that kT falls within the known range of (3- 
5) x lo8 M-l s-l for alkyl radical scavenging by 
sterically hindered nitroxides,23 the first estimates 
of the rate constant for cyclization of the 5’-deoxy- 
5’-adenosyl radical, k, (1 lO.OC) N 5 x lo5 s-l, and 
5’-deoxy-5’-adenosyl radical H’ abstraction from 
ethyleneglycol, k,(l lO.O”C) N 7 x lo3 M-’ SK’, are 
obtained. Confidence in these rate constant esti- 
mates is fortified by the fact that they fall within the 
known range of rate constants for similar processes. 
The rate constant for H’ abstraction from alcohols 
by methyl radicals at 25°C falls in the range of 102- 
IO4 M-’ s-l.24 The intramolecular cyclization is 
rapid with a rate constant close to that of species 
such as the 5-hexenyl radical, i.e. lo6 s-r at 100”C2’ 
While this is the first estimate of this rate constant, 
the rapidity of this 5’-deoxy-5’-adenosyl radical 
cyclization has previously been noted.26 

Product studies of the anaerobic thermolysis of 
AdoB,, in ethylene glycol indicate that the primary 
event of this reaction is Co-C bond homolysis to 
yield Co(II)B,, and a 5’-deoxy-5’-adenosyl radical. 
Subsequent chemistry of the nucleoside radical 
results in the observed products. The simplest mech- 
anism which accounts for these products is pre- 
sented in Scheme 3. 

Kinetics of the anaerobic thermolysis of AdoB12 in 
ethylene glycol 
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Fig. 3. Plot of the percent yields of the nucleoside products from the thermolysis of AdoB,* (1 .O x lo-“ 
M) at 110°C in anaerobic ethylene glycol vs l”IEMPO] ; 8,5’-anhydroadenosine (A), 5’-deoxy- 

adenosine ( n ), and T-Ado (0). 

recombinations. At high TEMPO concentration, 
where all free nucleoside radicals would be scav- 
enged, the rate should become zero-order in 
FEMPO] and first-order decay of AdoBlz should 
be observed. Conversely, the addition of COBRA 
should cause a rate decrease by increasing the 
recombination between COBRA and 5’-deoxy-5’- 
adenosyl radicals. 

Prior to studying the effect of added TEMPO or 
Co(II)Bi2, the kinetic behaviour in their absence 
was established as a basis for comparison. In the 
absence of added scavenger, first-order plots for the 
disappearance of 1.5 x lop4 M AdoB,, are essen- 
tially linear for a half-life and then show a dis- 

cernible downward curvature which becomes more 
pronounced as the reaction proceeds (see Fig. 5). 
This downward curvature has been shown else- 
where to be quantitatively consistent*c*‘4 with 
recombination of Co(II)B,, and 5’-deoxy-5’-aden- 
osyl radicals, the amount of recombination increas- 
ing as the reaction proceeds and as [Co(II)B,d 
accumulates. 

The TEMPO dependence was examined at 
1 lO.O”C using an initial [AdoBi2] of 1.5 x 10e4 M 
and for [TEMPO] from 0 to 2.0 x lo-’ M. Added 
TEMPO decreases the downward curvature in first- 
order plots until [TEMPO] 2 5.0 x 10e3 M, at 
which point the curvature disappears altogether and 

ke 
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HOCH&H&H 

kT 

-0-N 

31 

Scheme 2. 
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6- 
first-order plots are linear to three half-lives (Fig. 
5). The presence of greater concentrations of 
TEMPO, up to 2.0 x lo-’ M, causes no further rate 
increase, thereby ruling out the presence of any 
direct (second-order) reaction between TEMPO 
and AdoB12. A plot of kobs, the slope of the best-fit 
line to the first two half-lives of a first-order plot, vs 
[TEMPO] illustrates this point (Fig. 6), and clearly 
shows that the rate law becomes zero-order in 
[TEMPO]. 

I The Co(II)B,, dependence was examined at 
0.08 

t T-ado] 
llO.O”C using an initial [AdoB,,] of 1.0 x lop4 M 

1 TEMPO 1 
and for [Co(II)B,,] from 0 to 3.0 x 10e4 M. First- 

Fig. 4. plots of nu&osi& product concentrations (g,~_ order rate conStant% kbs9 were obtained frmn initial 

anhydroadenosine (0) and S-deoxyadenosine (A) vs p- (< 25% reaction) rate data. In accord with the rate 

Ado]/[TEMPO]. The slopes of these plots lead to values law, a plot of l/k,,, vs [Co(II)B,,] is linear (Fig. 7). 
for the rate constants k,, k, and k,, as discussed in the The slope of this plot provides a value for k,, 

text. the rate constant for the recombination of free 

?JHt 

-d In Ado811 = kh kc + ka ~OCH~CH20~+ kr[TEMPO] 

dt I ka [HOCH2CH20H]+ k,[TEMPO]+k,[Co(ll) B,$ 

Scheme 3. 
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Time (half-lives) 

Fig. 5. First-order plots for the disappearance of AdoB,, 
in the presence (A) and absence (0) of TEMPO in 

ethylene glycol. 

Co(II)B1z and 5’-deoxy-5’-adenosyl radicals. This 
rate constant is related to the slope by eq. (1). Values 
for all the variables on the right-hand side of this 
relation are available: at 1 lO.O”C the slope 
= (4.6kO.3) x lo6 M-’ s; kh = 1.21 x 1O-4 s-l; 
k, 1: 5 x lo5 s-’ and k,[ethylene glycol] N 
1 x lo5 s-‘. Inserting these values into eq. (1) 
yields an estimate of k, II 3 x 10’ M-’ s-l at 
1 lO.O”C, a result which falls within the known range 

of (0.5-20) x IO* M-i s- ’ for Co’ and R’ recom- 
binations. lo Significantly, along with products and 
other evidence consistent with homolysis, the 
[Co(II)] dependence provides the long sought dem- 
onstration of the reversible, thermal homolysis of 
the co-C5 bond of AdoBlz in the absence of any 
B,,-binding enzyme. 

k, = slope - kh - (k, + k,[ethylene glycol]). (1) 

Although unexpected initially, the relatively 
small magnitude of the TEMPO and Co(II)Bi2 con- 
centration dependencies (maxima of a 7% rate 
increase [with TEMPO] and an 8% decrease with 
[Co(II)B,,] over the concentration range studied) is 
consistent with the rapidity of the competing radical 
pathways. Even though the rate of recombination, 
k,, is close to the diffusion-controlled limit, when 
[Co(II)B,d is < 5.0 x lo- 5 M (during the tirst half- 
life of the reaction) the ratio (k, + k,[ethylene gly- 
col])/k,[Co(II)B,,] is > 40, so that little recom- 
bination is expected. It is only in the later stages 
of reaction, when Co(II)B,, has accumulated, that 
recombination competes with these facile radical 

*The k,, values (SK’, f3%) and temperatures (“C, 
*0.2”C) respectively, are as follows: 1.22 x lo-‘, 90.0; 
2.23 x lo-‘, 95.0; 4.11 x 10-5, 100.0; 7.13 x 10-5, 
105.0; 1.21 x 10-4, 110.0; 2.08 x 10-4, 115.0; 3.34 x 
10-4, 120.0. 

cl-+ 
[TEMPO] x 103M 

Fig. 6. Plot of kobs vs [TEMPO] showing that a rate- 
limiting plateau (zero-order [TEMPO] dependence) has 
been reached. The non-zero intercept at FEMPO] = 0 is 

due to the non-zero values of kc and k, (see text). 

reactions. In the presence of > 5.0 x lop3 M 
TEMPO, free-radical recombination is non-com- 
petitive, and the formation of free Co(II)B,, and 5’- 
deoxy-5’-adenosyl radicals becomes rate-deter- 
mining. All these results are consistent with, and 
fully supportive of, the mechanism proposed in 
Scheme 3. 

Having established conditions where the for- 
mation of free Co(II)Bi2 and 5’-deoxy-5’-adenosyl 
radicals is rate-determining, first-order plots yield 
the co-C5 bond homolysis rate constant, k,, (see 
Scheme 3). The temperature dependence of kh was 
measured at 5” intervals from 90.0 to 120.0°C.* 
A plot of ln(k,,/T) vs l/T is linear, yielding 
AHj = 30.6kO.3 kcal mol-’ and ASi = 2.9 +0.7 
cal mol- ’ K- ‘. 

Axial-base temperature-dependence efects 

As discussed in the introduction (see Scheme l), 
the first-order rate constant for the disappearance 
of AdoB,z, k,,, is a composite due to the presence of 
the axial-base equilibrium. Over the temperature 

a_, 
0 2 3 

[Co(lI)B,,I x 104M 

Fig. 7. Plot of l/k,, vs [Co(II)B,J, providing the first 
direct demonstration of the AdoBlz + Ado’ + Co(II)B,,’ 

equilibrium in the absence of any B,,-binding enzyme. 
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range employed in the thermolysis study, significant 
amounts of both the base-on and base-off forms 
of AdoB’l are present (uide infra) ; theoretically, 
homolysis could proceed through either form. 
Therefore, there are two rate constants of interest, 

&,, and &E. In accord with Scheme 1, the value 
k,, is related to k,,on and kh,oK by eq. (2). 

kh = @/(K+ lW,,m+ [l/(K+ l)lk,,om (2) 
Studies of Co-corrins containing other alkyl 

ligands have shown that alkylcobalamins (axial- 
base present) undergo thermal Co-C bond cleav- 
age lo’-lo3 times faster than alkylcobinamides 
(lacking the axial-base).’ Therefore, in previous 
AdoB’, studies14*1* and on this basis, it was assumed 

that kh,on >> kh,o=, resulting in the simplification of 
eq. (2) to the form given below as eq. (3). This 
assumption has been verified elsewhere for AdoB’, 
thermolysis in aqueous solution by comparing kh,+” 
values [obtained from eq. (3)] to kh,Oa values 
(obtained from independent studies of aden- 
osylcobinamide+OH-).I9 The results presented 
below establish that this assumption is also valid in 
ethylene glycol. 

kh = [K/(K+ l)]kh,on. (3) 

To test the validity of the assumed non-par- 
ticipation of the base-off form, adenosylco- 
binamide+BF; was thermolysed in ethylene glycol 
and found to exhibit a first-order decay with a 
rate constant, kh,Or, of (5 +2) x 10e6 s-’ at 112.O”C. 
Comparison of this base-off rate constant to the 
base-on 112.O”C value, kh,on, of3.4 x lop4 SK’ dem- 
onstrates that the base-off form is much less 
reactive. When these 112.O”C rate constants are 
combined with the 112.O”C value for K of 0.79, eq. 
(2) reveals that < 2% of the observed AdoB’, 
reaction proceeds through the base-off form at this 
temperature, a behaviour very similar to that 
observed in aqueous solution.” 

The temperature dependence from 110.0 to 
8O.O”C of the base-off to base-on equilibrium of 
AdoBlz in ethylene glycol was monitored by visible 
spectroscopy as described in the ‘Experimental’ 

*Calculated from In(q) vs l/T plot using literature 
viscosity data, Andrade’s law, In q = In A, + E,,/RT,28bsc 

and then AH: = E,, - RT. 

t Our previously reported value of 31.5 + 1.3 kcal 
mol-’ for the base-on Co-C BDE of AdoBizL4 was 
obtained assuming a correction term of 3 f 1 kcal mol-‘. 
As discussed elsewhere, ” this correction term may be a 
couple of kcal mol-’ too low or too high, i.e. it was used 
initially-and still should be viewed-as a first-order 
approximation. 

section. The data was analysed by the curve- 
fitting method described previously to yield AH = 
-7.6kO.2 kcal mol-’ and AS= -20.2kO.7 
cal mol-’ K-’ for the base-off * base-on 
equilibrium. Extrapolating this data to the tem- 
perature range of the thermolysis study yields 
59% base-on at 9O.O”C but only 45% base-on 
at 12O.O”C. Combining the kh and K data accord- 
ing to eq. (3) yields VaheS of kh,_ TheSe in turn 

provide the desired base-on Co-C bond homolysis 
activation parameters of AH&,, = 34.5 + 0.8 kcal 
mol- ’ and ASj& = 14 + 1 cal mol- ’ K- ‘. 

Base-on Co-C bond dissociation energy estimate 

In a separate article,27 we have discussed the 
relationship of M-L bond dissociation energies 
(BDEs) to kinetic data obtained in the liquid phase. 
In particular, we have discussed the importance of 
a consideration of previously neglected radical cage 
effects in any attempt to relate solution Co-R 
homolysis enthalpies of activation, AHl, to gas 
phase Co-R BDEs. Since the activation enthalpy 
for base-on Co-C bond homolysis of AdoB,,, 

AH&n, was measured using the radical scavenging 
method (which traps free Ado’ that have escaped 
the cage), it probably contains a contribution due 
to the enthalpy of cage escape, AH& As discussed 
elsewhere,27 the best current estimate is that the 
Co-C BDE N AHi+,- a correction, where the 
correction term could range from zero (no AH&,, 
for cage escape) to AHLp as estimated by AH,, the 
enthalpy of activation for viscous flo~.*~* For eth- 
ylene glycol, AH: is 4.4 kcal mol-’ over the 90- 
120°C temperature range of the thermolysis 
studies.” Therefore, in the absence of direct 
measurements concerning the extent and energetics 
of cage effects in this reaction, we conclude that the 
base-on Co-C BDE lies between 30.1 kcal mol-’ 

(AK&z = AHi) to 34.5 kcal mol-’ (AH:*,, N O).t 
Experiments are currently in progress to measure 
directly the correction term for AdoB’*, a result 
which will allow a more accurate estimate for this 
M-L BDE. However, the value of 30.1 is essen- 
tially within experimental error of our earlier esti- 
mate in glycol (given in our initial communication14) 
of 31.5 f 1.3 kcal mol-’ and is in good agreement 
with the only other reliable estimate (from studies 
in pH = 7.0 H20) of 30 f 2 kcal mol-I.‘* The sub- 
sequent AdoBlz BDE estimate of 26 + 2 kcal mol-’ 
has been shown to be 4 kcal mol-’ too low because 
the reaction actually studied consists of significant 
heterolysis of the Co--C5 bond in pH = 4.3 Hz0 
(77% at 85°C and 45% at 1 lO”C).‘* It is unfortunate 
that a recent report13e chose to ignore our earlier 
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paper,” thereby propagating confusion on this 
point.* 

DISCUSSION AND CONCLUSIONS 

The AdoB’* thermolysis and BDE estimate stud- 
ies presented herein allow additional comparisons 
and conclusions to be drawn. One such conclusion 
is that non-radical mechanisms for the AdoB’*- 
dependent rearrangement reactions, such as 
Schrauzer’s heterolysis,3” Rooney’s carbene,3” or 
the Corey-Cooper-Green3d mechanism (involving 
electrocyclic cleavage of the corrin and oxidative 
addition of the substrate C-H bond), can now 
rigorously be ruled out, at least in the absence of 
the enzyme. These and any other non-radical mech- 
anisms fail the test of kinetic competence, as they 
do not occur to any appreciable extent compared 
to homolysis. As for their possibility in the holo- 
enzyme (AdoB12+ the enzyme), others have pre- 
viously noted that these mechanisms ‘either dis- 

*A valuable paper has recently appeared that mea- 
sures a 4-6 kcal mol-’ A(AHt) difference (glycol vs tolu- 
ene ; 5 + 1 kcal mol-’ from the data provided) for a series 
of Co-R B’* model compounds using the TEMPO 
trapping method.13’ Unfortunately, however, this paper 
makes the misleading claim that ‘Although an alternative 
explanation has been advanced’*’ (ref. 12 is our earlier 
communication’4) ‘we conclude that this accounts for 
much of the difference of ca 6 kcal mol-’ in AH* pre- 
viously reported for homolytic Co-C BDE reactions of 
S-adenosylcobalamin (Coenzyme B’,) in water and in 
ethylene glycol (28.6 vs 34.5 kcal mol-I).’ This claim is 
both misleading and incorrect because it ignores our 
earlier paper (work dated with a one year and five month 
earlier acceptance date”). Our study of AdoB,, ther- 
molysis in pH = 7.0 H,O’* had already corrected the 
pH = 4.3 study by showing that of the A(AHf) = 5.9 
(+ 1.3) kcal mol-’ discrepancy in the ethylene gly- 
co1’4 vs pH = 4.3 Hz0 values [34.5(f0.8)-28.6 
(f 1) = 5.9( * 1.3)], an amount equal to 4.4 (k2.2) 
kcal mol-’ of the difference is due to heterolysis of 
the Co-X5 bond in B,, in pH = 4.3 H20 [33( k2) 
- 28.6( k 1) = 4&f 2.2)]. The remaining 1.5 ( f 2.6) kcal 
mol-’ [5.9(f 1.3)-4.4(+2.2) = 1.5(+2.6)] is very likely 
due to the glycol vs H,O viscosity and thus AHi 
difference,13” and we previously noted that the correc- 
tion factor might run as high as 4 kcal mol- ’ (i.e. 3+ 1 
kcal mol- ‘), l4 a value only a kcal mall ’ below 
(actually within experimental error) of the current 5 f 1 
kcal mol- ’ estimate*’ (in the case of alkylcobalamins) of 
the proper correction factor. In summary, both heter- 
olysis [4.4(+2.2) kcal mol- ‘1 and a solvent (viscosity) 
correction [I .5( + 2.6) kcal mol- ‘1 are required to account 
for the previous [5.9( f 1.3) kcal mol- ‘1 differences in the 
estimates of the AdoB, z G-C5 BDE. 

missed or ignored’ the compelling evidence obtained 
in studies of the Blz-dependent enzymes for the 
kinetically competent generation of Co(II)B,, 
and organic radicals.2g 

Another comparison, one that yields perhaps the 
single most important finding of these studies, is the 
comparison of the rate of AdoB,, co-C5 hom- 
olysis in the holoenzyme at 25°C of > 16 s-‘, to 
that obtained for base-on AdoB,, in solution at 
25°C k an effe;,,,,~;;dO-g*l s-‘.‘~~‘~~‘~ The difference, 

“, is responsible for an enzyme 
Co-C5’ ho&lysis half-life of a few milliseconds 
in comparison to a solution half-life of 22 years! 
Discussion of this point, and the < lo2 role of the 
axial base in B12 in an overall rate effect (including 
the axial-base) of > 10” is presented else- 
where.‘4J8J9 

Following homolysis to Co(II)B,, and Ado’, 
these present studies also provide chemical pre- 
cedent for the second step proposed for diol dehy- 
dratase, abstraction of a HOCH2CH20H C-H 
bond by thermally generated3’ Ado’, and provide 
the first absolute rate constant and kH/kD value for 
this process, k,(llO”) N 7 x lo3 M-’ s-l and 
kH/kD(l 10“) 2 6.7 + 1.5. Efforts aimed at measuring 
k, and kHlkD in the temperature range of 25-37°C 
are in progress; preliminary results suggest that 
these measurements will allow additional insights 
when compared to the holoenzyme’s turnover rate 
and kH/kD values (experiments in progress). This is 
a key reason why we chose ethylene glycol as a 
solvent system, it is a substrate for B,,-dependent 
diol dehydratase. 

Two final areas merit brief discussion. These are : 
(a) some key considerations which led to the nitrox- 
ide trapping method that has been a cornerstone 
of our AdoB’, thermolysis studies ; and (b) recent 
literature citations where the nitroxide has proven 
to be the method of choice in other M-R ther- 
molysis studies.13 

As for the development of the nitroxide trapping 
technique, it required a Ph.D. thesis comparing the 
nitroxide pros and cons to those of what proved to 
be unsuitable traps [n-BUSH, PhSH, HMn(CO)S, 

Ql. 8a*c*13 Key features of the nitroxide trap are : (a) 
that it met our criterion of thermodynamic stability 
with respect to Co(I1) and trap redox side reactions 
(forming, for example, Co(III)+ and nitroxide-), at 
least in ethylene glyco18” (see pp. 159-1638c) ; (b) that 
it is paramagnetic to begin with, hence a dia- 
magnetic nitroxide-R product results, one that can 
be isolated and characterized by NMR, glc or 
HPLC, mass spectrometry and so on ; and (c) a 
control for possible bimolecular side reactions 
induced by the (paramagnetic) trap can be conduc- 
ted, ab initio, simply by heating the cobalt alkyl and 
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the nitroxide together (compared to a diamagnetic 
trap, such as a thiol, that generates a RS’ transient). 

These key features in turn allowed us, and in general 
allow one, to: (i) demonstrate an inverse Co(I1) 
dependence and thus the R-Co + R’ + Co(I1)’ 
equilibrium ; (ii) demonstrate whether or not the 
desired plateau can be attained where a rate-limiting 
excess of nitroxide trap is added (rate a[nitroxide]“, 
hence the nitroxide ‘reports’ rather than ‘causes’ the 
chemistry), thereby avoiding bimolecular con- 
tributions that lead to incorrectly low AH* and low 
(to negative) A$; and (iii) demonstrate whether 
or not the final products are consistent with the 
proposed homolysis. (An example illustrating the 
importance of this latter point is available.“) It is 
also well known that reliable AHf and ASt values 
(and thus reliable, kinetically determined BDE esti- 
mates) require rate constants measured over as 
large a temperature range as possible.3’ 

It seems likely that a consideration of the above 
partial list of attributes of the ‘ideal’ trap will prove 
valuable in other kinetic studies of M-R homo- 
lyses and kinetically estimated BDEs. For this 
reason, it has been included here even though the 
emphasis of the present work is the thermolysis and 
Co-CS BDE of AdoBIz in the presence of the 
enzymic substrate, ethylene glycol. 
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DETERMINATION OF TRANSITION METAL-ALKYL BOND 
DISSOCIATION ENERGIES FROM KINETIC MEASUREMENTS 

JACK HALPERN 
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Abstract-Transition metal-alkyl bond dissociation energies (&~_a) may be deduced 
from kinetic measurements using the relation : DLnM_-R = AHf - AHS,, where AH{ and 
AH?, are activation enthalpies of the homolytic bond dissociation reaction and the reverse 
(recombination) reaction, respectively, i.e. L,M-R z$ L,M’ + R’. This has come to be one 
of the most widely used methods for determining such bond dissociation energies in solution. 
The basis, scope and limitations of the method are discussed with particular reference to 
the following themes : (i) determination of AH{ and AH!. I, (ii) the role and choice of free 
radical traps, (iii) solvent effects, (iv) magnitudes and variations of entropies of activation 
and (v) relation to other methods of determining transition metal-alkyl bond dissociation 
energies. 

In 1982 we described a method for determining 
transition metal-alkyl bond dissociation energies 
(DM__n, strictly bond dissociation enthalpies) based 
on measuring the kinetics of reaction (1) and using 
the relation of eq. (2)’ 

k, 
LM-R x - L,,M’ + R’ 

--1 
(1) 

DW_a = AH]- AH’,. (2) 

Our original application of this method involved 
determination of the Co-C bond dissociation 
energies of a series of organocobalt compounds, 
R-Co(Saloph)py (where Saloph = N,N’-bis- 
salicylidene-o-phenylenediamine and R = propyl, 
neopentyl, benzyl, etc.) through a study of the 
reaction sequence :’ 

R-Co(Saloph)py z$ R’+ Co(Saloph)py (3) 

R’+n-CsH17SH + RH+wC~H,~S’ (4) 

n-CsHr7S’ + :(n-C,H, &. (5) 

Overall : 

R-Co(Saloph)py + n-CsHi7SH 

* Co(Saloph)py + RH + $(wC~H,,S)~. (6) 

Since then this approach has been extensively 
applied by ourselves and others and has become 
probably the most widely used method for deter- 
mining such bond dissociation energies in solu- 
tion.2-8 A principal application has been the deter- 
mination of Co-C bond dissociation energies of 

organocobalt complexes because of the relevance of 
such complexes as models for coenzyme Blz whose 
biological function is triggered by homolytic Co-C 
bond dissociation.’ These studies have contributed 
systematic information not only about the factors 
that influence transition metal-alkyl bond dis- 
sociation energies but also about the scope and 
limitation of the kinetic method of determining such 
energies. This paper discusses the following themes : 
(i) determination of AHI and AH:,, (ii) the role 
and choice of free radical traps, (iii) solvent effects, 
(iv) magnitudes and variations of entropies of acti- 
vation and (v) the relation of the kinetic method 
to other methods of determining transition metal- 
alkyl bond dissociation energies. 

DETERMINATION OF AHf 

The determination of AHi from the temperature- 
dependence of k, is straightforward in principle. 
Measurement of k, usually requires : (1) ascer- 
taining that thermal decomposition of L,M-R 
actually proceeds through homolytic metal-carbon 
bond dissociation since organometallic compounds 
commonly decompose in other ways, e.g. by olefin 
elimination. If such other paths do intervene their 
contributions must be evaluated and subtracted 
from the overall rate to determine k , , ‘3 ’ ’ (2) adding 
a suitable trap to capture the organic radical R’ 
(and/or, in some cases, the metal radical, L,M’) and 
thereby suppress complicating side reactions, if only 
the recombination of L,M’ and R’ (i.e. the k_ 1 step). 

1483 
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In the presence of such a radical trap (T) the 
reaction scheme is depicted by eqs (l), (7) and (8) 
[or by variants such as that desdribed by eqs (l), (7) 
and (lo)]. 

L,M-R k, _ L,M’ + R’ 
km, 

(1) 

Overall : 

R’+T k7 -T-R. (7) 

L,M-R + T -+ L,M’ + T-R. (8) 

In those cases where the metal radical, L,M’, is 
stable and persistent (e.g. LSCon’R + L&o”+ R’), 
the steady-state rate law takes the form of eq. (9). 
Fitting the observed dependence of the rate on the 
concentrations of L,M’ and T to this equation 
serves to confirm the mechanistic scheme and per- 
mits evaluation of k, and k_ ,/k, 

- 4LM--RI = k ,W,M---RIKl 
dt k ,[L,M’] + K,m * 

(9) 

Not uncommonly, the metal radical undergoes 
(reversible) dimerization according to eq. (10). In 
such cases, the steady-state rate law assumes the 
form of eq. (11). This behaviour is exemplified by 
the decomposition of R-Mn(CO),P in the pre- 
sence of H-Mn(CO)P as the trap (R = p-CH,O- 
C6H4CH2; P = (J+CH@-C~H~)~P),” i.e. R-Mn 
(CO)PeR’+‘Mn(CO),P; R’+HMn(CO),P + 
RH + ‘Mn(CO),P ; 2 ‘Mn(CO),P Z$ Mn2(CO)&P2 

2L,M - ‘* M2LZn 
k-1, 

(10) 

- d[L,M-R] WdLM--RI P-7 
dt = k_~(k_~~/k,~)1’2[M~Lz,]“2+ k,[Tj’ 

(11) 
Evidence that decomposition proceeds through 

homolytic M-C bond dissociation may also be 
inferred from the nature of the products, provided 
that the connection is unambiguous and quanti- 
tative. While the formation of the radical trap- 
ping product R-T is strongly suggestive of a free 
radical origin, concerns are that such a product may 
arise from a different route, e.g. L,,M-R +T + 
L,M’ + R-T, or that the initially formed R-T 
product is unstable and undergoes further reac- 
tions. Furthermore, the initially formed radicals 
may rearrange prior to trapping or be trapped in 
other ways, e.g. by self-reaction or by H-abstraction 
from solvent. Thus, product identification alone 
is rarely a reliable guide to mechanism in the cases 
of interest. We consider establishment of the full 
rate law of eq. (9) or (11) to be essential to reliable 
application of this method and, in our own work, 

generally have tried to insist that this criterion be 
met. 

Where bond dissociation energies have been 
deduced from studies entailing less complete rate 
laws, in some cases only the limiting form 
(k,[T] >> k- ,[L,M’], therefore rate = k,[L,,M-RI), 
values of kl, AH] and AS?, sometimes have 
agreed with those determined from more complete 
kinetic studies (e.g. the Co-C bond dissociation 
of neopentyl cobalamin).12 In other cases there 
are discrepancies and the results remain contro- 
versia1.3-5,13 

DETERMINATION OF AHt , 

The determination of AH? 1, while again straight- 
forward in principle, is less so in practice. Only in 
a few cases have the recombination rates of L,M’ 
and R’ been determined directly. Two approaches 
to such measurements are : (1) generating L,M’ + R’ 
by flash photolytic dissociation by L,M-R and 
measuring the kinetics of recombination in real 
time. Such experiments have yielded k_l = 
ca2 x lo9 M-’ SK’ at 25°C for the rate con- 
stant of recombination of CH; + cob(II)alamin, i.e. 
close to the diffusion-controlled limit.14 Similarly, 
the rate constant for the combination of PhCH; 
and Cr”(aq) has been directly determined to be 
(8.5 f0.6) x lo7 M-’ s-‘.‘~ (2) Estimating the rate 
of combination of L,M’ and R’ in competition with 
another reaction of R’ whose rate has been deter- 
mined independently (sometimes the trapping reac- 
tion itself). Thus, in our first application of this 
method to determining the Co-C bond dis- 
sociation energies of R-Co(Saloph)(py) com- 
pounds the trap was n-CsH’7SH.1 Since the rate 
of H atom abstraction by radicals from the latter 
had been independently measured (k7 = cu lo7 M-’ 
SK’ at 25°C),16,‘7 measurement of k_ ,/k7 permitted 
k-, to be estimated (3 lo8 m-’ s- ‘, i.e. also close 
to the diffusion-controlled limit). In yet another 
instance lower limits for the rate constants of 
combination Co(CNl!- with alkyl radicals (e.g. 
Co(CN);- + C,H;A C,H,-Co(CN)- k_, 3 
lo8 M-’ SK’, i.e. approaching the diffusion-con- 
trolled limit) have been estimated from failure to 
observe competing reactions between the radicals 
themselves [i.e. 2C2HS’ + C4H’o (or C2H6+C2H4)].‘* 

Because in virtually every case where k_, has 
been estimated by either of these procedures it has 
turned out to be close to diffusion-controlled, it has 
generally been assumed to be so when this method 
of determining bond dissociations energies has been 
applied. There seems to be no reason to question 
this assumption. Indeed, the results of studies of the 
solvent dependence of k, and AHf, to be described 
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below, lend strong support to the validity of this 
assumption. Nevertheless, caution on this point is 
warranted, particularly when the method is applied 
to systems where, for steric or other reasons, 
combination may be accompanied by significant 
rearrangements, either of R’ or L,M’ (or both). 

ROLE AND CHOICE OF RADICAL TRAPS 

The applicability of the kinetic method of deter- 
mining bond dissociation energies depends upon 
the identification and availability of suitable radical 
traps. The following are some of the criteria govern- 
ing the choice of the latter. 

(1) Rate andselectivity ofreaction with R’ (or L,M’) 

The trap should react selectively with R’ pre- 
ferably (although not necessarily) to give distinctive 
products. Since the recombination reaction gen- 
erally is close to diffusion-controlled (k_ 1 z lo*- 
IO’” M-’ s-‘) the rate constant for the trapping 
reaction should also be in this range, although 
adjustment of the concentrations may allow some 
latitude. In principle, selective trapping of the metal 
radical, L,M’, also should be effective but (because 
R’ typically is much more reactive) examples of 
such traps are rare. One such case involves ligand 
substitution which, typically, is rapid for 17-elec- 
tron metal radicals. An example [where Bz’ = p- 
CH@-C6H,CH2 and P = (p-CH30CsH&P] is : 

Bz’-Mn(CO),P k’ + Bz” + ‘Mn(CO),P ( 12) 

‘Mn(CO),P+ CO 3 Mn(CO)5 + P (13) 

Bz” + ‘Mn(CO)5 + Bz’-Mn(C0) 5. (14) 

Overall : 

Bz’-Mn(CO),P + CO + Bz’-Mn(CO)5 + P. 

(15) 

In this example k, (and AH{) can be deduced 
from measurements of the kinetics of the sub- 
stitution reaction [eq. (15)]. Typically, in such cases 
the recombination of the carbon radical (R’) with 
the metal radical (L,M’), in this instance Bz” with 
‘Mn(CO),, is much more probable than reaction 
with another R’ (2R’ + R2) since the steady-state 
concentration of L,M’ usually greatly exceeds that 
of R’ (even when L,M’ dimerizes to form (L,M),, 
since DM_-M << Da--R). Il.19 

(2) Traps that react with both R’ and L,M’ 

Traps that react with both R’ and L,M’ usually 
are less satisfactory than those that react with only 
one because of the greater difficulty of quantifying 

competition between the recombination and trap- 
ping steps. An example of such a trap is 02’. Its 
presence often decreases the steady-state con- 
centrations of both L,M’ and R’ so that the recom- 
bination step no longer can be detected and only 
k, can be inferred. Furthermore, since the initial 
trapping product (RO,‘) is unstable, the final oxi- 
dation products usually cannot be characterized 
definitively as originating from radical trapping. In 
one case, the homolytic Co-C bond dissociation 
reaction of neopentylcob(II)alamin, such use of 
O2 has yielded limiting values of k, (and of AH]) 
that agree well with those deduced from more 
quantitative treatments using eq. (9),“*” but this 
procedure cannot be recommended as of general 
reliability. 

(3) Intrinsic radical competition reactions 

Sometimes it is unnecessary to add an external 
radical trap because the intrinsic further reactions 
of the radical products of eq. (1) and, thus, com- 
petition with the recombination step (k_,), are 
sufficiently well defined to permit the nature of the 
homolytic bond dissociation step and the value of 
kl to be inferred unequivocally. Such a situation is 
depicted schematically by eqs (16)(18) which give 
rise to the rate law, eq. (19). In such a case, k, and 
k_, can be deduced from kinetic measurements if 
k,, is known independently. 

L,M-R (16) 

R. 4, . R.r 

L,M’ + R” + L,M-R 

(17) 

(18) 

d[L,M-R’] k,k17[LnM-R] 

dt = k-,[LnM’]+k,,’ (19) 

Examples of possible reactions that could fulfill the 
role of eq. (17) are : 

(20) 
0 
II (21) 

RC’-R’ + CO. 

(4) Range of useful traps 

Several factors define and constrain the utility 
of potential free radical traps for the applications 
discussed above. Since radical traps typically are 
fairly reactive species, selectivity always is a matter 
of concern. Accordingly (as already discussed for 
O,), reagents intended to trap R’ also may trap 
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L,M’ or even react with L,M-R. Thus, n- 
C8H1,SH, which was found to be a useful trap for 
organic radicals (R’), formed by homolytic dis- 
sociation of the Co-C bond of R-Co(Saloph)py,’ 
proved ineffective for the corresponding dis- 
sociation of R-B,* or R-CO(DH)~ (DH2 = di- 
methylglyoxime) because it reacts with these. Simi- 
larly, the attempted use of Fe3+ as a radical trap in 
a study of the decomposition of benzylcobalamin 
was complicated” by its reaction with the latter. 
A trap that has turned out to be widely useful 
for organic radicals in organic solvents (usually 
without interference from reaction with L,M-R 
or L,M’), is 2,2,6,6-tetramethylpiperidineoxy, 
TEMPO 

(a. t (g _ +).24T6*7*‘3 

Satisfactory radical traps in aqueous solution still 
are scarce. One that has been used successfully is 
Co(DH),. This forms stronger bonds with alkyl radi- 
cals than most other Co(I1) complexes (Table l), 
hence can be used to trap radicals generated by 
homolytic dissociation of other Co-C bonds. This 
has been exploited to determine the Co-C bond 
dissociation of several organocobalamin com- 
pounds (R-B,2),5*10 i.e. 

R-B 12=R’+B,2, (22) 

R’+Co(DH), -, R-Co(DH),. (23) 

Overall : 

R-B,2 + Co(DH), -, R-COG + B,2,. (24) 

Sometimes, secondary reactions following rad- 
ical generation by L,M-R bond dissociation occur 
in the solvent cage within which the geminate rad- 
ical pair is formed. In such cases, trapping of the 
primary radical products by an external trap no 
longer is possible and cannot be invoked to establish 
or rule out an initial homolytic dissociation step. 
The following is believed to exemplify such a 
case.2’,22 

PhCH(CH,)-Co(DH),py 

-+ PhCH(CH,), Cb(DH)2py 

-+ PhCH=CH2, HCo(DH),py 
-+ PhCH=CH2 + HCo(DHXpy 
-+ [f Ht + ‘%DH),PYI. (25) 

SOLVENT EFFECTS 

The influence of solvent may intrude upon the 
measurements described above in several ways, 

amongst them : (1) if bond dissociation is ac- 
companied by significant changes in solvation (e.g. 
coordination of a solvent molecule to the vacant 
coordination site generated by dissociation of R’) 
then both the bond dissociation rate and energy 
are expected to be influenced by solvent. There is 
not much direct information about this point. Most 
of the applications of the kinetic method to date 
have involved low spin octahedral d6 complexes 
(e.g. L&o”‘-R or L5Mn’-R) where the product 
of M-R bond dissociation is a 17 electron low 
spin five coordinate d7 complex. Such complexes 
generally show little tendency to add a sixth ligand 
so that solvent influences due to this are likely to be 
small. Support for this is provided by measurements 
of the bond dissociation energy of PhCH(CH3) 
-Co(DH),Py which yield identical values in 
two solvents of considerably different polarity and 
coordinating ability, toluene and acetone.22 Bond 
dissociation processes that are accompanied by sub- 
stantial changes in charge distribution (unexpected 
for the dissociation of neutral alkyl radicals) are, 
of course, expected to exhibit significant medium 
effects. (2) The influence of solvent on the rates 
of diffusional separation and encounters. Taking 
account of the fact that the radical products of 
homolytic bond dissociation are initially formed 
as geminate pairs which must diffuse apart before 
radicals can be detected and captured, 

L,M_R --!%% 
-?-- 

L,M’+R’ kW _ L,M’+ R’. (26) 
rsc0rnb k,i, 

Accordingly, 

k, =k 
kdissoc & 

recomb + ksep 
(27) 

kdi~krecomb 
k-, =k 

recomb + kep * 
(28) 

For the limiting case of a diffusion controlled reac- 
tion with a small intrinsic recombination barrier 
#recomb >> ksep ; ~fkmn~ = o), 

k 
I 

= hiss kp 
p. AHI x AH$,,,+AH& 
k ’ 

(29) 
recomb 

k_ 1 = kdi,; AH!. 1 x AH&R(x AH&) (30) 

where kdiff is the rate constant for diffusional 
encounters. 

In most of the studies to date AHLl has been 
assumed to be 2-3 kcal mol-‘, a value commonly 
identified with diffusion controlled reactions in 
water or organic solvents of low viscosity (e.g. tolu- 
ene or acetone) and approximated by the activation 
enthalpy of viscous flo~.‘~ Because of the well recog- 
nized dependence of diffusion rates on viscosity,23 
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questions have been raised about the appro- 
priateness of such values of AH?, for solvents of 
higher viscosity such as ethylene glyco1.3,4*‘3 Indeed, 
in a recent study that encompassed determinations 
of AHf for the Co-C bond dissociation of several 
C,H,CH,--Co(Chel)B complexes [Chel = octa- 
ethylporphyrin (OEP) or (DH), ; B = a tertiary 
phosphine ligand], in toluene and ethylene 
glycol, AH] consistently was found to be higher 
by ca 4-6 kcal in ethylene glycol.‘3 This difference 
presumably reflects the significantly higher con- 
tributions of AH’, in ethylene glycol to the relation 
of eq. (2). Thus, the correction for AH?, in deduc- 
ing &._a from measurements of AH# may be sig- 
nificant, particularly in solvents of high viscosity 
(3 6 kcal mol-’ in ethylene glycol). 

10 , I I I , I I 

20 22 24 26 28 30 32 34 Z 

A H+ (KCALIMOL) 

Fig. 1. Relations between entropies and enthalpies of 
activation for homolytic cobalt-carbon bond dis- 
sociation reactions. Numbers refer to entries in Table 1. 

MAGNITUDE AND VARIATION OF ASj 

The bond dissociation energy (or enthalpy), 
&~_-a, is related to the enthalpies of activation, 
AH\ and AH? ,, according to eq. (2). However, the 
magnitude of the rate constant of bond dissociation, 
k,, depends also on the entropy of activation, AS]. 

Table 1 summarizes the results of measurements 
of the activation parameters of the Co-C bond 
dissociation reactions of an extensive array of organo- 
cobalt compounds, [R-Co(Chel)B], in which the 
alkyl group (R), the tetradentate equatorial 
ligand(s) (Chel) and the trans-axial ligand (B) have 
been systematically varied. 

The variations of AHI are seen to encompass the 
range 19-35 kcal mol- ’ while the corresponding 
values of ASY range from - 6 to +27 cal mall ’ 
K-‘. Furthermore, examination of the data in Table 
1 reveals that for each series of compounds with a 
given equatorial ligand (Chel), variation of either 
R or B results in a systematic partial compensation 
of the activation parameters such that ASI becomes 
increasingly positive as AHI increases. The trends 
are.depicted in Fig. 1. 

ing &,_a and AH{ (Hammond postulate).28 Since 
the entropy of the overall dissociation process is 
substantially positive it is expected that this should 
be accompanied by an increase in the entropy of 
activation, AH{, possibly associated with increasing 
relaxation of the originally octahedral con- 
figuration (1) to the more product-like, less rigid, 
structure 2. This provides a plausible explanation 
for the compensating dependence of ASI on AHi 
that we have identified as a general feature of such 
transition metal-alkyl bond dissociation reactions. 

R F 

( + L L L-L 
L& > CL : &J ) I L ‘&dL 

B I 
B 

There are well recognized grounds for treating 
such ‘compensation effects’ with suspicion since 
they commonly have an artifactual origin reflecting 
the interdependence of AHt and ASf.2426 However, 
careful examination of the trends has led us to con- 
clude that they are indeed genuine and reflect a 
systematic dependence of structural features of the 
transition state on AHf. ” The bond dissociation 
process associated with AHf is substantially endo- 
thermic and the activation barrier associated with 
the reverse (recombination) reaction is small. Thus, 
the transition state for the dissociation reaction is 
anticipated to be ‘product-like’ and to become more 
so with increasing endothermicity, i.e. with increas- 

1 L4 = Chelate 2 

In this connection it is of interest that, for the 
series of complexes [C,H,CH,-Co(OEP)PR,] con- 
taining the octaethylporphyrin ligand, which we 
have previously concluded to be less flexible than 
other equatorial ligands,7 ASf does indeed exhibit 
the smallest variation. 

Clearly, entropic as well as enthalpic factors may 
contribute significantly to variation of the rates of 
transition metal-alkyl bond dissociation reactions. 
This is of some relevance in the context of attempts 
to elucidate and understand the mechanism of bond 
weakening that is responsible for the enzyme- 
induced Co-C bond dissociation of 5’-deoxy- 
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adenosylcobalamin (coenzyme Blz) that triggers the 
latter’s biological action.’ 

RELATION TO OTHER METHODS OF 
DETERMINING TRANSITION METAL- 

ALKYL BOND DISSOCIATION ENERGIES 

The kinetic method described here is only one of 
several that have been employed for determining 
transition metal-alkyl bond dissociation energies. 
Other methods will be discussed only briefly here. 

Thermochemical 

This is, in principle, the most direct approach to 
the determination of bond dissociation energies. 
The enthalpy of a process such as eq. (1) may be 
evaluated from the enthalpies of formation of 
L,M-R, R’ and L,,M’. The frequent inaccessibility 
of the latter to measurement constitutes one of the 
limitations of this approach. Another constraint 
relates to the fact that the bond dissociation energy, 
deduced in this way, is often obtained as a relatively 
small difference between large numbers ; there- 
fore the precision of this method, at this stage at 
least, is somewhat limited. Reported applications 
include determinations of R-Mn(CO), bond dis- 
sociation energies, e.g. ca 37 kcal mol- ’ for 
CH3-Mn(C0)5.29 

Differences in L,,M-R bond dissociation ener- 
gies, for different R’s, can be evaluated more readily 
and reliably from thermochemical measurements 
since such differences do not depend on a knowl- 
edge of the (often inaccessible) heat of formation 
of L,M’. Thus, measurements of the enthalpies of 
oxidative addition of various X-I compounds 
o( = I, H, CHS, C6H,CH2, etc.) to trans- 
IrCl(CO)(PMe& [eq. (31)] do directly yield differ- 
ences between the Ir-X bond dissociation energies 
of the X-IrC11(CO)(PMe3)2 products.30 In another 
application, determination of heats of alcoholysis 
[eq. (32)] has provided accurate values of the d#er- 
ences between different Th-R bond dissociation 
energies (R = CH3, C2H5, C6H5, etc.)31 

trans-IrCl(CO(PMe,), +X-I 

+ X-IrCl I(CO)(PMe3)2 (3 1) 

Cp:Th(R)(OR’) + HOR 

+ Cp:Th(OR’),+ RH (Cp* = Me&). (32) 

Bond dissociation energies or differences between 
such bond dissociation energies sometimes can be 
derived from equilibrium measurements. One such 
application involves measurement of the tem- 
perature coefficient of the equilibrium constant (i.e. 

of AH’) of the reversible reaction (33).*‘*” Com- 
bination of this measurement (AH33 = 22 kcal 
mol- ‘) with literature data for AH& of reaction 
(34) (-2 kcal mol-‘) leads to a simple ther- 
mochemical cycle, for determination of DC-. 
Thus, DC,_-c = AH,O,+AH& = 20 kcal mo1-‘.2’~22 
Other applications include (a) determination of 
differences between various Ru-X and Ru-Y 
bond dissociation energies from measurements of 
the equilibrium constants of reaction (36)32 and (b) 
estimation of differences between various Ir-R 
bond dissociation energies from measurements of 
the equilibria (37)33 

PhCH(CH,)-Co(DH),py 

z$ PhCH=CH2 + Co(DH),py-_:H, (33) 

PhCH=CH2 + :Hz $ PhCHCH, (34) 

Overall : 

e PhCHCH3 + Co(DH),py (35) 

Cp*(PMe3)2Ru-X + HY 

e Cp*(PMe3),Ru-Y + HX (36) 

Cp*(PMe,)In-R + R’H 

F? Cp*(PMe,)Ir-R’+ RH. (37) 

Photochemical measurements 

Determination of the threshold wavelength for 
the photolytic dissociation of a metal-alkyl bond 
yields an upper limit for the corresponding thermal 
bond dissociation energy. However, the suggestion 
that the photochemical threshold can be directly 
identified with the bond dissociation energy does 
not appear warranted. 14*34 Indeed, our deter- 
mination of various cobalt-alkyl bond dissociation 
energies typically yield values (ca 20-30 kcal mol- ’ ; 
see Table 1) considerably lower than the photo- 
chemical thresholds for the dissociation of such 
bonds (ca 50 kcal mol-‘). Accordingly, this 
approach would appear to be of limited utility and 
reliability for the estimation of bond dissociation 
energies. However, the recently developed tech- 
nique of photoacoustic calorimetry, illustrated by 
determination of the Mn-Mn bond dissociation 
energy of Mn2(CO), o, 3 5 does represent a potentially 
powerful tool for the determination of transition 
metal-alkyl bond dissociation energies. 

Gas phase methodr 

The above constitute the approaches most obvi- 
ously applicable to the determination of metal- 
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alkyl bond dissociation energies of conventional 8. A. Bakac and J. H. Espenson, J. Am. Chem. Sot. 

organometallic compounds, many of which are 1984,106,5197. 
insufficiently volatile for gas phase manipulation 9. J. Halpern, Science 1985, 227, 869 and refs cited 

and must be studied in solution. Other methods, therein. 

notably those based on ion cyclotron resonance 10. For example, S. H. Kim, H. L. Chen, N. Feilchenfeld 

spectroscopy and ion beam techniques, have been 
developed and applied to the estimation of metal- 
carbon bond energies in relatively simple ionic (and, 

11 
’ 

in some cases, neutral) species in the gas phase, 12. 
yielding, for example, DC-u, = 41 kcal mol-’ 
and DCo+--CH, = 61 kcal mo1-1.36-38 The overlap of 13. 
these approaches with the others cited above thus 
far has been small and few direct comparisons of 14. 
closely related systems are available. 

and J. Halpem, J. Am. Chem. Sot. 1988, 110, in 
press. 

Each of the approaches to the determination of l5. 
transition metal-alkyl bond dissociation energies 
discussed above has advantages and limitations. 16, 
When properly applied, the kinetic method has the 
advantages of yielding absolute values of bond dis- 

17 

sociation energies and of being capable of high 
1 8’ 
J9: 

degrees of reliability and accuracy. Application of 
the various different methods thus far has been 20. 
largely complementary. This point is emphasized 
by the fact that in hardly any instances has more 21. 
than one method proved applicable to deter- 
mination of a given bond dissociation energy. This 22. 
is unfortunate since it has limited the possibilities 
of calibrating the reliability and accuracy of the 23. 
different methods. As the scope of the application 
of the various methods expands, more overlap can 

24 
25’ 

be expected. 26: 
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THE HEAT OF REACTION OF Et-Mo(CO),C,H, AND 
H-Mo(CO),C,H, AND RELATED REACTIONS. 

THERMOCHEMICAL STUDY OF REDUCTIVE ELIMINATION 
IN ALKYL MOLYBDENUM COMPLEXES 

STEVEN P. NOLAN, RAMON LOPEZ DE LA VEGA, SHAKTI L. MUKERJEE, 
ALBERT0 A. GONZALEZ, KAI ZHANG and CARL D. HOFF” 
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Abstract-The enthalpies of the following reactions have been measured by solution calor- 
imetry : 

H-Mo(CO)~C~H,+E~-M~(CO)~C~H~ 

-+ ~--~~)H+~,[Mo(C~),C,H,~,+~[MO(C~),C,H,~, 

WW0hGH&+2PR3 + [MW0MPR&H& 
PR3 = P(OMe), and P(C6H&Me 

R-Mo(CO)&~H~+I~ + R-I +I-Mo(CO)&~H~ 

R = C6H5CH2, H2C=CHCHz 

R-Mo(CO)~C~H~+PR~ -+ R-C(O)-Mo(CO),(PR,)C,H, 

R = C6H5CH2 

PR3 = PMe,, PMe,Ph, PMePh,, PPh3, P(OMe),. 

The results from this work are combined with earlier data to generate estimates for Mo-X 
bond strengths (X = H, Cl, Br, I, CH3, C2H5, C3H5 and PhCH2). The influence of phosphine 
substitution on the thermochemistry of model catalytic reactions is discussed. 

An overall mechanism for transition metal cata- 
lysed hydroformylation is described by eqs (l)(4) : 

C02(C0)8+H2 + ~H-CO(CO)~ H 2 addition 

H-CO(CO)~ + R’(H)C=CH2 + R-COB 

olefin insertion 

R-CO(CO)~ + CO + R-C(O)-Co(CO), 

CO insertion 

R-C(0)--C0(C0), R-C(O)-H 
+ + + 

H-Co(CO), c0Z(c0)8 

reductive elimination. 

(1) 

(2) 

(3) 

(4) 

* Author to whom correspondence should be addressed. 
t For a kinetic study of these reactions see ref. 2. Under 

actual conditions, the relative concentrations of Hz and 
HCo(CO), must be considered and may lead to more 
favorable cleavage by dihydrogen depending on pressure 
and temperature. 

The detailed mechanism of any of these steps is 
complex, possibly involving coordinatively unsatu- 
rated intermediates or radical/radical pairs. ’ Such 
reactive species probably return to the stable plat- 
form of equations described by reactions (l)-(4). 
Reductive elimination can occur by reaction with 
either metal hydride as shown in eq. (4), or by direct 
reaction with Hz, shown in eq. (5) : 

R-C(O)-Co(CO), + Hz 

+ R-C(O)-H + H-Co(CO),. (5) 

Kinetic studies have shown that cleavage by Hz is 
an order of magnitude slower than reductive elim- 
ination by HCo(CO),.t2 In this paper, we consider 
dinuclear reductive elimination as typified by eq. 

(4). 
Despite the complexity of the actual system, eqs 

(l)-(4) provide a basis for thermochemical analysis. 
The enthalpy of hydroformylation of typical olefins 
is - 28 + 2 kcal mall ’ [eq. (6)]. 3 

(R’)(H)C=CH 2 + CO + H 2 --* R-C(O)--H. (6) 

1491 
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Therefore, the sum of the four major steps in cata- 
lysed hydroformylation obeys eq. (7), independent 
of the particular metal complex involved. 

AH~~~~~ + AH~~~ii,, + AH~~~~~ 

+AHzEEO, = -28 kcalmol- ‘. (7) 

A long range goal of our work is to determine 
the partitioning of energy for catalytic processes 
among the basic steps involved. This type of 
approach has been discussed by others4 and a recent 
theoretical paper deals with the complete cycle for 
hydrogenations.’ We are investigating three sys- 
tems relevant to hydroformylation : R-Mo(CO), 
C5H5, R-Mn(CO), and R-COG. We now 
report new data for the molybdenum system and 
summarize previous results to gain a view of the 
thermodynamic reaction profile for an active model 
system. Additional aspects of the themochemistry 
of the molbydenum system which may transfer to 
other systems are also discussed. 

EXPERIMENTAL 

Calorimetric measurements were made using 
either a modified Guild isoperibol or a Setaram 
Calvet solution calorimeter, described in detail else- 
where.’ 

RESULTS 

Enthalpy of reaction of HMo(CO)&~H~ and 
R-Mo(CO)&HS and of [Mo(CO)&~H~]~ with 
CO, P(OMe), and PPh,Me 

In order to gain information relevant to reductive 
elimination, the enthalpy of reaction (8) was inves- 
tigated. 

At 50°C in the presence of excess hydride, this 
reaction goes cleanly to completion in several hours. 
The kinetics and mechanism of this reaction have 
been investigated by Jones, Huggins and 
Bergman.6 The enthalpy of reaction (8) in THF 
solution is - 8.6kO.4 kcal mol- ‘. The aldehyde 
produced in reaction (8) abstracts its CO from mol- 
ybdenum generating the triple bonded complex 
~Mo(CO)~C~H~]~. The enthalpy of reaction of this 
complex with CO [eq. (9)] is -40.3 +0.4 kcal 
mol- 1*7(a) 

Addition of half the enthalpy of reaction (9) to 
reaction (8) leads to a calculated enthalpy of reac- 
tion (10) -28.7+0.6 kcal mol-‘. 

H-Mo(CO)~C~H~+E~-M~(CO)~C~H~+CO 

+ Et-C(O)-H + [Mo(CO)&H& (10) 

The [Mo(CO)$~H~]~ dimer is an excellent pre- 
cursor to a number of interesting complexes.* We 
have measured the heat of reaction of this complex 
with P(OMe), and PPh,Me as shown in eqs (11) 
and (12) : 

CSHS(CO)2Mo=Mo(CO)2C5H5+2P(OMe), 

+ CSHS(CO)2Mo-Mo(C0)2C~H5 

(OMe),I! P(OMe), 

AH = - 39.2 + 2.0 kcal mol- ’ (11) 

CgHs(CO)zMo=Mo(CO)zCgHS+2PPh,Me 

+ CSH5(C0)2Mo-Mo(C0)2C~H~ 

MePh P 2 PPh Me 2 

AH = -27.4k0.6 kcal mol- ‘. (12) 

These data allow calculation of the enthalpies of 
ligand exchange in the metal-metal bonded dimers. 

Subtraction of eq. (10) from eq. (11) leads directly 
to reaction (13) since all other terms cancel : 

[CSHz(C0)3Mo12+2P(OMe), 

-+ [C,H,(CO)2(P(OMe)3)12+2C0. (13) 

The calculated enthalpy of reaction (13) is 1.1 f 2.4 
kcal mall ‘. The enthalpy for the analogous reac- 
tion with PPh,Me is 12.9 k 1.0 kcal mol- ‘. The 
endothermic nature of these substitutions runs 
counter to the generally exothermic nature of reac- 
tions in which phosphines displace carbon mon- 
oxide7 and is presumably due to steric strain in the 
dimer. 

Enthalpy of reaction of C6H5CH2-Mo(C0)3CSHS 
with phosphines andphosphites 

Thermochemical data for the phosphine promoted 
carbonyl insertion reaction shown in eq. (14) have 
been reported.7(d) 

R-Mo(C0)&HS+PR3 

+ R-C(O)--Mo(CO)2(PR,)CSH5. (14) 

Reaction (14) proceeds cleanly for R = Me and Et 
in THF. Reaction of the benzyl complex, shown in 
eq. (15), is slow in THF, but proceeds to completion 
in acetonitrile at 50°C : * 
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Table 1. Enthalpies of reaction (kcal mol- ‘) of the complexes R-MO 
(CO)$ZSHS (R = H, Me, PhCHz and Et) with PR, 

H” CH3 C,H,CH2 CH3CHzd 

PMe, 
P(OMe), 
PMe,Ph 
PMePh, 
PPh, 

- 5.4(0.4) - 19.7(0.4) -21.9(0.5) - 22.5(0.4) 
-4.6(0.2) - 17.2(0.2) - 17.5(0.5) - 19.8(0.4) 
-3X(0.3) - 17.1(0.3) - 19.1(0.4) - 19.7(0.2) 
- 1.6(0.2) - 14.2(0.3) - 15.8(0.5) - 18.2(0.1) 
- 1.2(0.8) ’ -14.1(1.2) - 15.4(0.5) 

“In THF, product H-Mo(CO)~(PR,)C~H,. 
bin THF, product CH,C(O)---Mo(CO)@R&HS. 
‘In CH,CN, product CgH,CH,C(0)-Mo(C0)2(PRS)C5H5. 
din THF, product CH,CH,C(O)--Mo(CO),(PR,)CgH5. 
e Reaction did not proceed to completion. 

CgH5CH2Mo(CO)sCgH5+PRs H,C-MO(CO)~C~H,+~I~ 

=%ZC6H,CH2-C(0)-Mo(CO)2(PR,)CgH5. + I,Mo(CO)&~H~+H,CC(O)-I. (17) 

(15) 

Data for the enthalpies of reaction of R-MO 
The enthalpy of eq. (16) was determined indirectly 

(CO)sCSH5 complexes (R = H, CH3, C,HGIz, 
by subtraction of eq. (19) from eq. (18). 

C,H,) are collected in Table 1. NaMo(C0)3CSHS+12 + I-Mo(CO)~C~H~+N~I 

AH = -32.3+ 1.3 kcal mol-’ (18) 
Enthalpy of reaction of R-Mo(C0)$Z5H5 with Iz 
(R = &H&Hz and HIC==CHCHI), bond strength NaMo(Co)JC5H5+CH31 
estimates for the complexes X-Mo(C0) 3C ,H 5 + H ,C-Mo(C0) 3C5H5 + NaI 

Attempts to directly measure the enthalpy of AH = -7.7fO.3 kcal mol- ‘. (19) 
iodination of H3C-M~(C0)3CSHS failed since 
iodination does not proceed as shown in eq. (16) This led to an enthalpy of -24.6+ 1.6 kcal mol- ’ 
but produced H,C(O)-I [eq. (17)]. for the heat of iodination of the molybdenum 

H3C-Mo(C0)3CSHS+Iz 
methyl complex as shown in eq. (16). 

The lower rate of carbonyl insertion for the ben- 

+ I-Mo(CO)~C~H~+I-CH~ (16) 

* (a) The benzyl-Mp estimate is based on the following 
data : 

PhCH*-Mp+I* + PhCH,-1+1-Mp 

A%,,, = -28.8 kcal mol- ’ 

A&act. = D(PhCH,-Mp) + D(I-I) 

-D(PhCH,-I)--(I-Mp)-28.8 

= D(PhCH,-Mp)+36.5-45-51.8 

D(PhCH,-Mp) = 32 kcal mol- ‘. 

(b) The allyl-Mp estimate is based on the following data : 

CJHrMp+12 + C,H5-1+1-Mp 

AH,,,. = - 24.1 kcal mol- ’ 

We,,,. = D(C,H,Mp)+D(I-I) 

-D(C,H.&)--(I-Mp)-24.1 

= L&H-Mp)+36.5-44-51.8 

D(C,HrMp) = 35 kcal mol-‘. 

(c) For bond dissociation energy values see ref. 7(e) and 
refs therein. 

zyl and ally1 molybdenum derivatives suggested that 
iodination might proceed directly for these alkyl 
groups. This proved to be the case and the enthalp- 
ies of reaction in solution are reported in eqs (20) 
and (21) : 

AH = - 28.8 + 1.0 kcal mol- ’ (20) 

H+=CHCH2-Mo(C0)3C~HS+Ia 

+ H+=CHCHJ + I--Mo(CO)~C~H~ 

AH = -24.1 LO.7 kcal mol-‘. (21) 

Bond strength estimates on the X-MOB 
CJH5 system have been reported.7(e) These data 
are reasonably accurate for relative values and can 
be placed on an absolute scale using the kinetic 
estimate of 32.5 kcal mol- ’ for the MO-MO bond 
in [Mo(CO)~C~H&.‘~ Using the Mo-I bond 
strength estimate of 51.8 kcal mol- ’ leads to a 
Mo-CH2C6HS bond strength of 32 kcal mol-’ 
andaMo-CH1CH=CHzbondof35kcalmol-’.* 
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Table 2. Bond strength estimates (kcal mol- ‘) for the complexes X-MO 

(CO)GHSO 

X BDE X BDE X BDE 

H 66 CH, 47 Mo-MO 32.5 
Cl 72.4 CzH, 37 MEMO 68 
Br 60.5 C,H, 35 
I 51.8 CsHSCH2 32 

“Bond strength estimates are taken from refs 7(a) and 7(e), Mo-R 
estimates (R = C2H,, C3HS and C6H,CH2) are taken from this work. 

Bond strength estimates in this system are collected 
in Table 2. 

DISCUSSION 

This report deals primarily with the ther- 
mochemical reaction profile for the R-Mo(CO), 
C5HS system. It summarizes earlier work on the 
heats of hydrogenation of metal-metal bonded 
dimers,7(f) carbonyl insertion,7(d) some aspects of 
ligand exchange7(bgc) and related reactions.’ New 
data, described in the results section, are presented 
on reductive elimination, the enthalpy of addition 
of phosphines to the Mo-MO triple bonded dimer 
[Mo(CO&H&, the enthalpy of the phosphine 
promoted carbonyl insertion for &H,CHrMo 
(CO)&HS and the heat of iodination of two 
molybdenum alkyl complexes. These data are dis- 
cussed in the context of earlier studies, and an over- 
view of our work on the R-Mo(C0) & SH 5 system 
is presented. 

Hydrogen addition 

The enthalpies of addition of hydrogen to the 
metal-metal bonded dimers shown in eq. (22) were 
determined previously.7’f’ 

[CSH,(C0)3M]z+Hz --t 2H-M(CO)GHS. (22) 

The reverse of reaction (22) was measured for the 
chromium complex by differential scanning calor- 
imetry. Values for the other metals were determined 
indirectly by measuring heats of iodination and by 
reaction with 1,3-cyclohexadiene. The heats of 
hydrogenation did not show a uniform trend on 
descending group VI : Cr = - 3.3, MO = +6.3, 
W = - 1.5 kcal mol- ‘. It is generally held that 
metal-X bond strengths increase upon descending 
a group. A uniform increase in both metal-metal 

*For example, i&nation of ~Mo(CO)~PR$~HJ~ does 
produce I-Mo(CO)~PR~C~H,, however I,Mo(CO), 
CSH 5 is also produced. 

and metal-hydride bond strengths would lead to 
increasingly favorable enthalpies for reaction (22) 
on descending group VI (since two moles of hydride 
are formed from one mole of metal-metal bonded 
dimer). The hydrogenation of the Cr-Cr dimer is 
probably anomalous, since it is known to have 
an extremely weak metal-metal bond.” This is 
probably due to steric repulsion between adjacent 
ligands. 

Increasing steric strain in the molybdenum dimer 
by ligand substitution should lead to a more fav- 
orable enthalpy of hydrogenation. This was found 
to be true for the [C,(CH,),(CO),Mo]r complex. 
The heat of hydrogenation was determined to be 
1.8 + 1.0 kcal mol- ’ more favorable than for 

LWW~W~. ‘W Incorporation of a phosphine 
ligand in the coordination sphere of the metal 
results in a more dramatic influence on the ener- 
getics of hydrogenation. 

Several attempts were made to measure the 
enthalpies of hydrogenation of phosphine sub- 
stituted metal-metal bonded dimers in a manner 
analogous to those used earlier for the complexes 
[M(CO),C5Hs]2.7(0 Due to side reactions none of 
these methods were successful.* Data on enthalpies 
of ligand exchange can be used to calculate the heats 
of hydrogenation : 

[MWW3&+H~ 

+ 2H-Mo(C0)$Z5HS (23) 

2H-Mo(CO)$Z5Hs + 2PR3 

-+ ~H-Mo(CO)~(PR&H~ + 2C0 (24) 

[MWOhWG+2PR~ 

-+ [Mo(CO)r(PR&H&+2CO (25) 

+ ~H-Mo(CO)~(PR&H~ 

(23) + (24) - (25). 

The heat of reaction (23) is +6.3 kcal mol- ‘. The 
enthalpy of phosphine substitution in H-MO 



Thermochemical study of alkyl molybdenum complexes 

Table 3. Calculated enthalpies (kcal mol- ‘) for CO insertion : 

R-Mo(CO)~(PR&H~+CO + R-C(0)Mo(CO),(PR&H5 

Phosphine 

PMe, 
PnBu 3 
PMe,Ph 
PMePh, 
PPh3 
P(OMe)3 

R=CH, Acyl stretch” R = C2HS Acyl stretch” 

14.8 1619 17.5 1618 
14.1 1621 16.8 1619 
13.5 1621 15.9 1620 
12.8 1624 16.5 1623 
- - 16.3 1624 

12.8 1632 15.2 1630 
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“IR data in cm-‘. 

(C0)$Z5H, [reaction (2311 is exothermic for both 
P(OMe), (-4.6) and PPh,Me (- 1.6) as shown, in 
Table 3. The corresponding substitution in the 
metal-metal bonded dimer is endothermic for both 
P(OMe)3 (+ 1.1) and PPhzMe (+ 12.9), as cal- 
culated in eq. (13). This leads to an enthalpy of 
hydrogenation of the phosphine substituted dimers 
of - 4.5 kcal mall ’ for [Mo(CO),(P(OMe),)C,H,1, 
and -10.1 kcal mol-’ for [Mo(CO),(P(C,H,), 
Me)C5H&. This shift in the heats of hydrogen- 
ation (10.8 kcal mall ’ for P(OMe)3 and 16.4 
kcal mol- ’ for PPhzMe) is probably due to steric 
strain. It should be noted that for chromium, where 
steric effects in the dimer are more pronounced, 
Cr(C0)2(P(OMe)&H5’z and Cr(C0)r(PPh3) 
CSHS13 exist as free radicals which add hydrogen 
at room temperature and one atmosphere pressure. 

Carbonyl insertion 

The entrance into the thermochemical study of 
carbonyl insertion is reaction (26) : 

+ R-C(O)-Mo(CO),(PR,)C,H,. (26) 

Data on the enthalpy of reaction (26) indicate a 
dependence on both the alkyl group and phosphine 
ligand (Table 1). As the alkyl group is varied the 
reaction becomes more exothermic in the order: 
C2HS > &H&H2 > CH3. This does not parallel 
the order of kinetic reactivity where the benzyl com- 
plex is least reactive followed by methyl then the 
ethyl complexes.g It should be noted that the reac- 
tions of the benzyl complex were performed in ace- 
tonitrile while those of the other alkyl groups were 

* It appears that reactions in acetonitrile are slightly 
more exothermic than in THF. Heats of solutions largely 
cancel, the principle solvent effects arise from different 
heats of solution of the phosphine. 

done in THF. The role of solvation energies in this 
reaction is under investigation. 14* 

As might be expected, the enthalpy of reaction 
(26) depends on the phosphine ligand and spans 
a range of 5 kcal mol-’ in the order: PMe, 
> P(OMe)3 > PMezPh > PMelPh > PPh3 are 
shown in Table 1. A similar trend is observed for 
H-Mo(CO)~C~H~ (see Table 1) and other ligand 
substitution reactions7 of molybdenum. Ther- 
mochemically, reaction (26) can be viewed as the 
sum of reactions (25) and (28) : 

+ R-Mo(CO)~(PR~)C~H~ + CO (27) 

R-Mo(CO)~(PR&H~+CO 

+ R-C(0)--Mo(CO)2(PR&H5. (28) 

Reaction (27) involves substitution of phosphine for 
carbon monoxide to produce the alkyl phosphine 
complex. It can not be measured directly, but it 
can be modelled by reaction (29) since carbonyl 
insertion does not occur for the metal-hydride 
complex. 

+ H-Mo(C0)#‘R3)C5H5+C0. (29) 

Thus, the enthalpy of reaction (28), insertion of 
carbon monoxide into the molybdenum-alkyl 
bond, can be approximated by subtraction of the 
enthalpy of reaction (29) from reaction (26). Data 
for this, including infrared stretching frequencies of 
the acyl group, are included in Table 2 for the 
methyl and ethyl complexes. Insertion of carbon 
monoxide appears to be thermodynamically more 
favorable for the more basic phosphines. This is 
reflected in the shift to lower frequencies of the acyl 
group stretching frequency as the basicity of the 
phosphine increases. Greater donation into the rz* 
orbit& of the acyl group may be responsible, sta- 
bilizing it relative to the alkyl. This effect, although 
small, is important. The entropy of carbonyl inser- 
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tion is unfavorable, nearly balancing the enthalpy 
of reaction.* Minor changes in reaction enthalpies 
will greatly influence the relative stability of the acyl 
complex. 

It is not possible to measure the enthalpy of car- 
bony1 insertion into unsubstituted alkyl complexes 
since the acyl products are unstable. I5 Estimation 
of this value can be made from the data in Table 2. 
Since the influence of the ancillary ligand is small 
(2 kcal mol- ‘) and CO is a poorer sigma donor 
than even P(OMe),, a reasonable estimate for 
insertion of CO into Et-Mo(CO)$ZSHS is - 13 f 3 
kcal mol- ‘. It is clear that this reaction does occur, 
since the ethyl complex reacts smoothly with C07’d’ 

[eq. (3O)l. 

Et-Mo(C0)&H5+4C0 

+ Et-C(0)--CSHS+Mo(C0)6. (30) 

Reductive elimination 

The enthalpy of reaction (10) was determined to 
be - 28.7 +0.6 kcal mol- ’ as previously discussed. 
Reaction (10) can be viewed as the sum of eqs (31) 
and (32). 

Et-Mo(C0)3CSH,+C0 

+ Et-C(0)--Mo(C0)3CSHS (31) 

Et-C(0)-Mo(C0)3CSHS+H-Mo(C0)3C5Hs 

-, Et-C(O)-H+[Mo(CO)~C~H&. (32) 

Accepting a value of - 13 f 3 kcal mol- ’ for the 
enthalpy of carbonyl insertion (as discussed above) 
leads to estimation of the enthalpy of reductive 
elimination, reaction (32), as - 16 kcal mql- ‘. 

Olejin insertion 

Several attempts were made to determine the 
enthalpy of olefin insertion directly. Both, the mol- 

*A reasonable estimate for this is on the order of 35 
e.u. This is due primarily to the loss of translational and 
rotational entropy of CO(g), and should vary slightly 
depending on the structures of the complexes. At room 
temperature it can be expected to contribute on the order 
of 10 kcal mol- ’ opposing carbonyl insertion. 

TNMR studies in sealed tubes in CsD, appeared 
to indicate that hydrogenation of the ally1 phosphine 
occurred, however it appeared that several products 
were formed as well as insoluble precipitates. 

$ Calculated using the relative bond strength estimates 
in Table 2 and data from ref. 3. 

ybdenum hydride reaction with ethylene and the 
reverse reaction, beta-elimination, are not clean, 
prohibiting calorimetric measurement of olefin 
insertion. 

H-Mo(CO)&~H~+C~H~ 

+ H$Z-CH2-Mo(CO),CSHS. (33) 

In view of these observations and feeling that 
entropic factors could assist such a reaction, the 
intermolecular cyclization shown in eq. (34) was 
attempted but did not yield a clean product :t 

The enthalpy of hydrogen addition is known to 
be + 6.3 kcal mol- ’ and the sum of reductive elim- 
ination and carbonyl insertion is - 28.7 kcal mol- ‘. 
Using eq. (7), the enthalpy of olefin insertion is 
calculated to be - 5.6 kcal mol- ’ Combining all 
experimental errors and making allowance for heats 
of solution, this estimate is probably accurate to 
f 3 kcal mol- ‘. 

An independent estimate of the enthalpy of olefin 
insertion can be obtained using available bond 
strength data. Thus the heats of iodination of the 
molybdenum alkyl complexes described earlier led 
to estimates of the Mo-CH, (47), Mo-CH, 
CH(3=CHz (35) and Mo-CH2C6H5 (32) bonds 
shown in Table 2. Unfortunately, estimation of the 
MO-Et bond strength could not be similarly 
obtained. Neither direct reaction with IZ, nor re- 
action of Et-I with NaMo(C0)&H5 proceed 
cleanly enough to do calorimetry. Data on the tung- 
sten complexes R-W(C0)3CSHS show a bond 
strength difference of 12 f 2 kcal mol- ’ I4 between 
the W--CHx and W-C2H,. This value is con- 
sistent with several other studies on M-X bonds. I6 
Since the MO-R bonds should be generally 
weaker, it seems reasonable to assume that there 
would be a smaller difference between the Mo-CH, 
and Mo-C2H, bonds. We estimate this difference 
to be 10 k 2 kcal mol- ‘. This leads to a value for 
the olefin insertion reaction of -9 kcal mol- I.3 
This-estimate is in reasonable agreement with the 
value of - 5.6 If: 3 obtained as described above. 

CONCLUSION 

The complete thermochemical profile for reac- 
tions (l)--(4) in the R-Mo(C0)&H5 system is 
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REACTION COORDINATE 

Fig. 1. Partitioning of energy for hydroformylation for 
X-Mo(CO)&H,. 

presented in Fig. 1. This includes estimated values 
for the enthalpies of hydrogen addition (+ 6 kcal 

mol- ‘), olefin insertion (- 6 kcal mol- ‘), carbonyl 
insertion (- 13 kcal mol- ‘) and reductive elim- 
ination (- 16 kcal mol- ‘). While there are many 
kinetic barriers which would have to be overcome in 
order for the R-Mo(CO)&~H~ system to exhibit 
catalytic activity, the only thermodynamic barrier 
is the endothermic nature of addition of hydrogen. 
From the point of view of thermochemical con- 
straints, a better system might be designed by redis- 
tributing the reaction enthalpies to increase the 
potential equilibrium concentration of hydride ver- 
sus dimer. One way to do this is to destabilize the 
dimer by introduction of bulky phosphine ligands. 
Thermochemical cycles showed that- this yielded a 
net favorable effect on the order of l&15 kcal 
mol- I. Phosphine ligands also increase (by as much 
as 2-4 kcal mol- ‘) the enthalpy of carbonyl inser- 
tion. This must be done at the expense of reductive 
elimination and (possibly) olefin insertion. Since 
phosphine ligands can be degraded under active 
catalytic conditions and/or related by carbon mon- 
oxide, it seems unlikely that any practical hydro- 
formylation catalyst could be developed for this 
system. Nevertheless, this study has provided 
important information with which work in progress 
on the R-Mn(CO), and R-Co(CO), systems can 
be compared. 

It seems clear that thermochemical data represent 
only one aspect in the make-up of an active catalyst. 
Synthetic and kinetic work remain of prime import- 
ance. Despite this, thermochemical data of known 
systems not only provide fundamental information 
but may yield insight into designing new systems. 
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CAGE EFFECTS IN ORGANOTRANSITION METAL 
CHEMISTRY: THEIR IMPORTANCE IN THE KINETIC 

ESTIMATION OF BOND DISSOCIATION ENERGIES IN 
SOLUTION 

THOMAS W. KOENIG,* BENJAMIN P. HAY and RICHARD G. FINKE* 

Department of Chemistry, University of Oregon, Eugene, OR 97403, U.S.A. 

Abstract-Following a brief review of the literature of radical cage effects in solution, the 
available evidence for the operation of solvent cage effects in organotransition metal chem- 
istry is summarized. Kinetic determination of M-L bond dissociation energies (BDEs) in 
solution are examined within this context, emphasizing a comparison of the current gas 
phase reaction coordinate model vs a model more appropriate for solution work that 
includes solvent cage effects. The temperature dependence of the cage effect is presented in 
its proper mathematical form which shows that solution kinetics cannot be connected to 
BDEs without knowledge of the cage efficiency factor (I;,), except in special cases. It is 
pointed out that the observed activation enthalpy in solution, AH$,,(soln), is a composite 
containing variable amounts of the difference between the activation enthalpy for the cage 
combination (AH:) and that for diffusive separation of the cage pair (AHi), depending on 
the cage efficiency factor (Fc>. No constunr correction to AH&,(soln) can be expected ; a 
better Iirst approximation would be to use the activation enthalpy for viscous flow of the 
solvent, AH:, although this includes the implicit assumption that F, = 1. The text also 
attempts to analyse critically the available, relevant literature and to note areas requiring 
further attention. A short section in which the equations are applied to Ni(C0)4 and 
PhCH(CH3)Co(DMG),(Base) (and thus N&CO and Co-C BDEs, respectively) is 
included. A brief list of major points is also provided in the Summary. 

The concept of a solvent caged radical pair was 
introduced by Franck and Rabinowitch in 1934.’ 
The term “cage” refers to a hole in a liquid (solvent) 

* Authors to whom correspondence should be addressed. 
t The treatments of viscosity and diffusion in ref. 2a, 

Chap. 9, are excellent background material for anyone 
interested in understanding solvent cage effects, although 
the latter are not discussed per se. 

$For one of many papers where the viscosity depen- 
dence of an organic bond homolysis rate constant is 
interpreted in terms of a cage effect, see ref. 9b. 

1) A computer literature search of “radical cage effects” 
since 1967 revealed 59 references, most of them in this 
area. A few lead references on magnetic field effects “a*b 
and CIDNP1’C*d*C are noted. 

IA 1980 review on the “Mechanism of the Thermal 
and Photochemical Decomposition of Azoalkanes” is 
available.12” A perusal of the data therein shows that 
AH/,,_,&soln) and A$_&soln) are often (but not 
always) greater than their gas phase values, for example : 
Table 1, compounds 3, 9 ; Table VIII, compounds 239, 
229 (p. 115). 

that temporarily traps a pair of reactive molecules 
causing them to remain as neighbours for a period 
of time before random motion allows their separ- 
ation. The probability of recombination of the rad- 
ical pair is thereby increased relative to a gas phase 
version of the same reaction. Numerous inves- 
tigations since 1934 leave little doubt about the 
existence of cage effects in solution radical chemis- 
try. ‘-” These investigations include, to mention but 
a few, the classic contribution by Glasstone, Laidler 
and Eyring on the related topics of viscosity and 
diffusion,t** work on diffusion and cage effects by 
Noyes and subsequently by Northrup and Hynes,4 
physical-organic studies of caged organic radical 
pairs by Szwarc, 5 Lamb and Pacifici, 6 Hammond, 7 
Bartlett,8 Singer> Pryor,@9b and a model of the 
cage contributed by one of us. lo The phenomena 
of magnetic field effects on chemical reactions and 
CIDNP further attest to the importance of caged 
radical pairsll*” as do recent results from organic 
chemistry.fis I2 A detailed review of the physical 
chemistry of diffusion and cage effects has also 
recently become available. ’ 3 
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Prototypical methods for generating a caged 
pair of organic radicals include the thermolysis 
or photolysis of azo (R-N=N-R’), peroxo 
(ROOR’), perester (RCO,R’) or hyponitrite 
(RO-N=N-OR’) precursors5-” These studies 
from the 1960s and 1970s were largely focused on 
the solvent viscosity dependence of the cage effect 
and the mechanistic question of concerted versus 
non-concerted bond homolyses. The results of this 
period were instructive in showing that the some- 
times reversible homolyses of peroxy and azo com- 
pounds involve some form of a cage effect in all 
cases. Such cage effects were neglected in some of 
the earlier literature.loc These studies also show that 
the viscosity dependence of the cage effect is not 
simple.*,l_,~,vb~‘Ob~‘~‘v 

A term that will become important in the attempt 
to determine M-L BDEs from solution thermo- 
lysis studies is the enthalpic difference for diffusive 
cage escape vs cage (re)combination, A(AHt),_,. 
Unfortunately, no direct measurement of 

* Noyes first showed3”,” that, strictly speaking, rate 
constants describing processes in the cage (i.e. those at 
short times) are not conventional ones in that a prob- 
ability treatment shows these rate “constants” are func- 
tions of time. Restated, at short times under N 10 ps and 
thus at short separation distances, the solute “remem- 
bers” its last direction and velocity. I4 As a first approxi- 
mation (one that improves at longer times) these effects 
are generally ignored and conventional (phenomeno- 
logical) rate constants and expressions are often 
used.3c,S’2,‘ob Primary recombination (from primary rad- 
ical pairs) and secondary recombination (from solvent- 
separated, secondary radical pairs) have been postu- 
lated.3c Their experimental inseparability’ and Occam’s 
razor lead us to follow Koenig’s phenomenological treat- 
ment (using conventional rate constants, see below) of a 
single type of caged pair.rob 

t In spite of the literature cited above which documents 
the fundamental importance and kinetic consequences of 
radical cage chemistry, it is of interest to note that this 
topic is typically absent from: undergraduate organic 
texts, undergraduate inorganic texts ” and most 
advanced organic” and inorganic I8 texts. It perhaps 
comes as no surprise, therefore, that there is little dis- 
cussion of cage chemistry in texts on organotransition 
metal chemistry I9 even though several important exam- 
ples of cage effects are available from the literature in this 
area 19akd0.21 

§The comparisons of entropies from the phenom- 
enological (Scheme 3) and spherical source’ob models will 
be the subject of a separate paper. 

11 The enthalpic, as opposed to entropic, aspects of 
diffusion2 and the limitations of diffusion through a con- 
tinuum in properly describing diffusion out of a 
cage 3S4,‘o*13-1s (a “hole” in the continuum) are useful 
additions to the valuable discussion of ref. 21~. 

A(AHl),_, presently exists for a M-L homolysis 
and only a couple of literature studies focus upon 
this term. The temperature dependence of cage 
effects and the A(AHt),_, term has been examined 
in the classic study of CF3--N=N-CF3 photolysis 
by Szwarc.5b In 14 solvents of increasing viscosity 
(2.3-8.9 mpoise) Szwarc found that A(AH’),_, was 
2.6kO.l kcal mol-‘, i.e. A(AH*),_, was constant 
and did not follow the activation enthalpy for vis- 
cous flow, AH:, which varied from 1.4 to 5.6 kcal 
mol- ‘.5b Similarly, Bartlettsb found that the 
cage products from the thermal decomposition 
of t-butylperoxy a-phenylisobutyrate, t-BuO,C 
(O)C(CH,),Ph, in 15 solvents of viscosity from 4.9 
to 52.3 mpoise, gave an essentially constant 
A(AH*),_, (= A(E,)d_c)8b that varied between the 
close limits of 2.2( + 0.3) to 3.3( rt 0.4) kcal mol- ‘. 
These results were surprising at the time, and as 
noted by Koenig,‘Ob little interpretation of them has 
appeared. One might infer that the A(AH$),_, for 
the competition between diffusive cage escape and 
cage recombination should be essentially constant 
in general, even in higher viscosity solvents. 
However, in the Szwarc and Bartlett examples, both 
cage combination and diffusive separation of the 
cage pair require some type of cage escape, the 
former of N2 or COZ and the latter of one partner 
of the reactive radical pair. In this sense, these stud- 
ies are atypical of the types of radical pairs produced 
by a M-L homolysis, where a M’ ‘L caged pair, 
without an intervening NZ, COZ, or other molecule, 
is produced. 

In the t-butyl perbenzoate-hyponitrite (t- 
BuO-N2--O&Ph) case, the intervening molecule 
(NJ was shown to reduce cage combination by a 
factor of 0.5 at 27°C in hexane relative to the per- 
oxide (t-BuO-0,CPh) ;loc unfortunately, tem- 
perature dependence and thus A(AHt),_, data are 
not available in this case. Further evidence for 
“tighter” caged pairs when intervening molecules 
are absent comes from the recent studies of 
Doering. lzb An additional point worth noting is 
that the phenomenological rate constant for cage 
combination is not solvent-independent and is not 
a constantlmse as is often assumed. 

The crucial point, then, is that the inference of a 
universal constant for A(AH*),_, (for example, of 
2-3 kcal mol- ’ based on the Bartlett and Szwarc 
results) is not justified, as least at present, for sys- 
tems lacking intervening molecules (such as M-L 
bond thermolyses). It also should be noted that 
the Bartlett-Szwarc observations imply significant 
variations in A(ASf),_, (as will be discussed later). 

A number of examples of cage effects in organo- 
transition metal chemistry are now avail- 
able,11,*‘,*’ although in most cases to date the 
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radical pair is produced by a bimolecular reaction 
rather than by a unimolecular M-L bond hom- 
olysis. Two exemplary cases are from the work of 
Halpernzoa (Scheme 1) and Jacobsen and Bergman’ ’ 
(Scheme 2). In both of these examples, an organo- 
metallic caged pair is produced by a bimolecular 
reaction (with a rate constant of formation, kr) of 
an olefinic material and a transition metal hydride. 
Cage return (&_n) in these cases is the dis- 
proportionation (B-H’ atom back-transfer) shown 
in each scheme. In the Jacobsen and Bergman 
example (Scheme 2) a second cage reaction occurs, 
radical combination to form a Ma-C bond (k,). 
The reverse of k,, shown by the dotted arrow of 
Scheme 2, was not studied but would be a uni- 
molecular entry into the same caged pair, at least 
formally, as that given by the kf process. Evidence 
was provided in both of these studies that the cage 
reactions (k,, k,) were competitive with diffusive 

cage escape to produce free radicals (kd, Schemes 1 
and 2). 

Additional aspects of the Jacobsen and Bergman 
example, *’ Scheme 2, are esp ecially illustrative. 
They found that cage combination to yield A (kc) 
and diffusive cage escape (kd) are comparable (but 
not identical)*lb in low viscosity (n) solvents such as 
benzene or o-xylene (n = 0.65481 cp at 20”C).2’b 
However, in the viscous medium of heavy mineral 
oil (Nujol) (q > 200 cp at 20”C)2’b the ratio of com- 
bination to diffusive escape became N 16 to 1. 
Furthermore, kS-H was shown to be at least IO* 
greater then k,, and k,. The cage effect in Scheme 2 
includes both the k,_, process and the k, process, 
and the cage efficiency is thus greater than 99% in 
this case. If one omits kS_H and looks only at k, vs 
kd, the case of greater relevance to a M-L hom- 
olysis, the cage efficiency is still ca 50% in solvents 
such as benzene or o-xylene since these two rate 
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constants are roughly comparable. Clearly, and as 
noted by Bergman,2’ sizable cage eflects can exist 
for such organotransition metal systems, even 
in low viscosity solvents. We note in passing that 
the origins of the high kS_“/kd ratio are not well 
understood in this example21c nor in general. ’ O*l 4 

An important area of current organotransition 
metal chemistry is the estimation of M-L BDEs. 
This area is receiving increasing attention, as this 
issue of Polyhedron attests, with the application of 
calorimetry, photoacoustic calorimetry, mass spec- 
trometry and other methods,22,23 each of which has 
its own strengths and limitations. Such BDE data 
are crucial to the further development of organo- 
transition metal chemistry, as they allow ther- 
mochemical predictions of the feasibility of pos- 
tulated new reactions or of proposed mechanistic 
steps. Eventually, BDEs and other thermochemical 
data lead to tables of extremely valuable heats of 
formation, AHi,23d the type of data with the broad- 
est applicability for thermochemical predictions. 

The estimation of M-L BDEs from kinetic data 
of M-L homolyses in the liquidphase has recently 
been applied to a number of M-L systems, 
especially Co-C bonds.*,t,&2”26 Unfortunately, 

*A reaction coordinate diagram identical to Fig. 1 
herein can be found as Fig. 1 of ref. 24i. 

t Following an earlier study,25b a study claiming to 
have measured the Co-C BDE on Coenzyme B I* in 
pH = 4.3 H20 appeared. 24h It was subsequently shown*” 
that the thermal decomposition of Coenzyme B,* in 
pH = 4.3 H,O consists of significant amounts of het- 
erolysis as opposed to a pure homolysis reaction (77 
and 45% heterolysis at 85 and llO”C, respectively, at 
pH = 4.3).*” When the work was repeated in pH = 7 
H,O and other steps taken to eliminate the heterolysis 
component, a value of AHijlomolysis,base_on) Of 33 f 2 kcal 
mol- ’ (vs the previous heterolysis plus homolysis 
value of 28.6 + 1 kcal mol- ‘)24k was obtained.*‘” Recently 
a second paper has appeared”’ that uncovers an impor- 
tant 46 kcal mol- ’ difference in AAHkeasured (glycol vs 
toluene) for a series of Co-R B, 2 model complexes. This 
paper, combined with our own work,25C establishes that 
of the AAH* = 5.9( + 1.3) kcal mol-’ discrepancy in 
glycol vs pH = 4.3 H,O [34.5( *0.8)-28.6(f 1) = 
5.9( + 1.3)], 4.4( k2.2) kcal mall ’ is due to heterolysis 
of the Co-C bond in B,* [33(&-2)-28.6(&l)= 
4.4( *2.2)]. The remaining 1.5( k2.6) kcal mol-’ 
[5.9(+1.3)-4.4(&2.2) = 1.5(+2.6)] is probably due to 
the glycol vs H,O viscosity and the AAH; difference in 
the 85-l 10°C temperature range, AAH; = (4.4-2.1) = 
2.3 kcal mol- ‘, as noted by Halpern and as we have 
discussed elsewhere.*” 

§A sizeable AGf = 6.5 kcal mol-’ for the recom- 
bination of “Co(II)(dmgBF2)2” [possibly the 19-electron 
(H20)2Co(II)(dmgBF2)2] with PhCH; in 25°C H20 is 
cited in ref. 26d from which a AHt N 5( + 2) for recom- 
bination is estimated. 

and as discussed in the next section, the studies to 
date have employed a gas phase reaction coordinate 
model.24 The precedents above make it clear that 
the cage effect must be carefully considered in these 
reactions although, to date, cage effects have been 
almost completely ignored in M-L thermolyses 
and BDE estimates based on solution kinetic 
studies.24-26 

The connection between solution phase kinetics 
of M-L bond cleavage and BDE involves two 
clearly distinct problems. The first problem is to 
obtain the activation parameters for the homolysis 
elementary step from the temperature dependence 
of the observable rate constants. We have recently 
provided”” the equations that solve this problem, 
equations that were previously unavailable in the 
cage literature (and are also provided herein as eqs 
(5) and (6), vide infra). They reveal that the observed 
(apparent) activation parameters are composites 
that include components due to the solvent cage 
effect. After the proper corrections to the observed 
activation parameters are made, one obtains the 
desired activation parameters for the dissociative 
elementary step, AH\(soln), be it a M-L homolysis 
or heterolysis. The gas phase model, mentioned 
above, does not recognize the cage effect, a failure 
that is one of the fundamental causes for con- 
siderable confusion. 11 

11 Even though a reaction coordinate identical to Fig. 
1 was published,“” it seems more likely, given earlier 
workZoa~*4’ and brief but specific mention of cage effects 
therein,24b*cj that something more along the lines of Fig. 
2 was actually meant. However, an ambiguous section 
from a 1982 papeti4’ that appears to have caused con- 
siderable confusion is repeated below. 

“Since recombination of Co(I1) complexes with 
organic radicals has been demonstrated to be diffusion 
controlled’~” and hence expected to exhibit an activation 
enthalpy of cu 2 kcal mol- ‘, this interpretation predicts 
that AH? l should consistently be about 2 kcal mol- ’ 
greater than DC_-R.” 

Note that a “universal correction factor of 2 kcal 
mol- I” was initially (and incorrectly) widely used regard- 
less of the solvent system.Zllb*c*d,h*2sa,26 Further evidence for 
the confusion over the proper connection between AHibS 
(soln) measurements and M-L BDEs is provided by 
two M-C BDE estimates obtained from the rates of 
racemization of M-C(chira1) compounds.26b~c The 2 kcal 
mol- ’ amount is subtracted from AHf raeemization measure- 
ments in spite of the fact that the racemization method 
potentially measures AHi(soln) directly, depending upon 
what fraction of racemization results from a cage recom- 
bination. The authors have implicitly assumed F= = 1 
and that no racemization occurs in the cage [i.e. that their 
observed racemization rates are equal to those for the 
disappearance of M-L in the presence of a trap (k&s, 
Scheme 3)]. 
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The second problem is the connection between 
the observed (composite) activation enthalpy (in 
solution) and the M-L BDE (defined in the gas 
phase). This problem is one that should be viewed- 
and kept-as distinct from the first as possible. One 
of the major purposes of the present paper is to 
carefully treat this second problem in the light of 
our recent’& solution to the first. Overall, it is hoped 
that the present contribution can serve as a step- 
ping-stone for improved M-L BDE estimates 
based on solution kinetics and for the required 
additional studies of cage effects in organo- 
transition metal chemistry. 

THE KINETIC DETERMINATION OF 
M-L BOND DISSOCIATION ENERGIES 

The gas phase model 

As with any other chemical bond, a M-L BDE 
is defined as the enthalpy change which 
accompanies the dissociation of a M-L bond in 
the gas phase at 298 K. A typical enthalpy vs 
reaction coordinate diagram for a gas phase bond 
homolysis is given in Fig. 1. The BDE is related to 
the activation enthalpies for the forward and 
reverse reactions by eq. (1). In most cases, AH: {(gas) 
for the recombination of two reactive radicals is 
expected, or assumed, to be sma11.27~28 

BDE z AH’& = AHf(gas) -AH? ,(gas). (1) 

Historically, this method has worked well for 
many smaller organics, both because they are 
reasonably volatile and because either the critical 
assumption AH? ,(gas) N 0 has been justified**27-Zg 
or introduces a relatively small per cent error for a 
ca 90 kcal mol- ’ C-C bond. If it can be assumed 
that M’ and L’ recombinations also exhibit AH?, 
(gas) values of zero, then organotransition metal 
M-L BDEs can be obtained similarly via gas phase 
kinetic measurements of AHf(gas) alone (subject, 
however, to some of the problems discussed next). 

Although precise gas phase values for individual 
M-L bonds in 18-electron complexes (the type 
most useful to practicing organotransition metal 

* For examples where AHf ,(gas) or AH~,,,,(soln) is 
not zero, see ref. 29. 

Reaction coordinate 

Fig. 1. Schematic gas phase reaction enthalpy vs coor- 
dinate diagram illustrating that BDE = AHi(gas)- 
AH!. ,(gas). This reaction coordinate diagram is also the 
(oversimplified) one that has previously been used for 

solution phase M-L homo1yses.24 

chemists) are presently limited,30 efforts in this area 
are clearly increasing.23”,30 Unfortunately, a large 
number of transition metal species are neither vol- 
atile nor otherwise rendered gaseous while still 
intact (e.g. even by FAB or laser desorption 
methods). Hence, gas phase BDE data for many 
organotransition metal systems are unattainable, at 
least presently. Furthermore, a major disadvantage 
of the otherwise powerful gas phase methods is 
that the structures and spin states of the products 
generally must be inferred.3’ However, in many 
cases the rates of unimolecular M-L dissociations 
can be measured in solution and, in general, the 
products and their spin states can be fully deter- 
mined. Therefore, solution kinetic methods of esti- 
mating M-L BDEs are valuable, as is a full under- 
standing of the problems and assumptions involved 
with this method. 

The proper liquid phase moaN--one that includes 
the cage 

Scheme 3 illustrates the M-L dissociation pro- 
cess in solution, including the phenomenological 
version of our cage effect model. lo This scheme 
is central to everything that follows. It shows the 
particular case for M-L homolysis, but heterolytic 
ligand dissociations (e.g. an 18-electron M-L com- 
plex forming a 16-electron M + L) can be included 

k,(sola) - 
M-L - [M-L’] 

* 
[M’] + [L’l T 

Trapped 
k cagepair 1 Free radicals kr Product 

Scheme 3. 
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as well.* Scheme 3 is restricted, for the purposes of 
this discussion,t to the case where the only possible 
cage reaction is recombination (k,, fs-ns timescale) ; 
in general, other cage reactions such as dis- 
proportionation (&_u, Schemes 1,2 and 4) are also 
possible. It is crucial for what follows to understand 
the elementary step and rate constant notation used 
in Scheme 3 and hereafter; a footnote$ is provided 
for this purpose. 

The cage recombination process (k,, Scheme 3) is 
conceptually distinct both from free radical recom- 
bination in solution [k_ ,(soln), Scheme 31 and from 
the recombination process in the gas phase 
[k I(gas)]. The rate constant for diffusive cage 
escape, kd, reflects]] the effective probability per unit 
time that the cage pair is converted to trappable 
free radicals. It is also quite distinct from k_ I(soln) 
even though they both involve diffusion, since k,, 
denotes diffusion out of the cage while k_ ,(soln) is 
the rate constant for diffusion into the cage. 

The ultimate fate of the starting material (M-L), 
as restricted in Scheme 3,7 is cage escape followed 
by reaction of freely dzjiising radicals (ns-ms time- 

* It should be noted that bond homolysis and bond 
heterolysis are energetically comparable in many 
organotransition metal systems. Benzylmanganese- 
pentacarbonyl furnishes an interesting example.23a,36 
The flash vacuum pyrolysis of this compound shows 
that bibenzyl, a product typically associated with 
free radical dimerization, is actually produced from 
an M-L heterolysis. A metastable $-benzylman- 
ganesetricarbonyl intermediate36 is the thermolytic 
precursor to bibenzyl; no benzyl radical dimerization is 
involved. The activation enthalpy (gas phase) for the 
heterolytic formation of the $ species is 24 kcal mall’ 
whereas the BDE (gas phase) for the C-Mn bond hom- 
olysis in this compound has been estimated to be 32 f 5 
kcal mall ‘.23a As Schemes 1 and 2 show, molecule 
induced homolyses are common with metal hydrides. 
The important connection here is that a coordinatively 
unsaturated intermediate might react with a metal 
hydride, giving radical intermediates and cage chemistry. 
The important bond dissociation process, in such a case, 
would be heterolytic ligand detachment, and not homo- 
lyses, even though radicals and radical products are 
formed, leading to erroneous solution phase BDE esti- 
mates. 

t The standard overhead bar notation is used to denote 
the cage pair, M’ L’. Following production, the chemical 
reactions of cage pairs can include recombination (k,), 
disproportionation, isomerizations or fragmentations (B- 
scissions). In order to be cage (chemical) reactions, the 
processes must be kinetically competitive with the non- 
chemical reaction that is unique to the cage pair, the 
diffusive separation to yield free radicals (k,J. Scheme 3 
is restricted to a case where the only chemical process is 
kc, though this restriction is not generally necessary. 

scale) with a trapping agent (T). The trapping agent 
may be a hydrogen donor, such as a thiol or dihydro- 
anthracene, or an added stable radical such as 
2,2-diphenylpicrylhydrazyl (DPPH), a nitroxide or 
molecular oxygen. sg*24*25 Such trapping agents have 
the property of a high rate constant (kT) for reaction 
with either M’ or L’. With modest (N 0.1 M) con- 
centrations of T, added in excess compared to 
M-L, all of the starting material will result in 
trapped product formation. ** 

Solution phase BDEs 

It is useful to begin our discussion of solution 
phase BDEs by examination of the heat of reaction 
[AHi(soln)] for an M-L dissociation (either homo- 
lysis or heterolysis) in the absence of a reactive 
trapping agent. In the gas phase, such heats of reac- 
tion are identical to the bond dissociation energy 
for the dissociative process, BDE = AHi(gas). The 

$ The notation for the elementary steps and their rate 
constants in Scheme 3 and thereafter requires expla- 
nation. The somewhat unusual use of k_ ,(soln) (as other 
than the inverse of k,) is deliberate. The rate constant 
k_ ,(soln) indicates the elementary step for free radical 
recombination to form the cage pair. The use of k,(soln) 
and k_ ,(soln) as in Scheme 3 maximizes the cor- 
respondence and thereby facilitates a comparison, of 
Scheme 3 (and its implications) to previously proposed 
modelsz4 (Fig. 1) that ignore the cage. In particular, the 
equations for the composites AH!,,(soln) and A&,(soln) 
derived from Scheme 3 can be simplified, with certain 
assumptions, to what others have proposed. 24 In this way 
we will be able to make explicit what assumptions others 
have made. 24 

To summarize the notation used herein, the composite 
consisting of homolysis followed by cage escape will be 
indicated by kobs, AH&,,(soln) and A&,(soln). The 
reverse reaction, the recombination of free radicals, will 
be a composite kr,obs(soln), AH!,,,,(soln), ASj,,,,(soln). 
The elementary steps in Scheme 3 of homolysis [k,(soln), 
AH{(soln), ASi(soln)], cage combination (k,, AH:, AS*), 
diffusive cage escape (kd, AH& ASj) and cage reentry 
[k_ ,(soln), AH: ,(soln), AS? ,(soln)], have the same mean- 
ings as they had in Schemes 1 and 2. The gas phase hom- 
olysis process [k,(gas), AHf(gas), A$(gas)] and the gas 
phase radical recombination process [k_ ,(gas); 

AH’ *(gas), AS? ,(gas)] will be distinguished as indi- 
cated. Obviously, the k, and kd processes have no counter- 
parts in the gas phase and therefore need no “(soln)” 
designation. 

11 See footnote * on p. 1500. 
T[ See footnote t on this page. 
** In practice it is important to make sure this condition 

holds. Ionic side reactions that occur in competition with 
homolysis have already contributed to the confusion in 
the Coenzyme B, 2 case in an unnecessary way.24h 
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gas phase usually allows one to consider the overall 
M-L cleavage reaction to be a single, elementary 
process. One of the main uncertainties in AHi(gas) 
determinations is the value of AH5 I(gas) but it is 
generally eliminated with the (sometimes incorrect) 
assumption that it is small, AH? r(gas) -C 2 kcal 
mol- ‘. 

As Scheme 3 shows, the overall reaction in solu- 
tion is no longer an elementary step. Figure 2 shows 
an enthalpy diagram that corresponds to one pos- 
sible Scheme 3 reaction (without the trapping agent, 
T), chosen initially because it shows the slightest 
possible modification of the gas phase picture. Fig- 
ure 2 differs from Fig. 1 only in the addition of an 
enthalpy barrier for the diffusive separation of the 
cage pair. The overall reaction is from M-L to 
fully separatedfree radicals. By inspection of Fig. 
2, one can see that eq. (2) gives the heat of reaction 
in solution, AHi(soln). 

AHg(soln) = AH\(soln) 

+[AHb-AH? ,(soln)]-AH:. (2) 

If it is assumed that AHi is equal to AH? I(soln) 
(i.e. that AHA-AH? , = 0), then eq. (2a) results. 

AHl(soln) = AHl(soln) - AH: (24 

[If: AHi = AH5 ,(soln)]. 

If it is also assumed, by analogy with gas phase 
work, that AH! is negligible, then eq. (2b) results. 

AHi(soln) = AHf,(soln) (2b) 

[If: AHi = AH!_ ,(soln), AH! = 01. 

If it is further assumed that the difference between 
enthalpic effects of solvation of M-L and the 
transition state for M-L homolysis [defined here- 
after by the useful symbol $, (Fig. 2)] is negligible, 
then one can equate the AHi(soln) with the 
BDE.*,32*33 Equation (2~) states this result along 
with its restraints, including the fact that differential 
solvation effects must be negligible (6 solv- 
ation = 0). 

BDE N AHf,(soln) (2c) 
[If: AHA = AH? ,(soln), AH: = 0,6 solvation = 01. 

The above development of eq. (2~) shows how, 
under the right circumstances, AH{(soln) could give 
a good (even excellent) estimate of the BDE for a 

*The heat of solution, AH(solution), for organo- 
metallics in solvents such as toluene3’ or 1,2-dichloro- 
ethene33 are often < 4-5 kcal mol- ’ ;258 it seems likely, 
then, that the differential heat of solution, AAH (solu- 
tion), between M-L and M’ L’ will be small, < 5 kcal 
mol- ‘, at least in these solvents. 

I 
H 

M-L 

Reaction coordinate 

Fig. 2. Schematic solution phase enthalpy vs reaction 
coordinate diagram showing the definitions of AH\ 
(soln), AH!, AH& AH&,(soln) (if the cage efficiency, 
F, = l), AHf ,(soln), and f:, and Sd. Note that the BDE, 
as shown in this figure, corresponds to the free radical 
stage (since such a large M’ and L’ separation is how 
a gas phase BDE (Fig. 1) is defined) and required 6 
solvation = 0. Note also that if AHi = AH?, (and if 6 
solvation and other terms (see footnote t on p. 1507) are 
negligible) then the BDE will also equal the enthalpy 
difference from M-L to the M’L’ caged pair. This fig- 
ure illustrates only one set of possible enthalpies, i.e. 
AH: is shown << AHj but the opposite is also possible. 

M-L system. The solution values could be at least 
as accurate (+ 2 kcal mol- ‘) as the best values 
obtained to date via gas phase studies, even though 
the former are determined in solution. Extraction 
of an accurate AH\(soln) from the observable 
AH&,(soln) values would thus give a very useful 
result if it were done properly, and if the AHibs 
(soln) were obtained under the appropriate con- 
ditions. However, the two crucial factors that deter- 
mine the accuracy of a solution phase BDE, the 
enthalpic effects of differential solvation and quan- 
titative correction for the cage effect, have been 
previously neglected in M-L BDE estimates. We 
examine these effects in turn in the sections that 
follow. 

D@erential solvation eflects 

The assumption that AHj be equal to AH!_ ,(soln) 
is not expected to be exactly correct, except for- 
tuitously. In the case of organic radicals, both 
AH$ and AH? ,(soln) are small and positive in fluid 
solvents like alkanes, where no specific radical-sol- 
vent complexes are formed. The AHi - AH? ,(soln) 
difference will be nearer to zero than the individual 
values and the AHi = AH!. ,(soln) equivalence 
would not lead to any large error in such a case. 
However, for organometallic systems, specific solv- 
ation effects, on the free radical time scale (i.e. for 
radicals that have escaped the cage), could result in 
a large difference between AHA - AHt ,(soln). Two 
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cases of specific solvation effects that may stabilize 
out-of-cage M’ [and thus increase AHf_,(soln)] in 
organotransition metal systems come to mind. The 
first is solvent (S) addition to a 17-electron M’ to 
form a “ 19-electron”*, 34 ‘M-S. Since such 19-elec- 
tron species are now well-known,34a since Tyler has 
recently shown their formation can be exoergic34b 
(and probably significantly exothermic), and since 
a 19-electron ‘Co(DMG)z(pyridine), complex has 
been isolated and crystallographically char- 
acterized3” (S = pyridine in this case), it seems wise 
to at least consider the possibility of 19-electron 
‘M-S species (and thus that AH? ,(soln) is much 
larger than AHf). Another way to say this is that 
recombination of freely diffusing M’ and L’ may 
actually involve ‘M-S in some cases. Such encoun- 
ters between ‘M-S and L’ will initially produce a 
type of solvent-separated or so-called secondary 
radical pair, ‘M-S’L. The right side of Fig. 2 
(dashed line) shows this effect in a qualitative way. 

A second case of interest is in the heterolytic 
dissociation of an M-L bond (L = CO, PR3 and 
so on) in an 18-electron complex to form L plus a 
16-electron, coordinatively unsaturated fragment, 
M. By this example we again point out that the 
formalism of cage effects is not restricted to radical 
pairs, but rather, includes other non-ionic pairs of 
high reactivity. For a 16-electron M species, exo- 
thermic specific solvation to yield M-S is generally 
expected ; for example, available estimates for 
Cr(CO)$ indicate that even weakly coordinating 
solvents like heptane or cyclohexane will have 
AHsolvation N - 4 kcal mol- ’ 35 (estimates run as high 
as - 10 kcal mol- 1).35c An experimental point worth 
noting here is the need to use carefully purified 
solvents since, for example, the Cr(CO)rOHz 
bond energy is N 18( + 4) kcal mol- ‘.3sc 

As we mentioned above, differential solvation 
effects can also enter into the value of AHj(soln). 
A variety of solvent effects, including those con- 
nected to size changes during reaction, could lead 
to an appreciable AH!. The connection of AH{ 
(soln) to a BDE requires that solvent effects, either 
specific or non-specific, must be energetically neg- 
ligible at every stage of reaction from M-L to frw 
radicals. The amount of work needed to establish 
this condition, or correct for deviations from it, is 

* For 17-electron CpMo(C0); plus X- = I-, Br- or 

Cl- reacting to give 19-electron CpMo(CO),X’, AG is 
< - 2 kcal mol- ’ at 298 K. Since AS is almost surely 
negative, a conservative estimate is that AHis < -2 kcal 
mol- ‘. 

t See footnote * on p. 1505. 
$ See footnote ** on p. 1504. 

both substantial and seldom done. The assumption 
of negligible differential solvation effects should 
always be stated as a restriction on the accuracy of 
the BDE values obtained. We use the notation 6 
solvation = 0 to mean that all solvent effects, 
besides the cage effect, are negligible. 

The 6 solvation = 0 statement is perhaps overly 
grim since solvation effects on uncharged molecules 
are usually not energetically large ; for example, for 
uncharged organometallics the AH(solvation) (i.e. 
the heat for the gas phase + solution reaction) are 
often < 5 kcal mol- ’ for lower polarity solvents.? 
Moreover, solvation enthalpy differences are usu- 
ally smaller than individual values. Nonetheless it 
is important to keep distinct what is assumed from 
what is established in fact. The number of possi- 
bilities for failure of the 6 solvation = 0 restriction 
in M-L dissociations is larger than the two specific 
cases mentioned above. The point to note here is 
that the 6 solvation = 0 restriction applies to all of 
the cases, treated subsequently herein, where a BDE 
is derived from a Af&(SOh). 

Relationships between AH{(soln) and A&,(SOh) : 

the cage efect 

The connection between AH$(soln) and AHibs 
(soln) is not as simple as recent literature would 
suggest since the cage effect has been neglected 
there. Scheme 3, and the equations that are derived 
from it, correct this oversimplification. 

One of the best methods for obtaining rate con- 
stants forfree radical formation is through the dis- 
appearance of the starting material in the presence 
of added trapping agent. Scheme 3 implies that, 
with the addition of trapping agent (T) of sufficient 
reactivity (kT), the observed rate constant for the 
disappearance of M-L or the appearance of the 
trapped product (formed in 100% yield& k&s, 
should be related to the elementary steps of Scheme 
3 via eq. (3). 

kobs=k, &. [ 1 d c 
(3) 

The qualitative pictorial representation of a free 
energy (AG) reaction coordinate diagram, cor- 
responding to the M-L homolysis and cage pro- 
cess in Scheme 3, is helpful here and is shown in 
Fig. 3. 

The activation barriers for the cage processes of 
recombination and diffusive cage escape are shown 
as AGE and AG$, respectively (Fig. 3). Note that 
two limiting cases of interest can be seen, one 
(shown with a dotted line, Fig. 3) where AG: is << 
AGi (so that a sizable cage effect and significant 
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Reaction Coordinate 

Fig. 3. Schematic solution phase free energy vs reaction 
coordinate diagram for the general cage reaction depicted 
in Scheme 3 showing the definitions of the transition 
states $,, Sd and ST, the free energies AGE and AG$, and 
the two limiting cases of the cage efficiencies, F, = 0 [cor- 
responding to AGE >> AGi (and thus to $, at higher free 
energy than Id) and F, = 1 (corresponding to AGE << 

AGj and thus to $ , at lower free energy than &)I. 

recombination exists), and one (shown with a solid 
line, Fig. 3) where AGi >> AG$ so that no cage 
recombination occurs (no cage effect). The frac- 
tional cage efficiency, Fc, lo is a very useful param- 
eter and is defined in eq. (4). 

F, = k&+k,). (4) 

The two limiting cases can now be seen more clearly 
as F, N 1 (a large cage efficiency due to kc >> kd), 
and F, 1: 0 (negligible cage efficiency since kd >> k, 

and kc/k, N 0); note also that there is also a con- 
tinuum of cases in between the two limits of F,. 

As we have recentlyIDa shown, the activation par- 
ameters that are associated with Scheme 3 and 

Fig. 3 are given, in the general case (all F, values), 
by eqs (5) and (6). 

*See footnote 11 on p, 1502. 
TThis BDE equation is an approximation because 

it neglects differences in the enthalpy of the homolysis 
transition state ($,) in solution compared to the gas 
phase. When the enthalpy function for the homolysis is 
not sharply peaked, then entropic and solvent effects will 
determine the position of the transition state, $ ,, on the 
underlying potential energy (e.g. Morse) function, giving 
rise to different solution vs gas phase enthalpy AH* 
values. If one denotes that enthalpy difference by 6H*l, 
then a more exact equation is as follows, where the 
required AH’,(gas) correction has also been incor- 
porated. 

BDE N AH\(soln) - F, - [AH,j -AH!] 

+6Htl - AHf_ ,(gas). 

AH&,(soln) = AHf (soln) + F, [AHb - AH!] (5) 

A&,,(soln) N ASf(soln) + F, [ASi - AS:]. (6) 

It should be noted that the enthalpy expression [eq. 
(511 is analytic while the entropy expression [eq. (6)] 
is an approximation”” (which is good to +2 eu in 
the interval 0.9 > F, > 0.1, and of higher accuracy 
outside of that interval). 

Equation (5) makes it clear that Fc, AH$ and 

AH,f [but not AH: i(soln)]* are important com- 
ponents of the apparent activation enthalpy 
[AH&,(soln)] for any reaction which occurs via 
Scheme 3. Equation (5) also implies curvature in 
the AH&,,(soln) vs l/Tfunction which is responsible 
for the approximate nature of eq. (6) in the 
0.9 > F, > 0.1 interval. Equation (6) teaches that 
the components of AS&,,(soln) are ASf(soln), F,, 

ASj and AS!. 
These equations are quite important in showing 

that the cage efficiency factor (FJ and the activation 
parameters of the cage reactions (AHi, AH:) must 
be the basis for obtaining a AHj(soln) value for an 
M-L bond homolysis in solution. They are entirely 
different in concept to previous literature.2”26 They 
also show that variations in F, with variations in 
temperature must be considered before the value of 
AHf(soln) and AS\(soln) can be extracted from 
AH&,,(soln) and AS$,,(soln). These variations in Fc 
have not received any previous attention. In fact, 
variations in the cage effect for M-L bond dis- 
sociation reactions have been entirely ignored until 
our development of eqs (5) and (6).‘Oa 

With eqs (5) and (6) in hand, the general BDE 
equation [eq. (7)] is easily obtained by inserting eq. 
(5) into the general thermodynamic eq. (2). 

BDE N AH&,(soln) + (1 - FJ * [AH$ - AH:] 

-AH? ,(soln) (7) 

[If: 6 (solvation) = 0,O < Fc < 11. 

All restraints are relaxed in this approximation? 

except that differential solvation effects again must 
be absent (6 solvation = 0). 

Equation (7) further illustrates that even if 
there was some constant value for AHS,- AH! 

[= A(AHt),_,] that was a property of all or most 
solvents, the appropriate correction to AHi,(soln) 
would still require values of the cage efficiency fac- 
tor (FJ and AHf ,(soln) variables. Examples ofcage 
reactions in the organic literature and the Bergman 
example above (Scheme 2) show that F, can easily 
vary from 0.01 to 0.99. Similarly, AH!. i(soln) will 
vary with solvent. 

Although eq. (7) is the most general BDE equa- 
tion, its use requires knowledge of F,, AHi, AH: 
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and AH!_ ,(soln). Since these are generally not avail- 
able, BDE estimates from solution kinetic studies 
will generally have to proceed with simplifying con- 
ditions and assumptions. In the sections that follow, 
we first examine the lower limit of F, (FC = 0). In 
this limit, the observed activation parameters, 
AHAb,(soln) and A&(soln), simplify to those of the 
dissociative elementary step [AHf(soln), AS{(soln)]. 
The I;, = 0 limit will also be useful in showing how 
the cage effect cannot be neglected, even when the 
cage efficiency factor (FJ is negligible! The dis- 
cussion then will examine the F, = 1 limit. We will 
then return to the continuum, where F, is a variable 
that can change with changing temperature, solvent 
and M-L structure, and will examine the simplified 
forms of the BDE equation that apply there. 

BDE ESTIMATES IN THE LIQUID PHASE 

The zero cage eficiency (F, = 0) case 

The situation in which an M-L reacts via 
Scheme 3 but exhibits no cage effect is depicted in 
the free energy profile of Fig. 3 (solid line) where 
AGE is higher than AG$ (k,, >> k,, F, N 0). In such 
cases, eq. (5) simplifies so that the observed activa- 
tion enthalpy [AHi,(soln)] will be equal to that for 
kl [AHf(soln)], the solution phase homolysis step 
of Scheme 3 [eq. (8)]. 

AH$,,(soln) = AHif(soln) 

AS&,,(soln) = ASf(soln) 
(If: F, = 0, k, << kd). 

(8) 
It is useful to simplify further the AGE > AG6 con- 
dition by eliminating entropic considerations (i.e. 
that AHE = AGE > AHA = AGA, AS: = ASa = 0). 
This simplification allows us to examine the impli- 
cations of non-zero AH: possibilities. The enthalpy 
profile, in this case, will be similar to the free energy 
profile (Fig. 3, solid curve) and AH: will be sub- 
stantial [3.2 kcal mol- ’ more than AH$ for 
F, < 0.01 at 350 K (77”C)]. 

From this point, the connection between AHib, 
(soln) in the liquid phase and BDE must proceed in 
a stepwise and careful way. Ultimately, it must be 
determined if the substantial AH6 is a property of 
the M-L molecule or a property of the solution. 
As already mentioned, a variety of solvation effects 
could lead to a significant AH: value in solution 
that would not be present in the gas phase. Any 
connection between AHt,,,(soln) and BDE requires 

* See footnote $ on p. 1504. 

6 solvation = 0. If the system meets the 6 solv- 
ation = 0 and F, = 0 restrictions, and if the further 
assumption that AHA = AH? ,(soln) is valid, then 
the observed activation enthalpy for the (reverse) 
free radical recombination reaction, AHj,&soln),* 
would be equal to AH: and equal to the gas phase 
value AH’ ,(gas). Equation (7) then yields the rela- 
tively simple BDE relationship shown in eq. (9). 

BDE = [AH$,,(soln) - AH:] 

= [AHi(soln) -AH? ,(gas)] (9) 

[If: F, = 0,6 solvation = 0, 

AS: = 0 so that AH: = AG;, 

AH: = AH!_ I(gas) = AHz,,,,(soln), 

AHA = AH? I(soln)]. 

The above scenario constitutes an example where 
the low cage efficiency (FC = 0) would be a property 
of the M-L molecule. The AH! in this hypothetical 
example is derived from the M-L bond potential 
function. A well-defined maximum in the enthalpy 
profile determines the structure of the transition 
state, $ 1 (Fig. 2), in this case. 

A specific example illustrating a large AH! is 
useful here. The dimerization of bulky and highly 
delocalized triarylmethyl radicals provides a clas- 
sic37a example where steric effects impose a ca 7-10 
kcal mol- ’ barrier,29a AH:, in the otherwise decreas- 
ing energy of a system in which a chemical bond is 
forming. It is quite likely that the set of conditions 
set forth with eq. (9) will ultimately be applicable 
to some M-L systems, but we don’t yet know if it 
applies to a few or many organotransition metal 
systems. 

There is a second important case where F, N 0 
and where the AH: = AH? ,(gas) equivalence can 
apply. It is identical in the free energy sense (AGE >> 
AG& Fig. 3) to the case above, but very different in 
the enthalpic sense. Figure 2 shows an enthalpic 
picture for a Scheme 3 reaction in which the acti- 
vation enthalpy for the cage recombination reaction 
(k,, AH;) is much smaller than the activation 
enthalpy for diffusive decay of the cage pair (kd, 
AHA). This enthalpy picture (Fig. 2) is not, as it may 
seem, incompatible with F, 1: 0 (Fig. 3, AGE > AGQ. 
One merely needs to suppose a negative AS: that is 
large enough to make k, c k..,. For example, a AS! 
= - 10 eu (that has a likely basis from first prin- 

ciples35d*38.39) gives a AG! of 3.5 kcal mol- ’ at 77°C 
(350 K) even if AH,f = 0. 

Under these conditions, the rate constant for 
recombination of the free radicals would still be 
limited by surmounting $, (Fig. 2) and could be 
fast enough to be in the diffusion controlled range. 
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However, the value of kr,obs(soln) would be con- 
trolled by the negative value of ASi and not by 
AH? ,(soln). The equation connecting BDE and 
AH&Jsoln) is not changed in this case, i.e. eq. (9) 
still applies. It would be an error in this case to 
subtract a typical AH? ,(soln) value in an attempt 
to obtain a BDE (although this has been sug- 
gested). 24 

A further simplification of eq. (9) is possible if 
AH: is assumed to be negligible (AH: N 0, the 
entropic barrier case) ; the result is eq. (9a). 

BDE N AHi,,(soln) = AH\(soln) 

[If: F, N 0,6 solvation = 0, 

(9a) 

AH! N AH!. ,(gas) N 0, A$ <. 0, 

AH? ,(soln) = AH!]. 

The conditions (AH: = 0 and F, = 0) that yield 
eq. (9a) require an important new restriction com- 
pared to eq. (9), that AS! << 0. The sign of AS! is 
certainly expected to be negative (in the absence of 
strong solvation effects), although this has not yet 
been clearly demonstrated. This statement 
(AS: << 0) is made partly on the basis that the tran- 
sition state $ , should be more ordered than the cage 
pair intermediate. The latter, by definition, allows 
the two cage partners the chance to move inde- 
pendently, ultimately leading to their separation to 
form free radicals. The cage pair can be considered 
to have entropic properties analogous to those of an 
M-L molecule, differing from its M-L precursor 
both in structure and in six vibrational frequencies 
that have been shifted to relatively (very) low 
values.38a These in turn should lead to a negative 
activation entropy for the k, step of Scheme 
3 *,35d,38,39 

The importance of the possibility of a sig- 
nificantly large and negative ASa is clear when one 
compares Fig. 2 with the F, = 0, AG! > AGA case 
in Fig. 3. Figure 2 shows a AH: which is similar to 
Fig. 1 (gas phase) but with an added barrier (AHA) 
for the conversion of the cage pair to freely diffusing 
species. The enthalpy diagram (Fig. 2) would lead 
one to expect a large (FC - 1) cage effect whereas 
the free energy profile (corresponding to the same 
AH! but A$ c 0) shows that the cage effect is 
absent (FC = O)! The present situation (AS: << 0) is 
distinct from the one described above (AS: = 0, 
AGE = AH!) in that the I;, = 0 condition depends 
upon TAS! and thus upon the temperature of obser- 
vation. A larger cage effect would be observed at 
a lower temperature. A low temperature (photo- 

* See footnote 0 on p. 1500. 
t See footnote 11 on p. 1502. 

chemical) means of generating such a cage pair inter- 
mediate could give very different behaviour than 
that seen in thermolysis (at higher temperatures). 

In closing this F, = 0 section, we note that the 
cage efect cannot be ignored, even when its eficiency 
factor, F,, is negligible. This is obvious since there 
are two equations relating AH\(soln) to BDE [eqs 
(9), (9a)] for the same F, = 0 limit. Schemes that do 
not allow for the cage pair are apt to confuse the 
two cases given by eqs (9) and (9a).tJ4 

The liquidphase. Eficient cage reaction (F, = 1) 

A different set of equations arises when F, is not 
equal to zero. Before proceeding, it is useful to 
summarize the available evidence for cage effects in 
M-L solution homolyses (Fig. 3, dashed line). The 
evidence is several-fold, although additional studies 
documenting cage effects and the magnitude of F, 
in M-L thermolyses are needed (some of them are 
in progress as part of our own work25g) : 

(1) The studies cited in the introduction20*21 such 
as in Schemes 1 and 2, although not M-L homo- 
lyses, provide similar, if not identical, caged M’ and 
L’ pairs and thus provide good (albeit inferential) 
evidence for F, > 0 and thus for the importance of 
radical cage effects in M-L homolyses. 

(2) Endicott has provided direct evidence for cage 
effects by showing 4o that picosecond flash photo- 
homolysis of the Co-C bond in adenosyl- 
cobalamin (Coenzyme BIJ in ambient tempera- 
ture Hz0 gives k, N (1.3 + 1 .l) x 10’ s- ’ and 
kd N (0.5+0.4)x 10’ s-‘. These values in eq. (4) 
give FC, = 0.7 with a range of 0.2-1.0, given the 
stated4’ error bars. 

(3) Some evidence exists for a non-scavengeable 
fraction of products in the thermolysis or photolysis 
of Co-R complexes containing j?-hydrogens,24bvc 
an observation generally interpreted as consistent 
with cage recombination”” and hence F, > 0 (but 
also consistent with, and interpreted by others as 
evidence for, a parallel and concerted P-H elim- 
ination pathway).41-43 

(4) In studies of Co-R homolyses using added 
reagents at concentrations that scavenge free radi- 
cals (only), an increase in AHob,(soln) in solvents 
of increasing viscosity has been observed both by 
Halpern24f and ourselves.2Y*e*f Although not inter- 
preted previously as a cage effect,24f this observation 
is fully consistent with Scheme 3, in particular with 
eq. (5) and with the assumption of an increase in 
AH$ with an increase in solvent viscosity. 

(5) Perhaps most importantly, such cage effects 
are to be expected in moderately viscous solvents, 
given the literature of radical cage effects.‘-‘2~‘4 
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We believe that the evidence above already estab- 
lishes that F, values for organometallic systems are 
not negligible ; moreover, we believe it is likely that 
the F, values 2 0.5 for M-L systems will be found. 
If so, the F, values will be considerably larger than 
those for previously studied organic radical pairs. 

We therefore consider next the high cage 
efficiency (FC = 1) limit. The BDE equation and the 
required restrictions are given in eq. (10). 

BDE N AHi,,(soln) - AHC I(soln) (10) 

[If: FC = 1, 6 solvation = 01. 

Equation (10) is a more general version of the case 
suggested by Halpem * 4 which has heretofore been 
widely accepted.25T26 It applies to cases where the 
recombination of free radicals is known to be 
diffusion controlled, which in turn means that k, is 
much greater than kd (i.e. that F, = 1). One only 
needs to recall eq. (9a) above to realize that a differ- 
ent BDE equation is appropriate if F, N 0. Clearly, 
the connection between AHib,(soln) and BDE 

* At present, there are virtually no direct measurements 
of AHA or AH!. ,(soln) as a function of solvent for any 
M-L bond thermolysis ; indeed, such measurements 
are largely absent from all of the cage-chemistry litera- 
ture.“’ However, Halpem has provided valuable data 
consistent with rhe interpretation that AH!_ ,(soln) ranges 
from ca 2 kcal mol- ’ in solvents such as toluene and 
acetone”b” to ca 5 or more kcal mol- ’ in more viscous 
solvents such as (lower temperature) ethylene glycol if 
F, is l.*& Our own workZJc*d*e,f confirms the general theme 
(but not all aspects)24b of these findings. The AH? ,(soln) 
estimates parallel estimates for the enthalpy of activation 
for diffusive flow obtained from the well-known lnq 
(q = viscosity) vs l/T treatment.2*‘3-1s,44 It is crucial for 
the purposes of the present discussion to be aware of 
three points about AH; values:2~‘3-‘5*44f-’ they are only 
estimates of AH’ for diffusion through a continuum and 
typically underestimate it by < 1 kcal mol-’ ;2,44f*g they 
are based on viewing the solvent as a bulk, macroscopic 
continuum and thus are even more uncertain estimates 
for the microscopic, molecular dynamics and energetics of 
diffusion out of the (discontinuous) cage ; they fall into 
two classes, AH?, being virtually constant for so-called 
“non-associated” solvents such as toluene, but AHi, being 
a function of temperature for “associated” solvents such 
as H-bonding H,O or ethylene glyco12*7,44 (in this latter 
case, the apparent AH: decreases noticeably with increas- 
ing temperature, i.e. lnq vs l/T plots are non-linear2,44). 
Typical values of AH: are : 1.5 kcal mol- ’ for to1uene,44a 
3.8 kcal mol- ’ for Hz0 from 8 to 25°C ;erb 2.1 kcal mol- ’ 
for H,O from 100 to 130°C ;4” 7.3 kcal mol- ’ for ethylene 
glycol from 8 to 25°C ;44d and 4.4 kcal mol- ’ for ethylene 
glycol from 90 to 120”C.44d,” The q vs T data used in these 
AH: calculations are taken from indicated sources ;44 it 
should also be noted that AH; = E,, - RT.28b*c 

requires a quantitative measurement of F,, yet no 
quantitative values for F, are available at the pre- 
sent time for any M-L system! It is also quite 
important to realize that, if and when eq. (10) is 
applicable, AHi,,(soln) pertains to kd (Id) and not 
to kl ($J as the rate determining step. This dis- 
tinction appears to have been lost in interpret- 
ations of the observed activation parameters for 
M-L systems to date. 

The liquidphase, the cage effect continuum 

The actual values of F,, for M-L systems, are 
expected to be somewhat removed from either limit- 
ing boundary (0 or 1). The general relationship [eq. 
(7)] for the continuum (0.01 < F, < 0.99) can be 
simplified by neglecting AH: (AH: N 0) and setting 
AHi equal to AH!_ i(soln). These two assumptions 
convert eq. (7) to (11) 

BDE N AH&,,(soln) -F, * AHA (11) 

[If: 6 solvation = 0, AH: N 0, AHA = AHt ,(soln)]. 

This equation, and its attendant restrictions, cap- 
tures the essential features of the cage pair inter- 
mediate on BDE in the simplest possible way. It 
shows that both FC and AHi must be considered 
variables that will change with changing solvent. A 
more viscous solvent should have both a higher F, 
value and a higher AHA value than a less viscous 
solvent. The change in F, and AHj with variable 
solvent must be taken into account in relating 
AH&,,(soln) to a BDE. A further approximation that 
is useful (at least presently) is to equate AHj with 
the activation enthalpy for viscous flow (AH:) as 
obtained from a In rl vs 1 /T plot (q = viscosity) and 
Andrade’s law, In q = In A,, + (AH:+ RT)IRT. * 
The result, eq. (1 la), will at least explain the higher 
values of AHib,(soln) in solvents of high AH& 

BDE N AH&,,(soln) - FCAHi (114 

[If: 6 solvation = 0, AH! = 0, 

AH$ = AHL ,(soln) = AH:]. 

Determination of F, 

A key variable in each of the important eqs (5), 
(6), (7), (11) and (1 la) is the F, value. If F, were 
known along with kobS then k, is the result, as shown 
in eq. (12) [which is readily obtained from eqs (3) 
and (4)]. 

k 
k, = (lo;C). (12) 

Having both F, and kobs values as a function of 
temperature [which also gives k, as a function of 
temperature via eq. (12) and thus AHf(soln)] would 
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also allow a direct determination of AH$ - AH:, as 
a rearranged form of eq. (5) shows, eq. (13). 

[AHi-AHE] = AH&.(soln~ AHi(soln) . t13l 

c 

There are ways to obtain kr and FC values in 
favourable cases. For example, racemization rate 
constants (k,) can, in principle, be measured using 
a chiral metal complex [e.g. M-C(x)(y)(z)]. If one 
assumes that unrestricted rotation of the carbon 
group occurs in the M’ ‘C(x)(y)(z) radical pair, then 
at least some racemization of M-L is expected 
from the homolysis and cage recombination 
process. If FC is not zero and if an appropriate 
inversion process (an internal rotation or molecular 
tumbling) in the cage pair is very fast compared to 
k,, then k, can be obtained directly. In such cases, 
the value of AHi(soln) can also be obtained directly, 
independent of the exact value of the cage efficiency 
(FJ. If the value of AHf(soln), so determined, is 
assumed to be equal to AH\(gas) and if AH? ,(gas) 
is considered to be negligible, then the AHf,(soln) 
value is the approximate BDE [previous eq. (2c)]. 

A fast intra-cage racemization process also 
allows a quantitative determination of F,. This 
determination would be very simple in such a case. 
One would merely measure the disappearance of 
the chiral M-L in the presence of a trap (kobs, 
Scheme 3), followed by the separate measurement 
of k,. These would yield F,, eq. (14). 

F, = (& -k&/k, 

k, = k,. 
(14) 

Under these assumptions, a relatively direct deter- 
mination of AHA - AH: [eq. (13)] would be possible 
and would valuably increase our understanding of 
the cage effect. The AHi- AH: difference is also 
related to the BDE question through eq. (7), 
although this requires the measurement of AH!_, 

* Another definition of the activation entropy, deriv- 
able from eq. (3), is the limit of ln(k,,,/T) as the tem- 
perature becomes i&nite [i.e. the intercept of the 
In (kobs/T) plot as l/T+ 01. The equation for this acti- 
vation entropy (ASL) is : 

AS&, = AS{(soln)-R(ln[I+e(A@~AS’)]). 

This equation is correct, but only in the limit T + co. 
It is quite misleading because it assumes A# is constant 
over this temperature range (in general AHf for a Scheme 
3 reaction is not constant). Hence, this expression is of 
little use except if AS! - ASj = 0, where it teaches a small 
negative, -R In 2 (- 1.4 eu) correction to ASi(soln). 

(soln). However, the validity of eq. (2~) could be 
checked if all these measurements were available. 

The observed rate constants for racemization (kJ 
of a chiral organometallic system are the lower 
limits for k,. In other words, they may be equal to 
k, if a racemizing step, such as a rotation at the 
cage pair stage, is very fast compared to k,. At the 
other extreme, the observed value of k, could be the 
same as that for disappearance of the chiral M-L 
with an added trap (kobs of Scheme 3, k, = kobs). 
The latter case obtains if k, is much greater than 
all racemizing processes. The interpretations of the 
available data26bTc on chiral M-L systems have 
implicitly assumed that k, = kobs. Measurement of 

both kobs, with an added trap (Scheme 3) and k, 
would test the k, = kobs assumption (which is 
unlikely to be quantitatively correct).25g 

The precedents from organic chemistry show that 
cage combination generally gives some retention in 
the cage product, even when small “spacer” mol- 
ecules (N2, CO*) are present. The M-L cases, at 
least those studied to date, differ in having no such 
small intervening molecule and may give rise to 
“tight” primary radical pairs with higher k, values. 
This means that the racemization rates for M-L 
systems will probably not count all of the cage 
return events. 

The entropy AS$,,(soln) 

It is necessary to understand the entropy of cage 
systems (Scheme 3) even though entropy does not 
enter directly into the equations connecting AHAb, 
(soln) to a BDE. Furthermore, there is little dis- 
cussion of ASf(soln), AS! and ASi in the existing 
literature. For this reason, we discuss this subject 
separately. 

The expressions for the observed entropies* are 
given below. 

ASib,(soln) N AS\(soln) + F, * [AS$ -AS!] (6) 

LhitS : &&,(SOh) = AS\ 
(If: F, = 0) 

ASib,(soln) = AS?(soln) + [A$, - AS,!] 
(If: F, = 1). 

The two limiting cases are accurate but eq. (6) is an 
approximation that is uncertain by f2 euioa (an 
inaccuracy smaller than the typical experimental 
error). 

Previously we suggested that AS! should be nega- 
tive. We also suggest that A.96 should be positive. 
Indeed, the fundamental driving force for diffusive 
separation is disorder (i.e. the entropy of dilution 
or mixing). The good agreement between calculated 
and observed F, values, obtainable from our spheri- 
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cal source model”“’ of the cage, imply such ran- 
domization (a positive ASA). Furthermore, the Bart- 
lett-Szwarc data consist of a constant A(AH*),_, 
accompanied by variable A(AS&, ( E ASA - AS!) 
values. The result is that the cage efficiency is not 
constant, but rather rises in viscous solvents. The 
A(ASs)d_c values in the Bartlett work range from 
+ 12 to +6 eu ; their positive sign requires that 
ASA be positive (unless AS! is negative and lASa( > 

lASSI). 
If ASi is generally positive as expected, then a 

simple but extremely important point arises---the 
cage is wholly enthalpic. This is of course what 
Franck and Rabinowitch showed originally. ’ The 
cage results from repulsive potentials as molecules 
attempt to pass by one another or fail to do so and 
collide. Our suggestions of ASf > 0 and ASa < 0 
mean that Fc will decrease below 0.5 as the tem- 
perature rises. This means that higher temperature 
AH$&oln) measurements will have smaller cage 
efict corrections. Note, however, that while the 
cage arises by wholly enthalpic effects, variations in 
F, at higher temperatures are largely entropic, 
(AS& ASf) eficts. Our suggestion is that F, will 
almost invariably decrease with increasing tem- 
perature. 

LITERATURE EXAMPLES OF SOLUTION 
KINETICS ESTIMATES OF M-L BDES 

It is useful to conclude with the examination of 
some cases from the literature where the results 
derived here can be applied. An early, classic exam- 
ple of a M-L heterolysis is found in a study of the 
thermolysis of Ni(CO).+ Day, Basolo and Pearson 
measured the rate constants for CO dissociation 
from Ni(C0)4 in the gas phase, in hexane, and in 
toluene [eq. (15)].45 The gas phase rate constants 
yield the relatively precise (+2%) AH&gas) 
= 22.1 f0.4 kcal mol- ‘, which can be 
assigned as the BDE for the (CO)3Ni-C0 bond if 
AH? i(gas) is neglected. 

Ni(CO),+Ni(CO),CO 
c 

TNi(C0)3+C0. (15) 

This kinetically determined BDE is in reasonable 
agreement with the less precise value of 25 f 2 kcal 
mol- ’ which was obtained via a Born-Haber cycle 
from appearance potential and electron affinity 
data.46 The above example is typical in that kinetic 
methods usually give the most precise BDE esti- 
mates.27*28 

When the reaction is carried out in hexane, 
the rate constants (ki(25”C) = 1.0 x lo-’ SK’) 

are about half the gas phase values 
(k,(25”C) = 1.8 x lo-’ s- ‘). This suggests a non- 
negligible cage effect with an F, of approximately 
0.5 and suggests that the cage escape, kd (S&eme 3), 
is part of the rate-determining step. The activation 
enthalpy, AH&,,(soln), is 24.0( f 0.4) kcal mol- ‘, 
1.9( kO.6) kcal mol- ’ larger than the gas phase 
value. Choosing eq. (11) for this case indicates that 
F, * AHA is ca 1.9 kcal mol- ’ so that AHi is ca 3.8 
kcal mol- ’ assuming S solvation = 0. Alternatively, 
the use of eq. (1 la) and AH! for hexane of 1.2 kcal 
mol- 144b gives BDE N 24.0-0.5(1.2) = 23.4 kcal 
mol- ‘, a value somewhat larger (but within &- 1 
kcal mol- ‘) of the gas phase kinetic estimate of 
22.1 f 0.4 kcal mol- I. 

Of considerable interest in this example are the 
precise entropy values, ASfasphase = 8( k 2) eu and 
ASA,Jhexane) = 13( f 1) eu. The observed acti- 
vation entropy has increased in hexane as expected 
if ASA- ASi is positive. Using eq. (6), the F, value 
of 0.5 and AS\(soln) equal to AS{(gas) gives the 
ASf - AS: difference as N + 6 eu. 

The data obtained in toluene are also of interest. 
The measured activation parameters in toluene, 
AHib,(toluene) = 22.3( +0.2) kcal mol- ’ and 
ASib,(toluene) = 8( + 1) eu, are the same within 
experimental error as the gas phase values and give 
the same rate constant within experimental error 
(k,(25”C) = 2.0 x lo-* s- ‘) as observed in the gas 
phase. The simplest explanation is that there is no 
cage effect in toluene so that the rate-determining 
step is now k, with no contribution from kd. A 
speculative reason for this is that the better coor- 
dinating toluene forms the solvent-separated cage 
pair INi(COtoluene) CO], thereby preventing 
recombination. An alternative possibility, that has 
not been ruled out, is a differential solvation effect 
on the heterolytic (k,) step that fortuitously 
counterbalances the cage effect; however, this 
seems unlikely since both AHibs and ASAbs are iden- 
tical to the gas phase values. Additional studies of 
this important system in additional solvents would 
be very valuable, although the toxicity of Ni(CO)4 is 
of concern. Perhaps a related but alternative system, 
for example Cr(CG)6, ‘gb*35d could be substituted. 

Another example worth noting is the thermolysis 
of a-phenylethylCo(DMG)2py, Scheme 4 ; it is an 
important and unique case where both (mechanism- 
independent) equilibrium (thermodynamic) 
measurements and kinetic estimates are available 
for the same series of M-L complexes in toluene 
solution.zk*b When the reaction [see Scheme 4(a)] 
was carried out under an atmosphere of Hz, a meta- 
stable equilibrium was obtained. Equilibrium con- 
stants were measured as a function of temperature 
for five different axial nitrogeneous ligands, and 
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(a) Equilibrium (B= axial base) 

Ph 
‘CH’ 

w 

K . 
. toluene 

+ PhCH=CHz + ‘12 He 

B 

(b) Kinetics (6 = axiaC base) 

Ph CHI 
‘CH’ PhkHCH3 

PhCH=CHr 

2/“7 I fast 
Co * 2 /v + HP 

A I3 

Scheme 4. 

a van? Hoff plot provided AH for the reaction. 
Combining AH with the heats of formation of 
C6HSCH=CH2 and the C,H,C(H)(CHJ radical, 
a thermodynamic cycle yielded what was 
claimedz4”vb as a Co-C BDE of 19.9 (+ < OS) kcal 
mol- ‘. However, the correct statement is that if 
one assumes 6 sblvation = 0, then the Co-C BDE 
is 19.9 kcal mol-‘. 

When the reaction was carried out under N2 in 
toluene, it proceeded to completion with a first- 
order loss of Ph(CH,)CH-Co(DMG),(Base) 
that could be monitored spectrophotometrically 
[Scheme 4(b)]. Rate constants measured as a func- 
tion of temperature yielded A&,,(SOln) values 
(+ 0.5 kcal mol- ‘) that were an average of 2.0 + 0.2 
(range 1.7-2.2) higher than the thermodynamically 
determined BDE in toluene solution. (AH: 
for tolueneua is 1.5( f 0.1) kcal mol- I.) 

* RSH free-radical scavengers, used in a separate 
study= of (CH,),CHCo(Saloph)py in pyridine that also 
involves B-H elimination, showed that most of the 
(CH&CH’ radicals escape the cage. However, since the 
solvent (py vs toluene), alkyl [(CH&CH’ vs 
(Ph(CH,)CH’) and ligand (Co(DMG), vs Co(Saloph)] 
are different, the relationship between these two 
examples, if any, is unclear. 

Unfortunately, there is still uncertainty as to 
the nature of the rate-determining step in this 
example. The Bergman precedent” discussed back 
in Scheme 2 suggests that kS--H for P-hydrogen 
elimination might well be much faster than cage 
escape in this example ; indeed the authors them- 
selves speculated that 24b “. . . it is probable that the 
B-H abstraction occurs within the solvent cage 
of the geminate L(DMG),Co(II)‘, ‘CH(CH3)Ph 
radical pair”. Moreover, a study that generates 
a PhC(CH&‘Co(CO), radical pair finds that 
P-H abstraction is competitive with cage escape*& 
and other studies confirm this finding.*Og A 
reliable connection between dH&,(SOln) and a 
Co-C BDE for this example will require a value 
for 6 solvation and values for the components 
of eq. (7) [F,, AH& AH: and AH!_ ,(soln)] and 
perhaps also for AH)_“. This is another example 
where the superficial approach of ignoring the 
cage and subtracting a putative “universal correc- 
tion factor of 2.0 kcal mol-‘” from all AHib(soln) 
values is at best misleading and probably 
incorrect.24b Clearly, this example is not as 
well understood as one would like. Further 
studies, especially a value for F, (perhaps 
from parallel studies where a free-radical scavenger 
has been added)* are needed. 
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SUMMARY 

The major points discussed herein are four-fold : 

(1) M-L thermolyses in solution include a cage 
effect in the general case, Scheme 3. 

(2) The cage effect efficiency is a varaible, 
0 < F, < 1, that is a function of temperature, 
solvent, pressure and variable M-L composition 
and structure. Furthermore, Fc values 2 0.5 even 
in fluid solvents may be more common for M-L 
systems than for organic examples. 

(3) Non-zero differential solvation effects 
between the gas phase and solution, 6 solv- 
ation # 0, are expected. In some cases, the value 
of 6 solvation could be a significant percentage of 
a AH&,(soln). 

(4) Equations have been presented that provide 
the proper quantitative connection between AHibs 
(soln) and M-L BDEs. 

We note in closing that it is our intention to en- 
courage AHib,(soln) measurements for M-L 
homolyses and heterolyses. Such measurements 
presently constitute a vital starting point for 
M-L BDE estimates, perhaps often good to ca 
2-3 kcal mol- ’ (the error bars of the best gas phase 
M-L BDEs currently available), once the proper 
equations and their indicated corrections are 
applied. It is hoped that the present contribution 
will serve as a stepping-stone for the further work 
necessary to obtain better M-L BDE estimates 
and to better understand cage effects in organo- 
transition metal chemistry. 
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A NEW APPROACH TO MEASURING ABSOLUTE 
METAL-LIGAND BOND DISRUPTION ENTHALPIES 

IN ORGANOMETALLIC COMPOUNDS. 
THE [(CH,),SiC,H,,]JJ-SYSTEM 
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Abstract-Absolute uranium-ligand bond disruption enthalpies in the series Cc3UR 
(C$ = r$-Me3SiCSH,) have been measured by halogenolytic isoperibol titration calorimetry 
of Cfi3U/&UI/Cfi3UR ensembles. Derived D(Ci;,U-R) values in toluene solution are 
(kcal mol- ‘, R): 62.4(0.4), I; 28.9(1.7), n-Bu; 25.6(3.1), Bz; 39.3(2.3), CH,SiMe,; 
44.8(1.1), Me; 48.5(2.2), vinyl; 86.7, -Ph. D(Ch,U+L) values (kcal mol-‘, 95% 
confidence limits) in toluene solution were also determined for L = CO [10.3(0.2)] and THF 
[9.8(0.2)]. The magnitudes of the D(U-R) values appear to reflect a combination of steric 
and electronic factors, and suggest that D(U-I) is less sensitive to ancillary ligation 
(more transferable) then D(U-alkoxide). The complex C$,U(vinyl) crystallizes in the 
triclinic space group Pi with two molecules in a unit cell of dimensions a = 11.298(l), 
b = 13.997(2), c = 9.460(2) A, and c1 = 97.00(l), j? = 105.98(l) and y = 96.94(l)“. Least- 
squares refinement led to a value for the conventional R index (on F) of 0.0196 for 4373 
reflections having 28,,., c 50” and I > 30(I). The molecule possesses a conventional 
pseudotetrahedral Cp3MX geometry with U-C(ring) = 2.759(4) A (average), U-C(a, 
vinyl) = 2.436(4) A, x U-C(a, vinyl)----C(/?, vinyl) = 137.7(3)“, 3: Cg-U-Cg = 116.4, 
117.2, 120.0 and 3: Cg-U-C(a, vinyl) = 95.1, 100.0, 100.1”. All hydrogen atoms were 
located and U-H(Ca, vinyl) = 2.93(4) A. The metrical parameters evidence severe non- 
bonded repulsions between the vinyl ligand and the Cc ligands, as well as between different 
Ci; ligands. The quantity D(M-I)-D(M-CH,) is proposed as a gauge of metal-ligand 
bonding. 

The current intense activity in organometallic ther- 
mochemistry’T2 reflects the growing perception that 
metal-ligand bond energy data can provide unique 
insights into reaction pathways and metal-ligand 
bonding. Interest in this laboratory stems from 
our desire to better understand unusual trans- 
formations involving actinide, lanthanide and early 
transition metal complexes, as well as to predict new 
chemical transformations. Initial efforts3 focused 
upon determining relative solution phase homolytic 
bond disruption enthalpies, D (as defined in eq. (1) ; 

*Author to whom correspondence should be addressed. 
Observed and calculated structure-factor amplitudes 

are available from the Editor. 
t This parameter is variously referred to as bond dis- 

ruption enthalpy, bond dissociation enthalpy, bond 
enthalpy and bond energy. We employ the terminology 
of Pilcher and Skinner.*@) 

note : all fragments are in structurally/electronically 
relaxed states),? by alcoholytic isoperibol titration 
calorimetry.4 

D(L,M-R) = AHf”(L,M) 

+AH;(R)-AH’(L,M-R). (1) 

L, = ancillary ligands. 

Here R is understood to mean a hydrocarbyl, hy- 
dride, dialkylamide, etc. fragment. This approach 
assumes that the L,M portion of the complex 
remains invariant and that the enthalpy of proton- 
olysis can be expressed as the difference in en- 
thalpies of bonds being made and broken [eqs 
(2), (3), where X = OR’].3 

L,M-R + HX + L,M-X + RH + AH,x (2) 

AH,x = D(L,M-R) + D(H-X) 

- D(L,M-X) - D(R-H). (3) 

1517 
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Furthermore, if D(L,M-X) is known accurately, 
the derived D(L,M-R) values can be placed on an 
absolute scale. It is assumed here that D values 
determined in non-polar solvents should reasonably 
approximate gas-phase data, however an actual 
conversion to the gas phase can be performed if 
necessary enthalpies of vaporization, sublimation 
and solution are available.3 In initial organoactinide 
thermochemistry,3 we showed that the derived 
relative D(L,An-R) values (An = actinide) are 
extremely informative for understanding a large 
number of L&-R + L,&r-R” reaction patterns. 
In addition, it was of interest to place the data on 
an at least approximately absolute basis by estimat- 
ing D(L,An-OR’). This was achieved using 
existing actinide’ and group 45*6 absolute thermo- 
chemical data and the admittedly crude approxi- 
mation of eq. (4) where M = Ti, Zr, Hf; X = 
halide and D denotes average bond dissociation 
enthalpy. 

D(L,An-OR’) x D[M(oR),] 

D(An&) D(MX,) * 
(4) 

Subsequent studies have extended the approach of 
eqs (2) and (3) to group 4 metals, lanthanides and 
to halogenolytic calorimetry [eqs (5), (6)].‘,* 

L,M-R+X2 + L,M-X+RX +A&(5) (5) 

A&(5) = D(L,M-R) +0(X-X) 

- D(L,M-X) - D(R-X). (6) 

Beyond the above approximations, the more rig- 
orous derivation of absolute metal-ligand bond 
enthalpies presents a challenge and all existing 
approaches (e.g. total combustion,z(a,b) pulsed 
laser pyrolysis,*‘o kinetic,2(c’h)g photoacoustic,2(i)‘“o 
two-electron oxidative addition/reductive elimin- 
ation 2(d).@) have constraints which suggest limited 
applicability to many systems of current interest. 
We present here an approach to measuring absol- 
ute metal-hydrocarbyl (hydride, etc.) bond disrup- 
tion enthalpies based upon one-electron redox 
processes. In essence, L,M/L,MX/L,MR ensembles 
are utilized to obtain absolute values of D(L,M-X) 
and D(L,M-R) as shown in eqs (7Hll) where 
AH,,(5) and AH,,(8) are measured by titration 
calorimetry. 

L,M-R+X, + L,M-X+-RX AZf,,.(5) (7) 

L,M-X + L,M + l/2 Xz A%(8) (8) 

x + 1/2x* l/2 D(X-X) (9) 

R-X+R+X D(R-X) (10) 

L,M-R + L,,M + R D(L,M-R). (11) 

Although we illustrate this approach with 
L,M = Cp3U (Cp = q5-Me3SiCSH4), the generality 
of the method should be apparent. The present 
study provides an important calibration of the 
eq. (4) approximation for uranium, In view of 
the results and in an effort to assess the influ- 
ence of U-R distance and steric crowding on 
D(U-R), we also report a structural analysis 
of Cc3UCH=CH2 by single-crystal X-ray diffu- 
sion. 

EXPERIMENTAL 

General methods 

All procedures were performed using standard 
techniques for air-sensitive compounds. ‘H NMR 
spectra were recorded on a Jeol FX-90 (90 MHz), 
Jeol FX-270 (270 MHz) or Varian XL-400 (400 
MHz) spectrometer. IR spectra were recorded on a 
Perkin-Elmer 283 spectrometer with Nujol mulls 
sandwiched between salt (KBr, NaCl) plates in an 
o-ring sealed, air-tight holder. Elemental analyses 
were performed by Dornis and Kolbe Mikro- 
analytisches Laboratortium, Miillheim, F.R.G. 

Syntheses 

The compounds &lJ (1) and Cp3UCl (2) were 
prepared as described by Brennan et al.” 

&UMe (3). To a solution of 1 .OO g (1.46 mmol) 
of Cfi3UC1 in 15 cm3 of diethyl ether at - 78°C was 
added by syringe 1.2 cm3 (1.4 M, 1.7 mmol) of 
MeLi - LiBr in diethyl ether. The reaction mixture 
was stirred at - 78°C for 15 h, then at room tem- 
perature for 0.5 h. The solvent was then removed 
in vucuo and ca 10 cm3 of pentane distilled into the 
reaction vessel. The solution was stirred at room 
temperature and then filtered. After washing the 
precipitate on the frit twice with ca 5 cm3 of pentane, 
the solution was reduced in volume to ca 5 cm3 and 
then cooled to - 78°C. The resulting orange needles 
were collected by cold filtration and dried in vacua 
at -20°C. Upon warming to room temperature, 
the crystals became a red liquid (0.79 g, 8 1% yield). 

‘H NMR (C,D,) : 6 8.33 (s, 6 H) ; - 5.67 (s, 27 
H) ; -6.27 (s, 6 H) ; - 199.02 (s, 3 H). IR (Nujol, 
cm-‘): 3100 (m), 1950 (w, br), 1410 (s), 1318 (m), 
1250 (vs), 1180 (vs), 1110 (m), 1068 (sh), 1045 (vs), 
902 (vs), 815 (vs, br), 750 (vs), 588 (s), 632 (s), 620 
(s), 525 (w), 497 (w, br), 424 (m), 403 (w). Analysis. 
Found : C, 45.26 ; H, 6.25. Calc. for C25H42Si3U : 
C, 45.16; H, 6.37%. 

C&U(n-Bu) (4). To a solution of 1.10 g (1.61 
mmol) of Cp3UC1 in 25 cm3 of toluene at -78°C 
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was added by syringe 1 .O cm3 (1.6 M, 1.6 mmol) of 
n-B&i in hexane. The solution was stirred at 
-78°C for 11 h and then at room temperature 
for 2 h. The red solution was then filtered and 
evaporated to dryness. The resulting solid was next 
dissolved in ca 5 cm3 pentane and the resulting 
solution cooled slowly to -78°C to give 1.03 g of 
dark red crystals which were collected by filtration 
(90% yield). 

‘HNMR(C6D,):61.22(s,6H); -2.11 (s,6H); 
-4. 26 (s, 27 H); - 11.92 (t, 3 H); -20.20 (m, 2 
H) ; - 24.46 (m, 2 H) ; - 190.01 (d, 2 H). IR (Nujol, 
cm-‘): 1251 (s), 1180 (m), 1140 (m), 901 (m), 831 
(vs), 781 (s), 776 (sh), 750 (m), 718 (w), 707 (w), 632 
(w), 618 (w). Analysis. Found: C, 47.36; H, 6.73. 
Calc. for CZ8H4&U : C, 47.57 ; H, 6.84%. 

Cp3U(CH2SiMe3) (5). Diethyl ether (20 cm3) was 
distilled into a reaction apparatus containing 1.05 
g (1.53 mmol) of C&UC1 and 0.15 g (1.59 mmol) 
of LiCH,SiMe3 at -78°C. The reaction was 
allowed to warm up to room temperature with stir- 
ring and was stirred for an additional 20 h. The 
solvent was then removed in wcuo to give a red oil. 
Pentane (ca 20 cm3) was distilled into the vessel 
and the resulting solution filtered. The filtrate was 
reduced to ca 3 cm3 and slowly cooled to -78°C. 
After filtration and drying in uacuo, 0.78 g of dark 
red crystals were obtained (69% yield). 

‘H NMR (toluene-d,) : 6 -0.73 (s, 6 H) ; -0.83 
(s, 6 H) ; -4.40 (s, 27 H) ; - 8.69 (s, 9 H) ; - 207.11 
(s, 2 H). IR (Nujol, cm-‘) : 1250 (s), 1178 (m), 
1067 (w), 1042 (s), 915 (sh), 900 (s), 830 (vs), 777 
(s), 750 (s), 717 (sh), 685 (w), 666 (w), 631 (m), 618 
(m). Analysis. Found : C, 45.49 ; H, 6.87. Calc. for 
C2,H,&U : C, 45.63 ; H, 6.84%. 

Cfi3UBz (6). Diethyl ether (10 cm3) was distilled 
into a reaction apparatus containing 1.00 g (1.46 
mmol) of Cfi3UCl and 0.31 g (1.50 mmol) of 
LiBz * 1.5 THF. The solution was stirred for 2 h at 
-78°C and then for an additional 10 h at room 
temperature. The solvent was then removed in 
vacua and ca 10 cm3 of pentane distilled into the 
vessel. The resulting solution was filtered and the 
precipitate remaining on the frit was washed twice 
with ca 5 cm3 of pentane. The filtrate was then 
reduced in volume to ca 5 cm3 and cooled slowly 
to -78°C. After recrystallization from 5 cm3 of 
pentane, 0.77 g of black crystals were obtained 
(71% yield). 

‘H NMR (toluene-ds) : 6 1.24 (t, 2 H) ; 0.46 (s, 6 
H); -0.43 (s, 6 H); -3.71 (t, 1 H); -.4.20 (s, 27 
H); -22.90 (d, 2 H); -213.66 (s, 2 H). IR (Nujol, 
cm-‘) : 1600 (m), 1250 (s), 1207 (m), 1177 (m), 1070 
(w), 1042 (s), 1001 (w), 965 (m), 960 (sh), 900 (s), 
830 (vs), 797 (sh), 779 (s), 749 (s), 737 (sh), 717 (sh), 
694 (m), 686 (sh), 631 (m), 618 (m), 557 (w), 520 

(w). Analysis. Found : C, 50.10 ; H, 6.30. Calc. for 
C3,H4rSi3U : C, 50.25 ; H, 6.26%. 

Ci;,U(CCPh) (7). Diethyl ether (20 cm3) was dis- 
tilled into a reaction apparatus at -78°C con- 
taining 1 .OO g (1.46 mmol) of Cfi3UC1 and 0.17 g 
(1.57 mmol) of LiCCPh. ‘* The reaction mixture was 
stirred for 2 h at - 78°C and then for a further 1 h 
at room temperature. The solvent was removed and 
the golden brown residue dried in vacua. Pentane (ca 
15 cm3) was then distilled into the vessel and the 
solution stirred at room temperature. The solution 
was then filtered and the precipitate remaining on 
the frit was washed with ca 10 cm3 of pentane. The 
filtrate was reduced in volume to ca 5 cm3 and 
cooled slowly to -78°C to give black crystals. 
Recrystallization from 3 cm3 of pentane yielded 
0.90 g of black brick-like crystals (82% yield). 

‘H NMR (C,D,): 6 15.15 (s, 6 H); 6.40 (t, 1 H); 
-1.52 (t, 2 H); -6.61 (d, 2 H); -6.93 (s, 27 H); 
- 8.68 (s, 6 H). IR (Nujol, cm-‘) : 2050 (m, br), 
1601 (m), 1576 (sh), 1490 (s), 1410 (w), 1262 (sh), 
1248 (s), 1240 (sh), 1198 (m), 1177 (s), 1070 (w), 
1046 (sh), 1040 (s), 1024 (w), 900 (s), 830 (vs), 780 
(vs), 750 (s), 718 (sh), 688 (s), 630 (m), 618 (m), 532 
(w), 544 (w). Analysis. Found : C, 50.99 ; H, 5.93. 
Calc. for C32H44Si3U : C, 5 1.18 ; H, 5.90%. 

Cp3UCHCH2 (8). Diethyl ether (20 cm’) was dis- 
tilled into a reaction apparatus containing 0.87 g 
(1.27 mmol) of Cs3UCl and 0.051 g (1.50 mmol) 
of LiCHCHz at -78°C. The reaction mixture was 
stirred for 45 h at - 78°C and then allowed to warm 
to room temperature over ca 1.5 h. The solvent was 
then removed in vacua and the residue extracted 
with ca 5 cm3 of pentane. The volume of the filtrate 
was then reduced to ca 3 cm3 and the solution slowly 
cooled to - 78°C to give dark red, rectangular crys- 
tals (0.80 g, 93% yield). 

‘H NMR (C6D6): 6 34.30 (d, 1 H); 10.01 (s, 6 
H) ; - 5.06 (s, 6 H) ; - 6.68 (s, 27 H) ; - 8.30 (d, 1 
H); - 163.00 (t, 1 H). IR (Nujol, cm-‘): 1250 (s), 
1195 (w), 1178 (m), 1042 (s), 964 (w), 918 (w), 900 
(s), 832 (vs), 778 (s), 750 (s), 718 (w), 685 (w), 618 
(m). Analysis. Found : 45.98 ; H, 6.20. Calc. for 
CZ6H4$i3U : C, 46.13 ; H, 6.25%. 

CG3UI (9). Toluene (5 cm3) was distilled into a frit 
reaction apparatus containing 0.10 g (0.15 mmol) of 
Cfi3U and 0.02 g (0.08 mmol) of 12. The green solu- 
tion immediately became red and after several 
minutes of stirring, the volatiles were removed in 
vacua. The residue was next extracted with pentane, 
filtered and the resulting filtrate cooled to - 78°C. 
The resulting red needle-like crystals were then 
collected by filtration and dried in vacua to give 
0.10 g of product (86% yield). 

‘H NMR (toluene-d,) : 6 3.43 (s, 6 H); - 3.85 
(s, 27 H) ; - 6.78 (s, 6 H). IR (Nujol, cm- ‘) : 
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1251 (s), 1178 (m), 1042 (s), 900 (s), 835 (vs), 790 
(s), 752 (m), 720 (m), 686 (w), 632 (m), 618 (w). 
Analysis. Found : C, 37.14 ; H, 5.04. Calc. for 
CZ4H3$i31U : C, 37.11; H, 5.06%. 

Table 1. Summary of crystal structure data 

NMR titrations 

Prior to a calorimetric experiment, a solution 
containing a measured quantity of the uranium 
compound of interest in C6Ds or toluene-ds was 
placed in a Wilmad screw-capped NMR tube fitted 
with a septum. This solution was titrated with a 
standard solution of I2 in C6Ds by injecting the 
latter in portions through the septum with a syringe, 
followed by vigorous shaking. The titration was 
monitored by ‘H NMR to determine if the reaction 
was quantitative and sufficiently rapid for accurate 
calorimetry. This was found to be the case for C&U 
and all Cl$UR complexes. 

Titration calorimetry 

The anaerobic calorimeter design3 employed in 
these studies and the experimental procedure 
used7(b) are described elsewhere. Briefly, ampoules 
containing measured quantities of the organo- 
uranium complex are broken in the toluene-filled 
calorimeter reaction dewar and the heat of solution 
in toluene measured. Next, a solution of the titrant 
in toluene is titrated into the reaction dewar and 
the enthalpy of the reaction per mol of titrant is 
obtained by the procedure described in the above 
two references. For reaction of Cp3U with THF or 
CO, a solution of Ct3U in toluene was titrated into 
a toluene solution containing an excess of THF or 
co. 

Formula 
m 
Crystal size (mm) 
Crystal system 
Space group 
a (4 
b (A) 
c (A) 
a (deg) 
B (deg) 
Y (deg) 
v (A’) 
Z 

&I, (g cm-‘) 
p (MO-K,) (cm-‘) 
Radiation 

Scan type 
28 range (deg) 
Scan width (deg) 
Unique data 
Unique data with Z > 3a (I) 
No. of parameters 

R(F) 
ZW’I 
GOF 

GJ&SiJJ 
676.90 
0.43 x 0.27 x 0.18 
Triclinic 
PT 

11.298( 1) 
13.997(2) 
9.460(2) 
97.00(l) 
105.98( 1) 
86.94( 1) 
1427.2(7) 
2 
1.58 
55.3 
Graphite-mono- 

chromated MO-K,, 
/I= 0.71069 8, 

8128 

4-50 
0.80+0.35 tan 0 
5005 
4373 
439 
0.0196 
0.0254 
0.90 

terson and Fourier techniques). The full-matrix 
least-squares refinement with anisotropic thermal 
parameters for all non-hydrogen atoms gave a final 
R of 0.0196 (R, = 0.0254). All H atoms were 
located from difference Fourier maps and were 
included in the refinement with isotropic thermal 
parameters. The largest peak in the final difference 
density map (1.45 e Ap3) was located in the vicinity 
of the U atom. 

X-ray crystallographic study ofCb3UCH=CH2 (7) RESULTS 

Crystals of Cc3UCH=CH2 were grown by slow 
cooling of pentane solutions. Specimens suitable for 
X-ray analysis were sealed in glass capillaries under 
an inert atmosphere. All measurements were per- 
formed on an Enraf-Nonius CAD4 diffractometer 
at - 120°C using MO-& radiation. Experimental 
details are given in Table 1. Intensities of four stan- 
dard reflections were remeasured after every 3 h of 
X-ray exposure and showed no significant decay. 
Intensity data were subsequently corrected for 
Lorentz-polarization effects and empirical absorp- 
tion corrections were applied from psi scans of eight 
Bragg reflections. The transmission factors were in 
the range 0.44-1.00. All calculations were per- 
formed on a VAX11/730 computer using the 
TEXSAN crystallographic software package.14 The 
structure was solved by heavy-atom methods (Pat- 

Synthesis and chemistry 

Complexes of the type C&UR (C$ = $- 
Me3SiC5H4) were prepared from C$3UCl” and lith- 
ium reagents using procedures we have described 
elsewhereI [eq. (12)]. 

Cp3UCI + RLi e Cp3UR + LiCl 

3,R = CH, 

4, R = n-Bu 

5, R = CH2SiMe3 

6,R = Bz 

7, R = CH=CH* 

8, R = -Ph. (12) 
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Table 2. Enthalpies of solution in toluene, enthalpies of reaction with Iz in toluene (per mol 
of I& and the derived bond disruption enthalpies of C&U and C6sUR complexes in 

kcal mol- ’ 
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Compound AKoi.LI - AH,” D(U-R),,,b R 

Ci;JJI (9) 

Cl-&U (I) 
Ci;,U(n-Bu) (4) 
Ci;,UBz (6) 
CI&UCH,SiMe3 (5) 
Cf;,UMe (3) 
&UCHCH2 (8) 
CijJJC=CPh (7) 

3.82(0.53) 
4.49(0.14) 
5.22(0.39) 
5.13(0.11) 
3.82(0.95) 
0.44(0.30) 
5.10(0.50) 
S.OS(O. 19) 

89.3(0.4) 
46.9(0.3) 
40.5(0.2) 
41.8(0.5) 
39.4(0.4) 
38.3(0.5) 
16.1(0.4) 

62.4(0.4) 
28.9(1.7) 
25.6(3.1) 
39.3(2.3) 
44.8(1.1) 
48.5(2.2)d 
86.7 

I 
n-Bu 

Bz 
CH,SiMe, 

Me 
vinyl 

C=CPh 

‘Quantities in parentheses are 95% confidence limits (see text). 
b Quantities in parentheses are derived from 95% confidence limits in present calorimetric 

data plus reported uncertainties in literature data used to calculate D(U-R) (see text). 
‘This substance is a liquid at room temperature. 
dA standard deviation is not reported for D(vinyl-I). ‘qd) We take it to be the average of the 

standard deviations of the other D(R-I) data used in Table 2. 
e Based upon an estimated D(R-I) value (see text). 

These new compounds were characterized by stan- 
dard methodology (see Experimental for details). 
In contrast to results in the Cp,UR series,15 all 
attempts to prepare secondary alkyls (e.g. Ph) 
resulted in decomposition to unknown products. 

On monitoring by ‘H NMR spectroscopy, solu- 
tions of the complexes C&U and C&UR are seen 
to undergo a quantitative and rapid reaction with 
I2 as shown in eqs (13) and (14). 

cf;JJ + l/212 + c&u1 (13) 

Ci;JJR + IZ + Ci;JJI + RI. (14) 

The complex C&U1 was also synthesized on a 
preparative scale and characterized by standard 
techniques. Reactions of (RCSH&U with CO 
(R = SiMe,) and THF (R = CH3) [eq. (15)] have 
been characterized by Andersen et al.“,‘6 

(RGH&U + L + (RC,H&U + L (15) 

L = CO, THF. 

Thermochemistry 

Calorimetry data pertaining to eqs (13) and (14) 
are set out in Table 2. In all cases, titration end- 
points were found at stoichiometries consistent 
with the expected chemistry. The derivation of 
D(U-R) values from solution data assumes that 
solvation effects in toluene are minor or at least 
cancel out. The organouranium AH,,, data in 
Table 2 confirm this and literature data or reason- 
able estimation procedures indicate the AH,,, 
values for RI products,‘7 THF (estimated),17 and 
CO” will be less than ca 1 kcal mol-‘. For IZ in 

benzene, AH,,,, is a somewhat larger 3.85(0.05) kcal 
mol-‘.‘7 However, this contribution largely cancels 
in the derivation of D(U-R) [eqs (7)-(10)]. 
Experimental calorimetry data in Table 2 are 
reported with 95% confidence limits.” For the deri- 
vation of D(U-I) and D(U-R), requisite D(IJ 
and D(R-I) data are taken from the literatureZo 
and the reported experimental uncertainties are 
incorporated in our calculations. In the case of 
R = -C&CPh, D(R-I) has not been reported. It 
was estimated from existing D(R-H) data*‘(*) using 
the reasonable proportionality of eq. (16). 

D(R-I) D(Ph-I) 

D(R-H) = D(Ph-H) ’ (16) 

Calorimetry data pertaining to eq. (15) are pre- 
sented in Table 3. Measurements were made by 
titrating a toluene solution of 1 into a solution con- 
taining an excess of CO or THF. Values of D(U-L) 
assume 1: 1 complex formation1’,‘6 and are reported 
with 95% confidence limits. 

Table 3. Enthalpies of reaction of C&U (1) with Lewis 
bases in toluene (per mol of 1) and derived C&U-L 

bond disruption enthalpies in kcal mol-’ 

Compound Reagent(L) -AH,” D(U-L) 

GQJ co 10.3(0.2) 10.3(0.2) 
c&u THF 9.8(0.2) 9.8(0.2) 

“Quantities in parentheses are 95% confidence limits 
(see text). 
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Molecular structure of (Me3SiCSH&UCH=CHz 
(7) 

The structural analysis indicates that crystals of 
7 are composed of unassociated, mononuclear 
C&UCH=CH2 molecules as shown in Fig. 1. Final 
atomic coordinates and anisotropic displacement 
parameters for all atoms of 7 are given in Tables 4 
and 5,* respectively, according to the atom-label- 
ling scheme of Fig. 1. Bond lengths and angles are 
given in Table 6. The present study is unique in that 
all hydrogen atoms could be located and refined. 
The basic structural motif of 7 is the pseudo-tetra- 
hedral Cp3MX configuration found in numerous 
organoactinides.*’ The average U-C(ring) dis- 
tance is found to be 2.759 (4,25,71,15) A,? the 
Cg-U-Cg (Cg = ring centre-of-gravity) angles 
116.4” (ring l-U-ring 2), 117.2” (ring l-U-ring 

3), 120.0” (ring 2-U-ring 3), and the 
Cg-U-C(l) angles, 95.1” (ring l), 100.0” (ring 
2), and 100.2” (ring 3). These parameters compare 
favourably with corresponding values of 2.733( 1) 
A, 117.0”(av), lOO.O”(av) in (BzCSH&UC1 ;‘* 
2.74 A, 117.2(av), 99.7”(av) in Cp,UF ;23 
2.74 A, 117.3”(av), 99.7”(av) in Cp,U(2-methyl- 

v C(38) 

1 

cc 

Fig. 1. Perspective drawing of the molecular structure 
of (Me3SiCSH&UCH=CH2 (7). The shapes of the 
ellipsoids correspond to 30% probability contours of 
atomic displacement. Ring labelling code : ring 1, C(l l)- 

C(15); ring 2, C(21)-C(25); ring 3, C(31)-C(35). 

* See footnote on p. 1517 regarding the supplementary 
material. 

TThe first number in parentheses following an aver- 
aged value of a bond length or angle is the estimated 
standard deviation of an individual datum. The second 
and third numbers are the average and maximum devi- 
ations from the averaged value, respectively. The fourth 
number represents the number of individual measure- 
ments that are included in the average value. 

allyl) ;24 and 2.77(6) A, 116.2”(av), 101.9”(av) in 
[(MeCSH4)3UJ2S.25 Parameters in other Cp3UR 
complexes (R = C&CPh,26 n-butyl,*’ C_,CH*’ and 
p-methylbenzyl*’ are closely comparable. 

The U-C(l) distance in 7, 2.436(4) A, can be 
compared to the U-C(sp) sigma bond distances 
of 2.32(2) and 2.36(3) A in Cp3UC-=CPh26 and 
Cp3UC=CH,*’ respectively. Corresponding dis- 
tances for U-C(sp3) complexes are 2.43(2) A 
in Cp,U(n-butyl)27, 2.54(2) 8, in Cp,U(p-methyl- 
benzyl)*’ and 2.48(3) A in Cp3U(2-methylallyl).23 
While the precision of these data does not permit 
extensive metrical analysis, a comparison with the 
extensive data base for more electron-rich square- 
planar Pt(I1) hydrocarbyl complexes29 is interesting. 
In both series, the contraction in metal-carbon 
sigma bond distances for an sp3 -+ sp* + sp carbon 
is in the direction expected.30 However, the dis- 
persion in P&-C distances (Pt-acetylide w 1.99 A ; 
Pt-vinyl z 2.03 A ; Pt-alkyl w 2.10 A) appears to be 
somewhat less than in the Cp3U-R system, 
especially for C(sp) vs C(sp’). Possible explanations 
for what may be a slight contraction in the 
U-kc- distance include actinide-acetylide rr- 
bonding3’ (vi& infra, analogous to that in actinide 
alkoxides3*), the greater polarity of actinide-hydro- 
carbyl bonding, as well as lessened intramolecular 
non-bonded repulsions versus a-substituted alkyls 
(vi& infra). 

The U-C(l)--C(2) angle of 137.7(3)’ in 7 is 
somewhat in excess of angles nearer 125” in 
platinum metal vinyl complexes.29 Anomalously 
large metal-C(cr)-C(B) angles have been noted 
in a number of actinide hydrocarbyls,27*33 and 
have been ascribed to various combinations of 
non-bonded repulsions and a-C-H - - - metal 
interactions (A).2’@t-@)*33*34 

All hydrogen atoms were located in the present 
structure determination and the U-H(l) distance 
was found to be 2.93(4) A. Bearing in mind a 
U(IV) + Th(IV) ionic radius correction35 of +0.04 
A, this parameter can be compared to C(a)-- 
H- --Th contacts of 2.597(9) and 2.648(9) A in 
Cp2Th(CH2CMe3)233 as well as to Th-H(termina1) 
and Th-H(bridge) distance of 2.03(l) and 2.29(3) 
A, respectively, in [Cp2Th&-H)H]2.36 The mag- 
nitude of the interaction is clearly weaker in 7. 

A number of rather severe interligand non- 
bonded interactions are evident in the molecular 
structure of 7. These include close contacts to C( 1) 
by C(22) (3.003(5) A), C(31) (3.247(5) A), C(14) 
(3.290(5) A), C(13) (3.312(5) A), C(32) (3.520(6) A) 
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Table 4. Positional parameters for (Me3SiCSHJ3UCH=CH2 (7) 

X Y z Atom X Y Z 

U -0.1128(l) 
Si( 1) 0.2054( 1) 
Si(2) -0.47631(9) 
Si(3) - 0.2643( 1) 

C(1) - 0.2082(4) 

C(2) -0.1746(5) 

C(11) 0.1382(3) 

C(12) 0.1149(3) 

C(13) 0.0813(3) 

C(14) 0.0859(3) 

C(15) 0.1230(3) 

C(16) 0.263 l(4) 

C(17) 0.3314(4) 

C(18) 0.0931(5) 

C(21) -0.3087(3) 

C(22) - 0.2570(3) 

~(23) -0.1381(4) 

~(24) -0.1128(3) 

C(25) -0.2171(3) 

C(26) - 0.5036(4) 

~(27) - 0.5498(4) 

C(28) -0.5495(4) 

C(31) -0.2147(3) 

C(32) -0.2892(3) 

C(33) -0.2216(4) 

C(34) -0.1037(4) 

C(35) -0.1000(4) 

C(36) -0.1407(5) 

C(37) - 0.4090(5) 

C(38) -0.2922(7) 

H(1) -0.299(4) 

H(2)A -0.227(5) 

H(2)B -0.087(4) 

H(12) 0.119(4) 

H(13) 0.063(4) 

H(14) 0.071(3) 

0.216002(9) 
0.25140(8) 
0.15447(8) 
0.42890(8) 
0.1744(3) 
0.1409(3) 
0.2156(3) 
0.1200(3) 
0.1228(3) 
0.2193(3) 
0.2748(3) 
0.3758(3) 
0.1632(4) 
0.2505(4) 
0.1238(3) 
0.0554(3) 
0.0289(3) 
0.0797(3) 
0.1383(3) 
0.2620(3) 
0.0495(3) 
0.1737(4) 
0.3921(3) 
0.3595(3) 
0.3640(3) 
0.3974(3) 
0.4144(3) 
0.4043(4) 
0.3699(5) 
0.5622(4) 
0.173(3) 
0.127(4) 
0.128(3) 
0.062(3) 
0.067(4) 
0.244(3) 

0.22019(l) 
0.5581(l) 
0.2372( 1) 

-0.0707(l) 
-0.0423(4) 
-0.1618(5) 

0.3564(4) 
0.2834(4) 
0.1293(5) 
0.1028(4) 
0.2407(4) 
0.5798(6) 
0.6267(5) 
0.671 l(5) 
0.2696(4) 
0.1784(4) 
0.2575(5) 
0.4007(5) 
0.4081(4) 
0.3629(5) 
0.2803(6) 
0.0407(5) 
0.1201(4) 
0.2032(4) 
0.3527(4) 
0.3649(5) 
0.2242(5) 

-0.1665(6) 
-0.1828(6) 
- 0.0474(7) 
-0.061(5) 
- 0.260(6) 
-0.157(4) 

0.334(3) 
0.056(5) 
0.012(S) 

H(15) 
H(16)A 
H(16)B 
H(16)C 
H(17)A 
H(17)B 
H(17)C 
H(18)A 
H(18)B 
H(18)C 

H(22) 
~(23) 
~(24) 
H(25) 
H(26)A 
H(26)B 
H(26)C 
H(27)A 
H(27)B 
H(27)C 
H(28)A 
H(28)B 
H(28)C 

~(32) 
H(33) 
H(34) 
H(35) 
H(36)A 
H(36)B 
H(36)C 
H(37)A 
H(37)B 
H(37)C 
H(38)A 
H(38)B 
H(38)C 

0.137(4) 
0.296(6) 
0.318(7) 
0.21 l(5) 
0.387(6) 
0.300(5) 
0.379(5) 
0.068(8) 
0.125(4) 
0.024(6) 

- 0.294(3) 
- 0.092(4) 
- 0.037(4) 
- 0.225(3) 
-0.595(5) 
-0.469(4) 
-0.461(5) 
-0.523(5) 
-0.541(5) 
-0.630(6) 
-0.628(5) 
-0.520(4) 
-0.540(6) 
-0.374(3) 
-0.251(4) 
-0.039(4) 
-0.039(4) 
-0.157(5) 
- 0.132(4) 
-0.061(8) 
-0.417(8) 
- 0.476(6) 
-O&l(6) 
-0.357(6) 
-0.312(6) 
- 0.227(6) 

0.336(3) 
0.395(4) 
0.371(5) 
0.418(4) 
0.168(5) 
O.lOO(4) 
0.183(4) 
0.194(7) 
0.289(4) 
0.293(4) 
0.035(3) 

-0.01 l(3) 
0.078(3) 
0.174(3) 
0.262(4) 
0.325(4) 
0.253(4) 
0.041(4) 

-0.014(5) 
0.062(4) 
0.173(4) 
0.225(3) 
0.124(5) 
0.337(3) 
0.340(3) 
0.408(3) 
0.445(3) 
0.435(5) 
0.334(4) 
0.419(6) 
0.312(7) 
0.388(5) 
0.393(5) 
0.578(5) 
0.591(5) 
0.596(5) 

0.264(4) 
0.672(7) 
0.514(8) 
0.548(6) 
0.579(8) 
0.613(6) 
0.737(7) 
0.69( 1) 
0.769(6) 
0.631(7) 
0.073(4) 
0.218(4) 
0.467(5) 
0.496(4) 
0.330(6) 
0.336(5) 
0.470(7) 
0.382(6) 
0.219(7) 
0.270(6) 
0.024(5) 

-0.001(5) 
-0.029(7) 

0.156(4) 
0.422(5) 
0.450(5) 
0.200(5) 

-0.265(7) 
-0.196(5) 
-0.111(9) 
-0.18(l) 
-0.116(7) 
-0.272(7) 

0.013(7) 
-0.136(7) 

0.019(8) 

and C(23) (3.580(6) A). Such contacts are con- 
siderably less than the sum of van der Waals radii 
for CH3 or CH, groups (4.0 &.3qa)* In addition, 
close ring-ring contacts include C(12)-C(23) = 
3.128(5) A, C(12)-C(24) = 3.169(5) A, C(15)- 
C(35) = 3.085(6) A, C(15)-C(34) = 3.403(6) A, 
C(21)-C(32) = 3.462(5) A, C(25)-C(33) = 
3.260(6) A and C(21)-C(33) = 3.489(5) A. In 
comparison, the structures of C&Th(CH2CMe3)2,33 
Cl&Th(CH2SiMe3);7 and MezSi[CsMeJzTh(CHz 
SiMe3)238 evidence few interligand C-C non- ’ 
bonded contacts below 3.50 A and none below 
3.40 A, arguing for considerably greater crowding 
in the (Me3SiCSH4)3UR system. Hindered alkyl 

* Sums of van der Waals radii for cofacial arena-arene 
interactions are ca 3.4 fL3’@) 

group rotation about the U-R bond has previously 
been observed in Cp,UR complexes.” 

DISCUSSION 

Comparison to other actinide results 

The present thermochemical data provide a first 
glimpse of organoactinide metal-ligand bond dis- 
ruption enthalpies not anchored to the D(U-OR’) 
approximation of eq. (4). It is found that the absol- 
ute value of O(Cfi,U-I) is 62.4(0.4) kcal mol-‘. 
This result can be compared to D,(UI.,) = 66(8) 
kcal mol-’ calculated from literature thermo- 
chemical data.39 Thus, it appears that Ci; and I 
ancillary ligands have a similar influence on 

&(U(IV---I). 
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Table 5. Thermal parameters for non-hydrogen atoms of (Me$iC,H,),UCH=CH, (7) 

Atom Ull u22 u33 u12 u13 U23 

U 0.0161 l(8) 
Si( 1) 0.0227(5) 
Si(2) 0.0197(5) 
Si(3) 0.0310(6) 

C(1) 0.029(2) 

C(2) 0.046(3) 

C(l1) 0.016(2) 

C(12) 0.018(2) 

C(13) 0.022(2) 

C(14) 0.026(2) 

C(15) 0.021(2) 

C(16) 0.035(2) 

C(17) 0.036(2) 

C(18) 0.039(2) 

C(21) 0.021(2) 

C(22) 0.027(2) 

C(23) 0.03 l(2) 

C(24) 0.022(2) 

C(25) 0.029(2) 

C(26) 0.032(2) 

C(27) 0.027(2) 

C(28) 0.030(2) 

C(31) 0.024(2) 

~(32) 0.021(2) 

C(33) 0.035(2) 

C(34) 0.036(2) 

C(35) 0.028(2) 

C(36) 0.056(3) 

C(37) 0.036(3) 

C(38) 0.086(4) 

0.01429(8) 0.01686(8) -0.00088(5) 0.00575(5) 
0.0278(6) 0.0197(5) 0.0014(4) 0.0067(4) 
0.0274(5) 0.0230(5) 0.001 l(4) 0.0089(4) 
0.0299(6) 0.0303(6) 0.0028(4) 0.0120(4) 
0.021(2) 0.028(2) -0.006(2) 0.006(2) 
0.035(2) 0.026(2) -0.003(2) 0.008(2) 
0.026(2) 0.022(2) -0.000(1) 0.006( 1) 
0.024(2) 0.032(2) -0.003(l) 0.009(2) 
0.034(2) 0.029(2) O.OOl(2) 0.009(2) 
0.042(2) 0.019(2) -0.003(2) 0.012(2) 
0.026(2) 0.027(2) -0.005(2) 0.010(l) 
0.031(2) 0.035(3) -0.003(2) 0.007(2) 
0.043(3) 0.031(2) 0.007(2) 0.008(2) 
0.051(3) 0.030(2) 0.003(2) 0.016(2) 
0.021(2) 0.023(2) -0.003(l) 0.009( 1) 
0.019(2) 0.026(2) -0.006(l) 0.010(2) 
0.014(2) 0.045(2) O.OOO(2) 0.020(2) 
0.027(2) 0.033(2) -0.002(2) 0.005(2) 
0.024(2) 0.019(2) -0.003(Z) 0.007(2) 
0.042(3) 0.033(2) 0.003(2) 0.018(2) 
0.033(2) 0.047(3) - 0.002(2) 0.016(2) 
0.041(3) 0.027(2) -0.001(2) 0.003(2) 
0.017(2) 0.030(2) 0.002( 1) 0.010(2) 
0.018(2) 0.033(2) 0.002( 1) 0.010(2) 
0.022(2) 0.024(2) 0.006(2) 0.012(2) 
0.014(2) 0.028(2) 0.003(2) - 0.002(2) 
0.017(2) 0.039(2) - 0.002(2) 0.010(2) 
0.041(3) 0.041(3) -0.003(2) 0.030(2) 
0.077(4) 0.039(3) -0.012(3) -0.003(2) 
0.039(3) 0.054(3) -0.015(3) 0.030(3) 

- 

Table 6. Bond distances (A) and angles (deg.) for (Me$iC5HJ,UCH=CH2 (7) 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
Si( 1) 
Si(1) 
Si(1) 
Si(1) 
Si(2) 
Si(2) 

C(1) 
cu 1) 
cw 
C(13) 
C(14) 
C(15) 
C(21) 
C(22) 
~(23) 
C(24) 
~(25) 
C(31) 
~(32) 
C(33) 
C(34) 
C(35) 
C(l1) 
C(16) 
C(17) 
C(18) 
C(21) 
C(26) 

2.436(4) 
2.748(3) 
2.762(4) 
2.753(4) 
2.744(4) 
2.752(4) 
2.818(3) 
2.789(4) 
2.730(4) 
2.717(4) 
2.755(4) 
2.830(4) 
2.759(4) 
2.721(4) 
2.729(4) 
2.781(4) 
1.865(4) 
1.860(5) 
1.863(5) 
1.872(5) 
1.868(4) 
1.868(5) 

Si(2) 
Si(2) 
Si(3) 
Si(3) 
Si(3) 
Si(3) 

C(1) 

CUl) 
CUl) 
cc1 1) 
(321) 
cw 
CW) 
C(31) 
C(31) 
C(31) 
U 

~(27) 
C(28) 
C(31) 
C(36) 
C(37) 
C(38) 
C(2) 

0.00047(5) 
-0.0002(4) 

0.0042(4) 
0.0115(5) 
0.003(2) 
0.002(2) 
0.003(2) 
0.001(2) 

-0.006(2) 
0.002(2) 
0.002(2) 

-0.008(Z) 
0.010(2) 
0.002(2) 
0.006( 1) 

-0.000(2) 
0.003(2) 
0.014(2) 
0.004(2) 
O.OOl(2) 
0.008(2) 
0.006(Z) 
0.007(2) 
0.003(2) 
0.004(2) 

-0.007(2) 
0.007(2) 
0.008(2) 
0.025(3) 
0.018(3) 

Si( 1) C(16) 
Si( 1) C(17) 
Si(1) C(18) 
Si(2) C(26) 
Si(2) ~(27) 
Si(2) C(28) 
Si(3) C(36) 
Si(3) C(37) 
Si(3) C(38) 
C(1) C(2) 

1.865(4) 
1.861(4) 
1.864(4) 
1.860(5) 
1.859(5) 
1.872(6) 
1.315(6) 

107.5(2) 
107.6(2) 
113.9(2) 
111.8(2) 
106.9(2) 
111.5(2) 
111.3(2) 
111.9(2) 
105.8(2) 
137.7(3) 
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Reference to the absolute D(C;,U-R) values in 
Table 2 reveals several noteworthy features. First, 
the D(U-R) data span a wide range-ca 58 kcal 
mol-’ with D(U-C%CPh) conspicuously at the 
high end of the range. Second, where R func- 
tionalities are similar or identical, the present 
D(C&U-R) values are lower by ca 20 kcal mol-’ 
than the analogous D(Cp,U(R)-R) parameters 
derived from alcoholytic calorimetry and the appli- 
cation of eq. (4). 3(c) However, within both the 
CI$IJR and C&AnR, (An = Th, U) series, relative 
bond enthalpies follow qualitatively similar (but 
not quantitatively identical-aide infiu) trends, with 
Me 3 CH2SiMe3 2 n-Bu > Bz. 

physiochemical information to judge whether 
there are major, electronically-based U-R or U-I 
bonding differences in &UR and Cp2UR2 com- 
plexes. Neither available theoretica131,34,41 nor 
photoelectron spectroscopic data4’ evidence any 
obvious Cp,AnR/Cp,AnR, An-R bonding 
differences. 

The origins of the disparity between D(U-R) 
values derived from Cp,U/Cp,UR iodinolysis and 
from Cp2UR2 alcoholysis/eq. (4) appear to reside 
in several difficultly quantifiable steric and elec- 
tronic factors. The foregoing structural discussion 
suggests the Cfi3AnR complexes are significantly 
more congested than Cp*AnR, analogues. Severe 
non-bonded interligand repulsions are expected to 
destabilize the U-R bond.2’h’ Comparison of 
D(L,An-Me) - D(L,An-R) pairs (An = Th, U) 
for relatively bulky R groups supports this 
picture. Thus, for Me/CHzSiMe3, the above dif- 
ference is ca 5.0(3.4) kcal mall’ in the Cp3UR 
series versus 2.0(6.8) kcal mol-’ in the Cp2UR2 
series3(“) and ca 1.0(3.9) kcal mol-’ in the 
Cp2ThR2 series. 3(a) For Me/n-Bu, the difference is 
ca 16.0(2.8) kcal mol-’ in the Cp3UR series versus 
cu 10.0(3.2) kcal mol-’ in the Cp2ThR2 series. Fur- 
thermore, for Me/Bz, the difference in D values is 
19.2(4.2) kcal mall’ in the Cfi3UR series versus 
12(2.2) kcal mall’ in the Cp2ThR2 series and 
6.0(6.2) kcal mol-’ in the CpJIR, series. Such 
trends are in accord with greater steric repulsions 
in the Cb3UR series. The quantity D(L,U-I)- 
D(L,U-R) provides another potential index of 
differential, LJJ-based steric or other (uide infiu) 
effects on bond enthalpies. It is found that the 
iodinolyses? of Cp,U(n-Bu) and C&UMe, pro- 
ceed with AH,x = -47.4(0.6) and -41.0(0.3) 
(average) kcal mall’, respectively. These data 
are nearly identical to the corresponding Cp3UR 
values of -46.9(0.3) (R = n-Bu) and -39.4(0.4) 
(R = Me) kcal mall’, respectively (Table 2), argu- 
ing that for these relatively non-bulky ligands, 
differential Me/n-Bu/I L,U-based steric/other 
effects are small. As noted earlier, D,(UIJ and 
D(Cp,U-I) are also identical to within exper- 
imental error. There is presently insufficient 

Another major factor in understanding 
D(Cp,U-R)/D(Cp,U(R)R) relationships con- 
cerns the transferability of D(M-OR’) data, i.e. 
are D(M(OR’),) + D(U(OR’),) -+ D(L,U-OR’) 
conversions strictly valid for M = Ti, Zr, Hf, and 
L, = cyclopentadienyl ligands? Limitations on 
transferability are likely to be both steric and elec- 
tronic in origin. In regard to eq. (4), it has previously 
been shown that very good transferability of D 
values are obtained between group 4 tetrahalides 
and Th, U tetrahalides.3(“‘~fc’ Moreover, halide/ 
alkoxide transferability within group 4 com- 
plexes is generally good.3@)(c) In regard to 
M(OR’)4 --* U(OR’)4 and U(OR’)4 + Cp,U(OR’), 
transferability, the latter seems most problematic 
both on steric and electronic grounds. This con- 
version requires a substantial increase in formal 
metal coordination number and likely in inter- 
ligand non-bonded repulsion. Furthermore, the 
U-OR’ c~ and rc bonding should be sensitive to 
the rather large ($-induced changes in metal 
electron density. *4’*42 The strongest substantiation 
of this hypothesis is recent Cp2ZrR2/Cp2Zr(OR’)2 
calorimetry7 which shows that the quantity 
D(Cp,Zr(OR’) - OR) - D(Cp,Zr(Cl)-Cl) is cu 
25 kcal mol- I less than in reported b(Zr(OR’),) - 
D(ZrC14) data6 (b(ZrC1,) is within 1 kcal mall’ 
of Di(ZrCl$). These observations and the afore- 
mentioned D,(UI,)/D(CpU-I) results argue that 
a halogen is a more reliable “anchor” ligand than 
alkoxide for placing L,M-R bond disruption 
enthalpies of varying L, on an absolute scale. 
However, such D(M-X) - D(M-OR) disparities 
themselves are informative in regard to under- 
standing ancillary ligand effects on metal-ligand 
bonding. 

The present results place Cp3U-R bond dis- 
ruption enthalpies on an absolute footing and 
strongly suggest, but do not rigorously establish, 
that Cp3U-R and &U(R)--R data can be placed 
on the same absolute scale (using D(U(IV)--I) as 
an anchor). In regard to other actinides as well 
as lanthanides and related early transition metals, 
absolute bond disruption enthalpies have not been 
rigorously established and research is progressing 
in this direction.43’“’ 

*The low energy “5f”’ ionization signals occur at In regard to understanding organouranium 
experimentally indistinguishable energies for the two chemistry, the present results convey suggestions as 
classes of uranium complexes. to why Cp3UH has never been isolated, despite 
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numerous synthetic attempts. If @U-H) is taken 
to be 10 kcal mol-’ greater than D(U-CH3),3(c) 
then bimolecular Hz elimination from such hydrides 
[eq. (1711 may be sufficiently close to thermo- 
neutrality to be entropically driven (as well as 
driven by typical work-up procedures). 

2Cij3UH + 2Cij3U + H2 (17) 

AH,,,. = + 5 kcal mol-‘. 

In addition, what is likely to be a highly associated 
structure2’ of insoluble Cp3U may provide an 
additional driving force. In the same vein, the 
apparent instability of Cp2U(C1)H43@) [eq. (18)] 
may be rationalized by these same considerations. 

3C&U(Cl)H + [C&U(Cl)]3 + 3/2 H2 (18) 

Comparison to d-element systems 

Presently available absolute metal-ligand bond 
disruption enthalpies for organotransition metal 
complexes span a wide range, from ca 20 kcal mol- ’ 
for the alkyls of Co(III)N, complexes Z(c),(h),44 to 
40-80 kcal mall’ for CpIr(PMe,)(R)H alkyls and 
aryls.20)~45 These values are no doubt governed by a 
complex combination of steric and electronic 
factors, the latter describable in terms of metal- 
ligand electronegativity differences2(g), metal-ligand 
orbital overlap and repulsion,46g47 metal redox char- 
acteristics3@) and metal hybridization/promotion 
energy properties.47 In the case of Cc3UR 
complexes, the D(U-R) values do not conform 
to the general pattern that transition metal bond 

enthalpies are greatest towards the bottom and left 
of the Periodic Table. The most obvious reasons 
appear to involve the aforementioned large inter- 
ligand non-bonded repulsions and uranium- 
centred electronic factors evident in the general 
facility of U(IV) + U(II1) oxidation state changes 
[cf. eq. (l)]. 3g*48 The latter electronic trends forecast 
substantially higher absolute D(Th-R) values. 

As noted previously,3(“)*(c)*4g relative actinide 
D(M-H) - D(M-alkyl) values are small com- 
pared to those in the middle and late transition 
metal complexes, reflecting differences in metal- 
ligand bond polarity3 and metal-ligand orbital 
repulsions.46 This same bond enthalpy pattern has 
now been demonstrated for group 4 complexes 
as well.’ Another readily accessible gauge of 
metal-ligand bonding patterns may be D(M-I) - 
D(M-CH3). The present values for actinides 
are rather large in comparison to most transition 
metal data. As can be seen in Table 7, there is 
a general progession of decreasing D(M-I)- 
D(M-CH3) values towards the right of the trans- 
ition metals. Such a trend can be viewed as arising 
from the greater polarizability of iodine” (ener- 
getic adjustment to different bond polarity situ- 
ations3@)*“) or decreasing attraction/increasing 
repulsion4’j between metal orbitals and filled iodine 
orbitals as the metal d shell is fllled. 

The relative magnitudes of D(M-R) and 
D(H-R) parameters are another potential index 
of metal-ligand bonding characteristics. In several 
systems, a roughly linear correlation has been 
reported for D(M-R) and D(R-H),2’i’ which sug- 

Table 7. Values of D(M-I)-D(M-CH,) for various organotransition 
metal complexes in kcal mol-’ 

Fragment D(M-I) -D(M-CH,) References 

c&u- 

cl9 < 
CP,W 

< 

Cl9 
< 

CP,M 
< 

Mn(CO)r 

Wr(PMed< 

CpMo(CO),- 

cis-Pt(PPh& 
< 

(PMe,),Ir(Cl)(CO 

18 This work 

16 43 

13 

13 

10 2(k) 

10 2(f) 

8 2(j), 45(a) 

7 45(b) 

2 2(d) 

0 

2(k) 

7 
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gests similar bonding characteristics. Several situ- 
ations may, however, be expected to produce 
significant deviations from this proportionality. 
These include cases of prodigious steric inter- 
actions, multihapto/n bonding hydrocarbyl 
ligands such as do, f ’ benzyls,” possibly acetylides 
or vinyls, possibly systems with “agostic” C-H 
interactions, and of course, $-allyl, $-Cp,Cp, 
etc. It has also been suggested2@ that deviations 
in this proportionality might occur for ligands 
of obvious n-donor character (OR, NR2) bound 
to x-acceptor centres such as Cp2Th. A plot of 
D(CEU-R) versus D(R-H) data is shown in 
Fig. 2. To first order, the relationship holds for 
the hydrocarbyl ligands with greatest deviations 
for n-BU @(U-R) is lower than anticipated) 
and Bz @(U-R) is greater than anticipated). The 
former deviation may reflect steric repulsion, 
while the latter may simply indicate differences 
in o-bonding . That both R = vinyl and C&CPh 
fall on the sample plot argues against major 
U-R n-bonding effects. The deviation of I from 
the proportionality is rather large and indicates 
that the D(M-R)/D(R-H) relationship is less 
general than previously implied. In other thermo- 
chemical studies,’ we report very large devi- 
ations from this relationship for alkoxide, aryl- 
oxide, amide and halide ligands bound to 
early transition metals. Different classes of ligands 
fall onto different D(M-R)/D(R-H) plots indi- 
cating that such relationships are only valid 
for ligand systems having similar metal-ligand 
bonding.’ 

The present study also provides the first ther- 
mochemical data on an actinide carbonyl complex 
(Table 3). The U-CO bond disruption enthalpy, 
ca 10 kcal mol-‘, can be contrasted with early tran- 
sition metal D(M-CO) values of 39.7(0.9) kcal 

140 , I 

601 
20 30 40 50 60 70 80 90 

D(U-R), kcal/mol 

Fig. 2. Plot of D[(Me$iCSH&U-R] values measured in 
this study vs the corresponding D(R-H) values. 

mol- ’ for Cp2Zr(CO)27 and 41.3(0.9) kcal mol- ’ 
for Cp2Ti(CO)2,52 which are in the range reported 
for typical zero-valent homoleptic carbonyls?‘b)*‘O 
Clearly the U-CO bond disruption enthalpy is low 
and in fact is comparable to D(C&U-THF) (Table 
3). In view of the reported C&UC0 C-O 
stretching energy (1976 cm-‘), which suggests 
bonding similar to that in typical transition metal 
complexes, the low bond enthalpy is difficult to 
explain in the absence of severe interligand non- 
bonded repulsions. 

CONCLUSIONS 

The results of this study indicate that the ther- 
mochemistry of L,M/L,MX/L,MR ensembles is an 
effective means to measure absolute metal-ligand 
bond disruption enthalpies. Our findings sig- 
nificantly complement earlier studies of relative 
actinide-ligand bond enthalpies’ by providing 
a calibration of bond enthalpy transferability 
from one coordination environment to another. 
Assuming that literature D(M(OR),) data are 
reliable, it is concluded that D(M-I) is more 
securely transferable than D(M-alkoxide). The 
magnitudes of the derived absolute D(C$,U-R) 
values appear to reflect a combination of both steric 
and electronic factors, with D(M-I) - D(M-CHS) 
differences offering a useful probe of the coor- 
dination environment and bonding. 
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Abstract--The available thermochemical data for the title compounds are summarized and 
discussed. Metal-ligand bond enthalpies are derived for a variety of ligands through a 
simple method that involves both the experimental standard enthalpies of formation and 
theoretical calculations. It is suggested that this method may be used to predict the energetics 
of new complexes with fair accuracy. In addition, the method provides estimates of 
metal-ligand stepwise bond dissociation enthalpies. Some of these estimates are com- 
pared with recent experimental results obtained for bis(pentamethylcyclopentadieny1) 
titanium complexes. 

If the- ability to estimate new data is used as a 
criterion to assess the development of organo- 
metallic thermochemistry, we will be compelled to 
conclude that our present knowledge in this area 
is still rather incipient, particularly for molecules 
containing d and f elements. This situation con- 
trasts with the one observed for organic substances, 
for which several reliable prediction schemes are 
available,le3 but is not surprising, given the large 
number of elements and hence the different chemi- 
cal bonds that can be involved in organometallic 
species. Moreover, even if it were assumed that 
these schemes could be extended to metal 
compounds, the size of the data bank required to 
derive a suitable set of “bond terms” or “group 
contributions” would be several orders of mag- 
nitude larger than for organic compounds. Unfor- 
tunately, the virtually infinite variety of bonds and 
groups in organometallic complexes, hindering the 
existence of traditional prediction schemes, is also 
the reason why the development of estimation 
methods becomes so important. Alternative 
(though eventually less reliable) procedures have 
thus to be found. 

The simplest and most commonly used method 
to estimate the enthalpy change of any chemical 
reaction, in the absence of enthalpy of formation 
data, is to consider the bonds cleaved and formed. 
For example, the enthalpy of reaction (1) will be 
obtained if the difference between M-L and M-L 

bond dissociation enthalpies is available. 

&ML(g) + L’(g) + XML’(g) + L(g). (1) 

Devising an estimation method for these quan- 
tities is apparently easier than for enthalpies of for- 
mation, since AHj’(X”ML,g) or A@&ML’,g) 
would require energetic information on each chemi- 
cal bond in the complexes, and it is also less 
demanding in terms of size of the experimental data 
bank. 

The thermochemical studies on bis(cyclo- 
pentadienyl) compounds of the type M(Cp),L, 
(Cp = q5-CZH5 ; L = H, alkyl, aryl, carbonyl, hal- 
ogen, etc.) carried out in our laboratory enabled 
us to address some issues that may contribute to 
improved reliability of estimated metal-ligand 
bond dissociation enthalpies and standard enthal- 
pies of formation. As the structural features of the 
fragment M(Cp), are nearly constant in many com- 
plexes, indicating that its enthalpy content is not 
significantly changed, attention can be concentrated 
on the “reactive” side of the molecules, i.e. the 
bonds M-L. The dependence of the strengths of 
these bonds on the metal and its oxidation state, and 
on the number, types and geometrical constraints of 
ligands, has been examined in a wide variety of 
cases. It is the purpose of the present paper to 
summarize both the method used to derive metal- 
ligand bond enthalpies from experimental data and 
the main conclusions drawn from these studies. Pre- 
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liminary values of some recently determined bond 
enthalpies are also included in the discussion. 

CALCULATION OF BOND ENTHALPIES 
FROM EXPERIMENTAL DATA 

\ 4 
WCp)z(g) + &) 

Scheme I. 

Enthalpies of reaction of M(CI>)~L,, complexes 
with several substances, typically HCl or I2 solu- 
tions, have been determined with a reaction-solu- 
tion calorimeter described in detail elsewhere.4 
These measurements, together with auxiliary 
enthalpies of solution and literature data, led to the 
standard enthalpies of formation of the crystalline 
complexes. 

Unlike combustion calorimetry, reaction-solu- 
tion calorimetry is not an “absolute” method, i.e. 
it normally yields a difference between the enthal- 
pies of formation of two complexes. It is therefore 
necessary that one of these quantities is available 
so that the other can be calculated. All the 
AH~O[M(CP)~L,,C] values listed here have been 
obtained using the reported standard enthalpies of 
formation of the related dichloride molecules, 
M(Cp)&12, which were derived from static (MO, Ti) 

WCpMg) + 2cl(g) 

Scheme 2. 

M(Cp),C12 and by using two different concepts of 
bond enthalpies: bond enthalpy terms, E(M-L), 
and mean bond! dissociation enthalpies, 6(M-L). 
These quantities are related through Schemes 1 and 
2, from which eqs (2) and (3) were derived. 

E(M-L) = E(M-Cl) + ; AH;(L*,g) 

- A@(Cl,g) - {~~;bWpM+ngl 

- ~fffOM~p),C1d}I2 + W, - ER J/2 (2) 
and rotating (W) bomb combustion experiments.ss6 
Although the first of these methods is not con- &M-L) = E(M-Cl) + ; AHfo(L,g) 

sidered very reliable for studying such compounds, 
we have accepted these values as references, in the - AH,“(Cl,g) - W#Wp)Lgl 
absence of further information. Incidentally, 
AHfO[W(Cp)2C12,c] = -71.1 k2.5 kJ mol-’ (static- 

- A@DWWlz,gl}/2 + E&/2. (3) 

bomb) is close to the recent rotating-bomb result, 
- 63.5 + 7.7 kJ mol- ‘. 

The standard enthalpies of formation of gaseous 
M(Cp),L, complexes, necessary for evaluating 
metal-ligand bond enthalpies, were determined by 
measuring or estimating the standard enthalpies of 
sublimation of those molecules. Whenever possible, 
AH: values were obtained from Knudsen cell 
experiments (the Knudsen cell is a modified version 
of the one reported in ref. 7), but in most cases 
they had to be estimated. A thorough discussion of 
this subject shows that enthalpies of sublimation of 
analogous complexes usually fall in a narrow range, 
thus allowing reasonably accurate estimates. * 

As happens with any molecule containing several 
types of ligands, the determination of the enthalpy 
associated with a given bond from the enthalpy of 
formation in the gas state depends strongly on the 
enthalpies ascribed to the remaining bonds. In the 
case of the bis(cyclopentadieny1) complexes, the 
difficulty of estimating M-Cp bond enthalpies was 
avoided by considering the “reference” complexes 

t The assumption that D(M---Cl) in MCI, is identical 
to &M-Cl) [and not to E(M-Cl)] in M(Cp),C12 has 
been used in ref. 5. 

The asterisks indicate non-reorganized fragments, 
i.e. fragments retaining the geometry they had in 
the initial complex. ER,, ER3 and ERL are the 
energies associated with the relaxation of the frag- 
ments to their ground states. 

Bond enthalpy terms E(M-L) and E(M-Cl) 
do not contain the reorganization energies of the 
fragments. They should therefore be a better mea- 
sure of the M-L “bond strengths”, affording more 
meaningful correlations with other structural par- 
ameters (e.g. bond lengths) than D(M-L). This 
point is relevant for the evaluation of E(M-L) and 
6(M-L) through eqs (2) and (3). An estimate of 
M-Cl bond enthalpy in M(Cp),C12 can be made 
by considering the bond enthalpy in the homoleptic 
molecule MCl,. If M-Cl bond lengths are similar 
in both molecules, then E(M-Cl) = b(M-Cl) in 
MCI, can be transferred to the dichloride complex, 
i.e. is identified with E(M-Cl) in M(Cp),Clz.t This 
was indeed the procedure used to calculate 
E(M-L) data collected in the tables: for molyb- 
denum and tungsten (m = 6) E(M-Cl) were 
taken as 303.8 and 347.3 kJ mol- i, respectively, and 
for titanium (m = 4) E(M-Cl) = 430.5 kJ mall I.’ 

If 6(M-Cl) in MCl, was identified with 
@M-Cl) in the complex,t then ER3 = 0. As indi- 
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cated by extended Hiickel molecular orbital cal- 
culations, this conclusion does not hold for the molyb- 
denum and tungsten dichlorides (ER3 - -82 and 
- 103 kJ mall ‘, respectively), although it is reason- 
able for the titanium analogue (ER, - - 11 kJ 
mol- ‘). Like ER3, the reorganization energies ER, 
have also been estimated from curves where the 
total energy of the fragments M(Cp), is plotted as 
a function of the angle Cp-M-Cp (0). The most 
stable geometry of the isolated fragment is achieved 
with 8 = 140 and 180” for metals having two and 
four d electrons, respectively, As 0 is usually close 
to 130” in M(Cp),L, complexes, this accounts for 
the large reorganization energies for molybdenum 
and tungsten fragments as compared with 
titanium.’ The dependence of the M(Cp), 
energy on the MCp distance is less important. 
Besides, for each metal, these bond lengths are 
rather constant. 

The extended Hiickel results have always been 
handled in a semi-quantitative way. Accordingly, 
the bond enthalpies collected in the tables are not 
affected by the “corrections” in eqs (2) and (3). It 
must be noted, however, that in the case of 
E(M-L), eq. (2), the reorganization term 
(ER3 - ER,)/2 is usually small since the angle 8 is 
fairly similar for most complexes. Examples and 
exceptions are shown in the next section. 

A pragmatic approach can be followed to obtain 
the enthalpies of formation of non-reorganized 
species, AHfo(L*,g), which are also required to cal- 
culate E(M-Cl) by eq. (2). lo For anionic ligands, 
it is first considered that the geometry of L* 
is the same in the complex and in the molecule 
LH, implying that AH,“(L*,g) can be derived from 
Scheme 3 or eq. (4). Secondly, E(M-L) is 
identified with the respective Laidler term. ’ 

AHfo(L*,g) = E(L-H) + AH;(LH,g) 

- AH;(H,g) = D(L-H) - ERL 

+ AHfo(LH,s) - A@(H,g). (4) 

A simple calculation involving, for instance, the 
methyl radical, demonstrates that the introduction 
of Laidler terms in eq. (4) leads to physically mean- 
ingless results : ERL, given by the difference between 
D(CH,-H) (439.7 kJ mol-I)” and E(C-H) 
(= 6(C-II) = 415.8 kJ mol- ‘), is positive, imply- 
ing that the CfV configuration of the free radical 

LWg) E’L-H’b L*(g) + H(g) 

W-W 
\I 

ERL 

L(g) + H(g) 

Scheme 3. 

WWJ&) + L(g) 
Scheme 4. 

should be more stable than D3,,. Despite this lack 
of physical meaning, the procedure has the advan- 
tage of yielding E(M-L) data that are consistent 
with the Laidler scheme and eventually can be used 
to make predictions. Moreover, as shown below, 
estimates of stepwise bond dissociation enthalpies 
are independent of the value chosen for E(L-H). 

If necessary, the assumption of identical geome- 
tries of L* in LH and in M(Cp),L, can be corrected 
by computing their energy difference. As illustrated 
in the next section, this has occasionally been made 
by using the Htickel, MINDO-3 or MNDO 
methods. 

The estimation of metal-ligand partial (or step- 
wise) bond dissociation enthalpies follows from the 
above method in a straightforward manner. The 
first bond dissociation enthalpy, D ,(M-L), is cal- 
culated using eq. (5), derived from Scheme 4, where 
the symbols have the usual meaning. 

D ,(M-L) = E(M-L) + ER; + ER,_. (5) 

As E(M-L) is transferred from eq. (2) and it relies 
on eq. (4), D,(M-L) becomes independent of the 
value ascribed to E(L-H). In other words, ER, is 
cancelled when eq. (5) is used. The reorganization 
energy ER’, is also estimated through the extended 
Hiickel approximation by optimizing the structure 
of the free fragment M(Cp)*L.12 

The second metal-ligand bond dissociation 
enthalpy, D,(M-L), is simply the difference 
between 26(M-L) and D1(M-L). The Hiickel 
calculations for several systems (L = Cl, H, CH,, 
SCH3; M = MO, Ti) indicate that ligand to metal 
rc-donation results in larger values of D2 - D, than 
a-donation (see Table 10). 

STANDARD ENTHALPIES OF 
FORMATION AND BOND ENTHALPY 

DATA 

As stated previously, the standard enthalpies of 
formation of all the bis(cyclopentadieny1) com- 
plexes reported here rely on combustion results for 
AH/O[M(Cp)2C12,c]. It must be emphasized that a 
revision of the static-bomb values (MO, Ti) will not 
affect the metal-ligand bond enthalpy data: 
AZ$[M(Cp),C12,c] is cancelled in eqs (2) and (3), 
since the same value was used to derive 
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Table 1. Standard enthalpies of formation of halogen complexes 
(kJ mol- ‘) 

Complex AH;(c) AH,0 AH;‘(g) 

Ti(Cp)KL -383.2k7.5 118.8k2.1 -264.4k7.8 
Ti(Cp)& - 148.4+ 13.1 (120f 10)b -28.4f 16.5 

Mo(Cp)FL -95.8k2.5 (100.4f4.2) 4.6 +4.9 

Mo(Cp),Br, 9.7+ 12.7 (100.4k4.2) 110.1 f 13.4 

Mo(Cp),I, 69.8k7.8 (100.4+4.2) 170.2k8.9 

W(CP),ClZ -63.5 + 7.7 (104.6+4.2) 41.1k8.8 

WCp),Br, 15.7+ 13.9 (104.6k4.2) 120.3 + 14.5 

WCP),IZ 65.4+ 10.5 (104.6k4.2) 170.0+11.3 

“Data from refs 4, 5, 6, 14 and 15. 
b Estimated values in parentheses. 

AH~U[M(CP)~L,,,C]. A different conclusion is drawn 
for M--Cp bond enthalpy terms, which, by a first 
approximation, can be obtained from eq. (6). 

E(M-Cp) = AH;(M,g)/2 + AHfo(Cp,g) 

+ AH,O(Cl,g) --~~fo[M(Cp>,CLg1/2 

- E(M-Cl). (6) 

As &M-Cl) is constant, because it is transferred 
from MCl,, an increase in the enthalpy of forma- 
tion of the complex will imply a decrease of 
E(M-Cp). 

Some enthalpies of formation shown in the tables 
were recalculated by using recent literature data.? 
This applies particularly to the tungsten complexes, 
whose values were adjusted to the recently reported 
AH_#V(Cp)ZClZ,c].6 Enthalpies of formation of 
ligands or radicals, necessary to derive M-L bond 
enthalpies, are given in the Appendix. 

Halogen complexes 

Table 1 collects the available standard enthalpies 
of formation of these bis(cyclopentadieny1) deriva- 
tives. Except for the dichlorides, all the values were 
obtained from reaction-solution calorimetric 
results.4*‘4*‘5 The bond enthalpy data are shown 
in Table 2 and include metal-halogen and metal- 
cyclopentadienyl bond enthalpy terms, and metal- 
halogen mean bond dissociation enthalpies. As 
stated before, no corrections due to ER,, ER3 and 
EGP were included in those values. This hardly 
affects E(M-X), since (ER,-ER,)/2 must be close 
to zero, i.e. Cp-M-Cp angles are likely to be 
similar in M(Cp),Cl* and M(Cp)rX2 (X = Br, I). 
The same applies to D(Ti-X) (x = Cl, Br, I), 

t AH/O[M(Cp)2Br,,c] were recalculated from new data 
for AHf(CBr,,c)-AHT(CHBr,,l) in ref. 13. 

Table 2. Metal-halogen and metal-cyclopentadienyl 
bond enthalpies (kJ mol- ‘) 

Complex E(M-X) &M-X) E(M-Cp) 

Ti(Cp)& 430.5& 1.3 430.5& 1.3 318rf: 10 

Ti(Cp)& 298+9 298k9 

Mo(Cp),Cl, 303.8k7.1 303.8f7.1 404+12 

Mo(Cp),Br, 242f 10 242f 10 

Mo(Cp),Iz 207*9 207f9 

YCP) ,Cl Z 347.3kO.8 347.3kO.8 443+ 10 

YCp),Brz 298*7 298+7 

W(CP)2I* 268k5 268f5 

“Data not including reorganization energies ER, and 
ER,. 

because ER3 is negligible, but not so for 6(Mo-X) 
and b(W-X), whose corrections are predicted to 
be significant (see previous section). As for 
E(M-Cp), the values displayed are also upper 
limits, since EGP was not considered. 

The usual trends E(M-Cl) > E(M-Br) > 
E(M-I) and E(Ti-X) > E(W-X) > E(Mo-X) 
are observed in Table 2, but a striking feature 
is apparent: E(Ti-Cp) < E(Ti-Cl), while an 
inverse relationship is noted for molybdenum and 
tungsten. Although the absolute values in the 
table may be controversial (only differences 
E(M-X) - E(M-Cl) and 6(M-X) -&M--Cl), 
for each metal, can be trusted), it seems hard to 
believe that the transferability produces errors of ca 
100 kJ mol- ‘. Interestingly, the trend for titanium 
is also observed for zirconium and hafnium, ’ 6 in 
agreement with the known chemistry of these com- 
plexes (e.g. the stability of M(Cp)C13 complexes and 
the lability of M-Cp bonds for group 4d metals). 

It is finally noted that E(W-Br) = 296+7 kJ 
mol-’ in WBr, (AHfO(WBr,,g) and AHfo(TiI,,g) 
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Table 3. Standard enthalpies of formation of oxygen and sulphur complexes 
(kJ mol- ‘) 
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Complex MT(c) AH; AH&) 
- 

TWpMOPh)~ -393.7f8.0 
Ti(Cp),(OCsH,Me-2), -448.9k8.2 

Ti(Cp)@Cd%Me-3), -408.1 k8.1 

Ti(Cp)#%H4Me-4)2 -448.7k7.9 
Ti(Cp)2(OC~H&l-2)2 -440+22 

Ti(Cp)#WPh), -789.7f8.1 

Ti(Cp)KWCClA -1095*19 

Ti(Cp)GWCPA -2251.2k8.2 

Ti(Cp)&C,~HA -322.6+ 12.7 

Ti(Cp)#Et), -211.3f8.2 
Ti(Cp),(SPr-n), -267.5k9.7 

Ti(Cp) ASPh) 2 34.Ok7.9 

Ti(Cp)&SGH,Me) -30.3k9.5 

Mo(Cp)z(OzCPh)z 
Mo(QWWCPJ~ 
Mo(C~)z(0,Cd&) 
M~(CP),(O&,HH~) 
M~(CP),(CG,H,) 
Mo(Cp)XgOJ 
Mo(Cp) GPr-n) 2 
Mo(Cp) GPr-i) 2 
Mo(Cp),Wu-n), 
Mo(Cp),(=u-02 
M~(CP)~(SCIOH~I-~)~ 
Mo(Cp)z(gPh), 

-500.7+3.4 
- 1984.2k4.2 

- 130.6 + 2.9 
- 80.3 f 3.2 
- 53.3 f 10.4 

-650.4f3.4 
- 10.7k5.3 
-22.7k5.3 
-96.Ok5.5 
-68.3k4.3 

-361.5k4.3 
282.0 f 4.8 

WCp) A0 ,CPh) z 
WCPWZCCPA 
W(CP),(CGHJ 
W(Cp) #Et) z 
WCp)#Pr-n), 
WCp) ,(SPh) z 

-455.8 + 8.2 
- 1925.6+ 8.2 

- 105.2k7.8 
70.3 f 9.0 
16.6k9.2 

327.5k9.1 

(97 + 8)b 
(104+8) 
(104+8) 
(104f8) 

(9Of 10) 
(112k8) 
(130+8) 
(108&8) 
(165+8) 
(106f 10) 
(108f8) 
(113f 10) 
(11Ok 10) 

(94k 10) 
(9Ok 10) 

(100+8) 
(135+8) 
(145&8) 

(72 f 10) 
(90 f 10) 
(9Ok 10) 
(92+ 10) 
(92 + 10) 

(105& 10) 
(95 + 10) 

(98 + 10) 
(94f 10) 

(104&8) 
(92f.10) 
(94k 10) 
(99f 10) 

-296.7+ 11.3 
-344.9+ 11.5 
-304.1 If: 11.4 
-344.7& 11.3 

-35Ok24 
-677.7+ 11.4 

-965+20 
-2143.2k11.4 

- 157.6* 15.0 
- 105.3 + 12.9 
- 159.5 + 12.5 

147.0+ 12.7 
79.7* 13.8 

-406.7+ 10.6 
- 1894.2+ 10.8 

-30.6k8.5 
54.7 * 8.6 
91.7+ 13.1 

- 578.4+ 10.6 
79.3f11.3 
67.3+ 11.3 

-4.o+ 11.4 
23.7+ 10.9 

- 256.5 + 10.9 
377.0+ 11.1 

- 357.8 f 12.9 
- 1831.6f 12.9 

-1.2k11.2 
162.3& 13.5 
110.6+ 13.6 
426.5 f 13.5 

’ Data from refs 18-2 1. 
b Estimated values in parentheses. 

quoted from ref. 17) and E(Ti-I) = 294 + 2 kJ 
mol- ’ in Ti14” are in excellent agreement with 
,??(W-Br) and E(Ti-I) in Table 2, which, we recall, 
rely on E(W-Cl) and E(Ti-Cl) from WC16 and 
TiCl.,. This seems to indicate that reliable pre- 
dictions of the enthalpies of formation of the 
complexes MUFF can easily be made using 
eq. (2) together with @M-F) values obtained 
from the available data for AHfO(MF,,g) : ” 
AHfO[M(Cp),F2,g] -656, -369 and - 367 kJ 
mol- ‘, respectively for M = Ti, MO and W 
[E(M-F) = 585,449 and 510 kJ mol- ‘I. 

Oxygen and sulphur complexes 

The standard enthalpies of formation of these 
molecules, obtained by reaction-solution calor- 

imetry, ‘*-*’ are collected in Table 3 and were used 
to derive metal-oxygen and metal-sulphur bond 
enthalpy terms and bond dissociation enthalpies 
(Tables 4 and 5). The available molecular structures 
for some complexes in these tables show that the 
geometry of M(Cp), fragment is nearly constant for 
each metal and similar to the one in the respective 
dichloride. 1*-20~22~23 This constancy is assumed for 
the remaining molecules and implies that the cor- 
rection terms (ER, - ER 42 are not significant. For 
instance, in the case of the molybdenum sulphate 
molecule, the angle Cp-M-Cp is 134”, cor- 
responding to (ER,- ER,)/2 N - 13 kJ mol- ‘. 

In the absence of steric effects, metal-oxygen 
bond enthalpy terms for each metal fall in a narrow 
range, suggesting that the average values for Ti 
(452 kJ mol- ‘), MO (333 kJ mol- ‘) and W (365 kJ 
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Table 4. Metal-oxygen bond enthalpies (kJ mol- ‘) 

Complex E(M-0) &M-O) 

Ti(Cp)Z(OPh)z 462+9 373fll 
Ti(Cp),(OCsH,Me-2), 454+9 365+ 11 
Ti(Cp),(OC,H,Me-3)2 430&-9 341+11 
Ti(CpWC&Me-4), 457f9 368+11 
Ti(Cp),(OC,H,Cl-2)2 440+ 10 351k12 
Ti(Cp)@,CPh), 455*9 440+6 
Ti(Cp)#WCCl,), 464+9 446-1-11 
Ti(Cp)~(02CCPS)2 451f9 433+11 
Ti(Cp)~(O~G&I,) 417+9 

WCpWzCPh), 327+ 12 312f 10 
WCPW,CCF,), 334+ 12 316f 14 
M~CPMOG&) 299f9 
M~(CP)@G&) 300+9 
M~(CP)&CUH~) 300+ 10 
Mo(Cp),(S03 33859 

W(Cp)&WPh), 365& 10 349*7 
YCP)KGCP,), 365 f 10 347+11 
W(CPMWAH.,) 346f5 

=Data not including reorganization energies ER, and 
ER3. 

mol- ‘) can be used to estimate standard enthalpies 
of formation of other complexes within ca +20 kJ 
mol- r . Furthermore, the average for titanium is not 
far from the mean value of E(Ti-0) in Ti(OR), 
molecules (R = alkyl), 466 kJ mol-‘.‘g 

The low values for the bidentate ligands 1,2- 
benzenodiolate, 1,2naphthalenodiolate and 9,10- 
phenanthrenodiolate were not included in the above 
averages since they are believed to reflect relatively 

Table 5. Metal-sulphur bond enthalpies &.I mol- ‘) 

Complex E&I-S) &M-S) 

WW2CW2 
Ti(Cp),(SPr-n), 
Ti(Cp) *(SPh) z 
Ti(Cp)&C~H&W 

Mo(Cp) @Pr-n) Z 
Mo(Cp)@‘r-i), 
M~(CPMSB~-~Z 
Mo(Cp),(SEu-0, 
MWPMSGOHW~), 
Mo(Cp)@‘h), 

WCp)#Et), 
WCp)@+n)z 
WCp),(SPh), 

326f 10 
331+10 
358f 10 
333 * 10 

220& 12 
217f. 12 
241+12 
206f9 
243+ 12 
251f12 

261+10 
266+ 10 
288+ 10 

341* 10 
347+ 10 
344+ 10 

235k 13 
233k 13 
256k 12 
221+9 
259+ 12 
237k 12 

277k 10 
281 f 10 
274k 10 

a Data not including reorganization energies ER, and 
ER3. 
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high strain energies (40-80 kJ mol- I).*’ An 
opposite conclusion is drawn for the complex 
Mo(Cp),(SO,). The “normal” E(Mo-0) value 
indicates a negligible strain in the sulphate moiety, 
this being supported by the molecular structure of 
the complex and by extended Hiickel calculations. ” 

Recommending “constant” metal-oxygen bond 
enthalpy terms in M(Cp),L, complexes for each 
metal is obviously an over-simplification that can 
only be allowed because our present data are both 
scarce and not very precise (this being mainly a 
consequence of estimated enthalpies of subli- 
mation). A somewhat similar situation is found for 
metal-sulphur bond enthalpy terms. Defining aver- 
age E(M-S) values is probably the most judicious 
use for the data in Table 5, particularly when the 
uncertainty intervals are considered. However, if 
the individual values are accepted, several trends 
are apparent. First, there seems to be an increase 
of E(M-SR) with the length of the n-alkyl chain. 
The observation of a similar pattern in the case of 
the above mentioned Ti(OR)4 molecules lends some 
support to that trend. Secondly, a large value (35 
kJ mol- ‘) is noted for the difference E(Mo-SBu- 
n) - E(Mo-SBu-t), reflecting expected steric effects 
in the t-butyl complex. 

An interesting comparison between oxygen and 
sulphur bidentate ligands is provided by the com- 
plex Ti(Cp),(S2CgH3Me). The value obtained for 
E(Ti-S) indicates a negligible strain in the metalla- 
cycle. The larger size of the sulphur atom, com- 
pared with oxygen, causing a relaxation of the five- 
membered ring, has been used as a possible 
explanation for that different behaviour.*’ The 
same pattern is observed in cyclic organic 
molecules (CH),_ rX (X = CH2, 0, NH or S), dis- 
cussed by Cox and Pilcher. ’ For n = 5 the strain 
energy decreases by about 15 kJ mol- ’ when oxygen 
is replaced by sulphur. 

The usefulness of the bond enthalpy term concept 
is evidenced by the oxygen and sulphur bidentate 
complexes: E(M-0) and E(M-S)’ provide the 
only energetic information on these bonds, since 
the enthalpies of formation of the free biradicals are 
not available, and therefore mean bond dissociation 
enthalpies could not be calculated. 

Nitrogen andphosphorus complexes 

The metal-nitrogen bond enthalpy data (Table 
7) were derived from the reaction-solution calo- 
rimetric standard enthalpies of formation (Table 

6) ‘*I4 by the common procedure, i.e. eqs (2) and (3). 
However, Scheme 3 or eq. (4) were not used for the 
neutral ligand azobenzene. Instead, AH,O(L*,g) 
relies on a MNDO result for the reorganization 



“Data from refs 9, 14 and 25. 
b Estimated values in parentheses. 

energy of azobenzene to the cis-conformation 
(- 198 kJ mol-‘).‘4 Also, as &M-N) are mean- 
ingless parameters in this case, only values of 
D(M-N,Ph,) = 2D(M-N) are presented in 
Table 7. 

Although (ER, - ER,)/2 corrections are seen to 
be negligible for the titanium complexes with 
L = N3 and N2Ph2, and assumed to be so for the 
remaining Ti and MO molecules,9~‘4 the Hi.ickel cal- 
culations indicate that a large negative correction 
[ER3 N - 82 kJ mol-‘; see eq. (3)] should be 
applied to the value of D(Mo-NzPhz) in Table 7. 
As discussed before, ER3 is not significant for the 
titanium analogues. 

The calculation method was also slightly modi- 
fied for evaluating E(Ti-N,) because N-N bond 
lengths are considerably different in the complex 
and in N3H.’ Extended Hiickel calculations indi- 
cate that the fragment N3 is stabilized in the com- 
plex by ca 48 kJ mol-‘. This correction, which 
implies a negative adjustment to the value obtained 
from eqs (2) and (4), is included in Table 7. The 
average between E(Ti-N,) and E(Ti-NCBH6), 
339 kJ mol- ‘, can be compared with 
E(H-NR3 - 311 kJ mol- ’ in Ti(NR3, (R = Me, 
Et). (E(Ti-Nr,) were recalculated in 8 from 
data in ref. 24.) E(Ti-N) for the azobenzene com- 
plex is lower than the corresponding values for the 
monodentate hgands. The geometry of coordinated 
N2Ph2, a distorted cis form, does not seem to favour 
both o- and x-bonding with the metal atom. I4 

The standard enthalpy of formation of 
Ti(Cp),)(PMe& was recently determined by reac- 
tion-solution calorimetry, allowing us to obtain 
E(Ti-PMe,) and b(Ti-pMe,).25 As in the case of 
azobenzene, eq. (4) was not used to evaluate 
AHT(L*,g). MNDO calculations give a negligible 
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Table 6. Standard enthalpies of formation of nitrogen and phosphorus 
complexes (kJ mol- ‘) 

Complex AH;(c) AH,0 AH/o(g) 

Ti(Cp)2(N3)2 436.4 f 8.4 (70 f 10)b 506.4k13.1 

Ti(Cp)@GW~ 181.9f 12.1 (log+ 10) 290.9* 15.7 

Ti(Cp) JN,Ph J 338.8+_ 16.7 (go+ 15) 428.8 + 22.4 

Ti(Cp),(PMe3), -261.9+ 17.1 (go+ 10) - 171.9f 19.8 

Mo(CpL(NzPh3 563.7 f 8.6 (70f 15) 633.7f 17.3 

7 The structural data of Ti(Cp)#Me,), is included in 
ref. 22. 
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reorganization energy (- 5 kJ mol- ‘) for PMe3.26 
This correction is not included in the result shown 
in Table 7 and the same happens with 

(E&-E&)/2 - -4 kJ mol.7 The thermo- 
chemistry of other bis(cyclopentadieny1) com- 
plexes containing metal-phosphorus bonds are pre- 
sently being investigated. For the moment it is of 
interest to stress that Ti-PMe, and T&CO bond 
strengths are comparable (see below). 

Complexes containing metal-hydrogen and metal- 
carbon bonds 

Table 8 summarizes all the available standard 
enthalpies of formation of these bis(cyclo- 
pentadienyl) derivatives. With the exception of 
AHfopi(Cp),(CH,Ph),,c], which was determined by 
static-bomb combustion calorimetry,’ the data 
were derived from reaction-solution calorimetric 
measurements.‘4~27 Preliminary results for MO 
(Cp)2Et2, Mo(Cp)2(n-Bu)2 and Mo(Cp),(C2H4) are 

Table 7. Metal-nitrogen and metal-phosphorus bond 
enthalpies (kJ mol- ‘F 

Complex 

Ti(Q%(N& 
Ti(Q),(NGH& 
Ti(CP)&Ph3 
Ti(CLGZ(PMe& 

Mo(Cp),CNzPhJ 

@M-L) 

329f 10 
348+ 10 
290f 126 
162f 12 

195* 126 

D or 
&M-L) 

385 + 22 

381 f24’ 
162+ 12 

192*23 

a Data not including reorganization energies ER, and 
ERp. 

‘Bond enthalpy term for one M-N bond. Values 
include the MNDO result for the reorganization energy 
of azobenzene to the cixonformation (- 198 kJ mol- ‘). 

’ M-N,Ph, bond dissociation enthalpy (cis-azo- 
benzene as a product). See also note a. 
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Table 8. Standard enthalpies of formation of complexes containing metal-hydrogen 
and metal-carbon bonds (kJ mol- ‘) 

Complex AH;(c) AH,0 AH;(g) 

Ti(CpLMe, -26.6k9.6 (79.5 + 8.4)b 52.9 + 12.7 
Ti(Cp),(Me)Cl -234.7k8.1 (llO& 10) - 124.7+ 12.9 
Ti(Cp),Ph2 262.2 f 8.9 (88&8) 350.2 + 12.0 
Ti(Cp)G’h)Cl -79.2k7.8 (120f 10) 40.8+ 12.7 
Ti(Cp)&&Me-3), 166.8k9.4 (95 f 8) 261.8+ 12.3 
Ti(Cp)&H,Me-4), 169.6k9.6 (95 f 8) 264.6+ 12.5 

Ti(Cp)&H&F+% -1142.6k8.3 (110+8) -1032.6k11.5 

Ti(Cp)&H&Me-rl), -91.8k8.5 (104k8) 12.2* 11.7 

Ti(CpL(CH,Ph), 195.8 f 5.0 (83.7 & 8.4) 279.5 +9.8 
Ti(Cp),Fczc 488.2+ 12.1 (15Ok 15) 638.2 f 19.3 
Ti(Cp) GO) 2 -295.3 + 12.9 84.2 + 3.5 -2ll.lk13.4 

Mo(Cp)zH, 210.3k5.7 81.4f 1.0 291.7IfI5.8 

Mo(Cp),Me, 262.4 k 4.0 70.4k4.2 332.8 + 5.8 

Mo(Cp),Et, [219.2+3.31d 93.7f1.8 [312.9+3.8] 

Mo(Cp)&-Bu), [143.5f4.6] (105f 10) [248.5 & 11 .O] 
Mo(Cp),(C,H3 284.6 f 8.2 (80 + 10) 364.6* 12.9 

W(Cp),H, 222.4& 8.8 84.1k1.6 306.5 + 8.9 

YCP) z(H)1 176.3k11.3 (lOOf5) 276.3 f 12.4 

W(Cp),Me, 271.Ok8.1 (74.6f4.2) 345.6k9.1 

“Data from refs 5, 14, 29 and 30. 
b Estimated values in parentheses. 
’ Fc = ferrocenyl. 
dPreliminary values in brackets. See footnote t on this page. 

also reported,? together with recent measurements 
of the standard enthalpies of sublimation of the 
M(Cp)*H, (M = MO, W)” and Mo(Cp)2Et2.30 

The analysis of M-L bond enthalpy values 
(Table 9) for the complexes M(Cp),(L)L’ (L # L’) 
will be made below. The remaining E(M-L) and 
@M-L) were calculated by the methods already 
described. In the case of the carbonyl complex, 
AH,“(L*,g) relies directly on a MIND0/3 cal- 
culation which yields a negligible value (-2 kJ 
mol- ‘)’ 4 for E&,. As the structure of the ethylene 
complex is not available, the calculation of the reor- 
ganization energy of C2H4 was not attempted and 
thus only the Mo-C2H4 bond dissociation 
enthalpy is shown. 

As happens with the bis(cyclopentadieny1) 
derivatives mentioned previously, the available 

t A small correction due to the dilution of the HCC 
ether solution used in the experimental study is not 
included in the values for the ethyl and butyl complexes. 
Although this correction will not affect significantly the 
bond enthalpy dam, it will be included when the results 
are fully reported. 28 

$The angle Cp-Mo-Cp in the complex 
Mo(Cp),(n-Bu),, 135.2 implies @X2-ER,)/2 N - 16 kJ 
mol-‘.32 

crystal structures for the complexes in Tables 8 or 
9 22,3’$ together with extended Hiickel calculations, 
indicate that corrections (ER,-ER,)/2 are rela- 
tively small,? except for MOTHS, where the 
angle Cp-Mo-Cp, 145.8”,” is substantially 
larger than the one in Mo(Cp),Cl,, 130.5”,33 leading 
to (ER,-ER,)/2 N -33 kJ mol- ‘. This implies 
that E(Mo-H) presented in Table 9 is a high upper 
limit and it is reasonable to draw a similar con- 
clusion for the tungsten analogue, whose structure 
is not known. 

It has been mentioned that ER3 is small for 
titanium and relatively large for molybdenum and 
tungsten. Significant corrections (about -42 and 
- 52 kJ mol- ’ for MO and W, respectively) may 
therefore alIe& 6(Mo--L) and b(W-L) in Table 9. 

A broad look at the titanium-carbon and molyb- 
denum-carbon bond enthalpy terms suggests 
that, for predictive purposes, the averages 290 kJ 
mol-’ (Ti) and 135 kJ mol- ’ (MO) can be defined, 
enabling us to estimate new enthalpies of formation 
within cu f: 20 kJ mol- I. These estimates can, how- 
ever, be improved by considering some trends evi- 
denced in the table. For instance, E(Ti-methyl) is 
15-25 kJ mol- ’ lower than E(Ti-aryl) and 
E(Mo-C) decreases with the length of the n-alkyl 
chain. 
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Table 9. Metal-hydrogen and metal-carbon bond 
enthalpies (kJ mol- ‘) 

D or 
Complex E(M-L) b(M-L) 

Ti(Cp),Me, 274f5 298f6 
Ti(Cp),(Me)Cl 293& 11 

Ti(Cp)zPhz 287k9 331flO 

Ti(CpWh)Cl 290f 13 

Ti(Cp)&d%Me-3), 299k 10 342 + 10 

Ti(Cp)&H,Me-4)~ 297+ 10 341*10 

Ti(Cp)&H.CF+% 297k 10 340* 10 
Ti(Cp),(CsH,0Me-4)2 305*9 349& 10 

Ti(Cp)z(CHzPh)z 28Ok 12 237k9 
Ti(Cp)zFc,* 278fll (33lk 12) 

Ti(Cp)&% 174+8 172+8 

Mo(Cp),H, 257+8 257k8 

Mo(Cp),Me, 142f8 166&-8 

Mo(Cp),Etz (137fll)d (147-&9) 

Mo(Cp)&-Bu), (127+ 12) (134f 12) 

M~(CP)#X~,) 57+20 

YCP)ZH, 311f4 311*4 

WCP) z(H)1 .273* 14 

WCp),Me, 197+3 221&3 

’ Data not including reorganization energies ER , and 
ER3. 
' Fc = ferrocenyl. 
‘Estimate based on D(Fc-H) N D(C!,HrH). 
dPreliminary values in parentheses. gee footnote t 

on previous page. 
‘Mo-C*H, bond dissociation enthalpy. gee also note a. 

Mixed complexes and stepwise bond dissociation 
enthalpies 

The calculation of E(Ti-Me) and E(Ti-Ph) in 
the complexes Ti(Cp),(L)Cl can be made through 
eq. (7), derived from two schemes similar to 4, one 
for the complex and the other for M(Cp),C12.27 The 
reorganization energies associated with the frag- 
ments M(Cp)*Cl from the complex and from 
M(Cp),Cl* are represented by ER’,, and by ER;, 
respectively (the subscript 13 indicates a mixed com- 
plex, i.e. that the initial complex contains both the 
ligand of interest and a halogen ; 3 means that the 
initial complex is the dichloride). Equation (8) was 
also obtained from the two schemes and includes 
the first M-L bond dissociation enthalpy, 
D,(M-L). 

E(M-L) = E(M-Cl) + AHfo(L*,g) 

- A@(Cl,g) - {~ff@WAMWLgl 

- ~~/l?Wp),CLgl) + WC - ER; 3) (7) 

t See ref. 12. The reorganization energy for the frag- 
ment Ti(Cp),Ph was calculated as -41 kJ mol-‘.26 

D ,(M-L) = E(M-Cl) + AH;(L,g) 

- A@(Cl,g) - (~~/olWWzWCkl 

-~~j’W(Q),CLgl) +ER;. 09 

E(Ti-Me) and E(Ti-Ph) in Table 9 were obtained 
by transferring E(Ti-Cl) from TiC14 and by 
assuming that the geometry of the Ti(Cp),Cl frag- 
ment is similar in the mixed complexes and in the 
dichloride, implying ER’,, N ER;. It is seen that 
for the complexes Ti(Cp),Ph* and Ti(Cp),(Ph)Cl,. 
E(Ti-Ph) is remarkably constant, but the same is 
not observed for Ti(Cp),Me* and Ti(Cp)*(Me)Cl : 
the titanium-metal bond is strengthened in the 
mixed complex. Although this strengthening is not 
unusual,34 it must be stressed that E(Ti-Cl) was 
transferred from TiC14 and hence from Ti(Cp),C12. 
If the titanium-chloride bond is also stronger in the 
mixed complex, then E(Ti-Me) in Table 9 will be 
an upper limit. 

The third mixed complex in Table 9 is 
W(Cp),(H)I, for which E(W-H) = 273 kJ mol- ’ 
was obtained. The calculation of this bond enthalpy 
term was made by a slight modification of the 
method outlined in eq. (7). The reference molecule 
W(Cp),C12 was replaced by W(Cp)*12 and E(w-I) 
was taken as 268 kJ mol- ’ (Table 2). Also, in the 
absence of structural data for the iodohydride com- 
plex, it was assumed that ER’, 3 N ER3. 

The fact that the value of E(W-H) in the mixed 
complex is substantially lower than E(w--H) in 
M(Cp)*H2 apparently indicates that this bond 
enthalpy cannot be transferred between the two 
molecules. Recall, however, that the value for the 
dihydride in Table 9 is not corrected by the differ- 
ence (ER, - ER J/2, which, in the case of tungsten, 
is estimated to be ca - 37 kJ mol- I. If this cor- 
rection is applied, the value for the dihydride will 
match the one for the iodohydride. Although this 
good agreement may be fortuitous, it illustrates the 
importance of reorganization energies when trans- 
ferring bond enthalpy terms. 

Several reorganization energies of fragments 

WCP)~L from complexes WCP)~(W 

(L = L’ # Cl, ER; ; L=L’=Cl, ER;; 
L # L’ = Cl, ER’,,), together with values of the 
stepwise bond dissociation enthalpies Dr(M-L) 
and D,(M-L’), calculated with data in the previous 
tables and eqs (5) or (8), are collected in Table 10.7 
Several qualitative conclusions can be drawn from 
these values. One, fragments such as M(Cp)*CI 
and M(Cp),Ph, associated with large reorganiz- 
ation energies, lead to considerable differences 
D,(M-L) - D,(M-L). Two, the titanium-methyl 
6rst bond dissociation energy in Ti(Cp),Me, is pre- 
dicted to be higher than in Ti(Cp)*(Me)Cl, since the 
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Table 10. Estimated stepwise bond dissociation enthalpies (kJ mol- ‘) 

M(Cp)z(L)L’ Fragment ER’” D,(M-L) D,(M-L’) 

‘WCp) Fl2 Ti(Cp),Cl -41 390 471 
Ti(Cp),(Me)Cl Ti(Cp),Cl (-41)b 276 471 
Ti(Cp),Me, Ti(Cp),Me -11 287 309 
Ti(Cp)z(Ph)C1 Ti(Cp),Cl (-41)b 292 471 
Ti(Cp),Phz Ti(Cp),Ph -41 290 372 
Ti(Cp) 2(CO) 2 Ti(Cp),CO -2 170 174 

Mo(Cp),Cl, Mo(Cp) ,Cl -65 238 369 
Mo(Cp),H, Mo(Cp) zH -11 246 268 
Mo(Cp)zMez Mo(Cp),Me (-17) 149 183 

a Reorganization energy of the fragment. 
b Identical structures of the fragment in the complex and in Ti(Cp),Cl, were 

assumed. 
‘The structure of the complex was estimated. See ref. 12. 

I I 

400 450 

D(L-H)/kJmol-’ 

Fig. 1. Metal-ligand mean bond dissociation enthalpies vs ligand-hydrogen bond dissociation 
enthalpies for halogen, nitrogen, oxygen and sulphur ligands. 
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reorganization energy of Ti(Cp),Cl is larger than 
Ti(Cp),Me. Three, D,(M-L) > D,(M-L), as 
could be expected, because D,(M-L) refers to the 
species M(Cp),L, where the metal is in a lower 
oxidation state and/or is coordinated to a smaller 
number of ligands. 

Although we strongly favour a qualitative view 
of the data in Table 10, recent preliminary ther- 
mochemical results involving several titanium 
bis(pentamethylcyclopentadieny1) complexes, viz. 
Ti(Cp*),Mez, Ti(Cp*)zMe, Ti(Cp*),Ph, Ti(Cp*),C12 
and Ti(Cp*),Cl, showed that those estimates 
may also have some quantitative value.3s The fol- 
lowing D,(Ti-L) were directly obtained from the 
standard enthalpies of formation of the correspond- 
ing Ti(II1) and Ti(IV) complexes (kJ mall ‘) : 
D,(Ti-Me) = 271 f21, D,(Ti-Ph) = 269k28, 
D,(Ti-Cl) = 380 + 20. All are in fair agreement 
with the predictions in the table. 

CONCLUDING REMARKS 

The present paper shows that the energetics of 
MEL,, complexes can be reasonably predicted 
by a judicious use of the “bond enthalpy term 
method”, even when the enthalpies of formation of 
the radicals L are not available. In addition, the 
recent comparison with the experimental data 
for the bis(pentamethylcyclopentadieny1) titanium 
molecules gives some credit to the estimates of step- 
wise Ti-L bond dissociation enthalpies. The use- 
fulness of the method to analyse the ther- 
mochemical data of other families of compounds 
has also been tested.36 

As mentioned before, the bond enthalpy term 
method relies on the Laidler scheme. It is thus not 
surprising that some of the features observed for 
organic molecules are reflected in metal-ligand 
terms. For instance, the Laidler scheme recom- 

Table 11. Auxiliary thermochemical data (kJ mol- ‘) 

L Ref. A$(L,g) D(L-H) E(L-H)* D-E 

H 
Cl 
Br 
I 
PhO 
PhCOO 
cc1,coo 
CF,COO 
CsH,Gz 
CioHsGz 
C,~HBGZ 
SO4 
RSd 
PhS 

Me&I-W 
N3 
CsH,N 
Me 
Et 
DBU 
Ph’ 
PhCH, 

CP 
CzH4 
co 
cis-N,Ph2 
PMe, 

39 217.997 436.0 
39 121.302 431.6 
39 111.86 366.2 
39 106.762 298.4 
11 48klO 362+ 10 
40 -76.3f3.0 435.8 * 3.4 
41 -213+ 13 (433 * 10) 
42 (-815.7*10) (433 * 10) 

IL43 
11,44 240.2f8.4 

375.7& 8.4 
345.8k8.4 

45 461 k21 385&21 

11 
46 

11 
11 
47 
48 
39 

48,49 
48 

146.9kO.6 
119+4 
(74f8) 

328.9 + 8.4 
200+6 
260f9 

52.2+ 1.2 
-110.53f0.17 

455.7+2.5 
-101.1+5.3 

439.7* 0.8 
421 f4 

(418+8) 
464.Ok8.4 

368&d 
347f 10 

436.0 0 
431.6 0 
366.2 0 
298.4 0 
451 -89 
451 -15 
451 -18 
451 -18 
451 
451 
451 
451 
360 16 
360 -14 
360 
377 8 
377 
415.8 24 
411 10 
411 7 
421 43 
411 -43 

“Gas-phase data. Estimated values in parentheses. 
* Laidler terms from ref. 1 ( f 8 kJ mol- ‘) or calculated from tabulated enthalpies 

of formation. 
‘The same bond dissociation enthalpy was used for L = Me&H,0 and ClC,H,O. 
dR = alkyl. 
‘The same bond dissociation enthalpy was used for L = MeC6H4, CF,C,H, and 

MeOCsH,. 
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Fig. 2. Metal-carbon and metal-hydrogen mean bond dissociation enthalpies vs ligand-hydrogen 
bond dissociation enthalpies. 

mends a single term for O-H and S-H bonds, ’ 
also being possible to define average M-O and 
M-S terms, within, ca f20 kJ mol-‘. As metal- 
ligand bond strengths are more sensitive to the 
chemical environment than the hydrogen-ligand 
bonds, it is not surprising that the interval is rela- 
tively wide. Other examples showing parallel trends 
between Laidler terms and metal-ligand terms can 
be found in the tables mentioned above (compare, 
e.g. Ti-Ph and Ti-Me bond terms, Table 9, with 
E(Ph-H) and E(Me-H), Table 11). 

The most common attempt to “reduce” organo- 
metallic thermochemistry to organic and inorganic 
thermochemistry consists of plotting metal-ligand 
bond dissociation enthalpies vs ligand-hydrogen 
bond dissociation enthalpies. It is indeed observed 
that such plots often lead to good linear variations, 
thus allowing the prediction of new values.37 The 
same type of correlation for the Ti, MO and W 
bis(cyclopentadieny1) complexes is shown in Figs 1 
and 2. As expected for these metals, the data for C- 
donor ligands (Fig. 2) does not fit the lines obtained 

for x-donor ligands (Fig. 1). It is also noted that 
b(M-SPr-n) are significantly lower than the values 
predicted on the basis of the correlations in Fig. 1. 
Itjs very unlikely that the deviation is due to wrong 
estimates of the enthalpies of sublimation of the 
complexes : it would be necessary to decrease these 
quantities by cu 60 kJ mol- ’ to obtain a good fit 
of the three points. Instead, the deviation may be 
attributed to the larger polarizability of the sulphur 
atom as compared with oxygen. However, an iden- 
tical discrepancy is not observed in the case of PhS. 
D(Mo-H), on the other hand, is clearly above the 
line defined with three Mo-alkyl bonds in Fig. 2, 
even if the correction ER,/2 (N - 42 kJ mol- ‘) is 
applied. 

Although the previous correlations deal with 
mean bond dissociation enthalpies and therefore 
important features may be hidden, they seem less 
successful than recently proposed plots between the 
standard enthalpies of formation of crystalline com- 
plexes and the enthalpies of formation LH (for 
anionic ligands) or L (for neutral ligands) in their 
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standard reference state (rs),3” i.e. their stable physi- 
cal state at 298.15 K and 1 atm. An advantage 
of these latter correlations over the ones involving 
bond dissociation enthalpies is that they allow esti- 
mation of the enthalpies of formation of complexes 
even in the absence of data for D(L-H), this being 
particularly important in the case of bidentate (e.g. 
S04, O&H,) and neutral (e.g. C2H4, N2Ph2) 
ligands. Interestingly, it can be shown that the plots 
D(M-L) vs D(L-H) and AH/o(complex,c) vs 
AHfo(ligand, rs) are mathematically equivalent, 
provided that a cancellation of sublimation and 
vaporization enthalpies occurs. This matter will be 
further explored in a future publication. 

We have deliberately omitted important chemical 
implications of the thermochemical data surveyed 
in the tables above, some of which can be found 
in the papers where those values were originally 
reported. Although the main purposes of acquiring 
thermochemical values are understanding reactivity 
and providing new insights into the nature of chemi- 
cal bonds, a broad view of organometallic ener- 
getics is rather desirable at the present stage. 
The development of new and more accurate esti- 
mation procedures will undoubtedly be fostered 
both by the massive amount of thermochemical 
data that is currently being obtained in some lab- 
oratories and by the growing efforts of theoretical 
chemists to produce reliable values of enthalpies of 
formation and bond dissociation enthalpies. 

1. 

2. 

3. 

4. 

8. 

9. 
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APPENDIX 

The auxiliary data used to calculate metal-ligand bond 
enthalpies are collected in Table 11. ’ ‘,3s49 The standard 
enthalpies of formation of gaseous LH, molecules (n = 1 
or 2) were taken from the following references : L = hal- 
ogen (ref. 39); L = PhO, MeCsH40, PhCOO, CFSCOO, 
RS, PhS, C,H,N, Me, Et, n-Bu, Ph, PhCH*, CF3CsH4, 
MeOCsH4, Cp (ref. 48) ; L = SO4 (average between the 
values in refs 50 and 51, -737+8 kJ mol-‘); L = Fc 
(taken as 227.6k4.2 kJ mol-‘, by using the enthalpy of 
formation of the crystal in ref. 5 and an average value 
for the enthalpy of sublimation) ; L = N3 (ref. 52) ; L = 2- 
Cl&H40 (estimated as - 145 f 11 kJ mol- ’ in ref. 53) ; 
L = CC13CO0 (ref. 48, together with an experimental 
value for the enthalpy of sublimation,54 gives 
-428.3It8.4 kJ mol-‘); L = C,4Hs02 (estimated as 
-144f6 in ref. 21); L= CsH402, C10H,02 
(-267.8f1.7 and -181.3k4.7 kJmol_‘, respectively; 
ref. 21); L = Me&H,& (estimated as 108 k 6 kJ mol- ’ 
in ref. 18). 
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Abstract-Thermodynamic measurements and reactivity studies are used in estimating 
(Rh-Rh), (Rh-H), (Rh-C) and (Rh-0) bond dissociation energies (BDE) in octa- 
ethylporphyrin rhodium, [(OEP)Rh], complexes. Temperature dependence of the proton 
NMR line broadening of [(OEP)Rh], is used as a kinetic method for estimating the 
(Rh-Rh) BDE as 16.5 + 0.8 kcal mol- ‘. Thermodynamic cycles are presented that provide 
values for the (Rh-H) BDE in (OEP)Rh-H (62 kcal mol- ‘) and (Rh-C) BDE in 
(OEP)Rh-CHO (58 kcal mol- ‘). Transfer of bond energy values from organic compounds 
to the organic fragments in organometallic species is used as a means of establishing general 
thermodynamic criteria for addition reactions of metal hydrides and metal-metal bonded 
complexes, with compounds that contain C-O and C-C multiple bonds. Approximate 
bond energy analysis is applied to the (0EP)Rh system in anticipating reactivity, estimating 
(Rh-C) and (Rh-0) bond energies and in recognizing steric effects. 

Metal hydride addition to C-O and C-C multiple 
bonds is a fundamental step in the metal catalysed 
hydrogenation of C02, CO, aldehydes, ketones, 
esters, amides, alkenes and alkynes. One of the gen- 
eral goals of organometallic catalysis research has 
been to discover metallo species that accomplish 
these reactions, and provide an opportunity to 
evaluate the chemical and physical properties of 
complexes that can potentially function as inter- 
mediates in catalytic reactions. When designing a 
metal complex to accomplish one of these reactions, 
the synthetic chemist considers both the thermo- 
dynamic and kinetic feasibility of the process. 
There has been relatively little reliable thermo- 
dynamic data available for organometallic com- 
pounds and thus kinetic-mechanistic thinking has 
dominated this area, even though thermodynamic 
factors ultimately limit the range of observable reac- 
tivity accessible to a particular metallo system. 

The approach to designed organometallic reac- 
tivity described in this article is focused on obtain- 
ing the desired organometallic species as a ther- 
modynamic product of an addition reaction. The 
mechanistic approach to directed synthesis of 
organometallic complexes is much more soph- 
isticated from the synthetic chemistry point of view, 
but the thermodynamic approach has the challenge 

of identifying metal complexes that react spon- 
taneously with the appropriate reagents (H2, CO: 
C02, CHdH,, etc.) to yield the desired organo- 
metallic product at equilibrium. 

The scope of metal hydride addition reactions 
that are thermodynamically favourable is largely 
defined by the difference between the (M-H) and 
(M-C) or (M-O) bond energies. Using thermo- 
dynamic data, primarily from first transition series 
metal complexes, Halpem concluded that tran- 
sition metal-carbon bonds are weak (M-C N 25- 
30 kcal mol- ‘) and the difference in (M-H) and 
(M-C) bond energies is relatively large 
[(M-H)-(M--C) w +25-30 kcal mol- ‘I. ’ This 
guideline set of (M-C) and (M-H) bond energies 
thermodynamically excludes first transition series 
metal complexes from reactions such as the addition 
of a metal hydride to CO or oxidative addition of 
unactivated hydrocarbons to metal centres. I Both 
of these types of reactions that are thermo- 
dynamically unfavourable for first transition 
series metal complexes are now well established in 
the chemistry of second and third transition metal 
species.2-7 These observations provide qualitative 
evidence that a different range of (M-H) and 
(M-C) bond energies is manifested by these sys- 
tems. 
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The organometallic chemistry of rhodium por- 
phyrins has yielded important examples of unusual 
and in several cases unprecedented reactivity. ‘*‘z+- ’ ’ 
Systemizing the known chemistry and anticipat- 
ing new reactivity benefits from a knowledge of 
the thermodynamic factors associated with both 
the metallo species [(M-H), (M-C), (M-O), 
(M-M) bond energies] and the organic sub- 
strates. This paper summarizes the organometallic 
reaction chemistry and thermodynamic studies of 
rhodium octaethylporphyrin, (OEP)Rh, complexes 
that reflect the (Rh-Rh), (Rh-H), (Rh-C) and 
(Rh-0) bond energies manifested by this system. 
Bond energies derived from thermodynamic prop- 
erties of organic molecules are used in establishing 
approximate general thermodynamic criteria for 
addition reactions of metal hydrides and metal- 
metal bonded complexes to C-O and C-C mul- 
tiple bonds. The (0EP)Rh system is used in illus- 
trating several potential applications of this bond 
energy model. 

RESULTS AND DISCUSSION 

Octaethylporphyrin rhodium hydride, (OEP)Rh- 
H, was the first metallohydride reported to accom- 
plish the addition with CO to produce observ- 
able equilibrium concentrations of an q’-carbon 
bonded metallo formyl complex, (OEP)Rh- 
CHO.’ Unfavourable thermodynamic factors 
rather than kinetics are generally responsible 
for the difficulty in accomplishing the general 
reaction, (M-H + CO % M-CHO). Observation 
of this reaction for the (OEP)Rh-H complex sug- 
gested the occurrence of an unusual set of M-H 
and M-C bond energies. As a guide to the scope of 
organometallic reactions accessible to this system, 
approximate thermochemical relationships were 
developed for metal hydride addition reactions with 
C-O and C-C multiple bonds in terms of bond 
energies associated with the organic fragments 
(C02H, HCO, CH,OH, CH2CH3, CH=CHJ esti- 
mated from thermodynamic data on organic mol- 
ecules “-l 6 (Table 1, footnote b). The anticipated 
enthalpy change (AH’) for a reaction can be 
described in terms of the difference between the 
(M-H), (M-C), (M-O) and (M-M) bond dis- 
sociation energies and an enthalpy change for the 
organic unit (Table 1). As a representative example, 
the enthalpy change for the general reaction 
M-H+CO 7+ M-CHO can be described as 
a set of bond energies [AH’ = (M-H)+(C&)- 
(M-C) - (C=O) - (C-H)]. Evaluation of the 
organic fragments, [(C&O)-(C=O)] = 70 kcal 
mol- ’ and (C-H) = 87 kcal mol- ’ for an alde- 

hydic CYH group, results in the approximate 
relationship (AH’ = (M-H) - (M-C) - 17 kcal 
mol- ‘) (Table 1). The enthalpy change AH0 
for the addition of a metal hydride carbon mon- 
oxide to form an v’-carbon bonded formyl 
complex is anticipated to be negative when 
(M-H) BDE exceeds the (M-C) BDE by less 
than 17 kcal mall ‘. Each of the (M-H) 
addition reactions in Table 1 corresponds to two 
reactant molecules combining to form a single 
molecule of product, and the entropy change for 
a reaction of this type is in the range of -(25-30) 
cal K-’ mol- ‘. Estimates for AGO (298 K) in Table 
1 were obtained by using AS0 = - 27 eu (- TAS’ 
(298 K) = +8 kcal mol- ‘). Applying this estimate 
to the general formyl reaction gives AGO (298 
K) N (M-H)-(M-C)-9 kcal mol- ‘, which 
means that AGO (298 K) will be negative if the 
(M-H) BDE exceeds the (M-C) BDE by no more 
than 9 kcal. Results from this type of approximate 
bond energy analysis applied to addition reactions 
of metal hydrides to C02, CO, H&O, RCHO, 
R&O, CH&ZH, and HC=CH to form both 
carbon and oxygen bonded organometallic com- 
pounds are found in Table 1. Reactions of M-M 
bonded dimers with HZ, O2 and a set of C-O and 
C-C multiply bonded compounds have also been 
analysed and the results also appear in Table 1. 
Bond energy analysis for this series of reactants 
establishes an order of difficulty in accomplishing 
these addition reactions, (CO2 > CO > H&O > 
CH-=CH, > CH&H) (Table 1). Approximate 
enthalpy relationships also establish general cri- 
teria for the formation of M-C or M-O bonded 
species, providing a means of estimating (M-C) 
and (M-O) bond energies, and assisting in identi- 
fying the presence of steric effects. Results from 
both thermodynamic and reactivity studies of 
(OEP)Rh-H and [(OEP)Rh], will be discussed 
in terms of this bond energy model. 

In order to establish a quantitative foundation 
for the thermochemistry of the (0EP)Rh system, 
experimental studies have been carried out that 
directly relate to the (Rh-Rh), (Rh-H) and 
(Rh-C) bond energies. The (Rh-Rh) BDE in 
[(OEP)Rh], has been estimated by kinetic methods 
and used in conjunction with thermodynamic 
values from equilibrium studies that provide values 
for the (Rh-H) BDE in (OEP)Rh-H and the 
(Rh-C) BDE in (OEP)Rh-CHO. 

Estimation of the (OEP)Rh-Rh(OEP) dissociation 
energy from proton NA4R line broadening 

(OEP)Rh(II) occurs predominantly as a dia- 
magnetic Rh-Rh bonded dimer in hydrocarbon 
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Table 1. Thermochemical estimates for M-H and M-M addition reactions of M-H and M-M bonded complexes 

Reaction 

(I)“.b 
AH0 = (M-H)-(M-C)+X (IIP” 
X = AH’+(M-C)-(M-H) [(M-H) -(M-C)] kcal mol- ’ 

X kcal mol- ’ AG”(298K)=0 

CO2 + M-H P M-C02H -9 1 
CO + M-H P M-CHO -17 9 
H,CO+M-H P M-CH,OH -31 23 
RCHO + M-H P M-CH(R)OH -27 19 
R&O + M-H P M-C(R)20H -25 17 
CH2--_CH2+M-H P M-CH2CH3 -36 28 
CH,CH+ZH,+M-H P MCH#ZH,CH, -36 28 
CH=CH+M-H P M-CH=CH, -45 37 

AH0 = (M-O)-(M-H)+X 
X = AH’+(M-O)-(M-H) 

X kcal mol- ’ 
(M-H) -(M-O) 
AGO (298 K) = 0 

CO 2 + M-H P M-OC(O)H 
H&O + M-H # M-OCH, 
RCHO + M-H P M-0CH2R 
R,CO+M-H * M-OC(R)*H 

+4 
-21 
-15 
-12 

AH0 = (M-M)-2(M-C)+X 
X = AH”+2(M--C)-(M-M) 

X kcal mol- ’ 

-12 
13 
7 
4 

2(M-C) - (M-M) 
AGO (298 K) = 0 

CO+M-M P M-C(O)-M 70 78 
2CO+M-M P M-C(O)-C(O~M 70 86 
CH2--_CHz+M-M P M-CHz-CH,M 64 72 
CH=CH+M-M + M-C!H=CH-M 56 64 

Ht+M-M + 2M-H AH0 = (M-M)-2(M-H)+ 104 AGO g AH0 
02+M-M + M-O-O-M AH0 = (M-M)-2(M-O)+81 AGO z (M-M)-2(M-O)+89 

‘Column I lists the anticipated enthalpy change o() for the reorganization of the organic fragment between product 
and reactant in terms of AH0 for the reaction and differences in (M-H), (M-C), (M-O) and (M-M) bond 
dissociation energies. The value of X is evaluated using bond energy data for the reactant and the organic fragment 
in the organometallic product as described in footnote b. 

b The (C-C), (C-H) and (O-H) bond energies (kcal mol- ‘) used for the organic fragments were obtained from 
data for the organic molecule that most closely resembles the organic ligand. As an example, the bond energy 
parameters for the CH*OH group of M-CH20H were obtained from the parameters for CHSOH [(C-H) = 94, 
(OH) = 1041. The bond energy data for organic oxygenates are found in ref. 12, pp. 5 16 and 5 17, Table 4. RC(O)-H 
(87), HOCH,-H (94), HOCH(R )--H (93), HOCH(R),-H (91), RO(O)C-H (93), RO-H (104), RC(O)O-H 
(106), HC(0)---CHS (82), CH3C(0)--CHs (81), CH3-CH,R (85), RC(O)O-CH, (81). The bond energy data used 
for the purely hydrocarbon units are Laidler parameters from ref. 16, p. 592, Table 50. (C=C) = 183.3, 
(C=C) = 133.0, (C-C) = 85.4, (=C-H,) = 101.2, (-C-H) = 104.2, (C-H), = 98.2, (C-H), = 97.4, 
(C-H), = 96.5. Bond energy values for the (C==O) and (C-O) were estimated from AH0 values for addition 
reactions of CO, CO1, H&O, RCHO, and RzCO with Hz and CH4. ‘5*‘6 (C%O) = 257, (C=O) = 187, (C-O) = 100, 
(c&O),-, = 192. 

‘Column II lists the differences in (M-H), (M-C), (M-O) and (M-M) bond energies that are anticipated to 
produce a standard free energy difference of zero at 298 K (AGO (298 K) = 0). These estimates are based on using 
AS0 N -27 eu for these addition reactions, (AGO = AH’- TASO; AGO (298 K) 2 AH’+8 kcal mol-‘). 
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solvents. Approach of the two (OEP)Rh(II) frag- 
ments is restricted by the porphyrin macrocyclic 
ligands, which results in a relatively weak Rh-Rh 
bond. The ‘H NMR of [(OEP)Rh], at room tem- 
perature consists of sharp resonances, but as the 
temperature is raised all of the ‘H NMR peaks of 
the porphyrin ligand broaden. This broadening is 
ascribed to the exchange of the diamagnetic dimer, 
[(OEP)Rh], (S = 0), with the paramagnetic mono- 
mer, (0EP)Rh’ (S = l/2) (eq. 1). The contribution 
of the exchange reaction to the line width 
(T;’ = rcAv,,J is given by the expression 
T& = z; ‘[Az,/2]*[1+ (Az,/2)*]- ’ 

[(OEP)Rh], P 2(0EP)Rh’ (1) 

where rd and zp are the lifetimes of the nuclear spin 
states in the diamagnetic and paramagnetic species 
and A is the electron-nuclear coupling constant for 
the observed nucleus. ’ ‘3” When (AzJ2) >>’ 1 then 
T&,, = z; ’ and the forward rate constant (kr) is 
given by (z; ’ = k,) for the exchange reaction. Tem- 
perature dependence of kf yields the activation 
enthalpy (AH,*) for the forward process. This type 
of experiment has been previously used to evaluate 
dissociation energies of organic peroxides. I9 In the 
specific case of (0EP)Rh where the values for A 
and rp are unknown, only the activation energy 
AH: can be confidently determined. Temperature 
dependence of the exchange rate [T&) = kf (con- 
stant)] derived from line broadening of the meth- 
ine porphyrin hydrogens results in an activation 
energy (AH,*) of 18.5 f0.8 kcal mol- ’ for the 
homolytic dissociation of [(OEP)Rh], (eq. 1).20 
The AH,* (18.5 kcal mol- ‘) for [(OEP)Rh], can 
be compared with the value (AH: = 20.6 kcal 
mol- ‘) obtained for the homolytic dissociation of 
the analogous Rh-Rh bonded dimethylglyoxime 
complex, [Rh(DMG),(Ph,P)],, by kinetic trapping 
of the Rh(I1) species. *’ The forward activation 

2 kcal mol- ’ for AH: results in an estimate for 
AH: of 16.5 kcal mall ‘. The small (Rh-Rh) BDE 
in [(OEP)Rh], contributes to the dominant mech- 
anistic role that the metallo radical, (OEP)Rh’, has 
in the reactivity of [(OEP)Rh], in hydrocarbon 
media.2~8~’ ’ 

Estimate ofthe Rh-H bondenergy in (OEP)Rh-H 

(OEP)Rh2 reacts with H2 in C6D6 to produce an 
equilibrium distribution with the metallo hydride, 
[(OEP)Rh-H] [reaction (2)]. 

[(OEP)Rh], + H2 P 2(0EP)Rh-H. (2) 

The criteria for a M-M bonded dimer to 
react with H2 to form measurable quantities of 
metallohydride by reaction (2) is simply that 
AH; is negative (AS: N 0). AH: can be described 
as a series of bond energies [AH: = (Rh-Rh)+ 
(H-H) - 2(Rh-H)]. Knowledge of the Rh-Rh 
BDE (16.5 kcal mall ‘) and observation that 
reaction (2) occurs, establishes that the (Rh-H) 
BDE is greater than 60 kcal mol- ’ [2(Rh-H) = 
(H-H)+(Rh-Rh)-AH; = (104.2+ 16.5-AHa]. 

Equilibrium constants for reaction (2) have 
been determined at a series of temperatures in 
benzene by integration of the ‘H NMR and 
are used in deriving thermodynamic values for (2) 
(AH:= -3fl kcal mol-‘; AS;-0.8fl eu).” 
The relatively slow rate for reaction (2) requires 
that the system should be equilibrated outside the 
NMR for periods of hours to days. Rigorous 
exclusion of light is required in order to avoid the 
photoreaction that produces the reverse of (2). 
AH: is small and the relative error could be large, 
but the absolute error is less than 1 kcal mol- ‘. A 
value for the Rh-H bond dissociation energy is 
obtained by using AH:, AH: and AHf(H’) to give 
Thermodynamic cycle 1. 

Thermodynamic cycle 1 (Rh-H BDE) 

1/2[(0EP)Rh], + (0EP)Rh’ 1/2AHy = 8.2 kcal mol- ’ 

(OEP)Rh-H + 1/2[(0EP)Rh],+ 1/2H2 - 1/2AHi = 1.5 kcal mol-’ 

1/2H2 + H’ AH! = 52.1 kcal mall ’ 

(OEP)Rh-H + (0EP)Rh’ + H’ AH0 = 61.8 kcal mol-‘. 

Evaluation of Thermodynamic cycle 1 results in 
energy (AH:) corresponds to an upper limit a @h-H) BDE of approximately 62 kcal mol- ‘. 
for the desired Rh-Rh bond dissociation energy Calorimetric methods were used by Drago to obtain 
(AH: = AH,* - AH,*). Radical recombination reac- an average Rh-H bond energy of 57.6 kcal mol- ’ 
tions related to the reverse of reaction (1) are usually in Rh(Cl)(P(4-tolyl)3)3(H)224 and the vRh___H Stret- 

diffusion controlled and have small activation ener- thing frequencies [(OEP)Rh-H] = 2220 cm- ’ ; 
gies (AH: N 2 kcal mol- ‘).22 Using an estimate of (Rh(C1)(P(4-tolyl)3)3(H)2) = 2034 cn- ’ qualitat- 
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ively correlate with the Rh-H bond energies. A 
(Rh-H) BDE of 62 kcal mol- ’ for (OEP)Rh-H 
is clearly in the range expected for a second row 
transition metal hydride” and judging from the 
unusually high Rh-H stretching frequency for 
(OEP)Rh-H, the (Rh-H ) BDE of 62 kcal mol- ’ 
is probably at the high end of the range of Rh-H 
bond energies. 

Quantitative comparison of the Rh-H and 
Co-H bond energies in (OEP)M-H complexes 
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(OEP)Rh-H + CO e (OEP)Rh-CHO. (3) 

Thermodynamic values for reaction (3) 
(AH! = 13+1 kcal mol-‘; AS! = -29+3 eu), 
were obtained by measuring the temperature depen- 
dence of the equilibrium constant by NMR 
methods.27 A thermodynamic cycle can be con- 
structed to give a value for the (Rh-C) BDE from 
AH;, the Rh-H BDE and thermodynamic par- 
ameters for the formyl radical’2*‘3 (Thermo- 
dynamic cycle 2). 

Thermodynamic cycle 2 (Rh-C BDE) 

(OEP)Rh-CHO + (OEP)Rh-H+ CO -AH; = + 13 kcal mol-’ 

(OEP)Rh-H --* (0EP)Rh’ + H’ AH0 = + 62 kcal mol- ’ 

CO + H’ + ‘CHO AH0 = - 17 kcal mall ’ 

(OEP)Rh-CHO + (0EP)Rh’ +‘CHO AH0 = +58 kcal mol-‘. 

has not been possible because (OEP)Co(II) in the 
presence of H2 fails to produce observable con- 
centrations of (OEP)CwH. Absence of an observ- 
able reaction places an upper limit of N 56 kcal 
mol- ’ for the (Co-H) BDE (AH’ = (H-H) - 
2(Co-II); AGO (298 K) - (H-H)-2(Cc+H)+8 
kcal mol- ‘). The (Rh-H) BDE must be greater 
than the (Co-H) BDE by at least 6 kcal mol- ‘. 
The (Ir-H) BDE in (OEP)Ir-H has also eluded 
experimental determination because the equi- 
librium constant for the reaction of [(OEP)Ir], 
with H2 is too large to be conveniently measured 
by NMR methods, which indicates that the 
(Ir-H) BDE is larger than the value for 
(Rh-H). This qualitative conclusion is also sup- 
ported by comparison of the M-H stretching 
frequencies (v~‘,_~, [(OEP)Rh-H] = 2220 cn- ‘, 
v&n, [(OEP)Ir-H] = 2343 cn- ‘). The ordering 
of M-H bond energies is undoubtedly Ir-H > 
Rh-H > Co-H, but experimental deter- 
mination of the differences in these bond energies 
has not yet been achieved. The difference between 
the Co-H and Rh-H is dominated by im- 
proved bonding overlap of the 4d orbitals, but 
the difference between the Rh-H and Ir-H is 
apparently dominated by relativistic effects that pro- 
duce orbital contractions, which become par- 
ticularly important for the third transition series.26 

Estimate of the Rh-C bond energy in 
(OEP)Rh-CHO 

(OEP)Rh-H in benzene or toluene reacts rever- 
sibly with CO to produce an equilibrium dis- 
tribution with the metalloformyl complexes, 
(OEP)Rh-CHO [reaction (3)]. 

The relatively large (Rh-C) BDE (- 58 kcal 
mol- ‘) and small difference in (Rh-H) and 
(Rh-C) bond energies (N 4 kcal mol- ‘) provides 
an operational explanation for the range of unusual 
organometallic chemistry associated with rhodium 
porphyrins which is not observed for cobalt por- 
phyrins.2*8-‘0*’ ’ A (Rh-C) BDE of 58 kcal mall ’ in 
(OEP)Rh-CHO is approximately twice the Co< 
bond energy (Co-C - 28 kcal mall ‘) recently 
reported for a (OEP)Co-alkyl complex.22’b’ Rh-C 
bonds are expected to be stronger than Co-C 
bonds due to improved bonding overlap of the 4d 
orbitals, but differences in the magnitude observed 
for the (0EP)M complexes must be predominantly 
of steric origin. 26(a) Unfavourable interactions 
between the occupied metal orbitals and the ligand 
unit are a particularly prominent steric effect in 
M-C bonding. Unfavourable steric effects prob- 
ably make a larger contribution to the Co-C bond 
because the smaller radial distribution of the 3d 
valence orbitals compared to the 4d requires a 
shorter M-C bond distance to maximize the bond- 
ing overlap. Near convergence of the Rh-H and 
Rh-C bond energies must also result from an unusu- 
ally small effective steric interference between the 
(0EP)Rh and CHO fragments in (OEP)Rh-CHO. 
An inversion in the order of bond strengths 
(M-C > M-H) has been observed for gas phase 
metal ion species28 and a decrease in unfavourable 
steric interactions through contraction of the occu- 
pied metal orbitals has been proposed as the fun- 
damental origin of this effect.26 The relatively high 
oxidation state [Rh(III)], electron delocalization 
from the occupied metal orbitals to the ligands and 
the nature of the formyl ligand may all contribute 
favourably to the (OEP)Rh-CHO binding. 

An alternate approach to estimating the (Rh-C) 
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BDE in (OEP)Rh-CHO is achieved by evaluating 
the expression that relates AH! and the bond 
energies, [AH! = (Rh-H) - (Rh-C) + [(C%O) - 
(c---O)] -(C-H)]. Similarity of the Rh-CHO 
unit to an organic aldehyde2,3,26 provides justifica- 
tion for using thermodynamic data on organic mol- 
ecules to estimate [(C=O)-(c---O)] and (C-H) 
bond energies. Using [(C=O)-(C=O) = 70 kcal 
mol- ’ and (C-H) = 87 kcal mol- ’ for an alde- 
hydic C-H bond, AHi = - 13 kcal mol- ‘, and 
a (Rh-H) BDE of 62 kcal mol-’ results in an 
estimate of 57 kcal mol- ’ for the (Rh-C) BDE in 
(OEP)Rh-CHO. Excellent agreement between the 
(Rh-C) BDE estimated from the bond energy 
analysis (57 kcal mol- ‘) and the thermodynamic 
cycle (58 kcal mol- ‘) suggests that the bond energy 
approach can be used to establish general criteria 
for the difference in (M-H) and (M-C) bond 
energies required to obtain substantial equilibrium 
concentrations of M-CHO from M-H and CO. 
The anticipated enthalpy change for the general reac- 
tion M-H+CO F? M-CHO is given by the ex- 
pression AH0 = (M-H) - (M-C) - 17 kcal mol- ’ 
and AGO (298 K) = (M-H)-(M-C)-9 kcal 
mol- ’ (Table 1). In order for AH0 and AGO (298 
K) to be negative the (M-H) BDE cannot exceed 
the (M-C) BDE by more than 17 and 9 kcal mol- ‘, 
respectively. This is a relatively stringent thermo- 
dynamic requirement that very few metallo sys- 
tems have fulfilled. The only metallohydrides that 
have been reported to accomplish the simple reac- 
tion corresponding to insertion of CO into the 
M-H bond to form an q’-carbon bonded formyl 
(M-H + CO +i: M-CHO) are the rhodium 
porphyrins,* related rhodium macrocycles 
and CP:VH.*~ The closely related (OEP)Ir-H 
reacts with CO to produce the six-coordinate CO 
adduct (OEP)Ir(H)(CO) without any evidence 
for a formyl complex, (OEP)Ir-CHO or (0EP)Ir 
(CO)(CHO).” Failure of the (0EP)Ir system to 
meet the criteria that (M-H)-(M-C) < 9 kcal 
mol- ‘, must result from an increase in the (Ir-H) 
BDE beyond that of (Rh-H), which is not com- 
pensated by a proportionate increase in the (Ir-C) 
BDE. 

Floriani has reported that Cp:V-H reacts with 
CO to produce Cp,*V(CHO)(CO) which contains 
an q’-carbon bonded formyl unit.29 This process 
can be viewed as the reaction of an intermediate 
hydrido carbonyl complex Cp,*V(H)(CO) with CO 
to form Cp:V(CHO)(CO). Depicted in this way, 
the (V-H) BDE in Cp:V(H)(CO) must be less 
than 9 kcal mol- ’ stronger than the (V-CHO) 
BDE in Cp,*V(CHO)(CO). It is particularly inter- 
esting that the set of (M-H), (M-C) and (M-O) 
bond energies required to produce an r] ‘-carbon 

bonded formyl can occur for an early transition 
metal complex (d* case). Strong (M-O) bonding 
generally produces q*-C and 0 bonded formyl units 
which have been implicated in the reactions of early 
transition metal hydrides with CO. 3o 

There is very little thermodynamic data available 
on reactions of metal hydrides with CO to produce 
metalloformyls that can be used in testing the appli- 
cability of the anticipated general relationship 
that AH0 = (M-H) - (M-C) - 17 kcal mol- ‘. 
The only solution data available other than 
for the rhodium porphyrin hydride systems are 
on the reactions of Cp*Th(H)(OR) complexes 
with CO that produce q2 formyl Complexes3 
which are not encompassed by this bond energy 
scheme. Gas phase studies of the ions [(CO),Fe]-, 
[(CO),Fe-HI- and [(CO),Fe-CHO]- by Squires 
have yielded the following mean bond energies 
(Fe-H) = 69.5 kcal mol- ‘, (Fe-CHO) = 43.9 
kcal mol- ’ and a AH0 of + 10.3 kcal mol- ’ for the 
reaction of [(CO),Fe-HI- + CO + [(C0)4Fe- 
CHO]-. 32 Evaluation of the general expression 
(AH’ = (M-H)-(M-C)- 17 kcal mol- ‘) for 
this specific example results in an estimate of +9 
kcal mol-’ for AH0 (AH’ = 70-44-17 = +9 
kcal mol- ‘) which compares favourably with the 
experimental value of + 10.3 kcal mol-‘. Unfor- 
tunately, the reported accuracy of the experimental 
results3* is insufficient to provide a stringent test for 
the estimate of AH0 from the M-H and M-C 
bond energies. 

Reactions of metal hydrides with aldehydes and 
ketones 

Addition of a metal hydride to an aldehyde 
can potentially produce an alkoxide or an a- 
hydroxyalkyl complex (M-H + RCHO P M- 
CH(R)OH ; M-H + RCHO P MaH2R). Rho- 
dium porphyrin (Por) hydrides react with alde- 
hydes to produce a-hydroxyalkyl complexes as the 
only observed products,2(a’” [(Por)Rh-H + RCHO 
z$ (Por)Rh-CH(R)OH, (R = H, alkyl, aryl)]. 
Ketones such as acetone apparently fail to react 
with porphyrin rhodium hydrides to form observ- 
able concentrations of a-hydroxyalkyl or alkoxide 
products. 

(OEP)Rh-H reacts reversibly with aldehydes, 
RCHO (R = H, alkyl, aryl), to form a-hydroxy- 
alkyl complexes [reaction (4)]. 9 

(OEP)Rh-H + RCHO @ (OEP)Rh-CH(R)OH 

(R = H, alkyl, aryl). (4) 

There is no evidence at present for the formation 
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of alkoxides in these reactions. The enthalpy 
change for eq. (4) when RCHO is formaldehyde 
is approximated by the expression (AH! z (Rh- 
H)-(Rh-C)-31 kcal mol- ‘) and (AGj (298 K) 
N (Rh-H)-@h---C)-23 kcal mol- ‘) (Table 1). 
Evaluating these expressions for the (0EP)Rh 
system (Rh-H) = 62 kcal mol- ‘, (Rh-C) - 
58 kcal mol-’ yields AH: - - 27 kcal mol- ’ 
and AGj N - 18 kcal mol- ‘. An estimate of the 
equilibrium constant (K N 1.6 x 1013) indicates 
that it is far too large to be determined by NMR 
methods which is compatable with our observations 
on this complex.9 We are currently studying the 
series of aldehydes RCHO, (R = (CHJnCH3, 
n = l-5) and find that conveniently observable 
equilibria occur for eq. (4). Thermodynamic values 
for the reaction of (OEP)Rh-H with pentanal 
to form (OEP)Rh-CH((CH,),CH,)OH have 
been obtained (AH: = -9.8 +0.5 kcal mol- ‘, 
AS: = 23+2 eu).33 Bond energy analysis for 
the reaction M-H + R-CHO $ M-CH(R)OH 
(R = alkyl) provides an expression that can 
be used in estimating the effective (Rh-C) BDE, 
(AH: = (Rh-H)-(Rh-C)-27 kcal mol- ‘) 
(Table 1). Using (Rh-H) = 62 kcal mol- ’ and 
AHi = - 9.8 kcal mall ’ results in an estimate of 
45 kcal mol- ’ for the (Rh-C) bond energy in 
(OEP)Rh-CH((CH,) CH j)OH. A Rh-C bond 
energy of N 45 kcal mol- ’ reflects a substantial 
steric effect associated with substituting an alkyl 
group for hydrogen. The unfavourable steric effects 
of alkyl substitution are also illustrated by the lack 
of an observable reaction between (OEP)Rh-H 
and ketones. 

The thermodynamic requirements for the 
addition of a metal hydride to formaldehyde to 
produce substantial equilibrium concentrations 
of a hydroxymethyl complex, (AG ’ < 0 ; (M-H) - 
(M-C) < 23 kcal mol- ‘), is much less stringent 
than the criteria for producing a metalloformyl 
species, (AGO < 0 ; (M-H) - (M-C) < 9 kcal 
mol- ‘). It is surprising that examples of produc- 
ing hydroxymethyl complexes from the addition of 
metal hydrides to formaldehyde are so rare. 34 First 
transition series metal complexes such as 
HMn(C0),35 appear to fulfil the proposed ther- 
modynamic criteria and many second and third row 
metallohydrides must be thermodynamically cap- 
able of accomplishing this reaction..36 Addition of 
metal hydrides to RCHO (R = alkyl, aryl) are 
expected to remain less common because the steric 
effects of alkyl substitution substantially reduce the 
effective (M-C) BDE. At this time only rhodium 
porphyrin hydrides have been reported to accom- 
plish the general reaction [M-H + RCHO +I M 
-CH(R)OH (R = H, alkyl, aryl)]. 

Approximate Rh-C bond energy in (OEP)Rh- 
C(O)-Rh(OEP) 

Knowledge of the (Rh-Rh) BDE in [(OEP)Rh], 
permits the estimation of the (Rh-C) BDE from 
thermodynamic values for additional reactions. 
[(OEP)Rh], reacts with CO in toluene to produce 
equilibria with both a 1: 1 complex, [(OEP)Rh],CO 
and a metalloketone complex, (OEP)Rh-C(OF 
Rh(OEP) [reactions (5) and (6)]. 

[(OEP)Rh], + CO * [(OEP)Rh],CO (5) 

[(OEP)Rh],+COp (OEP)Rh-C(OFRh(OEP). 

(6) 

Thermodynamic values for eq. (5) (AH! = lo+ 1 
kcal mol- ’ ; AS! = -26+3 eu) and eq. (6) 
(AH! = -12fl kcal mol-‘; AS! = -30&3 eu) 
have been obtained by NMR methods.37 The en- 
thalpy change in eq. (6) (AH:) can be expressed as 
a series of bond dissociation energies, [AH: = 
(Rh-Rh) + (Cd) - 2(Rh-C) - (C&O)] and 
evaluation of this expression, (AH: = - 12 kcal 
mol-‘; (Rh-Rh)= 16.5 kcal mol-‘; (w)- 
(C=O) = 70 kcal mol- ‘), results in an estimate 
of 49 kcal mol- ’ for the average (Rh-C) BDE 
in (OEP)Rh-C(O)-Rh(OEP). The estimated 
(Rh-C) BDE of the metallo ketone, (Rh-C 
- 49 kcal mol- I), is significantly smaller than 
the value of (OEP)Rh-CHO (Rh-C - 58 kcal 
mol- ‘) which is presumably a manifestation of the 
steric effects resulting from having two bulky 
(0EP)Rh units bonding a single carbonyl carbon. 

Considerations of the reactions of metal hydrides 
with aldehydes and ketones to form alkoxides: 
implications for the (Rh-0) BDE 

Addition of a metal hydride to the carbonyl 
unit of an aldehyde or ketone can produce a- 
hydroxyalkyl, M-C(R)(R’)OH, or alkoxide 
complexes, M-OC(R’)(R)H. Approximate bond 
energy analysis for these two reactions is found in 
Table 1. Competition between producing the c+ 
hydroxyalkyl and alkoxide can be described by 
the isomerization process [reaction (7)]. 

M-CR(R’)OH P M-OCR(R)‘H 

(RR’ = H, alkyl). (7) 

The anticipated enthalpy change in eq. (7) (AH3 
from the bond energy analysis is AH!: 
= (M-C)-(M-O)+ 10 kcal mol-‘; AS,” N 0; 

AH; NAG y. This approximate analysis indicates 
that formation of an alcohol organic unit is fav- 
oured over an alkoxide unit by N 10 kcal mol- ’ 
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which is approximately the difference between the 
O-H and C-H bond energies in these fragments. 
Application of this analysis indicates that approxi- 
mately equal amounts of a-hydroxyalkyl and alkox- 
ide will occur when the (M-O) BDE exceeds the 
(M-C) BDE by N 10 kcal mol-’ (AH’: = 0). If the 
(M-C) and (M-O) bond energies are equal then 
the cc-hydroxyalkyl is favoured by N 10 kcal mol- ‘, 
(AH; N AC; N + 10 kcal mol-’ ; KS (298 K) 
N 4.6 x lo-*) which would preclude observing 
the alkoxide in competition with the a-hydroxy- 
alkyl. 

As previously discussed, the reaction of 
(OEP)Rh-H with aldehydes forms a-hydroxyalkyl 
complexes as the only observed products. Failure 
to observe the alkoxide in the reaction of pentanal, 
where the (Rh-C) BDE in (OEP)Rh-CH 
(CH2)$H3)0H is w 45 kcal mol- ‘, places an 
upper limit of N 55 kcal mol- ’ for the (Rh-0) 
BDE in the alkoxide. We hoped that the two alkyl 
groyps in a ketone would sterically inhibit (Rh-C) 
bond formation and permit the observation of 
the alkoxide without competition from the a-hy- 
droxyalkyl, but the reaction of (OEP)Rh-H with 
acetone and other ketones does not produce any 
observable addition products. The absence of 
alkoxides formed from the reactions of alde- 
hydes and ketones with (OEP)Rh-H places an 
upper limit on the (Rh-0) BDE in alkoxides at 
- 55 kcal mol- ‘, but does not provide any infor- 
mation on the probable range of (Rh-0) bond 
energies. The observed reaction of [(OEP)Rh], 
with O2 to form (OEP)Rh+0-Rh(OEP) 
provides an estimate of 53 kcal mol- ’ as a lower 
limit for the (Rh-0) BDE in bridged per- 
0x0 complexes, (M-M + O2 +r M---O-O-M ; 
AH0 = (M-M)-2(M-O)+81 kcal mol-‘; AGO 
(298 K) N (M-M)-2(M-0)+ 89 kcal mol- ‘) 
(Table 1). Although no measured thermodynamic 
data are available that directly relate to the (Rh-0) 
BDE in (0EP)Rh complexes, it is clear that the 
(0EP)Rh-O single bond is of moderate strength 
(50-55 kcal mol- ‘) and comparable to the range 
of (0EP)Rh-C bond energies. Analogous Co(I1) 
complexes are known to form p-peroxo dimers. 
Thermodynamic studies of Co(I1) complexes react- 
ing with O2 to form bridging peroxo complexes 
(Co-O-O-Co) typically give AH0 values of 
N -30 kcal mol11,37,38 which provides an estimate 
of N 55 kcal mol- ’ for the Co-O single bond 
in bridged peroxo dimers, (AH’ = - 2(M-O) + 8 1 
kcal mol- ‘). The limited observations available sug- 
gest that the (OEP)Rh-0 and (OEP)Co-0 bond 
energies are comparable. The near equivalence of 
the (Rh-0) and Co-O bond energies compared 
to the wide divergence of the (Rh-C) and (Co-C) 

bond energies further emphasizes the special sus- 
ceptibility of M-C bonds to steric effects. 

Additional reactions of metal hydrides and metal- 
metal bonded complexes with alkenes and alkynes 

Addition of metal hydrides to alkenes is ther- 
modynamically less demanding (AH’ = (M-H) 
-(M-C) - 36 kcal mol- ‘) than addition to C-0 
multiple bonds (AH’ = (M-H) - (M-C) - (9-3 1) 
kcal mol- ‘) (Table 1). The reported reactions of 
(OEP)Rh-H with alkenes to produce the alkyl 
complexes are too highly exothermic to give meas- 
urable equilibria (AH’ N (Rh-H) - (Rh-C) - 36 
kcal mol-’ = -(Rh-C)+26 kcal mol-‘; AGO 
(298 K) N -(Rh-C)+34 kcal mol- ‘), which 
only means that the (Rh-C) BDE is greater 
than 34 kcal mol-‘. Addition of [(OEP)Rh], to 
CH+ZH, produces (OEP)Rh-CH2CH2-Rh 
(OEP), which is also too highly favoured to pro- 
vide measurable equilibria (AH’ = (Rh-Rh)- 
(Rh-C) kcal mol-‘, AGO = AH’+8 kcal mol-‘; 
AGO (298 K) = 2(Rh-C)+ 88 kcal mol- ‘) which 
implies that the (Rh-C) BDE is greater than 44 
kcal mol- ‘. Halpern has reported thermodynamic 
values for the addition of (OEP)Rh-H with 
styrene to form (OEP)RhCH,CH(C,H,)Rh(OEP), 
(AH’ = - 11.2f2.5 kcal mol- I).” Substituting 
AH0 = - 11.2 kcal mol- ’ and (Rh-Rh) = 16.5 
kcal mol- ’ in the general expression (AH’ = 
(Rh-Rh) - 2(Rh-C) + 64 kcal mol- ‘) (Table 1) 
results in an estimate of 46 kcal mol- ’ for the 
average (Rh-C) bond energy, in (OEP)Rh-CH2 
CH(C,H,)-Rh(OEP), which again reflects the 
unfavourable effects of substitution on the 
carbon centre bonded to the (0EP)Rh unit. 

Addition reactions of metal hydrides with 
alkynes are the least thermodynamically demanding 
reactions considered in this paper and virtually 
any transition metal hydride should be capable 
of accomplishing this reaction (AH’ = (M-H)- 
(M-C) - 45 kcal mol- ‘) ; AGO = (M-H) - (M- 
C)-37 kcal mol-‘. 

Comments on the addition of metal hydrides with 

CO2 

Addition reactions of CO* are more ther- 
modynamically demanding than any of the other 
unsaturated molecules considered in this study 
(Table 1). Addition of a metal hydride to COZ 
can produce either a metallo carboxylic acid, 
M-C02H, or a formate complex, M-OC(O)H, 
and bond energy analyses for both of these reac- 
tions appear in Table 1, (M-H+CO* --) 
M-OC(O)H; AH0 = (M-H)-(M--0)+4 kcal 
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mol- ’ ; AGO (298 K) N AH’+ 8 kcal mol- ‘), 
(M-H+HC02+M-C02H; AH0 = (M-H)- 
(M-C)-9 kcal mol-‘; AGO (298)wAH”+8 
kcal mol- ‘). The bond energy expression for the 
isomerization reaction M-CO*H + M-OC(O)H 
is AH0 = (M-C) - (M-O) + 13 kcal mall ’ which 
means that the carboxylic acid complex is favoured 
over the q’-formate complex unless the (M-O) 
BDE exceeds the (M-C) BDE by more than 13 
kcal mol- ‘. This result is largely a consequence of 
the preference for forming an OH bond over that 
of a C-H bond. In the specific case of the (0EP)Rh 
system the carboxylic acid complex is favoured over 
the formate by N 20 kcal mol- ‘, although it turns 
out that both complexes are thermodynamically 
unstable relative to (OEP)Rh-H and CO1. 

Formation of substantial equilibrium con- 
centrations of a transition metal q’-formate com- 
plex requires the (M-O) BDE to exceed the 
(M-H) BDE by more than 12 kcal mall ’ 
(AGO N (M-H) - (M-O) + 12 kcal mol- ‘) (Table 
1). Using 60 kcal mol- ’ as a typical (M-H) BDE 
suggests that (M-O) bond energies in excess of 72 
kcal mol- ’ are required for this reaction. Unoc- 
cupied metal dn orbitals available for pi bonding 
with oxygen and bidentate binding of formate3’ can 
contribute to achieving the required effective M-O 
bond energies. The facile reactions of [(CO),MH]-, 
(M = Cr, W, MO), compounds with CO2 are par- 
ticularly interesting because these metals have filled 
dn(d6 cases) and yield monodentate formate com- 
plexes. 4o In this unusual case the M-H bonds must 
be particularly weak in order for the proposed 
criteria (M-O) > (M-H) + 12 kcal mol- ’ to be 
fulfilled. The reaction of (OEP)Rh-H with 
CO2 to form (OEP)Rh-OC(O)H is clearly ex- 
cluded by the relatively small (Rh-0) BDE (50-55 
kcal mol- ‘), (AGO (298 K) - 62-(j&55)+ 12 
kcal mol- ’ ; AGO N + 19-24 kcal mol- ‘). 

The bond energy analysis for the reaction to form 
a metallocarboxylic acid complex, (M-H) + CO2 
* (M-CO,H), suggests that the (M-H) BDE 
and (M-C) BDE must be virtually equal in order 
for AGO to be negative, (AH’ = (M-H)-(M- 
C) - 9 kcal mol- ’ ; AG ’ (298 K) = (M-H) - (M- 
C)- 1 kcal mol- ‘) (Table 1). The formation of 
a metallocarboxylic acid complex by this re- 
action must fulfil stringent thermodynamic 
criteria which to our knowledge have not yet 
been achieved by any metal hydride. There are no 
reported direct thermodynamic studies for the 
addition of a metal hydride to CO? to form a 
transition metal carboxylic acid complex that 
can be used as a reliable test for the anticipated 
general relationship (AH’ = (M-H) - (M-C) - 9 
kcal mol- ‘). Thermodynamic data for [(CO), 

FeX]- (X = H, C02H) can be used in deriving the 
(Fe-H) BDE (69.5 kcal mall’), (Fe-C) BDE 
(- 46 kcal mol-‘) and a AH0 of N +15 kcal 
mall ’ for the reaction [(CO),Fe-HI- +COp -+ 

KCO),Fe--CW3l- . 32 Evaluating the general 
expression using (Fe-H) = 69.5 kcal mall ’ and 
(Fe-C) = 46 kcal mol- ’ provides an estimate of 
+ 16 kcal mall ’ for AH0 which compares favour- 
ably with the mean experimental value of + 15 kcal 
mol- ‘. Good agreement between experimental AH0 
and the bond energy relationship estimate, provides 
justification in using estimates of bond energies 
in anticipating thermodynamic values for the 
reaction M-H + CO2 P M-C02H. Evaluating 
the expressions AH0 = (M-H)-(M-C)-9 kcal 
mol- ’ and AGO = AH’+8 kcal mol- ‘, for the 
(0EP)Rh system, [(Rh-H) = 62 kcal mall ’ ; 
(Rh-C) N 58 kcal mol- ‘1 provides estimates of 
AH0 N -5 kcal mol-’ and AGO = +3 kcal mol-’ 
for the reaction (OEP)Rh-H + CO2 P (OEP) 
Rh-C02H. Even though the thermodynamic 
estimates are crude, it is clear that (OEP)Rh-H is 
at the thermodynamic threshold for reacting with 
CO2 to produce large equilibrium concentrations 
of the carboxylic acid complex, (OEP)Rh-C02H, 
and it appears highly probable that a metal hydride 
related to (OEP)Rh-H will accomplish this impor- 
tant reaction. 

CONCLUSION 

Evaluation of (Rh-Rh), (Rh-H) and (Rh-C) 
bond dissociation energies in [(OEP)Rh],, 
(OEP)Rh-H and (OEP)Rh-CHO, respectively, 
provides an entry point in understanding the 
unusual reactivity associated with the (0EP)Rh sys- 
tem. A relatively weak Rh-Rh bond (N 16.5 kcal 
mol- ‘) permits facile bond homolysis for metallo 
radical reaction mechanisms and has a favourable 
thermodynamic effect on addition reactions of 
[(OPE)Rh], with CO and alkenes. A normal 
(Rh-H) BDE (N 62 kcal mol- ‘) in (OEP)Rh-H 
coupled with an unusually large (Rh-C) BDE 
(N 58 kcal mol- ‘) in (OEP)Rh-CHO provides an 
example in transition metal chemistry where the 
M-H and M-C bond energies nearly converge. 

The use of bond energies derived from ther- 
modynamic properties of organic molecules has 
proven useful in providing guideline thermo- 
dynamic criteria for organometallic reactions in 
terms of (M-M), (M-H), (M-C) and (M-O) 
bond energies. The observed addition of (OEP) 
Rh-H to CO where the thermodynamic criteria 
are relatively stringent [(M-H) - (M-C) < 9 
kcal mol- ‘1 (Table 1) assures that addition reac- 
tions with formaldehyde, ethene and ethyne are 
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thermodynamically favourable [(M-H) - (M-C) 
c 3&45 kcal mol- ‘1 (Table l), unless steric effects 
become dominant. Alkyl substitution for hydro- 
gen in these organic units reduces the (Rh-C) 
BDE by up to 10 kcal mol- ’ per alkyl substituent, 
which can result in not fulfilling the relatively 
undemanding thermodynamic criteria for these 
classes of addition reactions. 

Addition of a (OEP)Rh-H to aldehydes 
invariably produces the a-hydroxyalkyl complex 
(OEP)Rh-CH(R)OH in preference to the alkox- 
ide, (OEP)Rh-OCH2R, even when the (Rh-C) 
BDE (- 45 kcal mol- ‘) falls below the (Rh-0) 
bond energy (- 50-55 kcal mol- ‘). More favour- 
able contributions of - 10 kcal mol- ’ to the 
thermodynamics associated with forming an a- 
hydroxyalkyl unit compared to an alkoxy group 
is responsible for this result. Similarly, metallo car- 
boxylic acid complexes, M-COIH, are preferred 
to for-mate complexes, M-OC(O)H, unless the 
(M-O) BDE exceeds the (M-C) BDE by more 
than 12 kcal mol- ‘. Bond energy estimates predict 
that (OEP)Rh-H is close to fulfilling the criteria 
for the addition of CO* to form (OEP)Rh-C02H 
(AGO (298 K) - 3 kcal mol- ‘) and these encour- 
aging thermodynamic estimates have stimulated 
our current search for a metal hydride related 
to (OEP)Rh-H that manifests this currently un- 
realized type of reactivity. 
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THE GAS PHASE CHEMISTRY OF BARE AND LIGATED 
TRANSITION METAL IONS : CORRELATIONS OF REACTIVITY 

WITH ELECTRONIC STRUCTURE&I. M+ AND MCO+ 

J. ALLISON,* A. MAVRIDIS? and J. F. HARRISON 

Department of Chemistry, Michigan State University, East Lansing, MI 48824, U.S.A. 

Abstract-In the gas phase, univalent cations such as Cr+, CrCO+, Cr(CO)$, etc. have 
been generated, and their chemistry with neutral molecules characterized, using a number 
of mass spectrometric techniques. Presented here are results of ab initio calculations on two 
transition metal ion-monocarbonyl molecules, ScCO+ and CrCO+. These calculations 
suggest that the bonding in such systems is predominantly electrostatic in nature ; this 
information is used to evaluate existing data on the gas phase chemistry of a variety of bare 
and ligated first-row transition metal ions. 

Since the early 197Os, a substantial number of pub- 
lications on the gas phase chemistry of transition 
metal and metal-containing ions with organic mol- 
ecules have appeared. ’ Using a variety of mass spec- 
trometric techniques, bare metal ions such as Fe+, 
Co+ and Ni+ as well as ligated metal ions such as 
CrCO+, Co(CO)$, Ni(PF,)$, COO+, etc. can be 
generated, manipulated, and their chemistry 
studied. The chemistry of these ‘exotic’ gas phase 
species has the potential for providing insights into 
the fundamental aspects of organometallic chem- 
istry and catalysis. 

Currently, there are a number of experimental 
techniques used to generate gas phase metal and 
metal-containing ions such as surface ionization 
and laser ionization. However, early work in this 
area utilized electron impact ionization (EI) on 
volatile species (ML,) such as Ni(CO)4, Fe(CO),, 
Cr(CO)6 and Co(CO),NO t0 generate VaIiOUS 

atomic metal ions, M +. Also formed are the various 
ML,+ ions that are seen in the mass spectra of these 
compounds. Thus, there is a considerable amount 
of information available on how M+ and ML+ ions 
react with organic molecules. We will focus our 
discussion here on the monoligated metal ions, to 
determine how and why their chemistry varies when 
compared to the free M+ species. 

Historically, this area of research was largely 
descriptive in nature.’ Most of the work was 

*Author to whom correspondence should be addressed. 
ton leave from The Department of Chemistry, Uni- 

versity of Athens, Athens, Greece. 

directed towards understanding the mechanisms 
through which reaction products are formed. Re- 
cently, these systems have received attention from 
electronic structure theorists.’ The experimen- 
tal and theoretical methods each have strengths 
and limitations. Gas phase experiments can be 
used to identify both exothermic and endothermic 
reactions, and cross sections/rate constants can be 
determined for bimolecular reactions. However, 
only the m/z values of the reactants and products 
are determined in mass spectrometric experiments. 
No direct information is available on the states 
of reactants and products, their vibrational and 
rotational temperatures, and geometrical struc- 
tures. In contrast, high level ab initio calculations 
can be used to accurately determine geometries and 
electron distributions in species such as CrO+. Such 
calculations yield bond dissociation energies, 
although the substantial contribution from the elec- 
tron correlation to these bond energies precludes 
them being calculated as reliably as other features, 
such as geometries. The combination of exper- 
imental and theoretical efforts is required in this 
area of research, to identify the structure/function 
relationships that cannot be realized by exper- 
imental data alone. 

Discussed here are data that address the ques- 
tion: how does the chemistry of a bare, first row 
transition metal ion (M+) change when a ligand (L) 
is added? The focus is mainly on the carbonyl 
ligand, CO. Correlations between the observed 
chemistry and theoretical descriptions of various 
M+ and ML+ ions will be presented. 

1559 
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C 0 

Scheme 1. 

CEO 

C 0 

Scheme 2. 

Classical description of the metal-CO bond 

Consider first the CO molecule, which we may 
imagine as being formed in one of two ways. In the 
first, the C and 0 are asymptotically both in 3P,,, = ,, 
states, see Scheme 1. A dative bond is formed in 
the G system with 0 contributing two electrons from 
its 2p, orbital to the empty C 2p, orbital. As the 
electrons flow into the carbon orbital the C 2s elec- 
trons hybridize away from the 0 atom and form 
the characteristic lone pair on the C. The second 
possibility has both the carbon and oxygen 
approach in their 3P, 1 states, see Scheme 2. In this 
representation the dative bond is in the rr system 
and the cr bond has much more carbon 2p, character 
to it than in the previous (m = 0) structure, and the 
C lone pair is essentially a 2s’ electron pair. These 
two localized views of the CO bonding have the 
same overall ‘Xc+ symmetry and of course both 
contribute to the CO wave function, see Scheme 3. 

The more donor ability (Lewis basicity) as rep- 
resented by 

Ic3YO> 

the less x acceptor ability the CO will have. The 
classic Dewar-Chatt3 mechanism for the inter- 
action of a transition metal with CO is shown in 
Scheme 4. 

This coupling of the cr donor/x acceptor character 
allows a synergism which can increase the M-CO 
bond strength substantially. Note that if the metal 
is able to donate d, electrons to CO they will con- 
tribute to the anionic character which will decrease 

I'~+>'coseIc;;C~O>+sine IGO> 

=cose lbdonor> 
+sin8 In acceptor> 

Scheme 3. 

Scheme 4. 

the z acceptor ability and therefore increase the 0 
donor ability (see Scheme 5). If the metal has no c 
valence electrons to repel the CO B electrons, a 
significant donation can occur, resulting in a lar.ge 
metal-CO bond energy. The strength of this bond 
will be decreased if the metal has cr valence electrons 
or does not have d,, electrons available for back 
donation. With this analysis in mind it would seem 
that the bonding in MCO+ could be very similar to 
that in the neutral MC0 if the electron which is 
removed on ionization is not critical to the a-~ 
synergism. In the subsequent discussion we will 
argue that this is not the case, i.e. the bonding in 
MCO+ is essentially different from that in the 
neutral MCO. 

Recently, Bauschlicher et aL4*’ have explored the 
Dewar-Chatt mechanism for the bonding of a 
single CO to a transition metal atom. In a series of 
ab initio calculations on various metal-carbonyl 
systems they have used the Constrained Space 
Orbital Variation technique to analyse the energetic 
consequences of the c donation-n acceptor steps 
in the M-CO bonding. In all cases studied, it was 
found that the metal-to-CO IC back donation is more 
important than the donation of CO B electron 
density to the metal when the 3d, and 4s shells 
are empty, and becomes increasingly weaker as the 
3d, and 4s shells are filled. 

Experimental data on the M+-CO bond 

Prior to this work, little was known of the bond- 
ing in such ionic complexes, or of the strength of 
the M+-CO bond. Using appearance potential 
measurements,‘j heats of formation for a variety of 

C- 0 

Scheme 5. 
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ionic species have been determined successfully ; 
thus one might expect that data from EI or 
photoionization studies of compounds such as 
Ni(C0)4 could be used to determine values such 
as AH,(NiCO’). From this, the bond energy 
D(Ni+-CO) could be calculated. Unfortunately, 
this is not the case. For example, the appearance 
potential of the CrCO+ ion from EI on Cr(CO), is 
14.9 eV.7 From this, AHf(CrCO+) = 235 kcal 
mol-’ is calculated. Using AZ+(Cr+) = 250.3 kcal 
mol-’ and AHf(CO) = -26.4 kcal mol-1,8 this 
would suggest that D(Cr+ -CO) = - 11.1 kcal 
mol-‘, i.e. that the bond has a negative bond energy. 
In such experiments, the appearance potential 
for the bare metal ion does not give the correct 
AH/(M+). It has been suggested that what is being 
measured is the energy required to form the metal 
ion in some excited state, M+*, that reflects the 
electronic configuration of the metal in the neutral 
compound. Thus, appearance energy data from 
mass spectrometric experiments did not provide 
useful information on the M+-CO bond. 

Some of the earliest experiments involving gas 
phase species such as MCO+ were studies of ligand 
displacement reactions. ‘JO The results suggested 
that M+-L interactions in the gas phase did not 
necessarily parallel M-L interactions in condensed 
phases-that is, a strongly bound ligand in an 
organometallic compound may not be strongly 
bound to M+ in the gas phase. (For example, in 
the gas phase hexane appears to be more strongly 
bound to a transition metal ion than does CO.“) 

A variety of ligand displacement reactions were 
studied in the 1970s. Reactions such as eq. (1) 

FeCO++L + FeL++CO (1) 

were observed9 for a number of rc and n donor 
bases (L). If reaction (1) occurs in the gas phase, 
the reaction is assumed to be exothermic or 
thermoneutral, implying that D(Fe+-CO) < 
D(Fe+-L). Ligands such as CH3F, CH,Cl, H20, 
HCN, NH3, NO and C2H4 were observed to 
displace CO from Fe+. HCl, however, did not. It 
was noted that all of these ‘ligands’ were better 
Lewis acids than CO, except for HCl. Thus, 
there appeared to be a correlation between M+- 
affinity and H+-affinity. The exception was NO, 
P.A.(NO) = 127 kcal mol-’ < P.A.(CO) = 143 
kcal mol-‘, which is also unique in that it was the 
only ligand studied that had an unpaired electron. 

Results similar to those for FeCO+ were also 
reported for CoCO+. CoCO+ was generated by EI 
on Co(CO),NO, thus a variety of Co(C0): and 
CoNO(CO),+ species were generated and studied.” 
In addition to ligand displacement studies, that 

allowed for an ordering of ligands in terms of their 
relative M+-affinities, the number of COs displaced 
by a ligand could be used as a measure of relative 
D(M+-L)s. For example, in the reaction 

Co(CO),NO+ +L + CO(CO)~_~NO(L)+ +nCO 
(2) 

CrH, will displace one CO from Co(CO),NO+, 
ASH, will displace two and PH3 will displace three. 
The implication is that D(Co+-L) increases for the 
series C2H4 < ASH, < PH3. Again, this correlates 
with the proton affinities-the ligand with the 
greatest gas phase basicity displacing the most 
COs in reaction (2). 

Thus, while CO is considered to be a ‘strong’ 
ligand in organometallic chemistry, this does not 
seem to be the case in these gas phase ionic species. 
This early work suggested that M+-L bonding 
may have a substantial electrostatic component, 
although this would contradict the more con- 
ventional descriptions of metal-ligand bonding 
common to organometallic chemistry.” 

In addition to the unusual behaviour displayed 
by NO in deviating from the proton affinity 
correlation of relative D(M+-L) values, it was 
observed that NO could not be displaced by ligands 
that displaced CO from a metal centre. ‘O Thus, reac- 
tions such as (3) 

CoNO+ +L + CoL+ +NO (3) 

were not observed. Also, in reactions such as (2), 
while one or more CO could be displaced, the NO 
could not. Thus, the behaviour of NO as a ligand 
in these gas phase studies was very different from 
that observed for the variety of other ligands 
studied. Similar studies showed that ‘Li+ affin- 
ities”’ paralleled proton affinities, with NO not 
being an exception in terms of its relative bond 
energy to Li + . 

Theoretical description of the M+--CO bond 
(M = 1st row transition metal) 

Although there have been several theoretical 
studies4,’ of the interaction of a transition metal and 
a carbonyl there have been very few studies of the 
corresponding ions.’ Accordingly we have recently 
embarked upon a systematic theoretical study of 
the positive ions of the transition metal mono- 
carbonyls. Presented here are our results for 
ScCO+ and CrCO+. We chose to begin with SC+ 
because there are two electrons in the valence shell 
(4s’3d’) allowing extensive ab initio calculations of 
the interaction between SC+ and CO with a modest 
computational effort. In addition, the low-lying 
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electronic states of SC+, corresponding to the con- 
figuration 38, allow us to explore the effect of the 
4s occupancy. Cr+ is a d5 ion and has the advantage 
of being spherically symmetric (6S ground state) 
and therefore, when it interacts with CO, only one 
low-lying molecular electronic state is formed. 

THE FRAGMENTS 

The.transition metal ions 

The electronic configuration of the SC+ ion is 
[argon core]4s ’ 3d I or simply 4s ‘3d ‘. This gives rise 
to 3D and ‘D states with the triplet being the ground 
state.13 The lowest state of the 3d2 configuration is 
of 3F symmetry and lies 0.596 eV above the ground 
3D state. The electronic configuration of Cr+ is 3d5 
and results in a ground state of 6S symmetry and 
the lowest state of the first excited configuration 
4s’3d4 is of ‘jD symmetry and lies 1.5 eV above the 
6S. The relative energies of these states as well as 
the corresponding states in Ti+ and V+ are shown 
in Fig. 1. The metal basis set used in these cal- 
culations is described in ref. 14. There are three sets 
of data shown ; the experimental separation, the 
separations calculated at an SCF level and the sep- 
arations calculated using an MCSCF theory that 
allows a limited (radial) correlation among the 

1.0 

a5 

0.0 

‘5 
J 

?I 

-0.5 

SCF 

“F(d* 1 \ 

‘Dkd’) 

Cir+ 

: EX!=! 

‘S(d= 1 

Fig. 1. The relative energies of the 4s3d” and 3a’“+ ’ con- Fig. 2. Potential energy curves for CO at the SCF, GVB 

figurations of the first four transition metal ions. and MCSCF level. 

valence orbitals. This shows that the splittings 
calculated at the #MCSCF level are in reasonable 
agreement with experimental data. 

The CO molecule 

The SCF description of CO (‘EC’) results in the 
electronic configuration 

1 a22a23n24a2502 1 rc4 

with an approximate description being that la is 
the 0 1s orbital ; 20, the C 1s ; 3a, the 0 2s ; 4a, 
the C-O sigma bond and 5a the lone pair on the 
carbon. The la is a mixture of C and 0 pn orbitals 
polarized toward the 0 atom. The GVB description 
used in this study keeps the la, 2a and 3a orbitals 
at the SCF level and correlates the 4a, 5a and 1rc4, 
e.g. 

For internal calibration purposes we also con- 
structed an MCSCF wavefunction for CO in which 
all spin couplings between the 4a, 5a, 6a and 7a 
orbitals were included. In C2” symmetry the func- 
tion contains 306 configuration state functions. The 
basis set used for both C and 0 is the Duijneveldt’j 
1 Is, 7p set, augmented with an additional s and p 
selected in an even tempered way, and two single- 
component d functions on C and 0. The resulting 
12s,8p,2d basis was contracted to 4s,4p,2d fol- 
lowing Rafenetti’s16 recommendations. The poten- 
tial energy curves for the SCF, GVB and MCSCF” 
functions are shown in Fig. 2. Table 1 compares the 
calculated spectroscopic parameters with experi- 
ment. Figure 3 shows the variation of the dipole 
moment with internuclear separation for the three 
wavefunctions. Note that the SCF solution predicts 
the wrong sign for the dipole but that both the 
GVB and the MCSCF descriptions predict a sign in 
agreement with experiment, i.e. C-Oh+. 
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Table 1. Comparison of calculated and experimentally-determined spectroscopic constants 
for CO 

1563 

Variable SCF GVB MCSCF 

R, (A) 1.1129 1.1245 1.1414 
D, (kcal mol-‘) 174.7 204.8 236.0 
0, (cm-‘) 2409 2304 2169 
LO= (cm-‘) 11.6 12.3 13.1 
&in(a4b - 112.777071 - 112.843864 -112.911329 

a Taken from ref. 26. 
b Electronic energy at the minimum of the calculated potential curve. 

Experimental” 

1.1283 
255.8 

2169.81 
13.288 

CO DIPOLE MOMENT 

Fig. 3. Variation of the dipole moment of CO with inter- 
nuclear separation. A positive dipole moment cor- 
responds to cd---O *+. The horizontal dotted line indi- 
cates the experimental dipole moment of 0.12 Debyes, 
which is also the value predicted by the GVB wavefunc- 
tion at the C-O bond length (1.138 A) used in the 

M +CO calculations. 

THE MOLECULES 

scco+ 

When SC+ in its ground 3D state approaches the 
C end of CO colinearly, three molecular states are 
possible according to whether the 3d electron is 
in a db( ‘Z+), dJ311) or dA(3A) orbital. The GVB 
wavefunction for these states has the schematic 
form 

N 4s13d’(4a2 - n6a2)(502 - ~70’) 

(ln:-~2xc3(17+y27$ (4) 

where the 4s and 3d electrons are triplet-coupled. 
The interaction energy as a function of the SC-C 
separation (the CO separation is fixed at 1.138 A) 
is shown in Fig. 4 ; also included are the curves for 
the singlet states arising from the ‘D state of SC+. 
The equilibrium bond lengths and bond energies 
for these and other calculations are collected in 

Table 2. Analysis of the GVB wavefunction sug- 
gests that very little electron density has been inter- 
changed between the metal ion and the CO ligand. 
The relative bond energies of the triplets follow the 
order A>II>E+, while the singlet states vary 
as II > A > E+. Recent studies4*’ on the neutral 
transition metal monocarbonyls suggest that, if the 
metal has an occupied 4s orbital, the initial M-CO 
interaction will be repulsive. The fact that the cal- 
culated interactions for SC+ and CO are attractive 
at long distances, even though SC+ has an occupied 
4s orbital, suggests that the electrostatic interaction 
between SC+ and CO is important. If p, 0 and R 
are the dipole, quadrupole and octapole moment 
tensor elements along the internuclear axis of CO, 
relative to the centre of mass, and a is the cor- 
responding dipole polarizability, the interaction 
energy can be written as 

AE = -p/R2+OIR3-Cl/P-a/2R4. (5) 

The fourth order term involving the quadru- 
pole moment of Sc+ and the dipole moment of 
CO is negligible and not shown above. Using 
p = +0.04885, 0 = - 1.6019, a = +3.9577 and 
a = 16.06 [all values are in atomic units (au)], all 

Fig. 4. Interaction energies for the low-lying triplet and 
singlet states of S&O+ calculated with the GVB tech- 
nique. Zero energy corresponds to SC+(~D)+CO(‘Z+). 
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Table 2. Equilibrium bond lengths and bond energies for 
various ScCO+, CrCO+ and LiCO+ electronic states” 

Molecule State FQ(A) AE (kcal mol-‘) 

scco+ ‘A 2.739 9.1 
‘A (CI) 2.697 10.2 
‘II 2.755 7.3 
%Y+ 3.385 3.4 
‘A 2.804 6.9 
‘II 2.711 7.6 
?z+ 3.504 3.2 
‘2- 2.471 13.5 

scoc+ 3A 2.469 5.5 
CrCO+ ?Z+ 2.479 13.5 

Yz+ (CI) 2.335 14.9 
4l-I 2.250 21.5 

LiCO+ ‘z+ 2.259 16.5b 

a All results refer to GVB calculations, except where 
noted. 

b A. Mavridis and J. F. Harrison, unpublished results. 

calculated from the CO GVB wavefunction, we 
calculated AE as a function of the SC-C distance. 
The results of this calculation are shown as the solid 
curve on Fig. 5. The ab initio electrostatic expression 
given above tracks the energy variation rather well 
and suggests that the dominant interaction between 
CO and SC+ is electrostatic, and that the bond ener- 
gies are determined by that separation at which 
the electrostatic attraction gives way to the Pauli 
repulsion between the SC 4s,3d electrons and the 
CO lone pair. This apparently happens first when 
the 3d electron is in the 3d, orbital, second for the 
3d, and last for the 3d, orbital-consistent with 
their spatial extension along the internuclear axis. 

If CO appraoches SC+ (3F) and the two d elec- 
trons on SC+ are in the dZd& configuration, the 
resulting electronic state of ScCO+ has 3X- sym- 

Fig. 6. Comparison of the ab initio interaction energy 
in the lowest ‘Z- state of ScCO+ with the calculated 

electrostatic energy. 

metry. The interaction energy in the 4-pair GVB 
model is plotted in Fig. 6. Note that the interaction 
energy is well represented at large distances by the 
electrostatic multipole expansion. The absence of a 
d, or 4s electron on SC+ allows the CO to approach 
closer than in those states that correlate with a 
4s’3d’ configuration. While the electrostatic rep- 
resentation for the energy fails at short SC-C 
separations, this could be due to the importance of 
terms omitted from eq. (5), or simply due to the 
penetration of the electron densities of the two frag- 
ments. These two are, of course, not independent. 

To assess the effect of configuration interaction 
(CI) on these systems we constructed the 
SCF + 1 + 2 function for the 3A state using the GVB 
orbitals. While the absolute energies dropped by 
81 kcal mol-‘, the interaction energy remained 
essentially the same as the GVB calculation. 
The GVB and CI results are plotted in Fig. 7. 

In Fig. 8 we show the GVB 3A interaction energy 
for the colinear approach of SC+ from the 0 end of 
CO. Note that while the Sc+-O bond length (in 
SC+--OC) of 2.47 8, is significantly shorter than the 

8.0 - 

-8.0 - 
=A 

Fig. 5. Comparison of the electrostatic interaction 
between a point charge and CO with the ab initio GVB 

interaction energies for the ‘A, ‘II and ‘Z+ states. 

r 
8.0 

t 

t 

8 
4.0 

“I c- 
-12.0 1 I 1 

1.0 3.0 5.0 7.0 

6 
Fig. 7. Comparison of the GVB and SCF + 1 + 2 potential 

curves for ScCO+(“A). 
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Fig. 8. Comparison of the GVB and electrostatic inter- Fig. 10. Comparison of the GVB and SCF + 1 + 2 poten- 
actions for SC+-OC(‘A). tial curves for CrCO+(“C+). 

Sc+-C bond length (in SC+-CO) of 2.74 A, the 
bond energies (5.5 and 9.1 kcal mol-‘, respectively) 
favour approach at the C end. The interaction 
energy for Sc+-OC is well represented by an elec- 
trostatic calculation, using the same CO parameters 
as in the C-side approach (Fig. 8). 

CrCO+ 

When the ground state of Cr+ (d5,6S) approaches 
CO, the resultant electronic state has %+ symmetry. 
The interaction energy calculated with the GVB 
function equivalent to eq. (4) is shown in Fig. 9. 
Also plotted on Fig. 9 is the interaction energy curve 
for the 3X- state of ScCO+. The resemblance is 
striking and suggests that the fundamental mech- 
anism which leads to bonding in both molecules is 
very similar and largely electrostatic. 

Interestingly, if one promotes the 3d, electron 
of Cr+ to a 3d, orbital, and allows the resulting 
configuration 

3d:3d&3d,&3d:,3d;_ 

to interact with CO, a much shorter and a much 
stronger Cr+-C bond is formed. Our preliminary 

2.0 r 

-2.0 - 

4.0 - 

-lll.a - 

-14.0 - 

Fig. 9. Comparison of the Sc+-CO and Cr+-CO inter- 
action energies at the GVB level. 

GVB results suggest that, upon this excitation of the 
Cr+, the bond length in the CrCO+ thus formed is 
reduced to 2.25 A, and the bond strength is 
increased to 21.5 kcal mol- ‘. The increase in bond 
energy observed on promotion of the d, electron 
appears to reflect the fact that this promotion allows 
the Cr+ and CO to move closer to each other. 
Thus, the shortened bond results in an increased 
electrostatic interaction. 

A comparison of the GVB result with an 
SCF+ 1+2 result for CrCO+ is shown in Fig. 10. 
As in ScCO+ the CI increases the bond energy 
by approximately 1 kcal mol-’ but, unlike the 
ScCO+ result, the CI predicts a significantly 
shorter bond length than the GVB calculation. 

Relationship to previous calculations 

In a recent publication, Bauschlicher’ reports the 
results of calculations on NiCO and NiCO+. Both 
have bond energies of - 1.1 eV, but rather different 
bonding characteristics. The neutral NiCO has the 
Ni atom in the 3d” configuration and correlates 
with the Ni ‘S excited state, while the positive ion 
has a hole in the d, orbital and correlates with the 
*D ground state of Ni+. The Ni-C bond length 
is 1.70 A in the neutral and 2.10 A in the ion. 
Bauschlicher notes that while the neutral metal con- 
tributes a significant number of electrons via its 
d, orbitals to the CO fragment the positive ion 
contributes virtually none. He suggests that Ni+ 
binds electrostatically to the CO, as we have found 
for SC+ and Cr+. It has also been suggested, by Orti 
et a1.,2g that Cu+ binds electrostatically to CO. 

Implications and consequences of the calculated 
structure of MCO+ 

Why do the first row transition metal positive 
ions bond differently from the neutrals to CO? 
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AVOIDED M(3d"+ ’ I+ CO 

Bound ReIelIve IO Ground 
Slate Fragmenlo 

Scheme 6. 

When CO approaches a neutral transition metal 
atom with an electronic configuration 4s’3d*, there 
is an initial repulsion” due to the 5a(CO)-4s(M) 
interaction (a Pauli principle effect). If the 4s elec- 
tron is singlet coupled to one of the 3d electrons, 
electronic states belonging to the excited con- 
figuration 4s03d”+ ’ with a dz occupancy have the 
same spin symmetry as the 4s13d” states and can 
‘mix’ in a Valence Bond sense, one has the situation 
shown in Scheme 6. Whether or not the upper state 
is bound, relative to the ground state fragments, 
depends on AE and the intrinsic M-CO bond 
strength. For a transition metal cation, the long 
range interaction with CO is electrostatic and there- 
fore always bonding, whether the metal is in a 
ground or excited state (M+*). 

In the diagram shown in Scheme 7, the quantity 
E, denotes the electrostatic interaction energy 
between the ground state M+ and CO ; the bond 
energy for the excited state is equal to {E,+ 6E,}. 
Does the ground state of the molecule MCO+ 
always correlate with the ground state fragments? 
That is, under what circumstances could the 
additional binding energy (6E,) of the metal in the 
excited state be greater than the excitation energy 
(AE)? There seems to be at least two extreme possi- 
bilities that could lead to positive values of 6E, : (a) 
when the electrostatic interaction is greater for M+* 
than for M+ and (b) when M+* corresponds to an 
electronic configuration that favours the cr don- 
ation/z acceptor mechanism. (Of course, some 
combination of these two extremes could also be 
realized.) For example, consider Fe+. The ground 
state ion has a 4s’3d6 configuration (60), and there 

Scheme 7. 

are low lying states of the 3d7 configuration (4F 
state, AE = 5.4 kcal mol-‘). A closer approach 
(shorter bond length), and thus a larger electro- 
static interaction energy would be expected 
for Fe+(4E)---C0 relative to Fe’(6Q---C0. The 
Fe+(4E) would also have an increased opportunity 
for backbonding, i.e. for the d’, electrons to back 
donate into the CO 27r* orbitals. For Fef(4E), the 
ideal state would correspond to the configuration 
3d~3d~,3d&,3d~,3d~_, i.e. 

Fe+ 4E % ?-& IF 1F $ - 
Fe+ 6D # ? -T If- If If 

I I 
3d 4s 

Although the opportunity exists here for increas- 
ing 6E, as a result of backbonding for this state, 
would it occur? In response to this question, con- 
sider the following: the 3Z- state of ScCO+ cor- 
relates with the 3F state of SC+ (da&,) and has a 
calculated equilibrium SC+-C bond length of 2.47 
A, with a bond energy of 13.6 kcal mol-‘. The 
electrostatic energy, calculated using eq. (5) for this 
SC+--C separation, is approximately 12.8 kcal 
mol- ‘. For the 411 state of CrCO+, which correlates 
with the Cr+ configuration 3d”,3d~,3d&,3d~+3d~_, 
the calculated bond length is 2.25 A, the calculated 
bond energy is 21.5 kcal mol-‘, and the electrostatic 
energy from eq. (5) is approximately 16 kcal mol-‘. 
For NiCO+, the calculated’ Ni+-C bond length is 
2.10 k, the calculated bond energy is 25.3 kcal 
mall’, and the estimate from eq. (5) is 20.1 kcal 
mol-‘. The increasing importance of terms of order 
l/R’, of course, results in the rapidly deteriorating 
ability of eq. (5) to accurately represent the elec- 
trostatic interaction energy at small separations. 
However, the correlation of the ab initio results with 
electrostatics suggests that little dative bonding/ 
backbonding takes place in these ionic species, 
and that the bond energies for both M+-CO and 
M+*-CO species are dominated by electrostatics. 
(Note that the ground state of Li+ cannot bond to 
CO by a Dewar-Chatt mechanism; even so, the 
data in Table 2 for LiCO+ correlate with the ScCO+ 
and CrCO+ results listed, further supporting the 
dominance of the electrostatic mechanism for these 
ions.) It follows, then, that the bond energies are 
determined by how close the M’ and CO can 
approach before repulsive terms become significant. 
This would predict that bond lengths will decrease, 
and D(M+-CO)s increase, as the ionic radii of the 
various M+ ions decrease. In the case of Fe+, the 
4D excited state would then form a stronger bond 
to CO than would its 6D ground state, because the 
excited state atomic ion is smaller (the 3d orbitals 
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are more compact than the 4s orbital). An example 
of the opposite situation would be Co+, with a 3d8 
(3F) ground state configuration, and a low-lying 5P 
excited state (3d74s’). In this case, the excited state 
would be more weakly bound than the ground state, 
i.e. 6E, will be negative. 

In response to the question of whether the global 
MCO+ ground states correlate to the ground state 
fragments, in light of the above discussion, we have 
considered the ground and low-lying configurations 
of the various metal ions of the first transition series. 
TiCO+ and FeCO+ appear to be the only can- 
didates for a situation where 6E, could be both 
positive, and greater than AE. Thus, these two 
MCO+ species may indeed correlate with excited 
states of the corresponding metal ions. This ques- 
tion is being explored computationally in this lab- 
oratory. 

The possibility that the cations of the transition 
metal elements could bond electrostatically to CO 
molecules has some intriguing consequences. First 
of all, in such a molecule the CO group would not 
modify the electronic structure of the transition 
metal ion. An ion with a 4s3d” configuration would 
remain an in situ 4~38 in the monocarbonyl. TO 
the extent that the chemistry of the ion is determined 
by its electronic configuration one would anticipate 
similar chemistry for M+ and MCO+. 

Not only would the electronic configuration of 
M+ and MCO+ remain the same but so would 
the spin. Is the spin relevant to the chemistry of 
M+, MCO+ or any transition metal-containing ion? 
This question has been recently discussed by 
Armentrout et al.18 One knows from carbene chem- 
istrylg that singlet carbenes insert into C-H bonds 
while triplet carbenes abstract. These processes con- 
serve the electronic spin in the reaction for if a 
triplet carbene were to insert into a C-H bond the 
spin multiplicity would change. For example 

:CH,(triplet) + R-H(singlet) + R-CH,(singlet) 

would be spin forbidden, while 

:CH,(triplet) + R-H(singlet) 

+ CH,‘(doublet) + R’(doublet) 

is allowed, provided the products are coupled into 
a triplet state. While electronic spin is a much better 
quantum number for carbon than for the transition 
metal cations, an examination of the atomic spec- 
tra13 of the bare transition metal ions suggests that 
spin might be a good quantum number, at least 
when the energy spacing between the LS coupling 
terms is larger than the energy spacing within the 
terms ; this situation is often obtained for the low- 
lying electronic states. 

Thus, in the chemistry of transition metal ions, 
there are at least two options : (a) the electronic spin 
is a good quantum number and must be conserved 
in the reaction ; or (b) the spin can easily change 
and is not a factor in the reactivity. While option 
(b) is uninteresting in that it yields no predictive 
capabilities, there are some consequences of option 
(a). Consider, for example the reaction of Co+ with 
CH31.” Two products are observed : 

Co+ + CH,I --f CoI++ CH3 - 73% 

+ CoCH; +I* 27%. 

The ground state of Co+ is a triplet da configuration 
with two singly occupied orbitals and could react 
to form the products shown here and conserve spin. 
However, it has been proposed that this reaction 
(and others which follow) occurs by an insertion 
mechanism.2o If, in the initial insertion reaction 

Co+ + CH31 + [CH,-Co+-I] 

spin was conserved, the Co+ would have to 
uncouple a singlet-coupled d2 electron pair and use 
these electrons to bond to the CH3 and I fragments. 
This it could do by in situ promotion of a d electron 
to an s orbital, and mixing a triplet state of the 
4s’3d7 configuration into the evolving wavefunc- 
tion. The product would then be a triplet which 
might indeed be the ground state for CH,-Co+-I. 
While this is possible it presumably would result in 
an activation barrier which could make it prob- 
lematic‘as to whether it is energetically possible for 
the triplet to react. If this direct insertion channel 
is precluded by a large activation barrier, perhaps 
the insertion process takes place in “two steps”, as 
shown here : _ 

initial loosely-bound 
electrostatic + abstraction + 
complex complex 

recombine1 
fragments 
(insertion 
product) 

d 1 
First a spin-allowed abstraction OCCUFS, followed 
by the recombination of the two radicals. This 
mechanism allows a triplet Co+ to form a singlet 
insertion product, provided the products of the 
abstraction are able to recombine on a lower spin 



Scheme 8. 

surface. For this to happen the products would have The metal ion first forms a complex with the 
to.be separated to the extent that a “small” spin- polar neutral molecule. Following this, the metal 
orbit interaction would allow the required surface inserts into the polar C-Cl bond. If the alkyl group 
change. This is similar to the reaction of two H is an ethyl group or larger, and possesses a H atom 
atoms to form Hz. While the ground state in this on a C atom that is /I to the metal, this H will shift 
case is the ‘El, at large separations the energy onto the metal, then onto the Cl. The result is that 
difference between this singlet and the ‘Z:,’ is very the metal has choreographed the degradation of 
small, and a small spin-orbit interaction could take propyl chloride to propene and HCI. These two 
one from the triplet to the singlet surface, see ligands thus formed compete for a site on the 
Scheme 8. meta12’ and, as the distribution of products shows, 

This mechanism, where one substitutes an the retention of propene is favoured [consistent with 
abstraction and subsequent recombination for a the observation that P.A.(HCl) < P.A.(C,H,)]. 
concerted insertion is sensible only if the fragments The two possible scenarios for insertion pre- 
involved in the abstraction reaction remain sented above would lead to different consequences 
sufficiently close (loosely-bound abstraction com- in terms of the final products. If, on insertion, the 
plex) so that the recombination is efficient and yet overall spin of the system changes, the products 
are separated sufficiently to permit a small spin- may be formed in excited states. That is, products 
orbit interaction to induce the required surface such as CoC,H,+ may be singlets, although the 
change. One way for this to happen is if the neutral ground state of this species (if electrostatically 
abstraction fragments are from a large, easily bound) would be a triplet. When a CO is attached 
polarizable molecule. Thus, spin considerations to co+, the following products are formed from 
may require these details as part of the overall iso-propyl chloride : 
‘insertion’ mechanism. 

CoCO+ + i-C,H,Cl + CoCOC,H,+ + HCl 16% 

+ CoCOHCl+ + C3H6 17% 

Experimental observations : the gas phase chemistry 
of M+ us MCO+ 

+ CoC,H,+ +CO+HCI 67%. 

The ion/molecule reaction products shown here 
The same reaction occurs, with retention of pro- 

for Co+ have been observed for a number of other 
pene favoured over that of HCl. While CoCO+ 

first row transition metal ions :‘O 
does react with propyl chloride, CoNO+ does not, 
suggesting that NO is covalently bonded to Co+. 

Co+ + CGHCl + C3H: + C&l 35% (6) 
As a second example,20 the reaction products of 

Co+ and CoCO’ with isopropanol are given below. 

+ CoC3H,f + HCl 60% (7) Co+ + i-C&OH + C3H: + CoOH 12% 

+ CoHCl+ +C3H6 5%. (8) 
+ CoC,H,+ + H20 48% 

+ CoH20+ + C3Hs 40% 
Reaction (6) is a halide abstraction, that is fre- 
quently observed when the ionization energy of the CoCO+ + i-C3H,0H + CoCOC,H,+ + H20 21% 
alkyl radical involved is sufficiently low. The prod- 
ucts in (7) and (8) are proposed to be formed as 

+ CoC3H,+ +H20+C0 21% 
^ . . 
follows : + CoC3H,0H+ + CO 58%. 

J. ALLISON et al. 

KC 

co++ 
\ 

H3C 

CH-Cl + 
\ 

CH-Co +-Cl 

H3C 

\ 

‘CH 1 
. . . Co+ . . . CIH - * * * Cof-Cl GH6 

43 
Co+C,H, J ?Zo+ClH. 2 H 
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Again, both Co+ and CoCO+ induce the dehy- 
dration of propanol. In comparing the distribution 
of products from propanol and propyl chloride, 
retention of Hz0 occurs more frequently than reten- 
tion of HCI, with retention of propene favoured 
over both, consistent with the proton affinity order- 
ing PA(C,H,) > PA(H30) > PA(HC1). It can be 
difficult to compare reaction products of M+ and 
MCO+ to determine if the chemistry of the metal 
changes due to the presence of the ligand because 
the ligand appears to reside on the metal as the 
reaction proceeds. Thus, when CoCO+ reacts with 
e.g. propanol, the complex that dissociates to give 
the observed products is Co+(CO)(H,O)(C,H,). 
It is the relative metal-ligand binding energies 
that determine which of these ligands will be 
lost, and the distribution of products. This also 
suggests that the CoC3H,OH+ products in the 
CoCO+ reaction above exist, at least in part, 
as Co+(H,O)(C,H,). Similar reactions Are also 
observed in comparing the chemistry2’ of Fe+ with 
FeCO+, and the reactions of Ni+ with NiCO+. 
Thus, the Co appears to be a ‘spectator’ in such 
reactions. Its presence does not appear to alter the 
chemistry of the metal ion, consistent with the elec- 
trostatic bonding scheme suggested by the earlier 
experimental results and the ab initio calculations 
presented here. 

The reactions of M+ and MCO+ are not always 
the same. We have noted that the order in which 
metal insertion occurs into the various skeletal 
bonds of larger molecules such as octane appears 
to be different when a CO is attached to the meta1.22 
This may reflect a steric effect which affects the 
relative stabilities of the various M+(CO)(R,)(R,) 
insertion intermediates that may be formed upon 
insertion into various (RI-R2) skeletal bonds. 

There are also cases reported in which the MCO+ 
group appears to insert into a bond, although these 
are not commonly evident. One system in which 
this was reported is in the reactions of Co+ with 
amines. While Co+ has been observed to insert into 
a variety of polar bonds’ such as C-Cl, C-OH, 
C-SH, C-N02, etc., it does not appear to insert 
into the C-NH2 bond of primary amines. Reaction 
products reflecting the insertion into C-C and 
C-H bonds are observed,23 e.g. 

Co+ + i-C3H,NH, + C3H,N+ + CoH 24% 

--* CoC3H7N+ + H2 52% 

+ CoC,H,N+ + CH, 24%. 

When a mixture of CO(CO)~NO and a primary 
amine are subjected to EI, and the resulting ions 
allowed to react in an ICR experiment, one product 
that is frequently formed is CoCH3NH:. This ion 

is a reaction product of Co+, for amines larger than 
ethylamine, formed via insertion into the 
R-CH2NH2 bond. However, CoCH,NH$ is also 
formed when the amine is ethylamine. If Co+ was 
the precursor, this would suggest an unusual reac- 
tion in which CH,: would be lost : 

Co+ + CH3CH2NH2 + CoCH,NH: + CH,:. 

However, double resonance experiments23 show 
that the ionic precursor is not Co+, but instead 
coca+, suggesting the following mechanistic 
sequence : 

CoCO+ + C2HSNH2 

\ 
0 
II 

H,NCH,-Co+-C-,CH, 

CH3NH2...Co+... 1c: 

LHL 

0 

2 CO+CH3NH2+& 

&H,. 

Thus, the Co+ and the CO appear to insert into the 
C-C bond, with the CH3 group being bound to 
the CO, forming an acetyl-metal complex. These 
are now Hs that are fi to the metal that can shift, 
resulting not in the loss of CH2, but ketene. 

Such reactions may be common, but difficult to 
detect. For example, in the reaction 

CoCO+ + C3H,C1 -+ CoC3H,f + HCl + CO 

the neutral(s) lost may be HCOCl, formed by active 
participation of the CO, however this cannot be 
determined in these experiments. 

Another example of a reaction in which the CO 
is actively involved is in the chemistry of CrCO+ 
with diethyl ether.24 Cr+ reacts by the insertion/ 
H-shift/competitive ligand loss mechanism, insert- 
ing into a C-O bond : 

Cr+ + C2Hd2HS + C2H~r+-OC2HS 

f 
CrC2H40+ + C2Hs t (C2H6)Cr+(C2H40) 

This reaction is reasonable, since the poorer ligand, 
ethane, is lost exclusively, with the ligand retained 
being presumably acetaldehyde. However, when 
CrCO+ reacts, the observed products are 

CrCO+ +GHsOC2HS + CrC&,O+ +CO 79% 

-B “CrCOC2H: ” + GH40 
21%. 
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Loss of C2H40 would reflect retention of ethane 
over acetaldehyde when the CO is attached, which 
would violate the proton afhnity rule. However, the 
reaction product could be explained by invoking 
insertion of the CrCO+ moiety intact : 

CrCO’ + C2H50C2HS 
\ 0 

\ 
C H 2 5 0-Cr+-i---C H 2 5 

0 
II.. . cr+ . . P 

CHCH H&H 2 5 

\ ..[, +Cr+ 
3 HCC2H5. 

By this mechanism, acetaldehyde and pro- 
pionaldehyde would be competing as ligands on 
Cr+, with the ligand characterized by the lower 
PA being lost. Therefore the “Cr(CO)(C,H,)+” 
ion should actually be a Cr+-propionaldehyde 
structure. 

Thus, there are cases in which the CO is involved 
in the chemistry of the metal ion to which it is 
attached. The question arises as to how the appar- 
ent “MCO+ ” insertion occurs. Consider the reac- 
tion discussed above for CoCO+ with ethylamine. 
How is the “MCO+” insertion intermediate 
formed? 

co 
0 

+ PI --f H 2 NCH 2 -Co+-!XH 3. 

2 

There are a number of possible mechanisms. Three 
are suggested by the structures shown here. 

OC: . . . CH3 co 

40 . * d-I2 H2NCH2-Cb+-CH3 

NH, 
I II 

Intermediate I suggests the possibility of the direct 
interaction of the metal with one C and the CO with 
the second C of the C-C bond in a concerted 

manner. Intermediate II suggests a scenario in 
which the metal first inserts into the C-C bond. 
The CH3 and CO groups are next converted into a 
CH3C0 group. (It should be noted that reactions 
involving the process R-M-CO + M-C(0 j-R 
have received considerable attention in the litera- 
ture recently,25 to determine whether this rearrange- 
ment is more accurately described as an R- 
migration to the CO, or as a CO insertion into 
the R-M bond.) In III, the mechanism discussed 
previously for the insertion process is utilized. The 
Co+ forms a bond to the CHiNH2 fragment, and a 
loosely-bound electrostatic complex with the 
CH3 fragment. The CH3 then has the option of 
approaching the metal, or the CO, to form a bond. 
If the CH3 attacks the CO, the resulting CH3CO* 
radical can then bond to the metal. 

These various mechanisms can be evaluated by 
considering information such as the energy that 
must be supplied to break the C-C bond and the 
Co+-CO bond, and the energy released when the 
Co+-C bonds and the CH3-CO bond are formed. 
The C-C bond energy in ethylamine is 82 kcal 
mol-‘.’ The presence of the amino group weakens 
this bond slightly, when compared to a C-C bond 
energy of 87 kcal mol-’ in ethane.’ The singlet- 
triplet spacing in CO (X’X+ -a311) is large, 
139 kcal mol-‘.26 Based on the calculations pre- 
sented here, we estimate the Co+-CO bond energy 
to be approximately 10 kcal mol-‘. With these num- 
bers, reaction via intermediate I would seem 
unlikely. If the CO remains a singlet, direct inter- 
action with the methyl group could not occur, and 
the energy produced upon formation of the initial 
electrostatic complex would not be suthcient to 
induce conversion of the CO to a higher spin state. 
Intermediate II can be formed, i.e. Co+ can insert 
into the C-C bond in an exothermic process. If the 
sum of the two Co+--C bonds formed is approxi- 
mately 100 kcal mol-‘, the insertion would be exo- 
thermic by 20 kcal mol-‘. It has been suggested that 
(CO)Co+CH3 is more stable than CoC(O)CH: by 
approximately 20 kcal mol-‘.27 However, this was 
an estimate made using thermochemical approxi- 
mations2’ such as : D(RCo+-CO) = 35 kcal 
mol-’ ; D[Co+-C(O)R] = 60 kcal mol-’ ; and 
D(Co+-CO) = D[(H,C)Co+-C(O)R] = 40 kcal 
mol-‘. If, as suggested in this work, the Co+--CO 
binding energy is considerably weaker than 40 kcal 
mol-‘, CH3 ‘migration’ onto the CO could occur 
exothermically. The mechanism suggested by III is 
attractive. The reaction 

CH3+CO(‘E+) + CH3C0. 

is exothermic by 21.4 kcal mol-‘.* Thus, CH3 can 
react with the CO, and the resulting radical can 
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bond to the metal ion. The mechanism for insertion 
proposed here would allow for ligands such as CO 
to become actively involved in the chemistry, even 
though the ligand itself is not ‘activated’ by the 
metal, but only electrostatically bound. 

CONCLUSIONS 

Theoretical attention to these ionic organo- 
metallic systems is allowing us to go back to early 
data of this area of research, and begin to under- 
stand in much greater detail how observed reactions 
occur. Thus, we are beginning to understand some 
of the relationships between electronic structure 
and reactivity for these gas phase systems. 

The possibility that M+-CO bonding is domi- 
nated by an electrostatic, rather than the traditional 
Dewar-Chatt scheme may explain why attempts to 
model systems such as the water-gas shift reaction 
via gas phase ionic studies have not been success- 
fu1,28 since the CO is not ‘activated’ by the metal 
ion. 

The system discussed here shows that the oppor- 
tunity to form a dative bond is overshadowed by 
electrostatic interactions at these M+-ligand sep- 
arations for first row transition metal ions. One may 
expect other ligands such as water, ammonia, polar 
organic compounds, etc. to be bound in this way as 
well. The strength of the metal-ligand interaction 
would then be reflected in the ligand’s multipole 
moments and polarizability. 

There could be some interesting geometrical 
implications that result from an electrostatic bond- 
ing description. For example, suppose-that olefins 
are only bound electrostatically to univalent tran- 
sition metal ions in the gas phase. Since the C=C 
double bond in, e.g. ethylene, appears to be more 
polarizable along the bond axis, than perpendicular 
to the axis,” an electrostatic M+--(ethylene) com- 
plex may take the geometry shown in IY. For a 
M+-(l-butene) complex, consideration of inter- 
actions of the M+ with not only the polarizable 
double bond, but the polarizable ethyl group, 
leads one to envisage the geometry as shown in V. 

“3C, 

H ‘C4w 
‘c=/ 

H' 
\;; “’ 

Y 

It is interesting to note that M+-olefin reactions 
frequently proceed via M+ insertion into the ally1 
C-H bond $’ the description in V places the M+ 
in close proximity to this bond. 

The exception to this bonding scheme would be, 
of course, ligands such as NO that could form co- 
valent bonds. Publications which follow from this 
group will focus on those ligands/fragments that 
have the option of bonding as CO (i.e. approaching 
M+ with its lone pair), or bonding through a single 
electron (covalently), or through bonding schemes 
in which three electrons on the iigand are involved. 
These ligands include NO, Cl, OH and NH2. 
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PERIODIC TRENDS IN GAS PHASE M-H AND M-C BOND 
ENERGIES 

P. B. ARMENTROUT” and R. GEORGIADIS 

Chemistry Department, University of Utah, Salt Lake City, UT 84112, U.S.A. 

Abstract-Thermochemistry of simple transition metal species as determined by guided ion 
beam mass spectrometry is reviewed. Compounds which are discussed include metal 
hydrides (both ionic and neutral), metal methyls (ionic and neutral), ionic metal methyl- 
idenes and metal methylidynes, and bis-methyl metal ions. The periodic trends in this 
thermochemistry are discussed with an eye on developing ways of applying the data to 
condensed phase species. 

A truly comprehensive enumeration of organo- 
metallic. thermochemistry is an impossible task 
due to the sheer number of combinations of metals, 
ligands and environments. Alternatively, one can 
seek to identify the major trends in such ther- 
mochemistry in the hope of being able to accurately 
estimate values of interest in many systems. The 
possibility that gas phase organometallic chemistry 
may be able to contribute to this goal is one of its 
intriguing promises. This possibility seems reason- 
able since trends in metal thermochemistry can be 
analysed routinely in the gas phase without the 
stability restrictions imposed by the 18-electron 
rule. Thus, specific metal-ligand bond energies can 
be measured for all transition metals each having 
exactly the same ligand sphere. 

In relating such gas phase thermochemistry to 
condensed phase species, it is important to realize 
that gas phase metal-ligand bond energies will not 
equal the metal-ligand bond energy of a saturated 
metal centre. For example, it is unrealistic to expect 
that the bond dissociation energy (BDE) of di- 
atomic CoH or CoH+ will be equivalent to that for 
H-Co(CO),. The relationship between the gas and 
condensed phase thermochemistry is more elusive, 
but of substantial value if it can be found. In this 
paper, we compile thermochemical results from 
recent studies in our laboratory and discuss useful 
ways of thinking about these numbers in an effort 
to develop ties to the “real” world of transition 
metal chemistry. 

*Author to whom correspondence should be addressed. 
NSF Presidential Young Investigator, 1984-1989 ; Alfred 
P. Sloan Fellow. 

EXPERIMENTAL 

The methodology we have used in our laboratory 
to measure gas phase bond dissociation energies 
has been detailed before in several places.‘-4 Rather 
than reiterate the instrumental details, stice it to 
say that we measure the absolute probability for 
reaction (1) or (2) while varying the kinetic energy 
available to the reactants. 

M++RX+MX++R (1) 

+MX+R+. (2) 

In these reactions, M represents a transition metal, 
X is the ligand of interest and R is a suitable donor 
of X. The systems are chosen such that these reac- 
tions are endothermic and therefore require the 
addition of kinetic energy to proceed. The results 
are then analysed in some detail to determine the 
threshold for the reaction, Ep This is the minimum 
kinetic energy required for the reaction to occur. 

In the limit that there is no activation barrier in 
excess of the endothermicity, the bond dissociation 
energy of the species produced in reaction (1) can 
be obtained from the threshold value for reaction 
(1) by using 

D’(M+-X) = A&(X) 

+ AH/(R) - AHf(RX) -ET. (3) 

In simple bond exchange processes, eq. (3) can be 
simplified by noting that 

D ‘(R-X) = AH,(X) + AH,(R) - AHf(RX). (4) 

Similarly, for the species produced in reaction (2), 
eq. (5) holds, 

1573 
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D ‘(M-X) = AH/(X) + AZ+(R+) 

- AHI - ZZ’(M) -ET, (5) 

where ZP(M) is the ionization potential of the metal. 
This may also be simplified by using the relation 

D ‘(R-X) + ZZ’(R) = AH,(X) 

+ AZ+(R+) - AHI( (6) 

These equations demonstrate that another require- 
ment of the species RX is that the heats of forma- 
tion, AH,(R), AZ&(R’), AH&X) and AZ+(RX), 
should be reasonably well known. 

There are several factors which influence the 
accuracy of BDEs derived using the beam method. 
The first is the assumption that there is no activation 
energy in excess of the reaction endothermicity. 
This is equivalent to there also being no barrier to 
reaction in the opposite (exothermic) direction. 
Since the long-range ion-induced dipole potential 
is often sufficiently strong to overcome small 
barriers, ’ exothermic ion-molecule reactions are 
often (though not always) observed to proceed 
without an activation energy. The converse must 
also be true. Endothermic ion-molecule reactions 
often proceed (though this is not guaranteed) once 
the available energy exceeds the thermodynamic 
threshold. 

This assumption is one which we have tested 
directly for a number of simple endothermic reac- 
tions where the thermochemistry of all species 
involved is well known. 3,4,6-9 In all these cases, no 
activation barriers are found, although this some- 
times requires very good sensitivity.3 Unfor- 
tunately, such direct checks for transition metal- 
containing species are rare since there are few alter- 
nate experimental determinations having better 
accuracy. However, high quality theoretical results 
on diatomic metal hydrides are available. ‘c-’ ’ These 
values average 2 &- 3 kcal mol- ’ lower than the 
experimental values derived in our studies, a typical 
error for such calculations. Note that if activation 
barriers were present, the true bond energies would 
be larger making the agreement with theory even 
worse. 

A second limitation on the beam results concerns 
the characterization of the internal energy of the 
reactants. Since this energy is presumably available 
to the reaction, it must be inevitably accounted for 
in the energy balance eqs (3) and (5). This is not a 
particular problem for the neutral reagents since 
these have well characterized internal temperatures 
of 300 K. (Although as the neutral reactant 
increases in size, the sheer number of modes makes 
the total energy available in internal energy appreci- 
able.) It is a problem for the ionic reactant, however, 

since the production of ions is, by its very nature, 
an energetic process. In studies of atomic metal 
ions, this problem can only evidence itself in elec- 
tronic excitation. Studies in our laboratories have 
shown that the electronic energy, E,,, is usually 
available to cause reaction,‘%” but need not be.‘>17 
A good example of the problems this effect has 
on the derived thermochemistry is the case of FeH+ 
and FeCH: as measured from reactions of Fe+ 
with H2 and C2H6. Early studies2’v2’ made the 
reasonable assumption that the Fe+ reactant was 
in its ground state and found bond energies of 58 + 5 
and 68 +4 kcal mol- ‘, respectively. More recent 
studies obtain raw data which are qualitatively very 
similar, but interpret the data to find BDEs of 
50 + 1.4’ 5 and 58 + 2 kcal mol- i, 22 respectively. The 
main difference lies in the fact that the reactivity of 
Fe+ in these studies is dominated by its first excited 
state. This state has an E,, of about 7 kcal mol- ‘, a 
value which clearly explains most of the dis- 
crepancies between the early and recent results. 

The problem with internal energy effects is one 
reason why gas phase ion studies have infrequently 
included ligated metals. The addition of vibrational 
and rotational degrees of freedom to the electronic 
ones makes the production of a characterized metal 
complex even more difficult. These problems are 
pervasive and not unique to beam studies. One 
means of overcoming this problem is the use of 
flowing afterglow or drift tube techniques where a 
high pressure bath gas is always present to ther- 
malize the ions. The combination of such exper- 
imental methods with beam or ICR techniques is a 
powerful means of studying metal-ligand complex 
ions which are being developed in several lab- 
oratories. 

A final consideration in the accuracy of the BDEs 
derived using the beam method is the determination 
of the threshold energy, ET This has been one of 
the sticking points in ion beam technology since the 
theory behind chemical threshold phenomena is not 
well established. The general approach is to use a 
reasonably versatile form for the threshold depen- 
dence of the reaction cross-section, namely 

c(E) = ao(E- E,)“/E” (7) 

where o. is the scaling factor, E is the relative kinetic 
energy, and n and m are adjustable parameters.2’23 
As discussed above, ET may need to be corrected 
for internal energy effects. In early applica- 
tions20*2’,23-25 of this form to metal ion chem- 
istry, the data were not sufficiently precise that 
ET could be determined unambiguously while 
allowing rro, n and m to vary independently. Several 
reasonable assumptions were used to limit the num- 
ber of freely varying parameters in eq. (7) to over- 



Periodic trends in gas phase M-H and M-C bond energies 1575 

come this limitation. Technology has now pro- 
gressed’ to the point that the data are sufficiently 
precise that these constraints are no longer needed. 
Tests of the early assumptions show that, while 
attractive, they are probably not correct in many 
circumstances.2*3 Generally, early results tend to 
obtain high BDEs, although by no systematic 
amount since this depends heavily on the particular 
system. One example is D’(CoCH:) derived from 
reactions of Co+ with ethane. This system does not 
suffer from problems with electronic states, yet early 
results24 report a BDE of 61+4 kcal mol- ’ while 

more recent results obtain 5 1 + 4 kcal mol- 1.26 The 
data are very similar in both studies but the 
interpretation differs leading to assignment of a 
different threshold. 

METAL HYDRIDE IONS 

We start by considering the simplest transition 
metal species, the diatomic metal hydride ions. The 
bond dissociation energies of the first row MH+ 
species, Table 1, have been discussed several times 
in the past. 10~‘2~‘8~20~25~27 These works point out that 

Table 1. Ionic transition metal bond dissociation energies” 

M D ‘(M+-H) D”(M+-CH3) D”(M+-CH2) D ‘(M+-CH) 

SC 
Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
CU 
Zn 
Y 
Zr 
Nb 
MO 
Ru 
Rh 
Pd 

Ag 

56.2(2.3)’ 59(3)b > 93(3)6 
54.2(2.5) 58(3)d 93(4)d 121(4)d 
48.2( 1.4) 50(2)’ 76(1.4)f 114(2)’ 
32.5(2.0)# 30(5)h 54(4)h 75(7)h 
48.4(3.4)’ 
49.8(1.4)’ :z 

94(7)k 
” 82(5) lOl(5) 

46.6(1.4) 51(4)h 8415)“~” lOO(5) 
39.5(1.8) 47(5)h*k 86(6)k 
22.1(3.0) 30(3)h 
60(5)p, 55(3)* 71(3)4 
59(3) 
55(3) 

54(3) 109(7) 145(8) 
42(3) 
41(3) 54(5) 
36(3) 47(5) 91(5)s 102(7) 
47(3) 59(5) 
16(3) 

0 Values are in kcal mol- ’ at 300 K. Uncertainties are in parentheses. 
‘L. Sunderlin, N. Aristov and P. B. Armentrout, J. Am. Chem. Sot. 1987,109,78. 
‘Ref. 19. 
dL. Sunderlin and P. B. Armentrout, J. Phys. Chem. 1988,92, 1209. 
‘Ref. 13. 
‘Ref. 2 and N. Aristov and P. B. Armentrout, J. Phys. Chem. 1987,91,6178. 
gRef. 17. 
‘Ref. 26. 
‘Ref. 14. 
‘P. B. Armentrout, in Laser Applications in Chemistry and Biophysics (Edited by 

M. A. El-Sayed), Proc. SPIE, 1968,620, 38. 
kRef. 20. The value for DO(Mn+-CH,) is almost certainly too high since these 

results have not been analysed with respect to the different states of Mn+, a very 
significant effect (ref. 14). 

‘Ref. 15. 
m Ref. 22. 
n Ref. 28(a). 
’ Ref. 16. 
pP. L. PO, T. P. Radus and R. F. Porter, J. Phys. Chem. 1980,82,520. 
4Ref. 3. 
‘Ref. 27. 
‘Ref. 28(b). 
*Ref. 25. 
‘J. L. Elkind and P. B. Armentrout, unpublished work. 
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Cr+ and Cu+ have weak BDEs because these metal 
ions have very stable ground state configurations, 
namely a half-filled shell, 3d5 for Cr+ and a filled 
shell 3d” for Cu+. To form a covalent bond to 
eithe; of these ions, one of the electrons must be 
removed from this very stable environment. This 
concept can be formalized in terms of a promotion 
energy, E,,, defined as the energy necessary to take 
a metal atom (ion or neutral) in its ground state to 
an electron configuration where there is one elec- 
tron in the 4s orbital. It is also important to include 
the loss of exchange energy involved in spin decoup- 
ling this electron from the 3d electrons. Ep is easily 
calculated as the mean energy of the electronic 
states which have 4s3d”- ’ configurations where the 
4s electron is high-spin and low-spin coupled to the 
3delectrons.25*27 A plot of the first row MH+ BDEs 
versus this promotion energy, Fig. 1, shows an 
excellent correlation. If Ep is alternately defined as 
the excitation to a 4s3d”-’ configuration, but the 
3do orbital is the bonding orbital and is spin de- 
coupled, then a correlation almost as good as 
Fig. 1 is obtained. 27 This implies that the dominant 
binding orbital on the metal is the 4s orbital but 
that there is significant 3dts character as well. 
These ideas are quite consistent with results of ab 
initio calculations. ’ O, ’ * 

For the second row MH+ BDEs, the correlation 
with Ep is not bad if one excludes PdH+ although 
it is not as good as for the first row, Fig. 1. The 
strong deviation of Pd+ can be related to the fact 
that its ground state electron configuration is 4d.9 
This suggested to us that Pd+ may utilize a 4da 
orbital to bond with hydrogen, rather than the 5s. 27 

Fig. 1. First row (closed symbols) and second row (open 
symbols) transition metal ion hydride bond energies vs 
the atomic metal ion promotion energy to an sd” spin- 
decoupled state (see text). The lines are linear regression 

fits to the first and second row data (excluding Pd). 

Such a bond requires no promotion energy since 
the electron in the singly occupied 4d orbital is 
already decoupled from all the other electrons. Ab 
initio calculations verify this hypothesis and suggest 
that the amount of d character in the metal bonding 
orbital is much larger for the second row metals, 
especially Rh and Pd, than for the first row metals. ’ * 

When Ep = 0, the maximum MH+ BDE can 
occur since the metal is in the most suitable state 
for bonding. For the first row, this occurs at N 57 
kcal mol- ’ and for the second row, at N 59 kcal 
mol- ‘. We have argued previouslyz7 that this 
maximum BDE is a good estimate of intrinsic tran- 
sition metal hydrogen bond energies, even if the 
metal is ligated. This argument contends that elec- 
tronic promotion required for the atomic metal ions 
can be achieved by the ligands. The ligand environ- 
ment can serve to place a single electron in an orbital 
which is directional and sterically unhindered, 
directly comparable to the 4s orbital for the first row 
atomic metal ions. Examples of condensed phase 
complexes which appear to conform to this pre- 
diction include the 18-electron species, HCo(CO), 
and [HCo(CN):-I,, which both have Co-H BDEs 
of 58 kcal mol-‘,29 and [H,IrCl(CO)(PPh,),] 
which has a mean Ir-H BDE of 60 kcal mol- ‘. 3o 

METAL METHYL IONS 

One of the early gas phase thermochemical results 
which contrasted with condensed phase dogma was 
the determination that D ‘(Co+-CH3) exceeded 
D ‘(Co+-H) by almost 10 kcal mol- *. 24 This result 
can be explained by noting that isolobal arguments 
suggest that a methyl group and a hydrogen atom 
should bond similarly. 3’ It therefore seems reason- 
able that they both form strong covalent bonds with 
transition metals in the absence of other mediating 
effects (e.g. steric crowding). This has since been 
confirmed by detailed calculations.32~33 For gas 
phase ions, the metal methyl BDEs may be stronger 
due to the increased polarizability of the methyl 
group compared to a hydrogen atom.24 This effect 
could lead to a difference of 5-6 kcal mol- ‘.33 
Nevertheless, this result was surprising to most con- 
densed phase inorganic chemists since the limited 
data available for metal-carbon bond strengths 
indicated that they were almost half as strong as 
metal-hydrogen bond stengths. 34 As recently con- 
tended by Halpern, 34 the combination of the gas 
phase and condensed phase data suggests that steric 
effects are largely responsible for the weak con- 
densed phase M-C bond strengths. Calculations 
show that the reduction of steric strain in cationic 
species can be attributed in part to electronic 
effects. 32 
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Further investigation of the gas phase metal 
methyl BDEs finds a somewhat more complex pic- 
ture. Table 1 lists the BDEs for first row MCH: 
species and Fig. 2 shows them vs Ep. For metals on 
the right-hand side of the periodic table (Fe, Co, 
Ni, Cu and Zn), the M+-CH, BDEs are stronger 
than the M+-H BDEs by 8 f2 kcal mol- ‘. For 
SC, Ti, V, Cr and Mn, however, the metal methyl 
bond energies are stronger by 2 f 3 kcal mol- ‘. 
Within these groups, the relative values of 
D ‘(M+-CH3) parallel those of D ‘(M+-H) which 
indicates that the periodic trends and promotion 
energy ideas discussed above continue to be of value 
for the M+-CH, species. The dichotomy between 
the metal methyl BDEs of the left side and right 
side metals remains to be explained. 

One possible explanation is that the metals on 
the right side have higher IPs (average of 7.8 eV for 
Fe-Cu and 9.4 eV for Zn) compared with those 
on the left (average of 6.7 eV for SC-0 and 7.4 eV 
for Mn). Thus, the metal ions on the right have a 
higher affinity for electrons and may form a some- 
what stronger bond due to the polarizability effects. 
Another interesting suggestion is that there are 
agostic3 5 M . . . H-C interactions36 in which a 
C-H bonding electron pair donates into an empty 
metal orbital, the 3dn in the M-C-H plane. This 
interaction is favoured by small M-C-H bond 
angles although this type of motion also reduces the 
overlap between the metal’s 4s and the methyl’s 
sp3 radical orbital. 36,37 Since an agostic interaction 
should preferentially occur when there is an empty 

I I I I I I I. I I I I I I 
0.0 20.0 40.0 60.0 8Ll.O 

t+omotim Em-gy ~hcol/mol) 

Fig. 2. Bond dissociation energies for first row transition 
metal ions to methyl (closed circles for left side metals, 
open circles for right side metals), methylidene (open 
triangles) and methylidyne (closed triangles) vs atomic 
metal ion promotion energy. The lower line is the linear 
regression fit representing the first row MH+ bond 
energies vs the promotion energy shown in Fig. 1. The 
other two lines have the same slope but have been 

displaced upwards by 37 and by 74 kcal mol- ‘. 

3d orbital, SC+, Ti+ and V+ are the most likely 
candidates for this behaviour. From Mn+ to Cu+, 
a 3d orbital can only be empty if the metal is in 
a low-spin state, an energetically costly situation. 
Indeed, Calhorda and Simoes36 find theoretical evi- 
dence for agostic interactions for Ti+ and Fe+ (in 
a singlet state), but not for Cr+, Ni+, or Fe+ (in a 
triplet state). (They did not examine Fe+ in a quintet 
state, the analogue of the ground state of FeH+.) 
When compared with the experimental BDE data, 
these observations suggest that if agostic inter- 
actions are present, they weaken the metal-methyl 
bond energy. The dominant effect here may be the 
reduced overlap between the methyl radical orbital 
and the metal 4s. 

METAL METHYLIDENE AND 
METI-IYLIDYNE IONS 

In the first study of a series of MCH,+ BDEs 
(where n = l-3), we discovered that the V+-CH3, 
V+-CH2 and V+-CH bond strengths increase 
roughly with the organic analogues, CH,-CH3, 
CHdH, and CH=CH, respectively.38 While 
intuitively reasonable, this simple correlation 
between the bond energy and the bond order for 
transition metal compounds had never before been 
documented. The data in Table 1 show that SC+, 
Ti+ and Cr+ also follow this type of correlation, 
and Hettich and Freiser have similarly documented 
it for Rh+, Nb+ and La+ species.3q Ab initio cal- 
culations by Harrison have also seen this trend for 
Cr+ Ii(b) 

While these simple correlations are qualitatively 
useful, their utility should not be overinterpreted. 
This is illustrated by the recent calculations of 
Carter and Goddard4’ who find that the ground 
state of RuCH: is a metal methylidene having a 
covalent M=C double bond. However, there are 
low-lying excited states which are metal-carbenes 
[i.e. they have a donor-acceptor bond between Ru+ 
and CHr( ‘A ,)I, and these states have BDEs which 
are comparable to the ground state BDE. The 
relationship between the bond energy and the bond 
order is muddied in such species. There is no reason 
to believe that RuCH: is unique in this regard. 

It is also of interest to know whether the pro- 
motion energy ideas discussed for the singly bonded 
transition metal species extend to multiply bonded 
species. While the calculation of EP is more com- 
plicated than for singly bound species, this pro- 
cedure has been outlined elsewhere.4’ This com- 
parison is shown in Fig. 2. The data are sufficiently 
incomplete that no definitive correlations are 
evident. The lines shown in Fig. 2 are the slope of 
the line in Fig. 1 displaced by 37 kcal mol- ’ for 
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each additional formal bond order. The fact that 
these lines come close to the data for both metal 
methylidene BDEs and metal methylidyne BDEs is 
intriguing. It may suggest that the intrinsic M-C 
x bond is worth about 37 kcal mol- ‘, 65% of the 
M-C u bond. In this regard, it is interesting to 
note that Harrison and co-workers4* have made a 
comparable analysis of their calculated bond ener- 
gies for TiCH+, VCH+ and CrCH+. Based on this, 
they suggest that there is an intrinsic M+&H 
bond of about 129 kcal mol- ‘, in remarkably good 
agreement with the intercept of the MCH+ line in 
Fig. 2. 

NEUTRAL METAL HYDRIDES 
AND METHYLS 

In seeking to apply gas phase ion thermo- 
chemistry to condensed phase chemistry, it is im- 
portant to understand the influence of the charge. 
One means of addressing this is to compare ionic 

and R. GEORGIADIS 

and neutral BDEs for simple species. As discussed 
in the Experimental, it is possible to obtain the bond 
energies of simple neutral transition metal species 
using the beam method, reaction (2). We have done 
this for several metal hydride diatoms and metal 
methyl species, Table 2. Data for the metal hydrides 
are also available from a variety of other sources. 
Comparison of the various D’(MH) values is gen- 
erally fairly good but the discrepancies that do exist 
demonstrate that no one method can be considered 
definitive at present. 

Comparison of the D’(MH) and D’(MCHJ 
finds very similar values in cases where D’(MH) 
appears secure, namely V, Cr, Co, Ni and Zn. For 
these five cases, D’(MH) exceeds D”(MCH3) by an 
average of N 2 + 2 kcal mol- I. This is in keeping 
with the isolobal argument discussed above and 
also the idea that polarization effects cause 
D”(Mf-CHJ to exceed D’(M+--H). It is also 
pertinent that there is no systematic difference 
between the left and right side metals. 

Table 2. Neutral transition metal methyl and hydrogen BDEs” 

D ‘(M-H) 

M D o(M-CH3) Beam TB* SLSF’ KMd Spec’ 

SC’ 32(7) 48(z) 
Ti 46(7) 
V 37(9) 41(4) 38(3) 
Cr 41(7) 41(3) < 4.5 
Mn < 309 < 32 1581 
Fe 37(7) 46(3)” 43(6) 30(3) < 43 
CO 45(5) 47(3) 54(10) 42(3) 45(3) 1741 
Ni 54(4) 59(4) 65(6) 59(2) < 71 
cu 55(4) 60(5) 60(l) 63(l) 
Zn 19(3)’ 20(l) 
MO 53(5) 46(3) 
Ru 56(5) 
Rh 59(5) 
Pd 56(6) 

“Values are in kcal mol-’ at 300 K. Unless otherwise noted, values 
are from R. Georgiadis, N. Aristov, R. H. Schultz and P. B. Armentrout, 
work in progress. Uncertainties are in parentheses. 

* Ref. 43. 
’ Ref. 44. 
dRef. 45. 
‘K. P. Huber and G. Herzber, Molecular Spectra and Molecular 

Structure ZV, Constants of Diatornic Molecules. Van Nostrand-Reinhold, 
New York (1979). Brackets indicate uncertain data. 

‘The large difference between D’(Sc-H) and D”(Sc-CH3) suggests 
that one or both of these values is unreliable. 

g P. B. Armentrout, in Laser Applications in Chemistry and Biophysics 
(Edited by M. A. El-Sayed), Proc. SPZE, 1986,620, 38. 

h Ref. 22. 
‘Ref. 3. 
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Figure 3 compares the neutral metal methyl 
BDEs with the ionic ones. A naive view holds that 
neutrals and ions having the same number of val- 
ence electrons might exhibit similar bond energies. 
This is clearly not the case in any quantitative 
fashion although it can be seen that both the neutral 
and ionic series each exhibit two minima in the 
periodic variation (at Mn and Zn, and at Cr+ and 
Cu’). What is surprising is that these minima are 
shifted in the opposite direction expected for iso- 
electronic species, i.e. Cr+ and Cu+ have two fewer 
electrons than Mn and Zn, respectively. These 
results can again be qualitatively understood using 
the promotion energy ideas. The key difference 
between the neutral metal atoms and the atomic 
metal ions is that the ground state configuration of 
the neutrals is generally 4~~3d”-~ while it is 3d” 
for the ions, e.g. Ti is 4s23d2 while V+ is 3d4. 
Thus, formation of a covalent M(b)-H(ls) bond 
involves promotion of a 4s electron out of a stable 
filled sub-shell. This means that the promotion ener- 
gies for the neutral atoms will ordinarily be higher 
than for the ions, e.g. E,(Ti) = 26 kcal mol- ’ while 
E,(V+) = 16 kcal mol-‘. As can be seen in Fig. 3, 
this means that the neutral BDEs are typically less 
than the ionic BDEs. The clear exceptions of Cr 
and Cu have 4s3d* and 4s3d” ground state con- 
figurations where the 4s electron is already in an 
orbital suitable for bonding, i.e. EP is relatively low 
(11 and 0 kcal mol- I, respectively). 

A plot of the neutral metal hydride bond energies 
vs promotion energy, defined as above, is shown in 
Fig. 4. The correlation is not as good as for the 
ionic metal hydrides, although the same general 
trend appears to exist. This and a related correlation 
to the electron affinity of the atomic metals has 

po- 
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Fig. 3. Periodic variation in the bond energies for ionic 
(closed symbols) and neutral (open symbols) first row 
metal methyl species. The arrow indicates a value which 

is an upper limit, 

Fig. 4. First row (closed circles) and second row (open 
circles) neutral transition metal hydride bond energies vs 
the atomic metal ion promotion energy to an sd” spin- 
decoupled state (see text). The triangle indicates a value 
for D”(Ti-CH3). The line is the linear regression fit 
representing the first row MH+ bond energies vs the 
promotion energy shown in Fig. 1. The arrow indicates 

a value which is an upper limit. 

been discussed previously.43*44 One reason for the 
reduced correlation may be a stronger contribution 
of 4p orbital character in the bonding of MH 
compared with MHf.46 At present, another likely 
factor is that the accuracy of the neutral thermo- 
chemistry is substantially less than for the ion 
thermochemistry. It will be interesting to keep 
track of this correlation as the thermochemical 
values improve. 

SECOND METAL-LIGAND BOND 
ENERGIES 

To understand oxidative addition and reductive 
elimination processes, it is important to know both 
the first and second metal ligand BDE. For radical 
species like hydrogen atoms and alkyls, the exper- 
imental determination of this second bond energy 
is unfortunately more difficult than determining the 
first BDE. Nevertheless, this type of information is 
available for several systems, Table 3. It can be seen 
that the first and second BDEs are quite similar for 
SC+, V+ and Co+, but very different for Zn+ . They 
may also be similar for Fe+ and Ni+, although only 
limits to the second BDEs are presently available. 

Promotion energy ideas can again qualitatively 
account for these results. EP for SC+ is small (3.5 
kcal mol-‘)27 and for ScR+ is z 0 since this species 
has only one non-bonding electron. For V+ and 
Co+, EP is 16 and 19 kcal mol- ‘, respectively, and 
for VR+ and CoR+, it is N 18 and N 26 kcal 
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Table 3. First and second bond dissociation energies for 
ML : species” 

M+-R D o(M+-R)b D ‘(RM +-R) 

SC+-H 56(2) 59(4) 
Sc+-CH, 59(3) 60(5)d 
V+-CH, 50(2) 48(5) 
Fe+-CH, 58(2) > 38(2)/ 
Co+-CH, 51(4) 59(5)9 
Ni+-CH 3 47(5) > 49(5)h 
Zn+-CH 3 71(3) 27(3)’ 

“Values are in kcal mol- ’ at 300 K. Uncertainties are 
in parentheses. 

b Values are from Table 1. 
‘L. Sunderlin, L. Aristov and P. B. Armentrout, J. 

Am. Chem. Sot. 1987,109,78. 
dL. Sunderlin and P. B. Armentrout, work in progress. 
‘N. Aristov and P. B. Armentrout, work in progress. 
fDerived from results of R. C. Bumier, G. D. Byrd 

and B. S. Frieser, J. Am. Chem. Sot. 1981,103,4360. 
gDerived from results of M. A. Hanratty, J. L. Beau- 

champ, A. J. Illies, P. van Koppen and M. T. Bowers, J. 
Am. Chem. Sot. 1988,110, 1. 

‘Derived from results of L. F. Halle, W. E. Crowe, P. 
B. Armentrout and J. L. Beauchamp, Organometallics 
1984, 3, 1694. 

‘Ref. 3. 

mol-‘,4’ respectively. Thus, the first and second 
bond energies should be comparable in these cases. 
For Zn+, the situation changes drastically. The first 
bond to Zn+ is strong since there is an unpaired 
electron in a 4s orbital (4s3d1 O configuration) and 
thus Ep = 0. Formation of a second covalent bond 
to Zn+ requires disruption of the filled 3d” shell. 
This leads to a very weak second bond. 

SUMMARY 

The measurement of gas phase BDEs of tran- 
sition metal species is just emerging from its infancy. 
The technological and theoretical tools neces- 
sary to obtain both accurate and precise values 
using beam techniques have only recently been de- 
veloped, as have competing methods (such as 
photodissociation’* and proton affinity measure- 
ments43,44). In combination with values from more 
established techniques (such as high temperature 
mass spectrometry4’ and spectroscopy), this gas 
phase thermochemistry provides a wealth of data 
which can be analysed for its periodic trends. As 
outlined above, these analyses can provide intrinsic 
bond energies for ionic and neutral metal hydrides 
(57-60 kcal mol- ‘), ionic and neutral metal 
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methyls [2-8 kcal mol- ’ higher than D’(MH+) 
for cationic species, and N 2 kcal mol-’ less than 
D,(MH) for neutral species], ionic metal methyl- 
idenes (= 94 kcal mol- ‘) and ionic metal meth- 
ylidynes (N 130 kcal mol- ‘). Further, the periodic 
trends can help to identify influential factors in 
determining the strength or weakness of a bond. 
These include electronic (essentially hybridization) 
and polarization effects. Continued studies on even 
more complex transition metal species should 
enable even closer relationships between gas and 
condensed phase thermochemistry to be forged. 
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Abstract-In this review we discuss recent results from our laboratory on the chemistry, 
photochemistry and thermodynamics of simple metal-ligand ionic species in the gas phase. 
Using laser desorption coupled to Fourier transform mass spectrometry, we have suc- 
cessfully generated numerous highly unsaturated metal-ligand ions including bare metal 
carbenes, methyls, hydrides, nitrenes and amides. The combination of photodissociation, 
ion-molecule reactions and other techniques has made possible the determination of a wide 
variety of metal-ligand ion bond dissociation energies. Reactivity studies on these species 
reveal gas phase catalytic cycles including olefin homologation and Fe+ catalysed pro- 
duction of N-C bonds from NH3, olefins and N20. General trends are observed in the 
reactions of MOH+, MH+, MCH:, and MNH: with alkanes; MO+ and MS+ with 
alkanes ; and MNH+, MCH: and MO+ with alkenes. 

Research in gas-phase transition metal ion chem- 
istry has undergone extremely rapid growth within 
the last ten years. Since the first observation of 
metal ion activation of saturated organic com- 
pounds by Allison, Freas and Ridge,’ transition 
metal ions and small organometallic ions have been 
observed to be highly reactive and interesting spec- 
ies.‘v3 Catalysing the growth in the understanding 
of these chemical systems has been the evolution in 
the types of instrumental techniques which are 
being brought to bear on this problem, including 
ion-beam techniques,4 Fourier transform mass 
spectrometry (FTMS)‘,6 and flowing afterglow.7 In 
addition, new advances in sources, including laser 
desorption’ and surface ionization,9 and in struc- 
tural techniques, including collision-induced dis- 
sociation (CID) lo and photodissociation, ’ ’ have 
begun to allow a more detailed study and under- 
standing of the energetics and mechanisms of gas- 
phase transition metal ion systems. 

In this review we discuss recent results from our 
laboratory on the chemistry, photochemistry and 
thermodynamics of a variety of gas-phase tran- 
sition metal-ligand ions. The Experimental section 
will include a discussion of laser desorption for the 
production of bare metal ions, Fourier Transform 
mass spectrometry for trapping and detection, and 

t Author to whom correspondence should be addressed. 

the methodology involved in collision-induced dis- 
sociation and photodissociation. The Discussion 
section will cover the methods used for preparing 
various highly unsaturated gas-phase metal-ligand 
ions, for determining ion structure and metal 
ion-ligand bond strengths by photodissociation, 
collision-induced dissociation and ion-molecule 
reaction studies, and for monitoring the gas-phase 
reactivity of metal ion-ligand species. Emerging 
trends in the last two areas will also be discussed. 

EXPERIMENTAL 

The majority of the results described in this paper 
were obtained on a prototype Nicolet FTMS-1000 
Fourier transform mass spectrometer equipped 
with a 5.2 cm cubic trapping cell situated between 
the poles of a Varian 15-in electromagnet main- 
tained at 0.9 T. A diagram of this cell along with 
the laser desorption source is shown in Fig. 1. The 
transmitter plates have been replaced by 80% trans- 
mittance screens to allow light from an arc lamp 
into the cell for photodissociation experiments. The 
screens only decrease the detected ion current by a 
small amount. Photodissociation experiments on 
Ni(Cp)(NO)+ (Cp = cyclopentadienyl) were car- 
ried out on a conventional ion cyclotron resonance 
(ICR) spectrometer operated in the trapping mode. 
Some of the reactivity studies on the transition 
metal-amide complexes were performed on a newly 
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Receiving 
plates 

Fig. 1. Diagram of the FTMS trapping cell showing laser 
irradiation of metal targets for production of metal ions. 
Receiving plates have recently been replaced by 80% 
transmittance screens to permit irradiation of the cell 
with light from an arc lamp for photodissociation experi- 

ments. 

acquired Nicolet FTMS-2000 Fourier transform 
mass spectrometer equipped with a differentially 
pumped dual cell configuration and a 3.0 T super- 
conducting magnet. 

The theory and instrumentation of ICR spec- 
trometry and FTMS have been the subject of a 
number of recent reviews. ’ 2 Briefly, an ion in a 
magnetic field is constrained to a circular orbit at a 
characteristic frequency proportional to the mag- 
netic field and inversely proportional to the mass- 
to-charge ratio (m/z) of the ion. If the ion is placed 
between two plates and a radio frequency (rf) field 
having the same frequency as the cyclotron fre- 
quency of the ion is applied to the plates, the ion 
will absorb energy and its velocity and radius of 
orbit will increase. This process is used in four main 
ways in our laboratory, (1) ion detection, (2) ion 
ejection, (3) collision-induced dissociation and (4) 
to study endothermic reactions. 

In FTMS, detection is achieved by first exciting 
all of the ions to a larger orbit by applying what is 
termed an rf “chirp”, a (r2.5 MHz sweep in N 0.5 
ms. 5 This process also results in the ions moving in 
a coherent fashion, whereby each ion of the same 
m/z is in the same position in its orbit. The coherent 
motion of the ions induces an oscillating signal 
(image current) on the two receiving plates, see Fig. 

1 m/z - 

Fig. 2. Schematic depiction of the basic principles of 
FTMS. Coherent motion of ions in the cell produces 
an image current signal which is digitized and Fourier 
transformed. The result is a frequency or mass spectrum. 

2. This signal is amplified, digitized and sent to the 
computer, where it is Fourier transformed pro- 
ducing the frequency domain or mass spectrum. 

Ion ejection is a process where a high energy rf 
pulse excites selected ions to orbits larger than the 
size of the cell causing them to be annihilated (neu- 
tralized) on the cell plates. ’ 3 Using this technique, 
an ion of specific m/z can be isolated from a whole 
population of ions by ejecting all of the other ions 
from the cell. This allows the selected ion to be 
further investigated without complications from the 
other ions. 

Collision-induced dissociation (CID) also in- 
volves excitation of a selected ion at its cyclotron 
frequency by an rf pulse. iocb) The kinetically excited 
ion is then permitted to collide with a target gas, 
which is usually argon maintained at a static back- 
ground pressure of N 1 x lo- 5 tort-, after which it 
then undergoes fragmentation. The resulting frag- 
ment ions will often be diagnostic of the parent 
ion structure. However, rearrangements can occur 
prior to fragmentation and, thus, structures cannot 
always be unambiguously assigned from CID 
alone. 

A technique similar in operation to CID can be 
used to synthesize ions by endothermic reactions. I4 
A metal ion can be accelerated by an rf pulse at its 
cyclotron frequency in the presence of a reagent 
gas, as exemplified by reaction (1). 

(Sc+)7’+C2H6 + ScH+ +C2H5. (1) 

This allows formation of many metal-ligand ion 
species which cannot be prepared directly from 
thermalized ions by exothermic reactions (e.g. 
ScH+). Another advantage of this technique is that 
the threshold energy observed for process (1) yields 
a value for the bond energy of the product (e.g. 
D’(Sc+-H)). 

We have found pulsed laser desorption/ion- 
ization to be a particularly convenient method for 
generating virtually any metal ion from its pure 
metal rod or foil for study by FTMS. The fun- 
damental (1064 nm) or frequency doubled (532 nm) 
output of a pulsed Quanta Ray Nd : YAG laser is 
used for production of metal ions. However, the 
process is essentially independent of the wavelength 
and simply requires sufficient laser power, N 10’ W 
cmw2 . Metal ions produced at high laser powers can 
have excess kinetic and electronic energy.lS The 
photodissociation studies described here, there- 
fore, were carried out using a high background 
pressure of buffer gas ( N 1 x lo- 5 torr Ar) to permit 
the ions to undergo thermalizing collisions. Similar 
precautions were taken for the reaction studies and, 
in many cases, also involved reisolation of metal- 
ligand precursors after trapping N 250-500 ms 
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in - 1 x lop6 torr reagent gas. Non-composite 
pseudo first order decay kinetic plots indicated that 
these methods produce predominantly thermalized 
ions, although a small population of non-thermal 
ions cannot be completely ruled out. Another poss- 
ible source of non-thermal ions is from exothermic 
reactions. l6 For example, when thermalized Fe+ 
reacts with cyclopentene to form Fe(cyclopenta- 
diene)+, reaction (2), much of the reaction exother- 
micity (- 25-30 kcal mol- ‘) remains with the ionic 
product. 

Fe++c-CSH, +(Fe(c-CsH6)+)*+Hz. (2) 

The evidence for this is that the Pe(c-C,H,)+ prod- 
uct ion exhibits non-linear kinetics in its subsequent 
reactions. Trapping the (Fe(c-C5H6)+)* in excess 
argon prior to reaction, however, cools the ion and 
yields linear kinetic plots. 

Reagents used for formation of metal-ligand ions 
are admitted into the trapping cell through a 
General Valve Corp. series 9 pulsed solenoid valve. 
This allows the reagent to be pumped away prior 
to isolation of the appropriate metal-ligand ion, 
eliminating any complicating secondary reactions 
with that reagent during subsequent reaction 
sequences. A second pulsed valve has just been 
installed on our FTMS-1000 to permit even more 
control over the preparation of various reactant 
ions as exemplified below. Pulsed valve intro- 
duction of the reagents in FTMS has been pre- 
viously discussed in detail. ’ 7 

Photodissociation experiments are performed 
by irradiating the trapped (typically 2-10 s) ions 
with light from a 2.5 kW Hg-Xe arc lamp, used in 
conjunction with a Schoeffel 0.25 m mono- 
chromator set for 10 nm resolution. Photodis- 
sociation spectra are obtained by monitoring the 
appearance of ionic photoproducts as a function 
of the wavelength of light. Photodissociation 
onsets (the longest wavelength at which photo- 
products are observed) are confirmed using white 
light and cut-off filters. 

DISCUSSION 

Zon synthesis 

In our laboratory, gas-phase metal-ligand ions 
are prepared by one of three techniques, (1) from 
exothermic reactions,” (2) by CID of larger organo- 
metallic ions, lg or (3) from endothermic reactions 
driven by kinetic excitation.iqb) Though (1) is the 
simplest and most commonly used method for the 
synthesis of ions, (2) and (3) allow generation of 
ions inaccessible by (1). For example, no reagent 
gas has yet been found to generate MH+ (M = Fe, 
Co, Ni) in appreciable quantities directly by exo- 

thermic reaction with M+. 

M++CH,ONOaMOCH: 

TMH++CH,O (3) 

(M = Fe, Co, Ni). 

Collisional activation of MOCH:, generated from 
methyl nitrite, however, produces MH+ in large 
abundance, [reaction (3)].“(@ As an example of 
method (3), CrCH: can be generated by accel- 
erating Cr+ into cyclopropane, reaction (4).16 

(Cr+)++c-C3H6 + CrCH: +C2H4. (4) 

CrCH: has not yet been observed as a reaction 
product from any exothermic reaction of Cr+. 

One difficulty often encountered in ion synthesis 
is secondary reactions with the parent neutral. For 
example, FeOH+, formed in reaction (5), reacts 
further with CHsNOz as in reactions (6)--(g). These 
secondary reactions can obscure any reactivity 
studies which would subsequently be done on 
FeOH+ and renders photodissociation experi- 
ments impossible. This problem can be circum- 
vented, however, by adding the initial reagent 
through a pulsed valve so, during the formation and 
isolation of the ion of interest (e.g. FeOH+), the 
reactant gas (e.g. CHsNOz) is pumped away. The 
selected ion can then be permitted to react with a 
second reagent in the absence of the first. 

Fe++CH,NO* * FeOH++CH,NO 

rFe(OH): +CH,NO 

(5) 

(6) 

FeOH++CH3N02 
Fe(OI-I)(H,O)++CHNO (7) 

FeCH2NO; +HzO (8) 

LFe(OH)(CH,NO,)+. (9) 

A typical reaction sequence is shown in Fig. 3. 
Initially, the laser and the first pulsed valve are fired. 
Thus, M+ (in this case Fe+) is formed in the pres- 
ence of a high pressure of the first reagent gas (in 
this case NzO). After an appropriate reaction period 
(- 400 ms), this reagent is pumped away and ML+ 
(FeO+ in this case) can be isolated by swept double 
resonance ejection pulses. At this point, ML+ can 
undergo reaction with a second reagent gas which is 
either present at a lower static background pressure 
(- 1 x lo- 6 torr), or is pulsed in by the second 
pulsed valve. One possibility is that the second 
reagent gas is required to prepare the desired reac- 
tant ion. For example, Fig. 3(d) shows formation 
of FeNH+ from the reaction of FeO+ with NH3, 
which has been introduced via a second pulsed 
valve. After isolation, the ion of interest is reacted 
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Fig. 3. Reaction sequence for gas-phase synthesis of FeNH+. (a) Laser desorption of iron foil to 
produce Fe+ (peaks at m/z = 52, 58 and 60 are due to impurities of Cr and Ni). (b) Reaction of Fe+ 
with N,O to produce FeO+. (c) Isolation of FeO+. (d) Reaction of FeO+ with NH3. (e) Isolation of 

FeNH+. 



Simple metal-ligand ions in the gas phase 1587 

with a background reagent gas. The final product 
ions may then be structurally interrogated by a 
variety of methods as discussed below. 

Structural determination 

In general a mass spectrum only reveals the mass- 
to-charge ratio of ions. In order to verify a proposed 
reaction mechanism, however, it is clearly necessary 
to determine both reactant and product ion struc- 
tures. No one technique can definitively determine 
all ion structures, so a number of useful methods 
have been developed. 

Collision-induced dissociation and photo- 
dissociation. Daughter ions produced upon frag- 
mentation of ions will often be diagnostic for parent 
ion structure. Energy sufficient for dissociation can 
be put into an ion via energetic collisions (CID) or 
photons (photodissociation). These two techniques 
are very complementary, since they often produce 
significantly different dissociation products due to 
the nature of the excitation processes.*’ The low 
energy CID process is a multi-collision process and, 
as such, involves sequential addition of rotational 
and vibrational energy to the ion. This is in contrast 
to photodissociation’where initially the ion under- 
goes an instantaneous electronic excitation. For 
example, MCH: (M = Fe, Co) undergoes CID via 
direct cleavage of CH2 to produce M+, reaction (lo), 
whereas photodissociation of MCH: produces 
MCH+, MC+ and M+, reactions (11)-(13).*’ 

MCH: ----+ Ar M++CH2 

O-100 eV laboratory collision energy (10) 

MCH:+hv 

E 

MCH++H’ (11) 

(M = Fe, Co) MC+ +H2 (12) 

M+ +CH2. (13) 

As a further illustration of these methods, photo- 
dissociation and collision-induced dissociation have 
been used to differentiate four NiC4Hl isomers 
generated by reactions (14)-(17). *O*** 

Nit + N - NiC,Hi + H, (14) 

Ni+ + + - Ni&,HA t CH4 (15) 

Nit + _ - NiC,Hi + C,He 
(16) 

0 

- NiC,Hg + CO (17) 

A comparison of the neutral losses upon collision- 
induced and photo-induced dissociation of these 
isomers is given in Table 1. The photodissociation 

Table 1. Neutral losses from collision-induced dis- 
sociation and photodissociation of four NiC,Ht isomers 

Structure 
Neutral losses 

CID PDS 

II-Ni’-11 

Ni’ 
3 

H2 H2 

C2I-L C2I-L 

GH, GHs 

spectra of these ions are shown in Fig. 4(a)-(d). 
Photodissociation has an additional advantage in 
structure differentiation in that differences in the 
photodissociation spectra, as well as different 
photoproducts, will often be observed. In addition, 
photodissociation spectra are characteristic of the 
ion structure prior to excitation and, therefore, are 
less susceptible than CID to misinterpretations due 
to rearrangements. 

The proposed structures (I-IV) are shown for the 

II-Ni”11 Ni* $( Ni’-{ 

(1) (III cm (lx) 

reaction 14 reaction 15 reaction 16 reaction 17 

products of reactions (14H 17). As can be seen in 
Table 1, CID and photodissociation both can easily 
differentiate the four isomers. Also evident, as in 
the FeCH: example discussed above, these two 
techniques can produce different fragments from 
the same ion. For example, Ni(isobutene)+ under- 
goes photodissociation to lose CH4 as well as the 
entire ligand, whereas CID produces only direct 
cleavage of the isobutene. This is also interesting in 
light of an endothermic reaction study of Co+ 
with isobutene which showed formation of CoC,H$ 
with loss of CH4.23 

Two isomers of Fe&Hz have also been inves- 
tigated by photodissociation. Fe(butadiene)+ can 
be generated by reaction (18), and undergoes CID 
via direct cleavage of butadiene. 

Fe* t /v/ - Fe’> 
> / 

t H2 (18) 

The photodissociation spectrum for this ion, which 
produces Fe+ exclusively, is shown in Fig. 5(a). 
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Fig. 4. Photodissociation spectra of four NiC4HQ isomers. (a) Ni(bis-ethylene)+. (b) Ni(isobutene)+. 
(c) Ni( 1 -butene)+ . (d) Nickel metallacyclopentane+ . 

Electron impact ionization of trimethylene- 
methane(iron)tricarbonyl at 30 eV electron energy 
produces FeC,Hi, reaction (19). 

_& Fe (CO), 
30 ev 

- FeC,H6+ + 3 co (19) 

Collision-induced dissociation and photodis- 
sociation both yield loss of C2H2, CzH4 and C4H6. 
The photodissociation spectrum for this ion is 
shown in Fig. 5(b). These observations, along with 
the observation of the displacement of CzH4 by l- 
butene, reaction (20), indicate the ion produced in 
reaction (19) may have rearranged upon electron 
impact to an iron-ethylene-acetylene complex, 
structure (V). 

FeGH$ +N 

+ Fe(C2H2)(C4H8)+ +C2H4. (20) 

In any event CID and photodissociation provide 
clear evidence for the existence of at least two 
FeC,Hz isomers. 

II -Fe+- III 

Ion-molecule reactions. In analogy to solution 
phase qualitative analysis, ion-molecule reaction 
chemistry can be used to differentiate isomers, since 
they will generally display different reactivities. The 
main two methods used in this category are H/D 
exchange reactions24 and ligand displacement reac- 
tions. H/D exchange is performed by trapping a 
selected ion in a static background of a deuterating 
reagent such as D2, C2D4, or C3D6. The number of 
exchangeable H atoms will be characteristic of the 
ionic structure. For example, RhC3Hz reacts with 
D2 to exchange 5 H atoms, reaction (21), providing 
evidence for a rapid equilibrium between the 
hydrido-ally1 structure (VI) and the propene struc- 
ture (VII).2qa) 

RhC,H; + 5D, -+ RhC,HD; + 5HD. (21) 

H - Rh’- j = Rh+-)I 

I=) (=I 

Another interesting example involves the reac- 
(VI tions of Fe+, Co+ and Ni+ with cyclobutanone to 
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Fig. 5. Photodissociation spectra of two FeC4Hz isomers. (a) Fe(butadiene)+. (b) FeC,H: generated 
from electron impact on trimethylenemethane(iron)tricarbonyl. 

generate MC,H,f, reaction (22).25 

0 

IA++ 
t) 

- M&H; + CO (22) 

Using C2D4 as the deuterating reagent, it was found 
that FeC3Hz generated in this way has a stable 
metallocyclobutane structure (VIII), while Co&H: 
and NiC3Hz apparently isomerize to the propene 
structure (IX). The implications of these results are 
discussed by the authors, as well as the differ- 
entiation of other isomeric ions. 

0 M+- 1 
I 

I=) (PI (M=Co,Nil 

Ligand displacement, as shown in reaction (20), 
will produce displacement of a more weakly bound 
ligand by a more strongly bound ligand. For 
instance, benzene will displace an H atom from 
Co+. CoNH$ reacts with benzene to displace NH2, 
exclusively, suggesting that CoNH: has an amide 
structure (X) and not a hydridonitrene structure, 
(XI).26 

Co+-NH2 H-Co+-NH 

gr) (XV 

Another prime example by Beauchamp and cowork- 
ers was the differentiation of structures I and IV 
using HCN as the reagent gas.27 In this case struc- 
ture I was observed to undergo the sequential dis- 
placement of one and then two molecules of C2H4 
with HCN, while structure IV is completely unre- 
active with HCN. This result provided significant 
evidence for the notion that bare metal ions can 
undergo C-C insertion in alkanes. An extension 
of this work was performed in our laboratory on a 
variety of Fe+, Co+ and Ni+ olefin complexes.3(d)*u 

Techniques for the determination of metal-ligand 
bond strengths 

The determination of absolute bond energies for 
metal-ligand systems is of primary importance to 
organometallic chemistry. Bond energies aid in 
understanding structure and bonding as well as in 
determining the feasibility of various reaction 
mechanisms. 

Several complementary techniques have been 
developed for the determination of metal-ligand 
bond energies of ionic species in the gas phase 
including : (1) appearance potentials,28 (2) thermal 
ion-molecule reactions, ‘a(b),(C) (3) endothermic reac- 
tion thresholds, 4,‘4 (4) ligand equilibria,2g*30 (5) pho- 
todissociation thresholds20*31 and (6) competitive 
CID.32 Methods (2) and (5) are the main techniques 
used in our laboratory and are, therefore, described 
in the greatest detail below. 

Photodissociation. Photodissociation, process (23), 

AB++hv+A++B (23) 

is controlled by three factors : (a) the ion must first 
absorb a photon, (b) the photon energy must exceed 
the enthalpy for process (23) and (c) the quantum 
yield for photodissociation must be greater than 
zero. Thus, photodissociation cut-offs can be attri- 
buted to either spectroscopic or thermodynamic 
factors. If the first allowed electronic state lies above 
the energy for process (23), then the photodis- 
sociation threshold will be determined by spec- 
trokopic factors (see Fig. 6) and yield only an upper 
limit for the enthalpy of process (23). If an allowed 
electronic state lies at the same energy as process 
(23), or a high density of states lies in this energy 
range, then the threshold will be determined by 
thermodynamic factors and will yield an absolute 
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Fig. 6. Energy level diagram showing cases where photo- 
dissociation thresholds are determined by spectroscopic 
factors, due to a low density of low-lying electronic 
states (left) and thresholds determined by ther- 
modynamic factors due to a high density of low-lying 

electronic states (right). 

value for the bond energy. In general, photodis- 
sociation onsets of organic ions tend to be spec- 
troscopically determined, while data from our lab- 
oratory suggest that many metal ion species yield 
thermodynamic thresholds. Due to the presence of 
the metal, a high density of low-lying electronic 
states results in a broad absorption in the vicinity 
of the bond dissociation energy. For example, the 
photoappearance spectrum for Fe+, obtained by 
irradiating FeO+, is shown in Fig. 7. The threshold 
at 420& 10 nm implies D’(Fe+-0) = 68 f 5 kcal 
mall I, in excellent agreement with a value of 
D’(Fe+--O) = 68 f3 kcal mol- ’ obtained in an 
ion-beam study by Beauchamp et al. 33 This clearly 
indicates that the threshold is due to the ther- 

Energy (kcal mol-‘) 

Wavelength (nm) 

Fig. 7. Photodissociation spectrum of FeO+ with the 
threshold at 420 nm indicating D”(Fe+-O) = 68 + 5 

kcal mol- I, 

modynamics of the photodissociation process, 
involving a simple bond cleavage to produce ground 
state products. 

Often, multiple products are observed from pho- 
todissociation. For example, FeCH: undergoes 
photodissociation in the vis-UV region to give three 
product ions, reactions (24)-(26). 2’ 

FeCH: + hv 

E 

FeCH+ + H’ (24) 

FeC+ +H2 (25) 

Fe++CH,. (26) 

For this type of situation, each photoproduct can 
be measured as a function of wavelength. If rapid 
internal conversion to a vibrationally excited 
ground state occurs with subsequent randomization 
of the energy, then thresholds for higher energy 
photoproducts can also yield absolute thermo- 
dynamic values. Photoappearance spectra for 
reactions (25) and (26) are shown in Fig. 8. Photo- 
dissociation thresholds for FeCH+ and FeC+ 
imply D’(Fe+-CH) = 101 + 5 kcal mol- ’ and 
D o(Fe’-C) = 94 _+ 5 kcal mol- ‘, in reasonable 
agreement with D’(Fe+-CH) = 115 +20 kcal 
mol- ’ 34 and D’(Fe+-C) N 89 kcal mall ’ 34 
obtained from ion-beam experiments. These results 
indicate that, for FeCH: at least, the thresholds for 
higher energy products can be attributed to ther- 
modynamic factors. 

Ion-molecule reactions. In the gas phase, the 
attraction between an ion and the permanent 
and/or induced dipole of the neutral is long range 
and in general leads to an interaction with little 
or no activation barrier. Thus, if an ion-molecule 
reaction is observed in the gas phase, the free energy 
of reaction (27) can be assumed to be negative. 

A++B+C++D AG,,, < 0. (27) 

Energy (kcal mol-‘) 

110 

4 

Wavelength 1 nm) 

Fig. 8. Photoappearance spectra for FeCH+ and FeC+ 
produced upon photodissociation of FeCH$. 
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Furthermore, since entropy effects are often neg- 
ligible, the enthalpy of the reaction can also be 
assumed to be negative. Thus, limits on the heats 
of formation can be derived from the observation 
of a reaction. For example, from the observation of 
reaction (28) 

(M = Fe,Co) MOH++NH3 

+ MNH: + H,O (28) 

and using the known heats of formation for HzO, 
NH3 and MOH+, AHAMNH:) can be derived 
from eq. (29). 

AH,(MNH:) < AZ+(NH,) 

+ AH/(MOH+) -AHf(H20). (29) 

Then, from A,HJMNH:), lower limits for the bond 
energies of D ‘(Co+-NH,) > 56 & 3 kcal mol- ’ 
and D’(Fe+-NH,) > 58 & 3 kcal mol- ’ are 
obtained.26 Upper limits can also be derived using 
a similar procedure. 

FeNH: +propene + Fe(allyl)+ +NH3. (30) 

Reaction (30), for example, indicates 
D’(Fe+-NH,) c 72k7 kcal mol- ‘, using pre- 
viously reported heats of formation for the other 
species. Finally, from the upper and lower brackets, 
a value of D ‘(Fe+-NH,) = 67 + 12 kcal mol- ’ is 
obtained. 

Two important ion-molecule reactions fre- 
quently used to determine thermochemistry are 
proton transfer3’ and ligand displacement 
reactions.‘9(b) An example of the former is the reac- 
tion of MOH+ (M = Fe, Co) with various bases, 
reaction (3 1) : 

MOH+ + B + MO+ BH+ (B = various bases). 

(31) 

For CoOH+, proton transfer is observed with 
pyridine or stronger bases but is not observed 
with 1-propylamine or weaker bases indicating 
PA(pyridine) > PA(Co0) > PA( I-propylamine). 
Using this result in eq. (32) yields D ‘(Co+-OH) = 
71+6 kcal mol-‘, in good agreement with 
D’(Co+-OH) = 71+ 3 kcal mol- ’ obtained from 
photodissociation. 3 ’ 

AH,(MOH+) = AH,(MO) 

+AH,(H+)-PA(M0). (32) 

Ligand displacement reactions can also be 
used to determine bond energy limits, as in reac- 
tion (33), which indicates 68+5 kcal mol- * = 
D ‘(Co+---benzene) > D ‘(CO+-NH~).~~ 

CoNH: + benzene + Co(benzene)+ +NH;. 

(33) 

Thermodynamic information derived from ion- 
molecule reactions must clearly be viewed with cau- 
tion. Absence of a reaction may be due to kinetic 
and not thermodynamic factors. Competing reac- 
tion channels may prevent observation of all exo- 
thermic pathways. Also, ion-molecule reactions 
which are slightly (l-3 kcal mol- ‘) endothermic can 
still be observed, though they will proceed very 
slowly (k” < 5% of Langevin rate).35336 This is 
because the equilibrium is being driven by an infi- 
nite excess of one reagent. For example, in the 
CoOH+ case, reaction (3 l), no Co0 is present to be 
reprotonated by BH+, so thermoneutral or slightly 
endothermic reactions can be observed. Finally, as 
discussed earlier, care must be taken to ensure that 
the reactant ions are thermalized. Thus, it is impor- 
tant to have other techniques to verify thermo- 
chemical values. 

Other techniques. The most common method 
used to corroborate the thermodynamic results 
obtained by photodissociation and ion-molecule 
reactions is competitive CID. This technique was 
first developed by Cooks and coworkers to obtain 
proton affinity information,32 but can be gener- 
alized to other cation affinities (including metal 
ions) and anion affinities. In particular, a metal 
cation centre which contains two ligands will under- 
go collisional activation via competitive loss of the 
ligands. In general, loss of the more weakly bound 
ligand should be favoured in the dissociation 
process. For example, CID of Mg(EtOH)(n- 
PrOH)+ favours production of Mg(n-PrOH)+ over 
Mg(EtOH)+ indicating D ‘(Mg+--n-PrOH) > 
D”(Mg+-EtOH).37 A second example is the 
observation that CID of CoC,H: yields CoC6Hc 
indicating 52 +4 kcal mol- ’ = D’(Co+-H) < 
D ‘(Co+--benzene). 1B(b) One difficulty with this ap- 
proach has recently been suggested. Restrictions 
on the change in angular momentum during the 
dissociation process may affect the relative rates of 
dissociation and hence the product distributions, 
regardless of the relative bond dissociation ener- 
gies. 38 

Another powerful approach, which yields accu- 
rate relative bond energies, is to determine the equi- 
librium constant for ligand displacement, as exem- 
plified by reaction (34). 

Mg(i-PrOH)+ + n-BuOH 

kl\ Mg(n-BuOH)+ + i-PrOH. 
k, 

(34) 

This value can be obtained from the ratio of the 
partial pressures of the ligands in the cell and from 
the ratio of the steady-state ion populations at equi- 
librium. K& can also be obtained from the relation 
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J& = k,lk,, by measuring the forward and reverse kcal mol- ’ determined by photodissociation.” 
rate constants for reaction (34) in two separate Results from measuring endothermic thresholds 
experiments. From AG = -RT 1nK and again using FTMS must be viewed with caution, 
assuming AS is small, an accurate value ( + 0.1 kcal 
mol- ‘) for the difference in binding energies for the 

however, since the spread in translational energies 
in the instrument is not well characterized and the 

two ligands can be obtained. Table 2 shows the signal-to-noise is low near threshold. In addition, 
ladder of relative bond strengths for various oxygen the elimination of barriers, which normally accom- 
bases bound to Mg+ obtained by ligand exchange panies thermal reactions due to the formation of an 
equilibria. 37 The absolute bond energies shown in intimate ion-induced dipole collision complex, may 
the table were derived from photodissociation ex- not occur at higher energies where scattering type 
periments. collisions occur. 

Finally, endothermic reactions can be used to 
determine metal-ligand bond strengths. For 
example, translationally excited Co+ reacts with eth- 
ane as in reaction (35). 

Summary of thermodynamic results 

(Co+)++C,H, --+ CoCH; +CH;. (35) 

The threshold energy for production of CoCH: of 
1.82 + 0.62 eV gives the endothermicity for the reac- 
tion.lyb) From the known heats of formation for the 
other species, D ‘(Co+-CH3) = 46 + 14 kcal mol- ’ 
was obtained, in comparison to D’(Co+-CH,) 
= 61 f4 kcal mol- ’ obtained from an ion- 
beam experiment3’ and D’(Co+-CH,) = 57+7 

As discussed above for photodissociation and 
ion-molecule reactions, there are assumptions 
made for every technique and spectroscopic, kinetic 
and other factors may be the controlling influence 
as opposed to thermodynamic factors. For this 
reason, it is essential that each thermodynamic 
value be checked by as many techniques as possible. 
Table 3 lists the results obtained in our laboratory 
by photodissociation, ion-molecule reactions, 

Table 2. Relative and absolute gas phase ligand binding energies to Mg+ for 
various organic molecules” 

Ligand (L) Measured AG,,,.,wb 
D’(Mg+-L) 
Rel.’ Abs.d 

MeCOEt 

Me&O 

THF 

Et,0 

n-PrCHO 

n-BuOH 

EtCHO 

i-PrOH 

n-PrOH 

MeCHO 

EtOH 

MeOH 

7.64 68 

6.40 67 

5.41 66 

5.16 66 

4.60 66 

3.87 65 

3.67 65 

3.59 65 

2.95 64 

2.28 63 

1.77 63 

0.00 61 

a All data are in kcal mol- I. 
‘For the equilibrium reaction (34) in text. 
‘Values (kO.2 kcal mol- ‘) are relative to D’(Mg+-MeOH) = 0.00 kcal mol- I. 
d Absolute values ( f 5 kcal mol- ‘) assigned from photodissociation results, see 

text. 
‘Tetrahydrofuran. 



Table 3. Bond dissociation energies for various gaseous ions obtained by various methods (see text). All values in 
kcal mol- ’ 

Bond PDS 
I-M Competitive Endothermic 

reactions CID reactions Ref. Lit. Ref. 

Co+-CH, 
Co+-CH 
co+-C 
Fe+-CH, 
Fe+-CH 
Fe+-C 
Rh+-CH* 
Rh+-CH 
Rh+-C 
La+-CH z 
La+-CH 
La+-C 
Nb+-CH* 
Nb+-CH 
Nb+-c 
Fe+-S 
co+-s 
Ni+-S 
Fe+-CH3 
Co+-CH, 
Co+-CH&N 
Fe+-0 
NiCp+-NO 
Fe:-H 
V+-CsHs 
VCsH:-CsH6 
Co+-C6Hs 
Fe+-&H, 
Fe+-H 
Ni+-C3HS 
Fe+-butadiene 
Ni+-2&H., 
Rll+-&Hh 
Nb+-&H, 
Co+-OH 
Fe+-OH 
Fe+-(c-C,H,) 
co+-Cp 
cocp+-Cp 
CoCp+-butadiene 
Co+-butadiene 
Co+-+H, 
Co-CH, 
Co+-toluene 
Fe+-Cp 
Fe +-NH z 
Co+-NH2 
V+-NH 
VN-H+ 
V-N 
Fe+-NH 
FeO-H+ 
Co&H+ 

84*5 
100+5 
90f5 
82k5 

lOlf5 
94+5 
89&5 

102*7 
> 120 
106+5 
125f8 
102+8 
109+5 
145f8 
> 88 
65+5 
62k5 
60+5 
65+5 
57f7 

>61+4 
68*5 

< 43*3 

62+5 
57&7 
68+5 
55*5 

c 60 
48k5 
80+5 
66k7 
66f7 
71+3 
73*3 
51+5 

61+5 

81+7 

94+5 

164f 16 
> 93 

112+5 

74 > x > 59 
74 > x > 59 

> 49 

66f7 

> 55 
60 > x > 45 

74+2 
> 49 
>60 

71&6 
77*6 

46+14 

52k16 

> 48 

55*5 

< 73 

85+ 10 
118+10 

> 57 
< 52 
> 72 

49+11 
> 48 

> 66 
67+12 
65+8 

lOOf 
220+7 
1lOf 10 
54+ 14 

219+5 
219+5 

14(b), 21 84k7 57 
21 
21 98 34 
21 96*5 58 
21 115f20 34 
21 89 34 

49,50 
50 

50,59 
50,54 

50 
50 

50, 51 
50 
50 
48 
48 
48 
20 69+5 60 

14(b), 20 61+4 33 

19(b) 
20 68f3 33 
56 41.9+ 1 61 

14(b) 
20,47 

20 
18(b), 19(b), 20 

20 

18(b) 47&4,60&3 62,63 
20 
20 
20 

16,24(a) 
16 
31 
31 
16 
53 
53 
53 

18(a) 
18(a) 
18(a) 
44 

18(b) 
26 
26 
16 
16 
16 
16 
31 
31 

PDS = photodissociation. 
I-M Reactions = ion-molecule reactions. 
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endothermic reaction thresholds and competitive 
CID. These values are also compared where avail- 
able with other literature values, primarily from 
ion-beam experiments, and good agreement is 
observed in general. 

Of particular note are the high bond strengths of 
MNH: (M = Fe, Co). Primary amide complexes 
of later transition metals have not been observed in 
condensed phase, which has been attributed to the 
unfavourable nitrogen p/metal d interaction which 
would presumably make the M-N bond extremely 
weak.40 Furthermore, earlier gas-phase studies had 
also suggested the possibility of an extremely weak 
Co+-NH2 bond (< 19 kcal mo1-‘).41 CH&N 
displaces CH; from CoCH: but does not displace 
NH; from CoNH: in accordance with the bond 
energies in Table 3 indicating D’(Co+-NH2) > 
D”(Co+-CH3). This trend is the opposite of that 
observed in solution studies. 42 

An interesting correlation for the determination of 
bond energy/bond order relationships has recently 

f 

3 
+’ 
> 

“9 

‘5Or- (a) 

2 

B 

I 
0 100 200 300 

240- 

^ zoo- 

5 

E 

d 
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_J 
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c' 
I Elo- 

c? 
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DO(H,C-L) (kcal mol-‘1 

o-Nb 

l -Rh 

1 I I I I I I I I 
20 60 100 140 180 220 260 300 

Do ( H,,C -L 1 ( kcol mol-’ 1 

been suggested by Aristov and Armentrout.43 Plots 
of M+---L bond energies versus those of the cor- 
responding carbon analogues are observed to be 
linear with distinct regions appearing which cor- 
respond to single, double and triple bonds. Using 
the values from Table 3, plots for Fe+, Co+, Rh+, 
Nb+, La+ and V+ are shown in Fig. 9(a)-(d). Single 
bond regions are defined by M+-H bonds and 
double bonds are defined by M+-CH2 bonds, in 
line with recent theoretical results. One immediate 
feature of these plots is the propensity of early tran- 
sition metal ions to form multiple bonds to oxygen 
and nitrogen containing ligands, in contrast to their 
later transition metal counterparts which form pri- 
marily single bonds. This is believed to be due to 
the empty d-orbitals in the early transition metals 
which are available for multiple bonding. 

Interestingly, this type of correlation is also 
observed for the neutral V-L species (see Fig. 10). 
Thermochemical values for VN were derived using 
reactions (36)-(38) and the other data used were 

240- (b) 
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E 
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Fig. 9. Correlation of metal ion-ligand bond dissociation energies (D’(M+-A) with the 
corresponding carbon analogues D’(H&--A). (a) V+--L. (b) Fe+-L, Co+-L. (c) Nb+-L, 

Rh+-L. (d) La+-L. 
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Fig. 10. Correlation of the neutral vanadium-ligand 
bond dissociation energies with the corresponding 

carbon analogues. 

taken from the literature. 

V++NH3 +VNH++H* 

implies D ‘(V+-NH) > 93 kcal mol- ’ (36) 

VNH++H,O-+VO++NH, 

implies D’(V+-NH) < 107 kcal mol-’ (37) 

VNH++B-+VN+BH+ 

implies PA(VN) = 220 & 6 kcal mol- ‘. (38) 

These plots must be viewed with caution, though. 
The idea that M+-L bond energies should cor- 
relate with their organic analogues is clearly an 
oversimplification, as multiple bonds in con- 
densed phase inorganic species are often weaker 
than single bonds. 

Reactivity of ML+ 

In this section we will discuss the reactivity of 
various ligated atomic metal ions (M = Fe, Co, Ni, 
V, Rh, Nb, La; L = H, CH3, NH2, OH, 0, S, 
NH, CH2, n-type ligands) with various alkanes and 
alkenes. First a discussion of the reactivity of bare 
atomic metal ions will be useful for comparison. 

There have been numerous studies of the 
reactivity of atomic metal ions with organic 

compounds, ’ making possible a good under- 
standing of the driving force behind their reactivity. 
By far the most heavily studied metal ions have 
been Fe+, Co+ and Ni+. These metal ions react 
with hydrocarbons predominantly by attacking 
the C-C bonds, as exemplified by the proposed 
mechanism in Scheme 1. This is in contrast to 
solution where organometallic complexes of 
these metals only activate C-H bonds. One 
explanation for the gas phase behaviour is that 
C-C bond insertion is more thermodynamically 
favourable than C-H insertion, since C-C 
bonds are weaker than C-H bonds and M+-alkyl 
bonds are stronger than M+-H bonds. 

In contrast to the reactivity of the first row groups 
8-10 metal ions, the other metal ions studied to 
date have been observed to predominantly activate 
C-H bonds in hydrocarbons. A survey of the reac- 
tivity of Fe+, Co+, Ti+, Rh+, Ta+, Y+ and Nb+ 
with methane through propane is shown in Table 
4. 

The discussions of ML+ reactivity will be broken 
up into groups with similar reactivity. L = H, CH3, 
NH2, OH ; where predominant formation of metal- 
alkyl and metal-ally1 occurs upon the loss of the 
original ligand. L = 0, S ; where the loss of Hz0 and 
H2S occurs with formation of an activated M+- 
alkene complex which further decomposes. 
L = CH2, NH ; where formation of a four-centred 
intermediate leads to catalytic homologation reac- 
tions, and lastly L = various x-type ligands. 

L = H, CH3, OH, NH2. The reactivity of these 
ligands is governed by the expected behaviour of 
a singly bonded-sigma bound species.‘6”8(a)(b),19(a),44 
One of the main reaction pathways with small 
hydrocarbons is shown in Scheme 2. Again, oxi- 
dative addition is the first step of the reaction. For 
FeL+, CoL+ and NiL+ it is interesting to note that 
initial insertion occurs across C-H bonds. This is 
in contrast to the bare atomic metal species which 
almost exclusively attack C-C bonds. An 
increased preference for C-H bond activation rela- 
tive to C-C bond activation is observed for all 
ligated Fe+, Co+ and Ni+ species studied to date. 
After the initial oxidative addition, rapid reductive 

/-- 

M+-II+ C,H, 

MT + n - ,-M+--, - -I- H 
1-p 

M 

’ ‘4 

- 11-M+-ll + H, 

H 

Scheme 1. 
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Table 4. Reactions of various metal ions with small alkanes 

Nb+ TaC Fe+ Co+ Rh+ Ti+ Y+ V+ 

CH, MCH; NR 100 NR NR NR NR NR NR 

GH, M&H: 64 10 NR NR 100 100 100 NR 

M&H; 36 90 0 0 0 0 0 0 

GH, MC3H: 0 0 24 69 94 100 75 100 

M&H: 85 78 0 0 6 0 25 0 

M&H: 15 22 0 0 0 0 0 0 

M&H: 0 0 76 31 0 0 0 0 

elimination of HL can occur with the formation of 
M+-alkyl which, in many cases, is internally excited 
due to the reaction exothermicity. This excited M+- 
alkyl complex can further decompose via the loss 
of Hz to form an M+-ally1 ion ; however, this is not 
the only reaction pathway available. As shown in 
Table 5, dehydrogenation or dealkylation with 
retention of the initial ligand is also observed. 

For bare metal ions, the general trend in reac- 
tivity is Fe+ > Co+ > Ni+. For the ligated species, 
however, a reversal is observed, with NiD+ > 
COD+ > FeD+ 19(a) and CoL+ > FeL+ (L = CH3, 
OH). Though D’(Co +-allyl) > 76 kcal mol- ’ ‘W 
is greater than D ‘(Fe+-allyl) = 56 f 7 kcal 
mol- ‘,45 D’(Co+-CH,) = 61+4 kcal mol-’ is 
lower than D ‘(Fe’-CH,) = 69 f 5 kcal mol- ‘. 
Thus, the overall thermodynamics of metal-alkyl 
formation appears to favour Fe+, while metal-ally1 
formation appears to favour Co+. Since the overall 
thermodynamics do not seem to account for the 
reduced reactivity of FeL+ relative to CoL+, kinetic 
barriers for the initial insertion or elimination of H2 
or HL may be present. Since FeOH+ and FeH+ 
react with larger linear alkanes mainly via the loss 
of the initial ligand, a barrier to the elimination of 
H2 or Hz0 seems less likely than a barrier to initial 

insertion. This may also account for the trend in 
reactivity COD+ > CoOH+ > CoCH: and FeD+ 
> FeOH+ > FeCH:. 

Subsequent reactions of M+-allyl, formed in the 
above reactions, proceed via dehydrogenation to 
generate M(allyl)(alkene)+ complexes.44 Coupling 
of the ligands was ruled out in most cases by ligand 
displacement of the alkene using CH$ZN or 
another alkene. 

L = 0, S. An oxygen ligand can enhance or sup- 
press the reactivity of a metal ion depending on the 
metal-oxide bond strength. For FeO+, which has a 
relatively low bond strength, D ‘(Fe+-O) = 68 f 5 
kcal mol- ‘,33 there is enhanced reactivity relative 
to Fe+ (see Table 6).46 Two reaction pathways are 
observed with the main reaction pathway shown 
in Scheme 3. As for all ligated species, the C-H 
insertion pathway is greatly enhanced. The main 
reaction pathway involves the loss of Hz0 to form 
a highly activated Fe(alkene)+ complex which sub- 
sequently decomposes by further dehydrogen- 
ation, dealkylation or loss of the alkene ligand. 
This activated complex arises due to the exo- 
thermicity of Hz0 loss (N 56 kcal mol- ‘) which is 
also responsible for the enhanced reactivity of 
FeO+ relative to Fe+. The other pathway observed 

H 

M+- L + CH,CH,CH,R = L-A+-CH2 
-LH 

;H2 - [ M+- CH,- CH2- CH2 R I * 

I CH, 

7 
M+- )I - 

M+ C’-‘2 
\,:I _RH 

R-M’ CH2 s RH2C 
FH 

H,C”‘CH H2C &; 

Scheme 2. 
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Table 5. Product distributions for the reactions of ML+ with various alkanes (L = H, CHS, OH, NHJ 

Reactant Products FeD+ COD+ NiD+ FeCH: CoCH: FeOH+ CoOH+ FeNH: 
- 

MH+ +CH3D 
MCH:+HL 

M&H; +HL 

MC,H: +HL 
MC3H: +HL+H2 
M&HsL+ +Hz 
CSH: +MCH, 

M&H: +CzHd 
MC,H: +HL 
MC,H: +HZ 

MC4H; +HL 
M&H: +HL+H* 
M&H: +HL+CH, 
MC2H4L+ +C2H, 
MC,H,L+ +H1 

MC,H , 2L+ 
MC,H,i,L++H, 
MCH,L+ +2H2 
MC5H:+HL+H, 
MC4H: +2CH, 
MC3HsL+ +C2H, 
MCH: +HL+&H, 
M&H,L+ +C3H8 
C,H:, +CoCH, 

NR NR 

NR 

100 

xx 

40 
60 

xx 

100 

100 

xx 

100 

xx 

20 
80 

100 

NR NR NR NR NR 

NR 

NR 

NR 

NR 
100 

xx 100 

NR 

29 
70 

1 

87 
4 
7 

100 

NR NR NR 
23 
77 

100 

xx NR NR 

74 
2 

16 

8 

NR 

100 

100 

48 
5 

18 
29 

9 
5 

51 

20 
11 
4 

NR 

NR 

100 

30 

70 

NR indicates no reaction was observed (k” < lo- ‘* cm3 mol- ’ s- I). 
x x indicates the reaction was not performed. 

for FeO+ with alkanes involves C-C insertion with 
loss of an alkyl radical, Scheme 4. 

VO+ has a decreased reactivity relative to V+, 
exhibiting a slower reaction rate and less extensive 
dehydrogenation.47 The high V+-O bond 
strength, D”(V’-O) = 131+ 5 kcal mol- ‘,43 
appears to suppress the reactivity without a sig- 
nificant change in reaction pathways due to coor- 
dinative saturation. Loss of Hz0 is not observed as 
this is an endothermic reaction pathway. 

A study of MS+ (M = Fe, Co, Ni)48 revealed 

similar reactivity to that observed for FeO+, but 
the C-C cleavage pathway involving radical loss 
products is almost completely suppressed. The 
overall reactivity of MS+ is somewhat lower than 
that for FeO+, with less extensive dehydrogenation 
observed. This was accounted for as being due to 
the lower exothermicity of H2S loss relative to Hz0 
loss. 

Fe+ + CzH6- Fe&H: +Hz 

AH(reaction) kcal mol- ' - 0 (39) 

FeO’ 
+ - HO - Fe+-CH,CH3 - HO - Fe+-11 - 

H,C - CH, I 
H 

H,O-Fe+-11 

Scheme 3. 

Fe’- OH, + C2H4 

Fe*- II + Hz0 

Fe’ + H&I + C2H4 
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Table 6. Product distributions for the reaction of Fe+ and FeO+ with linear 
alkanes 

Alkane 
Fe+ FeO+ 

Neutral % of Neutral 
lost total lost 

CH, 

W-L 

A 

NR 

NR 

CH4 76 

H* 24 

‘X-L 60 

CH, 29 

2H2 3 

H2 8 

GH, 43 

CH, 22 

H* 16 

CzH, 15 

CH4, Hz 4 

GHIO 31 

Hz 27 

CH4 13 

C,Hs 11 

CzH6 11 

CzHs, H, 7 

NR 

Hz0 
GH, 
HzOfCzH., 

70 
20 
10 

Hz0 
CH, 
H,O+&H, 
C,H, 

50 
20 
20 
10 

HzO, H, 60 
HzO, GH, 30 

10 

HzO, U-L 44 

ho, W-f, 27 

HzQ CH, 15 
CH$H, 9 

H,O, CsH ,o 5 

HzO, GH6 
H,O, CzH4 
HzO, 3H, 
CH,CH, 
HzO, CzH4, Hz 
H,O, CdHs 

34 
21 
15 
14 
9 
7 

% of 
total 

FeS++C2H,+ Fe&H: +H2S 

AH(reaction) kcal mol- ’ N - 8 (40) 

FeO++C,H,- Fe&H: +H20 

AH(reaction) kcal mol- ’ N - 5 1 (41) 

FeOf+C2H,--+ Fe(H,O)+ + C2H, (42) 

FeO++C,H,+ Fe+ +(C2H60). (43) 

Reactions (39)-(41) show the overall exothermicity 
of reaction of FeL+ (L = 0, S) and Fe+ with 
ethane. 

L = CH2, NH. Transition metal carbenes are 
very important in organometallic chemistry due to 
their presence as intermediates in many important 

catalytic processes. Because of this and the fact 
that they can be easily generated, there have been 
numerous studies on their chemistry and photo- 
chemistry. 

Table 7 shows product distributions for the reac- 
tions of RhCH:, FeCH: and CoCH: with a few 
alkanes and alkenes. These carbenes exhibit very 
complex chemistry including migratory insertion, 
olefin metathesis, olefin homologation and other 
pathways.‘8(CHe)*49 

Scheme 5 shows proposed reaction pathways for 
CoCH: with ethane. Numerous steps show 
migratory insertion of CH2 into an M-C bond. 
Analogous behaviour is seen with RhCH: and 
FeCH: with alkanes and also with MCH: 

FeO’ 
+- 

-CH; 
0- Fe+-CH2CH3 - 0 - Fe+- CH2CH3 - HO - Fe’-II 

CH,CH,CH, I 
C”3 

Scheme 4. 
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Table 7. Product distributions for reactions of MCH: with various 
hydrocarbons (M = Fe, Co, Rh) 

Reactant Product FeCHZ CoCHf RhCH: 

1599 

W-b M+ +C,H, 
M&H: +H, 

100 100 

GH, M+ +C& 
M&H: +C,H, 
M&H: +CH4 
MC,H: +2Hz 
MC.,H; +H, 

32 31 
62 54 

6 15 

CzHs M+ +C,Hs 
M&H: +CH, 
MC3H; +H, 

NR 58 
28 
14 

C,H, M’+C,H,, 16 18 
M&H: +C2Hs 8 13 
MC,H: +CH4 70 59 
MC.,H: +2H2 2 1 
MC.,H: +Hz 4 9 

30 
70 

8 
27 
26 
23 
16 

8 
92 

xx 

NR indicates no reaction was observed (k” c lo-” cm3 mol-’ 
s- 1). 

x x indicates the reaction was not performed. 

(M = Fe, Co) with alkenes.‘8@ It was proposed that 
the positive charge on the metal centre makes the 
unsaturated carbon electrophilic. The alkyl group 
then migrates with its bonding pair onto the unsatu- 
rated carbon. 

RhCH: and NbCH: are observed to react with 
both H2 and CH4, reactions (44)-(46).49*50 Reaction 
(44) is proposed to have a four-centred inter- 
mediate like structure (XII). 

(M = Nb, Rh) MCH; +HZ + M+ +CH4 (44) 

RhCH: +CH4 + Rh+ + C,H6 (45) 

NbCH: +CH, + Nb&H: +H2. (46) 

CH2 

H,C - k-CH, 
- 

r---r 
#&&-_H 

I 
H 

(XII) 

Four-centred intermediates are also proposed for 
the reactions of MCH: (M = Fe, Co) and FeNH+ 
with alkenes. ’ 6,1 * For example, FeCD: reacts with 
ethene (for products see Table 7) as in reactions (47) 
and (48). A mechanism which accounts for this is 
shown in Scheme 6, with a four-centred inter- 
mediate. Metallocyclic intermediates of this type 

H 

II-k-CCH, - MC, H; + Cl-i, 

MCH;+ C,H, /-Ii-CH, 

1’: ‘3 \+ 
,-M+=CH2 M....C,H, . M+ t C,H, 

I 
\ 

vh--H 
H.s \ H_M< 

4\ HN6 
p-h:, - MC,H;t H, 

7 

Scheme 5. 
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H 

FeCD; + CzH4 ti Fed-~ 

D-k-k-H 
- FeCH; + C,H,D, 

b A 

11 
H \ 

k’ CH2 
\.9 _ 

D2C G-c 

‘H - 

Fe*-iH’ 

D,HC’ 
CH ---) Fe’+ C,H,D, 

Scheme 6. 

have also been observed in condensed phase. 

FeCD: + C2H4 

--E 

Fe+ + C3H4DZ (47) 

FeCH: +C2HZD2. (48) 

FeNH+ reacts with ethene via several reaction 
pathways including a metathesis reaction to form 
FeCH: and a homologation reaction to produce 
Fe+. I6 These products indicate Fe+ catalysed for- 
mation of an N-C bond, reaction (49), which is 
one of the first of its kind. 

NzO+NH3+C2H4=CZH5N+H20+NZ. 
(49) 

A mechanism consistent with these results is shown 
in Scheme 7. 

The reaction of FeO+ with CzH4 generates pro- 
ducts analogous to those in the FeNH+/C2H4 
reaction. This suggests a generalized mechanism 
for reaction of the isoelectronic series FeNH+, 
FeCH:, FeO+ with C2H4, Scheme 8. 

Multiply charged metal ions have been observed 
to react almost exclusively via rapid charge 
exchange. Recently, however, we reported that 
Nb’+ reacts with CH4 as in reactions (50)-(52).‘l 
NbCH:+ formed in reaction (52) is observed to 
undergo rapid proton transfer to form NbCH+. 
These studies yielded D”(NbZ+--CHJ = 197f 10 
kcal mol- ’ in comparison to D’(Nb+-CHJ = 
109+5 kcal mol-‘. 

Nb2+ + CH 4 

E 

Nb++CH: (50) 

NbH+ +CH: (51) 

NbCH:+ +H2. (52) 

The effect of a multiple charge on the bond energies 
and reactivities of metal-ligand species will be the 
subject of further investigation. 

L = x-type /igun&. A number of novel reactions 
have been observed in the reactions of metal-olefin 
ion complexes. All of the reactions with hydro- 
carbons so far have involved some neutral losses 
(dehydrogenation, dealkylation, dehydration, loss 
of a ligand, etc.) to eliminate excess energy and 
stabilize the newly formed complex. However, 
RhC,Hz, formed in reaction (53), reacts with H2 
to undergo the hydrogenation reaction (54). 52 

Rh+ + toluene + RhC7H6+ + H2 (53) 

RhC,H,f +H, -+ RhCH;. (54) 

This reaction is observed to go to completion with 
a rate constant of (6& 3) x lo- ” cm3 molecule- ’ 
s-l. The product ion, RhC,Hz, was proposed to 
be stabilized by IR radiative stabilization. 

Co(Cp)+ reacts with alkanes by similar pathways 
to Co(allyl)+.53 As previously discussed, Co(allyl)+ 
reacts mainly via dehydrogenation without cou- 
pling of the ligands. In a novel reaction, Co(Cp) 
(alkene)+ complexes for Cs and C6 alkenes undergo 
collisionally activated dehydrocyclization to form 
Co(Cp):. As expected, this reaction occurs more 
readily for linear alkenes than for branched alkenes. 
Co(Cp)’ also reacts with trans-1,3-pentadiene to 

FeNH+ t C,H, = Fe+- NH 
I I 

H-C-C-H 
- FeCH; t CH,NH 

H 
I 
Fe’ NH 

NH 
Z= Fe*- II 

CH - Fe’+ C2H5N 

H3C 
/ 

Scheme 7. 
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FeX+ + C2H4 + F+-y 
- FeCH$+ XCH2 

(X=CH2, NH.0) 
H2C- CH2 

FeXH: + C2H2 

Scheme 8. 

form Co(Cp):, reaction (55). 

CO lCP)++ e - Co(Cp); + H, + H’ (55) 

Studies of M(alkene)+ show that enhancement 
or reduction of available reaction routes can occur 
upon attachment of an alkene.‘6~4s~54 For Fe+, reac- 
tion with I-butene produces Fe(butadiene)+, ex- 
clusively.45 Fe(butadiene)+ reacts with linear but- 
enes via numerous reaction routes, reactions (56)- 

(59). 

r+ Fe(C,H& +Hz (56) 

FeC,H,+ + -I-+ 
Fe(C,H,&H: +CzH4 (57) 

linear butenes FeCeH: +CzHb+Hz (58) 

Fe(C,H,JCH: +C3H6. (59) 

In contrast, SC+, Y+ and La+ react more slowly 
and with fewer reaction pathways in their secondary 
reactions with alkanes relative to their primary reac- 
tions.‘6,54 For example, La(alkene)+ only reacts 
with C,-C, cyclic alkenes, whereas La+ reacts with 
C2 and larger linear, cyclic and branched alkanes. 

CONCLUSION 

FTMS has been proven to be an excellent tech- 
nique for generating and studying highly unsatu- 
rated metal-ligand ions. Many novel species includ- 
ing bare metal carbenes, alkyls, hydrides, amides, 
nitrenes, etc. can be prepared. Subsequent ion-mol- 
ecule reactions and photodissociation have been 
used to derive thermodynamic information which 
is useful for proposing mechanisms and structures. 
The development of these tools will allow a fuller 
understanding of the effect of ligands on gas-phase 
metal ion reactivity. 

Future directions for this research will be to 
investigate the effect of a second ligand on the bond 
strength of the first ligand as well as its effect on the 

overall reactivity. We have also recently observed 
marked changes in the reactivity of small transition 
metal cluster ions upon the addition of a ligand.” 
Clearly, the surface has just been scratched! 
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GAS-PHASE FIRST BOND DISSOCIATION ENERGIES IN 
TRANSITION-METAL CARBONYLS 

G. P. SMITH 

Departmental of Chemical Kinetics, SRI International, Menlo Park, CA 94025, U.S.A. 

Abstract-Bond dissociation energy values for a group of transition-metal carbonyl com- 
pounds and derivatives in the gas phase are given and discussed. Metals include Fe, 
Cr, MO, W and Mn. New preliminary values of 38 and 44 kcal mol- ’ are reported for 
Mn,(CO)g-CO and MnBr(CO),-CO. 

The rapid, recent growth in the study of hetero- 
geneous and homogeneous catalysis has been 
prompted by the importance of many such industrial 
processes in synthesis, fuel refining and environ- 
mental controls, as well as a basic desire to examine 
the large ensemble of elements involved. To under- 
stand these mechanisms and to improve or replace 
them requires quantitative determinations of the 
relationships between structure, bonding and reac- 
tivity. One key need in this area is a thermodynamic 
and kinetic data base for the relevant bond 
scissions. This information is also important to the 
mechanisms of organometallic chemical and photo- 
chemical deposition processes used in electronics 
manufacturing. 

Transition-metal carbonyls and their derivatives 
are an important class of the above-mentioned com- 
pounds. They are known to catalyse and to be inter- 
mediates in industrially important processes, 
including hydroformylation, acetic acid synthesis 
and related processes. Although there are many 
hundreds of papers on the reaction chemistry of metal 
carbonyls, until recently the basic data on the 
energy required to remove the key first ligand, the 
bond dissociation energy (BDE), had not been well 
determined. Indeed, one reason for the paucity of 
gas-phase organometallic BDE data is the great 
tendency of the parent and product species to react 
on hot surfaces. With the arrival of new laser 
methods, techniques are now becoming available to 
build such a data base. This, in turn, will also allow 
comparisons to values in solution, single ligands 
bound to metal atoms (the last bond energy), bond 
strengths to bulk surfaces or clusters and the aver- 
age bond strength for all ligands in the compound 
(a thermodynamic quantity). With enough values, 
predictions of BDEs for many other compounds by 

group-additivity-type relations should then become 
possible. 

In this paper, we will briefly describe one such 
method, laser powered homogeneous pyrolysis 
(LPHP), which uses a pulsed-IR laser as the heating 
source. Cool walls prevent surface reactions. Our 
previously published results will be summarized 
without portending to be a complete review on the 
subject. Finally, a few new results on manganese 
carbonyl BDEs will be reported, and the implica- 
tions to general BDE trends and to other mechan- 
istic studies will be discussed. 

EXPERIMENTAL 

The LPHP technique is fully described 
elsewhere. ’ A flow of gases is directed into a cylin- 
drical irradiation cell at 3GlOO torr pressure, and 
then into a mass spectrometer for analysis. The gas 
mixture contains SF6 infrared absorber, a majority 
of nitrogen bath gas and small quantities of the 
organometallic, and of a standard compound 
(thermometer) whose kinetic decomposition rate 
constant parameters (log A and E) are known. A 
logarithmic plot of the relative yields, ln(kt), has a 
slope of the relative activation energies, from which 
the unknown BDE can be determined. (This 
assumes there is no additional kinetic barrier to the 
decomposition.) A value can also be deduced from 
single-temperature measurements, provided one 
has a good estimate of the A-factor from transition- 
state theory or measurements on similar com- 
pounds. In cases where secondary or catalytic reac- 
tions may interfere, the use of trapping agents or 
separate sequehtial runs with the unknown and 
standard may be necessary. 

The basic physics of the LPHP method, as docu- 
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mented by various diagnostics,2 are as follows. A 
pulsed-CO, laser vibrationally excites the absorber, 
without multiphoton decomposition. Rapid inter- 
molecular energy transfer collisions quickly heat all 
components of the mixture within the irradiated 
region to a high and true temperature on the micro- 
second time scale of the laser pulse. Unimolecular 
reactions begin. The hot gas at higher pressure then 
expands outwards and cools, typically from 800 
to 650 K for the carbonyl experiments. At the speed 
of sound for our heated volume of 1.8 cm diameter, 
this takes 15 ps. At this point, pressures have 
equalized and further unimolecular reactions are 
quenched by the cooling. Further transport cooling 
and mixing proceeds and concludes before the next 
laser pulse. 

PREVIOUS RESULTS 

Table 1 summarizes most of the results from 
our previous studies of transition-metal carbonyl 
BDEs. ’ The Cr(C0) 6 decomposition was measured 
relative to the dicyclopentadiene retro-Diels-Alder 
reaction, and the other carbonyls relative to chro- 
mium. The additional values are derived from gas- 
phase thermodynamic heats of formation measured 
calorimetrically,3 since the monodentate carbonyl 
BDE also gives the unsaturated fragment heat of 
formation. Thus, many BDEs can be derived from 
one measurement, which illustrates the need for a 
larger thermodynamic data base as well. The gas- 
phase BDE value for nickel tetracarbonyl is from a 
photodetachment experiment,4 and is included for 
completeness. 

Since these results and comparisons to other 
relevant work are fully discussed in ref. 1, and another 
paper’ in this symposium addresses the Group 6 

Table 1. Metal carbonyl bond dissociation energies 
(kcal mol- ‘) 

M(CO),,-L D(298) E(w) 

WC@5 41.5 28.0 

Cr(C0) 6 36.8 26.0 

Mo(C0) 6 40.5 36.0 

W(CO)6 46.0 43.0 
Ni(CO), (ref. 4) 25.0 35.0 

Fe(CO)4CzH4 37.2 
Fe(CO),Fe(CO), 41.0 
W(C0) ,pyridine 39.5 
W(C0) ,pyrazine 35.5 
W(C0) ,pyrazole 33.0 
W(CO),piperidine 44.7 
W(C0) ,NCCH, 42.7 

compounds in detail, only the main conclusions will 
be summarized here. For all the carbonyls of our 
studies except chromium, the first bond dissociation 
was the strongest and rate-determining one. 
Reasonable values of log A N 15.5 were found. 
Since the ground state of Fe(CO), is a triplet to 
which dissociation is spin forbidden, the iron values 
probably correspond to singlet production, as 
expected kinetically. 

A comparison of the BDE with the average bond 
energy of all the CO ligands, E,3 is also given in 
Table 1. The deviations are at least 10 kcal for 
period 4, and clearly indicate the danger of using 
the average and thermodynamic value for the often 
unknown, kinetically important first BDE. That is, 
the simple bond additivity principle of transfer- 
ability3 appears inapplicable. The only example in 
period 6, tungsten, however, shows enough good 
agreement to suggest the possible utility of this 
simpler procedure for accurately estimating BDEs 
for the heaviest transition metals. 

One can also generalize, perhaps prematurely, 
certain trends in the BDE values. Going down 
Group 6, the bond energies increase. Compared to 
CO, ethylene and the aromatic nitrogen hetero- 
cycles appear to be weaker ligands, while the bonds 
to piperidine and acetonitrile are roughly as strong. 
However, when one compares’ these implications 
with some of the known solution kinetics results, 
discrepancies exist. This suggests alternate mech- 
anisms or solvent effects, which will also need to be 
separated out and characterized in order to under- 
stand the whole process. The value for the 1’ ethyl- 
ene bond is interestingly, and perhaps fortuitously, 
0.4 times that in the q5 ferrocene.6T7 The thermo- 
dynamically derived value* for Fe2(C0)9 must be 
applied with caution to kinetics, since several bonds 
must be broken or rearranged in this bridged com- 
pound, and the lack of additional barriers cannot 
be presumed. 

MANGANESE CARBONYLS 

We first attempted.a conventional very low pres- 
sure pyrolysis (VLPP) experiment on Mn,(CO) , o, 
similar to our earlier work on and evaluation I5 of 
main group alkyl compounds. This was prompted 
by the reported observation of equilibria with 
Mn(CO), in a graphite flow reactor by mass 
spectroscopy, ‘O accompanied by a BDE value of 21 
kcal mol- ‘. We observed clear signs of catalytic 
decomposition at the 500 K temperatures of ref. 
10, an occurrence previously seen for several other 
organometallic compounds. It is also worth noting 
that compounds with low BDEs near 25 kcal mol- ’ 
will not be amenable to gas-phase studies. Given a 
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moderate A-factor of 10 ’ 5.5, lifetimes range from 
6 min at room temperature to only 20 ~LS at 
500 K. Thus studies giving such low values must 
be carefully examined. 

Two LPHP experiments were performed on 
Mn,(CO) ‘0, at 773 K and 782 K according to the 
Mo(CO), standard used in this instance. Addition 
of an excess of PF3 as a trap had no effect on 
the manganese carbonyl disappearance rate, no 
trapped products were observed, and metal par- 
ticulates were formed similar to the other carbonyls. 
This indicated complete decomposition with the 
initial bond scission being the rate-determining step. ’ 
A marked tendency of the compound to stick to 
surfaces was observed by the mass spectrum time 
decay when the gas flow was diverted around the 
carbonyl pick-up reservoir. Unfortunately, this pre- 
vented the aquisition of more data points and the 
operation over a wide enough range of temperatures 
to obtain the usual relative ln(kt) plot. 

An activation energy for dissociation, and hence 
a BDE, can still be determined from the data if one 
knows the decomposition path and can estimate an 
A-factor. Some early kinetics evidence suggested 
Mn-Mn bond scission was occurring.g*‘o How- 
ever, more recent studies using ligand substitu- 
tion, ’ ’ isotope substitution, ’ * and sonolysis’ 3 
clearly show that CO loss is the predominant 
thermal decomposition mechanism. Thus we can 
assume an A-factor of 10”.’ similar to those 
measured (and expected from transition-state theory) 
for the other carbonyls. Then these experiments 
give a BDE of 38 + 2 kcal mall ’ for CO loss from 
Mn2(CO)lo. This value is in good agreement with 
the 37 kcal activation energy measured for the 
ligand substitution reaction in solution. ’ I Our 
attempts to use PF3 to trap Mn,(CO), or Ccl4 to 
trap Mn(CO), were unsuccessful due to the sub- 
sequent complete decomposition to metal atoms. 
(In fact, the particles or some earlier decomposition 
product catalysed the conversion of Ccl4 to C,Cl,.) 

We also performed two preliminary LPHP 
experiments to measure Mn(C0) ,Br decompo- 
sition relative to Fe(CO),, at 787 and 809 K. 
Again, assuming log A = 15.5, we derive a BDE 
for CO loss of 44 f 2 kcal mol- ‘. It appears that 
the substitution of a bromine increases the bond 
strength to the CO. This suggests that the bromine 
increases the backbonding to the CO by donating 
electron density through II bonding with empty 
metal d orbitals, rather than by withdrawing electron 
density by virtue of its electronedativity. Following 
the pattern seen for most of the other period 4 
carbonyls, these BDEs are much higher than the 
average value of 25 kcal mall ’ given for all CO 
ligands. 3 Finally, it should also be remembered that 

Mn,(CO), is probably a bridged structure,14 and 
some of the rearrangement to this most stable form 
may occur after the CO dissociation kinetics 
measured above. Thus, the kinetic value above is 
an upper limit to the thermodynamic BDE value 
and the radical heat of formation. 

Relative BDEs for a large series of mono- 
substituted manganese carbonyls have been 
measured calorimetrically,3 and could be put on 
an absolute basis by knowing the Mn-Mn BDE in 

Mn,(CO) I o. In addition, this bond is active in the 
compound’s photochemistry. In view of the CO 
dissociation kinetics described above, previously re- 
ported low values for the Mn-Mn scission appear 
unreliable. Can any limits on this value be deduced 
from the above CO BDE number? A-factors for 
scission into two bulky polyatomic fragments, tetra- 
methyl butane for example, are usually lOI or 
greater. The solution data’* indicate less than 5% 
of the bond scission at 423 K is Mn-Mn scission. 
This requires the Mn-Mn bond be at least 4 kcal 
stronger than the Mn-CO bond, which then also 
predicts less than 20% of our measured LPHP reac- 
tion at 775 K is Mn-Mn bond scission. Thus the 
data suggest the metal-metal BDE in Mn2(CO)‘o 
is greater than 42 kcal mol- ‘, and the lower limits 
shown in Table 2 can be derived from the relative 
values3 This result is consistent with the value 
of 38 f 5 kcal mol- ’ from a photoacoustic calor- 
imetry study in solution” and the value of 
41 f 9 kcal.moll ’ from a recent appearance poten- 
tial result. ’ 6 

The relative values and trends in these BDEs are 
discussed in ref. 3, but the significance of the actual 

Table 2. Manganese carbonyl bond dissociation energies 
(kcal mol-‘) 

Mn(CO),-L D(298) 

Mn,(CO),-CO 
MnBr(CO),-CO 

Mn(C0) ,-Mn(C0) 5 
Mn(C0) ,--Br 
Mn(C0) S-Cl 
Mn(C0) j-I 
Mn(C0) S-H 
Mn(C0) J-CHS 
Mn(C0) ,-phenyl 
Mn(CO),-benzyl 
Mn(CO),-acetyl 
Mn(CO),-benzoyl 
Mn(CO),-CF, 
Mn(CO),-COCF, 

38 
44 

>42 
>77 
>90 
>66 
>70 
>56 
>60 
>40 
>50 
>41 
>61 
>55 
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values can now be addressed. Bonds stronger than 
about 60 kcal will be difficult to break, the ligands 
less labile, and slow participants in kinetic processes 
under operating conditions. The halides are very 
tightly held, in the expected order as well. The 
Mn-Br bond in MnBr(CO), is over 30 kcal 
stronger than the Mn-CO BDE observed in the 
LPHP experiment. This is consistent with the hypo- 
thesis in the last paragraph that halogen pII orbital 
overlap with empty metal dII orbitals results in 
electron donation to the metal, which in turn in- 
creases the strength of backbonding to the CO. The 
hydrocarbon radical BDEs show the same trends 
as in carbon and tin based systems, ’ 7 including the 
resonance stabilization gained by the dissociated 
benzyl. The family of manganese BDEs are roughly 
equal to those known for mercury systems, but 
lower than the comparable tin values. I 7 

The manganese BDEs for methyl, acetyl and CO 
are considerably below the high hydrogen atom 
BDE. Thus steps involving the former ligands can 
be considered more probable in catalytic mech- 
anisms, while one would expect hydrogen ligands 
involved in any such steps to tend to remain firmly 
attached and relatively inactive. This extra 14 kcal 
stability shown in the H vs CH3 BDE makes hydro- 
gen more difficult to activate than carbon. For 
example, carbonylation of hydrocarbons is favoured 
over that of hydrogen (Fischer-Tropsch) because 
the insertion step to form Mn(CO)&HO will be 
endothermic, given a reasonable estimate of its 
enthalpy. 3 Another consequence pointed out in ref. 
3 is that the Mn(C0) sCzHs decomposition path to 
eliminate ethene and form the stable hydride is only 
25 kcal mol- * endothermic. One final result of the 
strong BDEs found here is that the product-forming 
binuclear reductive elimination step in hydro- 
formylation appears to be endothermic in the gas 
phase, suggesting the importance of the solvent to 
the mechanism of aldehyde formation. 

More precise experiments will be needed to better 
measure the heat of formation of Mn(CO), and 
thus to determine well a whole series of relevant gas 
phase BDEs. This work does illustrate the advan- 
tage of when one can also do a series of calorimetric 
determinations on related, volatile organometallics. 
A full series of LPHP experiments on Mn,(CO),, 
in the future would help refine the CO BDE value, 
and at least set a better limit on the metal-metal 
BDE than the rough value given above. In addition, 

we hope to use a new molecular beam sampling 
mass spectrometer apparatus to identify the pro- 
ducts by directly sampling from the laser pyrolysis 
region. In the meantime, the manganese BDE 
values in Table 2 should be applicable to mech- 
anistic studies of Group 7 homogeneous catalysis, 
and values for comparison from other groups re- 
maining to be measured. 
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HYDRIDE TRANSFER TO TRANSITION-METAL CARBONYLS 
IN THE GAS PHASE. FORMATION AND RELATIVE 
STABILITIES OF ANIONIC FORMYL COMPLEXES 

KELLEY R. LANE and ROBERT R. SQUIRES* 

Department of Chemistry, Purdue University, West Lafayette, IN 47907, U.S.A. 

Abstract-The hydride binding energies of Fe(CO),, Cr(C0)6, Mo(CO), and W(CO)6 
(HA(M(CO),) = D[(CO),_ ,MCO-H-1) have been estimated from bimolecular hydride 
transfer reactions in the gas phase. Hydride transfer to the metal carbonyls yields the 
corresponding anionic formyl complexes and the hydride affinity bracketing experiments 
establish HA(Fe(CO),) = 56*4 kcal mol- ’ and HA(Cr(CO),) = HA(Mo(CO),) 
= HA(W(CO),) = 44k4 kcal mol- ‘. Gas-phase heats of formation and metal-carbon 
bond strengths for the metal formyl anions are derived from the hydride binding energies. 
The hydride affinity ordering for the metal carbonyls parallels their relative reac- 
tivities towards nucleophilic addition in solution and correlates with the relative magnitudes 
of their CO-stretching force constants (kc,). The new metal formyl data are combined 
with known or estimated heats of formation for metal hydrides to show that CO- 
insertion into the metal-hydrogen bond is thermodynamically unfavourable for these 
systems. 

A major growth area in organometallic chemistry 
over the last decade has involved the search for 
efficient, homogeneous catalysts which can affect 
the conversion of C, oxygenates and other small 
molecules into more complex organic compounds 
of practical value. Many clever strategies for CO 
and CO2 reduction, carbon-&on bond formation 
and functional group manipulation have emerged 
from the extensive experimental activity in this 
area. ‘-lo Transition-metal formyl complexes, hydri- 
dometal carbonyls, metal oxy-carbenes (Fischer 
carbenes) and a-hydroxy metal alkyls are com- 
monly invoked as reactive intermediates in both 
catalytic and stoichiometric CO reduction 
reactions. ‘-5 A wide variety of transition metal for- 
myls ’ ’ and hydridocarbonyls** ’ *-’ 4 are known as 
stable species in solution. Many have been gen- 
erated independently under conditions where the 
kinetic and mechanistic details of their role in CO 
reduction cycles could be assessed. The critical ther- 
mochemical data that are necessary to define a 
complete picture of these catalytic cycles are largely 
absent, however, owing to the high reactivity and/or 
lability of many of the proposed intermediates 

* Author to whom correspondence should be addressed. 

which often precludes the usual equilibrium, 
calorimetric or thermokinetic measurements. 

Recently, we have explored the utility of gas-phase 
ion/molecule reactions in a flowing afterglow 
apparatus as a means to obtain thermochemical 
information for organometallic intermediates in 
model catalytic cycles. The key advantage of gas- 
phase ion experiments in the present context is the 
ability to create reactive (ionic) species in the 
absence of the complicating effects of solvent coor- 
dination and ion pairing. For example, we have 
succeeded in generating and characterizing several 
previously unknown hydroxycarbonyl complexes 
(metallocarboxylic acids) related to base-catalysed 
water-gas shift cycles,‘5,16 as well as an extensive 
series of iron acyl anions involved in nucleophilic 
addition reactions of Fe(C0)5.‘7*‘8 We have also 
recently described an experimental protocol for 
examining hydride transfer reactions of Fe(CO)5 
and for obtaining thermochemical information for 
a prototype iron formyl complex (CO)4FeCHO-.‘9 
We have now extended these procedures to the 
group 6 hexacarbonyls, M(CO),, M = Cr, MO, W, 
and present here the results of our determination of 
their hydride binding energies along with a dis- 
cussion of the relative stabilities of the cor- 
responding anionic formyl complexes. 

1609 
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EXPERIMENTAL 

All measurements were carried out at room tem- 
perature using a conventional flowing afterglow 
apparatus that has been documented previously. ’ 6 
Briefly, the system consists of an electron impact 
ion source, a meter-long helium flow reactor and 
a quadrupole mass spectrometer detector located 
behind a 0.5 mm ion-sampling orifice in a stainless 
steel nose-cone. Primary reagent ions formed at the 
source are rapidly thermalized by collisions with 
the helium buffer gas (P(He) = 0.4 torr) and are 
carried through the reactor with a bulk flow velocity 
of ca 9000 m s- ‘, as determined by a high capacity 
Roots blower and a mass-flow controller. Ion/ 
molecule reactions are initiated by the addition of 
pure, gaseous reagents through fixed inlets located 
at various positions along the flow tube, or through 
a moveable neutral gas injector. 

Rate coefficients for bimolecular reactions are 
determined from semi-log plots of the decay of the 
reactant ion signal versus the distance between the 
sampling orifice and the moveable injector position 
with constant neutral flow rate.20,2’ Sulphur hexa- 
fluoride is added to the reactor through an up- 
stream inlet (P(SF,) < 1 x 10e3 torr) during kinetic 
determinations involving metal carbonyls in order 
to minimize diffusional variations in the plasma by 
establishing SF; (m/z 146) as a constant, massive 
negative charge carrier. ’ 7~22 Primary product dis- 
tributions for reactions in the flow tube are deter- 
mined by extrapolation of the normalized product 
ion yields to neutral reagent flow rate or zero reac- 
tion time.23 Neutral products of gas-phase ion/ 
molecule reactions are not detected directly and 
their structures are inferred. 

Most of the hydride donor anions employed in 
this study were generated from the corresponding 
neutral conjugate acids by proton transfer to either 
OH- or NH;. These primary reagent ions were, in 
turn, produced by electron impact on an N20/CH4 
mixture (1 : 2) and anhydrous NH3, respectively. 
The pentavalent silicon hydride ion, Et,SiH;, was 
produced from direct addition of H- to triethyl- 
silane. 24 The hydride ion was generated by electron 
impact on either NH, or CH,. 

The group 6 metal carbonyls are of insufficient 
volatility to permit reliable measurement of their 
head-vapour flow rates into the reactor, thereby 
precluding kinetics measurements with these sub- 
strates. In order to maximize the concentration of 
the metal carbonyls in the reactor, a helium-flow 
inlet was employed. It consists of a 50 cm3 round- 
bottomed flask containing the solid sample, which 
is attached via l/4 in stainless steel tubing to a high- 
conductance on/off valve directly mounted to the 

flow tube at a position 55 cm from the nose-cone. 
A slow stream of purified helium is passed over 
the sample (ca 5 STP cm3 s- ‘) to facilitate sample 
transport through the valve, and gentle heating 
(T < 9O’C) is occasionally used to increase the 
sample vapour pressure. 

The gases used were obtained from commercial 
suppliers and had the following purities: He 
(99.995%), NH3 (anhydrous, 99.99%), N20 
(99.0%), CH4 (99.0%), 1-butene (99.0%). The 
metal carbonyls and the liquid samples were also 
obtained commercially and were used without fur- 
ther purification, except for degassing just prior to 
use. 

RESULTS 

In order to provide a proper background for the 
new results concerning the group 6 metal carbonyls, 
we first present a general discussion of gas-phase 
hydride affinities, followed by a review of the earlier 
results for Fe(CO),. 

Hydride afinities 

The hydride affinity of a neutral compound, 
HA(X), is defined as the gas-phase enthalpy of dis- 
sociation of the corresponding hydrogen-bearing 
negative ion, HX-, to free hydride and neutral X 

[es. W”’ 

HX-=H-+X (1) 

HA(X) = AH(l) = AHf(H-) 

+ AHf(X) - AH,(HX -). 

Hydride affinities are established for numerous 
atoms and molecules, and the known values span a 
range from 8 kcal mol- ’ for X = CO to 169 kcal 
mol- ’ for X = C2.26 These data are readily cal- 
culated from known heats of formation for the neu- 
tral compound X and the corresponding anion 
HX -. Heats of formation for negative ions are 
available from gas-phase acidity25 and electron 
affinity measurements,27 as well as from mass 
spectrometric appearance potential data. *’ For 
example, the gas-phase acidity of methanol 
(D[CH,O--H+]) is well established at 381.6 kcal 
mall ‘,29 from which AHI[CH30-, g] = - 32.3 kcal 
mall 1 may be derived. Combining this with 
AHf[H-, g] = 34.7 kcal mall’ 25 and AHf[CH20, 
g] = - 26.0 kcal mall ’ 3o yields a hydride affinity 
for formaldehyde, HA(CH,O), of 41 .O kcal mall I. 
Similarly, the gas-phase acidity and heat of for- 
mation of CH,CHCN may be combined with the 
heat of formation for CH+ZHCN to derive 
HA(CH,=CHCN) = 56.3 kcal mall ‘.26 
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A representative listing of hydride affinities for 
several compounds is provided in Table 1. In 
general, simple aliphatic aldehydes and ketones 
have hydride affinities in the 38-45 kcal mol- ’ 
range, while a&unsaturated nitriles and carbonyl 
compounds have somewhat higher values (55-60 
kcal mol- ‘). The boranes3’ and unsaturated com- 
pounds possessing strongly electronegative sub- 
stituents occupy the high-affinity end of the scale, 
while the silanesz4 and low-energy, unsaturated 
molecules such as CO and benzene occupy the low- 
affinity end. 

When the appropriate reference thermochemical 
data are not available for a particular anion HX-, 
the hydride affinity of a stable molecule X can 
occasionally be determined experimentally from the 
outcome of gas-phase hydride transfer reactions. 
By operating on the reasonable assumption that an 
ion/molecule reaction in the gas phase will occur at 
an observable rate only if the enthalpy change is 
zero or negative, 32 one may infer a hydride affinity 
ordering for a series of compounds by noting the 
allowed directions of bimolecular hydride transfer. 
This so-called “affinity bracketing” approach is 
well-established for electron,27 proton2’ and other 
ion transfers,33 and it requires that the exothermic 
bracketing reactions are not impeded in any way by 

special kinetic factors such as steric effects, spin- 
problems, etc. While, in principle, the analysis of 
hydride transfer equilibria is possible, the authors 
are not aware of any reports of the successful identi- 
fication and assay of a hydride transfer equilibrium 
involving negative ions and neutral compounds. 
This is probably because hydride transfer is usually 
an inefficient reaction and most neutral hydride 
acceptors are susceptible to competing side-reac- 
tions with hydride donor anions such as proton or 
electron transfer. A bracketing approach is required 
for the metal carbonyls since hydride transfer gen- 
erally represents only a minor channel in their reac- 
tions with most hydride donor anions. 

Table 1. Hydride affinities” 

H-400 
Compound (X) Anion (HX-) (kcal mol- ‘) 

(CFJzCO (CF,)&HO- 88.6 
BH3 BH; 74.2 
BEt, HBEt; 69.4 
CS, HCS; 67.3 
CH,--C---O CH,CHO- 62.8 
CF$OCH, CF,(CHj)CHO- 62.4 
CH,--CHCHO CH$HCHO- 61.9 
CH-j=CHCOCH3 CH,CHCOCH; 58.4 
02 HO; 58.0 
CHFCHCN CH,CHCN- 56.3 
CHFC(CHJCN (CH,),CCN- 55.3 
CO* HCO; 51.6 
CH --_rHPh CH,CHPh- 48.9 
CH,--C(CH,)Ph (CH3),CPh- 41.4 
PhCHO PhCH,O- 45.6 
n-&H &HO n-&H, ,O- 42.4 
CHd CH,O- 41.0 
CH,CHO CH,CH20- 39.5 
&H&CO (CH&CHO- 38.3 
CH,N==CH, @H&N- 26.1 
GH, c-CsH; 21.5 
co HCO- 8.0 

0 Taken from ref. 26. 

WCO) 5 

In a preliminary account we described hydride 
affinity bracketing experiments involving 
Fe(CO),. I9 The results are briefly reviewed here. 
Iron pentacarbonyl reacts with a wide variety of 
negative ions in the gas phase under flowing after- 
glow conditions. Nucleophilic addition with 
accompanying decarbonylation usually pre- 
dominates, and the kinetics, mechanisms and ther- 
mochemistry of these reactions have been described 
by us in detail.17,18 Slow hydride transfer to 
Fe(CO)s yielding an [M + H-1 product ion at m/z 
197 is observed with (CH3@ZN, HCO;, 
PhCHCH3, CHdHCHCH, and almost all pri- 
mary and secondary aliphatic alkoxides [eq. (2)]. 

Hx- + Fe(CO)+ (CO),FeCHO- +X. (2) 

Only traces of this product are observed with 
CH,CHCN and it is completely absent from 
the mixture of product ions formed with 
CH3CHCOCH3. 

The [M +H-] product ion is believed to be 
the iron formyl complex, (CO),FeCHO-, which 
results from H- transfer to a CO ligand (see Struc- 
ture 1). Supporting evidence for this ion structure 

ON/” 
oc.. - 
OCGFe --O 

co 

Structure 1. 

assignment has been presented earlier. 34 The ion is 
substitutionally inert in the gas-phase, as are all 
other 18-electron metal anion complexes we have 
examined previously in our laboratory.35 Fur- 
thermore, it fails to undergo any other conceivable 
“neutral switching” type reactions that would be 
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characteristic of an electrostatically-bonded cluster 
ion.36 Dedieu and Nakamura have examined this 
ion computationally at a high level of theory and 
concluded that direct H- addition to an axial CO 
is strongly exothermic and occurs without acti- 
vation.37,38 

Hydride transfer from (CO),FeCHO- does not 
occur with any of the neutral acceptor compounds 
we have examined ; even those for which H- trans- 
fer is calculated to be exothermic (vide i&z). Thus, 
no reaction occurs at all with CH,--CHCN and 
CH+ZHCOCH,, and only slow (termolecular) 
addition takes place with BEt3. We have previously 
proposed kinetic arguments for this behaviour in 
terms of the unfavourable charge localization 
requirements expected for heterolytic cleavage of 
the C-H bond in (CO),FeCHO-. 34 Since the nega- 
tive charge in the iron formyl ion complex is mainly 
delocalized over the metal and oxygen atoms,37-3g 
hydride-acceptor molecules are not likely to associ- 
ate with the hydrogen during the short time-span 
of a gas-phase ion/molecule collision. That is, the 
hydrogen in (C0)4FeCHO- is not particularly 
“hydridic” in a kinetic sense. In contrast, when the 
acyl ligand involves an electronegative (lone-pair 
bearing) heteroatom such as in (CO),FeC(O)F- or 
(CO),FeC(O)Cl-, exothermic ion transfer reac- 
tions with neutral acceptor molecules are readily 
observed. 34 

Complete product distribution and kinetics 
measurements were performed for several of the 
hydride transfer reactions in order to more clearly 
define the H--transfer threshold. In all cases in 
which hydride transfer occurs [eq. (2)], it represents 
only a minor channel (5-13%) compared to the 
total adduct formation and addition/decar- 
bonylation (70-100%). The efficiency of the hy- 
dride transfer channel, as given by kc2)/kcollision,40 
decreases from 0.01 for PhCHCH3 to d 0.0002 
for CH3CHCOCH3. From these results and 
the reference hydride affinities listed in Table 1 
we assign a final value to HA(Fe(CO),) of 56 f4 
kcal mol- ‘. Combining this with the known heats 
of formation for H- (34.7 kcal mall ‘) and Fe(CO), 
(- 173.0 + 1.5 kcal mol- ‘)3o yields AHY[(CO), 
FeCHO-, g] = - 194+4 kcal mol- ‘. The two 
iron-formyl bond strengths D[(CO),Fe-CHO-] 
and D[(CO),Fe--CHO] are derived from 
HA(Fe(CO),) and other thermochemical data 
according to eqs (3) and (4). 

D[(CO),Fe-CHO-] = HA(Fe(CO),) 

- HA(C0) + D[(CO),Fe-CO] 

D[(CO),Fe--CHO] = D[(C0)4Fe-CHO-] 

- EA(Fe(C0)4) + EA(HC0). 

(3) 

(4) 

R. R. SQUIRES 

Using the values HA(C0) = 8.0 kcal mol- 1,4’ 
D[(C0)4Fe-CO] = 41.5 kcal mall ‘,42 EA(Fe 
(CO),) = 55.3 kcal mall’ 43 and EA(HC0) 
= 7.2 kcal mall ’ 4’ from the recent literature, 
we calculate D[(C0)4Fe-CHO-] = 90 k 5 kcal 
mall ’ and D[(CO),Fe--CHO] = 41 rt5 kcal 
mall ‘. 

M(C0)6, M = Cr, MO, W 

The results for the group 6 metal carbonyls are 
described collectively here since their behaviour in 
reactions with almost all of the negative ions we 
examined was found to be identical. Because of its 
greater volatility and smaller number of natural 
abundance metal isotopes compared to MOM 
and W(CO)6, Cr(C0)6 was most easily studied and 
its reactions were investigated in the greatest detail. 
The major reaction occurring with primary alkox- 
ide ions is nucleophilic addition followed by loss of 
two and three CO ligands from the metal ion 
product [eq. (5)]. 

RCH,O- +Cr(CO), 

--EZ 

(CO),CrOCH,R- + 2C0 

(CO)$rOCH& + 3C0 (5) 

(CO)&rCHO- + RCHO. 

Hydride transfer yielding the chromium formyl ion 
(m/z 221) is observed with CH3CH2CH20-, 
CH3CH,0- and CH30-, but not with PhCH20- 
or (CH 3) ,CCH 20-. The delocalized carbanions 
shown below react mainly by adduct formation, 
with varying amounts (20-50%) of mono- 
decarbonylation products also appearing for all 
but CH3CHCOCH3 [eq. (6)]. 

R- + Cr(CO), 

1 

t (CO),CrR- + CO 

+ (CO) SCrC(0)R-. 
(6) 

R- = CH3CHCOCH3, CH,CHCN, 

(CH,),CCN, PhCHCH3, PhC(CH3)*. 

Hydride transfer, dissociative electron transfer 
and adduct formation occur with the cyclohexa- 
dienyl anion [eq. (7)]. 

The potent hydride donor anion Et,SiH; (formed 
by direct addition of H- to Et3SiH)24 produces a 
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quantitative yield of the chromium formyl [eq. (S)]. 

Et,SiH; +Cr(CO), 

- Et$iH + (CO),CrCHO-. (8) 

As with (CO),FeCHO-, bimolecular hydride 
transfer from (CO),CrCHO- to acceptor molecules 
is not observed, regardless of their hydride affin- 
ities. Thus, no reaction occurs at all between 
(CO)JrCHO- and either CH,COCH=CH, 
(HA = 58.4 kcal mall’) or CHFC(CHs)Ph 
(HA = 47.4 kcal mall ‘). We adopt the same kinetic 
arguments used for (CO),FeCHO- to rationalize 
this behaviour and attribute the non-reactivity of 
(CO).$rCHO- to its extensive charge delo- 
calization. 

From the occurrence of hydride transfer to 
Cr(C0)6 from CH@ (HA(CH,O) = 41.0 kcal 
mall ‘) but not from PhCH20- (HA(PhCH0) 
= 45.6 kcal mall ‘), we assign a final value to 
HA(Cr(CO),) of 44 f4 kcal mol- ‘. The conserva- 
tive error limits reflect the uncertainty in the 
reference thermochemical data and the fact that 
the hydride affinity bracket could not be established 
from both forward and reverse reactions. Combining 
HA(Cr(CO),) with AHJCr(CO),, g] = -217.1 
f0.5 kcal mall ’ 3o and AH,[H-, g] yields 
AJ+[(CO),CrCHO-, g] = -226+4 kcal mol- ‘. 
From an equation analogous to (3) and 
D[(CO),Cr-CO] = 36.8 kcal mall ’ 42 we further 
calculate D[(CO),Cr--CHO-] = 73 f 5 kcal 
mall ’ . The electron affinity of Cr(CO)s has recently 
been estimated to be 2 48 kcal mall 1,44 from which 
an upper limit for D[(CO),Cr--GHO] of < 32 
kcal mall ’ can be calculated using an equation 
analogous to (4). 

The same general reactivity patterns are found 
for Mo(CO), and W(CO)6. Addition with loss of 
two and three CO ligands represents the main reac- 
tions with alkoxides, and adduct formation along 
with minor amounts of monodecarbonylation 
occur with carbanions. Hydride transfer to 
Mo(CO), and W(CO)6 is observed with CH30- 
and c-C,H;, but not with PhCH20-, PhC(CH3)2 
or PhCHCH,. The same hydride affinity as for 
Cr(C0)6 (44 f 4 kcal mol- ‘) is deduced from these 
results. The resulting heats of formation for the 
formyl ions are: AHf[(CO),MoCHO-, g] = 
-228 k4 kcal mol- ’ and AHf[(CO),WCHO-, 
g] = -221_+4 kcal mall ‘, using heats of forma- 
tion for Mo(CO), and W(CO)6 of -219.0+0.4 
and - 211.4 f 0.6 kcal mol- ‘, respectively.45 
From the CO-dissociation energies, D[(CO), 
MO-CO] = 40.5 kcal mall’ 42 and D[(CO), 
W-CO] = 46.0 kcal mol-‘,42 the hetero- 
lytic metal-formyl bond strengths D[(CO), 

Mo-CHO-] = 77f 5 kcal mol- ’ and D[(CO), 
W-CHO-] = 82 + 5 kcal mol- ’ are de- 
rived. Finally, from estimated lower limits for 
EA(Mo(CO),) and EA(W(CO),) of 46 kcal 
mol-‘,44 we calculate D[(CO),Mo--CHO] < 38 
kcal mol- ’ and D[(CO),W--CHO] < 43 kcal 
mall ‘. 

DISCUSSION 

A summary of hydride affinities, homolytic and 
heterolytic metal-carbon bond strengths and 
related thermochemical data is provided in Table 
2. Several qualitative and quantitative conclusions 
may be derived from the absolute and relative mag- 
nitudes of the hydride affinities. First of all, it is 
worthwhile to point out that the hydride affinities 
of the metal carbonyls are substantially less than 
the hydride affinities of boranes3’ [eq. (9)]. 

BH; + Fe(CO), 

m = 18kca’mo*r: (CO),FeCHO- + BH3 (9) 

This is significant because alkali borohydride 
reagents such as LiR3BH and K(R0)3BH normally 
function as good hydride donors with neutral metal 
carbonyls in solution, “*4G48 despite the fact that 
the underlying (gas-phase) energetics for H- trans- 
fer is unfavourable. The same may be said for the 
borohydride reduction of organic carbonyl com- 
pounds since they too have hydride affinities that 
are significantly less than the boranes.26 

The obvious implication is that the solvent and 
alkali metal counter-ion make significant con- 
tributions to the mechanisms and the overall ther- 
modynamics of the borohydride reduction reac- 
tions in solution. In principle, synchronous boron- 
oxygen and carbon-hydrogen bond formation in 
the nascent formyl ion could also mediate the other- 
wise endothermic hydride transfer. However, this 
type of (concerted) mechanism has been shown to 
be insignificant in the reductions of organic car- 
bony1 compounds.49 Wigfield has emphasized the 
importance of hydrogen-bonding solvents in the 
borohydride reductions of organic ketones50 and it 
is likely that they could also facilitate reduction 
of metal carbonyls. Furthermore, in their original 
report of the synthesis of iron formylates with 
borohydride reagents, Winter et al. demonstrated 
strong ion-pairing between the alkali cation and the 
formyl oxygen.48 Continued mechanistic studies of 
solvent and counter-ion effects would clearly be 
of value for further optimizing borohydride-based 
syntheses of anionic metal formyls. 

The relative ordering of the hydride binding ener- 
gies for the four compounds parallels their relative 
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reactivities towards nucleophilic addition in 
solutions. For example, on a per-carbonyl basis, 
benzyl magnesium chloride reacts with Fe(CO), to 
form the acylate complex roughly three to five times 
faster than with the group 6 hexacarbonyls, and 
the spread among the rates measured for Cr(CO),, 
Mo(CO), and W(CO)6 is relatively small [eq. 
(lo)].” 

M(CO),+PhCH,MgCl 

0 

--(CO),_J%--jC-CH,Ph*MgCl+. (10) 

Similar reactivity differences are found in reactions 
of these compounds with alkyllithium reagents,52 
amines, azide ion54 and other nucleophiles. 2,6 

Darensbourg ’ ‘s5 2 and Algelici’ 5 have developed 
useful empirical correlations between the relative 
reactivity of a metal-coordinated CO (and other 
ligands) towards nucleophilic attack and its spec- 
troscopically determined C-O stretching force 
constant (kc,). In general, large kc, values correlate 
with relatively rapid rates of nucleophilic addition, 
while smaller kc. values are characteristic of the 
less reactive compounds. The group 6 hexa- 
carbonyls have nearly identical k,, values (ca 16.5 
mdyn A-‘), whereas kc0 for the axial CO in 
Fe(CO), is somewhat larger 17.0 mdyn A-‘).5’,52 
Both the relative rates of reaction (10) and the gas- 
phase hydride binding energies of the four metal 
carbonyls exhibit this same pattern. 

The underlying basis for the force constant/ 
reactivity correlation is generally believed to be 
the direct connection between k,, and the mag- 
nitude of the partial positive charge on the carbon 
of the CO ligand (+&), i.e. the larger the C-O force 
constant, the greater the positive charge on carbon 
and accordingly, the greater its (kinetic) elec- 
trophilicity. However, in a recent publication Ange- 
lici correctly points out that the relative reactivities 
of the metal carbonyls may, in fact, be determined 
by thermodynamic factors as opposed to purely 
kinetic factors.55 Several examples were cited in 
which the equilibrium constants for nucleophilic 
addition follow the k,, ordering for a series of 
compounds whereas the rates do not. 

The apparent correlation between the hydride 
affinities of the metal carbonyls and their kc0 values 
is consistent with this latter interpretation, although 
the basis for such a relationship is not obvious. 
That is, the hydride affinities are determined by the 
dzfirences in energy between the metal carbonyl 
and formyl complexes, and ground-state properties 
of the metal carbonyls such as kc0 or +6, cannot, 
by themselves, account for the variations. Never- 
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theless, on the strength of the apparent success of 
the correlation between kc0 and HA(M(CO),) ex- 
hibited so far, we might venture the predictions 
that Ni(CO), (kc0 = 17.2 mdyn A-‘)52 will have 
a greater hydride affinity than Fe(CO)5, while 
CpMn(CO), (kc0 = 15.6 mdyn A-‘) will have a 
lower hydride affinity than the group 6 metal car- 
bonyls. 

Dedieu and Nakamura carried out extensive ab 
initio SCF calculations on the hypothetical gas- 
phase reaction between H- and Fe(CO)*. 37*38 From 
a detailed analysis of the electronic structure of the 
product formyl ion, (CO),FeCHO-, they con- 
cluded that the vacant dzz orbital on iron plays a 
key role in stabilizing the formyl ligand resulting 
from hydride attack on an axial CO. For a series of 
related compounds, as the energy of d,z decreases, 
the extent of the stabilizing interaction increases 
and a greater total H- binding energy results. 
Accordingly, at the level of theory employed by 
Dedieu and Nakamura, Fe(CO), and Ru(CO), 
have d,z energies of 0.243 and 0.176 eV, and cal- 
culated hydride affinities of 69 and 76 kcal mall ‘, 
respectively. 38 

For the most part, this model satisfactorily 
accounts for the experimental results of the present 
study. The analogous dzz acceptor orbital in 
Cr(CO), (6e,)56 is expected to be somewhat higher 
in energy than the one in Fe(CO), since 3d orbitals 
are generally higher-lying in the early transition 
metals, and the crystal field splitting is larger for 
octahedral vs trigonal bipyramidal coordination. 
Therefore, a lower hydride affinity for Cr(CO)6 
compared to Fe(CO), is expected. Moreover, while 
the valence d-orbitals in metal carbonyls generally 
decrease in energy down a metal triad due to 
decreased interelectronic repulsion, the greater o- 
interaction between the carbonyls and the relatively 
diffuse 4do and 5dg orbitals compared to 3da raises 
the energy of the empty da* (6e,) orbital to a greater 
extent.57 In view of these opposing effects, one 
might predict that the dzz energy levels in Cr(CO)& 
Mo(CO), and W(CO)6 would not differ greatly and, 
therefore, that the hydride affinities should be simi- 
lar. Extended Hiickel calculations yield dzz orbital 
energies for Fe(CO),, Cr(CO)& Mo(CO), and 
W(CO)6 of -3, - 1, -0.8 and 0.9 eV, 
respectively. ” While these estimates are undoubt- 
edly crude and strongly parameter dependent, they 

t While a vacant 4s orbital is present in Ni(C0)4 which 
may, in principle, act in a similar capacity as the d,l 
orbital in Fe(CO),, it would not be expected to mix as 
well with the formyl ligand (higher energy ; less efficient 
overlap) and would therefore provide less stabilization. 
For a pertinent discussion of this point, see ref. 59. 

are generally consistent with the qualitative picture 
described above as well as with the experimental 
differences in hydride affinity between Fe(CO), 
and the group 6 hexacarbonyls. 

Inasmuch as the presence of a vacant, low-lying 
d-orbital is a prerequisite for a strong nucleophile 
binding in a metal carbonyl, one might anticipate 
relatively weak hydride binding by Ni(C0)4 since 
the metal d-orbitals are fully 0ccupied.t However, 
this contradicts the empirical prediction made earl- 
ier of a high hydride affinity for Ni(C0)4 based on 
its large C-O force constant. It is noteworthy that 
although nickel acylates have been known for some 
time in solution, they are generally less stable than 
analogous iron acylates and are extremely prone to 
polymerization, decarbonylation and degradation 
by oxygen.2*60 Moreover, (CO),NiCHO- is 
presently unknown. Therefore, hydride affinity 
measurements with Ni(CO), would be of particular 
interest and experiments along these lines are cur- 
rently in progress. 

CO insertion into M-H bonds 

The thermochemical data in Table 2 can be used 
to evaluate the gas-phase energetics for (migratory) 
insertion of CO into an M-H bond [eq. (1 l)].“’ 

L M-i-H. L,,MH+CO-----+ ,, 
(11) 

Reaction (11) is usually thermodynamically 
unfavourable. Indeed, the vast majority of known 
metal for-my1 complexes are thermally unstable with 
respect to decarbonylation.“,62,63 Notable excep- 
tions are the early transition-metal hydrides64*65 
and actinohydrides66,67 which produce q2-formyl 
products from CO-insertion, and the interesting 
rhodium porphyrin hydride complex RhOEP(H) 
(OEP = octaethylporphyrin) described by Way- 
land et a1.68,69 

Calculation of CO-insertion energies requires 
thermodynamic information for the corresponding 
metal hydrides. For the iron system [eq. (12)] this 
can be obtained from recent studies of (CO),FeH,. 

(CO).+FeH- +CO- (CO)4FeCHO-. (12) 

Thus, from an appropriate thermochemical cycle 
an expression for AH( 12) in terms of the acidity and 
HZ-dissociation energy of (C0)4FeH2 can be 
derived [eq. (13)]. 

AH(12) = D[(CO),Fe-H,] 

- D[(C0)4FeH--Hf] + D[H+-H-1 

-HA(Fe(CO),)-_[(CO),Fe-CO]. (13) 
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Pearson and Mauermann have measured the acti- 
vation energy for HZ-dissociation from (C0)4FeH, 
in aqueous methanol to be 26 + 2 kcal mol- ‘. 7o This 
is likely to be very close to the actual bond energy 
since Sweany has shown that Hz oxidatively adds 
to Fe(CO), in frozen matrices with little or no acti- 
vation energy. 71 Stevens and Beauchamp bracketed 
the gas-phase acidity of (C0)4FeH, @(CO), 
FeH--H+) at 3 19 + 5 kcal mol- ’ from ion/mol- 
ecule reactions in an ICR.72 Combining these two 
bond energies with D[H+-H-1 = 400.4 kcal 
mol- ’ 25 and values for the remaining terms from 
Table 2 yields a final estimate for AH( 12) of 10 ) 7 
kcal mol- ‘. Therefore, CO-insertion into the FeH 
bond in (C0)4FeH- is moderately endothermic. 
From an estimated entropy change for eq. (12) of 
-35 eu (based on standard statistical formulae), 
AG(12) is computed to be 21 kcal mol- ’ at room 
temperature and one atmosphere pressure. 

R. R. SQUIRES 

three terms of - 16 kcal mol- ’ from ther- 
mochemical data for organic carbonyl compounds 
and concluded that eq. (15) will be exothermic only 
when the metal-hydrogen bond strength in the 
hydride does not exceed the metal-carbon bond 
strength in the formyl by more than 16 kcal 
mol- 1.6g 

In a previous study we obtained estimates of the 
CO-insertion energies for a large series of (CO), 
FeX- complexes, where X represented different 
alkyl, aryl and heteroatom-containing ligands.17 It 
was found that the enthalpies of CO-insertion 
generally followed the basicity of the ligand X- and 
that insertion was unfavourable (AH > 0) for all 
but the most weakly basic of ligands such as Cl-, 
Br- and II. Thus, the present result for X- = H- 
is but one example of a more general situation for 
this particular system. 

The appropriate homolytic bond energies are 
available for the iron formyl system which allow us 
to check the performance of eq. (16). Using D[(CO), 
Fe--CHO] = 41 kcal mol- ’ from Table 2 and 
D[(CO),Fe----HI = 69 kcal mol- ’ derived from the 
aforementioned data for (C0)4FeH270-72 along 
with the - 16 kcal mol- ’ approximation for the last 
three terms, yields a final insertion enthalpy of 12 
kcal mol- ‘. This is in good agreement with the 
value of 10 + 7 kcal mol- ’ derived from our hydride 
affinity measurements. We therefore conclude that 
eq. (16) can provide reasonably accurate estimates 
for the CO-insertion enthalpies. 

Analogous data for evaluating the heats of for- 
mation for the group 6 metal hydrides [(CO),MH-, 
M = Cr, MO, w] are not presently available. How- 
ever, we can make use of a semi-quantitative 
analytical approach to CO-insertion energetics 
developed by Wayland6’ to derive estimates for the 
energy of reaction (14). 

0 

(CO)SMH- +CO- (CO),M-!LH 

M = Cr, MO, W. (14) 
The enthalpy of CO-insertion into a generalized 

M-H bond [eq. (15)] may be expressed in terms of 
the separate bond energy contributions shown in 
eq. (16), where (M-H), (M-C) and (C-H) are 
the homolytic metal-hydrogen, metal-carbon and 
carbon-hydrogen bond strengths in the reactant 
hydride and product formyl, and (C+O) - (c---O) 
is roughly equivalent to the n-bond energy in carbon 
monoxide. 

For the group 6 metal formyl ion complexes we 
have estimated upper limits for the metal-carbon 
bond strengths (D[(CO),M--CHO]) of 32,38 and 
43 kcal mol- ’ for M = Cr, MO and W, respectively 
(Table 2). Use of these data with eq. (16) leads 
to the conclusion that the metal-hydrogen bond 
strengths in the (CO)SMH- ions would have to be 
less than 48,54 and 59 kcal mol- ’ for Cr, MO, and 
W, respectively, in order for eq. (14) to become 
exothermic. Considering the range of known M-H 
bond energies in mononuclear metal hydrides, (6& 
70 kcal mol- 1),73-75 bond strengths as low as this 
are unlikely. For example, (CO),MnH and (CO), 
FeH+ are isoelectronic with (CO)&rH- and have 
homolytic M-H bond energies of 60 and 72 kcal 
mol- ‘, respectively. 76,77 Furthermore, the mean 
M-H bond strengths in H,MoCp, and H2WCp2 
are 60 and 73 kcal mall ’ 78 and the MO-H bond 
energy in HMo(CO),Cp has recently been mea- 
sured to be 66 kcal moll’.7g We therefore conclude 
that reaction (14) is likely to be endothermic for all 
three metals. Gas-phase experiments to establish 
better thermochemical data for (CO)SMH- ions are 
currently in progress. 

M-H+CO- M-CHO (15) 
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AH( 15) = (M-H) - (M-C) + (GO) 

- (C=O) - (C-H). (16) 

Wayland derived an approximation for the last 
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APPLICATION OF TIME-RESOLVED PHOTOACOUSTIC 
CALORIMETRY TO 0-L BOND ENTHALPIES IN 

Cr(CO)rL 

GILBERT K. YANG, VERONICA VAIDA* and KEVIN S. PETERS* 

Department of Chemistry and Biochemistry, University of Colorado, 
Boulder, Colorado 80309-0215, U.S.A. 

Abstract-Using time-resolved photoacoustic calorimetry, the Cr-L bond enthalpies in 
Cr(CO)rL for a variety of ligands have been measured. Also, the enthalpy and entropy 
of activation for the displacement of heptane in Cr(CO),(heptane) by pyridine and 2- 
picoline have been determined. 

Understanding the reactivity and selectivity of 
organotransition metal complexes is predicated 
upon the availability of energetic information such 
as metal-ligand bond strengths. Most of the ener- 
getic information available for transition metal 
complexes consists of average metal-ligand bond 
strengths derived from measured enthalpies of for- 
mation of mononuclear complexes. I-4 Recently, as 
bond dissociation energies for removal of the first 
ligand could be measured in a few instances,%’ it 
was found that they are considerably different 
from the average values. These results underscore 
the importance of obtaining a data base of specific 
metal-ligand bond energies to be used in studying 
reactivity. 

We have developed one approach aimed at 
obtaining specific bond energies for transition metal 
complexes in solution, which is time-resolved 
photoacoustic calorimetry. In this paper we will dis- 
cuss measured metal-ligand bond enthalpies for 
Cr(CO)gL as well as a study of steric effects on the 
activation parameters and the enthalpy of ligand 
substitution in Cr(CO),(heptane) by substituted 
pyridines. Steric interactions between ligand and 
metal play a significant role in the stabilities of 
organometallic complexes and in controlling the 
rates of ligand substitution reactions. 

EXPERIMENTAL 

The technique of time-resolved photoacoustic 
calorimetry has been described recently lo and will 

* Authors to whom correspondence should be addressed. 

not be discussed in detail. In those studies,” the 
response of a transducer to an acoustic wave was 
investigated by modelling the experiment with a 
point source of heat and a point detector. The 
results established that the acoustic wave gives rise 
to a unique waveform for transients with lifetimes 
of 50 ns to 50 ps for a 1 MHz transducer. The 
experimental information obtained in the time- 
resolved photoacoustic experiment is the experi- 
mental waveform, C&t), which is the convolution 
of a time-dependent heat source E(t) and the trans- 
ducer response function T(t). The deconvolution 
procedure has been described. lo It involves cal- 
culating a heat wave assuming a set of parameters : 
zk, the transients decay lifetime and &, which rep- 
resents the fraction of the photon energy that is 
released as heat during the decay of the transient k. 
A calculated waveform Ccalc(t) is then generated and 
compared with the experimental C&t) by evalu- 
ation of the sum of the residuals. The best values 
for the fitting parameters +k and zk are obtained by 
minimizing the residuals. 

In the present study, time-resolved photoacoustic 
calorimetry is employed to obtain the kinetics and 
enthalpies for the ligand substitution reactions 
occurring when Cr(CO)6 is photolysed in heptane 
solutions of various ligands. The kinetic infor- 
mation is obtained from zk as k = (l/z,)[L]. To 
obtain bond enthalpies, AH, from the measured 
heat of reaction &, the reaction quantum yield, 
QY, must be available. This than leads to 

AH = (1 - 4)WQY 

where Ehv is the photon energy. 
The experiments reported here were performed 
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in helium purged heptane solutions of Cr(C0)6 
(10m4 M) with 0.02-0.40 M added ligand which 
were irradiated with c 20 PJ per pulse at 337.1 
nm from a nitrogen laser. Arrhenius studies were 
performed over a 34°C temperature range between 
9.3 and 43.3”C with the sample held in a constant 
temperature block maintained to within + 0.1 “C. 

RESULTS AND DISCUSSION 

Ligand substitution reactions for the group VI 
metal hexacarbonyls have been extensively 
studied. ’ ‘-*’ For M(C0)6 (M = Cr, MO, W), the 
mechanism for the reaction is thought to involve 
the dissociation of a CO to form M(C0)5 which 
coordinates to a solvent molecule, S, which in turn 
is followed by ligand, L, displacement of S. 

M(C0)6+S + M(CO),S+CO AH, 

M(CO)$+L --) M(CO)S-L+S AH,. 

To obtain a direct measure of the Cr(CO)rL bond 
energy from the photoacoustic amplitude associ- 
ated with the photochemical ligand substitution 
reaction one relies on the extensive mechanistic 
information available for this reaction. The initial 
photodissociation of CO and the ensuing solvent 
coordination to Cr(CO)S were shown Is to occur in 
less than 25 ps following photolysis of Cr(CO),. 
The quantum yield for the photochemical sub- 
stitution of a carbonyl ligand is 0.67 in cyclohexane 
solutions. ’ 4 

With this information, the results of the photo- 
acoustic calorimetry experiment, 8 namely 4, (the 
heat released in less than 50 ns), & (the heat 
released on longer timescales) and z (the lifetime 
associated .with process &), can be interpreted to 
give AH,, AH2 and k. The results obtained are 

presented in Table 1. As indicated, the replacement 
of bound CO in Cr(C0)6 by heptane is endothermic 
by 27 kcal mall ‘. In interpreting this value, it is 
informative to consider results of matrix isolation 
studiesz2 which indicated that large energies are 
involved in coordination of Cr(CO)S with “inert” 
molecules. In going from neon to the more inter- 
active methane matrix, the relative stabilization of 
the ground and excited state of Cr(C0)5 cor- 
responds to a 12.6 kcal mall ’ energy increase. The 
Cr-CO bond strength of 27 kcal mall ’ for 
Cr(C0)6 in heptane solution measured by photo- 
acoustic calorimetry,8 can be compared with the 
gas phase bond dissociation energy of Cr(CO), of 
36.8 kcal mall ‘. 6 Assuming a small differential heat 
of solution between the reactants and products, I6 
one obtains a 9.8 kcal mall ’ interaction energy 
between the coordinated heptane and Cr(CO)S, 
consistent with the matrix isolation studies. 

To examine the role that steric effects play in 
ligand-metal interactions we have studied the 
substitution of heptane from Cr(CO),(heptane) 
with a series of substituted and unsubstituted pyri- 
dines : pyridine, 2-methyl-pyridine (picoline) and 2,6- 
dimethyl-pyridine (lutidine). From the photo- 
acoustic calorimetry experiment, we obtained the 
enthalpy and rate constant (AH2, k) for the dis- 
placement of the coordinated heptane molecule by 
an incoming pyridine ligand. These results are sum- 
marized in Table 2. 

The enthalpies of displacement of heptane, AH*, 
by all three ligands are exothermic and decrease in 
magnitude by approximately 2.3 kcal mol- ’ as the 
ligand becomes successively methyl substituted. 
This is not surprising due to the increasing steric 
hindrance about the coordinating nitrogen atom 
afforded by the methyl groups. However, as 
observed by PES studies,23 methyl substitution 

Table 1. Cr(CO), ‘yF+ Cr(C0) 5 a Cr(C0) 5L 
I AH1 

L AH, (kcal mol) AH, (kcal mol-‘) k (10’ L/m01 s) 

THF 27.2f 1.2’ - 12.4+ 1.2” 
2,2-Dimethyl-THF 27.1 - 10.8 
Ethanol 26.5 - 13.8 
Acetone 27.3 - 13.5 
Acetonitrile 26.8 - 18.2 
N(n-Bu), 27.3 - 12.2 
P(n-Bu), 26.3 -21.6 
I-Hexene 27.2 - 12.2 
Tetramethylethylene 27.2 -9.6 

11.8 
5.3 
3.6 

15.9 
26.1 

1.2 
- 
3.0 
2.6 

n Errors given are 1 u. 
b f50%. 
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Table 2. Cr(CO),(heptane)-$ Cr(CO),L 
2 
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L -AH1 (kcal mol- ‘) 

Pyridine 20.1+ 0.4b 
2-Picoline 17.8* 1.6 
2,6-Lutidine 15.5+ 1.6 

AH* (kcal mol- ‘) AS (eu) 

5.1 to.4 -3.2k1.4 
7.3kO.8 2.6+2.8 

IP (ev) 

9.32 
9.02 
8.85 

n Ionization potentials ref. 23. 
‘Errors given as la. 

actually raises the lone pair orbital energy on the 
nitrogen (see Table 2) which might be expected to 
increase the donating ability of the ligand and thus 
increase the metal-ligand enthalpy. Therefore, the 
2.3 kcal mol- ’ estimate for the interaction of a 
methyl group with the Cr(CO), fragment must be 
a lower bound for the actual steric effect produced. 

From the temperature dependence of the second 

order rate constants, k, determined between 9.3 and 
43.3”C, Arrhenius plots yield AHt and ASf for the 
displacement of the coordinated heptane for pyri- 
dine or picoline. These data are presented in Table 
2 and the Arrhenius plot for pyridine is shown in 
Fig. 1. 

The enthalpy of activation is small for both 

ligands but is slightly larger for the more hindered 
picoline. The heptantir bond strength is approxi- 
mately 10 kcal mol- ‘. Since the enthalpy barrier 
for the substitution process is 5.2 + 0.4 kcal mol- ’ 
for pyridine, the transition state must be associative 
in the incoming ligand. With the more sterically 
demanding picoline, AHt would then be expected 
to be larger than for pyridine. The entropy of acti- 

I I 

34 
I 

I/T I 103K 
35 

Fig. 1. Plot of Ink vs l/T for Cr(CO),(heptane)s 
Cr(CO),L, L = pyridine. 

vation for both reactions is close to 0 eu. It is 
suggestive of a transition state which entails a high 
degree of heptane-Cr bond lengthening concurrent 
with the association of the incoming ligand. 
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A THEORETICAL STUDY OF METAL-LIGAND BOND 
STRENGTHS (M-L: L = OH, OCH,, SH, NH,, PH2, CH,, 
SiH,, CN AND H) IN THE EARLY TRANSITION METAL 

SYSTEMS C&ML (M = Ti, Zr AND Hf) AND LATE TRANSITION 
METAL SYSTEMS LCo(CO)‘, 
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and 
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Scheikundig Laboratorium, Vrije Universiteit, 108 1 HV Amsterdam, The Netherlands 

Abstract-The strength of metal-ligand bonds (M-L: L = OH, 0CH3, SH, NH2, PH2, 
CN, CH3, SiH3 and H) in the early transition metal systems C13ML (M = Ti, Zr and Hf) 
and late transition metal systems LCo(CO), have been calculated by a non-local density 
functional method. For the early transition metal systems the Ti-L bond in C13TiL was 
found to be quite polar, in particular for 0CH3, OH and NH2. The order of the D(Ti-L) 
bond strength was calculated to be 0H(453) > OCH,(427) > CN(410) > NH,(365) > 
SH(283) > CH,(268) > H(251) > SiH3(211) > PH,(191), where the numbers in par- 
entheses are the bond energies in kJ mol- ‘. The corresponding bond energies of the C13ZrL 
systems were calculated to be between 25 kJ mall ’ and 50 kJ mall ’ higher. An additional 
increase in the M-L bond energy of 10 kJ mol- ’ to 20 kJ mol- ’ was calculated in going 
from M = Zr to M = Hf. The M-L bonds in the late transition metal systems LCO(CO)~ 
were calculated to be weaker and less polar than the corresponding bonds in C13TiL. The 
order for the bond strengths in LCo(CO), was calculated to be CN(304) > OH(232) > 
H(230) > SiH3(212) > SH(169) > CH,(l60) > NH,(146) > PH,(145). The quite different 
order of stability for the M-L bond strength in early and late transition metal systems 
was analysed in terms of electronic and steric factors. 

The way in which metal-ligand bond energies of 
early transition metals and f-block elements differ 
from those of middle to late transition metals, or 
metal-ligand bond energies of 3d and 4felements 
differ from those of their heavier congeners, has 
been the subject of many experimental’ as well as a 
few theoretical2 studies over the past decade. 

The thermochemistry’” of transition metal com- 
plexes is, however, still a relatively underdeveloped 
area and nowhere is the dearth of reliable data on 
metal-ligand and metal-metal bond energies felt 
stronger than in the field of organo-transition metal 
chemistry. In this field the lack of data often pre- 
clude an accurate assessment of the energetics in 

* Author to whom correspondence should be addressed. 

elementary reaction steps involving bond-making 
and bond-breaking. 

We shall present here calculations on the 
D(M-L) bond strength in the C13ML model sys- 
tems of the early transition metals M = Ti, Zr and 
Hf, as well as the LM(C0)4 model system with 
the late transition metal M = Co, for a number of 
rudimentary ligands L = H, CH3, SiH3, OH, SH, 
OCH3, NH2, PH2 and CN. The choice of model 
systems should enable us to determine how 
D(M-L) is governed by the electronegativity of the 
central ligand-atom in the early transition metal 
complexes C13M-L through the triad M = Ti, Zr, 
Hf, as well as in the late transition metal complexes 
LCo(CO)‘+ 

All calculations have been based on the density 
functional method due to Becke’ and the HFS- 
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109". The M-L distances and angles were sep- 
arately optimized from a three point parabolic fit. 

THE M-L BOND STRENGTH IN Cl&IL 
WITH M = Ti, Zr, Hf AND L = H, CH,, 

SiH,, OH, SH, OCH,, NH,, PHI AND CN 

The bonding in C13ML can be conveniently ana- 
lysed in terms of the frontier orbitals2’ on the ligand 
L and the metal fragment MCI,. The frontier 
orbitals on MCl, consist of the three a-nonbonding 
metal-based d-orbitals la1 (la) and le,,le, (lb) as 
well as the two o-antibonding metal-based d- 
orbitals 2e,,2eY (lc) of somewhat higher energy. 
Orbital energies for the five frontier orbitals of 
MC13 are shown to the left in Fig. 1. The ground- 
state configuration of MC13 was found to be (la ,) ’ 
for M = Ti, Zr and Hf. Thus, the MC13 fragment 
has one singly occupied orbital la available for 
electron pairing as well as two sets, lb and lc, of 
empty orbitals suitable for a donor-acceptor inter- 
action with occupied orbitals on L. One should not 
be led to think from Fig. 1 that the effective charge 
on the metal center in MC13 is +3. Firstly, the 
2e a-antibonding orbital lc will have a bonding 
counterpart of lower energy (not shown in Fig. 1) 
with some d-participation. Secondly, there will be 
some participation from the d-orbitals shown in la 
and lb to chlorine based n-type orbitals. In an 
actual Mulliken population analysis on TiCl, we 
found a charge of +0.48 on the metal. 

la1 

la 
le 

lb 
Structure 1. 

frontier orbital energies for the ligands are shown 
to the right in Fig. 1. 

It follows from our discussion, so far, that all 
ligands have one singly occupied orbital available 
for an electron pairing cr-interaction with la1 (la) 
of MC13. All ligands, except hydrogen, have in 
addition occupied orbitals suitable for donor- 
acceptor interactions with the two pairs of empty 
orbitals, (lb) and (lc), on MC13. 

The C13M-XH3 systems were found to prefer 
a staggered conformation (3a) where the electron 
pairing c-interaction (3b) involve lai of MC13 and 
2a, of XH3, whereas the donor-acceptor inter- 
actions (3e) involves the two e-sets lb and lc on 
MC13 and the e orbitals on XH3. 

The CH3 and SiH3 ligands of C3, symmetry have The Cl,M-OH, C13M-OCH3, and C13M-SH 
a (2~ i) ‘( le)4 groundstate configuration (2a), the OH model systems were found to prefer conformation 
and SH ligands of C,, symmetry and 0CH3 or C3,, 4a of C, point group symmetry in which the angle 
symmetry have a (2az)2(le)3 configuration (2b) in a had a value of 110” in the case of OH and 0CH3, 
effective C3” symmetry. The NH;, and PH2 ligands with a value of 101” in the case of SH. The con- 
of Czv symmetry have a (2~,)*(lb,)~(lb~)i con- formation of C3” symmetry with a = 180” was, how- 
figuration (2c), whereas CN of C,, symmetry has ever, for the different metals and ligands less than 
a (~)‘(rc)~ configuration (2d). We finally have the 30 kJ mol- ’ higher in energy. The electron pairing 
hydrogen atom with the (Is)’ configuration. The a-interaction in 4a is primarily between la, on MC13 

Ev 

+k* 

-10 

-12 
F a, 

TIC’3 Co(CO), OH OCH 3 SH Nb$ PH2 CH3 SIH3 H CN 

Fig. 1. Energies for the frontier orbitals of the two metal fragments TiCl, and Co(CO), as well as 
the ligands L = OH, OCH3, SH, NH*, PH2, H, CH3, SiH,, CN and H. 
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2a 
le 

*al lb2 lb1 

2c 
Structure 2. 

le 

2b 

C C-N C-N 

%N %N 

2d 

and the singly occupied le orbital on the ligand 
(4b), whereas the donor-acceptor interactions are 
between the MC13 e-pairs (lb,lc) and the fully occu- 
pied 2ai and le ligand orbitals (4c). 

There are many possible conformations for 
Cl 3M-NH 2 and Cl ,M--PH 2 corresponding to 
different choices of the angle 0 in 5a. We found the 
preferred geometry to have M and XH2 in a co- 
planar conformation (0 = 18OO) as shown in 5b. In 
conformation 5b of C, symmetry the singly occu- 
pied la1 orbital on MC13 will interact with the dou- 
bly occupied 2a, orbital of XH2 (5~) whereas the 
empty e-type orbitals on MC13 interacts (5d) with 
the singly occupied lbz orbital on XH2. We shall, 
in order to facilitate the discussion of the bonding 
in C13MXH2 of conformation 5b, promote XH2 
from the (2~~)~(lb~)~(lb~)’ groundstate con- 
figuration to the “valence configuration” 
(2~,)‘(lb,)~(lb~)~. The interaction in 5c is in this 
way between two singly occupied orbitals and the 

interaction in 5b between empty MC13 orbitals and 
the fully occupied lb* orbital. The energy AEprep 
required to promote XH2 from the groundstate 
configuration to the valance configuration 
(2~,)‘(lb~)~(lb~)~, with the XHZ framework kept 
constant, was 134 kJ mol- ’ and 237 kJ mol- ’ for 
X = N and X = P, respectively. The bond energy 
D(M-L) is delined with respect to the groundstate 
of MCI, and L for all ligands L. The electronic 
promotion of NH2 and PH2 will not influence the 
calculated values for D(M-NH2) and D(M-PH2) 
since AEprep will be taken properly into account [see 
eq. (2) below]. The promotion will, however, make 
the discussion of the bonding in the CIJM-L sys- 
tems more uniform. 

We finally have C13M-H of C3v symmetry with 
the single bonding interaction 6a as well as 
Cl,M-CN, also, of C,-symmetry, with the elec- 
tron pairing a-interaction 6b and the donor- 
acceptor interactions 6c. 

Structure 3. 
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Cl 

\ 

.,,,,,,lll~qT_da 
Cl 

4a 4b 
Structure 4. 

le + 2a, 

4c 

We have, in accordance with the bonding analysis 
presented here for Cl,M-L, decomposed the 
D(M-L) bonding energy as 

D(M-L) = - [AE,,,, + AE” 

+ AE, + AEDA + Gwl, (2) 

by considering the formation of C13M-L from 
C13M and L in a sequence of steps. The term AE,,, 
of eq. (1) represents the energy required in the first 
step to prepare the ligand L before the formation 
of C13M-L. That is, the ligand framework is 
deformed to the conformation it will have in 
C13M-L and, if required, promoted from its elec- 
tronic groundstate to its electronic valence con- 
figuration. We have for all ligands except CH3 
assumed the same geometry of L in C13M-L as in 
the free state. However, CH3 has been deformed 
from its planar equilibrium geometry with an HCH 

angle of 120” to the trigonal conformation with an 
HCH angle of 109”. The energy required to deform 
CH3 amounts to 25 kJ mol- ’ and AEprep will as a 
consequence have the contribution - AEprep = - 25 
kJ mol- ’ to D(M-L) in the C13M-CH3 systems. 
The only two ligands for which an electronic pro- 
motion was required were NH1 and PHI. These two 
ligands were, as already mentioned, promoted from 
(2~,)~(lb,)~(lb~)’ (2e) to (241,)‘(lb,)‘(lb~)~. The con- 
tributions to D(M-L) from the promotions were 
-AEpnp = -134 kJ mol-’ and -AEprep = -237 
kJ mol- ’ for NH2 and PH2, respectively. The MC13 
fragment and the prepared ligand are, in the second 
step, placed in the positions they will take up in the 
combined complex Cl,M-L, while the electrons 
are confined to the orbitals they occupy in the sep- 
arate fragments. The energy contribution to 
D(M-L) from this step, - AE', is negative and 
destabilizing, since it involves interactions between 

la1 + 2a1 
2e + lb2 

5C 
Structure 5. 
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00 

-1 + 1sH la1 + OCN 
2e + ‘CN 

6a 6b 6c 
Structure 6. 

fully occupied orbitals on L and C13M as well as 
interactions between a fully occupied orbital on one 
fragment and a singly occupied orbital on the other 
fragment. The term - AE’, which we will refer to 
as the steric interaction energy, includes in addition, 
the stabilizing electrostatic interaction - AE,, 
between L and C13M. 

We allow in the third step the two single electrons 
on L and C13M to pair up into a bonding orbital (3h, 
4b, 5c, 6a and 6b) while restraining any electron 
density from flowing into the two sets (lb and lc) 
of empty e-type orbitals on CIsM. That is, we carry 
out a SCF-calculation in which lb and lc are 
excluded. The energy contribution to D(M-L) 
from the third step, which essentially represents the 
formation of a a-bond, is referred to as - AE, in 

eq. (1). 
In the last step we carry out a full SCF-calcu- 

lation, thus allowing for the flow of density into the 
empty e-type orbitals (lb and lc) on C13M from 
occupied ligand orbitals. The contribution to 
@M-L) from the donor-acceptor interactions 3c, 
4c, 5d and 6c is referred to as -AED* in eq. (1). 
We finally have as a separate term in eq. (1) the 
contributions from relativistic effects, - AE,,,. 
Relativistic effects are only of importance for heavy 
elements and have as a consequence only been 
evaluated for systems containing hafnium. 

The calculated D(M-L) bond energies are dis- 
played in Table 1 and a decomposition of D(M-L) 
according to eq. (1) is given for the C13Ti-L sys- 
tems in Table 2. It follows from Table 2 that the 
electron-pairing a-interactions 3b, 4b, 5c, 6a and 
6h, with the contribution -AE,, are more impor- 
tant for the strength of the C13M-L bond than the 
donor-acceptor interactions Se, 4c, 5d and 6e, with 
the contribution - AEn+ The bonds formed in the 
o-interactions 3b, 4b, Sk, 6a and 6h are in most cases 
strongly polar (7a) as one might expect from the 
difference in electronegativity between the three 
metals Ti, Zr and Hf on the one side and the coor- 
dinating atoms of L on the other side. We have, from 
a population analysis of the o-bonding orbitals 3b, 
4b, SC, 6a and 6h in Cl,M-L, calculated 6 of 7s as ; 
0.71(L = OH), 0.69(L = OCH& 0.54(L = SH), 
0.52(L = CN), 0.5O(L = NH*), 0.4O(L = CH,), 
0.35(L = PHJ and 0.2O(L = H), respectively. 

The ligands L = OH, 0CH3, with the coor-. 
dinating atoms of the highest electronegativity and 

Table 1. Calculated D(M-L) bond energies (kJ mol- ‘) 
and optimized R(M-L) bond distances (A) in Cl,ML 

D(M-L) R(M-L) 

M M 
L Ti Zr Hf Ti Zr Hf 

H 250.7 297.2 313.5 1.70 1.82 1.80 

CH3 267.5 309.5 326.6 2.13 2.26 2.25 
SiH, 210.9 239.5 272.2 2.63 2.78 2.79 
OH 453.2 527.2 535.9 1.83 1.95 1.97 
OCH, 426.9 484.5 506.6 1.86 1.99 2.01 

SH 293.3 347.9 360.1 2.28 2.47 2.47 

NH2 364.7 420.6 439.1 1.87 2.01 2.04 

RH, 190.6 225.6 233.9 2.24 2.48 2.47 
CN 410.4 457.6 477.9 2.06 2.21 2.23 

Structure 7. 

“Optimized from a quadratic fit through three energy 
points corresponding to three different M-L distances. 
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Table 2. Decomposition of D(Ti-L) in Cl,M-L. All energies in kJ mol- ’ 

L -BE0 - AE,” - AE, - AEDA -AEP_ D(M-L)b 

H -44.9 176.7 290.6 5.0 - 250.7 
CH, -115.7 341.1 396.8 11.4 -25 267.5 
SiH3 -91.9 294.1 273.9 28.9 - 210.9 
OH - 330.9 372.9 669.4 114.7 - 453.2 
OCH, -302.5 400.5 606.1 123.2 - 426.9 
SH - 229.7 433.5 412.5 100.5 - 283.3 
NH, - 149.2 300.4 540.2 108.1 - 134.4 364.7 
PHI - 94.0 244.2 391.5 129.7 -236.9 190.6 
CN -91.4 269.7 463.5 38.3 - 410.4 

“The electrostatic interaction energy AE,, is included in the steric interaction 
energy AE’. 

bThe total bonding energy is according to eq. (2) given as 
D(M-L) = - [ - AE” + AE, + AEDA + AE” + AEPrcP]. The individual terms are 
defined in the text. 
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the most polar C13M-L bond, have the largest 
D(M-L) bond energies and strongest rr-inter- 
actions 4b (Tables 1 and 2). The ligand L = SiH3, 
with the coordinating atom of the lowest elec- 
tronegativity and the least polar M-L bond, has a 
modest D(M-L) bond energy and the weakest G- 
bonding interaction (3b) (see - AE, of Table 2). For 
the series of ligands NH2, SH, CH3 and H, one 
finds in Tables 1 and 2 that -AE, and D(M-L) 
follow the order of the electronegativity of the 
coordinating atoms, with SH > NH2 > CH3 > 
H. Both the polarity and strength of the M-CN 
bonds (Tables 1 and 2) seem out of line with the 
position of carbon in the electronegativity series, 
and D(M-CN) is in fact closer to D(M--OCH3) 
than to D(M-CH3). This irregularity illustrates, 
however, merely the well known fact, that the singly 
occupied rscN sp-hybrid orbital of CN has a larger 
2s composition than the singly occupied 2a, orbital 
la of CH3, and thus a lower energy (Fig. 1) as well as 
a larger orbital electronegativity. The D(M-PH2) 
bond energy in C13M-PH2 is, in spite of a large 
contribution - AE, from the o-bonding interaction 
5c, rather low due to the required promotion energy 

AEprep. 
The contribution -AEn* to D(M-L) from the 

donor-acceptor interactions 3c, 4c, 5d and 6c is 
relatively modest (Table 2). It is essentially neg- 
ligible for the ligands H, CH,, SiH3 and CN without 
non-bonding donor lone pairs and amounts to 
- 100 kJ mol- ’ for the ligands OH, SH, NH2, PH2 
and OCH3 with available non-bonding donor lone 
pairs. The charge donated in the donor-acceptor 
interaction 7h is less than 0.25 for all ligands 
involved. 

The steric interaction energy - AE” includes the 
stabilizing electrostatic interaction AEe, between 
Cl,M and L, as well as the repulsive two orbital four 
electron interactions between occupied orbitals on 
C13M and L and two orbital three electron inter- 
actions between a fully occupied orbital on one 
fragment and a singly occupied orbital on the other 
fragment. Each of the ligands L, with the exception 
of H, have fully occupied orbitals of the same sym- 
metry as the singly occupied orbital on MC13. These 
orbitals are, as it is shown for CH3 in 8, involved 
in three electron two orbital interactions which sig- 
nificantly contribute to the steric interaction energy 
- AE ‘. Interactions such as 8 will be reduced as we 
allow, in the third step of our analysis, for the polar 
o-interactions 3b, 4b, 5c, 6a and 6b. This is so since 
la, of C13M, depending on the polarity (7a) of the 
C13M-L bond, to a larger or smaller degree will 
be vacated. The stabilizing reduction of repulsive 
interactions such as 8 by transfer of charge from 
la, (la) in (3b, 4b, 5c and 6h) is in our decompo- 

la1 + la1 

a 
Structure 8. 
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Fig. 2. Schematic representation of the repulsive inter- 
action between the a-bonding orbital & of C13M-CH, 

and the fully occupied la orbital of CH,. 

sition scheme part of -AE,, and of considerable 
importance for all ligands except hydrogen. The 
fact that -AE, for L = CH3 is larger than -AE, 
for L = H by 100 kJ mol- ’ (Table 2) can in part be 
attributed to the stabilizing reduction of the repul- 
sive interaction in 8. 

We might illustrate this important point further, 
in perhaps more familiar terms, by referring to Fig. 
2. In Fig. 2 are shown to the left in schematic form 
3b, 4b, 5c, 6a and 6h from the interaction between 
the singly occupied metal-fragment orbital ~.,x and 
the singly occupied 21s~ ligand orbital. The result 
of the interaction between CMx and 2ar is the bond- 
ing a-orbital. 

40 = C*%lx + (72%). (3) 

All ligands with the exception of H have, as al- 
ready mentioned, a fully occupied orbital 10‘ of rela- 
tively low energy which can interact with oMx and 
thus & of eq. (2). The lar orbital is for L = CH3, 
NHP, OCH3 and OH largely a 2s orbital on the 
central ligand atom and for L = SiH3, PH2 and 
SH the corresponding 3s orbital. The interaction 
between 10~ and & of eq. (3) depends, since lrrL 
and 20~ has zero overlap and thus to a first approxi- 
mation zero interaction, on C, and the overlap 
(lar ]aMx). The interaction between lcrr and 4c 
will, as shown to the right in Fig. 2, lead to a 
stabilization of laL by -AEl(AE, positive) and a 
destabilization of $,, by AE2(AEz positive). The 
total destabilization of C13M will be BE*-AE,, 
and it can readily be shown that 

AEz-AE, 0~ ~CI<~~LI~MX)I~. (44) 

It is clear from eq. (4) that a polarization of the 
M-L bond in XM-L, which will diminish C,, has 
the effect of reducing the destabilization AE2 - AE,. 

Hydrogen does not have a fully occupied laL 
orbital and the M-H bond does as a consequence 
not suffer a destabilization of the type illustrated in 

Fig. 2. We have in a previous study’ shown that the 
destabilization AEz - AE,, in part, is responsible for 
the relatively unpolar M-CH3 bond of middle to 
late transition metals, where [C,]’ N l/2, being 
weaker than the corresponding M-H bonds. We 
find in the present set of calculations the polar 
M-CH, bonds in C13M--CH, to be at a par in 
strength with the corresponding M-H bonds, and 
attribute this to a reduction of C, and AE2--AE, 
in M-CH3 as a result of the polarity in 7a. We do 
not on the other hand find any significant enhance- 
ment in the M-CH, bond strength of the 
C13M-CH3 systems from the donor-acceptor inter- 
actions 3c, 4c, 5d and 6c (see - AEDA of Table 2). 

It is clear from Table 1 that zirconium, and even 
more so hafnium, form stronger M-L bonds to 
the ligands under investigation than titanium in 
the Cl,M-L systems. The calculated increase in 
@M-L) down the triad M = Ti, Zr and Hf is 
primarily caused by a corresponding increase in the 
overlap between la, (la) of C13M and the singly 
occupied ligand orbital on L in the interactions 3b, 
4b, 5, 6a and 6b. Thus, the overlaps in 3b were 
calculated as 0.36, 0.41 and 0.43 for M = Ti, Zr 
and Hf, respectively. The contribution - AE,, from 
relativistic effects to D(M-L) is rather modest. The 
largest contribution from - AE,, was 8 kJ mol- ’ 
in the case of L = OH and the smallest contribution 
was 2 kJ mol- ’ in the case of L = SiH,. 

There are few thermochemical data available for 
M-L bonds involving group 4 metals. Of the 
ligands under consideration datala are, to our 
knowledge, only available for L = CR,, NR2 and 
OR (R = alkyl). For these ligands the mean bond 
energy E(M-L) is known for the homoleptic 
M(CR&, M(NR2), and M(OR)4 systems with 
M = Ti, Zr and HF. The experimental mean bond 
energies E(M-L) exhibit the same trends as the 
calculated D(M-L) bond energies of C13M-L 
with an increase down the triad, E(Hf-L) > 
E(Zr-L) >> E(Ti-L), as well as an increase with 
the electronegativity of the coordinating atom on 
the ligand, E(M-OR) > E(M-NR2) > 
E(M-CR3). Group 4 metals are known*’ to form 
several complexes involving M-L bonds with 
L = SiR3, PR1, and SR ligands. The corresponding 
D(M-L) bond energies have, however, not been 
determined experimentally. We find, perhaps not 
surprisingly, that the M-L bonds of L = SiH3, 
PH2, and SH are weaker and less polar than the 
M-L bonds of the homologous ligands L = CH3, 
NH,, and SH (Table 1). 

Comparative experimental data on M-H and 
M-CH3 bond energies of early transition metals 
are not available. It has, however, been asserted22 
that the M-H and M-CH3 bond strengths of 
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early transition metals are quite similar, in contrast 
to systems involving middle to late transition metals 
where the M--CH3 bonds are weaker than the cor- 
responding M-H bonds. We find, indeed, 
D(M-H) and D(M-CH,) to be quite similar in 
the Cl,M-H and Cl,M-CH3 systems, respec- 
tively. It follows further from our analysis that the 
polarity of the M-CH3 bond in C13MCH3 con- 
siderably enhances the M-CH3 bond strength by 
reducing the repulsive interaction shown in Fig. 2. 

We shall now in the next section turn to a study 
of M-L bond energies in the late transition metal 
complexes LCo(CO),. 

THE M-L BOND STRENGTH IN 
LCo(CO), WITH L = H, CHJ, SiHs OH, SH, 

NH2, PH2 AND CN 

The geometry of the Co(CO), framework in 
LCo(CO), was adopted from the experimentally I9 
determined structure of HCO(CO)~ where the 
Co(CO), fragment has a C3v point-group symmetry 
(9a) with an CO,,Co-CO,, angle 8 of 98”. The 
d9 radical Co(CO), of conformation 9a has the 
unpaired electron residing in a la,d(z*) metal-based 
orbital (9b). The two sets of metal-based d-orbitals 
of e-symmetry, le (SC) and 2e (9d), are fully occu- 
pied and can thus not accept electron density from 
the lone-pairs of L. Empty e-type acceptor orbitals 
on COG are, however, available (9e). The set of 

e-type acceptor orbitals of lowest energy is 3e (9e). 
The 3e orbitals are made up of an out-of-phase 
combination between a (d,p)-hydride on the metal 
and the rrzo orbital on the CO ligands. 

The orientation of the ligand L in LCO(CO)~ with 
respect to the three-fold axis of the metal fragment 
Co(CO), is the same as the orientation of L in 
C13ML with respect to the three-fold axis of C13M 
for L = H (lOa), L = CN (lob), L = OH, SH (lOc), 
and L = CH3, SiH3 (1Od). The bonding in 
LCo(CO), for L = H, OH, CN, SH, CH,, and SiH3 
can as a consequence be readily understood in terms 
of a-interactions reminiscent of 3b, 4a, 6a and 6b, 
where the la, orbital of C13M (la) is replaced by 
the la, orbital 9b of Co(CO),, as well as a n-donor- 
acceptor interaction similar to 3c, 4b and 6c where 
the two e-pairs, lb and lc, of C13M are replaced by 
the empty 3e (9d) acceptor orbitals of Co(CO&,. 

The coordination mode (lla) in LCo(CO), for 
L = NH2 and PH2 is somewhat different from that 
(5a) of the same two ligands in C13ML. That is, 8 
of lla is nearly 109” whereas the same angle in 5a 
was found to be 180”. It is as a consequence the 
partly filled lb2 orbital (2~) of XH2 (X = N, P) that 
is involved in the o-bond (llb) to Co(CO), and the 
fully occupied 2a, orbital that is involved in the 
donor-acceptor interaction (11~) with 3e of 
Co(CO),. 

The o-bond in LCO(CO)~ is considerably less 
polar than in C13ML. This is primarily so because 

Structure 9. 

le 
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cobalt is more electronegative than the group 4 
metals Ti, Zr and Hf, and the la1 frontier orbital 
9b on Co(CO), is as a consequence of lower energy 
than the frontier orbital la, (la) of C13M (see Fig. 
1). We have from a population analysis of the e- 
bonding orbitals in LCo(CO), calculated 6 of 12a 
as, 0.40(OH), 0.36(NHz), 0.26(CN), O.l6(SH), 
0.06(PHz), 0.05(CH3), 0.04(H) and -0.27(SiH3). 

The polarity 6 in the donor-acceptor interactions 
(12b) was calculated to be less than 0.10 for all 
ligands involved. 

It should be clear from the discussion of the bond- 
ing in LCo(CO), that the D(Co-L) bond energy 
can be decomposed in a manner completely similar 
to that given for the M-L bond energy of C13ML 
in eq. (1). Such a decomposition is presented in 

C 
0 Ial +lb2 3e + Za, 

Ila Ilb 
Structure 11. 

Ilc 
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Table 3, where D(Co-L) has been broken down 
into the contributions from - AEPreP, - AE a, - AE, 
and -AEm,. 

It follows from Tables 2 and 3 that the M-H 
bond strengths in the late transition metal complex 
HCo(CO), and the early transition metal complex 
Cl,MH are quite similar. This is perhaps not too 
surprising, since H is a simple one orbital ligand 
without additional occupied orbitals involved in 
donor-acceptor interactions, or two orbital four 
electron repulsive interactions, for which the 
strength as we shall see, might depend strongly on 
the d-electron count at the metal center. 

For ligands other than H we had in the ClsML 
systems favorable donor-acceptor interactions (3c, 
4b and 6c) from occupied ligand orbitals to the two 
empty e-sets (lb and lc). In COG the metal- 
based d-orbitals of e symmetry (SC, 9d) are fully 
occupied and the corresponding interactions 
between occupied ligand orbitals and either le (9c) 
or 2e (9d) are as a consequence repulsive. For 
L = OH and SH we have strong desta- 
bilizing (negative) contributions to the steric inter- 
action energy AE” from 13a and 13b at Co-XH 
(X = 0, S) distances similar to the Ti-XH dis- 
tances optimized for Cl,TiXH. The Co-XH equi- 
librium bond distances in CO(CO)~XH are as a 
consequence, in order to reduce the repulsive inter- 

actions 13a and 13b, considerably elongated com- 
pared to the corresponding Ti-XH bond distances 
in Cl,TiXH. In fact, the total steric interaction 
energy - AE” of the XHCo(CO), systems, at the 
equilibrium distance, is as a result of the increase in 
the bond distances less repulsive than the total steric 
interaction energy in Cl,MXH. The relatively long 
M-XH bond in XHCo(CO), will, however, in con- 
junction with a less polar bond, result in a weak- 
ening of the o-interaction compared to the o-inter- 
action in Cl,TiXH. It follows from Tables 2 and 3 
that - AE” and -AE,, combined can account for 
the trend D(Ti-L) > D(Co-L) with respect to 
L = OH and SH. The relative magnitude of 
D(Co-L) and D(Ti-L) is, however, also to some 
degree influenced by the donor-acceptor inter- 
action between occupied orbitals on L and empty 
e-type orbitals on the metal center (see -bEDA of 
Tables 3 and 3). Thus, TiC13 with acceptor orbitals 
(lb and lc) of relatively low energy (Fig. 1) has 
a stronger donor-acceptor interaction AEn_., than 
Co(CO), with 3e acceptor orbitals (9e) of relatively 
high energy. 

For L = NH* and PH2 we find as well, that the 
two ligands form stronger bonds to the early tran- 
sition metal fragment TiC13 than the late transition 
metal fragment, i.e. D(Ti-L) > D(Co-L) for L = 
NH1 and PH2 : Again, occupied orbitals on NH2 
and PH2 are interacting repulsively (14a and 14b) 
with the occupied metal-based d-orbitals of e-sym- 
metry causing an elongation of the Co-L bond, 
and in conjunction with a less polar bond, a weak- 
ening of the o-interaction. The donor-acceptor 
interactions are in addition, as expected, weaker in 
LCo(CO), than in C13TiL for L = NH2 and PH2 
(see - AEDA of Tables 2 and 3). 

The CN ligand, too, has a pair of occupied 

Table 3. Decomposition of @Co-L) in LCo(CO),. All energies in lcJ mol-‘. 

L -AE’ - AE,, - AE, -A-b - AEprep D(Co-L)* D(M-L) 

H -111 258 341 - - 230 1.55 
CH, -210 303 366 29 -25 160 2.11 
SiHS - 168.1 237.1 331.4 48.3 - 211.6 2.73 
OH - 198.3 168.6 366.6 64.1 - 232.4 2.09 
SH -141.7 169.1 257.6 53.0 - 168.9 2.49 
NH2 - 302.9 329 389.4 59.0 145.5 2.09 
PHz -261.6 323 362.1 45.1 - 145.5 2.43 
CN -248.1 277.6 472.6 78.8 - 304.3 2.04 

“The electrostatic interaction energy AE,, is included in the steric interaction energy AE”. 
b The total bonding energy is according to eq. (1) given as @M-L) = - [AE o + A&+ 

AEo, + AE” + AEprsp]. The individual terms are defined in the text. 
’ Calculated M-L bond distance in A. 
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le - 2a, le - e 

13a 13b 
Structure 13. 

orbitals, %-N of %I, which Will interact repulsively 
with le (9c) of Co(CO),. The ?rcN orbitals are, how- 
ever, polarized towards the nitrogen end of CN and 
will for this reason not intereact too strongly with le 
in 15a. Further, the empty ?& orbitals will interact 
stabilizing (MI) with le and contribute significantly 
to -AE,,,. The stabilization in 15b, and the modest 
destabilization in 15a, makes it possible for CN to 
maintain a Co-CN distance, and thus a a-inter- 
action, that is quite similar to that of the Ti-CN 
bond in C13Ti-CN. 

Ungvaryz4 has measured the D(Co-H) bond 
energy in HCo(CO), to be 238 kJ mol- ‘, in fair 
agreement with our theoretical value of 230 kJ 
mol- ‘. Experimental D(Co-L) bond energies for 
Co(CO),L with L = OH, SH, NH2, CN and PH, 
are not available. Bryndza, Bercraw and co-wor- 
kersld have, however, measured the relative 
D(M-L) bond strengths in the electron rich d6 
Cp*(PMe&RuL and d* (DPPE)MePtL (DPPE 
= Ph2PCH2CH2PPh,) systems for L = OH, SH, 
H, CN and NRI. They find, in agreement with our 
calculations on the d8 model systems LCo(CO),, 
the order for the bond strengths to be D(M-CN) 
> D(M-OH) > D(M-H) > D(M-SH) > 
D(M-NHPh). 

le - 2a, le - lb, 

14a 14b 
Structure 14. 

15b 
Structure 15. 

Methyl follows the trend of the other many-elec- 
tron ligands in that the M-CH3 bond strength is 
reduced in CH,Co(CO), compared to C13TiCH3. 
We find as a consequence that the M-H bond in 
the late transition complex HCo(CO), is stronger 
than the corresponding M---CH3 bond. This is in 
contrast to the early transition complexes Cl,TiR 
(R = H, CHs) where the M-H and M-CH3 
bonds were similar in strength. There are two 
reasons for the weaker M-CH, bond in 
CH&O(CO)~ compared with C1,TiCH3. Firstly, 
the e-type metal based d-orbitals (9c and 9d) on 
Co(CO), are occupied and will as a consequence 
interact repulsively with the occupied le (2a) 
orbitals on CH 3, whereas the le orbital on CH 3 will 
interact by stabilizing the corresponding le (lb) and 
2e (lc) orbitals on Cl,Ti, since the two e-sets (lb 
and lc) are vacant. Secondly, the Ti--CH3 bond is 
more polar than the Co-CH, bond and the repul- 
sive interaction between la1 of CH3 (8) and the 
singly occupied la, orbital of TiC13 (la) will as a 
consequence, according to eq. (4), be reduced more 
than the corresponding interaction between la, of 
CH3 (8) and la, of Co(CO), (9b). 

The silyl ligand seems not to follow the general 
trend among the many electron ligands, in that 
D(M-SiH3) is quite similar for SiH$o(CO)4 and 
Cl,TiSiH,. We have not analysed the factors behind 
this exception in any detail. It follows, however, 
from Tables 2 and 3, that SiH,Co(CO),, in com- 
parison with C1,TiSiH3, has more favorable bond- 
ing interactions (- AE, and - AEDA) as well as a 
more repulsive steric interaction (- AE’). 

CONCLUDING REMARKS 

We have here, with the aid of calculations based 
on density functional theory,3 compared M-L 
bond strengths in the early transition metal com- 
plexes Cl,ML (M = Ti, Zr and Hf) with the cor- 
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responding M-L bond strengths in the late tran- 
sition metal complexes LCO(CO)~ for L = H, CH,, 
SiH3, H, CN, OH, OCH3, SH, NH2 and PH2. We 
have, in agreement with the few available exper- 
imental data, ’ 3 found that all ligands except hydrogen 
form stronger bonds to the early transition metal 
Ti than to the late transition metal Co. The reason 
for this trend is not so much due to the fact, that 
early transition metals have several vacant d-orbitals 
available for donation from occupied ligand 
orbitals, as it is due to the fact that the same d- 
orbitals in late transition metals are occupied and 
thus involved in repulsive interactions with the 
occupied ligand orbitals. The conclusion drawn 
here from calculations on the model systems Cl, 
ML and LCo(CO), with respect to the relative 
strength of the M-L bond in early and late tran- 
sition metals should be relatively general. Thus, 
most fragments of early transition metals, like 
TiC13, have several vacant d-orbitals whereas late 
transition fragments, like Co(CO), have most d- 

orbitals occupied. 
We have further found that the M-L bond 

strength in Cl,ML, for a given ligand L, increases 
down the triad M = Ti, Zr and Hf. The increase 
in bond energy is associated with a corresponding 
increase in the overlaps for the a-interactions 3b, 
4b, 5c, 6a and 6b. The finding here that the M-L 
bond strength is strongest for the heavier congener 
within a triad seems to be quite general for a M-L 
bond with a predominant a-component.‘a,9 
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ABBREVIATIONS 

dppm = Ph2PCH2PPh2, dpam = Ph2AsCH2AsPh2, dpsm = Ph2SbCH2SbPh2, dppe = Ph,P(CH,), 
PPh2, dppp = Ph2P(CH2)3PPh2, dppb = Ph2P(CH2)4PPh2, dmpe = Me2P(CH2)2PMe2, diars = o- 
C6H4(AsMe2)2, pab = o-C6H4(AsPh2)PPh2, dpase = Ph2As(CH2)2AsPh2, arphos = Ph2P(CH2)2 
AsPh,, dmdepe = Me2P(CH2)2PEt2, dmdppe = Me,P(CH,),PPri, triphos = PPh(CH2CH2 

PPh2)2, tetraphos = (Ph2PCH2CH2PPhCH2)2, Cp = $-CgH5. 

1. INTRODUCTION 

In spite of the chemical synthesis of V(CO)6 in 1959,’ the carbonyl chemistry of group 5 metals 
(M) has not received a great deal of attention. Although, it is still not possible to synthesize the 

* Author to whom correspondence should be addressed. 
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analogues (Nb(CO), and Ta(CO),J, several of their derivatives have already come into existence. 
Numerous review articles describing different aspects of metal carbonyls have been published2-5 in 
the last 20 years but no review article dealing specially with the chemistry of group 5 metal car- 
bonyls has appeared. Connelly6” and Labinger,6b in their comprehensive reviews, attempted to cover 
almost all the aspects of the organometallic chemistry of vanadium, niobium and tantalum but the 
carbonyl chemistry of these metals did not get the particular attention it deserved. This situation 
has prompted us to write the present article; 

It covers almost all the classes of known derivatives in which at least one direct M-CO bond 
is present; derivatives which do not involve a M-CO bond but in which M is bonded to any 
other metal carbonyl moiety, e.g. [C~VCO,(CO)~], [Cp,HNb@-C,H,)Fe(CO)J, [(MeC5HJ2V2S4 
Fe(CO)J and [(MeCSH4)2V2S4Fe(CO),Pt(Ph,P)2], have been excluded. 

2. BINARY CARBONYLS 

Of the binary carbonyls, only V(CO)6 has been synthesized by conventional methods; other 
known species, viz. M(CO), (M = V, n = l-5 ; M = Ta, n = l-6) and V2(CO) i2 exist in inert gas 
matrices at low temperatures. 

2.1. Chemical synthesis and structure 

V(CO)6 is synthesized as a blue or green-black highly volatile air-sensitive crystalline solid 
by the reductive carbonylation’*‘-*’ of vanadium(II1) chloride or acetylacetonate and subsequent 
acidification (Scheme 1). It can also be obtained” by the action of CO on ($-toluene),V. 

Numerous structural tools, including IR, ‘J-*~ magnetic susceptibility measurements, 1~19~20~22~24 
ESR,21,25-29 PES3’ CD,31 electron diffraction3* and X-ray20,33 unambiguously established it as a 
monomer, thus eliminating the controversy, which arose following its first synthesis, ’ regarding its 
monomeric or dimeric nature. It is isomorphous with Cr(CO)+ A tetragonal distortion from pure 
Oh symmetry has been established by its ESR spectrum26*28 supported by a crystal study.33 The 
values of crystal field splittings have been obtained26 as A 1 < 36,200 cm- ’ and AZ < 1880 cm- ’ (A 1 
and A2 are defined elsewhere). 26 The value of Ai found in this way is in good agreement with the 
values of A observed for other strong field complexes, e.g. Cr(CO)6 (A = 34,150 cm- ‘).** 

The mean V-C bond dissociation energy, the heat of formation of V(CO), vapour and the low 
ionization potential, suggests the ready formation of [v(CO),] + in its positive ion mass spectrum.34 

V(CO)s 

I C,H,Br, Fe’+, Sn++, Hg’+, 

HIPO, or snodic oxidation 

[Na(diglyme)~l+[V(CO).]- 

I 

diglyme / Na / CO 

215-350 atm 

VCLI or V(acnc), B”‘NBr + C5H5N, Bu,N[V(CO)s] 
114atm co 

I 

& + CsH,N + CO 
HsPOa PnOs 

I 
Zn + 11 

230 atm , 120°C 
V(CO)s 

HCL 

I 

V(COb 

Scheme 1. Synthetic routes to V(CO)+ 
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The negative ion mass spectrum, which is unique for mononuclear binary carbonyls in showing a 
parent ion [v(CO)J, has also been recorded.35 

The electronic spectrum of V(CO)6 has been measured in a variety of media, viz. in a CO matrix 
at 10 K36,37 in the gas phase,23 in the solid state and in cyclohexane solution.28 In the spectra the 
weak, lower energy 6d absorptions and the stronger, higher energy charge-transfer transitions are 
poorly resolved. By curve fitting procedures aided by MCD measurements in nitrogen or argon 
matrices at 5 K, spectral assignments have been made. 3’ The appropriate energy level diagrams 
were derived from MO calculations.38~3g 

2.2. Synthesis in CO and inert gas matrices 

v(CO)6 in a CO matrix is obtained40*41 when vanadium atoms are cocondensed with pure CO 
at a ratio of V : CO 1: 1 : lo5 concentration at 6.12 K. The IR spectrum consists essentially of an 
intense CO absorption at 1970 cm- ’ with weaker, high frequency shoulders at 1976 and 1984 cm- ‘. 
The similarity of the spectrum to that of chemically synthesized V(CO)6 suggests that the V/CO 
reaction provides a direct and efficient route4’ to pure V(CO)+ 

In the matrices of CO with argon, krypton or xenon V(CO), (n = l-6) species are formed.40-42 
The structures of these species have been deduced on the basis of IR measurements.42 Discrepancies 
are often revealed by comparing the structures of the species deduced on the basis of IR measure- 
ments with those predicted by various MO calculations. 43-46 Presently Nb(CO), are not known but 
Ta(CO), (n = l-6) are formed47 in an argon matrix at 4.2 K. A band at 2725 8, in the electronic 
spectrum has been attributed to Ta(CO),. 

As regards dimers, spectroscopic evidence4@42 has been presented only for the formation of 
V2(CO),2, the existence of which has been proved at increased vanadium concentration (> 1%). 
On the basis of IR measurements it has been suggested that the molecule has an inversion centre 
and is more likely to be structurally similar to the double CO bridged structure V2(~-CO)2(CO),o. 
It should be noted that V2(~-CO)2(CO)1 o is not formed by V(CO), dimerization. 

2.3. Ionic species 

yV(CO),]‘, an extremely unstable 16 electron species, is the only known carbonyl cation of group 
5 metals. It was generated electrochemically4* at low temperatures but decomposed irreversibly with 
loss of CO at - 78°C. Chemical generation has not been successful so far. 

[M(CO),]- and [M(CO),13- (M = V, Nb and Ta) are well known anions and are isolated in the 
form of salts with a variety of cations. The existence of both V(CO), and [v(CO)6]- has led to 
investigations of the redox properties of both species by chemical and electrochemical methods.48 
Polarography or cyclic voltammetry at platinum shows that the oxidation of p(CO)6]- to V(CO), 
is fully reversible in dichloromethane or acetone48,4g but that the reduction of V(CO)6 is only 
reversible in dichloromethane.48 It has also been noted that a reaction does not occur at the liquid- 
liquid interface when immiscible solutions of aqueous copper sulphate and [NBu,]~(CO),] in 
dichloromethane or dichloroethane are kept in contact, but on passing a direct current across the 
boundary a layer of copper is deposited. 5o 

Na+, Tl+, Mg , 2+ NH:, NBu: and [SiH3.2NMe3]+ salts of p(CO)& were obtained8,‘2,‘4,16,51,52 
by the reductive carbonylation of vanadium(II1) halides or acetylacetonate in suitable solvents, 
viz. diglyme or pyridine, but the salts containing VLi+, V(L-L):+ and VL:+ cations can be 
recovered53-55 by the disproportionation of V(CO)6 in the presence of suitable Lewis bases L or 
L-L (L = Me2C0, Me,O, Me,SO, MeOH, AcPh, AcH, BzH, BzNH2, PhNH2, PhCN, MeCN, 
Ph3P0, Ph,AsO, EtOAc, C4HgN0, (C6H 1 J2C0, BzOEt, Ph3P:CH2, Ph,P:NH, HCONMe,, THF, 
dioxane, c1- and v-picoline; L-L = o-phen, o- and p-C,H,(NH,),, 2,2’-bipy, Ph2P(CH2),PPh2, 
PhNH(CH2)2NHPh). 

~(CO)3(diars)2][v(CO)6], in which both the cation and anion are metal carbonyl species, has 
been obtained5’j by refluxing V(CO)6 and diars in hexane. The cation exhibits two carbonyl bands 
at 2073 and 1957 cm-’ and the anion at 1855 cn- ’ in dichloromethane. 

In arenes, V(CO)6 reacts to give ~(CO)4(arene)]+~(CO)& (arene = C6H3Me3-1,3,5 ; 
C6H&fe4-1,2,4,5; C6hk6) under mild conditions (- 35” in absence of light).48*57Y58 lV(arene)J+ 
salts are recovered57v5g when heptane solutions of V(CO)6 and (arene)2V are allowed to react. In 
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the preparation of [V(C,H,Me3)2]+[V(CO)6]-, high pressure carbonylations9*60 of (C6H,Me&V 
in mesitylene has been used. V(CO)6 oxidizes (&H&M (M = V, Co) to yield’0,6’,62 the corre- 
sponding complexes [(C,H,),V(CO)~~(CO)6] and [(C,H,),Co]~(CO),]. Cycloheptatriene when 
heated with V(CO)6 yields63764 [V(q6-C7Hg)(r&H7)]p(CO)6] together with a small amount of 
(&,H,)V(CO), (uide infra). Reaction of V(CO)6 with the alkene (Me2N&(NMe& yields6’ 
[(Me2N)&,(NMe&][v(C0),1,. In contrast, ~a(diglyme)J~(CO)6] causes reductive dimer- 
ization”6 of the 1,3-dithiolium cation to 2,2’-bis( 1,3-dithiolyl). 

Sodium salts of [Nb(CO),]- and [Ta(CO)J have been obtained6’ as bright yellow solids by 
aqueous NaOH treatment of the products resulting from reductive carbonylation of M&l ,. 
(M = Nb, Ta) followed by extraction with ether and recrystallization from THF, or by the treat- 
ment68 of appropriate chlorides with high pressure CO/Fe(CO), in MeOCH2CH20CH2CH20Me 
in the presence of a Na/K alloy. Light sensitive salts containing [(PPhJNJ+, [Ph4As]+ and mi(o- 
phen)#+ cations have also been recovered.20,67-69 

The IR and Raman spectra of v(CO)6]- have been studied’&” in detail; 12 of the 13 fun- 
damental vibrations have been assigned and the C-O stretching force constant (kc, : 14.95 mdynes 
A- ‘) calculated. ‘z’~ The NMR spectra of [v(CO),]- salts are relatively uninformative.7”76 

A crystal structure study”’ confirmed the expected octahedral structure of p(CO)$ in 
[(PPh,),Njw(VO),]. A similar study of [V(THF),][V(CO),], shows78 the coordination of four 
oxygen atoms in the THF molecules around the V2+ ion in a planar array (I). The axial positions 
of the octahedron are occupied by the oxygen atoms of the two CO molecules of p(CO)6]-. It is 
probably the Brst known compound with a linear M-C-O-M carbonyl bridge between the two 
transition metal atoms. The distance V-O(CO), 2.079 A is shorter than the V-O(THF) distance, 
2.170 A. The IR spectra of a few isocarbonyl bridged species p(B)4][(O--C)V(CO),]2 (B = Et,O, 
THF, CH3COCH3 and C,H,N) in dichloromethane exhibited79 four terminally bonded CO and 
one isocarbonyl bridged band (16781684 cm- ‘). 

(I) 

The super reduced trianions, [M(CO),13-, of all the three metals in which the metals exist in 
their lowest formal states have been obtained80*81 by the alkali metal reduction of M(C0)6 in liquid 
ammonia (M = V, alkali metal = Na, K, Rb or Cs ; M = Nb, Ta, alkali metal = Na or Cs). 

3. SUBSTITUTION REACTIONS 

Mono- and polydentate group 5 ligands, especially t-phosphines and phosphinoalkanes, displace 
one to four CO molecules from V(CO)& In no case could complete CO displacement be achieved. 
These derivatives have also been obtained by the oxidation of the corresponding anions. A few 
dinuclear neutral derivatives were also prepared by the anion oxidation. Analogous neutral niobium 
and tantalum derivatives have not been synthesized. In addition to group 5 ligands, CO displacement 
reactions using some arenes have also been studied. 
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3.1. Complexes with group 5 donors 

(a) Mononuclear. Except for the cationic complex [v(CO)3(diars)JV(CO)&s6 which at one time 
was erroneously formulated as .V(CO),(diars),,“* all the other known complexes are either neutral 
or anionic. 

Barring V(CO),(NO), which was first synthesizeds4 in 1961 as a highly unstable diamagnetic 
red-violet solid by bubbling NO into a cyclohexane solution of V(CO)6 at 0°C V(CO)5L derivatives 
have only come into existence after 1980. Even V(CO),NO itself has been synthesized in 1982 by 
an alternative route83 (th e reaction of NOCl with yV(CO),]- at -78°C). Other isolated 
derivatives’ 7,84-86 are V(CO),(Ph,P) and V(CO)5(Ph3As). The former has been obtained’7~84*85 as 
an olive green paramagnetic OLeff = 1.87 BM) solid in 80% yield by the treatment of Ph3P with 
V(CO)6 in dichloromethane at - 70°C. It is unstable at room temperature even under nitrogen. A 
more convenient route for the synthesis of V(CO)5L is by C7H7BF4 oxidation’7,86 of the appropriate 
[v(CO),L]-. IR spectra of the derivatives exhibits4 only two CO bands (L = Ph3P, vco : 2050m and 
1930~s ; L = Ph,As, vco : 2051m and 1934s cm- ‘) while three are expected for Ch symmetry. 

A few more derivatives in which L = Me3P, MePh,P, (OMe)3P, (i-Pr)3P and (n-Bu),P have not 
actually been isolated but are known7g*85 in solution only. 

The derivatives V(CO)4(L2 or L-L) are easier to obtain than V(CO)5L. In fact, a number of these 
derivatives had been described87 in 1966, much earlier than the synthesis of monosubstitution 
products. V(C0)4(Ph3P)2, for which a trans structure was proposed on the basis of a single CO 
band at 1845 cm- ’ in its IR spectrum, was first prepareds8 as orange, air-sensitive, paramagnetic 
solid (m.p. 142°C) in 1961. Other monodentate ligands which yield disubstitution products are 
Et P *’ Ph P 87-8g Pr3P,8g Ph2HP,*’ PhH2P,8g (OMe)3P, 85 Ph3Asa7 and Ph3Sb.87 V(CO),(L-L) 
der%atives3a;e obtained by the C7H7BF4 oxidation of w(CO),(L-L)]-. The expected cis-con- 
figurations of V(CO),(L-L) (L-L = o-C6H4(PPh2)2,86 Ph2P(CH2),PPh2 (n = 114)55,86*go and 
Ph2PCH2CH2AsPh2)86 have been inferred on the basis of IR measurements. Olefin phosphine 
ligands, (2-allylphenyl)diphenylphosphine and (2-cis-propenylphenyl)diphenylphosphine react 
with V(CO)6 to yieldgl cis disubstitution products by coordinating through one phosphorus and 
one double bond. 

Displacement of three or four CO groups has been achieved very rarely. Except for 
V(C0)3{(OMe)3P}3, the formation of which has been inferred85 on the basis of a parent ion peak 
at m/e = 508 in the mass spectrum of a sample of V(CO),{(OMe),P}, kept overnight under nitrogen 
or in vacua, only V(CO),(MeC(CH,PPh,),) has been synthesized.55 

The only known tetrasubstitution product is the dark red trans-V(CO)2(Ph2PCH2CH2PPh2)2 
which has been obtaineds5 by the direct action of excess ligand on V(CO)6 at 120°C. 

A number of mono- or polydentate P/As ligand-containing nitrosyl carbonyls V(CO),_,(NO)(L, 
or polydentate) (n = 1, L = Ph3P,83~88~g2 (OMe)3P,83 Me2HP,83 dppm;83 n = 2, L = Me3P,83Tg3 
Me2HP,83 (OMe)3P;83 polydentate = dppm,83 dppe,83*g4 dppp,83*g4 dmpe,83 diars,83 pab;83 n = 3, 
polydentate = MeC(CH2PPh2)383) have been isolated by two general methods, viz. by the action of 
ligands on V(CO),(NO) or by the nitrosylation of an acetonitrile solution of jV(CO),L, or (L-L)]- 
at 0°C in the presence of NOBF4, NOCl or [COAX],. 

The structure of V(CO),(NO)(Me,P), has been determined by an X-ray study.g3 The molecule 
has a pseudo-octahedral structure with CO groups in meridional and the phosphine ligands in cis 
positions. 

(b) Din&ear. A variety of dinuclear complexes, viz. [{V(CO),},(p-L-L)], ~(CO),@ER,)],, 
[(CO)4V(p-ER2)2V(CO)3L] and [V(CO),L(p-ER,)], are known. The nature of the peculiar yellow 
diamagnetic [v(CO),(C,H, i)3P]2, reported by Hieber et al., 8g has not been thoroughly investigated. 

[(V(CO)~)&J-L-L)] (L-L = p-C6H4(PPh2)2) is obtainedg6 by C7H7BF4 oxidation of (V 
(CO)5}&-L-L)]*-. Other phosphine and arsine ligands e.g. PH3,” PhH2P,8g Ph2HP,*’ Me2 
HP” and Ph2EEPhZg6 (E = P and As) react with V(CO)6 in solution to give ER2 bridged centro- 
symmetric bi-octahedral [V(CO),(p-ER,)], (R = H, Me or Ph) with evolution of CO and H2 ; the 
E-E bond cleaves during complexation. 

Smooth and stepwise CO displacement in p(CO)4(p-PMe2)]2 proceeds to giveg7 [(CO),V(p- 
PMe2),V(CO),L] and p(CO),L(p-PMe,)], (L = Me3P, Bu3P, Ph2MeP, Me2HP, (OMe)3P, (OPh)3P, 
Me,As and Me2HAs) when phosphine and arsine ligands are used. 

On irradiating a THF solution of Et,Nw(CO),] and the tripod ligand, {Ph2P(CHpCH2PPh2)2}, 
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with UV light and passing the content through a silica gel column, orange crystals of fat- 
lV(CO)3(PhPCH2CH2PPh2)2]2 are obtained.98 

A diphosphine bridged nitrosyl carbonyl, [{V(CO),(NO))&Ph,PPPh,)], is recovered96 in place 
of V(CO)@O)(Ph2PPPh2) when Ph2PPPh, reacts with V(CO),(NO). A product of uncertain 
nuclearity V(CO),(NO)( 1.5 diars) is also known. 83 

(c) Anionic complexes. Vanadium forms a number of diamagnetic anions [v(CO),L]- 54,85*88,91*98-1 ’ ’ 
(L = NH3, C5HSN, MeCN, ter-BuCN, PhCN, C6H, CN, Bu,P, Ph3P, (OMe)3P, Ph,EtP, 
P-(CIC~H~)~P, PF3, (2-allylphenyl)diphenylphosphine, cis-(propenylphenyl)diphenylphosphine, 
Et,As, Ph3As, (OEt)3As, Me,PhAs, Ph,Sb, (EtO),Sb, Et,Bi, 2-MeTHF, P&y,, dppm, dppe, dpase, 
arphos, triphos, As2Ph4, Sb,Ph,), [v(CO),(L, or L-L)]- 56.98,104-106,109,111-117 (L = PF,, 2_MeTHF; 

L-L = dppm, dppe, dmpe, arphos, dpase, diars, ferrocene-l,l’-bis(diphenylarsine), triphos, tetra- 
phos) and [v(CO),(L-L-L)]- 95,104,1 I4 (L-L-L = triphos, tetraphos) when a mixture of 
ligands and a [v(CO)J salt is irradiated with UV light at ambient temperature. Analogous niobium 
and tantalum complexes, [M(CO),L]- (M = Nb,‘06~112~113 L = Et,P, Ph3P, (OMe)3P, (NEt2)3P, 

dppm, dppe, dppp, dppb, arphos; M = Ta,102*113 L = C5H5N, Ph,P), [M(CO),(L-L)]- 
(M = Nb,106*‘13 L-L = d ppm, dppe, dppp, dppb, arphos, cis-Ph2PCH=CHPPh2; M = Ta,‘06 
L-L = dppe) and [Nb(CO)3(PF3)3]- IL3 are also known. Vanadium complexes are also obtained 
by Na/Hg reduction of V(CO)4(L2 or L-L) or by NH3 displacement in ~(CO),(NH,)]-. A 
dianion, [V(CO),(CN)12-, is formed99 when CN- is used as a ligand. In the presence of 2,2’- 
bipyridine, yellow diamagnetic [V(CO),(CN)(p-CN)]:- may be isolated99 as the INEt,]+ salt. 
Unusual lV(CO),(dppe)],E (E = S, Se and Te) derivatives are obtained”’ by the treatment of 
[V(CO),(dppe)]- with acidic solutions of the appropriate Na,EO, or S3N3C13 (for S only). The 
dicarbonyl anion, [Ta(C0)2(dmpe)2]- has not been isolated but its formation has been inferred 
on the basis of IR and NMR data.“’ 

The diamagnetic dinuclear anions [(M(CO)6_.}2(p-L-L),,]2”- (n = 1, L-L = P2Ph4, Ph2 
PWPPh2, P2Cy4, dppe, dpase, arphos, p-C6H4(PPh2)2, trans-Ph2PCH=CHPPh2; n = 2, 
L-L = P2Ph4, As2Ph4, dpase) are known 86,10S,l10,116,118,119for~ = vanadium ; the diphosphine and 
diarsine ligands which cleave into two bridging diphenylphosphido and diphenylarsenido ligands 
in the neutral derivatives remain intact in the anions. A polymeric anion [(CO),V(p-tetraphos)V 
(CO)4]p- is also known.’ l4 

3.2. Complexes with arene donors 

Neutral arene carbonyls are known only for vanadium, although they are of extremely rare 
occurrence. The formation of green paramagnetic ($-C6Ph6)V(CO)3 in 2% yield has been claimed120 
when Ph2C2 trimerizes during its reaction with V(CO)6 in hexane at 40°C. (776-C6H6)2V2(CO)4 (H), 
of which the crystal structure has been examined, 12’ and ill-defined ($-C6H6)(tf4-C5H&V(CO), 
prepared 122 by the reaction of C6H6 with ($-C6H&V under 30 atm/l5O”C of CO, are the other 
known derivatives. In addition, the neutral compound, (36-C6H6)V(C0)4, has been suspected123 to 
be the precursor to the cation [(q6-C,H,)V(CO),]‘. 

H,C,---- V 

(II) 

[(q6-arene)M(CO),]+ is the most studied class for which the derivatives are known for all the 
three metals. Less air-sensitive PF; and BPh; salts of vanadium derivatives (compared to Cl-, Br- 
and [v(CO)6]-) have been recovered57,123 by metathetical reactions with NaBPh4 or NH4PF6 
in THF. A12Br6Cl- salts of isostructural [(q6-arene)M(CO),]+ (M = Nb, Ta; arene = C,H,Me, 
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C6H4Mez-p, CsH3Me3-1,3,5, C6HzMe4-1,2,4,5 and C,Me,) have been obtained124s’2s by halide 
displacement in [M2(CO)&13]- with arenes in the presence of AlBr3. 

Reduction of [($j-arene)V(CO),]‘[v(CO),J- in THF with NaBH, affords’26 the moderately air- 
stable cyclohexadienyls, ($-C6H7_,Me,)V(CO),, (n = 0, 24 or 6); hydride attack occurs at an 
unsubstituted carbon atom of the arene ring. 

Eighteen electron [($-mesitylene)V(CO)J is the solitary known arene containing anion.127 
It has been prepared by the following route : 

[(~6-mesitylene)V(CO)4]PF6------+ rnytO, ($-mesity)V(CO)J 

I NaBH, 

[(Bu$N)][($-mesitylene)V(CO),] E ($-mesitylene)V(CC%H 

The derivatives containing tropenium and substituted tropenium cations, e.g. (v~-C~H~)V(CO)~ 
(obtained63*64 in low yield) together with [($-C7Hg)(q7-C7H7)Vj[V(CO)6] and a number of (q7- 
CrH6R)V(CO)3 (R = Me, Ph, COOEt, OMe and OPr”) have also been synthesized.12’ vco values 
vary with the nature of R but mass spectroscopy shows little dependence of the ionization potential 
on the substituent. 

In (v~-C~H~)V(CO)~ the seven-membered ring is symmetrically bound to the V(CO)3 group.12’ 
The most important metal-ring interaction, which leads to M + ?I* ligand electron transfer, involves 
the dx, and d,~__~z orbitals of vanadium and the e2 n-orbitals of the cycloheptatrienyl group.13’ A 
detailed NMR study at temperatures from 30 to - 79°C showed 13’,132 the doublet in the spectrum 
to arise from the 51V-‘H coupling with J(51V-‘H) ca 3 Hz. 

4. CARBONYL HYDRIDES 

The existence of HV(C0)6 was first indicated during a potentiometric study’33 of the reaction 
of KV(CO)6 with H3P04. Recent reports 134,135 show the instability of HV(C0)6 ; a stoichiometric 
amount of water promotes its ionic dissociation to [H,O]+[v(CO),]-. HNb(CO)6 is still unknown. 
The formation of HTa(CO),, as a highly volatile liquid in the reaction of CO/H, with Ta205 has 
been claimed, ’ 3 6 

Anionic [HM(CO),12- derivatives of all the three metals have been isolated’37 as air-sensitive 
highly coloured (V-bright yellow; Nb-orange ; Ta--orange-red) solids when the appropriate 
[M(CO),13- anions reacted with EtOH in liquid NH3 at -7O”C, followed by the addition of 
NEt4BH4. The ‘H NMR spectrum 137 of Na2[HTa(CO),] exhibits a sharp singlet at -2.23 ppm. 
The g3Nb NMR spectrum of Na,[HNb(CO),] exhibits137 a sharp hydride signal at - 1.89 ppm, and 
that of the monoprotonated vanadium analogue shows a well resolved octet (&__H = 27.6 Hz) 
centred at -4.76 ppm due to the coupling of vanadium to hydrogen. 

Phosphine ligands, especially of the chelating type, stabilize neutral carbonyl hydrides, 
HV(CO),L (L = Ph3P),‘33 HV(CO),(L-)[L-L = dmpe,56~g0~‘38dppm,‘3g~‘40dppe,‘34~’3gdppp,’3g 
arphos,‘40 diarss6,13’ and triphos’3g~‘4’ (acting as bidentate)], HV(CO),(terdentate) (terden- 
tate = P(CH2CH2PPh2)3’4’ and [Ph2PCH2CH2PPhCH2]2’4’ containing four phosphorus atoms but 
acting as a terdentate ligand) and HM(CO)2(dmpe)2 (M = Nb, Ta) are known.‘0’,‘42,‘43 
HV(CO),(L-L) and HV(CO)3(terdentate) are obtained by the reaction of V(CO),(L-L) or 
V(C0)3(terdentate) with H20, t-BuCl/hexane or Ph4AsHC12. 2H20/benzene or by eluting, 
with solvents like THF, THF-heptane or THF-toluene mixtures, from a silica gel column. 
HV(CO)3{P(CH2CH2PPh2)3} prepared in this way has a cis structure while HV(C0)3{(Ph2PCH2 
CH2PPhCH2)2} attained a tram structure. UV irradiation of these two compounds affords 
HV(CO)2(quadridentate) in which all the four phosphorus atoms coordinate to vanadium atoms. 
HM(CO)2(dmpe)2 (M = Nb, Ta) derivatives have been obtained’42*143 by the high pressure 
carbonylation of H,M(dmpe), in- hydrocarbon solvents. The tantalum derivative can also be 
prepared ’ ’ ’ by acidifying Ta(C0) ,(dmpe) 2. Similar acidification of [V(CO),(diars)]- with 
excess anhydrous HX (X = Cl, Br, I) in HF generates13’ a polyhydrido vanadium carbonyl, 
H,V(CO),(diars). 

X-ray data’44,‘45 of HV(CO),(dppe) and HTa(CO)2(dmpe)2 are available. In the former the 
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hydride ligand occupies one edge of a pseudo-octahedron and is positioned between one phosphorus 
atom and one CO group’45 while the latter has a monocapped octahedral structure’44 in which the 
hydride is presumed to be the capping ligand (III). 

0 
C H 

(III) 

A dinuclear derivative [HV(C0)4(p-PhlPCH2CH2PPhCH2)]2, which is obtained141 by t- 
BuCI/H20 treatment of (Et4N)z.[{V(C0)4}&-(Ph2PCHzCHzPPhCH2)2),], has also been reported. 

Orange-yellow ($-mesitylene)V(CO)3H is the only knownlz7 arene substituted metal carbonyl 
hydride. It has been obtained by treatment of ($-mesitylene)V(C0)3 with NaBH,. 

5. CARBONYL HALIDES 

M(CO),X, (M = V, Nb, Ta ; X = halogen) and mononuclear anions are not known, but halogen 
bridged dinuclear complexes [M2(C0)8X3]- (M = Nb,62*‘2s,146 X = Cl, Br, I; M = Ta,125*146 
X = Cl) have been isolated in the form of [H(THF),]+ and [N(Ph,P),]+ salts by the direct action 
of a pentane solution of elemental halogen (for bromo or iodo) or PhICl, (for chloro) on NaM(CO), 
at temperatures ranging from -60 to - 78°C. Niobium derivatives have also been synthesized 
by the action of appropriate halides, viz. FeCl,, CuC12, CuCl, AgCl, HgC12, CuBr and CuI on 
NaNb(CO),. 

The anions have approximately C2” symmetry’ 25 with Cc structure of M(C0)4 moiety. The 
crystal structure of [H(THF),][Nb,(CO),Cl,] shows that the two niobium atoms are bridged through 
three chlorides located at the vertices of an approximately equilateral triangle on a plane per- 
pendicular to the Nb-Nb bond dividing the complex into two identical halves with each niobium 
atom bonded through four CO groups125 (Nb * * - Nb (non-bonding), 3.631 A ; L Cl-Nb-Cl, 76.8” 
(mean) ; LNb-Cl-Nb, 88.3” (mean) ; Nb-C, 2.05 A), Structure (IV). 

r 

(IV) 

Phosphine ligands, when present, stabilize neutral carbonyl halides and, in fact, a variety of 
derivatives, viz. V(CO),(L-L)I (L-L = dppe, 9o diarsS6), Ta(C0)3(Me3P)3X147 (X = Cl, Br, I) and 
M(C0)2(L-L)2X (M = V, L-L = diars,14* X = Cl ; M = Nb, L-L = dmpe,149~150 X = Cl, Br ; 
M = Ta, L-L = dmpe,101~151~152 dmdepe,152 dmdppe, ‘j2 X = Cl, Br, I) have been reported. They 
attain a hepta-coordinated structure with one or two bidentate group 5 ligands and in this respect 
they exhibit a close resemblance to molybdenum or tungsten halocarbonyls.‘53155 

M(C0)2(L-L)2X complexes have a monocapped trigonal prismatic structure lo1 and exist in two 
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isomeric forms, cis and trans, with respect to the labelled ends of bidentate phosphines which occupy 
the capped quadrilateral face, Structure (V). Halotricarbonyls containing three Me3P molecules, 
which are air-sensitive red to orange solids, are known’47 for tantalum only. An X-ray study147 of 
the chloro derivative showed it to have a capped trigonal prismatic structure. The only known 
vanadium halotricarbonyl is ($-mesitylene)V(CO)J which is a dark green solid.127 

oc\p/p !l JA M X 

P’ 

OC%A/ 

(V) 

6. METHYL, SILYL, STANNYL AND PLUMBYL DERIVATIVES 

Except for the moderately air stable CH,V(C0)4(diars), which has been obtained56 by the 
treatment of CHJ with [Et4Njv(CO),(diars)] in THF at -78°C; o-bonded alkyl metal carbonyls 
are not known to date. 

Very little work has been done on silyl derivatives also. Only SiH,V(CO),, which probably has 
a face capped octahedral structure” with the SiH3 group occupying the capping position (although 
the possibility of a lower symmetry structure such as a face capped trigonal prism or edge capped 
octahedron has not been entirely ruled out), has been obtained” by the treatment of iodosilane with 
TlV(CO)6 or diglyme free NaV(CO), in ether or in uacw at 0°C. 

Germyl bonded derivatives have not yet been described but both electrically neutral and 
anionic tin and lead counterparts EM(C0)6 (M = V, E = Et3Sn,156 Ph3Sn,g0~115~156*157 Ph3Pb;156 
M = Nb, E = Ph3Sn;115*157 M = Ta, E = PhjSn”5*157) [EV(CO),12- (E = Ph3Sn,80g156 Ph3Pb156), 
[E2V(CO)5]- (E = Ph3Sn,80,107*158 Ph3Pb 107,158) and [EE’V(CO),]- (E = Ph&, E’ = Me3Sn,15* 
(C6H1 i)$n”*) are Well known. 

A crystal structure study 15* of [(Ph3Sn)2V(CO)5]2- indicates that the vanadium atom is hepta- 
coordinated with five CO and two Ph,Sn ligands, Structure (VI). 

2- 

(W) 

Several EM(CO)5L (M = V, Nb, Ta, E = Ph3Sn,112*115*156*157 L = Ph3P; M = V, 
E = Ph,Sn,115,157 L = Bu,P; E = Ph,Pb, 156 L = Ph,P; M = Ta, E = Ph3Sn,‘15,‘57 L = (OPh),P) 
and (Ph,Sn)M(CO),(L-L) (M = V, L-L = dppe,go~112~157 dmpe,56~“2 diars,56v’12 triphos;‘12 
M = Nb, Ta, L-L = dppe 112,‘57) derivatives have also been synthesized. The triphos complex 
reacts with Me1 to give’ l2 ionic [(Ph,Sn)V(CO)4(MeC(CH2PPh2)2(CH2PPh2Me)}]I. 

7. Mn, Cu, Au AND Hg BONDED DERIVATIVES 

Anionic [M(CO),_,L,]- derivatives are an excellent source of materials to synthesize a number 
of metal-metal bonded derivatives. 
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Although (CO),MnV(CO), is still unknown, red-brown(CO),MnV(CO),(diars) has been pre- 
pareds by the action of Mn(CO)ZBr on [Et,NllV(CO),(diars)] in THF at - 78°C. Its less symmetrical 
structure was indicated56 by the appearance of five CO bands at 1978, 1954, 1876, 1863 and 1843 
cm-’ (in THF) in its IR spectrum. Work has not been carried out on Mn-Nb or Mn-Ta bonded 
carbonyls. 

The Cu-V bonded derivatives, (L-L),CuV(CO), (L-L = o-phen or 2,2’-bipy)‘59 and 
MeAs{C6H,(AsMe,)},CuV(CO)6 82 have also been synthesized. (Ph,PAu)M(C0)6 complexes 
are known for all the three metals,82” ’ 5*1 56g157*160 but the crystal structure of only the vanadium 
compound has been determined. 160 In its structure, the vanadium atom is seven-coordinated 
and in a capped octahedral environment, the gold atom is in the capping position, and the 
CO groups are on the capped and uncapped faces (V-Au, 2.69 A ; V-CO(capped), 2.00 A and 
V-CO(uncapped), 1.93 A). 

The eight-coordinate complex (Ph3PAu),V(CO),, prepared by the action of Ph,PAuCl on 
[v(CO),]‘-, has a structure in which the vanadium atom is bonded to a novel terdentate Au3(Ph3P)3 
ligand in such a way that the vanadium and three gold atoms form a slightly distorted tetrahedral 
cluster 16’ The analogous niobium compound has not been prepared, but the tantalum complex is 
known. ’ 3 7 

A few mercury bonded EM(CO)6 (M = V,157 E = EtHg; M = Nb,157*162 E = EtHg, 
CH2 = CHCH,Hg; M = Ta,‘57,162 E = MeHg, EtHg, PhHg) and EM(CO)5L (M157 = V, Nb, Ta; 
E = EtHg, L = Ph3P) derivatives have also been reported, but they are more thermally sensitive 
and have been isolated at temperatures between - 10 to - 60°C. 

8. ALKENYL AND ACYL DERIVATIVES 

A considerable amount of work has been done on the synthesis and structural study of q3- 
hydrocarbon bonded vanadium carbonyls ; analogous niobium and tantalum derivatives are still 
unknown. A number of allyl, substituted ally1 and cycloalkenyl derivatives have been synthes- 
ized163,164 using [v(CO)& and IYIV(CO)~ as key reagents. The former, after reaction with ally1 or 
substituted ally1 chlorides in ether under UV irradiation, gives (v~-C~H~X)V(CO)~ (X = H, 2-Cl,. 
3-C& 2-Me and 3-Me). Thus C,Ph,Br reacts 164 with Na[V(CO)6] in MeCN to give (q3-C3Ph3)V(CO)5. 
Originally, the ionic compound, [(C,Ph,)][V(CO),] is formed, which subsequently loses a CO 
molecule to give (q3-C3Ph3)V(CO)5. Similar (cycloalkenyl)V(CO)5 derivatives are obtained165 using 
3-halocycloalkenes. HV(C0)6 reacts with 1,3-butadiene or a substituted butadiene under UV 
irradiation163 to give (v~-C~H~XX’)V(CO)~ (X = H, X’ = Me; X = X’ = Me). In a similar way 1,3- 
cycloalkadienes yield ’ 6 5 different (cycloalkenyl)V(CO), derivatives. These derivatives exhibit’64 
three to six IR active CO bands depending upon the distortion of V(CO)5 moiety. 

(v’-C~H~X)V(CO)~L (X = H, 2-Me, 3-Me, L = Et,P, Ph3P; X = 2-Cl, 3-Cl, L = Et3P) and 
(q3-C3Ph3)V(CO)4(Et3P) derivatives are formed164 when appropriate phosphines react with (v3- 
C,H,X)V(CO), or (q3-C3Ph3)V(CO)5. ‘H and 13C NMR studies164 indicate v3-ally1 bonding in 
these derivatives. A single crystal X-ray diffraction study’ 66 on (v~-C~H~)V(CO)~(P~~P) confirms 
this mode of bonding. An identical type of bonding has been suggested’ 65 in (cycloalkenyl)V(CO),L 
(L = Et3P, Ph3P) derivatives. 

(v~-C~H~X)V(CO)~(L-L) (X = H, 2-Me, 3-Me, L-L = dppe,167 arphos,“’ diars;56*1”,167 
X = 3-Ph, L-L = dppe,167 arphos” ‘) and (v~-C,H~XX’)V(CO)~(L-L) (X = X’ = Me, L-L = 
dppm, ’ ’ ’ arphos * 11,140) derivatives have been obtained by alternative routes, viz. by the 
action of p(CO),(L-L)]- on XC,H,Cl or the action of 2-methyl-1,3-butadiene on HV(CO),(L-L) 
under UV irradiation. They exhibit 167 three to four CO bands in the region 1806-1945 cm-‘. 

X-ray studies of (~3-C3H5)V(C0)3(dppe)16s and (q3-MeC3H4)V(C0)3(diars)169 are available. In 
both derivatives the central vanadium atom is coordinated pseudooctahedrally with the CO groups 
in meridional positions when considering the q3-C3H5 or q3-MeC3H4 as a monodentate ligand. The 
distances from the vanadium to the terminal carbon atoms of the ally1 group are significantly greater 
than to the central carbon atom. The carbon and hydrogen atoms of the ally1 groups are not 
coplanar. 

The synthesis of a few (cycloalkenyl)V(CO),(L-L) (L-L = dppm, dppe, arphos) derivatives 
has been reported.‘65 Attempts to prepare the products directly from [NEt4][V(CO)4(L-L)] 
(L-L = dppe or arphos) and C,Ph,Br gave low yields ‘64 of unusual acyl complexes (I’-H2C3Ph3 
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CO)V(CO),(L-L). The X-ray crystal structure “O of the arphos complex revealed hydrogenation 
of the three-membered ring and a side-on bonded acyl group cis to the arphos. Other acyl derivatives, 
($-RCO)V(CO),(L-L) (L-L = dppm, dppe, dppp, arphos, diars, dpase) have been prepared148 
by the photochemical reaction of V(CO),(L-L) with various substituted benzoyl chlorides and 
cyclopropane carbonyl chloride. 

9. CYCLOPENTADIENYL DERIVATIVES 

9.1. Cp bonded mono- and polynuclear metal carbonyls 

Several mono- through tetranuclear derivatives of group 5 metal carbonyls, in which the metals 
are bonded through one to four unsubstituted, substituted and fused ring cyclopentadienyls, viz. ($- 
ring)M(CO), (M = V, $-ring = Cp,171-‘77 CgMeS,178 MeCgH4,179 BuC~H~,‘~’ MeCOC5H4,181,182 
EtCOC,H,, lg3 MeCO(Me)CSH3,183 EtCO(Et)CSH3,183 2,3,4,5-Me4C,H,175 CgH7,126 (C,H,_,) 
(CH3)n,126 C9H7,1g4 ~-BuC~H~,“~ CSHSBR (R = Me, Ph),lg5 fluorenyl;“’ M = Nb, Ta, q5- 
ring = cp,“*,“4,“6,‘8~‘90 MeC5H4’T2), [CpM(CO),]*- (M = ~,‘9’,‘9* m,‘93 Ta’93), (q’_ 

ring),V(CO) (q5-ring = Cp,17’,194,195 C5Me5196v’97), [Cp2V(CO)]-,198 [(q5-ring)2V(CO)2]+ (q’- 
ring = Cp, 61,171,194*196,199 CSMe5197.200), Cp3Nb(C0),186 Cp$V2(CO), (Cp* = azulene,201 
C10H5Me3,201 x = 8; Cp* = Cp,202~205 C5Me5,178 x = 5, Cp* = fulvalene,*06 x = 2), (C5Me5)2V@- 
OC)V(CO) 5,*O’ Cp,M3(WxW = V, *08 x = 9; M = Nb,*09 x = 7) and Cp4V4(CO)4,208 have been 
reported. Vanadium derivatives are more numerous than those of niobium and tantalum. 

(a) Mononuclear. CPM(CO)~ (M = V, Nb and Ta), Cp2V(CO) and Cp,Nb(CO) are the known 
derivatives of this class. 

All CPM(CO)~ complexes are orange-red solids (m.p. V, 139°C; Nb, 144-146°C ; Ta, 171-173°C) 
which dissolve in most organic solvents. Niobium and tantalum complexes are more thermally and 
oxidatively stable than the vanadium analogues whose solution is fairly stable in nitrogen but 
gradually decomposes in air. The appearance of two IR active bands in the C-O region (vco: 
M = V, 1982, 1890 cm-‘, M = Nb, 2000, 1901 cn- ’ and M = Ta, 2020, 1900 cm-’ in CS2) is 
attributed174’176 to the A, + E modes of Cc symmetry. The Raman spectrum of the vanadium 
compound exhibits “’ an additional C-O band at 1950 cm- ’ (in Nujol) due to the B1 mode. Three 
very strong bands at 624, 601 and 502 cm-’ are assigned to S(V-C-0) and two bands at 490sh 
and 428m cm-’ are assigned to v(V-CO). *lo The C-O force constants of CpV(CO), defined by 
(VII) (k, 15.56, k,, 0.31 and kd, 0.48 mdynes A- ‘, calculated from v co in cyclohexane) are comparable 
to those of similar x-bonded metal carbonyls. Almost identical results have been obtainedlgl for 
($-CH3COC3H4)V(C0)4. 

(VII) 

Mass spectral data have been presented*“-214 only for CPV(CO)~. The spectrum shows the 
parent ion and the sequential loss of the CO groups, and allows an estimate of 8.2kO.3 eV for 
IP *14 1. 

X-ray data are available for CpM(CO), (M = V*” and Nb216) which confirm their sandwich 
structures. The ‘H NMR spectrum of CpNb(CO), exhibits”* a broad doublet (N 18 Hz separation). 
In the case of CPV(CO)~ and CpTa(C0)4 sharp peaks for Cp ring protons are obtained. 

The 17 electron compound, Cp2V(CO), which is an intermediate in the preparation of CpV(CO)4, 
has been isolated171*‘94 as a deep brown, very air-sensitive, solid. Its low vco value (1881 cm-‘) is 
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quite comparable to bent bis(cyclopentadieny1) systems of a d2-d4 configuration.‘71*1v4 The crystal 
structure of its $-&Me5 analogue has been reported. lv6 A structural change from a sandwich 
structure of Cp,V to a bent arrangement occurs when the CO is bonded to a vanadium atom. A 
derivative, Cp(q5-C5H4Ph)V(CO), which contains two different cyclopentadienyl ligands, is also 
known.‘vv~2’7 It has been prepared by the carbonylation of Cp,V(Ph) followed by Ph migration to 
a Cp ligand. 

Cp,Nb(CO), which is isolated’86 in the preparation of CpNb(CO), in 32% yield during NaHg 
reduction and subsequent carbonylation of Cp,NbC12, has been shown to have a peculiar structure. 
Its ‘H NMR spectrum exhibits singlet absorptions at 4.4 and 6.2 ppm whose integration suggested 
two q5-C5H5 and one q’-C5H, ligand.‘86 

The known anionic [CpM(CO),]‘- (M = V,1v1~‘v2~218 Nblv3 and Ta2”) and [Cp2V(CO)]-,‘v8 
and cationic [Cp2M(CO),]’ (M = V61~‘71~1v4~‘vv and Nb”‘) and [Cp(~5-C5H4Ph)V(CO)~+,‘vv~217 
complexes are also mononuclear. The dianions exhibit’v’*220 two C-O stretching bands in the 
ranges 1742-1748 and 1619-1645 cm- ‘. The monoanion, which is unstable at room temperature, 
has been generated electrochemically. Iv8 [Cp(~5-C5H4Ph)V(CO)2]12 in which vanadium is bonded 
to two different cyclopentadienyl rings, has been obtained1vv~217 as a maroon-orange crystalline 
diamagnetic solid by treating a toluene solution of Cp(q5-C5H4Ph)V(CO) with an excess of iodine 
under CO. 

(b) Dinucleur. Cp2V2(CO)5”1P203-205v221 and (~5-C5Me5)2V(~-OC)V(CO)5207 are the only known 
derivatives of this class. Niobium and tantalum do not form dinuclear carbonyls. The appearance 
of five CO stretching bands in the region 18282006 cm-’ in the IR spectrum of Cp,V,(CO)5 
indicates its low symmetry ; the low energy absorptions are associated with the semi-bridging CO. 
Out of the five, there are three terminal CO groups of a completely conventional type and two 
intermediate between strictly terminal or bridging.222 Its crystal structure24~222,223 shows a metal- 
metal bond which is probably of the order 1 < n < 3. Two of the CO groups on one vanadium 
atom are slightly non-linear ( LVCO = 169”) and their carbon atoms lie 2.40 and 2.44 A from the 
second vanadium, i.e. close enough to suggest that these are weak but real C-V (second) bonding 
interactions. 

The structure of paramagnetic (~5-C5Me5)2V@-CO)V(CO)5 & = 2.68 BM) shows a linear 
V-O----(-V moiety with V-O = 2.075 A, C-O = 1.167 8, and V-C = 1.899 A. Of the five CO 
stretching bands (vco : 2032, 1945, 1890, 1857 and 1708 cn- ’ in THF) in its IR spectrum, the band 
at 1708 cn- ’ has been assigned to the iso-carbonyl bridge.207 

(c) Tri- and tetranucleur. Cp3M3(CO), (M = V,‘08 x = 9 ; M = Nb,“’ x = 7) and Cp4V4(CO)4208 
are the only known derivatives of this class. 

The vanadium complexes are the side products of the thermal disproportionation of Cp2V2(CO)5 
in THF. Structural parameters are not available for the two derivatives and therefore they have 
been characterized by mass spectral measurements.208 Both derivatives exhibit208 two C-O 
stretching bands almost at the same frequencies (vco: trimer, 2041m and 2014~s; tetramer, 
2035s and 2012~s cm- ’ in Ccl,). 

Cp3Nb3(C0)’ has a very unusual structure (VIII) in which the mode of bonding of one CO is 
quite different from the rest. Its crystal structurezov indicates the extreme bond lengthening for the 
six electron donor carbonyl, (p3-q2-CO), a distance somewhat between C-O and C&O. The C-O 
stretching frequency for this non-rigid CO is 1330 cm- I, the lowest metal carbonyl stretch yet 
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reported. Isotopic labellingzo9 also confirms this fact. Two different ring environments in the 
molecule indicate some fluxional process which does not disrupt the bonding224 of p3-q2-C0. 

9.2. Derivatives containing group $6 and hydrocarbon ligands 

(a) Complexes with group 5 and 6 donors. Substitution reactions of CPV(CO)~ occur fairly 
readily, but it is difficult to displace all the CO molecules by other ligands. Numerous mono- and 
bidentate ligands displace CO to give CPV(CO)~L (L = CH3CN,225*226 CD3CN,226 PH3,203~227~228 
Ph3P,203,22’,225,229-233 ~~~p,203,225,229,234 Et2php,203,22' pF3,104 ~~~p,203,221 pr;p,203 ~~~clp,235 

ph2Mep,*03,225,229,*3',236 (Oph)3p,*03,**5,**9,*3' (OCH2)3CMep,*03,**5,**9 (NMe2)3p,**9 Et3AS,'08 

Ph,As, ‘08*203,236 (OEt)3As,108 Ph3Sb,108,236 (OEt)3Sb,108 Et3Bi,‘08 CS,225 THF,*” P2Me4,1’0*‘18 
PzPh4,“’ p2cY4, '10,1's Me2NPMe2,225 As2Ph4,236 Sb2Ph4,110~118 dppm,1’4,236 dppp,‘14 dpsm,236 
triphos, 114o-C6H4(AsPh2)(SbPh2)236)andCpV(CO)2(L2orL-L)(L = PH3,203PF3,104*203Me3P,237 
Bu3P,*03 Ph3P,*03 Et2PhP,*03 Ph2MeP,lo4 Et3Bi,‘08 CS,225 NC5H4CN=NCMePh;238 L-L = 
dppm,’ 14g236 dppe, ‘05,’ 14,229,23g dppp,1’4 diars, lo5 dpae,105,236 arphos,105 o-C6H4(AsPh2)(SbPh2),236 
Ph2PCH=CHPPh2,240 triphos 98,240) when irradiated with UV light or refluxed in THF or 
toluene. In several cases, bidentate ligands, e.g. diphosphines, diarsines, distibines, diphenyl- 
phosphino- and diphenylstibinomethanes behave’ “,236 as monodentates in their reactions. A 
kinetic study241 of the reaction : CPV(CO)~+ L-CpV(CO)3L indicates that the reaction proceeds 
according to the first-order law ; the rate is independent of ligand concentration and type. Reactions 
with CPM(CO)~ (M = Nb, Ta) are relatively less well studied ; the known mono- and disubstitution 
products are CPM(CO)~L (M = Nb, L = Ph3P,242*243 CY~P,*~~ Ph3As,242,243 Ph3Sb,242,243 THF;“’ 
M = Ta,L = Ph3P245)andCpM(CO)2(L20rL-L)(M = Nb,L = Ph3P,243*246L-L = dmpe,247-249 
Ph2P(CH2),PPh2 (n = l-5); M = Ta, L = Ph3P,245 L-L = dmpe249). CP*M(CO)~ (M = V,ls4 
Cp* = q5-CgH7; M = Nb,“* Cp* = q5-MeC,H,; M = Ta, 250 Cp* = US-C,Me,) behave similarly 
in ligand substitution reactions by giving mono- and disubstitution products. Cp2V2(CO)5, in 
addition to Cp2V2(CO),L (L = Bu3P, Ph3P, PH3, Pr’,P, Ph,As), also yields203,221 mono- and di- 
substitution products. 

Derivatives containing a single CO group occur rarely; CpV(CO)(NO)21g2~205~25’~252 and 
CpV(CO)(PPh(CH2CH2CH2PPh2)2}253 are the only known derivatives. The former was obtained 
by using MeC6H6S02NMeN0,‘92 [Co(NO)2Br]2252 or even free NO251 as the nitrosylating agent. 
The triphos derivative, which at one time was thought to be CpV(C0)2(triphos) containing a trans 
ligand,98 was actually found to be CpV(CO){PPh(CH2CH2PPh2)2}. 

MeN(PF2)2254 and PhEH255,256 (E = S and Se) displace all the CO groups to yield CpV(MeN 
(PF,),}, and [CpV(EPh),],, respectively. Heteronuclear complexes, [Cp3Cr3@3-S)4]-MCp (M = 
V and Nb), containing tetrahedral metallic skeletons are obtained257 when (CpCrCSMe3)2S 
reacts with the appropriate CPM(CO)~. 

Bidentate ligands (Ph2PC&PPh2,” 6 trans-Ph2PCH=CHPPh2,116 R2PPR2 (R = Me or Cy),“’ 

dppm, 236 d am236 and dpsm236) also give stable (L-L) bridged dinuclear [CpV(CO),],(pL-L) and 
[CpV(CO)2y2(p-L-L)2. When (Ph2PCH2)3CMe and Ph2P(CH2)3PPh2 are used as ligands, binuclear 
unsymmetrical [CpV(C0)3{PPh2CH2C(Me)(CH2PPh)2}V(CO)2Cp] and a polymeric complex cis- 
[CpV(C0)2{Ph2P(CH2)3PPh2}], are recovered.’ “,239 Presently, group 5 ligand bridged niobium 
and tantalum derivatives are not known, but sulphur donors like H2S and MeSH react with 
CpNb(CO),(THF) (obtained by UV irradiation of CpNb(CO), in THF) to yield258 [CpNb(CO),],@- 
S), (IX), [CpNb(CO)2]2@-S)3 (X) and [CpNb(CO)2]2(ySMe)2 (XI). The vanadium analogue of (XI) 

Me 

oc- Nb 
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together with a non-carbonyl product Cp,V@Me), has been prepared”’ by irradiating a mixture 
of CPV(CO)~ and Me& for four days in THF. 

CPM(CO)~L derivatives exhibit two or three CO bands in the range 183Ck1975 cm- ’ depending 
upon the nature of the ligand. Only two CO absorptions appear for the corresponding dicarbonyls, 
the magnitude of the frequencies depends upon the ring substituents and the nature of the entering 
ligands. The shielding of “V chemical shifts has been studied237*260*26’ in CPV(CO)~L and 
CPV(CO)~L~ derivatives containing a range of phosphine ligands. It decreases with decreasing 
ligand strength and increasing spatial requirements for the ligands. Qualitative MO calculations262 
of the former also suggest that the 5’V NMR chemical shift parameter should correlate with the rc- 
acceptor abilities of L. Based on the observed z values the ligands may be arranged in a sequence 
of their rc-acceptor ability. 

Crystal structural studies are rather limited. X-ray data are available for only CpV(C0) 
(PPh(CH&H2PPh,),), 
(C0)4(Ph3P).222 

253 CpV(C0)2{Ph2P(CH2)2PPh2),263 CpV(C0)3(As2Ph4)236 and Cp2V2 
In the monocarbonyl complex the vanadium atom is centred between the two 

best planes spanned by the cyclopentadienyl ring and three phosphorus atoms plus the CO ligand 
while, in the dicarbonyl compound, the vanadium atom is centred between the two best planes 
spanning the cyclopentadienyl ring atoms, the CO carbon and the phosphinoethane phos- 
phorus atoms, respectively. The V-P distances are longer and the P-V-P bond angle smaller 
than in most corresponding compounds throughout the periodic table. 

Although the crystal structure of any niobium or tantalum derivatives is not available, 3’P( ‘H) 
and 13C( ‘H) NMR studies have been applied 258 for structural assignments. On this basis the 
structuresof(~5-CSMe,)Ta(CO)2(L20rL-L)(L = Me,P ; L-L = dmpe) havebeenassigned asfour- 
legged piano stool type. The resonance in the spectrum of the dmpe product is a doublet (‘Jr, = 17 
and 4 Hz) which indicates a static structure with the CO ligands cis. 

(i) Cations 

Both electrochemical and chemical oxidation have been used for cation formation. The 
cations [CpV(CO),L]+ (L = Ph3P, Ph,MeP, Et,P, (NMe2)3P, (OPh)3P, {(OCH2),CMe}P) and 
[CpV(CO),(L-L)]+ (L-L = dppe) have been generated22y in cyclic voltammetric studies of 
CPV(CO)~L or CpV(CO),(L-L) in CH2C12 and MeCN in which the neutral species are oxidized 
at a platinum electrode. [CpV(CO),(Ph,P)]+ has also been obtained229 by the oxidation of 
CpV(CO),(Ph,P) with NOPF6 in a mixture of toluene and methanol. 

(ii) Anions 

Only CN- containing anions [CpV(CO),(CN)]-, [CpV(CO)2(CN)2]2- and [CpV(CO),(CN)]$- 
have been synthesized.203,264 The former two are isolated as their sodium salts when CPV(CO)~ is 
treated203 with NaCN in methanol followed by chromatographic separation. K[CpV(CO),CN] is 
prepared264 by the treatment of CpV(C0) 4 with K[N(SiMe3)2] in benzene; K,[CpV(CO),(CN),] is 
not obtained by this method. The dinuclear CO bridged anion, [CpV(CO),(CN)]$- is isolated264 as 
its NMe$ salt when a mixture of NMe,CN and [NMe,],[CpV(CO),] is irradiated with W light in 
CH3CN. 

(iii) [(Cp or Cp*),M(CO)L]n (n = 0 and + 1) 

Derivatives (Cp or Cp*),M(CO)L (Cp = $-C5H5, M = V, L = SMe,194 SPh,194 M = Nb, 
L = SH2@j5; Cp* = q5-C5Me5, M = V, L = CN,‘96 SC6H4Me-p’96), in which two cyclopentadienyl 
rings are bonded to a single metal atom, have been obtained by the carbonylation of (Cp or 
Cp*),ML. The X-ray study of Cp,Nb(CO)(SH) indicates265 its structure to have a wedge-shaped 
configuration of the Cp rings essentially analogous to those in Cp,Nb(CO)H. The presence of the 
large mercapto ligand increases the angle between the Cp rings to 45”. Similar carbonylation of 
[Cp,Vj+ in the presence of L (L = C5H5N, Et3P, Bu3P) yields171 [Cp,V(CO)L]+ which are isolated 
as their BPh; salt. 

(b) Complexes with hydrocarbon donors. Hydrocarbon ligands e.g. dienes, trienes, tetraenes and 
acetylenes, which act as n-donors, react with CpM(CO), (M = V, Nb and Ta) to yield a variety of 
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CpV(C0) (Ph*C*)(Pl,*P)*3’~*** 

CpVtCO) (Ph*C*),“’ 

(Urange: 105110’?(d), 198) 

(green; 58-605 1980.1915) 
(orange, 235-240-C (d ) 19X3.1930) 

and 

CpV(C0)*(Ph,CaC0)*6’ 

(red .ora”ge; 123~12b°C(d) 1988.1930) 

CpV(CO)* (R’ CR*)**’ 

(R’ 1 R*= H, R’ = H, R* = Pr”; 

R’ = “, R* = Bun) 

CpV(CO)($-toluene)‘” 

(R = H, Me, Ph,CN. 

COOEt,OMe) 

CpV(C0),(q4-C4Ha)*6B 

(urange. m-: 1970. 1905) 

CpV(CO),(r1’-4,s diphenylazulene)*69 
CpV(CO)*(+dlenes)“* 

(diem = 1.3 butadiene; 

2,3- dimethylbutadtene, 

cyclohexadiene ( red; 

98-1W’C,1890.1816) 

Scheme 2. Reactions of CpV(CO), with hydrocarbon donors. * gives (rj’-C5H,(CO)Me)V(CO),(q4- 
C4H4)268 when reacted with the analogous ($-C,H,(CO)Me)V(CO),. Colour, melting point and 

vco (cm- ‘) of the products are given in parentheses. 

products. Cp,V,(CO), also yields266 similar derivatives with acetylenes to those obtained when 
CPV(CO)~ reacts with acetylenes. Since, to a considerable extent, the reactions of CPV(CO)~ differ 
from those of the niobium and tantalum analogues, separate schemes (Schemes 2 and 3) have been 
used to describe their reactions. The principal points of difference of the two schemes are in the very 
thoroughly investigated reactions of Ph2C2 under varying conditions. 

CPM (CO) (Ph*C*)>,I”CpM ( CO)(Ph,C*),245 

and CpNb ( CO)* ( Ph*C*)*‘* 135’C in 
[CpNb(CO)(Ph*C*)l**” 

t 

sealed tube 

CPM (CO )* (diem 1 polyene)‘P0~*‘b~2” 

‘,,“,=,~~~~:::,Ip”“x= l,3- “bs’h*c* ( h” 

CyClohexadiene,*‘6Cycloheptatriene *‘6.*7’ CPM ( CO 14 

Ph*C* re”ux 

Cyclopentadiene,*76 

Cyclooctatetraer~e: t *“M = Ta, 

diem = 1,3-butadiene’ 90) 

(Mzxj<cpM (CO)(Ph*C*)I*-C6H6*‘s 

JL+ 

(I) Ph*P hv 
CpNb(CO)(Ph*EC*Ph)*‘9 

(II) Ph*C* (E = Si,Ce,Sn) 

? 

CeNb(C0) (rl’-Ph,C,) (Ph*C*) 218 * pb*C* 

C, He, reflux 
CeNb(CO)(Ph*C*)** and[CpNb(CO)(Ph*C*)];‘6 

CeTa(CO)(Ph*C*)* and CpTa(CO)(Ph*C*),*‘S 

Scheme 3. Reactions of CpNb(CO), and CpTa(CO), with hydrocarbon donors. *(q5- 
MeC,HJNb(CO)(Ph2C2) IS formed I’* when ($-MeC,H4)Nb(CO), is used.7 Excess cyclooctatetraene 

gives CpNb(CO)(C,H,)*” (not isolated pure). 
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a plane above the niobium atom going through both the phosphorus atoms and the carbon atom 
of the CO group. The Ph3P ligands are in the lrans position and a vacant plane in the coordination 
sphere of the niobium atom probably belongs to the hydrogen atoms, Structure (XIII). 

Ph3P PPh3 

(XIII) 

Except for Cp,(CO)Nb(p-H)M(CO), 299 (M = MO, W) the other dinuclear derivatives have been 
characterized by X-ray studies. 298-304 These studies clearly indicate the presence or absence of metal- 
metal bonds, e.g. in Cp,(CO)Nb(fi-H)Fe(CO), (XIQz9* Cp,(CO)Ta@-H)Mn,(CO), (XV),3o3 
[Cp,(CO)Nb(p-H)Nb(CO)Cp2]+[Mn(CO)J (XVI)3o2 and Cp,(CO)Nb@-H)Zn(BH,), (XVIQ304 
the metal-metal bond distances are significantly shorter than the sum of the covalent radii of the 
appropriate metal atoms, while in Cp2(CO)Nb@-H)Ni(CO), (XVIII)3oo the Nb * * * Ni distance is 0.25 
8, longer indicating a practically non-bonding interaction. This is also the case with Cp,(CO)Nb@- 
H)Mo(CO),(p-H)Nb(CO)Cp* (XIX)‘“” in which direct Nb-MO bonding is probably absent. 

: 
I /“’ 

H_/jb(2) 

CP 

Ni 

/Nr-H 

/’ 
cO 

cp CP 

(XVIII) 
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9.4. Mixed metal carbonyls 

The known carbonyls of this class are Cp,(CO)Nb(yCO)Mn(CO),,300~305 Cp,MM’(CO),Cp 
(M = V,306 M = Cr; M = Nb,307,308 M’ = MO, W), Cp,(CO)Nb(yCO)Co(CO)3,309 m,CpVOs, 
(CO),,]3- 310 and Cp3VW(p-CR)(CO),. 31 ’ 

Cp,(CO)Nb(p-CO)Mn(CO),, which is obtained as one of the products of the reaction between 
Mn,(CO),, and Cp,NbBHJEt3N, has the structure (XX) in which Cp,(CO)Nb and Mn(CO)S 
fragments are linked through the Mn-Nb bond in such a way that the bis-C5H, fragments have 
an eclipsed conformation with a wedge angle of 44.2” and a distorted octahedral environment about 
the manganese atom.30s305 

co I/“, rp 
oe’I \ 

6 Go 
iz,, 
CP 

(XX) 

Cp,MM’(CO),Cp, in which M = V and M’ = Cr, has been obtained306 by the reaction of 
[CpCr(CO)3]z with Cp3V ; analogous niobium derivatives have been obtained from the reaction307s308 
between Cp,NbH4 and [CpM’(CO),], (M = MO and W). The crystal structure of only the molyb- 
denum compound has been determined.308 In its structure (XXI), a wedge link sandwich Cp,Nb 
is linked with a Mo(CO)Cp fragment by a direct Nb-MO bond and two bridging CO groups, one 
non-symmetrically bonded through the carbon atom only and the other a-bonded to molybdenum 
and z-bonded to niobium. 

Mo(CO)Cp 

(XXI) 

Cp,(CO)Nb(p-CO)Co(CO),, which is the product 309 of the reaction between Cp,NbH3 and 
Co3(CO)8, has a structure (XXII) in which the Co-Nb bond is supplemented by a semibridged 
CO. Analogous q5-C.3H4CMe3 ring-containing niobium and tantalum derivatives have been 
obtained3” in a similar way, but they have different CO patterns. These derivatives with an excess of 
Co3(CO)8 give33* oxymethylidynetricobalt nonacarbonyl, ($-CSH,CMe3)2M(CO)OC - Co3(CO)+ 

OG,f 5\ ,cp 

/co\/Nb\ 

OC CP 

( XXII 1 

The anionic tetrametallic complex, [H2CpVOs3(CO)i3]*- (XXIII), which is a hydrido osmium 
carbonyl complex, has been prepared3” by the action of [CpV(CO)3]2+ on H20~3(CO)ro in THF 
below - 78°C. 

K2 

(cog), 

/\ 
H(CO)3Os, /Oy 

V(‘p(CO)3 

( XXIII) 
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Recently, V-W bonded black, paramagnetic, Cp,VWcU_CR)(CO), (R = Me or GH.+Me-4) has 
been synthesized3” by the reaction of Cp,V with CpW(=CR)(CO), in light petroleum at 0°C. The 
crystal structure 31 1 of the C6H4Me-4 product shows that the ligand is bonded between vanadium 
and tungsten in such a way that one of the two CO ligands on tungsten semibridges the V-W bond 

(XXIV)* 

cp\ ,/’ 
‘:, ,@ 

,/“\/“\ 
R CP 

(XXIV) 

9.5. Carbonyl halides and their derivatives 

The synthesis and structural studies of CPM(CO)~X~, [CpM(CO),X]-, Cp*M(CO)2LXz, 
CpM(CO)(L, or L-L)X2 and (Cp or CP*)~M(CO)X are described in this section. It is noteworthy 
that niobium and tantal~ derivatives have received more attention than their vanadium analogues. 

CpV(CO),, when oxidized with elemental halogen, gives”? CpVX, (x = I, n = 2; X = Cl, Br, 
n = 3) at ordinary temperatures but CPV(CO)~X (X = Cl, Br, I) derivatives are obtained302 when 
a solution of [(PPh,)$Il+X- and CPV(CO)~ is irradiated with W light. The bromo derivative has 
been obtained in 74% yield by the action 226 of benzyl bromide on [CpV(CO),Hj-. The halogen 
de~nden~ of 5 ‘V s~elding has also been studied.3’ 3 

Bis(Cp) and bis($-CSMes) bonded neutral (Cp or C~Me~)*V(CO~I have been synthesized’94,*96 
by the carbonylation of (Cp or &Me&VI ; the method failed to yield the chloro analogue under 
identical conditions. 

CpM(CO),X, (M = Nb, X = Cl, 314 I277 ; M = Ta, X = C13i4) derivatives have been obtained 
by the carbonylation 3i4 of CpMC14 in the presence of Al/HgC12. Niobium derivatives are obtained 
in better yield (- 65%) than tantalum (< 10%). CpNb(C0)312, in which CO is very loosely bound 
to niobium is obtained277 by the action of iodine on CpNb(CO)+ Upon prolonged evacuation, 
CpNb(CO),I, gives a CO-free product which reversibly reacts with CO to give277 a different product, 
possibly bridged dimeric [CpNb(CO)212]. 

Cp,M(CO)X (M = Nb, Ta, X = Cl, 315 Br316) are obtained when Cp,MX2 is carbonylated in 
the presence of reducing agents such as Na/Hg,186 Zn,21g K or t-BuMgCl.3’7 Carbonylation of 
Cp,NbCl or the action of HCl on Cp,NbH(CO) at - 78°C results in the formation of Cp,Nb(CO)Cl. 
An analogous MeCp derivative has been obtained 3 ’ * by (OMe)3P ~spla~ment from 
(MeCp)~Nb~(OMe)3P~Cl by CO. 

Other octacoordinated halocarbonyls of niobium and tantalum have been stabilized in a 
number of ways. Ligand-induced reductive-elimination of Me,SiCl by CO (3.5 atm)/THF in 
(q5-CsMe,)Ta(SiMe3)C13 stabilizes (qS-CSMeS)Ta(C0)2(THF)C12.3’g Mono- or bidentate 
~-phosphines also stabilize the carbonylation products of CpMC14 by yielding CpM(CO)(L, or 
L-L)Cl:! {M = Nb. L = Et3P,lSo L-L = dmpe;248*249 M = Ta, L = Me3P,15’ Et3P,“’ Ph3Piso 
and MezPhP’50). Analogous dmpe containing niobium compounds have been isolated249 by the 
action of benzyl bromide or Me1 on CpNb(C0)2(dmpe). 

Crystal data are not available except for [CpTa(CO)(PMe,Ph),Cl,] in which the molecule 
showsi5’ approximate mirror symmetry with the P - * * P vector normal to the mirror plane and a 
distorted octahedral coordination pattern of tantalum. It can be more easily visualized as derived 
from a four-legged piano stool structure (XXV). 
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Halocarbonyl hydrides are of extremely rare occurrence ; the only known examples [(r$- 
C5Me,)Ta(CO),(Me,P),_,HCl] (x = 1 and 2) are isolated258 as a mixture when [($- 
CSMe,)Ta(Me,P),H,C1] reacts with CO at 0°C. 

9.6. Alkyl, alkenyl, silyl, germyl, stannyl andplumbyl derivatives 

Although some ER2 bridged [Cp*M(CO),(ER,)], (Cp* = q5-C5H4Bu, M = V, Ta, E = Si, 
R = allyl; Cp* = $-CSH3Et2, M = V, E = Sn, R = C’2H25; Cp* = fluorenyl, M = V, E = Pb, 
R = xylyl) derivatives have been mentioned in the patent literature, 320 systematic work in this area 
has only been done recently. In addition to the above, derivatives of the following types are presently 
known. 

(i) [CpM(CO),R]- and [CpM(CO),_,(EX3),]p-. 
(ii) Cp,M(CO)(alkyl, acyl, alkenyl, chloroalkylstannyl or trichlorostannyl). 

(i) [CpM(CO),R]- and [CpM(CO)3_,(EX,),1p-. Alkyl bonded, [CpM(CO),R]- (R = CH3 and 
n-&H,,) derivatives, are known226 only for M = V, and have been prepared by the action of an 
appropriate alkyl halide on [CpV(CO)J’- in THF or HMPA, and isolated in the form of their 
[N(PPh,),]+ salts. 

The only known silyl derivative’ 56 is the NEt: salt of the anion [CpV(CO),(SiPh,)]-. Struc- 
turally similar [CpV(CO)3(GeC13)]- has been isolated32’ by irradiating a mixture of CpV(CO), and 
[AsPh,][GeCl,] solutions with UV light. The appropriate [CpM(CO),Hj- anion is used as starting 
material for the preparation of [CpM(CO),(GePh,)]- (M = V’56 and Nb322); the trialkyltin ana- 
logues322 [CpNb(C0)3(SnR3)]- (R = PhCH2, Et). [CpV(CO)3(SnC13)]- has been obtained32’ in a 
way similar to its germanium analogue, but in this case further CO displacement, to give a mixture 
of cis- and trans-[CpV(C0)3(SnC13)d2-, has also been achieved.323 Use of the reaction of SnPh,Cl 
with [CpV(CO)3]2- has been made’56~1g’~‘g3 to obtain the SnPh, analogue. Similar niobium and 
tantalum derivatives have also been synthesized.‘g3*322 The crystal structure324 of the niobium 
complex shows that the three CO ligands and tin atom span a tetragonal plane parallel to the Cp 
ring, with a greatly distorted tetrahedral environment of tin (L Nb-Sn-Ph, 116.8“ and 
Ph-Sn-Ph, 101.3”). 

The plumbyl-tantalum bonded monoanion, [CpTa(CO),(PbX,)]- is not known, although the 
analogous vanadium (X = Ph156) and niobium (X = Phlg3 and Et322) derivatives have been syn- 
thesized. 

(ii) Cp,M(CO)(alkyl, acyl, alkenyl, chloroalkylstannyl or trichlorostannyl). Cp,V(CO)(alkyl) 
derivatives probably do not exist. The acyl derivatives, Cp,V(CO)(COR) (R = Me, PhCH2), which 
are the carbonylation products of Cp,VR in heptane or toluene, have been isolated. ‘gg,2’7 The 
vco(acy1) are at lower wavenumbers (160551615 cm-‘) and might arise due to intramolecular 
interaction between the methyl and the acyl group [XXVI(a) and (b)]. 

(XXVla) (XXVI b) 

Well characterized Cp,M(CO)(alkyl) compounds are known’86,2g4,325-328 for M = Nb and Ta. 
They are the carbonylation products of Cp,MRH, Cp2MR2 (M = Nb, R = Me,‘86,325*326 Et328 and 
PhCH2;326 M = Ta, R = Me,327 Et,2g4 Pr,317 Bu317 pent317 and cyclopent3’7) or Cp,TaH(olefin) 
(olefin = C3H6, C4H8, C5H10 and C5Hs). In the last case migration of hydrogen from the metal 
atom to olefin takes place to give 3’7 the corresponding alkyl compound. A unique method for the 
preparation of Cp2Nb(CO)(CH3) is by the action of CH,MgBr on Cp,Nb(CO)Cl; the reaction of 
LiCH, on the above chlorocarbonyl has not been found to be reproducible.326 
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Alkenyl derivatives of niobium have been reported. 328 Thus Cp,Nb(CO)(R&CR’H) and 
Cp2Nb(CO)(R’C=CRH)(R = R’ = Me ; R = R’ = Pr ; R = Me,R’ = Pr’ ; R = Me, R’ = Pr”) have 
been prepared3’* by the action of RCGCR’ on Cp,NbH3, followed by the carbonylation of the 
products. Hydrogen from the metal atom migrates to one carbon atom of the alkyne in these reactions 
[see eq. (l)]. 

co co 
/ / 

Cp,Nb R Cp,Nb R 

Cp,NbH3 + RC=CR’+ 
- 

‘C’ + ‘C’ 

i LL 

R H’ ‘R H’ ‘R 

(1) 
Cp2M(CO)(SnX3) are known296 for only M = Nb. Cp,Nb(CO)(SnR,Cl,_J (R = Ph, x = l-3 ; 

R = Et, x = 2) and ($-MeC5H&Nb(CO)(SnCl~) are obtained 296 by the action of the appropriate 
Ph,SnC14_x, Et2SnC12 or SnC14 on a THF solution of (Cp or r$-MeC5H4)2Nb(CO)H in the presence 
of pyridine. Treatment of Cp,Nb(CO)(SnPh,) with HCl yields Cp2Nb(CO)(SnC13), its NMR 
spectrum exhibits296 two satellites of the singlet Cp protons due to ‘H-‘r7Sn and ‘H--‘r9Sn 
spin-spin coupling. 

1. 

2. 
3. 
4. 

5. 
6. 
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Abstract-The title compound was prepared by the method of Preetz and Rudzik and its 
structure determined by single-crystal X-ray diffractometry. It crystallizes in the rhombo- 
hedral system, space group R3 with the following (hexagonal) unit ccl1 dimensions: 
a = 12.185(2), c = 30.195(3) A, V = 3882(2) A3, 2 = 3. The set of iodine atoms defines an 
essentially perfect cube that resides on a crystallographic 3 position. Within this essentially 
cubic rhombohedron the two Re atoms are disordered over six positions that define an 
essentially octahedral trigonal antiprism. Pairs of opposite vertices of this octahedron 
correspond to Re:+ units which have an internuclear distance of 2.245(3) A. The Re-I 
distances are 2.700(3), 2.71 l(3) and 2.715(2) A to the six equivalent I atoms and 2.647(3) 
A to the other pair. The Re-Re-I angles all lie in the range 104.8(1k105.9(1)“. The 
relationship of this structure to those of other octahalo dimetal compounds is discussed. 

The Re2C1i- ion may be regarded historically’ as 
the point of departure for the entire field of chem- 
istry involving multiple bonds between metal 
atoms.2 More specifically this species (along with 
the Mo,C14,- ion) has served as a paradigm for 
quadruple bonds, and has, therefore, been exten- 
sively studied both experimentally and theoret- 
ically. It is the most complex inorganic species ever 
subjected to high-precision ab initio molecular 
orbital calculations.3,4 

A number of structural studies of compounds 
containing the Re2Clt- ion have been reported as 
well as two concerned with the Re2Bti8-2,-ion,2 but 
structural work on other Re,X$- species with 
X = F, I and NCS- (all have been well known for 
a long time) has been lacking until recently. Two 
compounds containing the Re,(NCS)i- ion were 
structurally characterized in 19875 and we now 
report the structure of a Re,I$- compound. The 
Re2Fi- ion,6 however, still has not been defined 
structurally ; we are attempting to obtain suitable 
crystals. The structure of the Re,I$- ion has unique 
features that justify the separate report and dis- 
cussion that we present here. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Preparation 

Two methods of preparation have been 
reported.738 We followed that of Preetz and Rudzik’ 
and obtained suitable crystals straightforwardly. 

X-ray crystallography 

Geometric and intensity data for [(n-Bu),I’Jl, 
Re21,, were taken with an Enraf-Nonius CAD-4 
automated diffractometer using procedures 
described previously.’ Pertinent crystallographic 
data and unit cell parameters are given in Table 1. 
The crystal was indexed on 25 intense reflections in 
the range 18.0 < 28 < 35.4” and the crystal system 
was found to be trigonal. The Laue symmetry and 
lattice dimensions were vetied by axial photogra- 
phy. Least-squares analysis was used to refine the 
unit cell dimensions and the orientation matrix. 

The intensity data gathered by the o-28 tech- 
nique were reduced by routine procedures. Cal- 
culations were carried out using a Micro-V= II 
(Micro VMS V4.5) with programs SHELX-76, 
SHELXS-86 and the commercial package SDP/V, 
V3.0. Absorption corrections were applied, based 

1667 
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Table 1. Crystal data for [(n-C4H9)J$Re218 

Formula 
Formula weight 
Space group 
Syst absences 

12 (A) 
b (A) 
c (A) 
a (de8) 
B (de& 
Y (de& 
v (A’) 
Z 

&lc (8 cm-‘) 
Crystal size, nun 
~(Mo-KJ (cm-‘) 
Data collection instrument 
Radiation monochromated in 

incident beam [A(A)] 
Orientation reflections : 

number, range (20) (deg) 
Temperature (“C) 
Scan method 
Data collection range, 

20 (de& 
No. unique data, total 

with c > 3a (Fz) 
No. parameters refined 
Transmission factors, % : 

maximum, minimum 

::b 
Quality-of-fit indicator’ 
Largest shift/esd, final cycle 
Largest peak (e A) 

Re2W2WL 
1872.58 
R3 
-h+k+l= 3n 
12.185(2) 
12.185(2) 
30.195(3) 
90 
90 
120 
3882(2) 
3 
2.402 
0.2 x 0.2 x 0.3 
94.818 
Enraf-Nonius CAD4 

MO-&, 0.71073 

25, 18.00 < 20 < 35.40 
20fl 
m-28 

4 < 28 < 50 

1307,872 
56 

99.99, 56.42 
0.064 
0.069 
2.331 
0.24 
1.788 

b R, = [Zw(lF,l- lF,~)‘/Zw~F,lz]“‘; w = l/{a2(~F01)+0.001(11;,12)}. 
cQuaWof-fit = PwW’,I - IFcl)z/Wobscrvances - &,ramctmP. 

on azimuthal scans of several reflections with the fold axis, account for eight iodine atoms of each 
diffractometer angle x near 90°.ro After equivalent [(n-Bu)&Re& formula unit. The subsequent 

data had been merged, there remained 872 data development of the structure was done by an alter- 
with Fi > 3a(Fz) that were used in the devel- nating sequence of least-square refinements and 
opment and refinement of the structure. difference Fourier maps. 

The rhenium and iodine atoms were located via While the atoms of the Re& moiety refined 
Patterson maps. The rhenium atoms were found quite steadily, n-Bu groups, particularly the dis- 
to reside on 18 general positions that describe ordered one lying along the three-fold axis, gave 
octahedra centred at 3 positions (0 0 l/2). The dis- serious difficulties. Therefore, the atoms of the n- 

tance along an edge of the octahedron was N 1.58 
A< while the distance between opposite vertices was 

Bu groups were refined isotropically and restraints 
on their interatomic distances were added in least- 

2.24 A. These dimensions and the limitation of three square refinements. In the final cycle, 56 parameters 
molecules per unit cell require each vertex of the were refined giving a data : parameter ratio of 15.6, 

octahedron to be occupied by only l/3 Re. The two and residuals of R = 0.064 and R, = 0.069. In the 

crystallographically unique iodine atoms, one on a final difference Fourier map, there were five peaks 
general six-fold position and the other on the three- above 1 e/A3. Four of them were ghosts of carbon 
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Table 2. Positional parameters and their estimated stan- 
dard deviations for [(n-C.,H,).&Re,I, 

Atom x Y Z WA*) 

Re” 0.0783(2) 0.0082(2) 0.52182(6) 5.39(7) 

I(1) 0.2315(l) 0.2609(l) 0.53466(4) 8.18(6) 

I(2) 0.000 0.000 0.60415(8) 9.09(7) 
N 0.333 0.667 0.4388(7) 6.3(6) 
C( 1) 0.390( 1) 0.590( 1) 0.4246(9) 25(2)* 
C(2) 0.290(2) 0.468(2) 0.403( 1) 22(2)b 
C(3) 0.343(4) 0.379(2) 0.3957(9) 17(l)b 
C(4) 0.354(5) 0.361(4) 0.346( 1) 23(2)b 
C(5) 0.333 0.667 0.4879(7) 19(2)b 
C(6)c 0.40(l) 0.8042(8) 0.5044(8) 22(5)b 
C(7>e 0.38(l) 0.803(2) 0.5549(8) 28(7)b 
C(8) 0.333 0.667 0.5713(9) 33(5)b 

a Site modelled as 113 Re. 
b Atoms refined isotropically. Anisotropically refined 

atoms are given in the form of the equivalent isotropic 
displacement parameter defined as : 

“Site modelled as 1/3C. 

atoms and the fifth one was a ghost of the rhenium 
atom. Positional parameters are presented in Table 
2 and selected bond distances and angles are pre- 
sented in Table 3.* 

RESULTS 

The packing in the crystal is rather loose. If the 
mean atomic volume for the atoms in the Re& 
ion is taken to be in the range of 2&25 A3, then the 
(n-Bu),N+ ions have at their disposal a mean atomic 
volume of 30-32 A’. Packing forces are, therefore, 
rather weak and this has two main consequences: 
(1) the Re& ions are free to adopt an essentially 
perfect cubic shape that allows systematic dis- 
ordering of the Rez unit within, and (2) the atoms 
of the (~-Bu)~N+ ions have a lot of positional and 
motional freedom, and are thus difficult to define 
and refine with precision. 

Let us dispose of this latter problem first. Figure 
1 shows the model of the (n-Bu),N+ ion that was 
refined. As shown in Table 2, the N atom refined 
very cleanly with a realistic thermal parameter, but 
all of the carbon atoms have large thermal par- 

* Complete tables of bond distances and angles, aniso- 
tropic thermal parameters, structure factors and unit 
cell packing diagrams are available as supplementary 
material. 

Fig. 1. An ORTEP drawing of the (n-Bu).,N’ ion. The 
carbon atoms have been arbitrarily reduced. Disordered 
positions of C(6) and C(7) are represented by circles. 
Unlabelled atoms can be derived from those given. The 

bond N-C(5) is a crystallographic three-fold axis. 

ameters, 17-33 A’. Although the 12 carbon atoms, 
C( 1)-C(4) and their symmetry-related sister atoms 
are ordered, they have much motional freedom 
(Table 2). The atoms C(5) and C(8) are (or at least 
could be) on single, well-defined positions, but in 
fact they too have large thermal parameters. Atoms 
C(6) and C(7) are very disordered and the three- 
fold disorder shown in Fig. 1 does not fully describe 
them. Evidently, the centroid of the (n-Bu),N+ ion, 
that is, the N atom, is precisely located, but all of 
the carbon atoms execute large excursions con- 
sistent with keeping the N atom fixed. 

We turn now to the Re& ion, which is depicted 
in Fig. 2. The most important dimensions are given 
in Table 3. Figure 2 is drawn to show all three 
orientations of the Rez unit, but one is emphasized 
so as to make clear that physically, at any one site 
at any one time, there is only one well-defined 
Re& ion, having idealized Ddh symmetry. The 
crystallographic symmetry is 3 and the axis passes 
through I(2) and I(2)‘. The set of eight iodine atoms 
is thus required to have rhomboidal (3) symmetry. 
In fact, it comes so close to having the exact dimen- 
sions of a cube that the deviations are negligible 
from a chemical point of view. The six 1(2)-I(l) 
type distances are 3.674(2) A and the six I( l)-I( 1)’ 
distances are 3.671(2) A; these do not differ even in 
a statistical sense. The three crystallographically 
distinct types of near-orthogonal I-I-I angles are 
89.34(4), 90.62(6) and 90.71(4)“. While there are 
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Table 3. Selected bond distances (A) and angles (deg) for [(n-C4H,),NhReJ, 

Distances 

Atom 1 Atom 2 Distance 

Re Re’ 2.245(3) 
Re I(l) 2.715(2) 

Atom 1 Atom 2 Distance 

Re I(l) 2.71 l(3) 
Re I( 1)” 2.700(3) 

Angles 

Atom 1 Atom 2 Distance 

Re I(2) 2.647(3) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Re’ Re I(l) 104.8(l) I(1) Re I(1)’ 85.15(7) I(1)’ Re I(2) 149.1(l) 
Re’ Re I(I)’ 105.07(9) I(1) Re I(1)” 149.4(l) I(1)” Re I(2) 86.80(6) 
Re’ Re I( 1)” 105.70(g) I(1) Re I(2) 86.49(6) 
Re’ Re I(2) 105.9(l) I(1)’ Re I(1)” 85.44(g) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 

statistically significant differences here, the vari- 
ations are, nonetheless, miniscule and physically 
unimportant. 

Because 3 symmetry imposes only a subset of the 
Oh symmetry elements, the exact alignment of the 
essentially octahedral set of l/3 Re units with the 
essentially cubic set of iodine atoms need not be as 
regular as that of a true octahedron inscribed within 
a true cube, and it is not. Again, however, the dis- 
crepancies from the highest idealized symmetry are 
very small. The Re-I distances are of four crys- 
tallographically distinct kinds: three of these are 
effectively equal at the 30 level, averaging 2.709(5) 
A, but the fourth, 2.647(3) A, is slightly, 0.062(6) 

Fig. 2. An ORTEP drawing of the Re&- ion. Re rep- 
resents the rhenium positions with site occupancy of l/3. 
Only two of the six fractionally occupied Re positions 
are represented as ellipsoids, for clarity. The common 
midpoint of three Re-Re lines is a crystallographic 3 
centre. Unlabelled atoms can be derived from those 

given. 

A, different. The Re-Re-I angles lie within the 
very narrow range of 104.8-105.9”. The Re-Re 
distance is 2.245(3) A, which is very similar to those 
in other Re;+ compounds.’ 

DISCUSSION 

Comparison with other iodo species 

There are few previously established structures 
of compounds containing iodine atoms bonded to 
an Re;+ unit. One is Re21.,(02CC6HS)2,‘1 in which 
the Re-I bonds are shorter, by about 0.1 A, than 
in the Re&- ion. There are several possible reasons 
for this and we have no basis for preferring or 
dismissing any. Obviously, greater crowding in the 
Re& could play a role, but so also could the fact 
that the four iodine atoms may be able to bond 
more strongly to the Re2(02CPh)$+ unit than can 
eight of them to the Re;+ unit, for electrostatic 
reasons. Finally, the Re-R-1 angles are very 
different in the two cases and the hybridization at 
the Re atoms in the Re214(02CCSHS)2 molecule may 
be better suited for bonding to the iodine atoms. 

Another entity which resembles the Re& ion 
more closely, is found in the molecule Re41s(C0)6.‘2 
This consists of a central Re21s unit which is intern- 
ally rotated by ca 40” away from an eclipsed con- 
formation, thereby creating triangular sets of I 
atoms. Two pyramidal Re(C0)3 groups are 
attached to two of these I3 triangles so as to create 
quasi-octahedral,fac-ReI,(C0)3 units. The Rc-Re 
distance here is 2.279(l) A, which is 0.034(3) A 
longer than that in the Re,It- ion. It has been pro- 
posedI that the Re&(CO), molecule may be 
regarded as consisting of Re21i- and two Re(C0): 
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units bound together and that the length of the 
Re-Re bond is greater than that in more typical 
ReZX:- species because of the large internal torsion 
angle. The Re-I distances span a considerable 
range (those shared with the Re(CO), units being 
ca 2.81 8, and the other, 2.64 A) within which are 
the ones we have found. 

Comparison with other crystal structures 

It has been noted and discussed beforeZa*13 that 
the ReX- species with X = Cl and Br, as well as 
their molybdenum counterparts, MO&-, have 
nearly cubic shapes (deviations being ca 2%) and 
that this sets up the possibility of disordered pack- 
ing in which more than one orientation of the 
M-M bond may occur. In practically all eclipsed 
M2XT (X = Cl, Br) compounds whose structures 
have been previously reported,* some degree of dis- 
order of this type has been found. This has taken 
the form of a second orientation at ca 5 to 40% of 
the M2XT sites in the crystal. In all these cases, the 
environment about the MZX; ion has been such as 
to render the three orientations quite distinct in 
terms of the contacts made by the three pairs of 
opposite faces of the quasi-cube, with one of them 
being particularly unfavorable for the MC& faces 
because of the propinquity of the accompanying 
cations. Thus, only two orientations occur, and in 
unequal numbers. 

The compound [(n-Bu@&[ReJs] is the first 
MzXf compound to have a three-fold disorder, 
with each orientation equally represented. This 
occurs in a structure that makes all three orien- 
tations crystallographically equivalent. Why 
does this happen for [(n-Bu)&[ReJJ but not for 

[(n-Bu)&h[RezCls] or [(n-Bu).+Nlz[RezBrs]? The 
latter have monoclinic structures in which there 
are only two orientations, 74 and 26% occupied 
for the chloride and 61 and 39% for the bromide. 
We believe that the large size of the Re& ion 
sufficiently diminishes the electrostatic forces in 
the crystal that a much looser packing results. 
This in turn allows a packing arrangement in 
which the anion has the freedom to adopt all 
three orientations. We have already commented 
on the loose packing in the iodo compound, 
whereby the volume per formula unit (1294 A’) is 
11% greater than that (1171 A’) in the chloro com- 
pound. In the chloro compound the smaller 
volume available to the cations leads to very precise 
positioning of all the carbon atoms; it was noted 
in the original report13 of the [(n-Bu),NjS1,[Re,C1,] 
structure that it “constitutes one of the rare 
examples of a well-ordered [(n-Bu),Nj structure”. 

Dimensions of[Re2X,]‘- ions 

In Table 4 are listed the important dimensions of 
the three Re,X$- ions with halogens, now struc- 
turally characterized as their Bu4N+ salts. The 
Re-Re distance changes very little, although it is 
slightly larger in the iodide than in the other two. 
However, it is not as long in Re& as had been 
forecasts,‘4 (2.27 A) on the basis of the low 6 + 6* 
transition energy. While this prediction seemed a 
reasonable one at the time, more recent work I5 has 
shown that in Mo2&(PMe3&, compounds 6 -+ 6* 
transition energies are lowered as the halogen 
changes from Cl to Br to I, without any significant 
change in the Mo-MO distance. The rationale of 
the previous prediction (a simple inverse relation- 

Table 4. Comparison of the dimensions of Re,X$-ions with X = Cl, Br and I 

Cl” BP I 

Re-Re (A) 
Re-X (A) 
Re-X (A) Calcd 
L Re-Re-X (deg.) 
Cube edges (A) 
ruti of X (A)9 

2.224( 1) 2.226(4) 2.245(3) 
2.330(2) 2.467(4) 2.694(24) 
2.33 2.48 2.67 
103.4(5) 104.6(4) 105/l(3) 
3.30, 3.21, 3.24f 3.48, 3.39, 3.42 3.67, 3.67, 3.67 
1.80 1.95 2.15 

’ [(n-Bu).,l],[Re#?l,] ; ref. 13. 
*For Cs,[Re,Br,]; ref. 16. 
‘This work. 
dAssuming constant rRc of 1.34 and X covalent radii of 0.99, 1.14 and 1.33 for Cl, Br 

and I. 
p Max, Min, Av. 
fNot given in ref. 13 ; calculated from positional parameters. 
g van der Waals radius of halogen. 
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ship presumed between Re-Re distance and 6 + 
6* transition energy) was thus incorrect. 

The Re-X distance can be accounted for to 
within + 0.01 A by assuming a tied covalent radius 
for Re (1.34 A) and the standard (Pauling) covalent 
radii for the halogens. The Re-Re-X angles show 
a steady increase with increasing size of X, but it is 
so slight as to be almost negligible. The lengths of 
the mean cube edges increase in about the same 
ratios as the Re-X bond lengths, namely, by 5- 
6% from Cl to Br and by 7-9% from Br to I. These 
increases are only slightly smaller than the increases 
in van der Waals radii, viz. 8 and 10%. Thus, on 
the whole, because the covalent and van der Waals 
radii increase as they do, the three cubic Re& 
ions simply increase in size without undue strain or 
distortion, and without changing the Re-Re bond 
length as the atomic number of the halogen 
increases. 
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Abstract-Two components (xl, -x; and xII -x;‘) of magnetic anisotropy of Mo-MO 
quadruple bonds have been obtained by using the X-ray crystallographic molecular struc- 
ture and the low temperature ‘H NMR spectrum of ~~-Mo,C~~[(C~H~)~PCH~CH,P(~- 
RC6H4)2]2 [R = H (dppe), CH3 (dpdt) and tert-C4H9 (dpdbp)]. The values of Q-X; 
and Q-X;’ for the dpdbp case are -(8470f200) x 1O-36 and -(5540+70)x 1O-36 m3 
molecule- I, respectively, which are several times as large as xl1 - xI(M&Mo). Through 
detailed examination of the ‘H NMR signals of the ethylene protons, conformational flexing 
of the chelate rings of a-Mo#&(dpdbp), has been recognized. 

In the overall research effort concerning the behav- 
iour of metal-metal multiple bonds’,’ studies of 
compounds containing quadruple bonds between 
molybdenum atoms have played a major part. An 
important sub-class of these dimolybdenum com- 
pounds are those of composition Mo,X,(diphos),3 
(and their tungsten analogues4), where the diphos 
ligand is 1,2-bis(diphenylphosphino)ethane (dppe), 
or a derivative thereof. Compounds of this 
composition exist in two isomeric forms, which 
have chelating diphos ligands (a) or bridging ones 
(p). For the dppe compounds, NMR and other 
solution studies have been severely limited by 
low solubility, but we have recently reported a 
considerably more soluble pair of compounds, 
Mo&l,(dpdt), (where dpdt = l-diphenylphos- 
phino-Zdi(p-tolyl) phosphinoethane) and provided 
extensive NMR data for them.5 In this way 
we found that the ethylene hydrogen atoms of u- 
Mo2C14(dpdt)2 display a large chemical shift differ- 
ence between the distal and proximal ones, with the 
proximal ones being most affected because of their 
closeness to the centre of the M&MO bond, as 
shown in Fig. 1. From the previously reported’ 
shifts for a-MozCld(dpdt)z we made an approxi- 
mate calculation of the diamagnetic anisotropy of 
the MO;+ unit by treating the molecule as if it 
possessed axial symmetry. This is not strictly true 

* Authors to whom correspondence should be addressed. 
t Permanent address : Department of Chemistry, Kinki 

University, Kowakae, Higashi-Osaka, 577 Japan. 

x N 

A 

0 DISTAL PROTON 

. PROXIMRL PROTON 

Fig. 1. A schematic drawing of an anti-a-M,Cl,(diphos), 
molecule showing distal and proximal types of methylene 
hydrogen atoms and the defined principal components 

of diamagnetism. 

and we now wish to deal with this problem in a 
more rigorous way. 

The diamagnetic anisotropy of quadruple and 
triple bonds between metal atoms has already been 
the subject of several earlier publications,“” in all 
of which there have been approximations, ambi- 
guities or non-rigorous assumptions. We believe the 
present work gives the most rigorous and unam- 
biguous results to date, albeit only for one par- 
ticular type of complex. 

1673 
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EXPERIMENTAL 

1,2-bis(p-ditolylphosphino)ethane (dtpe) was 
synthesized according to the method reported pre- 
viously.’ Found : C, 78.1 ; P, 13.1 ; H, 7.2. Calc. for 
C30H40P2: C, 79.3; P, 13.6; H, 7.1%. 

a-Mo,Cl,(dtpe), was prepared from K4M02C18/ 
dtpe/CH30H.’ CD$Zl, was purchased from Wil- 
mad Co. and used as a solvent for NMR measure- 
ments. ‘H NMR spectra were obtained on a 
Varian XL 400 NMR spectrometer, operating in 
the Fourier transform mode at -90°C. ‘H NMR 
spectra of tx-Mo$l,(dpdbp), and a-Mo2C14(dpdt)2 
were reported previously. 5,’ ’ 

RESULTS AND DISCUSSION 

A general expression” for the effect of dia- 
magnetic anisotropy upon the chemical shift (0) for 
a molecule of low symmetry is given in eq. (1) 

Ani = l/3r3[(Xr -X1)(3 COS2 6”- 1) 

+(X,,-X;1)(3cos2f+1)]/4Z (1) 

where I is the distance between the centre of the 
MO, bond and the proton Hi, X,, is the longitudinal 
component of susceptibility (in this case, along the 
bond direction), X; and X;’ are the two transverse 
principal susceptibilities (i.e. perpendicular to the 
bond), while w1 and &i are the angles between r and 
the appropriate bond perpendicular. 

The difference between observed shifts of proxi- 
mal and distal protons may be expressed by eq. (2) 
where G = (3 cos2 8-- 1)/3r3. 

4~ + (XII - xY)(GLLta~ - G~~~iwJ/4~* (2) 

According to eq. (2), there are two unknown par- 
ameters, viz. the diamagnetic anisotropy terms, 
X,, -XL and X,, - X;‘. To obtain the diamagnetic ani- 
sotropy terms, at least two sets of observed shifts 
of proximal and distal protons are required, and we 
therefore prepared two unsymmetrical phosphines 
(R2PCH2CH2PR;), namely, dpdt5 and dpdbp. l1 
Preliminary work showed that dpdbp is best able 
to fulfil our requirements, and therefore Mo,Cl, 
(dpdbp), became our principal subject of study. 

*In the molecular structure of anti-a-MO&I, 
(dpdbp),,5 no significant difference between Mo-P 
and Mo--P’ distances was observed, suggesting that 
no great chemical shift between the ethylene protons 
is to be expected. Furthermore, the dpdbp ligand itself 
shows no difference in chemical shifts between the proton 
signals for the two methylene groups. 

a b 

(2) s 

(1) h h 
11 ,1,,,1”‘,1’,‘,“‘1,’ 

4 
ppm 3 

Fig. 2. ‘H NMR spectra in the methylene region for anti- 
wMo,Cl,(dpdbp),: (1) at 25°C and (2) at -80°C. 

Assignment of the ‘H NMR spectrum of Mo2C14 

(dpdb), 

Figure 2 shows the ‘H NMR spectrum in the 
ethylene region of cr-anti-Mo,Cl,(dpdbp),. The 
assignments for other regions of the spectrum of 
this compound have been discussed previously, ’ ’ 
but the detailed assignment for the four ethylene 
protons was not previously considered. The large 
gap between proximal and distal proton chemical 
shifts is commonly observed for this type of com- 
pound, generally in the range of 1.25-1.36 ppm 
(Table 1). It is interesting that the ethylene protons 
of dpdbp give four signals at - 90°C [Fig. 2(2)]. The 
downfield (a and b) and upfield (c and d) pairs of 
signals are those of the proximal and distal protons, 
respectively. However, Fig. 2( 1) shows that the two 
members of each pair collapse at 25°C indicating 
the presence of a signal-averaging dynamic process. 
In the case of a-Mo,Cl,(dpdt),, no such separation 
was observed even at - 110°C. 

The dpdbp ligand itself has chemically non-equi- 
valent protons; (C,H5)2PCH2 and (t-C4H9C6 
H,),PCH2. While this might suggest that the four 
signals should be assigned to the proximal and 
distal protons for each methylene group, such 
an assignment could not explain the fact that the 
close pairs collapse to become single signals at 25°C. 
We therefore conclude that the doubling of the dis- 
tal and proximal signals at - 90°C is associated not 
with the effect of the substituents* but with different 
conformations of the ethylene groups. 

Close examination of the structure” of c+ 
Mo2Cld(dpdbp), reveals that the C-C bond vector 
of the ethylene CH2CH2 is not perpendicular to the 
MO-MO bond axis, but is tilted, as shown in Fig. 
3. Each of the hydrogen atoms experiences two 
different regions of diamagnetic anisotropy. In prin- 
ciple, eight signals might have been observed at 
low temperature, but the distinction based on the 
differently substituted phosphorus atoms is too 
small to observe. Therefore, signal a is attributed 
both to H( 1) in A and to H(3) in B. Similarly, signal 
b is assigned to both H(3) in A and H(1) in B, signal 



Diamagnetic anisotropy of quadruple Mo-MO bonds 

Table 1. Observed ‘H NMR shifts of ethylene protons of a-Mo,C1,(R2PCH2CH,PR’& 

1675 

Ligand R R 
6 @pm) 

I II A Reference 

dppe 
dpdt 
dtpe 

GH, GH, 4.72 3.33 1.39 5b 
CsH, P-CHGH4 4.68 3.32 1.36 56 
p-CHGH4 p-CH,CsHd 4.59 3.27 1.32 This work 

Wbp GH, p-tert-C4H,C,H, 3.33 4.58 
3.49 4.74 

1.25 
1.25 This workd 

“The difference between 6, and a,,. 
b Observed at - 25°C. 
‘Observed at - 90°C. 
“Observed at - 80°C. 

P = bisphenylphosphino group 

P’ = bis(tert-butylphenyl)phosphino group 

M-M bond M-M bond 

axis axis 

Fig. 3. Schematic diagrams of the conformations of the 
chelate rings for an c+M~X~(R~PCH~CH~PR’)~ type 

molecule. 

c to H(2) in A and H(4) in B, and signal d to 
H(4) in A and H(2) in B. At high temperature the 
interconversion between structure A and B occurs 
rapidly, and the pairs of proton signals for A and 
B configurations are completely averaged to single 
ones. 

Calculation of diamagnetic anisotropy 

When the diamagnetic anisotropy of this type of 
molecule is considered, three coordinate axes need 
to be chosen. In previous discussions of dimetal 
compounds, the choice of a principal axis was easily 
made because the M-M bond axis coincides with 
the highest symmetry axis C3 or Cd. For these 
molecules, which have axial symmetry, the simple 
McConnell equation, ’ 3 eq. (3), can be employed 
where 6 is the angle between r and axis z. 

Ao = 1/3r3[(X,, -x1)(1 - 3 cos’ 0)]/47r. (3) 

From this equation, the diamagnetic anisotropy of 
the triple bond system,“*’ lo M *(NMe& (D3,, sym- 
metry), has been estimated to be - 1784 x IO- 36 
(M = MO) and - 1960 x IO-‘” (M = W) m3 mol- 

eculee’. In our previous work on quadruple bond 
systems, we estimated the value for ~-MO, 
Cl,(dppe)z and a-MozC14(dpdt)2 by use of eq. 
(3). The value obtained for (X-Q) was 
-8800x 1O-36 m3 molecule-‘.S In this case, the 
principal axis was taken as the axis perpendicular 
to the M-M bond direction, which is different 
from that of triple bond systems, which makes 
direct comparison difficult. Strictly, a-Mo2C14 
(PP’), has no axial symmetry and the result ob- 
tained must be considered as only approximate. 
In order to assign the conventional principal axis 
along the M-M bond for the present systems, and 
to obtain a general diamagnetic anisotropy without 
approximation, we have turned to the general eqs 
(1) and (2), with the principal axis (Z axis) taken 
along the M-M bond (Fig. 3). This selection allows 
convenient comparison of x values for the different 
cases. A choice of X and Y axes is still necessary ; 
we have selected the X axis to coincide with the C2 
axis in cl-Mo&l,(dpdbp),. 

According to eq. (2) two chemical shift differ- 
ences, A and A’, between the proximal and distal 
protons are needed. On the basis of the assignment 
mentioned above, A and A’ for H(2)--H(1) and 
H(4)-H(3) are obtained, respectively. Both values 
are accidentally the same, i.e. A = A’ = 1.25 ppm as 
shown in Table 1. The geometric factor (G) was 
calculated from the positions of the ethylene 
protons, which were obtained by using con- 
ventional computer codes in which the geometrical 
properties of the methylene groups are employed. 
The resultant G factors are listed in Table 2. From 
these values, the diamagnetic anisotropies x,, -xl 
and xl1 - x;’ are found to be - (9450 + 200) x lo- 36 
and -(5860+90)x 1O-36 m3 molecule-‘, respec- 
tively. 

There are also X-ray crystal structures available 
for a-Mo,C14(dppe),‘4 and a-Mo,C14(dpdt)2.5 By 
employing similar signal assignments (in this case 
A = A’) for the cases of dppe and dpdt, the dia- 
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Table 2. Geometric factors” for proximal [H(l) and H(3)] and distal [H(2) 
and H(4)] protons of cr-Mo,Cl,(PP’), 

PP 

dppeb H(1) 
H(2) 
H(3) 
H(4) 

dpdt’ 

dpdbpd 

H(1) 
H(2) 
H(3) 
H(4) 

H(1) 
H(2) 
H(3) 
H(4) 

r (4 8;(deg) 8;“deg) G;” G;’ 

3.978 108.2 18.2 - 3.752 9.046 
4.769 103.0 24.4 - 2.609 4.567 
3.724 74.3 16.2 - 5.037 11.401 
4.727 75.6 23.0 - 2.573 4.986 

3.645 106.1 17.2 -5.299 11.974 
4.676 105.2 21.2 -2.588 5.240 
3.912 71.9 18.1 -3.961 9.521 
4.725 77.9 23.1 -2.741 4.858 

3.655 105.7 16.2 - 5.320 12.056 
4.687 104.7 23.0 -2.608 5.076 
3.947 72.6 17.4 -3.972 9.393 
4.742 78.1 24.3 - 2.730 4.660 

“Unit in x IO*’ mm3. The distance of C-H is 1.09 8, and the angle of 
C-C-H is 109”. 

‘Geometry from ref. 14. 
‘Geometry from ref. 5. 
dThis work. 

Table 3. Magnetic anisotropy of quadruple and triple the largest among compounds which have so far 
bonds been synthesized. 

x 1O-36 (m’molecule-‘) AcknowIedgements-We thank the National Science 

Compound XII -x; XII -x;’ Foundation for support and Kinki University for a leave 
of absence to S.K. 

~-MGWb-=92 
cc-Mo,Cl,(dpdt), 
a-Mo&&(dpdbp), 

Mo,(NMe& 
W*(NMe& 

- 9340* - 6300 
- 8200’ - 5830 
- 8470 - 5540d 

- 1784’ 
- 1960 

1. 

2. 

“x,, is a value along the metal-metal bond. x; and x;’ 
are values along the axes defined in Fig. 1, respectively. 

b Error limit, f 200 x 1O-36 m3 molecule- ‘. 
‘Error limit, +70x 1O-36 m3 molecule-‘. 
dError limit, f 90 x lo- 36 m3 molecule- ‘. 
‘Reference 8. x,, --xI(xI = x; = x;‘). 

magnetic anisotropies for these molecules are also 
readily calculated. They are listed in Table 3. 

The diamagnetic anisotropies are very large: 

(xl, - x;(M~MoMxII - xI(M+Mo)) = 4-5 and 
(x,, - xYW+MoN/(x,, -xI(M~MoN 1: 3. 

It is well known that N=O bonds” have the 
largest diamagnetic anisotropy known among 
organic compounds, comparable to lx,, -_xlI for 
M&MO bonds but much less than the Ix,,--x;,;‘l 
values for M&MO bonds. We have pointed out’ 
in a-Mo2C14(dpdt)2 that the ethylene protons 
experience ring current effects from nearest-neigh- 
bour aryl rings, but this effect is only N 12% of the 
whole anisotropy. Consequently, we conclude that 
the diamagnetic anisotropy of quadruple bonds is 

3. 

4. 

5. 

6. 
7. 
8. 

9. 

10. 

11. 

12. 

13. 
14. 

15. 
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Abstract-Modifications to the Pauling method of calculating single bond enthalpies are 
proposed. First, because bond polarity produces a decrease in equilibrium bond length 
which strengthens the bond, a correction is made for any deviation in the actual bond 
length from the covalent radius sum. Secondly, because charge-transfer from a less to a more 
electronegative atom is exothermic only until electronegativity equalization is achieved, a 
saturation effect is observed for large electronegativity differences. A correction for the 
effect is provided. The modified Pauling method is shown to be more accurate than the 
original Pauling method and valid over the entire range of bond polarity. 

The Pauling electronegativity scale l-3 was 
developed as a means of calculating heteronuclear 
single bond enthalpies at 25°C via the equations 

AH;, = 
AHiA + AH& 

2 +F(XB--z4)2; (1) 

AH.& = (AHi,AHiB)“* + 1.3F(XB - XA)*. (2) 

In eqs (1) and (2), AH& is the A-B single bond 
enthalpy, AH& and AHZB are the A-A and B-B 
non-polar covalent single bond enthalpies, respec- 
tively, F is the Faraday constant (9.649 x lo4 C 
mol- ’ = 9.649 x lo4 J (V mol- ‘)4a and X, and XB 
are the Pauling electronegativities for atoms A and 
B. Pauling has called the arithmetic mean’ [eq. (l)] 
or the geometric mean* [eq. (2)] of AH& and 
AH& the “normal A-B bond energy” (actually an 
enthalpy), believed to represent the strength of the 
hypothetical non-polar covalent A-B bond. The 
true AH,& is usually greater than the “normal A-B 
bond energy”, the difference being attributed by 
Pauling to the resonance of the covalent structure 
AB with the ionic structure A+B- (assuming 
x, < XB) and called the “ionic resonance energy”. 
This quantity is approximated in eqs (1) and (2) 
by the terms involving (XB-&).* The problem of 
negative “ionic resonance energies” is encountered 
less frequently with eq. (2) than with eq. (1) and 
therefore eq. (2) is generally believed to be 
superior.* Unfortunately, it is necessary to include 
the factor 1.3 in eq. (2) in order to keep the Pauling 

units on the same scale as originally established by 
eq. (l).’ 

Sanderson,’ Evans and Huheey6 and others have 
developed models of chemical bonding which treat 
the total bond enthalpy as a weighted sum of coval- 
ent and ionic structures. SandersonSa has criticized 
Pauling’s treatment of bond enthalpies by pointing 
out that the electrons in a bond cannot be both 
evenly shared all the time and unevenly shared some 
of the time ; that is, the covalent contribution to 
the total bond enthalpy must decrease as the ionic 
contribution increases. However, it is possible to 
reconcile eqs (1) and (2) with more sophisticated 
chemical bonding models merely by interpretating 
them differently. 

Consider a singly-bonded diatomic molecule AB, 
with X, < XB. The A-B bond may be described as 
polar covalent, the difference in electronegativity 
between A and B resulting in uneven electron shar- 
ing which produces a positive partial charge on 
atom A (6, > 0) and a negative partial charge on 
atom B (6, < 0). The change in enthalpy cor- 
responding to the breaking of the A-B bond may 
be envisioned as the sum of two steps. In the first 
step, the A and B nuclei remain fixed at their normal 
bond length TAB but an appropriate transfer of 
charge results in the formation of a non-polar coval- 
ent AB molecule. In the second step, the non-polar 
covalent A-B bond is broken. The enthalpy 
change for step (1) may be called the discharge 
enthalpy and symbolized as AH&h,, while the 
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enthalpy change for step (2) may be called the non- 
polar covalent bond enthalpy and symbolized as 

Table 1. Selected atomic properties 

Aff,O,v. : 
Step/Process AH’ 

AHIA’ 
A V*O bAd (kJ mol- ‘) 

(1) A6+BS- -+ AB (non-polar covalent) AHjisch (3) 

(2) AB (non-polar covalent) + A + B AHzO, (4) 

Sum:A6+B”-+A+B AH:B. (5) 

The discharge enthalpy AH&,, [eq. (3)] cor- 
responds to Pauling’s “ionic resonance energy” and 
the non-polar covalent bond enthalpy AHzo, [eq. 
(4)] corresponds to Pauling’s “normal A-B bond 
energy”. By interpreting the Pauling method of pre- 
dicting single bond enthalpies at 25°C as the sum 
of thermochemical steps, it is not necessary to treat 
the total bond enthalpy as a weight sum of covalent 
and ionic structures. 

However, as discussed by Allred’ and Matcha,’ 
eqs (1) and (2) are unsuccessful for bonds with large 
electronegativity differences, calculations in error 
by 5@-100% not being unusual. Equations (1) and 
(2) predict AH~isch, to increase quadratically with 
increasing difference in electronegativity, while in 
reality the discharge enthalpies approach a limiting 
(“saturation”) value when 1X,--X,] is large. It 
seems worthwhile to investigate this problem in 
greater depth, because the Pauling scale of elec- 
tronegativity is the best-known scale, and eqs (1) 
and (2) are the best-known simple methods of bond 
enthalpy estimation. 

CALCULATIONS OF NON-POLAR 
COVALENT HETERONUCLEAR 

SINGLE BOND ENTHALPY, Afl,,, 

It appears that the best method available at pre- 
sent for the calculation of the non-polar covalent 
heteronuclear single bond enthalpy AH,O,, is to take 
the geometric mean of the non-polar covalent 
homonuclear single bond enthalpies AH& and 
AH&, as done by Pauling’ [eq. (2)], but to correct 
for any deviation in the actual bond length rAB from 
the COVaknt radius sum rA + rB ?a 

Aff:w. = e (AH:,AH:,) l/2. (6) 

H 
Li 
Be 
B 
C 
N 
0 
F 
Na 

Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
cu 
Zn 
Ga 
Ge 
AS 
Se 
Br 
Rb 
Sr 

A8 
Cd 
In 

Sn 

Sb 
Te 
I 
CS 
Ba 
Au 

H8 
Tl 

Pb 

Bi 
PO 
At 
Fr 
Ra 

I 0.0371/ 2.20 2.18 
I 0.1336 0.98 1.15 
II 0.0887 1.57 1.41 
III 0.0822 2.04 1.46 
IV 0.0772 2.55 1.51 
III 0.074y 3.04 1.54 
II 0.072g 3.44 1.56 
I 0.0709’ 3.98 1.57 
I 0.1539 0.93 1.07 
II 0.1373 1.31 1.13 
III 0.1258 1.61 1.18 
IV 0.1169 1.90 1.23 
III 0.1107 2.19 1.26 
II 0.1049 2.58 1.29 
I 0.0994 3.16 1.33 
I 0.1962 0.82 0.95 
II 0.174 1 .oo 1.00 
I 0.1331 1.90 1.15 
II 0.1292 1.65 1.17 
III 0.1256 1.81 1.18 
IV 0.1223 2.01 1.20 
III 0.1194 2.18 1.21 
II 0.1167 2.55 1.23 
I 0.1142 2.96 1.24 
I 0.216 0.82 0.90 
II 0.191 0.95 0.96 
I 0.1533 1.93 1.07 
II 0.1493 1.69 1.08 
I 0.1455 1.6g 1.10 
III 0.1455 1.78 1.10 
II 0.1420 1.80 1.11 
IV 0.1420 1.96 1.11 
III 0.1389 2.05 1.12 
II 0.1360 2.39 1.14 
I 0.1333 2.66 1.15 
I 0.235 0.79 0.86 
II 0.198 0.89 0.94 
I 0.1519 2.54 1.08 
II 0.150 2.00 1.08 
I 0.149 1.62 1.09 
III 0.149 2.04 1.09 
II 0.148 1.87 1.09 
IV 0.148 2.33 1.09 
III 0.147 2.02 1.09 
II 0.146” 2.19 1.10 
I 0.1459 2.3g 1.10 
I 0.240y 0.8g 0.86 
II 0.210” 0.9” 0.91 

‘AB 

435.9 
102.8 
230g 
305h 
357.4 
1709 
160g 
158.0 
72.6 

1209 
180g 
227.8 
199.9 
266.0 
243.4 

54.8 
IOOY 
192.5 
709 

1409 
188.3 
177.7 
199.7 
192.9 
49h 
909 

159.1 
60y 

12oy 
120” 
152.1 
152.1 
140.7 
160y 
151.2 
44.8 
80g 

217.1 
409 

1009 
1009 
1209 
1209 
1109 
1309 
1209 
409 
709 

This correction is necessary because bond polarity 
produces a decrease in equilibrium bond length 

a Valence (number of bonds formed). 
‘Covalent radius : ref. 5(a), except as noted. 
‘Inherent electronegativity : ref. 3, except as noted. 

which strengthens the bond.5a,6 dCharge coefficient [eq. (20)]. 
Selected values of homonuclear single bond ‘Non-polar covalent single bond enthalpy : ref. 8, 

enthalpies AH,& are given in Table 1. In many except as noted. 

cases, these have been obtained directly from ther- /Reference 4(b). 

mochemical data5a,6*8 for singly-bonded molecules 
9 Estimated (this work). 

of the elements (HZ, Liz, Naz, KZ, Rbz, Cs2, CuZ, 
Ir References 5(a) and 6. 
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Ag,, Au2, P4, As4, Sb4, % Se,, F2, CL Br2 and 1~). 
Elements not known to exist as singly-bonded 

molecules must have their homonuclear single bond 
enthalpies derived by indirect methods. A familiar 
approach is to assume that a particular het- 
eronucleur bond enthalpy remains essentially con- 
stant from molecule to molecule and obtain the 
desired homonuclear bond enthalpy by differ- 
ence.‘*2,4b For example, AH&, can be estimated by 
assuming that AHiF is the same in BF3 and B2F4 
or that AH&l is the same in BC13 and B2C14, 
AHiN by assuming that AH& is the same in NH3 
and N2H4, and AHi by assuming that AH& is 
the same in H,O and H202. 

For crystals of the elements of the carbon family 
which exhibit the diamond structure (C, Si, Ge and 
grey Sn), AH& may be defined as one half of the 
sublimation enthalpy. 2,3 Where they are known, 
AH:* values for metals are 5&70% of the sub- 
limation enthalpies ; this observation allows esti- 
mates of AH& to be made for Be, Mg, Ca, Sr, Ba, 
Zn, Cd, Hg, Al, Ga, In, Tl, Pb and Bi which are in 
good agreement with previous estimates.sa*6 

Homonuclear single bond enthalpies generally 
increase across a period, although a notable dis- 
continuity occurs between the carbon and nitrogen 
families (especially for the earlier members with 
smaller atoms: N, 0 and F). This phenomenon is 
probably connected with the appearance of non- 
bonding (lone) pairs of electrons on the atoms at 
this point, although the exact mechanism of the 
bond weakening effect is not well-understood.5b 
SandersonSb and Evans and Huheey6 have 
developed methods of estimating the extent of bond 
weakening which occasionally lead to very different 
results. In this work, the fully weakened (i.e. fam- 
iliar) AH& values are listed in Table 1 and used in 
eq. (6), although this practice may conceivably 
underestimate AH& for some bonds involving 
elements in the nitrogen, oxygen and halogen fam- 
ilies. 

PRELIMINARY CALCULATION OF 
DISCHARGE ENTHALPY, Afltiseb. 

An “experimental” value for the discharge 
enthalpy AH&, may be obtained by subtracting 
the covalent enthalpy [eq. (6)] from the exper- 
imental total bond enthalpy AH&,. The following 
expression holds for bonds with small elec- 
tronegativity differences : 

AH& = FTA+TB(XB-XA)2. 
IAB 

(7) 

It is noteworthy that application of Sanderson’s 
methodSa of correcting for the variation of bond 

strength with equilibrium bond length in both eqs 
(6) and (7) eliminates the need for data fitting and 
leads to the restoration of the Faraday constant in 
the expression for AHii,h. 

The “experimental” discharge enthalpies for 100 
bonds (corrected for bond length), obtained by sub- 
tracting the covalent enthalpies [eq. (6)] from the 
experimental total bond enthalpies,2*5*8 are plotted 
in Fig. 1 against the Pauling electronegativity 
differences.3 The bonds considered include 60 typi- 
cal non-metal-non-metal bonds, and halides of the 
alkali metals and alkaline earth metals. The upper 
curve in Fig. 1 corresponds to eq. (7), which is seen 
to be SUCCe.SSful up to about ]xB -IAl = 1.5. Beyond 
this point, however, AH&, approaches a limiting 
(“saturation”) value and severely departs from eq. 

(7). 
The mathematical solution to the phenomenon 

of “saturation” may be found in an equation sug- 
gested by Pauling’ for the degree of ionic character 
(I& in a bond : 

(8) 

It is debatable whether eq. (8) is a correct expression 
for the degree of ionic character (see following 
section). However, it is significant that the leading 
term in the series expansion of eq. (8) is (XB - x,#/4. 
For small differences in electronegativity, 
4( 1 - exp [ - (xB - xA) 2/4]) is approximately equal 
to (X, - X,#, but for large differences the expon- 
ential function approaches a limiting (“saturation”) 
value. Pauling has mentioned that the standard 
enthalpy of formation of a binary compound AB 
from A2 and B2 (which is essentially its “ionic res- 
onance energy”) is roughly proportional to its 

4CO- 

Fig. 1. “Experimental” discharge enthalpy (in kJ mol- ‘) 
vs Pauling electronegativity difference3 Upper curve : eq. 

(7). Lower curve : eq. (9). 
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degree of ionic character as calculated by eq. (S), 
but surprisingly he has not pursued this idea in 
the development of his method of bond enthalpy 
calculation or in the evaluation of his elec- 
tronegativity scale. Still, it is apparent that eq. (8) 
provides the necessary correction to the evaluation 
Of AHjixhe 

The following preliminary equation for AH~i,, 
may therefore be offered at this point : 

AH~i,,, = 4Fr”+ YAB (1 -ew[-V~-Xd2/41). (9) 

The lower curve in Fig. 1 corresponds to eq. (9), 
which is seen to be moderately successful over the 
entire range of bond polarity. A possible interpre- 
tation of the “saturation” effect is offered in the 
Discussion. 

THE DEGREE OF IONIC 
CHARACTER IN A BOND 

In a binary compound of two elements A and B 
containing only A-B single bonds and X, < X,, 
the degree of ionic character (I,,) is related to the 
partial charges (6, and 6,) by 

ZAB = S,{ v, = -S,{ v, (10) 

where V, and V, are the valences (number of bonds 
formed) of atoms A and B, respectively. The degree 
of ionic character in a bond ranges from zero to 
unity. 

When the difference in electronegativity is small, 
one may view the discharge enthalpy AH&,-h mainly 
as the energy needed to overcome the electrostatic 
attraction of the partial charges produced by 
uneven electron sharing. In terms of the degree of 
ionic character, the discharge enthalpy (per mole of 
bonds) may thus be written on a point charge model 
as 

(11) 

where NA is Avogadro’s number (6.022 x 1O23 
mall ‘), e is the electronic charge (1.602 x lo- I9 C), 
.a0 is the permittivity of free space (8.854 x lo- I2 C2 
(J m))’ = 8.854 x lo-l2 C (V m)-‘)4a and YAB is the 
bond length. 

For small electronegativity differences, Fig. 1 
shows that the discharge enthalpy can also be 
approximated by eq. (7). As IX, - XA( approaches 
zero as a limit, bond shortening due to polarity5”T6 
is negligible, so one can rewrite eq. (7) as 

AH&h = F(XB-XA)2 = NAe(XB-XA)‘. (12) 

If eqs (11) and (12) are set equal to one another, 
rearrangement gives 

ZAB = (4~~o/~)"2[~~~/(~~~~Il"21X~- XAI (13) 

or 

Z AB = 0.8333[~,,/(v,v~)]“2]X,-X.,( (14) 

where rAB is in nm. Unlike eqs (11) and (12), eqs 
(13) and (14) do not appear to be restricted in their 
applicability to bonds with small IX, - XA]. 

Equation (14) is probably superior to eq. (8) as 
an expression for the degree of ionic character in a 
bond, for two ‘reasons. First, it is dimensionally 
correct. Secondly and perhaps more importantly, it 
shows that the degree of ionic character depends 
not only on the electronegativity difference between 
two atoms, but also on atomic size ; large atoms 
having a greater capacity for the donation or 
acceptance of charge. 4c*6 Thus, for example, despite 
the fact that their electronegativity differences are 
similar, the degrees of ionic character in gaseous KI 
and HF are calculated by eq. (14) to be quite differ- 
ent (0.85 and 0.45, respectively), which is consistent 
with their different physical and chemical prop- 
erties. 

For several of the alkali halide molecules, eq. 
(14) predicts degrees of ionic character greater than 
unity. This is physically impossible and merely indi- 
cates that one should view such molecules as ion 
pairs, with ZAB = 1.000. 

CALCULATION OF DISCHARGE 
ENTHALPY, AH&, AND TOTAL 

BOND ENTHALPY, AZ&, 

The preliminary expression for the discharge 
enthalpy AH&h, has been given earlier [eq. (9)]. 
This expression is found to be satisfactory except 
for the most ionic of bonds, where it does not take 
into account the fact that the degree of ionic charac- 
ter in a bond cannot exceed unity. We are now in a 
position to modify eq. (9) and correct this short- 
coming. 

Equation (14), the expression for the degree of 
ionic character, may be rearranged to give 

(x,-x,)2 = 0.36ov,v&, 

4 rAB . 
(15) 

Substitution of this expression for (XB-XA)2/4 
into eq. (9) gives 

where rAB is in nm. 
The following general procedure may now be 

given for the evaluation of the total bond enthalpy 
(AH:,). 
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(1) Calculate the non-polar covalent hetero- 
nuclear bond enthalpy (AH&) by eq. (6). 

(2) Calculate the degree of ionic character (I,,) 
by eq. (14). If I,, is calculated to be greater than 
unity, set 1,, equal to unity. 

(3) Calculate the discharge enthalpy (AH&J by 
eq. (16). [If 1,, is less than unity, AH&, may also 
be calculated by eq. (9).] 

(4) Calculate the total bond enthalpy (AH&J as 
the sum of the non-polar covalent heteronudear 
bond enthalpy (AH&,,) and the discharge enthalpy 
(AK&h)* 

Table 2 lists 100 bond enthalpies as determined 
from thermochemical data,*,‘,* as calculated by 
Pauling’s method2 [eq. (2)] and as calculated by 
the general procedure described above. The bonds 
considered are those plotted in Fig. 1 (60 typical 
non-Mets-non-metal bonds, and halides of the 
alkali metals and alkaline earth metals). The aver- 
age errors associated with Pauling’s method are 
7.7% for the typical non-metal-non-metal bonds, 
76.0% for the metal halides and 35.0% overall. 
The corresponding average errors for the general 
procedure described above are 4.4, 4.7 and 4.5%, 
respectively. 

~L~CTRONEGATIV~Y EQUALIZATION 
AND PARTIAL CHARGE 

Modern electronegativity theory interprets 
atomic el~tronegativities such as those listed in 
Table 1 as pre-bonded, isolated-atom quantities 
which can be expected to vary in response to their 
chemical environment. The extent of this variation 
is indicated by Sanderson’s Principle of Elec- 
tronegativity Equa~zation :‘a.9 When two or more 
atoms of different initial electronegativity combine 
chemically, they become adjusted to the same, inter- 
mediate electronegati~ty within the compound. 

A corollary to Sanderson’s Principle is that the 
partial charge acquired by an atom A through 
chemical combination is related to the change in 
electronegativity it has experienced in going from 
its initial, pre-bonded value X, to its final, equalized 
value X,,. By assuming a linear variation of elec- 
tronegativity with charge, one may define two quan- 
tities :” the inherent eIectronegativity aA, which is 
the familiar pre-bonded X, value given in elec- 
tronegativity tables, and the charge coeficient bA, 
which is the change in electronegativity undergone 
by an atom a~ompanying a~uisition of unit 
charge : bA = d&/dGA. The following general equa- 
tions are consistent with these definitions : 

(17) 

8~ = tx, - ad/h. WV 
In eq. (17), v is the number of atoms of each element 
in the species formula (e.g. for P406 vp = 4 and 
vg = 6) and q is the net charge of the species (if it is 
a polyatomic ion). The latter quantity is not relevant 
to the present work but is included in eq. (17) for 
the sake of completeness. 

The author I0 has adapted Sanderson’s Principle 
of Electronegativity Equalization to the Pauling 
scale by assuming that the electronegativity of an 
atom doubles when it acquires a partial charge of 
+ 1 and becomes zero when it acquires a partial 
charge of - 1. This corresponds to defining the 
charge coefficient bA in eqs (17) and (18) as equal 
to X, (aA). The set of relative partial charges pro- 
duced by this adaptation can be made quantitatively 
useful for the calculation of bond enthalpies by 
redefining bA as 

bA = 0.588X, = 0.588aA. (1% 

Degrees of ionic character as calculated by com- 
bining eqs (IO), (17), (18) and (19) are found to 
agree reasonably well (r = 0.903) with JAB as cal- 
culated by eq. (14) for the 100 bonds considered 
throughout this work. 

Even better agreement (Y = 0.954) can be 
achieved by defining bA in terms of the physical di- 
mensions established by eq. (14) : 

bA = 0.419(r,)- “’ (20) 

where $A is in mn. This is illustrated in Fig. 2, which 
plots the degree of ionic character for the 100 bonds 
considered throughout this work as calculated by 
eq. (14) against the degree of ionic character as 
calculated by combining eqs (lo), (17), (18) and 
(20). Figure 2 reveals that the method of bond 

l&j [eqs UO),~l7), cl6~,tm] 

Fig. 2. Degree of ionic character based on eiectro- 
negativity difference [eq. (14)] vs degree of ionic charac- 
ter based on electronegativity equalization [eqs (IO), (l?), 

(18) and (20)]. 



Table 2. Calculated bond enthalpies (kJ mol- ‘) 

Bond 
Af&U 

(exptl) 

Paulingb 
AHi, +% 

rAB= 

(mn) 

This work 

zABd AH& AH&f AH&” 

FH 568.1 660 16.2 0.0918 0.449 309 248 557 -2.0 
ClH 432.0 441 2.1 0.1274 0.286 349 85 434 0.5 
CIF 255.1 280 9.8 0.163 0.276 205 62 267 4.7 
BrH 366.2 362 -1.1 0.1408 0.238 312 56 368 0.5 
BrF 284.7 305 7.1 0.176 0.357 184 93 277 -2.7 
BrCl 218.9 222 1.4 0.2136 0.077 217 4 221 1.0 
IH 298.3 283 -5.1 0.1608 0.154 272 21 293 -1.8 
IF 281.5 373 32.5 0.191 0.481 165 146 311 10.5 
ICI 210.7 223 5.8 0.2321 0.201 192 23 215 2.0 
IBr 177.9 182 2.3 0.2485 0.125 170 9 179 0.6 
OH 463.5 457 -1.4 0.0958 0.226 301 140 441 -4.9 
OF 191.2 196 2.5 0.1418 0.120 160 27 187 -2.2 
OCl 206.1 207 0.4 0.170 0.068 199 8 207 0.4 
SH 367.7 359 -2.4 0.133 0.082 364 15 379 3.1 
SC1 270.9 297 9.6 0.200 0.153 260 32 292 7.8 
SBr 240h 245 2.1 0.22’ 0.105 226 14 240 0.0 
SeH 316.6 310 -2.1 0.1460 0.079 311 12 323 2.0 
SeCl 251.1 267 6.3 0.213 0.166 224 35 259 3.1 
SeBr 236 217 -8.1 0.23’ 0.116 197 16 213 -9.7 
TeH 266.5 265 -0.6 0.1653 0.024 277 1 278 4.3 
NH 390.9 361 -7.6 0.1012 0.129 299 69 368 -5.9 
NF 278.1 275 -1.1 0.137 0.167 173 81 254 -8.7 
NC1 192’ 205 6.8 0.175k 0.024 202 1 203 5.7 
PH 321.0 295 -8.1 0.1437 0.002 304 0 304 -5.3 
PF 490.1 580 18.3 0.157 0.341 206 246 452 -7.8 
PC1 322.2 339 5.2 0.204 0.211 227 83 310 -3.8 
PBr 263.2 271 3.0 0.220 0.174 201 54 255 -3.1 
PI 215h 202 -6.0 0.247 0.112 172 20 192 - 10.7 
PO 358’ 375 4.7 0.165 0.173 198 138 336 -6.1 
ASH 296.7 278 -6.3 0.1519 0.004 287 0 287 -3.3 
AsF 441.7 574 30.0 0.1712 0.358 186 238 424 -4.0 
AsCl 309.7 328 5.9 0.2161 0.219 211 83 294 -5.1 
AsBr 256 261 2.0 0.233 0.181 186 55 241 -5.9 
As1 191* 193 1.0 0.253 0.116 164 22 186 -2.6 
As0 326.2 368 12.8 0.179 0.181 180 135 315 -3.4 
SbH 257.0 250 -2.7 0.1707 0.030 255 2 257 0.0 
SbF 431’ 616 42.9 0.190 0.405 165 258 423 -1.9 
SbCl 313.7 340 8.4 0.2325 0.257 190 105 295 -6.0 
SbBr 264.2 269 1.8 0.251 0.219 166 73 239 -9.5 
CH 415.8 410 -1.4 0.1094 0.048 412 12 424 2.0 
CF 489 494 1.0 0.132 0.216 267 173 440 - 10.0 
cc1 326.6 342 4.7 0.177k 0.107 294 34 328 0.4 
CBr 271 284 4.8 0.194k 0.075 259 16 275 1.5 
SiH 323.3 326 0.8 0. 148k 0.048 328 9 337 4.2 
SiF 596.6 732 22.7 0.154 0.340 231 311 542 -9.2 
Sic1 399.8 435 8.8 0.2019 0.236 252 135 387 -3.2 
SiBr 329.7 351 6.5 0.216 0.205 224 101 325 -1.4 
SiI 235h 258 9.8 0.241 0.155 193 54 247 5.1 
SiO 466.2’ 488 4.7 0.166k 0.185 217 196 413 -11.4 
GeH 289.4 291 0.6 0.1527 0.031 299 4 303 4.7 
GeF 471’ 659 39.9 0.168 0.336 198 276 474 0.6 
GeCl 339.8 380 11.8 0.209 0.219 227 115 342 0.6 
GeBr 281.0 304 8.2 0.230 0.190 196 80 276 -1.8 
GeI 215.2 222 3.2 0.249 0.135 173 40 213 -1.0 
GeO 356.5’ 430 20.6 0.18’ 0.179 187 167 354 -0.7 
BH 372 368 -1.1 0.119k 0.027 366 2 368 -1.1 
BF 645.6 692 7.2 0.131 0.338 257 275 532 -17.6 

f % 



Table 2. (Cont.) 

Bond 
AHiBa Paulingb 

(exptl) AH& f% 
r.4FJc 
(nm) 

This work 

I ABd AH:; AH&h/ AH:ag +% 

BCl 
BBr 
BI 
BeF 
BeCl 
BeBr 
Be1 

MgF 
MgCl 
MgBr 

MgI 
CaF 
CaCl 
CaBr 
CaI 
SrF 
SrCl 
SrBr 
Sri 
BaF 
BaCl 
BaBr 
BaI 
LiF 
LiCl 
LiBr 
LiI 
NaF 
NaCl 
NaBr 
NaI 
KF 
KC1 
KBr 
KI 
RbF 
RbCl 
RbBr 
RbI 
CsF 
CsCl 
CsBr 
CSI 

443.8 430 -3.1 0.175 0.225 283 108 391 -11.9 
368.0 349 -5.2 0.187 0.191 255 77 332 -9.8 
270.7 263 -2.8 0.203 0.134 228 38 266 -17 
638.0 919 44.0 0.140 0.531 217 337 554 - 13.2 
463.1 554 19.6 0.177 0.394 251 192 443 -4.3 
389’ 453 16.5 0.191 0.358 224 157 381 -2.1 
301’ 336 11.6 0.212 0.296 195 104 299 -0.7 
514.7 1032 100.5 0.177 0.662 162 378 540 4.9 
395.7 600 51.6 0.218 0.509 186 241 427 7.9 
340.5 494 45.1 0.234 0.470 164 205 369 8.3 
266.7 363 36.1 0.257 0.403 142 149 291 9.1 
558.9 1240 121.9 0.210 0.805 147 401 548 -2.0 
446.5 741 66.0 0.251 0.638 170 289 459 2.8 
400.1 621 55.2 0.263 0.592 152 261 413 3.2 
332.0 469 41.3 0.288 0.525 131 205 336 1.2 
543.4 1271 133.9 0.220 0.837 142 413 555 2.1 
446.8 761 70.3 0.267 0.673 161 296 457 2.3 
399.1 639 60.1 0.282 0.629 143 266 409 2.5 
325.0 483 48.6 0.303 0.555 125 214 339 4.3 
578.0 1310 126.6 0.232 0.877 130 406 536 -7.3 
474.6 786 65.6 0.282 0.710 147 295 442 -6.9 
421.4 662 57.1 0.299 0.667 130 265 395 -6.3 
359.8 503 39.8 0.320 0.590 114 217 331 -8.0 
578.2 1256 117.2 0.1564 0.989 167 452 619 7.1 
476.4 754 58.3 0.2021 0.817 182 309 491 3.1 
423’ 633 49.6 0.217 0.769 161 275 436 3.1 
347.3 479 37.9 0.239 0.684 139 218 357 2.8 
477.5 1274 166.8 0.1926 1.000 125 381 506 6.0 
405.6 757 86.6 0.2361 0.903 143 295 438 8.0 
362.3 635 75.3 0.2502 0.846 127 266 393 8.5 
293.7 480 63.4 0.2711 0.751 111 215 326 11.0 
493.7 1346 172.6 0.217 1 .ooo 115 385 500 1.3 
425.1 802 88.7 0.2667 1 .ooo 128 317 445 4.7 
381.2 677 77.6 0.2821 0.947 113 290 403 5.7 
321.6 516 60.5 0.3048 0.846 98 238 336 4.5 
491.3 1341 172.9 0.227 1 .ooo 111 388 499 1.6 
431.5 796 84.5 0.279 1.000 123 316 439 1.7 
375.6 672 78.9 0.2945 0.968 109 295 404 7.6 
322.0 511 58.7 0.3177 0.864 95 242 337 4.7 
514.1 1361 164.7 0.2345 1.000 110 395 505 -1.8 
437.9 809 84.7 0.2906 1 .ooo 120 315 435 -0.7 
397.1 684 72.2 0.3072 1 .ooo 106 303 409 3.0 
334.8 521 55.6 0.332 0.898 91 250 341 1.9 

n Experimental bond enthalpy ; derived from atomization enthalpies (AHZJ of gaseous binary compounds : 
ref. 8, except as noted. 

‘Equation (2). 
‘Bond length : ref. 5, except as noted. 
d Degree of ionic character [eq. (14)]. Upper limit = 1 .OOO (ion pair). 
‘Non-polar covalent bond enthalpy [eq. (6)]. 
‘Discharge enthalpy [eq. (1611. 
g Sum of eqs (6) and (16). 
h Reference 2, adjusted to AHF(A, g) as given in ref. 8. 
‘Estimated (this work). 
Using assumed AH&,(NCl,, liq) and AH&,(P,O,, c). or from (AHzt(SiO,, c))/4 and (AHz,(GeO,, c))/4. 
k Reference 4(b). 
’ Reference 5. 
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enthalpy calculation developed in this work is com- 
patible with Sanderson’s Principle of Elec- 
tronegativity Equalization. 

DISCUSSION 

Matcha has derived an equation for the total 
bond enthalpy which is similar to the sum of eqs (6) 
and (9) : 

AH& = (AHkAHiB) ‘I2 

+4.5P(l -exp[-0.29(X,-X,)2]). (21) 

The factors 4.5 and -0.29 arise from data fitting 
to a number of experimental bond enthalpies. For 
the 100 bonds listed in Table 2, the average errors 
associated with eq. (21) are 4.5% for the 60 typical 
non-metal-non-metal bonds, 7.2% for the 40 metal 
halides and 5.6% overall. 

However, the present work offers the following 
advantages over Matcha’s equation. 

(1) The present work provides a new, con- 
ceptually simple interpretation of Pauling’s original 
treatment of heteronuclear bonds by introduc- 
ing the concept of discharge enthalpy [eq. (3)] 
as a replacement for Pauling’s “ionic resonance 
energy”. 

(2) By applying Sanderson’s method of correcting 
the total bond enthalpy for any deviation in the 
actual bond length from the covalent radius sum, 
the present work offers somewhat greater overall 
predictive accuracy than Matcha’s equation. It also 
eliminates the need for data fitting and restores the 
Faraday constant to the equations for the discharge 
enthalpy [eqs (7), (9) and (16)]. 

(3) The present work provides a simple, quan- 
titatively useful adaptation of Sanderson’s Principle 
of Electronegativity Equalization to the Pauling 
electronegativity scale (Fig. 2). 

The phenomenon of “saturation”, which is exhi- 
bited by the discharge enthalpy AH&ch for large 
differences in electronegativity IX, - X,], is illus- 
trated in Fig. 1 and accounted for mathematically 
by eq. (9). It is due to the fact that, during chemical 
bond formation, charge-transfer from a less to a 
more electronegative atom is initially exothermic 
but increasingly less so as electronegativity equa- 
lization is approached. 6,1’ As a result, the final 
transfer of charge needed to achieve equalization is 
accompanied by only a very small energy change. 

The degrees of ionic character Z,, calculated by 
eq. (14) are obviously useful in the calculation of 
bond enthalpies (cf. Table 2) and from a strictly 

pragmatic viewpoint it is not important whether or 
not they are “real”. However, this is an intriguing 
question to consider and the reader is left to his or 
her own conclusions. It is very interesting that, for 
the eight alkali halides which are calculated by eq. 
(14) to have ZAB greater than unity, eq. (16) gives 
better predictions for AH& (setting ZAB equal to 
unity) than eq. (9) does. Conversely, for the 12 alkali 
halides which are calculated by eq. (14) to have ZAB 
less than unity, eq. (16) gives wOr.se predictions for 
AH&, (setting ZAB equal to unity) than eq. (9) does. 

The charge coefficient bA, calculated by eqs (19) 
or (20), should be interpreted as the change in elec- 
tronegativity undergone by an atom accompanying 
acquisition of unit charge when in the presence of 
other atoms at normal internuclear distances. It is 
related only qualitatively to charge coefficients in 
the Mulliken electronegativity system which are 
derived from isolated-atom ionization energy-lec- 
tron affinity curves.“*” 

It is pertinent here to discuss average bond “ener- 
gies” such as those that may be found tabulated in 
every elementary chemistry textbook. The success 
of these values in the prediction of total atomization 
enthalpies for molecules rests on the premise that a 
particular bond enthalpy remains essentially con- 
stant from molecule to molecule ; that is, the bond 
behaves energetically as though it were independent 
of the remainder of a molecule.1*2s4b If the bond 
length does not change from one molecule to 
another, eq. (6) predicts a constant non-polar coval- 
ent enthalpy, and eqs (14) and (16) predict a con- 
stant discharge enthalpy, therefore a constant total 
bond enthalpy is expected. 

A similar conclusion may be reached by the con- 
sideration of partial charges calculated in accord 
with Sanderson’s Principle of Electronegativity 
Equalization. By recognizing that the degree of 
ionic character in a bond can be interpreted as a 
measure of the unevenness of electron sharing 
regardless of absolute partial charges, one may 
write an expression for ZAB which is more general 
than eq. (10) : 

Equation (22) is mathematically equivalent to eq. 
(10) for a binary compound containing only A-B 
single bonds, but is also applicable to compounds 
composed of more than two elements, and to com- 
pounds containing homonuclear bonds (such as the 
O-O bond in H202). 

If one defines the degree of ionic character in a 
bond by eq. (22) rather than by eq. (lo), calculations 
based on electronegativity equalization reveal that 
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ZAB shows only a small variation from molecule to 
molecule. For example, & and 8r calculated by 
combining eqs (17), (18) and (20) vary from +O. 11 
and -0.81 in CH3F to +0.75 and -0.19 in CF4, 
yet ZcF calculated from eq. (22) only changes from 
0.18 to 0.19. It follows that the value of the dis- 
charge enthalpy calculated by eq. (16) will show 
only a small variation from molecule to molecule, 
leading to a virtually constant value for the total 
C-F bond enthalpy. The validity of this idea, and 
of eq. (22) as a general expression for the degree of 
ionic character in a bond, explains the success of 
average bond “energies” within the framework of 
Sanderson’s Principle. 

For the alkali hydrides, the errors associated with 
Pauling’s method’ [eq. (2)] are 67 (LiH), 95 (NaH), 
122 (KH), 119 (RbH) and 118% (CsH). The method 
of bond enthalpy calculation developed in this work 
is somewhat more successful but not satisfactory, 
the corresponding errors being 49, 59, 77, 77 and 
78%, respectively. As Sanderson has pointed out,5a 
a quantitative theory of bonding to very negative 
hydrogen has not yet been developed. Evans and 
Huheey6 have suggested that the problem may be 
related to the unusual size and diffuse character of 
the hydride ion, which in terms of the present model 
must somehow result in a much lower discharge 
enthalpy than that calculated by eq. (16). 

The method of bond enthalpy calculation 
developed in this work should allow the recal- 
culation of the Pauling electronegativity scale with 

greatly increased overall accuracy. This will be pre- 

sented in another paper. 

1. 
2. 

3. 
4. 

5. 

6. 

7. 
8. 

9. 
10. 

11. 
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Abstract-Ligand field excitation of [Fe(CN),L13- complexes (L = PPh3, AsPh,, SbPh3, 
P(OCH3)3 and CO) leads to photolabilization of L with quantum yields (0) around 0.15, 
except for the carbonyl complex, in this case @ = 0.38. The results were interpreted in terms 
of the nature of the low-lying excited states in the series of complexes. 

In contrast to the thermal substitution reactions, l-4 
the photosubstitution reactions of pentacyano- 
ferrate(I1) complexes, [Fe(CN),13-, have been 
little investigated, particularly in comparison to 
other related d6 complexes. 5-8 

The typical chemical deactivation pathway is the 
labilization of the coordinated ligand L towards 
substitution by another nucleophile (S), as rep- 
resented by eq. (1). 

[Fe(CN),L13-+SA [Fe(CN)$13-+L. (1) 

Figard and Petersen’ have reported that the metal- 
to-ligand charge-transfer (CTTL) excitation of 
[Fe(CN),L]“- complexes with aromatic nitrogen 
heterocyclic ligands leads essentially to the photo- 
substitution reaction (1) in aqueous solution. The 
magnitude of the quantum yields is dependent on 
whether the LF (0.1 < CD < 1.0) or CTTL 
(@ < 0.05) excited state is the lowest in energy. 

The photodissociation of a cyanide ligand was 
expected to be less favoured than for a neutral 
ligand, because of the charge separation involved 
in the process. lo However, in [Fe(CN),(N-N)13- 
complexes, where N-N is a bidentate ligand which 
has a NH1 group available to enter a vacant coor- 
dination site, the photosubstitution of the cyanide 
ion proceeds with quantum yields comparable to 
the usual ones for the substitution of L. ’ ‘,” In this 
case, a ring closure process involving a neigh- 
bouring effect in the excited state was observed, 

* Author to whom correspondence should be addressed. 

yielding a chelate tetracyanoferrate(I1) complex, as 
represented by eq. (2). 

/7NI’- [F&N), N 
/N 

k [(CN), Fe ,,I 12-+cN- 

(2) 

In the present work, we investigated the ligand 
field photochemistry of inert [Fe(CN),L13- com- 
plexes, where L = PPh3, AsPh,, SbPh3, P(OCH3)3 
and CO. These complexes do not display MLCT 
bands in the visible, allowing direct access to the 
LF excited states. They are also unreactive with 
respect to thermal substitution processes, favouring 
the determination of the quantum yields in aqueous 
solution. 

As far as we know, similar photochemical studies 
involving pentacyanoferrate(I1) complexes have 
only been reported for the [Fe(CN)sC0]3-,‘3,‘4 
[Fe(CN)SAs03H3]3- I5 and [Fe(CN)SN0]2- 16,17 
derivatives. 

EXPERIMENTAL 

Materials 

Potassium tris(oxalate)ferrate(III) was prepared 
from reagent grade potassium oxalate and ferric 
chloride and recrystallized three times as described 
by Parker. ’ * Sodium amminepentacyanoferrate(I1) 
trihydrate was prepared from sodium nitroprusside, 
as described in the literature. I9 The N-methyl-pyra- 
zinium ion, Mpz+, was prepared from the reaction 
of methyl iodide (Aldrich) with pyrazine (Aldrich) 

1687 



1688 N. Y. MURAKAMI IHA et al. 

in benzene solution and recrystallized from chloro- 
form, according to the method described by Bahner 
and Norton.” The Na,Fe(CN),L [L = PPh3, 
AsPh,, SbPh3, P(OCH,),] complexes were syn- 
thesized and characterized according to the pro- 
cedures described by Nast and Kruger. 21 

Measurements 

The photolysis of the complexes was carried out 

with a Hanau 90 W St-75 mercury vapour lamp, 
powered by a Hanau power supply, using a Cole- 
man 12.225 filter, which transmits essentially the 
366 and 344 nm emission lines, of relative intensities 
100 and 7, respectively. Monochromatic irradiation 

was carried out using a 200 W Hg(Xe) arc lamp 
housed in an Oriel Universal Lamp Housing model 
6107 and powered by a Model 8500 Universal 
power supply. The beam was passed through a 
quartz collimating lens, an Oriel Optic Corp. inter- 
ference filter (365 nm) and a D. F. Vaconcellos 
interference filter (400 nm) with a bandpass of 10 
nm. 

The experiments were performed in the presence 

of the N-methylpyrazinium ion (Mpz+) which 
was the trapping agent for the aquapentacyano- 
ferrate(I1) ion, using a 50 mm pathlength quartz 
cell thermostatted at 25.O”C by a Haake,Model FE 
constant-temperature circulating bath. 

The concentrations were adjusted to yield optical 
densities greater than two in the region of the irra- 
diating wavelength. The solution was continuously 
stirred during the photolysis in order to ensure 
homogeneity. 

Light intensities were determined by ferrioxalate 
actinometry before and after each photolysis run. 
The quantum yields were measured spectro- 
photometrically by monitoring the appearance of 
the [Fe(CN),Mpz12+ complex at 660 nm. A 10 mm 
spectrophotometric quartz cell was adapted to 
a 50 mm photolysis quartz cell, allowing direct 
measurement of the photolysis product. 

At least five determinations were made for each 
set of conditions and these are reported in Tables 1 
and 2. All the values were comparable, within the 
experimental error. A similar consistency was found 
for @ values obtained using different light sources. 

A secondary thermal reaction was detected in 

the case of the [Fe(CN),P(OCH,),]3- complex. The 
effect was minimized by carrying out the quantum 
yield determinations at a lower temperature (e.g. 
15’C) and/or analysing the [Fe(CN),Mpz]‘- ion 
after passing it through a BioRad Agl-X2 (Cl-) ion 
exchange column. 

Spectral measurements were performed using a 
Cary 17 spectrophotometer. The contribution from 

Table 1. Quantum yields for the photosubstitution reac- 
tion of the [Fe(CN),PPhJ- complex obtained in several 

experimental conditions 

Quantum 
yields (% Photolysis) 

0.12 (0.25, 0.36, 0.43, 0.48) 

0.13 (0.079, 0.123)6 (0.084, 0.17, 0.25, 0.34, 0.42, 
0.50,0.59,0.68, 0.76, 0.85, 1.02) 

0.14 (0.087, 0.18, 0.34, 0.43, 0.51, 0.60)d (0.065, 
0.088, O.l3>p (0.17, 0.21, 0.26, 0.30, 0.34, 
0.39, 0.43, 0.47, 0.51, 0.56, 0.60, 0.64, 0.68, 
0.72, 0.77, 0.84, 0.92)b 

0.15 (0.098)f (0.19, 0.24, 0.29, 0.34, 0.39, 0.43, 
0.48, 0.53, 0.60, 0.67, 0.78) 

0.16 (0.26, 0.32)f 

0.17 (0.055,0.17,0.28, 0.40)f 

0.18 (0.34,0.56, 0.63, 0.67)g 

q Concentration of the complex, 19.8, 10.6, 10.0, 10.9, 
9.86, 9.91, 10.8 mmol, respectively; ‘1.6,ti[Mp~+] = 1.1 
mmol ; ’ [Mpz+] = 2.1 mmol ; o-ccg light source (ORIEL) ; 
’ interference filter (404 nm) ; g Coleman absorption filter ; 
b,c,‘interference filter (366 run) ; dflight source (HANAU), 
absorption filter; b Ionic strength = 0.50 (LiClOJ, tem- 
perature = 25.O”C. 

thermal reactions was controlled by using a dark 
sample prepared in an identical manner. 

RESULTS AND DISCUSSION 

Spectra 

The electronic spectra of an aqueous solution of 
the pentacyanoferrate(I1) complexes show an 
absorption band of moderate intensity ascribed to 
the d-d transition from the ‘A, ground state to the 
‘E( 1) excited state (Table 3), under Cc symmetry. 22 

Quantum yield determination 

The ligand field excitation of aqueous solutions 
of [(CN),FeL13- complexes led to the typical pho- 
tochemical reaction described by eq. (3) 

[(CN)SFeL]3-+H,0*[(CN)5FeH20]3-+L. 

(3) 

The quantum yield determinations for the 
photosubstitution of the ligand L were carried 
out by adding an excess of the N-methylpyra- 
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Table 2. Quantum yields of the ligand field photolysis of 
the substitutionally inert [Fe(CN),LJ3- complexes 

Quantum 
L yield (% Photolysis) 

PPh, 

AsPh, 

0.15+_0.03 See Table 1 

0.15+0.01 (0.15, 0.24, 0.32, 0.40, 0.46, 
0.60) 

SbPh, 0.12f0.02 (0.16, 0.25, 0.33, 0.41, 0.49, 
0.56,0.65, 0.68)b (0.17, 0.31, 
0.42)’ (0.060, 0.18, 0.43, 
0.57, 0.71, 0.85,0.95, 1.08)d 

PWH,), 0.14f0.01 (0.11, 0.23, 0.44, 0.54, 0.67, 
0.78)‘(0.10, 0.18,0.25, 0.33, 
0.39, 0.46, 0.55, 0.63, 0.70)f 
(0.15,0.43,0.57,0.82, 0.90)g 

co 0.37+0.01 (0.027, 0.054, 0.061, 0.081, 
0.11, 0.12, 0.16)* (0.049, 
0.073, 0.10, 0.14, 0.16,0.19) 

“‘Concentration of the complex, 10.1,9.94,9.46, 10.3, 
9.57, 10.3, 9.19, 51.0 and 51.0 mmol, respectively; 
dJ@silight source (ORIEL), interference filter (366 nm) ; 
o,b,c~e,h light source (HANAU), absorption filter ; ‘tern- 
perature = 15.O”C, all other measurements were per- 
formed at 25.O”C. 

zinium ior? in order to trap the photoproduct, 
[(CN),FeH,0]3-, via the fast thermal reaction (4) 

[(CN)5FeOH2]3- + Mpz + 

--% [(CN),FeMpz]‘- +HzO. (4) 

The Mpz+ ion is a suitable trapping agent 
because of the remarkable thermal and photo- 
chemical stability of the [Fe(CN),Mpz12- prod- 
uct.’ The blue complex also exhibits a high extinc- 
tion coefficient, which increases the sensitivity of 
the photometric analysis. The photolysed sample 
showed continuous spectral changes during the 
irradiation time, due to the increasing con- 

Table 3. Ligand field ‘A 1 + ‘E(l) transition energies of 
some pentacyanoferrate(I1) complexes 

L v ‘A, + ‘E( 1) (cm- ‘) E (M- ’ cm- ‘) 

co 33.0 370 
P(QCH& 31.3 240 
PPh, 27.8 440 
AsPh, 27.4 283 
SbPh, 26.7 220 

A 0.6 

Fig. 1. Spectral change as a function of photolysis time, 
for the [(CN)5FePPh,]3- complex (1.00 x 10m2 M) in the 

presence of the Mpz+ ion (1 .OO x lo- 3 M). 

centration of [Fe(CN)5Mpz]2- species, as illus- 
trated in Fig. 1. The measured quantum yields are 
listed in Tables 1 and 2. The extent of photolysis was 
kept to a minimum, in order to prevent secondary 
photoreactions and to obtain reliable quantum 
yields. 

It should be noticed that all the complexes herein 
studied are much more inert to substitution in com- 
parison to those previously studied.’ As a conse- 
quence, the thermal reaction was not a complicating 
factor in the determination of the quantum yields 
for the photoaquation of L, except for the SbPh3 
complex, which underwent photoaquation to a 
small extent. 

The effect of several conditions such as 
irradiation wavelength, concentration of the trap- 

- 

Q____cp__ 
CN- 0 

0.1 

_O___________,_E-_____-Q 

@kJ $8 Sb+3 OAsOJHl P(OCH,) 

I I I I I 
22 26 30 34 

I/X km-‘) 

Fig. 2. Photosubstitution quantum yields vs the low 
energy spin-allowed LF transition wave numbers for 
[Fe(CN),L13- complexes. Data for L = CN-, As03H3, 
N-N and pyrazine from refs 25, 15, 11 and 9, respec- 

tively. 
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‘A, - w b;) 

(a) (b) 

Fig. 3. Energy level diagrams for [(CN),Fe”L13- complexes. (a) LF strength of L < CN- ; (b) LF 
strength of L > CN-. 

ping agent Mpz+, and ionic strength, was negligible higher quantum yield for the carbonylpentacyano- 

as one can see for the [Fe(CN)SPPh3]3- complex in ferrate(I1) complex is consistent with an appre- 

Table 1. The associative attack by the Mpz+ ion ciably longer lifetime for the ‘AZ excited state, 

in excess was ruled out, based on concentration as previously detected by Vera and Zuloaga,24 

dependence experiments (conditions c and e). leading to a higher photoconversion efficiency. 

It is noteworthy that the quantum yield for the 
carbonyl complex is lower than that obtained by 
Vogler and Kunkely, ’ 3 i.e. @ = 0.9, but it is in 
accordance with our previous work using an elec- 
trochemical method to monitor the carbonyl sub- 
stitution.14 We presume that the difference arises 
from the contrasting analytical methods employed 
to detect the photoreaction product. The use of a 
trapping agent, such as the Mpz+ ion, improved the 
accuracy of the quantum yield determination as 
previously noticed by Figard and Petersen.’ 
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Abstract-Three crystallographically characterized organosamariurn complexes containing 
formally x-coordinate trivalent samarium have been recrystallized under appropriate con- 
ditions to give formally x+ l-coordinate species. The structures of these complexes have 
been determined and are compared with the x-coordinate structures. The implications of 
this structural flexibility on the steric factors which are very important in organolanthanide 
reactivity are discussed. Recrystallization of the seven-coordinate dihydroindenoindene 
diolate complex [(C,Me,)2Sm]202C,6H10 (1) from THF gives the eight-coordinate solvate 
[(CSMe,)2Sm(THF)]202C,6H10 (2) which crystallizes as a THF solvate in the space group 
P2,/n with a = 10.811(4), b = 13.878(4), c = 25.114(7) & b = 98.77(7)O and Dcalc. = 1.15 g 
cm- 3 for Z = 2. Least-squares refinement on the basis of 2208 observed reflections led to 
a final R value of 0.049. In 2, two (C,Me,),Sm bent metallocene units are coordinated to 
the 02C 1 6HI ,, framework via Sm-0 bonds of 2.099(9) A. Each Sm centre is also ligated 
by a THF molecule with a Sm-0 distance of 2.490(9) A. Both 1 and 2 have similar 
02C,6H,0 units but 2 has larger average Sm-C distances (2.75(2) vs 2.70(3) A) and a 
smaller (ring centroi@---Sm-(ring centroid) angle (132.9 vs 139.8”). Recrystallization of 
[(C,Me5),Sm]&-0) (3) from toluene in the presence of CNCMe, forms 
[(CSMe,)2Sm(CNCMe3)]2(~-O) (4) which crystallizes in the space group P2,/c with 
a = 27.265(10), b = 13.946(5), c = 15.505(5) A, j? = 101.25(3)” and Dcalc. = 1.28 g cnp3 for 
Z = 4. Least-squares refinement on the basis of 8275 observed reflections led to a final R 
value of 0.064. Like 3, 4 has short Sm-0 distances, 2.101(7) A, and a nearly linear 
(174.3(4)“) Sm-O-Sm angle. 4 has a larger Sm-C(ring) average (2.80(l) vs 2.73(l) A) 
and a smaller (ring centroidFSm-(ring centroid) angle (133.5 vs 137.2”). Recrystallization 
of (CSMe,)2SmI(THF) (5) in the presence of one equivalent of 1,5-pentamethylenetetrazole 
(C6H1 0N4) gives the complex (CSMe,)$mI(C6HI ,,N4 ) (6) which crystallizes in space group 
P2,/awitha = 15.969(10),b = 10.741(1O),c = 17.768(7)&p = 108.81(4)“andD,,,, = 1.58 
g cm- 3 for Z = 4. Least-squares refinement on the basis of 3327 observed reflections led 
to a final R value of 0.061. In addition to the attachments of the two C,Me, rings and the 
iodide ligand to Sm, two of the nitrogen atoms of the tetrazole ligand are oriented towards 
the metal at distances of 2.539(14) and 2.812(18) A. The Sm-C(ring) average (2.73(2) A) 
in 6 is the same as that in 5 and the Sm-I distance is larger (3.100(2) vs 3.048(2) A). 

The limited radial extension of the 4f valence by electrostatic and steric effects than by orbital 
orbitals of trivalent lanthanide ions’,’ causes the factors.3-8 The importance of steric factors in 
chemistry of their complexes to be dominated more organolanthanide chemistry has led to efforts to 

correlate the structural data with observed bonding 
* Authors to whom correspondence should be addressed. modes of ligandsg and with the stability’w’4 and 
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reactivity ‘v8 of these complexes. These correlations 
have been made from crystallographic data on the 
organolanthanide species which crystallize from 
solution. 

It has been possible to make these correlations, 
because in general, a given organolanthanide com- 
plex has an optimum steric environment. Hence, a 
given metal with a specific set of ligands will prefer 
to crystallize with a specific coordination number. 
For example, the “(CSMe,)$mC1” system prefers 
to be eight-coordinate and has been shown to ach- 
ieve eight-coordination in a number of ways.‘5T’6 
No seven-coordinate (CSMe,),SmC1 or nine-coor- 
dinate (CSMe&SmCl(THF)2 complexes have cry- 
stallized from solution and, on the basis of previous 
organolanthanide chemistry3-8 and current struc- 
tural generalizations, 9-‘4 this is unlikely. Eight- 
coordinate complexes apparently give the best bal- 
ance between the size of Sm3+ and the size of the 
(CSMe,),C1 ligand set and this is what crystallizes 
from solution. 

Obviously, in solution there will be some vari- 
ation in coordination number, but in general for 
materials which crystallize from solution, a single 
coordination number is favoured. Without any 
clear steric preference, the above correlations7-‘4 
could not be made. 

For CSH, lanthanide complexes, there are almost 
no cases in which an x-coordinate and an x+ l- 
coordinate complex have crystallized involving the 
same metal ligand combination. A rare case of this 
phenomena has recently been reported for 
(CSHJ2GdBr” which crystallizes in both an eight- 
coordinate [(C,H,),Gd(p-Br)], form and in a nine- 
coordinate polymeric form (assuming a cyclo- 
pentadienyl ring occupies three coordination pos- 
itions). For CSMe5 lanthanide complexes there 
are a few more cases. For example, crystals of 
(CSMeS)2ClY@-Cl)Y(C5Me5)2 contain both 
seven- and eight-coordinate yttrium “I and 
(C,Me&Lu(p-Me)LuMe(C5Me5)2 is reported to 
be the same.* In these cases, the balance between 
the size of the metal and the ligand set may be 
intermediate between favouring seven and eight 
coordination and hence both are accessible. 

In this paper, we report crystallographic data on 
three pairs of trivalent bis(pentamethylcyclo- 
pentadienyl)samarium complexes in which both an 
x-coordinate and an x+ l-coordinate complex can 
be obtained in crystalline form with the same 
ligand set. This type of structural flexibility is un- 
usual for complexes of this class. 

* Unpublished results cited in ref. 6. 

EXPERIMENTAL 

The complexes described below are extremely air- 
and moisture-sensitive. Therefore, all syntheses and 
subsequent manipulations of these compounds 
were conducted under nitrogen with the rigorous 
exclusion of air and water using Schlenk, vacuum 
line and glovebox (Vacuum/Atmospheres HE-553 
Dri-Lab) techniques. 

Materials 

Toluene and THF were distilled from sodium 
benzophenone ketyl. THF-dr, and benzene-d6 were 
vacuum transferred from sodium benzophenone 
ketyl. tert-Butylisocyanide (Aldrich) was dried over 
molecular sieves and degassed. 1,5-Penta- 
methylenetetrazole (Aldrich) was degassed at 
room temperature. Literature procedures were fol- 
lowed for the preparation of [(CSMe,),Smlz 

(G2C16HIO) (I),” KC5MeMmld~-0) (3)*’ and 
(CSMe5)*SmI(THF) (5).15 

Physical measurements 

IR spectra were recorded on a Perkin-Elmer 283 
spectrometer. ‘H NMR spectra were recorded with 
a Bruker 250 MHz spectrometer and were ref- 
erenced to residual aryl protons in C6D6 (6 7.15). 
Complexometric analyses were obtained as pre- 
viously described. * ’ 

[(CSMe,)2Sm(THF)1202C~6HI0 (2) 

By dissolving 1 (90 mg, 0.084 mmol) in THF, 
2 is formed quantitatively (by NMR). Cooling a 
toluene/THF solution of 2 to - 34°C yields X-ray 
quality crystals of 2. ‘H NMR (C,D,) 6 8.99 (s, 
lH), 1.53 (s, 30H, C,Me,), -2.44 (s, 4H, C4H80), 
-3.83 (s, 4H, C,H,O). IR (KBr) 2900 s, 2850 s, 
1600 m, 1475 m, 1440 s, 1375 m, 1285 s, 1170 s, 
1150 s, 1120 s, 1070 s, 1020 s, 910 s, 880 w, 850 w, 
800 w, 740 s, 680 m cm- ‘. 

[(CSMeJ,Sm(CNCMe3)12G (4) 

In the glovebox Me3CNC (350 mg, 4.21 mmol) 
was stirred into a saturated toluene solution of 3 
(200 mg, 0.233 mmol in about 10 cm3 toluene). The 
solution was cooled to -34°C overnight yielding 
crystals of 4 (195 mg, 80% yield obtained from 
several recrystallizations). Found : Sm, 29.7. Calc. 
for Sm2CSOH78N20 : Sm, 29.4%. ‘H NMR (C,D,) 
6 1.51, (s, 30H, &Me,), -0.70, (s, 9H, C4H9NC). 
IR (KBr) 2900 s br, 2730 m, 2170 m, 1440 m, 1370 
m, 1240 w, 1195 s, 1020 w, 840 w, 725 m cm-‘. 



A concentrated toluene solution containing 5 
(320 mg, 0.516 mmol) and 1,5_pentamethylene- 
tetrazole (75 mg, 0.543 mmol) was cooled to 
-34°C overnight yielding crystals of 6 (320 mg, 
90% yield obtained from several recrystalliz- 
ations). Found : Sm, 21 .l. Calc. for SmICZ6 
H,,N,: Sm, 21.9%. ‘H NMR (C,H,) 6 1.27 (s, 
30H, &Me,), 2.81 (m, 2H), 2.57 (m, 2H), 2.02 
(m, 2H), 0.60 (m, 2H), -0.01 (m, 2H). IR (KBr) 
296&2840 s, 2730 m, 1950 w, 1480-1300 s, 1260 s, 
1200 s, 1150 m, 1110 s, 1075 m, 1020 s, 960 m, 890 
m, 860 m, 825 w, 790 w, 720 w cm-‘. 
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determined from a least-squares refinement of 
[(sin 0)/J]’ values for 15 reflections (20 > 30”) accu- 
rately centred on the diffractometer are given in 
Table 1. Data were collected on an Enraf-Nonius 
CAD-4 diffractometer by the 0 - 28 scan technique 
as previously described.22 Data collection par- 
ameters are given in Table 1. The intensities were 
corrected for Lorentz, polarization and absorption 
effects. For the latter, an empirical method similar 
to that of Churchill was employed. 23 

The space group of 2 was uniquely defined by 
systematic absences as P2,/n. The independent 
samarium atom was located with the aid of the 
MULTAN 80 direct methods program system.24 
Subsequent difference Fourier maps served to 
locate all other non-hydrogen atoms. Neutral atom 
scattering factors for Sm, C, and 0 were taken 
from Cromer and Waber.” The full-matrix least- 
squares refinement with isotropic temperature fac- 
tors using the SHELX program system26 for all 
non-hydrogen atoms led to a reliability index of 

X-ray crystallography of [(C,Me&Sm(THF)], 

OZC~~H,~ (2) 

A single crystal of 2 measuring approximately 
0.1 x 0.2 x 0.2 mm was sealed under Nz in a thin- 
walled glass capillary. Final lattice parameters as 

Table 1. Crystal data for [(C,Me,)2Sm(THF)]202C,~H10 (2), [(C,Me,),Sm(CNCMe,)]&-0) (4) and 
GMe5MmW6HlaN4) (6) 

Formula 

fw 
Space group 
a (A) 
b (A) 
c (-Q 

“v$$ 

Z 
&,. (g cm- ‘) 
Radiation 
p (cm- ‘> 
Min.-Max. trans. coeff. 
Max. cry& dimensions (nun) 
Type of scan 
Scan width (deg) 

Scan speed (deg min- ‘) 
Standard reflections 
Background counting 

Data collection range 
Total unique data 
Unique data with Z 2 3.0a(Z) 
No. of parameters 

R(F) 
%(F) 
GOF 
Max. A/a in final cycle 

(2) 
SmZC64H8604*THF 
1289.4 

P2,ln 
10.81 l(4) 
13.878(4) 
25.114(7) 
98.77(7) 
3723 
L 

1.15 
MO-K, 
16.3 
0.64-0.73 
0.1 x 0.2 x 0.2 
e-20 
0.8+0.2tan0 

Variable” 
800 080 OOTi; 
Moving crystal, 

moving counter 

2<28<40” 
4347 
2208 
192 (block re6ned) 
0.049 
0.052 
0.5 
0.1 

(4) (6) 
Sm2C5,Hs6NZ0 SmIGJ-L& 
1117.13 685.93 

P21lc P2,/a 
27.265(10) 15.969(10) 
13.946(5) 10.741(10) 
15.505(5) 17.768(7) 
101.25(3) 108.81(4) 
5783 2885 
4 4 
1.28 1.58 
MO-& MO-K, 
20.16 31.20 
0.65ti.784 0.279-0.528 
0.30 x 0.46 x 0.26 0.19 x 0.35 x 0.53 
e-28 0-28 
-1.2in20 - 1.2 in 20 

fromKa, to +1.2 from Ka, to +1.2 
from Ku2 from Ku2 

4-16 variable 340 variable 
317 873 364 210 296 IO0 
Evaluated from Evaluated from 

96 step peak 96 step peak 
profile profile 

4 < 28 < 55” 0 c 28 < 550 
14174 5590 
8275 3327 
496 289 
0.064 0.061 
0.097 0.105 
2.39 3.38 
0.16 0.01 



R = IX 11F07,1 - IFJl/C IF,1 = 0.10. Conversion to 
anisotropic thermal parameters for all non-hydro- 
gen atoms except the carbon atoms of the THF ring 
and additional cycles of refinement gave the final 
values of R = 0.049 and R,,, = 0.052. The function 
minimized in the least-squares calculation was 
Z w(AF21 with unit weights. In the last stage of 
refinement no parameters shifted by more than 0.05 
of their estimated standard deviation. The final 
difference Fourier showed the presence of a badly 
disordered THF of crystallization in the lattice but 
the positions of these atoms were not refined. No 
systematic variation of W(lFol--IFcj) vs IF,1 or 
(sin(I)/1 was noted. The final values of the pos- 
itional parameters are given as supplementary 
material. 

X-ray crystallograP/z~ of [(C,Me&Sm(CNCMe& 

G*C~HS (4) 

General procedures for data -collection and 
reduction have been described previously. 27 A crys- 
tal measuring 0.30 x 0.46 x 0.26 mm was sealed 
under nitrogen in a glass capillary and mounted 
on a Syntex P2 1 diffractometer. Lattice parameters 
were determined at 24°C from the angular settings 
of 15 computer-centred reflections with 
30 < 20 < 35”. 

Data were collected by the 8 - 20 scan technique 
in bisecting geometry. The p factor in the 
expression 28 for the standard deviation of the 
observed intensities was given a value of 0.05. Rel- 
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map contained no recognizable features. Fractional 
coordinates are given as supplementary material. 

X-ray crystallography of GMeMWv2- 
GHmN~)(6) 

A single crystal measuring 0.19 x 0.35 x 0.53 mm 
was handled as described above for 4. Lattice par- 
ameters were determined from 15 computer-centred 
reflections. Crystal and data collection parameters 
are given in Table 1. Systematic absences (hOl, h 
odd ; OkO, k odd) established the space group as 
P2Ja (non-standard setting of P2,/c, No. 14) and 
an absorption correction was applied. A com- 
bination of direct methods (MITHRIL)2g and 
difference Fourier techniques provided the locations 
of all non-hydrogen atoms which were refined with 
anisotropic temperature parameters by the use of 
full-matrix least-squares methods. No hydrogen 
atoms were located. A final difference map con- 
tained no recognizable features ; its largest peak was 
of height 2.70 e A-’ at a distance of 0.85 A from 
the samarium atom. Fractional coordinates are 
given as supplementary material. 

RESULTS 

Dihydroindenoindene diolate complexes 

(C,Me,),Sm(THF), reacts with C6HSC= 
CC6H5 to form a black complex of formula 
[(CSMe5),Sm],C2(CgHJ2 which reacts with CO 
according to eq. (1). 

(CsMe&mO H 

\,$ 

(C@e,),Sm (THF& + C6H5C _CC6HS-[(CSMe5)2Sml,C,(C,H I2 % 

evant crystal and data collection parameters are 
given in Table 1. During the data collection, the 
intensities of three standard reflections measured 
every 100 reflections showed linear decay of 9% ; 
the intensities were corrected for this decay. An 
absorption correction was applied. Systematic ab- 
sences (OM), k odd ; hOl,l odd) established the space 
group as P2,/c (No. 14). Patterson and difference 
Fourier techniques were used to locate all non- 
hydrogen atoms. All non-hydrogen atoms except 
the carbon atoms in the toluene molecule were 
refined with anisotropic temperature parameters by 
use of full-matrix least-squares methods. No 
hydrogen atoms were located. Atomic scattering 
factors were taken from ref. 25. A final difference 

(5 
H OSm(C,Me,), 

The product of this remarkable reaction, 
[(CSMe5)2Sm]2(02C16H,0) (l), contains a tetra- 
cyclic dihydroindenoindene diolate moiety which 
was identified by X-ray crystallography. I9 The 
structure of this complex shown in Fig. 1 contains 
formally seven-coordinate samarium atoms. 

Although trivalent samarium attached to two 
&Me,, rings generally prefers eight coordination, 
seven coordination for 1 seemed reasonable given 
the size of the 02C1 gH 1,, ligand. Examination of 
the structure of 1 shown in Fig. 1 supports this 
contention. 

However, 1 can be recrystallized from THF 
the THF-disolvate [(C,Me,),(THF)Sm], 

;~2G,H,d (2) in which each samarium atom is 
eight-coordinate. The structure of 2 presented 
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Fig. 1. ORTEP plot of [(CSMe,),Sm]2(02C16H10) (1). 

in Fig. 2 shows that despite the size of the 
dihydroindenoindene diolate ligand and the appar- 
ent iteric congestion in 1, additional coordination 
of a molecule of THF is possible. 

Both 1 and 2 crystallize in space group P2,/n 
with two molecules per unit cell. 2 has a cell volume 
which is larger by 1230 A’ (Table 1). In both struc- 
tures, the central double bond of the indenoindene 
unit (C(22)-C(22’) in 1, C(28)-C(28’) in 2) resides 
on an inversion centre. Selected structural features 
of 1 and 2 are compared in Table 2. Full bond 

length and angle’ data are given in the sup- 
plementary material. 

As expected, the bond lengths in eight-coordinate 
compound 2 are longer than those in seven-coor- 
dinate 1. Shannon lists eight-coordinate Sm3+ as 
being 0.059 8, larger than seven-coordinate Sm3+ 
in halides and chalcogenide crystal systems. 3o Con- 
sistent with this, the Sm-C(ring) average distance 
in 2 is 0.05 A larger than that in 1. The change in 
the Sm-O(indenoindene) distance is not as great, 
however : the Sm-0 bond in 2 is only 0.019 A 

18' 

Fig. 2. ORTEP plot of [(C,Me,),Sm(THF)],(OzC16H,,,) (2). 
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Table 2. Selected bond lengths (A) and angles (deg) in [(&Me,), 
S~12WG6HIO) 0) and [(CSMe,),Sm(THF)I,(O,C,,H,,) (2) 

Coordination number 
Sm-C(ring) average 
Sm-O(l)(THF) 
Sm--O(2)(0& 1 d 1 J 
0(2)-c(27) 
C(27)--C(28) 
C(28)-C(28) 
(ring centroidFSm-(ring centroid) 
Sm-O(2)-C(27) 
0( I)--Sm-O(2) 

(1) 
7 
2.70(3) 

2.08(2) 
1.43(4) 
1.46(4) 
1.25(S) 
139.85 
173(2) 

(2) 
8 
2.75(2) 
2.490(9) 
2.099(9) 
1.45(2) 
1.49(2) 
1.33(2) 
132.9 
166.3(7) 
94.0(3) 

larger. A similar situation was found in the com- 
parisons of isostructural (C,Me,),LnX(THF) com- 
plexes (Ln = Sm, Y; X = Cl, I), namely that 
Ln-C(ring) distances followed closely the expected 
ionic radius changes, but the Ln-(a bonded ligand) 
distances did not follow as we11.15 

The 2.490(9) 8, Sm-O(THF) distance in 2 is 
comparable to analogous distances in other 
(C,Me&SmX(THF) systems : (C,Me,),SmCl 
(THF), ’ ’ 2.44(2), 2.48(2) A; (CSMe,),SmI 
(THF),’ 5 2.45( 1) 8, ; (CSMe&Sm(C6H,) 
(THF),3’ 2.51 l(4) A; [(C,Me,),Sm,(O,CCCO) 
(THF)],,32 2.47(l) A. 

The (ring centroid)-Sm+ring centroid) angle 
in 1, 139.85”, decreases to 132.9” in 2 to accom- 
modate the increase in coordination number. The 
observed value for 2 is within the range of the 13 l- 
138” angles observed for trivalent (C,Me,),Sm(X) 
(Y) complexes. 33 The Sm-O(2)-C(27) angle is 
smaller by 7” in 2 than in 1, but the 166.3(7)O angle 
is still typical of M-O-C angles of early transition 
metal, lanthanide and actinide systems. 34 Within 

the accuracy of the data the structural features of 
the indenoindene units in 1 and 2 are the same. 

Oxo-bridged complexes 

The bridged 0x0 complex, [(C,Me,)zSm]2@-0), 
(3), Fig. 3, has been synthesized by reacting 1,2- 
epoxybutane with (CSMe&Sm(THF), [eq. (2)].*’ 

/O\ 
+CH2---CHCH2CH3 + [(C,Me&Sm12&-0) 

+CH--_rHCH,CH,+4THF. (2) 

Complex 3 also forms from a variety of bis(pen- 
tamethylcyclopentadienyl) samarium complexes 
including (CsMe5)2Sm,3S (C5Me5)2Sm(THF)2,33 

K5Me5~2Sm01-H112,36 (CsMe,)*Sm(C6Hs)(THF)31 
and [(CSMe&Sm]zC&H&36 when various 
oxygen-containing substrates are present. The 
formation of this complex is apparently quite 

Fig. 3. ORTEP plot of [(CsMe,),Sm],@-0) (3). 
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Fig. 4. ORTEP plot of [(C5Me,),Sm(CNCMe,)]&-0) (4). 

favourable and this species is frequently the first to 
crystallize from solution when it is present in a 
mixture. 

As in complex 1, the samarium atoms in complex 
3 are seven-coordinate. Given the short Sm-0 dis- 
tances and the rigorously linear Sm-O-Sm unit, 
seven coordination again seemed reasonable. As in 
complex 1 and in seven-coordinate (C,Me,), 
SmOC6Me4H,34 the sterically bulky (C,Me,), 
Sm-0 “ligand” might require seven coordina- 
tion when attached to a trivalent (C,Me,)$m 
unit. 

Seven-coordinate 3 has been obtained in a crys- 
talline form from many different systems. However, 
when 3 is crystallized from toluene containing tert- 
butylisocyanide, the eight-coordinate complex 
[(CSMe,)2(Me3CNC)Sm]&-O) 4, is obtained (Fig. 
4). Obviously, the (CSMeS),Sm[OSm(C,MeS)Z] 

ligand set can still accommodate another ligand 
around the Sm(II1) centre. 

The structural features of complexes 3 and 4 are 
compared in Table 3. The differences in bond dis- 
tances and angles between 3 and 4 parallel the 
differences found between 1 and 2. The Sm-C 
(ring) average distance is 0.07 A larger in eight-co- 
ordinate 4, which is consistent with the 0.059 A 
larger ionic radius for eight-coordinate Sm3+. In con- 
trast, the Sm-0 bond lengths in 4 are only slightly 
larger, by 0.007-0.021 A, than those in 3. The (ring 
centroid)-Sm-(ring centroid) angle in eight-co- 
ordinate 4 is expectedly smaller than that in 3 and 
is in the normal range. 

The most interesting angles in 3 and 4 are the 
Sm-O-Sm angles. In 3, this angle is cry- 
stallography linear but in 4, the 174.3(4)’ angle 
is close to but not exactly linear. Considering the 

Table 3. Selected bond lengths (A) and angles (deg) in 

KWkMd,(~-O) (3) and [(C,Me,),(Me,CNC)Sml,01-0) (4) 

Coordination number 
Sm-C(ring) average 
Sm-0 

Sm-C(CNCMe,) 

C(4l)_N(t) 
C(46)-N(2) 
(ring centroidtSm+ing centroid) 

Sm-O-Sm 
%Sm-C 

(3) (4) 
I 8 
2.73(l) 2.80( 1) 
2.094(l) 2.101(7) 

2.117(7) 
2.62( 1) 
2.66(l) 

- 1.13(2) 
1.12(2) 

137.2 133.5 
131.9 

180 174.3(4) 
- 98.7(4) 

100.7(4) 
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Table 4. Selected bond lengths (A) and angles (deg) in (C,Me,), 
SmI(THF) (5) and (CSMe,),SmI(q2-N,C,H,,) (6) 

Coordination number 
Sm-C(ring) average 
Sm-I 

Sm-0 
Sm-N 

(ring centroid jSm--+ing centroid) 

(ring centroidjsm-I 

(5) (6) 
8 9 
2.725( 1) 2.73(2) 
3.043(2) 3.100(2) 
3.053(2) 
2.45(l) 

2.539( 14) 
2.812(18) 

136 137 
137 
106.2 106.1 106.6 
104.7 106.4 104.3 

bulk of the (CSMe,)$m units and the steric con- 
gestion in 3 due to the short Sm-0 distances, a 
linear Sm-0-Sm angle is reasonable. A bent 
Sm-0-Sm angle would bring the (C,Me&Sm 
units closer together causing more steric crowding. 
It is therefore interesting that increasing the crowd- 
ing in this system by adding a CNCMe, ligand to 
each samarium atom, bends the Sm-O-Sm angle 
slightly. As discussed previously,” the short M-O 
distances and linear M-O-M angle in a transition 
metal complex is usually attributed to metal oxygen 
rc bonding. Considering the limited radial extension 
of the 4forbitals’,’ of Sm3+ this rationale is not as 
easy to use for 3 and 4. 

The bonding parameters of the CNCMe, ligand 
in 4 are similar to those in (CSHS)jPr(CNC6H, ,)37 
which has a C-N length of 1.1 l( 1) 8, and a CNC 
angle of 177.8(15)“. The Pr-C(CNR) distance of 
2.65(l) 8, is within the range of the lengths seen 
in 4 (2.62(1t2.66(1) A). According to Shannoq3’ 
nine-coordinate Pr 3 + is 0.047 A larger than nine- 
coordinate Sm3+ and the radius of Pr3+ with a 
coordination number of 10 should be even higher. 
Considering radial sizes in this way, the Sm-C 
(CNR) distance in 4 would be approximately 2.50 
A if it were comparable in length to that in 
(CSH5)3Pr(CNC,H, J. The significantly longer 
Sm-C bond in 4 suggests that considerable steric 
crowding exists in this molecule. The vCN stretching 
absorption in 4 supports the idea that the isocyanide 
in 4 is not interacting as strongly with the metal 
as it is in (C5H5)3PrCNC6Hll. For a series of six 
(C5HJ3LnCNC6H,, complexes (Ln = Pr, Nd, Tb, 
Ho, Yb and Y),38 the vcN stretch varied from 2203- 
2208 cm- ‘, 65-70 cm- ’ higher than the free ligand 
stretch at 2138 cn-‘. In 4, the vc- stretch at 2170 

*Nd[N(SiMe,),],(CNCMe,) also has a higher vcN: 
2195 cm-‘.40 

cm-’ is only 36 cm- ’ higher than in free CNCMe, 
(2134 cm-‘).3g* 

Iodide complexes 

The iodide complex (C,Me,),SmI(THF) (5)15 is 
a good example of an eight-coordinate (&Me,), 
Sm(X)(Y) system. Its structure is typical of a bent 
metallocene with two additional ligands. The two 
ring centroids, the iodide and the THF oxygen 
atom describe a distorted tetrahedron (Table 4). 
Complex 5 can be formed in a variety of ways and 
like 3 above seems to be a favoured structure when 
the constituent ligands, in this case CSMeS and I, 
are present with Sm(II1). However, when 
(CSMe,),SmI(THF) is crystallized from toluene in 
the presence of 1,5-pentamethylenetetrazole, 
C6H1 ON4, a formally nine-coordinate complex 
(C,Me5)2SmI(C6H10N4), complex 6 (Fig. 5), is 
obtained. Complexes 5 and 6 are compared in Table 
4. 

Structural comparisons between 5 and 6 differ 
significantly from those made between 1 and 2 and 
between 3 and 4. In other cases, a change in coor- 
dination number changed the Sm-C(ring) dis- 
tances significantly. In contrast, 5 and 6 have indis- 
tinguishable Sm-C(ring) distances. For complexes 
14, the Srn-4) distances varied by less than 0.02 
8, despite the change in coordination number. In 
contrast, 6 has a Sm-I distance which is 0.05 A 
longer than the one in the lower coordinate 5. 
Hence, the parts of the structure responsive to a 
change in coordination number have switched 
between 14 and 5-6. 

Examination of the Sm-N distances in 6 shows 
that one length, Sm-N(2), 2.8 12(18) A, is sig- 
nificantly longer than the other, Sm-N(l), 
2.539(14) A. The latter distance is within the range 
of observed N : + Ln distances in lanthanide com- 
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24 

Fig. 5. ORTEP plot of (C,Me,),SmI(C,H,,N4) (6). 

plexes,4’T42 but the former distance is quite long. 
Similar situations were observed in the other tri- 
valent (C,MeS),Sm systems in which nine-coor- 
dinate Sm3+ was found, namely one of the three 
non-cyclopentadienyl ligand metal distances was 
quite long. 32,43 The rather long distance between 
Sm and N(2) in 6 may explain why the Sm- 
C(ring) distances are not substantially longer than 
in 5. Nevertheless, the lengthened Sm-I bond 
indicates that this complex has made some accom- 
modations for the increased coordination number. 

The structural parameters for the pen- 
tamethylenetetrazole ligand in 6 are not sig- 
nificantly different from those of other 
tetrazoles,44,45 including the ICl adduct of pen- 
tamethylenetetrazole ClIN4C6H 1 046 and the silver 

complex [Ag(N4C6Hlo)2(N03)12.47 

DISCUSSION 

Bis(pentamethylcyclopentadieny1) complexes of 
trivalent samarium crystallize as seven-, eight-, or 
nine-coordinate species depending on the par- 
ticular ligands present. The seven-coordinate com- 
plexes (C,Me,)$mX contain large X ligands, 
e.g. X = 0C6Me4H,34 0Sm(CsMe5)220 or 0ZCi6 
HloSm(C5Me,)2.‘9 Eight-coordinate complexes 
are more common, i.e. [(C5Me5)2Sm&-H)]2,36 

(CSMe5)ZSm(C6H5)(THF),31 KC5Me5)2(ph3PO) 
Sm]z&-OCH=CH0),48 KC5Me5)4Smz(O&CCO) 
mm2T32 GMe5)2SmWW (x = a, I),‘5 

[(C5Me5)2Sm12[0L,Y14-(PhN)OCCO(NPhll,49 NC5 

Me 5)2WK1)13 l6 and three of the different Sm3+ 
environments in (C5Me5),oSm5C15[Me(OCH2CH2), 

*For example, reactions of the divalent (C,Me,)Sm 
unit. 8,49 

0Me].16 Complexes containing the (C ,Me 5) *Srn 
unit in which the metal is nine-coordinate are rare 
and only in [(C,Me5)4Sm,(02CCCO)(IHF)]Z,32 
(CSMe5),oSmSC15~e(OCHzCH3,0Me]‘6 and 

(C5Me&Sm(C,H443 has this been observed. 
In each of these formally nine-coordinate 
(C5Me5)*SmL3 systems, at least two of the three 
“L” donor atoms have been connected in a 
chelating unit. In the two polymetallic species, 
nine coordination is found for only one of the 
samarium atoms in the complex. 

Although several coordination numbers are poss- 
ible for trivalent (C5MeJ2SmX complexes in 
general, given a specific X ligand, past results sug- 
gest that there will be one preferred coordination 
number. The results presented here indicate that for 
complexes containing the (C5Me5)2Sm’1’ unit, there 
is a greater flexibility in coordination number than 
for previously studied classes of organolanthanides. 
Complexes 14 constitute three pairs in which the 
x-coordinate complex was known to crystallize and 
seemed to have a reasonably optimum coordination 
number considering the ligand set, and yet, in each 
pair, an x + 1 -coordinate complex also could be cry- 
stallized from solution. This suggests a greater 
range of stability for trivalent organolanthanides 
containing the (C5Me5)*Sm unit than for other 
metal ligand combinations. This may result due to 
the relative size of Sm3+ to C5MeS ligands. Given 
that much of organolanthanide chemistry is driven 
towards steric optimization, this may have impor- 
tant implications for chemical systems which gen- 
erate products containing the (C,Me5)2Sm11’ unit.* 
It is also likely that other lanthanide metal ligand 
combinations will also strike such a balance in 
which more than one specific coordination number 
is favoured. 
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CONCLUSION 

Three structures have been reported which dem- 
onstrate that trivalent complexes containing the 
(C5Me&Sm unit can favour more than one coor- 
dination number as they crystallize from solution. 
Similar combinations may be available with other 
lanthanide systems and may help broaden the range 
of chemical reactivity available. 

Supplementary material. Complete tables of final 
fractional coordinates, bond distances and angles, 
thermal parameters (16 pp.), and observed and cal- 
culated structure factors (67 pp.) have been 
deposited with the Cambridge Structural Data File. 
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Abstract-The most generalized ligand field potentials for all possible geometries of coor- 
dination numbers one to twelve containing a trigonal axis have been derived in trigonal 
quantization. These potentials have been specialized for idealized geometries and the cor- 
responding trigonally quantized d-orbitals and their energies have been derived. The appli- 
cability of the potentials and the d-orbitals in the study of the systems of idealized as well 
as slightly deviated trigonal geometries has been described. 

The usual ligand field potential that is used in cal- 
culating the d-orbital energies in cubic symmetry is 
quantized along the tetragonal axis, i.e. along the 
four-fold axis of symmetry and the wave functions 
become the real d-orbitals, also tetragonally quan- 
tized, i.e. the four-fold axis taken as the z-axis. 
The same orbitals are applicable to any geometry 
containing a four-fold axis. For geometries con- 
taining a three-fold axis of symmetry or trigonal 
axis, it is convenient to use a ligand field potential 
quantized along the trigonal axis for calculating the 
energies of the d-orbitals also quantized along the 
trigonal axis. In fact such a trigonally quantized 
potential can be obtained for cubic geometries also, 
since these geometries contain a three-fold axis in 
which case the d-orbitals that are used to calculate 
the energies are trigonally quantized and not the 
“regular” d-orbitals. Such a set of trigonally quan- 
tized cubic d-orbitals have been derived quite some 
time ago I-4 and employed in calculating the energy 
levels of many electron configurations in trigonally 
distorted or substituted cubic geometries. 5-’ 5 It is 
the purpose of this paper to derive the trigonally 
quantized ligand field potentials in a number of 
geometries, to calculate the d-orbital energies and 
to show how the trigonally quantized d-orbitals are 
obtained. 

*We shall always use primed notation to imply tri- 
gonal and non-primed for tetragonal. 

t We will leave out, for simplicity, the O’, 0’ variables 
from the spherical harmonics. 

LIGAND FIELD POTENTIALS 

Other than the trivial one and the linear two- 
coordinate geometries, which can also be con- 
sidered as trigonal in that the linear axis of infinite 
order contains a three-fold rotation, the basic unit 
for a trigonal geometry is three-coordination, with 
the three ligand positions making an angle* of 8 
with the three-fold axis passing through the centre 
and the ligand positions separated from each other 
by 2n/3. 

The ligand field potentials for the trivial cases of 
one- and two-coordinationt are 

+ p,(r),/@ 2 y!+ P&)$+ 20 (2) 

where e and z are the electronic charge and the 
effective charge of the ligand, respectively and 
pi(r) = rJc/r’z”, r< and r, being the lesser and 
greater of the electronic radius vector and the 
metal-ligand bond distance. A ligand field potential 
in any trigonal geometry quantized along the three- 
fold rotational axis can have spherical harmonics 
of order zero or multiples of three. This means for 
the d-orbitals, we are only interested in the Yz, Yi, 
Yt, and Y$ 3 terms in the potential. Thus the most 
general potential for three-coordination with a tri- 

1705 
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gonal angle 8’ and with the x’ axis in some general 
framework is given by 

C7L3) = .+l(r)J4?3 Yo”) + P&)$75 

x (9/2cos*0’-3/2)Y:+p,(r)m 

x(105/8cos48’-45/4cos2d’+9/8)Y!j’ 

+ p,(r)JGjG(J35/4) sin3 8’ cos 0 

x [-3eP 3r9’yj+3e3i@yq3]}. 

W 

Fig. 1 and the polar angles for the three geometries 
are given in Table 3. These angles, in particular 0’, 
though not obvious from the figure can be deduced 
easily from models of an octahedron, tetrahedron 
or a cube. A time consuming, although useful deri- 
vation of these angles is made by utilizing the trans- 
formation of the tetragonal coordinates to trigonal 
coordinates. We will show this derivation using the 
octahedron as an example. 

The trigonal coordinates are related to the tetra- 
gonal coordinates by the equation 

The following two special cases are important in Z‘ 
obtaining the potentials of all trigonal geometries. 
The first case is with the x’ axis chosen to be in 
the same plane as the trigonal axis and one of the iI Y' 

X' 
ligands, i.e. 4’ = 0, in which case the potential 
reduces to 

Z 

!ii Y . 
X 

CfJ3) = ez[P&)J411(3 Yt) + P&Q@ 

x (9/2cos*8’-3/2)Y,O+p,(r),,/&$ 

x (105/8 cos4 8’-45/4cos* f3’+9/8)Y,o 

+p4(r)&79(J35/4)sin30’cos8’(3) 

x (- Y: + Y; ‘)I. 

(3b) 

From the relationships of the Cartesian and spheri- 
cal polar coordinates, it follows that 

cos 8’ = Jij%(cos e + sin 8 sin 4 + sin 8 cos 4) 

sin &sin 4’ = m( - sin 8 sin C$ + sin e cos 4) 

The second case is when the x’ axis bisects two 
ligand positions, i.e. 4’ = n/3, in which case the 
potential becomes 

sin8’cos& = ,/1/6(2cos8-sinesin$ 

-sin 8 c0s 4). (5) 

The polar angles defined along the tetragonal axis 
for all ligand positions k = 1-6 in an octahedron 
are listed below. CyJ3) = &0(&/$3 Yi) + p&)&P 

x (9/2cos* 8 - 3/2)Y!j+p,(r)m Ligand position, k 

x (105/8 cos4 0’- 45/4 cos* 8’+ 9/S) Y,” 123456 

+ p,(r)a(fi/4) sin3 0’ cos 8’ (- 3) 
e 0 rr12 7112 X/2 n/2 rc 

x (- r: + Y, ‘)I. 
C#I 0 0 n/2 rc 3x12 0. 

(3c) 

It should be noted that the potential in (3b) is also 
applicable to a situation for trigonal angles of 
(n - 0’) and 4’ = 7c/3, and similarly the potential in 
(3~) is also applicable for trigonal angles of (n - 0’) 
and 4’ = 0. 

Using the potentials (l), (2), (3b) and (3~) as 
the building blocks, the potentials for any trigonal 
geometry can be obtained and the most generalized 
potentials for trigonal geometries of coordination 
numbers three to eight are given in Table 1 and for 
nine to twelve in Table 2. Some comments on the 
trigonal angles in various geometries are in order 
here. 

The trigonal and tetragonal coordinate systems 
and the ligand positions in cubic geometries of the 
octahedron, tetrahedron and cube are depicted in 

Fig. 1. Cubic geometries, and trigonal and tetragonal 
coordinate systems. Ligands 14, 7-10 and 7-14, respec- 
tively, constitute the geometries of the octahedron, tetra- 
hedron and cube. The (z, y, x) and (z’, y’, x’) are the tetra- 

gonal and trigonal coordinate systems, respectively. 

(4) 
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Table 5. Regular trigonal geometries of coordination numbers one to eight 
(p is tetrahedral angle) 

Coordination 
number Geometry 

Point-group 
e symmetry 

1 Linear 0 c al” 
2 Linear 0 D co* 
3 Trigonal planar R/2 &1, 
3 Trigonal-p/2’ 812 C% 
3 Trigonal-/F B CS” 
4 Tetrahedron 8 Td 
4 Trigonal pyramidb n/2 C,” 
5 Trigonal bipyramid 7[/2 D3h 
6 Octahedron’ B/2 0, 
6 Trigonal prismd P!2 D3h 
6 Hexagon’ xl2 D6k 
7 Monocapped trigonai prism 812 c3, 

7 Monocapped trigonal antiprism 812 C3” 

7 Hexagonal pyramidb RI2 CS” 
8 Cube 
8 Bicapped trigonal prism ;2 

oh 

&h 
8 Bicapped trigonal antiprism B/2 D3d 

8 Hexagonal bipyramid~ xl2 Dsh 

“These two trigonal cases of 0’ = /I/2 and /I are included because of their 
significance in that they are half the octahedron and a tetrahedron less one 
ligand, respectively. 

b The trigonal pyramid, hexagon, hexagonal pyramid and hexagonal bipyra- 
mid geometries may also be considered as respectively, trigonally compressed 
tetrahedron, octahedron, monocapped trigonal antiprism and bicapped tri- 
gonal antiprism with the 0’ becoming 72/2. 

c The octahedron is also a trigonal antiprism with 0’ = B/2 and (n-p/2). 
d We shall define a trigonal prism with 8’ = p/2 and (n-/I/Z) as being regular. 

Any angle different from p/2 will hence be considered as a distorted trigonal 
prism. 

zero and we will call such a potential cylindrical.* 
The second case is that of the cubic comprising 
geometries of the octahedron, tetrahedron, cube and 

*Cylindrical potentials containing only the Yi, Yz 
and Yi terms also arise in the case of n-polygonal pris- 
moidal (n > 4, Dnh, Dnri, D,, C”“, c,,h, C”> systems, i.e. 

pentagonal, hexagonal, etc. prisms and anti-prisms, in 
addition to planes, pyramids and bipyramids. See, for 
instance, refs 17-20. 

the trigonal case of the half octahedron. The poten- 
tials of these cubic geometries are related to each 
other by a constant factor. The third case of poten- 
tials contain non-zero Yz ’ terms and are not 
related to cubic potentials by a constant factor and 
hence are called non-cubic potentials. It should be 
noted that the three regular geometries of non-cubic 
potentials are cubic based in that the trigonal-/I is 
a tetrahedron but minus the fourth ligand which is 
along the trigonal axis, and the mono and bicapped 

Table 6. Regular trigonal geometries of coordination numbers nine to twelve (,8 is tetrahedral 
angle) 

Coordination 
number Geometry 0; e; 

Point-group 
symmetry 

9 Tricapped trigonal prism 
10 Tetracapped trigonal prism 
11 Pentacapped trigonal prism 
12 Icosahedron 

812 x/2 &I 
812 n/2 C3” 
812 x/2 &VI 

37.37” 79.19” Yh 
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Table 7. Ligand field potentials in regular trigonal geometries-cylindrical potentials. (The constant ez is left out) 

Coordination 
number Geometry J4np&) Yg JWk(r)Y~ J@%,(r) y! J471/9p&)Y1 3 

1 Linear 1 1 1 0 
2 Linear 2 2 2 0 
3 Trigonal planar 3 - 312 918 0 
4 Trigonal pyramid 4 -l/2 1718 0 
5 Trigonal bipyramid 5 l/2 2518 0 
6 Trigonal prism 6 0 - 713 0 
6 Hexagon 6 -3 914 0 
7 Monocapped trigonal 

prism 7 1 -413 0 
7 Hexagonal pyramid 7 -2 1314 0 
8 Bicapped trigonal 

prism 8 2 -l/3 0 
8 Hexagonal bipyramid 8 -1 1714 0 
9 Tricapped trigonal 

prism 9 -312 - 29124 0 
10 Tetracapped trigonal 

prism 10 -l/2 - 5124 0 
11 Pentacapped trigonal 

prism 11 l/2 19124 0 
12 Icosahedron 12 0 0 0 

Table 8. Ligand field potentials in regular trigonal geometries-cubic potentials. (The constant ez is left out) 

Coordination 
number Geometry &&WI? J4_rr/5&)Y~ JW%&) Y! &%4(r) YZ 3 

3 Trigonal-/I/2 3 0 -716 TJ70/6 
4 Tetrahedron 4 0 28127 f 4fi/27 

6 Octahedron 6 0 -713 TJ70/3 
8 Cube 8 0 56127 f 8fi/27 

trigonal antiprisms are octahedron plus one and 
two ligands, respectively, along the trigonal axis. 
As we will show later, various distorted forms of 
cubic geometries with 0’ deviating from /I/2 or /I 
and of non-cubic geometries with 8’ deviating from 
/?/2 or fi (geometries of non-cubic potentials) and 
7r/2 (geometries of cylindrical potentials) also 
belong to this class of non-cubic potentials. The 
cylindrical, cubic and non-cubic potentials of all 
regular geometries are listed in Tables 7, 8 and 9.* 

Although the ligand field potentials of cubic 
geometries evaluated along the three-fold axis look 
somewhat different from the corresponding poten- 

* Systems having the coordination numbers two, three, 
five and six (trigonal prism) are well-known. In particu- 
lar, the five-coordinate trigonal bipyramidal (and dis- 
torted trigonal bipyramidal) systems have been exten- 
sively studied. See refs 17, 21-24. A discussion on eight 
coordination, including other possible geometries, can be 
found in ref. 25. 

tials evaluated along the tetragonal axis, these two 
potentials are one and the same. Thus, leaving out 
the Yi term, the well-known tetragonally quantized 
octahedral potential 

v::(6) = ezp&)&?%7/2)( Y%R 4) 

+ J5/14[ YXR 4) + Y; “(R &I> 

= ezp4(r)J?W) 

(64 

x (x4+y4+z4-3/5r4) (6b) 

can be shown to be equivalent to [by using eq. (4)] : 

(7/24)[ - 8~‘~ -3~‘~-3y’~+24y’~z’~ 

+24z’2x’2-6x’2y’2+20~(z’x’3-3y’2z’x’)] (6~) 

which is identical to 

V:!(6) = ezp4(r)m( - 7/3) 

x[Y:-,/i@(- Y:+ Yy3)], (6d) 
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Table 9. Ligand field potentials in regular trigonal geometries-non-cubic potentials. (The constant ez is left out) 

Coordination 
number Geometry fiP&)Y: $z&(r)Y: $S%(r) Y: J4/9p,(r)Y$ 3 

3 Trigonal-B 3 -1 l/27 f 4J70/27 
7 Monocapped trigonal 

antiprism 7 1 -413 T&/3 
8 Bicapped trigonal 

antiprism 8 2 -l/3 rJ70/3 

Table 10. Expansions of the products of spherical harmonics of second 
degree 

Y: Y: Y: Y: 3* 

r;- r; 112 J7c $17 Jn 0 
y:1*. y;’ WJn Jw Jn 

317 J77 
0 

y;2*. y;2 112 Jn 
-2/7&c 

y$‘*. y;2 0 
-JyJn 1/14J7l 

0 
y;2*. y;’ 

d5;fi 
0 0 0 - J5/2,/% 

the octahedral potential evaluated along a trigonal 
axis.* 

d-ORBITAL ENERGIES AND 
&ORBITAL WAVE FUNCTIONS 

With the potentials of Tables 7-9, and the rel- 
evant expansions for the products of spherical har- 
monics given in Table 10,t the d-orbital energies in 
a given geometry can be calculated. 

*For a symmetry derivation of this potential, see ref. 
4. 

t These expansions can be obtained either by the appli- 
cation of the 3 -j symbolsz6 or by an algebraic method 
in a straightforward manner by expressing a product 
as being equivalent to an appropriate combination of 
spherical harmonics and insuring that the coefficients of 
same terms on both sides of the expression must be the 
same. 

1 The formula for the eigenvalues of a 2 x 2 secular 
determinant of two functions 4, and dz with diagonal 
matrix elements tll and CI~, respectively, and of an off- 
diagonal matrix element B or - /J is 

E, = 1/2(~,+az)f JW-~~WI~+P~). 

The corresponding eigenfunctions are given by 

y+ = *Jmm4,+4TG9Ep2 

and 

y’_ = T&Tm,+Jm42 

where 6 = (1x~-cr,)/J[(a~-c(,)~+4/?~] and the upper 
signs are for + B and the lower signs are for -8. 

Cylindrical potentials 

Due to the absence of the Y4f3 terms in the cy- 
lindrical potentials, the imaginary d-orbitals, i.e. 
Y$ ‘, Yz2 along with Yi become pure orbitals or 
energy levels in the case of these geometries. The 
imaginary orbitals can still be combined to obtain 
real forms, of course. The d-orbital energies in 
geometries with cylindrical potentials are listed in 
Tables 11 and 12 : We have used the usual 
notation” (pdr)) for the matrix element of pi(r), 
namely, (p,(r)) = ez @ &d(r) ‘(r’< /r’z ‘)r ’ dr and 
made the assumption that (p2(r)) = (p4(r)) = 6Dq 
where Dq is the octahedral ligand field parameter. 
Some of these cylindrical potentials and energies 
are well-known.“-” 

Cubic potentials 

With the octahedral potential, the non-zero 
matrix elements of the d-orbitals become 

( Y!I J’::,‘;‘(6)1 Yi> = -2/3(~)) = -4Dq 

(Y2+‘[ ?‘:;(6)1 Y: ‘) = 4/9,+,(r)) = 8/3Dq 

(Y:21Y$;(6)1Y:2) = - 1/9(p&)) = -2/3Dq 

( Y; ‘1 V:;(6‘(6)1 Y: 2, = ( Y; 2l Vb;(6)1 Y; ‘) 

= T5,/2/9(p&)) = T 1042/3Dq. (7) 

The solution of the 2 x 2 secular determinantst 
of Yl’ and Y:’ yields the energies E, = 6Dq and 
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Table 11. d-Orbital energies in geometries of cylindrical potentials. (x1 = (p,(r))/7, x4 = (p&))/7) 

Coordination 
number Geometry Y; Y:’ Y:’ 

1 Linear 2X2+2X4 x2-4/3x4 -2x2+ 1/3x, 
2 Linear 4X2+4X4 2x2 -8/3x, -4x2+2/3x4 
3 Trigonal planar -3x2+9/4x4 -3/2x2-3/2x4 3x2 + 3/8x4 
4 Trigonal pyramid -x2+ 17/4x4 -1/2x,- 17/6x4 x2 + 1 7/24x4 
5 Trigonal bipyramid x,+25/4& 1/2x, - 25/6x4 - xZ i- 25/24x, 
6 Trigonal prism - 14/3x, 28/9x4 -7/9x4 
6 Hexagon -6x2+9/2x4 -3x2-3x4 6x2 + 3/4x4 
7 Monocapped trigonal prism 2x2 - 8/3x, x2 + 16/9x, -2x2-4/9x4 
7 Hexagonal pyramid -4x2+ 13/2x, -2x2-13/3x4 4x2+ 13/12x4 
8 Bicapped trigonal prism 4x2 - 2/3x4 2x2 +4/9x, -4x2- 1/9x, 
8 Hexagonal bipyramid -2x,+ 17/2x, -x2- 17/3x, 2x2+ 17/12x4 
9 Tricapped trigonal prism -3x2-29/12x4 -3/2x2+29/18x4 3x, - 29/72x, 

10 Tetracapped trigonal prism -x,-5/12x4 -1/2x2+5/18x4 x2 - 5/72x4 
11 Pentacapped trigonal prism x2+ 19/12x4 l/2x2-19/18x4 -x2+ 19/72x4 
12 Icosahedron 0 0 0 

Table 12. d-orbital energies in units of Dq in geometries of cylindrical potentials. ((p2(r)) = (p4(r)) = 6Dq) 

Coordination 
number Geometry Y; Y:’ Y:’ 

1 Linear 
2 Linear 
3 Trigonal planar 
4 Trigonal pyramid 
5 Trigonal bipyramid 
6 Trigonal prism 
6 Hexagon 
7 Monocapped trigonal prism 
7 Hexagonal pyramid 
8 Bicapped trigonal prism 
8 Hexagonal bipyramid 
9 Tricapped trigonal prism 

10 Tetracapped trigonal prism 
11 Pentacapped trigonal prism 
12 Icosahedron” 

24/7(a+) 

48/7(e,+) 
-9/14(a\) 

39/14(a*) 
87/14(a’,) 

- 4Vl) 
-9/7(Q) 
-4/7(a,) 
15/7(a,) 
20/7(a;) 
39/7(a 19) 

- 65/14(u’,) 
- 17/14(u,) 

31/14(u’,) 
0 

-2/7(x) 
-4/7&J 

- 18/7(e”) 
-20/7(e) 
- 22/7(e”) 

8/3(e”) 

- 36/7(e ig) 
50/21(e) 

-W'(ed 
44/21(e”) 

- 40/7(e 3 
2/21(e”) 

-4/21(e) 
- 10/21(e”) 

0 

- 10/7(6) 

- 20/7(6,) 
81/28(e) 
41/28(e) 

1/28(e’) 
- 2/3(e’) 

81/14(e2J 
-44/21(e) 

61/14(eJ 
-74/21(e’) 

41/14&J 
187/84(e’) 
67/84(e) 

- 53/84(e’) 
0 

“All d-orbitals together transform as h, representation. 

_!_ = - 4Dq. The corresponding wave functions are Y _ = f m Y $ ’ - J2/3 Y: ’ 

Y+ = +&Y:‘+JipY:2 

= fid,; + J1/3d,; 
where the spherical harmonics refer to the trigonal 
coordinate system. The orbitals of the +6Dq and 
- 4Dq energy are the es set and tzs set, respectively. 
Thus 

*The symmetry derivation of these orbitals can be 
found in ref. 4. 

7 These orbitals when converted to the Cartesian forms 
on a trigonal basis (z’, y’, x’) which are then transformed 
to the tetragonal coordinates using eq. (4) will yield, egco = J2/3d,; + md,;. (8) 
within phases, the same trigonal d-orbitals that were 
employed by others. ‘3’ In particular, our tzBe and e,, are These are the trigonally quantized cubic d- 
related to theirs by a negative phase factor. orbitals.*t 
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Table 13. Symmetry transformation properties of trigonally quantized d-orbitals (o = e2ni’3) 

d-Orbital C&? C*(Y’) c.44 

do, 1 = taa t&W 
t2go 

-- 

3 
t&- 

pw+‘t 2 
3 2gb 

---w 2 -1 

3 t2ge 

The a, b, c and the a, b notation for the com- 
ponents of tzg and es orbitals is determined from the 
symmetry transformation properties of the orbitals 
given in Table 13.13” Thus, the a component of t2, 
becomes the a, representation and the b, c com- 

ponents become the e+ representation on going 
towards a low symmetry trigonal ligand field (i.e. 
D3d, D,, C3” symmetry point groups). Similarly the 
cubic es representation simply transforms into the 
e, representation of low symmetry trigonal ligand 
fields. 

The ligand field potentials in other cubic geome- 
tries, i.e. trigonal -/I/2, tetrahedron and cube, are 

*In the case of the capped trigonal prisms, the devi- 
ation of the second trigonal angle t!?‘* is being considered 
here. Any deviation of 6; from /I/2 will still result in a 
cylindrical potential in all these cases of trigonal pris- 
matic-based geometries as in the cases of the trigonal 

prism, monocapped trigonal prism and bicapped trigonal 
prism geometries. It is interesting to note that any devi- 
ation of either 0; or 13’~ or of both from the icosahedron 
angles resulting in a trigonally distorted icosahedron will 
also give rise to a cylindrical potential. 

t Two other forms of distortions also lead to a non- 
cubic potential. The two forms of distortions which are 
applicable to geometries of coordination numbers six and 
above are as follows. One distortion is the elongation or 
compression of one set of three ligand positions along 
the trigonal axis independent of the other set of three 
ligand positions. This occurs in the octahedron, trigonal 
prism, capped trigonal antiprisms, capped trigonal 
prisms and icosahedron. Another distortion is the twist 
of one set of three ligand positions relative to the other 
set in these same geometries. A more generalized 
expression for ligand field potential for the basic six- 
coordinate unit allowing both these distortions simul- 
taneously can be obtained by combining expressions 
(3b) and (3a) with 0’ = W, and 0;, respectively. This 
expression specializes for the first case of distortion with 
4’ = n/3 or 0, respectively, for the octahedral based or 
trigonal prismatic based geometries, and for the second 
case of distortion with 8’, = 8’ and P2 = (n- 0’). The 
results obtained in what follows are, in general, appli- 
cable to both these distortions also. 

related to the octahedral potential by a constant 
factor. Thus 

and 

V’$;(4) = -4/9V;;(6) 

Vb;(S) = - 8/9 V;;(6). (9) 

This implies that the energies of the orbitals in these 
geometries will be given by the corresponding con- 
stant factor and that the wave functions are just 
the pure trigonal orbitals. The d-orbital energies of 
geometries with cubic potentials are summarized in 
Table 14. 

Non-cubic potentials 

Since non-cubic potentials are not related to 
cubic potentials by a proportionality constant, the 
trigonal based cubic d-orbitals are no longer pure 
orbitals (i.e. eigenfunctions) with geometries of 
non-cubic potentials. In other words the cubic d- 
orbitals mix in these geometries. However, if the 
mixing is small, it is convenient to utilize these 
orbitals as zero-order functions. 

The energies and wave functions calculated for 
the regular geometries of non-cubic potentials, 
namely, the trigonal-b, monocapped trigonal anti- 
prism and bicapped trigonal antiprism are given in 
Tables 15 and 16. It can be seen that in all these 
cases, mixing of the cubic d-orbitals is small so that 
these orbitals are almost pure for these geometries. 

Non-cubic potentials can also arise from various 
distorted geometries, cubic geometries with 8’ devi- 
ating from p/2 (trigonal-P/2 and octahedron) and p 
(tetrahedron and cube) and non-cubic geometries 
with 8’ deviating from /? (trigonal-/I), p/2 (mono- 
capped and bicapped trigonal antiprisms) and 71/2 
(trigonal planar, trigonal pyramid, trigonal bipyra- 
mid, hexagon, hexagonal pyramid, hexagonal 
bipyramid, and tricapped, tetracapped and pen- 
tacapped trigonal prisms).*? As pointed out above 
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Table 14. d-Orbital energies in units of Dq in geometries 
of cubic potentials 

Coordination 
number Geometry t2 e 

3 Trigonal-b/2” - 2 3 
4 Tetrahedron 1619 - a/3 
6 Octahedron -4 6 
8 Cube 3219 - 16/3 

“The t2 set in this case is actually a,(tb) and e (tz6 and 
tzc) which are degenerate. 
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Table 1.5. d-Orbital energies in units of Dq in regular geometries of non-cubic 
potentials. ((p2(r)) = (p4(r)) = 6Dq) 

Coordination 
number Geometry a, e- e+ 

3 Trigonal-p -1.651 -2.059 2.885 
7 Monocapped trigonal antiprism -0.571 - 5.076 5.361 
8 Bicapped trigonal antiprism 2.857 - 6.202 4.773 

Table 16. d-Orbital wave functions (e representations) in regular geometries of non-cubic potentials. (Only 
one e representation is given. The other e representation is orthogonal to the one given) 

Coordination 
number Geometry r UFl 

y+(e) 
%, 

Ykl 
2 Y:’ 

3 Trigonal-fl -&0.9880) ,/(0.0120) kJ(O.2346) J(O.7654) 
7 Monocapped trigonal antiprism J(O.0027) J(O.9973) TJ(0.7144) J(0.2856) 
8 Bicapped trigonal antiprism J(O.0098) J(O.9902) T J(O.7560) J(O.2440) 

the trigonal+?, and the monocapped and bicapped 
trigonal antiprism geometries are cubic based and 
thus are related to the cubic geometries. All the 
other non-cubic geometries are of the same kind in 
that they give rise to cylindrical potentials resulting in 
the original spherical harmonics as the pure orbitals 
in the absence of a distortion. Choosing the octa- 
hedron and tetrahedron as examples of the cubic 
and cubic-based geometries, and trigonal bipyra- 
mid as an example of the cylindrical based geome- 
tries, we have calculated the ligand field potentials 
for varying amounts of distortion. These are listed 
in Table 17. The corresponding d-orbital energies 
and the wave functions are listed in Tables 18 and 
19. In the case of the tetrahedron and octahedron, 

*It should be noted that the distorted form of the 
trigonal bipyramid (6’ = /?) chosen here is actually cubic 
based in that it is a tetrahedron with an extra ligand along 
the trigonal axis. 

it can be seen that for small deviations of 8’ (near 
/I for tetrahedron and /3/2 for octahedron), mixing 
of cubic d-orbitals is small. Although the cubic d- 
orbitals become purer than the original spherical 
harmonics for the distorted form of trigonal bipyra- 
mid chosen here, for minor deviations of 8’ from 
7c/2 it is expected that the original spherical har- 
monics will remain pure. * 

SUMMARY 

The ligand field potentials for a number of 
geometries containing a three-fold axis of symmetry 
have been evaluated along the trigonal axis and are 
categorized into three kinds, cylindrical potentials 
(no spherical harmonics of non-zero order), cubic 
potentials (related to each other by a constant fac- 
tor) and non-cubic potentials (not related to cubic 
potentials by a constant factor). The energies of the 
d-orbitals defined along the trigonal axis have been 



T
ab

le
 

17
. L

ig
an

d 
fi

el
d 

po
te

nt
ia

ls
 

in
 d

is
to

rt
ed

 
ge

om
et

ri
es

. 
(T

he
 

Y
g 

te
rm

 
an

d 
th

e 
co

ns
ta

nt
 

ez
 a

re
 l

ef
t 

ou
t)

 

G
eo

m
et

ry
 

(0
) 

p,
(r

)J
4/

5Y
! 

p&
)&

V
9 

Y
i 

k&
)J

4/
9Y

Z
 

3 

T
et

ra
he

dr
on

 

i 
4 

4 
0 

5x
16

 
23

18
 

13
7/

12
8 

+
3&

z/
64

 

3n
/4

 
71

4 
- 

71
32

 
f 

3&
5/

16
 

(~
-8
/a
 

1 
- 

l/6
 

&,
hl

6 
2x

13
 

51
8 

17
/1

28
 

+
9J

10
5/

64
 

8”
 

0 
28

12
7 

+ 
4,

/%
/2

7 

n/
2 

-l
/2

 
17

18
 

0 

O
ct

ah
ed

ro
n 

0”
 

6 
6 

0 

~~
16

~ 
15

14
 

91
64

 
f 

3-
13

2 

z/
4d

 
31

2 
-3

91
16

 
f3

,/
%/

8 

8l
2'
 

0 
-7

13
 

r&
3 

rr
j3

f 
- 

31
4 

-1
11

16
4 

T
 9

$@
32

 

n/
29

 
-3

 
91

4 
0 

T
ri

go
na

l 
bi

py
ra

m
id

 

B
 

1 
55

12
7 

+ 
4,

/%
/2

7 

lq
2h

 
11
2 

25
18

 
0 

o R
eg

ul
ar

 
lin

ea
r 

ge
om

et
ry

. 
* R

eg
ul

ar
 

te
tr

ah
ed

ro
n.

 
’ R

eg
ul

ar
 

tr
ig

on
al

 
py

ra
m

id
. 

d E
lo

ng
at

ed
 

oc
ta

he
dr

on
. 

e R
eg

ul
ar

 
oc

ta
he

dr
on

. 
‘C

om
pr

es
se

d 
oc

ta
he

dr
on

. 
g H

ex
ag

on
al

 
pl

an
e.

 
h R

eg
ul

ar
 

tr
ig

on
al

 
bi

py
ra

m
id

. 

T
ab

le
 

18
. 

d-
O

rb
ita

l 
en

er
gi

es
 

in
 u

ni
ts

 
of

 D
q 

in
 d

is
to

rt
ed

 
ge

om
et

ri
es

. 
(&

(r
))

 
= 

(p
4(

r)
) 

= 
6D

q)
 

G
eo

m
et

ry
 

(6
’)

 
e+

 
e-

 

T
et

ra
he

dr
on

 
A

 
13

.7
14

3 
k/

6 
6.

76
34

 
3x

14
 

2.
62

50
 

V
2)

 
1.

29
91

 
1.

42
86

 

P 
1.

77
78

 
42

 
2.

78
57

 

O
ct

ah
ed

ro
n 

0 
20

.5
71

4 
xl

6 
6.

66
96

 
xl

4 
-1

.6
07

1 
lv

2*
 

-4
.0

00
0 

81
3 

-4
.2

59
0 

s/
2 

- 
1.

28
57

 

T
ri

go
na

l 
bi

py
ra

m
id

 
B

 
5.

20
63

 
s/

2=
 

6.
21

43
 

- 
1.

14
29

 
- 

5.
71

43
 

1.
35

14
 

-4
.7

33
1 

1.
77

02
 

- 
3.

08
27

 
2.

38
67

 
-3

.1
01

0 
2.

30
91

 
- 

2.
95

86
 

1.
77

78
 

- 
2.

66
67

 
1.

46
43

 
-2

.8
57

1 

- 
1.

71
43

 
-8

.5
71

4 
3.

32
50

 
- 

6.
65

98
 

5.
64

86
 

- 
4.

84
50

 
6.

00
00

 
-4

.0
00

0 
5.

94
40

 
-3

.8
14

4 
5.

78
57

 
-5

.1
42

9 

0.
80

03
 

- 
3.

40
35

 
0.

03
57

 
-3

.1
42

9 

0 R
eg

ul
ar

 
te

tr
ah

ed
ro

n.
 

* R
eg

ul
ar

 
oc

ta
he

dr
on

. 
’ R

eg
ul

ar
 

tr
ig

on
al

 
bi

py
ra

m
id

. 



Trigonally quantized ligand field potentials 

Table 19. d-Orbital wave functions (e representations) in distorted geometries. (Only one e 
representation is given. The other e representation is orthogonal to the one given) 
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Geometry (r9’) 

Tetrahedron 
x 
5x16 
3n/4 

‘;,,“‘) 
B” 
ni2 

Octahedron 
0 

~16 
xl4 
p/2* 
xi3 
xi2 

Trigonal bipyramid 

B 
“12 

J(O.3333) J(0.6667) Tl 
J(0.4652) J(O.5348) TJ(0.9819) -J(:olsl) 
J(O.3955) J(O.6046) T J(O.9959) -J(0.0041) 
J(O.8196) J(O.1804) T J(O.7560) -J(O.2440) 
J(O.9060) J(o.0940) T J(0.6397) -J(O.3603) 

- J(o.:667) J(O.03333) 
T J(o.3333) -J(O.6667) 

0 1 

J(o.3333) J(0.6667) Tl 
J(o.1891) J(O.8110) T J(0.9728) J(:O272) 
J(O.0465) J(o.9535) T J(0.8497) J(o.1503) 

- J(0.00020) J(o.;*oo) 
T J(0.6667) J(o.3333) 
TJ(0.5281) J(o.4719) 

-J(O.6667) J(o.3333) 0 1 

J(0.9833) J(O.0167) T J(0.4598) -J(O.5402) 
-J(O.6667) J(o.3333) 0 1 

a Regular tetrahedron. 
* Regular octahedron. 
‘Regular trigonal bipyramid. 

calculated. The original spherical harmonics of the 
dorbitals are pure wave functions for geometries 
of cylindrical potentials. The tcigonally quantized 
d-orbitals which are the eigenfunctions of cubic 
geometries have been derived. The d-orbital wave 
functions for regular cubic based and for some tri- 
gonaily distorted cubic and non-cubic geometries 
have also been obtained. The original spherical har- 
monics are the appropriate zero order functions 
for geometries of cylindrical potentials with small 
trigonal distortions. Similarly the cubic d-orbitals 
can be used as the appropriate zero order functions 
for regular cubic based geometries of non-cubic 
potentials and for trigonally distorted cubic and 
cubic-based geometries with slight deviations of the 
trigonal angles. 
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Abstract-The compound PBr4C13 has been shown to have the ionic structure PBr:Cl, by 
means of 31P NMR and Raman spectroscopy. There was no evidence for the formation of 
mixed bromochlorophosphonium ions. It appears to be a member of a series of derivatives 
of the PBr: ion with trihalide or single halide counter-ions. 

Several mixed phosphorus(V) halides have been 
reported from reaction of PC13 and bromine under 
various conditions. ‘-’ These include the compound 
PBr4C13, which was first described by Prinvault’ 
and Michaelis independently in 1872, although 
nothing was known of its structure. This compound 
was investigated in more detail by Fialkov and 
Kuz’menko 3,4 who prepared it from a mixture of 
PC13 and bromine containing 57.42 mol % of 
PC13.3 The material was recrystallized from Ccl4 
and dried in a current of C02, giving orange-red 
crystals of the product. The compound was 
reported not to conduct in the solid state, but to be a 
good conductor when molten. 3 It was subsequently 
shown to be an electrical conductor in polar sol- 
vents such as PhN02 or MeCN, but a non-con- 
ductor in C6Hs, Ccl, or CS2.4 The authors sug- 
gested the formulation [PCl,Br]+[Br(Br,),]- for this 
and a related series of compounds, with n = 1 for 
PBr4C13. 4 The compound was later prepared by 
reaction of 40.5 mol % PBr, and 59.5 mol % PCl, 
at 313-323 K, according to eq. (l), or by a 3 : 2 
reaction between PC15 and PBr3, eq. (2).5 

6PC1,+4PBr5 + 5PBr4C13+5PC13 (1) 

6PC1,+4PBr3 + 3PBr4C13+7PC13. (2) 

Popov et al. were unable to reproduce the prep- 
aration from PCl, and Br, in the absence of 
solvent,3 obtaining from several attempts a material 
of composition between PCl,Br,,, and PC13Br5.7.6 
Their product lost bromine rapidly to give a 
yellow powder of composition PC14.67Br0.33, or 
P 1 2C156Br4, which appeared from physical measure- 
ments to be a true compound rather than a 

* Author to whom correspondence should be addressed. 

mixture.6 Harris and Payne were also unable to 
reproduce this preparation,3 obtaining materials 
which analysed approximately as PC13Br7 * Ccl4 
and PC13Br7.2CC14.7 These solids lost Ccl4 and Brz 
on heating, and the possibility of their being Ccl, 
solvates of members of the PC13 - nBr, series4 could 
not be excluded. The only proposal for the structure 
of PBr4C13 was thus [PC13Br]+Br;,4 and there have 
been no subsequent studies on this compound. We 
now report the results of an investigation by spec- 
troscopic techniques into its structure. 

RESULTS AND DISCUSSION 

In view of the difficulties reported6*7 in the direct 
preparation from PC13 and bromine, the compound 
was prepared from PCls and PBr, in CC14.’ The 
precipitate which formed was separated and dried 
in vacua. The product analysed approximately as 

PC12.5gBr4.21, the discrepancies probably being due 
largely to experimental error, although a small 
amount of hydrolysis cannot be discounted. There 
seems little doubt, however, that the main con- 
stituent is PBr,Cl,, and this was confirmed by the 
spectroscopic measurements. 

The 3 ‘P NMR solution spectrum was recorded 
in 25 oleum, which has been shown by previous 
work in this group to be an excellent solvent for 
species containing simple or mixed halogeno- 
phosphonium ions. lo A strong resonance at -85 
ppm was discerned, readily assigned to the 
PBr: ion. ‘O A very weak sig nal from PBr,(OH)+ 
(in equilibrium with unprotonated POBr3)11 was 
also apparent at - 64 ppm, consistent with the pres- 
ence of a small amount of hydrolysis. There was 
no evidence, however, for the formation of mixed 
bromochlorophosphonium ions such as PCl,Br+, 
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the chemical shifts of which are known,‘0v’2 as sug- 
gested by Fialkov and Kuz’menko.4 This result 
strongly suggests that the compound should be for- 
mulated as PBr:Cl;. Confirmation was provided 
by the Raman spectrum of the solid, which showed 
in addition to strong bands for the PBr: ion’3-18 a 
weak band at 267 cm-‘, very similar to the fre- 
quency reported (268 cm- ‘) for the trichloride ion 
in tetraalkylammonium salts. l9 Hence the ideal 
structure for the compound PBr4C13 appears to be 
PBr:Cl;, with any deviations from this com- 
position possibly being due to the presence of free 
halide rather than trichloride as the counter-ion. 
The structure may well be similar to that of PBr,, 
which has been shown by X-ray crystallography to 
have the ionic composition PBr:Br,.” 

It is of interest in this connection that Gabes et 

al. prepared the compound PBr,Cl, and showed by 
Raman spectroscopy and powder X-ray work that 
it has the structure PBr:Cl-.18 Their compound 
was prepared by recrystallizing from CS2 the red- 
brown precipitate obtained from a 4 : 3 reaction of 
PC15 and PBrS, and then carefully exposing this 
product to vacuum for several weeks until a yellow 
powder was left. The product PBr:CI- was shown 
to be isomorphous with PBrS(PBr.$Br-).‘8 It is thus 
quite possible that their initial red-brown pre- 
cipitate contained PBr:Cl,, with loss of Cl2 in 
uacuo from the unstable trichloride ion leading to 
the formation of PBr4Cl. The mixed phosphorus(V) 
halide PBrJCI has also been prepared from reac- 
tion of PBrs with ICI, and shown by Raman spec- 
troscopy to have the structure PBr4+BrICIl.16 The 
structure PBr$IBr; suggested for PBr61, prepared 
by reaction of either PBr, (1 : 3) or PBrS (1 : 1) with 
IBr,21 has similarly been confirmed by solid state 
3’P NMR spectroscopy.22 PBr:Cl; is thus one 
member of a series of derivatives of the PBr: cation, 
with either trihalide or single halide as the 
counter-ion. 

EXPERIMENTAL 

The compound was prepared from PC15 and PBr3 
in CC&, as described by Kuz’menko. 5 (Found : P, 
6.92; Cl, 20.5; Br, 75.2. PBr,C13 requires: P, 6.78; 
Cl, 23.3 ; Br, 70.0%. The analyses correspond 
approximately to the composition PC12.59Br4.21.) 
31P NMR and Raman spectra were recorded as 
described in previous papers. 9, ’ ls3 3 ‘P chemical 
shifts are measured relative to external H3P04, with 

the downfield (higher frequency) direction taken as 
positive. 
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Abstract-The compound PBr4C13 has been shown to have the ionic structure PBr:Cl, by 
means of 31P NMR and Raman spectroscopy. There was no evidence for the formation of 
mixed bromochlorophosphonium ions. It appears to be a member of a series of derivatives 
of the PBr: ion with trihalide or single halide counter-ions. 

Several mixed phosphorus(V) halides have been 
reported from reaction of PC13 and bromine under 
various conditions. ‘-’ These include the compound 
PBr4C13, which was first described by Prinvault’ 
and Michaelis independently in 1872, although 
nothing was known of its structure. This compound 
was investigated in more detail by Fialkov and 
Kuz’menko 3,4 who prepared it from a mixture of 
PC13 and bromine containing 57.42 mol % of 
PC13.3 The material was recrystallized from Ccl4 
and dried in a current of C02, giving orange-red 
crystals of the product. The compound was 
reported not to conduct in the solid state, but to be a 
good conductor when molten. 3 It was subsequently 
shown to be an electrical conductor in polar sol- 
vents such as PhN02 or MeCN, but a non-con- 
ductor in C6Hs, Ccl, or CS2.4 The authors sug- 
gested the formulation [PCl,Br]+[Br(Br,),]- for this 
and a related series of compounds, with n = 1 for 
PBr4C13. 4 The compound was later prepared by 
reaction of 40.5 mol % PBr, and 59.5 mol % PCl, 
at 313-323 K, according to eq. (l), or by a 3 : 2 
reaction between PC15 and PBr3, eq. (2).5 

6PC1,+4PBr5 + 5PBr4C13+5PC13 (1) 

6PC1,+4PBr3 + 3PBr4C13+7PC13. (2) 

Popov et al. were unable to reproduce the prep- 
aration from PCl, and Br, in the absence of 
solvent,3 obtaining from several attempts a material 
of composition between PCl,Br,,, and PC13Br5.7.6 
Their product lost bromine rapidly to give a 
yellow powder of composition PC14.67Br0.33, or 
P 1 2C156Br4, which appeared from physical measure- 
ments to be a true compound rather than a 

* Author to whom correspondence should be addressed. 

mixture.6 Harris and Payne were also unable to 
reproduce this preparation,3 obtaining materials 
which analysed approximately as PC13Br7 * Ccl4 
and PC13Br7.2CC14.7 These solids lost Ccl4 and Brz 
on heating, and the possibility of their being Ccl, 
solvates of members of the PC13 - nBr, series4 could 
not be excluded. The only proposal for the structure 
of PBr4C13 was thus [PC13Br]+Br;,4 and there have 
been no subsequent studies on this compound. We 
now report the results of an investigation by spec- 
troscopic techniques into its structure. 

RESULTS AND DISCUSSION 

In view of the difficulties reported6*7 in the direct 
preparation from PC13 and bromine, the compound 
was prepared from PCls and PBr, in CC14.’ The 
precipitate which formed was separated and dried 
in vacua. The product analysed approximately as 

PC12.5gBr4.21, the discrepancies probably being due 
largely to experimental error, although a small 
amount of hydrolysis cannot be discounted. There 
seems little doubt, however, that the main con- 
stituent is PBr,Cl,, and this was confirmed by the 
spectroscopic measurements. 

The 3 ‘P NMR solution spectrum was recorded 
in 25 oleum, which has been shown by previous 
work in this group to be an excellent solvent for 
species containing simple or mixed halogeno- 
phosphonium ions. lo A strong resonance at -85 
ppm was discerned, readily assigned to the 
PBr: ion. ‘O A very weak sig nal from PBr,(OH)+ 
(in equilibrium with unprotonated POBr3)11 was 
also apparent at - 64 ppm, consistent with the pres- 
ence of a small amount of hydrolysis. There was 
no evidence, however, for the formation of mixed 
bromochlorophosphonium ions such as PCl,Br+, 
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the chemical shifts of which are known,‘0v’2 as sug- 
gested by Fialkov and Kuz’menko.4 This result 
strongly suggests that the compound should be for- 
mulated as PBr:Cl;. Confirmation was provided 
by the Raman spectrum of the solid, which showed 
in addition to strong bands for the PBr: ion’3-18 a 
weak band at 267 cm-‘, very similar to the fre- 
quency reported (268 cm- ‘) for the trichloride ion 
in tetraalkylammonium salts. l9 Hence the ideal 
structure for the compound PBr4C13 appears to be 
PBr:Cl;, with any deviations from this com- 
position possibly being due to the presence of free 
halide rather than trichloride as the counter-ion. 
The structure may well be similar to that of PBr,, 
which has been shown by X-ray crystallography to 
have the ionic composition PBr:Br,.” 

It is of interest in this connection that Gabes et 

al. prepared the compound PBr,Cl, and showed by 
Raman spectroscopy and powder X-ray work that 
it has the structure PBr:Cl-.18 Their compound 
was prepared by recrystallizing from CS2 the red- 
brown precipitate obtained from a 4 : 3 reaction of 
PC15 and PBrS, and then carefully exposing this 
product to vacuum for several weeks until a yellow 
powder was left. The product PBr:CI- was shown 
to be isomorphous with PBrS(PBr.$Br-).‘8 It is thus 
quite possible that their initial red-brown pre- 
cipitate contained PBr:Cl,, with loss of Cl2 in 
uacuo from the unstable trichloride ion leading to 
the formation of PBr4Cl. The mixed phosphorus(V) 
halide PBrJCI has also been prepared from reac- 
tion of PBrs with ICI, and shown by Raman spec- 
troscopy to have the structure PBr4+BrICIl.16 The 
structure PBr$IBr; suggested for PBr61, prepared 
by reaction of either PBr, (1 : 3) or PBrS (1 : 1) with 
IBr,21 has similarly been confirmed by solid state 
3’P NMR spectroscopy.22 PBr:Cl; is thus one 
member of a series of derivatives of the PBr: cation, 
with either trihalide or single halide as the 
counter-ion. 

EXPERIMENTAL 

The compound was prepared from PC15 and PBr3 
in CC&, as described by Kuz’menko. 5 (Found : P, 
6.92; Cl, 20.5; Br, 75.2. PBr,C13 requires: P, 6.78; 
Cl, 23.3 ; Br, 70.0%. The analyses correspond 
approximately to the composition PC12.59Br4.21.) 
31P NMR and Raman spectra were recorded as 
described in previous papers. 9, ’ ls3 3 ‘P chemical 
shifts are measured relative to external H3P04, with 

the downfield (higher frequency) direction taken as 
positive. 
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Table 1. Important IR band positions (in cm-‘) and their assignments (in KBr and CsI pellets) 
of (I), (2) and (3) 

lRu,CI&ISO),,l 
2 3 

mer-[RuC13(DMSO),] fat-lRuCl@MSO),] Assignments 

1427m 
> 

1433-141Om-s 
1410m 

1317m 1320m 

1298m 1295~ 

1llOm 1113m 
1093m 

1028m 1032s 
1019m 1015m 

1427m 
1413m 
1404m 

1315m 

1295m 

1llOsh 
1087s 
1065m 

&(CW 

&(CW 

&(CH) 

YkO 
(S-bonded) 

1037w 
1022m 

981~s - 

985m 
950m > 

936~ 975m 

891~s 

723~ 
683~ 

504m 

43Om-w 

376~ 

335s 

249m-w 

- 

725~ 
683~ > 

471br, w 

421m-w 

380~ 

340vs 
326s 
313m I- 

288m 

- 

725~ 
680w 

- 

422s 

385m 

343s 
319s > 

279m 
- 

~r0-V 

VS=O 
(O-bonded) 

P,(CH) 

VM 
(O-bonded) 

v,(CS) 

VRU-O 

vRu-S 
ucw 
&(CW 

VRu-CI 

vRu-C1 

(Bridging) 

v, stretching ; v,, assymmetric stretching; 6, deformation; ad, degenerate deformation ; pr, 
rocking; a,, assymmetric deformation. 

tronic absorption spectra were recorded in solution 
on Beckmann 26 and Cary 2300 spectro- 
photometers in the ranges 800-200 and 120s 
200 MI, respectively. The results are given in Table 
2. Magnetic susceptibility measurements were car- 
ried out using a Faraday balance or a Vibrating 
Sample Magnetometer EG & G PARC at room 
temperature (25°C). The ESR spectra were rec- 
orded at room and liquid nitrogen temperatures 
using a Varian E 104 spectrometer. ESR spectra are 
given in Table 3. ‘H NMR spectra were recorded 
on a Varian EM 390, 90 MHz spectrometer, in 
deuterated solvent. Conductivity measurements 
were made on a Systronic Conductivity meter 304 
with millimolar solutions in acetonitrile and chloro- 
form. All the melting points are uncorrected. 

Preparation of[Ru,Cl,(DMSO),] (1) 

Method A. Dimethylsulphoxide (1.5 cm3) was 
added to hydrated ruthenium trichloride (0.25 g, 1 
mmol) and warmed on a water bath (15-20 min) to 
get a clear dark red solution. The solution was 
cooled to room temperature and acetone was added 
with stirring and a brownish-red coloured com- 
pound precipitated out. It was centrifuged and 
washed 2-3 times with acetone and dried in vacua. 
Yield, 0.3 g, 75%. This was analysed for [Ru#& 
(DMWd. 

Method B. Compound (1) could also be obtained 
by precipitation of hydrated ruthenium trichloride 
solution in dimethylsulphoxide (at room tem- 
perature) with acetone. 



Complexes of ruthenium(II1) with dimethylsulphoxide-I 

Table 2. Important IR and electronic absorption bands of ruthenium(II1) complexes containing 
DMSO 

1729 

Compound 
IR bands 

(cm-‘) 

Electronic absorption bands 
in mn (E) 

CH&N CHC& 

[Ru,Q(DMW.,l - 455 (11,800) 457 (10,400) 
390 (10,300) 380 (10,600) 

mer-[RuClJDMSO),] - 416 (2900) 435 (2600) 
385 (3200) 380 (2900) 

fat-[RuCl,(DMSO),] - 468 (140) - 

405 (585) 

[R~CWY),(DMSG)I 1105s, 1090sh, 1065m, 465 (700) 470 (740) 
(Yellow) 1015m*, 423m, 345m, 406 (2200) 408 (2,450) 

330m 

[R~C~&Y)~(DMSD)I 1105s, 109Os, 1065s, - 620 (220) 
(Green) 1015m-s, 426m, 38Om, 470 (930) 

351m, 330m 405 (1620) 
[RuCl,(phen)@MSO)] 109Om-s, 423m, 39Om, 404 (3580) 404 (4060) 

(Brown) 323m, 254m 395 (3770) 395 (4130) 
[RuCl,(phen)(DMSO)] 109Om-s, 43Om, 343m, - 405 (4070) 

(Orange) 285m 395 (4280) 
[RuCl,(CH,CN),(DMSO)] 2315w, 228Om, 1110s - 

109Os, 102Os, 331m 
[RuCl,(bipy)(DMSO)] lllOs, 1015m, 42Om, 321m 408 (5140) 404 (3530) 

404 (4540) 395 (3700) 
[Ru(acac)(DMSO)#&J 157Om-s, 1510m, 1090s 560 (50) - 

Table 3. ESR spectra of some ruthenium(II1) complexes 

Serial number Compound g Values 

1 

2 

3 

4 
5 

6 

7 
8 

9 

PWXDMWJ 
(1) 

[RuC&(DMSO)~] 

(2) 
[RuCWMSW 

(3) 
[RuCl,(CS,)(pPh&l 
[R~CUPY),(DMSG)I 

(Yellow) 

[R~CU.PY),(DMSG)I 
(Green) 

[RuCl,(bipy)(DMSO)] 
[RuCl,(phen)(DMSO)] 

(Orange) 
[RuCl,(phen)(DMSO)] 

(Brown) 

2.37, 2.14, 1.88” 

2.41, 2.26, 1.88“ 

2.42, 1.92“, 2.40, 1.91’ 

2.40, 2.16, 1.81”, 2.25” 
2.25”, 2.5, 2.0, 1.8 

2.21”, 2.5,2.0, 1.8 

2.23” 
2.5,2.12’= 

2.27“ 

‘At room temperature in powder form. 
b At liquid N, temperature in powder form. 
‘At liquid N2 temperature of frozen CHCIB solution. 
All the room temperature spectra which show only one signal are broad. Two g’values 

for (3) and three g values for (2) suggest facial and meridional structures with CsO and 
Cb symmetries, respectively.22 
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Preparation of mer-[RuCl,(DMSO),], dark orange 

(2) 
RESULTS AND DISCUSSION 

Method A. Concentrated HCl(5 cm3) was added 
to a solution of hydrated ruthenium trichloride 
(0.25 g, 1 mmol) in dimethylsulphoxide (1.5 cm’). 
The mixture was refluxed on an oil bath (130- 
140°C) for 14 h and cooled to room temperature 
when the compound separated out. This was cen- 
trifuged and carefully washed twice with a very 
small amount (0.1-0.2 cm3) of ice-cold acetone (ace- 
tone soluble) and dried in vucuo. Yield, 0.33 g, 80%. 
The compound was analysed for [RuC~~(DMSO)~]. 

Complexes of Ru(II1) with chloride and DMSO 

Method B. If the reaction mixture of method A 
was heated on a water bath for about 4 h instead 
of refluxing on an oil bath and cooled, (2) separated 
out. 

Preparation of fac-[RuC13(DMS0)3], yellow (3) 

Method A. Concentrated HCl(5 cm3) was added 
to a solution of hydrated ruthenium trichloride 
(0.25 g, 1 mmol) in dimethylsulphoxide (1.5 cm3). 
The mixture was heated (- 85C) for 30 min and 
the solution was concentrated to 1 cm3 by heating at 
cu 85°C and then cooled overnight at 10°C. Yellow 
needle-like crystals separated out. These were con- 
centrated, washed 2-3 times with.acetone and dried 
in vucuo. Yield, 0.33 g, 80%. The compound was 
analysed for [RuCI~(DMSO)~]. 

Method B. (3) in powder form could be pre- 
cipitated out by the addition of acetone with con- 
stant stirring to the concentrated solution (1 cm’) 
obtained from the reaction as in method A above. 

Method C. The mother liquor, obtained after 
removing (2), upon concentration on a water bath 
to about 1 cm3 and on the addition of acetone at ice- 
cold temperature with continuous stirring yielded a 
small quantity of (3). 

The only ruthenium(II1) complex containing 
chloride and dimethylsulphoxide groups, viz. 
[RuCI,(DMSO)~] was first reported from Wil- 
kinson’s group,6 using the blue solution of ruthen- 
ium(I1). However, they2 later reported the unre- 
peatability of the reaction. Much later, Antonov 
et al7 also reported its preparation. We have 
been able to synthesize two isomers of the formula 
[RuCl,(DMSO),], and another compound of the 
formula [Ru,Cl,(DMSO),]. We attempted to pre- 
pare [RuC13(DMS0)J according to Antonov’s 
method but obtained [Ru,Cl,(DMSO)J only. In 
fact a closer look at the preparative method of 
Antonov and compound (1) from our method show 
a close similarity. Normally a reaction carried out 
at higher temperatures (i.e. refluxing of DMSO) 
even for a short period (5 min) without using con- 
centrated HCl gives rise to the ruthenium(I1) 
complex, viz. [RuC1,(DMS0)J2 When the reaction 
was carried out at a lower temperature (water bath 
temperature, 70-8O”C), the ruthenium(II1) complex 
with dimethylsulphoxide, viz. [Ru,Cl,(DMSO),] 
was obtained by us. However, if the reaction was 
carried out in the presence of cont. HCl, two iso- 
mers of the composition [RuC~~(DMSO)~] are 
obtained. If the reaction was carried out at high tem- 
peratures (heating in an oil bath, 13&14OC) for 11 h 
or at low temperatures (water bath temperature) 
for 4 h an orange red isomer (2) was produced, 
whereas the reaction at water bath temperature for 
about 30 min gave a yellow isomer (3). 

Reactions of [Ru,Cl,(DMSO),] (l), mer- 
[RuCI,(DMSO)~], orange isomer (2), and fac- 
[RuCl,(DMSO),], yellow isomer (3) with various 

ligunds. General method of reactions 

The analytical data (Table 2) of (l), (2) and (3) 
conform to the compositions [Ru2C16(DMSO)& 
[RuC~~(DMSO)~] and [RuCl,(DMSO),], respec- 
tively. The conductivity measurements of these 
complexes in acetonitrile and nitrobenzene show 
molar conductance values of the order 7-14 a-’ 
cm2 mol-’ which conform to the covalent nature of 
the chloro groups bonded to ruthenium. Con- 
ductivity measurements in water show very high 
values due to the decomposition of the complexes. 

Compound (l), (2) or (3) (0.2 g) was dissolved in The IR spectra of compounds (l), (2) and (3) 
a solvent (20 cm3), to which a solution of the ligand, throw light on the nature of coordination of DMSO 
L, in the solvent (5-10 cm3) was added. The reaction with ruthenium. Important IR bands are given in 
mixture was stirred at room temperature, or heated Table 1 with their most plausible assignments. 
to a higher temperature, for a few hours. A com- Compound (1) shows absorption bands at 891 and 
pound separated or was precipitated out with 1120 cm-’ assigned to vs_+ (O-bonded) and vs+ 
diethyl ether or petroleum ether after concentrating (S-bonded) DMSO groups, respectively.2p7*” 
the mother liquor. It was washed successively with Absorptions at 504 and 430 cm-’ could be assigned 
the solvent and diethyl ether and dried in vucuo. to v&o and vnU_s, respectively due to O-bonded 
Specific reaction conditions for each ligand and the and S-bonded DMSO.‘*-‘S Finally a strong band at 
compounds are given in Table 4. 335 cm-’ could be due to vnU-_C1 (terminal) and at 
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Table 4. Conditions for the reactions of 1,2 and 3 with various ligands 
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Reaction Composition of 
Compounds Ligand Molar ratio temp. “C Method of the product 

reacted L Solvent Comp : Ligand (time) isolation (colour) 

I, 273 

1 

3 

I, 3 

1 

273 

PI%, CH30H l:l, 1:2,1:3 
AsPh, or 1:6 

PY CH30H 1:lO 

R.T. (1 h) (a) [RuC13L2(CH,0H)] 
(Green) 

IR~C~&Y),(DMSO)I 
(Green) 

]R~C~,~Y)Z(DMSO)I 
(Yellow) 

]RuCl,(~~)41 
(Yellow) 

[RuCl,(phen)(DMSO)] 
(Brown) 

[RuCl,(phen)(DMSO)] 
(Orange) 

[RuCl,(bipy)(DMSO)] 
(Orange) 

[RuCl,(PDA)( DMSO)J 
(Orange) 

[RuCl,(acac)(DMSO)J 
(Light brown) 

[RuCl,(CH,CN)(DMSO)] 
(Orange) 

]Ru(dtc),l 
(Dark brown) 

]Ru(abt)J 
(Violet) 

]RuCl,(C&)(PPh&l 
(Dark brown) 

R.T. (4 h) (b) 

PY CH,OH 1:lO R.T. (4 h) (a) 

70-80 (2 h) (a) PY CH,OH 1:lO 

phen CH,OH I:1 R.T. or 
7&80 (2 h) 
R.T. or 
70-80 (2 h) 
R.T. (2 h) 

(a) 

(a) 

(a) 

phen CH,OH 1:l 

293 

293 

293 

I, 2, 3 

I, 293 

I, 293 

293 

him CH30H I:1 

PDA C2H50H 1:l 80-85 (f h) (b) 

acacH” C~H,CHX 1:lO 12&130 (3 h) (c) 

CHJN CH$N 80-85 (4 h) (b) 

Na(dtc) CH,OH 1:3 

1:3 

1:2 

R.T. (2 h) (a) 

abt CH,OH 7&80 (: h) (a) 

PPh, CS2 40-50 (4 h) (d) 

0 Triethylamine (1 cm3) was also added. 
py = pyridine ; phen = I,lO-phenanthroline ; bipy = 2,2’-bipyridyl ; PDA = o-phenylenediamine ; acacH = 
acetylacetone ; dtc = diethyldithiocarbamate ; abt = o-aminobenzenethiolate ; R.T. = room temperature. 

(a) Compound separated after the reaction, washed with the solvent and ether. 
(b) Volume of the solution reduced to 5 cm3 and diethyl ether added to precipitate the compound. 
(c) Volume of the solution reduced to 5 cm3 and petroleum (80-100°C) ether added to precipitate the compound. 
(d) Volume of the solution reduced to 5 cm3 and cooled to room temperature when the compound separated out. 

249 cm-’ due to va”-_cl (bridging).16 On the basis figuration as in [RhCl,(DMSO)3].‘7 Compound (3) 
of the IR spectrum we may infer that DMSO mol- seems to be a purely S-bonded isomer, where no 
ecules in compound (1) are both 0- and S-bonded strong absorptions between 1000 and 850 cm-’ are 
and that dimerization may take place through chlo- observed, thereby showing the absence of vsd (O- 
ro-bridges. In compound (2) the bands at 1113 and bonded). Bands around 1100 cm-’ are assigned to 
1093 cm-’ of medium intensity may be due to vs._._ V~ (S-bonded) and a band at 422 cm-’ is due to 
(S-bonded), and a very strong band at 981 cn-* vRu--S~ 12-*5 In fact, the IR spectral data of (3) have an 
due to VS_-_O (O-bonded).‘*” vRU-_O and vRu_s are exact resemblance to that of j?IMe2H2][RuC13 
also observed at 471 and 421 cn-‘, respectively.‘2-15 (DMSO),]- reported by McMillan et al. ” The 
Comparing the intensities of bands at 981 cm-’ spectrum of this compound shows bands at 343 and 
and ca 1100 cm-’ it may be inferred that compound 3 19 err - ‘, which are assigned to vuu-_cI. The number 
(2) has two DMSO molecules which are O- and positions of vRU-_cI bands conform to the facial 
bonded and one which is S-bonded. Compound (2) configuration of the complex,” as in the case offac- 
shows bands at 340, 326 and 3 13 cm-‘, which could [R~Cl~(py)&~ The IR spectra of compounds (l), 
be assigned to rR,,-_Ci_ The number of vu,,-_cI bands (2) and (3) in acetonitrile solution are similar to that 
in the spectrum corresponds to a meridional con- in the solid state (KBr or CsI medium). There is a 
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Table 5. Some physical and analytical data of new ruthenium(II1) complexes 

Compound M.P. 
(colour) (“C) 

~Ru~Q(DMW,I 160-165 
(Brownish red) 

mer-[RuCl,(DMSO),] 135-140 
(Dark orange) 

fat-[RuCl,(DMSO),] 145-150 
(Yellow) 

[R~WPYMDMWI 22&225 
(Yellow) 

]R~C~,~Y)Z(DMSG)I 240 
(Green) 

[RuCl,(phen)(DMSO)] > 240 
(Orange) 

[RuCl,(bipy)(DMSO)] > 250 
(Orange) 

[Ru(acac)(DMSO),Cld 215-220 
(Light brown) 

(RuCl,(CS,)(PPh,M 18&185 
(Dark brown) 

[Ru(abt),l - 
(Violet) 

a Calculated values are in parentheses. 
b In acetonitrile. 
’ Decomposes. 
d In chloroform. 
‘Ref. 26. 

pcff at 
R.T. (BM) 

1.1 

1.9 

1.7 

- 

1.8 

- 

1.8 

A, Analysis” (%) 
(a-’ cm’ mol-‘) C H N Cl 

76 13.2 3.4 - 28.7 
(13.2) (3.3) (29.3) 

146 16.6 4.3 - 24.0 
(16.3) (4.1) (24.1) 

8b 16.6 4.2 - 24.6 
(16.3) (4.1) (24.1) 

36 32.8 4.1 6.0 - 
(32.5) (3.6) (6.3) 

206 32.2 3.9 6.1 - 
(32.5) (3.6) (6.3) 

3d 36.2 2.9 5.9 - 
(36.1) (3.0) (6.0) 

6’ 32.2 3.2 6.3 - 
(32.6) (3.2) (6.3) 

36 25.6 4.8 - - 
(25.3) (4.4) 

- 55.2 4.0 - - 
(54.9) (3.7) 

5d 46.0 4.2 8.8 - 
(45.3) (4.4) (8.8) 

slight deviation (10-20 cm-‘) of the bands due to 
vso in acetonitrile solution. 

Room temperature magnetic moment values of 
compounds (2) and (3) agree with the low spin 
ruthenium(II1) dS system.” The low value of ,ueff for 
[Ru2C16(DMSO),] may be due to a weak anti- 
ferromagnetic interaction of the two ruthenium(II1) 
ions through the bridging chloro groups.2’ Elec- 
tronic and ESR spectra of(l), (2) and (3) are pre- 
sented in Tables 2 and 3, respectively. 

Reaction of [Ru,Cl,(DMSO),] (l), mer-[RuCl, 
(DMSO),] (2) and fat-[RuCl,(DMSO),] (3) 

Compounds (l), (2) and (3) are soluble in most 
of the organic solvents, viz. methanol, ethanol, ace- 
to&rile and chloroform. Compound (2) is soluble 
in acetone and benzene also. Hence, these com- 
pounds are suitable for carrying out exchange reac- 
tions with other ligands in neutral type organic sol- 
vents. In water, however, these complexes 
dissociate. 

The reactions of (l), (2) and (3) with various 
donor ligands can be divided into three categories, 
viz. (i) where complete substitution of DMSO mol- 

ecules takes place, (ii) where only one DMSO mol- 
ecule is coordinated, and (iii) where two DMSO 
molecules are coordinated. The complete or partial 
substitution of coordinated DMSO molecules 
depends on the reaction conditions and the nature 
of the coordinating molecules, which can be gener- 
alized in the following paragraph. 

In general, complete substitution of coordinated 
DMSO molecules takes place, either when the. 
incoming ligand is more strongly coordinating than 
DMSO or when the reaction is carried out at a 
higher temperature, generally under refluxing con- 
ditions of the solvent. Examples of complete sub- 
stitution of the DMSO molecules due to the 
stronger coordinating ability of the ligand is found 
in the cases of P, As or S donor ligands at room 
temperature and under refluxing conditions of the 
solvent. Complete substitution of DMSO takes 
place even in the cases where there is a nitrogen 
donor ligand or a nitrogen and sulphur donor 
chelate, under refluxing conditions of the solvent. 
Compounds containing one or two DMSO mol- 
ecules are generally obtained when nitrogen or oxy- 
gen donor ligands are treated with (l), (2) or (3) at 
room temperature conditions. However, in some 
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cases such compounds are obtained under refluxing 
conditions of the solvent also. 

Phosphorus, arsenic and sulphur donor ligands 

Reactions of (l), (2) or (3) with tri- 
phenylphosphine or triphenylarsine in varying 
molar ratios (from 1: 1 to 1 : 6, complex : PPh3 or 
AsPh,) at room temperature or under methanol 
refluxing conditions resulted in the formation 
of [RuC13(MPh&(CH30H)] (M = P or As) 
complexes, which are well characterized and 
reported by Stephenson and Wilkinson.23 This is 
due to the stronger coordinating abilities of PPh3 
and AsPh, compared to DMSO. Even when the 
complex: Mph3 ratio was varied, in all the cases 
only [RuC13(MPh3),(CH30H)] was obtained and 
this signified that it is probably the most stable 
Run’ compound with chloro and Mph3 groups in a 
methanol medium. 

Reactions of(l), (2) or (3) with the sodium salt 
of diethyldithiocarbamate at room temperature 
conditions yielded [Ru(Et,NCS),] which is obtained 
by the complete substitution of both chloro and 
DMSO groups from these complexes. The product 
[Ru(Et,NCS,),] is well characterized and has been 
studied earlier.24~25 Reaction of compound (2) or (3) 
with carbon disulphide under refluxing conditions 
did not undergo substitution of DMSO by a thio- 
carbonyl group or by carbon disulphide, instead 
the starting materials were recovered. However, 
when a reaction of (2) or (3) with carbon disulphide 
was carried out in the presence of tri- 
phenylphosphine under refluxing conditions, a dark 
brown coloured compound separated out which 
was analysed for [RuC13(PPh3)2(CS2)]. This com- 
pound is the same as that reported by Ruiz et a1.26 
from the reaction of [RuC13(PPh3),(CH30H)] with 
carbon disulphide. Besides all the bands due to tri- 
phenylphosphine, it showed an absorption band at 
1505 cm-‘, assigned to a linearly bonded carbon 
disulphide group and another band at 332 cm-’ 
assigned to vR”-_Ci. 26 The magnetic moment of the 
compound, measured at room temperature 
(petT = 1.8 BM), confirms its behaviour as a low-spin 
d’, ruthenium(II1) complex. 

Reactions of (l), (2) or (3) with o-amino- 
benzenethiol under refluxing methanol conditions 
gave a completely substituted (both chloro and 
DMSO groups) compound, viz. ruthenium(o- 
aminobenzenethiol),. Here, complete substitution 
may be due to the stronger coordinating ability of 
the sulphur atom. The IR spectrum of the complex 
in the region 1 lO&lOOO cn- ’ shows two weak bands 
which are due to o-aminobenzenethiol and no 
characteristic band due to O-bonded DMSO is 

observed between 100&900 cm-‘. This complex 
could also be prepared by the direct reaction of 
ruthenium trichloride with o-aminobenzenethiol in 
a suitable solvent. 

Oxygen donor ligandr 

Reactions of compound (2) or (3) with acetyl- 
acetone in a weakly basic medium in refluxing tolu- 
ene gave a compound with the composition, 
[RuCl,(acac)(DMSO)J The IR spectrum shows 
two strong bands at 1570 and 1510 cm-’ which 
could be assigned to vco of the O-bonded type chel- 
ating acetylacetonato groups.16 The presence of 
DMSO molecules is characterized by a very strong 
band at 1090 cn-‘. It is evidently due to S-bonded 
DMSO groups. There is no other band in the region 
1000-900 cm-’ confirming the absence of any O- 
bonded DMSO groups. The IR spectra of the com- 
pounds obtained from the reactions of (2) and (3) 
with acetylacetone are superimposable, thereby 
confirming that the products obtained from the two 
isomers, viz. (2) having mostly O-bonded DMSO 
groups and (3) having S-bonded DMSO groups, 
are one and the same. From the above reactions we 
may infer that the coordinating behaviour of 
DMSO in the products depends on the incoming 
ligand and not on the starting compounds. The non- 
conducting behaviour of the complex in acetonitrile 
confirms the formula [RuCl,(acac)(DMSO),], 
where chloro groups are covalently bonded. Reac- 
tions of (l), (2) and (3) were carried out with tri- 
phenylphosphine oxide and triphenylarsine oxide 
separately under room temperature and refluxing 
methanol conditions. In both cases, no substitution 
of DMSO molecules took place and the starting 
materials were recovered. 

Nitrogen donor ligands 

(a) Pyridine. The products obtained from the 
reactions of(l), (2) or (3) with pyridine are depen- 
dent on the reaction conditions and in some cases 
on the starting compounds. Reactions of (1) and 
(3), with pyridine at room temperature conditions 
gave different products in each case whereas 
reactions of compounds (l), (2) and (3) with 
pyridine under refluxing conditions of methanol 
for 2 h gave [RuCl,(py),]. Reactions of pyridine 
with other compounds viz. RuC12(PPh3)3 or 
[RuC12(MPh3),(CH30H)] (M = P or As) under 
similar conditions are reported to give 
[R~Clz(py)4].*~ Here, in addition to the complete 
substitution of DMSO molecules by pyridine, 
reduction of ruthenium(II1) to ruthenium(I1) occurs 
as well. [RuCl,(py),], obtained as above, has trans- 
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geometry which is reflected by the far-IR and ‘H 
NMR spectra. The ‘H NMR spectrum shows a 
doublet at 6 8.6, and two triplets at 6 7.64 and 
7.08, which is similar to that reported for truns- 
[R~Cl,(py)~].‘~ The far-IR spectrum is superimpos- 
able onto the reported one.27 

Reactions of compounds (1) and (3) with pyridine 
at room temperature yielded products which con- 
form to the composition [RuCl,(py),(DMSO)]. The 
product from compound (1) is a green isomer 
whereas the one from (3), is yellow. The very 
low conductivity values show covalent bonding of 
chlorides. The IR spectra of both compounds show 
strong bands around 1100 cm-* which could be 
assigned to vs_+ of the S-bonded DMSO group. A 
band at 1065 cm-’ could be due to pyridine or a 
combination of pyridine and DMSO bands. There 
was no strong band in the region 1000-900 cm- ‘, 
characteristic of O-bonded DMSO groups. A band 
at 1015 cm-’ could be assigned to p, CH of the 
DMSO group.’ Characteristic bands due to coor- 
dinated pyridine groups were observed in both the 
complexes. The IR spectrum of the green and yellow 
isomers shows bands at 426 and 423 cm- ‘, respec- 
tively, which can be assigned to v&,-s of the S- 
bonded DMSO groups. Further, the green isomer 
shows three bands at 380,351 and 330 cm-’ which 
may be assigned to vRU-_C1. The presence of three 
absorption bands for vRU___C1 indicates that two 
chloro groups in the complex are arranged in the 
trans-position and the third one is cis to these, as in 
the case of the mer-isomer of [MX,L,] type 
systems.18 The yellow isomer has two absorptions 
at 345 and 330 cm-’ assignable to vRU-_Ct. The pres- 
ence of two absorption bands for v&__cr is indica- 
tive that the three chlorides in the complex are 
arranged in the cis form as in the case of thefac- 
isomer of a [MX3L3] species.‘* 

(b) 2,2’-Bipyridyl. A reaction of (2) or (3) with 
2,2’-bipyridyl (bipy) at room temperature resulted 
in the partial substitution of DMSO molecules with 
the formation of [RuCl,(bipy)(DMSO)]. Both 
[RuCl,(bipy)(DMSO)] compounds obtained from 
(2) and (3) are identical and their IR spectra are 
superimposable. The compound is a non-electro- 
lyte. The IR spectrum of the compound shows a 
strong band at 1110 cm-’ which can be assigned to 
vs--o of the S-bonded DMSO groups and a band 
at 1015 cm-’ due to pr CH of the DMSO molecule. 
In addition, all the characteristic absorption bands 
due to bipyridine are present. However, no bands 
of appreciable intensity in the region 1000-900 
cm-’ are present confirming the absence of O- 
bonded DMSO groups. A spectrum in the far-IR 
region shows bands at 420 and 321 cm- ’ which 
could be assigned to vRU_s and vRU_ct, IESpCCtiVdy. 

An IR spectrum confirms the presence of the S- 
bonded DMSO molecule. 

(c) 1,l O-Phenunthroline. The products obtained 
from the reaction of compound (1) with 1, lo-phen- 
anthroline (phen) at room temperature and under 
methanol refluxing conditions have the same com- 
position [RuCl,(phen)(DMSO)] and are both 
brown. The products obtained from the reaction 
of compound (2) or (3) with phen under similar 
conditions also have the same colour (orange-yel- 
low) and composition [RuCl,(phen)(DMSO)]. The 
brown and orange-yellow compounds may be iso- 
mers. The non-ionic nature of the compounds is 
confirmed by conductivity measurements. IR spec- 
tra of both the compounds show strong bands 
around 1090 cm-’ which could be assigned to V~ 
of the S-bonded DMSO molecule. In the far-IR 
region, the brown compound shows absorptions at 
423,390,323 and 254 cm-‘. The former band may 
be due to vR”__s whereas the latter ones are probably 
due t0 VR”-_c]. The orange-yellow compound shows 
absorptions at 430, 343 and 285 cm-‘. Here again, 
the absorption at 430 cm-’ could be due to va”_s 
whereas the bands at 343 and 285 cm-’ may be due 
to vnU_cl. The presence of three absorption bands 
due to vR,,-_cI in the case of the brown compound may 
be assigned to a structure where two of the chloro 
groups are trans to each other and the third one is 
cis to them, and the presence of two absorption 
bands due to vRU+-] in the case of the orange-yellow 
compound may be due to the presence of all three 
chloro groups being in the cis position.18 (Similar 
to the green and yellow isomers of [RuCl,(py), 
(DMSO)].) The magnetic moment of the orange- 
yellow compound in powder form at room tem- 
perature has peK = 1.9 BM, a value expected for 
low-spin d5 ruthenium(II1) complexes. 

(d) o-Phenylenediamine. Reaction of (2) or (3) 
with o-phenylenediamine (PDA), under refluxing 
conditions of methanol gave an orange compound 
having the composition, [RuCl,(PDA)(DMSO)J. It 
is diamagnetic and has IR absorptions at 1065 
cm-‘, assignable to vs--_o of the S-bonded type 
DMSO. This compound is reported by Evans et aI* 
by the reaction of PDA with RuCl,(DMSO),. 

(e) Acetonitrile. Reaction of (l), (2) or (3) with 
acetonitrile (as solvent) under refluxing conditions 
gave in all cases a compound of the composition, 
[RuCl,(CH,CN),(DMSO)]. The products obtained 
from all these compounds were the same and were 
confirmed by superimposable IR and visible 
spectra, melting points and the analytical data. 
Here, complete substitution of the DMSO mol- 
ecules does not take place probably because of the 
weak coordinating ability of acetonitrile compared 
to DMSO. The conductivity measurements of the 
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complex show very low conductance values, thereby 
confirming the presence of all covalently bonded 
chloro groups. IR absorption bands at 2315 and 
2280 cm-’ could be assigned to vcN of the coor- 
dinated CH$N molecules preferably in the cis 
position.28 Two bands around 1100 cm- ’ can be 
assigned to vW of the S-bonded DMSO group. 
There are no bands of appreciable intensity in the 
region 100&900 cm-’ which may be due to O- 
bonded DMSO, but a band at 331 cm-’ is observed, 
which could be assigned to vRU-_C1 in the complex. 
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Abstract-The ruthenium(II1) and -(II) complexes [RuBr3(MeZSO)3] and [RuBr,(Me,SO),] 
have been synthesized and characterized using physical methods. [RuBr,(Me,SO)3] is the 
first example of a ruthenium complex where all three Me,SO molecules are O-bonded 
whereas RuBr2(Me2SO)3 has all Me,SO molecules S-bonded. Reactions of RuBr3(MezS0)3 
with various monodentate and bidentate ligands containing S, P, As, N and O-donor atoms 
have been carried out leading to partial or complete substitution of the Me,SO molecules. 

A ruthenium(I1) chloride complex with dime- 
thylsuphoxide (Me,SO), viz. [RuCl,(Me2SO),] has 
been studied for its physical and chemical behav- 
iour. It has been used as a precursor for the syn- 
thesis of many Ru(I1) complexes.‘-’ Similar work 

ruthenium(II1) complexes, ’ [RuC13 
;)ie,SO),] and [Ru,Cl,(Me,SO)4] hz’also been 
attempted. 2*6-8 In comparison to the chloride com- 
plexes mentioned above, work on their bromide ana- 
logues is relatively sparse and only [RuBr, 
(Me2S0)4] is known. ‘+i’ No report is available 
on Ru(II1) complexes with bromide and Me$O 
groups. [RuBr,(Me,SO)4] has been used as a pre- 
cursor for the synthesis of some Ru(I1) bromide 
compounds of the type, [RuBr,(Me2S0)3L] (L = 
PPh3, PBu3, P(OBu),, AsPhJ, [RuBr,(Me,SO)2 
(diphos)] and [RuBr2L4] (L = py or CH3CN).‘* 

The synthesis of complexes containing bromide 
as one of their ligands involves one of the following 
methods : (i) preparation of RuBr3 from ruthenium 
oxide and treating with the ligand;‘,” (ii) gene- 
rating RuBr, in situ using RuC13 and LiBr/HBr 
and treating with the ligand ; ’ 3-1 5 (iii) metathesis of 
the chloride to bromide using KBr/HBr ’ cl’ or (iv) 
substitution of a ligand L in a bromide complex 
viz. [RuBr3L2(MeOH)] or [RuBr,L,] (L = PPh3 or 
AsPh,) by other ligands.‘v*’ 

Out of the above mentioned four methods, 

* Author to whom correspondence should be addressed. 

methods (iii) and (iv) are the most frequently used. 
To substitute PPh3 or AsPh, completely by weak 
donor ligands in [RuBr,L,] or [RuBr,L*(MeOH)] 
(L = PPh3 or AsPh,) is not very successful. Hence, 
we have synthesized and characterized a complex, 
[RuBr3(Me2SO)3], which is used as a precursor for 
the synthesis of ruthenium(II1) bromide complexes 
by substituting Me,SO. Substitution of Me,SO in 
this complex may be partial or complete depending 
on the reaction conditions used. 

The new ruthenium(I1) complex RuBr2(Me,S0)3 
also reported here, could be used as a molecular 
oxygen oxidative catalyst *’ or as a precursor for the 
synthesis of ruthenium(I1) bromide complexes’ * as 
[RuBr,(Me,SO),]. 

EXPERIMENTAL 

All the solvents were distilled before use. 
Ruthenium trichloride trihydrate was obtained 
from AuroroMatthey Ltd, Calcutta. The analyses 
for bromides were carried out by standard 
methods** after decomposition with a KOH and 
KN03 mixture. Carbon, hydrogen and nitrogen 
analyses were obtained from the Regional Soph- 
isticated Instumentation Centre, C.D.R.I., 
Lucknow. Physical measurements viz. IR, W-vis. 
and ESR (room temperature and liquid nitrogen 
temperature) spectra, magnetic and conductivity 
measurements were carried out as reported earlier. ’ 

1737 
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(1) Preparation of RuBr,(Me,SO), 

Hydrated ruthenium trichloride (0.25 g, 1 mmol) 
was dissolved in concentrated HBr (5 cm3), to which 
LiBr (1 g) was added. The mixture was warmed on 
a water bath to get a clear solution. The solution 
was centrifuged and dimethylsulphoxide (1.5 cm’) 
was added to the clear solution and refluxed in an 
oil bath (13&14O”C) for 5 min (longer refluxation 
results in the separation of an insoluble compound). 
Dark violet crystals separated out. The product was 
cooled, centrifuged and the compound was washed 
2-3 times with water followed by ethanol and dried 
in ULZCUO. It was analysed for RuBr ,(Me,S0)3, yield : 
0.45 g (80%). 

(2) Preparation of RuBr2(Me2SO)X 

Hydrated ruthenium trichloride (0.25 g, 1 mmol) 
was dissolved in ethanol (20 cm3), to which LiBr (1 
g) was added and refluxed for 30 min. To the clear 
solution, dimethyl sulphoxide (1.5 cm’) was added 
and refluxed for another 2 h. The solution was 
concentrated to a small volume (5 cm3) on a water 
bath and cooled to 0°C. A yellow compound sep- 
arated out. The mother liquor, on concentration 
and on the addition of acetone gave further 
amounts of the yellow compound. The compound 
was washed 2-3 times with ethanol, then with ether 
and dried in ULICUO. It was analysed for 
RuBrs(MezSO)3, yield : 0.35 g (75%). 

Reaction of RuBr,(Me,SO), 

(i) With triphenylphosphine and triphenylarsine. 
To a solution of RuBr3(Me,S0)3 (0.3 g, 0.5 mmol) 
in ethanol (10 cm3), triphenylphosphine or tri- 
phenylarsine (0.4-0.5 g, 1.5 mmol) in ethanol (10 
cm’) was added and stirred at room temperature 
for 3 h. A dark purple compound separated out 
which was centrifuged, washed with a little ethanol 
and then with ether and dried in uacuo. The com- 
pound was analysed for [RuBr3(MPh3),(Me,SO)] 
(M = P or As). A reaction similar to the above 
was carried out but the solvent was refluxed and 
RuBr3(MPh3), (M = P or As) was obtained. 

(ii) With pyridine. (a) To a clear solution of 
RuBr,(Me,SO), (0.3 g) in toluene (10 cm3), pyri- 
dine (0.5 cm3) was added and stirred at room tem- 
perature for 1 h. The solution was cooled to 0°C 
for 2-3 h, when a violet compound separated out. It 
was centrifuged, washed with ether and dried in 
uucuo. The compound was analysed for [RuBr, 

(py)(MeW)J. 
(b) A reaction similar to (a) using methanol as 

the solvent was carried out but the solution was 

refluxed for 1 h. Light brown crystals separated out 
and were collected as in (a). These were analysed 
for [RuBrdw)31. 

(iii) With 2-methyl pyridine. 2-Methyl pyridine 
(0.5 cm’) was added to RuBr3(Me2SO)3 (0.3 g) and 
the mixture was warmed on a water bath for 30 min 
to get a clear solution. This was cooled and diethyl 
ether was added to precipitate a green compound 
which was centrifuged, washed with ether and dried 
in uucuo and was analysed for [RuBr3(C6H7N) 
(Me,SW. 

(iv) With 2,2’-bipyridyl (bipy). RuBr3(MezS0)3 
(0.3 g, 0.5 mmol) was dissolved in ethanol (20 cm3), 
to which 2,2’-bipyridyl(O.1 g, 0.6 mmol) was added 
and refluxed on a water bath for 10 min. The solu- 
tion was concentrated to a small volume (N 5 cm3) 
and a crystalline compound separated out. This was 
centrifuged, washed first with ethanol and then with 
diethyl ether and dried in uucuo and was analysed 
for [RuBr,(bipy)(Me$O)]. 

(v) With o-phenylenediumine (PDA). (a) To a 
clear solution of RuBr3(Me2S0)3 (0.3 g, 0.5 mmol) 
in toluene (10 cm3), o-phenylenediamine (0.12 g, 1 
mmol) was added. The mixture was warmed on a 
water bath for 10 min and a reddish brown com- 
pound separated, which was centrifuged, washed 
with an ethanol-ether mixture and dried in zxzcuo. 
This was analysed for [RuBr,(PDA)(Me,SO)2]. 

(b) A reaction similar to (a) was carried out by 
taking RuBr3(MezS0)3 and PDA in a molar ratio 
of 1: 1. A dark red compound separated out which 
was soluble in most of the organic solvents. This 
was washed carefully with a small quantity of etha- 
nol and dried in uacuo. It was analysed for 
[RuBrz(PDA),(MezSO),]Br. 

(vi) With sodium diethyl dithiocarbamate. (a) To 
a clear solution of RuBr3(Me2SO)3 (0.3 g, 0.5 
mmol) in toluene (15 cm3) sodium diethyl- 
dithiocarbamate (0.12 g, 0.5 mmol) was added and 
the mixture was refluxed on an oil bath for 30 min 
(110-l 15°C). The solution was cooled, centrifuged 
and concentrated to a small volume (N 5 cm3) on a 
water bath. Petroleum ether (60-100°C) was added 
and a brown complex precipitated. The mixture was 
cooled to 0°C for 6 h then centrifuged, washed 
with ether and dried in vacua. The compound was 
analysed for [Ru(Et2NCS2)(Me2S0)2Br2]. 

(b) A reaction similar to (a) was carried out by 
refluxing RuBr3(MezS0)3 and sodium diethyl- 
dithiocarbamate in the molar ratio 1 : 3 for 2 h. 
The compound obtained was analysed for 

[WEt,NCUI. 
(vii) With carbon disulphide and triphenyl- 

phosphine. To a clear solution of RuBr,(Me,S0)3 
(0.3 g, 0.5 mmol) in carbon disulphide (20 cm3), 
triphenylphosphine (0.4 g, 1.5 mmol) was added 
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and refluxed for 1 h. Dark reddish brown crystals 
separated which were cooled, centrifuged, washed 
with ether and dried in vacua. The compound was 
analysed for [RuBr2(CS2)(PPh&]Br. 

(viii) With acetylacetone (acacH). A solution of 
RuBr,(MezS0)3 (0.3 g) was made in toluene (20 
cm’). Acetylacetone (0.5 cm3) and triethylamine 
(0.5 cm3) were added to the solution and refluxed 
on an oil bath for 2 h. The solution was cooled, 
filtered and concentrated slowly to ca 2 cm3. Light 
petroleum ether (4&60”(J) was added to precipitate 
a purple compound. This was centrifuged, washed 
with ether and dried in vacua. The compound was 
analysed for Ru(acac)3. 

The products of the substitution reactions of 
RuBr3(MezS0)3, described in (i)(viii) are obtained 
in good yields (70-80%). 

RESULTS AND DISCUSSION 

We report here two new complexes 
[RuBr,(Me,SO)3] and [RuBr,(Me,SO)3]. 

The analytical data (Table 1) of the yellow dia- 
magnetic compound obtained by the reaction of 

ruthenium trichloride with lithium bromide and 
dimethylsulphoxide in ethanol medium conforms 
to the composition [RuBr,(Me,SO),], a d6 low spin 
ruthenium(I1) complex. The IR spectrum shows a 
strong absorption band at 1097 cm- ’ which could 
be assigned to V~ (S-bonded).Z Bands at 423 and 
245 cn- ’ may be assigned to vRU_s23-24 and 

vRu-Br~ 25 respectively. There is no strong absorp- 
tion in the region 1000-900 cm- I, indicative of the 
absence of any O-bonded Me2S0 groups. The ‘H 
NMR spectrum of a freshly prepared solution of 
[RuBr2(Me2SO)J in (CD3)2SO shows a sharp signal 
at 6 3.3 which is 6 0.7 downfield from free Me2S0 (6 
2.6) and indicative of S-bonded Me,SO groups.2,26 
The other signal observed is at 6 2.6 which could 
be due to the residual protons of (CD3)2S0. There 
are no signals in the range 6 2.63.3 indicative of 
the absence of O-bonded Me,SO groups. The signal 
at S 3.3 is a sharp singlet which is indicative that all 
three Me,SO groups are in equivalent positions26 
which is only possible if the structure is trigonal 
bipyramidal with the three Me2S0 groups in equa- 
torial positions and the two bromides in axial pos- 
itions. The ‘H NMR spectrum of [RuBr2(Me2S0)3] 

Table 1. Some analytical and physical data of some new ruthenium(II1) and ruthenium(I1) brom+Me,SO complexes 

Compounds M.p. Analysis” (%) 
(Colour) (“C) C H N Br 

Conductance buff at 
(a-’ cm* mol- ‘) RT(BM) 

RuBr,(Me$O), 
(Yellow) 

RuBr,(Me,SO), 
(Dark violet) 

RuBr&-& 
(Light brown) 

lRuBr&y)(Me&&l 
(Violet) 

[RuBr,(Me-py)(Me2SO),1 
(Green) 

FWbh9We2WBr31 
(Dark brown) 

[RuBr,(PDA),(MezSO),]Br 
(Reddish brown) 

[RuBr2(PDA)(Me2SO)J 
(Light pink) 

[Ru(Et,NCS,)(Me,SO),BrJ 
(Brown) 

lRuBrKS&PI’hJJBr 
(Reddish brown) 

220-225 

250 

140 

180-185 

240 

190-195 

200-205 

250 

195-200 

14.3 
(14.5) 
12.4 

(12.5) 
31.1 

(31.1) 
19.0 

(18.8) 
19.5 

(19.4) 
25.2 

(25.0) 
27.2 

(27.0) 
22.9 

(22.8) 
18.7 

(19.1) 
54.7 

(54.9) 

- 

- 

(:I) 
(2) 
(3) 
(2;) 
(E) 
(2) 
(Z) - 

31.8 8’ 
(32.3) 
40.8 5” 

(41.7) 
41.1 3’ 

(41.5) 
- - 

- 128” 

6 D 

2.5’ 

1126 
80= 

D 

2.1 

- 

2.0 

1.92 

- 

1.65 

py = pyridine; phen = l,lO-phenanthroline; bipy = 2,2’-bipyridyl ; PDA = o-phenylenediamine ; Me,SO = 
dimethylsulphoxide ; Me-py = 2-methylpyridine; Et,NCS, = diethyldithiocarbamate. 

’ Calculated values are in parentheses. 
b In acetonitrile. 
‘In chloroform. 
D = diamagnetic. 
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in (CD&SO, after keeping the solution for 100 h 
at room temperature or by warming on a water bath 
for 3 h, does not show any change with respect to 
the spectrum of a freshly prepared solution. The 
intensity of the signal at 6 3.3 is practically 
unchanged. This shows that an exchange of 
(CH&SO molecules coordinated to the metal, by 
the solvent (CD&SO molecules, does not take 
place under the conditions mentioned above. 

Some preliminary reactions have been carried out 
to examine the potentiality of [RuBr2(MezSO)3] as 
a precursor for the syntheses of ruthenium(I1) bro- 
mide complexes. Reactions carried out at room 
temperature in methanol, result in partial or com- 
plete substitution of Me$O groups. Reaction of 
[RuBrz(Me,SO),] with PPh3 at room temperature 
caused complete substitution presumably giving 
[RuBrz(PPh&]. The IR spectrum clearly shows the 
presence of PPh3 and the absence of any Me,SO 
group. Reaction of [RuBr,(Me,SO),] with ligands 
like pyridine, 1, IO-phenanthroline and 2,2’-bipy- 
ridyl at room temperature gave partial substitution 
forming [RuBrzLz(MezSO)t] (LZ = (p~)~, l,lO- 
phenanthroline, 2,2’-bipyridyl, etc). The IR spectra 
of these compounds clearly show the presence of 
the S-bonded Me,SO molecules. Either one or two 
strong absorption bands in the region 1080-1060 
cn- ’ are observed for these complexes which can 
be assigned to V~ of the S-bonded Me,SO group. 
We feel that [RuBr2(Me2S0)3] has a stronger pot- 
entiality as a precursor for the syntheses of ruthen- 
ium(I1) bromide complexes. The only other ruthen- 
ium(I1) bromide complex reported as a precursor is 
[RuBr2(Me2S0)4].‘2 

The analytical data (Table 1) for the dark violet 
compound obtained by treating ruthenium tri- 
chloride with dimethylsulphoxide in the presence of 
lithium bromide and hydrogen bromide conform to 
the composition [RuBr,(Me,SO),]. It shows a very 
low molar conductance (5 R- ’ cm2 mall ‘) in ace- 
tonitrile suggesting covalently bonded bromide. 
The IR spectrum of the compound throws light on 
the nature of coordination of Me,SO to ruthenium, 
there is a band of medium intensity at 1030 cm-’ 
and a strong band at 970 cm-‘. The former can 
be assigned to p,(CH) whereas the latter may be 
assigned to vs__ (O-bonded) of the Me,SO groups. * 
Bands at 468 and 295 cn- ’ in the far-IR region may 
be assigned to vRu-_O 23,24 and VR~__B~, 2 ’ rCSpeCtiVdy . 
The room temperature magnetic moment value of 
the complex (p.& is 2.1 BM, confirming the presence 
of a low-spin d5 ruthenium(II1) system. The room 
temperature ESR measurement of the compound 
in the powder form shows a broad signal at g = 2.2. 
A frozen solution ESR in dichloromethane at liquid 
nitrogen temperature also shows a broad signal at 

g = 2.12 which means that the symmetry around 
ruthenium(II1) is close to cubic, which is possible if 
one assumes that the O-bonded Me2S0 groups and 
the bromides have similar ligand fields. With these 
data, it is not possible to assign a facial or a mer- 
idional geometry to the complex. It is inferred that 
[RuBr,(Me,SO),] is the tirst example of a 
ruthenium complex containing bromide and dime- 
thylsulphoxide groups having all three O-bonded 
Me2S0 groups. Other known compounds, viz. two 
isomers of [RuBr,(Me,SO),], have either com- 
pletely S-bonded9 or both S- and O-bonded” 
Me2S0 groups. 

Reactions of RuBr,(Me,SO), with phosphorus and 
arsenic donor ligands 

Reaction of RuBr3(Me2SO), with tri- 
phenylphosphine or triphenylarsine gave either 
complete or partial substitution of dime- 
thylsulphoxide depending on the reaction 
conditions. Reactions at room temperature resulted 
in the formation of [RuBr,(MPh,),(Me,SO)] 
(M = P or As) whereas in refluxing ethanol com- 
pletely substituted complexes, viz. [RuBr3(MPh3),] 
were formed. The IR spectra of [RuBr,(MPh,),] 
(M = P or As) shows absorption band charac- 
teristics of PPh, or AsPh, but no S- or O-bonded 
Me,SO was observed. For [RuBr,(MPh3)2 
(Me2S0)] all the bands due to PPh, or AsPh, and 
one band of medium intensity at 975 cn- ’ which 
could be assigned to vs_+ of the O-bonded Me2S0 
group9 were observed. Similar compounds are 
reported by the reaction of [RuBr3(MPh3)2 
(MeOH)] (M = P or As) with dimethylsulph- 
oxide. ’ 

Reactions of RuBr3(Me2SO), with sulphur and oxy- 
gen donor ligands 

Reaction of RuBr,(Me,SO), with sodium diethyl 
dithiocarbamate (NaEt2NCS2) in the molar ratio 
1 : 1 resulted in the partial substitution of Me,SO 
leading to the formation of a non-electrolyte 
complex [RuBr,(Et2NCS2)(Me2S0)2] (hhl = 2.5 
fl- ’ cm* mol- ‘). However, a reaction with a molar 
ratio of 1: 3 resulted in the complete substitu- 
tion of Me2S0 and bromide leading to 
[Ru(Et2NCS2)3].27,28 The IR spectrum of 
[RuBr2(Et2NCS2)(MezS0)2] shows strong bands at 
1080 and 1530 cn- ‘, in addition to all the other 
bands due to diethyl dithiocarbamate. The former 
may be assigned to V~ (S-bonded) of the Me,SO 
group and the later one to VcN of a chelating diethyl 
dithiocarbamate group. vcN for the unidentate diethyl 
dithiocarbamate group is generally observed at a 
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lower frequency (1470 cm- L).29 Hence, 
~uBr,(Et,NCS2)(Me2SO)J is expected to be six- 
coordinate having a chelating diethyl dithio- 
~bamato group. 

A reaction of RuBr3(Me2S0)3 with PFh3 in car- 
bon dis~p~de medium resulted in the fo~a~on of 
[RuBr2(CS2)(PPh&]Br. However, CS2 did not react 
or coordinate to the metal if PPh, was not used and 
the starting compound was isolated instead. The 
compound, [RuBr2(C&)(PPh,),]Br shows a molar 
conductance of 112 Sz- ’ an* mol- ’ in acetonitrile 
which is close to the 1: 1 electrolytic behaviour of 
the compound. The IR spectrum shows a band of 
strong intensity at 1510 cm-’ besides bands due to 
PPh3. The absorption at 15 10 cm- ’ may be assigned 
to a linearly bonded CSp group to the metal.’ The 
kff of the complex at room temperature is 1.65 BM, 
which is close to the value for one unpaired electron 
in low spin d5 octahedral complexes of Ru(II1). 

A reaction of [RuBr~(Me~SO)~J with acetyl- 
acetone resulted in the complete substitution of the 
bromide and MezSO groups leading to the for- 
mation of Ru(acac),. In this case no partial sub- 
stitution product could be isolated as in the case of 
the chloride analogues, reported earlier.8 Ru(acac)3 
shows IR absorptions at 1560 and 15 15 cm- ’ which 
are characteristics of the chelating O-bonded ace- 
tylacetonato group, assigned to vc+ and vcWc, 
respectively. ” This is the same ~rnpo~d as 
reported by Endo et al. 3o An attempt to substitute 
Me$O in [RuBrS(Me2SO)d with 0PPh3 was unsuc- 
cessful and RuBr,(Me,SO), was recovered after the 
reaction. 

Reactions of RuBr,(Me,SO), with nitrogen donor 
~igun~ 

(a) Pyridine. Reactions of RuBr,(Me,SO), with 
pyridine at room tem~rature yields a dark violet 
compound of the composition [RuBr&y) 
(Me,SO);f where only one Me2S0 molecule is sub- 
stituted by pyridine. The IR spectrum shows a band 
at 965 cm-’ which could be assigned to v- (O- 
bonded) and a band at 447 cm-’ may be due to 
‘/a,++ Besides these, characteristic bands due to 
pyridine are also observed and the ones at 292 and 
245 cm- ’ may be assigned to v&,_&, The room 
tem~rature magnetic moment value, peff, is 2.0 BM, 
thereby conhrming the oxidation state of ruthenium 
as 3 + . D~ethyls~pho~de groups in [RuBr,(py) 
(Me,SO),] are O-bonded as in the parent com- 
pound. 

Complete substitution of Me$O molecules takes 
place when stronger reaction conditions are 
employed, leading to the fo~ation of a brown crys- 
talline compound of the composition [RuBr&y),]. 

The IR spectrum of the compound shows the pres- 
ence of pyridine. The room temperature ESR spec- 
trum of the compound in powder form shows three 
signals co~pon~ng to g values of 2.65, 2.0 and 
1.85 which suggests a rhombic geometry around 
~the~~(II~. If, one presumes a me~dional type 
of structure for RuBr,(py)3 with &,, symmetry, the 
three g values can be explained. 8*3 ’ 

(b) ZMethyl pyridine. A reaction of 
RuBr,(Me,SO), with 2-methyl pyridine on slight 
wa~ng gave a dark green compo~d of the com- 
position, [RuBr,(2-Me-py)(Me,SO),]. The IR spec- 
trum of the compound shows strong bands at 990 
and 970 cm- ’ characteristic of the vs-_o (O-bonded) 
of the Me,SO groups. A band at 478 cm-’ may 
be due to %+&,_o. The room temperature magnetic 
moment value, peff, is 1.92 BM, thereby confirming 
the oxidation state of ruthenium as 3 + . The partially 
substituted product obtained with 2-methyl pyridine 
is similar to that from the pyridine reaction. 
Attempts to obtain the completely substituted prod- 
uct were unsuccessful. 

(c) 2~~~~~~r~y~ (bipy). A reaction of 
RuBr,(MezSO)3 with 2,2’-bipyridyl (1: 1 ratio) 
resulted in a partially substituted complex of the 
composition [Ru(bipy)(Me,SO)Br,]. Conductivity 
measurements in acetonitrile show negligible molar 
conductance thereby confirming the covalent bond- 
ing of all the bromides. The IR spectrum shows a 
strong band at 970 cm-’ assigned to vs.+, of the 
O-bonded Me,SO groups. All the bands due to 
bipyridyl are also present. Besides these, weak 
bands at 479 and 458 cm-’ may be due to v&,-_O 
and bands at 292 and 275 cm- ’ due to VR,,..__B~. 

Room temperature ESR measurements of the pow- 
dered sample show a broad signal at g = 2.19, 
which is indicative of one unpaired electron in a low- 
spin dS ruthenium(II1) complex. 

(d) O~PhenyZe~ediff~ine (PDA). Reaction of 
RuBr3(Me2S0)3 with o-phenylenediamine (PDA) 
in a molar ratio of 1: 1 resulted in the formation of 
a reddish brown compound of the composition, 
[RuBr~(PDA)*(Me*SO)~Br. The conductance 
measurement in acetonitrile shows a molar con- 
ductance value of 128 R- ’ cm* mol- ‘, thereby con- 
firming the 1: I electrolytic nature of the complex. 
The IR spectrum shows one strong band at 1120 
cm-’ besides all the other bands due to o-phenyl- 
enediamine, which may be assigned to vs._._. of S- 
bonded Me,SO groups. The ESR spectrum of the 
complex in the powder form at room temperature 
shows a broad signal atg = 2.60 which may confirm 
the 3 + nature of ruthenium in this complex. 

When a reaction of RuBr,(Me,SO), with PDA 
in the molar ratio of 1 : 2 was carried out, reduction 
of ruthenium(II1) to ruthenium(I1) took place lead- 
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ing to the formation of a diamagnetic complex of 
the composition [RuBr,(PDA)(Me,SO)2]. The low 
molar conductance value (6 Q-i cm2 mol- ‘) in 
acetonitrile confirms the covalent nature of the 
complex. The IR spectrum shows a strong band 
at 1130 cm- ’ which may be assigned to vs--o (S- 
bonded). There is no band of appreciable intensity 
in the region 1000-900 cm-’ which confirms the 
absence of O-bonded Me2S0 groups. The ‘H NMR 
spectrum of [RuBr2(PDA)(Me2SO)2] in (CD&SO 
shows two broad singlets at 6 7.4 and 7.2, one singlet 
at 6 6.2 and a sharp singlet at 6 3.3. The signals at 
6 7.4 and 7.2 may be assigned as due to the o- and p- 
protons in o-phenylenediamine.32 The signals at S 
6.2 may be due to the four protons attached to the 
two nitrogen atoms of the amino groups. In the 
case, where the o-amino groups are not bonded, the 
aromatic amino protons are expected to be in the 
range 6 3.6-4.7. 32 However, due to coordination of 
the nitrogen atoms to the metal, the electron density 
around the nitrogen is reduced, thereby decreasing 
shielding of the protons at the nitrogen atoms and 
leading to a signal at a lower field, i.e. at a higher 6 
value (6 6.2). The ratio of proton area under the 
curve at 6 6.2 and under the curve at 6 7.4 and 7.2 

(combined) is 1: 1, which confirms that the number 
of amino protons and aromatic protons is the 
same, i.e. four in each case. The signal at 6 3.3 is 
indicative of the S-bonded Me,SO groups. The ratio 
of the protons under 6 3.3 and 6.2 is 3 : 1 conhrrning 
the presence of 12 protons of two MerSO groups (S- 
bonded). The presence of a singlet for two Me,SO 
groups at 6 3.3 is indicative of the presence of six 
methyl protons on each Me2S0 in equivalent 
environments. Hence a structure with the two S- 
bonded Me$O groups in truns-positions, the two 
bromo groups in &-positions and the two amino 
groups of PDA in c&positions is most probable. 

Electronic spectra 

Electronic spectral data of new ruthenium(II1) 
complexes are given in Table 2. The spectra show 
similar features in chloroform and acetonitrile solu- 
tions. Generally, all ruthenium(II1) complexes have 
two absorptions around 400 and 500 nm with molar 
extinction coefficients of the order 103. The high 
value of e for all these complexes is suggestive of a 
greater contribution due to charge-transfer rather 
than d-d transitions. In some cases, one band at a 

Table 2. Important IR and electronic absorption bands of ruthenium(II1) and ruthe- 
nium(I1) complexes containing Me,SO and other ligands 

Compounds 
IR bands 
(cm- ‘) 

1097s, 1030m 
423m, 247~ 

103Om-s, 97Os, 
468m, 295w 

965m, 447w, 
292w. 245~ 

99os, 97os, 
478 

97Os, 479m-q 
458,292w, 
275~ 

[RuBrz(PDA)(MezSO)J 

[RuBr2(PDA)z(MezSO)z]Br 

[Ru(EtzNCSz)(Me,SO),BrJ 

[Ru(CS&PPhJ,BrJBr 

1130s 

1120s 

108Os, 153On-s 

151Om-s 

Electronic absorption 
bands L,,,= in nm (e,,,) 
CH&N CHC13 

365 (330) 
220 (37000) 

602 (1150) 620 (1200) 
520 (2900) 540 (2300) 
490 (2500) 500 (2150) 
395 (950) 395 (800) 

- 588 (1270) 
526 (1700) 
476 (2900) 
400 (950) 

440 (990) - 

570 (700) 575 (1050) 
500 (2500) 500 (2600) 
425 (1800) 481 (2750) 

420 sh 
- 

495 

- 465 (1350) 

656 (210) 510 (3900) 
485 (2850) 390 (1850) 
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lower frequency with a slightly lower E value is also 
observed, viz. for [RuBr,(bipy)(Me,SO)] at 570 nm 
(E = 700) and for [Ru(CS,)(PPh,),BrdBr at 656 nm 
(E = 210). These bands may have more d-d charac- 
ter (transitions from the *T2 to *A*, *T, or *T2 
types) than charge-transfer character. Electronic 
absorption bands for these ruthenium(II1) com- 
plexes are similar to other ruthenium(II1) 
complexes.‘8~33 All the ruthenium(II1) complexes 
described in Table 2 have six coordination around 
ruthenium(II1). However, the symmetry is lowered 
considerably from Oh due to the presence of two or 
three different types of ligands, both monodentate 
and bidentate ones. Absorption bands with a high 
value of E for such low symmetry ruthenium(II1) 
complexes, can not be assigned to d-d transitions 
alone, which may be obscured by charge-transfer 
transitions in these regions.33 The electronic spec- 
trum of [RuBr,(Me,SO),] in acetonitrile shows one 
band at 365 nm with E = 330. If the complex is 
assumed to have a trigonal bipyrimidal geometry, 
it will have D3h symmetry. Due to a lowering in 
the symmetry the absorption bands due to d-d 
transitions are expected to have slightly higher E 
values (lo*), thus the band at 365 nm can be 
assigned to one of the c&d transitions (‘Al to ‘A*, 
‘E or ‘B2). 34 The other band at 220 nm is due to 
charge-transfer only. 
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Abstract-New 3-pyridylcarbinol adducts of copper(I1) acetate, salicylate, acetylsalicylate 
and flufenamate, as well as copper(I1) flufenamate monohydrate were prepared. The mag- 
netic and spectroscopic properties of copper(I1) flufenamate monohydrate indicate the 
presence of copper(I1) dimers structurally similar to those in copper(I1) acetate monohy- 
drate. 3-Pyridylcarbinol adducts of copper(I1) acetate and copper(I1) flufenamate possess 
octahedral stereochemistry. While 3-pyridylcarbinol adducts of copper(I1) salicylate and 
copper(I1) flufenamate possess pentahedral stereochemistry, similar to that found in 
copper(I1) salicylate dihydrate. 

Copper(I1) carboxylates with nitrogen donor 
ligands have attracted increasing interest in recent 
years. This interest largely derives from the dis- 
covery that the carboxylate groups possess a pro- 
nounced tendency to serve as a bridge between 
copper(I1) atoms with a nitrogen donor ligand in 
the terminal position. ’ Copper(I1) carboxylates 
with 3-pyridylcarbinol as the ligand have not been 
studied. This is the aim of the present work. In a 
study of the donor properties of the 3-pyridyl- 
carbinol, its adducts of copper(I1) acetate, 
copper(I1) salicylate, copper(I1) acetylsalicylate and 
copper(I1) flufenamate as well as copper(I1) flu- 
fenamate monohydrate and copper(I1) salicylate 
dihydrate have been prepared. Magnetic and spec- 
troscopic investigations on the compounds are 
reported herein. 

EXPERIMENTAL 

Preparations 

Copper(I1) flufenamate monohydrate was pre- 
pared in the following way. To the aqueous solution 
of copper(I1) sulphate (1.59 g, 0.01 mol), the aque- 

* Author to whom correspondence should be addressed. 
t Present address : Institute of Chemistry, Wroclaw 

University, 50 383 Wroclaw, Poland. 

ous solution of the sodium salt of [N-(a,a,a-tri- 
fluoro-m-tolyl)anthranilic acid] (flufenamic acid) 
(6.06 g, 0.02 mol) of pH adjusted to five with free 
flufenamic acid was added and stirred at room tem- 
perature for about 6 h. The reaction mixture formed 
a precipitate which was filtered off to yield 4.5 g of 
copper(I1) flufenamate monohydrate as light green 
microcrystals. 

Copper(I1) salicylate dihydrate was obtained by 
drying copper(I1) salicylate tetrahydrate’ at 363 K. 

The copper(I1) carboxylate compounds of com- 
position CuX,(pycar),, where X = acetate, sali- 
cylate, acetylsalicylate or flufenamate ; and pycar 
= 3-pyridylcarbinol; were prepared by treating 
3-pyridylcarbinol (2.18 g, 0.02 mol) with 
copper(I1) acetate (1.82 g, 0.01 mol) ; copper(I1) 
salicylate (3.40 g, 0.01 mol) ; copper(I1) acetyl- 
salicylate (4.22 g, 0.01 mol) or copper(I1) flu- 
fenamate (6.24 g, 0.01 mol) in hot methanol 
solution. The solutions were left to stand at room 
temperature. The fine blue microcrystals that pre- 
cipitated were filtered off (70% yield), washed with 
cold methanol and dried at room temperature. The 
crude products were recrystallized from methanol 
to give a yield of 50%. The elemental analyses are 
given in Table 1. 

Spectral studies 

Electronic spectra in the region l&2.8 pm-’ 
were measured with a Perkin-Elmer 450 spec- 

1745 
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Table 1. Elemental analysis 

Calc. (%) Found (%) 
cu C H N cu C H N Compound” 

Cu(ac) &ycar) z 15.9 48.1 5.0 7.0 15.9 47.9 5.0 7.1 
Cu(sal),*2H,O 17.0 45.0 3.8 - 16.9 45.0 3.8 - 

Cu(sa1) Z(pycar) 2 10.7 52.4 4.1 4.7 10.6 52.1 4.0 4.6 
Cu(acsal),(pycar), 9.9 56.3 4.4 4.4 9.9 56.4 4.5 4.4 
Cu(flu),.H,O 9.9 52.4 3.1 4.4 9.8 52.6 3.2 4.4 

Cu(flu) Apycar) z 7.5 57.1 3.8 6.7 7.6 57.0 3.9 6.7 

u ac, acetate ; sal, salicylate ; acsal, acetylsalicylate ; pycar, 3-pyridylcarbinol. 

trophotometer using the Nujol suspension tech- 1.49 ,um- ’ (band I) and a shoulder at 2.78 pm-’ 
nique. EPR spectra of the powdered samples were (band II). Band I can be assigned to 6-d transitions 
run on a Varian Model E 4 spectrometer at 163 K. and band (II) should be the characteristic bridging 

system antiferromagnetic interaction.’ 

Magnetic susceptibility measurements 

The magnetic susceptibilities of powdered sam- 
ples were determined at different temperatures on 
a Gouy balance (Newport Instruments Ltd), stan- 
dardized with mercury tetrathiocyanatocobalt- 
ate(I1). 3 Diamagnetic corrections were calculated 
from Pascal’s constants.4 The effective magnetic 
moments were calculated using the expression peff 
= 2.83 &Err x T)“2. 

The EPR spectra obtained for the compound at 
293 and 77 K are presented in Fig. 1. The absorption 
feature of the powder at room temperature [Fig. 
l(a)] shows the absorptions at low and high field 

(& and HZ2, respectively) and the asymmetric 
absorption near 4.5 kG (H,,). One absorption is 
missing (H,,) because D > hv at the X-band fre- 
quency used. The spectra can be interpreted using 
a spin Hamiltonian for axial symmetry, 

H = @HA +sJ(H,& + H,&) + Wr’ - 2/3) 

RESULTS AND DISCUSSION where S = 1 for the thermally accessible triplet state 
and the other symbols have their usual meanings. 

The electronic absorption spectrum of The observed values at 293 K are: g1 = 2.086, 
Cu(flu), * HZ0 shows a band with a maximum at g,, = 2.400 and IDI = 0.327 cn- ‘. 

a) at 293K: 

g1 -2066 g,, =2,400. IDI-0.327 cm 

lb) at 77K. 

g1 =2.083, g,,=2.396: IDI-0.326 cm 
1' 

Au = 70G I 
I 1 

n 1 t-c - -I 
6 

Fig. 1. X-band EPR spectra of Cu(flu), * H,O at (a) 293 K and (b) 77 K. 



Copper(I1) carboxylates and their 3-pyridylcarbinol adducts 

Table 2. Spectral data 

Compound 

Wac) &war) 2 
Cu(sa1) z - 2Hz0 
Cu(W z(Pycar) z 
Cu(acsa1) &ycar) z 
Cu(flu) Lpycar) 2 

Electronic spectra EPR spectra” 

[v- OIm- ‘)I 91 911 9 av 

1.55 2.057 2.274 2.132 
1.35 2.089 2.373 2.188 
1.35shb 1.62 2.050 2.298 2.136 
1.37sh 1.58 2.041 2.298 2.130 
1.50 2.38sh 2.056 2.327 2.162 

1747 

“At 163 K. 
b sh, shoulder. 

The low temperature powder spectrum [Fig. l(b)] 
shows better resolution with some copper hyperfine 
structure appearing on Hz, and a clearly resolved 
seven-line pattern on Hz,. The observed hypertine 
structure is consistent with coupling to two copper 
nuclei of spin I = 3/2. The observed values at 77 K 
are : g1 = 2.083, gll = 2.396, )D 1 = 0.326 cm- I and 
A,, = 70 G. 

These values are comparable to those reported 
for other familiar copper(I1) carboxylato 
compounds.’ The 101 value of about 0.3 cn- ’ is 
large compared to magnetic quantities (N 3000 G), 
but is small compared to vibrational frequencies. 
At room temperature nearly 40% of the dimers are 
in the thermally-populated triplet state. Therefore 
interdimer dipolar couplings may also be expected 
to be significant at room temperature. 

Table 3. Magnetic data for Cu(flu), - H *O 

(-A x lo6 = 229 cm3 mol- ‘) 

T (K) XE” x 106 k(RM) %s 

82 395 0.51 0.0567 
90 467 0.58 0.0746 

106 580 0.61 0.0832 
116 626 0.76 0.1353 
125 639 0.80 0.1522 
135 679 0.86 0.1802 
146 705 0.91 0.2062 
157 732 0.96 0.2349 
168 758 1.01 0.2667 
177 765 1.04 0.2874 
188 778 1.08 0.3171 
206 791 1.14 0.3666 
216 804 1.18 0.4033 
227 806 1.21 0.4331 
241 818 1.26 0.4875 
251 824 1.29 0.5232 
263 818 1.31 0.5485 
279 818 1.35 0.603 1 
290 798 1.36 0.6176 

The molar susceptibilities corrected for diamag- 
netism and the magnetic moments for the com- 
pound are reported at various temperatures in 
Table 2. It was found that the effective magnetic 
moment decreases systematically by lowering the 

Table 4. Magnetic data of Cu(ac),(pycar)z 

(-Ax lo6 = 151 cm3 mol-‘) 

T (K) x;= x 106 p=.r (RM) 

4.2 102000 1.85 
5 95900 1.96 
6 81600 1.98 
7 66700 1.93 
8 58800 1.94 
9 50200 1.90 

10 44600 1.89 
12 36400 1.87 
14 30500 1.85 
16 26600 1.84 
20 21200 1.83 
30 14000 1.83 
40 10600 1.84 
50 8430 1.84 
60 7010 1.83 
70 6000 1.83 
80 5180 1.82 
90 4630 1.83 

100 4190 1.83 
110 3790 1.83 
120 3660 1.83 
130 3180 1.82 
140 2970 1.82 
150 2760 1.82 
160 2570 1.82 
170 2420 1.82 
180 2300 1.82 
200 2060 1.81 
220 1840 1.80 
240 1670 1.79 
260 1540 1.79 
280 1420 1.78 
290 1350 1.77 
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temperature, from 1.36 BM at 290 K to 0.51 BM By treating the magnetic data of Cu(flu), * Hz0 
at 82 K. The temperature-susceptibility data can be in the manner described by Hatfield et al6 we have 
described by the equation : calculated equilibrium constants for the singlet 

~~~=~[l+~exp(~)l’fNx 
+ triplet equilibrium at various temperatures. 
The plots of -In I& vs T- ’ and RTlnK,, vs T 

where -2J is the energy separation between a 
yielded almost straight lines. The slopes of the lines 
were used to calculate AH and AS for the 

singlet and a triplet level, and Na was taken as 
60 x lop6 cm3 mol- ‘. We have selected the appar- 

compound. The value of AH = 305( + 10) cn- ’ 
obtained in this way agrees well with the value of 

ent gaV value from the EPR spectrum. The energy -2J. 
separation between the two spin states of the com- 
pound, - 2J = 3 18 ( + 10) cm- ’ was observed. 

The value of entropy change 2.0 e.u. is in good 
agreement with the value 2.2 e.u. expected for a 

Table 5. Magnetic data 

T W) xfp x 106 ~a PM) T (K) x;‘” x 106 pen PM) 
Cu(sal), * 2H,O Cu(sal) hycar) z 

(-Ax lo6 = 136 cm3 mole’) (-A x lo6 = 244 cm3 mol-‘) 

82 5130 1.83 
98 4280 1.83 

11.5 3600 1.82 
133 3100 1.82 
143 2840 1.80 
153 2700 1.82 
164 2490 1.81 
176 2220 1.77 
190 2110 1.79 
210 1930 1.79 
216 1880 1.80 
240 1680 1.80 
251 1610 1.80 
270 1510 1.81 
282 1450 1.80 
295 1390 1.81 

80 4898 1.74 
95 4068 1.75 

115 3318 1.74 
130 2915 1.74 
145 2600 1.75 
155 2425 1.74 
165 2272 1.74 
175 2137 1.735 
190 1910 1.74 
210 1769 1.735 
240 1542 1.72 
255 1449 1.715 
270 1367 1.715 
280 1317 1.71 
295 1248 1.71 

Cu(acsal),(pycar), 
(-Ax lo6 = 278 cm3 mol-‘) 

Cu(flu)hycar)z 
(-Ax lo6 = 397 cm3 mol-‘) 

82 
100 
117 
137 
149 
160 
169 
181 
190 
208 
220 
231 
244 
253 
262 
272 
282 
294 

5600 1.92 
4540 1.91 
3930 1.92 
3340 1.91 
3040 1.90 
2750 1.88 
2520 1.85 
2400 1.86 
2290 1.87 
2090 1.87 
1970 1.86 
1900 1.87 
1780 1.87 
1730 1.87 
1670 1.87 
1620 1.88 
1570 1.88 
1510 1.88 

80 5630 1.86 
90 5060 1.87 

100 4570 1.88 
115 3990 1.89 
125 3600 1.87 
150 3070 1.89 
170 2730 1.90 
185 2490 1.90 
200 2290 1.90 
210 2200 1.91 
230 2000 1.90 
250 1810 1.89 
275 1660 1.90 
285 1570 1.88 
295 1520 1.88 
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Table 6. 

Compound 
Curie constant 

c (c.g.s.u.) 
Weis constant 

e (K) Error 

1749 

Wac) &war) z 0.395 (4) 
Cu(sa1) z - 2H,O 0.400 (4) 
Cu(sa1) *(Pycar) z 0.360 (3) 
Cu(acsa1) *(Pycar) z 0.431 (4) 
Cu(flu) &car) z 0.450 (4) 

singlet-triplet equilibrium, calculated from R In 3, 
where 3 is the degeneracy ratio assuming that the 
only contribution is that from the electronic 
entropy. 

From the above observation it may be suggested 
that Cu(fl~)~ * Hz0 has a binuclear structure similar 
to that of copper(I1) acetate monohydrate. 
Copper(I1) atoms in the structural units of 
C~~(flu)~(H~0)~ are bridged in pairs by carboxylic 
groups of the flufenamate anion, while the mole- 
cules of water are bonded through oxygen atoms 
in axial positions. 

The solid state electronic spectrum of 
Cu(sal), * 2H,O exhibits a broad ligand field band 
with a maximum at 1.35 pm- ‘. The EPR spectrum 
of the powdered sample is of an axial type’ with 
values of the g factor given in Table 3. Magnetic 
susceptibility measurements of a polycrystalline 
sample of Cu(sal),* 2H20 between 82-295 K 
obey the Curie-Weiss law 

XT = C/(T-O) 

where C = Ng’j3”S(S+ 1)/3/z with S = l/2. 
The P,,~ value of CuX,(pycar),, (X = ac or acsal), 

is slightly dependent on temperature (Tables 4 and 
5). The compounds possess small positive Weiss 
constants (Table 6). Apart from Cu(flu), - HzO, all 
the compounds studied have only very weak mag- 
netic interactions. The spectral and magnetic 
behaviours of copper(I1) salicylate dihydrate cor- 
respond well with the crystal structure data.9 

X-ray analysis of Cu(sal),* 2H20 shows’ that the 
complex contains infinite chains parallel to b, in 
which one of the salicylate ligands acts as a bridge 

4.8 (2) 1.44 x 10-4 
3.0 (1) 2.33 x lo- * 
6.5 (2) 5.32 x lo- * 
6.0 (2) 4.60 x lo-* 
3.4 (1) 1.78 x 1O-7 

between the Cu atoms. The copper(I1) atom is coor- 
dinated by four oxygen atoms in a basal plane 
(Cu-0c9 distances range from 1.93 to 2.01 A) and 
by an oxygen atom (Cu-0 = 2.26 A) in an apical 
position. The above mentioned magnetic inter- 
action operates through the bridged atoms in the 
infinite chains. 

The magnetic and spectroscopic properties of 
pyridylcarbinol adducts of copper(I1) salicylate and 
copper(I1) acetylsalicylate are comparable to those 
of copper(I1) salicylate dihydrate. On the other 
hand, the d-d transitions of Cu(ac)z(pycar), and 
Cu(flu)l(pycar)z (Table 3) indicate a pseudo- 
octahedral coordination around the copper(I1) 
atoms. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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Abstract-The reaction of the dirhodium(I) complex Rh&dppp)&CO)C12, 1, (dppp = 2- 
(diphenylphosphino)pyridine) with Cl- in the presence of CO leads to the monomeric 
species Rh(dppp),(CO)Cl and Rh(CO)&l;. In the absence of CO no chemical reaction 
occurs. Electrochemical oxidation of 1 in the presence of Cl- at +0.90 V (vs SCE) affords 
a new dirhodium(I1) complex Rh+dppp),(CO)Cl,, 4, whose fluxional behaviour at room 
temperature is demonstrated using variable temperature 31P NMR. The “P NMR is 
interpreted with the aid of the complex containing 13C0. Complex 4 reacts with CO to 
produce Rhz@dppp)2(CO)ZC14, 5, and with (CH3)3CNC (t-BuNC) to form Rh&- 
dppp),(t-BuNC)$&, 6. Complex 6 appears to partially dissociate to give [Rh,(p-dppp)&- 
Cl)(t-BuNC),ClJCl. When the equilibrium mixture is treated with NH4PF, the equilibrium 
is driven in the direction of the ionic species and the complex [Rh&dppp)&-CI)(f- 
BuNC)&12]PFs is isolated. 

The recent interest in dirhodium complexes as 
potential catalytic agents has encouraged us to 
investigate factors affecting the nature and the 
chemical and electrochemical reactivities of some 
dirhodium complexes with and without metal- 
metal bonds. Several bridging ligands have been 
shown to form the dirhodium framework illustrated 
by I such that metal-metal distances can range from 
those in the metal-metal bond range to those in a 
range consistent with no metal-metal bond. One of 
the most widely studied of these ligands is bis(di- 
phenylphosphino)methane (dppm). 
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The ligand 2-(diphenylphosphino)pyridine 
(dppp) can accommodate the dirhodium frame- 
work of I ; however, because its bite size is smaller 
than that of dppm, dppp cannot accommodate as 

t Author to whom correspondence should be addressed. 

wide a range of metal-metal distances. In fact the 
small bite size of dppp favours metal-metal dis- 
tances in the metal-metal single bond range. Thus, 
where many Rh(I)-Rh(1) dppm complexes contain 
no formal Rh-Rh bond, Rh(I)-Rh(1) dppp com- 
plexes are generally found to contain metal-metal 
bonds. 

We have been investigating the formation and 
loss of metal-metal bonds in dirhodium complexes 
during electrochemical processes. We have found 
that electrochemical oxidation of Rh(I)-Rh(1) 
species that contain no metal-metal bond to a 
Rh(II)-Rh(I1) species results in the formation of 
a metal-metal single bond. ‘,2 The complex Rhz&- 
dppp),(p-CO)Cl*, 1, is a formal Rh(I)-Rh(1) com- 
plex that contains a metal-metal bond. We have 
shown that a two-electron electrochemical oxi- 
dation of 1 in CH2C12 containing excess chloride 
and tetra-n-butylammonium nitrate (TBAN) as the 
supporting electrolyte affords the Rh(II)-Rh(I1) 
species Rh,(dppp),@-N03)(CO)C13, 2, in which the 
metal-metal bond is retained and the metal centres 
acquire a higher coordination number.3 In this 
paper we report results of additional studies of 
chemical and electrochemical processes involving 1 
and its oxidation products. 
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EXPERIMENTAL 

Materials 

Literature procedures were used to prepare 
dppp4 and Rh2(~-dppp)(~-CO)Cl,.5 Tetra-n-butyl- 
ammonium hexafluorophosphate (TBAH) was pre- 
pared by the metathesis of KPF6 and tetra-n-butyl- 
ammonium iodide (TBAI) and recrystallized 
several times from acetone/water and dried in vacua. 
Tetra-n-butylammonium chloride (TBAC) was 
purchased from Aldrich and purified by three 
recrystallizations from acetone/diethyl ether 
followed by drying overnight in vacua at 70°C. 

Rh,(~-dppp),(CO)(~-Cl)Cl, - (CHACO (4) [Rh,(~-dppp),(~-Cl)(t-BuNC),Cl,IPF, (7) 

Method 1. 50 cm3 of a CH2C12 solution of 1 
(120 mg, 0.144 mmol) containing 0.1 M TBAH and 
TBAC (201 mg, 0.722 mmol) was oxidized at + 0.90 
V. After oxidation the solution was stripped to dry- 
ness on a rotary evaporator and the residue was 
stirred in acetone overnight. The desired product 
occurred as a brown residue and was filtered and 
dried in vacua. Yield 80%. 

To 150 cm3 of a 4: 1 CH2C12/CH30H solution 
of 6 (55.2 mg, 0.053 mmol), NH4PF6 (22 mg, 0.13 
mmol) in 20 cm3 of methanol was added. After 
stirring for 1 h the volume of the orange solution 
was reduced to ca 40 cm3. A yellow-orange solid 
was obtained upon addition of a 1 : 1 diethyl 
ether/hexanes solution. Found: C, 45.6; H, 4.4. 
Calc. for C44H46C1JF6N4P3Rh2 : C, 46.0; H, 4.0%. 

Method 2. Excess CIZ was bubbled through a 
constantly stirred solution of 100 mg (0.120 mmol) 
of 1 in 125 cm3 of CH,Cl, at - 77°C. The solution 
was allowed to reach room temperature and was 
stirred for an additional 1 h. The resulting solution 
was stripped to dryness. After stirring the residue 
in acetone the desired product was filtered and dried 
in vacua. Yield 80%. 

Physical measurements 

UV-vis [&,,,,, nm(s)] : 705 (137) ; 497 (683) ; 363 
(7587); 304 (6015); 163 (17,880). IR (Nujol mull): 
v(CO), 2044, 1805, 1715 cm- ’ (acetone of crys- 
tallization). Found: C, 47.6; H, 3.9; N, 3.2; Cl, 
14.6. Calc. for C38H34C14N202P2RhZ : C, 47.5 ; H, 
3.6; N, 2.9; Cl, 14.8%. 

Infrared (IR) spectra were recorded on a Perkin- 
Elmer 180 spectrophotometer or a Digilab FTS- 
20 C/V Fourier transform spectrometer. Proton- 
decoupled 3’P NMR spectra were recorded on a 
JEOL FX9OQ Fourier transform spectrometer at 
36.21 MHz with 85% H,PO, as the external ref- 
erence. Unless otherwise noted all NMR spectra 
were obtained at ambient temperature. 

Electrochemistry 

Rhz@-dpppWO)zCL, -0.5CHzC11(5) 

While stirring 50 cm3 of a CH2C12 solution 
containing 96.4 mg (0.104 mmol) of Rh&- 

dppp),(CO)Cl,, CO was bubbled through the solu- 
tion for 10 min during which time the colour of 
the solution changed from brown to orange. The 
volume was reduced to ca 20 cm3 using a rotary 
evaporator and an orange solid precipitated upon 
the addition of diethyl ether. Recrystallization from 
CH,Cl,/ether afforded a crystalline orange solid in 
90% yield. 

UV-vis [L,,,, nm(s)] : 460 (3000) ; 415 (8400) ; 
325 (8800) ; 264 (23,600). Found : C, 45.4; H, 3.2 ; 
N, 2.8 ; Cl, 17.9. Calc. for C36.5H29C15NZOZRh2 : C, 
45.1 ; H, 3.0; N, 2.9; Cl, 18.2%. 

Rh&-dppp)GBuNC),C14 (6) 

To a 100 cm3 CH2C12 solution containing 0.11 
mm01 of 4,95 mg (1.13 mmol) of t-BuNC was added 
dropwise as the colour changed from brown to 
orange. After stirring for 1 h the volume of the 
solution was reduced to ca 50 cm3 on a rotary 
evaporator. An orange solid was obtained upon 
addition of a 1 : 1 diethyl ether/hexanes solution. 
The same product is obtained when 5 is used instead 
of 4. Yield 70%. Found : C, 49.6 ; H, 5.0 ; N, 5.7 ; 
Cl, 12.3. Calc. for C44H46C14N4P2RhZ : C, 50.8 ; H, 
4.5; N, 5.4; Cl, 13.6%. 

All cyclic voltammetry, coulometry, and con- 
trolled potential electrolysis experiments were 
performed with the BAS-100 Electrochemical 
Analyser. The working electrode for cyclic vol- 
tammetry was a platinum-inlay electrode (Beck- 



man) and the auxiliary electrode was a 2.76 cm* 
platinum grid. All bulk electrolysis experiments 
were performed in a conventional H-cell where the 
working electrode was a 25 cm* platinum grid and 
the auxiliary electrode was a carbon rod. In all cases 
the reference electrode was a saturated calomel elec- 
trode (SCE). All solutions used in the electro- 
chemical experiments were degassed with argon. 

RESULTS AND DISCUSSION 

When a brown solution of 1 is treated with TBAC 
and bubbled with CO the solution immediately 
turns yellow. If the volume is reduced on a rotary 
evaporator or if the solution is bubbled with Ar, 
the colour of the solution turns to brown-yellow 
and the 3 ‘P NMR spectrum exhibits resonance lines 
centred at 43.4 ppm which are attributed to 1 and 
a doublet centred at 29.6 ppm with a splitting of 
126.9 Hz. When the solution is again bubbled with 
CO it returns to a yellow colour and the 3’P NMR 
peaks due to 1 disappear and only the doublet 
at 29.6 ppm remains. The IR spectrum of the 
yellow solution exhibits IR peaks at 2069 and 
1991 cm- ‘. The 31P NMR data and the IR data 
are consistent with the presence of the monomer 
Rh(dppp),(CO)C16 and the anion Rh(C0)2C1;.7 
The reaction is outlined in eq. (1) (phenyl groups of 
dppp have been omitted) and is consistent with the 
observation that addition of either CO or Cl- alone 
does not afford the products shown in eq. (1). 
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result in the metal centres being 17-electron para- 
magnetic centres and less stable than the cor- 
responding d* square planar 16-electron metal 
centres in 3. Therefore, as illustrated in eq. (l), 
the breakdown of such a dimer into monomeric 
species is favoured over the conversion of the 
bridging CO to a terminal CO with concomitant 
addition of CO or Cl- to form the dinuclear 
species analogous to 3. 

P i-1 co 
Rh’ I/ 

cl’ I 04 
p\/p 

3 

Electrochemistry 

The cyclic voltammogram of 1 in CH&lJTBAH 
shown in Fig. 1 exhibits two irreversible oxidation 
waves with Ep, at +0.97 V and Epz at 1.36 V. Con- 
trolled-potential coulometry at potentials slightly 
positive of Epz indicates that two electrons are trans- 
ferred per dinuclear species and suggests that each 
irreversible oxidation is a one-electron process. An 
associated cathodic response occurs at -0.057 V 
on the voltammetric time scale during the reverse 
scan. Though a two-electron controlled-potential 
electrolysis has not afforded an isolable oxidation 
product, the results do indicate that the oxidation 

P J3 3 
N 

I ,C’ 
t Rh(CO),CI; (1) 

1 
This reaction is somewhat interesting in light of the 
fact that the dppm complex analogous to 1 affords 
the face-to-face dimer 3 when treated with CO.* 
Besides possible electronic factors, one factor which 
almost certainly plays a role in establishing these 
differences is the difference in bite sizes of the two 
ligands and the metal-metal distances they can 
accommodate. If by the addition of a CO molecule 
1 were to form a face-to-face complex similar to 3, 
the small bite size of the dppp ligand would favour 
a metal-metal separation in the metal-metal bond 
range. The existence of a metal-metal bond in such 
a structure for a dppp Rh(I)--Rh(1) species would 

product formed on the voltammetric time scale 
undergoes a follow-up transformation during 
electrolysis. These data suggest that a reactive 
Rh(II)-Rh(I1) species is initially formed during the 
electrolysis. The propensity of Rh(I1) to acquire a 
higher coordination number than that favoured for 
Rh(1) is likely responsible, in part, for the follow- 
up chemical process. It has been previously shown 
that when TBAN is the supporting electrolyte, a 
similar two-electron oxidation of 1 results in the 
addition of a terminal Cl- and a bridging NO; to 
acquire the desired higher coordination number. 
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Fig. 1. Cyclic voltammogram of Rh,(p-dppp),&CO)C12 
in (A) CH&l,/TBAH; (B) CH$Zl,/TBAH/CI- before 
oxidation at +0.90 V; (C) CH,Cl,/TBAH/Cl- after oxi- 

dation at +0.90 V. 

When free Cl- was not present in the nitrate 
medium some of the starting material served as the 
source of the additional Cl- found in the oxidation 
product. 3 

The cyclic voltammetric behaviour of 1 in 
CHzC1,/TBAH/Cl- is illustrated in Fig. l(b). An 
irreversible oxidation occurs at + 0.90 V, just before 
the onset of the oxidation wave for Cll. The 
cathodic response occurs at - 0.80 V. These results 
indicate that the oxidation product formed on the 
voltammetric time scale in the presence of Cl- is 
more stable toward reduction than that formed in 
the absence of Cl-. Controlled-potential oxidation 
at + 0.90 V involves a transfer of two electrons per 
dinuclear unit and thus involves the formation of a 
Rh(II)-Rh(I1) species. The cyclic voltammogram 
of the oxidized solution exhibits an irreversible 
reduction wave at -0.98 V and an associated 
anodic response at + 0.84 V. 

The electrochemical oxidation product obtained 
from the CH,Cl,/TBAH/Cll medium exhibits an 
IR band (Nujol mull) at 2044 cm- ’ which indicates 
the presence of a terminal CO. When the product 
is isolated from acetone it gives a strong IR band 
at 2044 cm- ’ and a weak band at 1805 cm- ‘. The 
product containing C-13 enriched CO exhibits 
v(C0) values of 1998 cm-’ when isolated from 
CH&l, and v(C0) values of 1998(s) and 1765(w) 
cm ’ and an acetone band at 1715 cm- ’ when 
isolated from acetone. These data indicate that in 

acetone a small amount of product contains a bridg- 
ing CO. 

At 25°C the “P NMR spectrum of the oxidation 
product exhibits the broad peak shown in Fig. 2(a). 
When the temperature is lowered to 0°C four peaks 
are apparent [Fig. 2(b)]. Further splitting of these 
four peaks is observed at -25°C [Fig. 2(c)]. The 
spectrum at - 25°C is interpreted as that resulting 
from two phosphorus atoms in different environ- 
ments with chemical shifts of 29.7 and 23.2 ppm. 
The phosphorus atom giving rise to the low-field 
resonance exhibits a one-bond Rh (‘03Rh, Z = l/2 ; 
100%) coupling of 117.2 Hz and a two-bond Rh 
coupling of 14.7 Hz. The phosphorus atom giving 
rise to the high-field resonance exhibits a one-bond 
Rh coupling of 109.9 Hz and a two-bond Rh 
coupling of 12.2 Hz. 

The analytical data of the oxidation product of 
1 isolated from CH,C12 resulted in the formulation 
of the product as Rh+dppp),(CO)Cl,, 4. Based 
on the low-temperature 3’P NMR, IR, and ana- 
lytical data 4 is assigned the structure shown in 
Scheme 1. The bridging Cl- is postulated on the 
basis of an electron count of 18 for each metal 
centre. 
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Fig. 2. 3’P NMR spectrum of Rh,(p-dppp)&Cl) 
(CO)CI,. 
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Scheme 1. 

The variable-temperature 31P NMR spectra 
shown in Fig. 2 indicate that 4 is fluxional and the 
weak IR peak attributable to a bridging CO in 
acetone suggests that the fluxional process involves 
a bridging CO. We suggest that a feasible fluxional 
behaviour is described by the interconversion out- 
lined in Scheme 1. The initial bridging CO species 
is postulated to be one with a semi-bridging CO. 
This is based on the fact that in this mode the CO 
is a four-electron donor and thus the l&electron 
configuration at each metal centre is maintained, 
and the metal-metal bond is also maintained. A 
symmetrically bridged CO would act as a two-elec- 
tron donor and would require the loss of the metal- 
metal bond, a process which is not favoured for the 
dppp ligand though the symmetrically-bridged CO 
species might be a transient species formed in the 
interconversion of the two semi-bridged CO species 
shown in Scheme 1. The 3 ‘P NMR spectrum of 4 in 
1,2-dichloroethane at 75°C exhibits two major lines 
centred at 27.6 ppm that appear to be the com- 
ponents of a doublet compared to that shown in 
Fig. 2(a) at 25°C. The signal-to-noise ratio for the 
spectrum in 1,2-dichloroethane was less than ideal 
due to limitations of solubility. At high tem- 
peratures the spectrum is approaching that of two 
phosphorus atoms in equivalent averaged environ- 
ments and exhibiting rhodium-phosphorus coup- 
ling (ca 124.5 Hz at 75°C). The peak separation is 
well within the range of the rhodium-phosphorus 
coupling expected for these types of species. 

Without the C-13 enriched species it was not 

possible to unequivocally assign the phosphorus res- 
onances. Figure 2(d) clearly indicates that in 4 the 
phosphorus atom bonded to rhodium containing 
the CO gives rise to the resonance at 23.2 ppm. The 
pseudo-triplet results from the fact that the coupling 

constant *JP_c is 12.2 Hz which is the same as 

2kRh. Similar experiments have shown that the 
phosphorus atom bonded to the CO-containing Rh 
in the analogous nitrato-bridged complex exhibits 
a resonance at 33.0 ppm.3 Since the chemical shifts 
for the phosphorus atom bonded to the rhodium 
atoms containing two Cl- are close for 4 (29.7 ppm) 
and 2 (28.7 ppm), it is clear that the electronic 
environment of the CO-bonded rhodium atom is 
much more susceptible to the structural and elec- 
tronic requirements of the bridging chloro and 
nitrato ligands, probably because of variations in 
the extent of backbonding with the rc* orbitals of 
co. 

Reaction of 4 with CO and t-BuNC 

A new complex is isolated from a CH2C12 solu- 
tion of 4 that has been bubbled with CO. This 
product exhibits strong and medium IR bands at 
2066 and 2039 cm-‘, respectively, which indicate 
the presence of terminal CO molecules. The 31P 
NMR spectrum of the product exhibits a doublet at 
22.4 ppm with JRGp = 109.9 Hz. The spin system is 
AA’XX’, thus the long-range couplings must be 
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such that the pattern appears as that of a simple 
AX system. The CO addition product is formulated 
as Rh2(p-dppp)z(CO),C14, 5 (Scheme 2). Complex 
5 is stable in the solid and solution whereas the 
dppm analogue loses a molecule of CO if it is not 
kept under an atmosphere of CO.’ 

Treatment of 4 or 5 with t-BuNC as outlined in 
Scheme 2 affords a product that exhibits a weak IR 
band at 22 18 cm- ’ and a strong band at 2 189 cn- ’ 
which have been assigned to v(NC) of the complex 
Rh,(p-dppp),(t-BuNC)2C14, 6. The 31P NMR spec- 
trum of 6 is more complex than the simple doublet 
observed for’5. Though the spectrum of 6 is sym- 
metrical, each component of the doublet is split into 
several lines. This difference indicates that the long- 
range couplings for the AA’XX’ systems are much 
more prominent for 6 than for 5. This undoubtedly 
results, in part, from the different electronic 
environments of the metal centres due to differences 
in the bonding properties of the CO and t-BuNC 
ligands. The more complex spectrum for 6 may also 
result in part from averaged coupling of two or 
more species in equilibrium. Variable temperature 
experiments do show that the relative intensities of 
the 3’P NMR lines of 6 vary slightly with tem- 
perature. 

Some Cl- is detected in a CH2C12 solution of 6 
with a chloride ion selective electrode. This result 
is interpreted to mean that the non-ionic dinuclear 
species 6 is in equilibrium with a dirhodium cation 
and a Cl-. Addition of NH4PF6 in methanol to a 
CH2Cl, solution of 6 gives a product whose IR 
spectrum contains a strong band at 2 189 cm- ’ and 
a weak shoulder at 2225 cm-’ in addition to PF; 
bands at 839 and 557 cm- ‘. The 31P NMR spectrum 
of this product is more like that of 5 than 6 since it 
exhibits a simple doublet at 25.3 ppm with a split- 
ting of 113.0 Hz. The product is formulated as 7 
and its formation is summarized in Scheme 3. 

The tendency of 6 to dissociate might be related 
to the short Rh-Rh bond distance and subsequent 
steric interactions resulting from the proximity of 
the t-BuNC ligands. This interaction can be reduced 
by twisting the dppp ligands such that when viewing 
6 down the Rh-Rh bond axis the groups around 
the two rhodium atoms are in a slightly staggered 
conformation similar to that observed for l5 and 
2.3 Further reduction of this interaction can be 
achieved through dissociation to form the chloro- 
bridged dirhodium cation. In the cation the two 
planes containing the P-Rh-N axes are tilted 
such that they intersect at the bridging Cl rather 
than being in an approximate parallel orientation. 
Thus, formation of the cation should allow the t- 

6 

I 

NH,PF, 

x I (cH#4c 

Scheme 3. 
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BuNC ligands to be further tilted away from each Acknowledgements-The authors wish to thank the 

other such that a less sterically hindered species is National Science Foundation for support of this work 

formed. The extent of dissociation of 6 is apparently and Johnson Matthey, Inc. for a generous loan of 

small due to the coordinating ability of Cl- and rhodium trichloride* 
the non-ionizing power of CHICI,. Thus, a stoi- 
chiometric amount of the chloro-bridged dirho- 
dium cation is not obtained until the Cl- is pre- 
cipitated with NH: and replaced with the non- 
coordinating anion PF; (Scheme 3). 

CONCLUSIONS 

This study clearly indicates that the tendency of 
dirhodium complexes to undergo the formation or 
cleavage of metal-metal bonds during electro- 
chemical processes depends in part on structural 
constraints such as the ability of the bridging 
ligands to accommodate the required metal-metal 
distances. However, electronic properties of the 
ligands such as sigma donor and pi acceptor ability 
also play major roles in determining whether elec- 
trochemically generated dirhodium products will 
exist with or without metal-metal bonds. 
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Abstract-The molecular structure of [0s6(C0) 1 ,PCl] is presented. The phosphorus atom 
is interstitially sited within a distorted trigonal prismatic array of osmium atoms. The 
chlorine atom bridges one edge of a triangular face of the 0s6 cage. A comparison is made 
between the structures of [Os6(C0) lsPCl] and its parent compound, [0s6(CO)l 8P]-. By 
using the model compounds [Ru,(CO) l $- and Ru6(CO) I 8Pc1, the Fenske-Hall quantum 
chemical technique is used to investigate the mode of bonding of the phosphorus atom in 
[0s6(C0),,P]-. In Ru6(CO),,PCl, the interaction of the tangential orbital of the chlorine 
atom with the ruthenium-ruthenium antibonding LUMO of [Ru,(CO), ,P]- is the primary 
interfragment interaction ; this results in Ru6(CO) l ,PCl, and by analogy [Os6(CO), 8Pc1], 
being a 92 electron cluster in contrast to [0s6(CO), $- which is a 90 &CtrOn cluster. 

Transition metal clusters containing interstitial 
atoms are becoming an increasingly well known class 
of compound. Whilst carbon is by far the most 
commonly exemplified interstitial atom,‘~’ other 
types of metal encapsulated atoms are now known. 3 
New types of compound present new problems in 
bonding descriptions and, not surprisingly, con- 
siderable interest has been generated by the bonding 
within transition metal clusters containing inter- 
stitial main-group atoms, either in general termsh6 
or for specific cluster compounds.7 Compounds 
containing naked phosphorus atoms have been sur- 
veyed,’ but recently, the first example of a phos- 
phide-containing trigonal prismatic array of metal 
atoms was reported. 3d This cluster compound, 
[0s6(C0) 1 8P]p (I), contains a D,,,-0s6P cluster core. 
The chloro-derivative, [0s6(C0), $c1] (II), has 
now been synthesized and a single crystal X-ray 
diffraction study has established that the basic tri- 
gonal prismatic framework is preserved, but is sig- 
nificantly perturbed by the presence of the bridging 
chlorine ligand. The bonding in each of the clusters 
(I) and (II) has been investigated by using the 
Fenske-Hall quantum chemical technique with 

* Authors to whom correspondence should be addressed. 

the model compounds [Ru~(CO)~~P]- (Ia), and 
Ru6(C0)i,PCl (Ha). A notable feature in aa) is 
the localized nature of the M-&l-M bonding. 
The change from a 90 electron cluster in (Ia) to a 
92 electron cluster in (IIa) is rationalized by the 
stabilization and occupancy in (IIa) of a hitherto 
unoccupied orbital which possesses the correct sym- 
metry to interact with a p-orbital on the chlorine 
atom. 

EXPERIMENTAL 

Spectra 

IR spectra were obtained using a Per&n-Elmer 
983 spectrophotometer. NMR spectra were 
obtained using a Bruker AM400 spectrometer and 
31P chemical shifts were relative to P(OMe),, down- 
field shifts being at positive 6. FAB mass spectra 
were recorded on a MS902 instrument. 

Preparation of [0s6(c0) 1 $cl] (II) 

FeCl, (35 mg, 0.215 mmol) was added to a solu- 
tion of [pPNj[Os6(CO), SP] (70 mg, 0.03 1 mmd) in 
THF at room temperature. The solution was heated 
to reflux under a nitrogen atmosphere for 45 min. 

1759 
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After the solution had cooled to room temperature, 
2 vol. equiv. of water were added. The precipitate 
which resulted was filtered through a celite plug 
and was washed with cold water. The product was 
extracted with dichloromethane and dried with 
anhydrous magnesium sulphate. After filtration 
and evaporation of the solvent from the filtrate, the 
product was isolated as a yellow powder in 88% 
yield. (II) : IR (vco, cm-‘) 2116w, 2089w, 2073~s 
2064s 2038s 2019w, 2006w, 1976~; FAB-MS 
m/e 1712 (P’); 3’P NMR (C,D,) 6 413.85. 

Crystal structure determination of [Os,(CO), ,PCl] 

(II) 

Orange crystals were obtained by slow evap- 
oration of a CH,Cl, solution of (II). 

Crystal data-II) 

C18C10180s6P, M = 1711.81, triclinic, a = 
9.141(l), b = 10.329(l) c = 17.396(l) A, a = 
91.57(l), B = 91.02(l), y = 114.70(l)“, U = 
1491.0 A’ (from 28 values of 50 centred reflec- 
tions), T = 291 K, graphite monochromated Mo- 
K, radiation, 1 = 0.71069 A, space group PI (No. 
2) 2 = 2, D, = 3.83 g cme3, F(OOO) = 1480. 
Orange, multifaceted block ; crystal dimensions 
(distances of faces from centre): 0.186 (001, 
ooi)x0.165 (011, oii)x0.144 (oli, 0T1)~0.129 
(loi, Tel) x 0.095 (110, ilo) x 0.171(101, iOi)mm; 
~(Mo-K,) = 256.76 cm- ‘. 

Data collection and processing 

Stoe-Siemens AED diffractometer, 24 step o/O 
scan mode, scan range 5.0 < 28 < 50.0” (+h, + k, 
*I), scan width 0.05” per step, scan time 0.5-2.0 
s per step. 5608 reflections measured, numerical 
absorption correction applied (transmission factors 
range 0.04940.0043) averaged to give 5250 unique 
reflections (merging R = 0.031) 4470 with 
F > 40(F) used in refinement. Three standard 
reflections showed no significant variation in inten- 
sity throughout the data collection. 

Structure analysis and refinement 

Direct methods (OS atoms) followed by Fourier 
difference syntheses. Full-matrix least-squares 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,,/Fc 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

Table 1. Selected bond distance in (II) A 

Wll-w2) 
Os(lFs(5) 
Os(lWs(4) 
os(2)--os(3) 
Os(2)--os(6) 
Os(3Ws(6) 
Os(4Ws(6) 
Os(3)--os(5) 

3.176(l) 
2.954( 1) 
2.945( 1) 
2.952( 1) 
2.957( 1) 
2.91 l(1) 
3.003( 1) 
3.013(l) 

OS(l)---P 
Os(2)--P 
Os(3)-P 
Os(4)-P 
Os(5)-P 
OS(~)-P 
0s(4)---C1 
Os(5)-Cl 

2.281(4) 
2.280(4) 
2.3 lO(4) 
2&l(4) 
2.432(3) 
2.312(4) 
2.497(4) 
2.432(4) 

refinement with OS, P, Cl, and 0 anisotropic. The 
weighting scheme, w = 1 .OO/[o’(F) +0.0012(F,)2], 
with a(F,J from counting statistics, gave reasonable 
agreement analyses. A final Fourier difference map 
showed residual electron density peaks of ca 2.76 
e A- 3 close to the OS atom positions, but no other 
regions of significant electron density. Final 
R = 0.051 and R’ = 0.051. The structure was 
solved and refined using SHELX 769 implemented 
on the University of Cambridge IBM 30844 com- 
puter. Neutral atom scattering factors were taken 
from ref. 10. Selected bond distances and angles are 
listed in Tables 1 and 2.* 

Fenske-Hall calculations 

Fenske-Hall quantum chemical calculations’ ’ 
were carried out by using [Ru,(CO),,P]- and 
Ru,(CO) , sPCl to model [Os,(CO), 8P]- and 
[Os,(CO), ,PCl], respectively. The structure of 
[Ru6(CO), $- was idealized to DJh symmetry. All 
C---Q bonds were set at 1.15 8, and Ru-CO bonds 
were 1.90 A. In [Ru6(CO),$-, intra-triangle 
Ru-Ru = 2.93 A and inter-triangle Ru-Ru = 
3.14 A. All Ru-P = 2.31 A. The atomic 
numbering is shown in Scheme 1. The geo- 
metry of Ru6(CO)iBPCl was based on the cry- 
stallographically determined structure, idealized to 
C, symmetry with the mirror plane passing through 
Ru(l), P and Cl, (see Scheme 1 for atomic 

Scheme 1. 
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Table 2. Selected bond angles in (II) (“) 

Os(4)-0s(1)-0s(2) 87.2( 1) 

Os(5)--os(l~s(2) 86.8( 1) 

Os(5)-os(l)--os(4) 78.3(l) 

Os(3)-os(2)-0s(l) 89.2( 1) 

Os(6+OG-Os( 1) 88.7( 1) 

Os(6)--os(2>--os(3) 59.0(l) 

Os(5)--+(3)--os(2) 89.9( 1) 

Os(6)-Os(3)-0@) 60.6(l) 
Os(6)---Os(3)-OS(~) 97.6(l) 
Os(6)--Os(4)---Os( 1) 92.3(l) 

Os(3)--os(5)--os(l) 92.4( 1) 
Os(3)-Os(6)-OS(~) 60.4( 1) 

Os(4)-Os(6>--os(2) 90.2( 1) 

Os(4VM6)--os(3) 97.9( 1) 
Os(4)--cl-Os(5) 96.2(2) 

Os( l)-P-Os(2) 
Os( l)-P-Os(3) 
OS(~)-P-OS(~) 
Os( l)-P-Os(4) 
Os(4FP-OS(~) 
Os(3)-P-Os(4) 
OS(l)--P--&(5) 
OS(~)-P-OS(~) 
Os(4)-P-Os(5) 
OS(~)--P-OS(~) 
OS(~)-P-OS(~) 
Os(5)-P-Os(3) 
Os( l)-P-OS(~) 
OS(~)-P--OS(~) 
OS(~)--P-OS(~) 
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88.3(2) 
139.4(2) 
80.1(l) 
77.1(l) 

126.9(2) 
139.6(2) 
77.5(l) 

126.8(2) 
99.6( 1) 
80.2( 1) 
78.3( 1) 
78.8(l) 

138.2(2) 
78.1(l) 

14&l(2) 

numbering and axis system). The two ruthenium 
triangles were coparallel. Bond distances 
were Ru(l)---Ru(4) = 3.05, Ru(l)-Ru(2) = 3.04, 
Ru(2)--Ru(3) = 2.82, Ru(3)-Ru(6) = 2.91, Ru(l)- 
P = 2.21, Ru(2)-P = 2.25, Ru(4)-P = 2.51 A. 
All C-O bonds were set at 1.15 8, and Ru- 
CO bonds were 1.90 A. The Fenske-Hall cal- 
culations employed single-c Slater functions 
for the 1s and 2s functions of Cl, 0 and C. 
The exponents were obtained by curve fitting the 
double-c functions of Clementi’* while maintaining 
orthogonal functions ; the double-c functions were 
used directly for the 2p orbitals. An exponent of 
1.16 was used for hydrogen. Functions for P were 
as previously described. 3f, * The Ru functions ’ 3 were 

chosen for the + 1 oxidation state and were aug- 
mented by 5s and 5p functions with exponents of 
2.20. 

RESULTS AND DISCUSSION 

Molecular structure of (II) 

The molecular structure of (II) is shown in Fig. 
l(a), and the structure of the core is shown in Fig. 

* For the calculations reported here, 3d orbitals were 
not included in the basis set for phosphorus. We have 
however carried out test calculations in which we gen- 
erated a set of 3d orbitals for P with exponents varying 
in the range 1.8-2.2. The role of the 3d orbitals on phos- 
phorus in binding the interstitial atom to the hexa-metal 
cage in [Ru,(CO)~~P]- was found to be a small 
one. Primary metal-phosphorus bonding involved the 
3s and 3p AOs, and we are therefore justified in using 
the smaller basis set of valence orbitals as previously 
reported.3f 

l(b). It is based on a trigonal prism of osmium 
atoms in which one of the basal edges has been 
significantly lengthened, indeed broken, by the pres- 
ence of a bridging chlorine atom. The average intra- 
triangle unbridged OS-OS length of 2.944(5) 8, 
compares favourably with an average of 2.930(5) A 
found in (I) and with the average of 2.932(5) A for 
the unbridged basal bonds in Os6(CO), gP 
(AuPPh3).3d The metal edge which is bridged 
by the chlorine atom is substantially longer, 
(3.724(2) A). The inter-osmium triangle bond 
lengths in (II) average 3.064(2) A, 0.076 A shorter 
than the corresponding average for (I).3d However, 
whereas in (I) the two triangles of the OS,-prism are 
parallel, those in (II) are tilted apart; the inter- 
triangle distance Os( l)---&(2) which lies on the side 
of the prism remote from the p-Cl is longer than the 
remaining two prism sides, viz. Os(3)-Os(5) and 
Os(4)-Os(6). The bridging chlorine atom is there- 
fore responsible for two deformations of the tri- 
gonal prismatic metal framework. A direct conse- 
quence is that the interstitial phosphorus, which 
in (I) is symmetrically bonded to all six osmium 
atoms, interacts with the metal atoms in (II) 
with OS-P separations varying from 2.280(4) to 
2&l(4) A. 

The Cl atom is bonded almost symmetrically 
between OS(~) and OS(~) and the average OS-&~ 
distance of 2.502(5) A is slightly, but not sig- 
nificantly, longer than other reported OS-pC1 
bond lengths. 14-i7 The chlorine atom lies 0.66 A 
below the plane containing OS(~), OS(~) and OS(~). 
The carbonyl ligand arrangement is not unusual. 
None of the osmiumcarbonyl vectors varies sig- 
nificantly from linearity, and each OS-C-O vec- 
tor is an extension of either an OS-OS or a pCl--Os 
bond vector. 
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(b) 

Fig. 1. (a) Molecular structure of [Os,(CO),,PCl] (II) ; (b) the structure of the OsJTl core of (II), 
showing the atom numbering scheme. 

Electronic structure of (Ia) 

In order to understand the role played by the 
chlorine atom in (II), both in deforming the metal 
framework and in allowing the trigonal prismatic 
phosphide cluster to accommodate 92 instead of 90 
electrons, we shall begin by examining the bonding 
in (I), modelled by the hypothetical ruthenium 
analogue, (Ia). Since our prime interest in this paper 
is in the chloro-derivative, (II), only the salient 
features of (Ia) will be presented ; the bonding in 

the trigonal prismatic cluster Ru~(CO),~C’- has 
previously been investigated and contrasted with 
the bonding in octahedral Ru6(CO), 8C2+.6 

We have chosen to examine the bonding in (Ia) 
in terms of the interactions of a phosphorus atom 
with two eclipsed ruthenium triangles, i.e. two 
RUDE fragments. The correlation between frag- 
ment MOs is shown in Fig. 2. Remembering that 
the two RUDE units are equivalent, the reader 
should note that, although only one is represented 
in Fig. 2, both are contributing equally. The highest 
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54 
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[Rq(C0)91 [RU&O)$- P‘ 

Fig. 2. Molecular orbital correlation diagram for the 
formation of [Ru,(CO),,P]- from two [Ru,(CO),] frag- 
ments and P-. Fragment MO energies are taken from 
the Fock matrix. ” For clarity, single correlation lines are 
used to indicate contributions made by the degenerate 
pairs of MOs 48149, 51152, 53154 and 58159 to the 
degenerate pairs of MOs 93/94 and llO/lll in 

filled MOs (113-l 17) of (Ia) are involved solely in 
metal-metal interactions. The 3s orbital of the P 
atom is low-lying and remains largely localized on 
phosphorus in the complex. There are six filled MOs 
(MOs 92-94 and 110-l 12) in (Ia) which contain 
significant phosphorus 3p character. 72% of the 
total phosphorus character in (Ia) is located in 
MOs 92-94. These three orbitals, schematically 
represented in Fig. 3, are strongly Ru-P bonding. 
This fact is borne out by the total atom-atom 
Mulliken overlap populations (Table 3) for 
Ru-Ru and Ru-P interactions, although it should 
be noted that Mulliken overlap populations for 
metal-main group interactions will usually be larger 
than for metal-metal interactions. Despite this 
cautionary note, the interstitial P atom clearly has 
an important role to play in holding the RuJ’ core 
together. Hoffmann et al6 have pointed out that in 
the octahedral carbide cluster Ru~(CO)~&~+, the 
introduction of a carbon atom into the Ru6 cage 
redistributes electron density from metal-metal to 
metal-carbon bonds. The same effect is seen in (Ia). 

Fig. 3. Schematic representations of MOs 92, 93 and 94 
in @a), the major cluster-P bonding MOs. 

Electronic structure of (IIa) 

When the chlorine atom is introduced into (Ia) 
to form (Ha), the cluster bonding is not greatly 
perturbed. The bonding of the chlorine atom in (IIa) 
is localized in much the same way as the bonding of 
a bridging hydrogen atom to a transition metal 
cluster. Obviously though, for a chlorine atom, the 
availability of 3p and 3s atomic orbitals allows a 
greater number of symmetry combinations with 
cluster fragment MOs than would be available to a 
hydrogen atom. The 3s orbital of the chlorine atom 
does not participate in the bonding to the cluster, 
being 97% localized in MO 19 of (IIa). The 3p, 
orbital of the chlorine atom, (see Scheme 1 for axis 
definition), contributes little to cluster bonding, 
being of the wrong symmetry to interact well with 
the available cluster fragment MOs. MOs 93-98 of 
@a) together contain about 88% of the total Cl 3p 
character and 73% of the P 3p character. These 
orbitals are shown in Fig. 4. Note that MOs 95 

Table 3. Atomic Mulliken overlap populations in (Ia) 

Bond type 

Inter-triangle Ru-Ru 
Intra-triangle Ru-Ru 
Ru-P 

Mulliken overlap 
population per bond 

+ 0.034 
+ 0.069 
+0.192 
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Fig. 4. Schematic representations of MOs 93-98 in (Ia), 
the major cluster-P and cluster-Cl bonding MOs. 

and 97 are well described as Ru-Cl-Ru 3c-2e 
bonding orbitals. Despite the fact that phosphorus 
and chlorine contributions occur in the same MOs 
in (IIa), the interaction between the two main group 
atoms is negligible. This is consistent with the rela- 
tively large distance between the two atoms. 

The left hand side of Fig. 5 compares the energies 
of the MOs in [Ru~(CO)~~P]- as its framework is 
deformed from that in (Ia) to one ready to accom- 
modate the chlorine atom in (IIa). Perturbation is 
minimal. The destabilization of the HOMO (MO 
117, Fig. 6) corresponds to a decrease in metal- 
metal bonding character as the metal-metal edge is 
opened up ; similarly, the stabilization of the lowest- 
lying unoccupied MOs is concomitant with a 
decrease in metal-metal antibonding character. The 
LUMO (MO 118) is shown in Fig. 6. 

The right hand side of Fig. 5 correlates the molec- 

1 RU 

92 - 

111 
110= 

1 RU 

I$$= 

92- 

IRU&O)~*Pl- IRU~c0)~~Pl- IRu,p)~~m Cl’ 

\ pmeuy change 2 

Fig. 5. Molecular orbital correlation diagram (i) com- 
paring the energies of MOs in [Ru,(CO),,P]- (Ia) with 
those in the fragment [Rt@CO), 8P]- in a geometry taken 
from complex @a), and (ii) for the formation of 
Ru,(CO), sPCl from [Ru,(CO), *PI- and Cl+. Fragment 

MO energies are taken from the Fock matrix. ’ * 

ular orbitals of the [Ru6(CO)igP]- fragment with 
the atomic orbitals of Cl+ ; Table 4 lists the 
Mulliken overlap populations for the inter-fragment 
interactions. The first observation is that, compared 
to (Ia), (IIa) exhibits one less occupied MO above 
the group of metal-containing orbitals. The HOMO 
of [Ru,(CO),,P]- interacts with the 3p, orbital, 
and to a lesser extent with the 3p, A0 of the chlorine 

117 118 

Fig. 6. Schematic representation of the HOMO (MO 117) 
and LUMO (MO 118) of the [Ru6(CO) ,8P]- fragment in 

‘-a geometry as found in @a). 
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Table 4. Mulliken overlap populations between the frag- 
ments [Ru,(CO), *PI- and Cl+ in (IIa) 

MO in MO in Cl+ 

[Ru,(CG) I PI - XPJ 3(p,) 4(P,) 

119 0.025 - 
118(LUMO) 0.181 - 

117(HOMO) - 0.080 0.009 

atom. The MOs in (IIa) which are generated by 
these interactions also contain contributions from 
the cluster fragment MO 119. The Mulliken overlap 
population of fragment MOs 119 and 3 is, however, 
small, accounting for only 8% of the total 
[Ru6(CO), ,P]--[Cl]+ overlap population. Most of 
the character of MO 119 is carried across to the 
unoccupied MO 121 in (Ha). The second obser- 
vation in the molecular orbital pattern of (Ha) is the 
presence of one less high-lying unoccupied metal- 
metal antibonding MO compared to (Ia). This is 
consistent with the interaction of the tangential 3p, 
atomic orbital on the chlorine atom with, and con- 
sequential stabilization of, the LUMO of the 
[Ru6(CO),aP]- fragment ; the LUMO is anti- 
bonding between Ru(4) and Ru(5). This interaction 
generates MO 95 in @a), i.e. a cluster bonding 
orbital. Thus, the cluster electron count is increased 
by two electrons from 90 to 92 electrons. The pro- 
minant r61e of the tangential A0 of the chlorine 
bridging atom has previously been emphasized. I9 

Acknowledgements-We thank the S.E.R.C. (to S. M. 0. 
and S.B.C.) for their support. The Royal Society is 
acknowledged for a 1983 Research Fellowship (to 
C.E.H.). 

REFERENCES 

1. J. S. Bradley, Adv. Organomet. Chem. 1983,22, 1. 
2. E. L. Muetterties, Prog. Znorg. Chem. 1981, 28, 203. 
3. See for example: (a) D. E. Fjare and W. L. 

Gladfelter, Znorg. Chem. 1981, 20, 3532; (b) M. L. 

4. 
5. 

6. 

7. 

8. 

9. 

11 

14. 

15. 

16. 

17. 

18. 

19. 

Blohm and W. L. Gladfelter, Organometallics 1985, 
4, 45 ; (c) C. K. Schauer and D. F. Shriver, 193rd 
A.C.S. National Meeting, INORG 256, Denver, 
U.S.A., April (1987) ; (d) S. B. Colbran, C. M. Hay, 
B. F. G. Johnson, F. J. Lahoz, J. Lewis and P. R. 
Raithby, J. Chem. Sot., Chem. Commun. 1986,1766; 
(e) T. P. Fehlner and N. P. Rath, J. Am. Chem. Sot. 
1987, 109, 5273 ; (f) C. E. Housecroft and A. L. 
Rheingold, Organometallics 1987, 6, 1332 ; (g) C. 
E. Housecroft, Polyhedron 1987, 6, 1935 and refs 
therein. 
J. W. Lauher, J. Am. Chem. Sot. 1978,100, 5305. 
A. J. Stone, Mol. Phys. 1980,41, 1339; A. J. Stone, 
Znorg. Chem. 1981,20, 563 ; A. J. Stone, Polyhedron 
1984, 3, 1299. 
S. D. Wijeyesekera and R. Hoffmann, Organo- 
metallics 1984, 3, 950. 
See for example: T. P. Fehlner, C. E. Housecroft, 
W. R. Scheidt and K. S. Wong, Organometallics 
1983, 2, 825 ; J. S. Bradley and S. Harris, Organo- 
metalhcs 1984, 3, 1086; S. D. Wijeyesekera, R. 
Hoffmann and C. N. Wilker, Organometallics 1984, 
3, 962 ; P. Brint, K. O’Cuill and T. R. Spalding, 
Polyhedron 1986,5, 179 1. 
M. Di Vaira, P. Stoppioni and M. Peruzzini, Poly- 
hedron 1987,6, 351. 
G. M. Sheldrick, SHELX 76, Crystal structure Solv- 
ing Package. University of Cambridge (1976). 
International Tables for X-Ray Crystallography, Vol. 
IV. Kynoch Press (1974). 
M. B. Hall and R. F. Fenske, Znorg. Chem. 1972,11, 
768. 
E. Clementi, J. Chem. Phys. 1964,40, 1944. 
J. W. Richardson, M. J. Blackman and J. F. 
Ranochak, J. Chem. Phys. 1973,58,3010. 
M. A. Gallop, B. F. G. Johnson, J. Lewis and P. R. 
Raithby, J. Chem. Sot., Chem. Commun. 1986,706. 
R. D. Adams, I. T. Horvath and B. E. Segmiiller, 
Organometallics 1982, 1, 1537. 
M. R. Churchill and R. A. Lashewycz, Znorg. Chem. 
1979,18, 1926. 
F. W. B. Einstein, T. Jones and K. G. Tyers, Acta 
Crust. 1982, B38, 1272. 
N. M. Kostic and R. F. Fenske, Organometallics 
1982, 1, 974. 
C. E. Housecroft and S. M. Owen, Organometallics, 
in press. 



Pdyhedron Vol. 7, No. 18, pp. 1767-1771, 1988 
Printed in Great Britain 

0277-5387/88 $3.00 + .OO 
0 1988 Pergamon Press plc 

0X0-MOLYBDENUM(IV) AND TUNGSTEN(IV) COMPLEXES 
WITH PHOSPHINE AND ISOCYANIDE LIGANDS 

ERNEST0 CARMONA,” AGUSTIN GALINDO, CHRISTIAN GUILLE-PHOTIN 
and LUIS SANCHEZ 

Departamento de Quimica Inorganica e Instituto de Ciencias de Materiales, Universidad 
de Sevilla-CSIC, 41071 Sevilla, Spain 

(Received 23 November 1987; accepted 15 March 1988) 

Abstract-The complexes [MOCl,(dmpe)(PMe,)] and [MOCl,(dmpe),]Cl (M = MO, W ; 
dmpe = Me2PCH2CH2PMeJ have been prepared by reaction of the 0x0 compounds 
[MOCl,(PMe,),] with equivalent amounts of the dmpe ligand under appropriate conditions. 
The dark blue tungsten species wOCl,(dmpe)(PMe,)] forms only slowly but reacts readily 
with more dmpe to afford wOCl(dmpe)$l. This prevents isolation of the former in a pure 
form. The related isocyanide derivatives [MOCl,(CNR)(PMe,),], (M = MO ; R = CMe3 and 
CdH,, ; M = W, R = CMe,) have been obtained similarly by reaction of the [MOC12(PMe3)3] 
complexes with the stoichiometric amount of the isocyanide ligand, but attempts to prepare 
the carbonyl analogues, [MOCl,(CO)(PMe,),], have proved unsuccessful. The new com- 
pounds have been characterized by analytical and spectroscopic methods (IR, ‘H, 13C and 
3’P NMR spectroscopy). 

In the past few years, the preparation and reactions 
of a number of oxotrimethylphosphine complexes 
of Mo(IV) and W(IV), have been extensively stud- 
ied in this laboratory.‘A As part of our continuing 
interest in this type of chemistry, we have now 
examined the substitution of the coordinated 
PMe3 by dmpe (dmpe = Me2PCH2CH2PMe2) and 
isocyanide ligands. We report herein the synthesis 
and properties of new oxo-molybdenum(IV) 
and tungsten(IV) complexes of composition 
[MOCl,(dmpe)(PMe3)], [MOCl(dmpe)z]C1 and 
[MOCl,(CNR)(PMe,),]. While our work was in 
progress, the compounds [MoOCl(dmpe)2]C15a and 
[WOC1,(CNCMe3)(PMePh&j5b were reported. 

RESULTS AND DISCUSSION 

(a) 1,2-bis(dimethylphosphino)ethane derivatives 

Tetrahydrofuran solutions of the complex 
[MoOC12(PMe3)J react with dmpe in a stepwise 
manner with substitution of the PMe3 ligands and 

*Author to whom correspondence should be addressed. 

initial formation of blue [MoOCl,(dmpe)(PMe,)] 
and then pink-purple [MoOCl(dmpe),]Cl com- 
plexes, as shown in eqs (1) and (2). 

+ MoOCl,(dmpe)(PMe,) + 2PMe, (1) 

MoOCl,(PMe,), + 2dmpe 

+ [MoOCl(dmpe),]Cl+ 3PMe+ (2) 

Analogous reactions are observed for the tungsten 
system, although the mixing of equimolar amounts 
of [WOC12(PMe3)3] and dmpe, produces an 
incomplete reaction which yields a mixture of 
the starting material, the desired products, 
[WOCl,(dmpe)(PMe,)], and the fully substituted, 
[WOCl(dmpe),]Cl, after 14 h of stirring at room 
temperature. Addition of 2 mmol of dmpe to 
1 mmol of wOCl,(PMe3)& produces only 
[WOCl(dmpe),]Cl. The facility with which the 
mono-dmpe complex, [WOC12(dmpe)(PMe3)], 
reacts with more dmpe, has precluded its isolation 
in a pure, analytical form, although full char- 
acterization has, however, been accomplished by 
spectroscopic methods. 

The ‘H NMR spectra of the dmpe derivatives are 
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very complex and provide little information with 
regards to their structure. An unequivocal proposal 
can however be made based on 31P and 13C NMR 
studies. Thus, the 31P{iH} NMR spectra of the 
[MOCl,(dmpe)(PMe3)] complexes correspond to 
essentially first-order AMX spin systems, as shown 
in Fig. 1 for the molybdenum derivative, from 
which the chemical shifts and coupling constants 
collected in Table 1 can be computed. The three 
phosphorus nuclei give three doublets of doublets, 
centred at 36.1 and 3 1 .O (dmpe) and 8.0 ppm (PMe,) 
for M = MO, and 21.3 and 15.4 (dmpe) and - 19.5 
ppm (PMe,) for the tungsten analogue. From the 
values of ‘J(P*-Px) (ca 200 MHz), it is clear that 
the PMe, ligand is tram to one of the phosphorus 
nuclei of the dmpe group. This and other data 
collected in Table 1 are in accord with structure 
A for these complexes. 

&,, 
WI 

Cl 

Toluene or benzene solutions of [MOCl,(PMe3)3] 
complexes, interact with isocyanides, CNR, to 
afford the corresponding monoisocyanide deriva- 
tives, wOCl,(CNR)(PMe,),], (M = MO, R = CMe3, 
C6Hll ; M = W, R = CMeJ as shown in eq. (3). 

MOC12(PMe3), + CNR 
A + MOC12(CNR)(PMe3)2+PMe3. (3) 

This bis-dmpe derivatives, [MOCl(dmpe),]Cl, are The substitution reaction takes place readily for the 
the main products of the reactions of the tri- molybdenum complex and can be monitored by IR 
methylphosphine complexes [MOC12(PMe3)3] with spectroscopy, following the appearance of a charac- 
dmpe in a 1: 2 molar ratio, and can be isolated teristic absorption in the range 2 150-2 100 cm- ’ due 
as pink-purple crystalline solids by crystallization to the coordinated isocyanide ligand. A similar 
from CH1C12. Formulation of these complexes as value of 2130 cm- ’ has been found for the C-N 
1: 1 electrolytes follows analytical and conductivity stretching frequency of the coordinated CNR 
data6 (see Experimental). On the other hand, the ligand in the related complex lJVOCl,(CNCMe3) 

appearance of a singlet in the 31P{1H} NMR spec- 
trum, together with other data recorded in Table 1, 
are in agreement with structure B for these 
complexes. This type of cation, [MOCl(P-P),]+, 
has been previously characterized by X-ray 
diffraction methods in related dppe complexes7*8 
(dppe = Ph2PCH2CH,PPh2). 

-r 

B 

(b) Isocyanide complexes 

36 34 32 30 

Fig. 1. “P{‘H} NMR spectrum (CDCI,) of MoOCl,(dmpe)(PMe3). 
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(PMePh,)J5b For the molybdenum compound the 
reaction is complete after stirring at room tem- 
perature for l-2 h, but the tungsten system requires 
longer reaction times (5-6 h) and temperatures of 
around 60°C for completion. The new compounds 
prepared have been isolated as crystalline materials, 
of moderate stability to air in the solid state, but 
very sensitive in solution. As found for other related 
0x0 complexes,2~9-” [MoOCl,(CNCMe,)(PMe& 
exists in two isomers, blue and green, with appar- 
ently the same ligand distribution and spectroscopic 
properties. 

The presence of an isocyanide ligand in the 
molecule of the complexes is clearly inferred by 
the appearance of a characteristic absorption in 
the region 2150-2100 cm-‘, as well as by the 
observation of the corresponding ‘H and 13C 
NMR resonances. On the other hand,the phos- 
phine ligands give rise to a 3’P singlet, in the region 
- 19 to - 6 ppm, and to a virtually coupled 
triplet in the ‘H NMR spectrum. From these and 
other data, and by similarity with the structures 
found for other MOC12L3 complexes, which 
have &-chloride ligands,‘%” structure C can be 
proposed for these oxo-isocyanide derivatives of 
molybdenum and tungsten. 

C 

We have also attempted to prepare the carbonyl 
compounds [MOCl,(CO)(PMe3)J, by a route 
similar to that described above for the analog- 
ous isocyanide derivatives. The reaction of 
[MOC12(PMe3)3] with CO, under a variety of 
experimental conditions (temperatures from 20 
to 60°C CO pressure of l-5 atm) provided only 
unreacted starting material and decomposition 
products. 

EXPERIMENTAL 

Microanalyses were carried out by Pascher 
Microanalytical Laboratory, Bonn, Germany. IR 
spectra were recorded as Nujol mulls on Perkin- 
Elmer Models 577 and 684 instruments. ‘H, 13C 
and 3’P NMR spectra were run on a Varian XL- 
200 instrument. 3’P NMR shifts are referenced 
to external 85% H,PO,. Conductivity measure- 
ments were carried out in acetonitrile solutions 
(ca 5 x 10e3 M) at 20°C. 

All preparations and operations were carried out 
under oxygen-free nitrogen or argon, following the 
conventional Schlenk techniques. Solvents were 
dried by standard techniques and degassed before 
use. The compounds [MOCl,(PMe,),] (M = MO, W) 
were prepared according to the literature pro- 
cedures’s’ and so were the CNR” and PMe313 
ligands. 

Preparation of [MGCl,(dmpe)PMe,], (M = MO, W) 

To a stirred solution of [MoOC12(PMe3)3] (0.41 
g, ca 1 mmol) in 35 cm3 of THF was added a 
stoichiometric amount of dmpe (0.2 cm3, ca 1 
mmol). The resulting solution was stirred at room 
temperature for l-2 h. The solvent was evaporated 
under reduced pressure and the residue extracted 
with 20 cm3 of a 1: 1 mixture of THF : CH,Q. After 
centrifugation and cooling at -35°C dark blue 
crystals were collected, washed with Et20 and dried 
in uacuo. Yield 85%. Found : C, 26.3 ; H, 6.0. Calc. 
for C9HZ5P3C120Mo : C, 26.5 ; 6.1%. IR (Nujol 
mull) bands at: 1410, 1295, 1280, 960, 950, 930, 
900, 840 cm-‘. As indicated above (see Results and 
Discussion), we have been unable to isolate the 
tungsten complex [WOCl,(dmpe)(PMe,)], in pure 
form, due to the facility with which it reacts with 
more dmpe to provide the bis-dmpe compound 
[WOCl(dmpe),]Cl. The mono-dmpe derivative can 
however be fully characterized by NMR studies 
(Table 1). 

Preparation of[MOCl(dmpe)JCl, (M = MO, W) 

1,Zbis (dimethylphosphine)ethane (0.2 cm3 ca 
1 mmol) was added to a solution of [MoOCl, 
(dmpe)(PMe,)] (0.4 g ca 1 mmol) in 35 cm3 of 
THF and the reaction mixture was stirred at 
room temperature for 2-3 h. When the reaction was 
complete a light red solution and a pink-purple 
finely divided solid resulted. This suspension was 
evaporated to dryness and the residue extracted 
with 20 cm3 of CH2C12 ; further centrifugation and 
cooling at -35°C overnight produced the desired 
product as purple crystals in 70% yield. IR (Nujol 
mull) bands at: 1430, 1290, 1280, 950, 940, 900, 
750,720 cm-‘. Conductivity, AM = 110 ohm-’ cm2 
mol-‘. 

The complex [WOCl(dmpe),]Cl, was also simi- 
larly obtained as pink crystals in ca 72% yield. 
Found : C, 25.1; H, 5.7. Calc. for C12H32P,C10W : 
C, 25.3; H, 5.6%. IR (Nujol mull) bands at: 1430, 
1290, 1285, 1150, 1060, 1000, 955, 940, 905, 850, 
805, 755, 715, 650, cm-‘. Conductivity, AM = 108 
ohm-’ cm2 mall’. 
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Synthesis of MOC12(PMe3)2(CNR) complexes IR (Nujol mull) bands at: 2110 (CNR), 1415,1285, 
(M = MO, R = CMe,, CsHll ; M = W, R = CMe3) 1200,950,860 cm-‘. 

t-Butylisocyanide (0.1 cm3, cu 1 mmol) was added 
to a solution of [MoOClz(PMe&] in benzene or 
toluene (40 cm3), the reaction stirred for l-2 h at 
room temperature and centrifuged. The resulting 
solution was evaporated almost to dryness and the 
residue extracted with EtzO. A blue solid was sep- 
arated by filtration from a green solution which was 
then evaporated to dryness. Crystallization of the 
residue from a 1: 1 mixture of CHzClz: EtzO, at 
-35°C afforded green crystals which were 
collected, washed with petroleum ether and dried in 
vacua. Yield 65%. 
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Abstract-The reaction between silicic acid and the fluoride ion in aqueous solution has 
been investigated at 25°C in a 3 m (Li)ClO, medium, by potentiometric methods employing 
a fluoride ion-selective electrode to observe the free hydrogen fluoride concentration. The 
acidity varied between 0.3 and 3 m, while the concentration of silicic acid was maintained 
below 2.5 x lop3 m which is thought to be the saturation level of amorphous silica. 

The experimental data have been explained in terms of Si(OH)3F, SiF4, SiFi-, HSiF; 
and a minor species to which the composition Si(OH)*F+ has been tentatively assigned. 

The reactions that occur between the fluoride ion 
and silicic acid in aqueous solution are poorly 
understood. The only species whose identity is well 
established from Raman and NMR spectroscopy’ 
as well as potentiometric evidence’ is SiF$-. On the 
other hand, there are no definitive conclusions on 
equilibria involving the intermediate species of the 
type Si(OH),Fi-‘-” which may be formed. These 
are of considerable interest if a detailed and com- 
plete discription is to be made in naturally occurring 
systems, such as geothermal brines, where both the 
F- ion and Si(OH&, are usually present. 

Busey et al.’ investigated the fluorosilicate equi- 
libria in the acidity range 10-2-10-6 m. Under these 
conditions, in addition to SiFi-, a minor species, 
whose composition could not be uniquely defined, 
seems to be present in a small amount. The inter- 

*Author to whom correspondence should be addressed. 
t Symbols : 

zl 
concentration of HF. 
total fluoride ion concentration. 

;,. 

total Si(IV) concentration. 
equilibrium constant for the formation of 
Si(OH),Ff-“-‘, eq. (1). 

h concentration of H+. 
H analytical concentration excess of H+, = 
K [ClO;]-[Li+]--[Na+]. 

conditional constant for all species with n F-, eq. 
n (7). 

Z average number of fluoride ions bound per 
silicon(IV), = (A - a - [F-l - Z[HF;])/B. 

Concentrations and equilibrium constants are expressed 
in molal units. 

mediate complexes are more conveniently examined 
by extending the acidity range to values higher than 
1O-2 m. In fact, the general reaction scheme 

Si(OHX + nHF 

% Si(OH),F,“-‘-” +pH+ +sH20 (1) 

clearly indicates that an &kiity increase quenches 
the formation of SiFg- and favours complexes bear- 
ing less than six fluoride ions which are produced 
withp = 0. 

The aim of this investigation was that of studying 
the fluorosilicate equilibria at 25°C in the acidity 
range 0.3-3 m. 

METHOD 

The method consisted of the determination of the 
hydrogen fluoride concentration, a, using a fluoride 
ion-selective electrode (EF), in a series of solutions 
containing silicon(W) and hydrofluoric acid in vari- 
ous amounts. To minimize the variation in the 
activity coefficients, the solutions were maintained 
at 3 m ClO;, by adding LiC104. This salt, instead 
of NaClO,, was chosen because of the premature 
precipitation of Na$iF, if a large excess of Na+ is 
present. 3 m LiC104 was used as the reference state 
and consequently the activity coefficient of a react- 
ing species is defined as tending to unity as the 
composition of the test solution approaches this 
pure salt solution. 

The test solutions (TS) had the general com- 
positionBmSi(IV),AmF-,HmH+,2BmNa+, 
(3-H-2B) m Li+, 3 m ClO; = TS.f The silicon 
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concentration was varied from 0.65 x 10e3 to 
2.5 x lop3 m, which we believe is below the satu- 
ration level of amorphous silica. The H values were 
in the range 0.3-3 m. Under these conditions the 
F- and HF; ions attain negligible concentrations3 
compared to those of other fluoride-bearing species, 
so that Z could be calculated without knowledge of 
their exact concentrations. 

The a values in TS were determined with cell(I) 

- EF/TS, Q - QHz(s)/Au+ (I) 

where EF and Q * QHZ stand for the fluoride ion- 
selective electrode and quinhydrone, respectively. 
The EMF of cell(I) can be expressed at 25°C by 

E = E; + 0.05916 log (qnF) + Eq (2) 

in which EL is a constant, 7°F is the activity 
coefficient of HF and Eq is a correction term for the 
basicity of p-benzoquinone.4 In each experiment, 
carried out as by potentiometric titration, H was 
kept constant while Z was varied. Since B < 0.01 
H, the composition of TS did not change sensibly 
to cause variations in YHF and Eq. Consequently, a 
could be calculated from eq. (3) 

E = E,+O.O5916loga 

where EO = E,,(H) includes YHF and Eq. 

(3) 

Each titration was divided into two parts. In the 
first, E,, was determined in the absence of Si”“). 
Under the chosen experimental conditions [F-l and 
[HF;] are negligible so that reliable E,, values could 
be calculated by putting a = A in eq. (3). E,, values 
which are constant to within 0.1 mV were obtained 
in the A range from 10e4 to 4 x lop3 m. 

In the second part silicic acid was added and the 
complex formation was followed by increasing the 
A/B ratio. In a few instances the A/B ratio was 
decreased by adding Si(OH), to the HF solutions. 
The coincidental nature of the data obtained in 
the forward and backward titrations served as the 
criterion for true equilibrium. With EO being known, 
a could be deduced from eq. (3) and the average 
number of fluoride ions bound per Si(‘“), Z, 
could be obtained, neglecting [F-l and [HF;], as 
Z = (A - a)/B. The Z(log a, B)H data form the basis 
of the following treatment. 

EXPERIMENTAL 

Materials and analysis 

A freshly prepared silicic acid solution was 
employed for each experiment and no attempt was 
made to store stock solutions. The silicon source 
was “sodium metasilicate” NazSi03 - 9H20. The 
salt, dissolved in the minimum amount of water, 

was added in portions under vigorous stirring to 
an acidic medium with an H+ excess. Prior to the 
addition of silicate the weight of the acid medium 
was about 90% of the final one. The resulting clear 
solution was immediately employed for the EMF 
measurements. Solutions after leaving for a few 
hours gave coinciding data within 0.2 mV. On the 
other hand, systematic deviations were observed 
with samples stored for two days. 

Na2Si03 - 9H20, Baker p.a., was used without 
purification. It was kept in a desiccator filled with 
the NazSi03 - 9Hz0 so that the vapour pressure 
remained constant and the silicate composition did 
not vary appreciably. The percentage of Na+ was 
determined acidimetrically with standardized HCl. 
The amount of Si”v) was established gravimetrically 
using silica insolubilization by repeated acid treat- 
ment. The analyses agreed to within 0.2%. 

Lithium fluoride, lithium perchlorate and per- 
chloric acid were prepared and analysed as 
described in previous publications.5,6 The quin- 
hydrone, Merck p.a., was recrystallized from water 
and dried over cont. H,SO+ No Fe(“‘) or Cl- ions 
could be detected in the final product. 

Details of the EMF measurements 

The potentiometric titration was performed by 
immersing cell (I) in a silicone oil thermostat main- 
tained at 25.00 f0.02”C. The fluoride electrode and 
apparatus were the same as described in a previous 
paper.’ The EMF values were measured within + 0.1 
mV with a Keithly 195 system DMM multimeter. 
To measure the potential of the membrane electrode 
a preamplifier Analog Device 309 K was used. The 
constancy of the potential was reached 10 min 
after the addition of reagents and remained 
unchanged for several hours within 0.1 mV. 

DATA AND CALCULATIONS 

The Z(log a, B)H data are collected in Table 1 and 
are graphically represented in Fig. 1. As this shows, 
the Z values for increasing a tend to six and the 
points, for a different B but the same H value, form 
a single curve. This means that we are dealing with 
mononuclear silicon complexes Si(OH),F,4-‘-b with 
n < 6. In order to assess the t,n and /?,,n values of 
the predominating complexes, the data were pro- 
cessed as follows. Firstly, the number of F- bound 
per Si”“’ and the conditional constants K, were 
determined by considering separately data for a 
given H. Then, by examining the dependence of K, 
on H the values oft and preliminary j&n values were 
calculated. Finally, the equilibrium constants were 
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H = 0.3 m, Z(-loga, B x 10’) 

(a) 0.170 (3.100, 2.431); 0.192 (3.043, 2.421); 0.219 (2.988, 2.410); 0.261 (2.909, 2.391); 
0.323 (2.838,2.369); 0.411 (2.767, 2.341); 0.561 (2.691, 2.301); 0.745 (2.637, 2.260); 0.972 
(2.591, 2.216); 1.25 (2.554, 2.168); 1.60 (2.514, 2.110); 2.03 (2.476, 2.046); 2.44 (2.444, 
1.987); 2.93 (2.410, 1.922); 3.57 (2.368, 1.840); 4.03 (2.334, 1.782); 4.43 (2.302, 1.731); 
4.84 (2.267, 1.677); 5.14 (2.229, 1.631); 5.37 (2.197, 1.593); 5.55 (2.162, 1.555); 5.75 
(2.108, 1.500); 5.86 (2.054, 1.446); 5.93 (2.008, 1.397); 5.98 (1.952, 1.334); 5.85 (2.040, 
1.653). 

(b) 0.232 (2.980, 1.296); 0.294 (2.879, 1.284); 0.359 (2.814, 1.275); 0.410 (2.770, 1.267); 
0.511 (2.721, 1.257); 0.604 (2.681, 1.247); 0.844 (2.618, 1.227); 1.25 (2.554, 1.199); 1.79 
(2.498, 1.168); 2.68 (2.431, 1.120); 3.48 (2.377, 1.080); 4.28 (2.322, 1.039); 4.92 (2.265, 
1.001); 5.41 (2.201, 0.963); 5.66 (2.143, 0.932); 5.80 (2.106, 0.911); 5.91 (2.027, 0.865); 
5.42 (2.182, 1.382); 4.46 (2.290, 1.905); 2.91 (2.399, 2.992). 

H = 1.0 m, Z(-loga, B x 103) 

(a) 0.448 (2.716, 1.897); 0.595 (2.608, 1.882); 0.801 (2.552, 1.867); 1.09 (2.493, 1.849); 1.43 
(2.444, 1.830); 1.78 (2.396, 1.810); 2.39 (2.344, 1.780); 3.01 (2.295, 1.749); 3.65 (2.244, 
1.718); 4.36 (2.190, 1.682); 4.71 (2.136, 1.656); 5.13 (2.080, 1.626); 5.45 (2.018, 1.594); 
5.63 (1.959, 1.565); 5.64 (1.915, 1.544); 5.80 (1.855, 1.508); 5.92 (1.798, 1.471); 6.01 
(1.751, 1.437). 

(b) 0.295 (2.880, 1.346); 0.404 (2.732, 1.337); 0.539 (2.669, 1.330); 0.797 (2.559, 1.317); 1.04 
(2.507, 1.308); 1.47 (2.441, 1.294); 1.87 (2.384, 1.280); 2.48 (2.341, 1.264); 3.36 (2.267, 
1.239); 4.15 (2.203, 1.215); 4.73 (2.131, 1.191); 5.21 (2.062, 1.167); 5.52 (2.023, 1.153). 

H=3.0m,Z(-loga,Bx 103) 

0.248 (3.065, 1.866); 0.313 (2.956, 1.859); 0.372 (2.863, 1.852); 0.452 (2.769, 1.843); 
0.538 (2.694, 1.834); 0.683 (2.603, 1.820); 0.876 (2.520, 1.804); 1.21 (2.432, 1.780); 1.55 
(2.375, 1.760); 2.07 (2.306, 1.730); 2.52 (2.258, 1.705); 3.02 (2.209, 1.678); 3.64 (2.145, 
1.642); 4.27 (2.071, 1.601); 4.64 (2.015, 1.570); 5.05 (1.942, 1.529); 5.37 (1.868, 1.484); 
5.55 (1.810, 1.447). 

H.m 

6- 
03 

B 1 
z 

0 0.3 

5- 0 0.3 back titr. 

Fig. 1. Z, the average number of fluoride ions bound per silicon(W), as a function of log a, at three 
acidities. The experimental uncertainty is shown when it is significantly larger than the symbol used. 

The curves were calculated using the equilibrium constants of Table 3. 
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refined using numerical methods based on the prin- 
ciple of least-squares. 

confronted with the normalized form Y(log z&, eqs. 
(9)--(11), corresponding to the presence of com- 
plexes with n = I,4 and 6 

Treatment of data at constant H Y=log((P-1)/a}-logK, =log(l+Lu3+us) 

In this section we consider data for every H value 
separately. If only mononuclear complexes are 
formed we may express 2 as in eq. (4) 

(9) 

Z = %%,nrp,J-P~l(l + Wp,Jp,J-P~) (4) 

where n and p, = n+ t - 4, are integers, & is 
the equilibrium constant for the formation of 
Si(OH),Fi-“-‘, eq. (1 j and rp,n stands for 

r PJ = &FYSi(OH) yGBy-’ 4 r,n (9 

where y is the activity coefficient. At a given H level, 
since B < 0.01 H, r,,” by good approximation is 
constant and furthermore, h must be very close to 
H. As a consequence, eq. (4) can be written as 
follows : 

logu = loga+(l/5)log(K,/K,) (10) 
L = K,K; z/SK- 3/s 6 . (11) 

The conditional constants given in Table 2 were 
computed, using eqs. (9)-Q l), from the differences 
Y-log(P-l)+loga, logu-loga and L which 
were read off at the position of best agreement. 

More direct evidence for the presence of species 
with n = 4, instead of 3 or 5, was afforded by 
comparison of the data in the form of 
log {[P(Z- l)+ 11/a”) versus log a, with the family 
of theoretical functions PAlog w), eqs. (12) and (13), 
and calculated with N = 3,4 and 5 

Z = XnK&/( 1 + EK,a”) (6) 

where 

K, = K,(H) = Wp,J-p,nH-P. (7) 

To determine n and K, the experimental data 
were compared with model functions representing 
various hypotheses. Acceptable agreement was 
observed by assuming three complexes with n = 1, 
4 and 6. The essential steps of the curve-fitting pro- 
cedure are briefly described. Firstly, the P function, 
eq. (8), was constructed 

FN = log (1 + ((N- 1)/5)wcN- @) (12) 
K K- laW- 6) = ,+,W 6) 

N 6 (13) 

The comparison of data at H = 3 m is shown in 
Fig. 2. Clearly, a good fit is observed only with 
N = 4, while systematic trends are produced by 
neighbours. The position of best agreement gave 
the & and & constants in Table 2. 

Evaluation of the most probable t 

logP=lZdloga=l’Zdloga 

+ 
s 

a Zdloga = log(1 +XK,a”) (8) 
a0 

where a,-, represents the lowest measured a value. 
gOZdloga was evaluated by the trapezoid rule, 
while the residual integral was found by extra- 
polation of the plot antilog (j&Zd log a) against a 
which was linear for the lowest three or four points. 

To determine t we examined the dependence of 
K,, on H, according to eq. (7). The correct interpret- 
ation of the data requires the knowledge of how r,, 
varies when Li+ is replaced by H+. Medium effects 
were estimated by the specific interaction theory.’ 
For unchanged ionic strength and ClO; molality, 
the activity coefficient of positively charged ions can 
be taken as constant. Activity coefficients for anions 
and for neutral molecules vary in the extent to which 
interactions with Li+ and H+ differ. Owing to the 
similarities of H+ and Li+, we postulated constant 
activity coefficients for anions and neutral species. 
Thus, rp,n equals unity in the medium scale. 

Secondly, the log {(P- l)/a}(loga) data were As Table 2 indicates, 1y4 within the limits of esti- 

Table 2. Survey of the conditional K,, constants 

Km log K 

0.3 2.45 f 0.02 
1.0 2.52 f0.03 
3.0 2.59 f0.02 

log& log KS 

eqs (9-l 1) eqs (12, 13) eqs (9-l 1) eqs (12, 13) 
9.46 f 0.1 9.48kO.l 14.65 k 0.03 14.60+0.05 
9.39kO.l 9.3OkO.l 13.97*0.03 14.00 +0.05 
9.40+0.1 9.37kO.l 13.44*0.03 13.45*0.05 
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Fig. 3. K, as a function of H. The straight line represents 
270+43H. 

Fig. 2. Measurements at 3 m H+. Comparison of 
log{[P(Z- l)+ I]/&} versus log a with the family of 
model curves, eqs (12) and (13), calculated for 6 - N = 

1, 2 and 3. 

mated error, does not depend on H, which means 
that SiF4 is present. The average & was taken as 
the preliminary po,4 value (Table 3). 

On the other hand, K1 varies slightly with H, 
hence species with p # 0 are also formed. The plot 
of K, versus H (Fig. 3) can be well approximated 
by a straight line, indicating the presence of 
Si(OH)3F and Si(OH)*F+. The j?,,, and b_ r,, values, 
evaluated from the intercept and slope of the best 
line drawn through the points, are given in Table 3. 

The variation of & with H was explained by the 
presence of HSiF; and SiFi-. The validity of this 
hypothesis is demonstrated by the linear depcn- 
dence of K,Hwith H-‘, shown in Fig. 4. The /?1,6 
and #I2.6 constants are listed in Table 3. 

ReJnement of the equilibrium constants 

The equilibrium constants were refined by 
numerical procedures founded on the principles of 
least-squares, proposed by Sill&n.’ The com- 
putation consisted of minimizing the sum. 

u = X(1 -z&Z)*, (14) 

in which Z, indicates a value calculated with a given 
set of /?p,n. The results are given in Table 3. The 

constants are seen to differ insignificantly from 
those found graphically. 

As a quantitative measure of the agreement 
between experimental data and the proposed model 
we considered the distribution of the deviations 
(1 -Z,/Z). From a total of 95 data points, 59 
showed an average positive deviation of 1.8%, 
whilst 36 showed a negative deviation of 2.1%. 
No systematic trend was observed in the H and Z 
functions. 

CONCLUSION 

The main result of the present investigation can 
be summarized by stating that in solutions where 
0.3 < H < 3 m the predominating fluorosilicate 
complexes are Si(OH)3F, SiF4, HSiF; and SiFi-. 
The minor species, Si(OH)2F+ is tentatively sug- 
gested on the basis of small changes of Kl with H. 
We feel that the assignment of such a complex calls 
for more detailed information about the medium 
effects caused by the substitution of LiC104 with 
HC104 on the variation of activity coefficients of 
neutral species (Si(OH),F and HF). 

Figure 5 illustrates the distribution of fluoro- 
silicates as a function of the hydrofluoric acid con- 
centration at different acidity levels. Clearly, if 
Si(OH),F+ exists, it amounts to only 2% of the total 
Si”” at 1 m H+. It is evident that the acidity 
promotes displacement of the curves representing 
SiFz- and HSiF; so that room is left for inter- 
mediate species. 

Table 3. Survey of equilibrium constants 

1% BOA loi%B-1.1 1% PO,4 log 81,6 log 82,6 

Graphical 2.43 + 0.03 
Least-squares (30) 2.40+0.01 

1.63kO.15 9.43kO.l 13.88 * 0.05 13.23+0.1 
1.66+_0.10 9.35 +0.03 13.88f0.03 13.23kO.06 
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KS #x10-l4 

H-1 
1 2 3 

Fig. 4. K,H as a function of H- ‘. The line was calculated 
with K,H = 0.76 x 10“‘+0.17 x 10“‘H-I. 

COMPARISON WITH OTHER DATA 

From the data of Busey et al.* at 25°C in 1 m 
NaCl, we calculate, using an equilibrium constant 
of lo*.89 for H+ + F- s HF, log &, = 12.4 which, 
on account of medium differences, compares well 
with our 13.23. At the highest acidity studied by 
these authors, i.e. lo-* m, SiF4 is present in small 
amounts and explains its escape of detection. Also 
Si(OH)3F accounts for less than 12% of the total 
Si(‘“). Owing to the difficulties of uniquely defining 
the composition of minor complexes, Busey et al. 
assigned the formula Si(OH)*F* to this component. 

Borodin and Kim Zao employed the “F NMR 
method to investigate LizSiFsHC10410 as well as 
HF-Si02-HC104r’ solutions. The species SiF, 
and SiF; were postulated. From the constants pro- 
posed by these authors we derived log j&e = 11.6 
and logj?o,d = 7.60. The discrepancies of the con- 
stants in Table 3 are explainable in terms of the 
different ionic media and also from the neglect of 
HSiF; and Si(OH)3F species which are important 
components in the strongly acidic media employed 
by Borodin and Kim Zao. 

Plakhotnik and Kotlyar” have determined the 
solubility of K2SiFs as a function of the HCl con- 
centration in a 0.4 M (Li)Cl medium. The data were 
explained with SiF;. However, according to our 
findings, relatively high concentrations of Si(OH)4, 
[Si(OH),Fj and SiF4 would also be produced. The 
limited number of data points, six, makes the recal- 
culation arduous. 

There have been several reports on the solubility 
equilibria of amorphous silica in concentrated 
H2SiF6. Kleboth13 measured the solubility of “pre- 
cipitated” silicic acid as a function of H2SiFs and 
HC104 concentration at 25°C in 4 M LiC104. From 
data at the highest concentrations of these com- 

50- 

cc 

6 

4 3 
2-Logs ’ 

Fig. 5. Distribution of fluorosilicates as a function of the 
free hydrofluoric acid concentration. Results are shown 
for the following three acidities: (a) 1 m H+ (b) 0.1 
m H+ and(c) 0.01 m H+. (1) Si(OH),; (2) Si(OH)SF; (3) 

Si(OH)*F+ ; (4) SiF,; (5) SiFz- ; (6) HSiF;. 

ponents, where the main species are SiF4 and HSiF; , 
we evaluate for Si02(s) + 2H+ +2HSiF; F? 
3SiF4+2Hz0 a constant of 10-2.5’o.3 which agrees 
fairly well with 10-2.4, obtainable from the data of 
Table 3, and the solubility of Si02, N 1O-2.7 m. 
On the contrary, the solubility determinations by 
Thomsenr4 and Ryss and Plakhotnik” indicate 
values which are three times greater than those pre- 
dictable from our results. Plausible explanations 
are either the presence of additional complexes in 
concentrated H2SiF6 solutions, or highly active sil- 
ica involved in the heterogeneous equilibria. The 
authors furnish no information on the composition 
or properties of the solid phase, thus making the 
comparison difficult. 
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Abstract-The synthesis and characterization of new benzotriazole (btaH) complexes M(bta 
---H-bta),(btaH)(PPh,) (N* and N3-btaH linkage isomers), M(bta----H-bta)H 
(CO)(PPh,), (M = Ru or OS) and IrH2(bta----H-bta)(PPh,3)2, in which the H-bonded 
benzotriazolate anion-benzotriazole pair (bta----H-bta) functions as a novel 
N,N’-chelate ligand, are reported. The stereochemistry of the osmium complex 
0s(bta----H-bta)H(CO)(PPh3)2 and the nature of the bta----H-bta moiety therein 
have been confirmed by an X-ray crystal structure determination. 

Benzotriazole (I) and its conjugate base, the benzo- 
triazolate anion are formally cyclic analogues of 
1,3_diphenyltriazene and the 1,3_diphenyltriazenide 
anion, respectively. However, by virtue of its cyclic 
nature, the benzotriazolate anion is unable to adopt 
the N’N3-chelate bonding mode encountered in 
many 1,3-diaryltriazenido complexes. I Specu- 
lation that the benzotriazolate anion might choose 
instead to bond in an q3 fashion through all three 
nitrogen atoms when called upon to function as a 
four electron donor prompted us to attempt the 
synthesis of some benzotriazolato analogues of 
known platinum metal 1,3_diaryltriazenido 
chelates. 2,3 The first results of this work which cen- 
tre upon the characterization of a new H-bonded 
benzotriazolate-benzotriazole composite ligand 
(II) are described in this communication. 

Treatment of the complexes MC12(PPh3)3 with 
excess benzotriazole and triethylamine in boiling 
benzene (M = Ru) or toluene (M = OS) in each 

* Authors to whom correspondence should be addressed. 

case affords a mixture of linkage isomers 
[M(bta---H-bta)2(N2-btaH)(PPh3)] (IIIa) and 
[M(bta---H-bta)2(N3-btaH)(PPh3)] (IIIb) as 
yellow or orange, air-stable crystals from dichloro- 
methane/methanol. In the case of ruthenium the 
same isomer mixture can be obtained by treat- 
ment of RuH~(PP~~)~ with benzotriazole in boiling 
benzene. Similar reactions of the dihydridocarbonyl 
complexes [MH ,(CO)(PPh,) 3] with benzotriazole 
in boiling benzene (M = Ru) or toluene (M = 
OS) afford products of the form [M(bta 
---H-bta)H(CO)(PPh3)2] (IVa/b) as white air- 
stable microcrystalline solids. Finally, treatment of 
mer-IrH3(PPh3)3 with benzotriazole in refluxing 
toluene yields [IrH,(bta---H-bta)(PPh,), (V) as 
white air-stable crystals. 

The stoichiometry and stereochemistry of the 
complexes have been determined in each case by 
elemental analysis (C, H, N) and by spectroscopic 
methods (IR and ‘H, 13C and 31P{ ‘H} NMR), the 
latter also established the asymmetric nature of the 
bta---H-bta moiety (II) and the presence of 
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Scheme 1. 

the H-bonding interaction. Thus the high field 
‘H NMR spectrum of the iridium complex 
prH,(bta---H-bta)(PPhJz] displays two almost 
identical hydride signals [6H - 18.84 (t of d), 
‘J(PH) 16 Hz, ‘J(HH) 6 Hz, and 6H -20.13 (t of 
d), 2J(PH) 16 Hz, ‘J(HH) 6 Hz] indicative of a 
cis pair of hydride ligands in very similar en- 

*Crystal Data: C49H40NS0,0~,P2, M = 981.042, 
triclinic, a = 10.059(4), b = 11.876(l), c = 20.629(3) A, 
tl = 74.57(l), B = 83.08(2), y = 65.96(2)“, u = 2169 A3, 
Z = 2, D, = 1.5016 g cm-‘, space group PT, MO-K, 

radiation, 1 = 0.71069 A, ~(Mo-K,) = 29.1 cm-‘. Inten- 
sity data collected on an Enraf-Nonius CAD4 diffrac- 
tometer, ~-26 scan mode ;4 8048 data recorded, 7608 
unique, 6535 observed [Z > 1 .Sa(Z)], empirical absorption 
correction. Structure solution by standard heavy atom 
methods, refinement by full-matrix least-squares. Non- 
hydrogen atoms anisotropic, all hydrogens freely 
isotropic, OS-H distance fixed at 1.60 A for stable 
refinement. Final R = 0.032, R, = 0.0034, 692 para- 
meters, unit weights. Tables of atomic positional and 
displacement parameters, full lists of bond lengths and 
angles and FJF, values have been deposited as sup- 
plementary material with the Editor, from whom copies 
are available on request. Atomic coordinates have also 
been deposited with the Cambridge Crystallographic 
Data Centre. 

Fig. 1. The structure of Os(bta---H-bta)H(CO) 
(PPh& Important bond lengths and angles are 
0+-P(l) 2.354(3), OS-P(~) 2.353(4), OS-C(~) 
1.825(6), Os-N(1) 2.160(5), OS-N(l 1) 2.176(7), 
OS-H( 1) 1.60(Fixed), N( lO)-H( 10) 1.265(66), N(2) 

---H(lO) 1.474(76) A. 

vironments, coupled to each other, and each in 
turn coupled to a pair of mutually equivalent 
31P nuclei. The H-bonded proton of the 
bta---H-bta ligand is thought to give rise to 
the broad signal which appears at 6 19.3. 

In the case of the ruthenium and osmium com- 
plexes [M(bta---H-bta)H(CO)(PPh,),l stereo- 
chemistry (IVb) was preferred over (IVa) 
because the former places the small hydride ligand 
adjacent to the more sterically demanding side of 
the bta---H-bta moiety. In order to confirm this 
assignment and to provide further information con- 
cerning the structure of the new H-bonded 
bta---H-bta chelating group an X-ray diffrac- 
tion study has been performed on a crystal of the 
osmium complex [Os(bta---H-bta)H(CO) 
(PPh,),].* A diagram of the structure, together 
with some important geometry parameters, is 
given in Fig. 1. All the structural assumptions 
made above are confirmed. The geometry of 
the N-H---N intramolecular link between the 
btaH and bta ligands is of particular interest. The 
strong H-bonding interaction is clearly asymmetric 
but results in a significant lengthening of the 
formal N-H cr bond. 
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Ahatract-Molecular oxygen reacts rapidly with Co2Cls_.(eHTP)Xf [x = 0 or 2 ; eHTP 
= (Et2PCH,CH&PCH2P(CH,CH,PEt,),] in dry acetonitrile to produce in approxi- 
mately 66% yield the fully-oxygenated phosphine oxide eHTP (eHTm) Co(I1) complex 
[Co(eHTP-_z’][CoC1:-]. The X-ray structure on this novel system shows an extended 
chain system in which the monomeric repeating unit has an octahedral Co(I1) centre. The 
eHTP=O ligand is adopting an unusual conformation with the phosphine oxide groups 
P(2)-P(l)--P(3) (P(1) is one of the internal phosphorus atoms) forming a P(l)-P(2) chelate 
to the metal atom while P(3) bridges to another Co(eHTP=O)*+ monomer unit making 
up the extended chain, instead of acting as an independent bis chelating group. The third 
unique coordination site on the cobalt centre is occupied by a phosphine oxide group from 
the other half of the eHTP=O ligand which bridges over to the cobalt centre forming a 
facial set of three p---O donor ligands. This mixed bridging/chelating conformation gives 
rise to fused seven- and nine-membered ring systems with a Co-Co separation of 7.613(O) 
A between symmetry related cobalt sites on the extended chain. This structure is the first 
reported for a Co(R,P=O)“,+ (R = alkyl, phenyl) system. 

Our investigations into the coordination chemistry 
of the hexaphosphine ligand, (Et,PCH2CHJ2 
PCH,P(CH &H 2PEt &, eHTP, have demon- 
strated that it is a powerful binucleating agent for 
transition metal centres and we have characterized 
a number of dimer systems that exhibit a variety of 
coordination numbers, geometries and rotational 
conformations. ‘-’ These structural and con- 
formational studies have allowed us to gain a firmer 

*Author to whom correspondence should be addressed. 

understanding of the coordination properties and 
preferences of eHTP. The next stage in our inves- 
tigations is to study the reactivities of M,(eHTP) 
dimers to see if bimetallic cooperative effects can 
be observed and extended to catalytic cycles. The 
simple cobalt(I1) dimer, Co$l,_,(eHTP)“+ (x = 0 
or 2), was the first eHTP complex characterized’ 
and now we would like to report on its clean reac- 
tion with molecular oxygen to produce the first 
crystallographically characterized cobalt per- 
alkylphosphine oxide complex. 

Two equivalents of CoCl, react quantitatively 
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Cl2 Cl4 

Fig. 1. ORTEP plot of a portion of the extended chain structure that is made up of Co(eHTP=O)*+ 
repeating units. Thermal ellipsoids are shown at the 50% probability level. The cobalt atom lies on 
an inversion centre and a two-fold rotation axis passes through the central methylene group (C’) of 
the eHTP=O ligand. The ethyl groups on the terminal phosphorus atoms have been omitted for 

clarity. 

with eHTP to produce either the red-brown 
five-coordinate dimer, Co,Cl,(eHTP) or the 
blue-green four-coordinate tetrahedral complex, 
Co2C12(eHTP)*+ depending on the solvent used.’ 
Both of these compounds react rapid!y with molec- 
ular oxygen in dry acetonitrile (distilled from CaH, 
under NJ to produce blue paramagnetic solutions. 
Column chromatography allows the isolation of 
two species : a minor blue component representing 
ca 33% yield and a major blue species in ca 66% 
yield.* A single-crystal X-ray structure deter- 

*A fibrous cellulose column was used and packed in 
THF solvent. The crude complex was applied in aceto- 
nitrile solution and precipitated onto the top of the 
column by addition of THF. A minor blue band was 
eluted with a 1 : 3 mixture of methanol/THF. Elution 
of the main blue fraction was performed with a 2 : 3 : 5 
methanol/THF/acetonitrile mixture. X-ray quality crys- 
tals of the major blue component were obtained by very 
slow evaporation of an acetonitrile solution. Satisfactory 
elemental analysis was obtained for the BPh; salt. 

t X-ray data was collected on an Enraf-Nonius CAD4 
diffractometer at room temperature using Cu-K, radi- 
ation and a graphite crystal monochromator by Q/20 
scan technique using variable speed scanning rates. Data 
reduction included corrections for background, Lorentz 
and polarization effects, as well as an empirical absorp- 
tion correction (,u(Cu-K,) = 119.24 cm-‘) based on $ 
scans of reflections near x = 90”. Monoclinic C2/c space 
group : u = 16.960(2), b = 19.480(l), c = 14.457(l) A, 
B = 122.68(2)“, V = 4020(2) A3, 2 = 4. The structure 
was solved by a combination of Patterson and Direct 
Methods techniques and refined to R = 0.049 and 
R, = 0.071 based on 1538 unique data with F,’ > 3a(Fi). 
Atomic coordinates, bond lengths and angles, and ther- 
mal parameters have been deposited at the Cambridge 
Crystallographic Data Centre. See Notice to Authors, 
Issue No. 1, 1988. 

minationt on the major component revealed the 
presence of a Co(I1) hexaphosphine oxide complex, 
[Co(eHTP=O)‘+][CoCl,‘-1, where eHTP==O 
stands for the fully oxygenated eHTP ligand. An 
ORTEP plot of a portion of the extended chain 
cation species is shown in Fig. 1 and selected bond 
distances and angles are listed in Table 1. 

The cationic Co(l) centre sits on a crystallo- 
graphic inversion centre and has six phosphine oxide 
ligands from eHTP=O coordinated in a slightly 
distorted octahedral environment. The maximum 
distortion from octahedral geometry in the cobalt 
coordination sphere is the 0( l)-Co( 1)-O(2) 
angle of 85.6(2)“. The Co-O bond distances are 
quite uniform and lie in the 2.10-2.12 8, range. 
The eHTP=O ligand lies on a crystallographic 
two-fold rotation axis that passes through the 
central methylene bridge. The eHTP=O ligand 
is adopting an unusual conformation in which 
the phosphine oxide groups P(2)-P( 1)-P(3), 
instead of acting as an independent bis 
chelating group to one Co atom, span the two 
cobalt centres to give a P(l)-P(2) chelate to one 
metal atom while P(3) bridges to the other metal 
centre. This gives rise to fused seven- and nine- 
membered ring systems for the Co,(eHTP==O) 
moiety. This is directly related to the confor- 
mation seen for the Cr(II1) dimer mer,mer- 
Cr2Cl,(eHTP).4 The principal difference between 
the chromium dimer and this cobalt system, 
apart from the presence of P=O groups, is 
that the eHTP ligand in mer,mer-Cr,&(eHTP) 
adopts a planar meridional coordination geometry 
about the metal centres, while here the eHTP=O 
ligand is in afacial configuration. 

The extended chain structure shown in Fig. 1 is 
made up of monomeric Co(eHTM)*+ repeating 
units. Three of the facial P=O coordination sites 
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Table 1. Selected bond distances (A) and angles (deg) for [Co(eHTM)*+] 
[cocl:-] 
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Co(lF41) 
wl>-o(l) 
Wlk--w) 
Co(lW(3) 
CW-C(ll) 
Co(2)--c(l2) 
P(lF-Wl) 
P(1F-C 
P(l)-+1 1) 
P(lFUl3) 

O(l)-Co(l)--o(l) 
W)-Co(lW(2) 
O(l)--Co(lW(2) 
O(l)-Co(lW(3) 
W)--co(l)_-o(3) 
0(2)--co( 1)--o(2) 
o(2)-Co(l)--o(3) 
0(2)--co(1)--0(3) 
0(3)--co(l)--0(3) 
O(l)-P(l)--c 

o(l)-P(t)--c(ll) 
W)_P(l)--c(l3) 

7.613(O) 
2.105(4) 
2.105(5) 
2.123(5) 
2.292(2) 
2.248(2) 
1.495(4) 
1.794(5) 
1.796(7) 
1.792(7) 

180.(O) 
94.4(2) 
85.6(2) 
91.2(2) 
88.8(2) 

180.(O) 
91.6(2) 
88.4(2) 

180.(O) 
112.3(3) 
116.4(3) 
110.2(3) 

v2~(12) 
Ka----o(2) 
ww(21) 
P(2)-~(23) 
P(3)--0(3) 
P(3)--C(14) 
P(3)--C(3 1) 
P(3k--C(33) 
C(1 l>--c(l2) 
C(l3FC(l4) 

0(3)_P(3)--c(l4) 
O(3)-P(3F(3 1) 
O(3)-P(3k--C(33) 
Co(l)--o(lF--P(1) 
Co(lW(2)-P(2) 
Co(lt-o(3)_P(3) 
P(l)--C’-P(1) 

P(l)-C(l ltc(l2) 
P(2)--c(l2)--c(ll) 
P(l)--c(l3)--c(l4) 
P(3)_C(14)--c(13) 

1.807(8) 
1.511(6) 
1.91(2) 
1.809(9) 
1.503(5) 
1.800(7) 
1.771(9) 
1.88(l) 
1.56(l) 
1.52(l) 

111.5(3) 
114.5(5) 
115.3(4) 
138.4(3) 
137.8(3) 
138.7(3) 
116.9(5) 
118.5(5) 
116.2(6) 
117.4(5) 
112.8(5) 

Numbers in parentheses are estimated standard deviations in the least sig- 
nificant digits. 

on Co(l) are from one eHTP=O ligand while the 
other three octahedral sites are occupied by the 
p=O groups from the other “empty” half of an 
adjacent Co(eHTP=O)*+ molecule. The chains 
have a helical twist making them chiral, but both 
right- and left-handed chains exist in the unit cell. 
The Co( 1)-Co( 1) separation is 7.613(O) A making 
this the largest M-M separation yet observed for 
an open-mode eHTP type system. The CoClj- 
counterion lies on a crystallographic two-fold axis 
with a Co(l)--CO(~) separation of 7.5535(7) A. 
While there are a number of Co(R$=O)z+ com- 
plexes known, with coordination numbers of four, 
five and six,6 we were quite surprised to find that this 
is the first crystal structure of a peralkylphosphine 
oxide cobalt system, or, for that matter, any 
M(R,P=O)-O)“,+ compound except for Cu[Ph,P(O) 
CH2P(0)Ph,]:+.7 There are, however, a few 
related phosphate (PO:-),8 phosphonato 
[(RO)2P0],9 phosphinamide [Ph,P(O)(N)]” and 
alkylphosphoramide [(NR,),P(O)OP(O)(NR,),]” 
structures known in transition metal systems. 

After seeing the X-ray structure we suspected 
that the eHTP ligand could be simply dissociating 
in solution to be directly oxidized by 02. While we 
knew that eHTP was air-sensitive, we had never 
actually exposed it to O2 to see how fast and to 

what level it would be oxidized. Preliminary studies 
demonstrate that while eHTP does indeed react 
with O2 it is not a particularly fast reaction and that 
after four days it has only been partially oxidized. 
This can be contrasted with the oxidation of 
Co2C12(eHTP)2f which is complete after a few 
hours. This points to a metal mediated oxygen 
transfer reaction, similar to that seen by Hanzlik 
in the Co(I1) catalysed oxidation of electron-rich 
phosphines such as Bu3P.‘* Yet, there are differ- 
ences between Hanzlik’s Co(acac), system and 
Co,Cl,(eHTP)*+ : most notable is the production 
of significant (2&30%) amounts of (BuO)Bu,P=O 
and other oxidation products with Co(acac), which 
result from free-radical pathways. 

Our reaction, on the other hand, appears to be 
extremely clean and this may result from the fact 
that we are starting with a binuclear system that 
can readily form the p-peroxide bridged dimer that 
Hanzlik proposed in his mechanism. The ready 
availability of a second metal centre in 
Co2C12(eHTP)*+ could significantly reduce the 
presence of mononuclear Co-O-O’ species that 
can start competing in radical processes. It should 
be pointed out, however, that the stoichiometric 
oxidation of CoC12(PEt,), to produce CoCl, 
(O=PEt3)2 is believed not to proceed through 
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any binuclear intermediates and is not affected by 
radical traps. l3 Further reactivity and solution 
studies in this system will be reported in a future 
full paper. 

Acknowledgement-We would like to thank the National 
Science Foundation (Grant CHE-8613089) for generous 
support of this research. 
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BOOK REVIEW 

Gmelin Handbook of Inorganic Chemistry, Cu- 
organocopper Compounds. C&copper/System No. 
60. Published by Gmelin Institute for Inorganic 
Chemistry of the Max Planck Society for the 
Advancement of Science, 8th Edn. Springer, Berlin, 
1987. ISBN 3-540-93559-2, viii+244pp., DM 1189. 

The organocopper compounds are finding increasing use 
in organic synthesis. The mononuclear compounds 
carrying one carbon-bonded ligand were listed in Vols 1 
(1985), 2 (1983) and 3 (1986), and mononuclear com- 
pounds carrying two or more organic ligands, as well as 
all dinuclear to octanuclear and polymeric compounds 

were covered in Vol. 4 (1987). In all, some 3000 com- 
pounds are listed. 

This volume provides the index to these previous four 
parts. The first 108 pages comprise an empirical formula 
index for the compounds, then the individual ligands 
are indexed in 136 pages. This will greatly enhance the 
accessibility of the work to chemists who wish to use 
organocopper reagents. 

Department of Chemistry 
University College London 
20 Gordon Street 
London WClH OAJ, U.K. 

PROF A. G. DAVIES 
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FOREWORD 

It is an honour and a pleasure to contribute this foreword to the special issue honouring 
our Editor-in-Chief on his retirement from the chair of Inorganic Chemistry at Imperial College, 
a position which he has held with such great distinction for 32 years including the time since 
it was established as the Edward Frankland Chair in 1978. During this period of continuous 
creativity in research he has received many awards and honours both nationally (FRS, 1965 ; 
Knighthood, 1976) and internationally, but pride of place must surely go to the award of the 
Nobel Prize for Chemistry which he shared with Professor E. 0. Fischer in 1973. 

When I sought his permission over a year ago to proceed with this special issue he demurred 
vehemently on the grounds that it was inappropriate for him as Editor-in-Chief to approve of 
such action and “in any case he did not hold with such nonsense”-typical Geoff! However, 
the relentless pressure from members of the Editorial Board and from his many former co- 
workers in favour of this special issue proved to be irresistible and we decided on this one 
occasion to over-ride our Editor-in-Chief. The list of Geoffrey’s publications at the end of the 
issue is truly impressive both in the scope and originality of the research covering transition 
metal chemistry in general and organometallic chemistry in particular, but it would be pre- 
mature to assess his contributions to inorganic chemistry at this stage because he is continuing 
with unabated vigour to devote himself to research in what we trust will be a long and fruitful 
“retirement”. Another remarkable feature of the list is the number of eminent inorganic 
chemists who are featured as co-authors by virtue of studying for their Ph.D. degrees or doing 
postdoctoral research under Geoff’s guidance, and it is a wonderful tribute to the great man 
that so many have been able to contribute original papers at rather short notice to this special 
issue. I am indebted to Professor Malcolm Green for his invaluable help in organizing this 
“Festschrift”. 

In choosing a title for this special issue, we could think of none more apposite than his 
favourite greeting to his research co-workers-“What’s new, then?” It typifies his constant 
quest for the novel and exciting results which are his hallmark. 

Finally, I would like to express my own appreciation of Geoff’s leadership as Editor-in- 
Chief of Polyhedron which carried us triumphantly through the initial turbulent times to 
our present steady progress as one of the leading international journals covering inorganic 
chemistry. 

DON BRADLEY 
EXECUTIVE EDITOR 
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STRUCTURE OF THE DINUCLEAR 
[Mo,(C,H,),(Co),~-Pn,PCH,PPh31 IN THE 

SOLUTION* 

COMPOUND 
CRYSTAL AND IN 

KAZI A. AZAM, ANTONY J. DEEMINGt and MARK S. B. FELIX 

Department of Chemistry, University College London, 20 Gordon Street, 
London WClH OAJ, U.K. 

and 

PAUL A. BATES and MICHAEL B. I-IURSTHOUSEt 

Department of Chemistry, Queen Mary College, Mile End Road, London El 4NS, U.K. 

Abstract-The synthesis of [Mo2(~-C5H5)2(CO)4@-dppm)] (1) (dppm = Ph2PCH2PPh2) 
from the parent hexacarbonyl, its spectra, and X-ray structure are reported. The Mo-MO 
bond [3.327(l) A] is significantly longer than in known related compounds such as the 
corresponding ‘BuPHCH2PH’Bu compound [3.2109(4) A] or the parent hexacarbonyl 
[3.235(l) A]. The previously reported ‘BuPHCH2PH’Bu compound and the dppm 
compound (1) have different conformations about the Mo-MO bond in the crystal, having 
gauche and anti arrangements of the cyclopentadienyl ligands, respectively. Compound (1) 
exists in solution in these two rotameric forms in equilibrium, interconverting rapidly 
enough above room temperature to give NMR coalescence. The equilibrium between these 
rotamers was studied by variable temperature ‘H and 3’P NMR spectroscopy. 

The molybdenum complex [Mo~(~-C~H~)~(CO)~] 
has only terminal CO ligands both in the solid’,’ 
and in solution.2’3 The crystal contains the anti 
rotamer (A) (Fig. 1) with the cyclopentadienyls 
remote from each other. This is also present in 
solution but the IR spectrum contains more than 
the expected three IR-active v(C0) absorptions and 
the presence of a second rotamer accounts for extra 
absorptions. This minor rotamer is in higher con- 
centration in solvents of high dielectric constant 
and at higher temperature. Its geometry was not 
unambiguously established but it is probably 
rotamer (C) rather than (B) or (D) (Fig. 1) based 
on the expected stabilities of these isomers. The 
conversion of (A) to (C) is via (B) so that (B) is 
accessible but of higher energy than the other two 
forms. The totally eclipsed rotamer (D) is presumed 
to be the least stable and there is no evidence for its 
existence. 

*We wish to dedicate this paper to Professor Sir 
Geoffery Wilkinson on the occasion of his retirement in 
appreciation of his pioneering work on cyclopentadienyl 
and tertiary phosphine ligands. 

t Authors to whom correspondence should be addressed. 

Stelzer et al. have synthesized the substituted 
derivatives [Mo2(@5H5)2(CO)4(diphosphine)] by 
the addition of the diphosphine to [Mo(q- 
C,H,),(CO),], where the diphosphine is either 
Me,PCH,PMe, or various related ligands with one 
or two secondary phosphorus atoms.4 A con- 
figuration related to that of (C) (Fig. 1) is found 
in the crystal structure of [Mo~(~,~-C~H~)~(CO)~(PL- 
‘B~PHCH,PH’BU)].~ This is only one of two 
observed isomers of this compound but this iso- 
merism derives from the different possible con- 
figurations at phosphorus rather than from rotation 
about the Mo-MO bond as with the parent hexa- 
carbonyl. When the phosphorus atoms do not 
have different possible configurations, isomers are 
not found. Thus [Mo2(~-C5H5)2(C0)4~-Me2 
PCH2PMe2)] exists in a single isomeric form4 
The IR spectra of all these related diphosphine com- 
pounds previously described4 contain only two 
v(C0) absorptions in solution consistent with only 
one rotameric form. 

We now describe the synthesis, structure and 
spectroscopy of the compound [Mo~(@~H~)~ 
(C0)4&-dppm)] (dppm = Ph2PCH2PPh2), which 
appears not to have been reported before. Rota- 
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(Al (El (Cl IDI 

Fig. 1. Rotamers of [Mo~(~&H&.(CO)~]. 

mers are present in solution and the single 
isomer found in the crystal does not correspond 
with that observed in the crystal structure of the 
‘BuPHCH~PHBU’ analogue. 

RESULTS AND DISCUSSION 

Preparation and spectroscopic analysis of [Mo,(q- 

GW2W94Ww-Ql (1) 

The direct reaction between [Mo2(~-CSHJ2 
(CO),] and tertiary phosphines is quite complex, 
giving simple substitution products in a few cases 
(PPh3, PCy, or P(OR),) but commonly giving the 
salts [Mo(&,H,)(CO),LJ[MO(C,H,)(CO),].~~~ 
A better procedure is to add the tertiary phos- 
phines to the decarbonylated compound 
[Mo~(&~H,),(CO),] and this occurs usually 
without cleavage of the MO-MO bond.4,7*8 We 
have synthesized [Mo,(q-C,H,),(CO),(p-dppm)] 
(1) in this way by adding dppm to a solution of the 

tetracarbonyl prepared in situ from the hexacar- 
bonyl. The IR spectrum of (1) contains four v(C0) 
absorptions [v(CO) (CH,CI,) 1913(s), 1872(vs), 
1835(sh), 1817(s) cm-‘] unlike the spectrum of the 
Me2PCH2PMe2 analogue which gives two absorp- 
tions [v(CO) (CH&lJ 1850, 1805 cm-‘] as do the 
whole series of diphosphine complexes synthesized 
by Stelzer et al4 Since there are obviously structural 
differences, we have determined the single crystal 
X-ray structure of compound (1) to confirm that 
dppm is bridging and to establish the rotameric 
form in the crystal. 

X-ray structure of [Mo,(+,H,),(CO),(dppm)] (1) 

Addition of heptane to a solution of (1) in dichlo- 
romethane gave deep red-brown crystals suitable 
for X-ray structure determination. The molecular 
structure is shown in Fig. 2 and selected bond 
lengths and angles are given in Table 1. The mol- 

Table 1. Selected bond lengths (A) and angles (“) for the compound [MoZ 
GH5MW4@wmll (1) 

MO(~)-MO(~) 
C(l)-MoQ) 
C(30)-MO(~) 
C(32)-Mo( 1) 
C(34)-Mo( 1) 
C(35)-MO(~) 
C(37)---MO(~) 
C(39)-MO(~) 

C(6)--P(1) 
C(5)-P(2) 
C(24)-Pt2) 
C(2wY2) 
C(4)-O(4) 

P( l)-Mo( l)--MO(~) 

C(l)--MoUFP(l) 
C(2)---Mo(l)_P(l) 
P(2)-Mo(2+Mo( 1) 

C(3)-Mo(2tiP(2) 
C(4t-M0(2)-P(2) 
C(5)---P(Ik--MO(~) 

3.327( 1) 
1.939(6) 
2.358(6) 
2.380(6) 
2.304(6) 
2.352(6) 
2.370(6) 
2.296(6) 
1.841(5) 
1.832(5) 
1.848(5) 
1.170(6) 
1.150(5) 

79.6( 1) 
79.3(2) 

110.6(2) 
79.7( 1) 
79.3(2) 

117.5(2) 
121.4(2) 

P(l)--MO(~) 
WF-Motl) 
C(31)-MO(~) 
C(33)-MO(~) 

P(2F--Mo(2) 
C(36)--MO(~) 
C(38)--MO(~) 

C(5)---P(l) 
CU2)_P(l) 
CU 8)---P(2) 
C(1ww) 
C(3)-O(3) 

C( l)-Mo( l)-MO(~) 
C(2)-Mo(lpMo(2) 

C(2)-Mdl)-W) 
C(3)-MO(~)-Mo( 1) 
C(4)-MO(~)-Mo( 1) 

C(4h--Mo(2)-C(3) 
C(5)-P(2)-Mo(2) 

2.430(3) 
1.946(6) 
2.421(6) 
2.323(6) 
2.445(3) 
2.426(6) 
2.31 l(6) 
1.856(5) 
1.834(6) 
1.853(5) 
1.157(6) 
1.156(6) 

129.9(2) 
68.1(2) 
77.9(3) 

123.8(2) 
67.5(2) 
77.7(3) 

115.3(2) 
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C(IO) 

C(32) 

Fig. 2. Molecular structure of [Mo,(q-C5H,),(CO),@-dppm)] (1). 

ecule has approximate (non-crystallographic) C2 
symmetry and the isolated molecule would con- 
tain equivalent CSHS ligands, equivalent P atoms 
and equivalent CH% protons. There is a MO-MO 
bond [3.327 A] but this is rather longer than 
in other related dimolybdenum compounds 
(see below). 

The structure of a closely related diphosphine 

complex, [Mo~(C~H~)~(CO)JB~PHCH,PHBU?] 
(2), has been determined previously. 4 This molecule 

(4 

has crystallographic C2 molecular symmetry but a 
different rotamer from that of (1) is found. Figure 
3 compares the crystal structures of compounds (1) 
and (2), showing projections perpendicular to the 
Mo-MO direction to emphasize their con- 
formational differences. In each compound there 
is a considerable P-Mo-Mo-P torsional angle 
[42.9” for (1) and 54.4(2)0 for (2)] and similar chiral 
five-membered Mo,P,C rings are found in each but 
with a rather greater deviation from planarity in (2). 

lb) 

Fig. 3. A comparison of the rotamers in the solid state found for (a) lMo,(C,H,),(CO).,(dppm)] 
(1) and for (b) [Mo,(C,H,),(CO),(‘BUPHCH,PH’BU)]~ (2) viewed along the Mc-MO direction. 
The phosphines are shown with a single atom for each substituent at phosphorus. The front MO 

atom has filled bonds and the rear MO atom (obscured) has open bonds. 
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The geometries of these MozPzC rings are different 
from the normal envelope structure (with a carbon 
flap) normally found when the P-M-M-P tor- 
sional angle is close to zero.g The main difference 
between (1) and (2) (Fig. 3) is in the rotameric 
form found in each case. In (1) the cyclo~ta~enyl 
ligands are anti to each other whereas in (2) they 
are gauche. The anti and gauche isomers are inter- 
convertable by rotation about the Mo-MO bond. 
Thus an anticlockwise rotation of the front MO 
coordination sphere of (1) (Fig. 3) by approximately 
90” about the MO-MO bond with respect to the 
rear MO atom, requiring an inversion of the puck- 
ered five-membered Mo2P2C ring, would produce 
a geometry like that of (2). The anti and gauche 

forms are both chiral and there is another pair of 
isomers that are enantiome~c with those shown in 
Fig. 3, but note that rotation about the Mo-MO 
bond does not allow enantiomerization. 

1 
1 -9o*c 

k = 500 s-' 

It is not clear to us why the different diphosphines 
give different rotamers in the crystal. The MO-MO 
distance in (1) [3.327(l) A] is longer than that in 
(2) [3.2109(4) A]” which is close to that in 
fMo&,H,),(CO),] [3.235(l) 1(1].‘*’ Probably the 
lengthening in (1) compared to (2) is because sec- 
ondary phosphines have been replaced by tertiary 
phosphines and the associated increase in crowding 
more than compensates for not having a ‘Bu sub- 
stituent in (1). The dppm ligand is therefore the 
bulkiest diphosphine studied and repulsive inter- 
ligand forces lead to the MO-MO bond length- 
ening. Assuming that steric pressure is the cause of 
the Mo-MO bond length increase, clearly crowd- 
ing could also have a major effect on rotamer stab- 
ilities, but it is not easy to assess this with confi- 
dence. Certainly there are quite small energy 
differences between the rotamers of compound (1) 
in solution so that any theoretical argument for 
structural preferences is difficult. 

k =175Os-' 
- 

I I I 

-95 -100 -105 

6 

Fig. 4. 31P{‘H} NMR spectra of [Mo,(C,H,),(CO), 
(dppm)] in CD2C12/CH2C12 mixtures at different tem- 
peratures. Spectra Seward with the given rates for 
gauche to anti conversion are shown above the spectra 

for 10 and 30°C. Chemical shifts relative to P(OMe),. 

concentrations illustrated in Fig. 5, we derived 
AH* = (12.6 +0.4) kJ mol- ’ (FTNMR spectra re- 
corded with time-delays of 5 and 20 s gave essentia.lly 
the same relative intensities so we believe that the 
compositions obtained by the integration given in 

Rotumeric firms of ~Mo~(~-C~H~)~(~O)~(dppm)] 
(1) in sofution 

Compound (1) has approximate Cz molecular 
symmetry in the crystal and the P atoms would be 
expected to be equivalent in solution. However, 
two 31P{ rH) NMR singlets of unequal intensity are 
observed for dichloromethane solutions at room 
temperature and below (Fig. 4). We assume that the 
more intense signal, the one that becomes increas- 
ingly predominant at lower temperatures, belongs 
to the mti isomer. At -90°C the other back) 
isomer accounts for only 3% of the material, rising 
to 30% at - 10°C. This assumes that the form 
found in the crystal is that which predominates in 
solution. From the temperature-variation of isomer 

t-0-i -a 

1. 
h2 

0.8- \a \ 
q \ 

jj 0.6- 
% 
,d 
.a 
$ 0.G 
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0.2- 
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0’ 

1 

160 200 2&O 

Temperature/K 
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Fig. 5. Dependence of the composition of compound 
(1) in CDzC12/CHzC12 mixtures with temperature. 0 

corresponds to (la) and 0 to (lb). 
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Fig. 5 are reliable). The corresponding value for 
AH0 for the anti-gauche equilibrium for [MO&- 
C,H,),(CO),] is much lower (1.8kO.4 kJ mol-L),3 
while for other diphosphines it must have a higher 
value (with the gauche form the more stable) since 
this is the only isomer observed.4 

The 31P NMR signals for (1) begin to broaden at 
- 10°C and are very broad at 30°C. Figure 4 shows 
two computer-simulated spectra” at these higher 
temperatures but we have not examined a 
sufficiently wide temperature range to obtain full 
activation parameters. Instead we can just quote 
AGfb3 = (54.6f0.8) kJ mol-’ and AGfo3 
= (55.4f0.8) kJ mol-’ for thegauche to anti pro- 

cess. These values compare with AGf = (63 _+ 3) kJ 
mol-’ for the corresponding rotational barrier in 
the unsubstituted parent molecule ~o&&H~)~ 
(CO),].’ The rotational barrier is not increased 
by the need to invert the puckered Mo2P2C ring 
in (1). 

‘H NMR spectra support the conclusions from 
“P NMR. At -60°C the major (anti) isomer has 
signals at 6 5.22 (s, C,H,) and 4.34 (t, CH2) and the 
minor (gauche) isomer at 6 4.49 (s, C,H,) and 5.11 
(t, CH2). The proportion of the minor isomer 
increases with temperature, coalescence occurs at 
around 10°C and two signals (apart from the Ph 
signals) are observed at 6 4.80 (C,H,) and 4.71 (CHd 
at 53°C. At this temperature the isomers are in 
similar abundance as judged from the frequencies 
of the coalesced signals. 

Since the IR spectrum of [Mo~(C~H&(CO)~ 
(Me,PCH,PMe,)] (which exists as only one iso- 
mer) exhibits only two v(C0) absorptions at 1855 
and 1805 cn-’ (CH2C12),4 our observation of 
four absorptions for (1) at 1913(s), 1872(vs), 1835(sh) 
and 1817(s) cm-’ (CH&l,) seem to confirm the 
presence of isomers. For example, we considered 
assigning the absorptions at 1872 and 1817 cm-’ 
to the anti and those at 1913 and 1835 cm-’ to the 
gauche isomer. However, the solid spectrum (KBr 
or Nujol) and those in various solvents (Fig. 6) all 
contain the same four absorptions. If the above 
assignments were correct, the solid sample would 

t-\, 

CH,CL2 

I I 1 
1900 1eso 1900 

vICO)/cm-’ 

Fig. 6. IR spectra of (1). 

have to be a mixture of anti and gauche crystals 
and we must have selected just one (the anti) for 
structure determination. This interpretation is 
incorrect since a single well-formed crystal known 
to contain one isomer gave the same IR (Nujol) 
spectrum as that of a microcrystalline sample. 
Therefore the four absorptions correspond to one 
isomer but this requires the anti and gauche isomers 
to have indistinguishable spectra, or the spectrum 
to be totally dominated by that of the major isomer. 

We propose the conformation changes in Fig. 
7 for the conversion of anti to gauche rotamers 

anti I 

P-atoms eclipsed 
gauche 

Fig. 7. Proposed isomers of (1) showing how they may be interconverted by rotation about the 
Mo-MO bond with inversion of the five-membered Mo,P,C ring. There is a second pair of isomers 

enantiomeric with these. 
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(corresponding to the crystal structures of com- 
pounds (1) and (2), respectively). A rotamer with 
eclipsed phosphorus atoms corresponding to (B) 
(Fig. 1) is a required intermediate. The two rep- 
resentations of this intermediate shown with the 
envelope flaps in different directions are exactly the 
same isomer (rotation of one molecule will allow its 
superimposition on the other). The interconversion 
of these species by flapping of the CH1 group will 
exchange the non-equivalent cyclopentadienyl 
ligands and methylene hydrogen atoms. This will 
require very little energy and is unlikely to add 
much to the overall activation energy in the anti to 
gauche conversion. 

EXPERIMENTAL 

Synthesis of [Moz(tl-CSH5)z(CO),(dppm)l 

This was prepared essentially the same as other 
related diphosphine complexes4 except that the 
tetracarbonyl was prepared in situ from the hexa- 
carbonyl and was not isolated. [Mo2(CSH& 
(CO),] (0.511 g) was heated for 39 h under nitro- 
gen in sodium-dried toluene (50 cm3) to give 
a dark red solution containing about 70% 
[Mo,(C,H,),(CO),]. The solution was cooled and 
treated with Ph2PCH2PPh2 (dppm) (0.442 g) in 
toluene (10 cm3). The solution was stirred for 1 h 
and filtered through silica gel to remove some red- 
black residues and the product was isolated by cry- 
stallization as a dark red-brown solid (0.32 g) from 
a dichloromethane-heptane mixture. The surface 
of the solid appears red-brown but clear maroon- 
red solutions in dichloromethane were obtained. 
Crystals suitable for the X-ray study were obtained 
by the addition of hexane to a concentrated dichlo- 
romethane solution and allowing this mixture to 
stand for 60 h. Of the three or four suitable crystals 
obtained, one was chosen for the X-ray study and 
another for an IR spectrum. IR [v(CO)]: (Nujol) 
1920(s), 188O(vs), 1840(s), 1814(s); (KBr) 1913(s), 
1873(vs), 1837(s), 1815(s); (toluene) 1917(s), 
1878(vs), 1844(ms), 1825(s) ; (CHC13) 1915(s), 
1874(vs), 1835(sh), 1816(s); (CH,Cl,) 1913(s), 
1872(vs), 1835(sh), 1817(s); (THF) 1915(s), 
1878(vs), 1842(ms), 1823(s) cm-‘. 

Crystallographic studies 

Crystal data. C39H32M0204P2, M = 818.51, 
monoclinic, space group P2,/n, a = 17.529(3), 
b = 18.189(6), c = 10.815(2) A, /? = 98.03(l)“, 
u = 3414(l) A3, Z=4, D,= 1.592 g cn~-~, 
1= 0.71069 A, F(OO0) = 1648, ~(Mo-K,) = 8.5 
cm-‘, crystal size 0.76 x 0.45 x 0.45 mm. 

Data collection. Unit cell parameters and inten- 
sity data were obtained by previously detailed pro- 
cedures, ” using a CAD4 diffractometer operating 
in the m-28 scan mode with graphite-mono- 
chromated MO-K, radiation. A total of 5984 
unique reflections were collected (3 < 28 < SO’). 
The segment of reciprocal space scanned was (h) 
-20 to 20, (k) 0 to 21, (I) 0 to 12. The reflection 
intensities were corrected for absorption using the 
azimuthal-scan method ; ’ * maximum transmission 
factor 1 .OO, minimum value 0.93. 

Solution structure and refinement. The structure 
was solved by routine heavy-atom methods 
(SHELX-8613) and refined by full-matrix least- 
squares (SHELX-76”). All non-hydrogen atoms 
were refined anisotropically. Phenyl and ethyl 
hydrogen atoms were allowed to ride on the carbon 
atoms to which they are attached (C-H 0.96 A). 
Group isotropic temperature factors for these 
hydrogen atoms were allowed to refine. Hydrogen 
atoms of the cyclopentadienyl rings were not 
included in the model. The final residuals R and R,., 
were 0.028 and 0.032, respectively for the 5096 data 
for which F, > 6a(F,). The function minimized was 
EC, (IF,,1 - [F# with the weight, w, being defined as 
l/[02(F0) + O.OOOOSF,z]. Atomic scattering factors 
and anomalous scattering parameters were taken 
from refs 15 and 16, respectively. All computations 
were made on a DEC VAX- 11/750 computer. Final 
atomic coordinates, tables of thermal parameters, 
full tables of bond lengths and angles, selected intra- 
molecular non-bonded distances, and listings of 
observed and calculated structure factors have been 
deposited with the Editor as supplementary 
material. The atomic coordinates have also been 
deposited with the Cambridge Crystallographic 
Data Centre. 
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Abstract-[(C,H5),P]2[Pt(S6)3] was isolated from solutions of jN(C2H5)4]2PtS17 or 
(NH,),ptS,,] - 2H20 in acetone and characterized by determining its crystal structure : its 
unique anion contains three seven-membered chelate rings. 

Free sulphur occurs in many areas and has been 
known since ancient times, for example in the 
destruction of Sodom and Gomorrah by brimstone 
and the use of sulphur as a fumigant by the Egyp- 
tians. Gunpowder, discovered by Bacon in 1245, 
containing sulphur, charcoal and saltpetre mixed in 
the weight ratio 20 : 15 : 75, was the only ammu- 
nition propellant used until the 1850s. Some 90% 
of sulphur is converted into sulphuric acid. Sulphur 
and sulphuric acid have been detected in the atmo- 
sphere of Venus, and metallic and superconducting 
polymers (SN), are being studied. 

Base metal sulphides, the main carriers of pre- 
cious metal minerals in hydrous silicate deposits, 
form part of the Merensky Reef: platinum group 
metals concentrate’ at the periphery of interstitial 
sulphides. Metal sulphides play an important role 
in industrial (hydrodesulphurization of fossil fuels) 
and enzymic (nitrogen fixation and electron trans- 
fer) catalysis. The S:- ion is believed to be the 
favoured species during the sulphur rich stages of 
the discharge of the sodium-sulphur battery, which 
is of much current industrial interest. 

*Author to whom correspondence should be addressed. 

Polysulphide complexes 

Recent interest concerning polysulphides and 
their solutions follows the pioneering work by the 
great German coordination chemist K. A. Hof- 
mann. He reported the syntheses2 of (NH4)CuS4, 

(NH,)AuS,, @JH4)3W151, W-U2[PdS1J * 1/2&O 
and (NH&[PtSi5] - 2H20. The structure of the 
pentekaidekakissulphidoplatinate(lV) ion in (NIYI~)~ 
[PtS, 5] was determined3 by Jones and Katz, 
who showed the octahedralcoordination of three 
bidentate pentasulphido (S:-) ligands around the 
central Ptrv, confirming a suggestion4 by Sidgwick. 
Wickenden and Krause reported5 improved syn- 
theses of platinum and palladium compounds and 
prepared rhodium polysulphides. They prepared 
WPr,] 2[PtS1 J, following degradation of (NH,) 2 
[PtS,,] with cyanide,6 and Krause reported6 a new 
polysulphido complex of rhodium, (NH4)3[RhS15], 
followed by a detailed summary’ of the prepara- 

tion of m4)2[pts 151, (NH4)3[Rhs 151, m4)2ps IO] 

and (NH,),[PdS,,] * 2H20 together with its crystal 
structure.’ The palladium ions are linked by 
Si- chains, with no individual [PdS1i12- groups; 
some absences of sulphur in the structure account 
for the stoichiometry. 

1801 
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Gillard and Wimmer resolved9 [Pt(S,),]* by 
forming diastereoisomers with optically active 
[RuLL312+ (LL = bpy or phen), a rare case of 
purely inorganic optical activity and the first such 
compound with a third row transition element. This 
[PtS1J2- ion shows (using” “‘Pt NMR spec- 
troscopy) two conformations (both all chair, one 
C, and one C,) separated by an energy barrier 
of 50.5 kJ mol- ‘. 

Use of non-aqueous solvents has given many 
interesting polysulphides. Muller has produced sev- 
eral complexes such as the novel [(C,H,),Nh 
[CU$,~],~~ with a central Cuss3 ring and three outer 
Cuss groups, (PPh4)2[Ag2(S,)2],‘2 the lo-membered 

ring systems WW~&$gI, K~~h3)2NL%&I,‘3 
and (PPhJ[AuSg],‘4 which show the remarkable 
catenating properties of sulphur. (PPh,)4[Ag2S20] * 
Ss and (PPhJ4[CuZSZo] (which contain bridging 
Sg- ligands) have also been synthesized”*i6 
together with (PPhJ2[Au2S,],‘4 a lo-membered 
highly symmetrical ring system with the Au’ 
adopting a preferred linear coordination, and14 
various [Cu4S,]‘- anions (x = 13-15). 

However, although the Si- ion is well enough 
known, as in [enH2](S6),” and although a few such 
compounds as “{H[Rh(DMG)2S6]}n”‘8 and 
298[NH4]2[PdS,,] * 1/2H20 contain it as a ligand with 
transition metals, seven-membered rings, like che- 
late rings [MS.#“- 2)+ containing M”+ ions are 
rare. They includelg [zn(S6)2]2-. There seems to be 
no previous case where M is a transition metal ion. 

We report here the first example of a most 
unusual structure, a compound of the octahedral 
homoleptic tris(hexasulphido)platinate(IV) ion 
(PPh4),[Pt(S6),], containing three such seven-mem- 
bered rings. 

RESULTS AND DISCUSSION 

The desired product was obtained unexpectedly. 
When, in our first experiments, the tetraethyl- 
ammonium salt” [N(C,H,),],[Pt(S,,)] was dissolved 
in acetone and PbPBr was added, over two 
months a few, very small, red crystals appeared, 
which were in fact a salt of the pt(S&- ion. We 
repeated the preparation using the ammonium salt*’ 
and describe this in detail. 

A solution (initially 12.3 mmolar) of the known 
compound (NH4)2ptS,7] * 2H20 in acetone on treat- 
ing with successive aliquots of [PPh,,]Br (up to a 
final 10% molar excess), and allowing to crystallize 
over a total of five days gave successive crops of 
[PPh&[Pt(S&] and [PPh&[Pt(S&I (this a known 
compound2’,22), in a total mole ratio of 2 : 1. Most 
(78%) of the initial platinum was recovered. 

This almost certainly represented the slow dis- 
mutation 

3[PtS,7]2- + 2[PtS,8]2- + [PtS,S]‘- 

rather than a mere separation of a mixture for the 
following reasons : 

(a) Most (78%) of the initial platinum is re- 
covered, so we are not simply concentrating one 
minor component of a mixture. 

(b) We have used various conditions in mixing 
tetraphenylphosphonium bromide with salts of 
cpts 1 7] in acetone. If it were really a matter of exceed- 
ing the solubility product of the two-thirds of the 
platinum now present as [PPh,],[ptS,,], we would 
expect approximately similar yields of this salt in 
about the same time. This was not found ; we have 
obtained either very few crystals or a large number 
of them. 

(c) All samples of (NH4)2[PtS17] - 2H20 have2’ the 
same solubility in water and the same X-ray powder 
pattern, strongly suggesting that it is a single com- 
pound. 

(d) We made two salts of [PtS,7]2-, the 
ammonium salt dihydrate and the tetraethyl- 
ammonium salt, the anions of which have2’ very 
similar properties (such as molar extinction coef- 
ficients). 

(e) The ammonium salt of [PtSi712-, the starting 
compound, is” strongly optically active. We have 
never obtained good enough crystals for single crys- 
tal work, but clearly, the space group must be acen- 
tric. We recovered 78% of the original platinum, as 
tetraphenylphosphonium salts, both having known 
space groups, both centric. There has therefore been 
some chemical change in the solution, viz. race- 
mization (at least). 

(f) Let us assume that our starting compound is, 
in fact, a mixture of 2 mol (NH4)2[PtS18] * 2H20 and 
1 mol (NH4)2[PtS15] * 2H20. The latter exists in two 
crystalline forms,3.23 both of known centric struc- 
tures, so the observed optical activity of the [PtSi712- 
salt” cannot come from either known form of 
(NH4)2[PtS,5] * 2H20. Indeed, we have never seen 
any spontaneous optical activity in the [PtS15]2- 
salts, so, unless there was a very unusual co-cry- 
stallization of optically spontaneously resolved 
(NH4)2[PtS15] - 2H20 enforced by spontaneously 
resolved (NH4)2[PtS18] - 2H20, the observed optical 
activity for (NH4)2[PtS17] - 2H20 would have to 
derive entirely from its [PtS18]2- content (two- 
thirds). This would not be inconsistent with the 
fact that the circular dichroism of [PtS712- is quite 
distinct2’ from that of [PtSi512-. 

So, assuming we are dissolving a mixture of 
resolved [PtS1812- (2 mol) and racemic [PtS,,]‘- (1 
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mol) in acetone, thefirst crystals are obtained within 
a day and are racemic [PtS,8]z-. The racemization 
of resolved IptS,,12- in acetone is rather slow. 
So, either the [P&l’- racemixes faster than its 
congener, or it was not there at all. 

(g) The equilibrium solubilities of the am- 
monium salts (NH4)2[ptSn] * H20Zo are, at 18.4”C, 
for n = 15, 1.5%, and for n = 17, 0.14%. Even if, 
for n = 18, the ammonium salt was insoluble, 
the apparent solubility of a mixture of 2/3n = 18, 
1/3n = 15 would be 0.5% and not the 0.14% 
observed. 

(h) If the (NHJ,[ptS , 7] * 2H20 really were a mixture 
containing one-third (NH,),[PtS,,] * 2H20, then the 
X-ray powder photographs should reveal its pres- 
ence. We routinely used this method to describe 
the tris-pentasulphido salt, and the powder photo- 
graphs of both its dimorphs are well knownF3 There 
is no indication” of either in any sample of 

WWX’t~~~l~ 2I.320. 

The strongest lines in the powder photographs of 
Forms (A) and (B) of (NHJ2[PtSJ - 2H20 are (with 
relative intensities), respectively : 7.114 (80 : 111) ; 
6.950 (100 : 111) ; 6.455 (70 : 002) ; 7.073 (80 : 112) ; 
6.692 (100 : 004) ; 6.499 (70 : 202), for the reflections 
indicated. There is no d-spacing higher than 8.35 
in either. For (NHJ21P&] * 2H20, there is a total 
absence of the pattern corresponding to these lines : 
there are strong lines at 8.51 and 3.06 with no 
counterpart at all in either form of the PtS:; salts. 
A very strong line at 6.42 in the [PtSi712- salt might 
correspond with the lines at 6.455 and 6.499 of 
Forms (A) and (B) of [PtS,,]‘-, but the even stronger 
lines at 6.950 [Form (A)] and 6.692 [Form (B)] 
would then be even more apparent, and there is no 
intensity at all in this region for [P&12-, which 
has, as its three strongest lines, d-spacings of 8.5 l(s), 
6.42(vs) and 3.06(s). None of these belong to either 
form of (NH4)2[PtS15] - 2H20 which is therefore 
absent. (NH4)2[PtS17] * 2H20 is a single compound 
in the solid state. 

(i) Dismutation xS:- +JS$ + zS,‘- is common 
enough (though not well known in chelated com- 
pounds). For example, by dissolving K,S, in a solu- 
tion of sulphur and (crypt-2.2.2) in 1,2-diam- 
inoethane (en), both [K(cryst-2,2,2)],& - en and 
[K(cryst-2.2.2)]& may be crystallized.‘7 The mech- 
anism of formation24 of [ReS,]- (in [Bu,N] 
[Re(S4),S]) from Li2S5 in THF is presumably not 
dissimilar. We commonly obtained2’pu salts of 
[Pt(Q3]‘- from non-pentasulphide factors. 

Despite these arguments, we are aware of the 
difficulty of proving a negative. We hope to settle 
the question of the persistence on dissolution of 
(NH4),[PtS 1 7] * 2H20 as an individual compound, 
by further measurements of optical activity, in- 

eluding that of [PtS,,]‘- (not yet available optically 
active), and of 19’Pt resonance. 

For [PPh.,],[PtS,,], the subject of the present 
paper, the molecular structure consists of PM+ cat- 
ions and Pt(S,):- anions. The structural parameters 
of the cation are normal. The anion is shown in Fig. 
1; selected bond length and angles are given in 
Table 1. The Si- ligands are coordinated to the 
platinum(IV) ion and are all bidentate, forming 
three seven-membered rings. The Pt-S bond dis- 
tances are of the same order as in Pt(S,):- com- 
pounds,23 but the values of the chelate S-Pt-S 
angles in Pt(S,) units are very large, from 98.4(2) 
to 100.7(2)0 compared to the values3,23 of 90.9- 
92.8(2)” for the corresponding S-Pt-S angles in 
the Pt$- units of (NI-&pt(S,)3 * 2H20, and in 
the other known tris-pentasulphido metallate, 

(NHdJWW~l * 2H20.26 

The Ptiv ion is on a &axis. This symmetry axis 
also goes through the midpoint of the S(9)-S(9’) 
bond. Therefore, two of the three seven-membered 
rings are equivalent. The torsion angles of ptS6 
(S = l-6) and (S = 7-7’) rings vary from -35.7(4) 
to 100.8(4)” and from -46.3(4) to 107.5(4)“, respec- 
tively. In cycloheptasulphur (d-form), the ring tor- 
sion angles are in the range 1.1-107.5”. 

Chelated S,‘- ligands also occur in [Hg(S6)d2-26 
[zn(S6)~2- and [Mn(S,)(S#- ions ; (the existence of 
this last heteroleptic species with both S:- and 
Si- as ligands on the same metal of course serves 
as precedent” to our formulation of [PtS17]2- as 
[pt(S&(S,)]2-). The conformation of MS6 (M = 
metal ion) rings seems to be different in each 

/ia 
s(si) 

s(4i 

- K?s S(li 
c2i 

Fig. 1. The structure of Pt(S$. The pt-S and S-S 
distances range from 235.0(7) to 236.6(7) pm and from 
194.8(10) to 205.4(10) pm, respectively. The S-S-S 

angles range from 104.6(S) to 108.7(5)“. 
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Table 1. Bond distances (pm) and bond angles (“) of the Pt(S& anion 

Pt-S( 1) 
Pt-S( 13 
Pt-S(6) 
Pt-S(6) 
Pt-S(7) 
pt-S(7’) 

S(l)-Pt-S(P) 
S( l)-Pt-S(6) 
S( I)--Pt-S(6’) 
S( l)-Pt-s(7) 
S( l)-pt-S(7’) 
S(6)-Pt-S(6) 
S(6)-Pt-S(7) 
S(6)-Pt-S(7’) 
s(7)-Pt-s( 1’) 
S(7)-Pt-S(6’) 
s(7)-Pt-s(7’) 
S( l’)-Pt-S(6’) 
S( I’)--Pt-S(7’) 
S(6’)-Pt-S(7’) 

238.4(6) 
238.4(6) 
235.0(7) 
235.0(7) 
238.6(7) 
238.6(7) 

83.6(2) 
100.7(2) 
87.2(2) 
89.6(2) 

169.0(2) 
169.4(3) 
85.5(2) 
87.6(2) 

169.0(2) 
87.6(2) 
98.4(2) 

100.7(2) 
89.6(2) 
85.5(2) 

Symmetry code : i = 1 -x, y, 0.5 --z. 

known case. These seven-membered rings are 
clearly rather flexible and the particular metal ion 
and packing forces may cause the ring to have a 
certain conformation. 

The bond angles at the metal ions for other inde- 
pendent anions in [MS,(S,)J- are as follows: 
M = Mnz7-115.8 and 120.9” (cf. 108.3 and 108.1” 
for the six-membered MnSs rings in the same ions) ; 
H$B-117.0 and 113.9”. 

These tris seven-membered rings are probably 
unique, and the three large intra-chelate angles at a 
six-coordinated ion are without precedent, certainly 
with so simple a ligand. A unique large (positive) 
trigonal distortion is present, because the intra- 
ring angles at the metal ion are so much greater 
than 90”. All the many known tris cases have angles 
of 93” or less-chiefly because the ligating atoms 
are usually nitrogen and oxygen-and most have 
angles less than 91”. Among the largest positive 
trigonal distortions are those for [M(S,)J’- where 
intra-ring angles at M are, for M = Pt,23 n = 2 ; 
90.9(2) ; 92.6(2) and 92.8(2), and for M = Rh?6 
n = 3 ; 92.7, 92.4, and 93.1. Indeed, as these 
increasingly large intra-ring angles become access- 
ible, the isomeric trigonal pyramidal tris-chelate 
structures at the metal, minimizing non-bonded 
repulsions, may be within range, for chelating S,‘-, 
with n > 7. 

w-w) 
S(2)-~(3) 
S(3)-S(4) 
S(4WX5) 
S(5)-S(6) 
S(7>s(8) 
S(SyS(9) 
S(9WW) 

Pt-S( 1)-S(2) 
SW-S(2~(3) 
S(2)-S(3)-S(4) 
S(3)-S(4)s(5) 
S(4)-S(5FS(6) 
S(5)-V6)-Pt 
Pt-S(7)--S(8) 
S(7)-S(8)-S(9) 
S(8)-S(9FS(9’) 
S(9)-S(9’FS(7’) 
S(8Q-S(7Q---Pt 

201.4(9) 
205.4(10) 
196.6(11) 
205.1(11) 
194.8(10) 
202.8(11) 
204.1(11) 
199.3(11) 

110.9(3) 
107.3(4) 
108.7(5) 
106.9(4) 
104.6(5) 
114.0(4) 
109.5(4) 
105.3(5) 
107.9(5) 
105.3(5) 
109.5(4) 

The formation of a particular metal polysulphide 
is strongly dependent on the metal ion. Thus, 
platinum(I1) forms known chelates with Sj- (as 
in’ (R,P),PtS, recently studied by Chatt and 
Mingos27*28 and by others29) and S:-, whereas the 
known palladium(I1) species are PdS:;, containing 
no chelate rings at all and [(C2H,),N)2][Pd(S,),].30 

It is at present rare that a particular metal ion 
forms a set of homoleptic polysulphides with a 
range of S,‘- ions, although Zn2+ does, forming 
tetrahedral Zn(S,):- ions with n = 4,5 and 6 ;19 and 
our present work shows that it is possible to make 
octahedral Pt(SJ- ions when n = 5 or 6: maybe 
other ions with n = 4 or 7 could be prepared. 

EXPERIMENTAL 

Preparation of bis-tetraphenylphosphonium(V) 
oktokaidekakissulphidoplatinate(IV) 

(a) Bistetraethylammonium heptakaidekakis- 
sulphidoplatinate(IV), [N(C,H,),][PtS,,] (30 mg) 
made by a known method2’ in acetone (5 cn?) 
was treated with tetraphenylphosphonium bromide 
(6 mg) in acetone (1 cm3). The solution was kept in 
a refrigerator for two weeks when small, red crystals 
of [PPhJ2[PtS18] had formed which were removed 
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by filtration. Crystallographic work (data col- using MO-& radiation. The data obtained were cor- 
lection) was carried out with this sample. rected for Lorentz and polarization effects. 

(b) Diammonium heptakaidekakissulphido- 
platinate(IV) dihydrate (32 mg) made by a 
known method” was kept for five years, then treat- 
ed with acetone (3 cm’). A small insoluble residue 
(2 mg) was removed by centrifugation. The result- 
ing filtrate (0.037 mmol) was treated with (PPhJBr 
(11 mg, 0.26 mmol) and the mixture kept in a 
refrigerator for 24 h, to give red (Ph,P)JPtS ,s] (16 
mg). This was separated by decanting, washed with 
methanol, then ether and identified by measurement 
of the unit cell (X-ray). 

Crystal data 

(P~QP)&(S~)~ ; M, = 1450.95 ; space group C2/c; 
a = 1143.0(2), b = 2410.4(4), c = 2066.3(4) pm; 
fl=92.56(2)“; Z=4; V= 5.6872 nm3; O,= 1.69 g 
mn3 ; ~(Mo-K,) = 34.7 cm-’ and T = 296 K. 

To the supernatant, further PWBr (12 mg, 0.029 
mmol) in acetone (3 cm3) was added. After 24 h in 
a refrigerator, this solution yielded a further crop 
of (PPh,),[PtS,,], identified by its similarity to the 
first compound under the microscope and by 
measurement of the unit cell of one crystal. 

To the supematant, further Ph.,PBr (11 mg, 0.026 
mmol) in acetone (2 cm3) was added. The solution 
was kept for three days at ambient temperature then 
overnight in a refrigerator, when red crystals of 
[Ph,P],[PtS,,] (11 mg) separated. These were ident- 
ified by their unit cell as being the same as those 
found earlie? for a characterized sample of the 
compound made by the metathesis, in DMF, 

(NH&[PtS, 5] + 2PPh& 

Two check reflections showed no loss of intensity. 
Of 2807 independent reflections, 1443 having 
Z > 2.5@) were accepted as observed. The struc- 
ture was solved by direct methods, which gave pos- 
itional parameters for the Pt and S atoms. The 
factors for atomic scattering and for corrections of 
anomalous dispersion for heavy atoms were taken 
from International Tables31 The structure was 
refined with Pt and P atoms having anisotropic 
and C and H atoms isotropic temperature factors, 
respectively. Phenyl groups were refined as rigid 
units. An empirical absorption correction was 
applied. The C-H hydrogen positions were cal- 
culated assuming the C-H distances to be 96 pm. 

The refinements led to final R = 0.055 and 
R, = 0.052, where R = CA/EFo, R,,, = X,/WA/ 

x,/w& A = I;,-F, and w = 1.46/[$(F0)+ 
O.O008OOF:].* 

Crystallographic calculations were performed 
with the SHELX-76 program.32 

+ [PPh&[PtS, 5] + 2NH,Br. 

Although the quality of the new crystals was not 
quite as good as those we obtained from DMF, we 
have collected and analysed a new data set which 
clearly establishes that this third crop of crystals 
is indeed bis-tetraphenylphosphonium pentakai- 
dekakissulphidoplatinate(IV), [PPh,],[PtS, J. 

The total amount of tetraphenylphosphonium 
bromide added represents a small excess (ca 10%) 
above that required for the reaction : 

‘W%W + lMUdW~~1 
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FORMATION OF A NEW MACROCYCLIC CHAIN POLYMER 
CONTAINING THORIUM@V) AND MERCURY(II): 
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Abstract-Reaction of Hg(C,H,NO), (where C4H6N0 is the anion of 2-pyrrolidinone) 
with thorium nitrate in methanol yields a polymeric heterometallic complex, [Hg,Th 
(C,H,NO),(NO,),],, which has been characterized by X-ray diffraction. The crystals are 
monoclinic, P2,/c, a = 10.020(5), b = 19.421(10), c = 14.615(6) A, b = 94.97(4)“, 2 = 4. 
The structure was refined on 2570 reflections to R = 0.047. The compound has a poly- 
meric chain structure with the links of the chain comprising 16-membered macrocycles, 
formed by two thorium, two mercury, four oxygen, four carbon and four nitrogen atoms. 
Each thorium atom is lo-coordinate with a distorted bicapped square antiprismatic array 
of oxygen atoms (four from 2-pyrrolidinone anions, four from two bidentate nitrates and 
two from two unidentate nitrates). 

Our investigations of the binucleating capabilities 
of the anion of 2-pyrrolidinone (I) have produced 
several new and unusual structural types. Several 
of these form novel heterometallic polymeric chain 
structures, often with alternating metal centres 
aligned along the chain direction. All feature a mer- 
cury atom bound to the deprotonated ring nitrogen 
and a second, “harder”, metal bound to the exo- 
cyclic oxygen atom. 

0 N 0 
ii 

I 

These compounds can be formed both with first 
and second row transition metals, e.g. copper(H),’ 
cobalt(I1)’ and silver(I) ;3 also with lanthanides.4 
Extending this work, we have explored the reactions 
of the Hg(C4HaN0)2 unit with some actinides, to 
see if their higher oxidation states and preference 
for very high coordination numbers would lead to 
further new, or related, structural types. This has 
resulted in the formation of the first mercury 
(II)/thorium(IV) polymer, [Hg,Th(C,H,NO), 
(NO,),],, (A), the structure of which has been deter- 
mined by X-ray diffraction methods. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Preparation 

Hg(C,H,NO), (1 mmol) (prepared as described 
previously2) was dissolved in methanol (20 cm’) 
and thorium nitrate (0.2 mmol) was added. Im- 
mediately, a white precipitate formed which was 
removed by filtration. The colourless filtrate was 
allowed to evaporate at room temperature, being 
filtered whenever a precipitate formed. After 7-10 
days small, rhombic crystals suitable for X-ray 
analysis were obtained. Found : C, 15.8 ; H, 1.9 ; N, 
8.6. Calc. for Hg2Th(C4H6N0)4(N03)4: C, 15.8; 
H, 2.0 ; N, 9.2%. 

X-ray study 

[Hg2Th(C4H,NO)4(N03)4], crystallizes as small, 
colourless rhomboids. The crystal data are: 
monoclinic, a = 10.020(5), b = 19.421(10), c = 
14.615(6) A, B = 94.97(4)“, V= 2821 A’, space 
group P2,/c, Z = 4, Mr = 1217.6, D, = 2.88 g 
cmM3, ~(CU-&) = 381 cm-‘. Retined unit cell par- 
ameters for a crystal of approximate dimensions 
0.32 x 0.05 x 0.03 mm were obtained by centring 18 
reflections on a Nicolet R3m diffractometer. 3208 
independent reflections (0 < 58”) were measured 
with graphite monochromated Cu-K, radiation 

1807 
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using the omega-scan measurement routine. Of 
these, 2570 had IF,1 > 3a(lF,I) and were considered 
observed. Lorentz, polarization and a numerical 
absorption correction (face-indexed crystal) were 
applied. 

The structure was solved by the heavy-atom 
method, which revealed the position of the thorium 
atom. The remaining non-hydrogen atoms were 
located from subsequent AF maps. The hydrogen 
atom positions were idealized (C-H = 0.96 A), 
assigned isotropic thermal parameters, U(H) = 
1.2U,,(C), and allowed to ride on their parent 
carbon atoms. One of the nitrate anions was 
severely disordered and was thus idealized and 
refined as a rigid body. The non-hydrogen atoms 
were refined anisotropically. Refinement was by 
block-cascade full matrix least-squares to R = 
0.047, R, = 0.048 (w-l = a2(F)+0.001F2). 

The X-ray structural analysis confirms that (A) 
has the stoichiometry Hg2Th(C4HaN0)4(N03)4, 
and shows that a polymeric chain structure is 
formed. 

A view of the thorium environment is shown in 
Fig. 1. As expected, the thorium ion has a high 
coordination number, namely 10. The donor atoms 
are all oxygens, four from four 2-pyrrolidinone 
anions, four from two bidentate nitrate anions and 
two from two monodentate nitrates. 

Computations were carried out on an Eclipse 
S140 computer using the SHELXTL program 
system.5 Scattering factors were taken from ref. 6. 
Important bond lengths and angles are listed in 
Table 1. 

The coordination geometry adopted by the 
Thor0 unit (Fig. 2) is best described as a distorted 
bicapped square antiprism. This geometry has been 
found for K,[Th(C,OJ,] *4H207 and the triclinic 
form of K4[U(C204)J *4H20,* but is in contrast to 
the tetradecahedron adopted by thorium in 
ThNi2(S2C202)4* 6H2O.’ One plane of the square 
antiprism comprises O(2), O(3), 0(51) and 0(81), 
capped by 0(52) ; the other comprises O(l), O(4), 
0(61) and 0(71), capped by 0(62). The 
0(52)---Th-O(62) angle is 171.4(4)” [cf. 174.7 

Table 1. Bond lengths (A) and angles (“) for (A) with e.s.d.‘s in parentheses 

WlVW) 
%0--W) 
Th-O( 1) 
Th-O(3) 
Th-O(51) 
Th-O(61) 
Th-O(71) 

N(2)_WlFN(4a) 
0( l)-Tha(2) 
O(2)-Th-O(3) 
O(2)-Th-O(4) 
O(l)-Th-O(51) 
O(3)-Th--o(51) 
0( l)-Th-O(52) 
O(3)--Th--o(52) 
0(51)-Th-O(52) 
O(2)-Th-O(61) 
O(4)-Th-O(61) 
0(52)-Th--o(61) 
O(2)-Th-O(62) 
O(4)-Th--o(62) 
0(52)-Th-O(62) 
O(l)-Th-O(71) 
O(3)--Th-O(71) 
0(51)-Th-O(71) 
0(61)-Tha(71) 
O(l)-Th-O(81) 
O(3)-Th-O(81) 
0(51)-Th-0(81) 
0(61)--Th-O(81) 
0(71)-Th-O(81) 

2.036( 12) 
2.025( 11) 
2.302( 11) 
2.336( 12) 
2.615(13) 
2.588( 12) 
2.495(14) 

177.0(6) 
145.3(4) 
73.1(4) 

141.8(4) 
70.1(4) 
90.4(4) 

113.6(4) 
67.8(4) 
47.5(4) 
74.9(4) 
84.7(4) 

130.4(4) 
112.9(4) 
71.4(4) 

171.4(4) 
74.4(5) 

138.8(5) 
128.1(5) 
78.1(5) 
72.6(4) 

130.6(4) 
66.7(4) 

141.4(4) 
67.4(5) 

Hg( 1 FWa) 
W&Q-NW 
J-l+w) 
Th-O(4) 
Th-O(52) 
Th-O(62) 
Th-O(81) 

N(3F---H8(2FWa) 
0( l)-Th-O(3) 
0( l)-Th-O(4) 
O(3)-Th-O(4) 
O(2)-Th-O(5 1) 
O(4)--Th--o(5 1) 
O(2)-Th-O(52) 
O(4)-Th-O(52) 
O(l)---Th--o(61) 
O(3)-Tha(61) 
0(51)-Thd(61) 
0( l)-Th-O(62) 
O(3)-Th-O(62) 
0(51)--Th-O(62) 
0(61)---Th-O(62) 
O(2)--Th-O(71) 
O(4)-Th-O(71) 
0(52)-Th-0(71) 
0(62)-Th-0(71) 
O(2)--Th-O(8 1) 
O(4)-Th-O(81) 
0(52)-Th-O(81) 
0(62)-Th-0(81) 

2.012(12) 
2.019(11) 
2.309( 11) 
2.392( 11) 
2.704(13) 
2.699( 11) 
2.463(13) 

179.5(7) 
141.5(4) 
72.7(4) 
69.4(4) 

117.8(4) 
70.1(4) 
71.2(4) 

100.6(4) 
115.0(4) 
68.5(4) 

151.8(4) 
67.8(4) 

105.6(4) 
129.3(4) 
47.1(4) 
75.6(5) 

131.6(4) 
124.9(4) 
63.7(4) 
80.0(4) 

131.3(4) 
64.6(5) 

123.1(4) 
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Fig. 1. The thorium environment in Hg,Th(CqH6NO)4(NOs)4, showing the crystallographic 
bering scheme. 

and 174.5” for the corresponding angle in 

K,[M(C,O,),] *4Hz0 (M = Th’ or U”)]. 
One marked difference between (A) and the 

above oxalato complexes is the effect of the small 
“bite” of the bidentate nitrate groups. Both capp- 
ing oxygen atoms, 0(52) and 0(62) respectively, 
come from such a nitrate. This results in an 
appreciable reduction of one of the pyramid angles 
in each case [0(51)-Th-0(52) 47.5(4>” and 
0(61)-Th--O(62) 47.1(4)“] compared with angles 
of 62-66”, mean 64.0”, in K,[Th(C,O,),] *4H20.’ 
Most of the other pyramid angles in (A) show a 
concomitant increase [64.6(4k7 1.4(4)“]. 

Fig. 2. The distorted bicapped square antiprismatic coor- 
dination geometry about thorium. 

num- 

The Th-0 bond lengths fall into three groups. 
Those from thorium to the oxygen atoms of the 
2-pyrrolidinone anions are noticeably the shortest 
(2.30(1)--2.39(l) A). There is also a difference 
between the Th-0 bonds involving oxygen atoms 
of the monodentate and bidentate nitrates-the 
monodentate being noticeably shorter (2.46( 1) and 
2.50(l) A) compared with those to the bidentate 
nitrates (2.58( 1) and 2.70( 1) A). A similar difference 
in Th-0 bond lengths between carbonyl oxygens 
and nitrate oxygens as donors has been observed 
elsewhere. ’ O 

The two inequivalent mercury atoms form 
strong, essentially linear (177.0(6) and 179.5(7)“) 
bonds to ring nitrogen atoms. The bond distances 
(see Table 1) are unexceptional and are similar to 
those reported previously.1-4 

These interactions, coupled with the coor- 
dination of the pyrrolidinone oxygen atoms to the 
Th centres, result in the formation of a hetero- 
bimetallic chain polymer the links of which com- 
prise 16-membered macrocycles. The constituent 
atoms of these macrocycles are two Th, two Hg, 
four N, four 0, and four C. The polymeric com- 
ponent of the structure is shown in Fig. 3, the 
nitrate anions having been omitted for clarity. 

There is cross-linking of the polymer chains via 
mercury-nitrate interactions (see Fig. 4). The short- 
est of these contacts (2.75 A) is between 0(82), an 
oxygen in one of the monodentate nitrates in one 
chain, and Hg(2) in the next. Other, weaker inter- 
chain Hg - * * 0 contacts occur between Hg( 1) and 
0(72), 2.92 A, and 0(73), 2.98 A; also between 
Hg(2) and 0(81), 2.96 A. These structure-stabilizing 
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Fig. 3. Part of the polymeric chain structure of (A) showing the interlocking 16-membered 
NO3 groups have been omitted for clarity. 

rings. The 

Fig. 4. Inter-chain linking by Hg * . . O(nitrate) interactions (for clarity, only atoms comprising the 
macrocycles and the relevant nitrates are shown). 

interactions are more important here than in any of 
the related bimetallic polymers we have reported 
previously. 1-4 The only similar interaction occurred 
in a mercury-europium complex4 and there the 
shortest contact distance was 2.95 A. 

There are clear similarities between the polymeric 
array formed by (A) and that adopted by the 
lanthanide complexes [Hg,Ln(C4H60)4(NOs)3],, 
Ln = La-Eu (B). In both cases the polymeric chains 
consist of Idmembered macrocycles, though there 
are subtle differences between the conformations of 
these macrocycles. In (A) the N-Hg-N units in 
opposite sides of each macrocycle are approxi- 
mately co-directional, whereas in (B) they are 
opposed.4 Furthermore, whilst the intra-annular 
Th-Th distance (7.6 A) is the same as the Eu-Eu 

distance in (B), the corresponding Hg * * . Hg dis- 
tance is noticeably longer in (A) [5.21 cf. 4.45 A in 

(WI. 
The increase in charge and coordination number 

on changing from Eu”’ to Th” has only resulted in 
more nitrate anions coordinating, and this appears 
to have mitigated against any dramatic change in 
the polymer structure. Clearly, a less coordinating 
anion is required if more 2-pyrrolidinone units are 
to be coordinated to an f-block metal centre. Work 
in this direction is underway. 

Acknowle&ement-We thank the SERC for funds for 
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METAL CLUSTER TOPOLOGY-IX.? MERCURY VERTICES 
IN TRANSITION METAL CLUSTERS AND ALKALI METAL 

AMALGAMSS 

R. B. KING 

Department of Chemistry, University of Georgia, Athens, GA 30602, U.S.A. 

Abstract-Mercury vertices in metal clusters use a seven-orbital spd’ bonding manifold with 
linear sp hybrids for strong primary bonding and dn + px* and/or da + pa* interactions for 
weaker secondary bonding. Transition metal clusters containing mercury vertices can be 
classified into two types: two-dimensional clusters in which the mercury atoms form a 
polygon such as a triangle in [HgOs,(CO),,], or a square in [HgMn(CO)2C5H4Me]4 and 
three-dimensional clusters in which the mercury atoms form a polyhedron such as an 
octahedron in Hg,[Rh(PMe,),], or a tricapped trigonal prism in Hg9[Co(C0)3]6. The 
structures of such clusters consist of a mercury polygon or polyhedron having secondary 
Hg-Hg interactions inside a transition metal macropolygon or macropolyhedron with 
M-Hg-M edges having primary Hg-M interactions. These clusters thus all exhibit edge- 
localized chemical bonding topology. Alkali metal amalgam structures are constructed from 
mercury quadrilaterals of which the prototypical species is square Hgi-, found in discrete 
units in the structure of Na3Hg2. This homonuclear mercury cluster anion may be regarded 
as a globally delocalized two-dimensional planar polygonal aromatic system with an aro- 
matic sextet like benzene but with no a-bonding between adjacent mercury atoms in the 
Hgz- square. 

A characteristic property of metal carbonyls, which 
was recognized in the very early days of the de- 
velopment of their chemistry, is their reactivity 
towards mercury and its compounds to form tran- 
sition metal-mercury derivatives, which in general 
are relatively stable towards air and water. Early 
discoveries of this type include the formation of cis- 
Fe(CO),(HgCl), from Fe(CO), and HgClz2 and the 
formation of Hg[Co(CO)& from Co2(CO)8 and 
elemental mercury.3 Mercury derivatives of metal 
carbonyls such as Hg[Mn(CO),],, Hg[Co(C0)4]2, 
Hg[Mo(C0)3C,H5]2 and Hg[Fe(C0)2C5H,]2 are 
frequent by-products from the preparation of metal 
carbonyl anions by the treatment of binuclear metal 
carbonyl derivatives with sodium amalgam.4 

Structural studies on mercury metal carbonyl 
derivatives such as Hg[Mn(C0)5]2,5’6 Hg[Co 
(co)412y7 Hg[CWO)3PEt3128 and Hg[Fe(W2 
(NO)PEt,]29 indicate linear M-Hg-M units con- 

7 For part VIII, see ref. 1. 
$This paper is dedicated to Sir Geoffrey Wilkinson, 

F.R.S., in recognition of his many contributions to 
organometallic and inorganic chemistry. 

(Receiued 18 April 1988). 

taining two-coordinate mercury atoms. This area 
of transition metal chemistry thus appeared to 
be relatively uninteresting until the seminal dis- 
covery by Wilkinson and co-workers” of the 
sodium amalgam reduction of [(Me3P)4Rh]Cl or 
(Me3P)3RhCl to give high yields of the high 
nuclearity transition metal-mercury cluster 
Hge[Rh(PMe3),],, which was shown by X-ray 
diffraction to consist of an Hg6 octahedron with 
four tetrahedrally related faces capped by rhodium 
atoms. This paper surveys the currently known 
types of such high nuclearity transition metal-mer- 
cury clusters with the objective of relating their 
skeletal bonding to previously discussed”-‘4 graph- 
theory derived models for metal cluster bonding 
topology. An important conclusion from this study 
is that almost all of the complicated transition 
metal-mercury cluster structures can be derived 
from simple edge-localized bonding models with 
two-coordinate mercury vertices. The ideas 
developed in this study of transition metal-mercury 
clusters also provide some insight into the chemical 
bonding topology of alkali metal amalgams, which 
are important as reducing agents in metal carbonyl 
chemistry and other areas of transition metal chem- 
istry. Thus Wilkinson” as well as Hieber16 and 
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their co-workers were pioneers in such applications 
of alkali metal amalgams for the preparation of 
metal carbonyl anions from neutral metal carbonyl 
dimers. 

MERCURY VERTICES 

The position of mercury to the right of gold in 
the periodic table suggests that mercury vertices will 
have some similar properties to gold verticesi in 
metal clusters. Thus two of the outer p orbitals in 
both mercury and gold can be shifted to such high 
energies that they no longer participate in the pri- 
mary chemical bonding. ‘7*‘8 This manifests itself 
structurally in d’ ’ Au’ and Hg” as two linear sp 
hybrid orbitals superimposed on a spherically sym- 
metrical filled d-orbital manifold thereby leading to 
a cylindrical spd’ seven-orbital primary bonding 
manifold, which requires 14 electrons for filling. 
This limitation of the primary bonding of mercury 
vertices to two linear sp hybrids prevents the con- 
struction of stable polyhedra containing exclusively 
mercury vertices. However, transition metal cluster 
macropolyhedra can be constructed in which 
the edges are nearly linear M-Hg-M units 
rather than simple M-M bonds. Thus the 
Hg6[Rh(PMe,),], clusterlO can be interpreted as an 
Rh4 macrotetrahedron with six Rh-Hg-Rh 
edges. 

The empty p orbitals not in the spd’ cylindrical 
bonding manifold of the d lo Hg” can participate in 
secondary dx +pn* or da + da* bonding similar 
to that suggested by Dedieu and Hoffmann” for 
isoelectronic d” Pt” complexes and by a previous 
paper of this seriesI to account for the peripheral 
Au-Au bonding distances in centred gold clusters. 
The mercury-mercury interactions within the 
mercury polygons and polyhedra in the transition 
metal-mercury clusters consist exclusively of such 
secondary bonding since the mercury sp hybrid 
orbitals are used for primary bonding to transition 
metals in the M-Hg-M edges of the transition 
metal macropolyhedra. 

The mercury-mercury distances in polynuclear 
mercury derivatives (Table 1) provide an excellent 
indication as to the nature of the mercury-mercury 
interactions. In Hg, 2+ derivatives as well as similar 
derivatives of longer linear mercury chains (e.g. 
Hg:+, Hg$+) the mercury-mercury distances fall 
in the range 2.42.7 A indicative of strong primary 
covalent bonding arising from overlap of linear sp 
hybrid orbitals. 20-22 In cases where the primary 
mercury bonding is diverted to other atoms, such 
as transition metal atoms in transition metal- 
mercury clusters, the mercury-mercury distances 
increase to the range 2.9-3.2 A indicating the 
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Table 1. Mercury-mercury bond distances 

Compound Hg-Hg (A) 

Hg metal 

Hg,Fz 
Hg,Cl, 
Hg,Br, 
HgA 
Hg0sF.A 
Hg,(AlCl& 
Hg,(AsF& 
Hg,.,AsF, 
[HgOs,(CQ ,113 
WgWCOW5H4Mel~ 
Hg6DW+W314 
H&K+WO) 316 

Nd-MHd-) 
NaHg 

KHg 
NaHg, 
KHg, 

3.00, 3.47 
2.43 
2.45 
2.50 
2.69 
2X2(4) 
2.56 
2.70 (inner), 2.57 (outer) 
2.64(l) 
3.122(3), 3.082(3), 3.097(3) 
2.888(2) 
3.131(3E3.149(3) 
3.094 (av., trig.-trig.), 
3.151 (av., trig.-sq.) 
2.99 
3.05, 3.05, 3.22 
3.02, 3.04, 3.36 
2.90, 3.23 
3.00, 3.02, 3.08 

presence of only secondary mercury-mercury 
bonding. 

Transition metal clusters containing mercury 
vertices can be classified into two types: two- 
dimensional clusters (Fig. 1) in which the mercury 
atoms form a polygon such as a triangle in 

[HgOs3(CO)1 11323 or a square in [HgMn(CO), 
C5H4Me]424 and three-dimensional clusters (Fig. 
2) in which the mercury atoms form a polyhedron 

Fig. 1. Transition metal mercury clusters containing 
mercury polygons. Mercury vertices are starred, 
mercury-mercury bonds and external groups (carbonyl 
and cyclopentadienyl) are omitted, and transition 
metal + mercury dative bonds are indicated by arrows. 
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Hg.$o (Co),] 6 

Fig. 2. Transition metal mercury clusters containing 
mercury polyhedra. Mercury vertices are starred and 
mercury-mercury bonds and external groups (carbonyl 

and trimethylphosphine) are omitted. 

such as an octahedron in Hg,[Rh(PMe,),],” or a 
tricapped trigonal prism in Hg,[Co(CO) J 6. 25 Tran- 
sition metal clusters containing mercury polygons 
arise from bifunctional transition metal fragments 
such as Fe(CO), and CpMn(CO)* leading to degree 
two vertices in the large transition metal macro- 
polygon. Transition metal clusters containing mer- 
cury polyhedra arise from trifunctional transition 
metal fragments such as COG and Rh(PR& 
leading to degree three vertices in the large tran- 
sition metal macropolyhedron. The graph of the 
polygon or polyhedron formed by the mercury ver- 
tices is thus the line graph26 of the graph of the 
polygon or polyhedron formed by the transition 
metal vertices. 

MERCURY POLYGONS 

Combinations of difunctional transition metal 
vertices with mercury vertices leads to clusters with 
equal numbers of transition metal and mercury ver- 
tices consisting of a mercury polygon within a tran- 
sition metal macropolygon (Fig. 1). The bond 
angles at the transition metal vertices determine the 
sizes of the polygons with squares apparently being 
preferred. A structurally characterized cluster of 
this type is mgMn(C0)2CSH.,Me]4.24 The difunc- 
tional Mn(C0)2C5H4Me vertices have the favoured 
18-electron rare gas configuration for the manga- 
nese atom and are derived from the corresponding 
CpMn(CO), system through a formal oxidative 
addition reaction. The Mn-Hg-Mn edges of the 
Mn, macrosquare in [HgMn(C0)2C5H4Me]4 are 
bent inwards towards the centre of the square in 
accord with secondary mercury-mercury bonding 

leading to 2.888(2) Hg-Hg bond distances. A simi- 
lar structure (Fig. 1) can be postulated for the long- 
known2927 but insoluble [HgFe(CO),], on the basis 
of its similar IR spectrum to the structurally char- 
acterized” [CdFe(CO),],* 2Me,CO. 

A structure containing a mercury triangle (Fig. 
1) is found in the “heteronuclear raft cluster”23 
[HgOs,(CO), I1 3. In this case the difunctional tran- 
sition metal vertex is the Os(CO), vertex of an 
0s3(CO),, triangle. The Os-Hg bond lengths in 
the Os-Hg-Os edges of the 0~ macrotriangle 
fall in the range 2.71-2.76 A. In addition there is one 
2.98-3.05 A dative bond from an Os(CO), vertex 
of each 0s3(CO)i 1 triangle to a mercury atom as 
indicated by arrows in Fig. 1. Such dative bonds 
from osmium atoms to other types of acceptor 
atoms have been found in structurally characterized 
complexes.29-3’ The Hg-Hg distances of 3.08-3.13 
A in the mercury triangle of [HgOs3(CO)i,]3 are 
significantly longer than those in the mercury 
square of [HgMn(C0)2C5H4Me]4 suggestive of 
weaker mercury-mercury secondary bonding pos- 
sibly because of the tram influence of the OS + Hg 
dative bond. The OS + Hg dative bond as well as 
the OS--OS bonds in the Os,(CO), , triangles per- 
turb the external bond angles at the Os(CO), ver- 
tices so that a mercury triangle is found in [HgOs, 
(CO), ,I3 in contrast to the mercury square in 
lI-IgMn(CO)2C,H4Me]4 discussed above. In [HgOs, 
(CO), ,I3 all of the osmium atoms have the fav- 
oured 18-electron rare-gas configuration and the 
mercury atoms have the 1Celectron configuration 
corresponding to a filled cylindrical spd5 seven- 
orbital manifold. 

MERCURY POLYHEDRA 

Combination of trifunctional transition metal 
vertices with mercury vertices leads to clusters hav- 
ing a mercury polyhedron within a transition metal 
macropolyhedron (Fig. 2). The known examples 
of such clusters have trifunctional transition metal 
vertices of the type ML3 (M = Co, Rh, Ir ; L = CO, 
R3P). The number of mercury atoms in such clus- 
ters is equal to the number of edges in the transition 
metal macropolyhedron. If this macropolyhedron 
has m vertices all of degree three implied by the 
trifunctionality of the transition metal units at the 
vertices, then there are (3/2)m edges and such clus- 
ters have the overall stoichiometry [Hg3(ML3)2]x 
where x is even. The properties of the first three 
clusters of this homologous series, for which both 
the mercury polyhedron and the transition metal 
macropolyhedron are readily recognizable poly- 
hedra, are listed in Table 2. In addition to the 
hypothetical cluster [Hg3(ML3)2]4 having Oh skel- 
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Table 2. Smallest possible skeletons for clusters of the type [Hg,(ML,)J, consisting of a mercury polyhedron inside 
a transition metal macropolyhedron 

Transition metal 
Mercury polyhedron macropolyhedron 

Skeletal 
x symmetry Type V e f Type V e f Example 

2 Td 
3 Dv, 
4 Oh 

Octahedron 6 12 8 Tetrahedron 4 64 Hg6BW+W314 
Tricapped trigonal prism 9 21 14 Trigonal prism 6 95 HgACo(CW6 
Cuboctahedron 12 24 14 cube 8 12 6 

eta1 symmetry consisting of a mercury cubocta- 
hedron inside a transition metal macrocube, a less 
symmetrical isomeric cluster [Hgs(MLs)& having 
Cti skeletal symmetry is also possible in which 
the macropolyhedron is the eight-vertex cuneane 
polyhedron, namely the dua13* of the bicapped 
tetrahedron. I* The Wilkinson cluster lo Hg, 
[Rh(PMe,)J, with a mercury octahedron inside 
a rhodium macrotetrahedron and the Burlitch clus- 
ter2’ Hg,[Co(CO),], with a mercury tricapped trig- 
onal prism inside a cobalt trigonal macroprism (Fig. 
2) represent the first two members of this hom- 
ologous series. In both of these clusters all of the 
transition metal atoms have the favoured 18-elec- 
tron rare-gas configuration and all of the mercury 
atoms have the 1Celectron configuration cor- 
responding to a full cylindrical spd’ seven-orbital 
manifold. The linear sp primary mercury bonding 
is used for the M-Hg-M edges of the transition 
metal macropolyhedra leaving only secondary 
bonding for the edges of the mercury polyhedra in 
accord with the 3.06-3.15 8, Hg-Hg distances in 
these polyhedra. 

Thus the prototypical building blocks for alkali 
metal amalgams are derived from the Hg:- squares 
found in Na3Hg2. 

ALKALI METAL AMALGAMS 

The mercury atoms in Hgz- can be considered 
to have seven-orbital spd5 cylindrical bonding 
manifolds. Six of these seven orbitals, namely the s 
orbital and the five d orbitals, are external orbitals, 
whereas the single p orbital is an internal orbital. A 
neutral mercury atom with six external orbitals is a 
zero skeletal electron donor42-44 so that the Hgi- 
anion has six skeletal electrons. Since the overlap 
of the external p orbitals in Hgz- has the topology 
of the square, the Hgi- anion has a n-bonding 
network similar to a planar aromatic hydrocarbon 
such as the cyclobutadiene dianion or benzene. Fur- 
thermore, the six skeletal electrons of Hgi- can all 
be rc-electrons so that Hgz- is an 4k+ 2 electron 
aromatic system with a n-electron network anal- 
ogous to that of benzene. However, Hgi- hasneither 
the electrons nor the orbitals for any Hg-Hg a- 
bonding. Thus the Hgz- anion is a unique example 
of a two-dimensional aromatic system without any 
a-bonding. Thus the eight-electron difference in the 
skeletal electron counts of the square clusters Bi:- 
and Hgi- relate to the presence of a-bonding in the 
Bij- square but the absence of a-bonding in the 
Hgi- square. 

Several alkali metal amalgams have been struc- In a number of areas of chemistry, including 
turally characterized including the sodium amal- metal carbonyl chemistry, amalgamation of alkali 
gams33 NaHg,, NaHg and Na,Hg,, and the pot- metals is often used to facilitate their use as strong 
assium amalgams 34 KHg, and KHg. The most reducing agents. The presence of mercury anions, 
highly reduced of these species, namely Na,Hg,, has 
been shown33*35 to contain discrete 2.99 8, square 

such as Hgi-, in alkali metal amalgams indicates 
that mercury in the form of clusters can be an elec- 

planar Hgi- clusters which are not isoelectronic tron sink so that the reducing action of alkali metal 
with other square planar post-transition element amalgams can be viewed as analogous to that of 
clusters3c38 such as Bi:-,3g Se:+ 4o and Te:+.4’ In alkali metal naphthalenides or alkali metal graphite 
gold coloured NaHg33 slightly distorted 3.05 x 3.22 45 Recent electrochemical 
A Hg, rectangles are fused into a zigzag ribbon 

intercalation compounds. 
studies46*47 indicate that similar mercury cluster 

whereas in the likewise gold coloured KHg,34 anions are present in “quaternary ammonium 
slightly distorted (93.6 rather than 90°) 3.03 A Hg, amalgams” 
squares are linked by 3.36 8, Hg-Hg bonds. More 

although difficulties in obtaining 
crystals from these air- and moisture-sensitive sys- 

complicated networks of mercury rectangles and tems have precluded their definitive structural 
parallelograms are present in NaHg, and KHg,. characterization. 
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Abstract-The synthesis of [truns-Nb(dmpe)2(q-C4H6)H], llV&3-l-MeC,H&?-C,H6)2], 
M = Nb or Ta, and ~b(dmpe)(~3-l-MeC3H,)(?j-C4H,)I is described. The crystal structure 
of [trunsNb(dmpe)2(rj-CqH6)H] has been determined. Variable temperature NMR studies 
and spin magnetization transfer experiments provide evidence for fluxional processes in 
these compounds. 

Low valent derivatives of niobium and tantalum 
are rare. The earliest examples of zero-valent 
derivatives were lM(r,r-arene)2] and [M(dmpe),], 
M = Nb or Ta, dmpe = bis-1,2(dimethylphos- 
phino)ethane, prepared by metal vapour syn- 
thesis techniques. 1,2 Here we describe further 
studies on the synthesis and chemistry of low valent 
derivatives of niobium and tantalum. A preliminary 
communication of part of this work has been 
published. 3 

RESULTS AND DISCUSSION 

Treatment of the known compound jNb(q- 
C,H6)(dmpe)2Cl]4 in tetrahydrofuran with an 
excess of LiA1H4 gave orange crystals of [Nb(v- 
C4H6)(dmpe)&j (1) (uide infra). The analytical, and 
spectral data for the new compounds described in 
this work are given in Table 1. The NMR data 
will be discussed only where interpretation is not 
straightforward. 

Large needle crystals of (l), suitable for X-ray 
diffraction studies were obtained by slow sub- 
limation at 80°C and lo- 5 torr. The crystal struc- 
ture of (1) is shown in Fig. 1,’ with selected bond 
lengths and angles given in Table 2. The niobium 

*Dedicated to Professor Sir Geoffrey Wilkinson, 
F.R.S. in appreciation of his pioneering contributions to 
organotransition metal chemistry and, in particular for 
his inspiring guidance as my Ph.D supervisor (M.L.H.G.). 

t Author to whom correspondence should be addressed. 

atom, P( 1) and P(4) lie on a crystallographic mirror 
plane such that the pair of dmpe ligands occupy 
two alternative orientations in the equational plane, 
i.e. that shown in Fig. 1 and its mirror image, each 
having half occupancy. This disorder is similar to 
that observed in [M(dmpe),] (M = Nb and Ta) 
complexes. ’ The mirror plane also bisects the buta- 
diene ligand. The hydride on niobium was not 
located by electron density syntheses but it is 
thought to occupy the vacant coordination site 
opposite the butadiene ligand (Fig. 2). 

The “bite” angles of the dmpe ligands in (1) are 
79.2 and 78.2”, these are slightly larger than 

4 

Cl 

3 

Fig. 1. Molecular structure of (1) with atom labels. 
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Table 2. Selected bond lengths (A) and angles (“) for (1) 

1821 

C(3Wx4) 
C(9)--c(lO) 
C(l3)--c(14) 
C(14’)-c(14) 

WlW(l3) 
WlW(l4) 

c(ll-w>--cw2) 
c(lww-ww 
C(l)-P(l>-c(3) 
c(lO2~P(l)--c(3) 
c(202)-P( 1 )--c(3) 
c(4)-Pt2~(5) 
C(4)-P(2-(6) 
C(5)_P(2>--c(6) 

2.538(2) 
2.569(4) 
2.538(4) 
2.526(2) 

1.532(10) 
1.518(9) 
1.371(10) 
1.496(16) 

2.391(6) 
2.300(6) 

79.22( 11) 
78.18(9) 

96.9(29) 
105.5(23) 
97.4(28) 

112.7(16) 
88.6(22) 
96.3(16) 

104.1(16) 
94.9(13) 

114.4( 14) 
108.6(15) 

wwtl) 
w)--cQw 
v 1 J-ww 
P(l)--c(3) 
P(2)--c(4) 
P(2)--c(5) 
P(2F(6) 
P(3_(7) 
P(3>--c(8) 
P(3_(9) 
P(4>-c(lO) 
P(4W(ll) 
P(4~(12) 

C(lO)-P(4)--c(ll) 
c(lO>-P(4)--c(l2) 
c(1 l)-P(4)-~2) 

1.837(8) 
1.842(10) 
1.843(10) 
1.876(9) 
1.871(9) 
1.843(g) 
1.838(g) 
1.845(g) 
1.836(9) 
1.859(8) 
1.874(9) 
1.839(9) 
1.837(8) 

114.8(5) 

103.5(23) 
107.0(17) 
87.7(14) 

100.4( 14) 
91.6(19) 

104.0(12) 

112.3(11) 
112.2(11) 

Primes denote atoms generated by mirror plane (-x, y, z). 

Fig. 2. Structure of (1) orthogonal to Fig. 1 showing 
hydride cavity. 

observed in [Nb(dmpe),J [74.6(2)“] ; which may be 
considered more sterically crowded. Also, there 
may be disorder of the dmpe backbones as pre- 
viously described,’ but the overlapping dmpe 
ligands made this difficult to resolve. 

The Nb-P distances range from 2.526 to 2.538 
A (cf. 2.526(3) A in [Nb(dmpe),]} and the four phos- 
phorus atoms form an approximate plane. For the 
butadiene ligand the niobium to terminal-carbon 
distances are longer than to the internal-carbons 
(by 0.091 A). The terminal-internal C-C 
bond is 0.125 8, shorter than that between the two 
internal carbons indicating the (~~-1: 2,3 : 4) bond- 
ing character for the butadiene. This is unusual for 
early transition metal butadiene complexes such as 
[Hf(q-C4H,J,(dmpe)16 which tend to adopt the 
alternative (1,4-1’) or metallacyclo-3-pentene struc- 
ture, and is indicative of the butadiene ligand in (1) 
acting more as an electron donor than acceptor. 
The butadiene ligand is also essentially planar and 
approximately parallel to the plane defined by the 
four phosphorus atoms. 

The variable temperature solution NMR data of 
(1) indicates that the molecule is fluxional at room 
temperature but on cooling to -85°C adopts the 
conformation found in the crystalline state. In par- 
ticular, the observation of an Nb-H resonance at 
6 - 2.1 [J(P-H) = 47 Hz] in the room temperature 
‘H NMR spectrum of (1) indicates that the 3’P 
nuclei are magnetically equivalent. Since the buta- 
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diene ligand also appears as three 2-hydrogen multi- 
plets at this temperature, it is likely that rapid rota- 
tion of the q-butadiene ligand about the niobium- 
ligand axis is occurring at room temperature. 

On cooling to -85°C the ‘H NMR spectrum 
becomes markedly different. The hydride signal 
became a broad, featureless band. The internal 
hydrogens of the butadiene are observed at 6 3.6 
and 4.2, which suggests that butadiene rotation is 
slow on the NMR timescale at this temperature. 
However, the resonances due to the terminal 
vinyllic hydrogens were not readily distinguished 
because the region 6 O-2 shows several overlapping 
broad resonances. The two large doublets due to 
the dmpe methyl hydrogens have also collapsed into 
this broad signal. This is most likely due to the 
process of flexing of the methylene backbone in 
the dmpe ligands being in the regime of intermediate 
exchange. 

The variable temperature 31P{ ‘H} NMR spec- 
trum of (1) (Fig. 3) exhibits several interesting fea- 
tures. At - 106°C the spectrum consists of two 
broad resonances in the ratio 3 : 1. At - 70°C the 
two bands coalesce to a single broad resonance 

. . . 

-90°C 

; 

80 60 40 20 
km 

0 

Fig. 3. Variable temperature 101.26 MHz 3’P{ ‘H} NMR 
spectra of (1) in [*H,]-toluene. 

(cur,* = 64 Hz). On further warming to 0°C the res- 
onance broadens further (oljz = 271 Hz), and then 
apparently separates into two equal components 
with the separation between the maxima being 190 
Hz at room temperature. The doublet appearance 
of the room temperature spectrum is attributed to 
partial collapse of the 3’P-g7Nb quadrupole coup- 
ling. Differential broadening of the spectral lines 
of spin-l/2 nuclei coupled to quadrupolar nuclei 
(g7Nb; Z = 9/2) is observed when the spin-lattice 
relaxation time (T,) of the latter is comparable to 
(J)) ’ (where J = quadrupole coupling constant). 
As the temperature is lowered the T, of quadru- 
polar nuclei generally decreases sharply and at 
low temperatures (typically < - 70°C) line-broad- 
ening effects on spin-l/2 nuclei due to quadrupolar 
coupling are removed. The activation energy for the 
fluxional process leading to coalescence of the 3’P 
nuclei at -80°C is estimated to be AGS = 36 kJ 
mall ‘. We assume this process to be rotation of the 
butadiene ligand. 

Hydrogen-l spin magnetization transfer experi- 
ments on (1) show no evidence for intramolecular 
hydrogen exchange processes. However, ‘H and *H 
NMR spectra of the orange crystals formed from 
mb(r&H,)(dmpe),Cl] and LiAlD4, namely 
[Nb(n-C,H,)(dmpe),D], (l-[*m) indicate statisti- 
cal scrambling of deuterium into the terminal 
exo and endo sites of the butadiene ligand. There 
was no deuterium incorporation into the internal 
hydrogen sites. A similar hydrogen scrambling has 
been observed in the compound [NbH(q- 
C2D,)(dmpe)2].7 We note that the crystal structure 
of (1) shows that the butadiene and the hydride 
ligands are mutually trans, and therefore sub- 
stantial rearrangement must occur to enable intra- 
molecular scrambling. 

Co-condensation of niobium or tantalum atoms 
with an excess of buta-1,3-diene gives, after sub- 
limation, highly sensitive purple or orange crystals 
of [Nb(rZ-l-MeC3H4)(rZ-CqH6)d (2) or Da(n-l- 
MeC,H,)(q-C,H,),] (3), respectively. Compounds 
(2) and (3) are electron-rich* formally 16-electron 
compounds. In the light of the recently established 
occurrence of agostic bonding in other formally 
16-electron q-methylallyl compoundsg,” we studied 
their dynamic NMR spectra to attempt to establish 
whether agostic bonds were present. 

The ‘H NMR spectrum of (2) is highly complex 
and despite extensive double resonance experiments 
only partial assignment is possible. The spectra 
clearly corresponded to the presence of two q-buta- 
diene groups and a n- 1 -methylallyl group in (2) but 
do not allow distinction between possible con- 
formers arising from the relative dispositions of the 
ligands (see Scheme 1). The ‘H NMR spectrum of 
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1 ) 

(Z),M=Nb 
(3). h4 = Ta 

ii 

Scheme 1. (i) LiAlH4 in THF, room temperature, 85% 
and (ii) dmpe in pentane, - lO”C, 25%. 

(2) in [2H8]-tetrahydrofuran at room temperature 
and at - 120°C showed no significant differences. 

Of particular interest was the band in the room 
temperature 13C NMR spectrum of (2) assigned to 
the l-methyl group, which occurs as a binomial 
quartet with J(C-H) = 124 Hz. This coupling con- 
stant is consistent with either a normal methyl 
group, or, with a fluxional agostic methyl group. ‘O 
No resolvable change in the coupling constant is 
observed on cooling to - 85°C. Further, there was 
no evidence for the presence of other conformers of 
(2). However, the linewidths of the resonances other 
than that of the l-methyl group were very tem- 
perature dependent. On warming from - 85°C the 
spectrum of (2) changes markedly. The signals 
became very broad, indeed at - 60°C they flattened 
into the baseline, and then the spectrum sharpens 
again as the temperature approaches room tem- 
perature. Since no other conformers of (2) were 
readily detected at low temperatures, we attribute 
the dramatic variations in the linewidths to a com- 
bination of changes in the molecular symmetry and 
the consequent unpredictable quadrupolar relax- 
ation times of the 97Nb nucleus. 

A spin saturation transfer experiment on (2) at 
45°C shows that all of the hydrogens on the terminal 
carbons of all three ligands undergo exchange (AG* 
95 + 5 kJ mol- ‘). This process is expected to pro- 
ceed via an equilibrium between [Nb(q-C,H,Me)(q- 
C,H&] and the unobserved l&electron hydride 

NW?-C,H,),I. 
The room temperature ‘H NMR spectrum of 

the tantalum analogue (3) was very similar to that 
observed for (2). The detailed analysis of the spectra 
was complicated by the appearance of a minor low 
symmetry isomer at low temperatures. Spin satu- 
ration transfer experiments at 50°C showed that the 
hydrogens of the methyl group are exchanging with 
all the terminal hydrogens in both the major and 
minor isomers. The complexity of the spectrum pre- 

cluded quantitative measurements but the data sug- 
gests that the rates of exchange between isomers 
and hydrogen migration rates must be comparable. 

In conclusion, it was not possible to confirm the 
suspected presence of agostic methyl groups in (2) 
and (3) due to the complexity of their NMR spectra 
arising from low symmetry and fluxional behaviour. 

Treatment of (2) with dmpe gave the bright 
orange oily solid ~(r,r-C,H,Me)(+Z,H,)(dmpe)] 
(4). The low resolution mass spectrum of (4) showed 
a parent ion peak at M/e = 352 corresponding to 
NbC14H29P2. The NMR data may be interpreted 
in terms of a formally 16-electron structure for (4) 
shown in the Scheme 1. The connectivity of the 
signals was established by the use of a ‘H--‘H 
COSY two-dimensional NMR spectrum. This 
showed the bands assigned to H,, Hb, Hr, Hi, Hj 
and Hi, (Table 1) comprise a butadiene ligand at 
chemical shifts typical for their respective environ- 
ments. The vinylic hydrogens of the I-methylallyl 
group may be assigned to the bands H,, Hd, H, and 
Hk, with the methyl group appearing as a doublet 
at 6 1.06. Doublets assignable to the dmpe methyl 
hydrogens are observed at 6 1.850.95 and 0.75, the 
fourth overlapping with the resonance of the methyl 
of the I-methylallyl group. The fully coupled 13C 
NMR spectrum showed a binomial quartet 
(Jcu = 125 Hz) for the l-methyl group. ‘H mag- 
netization transfer experiments on (4) at 45°C 
showed no observable transfer. 

The new reactions and proposed structures for 
the new compounds (lH4) are shown in Scheme 1. 

EXPERIMENTAL 

All preparations, manipulations and reactions 
were carried out under an inert atmosphere of dini- 
trogen (< 10 ppm oxygen, < 20 ppm water) using 
standard Schlenk tube and vacuum-line techniques, 
or in a dry box. Dinitrogen was purified by passage 
through a column containing BTS catalyst and 5 8, 
molecular sieves. 

All solvents were thoroughly deoxygenated 
before use by repeated evacuation followed by 
admission of dinitrogen. Solvents were pre-dried 
over activated molecular sieves and then distilled 
from potassium (tetrahydrofuran, THF), sodium 
(toluene), sodium-potassium alloy [light petroleum 
(b.p. 4060°C throughout), diethyl ether] or phos- 
phorus pentoxide (dichloromethane), under an 
inert atmosphere of dinitrogen before use. Meth- 
anol was dried over activated molecular sieves and 
deoxygenated before use. Deuterated solvents for 
NMR samples were stored in Rotaflo ampoules 
over activated molecular sieves and transferred by 
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vacuum distillation. Celite 545 filtration aid (Koch- 
Light) was dried in an oven at 80°C before use. 

IR spectra were recorded as Nujol mulls between 
CsI plates on a Perkin-Elmer 1510 FT inter- 
ferometer. Hydrogen-l NMR spectra were deter- 
mined at 300 and 500 MHz using Bruker WH-300 
and AM-500 spectrometers, respectively. Carbon- 
13 and 31P NMR spectra were determined at 62.89 
and 101.26 MHz, respectively, using a Bruker AM- 
250 spectrometer. Spectra were referenced intern- 
ally using the residual solvent ( ‘H) and solvent ( ’ ‘C) 
resonances relative to tetramethylsilane (6 = 0 
ppm), or externally using trimethylphosphate 
p(O)(OMe),] in DzO (“P). All chemical shifts are 
quoted in 6 (ppm) and coupling constants are in 
Hertz (Hz). 

Metal vapour synthesis experiments were carried 
out using the apparatus described elsewhere. ’ ’ 

Bis[bis- 1,2(dimethylphosphino)ethane](q - buta- 1,3 - 
diene)hydridoniobium (1) 

The compound [NbCl(q-C,H,)(dmpe), (100 mg, 
0.21 mmol), prepared as described,4 in THF (30 
cm’) was treated with a suspension of LiA1H4 (10 
mg, 0.26 mmol) in THF (30 cm3) with stirring. No 
immediate colour change was observed but after 
stirring for 12 h the initially orange solution dark- 
ened. The reaction mixture was filtered and solvent 
was removed from the filtrate under reduced pres- 
sure. The solid residue was extracted with pet- 
roleum ether (b.p. 6&8O”C, 70 cm’) giving a 
yelloworange solution and a large quantity of off- 
white powder. The solution was filtered and reduced 
to 30 cm3. Cooling to -25°C produced orange 
needle crystals which were isolated and dried in 
vacua. Yield, 80 mg, 85%. Further purification was 
achieved by fractional sublimation at lop4 torr and 
80°C. After 12 h excellent needle crystals had grown 
on the sides of the sublimation tube. 

[Bis- 1,2(dimethylphosphino)ethane](q-buta- 1,3-diene) 
&uterioniobium(l-[ZHJ) 

This was prepared from [NbCl(q-C,H,)(dmpe)d 
(0.12 g, 0.25 mmol) in a manner identical to that 
for (1) except using LiAID4. The product was re- 
crystallized from petroleum ether (b.p. 4@-6O”C, 
10 cm3). Yield, 40 mg, 35%. 

Bis(q-butadiene)(q-1-methylallyZ)niobium (2) 

Niobium atoms (ca 1 g, 10.7 mmol), generated 
from ca 6 g ingots of the metal at a power of 1.9 

kW (5.9 kV at 320 mA), were co-condensed over 4 
h with an excess of the co-reactant (90 cm3 of a 
mixture of 15% tetrahydrofuran and 85% buta- 
1,3-diene). During the co-condensation, the matrix 
was orange. On warming, the matrix melted and 
became purple. After melting the reaction mixture 
was extracted from the apparatus with cooled tetra- 
hydrofuran (300 cm3 at -78°C). The extract was 
intensely purple and contained a quantity of unre- 
acted metal. The product mixture was maintained 
at - 78°C and rapidly transferred to a vacuum line. 
The volatile components were then removed under 
reduced pressure with the mixture initially remain- 
ing at -78°C. After approximately 30 min the 
majority of the excess butadiene had been removed 
and the mixture was allowed to warm slowly whilst 
the volatile components were still being removed. 
In this way the polymerization of the excess buta- 
diene in the extract could be kept to a minimum. 
After approximately 2 h all of the more volatile 
components had been removed giving an intensely 
coloured rubbery material. To this solid was added 
petroleum ether (60-8O”C, 200 cm3) and the mixture 
left for 3 h at room temperature to slowly extract 
the organometallic product. A purple extract was 
filtered through Celite from pale grey polymeric 
material. The clear filtrate was reduced in volume to 
ca 50 cm3 by removal of the solvent under reduced 
pressure. The residue was sublimed onto a liquid 
dinitrogen cooled probe at 40°C and 1O-4 torr. The 
deep purple sublimate was extracted with petroleum 
ether (b.p. 3&4O”C, 50 cm’) and the extract was 
concentrated (to 10 cm3) and cooled to - 30°C for 
12 h giving a purple microcrystalline solid. The 
supernatant was decanted from the solid which was 
washed with petroleum ether (b.p. 30-4O”C, 2 x 5 
cm3) at - 30°C and dried in vacua. Yield, ca 1 g. It 
was found (‘H NMR) that the product still con- 
tained a small quantity of impurity which could be 
removed by resublimation in vacua at 40°C. 

Bis(q-butadiene)(q-l-methylallyl)tantalum (3) 

Tantalum atoms (ca 2 g, Il. 1 mmol) were gen- 
erated from a ca 9 g ingot of the metal at a power 
of 1.7 kW (5 kV at 340 mA) and co-condensed over 
4 h with an excess of the co-reactant (90 cm3 of a 
mixture of 15% tetrahyrofuran and 85% buta-1,3- 
diene). During the co-condensation the matrix was 
orange. On warming, the matrix melted and 
remained deep orange. The isolation followed 
the same procedure as for the niobium analogue 
except that the tantalum compound required a 
temperature of 70°C for the sublimation. Yield, 
ca 0.6 g. 
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Bis - 1,2(dimethylphosphino)ethane(q - butadiene)(v - 

1 - methylallyl)niobium (4) 

The compound [Nb(dmpe)(+,H& 1 -Me 
C3H4)] (400 mg, 1.6 mmol) in pentane (60 cm’) at 
- 10°C was treated with dmpe (0.35 g, 2.3 mmol) in 
pentane (50 cm’) at - 10°C in a dropwise manner. 
The initially deep red-purple solution became deep 
red. The solvent was removed under reduced pres- 
sure to give a dark red-orange oil. This was sublimed 
at lo- 5 torr and 60°C giving an oily orange solid. 
Attempts to recrystallize this material from pentane 
at -78°C did not effect any increase in purity, 
due to extremely high solubility. Yield ca 100 mg. 

Crystal data 

ClbH3,NbP4, M = 448.3, orthorhombic, a = 
13.246(2), b = 13.336(2), c = 13.057(9) A, U = 
2306.5 A3, space group Cmc2,, Z = 4, D, = 1.29 
Mgn- 3, F(ooo) = 936, &Mo-&) = 0.70930, /@IO- 
&) = 7.69 cm- ‘, crystal dimensions 0.9 x 0.15 x 
0.16 mm. 

Data collection andprocessing 

The crystal was sealed under nitrogen in a Lin- 
demann glass capillary and mounted on an Enraf- 
Nonius CAD4 diffractometer. Cell dimensions were 
obtained by least-squares methods from the posi- 
tions of 25 carefully centred reflections. Data col- 
lection used ~28 scan mode with o-scan width 
(0.9 f0.35 tan 6)” and scan speed range 0.84671” 
min- ‘. 4988 reflections measured (1 < 8 < 30”), 
1823 unique [merging R = 0.017 after Lp and 
absorption corrections” (max., min. correction 
1.07, l.Ol)] giving 1327 observed [I > 3a(Q]. 

Structure analysis and refinement 

Solution by heavy atom method and direct 
methods on the difference structure using 
DIRDIF13 in Cmc2, to yield Nb and P positions. 
The structure was developed slowly by difference 
Fourier methods resulting in the location of all car- 
bon atoms. P(1) and P(4) were placed on the mirror 
plane, with Nb( l), to avoid ill-conditioned matrices. 
Refinement was by full-matrix least-squares with all 
non-hydrogen atoms anisotropic. The geometry of 
the dmpe ligands was restrained l4 to aid conver- 
gence. The carbon atoms of these ligands have rela- 
tively large thermal vibration parameters indicating 
there may be disorder as observed in a number of 
other dmpe complexes. Attempts to resolve this 
disorder for all carbons, except C(102) : C(202) gave 
a poorer fit to the observed electron density than 

the unresolved anisotropic model which was 
retained. No hydrogens were located. During the 
latter stages of retiement corrections were made 
for isotropic extinction” and anomalous dis- 
persion16 and reflections were assigned weights17 
according to w = l/E A,T,(X) where n = 3, 
A, = 5.87, -2.48, and 4.19, T, is the polynomial 
function and X is the function ]FO;ol/]FO_]. At con- 
vergence R = 0.033, R, = 0.035. 

All calculations were performed on the VAX 
1 l/750 computer of the Chemical Crystallography 
Laboratory with the CRYSTALS package.” 
Atomic scattering factors were taken from Inter- 

national Tables. I9 Atomic coordinates, mean 
planes, anisotropic thermal vibration parameters 
and observed and calculated structures factors have 
been deposited as supplementary material. 

R = E (IF,1 -I&D/~ IFA, 
R, = {C w(lFO’ol - lf’,j)2/E w IF012} “*. 
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HOMOGENEOUS DEUTERIATION OF ALKENES USING 
[RhCl(4R,SR-DIOP)] CATALYSTS 

MUAMMER GfSNGoR, FRED H. JARDINE* and J. DENIS WHEATLEY 
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Abstract-Mass spectrometric analyses of the products from the homogeneous deuteriation 
of alkenes using the [RhC1(4R,S&DIOP)] catalyst have shown that considerable quantities 
of polydeuteriated products are obtained. These products arise from the decomposition of 
the intermediate rhodium(II1) alkyl complex [RhDCl(alkyl)(DIOP)] before the second atom 
of deuterium can be transferred to the alkyl ligand. Its decomposition by p-hydride abstrac- 
tion brings about both polydeuteriation and scrambled addition of deuterium to the alkene. 
The yields of specifically deuteriated products are inferior to those obtained from Wilkinson- 
type catalysts. The best yields of dideuteroproducts are obtained from substituted alkenes 
that chelate to the catalyst and thereby stabilize the intermediate alkyl. 

The deuteriation of alkene substrates, homo- 
geneously catalysed by [Rhx(PAr3)3] complexes, 
has recently been investigated. It was shown that 
the ability of the intermediate rhodium(II1) mono- 
deuteroalkyl to receive the second atom of deu- 
terium from rhodium before B-hydride decompo- 
sition took place was important in minimizing both 
polydeuteriation (the incorporation of more than 
two atoms at the deuterium/alkene bond) and 
scrambled addition of deuterium (the incorporation 
of deuterium elsewhere than at the site of the origi- 
nal alkene bond). Stability could be conferred both 
electronically and sterically. Electron-withdrawing 
ligands stabilized, and steric crowding destabilized 
secondary alkyl complexes. However, alk-1-enes 
gave the best yields of dideuteroproducts when 
[RhI(PPh,),] was the catalyst since in these cases the 
more stable 1-alkyl intermediate was formed.’ 

Generally the [RhCl(DIOP)] system has been 
ignored in mechanistic studies of homogeneous, 
asymmetric hydrogenation although cationic rho- 
dium-DIOP complexes have been extensively in- 
vestigated.’ In fact the two systems give virtually 
identical optical yields under similar conditions.‘,’ 
Accordingly, the catalytic deuteriation of a range 
of alkene substrates was investigated using the more 
accessible neutral complex. Previously it had been 
reported that isotope exchange occurred in the 
deuteriation of a-acetamidocinnamic acid4 but not 
in the deuteriation of a-benzoylaminocinnamic 
acid.’ 

*Author to whom correspondence should be addmsed. 

RESULTS AND DISCUSSION 

The relative participation of the dihydride and 
alkene routes in the asymmetric hydrogenation of 
prochiral alkenes has attracted much comment.’ 
As both routes share a common alkyldeuterio- 
rhodium(II1) intermediate, which is the source of 
non-specific deuteriation, the actual route followed 
is of,little consequence here. 

Deuteriation of cyclooctene catalysed by 
[RhC1(4R,SR-DIOP)] brought about extensive 
polydeuteriation. Cyclooctane isotopomers con- 
taining up to seven atoms of deuterium were found 
amongst the products (Table 1). If the reaction was 
stopped before completion cu 27% d,-cycloctene 
could be detected in the reaction mixture. Further, 
the rapid appearance of HD and Hz in the gas phase 
indicated that the intermediate cyclooctyl com- 
plexes were decomposing more rapidly by p-hydride 
abstraction than by transfer of the second atom of 
deuterium to form cyclooctane. 

Similar polydeuteriation and production of HD 
and Hz was observed in the catalytic deuteriation 
ofcyclohexene. When [RhCl(PPh,),] was used as the 
catalyst in this reaction only C6Hl,D2 was formed. 

It has been observed previously in the 
[RhCl(PPh,),] system that for extensive poly- 
deuteriation to occur there must be rotation about 
either the carbon-carbon or rhodium-carbon 
bonds of the alkyl complex.’ This seems to be the 
case in the [RhC1(4R,S&DIOP)] system, since in 
both catalyses only d,-norbomane can be formed 
from bicyclo[2.2.l]hept-2-ene. Rotation about the 
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Table 1. Yields of deuteriated alkanes from [RhC1(4R,S&DIOP)] catalysed reactions 

Alkene Solvent 
Alkane isotopomer 

do d, dz dr d, d, ds d, 

Cyclohexene” Toluene 76.3 18.7 4.5 0.5 
2Cyclohexen- 1 -one Toluene 93.7 6.3 
Cyclooctene” Toluene 7.5 22.2 35.2 19.4 10.2 3.9 1.2 0.4 
Norbomene Toluene 100.0 
Dihydropyran o-Xylene 87.6 9.5 2.9 
3,4-dihydro-2-methoxy-2H-pyran Benzene 98.7 1.3 
Allylbenzene” Toluene 89.4 8.5 2.1 
Ally1 phenyl ethef Toluene 90.9 7.1 2.0 
Hept-l-ene Toluene 1.4 9.2 75.6 7.8 2.8 0.9 
Hex- 1 -ene* Toluene 68.6 19.2 7.3 3.3 1.6 
5-Hexen-2-one* Benzene 98.0 2.0 
Methyl 2-crotonate Benzene 71.2 18.8 8.8 1.2 
2-Methylpent-1-ene Benzene 94.5 3.8 1.1 0.6 
Ckt-1-ene” Benzene 3.6 12.6 60.8 14.0 5.8 2.3 0.9 

Catalyst [{RhCl(C,H,&}d (0.1 mmol) +4R,SR-DIOP (2 mmol). 
Alkene 60 mm01 ; “30 mm01 ; *35 mmol. 
Total solution volume 80 cm3. 
Temperature 297 K. 

carbon-carbon bond of the alkyl cannot occur 
because of the fused ring system, and rotation about 
the rhodium<arbon bond is to no avail since /I- 
hydride abstraction from a bridgehead carbon con- 
travenes Bredt’s rule. 

In the Diop system, it is not possible to increase 
the stability of the intermediate alkyl complex by 
exchanging the ligands bound to rhodium for 
others, the only way a more stable alkyl inter- 
mediate can be obtained is by incorporating a func- 
tional group in the alkene chain that is capable of 
chelating to rhodium. This has two beneficial effects 
on the stability of the intermediate alkyl. First it 
hinders rotation about both the carbon-carbon and 
rhodium-carbon bonds and second it occupies an 
additional coordination site on rhodium that might 
otherwise be available to receive the abstracted 
hydrido or deuterio ligand and thereby allow the 
alkyl ligand to revert to an alkene. 

The behaviour of alkene hydrocarbons and simi- 
lar substituted alkenes can now be rationalized. If 
the substituted alkene does not form a chelated 
complex then similar, high yields of polydeuteriated 
species are obtained from it and its hydrocarbon 
analogue (cf. ally1 benzene and ally1 phenyl ether in 
Table 1). If, however, chelation does occur then less 
extensive polydeuteriation takes place than in the 
case of the corresponding hydrocarbon (cf. hex-l- 
ene and 5-hexen-2-one). 

The highest yield of dideuterioproduct from a 
hydrocarbon substrate was obtained from 2- 
methylpent-1-ene. In this case deuterioisomeriz- 

ation is unlikely to occur since it would require the 
formation of the tertiary 2-alkyl complex. However, 
as some d,- and d,-alkanes are obtained, the un- 
favoured tertiary alkyl intermediate must be 
formed if only infrequently. The excess deuterium 
is not incorporated in the terminal CHzD group as 
experiments using methyl 2-crotonate demon- 
strate that the thermodynamically favoured Sayt- 
zeff #I-hydride elimination occurs. Carbon-l 3 NMR 
can be used to locate the deuterium atoms in 
the saturated ester. Triplets at 18.6 and 35.7 ppm 
indicate the presence of deuterium at C-2 and 
C-3, but there is no deuterium in the methyl groups 
since these give singlets at 13.6 and 51.2 ppm. 
The fifth atom of deuterium in the d,-product 
is presumably in a CD2 group and undetectable 
because of the long relaxation time involved. 

Not all substituted alkenes undergo deuteriation 
but some such as ethyl 3-aminocrotonate give rise 
to HD and Hz in the gas phase. 

In general [RhC1(4R,S&DIOP)] is a far inferior 
deuteriation catalyst than [RhCI(PPh,),]. It gives 
lower yields of specifically deuteriated products and 
requires longer reaction times. 

EXPERIMENTAT 

Hydrated rhodium trichloride (Johnson Mat- 
they) was used without purification. Deuterium 
(BDH, 99.5%) was dried by passing it through a 
tower containing dry silica gel before admission to 
the apparatus. The apparatus used to deuteriate 
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alkenes at sub-atmospheric pressure has been 
described previously.6 

The alkenes (Aldrich) were dried and freed from 
hydroperoxides by distillation from sodium at 
atmospheric pressure. Where this method of puri- 
fication would have brought about decomposition, 
they were freed from hydroperoxides by passing 
them down a column of activated alumina and col- 
lecting them in a reservoir by displacement of nitro- 
gen. In both cases they were admitted to the deu- 
teriation apparatus without coming into contact 
with air. 

After deuteriation the catalyst was removed from 
the reaction mixture by passing it down a column 
of activated alumina. This minimizes post-deuteri- 
ation reactions that may cause erroneous results. 
The deuteriated products were partially separated 
from the effluent by fractional distillation. Aliquots 
of the distillate were analysed using an AEI MS10 
or MS902 mass spectrometer. The ionizing voltage 
was 70 eV. The product yields were calculated from 
the parent ion peaks after making due allowance 
for other species of the same molecular mass. 

A.R. grade benzene, toluene and 2-xylene were 
dried over sodium, and degassed in the deuteri- 
ation apparatus. Chlorotris(triphenylphosphine) 
rhodium(I)’ and [{RhCl(C,H,,),),]* were pre- 
pared according to directions given in the literature. 
The catalyst [RhC1(4R,SR-DIOP)] was prepared in 
situ from one equivalent of the latter complex by 
allowing it to react with two equivalents of 4R,5R- 
DIOP in the deuteriation vessel. 

4R,5R - 0 - isopropylidene - 2,3 - dihydro - 1,4-b& 
(diphenylphosphino)butane 

This compound was prepared from diethyl R,R- 
tartrate by the following modifications of pro- 
cedures given in the literature. The intermediates di- 
ethyl-2,3,0-isopropylidene-R,R-tartrate,9 and 2,3-0- 
isopropylidene-R,R-threitol” were prepared ac- 
cording to directions given in the literature. The 
latter was converted to 1,4-ditosyl-2,3-O-isopro- 
pylidene-R,R-threitol by either of the following 
methuds. 

(a) A solution of 2,3-O-isopropylidene-R,R- 
threitol(8.4 g) in dry pyridine (55 cm3) was cooled 
to - 15°C. Para-toluenesulphonyl chloride (21 g) 
was added quickly to the solution in successive 
small portions. SAFETY NOTE :-the addition in 

one portion is dangerous because of the exothermic 
reaction. The mixture was shaken until homo- 
geneous and stored at 0°C for 12 h. The crystals of 
pyridinium chloride were filtered off. The product 
was precipitated by slow addition of water (90 cm3) 
over l-2 h at 0°C. The crude product was filtered 
off, washed with a little ethanol and twice recrys- 
tallized from ethanol. M.p. 8889°C (lit. 91- 
92°C). Found : C, 53.6 ; H, 5.8. Required : C, 53.6, 
H, 5.6%. 

(b) Small pieces of sodium (1 g) and 2,3-O-iso- 
propylidene-R,R-threitol(6 g) were mixed in a flask 
fitted with a reflux condenser. When the reaction 
rate slowed, dry diethyl ether (50 cm3) was added 
and the reaction was allowed to proceed to com- 
pletion. To this solution p-toluenesulphonyl 
chloride (15 g) was added quickly in small portions. 
The rate of addition was adjusted so that the mix- 
ture refluxed gently. The mixture was stirred for 1 
h and the diethyl ether distilled off. The residue was 
added to water (80 cm3), and the product allowed 
to precipitate over a period of 2 h. The crude pro- 
duct was filtered off, washed with a little ethanol and 
twice recrystallized from ethanol. M.p. 91-92°C. 
Found : C, 53.5, H, 5.2%. 

4R,SR-DIOP was prepared from the ditosyl com- 
pound by Kagan’s method.” 
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ZERO VALENT MOLYBDENUM AND TUNGSTEN 
ETHYLENE ISOCYANIDE COMPLEXES: SYNTHESIS AND 

STRUCTURAL PROPERTIES* 
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Abstract--Compounds of composition trans,mer-[M(C,H,),(CNR)(PMe3)3] (1) and 
truns,trans,trans-[M(C2H4)2(CNR)2(PMe3)2] (2) for various combinations of M = MO, W 
and R = CHMe*, CMe, and C6H 1 ,, have been obtained by the stepwise reaction of truns- 
w(C2H&(PMeS)4] with the corresponding isocyanide. Compounds 2 can also be obtained 
by treatment of 1 with CNR, a reaction that allows the synthesis of the mixed isocyanide 
truns,trans-[Mo(CZH4),(CNCMe,)(CNC,HL ,)(PMe,),] (2g). A similar reaction, starting 
with traqmer-[M(C,H,),(CO)(PMe&], produces the mixed isocyanide-carbonyl deriva- 
tives trans,trans-[M(C,H,),(CNR)(CO)(PMe3),1(3). X-ray structural studies on complexes 
2b and 3b (M = MO, R = CMe,) have been carried out. Both compounds are monoclinic, 
P *,,“, but while the structure of 3b has been refined to a conventional R value of 0.034 
by using 2976 observed reflections (unit cell constants: a = 10.972(3), b = 18.923(4), 
c = 10.544(3) A; #I = 98.89(2)“) ex ensive disorder problems have prevented anisotropic t 
refinement of 2b, and a final isotropic R value of 0.097 has been obtained. For compound 
3b, the Mo-C bond distances are 1.959(5) (Ma-CO), 2.137(4) (Mo-CNR) and 2.283(9) 
A (av. Mo-C,H,). 

The field of isocyanide complexes of transition 
metals has considerably developed over the past few 
years.’ A number of studies aimed at the synthesis 
of new species,’ their structural characterization3 
and the ascertaining of their bonding capability, in 
particular the comparison of their u-donor and rr- 
acceptor properties with those of carbonyl and car- 
bene ligands,4 has been reported recently. Earlier 
studies on molybdenum and tungsten isocyan- 
ide chemistry allowed the preparation of mixed 
phosphine-isocyanide complexes, e.g. tram-[M 
(CNR)2(dppe)2]S” (dppe = Ph2CH2CH2PPh2) and 

*Dedicated to Professor Sir Geoffrey Wilkinson on 
the occasion of his retirement. 

t Author to whom correspondence should be addressed. 

[M(CNR),(PMe2Ph),_,,lSb (n = 2, 3, 4), and of 
phosphinecarbonyl-isocyanide compounds [MO 
(CO)2(CNR)2(PR’~)2].6 Using the ethylene com- 
plexes trans-[M(C2H4),(PMe,)J7 as starting ma- 
terials, we have now enlarged the range of com- 
plexes of this type. Herein we report the synthesis 
of the mixed ethylene-isocyanid+phosphine com- 
pounds trurqmer-[M(C2H4),(CNR)(PMe,),] (1) 
and truns,truns,truns-[M(C2H4)2(CNR)2(PMe3)2] 
(2), as well as that of the mixed ethylene-carbonyl- 
isocyanide-phosphine species, truns,truns-[M(C, 
H4)2(CO)(CNR)(PMe,)2] (3). The reactions studied 
are shown in Scheme 1 and spectroscopic data for 
the new compounds in Tables 1 and 2. X-ray struc- 
tural analyses on two of these complexes, 2b and 3b 
(M = MO, R = CMe,), are also reported. 
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Scheme 1. 

RESULTS AND DISCUSSION 

Compounds of composition trans,mer-[M(C,H& 

(CNWPMedd (1) 

The ethylene complexes trans-[M(C2H,& 
(PMe,),] (M = MO, W) have been shown to 
undergo a facile substitution of one of the co- 
ordinated PMe3 groups by carbon monoxide, 
with formation’ of the carbonyl derivatives 
trans,mer-p(C2H.,),(CO)(PMe,),]. A similar reac- 
tion has now been found to take place with iso- 
cyanides. Low temperature addition of an alkyl 
isocyanide, CNR, to petroleum ether solutions of 
truns-[M(C2HJ2(PMe&] produces compounds of 
composition [M(C,H,),(CNR)(PMe&] (l), (M = 
MO ; R = CHMe,, la, CMe,, lb. M = W ; R = 
CMe,, lc), as shown in eq. (1). 

-+ [M(C2H4)2(CNR)(PMe3)31+PMe3. (1) 

Other combinations of M = MO, W and 
R = CHMe2, CMe3, CbHll have been attempted, 
and although the reactions seem to proceed 
similarly, only in the above cases have crystalline 
products been isolated. Compounds 1 are air-sen- 
sitive solids, very soluble in common organic sol- 
vents from which they can only be crystallized in 

very concentrated solutions. Their IR spectra dis- 
play a strong, broad absorption in the range 1990- 
1960 cm- ‘, which can be attributed to vcN of the 
coordinated isocyanide ligand. This value is lower 
by ca 15&180 cm- ’ than that of the free ligands, 
and this suggests an appreciable n-bonding inter- 
action with the metal centre. The shift to low fre- 
quency is not however so pronounced as in the 
compounds trans-[M(CNR)z(dppe)z]5a and truns- 
[M(CNR),(PMe,Ph),lsb (Av N 215385), but it is 
much higher than that found in the related carbon 
dioxide complexes, truqmer-[Mo(CO&(CNR) 
(PMe,),] which display values’ of vcN very simi- 
lar to those of the free isocyanide ligands (e.g. 
2100 cm-’ for R = CMe3, Av N 35 cm-‘). This 
is in accord with a larger contribution of reson- 
ance structure II in compounds 1 than in the 

/R 
M-C--N-R- M-C=% 

I II 

CO2 derivatives, which can, in turn, be inter- 
preted in terms of a higher electron density at the 
metal centre in the “Mo(CzH&(PMe&” core than 
in the “Mo(C0J,(PMe3)3” core, in agreement with 
the strong x-acceptor capability attributed to the 
side-on coordinated carbon dioxide ligand. 9 
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Table 1. ‘H and 31F(1H) NMR data for [M(C,H,)&NR)(L)(PMe,)J complexes (L = PMe3, 1; 
CNR, 2 ; CO, 3) 
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Complex 1 d H 3’P( ‘H)” 
M R CzHd PMe3 R’ (apry gtoup) @pm) 

0.9 d (5) 
1.1 t (2) 

0.9 d (5) 
1.0t (2) 

l.Od(5) 
1.2 t (3) 

1.4 t (3) 

1.2 t (3) 

1.2 t (3) 

1.2 t (3) 

1.4t (3) 

1.4 t (3) 

I.1 t (3) 

1.2 t (3) 

1.0t (3) 

1.0 t (3) 

1.0t (3) 

1.1 t (3) 

1.2 t (3) 

1.0d CH3 
3.5 h CH 

1.1 s CH, 

1.1 s CH, 

1.2d CH3 
3.6 h CH 

1.2 s CH3 

1.5 br C&I,, 
3.4 br C&I1 1 

1.1 d CH, 
3.6 h CH 

1.5 br CsHll 
3.4 br C,H, 1 

1.1 d CH, 
3.6 h CH 

1.1 s CH3 
1.5 br CsHll 
3.2 br CsHl, 

0.9d CH, 
3.2 h CH 

0.9 s CH,, 

2.9 br &HI, 

3.9 s CH2 
7m Ph 

0.9 s CH3 

3.2 br C&H,, 

2.0 d 
-5.0 t 

1.6d 
-3.2 t 

-35.3 d 
- 36.6 t 

4.1 s 

‘Jpp = 22 Hz 

2Jpp = 22 Hz 

‘Jpp = 14 Hz 

‘JPW = 241 Hz 

‘Jpw = 215 Hz 

3.5 s 

4.6 s 

-32.5 s 

- 30.8 s 

-31.1 s 

r&v = 244Hz 

‘Jpw = 245 Hz 

‘Jpw = 244 Hz 

4.0 s 

2.6 s 

2.6 s 

2.8 s 

2.9 s 

-31.4 s ‘JPW =241Hz 

-31.0 s ‘Jpw = 240 Hz 

la MO CHMe* 1.4 br 
1.7 br 

1.2 br 
1.4 br 

1.5 br 

2.0 td 

1.8 br 

1.8 br 

1.4 br 
1.6 br 

1.6 br 

1.5 br 

1.6 br 

2.0 P 

1.8 br 

1.9 br 

1.9 br 

1.4 br 

1.7 br 

lb MO CMe, 

1C W CMe, 

238 MO CHMe, 

2b MO CMe3 

2c MO GHII 

2d 

W GH,, 2e 

W CHMe, 

CMe3 

&HI I 

3a MO CHMez 

3h MO 

362 MO 

3d MO 

3e 

3f 

W CMe3 

W GHLi 

s = singlet, d = doublet, t = triplet, h = beptet, br = broad, m = multiplet. 
“Recorded in C6D6 at 20°C. 
‘In parentheses 2Jwp and *Jmapp in Hz. 
’ 3JHH N 7 Hz in all cases. 
‘At 35°C (60 MHz), 3JHp = 5 Hz. 

The meridional distribution of the PMe3 ligands 
in the molecules 1, is suggested by the appearance 
of a doublet (6 09-1.0) and a virtually coupled 
triplet (6 l&-1.2), of relative intensity 1:2 in the 
‘H NMR spectra, and by the observation of AX2 
patterns (see Table 1) in the “P~‘H~NMR spectra 
(for instance, 6P, = 5.0, t ; SP, = 2.0, d; *Jpnpx 
= 22 Hz, data for la, M = MO, R = CHCMe,). 

The mns,mer contiguration, III, proposed for this 
complex, is also consistent with ’ 3C NMR data 
(Table 2) : a doublet and a triplet are again observed 
for the PMe, ligands, two broad unresolved reson- 

antes for the olefinic carbon atoms and a doublet 
of triplets for the metal-bonded carbon atom of the 
isocyanide ligand (for instance for lb, M = MO, 
R = CMe, : 6 190.9 ppm, ‘JcpA = 40.3, 2Jcpx = 10.7 

Hz). 
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Table 2. 13C{ ‘H) NMR data for [M(C,HJ,(CNR)(L)(PMeJJ complexes (L = PMe,, 1; CNR, 2; CO, 3) 

R” 
Complex 

M R P(CH3)36 CzH., CH, CH, CH C CNRb cob 

la 

lb 

MO CHMe, 

MO CMe, 

2a MO CHMe, 

2b MO CMe, 

2c Mo GH,, 

2d 

2e 

W CMe, 

W C,HII 

2g 

3a 

3b 

3c 

MO CMe, 

CsH,, 

MO CHMe, 

MO CMe, 

Mo &HI, 

3d 

3e 

3f 

MO CH&H, 

W CMe, 15.9 t (12) 

W C,H,, 16.0 t (12) 

17.5 t (8) 
18.5 d (12) 

17.6 t (8) 
19.0 d (13) 

16.8 t (8) 

16.6 s,br 

16.9 t 

15.9 t (11) 

16.3 t (11) 

16.7 t (8) 

16.9 t (9) 

16.5 t (9) 

16.5 t (9) 

16.6 t (9) 

27.8 br 
30.9 br 

27.5 br 
30.1 br 

30.4 br 

30.3 br 

30.2 br 

20.7 br 
22.0 br 

20.8 br 
21.8 br 

30.2 br 

32 br 

31.5 br 

31.5 br 

31.8 br 

19-25 br 

19.7 br 
27.2 br 

24.6 47.4 n.0. 

31.4 53.9 

24.6 47.0 

31.5 54.2 

23.1 53.2 
25.3 
34.2 

31.6 54.5 

23.3 53.7 
25.4 
34.5 

31.5 23.1 53.1 54.2 
25.3 
34.2 

24.0 47 

30.4 54.4 

22.7 52.4 
24.8 
33.0 

46.5 126.3 
127.9 
128.6 
135 

30.5 54.6 

22.7 52.6 
24.5 
33.2 

190.9 dt 
(10.7 cis) 
(40.3 trum) 

194.0 t (10) 

191.3 t (10) 

191.2 t (10) 

186.2 t (7) 

186.5 t (7) 

191.2 t (10) 
191.3 t (10) 

173.8 br 

172.1 br 

172.9 br 

178.8 br 

224.3 (10) 

224.4 t (9) 

224.3 t (10) 

223.6 t (9) 

163.8 t 216.2 t 

164.4 t (8) 216.0 t (6) 

Recorded in CsDs at 20°C. d = doublet, t = triplet, dt = doublet of triplets, br = broad, n.o. = not observed. 
a Singlets. 
b In parentheses *Jcp. 

Synthesis and properties of compounds trans,trans, 
trans-[M(C,H,),(CNR),(PMe&j (2). X-ray struc- 
tural determination of 2b (M = MO, R = CMe,) 

Complexes trans,trans,trans-[M(CzH&(CNR), 
(PMe,)J (2) are best obtained by the reaction of 
the ethylene derivatives, trans-[M(C,H&(PMe&] 
with an excess of the isocyanide (ca 2.5 equiv.), at 
room temperature in petroleum ether solutions, 
according to eq. (2). 

l?W&>~PMe3>41 +XNR 

--, [M(C2H4)*(CNR)2(PMe3)21+2PMe3. (2) 

In this way, compounds of the above composition 
for M = MO, R = CHMe* (2a) ; CMe, (2b) ; C6H1, 
(2c), and M = W, R = CMe3 (2d), C6H1, (2e) and 
CHMe, (2f), have been isolated in good yields. 
Compounds 2 have physical and spectroscopic 
properties similar to those of 1. They are air sensi- 
tive, particularly in solution, and very soluble in 
non-polar solvents. Their IR spectra display an 
intense and very broad absorption centred in the 
region 1950-19 10 cm- ‘, due to the coordinated 
isocyanide ligands. Compounds of composition 
Mo(CO),(CNR),(PR& have been found to exist6 
as a single isomer, with trans phosphines and cis 
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carbonyl and alkyl isocyanide ligands. Chemical or 
electrochemical oxidation of these species is fol- 
lowed by a rapid isomerization to the all trans 
cations, but re-reduction produces the original iso- 
mers. For the analogous aryl isocyanide derivatives, 
a mixture of isomers is generally observed.6 Inter- 
estingly, compounds 2 seem to exist as single iso- 
mers with trans phosphine, ethylene and isocyanide 
ligands, and this is clearly inferred from spec- 
troscopic data (Tables 1 and 2) and from an X- 
ray study carried out on complex 2b (M = MO, 
R = CMe3). The ‘H NMR spectra of complexes 2 
show, in addition to signals due to the coordinated 
CNR groups, a virtually coupled triplet for the 
PMe, ligands and a broad, unresolved signal for 
the ethylene protons, indicating restricted rotation 
around the M-olefin bond axis. For compound 2a 
rotation is rapid at room temperature and a triplet 
is observed at 6 1.8 ppm (3Ji.ip = 5 Hz). While 31P 
NMR data do not provide useful information on 
the geometrical distribution of the PMe3 ligands in 
these complexes, additional evidence for the trans 
arrangement of the two RNC and the two PMe, 
groups comes from i3C NMR studies. In addition 
to the resonances associated with the phosphine 
and ethylene groups, which are listed in Table 2, a 
triplet is observed at 6 191-194 ppm due to the 
metal-bonded carbon atom of the CNR ligands. 
This and the values of ca 7-10 Hz found for the 
carbon to phosphorus coupling constant in these 
complexes, which are typical of cis C-P coupling, ’ O 
are clearly indicative of an all trans distribution of 
the ethylene, isocyanide and phosphine groups, as 
shown in IV. To further confirm this proposal, an 

< 
:dP 

RNC-M-CNR 
p(' 

I - 

IV 

X-ray study of the molybdenum complex, 2b has 
been undertaken. The structure has been resolved 
by Patterson and Fourier techniques (see Experi- 
mental), but due to extensive disorder problems it 
could not be refined anisotropically. Nevertheless, 
the positions of all but the ethylene atoms could 
be fixed without ambiguity, although the values 
obtained for the bond distances and angles should 
be regarded and used with caution when attempting 
to establish precise comparisons. The molecule is 
centrosymmetric, with the molybdenum atom at the 
(O,O,O) inversion centre, coordinated to two mutu- 
ally trans phosphines, at a Mo-P distance of 
2.450(6) A (av.), to two trans isocyanide ligands, 

with a Ma-C separation of 2.04(3) A (av.), and to 
two trans ethylene groups whose location cannot 
be precisely determined, as already indicated. By 
comparison with the structures found for other 
related ethylene complexes, e.g. trans#4(C2H& 

U’Med41,7 trans-mer-[Mo(C,H&(CO)(PMe3)31’ 
and trans,trans-[Mo(C2H&(CO)(CNCMe3) 
(PMe,),] (uide infia), a trans, mutually perpen- 
dicular distribution can be proposed for the 
ethylene ligands, as shown schematically in IV. 

Compounds 2 can also be obtained by the reac- 
tions of precursors 1 with the corresponding iso- 
cyanide [eq. (3)] 

[M(C,H,),(CNR)(PMe3),I + CNR 

+ [M(C,H,)2(CNR),(PMe3),1+PMe3. (3) 

If the second isocyanide, CNR’, is different from 
the one already coordinated, mixed complexes 
[Mo(C,H&(CNR)(CNR’)o,l can be ob- 
tained. As an example of species of this type, 
the compound [Mo(CJI&(CNCMe3)(CNC6H, ,) 
(PMe,),] (2g) has been obtained. For 2g a singlet 
at 4.0 ppm is observed in the 3’P{ ‘H} NMR spec- 
trum, and two triplets at 191.2 and 191.3 ppm 
(Mo-CNR) in the 13C{‘H) NMR spectrum 
(‘Jcr = 10 Hz), in excellent agreement with a 
structure of type IV. 

Compounds trans,trans-[M(C,H,),(CO)(CNR) 
(PMe,),] (3). Preparation and properties and the 
molecular structure of 3b (M = MO, R = CMe3) 

Previous work from this laboratory7b has shown 
that the complexes trans,mer-[M(C2HJZ(CO) 
(PMe,),] react with carbon monoxide under 
pressure (2-3 atm), with formation of the bis(car- 
bonyl) derivatives trans,trans,trans-[M(C,H,),(C0)2 
(PMe,)J. A similar reaction with the isoelectronic 
isocyanide ligand provides the mixed carbonyl- 
isocyanide derivatives, traqtrans-w(C,H,),(CO) 
(CNR)(PMe,),] (M = MO, R = CHMe,, 3a; 

CMe3, 3b; C6Hl ,, 3~; CH2C6Hs, 3d. M = W, 
R = CMe,, 3e ; C6H, i, 3f), as depicted in eq. (4). 

[M(C2H32(Co)(PMe3)31 + CNR 

-+ [M(C2Hd2(Co>(CNR)(PMe,),l+PMe3. (4) 

Compounds 3 are pale-yellow or white-yellowish 
crystalline materials, somewhat more stable in air 
than 1 and 2, and also very soluble in common 
organic solvents. Preparation of these derivatives 
can also be achieved from compounds 1 and CO 
under pressure [eq. (5)], but yields are generally 
lower than those obtained following the route speci- 
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fied in eq. (4). 

-+ ~(C,H,),(Co)(CNR)(PMe,),l+PMe3. (5) 

The formation of all these compounds and their 
interconversion reactions are summarized in 
Scheme 1. 

Examination of the IR spectra of complexes 3 
shows that they all display a strong absorption in 
the region 1870-I 830 cn- i, due to vco of the carbon 
monoxide ligand, and a second intense band at 
21 IO-2070 cm- ’ associated with the isocyanide 
ligand which occupies a position tram with respect 
to the carbonyl. The former appears almost at 
the same frequency as that in the complexes, 
trans,mer-[M(C,H,),(CO)(PMe3)3] (1870, M = 
MO ; 1855 cm- ‘, M = W), and this seems to 
indicate that the major role in the withdrawing of 
rr-electron density from the metal centre in these 
compounds is being played by the carbonyl ligand, 
with little participation of the isocyanide group, 
which would, at best, behave as a very weak x- 
acid ligand. This is in agreement with the previous 
observations by other workers,4a who have found 
that the bonding of the CNR ligand in carbonyl 
isocyanide carbene complexes of tungsten is domi- 
nated by the 0 component, with the CNR ligand 
acting as a stronger Lewis base than CO and as a 
much weaker n-acid. Also in accord with this, is the 
high value found for vCN in these complexes, with 
very low shifts with respect to the free ligands 

Fig. 1. 

(Av N 80 cm- I), as compared with shifts of ca 150- 
200 cm- ’ found for compounds 1 and 2. It is clear 
from these arguments, that the M-CNR bond in 
3 is predominantly c in character, with little or no 
contribution of a-back donation, i.e. with a larger 
contribution of resonance structure I, and this is 
also substantiated by the long Mo-CNR bond 
distance found for complex 3b and by the almost 
linear C-N-C angle of the coordinated iso- 
cyanide ligand (see below) in this complex. 

The all tram structure proposed for compounds 
3 is supported by NMR data (Tables 1 and 2). 
Thus, they all exhibit a singlet in the 31P{ ‘H} NMR 
spectrum and a triplet in the ‘H NMR spectrum 
for the coordinated phosphine ligands. The 13C res- 
onance of the carbonyl ligand appears also as a 
triplet (2Jrc = 6-10 Hz) while the metal bonded 
carbon atom of the isocyanide group provides a 
broad, unresolved signal in the molybdenum 
derivatives and a triplet (‘Jcp = 8 Hz) in the tung- 
sten compounds. This is clearly in agreement with 
structure V. 

g 
:dP 

OCTCNR - - 
V 

Figure 1 shows an ORTEP illustration of com- 
plex 3b, relevant bond distances and angles are col- 

Molecular structure and atom labelling scheme for truns,trans-wo(C,H4),(CO)(CNCMe3) 

PMeAl W-4. 
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lected in Table 3. The complex is essentially octa- [Mo(C2H&(PMe&] and truns,mer-[Mo(C2H& 
hedral, with the ethylene ligands mutually (CO)(PMe,),]. The strong interaction between the 
perpendicular, each eclipsing the truns P-MO-P metal centre and the carbonyl group, previously 
or C-Me-C vectors of the plane perpendicular alluded to, is also shown by the short Ma-C 
to the Mo-C2H4 bond axis. This orientation, first (carbonyl) distance of 1.959(5) A, which is shorter 
predicted by Osbom in the complex fruns- by ca 0.18 A than the Ma-C (isocyanide) 

PWC&h(&wGl” and then supported by bond length. The latter distance of 2.137(4) & 
theoretical calculations,‘* is similar to that found is appreciably longer than that found in 
in other related ethylene complexes.’ The MO-C [Mo(~$-C~H~P(M~)C,H,)(CNCM~,)(PM~P~~)~]~~ 
and the C-C bond distances for the MO-&H, (1.984(13) A) d an in trans,mer-[Mo(CO&(CNR) 

units average 2.283(9) and 1.412(5) A, respectively, (PMe,),]* (2.07(2) A, R = CHMe2; 2.03(l) & R 

and compare well with the values found’ in trans- = CHzC6HS). Finally, the C6NX7 bond angle 

Table 3. Selected bond distances (A) and angles (“) for truns,trum-[Mo(C,H& 
(CWCNCMeXMGl (W 

Bond distances 

Mo-P( 1) 
Mo-P(2) 

Ma-C(l) 
Ma--C(2) 
Ma-C(3) 
Ma-C(4) 
Ma--C(5) 
Ma-c(6) 

2.486( 1) 0-w) 1.167(6) 
2.470(2) N<(6) 1.153(6) 
1.959(5) N--c(7) l&1(6) 
2.262(S) c(2w(3) 1.416(7) 
2.264(5) C(4)--c(5) 1.407(7) 
2.294(5) 
2.310(5) 
2.137(4) 

Angles 

P(l)-Mo-P(2) 

P(l)-Ma-C(l) 
P(l)--Ma--c(2) 
P(l)-Mo-C(3) 
P(l)-Ma-C(4) 
P(l)-Ma--c(5) 
P(l)-Mo-c(6) 
P(2)--Ma--C(l) 
P(2)-Mo-C(2) 
P(2)-Mo-c(3) 
P(2)-Mo-c(4) 
P(2k-Mo--c(5) 
P(2)-Mo-C(6) 
C(l)_Mo-C(2) 
C(l)_Mo--C(3) 
C(l)_Mo--C(4) 
C(l)-Mo-CXs) 
C(l)-Mo-c(6) 
c(2)-Mo-c(3) 
~(2)-Mo--~(4) 
c(2>-Mo-c(5) 
C(2I-Mo--c(6) 

171.1(l) 
92.9(2) 
76.4( 1) 

112.9(l) 
85.7(l) 
86.4(l) 
88.3(l) 
91.2(2) 

111.5(l) 
75.1(l) 
85.6(l) 
87.3(l) 
89.1(l) 
88.8(2) 
87.5(2) 

108.3(2) 
72.7(2) 

169.5(2) 
36.5(2) 

155.9(2) 
154.2(2) 
81.4(2) 

C(3)-Mo-C(4) 
‘J3)_Mo-(J5) 
C(3)-Ma--c(6) 
C(4)-Mo-C(5) 
C(4)-Me--C(6) 
C(5)-Mo-c(6) 

Mo-P(l)-C(ll) 116/t(2) 
Mo-P(l)-C(12) 117.3(2) 
Mo-P(ljC(13) 121.2(2) 

c(ll>-P(l)--c(l2) 101.6(3) 

C(l l)-P(l)-c(l3) 98.6(2) 

c(l2>-P(lw(l3) 98.0(3) 

Mo-P(2)-C( 14) 
Mo-P(2)-C( 15) 
Mo-P(2)-C( 16) 

C(l4>-P(2w(l5) 
C(l4)-P(2w(16) 
C(l5)_P(2~(16) 

(X6)-N-c(7) 
Mo-C(l+O 
Mo+2w(3) 
Mo--C(3w(2) 
Mo-C(4-C(5) 
Mo--C(5w(4) 
Ma-C(6)-N 

155.4(2) 
153.4(2) 
82.5(2) 
35.6(2) 
82.2(2) 

117.7(2) 

116.7(2) 
117.8(2) 
120.1(2) 
100.8(3) 
98.7(3) 
99.0(3) 

176.1(5) 
178.9(5) 
71.8(3) 
71.7(3) 
72.8(3) 
71.6(3) 

174.2(4) 
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of 176.1(S)“, almost linear, is in accord with 
the considerations outlined above concerning the 
contribution of resonance form II to the 
total structure of these complexes. 

EXPERIMENTAL 

Microanalyses were carried out by Pascher 
Microanalytical Laboratory, Germany. IR spectra 
were recorded on a Perkin-Ehner model 684 instru- 
ment. ‘H, 3’P and ’ 3C NMR spectra were run on a 
Varian XL-200 instrument. 3’P NMR shifts were 
measured with respect to external 85% H3P04_ 
‘II and 13C NMR spectra were referenced using 
the ‘H and 13C resonance, respectively, of the sol- 
vent as an internal standard but are reported with 
respect to SiMe4. 

All preparations and other operations were car- 
ried out under oxygen-free nitrogen, following con- 
ventional Schlenk techniques. Solvents were dried 
and degassed before use. The petroleum ether 
used had b.p. 40-6O”C. The compounds, trcdns- 

~(C~H~)*~Me3)~ and ~~~,~~-~(C*H~)*(CO) 
(PMe,),]? and the ligand PMe313 were prepared 
by pub~shed methods. Isocyanides were from 
commercial sources or prepared by standard 
methods. ’ 4 

Synthesis of trans,mer-[M(C,H,J,(CNR)(PMe,),] 
complexes, (1) 

Into a solution of trans-[M(CzH4),(PMe3)J (1 
mmol), in petroleum ether (50 cm3), at - 2O”C, the 
corresponding isocyanide (1 mmol) is added. The 
reaction mixture is stirred and allowed to reach 
room t~~rat~e in about 20 min. The stirring is 
continued for another 4-5 h and the solvent then 
removed in uacuo. The yellow residue is extracted 
with petroleum ether (15-20 cm3), centrifuged and 
concentrated. Very concentrated solutions are 
required to crystallize these complexes. Upon 
cooling at -20°C yellow crystals of the desired 
compounds are obtained. Yields 70-75%. Complex 
la (M = MO, R = CHMeJ : IR (Nujol) : vCN 1960 
s, br cm-’ . Complex lb (M = MO, R = CMe,) : IR 
(Nujol): vcN 1990 s, br cm-‘. Found: C, 46.4; 
H, 9.4. Calc. for C, 8H44P3NM~ : C, 46.6 ; H, 9.5. 
Complex lc (M = W, R = CMe,) : IR ~ujol) : VCN 
1990 s, br cm-‘. 

Synthesis of trans,trans,trans-[M(CzH4),(CNR), 
(PMe,)J complexes, (2) 

A solution of truns-[M(C,H,),(PMe,),] (ca 1 
mmol) in 20-25 cm3 of petroleum ether is treated 
with an excess (I : 2.5) of the isocyanide, CNR 

(R = CHMe2, CMe,, C6H, *), at room temperature 
with stirring. After 15-20 h (or ca 30 h for M = W) 
the resulting solution is evaporated to dryness. 
Extraction with 20 cm3 of petroleum ether and cen- 
trifugation gives a yellow solution, which upon con- 
centration and cooling at -20°C provides yellow 
crystals of the corresponding complexes. Yields are 
between 70% (complexes 2c and 2e) and 85% (com- 
plex 2a). Complex 2a (M = MO, R = CHMe*) : IR 
(Nujol) : vcN 1930 s (very broad) cm- ‘. Found : C, 
48.4;H,8.9.Calc.forC,~H~~P~N~Mo:~,48.9;H, 
9.1. Complex 2b (M = MO, R = CMe3) : IR 
(Nujol) : VCN 1930 s (very broad) cm-‘. Found : C, 
51.4; H, 9.6. Calc. for C20H44P2N2M~: C, 51.1; 
H, 9.4. Complex 2c (M = MO, R = C6H1i): IR 
(Nujol) : vCN 1950 s (very broad) cm- ‘. Found : C, 
55.2; H, 9.3. Calc. for C2,H4,P,N,Mo: C, 55.2; H, 
9.2. Complex 2d (M = W, R = CMe3) : IR (Nujol) : 
vCN 1930 s (very broad) cm-‘. Found: C, 43.1; 
H, 8.1. Calc. for C20H44P2N2W: C, 43.0; H, 7.9. 
Complex 2e (M = W, R = C6H1 ,) : IR (Nujol) : vCN 
1940 s (very broad) cm- ’ . Found : C, 47.5 ; H, 7.9. 
Calc. for C24H48PZN2W : C, 47.2 ; H, 7.9. Complex 
2f (M = W, R = CHMe*): IR (Nujol): vcN 1910 s 
(very broad) cm- ‘. 

Preparation of trans,trans-[Mo(C,H4)2(CNCMe3) 

@NC&I I JPMe3hl CW 

Complex lb (0.46 g, 1 mmol), dissolved in pet- 
roleum ether (25 cm3), is reacted with a two-fold 
excess of CNC6H 11 (2 mmol) at room temperature 
for 20 h. The resulting solution is evaporated to 
dryness and the residue extracted with 20 cm3 of 
petroleum ether. Cent~ugation, partial evapor- 
ation of the solvent and cooling at -20°C affords 
yellow crystals of the compounds. Yield 68%. IR 
(Nujol) : vcN 1950 s (very broad) cm- ‘. Found : C, 
52.6 ; H, 9.1. Calc. for C22H46P2NZM~ : C, 53.2 ; H, 
9.3. 

Synthesis of trans,trans-[M(C,H4)2(CO)(CNR) 
(PMe 3) ;I complexes, (3) 

An excess of the isocyanide (2 mmol) is added to 
a solution of the complexes, rrans-[M(CzH4)z 
(CO)(PMe3)3] (M = MO, W) (cu I mmol) in pet- 
roleum ether (25 cm3). The mixture is stirred at 
room temperature for 16-20 h (for the tungsten 
compounds 30-35 h are required). The volatile 
materials are removed by pumping in vucuo and the 
residue extracted with petroleum ether (20 cm3). 
The solution is centrifuged, concentrated and 
cooled at - 20°C. White or whiteyellowish crystals 
are obtained in 80-90% yield (complex 3d in 65% 
yield). Complexes 3 can also be obtained by reac- 
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tion of compounds 1 with CO under pressure (3- 
4 atm), but the yields are generally lower and the 
reaction times longer. Complex 3a (M = MO, 
R = CHMeJ : IR (Nujol) : vCN 2070 s, vco 1840 s 
cn-‘. Found: C, 45.9 ; H, 8.3. Calc. for 
C15H33PZNOM~: C, 44.9; H, 8.2. Complex 3b 
(M = MO, R = CMe,): IR (Nujol): vcN 2100 s, 
vco 1830 cm-‘. Found : C, 46.4 ; H, 8.6. Calc. for 
C,,H,,P,NOMo: C, 46.3; H, 8.4. Complex 3e 
(M = MO, R = C6H1 1) : IR (Nujol) : vCN 2120 s, vco 
1870 s cm- I. Found : C, 48.9 ; H, 8.6. Calc. for 
CL8H37P2NOM~: C, 49.0; H, 8.4. Complex 3d 
(M = MO, R = CH2CbH5) : IR (Nujol) : vCN 2110 
s, vco 1840 s cm-‘. Found: C, 51.1; H, 7.4. Calc. 
for Ci9H,,P,NOMo : C, 50.8 ; H, 7.4. Complex 3e 
(M = W, R = CMe,) : IR (Nujol) : vCN 2100 s, vco 
1870 s cm-‘. Found: C, 38.3; H, 7.2. Calc. for 
C16H35P2NOW: C, 38.2; H, 7.0. Complex 3f 
(M = W, R = CsHl ,) : IR (Nujol) : vCN 2110 s, vco 
1850 s cm- I. Found : C, 40.8 ; H, 7.1. Calc. for 
C18H37P2NOW: C, 40.8; H, 7.0. 

Crystallographic studies 

Yellow prismatic single crystals of tranqtrans, 
trans-[Mo(C,H&(CNCMe&(PMe& (2b) and 
trans,tr~-~o(C,H,),(CO)(~CMe3) (3V 
were introduced into a Lyndeman capillaries, 
sealed in an N2 atmosphere and mounted on a 
Nonius CAD-4 diffractometer. 

Crystal data. Compound 2b : C2,,H+,PZN2Mo, 
A4 = 470.47, monoclinic, space group P2,/n, a = 
11.182(4), b = 13.210(9), c = 10.312(3) A, /I = 
116&l(3)“, U = 1364.1 A’,2 = 2, D, = 1.14gcm3, 
&MO-&) = 5.9 cn- ‘, &MO-&) = 0.71069 A. 

Crystal data. Compound 3b : C, 6H35P,NOMo, 
M = 415.35, monoclinic, space group P2, n, a = 
10.972(3), b = 18.923(4), c = 10.544(3) 8, B= 
98.89(2)“, U = 2189.2 A3, 2 = 4, D, = 1.28 g’cm3, 
~(Mo-K,) = 7.38 cm’, ~(Mo-KJ = 0.71069 A. 

Data collection. Unit cell dimensions were deter- 
mined by least-squares refinement of the observed 
setting angles of 25 accurately centred reflections. 
Intensity data collection employed the w-28 scan 
technique. Measured data: compound 2b, 2392 
reflections and compound 3b, 3798 reflections 
(28 < SO”). The data were corrected for Lorentz and 
polarization effects. Scattering factors for neutral 
atoms and anomalous dispersion corrections for 
MO and P were taken from International Tables 

for X-ray Crystallography. l5 

*Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

Structure solution and rejinements. Compound 
2b : The structure was solved by conventional Pat- 
terson and Fourier techniques, but due to extensive 
disorder problems it could not be refined aniso- 
tropically. Because of this, after checking the space 
group again, the refinement has been carried out in 
an isotropic mode. An empirical absorption cor- 
rection16 was applied using unit weights. The final 
residual R value was 0.097. Nevertheless, the posi- 
tion of all, but the ethylene atoms, could be fixed 
with clarity, although the values obtained for their 
bond distances and angles should be regarded with 
some caution in order to establish precise com- 
parisons. Compound 3b : The structure was solved 
by conventional Patterson and Fourier techniques. 
An empirical absorption correction, l6 applied at 
the end of the isotropic refinement using unit 
weights, led to a conventional R value of 0.060. 
After mixed full matrix least-squares refinement 
with isotropic thermal parameters for C(8), C(9) and 
C( lo), minimizing Zo((F,( - IF,l)* gave an R value of 
0.047. A difference synthesis calculated with reflec- 
tions having a sin f?/n < 0.5 A-’ showed all H atoms 
as the highest peaks of the map. Final refinement 
with fixed isotropic temperature factors for H 
atoms and unit weights led to R = 0.034. Most of 
the calculations were performed with XRAY80. I7 

For both complexes bond distances and angles, 
final atomic coordinates, tables of thermal par- 
ameters and listing of observed and calculated 
structure factors have been deposited with the 
Editor as supplementary material.* 
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PREPARATION OF BIS AND TRIS(ARYLIMID0) 
COMPLEXES OF RHENIUM(VII), INCLUDING BIS(ARYLIMID0) 

NEOPENTYLIDENE COMPLEXES, CANDIDATES AS OLEFIN 
METATHESIS CATALYSTS 

ANDREW D. HORTON and RICHARD R. SCI-IROCK” 

Department of Chemistry 6-331, Massachusetts Institute of Technology, 
Cambridge, MA 02139, U.S.A. 

Abstract-The reaction between ReO,(OSiMe,) and 3 equiv. of ArNCO (Ar = 2,6-C,H\Pr,) 
yields mixtures of (ArN)3Re-O-Re(0)(NAr)2 (l), Re(NAr),(OSiMe,) (2a), and what is 
proposed to be Re(0)(NAr)2(OSiMe3) (3). Conditions can be altered in order to yield 1 or 
2a in satisfactory yield, but 3 has not been prepared in pure form. Analogous reactions 
between Re03(0SiMe3) and 3 equiv. of Ar’NCO (Ar’ = 2,6-C&I,MeJ yield (Ar’N),Rti 
-Re(NAr’), (4) and Re(NAr’)3(0SiMe3) (2b), while those between ReO,(OSiMe,) and 3 
equiv. of Ar”NC0 (Ar” = 2,6-C,H3ClJ yield only Re(NAr”),(OSiMe,) (2c). Complexes 
of the type Re(NR)3(CH21Bu) (R = Ar, Ar’, Ar”) have been prepared straightforwardly. 
Complexes of the type Re(NR),Cl,(py) (6) can be prepared by treating tris(imido) complexes 
2 with 3 equiv. of pyHC1. These can be alkylated to give mononeopentyl bis(imido) de- 
rivatives, Re(NR)2(CH2’Bu)C12 (8), in high yield. Dehydrohalogenation of Re(NAr), 
(CH;Bu)C12 yields Re(NAr)2(CH’Bu)Cl, from which several monoalkoxide derivatives 
have been prepared (OR = 0CH(CF3)2, 0CMe(CF3)2, or O-2,6-C,H,‘Pr,). Dehydro- 
halogenation of Re(NAr’),(CHiBu)Cl, or Re(NAr”),(CH2Bu)C12 did not yield neo- 
pentylidene complexes analogous to Re(NAr)2(CH’Bu)C12. None of the neopentylidene 
complexes showed any well-defined metathesis activity, even with norbornene. 

We recently discovered that a bulky imido ligand 
will stabilize high oxidation state molybdenum 
and tungsten alkylidene complexes of the type 
M(CH’Bu)(NAr)(OR), (Ar = 2,6-CJ-13’Pr2; OR = 
0CMe3, OCMe2(CF3), etc.).’ A dianionic ligand 
is required in order to form a four-coordinate 
complex in which the metal is in its highest possible 
oxidation state (“do”), a type of complex that we 
now feel is the most desirable for forming inter- 
mediate metallacyclobutane or metallacyclo- 
butadiene complexes in Group 6 olefin’ or 
acetylene3 metathesis systems, respectively. Bulky 
imido ligands should continue to be successful rela- 
tive to 0x0 ligands or unhindered imido ligands 
because if a metal centre of low coordination num- 
ber is electrophilic enough to react with an olefin, 
then it should also strongly coordinate an 0x0 or a 
sterically accessible imido nitrogen atom (if no 
other good donors are present) to form complexes 

*Author to whom correspondence should be addmssed. 

that contain bridging 0x0 or imido4 ligands [eq. 

(111. 

2 M=X - MO’\M 
‘X’ 

X = OarsmallNRligand (1) 

It is not surprising that the alkoxide ligands in 
M(CH’Bu)(NAr)(OR), complexes also must be 
bulky in order to avoid formation of dimers, for 
example, [V(N-p-C6H4Me)(O-2,6-CsH3Me2)2Cl]2.5 
The tactic is to use ligands that arc large enough to 
prevent formation of complexes containing bridg- 
ing ligands and slow down or prevent inter- 
molecular decomposition reactions, but still not so 
large as to prevent access to the metal by relatively 
small molecules. 

We feel that the principles of olefin and acetylene 
metathesis by “do” metal complexes should extend 
to rhenium(VI1). Several years ago6 we developed 
an entry into Rev” t-butylimido chemistry based on 
Re(IVBu)3(OSiMe3)4b as a starting material. We 
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found that we could prepare a large number and 
variety of new molecules, including relatively 
attractive target molecules such as Re(N’Bu), 
(CH’Bu)(CH,‘Bu). However, several features of 
the chemistry limited their usefulness, among them 
the high solubility and often thermal and hydrolytic 
instability of t-butylimido derivatives, and the fact 
that t-butylamine generated as a product of pro- 
tonation reactions often remained firmly bound to 
the metal. The ultimate disappointment was that 
species such as Re(N’Bu),(CH’Bu)(CH,‘Bu) do not 
react readily with olefins.7 

We sought an entry into rhenium(VI1) arylimido 
chemistry in the belief that arylimido ligands might 
significantly increase the electrophilicity of the 
metal to the point where it would react with olefins. 
Unfortunately, reactions designed to prepare 
Re(NAr),(OSiMe,) (where Ar = 2,6C,H,‘Pr& i.e. 
procedures involving ArNHSiMe, analogous to 
that used to prepare Re(N’Bu)3(0SiMe3),4b gave a 
mixture of products, none of which could be iso- 
lated or identified.’ Attempts to exchange t-butyl- 
imido by NAr in Re(N’Bu),(OSiMe,) and related 
derivatives looked promising,8 but the procedures 
were tedious and circuitous. In searching for a new, 
general entry into rhenium arylimido chemistry we 
settled on reactions between an isocyanate and a 
metal oxide [eq. (211, a type of reaction that is a 
known route to several imido complexes,4a although 
the generality of the reaction has not been fully 
explored. In this paper we report high yield routes to 
Rev” complexes containing two or three arylimido 
ligands of the type N-2,6_C,H,‘Pr,(NAr), N-2,6- 
C6H3Me2 (NAr’), or N-2,6-C6H3C12 (NAr”). Some 
of these results were reported in the form of a pre- 
liminary communication.’ 

M=O + ArNCO + M=NAr + CO,. (2) 

RESULTS AND DISCUSSION 

Re20Z(NAr)S can be prepared in 27% isolated 
yield as shown in eq. (3). An ‘H NMR spectrum of 
1 shows that methyl groups in the three imido 
ligands on one metal are equivalent while pairs of 
methyl groups in each of the two equivalent imido 
ligands on the second metal are diastereotopic. 

ReO,(OSiMe,) + 3ArNC0 

z 1/2(ArN),Re--O-Re(O)(NAr),. (3) 

1(27%) 

A Re=O stretch can be observed in the IR spectrum 
of 1 at 903 cm-‘. There is no reason to believe that 
1 is not an oxo-bridged species as shown in which 

the two ends of the molecule can freely rotate on 
the NMR time scale. We have not been able to 
replace the last terminal 0x0 ligand in 1, presumably 
because of steric congestion about the metal 
(cf. 4 below). It should be noted that the electron 
count on each Re exceeds 18 if 7~ electrons from 
the terminal 0x0 and all imido ligands are included. 
Therefore we cannot be certain that all 
Re-N-C,, angles are of the order of 170” or 
greater in the solid state, as would be the case if an 
imido ligand fully donates its rr electron pair to the 
metal. However, if both “bent” and “linear” imido 
ligands are present in 1, they must interconvert 
rapidly on the NMR time scale. 

NMR examination of the crude mixture obtained 
in the reaction shown in eq. (3) reveals that 1 com- 
prises only N 60% of the diamagnetic product mix- 
ture. Approximately 30% of the crude mixture has 
been identified as Re(NAr),(OSiMe,) (2a), while 
- 10% of the mixture is what we speculate to be 
Re(O)(NAr),(OSiMe,) (3). The fraction of 2a in the 
crude mixture can be increased to 65% (20% 1, 
15% 3) by employing Me$iOSiMe, as the reaction 
solvent, and red crystalline 2a can be isolated in 
46% yield in this manner [eq. (4)]. For this reason 
we suspect that ReOSiMe3 species are in equilib- 
rium with Re-CLRe species and Me$iOSiMe,, 
a type of reaction that has been observed when 
DMF is added to a solution of Re03(0SiMeJ in 
ether or MeSiOSiMe, [eq. (5)l.l’ 

ReO,(OSiMe,)+ 3ArNC0 

Me3::I:r3 b Re(NAr),(OSiMe,) (4) 

2a (46%) 

WCinetheror 

2ReOs(OSiMe,) + 2DMF w 

Rez07@MF)*+ Me$iOSiMe,. (5) 

Therefore running the reaction in Me$iOSiMe, 
maximizes the amount of 2a by minimizing the for- 
mation of Re-O-Re species. It is important to 
note that once 2a is formed it does not lose 
Me$iOSiMe, in refluxing toluene to give as yet 
unknown (ArN),Re--O-Re(NAr), (cf. 4 below). 
Therefore only ReO,(NAr),_,(OSiMeJ complexes 
where x = 1, 2 or 3 could be involved in equilibria 
analogous to that shown in eq. (5). 

If the reaction is carried out in toluene (70”, 20 
h) or in Me,SiOSiMe, (with shorter reflux times), 
the crude reaction mixture contains only - 20% of 
2a; -80% of the mixture consists of a complex 
that cannot be isolated, but which NMR and IR 
evidence suggests is Re(O)(NAr),(OSiMe,) (3). 
Therefore we propose that the reaction between 
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ReO,(OSiMe,) and ArNCO proceeds stepwise as 
shown in eq. (6), and that one or more of the inter- 
mediate ReOflAr)3-X(OSiMe,) complexes 
decomposes to Re-O-Re species, which can then 
react further with ArNCO to give 1. If less than 3 
equiv. of ArNCO are used in reactions of this type, 
then relatively complicated mixtures result. It 
seems plausible that species such as ReO, 
(NAr)(OSiMeJ, Re,O,(NAr),, or RezO,(NAr), are 
formed under these conditions, in addition to vary- 
ing amounts of 1,2a, or 3. Initial studies of reactions 
between ArNHSiMe, and ReO,(OSiMe,)* were dis- 
couraging perhaps because similar multiple equi- 
libria and reaction stages gave rise to complex mix- 
tures. 

Re03(0SiMe,) B Re(O),(NAr)(OSiMe,) 

a Re(O)(NAr),(OSiMe,) 
3 

s Re(NAr),(OSiMe,). 
2a 

(6) 

Reactions between Re03(0SiMe,) and Ar’NCO 
(Ar’ = N-2,6-C6H3Me,) or Ar”NC0 (Ar” = N-2,6- 
C6H3C12) proceed more cleanly than those in- 
volving ArNCO. In refluxing toluene 4 [eq. (7)] is 
formed in high yield and can be isolated in 65% 
yield. 

ReOS(OSiMe,) + 3Ar’NC0 

5 1/2(Ar’N),R&Re(NAr’)~. (7) 

4 (65%) 

Evidently the NAr’ ligand is small enough so that 
bimolecular elimination of Me,SiOSiMe, in ReO, 
(NAr’),_,(OS’M ) 1 e3 complexes to give Re-O-Re 
complexes is more facile than in the case of NAr 
complexes, and ultimately complete replacement of 
all terminal 0x0 ligands is now sterically possible. 
NMR examination of the crude reaction mixture 
shows that only one other diamagnetic product, 
Re(NAr’),(OSiMe,) (2b), is present in N 10% 
relative yield. It is virtually the only product 
of an analogous reaction that is carried out in 
Me3SiOSiMe3 [eq. (8) ; only traces of 4 are ob- 
served]. As with 2a, 2b does not decompose to 4 
in refluxing toluene, nor does 4 yield 2b upon 
being refluxed in Me,SiOSiMe,. The reaction be- 
tween Ar”NC0 and Re03(0SiMe3) in refluxing 
xylene yields only Re(NAr”),(OSiMe,) [2c; eq. 
(9)], isolated in 79% yield ; there is no evidence 
(by NMR examination of the crude mixture) for 

formation of any species analogous to 1 or 3. 

ReO,(OSiMe,) + 3Ar’NC0 

Me,SiOSiMe, 

r&lx 
) Re(NAr’)3(0SiMe3) (8) 

2b (82%) 

ReO,(OSiMe,) + 3Ar”NC0 

“lene b Re(NAr”),(OSiMe,). (9) 
renux 48 h 

242 (79%) 

Note that 2c shows no tendency to eliminate 
Me,SiOSiMe3 to form Rez(0)(NA&. 

It is not yet clear how electronic and steric differ- 
ences determine the course of reactions of this gen- 
eral nature. What is clear is that the isocyanate 
route appears to have some general utility for for- 
ming Rev” complexes that contain bulky imido 
ligands. 

Neopentyl derivatives of the tris(imido) com- 
plexes can be prepared straightforwardly and iso- 
lated in high yield as red-purple crystals [eq. (lo)]. 
Note that preparation of 5a requires the lithium 
reagent ; presumably the trimethylsiloxide cannot 
be substituted by the less reactive Grignard reagent. 

Re(NR),(OSiMe,) + ‘BuCH2MgCl or 

2a (R = Ar) 
2b (R = Ar’) 
2c (R = Ar”) 

LiCHiBu s Re(NR),(CH,‘Bu). (10) 

5a (R = Ar; 77%) 
5b(R=Ar’;80%) 
5c (R = Ar” ; 73%) 

In the case of the formation of 5h and 5c the 
Grignard is required ; use of the lithium reagent 
produces what are believed to be reduced rhenium 
complexes ; they will be reported elsewhere. An 
alternative preparation of the NAr’ derivative starts 
with Re(NAr’),Cl (see later). NMR spectra of these 
presumably pseudotetrahedral molecules are unex- 
ceptional. This series of complexes was prepared in 
order to examine how they react with HCl (see 
later) ; 5b and 5c are important precursors. 

The reaction between 1 and pyridinium chloride 
yields &I [eq. (1 l)] in N 80% isolated yield as green 
crystals. We propose that 6a is octahedral with 
imido ligands cis to one another in order to minim- 
ize competition between the IL bonds. However only 
at - 60” are the two arylimido ligands inequivalent 
(pairs of methyl groups in each are diastereotopic) 
as a result of the pyridine binding to the metal, most 
likely in a position tram to one of the imido ligands. 
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At normal temperatures the imido and pyridine 
resonances are broad, we presume as a result of 
reversible loss of pyridine to give Re(NA&Cl,. 6a 
is an 18 electron complex if one of the imido ligands 
(presumably a bent one4”) does not donate its elec- 
tron pair to the metal. It seems more likely that 
pyridine would bind tram to the bent imido ligand, 
as the linear imido ligand should be more tram 
lab&zing. The feasibility of 6a as a starting material 
increases substantially as a result of its isolation 
in -75% yield #eral~ from ReO~(OSiMe~) upon 
addition of pyridinium chloride to the crude prod- 
uct (containing 2 and 3 and probably traces of 
related oxo/imido complexes) of the reaction 
between ReOJ(OSiMeJ and ArNCO in refluxing 
toluene [eq. (3)]. An analogous two-step reaction 
sequence leads to 6h [eq. (1211 while the reaction 
between Re(N~)~(OSiMe~) (available in high 
yield) and pyridinium chloride yields 6e [eq. (13)]. 
NMR spectra of 6h and 6e suggest that they are 
entirely analogous to 6a. 

Key compounds in the quest for neopentyhdene 
complexes are of the type Re(NR) &!H 2’Bu)C12. The 
NAr’ and NAr” derivatives are readily available 
from the Re(NR),(CH,‘Bu) complexes as shown in 
eq. (15). The analogous reaction of Re(NAr), 
(CH,‘Bu) with gaseous HCI yielded several prod- 
ucts in what is evidently a relatively non-specific 
reaction, at least in our hands so far. However, 
Re(NAr)z(CHz’Bu)Clz can be prepared in good yield 
by alkylating Re(NAr),Cl,(py) [eq. (1611. (Addition. 
of 1 equiv. of ‘BuCH2MgC1 to Re~~)~Cl~~y~ 
does not yield 8a cleanly or in high yield ; it is 
not a suitable preparative method.) Similar selective 
alkylation reactions involving Re(NAr’)&l,(py) or 
Re(NAr”),Cl,(py) have not yet been successful, but 
the routes shown in eq. (15) are satisfactory because 
of the ready availabi~ty of Re(NAr‘~~(CH~~Bu) and 
Re~Ar~)~(CH~Bu). 

da 

ReO~(OSiMe~} 
1.3 equiv. ~NCO/~olu~ 

2.3 equiv. pyHCi/CH,Cl~ 

6h (62%) 

RemAr”) ,(OSiMesj 3 WV. ~~“‘~~2~~ , 

Re@IAr”),CI,@y). (13) 

& (79%) 

If 3 equiv. of gaseous anhydrous HCl (in dichlo- 
romethane) are added to the crude product mixture 
(in dichloromethane) obtained in the reaction 
shown in eq. (7), than an insoluble material is 
obtained that reacts with 3 equiv. of pyridine to 
give 6h, and with 3 equiv. of triethylamine to give 
7 [eq. (14)] in good overall yield from Re03 
(OSiMe3). On the basis of these reactions we spec- 
ulate that the insoluble green material is [Ar’NH,] 
[Re(NAr’),ClJ. We propose that 7 is a mono- 
meric pseudo-tetrahedral complex on the basis 
of its high solubility in pentane. 

Re(NAr’),Cl (14) 

7 [67% vs ReO,(OSiMe& 

Re(NR)3(CH2’Bu) “,gk-r~ 
3 

Re(NR),(CH2’Bu)C12 (15) 

8b (R = Ar’; 75%) 
& (R = Ar”; 78%) 

Sa (72%). 

Thus 8a-c are all available on a relatively large 
scale (10 g). Unlike Re(N’Bu),(CH2*Bu)C1,, which 
decomposes over a period of several hours in the 
solid state at 25”C,6 8a-c are all stable in the solid 
state in the absence of air and moisture for months. 
NMR data suggest that their structures are anal- 
ogous ; for example, only one kind of imido ligand 
is present and the isopropyl methyl groups are dia- 
stereotopic. One possible structure that is consistent 
with these data is a trigonal bip~~d~ species in 
which the imido ligands are located in equatorial 
positions and the neopentyl ligand is located in 
an axial position. However a recent report of the 
unusual structure of Re(N’Bu),(O-C&14Me)CI,,” 
a tetragonal pyramid containing a bent axial imido 
ligand with the shortest Re=N bond length, sug- 
gests that predictions concerning the structure of 
8a-c, and indeed other imido complexes we have 
prepared here, are dangerous, even though the 

8 (R=Ar,Ar’,Ar”) 
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imido ligands are equivalent (as they are in 
Re(N’Bu)z(O-C,H.,Me)Cl~‘l) on the NMR time 
scale. 

The alkylation shown in eq. (16) is very sensitive 
to the amount of dineopentylzinc that is used. If 
N 1.7 equiv. of dineopentylzinc is used then the 
reaction proceeds in high yield to give 9a [eq. (17)]. 
The mechanism of the reaction may involve dehy- 
drohalogenation of Re(NAr),(CH,‘Bu)&l by pyri- 
dine (see below). A similar reaction of the NAr’ 
derivative gives Re(NAr’),(CH’Bu)(CH,‘Bu) (9b). 
Preliminary experiments show that other alkylation 
reactions (e.g. with Me or CHzPh groups) lead to 
complexes of the type Re(NAr)2R3. Similar behav- 
iour was observed for the analogous t-butylimido 
complexes6 So far, Re(NAr”)(CH’Bu)(CH,‘Bu) has 
not yet been prepared pure by an analogous route. 

Re(NAr),(CH*Bu)(CHr’Bu). (17) 

9a 

It is possible to cleanly dehydrohalogenate 
Re(NAr)JCHz’Bu)Clz to give red 10 [eq. (IS)] 
virtually quantitatively. Although 10 is very sol- 
uble in pentane, it cap be isolated from it in 
N 75% yield. We have tried a wide variety of other 
bases (among them pyridine, 2,4-lutidine, tri- 
ethylamine or Ph$=CHMe), solvents and tem- 
peratures, but so far we have not been able to dis- 
cover other conditions that give a good yield of 
10. It would appear, therefore, that HCl must be 
removed effectively from the system, perhaps in 
order to prevent a destructive reprotonation reac- 
tion. Details of the NMR spectra of 10 are discussed 
later along with those of related neopentylidene 
complexes. 

DBU in ether at - 20°C 
b Re(NAr),(CH’Bu)Cl. (18) 

10 

Unfortunately, analogous dehydrohalogenation 
reactions starting with Re(NAr’)z(CHz’Bu)C1l or 
Re(NAr”),(CH,‘Bu)Cl, so far have not been suc- 
cessful. Reactions carried out in C6D6 and examined 
by ‘H NMR showed the only significant products 
to be those shown in eq. (19) in approximately 
a 1: 1 ratio. The [DBUHj[Re(NAr’)(C’Bu)Cl,] and 
[DBUH][Re(NAr”)(C’Bu)Cl,] complexes appear to 
be analogous to isolated [DBUHJ[Re(NAr) 
(C’Bu)Cl,] ;I* all resonances for [DBUH][Re(NAr’) 
(C’Bu)Cl,] and PBUH] [Re(NAr”)(C’Bu)Cl,] are 
analogous to those observed for [DBUH][Re 

(NAr)(C’Bu)Cl,], and an alkylidyne C, resonance 
has been observed in the 13C NMR spectrum of 
[DBUH][Re(NAr’)(C’Bu)Cl,] at 313.7 ppm (cf. 
3 14.7 ppm in [DBUH] [Re(NAr)(C’Bu)Cl,]‘*). We 
could only speculate on the mechanism of this dis- 
proportionation reaction. The important point is 
that disproportionation does not take place with 
the sterically more bulky NAr analogues. 

Re(NR),(CH,‘Bu)Cl, 

+DBU 

C,D,at -5°C 
> 0.5 Re(NR),(CH,‘Bu) 

-0.5 [DBUHjCI 

+0.5 [DBUH][Re(NR)(C’Bu)C13]. (19) 

10 sometimes is contaminated to a significant 
extent by pseudo-tetrahedral Re(O)(NAr),(CH,‘Bu) 
(11). 11 may be prepared in good yield and in 
multigram quantities as shown in eq. (20). 

Re(NAr)2(CHfBu)C1 MeTzfcou* 
1 

Re(O)(NAr),(CH,‘Bu). (20) 

11 

We propose that the reaction proceeds via inter- 
mediate Re(NAr)2(CH’Bu)(OH) followed by a pro- 
ton shift from oxygen to carbon. It is interesting to 
note that Re(NAr),(CH’Bu)Cl reacts only slowly 
with 1 equiv. of water in ether at 25°C (N 50% of 
11 formed after 2 h). Re(NAr)2(CH,‘Bu)C12 also 
reacts with Me,NOH under similar conditions, but 
a mixture of products is formed that does not 
include a substantial amount of 11. Therefore we 
believe that DBU dehydrohalogenates Re(NAr)* 
(CHiBu)Cl* to give 10, and completely reacts with 
traces of water to give the hydroxide ion that then 
reacts with 10 to give 11. NMR spectra of 11 show 
that the imido ligands are equivalent on the NMR 
time scale, and two sets of diastereotopic methyl 
groups are present. At this stage we are assuming 
that 11 is a pseudo-tetrahedral monomer in which 
one of the imido ligands is bent, and the other 
is linear. So far attempts to form 11 by treating 
Re(NAr)3(CH2’Bu) with water have only produced 
it in low yield in an apparently complex messy 
reaction. 

Treating Re(NAr),(CH’Bu)Cl with alkoxides 
yields complexes 12a-c virtually quantitatively [eq. 
(2111. Complexes 12 are all red or orange and highly 
soluble in pentane, so soluble, in fact, that only 
12a and 12~ have been isolated as nicely crystalline 
samples suitable for elemental analysis. However, 
on the basis of NMR spectra there is no doubt that 
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12b is correctly formulated. 

Re(NAr),(CH’Bu)Cl + 

Re(Ndu),(CH’Bu)(OR) (21) 

12a ; OR = OCH(CF& 
12b ; OR = OCMe(CF,), 
12c ; OR = O-2,6-C,H,Pr,. 

Selected NMR data for all neopentylidene com- 
plexes are collected in Table 1. The values for 6H,, 
6C, and Jcn(Hz) are all similar to the respective 
values in Re(IVBu),(CH’Bu)(CH,‘Bu)6 (11.95 ppm 
in toluene ds, 262.2 ppm in CsDa, JCH = 134 Hz). 
Resonances for H, and C, were found to shift 
downfield in complexes of the type M(NAr) 
(CH’Bu)(OR), (M = MO or W) as OR became 
electron-withdrawing.’ Therefore we had expected 
SH, and SC, for the complexes containing the NAr 
ligand to reflect to a greater extent the greater elec- 
tron-withdrawing ability of the phenyl substituent 
versus that for the t-butyl group in the analogous 
N’Bu complexes. The most important features of 
the NMR spectra for all neopentylidene complexes 
are the inequivalent imido ligands and diastereo- 
topic pairs of methyl groups in each. Inequivalent 
imido ligands also were observed in Re(N’Bu), 
(CHCMe3)(CH2CMe3).6 The phenomenon in each 
case could be ascribed to orientation of the neo- 
pentylidene ligand so that the 6! proton lies in a 
N-Re-C plane and points towards or away 
from one of the imido ligands, see Fig. 1. Again 
an X-ray study is required. In these complexes 
if each imido ligand donates its n: electron pair 
the metal electron count is brought up to 18. 

Qualitative olefin metathesis experiments 

We summarize the results of several tests for 
metathesis activity in Table 2. In short there was no 
evidence for metathesis, even when norbornene was 
employed. The sporadic polymerization activity in 
the case of norbornene must be ascribed to impurit- 

ies. These results prove incorrect our hypothesis 
that aryl imido complexes could be active even 
though t-butylimido analogues are not. We suspect 
that electronic saturation at the metal centre in these 
complexes is the primary obstacle to their reaction 
with olefins. So far attempts to synthesize poten- 
tially more reactive analogous alkylidene complexes 
with less bulky, poorer electron donating imido 
ligands has been hindered by decomposition reac- 
tions ; we presume at this stage that decomposition 
is the result of intermolecular reactions that are now 
more favourable because of the relatively unhin- 
dered nature of the coordination sphere. 

The complexes described here have proven to be 
useful as facile entries into monoarylimido rhenium 
chemistry, and a monoimido neopentylidyne com- 
plex now has been shown to be an active acetylene 
metathesis catalyst.13 Therefore we presume that 
our continued search for a well-characterized Rev” 
olefin metathesis catalyst ultimately will be success- 
ful, although what the nature of that species might 
be is still in doubt. 

EXPERIMENTAL 

General experimental procedures may be found 
elsewhere.14 NMR chemical shifts are reported rela- 
tive to TMS. Expected intensities, multiplicities and 
coupling constants are usually omitted. The NMR 
solvent is C6D6 and the temperature -25°C un- 
less otherwise specified. DBU (1,8-diazabicyclo 
[5.4.0]undec-7-ene) was purchased commercially 
and distilled before use. Re03(0SiMe3)i5 and 
OCN-2,6-CsHiPr2i6 were prepared by literature 

Table 1. Selected NMR data for complexes of the type Re(NR),(CH’Bu)X 

NR X 6 H, (Ppm) 6 C, @pm) &W) 

2,6-CsH,‘Prz CH,CMe, 12.28 269.0 139 
2,6-CsH,Pr, Cl 12.27 269.4 136 
2,6-CsHS’Pr, OCH(CFA 11.88 260.5 137 
2,6-C,H,‘Pr, OCMe(CF& 11.56 256.4 139 
2,6-C,H,%‘r* O-2,6-C,H,‘Pr, 11.25 256.7 146 
2,6-CJ-I,Me, CH2CMe3 12.24 270.5 137 
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Table 2. Results of tests for olefIn metathesis activity” 
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Compound Olefin (equiv.) Solvent Time/temp Method 

12a 

10, lzc 

9a, 10,12a, 12b, 12~ 

20 cis-Zpentene Toluene 3 days/25”C GLC 
10 cis-2pentene C,D, 1 day/25”C NMR 
20 norbornene’ CsD, 18 h/25”C NMR 

a Sample size l&l 5 mg. 
*Some polymer (< 50%) was observed sporadically ; such experiments could not be 

repeated and starting material was not consumed. 

methods. Other arylisocyanates were purchased 
commercially. 

Re?Or(N-2,6-C6HiPr& (1) 

2,6-Diisopropylphenylisocyanate (1 .OO g, 4.93 
mmol) was added to a toluene (30 cm3) solution of 
Re03(0SiMe3) (0.50 g, 1.55 mmol). The mixture 
rapidly turned orange and was refluxed for 5 h. 
An intermediate olive-brown colour was observed 
which turned to an intense red-orange colour after 
30 min. The solvent was removed in uucuo and 
the residue extracted with pentane (200 cm3). The 
extract was filtered, concentrated and cooled to 0°C 
to give dark red crystals (0.27 g, 27%). The ana- 
lytical sample was recrystallized from a.mixture of 
dichloromethane and pentane : ‘H NMR 6 7.05 (d, 
10, H,), 6.90 (m, 5, H,), 3.83 (sept, 4, CHMe,), 3.71 
(scpt, 6, CHMe2), 1.20, 1.19, 1.17 (d, 12, 12, 36, 
CHMe,); 13C NMR S 152.6 and 151.9 (C,,,), 144.3 
and 142.4 (C,), 128.1 and 127.2 (C,), 122.6 and 
122.4 (C,), 29.0 and 28.8 (CHMe2), 23.7 (CHMer); 
IR (Nujol) 903 cm-’ (Rc==O). Found : C, 56.6 ; H, 
7.1; N, 5.8. Calc. for Re2CsoHssNzOz : C, 56.3 ; H, 
6.7 ; N, 5.5%. 

Re(N-2,6-C,&,‘Pr,),(OSiMe3) (2a) 

ArNCO (7.88 g, 38.3 mmol) was added to a solu- 
tion of Re03(0SiMe3) (4.0 g, 12.32 mmol) in 
(Me,Si),O (400 cm3). The initial olive-orange solu- 
tion became intense orange after refhtxing the reac- 
tion mixture for 18 h. Removing the solvent in vacua 
afforded an oily orange residue that upon extraction 
with pentane (200 cm3) left behind dark red crys- 
tals of Re202(NAr)5 (0.35 g). Concentrating and 
cooling the pentane extract gave 4.56 g (four crops, 
46%) of Re(NAr),(OSiMe, ) as red crystals. Con- 
tamination of the product with RezOz(NAr), can be 
avoided by extracting the product into a minimal 
amount of pentane and slowly recrystallizing it at 
- 30°C : ‘H NMR 6 7.06 (d, 6, H,), 6.92 (t, 3, HP), 
3.59 (sept, 6, CHMer), 1.13 (d, 36, CHMe2), 0.40 (s, 
9, OSiMe,) ; r3C NMR 6 152.3 (C,,,), 141.2 (C,), 

125.8 (C,), 122.0 (C,), 28.4 (CHMeJ, 23.9 
(CHMe2), 1.9 (OSiMe3). Found : C, 58.2 ; H, 7.6 ; 
N, 5.1. Calc. for ReC39H6N30Si : C, 58.5 ; H, 7.5 ; 
N, 5.2%. 

Although the ‘H NMR spectrum of the 
crude product mixture showed it to contain 
Re(NAr),(OSiMe,), RezOz(NAr)S, and Re(0) 
(NAr),(OSiMe,) (see below) in the approximate 
ratio 65 : 20 : 15, the extremely high solubility of 
Re(NAr),(OSiMe3) prevented its recovery in 
higher yield. 

Re(N-2,6-C&13MeZ),(0SiMe3) (2b) 

Ar’NCO (7.05 g, 48.0 mmol) was added to a 
solution of ReO,(OSiMe), (5.0 g, 15.1 mmol) in 
(Me3Si)r0 (250 cm’) and the mixture was heated to 
reflux for 18 h. Dichloromethane (60 cm’) was 
added to the intense orange solution to dissolve 
some orange precipitate. Filtration of the solution 
through Celite and concentration of the filtrate in 
uacuo gave orange microcrystals of the product (8.0 
g, 82%). Traces of Re,(O)(NAr’), are removed 
when a sample is recrystallized slowly at -30°C 
from a mixture of dichloromethane and pcntane: 
‘H NMR 6 6.89 (d, 6, H,), 6.70 (t, 3, HP), 2.31 (s, 
18, Me), 0.30 (s, 9, OSiMe,) ; i3C NMR 6 155.4 
(C,,,), 131.8 (C,), 127.7 (C,), 125.6 (C,>, 18.7 (Me), 
1.7(0SiMe3). Found:C,51.2; H,5.8;N,6.1.Calc. 
for ReC27H36N30Si : C, 5 1.2 ; H, 5.7 ; N, 6.6%. 

Re(N-2,6-C6H3ClZ),(OSiMe3) (2e) 

Ar”NC0 (9.45 g, 50.8 mmol) was added as a solid 
to a solution of Re03(0SiMe3) (5.46 g, 16.9 mmol) 
in xylene (300 cm3). Upon refluxing the reaction 
mixture for several hours the initial brown colour 
changed to an intense orange. After 48 h the reac- 
tion mixture was cooled and the solvent was 
removed in uucuo, leaving a red microcrystalline 
solid. The solid was redissolved in a mixture of 
dichloromethane (200 cm’) and pentane (150 cm3) 
and the solution filtered through Celite. Con- 
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centrating and cooling the filtrate in uucuo gave 11.1 
g (two crops, 79%) of red crystalline product that 
was essentially pure (by ‘H NMR) : ‘H NMR 6 6.83 
(d, 6, H,), 6.08 (t, 3, H,,), 0.40 (s, 9, OSiMeJ ; 13C 
NMR 6 151.3 (C&o), 130.0 (Co), 127.7 (Cm), 125.9 
(C,), 1.7 (OSiMq). Found: C, 33.6; H, 2.7; N, 5.4; 
Cl, 27.8. Calc. for ReC2,H&16N30Si: C, 33.4; H, 
2.7; N, 5.6; Cl, 28.2%. 

Observation ofRe(O)(N-2,6-C,H,PrPr,),(OSiMeJ (3) 

Treatment of Re03(0SiMe3) with 2 equiv. of 
ArNCO either in toluene at 70°C (2-20 h) or in 
(Me$ihO over the temperature range 45-100°C 
(for various time periods) in closed systems gave, 
in each case, a mixture of the desired product 
and Re(NAr),(OSiMe,). The best reaction ReO, 
(OSiMe3) (0.10 g, 0.31 mmol) plus ArNCO 
(0.128 g, 0.62 mmol), ds-toluene (2 cm3), 7O”C, 
20 h] gave an 85: 15% mixture of Re(O)(NAr), 
(OSiMe,) and Re(NAr),(OSiMq). The best ratio 
in (Me$i&O was 80: 20% [lOOC, 1 h or 85°C 
2 h] ; lower temperatures gave more of the minor 
product as well as unreacted ArNCO. The very high 
solubility of the two products in pentane prevented 
their separation by fractional crystallization. ‘H 
NMR 6 7.01 (d, 4, H,), 6.89 (t, 2, HP), 3.66 (sept, 
4, Chime,), 1.17 and 1.15 (each a d, 2, CHMe,), 
0.20 (s, 9, OSiMe,). 

ReGWN-2,6-C6H3Me2)6 (4) 

Ar’NCO (1.46 g, 9.93 mmol) was added to a 
solution of Re03(0SiMe,) (1.0 g, 3.09 mmol) in 
xylene (50 cm3). An intense red-orange colour 
resulted upon heating the reaction mixture to reflux 
temperature for 48 h. The solvent was removed in 
vacua and the residue was extracted with pentane 
(300 cm3). The extract was filtered through Celite, 
cooled and concentrated in V~C~O to give a red 
microcrystalline solid (1.1 g, 64%). Large red crys- 
tals were obtained by recrystallization from pen- 
tane : ‘H NMR 6 6.85 (d, 12, H,), 6.66 (t, 6, H,), 
2.34 (s, 36, Me); 13C NMR 6 155.6 (C,,), 131.9 
(C,), 127.6 (C,,,), 125.9 (CJ, 18.6 (Me). Found: C, 
52.3 ; H, 5.0. Calc. for Re&HYN60 : C, 52.2 ; H, 
4.9%. 

The ‘H NMR spectrum of the crude reaction 
mixture (after the initial extraction with pentane) 
showed it to contain N 10% Re(NAr’),(OSiMe,) 
(see above) and several other minor products. The 
proportion of additional products increased slightly 
when toluene was used as the reaction medium. 
Using 2 equiv. of Ar’NCO in refluxing toluene gave 
a large number of complexes in low yield and 
virtually none of the above major product. 

Re(N-2,6_C,H,‘P&(CH,‘Bu) (5a) 

LiCH,‘Bu (0.227 g, 2.92 mmol) was added to a 
solution of Re(NAr),(OSiMe,) (1.80 g, 2.25 mmol) 
in ether (20 cm3) at -40°C. The mixture was 
allowed to warm to 25°C over a period of 15 min. 
After stirring the reaction mixture for 2 h, the solvent 
was removed in vucuo. The oily residue was 
extracted with pentane (50 cm3) and the extract 
filtered through Celite. The filtrate was taken to 
dryness in wcuo and the residue was dissolved in 
pentane (2 cm’). Red crystals (three crops, 1.35 g, 
77%) of product were obtained upon cooling the 
solution to - 30°C : ‘H NMR 6 7.06 (m, 9, Hary,), 
3.89 (sept, 6, CHMe,), 3.85 (s, 2, CH,CMe,), 1.23 (s, 
9, CH2CMe3), 1.20 (d, 36, CHMe2) ; 13C NMR 6 
153.1 (Cipso), 142.4 (Co), 126.5 CC,>, 122.5 (Cm), 51.6 
(CHiCMe3), 35.1 (CH,CMe,), 33.1 (CH2CMe3), 
28.2 (CHMe,), 23.6 (CHMeJ. Found : C, 63.3; H, 
8.1; N, 5.2. Calc. for ReC41H62N3 : C, 62.9 ; H, 8.0 ; 
N, 5.4%. 

Re(N-2,6-C6H3Me2)3(CH,‘Bu) (Sb) 

‘BuCH2MgC1(9.0 cm3 of 0.6 M solution in ether, 
5.40 mmol) was added to a solution of Re(NAr’)3C1 
(3.06 g, 5.29 mmol) in ether (150 cm3) at - 40°C. A 
precipitate of MgClz was formed after stirring for 
several hours at 25°C. After 48 h, the mixture was 
filtered through Celite to remove MgClz and the 
filtrate was reduced to dryness. The red oily residue 
was extracted with pentane (300 cm3) and the 
extract was filtered through Celite. Concentrating 
and cooling the extract gave red crystals of the 
product (three crops, 2.58 g, 80%). The analytical 
sample was prepared by recrystallization from pen- 
tane : ‘H NMR 6 6.91 (d, 6, H,), 6.81 (t, 3, H,), 
3.87 (s, 2, CH,CMe,), 2.36 (s, 18, Me), 1.18 (s, 9, 
CH&Me3); 13C NMR 6 156.3 (Cipso), 132.0 (C,), 
128.1 (C,), 125.7 (C,), 48.8 (C’H,CMe3), 34.6 
(CH2CMe3), 33.4 (CH2CMe3), 19.3 (Me). Found: 
C, 56.9 ; H, 6.1. Calc. for ReCZ9H3sN3 : C, 56.6 ; H, 
6.2%. 

The product also may be obtained in virtually 
quantitative yield by treating Re(NAr’),(OSiMe,) 
with ‘BuCH2MgC1 in ether at 25°C. 

Re(N-2,6-C,H,Cl,),(CH,‘Bu) (5~) 

‘BuCH,MgCl (3.7 cm3 of 2.1 M solution in 
ether, 7.77 mmol) was added to a suspension of 
Re(NAr”),(OSiMe,) (5.0 g, 6.62 mmol) in ether 
(400 cm’) at -40°C. The solution turned a darker 
red colour on warming to 25°C over 30 mm. 
After stirring the solution for 2 h, the volume was 
reduced to 250 cm3 in zxxuo and pentane (100 cm3) 
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and 133.6 (imido C&, 129.0 (imido C,,,), 124.9 (py 
C,,,). The imido C,,, resonance was not observed 
due to the low solubility of the complex in CD&&. 
Found: C, 29.0; H, 2.0; N, 5.5; Cl, 35.7. Calc. for 
ReCr7H1,C17N3 : C, 29.5; H, 1.6; N, 6.1; Cl, 35.9%. 

Re(N-2,6-CsH3Me&C1 (7) 

A solution of ReO,(OSiMe,) (3.0 g, 9.28 mmol) 
and Ar’NCO (4.09 g, 27.8 mmol) in toluene (100 
cm3) was heated to reflux for 24 h. The solvent was 
removed in vacua and the residue was redissolved 
in dichloromethane (50 cm’). The solution was 
cooled to -78°C in a Schlenk flask and HCl gas 
(excess) added by syringe through a rubber septum. 
The initial red colour of the solution changed to 
green as the solution was warmed to 25°C over 30 
min. After 2 h, 6.8 g of a dirty green precipitate 
was collected and washed with dichloromethane. 
The precipitate is believed to consist primarily 
of [Ar’NH,][Re(NAr’),Cl,] on the basis of its 
reactions, although the > 100% theoretical yield 
by weight indicates that other products are also 
present. “[Ar’NH,][Re(NAr’),CL,]” is virtually 
insoluble in all common solvents with which it does 
not react. IR (Nujol) cn- ’ 3120 (v br, N-H). 

“[ArNH,][Re(NAr’),ClJ (3.0 g) was suspended 
in dichloromethane (100 cm3) at - 20°C. NEt3 (2.0 
cm3, 14.4 mmol) was added and the mixture was 
warmed to 25°C over 30 min to give an intense red 
solution as the dark solid dissolved. The solvent 
was removed in vacua and the residue extracted with 
pentane. The extract was filtered through Celite and 
the filtrate was reduced to dryness in vacua. Red 
crystals of the product [two crops, 1.60 g, 67% 
based on ReO,(OSiMe,)] were obtained from pen- 
tane : ‘H NMR 6 6.82 (d, 6, H,), 6.69 (t, 3, H,), 
2.26 (s, 18, Me); 13C NMR 6 155.4 (C&J, 132.4 
(C,), 127.8 (C,,,), 127.2 CC,>, 18.6 (Me). Found: C, 
50.2; H, 4.8; Cl, 6.3. Calc. for ReC2.,H2C1N3: C, 
49.8; H, 4.7; Cl, 6.1%. 

Re(N-2,6-CgH3’Pr2)Z(CH2[Bu)Clz (8a) 

A solution of Zn(CH;Bu)z (1.15 g, 5.54 mmol) 
in pentane (30 cm3) at - 20°C was added to a stirred 
solution of Re(N-2,6-C,H3’PrJ&13(py) (6.15 g, 8.52 
mmol) in dichloromethane (200 cm’) at -20°C. 
Upon warming the reaction mixture to 25°C over 
15 min a red-orange solution was obtained, to 
which NEt,Cl (0.917 g, 5.54 mmol) was added. 
After 30 min, pentane (60 cm3) was added and the 
precipitate of [EtdlrJ1[ZnC13] and excess NEtJl was 
removed by filtration through Celite. The solvent 
was removed from the filtrate and the residue was 

redissolved in dichloromethane (5 cm3). Pentane 
(100 cm3) was added and the solution was filtered 
through Celite. The solution was concentrated and 
cooled to give red crystals (two crops, 4.16 g, 72%) : 
‘H NMR 6 6.87 (s, 6, phenyl), 4.00 (s, 2, (X&Me,), 
3.61 (sept, 4, CHMeJ, 1.17 (s, 9, CH,CMe,), 1.14 
and 0.99 (each a d, 12, CHMe*) ; r3C NMR 6 15 1.2 
(C,,,), 147.8 (C,), 132.3 (C,), 123.7 (C,,,), 67.4 
(CH,CMe,), 36.7 (CH,CMe3), 34.5 (CH2CMe3), 
28.9 (CHMe& 25.5 and 23.1 (CHMeJ. Found : C, 
51.2; H, 6.6; N, 4.1. Calc. for ReCr9H4&1~NZ : C, 
51.3; H, 6.7; N, 4.1%. 

Re(N-2,6-C6H3MeJ2(CHiBu)Clz (Sb) 

A solution of Re(NAr)3(CH:Bu) (1.15 g, 1.87 
mmol) in a mixture of dichloromethane (10 cm3) 
and pentane (400 cm3) was cooled to -78°C in a 
Schlenk flask. HCl gas (148 cm3, 6.6 mmol) was 
added by syringe through a septum to give an 
immediate white precipitate of ArNH3Cl. The reac- 
tion was kept at -78°C for 20 ruin, then warmed 
to 25°C over 45 min. Dichloromethane (50 cm3) 
was added to dissolve some of the orange precipitate 
and the solution was filtered through Celite. Con- 
centrating and cooling the solution gave orange 
crystals (two crops, 0.79 g, 75%) of product. The 
analytical sample was prepared by crystallization 
from a mixture of dichloromethane and pentane. 
‘H NMR 6 6.59 (m, 6, H,,), 3.92 (s, 2, CH,CMe,), 
2.31 (s, 12, Me), 1.10 (s, 9, CH,CMe,); 13C NMR 6 
154.2 (C,,), 137.8 (C,), 132.0 CC,>, 128.3 (C,,,), 69.5 
(CHrCMe,), 37.0 (CH,CMe,), 34.3 (CH,CMe,), 
18.7 (imido Me). Found: C, 44.7; H, 5.4; N, 5.5; 
Cl, 12.8. Calc. for ReC2,H2&12NZ : C, 44.5 ; H, 5.2 ; 
N, 4.9; Cl, 12.5%. 

Re(N-2,6-C6H3Cl&(CHr’Bu)Clr (8c) 

A solution of Re(NAr”),(CH,‘Bu) (1.50 g, 2.04 
mmol) in a mixture of dichloromethane (80 cm3) 
and ether (300 cm3) was cooled to -78°C in a 
Schlenk flask. HCl gas (137 cm3, 6.1 mmol) was 
added by syringe through a septum. The mixture 
was maintained at - 78°C for 20 min as the solution 
colour slowly changed from red to red-green. The 
solution was warmed to 25°C over a period of 45 
min and filtered through Celite. The filtrate was 
concentrated and cooled to give a red micro- 
crystalline solid. The solid was fIltered off and 
recrystallized from a mixture of ether and pentane 
to yield 1.04 g (two crops, 78%) : ‘H NMR 6 6.54 
(d, 4, H,), 6.07 (t, 2, HP), 4.57 (s, 2, CH,CMe3), 1.12 
(s, 9, CHD4e3); 13C NMR 6 150.4 (C,,), 134.1 
(C,), 133.2 (C,), 128.3 (C,), 77.3 (CHCMe,), 38.1 
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(CH2CMe3), 33.9 (CH2CMe3). Found : C, 31.4 ; H, 
2.8 ; N, 4.5 ; Cl, 32.5. Calc. for ReCi7H,&&NZ : C, 
31.5; H, 2.6; N, 4.3; Cl, 32.8%. 

Re(N-2,6-C,H,‘PrJz(CHLBu)(CHiBu) (9a) 

A solution of Zn(CH,‘Bu), (0.99 g, 4.77 mmol) 
in pentane (20 cm3, - 20°C) was added to a solution 
of Re(NAr),Cl,(py) (2.0 g, 2.77 mmol) in dichlo- 
romethane (20 cm3, -20°C). The reaction was 
warmed to 25°C and stirred for 2 h. The red-green 
solution immediately changed to an intense yellow 
colour upon the addition of solid NEt,Cl (0.79 g, 
4.77 mmol). After 30 min the mixture was filtered 
through Celite and the filtrate was taken to dryness 
in vacua. The residue was extracted with pentane 
(50 cm3), and the extract was f&red through Celite 
and again taken to dryness. The resulting yellow 
solid (1.70 g, 900/,) was pure according to its ‘H 
NMR spectrum ; it was too soluble in pentane to 
obtain an analytical sample on this scale : ‘H NMR 
6 12.28 (s, 1, CHCMe3), 7.06-7.03 (m, 6, H,J, 
3.84 and 3.62 (each a sept, 2, CHMe2), 3.20 (m, 2, 
CH2CMe3), 1.30 (s, 9, CHCi14e3), 1.30, 1.22, 1.21 
and 1.11 (each a d, 6, CHMe&, 1.20 (CH2CMe3) ; 
r3C NMR 6 269.0 (d, JCH = 139, CHCMe,), 153.2 
and 152.7 (C,,,), 142.7 and 141.6 (C,), 126.3 and 
125.7 (C,), 122.9 and 122.8 (C,), 47.1 (CHCMe,), 
44.8 (CH$Me,), 33.6 (CH,CMe3), 33.5 
(CHCMe3), 32.2 (CH&Me,), 29.1 and 28.8 
(CHMe2), 23.9, 23.3, 23.2 and 22.9 (CHMe,). 

Re(N-2,6-C6H3MeJ2(CH’Bu)(CHiBu) (9b) 

A solution of Zn(CH,‘Bu)z (0.62 g, 2.99 mmol) 
in pentane (10 cm3, -40°C) was added to a solution 
of Re(NAr’)zC13(py) (1.0 g, 1.64 mmol) in dichlo- 
romethane (- 40°C). A dirty red-green solution was 
formed rapidly upon warming the mixture to 25°C 
over a period of 15 min. A bright red-yellow solu- 
tion was formed instantly when NEtCl(O.50 g, 3.02 
mmol) was added. The solution was filtered through 
Celite after 1 h, and the filtrate was taken to dryness 
in vmuo. Careful crystallization of the residue from 
pentane (2 cm3) gave large red crystals (0.60 g, 
65%) : ‘H NMR 6 12.24 (s, 1, CHCMe3), 6.96-6.83 
(m, 6, Hary& 3.23 (m, 2, CH2CMe3), 2.37 and 2.23 
(each a s, 6, Me), 1.24 (s, 9, CHCA4e3), 1.13 (s, 
9, CH$Xfe,) ; r3C NMR 6 270.5 (d, JCH = 137, 
CHCMe,), 156.1 and 155.9 (&o), 133.5 and 131.4 
(C,,), 128.1 (C,,,), 125.7 and 124.8 CC,>, 46.1 
(CHCMe,), 41.2 (CH&Me,), 33.6 (CHCMe3), 33.3 
(CH&Me,), 32.1 (CH,CMe3), 19.6 (imido Me). 

Found : C, 55.3 ; H, 7.1. Calc. for ReCz6H3,N, : C, 
55.2 ; H, 6.9%. 

Re(N-2,6-CaHiPrJz(CHfBu)CI (10) 

An ether (5 cm3) solution of DBU (1,8-diaza- 
bicyclo[5.4.0]undec-7-ene, 0.70 g, 4.6 mmol) at 
-20°C was added to a solution of Re(N-2,6- 
C6H~Pr&(CH~Bu)Clz (3.0 g, 4.42 mmol) in ether 
(50 cm’) at -20°C. The mixture was allowed to 
warm to 25°C over a period of 15 min to give 
a bright red solution and a white precipitate of 
DBU - HCl. After 2 h, the solution was filtered 
through Celite and all the solvent removed from the 
filtrate in vacua. The residue was extracted with 
pentane (50 cm’) and the extract was filtered 
through Celite. The solvent was removed from the 
filtrate in vacua to give a microcrystalline solid that 
was shown by ‘H NMR to be an essentially pure 
product. Recrystallization from minimal pentane 
gave red crystals (four crops, 2.09 g, 74%): ‘H 
NMR 6 12.27 (s, 1, CK!Me3), 7.04-6.98 (m, 6, 
phenyl), 3.70, 3.58 (each a sept, 2, Chime,), 1.25 (s, 
9, CHCMe3), 1.25, 1.20, 1.04 (d, 6, 12, 6, 
CHMeJ ; r3C NMR 6 269.4 (d, JCH = 125, 
CHCMe3), 153.5 and 151.8 (Cilia), 142.9 and 142.3 
(C,), 127.6 and 127.3 CC,>, 123.1 and 122.8 (C,), 
47.2 (CHCMe3), 32.3 (CHCMe3), 29.4 and 28.6 
(CHMe,), 23.9, 23.4, 23.0 and 22.7 (CHMeJ. 
Found: C, 54.1; H, 6.9; N, 4.3. Calc. for 
ReCz9H&1NZ : C, 54.2 ; H, 6.9 ; N, 4.4%. 

Re(O)(N-2,6-C6H<Pr&(CH,‘Bu) (11) 

Me,NOH (0.264 cm3 of a 1.86 M solution in 
methanol, 0.491 mmol) was added to a solution 
of Re(N-2,6C,&,‘Pr&(CH’Bu)CI (0.30 g, 0.468 
mmol) in THF (15 cm’) at 25°C. The solution 
changed immediately from red to bright orange and 
a white precipitate of Me,NCl formed. The solution 
was stirred for 15 min and filtered through Celite. 
The filtrate was reduced to dryness in vacua, the 
residue extracted with pentane (10 cm3) and the 
mixture filtered through Celite. Removal of the sol- 
vent in vacua gave an orange solid that was virtually 
pure by ‘H NMR. A sample was prepared for analy- 
sis by recrystallization from minimal pentane : ‘H 
NMR 6 7.10-6.88 (m, 6, phenyl), 3.77 (sept, 4, 
CNMe2), 3.58 (s, 2, C&CMe,), 1.19 and 1.17 (each 
a d, 12, CHMe2), 1.18 (s, 9, CH2CMe3) ; 13C NMR 
6 152.7 (CM), 143.2 (C,), 128.2 (C,>, 122.9 (C,), 
53.6 (CH,‘Bu), 33.9 (CH,CMe3), 32.8 (CH&iWe,), 
28.7 (CHMe,), 23.8 and 23.1 (CHit4e2). IR (Nujol) 
cm-’ 907 (Re=O). Found: C, 55.8; H, 7.3. Calc. 
for ReGsH,SN20 : C, 55.8 ; H, 7.3%. 
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Re(N-2,6-C,H,‘Pr,),(CH’Bu)[OCH(CF&] (12a) 

A solution of LiOCH(CFJ2 (0.325 g, 1.87 mmol) 
in ether (3 cm3) that had been cooled to -40°C 
was added to a -40°C solution of Re,(N-2,6- 
C&H~Pr&CH’Bu)Cl (1 .O g, 1.56 mmol) in ether (3 
cm3). Upon warming the solution to 25°C over a 
period of 15 min a cloudy precipitate formed and 
the colour changed from red to orange. After 3 h 
LiCl was removed by filtration through Celite, the 
solvent was removed in uacuo and the crude residue 
was extracted with pen&me (5 cn?). The ‘H NMR 
spectrum of the product after removal of pentane 
suggested that essentially only one compound was 
present in high yield. Crystallization of the oily 
residue from pentane (1 cm3) yielded highly pen- 
tane-soluble red crystals (0.55 g, 46%). The ana- 
lytical sample was obtained as large red crystals by 
very slow recrystalization from pentane (0.5 cm3) at 
-40°C: ‘H NMR 6 11.88 (s, 1, CHCMe,), 7.12- 
6.99 (m, 6, phenyl), 4.73 (sept, 1, JHF = 6.0, 
OCH(CF,),), 3.57 and 3.49 (each a sept, 2, 
CHMe&, 1.26, 1.20, 1.15 and 1.02 (each a d, 6, 
CHMQ), 1.14 (s, 9, CHCMe,); i3C NMR 6 260.5 
(d, JCH = 137, CHCMe3), 153.2 and 151.5 (C,,), 
143.4 and 142.0 (C,), 127.8 and 127.0 (C,), 123.5 (q, 
JCF = 285,OCH(CF,)J, 123.1 and 122.6 (C,), 92.1 
(d, sept, JCH = 147, JCF = 30, OCH(CF&), 47.3 
(CHCMe3), 33.0 (CHCMe3), 29.4 and 28.5 
(CHMe,), 23.7, 23.6, 22.7 and 22.6 (CHMQ. 
Found : C, 49.8 ; H, 6.1. Calc. for ReC32H4SF60N2 : 
C, 49.7 ; H, 5.9%. 

Re(N-2,6C,&PrJ, (CH’Bu)[OCMe(CF,),] (12b) 

Re(NAr)*(CHCMe,)Cl (0.50 g, 0.78 mmol) was 
treated with LiOCMe(CF& (0.150 g, 0.80 mmol) 
in ether as in the preparation of 5a above. The ‘H 
NMR specm of the crude solid showed that the pro- 
duct was formed essentially quantitatively, although 
Re(0)(NAr)z(CHzCMe3) was present as a trace 
contaminant. The product was too soluble to obtain 
analytically pure material on this scale. In only one 
case very slow recrystallization of the crude product 
from pentane gave 0.10 g (16%) of red crystals 
whose ‘H NMR spectrum did not show the trace 
impurity: ‘H NMR 6 11.56 (s, 1, CHCMe3), 7.06 
6.97 (m, 6, phenyl), 3.64 and 3.45 (each a sept, 2, 
CHMe& 1.38 (s, 3, 0CMe(CF3)2), 1.28, 1.21, 1.19 
and 1 .OO (each a d, 6, CHMe2), 1.22 (s, 9, CHCMe3) ; 
13C NMR 6 256.4 (d, JCH = 139, CHCMe& 153.2 
and 151.4 (CbsO), 143.3 and 142.5 (C,), 127.6 and 
127.1 (C,), 124.5 (q, JCF = 289, OCMe(CF3)J, 123.2 
and 122.6 (C,,,), 79.6 (sept, JCF = 28,OCMe(CF&), 
47.1 (CHCMe3), 33.2 (CHCA4e3), 29.2 and 28.4 

(CHMe,), 23.9, 23.5, 22.8 and 22.5 (CHMe& 19.9 

(OCMe(CF&). 

Re(N-2,6-C6H3Pr&CH’Bu)C1 (0.35 g, 0.55 
mmol) was treated with Li(O-2,6-C,H,‘Pr,) (0.144 
g, 0.56 mmol) in ether and the reaction mixture 
worked up as in the preparation of 5a above. The 
‘H NMR spectrum of the crude solid showed the 
product yield to be essentially quantitative. Recry- 
stallization from pentane (3 cm3) gave a 63% yield 
of orange crystals (0.27 g) : ‘H NMR 6 11.25 (s, 1, 
CHCMe3), 7.12-6.93 (m, 9, phenyl), 4.05 (sept, 2, 
phenoxide CHMe2), 3.79 (sept, 4, imido CHMeJ, 
1.39 and 1.35 (each a d, 6, phenoxide CHMeJ, 1.27, 
1.26,1.24 and 1.05 (each a d, 6, iniido CHMe*), 1 .Ol 
(s, 9, CHCMe3) ; 13C NMR 6 256.7 (d, JCH = 146, 
CHCMeJ, 167.4 (phenoxide C,,), 153.4 and 152.4 
(imido C,,), 143.0 and 142.4 (imido C,), 137.7 
(phenoxide C,), 127.1 and 126.6 (imido C,), 123.2 
(imido C,), 122.7 (phenoxide C,), 122.3 (phenoxide 
C,), 46.5 (CHCMe,), 32.5 (CHCA4e3), 29.1 and 28.3 
(imido CHMeJ, 27.1 (phenoxide CHMe2), 24.1, 
24.0,23.3 and 23.0 (imido CHMeJ, 23.6 (phenoxide 
CHMe2). Found : C, 63.3 ; H, 7.9; N, 3.6. Calc. for 
ReC4,H6,N20 : C, 62.8 ; H, 7.8 ; N, 3.6%. 

1. 

2. 

3. 
4. 

5. 
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Abstract-Sodium dimethyldithioarsinate(V) undergoes metathesis with the tetrameric tri- 
methylplatinum chloride to yield the binuclear complex [(I%Me3)2(MezAsS2)d in which 
the two arsenic atoms are cis relative to the four-membered Pt,S, ring. Fyridine and 
phosphines(L) break down the sulphur bridged dimer to form mononuclear complexes 
ptMe3(MezAsSz)L], in which the dimethyldithioarsinate(V) ligand retains its chelate role. 
Neither the binuclear nor mononuclear complexes show any detectable fluxionality. An X- 
ray diffraction study of [(FtMe3)2(MezAsSJd is reported. 

As part of our continuing research programme on 
the types of fluxionality encountered in the coor- 
dination complexes of the trimethylplatinum( 
moiety, I,* we have synthesized a series of complexes 
incorporating the dimethyldithioarsinate(V) ligand, 
Fig. l(a). Of specific interest to us was the possibility 
that we would encounter a stereochemical non- 
rigidity involving rotation of the MezAsSz ligand 
relative to the equatorial PtMe groups, as observed 
for some other bidentate sulphur ligands.3 A d6 
isoelectronic and isostructural complex of rhen- 
ium(1) [Re(C0)3(MezAsSz)py] has been previously 
reported. 4 

RESULTS AND DISCUSSION 

Preparation and characterization of complexes 

The tetrameric trimethylplatinum( chloride 
undergoes reaction readily with the dimethyl- 
dithioarsinateo anion in tetrahydrofuran sus- 

* Authors to whom correspondence should be addressed. 

pension. 

[{PtMe3C1},]+4Na*Me,AsS,*2Hz0 

-, 2[(PtMe,),(Me,Ass3,1 

+4NaC1+8Hz0. (1) 

The dinuclear product has been characterized by 

(al 

P Me Me\pt/s\*s~ 
Me’ ‘S/ \ I I Me 

L 

(L= py,PPhYPMey) 

(b) Me 
\ ,& Me 

,AS Me 

Me 
S \ 4,s 
I 

lP+/S.I-P+ 
As 1 /Me 

Me(- ‘5’ 
I TMe 
he the 

Fig. 1. Schematic structures illustrating (a) the complexes 
[(PtMe,)(Me,A&)L] (L = py, PPh2, PMePh3 and (b) 

the binuclear complex [(PtMe3)z(Me,AsS& 

1855 
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Table 1. Platirmm(IV) complexes of dimethyldithioarsinate(V) 

Complex 
Yield Melting point” Analysi? (%) 

(%) (“C) C H N 

Rl-‘tMeA(Me&&Ll 55 170” (dec) 14.7(14.7) 3.7(3.7) - 
KW%We2A&Nv)l 53 108-l 10 24.6(24.6) 4.1(4.1) 2.9(2.9) 
[(PtMe3)(Me,AsS3(PPh,Mell 66 134-135 35.5(35.5) 4.7(4.6) - 
[(PtMe3)(Me,AsS3(PPh,ll 72 151 41.2(41.1) 4.5(4.5) - 

’ Colourless, crystalline solids unless indicated. 
b Calculated values in parentheses. 
‘Yellow, crystalline solid. 

elemental analysis, multi-element NMR spec- 
troscopy and by a single crystal X-ray diffraction 
study ; its structure is indicated schematically in Fig. 
l(b). The complex was isolated as air-stable pale 
yellow crystals soluble in common organic solvents. 
Reaction of this sulphur-bridged dimer with neutral 
donor ligands L held two possibilities, (a) the for- 
mation of mononuclear complexes, mMe3 
(MezAsSz)L] in which the ligand L brings about 
the fission of bridging Pt-S bonds only, and (b) 
the formation of mononuclear complexes [PtMe3 
(Me,AsS,)L,] in which the ligand L, in addition to 
dimer fission, displaces one of the sulphur ligand 
atoms to give the Me2AsSz ligand a monodentate 
pseudo halide role. 

In all cases investigated, the dimethyldithio- 
arsinate(V) anion retained its bidentate function, 
and bridge fission reactions were selectively 
dependent upon the nature of ligand L. 

+ 2[PtMe,(Me,AsS,)L] 

(L = py, PPh3, PMePh,). (2) 

Triphenylarsine and dialkyl sulphides, such as 
dibenzyl sulphide, did not bring about fission of the 
dimer even after prolonged heating under reflux. 
The mononuclear complexes obtained from pyri- 
dine and the phosphines were fully characterized by 
elemental analysis and multi-element NMR spec- 
troscopy. They are all air-stable, white, crystalline 
solids which are very soluble in common organic 
solvents (Table 1). 

Molecular structure of [(PtMeJz(Me,AsS&] 

Table 2 records the interatomic distances and 
angles for this complex. The structure is illustrated 
in Fig. 2 where the platinum atoms are octahedrally 
coordinated by three fat methyl groups and three 
fat sulphur atoms. The molecule has a C2 rotation 

axis and the arsenic centres of the two dime- 
thyldithioarsenate(V) moieties are cis relative to the 
four-membered Pt,S, ring. Such a cis configuration 
permits maximum relief from steric interactions of 
the ten methyl groups in the molecule. The Pt * * * Pt 
non-bonding distance of 3.726 8, is a little shorter 
than those of 3.790 and 3.740 A reported,‘v6 respec- 
tively for comparable bromide bridged complexes 
[(PtBrMe&dmas] and [(PtBrMe&(Se,Me,)]. 
Bridging Pt-S-Pt bond angles are 94.3”, and 
Pt-S bridging and non-bridging bond lengths are 
remarkably similar at ca 2.54 A. This latter value is 
slightly larger than those observed7 in [@Cl 
Me&(SCH2SCHzSCH2)] of cu 2.46 A. The con- 
figuration about each platinum atom does show a 
moderate distortion from octahedral, with 82.8(2)’ 
(S-Pt-S) to 94.6(4>” (C-Pt-S) for “right 
angles” and 169.2(3)-175.6(3)’ (C-Pt-S) for 
“linear” arrays. There is also a notable distortion 
from tetrahedral geometry about arsenic in the 
Me,As& group with S-As-S and C-As-C 
angles at 103.7(2) and 104.1(5)’ respectively, and 

Fig. 2. The molecular structure of [(PeMe&(Me,AsS,)J 
with atom labelling. 



Trlmethylplatinum(IV) complexes of the dimethyldithioarsinate(V) anion 

Table 2. Interatomic distances and angles for [(PtMe,),(Me,AsS&j (with ESDs 
in parentheses) 

1857 

(i) Bond angles (deg.) 

s(1’)-R+!I(1) 
C(l)-Pt-S(1) 
C(l)-PkS(2) 
C(2)-Pt-S(1) 
c(2)-Pt-s(2) 

c(3)-R--s(1’) 

C(3)-Pt-C(l) 
S(2)-As-S( 1) 

C(4)-As--S(l) 

C(+As-S(2) 
Pt-S( l)-Pt(‘) 
As-S( l)-Pt 

85.6(2) 
175.6(3) 
93.4(4) 
94.2(4) 

174.8(3) 

169.2(3) 
87.7(5) 

103.7(2) 
107.5(4) 

117.8(4) 
94.3(2) 
84.3(2) 

%9--pt--s(1) 
C(l)-Pt-S(1’) 

c(2)-Pt-s( 1’) 
c(2)-Pt-C( 1) 
c(3)-Pt-s( 1) 
C(3)-Pt-S(2) 

C(3)--~t--c(2) 

C(4)-AS-S(~) 

C(5)-As--s(l) 
C(5)-As--t(4) 
As-S( l)-Pt(‘) 
As-S(2)-Pt 

(ii) Bond lengths (A) 

82.8(2) 
92.9(4) 

84.5(4) 
89.7(5) 
94.6(4) 
91.1(4) 
84.7(5) 

111.2(4) 
112.4(4) 
104.1(5) 
110.9(2) 
85.1(2) 

S( l’)-Pt 2.523(5) 

C(l)-Pt 2.037(11) 

C(3)-Pt 2.058(11) 
S(2)-As 2.132(4) 
C(5)-As 1.911(11) 

S(l)-Pt 

S(2)_-pt 
C(2)-Pt 
S(l)-As 
C(4)-As 

2.558(5) 
2.549(5) 
2.065( 10) 
2.164(4) 
1.952(10) 

Symmetry operation (‘) = -x, y, 1.5 -z. 

C(5)-As-S angles larger than tetrahedral at 

112.4(4) and 117.8(4)“. As-S bond lengths of 
2.132(4) and 2.164(4) A are notably shorter than 
those observed’ for a bond order of one in 
[(PtBrMe&hnas] (ca 2.32 A), confirming multiple 
bonding character in these As-S bonds. 

NMR studies 

Data for the binuclear species and the three 
mononuclear products are recorded in Table 3. The 
‘H spectrum of the sulphur bridged dimer has five 
signals of equal intensity in accord with its struc- 
ture. The three highest field signals are coupled to 
19Vt and values for zJ(195Pt-C-H) allows the 
methyl groups with the smaller coupling (71.8 Hz) 
to be assigneds~g as truns to the non-bridging sul- 
phur atoms and the larger ‘.J(’ g5Pt-C-H) coup- 
lings at 74.0 and 75.5 Hz are associated with the 
Pt-Me groups tram to the bridging sulphur 
atoms. The two methyl groups on each arsenic 
give rise to separate signals in the ‘H and “C 
spectra but neither “.I( ‘g5Pt-S-As-C-‘H) nor 
3J( ’ 9 sPt-S-As-l ‘C) w ere detected for the 
As-Me resonances. 

The structure of the ligand adduct complexes 
(L = py, PPh,, PMePh,) illustrated in Fig. l(a) is 
consistent with the NMR data presented in Table 
3. The following discussion of the NMR spectra for 
mMe3(MezAsSz)PPh3] could be equally applicable 
to the other mononuclear species. The ‘H spectrum, 
in addition to the signals of the aromatic protons 
of the PPh3 ligand, consisted of four signals of 
relative intensity 2 : 1: 1: 1. The two higher field 
signals are coupled to 195Pt and are assigned to the 
two identical equatorial and the unique axial 
Pt-Me groups. The ‘J(Pt--C--H) coupling con- 
stant for the two equatorial PtMe groups of 71.6 
Hz is characteristic of groups tram to sulphur 
atoms8,9 and the much smaller ‘J(Pt-C-H) of 
60.8 Hz is indicative of the PtMe tram to a phos- 
phorus donor ligand. lo The two other resonances 
at 6 0.94 and 1.94 result from the non-equivalent 
As-Me groups. A small 4J(3’P--pt--S-As-‘3C) 
coupling is observed for one of the AsMe groups in 
the ’ 3C spectrum of the complex. 

A variable temperature NMR study up to the 
onset (60°C) of irreversible spectral changes due to 
decomposition gave no indications of any type of 
fluxionality in this complex. 
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unique reflections were collected (3 < 28 < SO”). 
The segment of reciprocal space scanned was ; (h) 
0 + 17, (k) 0 + 14, (I) - 14 --) 14. The reflection 
intensities were corrected for absorption, using the 
azimuthal-scan method ; ’ 6 maximum transmission 
factor 1 .OO, minimum value 0.59. 

Structure solution and reJinement. The structure 
was solved by the application of routine heavy- 
atom methods (SHELX-86i7), and refined by full- 
matrix least-squares (SHELX-76”). All non- 
hydrogen atoms were refined anisotropically, and 
methyl hydrogen atoms placed into calculation pos- 
itions (C-H 0.96 A; U = 0.10 A’). The final 
residuals R and R, were 0.029 and 0.031, respec- 
tively for the 97 variables and 1606 data for 
which F, > 6a(F0). The function minimized was 
C, (IF,] - IF,])* with the weight, w, being defined as 
1/[a2(F,)+0.0005F~].* 

Atomic scattering factors and anomalous scat- 
tering parameters were taken from refs 19 and 20, 
respectively. All computations were made on a 
DEC VAX-l l/750 computer. 

NMR studies 

‘H and ’ %Z experiments were performed on a 
Briiker AM250 instrument at 250 and 62.8 MHz, 
respectively. 3 ‘P{ ‘H} were recorded on a JeolFX 
90Q at 36 MHz. Samples were in CDC13 solutions 
for ambient temperature spectra, and variable tem- 
perature ‘H spectra were recorded in toluene-d8 
solution. 

* Atomic positional and thermal parameters and lists 
of F,/F, values have been deposited as Supplementary 
Data with the Editor, from whom copies are available 
on request. Atomic coordinates have also been deposited 
with the Cambridge Crystallographic Data Centre. 
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METALLO-MESOGENS AND LIQUID CRYSTALS WJTH A 
HEART OF GOLD 
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ELENA LALINDE, ANDREW A. MAGGS, ROBERT ORR, PETER STYRING, 
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Abstract-Metallo-mesogens (molecular coordination complexes which show liquid crys- 
talline properties) of various types have been made and characterized, including 
lMC12(XC6H4C6H4CN)d, (M = Pd and Pt; X = n-alkyl and n-alkyloxy), [Rh(CO), 
C10(C6H&H4CN)], [Ag(ROC&CH==CHC5H.,N)d+Y-, [AuCl(ROC6H4CH=CHC5 
H&K bf’(~~~,~.&f%ln W’ = Zn, Ni, Pd) and [Au(ROC6H4CS2)X2] (X = Cl, Br). 
Most of these molecules are rod-like, with rigid central cores containing the metal 
and the ligating atoms, and flexible n-alkyl or -alkyloxy tails extending out along the mol- 
ecular axes. They show the typical behaviour of thermotropic mesogens. The behaviour 
of the complexes can parallel that of the ligands (when they are also mesogenic), but 
transitions generally occur at rather higher temperatures. Many of these complexes 
exhibit unusual and useful optical properties ; for example the palladium complexes (1) 
show a high birefringence. 

Liquid crystalline (mesogenic) compounds can be 
differentiated into thermotropic, ’ which change 
phase on heating, and lyotropic,’ which undergo 
phase changes on the addition of solvent, usually 
water. 

The characteristics of thermotropic organic 
materials are, at least in part, well-understood ; the 
systematic synthetic work of Gray and his col- 
laborators especially has done much to allow some 
rules to be defined. Thus we know that in order to 
obtain rod-like mesogens it is necessary to have 
elongated molecules, containing a rigid core, a flex- 
ible tail and a polarizable function. An important 
requirement is for reasonably strong anisotropic 
dispersion forces between the molecules, of the 
order of 1-5 kJ mol- ‘. If the intermolecular forces 
are too strong, or if they are too weak, no mesogenic 
phases will appear even if the molecular geometry 
is right. It is possible to predict with fair accuracy 
what molecular groupings favour the nematic phase 
(which shows orientational order, Fig. 1) over smec- 
tic phases (which show translational order, Fig. 2), 

With all good wishes to Sir Geoffrey Wilkinson on his 
67th birthday. 

* Author to whom correspondence should be addressed. 
(Received 5 May 1988). 

and sometimes even what types of smectic will be 
favoured. 

In 1985 we became interested in the effects of 
introducing metal ions into organic liquid crystals. 
Some studies on metallo-mesogens (metal-con- 
taining liquid crystals), for example, bis(p-alkyl- 
phenyldithiolate)nickel and -platinum complexes,3 
ortho-palladated azobenzenes,4 as well as some 
metal-containing fl-diketonates,’ carboxylates6 and 

Fig. 1. Diagrammatic representation of molecules in a 
nematic phase. 

1861 
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Fig. 2. Diagrammatic representations of molecules in two types of smectic phase. 

phthalocyanines, 7 had already started, mainly by 
workers in France and Italy. 

Why put a metal into a liquid crystal? Although 
metals often represent the points of reactivity (i.e. 
weakness) in coordination complexes, there is the 
intrinsic interest, for example, of the effect of new 
geometries on mesogenic properties. Further, 
choice of the correct metal ion can introduce 
colour and paramagnetism, and other unusual 
and useful optical or electronic properties may 
result. This short article reviews some of our 
findings to date in the area of metallo-mesogens. 

NITRILE COMPLEXES 

Our first complexes were based on some of the 
Gray 4-alkyl- and 4-alkyloxy4’cyanobiphenyl (A 
and B, respectively*) mesogens as ligands. 

The nitrile in the 4’-position of a biphenyl is 
especially useful since it increases the liquid crys- 
talline range by increasing the molecular polar- 
izability without increasing the molecular breadth. 
We reasoned that complexing a metal via the ter- 

l A nomenclature has been proposed in the liquid cays- 

tal literature for these compounds as ligands in com- 
plexes. Thus (A) is termed n-CB, where n is the number 
of carbon atoms of the alkyl chain and CB stands for 
cyanobiphenyl, and (B) is n-OCB, for the analogous 
alkyloxycyanobiphenyls. A further series, based on the 
4-alkyl4’qanobicyclohexyls (C) is termed CCH-n. 

minal nitrile function would minimally perturb both 
the rod-like geometry and the intermolecular forces 
and thus give the best chance of retaining liquid 
crystal character in the resultant complex. 

The bis(Calkyl- or -alkyloxy-4’-cyanobiphenyl) 
dichloropalladium and -platinum complexes 
[(lA)/(lB)] and [(2A)/(2B)] were made by a simple 
displacement of benzonitrile (palladium) or by 
direct reaction (platinum),8-‘0 

[PdC12(PhCN)J + 2RCN 

+ [PdCl,(RCN),] + 2PhCN 

(I) 

l/n[PtClJ,+2RCN +[PtCl,(RCN),]. 

(2) 

X-ray crystal structures showed that (1) and (2) 
had the expected rruns-arrangements of the cyano- 
biphenyl ligands and that the complexes, as well as 
the ligands on which they were based, had the 
desired rod-like shapes. ‘“,l’ Many of them showed 
mesogenic behaviour. 

Thus the platinum complexes mirrored the ther- 
mal behaviour of the free ligands quite well but 
at temperatures lOO-150°C higher. For example, 
the 4-pentyl-4’-cyanobiphenyl complex, ptC1,(4- 
C5HllC6H4C6H4Cl$] showed a K-N (crystal to 
nematic) transition at 189°C and a N-I (nematic to 
isotropic liquid) at 204”C, compared with K-N at 
24°C and N-I at 35°C for the free ligand itself. 
Similarly the 4nonyloxy4’cyanobiphenyl com- 
plex, [PtC12(4-CgH190C6H4C6H4CN)2], showed 
K-S* (smectic A) at 167°C S,-N at 187°C and 
N-I at 209”C, while phase transitions occurred 
at 64°C (K-S,& 77°C (S&J) and 80°C (N-I) in the 
free ligand. 

However the palladium analogue of the latter, 
[PdC12(4-CgH,90C6H&N)2], showed two smectic 
phases (K-SC at 119°C ScSA at 122”C, and S*- 
I at 146°C) but no nematic phase. Further, the 
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palla~~ complexes formed from the 4-alkyl- 
4’“cyanobiphenyls showed no the~~yna~~lly 
stable (= enantiotropic) mesophases at all. How- 
ever, monotropic ( = thermodynamically unstable) 
nematic phases were found on cooling the melts. 

In many areas of chemistry the properties of 
interest are exhibited by pure single substances. 
However, although it is necessary to have very pure 
materials to show the mesophase changes repro- 
ducibly, there are substantial advantages to be 
gained if they are not single compounds. Thus mix- 
tures of related materials will show lower crys- 
tallization temperat~es, which can enhance the 
temperature ranges of liquid crystalline mesophases 
and extend them to lower temperatures, a most 
desirable feature. Further, stable mesophases can 
sometimes be generated in mixtures even though 
the individual components do not show them. For 
example we found that a mixture containing the 4- 
propyl- and the 4-pentyl-4’-cyanobicyclohexyl pal- 
ladium complexes, (IC) showed a stable nematic 
range (of ca d”C), whereas neither pdCl&H, 

GHnC~H&N)zl nor lPdCl&SHtGH&6 
H1 &N)J in~vidually showed an enantiotropic 
phase. ’ O 

The reason for the differences between the alkyl- 
cyanobiphenylpalladium and -platinum complexes 
[(IA), (2A)] is not yet understood. The X-ray struc- 
tures of the 4pentylcyanobiphenyl complexes of 
the two metals show that they are isomo~hous 
and isostructural, with very similar molecular 
parameters, including very long intermolecular 

M - - + M (8.31 A Pd, and 8.42 A Pt) and M * + * Cl 
(> 6 A) distances (Fig. 3). l”,l’ Thus the contrast 
appears not to be due to their solid state structures. 
Furthermore, the difference is not immediately 
apparent either from their enthalpies and entropies 
of melting which, overall (K-I), are 39.7 kJ mol- ’ 
(Pd) and 42.8 kJ mol- * (F%) and 102 J K- ’ mol- ’ 
(Pd) and 91.5 J K- ’ mol- ’ (Pt), respectively. One 
possibility is that the anomalous behaviour of the 
Pd complexes (1A) is a consequence of the greater 
reactivity of Pd”’ complexes by comparison with 
their Pt’* analogues, and that ligand labilization 
occurs preferentially. 

A problem with the nitrile ligands (A, B and C) 

is that they bind rather weakly to the metals. Thus, 
many of the complexes decompose either just before 
or just after melting. For example, the rhodi~(1) 
complex of (B), ci~-[~~l(CO)*(4-C~H,~O~~H~ 
C&H&N)], (3), shows a nematic range of only 2°C 
(‘79-g 1 “G) before it decomposes on clearing. ‘3’ 

DITHIOBENZOATE COMPLEXES 

We have therefore synthesized other complexes 
using ligands which are expected to bind more 

Fig, 3. Structure of [(C,H, IC&C&E4CN)2MC1J (M = Pd or Ptj. 
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Fig. 4. Structure of [Zn(S,CPh)J (ref. 12). 

strongly. The first were based on sulphur ligands, 
the bis(p-alkyloxydithiobenzoates) of zinc, nickel 
and palladium. Structures of model complexes, for 
example [Zn(S&Ph),], (Fig. 4)” suggested that, 
with the addition ofp-alkyl or -alkyloxy chains, the 
appropriate rod-like molecules should result. Using 
the 4+alkyloxy(dithiobenzoates), (D), we were 
able to make mesogenic [M(C,,H,+ ,0CsH4CSZ)J 
[(4)M=Zn;QM=Ni;and(fj)M=Pd;n=4- 
IO]. For example, the 4+octyloxy(dithiobenzoate) 
complexes showed a nematic phase for Zn (K- 
148” --f N ; N-180” + I), while the nickel and the 
palladium analogues showed both nematic and (as 
yet unidentified) smectic phases (Pd : K-100°C + 

S 1 ; S-1 10°C + Sz ; &---230°C --) N ; N- 
334°C +I; dec. Ni: K-158C+ S(?); S(?)- 
177°C -+ N ; N-245°C + I ; dec). 

CnH2,+10 
a- 

cs2 

(D) 

(El 

Since the parent complex, [Pd(C,H,CS,),] was 
itself weakly associated into trimers in the crystal, l3 
we anticipated that the mesogenic complexes we 
had made would also show some intermolecular 
association in the solid. In fact the X-ray structure 
of [Pd(CgHi70CsHsCS2)2] (Fig. 5) showed it to be 
weakly associated to dimers (Pd-S intramolecular, 
2.29-2.35 A, intermolecular, 2 3.38 A).‘* 

To our surprise, an X-ray structure de- 
termination of the zinc complex showed it 
to be dim&ear, ’ with an eight-membered 
Zn-S-C-S-Zn-S-C-S ring (Fig. 6) with 
Zn-S “intermolecular”, 2.41 A, being of the same 
order as Zn-S “intramolecular”, 2.33-2.77 A. 

Fig. 5. Structure of [Pd(SJC,H&.)-&H,,)J. 



Metallo-mesogens and liquid crystals with a heart of gold 1865 

Fig. 6. Structure of [{Zn(S2CC~.,0C4H9)2}J. 

However, the complex is monomeric in toluene 
solution (by osmometry) suggesting that, although 
the bonds are short, the forces holding the dimer 
together are rather weak. 

STILBAZOLE COMPLEXES 

In order to further optimize intermolecular van 
der Waals forces, without strong M -. . M or 
M . . . X bonds, we also examinedp-substituted pyri- 
dines as ligands. These ligands were again based on 
mesogenic compounds, in this case, the 4-alkyloxy- 
4’-stilbazoles, (ROC6H&H=CHC5H4N, E).14 Of 
the numerous complexes to have been prepared 
with these ligands, the bis-stilbazole silver(I) com- 
plexes are especially interesting. Thus reaction of 
AgBF4 with the appropriate stilbazole gave 
[Ag(ROCsH4CH=CHCsH4N)J+BF; (7). l5 For 
R = n-CsHI 7 this showed two smectic phases, at 
present still unidentified, between 170 and 270°C 
and between 270 and 300°C. However the most 
interesting development was when the BF4 was 
exchanged for dodecyl sulphate to give [Ag(RO 
C,H,CH=CHC,H,N),] + [n - C12H250S03]- (8). 

thermotropic liquid crystals, and the temperature 
ranges can easily be adjusted with some simple 
molecular engineering. It is also interesting that 
technologically useful phases such as smectic C are 
predictably accessible. 

GOLD COMPLEXES 

Gold can also be introduced into a liquid crystal. 
Our first complex, of Au’ with one of the stilbazole 
ligands, [n-&H, ,0CgH4CH==CHCSH4N-Au-Cl] 
(9) showed a mesophase between 120 and 200°C 

do~Y-Q-A”” 
(9) 

before decomposing.’ A well-behaved series of 
gold complexes is represented by the alkyloxy- 
dithiobenzoates of gold(III), [ROC6H4CS2AuC12] 
(10) which all show a smectic A phase in the range 
150-200°c.‘6 

(7.Y =BF4;8. Y=C,2H250S03) 

For R = n-C*H,,, (8) showed a smectic B phase 
between 144 and 164°C when it changed into a 
lamellar phase up to the transition, to the isotropic 
liquid at 177°C. I5 When complex (8) was made 
with a longer, alkyloxy chain (R = C11H23), the 
crystalline form melted to an (unidentified) smectic 
phase, which then changed into a smectic C phase 
at 95°C another smectic phase at lOO”C, and a 
lamellar phase at 128°C before clearing to the iso- 
tropic liquid at 193°C. These novel complexes show 
mesophases characteristic of both lyotropic and 

(IO) 

POTENTIAL APPLICATIONS 

So far our work in Sheffield has concentrated on 
synthesizing the mesogenic complexes, and deter- 
mining their structures and phase behaviour. How- 
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ever, the use of such complexes in devices is an 
intriguing possibility and some measurements to 
this end have been made. 

By virtue of their rod-like shapes, thermotropic 
liquid crystals show two refractive indices, one par- 
allel to the molecular axis, nII, and one perpendicular 
to it, n,. The difference between them, An, is the 
birefringence ; amongst other factors, the contrast 
and angle of view of a liquid crystalline display 
depend on An. We have found that the birefringence 
of, for example, 4-n-pentyl-4’cyanobiphenyl is 
enhanced if its palladium chloride complex is added. 

In another case, PdClz complexes have been 
made of a mixture of ROC6H&H.,CN, where 
R = C2H5, C4H9 and CsHi3. The resulting mixture 
shows a nematic phase between 100 and 142°C on 
heating, which can be supercooled to 20°C (where 
it is stable for a few hours before crystallization 
occurs). An aligned sample of the mixture shows a 
birefiingence, An of 0.40.5 at lOO”C, which is twice 
as large as for most liquid crystalline materials. ” 

It is also found that the 4+alkyl- 
oxy(dithiobenzoates), [M(C,H 1 70C6H4CS2)2] [(5), 
M = Ni ; and (6), M = Pd] are highly dichroic,” 
since the extinction coefficient of light along the 
molecular axis is very much larger than that in a 
perpendicular direction. This property allows them 
to be used in guest-host displays. For example, the 
purple nickel complex is the guest in a cell con- 
taining, as host, an organic liquid crystalline com- 
pound. In the absence of an electric field, the mol- 
ecules are aligned perpendicular to the direction of 
the light, but when the field is applied they align 
themselves parallel to it. Thus in the absence of the 
field the cell is coloured purple, but when the field 
is applied it becomes colourless. 

CONCLUSIONS 

Although the study of metallo-mesogens is still 
in its infancy and we are only now beginning to 
define the questions we need to ask, some con- 
clusions can be drawn. The work our group and 
others have carried out has shown that coor- 
dination complexes can be thermotropic mesogens. 
Many metals have been used as part of the central 
rigid core, and it seems certain that many others 
can also be used. The metal-ligand bond clearly 
represents a weak link in some of the complexes, as 
indicated by the tendency for irreversible decompo- 
sition at temperatures close to the transition into the 
isotropic. For this reason the more useful complexes 
are likely to involve less reactive metal centres, e.g. 
Pt” compared with Pd”. Not surprisingly, it also 
appears that complexes with bidentate chelating 

ligands are likely to be more successful than 
monodentate ones, for similar reasons. 

We initially anticipated that the most stringent 
requirement would be geometric, and that marked 
deviations from rod-like linear complexes would 
not be tolerated. This appears not to be the case. 
Thus, while we have a number of examples of suc- 
cessful mesogenic complexes which are virtually lin- 
ear, for example the cations of (7), (8) and (9), 
truns-square planar geometries as in (l), (2) and (6) 
are well-tolerated, and even five-coordination (at 
least in the solid state) seems to be allowed, as in 
the dinuclear zinc complex (4). A number of ortho- 
palladated complexes containing quite extended flat 
areas are also reported to show ordered smectic and 
nematic mesophases. 4*18 Thus the range of potential 
new molecules to be investigated is really very large. 
If, as we anticipate, we can control the phases and 
the transition temperatures by suitable molecular 
design, then this promises to develop into a very 
exciting new area of science. 
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AN ESR STUDY OF MANGANESE@) IONS IN COMPLEXES 
OF BIURET 

MARGARET GOODGAME,* IZHAR HUSSAIN and J. NIGEL OKEY 

Chemistry Department, Imperial College of Science and Technology, London SW7 2AY, 
U.K. 

Abstract-ESR spectra have been measured, at X- and Q-band, of manganese(I1) 
ions doped at a nominal 1% in the lattices of M(biuret)2C12 (M = Zn, Cd, Co, Ni) and 
M(biuret)2Br2 (M = Zn, Co, Ni). The cadmium complex, which has a chloride-bridged 
chain structure, gives completely different spectra from the zinc chloro-complex which 
contains chelating biuret molecules and monodentate chloride ions. The cobalt and nickel 
complexes closely resemble the zinc complexes. Values of the zero-field splitting parameters 
D and I are reported for all the compounds. 

The biuret molecule can adopt either the cis or the 
truns configuration (la and b). In solid biuret the 

(la) (lb) 

truns arrangement, with intramolecular hydrogen- 
bonding, is favoured,’ but when biuret acts as a 
ligand the cis arrangement, which permits 
chelation, may be expected to dominate. Chelation 
by biuret has indeed been shown, in the X-ray crys- 
tal structure of Zn(biuret)2C122 with the metal ion 
surrounded by four oxygen atoms and two chloride 
ions. In the corresponding cadmium complex, how- 
ever, the ligand adopts the monodentate, truns con- 
figuration and the metal ion octahedron is com- 
pleted by bridging chloride ions, giving a CdO2Cl4 
chromophore. 3 We have measured the ESR spectra 
of manganese ions doped into both these 
complexes, and show that this technique can readily 
distinguish between the two structural types. 

EXPERIMENTAL 

Preparation of complexes 

Commercially available biuret was purified by 
recrystallization from ethanol. Metal salts were 
used without further puri8cation. 

*Author to whom correspondence should be addressed. 

M(Mn)(biure&X2, (M = Mn, Co and Ni; X = Cl 
orBr,M=Cd;X=Cl) 

These were prepared by previously reported 
methods.4 

Zinc chloride (0.68 g, 0.005 mol) and man- 
ganese(H) chloride (0.01 g, 0.00005 mol) were dis- 
solved in water (20 cm3) and one drop of cont. HCl 
was added to prevent partial hydrolysis. It was then 
mixed with a warm solution of biuret (1.03 g, 0.02 
mol) in water (50 cm3), refluxed for 1 h and allowed 
to evaporate at room temperature. The white pre- 
cipitate thus formed was refluxed in ethyl acetate to 
eliminate the excess of ligand. The compound was 
filtered off, washed with ethyl acetate and dried in 
~acz.40 over P20 s. 

Zn(Mn)(biuret),Br, 

This was prepared by a method similar to that 
for the analogous chloride complex. Analyses for 
C, H and N (Imperial College Microanalytical Lab- 
oratory) were satisfactory for all compounds. 

X-band ESR spectra were obtained using a 
Varian El2 spectrometer. Q-band spectra were 
obtained with a Bruker ER 200 D-SRC spec- 
trometer and an ER 078 15 in. electromagnet. All 
samples had a nominal doping of 1% and were 
measured as polycrystalline solids. 
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RESULTS AND DISCUSSION 

At X-band, Zn(Mn)(biuret)&!lz gave an 
extremely complicated spectrum (Fig. 1) with con- 
siderable overlapping of transitions throughout the 
magnetic field range, and detailed interpretation 
was difficult. 

The better resolved Q-band spectrum (Fig. 2) was 
therefore used to calculate the zero-field splitting 
parameters D and 1 (= E/O) in the Spin Hamil- 
tonian, eq. (1). 

2 = g~B~s+D(sz~-35/12)+E(sx~-~sy~). (1) 

The observed resonance fields fitted very well 
with those calculated, using the programme ESRS,5 
by exact diagonalization of the matrix derived from 
eq. (1) with giso = 2.00. The results are given in 
Table 1. The 6-5 transition in the Z direction 
coincides with a broad absorption due to oxygen 

and could not be identified with certainty even after 
purging with nitrogen. This transition is expected 
to be weak. 

The D and L values obtained from the Q-band 
spectra were then used to simulate the X-band spec- 
tra using the program SHAPE 9,6 good agreement 
being obtained (Fig. 1). 

The spectra of Cd(Mn)(biuret)2C12 at both the 
X- and Q-band differ considerably from those of 
the zinc analogue, with the strongest bands at each 
frequency occurring in the geff = 2 region. This indi- 
cates a much lower D value, and the Q-band spec- 
trum agreed well with the transitions calculated for 
D = 0.087, il = 0.03 (Table 2). These figures are 
consistent with the values previously found7 for 
manganese(H) ions in the chloride-bridged polymer 
Cd(pyridine)2C12, for which D = 0.125, I = 0.02. It 
is expected that the D value would decrease when 
the pyridine is replaced by biuret, since the oxygen 

0 500 

B(mT) 

Fig. 1. X-band ESR spectrum of Zn(Mn)(biuret)&l, and simulated spectrum for D = 0.192 cn- ‘, 
I. = 0.082. 
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L 
500 1000 1500 

BtmTl 

Fig. 2. Q-band ESR spectra of; (a) Zn(Mn)(biuret)$& and (b) Mn(biuret),Cl,. 

donor is closer to chloride in the spectrochemical 
series, and thus produces less distortion along the 
principal axis even though the Cd-Q distance (2.34 
A) is very similar to the Cd-N distance in the 
pyridine complex (2.35 8). The 1 value, which is a 
measure of distortion within the chloride-bridged 
chain, remains fairly small. Indeed, the value of E 
in the Spin Hamiltonian is very similar for the two 
compounds, although the Cd-Cl distances are not 
quite equal in the biuret complex. 

Spectra were also obtained for manganese ions 
doped into M(biuret)zClz (M = Co and Ni) and 
for the pure manganese compound Mn(biuret)zC1z. 
This last case had been studied previously,* the 
spectrum being interpreted using D = 0.17 cm- ’ 
and 1= 0.167. However, these figures were 
obtained essentially from the X-band spectrum, 
very few transitions being seen at the Q-band. An 
improved spectrum at the Q-band now permits the 
observation that this compound is in fact very simi- 

lar to its zinc analogue (Fig. 2), and although the 
resolution is necessarily poor, we suggest that 
D = ca 0.19 cm-’ and 1= ca 0.08. The cobalt and 
nickel complexes are also similar; that of cobalt 
gave excellent resolution, but the spectrum of the 
nickel complex was of poorer quality. Results for 
all these compounds are collected in Table 3. 

With bromide as the anion, and zinc, cobalt and 
nickel as the host metal ions, the X-band spectra 
were much simpler in form (Fig. 3), with the main 
intensity near gti = 6, indicating a much higher 
value of D and a low but finite A. Best fits to the Q- 
band spectra were obtained with D in the range 
0.49-0.50 cm- ’ and A = 0.015 (Table 4). Simulation 
of the X-band spectra using these parameters gave 
a good fit, though many of the calculated transitions 
were beyond the range of the spectrometer and 
some of the 2 transitions, which are expected to be 
very weak, were not seen. Observed and calculated 
field values are given in Table 5. 
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Table 1. Q-band ESR spectrum (mT) of Zn(Mn)(biuret)& 

Observed Calculated for D = 0.192 cm- ‘, 1 = 0.082 
(U = 33.870 GHz) B T.P.” Field direction Levels6 

246 w 
250 W 
390 w 
424 w 
470 W/M 
657 W 

747 M 

800W 
943 M/S 

1020 M/S 
1131 s 
1157 s 
1209 S 
1297 S 
1413 M/S 
1547 w 
1620 M 
1739 w 

390.3 
425.1 
470.9 
658.9 

I 
746.9 
753.8 
799.4 
941.0 
952.2 

1020.0 
1131.7 
1158.6 
1208.7 
1297.8 
1413.3 
1547.5 
1619.3 
1738.7 
2032.8 

5.34 Z 2-l 
0.49 f3 = 23”, r#~ = 00 5-2 
0.64 0 = 27”, 4 = 90 5-2 
1.44 e = 550, 4 = 00 4-2 
3.53 Y 6-5 
1.27 0 = 61”, 4 = 90 4-2 
8.36 Z 3-2 
6.35 Y 5-4 
3.38 x 65 
6.27 x 5-4 
8.30 x 4-3 
8.21 Y 4-3 
9.16 Z 4-3 
8.87 x 3-2 
8.58 Y 3-2 
6.89 X 2-l 
7.90 Z 5-4 
6.53 Y 2-l 
4.77 Z 65 

a T.P. = transition probability. 
b Levels are labelled 1-6 in order of decreasing energy. 

Table 2. Q-band ESR spectrum (mT) of Cd(Mn)(biuret),Cl, 

Observed Calculated for D = 0.087 cm- I, 1 = 0.03 
(ZJ = 34.000 GHz) B T.P. Field direction Levels 

366.0 VW 
427.0 W 427.9 
433.0 w 432.6 

608-670 W/M { ;;I; 

703.6 W 
I 

702.1 
703.7 

841.9 W 
1015.8 M 

1054.6 M 
1105.3 M/S 
1123.1 M/S 
1199.9 s 
1201.1 s 
1215.0 S 
1287.9 S 
1308.2 S 
1390.2 M 
1402.2 M 
1427.3 M 
1588.3 W 

841.9 
1019.8 
1028.2 
1054.0 
1106.4 
1121.9 
1199.5 
1201.3 
1214.5 
1288.4 
1306.2 
1390.3 
1400.9 
1423.0 
1587.3 

0.03 e = 300,4 = 000 5-2 
0.05 8 = 32”, qb = 90” 5-2 
0.22 e = 660,9 = 000 4-2 
0.24 e = 660,o = 900 42 
0.10 e= 130, ~=OOO 5-3 
0.14 e = 150,4 = 900 5-3 
5.05 Z 2-l 
4.27 Y 6-5 
8.05 Z 3-2 
4.24 X 6-5 
7.31 Y 5-4 
7.29 X 54 
8.85 X 4-3 
8.84 Y 4-3 
9.01 Z 4-3 
8.52 X 3-2 
8.48 Y 3-2 
5.80 X 2-l 
7.97 Z 5-4 
5.75 Y 2-1 
4.96 Z 6-5 
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Table 3. Zfs parameter of Mn” in biuret complexes 

Complex D&m-') a 

Co(biuret)&l, 0.191 0.083 
Co(biuret) *Br z 0.491 0.015 
Ni(biuret)& 0.194 0.083 
Ni(biuret)zBrz 0.499 0.015 
Zn(biuret) zC1 2 0.192 0.082 
Zn(biuret),Br, 0.491 0.015 
Cd(biuret)$lz 0.087 0.030 

0 500 

B(mT) 

Fig. 3. X-band ESR spectrum of Zn(Mn)(biuret)zBr, and simulated spectrum for D = 0.491 cm- ‘, 
a. = 0.015. 





Polyhdon Vol. 7, No. 19/m, pp. 187~1879,198s 
Printed in Great Britain 

0277~5387/88 s3.00+ .oll 
0 1988 Peqamon Press plc 

POLYPHOSPHORUS LIGANDS-V.* THE SYNTHESIS, 
PHOSPHORUS-31 NMR SPECTRA AND CONFORMATIONS 

THE POLYKIS(DIPHENYLPHOSPHIN0) BENZENES 
(Ph,P),C&_, (n = l-4) 
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Abstract-All isomers of (Ph2P)nC6HQ--n (n = l-4) have been prepared by the reaction 
between the corresponding isomer of C6H6-“Fn and PhzPNa in liquid ammonia. In many 
cases their phosphorus-31 NMR spectra are structurally diagnostic, with S(3’P) having 
values characteristic of the stereochemical environment of the PhZP unit, and the couplings 
3J(PP) being conformationally dependent and lying in the range 35-154 Hz, while 4J(PP) 
and ‘J(PP) are much smaller. 

Di- and polyorganophosphorus compounds are 
important as chelating ligands for the stabilization 
of transition metals in lower oxidation states and 
the conferment of special geometries and/or coor- 
dination numbers.2 Most of the ligands used in this 
way have relatively flexible backbones, e.g. 
R2P(CH2)“PR2, and therefore are able to exercise 
only a limited degree of constraining influence upon 
the geometry of the resulting complex. 

A notable exception to this generalization is 1,2- 
bis(diphenylphosphino) benzene (2) in which the 
two phosphorus atoms have a tied spatial sep- 
aration of ca 3.3 A, but which has been relatively 
seldom used to make chelated transition metal com- 
plexes,3 probably because most methods available 
for its synthesis are multi-step and/or low- 
yielding. 3,4 Recently however, we have shown’ that 
the reaction between Ph,PNa and the readily avail- 
able 1,Zdifluorobenzene in liquid ammonia pro- 
vides a convenient single-step route to (2), in 
marked contrast to reactions based upon other 1,2- 
dihalobenzenes. In the present paper we extend the 
scope of this type of reaction to provide straight- 
forward methods of preparing the new tris- and 
tetrakis(diphenylphosphino) benzenes (5-10) from 
the corresponding tri- and tetralluorobenzenes in 
moderate to high yield. The method is also sat- 
isfactory as a route to the known (1),6 (3)7 and 

*ForpartIVseeref. 1. 
t Author to whom correspondence should be addressed. 

(4),’ although in these cases it offers no particular 
advantages over the more conventional use of 
chloro- or bromobenzenes. 

With the exception of (7) these polyphosphines 
should be capable of forming chelate complexes and 
should also give rise to bi- and polymetallic species 
in which the rigidity of the ligand backbone may 
impose important constraints upon the metal-metal 
interactions. Attempts to make the two remaining 
members of this series, pentakis- and hexakis 
(diphenylphosphino) benzene, by the same route 
have not yet been successful. 

RESULTS AND DISCUSSION 

In all cases the preparation was conducted by 
reacting a THF solution of the corresponding 
fluorobenzene with a small stoichiometric excess 
of cu 1 M Ph,PNa in liquid ammonia according 
to eq. (1) and the products were isolated as air- 
stable solids by recrystallization from methanol- 
chloroform. Elemental and mass spectral analyses 
and melting points are in Table 1. 

8q.NH3+(Ph2P)nC6H6_n +nNaF. (1) 

The 31P NMR spectra of the unseparated reac- 
tion mixtures showed that crude yields were in the 
range 35-80%, and it was possible to isolate these 
amounts of product in a sufficiently pure state for 
further reactions, e.g. with sulphur, selenium or a 
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2 

(I) (2) (3) (4) 

PbP&PPhz @;hzp&pp; 

PPh, 

(5) (6) (7) 

PV)?jYFhz P-d$$F PWJ,J’; 

PPh, 

(8) (9) (IO) 

metal substrate. However, the three trisubstituted 
derivatives were accompanied by substantial 
amounts of gummy material which did not contain 
phosphorus and which was very difficult to sep- 
arate ; for these the yields of analytically pure 
product were therefore much lower. 

The 31P NMR spectra of the reaction mixtures 
also revealed the presence of species in which only 
some of the fluorine atoms had been replaced by 
Ph,P-groups, and this was conhrmed by the cor- 
responding 19F NMR spectra. In particular it was 
possible to isolate (11) as a white solid (m.p. 165- 
167°C; S(19F) = -95.0, 6(31PZ) = -20.4, 
6(3’P3) = -9.3 ppm; 3J(PP) = 172.0, 3J(PF) = 
15.9, 4.7(PF) = 6.1 Hz) from the reaction of Ph,PNa 
with 1,2,3-trifluorobenzene, and the NMR spectra 
of the reaction mixture from PhzPNa and 1,3,5- 

trilluorobenzene showed the presence of (12) 
(S(19F) = -111.4, 8(31P) = -5.5 ppm; 4J(PF) = 
5.7 Hz) and (13) (S(19F) = -110.0, S(3’P) = 

(I I) (12) (13) 

- 5.9 ppm ; 4J(PF) = 4.6 Hz). More surprisingly, 
substantial amounts of (6) were obtained in the 
preparation of (8) from 1,2,3,4_tetrafluoro- 
benzene. That is, a fluorine atom in the 2- or 3- 
position had been replaced by a proton, presumably 
from the solvent, suggesting that benzyne-type 
intermediates may be involved in these reactions. 

Table 1. Analytical and other data for the new polyphosphorus compounds 

Compound 
M.p. %C %H %P RMM” 
(“C) Calc. Found Calc. Found Calc. Found Calc. Found Colour 

Q L2,WW’),GH~ 210-212 80.0 79.2 5.2 5.2 14.7 14.5 630 630 White 
(6) 1,2,4-(PhzP),CsH3 142-144 80.0 79.4 5.3 5.3 14.7 14.4 630 630 White 
0 1,395~(PhzP),CsHj 110-111 80.0 78.7 5.3 5.3 14.7 14.4 630 630 White 
(8) 1,2,3&Vh,P)&H, 235-239 79.6 78.6 5.2 5.5 15.2 14.9 814 814 Yellow 
(9) 1,2,3,5-@‘h,P)&H, 191-192 79.6 79.0 5.2 5.1 15.2 14.9 814 814 Pale yellow 

(10) 1,2,4,5-(Ph,P)&H, 271-273 79.6 78.9 5.2 5.04 15.2 15.2 814 814 White 

p Determined mass spectrometrically, molecular ion m+. 
b This material was very difficult to purify and the quoted m.p. is probably too low. A similar situation has been 

reported’ for I,3-(Ph2P)2CsH4. 
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Table 2. “P NMR parameters of polykis(diphenylphosphino) benzenes 

Compound 
Spin 

system 6 @pm) J(PP) (Hz) 

(1) Ph,P 
(2) WPWLC& 
(3) 1,3-Q’hzP)&H4 
(4) WPhzPLCsH, 
(5) 1,2,3-(PhzP)&sH~ 
(6) 1,24-(PhzP),C,HS 
(7) 1,3,5-@‘hzP)GH, 

(8) L2,W-CPh,P),CJ-I, 

(9 L2,3,WW’),C,H, 
(10) L2,4,W%PLC,H, 

A -6.0 b 

A2 -13.3 145’ 
A, -5.7 d 

A2 -6.1 d 

A8 - 12.r; -8.gB 97.5 
ABX 13.4*; - 14.9*; -6.7x 153.8 (AB), < 3 (AX,BX) 
AS -5.4 d 

AAxs’ -2.5*; -13.5x 

A,BX -12.7*; -9.3B; -6.6x 

A, - 14.2 

8 1 .O (AX), 4.7 (AX’) 
35.3 (AA), -0.3 (XX) 
93 (AB), < 3 (AX,BX) 

d 

LI +O.l ppm to high frequency of 85% H,P04. 
b Not available. 
‘Determined by 13C-{ “P,‘H} experiment. 
dNot determined. 
‘A,A’ = P2,3; X,X = P,,,. 

The 3’P NMR parameters are given in Table 2, 
and for (5), (6), (8) and (9) are associated with 

AA’XX’ spectrum of (8) is shown in Fig. 1 together 

spin systems that give characteristic spectra whose 
with a spectral simulation based upon the iterative 

fitting of all 24 observed lines. In the case of (2) the 
appearance was of material assistance in recog- 
ding their presence in the reaction mixture. The 

equivalence of the two phosphorus nuclei prevents 
the measurement of 3J(PP) from the phosphorus 

Fig. 1. Experimental (lower trace) and simulated (upper trace) 3 ‘P spectra at 36.2 MHz of the AA’BB 
spin systems of 1,2,3,4-(Ph,P),,CsHz. The peaks marked with an asterisk arise from impurities. 
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spectrum, and this parameter was determined by an 
indirect 13C-(31P, ‘H} method.g,‘O This was feasible 
because the presence of 13C at 1.1% natural abun- 
dance introduces magnetic inequivalence between 
the two phosphorus nuclei and so gives sets of AA’X 
spin systems. In particular, the ortho-‘3C nuclei of 
the phenyl groups give deceptively simple triplets 
with ‘J(PC)+ ‘J(PC) = N(PC) = 16.2 Hz. In these 
circumstances there are also very weak (intensity ca 
0.002) outer lines in both the ’ 3C and the 3 ‘P spectra 
whose positions can give the magnitude of 3J(PP). 
The I 3C-(31P} spin tickling experiments (with full 
proton decoupling) illustrated in Fig. 2 were used 
to determine the positions of these outermost lines 
in the 3 ‘P spectrum and hence show that 3J(PP) has 
a magnitude of 145 Hz and is of the same sign as 
N(PC) lo, i.e. positive. 

A * (cl 

(b) 

Fig. 2. ‘3C-(3’P,H} spin tickling experiments on the 
AA’X spin system provided by the orth~-‘~C resonances 
of the phenyl groups of 1,2-(Ph2P)&H4. (a) “P 
irradiation set off-resonance. (b) With irradiation of a 
low-transition moment 3’P line at high frequency: the 
central and h&Ir frequency parts of the 13C pseudo triplet 
are perturbed. (c) With irradiation of a low-transition 
moment 31P line at low frequency: the central and low 
frequency parts of the 13C pseudo triplet are perturbed. 
The line marked with an asterisk is not part of the spin 

system and remains unaffected throughout. 

and W. McFARLANE 

It appears that the chemical shift variations are 
almost entirely steric in origin since &3’P) is vir- 
tually identical at - 5.7 + 0.3 ppm in (l), (3), (4) and 
(7) which are the four species without adjacent (and 
therefore potentially interfering) diphenylphos- 
phino groups. Furthermore, the isolated diphenyl- 
phosphino groups in (6) and (9) also have S(3’P) 
in this range. The presence of a singZe adjacent 
diphenylphosphino group changes 6( 3 ‘P) to ca - 13 
ppm in (2), (5)~~ (~)A,B, (8)x, (9)*, and (10). If this 
was an electronic effect, it would be expected to be 
of an additive nature so that two adjacent diphenyl- 
phosphine groups would reduce S(3’P) even 
further, to say - 20 ppm, whereas in fact 6(3 ‘P) is 
cu -9 ppm for the “central” PhzP units of (5) 
and (9), thus con6rming the dominance of a steric 
factor. In (8) the even greater steric compression 
(vi& infru) leads to an additional increase in d(31P) 
to -2.5 ppm for the two central PhzP units. It is 
difficult to quantify these effects further since the 
molecules will respond to steric compression in two 
ways : (a) by rotations about the bonds between the 
phosphorus atoms and the skeletal aromatic ring 
so as to alter the relative orientations of the electron 
lone pairs on phosphorus, and (b) by changes in the 
degree of propeller twist of the phenyl groups. Both 
of these can be expected to affect S(31P). However, 
the foregoing discussion shows that there is a con- 
sistent pattern, and further that each kind of Ph2P 
unit is in a particular kind of conformational 
environment in view of the narrowness of the chemi- 
cal shift ranges for each type. It will be noticed that 
in (11) the electronegative fluorine substituent has 
significantly perturbed these chemical shift pat- 
terns. 

It is evident that 4J(PP) and 5J(PP) are small 
in these molecules and they will not be discussed ; 
however, 3J(PP) is large and shows a sterically- 
determined pattern of wide variation that supports 
the conclusions drawn from the chemical shifts. It is 
striking that the three types of vicinal phosphorus- 
phosphorus coupling in these molecules lie in sep- 
arate ranges : terminal-terminal, 145-154 Hz [(2), 
(6), probably (lo)] ; terminal-central, 8 l-98 Hz [(5), 
(8), (9)] ; and central-central, 35 Hz [@)I. This can 
be understood in terms of the electron lone pair 
orientations on the phosphorus atoms. There is evi- 
dence ’ ‘3 1 ’ that for Pii’ large positive values of 
3J(PP) occur when the lone pairs are directed 
approximately towards one another, and small 
values occur when the lone pair directions are 
opposed. Molecular models show that there are no 
steric constraints upon the former situation in (2), 
(6) and (lo), and these do have a large 3J(PP). 
However, in (S), (8) and (9) interactions of the 
phenyl groups on different phosphorus atoms will 
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destabilize conformations which have the lone pairs 
of a central phosphorus atom close to the central 
molecular plane. Hence, there will be reduced lone 
pair-lone pair interaction and 3J(PP) should be 
smaller, as indeed is the case. This constraint should 
be greatest in (8) in which 3J(PP) for the central- 
terminal interaction is significantly smaller than in 
(5) and (9). Finally, in (8), not only will the lone 
pairs of the central phosphorus atoms be directed 
away from the central molecular plane, but steric 
compression involving the phenyl groups will direct 
them towards opposite sides of this plane so that 
they are effectively opposed, and the corresponding 
centralantral 3J(PP) is much smaller at 35 Hz. 

Thus the 31P chemical shifts and the values of 
3J(PP) are consistent with the following pattern 
local conformations for the different types of phos- 
phorus atom. (a) Isolated-relatively free rotation ; 
(b) terminal-lone pairs directed towards adjacent 
Ph2P group and close to central molecular plane ; 
(c) central-directed out of central molecular plane. 

EXPERIMENTAL 

“F and 31P NMR spectra were recorded at 
84.7 and 36.2 MHz, respectively with full pro- 
ton decoupling on a JEOL FX90Q multinuclear 
Fourier transform spectrometer using solutions in 
dichloromethane (plus 10% C6D6 to provide a field 
frequency lock) at 22°C. The r ‘C-{ 3 ‘P, ‘H} experi- 
ments were performed on the same instrument but 
with time-sharing of the 31P irradiation and the ’ 3C 
receiver to reduce electronic interference. 

Aromatic fluorocarbons were obtained from 
Fluorochem Ltd and were used as supplied. 
Manipulations were performed under an atmo- 
sphere of dry ammonia or dry nitrogen. All the 
syntheses were performed similarly and a typical 
one is described. 

1,2,4,5-tetrakis(diphenylphosphino) benzene (10) 

Triphenylphosphine (13 1 g, 0.5 mol) in dry THF 
(200 cm3) was added with stirring over 1 h to a 
solution of sodium (23 g, 1.0 mol) in anhydrous 
liquid ammonia (1000 cm’). Dry ammonium chlor- 
ide (26.8 g, 0.5 mol) was then added in small por- 
tions and after the mixture had been stirred for a 

further hour a solution of 1,2,4,5_tetrafluoro- 
benzene (18 g, 0.12 mol) in dry THF (50 cm3) was 
added over 0.5 h. Toluene (200 cm3) was added, the 
ammonia was allowed to evaporate overnight and 
the mixture was then refluxed until no more 
ammonia vapour could be detected (ca 1 h). The 
remaining solvents were removed under vacuum 
and the resulting oil was treated with methanol 
to yield the product which was recrystallized from 
methanol-chloroform as white crystals. Yield 62 g, 
38%. 
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COMPLEXES OF WATER-SOLUBLE HEXADENTATE SCHIFF 
BASE LIGANDS WITH A NUMBER OF METAL IONS 

DENNIS F. EVANS* and DAVID A. JAKUBOVIC 

Inorganic Chemistry Laboratories, Imperial College, London SW7 2AY, U.K. 

Abstract--Complexes of AllI1, In”‘, SC”‘, Tl”I, Ni”, Zn” and Cd” with hexadentate Schiff 
base ligands have been characterized in aqueous solution, normally by ‘H NMR spec- 
troscopy. They were obtained by the condensation of salicylaldehyde-5-sulphonate with 
polyamines in the presence of the metal ions. Values of pM are reported for a number of 
these systems. 

Recently we reported some new water-soluble 
hexadentate Schiff base ligands and their use as 
sequestrating agents for Fe”’ and Ga”‘.’ The 
resulting highly water-soluble complexes were 
shown to have pM values (where pM = -log ,,, 
[metal ion]&, at physiological pH, similar to those 
of related hydroxamic acid siderophore complexes 
and considerably greater than those of the 
complexes derived from N,N,N’,N’-ethylenedi- 
aminetetraacetic acid (edta), N,N,N’,N’,N”-di- 
ethylenetriaminepentaacetic acid (dtpa) or trans- 
ferrin. ’ 

Allied to the long established interest in both 
natural and synthetic chelating agents for Fe”’ with 
respect to certain biomedical applications,* there is 
now a growing interest in the aqueous coordination 
chemistry of Al”’ in biological systems. 3 

Recent work has been concerned with the use of 
siderophores, and siderophore models, as seques- 
trating agents for A1”14 and also In”’ (for use as 
radiopharmaceuticals). 5 Accordingly, we describe 
the use of these water-soluble hexadentate Schiff 
bases as ligands for Al*“, In”’ and, to further explore 
their versatility, the trivalent metal ions Tl”’ and 
SC”‘, and also the divalent cations Zn”, Ni” and 
Cd”. 

In studying the stability of the various Schiff base 
complexes with AllI1, In”‘, Ni” and Zn” we have 
determined pM values at appropriate pHs. pM 
values are of more practical significance than stab- 
ility constants since they express the effective bind- 
ing strength of a ligand at a particular pH. One can 

*Author to whom correspondence. should be addressed. 

therefore directly compare the efficiency of different 
ligands in sequestrating a metal ion under the same 
conditions. 

As reported previously’ the Schiff bases are par- 
tially hydrolysed in aqueous solution and so their 
isolation was not performed, but instead stoi- 
chiometric amounts of the aldehyde and the desired 
polyamine were used to generate the ligands in situ. 
Template reactions are thus, to some extent, 
involved in the formation of the complexes (see Figs 
1,2 and 3). 

EXPERIMENTAL 

The materials used were prepared as described 
elsewhere’ and all gave satisfactory analyses. 

‘H NMR spectra were recorded on Bruker 
WM250FT (250 MHz) and Jeol GSX270 (270 
MHz) spectrometers, with the 2D ‘H NMR cor- 
related shift (COSY) spectrum recorded on a 
Bruker AM500 (500 MHz) spectrometer. W-vis. 
spectra were recorded on a Shimadzu W- 160 spec- 
trometer. 

Competition reactions between the Schiff base 
ligands and the various metal ion complexes of 
edta, dtpa and iminodiacetic acid (ida) were per- 
formed as described previously. ’ For the Ni” 
systems the reactions were followed spectro- 
photometrically with absorbance measurements 
made at two different wavelengths, one of which 
was the appropriate &,, for the Ni” Schiff base 
complexes (ranging from 840-915 nm). The reac- 
tions were followed by ‘H NMR for the Al”‘, In”’ 
and Zn” systems. As a modification to the reported 
method’ the solutions were allowed to equilibrate 
in aqueous solution, at 25°C and the desired pH, 
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Fig. 3. 

and then rapidly evaporated to dryness. An aliquot 
was placed in an ampoule on a blackened alu- 
minium plate, with good thermal contact ensured 
by the use of grease, inside a vacuum desiccator. 
The system was then evacuated and gently warmed 
with a tungsten lamp, with the sample becoming 
dry within a few minutes. The dry mixtures were 
then redissolved in DzO and the ‘H NMR spectra 
recorded immediately, before the solutions could 
re-equilibrate. This was possible since all the reac- 
tions required at least 24 h, in H20, to attain equi- 
librium. 

The In”‘-saltrens system ida, even at high 
concentrations, did not compete with the Schiff 
base, whereas edta, even at low concentrations, 
bound the In”’ too efficiently. Therefore an accurate 
pM value could not be obtained for In[saltrens]‘-. 

RESULTS AND DISCUSSION 

‘H NMR spectra of the complexes 

The ‘H NMR spectrum of Al[saltames13- shows 
an AB pair of doublets and a singlet, in the 
alkyl region (see Fig. 4 and Table 1). This is 

consistent with a rigid structure as shown in 
Fig. 2 and is similar to the spectrum reported 
for Ga[saltames]3-.’ This structure has also been 
found by X-ray diffraction of the related solid, 
unsulphonated, complex Gan’5-MeOsaltame.6 

In contrast the spectrum of In[saltames13- shows 
only two singlets in the alkyl region (see Fig. 5 
and Table 1) which would result from fluxional 
behaviour with HA and HB becoming equivalent. 
Similar spectra are observed for the analogous SC”‘, 
Zn”, Cd” and Tl”’ complexes. Cd[saltames14- 
shows Cd’ “*r l3 satellites on the methylene proton 
(H,), while for Tl[saltames13- a very large T1203~205 
splitting of H,, and a smaller splitting of the HAB 
resonance is observed (see Fig. 6 and Table 1). The 
large splitting of the H, resonance is presumably 
due to the dihedral angle of the Tl’n-N=C-H 
group being close to 180”. Small splittings are also 
seen for the resonances of the aromatic protons 
which are more distant from the T1203*205 centre. 

The presence of these Cd’L’*“3 and T1203V205 split- 
tings shows that the non-rigid complexes are not 
experiencing intermolecular exchange on an NMR 
timescale. 

The ‘H NMR spectra of all the new saltriens 
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HOC 

‘3 

Fig. 4. ‘H NMR spectrum (250 MHz) of Al”’ saltames in DzO. 

Table 1. ‘H NMR data for the seltames complexes, in D,O 

Saltames 
complex H1 H3 H‘l 

6 @pm) 
H6 HA HB CH3 

Al”’ 8.39 6.77 
Ga”’ 8.39 6.74 
In”’ 8.46 6.96 
flII1 8.34 6.92 

.&I$ = 480 Hz 
SC”’ 8.31 6.86 
Zn” 8.25 6.73 
Cd” 8.22 6.78 

J,-d_-HI = 25.7 Hz 

7.79 7.84 
7.69 7.74 
7.76 7.81 
7.70 7.70 
J Tl-H, = y8; 

7.80 
7.59 7:66 
7.55 7.61 

4.05 3.53 1.17 
4.18 3.65 1.14 

3.96(2H) 1.18 
4.08(2H) 1.12 

JsHA, = 190 Hz 
3.59(2H) 1.09 
3.71(2H) 1.07 
3.72(2H) 1.03 

‘5 

1 
CH. 

Jd I 
I I I I I I I 1 I I 
9 8 7 6 5 4 3 2 1 0 

Mmn 

Fig. 5. ‘H NMR spectrum (250 MHz) of In’” saltames in D,O. 
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Fig. 6. ‘H NMR spectrum (270 MHz) of Tl”’ saltames in DzO. 

complexes are similar to those of the Ga[saltriens]- 
reported elsewhere. ’ The alkyl regions show six 
multiplets assignable to HA, HB, H,, Hb, H, and Hd, 
with overlap of two of these in some cases (see Table 
2 and Fig. 1). The spectrum of Zn[saltriens]*- has 
the best separation of the six multiplets and a 2D 
‘H NMR correlated shift (COSY) spectrum of this 
complex was performed, see Fig. 7. From this spec- 
trum it is possible to unambiguously assign the res- 
onances of HAHA’ and HBHB’, since they are only 
coupled to each other. On the basis of chemical 
shifts and relative line widths and shapes it is poss- 

ible to make a tentative assignment for H,, Hb, H, 
and Hd (see Figs 1 and 7). 

Cadmiumi”.‘r3 satellites are observed on the H 1 
resonance of the Cd[saltriens]*- spectrum and large 
T1203V205 splittings are seen in the Tl[saltriens]- spec- 
trtmr (see Table 2). 

The spectra are consistent with rigid structures, 
for all of the saltriens complexes, of the type shown 
in Fig. 1. This structure has also been found by X- 
ray diffraction, of the solid, for the related unsul- 
phonated complex Ni” saltrien. ’ 

The ‘H NMR spectrum of Ga[saldmtriens]- is 

Table 2. ‘H NMR data for the saltriens complexes, in D,O 

Saltriens 6 (ppm) 
complex H, HS I-II H6 @IJ%JLHJ-LH~] 

Al”” 8.62 6.87 7.77 7.84 3.98(2H) 3.35 3.08 2.87 2.72 
Ga”’ 8.66 6.86 7.74 7.82 3.97(2H) 3.40 3.11 2.95 2.78 
In’” 8.54 6.71 7.61 7.72 3.89(2H) 3.38 3.19 2.98 2.87 
y-p11 8.23 6.12 7.37 7.60 n 

Jn+ = 540 Hz 
SC111 

JsH, = 25 Hz 
8.27 6.23 7.36 7.67 4.15 3.74 3.39 3.19 2.83 2.71 

Zn” 8.34 6.36 7.35 7.60 3.80 3.59 3.13 2.93 2.77 2.57 
Cd” 8.42 6.16 7.29 7.64 3.93 3.56 3.11(2H) 2.92 2.70 

J c,__H, = 33.6 Hz 

“Due to T1203*20s splitting of the multiplets a complex pattern is observed in this region which was not assigned. 
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Fig. 7.2D ‘H NMR correlated shift (COW) spectrum (500 MHz) of Zn” saltriens in D20. 

similar to that of the saltriens complexes but with 
an extra singlet due to the methyl groups present 
on the amine backbone. ’ However, the spectrum of 
In[saldmtriens]- contains only four resonances in 
the alkyl region, see Fig. 8. One can be assigned to 
the methyl groups, 6 = 2.43 (6H), and the other 
three arise from HAB ; 6 = 3.11 (4H), Hai, ; ii = 4.01 
(4H) and Hfd ; 6 = 3.14 (4H), indicating that the 
complex is fluxional. A spectrum run on a solution 
containing a 100% excess of saldmtriens, with 
respect to In “I, showed separate resonances for the 
free hexadentate ligand. This conCrms that intra- 
molecular, rather than intermolecular, exchange is 

involved. The presence of separate resonances for 
free sals or free dmtrien is not sufficient to exclude 
intermolecular exchange since exchange between 
the different species present in an aqueous solution 
of the ligand has been shown to be slow on an NMR 
timescale. ’ 

It can be seen that the saltames complexes of the 
smaller group III cations, Al”’ and Ga”’ are rigid 
on an NMR timescale whereas the larger group III 
cations In”’ and TP give rise to fluxional structures. 
Similar behaviour is found with saldmtriens, with 
the Ga”’ complex being rigid, and the In”’ complex 
fluxional on an NMR timescale. Related results 
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CY 
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HOD 

1 

Fig. 8. ‘H NMR spectrum (250 MHz) in I#’ saldmtriens in DzO. 

have recently been reported for the Al”‘? GP, 1rP 
and TP complexes of 8-hydr0xyqtinuline,a and 
can be targf@ arrrjbured 10 tie&sea&g iotic s&e 
going down group III (cf. also ref. 9). In contrast 
the saltriens ligand produces rigid complexes with 
all of the group III cations, and also Cd”, Zn” and 
SC”‘. The fact that In[saldmtriens]- is fluxional may 
be due to steric hindrance caused by the extra 
methyl groups present on the amine backbone. 

The ‘H NMR spectrum of In[saltrens13- has four 
multiplets in the alkyl region, see Fig. 9 and Table 
3. This is consistent with a rigid structure as shown 
in Fig. 3 with each of the protons HA, HB, I& and 
Hn producing a separate multiplet. This solution 
contained a 20% excess of the ligand and the ‘H 
NMR spectrum shows separate Hi resonances for 
all the species present, in equilibrium, in the par- 
tially hydrolysed system. This conErms that there is 
no intermolecular exchange on an NMR timescale. 

The spectrum of Sc[saltrens13- is similar, but with 
two of the multiplets overlapping (see Table 3), and 
is also consistent with a rigid structure as shown in 

In comparison, the spectrum of Cd[saltrens14- 
has only two multiplets in the alkyl region. The 
presence of Cd ‘1’,‘13 satellites on the H, resonance 
proves that there is no intermolecular exchange on 
an NMR timescale and that the compIex must be 
fluxional (see Table 3). 

pM values of the complexes 

The values of pM obtained in this work are given 
in Table 4, together with data from the literature 
for edta and dtpa complexes. The trends can be 
interpreted qualitatively in terms of the relative 
“hardness” or “softness” of the ligands and of the 
metal ions, and also the ability of the ligands to 
accommodate a metal ion of a particular size. 

Thus with saltames, pM increases markedly in 
going from Al”’ to Can’ (with both values being 
appreciably higher than with edta or dtpa), but 

Table 3. ‘H NMR data for the saltrens complexes, in D,O 

Saltrens 
complex I-I, H, 

6 (Ppm) 
H, H, 

In”’ 8.44 6.47 7.62 7.70 3.80 3.42 3.13 2.92 
cp 8.31 6.39 7.66 7.80 3.98 3.42 3.02(2H) 
Cd” 8.31 6.62 7.53 7.59 3.56(2H) 2.77(2H) 

Jcd-_H, = 32.2 Hz 
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Fig. 9. ‘H NMR spectrum (270 MHz) of In”’ saltrens in DzO. 

drops considerably for IrP. With edta and dtpa pM modating the relatively large In”’ cation in the 
reaches a maximum at In”‘. The fact that edta and “cavity” of this tripod-like ligand. Although an 
dtpa are good ligands for a wide variety of metal accurate value of pM for In[saltrensJ3- could not 
ions shows that they possess considerable flexibility. be obtained, it is certainly larger than for In[sal- 
It seems likely that the low pM value for In[sal- tames13-, which is consistent with the additional 
tames13- arises from the difficulty of accom- CH2 units, in the amine backbone, giving a larger 

Table 4. pM values for the saltriens, saltames, saltrens, edta and dtpa complexes of 
Al”’ Ga”’ In”’ Ni” and Znn , 9 9 

Metal Ionic pMb 
ion radius” pH saltriens saltames saltrens edta dtpa 

Al”’ 0.50 7.40 15.9oc 16.g3’ 15.8gd 15.55’ 
G_$’ 0.62 7.5Of 24.5,g 24.6J 20.04” 22.58’ 
I#’ 0.81 7.40 1 17.0,k 2 17.9 23.40 25.55’ 

< 21.8k 
Ni” 0.70 10.00 21.5s 19.69 18.16 19.06d 20.59”’ 
Zn” 0.74 10.00 17.23” 14.1,” 17.OOd 18.67” 

’ Reference 11. 
‘pM = log,,[M”+],, at 25”C, where [ligand],ti/w’],,, = 10. 
‘[ligand],, = 0.03 M. 
d Reference 12. 
’ Reference 13. 
IpH refers to the original pH of the aqueous solution, equilibrium was attained in 

the D,O solution.’ 
B [ligand],,,, = 0.004 M. ’ 
h Calculated from refs 12 and 14. 
i Reference 15. 
‘Due to slow precipitation a pM value could not be obtained; for the same reason 

pM values of the Tlnr complexes are not reported. 
k [ligand],,, = 0.005 M. 
‘[ligand],,, = 0.135 M. 

m Reference 16. 
” [ligand],,, = 0.026 M. 
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“cavity”. In contrast, for Ni” and Fe”‘, ’ saltrens is 
a poorer ligand than saltames. 

Saltriens has an N,Oz donor set, and should be 
a “softer” ligand than saltames (N303), and also 
more flexible as a consequence of its linear struc- 
ture. In agreement with this, for the “softer” 
divalent ions Ni” and Zn”, the pM values for sal- 
triens are considerably higher than for saltames. 
The difference is particularly marked for Zn”, which 
may reflect the larger radius of this ion. 
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CONTRASTING REACTIONS OF ETHYLENE WITH 
Os,{p-H,p-O=C(Me)}(CO),,, GIVING AN ETHYLENE ADDUCT, 
OR A BIS-p-ACYL COMPLEX. CRYSTAL AND MOLECULAR 

STRUCTURE OF Os,(1,2-p-H,1,2-p-O=C(Me)}(l-q*- 
CH4H&CO),* 
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Abstract-Bubbling ethylene at atmospheric pressure through a solution of Os3{p-H,fi- 

O=C(Me))(CO) 10 (1) in octane at 105-110°C gives the complex Os,(1,2-p-H,1,2-,u- 
~(Me)}{1-~2-CH+H2}(C0)9 (2) in 61% yield. By contrast, the bis-acyl complex 

Os&O=C(Me),&=C(Et)}(CO) I o (3) is obtained in the reaction of 1 with ethylene and 
CO (68 : 1 mol ratio) at 167 atm and 140°C ; an equilibrium mixture of isomers 3a (vicinal) 
and 3b (geminal) is obtained in which the latter predominates. Complexes 3a and 3b show 
an IR absorption at 1516 cm-‘, characteristic of the bridging acyl group ; 13C NMR for 
the carbon atom of this group is shifted significantly to low field, 6 = 287.9 ppm. 

The crystal and molecular structure of 2 have been determined at 25°C using a Huber 
four circle diffractometer with graphite-monochromated MO-K, radiation. Complex 2 cry- 
stallizes in the monoclinic space group P2 ,/c ; cell dimensions, a = 14.423(2), b = 15.119(3), 
c = 17.200(3) A, and /I = 95.921(5)“; calculated density = 3.19 g cmb3. A total of 3947 
unique reflections with Z > 3a(Z,,) were used in the refinement ; final discrepancy indices, 
R = 0.075 and R, = 0.087. The location of each of the six OS atoms was determined by 
the Patterson method. All other non-hydrogen atoms were then located by difference maps. 
The crystal consists of discrete molecules of complex 2 with two independent molecules in 
the asymmetric unit. The complex consists of three groups arrayed in a triangle, 
[Os(l or 4)(q2-CHNH,)(CO)& [Os(2 or 5)(CO),] and [Os(3 or 6)(CO),], with 
normal metal-metal separations, OS-OS: (lH2) and (4H5) = 2.907(2) and 2.909(2) 
A, (lH3) and (4H6) = 2.841(2) and 2.837(2) A, (2H3) and (5x6) = 2.872(2) and 
2.869(2) A. A hydrogen atom and an acyl group are seen to be bridging between two of 
the atoms, OS(~) and OS(~) [or OS(~) and OS(~)]. It is noteworthy that the ethylene is ob- 
served to be q2-coordinated to the same metal atom to which the oxygen of the bridging 
acyl group is also coordinated. The bridging hydrogen atom was located but its 
position not refined, Os(1 j-H(l) and Os(4jH(2) = 1.70 and 1.66 8, ; Os(2 jH(l) and 
Os(5jH(2) = 1.70 and 1.92 A. 

In earlier work of this group, the reaction of eth- 
ylene with the edge double-bridged trinuclear com- 
plexes Ru3{p-H,@=C(R)}(CO),,, (R = Me, Et, 
Ph, or NMe2) was observed at ambient temperature 
and pressure to yield exclusively the geminal di- 
nuclear bis-acyl complexes, Ru2{~-~(Et),~- 
O=C(R)}(CO), (along with l/3 mol of 
Ru~(CO)~~).~ Further work3 showed these to be the 

*Taken in part from the dissertation of Yea-Jer Chen, 
see ref. 1. 

t Author to whom correspondence should be addressed. 

kinetic products of this reaction. Interpretation of 
these observations in terms of the reactivity of the 
trinuclear starting materials required knowledge of 
the initial point of substitution. From other studies 
on the starting complexes involving ’ 3C0 exchange 
and reactions with phosphorus ligands,4 the initial 
entry of the ethylene was assumed to be on the 
metal to which the oxygen atom of the bridging acyl 
group was bonded. We return to this point in the 
Discussion. 

By contrast, in the analogous reactions for 
osmium, trinuclear bis-acyl complexes are obtained 
which are found as an equilibrium mixture of the 
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vie and gem isomers (the latter predominating). 3 No 
evidence of the kinetic path is thus available from 
this product distribution. Previously, Johnson, 
Lewis and co-workers had obtained the simple ad- 
duct 0s3{ 1,2-~-H,1,2-~-S(Me))(3-~*-CH,-CH,) 
(CO), by reaction of ethylene with 0s3(~-H,~- 
S(Me)}(CO),,, at 40”C.5 With the parent carbonyl 
Os3W) 12, no reaction with ethylene is observed 
until 126°C whereupon the dehydrogenation 
product OS~(~-H}~{,~-~~-CCH,)(CO), is obtained.6 
The ethylene adducts 0s3(CO), ,(C2H4),7a and 
OS,{~-H,~-C~}(CO)~(C~H~),‘~ have been obtained 
by substitution of easily displaced ligands 
(CH3C%N, or Me3N, respectively, introduced 
into the cluster by prior reaction with Me,NO. 

Against this background we learned of studies by 
Basset and co-workers,8 in which a simple adduct 
is obtained in the reaction of ethylene with OS~{,U- 

H+O(Ph))(CO), o at ca 100°C and ambient pres- 
sure. We were thus encouraged to investigate 
the hydrido/acyl-bridged complex, Os,{p-H,p- 
O=C(Me))(CO) , o (1) under the same reaction con- 
ditions, obtaining the results reported below. An 
account of the reaction of 1 with ethylene and CO 
under higher pressure is also reported here ; a pre- 
liminary account of the latter work has appeared.3” 
Related triosmium alkene complexes derived from 
hydrogenation of hexafluorobut-2-yneg or coor- 
dinated vinyl acetate lo have also been reported ; 
structural parameters are compared with the results 
in the present work. 

RESULTS 

The reactions described in this work are sum- 
marized in Scheme 1. 

Preparation of 0s3{~-H,@=C(Me)}(CO),o (1) 

Earlier we reported the use of RLi in the prep- 
aration of 1. ’ ’ We have since found that the Grig- 
nard reagent is preferred to avoid dialkylation prod- 
ucts obtained with the more active RLi reagent.3 
The alkylation of 1 with the Grignard reagent may 
be followed by titration. The first anion produced 
easily loses CO during the metathesis step with 
[PPNj[Cl], [PPN’j+ = [(PPh,),Nj+. The acyl- 
bridged anion which is thus obtained is acidified 
at 0°C to produce complex 1 in 60% yield. Some 
starting material (3% of OSCAR) is recovered. 
Some of the reaction products remain at the top of 
the silica gel chromatography column and can not 
be removed even with CH2C12 or acetone. 

Spectroscopic features of Os,(p-H,@==C(Me)} 

(rl*-CHdH&CO), (2) 

An AA’BB’ pattern is observed in the ‘H NMR 
for the coordinated ethylene,‘* see Fig. 1. This is 
due to the chirality of the metal cluster complex 
giving diastereotopic hydrogen atoms for the coor- 
dinated and very likely free rotating ethylene, 
as similarly observed for 0s3(~-H,~-C1}(C0)g 
(C2H4),7b or for 0s3(~-H}(OPh)(~2-C2H4)(CO)Io.8 

RlgEk at 25 Oc 
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Scheme 1. Summary of the transformations observed in this work. 
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Fig. 1. ‘H NMR for coordinated ethylene. Top scan, observed spectrum, at 500 MHz. Lower scan, 
calculated spectrum for the AA’BB’ multiplet, using PANIC NMR Simulation/Iteration software on 
the Bruker AM-500. Chemical shifts : 6(A) = &A’) = 3.331 ppm ; 6(B) = 6(B’) = 2.947 ppm. Coup- 
ling constants: J(A-B) = J(A’-B’) = 0.216 Hz; J(AB’) = J(BA’) = 9.538 Hz; J(A-A’) = 

J(B-B’) = 9.544 Hz. 

Preparation and spectroscopic features of vie- and 
gem-Os,{~-~(Me),@==C(Et)}(CO),O (3a and 

(3b) 

The reaction shown at the bottom of Scheme 1 
yields a mixture of two products which could not 
be separated on the usual chromatography 
columns. The presence of the mixture of compounds 
is deduced from the complexity of the IR absorp- 
tions in the carbonyl region (see below) whose sep- 
arate absorptions can be assigned by comparison 
with uic and gem isomers, where R is the same in 
both y-O-_-C(R) groups, and where the vie isomer 
is separately synthesized by the double alkylation 
reaction. 3 

EXPERIMENTAL 

Solvents and reagents were purchased and, 
except for specific instances described below, used 
as received ; triosmium dodecacarbonyl and bis(tri- 
phenylphosphine) iminium chloride ([PPN[Cl]), 
(Strem) ; MeMgBr (3.0 M in diethyl ether, Aldrich) ; 
HBF., etherate (Aldrich) ; n-octane (Alfa). Tetra- 
hydrofuran was dried by refluxing over potassium 
benzophenone ketyl and freshly distilled under 

nitrogen. Although the cluster complexes were gen- 
erally air stable, reactions, titrations and recry- 
stallizations were routinely carried out under a 
purified nitrogen atmosphere using Schlenkware 
techniques. 1 3 Chromatographic separations and 
handling of neutral complexes can be carried out 
in air if exposure is limited to a few hours. All 
chromatographic separations were carried out on a 
20 x 2 cm column of 60-mesh silica gel (EM 
Reagents) or 60-lOO-mesh Florisil (Baker). Pet- 
roleum ether, boiling range 35--6O”C, and methylene 
chloride (Mallinckrodt) were used without further 
purification in chromatographic separations. 

Carbonyl IR spectra were recorded on a Nicolet 
MX-1 FT-IR spectrometer. NMR spectra were 
recorded on Bruker AM-500, Bruker WP-200 and 
JEOL FX-90 FT NMR spectrometers. ‘H and 
13C NMR were calibrated against internal tetra- 
methylsilane (TMS), unless otherwise noted. Ele- 
mental analyses were carried out by Schwartzkopf 
Microanalytical Laboratories. 

Preparation of 0s3(~-H,~-~(Me)}(CO),0 (1) 

A quantity of OS~(CO),~ (0.500 g, 0.552 mmol) 
was dissolved in 500 cm3 dry, freshly distilled THF 
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at 25°C and titrated with a 2.0 M solution of 
MeMgBr in THF until the 2068 cm-’ peak of the 
starting material disappeared. The addition of the 
Grignard reagent was accomplished over a 10 min 
period. 

Following alkylation, a solution of one equi- 
valent of bis-triphenylphosphineimminium chlor- 
ide, [PPNjCl, (316.8 mg, in l-2 cm3 of CH,OH) 
was added and the resulting solution stirred for 24 
h. The solvent was then removed at 25°C in vacua 
to give a final solution volume of 100 cm3. This was 
cooled to 0°C and titrated with a solution of HBF4 
in EtlO. A peak at 2109 cn-’ was seen to grow in 
the IR spectrum. The titration was continued by 
one or two drops at a time, monitoring the growth 
of the 2109 cm- ’ peak in the IR. The titration was 
stopped when the 2109 cm-’ peak is no longer 
observed to grow. 

The solution was warmed to 25°C and solvent 
removed in uacuo leading to an oily residue. This 
was treated successively with 5 cm3 of CH2C12 fol- 
lowed by 20 cm3 of petroleum ether. A white pre- 
cipitate was formed. The mixture was filtered in 
air (Whatman Filter paper No. 4), and the filtrate 
reduced in volume to 5 cm3. This was transferred by 
means of a syringe onto a silica gel chromatography 
column. Eluting first with petroleum ether gave a 
faint yellow band : 15 mg (3%) 0s3(CO) iZ (unre- 
acted starting material). Continuing with petroleum 
ether next gave a yellow band, Os,{p-H,p- 
O=C(Me)}(CO) I ,,l’ (301 mg, 60% yield). No further 
materials could be eluted from the column, even 
using more polar solvents such as CH&I, or 
acetone. 

Preparation of Os3{p-H,@=CMe)($-CH, 

CH&CG), (2) 

A solution of 1 (100 mg in 100 cm3 octane) was 
heated to 105-110°C under nitrogen, and then 
treated with ethylene by bubbling the gas through 
the solution at a rate of approximately 10 cm3 
mm-’ at 1 atm pressure. No reflux condenser was 
used, but at this rate, very little solvent was swept 
out of the flask. The reaction was followed by IR 
and stopped after no further changes were observed 
in the absorption pattern (i.e. cu 15 h). The flow of 
CzH4 was increased to sweep solvent out of the flask 
over a period of 1 h. A yellow powder remained 
as a residue. This was allowed to cool to room 
temperature, taken up in 4 cm3 petroleum ether, 
and the resulting solution placed at the top of a 
column of Florisil. Elution with petroleum ether 
gave two yellow bands. The first is unreacted start- 
ing material, 1(32 mg), closely followed by a second 
band which is complex 2 (62 mg, 61% yield). 

Found: C, 17.91 ; H, 1.23. Calc. C, 17.45 ; H, 0.89%. 
For 2. IR (cm-‘) in hexane: 2102m, 206Os, 

2026s, 2012s, 2002w, 1995m, 1982m, 1965m in 
&Cl,: 1493~~ (p-acyl). ‘H NMR in CDC13, 6 
(ppm) : 3.33(2), 2.94(2) (AA’BB’, coordinated 
CH~H&,” see Fig. 1; 2.14(3), B-OZCCH, ; 
-13.90(l), OS-H-OS. 

Autoclave reaction of Os,{p-H,p-O=CMe}(CO),,, 
1, with ethylene and CO 

This reaction was carried out in a 100 cm3 stain- 
less steel autoclave by placing the solvent and 
reagents in a glass-liner. Only a small amount of 
solvent was usually found to have transferred out- 
side the liner. Only those materials remaining in the 
glass liner were removed for characterization. In 
cases where a significant amount of liquid was 
found outside the glass liner, IR spectra were taken 
before this liquid was added to the materials in the 
glass liner. 

A quantity of 1 (0.150 g, 0.165 mmol) was dis- 
solved in 50 cm3 of hexane in the glass liner of a 
100 cm3 autoclave and the tube placed into the 
autoclave. The solvent was saturated with CO at 1 
atm by bubbling the gas through the solution for 1 
min. The autoclave was sealed and pressurized with 
ethylene to 1000 psi. The solution was then heated 
to 140°C and, under continuous shaking, main- 
tained at this temperature for 48 h. The autoclave 
was then permitted to cool to room temperature, 
the gases vented and the solution contained in the 
autoclave transferred to a Schlenk flask. An IR spec- 
trum of this solution indicated that about 50% of 
the starting material was still present together with 
new bands. The mixture was placed on a column 
of silica gel and eluted with petroleum ether. Two 
yellow bands were obtained. The first consisted 
of 0s3{~-O-C(Me),@==C(Et)}(CO)10 (3a+3b, 
0.072 g, 46% yield), closely followed by unreacted 
starting material (0.035 g), 

IR (cm-‘) for 3a in hexane: 2101w, 2068s, 
2046m, 2015s, 2003m, 1996m, 1981m: 1516~~ (p- 
acyl); for 3b in hexane: 2101w, 2068s, 2046m, 
2015s 2003m, 1987m, 1975m: 1516~~ @-acyl) 
(these have been separately assigned by the selection 
of peaks in the overall spectrum, by comparison 
with the spectra of 0s3(@=C(Et))z(CO),o, for 
which the vie isomer could separately be obtained 
using the double alkylation/oxidation route). 3 

Crystal structure determination 

Yellow, air and X-ray stable, single crystals of 2 
were grown by slow evaporation of a hexane solu- 
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Table 1. Crystal and intensity collection data for Os,{p- 
H,p-O=CMe}{r$-CH+ZH&CO), (2) 

Formula 
Formula wt. 
a (A) 
b (A) 
c (S 
B (“) 
v (A3) 
Z 

P(calC) (g cm - ‘) 
Space group 
Temp. (“C) 
Radiation source, L (A) 
Scan rate (” min- ‘) 
20 limits (0) 
Take off angle (“) 
Observations 
Total observed data 
No. unique (Z, > 3aZ,,) 
Final No. variables 
Goodness of fit” 
Rb 

RW’ 

C H 0 13 8 10 OS, 
894 
14.423(2) 
15.119(3) 
17.200(3) 
95.921(5) 
3731(2) 
8 
3.19 

p2,ic 
25 
MO-& (0.71069) 
3 
&SO 
4.0 
+h, +k, fl 
7118 
3947 
444 
2.40 
0.075 
0.087 

“GOF = [ow(~~~~-~~~~)*/(~~-~~)]“~ where w = l/ 

bW’d3’. 
b R = C [IFA- lF,ll/lFol. 
‘R, = [I: w(lFJ - lF,l)‘/Z wlFo12]“*. 

tion. One crystal was glued to the tip of a glass fibre 
and mounted on a Huber four-circle automated 
diffractometer. The crystal was then centred on 
the diffractometer equipped with a scintillation 
counter, graphite monochromator, modified at 
U.C.L.A. by Dr C. E. Strouse for operation under 
control of a VAX 1 l/750 computer. 

The 28, o, x, and 4 settings of the MO-& peaks of 
30 reflections (28 = 9-21” were determined. These 
values were used in a least-squares refinement of 
cell and orientation parameters. The refined unit 
cell parameters and specifics related to collection 
and refinement of data are given in Table 1. 

The intensities of three standard reflections, 
(5,0,2), (0,3,2), (4,2,@ were recorded after every 97 
intensity measurements throughout the data col- 
lection to monitor crystal and diffractometer stab- 
ility. The variations in the standards were random 
showing deviations from the respective mean 
values of less than 1.6%. A survey of the complete 
data set revealed systematic absences for reflections 
(O&,0), k = odd and (h,O,f) for I = odd, uniquely 
defining P2,/c as the space group. 

Reflections having I < 30(I) (3 171) were con- 
sidered to be unobserved and omitted from the 
refinement. Reflections were corrected for Lorentz 

and polarization effects and converted to IF,1 and 
a(lF,l) by means of the CARESS program (see 
below). 

Solution and rejinement of the structure 

All calculations were performed on a VAX 
1 l/750 computer (Chemistry Department of 
UCLA). Programs used for the structure deter- 
mination consist in all cases of local modifications 
by Dr C. E. Strouse and his research group. Func- 
tions and programs employed are given as follows : 
data reduction, CARESS, programs for control of 
the Huber diffractometer originally written by 
R. W. Broach (University of Wisconsin) and P. 
Coppens, P. Becker, and R. H. Blessing (SUNY, 
Buffalo) ; Patterson and Fourier programs, adapted 
from algorithms in MULTAN78, P. Main 
(University of York, U.K.); full-matrix least- 
squares and error analysis, ORFLS and ORFE, 
W. R. Busing, K. 0. Martin and H. A. Levy (Oak 
Ridge National Laboratory) ; absorption correc- 
tion, ABSN, P. Coppens; least-squares planes, 
MGTL, P. Gantzel and K. N. Trueblood ; thermal 
ellipsoid plot program, ORTEP II, C. K. Johnson 
(Oak Ridge National Laboratory) ; structure factor 
table listing, PUBLIST, E. Hoel. Scattering factors 
for neutral osmium, oxygen and carbon atoms were 
taken from Table 2.2A of the International Tables,14 
while those for hydrogen were from Stewart et al. ’ 5 
Both real (f ') and imaginary (f “) components of 
anomalous dispersion were included for osmium 
using the values in Table 2.3.1. of ref. 14. The 
function minimized during least-squares refinement 
and the discrepancy indices are given in Table 1. 

Reasonable positions for the metal atoms were 
obtained by the Patterson method. Full-matrix least- 
squares refinement on the metals with isotropic tem- 
perature factors followed by difference Fourier syn- 
theses in each case revealed the positions of other 
atoms and, after further refinement, the positions 
of all non-hydrogen atoms. The data were also cor- 
rected for the effects of absorption, see Table 1. 
Least-squares refinement first with anisotropic ther- 
mal parameters for all the metal atoms and then, 
with anisotropic thermal parameters for all non- 
hydrogen atoms, afforded the R factors shown in 
Table 1. 

At this stage, it was possible to locate all hydride 
atoms as follows. The position of the hydride hydro- 
gen was found on a difference electron density map. 
Neither the positions nor the temperature factors 
were refined for hydrogen atoms ; these parameters 
however, were used in the calculation of the final 
structure factors. The atomic positional and thermal 
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Table 2. Selected interatomic distances (A) for OS~{ 1,2-p-H,1,2-p- 
CkC(Me)}{l-n2-CHdH,}(CO), (2) 

Molecule A 
Metal-metal 

Molecule B 

Os(l)-@(2) 
@(l)-@(3) 
os(2)--os(3) 

2.907(2) Os(4FW5) 
2.841(2) W4FW6) 
2.872(2) Os(5)-W6) 

Metal-ligand atom 

2.909(2) 
2.837(2) 
2.869(2) 

cw-wl) 
wl)--cw) 
w9-wl) 
w9-w2) 
os(2)-C(23) 
Os(3)--c(3 1) 
Os(3)-C(32) 
Os(3t-c(33) 
Os(3)-C(34) 
0%1)-C(5) 
Os(l)-C(6) 
C(5)--C(6) 
Os(l>-H(1) 
OS(~)-H(1) 

1.832(36) Os(4)--c(41) 
1.934(47) Os(4)-C(42) 
1.890(43) Os(5)--c(51) 
1.971(39) Os(5)--c(52) 
1.971(49) Os(5>--c(53) 
2.025(52) Cs(6)-C(61) 
1.958(35) Os(6k--C(62) 
1.851(44) Os(6)--c(63) 
1.892(52) W6FW4) 
2.282(37) Os(4F--C(7) 
2.313(49) W4>-c(8) 
1.335(66) C(7)-C(8) 
1.705 os(4)-H(2) 
1.699 os(5)-H(2) 

Carbonyl groups 

1.846(39) 
1.820(46) 
1.811(38) 
2.114(51) 
1.892(45) 
1.938(33) 
1.979(40) 
1.936(43) 
1.902(42) 
2.254(60) 
2.147(56) 
1.325(78) 
1.660 
1.923 

cc1 9-w 1) 
w+w2) 
Wl)--o(21) 
wv-w2) 
WW-W3) 
C(3l)-W31) 
C(32>-0(32) 
C(33>-0(33) 
C(34W(34) 

1.197(40) C(41)--0(41) 
1.162(45) C(42W(42) 
1.175(45) C(5lkWl) 
1.043(41) C(52FW52) 
1.079(48) C(53FW53) 
1.119(50) C(6lWx61) 
1.158(38) C(62)--0(62) 
1.182(46) C(63>-0(63) 
1.175(52) C(64FCX64) 

Bridging acyl groups 

1.168(41) 
1.173(44) 
1.205(41) 
1.042(49) 
1.172(45) 
1.136(37) 
1.143(41) 
1.120(46) 
1.161(45) 

WW41) 2.141(21) o(2)+(4) 2.107(24) 

W)--c(l) 1.230(39) 0(2)-C(2) 1.243(44) 

C(lWs(2) 2.113(37) C(2)+(5) 2.170(39) 

C(l)--c(3) 1.545(48) C(2)-~(4) 1.483(48) 

parameters as well as observed and calculated struc- 
ture factors have been deposited.* Selected inter- 
atomic distances and angles are given in Tables 2 
and 3, respectively. 

* Supplementary material available. A table containing 
final positional and thermal parameters and a listing of 
observed and calculated structure factors (18 pp.) has 
been deposited with the Editor, from whom copies are 
available on request. Atomic coordinates have also been 
deposited with the Cambridge Crystallographic Data 
Centre. 

RESULTS AND DISCUSSION 

Overall structure 

The crystal consists of discrete molecular units of 
0s3{~-H,yO=CMe}(~2-CH,--CH2}(CO), in the 
monoclinic space group P2,/c with eight molecules 
per unit cell. There are two independent molecules 
in the crystallographic asymmetric unit, referred to 
here as molecules A and B. Atom numbers in the 
discussion are those shown for A, see Fig. 2. The 
structure is that of the parent Os3{ 1,2-yH,1,2-p- 

O=C(Me))(CO) 1 o with an equatorial (CO) group 
on OS(~) substituted by an q2-CH+.ZH,. The 
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Table 3. Bond angles (“) for Os,(1,2-p-H,1,2-p-O=C(Me)j{ 1-q2-CH&Hz}(CO), (2) 

Molecule A 
cis 

Molecule B 

c(llHWl)--cP) 
C(1 l)--os(l>--c(5) 
C(l2Ws(l)-wl) 
wws(l>--c(5) 
C(2lWs(2)-C(22) 
C(2lws(2)+23) 
C(2l)--os(2~(1) 
C(22)--os(2w(23) 
C(23>--os(2~w) 
C(3l)--os(3)-C(33) 
c(31)-os(3)-c(34) 
C(32)-Os(3bC(33) 
C(32)-Os(3bC(34) 

C(33)--os(3W(34) 

87.26(149) C(4l)--os(4)-C(42) 86.55(188) 
95.03(164) C(4lWs(4)-w 93.36(205) 
95.54(119) C(42Ws(4W(2) 93.20(151) 
82.53(136) 0(2Ws(4)--c(7) 84.79( 166) 
92X+202) C(5lWs(5)-C(52) 90.34(157) 
96.75( 188) C(5lWs(5)--c(53) 97.28(189) 
95.25( 159) C(5 l)--os(5)--c(2) 97.24(157) 
93.06(199) C(52)-Os(5FC(53) 91.91(175) 
86.29(181) C(53Ws(5>--c(2) 88.45(176) 
92.07(170) C(61Ws(6>-c(63) 94.75( 134) 
88.14(205) C(6lWs(6FC(64) 90.61(160) 
94.48( 153) C(62)-Os(6)--C(63) 91.25(146) 
92.57(183) C(62)-Os(6)-C(64) 89.24( 172) 

103.44(168) C(63Ws(6F(64) 100.04(141) 

tram 

W u-W1W(1) 
C(22>--os(2)--c(l) 
C(3 1)--os(3)-C(32) 

176.87(131) C(4lWs(4W(2) 
171.90(193) C(52)-@(5)--c(2) 
173.06(153) C(6 1 Ws(6)-C(62) 

OS-C-O (terminal) 

177.81(129) 
172.31(154) 
173.93(142) 

Os(l)-C(l lW(l1) 
w1~(12>--0(12) 
0s(2>-c(21)--0(21) 
Os(2FC(22W(22) 
Os(2)--c(23W(23) 
Os(3)--c(3 1>--0(3 1) 
Os(3)-C(32W(32) 
Os(3)-C(33W(33) 
0s(3>--c(34)--0(34) 

166.88(336) Os(4)-C(4l)-w41) 
176.67(311) Os(4FC(42)--0(42) 
171.77(361) Os(5)-C(51>-0(51) 
168.71(469) Os(5WX52W(52) 
177.02(488) 0s(5>--c(53)--0(53) 
175.86(485) os(6>--c(6lw(6l) 
176.04(310) Os(6)--c(62>--0(62) 
170.94(315) Os(6)--c(63>-0(63) 
167.58(404) Os(6)-0(64) 

Bridging acyl groups 

166.88(412) 
176.35(399) 
174.11(319) 
172.26(485) 
177.20(397) 
176.01(303) 
175.81(354) 
177.86(331) 
176.30(387) 

C(lW(lWs(l) 111.84(214) C(2)--0(2ws(4) 111.44(225) 

O(l)-w)-C(3) 120.62(334) 0(2)-C(2wx4) 121.53(364) 

w>--c(l>--os(2) 114.56(240) 0(2)--~(2>-os(5) 114.14(259) 

C(3)--c(l)--os(2) 124.76(261) C(4)--c(2)--os(5) L&%.33(299) 
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overall geometry and interligand angles resemble 

those reported for Ru3{ 1,2-p-H, 1,2-@=C 
(NMe,)}{l-P(OPh),)(CO),.4” Approximately octa- 
hedral coordination can be discerned around 
each of the osmium metal atoms in 2 as indicated 
by the bond angle data grouped for cis or tram 
positioned atoms in Table 4. 

Coordination of the ethylene 

The position of ethylene, substituted on the metal 
atom to which the oxygen of the acyl group is also 
coordinated, is that observed for a number of sub- 
stituted related edge double-bridged derivatives4 

By contrast, the ethylene in the adduct 0s3(1,2-p- 
H,1,2-~-S(Me)}{3-~2-CH2---_CH2)(C0)9 is bonded 
away from the double-bridged edge,5 occupying the 
vacant coordination position created in the con- 
version of the face-bridged p3-S(Me) group of the 
parent complex to the edge-bridged p-S(Me) group 
in the product. The significance of the position of 
ethylene in 2 is taken up again in the Conclusion. 

The carbon-carbon separation in the coor- 
dinated ethylene in the two independent molecules 
of the unit cell (Tables 2 and 4) is not shifted 
signiscantly away from the value of the carbon to 
carbon double bond of 1.337(5) A in ethylene 
itself, ” and is shorter than that observed in com- 
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Fig. 2. ORTEP Projection of OS,{ 1,2-p(-H,1,2-p 
O==C(Me)){ I-r$-CH2-_cH2)(CO),, (2), hydrogen atoms 
bonded to carbon atoms are omitted for clarity. 
The numbering scheme is shown for Molecule A ; for the 
numbering of equivalent atoms in Molecule B, see Table 
3. Atom H(1) and its equivalent H(2) in Molecule B, was 
located but not refined. Thermal ellipsoids are at 50% 
probability; those for C(22) and C(12) are isotropic, due 
to unreasonable anisotropic parameters obtained in 

refinement. 

Table 4. Comparison of c---C and M-C separations 
(A) for coordinated ethylene in OS,{ 1,2-p-H, 1,2-p- 
-(Me)}{ l-~2-CH~H2}(CO), (2) and related 

derivatives 

Complex C=C OS-C 

2 1.335(66) 2.282(37) 
2.313(49) 

1.325(78) 2.254(69) 
2.147(56) 

A 1.42” 2.23(4) 
B 1.489(21) 2.171(14) 

2.120(15) 
C 1.40(3) 2.098(21) 

2.147(2) 
D l&(6) 2.24(3) 

2.16(4) 
E 1.531(l) 2.158(22) 

2.17(3) 

A = Os,{1,2-p-H,1,2-p-S(Me)}{3-q*-CHdH,} 

tCO)9,se a The C&C separation was fixed at 1.42 A and 
the OS-C distances were constrained to be equal in 
refining a disordered position for the ethylene group. 

B = [Os,{trans-CF,(H)C=C(H)CF,)(Br)(CO),,,-.9 
C = [Os3{truns-CF,(H)~(H)CF~}{~-Br}(CO)~]~.9 
D = 0s3{truns - CF,(H)CkC(H)CF,}{p - H,p - Br} 

(COL9 
E = 0s,{CH~H-O-C(0)CH,)(C0),,.“’ 

parison derivatives shown in Table 4 ; the OS-C 
separations are correspondingly higher. 

Metal-metal separations 

The metal-metal separations shown in Table 3 
do not depart to any significant extent from the 
mean metal separation of 2.8771(27) A found for 
0s3(CO)12,‘6 or for like single bonded separations 
in other polynuclear complexes.5a,9J0J7 

Bridging acyl group 

The average C-O separation in the two bridging 
acyl groups is 1.24(4) 8, (Table 2) close to 1.20 8, 
expected for a C=O double bond ; ’ 5 by compari- 
son, the value for a C-O single bond is 1.43 A. 
Moreover the OS-C separations, OS(~)-C( 1) 
= 2.113(37) A and OS(~)---C(2) = 2.170(39) 8, 
are also close to 2.113 A expected for an 
OS-C(sp’) single bond ;3b,15 that observed for an 
Os-C(carbene) bond is 1.99(2) A.r9 Despite lack 
of structural evidence for some carbene character 
in the bridge bond, i.e. Os(l)-O--C+Me)Os(2), 
the 13C resonance for the 0-C(Me) carbon atom 
is shifted significantly downfield, to 6 = 287.9 ppm. 

CONCLUSIONS 

Implications of the structure of 2 

No comparable ethylene adduct has as yet been 
observed for an edge double-bridged ruthenium 
complex, whose reaction with ethylene to form 
exclusively gem,bis-acyl dinuclear complexes is 
much more rapid, Scheme 2.2 We see the tri- 
osmium system with greater barrier to reactivity, 
serving as a slow motion camera to catch inter- 
mediates not isolatable in the ruthenium system. 

We suggest that the structure of 2 indicates the 
position of initial substitution of ethylene on the 
edge double-bridged parent molecule. We then 
surmize that hydrogen migration to such a coor- 
dinated olefin would create an ethyl group at the 
same metal atom site, as indicated for intermediate 
I in Scheme 2. Only the gem product is obtained 
in the ruthenium system. We thus deduce that a 
reductive elimination of the R group with the car- 
bon of a bridging carbonyl (leading to the gem 
product) is greatly favoured over the migration of 
the R group to a carbonyl group terminally bonded 
to the same metal atom (which would give the uic 
product, not observed). Thus a key element in the 
reactivity of metal cluster complexes as compared to 
that of mononuclear complexes is suggested, 
namely, that a process equivalent to the classic 



Reactions of ethylene with Os,{~-H,p-O=C(Me)}(CO),O 

Scheme 2. Implications of the structure of 2 for the reaction pathway in the formation of gem- 
bis(acyl)diruthenium complexes (cf. ref. 2b). 
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migration reaction on mono-nuclear complexes can 
be achieved on metal cluster complexes by the 
reductive elimination of a sigma-bonded group with 
a bridging ligand. 
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POTENTIAL SOURCES OF THE ELECTRONIC MATERIALS 
GaP AND AlAs. SYNTHESIS AND X-RAY STRUCTURES OF 

[t-Bu2Ga(p(C&)PH& AND [Et2Al(p-t-BuzAs)]z 
(C&L, = CYCLOPENTYL) 

DUANE E. HEATON, RICHARD A. JONES,* KENNETH B. KIDD, 
ALAN H. COWLEY* and CHRISTINE M. NUNN 

Department of Chemistry, The University of Texas at Austin, Austin, TX 78712, U.S.A. 

Abstract-Reaction of GaCl, with r-BuLi (2 equiv.) and Li-(C,H,)PH in THF at -78°C 
gives colourless crystalline [t-Bu,Ga(p-(CsHg)PH)], (1) in 80% yield (C5Hg = cyclopentyl). 
Reaction of Et,Al with t-Bu2AsH at 220°C gives the aluminium arsenide dimer, [Et,Al(p- 
t-Bu2As)12 (2) (63%). The X-ray structures of both (1) and (2) have been determined. They 
are both dimeric with bridging phosphido or arsenido groups and terminal alkyls. The 
coordination geometry of the Ga or Al atoms is roughly tetrahedral in each case. For 
compound (1) 31P NMR data indicate the presence of both the syn and anti isomers in 
solution (relative ratios 1: 2.5). In the solid state only the anti isomer is observed. Crystal 
data for (1): C26H56Ga2P2, M = 570.12, monoclinic, C2/m (No. 12), a = 16.736(3), 
b = 11.586(1),c= 8.413(2)&/I = 104,62(l)“, U= 1578.6(5)A3,Dc = 1.20gcm-3,Z= 2, 
~(Mo-ZQ = 18.11 cm-‘. Refinement of 1054 reflections (I> 3a(Z)) out of 1447 unique 
observed reflections (3” < 26’ < 50”) gave Rand R, values of 0.0503 and 0.0565, respectively. 
Data/parameter ratio = 12.85, highest peak in final difference Fourier = 0.604 e A-‘. Crys- 
tal data for (2): C24H56A12A~2, it4 = 434.29, monoclinic, Z?!i/n (No. 14), a = 8.907(l), 
b = 11.691(l), c = 14.735(3)& /3 = 90.25(l)“, U = 1534.4(5) A3, D, = 1.88 gcm3, Z = 4, 
~(Mo-K,) = 44.47 cm- ‘. Refinement of 1165 reflections (Z > 30(Z)) out of 2700 unique 
observed reflections (3” < 28 < 50”) gave Rand R, values of 0.0523 and 0.0600, respectively. 
Data/parameter ratio = 9.173, highest peak in the final difference Fourier = 0.439 e A-‘. 

There is currently considerable interest in the chem- 
istry of compounds which contain combinations of 
group 13 and 15 elements since they may serve 
as useful precursors to compound semiconductors 
such as GaAs and InP. ’ The pioneering studies of 
Coates2 and Beachley3 established that compounds 
of formula [Me2MEPhd2 (M = Al, Ga, In ; E = P, 
As) and [Me2MER213 (M = Ga, In ; E = P, 
R’ = Me, Et; and E = As, R’ = Me) may be pre- 
pared by the thermal reaction of Me,M with R2EH. 
More recent studies have shown that compounds 
of similar composition are also dimers or trimers 
depending on the steric demands of the substituents. 
Thus [(Me3SiCH2)2AsGaPh2]2,4 [(Me3SiCH2)2 
InPPh&5 and {[(Me3SiCH2)zAs]2GaBr}26 are 
dimers while [Et2MPEtd3 (M = Ga, In)7 are tri- 
nuclear. For the heavier group 15 element Sb, both 

*Authors to whom wrrespondence should be addressed. 

dimeric and trimeric species such as [(t-Bu,Sb) 
(C1)In(~-t-Bu2Sb)]28 and [C12Ga(t-Bu2Sb)]3g have 
been described. Additionally, the X-ray structures 
of the novel binary compounds Ga[As(mes)d310 
(mes = mesityl), and [Ga(As(CH2SiMe3)2)3]2’1 
have recently been reported by Wells and co- 
workers. 

We recently reported the use of the dinuclear 
complexes [Me2Ga(Z.&Bu,As)12 and [Me,In(yt- 
Bu,P)], for the organometallic chemical vapour 
deposition (OMCYD) of thin films of GaAs and 
InP, respectively. l2 These compounds and other 
analogues of the type [Me2M@t-Bu2E)12 (M = Al, 
Ga, In ; E = P, As) offer advantages over the cur- 
rently employed OMCYD processes which typically 
employ mixtures of group 13 alkyls (e.g. Me3Ga, 
Me,In) with a group 15 source, such as ASH, or 
AsMe [e.g. eq. (l)]” 

Me3Ga+AsH3 + GaAs+3CH,. (1) 

1901 
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They have increased stability towards air and moist- 
ure, are hydrocarbon soluble, not appreciably toxic, 
and are sufficiently volatile for OMCVD processes. 
In addition, grown films of GaAs and InP were 
remarkably free of carbon as an impurity which 
suggested a novel, facile decomposition route for 
the elimination of the hydrocarbon fragments. ‘* 
This is currently under investigation. 

In order to assess the effect of different alkyl or 
aryl substituents in the precursor compounds on 
the nature of the grown films, we have undertaken 
the synthesis of a variety of new 13/l 5 compounds. 
We report here the synthesis, characterization and 
X-ray structures of two such species, [t-Bu,Ga@- 
(C,H,)PH)], (1) and [Et2A1@-t-Bu2As)12 (2). 
Details of their use as precursors for OMCVD pro- 
cesses will be described in another paper. To our 
knowledge complex 1 is the first example of a di- 
nuclear primary phosphido (RPH-) complex of 
gallium. In this case a plausible low temperature 
pathway for loss of hydrocarbon might be the 
expulsion of the small cyclic hydrocarbon cyclo- 
pentane. In addition, 2 is the first structurally char- 
acterized aluminium arsenide complex. 

RESULTS AND DISCUSSION 

5jmtksis and structure of [t-Bu2Ga@-(C,H,)PI-I)]2 
(1) 

The reaction of GaCl, with two equivalents oft- 
BuLi and one equivalent of the monolithiated phos- 
phide Li(CSH9)PH in THF at -78°C results in 
the formation of [t-Bu2Ga(p-(CSH9)PH)]2 (1). The 
compound may be isolated in 80% yield as colour- 
less prisms by crystallization from toluene at 
-35°C. It is relatively air stable in the solid state 
for short periods of time but decomposes rapidly 
in solution when exposed to the atmosphere. IR 
spectroscopic data confirms the presence of P-H 
units with a weak vp_n absorption at 2310 cn- ‘. 
The ‘H NMR spectrum is relatively uninformative 
as it consists of numerous overlapping multiplets 
for the (C,H,)PH, (CSHg)PH and t-BuGa protons. 
The 3’P(1H} NMR spectrum in CsD6 at 35°C 
shows two singlets at 6 -90.3 and -94.5 (relative 
areas 2.5: 1). These signals are split by the 
(CSH9)PH protons in the coupled 3’P NMR spec- 
trum. We assign the two signals to the presence of 
both syn and anti isomers in solution (see Scheme 
1). An alternative interpretation of the data is that 
the signals are due to the presence of monomeric 
and dimeric species. However, we feel that this is 
less likely since the ‘Jp_n COUphg COrMantS of 
both signals are virtually identical and a significant 
difference would be expected in these couplings for 

a bridging phosphide as opposed to a terminal phos- 
phide. In addition, the chemical shifts of both sig- 
nals are to high field and consistent with phosphido 
groups bridging two metals which are non-bonding. 
A monomeric species such as t-Bu2Ga[P(C,Hg)H] 
could have the phosphido group behaving as a three 
or one electron donor. The “P NMR chemical shift 
of a phosphido group acting as a terminal three- 
electron donor would be expected to be shifted 
downfield. A monomeric six-electron species result- 
ing from the one-electron donor phosphido case 
is likely to be highly coloured as found for Ga(t- 
BU*P)3. l4 

In the solid state 1 crystallizes only in the anti 
form. Presumably this form minimizes the steric 
interactions between cyclopentyl groups. The com- 
plex crystallizes in the monoclinic space group C2/m 
with two dimeric molecules in the unit cell. A view 
of the molecule is shown in Fig. 1, and bond lengths 
and angles are given in Table 1. There is a cry- 
stallographically imposed two-fold axis of rotation 
which passes through both Ga atoms and a mirror 
plane which contains the P atoms and the C(5) 
atoms of the cyclopentyl groups. Thus the cen- 
tral Ga2P2 core is planar, and there is a roughly 
tetrahedral coordination geometry about the Ga 
atoms (P-Ga-P’ = 81.76(3)“, P-Ga--C(l) = 
110.65(9)“, P-Ga-C(l)’ = 113.10(9)“, C(l)- 
Ga-C(1)’ = 121.0(2)“). The Ga-Ga distance 
(3.71 A) is too long to be considered a bonding 
interaction. The Ga-P distance (2.451(l) A) is 
slightly shorter than that of other phosphido- 
bridged gallium dimers which we recently described 
(ca 2.48 @.I4 This may be due to the electronic 
effects of replacing one alkyl group on phosphorus 
with an H atom as well as the decreased sterics 
of using a primary phosphide as opposed to the 
secondary phosphides used in other complexes. The 
Ga-C(1) distance (2.011(3) A) is comparable to 
that of the Ga-alkyl bonds in the complexes 
[R,Ga(p-P(t-Bu),)], (R = n-Bu, Me) (ca 2.02 A).” 
All other structural parameters of the molecule fall 
within normal limits. 

Synthesis and structure of [Et,Al(p-t-Bu,As)], (2) 

We recently described the reaction of t-Bu2AsH 
with MMe, (M = Al, Ga, In) which produces the 
dimeric arsenido species [Me2M@-t-BuZAs)]2.‘5 In 
order to explore the potential of this synthetic route 
we examined the reaction of Et3A1 with t-Bu2AsH. 
The analogous ethyl derivative [Et2Al(p-t-Bu2As)12 
(2) is produced in good yield. The isolation and 
characterization of 2 should permit a comparison 
of the effects of changing from Me to Et in the 
substituents on Al in an OMCVD process to pro- 
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2 

duce the compound semiconductor AlAs. The 
results of these studies will be published separately. 

Spectroscopic data for 2 is in accord with the 
solid state structure as determined by X-ray crys- 
tallography. Thus the ‘H NMR spectrum contains 

Fig. 1. ORTEP view of complex 1. 

peaks which may be assigned to Et groups [S 1.42(t), 
0.60(q)] as well as a t-Bu unit [6 1.40(s)]. 

The compound crystallizes in the monoclinic 
space group P2 ,/n with four molecules per unit cell. 
The molecule sits on an inversion centre at the mid 
points of the Al-Al and As-As vectors. A view 
of the compound is shown in Fig. 2, and bond 
lengths and angles are given in Table 2. To our 
knowledge 2 is the first structurally characterized 
aluminium-arsenido complex and so the Al-As 
distance of 2.571(2) 8, is without precedent. The 
Al-C(41) and Al-C(3 1) distances of 1.985(5) and 
1.999(5) A, respectively may be considered normal. 
As in complex 1 the Al atoms have roughly tetra- 
hedral coordination geometry, and the Al-Al dis- 
tance is considered to be non-bonding (3.77 A). 

EXPERIMENTAL 

All manipulations were performed under dry, 
oxygen-free Nz, under vacuum using standard vac- 
uum line techniques, or in a Vacuum Atmospheres 
dry box under argon. Microanalyses were con- 
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Table 1. Bond lengths (A) and angles (“) for complex 1 

Bond distances 
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Ga P 2.451(l) C(1) C(4) 1.540(5) 
Ga C(1) 2.01 l(3) C(5) C(6) 1.513(4) 
P C(5) 1.743(4) C(6) C(7) 1.532(4) 

C(1) C(2) 1.554(4) C(7) C(7)’ 1.468(7) 

C(1) C(3) 1.561(4) 

Bond angles 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

P 
P 
P 

C(1) 
Ga 
Ga 
Ga 
Ga 

Ga P 
Ga C(1) 
Ga C(1) 
Ga C(1)’ 
P Ga’ 
P C(5) 
C(1) C(2) 
C(1) C(3) 

81.76(3) 
110.65(g) 
113.10(9) 
121.0(2) 
98.24(3) 

128.00(S) 
109.8(2) 
108.9(2) 

Ga 

C(2) 
C(2) 
C(3) 
P 

C(6) 
C(5) 
C(6) 

C(l) C(4) 
C(1) C(3) 
C(1) C(4) 
C(1) C(4) 
C(5) C(6) 
C(5) C(6)’ 
C(6) C(7) 
C(7) C(7) 

112.1(2) 
108.0(3) 
107.4(3) 
110.4(3) 
119.3(3) 
108.6(4) 
104.6(3) 
108.9(2) 

Numbers in parentheses are estimated standard deviations in the least significant 
digits. 

ducted by the Schwarzkopf Microanalytical Lab- 
oratory, Woodside, NY. Pentane and THF were 
distilled from sodium benzophenone ketyl under 
Nz. Toluene was distilled from sodium under NZ. 
CsD6 was initially dried over 4 A molecular sieves, 
stirred over Na/K alloy overnight, and the vacuum 
transferred to a storage vessel and stored under 
Na/K alloy. Instruments : IR, Perkin-Elmer 1330, 
Digilab FTS40; NMR, GE QE-300 (‘H, 3’P) ; 
MS, Bell & Howell CEC 21-491, 70 eV. IR spectra 
were run as Nujol mulls by using NaCl discs or 
in solution (matched KBr cells). NMR spectra 
were recorded in CsD6 at ambient temperature 
unless otherwise stated and are in ppm referenced 
to Me,$i (6 0.0, ‘H) and 85% H3P0,(aq.) (6 
0.0, 31P). Melting points were determined on an 
Electrothermal Melting Point apparatus in sealed 
capillaries under nitrogen (1 atm) and are uncor- 
rected. Et,Al was purchased as 20% Et,Al in 
benzene from the Ethyl Corporation and used as 
received. GaC13 was purchased from Johnson 
Matthey Inc. and was used as received. Li(CSH9) 
PH* and t-Bu,AsH ’ 7 were prepared as previously 
described. Satisfactory elemental analyses (C, H) 
were obtained on both compounds. 

*Li(C5H,)PH was prepared from (CSHg)PH, in a 
manner analogous to the synthesis of Li-t-Bu,P. I6 

Synthesis of [t-Bu2Ga(p-(&H,)PH)], (1) 

t-BuLi (8.8 cm3 of a 2.5 M pentane solution, 22 
mmol) was added dropwise to a solution of GaCI, 
(1.90 g, 11 mmol) in THF (80 cm’) at - 78°C. The 
solution became yellow during the addition and 
upon warming to room temperature it was colour- 
less. The solution was stirred (7 h) and then cooled 
(-78°C). To it was added Li(C,H,)PH (21.5 cm3 
of a 0.5 1 M THF solution, 11 mmol) dropwise via 

Fig. 2. ORTEP view of complex 2. 
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*Table 2. Bond lengths (A) and angles (“) for complex 2 

Bond distances 
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

As Al 2.571(2) C(11) C(13) 1.572(9) 
As Al 2.562(2) C(11) C(14) 1.528(10) 
As CVl) 2.049(6) C(21) C(22) 1.542(10) 
As C(21) 2.033(6) C(21) ~(23) 1.553(10) 
Al C(31) 1.999( 5) C(21) C(24) 1.546(10) 
Al C(41) 1.985(5) C(31) C(32) 1.521(9) 

C(11) C(12) 1.532(10) C(41) C(42) 1.510(9) 

Bond angles 
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Al As Al 94.54(4) As C(l1) C(13) 103.6(4) 
Al As CU 1) 113.3(2) AS C(11) C(14) 110.4(5) 
AI As C(21) 113.5(2) C(12) C(11) C(13) 110.5(6) 
Al As C(11) 112.8(2) C(12) C(l1) C(14) 111.5(7) 
Al As C(21) 113.3(2) C(13) C(l1) C(14) 109.7(6) 
C(ll) As C(21) 108.9(3) As C(21) C(22) 111.1(5) 
As Al As’ 85.46(4) As C(21) ~(23) 105.2(5) 
As Al C(31) 111.7(2) As C(21) C(24) 110.2(5) 
As Al C(41) 116.9(2) C(22) C(21) C(23) 109.6(6) 
As Al C(31) 116.5(2) C(22) C(21) C(24) 111.7(7) 
As Al C(41) 112.7(2) C(23) C(21) C(24) 108.8(6) 
C(31) Al C(41) 111.5(3) Al C(31) C(32) 113.0(5) 
As C(11) C(12) 110.9(5) Al C(41) C(42) 113.6(5) 

Numbers in parentheses are estimated standard deviations in the least significant 
digits. 
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syringe. The solution was warmed to room tem- 
perature (1 h) and stirred (13 h). Volatile materials 
were removed in vacua, and the residue extracted 
with toluene (2 x 40 cm3). The combined, filtered 
extracts were concentrated in vacua (60 cm3) and 
cooled (-35°C) to produce colourless crystals of 
1. They were collected and dried in vacua. The 
supernatant was further concentrated and cooled 
to yield additional amounts of 1. Yield : 2.48 g, 80% 
based on Ga. M.p. 202-206°C (dec.). IR (Nujol 
mull, NaCl plates) : 2310 w, 1445 m, 1360 m (cm-‘). 
‘H NMR (300.152 MHz) : S 1.45 (br.mult., p- 
(C,H,)PH, t-BuGa). 3’P NMR (121.503 MHz): 6 
-90.3 (br.dd, I.&n = 176 Hz, 2Jn__t.r = 105 Hz, 
p-(&H@H), -94.5 (br.dd, ‘&__u = 178 Hz, 
2Jp_r.r = 106 Hz, p-(C,H,)PH). “P(‘H} NMR 
(121.503 MHz): 6 -90.3 (s, pu-(C,H,)PH), -94.5 
(s, /J-(C,H,)PH). 

Synthesis of /Bt2Al(fi-t-Bu2As)], (2) 

Et,A1(0.14 cm3, 0.12 g, 1.05 mmol) was syringed 
into a Schlenk flask (100 cm3) containing t-Bu,AsH 

(0.2 cm3, 0.2 g, 1.05 mmol) and a magnetic follower. 
The stirred mixture was heated to 220°C (12 h). 
Upon cooling to room temperature, the reaction 
mixture solidified. Toluene (20 cm3) was added and 
the mixture gently heated until all of the solid 
material had dissolved. The solution was cooled 
(-20°C) to give colourless crystals of 2. The 
supematant solution was decanted off and the crys- 
tals washed with pentane (2 x 30 cm3), and dried in 
vacua. Yield : 0.18 g, 63% based on Al. M.p. 278- 
280°C (dec.). IR : 1410 w, 1365 m, 1160 br, 1020 w, 
975 w, 950 w, 620 br, 585 w, 530 w (cm-‘). ‘H 
NMR (300.152 MHz): 6 1.42 (t, 12H, CH3), 1.40 
(s, 36H, yt-&As), 0.60 (q, 8H, AlCH3. 13C{ ‘H} 
NMR (75.466 MHz) : 6 4.10 (br.s, CH,CH,), 9.82 
(s, CH,CH,), 33.82 (s, C(CH,),), 39.11 (s, 
WH3)3). 

X-ray experimental data 

Details of crystal data and a summary of intensity 
data collection parameters for 1 and 2 are given in 
Table 3. Data were collected on an Enraf-Nonius 
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Table 3. Crystal data and collection parameters for complexes 1 and 2 

Description of crystal 
Colour 
Habit 
Max. crystal dimension 

(mm) 
Unit cell 

Crystal system 
Space group 
Unit cell parameters : 

a (4 
b (-@ 
c (‘Q 
u (“I 
B 0 
Y (“) 
u (A’> 

Molecules per unit cell 
Formula 
Molecular weight 

(g mol- ‘) 
Calculated density 

(g cn- ‘) 
~(Mo-K,) talc. (cm- ‘) 

Data collection 
Radiation (A) 
Scan technique 
Scan width (“) 
Range of indices h,k,l 
20 range (“) 
No. reflections measured 
Standard reflections : 

intensity 
orientation 

Decay of standards 
Min. % transmission 
Max. % transmission 
Average % transmission 
Agreement factor for 

averaged reflections 
intensity 

Structure determination 
No. reflections used 

(1’ 3a(I)) 
No. parameters varied 
Data/parameter ratio 
Shift to error ratio 
E.s.d. of an observation 

of unit weight 

1 
clear 
prism 

2 
clear 
prism 

0.20 x 0.40 x 0.20 0.40 x 0.35 x 0.25 

monoclinic 
C2/m (no. 12) 

monoclinic 
P2,/n (no. 14) 

16.736(3) 
11586(l) 
8.413(2) 
90 
104.62( 1) 
90 
1578.6(S) 
2 

C26H56GazP, 

8.907( 1) 
11.691(l) 
14.735(3) 
90 
90.25( 1) 
90 
1534.4(5) 
4 

C,.,H,du,As, 

570.12 434.29 

1.20 1.88 
18.11 44.47 

MO-K, (0.71073) 
e/20 
0.8 + 0.35 (tan 19) 
+19, +13, *lo 
3 to 50 
1447 

MO-K, (0.71073) 
e/2e 
0.8 + 0.35 (tan 0) 
+10, f13, L-17 
3 to 50 
2700 

640,603 505,541 
1002,1003 00 10,oo 10 
4.2% 27.4% 
75.20 81.60 
99.92 99.82 
86.50 90.59 

0.013 0.026 

1054 1165 
82 127 
12.85 9.173 
0.004 0.018 

6.24 4.59 
0.0503 0.0523 
0.0565 0.0600 
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CAD-4 diffractometer at 23 + 2°C using graphite 
monochromated MO-& radiation. All calculations 
were performed on a PDP 1 l/44 computer using the 
Enraf-Nouius software package “SDP-PLUS”. ’ * 
For each structure, the data were corrected for 
Lorentz and polarization effects. The structures 
were solved by direct methods (MULTAN)19 and 
successive cycles of difference Fourier maps fol- 
lowed by least-squares refinement. Scattering fac- 
tors were taken from ref. 20. 

(1). Crystals suitable for X-ray diffraction were 
grown by cooling a toluene solution (- 35°C). The 
crystals were mounted in thin walled glass capil- 
laries and sealed under nitrogen. Unit cell par- 
ameters were obtained by centring 25 reflections 
having 28 values between 2430”. Examination of 
the diffraction symmetry and no systematic 
absences indicated a choice of the monoclinic space 
groups, Cm, C2, C2/m. The space group C2/m (No. 
12) was chosen to be the correct one on the basis of 
successful refinement of the structure. Data were 
collected in the +h+ k+ I quadrant between 28 
values of 3-50”. The check reflections indicated a 
4.2% decrease in intensity over the course of data 
collection, and hence an anisotropic correction was 
applied. A + scan of four reflections having x values 
between 80-90” showed a minimum transmission 
of 75.20% and amaximum transmission of 99.92%. 
An empirical absorption correction was applied 
(Program EAC). The observed structure factors of 
equivalent reflections were averaged, with an agree- 
ment factor of 0.013 for intensity. Hydrogen atoms 
were not located, but their contributions were 
included in the final refinements. Data with inten- 
sities less than 3a(I) were excluded, and a non- 
Poisson contribution weighting scheme with an 
experimental instability factor of P set at 0.05 was 
used in the final stages of refinement.* The atoms 
were refined to final values of 0.0503 and 0.0565 for 

*P is used in the calculation of a(Z) to downweight 
intense reflections in the least-squares re6nement. The 
function minimized was Z w(lFOl -IF#, where o = 
4(F,)‘/p V’Jzlz, where p(F,)*l’= [S*(C+R*B)+ 
m~0I)*~*1/(~,)*~ where S is the scan rate, C is the 
total integrated peak count, R is the ratio of scan 
time to background counting time, B is the total 
background count and Lp is the Lorentz polarization 
factor. 

t Tables of atomic positional and thermal parameters 
and observed and calculated structure factors for 1 and 
2 have been deposited as supplementary material with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been submitted to the 
Cambridge Crystallographic Data Centre. 

R and &, respectively. The maximum peak in the 
final difference Fourier map had a height of 0.604 
e A- 3 and was located 1.203 8, from C(5). 

(2). Crystals suitable for X-ray diffraction were 
grown by cooling a toluene solution (- 35°C). The 
crystals were mounted in thin walled glass capillaries 
and sealed under nitrogen. Unit cell parameters 
were obtained by centring 25 reflections having 29 
values between 24-30”. The monoclinic space group 
P2,/n (No. 14) was uniquely determined by the 
systematic absences OkO, k = 2n+l, h01, 
h+l = 2n+l.Datawerecollectedinthe +h+k+Z 
quadrant between 20 values for 3-50”. The check 
reflections indicated a 27.4% decrease in intensity 
over the course of data collection, and hence an 
anisotropic correction was applied. A tj scan of four 
reflections having x values between 8&90” showed 
a minimum transmission of 81.60% and a 
maximum transmission of 99.82%. An empirical 
absorption correction was applied. The observed 
structure factors of equivalent reflections were aver- 
aged, with an agreement factor of 0.026 for inten- 
sity. Hydrogen atoms were not located, but their 
contributions were included in the final refinements. 
Data with intensities less than 3oQ and (sin@/12 
less than 0.10 were excluded, and a non-Poisson 
contribution weighting scheme with an exper- 
imental instability factor of P set at 0.08 was used 
in the final stages of refinement.* The atoms were 
refined to final values of 0.0523 and 0.0600 for R 
and R, respectively. The maximum peak in the final 
difference Fourier map had a height of 0.439 e A-’ 
and was located 1.066 8, from C( 13).t 
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SYNTHESIS AND STRUCTURE OF ~~-P-~-Bu~P-~-Bu,~,. 
A PERPHOSPHIDO LEAD@) DIMER 

ALAN H. COWLEY,* DEAN M. GIOLANDO, RICHARD A. JONES,* 
CHRISTINE M. NUNN and JOHN M. POWER 

Department of Chemistry, The University of Texas at Austin, Austin, TX 78712, U.S.A. 

Abstract-The reaction of PbC12 with Lip-t-Bud affords the dimeric Pb(I1) compound, 
[Pb(p-P-t-Bu2)P-t-Bu2], (1). The structure of 1 was established by X-ray crystallography. 
Compound 1 reacts with MeLi to afford the “ate” complex, [Pb(P-t-Bu2)2Me]Li. 

The phosphorus ligand chemistry of PI>(H) is not 
well developed’ and, in fact, only three compounds 
with Pb(II)-P bonds have been structurally char- 
acterized.2,3 Interestingly, homoleptic phosphides of 
empirical composition Pb(PR2)2 were not known 
previously. We report the preparation and X-ray 
crystal structure of [Pb@-P-t-Bu2)P-t-Bud, (l), the 
first example of this type of compound. 

A THF solution of Lip-t-Bu,] (4.8 cm3, 0.9 M) 
was added dropwise via a syringe to a stirred solu- 

To Professor Sir Geoffrey Wilkinson in recognition of 
his many outstanding contributions to inorganic and 
organometallic chemistry. 

*Authors to whom correspondence should be addressed. 
t ‘H NMR (300 MHz, CsD6, TMS ext.) 6 1.45 (d, 36H, 

3.Zpw = 11.9 Hz, t-Bu terminal), 6 1.54 (m, unresolved 
virtual coupling, 36H, t-Bu bridge). 13C{ ‘H} NMR (75.5 
MHz, C6Ds, TMS ext.) 6 34.73 (s, Me bridge), 6 36.8 
(d, *.Zpc = 12.6 Hz, Me terminal). 3’P{‘H} NMR (121.5 
MHz, C,D,, 85% H3P04 ext.) 6 65.3 (s, *07Pb satellites, 
iJpbp = 2452 Hz, P bridge), 6 90.8 (s, *07Pb satellites, 
‘Jpbp = 1100 Hz). 

$ Crystal data for 1: C32H7,P,Pb2, M = 995.2, mon- 
oclinic, P2/n (No. 14), a = 12.107(3), b = 11.738(2), 
c= 15.540(5) A, jI= 111.09(2)“, V= 2060.5 A3, Z= 2, 
0, = 1.60 g cm3, ~(Mo-ZQ = 83.9 err-‘. Crystal 
growth: red-black single crystals of 1 were grown by 
cooling a saturated hexane solution to -30°C for one 
week. 

Intensity data : Enraf-Nonius CAD 4 diffractometer at 
23 + 2°C ~28 scan mode within the range 3 < 20 < 55”. 
The structure was solved by Patterson and Fourier 
methods by which all non-hydrogen atoms were located 
and refined anisotropically. Full-matrix least-squares 
refinement of 3072 reflections [Z > 30(Z)] from a total of 
4727 unique measured reflections gave final R and R, 
values of 0.0399 and 0.0508, respectively. 

Atomic coordinates, bond lengths and angles and ther- 
mal parameters have been deposited at the Cambridge 
Crystallographic Data Centre. See notice to Authors. 

tion of PbC12 (0.6 g, 2.15 mmol) in THF (80 cm’) at 
-78°C. The resulting deep red reaction mixture 
was stirred for 12 h at ambient temperature. After 
filtration to eliminate a small amount of Pb metal, 
the THF was removed in uacm from the reaction 
mixture and the resulting residue was dissolved 
in hexane (100 cm3). After concentration and 
cooling of this solution to -3O”C, red-black 
crystals of 1 were isolated in 88% yield. Crystals of 
1 are moderately light-sensitive. 

The 3’P{1H} NMR spectrum of 1 exhibits res- 
onances of equal intensity at 6 65.3 and 90.8,t thus 
implying a dimeric structure with two bridging and 
two terminal t-Bu,P moieties. As has been proposed 
for the analogous Sn compound,ra the lower field 
resonance is assigned to the bridging ligands. The 
‘H and 13C{ ‘H} NMR data are also consistent with 
a dimeric formulation. 

The foregoing structure assignment was con- 
firmed by an X-ray ana1ysis.S Individual molecules 
of 1 reside on a centre of symmetry (Fig. 1) and 
there are no particularly short intermolecular con- 
tacts. As evidenced by the sum of bond angles 
(302.32(8)“), the geometry at each Pb atom is pyra- 
midal thus implying the presence of a stereo- 
chemically active lone pair. A similar comment 
can be made about the geometry of the terminal 
phosphido groups (sum of bond angles at 
P(1) = 308.6(4)“). The conformation about the 
Pb-P(1) bond is one in which repulsion between 
the lead and phosphorus lone pairs is minim&d. The 
adoption of a mutually truns arrangement of ter- 
minal phosphido groups is presumably a conse- 
quence of steric bulk. However, it should be noted 
that the less sterically encumbered compound, 
[Sn@NMe2)NMez]2, possesses a similar structure.4 
Within experimental error, the average Pb-P bond 
length in 1 (2.796(4) A) is the same as those in 
[Li(THF){Pb(P-t-Bu2)3}]2 and in diphenylphos- 
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Fig. 1. View (ORTEP) of 1 showing the atom numbering 
scheme. Key bond lengths (A) and angles (“) : Pb-P(1) 
2.781(4), Pb-P(2) 2.812(3), P(2)-Pb-P(2)’ 79.84(8), 
P(2)-Pb-P(1) 115.17(8), P(2)-Pb-P(1) 107.31(g), 

Pb-P(2)-Pb’ 100.16(8). 

phinomethanide complexes of Pb(II).3 The intra- 

ring Pb-P bond lengths (2.812(3) A) are slightly 
longer than the terminal Pb-P bond lengths 
(2.781(4) A) but this difference is close to the limit 
of statistical significance. The Pb. * * Pb distance 
within the Pb2P2 rhombus exceeds 4.3 8, hence 
metal-metal interaction is precluded. 

A similar structure to 1 has been postulated for 
the analogous Sn(I1) compound, [Sn(yP-t-Buz)P- 
t-Bu& on the basis of heteronuclear NMR data.‘” 

Interestingly, the amido-substituted Sn(I1) and 
Pb(II) compounds, [M{N(SiMe3)2},l (M = Sn, Pb), 
adopt monomeric structures in both the solid and 
vapour states.’ 

Preliminary studies have been made of the reac- 
tivity of 1. For example, 1 reacts readily with MeLi 
to afford the novel “ate” complex, [Pb(P-t- 
Bt&Me]Li. This compound and other reactions 
of 1 will be described in a subsequent full paper. 
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the Texas Advanced Technology Research Program for 
financial support. 
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IRON-SULPHUR DIMERS WITH BIDENTATE PHENOLATE- 
THIOLATE TERMINAL LIGANDS 

P. BEARDWOOD and J. F. GIBSON* 

Department of Chemistry, Imperial College of Science and Technology, London SW7 2AY, 
U.K. 

Ahstract-[Fe2S2Lz]2- complexes l-4 having phenolat&hiolate terminal coordination by 
the ligands Ll-L4 have been prepared and studied by a range of physical methods. Their 
electronic spectra show strong absorption in the region 390-420 nm attributable to 0 + Fe 
charge-transfer. ‘H NMR for l-4 demonstrates the diagnostic pattern of dipolar broadened 
resonances with negative isotropic shifts for a-methylene and meta protons and positive 
shifts for o&o and para protons. 57Fe Miissbauer spectra of the solid complexes display 
quadrupole doublets with large splittings (0.684.99 mm s- ‘) typical of chelated [2Fe-2S12+ 
and isomer shifts (0.284.31 mm s-‘) only slightly raised from those for [Fe2S2(SR),]2-. 
First reduction processes occur at potentials in the range - 1.35 to - 1.47 V and are more 
reversible than those for [Fe2S2(OAr)4]2-. On chemical reduction, 1 and 3 give EPR signals 
having gav = 1.929 and 1.928, respectively, attributable to the corresponding trianions. 
Reduced 2 and 4, however, more readily give the gav z 1.92 type signals characteristic of 
solvent-induced modification of the coordination. The effectiveness of phenolate coor- 
dination in decreasing g2 and g3 for [2Fe--2S]+ suggests that the low g values of the Rieske 
proteins result from oxygenous ligation. 

[Fe2S2(SR),]2-‘3- complexes are well known as 
analogues of [2Fe-2S] 2+/‘+ ferredoxin centres, dis- 
playing many coincident physical and chemical 
properties. The Rieske-type [2Fe-2S] proteins 
have anomalous spectroscopic and redox properties 
which demonstrate a departure from the established 
tetra-thiolate coordination of [2Fe_2S] centres in 
ferredoxins. In recent years, [2Fe-2S] complexes 
coordinated terminally by bis-phenolate, IA3 bis-pyr- 
rolate, ’ carboxylat&hiolate,4 benzimidazolate 
thiolate, benzimidazolate-phenolate or bis-benzi- 
midazolate5 ligands have been synthesized and 
studied by a range of physical methods, for com- 
parison with the Rieske proteins. Here, seeking fur- 
ther to map out the effects of the many possible 
combinations and geometrical arrangements of the 
biologically relevant coordinating groups, we inves- 
tigate [Fe2S2Lz]2-/3- complexes, 1-4, having biden- 
tate phenolatethiolate ligands (L = L144). 

* Author to whom correspondence should be addressed. 
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EXPERIMENTAL 

Ligand synthesis 

Ligand H2L1 was prepared from 2-hydroxy- 
benzylalcohol diacetate6 by reaction with NaHS 
in methanol according to the procedure of Hayashi 
and Oka for 2,2’-dihydroxydibenzyldisulphide, 
followed by reduction with lithium aluminium 
hydride in ether to give 70% of 2-hydroxy- 
benzyhnercaptan after vacuum distillation. ‘H 
NMR (CDC13) 6 1.88 (t, SH), 3.76 (d, CH3, 5.87 
(s, OH), 6.75-7.25 (m, C6H4). 

1911 
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HzL2, 2-(2-hydroxyphenyl)ethylmercaptan, was 
prepared from 2-(2-hydroxyphenyl)ethanol’ by a 
similar procedure to that used by Givens and Ham- 
ihong when starting from 2,3-dihydrobenzofuran. 

HzL3, 2-mercapto-2’-hydroxybiphenyl was ob- 
tained from 2-hydroxybiphenyl by the method of 
Hanson and Kemp. lo 

H&4 was prepared from 2-methylol-2’-hydroxy- 
biphenyl’ ’ by reaction with HCI in EtOH, removal 
of the solvent and subsequent reaction with thio- 
urea in DMSO followed by hydrolysis with aqueous 
NaOH, all at room temperature. After acidification 
and extraction with ether the crude product was 
chromatographed on a column of silica using 2 : 1 
ether : hexanes solvent to give 30% of 2-mercap- 
tomethyl-2’-hydroxybiphenyl. ‘H NMR (CDC13) 
6 1.68 (t, SH), 3.57 (d, CH2), 4.80 (s, OH), 6.9- 

7.5 (m, Ci,H,). 

sion. Complexes 2 and 4 are more soluble in DMF 
and thus correspondingly less solvent was used in 
their preparation and recrystallization. 

Although the complexes may possibly crystallize 
from solution with the ligands in a specific geo- 
metrical arrangement, when dissolved they are 
expected, very rapidly, to attain an equilibrium dis- 
tribution between the isomers, due to the facile 
ligand exchange typical of these types of complexes. 
The complexes are converted quantitatively into 
[Fe2S,(SAr),12- by an excess of thiophenol, as 
judged by optical spectrophotometry. 

Reductions of the iron-sulphur dimers were car- 
ried out as described previously ’ 3 using ca 1.1 equi- 
valents of monosodium acenaphthylenide in DMF 
or N-methylpyrrolidinone (NMP) with subsequent 
rapid transfer of samples of the solutions to EPR 
tubes for immediate freezing in liquid nitrogen. 

Iron-sulphur dimer synthesis Physical measurements 

[Et&l+ or [Ph,As]+ salts of the [Fe2S2L212- 
complexes were formed from [Fe2S2C14]2- by ex- 
change of chloride for the deprotonated ligand 
L = L1-U in an aprotic solvent. The formation 
of [Et,N2[Fe2S2(L3)2] serves as an example. All 
manipulations were performed in an atmosphere of 
dinitrogen using deoxygenated solvents. 

[Et,Nl,[Fe,S,(L3),] : 404 mg (2 mmol) of 2-mer- 
capto-2’-hydroxybiphenyl were deprotonated in 2- 
3 cm3 of MeOH using 4 mm01 of NaOMe (formed 
in situ from 96 mg of granular NaH). After removal 
of the solvent in uacuo the sodium salt of the ligand 
was dissolved in 40 cm3 of dimethylformamide 
(DMF-Aldrich HPLC grade) and added to 578 
mg (1 mmol) of [Et4NJ2[Fe2S2C14]‘2 in 30 cm3 
DMF. The solution was stirred for 1 h at room 
temperature and then filtered through Celite 521 
filter agent (Aldrich) and 150 cm3 of ether (Na 
dried) were added with stirring. One hour later the 
product was filtered from the solution, redissolved 
in 100 cm3 of warm DMF, filtered through Celite, 
and treated with 150 cm3 of ether. After standing 
overnight the solid was filtered from the solution, 
washed well with ether and dried to give 695 mg 
(83%) ofproduct. Found: C, 57.3; H, 6.5; N, 3.3. 
Calc. for C40H56N2S402Fe2: C, 57.4; H, 6.7; N, 
3.3%. 

The reaction was also carried out by depro- 
tonating the ligand directly with excess NaH in 
DMF, or in tetrahydrofuran with addition to the 
[Fe2S2C1,12- in MeCN. In the latter case the prod- 
uct came out of solution during the reaction and 
was recrystallized twice from DMF-Et20. For Ll 
and L2 the sodium salts of the ligands are less 
soluble in DMF and were added partly in suspen- 

Electronic absorption spectra were measured 
using 1 mm silica cells on a Perkin-Elmer 551 spec- 
trophotometer and a Philips PU8740 spectro- 
photometer. 

‘H NMR spectra of the complexes in 99.9% dg- 
dimethylsulphoxide (DMSQ-Aldrich) dried over 
molecular sieves were obtained at 25-30°C using a 
JEOL FX90Q at 90 MHz and Bruker WM250 at 
250 MHz. 

Miissbauer measurements were made on ca 100 
mg samples of powder in 19 mm diameter nylon 
containers at 77 K in zero field using a ca 10 mCi 
57Co/Rh source and Cryophysics MS103 instru- 
mentation calibrated using iron metal at 298 K. 

EPR spectra of frozen solutions in 5 mm diameter 
silica tubes at 77 K in a finger dewar were measured 
on a Varian El2 instrument for which the frequency 
was calibrated using an Elliott Bros. WM 16 wave- 
meter and the field using a Varian NMR gauss- 
meter. The pure solvents normally crystallized 
on freezing to give an opaque sample unless nBu4 
NC104 was added (0.1 M for DMF, 0.2 M for 
NMP) in which case they froze in a vitreous state. 
Yields of reduced species were measured by double 
integration of their EPR spectra in comparison 
to a 3 mM Cu-ethylenediaminetetra-acetate stan- 
dard which usually was measured in the same EPR 
tube. EPR simulations were calculated using the prog- 
ram EPRPOW originally written by White and 
Belford l4 and modified by one of the authors. ’ 5 

A PAR 174A polarographic analyser and a 
Metrohm rapid dropping mercury electrode 
(RDME) operating at 6 drops s- ’ were used to 
perform electrochemical measurements on cu l-2 
mM solutions of the complexes in DMF containing 
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0.1 M nBuN4C104 supporting electrolyte. A Pt 
counter electrode was contained in a compartment 
separated from the bulk solution by a coarse frit 
and a Ag/AgCl reference electrode contacted the 
solution, via an aqueous KC1 bridge with a fibre 
junction, to a 0.1 M nBuN,C104 DMF bridge ter- 
minating in a Vycor porous plug. 

RESULTS AND DISCUSSION 

Electronic spectra 

Figure 1 shows the electronic absorption spectra 
for 1 and 3 in DMF. The main features of these 
spectra and of those for 2 and 4 are listed in Table 
1. The spectra show similarities in having strong 
absorption in the region 390-420 nm attribut- 
able to ArO + Fe charge-transfer, as found for 
[Fe&(OAr),]‘- at around 404417 mn,le3 for 
[Fe(2,3,5,6-tetramethylphenolate)~]- at 422 nrn16 
and for [Fe,S,(OAr),]*- at around 410-425 nm.” 
Charge-transfer transitions originating from the 
bridging and thiolate sulphurs are considered to 
give rise to the absorption at longer wavelengths. 

‘H NMR 

NMR spectra of the protons in thiolate and phe- 
nolate ligands coordinating [2Fe-2S]*+ show iso- 
tropic shifts arising from hyperfine contact inter- 
actions as a result of Feligand antiparallel spin 
transfer.‘8,1g The chemical shifts (6) of the dipolar 
broadened resonances for [Ph,As]+ salts (or 
[Et,Nl+ salts where marked) of l-4 in d,-DMSO 
are given in Table 1 and show the typical pattern 
of positive isotropic magnetic shifts for protons 
para or ortho to the coordinating chalcogenide, 

Wavelength h/nm 

Fig. 1. Electronic absorption spectra of 1 ( -) and 3 
(---) in DMF. 

negative shifts for meta protons and very broad 
downfield peaks for methylene protons adjacent to 
coordinated sulphur. 

Resonances for protons meta to a coordinating 
oxygen have been found in the range - 9.3 to - 11.3 
ppm for [2Fe-2S]*+ complexes.‘-3*5 The assign- 
ments at - 8.44 ppm for 1 and - 12.09 ppm for 4 
are thus, respectively, rather extreme. The splitting 
of the resonances at ca - 10.6 ppm for 1 and 2 
is attributable to geometric isomerism and is of a 
similar magnitude to that found5 for [Fe,S,(2-(2- 
phenolate)benzimidazolate)2]2-. Peaks for para 
phenoxide protons have been reported in the range 
- 0.62 to - 2.92 ppm and for ortho protons at - 2.3 
to -2.85 ppm,‘-3*5 making the assignments given 
here unexceptional. Complex 3 shows only a small 
spread in the chemical shifts for protons meta to 
oxygen or sulphur and the assignments given in 
Table 1 are made on the basis of the resonance 
positions for [Fe2S2(2,2’-biphenolate),l*- at -9.31 
and -9.61 ppm* and for [Fe2S2(2,2’-bi(thio- 
phenolate)),12- at - 8.75 and - 8.93 ppm (authors 
unpublished results). 

The methylene resonance for 1 at - 50 ppm and 
the corresponding feature for 2 at -42 ppm are 
lower than those found in [Fe2S2(SEt).,]*- at -32 

ppm,*O in [Fe2S2(S2-o-xylyl)2]2- at - 39.6 ppm’* 
or for [Fe2S2(thiosalicylate),1*- at - 33 ppm.4 For 
4, two broad low-field features are observed at - 45 
and - 33 ppm in an approximate intensity ratio of 
4 : 3. Molecular models show that although ligands 
L2-L4 potentially can each bridge across the 
[2Fe-2S] unit with thiolate coordinated to one iron 
and phenolate to the other, this is the least strained, 
and thus the most feasible, for L4. It is possible, 
then, that the resonance at -45 ppm in 4 has a 
similar origin to those observed for 1 and 2, with 
each iron coordinated by phenolate and thiolate 
from the same ligand, whilst the -33 ppm res- 
onance is due to a geometric isomer having one 
iron ligated by two thiolates and the other by two 
phenolates. The ratio of the observed intensities for 
the two resonances would imply the latter arrange- 
ment to be slightly favoured thermodynamically. If 
this is a valid explanation of the low-field part of the 
spectrum for 4 it is peculiar that no corresponding 
diversity is apparent in the isotropically shifted ring 
resonances. It is, however, not surprising that this 
inhomogeneity of the coordination in 4 is not mani- 
fest in the other methods of physical char- 
acterization since both the Miissbauer isomer shift 
and the first electrochemical reduction potential 
appear to vary little between phenolat+thiolate and 
bis-thiolate coordination, while the features in the 
electronic spectrum of 4 are broad and poorly 
resolved. 
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Table 1. Spectroscopic and electrochemical parameters for l-4 

1 2 3 4 

Electronic absorption 294 [23] 
Iz (nm) [&x 10m3 316 sh [21] 
(dm3 mol- ’ cm-‘)] 420 [9.7] 

‘H NMR G(ppm) 

CH, 
w.r.t. 0 0 

m 

m 

P 
w.r.t. S 0 

m 

m 

P 

“Fe Mijssbauer 
(mm s-’ w.r.t. Fe) 
One doublet fit 6 

AEQ 
l- 

Two doublet fit 6 

AEQ 
I- 

area ratio 

Electrochemical El,* (V) 
First reduction 
Second reduction 

515530 br [7.9] 

-50 br -42 br 
-2.2 ap -2.9 ap 
-8.44 -9.56 
- 10.70 & - 10.49 - 10.51 & - 10.69 
-3.1 -2.11 

0.28 
0.99 
0.14 

-1.44 

294 [21] 
318 sh [18] 
390 [ll.O] 
455 ap w sh br 
505 ap w sh br 
550 ap w sh br 

0.31 0.29 0.29 
0.77 0.95 0.68 
0.31 0.25 0.15 
0.32,0.30 0.29, 0.29 0.31,0.29 
1.03, 0.60 1.12,0.77 0.81,0.63 
0.22, 0.25 0.19,0.19 0.16, 0.14 
0.38 : 0.42 0.49 : 0.51 0.39 : 0.61 

-1.44 -1.35 - 1.47 
- 1.76 - 1.83 - 1.76 

299 [26] 
325 ap sh [24] 
416 [14.5] 

505 ap w sh [6.9] 
550 ap w sh br 

-9.15 
-9.43 
-2.64 
- 3.9 ap br 
- 8.70 
- 8.93 
-3.08 

EPR, reduced in DMF-nBu,NClO, 
91 2.018 
82 1.898 
93 1.872 
9.” 1.929 
WL,, WG, 0.53, 0.43 
WL2, WG2 0.52, 1.56 
WL3, WG3 3.14, 1.88 

2.023 2.03 1 
1.930 1.903 
1.857 1.849 
1.937 1.928 

2.00, 0.40 
2.15, 0.90 
1.97, 2.89 

295 [28] 

390 ap sh br [11.3] 

525 ap sh br [5.9] 

-33 br, -45 br 

- 10.85 
- 12.09 
- 1.63 

2.021 
1.886 
1.842 
1.916 

sh = shoulder, br = broad, ap = approximately, w = weak, WL = half-width Lorentzian (mT), WG = half-width 
Gaussian. 

“for [Et&J+ salt. 

57Fe Miissbauer 
or from inequivalence of the two irons’ 3 leading to 
broadening and slight asymmetry in the two lines. 

Isomer shift (a), quadrupole splittings (A&) and Linewidths in the range 0.2H.30 mm s-l are, 
linewidth (I-) parameters from the fitting of 57Fe however, not unusual in these types of com- 
Miissbauer spectra of solid samples of the [Et&j+ pounds. ‘,* 3*1**2’ Figure 2 shows spectra for 1 and 3 
salts of 14 are reported in Table 1. For 2 and 3, fitted by one and two doublets, respectively. 
which have relatively large linewidths when fitted The isomer shifts of 1, 2 and 4 are only raised 
with a single quadrupole doublet, and for 4, par- slightly from the value of 0.28 mm s- ’ found for 
ameters are given also for improved fits using two [Fe,S,(SPh),]*- and [Fe2S2(S2--+xylyl)~*~ ** in 
doublets for which the intensity ratio was allowed contrast to 6 = 0.35 mm SK’ for [Fe2S2(2,2’-bi- 
to float. Although the validity of this increase in phenolate),]*- * and 6 = 0.37 mm s- ’ for [Fe2S2 
the number of fitting parameters is doubtful, such (OPh),]*-.’ 
multiplicity could arise from geometric isomerism For the Thermus thermophilus Rieske protein the 
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b) 

v -1 -3 0 I 2 
Velocity (mm/set) 

Fig. 2. “Fe Miissbauer spectra at 77 K and zero field for (a) 1 fitted by one doublet and (b) 3 fitted 
by two doublets. 

iron sites are differentiated by unsymmetrical coor- 
dination having (1) 6 = 0.24 mm s-i and (2) 
6 = 0.28 (pH 10) or 0.32 mm SK’ (pH 7.8).22 How- 
ever, given the relative insensitivity of the isomer 
shifts of [2Fe-2S]‘+ complexes to changes in the 
terminal ligation and the variability found in iso- 
mer shift amongst tetra-cysteinyl coordinated 
[2Fe-2S]‘+ ferredoxins (6 = ca 0.2-0.3) the par- 
ameter is of limited utility in making structural com- 
parisons. For the same reasons it is not surprising 
that we are unable confidently to resolve in the 
Miissbauer spectra of 4 the geometric isomers 
involving ligand coordination across the FeS2Fe 
bridge indicated by ‘H NMR. 

The relatively large AE, values observed for 1 
and 3 seem characteristic of coordination by intlex- 
ible tight chelate rings since large splittings are also 
found for [Fe2S2L212- L = 2,2’-biphenolate (AEo 
= 1.02 mm s- 1),2 L = thiosalicylate (AEo = 1.09 
mm s- ‘) and L = dimethyl-2,2’-methylenebis(ben- 
zimidazolate) (AEQ = 0.92 mm s-l) (authors un- 

published results) in comparison to AE, = 
0.32-0.49 mm s- ’ for coordination by monoden- 
tate SPh, OPh or pyrrolate or the more flexible 
chelate S,-o-xylyl. ‘,2*1 8 

Electrochemistry 

DC polarography of the complexes in DMF 
shows two reduction waves at a RDME having half- 
wave potentials (E,,,) with respect to a saturated 
calomel electrode as given in Table 1. For 1 the 
second wave is a composite of two poorly resolved 
reductions at cu - 1.9 and - 2.02 V and cannot be 
ascribed to a straightforward 3 - /4 - couple. The 
potentials for the first reductions, attributable to 
[2Fe-2S]‘+“+ , are very similar for 1,2 and 4 being 
intermediate between the corresponding values 
for [Fe2S2(S2-o-xy1yl)2]2-13- (- 1.51 V)” and 
[Fe2S2(OAr)4]2-‘3- (ca - 1.35 V).’ 

El12 for 3 is consistent with the values for 
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[Fe&(2,2’-biphenolate)212_i3- and [Fe&(2,2’- 
bi(thiophenolate)),]2-/3- of - 1.36 and - 1.35 V, 
respectively. These values are peculiarly coincident 
in view of the ca 200 mV increase in E1,2 on going 
from tetra-coordination by monodentate thio- 
phenolates to phenolates, and possibly reflect 
anomalous electronic properties for these ligands, 
apparent also in the EPR of their [2Fe2S]+ com- 
plexes. 

The mid-point potentials of the cathodic and 
anodic current extrema observed for the 2-/3 - 
couples of l-4 by cyclic voltammetry at a glassy 
carbon electrode are in good agreement with the 
E1,2 values measured using the RDME. For 1 the 
anodic peak current is around 90% of the cathodic 
peak current such that its first reduction process is 
the most reversible amongst the four complexes. 
The observation of an anodic feature in the 2 - 13 - 
cyclic voltammograms of all the complexes con- 
trasts with the lack of such a feature for the mono- 
dentate ligated [Fe,S,(XR),]‘-/‘- (XR = OPh, 
SPh or SEt) complexes’,3*23 and is probably a con- 
sequence of the chelate-stabilized coordination in 
14 since the [Fe&(S2-+-xylyl)2]2-/3- and 
[Fe,S2(2,2’-bi(thiophenolate)Z]2-’3- couples are 
close to reversible. This effect will be at its strongest 
in 1 for which the chelate ring is six-membered and 
results in the increased stability of [Fe2S2(L1)2]3-. 
However, little or no second cathodic peak is 
observed for 1, in keeping with the anomalous 
behaviour at the RDME, but scanning to potentials 
more negative than - 1.7 V leads to a small anodic 
feature at -0.97 V on the reverse scan due to a 
decomposition product with Emid ca - 1 .O V. Simi- 
lar features are seen for 2 and 4, for 3 at -0.76 V 
and for [Fe2S2(SPh),]2- at -0.74V.23 2 and 4 show 
well-developed cathodic second reduction peaks at 
- 1.90 and - 1.92 V, respectively, but essentially no 
corresponding anodic peaks. 

EPR 

Before describing the EPR spectra for reduced l- 
4 we will summarize briefly the somewhat unusual 
behaviour of [2Fe-2S]+ complexes. 

[Fe2S2(SR),13- ferredoxins and inorganic com- 
plexes have EPR spectra characterized by average g 
values (gav) of ca 1.96. When RS- is a monodentate 
ligand (e.g. EtS- or p-C6H4S-, Y = Cl, H or Me) 
radically different EPR lineshapes are obtained if 
the solvent freezes as a glass.24 In vitreous NMP 
these have gBv = 1.91-l .92 whilst in vitreous DMF 
gav N 1.93, though the latter type of lineshape trans- 
forms into the former on annealing the sample. We 
have interpreted this behaviour as resulting from a 
chemical modification of [Fe,S,(SR)4]3- in the 
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glassy solvent state involving substitutional or 
additional coordination, possibly by solvent. 24 For 
reduced [Fe2S2(OAr)4]2- we obtained approxi- 
mately axial spectra having gav = 1.92, independent 
of the solvent or its state.3 For this spectrum, the 
spectra of the modified [Fe$,(SR),]‘- having 
gav N 1.91-1.92 and for the Rieske-type proteins 
Bertrand et al.25 have shown there to be a strong 
correlation between the lowest g values (g2 and g3) 
and their splitting t&*3), which may be under- 
stood in terms of a variable weak distortion at the 
Fe2+ ion in a coordination environment having a 
large inequivalence between the bridging-sulphur 
and terminal ligands. 

For complex 1 reduction proceeds quantitatively 
to give nearly axial spectra which although sharper 
for the glassy solvent containing nBu4NC104 than 
for pure frozen solvent have g values essentially 
independent of the solvent with gav = 1.929 (see 
Table 1 where the presence of linewidth data indi- 
cates that the g values result from a simulation). 
Figure 3 shows typical spectra for reduced 1 and 3 
in glassy DMF together with calculated lineshapes. 
Theg,, = 1.928 spectrum of reduced 3, representing 
ca 60% yield, is also observed in pure DMF or 
NMP solvents. However, in glassy NMP a new 
sharper lineshape is observed, having g values of 
2.023, 1.904 and 1.865 (g,” = 1.931), which domi- 
nates the spectrum for low concentrations of 3 but 
which at high concentrations is present as a min- 
ority subspectrum superimposed upon a lineshape 
of the type in Fig. 3(b). In our experience NMP is 
a more potent agent than DMF for effecting the 
g = 1.92 type modification to [Fe2S,(SR)4]3- 

340 360 
Field / mT 

Fig. 3. EPR spectra at 9.20 GHz and 77 K of (a) 
[FeZS,(L1)J3- (reduced 1) and (b) [FezSz(L3)2]3- 
(reduced 3) in DMF containing nBu,NClO,, together 

with simulated spectra (dashed lines). 
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described above. 24 However, although the general 
sharpening of the spectrum for 3 reduced in 0.2 M 
nBu,NClO,-NMP and the shift of g, from 2.030 to 
2.023 are typical of the g = 1.92 type modification, 
the values of g2 and g3 change very little and gBV 
remains ca 1.93. 

Whilst the near coincidence of gay for reduced 1 
and 3 could properly reflect the similarity of their 
coordination environments, the anomalous EPR 
from the use of the symmetrical 2,2’-chalcogenide- 
substituted biphenyls should be noted. Thus the 
EPR for [Fe,S,(2,2’-bi(thiophenolate)),13- has 
gaV = 1.951, rather lower than the range 1.956 
1.959 for other [Fe2S,(SR)4]3- complexes,24 whilst 
reduced [Fe,S,(2,2’-biphenolate)2]2- has g values 
of 2.021, 1.901 and 1.858 with gay = 1.927, rather 
higher than 1.920 for other phenolates3 and in fact 
very similar to reduced 3. 

In keeping with the information afforded by cyc- 
lic voltammetry 1 is the most stable of the four 
complexes on reduction, having a half-life in excess 
of 5 min in NMP at room temperature, although 
this is reduced to ca 2-3 min in DMF. This stability 
is comparable to or better than that for [Fe2S2 
(S2--o-xylyl)2]3- but is low compared to the half- 
life of ca 30 min for [Fe2S2(thiosalicylate)3]3- or 
1 h for [Fe,S2(2-(2-phenolate)benzimidazolate)2]3-. 
Reduced 3, and in particular reduced 2 and 4 are 
rather less stable with EPR signals measured at 77 
K decaying to only a few per cent if samples are 
held at room temperature for 2-3 min. 

On reduction in glassy DMF, 4 shows a well- 
formed EPR spectrum with g values of 2.021, 1.886 
and 1.842 (gay = 1.916) in around 60% yield. A very 
similar spectrum is observed using pure NMP or 
NMP-nBu4NC104 glass. The lineshape and g 
values for this signal closely match those for 
reduced [Fe2S2(SEt),]*- in glassy NMP (2.021, 
1.895 and 1.849, gav = 1.922) for which there is the 
g = 1.92 type modification to the coordination. 
Theseg values fit well to the plot ofg, andg, against 
(g2 -g3) for theg N 1.92 [2Fe-2S]+ group25 which 
includes reduced [Fe,S,(OAr),]*-. Although it is 
possible that on reduction 4 has undergone some 
chemical modification involving solvent, of the sort 
indicated for [Fe2S2(SR),13-, an alternative expla- 
nation is that the ligands have rearranged to coor- 
dinate across the FeS,Fe unit (as suggested by 
NMR to occur in part before reduction) with two 
oxygens bound to the Fe*+ and two sulphurs to 
Fe3+, which we believe would lead to a g N 1.92 
type EPR signal. 

For 4, reduced in pure DMF, there is a com- 
plication to the resulting spectrum with the appear- 
ance of additional features at g = 2.004 and 1.947. 
The spectra for reduced 2 are intermediate between 

the cases for 1, 3 and 4. Although in glassy NMP 
a straightforward g N 1.92 type signal is observed 
@ = 2.021, 1.889 and 1.844, gay = 1.918), in pure 
NMP the spectrum is complicated by an additional 
small feature at g = 1.931. This latter signal is pre- 
dominant in glassy DMF where the spectrum has 
g values of 2.023, 1.930 and 1.857, gay = 1.937. 

As judged by their solvent independency and by 
differences in both g values and lineshape, from the 
g N 1.92 type we assign the spectra of reduced 1 
and 3 in Fig. 3(a) and (b) to [Fe2S2(L1)2]3- and 
[Fe2S2(L3),13-, respectively, unaffected by solvent 
modifications. The intermediate case of reduced 2 
is more complicated but the spectrum reported in 
Table 1 likely results from a straightforward 
reduction. On the other hand the spectra for this 
complex in NMP and the spectra for reduced 4 of 
the g z 1.92 type are readily assigned to species in 
which either the ligands have rearranged to provide 
bis-phenolate coordination at the Fe*+ or solvent 
modification of the coordination sphere has 
occurred owing to the decreased chelating ability of 
L2 and L4. 

In our original report of the EPR spectra for 
reduced [Fe,S,(OAr),]*- with gaV = 1.920 we were 
reluctant to make a firm assignment to a trianion 
formed by straightforward reduction because of the 
possibility of subsequent solvent modifications to 
the terminal ligation.3 However, given the assign- 
ments made here for phenolate-thiolate coor- 
dination in [Fe2S2L213- L = Ll or L3 to spectra 
with gaV = 1.928-1.929, it does appear that phe- 
nolate is very effective in lowering g2 and g3 for 
[2Fe_2S]+ and that the spectrum observed for 
reduced [Fe,S,(OAr),]*- does correspond to simple 
one-electron reduction to the trianion. [Fe2S2(2-(2- 
phenolate)benzimidazolate)Z]3- fits very well into 
the g2, g3 vs (g2-g3) plot for the g N 1.92 grou~,*~ 
further demonstrating the ability of phenolate to 
decrease g2 and g3 in comparison to gav = 1.94 
for coordination entirely by benzimidazolate. For 
carboxylatethiolate coordination of [2Fe-2S]+, 
gaV = 1.924-1.931,4 similar to the effects of 
phenolate-thiolate reported here. Thus, our pre- 
vious observations are confirmed, that coordination 
by an oxygenous ligand, in addition to the 
nitrogenous coordination indicated by ENDOR 
and ESEEM,26 is necessary to bring the lowest g 
values of the Rieske proteins into the range 
gaV 1: 1.90-l .92 observed.25 
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Abstract-The ruthenium(I) triazenido complexes [Ru(ArNNNAr)(CO) 3] 2 (Ar = p- 
C$H,Me or p-&H&l) have been prepared by heating Ru3(CO)12 with free triazene in 
benzene under a carbon monoxide atmosphere, and by heating [Ru(O,CMe)(CO),], with 
free triazene and triethylamine in acetonitrile under carbon monoxide. Reactions of the 
diruthenium(I/I) triazenido complexes with PPh3, P(OMe)3 or ArNNNHAr (Ar = p- 
&H&l) afford axial substitution products of the general form [Ru(ArNNNAr)(CO),L],. 
However, with ArNNNHAr (Ar = p-C,H,Me) cleavage of triazene to generate axial p- 
toluidine ligands occurs. The structure of the p-toluidine adduct, [Ru(ArNNNAr) 
(CO),(NH,Ar)], has been determined by X-ray diffraction methods. The compound 
crystallizes in space group PI with a = 11.350(l), b = 20.582(4), c = 10.371(5) A, 
LX = 100.75(4), j3 = 104.30(3), y = 84.40(l)“; U = 2303.89 A’ and Z = 2. 

The synthesis of the carboxylates [Ru(02CR) 
(CO)& and [Ru(O,CR)(CO),L], (R = H, Me, 
Et, ‘CgH,g; L = CO, PPh3, AsPh3, py, MeCN) 
in 1969’ marked a significant milestone in the 
development of ruthenium(I) chemistry. In the 
intervening years these carboxylate derivatives 
have been extensively studied%’ and a number of 
analogous metal-metal bonded diruthenium(I/I) 
complexes with other bridging ligands including 
mercaptobenzothiazolate’” and pyrazolate ’ ’ 
anions have been characterized. However, although 
there is a marked similarity between the structural 
chemistry of polynuclear metal carboxylates” and 
triazenides, I3 binuclear ruthenium(I) triazenido 
complexes of the form [Ru(ArNNNAr)(CO)3]2 do 
not appear to have been described. We now report 

Dedicated to Professor Sir Geoffrey Wilkinson in rec- 
ognition of his outstanding achievements in the field of 
organometallic chemistry. 

* For part xXx111, see ref. 1. 
t Author to whom correspondence should be addressed. 

the synthesis and axial substitution reactions of 
some compounds of this type, and the molecular 
structure of one example [Ru(ArNNNAr)(CO)2 
(NH,Ar)], (Ar = p-C6H4Me). 

EXPERIMENTAL 

General 

Hydrated ruthenium trichloride was supplied by 
Johnson Matthey plc, 1,3-diaryltriazenes were pre- 
pared by a standard literature procedure.14 Reac- 
tions were performed under a nitrogen atmosphere 
but products were worked up in the open labora- 
tory. IR spectra were recorded on a Perkin-Elmer 
9836 spectrometer using samples mulled in Nujol 
between CsI plates. Proton NMR spectra were re- 
corded in CDC13 solution on a Bruker WM-250 spec- 
trometer at 250.13 MHz and are referenced to inter- 
nal TMS. Phosphorus-31 spectra were recorded in 
CDC13 solution on a Bruker HFX-90 spectrometer 
at 36.43 MHz and are referenced to external 85% 

1919 
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Table 1. Melting points” and analytical data’ 

Complex Ar M.p. (“C) C H N 

RuZ(ArNNNAr)Z(CO)6 p-C,H,Me 
RuZ(ArNNNVZ(CO)~ p-C6H4Cl 
Ru,(ArNNNAr),~CO),(ArNH3, p-C6H,Me 
Ru,(ArNNNAr),(CO),(ArNNNHAr), p-&H&I 
Ru,(ArNNNAr)&O),(PPh& p-&H,Me 
Ru2(ArNNNAr)z(CO)4(PPhs)z p-&H&l 
Ruz(Ar~Ar)z(Co),{P(OMe)3)2 p-C,H,Me 
Ruz(ArNNNAr),(C0)41P(OMe),)z JGH&l 

180-184 50.0(49.8) 3.4(3.4) 10.4(10.2) 
206-209 39.7(40.0) 1.6(1.8) 9.1(9.3) 
202-205 56.2(55.9) 4.6(4.3) ll.ql2.7) 
212-214 45.q45.3) 2.2(2.5) 11.9(12.2) 
216-220 63.4(63.4) 4.4(4.5) 6.4(6.5) 
247-250 56.3(56.1) 3.3(3.4) 6.0(6.1) 
194-197 45.1(45.1) 4.5(4.6) 8.3(8.3) 
204-207 37.0(37.4) 3.0(3.1) 7.5(7.7) 

a M.p. taken in sealed tubes under nitrogen. 
b Calculated figures in parentheses. 

H3P04. Melting points were taken in sealed tubes 
under nitrogen. Microanalysis were performed in 
the microanalytical laboratories at King’s College 
and University College London. Melting points and 
analytical data are collected in Table 1. 

Synthesis of hexacarbonylbis(p-1,3-di-p-tolyltri- 
azenido)diruthenium(I/I) 

(a) From triruthenium dodecarbonyl. Tri- 
ruthenium dodecacarbonyl (0.20 g, 0.31 mmol) 
was added to a solution of 1,3-di-p-tolyltriazene 
(0.2 g, 0.89 mmol) in benzene (20 cm3) and the 
mixture was heated under reflux in a carbon mon- 
oxide atmosphere for 18 h. After cooling, the dark 
solution was filtered and the filtrate evaporated 
under reduced pressure to leave an oil which sol- 
idified on trituration with ethanol. The solid was 
crystallized from dichloromethane-ethanol then 
washed with ethanol and dried in vacua to afford 
orange microcrystals (0.12 g, 47%). 

(b) From catena-acetatodicarbonylruthenium. 
Catena-acetatodicarbonylruthenium (0.25 g, 0.59 
mmol) and triethylamine (1 g, 10 mmol) were added 
to a solution of 1,3-di-p-tolyltriazene (0.5 g, 2.23 
mmol) in acetonitrile (15 cm’) and the mixture 
heated under reflux in a carbon monoxide atmo- 
sphere for 3 h. The dark solution was allowed to 
stand under a carbon monoxide atmosphere for 12 
h after which time the product was collected by 
filtration. Crystallization from dichloromethane- 
ethanol followed by washing with ethanol and dry- 
ing in vacua afforded orange microcrystals (0.21 g, 
43.5%). 

Synthesis of hexacarbonylbis(p-1,3-di-p-chloro- 
phenyZtriazenido)diruthenium(I/I) 

Method (a) gave orange-yellow microcrystals 
(77.5%). Synthesis by method (b) gave orange- 
yellow microcrystals (69%). 

Synthesis of tetracarbonylbis(trt$henylphosphine) 
bis(,uu-l,3-di-p-tolyltriazenido)diruthenium(I/I) 

Hexacarbonylbis(p- 1,3 - di -p - tolyltriazenido)di- 
ruthenium (0.1 g, 0.12 mmol) was added to a solu- 
tion of triphenylphosphine (0.15 g, 0.57 mmol) 
in benzene (15 cm3) and the mixture was heated 
under reflux for 1 h. After cooling, the orange 
solution was filtered and the filtrate evaporated 
under reduced pressure, the residual oil was then 
triturated in ethanol to give a solid. 

Crystallization from dichloromethane-ethanol 
followed by washing with ethanol and drying in 
vacua afforded bright orange microcrystals (0.11 g, 
71%). 

Synthesis of tetracarbonylbis(triphenylphosphine) 

bis(p - 1,3 - di - p - chlorophenyltriazenido)diruthen- 
ium(I/I) 

Using the same method as above gave bright 
orange microcrystals (75%). 

Synthesis of tetracarbonylbis(trimethyiphosphite) 
bis(,u-1,3-di-p-tolyltriazenido)diruthenium(I/I) 

Hexacarbonylbis(p - 1,3 - di -p - tolyltriazenido)di- 
ruthenium (0.15 g, 0.2 mmol) was added to a sol- 
ution of trimethylphosphite (0.1 g, 0.81 mmol) 
in benzene (15 cm3) and the mixture heated 
under reflux for 1 h. After cooling, the orange 
solution was filtered and the tiltrate evaporated 
under reduced pressure. The resulting oil was tri- 
turated in ethanol to produce a solid which after 
crystallization from dichloromethane-ethanol, 
washing with ethanol and drying in vacua afforded 
orange-yellow microcrystals (0.15 g, 74.5%). 
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Synthesis of tetracarbonylbis(trimethylphosphite) tropic and hydrogens inserted in idealized positions 
bis(,u - 1,3 - di - p - chlorophenyltriazenido)diruthen- with group p+, values. The final R values are 
ium(I/I) R = 0.0395, RB = 0.0485. 

Using the same method as above gave orange 
microcrystals (54%). RESULTS AND DISCUSSION 

Synthesis of tetracarbonylbis(p-1,3-di-p-tolyltri- 
azenido)bis(p-toluidine)diruthenium(I/I) 

Triruthenium dodecacarbonyl(O.3 g, 0.47 mmol) 
was added to a solution of 1,3-di-p-tolyltriazene 
(0.5 g, 2.2 mmol) in benzene (15 cm3) and the mix- 
ture heated under reflux for 18 h. After cooling, 
the orange-red solution was filtered and the filtrate 
evaporated under reduced pressure. The residual oil 
was triturated in ethanol to produce a solid which 
after crystallization from dichloromethane- 
ethanol, washing with ethanol and drying in uacuo 
afforded orange-brown crystals (0.21 g, 43%). 

Synthesis of tetracarbonylbis(p- 1,3-di-p-chloro- 
phenyltriazenido)bis(1,3-di-p-chlorophenyltriazene) 
diruthenium(I/I) 

Triruthenium dodecacarbonyl(O.2 g, 0.3 1 mmol) 
was added to a solution of 1,3-di-p-chloro- 
phenyltriazene (0.5 g, 1.89 mmol) in benzene (20 
cm’) and the mixture heated under reflux for 18 h. 
After cooling, the orange-red solution was filtered 
and the filtrate evaporated under reduced pressure. 
The residual oil was triturated to give a solid which 
after crystallization from dichloromethane-meth- 
anol and drying in vacua afforded deep red crystals 
(0.19 g, 44.5%). 

X-ray crystal structure of [Ru(ArNNNAr)(CO), 
(NH,Ar)12 (Ar = p-C$H,Me) 

Crystal data. C46H46NB04R~2, M = 977.06. Tri- 
clinic, a = 11.350(l), b = 20.582(4), c = 10.371(5) 
A, CI = 100.75(,4), /.I = 104.30(3), y = 84.40(l)“, 
U = 2303.89 A’. Space group PT, Z = 2, D, 
= 1.41 g crK3, P(OO0) = 996.06, p(Mo-KJ 
= 6.90 cm- ‘. 

The new binuclear ruthenium(I/I) triazenido 
complexes [Ru(ArNNNAr)(CO) 3] 2 have been pre- 
pared from Ru3(CO), z and free 1,3-diaryltriazenes 
in a reaction which parallels that used in the original 
synthesis of the binuclear rnthenium(I/I) car- 
boxylates.’ They can also be obtained by treatment 
of the latter species with free triazenes in the pres- 
ence of excess triethylamine, and were isolated as 
orange-yellow air-stable microcrystals. The IR and 
‘H NMR data (Table 2) recorded for these 
products, in particular the presence of four strong 
v(C0) stretches in the region 2100-2000 a-r- ‘, (ref. 
7) are entirely consistent with the highly sym- 
metrical structure (I). Unlike their carboxylate ana- 
logues which spontaneously lose carbon monoxide 
to form O-bridged polymers [Ru(O&R)(CO)& 
the triazenido products, [Ru(ArNNNAr)(CO)3]2, 
are stable with respect to carbon monoxide dis- 
sociation at normal temperature and pressure. This 
difference in behaviour presumably reflects stronger 
Lewis basicity of the triazenide ligand relative to 
the carboxylate ligand, resulting in higher electron 
density on the metal centre and consequently a 
greater degree of synergic d,-Pn bonding from 
metal t2, to carbonyl n* orbitals in the triazenido 
complexes. Support for this hypothesis is provided 
by the v(C0) values recorded which are on 
average 30-35 cm- ’ lower for the triazenido 
complexes than they are for the corresponding 
acetate.* Similar reluctance to lose axial carbonyl 
ligands has recently been reported for the closely 
related pyrazolato-bridged diruthenium(I/I) species 
[Ru(pyrazolate)(CO)3]2, ’ ’ which display v(C0) fre- 
quencies virtually identical to those recorded for 
the triazenido complexes. 

Data collection. Intensity data were recorded on a 
Nonius CAD4 diffractometer in a standard manner 
using MO-K, radiation, graphite monochromatized, 
(MO-K,) = 0.71069 A and a o/28 scan mode with 
1.5 < 0 < 25. *’ A total of 8844 reflections were 
recorded, of which 8110 were unique (merging 
R = 0.04) and 6958 satisfied the condition 
I> 1.5a(z). 

Structure solution and refinement. The structure 
was solved via the heavy atom method and refined 
by least squares, with non-hydrogen atoms aniso- 

However, carbonyl ligands are readily lost from 
the complexes [Ru(ArNNNAr)(CO)3]2 on treat- 
ment with P-donor ligands to give axial substitution 
products, [Ru(ArNNNAr)(CO)2L]2 [L = PPh3, 
P(OMe)J. The 31P( ‘H} NMR spectra of these com- 
plexes each show a singlet consistent with the pro- 
posed axial disubstituted structure (II). The ‘H 
NMR spectra of the P(OMe), substituted com- 
plexes each contain a three-line pattern charac- 
teristic of the A,,A; part of an A,,A;X’ spectrumL6 
and thus provide a further example of virtual coup- 
ling between P(OMe)3 ligands across a binuclear 
metal centre. ” 

When a large excess of di-p-chlorophenyl triazene 
was allowed to react with Ru3(CO)i2, the isolated 
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product gave analytical and spectroscopic data 
consistent with the formation of a bis(triazene) 
axial substitution complex [Ru(ArNNNAr) 
(CO),(ArNNNHAr)], (Ar = p-&H.&l) formally 
analogous to the recently reported7*’ carboxylic 
acid adduct [Ru(O,CPh)(CO),(PhCO,H)],. The ‘H 
NMR data, which indicate the presence of p- 
C6H4C1 groups in two different environments (ratio 
1: l), are consistent with the proposed structure (III) 
if we assume that the A2Bz patterns arising from 
the aromatic protons in the two p-&H&l groups 
of the axial triazene ligands are identical. This situ- 
ation could be coincidental or might indicate the 
occurrence of a labile fluxional N(l), N(3) inter- 
change at the axial positions. However, in a similar 
synthesis involving excess 1,3-di-p-tolyltriazene 
cleavage of triazene molecules and coordination of 
p-toluidine fragments leading to formation of 
the axial substitution product, [Ru(ArNNNAr) 
(CO),(NH,Ar)], (Ar = p-C6H,Me) occurs. Frag- 
mentation of 1,3-diaryltriazenes under acid con- 
ditions with concomitant coordination of the ArN: 
moiety is well-known, and has been used as an 
efficient route to certain aryldiazo complexes. is 
However, to the best of our knowledge there has 
been no previously reported example involving 
coordination of the amine, NH2Ar, fragment 
formed in such reactions. The axial N-donor 
ligands in the complexes [Ru(ArNNNAr) 
(CO),(ArNNNHAr)], (Ar = p-&H&l) and [Ru 
(ArNNNAr)(CO),(NH,Ar)lz (Ar = p-C6H4Me) 
are readily displaced by carbon monoxide, tri- 
phenylphosphine and trimethylphosphite to yield 
products of the form [Ru(ArNNNAr)(CO)ZL], 
(L = CO, PPh, and P(OMe)3, respectively). 

In order to characterize the binuclear triazenido- 
bridged diruthenium(I/I) structure and to confirm 
the nature of the axial p-toluidine ligands an X- 
ray diffraction study was performed on a crys- 
tal of [Ru(ArNNNAr)(CO)I(NH,Ar)]z (Ar = p- 
C,H4Me). The molecular structure is shown in Fig. 
1, selected bond lengths and bond angles are given 
in Table 3. The structure is similar in general form 
to those previously determined for related car- 
boxylato-bridged diruthenium(I/I) complexes. The 
two ruthenium atoms are linked by a Ru-Ru bond 
and a cis pair of bridging triazenide ligands. The 
coordination sphere about each ruthenium is com- 
pleted by a pair of terminal carbonyl ligands in the 
equatorial sites and a p-toluidine ligand in the axial 
position. The coordination geometry about each 
ruthenium centre is essentially octahedral with 
bond angles subtended at ruthenium by cis ligand 
pairs ranging from 80.5” [L Ru(2)-Ru( l)---N( l)] 
to 97.4” [L N(7)-Ru(l)---C(l)]. The N-Ru 
-Ru-N axis is approximately linear with 



Complexes of the platinum metals-XXXIV 1923 

Table 3. Selected bond lengths and bond angles for C46H46N804Ru2 

Bond lengths (s;> 

Ru(2)-Ru( 1) 

N(6)-Ru( 1) 
C(l)-Ru(1) 
N(3)-Ru(2) 
N(8)-Ru(2) 
C(4)-Ru(2) 
C(ll)-N(1) 
C(31)-N(3) 
C(41)-N(4) 
C(6l)_N(6) 
C(51)-N(8) 
C(2)-O(21) 
C(4W(41) 

2.665 N(l)-Ru(1) 
2.150(5) N(7)-Ru(1) 
1*844(7) c(2)-Ru(1) 
2.162(6) N(4)-Ru(2) 
2.286(5) C(3)-Ru(2) 
1.858(6) N(2)-N(1) 
l&5(5) N(3)-N(2) 
1.437(5) N(5)-N(4) 
1.444(5) N(6)-N(5) 
l&6(5) C(2 1 )--N(7) 
1.430(6) C(lW(l1) 
1.141(8) C(3W(31) 
1.140(7) 

Bond angles (“) 

2.159(6) 
2.332(6) 
1.8530 
2.143(5) 
1.861(7) 
1.294(5) 
1.300(6) 
1.296(5) 
1.293(5) 
1.421(6) 
1.140(7) 
1.143(8) 

N(l)-Ru(l)-Ru(2) 

N(6)-Ru(lFN(1) 
N(7)-Ru(l)_N(l) 
C(l)-Ru(l)-Ru(2) 

C(l)_Ru(l)_N(6) 
C(2)-Ru( 1 )-Ru(2) 

C(2)-Ru( 1 )-N(6) 
C(2)_Ru(lW(l) 
N(4)-Ru(2FRu(l) 
N(8)-Ru(2FRu(l) 

N(8)-Ru(2FN(4) 
C(3)-Ru(2)_N(3) 
C(3)-Ru(2)_N(8) 
C(4)-Ru(2tiN(3) 
C(4>-Ru(2)--N(8) 
N(2)-N(ltiRu(l) 
C(ll)_N(l)-N(2) 
N(2)-N(3t_Ru(2) 
C(3 l>-N(3)-N(2) 
C(41)-N(4)-Ru(2) 

N(6)-N(5)-N(4) 
C(61)--N(6)-Ru(1) 
C(21)--N(7FRu(l) 

O(1 l)-W)_Ru(l) 
O(3 l)-C(3)_Ru(2) 
C(22)-~(2l+N(7) 
C(52>--c(50-N(8) 

80.5(2) 
87.8(2) 
89.8(2) 
92.6(2) 

174.6(2) 
93.5(2) 
96.0(3) 
86.8(3) 
80.7(2) 

168.4(l) 
89.7(2) 

174.9(2) 
94.0(3) 
94.1(3) 
95.4(3) 

126.7(4) 
110.2(4) 
123.5(3) 
110.4(4) 
120.5(3) 
115.6(4) 
124.2(3) 
122.3(4) 
178.2(6) 
179.3(4) 
119.8(4) 
119.1(3) 

N(6)-Ru(lFRu(2) 
N(7)-Ru(l)-Ru(2) 

N(7)-Ru(ltiN(6) 
C(l)_Ru(l>-N(1) 
C(l)-Ru(l)_N(7) 
C(2)_Ru(l>-N(1) 
C(2)-Ru( 1 >-N(7) 
N(3)--Ru(2bRu(l) 

N(4)-Ru(2FN(3) 
N(8)-Ru(2tiN(3) 
C(3)-Ru(2)-Ru(1) 

C(3)-Ru(2FN(4) 
C(4)-Ru(2FRu( 1) 

C(4)_Ru(2)-N(4) 
C(4)-Ru(2)--C(3) 
C(ll)-N(l)-Ru(1) 

N(3)-N(2)-N(1) 
C(31)-N(3FRu(2) 

N(WN(4)_Ru(2) 
C(4 1 )-N(4)-N(5) 
N(5)-N(6FRu(l) 
C(6l)_N(6>-N(5) 
C(51)-N(8)-Ru(2) 

0(20-C(2FRu(l) 
0(4l)--c(4)-Ru(2) 
C(26)--c(2lI-N(7) 
C(56)-C(5l>-N(8) 

82.6(2) 
166.0(l) 
86.9(2) 
89.0(3) 
97.4(3) 

172.5(2) 
96.9(3) 
83.7(2) 
86.7(2) 
89.3(2) 
92.5(2) 
89.4(3) 
94.3(2) 

174.8(l) 
89.5(3) 

119.3(3) 
116.1(4) 
124.9(3) 
126.7(3) 
110.7(4) 
123.6(3) 
110.1(4) 
117.9(4) 
176.3(4) 
177.0(4) 
120.2(4) 
120.8(4) 

L N(7)-Ru( l)-Ru(2) and L N(8)-Ru(2)-Ru( 1) 
equal to 166.0 and 168.4”, respectively. The 
ruthenium-ruthenium distance (2.665( 1) A) is 
typical for Ru-Ru bond lengths in complexes of 
the general form Ru2(bridge),(CO),Lz which 
range from a rather exceptional 3.056(l) A in 
[Ru{Si(Me)~HzPPh,}(C0)11219 to a more usual 
2.630(2) in [Ru2(02CBuSe~Z(CO)&ec- 
BuCO,H)],~,’ and is similar to the values recorded 
for a number of binuclear diruthenium(I/I) 

carboxylates including [Ru(O,CPr)(CO),(PBu;)], 

(2.728(l) A)? [Ru,(O,CC,H,F-~),(CO),(H,~)I 
(2.649(2) A),7 
(2.637(2) &7,8 

[Ru(O,CPh)(CO),(PhCO,HIl, 
and [Ru~(O,CBU~‘~~(CO).,(S~C- 

BuCOzH)lz (2.630(2) A).7,8 Bond lengths and bond 
angles associated with the bridging triazenide 
ligands have values similar to those found in 
other triazenido-bridged complexes. ’ 3 Likewise, 
the Ru-C and C-O bond lengths found for the 
carbonyl ligands in the triazenido-bridged com- 
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Fig. 1. General view of [Ru(ArNNNAr)(CO)z(NH,Ar)], (Ar = p-C,H,Me) showing the atom label- 
ling scheme. Atoms are represented by their thermal ellipsoids at the 50% probability level. Hydrogen 

atoms have been omitted for clarity. 

plex are very similar to those recorded for 7. 
related carboxylato-bridged diruthenium(I/I) com- 
plexes. ‘s8 Finally, the relatively long Ru-N dis- 8. 
tances [2.332(6) and 2.286(5) A] found for the 
axial p-toluidine groups are in keeping with the 9. 
ease with which these ligands are replaced. 
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ORGANOMETALLIC PLATINUM SULPHUR NITROGEN 
COMPLEXES 
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Abstract-A new route to mixed ligand complexes containing the disulphur dinitrido ligand 
has been developed. Reaction of [Me2Sn(S2N2)12 (1) with Pt(COD)Br2 gives Pt(COD)(S2N2) 
(2) which undergoes further reaction with l,l’-bis(diphenylphosphino)ferrocene (Fdpp) to 
give Pt(Fdpp)(S,N,) (3). The X-ray crystal structures of 2 and 3 are reported. In 3 the Cp 
rings are staggered by 40” with respect to each other and are inclined by 57” relative to the 
plane of the PtS2N2 ring. 

Metal complexes containing sulphur-nitrogen 
ligands have been known for a number of years. 
For example, reaction of anhydrous nickel chlor- 
ide with S,N, gives a mixture of Ni(S2N2H)2, 
Ni(S,N,H)(S,N) and Ni(S3N)2 which were first sep- 
arated and studied by T. S. Piper’ (one of Prof. 
Wilkinson’s earliest students) and have sub- 
sequently been investigated in more detail.2-4 Cur- 
rently, we are interested in developing rational, high 
yield, synthetic routes to M-S-N complexes. 
Recently,5-7 we have prepared complexes of the 

type Pt(S2N2)(PR3)2 and l?‘t(S2N2H)(PR&lX 
(X = Cl-, BF; PF;) starting from ~&PtCl2(PR3)2. 
Here we report the synthesis of the first example 
of an organometallic platinum sulphur-nitrogen 
compound, Pt(COD)(S,N,) (2). The usefulness 
of 2 as an intermediate in the preparation of 
other mixed ligand complexes is illustrated by the 
formation of a complex containing the ferrocene 
based ligand 1,l ‘-bis(diphenylphosphino)ferrocene 
(Fdpp), Pti(Ph2PCSH&Fe}(S2N2) (3). The X-ray 
structures of 2 and 3 are reported. 

EXPERIMENTAL 

General reaction conditions and spectroscopic 
measurements are as reported previously. 6 
[Me2Sn(S2N2)12 (1) was prepared as described in the 
literature.’ Pt(COD)Br, was prepared by treating a 
CHICI solution of Pt(COD)C129 with KBr with 

* Author to whom correspondence should be addressed. 

stirring for 48 h followed by filtration to remove 
KCl. 

Pt(CGD)(S,N,) (2) 

A mixture of Pt(COD)Br, (96 mg, 2.1 x low4 
mol) and [Me2Sn(S2N2)12 (50 mg, 1 x 10m4 mol) in 
CH2C12 (20 cm3) was stirred for 2 h, then treated 
with rBu4NjOH (0.25 cm3 of 1 M solution in 
MeOH, 2.5 x lop4 mol). After stirring for a further 
15 min the solvent was removed in uacuo and the 
resulting yellow solid washed with water (50 cm3), 
then filtered and dried. The residue was extracted 
into CH2Clz (10 cm3) and, after filtration to remove 
the small amount of white solid present, the crude 
product was obtained by addition of hexane (50 
cm’) to the solution. Pure (2) was obtained as well- 
formed orange crystals by slow diffusion of hexane 
into a CH2C12 solution of the crude product. 

Micro-analysis, Found : C, 24.3 ; H, 2.9 ; N, 7.0. 
Calc. : C, 24.3 ; H, 3.1; N, 7.1%. Mass spec. : m/e 
395 (M+), 349 (M+-NS). IR: 1032(s) (v[N--S]), 
690(s) (VP--S]), 481(m) (v[pt-_NI) and 364 cm-’ 

bm-ww--SD. 

Pt{(Ph2PC,H4)2Fe!(S,N2) (3) 

A solution of crude (2), prepared on the above 
scale, in CH2C12 (30 cm’) was treated with 
(Ph2PCSH4)2Fe (0.115 g, 2.1 x 10e4 mol) and the 
resulting orange solution stirred for 1 h. After this 
time the volume of the solvent was reduced in uucuo 
to x 10 cm3 and the product precipitated by 

1925 
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addition of hexane (50 cm3). After filtration from 
the pale yellow solution the solid was dried in ~,UXUO 
then redissolved in CHzCll and crystallized by slow 
hexane diffusion. The resulting well-formed bright 
orange crystals of (3) were stored under Et20 to 
avoid desolvation. 

IR: 1048(s) (v[N--S]), 365(w) @[N--S]), 355 
cm-’ (w) (v[pt-S]). Other bands are obscured by 
the Fdpp ligand vibrations. 31P NMR : 6 20.9 
(‘J(‘95Pt-3’P) 2903) and 9.4 ppm (‘J 3008 Hz) 
2J(31P-31P) 24 Hz. 

Crystal data (2). CsH,,N2S2Pt, M = 395.4, 
monoclinic, a = 16.251(4), b = 6.514(3), c = 
19.747(7) A, fl= 91.89(3)“, U = 2089 A3, space 
group I2la (body centred cell used because C face 
centred cell had /I = 139.79(2)“), Z = 8, D, = 
2.51 g cm- 3. Orange, air-stable prisms, dimen- 
sions 0.20 x 0.27 x 0.40 mm, ~(CU-K,) = 287 cm- ‘, 
I= 1.54178 A, F(OOO) = 1471. 

Crystal data (3). C34H28N2S2PZFePt * 
(CH2C12)0.7, M = 901.1, triclinic, a = 11.103(2), 
b = 12.009(3), c = 16.913(4) A, a = 93.37(2), /3 = 
108.40(2), y = 113.67(2)“, U = 1915 A3, space 
group Pi, Z = 2, D, = 1.56 g cm- 3. Orange rods, 
dimensions 0.17 x 0.20 x 0.43 mm, ~(CU-K,) = 128 
cm-‘, I= 1.54178 A, F(OOO) = 883. 

Data collection and processing 

Nicolet R3m diffractometer, o-scan method, 
[213 < 116” for (2) and 100“ for (3)], graphite 
monochromated Cu-K, radiation ; 1381 and 
3925 independent measured reflections of which 
1324 and 3721 for (2) and (3) were observed 
[IF01 > 3a(lF,l)]. The data were corrected for 
Lorentz and polarization factors, empirical 
absorption corrections based on 400 and 374 
azimuthal measurements for (2) and (3) were 
applied. The maximum and minimum trans- 
mission factors for (2) and (3) were 0.078,0.006 and 
0.97,0.385, respectively. 

Structure analysis and refinement 

In both cases the structures were solved by the 
heavy atom method and all the non-hydrogen 
atoms refined anisotropically. In (2) the hydrogen 
atoms on C(l), C(2), C(5) and C(6) were idealized 
and fixed; the remaining hydrogen atoms in (2) 
and (3) were also idealized (C-H = 0.96 A), 
assigned isotropic thermal parameters U(H) = 
1.2 U,,(C) and allowed to ride on their parent car- 
bons. In (3) there is included CH2C12 solvent. 
This is disordered and occupies several partial 
occupancy, partially overlapping sites. Refinement 
was by block-cascade full-matrix least-squares to 

R = 0.086 and 0.062, (R = I: [IF,,1 - jFJ/Z IF,l), 
R, = 0.088 and 0.066 for 2 and 3, respectively 
(w-’ = 02(F)+0.0005F2 for 2 and O.O03F* for 
3). The maximum and minimum residual electron 
densities in the final AF maps were 2.57 and - 2.89 
eA-’ for (2) and 2.54 and -2.09 eA_’ for (3). 
The mean and maximum shifts/error in the final 
refinement cycle were 0.000 and 0.002 for (2) and 
0.021 and 0.089 for (3), respectively. The somewhat 
high value of the R factor in 2 reflects poor crystal 
quality and the significant thermal anisotropy both 
in the S2N2 and COD ligands. Computations were 
carried out on an Eclipse S140 computer using the 
SHELXTL program system” and published scat- 
tering factors. ’ ’ 

RESULTS AND DISCUSSION 

In previous work we have prepared mixed ligand 
M-S-N complexes via complexes of the type 
ML2C12 (M = Pt and Pd, L = phosphine,6 azo- 
benzene’*). An alternative and potentially more 
versatile strategy, is to initially prepare a sulphur- 
nitrogen complex with a labile trans ligand. 

Treatment of Pt(COD)Br, with the dimeric tin 
complex [Me$n($N,)], (l), in the molar ratio 2 : 1, 
results in the formation of a salt of the novel cation 
[Pt(COD)(S,N,H)]+ which can be converted to 2 
by deprotonation with [“BuJVjOH [eq. (l)]. The 
formation of the protonated species is consistent 
with our previous observation6 that complexes 
of the type cis-PtC12(PR3)2 react with (1) to give 
[Pt(S2N2H)(PR3)2][Me2SnC13] by picking up HCl 
from the solvent (CH,Cl,), and in turn react with 
[NH4]PF6 to give the corresponding PF; salts. If 
the product of the reaction of Pt(COD)Br, with 1 
is treated with m4]PF6 the resulting salt can be 
readily crystallized as thin orange needles, the mass 
spectrum of which clearly shows the presence of 
[Pt(COD)(S,N,H)]+ (m/e 396). However, micro- 
analysis of these crystals suggests the presence of a 
mixed salt, possibly containing Cl- as well as PF;, 
and thus to avoid these complications we have 
found that it is simpler to treat the initial mixture 
with rBu,NjOH in order to obtain the depro- 
tonated species, 2. 

2Pt(COD)Br2 + [Me2(S2N& CH2CIz* 

(1) 

2[Pt(COD)(S2N2H)]+[Me2SnC13]- 

I 
[BumOH 

Pt(COD)(S,N,). (1) 
(2) 

The above method results in samples of 2 which 
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are contaminated with small amounts of impurities, 
presumably including [“Bu.,N[Me$nCl,], which 
are difficult to remove. The most effective method 
of purification is slow hexane diffusion into the 
crude solution, which readily yields large, well- 
formed crystals of 2 ; however, as the reaction 
with Fdpp shows, the impurities present do not 
hinder substitution reactions in which the COD 
is displaced and thus it is not strictly necessary to 
purify 2 before using it to prepare derivatives. 

In contrast to complexes of the type 
Pt(S2N2)(PR3)2, which we have prepared from the 
corresponding dichloro species using a variety of 
reagents, the reaction of 1 with Pt(COD)Br, is 
the only viable route to 2. Attempts to prepare 2 
from Pt(COD)Cl, via reaction with Na(S,N,) or 
S4N4H4/dbu invariably fail, presumably due to the 
lability of the COD ligand. These observations re- 
emphasize the usefulness of 1 as a synthetic reagent. 
Furthermore, surprisingly, in reactions using 1 we 
have found Pt(COD)Br, to give better results than 
Pt(COD)C12. 

Reactions of 2 with Ph1(C5H4),Fe (Fdpp) pro- 
ceeds smoothly with the expected elimination of 
COD to give 3 [eq. (2)] thus illustrating the potential 
usefulness of 2. 

Pt(COD)(S,N,) + Fdpp 

(2) 

+ Pt(Fdpp)(S,N,) +COD. (2) 

(3) 

3’P-{ ‘H} NMR of the crude reaction reveals (3) to 
be the sole phosphorus containing product. The 

spectrum of (3) is typical’%” of Pt(PR3)&N2) 
complexes, with the ratio of the 1J(195Pt-31P) 
coupling constants being 1.04. From preliminary 
results it appears that in this case, 3 may also 
be prepared by reaction of Pt(Fdpp)C12 with 
S4N4H9/dbu using a method similar to that pre- 
viously reported. ’ 6 However, 2 will doubtless prove 
to be an important synthetic reagent in metalla- 
sulphur-nitrogen chemistry. Preliminary results 
indicate that the Pt(S,N,)(CN):- anion may be 
prepared from 2 by displacement reactions using 
CN-. 

The X-ray structures of 2 and 3 are shown in Figs 
1 and 2 with bond distances and angles in Tables 1 
and 2. Both compounds have the expected square 
planar geometry around platinum. In 3 the 
geometry around platinum and within the PtS,N, 
is not significantly different from that observedI 
for Pt(PPh3)&N2). The most noticeable difference 
between the structures of 2 and 3 is in the Pt-S 
(2.234(5) and 2.284(4) A) bond lengths although the 
Pt-N distances (2.015(19) and 2.034(7) A) are not 
significantly different. 2 with the carbon tram to 
sulphur thus appears to enhance the o-donor/x- 
acceptor ability of the sulphur atom in the SN- 
ligand. The bond lengths and angles within the 
metallacycle which follow the now established pat- 
tern with two short and one long S-N bonds, are 
not significantly different from 2 and 3 and are 
in good agreement with those reported for related 
complexes. ’ 7 In 3 the two Cp rings are almost co- 
planar (dihedral angle 4.4”) and are inclined to 
the PtS2N2 plane by 57”. The Cp rings are staggered 
by 40” with respect to each other [Fig. 2(b)] as is 
the case in Pt(Fdpp)Cl*. ’ 8 

Fig. 1. The X-ray crystal structure of Pt(COD)(S,N,) (2). 
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(b) 

Fig. 2. (a) The X-ray crystal structure of Pt(Fdpp)(S,NJ (3), the phenyl rings have been omitted 
clarity. (b) 3 viewed normal to the C(6)-C( 10) Cp ring. 

Table 1. Bond distances (A) and angles (“) in 2 

Pt-S( 1) 
P&q 1) 
PkC( 5) 

S(l)-N(l) 
%2)---N(2) 

S( I)-Pt-N(2) 

S(l)--N(l)-S(2) 
R-N(2)-,%(2) 

2.234(5) 
2.220( 18) 
2.166(21) 
1.708(20) 
1.537(17) 

87.5(5) 
114.9( 12) 
116.3(11) 

F’-N(2) 

P+C(2) 
Pt-C(6) 
N(l)-S(2) 

Pt-S(l)---N(1) 

N( 1 )-S(2)-N(2) 

2.015(19) 
2.223(21) 
2.196(21) 
1.535(21) 

104.9(7) 
116.4(11) 

for 
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Table 2. Bond distances (A) and angles (“) in 3 

pt-q 1) 
Pt-P( 1) 

%1)--N(l) 
S(2)-N(2) 
Fe-G(2) 
Fe--G(4) 
Fe--G(6) 
Fe-C(8) 
Fe-C(lO) 

C(l>-c(5) 
C(2)-C(3) 
C(4)-C(5) 
C(6t--c(lO) 
C(7)-C(8) 
C(9)_C(lO) 
P(l)--c(21) 
P(2)-C(41) 

S(l)-Pt-N(2) 
N(2)-Pt-P( 1) 
N(2)-Pt-P(2) 
Pt-S(l)-N(1) 

N(l)--S(2)-N(2) 
C(2)-C(l)-C(5) 
C(5)-C(l)-P(1) 
C(2>--c(3)-C(4) 
C(l)-C(5)-C(4) 
C(7)_C(6FP(2) 
C(6)-C(7)--c(8) 
C(8)--c(9)--C(JO) 
Pt-P(l~C(1) 

C(l)-P(l*C(ll) 
C(l)_P(l>-c(21) 
P(l)-C(l l)-C(l2) 
Pt-P(2)--C(6) 

2.284(4) 
2.270(2) 
1.671(9) 
1.519(11) 
2.030(17) 
2.066(12) 
2.002(9) 
2.073( 18) 
2.052( 12) 
l&2(16) 
1.432(20) 
1.407( 19) 
1.424(18) 
1.409(18) 
1.416(19) 
1.868(13) 
1.828(11) 

86.4(3) 
176.3(3) 
83.8(3) 

104.5(4) 
115.2(5) 
106.0(10) 
131.8(9) 
109.8(13) 
110.0(11) 
127.5(9) 
109.4(11) 
109.2(12) 
114.5(3) 
106.7(6) 
101.8(5) 
123.7(9) 
122.0(3) 

Pt-N(2) 2.034(7) 
P&P(2) 2.307(3) 

N(l)-S(2) 1.571(11) 

Fe-C(l) 2.019(13) 

Fe--G(3) 2.063( 17) 

F&(5) 2.026( 10) 

Fe--G(7) 2.032(13) 
Fe-C(9) 2.046(16) 

C(l)-C(2) 1.480(18) 

C(l)-P(1) 1.781(12) 

C(3)-C(4) 1.421(21) 

C(6)--C(7) 1.439(17) 

C(6)-P(2) 1.818(12) 

C(SyC(9) 1.414(24 1) 
P(l)-C(ll) 1.806(14 1) 
P(2)-C(3 1) 1.803(11 ) 

S( l)-Pt-P( 1)’ 
s(l)-Pt-P(2) 
P( l)-Pt-P(2) 

S(l)-N(l)--S(2) 
Pt-N(2)-S(2) 

C(2)-C(l)_P(l) 
C(l)--c(2)--~(3) 
C(3>--c(4)-C(5) 
C(7)-C(6)-C(lO) 
C( 10)--c(6)-P(2) 
C(7)-C(8yC(9) 
C(6)-C( 10)-C(9) 
Pt-P(l)--C(ll) 
Pt-P(lbc(21) 

C(1 l)---P(l)-C(21) 
P(l)--C(l L)--c(l6) 
Pt-P(2*c(3 1) 
Pt-P(2)--C(41) 

90.3(l) 
170.1(l) 
99.6( 1) 

116.3(8) 
117.5(5) 
122.1(8) 
106.5( 11) 
107.7(11) 
106.3(10) 
126.3(10) 
106.9(12) 
108.1(12) 
114.9(3) 
114.5(4) 
102.9(6) 
118.8(8) 
111.0(5) 
113.0(4) 
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Abstract-The coordinatively unsaturated complex, [Mo(NO){HB(3,5-Me2C3N2H)3)Izl 
reacted with pyrrolidine or piperidine to produce both the amine complexes, 
[Mo(NO){HB(3,5-Me,C,N,H),)I(NHC,H,,)] (n = 4 or 5) and the amide complexes, 
[Mo(NO){HB(3,5-Me,C,N,H),}I(NC,H,)]. A mine complexes could be obtained from 
similar reactions with [Mo(NO){HB(3,5-Me2C3N2H)3}Cld if NaH was present. The molec- 
ular structures of [Mo(NO){HB(3,5-Me,C,N,H),}I(NHC,H,,)] and [Mo(NO)(HB(3,5- 
Me2C3N2H)3}I(NC4H8)] were determined and the Mo-N(amine) bond distance of2.241(6) 
A in the former was found to be substantially longer than the Mo-N(amide) distance of 
1.937(5) A in the latter. 

The formally 16-electron complexes wo(NO)LX,] 
(L = hydrotris(3,5-dimethylpyrazol-1-yl)borate, X 
= Cl or I) undergo substitution reactions with 
primary aminesld3 to give the amide derivatives, 
[Mo(NO)LX(NHR)] (R = alkyl or aryl).lm4 These 
reactions proceed according to eq. (1) in which a 
second molecule of amine is present to consume the 
I-IX liberated. 

[Mo(NO)LX,] + 2RNH2 
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+ [Mo(NO)LX(NHR)] + RNH: +X-. (1) 

Although both the reactants and products in eq. (1) 
are diamagnetic, paramagnetic intermediates may 
be detected during the reactions of [Mo(NO)LId 
with amines or alcohols.5,6 One of these inter- 
mediates appears to be the 17-electron complex 
[Mo(NO)LI,]- which has been isolated6 in the 

form of the air-sensitive compound, [Mo(NO) 
L12Li(OEt2)2]. Under the reaction conditions 
normally used to prepare monoamide complexes, 
no free amide, RNH-, would be present and it 
seems likely that their formation might also involve 
the amine complexes, [Mo(NO)LI(NH,R)] or 
[Mo(NWWWU + , as intermediates. The for- 
mer complex would be a paramagnetic 17-electron 
compound while the latter would be diamagnetic. 
As yet no example of an amine complex of the type 
[Mo(NO)LI(NH,R)] or [Mo(NO)LI(NH,R)]+ has 
been reported. Consequently no definitive comment 
on the chemical properties of such species has been 
possible. However, it is known that when both hal- 
ide ligands in [Mo(NO)LX,] are replaced by neutral 
nitrogen ligands, air-stable 17-electron complexes 
such as [Mo(NO)L(MeCN)J+ and [Mo(NO) 
L(Pyridine)d+ are obtained.7*8 

* Author to whom correspondence should be addressed. 
It has been shown’ that [Mo(NO)LCl,] reacts 

with the cyclic secondary amines HNC,Hh (n = 4, 
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5) to give the expected diamagnetic amide deriva- 
tives [Mo(NO)LCl(NC,H,,)]. We have now found 
that a similar reaction between [Mo(NO)LI,] and 
these secondary amines affords not only the anal- 
ogous 16-electron amide complexes but also the 17- 
electron amine complexes [Mo(NO)LI(NHC,H,,)]. 

EXPERIMENTAL 

Synthetic studies 

All reagents were used as supplied. [Mo(NO) 
(HB(3,5-Me2C3N2H)3)12] and [Mo(NO){HB(3,5- 

Me2WJ~H)$1d were prepared according to 
previously described methods.“,” Silica gel 60 
(70-230 mesh) was used as the stationary phase for 
column chromatography with dichloromethane as 
eluant. All reactions were carried out under nitro- 
gen but purification procedures were carried 
out in air. Elemental analyses were carried out by 
the Microanalytical Laboratory, University of 
Birmingham. 

IR spectra were recorded using a PE 297 spec- 
trometer with samples as KBr discs. 400 MHz ‘H 
NMR spectra were obtained from solutions in 
CDC13 using a Bruker WH400 spectrometer of the 
SERC high field NMR service at Warwick Uni- 
versity. ESR spectra were obtained from fluid solu- 
tions in CHzClz using a Hilger-Watts Microspin 
X-band spectrometer with a 100 MHz modulation 
(iodo complexes) ; g-values were obtained from fre- 
quency measurements with a proton resonance 
head. Diphenylpicryl-hydrazine was used as the ref- 
erence. Cyclic voltammetric measurements were 
made using a Hitek PPR 1 waveform generator and 
DT 2101 potentiostat or a PAR 174A polarograph. 
Solutions in MeCN or CHzClz were ca lop3 mol 
dm- 3 in the complex and 0.2 mol dme3 in 
[Bu”NJBF4 as the base electrolyte. A Pt bead test 
electrode was used with an SCE reference electrode 
and ferrocene as internal standard. Potentials are 
quoted relative to the SCE and under these con- 
ditions Ef for the oxidation of ferrocene was found 
to be 0.42 V with AE, = 80 mV in MeCN and 0.58 
V with AEp = 100 mV in CH2C12. The number of 
electrons associated with electrode processes was 
estimated by comparison with [Mo(NO)LCl,]. 

A solution of [Mo(NO){HB(3,5-Me2C3NzH>3> 
IZ] (1.0 g, 1.5 mmol) and piperidine (1 cm3, 8 
mmol) in dichloromethane (60 cm3) containing 
sodium hydride (200 mg) was refluxed for one 
day. After this time the reaction mixture was 
filtered and the solvent removed from the filtrate by 

evaporation under reduced pressure. The residue 
was purified by column chromatography which 
afforded firstly a red band containing [Mo(NO) 
{HB(3,5-Me2C3N2H)3)I{NC~H,o}l (200 mg, 
21%) followed by a second green band con- 
taining the complex (340 mg, 36%). Further puri- 
fication of the reaction products could be effected 
by recrystallization from CH,Cl,-hexane mixtures. 
Found: C, 37.2; H, 5.0; N, 17.2. C2,H3,N,BMoOI 
requires: C, 36.7; H, 5.0; N, 18.0%. 

This material was prepared in an identical man- 
ner to its piperidinate analogue using pyrroli- 
dine (5 cm3, 35 mmol) and [Mo(NO){HB(3,5- 
Me2C3NZH)3}12] (1.2 g, 1.8 mmol). The first red 
band from the chromatography column contained 
[Mo(NO)(HB(3,5-Me2C3N2H)3}I{NC4Hs)] (400 
mg, 33%). Further elution of the column afforded a 
green band containing the complex (320 mg, 29%). 
Found: C, 37.8; H, 5.2; N, 17.5. CL9H3,NsBMoOI 
requires: C; 37.8; H, 5.2; N, 17.6%. 

[Mo(NO)(HB(3,5-Me,C3N,H)3)I{NC,H,)I 01) 

A solution [Mo(NO){HB(3,5-Me2C3N2H),}I,] 
(1 .O g, 1.5 mmol) and pyrrolidine (10 cm3, 80 mmol) 
in dichloromethane (60 cm3) was stirred at room 
temperature for one day. After this time the reaction 
mixture was filtered and the solvent removed from 
the filtrate by evaporation under reduced pressure. 
The residue was purified by column chroma- 
tography which afforded firstly a red band con- 
taining the complex (460 mg, 50%) followed by a 
second green band containing [Mo(NO){HB(3,5- 
Me&3N2H)3}I{HNC4Hs}] (160 mg, 18%). Fur- 
ther purification of the reaction products could be 
effected by recrystallization from CH,Cl,-hexane 
mixtures. Found: C, 37.4; H, 4.8; N, 17.7. 
C19H30N,BMoOI requires : C, 36.8 ; H, 4.8 ; N, 
18.1%. 

This material was prepared in an identical man- 
ner to its pyrrolidinate analogue using piperidine 
(10 cm3, 70 mmol) in place of pyrrolidine. The com- 
plex was obtained as the first red band from the 
chromatography column (480 mg, 52%). Further 
elution of the column afforded a green band con- 
taining [Mo(NO){HB(3,5-Me2C3N2H)3}I{HNCS 
Hlo}] (200 mg, 21%). Found : C, 38.1; H, 5.3 ; N, 
17.8. C20H32NBBM~OI requires: C, 37.9; H, 5.0; 
N, 17.7%. 
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[Mo(NO){HB(3,5-Me,C,N,H),)Cl{HNC,H,}] 

A solution of [Mo(NO)(HB(3,5-Me&NzH>3> 
Cl,] (1.0 g, 2 mmol) and pyrrolidine (2 cm3, 16 
mmol) in dichloromethane (60 cm3) containing 
sodium hydride (200 mg) was refluxed for two 
days. After this time the reaction mixture was 
filtered and the solvent removed from the filtrate by 
evaporation under reduced pressure. The residue 
was purified by column chromatography which 
afforded firstly a red band containing [Mo(NO) 
{HB(3,5-Me,C3NzH)3}C1(NCqH8}] (120 mg, 
11%) followed by a second green band contain- 
ing the complex (400 mg, 37%). Further puri- 
fication of the reaction products could be effected 
by recrystallization from CHzClz-hexane mixtures. 
Found: C, 48.6; H, 6.9; N, 17.9. C19H31Ns 
BClMoO * C6Ht4 requires : C, 48.8 ; H, 7.3 ; N, 
18.2%. 

This material was prepared in an identical man- 
ner to its pyrrolidinate analogue using piperidine (3 
cm3, 21 mmol) in place of pyrrolidine. The first red 
band from the chromatography column contained 

Flo(NO)(HB(3,5-Me,C3N,H)3}C1(NC,H,,}l (200 
mg, 18%). Further elution of the column afforded 
a green band containing the complex (420 mg, 
38%). Found: C, 39.4; H, 6.0; N, 17.7. CZOH33 
NsBCIMoO * CHzClz requires : C, 40.1 ; H, 5.6 ; N, 
17.8%. 

Structural studies 

X-ray cystallographic analyses of [Mo(NO) 
LI{HN(CH,),}] (I) (at Birmingham) and [Mo(NO) 
LI{N(CH,),}] (II) (at Queen Mary College). 

Crystaldata. (I): C2,H3,BIMoN,0, M, = 635.2, 
monoclinic, P2,/c, a = 8.654(3), b = 15.046(5), 
c = 20.202(5) A, /I = 100.05(5)“, I’= 2590 A3, 
2 = 4, D, = 1.63 g cn- 3, P(OO0) = 1268 ~(Mo-KJ, 
(A = 0.71069 A) = 1.723 mm-‘. (II): C,9H30 
BIMoN,O, A4, = 602.2, monoclinic, P2,/a, 
a = 20.558(2), b = 14.171(2), c = 8.568(l) A, 
p = 97.60(l)“, C = 2474 A3, 2 = 4, D, = 1.66 g 
cme3, F(OOO) = 1232 ~(Mo-K,) = 1.802 mm-‘. 
Intensities for both complexes were measured with 
an Enraf-Nonius CAD-4 diffractometer using 
monochromated MO-K, radiation up to 0 = 25”. 
4555 reflections (compound I), 4675 reflections 
(compound II) were measured and 2864 having 
F > 5a(P) (compound I), 3502 having F > 30(P) 
(compound II) were used in the analyses. Both 
structures were determined by Patterson and Four- 
ier methods and refined by least squares using 

weights w = l/[a,(FJ + 0.0007FZ] (compound 

I) i2,13 and unit weights (compound II). 14*15 Non- 
hydrogen atoms were allowed to vibrate aniso- 
tropically. In compound I most hydrogen atoms 
could be located from a difference map and were 
included in calculated positions “riding” on their 
respective carbon atoms. The initially unexpected 
hydrogen atom bonded to the nitrogen atom of the 
piperidine ring then appeared in a difference map 
as a peak of 0.22 e Ae3, the largest peak, apart from 
two, close to molybdenum and two, close to iodine. 
Coordinates and an isotropic thermal parameter 
for this hydrogen atom were included in the final 
cycles of least-squares refinement. At convergence 
the thermal parameter U was 0.075 A’ and geo- 
metrical parameters H-N = 0.88(8) A, angles 
H-N-C 94(6) and 112(6)“, torsion angles 
H-N-C-C 60(8) and -48(8)O were as expected 
for an axially bound hydrogen atom. The final 
values of R and R,,, = 0.040 and 0.049, respectively 
for 2864 reflections. In compound II all hydrogen 
positions were located and reiined with isotropic 
thermal parameters. Final R = 0.0265 for 3502 
reflections. 

RESULTS 

Synthetic studies 

The diiodide complex, wo(NO)LIJ, reacted 
with an excess of pyrrolidine or piperidine to pro- 
duce mixtures of red and green compounds which 
could be separated by column chromatography. 
The red compounds were diamagnetic and were 
shown to be the amide complexes [Mo(NO) 
LI{NC,H,}] (n = 4 and 5) on the basis of 
elemental analyses and IR, ‘H NMR and mass 
spectral data. In the case where n = 4 this for- 
mulation was confirmed by the single crystal X-ray 
diffraction study described below. The IR spectra 
of [Mo(NO)LI{NC,H,}] contained bands attribu- 
table to the ligand L including vBH at 2550 cn- ‘. In 
addition VNo was observed at 1645 (n = 4) and 1650 
(n=5) cm-i in accord with the formulation of 
these complexes as monoamides.’ Both compounds 
exhibited molecular ions, [Ml+, in their mass spec- 
tra at m/z = 622 (n = 4) and 636 (n = 5) (g8Mo, 
’ 'B, lz71). In addition ions attributable to [M--(I)]+ 
and [M-(NO)]+ were observed. 

The ‘H NMR spectrum of [Mo(NO)LI{NC,H,}] 
was similar to that of its chloro analogueg and con- 
tained four distinctive multiplets, each of relative 
intensity one, at dTMS = 5.06, 4.19, 3.78 and 2.29 
ppm attributable to the a-methylene protons in the 
pyrrolidinate ligand. Two signals of relative inten- 
sity two, attributable to the j?-methylene protons 
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were observed at S,, = 1.98 and 1.73 ppm. The 
pyrazolyl4-H protons in L appeared as three sin- 
glets of relative intensity one at STMS = 5.85, 5.84 
and 5.80 ppm, while the pyrazolyl methyl signals 
appeared as six singlets of relative intensity three, 
at dTMS = 2.70,2.43,2.40,2.33,2.32and2.11 ppm. 
The ‘H NMR spectrum of [Mo(NO)LI(NC&H’~}] 
similarly exhibited four multiplets each of relative 
intensity one, at aTMS = 4.69, 4.54, 3.66 and 3.10 
ppm attributable to the a-methylene protons in the 
piperidinate ligand. The remaining piperidinate 
protons appeared as multiplets at JTMS = 1.95,1.85, 
1.60 and 1.28 ppm in the intensity ratio 1 : 1 : 2 : 2. 
The pyrazolyl4-H protons in L appeared as three 
singlets of relative intensity one, at dTMS = 5.85, 
5.84 and 5.75 ppm, while the pyrazolyl methyl sig- 
nals appeared as six singlets at STMS = 2.69, 2.49, 
2.43,2.40,2.34 and 2.30 ppm each of relative inten- 
sity three. 

The green compounds were found to be para- 
magnetic. Their IR spectra contained bands attribu- 
table to L including vBH at 2550 cm-‘. Both exhi- 
bited relatively low nitrosyl stretching frequencies 

(vPJ0 = 1625 (n = 4) and 1620 (n = 5) cm- ‘) sug- 
gesting that they were 17-electron species. This was 
confirmed by the single crystal X-ray diffraction 
study of [Mo(NO)LI(HNC,H’,J] (aide infra) which 
showed that the complex contained an amine 
ligand. In accord with this formulation bands 
attributable to VNH were observed at 3225 cm- ’ in 
the IR spectra of the green complexes. Their mass 
spectra did not contain molecular ions although 
ions were observed at m/z = 552 (98Mo, “B, 1271) 
attributable to [Mo(NO)LI]+ formed by loss of the 
amine ligand. Both compounds exhibited ESR spec- 
tra in CHzClz solution at room temperature. These 
contained signals at g = 1.9989, AcMo) = 4.89 mT 
(n = 4) and g = 1.9905, AcMoj = 4.89 mT (n = 5). 
These hyperfine coupling constants (to 95Mo, 
15.9%, and 97M~, 9.6%, both I = 5/2) are similar 
to those observed for the other 17-electron com- 
plexes containing the {Mo(NO)L)+ core.7,‘6 

In an attempt to stimulate deprotonation and 
thus suppress the formation of amine complexes, 
NaH was added to the reaction mixtures. To our 
surprise this had the reverse effect and instead 
increased the yields of the amine complexes. Thus 
it appears that sodium hydride functions as a reduc- 
ing agent rather than a base in these reactions. The 
previously reported’ reactions between [Mo(NO) 
LC12] and pyrrolidine or piperidine afforded only 
the amide complexes, [Mo(NO)LCl(NC,H,}] 
(n = 4 and 5). However, when these reactions were 
carried out in the presence of NaH we found that 
paramagnetic green complexes could also be 
obtained. Thus it would appear that, although 

chloride is unable to effect the reduction required 
to form the chloro-amine complexes, these can be 
obtained in the presence of an added reductant such 
as NaH. The IR spectra of these compounds are 
similar to those of the iodo-amine complexes 
described above and contained bands attributable 
to the presence of the ligand L. The amine ligands 
gave rise to VNH at 3300 cm-‘. The only significant 
difference between these spectra and those of the 
iodo-amine complexes is that the nitrosyl stretching 
frequencies are lower (VNo = 1585 (n = 4) and 1600 
(n = 5) cm-‘). This is in accord with the general 
trend for chloro complexes containing the 
{Mo(NO)L) moiety to exhibit slightly lower NO 
values than their iodo counterparts.’ The mass 
spectrum of [Mo(NO)LCl{ HNC SH 1 ,-,>I contained a 
weak molecular ion at m/z = 545 (98Mo, “B, 3’C1) 
but the most intense ion was at m/z = 476 possibly 
due to the fragment [Mo(NO)LCl(NH,)]+. An ion 
was also present at m/z = 460 attributable to 
[Mo(NO)LCl]+ formed by the loss of the amine 
ligand. In the case of [Mo(NO)LCl{HNC,H,)] no 
molecular ion was observed but again an ion 
attributable to [Mo(NO)LCl]+ was present. 

Electrochemical studies 

The electrochemical properties of the 17-electron 
amine complexes, [Mo(NO)LX{HNC,H,}] were 
investigated using cyclic voltammetry. Due to their 
limited stability in acetonitrile the iodo complexes 
were studied in CH2C12 solution. All the complexes 
exhibited irreversible reduction processes with E”p 
= - 1.50 (X = I, n = 4), - 1.68 (X = I, n = 5), 
-l.O8(X=Cl,n=4)and-l.O4(X=Cl,n=5). 
The irreversible nature of these processes may be 
associated with the presence of the amine proton 
since it is found that, whilst the secondary amide 
complexes, ~o(NO)LC1(NC,,H2,)], exhibit revers- 
ible reduction behaviour,‘* the primary amide ana- 
logues [Mo(NO)LCl(NHR)] (R = alkyl) do not.13 
The amine complexes also exhibited anodic one- 
electron processes in the region O-l V. In the case 
of the chloro complexes these were chemically 
reversible on the cyclic voltammetry timescale with 
Ef=0.10V,AEP=60mV(n=4)andEf=0.16V, 
AEp = 80 mV (n = 5) but this was not the case for 
the iodo complexes which exhibited only irre- 
versible processes. 

Cyclic voltammetry of the amide complexes, 
[MoWO)LI(NGfL}I, revealed no anodic pro- 
cesses in the region O-l.2 V but irreversible 
reduction processes were observed at E”p = - 1.29 
(n = 4) and - 1.28 (n = 5) V. These observations 
are in accord with previous findings in that iodo 
complexes with reduction potentials more cathodic 
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than ca - 1 V tend to dissociate iodide after 
reduction and exhibit irreversible behaviour.6 This 
contrasts with the chemically reversible reduction 
behaviour found in the cyclic voltammograms of 
the chloro analogues @o(NO)LCI{NC,H,}].~ 

The green amine complexes appear to be air- 
stable in the solid state, at least for periods of a few 
weeks, but they are slowly oxidized to the amide 
complexes in solution. The oxidation of the amine 
complexes with iodine was also investigated and it 
was found that both the chloro and the iodo-amine 
complexes could be oxidized to their corresponding 
16-electron amide complexes. In contrast, the 
treatment of [Mo(NO)LI(NC,H,)] with sodium 
naphthalenide in the presence of excess HNC,H2, 
did not afford the corresponding amine complexes 
but eventually led to decomposition of the start- 
ing complex. However, treatment of [Mo(NO) 
LI(NCSHlO)] with NaH in the presence of excess 
piperidine did afford some of the green amine com- 
plex (17% yield). 

Structural studies 

Selected bond lengths and angles are given in 
Table 1. The structures of the molecules are illus- 
trated in Figs 1 and 2. In the pyrrolide complex, II, 
the coordination geometry agrees well with that 
of analogous amido complexes, e.g. [{Mo(NO) 
LCl},{N(CH,),N(CH*),}19 and IMoWWJ 
(NHEt)]. * Thus the Mo-N(amide) length, 
1.937(5) A, compares well with values of 1.942 and 
1.959 A for the corresponding bonds in these two 
complexes. The Mo-N(pyrazoly1) bond lengths 
also follow the pattern found previously, the bond 
tram to the halogen atom, 2.174(5) A, being sig- 

Fig. 1. The molecular structure of I showing the atom 
numbering ; H atoms are omitted for clarity. 

Fig. 2. The molecular structure of II showing the atom 
numbering ; H atoms are omitted for clarity. 

nificantly shorter than those tram to the nitrosyl 
and amide substituents. The Mo-N(nitrosy1) 
bond, 1.778(5) A, is by far the shortest Mo-ligand 
distance and compares with values of 1.804 8, in 

Table 1. Selected bond lengths and angles 

Mo-N( 1) 
Mo-N(2) 
Mo-N(4) 
Mo-N(6) 
Mo-N(g) 
Mo-I 

N( l)-Mo-N(2) 
N(l)-Mo-N(4) 
N( 1 jMo-N(6) 
N(l)-Mo-N(8) 
N(l)-Mo-I 
N(2 jMo-N(4) 
N(2 jMo-N(6) 
N(2)-MO-N(~) 
N(2)-Mo-I 
N(4)-Mo-N(6) 
N(4FMc+N(8) 
N(4)-Mo-I 
N(6)-Mo-N(8) 
N(6)-Mo-I 
N(8)-Mo-I 

Mo-N(lWX1) 
Mo-N(S)-C(16) 
Mo-N(8)-C(20) 
C(16)-N(8jC(20) 

HPJ8)-N(8)-C( 16) 
H(N8)-N(8W(20) 
H(NS)-N(8kMo 

1.774(6) 
2.302(5) 
2.151(5) 
2.175(5) 
2.241(6) 
2.831(l) 

179.3(2) 
95.3(2) 
94.8(2) 
94.2(2) 
88.2(2) 
85.4(2) 
85.5(2) 
85.5(2) 
91.2(l) 
81.9(2) 
93.8(2) 

175.9(l) 
170.3(3) 
95.7(l) 
88.1(2) 

176.7(5) 
117.5(4) 
118.0(5) 
110.3(5) 

94(6) 
112(6) 

102(7) 

1.778(5) 
2.246(5) 
2.174(5) 
2.251(5) 
1.937(5) 
2.792( 1) 

174.8(l) 
100.5(2) 
93.8(2) 
92.8(2) 
86.6(2) 
84.5(2) 
85.4(2) 
88.8(2) 
88.2(2) 
79.6(2) 
89.5(2) 

168.2(l) 
168.1(l) 
90.6(2) 
99.7(2) 

174.8(3) 
126.2(4) 
127.2(4) 
106.1(5) 

OC(19) in compound II. 
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[{Mo(NO)LC1},(N(CHZ),C(CH,),}] and 1.752 A 
in [Mo(NO)LI(NHEt)]. 

The metal-ligand distances in the piperidine com- 
plex, I, agree reasonably well with those in II, with 
the exception of the Mo-N(8) bond which is longer 
by 0.3 A and the Mo-N@yrazolyl) bond tram to 
this bond which is shorter by 0.076 8, than the 
corresponding bonds in II. These differences are a 
manifestation of the difference in chemistry at 
N(8). In (II), N(8) is an amido nitrogen atom and 
the Mo-N(8) distance, 1.937(5) A, is as expected 
for a bond of this type, and is indicative of pn-dz 
donation from the ligand to the metal. In I, where 
N(8) is in the amino form, bonded to two carbon 
atoms, a hydrogen atom and the molybdenum, the 
MO-N(~) distance, 2.241(6) A, indicates little or 
no K contribution to the bonding. This conclusion is 
supported by the lengths of the Mo-N(pyrazoly1) 
bonds tram to MO-N(~). In I, the tram bond is 
relatively short and is similar in length to the 
Mo-N(pyrazoly1) bonds in I and II which are tram 
to MO-I bonds which also do not involve sig- 
nificant R interactions. A further manifestation of 
the different natures of N(8) in the two complexes 
is the essentially tetrahedral disposition of bonds in 
I compared with the nearly planar geometry at N(8) 
in II. Thus MO and H(N8) are bonded respectively, 
equatorially and axially to the chair-shaped pip- 
eridine ring as shown in Fig. 3. 

Steric energy calculationsi show that in both 
complexes the N(8) ligand is in an orientation close 

to the calculated energy minimum. In the case of I, 
rotation of the amine ligand about the Mo-N(8) 
bond is prevented by non-bonding interactions 
between the C(6) methyl hydrogens of L and a 
hydrogen on each of the cr-methylene carbons of the 
amine ligand. In the case of II, distortion of the 
Mo-N(8)-pyrrolidide ring centroid angle from 
the energy minimum value of 170” leads to large 
steric interactions. In one direction these increase 
by 76 kJ mol- ’ within 20” and in the other by 36 
kJ mol- ‘. It thus appears that, in this molecule, 
a synergy exists between the steric and electronic 
demands for a near planar stereochemistry at N(8). 
In the former case this geometry minimizes steric 
interactions while in the latter it maximizes the over- 
lap of orbitals involved in the pn + dn donation 
from nitrogen to molybdenum. 

The bond angles at molybdenum indicate a 
slightly distorted octahedral six-coordination in 
both complexes. The maximum angular deviation 
from ideal octahedral is 9.7” in I and 11.9” in II, 
with mean deviations of 4.3 and 5.6”, respectively. 

DISCUSSION 

The isolation of amine complexes from the reac- 
tions of [Mo(NO)LI,] with these cyclic secondary 
amine reagents warrants some comment, in view of 
our failure to observe such species in the products 
obtained from reactions involving primary amines. 
The sterically demanding nature of L suggested that 

Fig. 3. The molecular structures of I and II showing the differing geometries of the amine and amide 
ligands 
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steric factors might be responsible for these differ- 
ences in behaviour. The amine proton in I is sur- 
rounded by atoms in close non-bonded contact 
(iodide at 3.125 8, and two pyrazolyl-5-methyl 
protons at 2.184 and 2.696 A) and the steric energy 
calculations ’ 7 have shown that the piperidine ligand 
in this complex is not free to rotate about the 
Mo-N(piperidine) bond. Thus the amine proton 
will not be able to adopt a position which would be 
readily accessible to approaching nucleophiles. The 
hypothetical amino-bonded EtNH, complex was 
also modelled and there was found to be little 
restriction to the rotation of this ligand about the 
Mo-N(ethylamine) bond. Thus in the case of this 
primary amine there appears to be no substantial 
steric energy barrier to the movement of an amine 
proton into a location amenable to attack by a 
nucleophile. In the case of the piperidine complex 
this will not be the case and kinetic control of the 
oxidation can arise because of the steric inac- 
cessibility of the amine proton. 

It may be concluded that [Mo(NO)LXJ (X 
= Cl or I) can react with amines AmH to 
produce amine complexes. A first step in this pro- 
cess could be the simple substitution of halide to 
give [Mo(NO)LX(AmH)]+ as shown in eq. (2). 

[Mo(NO)LX,] + AmH 

+ [Mo(NO)LX(AmH)]+ +X-. (2) 

This complex may then undergo deprotonation to 
a 16-electron amide complex according to eq. (3). 

[Mo(NO)LX(AmH)]+ + AmH 

+ [Mo(NO)LX(Am)] + AmH:. (3) 

When a cyclic secondary amine is used in place 
of a primary amine this deprotonation becomes 
subject to kinetic control. In the case where X = I 
the iodide liberated in reaction (2) may function as 
a reducing agent, as shown in eq. (4), 

[Mo(NO)LI(AmH)] + + I - 

+ [Mo(NO)LI(AmH)] + iIZ, (4) 

so that a mixture of amide and amine complexes can 
arise. When X = Cl, amide complexes are normally 
formed by deprotonation but, if a reducing agent is 
added in the form of NaH the neutral 17-electron 
amine complexes [Mo(NO)LCl{HNC,H,}] may 
again be isolated in addition to the amide deriva- 
tives. 

In the case of reactions involving [Mo(NO)LIJ 
the nature of the substitution is further complicated 
by the presence of displaced I-. This gives rise to 
the possibility of an alternative reaction pathway 
involving labilization of I- by the reduction of 

[Mo(NO)LIJ. 5,6 Thus substitution reactions 
involving 17-electron molybdenum centres, and 
which may or may not involve the prior coor- 
dination of a solvent molecule, can occur as shown 
in eqs (S)(S). 

[Mo(NO)LIJ + I- + [Mo(NO)LId + 412 (5) 

[Mo(NO)LI,]- + Solvent 

+ [Mo(NO)LI(Solvent)] + I- (6) 

[Mo(NO)LI(Solvent)] +AmH 

+ [Mo(NO)LI(AmH)] + Solvent (7) 

[Mo(NO)LIJ + AmH 

+ [Mo(NO)LI(AmH)] + I-. (8) 

Oxidation of the 17-electron amine complex by iod- 
ine could then lead to the 16-electron amide com- 
plex according to eq. (9) 

[Mo(NO)LI(AmH)] + $2 

--, [Mo(NO)LI(Am)] + HI, (9) 

which has been demonstrated chemically. 
The isolation of the 17-electron monoamine 

derivatives described here extends the range of 
known species containing the (Mo(N0))’ (z = + 1 
or +2) moiety. When two anionic ligands such as 
halide, alkoxide or organo-amide are bound to this 
fragment, air-stable, diamagnetic, formally 1 Belec- 
tron complexes result. ’ However, when one halide 
and one neutral amine ligand are present a para- 
magnetic 17-electron complex results ; although this 
is fairly easily oxidized. A similar situation is found 
in the case of [Mo(NO)LI(3,5-Me,C,N,H,)] which 
contains halide and neutral dimethylpyrazole 
ligands and is isolated as a 17-electron complex.‘* 
When two neutral nitrogen donors such as pyridine 
are present a 17-electron complex is formed which 
is not readily oxidized.7v’6 

Acknowle&ements-We are grateful to the S.E.R.C. and 
Mustansirigh &iversity of Iraq for financial support (to 
A.J.H. and N.AlO., respectively), to Dr J. K. Brown for 
ESR measurements and to Mr T. Green for technical 
assistance. 

1. 
2. 

3. 

REFERENCES 

J. A. McCleverty, Chem. Sot. Rev. 1983,12,331. 
J. A. McCleverty, A. E. Rae, I. Wolochowicz, N. A. 
Bailey and J. M. A. Smith, J. Chem. Sot., Dalton 
Trans. 1982,429. 
J. A. McCleverty, G. Denti, S. J. Reynolds, A. S. 
Drane, N. ElMurr, A. E. Rae, N. A. Bailey, H. 
Adams and J. M. A. Smith, J. Chem. Sot., Dalton 
Trans. 1983,81. 



1938 N. ALOBAIDI et al. 

4. C. J. Jones, J. A. McCleverty, B. D. Neaves, S. J. 
Reynolds, H. Adams, N. A. Bailey and G. Denti, J. 
Chem. Sot., Dalton Trans. 1986, 733. 

5. J. A. McCleverty and N. El Murr, J. Chem. Sot., 
Chem. Comm. 1981,960. 

6. T. N. Briggs, C. J. Jones, J. A. McCleverty, B. D. 
Neaves, N. ElMurr and H. M. Colquhoun, J. Chem. 
Sot., Dalton Trans. 1985, 1249. 

7. G. Denti, M. Ghedini, J. A. McCleverty, H. Adams 
and N. A. Bailey, Trans. Metal Chem. 1982,7,222. 

8. N. AlObaidi, K. P. Brown, A. J. Edwards, S. A. 
Hollins, C. J. Jones, J. A. McCleverty and B. D. 
Neaves, J. Chem. Sot., Chem. Commun. 1984,690. 

9. N. AlObaidi, T. A. Hamor, C. J. Jones, J. A. 
McCleverty and K. Paxton, J. Chem. Sot., Dalton 
Trans. 1987, 2653. 

10. S. J. Reynolds, C. F. Smith, C. J. Jones, J. A. 
McCleverty, D. C. Bower and J. L. Templeton, Znorg. 
Synth. 1985,X+, 4. 

11. J. A. McCleverty, D. Seddon, N. A. Bailey and N. 
J. Walker, J. Chem. Sot., Dalton Trans. 1976,898. 

12. G. M. Sheldrick, SHELX, Programfor CrystalStruc- 
ture Determination. University of Cambridge (1978). 

13. W. D. S. Motherwell, PLUTO, Program for Plotting 
Molecular and Crystal Structures, Report. “Cam- 
bridge Crystallographic Files”, University of 
Manchester Regional Computer Centre, Manchester 
(1981). 

14. G. M. Sheldrick, SHELX 80 Computer Program. 
Gottingen (1980). 

15. E. K. Davies, SNOOPZ from CHEMGRAF Com- 
puter Program. Oxford (1983). 

16. N AlObaidi, A. J. Edwards, C. J. Jones, J. A. 
McCleverty, B. D. Neaves, F. E. Mabbs and D. 
Collison, submitted to J. Chem. Sot., Dalton Trans. 

17. S. Motherwell, Energy minimization computer pro- 
gram EENYZ. Cambridge; J. D. J. Backer-Dirks, 
Ph.D. thesis, University of London (1982). 

18. N. AlObaidi, A. J. Edwards, C. J. Jones, K. F. 
Khallow and J. A. McCleverty, manuscript in 
preparation. 



Polyhedron Vol. 7, No. 19/20, pp. 19394943, 1988 
Printed in Great Britain 

0277-5387/88 s3.c0+.00 
0 1988 Pergamon Press plc 

KINETICS OF ASSOCIATIVE REACTIONS OF 

Ru~WOhoWw@* 
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Mississauga, Ontario, Canada L5L lC6 

Abstract-The kinetics of reactions of some more basic P-donor ligands with Ru3(CO) ,& 
dppm) have been studied and shown to include an associative term. Electronic and steric 
effects due to different attacking nucleophiles can be separated. The sensitivity of 
RUBS&-dppm) to the basicity of the nucleophiles is slightly greater than that of 
Ru3(CO)12 but the former is considerably more susceptible to steric effects. The intrinsic 
susceptibility of Ru3(CO),,&-dppm) to nucleophilic attack is defined and shown to be 
similar to that of Ru~(CO),~. Activation parameters show, however, that this is due to the 
combination of a much more favourable activation enthalpy balanced by a much more 
unfavourable activation entropy. The implications of these results are discussed. 

Associative reactions of P-donor nucleophiles with 
metal carbonyl clusters are now known to be very 
common. * Their rates depend systematically on the 
electronic and steric nature of the nucleophiles in 
ways that can be expressed quantitatively by elec- 
tronic and steric profiles. 2*3 Standard reactivities of 
the clusters can also be estimated so that a given 
carbonyl cluster can be quantitatively characterized 
quite precisely by the syitematic kinetics of its 
associative reactions. These associative reactions 
can in general lead to substitution and/or frag- 
mentation of the cluster by paths that can be des- 
ignated, respectively, as &2 and FN2 in nature.“6 
The relative proportions of these &2 and F,2 
processes are, of course, dependent on the detailed 
natures of the cluster and the nucleophiles”6 so that 
the consequences of nucleophilic attack can provide 
another way of characterizing a cluster’s reactivity. 3 
The quantitative effect of substituents in the cluster 
on its reactivity characteristics must also be 
expected to vary with the nature of the substituents. 
We have studied the kinetics of reactions of 
some more nucleophilic P-donor ligands with 
Ru3(CO) 1 &dppm) in order to determine the sub- 
stituent effect of the bridging dppm on the sus- 
ceptibility of the Ru3 cluster towards nucleophilic 
attack. 

*dppm = bisdiphenylphosphinomethane, Ph2PCH2PPh,. 
t Author to whom correspondence should be addressed. 

EXPERIMENTAL AND RESULTS 

The cluster Ru3(CO), ,,(,u-dppm) was prepared, 
and the P-donor ligands were obtained and treated, 
exactly as described elsewhere.2*7 Benzene (BDH, 
Analar) was chosen as the solvent for solubility 
reasons and was dried over molecular sieves. Pro- 
cedures for the kinetic studies have also been 
described. 7 

Spectroscopic changes during reactions 

Reactions were monitored by following the spec- 
troscopic changes as a function of time. Reactions 
in solutions that had been deoxygenated by bub- 
bling argon showed the same spectroscopic changes 
and rates as were found without deoxygenation. 

At very low concentrations of reacting nucle- 
ophiles the changes in the W-vis. spectra through- 
out the reactions resemble those observed for reac- 
tions with weaker nucleophiles.7 Thus, reaction 
with 0.001 M P(OEt), leads to an increase in the 
absorption at 420 nm, the maximum of the band 
due to Ru3(CO), ,,&-dppm), and a slight shift to a 
new maximum at 430 nm with an extinction 
coefficient ca 10% higher. An isosbestic region is 
evident at ca 405 nm. As [P(OEt),] is increased the 
increase in absorbance at 420 mn throughout the 
reaction decreases until, by [P(OEt),] = 0.01 M, it 
has become a decrease ca lo%, with an isosbestic 
point showing at 445 nm. Further increase of 
p(OEt),] leads to a still more pronounced decrease 
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in absorbance, a shift of the isosbestic point to 
higher wavelengths, and eventually a complete dis- 
appearance of the isosbestic point. These initial 
spectroscopic changes are followed by further 
decreases in absorbance over the 30&500 nm range 
but at rates much slower than those of the initial 
changes. The rates of reaction were therefore fol- 
lowed by monitoring increases of absorbance at low 
values of [P(OEt)J, and decreases at high [p(OEt),] 
with there being a range of values of p(OEt),] 
where the absorbance changes were too small for 
rates to be measured accurately. 

The UV-vis. changes that occur during reaction 
with P--n-Bu, are similar except that the total 
decrease in absorbance over the course of the reac- 
tion is more pronounced. Thus, even with 0.002 M 
P--n-Bus the new maximum at ca 445 nm has 10% 
lower intensity than the initial band at 420 nm. 
There is an isosbestic point at 442 nm which is 
lost after ca 90% reaction due to a relatively slow 
further reaction. By [P--n-Bu,] = 0.008 M the 
isosbestic point has moved to 485 nm and by 2 0.01 
M it has disappeared, the total decrease in absorb- 
ance becoming steadily greater as IP-_n-Bu,] is 
increased still further. The kinetics of the reactions 
were therefore monitored by following the decreas- 
ing absorbance at 420 nm. At higher temperatures 
and higher values of [P--n-Bu,] the reactions were 
sufficiently fast to require use of the “time-drive” 
mode of the spectrophotometer but, for slower reac- 
tions, the spectra were repetitively scanned from 
380-480 nm. 

Reaction with P(OPh), leads to very small 
absorbance changes at cu 420 nm until [P(OPh),] is 
quite high, but under these conditions subsequent 
reactions complicate the kinetic analysis. Reactions 
were therefore followed by observing the decrease 
in intensity of the CO stretching band at 2080 cm- ’ 
observable in benzene and due to the Ru3(CO)io 
(dppm) cluster. 

Reaction with etpb{P(OCH&CEt} leads simply 
to a 30% growth in absorbance at 420 run followed 
by a much slower decrease in absorbance so that the 
kinetics were easily monitored at this wavelength. 

Reactions with PPhEtz exhibit rather similar 
spectroscopic changes to those shown with P-n- 
BUM, the final absorbance decreasing with increasing 
[PPhEt,]. The kinetics were followed simply by 
monitoring the decrease in absorbance at 420 nm. 

The kinetic results are summarized in Table 1, 
and activation parameters for reactions of 
Ru3(CO)i&dppm) with P(OEt)3 and P--n-Bus, 
and for some reactions of other relevant Ru3 
clusters, are given in Table 2. 

Changes in the JR spectra during reaction in 1,2- 
dichloroethane and with low concentrations of the 
nucleophiles lead to spectra that are virtually ident- 
ical with those observed after reaction with PPh3, 
viz. v(C0) = cu 2060(m), 2000(s), 1985(vs) and 
1950(m) cm-L.7 After reactions at higher con- 
centrations of P--n-Bu3 (0.08 M) the product spec 
tra show bands at 2052(m), 1980(s) and 1944(vs) 
cm- ‘, characteristic in this solvent of independently 
prepared Ru(CO),(P--n-Bu& and 1883 cm-‘, 

Table 1. Rate constants for reactions of Ru3(CO),&dppm) in benzene with P-donor ligands, L 

L T(“C) N“ [Ll W 104k, (s-y 103kz (M-’ s-‘) n(kob) (%) 

P-n-Bu, 40.5 18 
40.5 12 
50.3 6 
59.0 5 

P(OEt) 3 31.0 13 
40.6 10 
40.8 8 
49.9 12 

PPhEt, 41.6 10 
PPh,Et’ 40.6 7 
P(OPh), 40.6 8 
etpb 40.6 17 

0.0021-0.115 1.63f0.08“ 
0.1041.15 0.47 k 0.94 
0.057-0.573 7.34+ 1.45 
0.115-0.573 17.8f3.4 
0.088-0.878 1.28fO.25 
0.165-2.25 -0.78f0.51 

0.0009&0.098 1.50f0.05 
0.088-0.527 11.7_+1.6 

0.03 17-0.476 1.01+0.11 
0.0122-0.220 1.73f0.04 

0.200-l .44 1.07kO.12 
0.00425-0.0511 1.18+0.14 

10.4f0.5d 11.9 
9.86f0.48 10.9 
17.9+ 1.3 10.2 
23.7+ 1.6 6.6 
2.87kO.12 7.7 
5.46kO.16 7.0 
6.00-10.33 8.3 
7.43kO.72 12.2 
3.57f0.16 9.7 
0.15+0.05 4.6 
0.16+0.02 11.1 
118fll 15.4 

- 

D Number of individual determinations of kobs ; kobs = k , + k2 [L]. 
bValues of 104k, obtained’ from reaction with PPh, are: 31.O”C, 0.5 SK’; 40.6”C, 1.8 s-i; 5O.O”C, 

6.7 s- ’ ; 59”C, 20 s- ‘. 
‘Probable error of an individual determination of kabs. 
dUncertainties here and below are standard deviations. 
‘Data from ref. 7. 
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Table 2. Kinetic parameters” for associative reactions of some Ru, clusters with P-donor ligands, L 

AH$ ASi 
Cluster L (kcal mol- ‘) (cal K- ’ mol- ‘) 104k2 (4O.O”C) Reference 

Ru 3WO) 1 ddppm) P-n-Bu, 9.16kO.86 -38.5k2.9 9.59kO.07 This work 

Ru GO) 1 &Q-v-4 WE% 10.29+0.79 -36.3k3.2 5.28f0.50 This work 
Ru GO) 1 z P-n-Bu, 12.07f0.19 -27.5f0.6 27.3 k 0.7 8 

Ru,(CO) I z PWO, 14.46f0.10 -21.9f0.3 8.82f0.09 8 
Ru,(COM--n-Bu,)z P-n-Bu 3 17.3 f2.2 - 18.9k7.3 4.3 rt 2.0 5 

“The activation parameters for reactions of Ru,(CO),&-dppm) were estimated from data in Table 1 by a 
linear least squares analysis of the dependence of In (k,/T) on l/T. Each value of In&/T) was weighted 
according to the inverse of its variance, the variance being estimated from the standard deviation of kz. 

characteristic of Ru(CO)~(P-+-BU~)~. Reactions 
with higher concentrations of etpb lead to the same 
spectra as with lower concentrations, whereas reac- 
tions with higher concentrations of P(OEt)3 and 
P(OPh)X lead to complex spectra that have not been 
assigned. However, reactions with P(OPh)3 in ben- 
zene lead to an observable growth of a sharp band 
at 2060 cm- I, any other bands at lower frequencies 
being obscured by the solvent. The final intensity 
of the band at 2060 cm- 1 decreases with increasing 

l?W’hM 

DISCUSSION 

The products of the reactions at low con- 
centrations of nucleophiles are clearly the sub- 
stituted clusters Ru,(CO),@-dppm)L in which the 
entering ligand has displaced a CO from the unsub- 
stituted Ru(CO), moiety in the cluster. ‘9’ However, 
when L = P--n-Bus, higher concentrations clearly 
lead to fragmentation and formation of mono- 
nuclear products. Little fragmentation occurs with 
etpb. The outcome of reactions with higher con- 
centrations of P(OEt)3 and P(OPh)S is not so clear 
although some fragmentation appears to be occur- 
ring. Reaction with PPhEtz, however, is similar to 
that with P--n-Bu,, with substantial amounts of 
fragmentation occurring at higher concentrations 
of the nucleophile. 

The kinetic data show excellent agreement (Table 
1) with eq. (1) over values of [L] that vary by up to 
a factor of 100 in some cases. 

k obs = k, +kdU (1) 
No systematic deviations were apparent and the 
precision of individual values of kobs is quite good in 
view of the wide range of concentrations generally 
used. The values of k, are in reasonable agreement 
with the values of kobs obtained’ from reactions with 
PPh3, (which does not show a k2 [L] term) especially 

when the large contributions of the k2 [L] terms to 
kob are considered. The values of k2 remain essen- 
tially the same even when concentrations of L are 
increased, in some cases, to very high values. The 
reaction path governed by k2 can be concluded to 
involve associative attack at the cluster. This is most 
probably directed at the initially unsubstituted Ru 
atom since the product, at least for etpb, is 
Ru,(CO)g@-dppm)L with one P-donor atom 
attached to each Ru in the cluster. 

The contribution of electronic and steric effects 
to the second order rate constants can be separated 
by procedures described elsewhere.2*3*10 A plot of 
log k2 against the value of pK, for L” is shown in 
Fig. 1 where the straight line drawn is that cor- 
responding to a hypothetical nucleophile with a 
Tolman cone angle” of 130”. This is very close to 
those for P(OPh), (128”) and P--n-Bu, (132”) the 
rates for which have been adjusted slightly to allow 
for the steric effect over this range of cone angles 
(see below). The gradient (0.19) of the straight line 
can therefore be taken as the value of /?, the elec- 
tronic discrimination parameter,2.3*p since it cor- 
responds to the dependence of log k2 on pK, for 
ligands of the same size. This electronic dependence 
is assumed to be linear in p& on the grounds that 
this is found to be true for all associative reactions 
of metal carbonyls, mononuclear as well as poly- 
nuclear, in cases where steric effects are unim- 
portant.2*3,‘3 

The steric profile can then be obtained by adjust- 
ing all the values of log k2 according to the elec- 
tronic parameter, /I, to what they would have been 
if the nucleophiles all had the same standard p% of 
-4, i.e. by calculating log k: = log k,-/Q&+4). 
(The choice of this hypothetical nucleophile is made 
for reasons which will be described below.) Values 
of log k$ are then plotted against the cone angles, 
8, of the nucleophiles to give the steric profile shown 
in Fig. 2. Also plotted in Fig. 2 is the steric profile 
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Fig. 1. Dependence of k2 for associative reactions of 
Ru3(CO),,&-dppm) on the basicity of the attacking 
nucleophile. The straight line is drawn between data for 
P(OPh), (cone angle = 128”) and P--n-Bus (cone 
angle = 132”) adjusted according to the steric profile in 
Fig. 2 to what they would have been if their cone angles 
were both 130”. The gradient of this line gives a value for 

the electronic discrimination parameter, b, of 0.19. 

for RUDER which was obtained in exactly the 
same way from data already published. ’ The forms 
of the steric profiles are identical, and show that the 
log k! values decrease systematically with increasing 
cone angle. When the cone angles are sulliciently 
small the dependence on 0 disappears, i.e. the steric 
profile becomes essentially horizontal at low values 
of 8 when the steric effect is negligible.* 

The steric profiles suggest that the electronically 
adjusted values of log k2, log k:, become virtually 
the same for both clusters at low values of 8* and 
this shows that the susceptibility of the two clusters 
towards nucleophilic attack by the standard nucle- 
ophile with pK, = - 4 is approximately the same in 
the absence of steric effects due to the nucleophiles. 
It is important to note that the shape of the steric 
profiles does not depend on the pK, chosen for the 

* Steric profiles are generally smooth curves, 
approaching the horizontal at low 0,2,3,‘o of the type 
shown by Ru3(CO) 12 in Fig. 2. We have: therefore, drawn 
a similar curve through the data for Ru,(CO),&dppm), 
assuming that the deviations for L = etpb and P(OEq3 
are consistent with normally expected scatter,‘s3 rather 
than drawing a straight line through data for all the 
nucleophiles apart from PPh,Et. 

. etpb P-n-Bug . 

. P(OEtj3 

/ 

100 110 120 130 140 160 

8, de6 

Fig. 2. Dependence of log k! = log k2 - /3(p& + 4) on the 
nucleophile cone angle, 6, for associative reactions of 
Ru3(CO)l&dppm) (m) and RUDER (0). B = 0.19 

for Ru,(CO),,(y-dppm) and 0.15 for Ru~(CO),~. 

standard nucleophile but the relative positions of 
the profiles on the vertical axis do change a little, 
because of the small differences in the values of 8. 
A low value of pK, for the standard nucleophile 
was chosen so that the standard reactivity towards 
nucleophilic attack corresponds to that for a hypo- 
thetical very weak nucleophile (one weaker than 
any known P-donor nucleophile). This standard 
reactivity will therefore be a better measure of the 
intrinsic susceptibility of the cluster towards nucle- 
ophilic attack because the contribution of the nucle- 
ophile to the bonding in the transition state will be 
relatively small and the rate will depend much more 
on the energetic changes due to rearrangement of 
the cluster on going to the transition state. If a 
stronger nucleophile had been chosen as the 
standard then RQ(CO)~~, because of its slightly 
smaller value of /?, would have been relatively 
less susceptible to nucleophilic attack than 
Ru3(CO) 1 o(dppm), but if an even more weakly basic 
nucleophile had been chosen then Ru3(CO) 1 2 would 
have been slightly more susceptible. This ambiguity 
in the estimation of intrinsic susceptibilities to 
nucleophilic attack is an inevitable consequence of 
the impossibility, in principle, of distinguishing 
exactly the energetic contribution of one participant 
in a bimolecular event from that of the other par- 
ticipant. The fact remains, however, that the intrin- 
sic susceptibilities of the two clusters to nucleophilic 
attack must be very similar. 
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The values of fi for the two clusters show that a conclusion that has also been reached for S,l 
the presence of the dppm substituent increases the reactions of some substituted Ir, clusters. ‘9’ 5 On the 
sensitivity of the cluster to the basicity of the attack- other hand, the two quite large and rather basic 
ing nucleophile. The steric profiles show that dppm substituents in Ru~(CO)~,(P--~-BU~)~ do inhibit 
has a very pronounced effect on the sensitivity of associative attack (Table 2) as shown by the much 
the rates to the size of the nucleophile. This effect higher value of the activation enthalpy. We believe 
is sufficiently large that no k2 term is detectable7 for that this is probably due more to steric then elec- 
attack by PPh3, the cone angle for which is 145”.‘* tronic effects. 

The higher value of /I for Ru3(CO), O(dppm) sug- 
gests that the extent of bond making in the tran- 
sition states is slightly greater than in reactions of 

Ru3(CO) 12. 3,8 The activation parameters for 
corresponding reactions of the two clusters 
are, however, quite different (Table 2); the acti- 
vation enthalpies are appreciably lower for 
Ru3(CO) I O(dppm) and the activation entropies are 
considerably more negative. This does not imply 
that bond making is much greater in reactions of 
Ru3(CO) 1 ,,(dppm) since that would conflict with the 
relatively small difference suggested by the @-values. 
It suggests rather that the enthalpy change involved 
in adjusting the cluster to the approach of the nucle- 
ophiles is significantly lower, the enthalpy decrease 
caused by bond making being similar for reactions 
of the two clusters with a given nucleophile. 
This means that the similar intrinsic reactivities 
of the two clusters arises from a balance between 
a more favourable enthalpy of adjustment of 
R~~(CO)~~(dpprn), balanced by an equally un- 
favourable entropic effect. The more favourable 
enthalpy may be related, at least in part, to the 
release of steric strainI caused by the bridging 
dppm ligand as the cluster opens up to allow 
approach of the nucleophile.2-4,8 It is this opening 
up of the cluster that allows for the possibility that 
nucleophilic attack will lead to fragmentation (an 
F,2 process) as well as, or instead of, substitution 
(an SN2 process), and the quantitative balance 
between these processes will be discussed elsewhere. 
An additional contribution to the lower enthalpies 
for reactions of Ru3(CO) 10(dppm) might be the gre- 
ater ease of Ru-CO bond breaking in this 
complex.7 However, this is unlikely to be the only 
contribution because it might be expected to lead 
to a more positive value of AS\ whereas the more 
negative values actually observed could be 
explained by rather precise atomic movements in 
the cluster that are required during the formation 
of the transition state. The presence of the relatively 
basic dppm substituent would tend to increase the 
electron density on the cluster and might therefore 
be expected to decrease its electrophilicity. That this 
is not the case suggests that major electronic effects 
of substituents are operative in the transition states, 

These various considerations show how kinetic 
data for associative reactions of metal carbonyl 
clusters can provide unique characterization of the 
clusters, and can be analysed in some detail to 
explore the factors involved. This potentially quite 
general approach merits fuller investigation. 
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NAPHTHOQUINODIMETHANE COMPLEXES OF 
RUTHENIUM(O)* 

NIGEL J. SIMP!iiON and DAVID J. COLEI-IAMILTONt 

Chemistry Department, University of St. Andrews, St. Andrews, Fife KY 16 9ST, 
Scotland, U.K. 

Abstract-Reactions of [RuCl2L4] (L = PMe,, PMe,Ph or PMePh,) with 2-lithiomethyl-l- 
methylnaphthalene or 2-lithiomethyl-3-methylnaphthalene lead to [Ru(CH2C 1 ,,H,CH,)L,] 
which contain coordinated 1,2- or 2,3_naphthoquinodimethane moieties. Spectroscopic 
studies con&m these formulations and suggest significant localization of the double bonds, 
at least for the 1,2-naphthoquinodimethane fragment. For L = PMe3 and 2-lithiomethyl- 
I-methylnaphthalene formation of the 1,2-naphthoquinodimethane complex is 
accompanied by the formation of [Ru(CH2C ,,H,CH,)(PMe,),] in which the organic moiety 
acts as a dialkyl, two-electron donor. Surprisingly for L = PMe,Ph and 2-lithiomethyl-3- 
methylnaphthalene, the naphthoquinodimethane is not formed but the major product, 
although not isolated in a pure state, appears to be [Ru(CH2C6H10CH~)Cl(PMe2Ph)3] in 
which the organic group is coordinated in an q3 (allyl) mode. Plausible mechanisms, which 
account for the various products formed in these reactions are presented. 

The stabilization of otherwise unstable organic 
compounds by coordination to transition elements 
is an area of particular interest, especially if the 
organic moiety can be released and undergo sub- 
sequent reactions. Perhaps the most spectacular 
early success in this area was the stabilization of 
cyclobutadiene by bonding to iron(O) and its sub- 
sequent release by oxidation.1’2 More recently, a 
number of reports has appeared on the sta- 
bilization by coordination of o-quinodimethane,3-9 
which, although not stable itself, is an important 
intermediate in a range of organic synthetic 
reactions. lo We” and others12 have also reported 
that o-quinodimethane can be released from ruth- 
enium or cobalt complexes by oxidation or 
ligand displacement and trapped by e.g. 
MeOOCCkCCOOMe. 

Most of the reported syntheses of o-quino- 
dimethane complexes involve deprotonation4,6 
(or oxidation)’ of hexamethylbenzene metal com- 
plexes, or reactions of o-bis(bromomethyl)ben- 
zene3,’ or o-bis(chloromethyl)benzene deriva- 
tives.8 Since these types of precursor are not al- 

* Dedicated to Sir Geoffrey Wilkinson, on the occasion 
of his retirement from Imperial College, London. 

t Author to whom correspondence should be addressed. 
$It has been suggested” that this is the product 

obtained from the reaction of 1,2_dimethylnaphthalene 
with BuLi - TMED. 

ways readily available for more complex aromatic 
systems, complexes of more elaborate analogues 
of o-quinodimethane have not been prepared. 

In contrast we have reported that o-quino- 
dimethane complexes of ruthenium7 can be 
obtained directly from o-xylene by deprotonation 
with BuLi * TMED (TMED = 1 ,Zbis(dimethyl- 
amino)ethane) and reaction of the resulting lithium 
salt with, for example [RuCl,(PMe,),]. Since 
o-dimethylaromatic compounds are often readily 
available this reaction should be of more general 
applicability. Octamethylnaphthalene complexes 
of ruthenium(I1) have been described,13 but 
despite the fact that they have been reduced, depro- 
tonation does not appear to have been attempted. 

We now report the preparation of a series of 2,3- 
naphthoquinodimethane (l), and l,Znaphtho- 
quinodimethane (2) complexes prepared from 2,3- 
dimethylnaphthalene and 1,2_dirnethylnaphtha- 
lene, respectively. A preliminary account of some 
of these results has appeared.14 

RESULTS 

Preparation of o-naphthoquinodimethane complexes 
of ruthenium 

Reactions of a large excess of 2-lithiomethyl-3- 
methylnaphthalene - TMED with [RuC12L4] or of 
a large excess of 2Jithiomethyl- 1 -methylnaph- 
thalene*TMED$ with [RuCl2L4] (L = PPh,Me, 

1945 
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PMezPh, or PMe,) in diethyl ether leads to 
orange solutions for the 1,2dimethylnaphthalene 
reactions and red solutions for the 2,3-dimethyl- 
naphthalene reactions, from which compounds 
analysing as [Ru(CHzC6H,,,CH,)L,] may be 
isolated in reasonable yield. 

Although the major product isolated from the 
reaction of [RuClz(PMes)J with 2-lithiomethyl-l- 
methylnaphthalene is the expected l,Znaphtho- 
quinodimethane complex, a second product, which 
analyses as [Ru(CH2C,,H,CH,)(PMe,),] is also 
produced. 

Somewhat surprisingly, the expected naphtho- 
quinodimethane complex is not obtained from reac- 
tion of [RuClz(PMezPh),] with 2-lithiomethyl-3- 
methylnaphthalene but instead the major product 
appears, from spectroscopic studies (see below), to 
contain an intact (CH2Cl,,H6CH3) group bound in 
an q3-ally1 fashion. 

We have attempted to interconvert [Ru(CH, 
C,,H,CH,)(PMe,)J (n = 3 or 4) by refluxing the 
former with excess PMe, or by treating the latter 

p., i ,P 

/ 

p+p- 

CL 

- 

11 
RuC LlPn 

4 

J. COLE-HAMILTON 

with S8 (a well known phosphine scavanger), pho- 
tolysis or by extensive reflux in the absence of 
added phosphine, but in none of the cases is the 
interconversion achieved. 

Spectroscopic properties 

The ‘H and 31P NMR spectra (Tables 1 and 2) 
of the 2,3-naphthoquinodimethane complexes are 
very similar to those of their o-quinodimethane ana- 
logues7 with doublets of doublets being observed 
near 6 0 and 2 for the endo and exo methylene 
protons, respectively, pseudo doublets with some 
intensity between the lines arising from the 
A,XX’AA spin system of the methyl groups of the 
two symmetry related phosphines, and a doublet 
from the methyl group(s) of the unique phosphine. 
For [Ru(CH&~~H,$ZH~)(PM~~)~], the resonances 
from the aromatic protons confirm that a plane of 
symmetry runs through the naphthalene ring. As 
for the related o-quinodimethane complexes, 7 JPP 
in the 3 ‘P NMR spectrum is small (< 11 Hz) con- 

P. , ;“‘_,.p 
- ,;pp 

‘A-,, E,,, CHz 

- hf- ( b CH2 

Cl px 

3 

x 

PA- -zRU\px 

1 2 

Scheme 1. Proposed mechanism for formation of compounds with structures l-4, L = (CH,C , &IsCH3)-. 
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Table 2. 31P NMR data for new ruthenium complexes” 

Complex 6 P* 6P, 6Px J(P,Px) J(PLlPx> J(PAPB) 

[Ru(2,3-CH2CloH,CH3(PMePh2)31 19.5 d 41.4 t 4.0 
[Ru(2,3-CHzC1,H,CH,)(PMe3),l 0.16 d 28.5 t 10.7 
[Ru(l,2-CH,CiOH,CH,)(PMePhz),] 15.6 d 20.3 d 30.2 s 0 0 24.2 
[Ru(l,2-CHzC10H,CH,)(PMe,Ph)31 2.7 dd 4.1 dd 20.1 t 3.5 3.9 29.6 
[Ru(l,2-CH*C10HsCHz)~Me3>31 -9.8 dd -6.3 dd 8.0 t 8.0 7.7 32.3 
[Ru(l,2-CH&H&H&PMe3).+l -20.7 dt - 14.8 dt -6.15 t 26.5 25.1 13.8 
[Ru(CH2CbHIOCH3)X(PMe,Ph)31 11.5 d 10.8 d 6.1 t 12.3 13.2 0 

“Chemical shifts in ppm to high frequency of external 85% H,PO,, coupling contents in Hz; measured in 
CsD, at 298 K ; for assignments, see Scheme 1. 

fhming that the P-Ru-P angle is close to 100”. 
The rather larger value observed for the PMe3 com- 
plex than for others containing bulkier phosphines 
may suggest a slightly smaller angle on account of 
reduced steric interaction. These compounds have 
structure 1. For the 1,2_naphthoquinodimethane 
complexes, the lack of a plane of symmetry in the 
molecules means that more complex spectra are 
observed with separate doublets from the methyl 
groups on each phosphine and separate resonances 
showing coupling to several nuclei from the meth- 
ylene hydrogen atoms. For L = PMe,Ph, six doub- 
let resonances are observed from the methyl groups 
since each pair is diastereotopic (no plane of sym- 
metry runs through any of the phosphorus atoms). 

In the 31P spectra, separate resonances are 
observed for each phosphorus atom and the coup- 
ling constants are all small as expected for structure 
2. 

The spectra of [Ru(CH~C,~H,CH,)(PM~,),] 
show that it has structure 3. Most indicative is the 
31P NMR spectrum which shows three resonances 
from the three distinct types of phosphorus atom, 
all with the couplings expected for cis phosphorus 
atoms in an octahedral complex. Two methylene 
resonances are observed at 6 1.88 and 2.43, the same 
region as that observed for the methylene protons 
in o-xylylidene complexes of e.g. platinum. ’ cl7 The 
methyl groups of the mutually truns phosphines 
resonate as a pseudotriplet (A,XX’A’, with large 
Jxx), whilst doublets are observed from the other 
phosphine methyl groups. 

Surprisingly, the product obtained from 
[RuCl,(PMe,Ph),] and 2-lithiomethyl-3-methyl- 
naphthalene - TMED is not the expected naphtho- 
quinodimethane complex. Unfortunately, the com- 
plex has not been obtained in an analytically pure 
form, but resonances in the 6 3G6 region of the ‘H 
NMR spectrum are similar to those of the q3 bound 
o-methylbenzyl ligand’* in [Rh(o-CH2C6H&H3) 
(PPh3)2] although the multiplicities suggest more 

coupling to phosphorus. The 31P NMR spectrum 
shows that there are three phosphine ligands in 
mutually cis positions. On this basis, we very 
tentatively assign the compound as 4 with X being 
either chloride or a Q bonded o-CH2C10H6CH3 
ligand (it is not hydride). Microanalysis of an 
impure sample shows the presence of Cl so we 
favour Cl- as the sixth ligand. 

DISCUSSION 

X-ray studies have shown7 that there is significant 
bond localization in the o-quinodimethane group 
of [Ru(CHaC6H4CHz)(PMe,Ph),]. The larger res- 
onance energy of naphthalenes, which is pre- 
sumably lost (especially for the 2,3-naphtho- 
quinodimethane) if similar bond localization occurs 
in r$ : 1’ bonded o-naphthoquinodimethane com- 
plexes, makes it somewhat surprising that these 
complexes form so readily. However the spec- 
troscopic data clearly show that this type of bond- 
ing does occur. 

Although none of the complexes has given crys- 
tals of sufficient quality for X-ray structure deter- 
mination so that a direct indication of the extent of 
bond localization is not possible, ‘H NMR studies 
do suggest that this localization does occur. Thus 
the phenyl region of the ‘H NMR spectrum of 
[Ru(l,2-CH2C10H6CH2)(PMe3)~], in which the 
organic moiety is bound as a simple dialkyl so that 
localization is not expected, is similar to that of 
the parent 1,2_dimethylnaphthalene. In contrast the 
phenyl region for [Ru( 1 ,2-CHzC, ,,H&H,)(PMe&] 
in which q2 : q2 bonding occurs, is quite different 
with one proton resonating at very low field (6 
8.35). The phenyl region of the spectrum of this 
compound is very similar to that of l,Znaph- 
thoquinone (low field resonance at 6 8.05),” in 
which the bonding is forced to be as in the localized 
bonding picture for 2. The low field resonance then 
arises from proton Z. We therefore conclude that 
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significant bond localization does occur at least for 
the 1,2-naphthoquinodimethane complexes. 

UV spectra 

The UV spectra of [Ru(2,3-CHzCIJ&CHJLJ 
(L = PMePhz or PMe,) show strong absorptions 
near 5 10 nm, which account for the dark red colour 
of the complexes. These absorptions are close to 
the position of the major absorption observed for 
matrix isolated 2,3-naphthoquinodimethane (541 

nm),*O suggesting again that significant delocal- 
ization occurs in the bound 2,3-naphthoquino- 
dimethane complexes. 

Mechanistic interpretation 

The exact mechanism by which these complexes 
form is unclear, but since all attempts to inter- 
convert [Ru(CHzC1oH,CH,)(PMe,)J (n = 3 or 4) 
have failed, neither is on the reaction pathway 
to the other. It seems therefore that the loss of 
phosphine must occur at an early stage in the reac- 
tion but probably after alkylation of at least one 
Ru-Cl bond since we have shown’ previously that 
loss of a phosphine from [RuCl,(PMe&] would 
allow alkylation by Grignard reagents, but that this 
reaction is not observed. For L = PMezPh or 
PMePh,, the phosphines are more labile, phos- 
phine loss from the dihalides is known to be facile,” 
and alkylation by Grignard reagents is observed.7 

The scheme affords a rational explanation for the 
formation of the various different observed prod- 
ucts; which is supported by the following obser- 
vations : 

(i) We have shown that removal of a hydride 
from a methyl group a to a coordinated ally1 moiety 
is facile in low valent ruthenium phosphine com- 
plexes.” In the case of the reaction involving 
PMezPh and 2-lithiomethyl-3_methylnaphthalene, 
it may be that a marked preference for forming the 
ally1 complex with the unsubstituted ring carbon 
atom (4) precludes the further deprotonation of the 
other methyl group. 

(ii) [RuCl,(PMe&] has trans stereochemistry and 
attempts to isomerize it to cis, even under very 
forcing conditions, have not been successful. 

It is probable, therefore that alkylation occurs 
tram to Cl-. This will have two important conse- 
quences: firstly, the high trans effect of the alkyl 
ligand will labilize the remaining chloride and 
secondly the methyl group on the napthalene will 
become more acidic than that in l,Zdimethyl- 
naphthalene and hence be readily deprotonated by 
2-lithiomethyl-l-methylnaphthalene . TMED. The 
formed anion clearly must attack the metal in a 

position cis to the bound methylene group and the 
lability of the Cl- ligand will allow the formation 

of [Ru(CH&H&H&PMe&l. 
Unfortunately it is not clear why certain products 

are preferred for different combinations of L and 
dimethylnaphthalene. 

EXPERIMENTAL 

Microanalyses were carried out by St Andrews 
University laboratories. NMR spectra were re- 
corded on Bruker WP-80, AM-300 and Varian CFT- 
20 spectrometers. All solvents were thoroughly 
dried by distillation from sodium benzophenone 
ketyl and degassed before use. The light petroleum 
had a boiling range of 4060°C. All manipulations 
were carried out under dry oxygen-free nitrogen 
using standard Schlenk-line and catheter tubing 
techniques. The compounds [RuC12(PPh3)3],23 
[RuClz(PMePh2)4],24 [RuC12(PMe2Ph)4]2’ and 
[RuC12(PMe3)4]25 were prepared by standard litera- 
ture methods. 

Preparation of lithium reagents 

To a stirred solution of BuLi in hexane (6 cm3, 
9.6 x lop3 mol, 1.6 M) cooled to 0°C was added 
TMED (3.0 cm3, 19.8 x 10e3 mol). After 15 min the 
appropriate dimethylnaphthalene (1.56 g, 10 x lop3 
mol) in petroleum (40 cm3) was added and the mix- 
ture stirred for a further 15 min before removing 
the ice bath and allowing the mixture to react for 
24 h. The petroleum was removed by 8ltration and 
the lithium salt dissolved in diethyl ether (40 cm3) 
ready for use. Assuming 100% conversion, the con- 
centration of lithium reagent is 0.24 mol dm- 3. 

Tris(methyldi@enylpho.sphine) (2-a,3-a’ : q4-o-naph- 
thoquinodimethane) ruthenium(O) 

The complex [RuCl,(PPh,Me),] (1.0 g, 
1.028 x lo- 3 mol) was stirred with a solution of 
2-lithiomethyl-3-methyl naphthalene * TMED (40 
cm3, 0.24 mol dm- 3, in diethyl ether (40 cm3). After 
24 h, water (20 cm3) was added to the red solution 
and after stirring for 30 min, the ether was decanted, 
dried over anhydrous sodium sulphate, and the 
ether removed in uacuo. Excess 2,3dimethyl- 
naphthalene and free PMePh2 were removed by 
sublimation at 120°C onto a cold finger (-78°C). 
The resulting red gum was dissolved in the mini- 
mum amount of diethyl ether. After filtration and 
cooling to -30°C for several days, the product 
separated as red crystals, which were collected and 
dried in vacua. Yield 0.35 (40%). Found: C, 70.7 ; 
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H, 7.0; P, 10.5. C51H49P3R~ requires: C, 71.6; H, 
5.8; P, 10.9%. 

The following complexes were similarly 
prepared, but with the work-up after the sub- 
limation step as shown. 

Tris(dimethylphenylphosphine) (l-a,2-a’ : n4-o-naph- 
thoquinodimethane) ruthenium(O) 

From [RuClz(PMe,Ph)J (0.75 g, 1.035 x lop3 
mol) and 2-lithiomethyl-1-methylnaphthalene 
*TMED (40 cm3, 0.24 mol dmV3). The orange 
gum was dissolved in diethyl ether (2 cm3) and 
filtered into light petroleum (40 cm’) precooled 
to - 78°C. The yellow-orange precipitate was col- 
lected by filtration and dried in uacuo. However, 
31P NMR showed the product to contain ca 10% 
impurities. Yield 0.26 g (38%). 

Tris(trimethyIphosphine)(l - a,2 - a’ : q4 - o - naphtho- 
quinodimethane) ruthenium(O) 

From [RuCl,(PMe3)4] (0.55 g, 1.155 x 10e3 mol) 
and 2_lithiomethyl- 1 -methylnaphthalene * TMED 
(40 cm3, 0.24 mol dmm3) in diethyl ether (40 cm3). 
The yellow gum was extracted with light petroleum 
(40 cm3) to leave a yellow powder which was recry- 
stallized from toluene and light petroleum, and 
identified as [Ru(CH~C,,-,H,CH~)(PM~,)~]. Yield 
0.07 g (11%). Found : C, 51.8 ; H, 8.2. C24H46P4R~ 
requires; C, 51.5; H, 8.3%. 

The yellow petroleum solution was reduced in 
volume to 5 cm3 and on cooling to -30°C gave 
yellow crystals which were collected and dried 
in uacuo and identified as [Ru(CH2CloH&H2) 
(PMe,),]. Yield 0.13 g (24%). Found : C, 52.3 ; H, 
8.0. CZ1H3,P3Ru requires: C, 52.5; H, 7.7%. 

Tris(trimethylphosphine)(2 - a,3 - a’ : q4 - o - naphtho- 
quinodimethane) ruthenium(O) 

From [RuC1,(PMe3)J (0.55 g, 1.155 x lop3 mol) 
and 2-lithiomethyl-3-methylnaphthalene * TMED 
(40 cm3, 0.24 mol dmV3). The red-brown solid was 
washed with light petroleum and dried in uacuo. 
Yield 0.22 g (40%). Found: C, 51.8; H, 7.5. 
C21H37P3R~ requires: C, 52.5; H, 7.7%. 

Tris(methyldiphenyt’phosphine) (l-a,2-a’ : n4-o-naph- 
thoquinodimethane) ruthenium(O) 

From [RuCl,(PMePh,),] (1 .OO g, 1.028 x lop3 
mol) and 2-lithiomethyl-l-methylnaphthalene 
-TMED (40 cm3, 0.24 mol dmm3). The orange 
gum was dissolved in diethyl ether (1 cm3) and 
syphoned into light petroleum (40 cm3) precooled 

to -78°C. The resulting yellow solid which was 
collected and dried in oacuo was contaminated 
with [HzRu(PPh,Me)4]26 (up to 20%) which could 
not be removed by further recrystallization. Yield 
0.35 g. 

Reaction of [RuCl,(PMe,Ph),] with 2-CH,-3-Me- 

GJ36 

Reaction as above-from [RuCl,(PMe,Ph),] 
(0.75 g, 1.035 x 1O-3 mol) and 2-lithiomethyl-3- 
methylnaphthalene *TMED (40 cm3, 0.24 mol 
drn3). The red-orange gum was extracted with hot 
petroleum (40 cm’). After concentration a brown 
solid was formed. It could not be further purified 
but was tentatively assigned as [Ru(q3-CH2Cl,, 
H6Me)Cl(PMe2Ph)3] from its spectroscopic prop- 
erties. ‘H NMR (C6D6) 6 6.5-8 m (Ph) ; 6.25 bt 
(J= 7 Hz) [lH]; 5.45 d (J= 7.5 Hz) [H-II; 4.0 q 
(J = 9 Hz) [lH] ; 2.42 dd (J = 6, 6.5 Hz) ; 0.6-2.2 
very complex series of doublets. 
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SYNTHESIS AND SPECTROSCOPIC CHARACTERISTICS OF 
TRIMETHYLSILYLMETHYLPLATINUM(II) COMPLEXES WITH 
q* ALKENE, NITROGEN AND PHOSPHORUS AND SULPHUR 
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S. KATHERINE THOMSON and G. BRENT YOUNG* 

Inorganic Chemistry Labora.tories, Imperial College of Science and Technology, 
London SW7 2AY, U.K. 

Abstract-Various complexes cis-LzPtR2 (L = py, PMe3, PEt3, PMe,Ph, PMePh,, PPh3, 
L2 = bipy, Me,bipy, bipym, bipyz, Me4phen, Ph,phen, dppm, dppe, dppf, R = CH2SiMe,) 
have been synthesized by displacement of the diene from (cod)PtR, or (nbd)PtR2 
or by sulphide replacement in [(dms)PtR2],. fTerpyPtR]BF, has been synthesized via 
(cod)Pt(R)(X), (X = Cl, I). The complexes have been characterized by IR, ‘H, 13C NMR 
and, where appropriate, 3 ‘P NMR and electronic spectroscopy. Trimethylsilylmethyl exerts 
a weaker trans-influence than neopentyl which, on NMR evidence, has the stronger Pt--C 
bond. 

There is continued activity in evaluation of the 
rearrangement mechanistics of organo-transition 
metals as a route to greater understanding of their 
role in metal-mediated transformations of hydro- 
carbons. Common labilizing pathways for many 
alkylmetals feature hydrogen transfers, most often 
from a /?-carbon site. This feature, early recognized 
by Wilkinson and a few others, led to rapid devel- 
opment in alkyl transition metal chemistry using 
“j-elimination stabilized” ligands. ’ When this op- 
tion is restricted, activation of more remote C-H 
bonds may occur.’ Again, the earlier examples 
were characterized by Wilkinson and co-workers. 
Neopentyl metals, for example, particularly low- 
valent derivatives of the later d-block, have been 
observed widely to undergo such cyclizations to 
form metallacyclobutanes.3 The mechanistics 
have been elucidated elegantly for dineopentylplati- 
num(II).3” Trimethylsilylmethyl metals may also 
undergo y-C-H transfer, 3,4 but, impressionistically, 
they are more inert.3 Other than a few thermo- 
chemical studies which document the thermody- 
namic differences in M-C bond strengths between 
M(CH,CMe3), and M(CH,SiMe3),4-which doubt- 
less contribute to the rearrangement mechanistics 
where M-C homolysis is important-there has 
been little attempt to quantify and understand the 
kinetic effect of silicon on these intramolecular 

*Author to whom correspondence should be ad-. 

hydrogen transfers for d-block elements. An 
example in f-block chemistry has appeared.’ In 
parallel with our comparative studies of aromatic 
C-H activation in LzPt(CH2CMezPh)26 and 
L2Pt(CHzSiMezPh)2,7 we have now synthesized 
a wide variety of complexes, L2Pt(CH2SiMe3)2, 
for comparison with analogous neopentyl deriva- 
tives.3a Here we present some notable character- 
istics. A few of these complexes have been 
reported previously.8 In these cases, we present 
synthetic improvements and new spectroscopic 
data. 

EXPERIMENTAL 

General and instrumental 

Elemental analyses were performed by Imperial 
College Microanalytical Laboratories. NMR spec- 
tra were recorded on Briiker WM 250 (‘H 250.13 
MHz, 13C 62.9 MHz) and Jeol FX 90 Q (‘H 89.55 
MHz, 31P 36.21 MHz) spectrometers. IR data were 
collected on a Perkin-Elmer 683 instrument as 4% 
KBr dispersions and electronic spectra were re- 
corded on a Shimadzu UV-160 spectrometer. 

All reactions were carried out under argon, using 
standard anaerobic techniques.’ The apparatus was 
thoroughly flame-dried prior to use, and solvents 
were distilled from sodium under nitrogen. Diethyl 
ether and n-hexane were distilled from sodium- 
benzophenone. 

1953 
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Chloromethyltrimethylsilane, 1,5-cyclooctadiene 
(cod), bicyclo[2.2.l]hepta-2,5-diene (nbd), dimethyl 
sulphide (dms), 2,2’-bipyridyl (bipy), 4,4’-dimethyl- 
2,2’-bipyridyl (Mezbipy), 2,2’-bipyrazyl (bipyz), 
1, lo-phenanthroline (phen), 4,7-diphenyl- 1, lo- 
phenanthroline (Ph,phen), 3,4,7,8_tetramethyl- 
l,lO-phenanthroline (Me,phen), 2,2’ : 62” ter- 
pyridyl (terpy), silver tetrafluoroborate, tri- 
phenylphosphine, bis(diphenylphosphino)methane 
(dppm), 1,2-bis(diphenylphosphino)ethane (dppe), 
l,l’-bis(diphenylphosphino)ferrocene (dppf), tolu- 
ene-ds and benzene-d6 were all used as supplied by 
the Aldrich Chemical Company. 2,2’-Bipyrim- 
idyl (bipym) was obtained from Lancaster Syn- 
thesis. Trimethylphosphine, triethylphosphine, di- 
phenylmethylphosphine and dimethylphenylphos- 
phine were used as supplied by Strem Chemicals. 
Pyridine (py) was supplied by Rose Chemicals 
and distilled from sodium hydroxide under nitro- 
gen prior to use. Dichloro( 1,5-cyclooctadiene) 
platinum(II), dichloro(bicyclo[2.2.l]hepta - 2,5 - di- 
ene)platinum(II) and cis-dichlorobis(dimethyl- 
sulphide)platinum(II) were prepared using pub- 
lished methods.‘W’2 

Preparation of chloro(trimethylsilylmethyl)(1,5- 
cyclooctadiene)platinum(II) 

A solution of 0.42 M HCl in Et,0 (1.05 cm3, 0.42 
mmol) was added dropwise to a stirred solution of 
(cod)Pt(CH,SiMe,), (0.20 g, 0.42 mmol) in diethyl 
ether (20 cm3) at - 78°C. The mixture was allowed 
to warm to ambient temperature and stirred for 
24 h. The solvent was removed in vacua to yield 
colourless crystals of the product. (Yield, 0.16 g, 
89%.) IR: 2945s, 2889m, 2843s, 27OOw, 1546w, 
1475m, 1454w, 1436m, 1428m, 1408m, 1362m, 
1344m, 1317w, 1262s, 1245s, 1183m, 1097sb, 1041s, 
1023s, 987m, 96Om, 902w, 865s, 828s, 803sb, 776sb, 
768m, 747w, 715m, 683m, 615w, 54Ow, 479m, 432w, 
392mb, 313m, 277~. 

Preparation of iodo(trimethylsilylmethyl)( 1,5-cyclo- 
octadiene)pZatimun(II) 

(cod)Pt(CH$iMe,)Cl (0.30 g, 0.70 mmol) was 
dissolved with KI (0.83 g, 5.0 mmol) in acetone (20 
cm3) and stirred for 24 h. The acetone was removed 
in vacua and the residue extracted into Et?0 (40 

Preparation of chloromagnesiomethyltrimethylsilane cm3). The solution was filtered, concentrated and 
cooled to - 25°C to yield pale yellow plates which 

A solution of chloromethyltrimethylsilane (5.0 were washed with cold hexane (2 cm’). (Yield, 0.28 
g, 41 .O mmol) in Et,0 (40 cm3) was added dropwise g, 74%.) IR : 303 lw, 3006m, 2946m, 2923m, 2887m, 
to a suspension of magnesium shot (5.0 g, 206.0 2872m, 2835w, 1481w, 1451w, 1428m, 1404w, 
mmol) in diethyl ether (10 cm3) previously activated 1386w, 1374m, 1340m, 1317w, 1292w, 1251m, 
by the introduction of 1,Zdibromoethane (0.25 124Os, llSlw, 109Ow, 1075w, 1045m, 1002m, 987m, 
cm’). After 2 h stirring at ambient temperature the 961m, 902m, 876w, 838sh, 821s, 794m, 760m, 752w, 
resulting solution of Mg(CH,SiMe,)Cl was filtered 721m, 695w, 682m, 612w, 567w, 533w, 471w, 428w, 
off. (Yield, lOO%.) 264w, 243m, 24Om, 229m. 

Preparation of bis(trimethylsilylmethyl)( 1,5-cyclo- 
octadiene)platinum(II) 

A solution of Mg(CHzSiMe3)C1 (30.0 cm3, 24.6 
mmol) was added dropwise at -78°C to a stirred 
suspension of (cod)PtCl, (3.0 g, 8.02 mmol) in 
diethyl ether (20 cm3). The mixture was allowed to 
reach ambient temperature and stirred for 15 h. On 
cooling to -2O”C, saturated aqueous ammonium 
chloride (15 cm3) was added dropwise with stirring. 
The ether fraction, after separation, was dried over 
MgS04 and concentrated in vacua to yield large 
colourless crystals of the product. (Yield, 2.87 g, 
75%.) IR: 2999w, 2994s, 2992sh, 2885s, 2855sh, 
152Ow, 1475w, 1474sh, 145Ow, 1435m, 1405wb, 
1365w, 134Om, 131Ow, 1305sh, 1285wb, 1255sh, 
1235s, llSOw, 116Ow, 1085w, 1075w, lOlOmb, 
99Ow, 98Ow, 950m, 840sb, 820sb, 785sh, 76Om, 
745m, 712m, 675s, 605w, 535wb, 46Owb, 27Ow, 
265m, 26Ow, 255w, 235m, 23Om, 215s, 210s. 

Preparation of bis(trimethylsilylmethyr)(bicyclo 
[2.2.l]hepta-2,5-diene)pZatinum(II) 

To a stirred suspension of (nbd)PtCIZ (1.36 g, 3.8 
mmol) in diethyl ether (20 cm3) was added dropwise 
at - 78°C a solution of Mg(CH,SiMe,)Cl (13.9 
cm3, 11.4 mmol). The mixture was allowed to reach 
ambient temperature and stirred for 15 h, then 
cooled to - 20°C and saturated aqueous NH&l (10 
cm3) added dropwise. The ether layer was separated 
and dried over MgSO, and concentrated in vacua. 
The cream-coloured crystalline product was further 
recrystallized from a mixture of Et@-hexane. 
(Yield, 1.21 g, 69%.) IR: 3004w, 2948s, 2896m, 
2850m, 2835m, 2789m, 1433m, 141Ow, 1369w, 
1357w, 1308m, 1251m, 124Os, 1188m, 1154w, 
llOOw, 1098w, 1008m, 989m, 960m, 934m, 924w, 
886m, 85Os, 827s, 757sh, 749m, 715m, 676m, 612w, 
535w, 488w, 285w, 250m, 244m, 237s, 230s. 



Synthesis and spectroscopic characteristics of trimethylsilylmethylplatinum(II) complexes 1955 

Preparation of [bis(trimethylsilylmethyl)(dimethyl- 
sulphide)platinum(II)]~ (n = 2 or 3) 

To a stirred suspension of (dms)zPtC1z (1.5 g, 
3.84 mmol) in diethyl ether (10 cm’) at - 78°C was 
added dropwise a solution of Mg(CH$iMe,)Cl 
(14.0 cm3, 11.5 mmol). The mixture was stirred at 
ambient temperature for 2 h, then cooled to - 20°C 
and saturated aqueous NH&l (10 cm’) added. The 
ethereal layer was filtered onto MgSO, and acti- 
vated charcoal, then after filtration, concentrated 
in vacua and cooled to -25”C, yielding a white 
solid. (Yield, 1.82 g, W!!.) IR: 2998m, 2946m, 
2916m, 2895m, 2842m, 1458w, 1425w, 1413w, 
1358w, 1262s, 1239s, 1096sbr, 1026s, 985s, 947w, 
853s, 823s, SOOs, 77Om, 747m, 715m, 679s, 609w, 
545w, 453w, 408w, 283w, 275w, 266w, 261m, 256m, 
252s, 245s, 23Os, 224s. 

Preparation of bis(trimethylsilylmethyl)(2,2’-bipy- 
ridyl)platinum(II) 

[(dms)Pt(CH,SiMe,)J (n = 2 or 3) (0.10 g) was 
dissolved together with 2,2’-bipyridyl (0.04 g, 0.24 
mmol) in dry deoxygenated toluene (5 cm’) and the 
solution kept at room temperature for two days. 
Any excess free ligand was removed by extraction 
with aqueous ferrous sulphate solution. The organic 
phase was then dried over MgS04 and concentrated 
in vacua, then cooled to - 25°C. The deep red crys- 
tals formed were filtered off and washed with cold 
n-hexane. (Yield, 0.11 g, 85% .) IR : 2942m, 2868m, 
2829m, 1599w, 1468m, 1445m, 1306w, 1262m, 
1237m, 1097mbr, IOllmbr, 955w, 849s, 821sbr, 
757m, 745s, 728m, 712m, 672m, 555w, 254m, 248s, 
24Os, 229s. 

Bis(trimethylsilylmethyl)(4,4’ - dimethyl - 2,2’ - bipy- 
ridyl)platinum(II) 

This was prepared according to the above pro- 
cedure. Product: orange-red crystals from ether. 
(Yield, 87%.) IR: 2946m, 2869m, 2829m, 1616m, 
1553w, 148Ow, 1446w, 1414w, 1298w, 1261w, 
1233m, 1098wbr, lOlSmbr, 973w, 955w, 928w, 
888w, 855s, 826s, 774w, 742w, 715w, 672m, 6OOw, 
55Ow, 517w, 425w, 332w, 295w, 28Ow, 257w, 245w, 
239m, 234m, 23Os, 224m. 

Preparation of bis(trimethylsilylmethyl)(2,2’-bipy- 
rimidyl)platinum(II) 

(cod)Pt(CH,SiMe,), (0.20 g, 0.42 mmol) was dis- 
solved together with 2,2’-bipyrimidine (0.18 g, 0.84 
mmol) in dry deoxygenated toluene (10 cm3). The 
solution was heated to 60°C for 14 days, then any 

excess free ligand removed by extraction with aque- 
ous ferrous sulphate solution. The remaining 
organic phase was then concentrated, n-hexane (2 
cm3) added and the mixture cooled. The claret crys- 
tals collected were washed with cold hexane. (Yield, 
0.19 g, 86%.) IR: 3083w, 3042w, 2946m, 2877m, 
2839m, 2729m, 1627wbr, 1572m, 1547m, 145Ow, 
1405s, 1367w, 1332w, 1260sh, 1233m, 1199w, 
1145w, 11 low, 1102w, 1076w, 1013m, lOOOw, 956w, 
854s, 826s, 815sh, 775m, 753s, 71Ow, 681m, 676m, 
663m, 638w, 61Ow, 563w, 487w, 44Ow, 341w, 27Ow, 
257~. 

Bis(trimethylGlylmethyl)(l,l0 - phenanthroline)plati- 
num(I1) 

Product: red crystals from hot toluene. (Yield, 
83%.) IR: 3057w, 2954m, 294Om, 2889w, 2868m, 
2859m, 2824m, 1627w, 1578w, 1423w, 1415m, 
1365m, 1338w, 1251m, 1236m, 1219m, 1202m, 
1144w, 985m, 965m, 952w, 944m, 907w, 851s, 839s, 
765m, 745m, 734w, 720m, 674m, 61 lw, 555w, 508w, 
49Ow, 454w, 429w, 278w, 253~. 

Bis(trimethylsilylmethyl)(4,7 - diphenyl- 1,lO -phen- 
anthroline)platinum(II) 

Product : large red crystals from toluene. (Yield, 
92%.) IR: 3058w, 303Ow, 2948m, 2861m, 2840m, 
2725w, 1617w, 1592w, 1556w, 1494w, 1447w, 
1435w, 1422m, 1415m, 1395w, 1362w, 126Ow, 
1249m, 1236m, 1077wb, 102Om, 1003m, 962w, 
949w, 907w, 854s, 824s, 764s, 748m, 736m, 717w, 
7Ols, 676m, 632w, 585w, 548w, 465w, 407w, 255w, 
246m, 238s. 

Bis(trimethyMylmethyl)(3,4,7,8 - tetramethyl - 1,lO - 
phenanthroline)platinum(II) 

Product: orange needles from toluene. (Yield, 
86%.) IR: 2946m, 2888w, 2853m, 2835m, 161Ow, 
1579w, 1514w, 1425m, 139Ow, 1263w, 1235m, 
1093w, 1012w, 947w, 918w, 85Os, SlSs, 773w, 747w, 
722w, 711 w, 674m, 609w, 567w, 329~. 

Preparation of bis(trimethylsilylmethyl)(2,2’-bipy- 
razyl)platinum(II) 

(nbd)Pt(CH$iMe3)* (0.20 g, 0.43 mmol) and 
2,2’-bipyrazyl (0.07 g, 0.43 mmol) were dissolved 
together in toluene (10 cm’) in a grease-free 
sealed vessel, and the solution maintained at am- 
bient temperature for 28 days. The purple product 
was recrystallized from toluenehexane. (Yield, 
0.20 g, 88%.) IR: 3093w, 3058w, 2944m, 2878m, 
2836m, 1635wb, 1580m, 1575m, 1469m, 1464m, 
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1407m, 1400m, 1368w, 1304w, 1261s, 1252s, 1237s, Prepared according to the same procedure were : 
1176m, 1166m, llOOmb, 1070m, 1034m, 1019m, 
977wsh, 95Ow, 931w, 852s, 834s, 805sh, 765w, 
713m, 679m, 623w, 558w, 395w, 267w, 252m. 

cis - Bis(trimethylsilylmethyl)bis(triethylphosphine) 
platinum(I1) 

Product : large colourless crystals from toluene. 
Preparation of trimethylsilylmethyl(2,2 : 6’,2”-ter- (Yield, 95%.) IR : 2964s, 2947s 2936~, 2918m, 
pyridyl)platinum(II) tetrajluoroborate 2893m, 1732w, 1633w, 1455m, 1433m, 1405w, 

(cod)Pt(1)(CH2SiMe3) (“.20 gy o.39 -01) was 
1381w, 1248m, 1235s 1099w, 1032s, 993w, 95Ow, 

dissolved together with 2,2’ : 6’,2”-terpyridyl (0.09 
849s, 821s, 755s, 718s, 672m, 624w, 514w, 41Ow, 

g, 0.39 -01) in acetone (15 cm3) and the mixture 
371w, 334w, 245m, 234s. 

stirred for 40 h to yield an orange solution. AgBF, 
(0.08 g, 0.39 mmol) in acetone (10 cm3) was added cis - Bis(trimethylsilylmethyl)bis(dimethylphenyl- 

via a cannula and the solution filtered to yield an phosphine)platinum(II) 

orange-yellow solution. On concentration in uacuo, 
bright yelloworange needles were formed. (Yield, 
0.18 g, 76%.) IR: 3116w, 309Ow, 3075w, 2955m, 
289Ow, 2853w, 1610m, 1599m, 1573w, 1472m, 
1452m, 1401w, 1315w, 1289w, 1261m, 1239m, 
1188w, 1169w, 1142s 1098s, 967w, 95Ow, 853m, 
829m, 800m, 774m, 75Ow, 729w, 682w, 521w, 258w, 
254w, 246w, 238s 23Ow, 223m. 

Product : large colourless crystals from 
CH2C12/MeOH. (Yield, 82%.) IR: 3071w, 2982m, 
2943m, 2922m, 2915m, 2884m, 1437m, 1421w, 
1411w, 131Ow, 1294w, 1282w, 1275w, 1262m, 
1246m, 1234m, llOOm, 1072w, 1052w, 1029w, 
lOOlw, 902s, 85Os, 823s 772w, 746m, 739m, 723w, 
706m, 538w, 5Olw, 488w, 45Ow, 432w, 417w, 409m, 
395w, 313w, 304w, 294w, 286w, 264m, 257s 248s, 
240s 230s 224s. 

Preparation of cis-bis(pyridine)bis(trimethylsilyl- cis 
methyl)platinum(II) - Bis(trimethylsilylmethyl)bis(diphenylmethyl- 

phosphine)platinum(II) 
(cod)Pt(CH2SiMe3)2 (0.20 g, 0.42 mmol) was dis- 

solved in neat pyridine (5 cm3) and heated to 60°C 
for three days. The excess pyridine was removed in 
oacuo and the resulting oily solid recrystallized from 
ether-hexane to yield off-white crystals of the prod- 
uct. (Yield, 77%.) IR: 3077w, 2942s, 2887m, 
2868m, 2823s 2712w, 1971w, 1915w, 16OOm, 
1572w, 1479m, 1446s, 1402w, 1359w, 1348w, 1235s 
1205w, 1149w, 1067m, 1045w, 1005m, 974w, 964w, 
874s, 854s, 823s, 756s, 746m, 719m, 694s, 683m, 
667m, 636w, 607w, 558w, 277w, 238m, 227s. 

Product : colourless crystals from n-hexane. 
(Yield, 88%.) IR: 3075w, 3057w, 2983w, 2944m, 
2920m, 2887m, 1963w, 1884w, 1588w, 1573w, 
1483w, 1436s 142Ow, 137Ow, 1329w, 1307w, 1279w, 
1248m, 1238m, 1231m, 1193w, 1156w, 1096m, 
1077w, 1028w, 1013w, lOOOw, 96Om, 914w, 894s, 
884s, 875s, 851s 820s 75Os, 738s, 73Os, 698s 674m, 
618w, 605w, 525m, 513s, 484m, 433m, 416m, 362w, 
266w, 246w, 242m, 237m, 232s, 227s. 

cis - Bis(trimethylsilylmethyl)bis(triphenylphos- 
phine)platinum(II) 

Preparation of cis-bis(trimethylsilylmethyl)bis(tri- 
methylphosphine)platinum(II) 

To a solution of (cod)Pt(CH2SiMe3)2 (0.20 g, 
0.42 mmol) in dry deoxygenated toluene (5 cm3) 
was added PMe3 (0.09 cm3, 0.86 mmol) via a syringe 
and the solution was heated to 60°C for 14 days. 
The solvent was then removed in uacuo and n- 
hexane (2 cm’) added to the resultant colourless 
oil. Cooling to -25°C produced large colourless 
crystals of the product. (Yield, 0.22 g, loo%.) IR : 
2946m, 2913m, 288Om, 1633vw, 1421w, 1301w, 
1284m, 1262m, 1246m, 1235s, 1097mbr, 1022mbr, 
963s, 943s, 85Os, 821s, 771w, 742w, 723m, 708m, 
671m, 522w, 383w, 359w, 283w, 259w, 251w, 246m, 
242m, 235s 23Os, 225s. 

Product : cciourless crystals from toluene. (Yield, 
84%.) IR: 3441w, 3055m, 3002m, 2938m, 2879m, 
1746w, 1587w, 1484m, 1478m, 1438m, 1433m, 
1313w, 1262w, 1249m, 1236m, 1182w, 1159w, 
1119w, 1098m, 1091w, 1028w, 999w, 956w, 850s 
825s, 751s 741m, 720m, 706s, 693sh, 619w, 54Os, 
524s 512s, 491m, 464w, 453w, 432w, 421w, 281w, 
268m, 251m, 243m, 237s 230s 225s. 

Bis(trimethylsi1ylmethyl)[bis(dipheny1phosphino)me - 
thane]platinum(II) 

Product : colourless crystals from toluene-n-hex- 
ane. (Yield, 83%.) IR: 3058w, 3005w, 2945m, 
2875m, 2862m, 2836m, 1587w, 1572w, 1482m, 
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1436s 1384w, 136Ow, 1329w, 1309w, 1277w, 1249s 
1238s 1185w, 1098m, 1084m, 1028w, lOOOw, 97Ow, 
935w, 849s 822s 765m, 753s 737s, 724s 702s 
692m, 674sh, 618w, 607w, 541m, 502s, 477m, 443w, 
42Ow, 358w, 302w, 278w, 268w, 262w, 252m, 248m, 
243m, 238s 230s 225s. 

Bis(trimerhylsilylmethyl)[l,2 - bis(diphenylphosphin0) 
ethune]plutinum(II) 

Product : colourless crystals from toluene. (Yield, 
85%.) IR: 3445w, 3058m, 2942m, 2886m, 2855m, 
1966w, 19OOw, 1825w, 1589w, 1573w, 1483m, 
1436s 1407m, 131Ow, 1262s 1249m, 1236s, 1186w, 
1101s 1027sh, 948s 857s, 846s 821s, 747s 713m, 
694s 681m, 675m, 653w, 604w, 533s 482m, 469w, 
436w, 4OOw, 356w, 3Olw, 29Ow, 254w, 246w, 239m, 
233m, 230s. 

Preparation of bis(trimethylsilylmethyl)[l,l’-bis(di- 
phenylphosphinofirrocenelplatinum(I1) 

(nbd)Pt(CH,SiMe3)z (0.20 g, 0.43 mmol) was dis- 
solved together with dppf (0.23 g, 0.43 mmol) in 
dry deoxygenated toluene (10 cm3) and the solution 
maintained at 60°C for 20 days. The solvent was 
then removed in r~ucuo and the orange solid re- 
crystallized from toluene (2 cm3) to yield orange 
crystals of the product. (Yield, 0.38 g, 96%.) IR: 
3051m, 2942m, 2897m, 197Ow, 1618w, 1587w, 
1571w, 148Om, 1434s 1384w, 1367w, 1308w, 
1261m, 125Om, 1236s 1194w, 1181w, 1165m, 1097s, 
107Ow, 1058w, 1038m, 1026m, lOOOw, 959w, 850s 
824s 744s, 719m, 694s 641w, 619w, 608w, 550s 
527m, 514s 492s 477w, 468m, 459w, 449w, 439m, 
348w, 278w, 27Ow, 26Ow, 247m, 238m, 233s 224m. 

RESULTS AND DISCUSSION 

Synthesis of L2PtR2 

Where LZ = 1,5-cyclooctadiene the complex 
could be prepared in 75% yield as a colourless 
crystalline solid by reaction of the Grignard reagent 
with (cod)PtCl,. This is a considerable improve- 
ment on the method previously reported.8b The 
related new derivative, bis(trimethylsilylmethy1) 
(bicycle-[2.2.1]-hepta-2,5_diene)platinum(II) was 
prepared analogously. Treatment of (dms),PtCl, 
with trimethylsilyhnethyl magnesium chloride re- 
sulted in the formation of [@drns)Pt(CH,SiMe,)23,. 
Our spectroscopic observations (and those pre- 
viously publishedsb) do not allow distinction 
between dimeric and trimeric structures. 

Subsequent replacement of the diene or di- 
methylsulphide ligands with a series of nitrogen 

donor ligands yielded highly coloured crystalline 
products, air-inert as solids. The displacement 
reaction with the diene complexes is generally 
complete in 1430 days at 60°C ; nbd is more 
labile than cod. Dms is replaced by 2,2’-bipyridyl 
and 4,4’-dimethyl-2,2’-bipyridyl in two days at 
room temperature and is clearly the most labile 
of the three. Deoxygenated solutions of these com- 
pounds in benzene and other hydrocarbon solvents 
are inert for indefinite periods. 

Reaction of the diene complexes with a series 
of phosphines yielded colourless, highly crystalline 
solids in almost quantitative yields. The ligand 
metathesis was generally complete within 14 days. 
These air-inert compounds do not decompose in 
deoxygenated hydrocarbon and chlorocarbon sol- 
vents. 

Colours and elemental compositions of all these 
complexes are detailed in Table 1. 

Spectroscopic characteristics 

For numbering conventions employed, in accord 
with those previously used,6 see Fig. 1. 

(a) Electronic spectroscopy. The electronic spec- 
tra of complexes L2PtR, (LZ = N-donor ligand, 
R = trimethylsilylmethyl) were recorded as freshly 
prepared toluene solutions. They are characterized 
by two absorptions, I 1 and &, attributable to dz-x* 
metal-ligand charge transfer (MLCT) transitions. ’ 3 
The use of these bands in the analysis of the relative 
electronic effects of bidentate, heteroaromatic N- 
donor ligands has been well documented. As the 
very intense x-x* transitions of the ligand often 
obscure the higher energy MLCT absorption &, 
the lower energy band, ;Z r, which reflects the energy 
difference between the metal (dz) HOMO and the 
(rc*) LUMO of the ligand, frequently features in 
comparisons within a series of such complexes. 

The energy of 1, increases in the order : bipyz < 
bipym < Ph,phen < bipy < Me,bipy < terpy < 
Me4phen. This is in full agreement with previous 
observations.6*1”‘6 MLCT transitions in complexes 
of this type occur at lower energies where the 
heteroaromatic ligands have electronegative ring 
atoms or substituents.” Proposedly, this arises 
from a lowering of the LUMO on the ligand, thus 
reducing the dx-n* energy gap. This explanation 
clearly accounts for the complexes of 2,2’-bipyrazyl 
and 2,2’-bipyrimidyl. An opposite effect can be 
invoked for the Mezbipy complex ; electron releas- 
ing substituents should raise the energy of the 
LUMO relative to that of bipy. 

As noted elsewhere, coordinated Ph,phen exhi- 
bits a lower energy absorption than phen, consistent 
with increased conjugation in the aromatic ligand. 
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Table 1. Physical data for LzPt(CH,SiMeJz 

Compound 
Analytical data” 

C H N Colour 

(cod)Pt(Cl)(CH,SiMe,) 33.6(33.8) 5J5.4) 
(cod)Pt(I)(CH,SiMe,) 27.7(28.0) 4.4(4.1) 
(nbd)Pt(CHzSiMeS)z 39.1(39.0) 6.6(6.5) 
(bipy)Pt(CH,SiMe,), 41.0(41.1) 5.3(5.7) 
(Me,bipy)Pt(CH,SiMe,), 43.3(43.4) 6.3(6.2) 
(bipym)Pt(CHzSiMe3)2 36.2(36.4) 5.3(5.3) 
(phen)Pt(CH,SiMe,), 43.4(43.7) 5.5(5.5) 
(Ph,phen)Pt(CH,SiMe& 54.9(54.7) 5.6(5.5) 
(Me,phen)Pt(CH,SiMe,), 47.2(47.6) 6.0(6.3) 
(bipyz)Pt(CH2SiMe& 36.7(36.4) 5.3(5.3) 
[(terpy)PtCH$iMe,]BF, 37.4(37.8) 4.0(3.8) 
(&Pt(CH$iMe& 40.6(41 .O) 6.2(6.1) 
(Me3P)2Pt(CH,SiMeJ2 32.2(32.2) 7.6(7.7) 
(Et3P)2Pt(CHzSiMes)z 39.q39.q 8.8(8.6) 
(Me,PhP),Pt(CH,SiMe,)- 44.5(44.6) 6.9(6.9) 
(MePh,P),Pt(CH,SiMe,), 53.2(53.0) 6.2(6.3) 
(Ph,P),Pt(CHzSiMeS)z 59.3(59.7) 5.9(5.9) 
(dppm)Pt(CH,SiMe& 52.9(52.6) 5.9(5.8) 
(dppe)Pt(CH,SiMe,), 53.6(53.2) 6.1(6.0) 
(dppf)Pt(CH&Me& 54.2(54.6) 5.0(5.5) 

- 

5.1(5.3) 
4.8(5.1) 

10.3(10.6) 
5.1(5.1) 
3.8(4.0) 
4.4(4.6) 

10.7(10.6) 
6.3(7.0) 
4.7(5.3) 

- 
- 

- 

Colourless 
Pale yellow 
Cream 
Red 
Orange-red 
Wine red 
Deep red 
Deep red 
Orange 
Deep purple 
Orange-yellow 
Cream 
Colourless 
Colourless 
Colourless 
Colourless 
Colourless 
Colourless 
Colourless 
Yellow 

a Calculated values in parentheses. 

The MLCT transition for bipy occurs at lower 
energy than that for phen, however, and so the 
extent of conjugation is not the only factor govern- 
ing the energies of these transitions. 

(b) NMR spectroscopy. 

(i) ‘H NMR. Common features of all these spectra 
are the characteristic singlet near 0 ppm (S) for the 
Si(CH3)3 hydrogens, and the 1 : 4 : 1 “triplet” for 

6 

4 z 6 
+ / 

3 O f 2 N\ 
3’ YN' 

R 

0 1 d 

5’ / ‘\\ 

4” 

the methylene hydrogens, as a result of spin-spin 
coupling to 19?t (I = &34% abundant). ‘J(Pt-H) 
is generally of the order of 9&94 Hz in all the 
dialkyl complexes. Replacement of one R group by 
halide causes a reduction of 15-20 Hz. 2J(Pt-H) 
associated with the coordinated diene protons are 
73 and 35 Hz for those tram to Cl and R, respec- 
tively. 

A distinctive feature of the ‘H spectra of these 
complexes is the broadening of the ‘95Pt satellites 

-PPh 
6 

b 
2 0 5 

3 4 

Fig. 1. 
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Table 2. ‘H NMR characteristics of LPtRX (R = CH,SiMe,) 

1959 

Complex 6 ‘H ppm CH$i(CH& (JR-n) 
L X CH, CH3 6 ‘H ancillary ligand(s) L (JR-n) [Assignment] 

cod 

cod 

cod 

nbd 

bipy 

R” 

Cl” 

1.14(93.6 Hz) 

1.35(76.4 Hz) 

0.31 

0.39 

Ib 1.47(76.9 Hz) 0.10 

R” 1.27(102.7 Hz) 0.29 

R” 1.28(89.7 Hz) 0.35 

Me,bipy 

bipym 

phen 

R’ 1.23(81.6 Hz) 0.37 

R” 1.45(91.6 Hz) 0.46 

R’ 1.45(90.1 Hz) 0.36 

Ph,phen 

Me,phen 

bipyz 

(PY)2 

R 1.57(90.8 Hz) 0.47 

R” 1.60(90.2 Hz) 0.58 

R” 1.75(90.8 Hz) 0.42 

R 0.77(89.2 Hz) 0.19 

terpY BF,d 0.91(77.7 Hz) 0.01 

(PMG2 

PW2 

PMe2W2 

PPh2M42 

WW2 

dwm 

dppe 

dmf 

R” 

R 

Rb 

R” 

R” 

Rb 

Rb 

R’ 

0.36(72.9 Hz) 

0.64(73.0 Hz) 

0.50(76.2 Hz) 

0.19 

0.33 

0.03 

1.06(78.6 Hz) 0.36 

1.14m 0.38 

0.93(85.6 Hz) -0.25 

0.72(82.5 Hz) -0.36 2.12m [CH,], 7.367.39 [H,,J, 7.55-7.62m [H2] 

0.95br 0.15 3.77 [H3.,& 4.10 [H,:,,], 7.05m [H+,], 7.83br [H2] 

1.34-l .89m [CH,], 4.46(41.5 Hz) [CH] 

1.331.84m [CH& 3.96(73.0 Hz) [CH trans to Cl], 
5.29(34.6 Hz) [CH trans to R] 

1.94-2.45m [CHA, 4.67(74.2 Hz) [CH trms to I], 
5.44(39.8 Hz) [CH truns to R] 

l.Ot [CHJ, 3.27m [CH], 4.52m (40.6 Hz) [CH=CH] 

6&m D&l VHrH, = 5.7 Hz), (Jnrn, = 1.3 Hz), 

6.66d W,l &+.I, = 8.0 Hz), 7.OOm [H4], 9.09(27.5 Hz) 

[Hd (-&+H~ = 5.0 Hz) 

1.54 [CH,], 6.32dd [HJ, 6.74 [H3], 8.98dd [H,] 
(Jn6uI = 5.7 Hz) 

6.05t [H,], 8.28dd [H4], 8.99(21.4 Hz) [H6] 

(Jn,n, = nrub = 5.7 Hz) 

6.72m [H,,] (JscstYsj = 5.1 Hz), 6.87s [H, J, 7.44dd 
D-L.,1 (Jq~~~~~ = 8.0 Hz), 9.32dd [Hz,1 Vy9bq7) = 1.2 
Hz) 
6.83d [H3,*] (Js(st2(9j = 5.4 Hz), 7.05-7.17m [ph], 7.31 

Wd9.46d (23.0 Hz) D32.91 

1.71, 1.88 [CH,], 7.36 [H& 9.30(23.1 Hz) [H,,] 

7.92d P-U V~+,s = 2.9 Hz), 8.12 11-13], 8.92(20.2 Hz) 

[HJ 

6.25m [H,], 6.74m [Hd (Ju,_n,,, = 7.6 Hz), 

(JH~H, = 1.6 Hz), 8.32m (20.9 Hz) [H2] (JHrH, = 6.4 

Hz) 

7.97(11.4 Hz) [HS,Y], 8.51(15.7 Hz) [H4,4”], 8.59-8.65 
obs [Hs,Y,Y,v,Y]. 9.06(52.8 Hz) [Hs,6”] 

0.86m (20.4 Hz) [CH,] (‘J,-, = 7.6 Hz) 

0.77-0.88 [CH,], 1.44-1.53m [CHJ 

1.32m (19.9 Hz) [CH,] (2Jp_H = 7.6 Hz), 7.43-7.55m 
[H,,], 7.65-7.74m [Hz] 

1.55m (19.7 Hz) [Me] (“J,-, = 7.0 Hz), 7.01-7.05m 
[H3,.,], 7.47-7.54m [H,] 

6.94m [H3,.,], 7.57-7.65m [H2] 

4.21m [CHd (‘J&_u = 18.4 Hz), 7.25-7.43m [H,,d, 
7.51-7.59m [H2] 

a Run in benzene-d,. 
b Run in chloroform-d ,. 
‘Run in toluene-d,. 
d Run in acetone-d,. 

of the methylene resonance upon coordination of noted previously in the ‘H spectra of MeHgI com- 
nitrogen donor ligands. This phenomenon appears plexes where efficient relaxation of ‘99Hg by “‘1 
to be a general feature of alkylplatinum complexes broadens the satellite peaks to the extent that they 
of this type and is attributed 14,’ ’ to quadrupolar cannot be resolved. ’ * Slight broadening of the cen- 
relaxation of ‘95Pt by “N. A similar effect has been tral methylene resonance is sometimes discernible 
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Table 3. 3LP NMR characteristics of LPtR, (R = 

CH,Si(CH,),) 

Complex 
L 

We3Ph 
(WP), 
(PhMezP)2C 

(Ph,MeP),’ 
(Ph3P)z’ 
dPPm’ 
dPpe’ 
dPpfb 

6 3 ‘P” ppm JR-+. 

-26.31 1945.1 Hz 
5.13 1987.1 Hz 

- 14.78 1989.4 Hz 
2.81 1998.2 Hz 

24.98 2004.9 Hz 
-42.38 1575.1 Hz 

43.61 1938.4 Hz 
19.55 2020.4 Hz 

“Referenced to external H,PO,/D,O 85%. 
b Run in benzene-d,. 
’ Run in chloroform-d ,. 

for these complexes, due, presumably to enhance- 
ment of ‘H relaxation by ’ 'N but this is clearly a 
less significant effect. 

(ii) 31P NMR. The 3’P NMR spectra show the 
expected 1 : 4 : 1 “triplet” as a result of spin-spin 
coupling of 31P to 195Pt ‘J(Pt-P) coupling con- . 
stants are generally in the range 194&2000 Hz, 
typical for cis-bis(phosphine)platinum(II) com- 
plexes. 

As has been previously noted for complexes with 
different alkyl groups, I9 ‘J(Pt-P) for (dppm)PtR2 
has an appreciably lower value. This reduction orig- 
inates from the angular constraints around P and 
Pt due to the four-membered ring.lga 

A ring contribution, AR, to the chemical shift 
results upon coordination of phosphorus nuclei in 
chelate rings, with the magnitude and direction of 
this shift dependent on ring substitution and size. 
The value of AR = A -A: has been measured for 
LzPtMe, (L2 = dppm, dppe, dppp, dppb) where A 
is the change in shift upon coordination and 8: is 
a standard ring contribution.20 Comparison with 
the values obtained for the trimethylsilyhnethyl 
complexes (Table 4) shows them to be in accord 
with these findings. We have noted similar trends 
for related silylmethylplatinum complexes. I4 

A further notable aspect which emerges from 
these 31P spectra is that the magnitude of ‘J(Pt-P) 
is consistently greater (by ca 300 Hz) than for neo- 
pentyl analogues (see Section iv). 

(iii) 13C NMR. All the compounds have been char- 
acterized by 13C{‘H} NMR. Assignments are in 

* Sample of (Et3P)ZPt(CH2CMe3)2 prepared according 
to Whitesides et ~1.~” 

Table 4. Ring contributions for L,Pt(CH,Si(CH,),), 

Compound 6P 6F” 

L* 

Chelate 
ring 
size 

&pm -42.4 -22.7 -19.7 -50.6 4 
dpPe 43.6 -13.2 56.8 25.9 5 
dPPf 91.6 -17.1 36.7 5.8 7 
(Ph,MeP), 2.8 -28.1 30.9 0.0 - 

a Free phosphine chemical shifts obtained from ref. 15. 

accord with those discussed elsewhere, particularly 
in related bis(ethenyldimethylsilylmethy1) l4 and 
bis(phenyldimethylsilylmethy1) ’ 5 complexes. Vari- 
ation of the N-donor ligands produces little change 
in the chemical shifts or 3J(Pt-C) values for the 
trimethylsilylmethyl group, an indication of the 
similar electronic and steric environments conferred 
by this series of ancillary ligands. From these spec- 
tra it emerges that ‘J(Pt-C) is uniformly smaller 
than in comparable neopentyl complexes (aide 
infru) . 

(iv) General implications. Compared with analogous 
neopentylplatinum(I1) derivatives with diene,3” 
N-donor I and P-donor3a ligands, trimethyl- 
silylmethylplatinum(II) complexes exhibit several 
notable characteristics. First of all, ‘J(Pt-C) 
for the q ‘-alkyl is significantly lower (by 170- 
180 Hz) for trimethylsilylmethyl. This trend is 
paralleled in ‘H NMR spectra by decreased 
‘J(Pt-H) in the neopentyl case. On the other hand, 
‘J(Pt-C) for the diene ligand in, for example, 
(cod)Pt(CH2SiMe3)2 is correspondingly larger than 
for (cod)Pt(CH,CMe,), (Fig. 2). The same trend is 
evident in 2J(Pt-H methine) values for the q2-alkene. 
For phosphine complexes, for instance tri- 
ethylphosphine (Fig. 3), the reduction (178 Hz) in 
‘J(Pt-C) for (Et3P)2Pt(CH2SiMe3)2* is matched 
by an increase in ‘J(Pt-P) of 349 Hz, which is in the 
typical range for analogues for which comparative 
data are available. The extent of change in 
‘J(Pt-C) and ‘J(Pt-P) is comparable (ca 23%). 

We have noted closely similar trends in com- 
parisons of neophylplatinum complexes with sila- 
neophyl-” and (related) sila-neohexenylplatinum14 
analogues. Based on the assumption of Fermi con- 
tact dominance of ‘J magnitudes,23 we ascribe the 
variations to greater attraction by the carbon than 
by the silicon containing ligand for the platinum 6s 
orbitals. This, in turn, is as a result of deployment 
of greater 2s character in the Pt-C bond by a 
ligating carbon with a more electronegative alkyl 
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Fig. 2. 

Fig. 3. 

Table 5. 13C NMR characteristics of LPtRX (R = CH,Si(CH,),) 

Complex 6 13C ppm CH2Si(CHJ3 (Jpt--c) 6 13C ancillary ligand(s) L 
L X CHz CH3 (&& [Assignment] 

cod 

cod 

cod 

nbd 

bipy 

Me,bipy 

bipym 

R” 13.89(712.4 Hz) 3.58(31.0 Hz) 

Clb 16.39(529.0 Hz) 255(16.5 Hz) 

Ib 12.64(570.0 Hz) 3.51(17.0 Hz) 

Rb 16.88(754.0 Hz) 3.22(33.0 Hz) 

R” - 6.27(793.4 Hz) 3.29(36.4 Hz) 

R” - 7.44(747.5 Hz) 3.37(36.2 Hz) 

R” - 7.00(762.2 Hz) 3.22(36.2 Hz) 

29.99 [CH,], 97.53(62.8 Hz) [CH] 

28.15(22.1 Hz), 31.92(22.8 Hz) [CHJ, 
83.47(215.9 Hz), 111.12(35.2 Hz) [CH] 

28.72t18.0 Hz), 31.28(21.0 Hz) [CHA, 
89.31(181.0 Hz), 109.21(39.0 Hz) [CI-Ij 

48.79(41.0 Hz) [CH), 72.85(51.0 Hz) 
[CHJ, 84.84(54.0 Hz) [CH==CH] 

121.86(10.8 Hz) [C,], 126.12(20.1 Hz) 
[C,], 134.65 [C,], 147.26(32.8 Hz) 
[C J, 156.17 [Cd 

21.10 [CH,], 122.72(11.6 Hz) [C,], 
127.01(20.5 Hz) [C,], 146.36 [C,], 
146.85(33.2 Hz) [Cd, 156.19 [Cd 

123.07(16.0 Hz) [&I, 152.52(28.8 Hz) 
[C,], 155.29 [C,,], 162.90 [CA 



1962 Table 5 (continued) 

Complex 6 13C PPm CH&(CH3)3 (Jpt--c ) 6 ’ 3C ancillary ligand(s) L 
L X CHz CH3 (&__,-) [Assignment] 

phen R” 

Ph,phen R” 

Me,phen R” 

terry BF,,’ 

bipyz 

(PY)z 

(PMe,), 

(PJ%), 

(PMezPh)z 

(PMePh& 

R” 

Rd 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

dppe 

dppf 

Rb 

Rd 

- 7.59(754.0 Hz) 

-6.97(747.7 Hz) 

-7.96(749.1 Hz) 

4.89(733.0 Hz) 

-3.92(708.7 Hz) 

- 11.22(749.1 Hz) 

6.35(528.2 Hz) 

(JPSG = 7.7 Hz) 

(JP<, = 94.1 Hz) 

5.80(544.5 Hz) 

(JP-G = 8.1 Hz) 

(JP-c, obs) 

6.45(538.3 Hz) 
= 

zz_ 
7.5 Hz) 

= 93.2 Hz) 

7.41(552.9 Hz) 

8.53 

(JP+, = 6.7 Hz) 

(JPQk. = 91.6 Hz) 

5.41(572 6 Hz) 

(JP<<~ = 6.7 Hz) 

(JP-c,, = 94.1 Hz) 

1.94(551.1 Hz) 

(JP-G~ = 5.5 Hz) 

(JP--c,, = 89.3 Hz) 

8.53(568.0 Hz) 

(JP-G = 7.3 Hz) 

(JP+_ = 93.7 Hz) 

3.34(36.6 Hz) 

3.51t35.7 Hz) 

3.52(36.4 Hz) 

2.48(18.1 Hz) 

3.08(35.0 Hz) 

2.86(37.6 Hz) 

3.98(29.8 Hz) 

4.36(28.7 Hz) 

4.00(29.2 Hz) 

3.95(29.3 Hz) 

4.04(28.9 Hz) 

3.75(30.6 Hz) 

3.58(28.9 Hz) 

4.58(28.5 Hz) 

125.18(20.5 Hz) [C& 126.51 [&I. 
130.50 [C,3,,4], 134.09 [C& 147.0(33.4 

Hz) [Cw], 148.38 [C,,,,,l 
124.7 [C4’], 125.88(20.9 Hz) [C,,,], [(& 
obs], 128.91 [C,,], 129.21 [C,.], 137.82 
[C& 146.62(33.3 Hz) [&,I, 147.23 

[C,,l, 148.91 [C,,,,,l 
14.37, 16.96 [CH,], 122.50 [C,,,], [C13,14 
obs], 133.27(20.0 Hz) [C& 140.70 [Cd,,], 
147.17 [C ,,,, 2], 148.30(33.9 Hz) [C,,,] 

125.05 [C,,.], 126.60(30.2 Hz) [C,,..], 
129.57(43.9 Hz) [C,,..], 141.51 [C,.], 
142.51 [C,,..], 153.01(31.2 Hz) [C,:.], 
153.34 [C,,..], 161.17 [C,:,.] 

139.85(29.8 Hz) [C,], 144.37(9.2 Hz) 
[CS], 149.17 [C2], 149.23 [C,] 

124.75 [C,,,], 134.71 [C,], 150.90(14.9 

Hz) G,el 
17.56(29.2 Hz) [CH,] (Jp4 = 30.5 Hz) 

18.31(18.1 Hz) [CH,], 17.00(22.5 Hz) 
[CHJ (Jp< = 27.9 Hz) 

15.2q27.5 Hz) [CH,] (Jp4 = 31.5 Hz), 
128.0 [C,] (Jp4 = 8.9 Hz), 129.26 [C.,], 
131.04(16.1 Hz) [Cd (Jp4 = 10.9 Hz), 
139.10(16.9 Hz) [C,] (Jp4 = 43.6 Hz) 

14.63(23.0 Hz) [CHJ (Jp4 = 31.6 Hz), 
127.86(14.4 Hz) [C,] (Jp4 = 8.8 Hz), 
129.19 [C,], 132.99(14.5 Hz) [Cd 

(JP-c = 10.7 Hz), 136.43(18.7 Hz) [C,] 

(Jp-c = 44.3 Hz) 

127.39(8.6 Hz) [C,] (Jpx = 8.7 Hz), 
129.16 [C,], 133.90(18.5 Hz) [C,] 

- 43.9 Hz), 134.84(10.8 Hz) [CJ 
22 = 10.9 Hz) 

49.09(11.4 Hz) [CHZ] (Jpx = 51.2 Hz), 
128.49(10.9 Hz) [C,] (Jpx = 9.9 Hz), 
130.20 [C.,], 132.80(19.2 Hz) [Cd 

- 30.0 Hz), 133.00(12.6 Hz) [Cd 
gz = 12.6 Hz) 

28.1Om [CHJ, 128.30 [C,] (Jp4 = 9.7 
Hz), 130.10 [C,], 133.03 (25.5 Hz) 

[Gl, (JP-c = 40.2 Hz), 133.57 [CJ 

(JPX = 11.0 Hz) 

72.19 [C,:,.], 75.28 [C,:,.] (Jc_p = 8.8 
Hz), 79.46 [C,.] (Jp< = 47.8 Hz), 127.82 
[C,], 130.09 [C,], [C, obs], 135.70(11.7 
Hz) [C,] (Jp4 = 11.2 Hz) 

a Run in benzene-d, 
b Run in chloroform-d,. 
‘Run in acetone-d,. 
d Run in toluene-d *. 
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Table 6. r3C NMR characteristics of nitrogen donor ligands 

1963 

Ligand 

2,2’-bipyridine” 

2,2’-bipyrimidine” 

1, lo-phenanthrolineb 

4,7diphenyl- 1, IO-phenanthroline’ 

6 i3C ppm [Assignments] 

156.8 [CJ, 149.65 [C J, 137.40 [C,], 124.15 [C3], 121.34 [C,] 

161.0 [Cd, 156.7 [C.,, Cd, 120.3 [C,] 

150.1 [C2, C,], 146.1 [Cr,, C&-J, 135.9 [C4, C,], 128.5 [C13. C,,], 126.4 

]C,, C,I, 122.9 ]C3, Cd 

149.8 [C,, C,], 148.4 [C, ,, C12], 138.0 [C,, C,], 126.4 (C,3, C,,], 128.4 
[Cs, C,], 123.4 [C,, C,], 146.8, 129.5, 128.5, 123.9 [C,H,] 

- - 

0 From ref. 2 1. 
b From ref. 22. 
‘From ref. 6. 

Table 7. First MLCT absorption 1, for L,PtR,” 

Complex & (nm) 

bipyPtR, 516.0 
MezbipyPtR, 507.5 
bipymPtRz 539.5 
bipyzPtR, 564.0 
pheriPtR, 511.0 
PhzphenPtR2 519.0 
Me,phenPtR, 480.0 

[terpP’WBF4 482.0 

a Measured in toluene. 

(as opposed to silaalkyl) substituent, in accord with 
isovalent hybridization. ’ 4*24 

A corollary is that trimethylsilylmethyl appears 
to exert a lesser (bond-weakening) truns-influence 
than does neopentyl. Ancillary hgand dissociation 
is often a prerequisite for thermolytic rearrange- 
ments in complexes of this type. Such a ground state 
energetic difference may have a kinetic influence on 
lability and contribute (in part at least) to the 
readier reactivity of neopentyl (and neophy16) 
complexes relative to their silicon analogues. ’ * 
We shall report in due course on our mechanistic 
observations. An apparent paradox in these ‘.Z 
data, however, is the implication that the neo- 
pentyl-platinum bond is stronger than that in 

the trimethylsilylmethyl-platinum complexes, 

which contradicts previous thermochemical indi- 
cations.4*5 We are also investigating this aspect. 
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SUBSTITUTION REACTIONS OF THE 17-ELECTRON 
COMPLEX {q5-C5H5Cr(CO),} 

N. A. COOLEY, P. T. F. MacCONNACHIE and M. C. BAIRD? 

Department of Chemistry, Queen’s University, Kingston, Canada K7L 3N6 

Abstract-The compound [~5-C5H5Cr(CO)3]2 (I) has a very weak metal-metal bond, and 
dissociates in solution at room temperature to generate the substitution-labile, 17-electron 
species (~5-C5H5Cr(CO)3} (II). The latter reacts with monodentate tertiary phosphines to 
form substitution compounds of the type {$-C5H5Cr(C0)2L}, and with several bidentate 
phosphines to form products of disproportionation, [~5-C5H5Cr(CO),(diphos)][~5- 

GH5WWd. 

Although organotransition metal chemistry has 
long been dominated by compounds containing 
closed-shell electron cor@urations and obeying the 
1 &electron rule, ’ increasing evidence has appeared 
in recent years for the existence of 17-electron 
organotransition metal compounds. A common 
approach to the synthesis of such species involves 
photolysis of a variety of dimeric compounds 
containing metal-metal bonds and formation of 
the corresponding 17-electron monomeric com- 
pounds. 2 

In contrast to most bimetallic organometallic 
compounds, however, the compound [q5- 
C5H5Cr(C0)& (I) is known to have a very long 
metal-metal bond,3a and the apparent weakness3b 
of this bond has been shown to result in partial 
(thermal) dissociation to the paramagnetic mono- 
mer {t$-C5H5Cr(C0)3} (II) on sublimation and dis- 
solution [eq. (l)]. 4 (Henceforth, to distinguish in the 
text 17-electron species from closed-shell com- 
pounds of similar structures, the chemical formulae 
of the former will be enclosed in brace brackets.) 

[r5-C5H5Cr(CO)3]2~2($-C5H5Cr(C0)3}. 
I II (1) 

Very recently, equilibrium constant data and ther- 
modynamic parameters for this homolytic dis- 
sociation have been reported.& 

In a recent study of the possible involvement 
of a radical mechanism’ in the hydrogenation of 
conjugated dienes by the hydride, q5- 
C5H5Cr(C0)3H, we observed coalescence of the 
cyclopentadienyl resonance of this hydride with the 
cyclopentadienyl resonance of I, which is a product 

t Author to whom correspondence should be addressed. 

of the hydrogenation reaction.6 To rationalize 
this unprecedented phenomenon, we proposed a 
mechanism in which the exchange process ac- 
tually involved a direct interaction between 
$-C5H5Cr(C0)3H and the radical-like (q’- 
C,H,Cr(CO),} (II), present in solution in equi- 
librium with I, as in eq. (2). 

[q5-C5H5Cr(CO)3. . * H. . . Cr*(C0)3 (q’-C,H,)] 

Z$ {q5-C5H5Cr(C0)3} +q5-C5H5Cr*(CO)3H. (2) 

This type of atom abstraction reaction implies 
great reactivity of the monomer II, and it therefore 
seemed possible that the dissociative process, rep- 
resented by eq. (l), is sufhciently facile that the 
chemistry of I might more generally reflect the reac- 
tivity of II. On the basis of preliminary studies 
designed to test the validity of this hypothesis, we 
have earlier reported that I does indeed take part 
in a variety of atom abstraction and ligand 
substitution reactions typical of metal-centred 
radicals,6 therefore presumably involving II as the 
reactive species. We now report details of the sub- 
stitution reactions of I with ’ 3CO-labelled CO and 
with a variety of mono- and bidentate tertiary phos- 
phines. Similar observations have been made else- 
where.& 

EXPERIMENTAL 

IR spectra were recorded on a Bruker IFS-85 FT 
IR spectrophotometer. ‘H, i3C(lH} and 31P{ ‘H} 
solution NMR spectra were recorded on a Bruker 
AM 400 spectrometer, while CP-MAS 13C( ‘H} 

1965 
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were run on a Bruker CXP 200 NMR spectrometer. of the solvent under reduced pressure followed by 
Chemical shifts are reported in 6 (ppm) relative to sublimation at 50°C gave pure products in overall 
an internal standard of tetramethylsilane for ‘H yields of 50-70%. The dimer, [$-CSHSCr(CO)& 
and 13C, external phosphoric acid for 31P with 
positive shifts being downfield of the referen;e. IR 

(I), was prepared by treating a known amount of 
r$-C5H&r(CO)3H, prepared as above, with a two- 

and NMR data are presented in Tables l-3. Mag- fold excess of isoprene. The solution was stirred for 
netic susceptibilities were determined in the solid 2 h, after which the solvent was removed to leave 
state using a Johnson Matthey Magnetic Sus- solid, impure I, which could be sublimed at 80°C to 
ceptibility Balance, in solution by NMR spec- give pure I in up to 70% yields. 
troscopy using the Evan’s method,7 and are pre- The hydride, $-CsH5Cr(CO)r(PPh3)H, was pre- 
sented in Table 4. pared by refluxing a solution of q5-CSHSCr(C0)3H 

Allreactionswerecarried outinanatmosphere of (2.00 g, 0.01 mol) and PPh, (2.50 g, 0.01 mol) in 
purified nitrogen using dried, de-aerated solvents. 50 cm3 of hexanes for 1 h. On cooling, a yellow 
Elemental analyses were carried out by Canadian precipitate formed which, on recrystallization from 
Microanalytical Service Ltd, New Westminster, 3 : 4 ethyl ether-hexanes at -4O”C, formed 3.47 g 
British Columbia. of the product in 83% yield. Found: C, 69.0; H, 

4.9. Calc. for Cz5H2iCrOZP: C, 68.9; H, 4.9%. 

Synthetic procedures 
Substitution reactions 

The compound, q’-CSHSCr(CO)3H, was syn- 
thesized by a modification of the literature 
procedure. 8 A suspension of Na[q’-C5H5Cr 
(CO),]‘,’ (10.5 g) in hexanes (200 cm”) was treated 
with 3 cm3 of glacial acetic acid (10% excess) dis- 
solved in 25 cm3 of hexanes. The mixture was stirred 
for 2 h at O”C, and then filtered through Celite to 
give a dark yellow solution of the hydride. Removal 

With 13C0. A solution of I (0.400 g, 1 mmol) and 
THF (40 cm3) in a 75 cm3 Schlenk tube was stirred 
under an atmosphere of 13C0 (91.7 atm % 
enriched) for 5 h. The atmosphere was then replen- 
ished, and the solution was stirred overnight to 
give a solution of I enriched to about 66% (by IR 
spectroscopy). Isolation of the product and analysis 

Table 1. IR data 

Compound VCO 

2010(m), 1946(vs), 192O(vs), 1905(s), 
2005(s), 1946(vs), 1919(vs), 1901(m)b 
1897(vs), 1795(vs, br)b 
2018(s), 1946(s), 1936(vs),” 2010(s), 
1922(vs, br)b 
1932(vs), 1866(s), 1853(sh) 
1924(s), 1805(m, br) 
1921(s), 1803(m, br) 
1919(s), 1802(m, br) 
1920(s), 1800(m, br) 
1925(s), 1807(m, br) 
1923(s), 1807(m, br) 
1915(s), 1806(m, br)’ 
1915(s), 1795(m, br)b 
1976(s), 192O(m, br), 1890(s), 1773(vs, br), 
1751(s, br)d 
1969(s), 1913(m), 1889(vs), 1773(s, br), 
1751(s, br)d 
1960(w), 1889(vs), 1771(s,br)d 

’ Toluene. 
b THF. 
c Hexanes. 
dCH,C1,. 



Substitution reactions of {~5-CsH~Cr(CO),} 

Table 2. ‘H NMR data 

1967 

Compound a-~ @pm) 

[tl 5-C sH Kr(Co) &%pmll[tl ‘-C & 4XCO) J 

Itl ‘-C d dW0) &wllh ‘-C d 4XCO) 3l 

5.41(br)” 
3.84(s, 5H, Cp), - 5.70(s, IH, Cr-H)” 
7.0-7S(m, lSH, Ph), 4.22(d, .&., = 1.2, 
5H, Cp), - 5.21(d, JpH = 80 Hz, IH, 
Cr-iI) 
7.3-7.7(m, 20H, Ph), 4.75(s, 5H, Cp), 
4.59(t, JpH = 2 Hz, 5H, Cp), 1.53(s, 2H, 

C&lb 
7.2-7.7(m, 20H, Ph), 4.59(s, 5H, Cp), 
4.53(s, 5H, Cp), 3.30(br s, 2H, CH2), 2.92(br 
s, 2H, CHab 
7.5-7.6(m, 20H, Ph), 4.56(s, 5H, Cp), 
4.52(s, 5H, Cp), 2.74(br s, 4H, CH& 1.46(br 
s, 4H, CH2)b 

a Toluene-d,. 
bCD,CI,. 

Table 3. 13C{ ‘H} and 3’P{ ‘H} NMR data” 

Compound 

[‘15-C~H~Cr(CO)~(dPPmll[rts-C5HFr(CO)31 

BP 

29.9 

& 

248.3(CO), 128134(m, Ph), 91.9(s, 
Cp), 82.6(s, Cp), 44.2(d, Jcp = 9 Hz, 

CHJ 
2468(CO), 129133(m, Ph), 92.4(s, 
Cp), 82.6(s, Cp), 29.l(t, JcD = 5 Hz, 

CHJ 
246.9(CO), 128133(m, Ph), 93.1(s, 

CP), 82.66, CP), 34.W, CI-LP), 
26.3(s, CH3 

57.4 

[rl ‘-C ,H &r(CC) &hWlh ‘-C 5H 4XW31 71.7 

Table 4. Magnetic moments 

Compound 
Magnetic 
moment0 

1.86 BMb 
1.96 BM” 
1.92 BMbd 
1.83 BMbP 
1.80 BMb 
1.88 BM’ 
1.3 BM 

“All corrected for diamagnetic ligand contributions. 
b Benzene-d,. 
‘Toluene-d,. 
d 1.8 1 BM in the solid state. 
e 1.85 BM in the solid state. 

by mass spectrometry confirmed the extent of 
enrichment. 

A CP-MAS ’ %Z NMR spectrum was obtained by 
packing about 300 mg of the complex into a 7 mm 
sapphire spinner ; the sample was sealed with Kel- 
F or Dehin caps and placed in a solid state Doty 
Scientific probe. Spectra were obtained at room 
temperature under conditions of high power 
decoupling and a spinning rate of 2 kHz. 

With trierhylphosphine (PEt,). A stirred solution 
of I (0.100 g, 0.25 mmol) in 25 cm3 benzene was 
treated with PEt3 (6.7 x lo-* cm3, 0.5 mmol). The 

colour of the solution changed from dark green to 
dark orange within 5 min, at which time the IR 
spectrum indicated that no starting material 
remained. The solvent was removed under reduced 
pressure to give a green residue, which was 
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extracted in turn with hexanes to give an orange With 1,4-bis(diphenylphosphino)butane (dppb). A 
solution of { ‘1 5-C,H&r(CO),(PEt 3)}. Removal of solution of I (0.55 g, 1.37 mmol) and dppb (0.58 g, 
the solvent gave a dark yellow solid which slowly 1.37 mmol) in 65 cm3 THF was stirred at room 
turned green on standing and thus could not be temperature for 9 h. The solution was then con- 
purified satisfactorily. It was therefore char- centrated to 30 cm3 and cooled to - 30°C overnight. 
acterized by its IR spectroscopic properties (Table The resulting yellow solid was collected by 
1) and magnetic moment (Table 4). titration, washed with cold hexanes and dried to 

Similar procedures were followed to prepare ana- give [~5-C5H5Cr(CO)~(dppb)l[~5-C5H5Cr(Co)31 
logues of tri-n-butylphosphine (PBu,), dimethyl- * 2THF in 40% yield. Found : C, 63.8 ; H, 5.5. 
phenylphosphine (PMezPh) and diethylphenyl- Calc. for C5,H5&rZ0,P2: C, 64.8; H, 5.8%. 
phosphine (PEt,Ph). All the products were yellow No further solids precipitated from the filtrate 
oils or solids which were found to turn muddy over 120 h, and the solvent was removed under 
green on standing, and which therefore could reduced pressure to give a green residue which was 
not be purified. All were characterized by their extracted with ethyl ether. The IR spectrum of the 
IR spectra and magnetic properties (Tables 1 and yellow-green solution exhibited vco at 1986 (m), 

4). 1920 (vs), 1801 (s, br) and 1726 (w) cm-‘. The 
With tricyclohexylphosphine (PCy,). A solution ether was removed under reduced pressure, and the 

of I (0.200 g, 0.5 mmol) and PCy, (0.28 g, 1 .O mmol) residue was dissolved in benzene-d6 and examined 
in 25 cm3 of ethanol was refluxed for 1 h. On for paramagnetism by the Evan’s method (see 
cooling, yellow crystals of ($-CSHSCr(C0)2 below). 
(PCy,)} separated, and were collected by fil- With 1,6-bis(d@henylphosphino)hexane (dpph). A 
tration and washed with cold ethanol. The com- solution of I (100 mg, 0.25 mmol) and dpph (119 
plex of PCy, was somewhat more robust than mg, 0.26 mmol) in THF (35 cm3) was stirred at 
the compounds mentioned above, but no satis- room temperature for 2 h. After this time, the vco 
factory elemental analyses could be obtained. of I had disappeared, and had been replaced by vco 
Found : C, 64.8 ; H, 8.7. Calc. for CZ5H3&rOZP : at 1915 (vs) and 1795 (s, br) cn-‘. The solvent was 
C, 66.2 ; H, 8.4%. The compound was characterized removed to give a greenish solid which could not 
by its IR spectrum and magnetic properties. be purified. 

With triphenylphosphine (PPh3). This compound Magnetic susceptibility measurements on those 
was prepared in quantitative yield in the same way compounds, prepared as above, which were 
as was the PCy, complex, and essentially as in the expected to be paramagnetic were carried out in 
literature. lo It was recrystallized from toluenehex- benzene-d, or toluene-d, solution using, where 
anes (1: 2) and characterized by its IR spectrum possible, samples which appeared by IR spectro- 
and magnetic properties. An X-ray quality crystal scopy to be pure of other carbonyl-containing spec- 
was grown at -40°C by layer diffusion of 2 : 1 ies. In some cases, where the solution chemistry had 
hexanes-ethyl ether into a saturated solution of the been well-defined by IR spectroscopy, the para- 
complex in ethyl ether. The product was obtained magnetic species were generated in situ by addition 
as orange-yellow crystals, and was characterized of phosphine to a solution of I. In all cases, sus- 
unambiguously by X-ray crystallography (see ceptibility shifts of 18-25 Hz were obtained, giving 
below). It can also be prepared by reacting q5- rise to the magnetic moments listed in Table 4. 
C ,H &r(CO) ,(PPh 3)H with isoprene. 

With bis(diphenylphosphino)methane (dppm). A RESULTS AND DISCUSSION 
solution of I (0.400 g, 1.0 mmol) and dppm (0.400 
g, 1.04 mmol) in benzene (20 cm’) was stirred for The dimer, [q 5-C5H5Cr(CO)3]2 (I), has been pre- 
30 h, after which time orange needle-like crys- viously prepared in 37% yield by oxidizing the car- 
tals of [~5-CSHSCr(CO),(dppm)][~5-C5H5Cr(CO),I bonylate complex Na[q5-CgH5Cr(CO)3] with tro- 
- 2C6H6 had formed in 87% yield. Found : C, pylium bromide.’ Although the synthetic procedure 
67.9 ; H, 5.3. Calc. for C52H44Cr205P2 : C, 68.3 ; utilized here involves two stages from the car- 
H, 4.8%. The synthesis of this compound re- bonylate anion, i.e. protonation followed by treat- 
quires about 6 h in THF, the product remaining in ment of the hydride v5-CgH5Cr(CO)3H with 
solution. isoprene, the overall yields are generally higher. 

With 1,2-bis(diphenylphosphino)ethane (dppe). Thus, the protonation reaction is presumably near 
The cornpound [q’-C5H,Cr(CO),(dppe)][t15- quantitative, as is the conversion of the hydride to 
C5H5Cr(CO)J was synthesized via the procedure I (by IR spectroscopy). Isolated yields in each of 
described for the dppm analogue. Found : C, 62.7 ; the two steps are routinely 70%. We note that con- 
H,4.5. Calc.forC4,H34CrZ05P2: C,63.7;H,4.0%. version of the hydride to I may well involve a radical 
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pair mechanism, as the olefinic by-products are I+ 13C0 + (~5-C5H5Cr)2(13CO)1(1ZC0)6_,. 
various mono-olefins. 5 (3) 

As has been shown previously,4 compound I dis- 
sociates spontaneously in solution at room tem- 
perature to form the monomeric, 17-electron, sub- 
stitution-labile compound (q ‘-C gH 5Cr(CO)3) (IQ 
[eq. (l)]. Exchange between monomer and dimer is 
rapid on the NMR time scale above about - 2O”C, 
below which temperature separate Cp resonances of 
the anti and gauche rotamers of I may be observed.3a 
Line shape analyses of the Cp resonances of the two 
rotamers in the region of their coalescence tem- 
perature resulted in the following activation par- 
ameters for anti-gauche exchange : AHI = 55 + 2 kJ 
mol-‘, AS = 20+8 J K-’ mol-‘, AGig = 51+3 
kJ mol- ‘.3a 

The IR spectrum of the mixture of isotopomers 
of I formed on exposure of I to 1 atm of “CO for 
several hours suggested enrichment to the extent of 
about 66%, an estimate confirmed by mass spec- 
trometry. Although no attempt to effect quan- 
titative 13C0 substitution was made, it is clear that 
CO substitution is facile, as anticipated.’ In view of 
the very significant broadening of the Cp resonance 
of I in the ‘H NMR spectrum, a result of exchange 
with paramagnetic II, we expected resonances of 
the ‘3CO{‘H} NMR solution spectrum of the 
enriched I to be broadened so that it is unobserv- 
able. This was as found. 

Although it was originally believed that gauche- 
anti interconversion involves restricted rotation 
about the chromium<hromium bond of I, it was 
also recognized that this bond is very weak and that 
a dissociation-recombination process might well 
pertain.38 We find that the Cp resonance of I broad- 
ens significantly and shifts to lower field above 
-2O”C, the chemical shift and line width at 80°C 
being 6 9.6 and 560 Hz, respectively. (See Table 2 
for room temperature data.) 

These observations are consistent with the ex- 
change of eq. (1) if one makes the very reasonable 
assumptions that the Cp resonance of II is very 
broad and lies to low field. ’ ’ We have carried out 
a line shape analysis in the temperature range 30- 
8O”C, utilizing an established procedure for the 
analysis of the NMR spectra of systems in which 
diamagnetic and paramagnetic species are under- 
going rapid exchange. ” Following this approach, 
we have found the following activation parameters 
for the exchange process of eq. (1) : AHt = 58 f 1.4 
kJ mol-‘, A$ = 16+4 J K-’ mol-‘, AGig 
= 51.9 kO.2 kJ mol- ‘. These data are identical, 
within experimental error, with the published 
activation data for the anti-gauche intercon- 
version,3a suggesting a common mechanism which 
almost certainly involves homolysis as in eq. (1). 
Thus the hypothesis that the chemistry of I may 
generally reflect the reactivity of II gains further 
support. 

In contrast, as I exists in the solid state solely as 
the diamagnetic dimer,3a the NMR spectrum of the 
solid, enriched material should be and is well- 
resolved. While the CP-MAS 13C NMR spectrum 
is complicated by an extensive pattern of spinning 
side bands, the result of a significant degree of 
chemical shift anisotropy, six carbonyl carbon res- 
onances may be resolved at z 6 245. Although the 
individual molecules of I in the crystal lattice are 
crystallographically centrosymmetric3’ and hence 
might be expected to contain (as in solution) only 
two carbonyl environments, analysis of the X-ray 
data shows that all six carbonyl groups of the mol- 
ecule in the crystalline material are in fact non- 
equivalent, thus explaining the NMR findings. 

Treatment of solutions of I with a variety of 
tertiary phosphines L was found to result in both 
the facile formation of compounds of the stoi- 
chiometry {~5-C,H,Cr(CO)2L} [eq. (4)] and in dis- 
proportionation [eq. (5)], depending on the nature 
of L. 

[q5-C5HSCr(C0)3]2+2L + 2{$-C5H5Cr(C0)2L} 

(4) 

[q2-CSH5Cr(CO)3]2+2L + [$-CSHSCr(C0)2L2]+ 

+[t15-C5H5Cr(C0)3]-. (5) 

Consistent with this conclusion, treatment of 
solutions of I with 13C0 results in enrichment of 
the dimer [eq. (3)], an observation made elsewhere.” 

*Tables of bond lengths, bond angles, atomic coor- 
dinates, thermal parameters and observed and calculated 
structure factors are available as “Supplementary Ma- 
terial” of ref. 6. The information is also available from 
the Cambridge Crystallographic Data Centre. 

Isolation and purification of the products of eq. (4) 
were generally not possible, as most of the products 
were thermally very labile at room temperature. 
Only the PPh3 compound was sufficiently robust 
that it could be isolated and purified, and it was 
identified unambiguously by X-ray crystallography. 
The structure of this compound and a discussion of 
the important structural features have been 
reported in a preliminary communication6 and thus 
all pertinent data are available.* 

As anticipated, the compound {q5-C5H5Cr 
(CO),(PPh,)} assumes a “piano-stool” structure, 
isostructural with the 18-electron manganese 
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(s) and = 1915 (m, br) err- I, as expected by analogy 
with similar complexes of molybdenum, I7 as well 
as two strong vco at z 1890 and 1773 cm- i, attribu- 
table to the [r13-CsH5Cr(CO)3]- carbonylate anion 
(see Table 1 to compare with data for Na[$- 
C,H,Cr(CO),]). The cations of these complexes 
presumably contain chelating diphosphines and 
mutually cis carbonyl groups ; the relative ratios of 
the intensities of the vco of the cations are consistent 
with OC-Cr-CO bond angles of < 90”, as antici- 
pated for this geometry.* 

In contrast, while the IR spectrum of the dppb 
complex exhibited the vco of the carbonylate anion, 
the only vco to be attributed to the cation was a 
weak absorption at 1960 cm- ‘. There was no 
second absorption at a frequency above 2000 cm- I, 
and thus it would seem that a second band may 
overlap with the higher frequency absorption of the 
anion at z 1889 cm-‘. Similar patterns of vco have 
been reported for complexes of the type “truns”- 
[$-CSHSMo(C0)2L2]+, where the OC-Ma-CO 
bond angles are >> 90°.**18 This conclusion would 
require the dppb ligand to span mutually “truns” 
positions, which could be reasonable as it would 
involve a “bite angle” of as little as 114”,* or it may 
be that the cation is actually dimeric, with two dppb 
molecules bridging two [$-CsHSCr{“truns”- 
(CO),}]+ moieties. 

The ‘H, 13C{‘H) and 31P(1H) solution NMR 
spectra (Tables 2 and 3) may all be assigned on the 
basis of the structures suggested, and although the 
carbonyl resonances of the cations could not be 
observed, presumably because spin-spin coupling 
to 3 ‘P resulted in multiplet resonances, resonances 
at w 6 247 can beassigned to [$-C5H5Cr(C0)3]-.‘9 
For each compound, there are two Cp resonances 
in both the ‘H and the 13C{ ‘H} spectra, with the 
observation of spin-spin coupling to 3 ‘P facilitating 
assignments in some cases. 

In the case of the reaction of I with dppb, exam- 
ination of the filtrate after the ionic product of 
disproportionation had been isolated revealed vco 
at 19 15 and 1806 cn- i, characteristic of a complex 
of the type {$-CSH,Cr(CO)zL}. Similar absorp- 
tions were not observed for the reactions of dppm 
and dppe, and it would seem that dppb is unique 
among the three diphosphines in that it forms a 

*A perusal of many published crystal structures of 
molybdenum complexes of the type q5-CSH,Mo 
(CO),_,L,‘* shows that cis OC-Ma-CO, OC-Mo-L 
and L-Mo-L bond angles generally lie in the range 
73-82”, although they can be as large as 87”. The cor- 
responding “tram” bond angles vary between 114 and 
143”. 

product of CO substitution, as well as a product 
of disproportionation. The presumed 17-electron 
species exhibited solubility and thermal instability 
properties analogous to those of the other com- 
pounds of the type {$-CSHSCr(C0)2L}, extracting 
into ether to give, on solvent removal, a greenish 
solid. An NMR spectrum of the clearly impure solid 
exhibited broadened resonances, while a magnetic 
susceptibility measurement on a solution showed 
unequivocally that the material was paramagnetic. 

Interestingly, reaction of I with an equimolar 
amount of dpph in THF resulted only in CO sub- 
stitution. Thus the IR spectrum of the reaction solu- 
tion exhibited vco only at 1915 (vs) and 1795 (s, br) 
cm- ‘, there being no absorptions attributable to 
products of disproportionation. Again the com- 
pound was too unstable to purify satisfactorily, but 
addition of 0.5 equivalents of I to a solution con- 
taining 100 mg of the material in THF resulted in 
no reaction. If the dpph compound contained a 
“dangling” diphosphine, i.e. had the structure {$- 
CSH,Cr(CO)JPh2P(CHJaPPh2]}, then it would be 
anticipated that the uncoordinated phosphorus 
would react further. Instead, and consistent with 
the stoichiometries of the reactants initially 
combined, the dpph must bridge two [$- 
CSH5Cr(CO)J moieties. Presumably the 17-elec- 
tron dppb compound, discussed above, is similar. 

A magnetic moment measurement of the dpph 
compound in solution in toluene-d, showed that 
the compound has a magnetic moment of x 1.3 
BM per chromium. This suggests that pairs of chro- 
mium atoms are weakly coupled in solution, as has 
been reported for the compound [r$-C5HSCr(C0)2 
{P(OMe)3}]2, which is dimeric in the solid state, 
but partially dissociated in solution.20 
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SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS) OF 
LIGANIH AND THEIR COMPLEXES ON SILVER SOIS-I. 
MALTOL, TROPOLONE AND THEIR COMPLEXES WITH 

GROUP VIII AND GROUP VI METALS 

SARAH J. GREAVES and WHLIAM P. GRIFFITH* 

Inorganic Chemistry Laboratories, Imperial College, London SW7 2AY, U.K. 

Abstract-New complexes of the form trans-0s02(malt)2, truns-UOz(malt)2 and cis- 
MoO,(malt),, M(malt), and lM(malt)(PPh,)d+ (Hmalt = maltol, M = Ru, Rh, M’ = Pd, 
Pt) are reported together with their vibrational, ‘H and 13C NMR and mass spectra. SER 
spectra from Ag sols of maltol, Ru(malt)3, tropolone and Rh(trop), (Htrop = tropolone) 
are reported, and the possible nature of the adsorbed species responsible for the enhanced 
spectra is briefly discussed. 

We have recently reported the preparation, 
vibrational and NMR spectra of second and third 
row Group VIII and VI complexes of the “non- 
innocent” 0,O’ donor ligands, catechol (Heat),‘,’ 
catecholamines3 and tropolone (Htrop).4 We report 
here an extension of this work to the heterocyclic 
ligand malt01 (Hmalt, 3-hydroxy-2-methyl pyran- 
4-one, C6H603 ; Fig. 1). Also, as part of a study of 
the application of Surface-Enhanced Raman Spec- 
troscopy (SERS) on silver colloids for the study of 
coordination complexes in solution,5 we report the 
SER spectra of Ru(malt)3, Rh(trop), and their 
parent ligands. It is known that certain species 
adsorbed on silver or gold surfaces6 or colloids7 
may give Raman spectra of greatly enhanced inten- 
sity ; conventional Raman spectroscopy of solu- 
tions normally requires concentrations exceeding 
0.5 M, but SER spectra can be obtained at solute 
concentrations of low4 M or lower. Although there 
have been a number of studies of organic molecules 
adsorbed on silver sols,’ there has been only one 
on coordination complexes containing organic ring 
ligands. ’ 

RESULTS AND DISCUSSION 

(a) Maltol and its complexes 

Like tropolone (Htrop, C7HhO2), malt01 pos- 
sesses a ketonic oxygen atom ortho to a hydroxy 
group, albeit in a heteronuclear ring system ; this 

* Author to whom correspondence should be addressed. 

hydroxy group readily deprotonates (PK, = 8.67lo) 
and a number of complexes of the monoanion func- 
tioning as an 0,O’ chelate with the first row 
elements and the lanthanides have been reported. ’ ’ 
The only X-ray crystal structure of a maltolato 
complex, Al(malt)3, ” shows the ligand to function 
as an 0,O’ donor, and that the rings retain planarity 
in the complex. We find that, like catechol, cate- 
cholamines and tropolone, malt01 forms stable 
complexes with ruthenium, osmium, rhodium, pal- 
ladium, platinum, molybdenum and uranium, often 
analogous to the corresponding trop complexes. 4 
The only known complexes of malt01 with second 
and third row transition elements to have been 
reported are M(malt), (M = Pd, Pt) and U02 
(malt)2 - %I@. 1 3 

We have prepared Ru(malt)3 and Rh(malt), from 
reaction of the appropriate metal trichlorides with 
malt01 under basic conditions. The 0x0 complex 
Os02(malt)2 was prepared from K2[Os02(OH)4] 
and maltol, using a method similar to that giving 
the catecholato’ and tropolonato4 analogues ; how- 
ever, reaction of [OsCl,13- with malt01 under basic 

Fig. I. Maltol, with the carbon atoms numbered. 

1973 
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conditions did not give the expected 0s(malt)3. The 
substituted complex pd(PPh,),(malt)]+ was pre- 
pared using the method developed by Gandolfi et 
al. for the corresponding catecholamines, l4 and 
[Pt(PPh,),(malt)]+ was prepared via [Pt(PPh&O& 
The molybdenum complex MoOz(malt)z was made 
from ammonium molybdate and maltol, and reac- 
tion of uranyl sulphate with malt01 in water-meth- 
anol gave red crystals of UO,(malt), * CH30H. 
Reactions of tungstates with malt01 failed to give 
any pure products. 

Vibrational spectra of the complexes. The IR 
spectra of a number of maltolato complexes have 
been assigned ; ’ ‘,’ 5 in Table 1 we follow the assign: 
ments of Kushch et al. l5 for Pt(malt)*. As expected, 
the v(OH) mode for malt01 at 3350 cm- ’ is missing 
for all the complexes. The v(CL0) band at 1650 
err- ’ in maltol’ ’ is shifted to a lower wavenumber 
by 25-55 cn- ’ in our complexes. The bands at 16 10 
and 1550 cm-‘, which probably arise from mixed 
v(C=C) and v(m) modes,’ ‘*15 are also shifted to 
lower wavenumbers on coordination (similar effects 
are also observed in catecholato’ and tropolonato4 
complexes). The strong IR bands near 850 cm- ’ 
in Os02(malt)z and near 925 cm-’ in 
UOl(malt)z * CH,OH, not present in the Raman, 
are assigned to the asymmetric stretch v,(MO,) of a 
trans O=M=O grouping, while the strong Raman 
bands in these complexes at 890 and 846 cm-‘, 
respectively, are assigned to v,(MO,) ; in accordance 
with tram geometry these bands are very weak in 
the IR. For MoO,(malt),, two IR bands are present 
near 940 and 905 cm- ‘, and these are also observed, 
with reversed intensity, in the Raman spectra. These 
we assign to v,(Mo03 and V&MOO,), respectively ; 
similar bands were observed for cis-MoOz(trop)2.4 

‘H and 13C NMR spectra. The ‘H NMR spectra 
of those complexes soluble enough for spectral 
measurement (Table 1) are similar to that reported 
and assigned for Pd(malt)2;16 the methyl protons 
(C-7) give a singlet near 6 2.43 (all 6 values are 
quoted in ppm to the low field side of Si(CH3)4 and 
the doublets near 6.57 and 7.7 are assigned to the 
protons in the five and six positions, respectively. 

The 13C NMR spectrum of malt01 in C2HC13 has 
been assigned by Kingsbury et ~1;‘~ 13C NMR data 
for malt01 and those complexes sufficiently soluble 
in C2HC13, C2H2C12 or d,-DMSO are given in 
Table 2. In the i3C NMR spectra of catecholato,1,2 
catecholamine3 and tropolonato4 complexes it is 
found that the C atoms adjacent to the O-donor 
atoms (C-3 and C-4 in the case of maltol) normally 
shift downfield by some 10 ppm relative to their 
positions in the free ligand. Comparable shifts to 
lower field are indeed observed here for C-3 and C- 
4, but the shift for C-2 is unexpected. 

Mass spectra. We have determined the mass spec- 
tra of M(malt),, (M = Fe, Ru, Rh), Pd(malt),, 
MoO,(malt), and UO,(malt), * MeOH using both 
electron impact (EI+) and fast-atom bom- 
bardment (FAB +) conditions where appropriate. 
The fragmentation patterns observed for the 
M(malt)3 complexes are similar to those reported 
for M’(trop)3 (M’ = Al, Ga, In, SC, Cr, Fe) by Char- 
alambous, ’ * by us for M(trop)3 (M = Ru, OS, Rh, 
Ir)4 and by Orvig for Al(malt),.12 [M(malt),]’ is 
observed and peaks characteristic of the products 
of step-wise ligand loss, as well as peaks suggesting 
fragmentation of coordinated malt01 were observed 
in the spectra. The spectra of the oxo-maltolato 
complexes also indicated the successive loss of mal- 
tolato ligands. 

Cyclic voltammetry. We have studied the elec- 
trochemical behaviour of several maltolato com- 
plexes using cyclic voltammetry. The most inter- 
esting and conclusive results were obtained from 
Ru(malt)3 using both aqueous solutions of KC1 
and dichloromethane solutions of "h4mF6 as 
supporting electrolytes. The voltammogram of 
Ru(malt), at a Pt working electrode in 0.2 M 
“Bu4NPF6 in CH2C12 is shown in Fig. 2. There are 
two waves, representing two reversible one-electron 
steps ; (oxidation : E$ +0.48 ; Erd +0.38 ; 
reduction : Erd - 1.35 ; EF - 1.26 V). These results 
are similar to those of Tocher et a1.,19 for Ru(acac)3 
under comparable conditions. 

(b) SERS of maltolate and tropolonate species 

The mechanism of the SERS effect is still very 
much a matter of debate ; 2o our intention here is to 
show that the technique is applicable to ligands of 
the complexes reported here, without, at this stage, 
attempting to make rigorous assigmnents of the 
spectra. 

In Fig. 3(a)-(c) we give normal and SER spectra 
of maltolate and Ru(malt), and in Fig. 4(a)-(d) 
the corresponding spectra of tropolonate and 
Rh(trop), (we were unable to record the con- 
ventional Raman spectrum of Ru(malt)3 because of 
its dark colour). The SER spectra were obtained at 
a pH of the sol (9.4) at which the monoanions of 
malt01 (p& 8.67”) and tropolone (p& 6.4221) are 
likely to be the major species present in the bulk 
solution. In all cases, considerable SERS enhance- 
ment was obtained (enhancement factors of 104-10’). 

It is generally agreed that enhancement in the 
relative intensity of a SERS band compared to its 
intensity in a conventional Raman spectrum indi- 
cates that the vibrational mode corresponding to 
that band is intimately connected with the attach- 
ment of the adsorbed molecule to the metal 
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Table 2. ’ 3C NMR data for maltolato complexes 

Compound c-2 
Chemical shift @pm) 

c-3 c-4 c-s C-6 C-7 

Maltol” 148.9 
Maltolate 152.6 
Rh(malt), 160.6 

Pd(malt), 

IWPPh J 2(mWl + 
IPt (PPh 3) 2(mWl + 
cis-[MoO,(malt),] 
tmns-[UO,(malt),]d 

159.7 

Wm) 
Wm) 
155.1 
158.2 

142.6 172.1 113.2 154.3 13.8 
150.0 178.4 111.3 150.7 13.4 
155.8 186.9 111.9 151.2 14.8 
155.5 186.8 111.8 
155.6 185.6 111.5 151.7 14.1 
155.4 185.2 111.4 
158.3 b 112.1 153.2 14.6 
158.7 b 112.7 153.9 13.9 
153.3 178.3 111.5 156.6 15.1 
154.7 184.8 112.9 156.1 14.1 

All spectra recorded at 250 MHz in C’HCl, ; chemical shifts quoted to low field 
of Si(CH3)+ 

’ Reference 17. 
b Not located. 
c Recorded in C2H2C12. 
d Recorded in de-DMSO. 

surfacez2 For maltolate, though there are no pub- indicate that the anion is attached to the Ag surface 

lished assignments of its Raman spectrum, we ten- via one or both oxygen atoms adjacent to C-3 and 
tatively assign the bands at 1609 and 1559 cm- ’ to C-4, with some attachment also by the (C-5 to C-6) 
v(C=Q and v(C=C) ; the former is substantially double bond. 
enhanced and shifted to 1597 cm-’ in the SER For tropolonate [Fig. 4(a), with its SER spectrum 
spectrum, while the similarly enhanced latter band in 4(b)] the situation is clearer ; the anion is planar 
moves to 1555 cm- ’ in the SER spectrum. This may and has Cl0 symmetry, and the Raman spectrum 

-1:5 -1.0 -0.5 0.0 +0.5 +1.0 

Volts 

Fig. 2. Cyclic voltammogram of 1 x lo-’ M Ru(malt), in a 0.2 M solution of “Bu,NPF, in dichloromethane, using 
a platinum working electrode, silver reference electrode and measured at a scan speed of 100 mV s- ‘. 
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I b) 

200 500 1000 1500 2000 

Wavenumber (cm-‘) 

Fig. 3. (a) Conventional Raman spectrum of a 1 M solu- 
tion of malt01 in concentrated aqueous KOH (PH 13.4). 
(b) SER spectrum of malt01 (1 x 10d4 M) on silver sol. 
(c) SER spectrum of Ru(malt), (1 x 10e3 M) on silver 

sol. 

of tropolone has been studied and assigned.23 The 
v(c--=O) mode for tropolone has been assigned, 
using the IR spectrum of the ‘*O-substituted com- 
pound, to a band at 1343 cm- ’ ;24 this is not 
enhanced in the SER spectrum. There is, however, 
strong. enhancement of bands at 1593 and 1426 
cm-‘; in tropolone the former has been assigned 
to a combination of v(C&C) and v(M), and the 
latter to a totally symmetric ring stretch. It thus 
seems possible that the major interaction between 
tropolonate and the silver surface involves the ring 
to a greater extent than the oxygen donor atoms ; 
it may be the case that, as has been deduced for the 
SER spectrum of benzoate,25 the ring lies parallel 
with or tilted towards the metal surface. For 
Rh(trop),, the most enhanced band occurs at 1435 

cm-‘, suggesting that at least one of the coor- 
dinated ligands is tilted towards the silver plane. 

EXPERIMENTAL, 

The complexes Fe(malt)3’1 and Pd(malt),16 were 
made by the literature methods. 

Z’rti(maltoZuto) ruthenium (III), Ru(malt), 

Ruthenium trichloride (0.26 g, 1 mmol) was dis- 
solved in an aqueous solution of sodium acetate 
(0.93 g, 7 mmol, in 20 cm3) ; the solution was 
warmed gently and malt01 (0.65 g, 5 mmol) added. 
The black mixture was refluxed for 3 h, during 
which it became red and deposited a red solid which 
was filtered off and dried in uucuo. The filtrate was 
reduced in volume, yielding further crops of red 
product. Yield 45%. 

Bis(maltoZuto)trans(dioxo) osmium (VI), 0s02 

(malt) 2 

An aqueous solution of potassium osmate (0.187 
g, 0.5 mmol, in 15 cm3) was filtered into a solution 
of malt01 (0.13 g, 1 mmol) in ethanol (10 cm3). The 
resultant green-brown solution was left to stand for 
2 h, after which a fine brown precipitate was filtered 
off and dried in vucuo. Yield 25%. 

Tris(muZtoZuto) rhodium (III), Rh(malt)3 

Rhodium trichloride (0.15 g, 0.5 mmol) was 
added to a solution of sodium acetate (0.3 g, 2 
mmol) in water (15 cm3). The aqueous solution was 
heated gently while malt01 (0.31 g, 2.5 mmol) was 
added with stirring, and the reaction mixture 
refluxed for 12 h, during which time it changed from 
red to orange and a yellow solid was deposited. The 
solid was filtered off and dried in vucuo. Yield 35%. 

Bis(triphenyZphosphine)mono(muZtoZuto) palladium 
(II) tetruphenylboronute, [(PPh3)2Pd(malt)]BPh4 

A modification of the method for the preparation 
of Pd(I1) catecholamine complexes, as developed 
by Gandolfi et al. was used. I4 All manipulations 
were carried out in an inert atmosphere and all 
solvents were degassed before use. To a suspension 
of malt01 (0.07 g, 0.5 mmol) in toluene (5 cm3), was 
added a methanolic solution of potassium hydrox- 
ide (0.033 g, 6 mmol, in 5 cm3). The toluene-meth- 
anol solution was added to a solution of cis- 
[PdCl,(PPh,)d (0.35 g, 0.5 mmol) in toluene (10 
cm3). The orange solution was stirred at ambient 
temperature for 1 h, after which it was filtered and 
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(c) 

k’) 

Wavenumber (cm-’ ) 

Fig. 4. (a) Conventional Raman spectrum of a 2 M aqueous solution of Na(trop) (pH 11.4). (b) SER spectrum of 
tropolone (1 x 10m4 M) on silver sol. (c) Conventional Raman spectrum of Rh(trop), (KBr disc). (d) SER spectrum 
of an acetone solution of Rh(trop), on silver sol (overall concentration of Rh(trop), ca 1 x 1O-3 M). + denotes 

bands due to acetone. 

a solution ofNa(BPh,) (0.17 g, 0.5 mmol) in ethanol 
(5 cm’) was added to the filtrate, upon which yellow 
crystals readily precipitated. These were filtered off 
in air and dried in vacua. Yield 55%. 

Bis(triphenylphosphine)mono(maltolato) platinum 
(II) tetraphenylboronate, [(PPh&Pt(malt)]BPh4 

This was prepared via the intermediates 
Pt(PPh3)4 and Pt(PPh,),(O,) using an adaptation 
of the route to Pt(PPh3)2(cat).26 All manipulations 
were carried out under nitrogen, and all solvents 
were degassed before use. A solution of malt01 
(0.12 g, 1 mmol) in ethanol (5 cm3) was added to a 
solution of pt(PPh&(Oz)] (0.8 g, 1 mmol) in 
toluene (10 cm’) cooled in an ice-water bath. The 
yellow solution was stirred for 1 h, after which 
Na(BPh,) (0.34 g, 1 mmol) in ethanol (10 cm3) 
was added. A fine yellow solid precipitated, which 
was filtered off in air and dried in a stream of nitro- 
gen. Yield 40%. 

Bis(maltolato)cis(dioxo) molybdenum (VI), MOO, 
(malt) 2 

The method used was similar to that described 
for the preparation of Mo02(trop)2.4 A solution of 
malt01 (0.25 g, 2 mmol) in ethanol (10 cm3) was 

mixed with an aqueous solution of ammonium 
molybdate (0.19 g, 1 mmol, in 10 cm3). A precip- 
itate formed at once, and after 1 h the yellow crys- 
talline product was filtered off and dried in vacua. 
Yield 65%. 

Bis(maZtolato)trans(dioxo) uranium (VI), U02 
(malt),! * CH30H 

Uranyl sulphate trihydrate (0.42 g, 1 mmol) was 
dissolved in methanol (20 cm3) and mixed with a 
solution of malt01 (0.25 g, 2 mmol) in methanol- 
water (15 cm3, 2 : 1). The colour of the solution 
changed at once from yellow to red, and on stand- 
ing, the solution yielded orange crystals, which were 
filtered off and dried in vacua. Yield 40%. 

SERS samples 

Silver colloids were prepared from aqueous solu- 
tions of silver nitrate and sodium borohydride as 
described by Creighton et al.’ (A,_ = 392 mu, pH 
ca 9.2-9.4). Samples for SERS were freshly pre- 
pared and run within 2 h of preparation. They were 
made up as follows : 

Maltol/maltolate. An aqueous 0.002 M solution 
of malt01 was added to silver sol in order to give an 



SERS of ligands and their complexes-I 1979 

overall substrate concentration of 1 x 10e4 M. Slow 
aggregation of the colloid resulted. 

Ru(ma&. A 0.002 M aqueous solution of 
Ru(malt), was added to silver sol, giving a resultant 
Ru(malt)s concentration of 1 x lop4 M. Aggre- 
gation was very slow, with the sample reaching the 
red intermediate stage of aggregation after several 
hours. 

Tropoloneltropolonate. Addition of 0.002 M 
aqueous tropolone solution to silver sol to achieve 
a final tropolone concentration of 1 x lo- 4 M 
resulted in very rapid aggregation, with the sample 
turning blue within a few minutes. 

Rh(trop),. Because of the negligible water solu- 
bility of this complex, a 0.01 M solution of 
Rh(trop), in acetone was added to silver sol so as 
to give a resultant Rh(trop), concentration of ca 

1 x lop3 M. Aggregation was slow, but the sample 
reached the blue stage after several hours. 

All Raman spectra were measured at 150 mW 
using the 5145 A line of an Innova 70 CRL argon 
ion laser with a Spex Ramalog V instrument and 
Spex Datamate data acquisition unit. Solution sam- 
ples were run in unsealed capillary tubes. IR spectra 
were measured on a Perkin-Elmer 1720 Fourier 
transform spectrometer. ‘H NMR spectra were 
measured on a JEOL FX 9OQ Fourier-transform 
spectrometer, and 13C NMR spectra on a Brnker 
WM250 Fourier-transform spectrometer. Cyclic 
voltammograms were measured with an Oxford 
Electrodes PVSU potentiostat and Houston Instru- 
ments Omnigraphic 2000 recorder. Mass spectra 
were run by the Organic Mass Spectroscopy Lab- 
oratory, Imperial College. Microanalyses were car- 
ried out by Mr K. I. Jones of the Microanalytical 
department, Imperial College. 
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ALKENE-GLYCOL INTERCONVERSION WITH TECHNETIUM 
AND RHENIUM OX0 COMPLEXES 

RONALD M. PEARLSTEIN and ALAN DAVISON* 

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, 
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Abstract-The trioxotechnetium(VI1) complexes TcO,Cl(AA) (AA = phen, bpy, 5-N02- 
phen, 3,4,7,8-Me,-phen) cleanly oxidize olefins (C,R,) in solution at 22”C, forming in high 
yields the corresponding oxotechnetiumm diolate complexes, TcOC1(OCR2CR20)(AA). 
The complexes have been characterized by ‘H NMR, IR, elemental analysis, and fast atom 
bombardment mass spectrometry. The free diols isolated by hydrolysis of these diolate 
complexes with HCl were shown by capillary gas chromatography to represent syn addition 
of the two hydroxyl groups across the double bond. The related rhenium complex, 
ReOC1(OCH2CHzO)(phen) undergoes the reverse reaction when thermalized, releasing 
ethylene and producing ReO,Cl(phen). 

All of the transition metal species known to effect 
the cis-dihydroxylation of olef& (i.e. 0s04, Ru04 
and MnO;) are tetrahedral tetraoxides. ’ Although 
alkaline permanganate is capable of oxidizing 
alkenes to cis- 1 ,Zdiols, the reaction conditions 
must be carefully controlled to prevent over-ox- 
idation.2 No such activity has been demonstrated 
with the heavier group seven species pertechnetate 
(TcO;) and perrhenate (ReO;). A few examples of 
the reverse reaction, the conversion of a coor- 
dinated vicinal diolate into an olefin, have been 
reported with the third row elements tungsten3 
and rhenium.4 This paper describes the oxidation 
of olefins to the corresponding diolates with the 
trioxotechnetium(VI1) complexes TcO,Cl(AA) 
(AA = phen, bpy, Me,-phen, NOz-phen) and the 
thermal decomposition of the oxorhenium(V) diol- 
ate ReOCl(phen)(eg) (eg = 1,Zethanediolate) into 
ReO,Cl(phen) and ethylene. 

EXPERIMENTAL 

Instrumentation 
Fourier transform IR spectra were measured 

from 4800 to 400 cm-’ on an IBM IR/3OS spec- 
trometer with DTGS detector and 2 cm-’ band- 
width. ‘H NMR spectra were recorded at 250 MHz 
on a Bruker WM-250, or at 300 MHz on a Varian 
XL-300. 

*Author to whom correspondence should be addressed. 

Fast atom bombardment mass spectra were mea- 
sured on samples dissolved in a 3-nitrobenzyl alco- 
hol matrix using a MAT 731 mass spectrometer 
operating at an accelerating voltage of 8 kV. The 
source was equipped with an Ion Tech Bl 1N FAB 
gun producing a beam with 6-8 keV xenon neutrals. 

UV and visible absorption spectra were recorded 
on a Hewlett Packard 8451A photodiode array 
spectrophotometer. Elemental analyses were per- 
formed by Atlantic Microlab Inc., Norcross, GA. 

Gas chromatography was performed using a HP- 
5890A capillary gas chromatograph equipped with 
a flame ionization detector. Separation of diols was 
performed with a 28.5 m long, 0.317 mm ID J&W 
fused silica column supporting a 0.25 p film of DB- 
5 (5% phenylmethyl silicone). The temperature pro- 
grammer held the column at 50°C for 4 min then 
ramped at 8” min- ’ to a maximum temperature of 
250°C. 

Syntheses 
Caution! 99Tc is a fi- emitter (tllz = 2.1 x lo5 y). 

All manipulations of solutions and solids were per- 
formed in a laboratory approved for the handling 
of radioisotopes using precautions outlined else- 
where. ’ 

All solvents were of at least reagent grade and 
were used as received unless otherwise noted. Di- 
chloromethane, preserved with 70 ppm of iso- 
pentene, was stirred overnight with concentrated 
H2SO4, washed with saturated aqueous Na2C03, 
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and predried over anhydrous CaCl,. It was then 
distilled under Nz from P40,0 and stored in the 
dark under Nz. Water was passed through a Barn- 
stead Ultrapure ion-exchange column and dis- 
tilled using a Corning AG-1 glass still. TcO&l 
(phen) and TcO,Cl(bpy) were prepared by the 
method of Davison et ~1.~ (Ph,As)[ReOClJ was 
prepared by the method of Cotton and Lippard.7 
Styrene (Aldrich, 99+ %, stabilized with 10-15 
ppm *Bu-catechol) was vacuum distilled (b.p. 45- 
48°C) using a vacuum insulated, glass bead 
packed column. Dibutyl fumarate was prepared 
by condensation of “BuOH (Mallinckrodt) with 
fumaryl chloride (Aldrich, 95%) in Et,0 using 
pyridine to scavenge generated HCl. 

Preparation of TcO,C1(5-NO,-phen) 

To 0.109 g 5-nitro-l,lO-phenanthroline (G. F. 
Smith) was added 10 cm3 MeOH. The ligand was 
dissolved by gentle heating and the resulting solu- 
tion cooled to ambient temperature before adding 
0.5 cm3 of 0.385 M (NH,)[TcO,] (0.193 mmol). The 
solution was stirred and 1.5 cm3 concentrated HCl 
was added dropwise. An olive-green precipitate for- 
med almost immediately. After cooling the reaction 
mixture to -20°C the product was collected on 
a medium porosity fritted glass funnel. After wash- 
ing well with MeOH, the product was dried in 
uacuo overnight. Yield: 77.90 mg, 99%. Found: 
C, 35.8; H, 1.94; Cl, 8.8; N, 10.6. Calc. for C,,H, 
C1N30STc: C, 35.4; H, 1.7; Cl, 10.3; N, 10.3%. 
IR (KBr): 3057 cm-’ (w), 3086(w), 1535(s), 
1516(s), 1489(w), 1456(w), 1430(m), 1419(m), 
1386(m), 1354(m), 1330(s), 1297(w), 1254(w), 
1222(w), 1202(w), 1180(w), 1149(w), 1119(w), 
899(vs), 872(s), 839(m), 824(m), 756(m), 737(w), 
721(m), 654(w). FABMS( +) : 42 373 
(M+H-Cl)+, 357 (M+H-Cl-O)+, 340 (M- 
Cl-20)+. 

Preparation of Tc03C1(3,4,7,8-Me,-phen) 

0.109 g of 3,4,7,8-tetramethyl-l,lO-phenan- 
throline (G. F. Smith) was dissolved in 15 cm3 
EtOH. To the resulting solution was added 0.5 cm3 
of 0.3 M (NH,)[TcO,] followed by 1.5 cm3 of con- 
centrated HCl. A white precipitate (presumably 
Me,-phen - HCl) formed immediately and became 
yellow after stirring overnight. The mixture was 
filtered on a fritted glass funnel and rinsed well with 
MeOH, EtOH and acetone, then dried in wzcuo 
overnight. Yield: 32.66 mg, 52%. IR (KBr): 
vTc=O 892 cm-‘(s), 874(m). 

Reaction of TcO,Cl(AA) with alkenes in CH2C12 

Preparation of TcOCl(DL-4,5-octunediohte) 
(phen). Into a 50 cm3 Erlemneyer flask was added 
0.38 g of truns-Coctene (3.39 mmol), 40 cm3 
of purified CH2C12, and 76.67 mg of chloro- 
trioxo( l,lO-phenanthroline)technetium(VII) (0.212 
mmol). The resulting yellow slurry was mag- 
netically stirred vigorously for approximately 30 
min. The reaction mixture became a homogeneous 
green solution which was filtered through a medium 
porosity fritted glass disc. After adding 20 cm3 of 
n-heptane to the filtrate, the solution was con- 
centrated by rotary evaporation until precipitation 
commenced. Further precipitation was effected by 
chilling to - 20°C. The green microscrystalline pre- 
cipitate was isolated on a medium porosity fritted 
glass funnel and rinsed with n-heptane and n- 
hexane, then dried in vucuo overnight. Yield : 72.01 
mg,72%.Found:C,50.0;H,5.1;Cl,. 7.4;N,5.9. 
Calc. for C2,,H2&1N203Tc : C, 50.6 ; H, 5.1 ; Cl, 
7.5; N, 5.9%. IR (KBr): 3052 cm-‘(w), 2957(w), 
2929(w), 2902(w), 2870(w), 1518(w), 1464(w), 
1457(w), 1425(m), 1413(w), 1223(w), 1069(w), 
990(w), 944(s), 911(w), 873(w), 856(m), 779(w), 
739(w), 725(s), 693(w), 680(w), 662(w), 649(w). ‘H 
NMR (CDC13): 6 10.39 (dd, integral = 8), 10.17 
(dd, 5), 9.01 (m, 12), 8.42 (dd, 12), 8.33 (m, ll), 7.94 
(m, 13), 7.90 (s, 20), 7.63 (m, 12), 5.77 (m, 7), 5.02 
(q, 4), 4.78 (q, 4), 4.19 (m, 7), 2.6-0.7 (“Pr multiplets, 
165). UV-vis (CH,Cl,): Imax 270 nm(29,700 1 
mall ’ cm- ‘), 320(sh), 440(3,000), 640(46), 
820(41). FABMS(+): m/z [ion, abundance]: 913 
[(2M-Cl)+, 3.4%], 894 [(2M+O-2Cl)+, 9.4%], 
474 [M+, 5.6%], 439 [(M-Cl)+, lOO%], 330 
[(M - octanediolate)+, 60%], 327 [(M -Cl - 
octene)+, 52%]. 

Preparation of TcOCl(meso-4,5-octunediolute) 
(phen). Using the procedure above but reacting 
78.68 mg of TcO,Cl(phen) (0.217 mmol) and 
0.42 g of cis-4-octene. Yield: 64.0 mg, 70%. IR 
(KBr): vTti 951 cm-‘. ‘H NMR (CDCl,): 6 
10.33 (dd, integral = 18), 10.24(d, lo), 8.99(dd, 32), 
8.42(dd, 33), 8.33(dd, 34), 7.95(m, 30), 7.89(s, 64), 
7.7-7.5(overlapping multiplets, 29), 5.98(m, 19), 
5.36(m, 32), 4.82(m, 1 l), 2.4-0.6(“Pr multiplets, 
- 640). FABMS(+): m/z439 (M-Cl)+. 

Preparation of TcOCl(DL-4,5-octunediohte)(5- 
NO*-phen). Using the procedure above but reacting 
23.78 mg of TcO,Cl(S-NOz-phen) (0.058 mmol) 
and 0.25 g of cis-4-octene. Yield: 18.6 mg, 61%. 
Found: C, 46.3; H, 4.5; Cl, 6.7; N, 8.1. Calc. for 
Cz0Hz3C1N30gTc: C, 46.2; H, 4.5; Cl, 6.8; N, 
8.1%. IR (KBr): vTc=O 956 cm-‘. ‘H NMR 
(CDC13): 6 10.6O(m, integral = 6), 10.37(m, 4), 
9.2(overlapping multiplets, 21), 8.86(m, 9), 8.63(d, 
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6), 8.54(m, 4), 8.l(m, II), 7.8(m, ll), 5.76(m, S), 
4.96(m, 4) 4.72(m, 4), 4.18(m, 8), 2.6-0.6(‘W mul- 
tiplets, N 136). UV-vis (CHzC13: 1max(s) 234 
nm(27,OOO 1 mol- ’ cm-‘), 276(32,000), 305(sh), 
315(sh), 33O(sh), 474(3,300). FABMS( +) : m/z 484 
(M-Cl)+. 

Preparation of TcOCl(meso-dibutyltartrate) 
(phen). Using the procedure above but reacting 
61.34 mg of TcO,Cl(phen) (0.169 mmol) and 
0.26 g of dibutyl maleate (Aldrich, 90%). Yield: 
61.18 mg, 61%. IR (KBr): vTc=O 953 cm-‘. 
vCk0 1740 cm-‘. ‘H NMR (CDC13): 6 10.28(m, 

integral = 5), lO.O8(dd, 8), 9.48(m, 8), 8.95(td, 5), 
8.51(dd, 13) 8.37(m, 13), 7.97(overlapping mul- 
tiplets, 38), 7.64(m, 14), 6.7(methine, 5), 6.G 
5.5(methine, 21), 4.5-3.8(a-methylene, 56), 1.9- 
l.l(methylene, 1 lo), l.lLO.7(methyl, 60). FABMS 

(+): m/z [ion, abundance]: 555 [(M-Cl)+, 
100%],460[(M-(C4H9)20)+, 8%],425 [(M-Cl- 
(GH&O)+, 36%], 327 [(M-Cl-C,zHz”OJ+, 5%]. 

microscrystalline product. Found : C, 5 1.1 ; H, 3.5 ; 
Cl, 7.7 ; N, 6.0. Calc. for C2”H1”C1N203Tc : C, 
51.5; H, 3.5; Cl, 7.6; N, 6.0%. IR (KBr): 3056 
cm- ‘(w), 2903(w), 2845(w), 1629(w), 1605(w), 
1579(w), 1520(m), 1490(w), 1452(w), 1429(s), 
1305(w), 1226(w), 1142(w), 1110(w), 1082(w), 
1025(w), 1013(m), 999(m), 948(s), 916(m), 873(w), 
856(m), 847(s), 806(w), 761(w), 740(w), 724(s), 
703(m), 685(m), 649(m), 631(w), 595(w), 586(w), 
575(w), 508(w), 445(w). ‘H NMR (CDC13) : 6 10.42, 
10.40 (2 overlapping dd, integral = 1 l), lO.l4(d, 4) 
9.13(m, ll), 9.06(dd, 4), 8.86(d, 3), 9&8.3(m, 30), 
8.1-7.8(m, 49), 7.8-7.6(m, 13), 7.55-7.3(m, 28), 
7.20(s, 36), 6.9(dd, 5),6.42(dd, 3), 6.21(dd, 7), 6.0(2 
overlapping dd, 4), 5.85(dd, 5), 5.74(dd, 4), 5.48(2 
overlapping dd, 8), 5.09(dd, 3), 4.86(dd, 3), 4.3 l(t, 
4). FABMS(+) : m/z [ion, abundance] : 467 
[(M+H)+. 3%]. 431 [(M-Cl)+. loo%]. 330 
[(M + H - styrenediolate)’ , 41 ‘I/o], 327 [(M + H - 
Cl - styrene)+ , 16%]. 

Preparation of TcOCl(DL-dibutyltartrate)(phen). 
Using the procedure above but reacting 32.64 mg 
of TcO,Cl(phen) (0.090 mmol) and 0.23 g dibutyl 
fumarate. Yield: 21.94 mg, 41%. TR (KBr): 
vTc=O 960 cm-‘, vC=O 1739 cm- ‘. ‘H NMR 
(CDClJ : 6 lO.l5(dd, integral = lo), lO.O4(dd, 15), 
9.47(dd, 15), 8.91(dd, lo), 8.47(dd,24),8.34(m,24), 
7.94(m, 25) 7.90(s, 46), 7.63(m, 28), 6.61(d, ll), 
5.49(d, 11) (AB q: BA = 5.63, &, = 5.53, 
JAB = 7.7 Hz, integral = 24) 4.5-3.8 (a methylene, 
97) 2.&l.l(methylene, 217), 1.1-0.5 (methyl, 126). 

Preparation of TcOCl( 1,2-cyclohexanediolate) 
(bpy). Using the procedure above but by react- 
ing 13.29 mg of TcO,Cl(bpy) (0.039 mmol) and 
cyclohexene (MC/B). Yield: 5.0 mg, 30%. IR 
(KBr) : vTc=O 949 cm- ‘. FABMS( +) : m/z [ion, 
abundance] : 420 [M+, 3%], 385 [(M-Cl)+, lOO%]. 

Preparation ef TcOCl(DL-5,6-decanediolufe) 

(3,4,7,8-Me,-phen). Using the procedure above 
but reacting 13.75 mg of TcO$1(3,4,7,8-Mer 
phen) (0.033 mmol) and trans-5-decene. Yield: 
11.5 mg, 63%. IR (KBr): vTc==O 939 cm- ‘. ‘H 
NMR (CDC13) : 6 10.07(s, integral = 9), 9.88(s, 6), 
8.98(s, 3), 8.74(s, 3), 8.70(s, 9), 8.14(s, 3), 7.98(s, 23), 
5.74(m, 8), 5.02(m, 3), 4.79(m, 3), 4.20(m, 7), 2.9 
2.3(methyl singlets, 150), 2.3-0.7 (nBu multiplets, 
200). 

Preparation of TcOCl(phenyl- 1,2_ethanediolate) 
(bpy). Using the procedure above but by react- 
ing 9.14 mg of TcO,Cl(bpy) (0.027 mmol) and 
distilled styrene. Yield : 5.07 mg, 42%. IR (KBr) : 
vTc=O 952 cm- ‘. FABMS( +) : m/z [ion, abun- 
dance]: 849 [(2M-Cl)+, 3%], 830 [(2M-2Cl+O)+, 
0.4%], 443 [(M+H)+, 4%], 407 [(M-Cl)+, lOO%], 
306 [(M - styrenediolate)+, 45%], 303 [(M -Cl - 
styrene) + , 26%], 287 [(M-Cl-styrene-O)+, 
39%]. 

Reaction of TcO,Cl(AA) with alkenes in acetone 

Preparation of TcOCl(DL-diphenyl-1,2-ethane- 
dioZate)(phen). Using the procedure above but by 
reacting 24.66 mg of TcO,Cl(phen) (0.068 mmol) 
and trans-stilbene (Aldrich, 96%). Yield : 18.19 mg, 
49%. IR (KBr): vTc=O 947 cm-‘. ‘H NMR 
(CDCl,): 6 10.5(d), 9.3(d), 8.5(d), 7.9(m), 7.6-6.6 
(overlapping multiplets), 6.7(d), 5.2(d). 

Preparation of TcOChphenyl- 1 ,Zethanediofate) Preparation of TcOCl(meso-diphenyl- 1,2-ethane- 
@hen). To 1 cm3 styrene combined with 1 cm3 dioZate)(phen). Using the procedure above but by 
acetone was added 50.66 mg of chloro- reacting 28.54 mg of TcO,Cl(phen) (0.079 mmol) 
trioxo( 1, IO-phenenthroline)technetium(V) (0.140 and cis-stilbene (Aldrich 97%). Yield: 16.65 mg, 
mmol). After 20 min, 15 cm3 CHzClz was added 39%. Found : C, 56.5 ; H, 4.0; Cl, 6.5. Calc. for 
to the resulting yellow-green slurry to dissolve C2,H,,ClN,03Tc: C, 57.5; H, 3.7; Cl, 6.5%. 
the product. The solution was filtered through FABMS( +) : m/z [ion, abundance] : 543 [(M + H)+, 
paper then concentrated by evaporation. To the 4%], 507 [(M-Cl)+, lOO%], 330 [(M- 
filtrate was added hexane until precipitation was stilbenediol)+ , 82%], 327 [(M-Cl-stilbene)+, 
incipient. After chilling to -20°C a precipitate 16%], 543 [(M-Cl-stilbene-O)+, 66%]. ‘H 
formed which was filtered in a fritted glass funnel NMR (CDCl,): 6 10.24(dd, lH), 9.14(dd, lH), 
and washed with hexane. The product was dried in 8.45(overlapping multiplets, 2H), 7.93(overlapping 
uacuo overnight yielding 48.05 mg, 74% of the green multiplets, 3H), 7.70(dd, lH), 7.45(d, J = 6.1 Hz, 
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lH), 7.3-6.9(overlapping multiplets, N lOH), 
6.62(d, J = 6.2 Hz, 1H). 

Preparation of TcOCl(DL-5,6_decanediolate) 
(phen). Using the procedure above but by react- 
ing 46.2 mg of TcO,Cl(phen) (0.127 mmol) 
and 5-decene (Aldrich, 99+ %). Yield : 49.1 mg, 
77%. Found: C, 52.4; H, 5.6; Cl, 7.1 ; N, 5.6. Calc. 
for C2zH&1N203Tc : C, 52.5 ; H, 5.7 ; Cl, 7.0 ; 
N, 5.6%. IR (KBr): vTc=O 948 cm-‘. ‘H NMR 
(CDCl,): 6 10.38(dd, integral = 6), lO.l8(dd, 3), 
9.02(dd, lo), 8.41(dd, lo), 8.33(dd, lo), 7.95(m, lo), 
7.89(s, 18),7.63(m, 12),5.78(m,6),5.04(~,3),4.78(q, 
3), 4.2O(m, 7), 2.5-0.7 (“Bu multiplets, 180). UV- 
vis (CHzClJ: dmax(s) 270 nm(32,lOO dm3 mol-’ 
cm- ‘), 444(3000), 628(70), 810(60). FABMS( +) : 
m/z [ion, abundance] : 503 [(M+H)+, 0.6%], 467 
[(M-Cl)+, lOO%], 409 [(M+Cl-C,H,,,)+, l%], 
330 [(M - decanediolate)+, 27%], 327 [(M -Cl - 
decene)+, lo%]. 

vent was removed at reduced pressure and the resi- 
due was recrystallized from CH,Cl,-hexane. IR 
(KBr) : vTc=O 948 cm- ‘. ‘H NMR ((CD,),CO) : 
6 10.29 (dd), 10.11 (dd), 8.95 (dd), 8.80 (dd), 8.70 
(dd), 8.19 (m), 7.85 (m), (AB : aA = 5.80, &, = 5.53, 
J = 11.0 Hz), (AB q: aA = 4.91, 8a = 4.78, 
JAB = 10.5 Hz), 1.53 (s), 1.29 (s), 1.17 (s), 1.05 (s). 
FABMS( +) : m/z 383 (M -Cl)‘. 

Preparation of TcOCl(uinyl- 1,2-ethanediolate) 
(phen). Using the procedure above, but substitut- 
ing 1,3-butadiene (Matheson, C.P.) for the iso- 
butylene, 8.42 mg of TcO,Cl(phen) (0.023 mmol) 
was converted to the corresponding diolate 
complex. IR (KBr): VT& 951 cm-‘. ‘H NMR 
(CDC13) : 6 10.5-7.5(aromatic protons, inte- 
gral = 69), 6.6-4.l(olefinic and aliphatic protons, 
integral = 47). Ratio of aromatic to others, 8 : 5.4 ; 
talc. for TcOCl(vinyl-1,2_ethenediolate)(phen), 
8 : 6. FABMS( +) : m/z 381 (M-Cl)+. 

Reaction of TcO,Cl(AA) with gaseous alkenes One pot reaction from pertechnetate 

Preparation of TcOCl(eg)(phen). To 18 cm3 of 
CHzClz in a 20 cm3 disposable vial was added 34.59 
mg of chlorotrioxo( 1,l O-phenanthroline)techne- 
tium(VI1) (0.095 mmol). Ethylene (Matheson, C.P. 
grade) was gently bubbled through the solution 
for approximately 1 h, periodically adding di- 
chloromethane to compensate for evaporative 
losses, until the solution became clear green. 
Heptane was added and the solution was con- 
centrated under vacuum until a green mic- 
rocrystalline precipitate appeared. Yield : 28.33 mg, 
76%. 

The product is spectroscopically identical to the 
crystallographically characterized material pre- 
pared by the reaction of [TcOCl,]- with HOCHl 
CHIOH and phen.’ 

Preparation of TcOCl( I,1 -dimeth?ll- 1,2-ethane- 
dioZate)(phen). Into a 100 cm3 round bottomed flask 
with a side-arm and stopcock was added 20 cm3 of 
acetone and 29.58 mg of chlorotrioxo(l,lO-phen- 
anthroline)technetium(VII) (0.082 mmol). The flask 
was then sealed with a latex balloon and isobutylene 
(Matheson, C.P.) was admitted through the side- 
arm. The balloon was filled and deflated twice to 
purge the air trapped in the system. The balloon 
was once again filled and the solution stirred 
rapidly. The dissolution of isobutylene in the ace- 
tone solution was enhanced by chilling the flask in 
a salt-ice-water bath until the balloon had com- 
pletely collapsed. The solution was stirred at ambi- 
ent temperature for two additional hours, by which 
time the solution had become clear green. The sol- 

Preparation of TcOCl(DL-4,5_octanediolate) 
(phen). To 20 cm3 of anhydrous EtOH in a 50 
cm3 Erlenmeyer flask was dissolved 0.28 g of 
1 , 1 0-phenanthroline monohydrate (1.41 mmol) fol- 
lowed by 0.5 cm3 of 0.42 M (NHJTcO,] (0.21 
mmol). To the stirred solution was added 3 cm3 of 
cont. HCl. After 1 min, 0.6 g of trans-Coctene was 
added followed by sufficient CHzClz and water to 
form two phases. The green organic layer was sep- 
arated and the aqueous layer was discarded. The 
organic layer was washed with two portions of 
dilute HCl, then dried over anhydrous NazSO,. 
After filtration, the solvent was removed at reduced 
pressure leaving small green crystals suspended in 
a colourless oil. The product was isolated by adding 
Et,O, then filtering on a fritted glass funnel. The 
product was washed with additional Et,0 and dried 
in vacua overnight. Yield : 40.16 mg, 40%. 

Hydrolysis reactions 

* Other drying agents, such as Na$O, or KzC03 were 
subsequently determined to be preferable. 

Preparation of 4,5-octanediols. Into a stirred 
mixture of 30 cm3 of Et,0 and 10 cm3 of cont. 
HCl in a 100 cm3 Erlenmeyer flask was added 
57.41 mg chlorooxo(DL-4,5-octanediolato)(l,lO- 
phenanthroline)technetium(V) (0.121 mmol). The 
colour rapidly changed from green to bright yellow. 
The yellow solid was removed by filtration through 
paper. The precipitate was determined to be TcO 
Cl,(phen) by its IR spectrum, vTc=O 978 cm-’ 
(lit. 977 cm- ‘). The two phases of the filtrate were 
separated, saving the organic layer then drying it 
with MgS04.* The drying agent was removed by 
filtration and the filtrate was evaporated to a 
colourless oil. Yield N 7 mg, 40%. A similar 
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hydrolysis reaction was performed for the meso iso- 
mer. 

Preparation of phenyl-1 ,Zethanediol. Hydrolysis 
was carried out as above, but reacting 15.36 mg 
of TcOCl(OCHPhCH,O)(phen) (0.033 mmol). The 
product was purified by vacuum sublimation at 
100°C. ‘H NMR (CDCl,): 6 7.37 (m, 5H), 4.84 
(dd, lH), 3.76 (dd, lH), 3.68 (dd, lH), 2.5 (broad, 
- lH), 1.26(s, - 1H). EIMS(+) 2O”C, 30 eV; m/z 
[ion, abundance] : 138 [(M)+, 39%], 120 
[(M-H,O)+, 4%], 107 [(M-CH,OH)+, lOO%], 
91 [(C7H7)+, 5%], 79 [(C,H,)+, 45%]. 

Preparation of ReOCl(eg)(phen). To 35.05 mg of 
(Ph,As)[ReOClJ (0.048 mmol) in a disposable vial 
was added 1.5 cm3 of MeOH and 0.5 cm3 of 1,2- 
ethanediol (Fisher). The resulting blue solution was 
stirred for 5 min before adding 41 mg of crystalline 
1 , 1 0-phenanthroline monohydrate (Baker, 0.207 
mmol) with vigorous stirring. The solution immedi- 

ing under vacuum, the red-brown colour faded 
within 5 min. The resulting off-white powder 
was cooled under vacuum and reweighed (22.3 
mg). Mechanical losses in transfer make accurate 
weight-loss determination impossible at this 
scale. IR (KBr): 3058 cn- ‘(w), 1629(w), 1583(w), 
1520(m), 1494(w), 1428(m), 1412(w), 1314(w), 
1224(w), 1203(w), 1144(w), 111 l(w), 942(s), 
922(s), 910(s), 873(m), 851(s), 776(w), 743(m), 
722(s), 653(w), 509(w), 492(w), 430(w), 419(w). 
FABMS(+): m/z 415 (M-Cl)+. 

RESULTS AND DISCUSSION 

Slurries of TcO,CI(AA) (AA = phen, bpy, Me,- 
phen, NO*-phen) in acetone or dichloromethane 
react with a wide variety of olefins (C,R,) to form 
the corresponding technetium(V) diolates, TcOCl 

(OCR&R@)(AA) [es. (111. 

RI , 5 x Acetone 

5 % 22°C 
(1) 

ately became red-brown and a precipitate gradual- 
ly formed. The solid (17.29 mg, 75%) was collected 
on a medium porosity fritted glass funnel and rinsed 
with methanol and hexanes, then dried in uacuo at 
room temperature. The product is slightly soluble 
in CH2C12. IR (KBr): 3050 cm-‘(w), 2914(w), 
2845(m), 1631(w), 1574(w), 1516(w), 1489(w), 
1454(w), 1429(m), 1414(w), 1326(w), 1250(w), 
1226(w), 1210(w), 1061(w), 1021(s), 963(vs), 907(s), 
875(w), 851(s), 829(w), 781(w), 740(w), 719(s), 
656(m), 651(m), 617(s), 541(m), 514(w), 508(w). ‘H 
NMR (CDCl,): 6 9.42(dd, lH), 8.90(dd, lH), 
8.39(dd, lH), 7.97(m, IH), (AB q: aA = 8.04, 
LIB = 7.89, JAB = 9.17 Hz, 2H), 7.72(dd, lH), 
7.63(m, lH), 5.67(m, lH), 5.11(m, lH), 4.68(m, 
lH), 4.27(m, 1H). FABMS(+): m/z [ion, abun- 
dance] : 478 [(M)+, 55%], 443 [(M-Cl)+, lOO%], 
418 [(M-0CH2CH20)+, 30%], 415 [(M-Cl- 
CzHJ+, 60%], 399 [(M-Cl-CzH4-O)+, 30%]. 

Thermolysis of ReOCl(eg)(phen) 

Preparation of ReO$l@hen). Chloro( 1,2- 
ethanediolato)oxo( 1,10 - phenanthroline)rhenium(V) 
(26.0 mg, 0.054 mmol) was placed in a 25 cm3 
round-bottom flask. The system was carefully 
evacuated to N 0.2 torr and then heated in an oil 
bath to 160°C for 1 h. No reaction was evident. 
On subsequent heating to 220°C while remain- 

The isolated yields of the diolate products, sum- 
marized in Table 1, are generally greater than 70%. 
Variations in the yield depend strongly on the scale 
of the reaction, since mechanical losses in manipu- 
lations are significant. The choice of olefin, 
however, does not seem to alter the per cent con- 
version. The one pot reaction involving Tc03 
Cl(phen) generated in situ has a comparable pro- 
ductivity based on pertechnetate, since the starting 
material is generally isolated in yields of less than 
80%. 

The different chelating aromatic diamine ligands 
1 , 1 0-phenanthroline, 2,2’-bipyridine, 5-nitro- 1, lo- 
phenanthroline, and2,3,7,8-tetramethyl-l,lO-phen- 
anthroline were studied in order to investigate the 
possibility of manipulating the reaction with subtle 
inductive changes in the trioxotechnetium 
complexes. The inductive effect of these ligands on 
the reduction potential of metals is well known 
because the tris-chelate complexes of iron are com- 
monly used as redox indicators. No qualitative 
differences in the reactivity of TcO,Cl(AA) as a 
function of AA were noted. The nitro- 
phenanthroline ligand, however, does induce 
changes in the spectral and solubility properties of 
the complexes. The complex Tc03Cl(5-NOz-phen) is 
produced in nearly quantitative yields due to its 
extreme insolubility in the reaction mixture. This 
trioxotechnetium starting material is olive-green, 
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Table 1. Isolated yields of diolates from Tc mediated 
oxidation of olefins 

quite unlike all of the others which are pale yellow. 
Furthermore, when this species is reacted with 
alkenes, the resulting technetium(V) diolate com- 
plexes are red-brown rather than the usual bright 
yellow-green. 

Olefin Yield (%) Scale (mmol) 

BuO 

O'BU 

0 

0 
I 

\ 

II 

72 0.212 

70 0.217 

61 0.169 

41 0.090 

42 0.027 
74 0.140 

30 0.039 

49 0.068 

39 0.079 

77 0.127 

76 0.095 

Although perrhenyl chloride has been shown to 
oxidize olefins with the major product being the 
corresponding chlorohydrin,g no significant con- 
version was detected from the reaction of chlo- 
rotrioxo( l,lO-phenanthroline)rhenium(VII) with 
olefins, even after prolonged refluxing. Conversely, 
the Rev diolate complex ReOCl(eg)(phen) is con- 
verted to ReO$l(phen) on heating in mcuo, 
whereas the technetium(V) diolates have no such 
reactivity. 

The oxidative cleavage reaction of the osmate 
(VI) esters of diols has long been assumed to 
regenerate 0~0, as the catalytically active species. lo 
However, recent evidence suggests that an osmi- 
um(VII1) oxyhalide complex may also be involved 
in some cases. Myers et al. ” noted that the rate 
of O2 oxidized, Cu cocatalysed, OS catalysed, diol 
formation depends directly on the halide : OS ratio 
up to values of 5 : 1. The absence of 0~0, in the 
distillates of these reactions gives further evidence 
for halide coordination since the oxyhalides are 
expected to be significantly less volatile. The tech- 
netium system validates this hypothesis being the 
first example of an isolated oxyhalide with which 
cis-dihydroxylation of olefins has been dem- 
onstrated. 

The mechanism generally proposed9 for the 
metal mediated vicinal dihydroxylation reactions 
involves a concerted [3 +2] cycloaddition [eq. 
(211. Arguing that transition metals are more elec- 
tropositive than oxygen ; Sharpless et al. suggest” 
that alkenes, being weak nucleophiles, might be 
bonded to the metal atom in the first step of these 
reactions [eq. (3)]. The fact that 0~0~ preferentially 
reacts with more nucleophilic alkenes further sup- 
ports this hypothesis. The direct attack at the metal, 
however, seems unlikely for the trioxotechnetium 
complexes, which arecoordinatively saturated octa- 
hedral complexes. 

O‘\ I3 
// 

LM Cl 
\ 

0 ( / 
- 4lM 

\ T 
R 

(2) 

R -R 
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0 

(a) $1 II 
N 

0 

Scheme 1. Potential paths for [3 + 23 addition. 

Scheme 1 shows the three possible paths through 
which an alkene can approach two of the 0x0 
ligands in the cycloaddition reaction. Note that the 
two 0x0 ligands cis to the coordinated chloride in 
the TcO&l(AA) starting material are equivalent by 
virtue of a mirror plane passing through the lruns 
0x0 and the chloride, and bisecting the bidentate 
aromatic amine. In the case of a symmetric alkene 
(e.g. ethylene), paths (a) and (b) are degenerate, 
each yielding one of the enantiomers of the asym- 
metric centre at the technetium atom. Path (c) 
would yield a complex with mutually tram 0x0 and 
chloride ligands. Since all of the spectral evidence 
suggests that only cis complexes are formed, path 
(c) must therefore not contribute appreciably to the 
formation of products. 

When substituted alkenes are used, the possibility 
of geometric isomers arises. Proton NMR spec- 
troscopy therefore becomes extremely useful in ana- 
lysing the technetium(V) diolate complexes. 
Although oxotechnetium(V) complexes are effec- 
tively closed-shell and diamagnetic, ’ ’ appreciable 
position dependent variations in chemical shifts can 
be induced14 by the ring currents associated with 
the multiple bonding to the 0x0 ligand. Circulation 
of electrons about the aromatic amine ligands pre- 
sumably adds to this local magnetic field 
anisotropy. All of the spectra indicate that the sub- 

stituents on the ethanediolate backbone are dia- 
stereotopic with the distinctive splitting patterns 
being well separated due to the combined ring cur- 
rents. Furthermore, since the protons a to the nitro- 
gen donors of the aromatic amine ligands are most 
shifted, often to > 10 ppm, and are therefore far 
removed from the other signals, the number of these 
resonances is indicative of the number of isomers 
in solution. 

The analysis is straightforward for a 1,2-di- 
substituted alkene, e.g. trans-4-octene. The proton 
NMR spectrum of DL-TcOCl(OCHPrCHPr0) 
(phen) (Fig. 1) clearly shows two resonances for 
one of the a protons on the phenanthroline ligand 
at 10.4 and 10.2 ppm with relative intensities of 
N 2 : 1 indicating a non-statistical mixture of the 
two isomers. There is also a 2: 1 ratio of intensi- 
ties of the resonances for the methine protons of 
the octanediolate backbone. The major isomer 
has resonances at 5.8 and 4.2 ppm and the minor 
isomer has resonances at 5.0 and 4.7 ppm. Since 
the largest shifts from the average value for the 
methine protons occur in the major isomer, it might 
be deduced that the alkyl groups are preferentially 
going to the lesser shifting region of space which 
is presumably also a less sterically crowded area. 
The two possible isomers are shown in Scheme 2. 

The NMR spectra indicate that the oxidation 
reaction is completely stereospecific since cis and 
truns alkenes give totally different products. In 
order to determine the stereochemistry of addition, 
the octanediolate derivatives were hydrolysed by 
treating them with concentrated aqueous HCI yield- 
ing free dials and TcOCl,(phen). Gas chro- 
matographic retention times were compared to 
those of authentic samples of meso- and DL-4,5- 
octanediol which were prepared by osmium tet- 
roxide oxidation of cis- and trans-Coctene, respec- 
tively. The reaction of TcO,Cl(phen) with c&C 
octene gives only the meso diol whereas a similar 
reaction with trams-4-octene gives 80% of the DL 
and 20% of the meso isomers. Some racemization 
may have occurred during the latter hydrolysis reac- 
tion. 

The technetium centred oxidation of olefins and 
the rhenium centred reduction of diols are con- 
ceptually the forward and reverse reactions of the 
equilibrium shown below in eq. (4). 

(4) 
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Fig. 1. Proton NMR spectrum of TcOCl(DL-4,5_octanediolate)(phen). 

The direction of the reaction is governed pri- 
marily by the oxidation/reduction potentials of the 
central metals in their + 5 and + 7 oxidation states. 
These results are therefore consistent with the usual 

Scheme 2. The origin of two isomers from the oxidation 
of trans-4-octene. 

periodic trends for second and third row transition 
metals having similar environments in which the 
third row elements are more easily oxidized and the 
second row elements are more easily reduced. 

Although the stoichiometric oxidation of alkenes 
with technetium is not likely to be commercially 
feasible due to the radioactivity of this element, 
this reaction provides the basis for investigating 
catalytic oxidation of alkenes to diols using the 
group 7 metals. Furthermore, the reactions dis- 
cussed here give significant new insights into the 
already well utilized reactions of osmium tetroxide 
and permanganate. 
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Abstract-From the reaction between 1,2-W2C12(NMe2)4 and NaCp (Cp = C5HS) (two 
equiv.) in toluene, a yellow-orange, hydrocarbon-soluble, crystalline solid of formula 
W2Cp2(NMe2)4 has been obtained. NMR data are consistent with a gauche 1,2- 
W2R2(NMe2)4 molecule having a W-W triple bond and restricted rotations about the 
W-N bonds. The NMR data, however, do not uniquely define the nature of the Cp-W 
bonding beyond the fact that there are five time-averaged equivalent carbon and hydrogen 
atoms. No crystals suitable for an X-ray study were obtained. The related reaction involving 
1,2-W2C12(NMe2)4 and LiC9H7 (C9H7 = indenyl) (two equiv.) gave an orange, hydro- 
carbon-soluble, crystalline compound. The NMR data are indicative of a gauche 1,2- 
W2R2(NMe2)4 molecule in solution having a virtual C2 axis of symmetry and restricted 
rotations about the W-N bonds. An X-ray study revealed the presence of the gauche 
rotamer and that the indenyl-metal bonding was q3-C,H,. Pertinent bond distances (A) 
and angles (“) for 1,2-W2(q3-CgH7)2(NMe2), are W-W = 2.334(l), W-N = 1.96(l) (av.), 
and W-q3-C,(indenyl) = 2.36(1)-2.54(l), W-W-N = 102(l) (av.) and W-W-C(q3-C3(in- 
denyl)) = 91-117”. The reaction between 1,2-W,Cp,(NMe,), and EtCOOCOEt (> four 
equiv.) proceeds in hydrocarbon solvents to give the compound W2Cp2(NMe2)(02CEt)3 
and Me,NCOEt (three equiv.) in contrast to other 1,2-W2R2(NMe2)4 compounds which 
yield either W2(02CEt)4 when R contains p-hydrogen atoms or W2R2(02CEt)4 compounds. 
The molecular structure of W2Cp2(NMe2)(02CEt)3 can be viewed as two fused four-legged 
piano-stools sharing an edge, p-NMe2 and p-q’-02CEt, with a pair of bridging 02CEt 
ligands spanning a W-W bond of distance 2.78 A. The Cp ligands form W-q5-CgH5 bonds 
roughly trans to the W-W axis. 

We have been systematically investigating the 
chemistry of compounds containing a central 
(MEM)~+ moiety, where M = MO and W, with 
respect to their coordination chemistry, electronic 
structures and reactivity.2 The first members of this 
now extensive class of compounds were prepared 

* For part XV, see ref. 1. 
t Author to whom correspondence should be addressed. 

by Wilkinson et al. : M2[CH2Si(CH3)3]6.3S4 Much 
of the work in this laboratory has involved the use 
of attendant n-donor ligands such as OR, NMe2, 
SR and more recently PR2.5 We are interested in 
comparing the relative n-donor properties of these 
ligands towards the (MEM)~+ centre and to inves- 
tigate the n-donor strengths of q”-C, n-ligands rela- 
tive to those of dimethylamido ligands. 

For compounds of formula 1,2-MzX2(NMe2)4 
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Fig. 1. Variable temperature (300 MHz) ‘H NMR spectra for W,(indenyl),(NMe,), showing the two 
characteristic pairs of proximal and distal NMe resonances of a gauche rotamer. Above 30 and 8O”C, 

respectively, rotation about the N-Me bonds is rapid to give two time-averaged N-Me signals. 

large downfield chemical shifts in the ‘H NMR 1,2-W2R,(NMe,),+4EtOOCOEts 
spectra have previously been associated with close hexane 

proximity to the large diamagnetic anisotropy due Wz(02CEt)4+4Me,NCOEt +alkene+alkane (3) 
to metal-metal triple bonds. 

One further chemical comparison was made for (R = /?-hydrogen containing alkyl) 

the 1,2-W,R,(NMe,), compounds for R = Cp ver- 
sus alkyl, benzyl and aryl. This involved the reaction 
with propionic anhydride. The 1,2-dialkyl com- 

1,2-WzR2(NMe&,+4EtOOCOEt~ 

pounds have previously been shown to react 
according to either eq. (3) or (4) depending upon 1,2-WzR2(02CEt)s+4Me2NCOEt (4) 

the nature of R. 12*1 3 (R = benzyl, aryl and non-/I-hydrogen alkyl). 
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The reaction between 1,2-W,Cp@JMeJ, and 
EtOOCOEt proceeded differently to both of the 
above [eqs (3) and (4)] in as much as only three 
equiv. of EtCOOCOEt were consumed even when 
excess propionic anhydride was present. The prod- 
uct in these reactions had the formula Cp,W* 
(NMe2)(02CEt)3. Again this was suggestive of the 
role of the Cp ligand as a q” type ligand (n > l), 
though from the NMR data a structure for the 
new compound could not be unambiguously 
formulated. 

Solid state and molecular structures 

Despite several examinations of crystals of 1,2- 
M$p,(NMe& samples, no crystal proved suitable 
for a detailed single crystal X-ray study. 

1,2-W1(CsH&(NMe2)+ An ORTEP drawing of 
the gauche 1,2-WZ(C9H7)2(NMe2)4 molecule is 
given in Fig. 2. The molecule has virtual C2 sym- 
metry but in the space group Pi no crystallographic 
symmetry is imposed. Thus, with one unique mol- 
ecule in the unit cell we obtain bonding parameters 
for two independent indenyl-tungsten moieties. 

Selected bond distances and bond angles are 
given in Tables 1 and 2. The W-W distance of 
2.334(l) 8, is well within the range expected for an 
unbridged (WEW)~+ moiety with the M-M MO 
valence configuration a2rr4. The W-N distances 
span a range 1.955(10t1.975(9) A and are essen- 
tially the same as those in WZ(NMe& and 
W2RZ(NMe2)4 compounds. The bonding to the 
indenyl ligand is distinctly of the q3-indenyl mode. 

Table 1. Selected bond distances (A) for the W,(in- 
denyl),(NMe,), molecule 

A B Distance 

W(1) W(2) 2.3344(8) 
W(1) N(3) 1.975(9) 
W(l) N(6) 1.966(10) 
W(1) CUO) 2.513(11) 
W(l) C(l1) 2.361(11) 
W(1) C(12) 2.414(12) 
W(2) N(18) 1.955(10) 
W(2) NV) 1.965(10) 
W(2) ~(25) 2.542( 11) 
W(2) C(26) 2.392( 12) 
W(2) c(27) 2.443( 12) 
C(lO) C(ll) 1.439(17) 
C(ll) C(l2) 1.417(18) 
c(25) C(26) 1.420( 19) 
C(26) c(27) 1.457(20) 

For both W-&H, moieties there are short W-C 
bond distances W(l)-C(ll) = 2.36(l) A and 
W(2)--C(26) = 2.39(l) A. These are distinctly too 
long to be considered simple W-C a-bonds for 
which we would expect distances in the range 2.14- 
2.21 8, depending upon the hybridization at carbon, 
sp2 versus sp3, respectively.‘,’ In addition to the 
short W-C indenyl distance, each ring has two 
other W-C distances that are within n-bonding 
range, namely W(I)--C(l0) = 2.51(l) A, W(l)- 
C(12) = 2.41(l) A and W(2)---C(25) = 2.54(l) 
A, W(2)-C(27) = 2.44(l) A. The other W-C 

Fig. 2. An ORTEP drawing of the W&,H&(NMe& molecule giving the atom number scheme 
used in the Tables. 
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Table 2. Selected bond angles (“) for the W,(in- 
denyl),(NMeJ, molecule 

A B C Angle 

W(2) 
W(2) 
W(2) 
W(2) 
W(2) 
N(3) 
N(3) 
N(3) 
N(3) 
N(6) 
N(6) 
N(6) 
C(l0) 
C(l0) 
C(l1) 
W(1) 
W(1) 
W(1) 
W(1) 
W(1) 
N(l8) 
N(l8) 
N(l8) 
N(l8) 
N(21) 
N(21) 
N(21) 
C(25) 
C(25) 
Ct26) 

N(3) 
N(6) 
C(l0) 
C(l1) 
C(l2) 
N(6) 
C(l0) 
C(l1) 
C(l2) 
C(l0) 
C(l1) 
C(l2) 
C(l1) 
C(l2) 
C(l2) 
N(l8) 
N(21) 
C(25) 
C(26) 
c(27) 
N(21) 
c(25) 
C(26) 
c(27) 
c(25) 
C(26) 
c(27) 
C(26) 
~(27) 
c(27) 

102.61(27) 
102.1(3) 
117.03(27) 
92.5(3) 

101.6(3) 
106.2(4) 
86.1(4) 

114.7(4) 
140.9(4) 
135.4(4) 
132.7(4) 
98.2(4) 
34.2(4) 
55.5(4) 
34.5(4) 

102.7(3) 
101.5(3) 
116.4(3) 
92.0(3) 

102.0(3) 
106.0(4) 
135.5(4) 
132.6(5) 
97.5(4) 
87.1(4) 

115.0(5) 
142.0(4) 
33.3(4) 
55.6(4) 
35.0(5) 

distances to the carbon atoms that are common to 

both the CJ and C6 membered rings are W(l)-C 
(9) =2.85(l) A, W(l)-C(13) = 2.81(l) 8, and 
W(2)-C(24) = 2.87(l) A, W(2)-C(28) = 2.81(l) 
A and are clearly not important with respect to 
indenyl-tungsten bonding. 

Cp,W&-NMe,)(,u-OC(O)Et)(OrCEt),. An 
ORTEP drawing depicting the structure of this 
unusual molecule is given in Fig. 3. Since the struc- 
ture is not germane to the arguments presented 
concerning the bonding in (MsM)~’ containing 
compounds, full discussion of the bonding and full 
presentation of the structural parameters are not 
given here but are available from the Editor, Queen 
Mary College or from the principal investigator 
upon request. Atomic positional parameters have 
been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

Pertinent to the considerations at hand are the 
presence of two $-C5HS ligands. These have con- 
trolled both the coordination chemistry of the di- 
nuclear compound and the reaction stoichiometry. 
The compounds of formula W2Rr(02CEt), where 
R = CH2C!Me3 or CH,Ph, for example, have 
M-M bonds of distance ca 2.20 8, with M-M 
valence configurations x46*. There are axially 
aligned alkyd ligands, R-M-M-R, and four 
02CEt ligands that span the M-M bond in the 
typical paddle-wheel manner for M2(02CR), com- 
pounds. 

The present molecule can be viewed as an example 
of two four-legged piano-stools joined along a 
common edge by the p-NMe2 and p-ql-OC(O)Et 

Fig. 3. An ORTEP drawing of the W,(Cp),(NMed(OzCEt)p molecule. The W-_rls-Cs distances span 
the range 2.14-2.38 A. 
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ligands. The other legs of the piano-stool are W-O 
bonds to 0,CEt ligands that span the W-W bond. 
Each (q 5-C5H5)W03N moiety has 17 valence 
electrons: W”’ = d3, Cp- = 6e, and each 0 
and N ligand donates 2e for a total of 8e 
(d3+6e+8e = 17e). The combination of two 17 
valence electron metal fragments would be expected 
to yield a M-M single bond and the distance of 
2.78 A is indeed within the range of d’-d’ M-M 
single bonds supported by alkoxide ligands. ’ 4 Obvi- 
ously, the M-M bonding is not so simple in the 
present compound, but a W-W single bond is con- 
sistent with both the M-M distance and simple 
reasoning based on electron counting. 

Concluding remarks 

While the nature of the Q-W bonding in 1,2- 
W2CpZ(NMeJ4 compounds still has some degree 
of ambiguity it seems reasonable to suppose that in 
the ground state it is similar to that seen in the 
indenyl compound. It is unlikely that the indenyl 
ligand would be Q+~-C!~H~ and the Cp ligand q’- 
C5H5, for example. Furthermore, the present struc- 
ture shows a very marked preference for the q3- 
mode and the indenyl ligand is known to easily slip 
from q5 + q3. The influence of the q”-CSH5 moiety 
at the W$+ centre is clearly seen in the reaction 
between W2Cp2(NMeJ4 and propionic anhydride. 
The formation of (~5-C5H5)2W,@-NMeJ(~-~‘- 
OC(O)Et)(O,CEt), even in the presence of excess 
EtCOOCOEt suggests that once the p-NMe,! ligand 
is formed it is inert to further attack. A similar result 
was seen in COZ insertion involving Cr(NEQ3 that 
gave [Cr(0,CNEt2)2(~-NEt2)]2.‘5 

With respect to the q3-C9H7 to -W bonding in 
1,2-W&H,),(NMe,), we conclude that the 
carbocyclic ring can compete fairly effectively with 
the NMe; ligands as rrz + x2 donors. The shortness 
of the W-N bonds and the length of the W-C 
bond distances in the q3-C3-W moiety leads us to 
propose that the relative donor strength (a’ + x2) is 
probably in the order NMe2 > q3-C9H,. As with 
other 0-n donating ligands there is an interplay 
between relative orbital energetics and metal-ligand 
bond distances. 

Further studies are planned to probe these 
matters. 

EXPERIMENTAL 

General procedures and spectroscopic instru- 
mentation 

Our general experimental techniques have been 
previously described in detail.‘,’ All manipulations 

were carried out under an atmosphere of dry nitro- 
gen and solvents were dried and distilled from 
sodium benzophenone ketyl prior to use. 
W2C12(NMe2)4, NaCp and LiC7H9 were pre- 
pared by the literature methods. 16,” ‘H and 13C 
NMR spectra were recorded on Nicolet NT360, 
Varian XL300 and Bruker AM500 NMR instru- 
ments. Variable temperature ‘H NMR spectra were 
recorded at 300 MHz, and free energies of acti- 
vation for restricted rotation about W-N bonds 
were calculated from coalescence temperatures, 
T I8 ‘H NMR spectra of WZ(C7H9)2(NMe2)4 were 
e&mined over a temperature range of + 105 to 
- 80°C in toluene-ds and -60 to - 120°C in a 
70 : 30 solution of freon-12 : toluene-ds. Tem- 
peratures were calibrated using ethylene glycol and 
methanol as standards. The numbering scheme for 
the indenyl ligand of Wz(indenyl)z(NMeJ4 is given 
in the diagram below. 

3 

In the ‘H NMR spectrum the two isolated three- 
and four-proton spin systems were identified by a 
2D chemical shift correlated experiment (COSY) at 
500.13 MHz (512W (8 scans) x 128 Matrix). A 2D 
’ 3C-‘H heteronuclear chemical shift correlated 
experiment (HETCOR) was carried out to deter- 
mine which carbon nuclei were directly bonded to 
each individual proton. Assignments were made as 
follows. The low field chemical shifts of both the 
’ 3C and ‘H NMR resonances labelled C3 multiplicity 
of resonance H3 (doublet of doublets), are con- 
sistent with the assignment of C3 and H3 to the 
central tertiary carbon and proton nuclei of the five- 
membered ring of the indenyl ligand. Hz and H4 
can then be assigned (from the COSY experiment) 
and then CZ and C4 (from the HETCOR experi- 
ment). H6 and H9 of the six-membered ring can be 
assigned from the single large three-bond proton- 
proton coupling constants (to H7 and Hs, respec- 
tively), and therefore the corresponding carbon 
nuclei. The quaternary carbon nuclei, C, and C, 
were identified from a proton-coupled 13C experi- 
ment. 

IR spectra were measured on a Perkin-Elmer 283 
spectrophotometer. 

Synthesis of 1,2-W2Cp,(NMe2)4 

W2C12(NMe2)4 (3.40 g, 5.53 mmol) was placed in 
a 100 cm3 Schlenk flask together with a Teflon- 
coated magnetic stir bar. Toluene (30 cm’) was 
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added, and the solution was stirred vigorously while 
NaCSH5 (1 .OO g, 11.35 mmol) was added in small 
amounts from a solids addition tube. The reaction 
mixture was stirred for 12 h at room temperature 
and then filtered through a celite bed on a fine- 
porosity fiit. The celite bed was washed twice with 
20 cm3 toluene. Removal of solvent in uucuo yielded 
an orange-red crystalline product (3.33 g, 90%). 
Single crystals were obtained by slow cooling of a 
hot (50°C) hexane solution of the compound. 

Found: C, 32.2; H, 5.1; N, 8.4. Calc. for 
WZC18H34N4: C, 32.1;H, 5.1;N, 8.3%. 

IR data (CsI plates, Nujol mull) cm- ’ : 28OO(vs), 
2750(s), 1400(m), 1233(s), 1138(s), 1125(m), 
1035(s), 1010(s), 96O(vs), 94O(vs), 820(2), 795(vs), 
765(vs), 598(vw), 545(s), 345(s), 305(m). 

‘H NMR data (- 8O”C, toluene-ds) : C5H5, 6.21 
ppm, s, 5H ; NMe*, 4.42 ppm, s, 3H ; 4.09 ppm, s, 
3H ; 2.61 ppm, s, 3H ; 2.53 ppm, s, 3H. 

13C NMR data- (-40°C toluene-d,): C5H5, 
104.7 ppm; NMe*, 62.2,60.7,54.6,52.8 ppm. Amide 
rotational barriers: by ‘H, 360 MHz, 3O”C, 
AG* = 13.4 kcal mol- ’ ; by ‘H, 360 MHz, 90°C 
AG$ = 16.1 kcal mol- ’ ; by ‘H, 300 MHz, 25°C 
AG* = 13.3 kcal mol- ’ ; by 13C, 300 MHz, 25°C 
AGt = 13.3 kcal mol- ‘. Mass spectrum : m/e = 674 
[(WdWW2(NMeN+l W’4.2). 

Synthesis of 1,2-WZ(C9H7)2(NMe2)4 

Indenyl lithium, C7H9Li (0.35 g, 2.87 mmol), was 
placed in a 100 cm3 Schlenk flask together with a 
Teflon-coated, magnetic stir bar. Diethyl ether (50 
cm3) was added and the solution cooled to 0°C. 
W2C12(NMe&, (0.86 g, 1.4 mmol) was added in 
small amounts from a solids addition tube. After 1 
h the ice bath was removed and the reaction mixture 
was stirred at room temperature for 10 h. Diethyl 
ether was removed in vucuo. The residue was 
extracted with small volumes of hexane (total vol- 
ume 80 cm3). Hexane was removed under vacuum 
and the residue was dissolved in 1 cm3 toluene. 
Cooling of the toluene solution to 5°C afforded 
single crystals (200 mg). The total yield of crystalline 
material was 580 mg (53.7%). 

Found: C, 40.2; H, 4.8; N, 6.9. Calc. for 
WZC26H38N4: C, 40.3; H, 4.9; N, 7.2%. 

IR data (KBr pellet) cm- ’ : 3038(w), 3OOO(br, WV), 
295O(vw), 2835(s), 2805(s), 2758(s), 1594(w), 
1445(ms), 142O(sh), 1414(m), 1324(s), 1238(s), 
1213(w), 1137(m), 1115(m), 104O(ms), 1025(w), 
1000(w), 956(s), 94O(vs), 804(s), 778(s), 743(s), 
735(s), 545(m), 443(w), 393(vw), 349(w). 

‘H NMR data : C7H9 (23°C 500.13 MHz) : Hz, 
6.35 ppm, d, lH, J2-3 = 3.5 Hz; H3, 8.20 ppm, t, 
lH, J3-., = 3.2 Hz; Hq, 6.64 ppm, d, IH; He, 7.22 

ppm, m, lH, Jc7 = 6.6 Hz; H7, 6.93 ppm, m, lH, 
J7-* = 5.8 Hz; Hg, 6.92 ppm, m, lH, Js_9 = 5.8 
Hz ; Hg = 7.42 ppm, m, 1H : NMez (-80°C 300 
MHz) 4.14 ppm, s, 6H ; 3.96 ppm, s 6H ; 2.34 ppm, 
s, 6H ; 1.68 ppm, s, 6H : Amide rotational barriers : 
‘H NMR, 300 MHz, T, = 49”C, 14.4 kcal mol- ’ ; 
T, = - 2°C 11.9 kcal mol- ‘. 

13C NMR (23°C 125.7 MHz): Cl, 138.5 ppm; 
C1, 92.4 ppm, ‘Jc--~ = 168 Hz, 2J~_~ = 8 Hz ; C3, 
113.2 ppm, lJC_H = 170 Hz, 2Jc_H = 7 Hz, 
Jc-_w = 8 Hz; C4 = 92.1 ppm, ‘Jc_H = 169 Hz, 
2Jc_H = 7 Hz; C5 = 136.3 ppm; C6 = 122.4 ppm, 
lJc_H = 158 Hz, 2Jc--H = 8 Hz; C7 = 123.6, 
lJc_H = 157 Hz, 2Jc_H = 8 Hz; Cs = 121.9, 
lJc_H = 158, 2Jc_H = 7 Hz ; Cg = 121.3, 
lJC_H = 158 Hz, 2Jc_H = 7 Hz. 

Reaction of W2Cp2(NMe2), with propionic anhy- 
dride 

W2(C5H5)2(NMe2)4 (0.350 g, 0.52 mmol) was 
placed in a 30 cm3 Schlenk flask together with a 
Teflon-coated magnetic stir bar. Toluene.was added 
and the red solution cooled to 0°C. Propionic anhy- 
dride (0.3 cm3, 0.3 g, 2.3 mmol) was added from a 
0.5 cm3 syringe. There was an immediate colour 
change from red to dark brown. The reaction mix- 
ture was stirred for 1 h at 0°C after which the solvent 
was removed in oucuo to alford an oily, dark brown 
solid. This was extracted with hexane (20 cm3) and 
filtered through celite on a fine-porosity frit. Hexane 
was removed in vucuo to give a brown powder (yield 
0.250 g, 63%). Single crystals were grown by 
cooling a hexane solution to - 20°C for 12 h. 

IR data (Nujol mull between CsI plates) cm- ’ : 
1690(s), 1540(s), 1340(m), 1300(m), 1260(w), 
1162(w), 1090(m), 1075(m), 1112(m), 980(m), 
926(m), 895(m), 800(m), 765(w), 365(vw), 27O(vw). 

‘H NMR data (22°C benzene-d,): CSH,, 5.09 
ppm, s, 1OH ; -CH2-CH3, 2.50 ppm, q, 2H; 2.39 
ppm, q, 2H ; 1.63 ppm, q, 2H : NMe2, 2.20 ppm, s, 
3H; 1.99 ppm, s, 3H; -CH2-CH3, 0.99 ppm, t, 
3H ; 0.89 ppm, t, 3H ; 0.82 ppm, t, 3H. 

Mass spectrum : m/e = 761 [{W&H& 
(Etcoo)3(NMe2>>‘l. 

Crystallographic studies 

General operating procedures and listings of pro- 
grams have been given previously. l9 A summary of 
crystallographic data is given in Table 3. 

W2(C9H7)2(NMe2)4. A suitable crystal was 
located and transferred to the goniostat using 
standard inert atmosphere handling techniques 
employed by the Indiana University Molecular 
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Table 3. Summary of crystal data 

I II 

Empirical formula 
Colour of crystal 
Crystal dimensions (mm) 
Space group 
Cell dimensions 

Temperature (“C) 
a (A) 
b (A) 
c (A) 
~1 (deg) 
B (deg) 
Y (deg) 

Z (molecules/cell) 
Volume (A’) 
Calculated density (g cm- 3, 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm- ‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average omega scan width at half height 
Scan speed (deg min- ‘) 
Scan width (deg + dispersion) 
Individual background (s) 
Aperture size (mm) 
Two-theta range (“) 
Total number of reflections collected 

Number of unique intensities 
Number of F > 2.33oQ 
Number of F > 3.000(F) 

R(F) 
R,(F) 
Goodness of fit for last cycle 
Maximum 6/a for last cycle 

WZCXH~& WGIHJINO~ 
orange black 
0.15x0.12x0.12 0.80 x 0.70 x 0.80 
Pi Pi 

- 155 
10.840(2) 
13.455(3) 
9.437( 1) 
95.22( 1) 
99.00( 1) 
105.25( 1) 
2 
1298.92 
1.980 
0.71069 
774.31 
90.606 
22.5 
23.5 
0.25 
6.0 
1.6 
8 
3.0 x 4.0 
6-45 
3667 
3406 
3194 

- 155 
14.890(5) 
17.576(6) 
8.854(3) 
95.43(2) 
103.90(2) 
93.63(2) 
4 
2230.49 
2.267 
0.71069 
761.18 
105.653 
22.5 
23.5 
0.25 
4.0 
2.0 
8 
3.0 x 4.0 
6-45 
5972 
5851 

0.0445 
0.0477 
1.632 
0.25 

5558 
0.0616 
0.0624 
1.508 
0.05 

I = WZ(C9H&(NMeJ4. II = W2Cp,(NMe2)(02CEt)3. 

Structure Center and cooled to - 155°C for char- gen atoms were refined isotropically and non- 
acterization and data collection. hydrogen atoms anisotropically in the final cycles. 

A systematic search of a limited hemisphere of 
reciprocal space located a set of diffraction maxima 
with no symmetry or systematic absences, indi- 
cating a triclinic space group. Subsequent solution 
and refinement of the structure confirmed the cen- 
trosymmetric choice, Pi. 

No absorption correction was needed, based on 
an examination of JI scans of several reflections near 
x = 90”. A final difference Fourier was featureless, 
with the largest peak being 0.75 e A- ‘. 

Data were collected in the usual manner using a 
continuous 8-20 scan with fixed backgrounds. Data 
were reduced to a unique set of intensities and 
associated sigmas in the usual manner. The struc- 
ture was solved by a combination of Patterson tech- 
niques and Fourier techniques. All hydrogen atoms 
were clearly visible in a difference Fourier synthesis 
phased on the non-hydrogen parameters. All hydro- 

W2Cp,(NMe2)(02CEt)3. A suitable crystal was 
located and transferred to the goniostat using 
standard inert atmosphere handling techniques 
employed by the Indiana University Molecular 
Structure Center and cooled to - 155°C for char- 
acterization and data collection. 

A systematic search of a limited hemisphere of 
reciprocal space located a set of diffraction maxima 
with no symmetry or systematic absences, indi- 
cating a triclinic space group. Subsequent solution 
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and refinement of the structure confirmed the cen- 
trosymmetric choice, Pi. 

G. Wilkinson, J. Chem. Sot., Chem. Commun. 1971, 
1079. 

Data were collected in the usual manner using a 
continuous 8-28 scan with fixed backgrounds. Data 
were reduced to a unique set of intensities and 
associated sigmas in the usual manner. The struc- 
ture was solved by a combination of direct methods 
(MULTAN78) and Fourier techniques. Two inde- 
pendent molecules were located in the asymmetric 
cell. It was not possible to locate experimentally the 
hydrogen positions, so they were included as fixed 
atom contributors in the final cycles. 

4. 

5. 

6. 

7. 

8. 

Data were corrected for absorption. A final 
difference Fourier indicated numerous peaks of 
intensity 0.9-l .8 e A- 3 in the vicinity of the four W 
atoms, but was otherwise featureless. 

9. 

M. H. Chisholm, F. A. Cotton, M. W. Extine and 
B. R. Stults, Znorg. Chem. 1976,15, 2252. 
W. E. Buhro, M. H. Chisholm, K. Folting and J. C. 
Hulfman, J. Am. Chem. Sot. 1987,109,905. 
W. E. Buhro, M. H. Chisholm, J. C. Huffman and 
J. D. Martin, J. Am. Chem. SIX.. in press. 
M. H. Chisholm, D. A. Haitko, K. Folting and J. C. 
Huffman, J. Am. Chem. Sot. 1981,103,4046. 
M. J. Chetcuti, M. H. Chisholm, K. Folting, D. A. 
Haitko, J. C. Huffman and J. Janos, J. Am. Chem. 
Sot. 1983, 105, 1163. 
(a) C. Ting, N. C. Baenziger and L. Messerle, J. 
Chem. Sot., Chem. Commun., in press ; (b) M. L. H. 
Green, A. Izquierdo, J. J. M. Polo, V. S. B. Mtetwa 
and K. Prout, J. Chem. Sot., Chem. Commun. 1983, 
538. 

Crystallographic materials Atomic positional par- 
ameters have been deposited with the Director, 
Cambridge Crystallographic Data Centre. Full 
details have been deposited with the Editor, Queen 
Mary College. 

10. 

11. 
12. 

H. Christina, E. McFarlane, W. McFarlane and D. 
S. Rycroft, J. Chem. Sot., Dalton Trans. 1976, 1616. 
F. Basolo, Znorg. Chim. Acta 1985, 100, 33. 
M. H. Chisholm, D. L. Clark, J. C. Huffman, W. G. 
Van Der Sluys, E. M. Kober, D. L. Lichtenberger 
and B. E. Bursten, J. Am. Chem. Sot. 1987, 109, 
6796. 
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A SQUAREPLANAR 0X0-ALKYL OF MANGANESE(II1). 
SYNTHESIS AND X-RAY CRYSTAL STRUCTURE OF 

{ LiJMnOMe,] l 2Li,(Meacac) l tmed}, 

ROBERT J. MORRIS and GREGORY S. GIROLAMI* 

School of Chemical Sciences, The University of Illinois at Urbana-Champaign, Urbana, 
Illinois 61801, U.S.A. 

Abstract-Alkylation of Mn(acac)s (acac = 2,4_pentanedionato) with five equiv. of methyl- 
lithium in diethyl ether, followed by addition of N,N,N’,N’-tetramethylethylenediamine 
(tmed), gives the deep red manganese(II1) oxo-alkyl wnOMe:-1, which has been isolated 
as a lithium double salt with the 4-methyl-2-penten-2,4_diolate (Meacac) dianion. Overall, 
the molecular formula is {Li,[MnOMe,] * 2Li,(Meacac) * tmed) 2. Six lithium atoms and six 
oxygen atoms form a hexagonal prismatic core which is capped on each hexagonal face by 
Li,(Meacac)2* tmed groups. Two of the oxygen atoms of the Li606 core are part of two 
square-planar [MnOMe:-] centres that are slightly distorted tetrahedrally ; this is a rare 
coordination geometry since manganese(II1) is known to adopt a square-planar con- 
figuration in only one other case. The 0x0 group of the [MnOMe:-] unit is bonded to four 
lithium atoms, and there are Li ... H-C interactions with two of the methyl groups on 
manganese. Important bond distances and angles involving the [MnOMe$-] unit are: 
Mn-C = 2.040(8) 8, (truns to 0), Mn-C = 2.133(8) A (truns to C), Mn-0 = 1.913(4) 
A, 0-Li = 1.91(2) A, C-Mn-C = 88.2(3)’ (cis), C-Mn-C = 149.1(3)O (truns), 
C-Mn-0 = 98.6(2)0 (cis), C-Mn-0 = 152.5(3)0 (truns). Crystal data for C42Hg0N40 1 o 
Li12Mn2 at -100°C: monoclinic, space group P2,/n, a = 10.616(3), b = 18.189(4), 
c = 14.973(4) A, /? = 95.06(2)“, V = 2880(2) A3, Z = 2, RF = 0.037, RwF = 0.042 for 
2084 data and 317 variables. The present compound is the first oxo-alkyl of manganese 
and only the third a-organomanganese(II1) complex of any kind. 

Alkyl complexes of the transition elements were for 
many years thought to be inherently unstable due to 
the supposed weakness of the metal-carbon bond. 
This view was overturned by the discovery of whole 
classes of thermally robust transition metal per- 
alkyls in the 1970s. l-4 Perhaps most notable among 
these was the isolation by Shortland and Wilkinson 
of hexamethyltungsten, 5 which convincingly dem- 
onstrated that alkyl groups are in fact capable of 
stabilizing transition metal compounds even with- 
out the assistance of strong n-bonding ligands such 
as the cyclopentadienyl anion, carbon monoxide, 
or tertiary phosphines. 

Oxo-alkyls constitute a particularly interesting 
class of organometallic molecules, in part because 
some are known to be catalytic precursors for the 
metathesis of alkenes.G8 Most of the known rep- 
resentatives involve third-row transition elements, 
and of these, rhenium forms the largest number 

*Author to whom correspondence should be addressed. 

of oxo-alkyls, as shown in a series of remarkable 
investigations over the past decade.%14 It is inter- 
esting to note that even though the first oxo-alkyl 
to be described was VO(CH,SiMe,),, ’ 5 today there 
are very few other monomeric first-row 
examples. “3 ’ 7 We now report the synthesis and 
characterization of the first oxo-alkyl of manga- 
nese : [MnOMe:-1. This compound is also notable 
for the presence of a hexagonal prismatic Li& 
core, and a lithium atom coordinated by two diolate 
ligands in a square-planar array. 

RESULTS AND DISCUSSION 

We have recently described the synthesis of 
the remarkable permethyl manganese(II1) anion, 
[Li(tmed)],[MnMe,] (l), which is prepared by 
alkylation of Mn(acac), (acac = 2,4-pentane- 
dionate) with eight equiv. of methyllithium. I8 
This species is only the second known a-organo- 

2001 
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manganese(II1) species ; the interesting trigonal 
bipyramidal complex Mn(2,4,6-C,H,Me,)Br, 
(PMe,), (2) has been described previously.” The 
large excess of methyllithium is necessary for the 
isolation of pure [Li(tmed)],[MnMe,], since acac is 
retained in the product if fewer equivalents are used. 
We felt it was of interest to characterize the nature 
of the organometallic intermediates present during 
the synthesis of 1. 

The reaction of Mn(acac)3 with only five equiv. of 
methyllithium in diethyl ether yields a dark orange 
solution and variable amounts of an off-white 
precipitate. Filtration of the solution followed 
by addition of N,N,N’,N’-tetramethylethylenedi- 
amine, tmed, results in the formation of dark red 
octahedra of a new species, 3. Microanalytical 
data for 3 are consistent with the unusual stoi- 
chiometry Li,MnOMeS(acac), - tmed, and the IR 
spectrum contains a strong band at 1609 cm- ’ that 
indicates the presence of acac (or acac-like) 
groups. *O The complex is EPR silent. Magnetic 
susceptibility data in solution are consistent with a 
high-spin d4 configuration for the manganese(II1) 
centres. 

The X-ray crystal structure analysis revealed that 
3 is a lithium double salt whose molecular formula 
is best written {Li,[MnOMe,] -2Li,(OCMe= 
CHCMe20).tmed}2 (Figs l-3). Crystal data are 
given in Table 1, while selected bond distances 
and angles are presented with estimated stan- 
dard deviations in Table 2. Single crystals of 
3 are composed of large clusters that contain 12 
lithium and two manganese atoms ; each cluster 
resides on a crystallographic inversion centre. The 
structure may be broken down into three parts ; 
the [MnOMe:-] units, the “Li606” hexagonal 
prismatic core and the Li3(0CMeCHCMe20)2 
(tmed) caps. These will be discussed in turn. 

The [MnOMe:-] units 

The manganese(II1) centres in 3 are four-coor- 
dinate and are surrounded by three methyl groups 
and an 0x0 ligand (Fig. 1). The geometry about the 
manganese atom may be described as a tetra- 
hedrally-distorted square-plane or as a severely 
flattened tetrahedron : the “tram” C-Mn-C 
and C-Mn-0 angles are 149.0(2) and 152.5(2)“, 
respectively. The “cis” C-Mn-0 angles of 
98.6(l)’ are slightly larger than the “cis” 
C-Mn-C angles of 88.2(2)“, but all are near the 
90” value for an ideal square plane. 

The Mn-C distances fall into two sets: the 
Mn-C distances to the two methyl groups tram to 
each other are 2.114(4) A, while the Mn-C dis- 
tance to the methyl group trans to the 0x0 ligand is 
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Fig. 1. Structure of the [MnOMe]-] unit and associated 
lithium atoms. 

2.041(5) A. This 0.07 8, difference is most reason- 
ably ascribed to the strong trans intluence of the 
methyl groups. These distances may be compared 
with the 2.089(8) 8, Mn-C distance in the man- 
ganese(II1) aryl Mn(2,4,6-C,H,Me3)Br2(PMe& 
(2).‘9 

The Mn-0 distance of 1.912(3) 8, is rather long 
and indicates that there is little if any n-bonding 
present. For comparison, other manganese(II1) 0x0 
complexes in which the 0x0 ligand bridges between 
two or three metal centres typically exhibit Mn-0 
distances of 1.8c1.85 A.“-” The oxygen atom is 
surrounded by four lithium atoms at distances of 
1.87-1.92 A, and these Li-0 interactions are 
undoubtedly responsible for the lack of n-bonding 
between the 0x0 ligand and the manganese centre. 
If one includes the lithium atoms, the coordination 
environment about the 0x0 group is approximately 
trigonal bipyramidal, with atoms Li(2) and Li(3) 

Table 1. Crystal data for 3 at - 100°C 

Space group : P2 ,/n I’ = 2880(2) A3 
a = 10.616(3) A 2=2 
b = 18.189(4) A Mol. wt = 1004.37 
c = 14.973(4) A dcalc = 1.158 gcmT3 
/3 = 95.06(2) pL,,= = 4.67 cm- ’ 
a = y = 90” Size = 0.3 x 0.3 x 0.4 mm 

Diffractometer : Enraf-Nonius CAD4 
Radiation : MO-K,, I= 0.71073 A 
Monochromator : graphite crystal, 20 = 12” 
Scan range, type : 2.0 < 20 < 41 .O”, w/e 
Scan speed, width : 2-8” mm’, 

Aw = 1.50(1.00+0.35tantI) 
Reflections : 3294,288l unique, 2084 with Z > 2.58a(Z) 

R, = 0.037 Variables = 317 
RwF = 0.042 p factor = 0.020 
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Square-planar oxo-alkyl of manganese(II1) 

Nl 

2. Structure of 3 showing the cluster geometry. The carbon backbones of the Meacac 
connect 0(12) to 0(14) and 0(22) to 0(24) have been omitted for clarity, as have the 

atoms of the tmed ligands. 
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groups 
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Fig. 3. Stereoview of the complete structure of 3. 



2004 Table 2. Selected distances (A) and angles (“) for 3 with ESDs in parentheses 

(A) The [MnOMe:-] unit 
Distances 

Mn-C( 1) 
MnX(2) 
Mn-C(3) 
Mn-0 
0-Li(2) 

2.122(4) 0-Li(3) 1.869(7) 
2.041(5) 0-Li(4) 1.918(7) 
2.106(4) 0-Li(5) 1.914(7) 
1.912(3) C( 1) . . . Li(3) 2.245(8) 
1.918(7) C(3). . . Li(2) 2.355(8) 

Angles 

C(l)-Mn-C(2) 88.1(2) Mn-O-Li(4) 119.9(2) 
C(2)-Mn-C(3) 88.2(2) Mn-O-Li( 5) 132.6(2) 
C(l)--Mn-C(3) 149.0(2) Li(2)+Li(3) 177.1(3) 
C(l)-Mn-0 98.4(l) Li(2)-0--Li(4) 79.2(3) 
C(3)-Mn-0 98.9( 1) Li(2)-C-Li(5) 77.7(3) 
C(2)-Mn-0 152.5(2) Li(3)-C-Li(4) 102.2(3) 
Mn-O-Li(2) 92.3(2) Li(3)-0---Li(5) 99.4(3) 
Mn-O-Li(3) 89.2(2) Li(4)-C-Li(5) 103.8(3) 

(B) The “L&O: hexagonal prism” 
Distances 

Li(2)-0( 14) 
Li(2)-0(24) 
Li(4)-0( 14) 

1.953(7) Li(4)-0(24) 1.958(7) 
1.895(7) Li(5)-0(14) 1.942(7) 
1.995(7) Li(5)-0(24) 2.027(7) 

Angles 

Li(2)-0( 14)-Li(4) 76.5(3) Li(5)--0(24bLi( 1) 131.8(3) 
Li(2)-0( 14)-Li(5) 126.5(3) ~Li(2)--0(14) 102.9(3) 
Li(4)-0(14)-Li(5) 80.0(3) 0-Li(2)-0(24) 105.6(3) 
Li(2)-0(24)-Li(4) 126.0(3) 0(14)-Li(2w(24) 94.9(3) 
Li(2)-0(24FLi(5) 75.5(3) 0-Li(4)-0( 14) 101.3(3) 
Li(4)-0(24FLi(5) 78.9(3) 0-Li(4)-0(24) 119.2(4) 
Li(2)-0( 14)-Li( 1) 79.6(3) 0( 14)--Li(4)-0(24) 100.6(3) 
Li(4)-0( 14)-Li( 1) 131.9(3) 0-Li(5)-0(14) 119.0(4) 
Li(5)-0(14>-Li(1) 81.7(3) 0-Li(5)-0(24) 100.8(3) 
Li(2)--0(24bLi( 1) 81.9(3) 0( 14)-Li(5)-0(24) 100.0(3) 
Li(4)-0(24)-Li( 1) 81.1(3) 

(C) The Li,(Meacac),* tmed caps” 
Distances 

Li(1)-0(14) 

Li(D-W4) 
Li(1)-0(12) 
Li( 1)-0(22) 
Li(3)-0(12) 
Li(3)-0(22) 

2.014(7) Li(6)-0(12) 1.912(7) 
1.978(7) Li(6)-0(22) 1.941(7) 
2.016(7) Li(6)-N( 1) 2.153(8) 
2.098(7) Li(6)-N(2) 2.177(8) 
1.938(7) C(12WU2) 1.343(5) 
1.939(7) C(24)--0(24) 1.422(4) 

Angles 

0(12)-Li(l)-O(14) 
0(22)--Li( 1)-0(24) 
0(12)-Li(l)-O(22) 
0( 14)-Li( 1)-0(24) 
0(12)-Li(lv(24) 
0(22)--Li(l)---C(14) 
0-Li(3)--0(12) 

95.7(3) Li(3)--0( 12)--Li(6) 84.4(3) 
95.4(3) Li( 1)-0(22)-Li(3) 72.2(3) 
77.4(3) Li( 1)-0(22)-Li(6) 86.0(3) 
90.4(3) Li(3)-0(22)-Li(6) 83.6(3) 
71.2(4) 0(12)-Li(6)-0(22) 83.8(3) 
66.8(4) 0(12)-Li(6 )-N(l) 128.3(4) 
13.1(4) 0( 12)-Li(6+N(2) 114.0(3) 

0-Li(3)---0(22) 108.5(4) 0(22)-Li(6pN( 1) 117.7(4) 
0( 12)--Li(3)-0(22) 83.1(3) 0(22)-Li(6)--N(2) 134.7(4) 
Li(l)-O(12)-Li(3) 74.1(3) N( l)-Li(6)-N(2) 84.7(3) 
Li(1)-0(12)-Li(6) 89.2(3) 

“Some pertinent distances and angles appear earlier in the table. 
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occupying the axial positions. Although the chemi- 
cal source of the 0x0 ligand has not been deter- 
mined, it most likely arises from trace hydrolysis or 
the presence of LiOH in the methyllithium stock 
solution. 

There are two short Li . . * C contacts that involve 
the methyl groups on manganese. The C( l)--Li(3) 
and C(3)--Li(2) distances of 2.25 and 2.36 A, respec- 
tively, are well within the 2.60 A sum of the van der 
Waals radius of a methyl group and the ionic radius 
of a lithium atom. 24 In fact, the Li-C distances 
in methyllithium itself have been determined from 
powder diffraction data to be 2.31 8, within a tetra- 
hedral unit and 2.36 A between tetrahedral units ;25 
more recent studies show that other alkyllithium 
complexes have Li-C bond distances that are typ- 
ically 2.23-2.27 A. 26-28 Furthermore, the calculated 
H . . * Li distances to the hydrogen atoms H( 1 b) and 
H(lc) on carbon C(1) are rather short at 2.09 A. 
Accordingly, the Li . . . HC interactions in 3 are 
quite strong and undoubtedly influence the struc- 
ture and stability of the [MnOMe:-] unit. 

The square-planar geometry about manganese 
is very unusual, and only one other example has 
been reported : the Mn”’ dithiolato complex 
[PPh4][Mn(S2CsH3Me)&29 Although this species 
and 3 are similar in that they both are high-spin 
(S = 2), the dithiolato complex is not tetrahedrally 
distorted and by contrast is essentially flat. Square- 
planar geometries, while exceedingly rare for man- 
ganese(III), are more commonly observed for iso- 
electronic chromium(I1). 30,3’ The d4 electronic con- 
figuration half fills the four low-lying d-orbitals 
characteristic of square-planar ligand arrays. 

It is interesting to note that the four-coordinate 
d4 iron alkyl Fe(norbornyl), is not square- 
planar but adopts a diamagnetic tetrahedral 
geometry instead. 32 In this case, the four d-electrons 
exactly fill the E orbitals under tetrahedral 
symmetry. The large ligand field splitting present in 
Fe(norbornyl), is a consequence of the strong-field 
nature of alkyl groups and the high oxidation state 
of the iron centre. It is possible that the tetrahedral 
distortion observed in the d4 manganese oxo-alkyl 
3 is also a consequence of a high ligand-field split- 
ting ; presumably, if the ligand-field splitting were 
only slightly larger, the [MnOMe:-] unit would be 
tetrahedral and low-spin. 

The “Li606” hexagonal prismatic core 

Six lithium atoms, two 0x0 groups from the 
[MnOMe:-] units, and four oxygen atoms from the 
OCMe=CHCMe,O diolate ligands (see below) 
are connected together in the centre of the structure 
to form a Li,06 hexagonal prismatic core (Fig. 

2). The hexagonal faces are not exactly planar but 
instead adopt chair conformations. 

The Li-0 distances within the hexagonal prism 
are reasonably regular ; they vary from 1.87 to 2.03 
8, and average 1.94 A. The four Li-0 distances 
involving the 0x0 ligand appear to be slightly 
shorter at 1.90 8, than the remaining six L&O 
distances, which average 1.96 A. This difference, if 
real, probably reflects a partial negative charge on 
the Mn-0 oxygen atom that is higher than the 
charge on the ene-diolate oxygens. Lithium-xygen 
distances in [LiL,+] species, where L is a Lewis base 
such as 0PPh3 or tetrahydrofman, are typically 
1.97 A,28 whereas in Li20 the distance is 2.00 A.33 

All of the lithium centres in the Li606 core are 
bonded to three oxygen atoms to give pyramidal 
coordination geometries. The O-L&-O angles vary 
from 94.9(3) to 119.2(4)” and average 104.9”. In 
addition, Li(2) interacts with methyl group C(3) as 
described above to give a roughly tetrahedral 03C 
environment. The ene-diolate oxygen atoms that 
form the Li606 core all possess square-pyramidal 
geometries, with “cis” and “truns” Li-O-Li 
angles across the square base that average 79.4 and 
129.0”, respectively. 

The Li,(Meacac), - tmed caps 

Capping each hexagonal face of the hexagonal 
bipyramid is a n-i-lithium unit in which the three 
lithium atoms adopt very different coordination 
geometries (Fig. 3). One of these lithium sites, Li(3), 
is bonded to three oxygen atoms in a pyramidal 
arrangement, and is also interacting with methyl 
group C(1) on manganese. As for Li(2) discussed 
above, this Li * * * C interaction completes a tetra- 
hedral 03C coordination environment. A second 
lithium site, Li(6), possesses a tetrahedral 02N2 
coordination environment ; the Li-N distances to 
the bound tmed ligand average 2.17 A. 

The third lithium atom, Li( l), adopts an unusual 
square-planar geometry. It is surrounded by two 
chelating diolate ligands with relatively long 
Li-0 distances that average 2.03 A. The cis and 
trans O-L&O angles average 89.7 and 169.0”, 
respectively. Square-planar lithium centres are rare 
but have been observed in Li(acac), which adopts a 
structure with square-planar [Li(acac),] anions and 
tetrahedral Li+ cations. 34 

The 4-methyl-2-penten-2,4-diolate (Meacac) 
ligands that chelate the square-planar lithium 
centres have localized w double bonds of 1.338 
8, [C(12)-C(13) and C(22)-C(23)] in the carbon 
backbone ; the remaining C-C bond lengths are 
all between 1.50 and 1.53 A. The C-O single bond 
distances are, however, significantly different : the 
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CONCLUSIONS 

The reaction of Mn(acac)3 with five equiv. of 
methyllithium has produced the first manganese 
oxo-alkyl species [MnOMe:-1, which in addition is 
only the third o-organomanganese(II1) compound 
of any kind. The coordination geometry around the 
manganese centre is best described as a square- 
planar array which exhibits a slight tetrahedral dis- 
tortion. The [MnOMe:-] unit is part of an unusual 
Li-Q cluster whose framework consists of 12 lith- 
ium and 10 oxygen atoms. Four 4-methyl-2-pen- 
ten-2,4-diolate (Meacac) dianions are present that 
are the result of methylation of 2,4_pentanedionate 
anions at a carbonyl carbon. The main feature of 
the Li-Q cluster array is a LisO6 hexagonal pris- 
matic core which is capped on each hexagonal face 
by Li,(Meacac)z - tmed groups. The most interesting 
of the lithium atom environments in these caps is 
a square-planar coordination geometry formed by 
two chelating Meacac dianions. 

The isolation of the present compound adds to 
the small but growing class of high-valent manga- 
nese alkyl complexes. 18,1g*40 The existence of these 
species suggests that while the high-valent manga- 
nese species studied to date invariably react with 
organic substrates via electron transfer, i.e. radical 
pathways,4 1-46 there is a significant chemistry of 
organic groups bound directly to a tri- or tetra- 
valent manganese centre. 

vi -Yq 
0- 0- 0- 

Scheme 1. 

C(sp2)-G bonds average 1.344 A while the 
C(sp3)--Q bonds average 1.438 A. It has been noted 
that single bonds adjacent to multiple bonds tend 
to be 0.03 8, shorter than single bonds in saturated 
compounds, 35 but this effect is not sufficient to 
account for the observed 0.09 8, difference. Instead, 
there must be some partial double-bond character 
to the C(sp’)-Q bond as indicated by the res- 
onance structures in Scheme 1. 

The Meacac ligands arise from the C-alkylation 
of 2,4_pentanedionate anions at a carbonyl carbon. 
This contrasts sharply with the well-known regio- 
chemistry of the C-alkylation of pentanedionate 
anions with alkyl halides (R+) ; these reactions 
occur exclusively at the methine carbon atom.36 
Whereas addition of alkyllithium and related 
reagents to carbonyl functionalities (ketones, esters, 
etc.) is a fundamental carbon-carbon bond-forming 
reaction, nucleophilic attack of R- on pentane- 
dionate anions is rare as expected from charge 
considerations. The only example of such a trans- 
formation in the literature is the reaction between 
A1Me2(acac) and A1Me3, which yields a bridging 4- 
methyl-2-penten-2,4-diolate ligand :37,38 

Me,Al(acac) + AlMe 

+ Me2Al--GCMe==CHCMe20-AlMe,. 

The Li(1) * * * Li(3) separation in the t&lithium 
caps of 2.38(l) A is the shortest such distance in 
the entire structure, although the Li(2). . * Li(5) and 
Li(2) . . . Li(4) contacts within the hexagonal prism 
of 2.40(l) and 2.44(l) A, respectively, are only 
slightly longer. We do not consider that these dis- 
tances are short enough to be chemically sig- 
nificant; for comparison, the Li a. * Li separa- 
tions in alkyllithium species are typically 2.45- 
2.60 A.2~2s Recently, Li * - * Li separations as short 
as 2.20(l) 8, have been reported,3g although the 
high unweighted R-factor (13.5%) combined with 
the relatively poor X-ray scattering power of lithium 
suggest that the reported uncertainty in this distance 
is underestimated significantly. In any case, the 
Li . . * Li separations in 3 are largely dictated by the 
distances and angles to the oxygen atoms to which 
they are attached. 

EXPERIMENTAL 

All operations were carried out in vacuum or 
under argon. Diethyl ether was distilled under nitro- 
gen from sodium-benzophenone immediately 
before use. Tris(2,4pentanedionato)manganese@), 
Mn(acac)3, was prepared by a literature route.47 
Methyllithium (Aldrich) was filtered before use, and 
N,N,N’,N’-tetramethylethylenediamine (Aldrich) 
was distilled from sodium. 

Microanalyses were performed by Mr Josef 
Nemeth and Mr Thomas McCarthy of the Uni- 
versity of Illinois Microanalytical Laboratory. The 
IR spectra were recorded on a Perkin-Elmer 599B 
IR spectrometer as Nujol mulls. The ‘H NMR data 
were obtained on a General Electric QE-300 spec- 
trometer at 300 MHz. The X-band EPR experi- 
ments were performed on a Varian E-9 instrument 
using frozen toluene solutions at - 196°C. Mag- 
netic moments were determined by a modification 
of Evans’ method. 48 Melting points were measured 
on a Thomas-Hoover Unimelt apparatus in closed 
capillaries under argon. 
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{Liz[MnOMe3] * 2Lir(OCMe=CHCMe,O) * tmed}r 

To a cold (OC) suspension of Mn(acac), (0.57 g, 
1.6 mmol) in diethyl ether (50 cm3) was added methyl- 
lithium (5.1 cm3 of a 1.63 M solution in diethyl 
ether, 8.3 mmol) dropwise over 10 min. The solu- 
tion turned yellow initially and then orange upon 
completion of the addition. After being stirred for 
20 min, the mixture was warmed to room tem- 
perature and stirred for 2 h to give a dark 
orange-red solution and a small amount of off- 
white precipitate. To the twice-filtered orange-red 
solution was added N,N,N’,N’-tetramethylethyl- 
enediamine (0.96 g, 8.3 mmol), which caused the 
solution to become darker red. Cooling to -20 
gave dark red prisms. Two additional crops were 
obtained from the supernatant. (Note : the yield of 
this procedure varies and is apparently dependent 
on the amount of hydroxide impurity present dur- 
ing the synthesis.) Yield: 0.28 g (35%). M.p. 
165”C(dec.). Magnetic moment (toluene, 25°C) : 4.9 
pB per Mn. 

IR(cn-‘): 2789m, 1609s, 1367s, 1349s, 1291w, 
1229m, 1219m, 116Os, 1131w, 1038w, 1021w, 972m, 
949s, 899w, 819w, 799w, 743m, 644m, 619m, 569s, 
539s, 501s 464s 429s. 

Crystallographic studies49 

Single crystals of the complex, grown from 
diethyl ether, were sealed in thin-walled glass 
capillaries under argon. Preliminary photographs 
yielded rough cell dimensions, and a suitable crystal 
was transferred to the diffractometer. Standard 
peak search and automatic indexing procedures, 
followed by least-squares refinement using 25 
reflections yielded the cell dimensions given in 
Table 1. 

Data were collected in one quadrant of reciprocal 
space ( f h, + k, - 1) using measurement parameters 
listed in Table 1. The crystal was loose in the 
capillary, and recentring was performed after 
nearly every orientation test (400 reflections/test). 
However, no other problems were encountered dur- 
ing data collection and there was no change in the 
appearance of the sample during the experiment. 
Systematic absences for h01, h+l # 2n and OkO, 
k # 2n were consistent only with space group P2 ,/n. 
The measured intensities were reduced to structure 
factor amplitudes and their ESDs by correction for 
background, scan speed, and Lorentz and pola- 
rization effects. While corrections for crystal decay 
were unnecessary, absorption corrections were 
applied, and the maximum and minimum trans- 
mission factors were 0.881 and 0.818. Sys- 
tematically absent reflections were deleted, and 

symmetry equivalent reflections were averaged to 
yield the set of unique data. Only those data with 
I > 2.580(Z) were used in the least-squares refine- 
ment. 

The structure was solved using direct methods by 
Patterson (SHELX-86) and weighted difference 
Fourier methods. The positions of the manganese 
atoms were deduced from a vector map, and a 
partial structure expansion gave positions for 
the carbon and oxygen atoms adjacent to manga- 
nese. Subsequent least-squares difference Fourier 
calculations revealed positions for the remaining 
non-hydrogen atoms. The quantity minimized by 
the least-squares program was C w(lF,I - lF&2, 
where w = 1.33/(a(F,)*+(pFJ2). The analytical 
approximations to the scattering factors were used, 
and all structure factors were corrected for both 
the real and imaginary components of anomalous 
dispersion. In the final cycle of least-squares, all 
non-hydrogen atoms were independently refined 
with anisotropic thermal coefficients, and a group 
isotropic thermal parameter was varied for the 
hydrogen atoms, which were fixed in “idealized” 
positions with C-H = 0.95 A. Successful con- 
vergence was indicated by the maximum shift/error 
of 0.007 in the last cycle. Final refinement par- 
ameters are given in Table 1. The final difference 
Fourier map had no significant features. A I?nal 
analysis of variance between observed and cal- 
culated structure factors showed a slight depen- 
dence on sin 8. 
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THE SELECTIVE OLIGOMERIZATION OF BUTENES BY 
NICKEL-BASED CATALYSTS* 

STEPHEN J. BROWN, ANTHONY F. MASTERS? and MILAN VENDER 

Department of Inorganic Chemistry, University of Sydney, NSW 2006, Australia 

Abstract-The compounds Ni(sacsac)P(L’L2L3)X (sacsac = pentane-2,5-dithionato, 
Lj = alkyl or aryl, X = halogen) catalyse the oligomerization and isomerization of n-butenes 
at room temperature under autogeneous pressure. The oligomerization proceeds with high 
selectivity for dimers. The concentration of butene as a function of time is described by 
In (butene) = A exp (Br) + C. The product selectivity and the parameters A, B and C are 
controlled by the choice of phosphine ligand. 

Olefin oligomerization is a pivotal process in the 
catalytic production of fuels and speciality chemi- 
cals from low molecular weight olefins. A number 
of 16-electron nickel complexes generate extremely 
active olefin oligomerization catalysts when acti- 
vated by a suitable co-catalyst. These catalysts are 
commonly of the Ziegler-Natta type and have been 
extensively investigated.lm4 Several processes have 
been commercialized including Shell’s higher olefin 
process5 and the DimersolTM 6 process. 

Many catalytic systems are prepared by “acti- 
vating” organonickel compounds with strong Lewis 
acids and enzyme-like activity has been reported in 
one case.7 It has been observed that the ligands 
bonded to the catalyst exhibit product-directing 
effects.2,3 Hence, synthetic flexibility in the ligands 
present on the catalyst precursor is important in 
obtaining optimum product distribution. Keim8-’ ’ 
and others’2*‘3 have proposed that the use of 
chelating ligands in nickel-based systems can be 
remarkably effective in this regard. 

Air-stable 16-electron nickel complexes of the 
general formula Ni(R’-R1sacR3sac)X(PL’L2L3) 
(R = alkyl or aryl, X = halide, L = alkyl or 
aryl, sacsac- = C5H7S; = dithioacetylacetonate 
anion = pentane-2,5-dithionate anion) (I) when 

R3 

I 

*Dedicated to Professor Sir Geoffrey Wilkinson on 
the occasion of his retirement. 

t Author to whom uxrespondence should be addressed. 

activated by a suitable co-catalyst under mild condi- 
tions form extremely active olefin oligomerization 
and isomerization catalysts. ’ 43 ’ 5 

We have investigated the kinetics and product 
distribution of a series of reactions between butenes 
and catalysts derived from I (R’ = R3 = CH3, 
R2 = H) but with differing phosphine ligands. An 
empirical mathematical model has been developed 
for the reaction (excluding the initial period) which 
can predict the activity of the catalyst to a high 
degree of accuracy. Butenes are convenient sub- 
strates for kinetic study because reaction rates are 
manageable unlike the much more highly active 
lower olefins. A preliminary account of this work 
has appeared. l6 

RESULTS AND DISCUSSION 

The catalyst system based on (I) and Et,AlCl is 
extremely active and selective in the oligomerization 
of butenes. This catalyst system has also been 
shown to be a very active double bond shift olefin 
isomerization catalyst. l4 Skeletal isomerization is 
not accommodated by the conventional mechan- 
ism. 3 Thus, n-butenes are rapidly isomerized as well 
as oligomerized, and similar results are obtained 
when starting with any of the n-butenes, since the 
thermodynamic equilibrium mixture of n-butenes is 
rapidly and completely established at the start of the 
reaction. Similarly, the isomerization of 1-octene is 
extremely rapid. The isomerization of I-hexene is 
too rapid to measure by these techniques even at 
- 78°C. ’ 7 The composition of the oligomerization 
products can be controlled by varying the sub- 
stituents on the coordinated phosphine as illus- 
trated in Fig. 1. 

For the limited range of phosphines used in the 
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Fig. 1. The relative content of individual components in the final reaction mixtures for catalysts 
generated from the various Ni(sacsac)(PR,)Cl derivatives. Peaks with 7.5 < retention time (RT) < 9.5 
min correspond to C8 olefins, peaks with 10 < RT < 13 min correspond to C,* olefurs, Peaks with 
13 < RT c 16 min correspond to C,6 olefins, and peaks with 16 < RT < 20 min correspond to CzO 

olefins. 

present investigation, the most significant difference 
in the product distributions seems to be the higher 
dimer selectivity for the long chain phosphines. 
These differences probably reflect steric effects, but 
within the octene isomers the differences are less 
striking. The range of substituents examined is lim- 
ited, however, there appears to be a difference in the 
octene isomer distribution between catalysts with 
aliphatic and aromatic substituents. 

For all catalysts tested, the butene concentration 
varied non-linearly with time, and was found empir- 
ically to obey the relationship 

In (mb) = A exp (Bt) + C (1) 

where mb is the mass of residual butene, and A, B 
and C are empirical constants specific to individual 
catalysts. This behaviour is illustrated in Fig. 2 for 
the catalyst derived from Ni(sacsac)(PEt3)C1. After 

an initial period during which the data sys- 
tematically deviate from the line, the regression is 
followed closely. 

All experiments showed the same behaviour with 
values of the index of determination reaching or 
exceeding 0.99. However, in all cases, the systematic 
deviation from linearity was observed in the initial 
stages of the experiment. This initial period can be 
as long as 30-45 min in some cases. During this 
initial period, the reaction rate is higher than 
expected from the regression. 

Some caution should attend interpretation of the 
data for this initial period. The precision of the data 
obtained during this period is somewhat low due to 
the rapid, presumably highly exothermic reaction(s) 
and the time lag in the response of the measuring 
system. Data is least reliable during the first 15 min 
of the reaction. Thus, the catalytic behaviour during 



Selective oligomerization of butenes 2011 

2 .* 
lnmb= .516ex~(-0.2831t) + 1.449 i l / 

ID = 1.9 - 

1.8 - 

E” . 
=1.7 - 

1.6 - 
J 

I.” . . . . . 

.l .2 .3 .i . .s .k .i .i .s 

exp(-0.2831t) 

Fig. 2. Typical pattern of the correlation of experimental data. The points represent the experimental 
data, the solid line is obtained from the regression analysis. The catalyst is derived from Ni(sac- 

sac)(PEt,)Cl/Et,AlCl. 

this period can be interpreted only qualitatively. 
Nevertheless, the catalytic behaviour during the 
bulk of the experiment can be described with high 
precision. 

Dumas and Hsu’ * have examined the kinetics of 
butadiene polymerization catalysed by homo- 
geneous nickel-based species. They showed that the 
behaviour described by eq. (1) is consistent with (i) 
“instantaneous” activation of, (ii) a single catalytic 
species, (iii) the oligomerization reaction being first 
order in both substrate and catalyst [eq. (2)], and 
(iv) the disappearance of the active form of the 
catalyst being first order in catalyst [eq. (3)]. 

am,_ 
at 

- -km, 

where mb and m, are the masses of residual butene 
and catalyst, respectively, and kb and kc are the 
oligomerization and catalyst disappearance rate 
constants, respectively. These assumptions lead to 

the expression 

which is of the form of eq. (1) with (m& and (m& 
being the initial amounts of butene and catalyst, 
respectively. Values for kb and kc can be extracted 
from the experimental data by an iterative process 
maximizing the index of determination. These data 
are included in Table 1. The magnitude of kb is 
clearly dependent on the nature of the phosphine 
substituent, consistent with the substituent depen- 
dence of propylene oligomerization. “*15 However, 
the values of kc are much less sensitive to the nature 
of the phosphine, particularly for the tri- 
alkylphosphine derivatives. Table 1 also illustrates 
that the initial amount of butene calculated from 
the regression data agrees well with the measured 
amount. Thus, in spite of the initial deviations, the 
regression function yields experimentally mean- 
ingful data. 

This model also provides estimates of the rate of 
butene conversion (amount of reacted butene per 

Table 1. Parameters from the regression data 

Catalyst precursor (h’l) 
crnb)O k) 

Actual Calculated 

Ni(sacsac)(P(C,H,),)Cl 
Ni(sacsac)(P(C,H,),)Cl 
Ni(sacsac)(P(C,H,,),)Cl 
Ni(sacsac)(P(C16H&Cl 
Ni(sacsac)(PCH#$H&)Cl 

0.285 f 0.002 10.8+1.9 7.30 +0.01 
0.365 kO.047 12.6fO.l 7.27+0&I 
0.382 kO.021 6.8 * 0.9 7.50f0.05 7.1750.53 
0.306kO.113 2.9f0.5 7.50f0.01 
0.163kO.053 2.OkO.5 7.55+0.18 
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Table 2. Comparison of the initial conversion rates 

Catalyst precursor 

Initial conversion rate (h- ‘) 
Extrapolation of 

Initial data regression data 

Ni(sacsac)(P(C,H,),)Cl 
Ni(sacsac)(P(C,H,),)Cl 
Ni(sacsac)(P(C *HI ,) ,)Cl 
Ni(sacsac)(P(C , gH 33) ,)Cl 
Ni(sacsac)(PCH,(C,H,),)Cl 

2100f 1100 485+85 
5800 f 2200 700 + 38 
2200f200 519+78 
2500+900 362+62 

640f 100 115k29 

“The dimension of this parameter is mol butene (mol 
catalyst)- ’ h- I. 

unit time per unit amount of catalyst), the turnover 
frequency, for the different catalyst systems. The 
turnover frequency will be time dependent, so 
different catalysts are best compared on the basis 
of their initial turnover frequencies which can be 
determined as the product of k,, and the initial 
amount of butene in the liquid phase, (m&. This 
procedure gives initial turnover frequencies 
extrapolated from data obtained in the advanced 
stages of the experiment. 

Alternatively, the amount of residual butene as a 
function of time during the initial period can be 
represented by a polynomial in time. 

mb = a+bt+ct*+dP+ ..-. (3 

Evaluation of the differential at time zero also leads 
to estimates of the initial turnover frequency. A 
comparison of the initial turnover frequencies 
obtained by the two methods is presented in Table 
2. The lower precision of the data obtained during 
the initial period, and the necessary qualitative 
interpretation of this data, notwithstanding the data 
of Table 2, are consistent with the higher reaction 
rates obtained during the initial period. 

Equations (1) and (4) also imply that the 
maximum fractional butene conversion (i.e. at infi- 
nite time), (Cb),, will be given by 

which will be maximized for large amounts of cata- 
lyst, or catalysts for which k, is small, A direct 
assessment of this prediction is not possible in the 
present series of experiments which have been ter- 
minated after 6 h. However, our preliminary experi- 
ments over long reaction times ranging from 1 
to 48 h exhibited the same pattern of regression.“j 
High conversions were possible and seemed to ap- 
proach a limiting value for a particular catalyst 
concentration. 

The representation of the data by eq. (1) as 
applied to the main reaction period is excellent. The 
value of the index of determination was at least 
0.99, and the differences between the actual and 
calculated initial amounts of butene are within the 
limits of error. 

The parallel between our empirical mathematical 
description of the process and the kinetic con- 
version model of Dumas and Hsu is encouraging 
and consistent with the expectation that the rate- 
determining step in the oligomerization is either 
reaction of a molecule of butene with an activated 
catalyst, or reaction of a second molecule of butene 
with a supposed nickel-butyl intermediate. The sys- 
tematic deviation of our data from the regression 
during the initial period may be consistent with the 
initial formation of a highly active catalyst which 
changes into a less active but more stable form, as 
described in a more general formulation of the 
model of Dumas and Hsu. However, the precision 
of the initial data does not allow for quantification 
of such a postulate nor for estimations of the reac- 
tion order nor rate constants. 

These catalyst systems are quite stable and have 
functioned for several days under the present con- 
ditions.16 However, the pa rallel with the model of 
Dumas and Hsu implies a slow catalyst deactivation 
step. Interestingly, the implied deactivation rates 
are not very dependent on the nature of the phos- 
phine. We have shown previously’6 that the catalyst 
can be deactivated by CO (either present initially or 
added after catalyst activation) or H20, both of 
which may be present in the feed. Alternatively, 
catalyst solubility in the changing medium or com- 
petition from the accompanying isomerizations may 
be important in this regard. The catalyst is also 
deactivated by added phosphine. ” Thus, any phos- 
phine liberated from the nickel centre may further 
inhibit the remaining catalyst. There is, however, 
no direct relationship between kb and k,. Thus, it 
may be possible to select substituents which give 



Selective oligomerization of butenes 2013 

an optimum combination of catalyst stability and 
activity. Clearly, an extended range of phosphine 
substituent types will be required to quantify any 
influence of the phosphine on kb and k,. 

Kinetic data allow only a limited insight into the 
detailed nature of the catalytic active site(s). The 
present investigation and those into catalytic pro- 
pylene ’ 9 and ethylene2’ oligomerization indicate 
that the catalytic system is quite complex. The co- 
catalyst also appears to have a non-trivial role. Thus, 
the detection of two equivalents of octenes per equi- 
valent of Et2AlCl (present in large excess) during 
hexene isomerization is consistent not only with a 
bimetallic nickel-aluminium intermediate, but also 
with a catalyst/co-catalyst equilibrium. l7 Studies in 
this area are continuing. 

EXPERIMENTAL 

All manipulations were carried out in an inert 
atmosphere of argon or butenes using standard vac- 
uum manifold techniques.21 Solvents were AR 
grade and were dried and distilled under argon 
before use. Diethylaluminiumchloride (Merck) was 
used as received. The compounds Ni(sacsac) 
(PR#ZI were prepared from Ni(sacsac)222 and 
NiC12(PR3)223 by the method previously re- 
ported,24 and their identities confirmed by NMR 
spectroscopy and FABMS. trans-2-Butene (Mathe- 
son technical grade) was used as received. Gas chro- 
matographic analysis of the trans-Zbutene showed 
it to contain small amounts of l- and cis-Zbutenes 
and no other impurities. Gas chromatograhic 
analyses were performed on an SGE 25m QC2/BPl 
0.25 mm capillary column using a Hewlett Packard 
5890A gas chromatograph equipped with an FID 
and a Hewlett Packard 3393A integrator. The 
butene dimers were individually resolved and their 
identities established as reported previously. 25 

Butenes were oligomerized in batch experiments 
in a magnetically stirred stainless steel tubular reac- 
tor system at 22 f 2°C. The volume of the reactor 
was 81.3 fO.l cm3, and the average liquid volume 
was 21.2 cm3. The reactor was connected to a cali- 
brated manometer and equipped with a calibrated 
thermocouple. Pressure and temperature measure- 
ments were accurate to + 0.2 kPa and f O.l”C, 
respectively. The density of the liquid reaction mix- 
ture as a function of the amount of dissolved butene, 
and the relationship between the vapour pressure, 
temperature and amount of butene in the liquid 
phase were calibrated separately. 

The weighed reactor was evacuated and charged 
with butenes (7.50f0.05 g, 0.134 mol) at - 5”C, 
and, a solution of the nickel catalyst precursor 
[(3.50+0.01)x 10m5 mol in 10.0fO.l cm3 of dry 

deoxygenated chlorobenzene] was injected into the 
reactor through a septum and the reactor re- 
weighed. The reactor temperature and pressure 
were allowed to stabilize at 22&2”C and neat 
diethylaluminiumchloride (0.20 It 0.05 cm3, 1.59 x 
low3 mol, Ni:Al ratio 1:45.5) added by injec- 
tion. The reactor temperature and pressure were 
monitored for the duration of the reaction. The 
reaction temperature rose gradually by 2-3°C 
during this period. After 6 h, the reaction was 
stopped by the injection of 2 cm3 of distilled water, 
the reactor was weighed, excess butenes released 
and the reactor reweighed. The liquid products were 
separated from water and analysed by gas chro- 
matography. Solvent chlorobenzene was used as an 
internal standard, after calibration of the chlo- 
robenzene GC response with standard mixtures of 
chlorobenzene and I-octene. Time/temperature/ 
pressure data were evaluated in terms of the mass 
of residual butene as a function of time, based on 
the correlation of the liquid phase butene concentra- 
tion with temperature and pressure in this system. 
Data were analysed using the program Statview for 
the Apple MacintoshTM computer. No butene 
oligomerization was detected using either the 
nickel or aluminium precursors alone under these 
conditions. 
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POLYLITHIUM COMPOUNDS: A NEW GENERAL HIGH 
YIELD SYNTHE SIS FOR l,l-DILITHIO COMPOUNDS 

HAJIMU KAWA, BOBBY C. MANLEY and RICHARD J. LAGOW* 

Department of Chemistry, University of Texas, Austin, TX 78712, U.S.A. 

Abstract-The synthesis of dilithio compounds such as l,l-dilithioneopentane, (tri- 
methylsilyl)dilithiomethane and bis(trimethylsilyl)dilithiomethane are reported in 88, 97 
and 95% yield, respectively. A new general synthesis by thermal rearrangement is developed 
in this manuscript. Additional characteristics of the reaction chemistry are discussed. 

We report the development of a very general high 
yield synthesis for gem l,l-dilithio compounds. 
Polylithium organic compounds are of current 
interestlm3 while gem dilithio compounds are very 
unusual new reagents and of interest from a struc- 
tural and theoretical point of view.“’ 

In 1982, our research group’ modified and refined 
a Karl Ziegler pyrolysis and thermal rearrangement 
of methyllithium generating a high yield synthesis 
for dilithiomethane. This synthesis made dili- 
thiomethane an accessible reagent and added poly- 
lithium chemistry to the repertoire of conventional 
organic synthetic chemists. 

Recently we have established that the Kawa- 
Lagow modified Ziegler synthesis is a very general 
and broadly applicable synthetic method. The 
method can be modified so that synthesis of higher 
l,l-dilithio compounds such as 1, l-dilithioneo- 
pentane, (trimethylsilyl)dilithiomethane and bis(tri- 
methylsilyl)dilithiomethane are possible in 88, 97 
and 95% yield, respectively, see eqs (l), (2) and (3). 

Me& Ii 
\/ 

2 

H 
iC\Li 

Me,Si H 

2 v 

H ’ ‘Li 

Me& Li 

ISOT _ \/ 

/“\ 
+ Me& (1) 

H Li 

(88% yield) 

Me,Si Li 

15O~C 

/\ 

+ Me,Si (2) 

H Li 

(97% yield) 

To Geoffrey Wilkinson: our best regards to a very 
creative chemist. 

*Author to whom correspondence should be addressed. 

Me,Si H Me,Si Li 

2 

Me,Si’ ’ 

160T 
c - ‘C’ + (Me,Si),CH, 

/\ 
Li Me,Si Li 

(97% yield) 

(3) 

One of the most commonly observed modes of 
thermal decomposition of organolithium com- 
pounds is the elimination of lithium hydride, lead- 
ing to alkenes. 

RCH2CHzLi - * RCH=CH2 +LiH. (4) 

This is a widely observed phenomenon in the chem- 
istry of organolithium compounds. 

None of the above monolithium compounds have 
hydrogen at the j?-position, therefore they cannot 
eliminate LiH in the normal manner. Neo- 
pentyllithium was found to rearrange at 180°C 
under an inert atmosphere into the light coloured 
yellowish solid 1,l -dilithioneopentane and neo- 
pentane in yields of 88 and 94%, respectively. Neo- 
pentane was collected in a -78°C trap during the 
reaction, and was found to be > 95% pure by GLC 
analysis. 

The new 1, 1-dilithio compounds were converted 
into their 1, 1-dideuterio compound analogues for 
spectroscopic studies. Quantitative deuteration was 
achieved by reaction with MeOD at - 78°C. A mass 
spectral data comparison of these compounds with 
the undeuterated compounds is summarized in 
Table 1. In each case, the base peak (p-CH3)+ 
indicates the existence of two deuterium atoms on 
the parent molecule. The fragmentation patterns 
were also compared with authentic samples pre- 
pared by the reaction of corresponding 1,1-diiodo 
compounds with Zn/CH3C02D. 
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R Li R D R I 

‘C’ 
MeOD Zn/CH,CO$ 

/\ - 

Y ‘C’ 

/\ /\ 
R’ Li R’ D R’ I 

Dilithiomethane is known to react with chloro- 
trimethylsilane at 150°C (two days) to give bis 
(trimethylsilyl)methane in 87% yield. 6 However, 
none of the new dilithio compounds reacted with 
chlorotrimethylsilane even at higher temperatures 
(180°C). The tert-butyl or trimethylsilane groups 
made the formation of new C-C or C-Si bonds 
difficult as was expected ; for such sterically bulky 
groups are not easily accommodated around one 
carbon. The 1,l -dilithio compounds were found to 
have high proton affinities but very low nucleo- 
philicity. For example, 1,l -dilithioneopentane re- 
acted with dimethylsulphate at room temperature 
to give LI mixture of neopentane (17%), 2,2- 
dimethylbutane (74%) and 2,2,3_trimethylbutane 
(9%). 

Me&CHL& Weo)zS02 > Me& 

+ Me,CCH,Me+ Me,CCHMe2. (6) 

Proton abstraction predominantly occurred instead 
of methylation. Quite surprisingly, acyl halides did 
not react with any of these l,l-dilithio compounds, 
including dilithiomethane. 

Dilithiomethane decomposes into lithium carbide 
and tetralithiopropyne at 250°C.’ 

(CHzLiA- A (C2Li2).+(C,Li&,+LiH. (7) 

(80%) (20%) 

l,l-Dilithiopentane began to decompose at much 
lower temperatures (200°C). For example, pyrolysis 
of this compound at 2 10°C for 15 min gave a mix- 
ture of lithium acetylide (75%) and (C3LiJn (25%). 
(Characterization by hydrolysis and flash vapori- 
zation mass spectroscopy.) 

Maercker et al. recently reported the synthesis of 
l,ldilithioethane7 by the reaction of l,l-bis(chloro- 
mercurio)ethane with lithium : 

*It should be noted that facile leaving groups (i.e. 
triphenyhnethyl) should also be avoided at the fi- 
position. An elimination of alkyllithium might take place 
in such cases. 

(5) 

Though this reaction seems to be applicable to other 
1,l -dilithio compounds, the biggest disadvantage is 
that the products are usually contaminated with 
inorganic salts and metal amalgam, which cannot 
be easily removed. The Kawa-Lagow modified 
Ziegler procedure is very generally applicable to 
systems in which the organolithium compounds do 
not have any hydrogens at the b-position.* In spite 
of this limitation, our method provides a ready 
source of very pure 1,l dilithio compounds, which 
will enable us to do important structural studies. 
Bulky groups are effective in preventing poly- 
merization, thus giving these l,l-dilithio com- 

Table 1. The mass spectra of 1,1-dideuterio compounds 

Compound 
Molecular 

weight m/e (Relative intensity) 

Me.&? 72 

Me3CCHD2 74 

Me&” 88 

Me$iCHD, 90 

160 

(Me$i)&D, 162 

15(5), 27(15), 29(39), 
39(13), 41(42), 
57( loo), 58(4) 
15(4), 17(l), 27(6), 
28(5), 29(11), 30(7), 
31(3), 39(13), 40(7), 
41(28), 42(20), 43(12), 
57(31), 58(10), 59(100), 

60(3) 
29(7), 42(4), 43(17), 
44(4), 45(14), 73(100), 
74(8), 88(l) 
42(l), 43(8), 44(3), 
45(1 l), 46(6), 47(5), 
73(32), 74(8), 75(100), 
76(8), 77(4) 
43(14), 45(13), 59(11), 
73(32), 85(2), 129(5), 
145(100) 
43(10), 44(5), 45(7), 
59(5), 73(30), 85(l), 
131(6), 147(100), 
148(16), 149(5) 

“J. G. Grasselli and W. M. Ritchey, Atlas of Spectral 
Data and Physical Constants for Organic Compounris. 
CRC Press. 

b D. R. Rimmel, C. A. Wilkie and F. Ramon, J. Org. 
Chem. 1972,37,2665. 
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pounds considerable volatility.* Crystal structures 
are now in progress. Also, the trimethylsilyl group 
increases the solubility of the compound in organic 
solvents over simple polylithium compounds such 
as (H,CLi,),.t 

EXPERIMENTAL 

The following experiments were carried out 
under an extremely dry and oxygen-free argon 
atmosphere. The usual vacuum/Schlenk line tech- 
nique was used for the isolation of extremely air/ 
moisture-sensitive organolithium compounds. 

Neopentyllithium 

Bis(neopentyl)mercury (4.78 g, 14 mmol) and 
lithium shavings (2.00 g) were mixed in 100 cm3 of 
n-hexane. The mixture was stirred for three days at 
room temperature. The resultant lithium amalgam 
and excess lithium were separated by filtration. The 
filtrate was evaporated to dryness, giving a slightly 
yellow crude neopentyllithium, which was then 
purified by sublimation at 130°C in vucuo (lo- 5 
torr). Yield : 2.00 g (92%) ; ‘H NMR : (C,D,) ; 
1.13 (9H), -0.68 (2H) ppm. 

a receiver cooled to -78°C during the reaction. 
The system was then evacuated and the volatile 
compound was transferred through the vacuum line 
to a - 196°C trap. Exactly 170 mg of a volatile 
compound was isolated which was identified as 95% 
pure neopentane by GLC analysis using a 10 m x 
l/4 in. Durapak phenyl isocyanate on Porasil C 
column (94% yield). Isobutane was the only other 
product. The light yellow compound (205 mg) was 
isolated and was carefully hydrolysed with MeOD 
at -78°C. The reaction mixture was fractionated 
under vacuum using a - 78 and a - 196°C trap 
(excess MeOD was collected in the -78°C trap). 
The phenyl isocyanate column was used for the 
quantitative analysis. The yield of 1, l-dilithio- 
neopentane (88%) was calculated based on the 
amount of 1, I-dideuterioneopentane obtained and 
the amount of neopentyllithium used. Major 
impurities were CzDz and C3D4. 

Similarly, (trimethylsilyl)methyllithium (420 mg) 
was pyrolysed at 150°C for 12 h, resulting in a white 
solid (220 mg) and tetramethylsilane (192 mg, 98% 
pure). Deuterolysis of the white solid gave a mixture 
of Me,SiCHD, (97%) and CzDz (3%). 

(Trimethylsilyl)methyllithium and bis(trimethyl- 

silyl)methyllithium 

(Trimethylsilyl)methyllithium was obtained by 
the same procedure as above in a yield of 78%. 
Sublimed at 100°C (lo-’ torr). ‘H NMR (C6D6); 
0.17 (9H), - 2.07 (2H) ppm. Diethyl ether was used 
as a solvent in the above reaction to give an 80% 
yield of bis(trimethylsilyl)methyllithium from the 
corresponding mercury compound. Sublimation 
occurred at 100°C (lop5 torr). ‘H NMR (C6D6); 6 
0.13 (18H), -2.50 (1H) ppm. 

By the same procedure as above, bis(tri- 
methylsilyl)dilithiomethane was obtained as a white 
solid in 95% yield by the pyrolysis of bis(tri- 
methylsilyl)methyllithium at 160°C for 12 h. 
Photoacoustic IR spectra of mono- and bis(tri- 
methylsilyl)dilithiomethanes showed characteristic 
patterns for trimethylsilylated compounds ; 2903, 
1253, 870 and 705 cm-’ were observed for (tri- 
methylsilyl)dilithiomethane and 2903, 1257, 1057, 
849 and 691 cm-’ were observed for bis(tri- 
methylsilyl)dilithiomethane. 

Acknowledgements--We are grateful to the National 
Science Foundation (CHE-8521390) and the Robert A. 
Welch Foundation (F-700) for support of this work. 
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CHLORINATION OF HALF-SANDWICH CARBONYL 
COMPLEXES: THE SQUARE-P YRAMIDAL CATION 
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Anorganisch-chemisches Institut der Technischen Universitlit Miinchen, 
LichtenbergstraBe 4, D-8046 Garching/Mtinchen, F.R.G. 

Abstract-The molybdenum(O) half-sandwich complex tricarbonyl(#j-hexaethylbenzene) 
molybdenum (1) undergoes clean oxidation upon treatment with elemental chlorine in 
methylene chloride-carbon tetrachloride solution or with phenyliodo dichloride, 
(C6HS)ICl2, in methylene chloride solution to yield the ionic complex 2 of net composition 
(C6Et6)Mo2(C0)J!17 (Et = C2HJ. This compound was established by a single-crystal X- 
ray diffraction study to contain the square-pyramidal, diamagnetic d4-molybdenum(I1) 
cation [(rj6-C6Et6)Mo(CO)3C1]+ and a hexachloromolybdate( counter anion of expected 
octahedral geometry (d’ ; paramagnetic). The crystals are monoclinic, space group P2,/n, 
with four molecules in a unit cell of dimensions a = 15.770(3), b = 19.172(5), c = 10.415(5) 
8, and B = 106.40(2)“. The structure was solved by the heavy-atom method and refined by 
full-matrix least-squares calculations to R, = 0.037 for 1810 observed data. All molyb- 
denum-to-carbon distances are significantly longer in the ionic compound 2 than in the 
neutral precursor species 1. 

Oxidation including chlorination of low-valent 
organometallic half-sandwich carbonyl complexes 
often not only entails carbonyl substitution but also 
extensive decomposition. In the context of our work 
on high-valent organometal oxides’,’ we became 
interested in halogenated derivatives that might 
prove useful for subsequent hydrolysis reactions 
to yield 8nally 0x0 derivatives.3 Since the half- 
sandwich rhenium(VII) oxide of formula (r$- 
CSMe,)Re03 (Me = CH3) is an extraordinarily 
stable compound, there is no reason to assume that 
the isoelectronic derivatives ($-C6R6)M03 of mo- 
lybdenum and tungsten, on the one hand, and (q4- 
C4R4)M03 of osmium on the other hand should 
not be accessible.’ However, first attempts of direct 
oxidation of the molybdenum(O) compound 1 by 
means of hydrogen peroxide and t-butyl hydro- 
peroxide were unsuccessful, thus sharply con- 
trasting the observations made for the isoelectronic 
rhenium compound ($-CsMe,)Re(CO),. 1,2*4 We 
therefore undertook oxidation reactions using 
chlorine to check whether 1 can be oxidized cleanly 
at all. 

*Dedicated to Sir Geoffrey Wilkinson FRS on the 
occasion of his 65th birthday. 

t Author to whom correspondence should be addressed. 

Treatment of 1 in methylene chloride solution 
with excess chlorine dissolved in carbon tetra- 
chloride immediately produces the red-brown com- 
pound 2 according to Scheme 1 in 81% yield after 
recrystallization. We have also found phenyliodo 
dichloride, (C6H,)ICl2,’ to be a Clean chlorination 
reagent for 1 to give the same product 2. 

The IR spectra of this product exhibit three car- 
bony1 stretching vibrations (vC0) that are signifi- 
cantly shifted to higher wavenumbers (2083, 2037, 
2003 cm-’ ; KBr) with respect to the precursor 
compound 1 (1955, 1875 cm-‘), thus indicating 
the cationic nature of the metal carbonyl species 
in question. At the same time a band at 340 
cn- ’ attributable to MoCl entities is observed. The 
NMR spectra did not yield an unambiguous 
structural assignment nor could a total elemental 
analysis (showing the net composition CZ1H3&17 
M0203) provide an idea of the structure although 

Scheme 1. 
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Fig. 1. SCHAKAL drawing of compound 2’s molecular structure in the crystal. A space-filling model 
drawing is superimposed. A numbering scheme has been omitted for better clarity. 

the low solubility in most organic solvents indi- 
cated the ionic nature of the compound. Hence 
an X-ray structural study was inevitable. 

Compound 2 crystallizes from methylene chlor- 
ide at - 25°C in the monoclinic space group P2 ,/n 
with unit cell dimensions a = 15.770(3), b = 
19.172(5), c = 10.41 l(5) A and j? = 106.40(2)“.* Im- 
portant bond lengths and angles are listed in Table 
1. As can be seen from the SCHAKAL drawing 
depicted in Fig. 1, the compound consists of the 
molybdenum(I1) CatiOn [(~6-C6Et6)MO(CO)~C1]’ 

and a hexacbloromolybdate(V) anion wOc16]- 

in a 1 : 1 ratio. The half-sandwich cation has a 
square-pyramidal overall geometry if one con- 
siders the x-bonded hexaethylbenzene system to 
adopt just one coordination site. The basal set of 
ligands is formed by the three original carbon mon- 
oxide groups plus an extra chlorine ligand. Two 
ring-bonded ethyl groups in l- and 4-positions 
are directed towards the metal atom while the 
other four ethyl groups are oriented in the oppo- 
site way. This contrasts with the structure of the 
starting compound 1 in which every second ethyl 
group is oriented towards the MOM moiety.6 

* Further details of the crystal structure determination 
can he obtained from the Fachinformationszentrum 
Energie, Physik, Mathematik, D-75 14 Eggenstein- 
Leopoldshafen 2, F.R.G., by quoting the depository 
number CSD 53099, the name of the authors and the 
journal citation. 

Due to the oxidation state all metal-to-carbon dis- 
tances of the cation of 2 are significantly longer 
than those in the precursor compound 1 (Table 1). 

The hexachloromolybdate(V) anion shows a near 
perfect octahedral geometry (Table 1) and typical 
molybdenum chloride bond distances expected for 
the oxidation state V (Table 2). 

The novel compound 2 reported here combines 
a d4-MO” cation (18 electron system) with a 
d’-MO” anion. While the metal of the half-sand- 
wich cation seems to adopt a low-spin electronic 
state resulting in diamagnetism, the anion is para- 
magnetic. This was proven by an ESR spectrum 
(recorded in methylene chloride solution at 296 K) 
that gave a (g) value of 1.980 and a hyperfine 
splitting (A) of 45.7 x 1O-4 cm-‘. 

EXPERIMENTAL 

General procedures and materials 

The starting compound 1 was synthesized from 
hexacarbonylmolybdenum and hexaethylbenzene 
in dibutyl ether at 120°C in 85% yield.’ Phenyliodo 
dichloride was prepared from phenyliodide and 
chlorine in 80% yield according to a published pro- 
cedure.6 ‘H and ’ 3C NMR spectra were recorded 
on a JEOL 270 MHz spectrometer, the IR spectra 
on a NICOLET Fourier-Transform Infrared spec- 
trometer 5-DX. 
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Table 1. Selected bond distances (A) and angles (“) of the ionic compound 2 
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Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Cl 

C(1) 
C(2) 
C(3) 
C(l1) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 

2.471(2) 
1.84(l) 
2.06(2) 
2.06( 1) 
2.398(7) 
2.376(8) 
2.470(8) 
2.430(8) 
2.34( 1) 
2.441(7) 

Mot21 Cl(l) 2.3 13(2) 

Mo(2) Cl(2) 2.299(2) 

Mo(2) Cl(3) 2.318(2) 

Mo(2) C](4) 2.315(3) 

Mo(2) Cl(5) 2.324(2) 

Mo(2) Cl(6) 2.304(2) 

MO C(ring) from 2.362 to 2.402 
MO C(0) from 1.818 to 1.828 

O(l) C(l) 1.243(9) 

O(2) C(2) 1.126(8) 

O(3) C(3) 1.116(8) 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 

Cl 
Cl 
Cl 
Cl 

C(1) 
C(1) 
C(1) 
C(2) 
C(2) 
C(3) 

Mot11 
MO(~) 
MO(~) 

C(l) 
C(2) 
C(3) 

(71) 
C(2) 
C(3) 
Cz” 

C(2) 
C(3) 
CY 

C(3) 
CP 
Cz” 

O(l) 
O(2) 
O(3) 

71.7(4) 
132.9(3) 
76.1(3) 

113.5 
80.0(4) 

104.8(5) 
127.1 
75.8(4) 

113.6 
128.0 

174(2) 
178(2) 
177(2) 

Cl(l) 
Cl(l) 
CU) 
Cl(l) 
Cl(l) 
cw 
cw 
W) 
cm 
Cl(3) 
Cl(3) 
Cl(3) 
Cl(4) 
Cl(4) 
Cl(5) 

MO(~) Cl(2) 
MO(~) Cl(3) 
MO(~) Cl(4) 
MO(~) Cl(5) 
MO(~) Cl(6) 
MO(~) Cl(3) 
MO(~) Cl(4) 
MO(~) Cl(5) 
MO(~) Cl(6) 
MO(~) Cl(4) 
MO(~) Cl(S) 
MO(~) Cl(6) 
MO(~) Cl(5) 
MO(~) Cl(6) 
MO(~) Cl(6) 

90.54(8) 
90.83(9) 
88.79(9) 
90.1(l) 

178.78(9) 
90.10(9) 

178.9(2) 
90.18(9) 
89.49(9) 
88.91(9) 

179.0(2) 
90.39(9) 
90.8(l) 
91.2(l) 
88.64(9) 

’ Cz marks the centre of the hexaethylbenzene ligand. 

Preparation of [tricarbonylchloro($-hexaethylben- ately indicating the formation of compound 2. The 
zene)molybdenum(II)]hexachloromolybdate( (2) solvents were stripped off in vacua, and the remain- 

ing residue was washed four times with 50 cm3 of 
Method A. A solution of 1.30 g (3.04 rmnol) of 1 n-hexane after the removal of each solvent. The 

in 30 cm3 dry methylene chloride was treated with 3 solid material was then extracted with 30 cm3 of 
cm3 of a solution of chlorine in carbon tetrachloride methylene chloride with subsequent filtration of the 
(3.36 M). A red-brown colour developed immedi- resulting extract (G3 glass frit). The filtrate was 

Table 2. Comparison of some Ma-Cl distances (A) 

Compound 
Oxidation 

state d(Mo-Cl) Ref. 

[MoCl,]- 
[MoCl,J- 
[MoCl,]‘- 
[($-CsEts)Mo(CO)3C1]+ 

MO” 
MO” 
MO”’ 
MO” 

2.31” This work 
2.31” 7 
2.45” 8 
2.471 This work 

D These distances are mean values. 
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carefully superlayered with 30 cm3 of n-hexane and 
slowly cooled down to - 25°C. After several hours 
large, red-brown, air- and water-sensitive crystals 
had formed. Yield : 950 mg (81%). 

Method B. 3.16 g (11.50 mmol) of phenyliodo 
dichloride were added to a solution of 2.80 g (6.57 
mmol) of 1 in 40 cm3 dry methylene chloride. A 
red-brown colour developed immediately. After 15 
min of stirring the solvent was stripped off in DUCUO. 

Work-up of the product is analogous to method A 
(see above). 

Elemental analysis. Found : C, 32.9 ; H, 3.9 ; Cl, 
29.3 ; MO, 25.3 ; 0,7.8. Calc. for CZLH30C17M0203 : 
C, 32.7; H, 3.9; Cl, 32.2; MO, 24.9; 0, 6.2%. The 
deviations of the chlorine and oxygen values are 
most likely due to partial hydrolysis reactions. 

Spectroscopic data. IR (cm- ‘, KBr) : 2980-2900 
m [vCK] ; 2083 vs, 2037 vs, 2003 vs [vCO] ; 1614 w 
[v(CEt=CEt)] ; 1454 m [6Cc] ; 340 m [vMoCl]. EI- 
MS (70 ev) : m/e 246 ([&Et$, rel. int. 62%), base 
line at m/e 231 (Ci7Hz7). ‘H NMR (270 MHz, 
CDIC12, +2O”C): 6CH3 1.55 [br, 18H], 6CHz 2.72 

ppm lbr, 1331. 13C NMR (67.80 MHz, CD2C12, 
+2O”C) : K’H, 21.9, SC’& 26.4, 6C6 (C,H,), 137.8, 
X0 210.5 ppm. 

X-ray structure of compound 2 

Red-brown monoclinic crystals grown from 
dichloromethane-n-hexane at - 25°C. Space 
group P2,fn: a = 15.770(3), b = 19.172(5), 
c = 10.411(5) 8, and /I = 106.40(2)” refined from 
32 high angle reflections ; Z = 4 ; FooO = 1532 ; 
d(calc.) = 1.695 g cmw3; p = 14.6 cm-‘; T= 

24 + 1 “C ; CAD4 (Enraf-Nonius), MO-& radiation, 
graphite monochromator ; o-scan, 2.0” < 0 < 
22.5”, h(- 16/16); k(0/20); Z(O/ll), t(max) = 60 s; 
number of recorded data : 4305, 1777 weak (I < 
0.0) suppressed, 2369 independent reflections of 
which 559 (Z < 30(Z)) were excluded from refine- 
ment. The structure was solved by Patterson 
method and Difference Fourier techniques. All 
non-hydrogen atoms were refined anisotropically, 
hydrogen atoms were calculated from ideal posi- 

tions included in structure factor calculations 
but were not refined ; 298 parameter full-matrix 
least-squares, R = x IlFJ - IFJ/C IF01 = 0.052, R, = 
p w(lFJ - lFJ)‘/~ wF;]“’ = 0.037, GOF = p w 
(IF,1 - IF,I)Z/(NO-NV)]‘/Z = 2.922. For all calcula- 
tions the program system STRUX-II’” was em- 
ployed. 

Acknowledgements-This work was supported by the 
Deutsche Forschungsgemeinschaft and the Fends der 
Chemischen Industrie. Dr U. Kiisthardt is acknowledged 
for the recording of the ESR spectrum. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

REFERENCES 

W. A. Herrmann, E. Herdtweck, M. Fliiel, J. Kulpe, 
U. Kiisthardt and J. Okuda, Polyhedron 1987, 6, 
1165. 
Recent reviews : (a) W. A. Herrmann, Angew. Chem. 
1988,100, in press ; W. A. Herrmann, Angew. Chem. 
Znt. Ed. Engf. 1988,27, in press ; (b) W. A. Herrmann, 
Comm. Znorg. Chem. 1988,7,73. 
W. A. Herrmann, W. R. Thiel and E. Herdtweck, .Z. 
Organomet. Chem. 1988, in press. 
(a) W. A. Herrtnann, E. Voss and M. F16e1, J. Organ- 
omet. Chem. 1985,297, C5 ; (b) Structure : E. Herdt- 
week, J. Okuda and W. A. Herrmann, Znorg. Chem. 
1988,27, 1254. 
B. S. Garvey Jr, L. F. Halley and C. F. H. Allen, J. 
Am. Chem. Sot. 1937,59,1827. 
D. J. Iverson, G. Hunter, J. F. Blount, J. R. Dame- 
wood Jr. and K. Mislow, J. Am. Chem. Sot. 1981, 
103,6073 ; Compounds analogous with 2 : M. H. B. 
Stiddard and R. E. Townsend, J. Chem. Sot. (A) 
1969,2355. 
U. Miiller, E. Conradi, U. Patt-Siebel, I. Schmidt, 
A. Khabou and K. Dehnicke, Z. Anorg. Allg. Chem. 
1988, in press. 
A. Herbowski and T. Lis, Polyhedron 1985,4, 127. 
G. Brauer, Hana’buch der Priiparativen Anorganischen 
Chemie, Vol. 3, 3rd edn, p. 2020. Enke-Verlag, 
Stuttgart (1981). 
R. E. Schmidt, M. Birkhahn, W. Massa, P. Kiprof 
and E. Herdtweck, STRUX-ZZ, Programmsystem zur 
Verarbeitung von Riintgendaten. Universitit Mar- 
burg (1980) and Technische Universitit Mtinchen 
(1985/1987). 



Polyhedron Vol. I, No. 19120, pp. 2031-2033, 1988 
F’rinted in Great Britain 

0277-5387/88 $3.00+.00 
0 1988 Pergamon Press plc 

RuH2[P(C,J3&(pCJ&CH,)I, : AN UNEXPECTEDLY STABLE AND 
UNREACTIVE M-ELECTRON RUTHENIUM DIHYDRIDE* 
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Abstract-The title complex is obtained either by daylight exposure in benzene or dis- 
solution in acetone of RuH2(q2-H2)(PPh2tol)3 [PPh,tol = P(C6HS)2(p-C,H,CH3)] or by 
sodium borohydride reduction of RuC12(PPh2tol)3 after evaporation to dryness. It is 
fluxional and does not react with hydrogen to give the initial RuH2(q2-H2)(PPh2tol)3. 

Mononuclear polyhydride phosphine transition 
metal complexes have been known for a long time’ 
but still play an important role in modern inorganic 
chemistry. They are usually stable, electronically 
saturated complexes. These species can lose ligands 
after thermal or photochemical activation, and gen- 
erate coordinatively and electronically unsaturated 
species. The 16- (or less) electron species thus 
obtained are considered to be reactive intermediates 
and react readily with a variety of ligands including 
hydrocarbons in some cases. 

Two good examples are “ReH ,(PR 3) 2)’ obtained 
either by photochemical loss of PR3 from 
ReHS(PR3)32 or loss of H2 from ReH7(P3)2 and 
“RuH4(PR3)2” (R = c-&Hi ,, i-C3H7)3 obtained 
by dissociation of one bulky phosphine ligand 
from RuH2(q2-H2)(PR3), in solution. These latter 
species are so reactive that they undergo a rapid 
H/D exchange at room temperature between the 
alkyl protons of the phosphines and an aromatic 
deuterated solvent. 

“Tetrahydride” phosphine complexes of rutheni- 
um4 and iron’ have been known since the 70s but 
only recently reformulated as the molecular hydro- 
gen derivatives, MHz(r12-H2)(PR3)36 (M = Fe, 

*Dedicated to Professor Sir Geoffrey Wilkinson on 
the occasion of his retirement. 

t Author to whom correspondence should be addressed. 

PR3 = PEt2Ph; M = Ru, PR3 = PPh36 or PCy,).’ 
The iron complex was shown to lose H2 reversibly 
to give a red 16-electron species, FeH2(PR3)3, 
which may react with N2 for example.’ Similarly, 
the dihydrogen ligand in RuH~(~~-H~)(PR~)~ is 
readily replaced by N2, CO and PR3,’ and shows a 
high reactivity towards olefins and weak acids.9 
In the case of ruthenium, no 16-electron species 
could be isolated. However, Linn and Halpem 
have reported the existence of RuH2(PPh3)3 in 
a paper dealing with the catalytic properties of 
RuH2(r12-H2)(PPh3)3, but found that this unstable 
complex readily disproportionated to RuH2(PPh3)4 
and RuH2(PPh3)2(L?)2.‘o 

For some years, we have been interested in the 
preparation and chemical properties of ruthenium 
“polyhydrides”,3*’ ’ which in fact are actually 
molecular hydrogen derivatives. 7 An interesting 
class of compounds are dinuclear species Ru2H4(q2- 
H2)(PR3)4 (R = C6H5, c-C6H1 i, i-CXH7) which 
appeared to be the first dinuclear molecular hydro- 
gen derivatives.’ James and co-workers actually 
reported a similar complex, Ru~H~@-H)&-C~)~ 
(Ptol&, in 1985 which has been reformulated as 
Ru~H(II~)@-H)~-C~)~(P~O~~)~.~~ The only complex 
in the series of complexes, Ru~H~(~~-H~)(PR~)~, 
which is not fluxional at all temperatures is the 
triphenylphosphine one.“” Unfortunately it is not 
soluble enough at low temperature to obtain good 
T, data to verify the existence of an H-H inter- 
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RuH,[P(C,H,),(p-C,H.,CH,)],, a 16-electron ruthenium dihydride 2033 

do not correspond to those found for 3 whereas the 
spectroscopic data of 1 and 2 are very similar to 
those of RuH2(q2-H2)(PPh& and RuH,(PPh,),, 
respectively. No colour change and thus most prob- 
ably no reaction was observed between 3 and H2 
in ketones even under pressure. Perhaps the most 
extraordinary result is that an acetone solution of 
3 is air-stable. 

3 slowly catalysed the hydrogenation of cyclo- 
hexanone at 80°C (25 bar H2), whereas in acetone 
a yellow solution was obtained showing a vC0 
band by IR at 1930 cm- ‘. This absorption can be 
attributed to RuH2(CO)(PPh2tol)3 which is pro- 
duced by the well-known decarbonylation of 
acetone by such complexes. l4 However, the car- 
bony1 product was not further characterized. 

Finally, 3 is indefinitely stable in benzene even 
when warmed to 80°C and shows neither any sign of 
a H-D exchange reaction in C6D6 (unlike RuH2(q2- 
H2)(PR&) nor any sign of dimerization. 

To conclude, we show in this note that a very 
slight modification in a phosphine ligand (CH3 for 
H) induces a completely different chemistry of the 
complexes afforded. We have successfully isolated 
the first 16-electron hydridophosphine ruthenium 
complex which is unexpectedly stable and in par- 
ticular does not react with H2 whereas the saturated 
species RuH2(PPh2tol), (2) does. The only proposal 
we can formulate to explain this behaviour is the 
existence of an agostic interaction between a phenyl 
proton and the metal, similar to what is known 
for RuC12(PPh&, ’ 5 even though the complex is 
fluxional at all temperatures. Unfortunately, we 
were unable to grow crystals suitable for X-ray 
diffraction. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

REFERENCES 

G. G. Hlatky and R. H. Crabtree, Coord. Chem. Rev. 
1985,65, 1. 
(a) M. A. Green, J. C. HutIman and K. G. Caulton, 
J. Am. Chem. Sot. 1981,103,695; (b) M. A. Green, 
J. C. Huffman, K. G. Cat&on, W. K. Rybak and J. 
J. Ziolkowski, J. Organomet. Chem. 1981,218, C39. 
(a) B. Chaudret, J. Organomet. Chem. 1984, 268, 
C33 ; (b) B. Chaudret and R. Poilblanc, Organo- 
metallics 1985,4, 1722. 
W. H. Knoth, J. Am. Chem. Sot. 1972,94, 103. 
M. Aresta, P. Giannoccaro, M. Rossi and A. Sacco, 
Znorg. Chim. Acta. 1971,5, 115. 
R. H. Crabtree and D. G. Hamilton, J. Am. Chem. 
Sot. 1986,108,3124. 
T. Arliguie, B. Chaudret, R. H. Morris and A. Sella, 
Znorg. Chem. 1988, 27, 598. 
R. 0. Harris, N. K. Hota, L. Sadavoy and J. M. C. 
Yuen, J. Organomet. Chem. 1973,54,259. 
D. J. Cole-Hamilton and G. Wilkinson, Nouu. J. 
Chim. 1977,1, 141. 
D. E. Linn and J. Halpern, J. Am. Chem. Sot. 1987, 
109,2969. 
(a) B. Chaudret, J. Devillers and R. Poilblanc, 
Organometallics 1985, 4, 1727 ; (b) T. Arliguie and 
B. Chaudret, J. Chem. Sot., Chem. Commun. 1986, 
985 ; (c) T. Arliguie, B. Chaudret, J. Devilliers and 
R. Poilblanc, Compte-Rendus SC. Hebd. Acad. SC., 
Skrie ZZ 1987, 305, 1523. 
C. Hampton, T. W. Dekleva, B. R. James and W. R. 
Cullent, Znorg. Chim. Acta 1988, in press. 
R. H. Crabtree, M. Lavin and L. Bonneviot, J. Am. 
Chem. Sot. 1986,108,4032. 
P. S. Hallman, B. R. McGarvey and G. Wilkinson, 
J. Chem. Sot. (A) 1968,3143. 
S. J. La Placa and J. A. Ibers, Znorg. Chem. 1965,4, 
778. 



Pofyk&on Vol. 7, No. 19/20, pp. 2035-2038, 1988 0277~5387/88 $3.00+ .OO 
Printed in Great Britain 0 1988 Pergamon Press plc 

SYNTHETIC AND FLUXIONAL BEHAVIOUR OF 
M(1,5 CYCLOOCTADIENE)(TRIPOD)+BF,- 

(M = Rh, Ir ; TRIPOD = HC(PPh,),) 
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Abstract-The complexes M( I,5 cyclooctadiene)(HC(PPh,),)+BF; (M = Rh, Ir) have been 
synthesized and characterized. The 3 ‘P and ‘H NMR spectra show that in the ground-state 
structure the tripod ligand forms a bidentate chelate with the metal, the third phosphorus 
atom remaining uncoordinated. However, VTNMR studies show a rapid exchange process 
to be occurring at room temperature causing equilibration of all the phosphorus nuclei as 
well as the vinylic and methylenic protons of the diene ligand. An associative intramolecular 
exchange mechanism is proposed. 

Phosphine complexes of Rh’ have attracted much 
interest since the discovery of the properties of 
Rh(PPh3)3CI now nearly 25 years ago. ’ The use of 
the tridentate phosphine ligand, HC(PPh2)3, (tri- 
pod), was originally aimed at the stabilization of 
triangular arrays of metal atoms’ but it became 
clear with time that the coordination properties of 
this tripod ligand were quite varied. Hence, com- 
pounds have been isolated with a single metal coor- 
dinated to one [e.g. Fe(CO),(tripod)],3 two (e.g. 
Fe(CO)3(tripod)),4 and, surprisingly, all three [(z- 
C5MeS)Fe(tripod)+]’ phosphorus donor atoms. 
This variable coordination behaviour can be 
exploited to construct mixed metal complexes by 
use of the pendant non-coordinating phosphorus 
donor in, for example, Fe(CO),(tripod) to complex 
a second metal e.g. formation of RhFe(CO)S 
(tripod) + . 4 

In this paper we describe the synthesis of the 
compounds M( 1,5 cyclooctadiene)(tripod)+, (M = 
Rh, Ir) and their structures. Variable temperature 
NMR observations show these molecules to be 
fluxional in solution. The reactivity, catalytic prop- 
erties and use of these molecules in the construction 
of mixed bimetallic complexes will be presented 
elsewhere. 

RESULTS AND DISCUSSION 

(a) Structure of M(1,5 COD)(HC(PPh,),)+BF; 
(M = Rh, Ir) 

Treatment of Rh(COD):BF; (1)6 with one 
equiv. of HC(PPh2), in CH2C12 yields the orange 

*Author to whom correspondence should be ad-. 

crystalline Rh(COD)(HC(PPh,),)+BF; in high 
yield. The analogous Ir compound 2 can be pre- 
pared in an identical manner. The analytical, ‘H 
and 3’P NMR data of 1 and 2 are collected together 
in the Experimental. 

The 31P NMR spectrum of 1 at 203 K 
[(CD,),CO/(CH,),CO] shows a doublet of doublets 
at 6 -20.3 ppm (‘Jp(l+Rh = 130 Hz, ‘Jp(+_-p(2j 
= 19 Hz ; relative intensity = 2) and a resonance 
as a doublet of triplets at 6 -23.2 ppm (2Jp(,kWZj 
= 19 Hz, relative intensity = 1; 3Jm_p = 3 Hz). 
The ‘H NMR spectrum of the bound 1,5 cyclo- 
octadiene ligand at low temperature (195 K) in 
CD2C12 shows two signals both for the vinylic 
protons (6 5.20, 5.07) and for the methylenic pro- 
tons (6 2.38, 2.27). These results indicate that 1 
has the structure shown in Fig. 1. 

The iridium analogue 2 shows similar low tem- 
perature spectra with, in particular, two 31P res- 
onances at 6 -24.5 (triplet, 2Jp(+_p(2j = 16 Hz, 
relative intensity = 1) and at 6 - 30.3 ppm (doublet, 
2Jp(ltip~zj = 16 Hz, relative intensity = 2) at 190 K 
in (CD3)2CO/CD2C12. Hence 2 is isostructural with 
1. However we note that the ‘H NMR spectrum is 
invariant from 298 to 200 K (the solubility limit) 
and consists of only one resonance for both vinylic 
[S 4.9 ppm (s)] and methylenic [S 2.2 ppm (s)] 
protons. This behaviour is discussed below. 

(b) Variable temperature behaviour of 1 and 2 

When the temperature is raised from 203 to 324 
K all resonances in the 3 ‘P NMR spectrum of 1 
broaden and eventually (- 300 K) yield a single 
resonance in the form of a doublet (1Jp_Rh = 89 
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Fig. 1. Structure of M(COD)[HC(PPh,),]+BF;, 
M = Rh, Ir. 

Hz) (Fig. 2). Thus at room temperature all these 
phosphorus nucleii become equivalent on the NMR 
time scale, the value of ‘Jp_at, being the weighted 
average of the three Jr_- values (130, 130 and 3 
Hz) found at low temperature. It can be seen that 
the average resonance position shifts with tem- 
perature (ca + 0.03 ppm K- ‘) and only an approxi- 
mate coalescence temperature can be determined 
i.e. T, N 255”. Using the line broadening at 233 K, 
a rate constant k = 40 s- ’ may be calculated at 
this temperature yielding A@ = 11.8 kcal mol- ’ 
assuming the usual expressions for an intra- 
molecular process. 

The ‘H NMR spectrum also shows changes, as 
the temperature is increased coalescence occurs 
in CDC13 at ca T = 240 K for the vinylic protons 

304K 
d 

273 K 
A 

203 K 

-20 

rm 

Fig. 2. Variable temperature 3 ‘P{ ‘H} NMR spectra for 
the cationic complex Rh(COD)[HC(PPh,)J+, (CD&CO 

solution, 81 MHz. 

and at T = 233 K for the methylenic sets. From this 
data AGI = 11.7 kcal mol-‘. 

The 3LP NMR of 2 shows similar behaviour to 
that of 1, the coalescence of the AA’X spectrum 
however now occurs at a much lower tem- 
perature (T, - 219 K). A sharp singlet is observed 
at the mean position at room temperature. As noted 
above, the limiting spectrum for the ‘H NMR of 2 
was not obtained even at 200 K, but given the 
value of T, for the phosphorus spectrum, it can be 
estimated that the coalescence temperature for both 
vinylic and methylenic protons would be well below 
200 K, assuming that the same process is respon- 
sible for the temperature dependence in both 
spectra. 

(c) Mechanism of the exchange process 

Two overall observations can be made for the 
exchange process. Firstly, the 3 ‘P data indicate the 
process to be intramolecular, the JRh-_P coupling 
being preserved and averaged at high temperature. 
Secondly, observations on 1 show that the inner 
and outer vinylic and methylene protons on the 
cyclooctadiene ligand are equilibrated at high tem- 
perature. However, our data does not allow us to 
specify whether these two events occur at exactly 
the same rate although the activation energies are 
clearly very similar. 

Previous studies on square planar Rh’ and If 
complexes involving intermolecular phosphine 
exchange show that the major pathway is associ- 
ative.’ For example, detailed studies by Vrieze 
and co-workers on the complexes M(diene)LCl 
(L = PPh3, AsPh, ; diene = norbornadiene, 15 
cyclooctadiene, M = Rh and diene = 1,5 cyclooc- 
tadiene, M = Ir) show that exchange with free PPh, 
or AsPh3 occurs in solution via the association of a 
phosphine or arsine ligand. Interestingly in this 
case, also, equilibration of the vinylic protons on 
the diene ligand was observed during phosphine 
exchange. The pentacoordinate intermediate 
formed is generally thought to be of trigonal py- 
ramidal (TBP) geometry. 

An associative mechanism of this type can be 
proposed here, the uncoordinated P3 binding in the 
TBP intermediate Y, with either P1 (or P2) occu- 
pying the axial site (Fig. 3). Departure of PZ causes 
exchange of P3 with P, with concomitant equi- 
libration of the inner (i) or outer (0) vinylic protons 
as well as the corresponding methylenic sets. With 
P2 in the axial site, P3 exchange occurs with P,, and 
the diene sets are again equilibrated. Hence, in this 
mechanism the exchange rate for P3 sites (k3) is 
twice that of P, or PZ but equal to that of vinyl (or 
methylenic) proton exchange (kO). 
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Fig. 3. Proposed mechanism of the intramolecu!ar phosphine exchange process. 

However, in view of the existence of the sym- 
metric coordination of the tripod in (rr-C,MeS) 
Fe(tripod)+, conceptually a closely related but less 
classical intermediate Y’ (Fig. 3) could be involved. 
Here the entering P3 would form a quasi-capped 
structure, which by a 60” rotation about the 
tripod three-fold axis would allow exchange to take 
place. The result is, however, identical to the classi- 
cal mechanism above, with k3 = k,,. 

Two other events are worth discussion. During 
the lifetime of the intermediate Y (or Y’), (a) rapid 
rotation of the tripod ligand takes place thereby 
equilibrating the three P nucleii before dissociation 
occurs ; in this case it can be shown that k3 = 4/3ko ; 
or secondly (b) rapid rotation of the diene ligand 
occurs ; here k3 = ko. The precision of our data, 
unfortunately, do not allow us to distinguish 
between these possibilities. 

Finally we note that the exchange process is more 
rapid for the iridium complex 2 than for 1. This 
was also observed by Vrieze in the intermolecular 
phosphine excha.nge studies and undoubtedly 
results from the greater stability of penta- 
coordination in iridium(I) chemistry. 

EXPERIMENTAL 

The experiments were carried out on high vac- 
uum line or in a nitrogen filled glove box. Solvents 
were dried prior to use by conventional distillation 
under nitrogen. 

IR spectra were recorded on a Perkin-Elmer 597 
IR spectrophotometer as a Nujol mull. NMR spec- 
tra were obtained in the F.T. mode, using a Bruker 
SY 200 (‘H, 31P) ; chemical shifts are relative to 
Me,Si(‘H) or 85% H3P04(3’P) ; data are presented 

as proton decoupled with downfield chemical shifts 
as positive. 

Elemental analyses were performed by the Service 
Central d’Analyses of the CNRS. 

Synthesis of Rh(COD)[HC(PPh&]+BF; (1) 

A solution of HC(PPh2)3 (0.58 g, 1.02 mmol), in 
CH2C12 (4 cm3) was added in a dropwise fashion 
for 10 min to a well stirred solution of Rh(COD): 
BF: (0.406 g, 1 mmol) in CHzClz (6 cm3). The 
orange solution was concentrated to half volume 
and addition of ether yields an orange product 
which was filtered and recrystallized from dichlo- 
romethane-ether (0.77 g, 900/,). Found: C, 62.3; 
H, 5.1; P, 10.7; Rh, 11.3. Calc. for C45H43P3F4 
BRh: C, 62.3; H, 5.0; P, 10.7; Rh, 11.9%. ‘H 
NMR (CD2C12, T 195 K) : 6 7.5-6.8 ppm (m, 30H, 
H arom.); 5.7 ppm (q, lH, methine); 5.20 ppm 
(2H) and 5.07 ppm (2H) (-HC=CH-) ; 2.38 ppm 
(4H) and 2.27 ppm (4H) (-CH,-CH,-). 31P{ ‘H} 
NMR, [(CD3)$O/(CH3)&O; T 203 K] : 6 -20.3 
ppm (dd, 2P, ‘J(Rh-P) = 130 Hz, ‘J(P-P) = 19 
Hz) ; -23.2 ppm (dt, lP, ‘J(Rh-P) = 3 Hz, 
*J(P-P) = 19 Hz). 

Synthesis of Ir(COD)wC(PPh,),]+BF; (2) 

Using an identical procedure described above for 
the synthesis of 1, the reaction of Ir(COD)zBF; 
with HC(PPhJ 3 affords the new complex 
Ir(COD)[HC(PPh,),]+BF; (2) (yield 75%). 
Found: C, 57.2; H, 4.1; P, 10.3. Calc. for Cd5Hd3 
P,F,BIr: C, 56.5; H, 4.5; P, 9.7%. ‘H NMR 
(CD,C12, T 298 K) : 6 7.4 ppm (m, 30H, H arom.) ; 
5.6 ppm (q, lH, methine) ; 4.9 ppm (s, 4H, -HC 
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=CH--); 2.2 ppm (s, 8H, -CH,-CH,-). 
3’P{1H} NMR, [(CD3)&O/CH&l,, T 190 K] : 6 
-24.5 ppm (t, 1P); -30.4 ppm (d, 2P, *J(P-P) 
= 16 Hz). 

Acknowledgement-We thank Patrick Maltese (In&- 
ieur CNRS) for technical assistance in the NMR 
measurements. 
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REDOX REACTIONS INVOLVING 
HEXACARBONYLVANADIUM(0) AND COMPOUNDS 
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Abstract-Hexacarbonylvanadium, V(CO)6, was found to promote EC1 (E = Ph, PhCH*, 
Ph3C, and Ph2P) bond fission to give VC13 and E-E coupling products. For E = Ph3Sn 
and Ph3Pb, the derivatives E-V(CO), were isolated in 76 and 60% yields, respectively. The 
dark red Ph3PbV(C0)6 was studied by X-ray diffraction methods. Crystal data: space 
group P2Ja; M = 657.5; a = 13.175(8); b = 29.222(16); c = 12.395(6) A; B = 89.28(3)“; 
U= 4772(4) A’; D, = 1.830 g cn~-~; F(OO0) = 2496 ; ~(Mo-&) = 75.13 cm-‘. The 
vanadium atom is seven-coordinated with the donor atoms arranged in a distorted capped 
octahedral environment, the lead atom occupying the capping position. With Ph3SnH, 
V(CO)6 gives the heptacoordinated derivative Ph,SnV(CO),+ Hexacarbonylvanadium(0) 
was found to promote electron transfer and cleavage of the C-R bond of CpCo(q4- 
C,H,-R) derivatives (Cp = t$-cyclopentadienyl; R = H, PhCH& with the formation of 

KocPzl[vwhl* 

Hexacarbonylvanadium(O), V(CO)6, is a peculiar 
compound as far as both the physical and the 
chemical properties are concerned. ’ Being a 17-elec- 
tron species of low-spin d’ vanadium, it is a long- 
lived radical which easily undergoes one-electron 
reduction to the closed shell, l&electron hexa- 
carbonylvanadate( - I) anion, [v(CO),]-, a typical 
reaction being the disproportionation in the 
presence of Lewis bases’ or arenes,3 see eqs (1) 
and (2). 

2039 

3V(CO)e+nB --, [vBJV(CO)&+ 6C0 (1) 

2V(CO)6 + arene 

+ IV(+arene)(CO),][V(CO),] + 2C0. (2) 

The reaction of V(CO), with cycloheptatri- 
ene which affords both V($-C7H7)(CO), and 

*Author to whom cornzspondence should be addressed. 

p(C7H7)(C7H8)][V(CO)6] ;4 the formation of 
~(~6-arene)2]~(CO)6] and Of [(Me2N)2C= 
C(NMe2)J’V(CO)6]2 by reaction of V(CO)6 with 
V($-arene)2s or (Me2N)2C--C(NMe2)2,6 respec- 
tively ; the oxidative carbonylation7 of VCp2 pro- 

moted by v(c0)6 to give WP,val[vW)61, 
are all examples of reactions whose driving 
force is probably connected with the attainment 
of the closed shell con@uration of [v(CO)6]-. 
Recently, it has been shown that the electron 
transfer process within the V(CO),/lV(CO),]- 
couple can involve binary and substituted metal 
carbonyl anions,’ metallocenes such as CoCp,* 
and protonated nitrogen base adducts of the 
general formula BHv(CO)6].9 On the other 
hand, being a zero-valent vanadium systems, 
V(CO), can also behave as a reducing agent 
towards bis-cyclopentadienyl derivatives of Ni” 
and Mn” [eqs (3) and (4)].* 
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NiCp, + 2V(CO), -+ Ni(CO)4 + ~CPV(CO)~ (3) 

MnCp,+V(CO),+CO 

+ CpMn(C0)3 + CPV(CO)~. (4) 

The results reported in this paper show further 
examples of V(CO)6 behaving as a reductant of 
compounds containing element-chlorine (ele- 
ment = C, P, Sn, Pb), element-hydrogen (ele- 
ment = C, Sn, Cl, Br) or carbon-carbon bonds. 
Isolation of the corresponding oxidized vanadium 
derivatives, vanadium(II1) halides or heptacoor- 
dinated carbonyl compounds, has been possible in 
some cases. The crystal and molecular structure 
of Ph3Pb-V(C0)6 is also reported. 

EXPERIMENTAL 

Unless otherwise stated, all the operations were 
carried out under an atmosphere of prepuri8ed 
nitrogen or argon and under rigorous exclusion of 
light. Solvents were carefully dried by conventional 
methods prior to use. Na[v(CO),],” V(CO)6,‘1 
Ph3PbC1,‘* (OC),V@-PPh2),V(CO),,13 CpCo(q4- 
C5H5R), R = H,14 CH2Ph,” were prepared 
according to the literature. The rest were com- 
mercial products purified prior to use (Ph,PCl, 
Ph,CCl, PhCH2C1, PhCl) or used without further 
purillcation (Ph,SnH, Ph3SnC1, bis(triphenylphos- 
phine)iminium chloride, PPNCl). 

IR spectra were recorded with a Perkin-Elmer 
model 283 instrument equipped with a grating in 
solution, Nujol or halocarbon mulls under 
exclusion of air and moisture. Gas chromato- 
graphic analyses were performed with a Dani 
model 3200 instrument. 

Reaction of V(CO)6 with ECl, E = Ph, PhCH2, 
Ph3C, Ph2P 

A solution of Ph3CC1 (0.79 g, 2.8 mmol) in n- 
heptane (30 cm3) was treated with V(CO)6 (0.2 g, 
0.9 mmol) at room temperature. Immediate reac- 
tion with evolution of gas (CO by gas chro- 
matography) was observed. After 10 min stirring at 
room temperature, no V(CO)6 was left in solution 
(IR). The solvent was removed in uclcuo at room 
temperature and the residue extracted with toluene 
(30 cm3). The violet-brown VC13 was separated 
from the orange solution by filtration, dried in vacua 
(0.14 g, 98% yield) and identified from its analytical 
data (Cl, V). The orange solution was evaporated 
to dryness in VACUA at room temperature, the yellow 
residue was washed with cold n-heptane (5 cm3) and 
dried in vacua affording 0.60 g (92% yield) of C2Ph6 

identified from its IR spectrum and elemental analy- 
sis. 

By operating in a similar way, the following com- 
pounds were formed, together with VC13 : diphenyl 
(80% with respect to PhCl, reaction time 48 h); 
dibenzyl (8 1% with respect to PhCH,Cl, reaction 
time 12 h). 

In the case of Ph,PCl, a transient blue colour was 
observed upon adding V(CO)6 (0.13 g, 0.6 mmol) 
to a solution of Ph2PC1 (0.39 g, 1.8 mmol) in n- 
heptane (30 cm3), followed by precipitation ofVC13. 
After 15 h stirring at room temperature, usual 
work-up gave an 87% yield of P2Ph4. 

For E = Ph3C and Ph2P, the use of stoi- 
chiometries of ECl: V(CO)6 lower than three led 
to residual V(CO)6 in solution as detected by IR 
spectra in the carbonyl stretching region. 

Reaction of (OC),V(p-PPh,),V(CO), with Ph2PCl 

A suspension of (OC),V(yPPh,),V(CO), (0.25 
g, 0.37 mmol) in n-heptane (30 cm3) was treated 
with Ph2PCl (0.53 g, 2.4 mmol). The blue-green 
suspension was refluxed for 4 h and a violet pre- 
cipitate was obtained. The suspension was filtered 
while hot producing a violet solid [vC13 (V and Cl 
analyses), 0.1 g, 86% yield] and a colourless solution 
which, on partial evaporation of the solvent and 
cooling at about - 78°C afforded 0.5 g (91% yield) 
of P2Ph4 identified by comparison of its IR spec- 
trum (Nujol) with that of an authentic sample. 

Reaction of V(CO)6 with ECl, E = Ph3Sn, Ph3Pb 

A suspension of Ph,PbCl (1.72 g, 3.6 mmol) in 
n-heptane (50 cm’) was treated at room temperature 
with V(CO)6 (0.27 g, 1.2 mmol). After 4 h the IR 
spectrum of the solution showed absorptions 
attributable to Ph3PbV(CO)6 (de injiu). After 24 
h stirring at room temperature, the resulting red 
suspension was filtered. The insoluble violet-brown 
solid (mainly VC13) was washed with boiling 
toluene, dried in vacua at room temperature and 
was found to contain 99% of the chloride used 
in the reaction. The red n-heptane solution was 
partially evaporated to about 10 cm3 in uacuo at 
room temperature and cooled to about -30°C 
overnight. The mixed metal complex, Ph3PbV(CO)6 
(0.36 g, 60%), was obtained as red crystals which 
were stable in air for short periods of time. Found : 
C, 43.1; H, 2.7. Calc. for C24H,506PbV: C, 43.9; 
H, 2.3%. IR spectrum (Nujol mull) : 306Ow, 2071s, 
2024m-w, 1983m-w, 1957sh, 1942sh, 1911vs, 
1520m-w, 1430m, 126Ow, 995m-w, SOOm-w, 722m- 
s, 69Om, 605s and 435m-w cm-’ ; (n-heptane) : 
2064s, 2006m, 1974sh, 1959sh and 1940~s cm-‘. 
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By operating in a similar way using Ph$nCl, the 
following products were obtained: Ph,SnV(CO)6;‘6 
76% [!co (n-heptane): 2069s, 2014m, 1976sh, 
1960sh and 1937~s cm-‘]; VC13, 97% yield (Cl 
and V analyses). 

Ph,PbV(CG), ; X-ray data collection and refinement 

A suitable crystal of dimensions 0.18 x 0.47 x 
0.56 mm was selected and mounted under a 
nitrogen atmosphere in a Lindemann glass capil- 
lary. The subsequent diffraction experiment was 
carried out at room temperature on a Siemens 
AED single crystal computer-controlled diffrac- 
tometer. A monoclinic symmetry was identified 
after a search of some intense, low-angle reflections. 
The setting angles of 30 carefully centred reflections 
were used to determine accurate cell parameters 
and their standard deviations were determined by a 
least-squares fit. 

Crystal data: M = 657.5; a = 13.175(8); 
b = 29.222(16); c = 12.395(6) A, j3 = 89.28(3)“; 
U = 4772(4) A’ ; 2=8; D,=1.830 g cmp3; 
F(OOO) = 2496 ; MO-K, radiation (1 = 0.71069 A) ; 
~(Mo-K,) = 75.13 cm- ‘. 

One quadrant of data (+h, +k, + I) was col- 
lected by the 8-28 scan technique with MO-& radi- 
ation. During the data collection the extinctions h01, 
h = odd, and OkO, k = odd, were observed, which 
uniquely determined the space group as P2 Ja. The 
2749 unique reflections satisfying the condition 
I > 20(I) were retained from a total of 7221 reflec- 
tions measured within the limits 5.0 < 28 < 47.0”. 
The intensity of a standard reflection was measured 
every 50 reflections and remained essentially con- 
stant during the entire experiment. The reflection 
profiles were analysed following the method of 
Lehmann and Larsen’ 7 and the intensity data were 
corrected for Lorentz and polarization factors. Cor- 
rections for absorption and extinction effects were 
applied during the refinement according to the 
empirical method of Walker and Stuart. ’ * 

The structure determination showed the presence 
of two independent molecules per asymmetric unit. 
The coordinates of the two lead atoms were deter- 
mined by a three-dimensional Patterson map and the 
position of the remaining non-hydrogen atoms were 
estimated from subsequent difference Fourier syn- 
theses. Refinement was by full-matrix least-squares 
techniques minimizing the function X w(lFOl - IF&‘. 
With the lead and vanadium refined anisotropically 
and the other atoms isotropically, the conventional 
R index converged to 0.0532. This value dropped 
further to 0.0511 (R, = 0.0610) after a few cycles 
in which anisotropic thermal parameters were 
assigned to all atoms except those of the carbonyl 

groups. Attempts to treat anisotropically these 
groups too did not result in any significant improve- 
ment of the R indices and led to physically unre- 
alistic thermal motion for some atoms. The phenyl 
groups were refined as rigid bodies of D6,, symmetry. 
Due to the large numbers of parameters to be 
refined, the atoms were divided into two groups 
which were alternatively allowed to vary. The 
hydrogen atoms were ignored. The data-to-variable 
ratio was 7.1 : 1. A weighting scheme of the type 
w = 0.5218/[a2(F,)+0.002045F~] was applied in 
the final stages of the refinement. A low-angle 
reflection (12 1) due to a wrong measurement was 
omitted from the last cycle. Inspection of the last 
difference Fourier map revealed two other large 
peaks, 1.25 and 1.07 e A- 3 in height, near two 
oxygen atoms of the carbonyl groups, possibly indi- 
cating a slight disordered situation ; however 
attempts to correct for disorder by locating alter- 
native positions with fractional occupancies were 
unsuccessful. 

Neutral atomic scattering factors were used for 
lead and vanadium and the remaining atoms were 
taken from the International Tablesfor X-Ray Crys- 
tallography’g and SHELX-76,2 respectively. Real 
and imaginary anomalous dispersion corrections to 
the atomic scattering factors were included. Selec- 
ted bond distances and angles are in Table 1. The 
supplementary material (final value of the fractional 
coordinates, observed and calculated structure 
factors, thermal parameters and a complete list of 
bond distances and angles) have been deposited 
with the Editor. Computation was performed 
on a GOULD-SEL 32/77 computer by using the 
SHELX-76 suite of programs. Other crystallo- 
graphic computer programs used have been cited 
elsewhere. 2 ’ 

Reaction of ECl, E = Ph,Sn, Ph,Pb, with 
Na[V(CG),] in THF 

A solution of Ph,PbC1(0.83 g, 1.7 mmol) in THF 
(50 cm3) was treated at 0°C with NajV(CO)6] (0.42 
g, 1.7 mmol). After 6 h stirring at room tempera- 
ture, the suspension was filtered and the filtrate was 
evaporated to dryness in uacuo at room tempera- 
ture. The yellow residue was treated with n-heptane 
(50 cm’) obtaining, after stirring at room tem- 
perature for 1 h, a red solution and some yellow 
solid. The solid was decanted and identified as 
PhjPbC1 (IR). The volume of the filtrate was 
reduced to 20 cm3 and the resulting suspension was 
filtered. After further evaporation and cooling to 
about -78”C, the wine-red filtrate afforded 
Ph3PbV(CG)6 (IR and CO analyses) as a dark red 
precipitate which was decanted from the mother 
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Table 1. Selected bond distances (A) and angles (“) in 
(C.JUPbV(CO), 

Molecule A Molecule B 

Pb-v 2.955(5) 
Pb-W) 2.24( 1) 
Pb---C(‘I) 2.24( 1) 
Pb-C(l3) 2.19(2) 
V--X(19) 1.98(3) 
V-C(20) 1.88(3) 
V-C(21) 1.94(3) 
V-X(22) 1.87(3) 
V-C(23) 1.90(3) 
V-C(24) 1.94(2) 

v-Pb-C( 1) 
v-Pb-C(7) 
v-Pb-C(l3) 
C(l)-Pb--CO) 
C(I)--Pb-C(l3) 
C(7)-Pb-C(l3) 
Pb-V-C( 19) 
Pb-V-C(20) 
Pb-V-C(Zl) 
Pb-V-C(22) 
Pb-V-X(23) 
Pb-V-C( 24) 
C( 19)-V-C(20) 
C(19)-V-X(21) 
C( 19)-V-C(22) 
C( 19)-V-X(23) 
C( 19)-V-C(24) 
c(2o)-v-C(21) 
C(20)-VK(22) 
C(20)-V-C(23) 
C(20)-V-C(24) 
C(21)--V-C(22) 
C(21)-V-C(23) 
C(21)-V-C(24) 
C(22)-V-C(23) 
C(22)--V-C(24) 
C(23)-V-C(24) 
v-C(19)---0(19) 
v-C(20)--0(20) 
V-C(21)-0(21) 
V-C(22)-0(22) 
V--X(23)---0(23) 
V-C(24)-0(24) 

113.1(4) 
112.8(4) 
112.0(4) 
103.1(6) 
109.9(6) 
105.1(6) 
141.0(8) 
119.0(10) 
120.8(8) 
64.0( 10) 
69.4(10) 
70.4(8) 
80.5(12) 
85.8( 13) 

154.5(13) 
82.2( 12) 
87.6(11) 
97.6( 14) 
80.0( 14) 
81.1(13) 

168.0(12) 
80.6(13) 

167.9(13) 
82.2(12) 

110.7(14) 
111.7(12) 
96.6(12) 

176(2) 
166(3) 
174(3) 
163(3) 
170(3) 
178(2) 

2.936(5) 
2.25(l) 
2.21(l) 
2.19(2) 
2.03(3) 
1.91(3) 
1.83(4) 
1.96(3) 
1.89(3) 
1.88(3) 

111.6(4) 
114.8(4) 
111.2(4) 
102.7(5) 
111.0(7) 
105.1(6) 
138.8(10) 
120.2( 11) 
122.8(10) 
67.9(8) 
69.1(10) 
69.7(8) 
84.2( 14) 
82.5(15) 

153.3(13) 
83.2(13) 
84.5(13) 
95.7(16) 
79.1(13) 
83.1(14) 

168.7(14) 
78.6(14) 

165.7(14) 
81.8(14) 

115.0(13) 
lll.O(ll) 
96.6(13) 

175(3) 
176(3) 
176(3) 
172(2) 
170(2) 
172(3) 

liquor and dried in uacuo at room temperature (0.60 
g, 53% yield). The compound is moderately soluble 
in n-heptane and very soluble in toluene and di- 
chloromethane. Donor solvents such as acetone 
and THF cause heterolytic cleavage of the Pb-V 
bond. The behaviour in THF is reported in 
detail. The compound (0.05 g, 0.85 mmol) was 
dissolved in THF (5 cm’) and the IR spectrum of 
the solution, recorded immediately after mixing 

the reagents, showed weak absorptions attributable 
to the starting material and a strong absorption at 
1851 cm-’ typical of the p(CO),]- anion. The 
absorptions due to the starting material had com- 
pletely disappeared after 10 min. Evaporation of 
the solvent in uacuo at room temperature, gave 
a red solid which was identified as Ph3PbV(C0)6 
from its IR spectrum in n-heptane. 

A solution of PPNCl (0.11 g, 0.2 mmol) in 
CHzClz (10 cm’) was treated with Ph3PbV(C0)6 
(0.12 g, 0.18 mmol). The IR spectrum of the result- 
ing yellow solution in the carbonyl stretching region 
showed a strong absorption at 1853 cm-’ attribu- 
table to the w(CO)J anion. Evaporation of the 
solvent and extraction with hot toluene (25 cm3) 
separated PPN~(C0)6]22 (0.13 g, 97% yield) 
from a colourless solution which, on evaporation of 
the solvent, afforded Ph,PbCl (0.07 g, 86% yield). 

By operating in a similar way, the compound 
Ph3SnV(CO)6 was isolated in 41% yield. A band at 
1851 cm-’ due to the [v(CO),]- anion was present 
as the only carbonyl absorption immediately after 
the compound was dissolved in THF. 

Reaction of V(CO)6 with CpCo(q4-C5H5-R), 
R = H, CH*Ph 

(a) R = H. A solution of CpCo(q4-CSHs) (0.15 
g, 0.8 mmol) in n-heptane (25 cm3) was treated at 
room temperature with V(CO)6 (0.14 g, 0.6 mmol). 
Immediate reaction with evolution of dihydrogen 
(99% with respect to vanadium) was observed. 
After 2 h stirring at room temperature, the solid 
which separated out was filtered, washed with 
n-heptane and dried in uucuo at room tempera- 
ture affording 0.21 g (86% yield) of violet 
[CoCp,][v(CO),]” (IR (Nujol) and C, H analysis). 

(b) R = CH2Ph. Using the same method as in (a) 
above, dibenzyl and [CoCpJ~(CO),] were 
obtained, after several hours, in 90 and 74% yields, 
respectively (the progress of the reaction was evi- 
denced by the precipitation of the violet hexa- 
carbonylvanadate salt). 

Reaction of Ph,SnH with V(CO)6 

A suspension of Ph,SnH (0.29 g, 0.8 mmol) in n- 
heptane (25 cm3) was treated at room temperature 
with V(CO)6 (0.17 g, 0.8 mmol). After 7 days, the 
gas phase was found to contain dihydrogen (30% 
with respect to vanadium) and carbon monoxide. 
An IR spectrum of the yellow solution showed the 
presence of unreacted V(CO), and Ph3SnV(C0)+ 
The reaction mixture was filtered and the solvent 
partially removed in uucuo at room temperature 
affording, on cooling at ca - 30°C yellow-orange 



Redox reactions involving hexacarbonylvanadium(0) 2043 

crystals of Ph,SnV(C0)6 (15% yield, IR (n-hep- 
tane)’ 6 and C, H analysis). 

Reaction of v(c0)6 with HX, X = Cl, Br 

A solution of V(CO)6 (0.14 g, 0.64 mmol) in n- 
heptane (30 cm’) was treated at ca - 78°C with 2.0 
mm01 of hydrogen chloride introduced into the cold 
solution through a rubber stopper. When the tem- 
perature was around -4O”C, vigorous evolution 
of gas (carbon monoxide and dihydrogen by gas 
chromatography) and precipitation of a violet- 
brown solid were observed. The suspension was 
titered at room temperature and the solid (0.1 g, 
96% yield) identified as VC13 from its chloride con- 
tent. 

By operating in a similar way, an 88% 
VBr3 (Br and V analyses) was obtained. 

RESULTS AND DISCUSSION 

E-Cl derivatives 

yield of 

When V(CO)& dissolved in n-heptane,* was 
treated at room temperature with organyl chlor- 
ides, ECl, such as PhCl, PhCH,Cl, Ph&Cl and 
PhzPCl for some hours, VC13 and E-E coupling 
products were formed in high yields (2 80%) 
according to the stoichiometry reported in eq. 
(5). While the reaction of triphenylmethylchloride 
with V(CO), is fast, in the other cases the reac- 
tions require more than 10 h to go to completion. 

V(C0)6+ 3ECl+ VC1, + 3/2E-E + 6C0 (5) 

E = Ph, PhCH2, Ph3C and Ph2P. 

The reaction of diphenylchlorophosphine with 
V(CO)6 deserves some comment. It is known23 that 
P2Ph., promptly reacts with hexacarbonylva- 
nadium(0) to give the blue-green phosphido 
bridged dimer (OC),V@-PPh2)2V(CO)4 (1). The 
observation that P2Ph4 is obtained in high 
yields and that a transient blue colour appears dur- 
ing reaction (5), suggested the intermediacy of 1. In 
order to test this hypothesis, 1 was reacted with 
Ph2PCl and shown to be converted to the products 
of eq. (6). 

(OC),V(p-PPh,),V(CO), + 6Ph,PCl 

+ 2VC13+4Ph4P2+8C0. (6) 

* These reactions were carried out in saturated hydro- 
carbon solution in order to avoid secondary redox pro- 
cesses occurring in the presence of 0- or N-Lewis bases’ 
or aromatic compounds. 3 

Reaction (5) corresponds to the exhaustive 
chlorination of vanadium to VC13. The alternative 
pathway leading to VC13 and EV(CO), has not been 
observed, probably due to the E-V bonds being 
unstable. As a matter of fact, no heptacoordinated 
hexacarbonyl derivative containing vanadium-car- 
bon or vanadium-PR, (terminal) bonds is known. 
On the contrary, several examples (vide irzfia) of 
such compounds containing vanadium-heavy 
metal bonds (e.g. V-Au, V-Tl) have been 
reported. It was therefore of interest to investigate 
the reactions of Ph$nCl or Ph,PbCl with V(CO)& 

The reaction of EC1 (E = Ph,Sn, Ph,Pb) with 
V(CO)6 gives yields of the heptacoordinate deriva- 
tive E-V(CO), as high as 70%. Since the chloride 
initially introduced as E-Cl in the reaction mixture 
was found as VC13, it is reasonable to assume that 
the Ph3EV(C0)6 derivatives are formed according 
to the stoichiometry of eq. (7). 

4V(C0),5+3ECl+ 3E-V(C0)6+VCl,+6C0 

(7) 
E = Ph,Sn, Ph,Pb. 

While the compound containing the Sn-V bond 
has been known since 1964,24 Ph3PbV(CO)6 is new 
and adds to the restricted family of hepta- 
coordinated hexacarbonyl derivatives containing a 
M-V bond : EtHgV(CO)6,‘6 Ph3PAuV(CO)6,16,24*25 
T1V(C0)6,26 H,SiV(CO)6.27 

The IR spectra (n-heptane) of E-V(CO)6 
(E = Ph$n, Ph,Pb) in the carbonyl stretching 
region are similar in both number of bands and 
wavenumber values to that of PhsPAuV(CO)6,‘6 
whose solid-state structure was shown to be a 
monocapped octahedron with the gold atom occu- 
pying the capping position.2’ A similar structure 
for E-V(CO)6 was therefore to be expected. How- 
ever, in view of the still limited number of crys- 
tallographically established heptacoordinated 
hexacarbonyl derivatives of vanadium, it was 
decided to carry out an X-ray investigation of 
PhJPbV(CO)6. It has been found that in the asym- 
metric unit there are two crystallographically inde- 
pendent Ph3PbV(CO)6 molecules, both of which 
occupy the general position in the group space 
P2,/a. The two molecules are approximately related 
by pseudosymmetry elements, namely screw axes 
and glides, which cause disappearance or weak- 
ening of the OOl, with I= 2n+ 1, and Okl, with 
I = 2n+ 1, reflections as well as reinforcement of 
the hO0, with h = 4n, reflections. These symmetry 
elements are drawn in Fig. 1, which shows the 
molecular packing, the corresponding equivalent 
positions being as follows : 1/4+x, y, 1/2-z ; 
1/4-x, 1/2-y, l/2+2; 1/4-x, y, l/2+2; 1/4+x, 
l/2 + y, l/2 - z. An ORTEP diagram of one of these 
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Fig. 1. Projection of the structure of (C6H,)3PbV(C0)6 along [loo] showing the molecular pack- 
ing and the pseudosymmetry elements. 

molecules, which adopt essentially the same con- 
formation and show only trivial structural differ- 
ences, is represented in Fig. 2 along with the num- 
bering scheme used. In both molecules the lead 
atom is four-coordinated to vanadium and three 
phenyl carbon atoms. The coordination polyhedron 
is a slightly distorted tetrahedron with the 
V-Pb-C angles (mean 112.6”) sign&antly larger 
than the C-Pb-C angles (mean 106.1”). As far as 
the Pb-V bond is concerned, it is worth pointing 
out that, to the best of our knowledge, the values 
of 2.955(5) and 2.936(5) A found here are unique, 
having no precedents in the crystallographic litera- 
ture. The average Pb-V bond length of 2.945 A is 
shorter than the sum of the atomic radii (1.750 
and 1.3 11 A, respectively) for the elements in the 
corresponding metals.** On the other hand, by con- 
sidering half of the Pb-Pb bond distance*’ [av. 

2.844(4) A] in Pb2Ph6 and the above mentioned 
vanadium radius in the metal, one would predict 
a lead-vanadium distance of 2.733 A, which is 
considerably shorter than that observed in 
Ph3PbV(C0)6. This suggests that the metal-metal 
bond in this system should be rather weak. This is 
consistent with the chemical properties of 
Ph3PbV(C0)6, vi& injiu. 

The Pb-C bond distances lie in the range 
2.19(2)--2.25(l) A and compare well with those 
found in other triphenyllead(IV) derivatives. Some 
typical values are 2.25-2.29 A in cis-Pt(PPh& 
(PbPh3)Ph,30 2.13-2.19 A in Ph3Pb-GePh3,3’ 
and 2.217-2.224 A in PhGPb2SizPh6.3’ The mean 
value of 2.22 A practically coincides with the 
sum of the Pauling’s covalent radii (2.23 A). 32 

The seven-coordinated vanadium atom has the 
geometry of a distorted capped octahedron. The 
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Fig. 2. An ORTEP view of one of the two independent molecules of (C6H5)3PbV(C0)6 with the 
numbering scheme used. Thermal ellipsoids are drawn to enclose 40% of the probability distribution. 

Anisotropic parameters were used only for shaded atoms. 

lead atom occupies the unique capping position, 
three of the carbonyl carbon atoms [C(22), C(23) 
and C(24)] defining the capped face. In the present 
compound, the angles subtended at vanadium by 
the capping ligand and the carbon atoms at the 
capped face range from 64.0(10) to 70.4(8)“, while 
those subtended at vanadium by the capping ligand 
and the atoms in the uncapped face range between 
119.0(10) and 141.0(8)“. Other angles (mean) 

are : &,,A faR-Vxcap+ faee7 106.9” ; Cuncagped fae- 

v-Gncapj?ed face, 87.7” ; (Ccappedface-v~uncappedface)cb, 

82.0” and (Ccappdf~-V~uneappedface)trons, 163°C. The 
two triangular faces are at an angle of about 12” to 
each other. The V-C bond distances span a wide 
range, 1.83(4)--2.03(3) A, but the spread does not 
seem to be real and can be related to the low degree 
of reliability usually shown by the structural par- 
ameters involving light atoms in structures con- 
taining atoms as heavy as lead. Nevertheless, if we 
simply average the distances, we get a value of 1.92 
A, which is very similar to the values found in 
Ph3PAuV(C0)6,25 1.932(33k2.002(17) A, and in 
the octahedral hexacarbonylvanadate( - I) salts of 
PPN+, 1.931(g) A,” [V(CN-Bu?,]+, 1.868(17E 
1.922(18) 81,33 IV(C0)4(1,2,4,5-CgH*Me31+, 
1.88(2t1.95(3) A,3c [C,H,NH]+, 1.934(g)- 
1.926(14) A,9 [(Ph3P)3Cu]+, 1.933(7)-1.963(7) A.” 

The molecular packing is mainly determined by 
van der Waals interactions. Short intermolecular 

contacts (ca 2.8 A) occur between the oxygen atoms 
of carbonyl groups of symmetry independent mol- 
ecules. 

The IR spectra of Ph3PbV(C0)6 in n-heptane 
solution shows five badly resolved bands. If the 
solid-state structure persists in solution (and there 
are no reasons to think the contrary) the carbonyl 
groups’ arrangement of CL symmetry should give 
rise to four stretching vibrations (2Ai +2E). 
Removal of degeneracy is, of course, possible. 

Compounds such as E-V(CO)6 (E = Ph3Sn,16 
Tlz6) have been reported to -undergo heterolytic 
cleavage of the E-V bond in the presence of donor 
solvents such as THF or diethyl ether affording 
[v(CO),]- and presumably solvated E+ species. In 
the case of Ph,SnV(CO),, the reaction was de- 
scribed to be reversible16 on removing the solvent, 
see eq. (8). 

E-V(CO)e it E+ +P(CO)d-. (8) 

As far as reaction (8) is concerned, the enthalpic 
contributions are related to the processes reported 
in eqs (8a)-(8f). Of them, the rupture of the metal- 
element bond [eq. (8b)], and the electron capture to 
[v(CO)J [eq. (8d)] appear to be the most impor- 
tant ones in the case of the hexacarbonylvanadate 
anions. 

E--V(CO),(,,, --* E-V(CO),, (8a) 
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E-W%, --, E, + W%,, @b) 
E,, + E&+e- (8~) 

(84 

W 

[v(co)61;) + [v(c0)61&3lv)* WI 

Our lead derivative, which shows a particularly 
long lead-vanadium bond distance, as noted earlier, 
makes no exception. Ph3PbV(CO)6 dissolves in 
THF with the formation of p(CO)6]- as estab- 
lished by the IR absorption at 1851 cm- ’ typical of 
the complexed anion. We assume the counterion 
to be [PbPh,(THF)]+, although we have no direct 
evidence of its existence and attempts to precipitate 
it with bulky anions such as [BPhJ failed. Mention 
of [ER,]+ (E = Sn, Pb) derivatives in aqueous solu- 
tion exists in the literature ;35 however, only tin(IV) 
cationic compounds of the formula [Me&L,]+ 
(L = H20, 4-NH,-pyridine, dimethylsulphoxide) 
appear to have been isolated. 36 

We have qualitatively observed that the rate of 
the heterolytic cleavage of the E-V bond depends 
on the nature of E : if E = Ph3Sn, the Sn-V bond 
cleavage is simultaneous with the dissolution in 
THF. On the contrary, the corresponding lead com- 
pound requires several minutes to be heterolytically 
cleaved. In both cases, reactions appear to go to 
completion in neat THF. On the other hand, 
removal of the solvent gives the metal-metal 
bonded species. This feature suggested to us the 
possibility of preparing the lead compound by an 
alternative route from Na[V(C0)6] and Ph3PbC1, 
both soluble in THF, see eq. (9). The THF solution 
of the two reagents presumably contains the sol- 
vated species Na+ and v(CO)6]-, in addition to 
Ph,PbCl. Removal of the solvent gives the expected 
metal-metal bonded species, the driving force in 
this case being the lattice energy corresponding to 
the formation of NaCl. 

ECl+Na[V(CO),] (Z>y_bzzne FE-V(CO),+NaCl 

(9) 
E = Ph,Sn, Ph3Pb. 

Cleavage of the Pb-V bond occurs also in di- 
chloromethane solution in the presence of the 
appropriate ligand for [PbPh3]+, e.g. Cl-, see 
eq. (10). 

*Triphenylmethane was found to react with V(CO)6 
under mild conditions to give hexaphenylethane. This 
reaction is slow and the fate of vanadium was not estab- 
lished : pyrophoric vanadium containing materials sep- 
arated out from the reaction mixture. 

+ Ph,PbCl+PPNlJr(CO),]. (10) 

To summarize, this section on the reactions of 
EC1 derivatives with V(CO)6 has shown that, inde- 
pendent on the nature of E, electron-transfer from 
vanadium(O) to EC1 takes place with formation of 
VCl,. However, two different stoichiometries have 
been found, namely those of eqs (5) and (7), cor- 
responding to the formation of the E-E coupling 
products or of the E-V bond containing 
compounds, respectively. A rationale for this 
different behaviour can perhaps be found by con- 
sidering the reactions of Ph3E-Cl {with E varying 
within the same group from carbon [reaction of 
type (5)], to tin and lead [reaction of type (7)]). It is 
quite evident that the deciding factor in these cases 
is the strength of the E-E vs the E-V bonds. The 
formation of mixed metal complexes containing 
non-transition and transition elements will be the 
subject of a forthcoming paper. 37 

E-H derivatives 

Cleavage of the E-H bonds promoted by 
V(CO)6 has been reported earlier. Hieber and Win- 
ter13 described the reaction of Ph2PH with V(CO)6 
to give the bis(diphenylphosphido) bridged dimer 
1. Moreover, earlier studies from these laboratories 
had established that N-H (from some protonated 
nitrogen cases)’ and O-H (from H30+)l ’ bonds 
can be cleaved via Hz splitting, according to eqs 
(11) and ( 12), respectively : 

+ 2-Br-C5H4N+ l/2H2+V(CO)6 (11) 

~@i[v(c0)61+ ho+ wb+vm6. (12) 

In view of these precedents, it was of interest 
to explore further the electron-transfer ability of 
V(CO)6 for C-H, N-H and H-X (X = halogen) 
bonds. * 

An example of C-H bond cleavage is rep- 
resented by the reaction of V(CO)6 with some 
derivatives of cobalt(I) of the formula CpCo(r14- 
C,H,R). The latter are known to react with oxid- 
izing agents in a manner which depends on the 
nature of the R group. 14*38,3g 

We have found that the reaction of CpCo(q4- 
C,H,R), R = H, CH,Ph, with V(CO)6 proceeds 
via an electron transfer to V(CO)6, resulting in the 
hexacarbonylvanadate salt reported in eqs (13) and 
(14): 

CpCo(q4-&HsH)+V(CO)6 

+ [CoCp,]p(CO)61+ l/2H2 (13) 
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CpCo(q4-C5H5CH,Ph)+V(CO), 2. 

-+ [CoC~zllvtCO),l+ 1/2(CH,Ph),. (14) 

In view of the fact that electron-transfer processes 
to V(C0) 6 from metal complexes containing carbo- 
cyclic ligands (V($-arene)2,5 CoCp,*) are well 
established in the literature, we believe that the first 
step of the reaction is the formation of the unstable 
salt-like species [C~CO(~~-C&H~R)][V(CO)~], fol- 
lowed by cleavage of the C-R bond and electron 
redistribution within the cobalt system. It is inter- 
esting to note that the reaction of the unsubstituted 
product CpCo(q4-C5H5H) is much faster, sub- 
stantially diffusion-controlled, than the benzyl 
derivative. This may suggest that the cleavage of 
the C-H bond in the former compound may occur 
via migration of the hydrogen atom to the metal. 
This mechanism would be highly improbable in the 
case of the substituted compound, which has an exo 
conformation. ’ 5 

3. 

4. 

5. 
6. 
7. 

8. 

9. 

The tin derivative Ph,SnH reacts with V(CO)6 
giving Ph,SnV(CO), according to eq. (15). This 
reaction is very slow and gives low yields of the final 
product.* 

V(C0)6+Ph,SnH --f PhJSnV(C0)6+ 1/2Hz. (15) 

Hexacarbonylvanadium(0) reacts promptly with 
H-X (X = halogen) to give dihydrogen. It has 
been found that if n-heptane solutions of V(CO)6 
are treated with hydrogen halides at temperatures 
as low as -40°C VX3, CO and dihydrogen are 
rapidly and quantitatively formed according to 
eq. (16). 

V(C0)6+3HX+VX3+3/2H2+6C0 (16) 

X = Cl, Br. 

This reaction appears to be the only method avail- 
able to prepare vanadium(II1) halides at low tem- 
perature. 4 ’ 

10. 

11. 

12. 

13. 
14. 
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TETRANUCLEAR SPIROCYCLIC TUNGSTEN COMPLEX 

WITH TWO METAL-METAL TRIPLE BONDS 
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Department of Chemistry, Queen Mary College, Mile End Road, London El 4NS, U.K. 

Abstract-The remarkable tetratungsten species C[W2{N(SiMe3)Si(Me2)CH2}2{N(SiMe3) 
SiMe2}12 (1) was isolated in small yield from the reaction of WCL, with Na/Hg (one 
equivalent) in 1,Zdimethoxyethane (dme) followed by treatment with Liw(SiMe,)J 
(three equivalents) and was characterized by single crystal X-ray diffraction. The “W”- 
shaped molecule contains a unique Spiro-carbon bonded to two tungstens and two sili- 
cons, and the W=W bond lengths are 2.281 and 2.282(2) A. 

The chemistry of transition metal dialiiylamides has 
developed over the last three decades to include 
examples of most of the d-block elements. The use 
of the bulky bis-trimethylsilylamide ligand has 
allowed the isolation of a number of three coor- 
dinate complexes with the formula ML3, where 
L = N(SiMe,),.’ These are all examples of pro- 
pellor shaped molecules, with the planes of the SiN2 
fragments inclined to the perpendicular of the N3 
plane. Although compounds such as MClL3 
(M = Zr, Hf),2*3 RhL(PPh3)2 and Ru(H)L(PPh3)24 
have been reported, to date no homoleptic trivalent’ 
complex of any of the second or third row transition 
metals has been prepared. 

Reaction between the reduction product formed 
by WC14 and Na/Hg in dimethoxyethane5 with 
LiN(SiMe,), gave a dark brown solution from 
which a small quantity of crystalline 1 was isolated. 
An X-ray crystal structure determination revealed 
that 1 had the molecular structure shown in Figs 
1 and 2. The molecule consists of two tungsten 
dimeric units, each with three bridging silyl- 
amidomethyleneido ligands, bound in a 1,1,2 
fashion. Each of these units reacted further, 
eliminating the elements of methane to form a Spiro 
ring junction at C(6). The two ditungsten units are 
joined by C(6) giving the whole molecule a “w”- 
shaped backbone. 

*Authors to whom correspondence should be addressed. 
7 Present address : School of Chemistry, Polytechnic 

of North London, Holloway Road, London N7 8DB, 
U.K. 

Molybdenum and tungsten are well known for 
their tendency to form metal-metal triple bonds in 
their +3 oxidation state, especially in their com- 
pounds with dialkylamido ligands6 and a number 
of cyclometallation reactions involving either the 
hexamethyldisilylamide ligand7Tg or metal-metal 
multiply bonded dimers have also been reported.” 

Fig. 1. The structure of 1, 50% probability thermal ellip- 
soids. Principal bond lengths (A) for 1: 

W( 1)-W(2) 2.282(2) W(3)-W(4) 2.281(3) 
W(l)-N(ll) 1.954(17) W(4)-N(41) 1.934(14) 
W(l)-N(21) 1.962(14) W(4)-N(61) 1.962(13) 
W(l)-C(36) 2.083(19) W(4)-c(56) 2.12q21) 
W(2)-N(31) 1.995(16) W(3)-N(51) 1.997(15) 
W(2)-C(26) 2.107(17) W(3)--C(66) 2.078(17) 
W(2)-C(6) 2.108(16) W(3)-C(6) 2.113(14) 

non-bonded distance W(2)-(3) 3.467(4) A. 

2049 
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Fig. 2. Line drawing of 1. Key : N = N(SiMe,),, Si = SiMe,. 

However, the formation of compound 1 is quite 
unprecedented and its mechanism remains obscure. 
We have attempted to synthesize compound 1 by 
alternative routes, but so far without success. 

The tungsten-tungsten bond distances are con- 
sistent with those expected for triple bonds, and are 
not affected greatly by the presence of three bridging 
ligands.6 The two ends of each dimer are virtually 
eclipsed (Fig. 3) ; as the triple bond has cylindrical 
symmetry, this would not be expected to have any 
effect either. As noted for other tungsten alkyl- 
amido species, the W-N interactions may be 
regarded as double bonds. ’ ’ 

Crystal Data for 1: C35H98N6Si12W4, M = 
1675.63, monoclinic, a = 18.129(6), b = 19.406(7), 
c = 18.851(5) A, /? = 102.78(3)“, V= 6467.44 A3, 
space group P21/n (alternative setting of P21/c, 
no. 14), 2 = 4, D, = 1.72 g cme3, ~(Mo-K,) = 
70.24 cm-‘, F(OO0) = 3256, R = 0.0518 and R, = 

0.0439 for 5373 reflections corrected for absorp- 
tion with Z/o(Z) > 3.* 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,/F, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

Fig. 3. View along W( 1)-W(2) ; W(3)---W(4) dimer and 
all exocyclic atoms are omitted to aid clarity. 50% prob- 

ability thermal ellipsoids. 
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Abstract-A “wet” entry into permethyltungstenocene chemistry is provided by Cp$WC12 
(Cp* = @‘-CsMe,), prepared by reduction of Cp*WC14(PMe3) with Mg followed by 
metathesis with MCp* (M = Li, K). Cp:WC12 may be converted to a variety of other 
permethyltungstenocene derivatives and thus, CpfWH,, CpfW(H)Cl. CpfW(CH3)3, 
Cp:W(CH3)Cl, CpfW(CH3)H, Cp$W(CH2C6H5)H, Cp$W(rl’-CH30) and Cp:W=O 
have been isolated. The dihydride derivative, Cp:WH2, is readily protonated to give 
[Cp:WH3]+. The protonation occurs by attack at both the W-H bonds (and not the d2 
tungsten centre), forming an q3-trihydrogen species, [Cp$W(n3-H3)]+, prior to collapsing 
to the trihydride cation, [Cp:WH3]+. The central and lateral hydride ligands of [Cp:WH,]+ 
exchange sites by an intramolecular mechanism in preference to a deprotonation/ 
protonation mechanism. The 0x0 ligand of Cp$W=O undergoes facile isotopic exchange 
with H2180 and H2170. Cp:W=O is oxidized by H,O,,, and by O2 to give (q5-C5Me5) 
(~‘-C5Me,)W(~)2 and (~5-C5Me,)W(~)2(OC5Me,), respectively. ($-C5Me5)(q’-C, 
Me3)W(==O), possesses both pentahapto and monohapto pentamethylcyclopentadienyl 
ligands which exchange on the NMR timescale with AGf = 10(l) kcal mol- ’ at - 60°C. 
(~5-C,Me,)W(==O)2(OC,Me,) is formed by insertion of an oxygen atom from dioxygen 
into the W-C3Me5 bond. The two 0x0 ligands of (~5-C5Me5)(~‘-CsMe,)W(==O)2 
and (~5-C5Me5)W(=O)2(OC5Me5) exhibit a strong fauns influence, resulting in a coordin- 
ation geometry of the pentamethylcyclopentadienyl ligand which is more properly de- 
scribed as (~‘,~4-C5Me5). The 0x0 ligand of CpfW=O may be abstracted by a variety 
of reagents. Thus, both H, and Me2SiH reduce Cp:W=O to Cp$WI-I3, and Me,SiCl con- 
verts CpTW=O to Cp:WC12. In contrast, the reaction between Cp$W=O and CH,I 
gives the oxo-methyl cation, [Cp!W(=O)CH,][I], which is deprotonated by KH to give 
initially the tetrahapto-coordinated n4-1,2,3,4_tetramethylfulvene complex, Cp*(q4-C5 
Me,--CH2)W(=O)(CH3), which subsequently isomerizes to dihupto-coordinated exo- 
methylene tautomer, Cp*(q2-CH3=C5Me4)W(=O)(CH3). 

The group 6 “bent metallocene” derivatives, 
Cp2MX2 and Cp2ML (Cp = $-C5H5; M = MO, 
W; X = halide, hydride, alkyl, etc. ; L = CO, PR3, 
etc.), first reported by Wilkinson, Green, McCle- 
verty and Pratt in 1961, ’ have been amongst the 
most important compounds in the development of 
synthetic, mechanistic, structural and theoretical 
organotransition metal chemistry. For example, 
structural studies provided experimental evidence 
to test the validity of the various molecular orbital 
descriptions for bent metallocene derivatives.’ In 
addition, the tungstenocene system has exhibited a 

t Author to whom co~pondenaz should be addressed. 

wealth of chemistry which has provided infor- 
mation on many fundamental transformations 
including : (i) the first example of the photochemical 
reductive elimination of dihydrogen, (ii) the inser- 
tion of [Cp2W’j into sp3 C-H bonds (i.e. alkane 
activation), (iii) the first evidence for a-H elim- 
ination for [Cp3W--CH3]+, (iv) ring opening of a 
tungstenacyclobutane derivative to give an alkyl- 
idene-olefin intermediate, which subsequently led 
to proposal of the Green-Rooney mechanism for 
olefm polymerization, and (v) the development of 
rules for predicting the regioselectivity of nucleo- 
philic addition to organometallic cations. 3 

Our research group has had a long-standing 
interest in studying fundamental organometallic 
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transformations including a and b migratory inser- 
tion/elimination, reductive elimination/oxidative 
addition and sigma bond metathesis. In this regard 
the permethyhnetallocene derivatives of scandium, 
titanium, zirconium, hafnium, niobium and tan- 
talum have proven to be particularly well-suited to 
structural and mechanistic studies due to 
their enhanced solubilities, stabilities and crys- 
tallizabilities, as compared with the (q’-CsH,) ana- 
logues.4 Moreover, the steric bulk of their 
(q5-CsMe,) ligands inhibits bimolecular decompo- 
sition pathways, thus allowing isolation of com- 
pounds such as CpfTa(=CHZ)H4h (Cp* = q5- 
C5Me5), the first isolable example of an alkylidene 
hydride derivative. In order to extend our mechan- 
istic studies at “bent permethyhnetallocene” centres 
to the less electropositive transition elements to 
the right of the Periodic Table, we have long 
sought a convenient synthetic route to the per- 
methyltungstenocene system. In view of the exten- 
sive chemistry of the unsubstituted [(n5-C5H5),W] 
system leading to the formation of dimers via inter- 
molecular attack at the C-H bonds of the (v5- 
C,H,) ligands of other metal centres,’ we again 
anticipated a substantial increase in stability for the 
(q5-C5Me5) analogue. Although the tungstenocene 
system has been known for more than 25 years, 
corresponding synthetic approaches to per- 
methyltungstenocene derivatives have been uni- 
formly unsuccessful, and the only previously 
reported synthesis of CpfWH2 is the recently 
described metal vapour synthesis method involving 
co-condensation of Cp*H with W atoms.6 Herein 

J. E. BERCAW 

we describe a conventional synthesis of CpfWC12 
and the synthesis, structure and reaction chemistry 
of other derivatives of permethyltungstenocene 
derived therefrom. 

RESULTS AND DISCUSSION 

Halide, hydride, alkyd and formaldehyde derivatives 
of permethyltungstenocene 

(1) Synthetic studies. Cp:WCII is synthesized in 
ca 30% yield from Cp*WC14(PMe3)7 by a two-step 
process involving (i) reduction by Mg (0.5 equi- 
valent) followed by (ii) reaction with either LiCp* 
or KCp*. This approach is also successful for the 
mixed-ring derivative (q5-C5Me5)(q5-C5Me4CH2 
CH&H3)WC12. 

Cp*WC14(PMe3) 

O.SMg/THF 
'(Cp*WC13(PMe3)(MgC12)~.5} 

MCP*(K$y;;45°c, cp:wc12* 
1, 

Cp$WC12 provides an entry to a variety of other 
permethyltungstenocene derivatives (Scheme 1). 
For example, the reaction of Cp$WC12 with LiAlH4 
generates Cp:WH2 in which Cp?W(H)Cl is 
observed as an intermediate. A more convenient 
synthesis of Cp:W(I-I)Cl is the reduction of 
CpFWC12 by Na(Hg) in THF. The origin of the 
hydride ligand is uncertain, but it is likely that it 

1 CH,Li 

C.H,Li 

CCI, LiAIH, 

CH,Li 

-CH, 

Scheme 1. Syntheses of permethyltungstenocene derivatives from Cp$!WC12. 



Derivatives of bis(pentamethylcyclopentadienyl)tungsten(IV) 2055 

arises by abstraction from the solvent.? The di- 

methyl derivative, Cp$W(CH,),, is isolated from the 
reaction of Cp:WCII with CH3Li in toluene at 
80°C. In contrast, the reaction of Cp:WCII with 
NaOCH3 gives the $-formaldehyde derivative, 
Cp:W($-CH*O). This reaction occurs with 
elimination of methanol and, thus, may proceed 
via the dimethoxy derivative, [Cp:W(OCH,),], 
followed by 1,3-elimination of CH 30H.$ 

Cp,*WCl$=% [Cp:W(OCH,)d 

Other q2-formaldehyde derivatives of tungsten, 
namely W(PMe,),(~2-CH20)H2g and W(q4-C4H6) 
(q2-CH20)(PMe&,” as well as the molybdeno- 
cene derivative, C~,MO(~~-CH~O),~’ have recently 
been reported. 

The metallated derivative, Cp*($,q’-&Me4 
CH,)WH,$ is formed by the reaction of CpfWC12 
with C6H5Li. The simple metathesis produce (very 
sterically crowded) Cp:W(C6HJ2, is not obtained 
nor is it observed as an intermediate ; rather, as 
evidenced by the formation of biphenyl, phenyl- 
lithium appears to act as a reducing agent. 
Cp*(~5,~‘-C5Me4CH2)WH is also obtained by the 
reaction of the hydrido-chloride derivative, 
Cp$W(H)Cl, with CH3Li at 110°C. The latter reac- 
tion is observed to proceed via elimination of meth- 
ane from the initial metathesis product, 
CpfW(CH3)H, by ‘H NMR spectroscopy. 

CpfW(H)Cl= [Cp,*W(CH,)H] 

-CH, 
+ Cp*(n5,n1-C5Me4CH2)WH. 

The W” compound Cp*($,q’-C5Me4CH2)WH is 
not as reactive as the analogous Tav com- 
pound, Cp*(n5,n’-C5Me4CH2)TaH2, which is an 
effective source of the 16-electron intermediate, 
[CpfTa-HI.” It does, however, react with Hz (4 
atm) to give CpfWH2 at 220°C. 

C~*(~I~,~‘-C~M~,CH,)WH + H 2- Cp:WH2. 

t Smaller quantities of Cp*($,q’-C5Me4CH2)WH are 
also formed by this reduction but Cp:W(H)Cl may be 
readily separated by crystallization from pentane. 

$ The formation of q2-thioaldehyde and q2-imine com- 
plexes by 1,3-elimination of CH, from Cp,Zr(SCH2R) 
(CH9)** and from Cp*Ta(NMe2)(CH,),sb have been 
observed. 

$Cp*(~S,~‘-C,Me,CHJWH and Cp*{qS,q’,q’-C~Me, 
(CH,),}W have been prepared previously by photolytic 
elimination of H, from Cp$WI-I,.6 

Cp$WH, is converted sequentially to the 
hydrido-chloride, Cp:W(H)Cl, and the dichloride 
derivative, CpfWC12 upon treatment with CC4. 
Furthermore, Cp$WC12 and Cp:WH2 react at 
220°C to form Cp:W(H)Cl as an equilibrium 
mixture. 

Cpj=WH2+Cp:WC12 

# 2Cp:W(H)Cl&, x 21(l) at 220°C. 

The methyl-chloride derivative, CpfW(CH,)Cl, 
is conveniently obtained by selected cleavage of one 
of the W-CH3 bonds of CP:W(CH~)~ upon treat- 
ment with one equivalent of HCl, generated in situ 
by the reaction of Me,SiCl (one equivalent) with 
Hz0 (0.5 equivalent). Cp$W(CH,)Cl is another 
useful precursor to permethyltungstenocene deriva- 
tives and exhibits a variety of reaction pathways as 
shown in Scheme 2. Simple substitution reactions 
occur with CH,Li and LiAlH4 to give CP~(CH~)~ 
and CpfW(CHJH, respectively. In contrast to 
these metathesis reactions, the reaction of Cp:W 
(CH3)C1 with C6H5Li does not give Cp:W 
(CH,)(C,H,) but rather Cp:W(CH,C,H,)H. A 
plausible reaction sequence would involve nucleo- 
philic attack by LiC6H5 at the methylidene ligand 
of an intermediate cation, [Cp:W(=CH,)H]+, 
generated by a-H elimination from the intermediate 
[Cp:WXH,]+, e.g. 

Cp:W(CH,)Cl=% [Cp:W-CHJ+ 

- [C~,*W=(332Wl+ 

9 Cp:W(CH2C6H5)H. 

A similar mechanism has been proposed for the 
formation of [Cp,W(CH,PR,)I-Ij~F,] from 
[Cp,W(CH,)(PR,)]pF,]. l3 The mechanism of this 
reaction is to be contrasted with the reaction of 
Cp:W(CH3)Cl with LiAlH4 to give CpfW(CH3)H. 
For this latter reaction, a similar mechanism may 
have, in principle, occurred since the product of a 
direct metathesis mechanism and that of an E-H 
elimination mechanism are identical. However, the 
reaction of Cp:W(CH3)Cl with LiAlD4 provides 
Cp:W(CH3)D, in support of the direct metathesis 
reaction. A further reaction pathway is dem- 
onstrated by the reaction of Cp:W(CH3)Cl with 
LiCH,PMe, in which dehydrohalogenation occurs, 
but the overall result is that of deprotonation of 
one of the Cp* methyl groups, and not [W-CH,], 
to give Cp*(q5,n’-C,Me4CH2)W(CH3). The reac- 
tion of Cp:W(CH3)C1 with other organolithium 
reagents lead to complex mixtures. For example, 
CH2CH,MgBr or Me,CLi gives inter alia 
Cp:W(CH,)H with the elimination of olefin. 
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17:;; \, -Me,C=CH,. -LiCI 

Scheme 2. Synthesis and reaction chemistry of CpzW(CHS)Cl. 

(2) The mechanism of the protonation of 
Cp:WH2: evidence for a trihydrogen species. The 
tungstenocene derivative, Cp2WH2, has previously 
been shown to react with a variety of electrophiles, I4 
e.g. BX3 (X = F, Cl),” H+,la and R3A1.16 
Similarly, the dihydride, Cp$WH2, is readily pro- 
tonated by a variety of acids including HBF4 * Et,O, 
HCl, and [Me,NI-Ij[BPh,] to give the trihydride 
cation, [CpfWHJ+. 

Cp:WHz+HX 

- [Cp:WH,]B] (X = Cl, BF4, BPh4). 

The [Cp:WH,]+ cation is characterized by two 
resonances in the ‘H NMR spectrum in DzO at 
6 -4.50 (doublet) and 6 - 5.42 (triplet) cor- 
responding to the central and lateral protons, 
respectively. The small zJt._t.i coupling constant, ca 
3 Hz, is indicative that the species is formally a 
trihydride, not a dihydrogen-hydride derivative, 
[Cp2*W(q*-H2)H]+. Interestingly, the central hy- 
dride ligand exhibits an 11 Hz greater ‘Jw_u coup- 
ling constant (‘Jw_H = 66 Hz) than the lateral 
hydride ligands (‘Jw__u = 57 Hz), possibly reflect- 
ing a greater a, (and thus greater tungsten 6s) con- 
tribution in the bonding to the central hydride 
ligand. The trihydride derivative is readily depro- 
tonated by KOH,,, to regenerate Cp$WH2. 

[Cp:WH,]+ +KOH,- Cp,*WI-12+H20+K+. 

Some rather unexpected features of this pro- 
tonation/deprotonation mechanism are revealed by 
examining the stereochemistry of D+ addition to 
Cp$WH2. Treatment of a suspension of CpfWH, 
in D20 with a solution of DCl/D20 affords, as the 
kinetic product, the isotopomer with the deuterium 
predominantly occupying the central position, 
[CpTW(H)(D)(H)]’ (ca 90%, 1 min), and a much 
smaller fraction of the laterally deuterated iso- 
topomer, [Cp:W(H)(H)(D)]+ (ca lo%, 1 min). 
Subsequent exchange of the lateral and central 
hydride ligands occurs over a period of several 
hours, accompanied by further incorporation of 
deuterium from excess DCl/D20 (vide infra). 

CP w < +D* _[cp*2w<D]+ s[cp**<H]+ 
The relatively small doublet (2JH_H = 3 Hz) 
attributable to the central hydrogen of [Cp:W 
(H)(H)(D)]+ initially observed in the ‘H NMR 
spectrum (resonance Hz0 in Fig. 1) is particu- 
larly indicative of the strong preference for central 
protonation. Possible pathways for the pro- 
tonation of CpfWH2 with D+ are shown in Scheme 
3. Pathways (a) and (b) involve direct protonation 
at the tungsten centre in the lateral and central 
positions, respectively. On the basis of ground state 
orbital control arguments, an electrophile would be 
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Fig. 1. Evolution of the hydride region of the ‘H NMR spectrum for the product of Cp:WH2 with 
DC1 in D20 (* denotes central hydride of [Cp$WH,]+). 

predicted to attack initially the HOMO. The fhst 
bonding description of the bent metallocene system 
was provided by Dahl and Ballhausen ” in which it 
was implied that the lone pair of electrons on the 
metal centre of Cp,WH2 resided in an orbital which 
is directed between the two hydrogen ligands. If 
this proposal is correct, the observed stereo- 
chemistry of the deuteration reaction would be 
consistent with orbital-controlled electrophilic 
attack at the HOMO of Cp:WH2. However, the 
Ballhausen-Dahl description has been questioned. 
On the basis of the CH3-Re-CH3 bond angle in 
a related derivative, (r,r5-C5H&4-C5H,Me)Re 
(CH,),, Alcock suggested that, in fact, the lone 
pair resides in an orbital lateral to the methyl 
ligands. ’ 8 This suggestion has been overwhelm- 
ingly supported by (i) structural studies by Green 
et al. on a series of do, d’ and d2 Cp2MX2 
derivatives, which showed that the X-M-X bond 
angle decreases across the series, thus suggesting 
that the additional d electrons occupy an orbital 
which lies raterally to the two X ligands,’ (ii) single 

t Based on the results of refs 22 and 23. 

crystal electron paramagnetic studies on Cp2VSs 
and ($-CsH4CH&VC12, which indicate that the 
unpaired electron occupies a lateral orbital l9 and 
(iii) a combined molecular orbital/photoelectron 
spectroscopy study. *O Thus, Green et al.* proposed 
a new bonding description for Cp2MX2 which com- 
prised elements of both the Ballhausen-Dahl and 
Alcock models and also resembled the Brintzinger2’ 
description. Additional support for a lateral 
HOMO is provided by the calculations of Lauher 
and Hoffmann** and Dahl et al. ;23 the validity of 
their description is underscored by the observation 
that the H-MO-H bond angle of 75.5(3)’ in 
Cp,MoH,, as determined by neutron diffraction,24 
is very close to that predicted (x 78”) for a d2 mol- 
ecule. I9 The conclusions of these quantitative stud- 
ies are summarized in a qualitative MO diagram for 
Cp$WH,, shown in Fig. 2.t The 2a, HOMO is a 
tungsten-localized lateral orbital that interacts 
minimally with the two hydride ligands. Thus, pro- 
tonation following orbital control would be 
expected to proceed by path (a) (Scheme 3), giving 
the lateral di-isotopomer, [CpzW(H)(H)@)]+. 
However, observation of the central d,-isotopomer, 
[CPWGNW-OI+, which arises by attack along 
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(b) 

(d) 

Scheme 3. Possible pathways for protonation of Cp;WH2. (a) Electrophilic attack at a lateral, metal- 
based, orbital. (b) Electrophilic attack at a central, metal-based, orbital. (c) Central and lateral 
electrophilic attack at one of the hydride ligands. (d) Central electrophilic attack at both the hydride 

ligands. 

the pseudo-C, axis, signals a more subtle situation. 
There is no occupied, metal-based central orbital in 
Fig. 2, which therefore rules out path (b) (Scheme 
3) as a dominant mechanistic pathway. 

Whereas one might be tempted to once again 
question the conclusions concerning the spatial dis- 

t Theoretical calculations have demonstrated that the 
protonation of [CpFe(CO)&h-CO)@-CH,) at the 
methylene ligand and not the Fe-Fe bond is charge 
and not orbital controlkxLzs 

position of the lone pair orbital for CpfWH*, the 
alternative protonation pathways [Scheme 3(c) and 
3(d)] should be tist considered. Protonation at one 
or both of the hydride ligands is likely, particularly 
if they are sites of higher negative charge than the 
tungsten centre. Thus, protonation is subject to 
charge control (i.e. at W-H6-) rather than orbital 
control (at the HOMO).t Protonation of a tung- 
sten-hydrogen bond of CpfWH* would initially 
generate the dihydrogen-hydride cation, [CpfW 
(q2-H2)H]+, which subsequently collapses to the tri- 
hydride cation. Protonation of a Re-H bond for 
the do complex Re(PR3)2H7 has been discussed 
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Fig. 2. A qualitative MO diagram for CpfWH2. 

recently. 26t Moreover, a sequence closely anal- 
ogous to that proposed for Cp:WHI has been 
recently reported for the protonation/ 
deprotonation of ($-C5H5)(Me2PCH2CH2PMe2) 
RuH ; protonation occurs at the Ru-H bond 
(rather than at the d6 metal centre) to afford [(q’- 
CSH,)(Me2PCH2CH,PMe2)Ru($-H2)]+, which 
subsequently equilibrates with [($-CgH5)(Me2 
PCH2CH2PMe2)RuH2]+.27# 

Selective protonation of a single W-H bond of 
Cp:WH2 from the “inside” of the H-W-H angle, 
rather than from a lateral position could pos- 
sibly be strongly preferred ; however, the factors 
distating such a preference are not obvious. Alter- 
nately, it could be argued that the prefer- 
entially central protonation is a consequence of 

t An alternative explanation is that protonation occurs 
at the dZ metal centre of the dihydrogen derivative, 
Re(PR&(#-HJH5, with which Re(PR&H, may be in 
equilibrium. 

$ It was also shown that deprotonation of the dihy- 
drogen derivative, [CpRu(dmpe)(q’-H,)]‘, is faster than 
that for the dihydride, [CpRu(dmpe)HJ+, as expected 
by the principle of microscopic reversibility. 

$ We note that the product obtained from Cp2WH2 
and R3Al is also the result of attack at the central 
position; however, there is no evidence that this is the 
kinetic product of the reaction (ref. 16). 

TI Deprotonation from the central position is favoured 
over the lateral position according to the principle of 
microscopic reversibility. 

the proton initially interacting with both hydride 
ligands [Scheme 3(d)], producing the trihydrogen 
cation [CprW(q3-H3)]+, which subsequently col- 
lapses to the trihydride cation. The rather acute (cu 
75”) H-W-H angle simultaneously offers both 
hydrides to electrophilic attack. In this regard, a 
trihydrogen adduct has recently been invoked to 
account for the unusual NMR behaviour for [(r$- 
CSHS)(PMe3)IrH3]+.** An equivalent molecular 
orbital picture is that attack occurs at the second 
highest occupied molecular orbital @HOMO), that 
of la1 symmetry (Fig. 2). Thus, in view of the exten- 
sive structural, spectroscopic and theoretical studies 
cited above, pathway (d) (Scheme 3) appears to best 
reconcile the stereochemical preferences for central 
protonation of Cp:WH2.4 

The kinetic product [Cp:W(H)@)(H)]+ under- 
goes subsequent rearrangement to the lateral 
di-isotopomer [Cp:W(H)(H)(D)]+, and further ex- 
change with the solvent @Cl/D,O) resulting in the 
formation of d2, and d3 derivatives (Fig. 1). Exam- 
ination of the time evolution of the ‘H NMR spec- 
tra for this mixture reveals that conversion of the 
central d,-isotopomer, [Cp:W(H)(D)(H)]+, to the 
lateral d,-isotopomer, [Cp$W(H)(H)(D)]+ occurs 
much faster than deuterium incorporation from 
DCl/D*O. Since [Cp$WH3]+ may be cleanly depro- 
tonated to CpzWH2 by KOH,,, a possible mech- 
anism for the isomerization process would be 
deprotonation of the central position7 of 
[Cp$W(H)(D)(H)]+ generating Cp:WH2, followed 



2060 G. PARKIN and J. E. BERCAW 

by addition of D+ at the lateral position.? intramolecular exchange process for [Cp:W(H) 
(D)(H)]+ + [Cp:W(H)(H)@)]+ is approximately 

[CPPWWWW’ +-[Cp:W&l+D+ an order of magnitude faster than deprotona- 

t- [CP:WWW(D)I + . 
tion.f A possible direct pathway for the intramol- 
ecular exchange would involve pseudorotation 

It is important to recognize, however, that the 
observed build up of [Cp:W(H)(H)(D)]+ is incon- 
&tent with this mechanism, since (i) the rate of 
conversion of [Cp:W(H)(D)(H)]+ to [Cp:W(H) 
(I-I)(D)]’ involves deprotonation of the central posi- 
tion and reprotonation laterally, whereas the sub- 
sequent conversion of [CpfW(H)(H)@)]+ to the 
d2-isotopomer, [Cp:W(H)(D)(D)]+ involves de- 
p:.c!ionation from the central position and repro- 
tonation centrally; the latter must be much faster 
to account for the initial predominance of [Cp$W 

W)PXWI+ 3 and (ii) the large pool of deuterium 
virtually assures addition of D+ rather than H+ to 
any Cp:W(X)Y (X, Y = H, D). Moreover, the nor- 
mal, substantial kH/kD expected for deprotonation29 
further contributes to the faster conversion of 

[CP~WWWN+ to [CP~WWDNW, da- 
tive to its formation from [CpfW(H)(D)(H)]+. 
The data shown in Fig. 1 clearly show that 
[Cp?W(H)(H)(D)]+ does, in fact, build up in con- 
centration, and does so substantially faster than 
the overall conversion of the d,-isotopomer 
[Cp:WH2D]+ to the d2-isotopomer, [CpTWHDd+, 
and the d3-isotopomer, [Cp:WDs]+, the latter two 
resulting in an overall decrease in the total intensity 
of the hydride resonances in the ‘H NMR spectrum. 

An additional pathway for the direct intra- 
molecular interconversion of the two d,-iso- 
topomers which does not involve a deprotonation 
mechanism, is clearly required to accommodate the 
observed build up of [Cp:W(H)(I-I)(D)]+. 

[CP:WMW-UI + 1 [CPWW(WD)I +a 

out of the equatorial plane of the bent sandwich 
structure ; however, we are unaware of a prece- 
dent for such a process. More likely mech- 
anisms, shown in Scheme 4, include (i) intermediacy 
of a dihydrogen adduct which rotates, (ii) the inter- 
mediacy of a (closed) trihydrogeng adduct which 
rotates, and (iii) migration of the hydride ligand to 
the Cp* ligand to give an r,r4-diene intermediate, 
[Cp*(q4-&Me,H)WHD]+, a “Tarzan” type swing 
over the deuterium, followed by return to the metal 
centre. Hydride and alkyl group migrations to and 
from cyclopentadienyl (and arene) ligands have pre- 
viously been observed and postulated for other 
reactions.31 Our data do not allow a distinction 
between these possibilities. 

Syntheses and reactivity of the 0x0 derivatives 
Cp:W=O, ($-C,Mes)(r)‘-CsMe5)W(~)2, Cp*W 
(--V)2(OCp*) and Cp*W(q2-O,)(d)(CH,) 

In view of the increasing interest in organo- 
metallic compounds containing 0x0 and peroxo 
ligands, 32 we have explored the reactivity of 
some of these permethyltungstenocene derivatives 
with reagents such as water, hydrogen peroxide 
and dioxygen. Some of this work has been 
communicated. 3 3 

(1) Mono-oxo tungsten derivatives : 0x0 transfer 
reactions from tungsten and evidence for 1,2-addition 
and elimination processes. Access to oxo-derivatives 
of permethyltungstenocene is provided by the reac- 
tion of Cp:WC12 with KOH,, in THF which gives 
Cp:W=O as a deep-green crystalline material 

A kinetic analysis of these rate data reveals that the 
(Scheme 5) or, alternatively, by the reaction of 
Cp:W(q’-CH20) with H20. 

t Protonation at the central site is clearly favoured, 
however, protonation at the lateral site may occur, albeit 
at a much slower rate. 

$ Data were fit using the program “GEAR’ [T. Beukel- 
man, J. Chesick, R. J. McKinney and F. J. Weigert, PC 
Version 1.3 1 (1987)] and the approximate rate constants 
obtained are: [Cp:W(H)@)(H)]+ + [Cp:WHd+D+, 
k x 1.2 x lo-’ s-‘; [Cp:W(H)(D)(H)]+ + [Cp:W(H) 
(H)(D)]+, k x 1 x 1O-2 s-‘. 

§Closed trihydrogen species have been studied theo- 
retically to account for the observed exchange processes 
in bis-dihydrogen complexes.30 

1 Other 18-electron oxo-derivatives include Cp:Ta 
(=O)R (R=H, CH,), Cp,Nb(=O)(CH,), Cp*M=O 
(M=Mo, W) and Cp*Re(=O),. 

Cp:W=O is a member of a relatively rare class 
of oxo-derivatives in which the metal centre is 
closed-shell (18-electron) in the absence of oxygen 
lone-pair donation.7 We propose to denote these 
as “class b” M=O derivatives in order to distin- 
guish them from the more common “class a” 
(M=O c-* M-=0+) derivatives, for which lone-pair 
donation from oxygen to the metal centre imparts 
triple M-=0+ bond character, and hence a 
stronger bond, obtains. Therefore, it appeared 
reasonable to consider the possibility that the 0x0 
ligand in Cp:W=O could be more weakly bound 
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Scheme 4. Possible intramolecular exchange mechanisms for the rearrangement central d,- 
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Scheme 5. Synthesis and reaction chemistry of Cp$W=O. 
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than other tungsten 0x0 ligands and, thus, excep- 
tionally reactive. 

The comparatively weak W=O bond is evident 
from both its spectroscopic features and its chemi- 
cal reactivity. Thus, Cp:W=O is characterized by 
a strong v(Wd) in its IR spectrum at 860 cm-’ 
(820 cm-’ for Cp:W=‘*O) compared with 
v(M=O) x 93GlOOO cm-’ for class a. An illustra- 
tive comparison of v(M-0) stretching frequencies 
is that the lCelectron, class a, derivative, 
CH,Re03, 34 shows absorptions at 999 and 960 
cm-’ , almost 100 cm- ’ higher than those of the 18- 
electron, class b, derivative, Cp*Re03 (909 and 878 
cn- ‘).35 

The high reactivity of the 0x0 ligand in 
CpfW=O is demonstrated by the oxygen exchange 
reaction with labelled HTO. A solution of 
CpfW=180 in pentane undergoes facile isotopic 
exchange with H2160 giving Cp$W=‘60 within 
1 h at room temperature (IR spectroscopy). This 
reaction presumably proceeds via the dihydroxy 
derivative, [Cp$W( ’ “OH)( ’ ‘OH)], which may be 
envisaged to be tbr’ned by the overall I ,2-addition? 
of the H 160-H bond across the W=’ 8O double 
bond. The microscopic chemical reverse, i.e. 1,2- 
elimination of Hz’*0 from this symmetric inter- 
mediate, allows exchange of oxygen atoms to occur. 

Similarly, treatment of Cp:W=‘60 with excess 
H2170 (ca 50% enriched) results in the formation 
of Cp:W=‘70 as monitored by I70 NMR spec- 
troscopy (6 760 ppm in C6D6 relative to external 
HZi70).f The kinetics of this exchange in THF 

t The terms l,Zaddition-and 1,Zelimination are not 
meant to imply a concerted mechanism, but are only 
intended to indicate the overall transformation. 

ZPublished data on I70 chemical shifts are thus far 
limited so that no firm conclusions can be presently 
drawn regarding the 170 chemical shifts for the different 
classes (a and b) of oxo ligands. For reference, “0 chemi- 
cal shifts for some other 0x0 (terminal and bridging) 
derivatives are given in ref. 36. 

Q We are not aware of similar measurements of the 
rates for oxygen exchange in other neutral 0x0 com- 
pounds ; however, the “0 exchange kinetics for ionic 
complexes in aqueous solution have been reviewed. Typi- 
cal second-order rate constants (a 25°C corrected for 
[H,O]) include: [ReOJ, lo-* s-’ M-l; trans- 
[Re(en),02]+, 1O-6 s-l M-‘; [WO,]‘~, 10~‘s~’ M-‘. It 
should be noted that for all these examples the rate laws 
are complex, and the rates are very pH dependent.37 

solution at 25°C have been measured and the 
second-order rate constant for oxygen exchange is 
approximately 2( 1) x lo- 4 s- ’ M- ‘, larger than 
representative values reported for anionic and 
cationic complexes in aqueous solutions.§ 

Similarly, the isoelectronic, d”, oxo-derivative, 
Cp:Ta(=O)H, which is a class b oxo-derivative, 
(v(Ta=O) = 850 cm- ‘), undergoes rapid exchange 
of oxygen atoms with labelled H2*0. For this exam- 
ple, the hydride ligand acts as a second probe to 
study the exchange reaction. Thus, the isotopomer, 
Cp:Ta(=‘*O)H, was treated with D2160 and the 
exchange process was monitored by IR spec- 
troscopy. The results clearly demonstrate that 
exchange of the 0x0 ligand occurred for the 
exclusion of the hydride ligand. This is consistent 
with the mechanism outlined for the exchange reac- 
tion of Cp:W=O with Hz0 in which a reaction 
occurs only at the M=O double bond, possibly in 
a concerted manner. 

Cp:Ta(=‘80)H + D2160 

4 [Cp$Ta(‘80D)(‘60D)H] 

~Cp:Ta(=‘60)H+D180H. 

The observation of no exchange of deuterium into 
the tantalum hydride position has two implications : 
(i) the reaction does not involve an initial LX-H 
migration from Ta to oxygen to generate a 16- 
electron, [Cp:Ta-OH], intermediate which reacts 
with Hz0 by oxidative addition [Scheme 6, steps (c) 
and (d)], since this mechanism would ultimately 
lead to the exchange of the tantalum hydride for 
deuterium. We have noted previously that the a-H 
migration for (r$-&Me&$-C,Me,Ph)Ta(=O)H 
is much slower (as yet unobserved) than that for 
the methylidene hydride derivative, (q 5-CSMe & ‘- 
C5Me4Ph)Ta(=CH2)H.38 Accordingly, treatment 
of Cp:Ta(=C!H,)H with DzO gives Cp:Ta(=O)D 
and CH3D (via oxidative addition of DO-D to 
[Cp,*TaCH,]), and not Cp$Ta(=O)H and CH2DI. 
(ii) The dihydroxy-hydride intermediate, [Cp:Ta 
(‘BOD)(‘60D)Hj, loses water by a 1,2-elimination 
pathway [Scheme 6, step (b)] and nor by reductive 
elimination. Reductive elimination would generate 
[CpfTa--“OD] from which a-D elimination would 
result in exchange of the tantalum hydride for deu- 
terium. The 1,2-addition/elimination reactions 
involving HO-H and [Ta=O] are likely encour- 
aged by interaction of the hydrogen with a lone 
electron pair of the 0x0 ligand, at least in the early 
stages of the reaction. Moreover, the l,Zelim- 
ination pathway ensures that the tungsten centre 
will remain as 18-electron, do, throughout the 
process and does not necessitate the formation 
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Scheme 6. Possible mechanisms for the exchange of the 0x0 ligand in Cp:Ta(=‘*O)H with D20. 

of the high energy 16-electron, d’, intermediate. 
[Cp:Ta--OH]. A reaction which follows the same 
pathway, i.e. 1,2-addition/elimination, is the 
hydrolysis of Cp:Ta(=NC,Hs)H with DzO, which 
gives CpfTa(=O)H, not Cp$Ta(=O)D (‘H NMR 
spectroscopy). 

Cp:Ta(=NC6Hs)H + DzO 

-Cp:Ta(=O)H+C&I,ND,. 

An observation of relevance to these 0x0 exch- 
ange reactions is provided by the reaction of 
Cp:W=O with Me,SiCl. The initial product is 
Cp:W(OSiMe3)C1 which is formed via a 1,2- 
addition of the Si-Cl bond across the W=O 
double bond. 

Cpj‘W=O+Me,SiCl---+ 

Cp:W(OSiMe,)Cl--+ o.scp:w=O 

+O.SCp,*WCl,+O.S(Me,Si),O. 

j-This reaction is somewhat more complicated, since 
variable, small quantities, of a silicon product (at present 
unidentified, but possibly Me&), other than (Me,Si)zO 
are formed. 

$ Cp:W(OCH2CH20) has not been isolated and has 
only been characterized by ‘H NMR data (in &De) : 6 
1.83 (s, Cp*), S 3.07 (-OCH,CH,O-). 

Cp:W(OSiMe3)C1 reacts further with Me$iCl 
giving Cp:WClz and (Me3Si)z0. Furthermore, the 
1,Zaddition of a S&Cl bond across the W=O 
double bond is reversible, as for the reaction of 
Cp:W=O with Hz*O. Thus, the reaction of 
CpfW=O with Me,SiCl (are equivalent) gives 
initially an equilibrium mixture with Cp,*W(OSi 
Me3)Cl which subsequently decomposes with the 
elimination of (Me,Si)20 to form Cp*WCl? (0.5 
equivalent) and Cp:W=O (0.5 equivalent).t In a 
similar fashion, the reaction of Cp:W==O with 
Me$iI can be used to prepare Cp$W12. 

The exceptional reactivity of Cp2*W* is also 
illustrated by its reduction to Cp:WH2 by either 
H2 or Me,SiH, although the conditions are rather 
forcing (cu 200°C). This reduction can be achieved 
more readily by reaction with LiA1H4, in which the 
hydroxy-hydride derivative, Cp,*W(H)(OH), may 
be isolated as the first-formed product. This 
reduction of Cp$W=O to the hydroxy hydride 
derivative, CpfW(OH)H illustrates the similarity 
of this W=O double bond with the (==o double 
bond in ketones and aldehydes. Further simi- 
larities are that (i) both dihydroxy derivatives, 
[Cp:W(OH)J and [R,C(OH)& are unstable with 
respect to elimination of water and formation of 
the X=0 (X = CpfW, R2C) double bond, and (ii) 
as for ketones and aldehydes, Cp$W=O reacts with 
the glycol, (CH,OH), to form the glycolate, 
CpfW(r~*-0,0-OCH2CH20).f 
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In addition to these reactions which result in 
oxygen atom transfer from tungsten, Cp:W=O 
has also proved to be a valuable starting material 
for other 0x0 derivatives of (pentamethylcyclo- 
pentadienyl)tungsten as illustrated in Scheme 5. 
Cp:W=O reacts with HBF4 to generate the ionic 
species [Cp:W=OH][BF,]. The reaction is re- 
versible and treatment with KOH regenerates 
Cp$W=O. Cp:W=O also reacts with Me1 to give 
an ionic derivative, [Cp:W(=O)CH3][I’l, which is 
characterized by v(W=O) = 868 cm-‘, similar to 
that of Cp:W=O (v(W=O) = 860 err- ‘). 
However, it is interesting to note that in contrast to 
the reactions of Cp:W=O with Me&Cl and 
HBF4, nucleophilic attack at CHJ occurs by the 
dZ tungsten centre, not the oxygen ligand. In 
addition, this reaction with CHJ is not reversible. 
Thus, the d,-derivative, [CptW(=O)CD,][I], does 
not undergo exchange of methyl groups when 
treated with CH31. 

[Cp:W(=O)CD,][I] + CHjI 

+=-[Cp:W(=O)CH,][I]+CD,I. 

Furthermore, the isoelectronic tantalum derivative, 
Cp$Ta(=O)H, does not react under similar con- 
ditions with Me1 since the metal centre is do and no 
longer nucleophilic. 3 ’ 

A suspension of [Cp$W(d)CH,][I’j in THF is 
readily deprotonated by KH. The initial product is 
the r74-1,2,3,4-tetramethylfUlvene derivative, Cp* 
(~4-CsMe4=CH,)W(=O)(CH3), obtained by de- 
protonation of the methyl group of the Cp* 
ligand as opposed to the W-CH3 group. The unco- 
ordinated exo-(CH3C)4C=CHz double bond 
of the q4-1,2,3,4_tetramethylfulvene ligand is char- 
acterized by a strong absorption at 1600 cm-’ in 
the IR spectrum and resonances in the r3C NMR 
spectrum at 6 163.0 and 102.2 ppm, assignable to 
v~-(CH~C)~C=CH~ and v~-(CH~C)~~CII~, 
respectively, only slightly shifted from the free 
ligand values of 6 155.4 and 109.8, respectively. This 
q4-derivative undergoes isomerization to the $- 
exo-CHz--_=CSMe4 derivative, Cp*(q2-CH2--_CS 
Me,)W(=O)(CH,), at 80°C. An analogous q2- 
exo-CH+ZSMe4 derivative, Pd(q2-CHF 
CSMe4)(PMe3)2, has recently been reported and 
its X-ray crystal structure determined.40 The 
13C NMR data for Cp*(q2-CHF--_CSMe4)W 
(=O)CH3 provide strong evidence for q2-coor- 
dination of the tetramethylfulvene ligand : the res- 
onances assignable to the (q2-CH.+Z,Me4) ligand 
of Pd(~2-CH~,Me4)(PMe3)2 and Cp*(q’- 
CHd,Me,)W(=O)CH, are similar (Table 2) 
and are significantly different from both the q4- 
derivative, Cp*(u4-CgMe4=CH2)W(=O)CH3 and 

the free ligand, C,Me4---CH2. Notably, the 
(CH+Z,Me,} methylene carbon atom is observed 
at 6 40.1 (in C,D,) for Cp*(q2-CH&,Me,) 
W(d)CH3 and at 35.843.6 (in (CD3)zCO) 
for Pd(q2-CH--_C,Me,)L, (L = PMe,, PEt,, 
P (OMe),], whereas for the q4-derivative, Cp* 
(q”-CSMe4=CH2)W(=O)(CH3), and the free 
ligand, CHd,Me,, the methylene carbon 
atom is observed to be approximately 60 ppm 
to lower field at 6 102.2 and 109.8 (in C6Ds), 
respectively. Furthermore, the uncoordinated ring 
carbon atoms, {(MeC),C=CH,}, of Cp*(q2- 
CH2--_CsMe4)W(=O)CH3, 6 129.7-135.2, are only 
slightly shifted from the values of the free ligand, 6 
123.7-138.7. 

Deprotonation of the d,-isotopomer, [Cp,*W 
(=O)CD,]m, gives Cp*(v4-C,Me&H2)W(=O) 
CD3 and upon heating, Cp*(q2-CH,--C,Me,) 
W(=O)CD3, providing evidence that the reac- 
tion does not proceed via initial deprotonation of 
the W-CH3 group followed by a rearrangement. 

(2) Dioxo derivatives: the formation of q’-pen- 
tamethylcyclopentadienyl derivative. The dioxo 
derivative, (~5-CsMe,)(~‘-C,Me,)W(=O)2, is ob- 
tained by the reaction of Cp$W=O with the 
oxo-transfer reagents, H,O,,,, or Me3C02H 
(Scheme 7). (~5-CsMe,)(~‘-C,Me,)W(=O)2 is also 
formed by the reaction of Cp:WH, with H,O,,,. 

Cp:WI-12 HZo’@ b($-C$Me&‘-CsMe,)W(==O),. 

Interestingly, this compound does not react with 
excess H202 to give the peroxo derivative, ($- 
CsMe,)(~‘-C,Me,)W(=O)(~2-02), in contrast to 
the reaction of Cp*W(s),CH3 with H202 which 
gives C~*W(=O)(V~-O~)CH~.~’ (~5-CSMeJ(~‘- 
C,Me,)W(=O), has been structurally character- 
ized by X-ray diffraction techniques (Fig. 3).47 

Although compounds of the type (~,J~-C~RJ 
W(==O)2(R’) have recently been characterized 
by X-ray diffraction, 43 the principal interest in 
the structure of ($-CSMe&q’-CgMeS)W(=0)2 
arises from the bonding modes of the pentamethyl- 
cyclopentadienyl ligands. In particular, one of 
these ligands adopts a monohapto, (q’-&Me*), 
bonding mode. Where monohapto bonding modes 
are now common for CSH, ligands,44 the q’- 
bonding mode of one of the pentamethyl- 
cyclopentadienyl ligands in (‘t’-GMe&r ‘- 
CSMeS)W(=0)2 represents the first example 
of a transition metal-coordinated vi-Cp* 
ligand. The other pentamethylcyclopentadienyl 
ligand, while being bonded in a pentahapto, (q’- 
C,Me,), manner is, however, asymmetric with the 
ligand being displaced in the direction of the 0x0 
ligands so that the structure is more aptly described 
as (~‘,~4-CsMe,)(~‘-C,Me,)W(=O)2 (vide infra). 
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Table 1. ‘H NMR data” 

Assignment 6 @pm) Coupling (Hz) 
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cp:wc1, 

Cp*($-C5Me4CH2CH2CHs)WC12 

r15G(CH3)S 
r15-G(CHk(CH&HKHs) 

2(CH 3) 
2(CH,) 

t15-G(CH~)dCH~CH~CHJ 
q’-C,(CH3)4(CHzCHzCHs) 
q5-G(CH&(CHFHzCHs) 

Cp:W(H)Cl 

S5G(CH,), 
W-H 

Cp:W(q’-CHZO) 

tl’-C&H& 
q2-CH20 

Cp*($,q’-CSMe,CHJWH 

v’-CS(CHS)S 
$,tl’-G(CHJJHz 

l(CHJ 
l(CHJ 
l(CH,) 
l(CHJ 

t15,$-G(CH&,CH2 
1H 
1H 

W-H 

CP:WCH~), 

~LC4CHJ, 

WCH,) 2 

Cp:W(CHS)Cl 

rl 5-CGH,) 5 
W-CHS 

Cp:W(CHJH 

t15-C&H,), 
W-CH, 
W-H 

CP:WCHGKXW 

t15-C&HA 
W-CH,Ph 
W-CH,C&, 

1 H(para) 
ZH(metu) 
ZH(ortho) 

W-H 

1.68 

1.97 

1.70 

1.80 s 
1.69 S 

1.96 m 
1.34 m 
0.83 t, 3JH_H = 7.3 

1.81 
- 11.91 

1.72 S 

2.01 Sb 

1.86 

2.21 d, JH-wm = 3 
2.01 S 

1.59 S 

1.52 S 

3.50 
3.13 

-11.94 

1.51 
-0.54 

1.60 S 

-0.09 S 

1.76 S 

-0.16 S 

- 10.86 s, lJw_H = 105 

1.72 S 

2.32 S 

7.07 t, 3JH_H = 7.5 
7.25 t, 3JH_H = 7.5 
7.49 d, 3JH_H = 7.5 

-11.09 s, ‘Jw_” = 100 

S 

S 

S 

S 

s, ‘Jw_H = 97 

S 

t, 2JH_H = 2 
m 
s (broad), ‘Jw_H = 93 

S 

S 
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Table 1 (continued) 

Assignment 6 @pm) Coupling (Hz) 

Cp*(t15,‘1’-C5Me4CH2)W(CH,) 

rlS-C5(CHd5 
v5,q ‘-C,(CH,).KH, 

KHJ 
WHJ 
l(CHJ 
N-I,) 

rls,rl’-C5WWH~ 
1H 
1H 

W-CH3 

[CP:~,IPF,I 

Dz0 ~5-G(CH~)~ 
1 W-H (central) 
2 W-H (lateral) 

(CD&CO t15-UCH3)5 
1 W-H (central) 
2 W-H (lateral) 

Isotopic shifts : 
W-H of [Cp:W(H)(H)(H)]+ 
W-H of [Cp:W(H)(H)(D)]+ 
W-H of [Cp:W(D)(H)(D)]+ 

[WWH,IW’U 
CDCl 3 $-C,(CH,), 

1 W-H (central) 
2 W-H (lateral) 

PPh.4 
ortho 
meta 
para 

cp:w=o 

v5-CS(CH& 

[CP:W(=O)(CH dIPI 
D@ tl%(CH3)5 

W-CH, 

CDCl ) t15-C5Wf3)5 

W-CH, 

CpdW(OH)H 

t15-C5WHJ5 

W-H 
W4H 

[CP:W(=OHIIPF.+I 

D,O r15-C5(CH3)5 

W=OH’ 

Cp:W(OSiMe,)Cl 

tt5-GWfJ5 

W-OSi(CH& 

($-C5Me5)($-C5Me5)W(*L 

CAD,. 25°C n’-CKH,), 

1.65 s 

1.68 
1.64 
1.56 
1.52 

3.39 d, 2JH_H = 2 
2.59 d, 2JH_H = 2 

-0.63 S 

2.03 S 

-4.50 t, 2JH_H = 3, ‘Jw-H = 66 
- 5.42 d, 2JH_H = 3, ‘Jw-H = 57 

2.25 S 

-4.21 t, 2JH_H = 3, ‘Jw-H = 66 
-5.19 d, 2JH_H = 3, lJw_H = 57 

-4.21 t, 2Ju_H = 3 
-4.25 d, 2JH_H = 3 
-4.30 S 

2.09 
-4.20 
-5.34 

7.43 
7.03 
6.88 

S 

t, 2JH_H = 3, ‘Jw_H = 69 
d, 2JH_H = 3, ‘Jw_H = 57 

s (broad) 
t, 3J,._H = 7 
t, 3JH_-H = 7 

1.87 S 

1.94 
0.94 

2.13 
1.07 

1.81 S 

-11.08 s, 2Jw_H = 114 

1.88 S 

1.71 
0.45 

S 

S 

1.80 S (continued) 
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Table 1 (continued) 

Assignment 6 (Ppm) Coupling (Hz) 
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CD,, 25°C r15G(CH3)S 

C7D8, -90°C $-C&H& 
‘I’-C&H,), 

1 (CH,) 
2(CH,) 
2(CH3) 

(‘15-CsMeJW(=O)@CSMeS) 

+C,(CH,), 
?I-C&H,), 

1 (CH,) 
2(CHJ 
2(CHJ 

Cp*W(q4-C,Me4==CH,)W(=O)(CH,) 

‘I~-CS(CH~)S 
‘I~-G(CH~FCH, 

W-CH, 

Cp*W(rl’-CSMe4=CH,)W(=O)(CH,) 

$-Cs(CH& 
‘I~-CS(CH&,----CH, 

W-CH, 

1.80 

1.52 

2.56 
2.00 
1.92 

1.85 S 

1.40 
1.62 
1.78 

1.57 
2.83 
2.59 
1.47 
1.55 
4.54 
4.40 
1.44 

1.56 
2.55 
2.33 
1.97 
0.89 
3.48 
1.57 
0.60 

S 

4, partially resolved, sJc_H = 1 
q, partially resolved, ‘Jc_” = 1 

S 

S 

S 

S 

fi, 2JH_H = 9 
d,’ 2JH_H = 9 
Sd 

LI In C,D, unless specified otherwise. 
b Assignment tentative. 
‘Not located. 
d Identified by preparation of the &methyl derivative. 
‘Located by irradiation at 6 3.48 ppm. 

Interestingly, at room temperature the res- 
onances due to the Cp* ligands of ($-C+Me&‘- 

The IR spectrum of (r$-CsMe5)(q1-&Me,) 
W(=O), is characterized by two W=O stretches, 

C,Me,)W(=O), are equivalent in the ‘H NMR ~(wOz&m = 

spectrum. However, cooling to -90°C freezes out 
895 cn- ’ and v(W02),, = 935 cn- ’ 

[Fig. S(a)]. The IR spectrum of the isotopomer. 
the solid-state structure. The data accumulated 
from the ‘H NMR variable temperature experi- 

(~5-CsMes)(~‘-CsMe,)W(=180)(=‘60) [Fig. 5(b)] 
shows two bands assigned to the W=O vi- 

ments are shown in Fig. 4. The studies suggest that 
the exchange process proceeds via q ‘-7 5 ligand ex- 

brations with v(W160180)Sym = 860 cm-’ and 

change and that 1,Zsigmatropic shifts of the q ‘- 
v(W’~O’“O),, = 920 cm-‘. The difference in 
the symmetric and asymmetric stretches of the 

C,Me, hgand do not occur on a signifkantly 
faster timescale. An approximate barrier for this 

(q5-CJMe5)(~1-C5MeJ)W(=180)(=160) and (II’- 
CSMe5)(q1-CsMe,)W(=‘60)2 isotopomers are 

rearrangement process is 10(l) kcal mol- ’ at Av,, = 
- 60°C. 

35 cm-’ and Av,, = 15 cm- ‘. This 
difference of the shifts of the symmetric and asym- 
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Table 2. 13C NMR data” 

Assignment 6 (Ppm) Coupling (Hz) 

cp:wc1* 

+CS(CH& 
$-CS(CH& 

Cp*(t]‘-C,Me,CH,CH,CH,)WCl, 

rl’-CXCH& 
t15-‘XCH& 
tl’-C&ffUCHzCH,CH,) 

2c 
2c 

t15-C&Hk(CHSH,CH,) 
2c 
IC 
2c 

?‘-C~(CHs)4(CH,CH,CH,) 
1c 
1c 

?‘-CS(CH3)XCH2CH2CHs) 

Cp:W(H)Cl 

rl%(CH& 
rl’-UCH& 

Cp:W(r/2-CH20) 

t15-&(CH& 
t15-C~(CH& 
$-CH20 

Cp*(t$,t1’-C5Me4CH2)WH 

$-CS(CH~S 
$-C~(CHX)S 
~5.rl’-C>(CH~)~CH~ 

l(CH,) 
~(CHS) 
l(CH3) 
l(CH3) 

$,v’-CS(CH&CH, 
1c 
1c 
1c 
1c 
1c 

$,v’-C5(CHhCHz 

Cp:W(CHh 

$-CS(CH& 
r15-C5(CHs)5 
W(CH& 

Cp:W(CHS)C1 

tl=C5(‘333)5 

t15-C5W33)5 

W-CH3 

11.6 q, ‘JC_H = 128 
105.1 S 

11.4 
105.3 

11.7 
11.8 

103.8 
106.2 
107.6 

24.4 
28.6 
14.7 

q, ‘Jc_H = 128 
S 

q, ‘Jc_H = 128 
q, ‘Jc_” = 128 

S 

S 

s 

t, ‘Jc_H = 126 
t, lJc_H = 130 
q, ‘JC_H = 126 

12.1 q, ‘Jc_H = 127 
97.7 S 

11.3 
95.9 
45.3 

q, ‘Jc_H = 127 

:, lJc_H = 159 

12.2 
92.2 

9.3 
10.0 
12.6 
15.1 

86.1 
87.9 
91.8 
96.8 

109.4 
36.1 

10.2 
93.6 

- 6.9 

q, ‘JGH = 127 
S 

q, ‘Jc_H = 123 
‘Jw4 = 76 

10.8 q, lJc_H = 127 
99.3 S 

-8.3 q, ‘JC_H = 125 

11.2 q, ‘Jc_H = 127 
91.9 S 
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Table 2 (continued) 

Assignment 6 (Ppm) Coupling (Hz) 

2069 

W-CH3 -22.1 

CP:WC~WXMW 

$G(CHd, 
+G(CHdti 
W-CT-I 2Ph 
WXH&H S 

lC(ips0) 
2C(ortho) 
2C(meta) 
1 C@aru) 

[CP:WH~I[XI~ 

rlS-G(CHJs 
~5-WCHJ~ 

cp:w=o 

tl’G(CH& 
‘I%(CH& 

[CP:W=WCH,W~ 

CDCl 3 +XCH& 
tl’-Cs(CH& 
W-CH3 

Cp;W(OH)H 

q5-G(CH& 
tl’-C,(CH& 

(tl’-C,Mes)(tls-C~Me,)W(~), 

CDs, 25°C r15-G(CH& 
t15-G(CH3)~= 

CDs, -90°C $-CS(CH3)5 

tl’-C,(CH& 
q’G(CH& 

2c 
2c 
1c 

$-CS(CH& 
1c 
2c 
2Cd 

(~S-CsMe~)W(==%(OC~Me~) 

tl’-CS(C&)S 
tl’-C&H& 
tl’-G(CH& 

l(CH& 
2(CH,) 
2(CH3) 

+C,(CHS)~ 
IC 
2c 
2c 

11.4 
92.9 
4.2 

153.5 
126.7 
134.0 
122.7 

10.3 q, ‘Jc_H = 129 
102.2 S 

13.6 q, ‘JC_H = 127 
107.6 S 

11.4 q, lJc_H = 127 
121.8 S 

17.9 q, ‘JcH = 134 

11.3 
93.0 

12.8 Broad (fluxional) 

10.1 
117.4 

11.2 
12.5 
30.5 

83.3 s 

134.0 s 

11.0 q. ‘JcH = 127 
118.5 S 

23.9 q, ‘JcH = 127 
10.2 q, ‘JGH = 125 
11.4 q, ‘Jc_H = 125 

93.4 
134.7 
137.3 

dq, IJc_n(q) = 123, 
;+,&d) = 7, 

,,,<=67 

q, ‘Jc_n = 127 

:, ‘Jc_H = 122 

f, lJc_H = 156, 4JGH = 7 
d, ‘Jc_H = 155 
dt, ‘J,(d) = 160, 3Jc,_r,(t) = 8 

q, ‘Jc_H = 127 
S 

q 
S 

s 
S 

S 

(continued) 
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Table 2 (continued) 

Assignment 6 (ppm) Coupling (Hz) 

Cp*W(q4-C5Me4==CH,)W(---O)(CH,) 

$-C,(CH& 
$-‘XCH& 
r14-C~(CHk=CHz 

~4-G(CH,)~~, 
W-CH, 

14-C5(CH3)4=CH2 

W-CH, 

8.9 q, ‘Jc_n = 128 
112.7 s 
24.6 q, ‘Jc_H = 126 
19.4 q, ‘Jc_H = 126 
13.8 q, ‘Jc_H = 128 
10.2 q, ‘Jc_H = 128 

163.0 s 
144.7 s 
129.8 s 
84.7 S 

62.9 S 

102.2 t, ‘Jc_” = 156 
15.2 q, ‘JC_H = 125 

10.4 q, lJc_H = 128 
111.6 S 

11.8 q, lJc_H = 126 
11.2 q, ‘JC_H = 126 
10.6 q, ‘Jc_H = 126 
9.6 q, ‘Jc_u = 126 

135.2 s 
133.7 S 

129.9 S 

129.7 S 

84.4 S 

40.1 t, ‘Jc+, = 149 
20.9 q, ‘Jc_H = 127 

“In CsD, unless specified otherwise. 
’ In dilute DC&,. 
‘Not observed due to fluxionality. 
dObscured by solvent. 

F / Hz%,, 0’ 

M%~H 
AG+ = 10(l) kcal mol.’ at -60% 

\ 
WI=0 

Scheme 7. The formation of dioxo derivatives from Cp:W=O. 



Derivatives of bis(pentamethylcyclopentadienyl)tungsten(IV) 2071 

Fig. 3. The molecule structure of (q’-CSMe,)(q’- 

metric vibrations is to be expected because of the 
different contributions of the tungsten motion to the 
symmetric and asymmetric vibrations. Essentially, 
the symmetric stretch corresponds more to the 

motion of the 0x0 ligands than does the asymmetric 
stretch, which has a significant contribution from 
the motion of the tungsten atom. Thus, the motion 
of the tungsten atom in the asymmetric vibration 
diminishes the effect of isotopic substitution of the 
0x0 ligands and results in a shift of only 15 cn- ‘, 
compared with 35 cm- ’ for the symmetric stretch. 

The reaction of Cp:W=-“O with H,O,,, results 
in the formation of an approximately 2 : 1 mix- 
ture of the isotopomers ($-CSMe5)(q1-&Me,) 
W(=‘80)(=160) and (q5-&Me&‘-&Me,)W 
(=160)*. Other studies on the reactions of transi- 
tion metal derivatives with HzOzcati45 have shown 
that the products are often q*-peroxo, [Ml-(q2-02), 
derivatives obtained via a metathesis reaction. 
Thus, it was considered that the reaction of 
CpfW=O with H202 may have proceeded via an 
q2-peroxo intermediate, [Cp:W(q’-O,)], which 
ring-opened to give the dioxo derivative, i.e. 

cp:w=*o - H*o* [cp:w($-O,)] 
-Hz*0 

- (r$-C,Me,)(q’-C,Me,)W(=O),. 

If this mechanism were correct, then the product 
of CpfW=‘*O and H21602(aqj would be exclu- 

3 2 
WPm 

3 i 1 
ww 

I - . . . I . . . . I- 
a 

Wp2pm 
1 

A 
3 2 1 

wwn 

j . ; i 

WPm 

Fig. 4. Variable temperature ‘H NMR spectra of (q5-CSMe,)(q’-CsMes)W(=O)2 in d,-toluene 
(* denotes residual protio solvent; numbers above peaks indicate the respective number of methyl 

SOUPS). 
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(a) 1 
(b) ~ 

I I I 

1000 900 900 

cm -1 

Fig. 5. IR absorptions of the W=O ligands in (a) (q’- 
CsMes)(q’-C5Me,)W(=‘60)2 and (b) a 2: 1 mix- 
ture of ($-C,Me5)(~1-C5Me,)W(=160)(=180) and (q5- 

C5Me5)(~‘-C5Me5)W(=‘60)2. 

sively the isotopomer ($-&Me&q’-CsMe,) 
W(=‘60)2. However, as described above. 
the reaction of CpfW=‘*O with Hz’602(aq) results 
in the formation of an approximately 2 : 1 mixture 
of the isotopomers (q5-C5Mes)(q’-CsMe5)W 
(=’ 80)(=’ ‘j0) and (?5-CSMe8?‘-C5Me,)W 
(=160)r. The presence of (q5-CSMe5)(q’-&Me,)W 
(=‘80)(=‘60) demonstrates conclusively that 
the reaction does not proceed via an II’-peroxo 
intermediate, CpfW(q’-Or), in which the y ‘-peroxo 
ligand is derived from HrOr. 

Since Cp:W=O also reacts with MerCOrH to 
yield (~5-CsMe,)(~‘-CSMe,)W(=O)2 (and Me3 
COH), a reaction involving Cp$W(OH)(OOR) 
(R = H, CMe,), which subsequently eliminates 
ROH, seems likely. This mechanism would be 
expected to give only (~5-C5Mes)(~‘-C5Me5)W 
(=‘“O)(=‘“O). The origin of ca 33% of (q5-CSMe5) 
(~1-C5Me5)W(=‘60)2 may arise from either prior 

exchange of CP:W=‘~O with H2160, or may 
signal an alternate reaction pathway in which 
the 2: 1 ratio results from decomposition of some 
intermediate containing three exchangeable oxy- 
gen atoms, e.g. 

Cp*(t+Cp*)W(*OH)(OH)(=o) 

1 Cp*(#-Cp*)W(*OH)(=O)(OH) 

1 Cp*(r+Cp*)W(=*O)(OH)(OH). 

We note that ($-C5Mes)(~1-C5Me5)W(=O)2 does 
not undergo facile oxygen exchange with labelled 
Hr*O, in contrast to that observed for the mono- 
0x0 derivative, Cp:W=O. Since (q5-CSMe5)(q’- 
CSMe5)W(=0)2 is a class a 0x0 derivative, slower 
exchange is anticipated. 

Cp$W=O undergoes a remarkably clean reac- 
tion with Or to form white, crystalline, 
Cp*W(=O)z(OCp*) (Scheme 7). Cp*W(d), 
(OCp*) has been characterized by an X-ray crystal 
structure determination and the molecular struc- 
ture is shown in Fig. 6.46 In principle, a cyclo- 
pentadienyl ligand can bond to a single transition 
metal centre in a variety of modes, namely $-, 
r,r3-,q1-,q3,q2- and ~‘,y1~-. In this respect, the bond- 
ing between the tungsten atom and the (v”~- 
C5Me5) ligand is particularly interesting: while 
primarily pentahapto, t,~‘-, in character, there 
is some unmistakable monohapto, q’-, component. 
Thus, one of the inner-ring carbon atoms, C,, is 
displaced from the plane of the other ring atoms, 
towards W, by about 0.05 A. This carbon 

Fig. 6. The molecular structure of (q”5”-C5Me5) 
W(=%(OC5Me5). 
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atom is appreciably pyramidal and the W-C, dis- 
tance of 2.334(4) 8, is approximately 0.1-0.15 A 
shorter than the other W-C distances of this 
ligand. Indeed, this W-C, distance is only 0.13 8, 
longer than the value of 2.20 8, for the W-C dis- 
tance to the (q’-&Me,) ligand in ($-C5Mes)(q1- 
GMe5)W(=O)r. There is also considerable 
localization of the double bonds in the ~““‘-CSMe5 
q ’ ligand : the C~ C bonds at 1.396(4) A, while y 
considerably longer than a pure double bond or the 
corresponding bonds in the ql-C5Me5 ligand 
bonded to oxygen, are significantly shorter than the 
other ring bonds. These observations suggest that 
the W-($-C,Me,) interaction is a mixture of q5- 
and q’-bonding and that the ligand is more aptly 
described as bonding in an r,~ ‘,q4-fashion. 

We note that many of these same features are 
observed for the ($-C5MeS) ligand in the struc- 
ture of the related compound, ($-C,Me,)(q’- 
C,Me,)W(=%l),, which differs from (r$-CsMe,) 
W(=O)2(0CSMe5) in that the W atom is directly 
bonded to the (?I-C5Me5) ligand, rather than being 
bonded through an oxygen atom. In this complex 
the W atom is appreciably closer (at about 2.32 A) 
to one of the atoms of the ($-C5Mes) than to the 
other four, and in each case the ring atom is trans 
to the W-C single bond of the (q’-C5Me5) ligand. 

The origin of the asymmetry of the bonding of 
the (~‘-C5Mes) ligand in ($-C,Me&‘-Cs 
Me5)W(=O)* and (t$-C,Me,)W(=O),(OC,Me,) 
may be attributed to the strong truns influence 
of two 0x0 ligands. The ligands fruns to each 
0x0 ligand may be viewed to be the double bond 
components of the ($-C5Me,) ligand. The strong 
W=O bonding weakens the truer tungsten- 
ligand bonding, and thus lengthening of the 
bonds to these four carbon atoms results. Other 
evidence that the 0x0 ligand exerts a strong trans in- 
fluence is provided by the structures of (q5-C5Mes) 
Re(=O)Cl 2 and ($-C5Mes)Re(&)(CH3)Z.47 
In these examples, the presence of only one 0x0 
ligand results in the lengthening of two Re-ring 
carbon bonds, so that only one double bond 
component within the pentamethylcyclopent- 
dienyl ligand obtains. Thus, by extension, the 
rhenium-(~5-C5Me,) bonding for these structures 
takes on some q3,q2- (i.e. ally& olefin) character. 

The reaction between Cp:W=O and O2 has been 
examined by the use of 160, “0 and “0 labels. 
Thus, the product of the reaction of Cp!W=180 
with 1602 has been studied by IR spectroscopy, and 

TThe organic derivatives (CSMe&O and C5Me4CH2 
have only been spectroscopically characterized and not 
isolated pure. 1,2,3,4-tetramethylfulvene has been pre- 
viously reported. 49 

the product of the reaction of Cp:W=“O with 
1602 has been studied by “0 NMR spectroscopy. 
The results show that the oxygen atom which is 
inserted between the tungsten atom and the Cp* 
ligand arises from the O2 rather than the 0x0 ligand 
of Cp:W=O. Two potential pathways for the for- 
mation of (q ‘-C 5Me5)W(=O)2(0C 5Me5) involve (i) 
the formation of an q2-peroxo intermediate, i.e. (r,G- 
C,Me,)(~1-C,Me5)W(=O)(~2-02), followed by 
migration of the (VI-&Me,) ligand to (q2-O,), and 
(ii) attack at both the Cp* ligand and W by O2 
leading to a bridging peroxo species and thus C-O 
bond formation in the initial stages (Scheme 7). 
However, the available data does not permit the 
distinction between these two mechanisms. We note 
that a potential model for this reaction is the acid- 
catalysed conversion of Cp$Ta(q2-02)CH3 to 
Cp:Ta(=O)OCH3.48 

Cp,*Ta(q 2-O ,)CH 3 H+(catiyst) b CpfTa(=O)OCH 3. 

In order to examine this possibility further, and also 
to examine the transfer of an oxygen to a methyl 
group on tungsten, the previously reported oxo- 
peroxo methyl compound, Cp*W(=~0)(~~-03 
CH3,41 was synthesized by a new procedure in- 
volving the oxidation of Cp*W(CO),CH, with 

H 202(aq). 

Cp*W(CO)3CH3 HZ0’%Cp*W(~)(~2-OJCH3. 

This compound is analogous to one of the potential 
intermediates shown in Scheme 7. However, this 
complex does not cZeunZy undergo a transformation 
of the type shown and so no firm conclusions 
regarding the mechanism can be drawn at this time. 

The W-OCp* bond in Cp*W(=O)2(OCp*) 
can be cleaved with Me,SiC!l to give Cp*W 
(*)2c1.41*43 

cp*w(=O),(ocp*) Me3SiC’b cp*w(=O),cl. 

Cp*W(-V,2(OCp*) undergoes an acid-catalysed 
rearrangement to generate the dimer, [Cp*W 
(=O)d20 (0.5 equivalent), and the ether, (C, 
Me,)20, which has been spectroscopically char- 
acterized but not isolated. The ether undergoes a 
further acid-catalysed dehydration to give tetra- 
methylfulvene, C5Me4CH2.t This overall process 
can also be effected photochemically as summarized 
in Scheme 8. 

EXPERIMENTAL 

General considerations 

All manipulations were performed using a com- 
bination of glovebox, high-vacuum or Schlenk tech- 
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/ 

H’(cat.) 

H’(cat.), -H20 

CY e- \ I 

Scheme 8. Acid-catalysed and photochemical conversion of Cp*W(=O)z(OCp*) to [Cp*W(..)&O. 

niques.50 Solvents were purified and degassed by 
standard procedures. CdDs was purified by vacuum 
transfer from activated molecular sieves (4 A, 
Linde) and then from “titanocene”. 51 

‘H, ‘H, 13C and 170 NMR spectra were mea- 
sured on Varian EM-390 (90 MHz), JEOL FX90Q 
(90 MHz), JEOL GX4OOQ (400 MHz) and Brucker 
WM500 (500 MHz) spectrometers and ‘H and r3C 
NMR data for the compounds are reported in 
Tables 1 and 2. IR spectra were recorded on a 
Beckman 4240 spectrophotometer. Elemental anal- 
yses and mass spectra were obtained by Mr L. 
Henling and Mr F. Harvey of the CIT analytical 
department. 

Cp*WC14 and Cp*WC14(PMe3) were prepared as 
described previously. 7 

Preparation of Cp:WC12 

(a) From Cp*WCl,(PMe,). A mixture of Cp* 
WCl,(PMe3) (30 g, 55.9 mmol) and Mg (0.68 g, 28.3 
mmol) was treated with THF (75 cm3) at -78°C 
and stirred as it was allowed to warm to room 
temperature. A red solution was obtained after ca 
30 min. The mixture was stirred for a further 12 h 
after which the solvent was removed under reduced 
pressure giving a red-orange solid. Cp*Li (10 g, 
70.4 mmol) and toluene (ca 50 cm’) were added and 
the mixture was heated at ca 145°C for 4 days. The 
solvent was removed and the residue was washed 
with petroleum ether (b.p. 35--6O”C, 5 x 100 cm’). 

This solid was placed in a Soxhlet extractor and 
extracted with toluene. The toluene extract was 
allowed to cool to room temperature overnight for- 
ming green crystals which were separated and 
washed with pentane, giving Cp:WC12 (3 g). A 
second crop (0.5 g) was also obtained. The residue 
in the thimble of the Soxhlet extractor was extracted 
with CH2C11. The CHzClz was removed from the 
extract under reduced pressure giving a further 
quantity of Cp:WC12 (2.5 g). Total yield Cp:WC12 
6 g (21%). Elemental analysis (found/talc.) : C 46.4 
(45.7), H 5.7 (5.7)%. Mass spectrum: m/e = 526 
for CppW184C135C137. IR data (Nujol mull, KBr 
plates, cm-‘) : 1490(w,br), 1060(w), 1015(s). 

(b) From Cp*WC14. A suspension of Cp*WC14 
(23 g, 43.4 mmol) in toluene (40 cm3) was treated 
with PMe3 (7 cm3, ca 64 mmol) and stirred for 12 
h at room temperature. The solvent was removed 
under reduced pressure giving Cp*(WC14(PMe3) as 
a green powder. Mg (0.54 g, 22.5 mmol) was added 
and THF (50 cm3) were added at - 78°C. The mix- 
ture was stirred as it was allowed to warm to room 
temperature, giving a red solution which deposited 
red crystals. The THF was removed under reduced 
pressure after ca 2 h. KCp* (11 g, 62.9 mmol) and 
toluene (100 cm’) were added and the mixture was 
heated at ca 145°C in a glass ampoule. Portions of 
the solvent were removed under vacuum period- 
ically (initially after 2 h). Green crystals could be 
observed to be present after 16 h. After 2 days the 
volatile components were removed and the residue 
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was washed with pentane (5 x 100 cm3) and placed 
in a Soxhlet extractor and extracted with toluene. 
Green crystals were deposited and were filtered and 
washed with pentane giving Cp2*WC12 (5 g). A fur- 
ther 800 mg was isolated from the toluene filtrate 
and 200 mg was isolated by extraction of the residue 
in the Soxhlet thimble with CH2C12. Total yield 
Cp:WC12, 6 g (26%). 

Preparation of Cp*($-C5Me&H2CHICH3)WC12 

A suspension of Cp*WC14 (2.1 g, 4.6 mmol) in 
toluene (10 cm3) was treated with PMe3 (0.8 cm3, 
ca 7.4 mmol) and stirred for 2 h at room tempera- 
ture. The solvent was removed under reduced pres- 
sure giving Cp*WC14(PMe3) as a green powder. Mg 
(0.059 g, 2.4 mmol) was added and THF (20 cm3) 
added at - 78°C. The mixture was stirred as it was 
allowed to warm to room temperature, giving a red 
solution which deposited red crystals. The THF 
was removed under reduced pressure after ca 4 h. 
Li(CSMe4CH2CH2CH3) (0.77 g, 4.5 mmol) and 
toluene (30 cm3) were added and the mixture was 
heated at ca 145°C in a glass ampoule. Portions of 
the solvent were removed under vacuum period- 
ically. After 3 days the volatile components were 
removed and the residue was washed with pentane 
(4 x 100 cm’) extracted into hot toluene and allowed 
to cool to -78°C. Green crystals were deposited 
and were filtered and washed with pentane giving 
Cp*($-CSMe4CH2CH2CH3)WC12 (250 mg, 10%). 
Elemental analysis (found/talc.) : C 47.4(47.7), H 
5.7(6.2)%. 

Preparation of Cp:WH2 

A mixture of Cp:WC12 (500 mg, 0.95 mmol) and 
LiA1H4 (300 mg, 7.9 mmol) was treated with Et,0 
(40 cm3) at -78°C. The mixture was stirred and 
warmed to room temperature. After 2 h the 
Cp$WC12 had dissolved and an orange solution 
phase was present. The mixture was stirred for a 
total of 3 days giving a pale yellow solution phase 
which was cooled to 0°C and slowly treated with 
Et*0 saturated with Hz0 (60 cm’) and then Hz0 
(2 cm3). The mixture was filtered and the solvents 
removed under reduced pressure. The residue was 
extracted into pentane and crystallized at -78°C 
giving yellow needles which were isolated by ti- 
tration and dried in uacuo giving CpfWH, (300 mg, 
69%). 

When the reaction was hydrolysed after 2 h, the 
product isolated was a mixture of Cp:WH2 and 
Cp,*W(H)Cl. Reduction of Cp,*W(H)Cl under 
similar conditions for 2 days gave Cp:WI-IZ. 

Preparation of Cp:W(H)Cl 

A mixture of Cp$WC12 (400 mg, 0.76 mmol), Na 
(100 mg, 4.35 mmol) and Hg (5 cm’) was treated with 
THF (20 cm3) at -78°C. The mixture was stirred 
and allowed to warm to room temperature. After 
18 h the mixture was filtered and the solvent was 
removed from the filtrate under reduced pressure. 
The residue was extracted into pentane, con- 
centrated and placed at - 78°C giving light brown 
needles of Cp:W(H)C1(180 mg, 48%). Elemental 
analysis (found/talc.) : C 49.9 (48.9), H 6.3 (6.3)%. 
IR data (Nujol mull, KBr plates, cm-‘) : 2710(w), 
1940(m) [w--H], 1065(w), 1020(s). 

Preparation of Cp:W(CH3)2 

Cp:WC12 (2 g, 3.8 mmol) and CH3Li (400 mg, 
18.2 mmol) were treated with toluene (20 cm3) and 
heated at 80°C for 2 h giving a red-orange solution. 
The mixture was filtered and the toluene removed 
under reduced pressure. The residue was extracted 
into pentane and cooled to -78°C giving orange 
needles of CP$W(CH~)~ (1.2 g, 65%). Elemental 
analysis (found/talc.) : C 54.4 (54.6) H 7.3 (7.4)%. 
IR data (Nujol mull, KBr plates, cm-‘) : 2715(w), 
1060(w), 1020(s). 

Preparation of Cp:W($-CH*O) 

A mixture of Cp:WC12 (900 mg, 1.7 mmol) and 
NaOCH, (400 mg, 7.4 mmol) was heated in toluene 
(20 cm3) at 80°C for 2 days giving a red-orange 
solution. The solvent was removed under reduced 
pressure and the residue was extracted into pentane 
and crystallized at - 78°C giving brown needles of 
Cp:W($-CH20) (480 mg, 58%). The product was 
contaminated by small quantities of CpfW=O. 
Elemental analysis (found/talc.) : C 51.7 (52.3), H 
6.5 (6.6)%. 

Preparation of C~*(~J~,~J’-C~M~&H~)WI-I 

(a) A mixture of Cp:W(H)Cl (180 mg, 0.37 
mmol) and CH3Li (150 mg, 6.8 mmol) were treated 
with toluene (20 cm3) and heated at 100°C for 16 
h. The solvent was removed under reduced pressure 
and the residue crystallized from pentane at - 78°C 
giving yellow-orange crystals of Cp*(q5,qL-C5Me4 
CH3WH (120 mg, 72%). Elemental analysis 
(found/talc.) : C 52.9 (52.9), H 6.4 (6.6)%. 

(b) A mixture of Cp:WC12 (ca 15 mg) and CH3Li 
(ca 10 mg) in C6D6 (ca 0.5 cm3) in a NMR tube 
was heated at 80°C for 1 h and was observed by ‘H 
NMR spectroscopy to generate Cp*(q’,q’-C,Me, 
CH*)WH via Cp:W(CH,)H. 
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(c)A mixture of Cp:WC12 (cu 15 mg) and C6HSLi Preparation of Cp:W(CH,)H 
(cu 10 mg) in CsD6 (ca 0.5 cm3) in a NMR tube 
was heated at 80°C for 4 h and was observed by ‘H A mixture of Cp:W(CH3)C1 (250 mg, 0.50 mmol) 
NMR spectroscopy to generate Cp*(~‘,~‘-C,Mel and LiA1H4 (150 mg, 3.95 mmol) was treated with 
CHJWH. Et*0 at -78°C and the mixture stirred as it was 

allowed to warm to room temperature. The mixture 

Reaction of Cp*(~‘,~i-C5Me4CHZ)WH with Hz 
was stirred for 4 h and cooled to 0°C before adding 
Hz0 (ca 2 cm3) dropwise. The mixture was filtered 

A solution of Cp*(~‘,~‘-C5Me4CHZ)WH (cu 15 
and the solvent removed under reduced pressure. 
oh e 

mg) in CdDs (cu 0.5 cm3) was sealed in a NMR tube 
residue was extracted into pentane, concentrated 

under Hz (ca 4 atm at 25°C) and heated at 220°C 
and placed at -78°C. The orange crystals which 

for 24 h. Observation by ‘H NMR spectroscopy 
were deposited were a mixture of Cp$W(CH,)H 

demonstrated the formation of Cp:WH2. 
and CpfW(CH3)* (70 mg, ca 30%, ratio ca 4: 1). 
The solvent was removed from the filtrate under 
reduced pressure giving CpfW(CH3)H (ca 30 mg, 

Interconversion of Cp:WH1 and Cp$W(H)Cl 
13%, < 5% Cp:W(CH,)J. Elemental analysis 
(found/talc.) : C 53.7 (53.6), H 7.2 (7.2)%. IR data 

(a) A solution of Cp:WH2 (ca 10 mg) in CdDs 
(Nujol mull, KBr plates, cm-‘) : 2715(w), 1900(m) 

(ca 0.5 cm3) in a NMR tube was treated with CC& 
[W-H], 1160(w), 1100(w), 1065(w), 1020(s), 

and observed by ‘H NMR spectroscopy to generate 
79o(w) 

sequentially Cp2*W(H)Cl and CpdWClz, accom- 
The reaction was repeated under similar con- 

panied by the formation of CHC13. 
ditions using LiAlD4 as the reducing agent and D20 

(b) A solution of Cp,*W(H)Cl (cu 10 mg) in C6D6 
for the hydrolysis. In this case the product of the 

(ca 0.5 cm3) in a NMR tube was treated with excess 
reaction was identified as Cp:W(CH3)D by ‘H and 

CC& and observed by ‘H NMR spectroscopy to 
2H NMR spectroscopy. 

generate, cleanly, CpfWCl, and CHCI, after 30 
min at room temperature. 

(c) A mixture of CpfWH2 and Cp:WC12 (ca 1: 1 
molar ratio) in C6D6 was heated at 220°C for 1 day 
to give an equilibrium mixture with CpfW(H)Cl 
(K z 21). 

Preparation of Cp:W(CH3)Cl 

A stirred solution of Cp;W(CH3)2 (600 mg, 1.24 
mmol) in toluene (20 cm3) was treated with Me,SiCl 
(157 x 10V3 cm3, 1.68 mmol) and then Hz0 
(11 x lop3 cm3, 0.61 mmol). The solvent was 
removed under reduced pressure after 1 h at room 
temperature and the residue was washed with pen- 
tane (3 x 10 cm3) to give Cp$W(CH3)Cl as a red- 
brown crystalline solid (570 mg, 91%). Elemental 
analysis (found/talc.) : C 50.5 (50.0), H 6.6 (6.5)%. 
IR data (Nujol mull, KBr plates, cm-‘) : 2710(w), 
1060(w), 1020(s). 

Reaction of Cp!W(CH,)Cl with CH3Li ; formation 
Of CpfW(CH3)2 

A solution of Cp,*W(CH,)Cl (cu 15 mg) in C6D6 
(ca 0.5 cm3) in a NMR tube was treated with CH3Li 
(ca 10 mg). The reaction was monitored by ‘H 
NMR spectroscopy to give Cp:W(CH,), after 30 
min at room temperature. 

Preparation of Cp,*W(CH2C6HS;)H 

A mixture of Cp?W(CH3)C1 (110 mg, 0.22 mmol) 
and C6HSLi (50 mg, 0.60 mmol) was treated with 
toluene (5 cm3) and stirred at room temperature 
for 1 h. The mixture was filtered and the solvent 
removed under reduced pressure. The residue was 
extracted into pentane, concentrated and placed at 
- 78°C. The orange crystals which were deposited 
were a mixture of CpfW(CH3)2 and CpfW(CH2 
Ph)H (30 mg, ca 50 : 50). The solvent was removed 
from the filtrate under reduced pressure to give 
pure Cp!W(CH2Ph)H (ca 70 mg, 59%). Elemental 
analysis (found/talc.) : C 59.0 (59.3), H 6.9 (7.0)%. 

Preparation of Cp*(~5,~1-C5Me4CH2)WCH3 

A solution of CpfW(CH3)Cl (ca 20 mg) in C6Ds 
(0.5 cm’) was treated with LiCH,PMe, (10 mg). 
The products were observed by ‘H NMR spec- 
troscopy to be Cp*($,q’-CSMe4CH2)W(CH3) and 
PMe, after 18 h at room temperature. The solvent 
was removed under reduced pressure and the resi- 
due was extracted into pentane. The mixture was 
filtered and the pentane removed from the filtrate 
under reduced pressure to give a yellow-orange 
solid, Cp*(q’,q’-C5Me4CH2)W(CH3) (cu 15 mg). 
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Reaction of Cp:Ta(=NC,H5)H with D20; for- 
mation of Cp$Ta(=O)H 

A solution of CpbTa(=NC,Hs)H (ca 20 mg) in 
C6Ds (ca 0.5 cm3) in a NMR tube was treated with 
excess DzO. After 24 h at room temperature the 
products were observed to be CpFTa(=O)H 
and PhND2 by ‘H NMR spectroscopy. 

Reaction of Cp:W=O with Me,SiCl; formation of 
Cp$W(OSiMe,)Cl and Cp:WC12 

(a) A solution of Cp$W=O (ca 10 mg) in CsD6 
(ca 0.5 cm’) in a NMR tube was treated with excess 
Me,SiCl. An immediate reaction occurred and the 
products Cp:WCII and (Me3Si)z0 were identified 
by ‘H NMR spectroscopy. 

(b) A solution of Cp?W=O (ca 10 mg) in C6Ds 
(ca 0.5 cm3) in a NMR tube was treated with 
Me,SiCl (one equivalent) and was observed by ‘H 
NMR spectroscopy to generate an equilibrium 
mixture with Cp:W(OSiMe3)C1 (ca 80% Cp: 
W(OSiMe,)Cl initially). Over the period of 36 h, 
this mixture converted to equimolar amounts 
of Cp,*W=O and CpTWC12. 

Preparation of Cp:W12 

A solution of CpfW=O (50 mg, 0.11 mmol) in 
toluene (10 cm’) was treated with Me,SiI (excess) at 
room temperature. The solvent was removed after 1 
h and the residue washed with pentane (3 x 10 cm3) 
to give a green crystalline solid, Cp:W12 (50 mg, 
67%). Elemental analysis (found/talc.): C 30.3 
(33.9), H 4.0 (4.2)%. 

Reaction of Cp$W=O with Hz and Me$iH; 
formation of CpfWHz 

A solution of Cp:W=O (ca 15 mg) in C6D6 (ca 
0.5 cm3) in a NMR tube was sealed under either Hz 
or Me,SiH and heated at 220°C for ca 15 and 6 h, 
respectively. In each case the product was observed 
to be Cp:WH2 by ‘H NMR spectroscopy. 

Reaction of Cp:W=O with LiAlH4; formation of 
Cp:W(OH)H and Cp:WH* 

A mixture of Cp$W=O (150 mg, 0.32 mmol) 
and LiA1H4 (150 mg, 3.95 mmol) was treated with 
Et20 (ca 20 cm3) at - 78°C. The mixture was stirred 
as it was allowed to warm to ca - 20°C. An orange 
solution was obtained after ca 15 min. At this tem- 
perature the mixture was treated slowly with Et,0 
saturated with Hz0 (ca 30 cm3) and then Hz0 (1 
cm’). The mixture was filtered and the solvents 

removed from the filtrate under reduced pressure. 
The residue was extracted into pentane and crys- 
tallired at -78°C giving tan crystals, Cp,*W 
(0H)H (70 mg, 47%). Elemental analysis (found/ 
talc.): C 51.3 (50.9), H 6.7 (6.8)%. I70 NMR 
data (12 MHz, CsDs): 6 -110 ppm, v,/~ = 330 
Hz). IR data (Nujol mull, KBr plates, cm-‘) : 
3600(w) W-OH], 2715(w), 1905(m) [W-H], 
1150(w), 1075(sh), 1060(w), 1025(m), 935(w), 
900(w), 790(w). Prolonged reaction times at room 
temperature produces Cp,*WH,. 

Cp:W(OD)D was prepared by a similar method 
using LiA1D4 and D20. 

Preparation of [Cp:W(=OH)][BF,] 

A solution of Cp,*W=O (120 mg, 0.26 mmol) in 
Et20 (10 cm’) was treated with HBF,*Et,O 
(excess) at -78°C. The mixture was warmed to 
room temperature and deposited a white solid 
which was isolated by filtration and washed with 
Et20 giving [Cp:W=OH][BF,] (ca 75 mg, 50%). 
Elemental analysis (found/talc.) : C 40.7 (43.0), H 
5.3 (5.6)%. IR data (Nujol mull, KBr plates, cm-‘) : 
3340(s,br) [WC--H], 2725(vw), 1285(w), 1210(m), 
1050(vs,br), 970(m), 920(m), 875(m), 845(m), 
8OO(vw), 760(w), 720(w), 550(w), 510(m). 

Reaction of [Cp$W(=OH)][BF,] with KOH,,, ; 
formation of Cp:W=O 

[Cp$W(=OH)][BF,] (ca 50 mg, 0.09 mmol) in 
THF (5 cm3) was stirred with excess KOH,, for 2 h 
giving a green solution. The solvents were removed 
under reduced pressure and the residue was 
extracted into pentane. The mixture was filtered 
and the pentane removed under reduced pressure 
giving a green solid (ca 20 mg, 48%) which was 
identified as CpfW=O by ‘H NMR spectroscopy. 

Preparation of [Cp:W(=O)CH,]m 

A solution of Cp$W=O (150 mg, 0.32 mmol) in 
toluene (3 cm’) was treated with CH31 (0.2 cm3, 3.2 
mmol) and the mixture was stirred. After ca 5 min 
a yellow microcrystalline deposit started to form. 
The stirring was continued for 12 h. The mixture 
was filtered and the solid was washed with pentane 
(3 x 2 cm’) and dried in vacua giving yellow crystals 
[Cp*2W(=O)CH,][I] (150 mg, 77%). [Cp*2W 
(=O)CD,][fl was obtained by a similar procedure 
using CD31. Elemental analysis (found/talc.) : 
C 41.3 (41.2) H 5.4 (5.4)%. IR data (Nujol 
mull, KBr plates, cm- ‘) : 2715(vw), 125O(vw), 
1075 (vw,br), 1020(m), 868(s) [W=O], 790(w), 
715(w). 
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Abstract-Treatment of [ZrCp2Clp] or [ZrCp,(Cl)Me] with [Li(p-PR,)(THF);I, in appro- 
priate stoichiometry yields [ZrCp2(PR2)X] m = Cl (l), X = Me (2), or X = PR2(3)] (Cp = q- 
CSH5, R = SiMe3). Complex (1) undergoes a facile 1: 1 addition of its ZrCp,Cl and PR2 

I I 
fragments to the terminal nitrogen atom of Ph2CNz to furnish [ZrCpz(C1)(N(CPh2)NPR2}] 
(4). Complexes (1) [2.547(6) A] and (2) [2.629(3) A] have short Zr-P bonds. Crystalline (4) 
has five-coordinate Zr; the q2-bound ligand is regarded as N(:CPh,)NPR,tt 

&Ph,)NPR,, on the basis of the following bond lengths (A): Zr-NPR2, 2.19(2) 
and 2.22( 1) ; N-CPh2, 1.37(2). 

We have recently reported on metal complexes con- 
taining the bis(trimethylsilyl)phosphido ligand PR, 
(R = SiMe3). Thus, we have discussed (i) and iso- 
lation and NMR spectra of [Li(p-PR,)(THF)d, 
(A), Li4(~2-PR2)20L3-PR2)2(THF)2 (B) (building on 
work of Fritz and Holderich’), and 
Li(PR,)(PMDETA) (C) ;’ (ii) ]ZrCp2(t12- 
S2CPR2)X] [(D)(X = Cl) or@) (X = Me) (Cp = r~- 
C,H,)], obtained from carbon disulphide and 

[ZrCp2(PRKl [(I) Cx = Cl) or (2) (X = MeI1 i3 
and (iii) [ZrCp,{P(PR,)PP(PR,)P}] (F), prepared 

from white phosphorus and [Zr(q-CSH4R’)2(PR2)2] 
(R’ = H) (3a).4 X-ray data were provided for com- 
plexes A,’ B,2 D, 3 and F.4 Silylphosphines are ver- 
satile reagents, as illustrated by Fritz in a review of 
work up until 1982.’ 

We now describe (a) the behaviour of the 
bis(trimethylsilyl)phosphidozirconocene(IV) com- 
plexes (1) and [Zr(q-C,H,SiMe,),(PR,),] (3b) with 
diphenyldiazomethane, Scheme 1, including 

* Dedicated to Professor Sir Geoffrey Wilkinson. 
t Authors to whom correspondence should be addressed. 

(b) the remarkable 1: 1 insertion of the ZrCp2(C1) 
and PR2 fragments of complex 1 onto the terminal 
nitrogen atom of PhCN2 to yield 

I 1 
[ZrCp2(C1){N(CPh2)NPR2}] (4). Additionally, (c) 
the X-ray structures of complexes 1 and 2 (Fig. 1) 
and 4 (Fig. 2) have been elucidated (see also Table 

1). 
Since our earlier papers,2-4 two other 

publications on phosphidozirconocene(IV) com- 
plexes have appeared, dealing with (a) 
[ZrCp2(C1)(PR(Ar))] (Ar = C6H2But3-2,4,6) from 
IZrCWld+ WWW} f @I [ZrCp2(PR2hl Pa), 
from [ZrCp,Cld + 2Li(PR2)(THF)2,2 ;’ and (c) 
[ZrCp,(Me)PRJ (2), from [ZrCp,(Cl)Me] 
+ Li(PR,)(THF),,.’ Additionally, (d) the haf- 
nium analogues of 3a (including X-ray data) and 2 
have been described. 7 

Also pertinent to the present study, but related to 
our diazomethane insertion reaction into the Zr-P 
bond of complex 1, and the X-ray data on the 
product 4, are the findings of Gambarotta et al., on 
the reactions of a diazoalkane R2CN2 with a zir- 
conocene(IV) complex [ZrCp,R’;I or ZrCp,(H)Cl ; 
X-ray data were provided for the q2-hydra- 
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ambient temperature. 

c “r:;TE:d 

* [ZrCp,(Cl){N(CPh&PR,}] 

(4) 92% 

t- 2 2 

[Zr(r&H,SiMe,),(PR,)d ph~~z ~No reaction 

(3h) 

Scheme 1. (a) PhMe, 1 h, 25°C; (b) PhMe, 1 day, 25°C ; (c) PhMe, 1 day at 25°C and then 3 h at 
100°C. Characterization of compounds 1, 3b and 4. 1 Deep red crystals, m.p. 129°C subl. ca 

16O”C/lO-* mbar; ‘H NMR (C,DS-_CD,) (6): 5.95 (d) [@‘PlH), 1.1 Hz], 0.35 (d) [3J(3’P’H), 4.0 

Hz1 ; 3’P{‘H} : - 108.9 ppm. 4 Yellow crystals, m.p. 95-97°C decomp; ‘H NMR (CbD,J (6) : 7.48- 
7.07 (m), 5.94 (s), 0.22 (d) [J(3LP1H), 5.6 Hz]; 13C (6): 2.14 (d) [3.1(31P’3C), 16.3 Hz], 112.5 (s), 131.2 
(d) [4J(31P’3C), 6.8 Hz]; “P{ ‘H} : -24.5 ppm. 3b Blue crystals, m.p. 146-148°C; ‘H NMR (C,D,) 
(6): 0.545 (d) [J(3’P’H), 3.7 Hz], 0.25 (s), 5.89-6.66 (m); “P ‘H} 55.3 ppm. NMR data refer to { 

L I 

zonato( - 1) complexes [ZrCp,(N(CR;)NR”}R”] 
[R’ = Ph, R”=Me (2; or R’=COzEt, 
R” = CHzPh (II)] and [ rCp,(N(CPh,)NH}Cl] 

0.” 
The Zr-P bond in [ZrCpz(PRz)X] is rather short 

[(l) (X = Cl) < (2) (X = Me)] and the phosphorus 
environment is nearer to trigonal planar than pyr- 
amidal [e.g. the sum (C) of the angles at P in 1 is 

344.4” and in 2 is 349.2”]. In [Zr(Cp,(Cl){PR(Ar)}], 
the Zr-P bond length of 2.541(4) A was almost 
identical to that in 1, with C = 359.5”.6 In 
[HfCp2(PR2)& the two phosphorus environments 
were different: Hf-P(l), 2.553(l) A and CP(l), 

360”; and Hf-P(2), 2.654(l) A and CP(2), 336”.7 
1 

The bonding in [&Cpz(C1){N(CPh,)NPR,}] (4) 
may be represented as a resonance hybrid of (4a) 

CP~ 

CP9 

CP~ 

CplO \ n 

Fig. 1. X-ray structures and atom numbering scheme for [ZrCp,(P(SiMe,),}X] p = Cl (1) or X = Me 
(2)]. Selected bond lengths (A) and angles (“) for 1 [with 2 in brackets]; Zr-P 2.547(6) [2.629(3)] ; 
Zr-X 2.432(5) [2.35(6)]; Zr-Cen (mean) 2.25 [2.18); Zr-P-Si (mean) 118.8(5) [123.4(l)]; 
P-Zr-X, 100.6(4) [98(l)]; Si-P-Si’ 106.9(3) [102.4(3)]. 
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Cl0 

C26 

c4 

c22 c20 

C23 Cl9 

Fig. 2. X-ray structure and atom numbering scheme for [ZrCp,(Cl)(N(CPh,)lkP(SiMe,),}] (4). Selec- 
ted bond lengths (A) and angles (“) : Zr-N(l), 2.19(2) ; Zr-N(2), 2.22( 1) ; Zr-Cl, 2.490(4) ; Zr-Cen 
(mean), 2.24; N(l)-N(2), 1.34(2); N(l)-P, 1.70(2); P-Si, 2.234(7) and 2.249(7); N(2)-C(13), 
1.37(2) ; C(13)-C(l), 1.39(2); C(13)-C(7), 1.47(3); Cl-Zr-N(l), 83.2(3); N(l)-Zr-N(2), 
3X3(4); Zr-N(l)-N(2), 73.5(g); Zr-N(2)-C(13), 153(l); N(l)-N(2)-C(13), 131(l); 
N(2>-C(l3)-C(l), 121(2); N(2)-C(l3)-C(7), 119(l); C(l)-C(13)-C(7), 120(l). The atoms 
ZrN( l)N(2)C( 13)C( l)C(7) are coplanar ; each of N(l), N(2) and C( 13) has a nearly trigonal planar 
environment, whereas P is pyramidal. 

Table 1. Crystal data and refinement parameters for compounds 1,2 and 4 

Complex 1 2 4 

M 
Crystal system 

a (A) 
b (A) 
c (A) 
a (“) 
B (“) 
Y(“) 
IJ (A3) 
Z 

0, (g cm3) 
F(OO0) 
Space group 
&MO-Q (cm ‘) 
28 limits (“) 
Reflections used 

in refinement 
I > 2.%(I) 
R 
R' 

434.22 413.82 
Monoclinic Orthorhombic 
27.905(8) 13.663(5) 
9.565(5) 15.730(8) 
16.159(5) 9.861(3) 

101.66(2) 

4223 2119 
8 4 
1.40 1.30 
2333 1573 
c2/c Pnma 
8.22 6.91 
140 2AO 

834 1029 1562 

0.049 0.049 0.074 
0.055 0.054 0.082 

628.51 
Triclinic 
10.848(8) 
11.387(8) 
13.295(9) 
77.91(5) 
84.24(9) 
77.73(9) 
1566 
2 
1.34 
3178 
PT 
5.79 
240 
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(4a) (4b) 

and (4b). The canonical form, 4b, is relatively more 
important than 4a than in related complexes G-I ;’ 

I I 
e.g. in [ZrCp,(Me){N(CPh3NMe] (G), the 
Zr-NCP2 bond was longer [2.283(3) A] and the 
N-CPh2 bond shorter [1.307(4) A] than in 4. 
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ISOLATION AND X-RAY CRYSTAL STRUCTURE ANALYSIS 
OF A HYDRAZINE-CONTAINING RHODIUM CATALYST, 

IOMeOH),H)+IRnCb(PPn,WNHMeNHMell- 

MICHAEL B. HURSll3OUSE* and JOY NEWTON 

Department of Chemistry, Queen Mary College, London El 4NS, U.K. 

and 

PHILIP R. PAGE* and IVAN VILLAX 

Research Laboratories, Hovione Sociedade Quimica Lda., Sete Casas, 2670 Loures, 
Portugal 

Abstract-Reaction of RhCl(PPh,), with N,N’-dimethylhydrazine dihydrochloride in 
methanol gives the Rh”’ complex [(MeOHjIH] [RhCl,(PPhl)(NHMcNHMc)] which 
has been characterized by X-ray crystallography. The complex anion has an octahedral 
structure with the phosphine and hydrazine ligands mutually truns, and is formulated as a 
rhodium(II1) species on the basis of the bond lengths in the structure and its diamagnetism. 
The compensating cation is a proton which, although not unequivocally identified in the 
structure, is presumed to be present as a dimethanolium unit, in which the 0 * . * 0 distance 
is 2.67 A. 

During the course of an extensive investigation of 
rhodium complexes containing hydrazines, and 
their potential catalytic properties, we have 
explored the reaction between Wilkinson’s catalyst, 
RhCl(PPh3)3 and various hydrazine compounds. 
By use of the dihydrochloride of l,Zdime- 
thylhydrazine, we were able to isolate a brick-red 
product which was found to be a specific catalyst 
for the hydrogenation of the exocyclic methyl- 
ene group of 6-demethyl-6-deoxy-6-methylene-5- 
hydroxytetracycline hydrochloride. The product is 
a-6-deoxy-5hydroxytetracycline. also known as 
doxycycline, which is a wide-spectrum antibacterial 
agent. 

In order to ascertain the identity of the product, 
we have subjected it to X-ray crystal structure 
analysis. 

Dedicated to Professor Sir Geoffrey Wilkinson in rec- 
ognition of his many contributions to inorganic and 
organometallic chemistry, but especially to the study of 
homogeneous catalysis. 

*Authors to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

The crystal structure comprise5 a rhodium- 
containing species of formula RhC14(PPh3) 
(NHMeNHMe) and two molecules of meth- 
anol solvate per complex. A diagram of the asym- 
metric unit is shown in Fig. 1; selected bond lengths 
and angles are given in Table 1. 

On the basis of magnetic measurements, which 
show the compound to be diamagnetic, the Rh atom 
is assigned an oxidation state of (III) and the com- 
plex must therefore be anionic. This requires the 
presence of a compensating cation, and we presume 
that this is a proton. Whilst this proton could in 
principle be sited on the non-bonded nitrogen of 
the hydrazine, making the complex zwitterionic, no 
evidence for the presence of two hydrogens on this 
nitrogen could be found. Indeed, the experimental 
location and refinement of just one hydrogen 
attached to this nitrogen was achieved quite suc- 
cessfully. We therefore are confident that the proton 
is associated with the two molecules of methanol 
found in the asymmetric unit, in which the two 
hydroxyl oxygens are far closer together than would 
be likely for normal hydrogen bonding. ’ The dis- 
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Table 1. Selected bond lengths (A) and angles (“) 

Cl(1 jRh 
Cl(3 jRh 
P(ljRh 
C(1 ljP(1) 
C(3ljP(l) 
N(2jN(l) 
C(3OjcXl) 

c1(2jRh--c1( 1) 
C1(3jRh-C1(2) 
Cl(4 jRh-Cl(2) 
P( 1 jRh-Cl( 1) 
P(ljRh-Cl(3) 
N(ljRh-Cl(l) 
N(ljRh-Cl(3) 
N(1 jRh-P( 1) 
C(21jP(ljRh 
C(31jP(ljRh 
C(3ljP(ljC(21) 
C(l6jC(l ljP(1) 
C(26>--c(2ljP(l) 
C(36jC(3ljP(l) 
N(2jN(ljRh 
C(2OjN(2jN( 1) 

Bond lengths 

2.343(4) Cl(2jRh 
2.339(4) Cl(4jRh 
2.282(4) N(lj-Rh 
1.824(7) C(2ljP(l) 
1.847(6) C(lOjN(1) 
1.405(9) C(2OjN(2) 
1.438( 12) C(40)--0(2) 

Bond angles 

173.7(l) Cl(3 jRh-Cl( 1) 
88.9(2) Cl(4jRh-Cl( 1) 
94.5(2) C1(4jRh-C1(3) 
96.4(2) P(ljRh--c1(2) 
97.5(2) P( 1 jRh-Cl(4) 
82.5(3) N(ljRh-Cl(2) 
90.0(3) N( ljRh-Cl(4) 

I 72.4(2) C(lljP(1 jRh 
116.2(2) C(2ljP(l>--c(ll) 
117.5(2) C(3ljP(l)--c(ll) 
100.8(3) C(l2)--c(l ljP(1) 
119.6(2) C(22jC(2ljP(l) 
122.4(2) C(32)--c(3ljP(l) 
117.3(2) C(lOjN(l jRh 
117.4(5) N(2jN(l>-C(lO) 
121.4(7) 

2.348(4) 
2.343(4) 
2.216(8) 
1.836(6) 
1.458(10) 
1.472(10) 
1.335(15) 

87.2(2) 
88.8(2) 

172.5(l) 
89.0(2) 
89.3(2) 
92.6(3) 
83.1(3) 

111.7(3) 
104.9(3) 
104.2(3) 
120.4(2) 
117.4(2) 
122.7(2) 
117.8(6) 
114.5(7) 

tance of 2.67 %, is only slightly greater than distances 
commonly found in well characterized [H,O$ 
ions, 2.60 A. We thus propose the formation of 
a “dimethanolitmr” cation which has not, to our 

Fig. 1. 

knowledge, been previously identii?ed. Only two 
hydroxyl hydrogens on the methanol molecules 
were experimentally located and successfully 
refined, and the third is thus unidentified. Never- 
theless, one of those found connects the two oxy- 
gens and is off-centre, the O-H and H * * -0 dis- 
tances being 1.14 and 1.54 A, respectively. 

The anion contains the four chlorines in one 
plane, with the phosphine and hydrazine ligands 
mutually trans. The Rh-Cl distances vary slightly, 
with Rh-Cl(2) being the longest, possibly as a 
result of hydrogen bonding to a methanol hydrogen 
p(3)]. This interaction probably fixes the position 
of that hydrogen whereas the missing hydrogen on 
O(1) may be disordered (and therefore less amen- 
able to experimental location) over the two possible 
positions which, together with H( 1) and the 
methyl carbon, would give pyramidal geometry to 
O(1). In the structure refinement process we also 
found that one of the hydrogen atoms of the methyl 
group attached to the metal-bonded nitrogen of the 
dimethylhydrazine consistently refined to a position 
which gave an elongated C-H bond but a short 
contact of 2.40 a to the rhodium. However, it is 
difficult to reconcile this with the presence of an 
agostic interaction since the metal has a formal 
18e configuration. Nevertheless, the presence on the 
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metal of four electronegative chlorines and a rr- 
accepting phosphine could result in electron 
deficiency at the metal. 

EXPERIMENTAL 

Preparation 

RhCl(PPh& (0.5 g) and NHMeNHMe. 2HCl 
(0.215 g) were added to a two-necked flask and 
pumped for 5-10 min. The flask was filled with N2 
and all further manipulations took place under an 
Nz atmosphere. Dry methanol (30 cm3) was added 
and the reaction mixture refluxed for 1.5 h to give 
an orange solution and a small amount of unreacted 
RhC1(PPh3)3. The solution was filtered and the 
volume reduced to about 10 cm3. On cooling to 
- 3O”C, red crystals were deposited, leaving a pale 
yellow solution. Yield = 0.25 g (72%). Found : C, 
41.3; H, 4.7; Cl, 21.1; N, 4.6; P, 4.6; Rh, 16.13. 
Calc. for C22H32C14N202PRh : C, 41.8 ; H, 5.1; Cl, 
22.4; N, 4.4; P, 4.9; Rh, 16.3%. 

X-ray crystallography 

‘7le crystal used for X-ray examination was sealed 
inside a capillary tube in an atmosphere of meth- 
anol. X-ray diffraction data were recorded using an 
Enraf-Nonius CAD4 diffractometer and Ni-filtered 
Cu-K, radiation (A= 1.54178 A), following stan- 
dard procedures.’ Details of the analysis are as 
follows. 

(1) Crystal data. KMeOHMl+WG 

(NHMeNHMe)(PPh,)]-, C22H32C14N202PRh, M 
= 632.17, triclinic, space group PI, a = 16.430(3), 
b = 9.848(2), c = 9.850(2) A, a = 117.79(2), B = 
75.99(2), y = 95.15(2)“, U = 1367.5 A3, 2 = 2, v(Cu- 
K=) = 50.3 cm-‘. 

(2) Data collection. w/28 scan mode, 3 4 fI 4 60”. 
T = 293 K. 4047 data were recorded of which 3491 
were unique and satisfied the condition I > 1.5a(Q, 
and were used in the analysis. 

(3) Structure analysis. Heavy atom method, full- 
matrix least-squares. All non-hydrogen atoms were 
refined with anisotropic thermal parameters, phenyl 
rings being treated as rigid bodies, with hydrogen 
atoms included in idealized positions. Some hydro- 
gens of the hydrazine and methanol moieties were 
located on difference electron-density maps and 
were successfully refined with individual isotropic 
thermal parameters, but others proved impossible 
to locate satisfactorily. The final R value was 
0.0393. All calculations were made on a DEC VAX 
11/750 computer using standard programs. Final 
atomic positional and displacement factor co- 
efficients, full lists of bond lengths and angles, and 
FO/Fc values have been deposited as supplementary 
material with the Editor, from whom copies are 
available on request. Atomic coordinates have also 
been deposited with the Cambridge Crystallo- 
graphic Data Centre. 
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Abstract-The indium phosphide complex (Me21nPPh2)2 can be oxidized with pyridine-N- 
oxide to give the phosphinate complex [Me21n(02PPh2)12, careful hydrolysis of which yields 
an In404 cubane cluster [InMe(OH)(O,PPh,)],*(py), whose structure has been confirmed 
by X-ray crystallography. 

Although compounds featuring bonding between 
the heavier group 13 and 15 (&ander numbering) 
elements, of the general type R,MER; (M = Ga, 
In ; E = P, As, Sb), have been known for 25 years, ’ 

*Dedicated to Professor Sir Geoffrey Wilkinson, 
F.R.S. ; “onward and upward”! 

TAuthor to whom correspondence should be addressed. 
SSatisfactory elemental analysis was obtained for all 

new compounds. 
1: Yield: 72% isolated. Cryoscopic in benzene. 

Found : 651. Calc : 659. IR(v in cm- ‘, Nujol mull), 
3050(w), 2720(w), 1955(w), 1880(w), 1810(w), 1755(w), 
1585(w), 1430(s), 1305(m), 1260(m), 1185(w), 1155(w), 
1090(m), 1070(m), 1025(s), 1000(m), 740(s), 690(s), 
500(m). NMR (6 in ppm, CD,), ‘H 7.39 (m, 4H, P-Ph), 
6.95 (m, 6H, P-Ph), 0.17 (s, 6H, In-Me). 3’P -56.6(s). 

2 : Yield: 91% isolated. Cryoscopic in benzene. 
Found : 730. Calc : 723. IR (v in cn- ‘, Nujol mull), 
3040(m), 2290(w), 1975(w), 1900(w), 1820(w), 1760(w), 
1590(m), 1485(m), 119O(vs), 1185(sh), 113O(vs), 1075(s), 
935(m), 790(s), 720(s), 690(s), 620(w), 575(m). NMR (S 
in ppm, CsDs) ‘H: 8.41 (m, 4H, P-Ph), 7.01 (m, 6H, 
P-Ph), 0.02 (s, 6H, In-Me). 31P 17.1(s). 

3: Yield (based on In): 78% isolated. Cryoscopic in 
benzene. Found: 1783-1828. Calc: 1929. IR (v in cn-I, 
Nujol mull). 3605(m), 2710(w), 1975(w), 1900(w), 
1830(w), 1785(w), 1590(m), 1305(m), 1210(w), 115O(sh), 
112O(vs), 1065(m), 103O(vs), lOlO( 995(s), 740(m), 
715(s), 685(vs), 535(m). NMR (6 in ppm, C,D,) 8.50 (m, 
16H, P-Ph), 8.01 (m, 18H, py), 6.91 (m, 24H, P-Ph), 
6.62 (m, 12H, py), 3.37 (s, 4H, OH) -0.17 (s, 12H, 
In-Me). 3’P 26.8(s). 

interest in their chemistry has been recently 
rekindled’ due to their possible use as precursors to 
semiconducting materials such as gallium arsenide 
and indium phosphide.3 Previous work has, 
however, been centred largely on their structural 
and spectroscopical properties. In an attempt to 
extend the reaction chemistry of this class of com- 
pounds we present here details of the oxidation 
and hydrolysis of the indium phosphate complex 
we21nPPhd2, and the structural characterization 
of an In404 cubane cluster. 

The compound (MeJnPPh2)z (1) was synthesized 
by the reaction of MezInC and (Me3Si)PPh2 in 
toluene solution at room temperature. Reduction in 
volume of the solvent followed by cooling (- 20°C) 
yielded colourless crystals in 72% yie1d.S Com- 
pound 1 forms a dimer in solution which is not 
readily cleaved by the addition of Lewis bases. 

The addition of a stoichiometric quantity of H20 
to a benzene solution of 1 yields Ph2PH and MeInO 
as the only isolatable products. The formation of 
MeInO, from InMe,, has been proposed to occur 
via Me,InOH, however the hydroxide could not be 
isolated.4 

Oxidation of 1 with two equivalents of py * 0 in 
benzene, yields the previously unreported dimeric 
phosphinate complex [MeJn(O,PPh,)], (2)$ which 
is spectroscopically similar to the ahnninium 
and gallium derivatives reported by Coates and 
Mukhejee.5 Compound 2 may also be prepared 
by the reaction of InMe, with H02PPh2. 
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+1n 
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Me’ ‘0 O’1n’A4e 

p~p~ph 
(1) 

Structures 1 and 2. 

(2) 

Controlled hydrolysis of 2 in benzene yields a 

white powder that is only sparingly soluble in 
benzene. If the hydrolysis is carried out directly 
on the pyridine containing reaction mixture, (see 
above) colourless crystals are deposited over a per- 

iod of a week. Spectroscopic data for the crystals 
are similar to those of the powder with the exception 
of peaks due to pyridine. 

The ‘H NMR and analytical data* were 
consistent with a formula of [InMe 
(O,PPhJ] * (PY),.~. A consistent molecular weight 
determination could not, however, be obtained. 

X-ray structural analysis? revealed the presence 

of a tetrameric cluster [InMe(OH)(0,PPh,)],(py)4 
(3) containing a distorted cubane core of four 
indium atoms and four Z+OH groups (Fig. 1). The 
cubane resides on a 4 symmetry site, only l/4 of the 
molecule being present in the asymmetric unit. 

The pseudo-octahedral coordination sphere at 
each indium atom is completed by a terminally 
bonded methyl group and two oxygen atoms from 
bridging diphenyl phosphinate moieties. The four 
terminal methyl groups are cited two on each side 
of the unbridged faces. 

The In-OH bond lengths (see Table 1) consist 
of two long [In-O(l), 2.288(5) A and In-O(la), 

2.285(6) A] and a short [In-O(lb), 2.163(6) A], 
the latter being tram to the methyl group, and 
joining the faces not bridged by the phosphinate 
groups. Although the In-O bond distances vary 
significantly within the core, the angles are essen- 

* See footnote $ on previous page. 
t Crystal data for [InMe(OH)(O,PPh,)], - (p~)~ (3) 

(T= 25°C): space group P4/n, a = 19.153(6), 
b = 19.153(6), c = 10.914(3) A, V = 4003.48 A’, 2 = 2, 
MO-K,. Of 3579 reflections collected (Syntex Pl ambient 
temperature) 3359 were unique and 1875 with Z > 30(Z) 
were used in the solution and refinement (SPD package). 
R = 0.0493 and R, = 0.0512, GOF = 3.37. 

$Atomic coordinates, bond lengths and angles have 
been deposited at the Cambridge Crystallographic data 
Centre. 

Fig. 1. Perspective view of the core of [InMe 
(O,PPh,)],(py), (3). All hydrogen atoms, phenyl rings 
and pyridines have been omitted for clarity. 

tially constant (see Table 2) [O(l)-In-O(la), 
74.7(2)“, O(l)---In-O(lb), 75.3(2)“, O(la)- 
In-O(lb), 75.4(2)“, In-O(l)-In(a), 102.5(2)“, 
In-O(l)-In(b), 102.6(2)“, In(a)-O(l)-(b), 
103.9(2)“].$ 

Fig. 2. Molecular structure of [InMe 
(O,PPh,),],(py)., (3). Only the pyridines hydrogen 
bonded to the hydroxy groups are shown. All hydrogens 
have been omitted for clarity. 
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Table 1. Bond distances in angstroms 
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Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

In 
In 
In 
In 
P 
P 
P 

O(l) 2.288(5) C(4) C(5) 1.35(l) 
O(2) 2.221(3) C(5) C(6) 1.32(l) 
O(3) 2.238(4) C(6) C(7) 1.381(9) 
C(1) 2.149(6) C(8) C(9) 1.434(8) 
C(2) 1.497(3) C(8) C(l3) 1.37(l) 
C(2) 1.799(6) C(9) C(l0) 1.41(l) 
C(8) 1.820(7) coo) C(11) 1.34(2) 

O(l) H(l) 
N(1) C(14) 
N(1) C(18) 
N(l) H(1) 
C(2) C(3) 
C(2) C(7) 
C(3) C(4) 

.oosisj 

.350(8) 

.338(6) 

.920(3) 

.358(g) 

.386(7) 

.39(l) 

ciiij c(i2) i.33(2) 

C(12) C(13) 1.37(l) 

C(14) C(15) 1.390(9) 

C(15) C(16) 1.36(l) 

C(16) C(17) 1.34(l) 

C(17) C(18) 1.366(8) 

Numbers in parentheses are estimated standard deviations in the least 
significant digits. 

The bond distance between indium and the phos- 
phinate oxygens are within experimental error of 
each other @i-O(2), 2.221(3) A and in-O(3), 
2.237(4) A], as are the bonds between oxygen and 
phosphorus [P-O(2), 1.496(3) A and P-O(3), 
1.504(4)A], indicating that the charge on the phos- 
phinate is delocalized i.e. O-iz-0 not O=Pa-. 

Of the six pyridines present in the molecule, four 
are hydrogens bonded to the hydroxy groups. The 

remaining two are solvents of crystallization, each 
being disordered about a J-fold axis. The hydrogen 
bonded pyridines are orientated almost parallel to 
the neighbouring phenyl rings of the phosphinates 
(Fig. 2). 

Although cubane structures have been reported 
for aluminium imides, compound 3 is the first 
example of a 13/16 cubane, previous examples 
being adamantane-like in structure.’ 

Table 2. Bond angles in degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom2 Atom 3 Angle 

O(1) In O(2) 157.1(2) C(4) C(5) C(6) 119.3(8) 
O(1) In O(3) 92.2(2) C(5) C(6) C(7) 121.5(7) 
O(1) In C(1) 102.4(2) C(2) C(7) C(6) 120.5(6) 
O(2) In O(3) 94*9(l) P C(8) C(9) 117.4(7) 
O(2) In C(1) 97.9(2) P C(8) C(l3) 122.4(5) 
O(3) In C(1) 98.7(2) C(9) C(8) C(l3) 120.2(7) 
O(2) P C(2) 108.1(3) C(8) C(9) C(l0) 116.1(g) 
O(2) P C(8) 109.3(3) C(9) C(l0) C(l1) 122.0( 1) 
C(2) P C(8) 105.4(3) C(l0) C(l1) C(l2) 119.0(l) 

E(l4) 
O(l) H(1) 101.6(3) C(l1) C(l2) C(l3) 124.0(l) 
N(1) C(l8) 115.7(5) C(8) C(l3) C(l2) 118.5(8) 

C(l4) N(1) H(1) 116.7(3) N(1) C(l4) C(l5) 124.9(6) 
C(l8) N(1) H(1) 127.6(3) C(l5) C(l4) C(l8) 92.9(5) 
In O(2) P 132.7(2) C(l4) C(l5) C(l6) 115.4(7) 
P C(2) C(3) 122.6(4) C(l5) C(l6) C(l7) 121.9(7) 
P C(2) C(7) 120.5(5) C(l6) C(l7) C(l8) 119.0(7) 
C(3) C(2) C(7) 116.9(6) N(1) C(l8) C(l7) 123.1(6) 
C(2) C(3) C(4) 121.0(6) C(l4) C(l8) C(l7) 90.8(5) 
C(3) C(4) C(5) 120.6(9) C(1) H(1) N(1) 146.4(3) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
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We are continuing our investigations into the 
reaction chemistry of 1 --t 3 and to the possibility of 
sulphur and selenium analogues. 
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UNUSUALLY STABLE TRIMETHYLPLATINUM(IV) 
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Abstract-The reaction of [Me3PtI], with {C,H,Co[P(O)(OR)~,}Na (R= Me, Et) gives 
the heterometallic dinuclear complexes {C,H,Co[P(0)(OR);13PtMe3) (3a: R = Me; 3b : 
R = Et) in almost quantitative yield. Compounds 3a, 3b are fairly robust and do not react 
with [CPh3]PF6 by hydride abstraction. On treatment with HCl in benzene, stable adducts of 
composition 2{C5H,Co[P(0)(OR)d3PtMe3} * 3HC1(4a, 4b) are formed which presumably 
contain two PtMe, units in different environments. The structure of 3b has been determined 
by single-crystal X-ray diffraction studies. 3b is monoclinic, space group P2,/n with 
(I = 1415.6(3), b = 1896.6(5), c = 1148.4(3) pm and j? = 92.07(2)“. The structure was solved 
via Patterson synthesis and refined by least-squares to R and R, 0.032 for 3355 unique 
reflections. The platinum atom is octahedrally surrounded by the three M oxygen atoms 
of the phosphonate units and by the carbon atoms of the three methyl groups with Pt-Q 
and P&-C distances similar to those in me,Pt&-OH)],. The structural parameters of the 
{C,H,Co[P(Q)(QE&l > 3 unit in 3b do not differ from those in other complexes containing 
this moiety as a tripod ligand. 

It is now almost 15 years ago that one of us 
described the synthesis of unusually stable “super- 
sandwich” complexes of composition (C5H5)2C03 
p(O)(OR)& (la, b).’ They are obtained in 50% 
yield by thermolysis of C,H,CO[P(OR)~], and 
almost quantitatively by reaction of cobaltocene 
with HP(O)(OR), (Scheme 1). The structure of 
the trinuclear compounds consists of a central 

Dedicated to Professor Sir Geoffrey Wilkinson in hon- 
our of his pioneering contributions to organometallic 
chemistry. 

*Authors to whom correspondence should be addressed. 

cobalt(I1) ion which is octahedrally coordinated by 
the oxygen atoms of two C,H,Co[P(O)(OR),]; 
fragments. ’ These fragments can be liberated in 
the protonated form from la, b with acids I-IX,’ 
or more conveniently with NaCN to give the cor- 
responding sodium salts [2a, b]Na. 3 Elegant studies, 
primarily by Kliiui et al., demonstrated that the 
anionic tripod ligands [2a, b]- form a variety of 
stable complexes with main group as well as tran- 
sition metals in different oxidation states, and thus 
in many ways they behave similarly to the cyclo- 
pentadienyl anion and its derivatives.495 

The aim of the present study was two-fold. 

2095 
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Scheme 1. 

Firstly, among the numerous mononuclear tri- 
methylplatinum complexes there are only a few 
having the composition (0)3PtMe3 [(0) = oxygen- 
donor ligand] ;6 and hence we were interested to 
learn whether the corresponding derivatives with 
(O), = [2a]- and [2b]- can be obtained. They would 
be analogues of the well known cyclopentadienyl 
compound (x-C SH ,)PtMe,. ‘** Secondly, one of 
the recent activities of our group was concerned 
with the chemistry of dimethylmetal complexes 
(a-C,H,JM(L)Me* (n = 5, M = Rh, Ir ; n = 6, 
M = Ru, OS ; L = PR3, CO) which react with elec- 
trophiles such as [CPh$ to give the ethylene 
(hydrido)metal cations [(s-C,H,)MH(C,H,)(L)]+, 
possibly via M(=CHI)CH3 intermediates.g,‘O This 
interesting behaviour which may shed some light 
on elementary steps of the Fischer-Tropsch (F-T) 
synthesis, ’ ’ prompted us to address the question 
as to whether trimethylmetal complexes react 
similarly to give cationic products containing a 
MH(C2H4)CH3 unit. Such species may also be 
models for intermediates in the F-T synthesis. l2 

RESULTS AND DISCUSSION 

The sodium salts [2a]Na and [2b]Na react with 
[Me,PtI], in benzene under reflux to give the 
title complexes 3a and 3b in almost quantitative 
yield (Scheme 2). 3a and 3b form yellow air-stable 
crystals that are soluble in most organic solvents 
and only decompose above 250 and 300°C. The IR 
spectra in the v(CH,) and 6(CHJ region (Table 1) 
are not significantly different from that of the start- 
ing material [Me$tI]4; indicating that the coor- 
dination sphere around the platinum has not 
changed very much. The P=O stretching fre- 

Table 1. IR data of [Me,PtI], and 3a, 3b (in KBr) 

Complex 

We3W4 2950 2890 2790 1250 1220 
3a 2880 2795 1258 1219 
3b 2938 2880 2800 1225 

l/b [ Me3PtI& -k’nlNa 
- NaI ‘Pt 

/ \\ 
H3C H3C CH3 

g: R=Me; m:R=Et - 

Scheme 2. 
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quencies of 3a and 3b are observed at 1107 and 
1121 cm- ‘, and thus have been shifted to lower 
frequencies by 53 and 37 err- ’ compared with the 
sodium salts of [2a]- and [2b]-, respectively. I3 The 
suggested decrease in the P=O bond strength 
caused by the ligation of the tridentate C,H,Co 
[p(O)(OR)& unit has also been found for la, b and 
analogous di- and trinuclear complexes. ‘~~9 ’ 3 

The ‘H and 31P NMR spectra of 3a and 3b show 
that in solution the three methyl groups at the plati- 
num and the three phosphonate ligands are equi- 
valent, in agreement with the structure found in the 
crystalline state. For both compounds, the protons 
of the PtMe3 fragment give rise to a pseudo-triplet 
which has almost the same chemical shift (6 ca 
1.95) and 19’Pt-‘H coupling constant (79 Hz) as 
found for the parent molecule [Me,PtI], (6 1.8 ; 
J(195Pt1H) = 78 Hz). 

Various attempts to attack one of the platinum 
bound methyl groups by [CPh3]+ and transform it 
into a CH2 unit failed. The complexes 3a and 3b 
are surprisingly robust towards hydride abstracting 
reagents and even after prolonged reaction with 
[CPh3]PF6 in CHIC12 they are unchanged. 

Treatment of 3a and 3b with concentrated hydro- 
chloric acid in aqueous solution results in the cleav- 
age of the Pt-0 bonds and the formation of 
[Me,PtCl], and the protonated form of the tri- 
dentate anions, [2a]H and [2b]H.2*3,13 In contrast, 
the reaction of 3a and 3b with a 0.3 M solution of 
HCl in benzene does not lead to fragmentation of 
the dinuclear complexes but affords the adducts 4a 
and 4b almost quantitatively. The composition of 
the yellow air-stable solids is supported by elemen- 
tal analyses and molecular weight determinations 
in chloroform. Reaction of 4a and 4b with D20 in 
CDC13 regenerates the starting materials. 

From the ‘H NMR spectra there is no doubt that 
the adducts 4a and 4b contain two PtMe, units 

in different environments, and thus the structure 
shown in Scheme 3 is tentatively assigned. The two 
distinct signals (of equal intensity) observed for the 
PtMe3 protons show 19’Pt-‘H coupling constants 
of 81 and 79 Hz which agree with the values found 
for [Me,PtCl], (81.7 Hz) and for 3a, b (79 Hz). We 
therefore conclude that the methyl groups of one 
PtMe3 unit in 4a, b are frans to three chlorines and 
those of the other PtMe3 unit are tram to three 
oxygens of three phosphonate ligands. We note that 
the chemical shifts of the CSH5 and POH signals in 
the ‘H NMR spectra of 4a, b are very similar 
to those of the corresponding CSH5 and POH 
resonances of {CSHSCoF(0)(OMe)213H2}PFs 
[6(&H,) 5.40, 6(POH) 11.83; in CD&l,] and 
(CSHSCo[P(O)(OEt)zl3H2}PF6 PGW 5.30, 
6(POH) 11.93 ; in CD,Cl,], respectively.14 This 
similarity is in agreement with the structural 
proposal. It is worth mentioning that the 
octahedral tetramethyl platinum(IV) complexes 
[PtMe,(N-N)] (N-N = 2,2’-bipyridyl or 1. lo- 
phenanthroline) react with HCl in CH2C12/MeOH 
to give cleavage of one Pt--CH3 bond with con- 
comitant formation of [PtMe3C1(N-N)].” The 
interaction between 3a, b and HCl is remarkably 
strong as the adducts do not lose HCl either in 
vacuum or in ether, acetone, benzene, or chloro- 
form solution. 

X-ray crystal structure of 3b 

Various trimethylplatinurn(IV) complexes have 
been investigated by single-crystal X-ray diffraction 
but to the best of our knowledge no mononuclear 
representative of the (0)3PtMe3 type has been stud- 
ied. The results of the structural analysis of 3b are 
summarized in Fig. 1 and Tables 2 and 3. The 
platinum atom is octahedrally surrounded by the 
three P=O oxygen atoms of the phosphonate units 

& 
se: R=Me; 44: R=E+ 

Scheme 3. 
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26 

d 
16 

Fig. 1. The molecular structure of 3b. 

and by the carbon atoms of the three methyl groups, 

and is thus in a very similar coordination sphere as 

in [Me,Pt&-OH)],. I6 In this tetrameric compound 
in which the platinum and the oxygen atoms are 
located at opposite comers of a cube, the Pt-C 
and Pt-0 distances are 204(2) and 222(l) pm, 
respectively, and only slightly longer than in 3b. In 
(n-CSH.JPtMe3, the mean value for the Pt-C bond 
lengths is 211 pm and for the C-Pt-C angles 

85.4”.* The C-Pt-C angles in 3b are 89.9(3), 
88.3(4) and 90.1(4)“, respectively. We note that the 
0-Pt-0 angles in 3b (mean value 87.9”) are sig- 
nificantly smaller than the N-Pt-N angles in the 
related cation [HC(p&]PtMe$ (pz = pyrazol-1-yl) 
(mean value 83.6”),’ 7 which is probably due to the 
smaller “bite” of the tridentate [HC(pz),] ligand 
compared with [2b]-. 

The structural parameters of the {C,H,Co 
[P(0)(OEt)J3} unit in 3b are very similar to those of 

the parent compound lb, ‘3 l8 the analogous copper 
complex (CsHsCo[p(0)(OEt)~3}2Cu’8 and the 
recently described sodium salt [2b]Na which in the 
crystalline state forms a trimeric aggregate with two 
water molecules.4c Within the limits of error, no 
significant deviations from the geometry expected 
for the CSHSCoP3 and P(0)(OEt)2 groups were 
detected in 3b. The P=O and P-O-Et) distances 
in { [2b]Na} 3 - 2H *O, for example, are 149 and 162 pm 
(mean values) and compare well with the cor- 
responding bond lengths found in 3b (see Table 2). 
The results agree with earlier observations that the 
metal bound to the anions [2a]- and [2b]- in the 
various complexes containing these tripod oxygen 
ligands has almost no influence on the structure 
of the (C,H,Co[P(O)(OR),],} unit, independent of 
whether it is a main group or a transition metal 
element. 

EXPERIMENTAL 

All reactions were carried out under an atmo- 
sphere of purified nitrogen by using Schlenk tube 

Table 2. Bond lengths (pm) in 3b 

R--c(6) 
P+W) 
Pt-o(21) 
co-P( 1) 
co-P(3) 

Co-q2) 
Cd(4) 
P(lW(l1) 
P(l)-w3) 
P(2W(22) 
P(3W(3 1) 
P(3wx33) 
C(l)--c(5) 
C(3W(4) 
0(12)-c(13) 
C(l3W(l4) 
0(22)--c(26) 
C(24WJ25) 
0(32W(33) 
C(33W(34) 

199.5(9) 
202.0(8) 
219.7(4) 
217.3(2) 
217.0(2) 
207.1(8) 
205.3(10) 
150.3(5) 
161.2(5) 
159.8(6) 
151.5(5) 
159.1(5) 
136.3(15) 
136.7(16) 
135.3(11) 
138.1(14) 
132.4(13) 
136.0(16) 
131.6(10) 
139.6(16) 

P+o 
P&0(1 1) 
R-0(3 1) 
&---P(2) 

Cd(l) 
Co-cx3) 
Go--c(5) 
P(l)--o(l2) 
P(2)--w21) 
P(2V(23) 
P(3H(32) 
C(lt-c(2) 
c(2w(3) 
C(4H(5) 
0(13W(l5) 
C(l5W(l6) 
0(23)--c(24) 
C(26)--C(27) 
0(33W(35) 
C(35W(36) 

199.8(8) 
219.5(4) 
219.6(5) 
216.3(2) 
207.0( 10) 
204.4(9) 
208.4( 10) 
160.1(5) 
150.4(5) 
159.9(6) 
159.7(6) 
133.7(14) 
136.7(13) 
139.6(19) 
139.2(12) 
134.9(15) 
138.5(12) 
133.2(16) 
139.0(12) 
136.5(14) 
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Table 3. Bond angles (“) in 3b 
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C(6)--pt-C(7) 
C(7)_-pt--c(8) 
C(7)-Pt4( 11) 
C(6)--Pt--o(21) 
C(8)-Pt--o(21) 
C(6)-Pt--o(3 1) 
C(8)-Pt--o(31) 
0(21)-Pt-o(31) 

P(l)-Q-P(3) 
co-P(1)-0(12) 
co-P(1)-0(13) 

0(12)-P(l)--o(l3) 
co-P(2)-0(22) 
Co-P(2)-0(23) 

0(22)_P(2W(23) 
Co-P(3)-0(32) 
co-P(3)-0(33) 

0(32)-P(3H(33) 
Pt-o(ll)-P(1) 

P(l)--o(l3Fw5) 
0(13)-W5>--c(16) 
P(2W(22)-C(26) 
0(23)--c(24F(25) 
Pt-O(3 1)-P(3) 

P(3W(33)--c(35) 
O(33W(35FC(36) 

89.9(3) 
90.1(4) 
91.0(3) 
91.4(3) 

178.7(3) 
91.7(3) 
90.3(3) 
88.4(2) 
91.2(l) 

111.3(2) 
106.2(2) 
99.2(3) 

109.9(2) 
105.3(2) 
101.4(3) 
110.9(2) 
106.8(2) 
98.8(3) 

125.7(3) 
122.4(6) 
118.7(10) 
129.8(6) 
116.4(9) 
124.7(3) 
123.5(6) 
118.4(10) 

wl-pt--c@) 
C(6)-P&0( 11) 
C(S)-Pt-O( 11) 
C(7)-P&0(21) 
O(ll)-P+o(21) 
C(7)-P&0(3 1) 
o(ll)-Pt-o(31) 

P(l)-=+P(2) 
P(2k-=+P(3) 
co-P(l)-o(ll) 

w l)_P(l>-o(l2) 
w l>-P(l)-w3) 
co-P(2)-0(21) 

O(2 1 )-P(2)--0(22) 
0(2l~P(2)--0(23) 
co-P(3)-0(31) 

O(3 l)-P(3)--0(32) 
O(3 l)_P(3)--0(33) 
P(lw(l2)--c(l3) 
0(12)-C(l3)-C(l4) 
Pt-o(21)-P(2) 

P(2W(23H(24) 
0(22)--c(26)-C(27) 
P(3>-0(32F(33) 
0(32)-C(33)-C(34) 

88.3(4) 
178.8(3) 
92.5(3) 
91.2(3) 
87.8(2) 

178.3(3) 
87.4(2) 
91.4(l) 
91.6(l) 

120.1(2) 
107.8(3) 
110.3(3) 
120.8(2) 
107.3(3) 
110.4(3) 
120.5(2) 
107.4(3) 
110.4(3) 
127.0(5) 
119.7(9) 
125.0(3) 
124.4(6) 
122.1(11) 
131.6(6) 
115.6(9) 

techniques. The starting materials [Me3PtIj4,ig 
[2a]Na and [2b]Na,3 were prepared by published 
methods. NMR spectra were recorded on a Varian 
XL-loo, and IR spectra on a Perkin-Elmer 567 
spectrometer. 

Preparation of the complexes {C ,H,Co 
[P(O)(OR)&PtMe3) @a, 3b) 

A solution of [Me3PtI14 (103 mg, 0.07 mmol) in 
20 cm3 of benzene was treated with a slight excess 
(0.31 mmol) of [2a]Na or [2b]Na, and heated for 3 
h under reflux. After cooling to room temperature, 
the solution was filtered (using cellulose as a filter 
aid) and the solvent was removed in vacua. The 
light yellow residue was washed with water, dried 
in vacua, and dissolved in ca 5 cm3 of acetone at 
40°C. Cooling the acetone solution to - 25°C gave 
yellow crystals ; yield 85% (3a) and 90% (3b). 

3a: m.p. 250°C (dec). Found: C, 24.5; H, 4.6. 
Calc. for Ci4H3,CoOgP3Pt: C, 24.3; H, 4.7%. IR 
(KBr): v@+O) 1107, v(POMe) 1064, 1018 cm-‘. 
‘H NMR (CDC13) : 6(C,H,) 5.07(s); G(POMe) 3.7 
(virtual quartet), N = 11 Hz ; G(PtMe,) 1.98 
(pseudo triplet), J@YH) = 79 Hz. “P NMR 
(CDC13) : 6 123.3 (slightly broadened singlet). 

3b: m.p. 300°C (dec). Found : C, 30.3 ; H, 5.6. 

Calc. for C2,,H,,CoOgP3Pt: C, 31.0; H, 5.7%. IR 
(KBr): v(‘p---rO) 1121, v(POMe) 1076, 1038 cm-‘. 
‘H NMR (CDC13): 6(C,H,) 5.05(s); G(POCH,) 
4.1(m); G(CH,CH,) 1.3(t), J(HH) = 7 Hz ; 
G(PtMe,) 1.94 (pseudo triplet), J(PtH) = 79 Hz. 

Preparation of the compoud 2{C,H,Co 
[P(O)(OR)J,PtMe,} * 3HC1(4a, 4b) 

A solution of 3a, b (0.3 mmol) in 2 cm3 of benzene 
was treated at room temperature with 8 cm3 of a 
0.3 M solution of HCl in benzene and stirred for 3 
h at 25°C. The solvent was removed in vacua, and 
the oily residue was recrystallized from acetone- 
ether. After cooling to -25°C yellow, air-stable 
crystals were obtained ; yield 90%. 

4a: Found: C, 22.3; H, 4.5; Cl, 6.9; Co, 7.8; 
Pt, 25.9 ; mol weight 1372 (osmometric in CHC13). 
Calc. for C18H67C13C02018P&Z: C, 22.5; H, 4.5; 
Cl, 7.1; Co, 7.9 ; Pt, 26.1%. Mol. weight 1492.1. ‘H 
NMR (CDC13) : 6(POH) 11.50(s) ; 6(CSHS) 5.40(s) ; 
G(POMe) 3.75 (virtual quartet), N = 11 Hz ; 
G(PtMe3) 1.40 (pseudo triplet), J(PtH) = 8 1 Hz and 
1.28 (pseudo triplet), J(PtH) = 79 Hz. 

4h : Found : C, 29.2 ; H, 5.7 ; mol weight 1637 
(osmometric in CHC13). Calc. for C4&&13C02 
0L8P6Ptz : C, 28.9; H, 5.5%. Mol. weight 1660.4. 
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Table 4. X-ray operations and results 

Crystallographic section 
Compound 
Empirical formula 
Molecular mass 
a (pm) 
b (pm) 
c (pm) 
B (“) 
V(pm x 10m6) 
Z 
d (talc.) (g cm- ‘) 
Crystal system 
Space group 

Data collection 
Diffractometer 
Radiation 
Monochromator 
Crystal size (mm) 
Data collection mode 
Theta range (“) 
Recip. latt. segment 

No. refl. measd 
No. unique refl. 
No. refl. F > 3a(F) 
Lin. abs. coeff. (mm-‘) 
Abs. correction 

3b 
C&H.,,09P3PtCo 
775.51 
1415.6(3) 
1896.6(5) 
114&l(3) 
92.07(2) 
3081.1(9) 
4 
1.672 
Monoclinic 
P&In 

Syntex P3 
MO-& 
Graphite 
0.15 x 1.25 x 0.1 
o-scan 
1.75-27.5 
h=O-18 
k=O-24 
I = 14-14 
3527 
3355 
3303 
5.498 
*-scan 

Structural analysis and refinement 
Method of solution Patterson synthesis 
Method of refinement anisotropic LSQ 

H-positions calculated 
and refined isotropically 

Parameter/F, ratio 0.093 
R, R, -. 0.032,0.032 
Program used SHELXTL 

‘H NMR (CDCl,): 6(POH) 12.06(s); S(C,H,) 
5.32(s) ; &POCHJ 4.09(m) ; G(CH,CH,) 1.30(t), 
J(HH) = 7 Hz; G(PtMeJ 1.38 (pseudo triplet), 
J(PtH) = 81 Hz and 1.28 (pseudo triplet), 
J(PtH) = 79 Hz. 

X-ray structure analysis of 3b 

The full information for 3b is summarized in 
Table 4.* 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of FO/Fc 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 
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and M. B. Hursthouse). 

1980 
J. Chem. Sot., Dalton Trans. 55 (1980). Tris(2)pyridyl- 

phosphine complexes of ruthenium(I1) and rhodium(I) 
hydroformylation of hex- 1-ene by rhodium complexes 
(with K. Kurtev, R. Ribola, R. Jones and D. J. Cole- 
Hamilton). 

J. Chem. Sot., Dalton Trans. 174 (1980). Interaction of 
oximes with dichloro-tris(triphenylphosphine)ruthen- 
ium(I1) (with A. R. Middleton and J. R. Thornback). 

J. Chem. Sot., Dalton Trans. 229 (1980). The synthesis 
and crystal structures of chloro(trimethylphosphine) 
tris(trimethylsilylmethy1) molybdenum(IV) and di- 
n-chlorobis[$ - trimethylsilylmethylcarbonylbis(car- 
bonyl)trimethylphosphinemolybdenum(II)] (with E. 
Carmona Guzman, R. D. Rogers, W. E. Hunter, M. 
J. Zaworotko and J. L. Atwood). 

J. Chem. Sot., Dalton Trans. 334 (1980). Trirhenium(II1) 
cluster alkyls. Synthesis of tertiary phosphine adducts ; 
cleavage to rhenium(I) and (II) dimers ; reactions with 
carbon monoxide, nitric oxide and hydrogen chloride. 
X-ray structural determination of hexamethylbis 
(diethylphenylphosphine) - p - trimethyltriangulo- 
trirhenium(III) andpentakis (trimethylsilylmethy1) - N- 
trimethylsilyhnethyl- N - nitrosohydroxylaminato) - p - 
trichlorotriangulortrirhenium(II1) (with P. Edwards 
and K. Mertis). 

J. Chem. Sot., Dalton Trans. 1797 (1980). Syn- 
thesis and crystal structure and molecular structure 
of bis(trimethylsilylmethylidyne)tetrakis(trimethylsilyl- 
methyl) dirhenium (Re-Re) (with M. Bochmann, 
A. M. R. Galsa, K. M. A. Malik and M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 1863 (1980). Synthesis 
and properties of bis(t-butyl)methoxides of 
chromium(III,IV) manganese(II), iron( cobalt(I1) 
and copper(I). The crystal and molecular structure 
of lithium tetrakis[bis(t-butyl)methoxo]chromate(III) 
tetrahydrofuran, tetrakis[bis(t-butyl)methoxo]chrom- 
ate(IV) and lithiumtetrakis[bis(t-butyl)methoxo]chro- 
mate(IV) and lithiumtetrakis[bis(t-butyl)methoxo] 
ferrate(III)[bis(t-butyl)methanol] (with G. B. Young, M. 
Bochmann, M. B. Hursthouse and K. M. A. Malik). 

Znorg. Chim. Acta 44, L7 (1980). A novel linear 
%ReRe--O--Re system: the synthesis and 
X-ray structure of di-p-oxobis[NN’-ethylenebis(acetyl- 
acetiminato)]oxo-rhenium(V)[NN’ - ethylenebis- 
(acetylacetiminato)]rhenium(V) perrhenate (with M. A. 
A. F. de C. T. Carrondo, R. Middleton, A. C. Skapski 
and A. P. West). 

J. Chem. Sot., Dalton Trans. 1879 (1980). Preparation 
and properties of I-adamantylmethyl and adamantyl 
complexes of transition metals (with G. B. Young and 
M. Bochmann). 

J. Chem. Sot., Dalton Trans. 467 (1980). The synthesis 
and crystal structure of hydridoborohydridotetrakis 
(trimethylphosphine)molybdenum(II) (with J. L. 
Atwood, W. E. Hunter and E. Carmona Guzman). 

J. Chem. Sot., Dalton Trans. 1888 (1980). Interaction of 
nitric oxide with paramagnetic and diamagnetic alkyls 
of titanium, zirconium, vanadium, niobium and tan- 
talum (with A. R. Middleton). 

J. Chem. Sot., Dalton Trans. 2315 (1980). Synthesis and 
crystal structure of bis[q’-cyclopentadientyl tri- 
carbonylmanganesel-$-dicyclopentadientyl titanium 
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(with R. J. Daroda, M. B. Hursthouse, K. M. A. Malik 
and M. Thornton-Pett). 

J. Chem. Sot., Chem. Commun. 408 (1980). Synthesis 
and crystal structure of hexakistrimethylphosphine 
dihydrido p-dihydrido dimolybdenum(I1) Mo-MO 
(with R. A. Jones, K-W. Chiu, M. B. Hursthouse and 
A. Galas). 

J. Chem. Sot., Dalton Trans. 2467 (1980). Improved 
syntheses of oxotetrachlororhenium(V1) and trioxo- 
chlororhenium(VI1). Synthesis of alkoxo and di- 
alkylamido rhenium compounds. The crystal and 
molecular structures of tetramethoxodioxo-p-di- 
methoxo-p-oxodirhenium(VI), (Re-Re), lithium oxo- 
pentaisopropoxorhenate(V1) lithium chloride and 
tram - bistrimethylphosphinetetraphenoxorhenium (VI) 
(with P. G. Edwards, M. B. Hursthouse and K. M. A. 
Malik). 

J. Chem. Sot., Dalton Trans. 2480 (1980). Tri- 
methylphosphine hydrido and hydroxo complexes of 
ruthenium multinuclear magnetic resonance studies on 
hexakistrimethylphosphine - p - hydrido - p - hydroxo- 
diruthenium(1). Crystal structures of hexakistrimethyl- 
phosphine dihydrido his@-hydrido)diruthenium(II) 
and hexakistrimethylphosphine tris-p-hydridodiruth- 
enium(I1) tetrafluoroborate (with R. A. Jones, W. 
McFarlane, I. J. Colquhoun, A. M. R. Galas and M. 
B. Hursthouse). 

J. Chem. Sot., Chem. Commun. 654 (1980). Inter- 
action of hydrogen with hexakis(trimethylsilylmethyl)- 
@-trichloro)triangulo trirhenium(1). The X-ray crystal 
structure of nonakis(trimethyl)hydrido@-hexachloro- 
hexarhenium. New types of rhenium(I1) alkyls (with 
P. G. Edwards, K. Mertis, K. M. Malik and M. B. 
Hursthouse). 

J. Am. Chem. Sot. 102, 7978 (1980). Reaction of t- 
butylisocyanide with hexamethyltungsten. Synthesis 
and X-ray crystal structure of W-N(Bu’)CMe,(Me) 
[N(Bu’)(CMdMe,)] (with R. A. Jones, K. W. 
Chiu, M. B. Hursthouse and A. M. R. Galas). 

J. Chem. Sot., Chem. Commun. 1098 (1980). Synthesis 
of two carbon compounds by homogeneous Fischer- 
Tropsch type reactions (with R. J. Daroda and J. R. 
Blackborow). 

J. Chem. Sot., Chem. Commun. 1101 (1980). Synthesis 
of methanol and derived compounds by homogeneous 
Fischer-Tropsch type reactions (with R. J. Daroda 
and J. R. Blackborow). 

1981 
J. Chem. Sot., Dalton Trans. 126 (1981). Further chem- 

istry of trimethylphosphine complexes of rhodium(I) : 
X-ray crystal structures of dodeca(trimethylphos- 
phine)tetrarhodiumhexamercury, Hg&h(PMe3)i2, and 
trans - bis(trimethylphosphine) triphenylphosphine 
chlororhodium(1) (with R. A. Jones, F. Mayor- 
Real, A. M. R. Galas and M. B. Hursthouse). 

J. Chem. SOL, Dalton Trans 191 (1981). Oxo-centred tri- 
ruthenium formate complexes. Diphosphine adducts of 
oxo-centred triruthenium acetates (with H. Lehman). 

J. Chem. Sot., Dalton Trans. 705 (1981). The interaction 
of hydrogen with hexakis(trimethylsilylmethyl)~- 
trichloro)triangulotrirhenium(III) its adducts with 

carbon monoxide, triphenylphosphine and pyridine 
and with chloropentakis(trimethylsilyl)(@richloro) 
triangulotrirhenium(II1). The X-ray crystal structures 
of hydridomonakis (trimethylsilylmethyl) @trichloro) 
(triphenylphosphine) triangulotrirhenium(II1) and tris 
(trimethylsilylmethyl) syn, syn, anti-trichloro kc-tris 
(trimethylsilylmethyl)] triangulo trirhenium (with K. 
Mertis, P. G. Edwards, K. M. A. Malik and M. B. 
Hursthouse). 

J. Chem. Sot., Chem. Commun. 189 (1981). Interaction 
of alkyl halides with the diironoctacarbonylate anion : 
the crystal structures of the tetraethylammonium salts 
of the p-Acetyl-CL(Fe’,Fe2)0(Fe’,Fe3)-nonacarbonyl- 
triangulotriferrate and ~2-carbonylnonacarbonyl-~‘- 
2,4 - dioxapentylidynetriangulotriferrate anions (with 
W-K. Wong, A. M. A. Galas, M. Thornton-Pett 
and M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 892 (1981). Trimethylphos- 
phine complexes of molybdenum- tungsten, niobium 
and tantalum. X-ray crystal structures of hexakis 
(trimethylphosphine)dihydrido-p-dihydrido dimolyb- 
denum(I1) (MO-MO) and of tetrahydrido@-hy- 
drido)& - dimethylphosphine)pentakis(trimethylphos- 
phine)ditungsten(II,IV) (with K. W. Chiu, R. A. 
Jones, A. M. R. Galas and M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 1204 (1981). Reactions of 
hexamethyltungsten(V1) in presence of trimethyl- 
phosphine. Synthesis of methyl, ethylidyne, hydrido, 
alkoxo and other tungsten compounds. X-ray crystal 
structures of trans-methylethylidynetetrakis (tri- 
methylphosphine)tungsten(IV) and trihydrido-phen- 
oxotetrakis(trimethylphosphine)tungsten(IV) (with 
K. W. Chiu, R. A. Jones, A. M. R. Galas, K. M. A. 
Malik and M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 1898 (198 1). Further studies 
on the interaction of nitric oxide with transition metal 
alkyls (with A. R. Middleton). 

J. Chem. Sot., Chem. Commun. 451(1981). Phenylamido 
complexes of rhenium(I) and rhenium(II1) (with K. W. 
Chiu and W. K. Wong). 

J. Chem. Sot., Dalton Trans. 2088 (1981). Interaction of 
t-butyl isocyanide with methyl compounds of tungsten, 
rhenium, zirconium, titanium, and tantalum. The X- 
ray crystal structures of W-N(Bu’)CMe,(Me)(NBu’) 
[N(Bu’)CM&Me,] and its hydrogen chloride 
adduct. t-Butyl isocyanide complexes of molyb- 
denum(O), ruthenium(I1) and rhodium(I) (with K. 
W. Chiu, R. A. Jones, A. M. R. Galas and M. B. 
Hursthouse). 

J. Chem. SOL, Dalton Trans. 2496 (1981). Synthesis and 
crystal structures of tetraethylammonium p,-acetyl- 
C’(Fe’Fe2)0(Fe’Fe3) - nonacarbonyl - triangulo - tri - 
ferrate and tetraethylammonium p-carbonyl-nona- 
carbonyl - p3 - 2,4 - dioxapentylidyne - triangulo - tri - 
ferrate (with W. K. Wong, A. M. A. Galas, M. B. 
Hursthouse and M. Thornton). 

Znorg. Chem. 20, 3934 (1981). Trimethylsilylmethylidene 
compounds of MO and W (with R. A. Andersen, M. 
H. Chisholm, J. F. Gibson, W. Reichert and I. P. 
Rothewell). 

J. Chem. Sot., Chem. Commun. 1164 (1981). Acetato 
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complexes of Osmium(II,III) (with D. S. Moore and 
A. S. Alves). 

1982 
J. Chem. Sot., Dalton Trans. 663 (1982). Synthesis and 

X-ray crystal structure of 1,2-dimethyl-4,6-dinitro- 
3,5-bis(trimethylphosphine) platinum(IV) (with A. R. 
Middleton, N. P. Walker and M. B. Hursthouse). 

Polyhedron 1,31 (1982). Synthesis and reactions of phen- 
ylimidotrimethylbis (trimethylphosphine) rhenium(V). 
Synthesis and X-ray crystal structure of bis (tri- 
methylsilylmethyl) oxorhenium(V) - p - 0x0 - tetrakis 
(triomethylphosphine) rhenium(I) (trimethylsilyl 
methyl) dioxorhenium(V) (Re-Re) (with K. W. Chiu, 
W. K. Wong, A. M. R. Galas and M. B. Hursthouse). 

Polyhedron 1, 37 (1982). Reactions of phenylimido- 
trichlorobis (triphenylphosphine) rhenium(V). Re- 
action with trimethylphosphine and reduction of 
trimethylphosphine complex to phenylimido com- 
plexes of rhenium(I,III). The X-ray crystal structures 
of phenylamido (dinitrogen) tetrakis (trimethylphos- 
phine) rhenium(I) and phenylamido(buta-1,3-diene)- 
tetrakis(trimethylphosphine)rhenium(I) (with K. W. 
Chiu, W. K. Wong, A. M. R. Galas and M. B. 
Hursthouse). 

Coo&. Chem. Reo. 43, 17 (1982). (Sacconi Lecture, Flor- 
ence), Homogeneous hydrogenation of carbon mon- 
oxide (with J. R. Blackborow and R. J. Daroda). 

Polyhedron 1,83 (1982). Triphenylphosphonium and tri- 
methylphosphonium hexachloroosmates(IV) and their 
reactions with alkylating agents: methyl and tri- 
methylsilylmethyl osmium compounds ; truns-dich- 
lorotetrakis(trimethylphosphine)osmium(II) ; tetrakis 
(trimethylsilylmethyl) oxoosmium(VI) (with A. S. 
Alves, D. S. Moore and R. A. Andersen). 

Polyhedron 1, 209 (1982). Convenient syntheses of zero 
valent 2,2’-bipyridine and related complexes of tran- 
sition metals (with J. M. Quirk). 

Polyhedron 1, 441 (1982). Trimethyl and diethyl- 
phenylphosphine complexes of rhenium(I,III,IV,V) 
and their reactions. X-ray crystal structures of a bis(q’- 
cyclopentadienyl)-ethane-bridged dirhenium(1) com- 
pounds obtained from phenylacetylene, tetrakis (di- 
ethylphenylphosphine) (dinitrogen) hydridorhenium(I), 
tetrakis(trimethylphosphine)($ - dimethylphosphino- 
methyl)rhenium(I) and tetrakis(trimethylphosphine) 
(iodo)methylrhenium(III) iodide tetramethylphos- 
phonium iodide (with K. W. Chiu, C. G. Howard, 
H. S. Rzepa, R. N. Sheppard, A. M. R. Galas and 
M. B. Hursthouse). 

Polyhedron 1, 641 (1982). Synthesis of the hexaphenoxo- 
tungstate ion ; The X-ray crystal structures of the 
tetraethylammonium and lithium salts (with J. I. 
Davies, J. F. Gibson, A. C. Skapski and W. K. Wong). 

Polyhedron 1, 803 (1982). t-Butyl isocyanide complexes 
of rhenium(I), chromium(O), tungsten(O,I) and pla- 
tinum(I1) ; X-ray crystal structures of bis(t-butyl- 
isocyanide) tris (trimethylphosphine) chlororhenium(1) 
and tris (t-butylisocyanide) bis(trimethylphosphine) 
chlororhenium(1) (with K. W. Chiu, C. G. Howard, 
A. M. R. Galas and M. B. Hursthouse). 

J. Chem. Sot., Chem. Commun. 482 (1982). Two-dimen- 

sional 6/J resolved 3’P NMR spectroscopy of [his 
(diphenyl)phosphinomethane] (trimethylphosphine) 
chlororhodium(1) (with K. W. Chiu, H. S. Rzepa, R. 
N. Sheppard and W-K. Wong). 

Polyhedron 1, 809 (1982). Bis(diphenylphosphino)meth- 
ane trimethylphosphine alkyl and r$-cyclopentadienyl 
compounds of rhodium(I) ; “P{ ‘H} two dimensional 
6/J resolved and Overhauser effect nuclear magnetic 
resonance spectroscopy (with K. W. Chiu, H. S. Rzepa, 
R. N. Sheppard and W. K. Wong). 

J. Chem. Sot., Chem. Commun. 1077 (1982). Tertiary 
phosphine adducts of manganese(I1) dialkyls : Syn- 
thesis and X-ray crystal structure of bis(tri- 
methylphosphine)bis(trimethylsilyhnethyl) bis @-tri- 
methylsilylmethyl) dimanganese(I1) (with J. I. Davies, 
C. G. Howard and A. C. Skapski). 

Polyhedron 1, 840 (1982). X-ray crystal structure of the 
tris(acetato)dioxoosmate(VI) anion (with T. Behling, 
M. V. Capparelli and A. C. Skapski). 

Angew. Chem. 441 (1982). Bis(dinitrogen)- and diethy- 
lenemolybdentmr(0) complexes (with E. Carmona, J. 
M. Marin, M. L. Poveda, J. L. Atwood and R. D. 
Rogers). 

Polyhedron 1,842 (1982). Electrophilic attacks on p,-bridg- 
ing acetyl in a triiron carbonyl cluster; C-Q bond 
cleavage to give p,-ethylidyne and p-methoxo groups 
(with W. K. Wong, A. M. R. Galas, M. Thornton-Pett 
and M. B. Hursthouse). 

1983 
J. Chem. Sot., Dalton Trans. 1557 (1983). Electrophilic 

attack on the pL,-acctyl C’(Fe’FeZ)O(Fe’Fe2)-(nona- 
carbonyltriangulo triferrate anion by fluoroboric acid 
and methylfluorosulphate. Carbon oxygen bond cleav- 
age to give p,-ethylidyne and p-methoxo groups. X- 
ray crystal structures of Fe,(CO),@H)&CH,CO), 
Fe,(CO)&CCH,)(~~-OCH,) and Fe&Q)&- 
CCH,)@,-COCH9) (with W. K. Wong, K. W. Chiu, 
A. M. R. Galas, M. Thornton-Pett and M. B. 
Hursthouse). 

Polyhedron 2,803 (1983). Trimethylphosphine complexes 
of tungsten(O) and (IV). X-ray crystal structures of 
trimethylphosphine tris(phenylacetylene)tungsten(O) ; 
bis (trimethylphosphine) tetrakis (methylisocyanide) 
tungsten(O), and oxodichlorotris (trimethylphosphine) 
tungsten(O) (with K. W. Chiu, D. Lyons, M. Thornton- 
Pett and M. B. Hursthouse). 

J. Chem. Sot., Chem. Commun. 476 (1983). Tri- 
methylphosphine hydrides of Mo(II), W(IV) and 
Re(VI1) ; X-Ray crystal structure of pentakis (tri- 
methylphosphine) dihydro molybdenum(I1) (with M. 
B. Hursthouse, D. Lyons and M. Thornton-Pett). 

J. Chem. Sot., Dalton Trans. 2025 (1983). Tertiary phos- 
phine adducts of manganese(I1) dialkyls. Part I. Syn- 
thesis, properties ,and structures of alkyl-bridged 
dimers (with C. G. Howard, M. Thornton-Pett and M. 
B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 2631 (1983). Tertiary phos- 
phine adducts of manganese(I1) dialkyls. Part 2. Syn- 
thesis, properties and structures of monomeric com- 
plexes (with C. G. Howard, G. S. Girolami, M. 
Thornton-Pett and M. B. Hursthouse). 
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J. Am. Chem. Sot. 105, 5944 (1983). Alkyl, hydride and 
dinitrogen 1,2-bis-(dimethylphosphino)ethane com- 
plexes of chromium. Crystal structures of Cr(CH,), 

(dmpe),, CrH@mpe)z, and Cr(NUlmpe)z (with G. S. 
Girolami, J. E. Salt, M. Thornton-Pett and M. B. 
Hursthouse). 

J. Chem. Sot., Chem. Commun. 1163 (1983). Man- 
ganese(IV) alkyls. Synthesis and structure of tetra- 
methyl[ 1,2 - bis(dimethylphosphino)ethane]manga- 
nese(IV) (with C. G. Howard, G. S. Girolami, M. 
Thornton-Pett and M. B. Hursthouse). 

J. Am. Chem. Sot. 105, 6752 (1983). Hydrido, alkyl, 
and ethylene, 1,2-bis(dimethyl-phosphino)ethane com- 
plexes of manganese and the crystal structures of 
MnBr,(dmpe),, [Mn(AlH,)(dmpe),], and MnMe, 
(dmpe)z (with G. S. Girolami, M. Thornton-Pett and 
M. B. Hursthouse). 

1984 
J. Chem. Sot., Dalton Trans. 305 (1984). Synthesis and 

reactions of osmium(I1) chloro carboxylates. X-ray 
crystal structure of tetrakis(-n-butrato)dichloro- 
diosmium(II1) (with T. Behling, T. A. Stephenson, D. 
A. Tocher and M. D. Walkinshaw). 

Polyhedron 3, 34 (1984). Mononuclear and dinuclear 
tertiary phosphine molybdenum complexes. Oxo- 
molybdenum(IV), dinuclear Mo2C1,L4 and related 
derivatives (with E. Carmona Guzman, A. Galindo, 
L. Sanches and A. J. Nielson). 

J. Chem. Sot., Dalton Trans. 695 (1984). Synthesis, X- 
ray crystal structure, reactions of pentakis(trimethyl- 
phosphine)dihydrido-dimolybdenum(II). The crystal 
structure of the carbon dioxide insertion product, 
tetrakis(trimethylphosphine)formato hydrido molyb- 
denum(I1) (with D. Lyons, M. Thornton-Pett and 
M. B. Hursthouse). 

Polyhedron 3, 79 (1984). Interaction of organic azides 
with methyl compounds of cobalt, rhodium, iridium, 
ruthenium, and zirconium to give azido 1,3-triazenido 
complexes. The crystal structures of tris-trimethyl- 
phosphineazidodimethylcobalt(II1) and bis (carbonyl) 
trimethylphosphineazidocobalt(1) (with K. W. Chiu, 
M. Thornton-Pett and M. B. Hursthouse). 

J. Am. Chem. Sot. 1062033 (1984). Tertiary phosphine 
adducts of manganese(I1) biscyclopentadienide ; 
magnetic studies and structural characterisation of 
‘tilted’ cyclopentadienyl rings (with C. G. Howard, 
G. S. Girolami, M. Thornton-Pett and M. B. Hurst- 
house). 

J. Chem. Sot., Dalton Trans. 877 (1984). Trimethyl- 
phosphine alkyl and hydrido derivatives of os- 
mium(I1). X-ray crystal structure of the metallocycle 
Os(CH&SiMe,(PMe,), (with T. Behling, Gregory 
S. Girolami, Richard G. Somerville and M. B. 
Hursthouse). 

J. Chem. Sot., Dalton Trans. 1731 (1984). Alkyl, 
hydrido and related compounds of ruthenium(I1) with 
trimethylphosphine. X-ray crystal structures of 
hydrido($ - tetrahydridoborato)tetrakis(trimethylphos- 
phine)ruthenium(II), tri-~-chlorobis[trimethylphos- 
phine)ruthenium(II)]tetrafluoroborate and biscis 
[methyltetrakis (trimethylphosphine) ruthenium (II)] 

mercury tetrahydrofuran (1 : 1) (with J. A. Statler, 
M. Thornton-Pett and M. B. Hursthouse). 

J. Chem. SOL, Dalton Trans. 2067 (1984). The prep- 
aration and properties of ditertiary phosphine con- 
taining complexes of ruthenium(O) (with R. 0. Rosete 
and D. J. Cole-Hamilton). 

J. Chem. Sot., Dalton Trans. 2347 (1984). q5-Cyclo- 
pentadienyl and q 5-methylcyclopentadienyl, 1,2 - bis 
(dimethylphosphino)ethane complexes of titan- 
ium(I1). The crystal structure of (CSH,Me)*Ti(dmpe) 
(with G. S. Girolami, M. Thornton-Pett and M. B. 
Hursthouse). 

J. Chem. Sot., Dalton Trans. 2695 (1984). Trioxorhen- 
ium(VII)alkoxides, diisopropylamides, and related 
compounds (with P. Edwards). 

Polyhedron 3, 1025 (1984). Alkyd complexes of pal- 
ladium(I1) with trimethylphosphine and l,Zbis(di- 
methylphosphino)ethane ligands (with R. Tooze and 
K. W. Chiu). 

J. Chem. Sot., Dalton Trans. 2789 (1984). 1,ZBis 
(dimethylphosphino)ethane alkyl compounds of zir- 
conium(IV) and hafnium(IV). Crystal structures of 
Zr(CH,),(dmpe), and Zr(CH,C,H,),(dmpe)+ (with 
G. S. Girolami, M. Thornton-Pett and M. B. 
Hursthouse). 

Polyhedron 3, 1083 (1984). Synthesis and X-ray structure 
of the trans-dioxo tetrakis(trimethylphosphine)rhen- 
ium(v) cation (with P. G. Edwards, A. C. Skapski 
and A. M. Z. Slawin). 

J. Chem. Sot., Chem. Commun. 799 (1984). Alkyl 
compounds of diruthenium(II1) and diosmium(II1). X- 
ray crystal structure of the first ruthenium peralkyl, 
hexakis(neopentyl)diruthenium(III) (with R. P. Tooze, 
M. Motevalli and M. B. Hursthouse). 

Polyhedron 3, 1255 (1984). Alkyl, hydrido and related 
compounds with trimethylphosphine and bis(l,Z 
dimethylphosphino)ethane. X-ray crystal structure of 
cis-hydrido ethyltetrakis(trimethylphosphine)ruthen- 
ium(I1) and ethylene tetrakis(trimethylphosphine) 
ruthenium(O) (with W. W. Wong, K. W. Chiu, J. A. 
Statler, M. Motevalli and M. B. Hursthouse). 

J. Chem. Sot., Chem. Commun. 1383 (1984). The syn- 
theses and structure of tetra-p-acetato diruthenium 
(11,II) bis tetrahydrofuran (with A. J. Lindsay, R. P. 
Tooze, M. Motevalli and M. B. Hursthouse). 

1985 
Polyhedron 4, 603 (1985). Bis(dimethylphosphino) 

methane complexes of iron and ruthenium (with W. K. 
Wong, K. W. Chiu, A. J. Howes, M. Motevalli and 
M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 587 (1985). Trimethyl- 
phosphine polyhydrides of tungsten and ruthenium 
(with D. Lyons). 

J. Chem. Sot., Dalton Trans. 685 (1985). Synthesis and 
characterisation of 1,2-bis(dimethylphosphino)ethane 
complexes of chromium(O) and (IV). X-ray crystal 
structures of trans-Cr(N,),(dmpe),, cis-Cr(CO), 
(dmpe),, (Ph,C&Cr(dmpe) and CrH,(dmpe), (with J. 
E. Salt, G. S. Girolami, M. Motevalli, M. Thornton- 
Pett and M. B. Hursthouse). 

J. Chem. Sot., Dalton Trans. 921 (1985). Alkyl, hy- 
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Abstract-Molecular Orbital Bond Index (MOBI) calculations have been carried out on 
selected organolithium tetramers and hexamers, and on certain lithium ‘ates, all of which 
had previously been shown to exhibit short Li * - * HC contacts in their solid-state structures. 
Species so examined comprised (MeLiX, (EtLi), and their “dimerized” forms (to mimic the 
further association of these tetramers in the crystal), (Me2CHLi& and (H3SiCH2Li)6, [as 
models for (~-C&iiLi)~ and (Me3SiCH2Li)6, respectively], and (LiAlEt& and (LiBMe,),, 
with n = 1,2. The calculational results indicate that the short Li * - - HC distances observed 
reflect genuine three-centre interactions between lithium centres and C-H bonds: thus, 
summed Li**- H bond indices (measures of the electron density between the nuclei con- 
cerned) contribute significantly (44 -+ 14%) to the total lithium valency, and concomitant 
weakening of the indices of involved C-H bonds (0.80-0.90 ; cf. indices of distant C-H 
bonds, ca 0.95) is observed. 

“Agostic” ligands which place C-H bonds near 
to transition metal centres, thereby forming 
M - * * H-C bridging systems, are now well docu- 
mented and these metal-hydrocarbon interactions 
have considerable ramifications for the possible 
activation of involved C-H bonds.’ In fact, 
however, the likely occurrence of interactions 
between lithium centres and C-H units was fore- 
seen and remarked upon long before transition 
metals were found to also show such effects.2*3 Evi- 
dence for these like-interactions is usually found 
when lithium’s coordination number is less than 
four due to the steric requirements of the attached 
ligands. Such evidence has to date mainly rested on 
short Li *. . (H-C) distances in the crystal struc- 
tures of certain organolithiums such as (c- 
hexylLi)6,4 {Li * * *C, 2.184 A, Li *** H, 2.003 A, 

*Author to whom correspondence should be addressed. 

Li... C, 2.300 A, Li . * . H, 2.09 and 2.33 A}, and 
cubanes (MeLi)4z*5 and (EtLi)46 (whose tetrameric 
units polymerize through inter-cubane interactions 
with Li - - - C/Li ***H distances of 2.3712.29 A and 
(to methylene unit) 2.53/2.23 A, respectively, while, 
within each tetramer, Li-C and Li . . . H distances 
are 2.31/2.40 A and (to methylene unit) 2.301244 
A, respectively} ; in these hexamers and (isolated) 
tetramers, the Li atoms are only three-coordinate 
(with respect to C atoms). Several lithium ‘ate spec- 
ies also exhibit short Li . * . H contacts in their crys- 
tal structures, e.g. in (LiAlEt4)a7 and in (LiBMe&8 
Other evidence possibly in favour of Li . . . HC inter- 
actions has come from IR spectroscopy, in that, for 
alkyl- and aryllithiums aliphatic cr-CH and 
aromatic orfho-CH stretching modes appear at 
lower frequencies relative to those in the parent 
hydrocarbons.g Furthermore, several dilithiations 
are known to proceed regioselectively, the position 
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of the second lithiation being apparently directed 
by Li * . . HC interactions within the monolithium 
species, e.g. for 2,2’-dilithiobipheny1,‘0 1,8-dili- 
thionaphthalene ;‘I in the monolithium precursors 
of these systems, MNDO calculations implied the 
presence of interactions between the single lithium 
and the kinetically activated H atoms, the LUMO 
coefficients being largest at these atoms, and the 
corresponding C-H bond lengths being the largest. 
Such structural, reactivity and calculational studies 
have recently been combined, and re-inforced by 
NMR spectroscopy, in a study of the dilithiation 
of 2-lithio-1-phenylpyrrole, whose crystal structure 
(and MNDO-optimized one) shows a short 
Li... o&o-phenyl C-H contact; a 2D-HOESY 
NMR experiment detected this short 6Li--‘H dis- 
tance and a second lithiation was shown to occur 
at this C-H position.‘* Similar NMR work has 
revealed unusually short Li *. *H distances in 
(Bu”Li)4 and, linked to MNDO calculations, has 
supported the proposed mechanism of specific 
second lithiation of I-lithionaphthalene through 
detection of a short Li.. 1 H(C,) contact in a 
MeLi* 1-lithionaphthalene aggregate.13 

Despite the above accumulated evidence, the 
extent and electronic importance of Li . . . HC inter- 
actions remains uncertain. For example, it has been 
pointed out that in (Me3SiLi)6,‘4 Li . . . H distances 
are much longer (shortest 2.31 A, most exceeding 
2.5 A) than those in (c-hexylLi),, yet the two com- 
pounds adopt very similar structures. A recent pub- 
lication in this area concerning the crystal structure 
of (Me3SiCH2Li)6,i5 with Li-C distances of 2.20 
and 2.21 A, and short Li . . . H ones of 2.G2.3 A, 
concludes that the latter such distances alone do 
not answer the question regarding Li . . . H bonding, 
and calls for IR spectroscopic and theoretical stud- 
ies to probe this question further. In this paper we 
respond in part to this by presenting the results of 
Molecular Orbital Bond Index (MOBI) calculations 
on many of the organolithiums and lithium ‘ates 
noted above as exhibiting short Li . . . HC contacts. 

EXPERIMENTAL 

Theoretical calculations 

Molecular Orbital Bond Index (MOBI) cal- 
culations were run within a modified INDO-MO- 
SCF framework, on an ICL 2900 computer and in 
selected cases, by ground-state SCF followed by 
configuration interaction methods using a known 
suite of programs. I6 In this paper we make use of 
the bond index (N.B. not bond order) and this is a 
rotationally invariant quantity and is constructed 

from the Coulson density matrix 

BAB = c ~pio. 
EA aeB 

The valency is hence 

vA = 1 BAB- 
B 

RESULTS AND DISCUSSION 

Molecular Orbital Bond Index (MOBI) studies 

Apart from the MNDO optimizations referenced 
above ‘&I3 few MO studies have been applied 
specifically to the question of Li * * * HC interactions 
in known (rather than theoretical) organolithiums, 
although several have, in passing, remarked on 
results relevant to them. For example, a PRDDO 
study on planar (MeLi),, n = 4-6 showed small 
Li . . . H atomic overlap populations, though, for 
more realistic Td tetramer and D3d hexamer forms, 
overlap populations were larger despite similar 
Li. * . HC distances ;I7 such a result in itself implies 
that Li. * - H/C distances alone are unlikely to be a 
good guide to the importance or otherwise of these 
M-hydrocarbon interactions. In the INDO-based 
MOB1 method used to investigate the electronic 
structures and thermochemistries of many main- 
group species,‘* interactions between all orbitals on 
every atom of the molecule are taken into account, 
whether or not the atoms are formally contacted 
and thus “bonded”. From these, bond indices BIJ,‘9 
viewed as the covalent contribution to the bond 
between the nuclei concerned, are computed. These 
will rarely be integral although in electron-precise 
molecules of low polarity (e.g. hydrocarbons) they 
are quasi-integral, and further, indices for formally 
“non-bonded” interactions will usually be small, 
but not negligible in terms of the overall picture of 
bonding within the molecule. It follows that the 
valency of an individual atom, the sum of all its 
bond indices, will generally deviate from a simple 
whole number. Although representations like 
INDO may suffer from basis set superposition 
effects *O leading to an underestimation of the posi- 
tive charges on lithium, three-centre Li 3 * * H-C 
interactions nevertheless, involving low polarity 
C-H bonds, will have some covalent character and 
overall weakening of C-H bonds, whether brought 
about by covalent or electrostatic interactions or 
by some combination of them, will be detectable 
through a reduction of their bond indices. This has 
been borne out in many calculations of intrinsic 
bond energies.‘* 
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The set of organolithium molecules speci.&ally 
chosen for MOB1 studies comprised methyllithium 
(MeLi)4,s ethyllithium (EtLi)4,Q cyclohexyllithium 
(c-C,H,,Li),,“ and t~me~ylsilylmethy~i~i~ 
(Me,SiCHzLi)6. I5 For calculational simplicity (c- 
C&I,,Li), was treated as (Me$HLi), and 
(Me3SiCH2Li)6 was treated as (H3SiCH2Li)6, All the 
atomic coordinates inserted into the calculational 
program were taken directly from the published 
solid-state structures of the four compounds, deter- 
mined from X-ray powder (in the case of 
(MeL& only) or crystalline studies. As the tetra- 
merit compo~ds exist in the solid state as con- 
nected pseudo-cubane units, an attempt was 
made to ascertain the reason for such associa- 
tion by carrying out additional calculations on 
[(MeLi)& and [(EtLi),],, “dimerized” forms of these 
tetramers. 

The pseudo-eubane skeleton of the (MeLi)~~ 
(EtLi), tetramers, made up of interpenetrating C, 
and L& tetrahedra, is shown in Fig. l(a). Each car- 
bon bridges a triangle of metal atoms, so in total 
there are 12 G-Li bonds in the (CU), electron- 
deficient core. Formal coordination numbers, even 
disregarding possible Li *. * HC contacts or short 
Li .+ - Li contacts, are six for carbon and three for 
lithium. The model structures of both [(MeLi),], 
and [(EtLi)&, which mimic the way the tetramers 
pack in their crystal lattices, consist of two such 
pseudo-cubane units linked together by inter- 
molecular C-Li contacts, which raise the coor- 
dination numbers of the participating atoms to 
seven and four, respectively. Figure l(b) shows the 
distorted octahedral arrangement of the six lithium 

(a) (RLih 

0 = Li 

l =C 

(b) (RLik 

Fig. 1. (a) The pseudo-cubane skeleton of (RI& organo- 
lithium tetramers and (b) the distorted octahedral 
arrangement of the six lithium atoms in (RLi), hexamers ; 
the two triangular Li3 faces unbridged by R groups are 

marked by broken lines. 

atoms in the (Me&HLi), and (H3SiCHzLi)6 hexa- 
merit models. The six organic groups (for clarity 
only one is shown) sit over six of the eight triangular 
lithium faces (the remaining larger faces are both 
unbridged) making a total count of 18 C-Li bonds. 
The core atoms have equivalent coordination num- 
bers to those of corresponding atoms in the smaller 
tetramers, due to similar bridge-bonding in each 
type of cluster. 

Table 1 records mean values of C-Li inter- 
atomic distances, valencies and charges for the car- 

Table la MOBI calculational data on organolithium clusters 

Species 

(MieLG 
KMeW& 

(EtLi), 
KEtLU 

(Me,CHLi)6 
~~SiCH~Li~~ 

C-Li Carbon Lithium Carbon Lithium C-Li bond” 
distances (A) valency valency charge charge indices Z: 

2.31 3.54 I .49 -0.38 +0.16 0.26 x 3 51 
2.31 3.54 1.48 -0.38 +0.16 0.25 x 3 51 
2.37” 3.45 1.63 -0.40 +0.08 0.14 x 1 8 
2.30 3.46 1.55 -0.23 +0.13 0.21 x 3 42 
2.30 3.47 1.53 -0.23 +0.14 0.21 x 3 42 
2.53’ 3.45 1.56 -0.25 +0.12 0.09 X 1 6 
2.23 3.71 1.60 -0.16 +0.10 0.20 x 3 38 
2.22 3.59 1.56 -0.35 +0.12 0.20 x 3 39 

“Each tetramer has 12 such intramolecular C-Li bonds and each hexamer 18 of such. This column 
presents the mean bond index ( x 3 for a particular lithium). As expected from the symmetries of the 
species (reflected in a small range of bond lengths) little variation in the index was observed. 

bZ, = mean bond index for all such bonds divided by the mean lithium valency, expressed in 
percentages. 

‘Data found for the C-Li ~~e~ol~ular contacts. 
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Table 2. MOB1 calculational data on Li . . . H contacts in organolithium clusters 

No. of Mean Li . . . H Range of Li.*+H Li*--H 
Species contacts distances (A) distances (A) indices I” ” 

(MeLi), 6 2.40 2.40 0.05 x 6 21 

KMeW412 3 2.40 2.40 0.05 x 6 21 
36 2.29 2.29 0.05 x 9 25 

(EtLi)4 ; 2.68 2.36-3.00 0.04 
2.44 2.05-2.67 0.06 

x 2 1 
x 4 22 

KEW& ; 2.68 2.36-3.00 0.03 

2.44 2.05-2.67 0.04 x 4 
1’ 2.86 2.86 0.02 x 1 23 

2f 2.23 2.09-2.38 0.05 x 2 1 x 2 

(Me2CHLi)6 ; 1.98 1.94-2.02 0.07 2.21 2.10-2.33 0.05 x 1 1 x 2 
14 

(H,SiCH,Li), 4’ 2.19 1.98-2.46 0.05 
1’ 2.59 2.54-2.71 0.10 

x 4 1 
x 1 20 

“Mean Li... H index divided by the mean lithium valency, expressed in percentages. 
bLi... H between (MeLi), units. 
"Li . . . (methyl)H. 
d Li . . . (methylene)H. 
’ Li . . . (methyl)H between (EtLi), units. 
fLi . . . (methylene)H between (EtLi), units. 
gLi...cr-H. 
’ Li . . . B-H. 
‘Li...H (onC). 
jLi . . . H (on Si). 

bon and lithium atoms, and C-Li bond indices 
(and their contributions to total lithium valencies) 
for the organolithium species under investigation. 
The Lie.. H contacts are dealt with in Table 2, 
which lists the number of such contacts, their mean 
lengths and the ranges of lengths, and their cal- 
culated bond indices. The final column in this table, 
1, values-the total Li . . . H index divided by the 
total lithium valency, expressed as a percentage- 
is worth singling out as it indicates how much of 
the lithium valency in each system is due to Li . . . H 
interactions. Such numbers thus provide a relative 
measure of the importance of Li - * - H interactions 
for cluster stability. 

Pondering over the MOBI-determined valencies 
and charges catalogued in Table 1, columns 3-6, it 
is seen that typically, by clustering, lithium achieves 
a valency of around 1 S-1.6 (cf. its “classical” valency 
of one precisely), whereas carbon, with values of 
around 3.4-3.7, fails to reach its “classical” valency 
of four even in these unusually high coordination 
environments. Indeed, the data on the [(MeLi)& or 
[(EtLi)& “twin” tetramers [Figs 2(a) and (b)] show 
that the carbon atoms with the highest coordination 
numbers, those belonging to one unit which are 
allowed to interact intermolecularly with a lithium 

from the second unit, have the lower valencies of 
3.45, cf. 3.54 or 3.47, respectively, for the carbon 
atoms belonging solely to one unit. The implication 
here is that carbon makes progressively somewhat 
less efficient use of its valency electrons when sur- 
rounded by an increased number of neighbours (i.e. 
formally six or seven in these systems cf. a 
maximum of four in conventional organics). Charge 
effects must not be overlooked, however, because 
those carbons attached to four lithium atoms 
(through intra- and intermolecular contact) carry a 
slightly greater negative charge than those attached 
to only three (see Table 1, column 5), and this could 
give extra weighting to the ionic term in the overall 
bonding scheme. Against this, though, is the fact 
that the affected lithium centres carry lower positive 
charges themselves (see Table 1, column 6). Fur- 
thermore, it is these lithium atoms linking up the 
tetramers and not those bound within individual 
cubanes, that register the higher valency (same 
table, column 4), i.e. the converse of what was 
observed for the carbon atoms (see above). Thus, 
irrespective of the magnitude of the covalency in 
these systems, it can be concluded that the associ- 
ation phenomenon of solids such as [(MeLi).,], or 
[(EtLi)& (whose lithium . * . carbon intermolecular 
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Fig. 2. A plan of the Li * 1. H contacts {with selected interatomic distances in A) in (a) [(MeLi)&, 
(b) [(EtLi)& and (c) one triangular Li, face of (Me&!HLi),. 

association is continuous), derives primarily from 
the metal’s desire for high coordination numbers 
(i.e. to maximize its valency), even though this hap- 
pens at the expense of some carbon bonding 
efficiency. 

The shortness of the Li * * * H contacts observed 
in certain crystal structures can be put into some 
perspective by comparison with the Li-H Bond 
distance in solid lithium hydride, 2.043( 1) A.2’ Bear- 
ing this in mind, the yet closer Li . . . a-H contacts 
in (MqCHLi), (mean length, 1.98 A), our model for 
(c-C6HIILi)6 are remarkable even though as noted 
earlier, interactions cannot be established on the 
basis of distance alone. The distances of car- 
responding contacts in the other organolithiums 
studied make less of an impact, being generally 
somewhat longer as can be seen in the mean lengths 
and ranges of lengths highlighted in columns 3 and 
4, respectively of Table 2. It is discernible from the 

same table that these are not systems with distinct 
and individual Li ** *H contacts, since without 
exception each C-Li structure exhibits three or 
more per lithium atom. Clearly then, to make a 
realistic appraisal of their worth, these “inter- 
actions” must be considered not just individually 
but also collectively. Scrutinizing the calculated 
bond indices (Table 2, column 5) in this way illus- 
trates the inadequacies of making assumptions 
based on bond length arguments, because although 
the (c-C,H, ,Li)-derived hexamer displays the short- 
est Li ** -H lengths (to a-H, mean value 1.98 A) of 
all the models examined, the corresponding Li . . - H 
indices (mean, 0.07) despite being in~~d~lly large, 
do not contribute as much collectively to the total 
lithium valency (see the 1, values, column 6) as the 
similar Li * * - H interactions in other C-Li clusters. 
Indeed, the 1, value for (Me,CHLi), which takes 
into account both the Li * + * a-H and Li - * + /i-H geo- 
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metrical features [e.g. as in Fig. 2(c)] is the smallest 
of all the systems studied. 

The measured bond indices and their percentage 
contributions to total lithium valencies Z, (Table 2, 
columns 5 and 6, respectively) shed light on the key 
question of this study: does lithium utilize two- 
electron H-C ligand bond density to help satisfy 
its valency requirements? The [(MeLi),], system dis- 
plays both the intra- and intermolecular bonds that 
are present in the condensed phase tetramer, so the 
results here should be a more reliable guide than 
those for the discrete tetramer also examined. It 
seems significant, therefore, that in the “dimer” the 
unique, most realistic lithium that connects the two 
tetrameric units interacts the most, and strongly at 
that, with nearby protons [Fig. 2(a) shows a plan 
of these Li ... HC contacts], i.e. Z, value 25, cf. 21 
in the discrete (MeLi), tetramer. Furthermore, 
although all the C-H distances are equivalent in 
the calculation (0.98 A), the corresponding C-H 
indices differ and in a manner which strengthens 
the view that Li - * - H interactions are important in 
two ways. Thus, the C-H bonds within either one 
tetrameric unit which are not affected by the lithium 
atom from the other, have indices of typically 0.86 
0.87 (themselves rather weaker than expected for a 
normal C-H bond, due to internal Li interactions), 
whereas the C-H bonds involved with lithium 
atoms drawn from both the units are significantly 
even weaker, index range 0.8W.81, implying that 
Li . . . H-C interactions are not only important in 
holding each Lid cluster together, but also con- 
tribute to the mode of coupling of such clusters. 
The bonding picture in [(EtLi),],-whose Li . * . HC 
contacts are shown diagrammatically in Fig. 2(b)-is 
in accord with that found for [(MeLi),],, in that, 
although double aggregation now produces a slight 
weakening of all the Li . * . H indices within the tetra- 
mers, the additional intermolecular interactions 
outweigh this decrease, and consequently the 
Li . . . H contribution to the total Li valency 
increases from 22% in the discrete (EtLi), model to 
23% in [(EtLi)4]2. Concomitantly, the C-H bonds 
influenced by the linking Li atoms weaken [mean 
index 0.80 cf. C-H bonds not so influenced, mean 
index, 0.88 ; cf. in (EtLi)4, mean C-H index, 0.831. 
In conclusion, the calculations on these “dimeric” 
systems certainly support the view that Li.. . H 
interactions play a significant part both in holding 
together the respective individual pseudo-cubane 
units and in linking them together. 

Results on the hexameric clusters likewise suggest 
that the observed Li... HC geometrical arrange- 
ments represent genuine interactions, although 
these appear to be rather less important than those 
in the tetrameric systems. Thus, in (Me*CHLi),, 

each lithium atom has one extremely short contact 
to an cr-H (mean, 1.98 A) and slightly longer contacts 
to two P-H’s (mean, 2.21 A) [see Fig. 2(c)] but despite 
having, as referred to earlier, relatively large indi- 
vidual indices (Table 2, column 5), collectively they 
account for only 14% of the total Li valency (the 
smallest found for any C-Li system studied). This, 
in relative terms, low value, is hardly surprising in 
view of the small number of Li - - - H contacts per 
lithium present (i.e. three) compared to that found 
in the tetramers (six or nine in the “dimeric” ver- 
sions). In this instance, although it is clear that these 
secondary interactions are not as important, it 
would nevertheless be unwise to dismiss them com- 
pletely, as 14% is still a considerable contribution. 
The greater Z, value found for (H3SiCH2Li)6, 20% 
can be accounted for by the larger number of 
Li . . . H contacts present (i.e. five, Table 2, column 
2), although this still falls short of the lowest 
recorded for any tetramer studied (21%). 

A final feature of these calculations that deserves 
comment is the notably large contributions made 
to the lithium valencies by Li * . . Li indices, arising 
from the short Li . . . Li contacts present in these 
clusters. Many of these contacts are shorter in 
length (Table 3) than the closest Li.. . Li sep- 
arations (3.04 A)” in metallic lithium, a point raised 
frequently to promote the view that there is exten- 
sive electron delocalization in molecular orbitals 
extending over entire organolithium cluster cages. 
This gives rise to a significant amount of Li . . . Li 
interaction. Although the lithium centres bear par- 
tial positive charges, as has been previously pointed 
out even partial ionic bonds have a covalent com- 
ponent expressible in the bond index, and certainly 
the magnitude of our Z, values for the Li *** Li in- 
dices (Table 3) imply an important role for such in- 
teractions ; thus these values range from 18% for 
the four distinct Li . . . Li contacts (per lithium) in 
(H3SiCH2Li& to 25% for the three distinct Li * + . Li 
contacts (per lithium) in (MeLi),. Indeed, there is 
little difference between these Z, values and those 
found for the Li *es H interactions (except in the 
case of (Me2CHLi)6, where the Li * * * H share of the 
valency is considerably less than the Li . . . Li share). 
However, this does not necessarily mean that 
Li . ..HandLi*.* Li interactions contribute equally 
to the cluster bonding, because in energy terms 
Li . . . Li indices may be substantially weaker than 
Li... H ones. This is given credence by the fact 
that in metallic lithium, which adopts a body- 
centred cubic structure, each Li has eight near- 
est neighbours (i.e. takes part in eight Li.. . Li 
bonds), yet the overall bonding is weak, reflected 
by the metal’s softness and its relatively low heat of 
vapourization. 
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TabIe 3. MOB1 calculational data on Li - - - Li contacts in organo- 
lithium clusters 

Species 

(MeLi), 
[(MeLi)& 
(EtLi), 
KBtLi)& 

MeanLi.,*Li 
distances (Ay 

2.681 
2.681 
2.553 
2.553 

Li - * - Li indices I,” 

0.11 x 3 25 
0.11 x 3 22 
0.12 x 3 23 
0.11 x 3 21 

(Me,CHLi), 

(H,SiCH*Li), 

2 x 2.397 
2 x 2.968 
2 x 2.448 
2 x 3.178 

0.10 x 4 24 

0.07 x 4 18 

“Each tetramer has six similar Li . - * Li contacts, three for each 
Li. In hexamers, each Li has two short contacts and two longer 
(around the “open face”). The value given here is the average of 
these interactions. The longer “cross ring” contacts have been 
ignored. 

$1, = mean Li f . . Li index divided by the mean lithium valency, 
expressed in percentages. 

Ca~~~fftio~s on the ‘ate systems 

As alluded to earlier, short Li * * - HC contacts 
have also been observed in the crystal structures of 
some lithium ‘ate com~unds. Here, we evaluate in 
turn the results of MOB1 calculations on model 
systems of two such compounds, (LiAlEt&,’ and 
(LiBMeJ,,’ given in Tables 4,5 and 6 respectively. 

The positive evidence for Li _ * H interactions 
that has emerged from the above (CLi),,, study 
manifests itself much more markedly in calculations 
(using actual crystal coordinates) on (LiAlEt4)1,2, 
the relevant results of which are displayed in Table 
4. In the “monomeric” unit [Fig. 3(a)], the con- 
spicuously jndj~idua~ly large Li - - - (methylene)H 
indices (0.11) are in summation apparently respon- 
sible for an astonishing 35% of the total lithium 
valency (1.26) cf. 43% for the total (methyl- 

ene)C-Li indices ; the effect of such interactions 
is to produce an appreciable weakening of the cor- 
responding methylene C-H bonds (index, 0.82, cf. 
non-interacting C-H bonds, of distant methylene 
groups, 0.93). Su~~singly, the shortness of these 
Li - - ’ (methy1enc)f-I contacts does not seem to have 
been previously commented upon (and H atoms 
were located, rather than their positions calculated). 
However, these results could be misleading because, 
in reality, the ‘ate is not a discrete molecule but a 
linear chain structure of alternating lithium and 
aluminium atoms, bridged by ethyl ligands. Yet, 
the results in Table 4 for (LiAlEt& [Fig. 3(b)] are 
even more emphatic since the I * + - H share (&) of 
the whole lithium valency (now 1.52 ; cf. 1.26 in the 
“monomer”) stays the same (35%) for the “real- 
istic” lithium [i.e. Lil, sandwiched, as in the crystal 
structure, between two Al atoms through four 

Table 4. MOB1 calculational data on (LiAlEt& systems 

system 

LiAlEt, 
(LiAlEt& 

(H.JC-Li contacts“ Li * .- H,(C) contactsb 
Total bond No. of Mean bond Total bond 

index i, contacts index index r: 

0.54 43 4 0.11 0.44 35 
0.58* 38 8 0.06 0.54 35 
0.51’ 42 4 0.11 0.44 35 

“Li . . . (methylene)C, 2.30 A. 
b Li -. . (methylene)H, 2.15 A. 
‘Total bond index for all such bonds divided by the total lithium valency. 
“Values for “realistic” Li atom sandwiched between two aides atoms through four 

bridging CH, units. 
‘Values for the Li atom linked to one aluminium atom through two bridging CH2 units. 
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Table 5. MOB1 calculational data on LiBMe., 

Atom Valency Charge Contact Distance (A) Index &a 

Li 1.07 +0.38 C...Li 2.36 0.52 48 

: 3.62 3.80 +0.17 -0.16 Li..*H, 2.23 0.12 11 
Hlb 1.00 + 0.06 Li . . . Hz 2.23 0.12 11 
Hz” 1.00 +0.06 Li...HJ 2.24 0.13 12 
H3 1.00 + 0.05 ZLi . . * H - 0.37 34 

“The bond index of a particular bond divided by the total lithium valency expressed 
as a percentage. 

bThese atoms belong to the interacting methyl groups [see Fig. 3(c)]. 

bridging CH2 units], even though the corresponding 
1, value for the C-L& bonds falls (i.e. 38% cf. 43% 
for C-Li interactions in the monomer and 42% 
for “less realistic” C-L& contacts in the dimer). 
This is due in part to an increased contribution from 
a second Li - - - Al contact (2 x 0.10 ; cf. 1 x 0.11 in 
the monomer). Again, as in the monomer, the C-H 
bonds affected by these significant Li.. - H inter- 
actions weaken considerably (index 0.82, cf. non- 
interacting methylene C-H bonds, 0.93). In 

conclusion, on the basis of these calculations 
it is difficult to advocate a case against the existence, 
and indeed importance, of Li - * . H interactions in 
this particular molecular structure. 

Another ‘ate complex highly relevant to the 
theme of this discussion is (LiBMe,),. Its structure 
consists of planar sheets of lithium atoms, which are 
bridged by the tetramethylboron groups through 
linear B-CH,-Li and multi-centre fragments ; the 
geometry of these bridges is such that two types of 

Table 6. MOB1 calculational data on (LiBMe&“ 

Atom 
Valency 

Isolated dibridge Charge Contact Distance (A) Index 1: 

Liz 

B, 
C2.3 
2H” 
2H 
2H 

Li, 

B2 
G 
3H 

G,bC 
2H 
2H’ 
2H 

1.15 
3.64 
3.82 
1 .oo 
1.00 
1.00 

Tribridge to Li, 
1.37 
3.64 
3.86 
1 .oo 

Dibridge to Li, 
3.81 
1.00 
1.00 
1.00 

+0.37 Liz. . . C& 2.21 
+0.19 Liz...2H 2.12 
-0.21 Li2...2H 2.11 
+0.05 ZLiz . ..4H _ 

+0.04 
+0.06 

+0.24 Li, . . . C, 2.36 0.19 14 
+0.18 Li,...2H 2.23 0.07x2 11 
-0.21 Lil...H 2.24 0.06 4 
+0.06 CLi, . ..3H _ 0.20 15 

0.25 x 2 44 
0.11 x 2 19 
0.12 x 2 21 
0.46 40 

-0.22 Li,. 
+0.04 Li,. 
+0.02 Li, . 
+0.04 ZLi, * 

Overall 
Li, . 
Li, . 

“For numbering scheme see Fig. 3(d). 
b Bond index divided by the total lithium valency, expressed as a percentage. 
‘Interacting atoms. 

* G,, 2.21 0.20 x 2 29 
-2H 2.12 0.12x2 17 
.2H 2.11 0.08 x 2 12 
.4H 0.40 29 

.3c - 0.59 43 

.7H - 0.60 44 
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(b) 

LiW ~e(4)1lilltiB(~)-&(l 

+2.359-=-l 

Fig. 3. A plan of the Li * - + H contacts (with selected interatomic distances in Ir() in (a) (L~IE~)~, @) 
(LiAlEt,&, (c) fLiBMe& and (d) (LiBMe&. 

Li - * - H * - - C interactions have been proposed8 to 
exist [the two distinct lithium-methyl group 
en~ronments are shown in Figs 3(c) and 3(d)]. To 
evaluate this proposition, MOB1 calculations were 
carried out on (LiBMeJ,, (where R = 1,2), using 
coordinates obtained from a neutron diffraction 
study. Principal results from the study on the mono- 
meric fragment are recorded in Table 5 [this system 
shows only the effect of the 3H bridge moiety ; see 
Fig. 3(c)]. Li + * * C and Li + * * E-I& interactions are 
strongly implicated by these results, in concord with 
the earlier report of {Li~Me~)~, as the cor- 
responding bond indices, both collectively and indi- 
vidually, appear to be significant. Moreover, the 
case for such interactions is consolidated by the 
obse~ation that the ~intera~~ng)C bond is sub- 
stantially weaker (index, 0.67) than the other three 
B-C bonds present (indices, 0.92 and 0.931, This 
weakening is not due to an excessively longer 
bond-indeed, its length ( 1 A40 A) is actually slightly 
shorter than that of one of the others (1.654 A). 
Silarly, the C-H bonds of the interacting methyl 
group have smaller indims (mean value, 0.85 ; mean 
length, 1.07 ip> than the unaffected ones (mean 
value, 0.96 ; mean length, 1.08 A). 

The “dimerized” form, (LiBMe.&, was also 
examined by MOB1 calculation and key results are 
given in Table 6, while Fig. 3(d) shows the num- 

bering scheme used. Thus, Lit, originally interacting 
with C&I3 (Li, . * * Cr, 2.36 A) in a tribridge con- 
fo~ation (mew Li, * 1. H, 2.23 A) now has further, 
and indeed closer, contacts with two carbon atoms 
(5,6) at 2.21 A on a second Me,B(2) unit and with 
four atoms (two on each carbon, in a double 
“dibridge” a~a~g~ent, mean Lil * * - W, 2.12 181> ; 
its first coordination therefore now consists of seven 
H atoms, cf. 10 H in the actual crystal structure 
where there is a further tribridge to a second CH3 
group. The second lithium atom now added, Liz, 
shows only the doubly ~b~dged interac~ons to 
two of the carbon atoms (2,3) and to four of their 
attached hydrogen atoms, on B, from the original 
calculation. 

~i~~ssion centres first on this “isolated” 
dibridge ; data are shown in the top part of Table 
6 and these may be compared with those for the 
“isolated” tribridge given in Table 5. It is then 
apparent not only that Liz interacts strongly with 
both CHz units, but indeed, that such bonding is 
apparently even stronger than that noted earlier for 
the tribridge. Thus the valency of Liz here (1.15) is 
higher than that of the original lithium atom { 1.07) ; 
further, while indices to the methyl C(2,3) atoms 
(2 x 0.25, 44% of Liz valency) are in total, com- 
parable to the single C-Li in the tribridge (0.52, 
480/b), the four Li * * - I-I indices (2 x 0.11-t- 2 x 0.12, 
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sum 0.46, 40%) are cumulatively greater than the 
three in the tribridge (2 x 0.12+0.13, sum 0.37, 
34%). Numerous significant features noted earlier 
for the tribridge are also apparent here, notably 
that the four interacting C-H indices average 0.85 
cf. the two non-interacting ones on the same two 
carbon atoms (2,3) at 0.95, and the three on the 
totally uninvolved Cc4)H3 group at average, 0.96. 
Similarly, B, ,,---C indices vary in an explicable way 
in that the value to uninvolved C, is 0.94, but values 
to the interacting C& atoms in the dibridges are 
0.83 x 2, and to the tribridge C,, 0.87 ; although 
this latter value has increased from that found in 
the (LiBMe,), calculation (0.67), where this carbon 
atom (and its three H) was totally providing the 
covalence requirement of the then single lithium 
atom, it is still significantly low in this more realistic 
calculation. 

Having made such points, the bonding of the 
more realistically placed Lil atom can now be ex- 
amined. The first notable feature is the heightened 
valency of Li,, 1.37 (cf. 1.07 in the original calcu- 
lation, 1.15 for Liz in this one) ; in the actual solid 
structure, where there is further Li * * * (CH,) 
contact, this value can thus be anticipated to rise 
further to - 1.5, which, as pointed out in the section 
on (CLi)4,6 clusters seems a typical value in associ- 
ated lithium species (indeed such a value reflects 
the rationale for such association). As expected, 
interactions to the C,,,H, unit, particularly to the 
Ci atom, weaken (Lii--Cl, 0.19, 14% of Lii val- 
ency ; to 3H, sum 0.20, 15%) cf. values in the orig- 
inal calculation (0.52, 48% ; 0.36, 34%), though 
they remain significant, a point further emphasized 
by the weakened Cc,--H indices (0.89 x 2,0.90) cf. 
indices within the totally uninvolved C,,H, unit on 
the same B1 atom, 0.96 x 3. Very similar comments 
apply to the Li,-C,,,H,, C,,,H, dibridges, with in- 
dices to the two C atoms of 0.20 x 2, sum 0.40,29% 
of Li, valency (cf. for the dibridges to Li, in this 
same calculation, 0.25 x 2, 0.50, 44%) and to the 
4H atoms of 0.12 x 2+0.08 x 2, sum0.40,29% of 
Li, valency (cf. to Liz, 0.12 x 2+0.11 x 2, 0.46, 
40%). Other significant, and now to be expected, 
features are weakened C-H indices for these 
dibridges (C&--four interacting H atoms, mean, 
0.87 ; cf. to two non-interacting H, on same C 
atoms, 0.96, and the mean index within the totally 
uninvolved C,,,H, and C,,,H, methyl groups, 0.96) 
and weakened B-C bonds (thus B,-interacting 
(&, 0.83 x 2 ; cf. BZ-C8, 0.92 x 2). 

In conclusion, the calculational results ob- 
tained here lend much support to the suggestion 
made in the structural report of (LiBMe&,’ 
that lithium. . * alkyl hydrogen interactions, in 
effect brought about by the strong Lewis acidity 

of polarized Li centres towards weakly basic alkyl 
hydrogen atoms, constitute a stereochemically im- 
portant mechanism for achieving coordinative 
saturation at lithium centres. 
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Abstract-Thermodynamic data are reported for the reaction of zinc and cadmium halides 
with halide ions in acetonitrile solution. ZnX2 forms first ZnX; then ZnX- by successive 
replacement of solvent molecules in the tetrahedral solvate ZnX&, except that with ZnIz 
only the first step can be observed. CdX, forms in succession Cd,X;, CdX; and CdXi- ; 
displacement of the solvent from the probably tetra-solvated CdXz occurs early and the 
CdX; species is probably mono-solvated and tetrahedral. 

There have been numerous studies on the formation 
of complex halides of zinc and cadmium ; most have 
been in aqueous solution and have reported only 
equilibrium constant data. ’ Agreement between 
authors is not very good because the successive 
formation constants are usually small and analysis 
of the experimental data thus particularly difficult. 
There have also been a few determinations of com- 
plete thermodynamic data for these systems and the 
most reliable values of thermodynamic constants in 
aqueous solution are probably those selected by 
Ahrland,’ who also reports complete thermo- 
dynamic data for the formation of these complex 
halides in solution in dimethyl sulphoxide. 

however has a very low solubility in acetonitrile 
and we have not been able to obtain data for this 
compound. 

The reaction of the neutral solvated halides with 
halide ions leads eventually to the formation of 
complex halides, MX:- as a result of replacement 
or displacement of solvent molecules by halide ions. 
This paper reports the determination by calori- 
metric titration of thermodynamic data for the 
successive reactions involved in this overall process. 

Materials 
Our interest in these systems is in the behaviour 

of zinc and cadmium halides as Lewis acids and we 
have therefore used acetonitrile as solvent in which 
it is known that the halides give almost non-con- 
ducting solutions.3 Zinc halides are probably pre- 
sent in acetonitrile solution as the four-coordinate 
solvates, ZnX2(MeCN)2 and a chloride of this form 
has been isolated and shown by crystal structure 
analysis to be monomeric with tetrahedral 
geometry.4 Cadmium iodide has been shown to 
form a similar solvate in saturated solutions in ace- 
tonitrile,3 but the chloride and bromide probably 
form five- or six-coordinate solvates as many com- 
lex chlorides and bromides are known to be six- 
coordinate in the solid state. Cadmium chloride 
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Anhydrous zinc chloride (99.99%) was obtained 
from BDH, the bromide (99%) from ROC/RIC 
and the iodide (99%) from Aldrich Chemicals, as 
were the cadmium halides (99 + Oh). All were used 
without further purification but the very hygro- 
scopic zinc chloride was heated in a vacuum pistol 
over phosphorus pentoxide for at least a week 
before use. Tetrabutylammonium chloride and bro- 
mide were obtained from Fluka AG and the iodide 
from Ega-Chemie ; the chloride was pretreated in 
the same way as the zinc chloride. Acetonitrile for 
use as solvent was obtained from May and Baker, 
distilled twice from P4010 and stored over 4 A 
molecular sieves. 

*Author to whom correspondence should be addressed. 

Solutions of metal halides were prepared by 
direct weighing of the halide ; the concentrations 
of the solutions of butylammonium halides were 
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checked by titration with silver nitrate. Solid com- 
pounds and acetonitrile solutions were handled at 
all times under an atmosphere of high purity dry 
nitrogen. 

Calorimetry 

Titrations in acetonitrile solution were carried 
out in a LKB 8700 titration calorimeter, using the 
previously described technique.’ Briefly, an aceto- 
nitrile solution of the tetrabutylammonium hal- 
ide was added incrementally to 100 cm3 of a solu- 
tion of the metal halide and the heat produced was 
measured after each addition. Control titrations 
were carried out to determine the heat of dilution. 
An enthalpogram was then constructed by plotting 
the corrected cumulative heat produced against the 
amount of added base. All titrations were repeated 
over a wide range of concentrations of the metal 
halide. 

RESULTS AND DISCUSSION 

Enthalpograms for zinc chloride and bromide 
show a linear portion up to a halide ion : zinc ratio 
of 1: 1 followed by a curved portion (Fig. l), con- 
sistent with a two-step reaction : 

Z&+X-*znx, (1) 

znx; +x- eznx:- (2) 

in which the first step is quantitative (K > lo6 1 
mol- ‘) and AH! was obtained from the slope of 
the straight line portion ; the value of AH! was 
obtained by extrapolation, calculation of & at each 

point in the second half of the enthalpogram and 
iterative refinement to produce constant values of 
Kz. The results are summarized in Table 1, in which 
the data are the average of five determinations for 
zinc chloride and ten for zinc bromide over the 
range of concentrations shown. Quoted uncer- 
tainties for AH0 are mean deviations from the aver- 
age, and for K are the sum of mean deviations from 
the average in different titrations and the average 
standard deviation in individual titrations. For zinc 
bromide these results are close to those previously 
obtained by the flow calorimetric technique (AH: 
-21, AH; - 15, log& 1.7).6 

For zinc iodide the enthalpograms are curved 
throughout (Fig. 2) and correspond to the for- 
mation of a 1: 1 complex only, according to eq. (1) ; 
the value of AH! was obtained by extrapolation, 
followed by calculation of K, at each point and 
iterative refinement of AH: to give consistent values 
of K, throughout the titration. Results summarized 
in Table 1 are the average of ten determinations 
over the range of concentrations shown and uncer- 
tainties have the same meaning as for the chloride 
and bromide. 

The failure of the reaction of zinc iodide with 
iodide ions to go beyond the formation of ZnI, is 
interesting since the ZnI:- ion is well established 
and has been confirmed by crystal structure deter- 
mination.7 In the present case the non-observance 
of ZnIi- is probably simply a result of the rather 
low concentrations used in the calorimetric titration 
technique. Extrapolation from the values of AH: 
and AH: for the bromide suggests a value of about 
- 6 kJ mol- ’ for AH! for formation of ZnI:- from 
ZnI; and if AS! is similar to the other halides (near 

5 10 15 20 

Added Br; mmol I-’ 

Fig. 1. Calorimetric titration of Br- into ZnBr,, 9.75 
mm01 1-l. Points experimental. Curve computed for 
AH:= -20.5, AH! = -15.3 k.I mol-‘, K, = co, 

K2 = 450 1 mol- ‘. 

4 8 12 

Added I-, mmol.l-’ 

Fig. 2 Calorimetric titration of I- into ZnI,, 11.31 mm01 
1-l. Points experimental. Curve computed for AH: = 

12.7 k.I mol- ‘, K, = 3060 1 mol- ‘. 
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Table 1. Thermodynamic data for the reaction of ZnX, with X- in acetonitrile 
solution at 30°C according to reactions (1) and (2). Range of ZnXz 
concentrations in mm01 l-i, K in mol l- ‘, AH’, AGO in kJ mol- ‘, AS0 in 

J K-’ mol-’ 

X Concentration Reaction log K - AH0 -AGO -AS0 

2131 

cl 11.0-21.5 1 >6 26.4kO.9 
2 3.34kO.03 21.1 f0.8 19.4kO.2 -6+3 

Br 9.4-24.9 1 >6 20.5 f 1.2 
2 2.65+0.03 15.3fl.O 15.4+0.2 Of4 

I 5.0-18.2 1 3.49kO.02 12.7kO.5 20.2+0.1 25+2 

zero) this would lead to a value of about 10 1 mol- ’ 
for & ; ZnIj- would then be undetectable. 

Formation of ZnX:- from ZnXr in acetonitrile 
solution involves displacement of coordinated sol- 
vent and the alternative routes shown in Scheme 1 
may be considered likely. 

For the upper route we could expect that AH! 
would be considerably more negative than AH! 
and AS! much more positive than AS: ; for the 
lower route we can expect near equality of AH? 
with AH! and AS: with AS!. The results in Table 
1 clearly support the lower route, but the differences 
between AS! and ASi suggest that there is 
additional entropy support for step 1; this may 
arise from the dispersal of a more highly organized 
solvation of ZnXz than is implied in the simple 
formula ZnX&. We conclude that the zinc atom 
remains four-coordinate throughout the reaction 
and that five-coordination of ZnX; does not occur 
to a significant extent, though this has been pro- 
posed in other solvents. * 

Enthalpograms for cadmium bromide are nearly 
linear throughout the range of bromide ion con- 

centrations up to a Br : Cd ratio of 2 : 1, but there 
is a distinct inflection at a Br : Cd ratio of 1: 2 and 
a small curvature at the end of the titration (Fig. 
3). While this small curvature shows that formation 
of CdBr:- is not quite quantitative, ‘the departure 
from linearity is not enough to allow the accurate 
determination of an equilibrium constant. The 
ink&ion at the beginning of the curve indicates 
formation of a complex halide ion, Cd,Br:, but 
again it is not possible to determine complex sta- 
bility. The enthalpogram gives no evidence for the 
formation of the 1: 1 complex ion, CdBr; , but since 
the existence of this species is well documented both 
in solution’*’ ’ and in the solid state’ ‘J ’ it is assumed 
that the species also occurs here and that the enthal- 
pograms represent successive formation of three 
complex halides, most conveniently represented by 
the three equations : 

CdXr+ 1/2X- G$ 1/2C&X; 

Cdxr+x-+Cdx; 

CdX2+2X- =CdX:-. 

(3) 

(4) 

(5) 

s 

I X 
x- Zn=, 

I 
S 

+x 
/ -s 

X 

I 

x/-z”\X 
/ 

X 

Scheme 1. 
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4 8 12 

Added Br-, mmol.l-’ 

Fig. 3. Calorimetric titration of Br- into CdBr,, 
5.76 mm01 1-l. Points and curve experimental. 

The enthalpy change for the first of these reac- 
tions was obtained by extrapolation of the linear 
portions of the enthalpogram on either side of the 
inflection ; where the lines intersect the ratio 
Br : Cd = 1: 2 (Fig. 3) and the enthalpy change cor- 
responding to the formation of Cd2X; was read at 
the intersection. The enthalpy change for the second 
reaction was read directly from the enthalpogram 
at the stoichiometry ratio of 1: 1, but as small devi- 
ations from linearity in this region would be 
obscured by the inflection this is not a very precise 
value for this enthalpy change. The enthalpy change 
for the overall reaction, forming CdX- from 
CdX2, can be read from the total heat produced at 

Table 2. Enthalpies of formation, kJ (g-atom Cd)-‘, of 
complex halides from CdX2 in acetonitrile solution at 

30°C. Range of C!dXz concentrations in mm01 1-l 

X Concentration -AH:,, -AH: -AH:+2 

Br 
I” 

2.0-7.1 7.0f0.4 21.1 f0.8 48.8+ 1.2 
3.7-7.1 8.2kO.6 20.3kl.O 46.9k1.4 

a For the reaction CdI; +I- eCdI:- : log K = 3.50 
f0.02 1 mol-‘; AH0 = -26.6k2.3 kJ mol-‘; AGO 
= 20.3kO.l kJ mol-‘; AS0 = -21 f8 J K-l mol-‘. 

concentrations confirm the existence of this equi- 
librium. Results summarized in Table 2 are the aver- 
age of eleven determinations over the range of con- 
centrations shown; uncertainties quoted for AHy,z, 
AH: and AH:+1 are mean deviations and uncer- 
tainties in Kz are the sum of the mean deviation 
from the average in different titrations and the aver- 
age standard deviation in individual titrations. 

The data obtained for cadmium bromide and 
iodide are very similar, suggesting that the solvation 
of analogous species is the same throughout and 
that both halides exist in acetonitrile solution as 
tetra-solvated linear molecules ; this conflicts with 
the previous observation that a solvate of the form 
CdI& is formed,3 but that conclusion was reached 
from solubility equilibria and consequently refers 
to much higher concentrations. As with the zinc 
halides, it is possible to consider the desolvation 
which must accompany halide coordination occur- 
ring by several alternative routes : 

CdX3S; (six-coordinate) 
7 I 

CdX& (six-coordinate)+ CdX3S; (five-coordinate)-+CdXi- (four-coordinate). 
\ 

CdX3S- (four-coordinate) 
/ 

the end of the reaction. The results obtained are 
summarized in Table 2, in which the values of AH0 
are the average of six determinations over the range 
of cadmium bromide concentrations shown and 
uncertainties in AH0 are mean deviations. 

Enthalpograms for cadmium iodide also showed 
a slight inflection close to a ratio of I : Cd = 1: 2 and 
the upper portion of the enthalpogram is distinctly 
curved (Fig. 4). This indicates successive formation 
of Cd&, CdI; and CdI,2-. The curvature of the 
upper part of the enthalpogram allows calculation 
of the equilibrium constant for the last step ; con- 
sistent values of AH: and AH!, and of the equi- 
librium constant, K,, throughout this part .of the 
titration and over a wide range of cadmium iodide 

With both halides it is found that the enthalpy 
change is more negative in the second of these steps, 
implying that desolvation occurs largely in the first 
step ; this is conkned by the equilibrium data for 
the formation of CdI- from CdI;, which is 
entropy resisted as could be expected if no desol- 
vation occurs in this step. We conclude that the reac- 
tion proceeds by the lower route with both halides. 

The occurrence of the species G&X; in these 
systems is unexpected. Two possible structures for 
such a species are shown in Scheme 2. In the first 
of these the cadmium is only partly desolvated as 
might be expected in a complex intermediate 
between CdX& and CdX$-, and the very small 
negative enthalpies of formation are consistent with 
a structure of this type ; but the second based on 
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S S I I I 

I I *\Cd-*-Cd /’ \ I /\ 
Cd<,=Cd 

/I\ / 

*‘I ‘I 
S 

/ 

Cd\, ACd 

\/ 
I 

I 
\ 

I 
S 

Scheme 2. 

tetrahedrally coordinated cadmium atoms sur- 
rounded by iodide, seems more likely to form a 
stable entity. The calorimetric results do not make 
it possible to distinguish between these structures, 
although in principle, equilibrium measurements 

4 8 12 

Added I’, mmol.l-’ 

Fig. 4. Calorimetric titration of I- into C!d12, 5.86 mm01 
1-l. Points experimental. Curve computed for AH!,, = 
-8.2, AH: = 20.3, AH! = -26.6 kJ (g-atom Cd))‘, 

Kz = 3130 1 mol-‘. 

should be able to do so if appropriate to the mag- 
nitude of the equilibrium constant. 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

REFERENCES 

Chem. Sot. Special Publications 1964,17; 1971,25. 
S. Ahrland, N. Bjork and R. Portanova, Acta Chem. 

&and. 1976, A30,270. 
L. T. Ang and D. P. Graddon, J. Znorg. Nucl. Chem. 

1976,38,2279. 
I. V. Isakov and Z. V. Zvenkova, Dokl. Akad. Nauk. 
SSSR 1962,145, 1027. 
D. P. Graddon and K. B. Heng, Aust. J. Chem. 1971, 
24, 1781. 
D. P. Graddon, M: Micheloni and P. Paoletti, J. 

Chem. Sot., Dalton Trans. 1981, 336. 
P. L. Orioli and H. C. Lip, Cryst. Struct. Commun. 
1974,3,447. 
D. F. C. Morris, E. L. Short and D. N. Waters, J. 
Znorg. Nucl. Chem. 1963, 25, 975 ; K. Tamura, J. 
Phys. Chem. 1977,81,820. 
J. E.’ D. Davies and D. A. Long, J. Chem. Sot. A 
1968,2054. 
M. A. Bredig and E. R. van Artsdalen, J. Chem. 

Phys. 1956,24,478. 
G. L. McPherson, A. M. McPherson and J. L. 
Atwood, J. Phys. Chem. Solti 1980,41,49J. 
M. N. Iyer, R. Faggiani and I. D. Brown, Actu Cryst. 

1977, B33,127. 



Pdyhedm Vol. 7, No. 21, pp. 2335-2141, 1988 
Printed in Great Britain 

0277-5387/88 $3.00+.00 
0 1988 Pergamon Press plc 

THERMODYNAMICS OF TETRAHEDRAIAKTAHEDRAL 
CONFIGURATIONAL INTERCONVERSIONS IN Con COMPLEXES 

IN NITROMETHANE 

YURIKO ABE,* MAKIKO MORIKAWA and MAYUMI KIKUKAWA 

Graduate Division of Human Culture and Department of Chemistry, 
Nara Women’s University, Nara 630, Japan 

(Received 9 November 1987 ; accepted 15 March 1988) 

Abstract-The visible absorption spectra for [Co(hmpa)4](C104)z-L-nitromethane systems 
(L = H20, MeOH, EtOH, n-PrOH, i-PrOH, n-BuOH, FA, NMF, DMF, DEF, DMA, 
DEA or DMSO) have been studied. The results indicate that the cotigurational inter- 
conversions from the tetrahedral [Co(hmpa)4]2+ to the octahedral [Co(hmpa)2L4]2f 
accompanying the ligand substitution reactions occur in nitromethane, except for the DMA 
and DEA systems. The values of both AH and AS for the interconversions increase 
in the following order: Hz0 < MeOH < EtOH < n-PrOH - n-BuOH < i-PrOH - 
FA - NMF - DMF - DEF < DMSO. The solvent effects on the interconversions are 
discussed in terms of the basic and steric nature of the solvents. 

Equilibria between configurational isomers of inor- 
ganic complexes in non-aqueous solvents are well 
known.’ This is especially true for the con- 
figurational interconversions between octahedral 
and tetrahedral or square planar cobalt(I1) or 
nickel(I1) complexes which have been extensively 
studied.2-‘2. In the case of Con complexes, ther- 
modynamic and spectral data have been obtained 
for a number of tetrahedral CoL,X, and octahedral 
CoLa2 equilibria, where L = pyridine or 2-methyl- 
pyridine, X = Cl, Br, I, OCN, NCS and SeCN.w 
King et al. have pointed out that the nature of both 
L and X has a striking effect on the equilibria.3 
Their results are interpreted in terms of steric and 
electronic effects. It seems that in all cases, anionic 
ligands, X-, play an important role on the con- 
figurational equilibria. However, there are few data 
for the configurational equilibria in Co” complexes, 
where only the neutral monodentate ligands coor- 
dinate to Co” ions.” 

In the donor solvents such as water, ethanol, 
dimethyl sulphoxide and N,N-dimethylformamide, 
solvated Co2+ ions are mostly octahedral.r3 On the 
other hand, the solvated Co2+ ion is tetrahedral in 
hexamethylphosphoric triamide (HMPA). ‘4-‘5 Thus, 

*Author to whom correspondence should be addressed. 

the existence of equilibria between tetrahedral and 
octahedral solvated Co2+ ions, having only the neu- 
tral monodentate ligands, would be expected in the 
mixed media of HMPA and the other solvents. In 
the present study, we examine the reaction of the 
tetrahedral [Co(hmpa),]‘+ ion with another donor 
solvent ligand L, using nitromethane as an inert 
solvent, where the concentration of L could be arbi- 
trarily varied. The donor solvents used were as fol- 
lows: water, methanol (MeOH), ethanol (EtOH), 
n-propanol (n-PrOH), i-propanol (i-PrOH), n- 
butanol (n-BuOH), formamide (FA), N-methyl- 
formamide (NMF), N,N-dimethylformamide 
(DMF), N,N-diethylformamide (DEF), N,N- 
dimethylacetamide (DMA), N,N-diethylacetamide 
(DEA) and dimethyl sulphoxide (DMSO). The sol- 
vent effects on the equilibria will be discussed in 
terms of their basic and steric characteristics. 

EXPERIMENTAL 

[Co(hmpa),](C104), was prepared by the method 
described in the literature.‘“i5 The reagent grade 
tetraethylammonium perchlorate (Et,NClO,) was 
recrystallized from water and was dried in vacua at 
room temperature. The purifications of HMPA and 
nitromethane were carried out according to our 
previous description.“15 Water was distilled twice 
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from aqueous KMnO, solution. The purifications 
of MeOH, EtOH, n-PrOH, i-PrOH, n-BuOH and 
FA, and those of NMF, DMF, DEF, DMA, DEA 
and DMSO were drying over four and five 
molecular sieves, respectively. They were then dis- 
tilled at atmospheric pressure and under reduced 
pressure, respectively. 

A stock solution of [Co(hmpa)J’+ was prepared 
by weight. Absorption spectra were measured using 
a Shimazu spectrophotometer W 210 with a ther- 
mostated cell compartment. The ionic strength 
was adjusted to 0.06 M (mol dmp3) with tetra- 
ethylammonium perchlorate. 

RESULTS AND DISCUSSION 

Absorption spectra for [Co(hmpa)4](C104)2-L- 
nitromethane 

Figure 1 shows the dependence of the absorption 
spectra of Corn complexes upon the concentra- 
tion of NMF in nitromethane at [[Co(hmpa),]‘+J, 
= 1.0 x IO-3 M and [HMPA], = 0.1 M, 
where the symbol, [ lo, represents the initial 
concentration. Figure 2 shows the n-PrOH 
system when [[Co(hmpa)4]2+]0 = 9.5 x 10e4 M 
and [HMPA10 = 0 M. Essentially similar data were 
also obtained except for the DMA and DEA sys- 
tems. The variation of the absorption spectra for 
the DMA system is shown in Fig. 3. Similar varia- 
tion in the spectra was seen for the DEA system. 

The absorption spectrum at [L], = 0 M (Curve 1 
in Figs 1, 2 and 3) is due to the tetrahedral 
[Co(~pa)412+ ion.‘“” In Figs 1 and 2, the absorb- 
ance decreased monotonously without any shift in 
the peaks upon adding NMF or n-PrOH. In general, 
the absorption bands due to v~(~T,(P) c 4A2) 
transitions in tetrahedral Co” complexes appear at 
550-700 nm.13 The molar absorptivities of the peaks 
are 100-2000 M- ’ cm-‘, but, absorption bands 
of octahedral Co” complexes, such as [Co(H,O) J2+, 
[Co(dmso)J’+, [Coo?Yo)612+ (pyo = pyridine 
oxide) and [Co(NH,),]‘+ are observed in 
the visible region near 500 mn, having far smaller 
molar absorptivities (5-40 M-i cm-‘). These 
bands allow a fairly clear-cut distinction be- 
tween tetrahedral and octahedral configurations 
of Co” complexes.‘3 Thus, it is suggested that in all 
cases, except the DMA and DEA systems, the 
absorptions at 550-650 mn are due to the tetra- 
hedral [Co(hmpa),]‘+ ion and that the monotonous 
decreases in the absorptivities are attributed to the 
formation of octahedral Co” complexes which may 
show no absorption in this region. Therefore, the 
equilibria of configurational interconversions 
between tetrahedral and octahedral Co” complexes 
occur in the ligand substitution reaction in the H20, 
alcohols, FA, NMF, DMF, DEF and DMSO 
systems. 

Since, in the DMA system, the isosbestic points 
appear at 555 and 594 nm, it is supposed that the 
Co” complex equilibrates between tetrahedral 

Xhm) 

Fig. 1. Absorption spectra of the Co” complex at various concentrations of NMF in nitromethane 
at [[Co(hmpa),]‘+],, = 1 x 10T3 M, [HMPAk, = 0.1 M, I= 0.06 M and 25°C. WMFJ,: (1) 0 M (2) 

0.20 M (3) 0.30 M (4) 0.35 M (5) 0.40 M (6) 0.45 M (7) 0.50 M (8) 0.60 M. 
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A (nm) 

Fig. 2. Absorption spectra of the Co” complex at various concentrations of ~-PI-OH in nitromethane 
at [[Co(hmpa)J*+&, = 9.5 x 10e4 M, [HMPA] = 0 M, I = 0.06 M and 25°C. [~-PI-OH],: (1) 0 M (2) 

0.4 M (3) 0.5 M (4) 0.6 M (5) 0.7 M (6) 0.8 M (7) 0.9 M. 

[Co(hmpa)4]2+ and tetrahedral [Co(hmpa)&lma)]2+ equilibrium holds only when [L], is not much larger 
ions. Above a [DMA], of 0.08 M, the spectra ex- than [HMPA],. If tetrahedral [Co(hmpa)4]2+ reacts 
hibit no isosbestic point. An equilibrium between with x moles of L to form the octahedral 
tetrahedral and octahedral configurations in [Co(hmpa),_,(L).J2’ ion where x should be larger 
the Con complexes seems to occur as the second than two, the following relations are established ; 
step during substitution. 

[Co(hmpa)4]2+ + XL 

Determination of the equilibrium constant K 

In the case of the H20, FA, NMF, DMF, DEF 
and DMSO systems, it was considered that the first 

a [W~pa),&L)x12’+ (x- 2)hmpa (1) 

K = [[Co(hmpa)~-,(L),12’lFmpal~~2 
K0(~pa)412+IlU1, * (2) 

0 
450 500 550 600 650 700 

X (nm) 

Fig. 3. Absorption spectra of the Con complex at various concentrations of DMA in nitromethane 
at [[Co(hmpa)4]2+]0 = 9.5 x 10d4 M, [HMPA], = 0 M, I = 0.06 M and 25°C. [DMAI,, : (1) 0 M (2) 

0.01 M (3) 0.02 M (4) 0.04 M (5) 0.06 M (6) 0.08 M (7) 0.2 M (8) 0.5 M (9) 0.8 M (10) 9.56 M. 
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The total absorptivity of the solution, A, is ex- 
pressed in the following form : 

A = ~[Cor’] = s,[[Co(hmpa),J2+] 

+ Ez[[Co(hmpa)~-,(L)J”l (3) 

in which E is the apparent absorptivity of all Co” 
complexes and E, and .s2 are molar absorptivities of 
the tetrahedral [Co(hmpa),]2’ ion and octahedral 
Ko(hmpa)6-,(L)d’+ ion, respectively. Since the 
value of s2 seems to be negligibly small compared 
to that of .s, near 600-700 mn, eq. (3) can be reduced 
to eq. (3’) 

A = ~[Coi’] = s,[[Co(hmpa),]‘+]. (3’) 

The total concentration of all Co” complexes is 
related by eq. (4) 

[Con],, = [[Co(hmpa),]‘+] 

+[[Co(hmpa),-.(L),l’+l. (4) 

Under the conditions of a large excess of [L], and 
[HMPA], as compared with [CO”]~, eqs (5) and (6) 
hold ; 

[Ll, = [Llfree (5) 

VIMPAl = [hmpalr,,. (6) 

Combining eqs (2)-(6) produces the following 
equation : 

log :-1 
( > 

-2log[L], 

[Llo 
= log K+ (x - 2, log [HMPAlo . c7) 

Figure 4 shows the plots at 633 nm for various 
systems using eq. (7). The plots are straight lines 
with no deviation from linearity. This indicates that 
only the one equilibrium accompanies the ligand 
substitution reactions in the concentration regions 
of L. The values of (x - 2) and log Kcan be obtained 
from the slopes and intercepts of the straight lines, 
respectively. As shown in Fig. 4, (x- 2) is equal to 
two, namely, x = 4 in all cases. Thus, the follow- 
ing equilibrium exists in the ligand substitution 
reaction : 

[hmpalf,, = 2[[Co(hmpa)2L,12+l. (8) 

The calculated K values for the n-PrOH system are 
given in Table 2. They show a constant value for K. 
Essentially similar results are obtained in the other 
systems. They strongly indicate that eq. (1’) holds 
not only in the H20, FA, NMF, DMF, DEF and 
DMSO systems, but also in the MeOH, EtOH, n- 
PrOH, i-PrOH and n-BuOH systems. Plotting In K 
vs T-’ gave straight lines with no deviation from 
linearity. The values of 1ogK at 25”C, AH and AS 
are listed in Table 1. 

[Co(hmpa)d]2+ +4L & [Co(hmpa)2L~]2++ 2hmpa. 
Tetrahedral Octahedral 

(1’) Basic and steric e&xts of solvent (L) 

Figure 5 shows the temperature dependence of the The configurations of solvated metal ions in 
absorption spectra for the DMF system. A fairly HMPA are widely different from those in water or 
large temperature dependence of the absorption in a number of other donor solvents such as MeOH, 
spectra in Fig. 5 allows us to estimate the thermo- DMF and DMSO, in which solvated complex ions 
dynamic parameters of the interconversions be- are generally octahedral.13 Solvated ions in HMPA 
tween tetrahedral and octahedral configurations. prefer the tetrahedral configurations to the octa- 
Plots of In K vs T- ’ for various systems conform to hedral ones since the HMPA molecule is very bulky 

2r 

Fig. 4. Plots of (log [(EJE) - l]-2log[L],) vs log([L],/ 
lHMPA]o) 0 : DMSO, A : NMF, 0 : DEF, A : FA, . : 

DMF, q : H20. 

straight lines as shown in Fig. 6, suggesting that 
only the equilibrium of eq. (1’) exists without a 
successive reaction. The values of log K at 25”C, 
AH and AS are summarized in Table 1. 

In the case of the MeOH, EtOH, n-PrOH, i- 
PrOH and n-BuOH systems, absorption spectra 
were obtained under the condition of [HMPA], 
= 0 M. The values of K were calculated by K = 

[[Co(hmpa)~L~1Z+l[hmpal~~/[[Co(~pa)~12+l~Ll~~, 
using eqs (3’), (4) (5) and the following eq. (8) 
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Fig. 5. 

0 
500 550 600 650 700 

X (nm) 

Temperature dependence of absorption spectra in nitromethane at [[Co(lnnpa).$+], = 
1 x 10V3 M, [HMPA10 = 0.1 M, [DMF], = 1.25 M and I = 0.06 M. 

as compared with DMSO or DMF.“15 Tetrahedral 
complexes avoid the steric interaction of HMPA 
molecules which are more closely packed in the 
octahedral complexes. In nitromethane, tetrahedral 
[Co(hmpa)$+ reacts with other donor solvents (L) 
to form the octahedral [Co(hmpa)2L,]2+ according 
to eq. (1’). As shown in Table 1, the Kvalue is fairly 
small in all systems in spite of the large negative 

7-V IQ3 K-' 1 

Fig.6.PlotsoflnKvsT-1.0:DMS0,~:NMF,~: 
DEF, A : FA, . : DMF. 

values of AH. This is due to the large negative values 
of AS since two more molecules are bound to 
the Co” ion in the course of the configurational 
change from tetrahedral to octahedral in eq. (1’). 
Moreover, Table 1 shows that the large variation 
in log K from - 8.72 to 0.41 is determined not only 
by the entropy factor but also by the enthalpy 
factor. The main factors by which the solvent mole- 
cules (L) at&t the equilibrium of eq. (1’) may be 
their basic and steric effects. Due to the competitive 
coordination of the Co” ion between HMPA and 
the solvent molecules (L), the increase in basicity of 
the solvents would result in a decrease in AH values. 
On the other hand, increases in the degree of 
avoiding the steric interaction between the bulky 
HMPA and the solvents (L) would tend to increase 
both AH and AS values. 

Gutmann et al. pointed out that the donor 
strength of HMPA towards Co” in [Co(hmpa),]‘+ 
is smaller than that expected from its donor number 
(DN = 38.8) and the coordination centre is not 
fixed within the tetrahedron formed by the bulky 
HMPA.16 Since the H20 molecule is fairly small com- 
pared with the HMPA molecule, the steric inter- 
action between the bulky HMPA and Hz0 mol- 
ecules in octahedral [Co(hmpa)2(H20),]2+ does not 
occur. Thus, the donor strength of HMPA in octa- 
hedral [Co(hmpa)2(H20),]2’ exhibits the originally 
high value. Therefore, the Hz0 system has the 
smallest values of AH and AS. Moreover, H,O, 
MeOH and EtOH have about the same donor num- 
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Table 1. The values of K(25”C), AH and AS in nitromethane 

Solvents 
(L) 

Donor 
number 

AH AS 
log K (kJ mol-‘) (J mol-’ K-l) 

Hz0 18 -2.81 -116 -436 
MeOH 19 -6.19 -63 - 339 
EtOH 20 -7.33 -54 -315 
n-PrOH - -7.63 -50 -305 
i&OH - - 8.72 -30 -273 
n-BuOH - -7.55 -49 -311 
FA 24 -1.92 -33 -149 
NMF - -1.49 -32 -115 
DMF 26.6 -2.31 -30 -147 
DEF 30.9 -1.66 -31 -139 
DMA 27.8 - - - 
DEA 32.2 - - - 
DMSO 29.8 0.41 -18 -59 

bers as seen in Table 1.17 For protic solvents, the 
large differences in the AH and AS values are mainly 
attributed to a steric effect. The increase in the 
degree of avoiding the steric interaction with 
increasing size of the protic solvent is expected to 
be as follows : Hz0 < MeOH < EtOH < n-PrOH 
< n-BuOH < i-PrOH. As a result of this increase, 
the values of both AH and AS would increase in the 
same sequence. Actually, as shown in Fig. 7, the 
linear relation between AH and AS holds for protic 
solvents. 

For formamide derivatives, the replacement of 
hydrogen atoms on amino radicals by methyl or 
ethyl radicals has little influence on the values of 
AH and AS as seen in Table 1. The steric interaction 
between the bulky HMPA and the formamide 
derivatives may increase in the following order: 
FA < NMF < DMF < DEF, which is similar to 
the order of increasing donor number, FA < DMF 
< DEF. Thus, the basic and steric effects are can- 
celled by each other, resulting in similar values of 
AH and AS for the formamide derivatives. 

Table 2. The values of K at various 
ln-Pfl% 

No. [n-PrOHI, (M) K (M-3 

1 0 - 
2 0.4 4.6 x lo-’ 
3 0.5 4.6 x lo-’ 
4 0.6 4.8 x lo-* 
5 0.7 4.8 x IO-’ 
6 0.8 4.5 x 10-s 
7 0.9 4.6 x IO-* 

Since DMA and DEA correspond to DMF and 
DEF whose hydrogen atom bonding to the carbon 
atom is replaced by a methyl radical, respectively, 
a more steric interaction between the bulky HMPA 
and DMA or DEA molecules may retard the coor- 
dination of DMA or DEA to the Co” ion. Conse- 
quently, for the systems of acetamide derivatives, 
reaction (1’) cannot occur, but the tetrahedral con- 
figuration is maintained during the first step in the 
ligand substitution. In the case of the DMSO 
system, the reaction of eq. (1’) can hold because the 
DMSO molecule is smaller than that of DMA or 
DEA. The fact that the values of AH and AS for 
DMSO are larger than those for the formamide 
derivatives seems to be attributed to a decrease in 
the strength of bonding of the oxygen atom to the 
Con and, accordingly, to an increase in the degree 
of freedom of motion related to the DMSO mol- 
ecules in their coordination sphere. 

I 
!d -60 

z 

3 

: 
a -100 

-ISOl ’ I I I I 
-400 -300 -200 -100 0 

AS (J mot-’ K-‘1 

Fig. 7. Relationship between enthalpy changes (AHs) and 
entropy changes (ASS). 
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CONCLUSIONS 

It is of interest to compare the obtained inter- 
conversions with the following one : 3 

CoX,L, + 2L & CoX,L.j 
Tetrahedral Octahedral 

(9) 

where L = pyridine or 2-methylpyridine, X = 
Cl, Br, I, OCN, NSC and SeCN. King et al. 
have pointed out that the large variations in 
K are mainly attributed to the contribution of 
the entropy factor and not the enthalpy.3 There is 
a loss of rotational entropy as a result of steric 
hindrance due to formation of the octahedral com- 
plex. Moreover, the influence of the anionic ligands, 
X-, is interpreted in terms of an electronic effect 
transmitted to the metal-pyridine. In the other sys- 
tems, the anionic ligand, X-, plays an important 
role in the tetrahedral-octahedral equilibria. How- 
ever, there are few data for the interconversion equi- 
libria in Co” complexes which are coordinated with 
only the donor solvents. ” The equilibrium of eq. 
(1’) is the first sample of the solvated tetrahedral- 
octahedral interconversions in solution at room 
temperature that we have encountered using Co” 
complexes. The large differences in K are deter- 
mined not only by the entropy factor but also by 
enthalpy. The solvent effect on the equilibria is 
interpreted in terms of their steric and basic nature. 
Since the Hz0 and alcohols have approximately 
the same donor numbers, the basic effect is nearly 
constant in these systems. Therefore, in these 
systems, the values of AH and AS increase with 
increasing degree of avoidance of the steric inter- 
action : Hz0 < MeOH < EtOH c n-PrOH c n- 
BuOH < CPrON. On the other hand, the basic and 
steric effects are cancelled by each other for the 
formamide derivatives, resulting in similar values 
of AH and AS. Therefore, plotting AH vs AS shows 
a linear relationship for the Hz0 and alcohols, and 

nearly constant values for the formamide deriva- 
tives, as shown in Fig. 7. 
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Ahstract+(DMS0)2H]trurrs-[IrC14(DMSO);I (DMSO = dimethylsulphoxide) has been 
structurally characterized. The hydrogen bonded cation [DMSO-H-DMSO]+ has a very 
short O-H-O bond distance (2.405 A) which compares well with that in the known 
rhodium analogue. 

The two DMSO ligands are tram on iridium and coordinate via the sulphur atoms. 
Earlier work had assigned the cis structure to the anion in this compound. 

Chloroiridium complexes can be used as catalysts 
tin oteauic neductions. For example,. Henbest’s 
group’ found that a solution of “c~oroiridic acid, 
H@&” and trimethyIphosphite in aqueous pto- 
pan-2-01 would reduce a cyclic ketone to give 
approximately 95% of the axial 21cohol (a reac- 
tion similar to the Meerwein-Ponndorf-Verley 
reduction&--equatorial alcohols are generally the 
products of the reaction of cycluhexanune with 
most reductants. They also found such catalytic 
properties if dimethyl sulphoxide (DMSO) was used 
instead of trimethylphosphite, and isolated two 
neutral and two acidic chloroiridium-DMSO com- 
plexes, cis- and trans-IrCl,(DMSO), and cis- 
and trans-H[C141r(DMSO)2](DMSO)2, respectively. 
The preparative details for the cis and trans acids 
were reported later,2 when the formulae were writ- 
ten ~(Me2SO)2]+[IrC14(Me2SO)2]-. The anions in 
the yellow and pink crystalline compounds 
obtained were labelled cis and tram, respectively, 
initially on the basis of a very small difference in 
methyl proton chemical shift, which was later sup- 
ported by other arguments. Several arguments in 

*Author to whom correspondence should he addressed. 

the catalytic systems based on these acids depend 
on the assignment of geometic s-e; the 
stereochemica\ nature of Products (and differences 
between them) was attributed to the structure of 
the iridium acid.’ James, Morris and Kvintovics4 
modified the preparation of these acids used to 
study the reactivity of the hydridoiridium sulph- 
oxide species toward dioxygen. They agreed with 
Henbest’s assignment of cis and trm isumeric 
structures (giving further stereochemical argument) 
but found the “trans” isomer to be orange rather 
than pink and to have a higher melting point (152- 
154°C cf. 120-122°C) and assumed that there were 
different crystal modifications. 

The protonation of DMSO has attracted attcn- 
tion for other reasons and Kreevoy and Williams’ 
measured the IR spectrum of the 1:2 pro- 
ton: DMSO cation showing that it contained a 
short strong hydrogen bond. 

Potts” isolated @MSO),H[AuCl,] which pre- 
sumably contains a short strong O-H-O hydro- 
gen bond. The complex [(DMSO),Hl[RhCl, 
(DMSO),] has been prepared and structurally 
characterized by James et al. having a strong 
O-H-O hydrogen bond with an O-O distance 
of 2.42 A. 

2143 
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A compound formulated “H&Cl,] -4DMSG”, 
made’ (cf. Henbest’s original method) by treatment 
of HzIrCls in I;Fo-propanol with dimethyl- 
sulphoxide, whose IR indicated that DMSO was 
attached to Ir via S, has not been further studied, 
although James and his colleagues said that Hen- 
best’s and Antonov’s protonated chloroiridate 
complexes “must also contain the [H(Me$O)$ 
cation”. 

We now report the molecular structure of one of 
the original iridium complexes, which we prepared 
whilst looking for an acetonitrile-soluble irid- 
ium(II1) complex in the course of other work. It 
turns out, contrary to most earlier suggestions, to 
be the truns isomer which is completely analogous 
to the known rhodium structure. 

EXPERIMENTAL 

General 

Electronic spectra were measured with a Perkin- 
Elmer II 5 spectrophotometer. IR spectra were re- 
corded, as Nujol mulls, on a Perkin-Elmer 783. 
NMR spectra were run on a Bruker WM360 
spectrometer. Thermogravimetric analyses were 
obtained with a Stanton Redcroft TG 750 balance 
in a dynamic nitrogen atmosphere at a heating rate 
of 20°C min- ‘. Microanalyses (C and H) were per- 
formed by the microanalytical laboratory, Depart- 
ment of Chemistry, University College, Cardiff. 
All solvents were of reagent grade purity. 
“IrC13 - 3H@” was supplied by Johnson Matthey. 

Preparation of [@MSO),H]trans-[IrC1XDMSO)2] 

IrC13~3H,0(1.14g)wasdissolvedinDMSO(10 
cm3) by heating and the solution filtered. THF (25 
cm3) was added to the 8ltrate and, after 10 days at 
room temperature followed by 20 days at 5°C the 
resulting yellow-brown crystals (480 mg) were iso- 

lated (setting the filtrate aside) and washed twice 
with THF and ether. THF (15 cm3) was added to 
the filtrate, giving a milky solution which cleared 
when heated. After allowing the solution to stand 
for 2 days at room temperature diethyl ether (10 
cm3) was added and the solution was stored for 6 
weeks in the refrigerator. The yellow crystals (325 
mg) which formed were separated and washed with 
diethyl ether. Found: C, 14.9; H, 3.8. Calc. for 
CsH2&04C141r: C, 14.9; H, 3.9%. The melting 
point was 127& 2°C. The crystal structure was 
determined using crystals from the second crop. 
Table 1 shows the identity of the compound with 
earlier preparations. 

Crystal data 

HIrC14.4DMS0 ; AI, = 647.19 ; space group 
P2/c; a = 920.4(2), b = 1652.1(2), c = 1527.7(2) 
pm; /I = 115.43(l)“; Z=4; l/=2.0979 nm3; 
D, = 2.05 g cm- 3 : D, = 2.06 g cm- 3 ; ~(Mo-K,) 
= 69.8 cn- ’ and T = 296 K (cf. Table 2). 

X-ray measurements 

Single-crystal X-ray measurements were carried 
out with an Enraf-Nonius CAD 4 diffractometer 
using MO-K radiation. The data obtained were cor- 
rected for Lorentz and polarization effects. The 
intensities of two check reflections showed no loss 
of intensity. Out of 5199 independent reflections 
3726 having Z > 2.5~0 were accepted as observed. 

The structure was solved by heavy-atom and 
direct methods, which gave positional parameters 
for Ir, S and Cl atoms. The atomic scattering factors 
and anomalous dispersion correction factors for 
heavy atoms were taken from Znternational Tables.’ 
The structure was refined with heavy atoms and 
hydrogen atoms having anisotropic and isotropic 
temperature factors, respectively. An empirical 
absorption correction was applied. The C-H 
hydrogen positions were calculated assuming 

Table 1. Properties of samples of [(DMSO),H][IrCl,@MSO)J 

Structure Reference Colour 

trans 

Other isomer 

This work Yellow 
Ref. 1 Yellow 
Ref. 2 Yellow needles 
Ref. 4 Yellow needles 

Ref. 1 Pink 
Ref. 2 Orange pink 
Ref. 4 Orange needles 

NMR 
M.p. (“C) solvent 6 

Original 
formulation 

127&2 D20 3.50,2.72 - 
125 CiS 

120-122 D,O 3.52,2.69 
- D,O 3.52,2.71 cis 

165-170 
171.5-172 3.48,2.69 tram 
152-154 D,O 3.50,2.71 
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Table 2. Unit cells of [(DMSO),Hjtrans[MCl,(DMSO)2] 
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M.p. (“C) a b C B V rOH0 

Rh 120-121” P2,,” 
Ir 120-122* 

127f 1’ WC 

9.217(8) 16.50(2) 14.03(l) 100.73(6)” 2170.8 (A’) 2.42 

9.204(2) 16.52(l) 15.27(7) 115.43(l)” 2097.9 (A3) 2.405 

“H. B. Henbest and J. Trocha-Grimshaw, J. Chem. SOL, Perkin Il974,607. 
* Ref. 2. 
c This work. 

Table 3. Anisotropic temperature factors (A’) for HIrC14.4DMS0 

Ul, u22 u33 u23 u13 Ul2 

141) 
WI 
WI 
cw 
Cl(3) 
CN4) 
Cl(5) 
Cl(6) 
S(1) 
S(2) 
S(3) 
S(4) 
O(l) 
D(2) 
O(3) 
O(4) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

0.0242(2) 
0.0230(2) 
0.0380(8) 
0.0698(16) 
0.0541(14) 
0.0364(9) 
0.1372(30) 
0.1354(31) 
0.0292(7) 
0.0260(6) 
0.0504(9) 
0.0514(9) 
0.0291(22) 
0.0261(20) 
0.053q26) 
0.0702(34) 
0.0631(50) 
0.0585(43) 
0.0463(36) 
0.0526(39) 
0.0589(43) 
0.0701(51) 
0.1147(84) 
0.0831(61) 

0.0237(2) 
0.0234(2) 
0.0822( 12) 
0.0303(11) 
0.0275(10) 
0X60(35) 
0.0268(13) 
0.0303(14) 
0.0408(9) 
0.0312(8) 
0.0497( 10) 
0.0488(g) 
0.1009(41) 
0.0850(36) 
0.0515(28) 
0.0943(43) 
0.0849(61) 
0.0692(52) 
0.0451(36) 
0.0369(34) 
O&$38(37) 
0.0587(50) 
0.0768(65) 
0.1279(87) 

0.0244(2) 
0.0233(2) 
0.0287(7) 
0.1064(21) 
0.0652( 15) 
0.0285(8) 
0.1965(39) 
0.2925(58) 
0.0315(7) 
0.0315(7) 
0.0563(10) 
0.0508(g) 
O&402(24) 
0.038q23) 
0.0523(26) 
0.067q34) 
0.0877(62) 
0.0872(54) 
0.0413(33) 
0.0728(46) 
0.0525(40) 
0.0863(60) 
0.0809(66) 
0.0662(54) 

0.0ooo(0) 0.0102(l) 

o.wo) 0.0098( 1) 

-0.w7) 0.0108(6) 
0.0ooo(0) 0.0550(16) 
0.0ooo(0) 0.0252(12) 
0.0215(13) 0.0119(7) 
0.0000(0) 0.1400(31) 
0.0000(0) 0.1725(39) 
0.0009(6) 0.0137(6) 
O.OOlO(5) 0.013q6) 

-0.0063(8) 0.0292(8) 
-0.0157(7) 0.0253(8) 

0.0115(24) 0.0112(19) 
0.0053(21) 0.0100(18) 
0.0116(22) 0.018q22) 

- 0.0262(3 1) 0.0298(29) 
- 0.0447(48) 0.0482(48) 

0.0305(42) 0.0483(42) 
0.008q27) 0.0259(29) 

-0.0103(31) 0.039q36) 
0.0032(32) 0.0018(33) 

-0.0182(42) 0.0181(45) 
0.0077(46) 0.0489(63) 

-0.0153(55) 0.0228(47) 

0.0ooo(0) 
0.oooo(0) 

-0.0047(8) 

O.oooo(O) 
0.0000(0) 
0.0028(13) 
0.0000(0) 
0.0000(0) 
O.OOOl(5) 

-0.0009(5) 
-0.0018(7) 
-0.0083(7) 

0.0070(23) 
-0.003q20) 

0.0033(22) 
-0.0389(32) 
- 0.0094(42) 

0.0018(37) 
- 0.0004(27) 

0.0009(28) 
-0.0005(33) 
-0.0148(42) 
-0.0175(55) 

0.0417(61) 

The U(iso) values for the H atoms are 0.097(7). 

the C-H distance to be 96 pm. The refkments 
led to final R = 0.028 and R,,, = 0.029, where 
R = ZA/Z Fo, R, = Z WA/C. wF,, A = IF0 - F,I and 
w = 1 .09/[a2(F,,) + O.O003OOF,7. 

Crystallographic calculations were performed 
with the SHELX-76 program’ and the figure (Fig. 
1) was drawn with ORTEP. lo* The final positional 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,/F, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

coordinates of heavy atoms and equivalent iso- 
tropic temperature factors are listed in Table 3. 

The NMR spectra (Table 1) showed two singlets, 
of equal intensity, at 3.50 (due to methyl protons of 
DMSO coordinated to iridium via sulphur atoms) 
and 2.72 (methyl protons of free DMSO). The first 
value is consistent with that found for S-bonded 
DMSO in RuC12@MS0).,.” 

The IR spectrum of [@MSO)zHjtrans- 
lIrCY,@MSO)J showed bands at 354Ow, 3395w, 
163Om, 1296m, 1115s, 1018s, 99Ow, 97Om, 938w, 
918w, 72O(broad), 495m, 425s, 385s, 335s, 32Os, 
288m. The broad band from 950-600 cm-i is 
assigned to the O-H-O stretch. The quite broad 
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Fig. 1. ORTEP view of the structure of [(DMSO),Hj[IrCl,(DMSO)$ 

band at cu 1120 cm- ’ is assigned as the S-O stretch 
from an S-bonded DMSO and the bands at energies 
less than 350 cm- ’ are labelled as Ir-Cl vibrations, 
compared with values for compounds such as 
[NMe&rans-[Ir(SMez)$l,J’2 Indeed, for both 
isomers of the iridium acid, m(OSMe,),] 
[IrCl,(OSMe,)J Henbest and his coworkers assign 
bands from 350 to 250 cm- ’ as It-Cl modes, with- 
out any details other than absorption frequencies. 

The electronic spectrum shows peaks at : 2(nm), 
(8, 1 mol-’ cn- ‘) 453.0(21.2), 377.0(44. l), 
335.4(153.0), 295.0(232.5). The two weak peaks at 
longer wavelength belong to the two spin forbidden 
transitions *Al, + ‘T1,+ ‘T2# and the lower wave- 
length to spin allowed ‘A Ig + ’ TI, + ’ Tzs : the sym- 

metry is of course D4,, here but we use labels for 
O,,, as if the symmetry were that of IrClg-. Because 
there has been some confusion between cis and trans 
isomers, we give our electronic spectrum (a very 
good means of distinguishing) in fi,dl (Fig. 2). 

Earlier work assigned the two geometric isomers 
incorrectly, through an argument based on the very 
slight (6 0.02) chemical shift difference of methyl 
protons of coordinated DMSO between the two 
compounds. The truns isomer was thought to res- 
onate at higher field (closer to free DMSO) owing 
to the greater distance between the methyl group 
and SO bond of the other coordinated DMSO. (In 
fact, Antonov’ assigned the cis and trans acids cor- 
rectly, on the basis of their electronic absorption 
spectra.) 

Yellow [@MSO),H]rrans-prCl,(DMSO)2] (m.p. 
125f5”Q prepared here and by others, contains 
two S-bonded DMSO ligands. There are six pos- 

d 
0 
z 
0” 0.52- 

026- \_ 

Fig. 2. Electronic absorption spectrum of [(DMSO),H] 
[IrCl,(DMSO)J in water, concentration 4.67 x lo-’ M, 

measured in 1 cm cell. 

Table 4. Bond distances (pm) of HIrC14*4DMS0 

W9-W) 
Ir(l)-S(l’) 

Ir(l)--Cl(l) 
Ir(l)-Cl(I’) 

Ir(WCl(2) 
Ir(l)--Cl(3) 

S(l)--o(l) 
S(l>--c(l) 
S(l>--c(2) 

S(3>--0(3) 
S(3>--c(5) 
S(3>--c(6) 

231.3(l) 
231.3(l) 
235.7( 1) 
2357(l) 
236.2(2) 
234.7(2) 

146.8(4) 
176.4(6) 
176.0(7) 

153.7(5) 
176.9(7) 
178.3(8) 

W9--W) 
Ir(2)-S(2’) 

Ir(2)--Cl(4) 
Ir(2)-C1(4’) 

Ir(2)--cl(5) 
Ir(2)--Cl(6) 

S(2)-0(2) 
S(2>--c(3) 
S(2)-C(4) 

S(4>--0(4) 
S(4>--c(7) 
S(4)-W) 

236.6(l) 
231.6(l) 
233.6( 1) 
233.1(l) 
234.0(3) 
232.0(3) 

147.0(4) 
176.9(5) 
177.5(6) 

154.8(5) 
175.6(8) 
174.4(8) 

Symmetry codes: (i) = 1 -x, y, 0.5-z; (ii) = -x, y, 
1.5-z. 



Table 5. Bond angles (“) of HIrCl., * 4DMS0 

S(l)-Ir(l)-S(1’) 
S(l)---Ir(l>--CI(l) 
s(l)-Ir(l)--Cl(li) 
W-Yl>--ClQ 
S(l)_Ir(l~l(3) 
S(l’)-Ir(l+Cl(l) 
S(l’)-Ir(l~l(1’) 
S(l’)-Ir(l)-C1(2) 
S( I’)-Ir( l)-C1(3) 

178.5(l) 
91.8(l) 
88.2(l) 
90.8(l) 
89.2( 1) 
88.2(l) 
91.8(l) 
90.8( 1) 
89.20) 

1 79.41 j 
89.7( 1) 
89.7( 1) 
90.3( 1) 
90.3(l) 
80.0( 1) 

S(2)-Ir(2)-S(2’) 
S(2)_Ir(2Wl(4) 
S(2)---Ir(2)-Cl(4’) 
s(2)-Ir(2>-c1(5) 
S(2)--Ir(2)-Cl(6) 
S(2fi)-Ir(2)--C1(4) 
S(2’)-Ir(2)-C1(4’) 
S(2’)-Ir(2)-C1(5) 
S(2’)-+(2tC1(6) 
C1(4j-Ir(&C1(4’) 
Cl(4)-Ir(2>-cl(5) 
C1(4’>-Ir(2)-C1(5’) 
C1(4)-Ir(2)-C1(6) 
C1(4’FIr(2)-C1(6) 
C1(5)-Ir(2wl(6) 

179.8(l) 
91.9(l) 
88.1(l) 
89.9( 1) 
90.1(l) 
88.1(l) 
91.9(l) 
89.9( 1) 
90.1(l) 

Cl(l)-1r(1)--c1(1’) 
Cl(l)-Ir(l)--C1(2) 
Cl(I’)-Ir(l)-Cl(2’) 
Cl(l)-Ir(l)--cl(3) 
Cl(l’)-Ir(lwl(3) 
C1(2)-Ir( l)-C1(3) 

178.7(1 j 
89.4(l) 
89.4(l) 
90.6( 1) 
90.6( 1) 

180.0(l) 

wl)_-sw-w) 
Ir(l)-S(l)--c(l) 
Ir(l>-S(l>-C(2) 
G(l)-S(l)-C(l) 
O(l)-S(l>-c(2) 
C(l)-W)-C(2) 

0(3)-%3)-C(5) 
0(3)-W3-(6) 
C(5)-%3)-C(6) 

116.6(2) 
111.9(3) 
112.6(2) 
106.9(4) 
107.2(3) 
100.2(4) 

105.5(3) 
105.4(3) 
100.9(4) 

Ir(2)-S(2)-W2) 
Ir(2)--S(2)-C(3) 
Ir(2)+%2>-C(4) 
0(2)s(2-(3) 
0(2)-S(2>-c(4) 
C(3)-S(2>-c(4) 

0(4)-S(4)--c(7) 
0(4)-%4W(8) 
C(7)-S(4W(8) 

117.1(2) 
111.5(2) 
111.9(2) 
107.4(3) 
108.2(3) 
99.2(3) 

104.0(4) 
102.2(4) 
100.6(5) 

Synunetrycodes:(i)= 1-x,y,O.5-z;(ii)= -x,y, 1.5-z. 

sible isomers ; both O-bonded, both S-bonded or one 
0- and one S-bonded-ach of these may be cis or 
truns forms, and it is one of the two least likely 
isomers statistically which forms as crystals. The 
two DMSO molecules per cation are held together 
by a very short, strong hydrogen bond [bond length 
O-H-O is 2.405 8, (see Tables 4 and 5 for bond 
distances and bond angles)]. 

There are undoubtedly two compounds of com- 
position “H(IrCl&lDMSO”. One (yellow, m.p. 
125’C) is described here and is [(DMSO)zH]trans- 
[IrCl,@MSO)d. The other (orange or pink, m.p. 
154 or 165“C) therefore clearly cannot be the same 
(which is how it has been formulated). It may be 
the other geometric isomer, or a linkage isomer, or 
may contain both features. Evans et al. found” 
that [RuCl,@MSO)J had both O-bonded and S- 
bonded ligands. Indeed, the situation is summarized 
by Goggin . -I3 the present-b value (ca 3.50 ppm) sug- 
gests S-bonding (and hence the cis structure). How- 
ever, the present situation for the tram isomer 
differs from that he describes “when there are three 
or more sulphoxide ligands on rhodium(II1) or 
ruthenium@), a mixed coordination is preferred, 
and structures with mutually trans-S-bonded sul- 

phoxide ligands tend to be avoided.” That gener- 
alization does not extend to iridium(II1). 
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COMPLEXES OF MANGANESE@), COBALT@) AND 
NICKEL(H) WITH THE KETO FORM OF SOME ANTIPYRINE 

SCHIFF BASE DERIVATIVES 

AHMED M. DONIA* and F. A. ELSAIED 

Department of Chemistry, Faculty of Science, Menoufia University, Shebin El-Kom, Egypt 

(Received 31 Jury 1987; accepted after revision 15 March 1988) 

Abstract-Manganese, cobalt and nickel complexes of some Schiff base derivatives of 
antipyrine have been prepared and characterized. Spectroscopic and other studies on these 
air-stable complexes indicated that the Schiff bases are coordinated through the carbonyl 
oxygen of the pyrazolone ring, the quinonoid oxygen and the secondary nitrogen. The 
stereochemistry of the complexes as well as the nature of the bonding of the chloride were 
discussed. 

Antipyrine (2,3-dimethyl-1-phenyl-5-pyrazolone) 
Structure (I) and its derivatives have a variety of 
applications including biological,’ clinical2 and 
pharmacologica13p4 areas. Among these we mention 
their use as antipyretic, analgesic and anti-rheu- 
matic. Antipyrines have also been used as ana- 
lytical reagents in the estimation of some metal 
ions.>’ The classical coordination chemistry of anti- 
pyrine was studied’W’5 and its complexing ability 
has been modified by the preparation of Schiff base 
derivatives6vi6 which are important in, for example 
the fluorimetric estimation of metal ionsI 
However, very little work has been done on the 
behaviour of these compounds towards the tran- 
sition metal ions which commonly exist in biological 
fluids. In the present communication, a number of 
transition metal complexes of Schiff base deriva- 
tives of antipyrine were prepared and characterized 
by a variety of spectral and analytical methods to 
clarify the structure as well as the nature of the 
bonding in these complexes. 

- , ‘=a 

Structure (I). 

It has been recently reported that some antipyrine 
Schiff bases undergo photochromism in the crys- 
talline state.” The yellow enolic form gives the 
orange quinonoid structure upon photo-irradiation 

*Author to whom correspondence should be addressed. 

(A,,. = 365 nm). In the present study, we show that 
the quinonoid structure of antipyrine Schiff bases 
exhibits a higher tendency for metalcomplex for- 
mation in the solutions compared with the enolic 
forms. This might be of significance in the specific 
trapping of the quinonoid structure. 

EXPERIMENTAL 

Materials 

All chemicals were reagent grade. The ligands 
[HL’, HL2 and HL3] were prepared by condensation 
of 4-aminoantipyrine and different aldehydes [sali- 
cylaldehyde HL’, 2-hydroxy- 1-naphthaldehyde 
HL2 and 2,4-dihydroxybenzaldehyde HL3] in eth- 
anol. The mixture was refluxed for ca. 15 min. The 
precipitate obtained after cooling was collected 
and purified by crystallization from ethanol. 

Preparation of the complexes 

The complexes were prepared by the addition of 
the stoichiometric amounts of the metal chloride 
salt in absolute ethanol to a hot alcoholic solution 
of the ligand and sodium acetate, (1: 1: 1) molar 
ratio. A precipitate was formed after 2 h reflux for 
ligands HL’ and HL2 and after 30 min for ligand 
HL3. The precipitate was filtered off, washed with 
ethanol several times and dried over (CaCl,/P,O,,). 
The complexes are slightly soluble in hot ethanol 

2149 
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Complexes of Mn(II), Co(I1) and Ni(I1) with antipyrine Schiff base derivatives 2151 

and hot chloroform but they are more soluble in 
dimethylfonnamide. 

The elemental analysis (C,H,N) were carried out 
in the National Research Centre-Dokki, Cairo. 
The chloride was estimated as silver chloride. IR 
spectra were obtained on a Perkin-Elmer 598 
(4000-200 cm-‘) IR spectrophotometer using KBr 
discs. The electronic spectra were carried out in 
nujol mulls using a Perkin-Elmer 550s spectro- 
photometer which was calibrated using hohnium 
oxide fihn. The conductivity measurements were 
made in dimethylformamide solutions using 
TACUSSEL conductimetre type CD6N. 

RESULTS AND DISCUSSION 

The reactions between Mn(II), Co(B) and Ni(II) 
and Schiff base derivatives of antipyrine give 1: 1 
complexes. These complexes are stable at room tem- 
perature and display colour changes (in the solid 
state) upon heating as shown in Table 1. 

Table 1 also shows that some complexes gave 
non-conducting solutions in DMF which indicates 
the coordination of the chloride ions but others 
gave conducting solutions which indicates the non- 
coordination of the chloride ions.“**’ 

Vibrational spectra 

The IR spectra of antipyrine and its derivatives 
are too complex but a comparison of the spectrum 
with some previous work* has enabled us to assign 
the more characteristic bands. The observed bands 
of the ligands and their complexes together with 
their possible assignments are listed in Table 2. 

(a) 4000-2000 cm-‘. In this region the free Schiff 
bases HL’ and HL* show intramolecular hydro- 
gen bonding (0-H. a. N) which gives rise to a 
broad absorption near 3420 crn-‘,2’ whilst HL3 
shows two absorption bands near 3120 cm-’ and 
3430 cm-’ that are assigned to intramolecular 
hydrogen bonding (O-H .* -IV)= and free vOH, 
respectively. The band near 3420 cm-’ or 3 120 cm-’ 
shifts to the region 3330-3200 cm-’ in the spectra 
of the metal complexes as the hydrogen bonding 
arrangement change N-H due to the enolimine to 
ketoenamine tautometric conversion22*23 through 
the formation of the metal complexes. The lowering 
of the frequency of vN-H may be attributed to a 
metal (secondary) nitrogen coordinate bond.2”26 
The spectra of the complexes show an additional 
broad band near the 3440-3400 cm- ’ region which 
was assigned to water molecules. 

CH, CH, 

CH3 FH3 
“\ L N- 

H\ / 
/ -0 Ef 

N\ O /rf - \/ 

.GHs 

HL’, R, = H HL' 
HL3. R, - OH 

Fig. 1. 

(b) 2000-300 cm-‘. In this region the free Schiff 
bases show a very strong absorption band near 
1660-1630 cm- ’ region and a very weak or medium 
absorption band near 1625-l 613 cn- ’ region which 
were assigned to vC=08 of the pyrazolone ring and 
K&N, respectively. The IR spectra of the com- 
plexes show a considerable shift (N 100 cm-‘) of 
the carbonyl stretching of the pyrazolone ring to a 
lower frequency, indicating a decrease in the stret- 
ching force constant of M as a consequence of 
coordination through its oxygen.’ The C&N stret- 
ching vibration disappears upon metal com- 
plexation which favours the ketoenamine tautomer 
formation. The enolimine to ketoenamine tauto- 
metric conversion was confirmed also by the pres- 
ence of new absorption bands with different inten- 
sities in the spectra of the complexes at 333&3200 
cn-‘, 1620-1610cm-‘and 1570-1535cm-‘regions 
that were assigned to coordinated vN-H, 6N-H25 
and a metal coordinated carbonyl group stretch- 
ing,27 respectively. This can be taken as an evidence 
for the participation of the carbonyl group of the 
ketoenamine tautomer in coordination. Conse- 
quently the Schiff base reacts with metal ions in its 
keto form. The band in the region 310-325 cm-’ 
may beassociated with metal chloride28*2g stretching 
vibrations. A strong evidence regarding the bonding 
of vM-@ of the ligand has been provided by the 
appearance of an absorption band in the region 
450-520 cm-‘. The above arguments indicated that 
the contribution of the structures indicated in Fig. 
1 became more significant. 

Electronic spectra 

The electronic spectral data of the solid com- 
plexes are given in Table 2. The electronic spectra 
of Ni(I1) complexes show bands with comparatively 



2152 A. M. DONIA and F. A. EL-SAIED 

Table 2. IR and electronic spectral data for ligands and their complexes 

Compound vOH vN-H 

vC=o of 
pyrazolone 

ring 

VW of 

phenyli 
naphthyl 

ring v=N 

HL’ 

Fln(HL3)(H20)C12] - H20 
[Co(HL3)(H20]Cl~ - Hz0 
[Ni(HL3)(H20)Cld * 3H20 

344O(br) 
342O(br) 
3420(br) 
342O(br) 

3410(br) 

344O@r) 
34OO(br) 
3400&n) 

312O(br) 
3430(m) 
342O(br) 
342O(br) 
341O(br) 

3330(m) 
3320(m) 
3320(m) 

3230(w) 
32OO(br) 
3280(m) 

3280(m) 1545(s) 1545(s) 
3250(s) 1542(s) 1542(s) 
3230(w) 1535(m) 1545(sh) 

1655(vs) 
1540(m) 
1535(m) 

1540(m) 

164O(vs) 
1535(m) 
1555(sh) 
1540(m) 

1540(m) 
155O(sh) 
155O(sh) 

1550(w) 
1570(m) 
1550(w) 

1625(vw) 

1620(m) 

1630(sh) 1612(s) 

w = weak, s = strong, v = very, m = medium, br = broad and sh = shoulder. 

5. 

6. 

7. 

8. 

low intensities around 605-590 nm and 350-340 
nm. These bands may be assigned to 3A, + 3T1, 

and 3A, + ‘T,, (P), respectively in an octahedral 
geometry.30 

The electronic spectra of Co(I1) complexes show 

a broad and a weak band around 590-570 nm. 
This band may be assigned to 4T,, + 4T1 (P) in an 
octahedral geometry.31 
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Phenyl ring/ 
naphthyl ring Electronic spectra (nm) 

6N-H stretching vM4 vM-C!l h-d transition other bands 

1590(s) 
1610(s) 1%0(m) 520(m) 318(w) 
1610(s) 1600(sh), 1580(w) 477(m) 325(w) 57O(br) 43O(sh), 400(w), 370(w) 
1610(s) 1600(sh), 1585(w) 477(w) 332(w) 600(w), 340(m) 410(m) 

1615(s) 455(m) 325(w) 
310(w) 590(w) 

406 
1620(m) 452(m) 
1620(s) 460(m) 605(w), 350(m) 

;;;r;;, 38o,335(m) 
{ 

1575(m), 1585(m) 

1612(s) 1600(w), 1580(m) 495(m) 327(w) 
1622(s) 1600(m), 1580(m) 473(m) 315(m) 590(m) 49O(sh), 400(s) 
1610(s) 1585(w) 467(m) 320(w) 590(w) 39O(br) 

28. 

29. 
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COMPLEXING PROPERTIES OF SQUARIC ACID WITH 
IRON(H), COBALT0 AND NICKEL@) IN PROPAN-2-OL 
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Abstract-Reaction of cobalt(I1) chloride and nickel(I1) bromide with squaric acid in 
propan-2-01 solution produced the four-coordinate complexes [Co(OH)(HC,O~)], and 
[Ni(OH)(HC,O.,)], * C3H70H, respectively. Both metals are tetrahedral and have hydroxyl 
bridges. The iron(H) complex, however, has the formula [Fe(HC,0,)(OH)(C,H70H)]2 
* C,H,OH and is five-coordinate. 

The formation of four-coordinate cobalt(H) and 
nickel(I1) squarate complexes in propan-2-01 
instead of five-coordinate complexes as occurred in 
the primary alcohol, ethanol’p2 is apparently due 
to the steric constraints imposed by the secondary 
alcohol. However, in spite of these steric constraints 
the iron(I1) squarate prepared from propan-2-01 
is five-coordinate. This has been attributed to the 
predominance of the instability of tetrahedral 
iron(I1) over the steric effects in this case. 

EXPERIMENTAL 

Chemicals 

Squaric acid obtained from the Aldrich Chemical 
Company, Milwaukee, Wl was used as received. 
The propan-2-01 used was Analar grade from 
BDH. The iron(I1) chloride, nickel(I1) chloride and 
nickel(I1) bromide were used in their hydrated form. 
The iron(H) chloride was feshly prepared from iron 
filings and AR concentrated hydrochloric acid. 

Preparation of the complexes 

The pale blue cobalt(B) and yellow-brown 
iron(B) complexes were prepared by mixing hot 
degassed solutions of squaric acid (0.15 g, 1.3 mmol) 
with cobalt(H) chlorided-water (3.00 g, 12.6 mmol) 
and iron(I1) chloride-4-water (0.26 g, 1.3 mmol), 
respectively. The yellow-green nickel(I1) complex 
was prepared similarly except that nickel(H) bro- 

*Author to whom correspondence should be addressed. 

mide was used instead of the chloride due to its 
greater solubility in propan-2-01. Approximately 
0.15 g (1.3 mmol) of squaric acid and 0.36 g (1.3 
mmol) of nickel(H) bromide-3-water were used in 
the preparation of the nickel(I1) complex. The col- 
lection and drying of the complexes were similar to 
that described previously’” except that the iron(I1) 
complex was vacuum dried for only 5 min since 
longer drying resulted in oxidation. Yield : iron(I1) 
complex, 0.17 g (50%) ; cobalt(I1) complex, 0.25 g 
(38%) ; nickel(I1) complex, 0.28 g (36%). Found : 
C, 37.7; H, 5.0; Fe, 20.6. Calc. for C17H280L3Fe2: 
C, 37.0; H, 5.1; Fe, 20.2%. Found: C, 24.9; H, 
3.0 ; Co, 30.8. Calc. for CBH40,&02 : C, 25.4 ; H, 
1.06; Co, 31.0%. Found: C, 31.3; H, 3.3; Ni, 26.6. 
Calc. for CL,H,2011Ni2: C, 30.2; H, 2.7; Ni, 26.8%. 

Instrumentation 

The IR spectra were obtained using a Nicolet 
5DX FTIR spectrophotometer and KBr discs. The 
UV-v&near IR reflectance spectra were recorded 
on a Perkin-Elmer 330 spectrophotometer. The 
room temperature magnetic moments were deter- 
mined on a Newport magnetic balance using the 
Gouy method and employing Hg[Co(SCN),] as the 
calibrant. The thermogravimetric analyses were 
performed on a Du Pont Instruments 1090 ther- 
mogravimetric analyser. 

Analyses 

The carbon and hydrogen analyses were carried 
out by Huffman Laboratories Inc., Colorado. The 

2155 



2156 D. I. MAHARAJ 

iron and nickel determinations were made with a 
PyeUnicam SP 9 atomic absorption spec- 
trophotometer while the cobalt was determined by 
Schwarzkopf Microanalytical Laboratory Inc., 
New York. 

and L. A. HALL 

between 9100 and 11,800 cm-‘, at 20,000 and 
30,000 cm’. 

The structures shown in Fig. 1 are proposed. 
Two inflections occur in the thermal weight loss 

curve of the iron(I1) complex at about 170 and 
290°C and correspond to weight losses of 11 and 
27%, respectively. The calculated weight losses for 
the removal of the propan-2-01 of crystallization 
followed by the two coordinated propan-2-01 mol- 
ecules are 10.88 and 32.63%. The propan-2-01 of 
crystallization is apparently removed first but some 
decomposition of the complex possibly occurs dur- 
ing removal of the coordinated alcohol molecules. 
The weight loss curves of the other two complexes 
are difficult to interpret possibly because the com- 
plexes decompose in a complicated manner. 

The magnetic moments of the cobalt(I1) and 
nickel(I1) complexes are 4.73 and 2.81 BM, re- 
spectively which are consistent with tetrahedral 
cobalt(I1) and nickel(I1). The magnetic moment 
of the iron(I1) complex is 5.04 BM which is consis- 
tent with high-spin five-coordinate iron(U). 

It is possible that the propan-2-01, due to its size 
and shape, forces the cobalt and nickel to adopt a 
tetrahedral geometry unlike ethanol which pro- 
duces five-coordinate complexes and water which 
produces six-coordinate complexes because the 
latter solvents do not have the required steric effect. 
The poor H analysis for the cobalt(H) complex 
could be explained in terms of the large lattice 
spaces available for water contamination1~2~8 due to 
its tetrahedral geometry and the absence of propan- 
2-01 of crystallization and coordinated propan-2-01. 
It should be noted that these complexes are insol- 
uble in many common solvents and either decom- 
pose or undergo changes in geometry in others. 

RESULTS AND DISCUSSION 

The IR spectra of the three complexes are very 
similar. The major difference is the weakness of the 
CL0 stretch in the cobalt(II) and iron(U) com- 
plexes compared to the C=O stretch in the 
nickel(I1) complex. These stretches appear at around 
1800 cn- ’ in each complex. The O-H stretch in 
the cobalt(I1) complex is narrow and occurs at 
about 3250 cm-’ while the O-H stretch in the 
nickel(R) complex is broad and extends from 3050 to 
3700 cn-‘. The O-H stretch in the iron(I1) com- 
plex is actually a combination of two closely spaced 
bands at 3300 and 3500 cm-‘. These differences in 
the positions and nature of the O-H stretches are 
most likely due to the different types of O-H 
groups present in the three complexes. The band 
which peaks at about 1500 cm-’ in the spectra of 
the three complexes is assignable to a mixture of 
C-C and C-O stretchings.3 The C=C absorption 
which occurs at about 1620 cm-’ in the nickel(H) 
complex is apparently obscured by the C-C and 
C-O absorptions in the iron(I1) and cobalt(I1) 
complexes. The O-H bending of the hydroxyl 
bridge4 in the cobalt(H) complex occurs at 1103 
cm-‘. The envelope of peaks around 1100 cm-’ in 
the iron complex is due to the coordinated 
propan-2-01, the propan-2-01 of crystallization5~6 
and the hydroxyl bridge. The propan-2-01 of cry- 
stallization and the hydroxyl bridge in the nickel(H) 
complex produces an envelope of fewer peaks at 
about 1100 cm-‘. The out-of-plane bonded defor- 
mation and additional squarate bands occurred 
between 500 and 900 cm-’ in the spectrum of each 
complex.3,7-9 The bridging M-O absorptions4,10 
occur at 396 and 462 cm-’ in the iron(I1) complex, 
at about 426 cm-’ in the cobalt(I1) complex and 
as a multiplet around 444 cm-’ in the nickel(I1) 
complex. 

The UV-vis spectrum of the cobalt(I1) complex 
shows an absorption between 13,300 and 17,500 
cn-’ with a fine structure which is characteristic of 
tetrahedral cobalt(II).” The W-vis spectrum of 
the nickel(I1) complex has two absorptions at 
61OCL10,500 cm- ’ and 10,800-18,200 cm- ’ which 
is, consistent with tetrahedral nickel(I1) while the 
W-G-near IR spectrum of the iron(I1) complex 
shows three absorptions known to be characteristic 
of five-coordinate iron(I These occurred 

CaH,OH 

H 

H 

Fig. 1. 
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Thus, recrystallization has not been possible so far. 
The quality of the H analyses for the nickel(U) and 
iron(I1) complexes suggests that contamination is 
negligible in these complexes due to the lack of 
lattice space caused by the propan-2-01 of cry- 
stallization in both complexes and, additionally, 
coordinated propan-2-01 in the iron complex. 

The iron(I1) complex is unstable and oxidizes 
rapidly on exposure to the atmosphere. Prolonged 
vacuum drying also causes oxidation. 
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Abstract-The reaction of 0s3(CO)10(C2Ph2) with PhHgCl in benzene yields [Os,(CO), 
~3-C2Ph~)~2-C1)(HgCl)]2. The complex has been characterized by the usual spectroscopic 
methods and by an X-ray crystal structure determination. The compound crystallizes in 
the triclinic space group PI, cell dimensions a = 9.727(3), b = 12.590(4), c = 14.863(7) A, 
a = 96.75(3), /? = 109.02(3), y = 99.58(2)“, V = 1667.8(8) A3, 2 = 1. The three osmium 
atoms form a bent arrangement with the diphenyl acetylene and a chloride ion bridging the 
non-bonded (Os-Os distance of 3.768 A) osmium~smium edge, a mercury atom bridges 
a metal-metal bond and is also bound, in an unsymmetrical fashion to two chlorine atoms 
which ,act as bridges to an identical triosmium-mercury unit. A toluene molecule is also 
‘present in the asymmetric unit. 

The reactivity of cluster compounds containing 
coordinated allcyne groups has received little atten- 
tion. One aspect of these compounds that has not 
been examined is whether the carbon-carbon bond 
can still behave as an isolated unsaturated bond. 
One set of reagents that could help to study this, 
is the set of Seyferth derivatives PhHgCX,Y3_,, 
(x,Y = halogens, n = l-3), which are halocarbene 
generators that react with olefins to give cyclo- 
propane. ‘,’ Therefore some alkyne clusters were 
made to react with several halocarbene generators. 
The reactions were found to yield complexes con- 
taining mercury. 3 

One point that has to be taken into consideration 
is that PhHgX is produced in the generation of the 
halocarbene. This compound has been reported to 
react with a transition metal cluster.4 Other mer- 
cury(1) and mercury(D) salts have been observed 
to react with carbonyl clusters to yield a range of 
compounds in which mercury atoms either bridge 
a previously existing metal-metal bond’ or link sev- 
eral cluster units. &* 

In this paper we describe the results of the reac- 
tion of a series of alkyne clusters Oss(CO) 1 &R2) 
with phenyl mercury halides and the crystal struc- 
ture of one of the products. 

*Author to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

The reaction of 0s,(CO),,(C2Ph2) with PhHgCl 
in benzene produced a yellow solution which 
yielded two products, one of them a light yellow 
compound, 1, in a much larger yield than the other 
one 2. The spectroscopic information for these and 
other new compounds reported in this paper are 
given in Table 1. The information obtained from 
the IR, ‘H NMR and mass spectra suggested a 
formulation 0s3(CO)9HgCl(C2Ph2). Since these 

Table 1 

Compound vco” WI+ 

1 2108(w), 2084(s), 2055(vs), 1241 
2052(sh), 2012(s), 1986(m) 

2 2117(w), 2086(m), 2070(m), - 
2024(s), 1991(w) 

3 2109(w), 2083(m), 2068(w), 1160 
2057(vs), 2041(w), 2015(s), 
1998(m), 1983(w) 

4 2098(m), 2069(w), 2029(s), 1108 
2012(vs), 1949(m) 

a In CH$&. 
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c3 B C23 O3 

Fig. 1. The molecular structure of 1 with the atomic 
numbering scheme. 

data did not allow an unambiguous proposition 
of the structure for the complex, an X-ray crystal 
structure determination was undertaken. 

The molecular structure of 1 is shown in Fig. 1. 
Bond lengths and angles are given in Tables 2 and 
3. The complex consists of a centrosymmetric dimer 

of two tetranuclear OS,-Hg units linked by two 
chlorine atoms bridging the two Hg atoms asym- 
metrically (Hg-Cl distances : 2.387(8) and 
2.946(10) A). Bach Os-Os distance is different. 
OS(~) and OS(~) are separated by 2.824(2) A while 
the distance between Os( 1) and OS(~) is 3.020(2) A. 
OS(~) and OS(~) are not bonded since the distance 
between them is 3.768 A. This last edge is bridged by 
both a chloride and the diphenyl acetylene group. 
Similar molecular geometries, i.e. a triangle of three 
osmium atoms with the long (non-bonded) edge 
spanned by two bridging groups, have been 
reported for other osmium compounds. 9 

The Hg atom bridges OS(~) and OS(~). The 
Os-Hg distances (2.830(l) and 2.712(2) A) are 
similar to those observed in other mercury con- 
taining ruthenium and osmium clusters.4,7,8 

The metal framework can be described as a 
spiked-triangle with OS(~), OS(~) and Hg forming 
the triangle. The dihedral angle between the planes 
formed by Os(l)-Os(2)-Hg and Os(l)-Os(2)- 
OS(~) is 106.1”. 

The diphenyl acetylene ligand remains in a simi- 
lar bonding fashion to that in the starting material, 
Os,(CO),,(C,PhJ. lo The chloride ligand is bridging 
the non-bonded OS-OS edge in a symmetrical 
fashion. Os(2)-Cl( 1) and OS(~)--Cl( 1) show bond 
lengths of 2.431(8) and 2.447(6) A, respectively, not 
significantly different from those reported in other 
complexes. ” The plane passing through OS(~)- 
Os(3)-Cl(l) forms an angle of 25.9” with the 
plane formed by Os( l), OS(~) and OS(~). 

A similar structure was observed in [RQ(CO)~ 
(C6H9)HgBr12 (C6H9 = HC~CBU).~ The only 
significant difference is that in the ruthenium com- 
pound, all three ruthenium atoms are bonded in a 

Table 2. Bond lengths (A) 

Wll-w2) 
WV-Hg 
Gs(U-C(5) 
Gs(l)-WO) 
Gs(2W% 
Gs(2)-C(6) 
Gs(2)-~(9) 
Gs(3WW) 
Gs(3)-c(3) 
Gs(3WW 1) 
Hg-Cl(2a) 
0(1)-W) 
0(3)--c(3) 
0(5)-C(5) 
0(7)--C(7) 
0(9)-c(9) 
G(18)--c(17) 

3.020(2) 
2.830(l) 
1.919(27) 
2.272(30) 
2.712(2) 
2.825(23) 
1.920(38) 
2.447(6) 
1.924(36) 
2.125(26) 
2.946(10) 
1.079(42) 
1.146(48) 
1.103(35) 
1.141(43) 
1.140(45) 
1.490(32) 

W>-os(3) 
G0-W) 
Gs(0-G(7) 
@W--W 1) 
Gs(2)-W) 
Gs(2)-C(8) 
Gs(2>-cUO) 
Gs(3)-c(2) 
@(3)-C(4) 
&-W2) 
G1(2a)_JMa) 
0(2)-c(2) 
0(4)-c(4) 
0(6)-c(6) 
0(8)-c(8) 
C(1W-W 1) 
c(f~-c(23) 

2.824(2) 
1.901(35) 
1.933(34) 
2.378(27) 
2.431(8) 
1.895(31) 
2.222(27) 
1.937(27) 
1.993(27) 
2.387(8) 
2.387(g) 
1.088(36) 
1.105(32) 
1.068(30) 
1.144(38) 
1.385(42) 
1.527(25) 
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Table 3. Bond angles (deg) 
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os(2)--os(l~s(3) 
Os(3>-os(l)_Hg 
os(3~s(l>--c(l) 
0s(2)--0s(1>--c(5) 
I-&--Os(l>-C(5) 
os(2)-os(l)-c(7) 
I-I8-@(1~(7) 
C(%-%l)-c(7) 
Os(3)-CMl)-C(lO) 
C(l)-os(l)-CXlO) 
C(7)--@(l>--c(lO) 
0s(3>-0s(1)--c(11) 
C(l)-@(l>--c(ll) 
C(7)--os(l>-c(ll) 
Os(l)-@J2)-Hg 
I-k-Os(2>--Cl(l) 
H8--0s(2)-C(6) 
Os(lMs(2)-C(8) 
Cl(l)--os(2)-CX8) 
os(l)+(2k-c(9) 
Cl(l)--os(2~(9) 
C(8>-os(2>-c(9) 
H~s(2)--C(lO) 
C(6>--0$2)-C( 10) 
C(9)--os(2+c( 10) 
os(l>--os(3)--c(2) 
Os(l)-(N3kc(3) 
C(2)-@(3>-c(3) 
Cl(l)--os(3~(4) 
C(3Hs(3)-C(4) 
Cl(l>-os(3>-c(ll) 
C(3)-(N3)-c(ll) 
Os(l>-I-&-%2) 
0s(2 jHg-Cl(2) 
Os(2)-HgXl(2a) 
os(2)-cl(l)-os(3) 
0s(1>--c(1)--0(1) 
0s(3)--c(3)--0(3) 
Os(l)-c(5)-cX5) 
Os(l>-c(7>-0(7) 
Os(2)-CX9)-0(9) 
Os(l~(lO)--c(ll) 
0s(1~(10>--c(17) 
C(1 l)--c(lO~(l7) 
Os(l)-C(ll~(lO) 
os(l)-c(ll)-c(23) 
C(lO)--c(l l)-c(23) 

88.2 
97.3 
98.4(13) 

120.2(8) 
71.2(7) 
92.3(9) 
77.4(7) 

100.4(13) 
74.9( 10) 

105.5(13) 
100.8(13) 
47.3(7) 
88.1(13) 

131.0(10) 
58.9 
87.1(2) 
74.0(8) 
95.0(9) 

179.5(8) 
132.6(9) 
86.2(12) 
94.2(15) 

107.2(8) 
177.5(14) 
85.2(12) 
92.0( 10) 

158.7(9) 
94.2(13) 
89.7(8) 
93.9(13) 
87.8(7) 

104.4(11) 
66.0 

155.1(2) 
101.3(2) 
101.2(3) 
175.2(33) 
177.3(26) 
175.4(25) 
176.1(24) 
171.0(30) 
76.9(17) 

131.0(25) 
124.1(21) 
68.5(17) 

125.2(19) 
117.9(22) 

W2l-WlFHg 
cw34w-w 
Wz-WO-W) 
@(3)--os(l~(5) 
C(l)-@(l)-C(5) 
Os(3VNl)-C(7) 
C(l)-os(l>-c(7) 
0s(2~s(1>--c(10) 
&--0s(l>--C(lO) 
C(5>-os(l)-C(lO) 
Os(2)--(Ml~(ll) 
Hg--Os(l+C(ll) 
C(5Ms(l>-c(ll) 
C(lO>--os(l~(ll) 
Os(l)-cM2~1(1) 
Os(l)-@(2+C(6) 
Cl(l)-(M2)-c(6) 
H8--0s(2)--C(8) 
C(6)-M2)-C(8) 
Hg-@(2>--C(9) 
C(6)-Os(2)-CJ(9) 
0s(1)-0s(2)-c!(10) 
Cl(l)--os(2)--c(lO) 
C(8)-@+(2)--c( 10) 
0s(1)--0s(3)--c1(1) 
Cl(l)-os(3>-~(2) 
Cl(l)-M3~(3) 
@(1+(X3)--c(4) 
C(2ws(3)-C(4) 
0s(1>--0s(3>--c(11) 
C(2~s(3>-c(ll) 
C(4)-os(3>-c(ll) 
Os( l)--Hg-CI(2) 
Os( l)-H8-C1(2a) 
C1(2)-HHl(2a) 
H8--Cl(2)_-H8@) 
os(3)-~(2>-0(2) 
Os(3kc(4)-cN4) 
Os(2+C(6>-0(6) 
Os(2)-C(8+0(8) 
0s(1>--c(10)-@(2) 
0s(2~(10)--c(11) 
os(2)--c(lO>--c(l7) 
Os(l+C(ll)-CM3) 
Os(3+C(ll)---c(lO) 
os(3)-c( 11 )-c(23) 

55.1 
152.2(10) 
151.0(11) 
82.7( 10) 
86.8(13) 

172.5(9) 
88.7(15) 
47.1(7) 

102.1(7) 
155.7(14) 
70.4(6) 

120.2(6) 
128.2(12) 
34.6(11) 
84.5(2) 

132.6(8) 
88.1(9) 
92.7(8) 
92.2( 11) 

165.9(10) 
93.3( 12) 
48.5(8) 
89.8(9) 
89.9( 11) 
88.6(2) 

176.4(8) 
84.1(9) 

106.0( 10) 
93.6( 11) 
55.3(8) 
89.6( 11) 

161.2(13) 
133.2(2) 
116.8(2) 
84.2(3) 
95.8(3) 

177.1(29) 
174.2(29) 
174.9(28) 
176.9(24) 
84.4(8) 

120.2(20) 
111.1(18) 
77.5(8) 

124.8(16) 
117.2(17) 

triangular shape. This difference may be due to the 
difference in reaction conditions. 1 was obtained in 
refluxing benzene while the ruthenium cluster was 
prepared in refluxing THF. In fact, a trial reaction 
between OS j(CO) ,&Phz) and PhHgCl carried out 
in THF produced a complex different from 1 which 
has not been as yet characterized. With both Ru 
and OS complexes, HgX, could be also used as the 
mercury reagent. 

Another factor that could be important in 
explaining this difference is the halide. The prep- 
arations of the ruthenium complex were carried 
out with bromide and iodide.3*‘2 However, a brief 
mention was made in a later paper” that the chlor- 
ide Ru3Hg complex had been prepared. 

In order to observe the influence of the halide on 
the type of product obtained, 0s3(CO)10(C2Ph2) 
was allowed to react with PhHgBr and PhHgI under 
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similar reaction conditions to those of PhHgCl. 
These reactions were much more sensitive towards 
slight changes in reaction conditions (i.e. con- 
centration). There are, however, two main products 
in the reaction with PhHgBr. Compound 3, red, 
and compound 4, green, were obtained in approxi- 
mately equal yields. The spectroscopic information 
obtained for these complexes (Table 1) is insufhcient 
to allow us to propose a structure for them at this 
time. Single crystals of 3 and 4 have not yet been 
obtained. 

The reaction between OS~(CO)~&P~~) and 
PhHgI gave many more products than the previous 
ones, all of them in very low yields, but a complex 
with a similar IR spectrum to that of 3 was ob- 
tained. 

A series of derivatives OS,(CO)~,&RR’) 
(R = Ph, R’ = H or SiMe,, R = R’ = Me, H or 
EtOOC-C) was also allowed to react with PhHgCl 
in order to test for substituent effect on the reactivity 
of the compounds. All the reactions were carried 
out under the same reaction conditions. The main 
products of the reactions, from spectroscopic evi- 
dence, were all similar. However, there were sig- 
nificant variations in the yields. 

The best yield of an equivalent compound to 1 
was obtained in the reaction of Oss(CO) ,0 
(PhC%CSiMe3) while the poorest occurred with 
0s3(CO),,,(CzHz). It is then difhcult to say at present 
which effect is the most important in determining 
the reaction path. 

EXPERIMENTAL 

None of the compounds reported here are air- 
sensitive but all reactions were carried out under an 
atmosphere of dry nitrogen to exclude moisture. All 
new compounds decompose slowly at room tem- 
perature in solution and in the solid state, however 
they are sufficiently stable to handle for several 
hours before repurification is required. Products 
were separated in the air by thin layer chro- 
matography (TLC) with plates coated with 0.5 mm 
of Merck Kieselgel60 Fzs4. All solvents were dried 
over appropriate reagents and distilled prior to use. 

IR spectra were recorded on a Nicolet FT-55s 
between 2150 and 1700 cm- ‘. Mass spectra were 
obtained on an AEI MS12 spectrometer with ca 
70 eV ionizing potential. Tris(perfluoroheptyl)-S- 
triazine was used as reference. 0s3(CO),&Ph2) 
was prepared by the literature method. l4 

Preparations 

All the compounds were prepared by reacting 
Os,(CO),,(C,PhJ with a slight excess of the appro- 

priate phenyl mercury halide in refluxing benzene 
for ca 10 h. The solvent was then removed under 
vacuum. The residue was dissolved in a small vol- 
ume of dichloromethane and the products isolated 
by TLC using ethyl acetatehexane (10 : 90) as 
eluant. 

Crystal structure determination of [Os,(CO), 

(C,Ph301-C1)01-HgCl)l,, 1 

A single crystal of 1 was obtained by slow evap- 
oration of a toluene-cyclooctane solution. The crys- 
tal was mounted on a glass fibre with epoxy resin. 

Crystal data and additional data collection par- 
ameters are given in Table 4. The intensity data 
were collected using w scans with a variable scan 
speed from 4 to 30 deg min- ’ and a scan width of 
1.0” on a Nicolet R3m diffractometer. Two stan- 
dard reflections monitored every 100 measurements 
showed only minor fluctuations during data col- 
lection. Data were corrected for Lorentz and polar- 
ization effects. An absorption correction based on 
azimuthal scans was also applied. 

The structure was solved by a combination of 
direct methods and difference Fourier maps. The 
refinement was carried out by full-matrix least- 

Table 4. Summary of crystal data, intensity data col- 
lection and structure refinement 

Molecular formula 
Molecular weight 
Cryst. dimens (mm) 
Cryst. syst. 
Space group 
Cell dimensions 

a (A) 
b (A) 
c (A) 
a (de8) 
B (de& 
6 (deg) 

v (A3) 
; (8 en- ‘) 

F(OOO) 
a. (A) 
/@o-K) (cm- ‘) 
Diffractometer 
20 min (deg) 

28 max (deg) 
No. of reflections measured 
No. of unique reflections 
n, F > na(F’) 
Converged residuals 

R 

RW 

~sJ%G6Hz,KWl, 
2400.4 
0.06 x 0.14 x 0.28 
Triclinic 
PT 

9.727(3) 
12.590(4) 
14.863(7) 
96.75(3) 
109.02(3) 
99.58(2) 
1667.8(8) 
2.39 g en- 3 
1 
1138 
0.71069 A 
160.43 
Nicolet R3m 
3 
45 
4367 
3465 
3 

0.0722 
0.0705 
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squares techniques with anisotropic thermal par- 
ameters for all but the hydrogen atoms and the 
carbon atoms of the carbonyl groups. The hydrogen 
atoms were placed in idealized positions and 
included in the refinement. The laminar type crystal 
was not of very good quality and did not allow a 
better retiement. 

The atomic scattering factors were taken from 
the International Tables.” The solution and 
refinement of the structure was carried out using 
SHELXTLi6 on a Nova 4s computer. Final atomic 
coordinates and other crystallographic data have 
been deposited with the Editor and can be obtained 
from the Cambridge Crystallographic Data Centre. 
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Abstract-Time differential measurements of the 133482 keV ~7 angular correlation of 
“iTa have been performed in solid hafnium complexes of the type [Hf(glycol).,] (glycol = p- 
chloromandelate, p-bromomandelate, /?-naphthylglycolate and mandelate). The quadrupolar 
frequencies (oc) were found to increase within the series. This behaviour was explained 
by supposing a dissipation of electronic density at the metal level, caused by an increase in 
intermolecular hydrogen bonding in the complexes throughout the series studied. These 
results seem to agree with complementary data from IR spectroscopic studies. 

The method of perturbed angular correlation 
(PAC) of nuclear y-rays is suitable for studying 
the influence of extranuclear field gradients in the 
angular correlation of sequentially emitted y-rays, 
and as Miissbauer Resonance Spectroscopy it can 
be a useful tool for the study of local properties in 
condensed matter. The chemical influences on the 
angular correlation of y-rays was discussed in com- 
prehensive reviews mainly by Vargas’ and Adloff.’ 
In the field of solid state inorganic chemistry the 
method of PAC can provide information similar 
to that available from Miissbauer but it is impor- 
tant to note that routine Miissbauer nuclei are not 
good candidates for PAC, whereas due to the lack 
of favourable transitions, high energy and short 
mean life times,3 Miissbauer spectroscopy does not 
allow accurate information to be gathered on the 
high coordination complexes typical of the third 
transition series. Generally PAC experiments have 
been performed on the cascades emitted by “Cd 
and ‘*ITa which are particularly well adapted nuclei 
for probing quadrupole coupling in solids. The two 

*Author to whom correspondence should be addressed. 

techniques are therefore complementary rather 
than competitive. 

Recently PAC has been successfully used in 
materials science for the detection of certain physi- 
cal properties of ceramics4g5 and for probing bio- 
logical systems, and data relating to flexibility and 
aggregation of proteins coordinated to “‘In have 
been obtained.6*7 

Over the past years one of us has been studying 
several structural and related aspects of hafnium 
complexes using PAC. For instance, we found that 
in the DL-mandelate complex’ the hafnium atoms 
sit in two slightly different sites. This result was 
attributed to a dimeric molecular structure as pre- 
viously suggested by Larsen and Homeier for the 
compound.’ Investigation of the neutron irradiated 
hafnium chelates by ion exchange” and TDPAC” 
showed discrepancies which were attributed to the 
possibility of different chemical environments for 
the hafnium atoms in the complexes. 

These results showed the necessity for additional 
experiments on hafnium compounds in order to test 
the differences between in situ and conventional 
analysis. 

2165 
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METHOD 

Radioactive ‘*lHf undergoes beta decay to pro- 
duce the intermediate and excited state of “‘Ta 
(spin = 5/2), which de-excites by sequential emis- 
sion of two angular correlated, easily observable 
and distinguishable y-rays (the 133 and 482 eV 
“cascade”) (Fig. 1). 

In a metal complex, the ligands introduce extra- 
nuclear fields that can interact with the nuclear 
moments of the intermediate state and perturb the 
angular correlation function.’ 

The perturbed angular correlation function is : 

FV(O, t) = 1 + A,G,(t)P,(cos 0) 

+A&&)P4(cos@ (1) 

where P,(cos 0) are Legendre polynomials, and Ak 
are angular correlation coefficients which reflect the 
unperturbed anisotropy of the emitted radiation 
and depend only on known nuclear factors. In gen- 
eral, the coefficient A4 is so much smaller than A2 
that the last term of eq. (1) can be neglected. In fact, 
all chemical information is contained in the time 
dependent perturbation coefficient G,(f). For a 
static quadrupolar interaction (the electric field 
gradient, EFG, does not fluctuate with time) in 
a polycrystalline sample and for the case with spin 
Z = 5/2 of the intermediate level, G,(t) takes the 

.I 42.5 d 
I’-1 2 

following expression : 

W) = szo+ i szn cos (ant) e-(&J+ ‘/zoX) (2) 
n=l 

where 6 is the relative width of the frequency dis- 
tribution, szO and s2,, are functions of the asymmetry 
parameter, q of the EFG, o, is a function of both 
?j and the quadrupolar frequency aQ : 

eQ Vzz 
o =40h* Q (3) 

V, is the principal component of the EFG, Q is the 
nuclear quadrupole moment and e the electronic 
charge. Operationally, the analysis of experimental 
data using eq. (2) yields frequencies from which 
WQ, V, and ?j can be derived. These factors are very 
sensitive probes to explore local symmetry proper- 
tit% in solids. The COUSkiUt zR iS the reSOhtiOn 

time of the electronic system used in counting the 
rate of successive photons of a 7-7 cascade. 

A layout of the instrumentation used in PAC 
spectroscopy is shown in Fig. 2 and consists of a 
conventional fast-slow system. The two detectors, 
one fixed and the other movable, are 38 x 38 mm 
NaI(TI) crystals coupled to photomultipliers. The 
time resolution achieved is typically 2.9 ns FWHM. 

E(keV)Tl/2 

619.0 2.4~ (312 +I 

0: f 2.5b Y' 462.1 

136.2 

17.8 ps (l/2 t 1 

10.6 nr (512 + 1 

50~s (S/2+) 

6.6 ps (912 + 1 

(712 + 1 

Fig. 1. Disintegration scheme for the decay of 18’Hf. 
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Fig. 2. Block diagram of the electronic system associated with the automatic table. 

EXPERIMENTAL 

The complexes [Hf(O&CH(OH)R},] (R = p- 
ClC,& p-BrC&,, /3-C,&,, C,H,) were prepared 
by the method described by Hahn and Joseph” and 
their compositions were defined by microanalysis. 
The radioactive samples were prepared similarly, 
but using HfOCl, - 8H2O previously irradiated for 
8 h at about 40°C in a nuclear reactor with a thermal 
neutron flux of 4 x lo’* n cm-’ s-‘. The IR spectra 
of the inactive samples (discs, 10e6 mol Hf per 0.100 
g KBr) were performed on a Perkin-Elmer model 
621 spectrometer. The TDPAC measurements were 
performed at 25°C on polycrystalline samples in 
altinium cylinders. 

The data were analysed using a computer pro- 
gramme developed by the Grenoble Group and the 
details of data processing are given elsewhere.” 

RESULTS AND DISCUSSION 

The molecular structures of zirconium and haf- 
nium complexes containing glycolate ligands are 

dillicult to analyse, mainly due to their relative 
instability in solution, which prevents their immedi- 
ate recrystallization. However, IR spectroscopic 
studies on microcrystalline samples showed the 
possible existence of monomers ML.,] and dimers 
[L,M@-L),MLS], the latter representing the form 
M-O(H)C(R)C(O)G-M. The existence of such 
bridges was inferred by the appearance of bands at 
2600,230O and 1850 cm-’ in the IR spectra of these 
compounds, which are typical of hydrogen bonds. 
These bonds should link the alcoholic oxygen of 
one bridging glycolate and the carboxylic oxygen 
of the second bridging glycolate.’ 

The IR spectra of the series of hafnium glycolates 
studied (Fig. 3) showed an increase in the intensities 
of the bands attributed to these hydrogen bonds, in 
the order p-chloromandelate < p-bromomandelate 
< p-naphthylglycolate c mandelate (traces l-4 in 
Fig. 3). This suggests that the complex containing 
the mandelate ligand should have greater di- 
merit character whereas the one containingp-chloro- 
mandelate should be monomeric. This observa- 
tion implies that a rearrangement of the molec- 
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2500 2000 1200 

CIC-’ 

Fig. 3. IR spectra of the hafnium glycolate complexes: 
(1) p-chloromandelate, (2) p-bromomandelate, (3) /I- 

naphthylglycolate and (4) mandelate. 

ular structure of the complexes throughout the 
above series exists. 

The TDPAC spectra of the tetrakis(r>L-glyco- 
late)hafnium(IV) are shown in Fig. 4. 

Since the quadrupolar frequency is sensitive to 
the variations of electronic density at the hafnium 
nucleus, their values, measured by TDPAC (Table 
l), should reflect the change in character suggested 
by the IR data, and as expected, the values found 
suggest that op increases with increasing dimeric 
character of the complex. The parameter which 
measures the distribution of these frequencies, 6, 
also supports the molecular reorganization along 
the series. Thus, for the compound which is 
“strictly” monomeric (p-chloromandelate) and for 
the one which is “strictly” dimeric (mandelate), 
the frequency distributions are lower, whereas for 
the complexes with intermediate characteristics they 
are somewhat higher. Within the series which shows 
hydrogen bonding, a lowering of 6 accompanies an 
increase in cop, indicating an increase in molecular 
organization following the establishment of well- 
defined bridges. The reorganization of the hafnium 
glycolates can be envisaged schematically (see 
Scheme 1). 

Table 1. Quadrupolar interaction frequencies (oc) and 
frequency distribution factors 6 

Complexes (Mr?s-l) (& 

[Hf(02CCH(OH)p-C1C6Hd}.,] 107 + 1 1.0+0.1 
[Hf{O&CH(OH)p-Br&H.,}.,] 109 _t 4 2.1f0.3 
~If{O,CCH(OH)8-C,~,),1 138f4 1.8f0.3 
[HfKWWOWGH,hI 155+3 1.5fO.l 

-0.10 

-a05 

t 

= -0.Y) 
3 
a 

-005 

-0.lC 

-aor! 

Fig. 4. Perturbation functions A,(t) = &G,(t) of the haf- 
nium glycolate complexes at 25°C: (A) pchloro- 
mandelate ; (B) p-bromomandelate ; (C) B-naphthyl- 

glycolate and (D) mandelate. 

Studies by TDPAC carried out by Boyer’4*‘5 in 
the hafnium(IV) oxide, tetrakis(acetylacetonate)-, 
tetrakis(N-benzoyl-N-phenyl-hydroxylaminato)-, 
tetrakis(cupferronate)- and tetrakis(tropolonate)- 
hafnium(IV) systems showed an inverse relation 
between wQ and increase in the delocalization of 
electronic charges at the hafnium nucleus. The value 
of WQ was larger for hafnium(IV) oxide and wQ 

decreased in the order indicated above. 
From a purely structural viewpoint, the series of 

hafnium glycolate complexes studied is more homo- 
geneous than that studied by Boyer. In the present 
case, a dissipation of electronic density at the metal 
level should increase as the intramolecular hydro- 
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Scheme 1. 

gen bridges are organized. The behaviour of the 5. 
values found for mQ in this work are therefore in 
opposition to the behaviour noted by Boyer. How- 
ever, it is noteworthy that the EFG in eight-coor- 15. 
dinated complexes is very sensitive to lattice dis- 
tortions”j and it is possible that within Boyer’s series 

7 
. 

the trend in observed wp values is also being affected 
by some type of molecular organization. 

g 
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Abstract-A low temperature (- 145°C) X-ray diffraction structure determination of crys- 
talline fuc-Ir(CH3)s(PMezPh)3 grown from CH,Cl,/pentane shows it to contain two inde- 
pendent molecules per unit cell with 1r-C = 2.160(9) and 2.158(9), and Ir-P = 2.3343(24) 
and 2.3307(26) A. Angles C-1r-C are compressed to 83.4(4) and 83.3(4)“, and angles 
P-Ir-P are expanded to 99.99(8) and 99.83(8)“. An If” covalent radius of 1.40 A can 
be deduced from these data. Crystallographic data (- 145°C) : Space group R3c with 
a = b = 14.980(4), c = 41.732(12) A and Z = 12. 

In the course of examining electron transfer, acid- 
olysis and Lewis acids as possible means to 
increase the reactivity of 18-electron polymethyl 
compounds,‘*2 we have determined the detailed 
structural parameters of fuc-Ir(CH3)3(PMe2Ph)3 by 
X-ray diffraction at low temperature. This provides 
benchmark structural data on this compound 
initially reported by Chatt and Shaw,3*4 and thereby 
provides ideal data from which to calculate a single 
bond covalent radius for Ir”‘. 

EXPERIMENTAL 

The compound was synthesized by the method 
of Chatt and Shaw. 3,4 Crystals suitable for crys- 
tallography were obtained by slow diffusion of pen- 
tane into a concentrated methylene chloride solu- 
tion of the trimethyl complex. 

Crystallography of fat-Me,Ir(PMe,Ph), 

A well-formed prismatic crystal was selected and 
transferred to the goniostat where it was cooled to 
- 145°C for characterization and data collection. 
A systematic search of a limited sphere of reciprocal 
space yielded a set of reflections which showed %r 
symmetry. The reflections were indexed on a rhom- 
bohedrally centred hexagonal lattice. The general 
condition for observed reflections of hh( - 2h)I for 

*Author to whom correspondence should be addressed. 

I= 3n, and h(-h)Ol for h+l= 3n and I= 2n 
lead us to the two possible space groups R3c or 
R~c. The choice of the non-centrosymmetric space 
group R3c (No. 161) was confirmed by the sub- 
sequent solution and refinement of the structure. 
Data collection (6 < 20 < 45”) was carried out 
using the parameters available as supplementary 
material. A total of 12,594 reflections were collected 
(including redundancies, systematic space group 
extinctions and standard reflections). Following the 
usual data reduction and averaging of equivalent 
reflections (Friedel pairs were not averaged) a 
unique set of 2,764 reflections remained. The R for 
the averaging was 0.053. The data were corrected 
for absorption using an analytical method based on 
measured crystal faces. 

The structure was solved using a combination 
of direct methods (MULTAN) and Fourier tech- 
niques. Some initial difficulty was encountered due 
to the fact that the unit cell contains 12 mol- 
ecules of the Ir-complex, six each of two almost 
identical molecules. Molecule 1 [Ir(l) through 
C(l l)] and molecule 2 [Ir(12) through C(22)] are 
both located on a three-fold axis, with the Ir atoms 
separated by approximately a quarter (0.2483) 
along the c-axis; The molecules are oriented in the 
same direction but rotated about 10” with respect 
to each other. The separation of the molecules by 
almost exactly c/4 causes all reflections with 1 divis- 
ible by four to be much stronger than the rest of 
the data. However, once the problem was realized, 
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Fig. 1. ORTEP drawing offac-Ir(CH,),(PMe,Ph), (“mol- 
ecule l”), showing atom labelling. The view is down the 

crystallographic C, axis. 

the structure solution proceeded normally. The 
hydrogen atoms were evident in a later difference 
Fourier and were introduced. Using anisotropic 
thermal parameters for all non-hydrogen atoms, 
the hydrogen atoms on the C( 11) and C(22) methyl 
groups did not refine properly and were kept fixed 
in the final cycles of full matrix least-squares 
refinement ; all other hydrogen atoms were refined 
with individual isotropic thermal parameters. Since 
this is a non-centrosymmetric space group, both 
enantiomers were tested. The one reported here 
refined considerably better (R = 0.031) than did 
its enantiomer, which led to R = 0.051. The final 
difference Fourier was essentially featureless, except 
for two peaks of about 1.5 eAe3 in the immediate 
vinicity of the Ir atoms. 

Molecule 1 consists of atoms Ir( 1) through C( 11) 
with hydrogens H(1) through H(14) ; Molecule 2 
consists of atoms Ir( 12) through C(22) with hydro- 
gens H( 15) through H(28). The asymmetric unit of 
the cell contains only a third of each molecule. The 
results of the X-ray study are shown in Table 1 and 
in Figs 1 and 2. Refined C-H distances range 
from 0.70( 11) to 1.17( 14) A. Additional details are 
available as supplementary material.* 

P(2) 
P(2)” 
P(2) 
P(2) 
C(I I) 
P(13) 
P(13) 
P(13)” 
P(13)’ 
C(22) 
Ir(I) 
Ir(I) 
Ir(I) 
C(3) 
C(3) 
C(4) 
Ir(12) 
Ir(12) 
Ir(12) 
C(I4) 
C(I4) 

Ir(I) 
Ir(I) 
Ir(I) 
Ir(I) 
Ir(I) 
Ir(12) 
Ir(12) 
Ir(12) 
Ir(12) 
Ir(12) 
P(2) 
P(2) 
P(2) 
P(2) 
P(2) 
P(2) 
P(13) 
P(I3) 
P(13) 
P(13) 
P(13) 

P(2) 
G(I I) 
G(I I) 
C(I I) 
C(11) 
P(13) 
C(22) 
C(22) 
C(22) 
C(22) 
C(3) 
G(4) 
C(5) 
C(4) 
C(5) 
C(5) 
C(I4) 
G(I5) 
G(I6) 
C(I5) 
C(I6) 

99.99(8) 
91.3(3) 

167.01(26) 
84.21(24) 
83.4(4) 
99.83(8) 
84.48(26) 
91.27(28) 

167.16(25) 
83.3(4) 

115.3(4) 
115.3(3) 
124.05(26) 
98.6(5) 
99.5(4) 

100.0(4) 
116.1(3) 
115.2(3) 
123.43(25) 
98.5(5) 
99.2(4) 

RESULTS AND DISCUSSION 

* Supplementary material available. Anisotropic ther- 
mal parameters, cell constants, parameters of the data 
collection and intra-Iigand distances have been deposited 
with the Cambridge Crystallographic Data Centre, Uni- 
versity Chemical Laboratory, Lensfield Road, Cam- 
bridge CB2 1EW. U.K. 

IrMe3(PMezPh)3 crystallizes from CH,Cl,/pen- 
tane in the hexagonal space group R3c with two 
crystallographically-independent molecules in the 
unit cell, each possessing a crystallographic three- 
fold rotational axis of symmetry (Figs 1 and 2). The 
two molecules show no dimensions which disagree 
by more than 2a. Each molecule displays a com- 
pression of the C-1r-C angles by approximately 

Table 1. Selected bond distances (A) and angles (deg) for 
MeJr(PMezPh)3 

141) 
141) 
Ir(12) 
Ir(12) 
P(2) 
P(2) 
P(2) 
P(13) 
P(13) 
P(13) 
C(5) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(I6) 
C(I6) 
C(I7) 
C(I8) 
C(I9) 
C(20) 

P(2) 
cc1 1) 
P(13) 
G(22) 
C(3) 
C(4) 
C(5) 
C(I4) 
C(I5) 
C(I6) 
C(6) 
C(I0) 
C(7) 
C(8) 
C(9) 
C(I0) 
C(I7) 
C(2I) 
C(I8) 
C(I9) 
C(20) 
C(2I) 

2.3343(24) 
2.160(9) 
2.3307(26) 
2.158(9) 
1.829(10) 
1.822(9) 
1.853(8) 
1.845(9) 
1.834(9) 
1.853(8) 
1.384(11) 
1.385(11) 
1.375(12) 
1.388(13) 
1.374(12) 
1.393(12) 
1.398(11) 
1.380(12) 
1.406(12) 
1.371(12) 
1.376(13) 
1.378(12) 
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Fig. 2. Stereo stick figure and space-filling drawings of 
both independent molecules of fuc-Ir(CH,),(PMe,Ph),, 

showing their relative orientation in the unit cell. 

7” below 90”, and an expansion of the P-Ir-P 
angles by approximately 10” above 90”. Other 
structural parameters reported here for fuc- 
MeJr(PMezPh), are extremely similar to those 
in fat-H,Ir(PMePh& :’ Ir-P = 2.314(2) A and 
L P-Ir-P = 98.55(8)“. A similar statement ap- 
plies to fat-CIJr(PMezPh), :6 Ir-P = 2.285(2)-- 
2.295(2) A and L P-Ir-P = 100.26(6k 
100.75(7)“. 

The two molecules possess very similar orien- 
tations about the Ir-P bonds. The rotation is such 
that the phenyl rings point away from the intra- 
molecular IrMe, moiety, but towards that same 
group in the second independent molecule (Fig. 2). 
There is no intramolecular face-to-face stacking of 
phenyl rings. Note that the helicity of the P-C 

(ipso phenyl) bond s is in the opposite sense in the 
two independent IrMe,(PMe,Ph), molecules (Fig. 
2). The unit cell offac-Cl,Ir(PMe,Ph),, while not iso- 
morphous with that of the trimethyl compound, 
also contains two independent molecules of oppo- 
site helicity. 

fat-IrMe3(PMezPh), furnishes an excellent 
opportunity to calculate a single bond covalent 
radius for six-coordinate I?’ since the methyl 
group is frans to neither a strongly cr- nor a-effect 
ligand. If the methyl carbon radius (0.77 A) is sub- 
tracted from the average Ir-CH3 distance (2.17 A), 
an iridium radius of 1.40 A results. Twice this value 
compares well with the unbridged Ir-Ir distance 
(2.83 A) in the dimer [Ir(Tcbiim)(CO),P(Et)& 
(Tcbiim = tetracyanobiimidazole),7 and thus sup- 
ports the claim that there is no Ir/Ir multiple bond- 
ing in this compound. This covalent radius will 
also be a useful standard for comparison of Ir/Ir 
separations in stacked infinite chains of planar 
iridium compounds.* 
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Ahatract-Anhydrous iron(II1) chloride reacts with pure carboxylic acids RCOOH [where 
R = C,H,, n-C3H7, CH2Cl, CHC12 and Ccl31 at low temperature to yield Fe2Cls 
(OOCR) * nRCOOH [n = 3 when R = C$H, and n-C3H7 and n = 2 when R = CH,Cl, CHCl, 
and CC41 and [Fe30(OOCR)&-120)3][FeCl~] at about 70-80°C. These reactions reveal that 
no hydrogen chloride is evolved but an acyl chloride is formed. Pyridine combines with 
[Fe,0(OOCR),(H,0)3J[FeC1,] (R = C2HS and n = C3H7) to form [Fe30(OOCR)&5H5N)3] 
[FeCb]. Piperidine, on the other hand, reacts with the elimination of piperidinium chloride 

to form Fe30(~~CR)~(H~~)~l[Fe(NC,H~~)~1 compounds containing covalently bonded 
piperidide. Compounds containing polyatomic ligands such as NO; and NCS- instead of 
the chloro group in [Fe30(OOCR),(H20),][FeCl.,] (R = C2Hs and n-C3H7) have been 
prepared. All these compounds have been characterized on the basis of IR, UV-vis., molar 
conductance, molecular weight and room temperature magnetic susceptibility measure- 
ments. 

In continuation of our studies of the chemistry 
of chromium carboxylates,‘-’ we report here 
the preparation and characterization of some 
iron(II1) carboxylates. Iron(III) chloride is 
known to react with formic and acetic acids to 
form FeC1(OOCH)2 - H20- and Fe3C13(00C 
CH3& - CH3COOH,7 respectively. Iron(II1) chloride 
also reacts with sodium acetate to give a trinuclear 
compound, [Fe30(00CCH3)6(H20)3]Cl - 5H20.9 
Paul et a1.l’ have recently reported the reaction of 
anhydrous iron(II1) chloride with acetic acid and iso- 
lated FeCl(OH)(OOCCH,) * (CH 3COOH) * 0.5H20 
at room temperature, which has been shown to be 
monomeric in nitrobenzene but dimeric in acetone. 
However, Anzenhofer and De Boer” have crys- 
tallized a basic trinuclear compound, [Fe,O(OOC 
CH,),(H,O),][FeCl.,] * 2CH,COOH from the re- 
action of FeCl, with acetic acid. Similar reac- 
tions of acetic acid with vanadium(II1) and chro- 
mium(III) chlorides are reported to give 
V3(OH)(OOCCH3)812’13 and Cr3(OH)(OOCCH3)8,‘2 
respectively. Reinvestigations of these reactions 
have suggested trinuclear formulations, Iv30 
(00CCH3)6(00CCH3)2,2(CH3COOH),]‘4 and [Cr3 

*Authors to whom correspondence should be addressed. 

0(OOCCH3)JC13 for these compounds on the 
basis of their IR and magnetic susceptibility 
measurements. It seems quite likely that reaction of 
iron(II1) chloride with acetic acid may also yield a 
basic trinuclear complex unlike the product 
reported in the literature.” We have, therefore, rein- 
vestigated the reactions of anhydrous iron(III) 
chloride with a number of pure carboxylic acids 
(RCOOH where R = C,H,, n-C3H7, CH,Cl, CHCl, 
and CC13) at different temperatures, and report our 
results here. 

EXPERIMENTAL 

Iron(II1) chloride (anhydrous, Merck) was 
treated with an excess of thionyl chloride at room 
temperature until the reaction ceased. It was then 
refluxed for 6 h, filtered and washed with dry carbon 
tetrachloride and dried in vacua. 

The carboxylic acids were purified by distillation 
as described by standard methods. 

Reactions of iron(TII) chloride with carboxylic acti: 
at low temperatures 

Carboxylic acid (200 mmol) diluted with 50 cm3 of 
CH2C12 was added to iron(III) chloride (40 mmol) 
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and placed in a bath maintained at about -20°C 
with constant stirring in a closed system. The tem- 
perature was allowed to rise to 0°C when the 
iron(II1) chloride dissolved to give a reddish-brown 
solution. The solutions were stirred for 3-4 h at 0°C 
but the pressure remained constant suggesting that 
no HCl gas had evolved. The solvent was distilled 
off under vacuum and the product left behind was 
washed with freshly distilled CCL, and tinally dried 
to a constant weight in vacua at room temperature. 
Compounds l-5 were isolated by this procedure. 

Reaction of 6 with silver nitrate 

Compound 6 (1.75 g, 2 mmol) was dissolved in 
CHzClz (50 cm’) and dried silver nitrate (1.36 g, 8 
mmol) dissolved in the minimum amount of 
CH3CN was added dropwise. The solution was 
stirred for about 3 h and the precipitated AgCl 
was filtered off. The solvent was removed from the 
filtrate in vacua giving a reddish-brown sticky solid 
which on keeping in vacua for a few days gave a 
fine powdered material. 

At high temperatures Reaction of 6 with potassium thiocyanate 

Carboxylic acid (200 mmol) diluted with 50 cm3 
of Ccl., was added to iron(II1) chloride (30 mmol) 
at room temperature with constant stirring in a 
closed system. The contents were refluxed on a 
water bath for 10-12 h, but again no volatile pro- 
ducts were evolved during the course of the reaction. 
The solvent was distilled off in vacua and the pasty 
material left behind was dissolved in diethyl ether. 
Some insoluble material which analysed as iron(H) 
chloride was removed and the compound pre- 
cipitated by adding light petroleum ether to the 
solution. The final product was obtained by keeping 
it in vacua for 48 h. The solution, on fractionation, 
distills over a small amount of acetyl chloride (b.p. 
52°C). Compounds 6-10 were obtained by this 
method. 

Compound 6 (1.75 g, 2 mmol) was dissolved in 
acetone (50 cm3) and potassium thiocyanate (0.78 
g, 8 mmol) solution in acetone was added dropwise. 
The mixture was stirred for about 48 h. The whole 
solution was evacuated and the residue was stirred 
with a large excess of diethyl ether. The mixture 
was filtered to obtain KCl. The titrate was evacu- 
ated and the complex was dried in vacua to get the 
thiocyanate complex. 

Reactions with pyridine 

In a typical experiment, compound 6 (1.75 g, 2 
mmol) was dissolved in CHzClz (50 cm3) and a solu- 
tion of pyridine (0.8 g, 10 mmol) in CH& was 
added dropwise with constant stirring. The solution 
was stirred for 2-3 h and then the solvent was 
removed in vacua. The concentrate was treated with 
light petroleum ether, filtered and the residue was 
washed with fresh petroleum ether and finally dried 
in vacua. The same procedure was adopted for its 
complexation with 7. 

Iron and chlorine were estimated gravimetrically 
as Fe203 and AgCl, respectively. Carbon, hydrogen 
and nitrogen were analysed microanalytically. IR 
spectra of the compounds were recorded as Nujol 
and hexachlorobutadiene films in NaCl and CSI 
plates on a Perkin-Elmer double beam grating spec- 
trophotometer 621. UV-vis. spectra were recorded 
on a Hitachi 330 spectrophotometer. Thermal 
analyses were carried out on a MOM Budapest Deri- 
vatograph (Type Paulik, Paulik and Erdey). All 
manipulations were carried out under a dry nitro- 
gen atmosphere in a dry-box. 

RESULTS AND DISCUSSION 

Reactions with piperidine 

Compound 6 (1.75 g, 2 mmol) was dissolved in 
CH2C12 (50 cm’) and a solution of piperidine (0.85 
g, 10 mmol) was added with constant stirring. The 
dark brown solution was stirred for 2 h and then 
treated with light petroleum ether to precipitate 
piperidinium chloride quantitatively. The filtrate 
was evacuated and the residue was washed with 
petroleum ether and fmally dried in vacua. The 
reaction with compound 7 was carried out under 
identical conditions. 

The interaction of iron(II1) chloride with car- 
boxylic acids at low temperatures does not give 
any stable addition compounds but the partially 
substituted products l-5 have been obtained. Even 
when the contents are refluxed, complete loss of 
chlorine has not been observed and the solvolysed 
products 610 are obtained. However, we did not 
observe any evolution of HCl gas. This is in agree- 
ment with the earlier observations of Paul et a1.” 
who recognized the formation of acetyl chloride 
as one of the reaction products and suggested the 
following equilibrium: 

2CH,COOH + Hz0 + CH,CO+ + CH3COO-. 

During these investigations all volatile materials 
were trapped and the presence of acid chlorides was 
confirmed. 
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Compounds l-5 are extremely sensitive to mois- 
ture. They are soluble in CH& CHCL CH,NO,, 
C,H,NO, and CH,CN, but insoluble in CC& and 
light petroleum ether. IR spectra of these com- 
pounds have been recorded and band assignments 
have been made by analogy to the spectrum of the 
sodium salts of the parent acids.15,16 Bands at ca 
1710 and between 1220 and 1270 cm-’ may be 
assigned to v(C=O), and v(C-O), respectively, of 
the coordinated acid.17 Bands at ca 1600 and 1400 
cm-’ have been assigned to va(COO-) and v,(COO;) 
stretching modes. The Av(COO-) values of cu 200 
cm-’ are suggestive of the presence of ionic or 
bridging bidentate carboxylato gro~p.‘*,‘~ The pres- 
ence of the ionic carboxylato group can be easily 
ruled out on indirect evidence such as molar con- 
ductance data, UV-vis. spectra and the appearance 
of bands in the far IR region which may be 
assigned to iron-oxygen stretching modes. Bands at 
ca 370 and 310 cm-’ have been assigned to Fe-CI 
modes by analogy with the spectrum of FeCl; .20,21 
Other bands below 500 cm-’ which cannot be attri- 
buted to the internal vibrations of the carboxylato 
group have been assigned to the v and &Fe-O) 
modes of the Fe-OOCR group. 

Compounds l-5 give lemon-yellow solutions in 
CH2C12 and their UV-vis. spectra show intense 
absorption bands at 240, 310 and 360 nm. 
These bands suggest the presence of tetra- 
chloroferrate(II1) ions in these solutions which are 
known to show identical absorption peaks in non- 
aqueous media. 22,23 Molar conductances of their 
millimolar solutions in nitrobenzene are in the range 
expected for 1: 1 electrolytes.24 Therefore, in solu- 
tion they may exist as : 

Fe2C15(00CR) - nRCOOH 

R=CH3,C2HS;n=3 

- 

R = CH,Cl, CHC12 and CC& ; n = 2 1 

Molecular weights in C6HSN02 have been found 
to be half of their formula weights (Table 1) as 
expected for 1: 1 electrolytes in nitrobenzene. 

Compounds 6-10 (Table 1) have been obtained 
by the reactions of iron(II1) chloride with carboxylic 
acids at the reflux temperature of CC&, but no evol- 
ution of HCl gas was detected. The reactions may 
be represented as : 

2FeC& + 7RCOOH + Fe2C12(OH)2(00CR)2 

* RCOOH + 4RCOCl+ 2Hz0. 

IR spectra of these compounds are very similar. 
They all exhibit a broad medium intensity band in 
the region 3200-3100 cn-’ which is characteristic 
of v(O--He.. 0). However, no bands have been 

observed in the regions 1600-1800 cm-’ and 
between 1220-1280 cm-’ which could be assigned 
to v(C=O) and v(C-O), respectively, of the coor- 
dinated carboxylic acid. I7 The Av(COO-) value of 
cu 160 cn- ‘, as already discussed, may be attributed 
to the bridging carboxylato group. 

Compounds 610 are relatively more stable than 
compounds l-5. They are soluble in all polar 
organic solvents but are insoluble in solvents like 
CCL, n-CSH12 and light petroleum ether. Molecular 
weights of compounds 6-10, as determined by 
measuring the depression of the freezing point of 
nitrobenzene, correspond to twice their empirical 
representation, Fe2C12(OH)2(00CR)2 * RCOOH. 
Solutions of 6-10 in CH2C12 or CH$N show 
absorption maxima at 238, 310 and 360 nm which 
suggest the presence of FeCl; species in sol- 
utions.“,23 Based on these studies, we propose 
that compounds 610 may be reformulated as: 

[Fe3O(OOCC2H&(H20)31[FeCW (6) [Fe,O(OOC 
C3H&(H20),][FeC&] (7), [Fe30(OOCCH2Cl)6 
(H 20) ,IF~1,1 (8), [Fe ,0(00CCHCb) 6(H 20) 31 
[FeCW (9) and [Fe,0(OOCCl,)6(H20),][FeC&] (IO), 
respectively, by analogy to the known basic tri- 
nuclear iron acetate, [Fe30(OOCCH3)6(H20)3] 
[FeCb] - 2CH&OOH.” AEoo values in nitro- 
benzene fall in the range 4.0-8.0 ohm-’ (Table 1). 
These values are much less than expected for 
1: 1 electrolytes (20-30 ohm-’ cm2 mol-1)24 and 
suggest that compounds 6-10 are only weakly 
dissociated in solution. 

[FesO(OOCR)6(H20)3][FeCW 

Z$ [Fe,O(OOCR),(H,O),]+ + [FeC14]-. 

+ [FeCl(OOCR) * nRCOOHl[FeCW 

41 
[FeCl(OOCR) * nRCOOH]+ + [FeClJ 

Pyridine undpiperidine complexes of 6 and 7 

Reactions of 6 and 7 with pyridine (tertiary nitro- 
gen base) and piperidine (secondary nitrogen base) 
have been investigated with an aim to understand 
the nature of different functional groups in these 
compounds. Reactions of pyridine, which has excel- 
lent coordinating properties, were attempted to give 
products which may be formed by the displacement 
of coordinated water molecules. On the other hand, 
reactions of 6 and 7 with piperidine yield entirely 
different products because it has a replaceable hy- 
drogen atom. 

Ryridine combines with 6 and 7, to replace 
weakly coordinated water molecules to yield, 
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[Fe,O(OOCC,H,),(C,H,N)~][FeCl~] (11) and [Fe30 
(OOCC,H,),(C,H,N),]~eCl.,] (12) respectively. 
They are insoluble in non-polar organic solvents but 
dissolve in CH&12, CH,CN, CH3N02, CsHsN02 
and THF. Molecular weights of 11 and 12 in nitro- 
benzene agree well with their proposed formulations 
(Table 1). Their A~‘Ooo values in C6HSN02 are less 
than those expected for 1: 1 electrolytes (Table 1) 
but the small values suggest some dissociation : 

=S [Fe,O(OOCR),(C,H,N),]+[FeClJ 

(R = C2HS, n-C,H,). 

The existence of FeCl; has been confirmed by study- 
ing the W-vis. spectra of 11 and 12 in CH2C12. 
They exhibit bands at 240, 310 and 360 nm which 
are assigned to FeCL; .“,23 

The IR spectra of 11 and 12 are quite complex. 
Coordinated pyridine causes a slight positive shift 
of some C-C and C-N stretching modes.25*26 
Their spectra cannot be interpreted unambiguously 
due to the presence of vibrational bands of pyridine 
and the carboxylate group in the same region. How- 
ever, coordinated pyridine is readily distinguished 
from the free base by the shifting of the 601 and 403 
cm-’ bands to 630 and 435 cm-‘, respectively. Both 
11 and 12 contain all the bands which were present 
in 6 and 7 without any significant shift, except that 
the v(O-H * * * 0) and 6(HOH) modes of coor- 
dinated water at ca 3400 and 1660 cm-’ are now 
missing. 

Piperidine combines with 6 and 7 with the elim- 
ination of chlorine as the hydrochloride base (re- 
covered quantitatively) and results in the isolation 
of 13 and 14, respectively, in which piperidide is 
coordinated through nitrogen as an amido deriva- 
tive. These compounds are stable in air and insol- 
uble in non-polar organic solvents but soluble in 
polar organic solvents. Molecular weights of 13 and 
14 in nitrobenzene agree well with their proposed 
formulations as : [Fe30(00CC2H5)6(H20)~l[Fe 
WGHIOM (13) and [Fe~O(OOCC~H&(H2O),I[Fe 
(NC,H,,).,] (14). Their A~ooo values in nitrobenzene 
show that they do not ionize in solution. Their 
W-vis. spectra in dichloromethane show no ab- 
sorption bands at 240, 310 and 360 mn which 
were assigned to FeCl; species in the parent com- 
pounds, 6 and 7. The covalent nature of the bonded 
piperidide was confirmed by comparing the IR spec- 
tra of 13 and 14 with those of piperidine,25 piper- 
idinium chloride2’ and lithium piperidide.” The 
v(NH) band which is observed at 3270 cm-’ in 
piperidine disappears in the spectra of 13 and 14 
and is also absent in the compound LiNCSH1 o. I0 The 
H-N-C deformation mode” is also absent in 13 

and 14. Comparison with the piperidinium chloride 
spectrum in the region 2600-1900 cm-’ rules out 
the possibility of any > NH: type of structure. The 
wagging modes of piperidine, which are observed 
between 1390-1250 cm-‘, shift to a higher spectral 
region in compounds 13 and 14 but cannot be 
assigned unambiguously to the presence of over- 
lapping bands of the carboxylate ligand. Other 
bands due to the carboxylato group have been 
assigned by comparison with the spectra of 6 and 
7. The formation of a new anionic species, 
[Fe(NC,H10)4]- in 13 and 14 has been speculated on 
the assumption that trinuclear cationic species 
remain intact, whereas FeCL is quantitatively con- 
verted to tetrapiperididoferrate(II1) by elimination 
of piperidine hydrochloride. 

Polyanion compounds of 6 

Silver nitrate and potassium thiocyanate combine 
with 6 to give the dark brown solids, 15 and 16, 
respectively (Table 1). IR spectra of these com- 
pounds have been recorded and bands due to the 
propionato group have been carefully assigned by 
comparison with the spectrum of 6. It is not possible 
to determine on the basis of the IR spectrum alone, 
the precise nature of the covalent bonding between 
the metal and nitrate groups in 15. In the Fe(NO& 
anion, the nitrate groups may be unidentate or 
bidentate. The splitting of the v4 band suggests 
that more than one type of coordination exists in 

Fe(NO& . 28 Compound 15 is soluble in polar 
organic solvents and the A$” value in C6HSN02 
suggests that it is only weakly dissociated. Its mol- 
ecular weight in nitrobenzene agrees with its pro- 
posed formulation. Its UV spectrum in CH&N 
shows a strong absorption at 280 nm. The W 
spectrum of NO+[Fe(NO,),]- in CH&N exhibits 
a broad, intense band at 275-288 nrr~.~~ This ab- 
sorption has been attributed to the transfer of elec- 
trons from the nitrate ligand to the metal. 

The thiocyanate complex 16 is obtained as a dark 
brown hygroscopic solid. Its IR spectrum shows vi 
and v2 modes due to v(EN) and G(NCS), at 1995 
and 470 cm-‘, respectively, which suggest that the 
thiocyanate ligand is bonded through its terminal 
nitrogen atom.2q*30 Other bands due to the pro- 
pionate ligand have been assigned. The Ago0 value 
for 16 in C6HsN02 lies in the range expected for 
1 : 1 electrolytes.24 

Magnetic susceptibilities of a few compounds 
have been measured at room temperature (Table 
1). The kff value per iron atom is much less than 
the normal observed magnetic moment for high- 
spin iron(II1) compounds (5.92 BM).3’ This result 
suggests that the present compounds, like many 
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other trinuclear iron(II1) carboxylates’ are anti- 
ferromagnetic. 

Thermal analysis (TG, DTG and DTA) of 6 
which is the most stable of the present compounds 
has been studied. It begins to lose weight around 
70°C and in a single step between 70-320°C loses 
the entire organic mass. On further heating, it 
slowly loses weight and around 600°C acquires a 
constant weight which corresponds to the for- 
mation of Fe*O,. The total weight loss (64.0%) 
agrees well with that required for the formation of 
FezO, (63.3%). Due to burning of the organic 
matter in air the entire process is expressed as a 
large exotherm. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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Abstract-The Schiff base obtained by reaction of S-methyldithiocarbazate with 2,6-di- 
acetylpyridine behaves as a dinegatively charged pentadentate N3S2 chelating agent pro- 
ducing stable crystalline complexes of the general formula, M(SNNNS) (where M = Ni, 
Cu, Co, Zn and Cd ; SNNNS = the dinegative anion of the Schiff base). The complex 
Fe(SNNNS)Cl was also isolated. Conductivity data and magnetic and spectroscopic 
evidence support a five-coordinate con6guration for the M(SNNNS) complexes and an 
octahedral cotiguration for the Fe(SNNNS)Cl complex. Fungitoxicities of the Schiff 
base and its metal complexes against three plant pathogens viz. Alternariu solani, 
Curt&aria geniculata and Colletotrichum capsici have been studied. The ligand 
and its complexes display marked antifungal activities against all the test fungi. 

Metal complexes of sulphur-nitrogen chelating 
agents have attracted considerable attention 
because of their interesting physicochemical prop- 
erties and pronounced biological activities.lT3 
Although a vast amount of research work on metal 
complexes of bi-, tri- and tetradentate sulphur- 
nitrogen chelating agents have been reported, 
pentadentate ligands and their metal complexes 
have been less well investigated. Lindoy and 
Busch4 attempted to synthesize a pentadentate 
sulphur-nitrogen chelating agent by reacting 2- 
aminobenzenethio with 2,6diacetylpyridine but 
the reaction did not yield the expected Schitf base. 
Instead, a thiazolidinethione was obtained. How- 
ever, these authors found that in the presence of 
zinc(I1) and cadmium(I1) ions, the thiadiazolidine- 
thione rearranged producing five-coordinate com- 

*Author to whom correspondence should be addressed. 

plexes containing the pentadentate N3Sz ligand. 
The X-ray crystal structure determination of the 
zinc(I1) complex’ showed that the compound 
had a five-coordinate structure (1). 

Me Me 
C' 

II I II 
N-ih\~ 

(1) 

In this paper we report the synthesis, char- 
acterization and antifungal properties of some 
new nickel(B), copper( zinc(B), cadmium(II), 
iron(II1) and cobalt(I1) complexes of a per&dentate 

2183 
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N& ligand formed from S-methyldithiocarbazate 
and 2,6-diacetylpyridine. 

EXPERIMENTAL 

Physical measurements 

The IR spectra in the range 4000-200 cm- ’ were 
measured in KBr discs on a Perkin-Elmer 433 spec- 
trometer. The far-IR spectra in the range 200-50 
cn- ’ were recorded in polystyrene on a Fourier 
Polytec FIR 30 spectrometer. The ‘H and i3C 
NMR spectra were recorded by means of Varian 
T-60 and Bruker-WH 270 FT NMR spectrometer, 
respectively. The ESR spectrum of the copper(I1) 
complex was obtained with a Varian E-line Century 
series spectrometer. The mass spectrum of the 
ligand was obtained by means of a Finnigan 4000 
CC/MS spectrometer. Magnetic and conductivity 
measurements were made as reported before. 6 Mic- 
roanalyses for C, H and N were obtained from the 
Canadian Microanalytical Service Ltd. 

Preparation of ligand 

S-methyldithiocarbazate (1 .O g) dissolved in 
absolute ethanol (30 cm3) was added to a solution 
of 2,6_diacetylpyridine (0.64 g) in the same solvent. 
The mixture was heated under reflux for 30 min 
and then left to stand for slow cooling. The yellow 
crystalline product was filtered off and recrys- 
tallized from chloroform to obtain pale yellow 
crystals of the ligand : m.p. 205°C. Found : C, 41.6 ; 
H, 4.7; N, 18.8; C,,H,,N&requires: C, 42.2; H, 
4.6; N, 18.8%. 

Preparation of the complexes, M(SNNNS) 
(M = Ni, Cu, Co, Zn and Cd) 

To a filtered solution of the appropriate metal(I1) 
acetate (1 mmol) in methanol (50 cm3) was added 
a solution of the Schiff base (1 mmol) in a mixture of 
acetone and methanol (1: 1; 50 cm3). The resulting 
solution was heated on a hot plate for about 10 min 
and then left to stand and cool. The product which 

n,c\c n 
0 

II N rCH3 
HN-N N-NH 

I 
c=s s=c 

I I 
SCHg SCHB 

(IIA) 

had formed was filtered off, washed several times 
with ethanol and dried in a vacuum desiccator over 
P40*0. 

Preparation of Fe(SNNNS)Cl 

The Schiff base (1 mmol) dissolved in a 1: 1 mix- 
ture of acetone and methanol (50 cm3) was added 
to a solution of anhydrous ferric chloride (1 mmol) 
in a mixture of methanol and 2,2dimethoxy- 
propane (20 cm3). The mixture was then heated 
on a hot plate for ca 10 min and then left at room 
temperature for 1 h. The compound which sep- 
arated out was filtered off, washed with ethanol 
and dried in vacua over P.,O iO. 

Antifungal screening experiments 

The antifungal activities of the Schiff base and 
some of its metal complexes were studied against 
three fungi, viz. Alternaria, solani, Cur&aria gen- 
iculata and Colletotrichum capsici at concentrations 
of 0.005 and 0.01% in a mixture of dimethyl sulph- 
oxide and water. Proper control sets with solvents 
only were also maintained. The spores of the test 
fungus were grown on Potato-Dextrose-Agar 
(PDA) medium. The spore suspension of each of 
the organisms was prepared separately for different 
treatments. Six drops of spore suspension from each 
treatment were placed on two clean slides which 
were incubated in a moist chamber. After 24 h of 
incubation at ambient temperature the percentage 
spore germination was recorded under a micro- 
scope and the percentage inhibition was calculated. 

RESULTS AND DISCUSSION 

The Schiff base, hereinafter abbreviated as 
H,SNNNS, was obtained in good yield as a yellow 
powder. It was sparingly soluble in ethanol but 
could be dissolved in a mixture of methanol and 
acetone on heating. Its mass spectrum shows the 
highest mass peak centred around m/z = 371; this 
corresponds to the monomeric formulation as 
shown in HA. 

H3c\C L-l 0 

II N KC”’ 
N-ii 

II 

II N-n 
C-SH HS-C 

iCH, iCH3 

(IIB) 
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Fig. 1. 

The SchifT base (IIA) has protons adjacent to 
the thione groups and consequently, it can remain 
either as the thione form @IA) or as the thiol form 
(JIB) or as a tautomeric equilibrium mixture of both 
the thione and thiol forms. 

However, in the presence of metal ions, enethi- 
olization of the Schiff base was found to be greatly 
enhanced with the concomitant formation of metal 
complexes of the deprotonated form of the ligand. 
The complexes which were isolated are shown in 
Table 1 along with their colours, conductivities, 
magnetic moments and partial analytical data. The 
complexes were found to be insoluble in most of 
the common polar and non-polar organic solvents 
except for dimethyl sulphoxide, in which con- 
ductivity measurements were made. The molar con- 
ductance data in Table 1 are consistent with the 
non-electrolytic natures of the complexes. The 
ligand, therefore, must be acting as a dinegatively 
charged species. A comparison of the IR spectrum 
of the ligand with the spectra of its metal complexes 
(Table 2) shows that the vN-H band of the free 
ligand at 3220 cm-’ is absent in the spectra of metal 
complexes, confirming that the ligand is depro- 
tonated during complexation with metal ions. 

The IR spectrum of the Schiff base does not show The Schiff base has several potential donor sites, 
vS-H at ca 2570 cm- ’ but shows the vN-H band but from the steric point of view, a maximum of 
at 3220 cm- ’ indicating that in the solid state it five donor atoms can coordinate at any time with a 
remains in the thione form @IA). Its ‘H NMR metal ion. Inspection of the IR data in Table 2 
spectrum in (CD&SO shows resonances at 2.69, reveals that the vC=N band of the free ligand at 
2.94,8.14,8.18,8.27and8.30ppm.Oftheseabsorp- 1620 err- ’ is shifted by about 30 cm- 1 to lower 
tions, the ones at 2.69 and 2.94 ppm can be ascribed frequencies in the spectra of the complexes, indi- 
to the -SCH3 and -CH3 (attached to the pyri- cating that the azomethine nitrogen atoms are coor- 
dine ring) protons, respectively. The other peaks dinated to the metal ion.* The coordination of the 
between 8.14 and 8.30 ppm may be attributed to azomethine nitrogen atom is also indicated by the 
the pyridine ring protons. No signal, not even a shift of the band chiefly assigned to the N-N 
weak one, at around 4.00 ppm due to the S-H stretch.’ In the spectra of the complexes, this band 
proton7 could be located in the spectrum. This is an shows a low frequency displacement from 1068 to 
indication that the thiol form (IIB) of the Schiff ca 1040 cm-‘. In the far-IR region, bands at ca 370 
base is presumably not present in DMSO solution. and 240 cm-’ are assigned to the metal-sulphur” 

Table 1. Colour, conductivity, magnetic moment and analytical data for the complexes 

Compound Colour 
A” Analytical data’ 

(Ohm- ’ cm2 mol- ‘) PcEb C H M 

Ni(SNNNS) Brown 0.4 Diamagnetic 36.0 3.2 
(36.3) (3.7) 

Cu(SNNNS) Greenish black 3.3 1.74 35.4 3.4 
(35.9) (3.7) 

Zn(SNNNS) Bright yellow 1.0 Diamagnetic 35.8 3.4 
(35.8) (3.6) 

Cd(SNNNS) Orange yellow 2.3 Diamagnetic 32.2 3.1 
(32.3) (3.3) 

Fe(SNNNS)Cl Dark green 10.5 5.93 33.7 3.6 
(33.8) (3.4) 

Co(SNNNS) Dark green 15.0 1.86 36.4 3.5 
(36.4) (3.5) 

13.5 
(13.6) 
14.6 

(14.5) 
14.9 

(15.0) 
23.1 

(23.2) 
12.0 

(12.1) 
12.5 

(12.7) 

a Molar conductance of ca lo- 3 M solutions in dimethyl sulphoxide. 
b2.83,/m (BM). 
’ Calculated values are given in parentheses. 
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Table 2. IR spectral data for the ligand and its complexes” 

vC=N vN-H vN-N vM-N vM-S vM-X Bands due to pyridine 

H&WINS 1620m 322Orn 1068s - - - 157Os, 145Os, 96Os, 630m 
Ni(SNNNS) 1590br - 1055s 240s 370s - 1465m, 975~ 
Cu(SNNNS) 159Om,br - 1035s 260s 390m - 156Os, 146Ovv, 958s 
Zn(SNNNS) 1590br,m - 1040s 230s 385m 157Onl, 95os, 618 
Cd(SNNNS) 1588m,br - 1050s - 350s - 156Os, 1450,95Os, 610m 
Fe(SNNNS)Cl 1590br - 1048s 245~ 4OOm 225~ 146Ow, 96Om, 620 
Co(SNNNS) 1595br - 1043s 240~ 35ow 1465sh, 955s, 63Om 

a v denotes stretching frequency ; band intensities are denoted by s, m, w and br meaning strong, medium, weak 
and broad, respectively. 

and metal-nitrogen’ ‘9 l2 stretching frequencies, 
respectively. 

Reaction of the Schiff base with nickel(I1) acetate 
produces a brown compound, Ni(SNNNS), 
which is diamagnetic in nature. This may seem to 
suggest a square- or rectangular-planar geometry 
for the compound. However, its diffuse reflect- 
ance electronic spectrum is different from the 
spectra of nickel(I1) complexes of sulphur-ni- 
trogen Iigands, for which square-planar structures 
have been proposed. ’ 3 The electronic spectrum of 
Ni(SNNNS) displays two broad bands at 15,500 
and 19,500 cm- ‘, which does not show any simi- 
larity with the spectra of regular or distorted octa- 
hedral nickel(I1) complexes. l4 The spectrum, how- 
ever, resembles those of low-spin five-coordinate 
nickel(I1) species. 1 5 Based on the foregoing evi- 
dences a five-coordinate structure with the Schiff 
base acting as a pentadentate N3S3 ligand is pro- 
posed for the Ni(SNNNS) complex. Because of the 
very low solubility of the compound in almost all 
non-polar and weakly polar solvents, its molecular 
weight in solution could not be measured. 

The room-temperature magnetic moment (1.74 
BM), solid reflectance spectrum with two absorp- 
tion bands at 7500 and 18700 cm-3 and solution 
ESR spectrum in dimethyl sulphoxide solution with 
two “g” values (g,, = 2.12 and g1 = 2.01) of the 
Cu(SNNNS) complex are consistent (while not 
proving) with five-coordination. 

Reaction of anhydrous ferric chloride with the 
Schiff base produces a brown complex with the 
empirical formula, Fe(SNNNS)Cl, which behaves 
as a non-electrolyte in dimethyl sulphoxide (Table 
1). This is strong evidence that the chloride ion is 
coordinated to the iron(II1) ion. The presence of 
vFe-Cl” at 245 cm-’ in the far-IR spectrum of 
the complex lends further support in favour of coor- 
dination by the chloride ion. The room temperature 
magnetic moment of Fe(SNNNS)Cl(5.93 BM) sug- 

gests that it is a high-spin iron(II1) compound. Since 
the Schiff base behaves as an N3S2 pentadentate 
ligand and there is one chloride coordinated to the 
iron(III) ion, the subject complex may be assigned 
an octahedral structure. Its electronic spectrum in 
Nujol mull (Fig. 1) shows bands at 761, cu 510 sh, 
385,299 and 240 mn, of which the band at 761 nm 
and the shoulder at cu 5 10 mn may be assigned to the 
6A, + 4T, and 6A, + 4T2 transitions, respectively, 
of octahedral iron(II1). The other expected band 
corresponding to the transition, 6A, + 4A,, 4E is 
probably hidden under charge-transfer or intra- 
ligand transitions. 

The reaction of cobalt(I1) chloride with 
H2SNNNS yields a dark green compound, which 
on the basis of analytical data may be formulated 
as Co(SNNNS). Its molar conductance value in 
dimethyl sulphoxide (Table 1) suggests that it is a 
non-electrolyte in this solvent. Its IR spectrum does 
not show the vN-H bands of the free ligand. All 
these facts seem to indicate that the ligand is coor- 
dinated as a dinegatively charged species. The room 
temperature magnetic moment of 1.86 BM suggests 
that it is a low-spin cobalt(H) complex. This 
moment is similar to those shown by other low-spin 
five-coordinate cobalt(I1) complexes. ’ 6 The diffuse 
reflectance spectrum of Co(SNNNS) shows a band 
at 500 mn (20,000 cm-‘) which does not bear any 
similarity with spectra of octahedral cobalt(I1) com- 
plexes. Based on the above evidences, a five-coor- 
dinate configuration is tentatively assigned to this 
complex. 

The zinc(I1) and cadmium(I1) complexes of 
empirical formulas, M(SNNNS) are non-electro- 
lytes in dimethyl sulphoxide. Their very low solu- 
bilities in most of the common polar and non-polar 
organic solvents suggest that monomeric five-coor- 
dinate structures are unlikely. A sulphur-bridged 
polymeric octahedral structure is suggested for 
these complexes. 



Metal chelates of a pentadentate N3S2 ligand 

Table 3. Fungicidal screening data for the ligand and some of its metal complexes 

Compound 

% Inhibition after 24 h 
Organism Organism Organism 
Alternaria Cur&aria Colletotrichum 

solani geniculata capsici 
Cont. used 

0.005% 0.01% 0.005% 0.01% 0.005% 0.01% 

H#NNNS 60 84 59 87 67 79 
Cu(SNNNS) 69 75 56 87 60 79 
Co(SNNNS) 65 74 50 87 60 79 
Fe(SNNNS)Cl 67 75 36 87 66 79 
Cd(SNNNS) 66 74 66 85 65 79 

2187 

Fungitoxicities 

Alternaria solani, Cur&aria geniculata and Col- 
letotrichum capsici were employed to study the anti- 
fungal properties of the Schiff base as well as some 
of its metal complexes. The fungicidal screening 
data in Table 3 suggest that the ligand as well as 
its complexes display marked toxicities towards all 
three fungi even at low concentrations. 
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HYDROSILYLATION OF l-VINYLSILATRANEI 
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Ah&act-Hydrosilylation of 1 -vinylsilatrane using Speier’s catalyst gave 1 ,Zaddition 

products of the type R2MeSiCH2CH2&OCH2CH2),N, (R = Et, n-Pr, 12-Bu, allyl, Ph, 
p-C1C6H4, p-FCaH4, p-tolyl and benzyl) in yields ranging from 75 to 90%. 

The 1-alkenylsilatranes undergo free radical as well 
as photochemical addition to the double bond,iW3 
with the substituents on the alkenyl group dictating 
the direction of addition. However, in the case of 
I-vinylsilatrane the free radical addition is a facile 
process resulting in the synthesis of 2-substituted- 
I-ethylsilatrane, especially if pertluoroiodoalkanes 
are used. ’ 

The facile addition of 
+ 

iH to the double bond, 

conveniently called hydrosilylation, has been exten- 
sively studiedb7 and has provided synthons. How- 
ever, in the case of I-vinylsilatrane the hydro- 
silylation reactions have not been studied in any 
great detail. Few references are cited for this 
addition and for the structures of the silanes related 
to those containing furyl, thienyl and oligomeric 
polysiloxane functionalities. ‘*‘s9 

EXPERIMENTAL 

Benzene, isopropanol, diethyl ether, ethyl 
bromide, n-propyl bromide, n-butyl bromide, ally1 
bromide, p-bromobenzene, p-bromotoluene, p- 
fluorobromobenzene and benzyl chloride (BDH/E. 
Merck/Fluka/Aldrich-AR) were dried and distilled 
before use. Chloroplatinic acid @ha-AR) for the 
preparation of Speier’s catalyst, magnesium powder 
(Glaxo-Grignard grade) for the preparation of 
Grignard reagent and p-bromochlorobenzene 
(Fluka-AR) were used as received. 

IR and ‘H NMR were recorded on Perkin-Elmer 
783 and Jeol FX-90Q spectrophotometers, respec 
tively. Melting points and boiling points are tm- 

*Author to whom correspondence should be addressed. 

corrected. Satisfactory elemental analyses were 
obtained. 

Synthesis of methyldiorganosilanes, methyl bis(p- 
tolyl)silane 

To a stirred suspension of magnesium powder 

(4.8 g, N 200 mmol), in dry diethyl ether (200 cm3) 
kept under argon, was added a solution of p-bromo- 
toluene (34.2 g, N 200 mmol) in diethyl ether 
(25 cm’) over 30 min and stirring was continued 
for an additional 2-3 h. The reaction mixture was 
cooled (ice-salt mixture) and dichloromethylsilane 
(11.5 g, - 100 mmol) in diethyl ether (25 cm’) was 
then added dropwise (30 min). The resulting mix- 
ture was allowed to reach room temperature and 
stirring was continued for 2 h followed by heating 
under reflux for 1 h. The reaction mixture was then 
hydrolysed with ammonium chloride and the 
organic layer separated. The aqueous layer was 
further extracted with an excess of diethyl ether 
(2 x 100 cm’). The combined organic layers were 
dried over anhydrous sodium sulphate and the ether 
was removed by distillation. The residue on vacuum 
distillation yielded methyl bis(p-tolyl)silane (14.0 g, 
62%), b.p. 128-13O”C/3 mm. (Found : C, 79.5 ; H, 
8.21 ; Si, 12.4. Calc. for CIZH,,Si: C, 79.6; H, 8.0; 
Si, 12.4%.) IR: v(Si-H) 2100 cn-‘. ‘H NMR (6, 
ppm), 0.82, d, 3H (Si-CH,); 5.17, q, 1H (Si-H); 
2.55, s, 6H (Ar-CH,) ; 7.38, d, 4H (m-Ar-H) and 
7.68, d, 4H (o-Ar-H). 

Similarly other silanes viz. methyl bis(p-chloro- 
phenyl)- (13.6 g, 75%), b.p. 12913O”C/O.O5 mm. 
(Found: C, 58.4; H, 4.5; Si, 10.5. Calc. for 
C13H12SiC12: C, 58.4; H, 4.5; Si, 10.5%.) IR: 
v(Si-II) 2100 cm- . ’ ‘H NMR: (6, ppm), 0.67, d, 
3H (Si-CH,) ; 4.98, q, 1H (Si-H); 7.38, m, 4H (m- 
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Ar-H) and 7.50, m, 4H (o-Ar-H); methyl bis(p- 
fluorophenyl)- (11.6 g, 85%), b.p. 8687”C/O. 1 mm. 
(Found: C, 66.6; H, 5.2; Si, 12.0. Calc. for 
C,3HIZSiF2: C, 66.6; H, 5.2; Si, 12.0%.) IR: 
v(Si-H) 2100 cm-‘. ‘H NMR: (6, ppm), 0.74, d, 
3H(Si-CH,);5.10,q, lH(Si-H);7.18,m,4H(m- 
Ar-H) and 7.64, m, 4H (o-Ar-H) ; methyldiethyl- 
(11.0 g, 55%), b.p. 7677°C ref. 10 77.2-77.6”C; 
methyl-n-dipropyl- (7.2 g, 55%), b.p. 126127°C 
ref. 10 125.9”C/743 mm; methyl-n-dibutyl- (10.2 g, 
64%), b.p. 172-173”C, ref. 10 172.9”C; methyl- 
diallyl- (16 g, 64%), b.p. 120-123”C, ref. 10 
122.5”C/745 mm; methyldiphenyl- (6.7 g, 78%), 
b.p. 81-82”C/O.l mm, ref. 10 79”C/O.l mm and 
methyldibenzylsilane (13.3 g, 58%), b.p. 137- 
139”C/3.5 mm, ref. 11 131-14O”C/3 mm, were 
prepared. 

Hydrosilylation with 2-methyldiethylsilyl(sila- 
tranyl)ethane 

To I-vinylsilatrane (2.0 g, N 10 mmol) in benzene 
(25 cm3) and Speier’s catalyst (4-5 drops), under 
a dry argon atmosphere, a solution of methyl- 
diethylsilane (1 .O g, - 10 mmol) in benzene (25 cm3) 
was added over 15 min under reflux. The reaction 
mixture was stirred under reflux for an additional 
period of 4-5 h. The solution was then concentrated 
on a boiling water bath to a volume of 25 cm3 and 
petroleum ether (30 cm3, 60-SO’C) was added to 
precipitate out a white solid product. This was dis- 
solved in chloroform (20 cm3) and to it petroleum 
ether (30 cm3, 6@-80°C) was added to afford a white 
crystalline product, identified as 2-methyldiethyl- 
silyl(silatranyl)ethane (1) (1.20 g, 80%), m.p. 79- 
80°C. (Found: C, 51.3; H, 9.4; N, 4.8; Si, 18.5. 
Calc. for CL3Hz903Si2N: C, 51.5; H, 9.6; N, 4.6; 
Si, 18.5%.) ‘H NMR (6, ppm), 3.75, t 6H 
(O-CHJ; 2.77, t, 6H (CH,-N); -0.13, s, 3H 
(Si-CH3); 0.35, m, 6H (-CH~Si-(CH&-); 
0.57, m, 2H (Si-CH2); 0.92, t, 6H (CH,). 

Similarly, hydrosilylation with other methyl- 
diorganosilanes was carried out. The results are 
summarized in Table 1. 

RESULTS AND DISCUSSION 

Addition of - i-H 
> 

compounds to l-vinyl- 

silatrane have been reported in only a few cases.8’9 
These reactions involve highly substituted silanes 

*After the submission of this work for publication, we 
discovered a report by Voronkov et al. on the hydro- 
metallation (R,MH, R = Et, Et0 and Bu, M = Si, Ge, 
Sn) of alkenylsilatranes. ‘* 

viz. furyl- and thienylsilanes and terminal di- 
methylsilyl (Me,SiH) containing oligomeric poly- 
siloxanes (M.W. 1000-2000). It has been observed 
that the ease of addition was dependent upon the 
number of fury1 and/or thienyl groups present in the 
hydrosilanes. ’ Thus, tri(2-furyl)silane added with 
greater ease (at room temperature) than dimethyl(Z 
furyl)silane (needed heating).*,9 This limited study 
and the conclusions of reactivity derived from these 
hydrosilylation reactions of 1-vinylsilatrane are not 
only surprising but also inconclusive and they 
prompted us to investigate the addition of silanes 
containing alkyl, alkenyl and aryl radicals.* In 
the course of the present study, methyldiethyl-, 
methyldi-n-propyl-, methyldi-n-butyl-, methyldi- 
allyl-, methyldiphenyl-, methylbis(~fluorophenyl)-, 
methylbis(p-chlorophenyl)-, methylbis(p-tolyl)- 
and methyldibenzylsilanes were prepared by the 
Grignard reaction on dichloromethylsilane in yields 
ranging between 55-85%. 

For hydrosilylation, Speier’s catalyst was used 
which was made by dissolving chloroplatinic acid 
(H,PtCl, * 6Hz0) in freshly distilled isopropanol 
and keeping the solution for six weeks. The reaction 
between the silanes and I-vinylsilatrane was carried 
out in benzene under reflux (4-5 h) and the course 
of the reaction was followed by observing the dis- 

appearance of the - 
> 

i-H band in the IR at 2100 

cm- ‘. In the case of alkylsilanes the CH=CH2 
band at 1600 cm- ’ also disappeared. However, 
when there were aryl substituents on the silanes, 
the 1600 cm- ’ absorption band was of no help in 
monitoring the progress of reaction. The diverse 
structure of silanes, containing alkyl, alkyl aryl and 
alkyl allyl, all assist in the facility to give 2-sub- 
tituted- 1 -ethylsilatrane in yields ranging between 
7590%. The exclusive formation of 2-substituted- 
1-ethylsilatrane shows that the steric consideration 
in the complex formation step, involving platinum 
and l-vinylsilatrane, is of paramount importance. 

‘H NMR 

‘H NMR spectra of all hydrosilylated products 
were obtained in CDCI, (Table 1). The compounds 
showed characteristic triplets of -OCH2 and 
-NCH2 protons at 6 3.75kO.02 ppm and S 
2.77kO.02 ppm, respectively. Whereas there was 
no significant shift change in the -OCH2 protons 
of 1 -vinylsilatrane and hydrosilylated silatrane, the 
-NCH2 protons showed a marked shift from the 
original value of 6 2.84 ppm. I3 The reason may be 
attributed to the loss of the n-bonded system in the 
vinyl groups which in turn reduces the deshielding 
effect and causes the shift of -NCH2 protons to a 
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Table 1. Proton chemical shifts in ‘H NMR spectra of the hydrosilylated compounds of the type 

RzC!H3SiCHzCH2S~ 

Compound 6 (Ppm) 
(% yield) M.p. Si-O-CHz(t) N-CH&) .” 

Number R (“C) (J in Hz) (J in Hz) R&H,!&Hz~H,S~ 

4 &H&H<H, 

(86) 

5 GHr 

(75) 

6 p-FC&- 

(77) 

7 p-CIC6H,- 

(79) 

8 pCH&Hd- 

(82) 

9 C,H$H,- 

(77) 

79-80 

80-81 

81-82 

49-50 

128-129 

139-140 

157-158 

165-166 

110-111 

3.75 2.77 
(5.56, 5.86) (5.86, 5.57) 

3.77 2.79 
(5.86, 5.86) (5.86, 5.86) 

3.75 2.77 
(5.86, 5.57) (5.57, 5.86) 

3.75 2.78 
(5.86, 5.86) (5.86, 5.86) 

3.74 2.76 
(5.86, 5.56) (5.56, 5.86) 

3.74 2.77 
(5.86, 5.57) (5.85, 5.57) 

3.73 2.77 
(5.86, 5.57) (5.57, 5.86) 

3.73 2.77 
(5.85, 5.57) (5.86, 5.56) 

3.79 2.81 
(5.56, 5.86) (5.86, 5.57) 

-0.13, s, 3H (a”) 
0.35, m, 6H (a,a’) 
0.57, m, 2H (/I’) 
0.92, t, 6H (8) 

-0.10, s, 3H (a”) 
0.43, m, 6H (a,a’) 
0.57, m, 2H (B’) 
0.92, t, 6H (v) 
1.45, m, 4H (J?) 

-0.12, s, 3H (a”) 
0.42, m, 6H (a,a’) 
0.60, m, 2H (B’) 
0.84, t, 6H (6) 
1.24, m, 8H (/3,v) 

-0.07, s, 3H (a”) 
0.35, m, 2H (a’) 
0.60, m, 2H (8’) 
1.51, m, 4H (a) 
4.82, m, 4H (v) 
5.75, m, 2H (B) 

0.42, m, 2H @I’) 
0.54, s, 3H (a”) 
1.29, m, 2H (a’) 
7.29, m, 6H (m,p-ArH) 
7.54, m, 4H (o-ArH) 

0.48, m, 5H (a”$‘) 
1.02, m, 2H (a’) 
6.99, m, 4H (m-ArH) 
7.41, m, 4H (o-ArH) 

0.45, m, 2H (/I’) 
0.47, s, 3H (a”) 
1.10, m, 2H (a’) 
7.26, m, 4H (m-ArH) 
7.41, m, 4H (o-ArH) 

0.41, m, 2H (j?‘) 
0.48, s, 3H (a”) 
1.12, m, 2H (a’) 
2.32, s, 6H (p-CH,Ar) 
7.16, t, 4H (m-ArH) 
7.43, d, 4H (o-ArH) 

-0.17, s, 3H (a”) 
0.52, m, 4H (a’$‘) 
2.09, s, 4H (a) 
7.07, m, 6H (m,pArH) 
7.32, m, 4H (o-ArH) 
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higher field. This statement is supported by the fact 
that the methylene protons of -NCHr in ethyl- 
silatrane appear at 6 2.79 ppm. I3 

\ The disappearance of the -Si-H quartet of 
/ 

methyl dialkyl/aryl silanes at 6 3.42-5.20 ppm is 
accompanied by the marked shift of a”-CH, 
protons towards higher field in all the cases. This is 
caused by the loss of the deshielding effect and 
an increase in the shielding by the -CH2 protons 
generated as a consequence of addition to the vinyl 
function. 

The methylene protons with alkyl substituents on 
the adjacent silicon atom, as expected, appear as a 
multiplet at 6 N 0.58 ppm and with aryl substituents 
are shifted upfield to 6 N 1.2 ppm. Only minor 
shifts appear with changes of substituents on the 
aryl functions. 
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Ah&act-The kinetics of the oxidation of octacyanotungstate(IV) by nitrite ions has been 
studied in aqueous perchloric acid medium between 0.01 and 0.5 M HClO,,. An acid 
dissociation constant for HW(CN)i-, K, = 0.26 f 0.2 M at 25°C and I = 1 .O M, is obtained 
from the kinetic data. 

The redox equilibrium of the ferri/ferrocyanide 
couple in nitrous acid was reported by Stedman and 
coworkers. The kinetics of this equilibrium [eq. (l)] 
were found to be of a complex nature. Iv2 

Fe(CN&-+HN02+2H++H20 

=2H,Fe(CN)i-+HN03. (1) 

The reaction is dependent on the hydrogen ion con- 
centration 3 and is complicated by the reactions : 4 

HNO,+NO; +H+ =N204+H20 (2) 

N204 e 2N02 (3) 

NO2 + Fe(CN)i- + 1/2HCN + Intermediate. 

(4) 

The intermediate in eq. (4) is slowly converted to 
the nitroprusside ion, [Fe(CN),NO]2+. 

The oxidation-reduction equilibrium of the 
IrCl$-‘3- couple in nitrous acid has been re- 
ported by Ram and Stanbury. A strong product 
inhibition was observed. The net reaction (similar 
to that of the Fe(CN)~-14-) can be represented by : 

2IrCli-+HN02+H20 

z$2IrCli-+NO;+3H+. (5) 

The oxidation of ferrocyanide6 and hexachloro- 
iridate(II1)’ was reported by Bates et al. and 

*Author to whom correspondence should be addressed. 
7 Present address : Department of Research and Devel- 

opment, ISCOR HQ, Pretoria, Republic of South Africa. 

Ram and Stanbury, respectively. Both these re- 
actions were m+] dependent and the NO+/NO 
pathway has been found to play a prominent role. 
In the ferrocyanide investigation the [H+] depen- 
dence was attributed to a more reactive protonated 
ferrocyanide species. 

It was previously shown’-’ that the redox 
reactions of the Fe(CN)i-/4-, W(CN)i-‘4- and 
Mo(CN’)~-~~- couples proceed via similar outer- 
sphere reaction pathways. The kinetic study of the 
oxidation of W(CN)i- by HN02 was thus carried 
out for comparison with the above-mentioned 
results. 

EXPERIMENTAL 

Potassium octacyanotungstate(IV)dihydrate, 
K,W(CN), - 2H20, was prepared as described by 
Leipoldt et al.” and was used as a primary stan- 
dard” after recrystallization. Stock solutions of 
sodium nitrite were prepared daily using a Merck 
“Pro Analisi” reagent. All other reagents used were 
analytical grade and redistilled water was used 
throughout. 

The kinetics were followed by stopped-flow spec- 
trophotometry at 357 nm using a Durrum D-110 
instrument. The temperature of reaction mixtures 
was controlled to within O.l”C. Experiments were 
carried out in perchloric acid medium with jNO,] 
in excess by a factor of ten relative to [we-] 
to obtain pseudo-first-order reaction conditions. 
Reaction mixtures were maintained at constant 
ionic strength by the addition of sodium per- 
chlorate. 

2193 
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Table 1. Observed rate constants for the oxidation of octacyanotungstate(IV) 
by nitrite ions where T = 250°C and [H+] = 0.20 M HC104 

104[w(cN):-] 1OqNOJ 104[w(CN)-] Z(NaC104) 
(M) (M) (M) (M) 

2.0 4.0 1.0 
3.0 4.0 1.0 
4.0 4.0 1.0 
5.0 4.0 1.0 
4.0 3.0 1.0 
4.0 4.0 1.0 
4.0 5.0 1.0 
4.0 6.0 1.0 
4.0 4.0 1.0 1.0 
4.0 4.0 2.0 1.0 
4.0 4.0 3.0 1.0 
4.0 4.0 4.0 1.0 
4.0 4.0 0.90 
4.0 4.0 0.70 
4.0 4.0 0.50 

>?) 

49.9 
51.0 
51.5 
50.3 
38.5 
50.9 
63.2 
76.9 
50.6 
49.9 
51.2 
49.7 
48.3 
49.4 
48.6 

RESULTS AND DISCUSSION 

The oxidation of octacyanotungstate(IV) by 
nitrite ions in aqueous acidic medium show tirst- 
order kinetics in ~(CN);f-] and log/time plots were 
linear for about two half-lives. The results in Table 
1 show that the reaction is linearly dependent on 
[NO;] and that variation in initial concentration of 
the product W(CN)i- have no significant effect on 
the reaction rate. 

Since the p& for HNOz is 3.37” and the equi- 
librium constant for reaction (6) is 3 x lo- ’ M- ‘, ’ 3 
the main N”’ species under the experimental con- 
ditions is HN02. 

HN02+H + *NO+ +H20. (6) 

Stedman and coworkers6 attributed the hydrogen 
ion dependence of the Fe(CN)i--nitrous acid reao 
tion to an equilibrium between two cyan0 species. 
From their results a dissociation constant K, for 
H,Fe(CN)- is obtained which is in agreement with 
values available in the literature. 

Kinetic measurements with variation in [H+] for 
the reaction between W(CN);f- and NO; (Fig. 1) 
show the hydrogen ion dependence of the reaction. 
These results clearly show a dissociation constant 
which, considering the information above, indicates 
an equilibrium between two cyan0 species. From 
the available data an appropriate reaction pathway 
for the acidity range of this study could be the 
following : 

W&N)- +H + K;‘, HW(CN);- (7) 

pH (HClOJ 

Fig. 1. The hydrogen ion dependence for the oxidation 
of octacyanotungstate(IV) by nitrite ions. [we-] = 
4 x 10m4 M, [NO;] = 4 x 1O-3 M, Z = 1.0 M (NaC104) 

and T = 25°C. The solid curve is the computer fit. 

HW(CN)- +HNO& W(CN);- 

+NO+HzO. (8) 

This reaction mechanism corresponds to the rate 
law : 

-dPWN);t-1 
dt 
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A non-linear least-squares fit of the data in Fig. 1 
to the rate law (9) yields the values k = (3.1 +O.l) 
x lo4 M- ’ s- ’ and K. = 0.26kO.02 M at 25°C 
and I = 1.0 M. The value for & at an ionic 
strength of zero was calculated from the Davies 
equationI [eq. (lo)] as K, = 0.041 M (PK, = 1.39). 

logk = logk,+Z*z~(I”Z/1+1”*)+0.31. (10) 

This value is of the same order of magnitude as the 
value reported for Ka4 of H,W(CN), (pK,, = 1.6) 
by Samotus and Kosowics-Czajkowska. I5 
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Abstract-The transformations of y&unsaturated-&lactonic substituents of y,y’-disub- 
stituted JIger-type macrocyclic complexes into the new open-chain peripheral sub- 
stituents are reported. The base-catalysed methanolysis leads to the methyl esters of cor- 
responding b-ketoacids. The fission of the lactonic rings by alkalies gives rise to the salts of 
8-ketoacids. The latter can be easily converted into esters by means of alkyl halides. The 
new compounds were characterized by elemental analysis, IR, ‘H NMR and MS data. 

It is well known that the reactivity of the macro- 
cyclic complexes and their coordination behaviour 
can be controlled by the ligand design. Introducing 
suitable substituents onto the ligand framework 
modifies the coordination geometry around the 
metal centre and influences the metal ion reactivity. 
This is the most often employed strategy for the 
preparation of a variety of bioinorganic models. 

methylglutaroyl groups in the meso positions were 
obtained in good yield (80%). The use of sodium 
or potassium hydroxides as catalysts resulted in a 
remarkable decrease in the yield (28%). 

In our earlier paper’ the synthesis of disub- 
stituted JHger-type macrocyclic complexes hav- 
ing y&unsaturated-&lactonic substituents in the 
meso positions has been reported. 

An alkaline hydrolysis of y,&unsaturated-&lac- 
tonic rings was accomplished by refluxing the start- 
ing compounds 1 and 2 in butanolic potassium 
hydroxide and led to the formation of the potassium 
salt of the corresponding b-ketoacids (compounds 
5 and 6). 

Since unsaturated lactones are known for their 
high reactivity and very rich chemistry2g3 it is 
expected that chemical modifications of these sub- 
stituents will provide an advantageous synthetic 
method for the preparation of a broad variety of 
new peripherally substituted macrocyclic com- 
plexes. 

Addition of dilute acetic or hydrochloric acid to 
the aqueous solution of the alkali salt resulted in 
precipitation of the free acid. This procedure, how- 
ever, was successfully applied only in the case of 
product 6. Salt 5 underwent partial decomposition 
with the loss of substituents leading to the non- 
substituted macrocyclic complex. 

This paper reports the transformation of y,& 
unsaturated lactones into the new open-chain sub- 
stituents by methanolysis and an alkaline hydrolysis 
of the lactonic rings. The alkylation of the salts of 
the open-chain b-ketoacids is also described as an 
efficient route to various esters. 

The potassium salts 5 and 6 were alkylated with 
the use of methyl and ethyl iodides as well as p- 
bromophenacyl bromide giving corresponding 
esters in reasonable yields (75-88%). The results 
suggest that the alkylation procedure can be easily 
extended to other reactive alkyl halides affording a 
convenient entry to a broad variety of new per- 
ipheral substituents. 

RESULTS DISCUSSION 

The methanolysis of the lactonic substituents of 
the macrocyclic complexes proceded smoothly 
when compounds 1 and 2 were refluxed in an excess 
of methanol in the presence of sodium methoxide 
(see Scheme 1). The complexes 3 and 4 having two 

y&Unsaturated-&lactonic substituents appear 
to be susceptible to chemical conversions into the 
new open-chain groups. 

It should be noted, however, that the reactivity 
of the macrocyclic framework itself, imposes some 
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CH30H 

CH30- 

J 

‘7 Hz )3-COOCH, 
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OH- 
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3R , = CH3 5 RI = CH3 

4 R, = C6H6 

R2X 
8 RI = C6H6 

(yH2J3-COOR, I 
i+ 

co 

(y"d,-cot,- 

co 

- CH3J 

(CH2)3_COOH 
I 
co 

t&H, I,-COOR, 

7R I =CH3, R2 = c2HS 

8 R 1 = CdHs, R2 = C2H6 

8 Rl = CH3 n R2 = CH2COC6H4Br 

10 Rc = C6H6, R2 = CH, COC6H4Br 

co 

~~HaJ3-co0H 

Scheme 1. 

11 R, = C6H6 

restrictions on the experimental conditions. Thus, Furthermore, there is a high tendency for hydro- 

the procedures involving the base catalysed opening lytic deacylation6,7 which must be taken into 

of the lactonic rings have to be applied since the account. This tendency is markedly influenced by 

metal complexes of dibenzotetraaza[ 14]annulene the nature of the substituents and by the steric con- 

are easily destroyed by aqueous acids.4,5 ditions on the ligand periphery. 
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The isolation of a free acid from its alkali salt, 5 
by means of the usual procedure was not possible 
and resulted only in the loss of the y,y’-substituents. 
On the contrary, the same method was successfully 
applied to product 6, affording the corresponding 
acid 11. 

EXPERIMENTAL 

Melting points are uncorrected. IR spectra were 
recorded in Nujol and hexachlorobutadiene on a 
Zeiss UR-10 spectrometer. ‘H NMR spectra were 
taken on a Tesla BS 567A, 100 MHz instrument. 
Mass spectra were taken on a Jeol D-100 instru- 
ment. 

Methanolysis of the y&unsaturated-Uactonic rings 

1 g (1.5 mmol) of complex 1 was added to a 
methanolic solution of sodium methoxide prepared 
from anhydrous methanol (50 cm’) and sodium 
metal (0.23 g, 0.01 mol). The reaction mixture was 
heated under gentle reflux for 30 min then left at 
room temperature. A green crystalline material was 
filtered off, washed carefully with methanol and 
recrystallized from n-butanol. 

Products 3 and 4 were synthesized in this manner 
in 81 and 79% yields, respectively. 

3 (green needles, m.p. 180°C). Found: C, 61.9; 
H, 5.9; N, 8.3. Calc. for C34H38N406Ni: C, 62.1; 
H, 5.8; N, 8.5%. MS: 656 (P’ 58Ni). IR (cm-‘): 
1675s (vC=O keto), 1725s (VW ester). ‘H NMR 
(CDCl3, 6 (ppm)) : [1.97(s) -CHj, 2.0(m) 
-CH,---CH,-CH,-] 16H, 2.45 (t, 4H) 
--CO-CH,---CH,-CH 2, 2.81 (t, 4H) 
-CH,-COO, 3.69 (s, 6H) -COOCH3, 6.63 (b.s., 
8H) o-CgH4. 

4 (brown cubes, m.p. 175°C). Found : C, 67.5 ; H, 
5.3 ; N, 7.2%. Calc. for C44H42N406Ni : C, 67.6 ; 
H, 5.4 ; N, 7.2%. MS : 780 (P’ “Ni). IR (cm-‘) : 
167Os, (vm keto), 1730s (vC=O ester). ‘H NMR 
(CDCi3, 6 (ppm)) : 1.57 (m, 4H) -CH2-CH2 
--CH*-, [2.0(m) --CH,-CH,-CH,----, 2.1 l(s) 
-CH3] 14H, 3.62 (s, 6H) -COOCH3, 5.7 
(mAA’BB’, 4H) o-CsHq, 6.74 (m, 4H) o-CgH4, 7.32 
(m, 10H) -C6H5. 

Alkaline hydrolysis of the y&unsaturated lactonic 
rings 

A reaction mixture consisting of the complex 1 
(1 g, 1.5 mmol), potassium hydroxide (1.5 g), n-buta- 
no1 (25 cm3) was heated under reflux for 30 min. 
An abundant, green precipitate which appeared 
after cooling of the reaction mixture was altered 
off, washed carefully with n-butanol and dried. The 

potassium salts, 5 and 6, were obtained in this way 
in 85% yield. They were subjected to the alkylation 
procedure without further purification. 

5 (green powder, m.p. 280°C). IR (cm- ‘) : 1655s 
(vCL0 keto), 1555s (vasym.COO-). ‘H NMR 
(methanol-d4, 6 (ppm)) : [1.98(s) -CH3, 2.0-2.25 
(b.m.) -CO-CH,-CH,-] 20H, 2.87 (b.t., 4H) 
-CH,-COO, 6.7 (m, AA’BB’, 8H), o-&H+ 

6 (green powder, m.p. > 300°C). IR (cm-‘) : 
1660s (vC=O keto), 1555s (vasym.COO-). ‘H 
NMR (methanol-d4, 6 (ppm)) : [1.5-2.0 (b.m.) 
-CO-CH,-CH,-CH,-, 2.1 (s) -CH 3] 18H, 
5.7 (m, AA’BB’, 4H) o-CgH4, 6.8 (m, 4H) o-&H.,, 
7.35 (m, 10H) -CsH5. 

Reaction of the potassium salt, 5, with methyl and 
ethyl iodides 

An appropriate alkyl halide (10 cm’) was added 
to a solution of product 5 (0.7 g, 1 mmol) in meth- 
anol (5 cm3). The reaction mixture was allowed to 
reflux for 2 h, then the solvent and the reagent’s 
excess were distilled off on a rotatory evaporator. 
A green solid was washed with water, dried and 
chromatographed on a column of silica gel (0.05- 
0.2 mm) with use of chloroform as eluent. The main 
green fraction afforded pure products 3 and 7, 
respectively in 85 and 75% yields. 

The same procedure was used for the preparation 
of the products 4 and 8. 

7 (green powder, m.p. 1OO‘C). Found: C, 63.1; 
H, 6.0; N, 8.3. Calc. for C36H42N406Ni: C, 63.1 ; 
H, 6.2; N, 8.2%. MS : 684 (P’ ‘*Ni). IR (cm- ‘) : 
1680s (vC=O keto), 1725s (K&O ester). ‘H NMR 
(CDC13, 6 (ppm)) : 1.25 (t, 6H) -CH2-CH3, 2.0 
(s, 12H) -CH3, 2.2 (m, 4H) ---CH,-U-Z,- 
CHr-, 2.4 (t, 4H) -CO-CH2--CH2-CH2, 
2.75 (t, 4H) -CH,-COO, 4.13 (q, 4H) -CH2- 
CH3, 6.6 (b.s., 8H) o-CgH4. 

8 (green powder, m.p. 115T). Found: C, 68.0; 
H, 5.5; N, 6.8. Calc. for C46H46N406Ni: C, 68.2; 
H, 5.7 ; N, 6.9%. MS : 808 (P’ 58Ni). IR (cm-‘) : 
1670s (vC=O keto), 1720s (vc----O ester). ‘H NMR 
(CDC13, 6 (ppm)) : 1.25 (t, 6H) -CH2-CH3, 1.6 
(m, 4H) -CH2-CH2-CH2---, 1.9 (m, 8H) 
-CH,--CH,-CH,, 2.11 (s, 6H) -CH3, 4.08 (q, 
4H) -CH2-CH3, 5.70 (m, AA’BB’, 4H) o-CgH4, 
6.75 (m, 4H) o-CgH4, 7.32 (m, 10H) -C6H5. 

Reaction of the potassium salt, 5, with p-bromo- 
phenacyl bromide 

p-Bromophenacyl bromide (0.28 g, 1 mmol) was 
added to a solution of the starting product 5 (0.35 
g, 0.5 mmol) in methanol (15 cm’). The reaction 
mixture was heated under reflux for 30 min. A green 
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solid material which precipitated after cooling was 
filtered off, washed with methanol and water. The 
crude product was chromatographed on a column 
of silica gel (0.05-0.2 mm) with the use of chloro- 
form as eluent. The main green fraction gave pure 
product 9 in 88% yield. 

The same procedure was used for the preparation 
of the product 10. 

9 (green powder, m.p. 210°C). Found: C, 56.1; 
H, 4.1; N, 5.3. Calc. for C48H44N408Br2Ni: C, 
56.3; H, 4.3; N, 5.5%. IR (cm-‘): 1675s (K&O, 
CO---(CH&-), 1700s (vC=O, CO-&H,Br), 
1740s (vC=O ester). ‘H NMR (CDC13, 6 (ppm)) : 
[2.0(s) -CH3, 2.1(m) -CH&L?Z,--CH2] 16H, 
2.62 (t, 4H) -CGCH2-CH2-CH2, 2.89 (t, 4H) 
-CH,-COO, 5.3 (s, 4H) -COO-CH,-CO-, 
6.6 (m, 8H) o-CgH4, 7.7 (m, 8H) p-&H,Br. 

10 (green powder, m.p. 150°C). Found : C, 60.3 ; 
H, 4.0; N, 4.4. Calc. for C58H48N40sBrZNi: C, 
60.7; H, 4.2; N, 4.9%. IR (cm-‘): 1675s (vC=O, 
CO-(CH,),-), 1700s (K&O, CO-C,H,Br), 
1740s (vC=O ester). ‘H NMR (CDC13, 6 (ppm)) : 
1.6 (m, 4H) -CH2--CH2-CH,--, [2.0(m) 
-CH*-CH2-CH2--, 2.12(s) -CH3] 14H, 5.23 
(s, 4H) -COOCH,-CO-, 5.7 (m, AA’BB’, 4H) 
o-CgH4, 6.75 (m, 4H) o-CgH4, 7.32 (m, 10H) 
-CsHs, 7.7 (m, 8H) p-C6H4Br. 

Isolation of the acid 11 

A solution of salt 6 (1 g, 1.2 mmol) in water (25 
cm’) was acidified to pH 5 with dilute acetic acid. 

An abundant green precipitate that appeared in 
solution was filtered off and washed with water. 
A crude product was recrystallized from aqueous 
acetone. Yield 0.7 g (77%). 

11 (green powder, m.p. 130°C). Found: C, 66.9; 
H, 5.0; N, 7.2. Calc. for C42H3806N4Ni: C, 67.0; 
H, 5.1; N, 7.4%. MS : 752 (P’ S8Ni). IR (cm- ‘) : 
1680s (K&O keto), 1700s (vC=O carboxyl), 25OG 
2900m (vO-H). ‘H NMR (CDC13, 6 (ppm)): 1.5 
(m, 4H) -CH2--CH2--CH2-, 2.1 (s, 6H) -CH3, 
2.5 (b.t, 4H) -CO-CH2-CH2-CH2, 2.75 (t, 
4H) -CH,-COOH, 5.75 (m, AA’BB’, 4H) o- 
CsH4, 6.75 (m, 4H) o-CgH4, 7.3 (m, IOH) -C6H5, 
9.3 (b.s, 2H) -COOH. 
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Abstract-Dimolybdenum tetraacetate reacts with (CH,),SiCl and Ph2Ppy [2-(di- 
phenylphosphino)pyridine] to give green Mo2C1,(Ph2Ppy)2 which was too insoluble 
to crystallize or characterize. The reaction of Mo,Cl,(Ph,Ppy), with acetic acid has 
been investigated. Mo~(O~CCH~)~ and Mo2(02CCH3)2(Ph2Ppy)2C12 are the products 
resulting from total and partial ligand substitution reactions. The molecular structure of 
Mo2(02CCH3)2(Ph2Ppy)2C12 has been investigated by X-ray crystallography. The crys- 
tallographic data are as follows: triclinic space group PT, a = 10.789(2), b = 12.414(3), 
c = 9.888(2) A, CL = 110.48(2)“, B = 113.86(2)“, y = 67.36(3)“, V = 1088(l) A’ and Z = 1. 
The molecule has two tram bridging acetate groups, two trans 2diphenylphosphino- 
pyridine ligands arranged in a head-to-tail fashion, and two axial chlorine atoms. The 
length of the quadruple bond between the molybdenum atoms is 2.1900(3) A, which makes 
it the longest one known. 

Among all the transition elements forming multiple 
bonds, molybdenum has been a centre of interest’ 
due to the ease of formation and stability during 
substitution reactions. In this work we began with 
the objective of extending our knowledge of the 
series of Mo,X,(LL), type compounds by studying 
in more detail, Mo2C1@h2Ppy),. However, we 
soon confirmed the earlier brief note2 concerning 
this compound, namely, that it is extremely insol- 
uble and does not lend itself to classical chemical 
studies. We therefore explored its reactivity and 
can report in detail the reaction with acetic acid to 
produce Mo2(02CCH3)2(Ph2Ppy)2C12 as well as the 
structure and properties of the latter. 

EXPERIMENTAL 

Preparation of Mo2Cl,(Ph2Ppy)2 

Dimolybdenum tetraacetate (0.428 g, 1 mmol), 
2-diphenylphosphinopyridine (0.553 g, 2.1 mmol), 

*Author to whom ccmespondence should be addressed. 

(CH3)3SiCl (0.63 cm3, 5 mmol) and 15 cm3 of THF 
were refhtxed for 24 h. During this time a green 
precipitate of Mo2C14(Ph2Ppy)2 was deposited. It 
was filtered, washed with THF and vacuum dried. 
The yield was usually better than 90%. 
Mo2C1,(Ph2Ppy)2 is virtually insoluble in all com- 
mon solvents. While it is sparingly soluble in 
CH2C12 to give a green solution over a period of 
several hours this changes colour to red. 

Preparation of Mo2(02CCH3)2(Ph2Ppy)2C12 

Freshly prepared Mo2C1,(Ph2Ppy)2 (0.46 g, 0.58 
mmol) was suspended in 15 cm3 of acetic acid. The 
reaction mixture was stirred and reflexed for 18 h. 
It was cooled and ftltered to give pale yellow crystals 
(0.13 g) and a red solution. The solution was evap- 
orated to dryness and extracted with CH2C12. The 
red CH2C12 solution was layered with hexane and 
a crop of green crystals was collected in a few days. 
Yield 0.2 g (60% based upon recovered MO). Upon 
removal from the mother liquor these crystals lose 
interstitial solvent. Electronic spectrum, CH2C12 
solvent : A= 580 mu, I = 500 mu (sh). The yellow 
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Table 1. Crystal data for MoZ(Ph,Ppy),(OAc),C1, *ZCH,Cl, 

Formula 
Formula weight 
Space group 
Systematic absences 

a (A) 
b (A) 
c (A)- 
a (deg.) 
B (deg.) 
Y (deg.) 
V(A’) 
Z 

&, (g cm? 
Crystal size (mm) 
~(Mo-KJ (cm ‘) 
Data collection instrument 
Radiation (monochromated in 

incident beam) 
Orientation reflections, 

number, range (20) 
Temperature (“C) 
Scan method 
Data col. range (26 deg) 
No. unique data, total 

with F,’ > 3a(Fa 
Number of parameters refined 
Trans. factors, max., min. 

:,b 
Quality-of-fit indicator” 
Largest shift/esd, final cycle 
Largest peak (e A- 3, 

MozW’zOG6I,, 
1077.31 
PT 

10.789(2) 
12.414(3) 
9.888(2) 
110.48(2) 
113.86(2) 
67.36(3) 
1088(l) 
1 
1.394 
0.5 x 0.3 x 0.3 
7.945 
CAD4S 

MO-& (1, = 0.71073 A) 

25,2e > 200 
22 
W-28 
4, 50 

4767,451l 
253 
1.0815, 0.787 
0.0496 
0.07401 
2.47 
0.03 
1.84 

b& = [C w(~F,I-~F,~)‘/ZW~F,I~“~; w = l/02(lF,l). 
‘Quality-of-fit = [CW(~F~~-~F~~)~/(~~~~-N~~~]~‘~. 

crystals have been identified as Mo2(OZCCH&, by 
comparison of the IR spectrum with that of an 
authentic sample. 

X-ray crystallography 

A red crystal with approximate dimensions 
0.5 x 0.3 x 0.3 mm was glued inside a glass capillary 
filled with a mineral oil-mother liquor mixture 

*Calculations were done on a Micro VAX11 with a 
SDP package software. 

TAtomic positional and thermal parameters, full lists 
of bond lengths and angles and F,/F, values have been 
deposited as supplementary material with the Editor, 
from whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cambridge 
Crystallographic Data Centre. 

(5 : 1). The preliminary search and indexing revealed 
a triclinic cell. The axial lengths were conGrmed 
with oscillation photographs. Data were processed 
with procedures routine to our Laboratory.’ 
Lorentz and polarization corrections were applied. 
Three standard reflections monitored after every 
hour of data collection did not show any significant 
changes in intensity. An absorption correction was 
applied based on psi scans with the x angle near 90”. 
The structure was solved with the direct methods 
package of SHELXS-86. Refinement in space group 
Pi proceeded routinely.* Pertinent crystallographic 
data are summarized in Table 1 .t 

RESULTS AND DISCUSSION 

Mo,Cl,(PP), (where X = Cl, Br, I, PP = di- 
phosphine) have been intensively studied in the past 



Conversion of dimolybdemnn tetraacetate 

Mo2(02CCHJ4 (cn3)3sicI l Mo,Cl.,(I’h,I’py), 
PWF-Y 

FKrnH 

Mo~(O,CCH,>,(Ph,pPy)~C~~ 

Scheme 1. 
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few years. This class of compounds has been used to 
derive the relationship between metal-metal bond 
strength and the torsional angle.3 We decided to 
study the molecular geometry of MozCl.+(PhzPpy), 
and compare it with diphosphine complexes. The 
complex was prepared according to the reaction : 

--, MozC14(Ph,Ppy)2+4(CH3)sSiOzCCH3. 

It was isolated in a good yield, as a green micro- 
crystalline powder, but attempts to grow single 
crystals suitable for X-ray diffraction studies have 
been futile so far due to the insoluble nature of the 
compound. CHzClz is the only solvent we have 
found that will dissolve MozC14(PhzPpy),, but 
the initially green solution quickly turns red, 
and no crystalline material could be isolated. We 
next turned our attention to the reactivity of 
MozC1,(Ph,Ppy)z. When its suspension in acetic 
acid is refluxed, the mixture turns red and two 
products are isolated according to Scheme 1. 
They are Mo2(OzCCHs).,, which was identified 
by comparison with an authentic sample and 

Moz(OzCCHs)z(PhzPpy)zClz. 
Reactions of MoZX4(PR3), compounds with car- 

boxylic acids have been investigated before4,* and 
the products isolated for monodentate phosphines 
characteristically have the stoichiometry Mo,X, 
(OzCCR’)z(PRS)z. These compounds can also be 
prepared by a direct reaction of Mo~(O$CH~)~ 
with phosphine in the presence of Me3SiC1.6’7 Cor- 
responding reactions with bidentate phosphines 
have not been studied. The stoichiometry and 
geometry of our compound are novel, but not sur- 
prising. With two bridging acetate groups and two 
phosphinopyridine ligands, which prefer a bridging 
rather than a dangling mode of coordination, the 
remaining two chloride ligands are forced into axial 
positions. We have also investigated the reaction of 
MozC14(dppm)z with acetic acid, but we could not 
isolate any crystalline products. Quite possibly with 
this bulkier diphosphine there is not enough room 
for the axial coordination of chloride ions and ionic 
species are formed. 

The molecular structure of Mo~(O~CCH~)~ 
(PhzPpy),Clz is shown in Fig. 1 and selected bond 
distances and angles are presented in Table 2. 

There are also two interstitial CHzCll molecules 
per dimolybdemun unit ; these make normal van der 
Waals contacts with the dimolybdenum molecule. 

The dimolybdenum molecule resides on a 
crystallographic centre of inversion. The 
Mo2(02CCH& portion of the structure has dimen- 
sions comparable to those found in Mo~(O~CR)~ 
molecules generally, except for the Mo-MO 
distance, which will be discussed below. The rest of 
the structure shows distortions that are under- 
standable from the unsymmetrical nature of the 
Ph#py ligands, which are in a head-to-tail relation- 
ship. As can be seen in Fig. 1, the short Mo-N 
distance with C(14) close to the region of axial 
coordination, together with the long Mo-P dis- 
tance and the phenyl groups directed away from the 
axial region causes a displacement of the axial Cl 
atoms away from the “linear” axial site by ca 16.5“. 

It may also be noted that the Ma-Cl distances 
are quite long in view of the fact that the Moz(02 

CCH,),(Ph,Ppy):+ unit to which Cl- ions are 
bound is a dication. In the [Mo,(O,CCF,)&J- 
ions,* where X = Br and I, the Mo-X distances 
are 2.88 and 3.18 A, respectively. Subtracting the 
pertinent differences in halogen radii, these would 

Fig. 1. ORTEP drawing of Mo2(OzCCHs),(PhzPpy),C1, 
at 50% probability level. Only the unique part of the 

molecule is labelled. 
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Table 2. Selected bond distances in angstroms and angles in degrees for Mo2(02CCH&(PhzPPy),C1,- ZCH,Cl, 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

MO MO 2.1900(3) MO O(2) 2.116(3) O(2) C(1) 1.263(4) 
MO Cl(l) 2.7544(7) MO N(1) 2.240(2) N(1) C(l0) 1.351(3) 
MO P(1) 2.5341(7) P(1) C(l0) 1.844(3) C(1) C(2) 1.524(8) 
MO O(1) 2.1 lO(3) O(1) C(1) 1.269(4) 

Atom Atom Atom Atom Atom Atom Atom Atom Atom 
1 2 3 Angle 1 2 3 Angle 1 2 3 Angle 

MO MO Cl(l) 163.44(2) Cl(l) MO N(1) 88.94(6) MO O(1) C(1) 117.3(3) 
MO MO P(1) 84.77(2) P(1) MO O(1) 86.42(6) MO O(2) C(1) 118.7(2) 
MO MO O(1) 91.24(5) P(1) MO O(2) 96.63(6) MO N(1) C(10) 119.4(2) 
MO MO O(2) 89.64(5) P(1) MO N(1) 165.72(8) O(1) C(1) O(2) 122.9(4) 
MO MO N(1) 107.54(6) O(1) MO O(2) 176.90(8) O(1) C(1) C(2) 118.6(3) 
Cl(l) MO P(1) 79.12(2) O(1) MO N(1) 86.1(l) O(2) C(1) C(2) 118.5(3) 
Cl(l) MO O(1) 91.54(6) O(2) MO N(1) 90.8( 1) P(1) C(10) N(1) 113.0(2) 
Cl(l) MO O(2) 88.46(6) MO P(1) C(10) 113.4(l) 

Numbers in parentheses are estimatd standard deviations in the least significant digits. 

correspond to an Ma-Cl distance of ca 2.73 A. 
Since in these cases X- ions are approaching a 
neutral Mo2(OZCCF& unit, one might have 
expected a shorter distance in the present case, but 
we actually tind a distance of 2.75 A. 

In spite of the relative weakness of these axial 
Ma-Cl bonds, the Mo-MO distance is remark- 
ably long, 2.1900(3) A. This is longer than any 
previously reported Mo-MO quadruple bond 
distance, although only 0.01-0.02 A longer than 
several others. ’ 
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A MODEL FOR THE NON-MOLECULAR STRUCTURFS OF 
THE THIOLATES, MSR, OF COPPER AND SILVER 
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Abstract-A model for the unknown crystal structures of copper (and silver) thiolates, MSR, 
is derived from the known crystal structure of Cu8(SCMe2Et)d(S2CSCMe2Et)4 and other 
derivatives of MSR. The proposed structure is one-dimensionally non-molecular and 
tubular. Steric pressure between large substituents R contiguous along the chain could be 
accommodated with simple structural modifications, involving elongated secondary bonds 
and concomitant change of metal coordination from trigonal towards digonal. This 
results in either two intertwined infinite helical strands, or stacks of M4(SR)4 cycles along 
the chain, both of which are precedented structural functions. 

One of the unanswered questions in the structural 
chemistry of metal thiolates is that of the structures 
of the insoluble compounds, CuSR, which are pre- 
sumed to be non-molecular in structure. ’ No 
researchers in this field have been able to obtain 
crystals suitable for single crystal diffractometry, 
and relevant structural data have been obtained 
only from derivatives which have additional ligands 
and therefore are structurally molecular as a conse- 
quence of the higher ligand/Cu ratios. Crystal struc- 
tures are known for homoleptic anionic molecular 
complexes [Cu(SR),12- and [CU,(SR)~]~-,’ for 
heteroligated phosphine derivatives Cu,(SI’h), 
(PPh3L2 Cu3(SPh)@‘Ph3)4,3 Cu4(SPh).i(PPh3)4,4 
Cu4(SCMe3)4(PPh3)2,5 Cu4(SCMe2Et)4(dppm)2,6 
and for the product CU~(SR)~(S~CSR)~ (l), 
R = CMe2Et, of the reaction of CuSR with CS2.7 
From all of these results it is fairly certain that 
the local coordination of Cu in CuSR will be 
digonal or trigonal. ’ 

The structure of AgSCMeEt, is known to be one- 
dimensionally non-molecular with digonal coor- 
dination and doubly-bridging thiolate,’ and in the 
case of AgSAr (Ar = C&I,, C6H4C1-4) there is good 
evidence that a two-dimensionally non-molecular 
layer structure occurs with trigonal Ag coordina- 
tion and triply-bridging thiolate.’ 

The crystal structure of (1) suggests a new one- 
dimensionally non-molecular model for the struc- 
tures of compounds MSR, M = Cu, Ag. The pur- 

pose of this note is to analyse the structure of (1) and 
present the structural model. 

RESULTS 

As shown schematically in Fig. 1, the molecule 
of (1) is elongated, with the thiolate SR ligandv 
around the equator, comprising a CuXSR), cycle 
[Cu( l)]. The thiolate ligands are in fact triply-bridg- 
ing, due to connections to additional copper atoms 
[Cu(2)] at either end of the molecule. Trigonal coor- 
dination at all copper atoms is completed by the 

Fig. 1. Schematic representation of the core of the molec- 
ular structure of Cu,(SCMe,Et)4(S~CSCMe,Et), (l), 
with only the SF section of each thioxanthate ligand 
included. The Cu(1) and S atoms of the central Cu,(SR), 
cycle (shaded grey) are connected through the S atoms 
to another four Cu(2) atoms (open). Completion of the 
trigonal coordination at all Cu atoms is by the eight S 
atoms (vertical stripes) of four thioxanthate ligands at 

the ends of the molecule. 
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eight sulphur atoms of the thioxanthate ligands. 
The thioxanthate ligands terminate the elongated 
molecule, which has pseudo-S, axial symmetry. 
The constancy of the angles involving Cu, S, C in 
(1) is an indication of the structural stability of its 
core. 

In this structure the positions of the thioxanthate 
donor S atoms correspond to the positions of the S 
atoms of triply-bridging thiolate ligands, translated 
along the axis of the molecule. If the thioxanthate S 
atoms are replaced by the donor S atoms of thiolate 
ligands, and metal atoms are introduced close to 
the thioxanthate carbon locations, the central 
Cuq(SR), cyclic portion of (1) is repeated by trans- 
lation in both directions along the axis. Thus this 
construction leads to an extended linear chain struc- 
ture, (2), shown in Fig. 2, in which all M atoms are 
trigonally coordinated and all thiolate ligands are 
triply-bridging. The M coordination planes in (2) 
lie in the faces of a square tube. The M-S-M 
angles, which are independent of M-S distances, 
are ideally 120, 90, 90”: in fact at the four inde- 
pendent triply-bridging thiolates in (1) one 
Cu-S-G angle is 120 f 0.4”, one 88 f 2”, and one 
73 f 2”. Cyclic moieties which are established in 
other copper and silver thiolate compounds occur 
also in (2) : M3S3 cycles, as in [Cu,(SR),12-, occur 
in the surface of the tube, and M& rings in’two 
different centrosymmetric conformations girdle the 
tube. 

The substituents R project perpendicular to the 
tube axis, as portrayed in Fig. 2, with conventional 
stereochemistry at the sulphur atoms. Steric inter- 
ference between substituents is most likely to occur 
along the edges of the tube, where substituents 
which are parallel to each other repeat at cu 4 A for 
an M-S distance of 2.3 A. There is precedent for 
substituents with this proximity, in the pairs of sub- 
stituents axial to the M,(SR), chairs in the ada- 
mantanoid cages w,(SR), J 2-. ’ In these it is recog- 
nized’ that where such an axial substituent pair 
occurs the enclosed S-M-S angle is widened from 

M b SR 

Fig. 2. Four repeat units of the linear chain structure (2). 
The smallest circles represent the cl-carbon atoms of the 

substituents. 

Fig. 3. An elongated modification of structure (2), in 
which one third of the M-S interactions (marked 
broken) are lengthened to secondary bonds, such that the 
primary bonds constitute two interwound strands, one of 
which is differentiated by grey circles. The S-M-S seg- 

ments have not been linearized in this diagram. 

the normal (tetrahedral) value. Structure (2) allows 
similar widening of the S-M-S angles along the 
edges of the tube, beyond 120”, with concomitant 
closing of the other two S-M-S angles in the 
faces of the tube. The precedents cited are with ethyl 
and phenyl groups, ‘7 ’ ‘3 ’ ’ and it is noted that tertiary 
thiolate ligands could require more than 44.5 A as 
the repeat distance along the tube edges, as the van 
der Waals diameter of a methyl group is 3.4 A. 
Structure type (2) is able to accommodate steric 
pressure of this type by elongation of one third 
of the M-S interactions to secondary bonds, 
with a concomitant adjustment of M coordination 
towards digonal stereochemistry. 

This structural mechanism for chain elongation 
can occur in two different ways, shown in Figs 3 
and 4. In one modification (see Fig. 3) the primary 
M-S bonds constitute two infinite strands, which 
are interwound but unconnected except for the sec- 
ondary interactions. This arrangement is similar to 
the one-dimensionally non-molecular structure of 
crystalline AgSCMeEtz,* in which there are two 
intertwined strands of linear segments but with the 
strands not connected even by secondary S---Ag 
bonds. The modification of (2) shown in Fig. 3 
could be stretched even further to have non-bond- 
ing distances at the broken lines. In the second 
modification, Fig. 4, the primary bonds constitute 
M4(SR)4 cyclic molecules, stacked along the chain. 
There is precedent for the CQ(SR)~ cycle in 
Cu4(SCMeJ4(PPh3)2,5 and for confacially stacked 
Ag,(SR), cycles in the crystal structure of Ag, 
(SCMeEt2)@Ph3)2.‘2 Note that molecular M,(SR), 
cycles of a different conformation, but still stacked 
along the chain, could be formed from (2) with a 
different selection of M-S bonds to be elongated. 

DISCUSSION 

The analysis here echoes a recurring theme in the 
chemistry of metal-group 16 derivatives, namely 
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Fig. 4. Another elongated version of structure (2), in 
which one third of the M-S interactions (marked 
broken) are lengthened to secondary bonds, such that 
the primary connections constitute M,(SR), cycles. The 

S-M-S segments have not been linearized. 

that the structures of polymetallic molecular aggre- 
gates are fragments of non-molecular structures, 
terminated with additional ligands.‘*13 Thus (1) is 
interpreted as a molecular fragment, capped by 
terminating hetero-ligands, of a proposed non- 
molecular structure (2). In this case the positions 
of the S donor atoms of the heteroligands are very 
close to those of the SR ligands in (2), and the C 
positions of the thioxanthates are close to the M 
positions of (2). 
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SYNTHESIS AND REACTIVITY OF FUNCTIONALIZED 
RHENIUM GERMYL COMPLEXES 

(~“C,~)Re(NO)(PPh3)(GePh,X); DYNAMIC EQUILIBRIA WITH 
GERMYLENE COMPLEX [($-C&I,)Re(NO)(PPh3)(=GePh2)]+X- 
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Abstract-Reaction of Li+[($-C,H,)Re(NO)(PPh,)l- with Ph3GeC1 and Ph2GeC12 (THF, 
-75°C) gives germyl complexes ($-CsHS)Re(NO)(PPh3)(GePh3) (84%) and (q5-CsHs) 
Re@JO)(PPh&GePh2Cl) (3, 82%), respectively. Reaction of 3 and (CH3)3SiOTf 
gives (r$-C5H,)Re(NO)(PPh3)(GePh20Tf) (4, 82%). Several properties show the triflate 
substituent in 4 to be extremely labile. First, reaction of 4 and pyridine to give 
[(~5-C5H5)Re(NO)(PPh3)(GePh2NC5H5)]+TfO- (5) is complete in c 5 min at -78°C; 
the pyridine in 5 rapidly exchanges with pyridine-d5 (CD2C12, -80°C). Second, the 
13C NMR resonances of the diastereotopic germanium phenyl substituents in 4 coalesce 
upon warming (AG& (CD2C12) = 12.6kO.2 kcal mol- ‘). The most likely mechanisms 
for this dynamic behaviour entail initial triflate dissociation to give the germylene complex 
[(q’-C5H5)Re(NO)(PPh3)(=GePh2)]‘TfO-. 

Metal complexes of unsaturated silicon, 
germanium, tin and lead containing ligands have 
been the focus of much recent attention. l-2 We have 
previously demonstrated the ready availability of 
cationic chiral rhenium alkylidene complexes of the 
formula [(r$-C5H5)Re(NO)(PPh3)(=CHR)]+X-.3~4 
The rhenium fragment (q 5-C 5H 5)Re(NO) 
(PPh,)+ is a powerful R donor by virtue of the 
high-lying d orbital HOMO shown in I below 
(Scheme 1),3d and hence these alkylidene complexes 
exhibit some of the highest MS double bond 
rotational barriers known (18-21 kcal mol- ‘).3a*qd 
Thus, we sought to probe the accessibility of 
analogous germylene complexes, [(~I’-C,H~)R~(NO) 
(PPh,)(=GeR,)]+X-. Neutral germylene com- 
plexes with bulky germanium substituents have 
been previously synthesized, ’ but cationic 
germylene complexes remain to our knowledge un- 

* Author to whom correspomIence should be addressed. 
7 Reaction conditions, work-up procedures and prod- 

uct spectroscopic properties are similar to those recently 
described for related silyl complexes. 6 

known. In this communication, we report the 
synthesis of functionalized germyl complexes (q’- 
C,H,)Re(NO)(PPh,)(GeR,X), and dynamic NMR 
data that suggest facile equilibria with the cor- 
responding germylene complexes. 

The rhenium anion Li+[(q’-C5H5)Re(NO) 
PPh,)]- (1) was generated in THF as previously 
described’ and treated with germyl chloride 
Ph,GeCl (1.5 equiv.) at - 75°C (Scheme 1). Work- 
up gave the triphenylgermyl complex ($-C5H5) 
Re(NO)(PPh,)(GePh,) (2) in 84% yield.7 Next, 
anion 1 was similarly treated with dichloride 
Ph2GeC12. The functionalized germyl complex 
(q’-C,H,)Re(NO)(PPh,)(GePh,Cl) (3) was iso- 
lated in 82% yield after work-up. Complex 3 and 
(CH3)3SiOTf2” were in turn reacted in CH2C12. 
Work-up gave the germyl complex (q5-C5H5) 
Re(NO)(PPh3)(GePh20Tf) (4) in 82% yield. 

Several observations indicated the tritlate sub- 
stituent in germyl complex 4 to be extremely labile. 
First, addition of pyridine (2.0 equiv.) to 4 gave the 
pylidinillm salt, [(rl ‘-CsH ,)Re(NO)(PPh,) 
(GePh2NC5H5)]+ TfC- (5) in 83% yield after 

2209 
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Q I 

de 
ON’-‘PPh, 

PhpGeCIL (CH&3iiTJ 

Li+ 

de 
ON’ 1 ‘PPh, 

de 

GePhB 
ON’ 1 ‘PPh, 

ON PPh3 
2 I 

5 

Scheme 1. Synthesis of functionalized germyl complexes. 

work-up. We sought to determine the rate law for 
this transformation, and specifically the order 
in pyridine. However, reaction was complete in < 5 
min at - 78”C, as assayed by 3’P NMR monitoring. 
Similarly, pyridinium salt 5 (0.02 M in CD&l,) was 
treated with 2.5 equiv. of pyridine-d, at -80°C. 
Equilibration with 5-d5 was complete in < 5 min. 

Germyl complexes 2-5 were characterized by 
microanalysis and by IR, and ‘H, 13C and 31P NMR 
spectroscopy, as described in supplementary 
material furnished to the reviewers.* IR v(CF,S03) 
(KBr, cm-‘, s) were noted for 4 (1331, 1234, 1200) 
and 5 (1271, 1224,1150,1045). The high frequency 
band of 5 was in a typical range for ionic triflates 
(128&1270 cm- I), whereas that of 4 was outside 
the typical range for covalent trillates (1395-1365 
cm- I).’ 

Importantly, germyl complexes 3 and 5 exhibited 
separate 13C NMR resonances for the diastereo- 
topic germanium-phenyl substituents in CD$& 
at room temperature (two o, m, p, ipso). How- 
ever, triflate-substituted complex 4 showed dyna- 
mic behaviour. At lower temperatures, separate 
phenyl carbon resonances were observed as with 
3 and 5. However, these coalesced to a single 
set of resonances upon warming. The coalescence 
temperatures were determined from spectra rec- 
orded in 5°C increments, and differed for each type 
of carbon. Standard treatment of the data for the 

* See footnote t on previous page. 

ipso carbons gave AGfs8k (CD&lJ = 12.6kO.2 
kcal mol- ’ for the process equivalencing the phenyl 
groups. ‘*’ The AGt siflcantly increased in the less 
polar solvent chlorobenzene (AGjz3k(C6D5C1) = 
15.3 & 0.2 kcal mol- I). 

What is the mechanism by which the dias- 
tereotopic phenyl groups of 4 are equivalenced? One 
possibility is to invoke the inversion of con- 
figuration at rhenium. However, analogous rhe- 
nium alkyl, phosphido, bromo and iodo complexes 
show good configurational stability.“g*‘O Hence, we 
conclude that a net inversion of cotiguration at 
germanium must occur. Accordingly, the most 
probable inversion mechanisms entail triflate anion 
dissociation to give the germylene complex, 
[($-C,H,)Re(NO)(PPh,)(=GePh#TfO- (6), as 
shown in Scheme 2. ” The Re=Ge conformation 
of 6 depicted is analogous to Re=C conformations 
found in corresponding alkylidene complexes. 3 Dis- 
sociation would be followed by either (1) Re=Ge 
bond rotation, and addition of triflate anion to the 
Re=Ge face anti to PPh3, or (2) addition of the 
triflate anion to the Re=Ge face syn to PPh3, and 
Re-Ge bond rotation (Scheme 2). Both mech- 
anisms interconvert the diastereotopic phenyl 
groups, and account for the solvent polarity trend 
noted above. However, since nucleophiles pre- 
ferentially attack the corresponding alkylidene 
complexes on the Re=C face anti to the bulky PPh3 
ligand,3 we view the first possibility as more likely. 

Importantly, the AGjh8k (CD2C12) of 12.6 kcal 
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II Addition/elimination 
to Re=Ge face syo 
to PPhS 

Re-Ga_ 

Rotation 

Scheme 2. Possible mechanisms for the equivalencing of diastereotopic phenyl groups Ph, and 
Ph, in germyl complex 4. 

mol- ’ for the equivalencing of the diastereotopic 
phenyl groups of germyl complex 4 constitutes the 
maximum AG that can separate 4 from germylene 
complex 6 at 268 K. Since the Re=Ge bond 
rotational barrier could well contribute to this AGf, 
the actual AG between 4 and 6 may be much less. 
Hence, appropriate structural variants of 4 have a 
good chance of being thermodynamically unstable 
with respect to a germylene complex. Experiments 
designed to probe this possibility are in progress. 
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Abstract-Sterically protected 1-phenyl-1) and I-t-butyl-(2) 3-(2,4,6-tri-t-butylphenyl)-l- 
aza-3-phospha-allenes were prepared and the X-ray structure was determined for 1; ab 
initio calculations were carried out for the parent compound, -NH. 

We reported the preparation of l-phenyl-3-(2,4,6- 
tri-t-butylphenyl)-l-aza-3-phospha-ahene’ as an 
unusual phosphorus compound stabilized by steric 
protection (see Scheme 1). The phosphorus atom 
involved is in a low coordination state and the mol- 
ecule is of a hetero-cumulene type. However, there 
have been no reports on the X-ray structures of 
phosphacumulenes having high field chemical shifts 
in 31P NMR.‘v2 In order to clarify this important 
feature, we have been very interested in the 
basic structure of this particular 1-aza-3-phos- 
phacumulene (1). 

* Authors to whom cormspon&nce. should be addressed. 

ArP(Ll)SiMeaBu’ + R-N=C=C - ArP=C=N-R 

1: R=Ph 
2: R=t-Bu 

(Ar = 2,4,6-Bu;C,H,) 

Scheme 1. 

EXPERIMENTAL 

Compound 1 was prepared as described before 
and purified by column chromatography and re- 
crystallization, and was subjected to X-ray analysis. 
The corresponding 1 -alkyl- 1 -aza-3-phospha-allene 
(2) was obtained, using t-butyl isocyanate via the 
Peterson reaction, in 78% yield after column chro- 
matographic separation (silica gel, pentane, O’C). 
2: ‘H NMR (CDCl,) 7.37 (d, 4JPH = 1.95 Hz, 2H, 
aromatic), 1.64 (s, 18H, o-Bu?, 1.30 (s, 9H, p-Bu? 

2213 
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Table 1. Some physical and spectroscopic data for 1 and 2 

Compound 1 2 

M.p. (“C) 
IR v(PCN) (cm- ‘) 
3’P NMR (CDCl,) B(P) 
“C NMR (CDCl,) G(PCN) [ ‘&(Hz)] 
W (hexane) I,,&)(nm) 

90-92 166-168 
1845 1885 

- 106.2 - 101.9 
209.4 [27.4] 192.2 [76.2] 
202 (73500) 203 (49600) 
257 (45100) 250sh (7200) 
286sh (14500) 291 (9600) 
412 (1410) 376 (490) 

and 1.16 (s, 9H, N-Bu’). Table 1 shows some impor- 
tant physical and spectroscopic data for 1 and 2. 

RESULTS AND DISCUSSION 

Figure 1 is an 0RTEP3 drawing of the 1-aza-3- 
phospha-allene (l).* The P, C(l), N and C(2) are 
coplanar within 0.06 A. This plane makes an angle 
of 22.7” with the phenyl group [C(2)-C(7)]. The 
C(8), P, C(1) and N are also coplanar within 0.06 
8, and the interplanar angle between this plane and 
the former plane is 75.8” with the torsion angle of 
C(8)-P. . . N-C(2) = - 102.2” (- 90”), probably 
due to the steric repulsion of the phenyl group and 
one of the methyl groups of the o-t-butyl group 
C(24). The distance C(3). . . C(24) is’3.762(5) 8, and 
causes the torsion mentioned above. The latter 
plane (C(8), P, C(l), N) makes an angle of 87.4” 
with the 2,4,6_tri+butylphenyl ring. Thus the bulky 
phenyl group is almost perpendicular to the 

*Reddish yellow crystal, 0.53 x 0.41 x 0.30 mm, from 
pentane solution. Crystal data : CZSHj4NP, M = 379.53, 
triclinic, space group PI, a = 11.923(3), b = 11.253(2), 
c = 9.953(2) A, 0: = 115.12(2), B = 91.15(2), 
y = 75.26(2)“, U = 1163.4(5) A3, 2 = 2, D, = 1.08 g 
cm- 3, &MO-K,) = 0.7107 A. Intensities of the 4126 
reflections measured, of which 2988 were treated as 
observed in the refinement with (I > 30(Z)). The structure 
was solved by direct methods.4 The methyl groups on 
C(18) are disordered. The occupancy factors of two sets 
of three methyl carbons were refined to be 0.81 and 
0.19. The methyl carbons with the lower occupancy are 
omitted from Fig. 1 for clarity. All H-atoms except for 
the disordered methyl hydrogens with low occupancy 
were located in difference syntheses and refined iso- 
tropically. Full-matrix least-squares refinement5 carried 
out on F, when function minimized was Z w(lFJ -IF&*, 
w = 1 .0/[a2(F0) +O.Ol x Fa, led to convergence at 
R = 0.042. Fractional coordinates and temperature fac- 
tors, bond distances and angles, and observed and cal- 
culated structure factors have been deposited with the 
Editor. Coordinates have also been deposited at the Cam- 
bridge Crystallographic Data Centre, University Chemi- 
cal Laboratory, Lensfield, Cambridge, CB2 lEW, U.K. 

C(8)-P=CLN x system. The P-C(l) and 
C(l)-N bond distances are 1.651(3) and 1.209(4) 
A, respectively. The bond angle P-C(l)-N is 
17 1.1(2)” and the linearity is distorted in this direc- 
tion to release the repulsion. The bond angle 
C(l)-P(ljC(8) is 99.2(l)“. 

The C=N bond lengths are 1.213 and 1.226 8, for 
bis(p-methoxyphenyl)carbodiimide,6 and 1.204(4) 
and 1.223(5) 8, for di-p-tolylcarbodiimide’ and the 
carbodiimide systems deviate from a linear arrange- 
ment, i.e. the N=C=N bond angles are 169.0 and 
170.4”, respectively. The cumulenic n-bond systems 
have a nearly perpendicular orientation, i.e. the tor- 
sion angles, C-N . *. N-C, are 87.9 and 88.0”, 
respectively. Karsch et al.’ reported the X-ray 
structure of 1,3-bis(2,4,6-tri-t-butylphenyl)- 1,3- 
diphospha-allene,’ indicating that the P=C bond 
lengths are 1.635(8) and 1.630(8) A with the bond 
angle for -P of 172.6(5)O and the torsion 
angle of C-P . . . P-C being 83.0”. On the other 
hand, we reported the X-ray structures of some 
phospha-ethylenes, E-(3)” and Z(4)” 1-(2,4,6- 
tri-t-butylphenyl)-2-phenyl-l-phospha-ethylenes, 
indicating that the bond lengths P=C are 1.660(6) 
8, for 3 and 1.674(2) 8, for 4. The bond length 
of p---C in AraPh2’* is 1.625(4) A with the 
bond angle P=C=C being 168.0(3)“. 

There seems to be some contribution from a 
canonical form of the type lA, from the point of 
view of X-ray analysis and its 3 ‘P NMR high field 
chemical shifts (see Scheme 2). 

The slightly compressed C=N bond length and 
the elongated P+C bond length as well as deviating 
from a linear arrangement were confirmed by ab 
initio calculations of HP=C=NH. The calcula- 
tions were carried out at the Hartree-Fock (HF) 
level with the split-valence +21 G, ’ 3 and polarized 
&3 1 G(d), 6-31 G(Q), and 6-31 G(2d,p) basis 
setsI for H-NH. The optimized geo- 

Ar-P=C=N-Ph - Ar-kXiPh - A&C+i-Ph 

1 1A 1B 

Scheme 2. 
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Fig. 1. ORTEP drawing of 1. 

Table 2. Geometries from ub initio calculation of HPCNH and X-ray crystallography of 1 

3-21 G 4-31 G” 6-31 G(d) 6-31 GWJ) 6-3 1 G(2d,p) X-ray 
- 

Bond length (A) 

PC 
CN 
PHb 
NH 

Bond angle (“) 

HPC 
PCN 
HNC 

Dihedral angle (“) 

HPCN 
HNCP 

Twist angle (“) 

(H)P...N@V 

Atomic charge 

H(P) 
P 
C 
N 

HO 

Total energy (au) 

1.787 1.718 1.677 1.677 1.673 
1.153 1.180 1.193 1.192 1.191 
1.435 1.448 1.406 1.408 1.406 
0.983 0.990 1.003 1.002 1.003 

90.7 92.3 92.5 92.3 92.3 99.26 
176.7 175.8 174.9 175.0 174.8 171.1 
179.5 140.0 121.9 122.0 120.1 130.56 

- 179.9 138.0 135.1 134.8 133.8 128’ 
-4.3 131.6 135.2 135.5 136.5 1346 

179.2 -92.8 -91.2 -91.1 -91.0 - 102.26 

- 0.074 0.037 -0.029 - 0.062 0.034 
0.204 -0.009 0.021 0.053 -0.151 
0.301 - 0.062 0.208 0.217 0.167 

-0.879 -0.253 -0.610 -0.546 -0.379 
0.448 0.286 0.411 0.338 0.328 

-431.89719 -433.58831 -434.13943 -434.14623 - 434.15545 

1.651 
1.209 

d Data taken from ref. 13. Atomic charges are at the HF/DZP//&3 1 G level. 
b(H) should read ipso-carbon in the X-ray results for 1. 
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metries are listed in Table 2 together with the 
results by Nguyen and Hegarty at the 4-31 G 
level.15 The optimized structures are dependent on 
the basis-set used, and suggest that the contribution 
of the d-orbitals is fairly important in the p--=C=N 
system. The structures optimized at higher levels in 
total are very similar to that observed for 1 by X- 
ray analysis. The small differences are probably due 
to the steric hindrance. 
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Abstract-Trimethylsilylaklylethers, Me,SiOR (R = Me, Et) and hexamethyldisiloxane 
react with NbCls in dichloromethane under ambient conditions to give readily isolable 
mono-alkoxides, [NbCl,(OR)], (R = Me, 1; Et, 2) and the thermally sensitive siloxide 
[NbCl,(OSiMe,)], (3), respectively. At 80°C in 1,2-dichloroethane, l-3 undergo efficient 
conversion to [Nb(O)Cl,] with elimination of RCl. In acetonitrile solution, the reaction of 
NbCls with (Me3Si)20 proceeds smoothly to give [Nb(O)Cl,(CH,CN)J which is readily 
converted to [Nb(O)Cl,(THF),] upon dissolution in tetrahydrofuran (THF). 

Oxychlorides of general formula M(0)C13 are 
known for all three members of the group 5 triad. ’ 
While volatile V(0)C13 is readily prepared by treat- 
ment of V20s with SOC12,2 the heavier congeners 
have not proved accessible via this method or a 
similarly mild synthetic procedure. For example, 
established routes to niobium oxychloride include 
inter alia treatment of the pentahalide with Sb203 
in a stream of gaseous chlorine,3 the action of 
molecular oxygen on heated pentahalide,4 or 
pyrolysis of the pentachloride diethyl ether 
adduct. 4 

Recently, we have reported a convenient, mild 
procedure for the controlled introduction of oxygen 
atoms into the coordination sphere of the heavier 
group 6 transition metals.’ Here, we describe the 
extension of this methodology to the synthesis of 
Nb(0)C13 via isolable mono-alkoxide inter- 
mediates, and the preparation of the solvent- 
stabilized monomers ~b(O)Cl,(CH,CN),] and 

PJWP,(TW& 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

Solvents and reagents were dried and distilled 
prior to use, and all manipulations were carried out 
on a conventional inert gas/vacuum line, or in a dry 
box under an atmosphere of nitrogen. (Me3Si)20 
(Aldrich), Me,SiOMe (Fluka) and Me,SiOEt 
(Fluka) were distilled from P,O, or dried over 
molecular sieves (4 A) before use. NbCls (Aldrich) 
was used as received. Elemental analyses were pro- 
vided by the microanalytical service of this depart- 
ment. ‘H NMR spectra were recorded at 250 MHz 
on a Bruker AM 250 spectrometer. IR spectra 
(Nujol mulls between KBr or CsI plates) were re- 
corded using Perkin-Elmer 577 and 457 spec- 
trophotometers. Mass spectra were recorded 
on a VG 7070E mass spectrometer. 

Synthesis of [NbCl,(OMe)], (1) 

A dichloromethane solution of Me3SiOMe (1.15 
g, 11.1 mm01 in 15 cm3 of CH,Cl,) was added 
dropwise to a suspension of NbC15 (3 g, 11.1 mmol) 
in dichloromethane (20 cm3) at room temperature. 

2217 
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The mixture was stirred for 2 h during which the 
NbCls suspension reacted to give a colourless solu- 
tion. Filtration, followed by concentration to half 
volume and cooling to - 30°C afforded colourless 
crystals of [NbCl,(OMe)], (2.60 g, 88%). Found: 
Nb, 34.8; Cl, 53.2; C, 4.4; H, 0.99. Calc. for 
CH3C1,NbO:Nb,35.0;C1,53.4;C,4.5;H, 1.14%. 
IR data (Nujol mull, cm- ‘) : 1140(w), 106O(s,br), 
910(w), 865(w), 775(w), 735(w), 720(w), 595(m), 
570(m), 390(m), 350(m). The CI+ mass spectrum 
(isobutane carrier gas) gave molecular ions at m/z 
532 and 215 corresponding to protonated 
pbC1,(OMe)lz and Nb(O)Cl,, respectively. ‘H 
NMR (250 MHz, CDClJ : 6 5.17 [singlet, CH3]. 

Synthesis of wbCl,(OEt)], (2) 

A similar procedure to that described for 
[NbCl,(OMe)] z may be used for the preparation of 
[NbCl,(OEt)]z (yield 90%). Characterizing data : 
Found: Nb, 33.1; Cl, 50.2; C, 8.7; H, 1.9. Calc. 
for C2HSCl,NbO: Nb, 33.2; Cl, 50.7; C, 8.6; H, 
1.8%. IR data (Nujol mull, cm-‘): 1350(m), 
1265(m), 1135(sh), 1090(s), 1035(s,br), 945(s), 
900(m,br), 835(m,br), 81 S(m,br), 580(m), 540(w), 
490(w), 390(br). ‘H NMR (250 MHz, CDCl,): 6 
5.46 [q, 3JHH = 7.0 Hz, CHz] ; 6 1.76 [t, 3JHH = 7.0 
Hz, CH3]. 

Synthesis of [Nb(O)Cl,] (4) 

A 1 ,Zdichloroethane solution of (Me3Si)z0 (1.8 
g, 11.1 mmol in 15 cm3 of CzH&!lJ was added to 
a suspension of NbC& (3 g, 11.1 mmol) in di- 
chloroethane (20 cm’) at room temperature. The 
mixture was swiftly warmed to 80°C with stirring, 
and maintained at this temperature for 4.5 h. Dis- 
solution of yellow NbC15 was accompanied by for- 
mation of a white granular precipitate. After 
cooling to room temperature, the supernatant solu- 
tion was decanted from the white solid, which was 
collected, washed with light petroleum ether (b.p. 
40-6O”C, 2 x 20 cm’) and dried in uucuo to yield 
2.03 g (75%) of Nb(0)C13. Found: Cl, 49.6; Nb, 
43.3. Calc. for Cl,NbO : Cl, 49.4; Nb, 43.2% (small 
amounts of residual Me,SiO may lead to variable 
microanalytical data). IR data (Nujol mull, err- ‘) : 
780(s,br), v(Nb-0-Nb). 

Q&e.sis of w(0)C13(CH3CN)d (5) 

An acetonitrile solution of (Me3Si)z0 (1.8 g, 11.1 
mm01 in 15 cm3 of CH3CN) was added dropwise at 
room temperature to a suspension of NbCls (3 g, 
11.1 mmol) in acetonitrile (20 cm’). The mixture 
was stirred at room temperature for 2 h to give a 

colourless solution which was filtered, concentrated 
to half volume under reduced pressure and cooled 
to - 30°C. The resultant colourless crystalline pro- 
duct was collected and dried in vucuo to yield 
[Nb(O)Cl,(CH,CN),] (3.1 g, 95%). Found: C, 
15.9; H, 2.1; N, 9.4. Calc. for C,HsC13NzNbO: C, 
16.1;H,2.0;N,9.4%.IRdata(Nujolmull,cm-’): 
96O(s,br), v(Nb=O). 

Synthesis of [Nb(O)Cl,(THF),] (6) 

Tetrahydrofuran (30 cm’) was added to 
[Nb(O)Cl,(CH,CN),] (0.53 g, 1.78 mmol) at 
-30°C. The mixture was warmed to room tem- 
perature with stirring to afford a colourless 
solution. After 15 min the mixture was filtered, con- 
centrated to ca 5 cm3 and cooled to -10°C. 
Addition of cold pentane (10 cm3, -20°C) gave 
white crystals of [Nb(O)Cl,(THF),] (0.57 g, 90%). 
Found : C, 26.1; H, 4.4. Calc. for C8H,&13Nb03 : 
C, 26.7 ; H, 4.4%. IR data (Nujol mull, cm-‘) : 
1348(m), 1300(w), 1250(m), 1180(m), 1037(w), 
1046(m), 1015(s), 995(s), 960(s), 930(m), 920(m), 
860(s,br), 833(s,br), 675(m), 578(w), 365(s,br), 
326(s), 250(m). 

RESULTS AND DISCUSSION 

When niobium pentachloride is treated with equi- 
molar amounts of Me,SiOR (R = Me, Et, SiMe3) 
in dichloromethane at room temperature, an 
immediate reaction ensues leading to dissolution of 
the starting halide. The resulting colourless or pale 
yellow solutions give rise to white, crystalline, 
thermally sensitive compounds of general formula 
pbC14(0R)]2 (R = Me, 1; Et, 2; SiMe3, 3) [eq. 
(l)], which are readily isolable for R = Me and Et. 
It has not proved possible to isolate 3 under ambient 
conditions without partial decomposition, due to 
its thermal sensitivity. However, the tantalum anal- 
ogue of 3 is stable at room temperature and has 
been fully characterized. 6 

2NbC15 + 2MerSiOR 

+ mbC14(0R)]z + 2MezSiCl 

(R = Me, 1; Et, 2; SiMe3, 3). (1) 

Compounds 1 and 2 have been characterized by 
microanalysis, IR and NMR spectroscopies (see 
Experimental), and are formulated as dimeric spec- 
ies on the basis of low resolution CI+ mass spec- 
trometry (the solution instability of compounds 
l-3 precluding accurate molecular weight deter- 
minations) and by analogy with the known edge- 
shared b&octahedral geometry of NbC15.7 



Communication 2219 

However, the available data do not allow us to 
distinguish unequivocally between alkoxo or halide 
bridges. Although it has been suggested that 
phenoxy bridges prevail in [NbCl,(OPh)]2,8 this 
does not appear to be the case for 1 and 2: IR 
spectra reveal bands assignable to v(Nb-0) at 595 
and 580 cm-‘, respectively, which are consistent 
with terminal alkoxo group~.~ The chloro ligands 
are then presumed to occupy bridging sites. X-ray 
structural analyses are presently in progress to 
resolve these details. 

The thermal instability of compounds l-3 arises 
due to their facile decomposition to Nb(0)C13 (4) 
with liberation of RCl [eq. (2)]. 

[NbCl,(OR)] 2 800CyC2H~C12 ) 2Nb(0)C13 + 2RCl 

(R = Me, 1; Et, 2 ; SiMe,, 3). (2) 

Of compounds 1-3, 3 is the least stable, slowly 
releasing Me,SiCl in solution at room temperature 
to give a white deposit of Nb(O)Cl,. Similar, albeit 
slower, decomposition occurs in the solid state. The 
process proceeds swiftly in dichloroethane solution 
at 80°C affording a good yield of Nb(0)C13 with 
only minor organic contamination due to residual 
trimethylsiloxy groups (these have not proved 
troublesome in subsequent transformations). 
Indeed, the treatment of NbCls with (MesSi), at 
an elevated temperature allows the preparation of 
[Nb(O)Cl,] directly according to eq. (3). In 
addition, when NbC15 is reacted with (Me,Si)*O 
at room temperature in CH,CN, the previously 
reported acetonitrile adduct, wb(O)CI,(CH, 
CN)d” (5) is obtained in 95% yield [eq. (4)]. This 
“one-pot”, room temperature procedure offers 
a considerable improvement over the previously 
available method. ‘O 

NbC1S+(Me,Si)20 80”C’CZH4C’2 b 

mb(O)Cl,] + 2Me,SiCl (3) 

NbCls + (Me,Si),O CH3CN(s)‘RT’2h, 

[Nb(0)C13(CH3CN)2]+2Me,SiC1. (4) 

However, analogous treatment of NbC& with 
(Me,Si),O in THF does not afford [Nb(O)Cl, 
(THF),] (6) cleanly. Instead, 6 is readily isolated in 
90% yield by dissolution of 5 in THF [eq. (5)]. 

wb(O)Cl,(CH,CN)d rnF(s)’ 15min l 

[Nb(O)Cl,(THF),]+2CH,CN. (5) 

In summary, the treatment of NbC& with sily- 
lated ethers offers convenient, high yield syntheses 
of mono-alkoxide niobium derivatives, and either 
base-free or solvent-stabilized [Nb(O)CI,]. We are 
particularly interested in utilizing the oxyhalide 
derivatives as precursors to 0x0 complexes of 
niobium. In preliminary investigations, a number 
of tertiary phosphine and alkoxide niobium 0x0 
derivatives have been prepared which will be 
reported separately. 
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Abstract-Treatment of Nb(0)C13 with three equivalents of trimethylphosphine in dichlo- 
romethane affords the seven-coordinate niobium 0x0 complex, [Nb(O)Cl#Me&] in 80% 
yield. The crystals are monoclinic, space group P2,/c with unit cell parameters 
a = 1X250(3), b = 11.131(2), c = 11.673(3) A, /I = 93.61(2)“, U = 1977.54 A3 and Z = 4. 
The niobium coordination geometry is distorted mono-capped octahedral with the 0x0 
group capping the face delined by the trimethylphosphine ligands. 

A diverse array of 0x0 species are involved in lab- 
oratory, industrial and biological oxidation pro- 
cesses, ’ ranging from discrete mononuclear 0x0 
complexes through to high nuclearity polyoxo- 
anions, complex enzymes and extended metal 
oxide lattices. An interest in delineating the fac- 
tors surrounding the reactivity of metal-bound 
oxygen atoms has led us to investigate routes to 
new 0x0 complexes of the transition metals. In this 
respect, the convenient synthetic procedure for the 
preparation of transition metal oxyhalides exploit- 
ing reactions between silyl ethers and metal hal- 
ides2 has enabled us to prepare mononuclear 0x0 
complexes of niobium for which very little deriva- 
tive chemistry has been reported. The solid-state 
structure of Nb(0)C13 has previously been shown 
to consist of an extended chain of Nb2C16 units 
linked by 0x0 bridges.3 In an attempt to prepare 

*Authors to whom correspondenoz should he addressed. 

low nuclearity derivatives, we are investigating its 
reactivity towards tertiary phosphines since the 
ability of strong donor ligands to break up 0x0 and 
halide bridges is well precedented. 

The reaction of Nb(0)C13 with three equivalents 
of trimethylphosphine in dichloromethane solvent 
leads to dissolution of the sparingly soluble oxyhal- 
ide over a period of 3 h to give a translucent yellow- 
green solution. Upon removal of solvent, a yellow, 
air-sensitive, microcrystalline solid is obtained 
which is moderately soluble towards aromatic sol- 
vent. Indeed, large yellow prisms are formed upon 
slow cooling of a saturated toluene solution to 
- 35°C. 

Microanalytical and NMR data indicate a tris- 
phosphine adduct of Nb(0)C13 with the tri- 
methylphosphine ligands occupying equivalent 
solution environments : the ‘H NMR spectrum (250 
MHz) in CDC13 gives a doublet at 6 1.43 (JPH = 8.6 
Hz) due to the phosphine methyl hydrogens while 
the 31P{‘H} NMR spectrum shows a singlet at 6 

2221 
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Fig. 1. The molecular structure of [Nb(O)Cl,(PMe,),] 
showing the atom labelling ; bond lengths (A) : Nb-0 
1.781(6), Nb-Cl(l) 2.516(3), Nb-Cl(2) 2.533(3), 
N-1(3) 2.505(3), Nb-P(1) 2.642(3), Nb-P(2) 
2.633(3), Nb-P(3) 2.645(3) ; important bond angles (“) : 
0-Nb-Cl(l) 127.8(2), 0-Nb-Cl(2) 121.2(2), 
o-Nb-Cl(3) 126.0(2), 0-Nb-P( 1) 76.9(2), 
0-Nb-P(2) 76.4(2), o-Nb-P(3) 76.3(2), 
C1(2)-Nb-Cl( 1) 90.9(l), C1(3)-Nb-CI( 1) 88.0(l), 
C1(3)-Nb-Cl(2) 92.3(l), P( I)-Nb-Cl( 1) 75.3, 
P(l)-Nb-Cl(2) 161.9(l), P(l)-Nb-Cl(3) 75.8(l), 
P(2)-Nb-Cl( 1) 75.0(l), P(2)-Nb-Cl(2) 73.8(l), 
P(2)---Nb-Cl(3) 157.6( 1). P(2)-Nb-P( 1) 112.7(l), 
P(3)-Nb-Cl( 1) 155.9(l), P(3)-Nb-Cl(2) 74.0(l), 
P(3)--Nb-Cl(3) 74.3(l), P(3)--Nb-P(1) 114.5(l), 

P(3)-Nb-P(2) 116.9(l). 

-2.64. In addition, a sharp metal 0x0 stretch is 
observed at 882 cm- ’ in the IR spectrum confirming 
the presence of a terminal 0x0 ligand.’ 

X-ray structure analysis of mb(O)Cl,(PMe,),]* 
(1) shows that the coordination may be described 
as distorted mono-capped octahedral (Fig. 1) with 
facial arrangements of chloro and tri- 
methylphosphine ligands, giving the molecule vir- 
tual Csv symmetry (Fig. 2). The 0x0 group is in a 
site capping the face defined by the phosphine 
ligands, and lies 1 .I6 8, above the P(l), P(2), P(3) 
plane with the niobium atom 0.62 A below this 
plane. This coordination is similar to that observed 
in NbC14(PMe3)3 (2),6 yet very different to the 
distorted pentagonal bipyramidal arrangement 
observed in the seven-coordinate oxo-niobium(V) 
complex [Nb(O)(CS, *NEt2)J.’ 

The Nb=O bond length of 1.781(6) A in 1 is 
considerably longer than the niobiumoxygen dis- 

* Crystal data: C9H2,C130P,Nb, M = 443.41, mon- 
oclinic, space group P2,/c, a = 15.250(3), b = 11.131(2), 
c = 11.673(3) A, /l = 93.61(2)“, U = 1977.54 A3, 
F(OOO) = 904, ~(Mo-K,) = 11.32 cm- ‘, z= 4, 
DC = 1.490 g cm- 3. Data were collected using a crystal of 
dimensions 0.56 x 0.35 x 0.16 mm in a sealed Lindemann 
tube using a Philips Owl 100 diffractometer and graphite 
crystal monochromated MO-K, radiation. Weights were 
applied to the individual reflections as l/a’(F,) and 
refinement converged at R = 0.0418 and R, = 0.0410. 

Fig. 2. A view of the molecule down the O-Nb bond 
showing the virtual Csv symmetry. 

tances observed in six-coordinate oxo-niobium(V) 
complexes (1.67-1.71 A),’ and the four-coordinate 
niobium(V) complex [Nb(O)(N(SiMe,)J,] (1.699 
(2) s;>.g It is also significantly longer than the 
Nb=O length of 1.74( 1) A found7 in the pentagonal 
bipyramidal tris(diethylthiocarbamato) complex, 
and presumably arises due to the presence of three 
highly electron-releasing PMe, ligands within the 
crowded coordination sphere of 1. 

In [Nb(IV)Cl,(PMe&] (2), a marked lengthening 
of the three equivalent facial Nb-Cl bonds (mean 
2.453(3) A) compared to that of the face-capping 
chloro ligand (2.409(4) A) is observed,6 and has 
been interpreted in terms of the strong truns-influ- 
ence of the organophosphine ligand. Interestingly, 
the mean Nb-Cl bond distance in 1 is 0.065 A 
longer than that in the niobium(IV) complex (2), 
the reverse of the trend expected on the basis of 
oxidation state. This lengthening must be attributed 
to the presence of the 0x0 ligand in 1. Although a 
truns-influence by the 0x0 group is well established 
for complexes of the transition series,” the mean 
0-Nb-CI angle of 125.0” in 1 is too far from 
linear for this effect to be important in explaining 
the elongation of the Nb-Cl bond. Furthermore, 
in 1 the Nb-Cl(2) length (2.533(3) A), which is 
significantly longer than the other two Nb-Cl 
lengths (mean 2.511(3) A), corresponds to the 
smallest 0-Nb-CI angle of 121.2”. In earlier 
work, comparison of the two six-coordinate 
compounds NbOC13(NCCH3)2 and NbCl,(NCH), 
revealed a marked lengthening of the Nb-Cl 
bonds in the former which was attributed’ to a 
“&-influence” of the 0x0 ligand arising from the 
strong repulsion between the valence electrons of 
the Nb==O double bond and the Nb-Cl bond 
(mean 0-Nb-C199.0(3)“).8a In the present study 
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there is no evidence for such an effect; even the 
Nb-P bonds, which are very close to the Nb=O 
group (mean 0-Nb-P 76.2(2)” compared to 
0-Nb-Cl 125.0(2)“), are slightly shorter (mean 
2.640(3) f!) than those in the tetrachloro niobium 
(IV) compound6 as expected on the basis of formal 
oxidation state. Therefore, these results appear to 
be consistent with a non-directional lengthen- 
ing influence of the 0x0 ligand on the Nb-Cl 
bonds of 1. 

The acute O=Nb-P angles (mean 76.5(2)“) lead 
to a staggered arrangement of PMe, ligands with 
respect to the capping 0x0 group (as viewed along 
the P-Nb vector) in order to minimize inter-ligand 
repulsion (a similar arrangement is also found for 
the PMe3 ligands and the capping chlorine atom 
in NbCl,(PMe,),). Consequently, relatively close 
0 * * . H contacts result in the range 2.79-2.97 A. 

To our knowledge, 1 represents the first example 
of a niobium 0x0 species stabilized by tertiary phos- 
phine ligands. This convenient derivatization of the 
highly oxo- and chloro-bridged lattice of Nb(0)C13 
should facilitate the development of both the ancil- 
liary 0x0 ligand chemistry and the chemistry of 
niobium-attached oxygen atoms. It will also be of 
interest to establish the influence of other tertiary- 
phosphine ligands on the structure of related com- 
plexes, since considerable variation has been 
observed for simple halo-phosphine derivatives of 
the heavier group 5 elements.6 Preliminary studies 
on PEt3 and PMe,Ph derivatives suggest that 
marked structural differences may be anticipated. 
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Abstract-Visible absorption and ‘H and 13C NMR spectra have been measured for some 
meso-tetraphenyl- and meso-tetra(p-tolyl)porphyrin complexes of tin(W) containing axial 
hydroxo and format0 ligands. The unsymmetrical hydroxo/formato complexes allow assess- 
ment of cis and tram influences on NMR chemical shifts and J(Sn-H) and J(Sn-C) 
values, confirming the strong donor properties of the OH ligand bound to six-coordinate 
tin(W). 

The tin(W) complexes of porphyrins are par- 
ticularly suitable for investigations by NMR spec- 
troscopy of metal-porphyrin bonding. Such 
complexes are readily prepared, are diamagnetic 
and have two axial ligands which can be varied sys- 
tematically to span a wide range of donor strengths. 
A large number of complexes Sn(TPP)X, 
(TPP = 5,10,15,20-tetraphenylporphyrin) with two 
identical axial ligands has been prepared. I-5 Studies 
of the coupling constants 4J(Sn-H) between ‘17Sn 
and ’ "Sn and the pyrrole protons have revealed 
that for O-bound anionic ligands, the strength of 
the tin-porphyrin bonding is enhanced by decreas- 
ing the basicity of the axial ligands.‘*4s5 Thus a cis 
influence series has been constructed for these com- 
plexes, with X ranging from OSO2CF3 to OCH3. 

During some of this work, it was apparent that 
unsymmetrical complexes Sn(TPP)XY were formed 
in small amounts. Such complexes allow studies of 
rruns influences of ligands as well as addressing the 
question of additivities of cis and tram influences 
in Group 14 metalloporphyrins. Because of its prox- 
imity to the metal atom, the natural choice of ligand 
for such studies appears to be OH, but the NMR 
behaviour of this proton is complicated by fast 
exchange with traces of water. ‘s2 Indeed, OH pro- 
tons in some metalloporphyrins, e.g. Tl1n,6 have not 
been observed. The next best choice is 0CH3, but 
rapid hydrolysis interferes. It seemed likely that the 

format0 ligand would be useful, since 3J(Sn-0 
-C(O)-H) should be large, and offer a sensitive 
probe of electronic effects of the tram ligand, while 
its steric demand is small. This communication 
reports ‘H and 13C NMR and visible absorption 
spectra of some complexes (Fig. 1) which illustrate 
these points. 

The format0 complexes are prepared by reaction 
of the versatile starting material Sn(TPP)(OH), 
with either one equivalent or an excess of formic 
acid in CHC13. The TPP complexes l-3 were iso- 
lated and fully characterized by microanalysis, 
absorption spectra and ‘H and ’ 3C NMR spectra. 
For comparison, and to help in assignment of the 
aryl ring protons, the analogous tetrakis(p-tolyl) 
porphyrin (TTP) complexes were prepared. The 
hydroxo/formato complex 5 was prepared in situ 
by the redistribution reaction between 4 and 6. This 
reaction is slow in CDC13, equilibrium (K ca 36) 
being reached in some three weeks at ca 25°C and 

Ar 

\’ ’ \ 

N\:/N- 
Ar 

a 

I Ar=C&i,, X=Y=OH 

2&=C&,X’OH,Y=OCOH 

\ ,TJ,N / 
Ar 

3 Ar=CgH.,, X=Y=OCOH 

4Ar=p-tolyl, X=Y=OH 

\’ 0 / 

5 Ar= P-tolyl, X’=OH, Y~OCOH 

6Ar=ptolyl. X=Y=OCOH 

Ar 

Fig. 1. 
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Table 1. ‘H NMR and selected visible absorption spectral data 

Com- Pyrrole /7-H Aryl group 
pound 6 ‘J( Sn-H) ortho meta, para 

Axial ligands 
6 [J(Sn-H)] 

Visible absorption 
& (nm)(E x 10e3) 

Q( 13-W) QW)W +/~a 

1 9.14 10.4 8.34 7.8 - 7.45 br (ca 36) 561(21.8) 600(13.4) 1.63 
2 9.20 13.1 8.25: 8.34’ 7.8 1.81(23.8); -6.9 v.br (OH) 558(22.3) 598(12.1) 1.84 
3 9.24 15.3 8.28 7.8 2.65(43.8,42.0) 556(22.9) 595(10.8) 2.12 
4 9.14 10.3 8.21 7.61d - 7.46 br 563(21.2) 603(17.0) 1.25 
5 9.20 13.1 8.14,b 8.21’ 7.62d 1.72(21.4) OH not observed ; -’ - - 
6 9.26 15.5 8.16 7.63d 2.51(39.2, 37.3) 558(20.7) 597(13.6) 1.52 

a J( ’ ’ 9Sn-H), J( ’ ’ 7Sn-H) (Hz), or the average if not resolved. 
b ortho proton cis to OCOH. 
’ ortho proton cis to OH. 
dmeta protons only; p-CH, at 2.74 ppm. 
e Prepared in situ from 4 and 6, not pure. 

concentrations of 0.04 M. The opposite reaction, 
the symmetrization of 2 and 5, can be observed in 
‘H and r3C spectra. These reactions are slow 
enough that the NMR lines for all compounds are 
sharp at 25°C. Studies of substitutions at tin should 
be possible without interference from these ex- 
changes. Complexes with weakly nucleophilic 
anions (e.g. triflate, perchlorate) exhibit more 
complex behaviour as shown by broad lines in 
their NMR spectra. ‘s4 

‘H NMR spectra (Table 1) 

The reported trends’ in chemical shifts and tin- 
proton coupling constants for the /?-pyrrole protons 
are followed by this series of compounds. The cis 
influences of the ligands are additive, the data for 2 
and 5 being the averages of those for the sym- 
metrical complexes. The effects of the p-methyl 
groups in 4-6 on the /?-pyrrole protons are minor. 
The unsymmetrical ligation in 2 and 5 is clearly 
shown by the meso-aryl proton signals. At 300 MHz 
the lines for the ortho protons are sharp, and the 
protons cis to OH and cis to OCOH are readily 
resolved. Aryl group rotation is thus slow in these 
complexes, although these axial ligands should offer 
little steric hindrance to such rotation. 

The ortho protons cis to OCOH in 2 and 5 are 
shifted slightly upfield from their positions in 3 and 
6, respectively, perhaps reflecting the strong trans 
influence of OH, and the assumed lengthening of 
the Sn-OCOH bond. This effect is more obvious 
in the OCOH signals. Firstly, 3J(Sn-H) decreases 
by almost 50% on changing the trans ligand from 
formate to hydroxide (3 -+ 2 and 6 + 5). Secondly, 
the strength of OH as an electron donor to Sn’” and 
the transmission of this effect to the trans ligand is 

shown by an upfield shift of some 0.8 ppm for 
the formate protons. This is despite the expected 
downjield shift in S(OCOS) caused by any length- 
ening of the Sn-0 bond, which would shift the 
for-mate proton farther out in the shielding zone of 
the aromatic macrocycle. Another possible expla- 
nation for these changes is movement of the Sn 
atom out of the ring plane, or a slight “doming” of 
the porphyrin. However, the additivities of the cis 
influences for the /3-pyrrole protons argue against 
such phenomena. Structural data could resolve 
these questions. Lastly, the sensitivity of the axial 
ligands to cis influences is apparent by comparing 
2 with 5 and 3 with 6, where the remote p-methyl 
substituent transmits a donor effect on both 6 and 
3J(Sn-H) to the OCOH proton. 

’ 3C NMR spectra (Table 2) 

Typical seven-line spectra were observed, car- 
bons being assigned by chemical shift comparisons 
with published data. 2,6 There are discrepancies 
between the present data for J(Sn-C) and those of 
Milgrom and Sheppard.3 The data for 1-3, 
especially 3J(Sn-C,) and 3J(Sn-C,,,), where the 
cis influences of the axial ligands are shown, are 
internally consistent. For confirmation, the spec- 
trum of Sn(TPP)Cl, was also recorded, and its 
J(Sn-C) values also fit the present data. The 13C 
data complement the ‘H data, with slight downfield 
shifts and coupling constant increases on changing 
from OH to OCOH. The non-equivalence of the 
phenyl ring carbons in 2 is clearly seen, with the cis 
influences being in opposite directions for C-2’ 
(ortho) and C-3’ (meta), but the non-additivity 
exhibited by the corresponding ‘H signals in 2 
and 5 is not present. The magnitude of this non- 
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Table 2. 13C NMR data” for Sn(TPP)XY complexes 

2227 

Compound C-a C-B C-meso C-l’ c-2 C-3’ c-4 C(OCOH) 

1 146.7(S) 132.6(22) 121.3(17) 141.3 135.1 126.9 128.2 
lb 146.4( 18) 132.50 121.5(12.5) 141.5 135.1(6) 126.9 128.2 
2 147.0(9) 133.0(26) 121.7(19) 140.6 135.1’ 127.0’ 128.5 159.7(15) 

134.Sd 127.2d 
3 147.2(S) 133.2(32) 122.1(23) 140.2 134.8 127.2 128.8 159.0(17) 

Sn(TPP)Cl, 146.4(9) 132.7(31) 121.2(24) 140.7 134.9 127.1 128.6 
Sn(TPP)Clt 146.4( -) 132.6(30.5) 121.2(-) 140.7 134.9 127.1 128.5 

“Chemical shifts (J(Sn-H) in Hz), relative to the centre line of CDC13 triplet at 77.0 ppm. 
b Data from ref. 2. 
’ ortho or metu carbons cis to OH. 
d ortho or metu carbons cis to formate. 

equivalence is less than that in thallium(II1) 
TPP complexes in which the metal atom is out 
of the porphyrin plane.7 Perhaps surprising is the 
small effect of the trans ligand on the formate car- 
bon chemical shift. This may be due to the 
approximate cancellation of the opposing effects 
discussed above in relation to the ‘H data. However, 
the truns influence of OH is apparent in the data for 
2J(Sn-O-C) for 2 and 3. 

Visible absorption spectra (Table 1) 

In such spectra, the most sensitive indicator of 
electronic effects of the axial ligands is the extinction 
coefficient ratio @, for the two major visible 
bands. ‘,8*9 An increase in positive charge on the 
metal atom causes lowering of the energy of the 
a,, orbital of the porphyrin which is reflected in a 
decrease in intensity of the longer wavelength a 
band, and blue shifts of all bands. In this series of 
compounds, the expected changes are observed, and 
the influences are again additive. Another general 
trend is apparent, viz. that the more electron-rich 
porphyrin TTP affects .sB/s. and the wavelengths 
in a comparable fashion. The very electronegative 
ligand tetrakis(4-pyridyl)porphyrin and its 
quaternary salts represent the other extreme, their 
Sn’” complexes exhibiting Q/E, ratios of > 3.5. ‘” 

EXPERIMENTAL 

Spectroscopic methods were as described.’ 13C 
NMR spectra were recorded at 75.46 MHz on the 
Bruker CXP-300 spectrometer, Brisbane NMR 
Centre, Griffith University. Sn(TPP)(OH)2 and 
Sn(TTP)(OH), were prepared from the chlorin- 
free porphyrin and SnCl, * 2H20 in pyridine, fol- 
lowed by hydrolysis with ammonia, and column 

chromatography on neutral alumina (Merck, 
activity V). 5,‘1 Format0 complexes were prepared 
by reaction of appropriate amounts of formic acid 
(Merck, 100%) and the hydroxo complexe\s in 
CHC13 with added anhydrous Na2S0,.’ The pro- 
ducts were recrystallized from CH$l,/hexane by 
layering or vapour diffusion. Elemental analyses for 
the new compounds were satisfactory, although the 
unavoidable presence of minor amounts of sym- 
metrization products in Sn(TPP)(OH)(OCOH) 
would not be detected by this means. Sn(TTP) 
(OH)(OCOH) was prepared in situ in an NMR 
tube by dissolving equimolar amounts of Sn(TTP) 
(OH), and Sn(TIP)(OCOH)2 in CDC13, and stand- 
ing for four weeks at room temperature. 

Acknowle&ements-I thank Mr D. Tucker and Mr P. 
Comino for assistance with the NMR measurements. 
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Abstract-The NB crytand [l] was obtained in good yield by a (2+3) Schiff-base con- 
densation of tris(2-amino ethyl)amine with terephthalaldehyde ; X-ray crystal structure 
determination of the disilver(1) cryptate [2] reveals distorted tetrahedral coordination for 
Ag+ and an internuclear Ag-Ag distance of 6.06 A. 

Since their introduction’ by Lehn in 1967, cryp- 
tating ligands have found many uses particularly in 
the fields of transport and molecular recognition.2 
Cryptand synthesis, however, has not been a trivial 
exercise, but one requiring considerable skill and 
patience ; high dilution methods are frequently 
necessary and yields are often low. The two major 
strategies for cryptand synthesis explored so far 
are : 

(i) a stepwise process requiring two cyclization 
reactions each forming two bonds, which 
generate an intermediate macrocycle. (Over- 
all yields in syntheses of this type are typically 
around 4%) ; 

(ii) direct macrobicyclization via tripod coup- 
ling, which requires formation of at least three 
bonds in a single condensation step. A 
recently developed procedure3 achieves 11% 
yield for a synthesis of this type without 
recourse to high dilution conditions. 

*Authors to whom correspondence should be addressed. 
t This paper also reports synthesis of the pyridine- 

based cage [4]. 

The synthesis we describe is similar to type (ii) 
although it requires formation of six rather than 
three bonds in a single condensation step. This 
approach has been used by Newkome et aL4 in 
the condensation of tris(ethanol)amine with 2,6- 
dichloropyridine to give the resulting diazahexaoxo 
cryptand in only 2% yield, presumably reflecting 
the low probability of simultaneous formation of 
six bonds. Despite the improbability of such an 
occurrence, however, we have been able to prepare 
the series of Ns cryptands’ [3)-[6] in good yield 
by (2+ 3) Schiff-base condensation of the tripod 
amine, tris(2-aminoethyl)amine (tren), with the 
series of dicarbonyls : isopthalaldehyde, difor- 
mylpyridine, diformylfuran and diformylthio- 
phene. The same approach has been used re- 
cently7t by Lehn to prepare, in 70% yield, the 
new polyaza cryptand [7], with an ellipsoidal cavity 
15 8, long and approximately 6-7 8, in diameter. 

These hexaimino cryptands may be easily hydro- 
genated to octaamino derivatives, superior in 
chemical robustness and flexibility to their Schiff- 
base parents, thus generating a second family of 
host molecules with polarity appropriate to the 
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[3] X=CH n=3 

[4] X=N n=3 

[5] x=0 n=2 

[6] X= S n=2 

181 

encapsulation of inorganic ions or polar organic direction we here report the formation of the cryp- 
guests. In order to explore further the possibilities tand [l] by condensation of tren with terephthalal- 
for host-guest chemistry in these systems, we are dehyde, the length of the cavity being thereby 
investigating the use of larger dialdehydes than increased by N 1.3 A relative to that in the cages 
those mentioned in ref. 5. As a first step in this prepared earlier. 5 
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Fig. 2. Structure of [2] viewed along the bridgehead N,N 
axis. 

distance was 7.39 A. Similarly close Cu. . . H con- 
tacts [i.e. an average of 2.38 A from Cu(1) and 2.79 
A from Cu(II)] can be estimated from the atomic 
coordinates7 for [Cu,[7]]‘+, the hydrogen atoms in 
this case also completing a capped octahedral 
arrangement around the metal ion. 

Figure 2 shows a view of the cation down the 
N-Ag . . . Ag-N vector. As observed7 in the 
dicopper(1) cryptate of Lehn’s macrobicyclic hexa- 
imine [71, the two sets of bridgehead N-C bonds 
are eclipsed, giving an approximate D3 symmetry 
with the N-M *. . M-N vector axial. The con- 
formation adopted in our disilver cryptate results 
in a closing up of the potential cavity even at the cost 
of some loss of planarity (i.e. a mean N=C-C--C 
torsion angle of 21.30”) in the conjugated phenylene 
bis methylimino link. 

We then modelled the possibility of guest 
inclusion. Taking the crystal structure of [AgzL]*+ 
as a starting point, an atom X at a point inter- 
mediate between the two silver atoms would be only 
2.62 A from a phenyl carbon atom and indeed only 
3.03 A from the two silver atoms. Clearly there is 
no room in this conformation for guest inclusion. 
However, on energy minimization (assuming nor- 
mal van der Waals repulsions between Ag and H), 
X (given parameters appropriate to oxygen) fitted 
into the cavity with no contacts to the macrocycle 
of less than 3.0 A. However, we were unable to fit 
a diatomic molecule into this cavity without severe 
distortion of the macrocycle. Our NMR spectral 
results suggest that the conformation in the free 
cryptand allows for a larger cavity capable of encap- 
sulating small molecules. An X-ray crystallographic 
structure determination, which should reveal the 
size of the cavity in [l] and the siting of the solvated 
H20, is in progress.’ 

We have succeeded in preparing the hydro- 
genated (octaamine) derivative [S] of [l] by 
reduction of [2] with NaBH,+ and a solid product 
with a strong mass spectral parent ion peak at 
m/z = 498 results. This octaamine dissolves in 
dilute aqueous acids, presumably as a result of pro- 
tonation at the amine nitrogens. So [S] promises, in 
both its free and its protonated form, to be of value 
in the recognition and transport of small polar or 
non-polar molecules. 

The cryptand ligands described in this paper are 
thus likely to be of interest as hosts capable of 
accommodating : 

(a) molecules or ions up to 4-5 A long ; 
(b) pairs of metal ions separated by 6-7 A. Elec- 

tron transfer or magnetic interaction between 
such coordinated ions may have ,unusual 
properties as the cryptand will not easily 
accommodate a bridging ligand between the 
coordination sites and transmission of elec- 
tronic effects may have to rely on a through- 
space mechanism. 

Although it seems unlikely that [l] or [8] will show 
any specificity for the coordination of large cations 
such as Cs+, Tl+, UO:, etc., we plan to briefly 
examine this capacity. The smaller, more nearly 
spherical cages which we9 are presently synthesizing 
show greater promise in this respect. 
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Abstract-Nickel(I1) acetylacetonate or benzoylacetonate on treatment with hydroxylamine 
at 0°C give adducts of the type Ni(B-diket)2(NH20H)2 which on heating in refluxing ethanol 
afford j?-ketooximato complexes of the type Ni(B-ketox),(H,O),. 

Apart from a report describing briefly the prep- 
aration of the nickel(I1) and copper(B) bischelates 
derived from benzoylacetaldehyde mono-oxime (1; 
R’ = H, R2 = Ph)’ no studies of the synthesis, 
properties and structure of complexes derived from 
mono-oximes of j?-diketones (la) (henceforth 
referred to as j?-ketooximes and abbreviated as /?- 
ketoxH) have been reported. This contrasts with the 
very extensive interest shown in complexes derived 
from related ligands e.g. /l-diketones and j?-keto- 
imines. ’ As part of our interest in oximic 
complexes3 we have investigated the reaction of 
hydroxylamine with metal B-diketonates and the 
potential of this reaction for the synthesis of com- 
plexes of b-ketooximes. Here we report briefly on 
reactions involving nickel(I1) /!-diketonates and 
on the successful synthesis of nickel(B) /I-ketooxi- 
mates. The synthesis of complexes of /?-keto- 
oximes by the direct reaction of /I-ketooximes 
with metal salts is hindered because /I-ketooximes 
(a) exist entirely or predominantly in the cyclic 
isoxazoline form (lb),4 and (b) readily dehydrate to 
give isoxazoles. ’ 

*On leave from the University of Thessaloniki, 
Greece. 

t Author to whom correspondence should be addressed. 

R' \ ,oH R! 

(la) (lb) 

Reaction of hydroxylamine with a suspension of 
nickel(I1) complexes of acetylacetone and benzoyl- 
acetone in ethanol at ca 0°C gave hydroxylamine 
adducts of the type Ni(j3-diket)2(NH20H)2. 

When suspensions of the adducts Ni(acac)2 
(NI-I,OH), and Ni(bzac),(NH,OH), in ethanol 
were heated under reflux, condensation of hydroxyl- 
amine with the keto group occurred resulting in the 
formation of the nickel(I1) /I-ketooximato chelates 
Ni(acacm)2(H20)2 (acacmH = 1; R’ = R2 = Me) 
and Ni(bzacm)2(H20)2 (bzacmH = 1; R’ = Me, 
R2 = Ph), respectively. 

The formulation of the /I-ketooximato chelates 
is indicated by their elemental analysis and mass 
spectra which exhibit intense [Ni(B-ketox),]+ ions. 
Furthermore, the complex Ni(bzacm)2(H20)2 on 
treatment with dilute hydrochloric acid afforded ca 
2 moles of 3-methyl-5phenylisoxazole per mole of 
the complex. The nature of the isooxazole indicates 
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Table 1. Yields and analytical data for the new complexes 

Yield 

(%) %C %H %N %Ni 

Ni(acac),(NH,OH)l 40 37.6 
(37.2) 

Ni(bzac)z(NH,OH)z 75 53.4 
(53.5) 

Ni(acacM)z(HzO), 50 37.0 
(37.2) 

Ni(bzacM),(H,O), 55 53.2 
(53.5) 

that the condensation occurred at the carbonyl Acidolysis of Ni(bzacm)z(HIO)z 
group which is adjacent to the methyl group. 

Ni(bzacm)z(HzO)z (1 .O g, 2.2 mmol) was stirred 
with hydrochloric acid (15%, 10 cm3) for 1 h. The 

EXPERIMENTAL 
resulting mixture was diluted with water, neu- 
tralized and extracted with diethyl ether. After dry- 

Yields, analytical and other data are given in ing the extract (MgS04), removal of the diethyl 

Table 1. ether gave 3-methyl-5-phenyl-isoxazole (0.5 g, 
85%) m.p. 65567°C (ref. 6,67”C). (Found : C, 75.5 ; 

Action of hydroxylamine on Ni(fl-diket)z 
H, 5.8; N, 8.8. Calc. for C10H9NO: C, 75.7; H, 
5.7; N, 8.8%); m/z 159 (M+). 

Hydroxylamine (25 mmol) and Ni@-diket), (10 
mmol) were stirred in anhydrous ethanol at 0°C. 
After 24 h Ni(/?-diket)&W,OH), was filtered off, 
washed with ethanol and dried in uacuo. 1. 

2. 

Preparation of Ni(/3-ketox)2(H20)2 

A suspension of Ni(/I-diket)z(NHzOH)2 (5 3. 
mmol) in anhydrous ethanol (50 cm’) was heated 
under reflux for 8 h. Filtration gave Ni(B- 4 
ketox),(HzO), which was washed with ethanol and ’ 
dried in uacuo. Hydroxylamine (25 mmol) and Ni(B- 5. 
diket), (10 mmol) were stirred in anhydrous ethanol 
at 0°C. After 24 h Ni(/I-diket)z(NHzOH)z was fil- 6. 
tered off, washed with ethanol and dried in vacua. 
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Abstract-An X-ray crystal structure analysis of the product of the reaction between FeCl, 
and three equivalents of 1,2-dimethyl-3-hydroxypyrid-4-one (LH) in alkali shows it to be 
the tris chelate compound FeL, ; the unexpected solubility in aqueous media appears to be 
the result of localization of negative charge on the periphery of the molecule. Crystal data : 
trigonal, space group P3 (no. 147), a = b = 16.665(3), c = 6.854(l) A, U = 1648.49 A3, 
Z = 2,0, = 1.383 g cmm3; 1071 reflections to give R = 0.0501 and R’ = 0.0469. 

Currently there is considerable interest in 3- 
hydroxypyrid-4-ones, especially with regard to their 
application as agents for the treatment of iron over- 
load, for example in thalassaemic patients.lm4 
Although 1,2-dimethyl-3-hydroxypyrid-4-one (LH) 
has been shown to complex with iron, ’ and has been 
investigated with some success in clinical trials,3 
little is known about its coordination chemistry 
with this metal. We have prepared several com- 
plexes derived from these ligands and here we report 
the X-ray crystallographic structure of tris( 1,2- 
dimethyl-3-hydroxypyrid-4-onato)iron(III) dode- 
cahydrate (see Fig. l)._F 

The title compound was prepared from the reac- 
tion of 1,2-dimethyl-3-hydroxypyrid-4-one (three 
equivalents) and iron(II1) chloride (one equivalent) 
in the presence of sodium hydroxide. Suitable 

*Author to whom correspondence should be addressed. 
tCrysta1 data for (1): C2,H24FeN,06-12(H,0), 

M= 686.45, trigonal, space group P3 (no. 147), 
a = b = 16.665(3), c = 6.854(l) di, U = 1648.49 A’, 
F(OO0) = 730, ~(Mo-&) = 4.84 cm- I, 2 = 2,& = 1.383 

-‘. Data were collected on a Philips PWllOO 
&%tometer in the &range 3-25”, with a scan width of 
0.80”, R = 0.0501 and R’ = 0.0469 for 1071 reflections 
with I/a(Z) > 3.0. 

crystals were obtained by crystallization from 
nitromethane/water. 

The tris chelate compound FeL, - 12(H20) (1) 
is isomorphous with the analogous Al”’ complex 
reported by Nelson et al.’ The molecule of (1) has 
crystallographic C3 symmetry and the coordination 
of the Feni may be described as distorted 
octahedral. The bond lengths from the oxygen 
atoms are unequal, Fe-O(l) being shorter than 
Fe-O(2) by 0.040(4) A, and C(3)-0(1) longer 
than C(4)--0(2) by 0.043(8) A; this indicates that 
some ketonic character has been retained in the 
coordinated ligand. However, both the C-O dis- 
tances are intermediate between those expected for 
C-O single and double bonds (ca 1.43 and 1.23 A, 
respectively).6 The two carbon-carbon bond dis- 
tances in the ring adjacent to O(2) [C(3)-C(4) 
1.408(7) A and C(4)-C(5) 1.423(8) A] are longer 
than the other bond lengths in the ring which do 
not differ significantly from each other [1.346 
1.382(10) A]. The ligand rings and substituent 
atoms are planar to within 0.016 A. The bond 
lengths in the ahnninium analogue A1L3 * 12(H20) 
have not been discussed,’ but a similar pattern of 
bond lengths is present in the related complex 
Zn(OHz)L2.’ Unlike most formally neutral tris che- 
late compounds, (1) is virtually insoluble in non- 
polar solvents but readily soluble in water; the 
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Fig. 1. The structure of the molecule of (1) viewed along the three-fold axis ; bond lengths (A) : 
F+O(l) 1.998(4), Fe-O(2) 2.038(4), 0(1)-C(3) 1.342(7),0(2)-C(4) 1.299(8), C(l)-C(2) 1.470(7), 
C(+C(3) 1.382(g), C(2)-N 1.364(7), C(3)-C(4) 1.408(7), C(4)-C(S) 1.423(8), C(+-C(6) 

1.346(10), C(6)-N 1.365(7), C(7)-N 1.474(g). 

a- 

cx” I’ - +/ 
I 
. 

& -p- -$lr 
I 
* Q 

Fig. 2. Possible canonical forms of the ligand L-in the complex FeL, - 12(H,O). 

presence of a large quantity of water of crystalliz- 
ation is also indicative of the molecule having some 
polar character. These facts are consistent with the 
canonical forms (a) and (b) predominating in the 
molecule (Fig. 2) and are of potential importance 
in the clinical applications of the ligand. 
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Abstract-Photolysis of the trimolybdenum-bismuth complex, [Bi{Mo(CQ3(?- 
CSH4Me)) A in THF solution affords the dimolybdenum-dibismuth complex, 
~02(CO)4(+5H4Me)2(~-~2-Bi2)], which contains a transverse-bridging, four-electron- 
donor Bi2 ligand ; the structure has been determined by X-ray crystallography. 

One area of inorganic chemistry which has wit- 
nessed a rapid growth in the last few years concerns 
the synthesis of organotransition metal complexes 
containing atoms or small aggregates of the heavier 
main group elements. This is particularly noticeable 
for complexes containing elements of Group V (P, 
As, Sb, Bi), attested by the number of recent reviews 
in this field, ’ and probably originating from interest 
in the multiple bonding and low coordination num- 
bers often associated with these compounds. A sub- 
set of this family of complexes comprises those fea- 
turing E2 fragments (E = P, As, Sb, Bi), but whilst 
a large number of examples are known for phos- 
phorus and arsenic, ’ very few reports exist of com- 
pounds containing Sb, and Bi2 units. We are aware 
of only one structurally characterized example of a 

l Authors to whom correspondence should be addressed. 
t This formula was confirmed by high resolution mass 

measurement studies. 
$ Spectroscopic data for 2a : IR v- (THF) cm-’ 

1917s, 1866m; NMR in (CD&CO, ‘H 6 5.21 (s, 5H, 
CJHS), “C{ ‘H} 6 83.1 (s, C,H,) ; EI mass spectrum, M+ 
852. Data for 2b: IR v- (THF) cm-’ 1913s, 1863m; 
NMR in CD&, ‘H 6 5.12 (m, 2H, CSH4Me), 4.94 (m, 
2H, C,H,Me), 2.12 (s, 3H, C,H,Me), “C{ ‘H} 6 82.8 (s, 
CSH4Me), 81.7 (s, CSH4Me), 15.2 (s, CSHJ4e); Ei mass 
spectrum, M+ 880. Satisfactory microanalytical data 
were obtained for both complexes. 

di-antimony complex, viz. [(W(CO)5}3Sb2],2 and 
five such dibismuth complexes, [{W(CO),), 
Bi&3 [Bi2Fe2Co(CO),0]-,4 [Bi20s4(CO)12],5 pi2C04 
(CO), ,I- 6 and [W2(CO)s@-12-Bi&~-Bi(Me) 
W(CO),)].7 Herein we report the synthesis and 
structural characterization of the title complex 
which contains a bridging, four-electron-donor Bi2 
ligand. 

As part of a programme aimed at synthesizing 
new organotransition metal-bismuth complexes, 
we have synthesized the trimolybdenum complex 
[Bi{Mo(CO)3(~-C5H5)}3] (la),’ which gave an 
interesting and informative electron impact-mass 
spectrum showing signals consistent with a di- 
molybdenum-dibismuth complex, wo2Bi2(C0)4 
(C,H,)d (2a),-f rather than a trimolybdenum- 
monobismuth product. This observed rearrange- 
ment suggested that 2a was probably stable enough 
to be a viable synthetic target and, accordingly, a 
route to 2a was sought. 

Solution thermolysis of la led only to extensive 
decomposition but photolysis (THF solution, 100 
W medium pressure UV lamp, 40 min) resulted in 
a rapid colour change from dark red to brown. 
Subsequent chromatographic work-up (Florisil) 
afforded two products identified spectroscopically 
as [Mo,(CO),(q-C5H5)d (purple fraction, hexane 
eluant) and [Mo2(CO)4(~-C5H5)2@-~2-Bi2)] (2a), 
(yellow-brown fraction, THF eluant)$. both in 
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(la) C,H, 

(1 b) C5H4Me 

approximately 20% yields although these decrease 
rapidly if irradiation is prolonged. 

Analogous observations were made and results 
obtained from photolysis of the methylcyclo- 
pentadienyl derivative (lb). Similar work-up pro- 
cedures afforded dark yellow-brown 2b, X-ray 
quality crystals being obtained from THF-hexane 
mixtures at - 30°C. 

Spectroscopic data for 2b* were in accordance 
with the formula, [Mo2(C0)4(&SH,Me),(~-~2- 
Bi2)], but in order to determine the structure more 
precisely, an X-ray crystallographic study was 
undertaken,? the results of which are shown in Fig. 
1. The molecule resides on a crystallographic C2 
axis, and comprises a dimolybdenum unit trans- 
versely bridged by a dibismuth ligand giving a tetra- 
hedral MozBi2 core.$ Each molybdenum is 
additionally bonded to a methylcyclopentadienyl 
and two terminal carbonyl ligands. Electron coun- 
ting procedures require that the Bi2 ligand acts 
as a four electron donor to the MO-MO single- 
bonded dimolybdenum centre in 2b. Consistent 
with this, the molybdenum-molybdenum distance 
(Mo-MO’ 3.167(2) A) is in the range normally 
observed for such bonds. Also, the bismuth-bis- 
muth separation (Bi-Bi’ 2.838(l) A) is similar to 
that found in the only other structurally char- 
acterized complex containing a p-q2-Bi2 ligand, viz. 
[W2(CO),~-~2-Bi2)(~-Bi(Me)W(CO)5)] (3),7 (Bi-Bi 

* See footnote $ on previous page. 
tCrysta1 data for 2b: C16H,4Bi2M0204, A4 = 880.1, 

trigonal, a = 8.8996(5), c = 19.944(2) A, I/ = 1368.0 A’, 
Z = 3, space group P3,21 (distinguished from P3,21 by 
anomalous dispersion effects) ; R = 0.027, R, = 0.028 
from 1511 unique observed reflections with 20 < 50”, 
measured with MO-K, radiation (a= 0.71073 A) and cor- 
rected for absorption. Atomic coordinates, bond lengths 
and angles, and thermal parameters have been deposited 
as supplementary data with the Editor, from whom cop- 
ies are available on request. Atomic coordinates have 
also been deposited with the Cambridge Crystallographic 
Data Centre. 

$ The Bi-Bi and Mo-MO vectors are not quite per- 
pendicular ; the angle between them is 84.9”. This twist is 
probably due to the steric effect of the adjacent carbonyls. 

(2a) Q-4, 

(2b) C,H,Me 

2.796(l) A). In all other examles of Bi2 com- 
plexes, this ligand behaves as a formal six-electron 
donor to at least three metal centres with Bi-Bi 
separations usually slightly longer than those found 
in 2b. 3-6,g 

Another aspect of the structure of 2b concerns 
the relative orientations of the Mo(C0)2(C5H4Me) 
fragments. These are disposed such that the mol- 
ecule has a C2 axis (crystallographically exact in 
this case) as represented in the Newman projection 
(A). This configuration is also found in other [MO* 
(CO),(C,H,),(p-L)] complexes where L is either 
an alkyne (RC=CR) lo or phosphinidene (PR) ’ ’ 
fragment, both of which are isolobal with Bi2. An 
alternative configuration has also been observed for 
both alkyne’* and phosphinidene” complexes, (B), 
in which one of the metal fragments adopts an 
orientation at approximately 90” to that in A. The 
factors determining which configuration is adopted 
are subtle” but the two forms may be distinguished 
in solution by their IR spectra, A having two CO 
absorptions and B having four.‘G’2 IR spectra for 
2a,b reveal that the solid-state structure is main- 
tained in solution. * 

Fig. 1. A diagram of the molecular structure of 2b 
showing the atom numbering scheme. Important bond 
length and angle data include Bi-Mo 2.848(l), 
Bi-Mo’ 2.985(l), Bi-Bi’ 2.838(l), Mo-MO’ 
3.167(2) A; Mo-Bi-Bi’ 63.3(l), Bi’-Bi-Mo’ 58.5(l), 

Mo-Bi-Mo’ 65.7(l)“. 
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(A) (BI 

Finally we note the comparison between 2a,b 
and the lighter congeneric complexes [M2(CO)& 
C5R5)&-1*-E*)] (4, M = MO, R = H, E = P;13 5, 
M=Mo, R=Me, E=P;14 6, M=Mo, W, 
R = H, E=As;” 7, M=Mo, R=Me, 
E = As’ “). Structure determinations carried out on 
413 and 615a reveal that the same, type A, con- 
figuration is adopted in the solid-state and IR 
data’3*‘5b indicate that this is maintained in solution. 

Theoretical, electrochemical and reactivity stud- 
ies on 2a,b are in progress and preliminary experi- 
ments indicate that the di-antimony analogues are 
also isolable. ’ 7 
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McCleverty, Pergamon Press, Oxford, 1987. 7 vol- 
umes, 7800 pp., US% 2450.00. ISBN o-08-026232-5. 

Comprehensive Coordination chemistry is the latest in a 
series of major reference works initiated by Pergamon 
Press some 15 years ago with the publication of Com- 
prehensive Inorganic Chemzktry. This new treatise com- 
prises 7 volumes which are designed to give readers a 
contemporary overview of the synthesis, reactions, prop- 
erties and applications of coordination compounds. 

Volume 1. Theory & Background 

The first volume deals with the theory and background 
of coordination chemistry and is presented in 10 chapters. 
G. B. Kauffman in the iirst chapter provides a splendid 
historical survey up to 1930 of the discovery of coor- 
dination compounds and the stepwise developments which 
led to Werner’s theory of their constitution. It is inter- 
esting to read that as long ago as 1841, “Berzelius viewed 
metal ammines as conjugated or copulated compounds 
consisting of ammonia and a conjugate or copula”. The 
complementary and concluding section to Chapter 1 
summarizes the perception of J. C. Bailar Jr, Chapter 2 
(D. L. Kepert) is devoted to coordination numbers and 
geometries and provides a comprehensive account of con- 
temporary Valence Shell Electron Pair Repulsion theory 
(VSEPR theory) and its quantitative application for pre- 
dicting the stereochemistry of a wide range of coor- 
dination compounds. According to T. E. Sloan (Chapter 
3), inorganic chemical nomenclature has evolved from 
the mystical terminology of alchemy into its present day 
“additive” terminology which enables “a name for a 
compound to indicate empirical composition, molecular 
composition, composition and connectivity, and com- 
plete qualitative three-dimensional compound struc- 
ture”. Teachers and students will find this account of the 
nomenclature of coordination compounds according to 
IUPAC rules and recommendations complemented by 
the expertise of Chemical Abstracts Service, an immensely 
valuable reference. Polymetallic clusters and cages form 
the topic of Chapter 4 (I. G. Dance). Although metal 
clusters containing from three (e.g. [Re9Cl,213-) up to 

‘4500 (e.g. ferritin) metal atoms have long been known, 
the emerging recognition of the underlying principles for 
rational synthesis of polymetallic clusters together with 
their widespread occurrence has encouraged the author 

BOOK REVIEWS 

to designate this as “a new field of coordination chem- 
istry”. 

The successful resolution of optically active coor- 
dination compounds, especially Werner’s resolution in 
1914 of completely carbon-free coordination com- 
pounds, was the coup de grlice that finally secured the 
recognition and acceptance of his coordination theory. 
Chapter 5 (J. M. Harrowtield) provides an excellent over- 
view of the occurrence of isomerism in coordination 
chemistry and its relevance to understanding the subtle 
chemistry underlying some biological and industrial pro- 
cesses. This is followed in Chapter 6 by an excellent 
account of ligand field theory and its application to the 
interpretation of the spectra and magnetism of transition 
metal complexes (B. N. F&is). A detailed survey of the 
mechanism of inorganic reactions is presented in Chapter 
7 which is sub-divided into five sections: Substitution 
Reactions (M. L. Tobe), Electron Transfer Reactions (T. 
J. Meyer and H. Taube), Photochemical Processes (C. 
Kutal and A. W. Adamson), Reactions of Coordinated 
Ligands (D. St. C. Black), and Reactions in the Solid 
State (I-I. E. LeMay). 

The versatile technique of electrochemistry is being 
applied increasingly to coordination complexes in aque- 
ous and non-aqueous media. Chapter 8 surveys recent 
developments in three sections: Electrochemistry and 
Coordination Chemistry (C. J. Pickett), Electrochemical 
Properties in Aqueous Solutions (D. H. Vaughan) and 
Electrochemical Properties in Non-aqueous Solutions 
(C. J. Pickett). In the concluding chapters of Volume 1, 
D. H. Vaughan in Chapter 9 deals with the quantitative 
aspects of solvent effects on rates of reactions, redox 
potentials, and equilibrium constants in analysis in Chap- 
ter 10. A detailed Subject Index and Formula Index com- 
plete this introductory volume of 613 pages. 

The contributions to Volume 1 are written with author- 
ity and clarity, and provide the reader with an admir- 
able and critical overview of contemporary chemistry. 
Although as many as 18 authors have been involved, the 
editors have achieved a pleasant uniformity of pres- 
entation and style which make the volume eminently 
readable. If the succeeding volumes all achieve the same 
high standard, this reference work will make a valuable 
addition for all libraries with a chemistry collection. 

Monash University 
Australia 

R. L. MARTIN 

Volnme 2. Ligands 

The subject of Volume 2 of this immense series is 
“Ligands”. The Book contains over 1000 pages and was 
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written by over 40 authors. Included are chapters on 
such simple ligands and ligand families as Cyanides and 
Fulminates, Chapter 12.1 ; Ammonia and Ammines, 
Chapter 13.1; Nitriles, Chapter 13.7 ; Water, Hydroxide 
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oxide, Chapter 15.2 ; Oxyanions, Chapter 15.5 ; Sulfides, 
Chapter, 16.1; Metallothio Anions, Chapter 16.3 ; Hal- 
ogens as Ligands, Chapter 18 ; and Hydrogen and 
Hydrides, Chapter 19. Specific kinds of donor atoms 
figure in the organization with a section on Group IV 
Ligands having two chapters, a section on Nitrogen 
Ligands, containing eight chapters ; that on Oxygen 
Ligands having nine chapters while Sulfur Ligands are 
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Chapter 14 and Selenium and Tellurium Ligands, Chap- 
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olenes and Related Species, Chapter 16.5 ; Schiff Bases as 
Acyclic Polydentate Ligands, Chapter 20.1; and Amino 
Acids, Peptides and Proteins, Chapter 20.2. In contrast, 
some of the chapters may strike readers as a bit spe- 
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classic ligands derived, either directly or indirectly, from 
natural sources, Chapter 21.1, Porphyrins, Hydro- 
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of distinguished authors who have written the chapters 
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readers. This is probably inevitable for a publication 
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can be distracting (e.g. Table 7, p. 309) and we rec- 
ommend that references be confined to bibliographies in 
subsequent editions. 

A document such as Comprehensive Coordination 
Chemzktry should avoid presentations or illustrations 
that are inconsistent with the pace of the manuscript or 
which might confuse the reader. We feel that the dis- 
cussion of the stereochemistry of DMF (p. 491) is 
inappropriate. Similarly, the structure given for dithio- 
oxamide [p. 800, Structure (28)] shows an imino form 
rather than the typical amino representation. 

For the most part, the illustrations are clear and 
emphasis has obviously been placed on defining ste- 
reochemistry where applicable. A few sections are 
deficient in this respect and occasionally diagrams using 
mixtures of perspective and wedge shaped bonds are 
unclear [examples are p. 91, Fig. 23 (also, a phenyl is 
missing) ; p. 555, structures meso-( +(16)-(19) ; p. 
748, Scheme 1; p. 967, Structures (11) and (1211. The use 
of arrows to indicate dative bonds in structure diagrams 
is archaic and should be avoided. One author is incon- 
sistent in this respect (Chapter 21.2). In addition, assign- 
ment of charge to a ligand without including charge on 
a metal ion might create confusion as to the net charge 
of the complex [for examples see p.94, Fig. 25 ; p. 596 
Structures (l)--(3); p. 491, eq. (19); p. 272, Structure (15); 
p. 59, Structure (117) ; p. 902, Schemes 4 and 5 and 
Structures (11) and (1211. 

There are a few cases where we feel that the text might 
be misleading. On p. 8 a misuse of nomenclature occurs. 
It should be recognized that “bidentate” indicates that 
two sites of a ligand bind to a single metal ion (when a 
ligand binds in a monodentate mode to each of two 
metal ions this is bridging and not “bidentate” chelation). 
Unfortunate language sometimes appears. For example, 
on p. 3 1 the phrasing “bidentate mono(ethylenediamine) 
complexes” is used. This would seem to imply that the 
complex is bidentate? The introductory sentences to the 
two sections beginning on p. 323 seem to be at cross 
purposes. The tirst case fails to point out the fact that the 
actual process is simply binding of the second metal atom 
to the previously bound superoxo moiety, while the 
second requires that this fact be taken for granted. 

Typographical errors are inevitable in a manuscript of 
this magnitude and we were pleased by the small number. 
Errors in diagrams or sections where text and diagrams 
are inconsistent are more serious. The caption to Fig. 25 
on p. 94 claims that the picture shows a tetrahedral spec- 
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ies; it does not. On p. 596 the diagram shows four struc- some degree industrial). An author writing a review of 
tures but uses three structure numbers ; it will be claimed this kind always faces serious problems concerning the 
that the centre two structures are like two Kekule &NC- choice of topics to be covered; his personal preferences 
tures of benzene. Page 733, Fig. 18 and preceding text: and dislikes will certainly be of inlluence. In my opinion 
X = N does not work. Page 919, Structure (18), methyl all authors have done a balanced and excellent job. The 
substitutes and cation charge are missing. editors were very fortunate in picking their authors. 

Ohio State University 
U.S.A. 

N. STEPHENSON and 
D. H. BUSCH 

Volume 3. Main Group & Early Transition Elements 

Of course, in a monmnental piece of work such as this 
an assiduous reviewer will always find a topic or a paper 
of his own that is missing or not tired ; this is human, 
but I do not understand why the coordination chemistry 
of vanadium(V) has not been dealt with. Surely, there 
must be some complexes of this element in this particular 
oxidation state in the literature. 

The third volume of this colossal work deals with the 
coordination chemistry of main group and early tran- 
sition elements including the lanthanides and actinides in 
1600(!) pages. Traditionally, typical non-metal elements 
like B, Si, S, the halogens and noble gases are rarely 
considered to have a coordination chemistry. At least in 
the country of this reviewer there appears to exist a 
psychological and/or language barrier between the camps 
of main group and transition metal chemists. Chapters 
23-30 undertake the heroic attempt to overcome much 
pride and many prejudices on both sides-after all, it is 
merely inorganic chemistry. The authors, all of them 
are experts in their fields, of these chapters are to be 
congratulated for their excellent presentation of a diverse 
and complicated material. I am convinced that the mem- 
bers of both camps will enjoy the reading, and many new 
research ideas will evolve-be it only from the “inter- 
disciplinary” character of this venture. 

About 80% of Volume 3 deals with the coordination 
chemistry of Ti, Zr, Hf, V, Nb, Ta, Cr, MO, W, the 
lanthanides and actinides-real metals. The explosive 
development of the chemistry of molybdenum in all its 
various oxidation states during the past two to three 
decades has found its precipitation in seven individual 
chapters. The vast existing literature on this element has 
been sifted. A chapter on isopolyanions and het- 
eropolyanions (a fast growing field in coordination chem- 
istry of importance to both fundamental research and 
industrial application), a chapter on the aqueous solu- 
tion chemistry of MO, one chapter covering oxidation 
states 0, I and II, one with oxidation states III, IV and 
V and a whole chapter on the chemistry of molyb- 
denum(VI) have been prepared. Each of these is well 
written and covers recent, exciting developments in MO 
chemistry. The final chapter of Volume 3 highlights 
some special topics of MO chemistry (bioinorganic 
aspects, Fe-Mo-S clusters and other clusters, hydride 
and dihydrogen complexes of MO). 

In summary, Comprehensive Coordination Chemistry 
Volume 3 is a masterpiece of the editors and the authors. 
It will serve as a reference source and spring for new 
research ideas for many years to come. It is a must for 
all libraries and should be on the shelf of chemists 
involved in fundamental and industrial research. 

Ruhr- Universitiit Bochum 
F.R.G. 

K. WIEGHARDT 

Volume 4. Middle Transition Elements 

Volume 4 of this seven-volume series contains treatise 
on coordination compounds of important middle tran- 
sition elements from manganese to iridium. Each chapter 
is really comprehensive and will be of great help to the 
reader of this book. The authors, editors and the pub- 
lisher deserve our gratitude. 

Within the series of transition elements the review on 
the coordination chemistry of chromium has probably 
been one of the most difficult to write. Chromium chem- 
istry has been an active field of research for at least 100 
years--just imagine the pile of 1457 Xerox copies of 
papers, which are referenced in this review. 

Most of the literature cited [more than an estimated 
80% of a total of 10,500 references(!)] has been published 
during the 1970s and 1980s ; thus the material presented 
here covers all actual research areas (fundamental and to 

Each chapter begins with a concise introduction and 
is followed by a description of the coordination com- 
pounds of the element in various oxidation states having 
carbon, oxygen, sulfur, halide, hydrogen and hydride 
ligands. For most metals the treatise also contains com- 
pounds with macrocyclic ligands such as porphyrins and 
phthalocyanines. Some chapters discuss such relevant 
topics as photochemical, biological and catalytic prop- 
erties as well. Extensive and up-to-date references are 
thorough and quite valuable. The following is the num- 
ber of references cited in the appropriate chapters for 
respective elements: Mn (759) Re (639), Fe(II1) and 
higher states (503) Ru (2653) OS (908) Co (1217), Rh 
(1357), Ir (638), Fe(I1) and lower states (1117). Previous 
handbooks and reviews including Gmelin are appro- 
priately referred to. There are reasonable overlaps with 
the companion work from the same publisher, Com- 
prehensive Organometallic Chemistry, to the extent that 
both are complementary and can be consulted inde- 
pendently. Presentation of formulae and equations is 
clear and readable. Thoughtful but not excessive usage 
of tables is quite appropriate. Subject and formula indices 
attached at the end make quick consultation of the vol- 
ume easier. It is unfortunate that the chapter dealing with 
technetium is not included and iron is placed in two 
separate chapters in the present volume because of fac- 
tors beyond the editors’ control. However, the editors’ 
decision to publish the materials in the present form is 
justified to avoid undue delay of the publication of this 
valuable series. 



Book Reviews 2245 

ies; it does not. On p. 596 the diagram shows four struc- some degree industrial). An author writing a review of 
tures but uses three structure numbers ; it will be claimed this kind always faces serious problems concerning the 
that the centre two structures are like two Kekule &NC- choice of topics to be covered; his personal preferences 
tures of benzene. Page 733, Fig. 18 and preceding text: and dislikes will certainly be of inlluence. In my opinion 
X = N does not work. Page 919, Structure (18), methyl all authors have done a balanced and excellent job. The 
substitutes and cation charge are missing. editors were very fortunate in picking their authors. 

Ohio State University 
U.S.A. 

N. STEPHENSON and 
D. H. BUSCH 

Volume 3. Main Group & Early Transition Elements 

Of course, in a monmnental piece of work such as this 
an assiduous reviewer will always find a topic or a paper 
of his own that is missing or not tired ; this is human, 
but I do not understand why the coordination chemistry 
of vanadium(V) has not been dealt with. Surely, there 
must be some complexes of this element in this particular 
oxidation state in the literature. 

The third volume of this colossal work deals with the 
coordination chemistry of main group and early tran- 
sition elements including the lanthanides and actinides in 
1600(!) pages. Traditionally, typical non-metal elements 
like B, Si, S, the halogens and noble gases are rarely 
considered to have a coordination chemistry. At least in 
the country of this reviewer there appears to exist a 
psychological and/or language barrier between the camps 
of main group and transition metal chemists. Chapters 
23-30 undertake the heroic attempt to overcome much 
pride and many prejudices on both sides-after all, it is 
merely inorganic chemistry. The authors, all of them 
are experts in their fields, of these chapters are to be 
congratulated for their excellent presentation of a diverse 
and complicated material. I am convinced that the mem- 
bers of both camps will enjoy the reading, and many new 
research ideas will evolve-be it only from the “inter- 
disciplinary” character of this venture. 

About 80% of Volume 3 deals with the coordination 
chemistry of Ti, Zr, Hf, V, Nb, Ta, Cr, MO, W, the 
lanthanides and actinides-real metals. The explosive 
development of the chemistry of molybdenum in all its 
various oxidation states during the past two to three 
decades has found its precipitation in seven individual 
chapters. The vast existing literature on this element has 
been sifted. A chapter on isopolyanions and het- 
eropolyanions (a fast growing field in coordination chem- 
istry of importance to both fundamental research and 
industrial application), a chapter on the aqueous solu- 
tion chemistry of MO, one chapter covering oxidation 
states 0, I and II, one with oxidation states III, IV and 
V and a whole chapter on the chemistry of molyb- 
denum(VI) have been prepared. Each of these is well 
written and covers recent, exciting developments in MO 
chemistry. The final chapter of Volume 3 highlights 
some special topics of MO chemistry (bioinorganic 
aspects, Fe-Mo-S clusters and other clusters, hydride 
and dihydrogen complexes of MO). 

In summary, Comprehensive Coordination Chemistry 
Volume 3 is a masterpiece of the editors and the authors. 
It will serve as a reference source and spring for new 
research ideas for many years to come. It is a must for 
all libraries and should be on the shelf of chemists 
involved in fundamental and industrial research. 

Ruhr- Universitiit Bochum 
F.R.G. 

K. WIEGHARDT 

Volume 4. Middle Transition Elements 

Volume 4 of this seven-volume series contains treatise 
on coordination compounds of important middle tran- 
sition elements from manganese to iridium. Each chapter 
is really comprehensive and will be of great help to the 
reader of this book. The authors, editors and the pub- 
lisher deserve our gratitude. 

Within the series of transition elements the review on 
the coordination chemistry of chromium has probably 
been one of the most difficult to write. Chromium chem- 
istry has been an active field of research for at least 100 
years--just imagine the pile of 1457 Xerox copies of 
papers, which are referenced in this review. 

Most of the literature cited [more than an estimated 
80% of a total of 10,500 references(!)] has been published 
during the 1970s and 1980s ; thus the material presented 
here covers all actual research areas (fundamental and to 

Each chapter begins with a concise introduction and 
is followed by a description of the coordination com- 
pounds of the element in various oxidation states having 
carbon, oxygen, sulfur, halide, hydrogen and hydride 
ligands. For most metals the treatise also contains com- 
pounds with macrocyclic ligands such as porphyrins and 
phthalocyanines. Some chapters discuss such relevant 
topics as photochemical, biological and catalytic prop- 
erties as well. Extensive and up-to-date references are 
thorough and quite valuable. The following is the num- 
ber of references cited in the appropriate chapters for 
respective elements: Mn (759) Re (639), Fe(II1) and 
higher states (503) Ru (2653) OS (908) Co (1217), Rh 
(1357), Ir (638), Fe(I1) and lower states (1117). Previous 
handbooks and reviews including Gmelin are appro- 
priately referred to. There are reasonable overlaps with 
the companion work from the same publisher, Com- 
prehensive Organometallic Chemistry, to the extent that 
both are complementary and can be consulted inde- 
pendently. Presentation of formulae and equations is 
clear and readable. Thoughtful but not excessive usage 
of tables is quite appropriate. Subject and formula indices 
attached at the end make quick consultation of the vol- 
ume easier. It is unfortunate that the chapter dealing with 
technetium is not included and iron is placed in two 
separate chapters in the present volume because of fac- 
tors beyond the editors’ control. However, the editors’ 
decision to publish the materials in the present form is 
justified to avoid undue delay of the publication of this 
valuable series. 



Book Reviews 2245 

ies; it does not. On p. 596 the diagram shows four struc- some degree industrial). An author writing a review of 
tures but uses three structure numbers ; it will be claimed this kind always faces serious problems concerning the 
that the centre two structures are like two Kekule &NC- choice of topics to be covered; his personal preferences 
tures of benzene. Page 733, Fig. 18 and preceding text: and dislikes will certainly be of inlluence. In my opinion 
X = N does not work. Page 919, Structure (18), methyl all authors have done a balanced and excellent job. The 
substitutes and cation charge are missing. editors were very fortunate in picking their authors. 

Ohio State University 
U.S.A. 

N. STEPHENSON and 
D. H. BUSCH 

Volume 3. Main Group & Early Transition Elements 

Of course, in a monmnental piece of work such as this 
an assiduous reviewer will always find a topic or a paper 
of his own that is missing or not tired ; this is human, 
but I do not understand why the coordination chemistry 
of vanadium(V) has not been dealt with. Surely, there 
must be some complexes of this element in this particular 
oxidation state in the literature. 

The third volume of this colossal work deals with the 
coordination chemistry of main group and early tran- 
sition elements including the lanthanides and actinides in 
1600(!) pages. Traditionally, typical non-metal elements 
like B, Si, S, the halogens and noble gases are rarely 
considered to have a coordination chemistry. At least in 
the country of this reviewer there appears to exist a 
psychological and/or language barrier between the camps 
of main group and transition metal chemists. Chapters 
23-30 undertake the heroic attempt to overcome much 
pride and many prejudices on both sides-after all, it is 
merely inorganic chemistry. The authors, all of them 
are experts in their fields, of these chapters are to be 
congratulated for their excellent presentation of a diverse 
and complicated material. I am convinced that the mem- 
bers of both camps will enjoy the reading, and many new 
research ideas will evolve-be it only from the “inter- 
disciplinary” character of this venture. 

About 80% of Volume 3 deals with the coordination 
chemistry of Ti, Zr, Hf, V, Nb, Ta, Cr, MO, W, the 
lanthanides and actinides-real metals. The explosive 
development of the chemistry of molybdenum in all its 
various oxidation states during the past two to three 
decades has found its precipitation in seven individual 
chapters. The vast existing literature on this element has 
been sifted. A chapter on isopolyanions and het- 
eropolyanions (a fast growing field in coordination chem- 
istry of importance to both fundamental research and 
industrial application), a chapter on the aqueous solu- 
tion chemistry of MO, one chapter covering oxidation 
states 0, I and II, one with oxidation states III, IV and 
V and a whole chapter on the chemistry of molyb- 
denum(VI) have been prepared. Each of these is well 
written and covers recent, exciting developments in MO 
chemistry. The final chapter of Volume 3 highlights 
some special topics of MO chemistry (bioinorganic 
aspects, Fe-Mo-S clusters and other clusters, hydride 
and dihydrogen complexes of MO). 

In summary, Comprehensive Coordination Chemistry 
Volume 3 is a masterpiece of the editors and the authors. 
It will serve as a reference source and spring for new 
research ideas for many years to come. It is a must for 
all libraries and should be on the shelf of chemists 
involved in fundamental and industrial research. 

Ruhr- Universitiit Bochum 
F.R.G. 

K. WIEGHARDT 

Volume 4. Middle Transition Elements 

Volume 4 of this seven-volume series contains treatise 
on coordination compounds of important middle tran- 
sition elements from manganese to iridium. Each chapter 
is really comprehensive and will be of great help to the 
reader of this book. The authors, editors and the pub- 
lisher deserve our gratitude. 

Within the series of transition elements the review on 
the coordination chemistry of chromium has probably 
been one of the most difficult to write. Chromium chem- 
istry has been an active field of research for at least 100 
years--just imagine the pile of 1457 Xerox copies of 
papers, which are referenced in this review. 

Most of the literature cited [more than an estimated 
80% of a total of 10,500 references(!)] has been published 
during the 1970s and 1980s ; thus the material presented 
here covers all actual research areas (fundamental and to 

Each chapter begins with a concise introduction and 
is followed by a description of the coordination com- 
pounds of the element in various oxidation states having 
carbon, oxygen, sulfur, halide, hydrogen and hydride 
ligands. For most metals the treatise also contains com- 
pounds with macrocyclic ligands such as porphyrins and 
phthalocyanines. Some chapters discuss such relevant 
topics as photochemical, biological and catalytic prop- 
erties as well. Extensive and up-to-date references are 
thorough and quite valuable. The following is the num- 
ber of references cited in the appropriate chapters for 
respective elements: Mn (759) Re (639), Fe(II1) and 
higher states (503) Ru (2653) OS (908) Co (1217), Rh 
(1357), Ir (638), Fe(I1) and lower states (1117). Previous 
handbooks and reviews including Gmelin are appro- 
priately referred to. There are reasonable overlaps with 
the companion work from the same publisher, Com- 
prehensive Organometallic Chemistry, to the extent that 
both are complementary and can be consulted inde- 
pendently. Presentation of formulae and equations is 
clear and readable. Thoughtful but not excessive usage 
of tables is quite appropriate. Subject and formula indices 
attached at the end make quick consultation of the vol- 
ume easier. It is unfortunate that the chapter dealing with 
technetium is not included and iron is placed in two 
separate chapters in the present volume because of fac- 
tors beyond the editors’ control. However, the editors’ 
decision to publish the materials in the present form is 
justified to avoid undue delay of the publication of this 
valuable series. 



2246 Book Reviews 

The reviewer highly recommends the purchase of this 
series by libraries related to chemistry. The present vol- 
ume attests the high standard of the series. 

Tokyo Institute of Technology 
Japan 

A. YAMAMOTO 

Volme 5. Late Transition Elements 

Volume 5 of the seven-volume series of Comprehensive 
Coordination Chemistry contains the following chapters : 
50, Nickel by L. Sacconi, F. Mani and A. Bencini 
(Firenze), pp. l-347; 51, Palladium by M. J. H. Russell 
and C. F. J. Barnard (Reading), pp. 1099-1130; 51.8, 
Palladium(I1) : Sulfur Donor Complexes by A. T. Hutton 
(Belfast), pp. 113 l-l 155 ; 51.9, Palladium(I1) : Phos- 
phorous Donor Complexes by A. T. Hutton and C. P. 
Morley (Belfast), pp. 1157-l 170 ; 52, Platinum by D. M. 
Roundhill (New Orleans), pp. 351-531; 53, Copper by 
B. J. Hathaway (Cork), pp. 533-774; 54, Silver by R. J. 
Lancashire (Kingston, Jamaica), pp. 775859; 55, Gold 
by R. J. Puddephatt (London, Ontario), pp. 861-923 ; 
56.1, Zinc and Cadmium by R. H. Prince (Cambridge, 
U.K.), pp. 925-1045 ; 56.2, Mercury by K. Brodersen and 
H. U. Hummel (Erlangen), pp. 1047-1097. The volume is 
completed by a Subject Index and by a Formula Index. 

Each chapter ends with the list of references : the total 
number of references contained in this volume is 10,728, 
which corresponds to an average of more than 9.3 papers 
reviewed per printed page, if multiple references are taken 
into consideration. 

This impressive volume dedicated to late transition 
elements is arranged under the distinction, which is pre- 
sumably valid for the whole treatise, that compounds 
containing a number of metal-carbon bonds equal to or 
higher than the coordination number of the central metal 
atom are regarded as organometallics and as such are 
outside the scope of this volume series. Also binary oxides 
and sulfides have generally been excluded, which may 
appear at the lirst sight unfortunate in view of the present 
interest in this type of compound. On the other hand, 
other reference sources are available for these compounds 
characterized by three-dimensional extended structures. 
Even with these limitations, this volume covers a huge 
amount of inorganic chemistry and the authors and edi- 
tors must be congratulated for their efforts in carrying 
out and accomplishing such a remarkable work. Scientific 
papers continue to grow in number every year and, as a 
consequence, people tend to specialize. This is why a 
volume series like the one which is now offered in print is 
very valuable since it gives every interested person the 
possibility of acquiring reliable knowledge of a specific 
subject with relatively small effort. 

The material in this volume is classified in chapters 
according to the metal and, within each sub-chapter, 
according to the oxidation state of the metal and the type 
of donor atom. However, in several instances, authors 
have written remarkably good additional sub-chapters 
on general aspects and theories getting across the oxi- 
dation state and ligand type classification. Particularly 
remarkable from this point of view are the following 

sub-chapters : 50.5.1. on Electronic Spectra and Spectro- 
magnetic Properties of Nickel(B) Complexes; 53.4.4. on 
Electronic Properties of Copper(H) ; 52.9 on Substitution 
Reactions and Reaction Mechanisms of Platinum(H) 
Complexes ; 56.1.14 on Aspects of the Biological Chem- 
istry of Zinc and Cadmium. 

Literature coverage goes as far as 1985 in most cases. 
In this connection, a word of caution should perhaps be 
given for those who would like to use this volume as a 
substitute for the literature survey: these volumes were 
not meant, I believe, to be exhaustive of the available 
literature. Thus, failure to find a given compound in this 
volume and/or in its Formula Index does not necessarily 
exclude its existence. Acquisition of this volume series 
does not vanify the literature search either computerized 
or “manual”, or, better, both. 

This volume is generally speaking extremely well writ- 
ten and the number of typographical errors is really 
reduced to a minimum. As a whole this is an outstanding 
accomplishment and the acquisition of this volume by 
libraries is certainly a must. As far as can be judged from 
this Volume, the entire treatise dedicated to Coordination 
Chemistry appears to be an extremely useful reference 
work for researchers and teachers. 

Universitd di Piss 
Italy 

F. CALDERAZZO 

Volume 6. Applications 

It is in a volume entitled “Applications” where the appro- 
priateness of the word “Comprehensive” should receive 
its most severe test. How are topics to be defined- 
broadly or narrowly? Which should be included? Are 
individual chapters to be aimed primarily at specialists 
in the particular application, in which case complete 
coverage of the literature is essential; or at those with 
general knowledge, for whom identification of basic con- 
cepts and outstanding problems is more valuable? The 
editors and authors of this volume, perhaps following 
Emerson’s precept, do not appear to have sought a con- 
sistent set of answers to these dilemmas: articles vary 
widely in approach and depth of coverage. Nonetheless, 
the majority present well-organized summaries of huge 
quantities of useful information, and represent, at the 
minimum, excellent starting points for entering the litera- 
ture of their respective topics. 

The largest section of this volume is entitled “Uses in 
Synthesis and Catalysis” and contains five articles, three 
with rather general titles. Two of these, “Stoichiometric 
Reactions of Coordinated Ligands” and “Lewis Acid 
Catalysis and the Reactions of Coordinated Ligands” 
form a nice complementary pair : the first deals primarily 
with template-type condensation reactions ; the second 
with hydrolysis reactions. A third, “Catalytic Activation 
of Small Molecules”, attempts to cover the whole of this 
huge topic, with mixed results-a number of areas receive 
only cursory attention. One problem is the distinction 
between subjects falling into the scope of this work and 
those belonging in the companion Comprehensive Organo- 
metallic Chemistry. For example, hydroformylation and 
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methanol carbonylation using Rh-based catalysts are 
covered, but the same reactions involving CO are 
excluded-a rather arbitrary choice. Also within this sec- 
tion are articles on Metal Complexes in Oxidation and 
Decomposition of Water into its Elements. Both are 
excellent reviews--thorough, critical, and relatively up- 
to-date (the former in particular contains an addendum 
bringing literature coverage up into 1985, considerably 
later than most of this volume). 

The longest single review (over 200 pages, with more 
than 1500 references!) is on “Coordination Compounds 
in Biology” ; while this may not strictly be an “applica- 
tion” (which implies human intention), it is a first-rate 
summary of a topic which usually requires an entire 
book. It is noteworthy that this is not simply an updating 
of the author’s (M. N. Hughes) 1981 monograph, but 
is a substantially new effort-reorganized, and focused 
more towards those with a good background in the sub- 
ject than to the general chemical readership. The impact 
of this review would be even greater were it not for the 
fact that work in this field is moving so fast that many 
of the t0pics-e.g. calcium biochemistry, electron trans- 
fer in proteins--are already woefully out of date. Also in 
this section (“Biological and Medical Aspects”) is an 
article, Uses in Therapy, on several aspects of the role of 
metals in treating diseases ; targeted radiolabelled com- 
plexes are not covered here, though, but rather included 
in “Applications in the Nuclear Fuel Cycle and Radio- 
pharmacy”. 

A number of articles address topics which receive rela- 
tively little attention from basic researchers. These 
include : Dyes and Pigments, Photographic Applications, 
Application to Extractive Metallurgy, and Geochemical 
and Prebiotic Systems. All should prove useful both to 
the applied researcher seeking to bring more basic prin- 
ciples to bear on his work, and to the general coor- 
dination chemist looking for new “relevant” fields. “Elec- 
trochemical Applications” deals primarily with elec- 
trodeposition, which fits into the above category, as 
well as with surface modified electrodes ; while “Com- 
pounds Exhibiting Unusual Electrical Properties” pre- 
sents a topic of materials science which is of great current 
interest. Lastly, “Other Uses of Coordination Com- 
pounds” is mainly a compendium of references from 
Chemical Abstracts and lesser-known journals over the 
period 19741981. 

In general the articles are well-written and produced, 
living up to the standards set by the previous Com- 
prehensive . . . Chemistry compendia. Few elaborate 
figures are included, but there is a generous provision of 
clear line drawings. While there are a few fairly major 
errors (examples : a reversed application of Le Chatelier’s 
principle on p. 2 ; incorrect table entries on p. 545 which 
state, among other inaccuracies, that the typical human 
body contains 1 g of calcium!), the volume is generally 
free from excessive typos. A separate volume index is 
provided but, because of the substantial overlap of cover- 
age with chapters in other volumes, most readers will 
probably get more use out of the cumulative indices in 
Volume 7. The only real deficiency, as noted earlier, 
is the early termination of literature coverage in most 

chapters-often more than four years before publication. 
All in all, this is a volume to which practitioners of all 
aspects of inorganic chemistry will want to have access. 

California Institute of Technology J. A. LABINGER 
U.S.A. and H. B. GRAY 

Volume 7. Indexes 

This Volume provides an Index of Review Articles and 
Specialist Texts together with Cumulative Subject and 
Formula Indexes. 

Gmelin: Handbook of Inorganic Chemistry. Be- 
J3eryUium (System No. 26-Organoberyllium Com- 
pounds). Published by the Gmelin Institute for 
Inorganic Chemistry of the Max Planck Society for 
the Advancement of Science, 8th Edn. Springer, 
Berlin, 1987. ISBN 3-540-93556-8, 247 pp. 

This is another volume in the excellent series of Gmelin 
Handbooks describing the inorganic chemistry of indi- 
vidual elements ; in this case organoberyllium com- 
pounds. 

The treatment covers the literature up until 1986 plus 
selected references from 1987. It is characteristically com- 
prehensive although, as is pointed out in the preface, the 
field is both comparatively small and unlikely to expand 
appreciably in the future. 

The main body of data is classified by the number of 
Be-C bonds per organyl ligand : the first chapter deals 
with tri- and tetraorganyl beryllates, and mono- and dior- 
ganyl compounds and their adducts ; subsequent chap- 
ters report beryllocarboranes and finally cyclopenta- 
dienyl systems. A short section follows on compounds 
of unknown structure and the text concludes with re- 
ports of theoretical studies on hypothetical compounds 
(the latter being unusually large for beryllium rela- 
tive to the body of experimental data). 

The overall treatment is clear and concise ; data on 
specific compounds are easy to find from the empirical 
formula and ligand formula indices. However, it is dif- 
ficult to imagine to whom this text should be recom- 
mended. That the chemistry of beryllium is fascinating is 
indisputable, but the brevity of the paragraph on 
“Uses” (p. 33) is perhaps as much a reason for the lack 
of progress as the hazardous nature of the compounds ; 
particularly in such an application-orientated age. The 
increasing importance of one application, viz. the incor- 
poration of beryllium as a dopant in the Metal-organic 
Vapour Phase Epitaxy of III-V semiconductors may, 
however, lead to renewed interest in the near future. 

In conclusion, this handbook is an excellent treatment 
of the subject, and is a fitting tribute to the pioneering 
work in this field by Prof. Geoffrey Coates. 

Department of Chemistry 
Queen Mary College 
London El 4NS, U.K. 

D. M. FRIGO 
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Vapour Phase Epitaxy of III-V semiconductors may, 
however, lead to renewed interest in the near future. 

In conclusion, this handbook is an excellent treatment 
of the subject, and is a fitting tribute to the pioneering 
work in this field by Prof. Geoffrey Coates. 

Department of Chemistry 
Queen Mary College 
London El 4NS, U.K. 

D. M. FRIGO 
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Oxovanadium(IV) and amino acids--I. The system L-alanine+VO’+ ; a potentiometric 
and spectroscopic study. J. Costa Pessoa, L. F. Vilas Boas, R. D. Gillard and R. J. 
Lancashire (Polyhedron, Vol. 7, No. 14, pp. 1245-1262, 1988). 

(i) On p. 1255 of this paper, in the last complete paragraph, the second sentence should 
start : “In all cases, the E (or As) values for species MAH, MA, MA2H2, MA*H, M2A2H_-2 
and MA2. . . ” : i.e. the present list of species in this sentence omitted M2A2H_ 2. 

(ii) The last incomplete paragraph should begin : “Taking fi,, 1, jl, ,,,, fllz2. . .” ; i.e. the 
second constant should read j? 11 o not, as originally printed, /I,, 2. 
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FOREWORD 

The discovery that certain metal alloys have cata- 
lytic properties that are far superior to those of their 
components has been one of the most important 
developments to occur in the area of heterogeneous 
catalysis in the last 20 years.‘” These catalysts have 
demonstrated higher activities, greater selectivities 
and better stabilities than their homonuclear com- 
ponents. Recent studies have shown that some 
hetcronuclear clusters7-8 and bimetallic rnixtures~‘3 
exhibit improved catalytic properties in homo- 
geneous phases. Today, a major research effort is 
being made to develop an understanding of this 
unusual behaviour. 

During the last 25 years, the study of transition 
metal cluster compounds has also become a focus 
of considerable attention.14 These compounds have 
provided unique opportunities to study the nature 
of organic transformations at multinuclear metal 
sites. A wealth of results has already revealed a 
variety of new and unusual multinuclear ligand acti- 
vations and rearrangements.” Systematic routes for 
the synthesis of heteronuclear cluster compounds 
are presently being developed,‘6’7 and reports 
describing remarkable organic transformations by 
these complexes are now beginning to appear.‘8-2’ 

Due to the importance of catalysis to the petro- 
chemical industry and the recent developments in 
the study of heteronuclear clusters and multi- 
metallic catalysts, it was decided to convene an 
international seminar on this topic for the purpose 
of presenting the latest findings in research, ident- 
ifying topics of mutual interest to these two areas, 
formulating current problems and goals, and plan- 
ning directions for new research. The following 
topics were the focus of attention : 

Heteronuclear cluster compounds are generally 
made by the agglomeration of metal atoms from 
complexes. These procedures include pyrolysis, 
redox coupling, bridge-assisted coupling, and coup- 
ling promoted by the formation and elimination of 
small molecules.16 These techniques are becoming 
increasingly sophisticated. 

Metal alloy catalysts usually have the form of 
highly dispersed metal on “inert” supports. These 
clusters are usually much larger than molecular 
clusters, but their methods of preparation (e.g. 
impregnation of the supports by solutions of metals 

containing salts and deposition of molecular 
clusters) have close similarities and relationships 
to those of molecular clusters.22-23 

(2) Structure 

The physical methods used to study the structure 
of molecules are vastly different from those used 
to establish the structure of surfacesz4*’ Clearly, 
however, the structures at the reaction sites must 
be similar both in molecular clusters and on 
surfaces.2~27 Studies of the structures of small metal 
crystallites have now shown that they adopt atomic 
arrangements that contain five-fold symmetry** 
which is the same as that observed in large molec- 
ular clusters2’ and unlike that of macroscopic 
materials. 

X-ray crystallographic analyses of molecular 
clusters have provided a wealth of detailed infor- 
mation about the nature of the heteronuclear 
metal-metal bond.16 NMR spectroscopy which is 
widely used in the study of molecular complexes is 
now being applied to the study of the structure 
and chemistry of surfaces3’ and adsorbates on 
surfaces.3’“2 

(3) Reactivity 

The changes in reactivity that have been observed 
for metal alloys and bimetallic catalysts can be attri- 
buted broadly to two influences: geometric and 
electronic effects.2 

Electronic effects would result from changes in 
the electronic structure of a metal atom that are 
induced by the neighbouring atoms. This effect is 
frequently referred to as the “ligand effect” both by 
surface chemists and by solution chemists. While 
the effect of non-metallic ligands is very important 
in the chemistry of complexes, it seems to be much 
less important on surfaces where the ligands are 
neighbouring metal atoms.” Heteronuclear metal 
complexes may provide a unique opportunity 
to study the electronic influences of neighbour- 
ing metal atoms on reactivity. Vahrenkamp has 
recently reported evidence for stereoselective pref- 
erence in a hydrogen shift in an alkyne ligand coor- 
dinated to a heteronuclear cluster. He attributed 
the stereoselective induction to an electronic effect.33 

Geometric effects are determined by the structure 
of the active site. Important factors are: the size 
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(or nuclearity) of the site (or ensemble) and the and Wolfgang A. Herrmann of the Technische 
nature of its environment (steric effects).236 These Universtlit Miinchen, F.R.G. and was held at the 
factors will be important both in molecular clusters Albertus Magnus College in Konigstein, F.R.G. on 
and on the surfaces of alloys. Studies have indicated 7-11 September 1987. The speakers were invited 
that the size of the site is very important in catalysis to prepare manuscripts of their presentations for 
on surfaces.3 Studies of molecular clusters are show- inclusion in this Symposium-in-Print issue of Poly- 

ing a variety of small molecule transformations that hedron. The organizers wish to thank the seminar 
are based primarily on multinuclear interactions, participants for their generous contributions to this 
but to date these studies have been limited to issue and the U.S. National Science Foundation 
clusters containing very small numbers of metal and the Deutsche Forschungsgemeinshaft for their 
atoms.” financial support of the meeting. 

The effects of ion promoters (e.g. halides) and 
selectivity modifiers’ (e.g. sulphur) could operate 
both by electronic and geometric effects. Such 
effects have been observed in studies of molecular 
clusters.34935 
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DIRECTED SYNTHESIS OF BIMETALLIC HYDROCARBON 
BRIDGED COMPOUNDS BY NUCLEOPHILIC ATTACK OF 

CARBONYL METALATES ON COORDINATED 
UNSATURATED HYDROCARBONS 

WOLFGANG BECK 

Institut fiir Anorganische Chemie, UniversitHt Miinchen, Meiserstr. 1, 8000 Miinchen 2, 
F.R.G. 

Abstract-The addition of carbonyl metalates (particularly [Re(CO)J) to r-bonded hydro- 
carbons (olefin, alkyne, allyl, diene, cyclopenta- and hexadiene, trimethylenemethane, 
cycloheptatriene, benzene and cycloheptatrienyl) in cationic complexes provides a synthesis 
of new hydrocarbon bridged homo- and heteronuclear complexes. 

The addition of nucleophiles to unsaturated 
hydrocarbons which are n-coordinated to tran- 
sition metals, is one of the fundamental and par- 
ticularly well studied reactions in organometallic 
chemistry.‘~2 These reactions have found many 
applications in organic synthesis3 and in industrial 
processes,4 such as the Wacker process.’ A number 
of theoretical analyses have been made to account 
for the high degree of regio- and stereoselectivity of 
these reactions. Rules have been developed for the 
most favourable positions for nucleophilic ,attack at 
the unsaturated hydrocarbon and for the reactivity 
of different hydrocarbons.‘s6 We have found that 
addition of carbonyl metalates instead of common 
nucleophiles to n-coordinated hydrocarbons in cat- 
ionic complexes gives a series of hydrocarbon 
bridged bimetallic compounds in a directed way. 
Most of these complexes are not accessible by other 
synthetic routes.7 

RESULTS AND DISCUSSION 

Cationic ethylene complexes react with carbonyl 
metalates to give ethylene bridged homo- and 
heteronuclear compounds (Scheme 1). *,9 The possi- 
bility of formation of ethylene bridged complexes 
by this route has been previously mentioned.” 

Cp(OC)3MoCH2CH2Mo(CO),Cp (1) 

CP(OC)~WCH*CH~W(CO),CP (2) 

L,M-I]+ + M’L,]- - L,M /\, M’L, 

Scheme 1. 

Cp(OC)3MoCH2CH2W(CO)3Cp (3) 

Cp(PhJ’)(OC)2WCH&H2W(CO)@‘Ph3)Cp (4) 

Cp(OC)3MoCHzCH,Re(CO), (5) 

Cp(OC)3WCH2CH2Re(CO)5 (6) 

(OC)SMnCH2CH2Mn(CO)S (7) 

(OC)SReCH2CH2Re(CO), (8) 

(OC),ReCH(Me)CH,Re(CO), (9) 

(OC)ZMnCH2CH2Re(CO)S (10) 

The heteronuclear complexes 3 and 10 are best 
prepared from [Cp(OC),Mo]- and [CP(OC)~W 
(C,H4)]+ and from [Mn(CO),]- and [Re(CO)S 
(C,H,)]+, respectively. Cationic complexes [(OC), 
Re(olefin)]+ are readily accessible by reaction 
of (OC)SReFBF3 with olefins under very mild 
conditions. 9* ’ ‘3 I2 The reaction of [(OC) SMn(C2H4)] + 
with [Re(CO),]- results in the formation of a 
mixture of the homonuclear complexes (OC)SMn 
CH2CH2Mn(CO)S and (OC)SReCH2CH2Re(CO)S. 
This parallels the preparation of the mixed car- 
bony1 (OC)5Mn-Re(CO), which is only obtained 
in good yields from (OC)sReX (X = Cl, Br) with 
[Mn(CO),]-.‘3 In the mixed complexes 5, 6 and 
10 the weaker nucleophiles [M(CO),Cp]- (M = MO, 
W) and [Mn(CO),]- can be replaced by 
[Re(CO)J to give (OC)SReCH2CH2Re(C0)5. 
The order of nucleophilicity has been determined 
to be [Re(CO),]- >> w(CO),Cp]- > [Mn(CO),]- 
> [Mo(CO),Cp]-.I4 

The thermal stability of the ethylene bridged 
complexes decreases in the order Re > W > MO in 
accordance with the corresponding metal+arbon 
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(OC15ReCH2CH2Re(CO& 

ca. -1lOT 

Fig. 1. Molecular structure of (OC)5ReCH2CH2Re(CO)5. 

[10CJ5Re - ( 
I 

]* B5- l Nd[Re(C015]- 

I - NaaF& wlo’c) 

9 . 
(oc) Re/ chi - CH2 -Re(C0)5 

.f+ \,dH 
HX 

‘ 

I 2OT 

(OC& ReTCHz 
W’C,C 

, H 

H ‘IL31 CH2-Re(CO)5 

11 

Scheme 2. 

bond strength.15 Thermolysis usually gives ethylene 
and the metal-metal bonded dimers. 

The X-ray structural analysis’ shows 8 to be a 
truly dimetallated ethane derivative in the staggered 
tram conformation. The carbon-carbon bond in 8 
is almost exactly the same as in ethane. 

A further example is the addition of [Re(CO)J 
to the coordinated butadiene in [(OC),Re 

(butadiene)]+BF; which results in the formation of 
the 2-butene-1 ,Cdiyl bridged complex 11 as the 
stable product (Scheme 2).‘* 

At low temperatures a complex is first formed, 
which, according to the IR and ‘H NMR spectra, 
can be formulated as a product of kinetically con- 
trolled 1,Zaddition with CO insertion and which 
isomerizes in solution to give 11. CO insertion or 
decarbonylation is rare in the case of alkyl and 
acylcarbonylrhenium complexes. In the case of pen- 
tacarbonyl-(2-cyclopropene-l-carbonyl)rhenium,’6 
however, decarbonylation already takes place at 
20°C possibly via a similar intermediate as for 11 
(Scheme 3). 

The reactivity of cationic alkyne $-cyclo- 
pentadienyl molybdenum’7 and ironi complexes 
has been extensively studied. The addition of 
[M(CO),]- (M = Mn, Re) or [CpW(CO),]- to the 
alkyne ligand in [Cp(OC)(PR,)(C,RJMo]+ in 
which the alkyne ligand can be considered as a four 
electron donor provides a new synthesis of hetero 
dimetalla tetrahedranes 12 and 13 (Schemes 4 and 
5).i9,*’ By this method, and using unsymmetrically 
substituted alkynes, chiral tetrahedral clusters with 
four different vertices are available in a directed 
way. Hetero dimetalla tetrahedranes have pre- 
viously been obtained by other routes.*’ 

Scheme 3. 
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CP 

[n-c5Hg40(CO)wR3HR’CeCR’)l* l zcog -co_ ‘MO 4&s 

oc’ \c . . ..A ..._.. 
..+$ 

“3 

r, 

12 

PR3 

l2a P?h3 

b PPh3 

c PPh3 

R’CCR’ M m3 R’CCR M 

UeCCMe t&,Re d PEt3 PhCCPh Re 

MeCCPh Re e Pt4qPh PhCCPh Re 

PhCCPh Re f PPh3 MeCCnPr Re 

Scheme 4. 

-I* 
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l- 
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R, CCR, 

13a MeCCPh 

b MeCCEt 

c MeCCMe 

d PhCCph 

Scheme 5. 

Fig. 2. Molecular structure of Cp(OC),Mo(CzMe,)Re(CO),PPh,. 



2258 W. BECK 

MO 
O/I \J 

+ Ro(COl; - 

Un 

! 

ILa R,-R,=H. M:Re IL 
b R,-Rg=H; M = Mn 

c R,, R,, RL, R, = H ; R, = Me; M = Re 

d R,-RL=H; R,=Me; M=Re 

* F!,-R,=H; R,;R,=Me; M-Re 

Scheme 6. 

The nucleophilic attack of [Re(CO)J or 
[Mn(CO)J on the ally1 ligand of [CpMo 

WWXaWl + leads to a,rc-ally1 bridged 
complexes Cp(OC)(ON)Mo(allyl)M(CO), (14) 
(M = Re, Mn) (Scheme 6).‘* The crystal structure 
is consistent with attack of [Re(CO),]- on the ally1 
group cis to NO in the exo isomer of the starting 
ally1 complex, as has been previously observed with 
organic nucleophiles. 23 The stereospecificity of 
these reactions has been theoretically analysed.24 

Similarly, the addition of [Re(CO)J- and 
[Mn(CO),]- to coordinated dienes of cationic mol- 
ybdenum complexes leads to products which are 
expected from reactions with organic nucleophiles” 
and from the rules given by Davies, Green and 
Mingos.lm3 Attack occurs on the terminal position 
of the diene to give p2--q3: q’-complexes2’ as has 
been confirmed for one example by X-ray structural 
analysis (Scheme 7).26 

Also cyclic dienes in cationic molybdenum com- 
plexes are attacked by [Re(CO)J to yield the cor- 
responding a,a-hydrocarbon bridged compounds 
16. Another a,rr-hydrocarbon bridge 1720 (Scheme 
8) is formed by addition of [Re(CO)J to coor- 

RI 
-I* 

M(COJ 

M= Mn,Re 15 

15a RI - R, : H ; M = Re 

b RI-& =H; M- Mn 

c R, - R5 = H.R,= Me; M = Re 

d R,,R,.R,.R5,R6=H; Rl=Me;M=Re 

e R,,R,,R,.R, = H;R,.R, =Me; M=Re 

Scheme 7. 

dinated trimethylenemethane in [Cp(OC),Mo 
('14-C(CH2)3)1+~ the chemistry of which was 
explored by Green et aL2’ 

Angelici’s group has contributed a further 
example of this type of reaction.28 The cyclohepta- 
triene ligand of the cation [($-C,H,)Mn(CO),]+ 
adds [Re(CO),]- to give the oqcycloheptadienyl 
bridged complex 18 which was characterized by X- 
ray structural determination (Scheme 9).28 

Recently we also found that coordinated benzene 
in cationic complexes undergoes nucleophilic attack 
with [Re(CO),]- to give a,x-cyclohexadienyl 
bridged bimetallic compounds 19,20 (Scheme 10). 29 
19 shows typical fluxional behaviour in solution. At 
room temperature only one signal appears for the 
six protons of the C6H6 ring in the ‘H NMR spec- 
trum, whereas at -70°C the expected pattern of 
the rigid hexadienyl ring is observed. 

cr,rr-Benzene bridged complexes have recently been 
obtained by substitution of halide in [$-haloarene 
Cr(CO)3] by carbonyl metalates. 3o These complexes 
may be compared with metalated ferrocenes such 
as CpFeC5H4ML, (ML, = AuPPh,, Fe(C0)2Cp).3’ 

Cycloheptatrienyl-tricarbonyl complexes [(q’- 

Fig. 3. Molecular structure of Cp(OC)(ON)Mo(allyl)Re(CO),. 
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0 

1+ 
;‘--‘, I 
‘*__a’ 

Mo(C0i3 + ReKOlS- - MoK013 + 

21 

Scheme 11. 

10C13MoC7H7-C7H7 

22 

MeCp(OC)PMnSR]’ + COG- + MeCp(OC), Mn = CcR 
cocco,, 

Scheme 12. 

C,H,)M(CO),]+ (M = Cr, MO, W) undergo with 
[($-C5H5)(OC),M]- (M = MO, W) and Mn(C0); 
the “anomal” reaction ;32 they behave as reducing 
agents to give p-(bi-2,4,6-cycloheptatriene-1-yl) 
bis(tricarbonylmeta1) complexes.* 

Again with [Re(CO),]- it was possible2’ to direct 
the reaction to attack at the seven membered ring. 
Besides, the product of electron transfer from 
[Re(CO)$ to [C7H7M~(C0)3]+ (22) is formed 
(Scheme 11). The structure of the o,n-cyclohep- 
tatriene bridged compound 21 and that of 22 have 
been confirmed by X-ray diffraction.33 21 shows 
alternating C-C bond lengths as has been found 
for the parent complex q6-C7H8Mo(C0)3.34 

Fig. 5. Molecular structure of (OC)3Mo&-$ : q’- 
GH7)WCO)5. 

To include the smallest Ci “unsaturated” hydro- 
carbon the carbyne ligand in a cationic complex 
adds [Co(CO),]- to give a bimetallic carbene com- 
plex (Scheme 12).35 

In summary these reactions work particularly 
well with [Re(CO),]- as the nucleophile, which is cer- 
tainly due to its relatively strong nucleophilicity and 
to the formation of the very stable rhenium-carbon 
bond.15 Use of other carbonyl metalates has to be 
studied but they also may give attack at the metal of 
the cationic complex and formation of metal-metal 
bonded dimers.36 

Since there exists a large series of model reactions 
with organic nucleophiles we believe that attack of 
organometallic nucleophiles on x-bonded hydro- 
carbons may be of broader scope for the design 
of heterometallic hydrocarbon bridged compounds. 
Work is in progress in our laboratory to extend this 
chemistry. 

Acknowledgements-These studies have been carried out 
by Dr Bernhard Olgemiiller, Dr Klaus Raab, Dr Hans- 
Joachim Miiller, Burkhard Niemer and Dr Wolfgang 
Sacher. The crystal structures have been determined by 
Dr Ulrich Nagel, Manfred Steimann and Dr Kurt 
Polbom. I am deeply indebted to my coworkers for their 
initiative and their invaluable contributions. Generous 
support by Deutsche Forschungsgemeinschaft and 
Fonds der Chemischen Industrie is gratefully acknowl- 
edged. 

1. 

2. 

REFERENCES 

St. G. Davies, M. L. H. Green and D. M. P. Mingos, 
Tetrahedron 1978,34, 3047. 
Reviews: P. L. Pauson, J. Organomet. Chem. 1980, 
200, 207 ; L. A. P. Kane-Maguire, E. D. Honig and 
D. A. Sweigart, Chem. Rev. 1984, 84, 52.5 ; R. C. 
Bush and R. J. Angelici, J. Am. Chem. Sot. 1986, 



Synthesis of bimetallic hydra 

lo&2735 ; J. P. Colhnan, L. S. Hegedus, J. R. Norton 
and R. G. Fir&e, Principles and Applications of 
Organotransition Metal Chemistry, University Sci- 
ence Books, Mill Valley (1987) ; L. S. Hegedus, in 
The Chemistry of the Metal-Carbon Bond (Edited 
by F. R. Hartley and S. Patai), Vol. 2. Wiley Inter- 
science, New York (1985); J.-E. Blckvall, J. L. 
Davidson, St. G. Davies, M. L. H. Green, D. M. P. 
Mingos, J. A. S. Howell and P. Powell, in Reactions 
of Coordinated Ligandr (Edited by P. S. Braterman), 
Vol. 1. Plenum Press, New York (1986). 

3. St. G. Davies, Organotransition Metal Chemistry: 
Application to Organic Synthesis. Pergamon Press, 
Oxford (1982). 

4. e.g. G. W. Parshall, Homogeneous Catalysis. Wiley, 
New York (1980). 

5. J. Smidt, W. Hafner, R. Jira, R. Sieber, J. Sedlmeier 
and A. Sabel, Angew. Chem. 1962,74,93. 

6. P. Sautet, 0. Eisenstein and K. M. Nicholas, Organ- 
ometallics 1987,6, 1845 and references therein. 

7. Reviews on hydrocarbon bridged complexes : W. A. 
Herrmann, Adv. Organomet. Chem. 1982, 20, 160; 
J. Holton, M. F. Lappert, R. Pearce and P. I. W. 
Yarrow, Chem. Rev. 1983,83, 135; J. R. Moss and 
L. G. Scott, Coord. Chem. Rev. 1984, 60, 171; Ch. 
P. Casey and J. D. Audett, Chem. Rev. 1986, 86, 
339. 

8. W. Beck and B. Olgemiiller, J. Organomet. Chem. 
1977, 127, C45 ; B. Olgemiiller and W. Beck, Chem. 
Ber. 1981, 114, 867. 

9. K. Raab, U. Nagel and W. Beck, Z. Naturforsch. 
Teil B 1983,38, 1466. 

10. J. E. Ellis, J. Organomet. Chem. 1975,86, 22. 
11. K. Raab, B. Olgemiiller, K. Schloter and W. Beck, 

J. Organomet. Chem. 1981,214,81. 
12. W. Beck, K. Raab, U. Nagel and W. Sacher, Angew. 

Chem. Znt. Ed. Engl. 1985,24, 505. 
13. Th. Kruck, M. Hofler and M. Noack, Chem. Ber. 

1966,99, 1153 ; S. A. R. Knox, R. J. Hoxmeier and 
H. D. Kaesz, Znorg. Chem. 1971, 10,2636. 

14. R. E. Dessy, R. L. Pohl and R. B. King, J. Am. 
Chem. SoE. 1966,88,5121. 

15. G. Al-Takhin, J. A. Connor and H. A. Skinner, J. 
Organomet. Chem. 1983,259,313; J. Halpem, Znorg. 
Chim. Acta 1985, 100, 41; G. P. McQuillan, C. D. 
McKean, C. Long, A. R. Morrisson and I. Torto, J. 
Am. Chem. Sot. 1986,108,863. 

16. D. M. DeSimone, P. J. Desrosiers and R. P. Hughes, 
J. Am. Chem. Sot. 1982,104,4842. 

17. M. Green, J. Organomet. Chem. 1986,300,93; R. G. 
Beevor, M. Green, A. G. Orpen and I. D. Williams, J. 
Chem. Sot., Dalton Trans. 1987, 1319 and previous 
publications by Green et al. on “Reactions of Coor- 
dinated Ligands”. 

18. D. L. Reger, K. A. Belmore, E. Mintz and P. J. 
McElligott, Organometallics 1984, 3, 134 and ref- 
erences therein. 

Icarbon bridged compounds 2261 

19. W. Beck, H.-J. Mi.iller and U. Nagel, Angew. Chem., 
Znt. Ed. Engl. 1986,25, 734. 

20. H.-J. Miiller and W. Beck, J. Organomet. Chem. 
1987,330, C13. 

21. K. Yasufuku, K. Aoki and H. Yamazaki, J. Organ- 
omet. Chem. 1975, 84, C28 ; B. H. Freeland, J. E. 
Hux, N. C. Payne and K. G. Tyers, Znorg. Chem. 
1980,19,693 ; G. Jaouen, A. Marinetti, J. Y. Saillard, 
B. G. Sayer and M. J. McClinchey, Organometallics 
1982, 1, 225 ; J. C. Jeffery, J. C. V. Laurie and F. G. 
A. Stone, Polyhedron 1985,4, 1135; M. C. Azar, M. 
J. Chetcuti, Ch. Eigenbrot and K. A. Green, J. Am. 
Chem. Sot. 1985, 107, 7209 ; S. D. Jensen, B. H. 
Robinson and J. Simpson, Organometallics 1986, 5, 
1690. 

22. H.-J. Miiller, U. Nagel and W. Beck, Organometallics 
1987,6, 193. 

23. J. W. Faller and K.-H. Chao, J. Am. Chem. Sot. 
1983, 105, 3893 ; Organometallics 1984, 3, 927 ; W. 
E. van Arsdale, R. E. K. Winter and J. K. Kochi, 
Organometallics 1986, 5, 645; J. Organomet. Chem. 
1985,2%, 31. 

24. B. E. R. Schilling, R. Hoffman and J. W. Faller, J. 
Am. Chem. Sot. 1979, 101, 592; M. D. Curtis and 
D. Eisenstein, Organometallics 1984,3, 887. 

25. J. W. Faller, H. H. Murray, D. L. White and K. H. 
Chao, Organometallics 1983, 2, 400; A. J. Pearson 
and Md. N. I. Khan, J. Org. Chem. 1985,50,5276. 

26. M. Steimann, H.-J. Miiller and W. Beck, to be pub- 
lished. 

27. St. R. Allen, St. G. Barnes, M. Green, G. Moran, L. 
Trollope, N. W. Murrall, A. J. Welch and D. M. 
Sharaiha, J. Chem. Sot., Dalton Trans. 1984, 1157. 

28. R. C. Bush, R. A. Jacobson and R. J. Angelici, J. 
Organomet. Chem. 1987,323, C25. 

29. B. Niemer and W. Beck, Chem. Ber., in press. 
30. J. A. Heppert, Abstracts of 193rd and 194th ACS 

Meeting 1987, No. 69 and No. 443 ; J. A. Heppert, 
M. E. Thomas-Miller, P. N. Swepston and M. W. 
Extine, J. Chem. SOL, Chem. Commun. 1988,2,80. 

31. Gmelin, Handbuch der Anorganischen Chemie, 
Eisenorganische Verbindungen, Teil A, Ferrocen 5. 
Springer, Berlin (1980); M. Herberhold and H. 
Kniesel, J. Organomet. Chem. 1987, 334, 347 and 
references cited therein. 

32. J. D. Munro and P. L. Pauson, J. Chem. Sot. 1961, 
3484. 

33. K. Polbom, H.-J. Miiller and W. Beck, to be pub- 
lished. 

34. J. D. Dunitz and P. Pauling, Helv. Chim. Acta 1960, 
43, 2188. 

35. E. 0. Fischer, J. K. R. Wanner, G. Miiller and J. 
Riede, Chem. Ber. 1985, 118,331l. 

36. e.g. M. Green, N. C. Norman and A. G. Orpen, J. 
Am. Chem. Sot. 1981, 103, 1269; P. Harter, H. 
P8sterer and M. L. Ziegler, Angew. Chem., Znt. Ed. 
Engl. 1986,25,839. 



Polyhedron Vol. 7, No. 22/23, pp. 2263-2269, 1988 

Printed in Great Britain 

0277-5387/88 $3.00+.00 

0 1988 Pergamon Press plc 

THE REACTIONS OF Mo2Ru(C0),Cp&S) WITH 
PHENYLACETYLENE AND Ru(CO), 

RICHARD D. ADAMS,* JAMES E. BABIN and MIKLOS TASI 

Department of Chemistry, University of South Carolina, Columbia, SC 29208, U.S.A. 

Abstract-The reactivity of the heteronuclear cluster complex Mo~Ru(CO)~C~,(,U,-S) (1) 
toward HCzPh was investigated and compared with the reactivity of the homonuclear 
complexes Ru~(CO)&~-S) (2) and [Mo(CO),Cp], (3). The reaction of 1 with HC2Ph yielded 
the new compound MozRu(CO)2Cp2~3-$j-HCC(Ph)CHC(Ph)CHC(Ph)](~3-S) (6), 15%. 
The compound contains a 1,3,5-triphenyldimetallahexatrienyl ligand formed by the head- 
to-tail coupling of three HCzPh molecules. The C,-chain bridges one face of the triangular 
cluster. Three of the carbon atoms of the chain are n-bonded to one molybdenum atom. 
The other three carbon atoms are x-bonded to the ruthenium atom. The two ends of the 
chain are a-bonded to the second molybdenum atom. When treated with CO at lOO”C/25 
atm, 6 eliminates 1,3,5,triphenylbenzene and reforms 1. At 125°C under nitrogen, the 
C,-chain in 6 is split at the C(3)-C(4) bond to yield the two isomeric products 
Mo2Ru(CO)2Cp2~3-~3-HCC(Ph)CHj~-~3-PhCC(H)CPh]@3-S) (7) and Mo~Ru(CO)~CP~~~- 
~3-HCC(Ph)CH]~-~3-PhCC(Ph)CH](~12-S) (8). Both products contain two dimetallaallyl 
ligands. One bridges the face of the cluster. The other bridges the Mo-MO edge. Compound 
7 is converted into 8 at 125°C. When 1 is treated with Me3N0 and HC2Ph at 25°C the 
compound Mo2Ru(CO),Cp2~-r14-PhCC(H)CC(H)Ph]~3-S) (9) is formed in 11% yield. 
Compound 9 consists of an open cluster with a PhCC(H)CC(H)Ph ligand that bridges the 
open edge of the cluster. The four-carbon chain is x-bonded to a molybdenum atom while 
one carbon serves as the bridging link by bonding to the ruthenium atom. Compound 9 
does not appear to be an intermediate en route to 6. When 1 is treated with Ru(CO), at 
80°C two higher nuclearity cluster products Mo~R~(CO)~~(~~-~*-CO)C~,@~-S) (10) and 

M~~R~s(CO),&-~~~-CO)~CP,(,QS) (II) are formed. Compound 10 consists of a square 
.pyramidal Mo2R& cluster containing a quadruply bridging sulphido ligand on the square 
base. An RUG group bridges an Ru-Ru edge of the square base. A dihapto quadruply 
bridging carbonyl ligand is bonded by its carbon atom to an MoRu2 triangle of the square 
pyramid and is bonded by its oxygen atom to the RUG group. Compound 11 is similar 
to 10 but has an additional RUG group bridging the second Ru-Ru basal edge of the 
cluster and also has a second dihapto quadruply bridging carbonyl ligand. IR spectra show 
that the two quadruply bridging carbonyl ligands are vibrationally coupled by the 
appearance of two C-O stretching absorptions at 1419 and 1453 cm-‘. When 10 is heated 
to 8O”C, it is converted to an isomer 12 by shifting the quadruply bridged carbonyl ligand to 
a terminal bonding mode. The cluster is transformed from an edge bridging form in 10 to 
a face capped form in 12. 

The most important question concerning the design the heteronuclear system. Molecular cluster com- 
and use of a multimetallic (heteronuclear) cata- plexes can provide a unique opportunity to make 
lyst is, “Will it produce reactivity that is different these comparisons, because the details of the reac- 
from that of its components?” To answer this ques- tivity can be established very precisely. 
tion, one must have a knowledge of the reactivity In this study, we have investigated the reactivity 
of each of the components to compare with that of of the molybdenum-ruthenium mixed-metal cluster 

complex Mo2Ru(C0)&p2(p3-S) (1) towards phen- 
ylacetylene, HC2Ph. This complex was originally 

*Author to whom correspondence should be addressed. made by Vahrenkamp by a sequence of molyb- 
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+ CpMdCO)jAsMe, + [CPMdCO),l, 

RuCq(COkf it@ + RuCoMo(CO)~~ pa-S) RuM~(CO~~ p 3-S-s) 

42% 48% 

-2 co .2 Ru 

Ru3tCO),,(p ,-S) + KphaocCO~zl, - R~~M~z(CO)&P~( PCS) - RuMo&O),Cp,( p,-S) 

49% overall 

(1) 

(2) 

denum atom substitutions on the complex RuCoz 
(CO),,(@), eq. (I),’ and more recently by us 
through the one step reaction of Ru~(CO)~~~-S) (2) 
with SMOOCH], (3), eq. (2).’ Compound 1 has 
been characterized by crystallographic methods and 
was shown to consist of a triangular cluster of two 
molybdenum and one ruthenium atoms with a 
triply bridging sulphido ligand (see Fig. 1). 

The reactivity of 23 and 3- toward HC2Ph at 
100°C has been reported. Compound 2 forms the 
substitution product Ru,(CO)&-HC,Ph)(@) (4) 
at 100°C when the HGPh/Z ratio is less than 10. 
Under these conditions, 4 exhibits no further tend- 
ency to add HC,Ph, eq. (3). Compound 3 is well- 

Ru(CO), fragments will combine to form clusters 
(e.g. Ru,(C0)i2). We have used RUG recently 
to assist in the preparation of a variety of new high 
nuclearity sulpbido ruthenium carbonyl cluster 
complexes. “J Thus, we have also investigated the 
potential of 1 to undergo cluster enlargement by 
reactions with Ru(CO),. Several new higher 
nuclearity moly~en~-~~e~urn cluster com- 
plexes have been prepared. Two of these have been 
found to possess quadruply bridging carbonyl 
ligands and one of these provides the first example 
of a molecular complex to contain two q~d~ply 
bridging carbonyl ligands.i2 In the second part of 

known to add one equivalent of alkyne to form the 
compound Mo2(C0)&p&-H&Ph) (5) at 25°C and, 
at lOO”C, 5 will react with a variety of alkynes to 
yield dimolybdenum products containing alkyne 
oligomers. 

For several years, we have also been investigating 
the ability of sulphur-containing cluster complexes 
to undergo enlargement by the addition of small 
metal carbonyl fragments.’ Ru(CO), is known to 
lose a CO ligand upon mild heating and the 

Fig. 1. An ORTEP diagram of Mo~Ru(CO)&T~~(~~-S) 

(1). 

(3) 

this report the structures and properties of these 
higher nuclearity clusters is described. 

RESULTS AND DISCUSSION 

1. Reactions of Mo2Ru(C0),Cp2&-S) (1) with 
HC,Ph 

Two products were isolated from the reaction of 
1 with HC2Ph at 98”C.i3 Both products were formed 
by the loss of five carbonyl ligands from 1 and the 
addition of three equivalents of HC,Ph ; thus, they 
are isomers, but they have significantly different 
structures as was determined from crystallographic 
studies. One has the molecular formula Mo,Ru 
(Co)zCp&+ - $ - HCC(Ph)C(H)C(Ph)C(H)C(Ph)] 
(p3-S) (6) and was obtained in 15% yield. An 
ORTEP drawing of its molecular structure is 
shown in Fig. 2. The molecule consists of a tri- 
angular cluster of metal atoms with a triply 
bridging sulphido ligand. The three alkyne mol- 
ecules have been joined in a head-to-tail fashion 
by the formation of carbon-carbon bonds. This 
resulted in the formation of a 1,3$triphenyl- 
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because 6 is not formed from 1 and HCzPh under 
the conditions required for the triphenylbenzene 
elimination reaction. 

Fig. 2. An ORTEP diagram of MozRu(CO),Cp,[p,-$- 
HCC(Ph)CHC(Ph)CHC(Ph)]&-S) (6). 

dimetallahexatrienyl ligand that is coordinated 
across the face of the cluster that is opposite 
that of the sulphido ligand. Three of the carbon 
atoms are x-bonded to the ruthenium atom. The 
mmaining three are n-bonded to one of the molyb 
denum atoms. The termini of the &chain are u- 
bonded to the second molybdenum atom. The 
C-C bond distances in the &-chain all lie in the 
range 1.42(1 j1.46(1) A. This indicates that the 
C-C x-bonding is distributed fairly uniformly 
across the entire chain. The electron count about 
the metal atoms is 46, two less than that required 
by the Effective Atomic Number (EAN) rule. Inter- 
estingly, the MO-MO metal-metal bond is un- 
usually short, 2.663(l) A, and is similar to that 
of the Mo-MO double bond found in the com- 

plex Mo2C~[~~~Ce~C~~{~~*~ 
(CO,Me)}& 2.618(l) A.14 Thus, the shortness of 
the Mo-MO bond in 6 could be due to a local- 
ization of the unsaturation. The MO(~)-Ru and 
MO(~)-Ru distances are significantly different, 
3.031(l) vs 2.775(l) A. The former is similar to the 
MO-Ru distances found in 1. The shortness of 
the MO(~)-Ru bond could be due to bond contrac- 
tion effects caused by the presence of the bridging 
carbon atom, C(1). Likewise, the shortness of the 
MO-MO bond in 6 could also be attributed in 
part to the bridging carbon atom C(6). It seemed 
reasonable to think that the formation of a 
carbon-carbon bond between the atoms C(1) and 
C(6) could be induced and would lead to 1,3,5-tri- 
phenylbenzene. This was successfully accomplished 
by the treatment of 6 with CO (at lOO”C/25 atm). 
A 74% yield of triphenylbenzene was accompanied 
by the formation of an equivalent amount of 1. 
Although this 1 could be converted back into 6 by 
reaction with HC,Ph, the process is not catalytic 

The second product obtained from the reaction 
of 1 and HCzPh has the formula Mo,Ru(CO), 
Cp,~~-r/3-HCC(Ph)CI-IJ~-~3-PhCC(H)CPh]@3-S) 
(7) 11%.13 An ORTEP drawing of its structure 
is shown in Fig. 3. Compound 7 consists of a 
triangular cluster of metal atoms with a triply 
bridging sulphido ligand and two dimetallaallyl 
ligands. One of these, HCC(Ph)CH, serves as a 
triply bridging ligand that is n-bonded to the 
ruthenium atom and each end o-bonded to a differ- 
ent molybdenum atom. The second dimetallaallyl 
ligand, PhCC(H)CPh, bridges the Mo-MO edge 
of the cluster and is x-bonded to MO(~) and o- 
bonded to Mo( 1). It appears that 7 could be formed 
from 6 simply by a cleavage of the C(3j-C(4) bond 
in the C6-chain followed by minor reorganization 
of the coordination to the metal atoms. Inter- 
estingly, the C(3)-C(4) bond was the location of 
the C-C triple bond of one of the original HC*Ph 
molecules. Indeed, when compound 6 was heated 
to 125°C for 3 h, it was converted to 7 in 57% yield, 
but in addition another isomer Mo~Ru(CO),C~,~~,- 
q3-HCC(Ph)CH][CL-q3-PhCC(Ph)CH]@3-S) (8) was 
also formed in 38% yield. The structure of 8 is 
described below. Compound 7 contains 48 valence 
electrons and is thus saturated according to the 
EAN rule. However, the MO(~)-MO(~) is nearly 
as short as that in 6. In this case, the shortness must 
be due to bond contraction effects caused by the 
bridging atoms C(4) and C(6). It is believed that the 
removal of the electronic unsaturation about the 
MO-MO bond in 6 may be the driving force for 
cleavage of the carbon-carbon bond in the Cg- 
chain. 

Fig. 3. An ORTEP diagram of Mo,Ru(CO)~C~&L-~~- 
PhCC(H)C(Ph)]b,-t/3-HCC(Ph)CH]b3-S) (7). 
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Fig. 4. An ORTEP diagram of Mo,Ru(CO),C!~&-L_~~- 
HCC(Ph)CPh]b+rl’-HCC(Ph)CH]@,-S) (8). 

The molecular structure of 8 is shown in Fig. 4. 
The structure is analogous to that of 7 except 
that the phenyl groups of the edge bridging di- 
metallaallyl group are located on adjacent carbon 
atoms, HCC(Ph)C(Ph). It was found that 8 could 
be obtained in 24% yield by heating 7 to 125°C for 
3 h. This remarkable isomer&ration is believed to 
occur by a 1,2 interchange of the C(5 )---H(5) and 
C(+Ph groups of the edge bridging dimetallaallyl 
ligand in 7. The mechanism is believed to involve 
the formation of a cyclopropenyl ligand by the for- 
mation of a carbon-carbon bond between the 
atoms C(4) and C(6) (see intermediate A in Scheme 
1). This step links the two phenyl-substituted car- 
bon atoms. After a 60” rotation of the cyclo- 
propenyl ligand to B, a cleavage of the carbon- 
carbon bond between the CH and one CPh group 
will give 8. A similar process was proposed by 
Chisholm to explain an interchange of carbon 
atoms in a dimetallaallyl ligand on a ditungsten 
centre.” In that case, the interchange was rapid on 
the NMR timescale. We have no evidence for the 
existence of 1,Zinterchange processes involving the 
triply bridging HCC(Ph)CH, dimetallaallyl ligand. 
If the reason for this is due to a higher activation 
barrier, this could imply an im~rtant difference 
between the basic reactivity of the trinuclear metal 

Fig. 5. An ORTEP diagram of M~Ru(CO)~C~~-~~- 
PhCC~H)C~~)Ph]~3-S~ (9). 

site and the dinuclear metal site. Site-sensiti~ty 
such as this could have an analogy to the structure- 
function reactivity relationships that are believed to 
play an important role in the chemistry of small 
molecule transformations on metal surfaces.‘6 

We have not been able to isolate any products 
from the reaction of 1 with HC,Ph at 98°C that 
contain only one or two equivalents of HC2Ph. 
Certainly, such species must have been traversed in 
the formation of 6. In an effort to obtain such 
species, the reaction of 1 with HC;Ph was per- 
formed at 25°C with an initiation by Me3N0.” 
Under these conditions, a species formed by the 
addition of two HC,Ph equivalents was obtained 
in 11% yield. Its formula Mo~Ru(CO)~C~~~-~~- 
PhCC(H)CC(H)Ph]&-S) (9) was established by a 
crystallographic analysis and an ORTEP drawing 
of its molecular structure is shown in Fig. 5. 
This compound consists of an open cluster of three 
metal atoms. There are only two metal-metal 
bonds, MO(~)--MO(~) = 3.024(2) and MO(~)- 
Ru = 3.015(2) A. There is a PhCC(H)CC(H)Ph 
ligand that bridges the non-bonded pair of metal 
atoms Mo( 1) 1. - Ru. The four-carbon chain is 
z-bonded to MO(~). Carbon C(2) is also bonded 

CP 

A B 

Scheme 1. 
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to Ru and serves as the bridge. The presence 
of the two substituents H and Ph on the carbon 
C(1) requires the occurrence of a substituent shift 
in the original HC,Ph molecule. Most likely, 
this was a hydrogen shift since it has been shown 
previously that metal clusters can isomerize coor- 
dinated terminal alkynes to vinylidene ligands, eq. 
(4).‘* A coupling of the vinylidene carbon atom to 
the hydrogen-substituted end of an HC2Ph mol- 
ecule should lead directly to the ligand found in 9. 
As one might expect, the reaction of 9 with 
additional HCpPh does not lead to 6,7 or 8. Thus, 
9 is believed not to be an intermediate in their for- 
mation. 

(C0),&~2-C0)2Cp20LyS) (ll), 15% yield. These 
products are also obtained in very low yields from 
the synthesis of 1.” Both products were char- 
acterized by crystallographic methods. An ORTEP 
diagram of 10 is shown in Fig. 6.12 The molecule 
consists of a square pyramidal cluster of three 
ruthenium plus two molybdenum atoms. A molyb- 
denum atom occupies the apical position of the 
pyramid and a quadruply bridging sulphido ligand 
spans the Ru,Mo square base. An RUG group 
bridges an Ru-Ru edge of the pyramid and there 
is a quadruply bridging CO ligand that lies in the 
Ru,Mo fold. The carbon atom is bonded to an 

H\ c=c’ 
R 

/ \ 
M- - --M 

\\i/ 
_ .LC<i cll-H /\I 

M ii,/ - TM/ 
Our studies have shown that 1 clearly exhibits a 

greater tendency to oligomerize HC,Ph than 2, but 
is probably less effective than 3. We believe that the 
enhanced alkyne oligomerization reactivity of 1 can 
be attributed to the presence of the dimolybdenum 
centre in this cluster. However, as shown by the 
structure of 6, all the metal atoms participate in the 
oligomerization process. To our knowledge, there 
have been no reports that 3 is capable of producing 
the splitting of alkyne trimers into C&groupings. 
Thus, the reactivity of 1 does have one feature that 
distinguishes it from 3. It also seems reasonable to 
attribute this, at least in part, to the presence of 
the ruthenium atom since the ruthenium atom is 
bonded both to the C,-chain in 6 and to one of 
the C-fragments in 7. We have not yet obtained 
products derived from 7 or 8, but the implications 
of the trimerization/splitting reaction are very 
intriguing. If one could incorporate it into a cata- 
lytic process, such as hydrogenation, it could pro- 
vide the basis for the expansion of C2 functionality 
to C3 functionality, e.g. eq. (5). 

3HC=CH + 3H2 -+ 2 
H\G*/H 

CH3 
/ \H (5) 

2. Reactions of1 with RUG 

Two higher nuclearity clusters were obtained 
from the reaction of 1 with RUG, 8O”C/l h. 
These have been identified as Mo~R~,(CO)&,-~~- 
CO)Cp2&-S) (lo), 23% yield and Mo2RuS 

(4) 

MoRu, triangular face of the pyramid and the 
oxygen atom is coordinated solely to the edge 
bridging RUG group. Quadruply bridging car- 
bony1 ligands generally exhibit elongated C-O 
bonds and reduced C-O stretching frequencies.lg 
This is true for this ligand also, C-O = 1.262(8) 
A, and v(C0) = 1457 cm-‘. 

An ORTEP drawing of 11 is shown in Fig. 7.12 
The structure of 11 is very similar to 10 except 
that it contains an additional RUG group that 
bridges the second Ru-Ru basal edge of the square 
pyramidal cluster. Most interestingly, there is a 
quadruply bridging carbonyl ligand lying in this 
Ru3Mo fold also. This molecule is the first one ever 

Fig. 6. An ORTEP diagram of Mo2Ru4(C0)&,-$- 
WCP&-8 m. 
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- 

R”’ 

RU 

/I/\ ‘\ 
Ru -&w-----Ru - Ru-Ru-Ru 

MO MO 

CP CP - 

10 I2 

90 cluster valence 88 cluster valence 88 cluster valence 
electrons electrons electrons 

Scheme 2. Isomerization process. All structures obey skeletal electron pair theory. 

Fig. 7. An ORTEP diagram of Mo2RuXC0)&&- 
CO)2CP201q-S) (11). 

prepared that contains two quadruply bridging car- 
bony1 ligands. These ligands are related by a molec- 
ular plane of symmetry that passes through the two 
molybdenum atoms, ruthenium Ru(l), and the 
sulphido ligand. The CO distance 1.25(l) A is long, 
as expected. Most interestingly, however, the CO 
stretching vibration appears as two absorptions, 
1419 and 1453 cm-‘, even though the ligands are 
equivalent. The splitting of the band can be attri- 
buted to vibrational coupling that yields symmetric 
and antisymmetric modes. In accord with the coup- 
ling theories that have been applied to CO ligands in 
mono- and dinuclear metal complexes, the higher 
frequency absorption should be assigned to the 
symmetrically coupled mode and the lower fre- 
quency to the antisymmetrically coupled mode.” 
The magnitude of the coupling, 34 cm-‘, indicates 
that the coupling is surprisingly large. 

The mechanism of formation of 10 has not been 
established, but we have shown that 11 can be made 
from 10 in 47% yield by reaction with Ru(CO),, 
8O”C/3 h. A plausible mechanism for the formation 
of 11 would involve the interaction of an Ru(CO), 
fragment with the oxygen atom of the terminally 

Fig. 8. An ORTEP diagram of Mo~Ru~(CO)~&~~@.,-S) 

(12). 

coordinated carbonyl ligand on MO(~). Metal- 
oxygen interactions of this type have been struc- 
turally characterized for cases where the metal 
belongs to one of the early groups of the transition 
series.i8 CO elimination accompanied by metal- 
metal bond formation is a well-established process. 
A series of these should lead to 11 directly. 

When 10 was refluxed in cyclohexane for 4 h, 
it was converted to the new compound Mo2R& 
(CO)&p&-S) (12) in 46% yield. The molecular 
structure of 12 is shown in Fig. 8. According to its 
formula, 12 is an isomer of 10, but it has a sig- 
nificantly different structure. First, it does not con- 
tain a quadruply bridging carbonyl ligand. Second, 
the cluster consists of a square pyramidal arrange- 
ment of four ruthenium and one molybdenum 
atoms. The sulphido ligand remains as a quadruple 
bridge across the base of the pyramid. Unlike 10, a 
ruthenium atom occupies the apical position of the 
pyramid and one of the molybdenum atoms has 
been squeezed out of the main body of the cluster 
into a capping position on the Mo( l), Ru(2), Ru(3) 
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face. Compound 12 contains 88 electrons and thus 
obeys the SEP theory.2’ Compound 10, which has 
90 valence electrons, also obeys the SEP theory. 
The two-electron difference between the electron 
counts in 10 and 12 is due to the conversion of the 
four-electron donating quadruply bridging CO 
ligand in 10 to a two-electron donating ligand in12 
As a consequence, the cluster must condense, when 
the quadruply bridging CO ligand is shifted to a 
terminal position and it does so by converting from 
an edge bridged cluster, 10, to a face capped cluster 
12. It is notewor~y, however, that a shift of the 
edge bridging ruthenium group to the capping site 
does not yield 12 (see Scheme 2). This ruthenium 
capped species is a logical intermediate which evi- 
dently isomerizes to 12 by interchanging the sites of 
the capping ruthenium atom with the apical mol- 
ybdenum atom in the pyramid. It seems premature 
to propose details for this rearrangement at this 
time. 

Our studies of the reactivity of 1 toward I-IC&Ph 
have revealed some unusual details of a tri- 
merization and ligand splitting process that appears 
to distinguish it from the reactivity properties of 
either of the homonuclear metal components. It is 
believed that unique features of the reactivity of 1 
can be attributed to its heteronuclear metal content. 

The higher nuclearity clusters have provided at 
least one interesting ligand ensemble that could 
have implications for surface phenomena ; namely, 
the existence of quadruply bridging carbonyl 
ligands that have their carbon atoms coordinated 
on adjacent trinuclear metal sites. Studies of these 
systems are continuing. 
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Abstract-Comparisons are made between closely related heteronuclear clusters whose 
compositions only differ by the nature of a metal fragment or a ligand. Thus, addition of 
electrophilic d” metal fragments to the Co3 face of the tetrahedral ruthenium-cobalt cluster 
[RuCo,(CO),,]- affords new clusters in which the variation of the distance between the Ru 
capping atom and this face shows that electronic communication takes place between the 
apices of the trigonal bipyramid. This allows the establishment of the tra~&.fluence series : 
Cu(PPh,) < Au(PPh,) < HgCo(CO), N HgRuCo3(CO), 2. Examples are shown where 
the different reactivity of Pd(I) and Pt(I} complexes toward Cu(I) and Au(I) complexes lead 
to completely different clusters despite the isolobal character of the reagent pairs. On the 
other hand, varying the nature of the phosphine ligands in the 58 electron tetranuclear 
clusters [Mo2Pt2Cp2(C0)6L2] (Cp = r$,H4R; R = H, Me) allows the formation of planar, 
triangulated clusters with five metal-metal bonds (e.g. L = PEt,), of a tetrahedral cluster 
with six metal-metal bonds (L = PCy,), or of a metalloligated cluster with four metal- 
metal bonds (L2 = Ph~PCH2CH2PPh2 (dppe)). Further examples of clusters in which an 18 
electron carbonylmetalate fragment behaves as a four electron donor bridging anion are 
provided with a series of mixed-metal clusters containing the ligand Ph2PCH2PPh2 (dppm). 
Highly regioselective pathways are observed during the synthesis of such clusters, e.g. 
of core composition PdPtMn,, PdPtFe, or PdPtCo2. Selective substitution reactions are 
observed which occur under steric control, illustrating the idea that metal-metal bonds can 
play an important role in molecular recognition. Finally, mention is made of the promising 
applications of mixed-metal cluster-derived heterogeneous catalysts for the selective car- 
bonylation of organic nitro derivatives. 

During the last decade, research in cluster chemistry 
has been very active, notably. in the directions of 
(i) the rational synthesis of molecules containing 
hetero metal-metal bonds, (ii) a better under- 
standing of their bonding and of the relations~ps 
between structural and chemical properties, (iii) the 
study of the selective interactions between clusters 
and small molecules, e.g. carbon monoxide, unsatu- 
rated organic and inorganic fragments, and of the 
frequently encountered subsequent activation of the 
latter. This has led to an improved f~d~en~ 
knowledge of the nature and reactivity of new 

*Author to whom correspondence should be addressed. 

chemical bonds, in the discovery and mechanistic 
study of cluster-mediated stoichiometric and cata- 
lytic transformations sometimes involving bridging 
or capping ligands, e.g. h,,-S, p=PR, not available 
in mononuclear complexes, and in the design of 
new homogeneous and heterogeneous catalytic 
systems. l-l7 

During the course of our studies, we have made 
extensive use of the ability of bridging groups to 
stabilize polynuclear complexes. It has become 
apparent that metal ions and or~norne~~c frag- 
ments can behave like bridging ligands and that 
these simiIarities may be nicely accounted for by the 
isolobal analogy concept.” A selection of bridging 
ligands frequently encountered is given in Table 1, 

2271 
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Table 1. Examples of p2- or p,-bridges in di- and polynuclear complexes 

Electron 
donation Ligand 

0 H+ [CuPPh,]+, [AuPPh,]+, Hg*+ 

2 co 

4 ,WPhJ- [CPWCOM-, ~Co(CO),Ll- 
/Qh,P--CHY]- 

k-S 
Ph2PCH2PPh2 
Y/*-RCkCR 

6 &-Cl- [CpMo(CO),]- (see Ref. 19) 

together with organometallic fragments ML, that 
i?qay display similar bonding capabilities in cluster 
compounds. 

In the following, we shall illustrate these aspects 
with examples taken from our own work. For 
experimental details, the reader is invited to consult 
the corresponding literature references. 

DISCUSSION 

Comparisons between copper, gold and mercury 
reagents 

The isolobal analogy concept is very powerful 
in helping to understand the structure of complex 
molecules and in predicting the possible existence 
of others.lna Thus for example, it has been possible 
to prepare the series of clusters [RuCo,@,-CuL) 
(,u-CO),(CO),] (L = PPh3) (1),20 [RuCo3&AuL) 
wmwhl m,20s2’ [Ru’h{/dWo(CO),) 
WW~W)d (3)22 and Hg[RuCo,(~-CO),(CO),12 
(4)23 [eq. (l)] in which the d’” metal ion Cu(I), 
Au(I) or Hg(I1) is triply bridging the Co, face 
of the tetrahedral precursor cluster [Co3Ru(p- 
CO),(CO),]-, like H+ in HRuCO~@-CO)~(CO)~. 

2K[RuCo,(CO) ,2] + HgBr, 

CHZC1z* Hg[RuCo,(/&O),(CO),1,. (1) 
-2KBr 

(4) 

The structural characterization of clusters l-4 
has enabled us to study the inlluence of the d” 
fragment on the distance between the ruthenium 
cap and the Co, plane. In agreement with the bond- 
ing s/theme previously detailed for these clusters,20 
we have established the trans-itiuence series: 
Cu(PPh,) < Au(PPh,) < HgCo(CO), N HgRuCo, 
(CO) 12, which reflects the increase in the dis- 

tance between the Ru atom and the Co, plane in 
the corresponding clusters, as reported in Table 2. 

The diplatinum complex [PtzC12&-dppm)2] 
(dppm = Ph2PCH2PPh2), containing a d9-d9 
metal-metal bond, has been found to react with the 
electrophilic reagents [AuL]+ [eq. (2)]24 or HgC12 
[eq. (3)12’ to afford the A-frame clusters [Pt2 

OL-AWWw&wm)21+ (3 or l?Md-k$W 
&-dppm),] (6), respectively. The bonding of the 
apex metal fragment in these clusters appears to 
be predominantly of a, symmetry and is reminis- 
cent of that of H+ in [Pt2(p-H)Cl,(p-dppm),1+, 
obtained by protonation of [Pt2Clz@-dppm)2].26 

However, the isolobal analogy cannot provide 
quantitative kinetic or thermodynamic data. Thus 
for example, in contrast to the reaction of, for exam- 
ple eq. (2) which afforded an A-frame complex, the 
dipalladium complex pd2C12@-dppm)J was found 
recently to react with the electrophilic reagent 
[Cu(CH,CN),][BF,] in CH2C12 with formation of 
the new palladium cluster [Pd4(@1)2&-dppm)4] 
[BF412 (7)27 [eq. (4)]. This interesting molecule, 
which apparently results from the dimerization 
of the unsaturated cation [Pdz@-dppm)2Cl]+, 
can be prepared quantitatively by the reaction 
of eq. (5). Its structure clearly shows that palla- 
diun-phosphorus bonds have broken and formed, 
under very mild conditions, in the process. No 
A-frame Pd,Cu complex analogous to 5 was 
detected, probably as a result of both the ther- 
modynamically preferred formation of insoluble 
CuCl and of the greater Pd-P vs pt-P bond 
lability in the precursor complexes. On the other 
hand, a complex analogous to 7 was not observed in 
the reaction of Pd2(p-dppm)$12 with [Au(PPh,)]+, 
but instead insertion of gold into a Pd-P bond 
probably took place. The formation of a triangulo 
unit of the type AuPd2(p-dppm)2 was supported by 
3’P(‘H} NMR spectroscopy.27 These results emph- 
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PPh, 

0 co = ww, 

0 RU = RUG 

1 

X - p-co 

2 3 4 

Table 2. Structural change as a function of the d” metal asize the differences in reactivity observed between 
fragment M d9 complexes of Pd(1) and Pt(1) on the one hand 

and between the d” ions [AuL]+ and [CuL]+ on 
the other. 

Distance Ru-Co 3 plane (A) 

2.189(2) 
2.240(3) 
2.258(5) 
2.254(2) 

trun.+Influence series : 

Cu(I’Ph,) < Au(I’Ph,) 

< HgCo(CO)l N HgRuCo,(CO), 2. 

Tetranuc~ear m~ed-metal clusters containing bria@ 
ing M(CO)&-CSH4R) (M = Cr, MO, W; R = H, 
Me) fragments 

The carbonylmetalate anions [M(CO),Cp]- 
(M = Cr, MO, W; Cp = q-C,H.,R) classically 
behave like two electron donors, as in, for example, 
X-Hg-M(CO),Cp or Hgw(CO),Cp]2, like 
pseudohalides. The first examples of these anions 
behaving as four electron donors in metal-metal 
bonded complexes were found with the planar, 
triangulated clusters [M~M~~p~(CO)~(PR~)~ 
(M = Cr, MO, W; M’ = Pd, Pt) (Scheme 1).28 

In these centrosymmetric clusters, the two 
metalate anions bridge the almost linear 
[L-M’-MI-L]*+ unit through metal-carbonyl 
and metal-metal interactions. The presence of five 
metal-metal bonds is consistent with these clusters 
having 58 electrons and containing two metals 
which utilize eight valence orbitals only. The 
arrangement of the bridging carbonyl ligand, one 
triply bridging the MA/f; face, two semi-bridging 
the MM’ edges is reminiscent of that found in the 
carbonylmetalate anions [M(CO),Cp]- with, of 
course, a flattening of the M(C0)3 cone since the 
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[AuL]’ 

1-1’ - 

Cl-P1--Pt-Cl 

t,,! \ HgCI, ~ 

M; unit is located within this cone.*’ Considering 
the isolobal analogy between these four electron 
donor metalates, *’ ally1 anions and phosphido 
ligands PR; (or between the corresponding three 
electron donor neutral ligands) the relationships of 
Scheme 2 result, which involve well characterized 
complexes.‘3*3s32 

In order to evaluate the steric and electronic 
effects induced by the phosphine ligands on the 
structure of these unusual clusters, we prepared a 
series of them, including clusters containing a 
Pd-Pt bond instead of a Pd-Pd or a Pt-Pt 

P-P 

1 1 
2 Ci-I’d-Pd-U + 2 [Cu(CHSCN)J[BF4] 

t t 

p\/p 

P-P 

1 I 
Cl-Pd-Pd--CI + 

t t 

pvp 

CL* j-L _J + 
7-Y 
P&P 

,;;, 

Cl.. 1 1 p 
‘Pt-Pt. 

thHg’t 
PGP 

6 

(2) 

(3) 

bond. These clusters are listed in Table 3. In some 
cases, the q-C5H.,Me ligand was used instead of q- 
C5H5 for crystallization purposes. Slight deviations 
away from planarity are sometimes observed for 
the M2M; core (M; = Pd2, Pt2, PdPt) but the most 
dramatic effect is observed in the case of PCy, as a 
ligand. In this case, folding of the cluster wings 
occurs, producing a structure intermediate between 
that of a butterfly and of a tetrahedron (Fig. 1). 

Thus, the Pt-Pt distance in 8 is elongated to 
2.992(l) 8, whereas the Mo-MO distance is now 
3.126(l) &33 cu 0.11 8, shorter than in 

CH+Zl, 

.,,,,,I 

P-P 

. P-P 

1 i 
C”“-jd-i”-NC% [BF& - 

- 2 CH,CN 

(4) 

(5) 



Electronic and steric effects in heteronuclear clusters 2275 

M = Cr, MO, W 

M’ = Pd. Pt 

L= tertiary phosphine 

cp 
Scheme 1. 

[Mo(CO)&~]~.~~ This would support the descrip- 
tion of 9 as a tetrahedral cluster having six metal- 
metal bonds rather than of a butterfly. A con- 
comitant decrease of the Pt-Pt-P angle is 
observed (Table 3). The sterically-induced planar 
to butterfly or tetrahedral rearrangement observed 
here is particularly remarkable since it occurs within 
a family of 58 electron clusters which differ only by 
the nature of the phosphine ligand. This is also 
relevant to the dynamic behaviour of M4 clusters 
in solution3’ (Scheme 3). 

Another example where steric factors play a 
key role is to be found with the cluster 

[MozPtzCp,(CO),(dppe)l (&we = PbPCI-WZ 
PPhJ (lo), which, although also having 58 
electrons and containing the same metals as, for 
example, the planar, triangulated cluster 
[Mo2Pt2Cp,(CO),(PEt,)d (9) or the tetrahedral 8, 
possesses a metalloligated structure with only four 
metal-metal bonds. 36 

Going from 8 or 9 to 10 only requires the formal 

replacement of two monodentate phosphines by a 
&dentate phosphine. Despite their very similar core 
composition and identical total number of electrons 
(58 e), dramatic structural changes have occurred. 
Clearly, this results from the steric properties of the 
chelating dppe ligand. In 10 also, the car- 
bonylmetalate fragments may be described as 
anionic four electron donors towards the 

Fb(dppe)l*+ unit. One of them is bridging the 
Pt-Pt bond through metal-carbonyl and metal- 
metal interactions, the metalloligated one through 
two bridging carbonyls and a metal-metal bond. 

/Co 

10 

Mixed-metal clusters containing the dppm ligand 

The diphosphine ligand Ph2PCH2PPh2(dppm) 
has been widely used for the construction and sta- 
bilization of di- and polynuclear complexes because 
of its ability to span metal-metal bonds, thus for- 
ming five-membered rings.37 We have developed 

L-M’-w-L - 
0 * 

L-M’-MI-L 

v ‘P’ 

Re 

1 
4 

[ml 

/\ 

[ml 

/\ 
L-M’-MI-L + L-M’-MI-L 

\/ 

0 
\/ 

P 

[ml R? 

[m] = Cr. MO, W(CO),Cp [m] = Co(CO),(PPh,) 

Scheme 2. 
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Fig. 1. View of the structure of [MozPt&-C,H,Me),(CO),(PCy,),] (8). For clarity, the phosphine 
ligands are represented by their phosphorus atom only. Metal-metal distances (A) : Pt( l)-Pt(2) : 

2.992(l); Pt-MO : 2.727(1k2.884(1); MO(~)-MO(~): 3.126(l). 

two general methods for obtaining mixed-metal 
clusters containing this ligand. The first one makes 
use of the carbonylmetalate-induced P + Pt bond 
lability which converts a chelating dppm ligand into 
a bridging one, the resulting five-membered ring 
being more stable than the four-membered one. 
This is illustrated with the synthesis of 11 and 12 in 
Scheme 4. 38 

The strengthening role of the ydppm ligand is 
evidenced by the reversible CO fixation under very 
mild conditions observed with these complexes. 
This reaction occurs with complete site selectivity 
since only the M-M bond of 11 or 12, and no 
Pt-M bond, is involved in the process. 38 However, 
this reaction principle does not always lead to the 
formation of a heteronuclear metal-metal bond. 

Thus, for example, the reaction of eq. (6) occurs via 
hydride transfer from Cr or W to Pt, affording the 
trihydrido A-frame complex [Pt,H,(p-dppm),]+ in 
high yield. 3g 

The second method that we have used for pre- 
paring heterometallic complexes containing the 
dppm ligand involves the reaction of car- 
bonyhnetalate anions with dinuclear dppm com- 
plexes, as exemplified in Scheme 5.40 When 
M’ = Pt, two possible isomers are conceivable, 
depending on the respective position of Pd and Pt 
in the product. However, only the isomers drawn 
in Scheme 5 are formed (31P{ ‘H} NMR evidence) 
and isolated, showing that the reaction proceeds 
with complete regioseZectivity.40 Formal insertion 
of the metal carbonyl fragment occurs into the more 

Scheme 3. Planar + butterfly + tetrahedral rearrangement of tetranuclear clusters. 
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< 

p\ IC’ 
/pt\c, + 2 WWWO),l e 

P THF, -78°C 
M = Cr, Mo 

ca. 90% yield 

labile Pd-P bond. However, in the reaction with 
[Fe(CO),]‘-, both isomers of the product 
[PdPtFe(CO),(dppm),] have been identified and the 
isomerization process is characterized at equi- 
librium (25°C) by a ratio of ca 1: 1 between the 
kinetic and thermodynamic isomers [eq. (7)].41 

The heterotetranuclear clusters shown in Scheme 
5 are all characterized by a labile exocyclic metal- 
metal bond, thus allowing an easy functionalization 
of the clusters to be achieved. An example is given 
in eq. (8) where iodide can reversibly replace the 
Fe(CO),NO- anion.& 

Interestingly, these and related monohalide tri- 
nuclear clusters may bc used as precursors of metal- 
loligated clusters containing four different metal 
atoms (Scheme 6).42 In these clusters, the endocyclic 

kinetic isomer 

[MCI(CO)5]- + [Et,N]CI + . (6) 

metal carbonyl fragment behaves like a four elec- 
tron donor anionic ligand. This extends our pre- 
vious findings and emphasizes the relationships 
between the clusters shown in Scheme 7. 

The fact that the anion ~o(CO),Cp]- does not 
react with the clusters [PdMCoX(CO),(dppm),] 
should be related to the observation that the reac- 
tion of eq. (9) does not lead to a tetranuclear cluster 
either, even in the presence of an excess of car- 
bonyhnetalate. 36 

This would be consistent with a steric inhibition 
resulting from the size of the space delimited by 
the phenyl groups attached to phosphorus and the 
ligands of the endocyclic MO atom. Only the metal- 
ate anion having a smaller size can have access to 
this site : the selective substitution at the Pd centre 

“\,/’ 

thermodynamic isomer 

acetone 

t t 

+ 1-m 
[Fe(CO) NO]- 

3 

evaporation or 
t 

t 
addition of hexane 1 

(7) 

(8) 
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Cl-Pd.----Pd-Cl + 2 N~O(~)~CPl - 

t t 
t t 

p,L/p F_’ 

is governed by steric control (Scheme 8). Therefore, 
these clusters provide examples showing that metal- 
metal bonds can play a si~ifi~nt role in molecular 
recognition, a severe discrimination occurring 
between the metal carbonylate anions. 

HeterometaIlic clusters in heterogeneous catalysis 

The use of axed-rne~ cluster compounds in 
homogeneous and heterogeneous catalysis has been 
reviewed recently. I We have been particularly inter- 
ested in their application in heterogeneous cataly- 
sis, hoping that the catalytic materials resulting 
from the anchoring and thermal decomposition of 
mixed-metal clusters onto supports may display 
improved properties over the conventional cata- 
lysts containing the same metals. 

The high-yield synthesis of molecular palladium- 
containing mixed-metal clusters has allowed their 
evaluation as catalyst precursors for the car- 
bonylation of nitro derivatives into organic iso- 
cyanates. 43 The latter constitute a very important 
class of chemicals, classically made by phosgenation 
of amines. We have previously reported that the 
heterogeneous catalyst prepared from the planar, 
moly~en~-Pilate cluster ~o~Pd~Cp~(CO)~ 
(PPh,);l converts nitrobenzene into phenylisocyan- 

+ [Pd,Cl,(lr-CO)(dppmf + NaCi 

(9) 

ate [eq. (IO)] with a much higher selectivity (80%) 
than conventional catalysts of these metals under 
the same ~nditions.43 

Ph-NO, + 3C0 -+ Ph-N=C==O + 2C02. 

(10) 

More recently, it was found that the beneficial 
role of mixed-metal clusters as catalyst precursors 
can be extended to the synthesis of benzoxazolone- 
2 by carbonylation of o-nitrophenol [eq. (11)].41 
Iron-palladium catalysts were chosen for this reac- 
tion and a conventional system was compared 
with catalysts derived from the dppm clusters 
~FePd*(CO)4(dppm)~l [eq- (711 or tFeP&Wh 
(NO)z(dppm)-j (Scheme 5, M’ = Pd). In all cases, 
the support was silica and the reaction conditions 
comparable. The cluster-derived catalysts led to 
conversions and selectivities of ca 99 and 96%, 
respectively. 4 ’ 

Obviously, there can be a clear advantage to use 
molecular mixed-metal cluster compounds as cata- 
lyst precursors, particularly for “bimetallic-sen- 
sitive” reactions. The considerable improvements 
observed in the reactions of eqs (10) and (11) should 
be taken as indications of the potential of mixed- 
metal cluster derived catalysts. ’ 

m- 

ll II Fe(C012N0 

= co<co)3 

= Mn(COlq 

= no~co~qcp 

Scheme 8. Selective substitution via steric control. Metal-metal bonds in molecular recognition. 
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DIFFERENTIATING METAL SITES IN HOMOPOLYNUCLEAR 
SYSTEMS VIA INCORPORATION OF a-DONORS: COMPLEXES 

OF BRIDGING PHOSPHIDOXO (PhJ’=O) LIGANDS 

DERYN E. FOGG and ARTHUR J. CARTY* 

Guelph-Waterloo Centre for Graduate Work in Chemistry, Waterloo Campus, Department 
of Chemistry, University of Waterloo, Waterloo, Ontario, Canada N2L 3Gl 

Abstract-An interesting chemistry for polynuclear clusters containing bridging phos- 
phidoxo @-R,P=O) ligands can be anticipated for the following reasons: (i) the com- 
bination of a soft donor (P) and a hard ligand (=D) differentiates metal centres even in 
homobinuclear systems ; (ii) the p-R2m moiety should, like the p-R,P group, be capable 
of bridging both bonding and non-bonding metals ; (iii) there is evidence that phosphine 
oxides exert a labilizing intIuence on metal-carbonyl bonds. Thus the oxygen end of the p- 
phosphidoxo ligand may exercise control over the sites of substitution in polynuclear 
complexes. A brief review of literature data for p-R,p---O (R = aryl, alkyl, alkoxy) com- 
plexes is given and some synthetic strategies summarized. A facile route to polynuclear 
carbonyl complexes of iron and ruthenium containing a single pu-Ph2P=0 ligand will be 
described. X-ray analyses of Ru2(C0)6@2-~2-C%CBu’)@Ph2P=O) (1) and Fe3(C0)g@3-q2- 
C=CBu’)(p-Ph,P-_ (4) suggest that p-Ph,PO ligands may be equally as versatile as their 
p-Ph2P counterparts. A direct comparison of structural parameters for Ru~(CO)~(~~-~~- 
C%CBu’)&-PPh2) and Ru2(CO)6&2-~2-C=CBut)@-Ph2P=O) confirms the dramatic effect 
of the 0x0 end of the bridge on the hydrocarbyl and the truns CO. The directing effect of 
the oxygen on substitution reactions with PMe, is demonstrated. The novel trinuclear 
vinylidene complex Fe,(CO)g(~3-~2-C=C(Pri)PPh2) as well as the unusual binuclear com- 
pound Fe2(C0)6{~-Me2CH-P(=O)Ph2} containing an allenic phosphine oxide are 
described. 

Two aspects of polynuclear chemistry which con- 
tinue as the focus of attention are the use of main 
group bridging ligands to help maintain the struc- 
tural integrity of a cluster framework and the poten- 
tial of heterometallic systems for promoting unique 
types of chemical transformations. One of the most 
thoroughly investigated main group ligands has 
been the phosphido bridge on account of its ability 
to support both strongly bonding and non-inter- 
acting metal centres.’ Although a great deal of inter- 
esting chemistry has been accomplished on phos- 
phido bridged complexes, particularly when an 
activated reaction site such as a p-q-hydrocarbyl 
fragment is present, many instances of non-inno- 
cent behaviour of the bridge are now known which 
result in reaction of the M-PR2 group and bridge 
cleavage.’ The established work clearly illustrates 
that development of a useful chemistry for phos- 
phido-bridged complexes requires that a lower- 

*Author to whom correspondence should be addressed. 

energy pathway be available in order to forestall 
activation of the bridge.‘” While this has traditionally 
taken the form of an exceptionally reactive ligand, 
a promising but little-explored alternative is the use 
of a bridging ligand which combines framework- 
stabilizing and cluster-activating functions. We 
hoped to explore this avenue by suitable modi- 
fication of the phosphido bridge. 

A series of bridging R2P=X systems capable of 
functioning as binucleating groups exists where 
X = CR;, 0, S and (rarely) Se (Fig. 1). For example 
ylid-like complexes have been prepared by carbene 
insertion into a p-R2P bridge,3 and the [p----o] and 
[p=S] systems have likewise been obtained by oxy- 
gen and sulphur insertion.4 More specifically, as 
recent reviews indicate, a substantial number of 
coordination complexes with [R,PO] ligands for- 
mally derived from secondary phosphine oxides 
R,PH(O) or their phosphinous acid counterparts 
R2POH are known.’ There have not, however, to 
our knowledge been any attempts to relate the 
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Fig. 1. Some three-electron donor bridging R,P=X ligands. 

chemistry of p-R,P=O-bridged systems to that of 
the corresponding phosphido complexes. 

Our interest in developing this comparison stems 
from the potential ability of an R,P=O unit to 
stabilize the skeletal framework of a cluster while 
simultaneously activating it towards substitution 
reactions. If the remarkable stability evinced by the 
phosphoryl unit in organic chemistry extends to 
transition metal complexes, and both ends of the 
ambidentate ligand are capable of strong metal- 
hgand binding, the requirement of framework sta- 
biliza~on is satisfied. At the same time, recent evi- 
dence suggests that regio- and stereospecific cluster 
activation may be induced by such a bridging 
ligand. A powerful labilizing effect is exhibited by 
the oxygen atom in oxygen-coordinated phosphine 
oxides, the magnitude of which is virtually un- 
matched by any other donor (being in fact compar- 
able to that of the hard base Cl-J6 Thus the combina- 
tion of the soft donor phosphorus and the hard 
oxygen atom results in a markedly different metal 
en~ronment at either end of the bridge, producing 
an effectively heterob~etallic species even in a 
homobinuclear system. 

SY~TIC STRATEGIES 

Several approaches to [R&=0]-bridged systems 
have been explored, for R = alkyl, aryl, and alkoxy. 
In surveying this area it is immediately apparent 
that the practice of naming all of these anions as 
derivatives of a different phosphors acid (Table 1) 
gives rise to unnecessary complexity in nomencla- 

ture, inevitably leads to misuse, and obscures the 
common element of the P=O substructure. We pro- 
pose a generic name for the R,P=O unit in order 
to remedy these problems. The term phosphidoxo, 
which will be adopted throughout this work, 
focusses on the phosphoryl unit without reference 
to the intricacies of the acid nomenclature. More 
importantly, it permits these ligands to be treated 
as a single class, providing an unambiguous descrip- 
tion of the anion formally derived from any sec- 
ondary phosphine oxide (irrespective of the actual 
parent) just as the term phosp~do relates to the 
anion derived from any secondary phosphine. 

Literature approaches to phosphidoxo-bridged 
systems commonly involve hydrolysis of a chloro- 
phosphine-metal complex, or addition of a sec- 
ondary phosphine oxide (either directly or gen- 
erated in situ from the halophosp~ne) to a suitably 
labile metal complex. This gives in some cases (fol- 
lowing dimerization) a centrosymmetric bis(p- 
Rrp-0) structure: but typically results in a mono- 
meric acac-type of compound, which has been 
extensively employed as a chelating metallolig~d 
(Fig. 2).‘*’ Treatment of the parent phosphine oxide 
with base before or after coordination to the metal 
centre gives access to [R&=0] systems.’ Reaction 
of the parent with strong base (i.e. LiNHr, NaH, 
LiPh, etc.) is reported to give the oxygen-bonded 
species M-OPR2,9 to which coordination 
of, a second metal fragment can be envisaged. 
Michaelis-Arbuzov reactions of metal phosphites 
offer a rational route to phosphidoxo systems.” 
Thus the chelating ligand (&H,)Co 
~P(O~(OMe)~]~~(OMe)~] is obtained on treatment 

Table 1. Nomenclature of oxygen and phosphorus bound ligands 

Parent Name Derivative 

P(GH), Phosphorous acid M-O-P(OR)2 
HP(OH), Phosphonous acid M-P(OR), 
H2P--OH Phosphinous acid M-O-PR2 
PH3 Phosphine M-PRz 

O==P(OH), Phosphoric acid M-G-P(WOR), 
O==PH(OH), Phosphonic acid M-P(O)(OR), 
O=PH,(OH) Phosphinic acid M-O-P(O)R, 
0===PH3 Phosphine oxide M-P(O)R, 

Ligand name 

Phosphito 
Phosphonito 
Phosphinito 
Phospbido 

Phosphato 
Phosphonato 
Phosphinato 
Phosphidyl 
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Fig. 2. The synthesis of pRzP=O complexes via the hydrolysis of coordinated chlorophosphines. 

of (q-C&)Co(CO)I, with P(OMe)S. Pyrolysis or 
reaction with CoCI, produces a tripod ligand, 
resulting in M’L2 species, where L is the metallo- 
ligand.” In a related synthesis the tripod ligand 
(r&R,)MIM[eO)z~]~ (M = Co, Rh) is isolated 
directly by reaction of [(q-C5R5)M{P(OMe),)J*+ 
with cyanide or iodide ions, ’ 2 and reacts with a wide 
variety of metal salts to generate similar M’L, sys- 
tems (Fig. 3). M;L2 complexes of low-valent metals 
have also been reported recently,r3 in an exten- 
sion of this widely applicable route to homo- and 
heteronuclear sandwich compounds. Arbuzov 
rearrangements are also thought to be implicated 
in the formation of phosphidoxo systems during 
thermolysis reactions of metal-phosphite com- 
plexes. ’ 4 While a number of structurally inter- 
esting [p----o]-bridged species have been isolated by 
this route,” conditions are harsh and yields are 
often low. 

Another attractive approach is Werner’s prep- 
aration of p-phosphidoxo systems by insertion of 
oxygen into the phosphido bridge.4 Unfortunately, 
the scope of this method may be expected to be 
limited by the oxygen affinity of the metals involved, 

and by the tendency of low oxidation state metals 
to undergo oxidation to their normal valence states. 
Other strategies which may prove useful are: the 
cleavage of the P-P bond in diphosphine dioxides 
(cf. the preparation of [(CO)2Ni(PR,)]2’6 from reac- 
tion of Ni(CO), with Ph2P-PPh2) ; oxidative 
addition of labile R,P(OeX groups to metal car- 
bonyls. In the hope of developing a systematic com- 
parison of CL-phosphido and p-phosphidoxo 
systems, we adopted the latter route. 

,u-Phosphido, g-acetylide complexes of iron 
group carbonyls, prepared by oxidative insertion 
of an M(CO), fragment into the P-C bonds of 
phosphinoalkynes, have been extensively investi- 
gated in these laboratories.‘7 Synthesis of the phos- 
phidoxo analogues by the same route was under- 
taken in an effort to access structurally related 
phosphidoxo species. Treatment of Ph2P(0)C=CR 
(R = But, Pr’) with iron and ruthenium carbonyls 
afforded the products shown in Fig. 4. No evidence 
of the monosubstitution product (cf. mu,,, 
(Ph2PC=CBut)])‘7 was observed for the phos- 
phine oxides. Instead the binuclear product 
Ru2(CO)6(Ph2P==O)(~But) (1)” was isolated 

CP M {p(~)~32+ 
3 I- 

_- 

(M = Co, Rh) 

CP Co mw2 
3 PWW, 

_ 

Fig. 3. Michaelis-Arbuzov rearrangement reactions leading to p-(MeO),P=O complexes. 
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Ph2P=0 

1 

(Co)3 Fyq h F; (W3 

C.pso 
” Ph 2 

6 

Fig. 4. Some products from the reactions of Ru~(CO),~ and Fe,(CO), with acetylenic phosphine 
oxides Ph,P(=O)C%CR (R = Pr’, Bu’). 

in 76% yield after refluxing at 67°C (THF, 
Ph,CO-Na+) for 30 h. (In contrast, a 40% yield 
of the phosphido-bridged analogue 2 was obtained 
after heating the monosubstitued cluster at 50°C in 
THF for 8 h.) Principal spectroscopic charac- 
teristics of the phosphidoxo compound are a 31P 
singlet at 83.2 ppm, well downfield of the phosphine 
oxide Ph,P(O)C=CBu’ (6 = 1.1 ppm), and a 
v(P=O) band in the IR at 985 cm-‘, a value 215 
cm-’ lower than in the free ligand (v(P=O) 1200 
cm-‘). Bands in the 990-1075 cm-’ region have 
been assigned to bridging R&=0 groups in other 
work.lg 

STRUCTURAL FEATURES OF 
PHOSPHIDOXO COMPLEXES 

The X-ray data for Ru~(CO)&-~~-C=CBU~)(~- 
PPh2) (2) and Ru2(CO)&-$-C=CBu)(p-PhrPO) 
(1) have provided a unique opportunity to examine 
in detail the influence of a rc-donor oxygen atom on 
the structural parameters for two related molecules. 
The basic skeletal features are remarkably 
similar with, in each case, a metal-metal bond 
between the two RUG units bridged by a pz-q2- 
acetylide and a three-electron donor phosphorus 
ligand. The Ru(l)-Ru(2) bond distance in 1 
(2.7729(3) A) is slightly longer than that in 2 
(2.7523(3) A), a reflection in part of the presence of 
a two-atom Ph2P=0 bridge in 1 and a single-atom 
Ph2P bridge in 2. The P-O distance in 1 (1.544(2) 
A) compares with reported values of 1.44-1.55 A 

,C=\C 

, Bu’ 

(CW,-7 (CC), 

p-0 
pb 

A 

in other complexes containing RIP=0 ligands.20 
Although the distance in 1 is at the high end of the 
range of values shown, it is significantly shorter 
than the typical P-O (phosphite) bond distance of 
1.64 A,2’ and must therefore be considered inter- 
mediate between double and single bond values. 
The Ru(2)-0(7) distance in 1 (2.135(2) A) com- 
pares with a value of 2.29(3) A in HRu, 
(CO)3[P(OC,H,)(OPh)212[(PhO)2P--Ol (31, the 
only other diruthenium (Ru-Ru) complex with an 
R,P=O bridging ligand.‘5b In the p2-acyl complex 
Ru2(CO),~2-o--CCH=C(Ph)NEt&p-PPh2) the 
Ru-0 bond length of 2.119(3) A22 is rather similar 
to that in 1 and the two values are probably typical 
of donor-acceptor interactions between ruthenium 
atoms and bridging sp2-hybridized oxygen. 

Taken as a whole, the above structural features 
indicate that of the two canonical forms A and B 
possible for this complex (Fig. 5), the P” phos- 
phidoxo representation A must be considered more 
accurate. Comparison of 1 with its phosphido- 
bridged analogue 2 reveals a number of differences 
which may be assumed to arise from the n-donor 
characteristics of the oxygen ligand. A significant 
shortening of the M(2)-acetylide bonds is apparent 
(Fig. 6) in 1 where the hard oxygen atom is coor- 
dinated to Ru(2), suggesting stronger ruthenium- 
acetylide bonding as a result of the increased elec- 
tron density on the metal. Similarly, a considerable 
decrease (0.08 A) is seen in the Ru(2)-C(6) bond 
distance for the carbonyl group tram to the oxygen 
atom in 1, relative to its counterpart in 2. The aver- 
age M( l)-CO bond distance is in contrast approxi- 

/ 
Bu’ 

e 

(CO) kd~cxo) 

3i I 3 
P-O 

ph, 

B 

Fig. 5. Contributing canonical forms to the ground state description of M,(C0)6~2-~2-~Bu’)01- 
PhJ-0). 
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/ Bond Lengths (A) EkmdAn#es(o) 

b(l) - Ru(2) 2.7523(3)A u(l)- p- fq2) 72.0(O) 

Rub)- p 23399(E) m(2)- RU(l)_ p 54.0(O) 
%)-cm 2.044(3) m(l) -R"(2) - P 64.0(O) 

R'J(2) - P 2.3406(6) &(l) -%-I -c(6) 166.9(l) 

Ru(2) - '(6) 
1.966(4) +'J -c(6) -c(9) 166.5(2) 

b(2) -0 2.265(3) 

f%?) -c(6) 2.417(3) 

c(7) -'(6) 1.216(4) 

/ 

BondLengths (A) Bond Ar~les (0) 

&AC6 

Ru(1) - Ru(2) 2.7729(3) Rqr) - P-O(T) 106.67(6) 

,/\I 

Rql)-P 2.3552(9) "u(2) - Ru(1) - P 69.31(2) 

RU(1) -% 2.020(3) m(l)- Ry2)-q7) 79.14(6) 

c6O 
Ru(21 -Of71 2.135(2) m(l)- q7)-q&l) 156.7(2) 

1.675(4) 155.9(2) 
-RIJ, RU*/- b(2) -C(s) C(7) -c(6) -% 

'\ I' 

RW) -cm 2.244(3) 

Rup) -C(B) 2.336(4) 

P-O P-O(7) 
1.544(2) 

Ph2 cm -c(6) 1.220(5) 

Fig. 6. A comparison of X-ray structural parameters for Ru2(CO),@2-~2-WBu’)OL-Ph2~). 

mately the same in 1 as 2. Metal-carbon bond short- 
e?& r++?1 <;yz ~WViYJ <ViWG tie” _i!i!J& ~G-.,&zW#& 
ligands is ascribed to a compensating increase in 
a&>\& ‘inWac.ons be.een the meti antli the 
sWlng x-rionor CG. 

Reaction of Ph,PC=CBu’ with diiron ennea- 
Gi&Ylr$ “d; Im&urr; +&nll5W&ui-~ ‘givLs hW4 +lhh 
(ca 11%) of 4, a trinuclear phosphidoxo-bridged 
sJz&W. In ZKr complx &?e mz-1 >iganc, 
Ibridges an open edge of the Fe, triangle. The 
Pocation of the v(p=o) band is unchanged relative 
to 1, and the P-O bond distance (1.539(2) A) is 
virtually identical, in&caking &al the Aexibility of 
the ligand is sufficient to accommodate the rather 
substantial increase (ca 0.824 A) in bridging dis- 
tance without further reduction of the multiple 
bond character of the phosphidoxo unit. The 3’P 
NMR (S = 150.5 ppm) provides a clearer indication 
of the magnitude of the structural change, but the 
dearth of spectroscopic and crystallographic data 
for related CL-Ph,P=O compounds precludes cor- 
relation of chemical shift with structural form. The 
X-ray crysta1 structure shows a ps-q2 acetylide cr- 
bound to the oxygen-substituted metal. The alkyne 
triple bond (C(lO)-C(l1) = 1.287(5) A) and the 
bendback angle at C, are larger than in the p2-r12 
acetylide of 1, as is usual for this coordination 
mode. Certain notable differences exist between the 
molecular structures of 4 and its closest phosphido- 
bridged counterpart 5 (Fig. 7). Most obvious is 
the symmetrical disposition of the acetylide in the 
latter, where the hydrocarbyl unit is a-bonded to 
the unique metal atom. Unfavourable steric inter- 
actions between the acetylide substituent and the 

bulky Ph2P group are probably responsible for the 
&&!i@W&&&z&i~~&~ ~-~fW&zWizG+~ 
Ru(l)-P-Ru(3)-Ru(2) core. In 4, this inter- 
ac&on is notpotitie, mfi an approxima1&y~anar 

~ww-wz&~& ring is sm. TfR b~tiba& ar& at 
C, is cu 4” greater in 4 than in 5, possibly due to steric 
Gl&~alr& -i&hfg *;;nm, ‘ZlR 3kli&i +IKrntiCdk 

distance bisected by the acetylide in the former. 
.Q&w& 220 effecr 02 Z)le ox&Gg~and on a&$&& 
distortion is likely with this arrangement of the 
bridge, it should be noted that the trult~ M--c(o) 
bond shortening seen in 1 is also evident in 4. 

COMPLEXES OF ALLENIC PHOSPHINE 
OXIDES 

Reaction of Ph,P(O)Wr’ with Fe,(CO), (12 h, 
RT) gives quite different products. The major pro- 
duct (cu 50% yield) is the binuclear metalloallylic phos- 
phine oxide23 6, a complex closely related to products 
obtained on reaction of allenes with Fe,(C0)9.24 Its 
crystal structure (Fig. 8) shows a bent o,x-ally1 
fragment bridging a strong metal-metal bond 
(2.6278(5) A), a-bonded to Fe(l) and o-bound to 
Fe(2) at the central carbon C(8). Precedence exists 
for the asymmetry within the ally1 unit (C(7)-C(8) 
1.447(3) A, C(S)-C(9) 1.403 (3)A), and the structural 
similarity between 6 and the phosphine-substituted 
species Fe2(C0)&#,q3-C,FSPCyJ (7)” (in which 
the corresponding ally1 distances are l&7(7) A and 
1.393(7) A) is noteworthy. In both cases incomplete 
delocalization can be inferred not only from the 
C-C bond lengths but from the increased 
Fe(l)-C(9) bond distances (2.296(3) A in 6, 
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Bond LenQths(Aj 

F*(i) - F*(2) 2.6012(6) A 
F*(2) -F*(3) 2.6837(6) 

Fq3)--Fq1) 3&x4(6) 

F*(t)- p 2.2692(g) 

Fe(l) -C(IO) 1.912(3) 

F*(t) -C(H) 2.122(3) 

F*(2) -C(lo) 1.979(3) 

F*(2) -C(W) 2.124(3) 

F*(3) -C(IO) 2.155(3) 

F*(3) -*(IO) 1.989(2) 

p-*(10) 1.539(2) 

c(lo)-qll) 1.287(5) 

P 

Bond Angles (0) 

Fe(l) - P - *(IO) 112.62(8) 

P-*(10)- F*(3) 110.17(6) 

*(to) - Fqq - h(2) 90.84jQ 
Fe(g) - F*(2) - F*(l) 86.05(l) 

F@(2) - F*(l) - P s&10(2) 

Fe(l) - C(II)- F*(2) 75.W9) 

c(f0)- q11)-~(12) 142.'(21 

Bond Angles to) 

fyl)-P- &(3) 92.8(O) 

R~2)-c(lo)-~(~l~ '54,0(2) 
Ru(1)-c(lo)- R"(3) fOO.lfO) 

qlo)-qll)-ql2) '45.2(3) 

Fig. 7. A comparison of structural parameters for Fe,(CO~~3-?2-~Bu’~~-Ph*~) and 
Ru3(C0)9(jqq2-Cri)(~-PPh2). 

Fig. 8. An ORTEP plot of the structure of Fe~(CO)~(~-Ph~P(~)~~~Me~). 
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2.121(5) Win7) relative to the Fe(l)-C(7)distances 
(2.082(2) and 2.083(5) A, respectively). The angles 
at C(7) in 6, are, however, far from tetrahedral (Fe(l)- 
C(7)-C(8) 64.77(g)“, P-C(7)---C(8) 114.07(9)“) 
which supports the metallo z-ally1 represen- 
tation. The similarity in structure between 6 and 7 
is not confined to the allylic fragment ; also notable 
is the coordinated phosphine in the latter, which 
bears the same relation to both ally1 unit and Fe(2) 
as the oxygen-bound phosphoryl group in 6. Reten- 
tion of the p=O double bond in 6 is indicated by 
the short bond distance (P-O(7) l-514(2) A), in 
keeping with which a band is observed at 1063 
cm-’ in the IR spectrum. Formation of this unusual 
complex as the major reaction product, without 
P-C activation, is particularly interesting in view 
of the fact that corresponding systems have 
not been observed in the phosphido chemistry, in 
which the iron analogue of 2 is the chief product. 
Although P-C bond cleavage is facile in phosphino- 
acetylene systems there is evidence that the pro- 
pensity of P-C scission drops markedly in the 
series P-C, > P-C,’ > P-C,p3.17 In the present 
case a prior propargylic rearrangement of the 
GC-CHR2 unit, possibly related to the presence 
of the P==O unit, presumably yields an allenic phos- 
phine oxide Ph2P(0)-CHsMe2. 

VINYLIDENE CLUSTERS 

A trinuclear phosphinitovinylidene is isolated in 
15% yield from the same reaction.26 The 31P spec- 
trum shows a single peak far downfield (cu 178 
ppm), suggesting a high degree of phosphite charac- 
ter in the P-O bond. The structure of 8, determined 
by X-ray diffraction, consists of a closed metal tri- 
angle with a p,-vinylidene asymmetrically bound to 
one face ; C, is a-bound to Fe( 1) and Fe(3), and it- 
bonded to Fe(2) (Fig. 9). Coordination of the 
phosphoryl oxygen to C, of the vinylidene forms 
a five-membered Fe(2)-Fe(3bPa( lO)-C( 11) 
ring at the expense of the P-O double bond. The 
resulting phosphinito complex has a typical phos- 
phite P-O bond length of 1.63 l(2) A, considerably 
longer than the value of ca 1.54 A seen in the 
previous examples. The Fe(3)-P bond distance 
(2.1954(g) A) is significantly shorter than its value 
in the trinuclear iron complex 4 (2.3552(g) A), where 
however the Ph2P=0 fragment bridges two metal 
atoms. 

The structure of 8 bears a striking similarity to 
a vinylidene complex isolated in low yield (cu 
10%) from solutions of Ru~(CO)~{~~-~,~~-C&H 
Me,}(PPh,). The latter is converted in solution to 
several products including the closed-shell isomer 

4 I I 
~Ru27c”-P- /‘\I / \ /lo\ / , Rut 

I /RuI\ 
c4 
I 

04 

Bond Lengths (A) Bond Angles (9 

Fe(l) - Fe(2) 2.609s(6) 

Fe(l) - C(IO) 1.653(3) 
Fe(,) - -C(4) 2.291(4) 

Fe(2) - Fe(3) 2.6166(7) 

Fe(2) - C(l0) 1.962(3) 

Fe(p) - C(II) 2=O(3) 

Fe@ - Fe(l) 2.5662(7) 

Fe(3) - P 2.1954(9) 

Fe(g) - C(l0) 1.946(3) 

Fe(3) - C(4) l&36(4) 

C(l0) _C(ll) ywf 

p - O(l0) 

C(l1) - O(l0) ‘.429(4) 

Fe(l) - Fe(2) - Fe(3) 59.29(l) 

Fe(2) -Fe(3) -Fe(l) 60.16(l) 

Fe(g) - Fe(l) -Fe(2) 60.53(l) 

Fe(l) -C(lo) -C(ll) 146.0(l) 

C(lO)_%I) _O(lO) w;; 

I - p - Fe(3) 

P - Fq3) - Fe(2) 92.94(2) 

Feg) -Fe(2) - C(II) 74.3(l) 

Fe(2)-C(ll)-O(lo) 111.7(l) 

Fy3, -C(4) - C(4) 155.2(2) 

Bond Lengths (A) 

Ru(1) - W(2) 2.6007(6) 

RU(l) - C(l0) 1.921(5) 

91) ---C(4) 2.661(7) 
Ru(2) - Ru(3) 2X32(6) 

Rq2) - Cpo) 2.126(5) 

Ry2) - C(I I) 2.340(5) 
Ru(3) - Ru(I) 2.9140(6) 

W(3) -p 2.375(l) 

Rq3) - C(,o) 2.162(5) 

R”(3) - C(4) 1.925(B) 

C(l0) -%I) I.4060 

9 C(l1) - p 1.609(5) 

Bond Angles (0) 

R”(I) - R”(2) - R”(3) 63.54(l) 
Ru(9 - Ru(3) - Ru(1) 59.36(l) 

m(3) -Rqij - Rq2) 57.11(l) 

+I; - q;o; -q1;; 

CHo~-CfllI-P 

;y6T)*) 

C(II)-‘=-R”(3) 66.5(l) 

p - b(3) - W(2) 76.91(3) 

m(3) - Ry2) - C(l1) 7OW) 

Rq2)-C(11) -O(IO) 99.q’) 

m(3) -C(4) -C(4) 167.9(2) 

Fig. 9. A comparison of X-ray structural data for Fe,(CO),{~,-a,a,t13-C=CCHMe2(Ph2Po>> and 
Ru3(C0),{~3-a,a,q3-=CHM&PPhJ}. 
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Ru~(C0)9(~3-rr,~,~3-C=CHMe,)(PPh,) (9), in 
which a phosphinovinylidene ligand is coordinated 
to one face of the M3 triangle, forming a strained 
four-membered Ru(2)---Ru(3)-P-C( 11) ring.26 
The smaller ring size in 9 relative to 8 results in 
distortion of the metal triangle, shortening the 
Ru(2)-Ru(3) bond distance by 0.12 A relative to 
the other two sides. This effect is much less pro- 
nounced in 8, in which the metal triangle is virtually 
equilateral. A correspondingly greater degree of 
asymmetry is apparent in the M(l)-C(lO) vs 
M(3)-C(lO) distances in the iron complex, but in 
both cases the primary vinylidene interaction 
involves M(l)-C(lO) (1.853(3) A in 8, 1.921(5) A 
in 9). The M(3)-C(lO) interaction, though weaker, 
is significant, giving rise to localized electron counts 
of 17 and 19 electrons for M(1) and M(3), respec- 
tively. The high electron density on Fe(l) resulting 
from a donor-acceptor Fe(3) + Fe(l) bond in 8 is 
offset by a semibridging interaction between C(4)O 
and the electron-rich Fe( 1) (C(4)-Fe( 1) = 
2.291(4) A; C(4)-Fe(3) = 1.838(4) A; Fe(3)- 
C(4)-O(4) = 155.2(2)“). The increase in metal- 
metal bond distance precludes such an inter- 
action in 9 where M = Ru ; here C(4)-Ru(1) 
= 2.881(7) A, C(4)-Ru(3) = 1.925(6) A, Ru(3)- 
C(4)-O(4) = 167.9(2)“. A compensating donor- 
acceptor bond may exist between Ru(1) and 
Ru(3), although this is the longest bonding 
distance in the molecule. 

REACTION CHEMISTRY OF 
PHOSPHIDOXO-BRIDGED 

COMPLEXES 

We were interested in studying the substitution 
reactions of the phosphidoxo complexes in an 
attempt to evaluate the directing effect of the donor 
oxygen atom. The availability of corresponding 
Ru2(p-PPhJ and Ru2(p-Ph2P=O) complexes pro- 
vided a unique opportunity to assess the influence 
of the oxygen atom on the reactivity pattern. A 
powerful labilizing effect exerted by oxygen-bound 
phosphine oxides on mononuclear group 6 and 8 
metal carbonyls was noted by Darensbourg et al6 
This labilization was ascribed to transition state 
stabilization, for which the site preference model 
of Atwood and Brown was invoked as an 
explanation.*’ Strong donor, non-n-acceptor 
ligands stabilize the pentacoordinate intermediate 
formed by loss of one carbonyl group from an octa- 
hedral complex, accounting for the labilizing effect. 
Dissociation occurs cis to the labilizing ligand as a 
consequence of the ground-state strengthening of 
the tram M-CO bond by the donor ligand. Site 
specificity in Darensbourg’s phosphine oxide com- 

plexes was not established, but stereoselective sub- 
stitution at cis-carbonyl sites has been claimed for 
a number of p-carboxylato” and p-acyl systems.2* 
The superior electron releasing (net c- and n-donor) 
properties of [P=O] as opposed to [C=O], and the 
higher energy of the [P=O] a* orbital, should result 
in more efficient labilization in the former. 

In order to study the influence of the phos- 
phidoxo group on substitution behaviour we have 
examined the reactions of 1 and 2 with tertiary 
phosphines. Although Ru2(CO),&~-~2-~Ph)~- 
PPh,) undergoes preferential attack at the hydro- 
carbyl moiety in reactions with phosphines and 
phosphites, 29 the bulky t-butylacetylide 2 affords 
CO substitution products. Thus treatment of 2 with 
1 equivalent of PMe, at 297 K results in slow evol- 
ution of CO and formation of the disubstitution 
product. Other work in this laboratory has con- 
vincingly shown that mono-substituted 2 is more 
rapidly substituted than 2 itself, hence the disub- 
stituted complex is kinetically favoured with the 
final product mix being ca 50% of the disubstituted 
and unsubstituted species. In the former the 
substitution sites, identified on the basis of 
3’P-‘3C(CO) coupling constants and “P 2D-COSY 
experiments, are cis to the o-bound acetylide carbon 
and tram to the CL-PPh2 group on M(1) and cis to 
the p-PPh, group, tram to the metal-metal bond 
on M(2). 

In sharp contrast the reaction of 1 with PMe, in 
a 1: 1 ratio results in substitution of a single CO 
ligand cis to the oxygen atom and tram to the 
metal-metal bond. The reaction is rapid at 297 K 
and gives exclusively the monosubstitution product 
10, the X-ray structure of which (Fig. 10) confirms 
the cis relationship of the 0x0 and tertiary phos- 
phine ligands. The acetylide however is now r~- 

Fig. 10. An ORTEP plot of the structure of RUDE 
(~2-q2-C=CBu’)(~-Ph2P--O)(PMe,). 
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bound to Ru(2) whereas in 1, Ru(2) interacts in $- 
fashion with the alkynyl group. Since the acetylide 
is dynamic in 2 and may also be dynamic in 1 the 
acetylide reversal from 1 to 10 is most interesting. 
The structure of 10 presumably reflects the greater 
thermodynamic stability of the isomer in which the 
o-bound metal is substituted. 

The substitution reaction was monitored by 
3’P NMR over a 210-300 K range in an effort to 
elucidate the mechanism. (The rate enhancement 
conferred by the 0x0 ligand is illustrated by the 
fact that the reaction of PMe, with 1 begins 
below 210 K, whereas for the phosphido analogue 
no substitution is observed below 250 K.) In the 
spectrum of a 1: 1 mixture of 1 and PMe, singlets 
at +83 and -65 ppm due to 1 and free ligand 
respectively gradually decrease in size as two new 
singlets (+64, + 8 ppm) and two doublets (,+ 83 
ppm, J = 5 Hz, +4 ppm, J = 5 Hz) appear. The 
latter set of resonances are due to 10, a fact 
coniirmed by the spectrum of isolated, crystal- 
line 10. Altlhough the two singlets at +64 and 
+8 ppm of unknown 11 gradually diminish up 
to 297 K as the amount of 10 increases, for the 
ftrst half of the reaction the amount of the inter- 
mediate steadily increases relative to both start- 
ing complex 1 and product 10. These results 
may indicate either of two possibilities. In Path A 

Path 4 
3 RBU’ 

(CO) n”/c-%lU(co), 3 I 

(Fig. 11) the intermediate lla is not directly on the 
reaction path between 1 and 10 ; i.e. a competitive 
equilibrium exists between 1 and 10, in which the 
latter is favoured, and evolution of 11 to 10 occurs 
via the starting complex 1 (in which case the con- 
version 1+ 10 dominates at higher temperatures). 
Also possible (Path B) is the direct conversion l--j 
llb -+ 10 with the first step being rate-determining. 
Possible structures for the intermediates generated 
by these two pathways are also shown in Fig. 11. 
That of Path A is derived from 1 by nucleophilic 
attack on C, of the acetylide, which produces a 
zwitterionic two-carbon bridge similar to that in 
F~(CO)~~~-~2-C~P(OMe)3~CPh]~“PPh~.’7 In sup 
port of this there is no observable 3’P-31P coup- 
ling between the phosp~do bridge and the phos- 
phine in the intermediate. If this is the structure 
of 11, it suggests that the phosphidoxo ligand has 
increased the sus~ptibility of the ,u&-acetylide to 
nu~leophilic attack, since the ~~espon~ng phos- 
phido system affords no evidence for competitive 
attack at the alkynyl carbon atoms. This result 
would be in accord with the structural data (vi& 
supra) which show a greater distortion of the acetyl- 
ide from linearity in 1 than 2, implying a stronger 
Ru(2 j-acetylide q2 interaction in the former. It 
may be significant that in the triad of complexes 
Mz(CO)6(~2-$-C=CBu’)(~-PPhJ reactivity at C, 

r + 
BtJ j 

C-_C’ 

PMq - 

cs- 

1 
/ \42O - (~wx’, /“u;,Mt% - la 

Ph2P= 0 

m 

Fig. 11. Possible reaction pathways for Ruz(CO)&~-~2-C&ZBu”)~-Ph2P=O) with PMe,. 
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increases down the triad as the M(2)-acetylide R- 
interaction increases in strength.30 

The intermediate structure of Path B differs from 
that of the product 10 in that the acetyhde 
is now n-bound to the substituted atom. This species 
represents an intermediate stage between CO sub- 
stitution and acetylide flipping. In this case the rate- 
determining step is assumed to be CO loss, with the 
pentacoordinate intermediate being too unst,able, 
or present in too small an amount, to be spectrally 
observable. Substantial precedence exists for rate- 
determining dissociation of CO in substitution reac- 
tions of carbonyl compounds. 

We are currently extending this work to a wider 
range of nucleophiles to further examine the 
enhan~ment of reactivity afforded by n-donor 
phosphidoxo bridges. 
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Note added in proof. Recent 13C!Cl NMR studies have 
shed further light on the nature of the intermediate 11 in 
this reaction. Six distinct carbonyl peaks are evident in 
the 13C spectrum of the ‘“C-enriched intermediate 11 and 
integration gives a value of six carbon atoms. Thus it 
appears that the intermediate illustrated in Fig. 11, Path 
B is unlikely and an intermediate on the reaction path- 
way formed by an associative process is a more feasible 
possibility. In this case a vacant coordination site may 
bc generated by temporary de~or~nation of one end of 
the P-G bridge or a switch from a p*-PO bonding mode 
to an $-PO mode at Ru(1). Further studies on this system 
are in progress. 
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Abstract---Over the last few years, the development of logical routes to small organometallic 
clusters has opened the way towards the directed syntheses of chiral clusters. Tetrahedral 
systems comprised of four chemically different vertices are chiral. However, under the 
conditions required for catalytic action, clusters of this type generally racemize. The intro- 
duction of a chelating unsymmetrical ligand, such as Ph,P-CH2-CH2-AsPh2, renders 
chiral a Co,(CO)&R cluster but again such systems racemize on the NMR time scale via 
migration of the arsenic terminus from one cobalt vertex to another. It has been long 
suspected that cluster vertices such as C~MO(CO)~ could undergo localized rotation and this 
has now been unequivocally verified using high field NMR spectroscopy at low temperature. 
Furthermore, it is shown that in solution the predominant rotameric forms of the mixed 
metal clusters CpMoCo,(CO)&R are not necessarily those found in the solid state. Finally, 
the syntheses of a series of mixed metal clusters of general formula CpMo(CO),Co2 
(CO)&R in which the apical substituents are derived from natural products, e.g. steroids 
or terpenes, are described. Treatment of these chiral clusters shows evidence of chiral 
discrimination in that preferential attack at one of the diastereotopic cobalt atoms is 
observed. 

The development of logical routes to chiral organo- 
metallic systems has attracted considerable atten- 
tion in recent years. ’ One approach, which Vah- 
renkamp has pioneered, involves the preparation of 
tetrahedral mixed metal clusters in which each of 
the four vertices is chemically different. The obten- 
tion of the cluster as a single pure enantiomer 
requires either a spontaneous resolution (which in 
some fortuitous instances occurs) or a series of dias- 
tereomer separations. Moreover, it has been shown 
that such tetrahedral molecules can undergo race- 
mization not only under the relatively severe con- 
ditions required for catalytic action,2 but also, in 
some cases, even on the NMR time scale.3 These 
situations are exemplified in Scheme 1. 

DISCUSSION 

Routes to chiral clusters 

In an attempt to circumvent the problem of 
cluster fragmentation, polydentate ligands such as 

* Author to whom correspondence should be addressed. 

Ph2PCH2CH2PPh2 (diphos) or (Ph2P)&H (tri- 
phos) have been used to hold the metallic frame- 
work together.4,5 We attempted to utilize such a 
strategy to build chiral clusters which would be 
sufficiently robust to resist fragmentation, For this 
purpose we synthesized a series of molecules con- 
taining the bidentate ligand Ph2AsCH2CH2PPhz 
(arphos) which we reasoned would not only sta- 
bilize the cluster framework but also impose chi- 
rality on the system. The site of complexation of 
the arphos moiety was established by X-ray crys- 
tallography (see Fig. 1) which revealed that two 
equatorial carbonyl ligands in Co3(C0)gCR had 
been replaced. 6 

In order to detect molecular chirality, the car- 
bynyl capping group contained an isopropyl ester 
functionality ; the potentially diastereotopic methyl 
groups provide a ready means of following the rate 
of racemization of such molecules by ‘H or 13C 
NMR spectroscopy.7 In fact, the system (arphos) 
Co3(CO)&C02R undergoes rapid racemization 
via migration of the diphenylarsenido terminus 
from one cobalt vertex to another, as in Scheme 2. 
This rearrangement has been fully discussed else- 
where,6,8 and need not be further amplified here. 

2297 
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racemized 
cluster 

0’ .a 
1 

SiEts 

(+I racemic 

Scheme 1. Racemization of chiral clusters (a) during the hydrosilylation process and (b) on the NMR 
time scale. 

Restricted rotation of (cyclopentadienyl)M(CO)2 
vertices 

An interesting observation which emerged from 
this study was that in the mixed metal cluster 
(C5Me5)MoCo,(CO),(arphos)C-C0,CHMe2 (l), 

Fig. 1. X-ray crystal structure of Co,(CO),(arphos) 
C-CO,CHMe, with the phenyl rings and the ester 
functionality removed for clarity ; the view is down 
the pseudo-three-fold axis showing the equatorial orien- 

tation of the arphos ligand. 

Scheme 2. Interconversion of the enantiomers of 
Co,(CO),(arphos)CR via migration of the diphenyl- 

arsenido terminus. 

the molecule not only retained its chirality (as 
shown by the ‘H NMR non-equivalence of the iso- 
propyl methyls at room temperature) but also 
showed the presence of numerous diastereomers at 
low temperature. We suspected that this phenom- 
enon involved different rotameric conformations of 
the Cp*Mo(CO), vertex. Such a possibility had 
been suggested by Stone who noted that in CpWCoz 
(CO)&-C6H4Me (2), the number of IR bands in 
the carbonyl stretching region was too large to 
be attributed to a single isomer.9s1o Likewise, in 
CpMoCoz(CO)&-C6H5 (3), it had previously 
been reported by Vahrenkamp that although in the 
solid state the cyclopentadienyl group is situated 
below the trimetallic plane (as in 4a) there were too 
many vco bands for this single isomer. ’ ’ 
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Since that time, the X-ray crystal structures of 
CpWFez(CO)&-C6H4Me,” and of CpFe3(C0)8 
C-OMe,‘3 have been determined. The cyclo- 
pentadienyl rings have been shown to adopt orien- 
tations 4b and 4c, respectively. We, therefore, ran 
the 125 MHz 13C NMR spectra of the series of 
complexes Cp*MCo2(C0)&R, (where Cp* = 
CSHS, CSH,Me or CSMe5 and M = MO or W) 
at -90°C. Typical spectra are shown in Fig. 2 
and reveal that for the bulky CSMeS substituent 
the favoured rotamer is 4a. In contrast, with the 
sterically less demanding C5H5 and C5H,Me 
groups, rotamer 4e is favoured in dichloromethane 
solution. These data are in complete accord with 
the IR spectra of these molecules in the solid state 
and in solution and show that the favoured rotamers 
of the pentamethyl complexes are the same in both 
environments. However, it is apparent that for the 
unsubstituted cyclopentadienyl (or the mono- 
methyl analogue) the more favoured rotamers are 
not the same in the solid state and in solution. I4 

Dimetallic complexes derivedfrom natural products 

Concomitant with our synthetic and spec- 
troscopic studies on mixed metal clusters, other 

4c 

projects (in collaboration with G. Jaouen and his 
colleagues) had focussed on detailed NMR 
investigations of organometallic derivatives of hor- 
monal steroids. Typically, by using several of the 
recently developed two-dimensional NMR tech- 
niques’ 5 in conjunction with a high field NMR spec- 
trometer (‘H at 500 MHz ; 13C at 125 MHz) we had 
successfully differentiated between the a- and /?- 
isomers of (17/?-estradiol)Cr(CO)3, 5a and 5b, 
respectively. ’ ’ Metal carbonyl complexes of hor- 
monal steroids are currently under investigation as 
reagents to assay hormonal receptor sites. ’ 7 Thus a 
knowledge of the receptor count is absolutely cru- 
cial for the effective treatment of hormonal related 
cancers. Furthermore, the work of Jaouen and 
Vessibres has established that the estradiol complex 
in which the tricarbonylchromium moiety is pos- 
itioned on the a face of the steroid has a much 
higher relative binding affinity to the receptor site 
than does the B-isomer. Thus, it was important 
to develop a quick and straightforward method of 
distinguishing between the c1- and /3-diastereomers 
without having to resort to X-ray crystallography. 

In the course of this work it had been clearly 
established that there existed shielding and 

0 
5a 5b 
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r t 
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I t 1 t 
220 210 200 
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Fig. 2. Section of the 125 MHz “C NMR spectra of Cp*hJoCo2(CO)&R clusters recorded at 
-90°C. In the upper spectrum the major rotamer is of the type 4a ; in the lower spectrum the molecule 

adopts predominantly structure 4c. 

deshielding zones in the vicinity of the metal car- of 17cr-alkynyl-estradiols. (The simplest alkynyl 
bony1 ligands.i8 In particular, protons sited near derivative, viz., 3/3-methoxy-17a-ethynyl-estradiol 
the plane orthogonal to the carbon-oxygen bond (6) is sold commercially as a contraceptive under 
axis are markedly deshielded. This result may sur- the name Mestranol.) The high resolution NMR 
prise those who might have anticipated that any spectra of these dimeta~a-tetr~edranes provide 
proton positioned near a ~ansition metal would be much info~ation concerning the confo~ation 

shielded. These ideas are directly applicable to the adopted by the molecules in solution. To dem- 
characte~~tion of chiral metal clusters. Thus, con- onstrate the quality of the spectra obtainable, we 
sonant with the realization that metals can more show (see Fig. 3) the 500 MHz ‘H COSY spectrum 
profitably be attached to the a face of the hormone, of one of the alkyne ligands, 7. This two-dimen- 
we prepared a series of organometallic derivatives sional spectrum is presented as a contour plot in 
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Fig. 3. Two-dimensional 500 MHz ‘H NMR spectrum of 7. Expanded contour plot of the matrix 
for a COSY experiment. The matrix has been symmetrized. 

which the conventional one-dimensional spectrum molecule. These can be cor&mcd by a ‘H-13C 
lies along the diagonal and the off-diagonal con- shift-correlated NMR spectrum which indicates 
tours correlate those protons which are connected which protons are directly bonded to a particular 
via scalar coupling. Thus, it is relatively straight- carbon. Figure 4 presents such a spectrum for the 
forward to assign every proton resonance in the COAX cluster derived from 6. I9 

JO 40 30 20 1 
I I p wm 

i -1.0 

Fig. 4, A partial two-dimensional heteronuclear chemical shift correlated ‘H-‘3C NMR spectrum of 
(mestranoi)Co,(CO),. A proton spectrum is projected onto the vertical axis ; on the horizontal axis 
is a 13C spectrum in which CH and CH, moieties have positive phase and CHI carbons have negative 

phase. 
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Fig. 5. CHEM-X plot of (mestranol)Co,(CO), showing an orientation which places a cobalt carbonyl 
ligand proximate to the 12~~ proton of mestranol ; the view is of the CI face of the steroidal skeleton. 

With these data one can compare the ‘H NMR 
chemical shifts of the free ligands and of their metal 
complexes. Typically, we note that the 12a proton 
in the steroidal portion of 8 has moved dramatically 
from its resonance position in the free ligand. This 
can be attributed not merely to loss of the triple 
bond character of the 17a substituent but also to 
the proximity of the metal carbonyl ligand. A very 
convenient method of evaluating possible molecular 
conformations is to construct the molecules in a 

modelIing program, such as CHEM-X,20 by meld- 
ing together crystallographic data from known 
structures ; in this particular case, we took the struc- 
tures of 17#I-estradiol and (HCGCH)CO~(CO)~ and 
then allowed free rotation about the C-174uster 
bond so as to minimize steric interactions and also 
place a cobalt carbonyl ligand in close proximity to 
the 12~ proton, as in Fig. 5. 

Similarly, one can construct a CHEM-X model 
(see Fig. 6) of (mestranol)Moz(C0)&p2 (9), so 

(a) 

Fig. 6. CHEM-X plots of (mestranol)CpzMoz(CO)q showing orientations which (a) place a cyclo- 
pentadienyl ligand proximate to the Ycr proton of mestranol and (b) position the CsH5 group 

unfavourably close to the B and C rings of the steroid. 
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as to minimize the steric interactions between the 
steroid and the cyclopentadienyl groups. As out- 
hued _iYteviou&y> one Carl use &e twQ-&lmeusiona~ 
COSY NMR experiment to identify those protons 
which are connected by scalar couplings. In a 
different but related NMR experiment it is possible 
to generate spectra in which the off-diagonal con- 
tours indicate those protons which exhibit nuclear 
(Dver%~~~ser e~~~a~nceme~~ts; &arjs. su&_.nron~~s are 
not necessarily coupled to each other but they are 
&WC ~&&&ti~ <n SF=. By ut%&ng +k so<a#& 

vertices are diastereotopic and, in principle, should 
exhibit different chemical reactivity. 

Trimetallic complexes derivedfrom natural products 

In order to extend these concepts to mixed metal 
chrsters, it was decided to incorporate natural prod- 
uct moieties into some trimetallic systems. Recently, 
Vahrenkamp has synthesized mixed metal clusters 
courtiti~~g t_be mentiy1 substituen$12 as h 1 D, and 
we have extended this to other terpenoid and ster- 
&at framr&+, as & I$ a& <2. 

12 

NOESY experiment,2* it is possible to select a 
molecular conformation which satisfies all OF the 
steric requirements as well as the nOe data. Figure 
6a shows a favourable orientation in which one of 
the carbon monoxide ligands is proximate to the 9a 
proton ; in contrast, the orientation in Fig. 6b places 
the CSH, ring directly below the B and C rings of 
the steroid which would require nOe interactions 

Our preliminary reactivity studies have revealed 
that, although a small reagent such as tri- 
methylphosphite apparently cannot discriminate 
between the two cobalt centres in 10 and so yields 
a SO/SO mixture of products 13a and 13b, a much 
bulkier reagent, viz., tricyclohexylphosphine, does 
exhibit partial discrimination (70/30) as indicated 
by 31P NMR data for 14a and 14b.13 

138 R - Be0 

14a A - cyclohcxyl 

13b R - Mao 

14b R - cyclohrxyl 

between one of the cyclopentadienyl rings and the 
74 9a, lla, 12~ and 14a protons of the steroidal 
ligand. 

In effect, these dimetallic complexes of steroidal 
alkynes are merely [R*WHJ(MLJ, clusters in 
which the R* group is not only chiral but also of 
known absolute configuration. Thus, the two metal 

Our current activities are focussed towards plac- 
ing the chiral auxiliary closer to the diastereotopic 
metal centres. A general route to Co3(C0)&-OR 
clusters has been developed by Patin and col- 
leaguesz4 and Scheme 3 shows how we are applying 
these concepts towards the rational syntheses of 
chiral clusters of known absolute configuration. 
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#*y 
OH 

3. He1 

Scheme 3. Synthetic route to CpMoCoz(CO)&-R* clusters containing a chiral capping group; in 
this case, R* is derived from (+)-menthol. 
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ORGANOMETALLIC COMPOUNDS OF THE 
LANTHANIDES-XL.* RECENT DEVELOPMENTS IN 

ORGANOLANTHANIDE CHEMISTRY 

H. SCHUMANN,~ I. ALBRECHT, M. GALLAGHER, E. HAHN, C. JANIAK, 
C. KOLAX, J. LOEBEL, S. NICKEL and E. PALAMIDIS 

Institut fiir Anorganische und Analytische Chemie, Technische Universitgt Berlin, 
D-1000 Berlin 12, F.R.G. 

Abstract-Lanthanide trichlorides LnCl, react with pentamethylcyclopentadienyl alkali 
metal derivatives with formation of novel compounds of the type C,Me,LnCl,ML, (M = 
alkali metal, L = donor solvent like Et,O, THF, DME). X-ray structural investiga- 
tions showed that YbC13 reacts with KCSMes in THF and DME with formation of 
[K(DME),][K((C,Me,Yb)3C18K(DME)2)~. Compounds of the type CpzLn@CH3)zLiLz 
and [Li(TMED),][CpLn(CH,),] are useful starting materials for the synthesis of new 
organolanthanide derivatives with bonds between the lanthanides and other elements. 
By their reactions with ‘BUSH, PhSeH, Ph,PH, and Ph2AsH, e.g. the new organolutetium 
compounds (C5Me5)2Lu(~-S’Bu)2Li(THF)Z, (C5H5)zLu~-SePh)2Li(THF)2, (CSH&Lu(p- 
PPh*)*Li(TMED), and (C5H&Lu(p-AsPh&Li(TMED) could be synthesized and 
characterized by X-ray structural analyses. Dicyclopentadienylsamarium chloride reacts 
with trimethylsilyl lithium in DME with formation of [Li(DME)3][(C,H,),Sm(SiMe3)& 
whereas in the reaction of (C,H,),Sm@-Cl),Na(DME) with LiGeMe3 redistribution 
occurs with formation of hexamethyldigermane and [Li(DME),][(C,H,),Sm-Cl- 
Sm(C,H,),]. The same anion is formed in the reaction of NaCl with (C5H5)$3m in 
DME. Finally LiN3 reacts with (C5H&Sm in DME with formation of the complex 
[Li(DME)3][(C5H5)3Sm-NNN-Sm(C5H5)3]. 

Organometallic compounds of the lanthanide 
metals are among the very newest organometallic 
compounds. ’ With the exception of cerium, 
which forms dicyclooctatetraenylcerium(IV)2 and 
europium, samarium and ytterbium, which form 
cyclopentadienyl and pentamethylcyclopentadienyl 
lanthanide(I1) derivatives,3 all the other rare earth 
metals form only organometallic compounds with 
the metal in the oxidation state Ln3+. Most of them 
have unsubstituted or substituted cyclopentadienyls 
bonded to the metal along with hydrogen, halogen, 
alkyl groups or alkoxides as additional ligands. 

Only a few examples of organometallic compounds 
of the hard Lewis acidic electropositive lanthanide 
metals with bonds to soft donors such as phos- 
phorus,4 arsenic’ and sulphur6 are known. Organo- 
metallic compounds with bonds between the lan- 
thanide metals and metalloids or metals like 

* For Part XXXIX, see S. J. Swamy and H. Schumann, 
J. Organomet. Chem., in press. 

7 Author to whom correspondence should be addressed. 

germanium, tin or even transition metals have been 
described in the literature, but they are only very 
poorly characterized. However, such compounds 
are of particular interest in organic synthesis 
because of the high reactivity of the probably co- 
valent Ln-X bonds, as well as for several catalytic 
processes because of the high degree of unsaturation 
around the large electropositive lanthanide metals. 

With respect to catalytic activity, organometallic 
clusters containing lanthanide metals with or with- 
out metal-metal bonds should be even much more 
interesting. Until now, no systematic research has 
been done in this field. 

PENTAMETHYLCYCLOPENTADIENYL- 
LANTHANIDE HALIDE CLUSTERS 

Lanthanide trichlorides react with pentamethyl- 
cyclopentadienylsodium in tetrahydrofuran in 
the presence of ether or dimethoxyethane with 
formation of (C5Me5)2Ln@-Cl)2Na(Et20)2 or 
(C5Me5)2Ln(@l)2Na(DME)2,7 see eq. (1). 

2307 
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LnCl3 + 2 NaC5Me5 
THF, L NaL2 

Ln q SC, Y, La to Lu (except Pm) 

L = Et20, DME 

The X-ray structural analysis of (C,Me,),Pr(p- 
C1)2Na(DME)2 shows two slightly different inde- 
pendent molecules per asymmetric unit, both with 
bridging chlorine atoms between praseodymium 
and sodium7 (see Structure 1). 

In contrast, compounds of the type C,Me,LnCl, 
have been only poorly characterized. After the 
synthesis of the first derivatives of this class, CsMeS 
NdC13Na(Etz0)r8 and C5Me5YbC13Li(THF)g in 
1981, we studied the 1: 1 molar reactions of PrC13, 
YbC13 and LuC13 with pentamethylcyclopenta- 
dienylsodium and -potassium. PrC13 reacts with 
NaCSMes in diethylether with formation of green 
crystals, the analyses of which agree with 
the formula C,Me5PrC1,Na(EtzO). They decom- 
pose during some days with loss of NaCl to 
give C5Me,PrC1,(EtzO). The lutetium complex 
C,Me5LuC1,Na(EtzO)z could be isolated in a 37% 
yield from the reaction of LuC13 with NaC5Me5 in 
ether. 

YbC13 reacts with K&Me5 in THF in the 
presence of DME with formation of blue crys- 
tals, which decompose above 250°C. The X-ray 
structural analysis proves the complex to be 
built up from six C5Me,YbC1,, four KC1 and 
seven DME units forming a cation-anion pair, 

[K(DME),I’[K((C,Me,Yb),C1,K(DME)z>zl-, see 
eqs (2H4). 

PrCl3 + NaC5Me5 
THF, Et,0 _ 

(1) 

In the anion, two clusters each consisting of three 
C5Me,YbC12 units and one two-fold coordinated 
KC1 unit are connected symmetrically to a central 
KCl; anion. Thus, the central K atom is sur- 
rounded octahedrally by six Cl atoms at a distance 
of 3.11 A. This distance corresponds with the K-Cl 
distances in ionic, crystalline potassium chloride 
(3.14 A). The Yb-Cl distances are shorter and 
have values between 2.62 and 2.94 8, (see Structure 

2). 

ORGANOLANTHANIDE-SULPHUR, 
-SELENIUM, -PHOSPHORUS AND 

-ARSENIC COMPOUNDS 

The X-ray structural analyses of some of the few 
organolanthanide compounds containing tran- 
sition metals prove that there are no direct 
lanthanide to transition metal bonds. Thus, in 
(C,Me5),Yb-OC-Co(CO)&IHF)‘o for example, 
the metals are bridged by a carbonyl group, form- 
ing a lanthanide-isocarbonyl linkage. On the other 
hand the first organolanthanide compounds con- 
taining the “soft” elements phosphorus or arsenic, 
(C5H5)2LnP(t-C4Hg)24 or Ln[As(t-C4H9)J3,’ show 
real lutetium to phosphorus or lutetium to arsenic 
bonds, respectively [see eqs (5) and (6)]. 

F\ 
Pr- Cl- Na-0Et2 

\CI’ 
dec. 30% 

# 

I 
Cl 

Cl’ 
PJ 

‘OEtp 

Cl 

L&l3 + NaC5Me5 
THF, Et20 

* f 

LuGI1Na/ 
OEt2 

‘Cl’ ‘OEt2 

Cl I 
THF, DME 0 

YbC13 + KC5Me5 

)@I 

Yb< Cl? K’ 

Cl’ ‘7 
> 

K4(C5Me5)6Yb6Cl,6(DME), B 6 C@e5YbC12* 4 KCI * 7 DME 

(2) 

(3) 

(4) 
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C6 c7 

Structure 1. 

Structure 2. The anion [K((C,Me,Yb)&K(DME),),]-. 

z(CgH&Ln-PLBu2+LiCl (5) 

LnC1,+3LiAs’Bu,---+ THF Ln(As’Bu,),+ 3LiCI. (6) 

We have now found a simple, versatile route to 
this interesting class of compounds via the elim- 
ination of methane from complexes of formulae 
shown below by acidic compounds like HSR, 
HSeR, HPRz or HAsR,, see Structure 3. 

Bis (pentamethylcyclopentadienyl) lutetiumdi @ - 
methyl)bis(tetrahydrofuran)lithium reacts with t- 
C4H9SH in ether at -78°C with formation of 
(CSMeS)zLu@-SC4H&Li(THF)zr’ [see eq. (711. 
[Li(TMED)J[C,Me,Lu(CH,),] which exists as an 
ion pair, reacts with t-C,H,SH with formation of a 
complex, in which the lithium atom is bridged via 
sulphur to lutetium [see eq. (8)]. The NMR spec- 
trum shows only one signal for the three tert-butyl 
ligands, proving a rapid exchange between terminal 
and bridging tert-butylsulphide ligands. 

+ 2 CH$ 

113% (dec.) 

(7) 
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I[ 
% 

/H3 

I + 3 tBuSH 
Et20 P” 

Li(TMED)2 Lu -CH3 

‘CH3 

Lu& /%3” 

\ 
\ 

+ 3 CH, 

s cc Li( TMED) 
(81 

tB< 
m.p.: 26O’-‘C [dec.) 

Et20 
_,CH(Li(THF)2 + 2 HSeC6H5 - 

2 + 2 CH 
4 (9) 

The X-ray structural analysis of the bis- to the above sulphur derivative, a folded four-mem- 
(cyclo~entadienyl)lutetium derivative shows the bered ring with the lutetium and the lithium being 
lu~ti~ atom in a distorted tetrahe~al environ- bridged by two phenyl~leno groups as shown in 
ment consisting of the centroids of two cyclopenta- Structure 5. The dihedral angle is 166.5”. In contrast 
dienyl rings and the two bridging sulphur atoms. to the sulphur analogue, both phenylseleno groups 
A dihedral angle of 168.7” is found between the are on the same site of the ring. The Lu-Se dis- 
Sl-Lu--S2 and Sl-Li-S2 planes ’ ’ as shown in tances (2.80 A) are the same order of magnitude as 
Structure 4. the Lu-S distances (2.72 A). 

Di~clo~n~~eny~uteti~~~-me~yl)bis(~~a- 
hydrofuran)lithium reacts with phenylselenol in 
ether with formation of the first organolanthanide 
compound containing an Ln-Se bond as shown 
in eq. (9) The compound darkens on exposure to 
light with the formation of diphenyldiselenide. 

The X-ray structural analysis shows, in analogy 

Diphenylphosphine reacts with (C~H~~~Lu~- 
CH,),Li(THF), in ether or toluene at room tem- 
perature with elimination of methane yielding the 
dicyclopentadienyllutetium bis(phosphine) com- 
pound. I2 The NMR spectroscop ic control of the 
reaction proves the stepwise CH3 substitution, see 
eq. (10). 

B = THF, Et20, B2 = TMED, DME 

] [ Li(TMEW2] [ 
c”3 

LnlCH3 3 
‘CH3 

Structure 3. 

Structure 4. 
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H /CH3- 
dNCHf Li(THF)* + HPPhZ 

4 

Li(TMED) + HAsPh 2 x> 
&&‘CH( 

4 

(C5H5)2Lu@-CH3)2Li(TMED) reacts similarly, 
the only difference being that the complex formed 
contains one molecule of toluene per two organo- 
lutetium molecules in the crystal. In both cases, 
the PI-Lu-P2 and Pl-LiP2 planes form an 
angle of 148.7” in the four-membered ring system, 
see Structure 6. 

(11) 

The same method of preparation led to the suc- 
cessful isolation of the analogous arsenic com- 
pound. Via the monosubstitution product, moni- 
tored by NMR, dicyclopentadienyllutetium bis(di- 
phenylarsino)lithium(tetramethylethylenediamine) 
is formed as yellow, air-sensitive crystals [see eq. 

(1111. 

cc&J 
Structure 5. 
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Structure 6. 

The X-ray structural analysis shows the same 
ligation system as in the analogous phosphorus 
complex with an Lu-As distance of 2.88 A, an 
Li-As distance of 2.7 A, and a dihedral angle of 
the four-membered ring of 152” (see Structure 7 for 
details). 

ORGANOLANTHANIDE-SILICON AND 
-GERMANIUM COMPOUNDS 

Some years ago we reported the synthesis of the 
first lanthanide triphenylgermyl and triphenyl- 

stannyl complexes of the Ln(E(C,H,),), and 
(C5H5)zLn-E(C6H5)3 type (E = Ge, Sn) from 
LnCl, (Ln = Pr, Nd, Gd, Er) or (C5H&LnC1 
(Ln = Er, Yb) and LiE(C,H,), (E = Ge, Sn).13 The 
purification of these compounds, which contain 
different amounts of THF, was very dillkult and 
therefore a characterization by X-ray structural 
analysis was not possible. 

However, recently we have been successful in syn- 
thesizing the first organometallic compounds with 
lanthanide to silicon bonds, using the reaction 

Structure 7. 
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between ~cyclo~ntadienyllantha~de chlorides 
and lithiotrimethylsilane in DME at - 78°C : l4 

(CgHS),SmCl+2LiSiMe3 -+ 

SiMe, 
/ 

[Li@MEhI (WQ2Sm 

[ 1 +LiCl (12) 
\ 

SiMe, 
yellow, dec.p. : 86°C 

ELi@ME),lttC,H,),Dy(SiMe,)~ 
tan, dec.p. : 92°C 

[Li(DME),I[(CSH5)*Ho(SiMe3)21 
yellow, dec.p. : 68°C 

[Li(DME)31[(C,H,)2ErtSiMe3)~ 
pink, dec.p. : 73°C 

[Li(DME)31[(C5HS)2Tm(SiMe3)~ 
green, dec.p. : 74°C 

ILi(DME)311(C5HS)2Lu(SiMe3)21 
colourless, deep. : 87°C. 

derivative shows a discrete cation-anion pair. 
At 80 K, the lithium cation is coordinated with three 
DME ligands resulting in coordination number six 
for Li. The anion is composed of two cyclo- 
pentadienyl and two ~e~ylsilyl ligands arranged 
in a distorted tetrahedral fashion around the sam- 
arium atom as shown in Structure 8. The Sm-Si 
distances are 2.88 A, and the length of the Sm-C 
bonds varies between 2.582 and 2.637 A, which is 
very short in comparison to the Sm-C bonds in 
other cy~lo~ntadienylsama~~ derivatives, indi- 
cating a partially covalent bonding in the bonds of 
the cyclopentadienyl rings to samarium. I4 

Lithiotrimethylgermane does not react with di- 
~yclo~n~dienyllanthanide chlorides in the same 
way. (C~H~)2Sm~-Cl)2Na~ME) and LiGe(CH& 
react in pentane first with the formation of hexa- 
methyldigermane and ligand redistribution at the 
samarium atom yielding tricyclopentadienylsam- 
arium, which on its turn reacts with chloride ions 
present in the reaction mixture, to give yellow 
[Li(DME)~][(C~H~)3Sm-Cl-Sm~C~H~)3] : 

/“\Na(DME) + LiGeMe 

fLi(DME),lt(C~HS)~SmfGeMe3)21 

G&Mm X 

‘Cl’ 
t 

/“\Srn(C [WDMJ331tGW3Sm SH s)3] 

yellow crystals, dec,p. : 192°C. 

+Me,Ge-GeMe3. (13) 

The coloured complexes are extremely sensitive 
toward moisture and air. They decompose slowly 
at room temperature, even when kept in an argon 
atmosphere. The molecular structure of the Sm 

We could isolate the same complex, along with 
other unidentified products, from the reaction 
of (C2H5)3SiH with (CSHJ2Sm@-CH,),Li(DME) 
which was contaminated with (CSHJ2Sm@- 

Structure 8. 
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Structure 9. The anion [(C5H5)3Sm-C-Sm(C,H,),1-. 

Cl),Li@ME). X-ray structural analysis of both 
samples gave exactly the same result: a cation- 
anion pair, with the anion formed from two tricy- 
clo~n~eny~~~ units bridged by a chlorine 
atom, as shown in Structure 9. The Sm-Cl-Sm 
unit is angled by 146.5” and both Sm-Cl dis- 
tances are 2.82 A. Some years ago, we found an 
analogous structural situation in [Na(THF)J 
[(C~H~)~Lu-H-Lu(C~H~)~], where a hydrogen 
atom forms the bridge between two tricyclopenta- 
dienyllutetium units. ” 

However, the reaction of (C5H&Sm(p- 
CI),Na(DME) with a four-fold excess of 
LiGejCH,), leads to the fo~ation of an organo- 
metallic compound containing Ge-Sm bonds. 

Elemental analyses and NMR spectra indicate a 
cation-anion pair with two tricyclopentadienyl- 
samarium units now bridged by a trimethylger- 
manium ion : 

(C,H&Sm’C11Na(DME)+4LiGeMe3+ 

‘Cl/ 

(GHASm Sm(C,H& 

[Li(DME),I ‘Ge’ ’ 
Me3 I 

(14) 

Structure 10. The anion [(CSH,),Sm-NNN-Sm(C,H,)J. 



Organometallic compounds of the lanthanides-XL 2315 

The apparently high stability of the Acknowledgements-We thank the Deutsehe For- 
[(C,H&Sm-Cl-Sm(C,H,),]- anion, as well schungsgemeinschaft and the Fonds der Cbemischen 

as that of the corresponding H bridged ion Industrie for generous support and the TU Berlin for 

[(CSHZ)3Lu-H-L~(CSH5)3]- focused our inter- special grams in connection with partnership agreements 

est to the synthesis of anions built up from two between the TU Berlin and the M.I.T., Cambridge, MA. 

other tricyclopentadienyllanthanide units bridged 
by different anions. REFERENCES 

First we could demonstrate that both the known 1. H. Schumann, Angew. Chem. 1984, %, 475 ; Angew. 
complexes of this type, [Na(THF)6][(CgH5)3Lu-H Chem., Int. Ed. Engl. 1984, 23,474. 
-Lu(CsH5)J and [Li(DME),][(C,H,),Sm-Cl- 2. A, Streitwieser, S. A. Kinsley, J. T. Rigsbee, I. L. 

Sm(C,H&], can be prepared straight from tri- Fragala, E. Ciliberto and N. Riisch, J. Am. Chem. 

cy~lo~ntadieny~utetium and sodium hydride or Sot. 1985,107,7786. 

tricyclopentadienylsamarim and lithium chloride, 3. W. J. Evans, Po&hedron 1987,6, 803. 

respectively. Tricyclopentadienylsamarium also 4. H. Schumann and G. M. Frisch, 2. Naturforsch. 

reacts with lithium azide in the same manner 
1981, Mb, 1244. 

yielding the corresponding azide-bridged com- 
5. H. Schumann and G. M. Frisch, 2. Naturforsch. 

plex : 
1982,37b, 168. 

6. T. D. Tilley, R. A. Andersen, A. Zalkin and D. II. 
Templeton, Inorg. Chem. 1982,21, 2644. 

2(CSH&Lu + NaH z ma(THF),] 
7. H. Schumann, I. Albrecht, J. Loebel, E. Hahn, 

M. B. Hossain and D. van der Helm, Orguno- 

E(C,H,),Lu-H-Lu(C,H,),I WI metallics 1986,5, 1296. 
8. T. D. Tilley and R. A. Andersen, Inorg. Chem. 1981, 

2(CSH,),Smf LiCl= [Li(DME),] 20, 3267. 
9. P. L. Watson, J. F. Whitney and R. L. Harlow, Znorg. 

E(CSHS),Sm--C1--Sm(CSH,),l fJlj) Chem. 1981,20,3271. 
10. T. D. Tilley and R. A. Andersen, f. Chem. Sot., 

2(CSH,)$m+ LiN,% [Li(DME)J Chem. Commun. 1981,985. 
11. H. Schumann, I. Albrecht and E. Hahn, Angew. 

[(CSH5)3Sm-~-Sm(CSH5)31. (17) Chem. 1985, 97, 991; Angew. Chem., Znt. Ed. Engl. 
1985,24,985. 

The X-ray structural analysis of the yellow crys- 12. H. Schumann, E. Palamidis, G. S&mid and R. 

tals formed shows again an anion built up from two Boese, Angew. Chem. 1986,98,726 ; Angew. Chem., 

tricyclopentadienylsamarium units, bridged via a Int. Ed. Engl. 1986, 25, 718. 

linear N; anion (see Structure 10 for details). The 13. H. Schumann and M. Cygon, J. Organomet. Chem. 

following distances and bonding angles have been 
1978,144, C43. 

determined : Sm( 1)--N(3) : 2.47 and Sm(2)-N( 1) : 
14. H. Schumann, S. Nickel, E. Hahn and M. J. Heeg, 

2.48 A; N(l)--N(2): 1.13 A; N(2)---N(3): 1.17 ii; 
Org~nometa~iics 1985,4,800. 

15. H. Schumann, W. Genthe, E. Hahn, M. B. Hossain 
Sm( l)-N(3)-N(2) : 151’ ; Sm(2)---N( 1)-N(2) : and D. van der Helm, J. Organomet. Chem. 1986, 
134”; N(l)-N(2)-N(3) : 176”. 299,67. 



Polyhedron Vol. 7, No. U/23, pp. 2317-2320. 1988 
Printed in Great Britain 

0277-5387/88 s3.oo+.c4 
6 1988 Pergamon Press plc 

CLUSTER OF CLUSTERS: A NEW SERIES OF HIGH 
NUCLEARITY Au-Ag CLUSTERS 

BOON K. TEO 

Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607, U.S.A. 

Abstract-The structure of a novel series of bimetal~c Au-Ag clusters con~i~ng 25 
(Aur3Agi2), 37 (Au18Ag,,), and 38 (Au,,Ag,) metal atoms is discussed. The most interesting 
structural characteristic of these clusters is that they can be considered as being built from 
13”atom centred icosahedral cluster units. Thus, the 25-atom cluster can be considered as 
two icosahedra sharing a vertex ; the 37- and 3%atom clusters as three icosahedra sharing 
three vertices in a cyclic manner plus one and two capping atoms, respectively. These 
observations led to the concept of “cluster of clusters”. It is predicted that tetrahedral, 
trigonal-bipyramidal, and pentagonal-bipyramidal arrays of vertex-sharing icosahedra will 
give rise to nuclearities (10n + 6) of 46-, 56- and 76-atom clusters, respectively. One exception 
to the rule is the 127-atom icosahedral cluster which is formed by 12 centred icosahedra 
sharing 30 corners. Here the icosahedral hole created by the 12 icosahedra is filled with one 
additional atom. It is suggested that the idea of “cluster of clusters” may provide new 
pathways to novel high nuclearity supraclusters via vertex-, edge-, and face-sharing and/or 
close-packing of smaller cluster units as building blocks. 

Recently, developments in cluster synthesis’ have 
produced many high nuclearity metal clusters with 
metal arrangements resembling fragments of met- 
allic lattices.2-‘2 A special class of metal clusters is 
the heteronuclear or mixed-metal clusters’@-‘2 con- 
taining more than one type of metals which we 
shall refer to as “metal alloy clusters”. 

Advances in gold phosphine chemistry have pro- 
duced a great number of novel gold-containing 
clusters.‘3”‘28 Our work in this area focuses on 
large Au-Ag clusters containing a few dozen metal 
atoms.2q-3’ Unusual optical, electronic and mag- 
netic properties of these and related clusters 
have been observed.32* In this paper, we will dis- 
cuss some of our recent results on the structures 
of these large metal alloy clusters based on the con- 
cept of “cluster of clusters”.29-31 

Recently, we reported the structure of a novel 2% 
atom cluster2’ containing 13 Au and 12 Ag atoms 
prepared by reducing a mixture (Au : Ag = 1: 1) of 
Ph,PAuCl and (Ph$‘).,Ag&&4’ with NaBH, in etha- 
nol. The metal framework (Fig. lc) can be con- 
sidered as two Au-centred Au7Ag, icosahedra 
sharing one vertex. The cluster can also be viewed 
as having a metal arrangement of l(Ag) : I : 
l(Au) : 5(Ag) : l(Au) : 5(Ag) : l(Au) : I : l(Ag). 
In this respect, the Z-atom cluster is related 
to [Au,3~Me2Ph),&l~3’42 (Fig. la) and [Ptj9 
(CO)22]4- 43 (Fig. lb) which has a metal 

%3 p+ts Au&We 

(a) (b) (c) 

Fig. 1. Metal frameworks of (a) Au13, (b) PtIq, and (c) 
Au,3Ag,2 clusters. 

arrangement of 1:5:1:5:1 and 1:5:1:5:1:5:1, 
respectively. It is worth mentioning that the ad- 
jacent metal pentagons in the cationic Au13 and 
Au13Ag,, clusters are staggered (hereafter desig- 
nated as s) with respect to one another, giving rise 
to icosahedral (or bicapped pentagonal anti- 
prismatic) cages, whereas those in the anionic Pt19 
cluster are eclipsed (hereafter designated as e), 
giving rise to bicapped pentagonal prismatic cages. 

We also succeeded in isolating and structurally 
characte&ing a novel 38-atom cluster [(~-To~,P)~~ 
Au,8Ag&l,4]M from a similar reaction. 

The metal framework of the 3%atom cluster is 
shown in Fig. 2 (top view) and Fig. 3a (side view). 
It can be described in a number of ways. The most 
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s e s 

0 Au 

0 Ag 

Fig. 2. The metal framework of the 38-atom cluster (p- 
Tol,P) , *Au 1 ,Ag,,,Cl 1 4 (not all metal-metal bonds are 

shown). 

obvious description is based on the close-packing 
or nearly close-packing of metal atoms. In this 
description (Fig. 2a), imagine a two-dimensional 
close-packing of 12 Au atoms (designated as solid 
circles) resulting in a v2 triangle (centre) and three 
vi triangles sharing corners. Above and below the 
three small triangles are six more Au atoms con- 
ceptually changing the smaller triangles into tri- 
gonal bipyramids. Above and below the central 
(large) triangle are eight Ag atoms (open circles) 
arranged in a tetrahedral array, giving rise to a v2 

TEO 

trigonal bipyramid. On the three edges are 12 Ag 
atoms, six above and six below the plane of the 12 
Au atoms. 

A better description is based on the idea of build- 
ing up a cluster by sharing vertices (corners). In 
this case, the metal framework (Fig. 2b) can be 
visualized as three Au-centred Au,Ag, icosahedra 
sharing three corners in a triangular arrangement, 
thereby giving rise to a 3 x 13 - 3 = 36 metal atom 
cluster; two more exopolyhedral Ag atoms are 
added to the top and the bottom Ag, triangles 
along the three-fold axis. 

We have also synthesized and structurally char- 
acterized a novel 37-atom cluster [(~-To~~P),~ 
Au18Ag19Br11]2+.31 The metal framework is depicted 
in Fig. 3b (side view). The 37-atom (Fig. 3b) is 
related to the 38-atom (Fig. 3a) cluster via removal 
of one of the two Ag+ ions exo to the 36-atom 
cluster “main frame” which can be approximated 
as a three- or five-layer structure (Fig. 3). 

The most interesting structural characteristic of 
the clusters mentioned above is that they can be 
considered as being built up from 13-atom centred 
icosahedral cluster units (Fig. 4a). If each icosa- 
hedron is represented by a sphere, one can envisage 
close-packing of such close-packed spherical icosa- 
hedra to form supraclusters (s,) as depicted in Fig. 
4. Thus, the 25-atom cluster s2 (Fig. 4b) can be 
considered as IWO centred icosahedra (13-atom clus- 
ter) sharing a vertex. Likewise, the 38- and 37- 
atom clusters can be considered as three centred 
icosahedra sharing three vertices in a cyclic (tri- 
angular) manner (36-atom cluster s3, Fig. 4c) plus 
two or one capping atoms, respectively, on the 
three-fold axes. These observations led to the con- 

(b) 
Fig. 3. Side views of the metal framework of (a) 38-atom and (b) 37-atom clusters. 
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Fig. 4. Supracluster s, formed by n centred icasahedra (nuclear&y in p~en~e~) : (a) sI (13) ; (b) s2 

(25) ; Cc) ~3 (36) ; (4 ~4 WI ; 69 ~5 (56) ; 0-l ~7 (76) ; (g) SIZ (127). 

cept of “cluster of clusters”.3>/It is predicted that 
tetrahedral (se), t~gonal-bipyr~dal (s5), and pen- 
tagonal-bipyramidal (s7) arrays of vertex-sharing 
icosahedra will give rise to nuclearities (IOn + 4) 
of 46-, .56- and 76-atom clusters, respectively, as 
depicted in Fig. 4d-f. One exception to the rule is 
the 127-atom icosahedral cluster s, 2 (Fig. 4g) which 
is formed by 12 centred icosahedra sharing 30 cor- 
ners. Here the icosahedral hole created by the 12 
icosahedra is filled with one additional atom. 

We are currently engaged in the synthetic and 
structural investigations of large Au-Ag clusters s, 
with ~13 3 shown in Fig. 4. 

It is suggested that the idea of “cluster of clusters” 
may provide new pathways to novel high nu~le~ty 
supraclusters via vertex-, edge-, and face-sharing 
and/or close-packing of smaller cluster units as 
building blocks. 
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Abstract-The desirable aim to create uniform naked metal clusters still fails. On the other 
hand, there exist many ligand stabilized clusters. If there was any possibility of eliminating 
the ligand sphere, a wide field of study, naked clusters of the same size, could be opened. 
Naked clusters with a magic number of metal atoms (full shell clusters) should have a 
special stability because of their complete outer geometry. Two-shell clusters of the 
type M5SL,2C1x (M = Au, Rh, L = PPh3, x = 6; M = Rh, Ru, L = P(t-Bu),, x = 20, 
M = Pt, L = As@-Bu),, x = 20 ; M = Co, L = PMe,, x = 20) seem to be suited for studying 
those problems. As can be seen from HRTEM images and from other investigations, they 
have a cubic close packed structure (ccp) with the outer geometry of a cuboctahedron. The 
12 vertices are coordinated by the 12 ligands L, and the chlorine atoms partially fill the 
gaps between the phosphine or arsine molecules. The nature of the ligands makes the cluster 
molecules soluble in organic solvents. The transfo~ation into water soluble compounds 
succeeds if PPh3 is exchanged by the hydrophilic derivative Ph~PC~H~S03Na.2H~0. So, 
the cluster Au5,(Ph2PC6H4S03Na * 2Hz0), 2C16 can be obtained as a very stable (in contrast 
to Au55(PPh3),2C16) water soluble compound which is completely dissociated in aqueous 
solution. Using a 100 kV electron beam, small crystalline areas of probably intact cluster 
molecules can be imaged by TEM. The giant cluster Pd&phen)360,9~200 @hen = 
phenan~ro~ne) is obtained by reduction of pajama acetate with H2 in the presence 
of appropriate amounts of phen with subsequent oxidation by oxygen. The generation of 
naked clusters indeed succeeds if the MSJLI $1, species are degraded in solution by 20 V 
d.c., using Pt electrodes. The ligand sphere together with the outer shell of metal atoms is 
eliminated, generating the inner naked M 1 3 nuclei. These full-shell particles are metastable 
and build up novel structures. The structural principle can be described as an aggregation of 
13 M I 3 particles, combined in a kind of close packed a~angement. The (M 1 3) 1 3 superclusters 
again act as building blocks and form particles [(Mr3)r31n. This construction principle is 
realized for all metals in this investigation, i.e. Au, Rh, Ru, Pt and Co. 

A predominent number of ~~-nuclea~ty tran- 
sition metal clusters consist of close packed struc- 
tures, either hexagonal or cubic or sometimes 
of both types. This is obvious as large clusters 
can be understood as submicroscopic small metal 
particles. Consequently, clusters are very informa- 
tive objects to study the properties of aggregation 
from only a few (up to some hundreds) atoms, 
Little is known about naked clusters, as it is still 
a romantic project to generate uniform naked 
clusters. On the other hand, the physical and chemi- 
cal properties of naked clusters depend mainly on 
their size, not only on their structure. Numerous 
methods to generate naked metal clusters are 
known,’ but none is suitable for the formation of 
particles of the same size. 

If at all, those naked clusters should have a special 
stability which consists of a magic number of metal 
atoms, because these particles would have a com- 
plete outer geometry (full-shell cluster). If a central 
metal atom is surrounded by 12 others of the same 
size in a cubic (ccp) or hexagonal close packed 
(hcp) manner, the first magic number 13 is realized. 
Forty-two atoms form a second shell around the 
first 12 atoms, yielding the second magic number 
55. Generally, the nth shell consists of 10 n2+2 
atoms. Clusters of this type are nothing but 
cut-outs of typical metal startles. Most of 
the transition metals crystallize in a ccp or hcp 
lattice, There are many indications that full-shell 
clusters are more stable than others. The first 
evidence for this assumption was given in 1981, 
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(a) 
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Fig. 3. (a) Logarithm of the resistance of an Au55(PPh3),2Cls pellet plotted against T-‘I*. (b) 
Normalized resistance of an Au55(PPh3)12C16 pellet as a function of voltage at different temperatures. 

chance to yield large clusters. In the presence of a 
ligand excess only small clusters and complexes are 
formed. If one of the conditions mentioned here is 
not realized, the syntheses fail. The MS5 clusters 
have been investigated extensively by NMR spec- 
troscopy,6*7 magnetic,’ and conductivity measure- 
ments. 9 As an example, one result will be mentioned 
briefly. 

Pellets of M 5 gL, 2C1X clusters can be regarded as 
a system consisting of very small metal particles in 
a dielectricum. As is known from similar systems, 
e.g. dispersed metals in ceramics, they should 
behave like semiconductors, and indeed they follow 
the law Rexp(To/T)“’ (T,, = 5.7 x lo4 K). 

The diagram in Fig. 3 shows the relation between 
the resistance of an Auss(PPh3)1zC16 pellet and 
T-l'* , leading to a straight line (a). (b) gives the 

relation between the normalized resistance and the 
voltage at different temperatures. The problem in 
question is how the electrons move from one metal 
particle to the next. The advantage of our cluster 
system, compared with ceramics for example, is 
the uniformity of the cluster size and the cluster 
distances. 

Probably the most informative knowledge at 
present about structure and behaviour of large 
clusters comes from High Resolution Transmission 
Electron Microscopy (HRTEM).‘&14 

Figure 4 shows an image of a Ptss cluster with 
ccp structure along the [llO] direction, compared 
with the model. The high voltage used to yield that 
atomic resolution warms the sample up to an 
unknown temperature (estimated N SOOC). Under 
these conditions the ligand shell is lost and the clus- 

Fig. 4. HRTEM image and model of PtS5 in the [I lo] direction. 
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ter nuclei rearrange their structure very quickly. 
Therefore, the observation of ccp or hcp structures 
is accidental. Though the clusters are in a per- 
manent motion, icosahedral structures can be 
observed only rarely. The conditions in the micro- 
scope lead to evaporation processes, and crystal 
growth as well as crystal degradation can be 
observed in atomic steps. MS5 images have mean- 
while been observed from AuZS,io Pts5,i4 and 
RuSSI clusters. 

Earlier NMR investigations with different M55 
clusters showed us the ligand shell in solution to be 
extremely fluxional, e.g. the contact time of PPh3 
with the metal surface in a dichloromethane solu- 
tion of Au&PPh3)1zCls is only 3 ps if additional 
PPh3 is added. Due to that fluxionality, the ligands 
can easily be exchanged by others. For example, the 
mono puru-sulphonated triphenylphosphane,‘6 a 
water soluble compound, can substitute all the 12 
PPh3 ligands in AuSs(PPh3)1zCls.‘7 

At%(PPh3)1&16+ 12Ph2PC6H4S03Na 
inCH2CI, inH,O 

+ AuSS(Ph2PC6H4SO~Na),2C16+ PPh3 
inH,O in CH2C12’ 

If AuS ,(PPh,) , $&, dissolved in dichloromethane, 
is treated with an aqueous solution of Ph2PC6H4 
SO,Na, the ligand exchange occurs quantitatively 
in a few hours, in the course of which the cluster 
moves from the organic into the water phase. This 
is an excellent method of creating water soluble 
clusters. In aqueous solution Au#‘hzPC6H4 
S03Na)i2C16 is completely dissociated into 12 
Na+ and the 1Zfold negative anion [Au5#‘h2C6H4 
S03)12]‘2-. These solutions are highly stable 
compared with those of AU&PPh3)i2C16 in 
organic solvents, probably because of the high 
negative charge on the cluster surface, which leads 
to strong electrostatic repulsions. The higher sta- 
bility in water raises hopes to get crystals which 
cannot be obtained from organic solvents, due to 
the fast decomposition. 

The first indication for a crystallization we found 
by means of HRTEM images, using a 100 kV 
beam. I7 The low energy of the electron beam on the 
one hand and the increased stability of the com- 
pound on the other led to crystalline areas of cluster 
molecules with an intact ligand shell, when the 
water of the aqueous cluster solution was evap- 
orated from the grid. The distance of the observed 
columns (2.1 mn) agrees completely with the cal- 
culated diameter of the intact molecules. 

The distinct tendency of naked metal atoms 
to form full-shell clusters is impressively demon- 
strated by the synthesis of the giant cluster 

PddPhen)&90-2oo in which, of course, the exact 
number of oxygen atoms is not determined, and 
also the idealized number of 561 Pd atoms for a five- 
shell cluster may deviate to a certain extent. How- 
ever, as can be seen from the half-width of the lines 
in the X-ray spectra, the number of Pd atoms must 
be very close to 561, arranged in a ccp structure 
(diameter calculated in the [l 1 l] direction : 24.3 A, 
found: 24.3 A). A very similar compound with 
another ligand shell was described in 1985,” but 
the authors deduced an icosahedral structure from 
different measurements. Our Pds6 1 cluster is formed 
if palladium acetate is reduced by hydrogen in the 
presence of small amounts of phenanthroline 
(phen), followed by oxygenation with air. As the 
model in Fig. 5 shows, 36 phenanthroline ligands 
fit best with the cuboctahedral surface. There would 
be no place for one or two more phen groups. The 
isolation of that cluster occurs by ultra- 
centrifugation from an aqueous solution. After the 
precipitation, the compound becomes insoluble in 
water. If the solid material is treated with acetic 
acid, propionic acid, pyridine or acetonitrile, it 
becomes soluble again. We believe that, due to a 
hydrophobic/hydrophobic interaction between the 
phenanthroline and the hydrophobic end of the 
polar molecules, their hydrophilic ends show out- 
wards and enable the water solubility. This ligand- 
rich form of the cluster can be isolated by pre- 
cipitation from solution. Centrifugation again slips 
the outer shell off. Using Cl,CCOOH or 
F,CCOOH the outlined effect fails as no hydro- 
phobic/hydrophobic interaction is possible. In Fig. 
6 these conditions are shown schematically. 

The clusters M ssLl 2C1,, dissolved in dichloro- 
methane in a U-tube, show the phenomenon of 
electrophoresis I9 if platinum electrodes dip into 
water layers, covering the organic phase. Using 20 
V d.c., the cluster colour soon concentrates on the 
side of the cathode. The process is reversible. If 
the electrodes dip directly into the cluster solution, 
cluster degradation is observed, leading to a solu- 
tion of different metal complexes and a black met- 
allic precipitate. I9 The solid material contains new 
metallic modifications of the investigated metals 
(Au, Rh, Ru, Pt, Co). The X-ray powder diffraction 
data clearly prove at least two types of super- 
structures, the building blocks of which consist of 
ccp-packed naked M , 3 particles. They are probably 
formed by a degradation process on the platinum 
surface on both electrodes under the influence of 
the voltage during which the ligands, together with 
the outer cluster shell of 42 metal atoms, are elim- 
inated. The inner part of the original Mjg cluster is 
generated as metastable, naked one-shell clusters 

MIS. They are long-lived enough to create the 
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Fig. 5. Model of Pd56,(phen)36. 

observed novel structures. The M I 3 particles behave 
like individual molecules and aggregate to the first 
superstructure (M 1 J, 3 as a kind of a “pseudo ccp 
structure” of M 13 spheres. Not only M , 3 clusters 
aggregate via their triangle faces to (M 1 3), 3, but 
these M , 69 superclusters again behave as building 
blocks to form a second superstructure [(M, 3)1 J,, 

g= YH 
Finally in Fig. 10(d), the very important 8 x dzoO 

periodicity is demonstrated, looking along the [200] 
direction of Rui3 clusters. This periodicity proves 
the diameter of 15.2 8, for an (Ru, J 1 3 cluster which 
serves again as a building block, otherwise the Fig. 6. Schematically drawn situation in Pd,,,(phen)36 

0 ,9lh*oo with a second ligand shell of a carbonic acid. periodicity would not be explicable. The X-ray data 

with n >, 13. These very complicated events are best 
followed by studying Figs 7-10. 

In Fig. 7 the degradation process is shown 
schematically without ligands. Figure 8 demon- 
strates the aggregation of the M ,3 clusters up to 
(M 1 J 1 3 via the triangle faces. The growth to larger 
particles [(M 1 3) 1 Jn up to it = 13 is shown in Fig. 9. 
We believe that n is much larger than 13 because 
microcrystals, for example of the new gold modi- 
fication, have diameters of a few nanometers. The 
series lO(ad) shows (MI 3)1 3 superclusters, viewed 
along different directions, to demonstrate the archi- 
tecture of the superclusters in connection with the 
observed X-ray reflections. In Fig. 10(a) one of the 
13 Ru, 3 ccp clusters is drawn dark to elucidate the 
structure characteristics. We look along the [l 1 l] 
direction of the marked Ru 1 3 cluster and recognize 
that these rows are not only present in Ru,~, but 
also in the whole supercluster (Ru,,)r 3 (and of 
course also in [(Ru, 3) 1 J). In Fig. IO(b) two neigh- 
bouring Ru 1 3 clusters viewed along the [222] direc- 
tion are darkened. A new periodicity of 3 x dzz2 can 
be seen (grey shaded atoms). A 7 x dj3, period- 
icity is shown in Fig. 10(c), looking along the [331] 
direction of two Ru 1 3 clusters. 
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Fig. 7. Degradation of Mjg to M ,+ The ligands are omitted for clearness. 

Fig. 8. Formation of an (MI 3), 3 super cluster from M , 3 clusters, 
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Fig. 9. Formation of an [(MI 3), J 1 3 particle from Ml 3 clusters. From the right : an M , 3 cluster forms 
(M , J , 3. Each light grey sphere symbolizes an M , 3 cluster. Thirteen of these (MI 3)L 3 super clusters 
form the [(M , 3), J, 3 particle (left). Each large dark grey sphere symbolizes an (M , 3)1 3 building block. 

Fig. 10. Different views of an (M,3),3 particle. The data correspond here to M = Ru. (a) Viewed 
along the [ 11 l] direction of the ccp M , 3 clusters. One ML 3 cluster is drawn in black to elucidate the 
structure principle. X-ray data : 20 = 40.25”, d , , , = 2.24 A, calculated : 2.196 A. (b) Viewed along 
the [222] direction of the M , 3 clusters. The two grey shaded atoms show a new periodicity of the 
superstructure. It is 3 x &. X-ray data: 28 = 27.5”, d = 3.24 A, calculated: 3.294 A. (c) Viewed 
along the [331] direction of the M i3 clusters. Two Ml3 clusters are drawn in black. The grey shaded 
atoms show a new periodicity of the superstructure. It is 7 x d 33,. X-ray data: 20 = 14.5”, d = 6.11 
A, calculated : 6.108 A. (d) Viewed along the [200] direction of the M,3 clusters. A new periodicity 
is determined by the distance from the hrst (black) row to the last (black) row. It is 8 x d2,,0. X-ray 

data: 28 = 5.8”, d = 15.3 A, calculated: 15.216 A. 
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(d) 

Fig. 10 (continued). 

of all other metals prove corresponding structure 
principles as in the Ru case mentioned above. The 
Ru case is of special interest, as bulk Ru metal 
crystallizes in an hcp structure, whereas [(Ru, J1 J 
consists of ccp Ru 1 3 building blocks. 

The [(MI 3) 1 J metals are highly sensitive to oxy- 
gen besides in the case of gold. Therefore, first inves- 
tigations on the physical properties are carried out 
with [(Au 1 3) 1 J. Here we found that the new kind of 
gold gives rise to its own Miissbauer contribution.*’ 
The structure of [(Au,,), J is transferred into that 
of normal bulk gold at temperatures between 400 
and 500°C. These investigations are just beginning 
and will be carried out extensively in the near future. 

One disadvantage of all these metal samples 
should be mentioned. They are contaminated with 
normal metal particles which are also formed 
during the syntheses. We still do not have a 
method to avoid that. On the other hand, pure 
samples are required for many investigations of 
physical properties. 
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Abstract-The individual reaction steps that are believed to occur during the catalytic 
carbonylation of nitroaromatics to form isocyanates, carbamates, amines, and ureas are 
reviewed with focus on stoichiometric organometallic reactions that model the proposed 
reaction steps. Especially emphasized are recent studies that show how halides dramatically 
promote both the formation and carbonylation of imido ligands. These results provide 
insight into the role that halides play in the known halide promoted RUDER catalytic 
system for the formation of methyl N-phenylcarbamate from nitrobenzene, CO, and meth- 
anol [S. Cenini et al., J. Chem. Sot., Chem. Commun. 1984, 12861. 

Imido ligands (NR, nitrenes) attached to late 
transition metals are suggested intermediates in 
a number of catalytic reactions involving the car- 
bonylation of nitroaromatics to form a variety of 
other products (Scheme 1).‘y2 

Such reactions are known to be catalysed by both 
homogeneous and heterogeneous catalysts, but to 
our knowledge none have been commercialized, 
presumably because of poor catalyst selectivities 
and/or efficiencies. Direct formation of isocyanates 
from the relatively inexpensive nitro compounds is 
a potentially important reaction as it avoids the 
present use of toxic phosgene to prepare these 
versatile industrial intermediates. Also, important 

lation reactions. However, most mechanistic hypo- 
theses have invoked imido ligands at some stage 
in the process, ’ in part because they are known 
to readily derive from nitroaromatics (see below).3 
Scheme 2 presents a hypothetical reaction sequence 
for the formation of imido ligands via the stepwise 
deoxygenation of nitrobenzene, and Schemes 3-5 
outline ways in which these ligands can then be 
transformed into amines, isocyanates, ureas, and 
carbamates. 

The imido ligand has proven to be a highly flex- 
ible species, coordinating to both electron-rich and 
electron-poor metals in a variety of coordination 
modes as illustrated in I-V.4 It is generally known 

R 
.R E 

M=N-R M=N’ 
.:. 

M/h M<&M 
M-d 

I n: m m P 

products which now derive by addition of alcohols 
to preformed isocyanates are carbamates (ure- 
thanes) which find pesticide applications. How- 
ever, isocyanates can be hazardous intermediates, 
and direct routes to carbamates which avoid their 
intermediacy would be highly desirable. 

Although there has been a good deal of specu- 
lation, relatively little is known about the actual 
mechanisms of catalytic nitroaromatic carbony- 

*Author to whom correspondence should be addressed. 

that coordination modes I and II are associated 
with electron poor, “early” transition metals 
whereas only modes IV and V” have been seen with 
the more electron-rich “late” transition metals of 
the type which efficiently catalyse nitroaromatic 
carbonylations. 4 However, even though stable 
Group VIII metal imido complexes have these 
ligands attached as in IWand V, catalytically sig- 
nificant intermediates could possess the more reac- 
tive mononuclear and dinuclear coordination 
modes I-III. 

2331 
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0 /, R-N=C=O 

RNH-C 

/- tR'CH0 
RN=CHR' 

FRNH_c//O 

\ NHR' 

Scheme 1. 

Ph 

PhNOe + PhN 
e” +co 

-a -co, pflN=M 

Scheme 2. 

H\/ 
- M/--\-_M - 

‘h&i? 
M-M + RNHz 

\M’ 

Scheme 3. 

One effective way to more thoroughly understand 
the mechanism of a catalytic system as complex 
as nitroaromatic carbonylation is by conducting 
modeling studies using discreet organometallic 
complexes to test the feasibility of the proposed 

chemistry. This effect is best illustrated by the work 
of Cenini who showed that halides markedly 
improve both the selectivity and activity of the 
RUDE 2 catalytic system for producing car- 
bamates, eq. ( l).‘a.h Chloride ion was a substantially 
better promoter than bromide or iodide, and under 
comparable reaction conditions, its presence 
resulted in an increase in conversion from 36 to 
100% and an increase in selectivity for the car- 
bamate from 22.2 to 92.7% over that obtained in 
its absence.‘“,h 

0 

PhN02+CO+CH30H R”3(Co”2~Ph;-C 
/ 

,!ZZ;: 

+PhNH2 
\ 

82 atm. OCH3 

Eq. (1) 

(92.7%) (6.5%) 

(1) 

reaction steps. A few such studies related to this The following paragraphs summarize progress 
catalysis have been conducted, and the purpose of which has been made in modeling the individual 
this article is to review that work, with emphasis on reaction steps proposed in Schemes 2-5. We have 
our’ own research directed at unraveling the reasons not attempted to be completely comprehensive, but 
for the known promoting effect of halides in this have tried to cite the most important contributions 

+ co 
,-0 ArN=C=O + ROH - ArNH-C&R 

t 

Ar 1- 
+ROH 

+H+ * 
-H+ 

ArNH-C02R 

+ 2CH1 

ArNH, 
/p 

+ ArNH-CO,R 
‘NHAr 

Scheme 4. 
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Scheme 5. 

in these areas. Details of our own studies have been 
published elsewhere, 5,6 and this article reviews those 
results. 

MODELING STUDIES 

Formation of imido ligancis from nitroaromatics 

As illustrated by the example in eq. (2),3” this is 
a well-documented reaction, although the yields of 
the imido products are typically low. In addition to 

ligands when nitrosoaromatics are used as syn- 
thetic reagents (see below). The nitro to nitroso 
conversion may proceed via nucleophilic attack 
of the nitroaromatic on a metal carbonyl oxygen, 
as illustrated in eq. (3). However, this has never 
been directly proven and is a reaction sequence 
clearly in need of further study. Nitroaromatics 
are in general poor nucleophiles, a fact which 
probably accounts for the relatively low yields 
of imido clusters in synthetic reactions and 

Ph 

Ru,(CO),, + PhNO, + (CO), Ru (2) 

0 
I, 15% 

Ph 
2.10% 

Eq. (2) 

0 
\ 

//” 
C-M- 

Ar-N+ +M-C=O - 0’ ----+ Ar-N 
\ 

+COz+M. 
/ 

(3) 

O- Ar-N+ 

Rq. (3) 

the formation of the Ru3 imido clusters illustrated 
in eq. (2),3 the Fe, imido cluster Fe3@3-NPh)2(C0)9 
is known to form from the reaction of Fe,(CO) 1 z 
with PhN02.‘C*7 Similarly, the monoimido cluster 
~Fe3(~3-NPh)(CO)9]- has been reported to form 
in low yield upon reaction of [HFe,(CO), i]- with 
PhNOz.le 

Although speculative mechanisms have been pre- 
sented to explain the reduction of nitroaromatics to 
imido ligands,1c*3a nothing is really known about 
how this reaction occurs. It is likely that it proceeds 
via the stepwise deoxygenation of the nitroaromatic 
to first form a nitroso reagent which then undergoes 
further deoxygenation to yield the imido ligand 
(Scheme 2). This assumption is supported by the 
greatly increased yields of clusters with imido 

the forcing conditions generally needed in the cata- 
lytic transformations of nitroaromatics. 

In our studies of the effect of halides in nitro- 
aromatic carbonylation, we briefly examined the 
effect of halide ions on the synthetic reaction of 
eq. (2) but observed no improvement in yield nor 
increase in rate. 

Formation of imido ligands from nitrosoaromatics 

As illustrated in Scheme 2, the formation of imido 
ligands from nitroaromatics likely proceeds via a step- 
wise deoxygenation sequence to first form nitroso- 
aromatics, either coordinated or free. Indeed, 
Gladfelter has recently shown that imido clusters 
readily derive from nitrosoaromatics in good to 
excellent yields, eq. (4).* The reaction tolerates a 

Ar 

5?‘C 
MIKO),Z + ArNO - 

THF 

(M=Ru,Os) 2h (4) 
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diversity of aromatic substituents, and under the 
conditions given in eq. (4) a 46% yield of 1 
(M = Ru, Ar = Ph) was obtained compared to the 
15% yield of eq. (2). This reaction was also used to 
prepare the OS, analogs of 1 and 2, which cannot 
be prepared by the reaction of nitroaromatics with 
Os3(CO), 2. 8 Interestingly, reaction of PhNO with 
Fe3(CO)lZ gave only trace amounts of Fe,(p3- 

NPh),(CO)g, * in contrast to the known routes to 
this product using PhN02.1C*3 

We have found that halides sign@antly promote 
the formation of imido ligands from nitrosobenzene. 
As noted in eq. (4), the unpromoted reaction 
between RUDER and PhNO proceeds slowly at 
57°C to give 1 in modest yield.8 However, in the 
presence of one equivalent of halide, the reaction 
occurs within minutes at 22°C to give the halide 
substituted imido clusters 3a-c in near quantitative 
yield, eq. (5).6 Each of these anionic clusters was Fig. 1. 

Ru,(CO),p + PhN = 0 + [PPNI X 
22 “C, THF 

(PPN+ - (Ph,P),N+) 0 30, x=c1 
3b, X=Br 
Se. x=1 
3d, X-CN 

W. (5) 

(5) 

isolated as its PPN+ salt in high yield, and all 
were spectroscopically characterized. 6 In addition, 
cluster 3c as its [Na(l8-crown-6)]+ salt was crys- 
tallographically characterized (Fig. 1).6 Halides 
are known to react with Ru3(CO)i2 to rapidly form 
the substituted clusters [Ru~(J+X)(CO)~J, 48-c,’ 
and we have found that these species in turn react 
with PhN=O to form 3a-c with the half-lives given 
in eq. (6). Note that chloride is superior to iodide 
as a promoter, exactly as observed by Cenini in his 
catalytic studies of reaction (l).‘” 

Halides have been demonstrated to be effective 
promoters for ligand substitution reactions of 
Ru3(CO), 2, and although the mechanism has not 

been firmly established, clusters 4a-c may be inter- 
mediates in this process.’ Since the nitrosobenzene 
to imido conversion likely proceeds via deoxy- 
genation of a coordinated PhN=O ligand, we sug- 
gest that the halide promotion of the PhN=O reac- 
tion is simply a consequence of the halide pro- 
motion of substitution of PhN=O for CO. Note 
that the relative halide promoting ability of the 
ligand substitution reaction as found by Kaeszg” is 
exactly the same as that observed for reaction (6) : 
Cl- > I-. Furthermore, we have found that 
PhN=O reacts within seconds with Ru3(CO), 1 
(CH3CN)” at 22°C to form Ru3(p3-NPh)(CO),o 
in good yield, eq. (7). 

-- Ph 1- 
Ru (CO)+ 

ICO),Ru=Ru (CO), ’ 

I 
22V, THF (COjz / N\ 

+ PhN=O 
‘X’ X’ 

Ru’ s \ 

Ru (CO), 

/ 
\‘/‘: Ru (CO), 

+ co, 
(6) 

C’ 
4a-c 0 

30-c 

Eq. (6) 

Ru3(C0),~+CH3CN~Ru3(CO),,(CH3CN)~Ru3(~3-NPh)(CO),o. 
-M& -CH&N 1,51% 

Eq. (7) 

(7) 
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These various results indicate that the rate-limit- We have recently extended the methodology of 
ing step in the reaction of PhNO with Ru3(CO) 1 2 eq. (7) to improve the yield of OS&-NPh)(CO)iO 
to form Ru,&,-NPh)(CO), o is loss of CO and coor- to 40% from the 5% yield reported in Ref. 8 and 
dination of the nitroso reagent. Halides apparently have also prepared heteronuclear FeRu clusters by 
promote this process by promoting the ligand sub- this route, eqs (10) and (11). ” This appears to be a 
stitution reaction. We thus suggest the reaction general method for introducing imido ligands into 
sequence shown in eq. (8) with the nitroso reagent _ 

Ph 

Ru (CO)4 

slow 
Ru~(CO),1: + PhN=O - (CO) R”fiR” (CO) 4 = 

t ’ -co2 
(8) 

//N\ 
0 Ph 

0 

Eq. (8) 

bound to a single Ru atom via the lone pair of 
electrons on the nitrogen atom. This is a well-estab- metal clusters, and we are currently trying to extend 
lished coordination mode for nitroso ligands, as these syntheses to other heteronuclear species and 
indicated by the molecular structure of (CO)5W to the Co, Rh and Ir carbonyls. 
(Bu’N=O) shown in Fig. 2.” Exactly how the 
PhN=O deoxygenation proceeds is not known, 
but a metathesis-like reaction as illustrated in eq. 
(9) seems likely. Stepwise hydrogenation of imido liganris to form 

amine.9 

E O\\ c-o 
//o I I co2 Carbonylation of nitroaromatics in the presence 

RIJ- 
‘R - [ 1 Ru-N - (9) 

‘R 
R&4 

‘R 
of a hydrogen source often leads to the formation 
of aromatic amines, as illustrated by Calderazzo’s 

Bq. (9) catalytic reaction of eq. (12).ld 

Ph 

I. Me#lO/CH,CN ;\ Ru (CO) 
FeRu2(C0112 

2. PhN= 0 
* (CO&Fe - 7 \ / ’ 

\>Ru (CO), 
(35%) (10) 

C’ 
0 

Eq. (10) 

Ph 

I. Me,NO/CH,CN /N > Fe (CO) 
Fe,Ru(CO),, 

2. PhN=O 
c (CO&Fe c// \ 3 ( 34%) 

\,/, RIJ (CO), 

0 

(11) 

Eq. (11) 

PhN02+CO/H2 Ru3(Co)12 ’ PhNH2+ COz. 

I:1 
16s”c$‘atm. (- 266 tumovm/Ru) 

(12) 

Eq. (12) 

Diphenylurea is also produced at lower H2 par- 
tial pressures. Aniline has similarly been prepared 
from PhNOz using basic Fe3(C0)12 solutions in 
which the active reducing agent is apparently 
[HFe,(CO), J.‘“’ Cluster bound p3-NPh ligands 
have been invoked as key intermediates in both the 
Ru3id and Fe3” chemistry. 

This overall reaction has been effectively modeled 
Fig. 2. by Bhaduri and coworkers who demonstrated the 
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HRudp2 -NHPh)(CO),,, Ru,(/.wNPhXO),o 

Scheme 6. 

reactions shown in eq. (13) and who invoked the 
overall catalytic cycle shown in Scheme 6, with all 
the reaction steps now based on known trans- 
formations.ig The carbonylation of cluster 5 likely 
proceeds via initial formation of the known amido- 
hydride cluster 6, eq. (14),3a which then further car- 
bonylates to form the aniline product. The first 
step in reaction (14) has been firmly established by 
Vahrenkamp’s demonstration that this exact reac- 
tion readily occurs when the benzylimido analog of 
5 is heated to 135°C under 1 atm CO. I3 

in THF solution to give PhN=C=O and RUB 
under 170 atm of CO at 120”C,‘4 although we 
observed no reaction when lower CO pressures (4 
atm, 120°C 22 h) were used. However, a recent 
report by Bhaduri and coworkers showed that 
these carbonylations are markedly solvent depen- 
dent and that both 1 and Ru3(p-NPh)2(C0)9 form 
PhN=c---O and Ru3(C0)i2 when heated at 140°C 
under 20 atm of CO in CH3CN solutions. 

We have found that addition of one equivalent of 
halide to THF solutions of 1 dramatically promotes 

Ph 

+I+2 
N\ 

Ru, (p. - NPh)(CO),o - (CO),Ru PhNH* + Rus (CO),, 
-co (&;$;;p” +s 

3 
4h, 3atm 

5 
2h, IOatm 

MYC, hexane hexane 

Eq. (13) 

Ph 

KO&RU@~\~~~~” 
\p_ Ru(COl, +2co 

+ CO - (CO)3RU<Q& - PhNH, + Ru,(CO),, 
H- Ru(CO), 3 

(13) 

(14) 

5 6 

Eq. (14) 

Carbonylation of p3-imido ligands to form iso- 
cyanates 

As Scheme 4 illustrates, isocyanates should 
readily form by carbonylation of imido ligands. 
However, this has proven to be a particularly 
difficult reaction to accomplish, unless promoters 
are present (see below). The resistance of imido 
clusters to carbonylation is particularly well illus- 
trated by our high yield recovery of M3(p3- 
NPh)2(C0)9 (M = Fe, Ru) following attempted 
carbonylation at 120 atm, 150°C for 22 h in THF 
solution. 5*6 The mono(imido) cluster Ru3b3- 
NPh)(CO),, (1) is a bit more reactive, and Glad- 
felter has shown that it slowly (6.5 h) carbonylates 

the carbonylation such that it proceeds rapidly and 
under far milder conditions (22”C, 1 arm CO) than 
those noted above. The products of this reaction are 
PhN=C=O and the known halide-bridged clusters 
4a-c (Scheme 7).’ IR spectral changes showed that 
the halide promotion proceeds via the near instan- 
taneous formation of the substituted cluster anions 
3a-c. These can be isolated in high yield from the 
direct reaction of 1 with halides in the absence of 
CO, and they in turn react with CO to give the 
observed products. The half-life data given in 
Scheme 7 show that chloride is clearly the superior 
promoter, exactly paralleling the promoting order 
seen in Cenini’s catalytic reaction summarized in 
eq. (l).‘” 
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-co 
+[PPNlX - 

22 ‘C 
Clmin 

0 THF 
Ol 

3c, x=1 (94%) 

+ CO (latml 
22OC, THF 

Ru(COL l- 

’ \uCO) PhN=C=O t lCO),Ru- 
\X/ ’ 

40-c 

Scheme 7. 

Why are halides such effective promoters of the gested to derive by reversible attack of a transient 
imido carbonylation? The determined crystal strut- pL,-imido on a coordinated CO as in the W to VIII 
ture of 3c (Fig. l), gives no insight into why the conversion. l6 Further support for the mechanistic 
presence of the halide activates the cluster for this suggestion of eq. (15) comes from our observation 

R 
NT 

& 

MI >M” I e 
+ 2co 

‘M’ f 
- PhN=C=O 

\ . . 
PI X pn 

Eq. (15) 

(15) 

reaction. Indeed, the only notable structural conse- 
quence of the halide substitution is a movement of 
the p&O ligand closer to Ru(1) and away from 
Ru(2), but there is little change in Ru-Ru and 
Ru-N distances as compared to 1.3b However, it 
is clear that halides must somehow weaken the 
Ru-N bonds so as to allow the carbonylation to 
proceed. The observed halide promotion may be a 
consequence of the increased electron density on 
the cluster as a result of the halide substitution. 
This should weaken the N+Ru dative interaction, 
thereby facilitating the carbonylation. Arguing 
against this explanation is the observation that 
cluster 3d with X = CN- does not undergo car- 
bonylation under these relatively mild conditions,6 
even though the cluster charge is the same as when 
x = Cl-. 

We suggest that halides facilitate the car- 
bonylation reaction by assuming a bridging po- 
sition and displacing a N--rRu bond to form a 
dibridging imido ligand which then undergoes 
nucleophilic attack on a coordinated CO, eq. (15). 
Note that there is no change in cluster electron 
count in the VI + VII + VIII conversion, and these 
three species may actually be in equilibrium. In 
support of this suggestion we note that H,Os,@- 
RNCO)(CO),(PMe2Ph) (R = Bu’CH=N) has an 
isocyanate ligand bonded exactly as depicted in 
VIII, and furthermore this latter species was sug- 

than the CN- analog of 3 does not readily car- 
bonylate. This may be attributed to the fact that 
CN- is not a good bridging ligand and thus is not 
effective at displacing a PhN+Ru bond. 

Formation of carbamates via alkoxycarbonyl inter- 
mediates 

As illustrated in Scheme 4, the carbamate pro- 
ducts of nitroaromatic carbonylation could form via 
addition of alcohols to isocyanate intermediates, 
the latter formed by carbonylation of imido ligands. 
However, as originally suggested by Alperib and 
illustrated in Scheme 4, carbamates may also form 
by alkoxide attack on a carbonyl to form an alkoxy- 
carbonyl species which then couples with an imido 
ligand followed by protonation to yield the car- 
bamate product. Alkoxides are well known to form 
such alkoxycarbonyl ligands by this reaction with 

Ru3(CO),z,r7 but stable alkoxycarbonyl com- 
pounds do not form with Fe3(CO), z which was used 
in Alper’s catalysis. ‘7b However, we recently showed 
that a stable methoxycarbonyl cluster 7 results from 
addition of MeO- to the imido cluster Fe&+ 
NPh),(CO),, eq. (16). ’ This species was isolated as 
a red solid and was spectroscopically characterized. 
As illustrated in eq. (16), methyl N-phenylcar- 
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I 60-C, 16 h 
MeOH 

(16) 

(18%) 

bamate formed when the methoxycarbonyl cluster 
7 was heated in methanol solution, although the 
isolated yield was low. Air- or [Cp~Fe]~-indu~d 
oxidation of methanol solutions of 7 also gave the 
carbamate, with a signihcantly higher yield (61%) 
when [Cp2Fe]+ was employed. 

Methyl N-phenylcarbamate also formed in good 
yield when cluster 8 was subjected to eonditions 
identical to those used by Alper and coworkerslb in- 
the Fe3(CO)1z catalysed carbonylation of PhN02 
to produce the carbamate, eq. (17).5 

S NaoCI& Co/H&t a”.), PhN-C 
THF, WC, 12 h \ 

(17) 

OCH, 

Es. (17) 

(650/o) - 

initially generated ureas, as this is a well-established 
organic transformation. 

Ureas are also known to be products of nitroaro- 
matic carbonylation catalysis, and they can form 
either by addition of amines to isocyanate inter- 
mediates, or by a process similar to that discussed 
above involving formation of a carbamoyl ligand 
by amine attack on a coordinated CO and then 
~bamoyl-i~do eoupling, eq. (18). Although 
amines are well known to attack metal carbonyls 
to form carbamoyl ligands, the specific reactions 
outlined in eq. (18) have never been studied. We did 
observe that Fe,(p3-NPh),(C0)9, 8, slowly decom- 
poses over a period of weeks at 22°C or within 5- 
6 h at 65°C in degassed or N2 saturated THF solu- 

M-M 
C ArNOJCO 

‘MI -2coz 

l-l 40 
AWC, 

NHR 

Eq. (181 

This reaction hkely proceeds via the in situ for- 
mation of methoxycarbonyl cluster 7, followed by 
i~d~methoxy~rbonyl coupling. 

The above results show that carbamates can form 
via coupling of in situ generated alkoxycarbonyl 
and imido ligands and that such a process must be 
considered as a viable alternative to the addition 
of alcohol to isocyanate intermediates, the latter 
formed by carbonylation of imido ligands. As indi- 
cated in Scheme 4, carbamates can conceivably 
form via carbamoyl intermediates. However, there 
have been no reported attempts to model this chem- 
istry and the facility of these reactions is unknown. 
Carbamates may also form via alcoholysis of 

tions to form diphenylurea in low yield. ’ The yield 
of diphenylurea increased to 25Ofo upon the addition 
of 2 equiv. of aniline to the refluxing solutions of 
8 while addition of p-toluidine gave diphenylurea 
(7%), tolylphenylurea (17%) and ditolylurea (1%). 
A control experiment in which p-toluidine and 
diphenylurea were combined in refluxing THF for 
12 h in the absence of iron containing organo- 
metallics showed that diphenyl~ea did not con- 
vert into tolylphenylu~a under these conditions. 
When a mixture of 8 and 8-d10 were refluxed in 
THF, the isolated diphenylurea consisted of 35% 
PhNHC~O~NHPh-do, 37% PhNHC(O)NHPh-d5 
and 29% PhNHC(O)NHPh-dlo, indicating that the 
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formation of diphenylurea from 8 occurs largely by 
an intermolecular path. 

SUMMARY 

As the above discussion illustrates, significant 
progress has been made in modeling many of the 
reaction steps that are believed to be important in 
nitroaromatic carbonylation catalysis. Particularly 
well modeled is the catalytic reduction of PhNOp to 
PhNH2 using CO/H1 and RUDER as catalystId 
where all the essential reaction steps have been indi- 
vidually observed (Scheme 6).lg Our own research 
has focussed on trying to understand the reasons 
why halides promote the formation of carbamates 
from nitroaromatics,la and as detailed above, we 

have found that halides significantly promote both 
the formation of imido ligands from nitrosobenzene 
and their carbonylation to form isocyanates. Hal- 
ides appear to promote the former reaction by accel- 
erating the rate at which PhNO substitutes for CO 

on Ru3(CO) I 2, and a proposal has been presented 
in eq. (15) to rationalize the observed halide pro- 
motion of the imido carbonylation reaction. How- 
ever, this latter process needs to be further inves- 
tigated to develop a more complete understanding 
of the role of halide. Such studies are currently in 

progress. 
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Abstract-The anionic ruthenium clusters [HRu3(CO), ,I-, [H,Ru,(CO),d- and 
[Ru3(CO), ,12- were found to catalyse novel coupling reactions of alkyl isocyanates. Under 
the catalytic influence of the appropriate cluster, alkyl isocyanates react with silanes to give 
Spiro-pentazadecanetetrons ; with hydrogen, carbamylformamides are obtained, and with 
phenyl acetylene, benzylidene hydantoins. All these catalytic processes involving C-N 
coupling of isocyanate units lead to new organic compounds, thus demonstrating the unique 
catalytic potential of anionic ruthenium clusters. 

Ever since transition metal clusters have been dis- 
cussed as catalysts, there has been controversy as 
to whether or not such clusters can be really useful 
in catalysis. In the 1970s the chemistry of transition 
metal clusters set out with the goal to contribute 
significantly to the development of systematic 
catalysis, stimulated mainly by Jack Lewis and the 
late Earl Muetterties. 

As oligonuclear species with intermetallic bonds, 
metal clusters occupy the no-man’s_land between 
mononuclear metal complexes and polynuclear 
metal surfaces (Fig. 1). Because of this intermediary 
position between typical homogeneous catalysts 
and typical heterogeneous catalysts, transition metal 

*Dedicated to Professor Sir Jack Lewis on the 
occasion on his 60th birthday. 

**Author to whom correspondence should be addressed. 

clusters have raised expectations that they might 
provide a new generation of catalysts. The actual 
success of cluster-mediated catalysis, however, has 
remained modest. A number of transition metal 
clusters have been found to catalyse conventional 
reactions such as hydrogenations and hydro- 
formylations, but novel catalytic applications had 
not been discovered. 

It was therefore the aim of our own studies to 
search for catalytic properties of transition metal 
clusters which are unique for these systems, that is 
to say: catalytic properties which had not been 
observed with other catalysts before. This paper 
reports novel reactions of alkyl isocyanates cata- 
lysed by anionic ruthenium clusters which lead to 
new organic compounds, thus demonstrating the 
innovative catalytic potential of transition metal 
clusters. 

diir polrnclca 

Fig. 1. 
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I. SILANE-ASSISTED 
SPIROCYCLIZATION 

OF ALKYL ISOCYANATES CATALYSED 

BY IHRu3(COM- 

B ,R R\ 0 

’ R-N=C=oE+r 

/C-N, ,N,C/’ 

3 

R-NbC-N(,c,~, 
Et,SiOH ofl R d R 

Ia Ib Ic Id Ie 

R 1 Me Et n-Pr i-Pr n_Bu 

Tetrahydrofuran, 120°C 
Catalyst : [NEt,][HRu,(CO), ,] 
Molar ratio : 

isocyanate/silane/catalyst 5000 : 1000 : 1. 

II. HYDRO-COUPLING OF ALKYL 
ISOCYANATES CATALYSED BY 

[H~Ru~UM- 

R R 
I 

2 R-N=C=O + Hz - I: 
/ \C/N’C/ 

H 

H 

!I ; 

Tetrahydrofuran, 120°C 
Catalyst : [N(PPh,)J[H,Ru,(CO) I*] 
Molar ratio : isocyanate/catalyst 1000 : 1. 

III. COUPLING OF ALKYL 
ISOCYANATES 

WITH PHENYL ACETYLENE CATALYSED 

BY [Ru3UV1112- 

R /? 
\N/C 

ZR-N-C=0 + H-Cd-Fh - 1 
\ 

C=CHPh 

/ClN 
/ 

0 
k 

E and z i*cmers 

IIIa IIIb IIIC IIId 

R 1 Me Et n-Pr n-Bu 

Tetrahydrofuran, 120°C 
Catalyst : INPPh 3) 21 ARu GO) I 11 
Molar ratio : 

isocyanate/acetylene/catalyst 1000 : 1000 : 1. 

The reactions I-III all involve catalytic C-N 
coupling of two isocyanate units. In reaction I five 
isocyanate molecules are coupled together to yield 

Structure 1. Molecular structure of the spiroheterocycle, 
Ia. 

the spiroheterocycles Ia-Ie (see Structure 1 for the 
Structure of Ia), composed of alternating CO and 
NR building blocks. One of the five isocyanate mol- 
ecules must have lost its oxygen atom thus pro- 
viding the Spiro carbon centre of the product; 
accordingly, one equivalent of Et $iOH-derived 
from Et,SiH-is detected in the reaction mixture. 
This reaction provides a surprisingly simple access 
to a new series of spiroheterocycles, and, to our 
knowledge, it was the first unique catalytic appli- 
cation of a transition metal cluster. In reaction II 
two isocyanate molecules are combined with uptake 
of hydrogen to give the carbamyl formamides IIa- 
IId, and in reaction III two isocyanate molecules 
couple incorporating phenyl acetylene as an olefinic 
moiety to yield the benzylidene hydantoines IIIa- 
IIId, which can be separated into the two expected 
E and Z isomers. 

With exception of the known 2 isomer of IIIa, 
all the organic products of the catalytic reactions 
I-III are new compounds. They were isolated by 
chromatography and characterized by spectro- 
scopic and analytical methods. The spirocyclic 
nature of compounds Ia-Ie was revealed by a single- 
crystal X-ray structure analysis (U. Thewalt, Ulm) : 
as expected, the two rings are almost planar and 
perpendicular with respect to each other. 

The reactions I-III are catalysed by the 
ruthenium cluster anions [HRu,(CO), ,I- (l), 

[H&@O)J (2) and PWWh 11’~ (3) respec- 
tively. The question arising is the key question of 
cluster-mediated catalysis : Does the catalytic reac- 
tion proceed through the intermediacy of intact 
clusters, or does the cluster disintegrate? Under 
appropriate conditions the cluster anions 1, 2 and 
3 can be interconverted into each other, so that 
cluster break-down and cluster build-up reactions 
cannot be excluded during the catalytic processes. 
However, none of the reactions I-III is catalysed 
by mononuclear ruthenium complexes which do not 
form clusters, such as (Ph3P)sRuC1Z. 
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Scheme 1. Proposed mechanism for reaction (I). 

I 2 RNCO 

R 10 0 
N-‘, ji--d 
I 

bN-_C >R 

/-“R R b 

For reaction I, (see Scheme 1) the silane-assisted 
spirocyclization of alkyl isocyanates was found to 
involve the activation of the silane on the cluster 
anion as the initial step. Two molecules of Et&H 
react with 1 under cleavage of the Si-H bond and 
transfer of two triethylsilyl groups to the metal 
framework to give the silylated intermediate PRur 
(CO),,(SiEt,),]- (4). In the further course of the 
catalytic process, we observed the formation of tri- 
ethylsilanol suggesting anion 4 (see Structure 2) 
reacts with isocyanate with elimination of 
Et$iOH ; for the resulting cluster anion we assume 
an isonitrile complex. The isonitrile ligand could 
then incorporate two isocyanate molecules to build 
up a six-membered heterocycle coordinated to the 
cluster in a carbene-like fashion. With two further 
RNCO molecules the spiroheterocycle is closed and 

Structure 2. Molecular structure of the silylated cluster 
anion, 4. 

detached from the cluster ; the remaining unsatur- 
ated cluster fragment reacts with EtrSiH to go 
back to the silylated cluster anion 4, thus closing 
the catalytic cycle. 

The silylated cluster anion 4 could be isolated 
and characterized as the m(PPh,),]+ salt; the X- 
ray crystal structure analysis (U. Thewalt, Ulm) 
reveals that the trinuclear cluster framework has 
remained intact : anion 4 contains an isosceles Rur 
triangle with two equatorial triethylsilyl ligands. 
The position of the hydride ligand as a bridge 
between the two silyl-substituted Ru atoms was 
assigned on the basis of the NMR data. 

For reaction II, no organometallic inter- 
mediate could be detected. After completion 
of isocyanate hydro-coupling, the tetranuclear 
cluster anion 2 was found to be unchanged 
in the solution ; it could be recovered in an almost 
quantitative yield. GC-MS analysis of the reac- 
tion mixture revealed the intermediary formation 
of formamides ; these formamides were shown 
to react with isocyanates to yield the coupling 
products without catalyst. This means that the 
hydro-coupling of alkyl isocyanates proceeds by 
catalytic hydrogenation of the isocyanate to give 
the formamide, followed by a non-catalytic coup- 
ling step of the formamide produced with unreacted 
isocyanate. 

R-N=C=O + H2 A R-NH-CH=O 

R-NI-I--CH=o+R-Na 

--+ R-NH-CO-NR-CHS. 
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Scheme 2. Proposed mechanism for the catalytic step of reaction (II). 

As to the hydrogenation step (see Scheme 2) we 
propose a catalytic cycle involving exclusively intact 
Ru4 cluster anions. We assume that the catalytic 
process is initiated by the substitution of a CO 
ligand by an isocyanate molecule. Subsequently, a 
hydride ligand is transferred from the metal frame- 
work to the isocyanate ligand to give a formylamido 
bridge. This three-electron ligand is then converted 
into a terminal one-electron ligand by the re- 
addition of CO ; finally it is eliminated by the action 
of Hz to yield the formamide, recycling the cluster 
anion 2. 

As to reaction III, the catalytic coupling of alkyl 
isocyanates with phenyl acetylene is not yet under- 
stood on the basis of a mechanism involving intact 
cluster anions. Further studies are in progress. 

AcknowledgementsThis work was supported by the 
Deutsche Forschungsgemeinschaft, the Fonds der Chem- 

&hen Industrie, the Minister fur Forschung und Wis- 
senschaft des Landes Nordrhein-Westfalen, the Karl- 
Winnacker-Stiftung and the Stiftung Volkswagenwerk. 

REFERENCES 

Parts of this work have been published giving full 
experimental details : 

1. G. Stiss-Fink, G. Herrmann and U. Thewalt, Angew. 
Chem. 1983, 95, 899 ; Angew. Chem., Int. Ed. Engl. 
1983,22,880; Angew. Chem. Suppl. 1983, 1203. 

2. G. Hermann and G. &s-Fink, Chem. Ber. 1985,118, 
3959. 

3. H.-P. Klein, U. Thewalt, G. Herrmann, G. S&s-Fink 
and C. Moinet, J. Organomet. Chem. 1985,286,225. 

4. G. Si.iss-Fink and G. Herrmann, Angew. Chem. 1986, 
98,568 ; Angew Chem., Znt. Ed. Engl. 1986,25,570. 

5. G. Siiss-Fink, G. F. Schmidt and G. Herrmann, 
Chem. Ber. 1987,120,1451. 



Polyiiedm Vol. I. No. W/23. pp. 234S2349, 1988 0277-5387/&l S3.M)f.00 

Printed in Great Britain 0 1988 Pergemcn Press plc 

HETEROSITE REACTMTY OF COBALT-RHODIUM MIXED- 
METAL CLUSTERS 

ISTVAN T. HORVATH* 

Department of Industrial and Engineering Chemistry, Swiss Federal Institute of 
Technology, ETH-Zentrum, CH-8092 Ziirich, Switzerland 

Abstract-It has been established that reactions of cobalt-rhodium mixed-metal clusters 
with nucleophiles such as PEt3, THF, MeCN and Cl- occur on the rhodium site, with 
alkynes on the cobalt site. Several reversible tetranuclear-dinuclear transformations were 
observed with preferential retainment of the cobalt-rhodium bond. 

The application of multimetallic catalysts has 
attracted much interest since their catalytic activity 
and/or selectivity often differs significantly from 
that of the homomet~lic systems of the constituent 
metals. 1,2 Although synergism has been observed 
in various homogeneous catalytic reactions,2 very 
little is known of the actual role of the different 
metals in the catalytic cycle. The synergetic effect 
is probably due to the presence of a mixed-meal 
species, which could form from homo- or het- 
eronuclear catalyst precursors. Such species could 
exhibit novel reactivity compared to the homo- 
nuclear analogues3 For example, in a mixed-metal 
dinuclear complex three different coordination sites 
are available for ligand activation (Scheme 1). 
Incoming substrates can be activated on sites 1 and 
2 (heterosite ligand activation), or on site 3 (het- 
eronuclear ligund activation). Since the two metals 
possess different electronic structure and thus 
different reactivity, facile activation could occur 
preferentially at one of these sites. 

Cobalt-rhodium synergism has been reported for 
homogeneous catalytic hydrogenation4 hydro- 
formylation’ and hydrocarbonylation6 It was sug- 

*Present address : Exxon Research and Engineering 
Company, Annandale, NJ 08801, U.S.A. 

gested by Pino and von Bezard that the synergetic 
effect, observed in the combined application of 
Co2(CO), (1) and Rh,(CO) 12 (2) in the hydro- 
carbonylation of diketene, could arise from the 
presence of a cobalt-rhodium carbonyl complex.6 
It was later shown by Bor, Pino and coworkers that 
1 and 2 are indeed in equilibrium with a new mixed- 
metal compound, formulated as CoRh(CO), (3) 

[eq. (11%’ 

2Co,(CO), + Rh,(CO) ,2+4CoRh(CO), (1) 
1 2 3 

Complex 3 was recently isolated and its formula was 
~tablished by analytical methods.* The proposed 
structure of CoRh(CO), (3) contains a distorted 
tetrahedral [Co(CO),] group bonded to a square- 
planar [Rh(CO),] fragment through a Co-Rh 
bond and two semibridging carbonyl ligands,8~g It 
has also been found that CoRh(CO), (3) is in equi- 
librium with two mixed-metal complexes : 
CoRh(CO), (4)8 and Co2Rh2(CO)i2 (5)” [eqs (2) 
and (3)]. 

CoRh(CO), +CO z$ CoRh(CO), (2) 
3 4 

2CoRh(CO), z$ Co2Rh2(CO),2f2C0. (3) 

3 5 

!l I 

HET~R~SITE 
Lrum, ACTIVATION 

L2 - u1-42 

Scheme I. 
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In contrast, CoRh(CO)S(PEt& (6) does not dimer- 
ize to give a tetranuclear cluster but easily under- 
goes reversible or irreversible fragmentation when 
treated with MeCN and [PPNjCl, respectively [eqs 
(4) and (5)].” 

CoRh(CO)S(PEt&+MeCN 

6 

e [Rh(CO)(PEtJ,(MeCN>]+[Co(CO),]- (4) 

CoRh(C0) S(PEt3)2 + [PPNjCl 

6 

+ ClRh(CO)(PEt,),+PPN[Co(CO)J (5) 

Furthermore, the reactions of 6 with nucleophiles 
showed preferential attack at the rhodium site. 
These results indicated that the reactivity of cobalt- 
rhodium clusters is strongly influenced by the nature 
of the ligands present. Therefore, we have under- 
taken a systematic study to develop a better under- 
standing of the observed ligand dependence. 

DISCUSSION 

The reaction of CozRhz(CO), z (5) with four equi- 
valents of PEt3 results in the quantitative formation 
of CoRh(CO),(PEt& (6) (Scheme 2).12 Compound 
6 has been previously isolated and structurally char- 
acterized. ” When the reaction was followed by IR, 
the formation of three intermediates was observed : 

C~WWI,WW (7) CozRha(CO),o(PEts)z 
(S), and CoRh(CO),(PEtJ (9). These compounds 
were separately isolated and their solution struc- 
tures were established by spectroscopic methods. 

The structure of 7 consists of a &so-Co,Rh, tetra- 
hedral cluster with two rhodium atoms in the basal 
plane. There are eight terminal carbonyl ligands 
and three bridging carbonyl ligands along the basal 
plane. The PEt3 ligand is bonded to a rhodium 
atom, and it probably occupies an axial position as 
was found for Co,(CO), ,(PPh,). ’ 3 The structure of 
Co2Rh2(CO),0(PEt3)2 (8) is essentially the same as 
that of 7, but each rhodium atom has one PEt3 
ligand ; one has it in an axial and the other in an 
equatorial position. A similar structure was found 
for Ir4(CO),o(PPh3)2. I4 In the reaction of 5 and 
four equivalents of PEt,, two moles of free carbon 
monoxide must be formed which can subsequently 
react with 7, 8, and 9. It was interesting to see 
if Co2RhZ(CO) 1 dPEt3) (7), Co2Rh2(CO) 10(PEt3)2 
(8) and CoRh(CO),(PEt,) (9) do react with carbon 
monoxide as previously found for 3 and 5 [eqs (2) 
and (3)]. Indeed, facile and reversible reactions are 
observed. 7 reacts with carbon monoxide at atmo- 
spheric pressure and room temperature to give an 
equilibrium mixture of 7, CoRh(CO), (3), and 

CoRh(CO)6(PEt3) (9) [es. (611. 

Co2Rh2(CO), ,(PEt3) + 2C0 

7 

$ CoRh(CO)T+CoRh(CO)b(PEt3) (6) 

3 9 

Upon purging the equilibrium mixture with N2, 3 
and 9 recombine to give 7 quantitatively. Similarly, 
Co2Rh,(CO),0(PEtJ2 (8) undergoes facile and 
reversible fragmentation when treated with 1 bar CO 
at room temperature to give CoRh(C0)6(PEt3) (9) 

+IPBt3 \_f“.._F 

Scheme 2. 
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Pi%, 

PPN [Co(CO),] + Cl-$-CO - 

PEt a 
2pKt3 

_oo [Rh(CO)(MeCN)fPEt,)~][CojCO),] 

Scheme 3. 

(Scheme 2). A structure has been proposed for 9, in 
which a distorted tetrahedral [Co(CO),] fragment 
is bonded to a square-planar [Rh(CO),PEt,] group 
through a Co-Rh bond and two cobalt-bonded 
semi-bridging carbonyl ligands. ‘*’ ’ The presence of 
two isomers, 9a and 9b, having a PEt3 ligand cis 
and trans, respectively, to the [Co(CO),] moiety, in 
solution was postulated. The relative ratio between 
9a and 9b is 95 : 5. Medium-pressure IR studies have 
revealed that at higher carbon monoxide pressure 
CoRh(C0)6(PEt3)Z (9) is in equilibrium with 
CoRh~CO)~(PEt~) (10). l2 IR and NMR obser- 
vations suggest that 10 is structurally analogous to 
Co2(CO)7(PEt3),‘5 as shown in Scheme 2. The exact 
metal-site for the carbon monoxide addition to 4, 
8, and 9 could not be determined. However, it is 
also believed to occur at the rhodium site(s), since 
the analogous Co,Ir,(CO) 1 2 cluster” does not react 
with CO at 15 bar and room temperature within 72 
h.16 

The reactivity of CozRhz(C0),2 (5) towards 
other nu~leophiles was also studied.” When 5 is 
dissolved in THF, its dark colour disappears and 
the solution becomes light orange. The IR spectrum 
of this solution indicates the transient formation of 
CoRh(CO),(THF), which readily undergoes frag- 
mentation to give an ionic species, probably 
[Rh(CO)~(THF)~][Co(CO)~].‘6 5 reacts similarly 
with excess or neat MeCN to give initially 
CoRh(CO),(MeCN) (11) (Scheme 3). The solution 
structure of 11 was studied by IR and 13C NMR, 
which indicate a structure analogous to 9a. 
Although the stability of 11 is higher than that of 
CoRh(CO),(THF), it slowly reacts further with the 
excess of MeCN to yield [Rh(CO), 
(MeCN),][Co(CO),].‘6 Co,Rh,(CO), 2 (5) under- 

goes irreversible fra~en~tion when treated with 
two equivalents of IpPNjCl or fN(CH,Ph)Et,]Cl to 
give PPN[CoRh(CO),Cl] (12) and [N(CH,Ph) 
Et,][CORh(CO)&l], respectively (Scheme 3)” An 
analogous compound, [N(CIzHz5)MeJ[CoRh 
(CO)&l] has been previously prepared.17 
The solution structure of 12 was established by 
IR and 13C NMR spectroscopy and is similar 
to 9. The presence of two isomers, 12a and 12b, 
having a chloride ligand cis and tram, respec- 
tively, to the [Co(CO).+] moiety has been found. The 
relative ratio between these two isomers is 4 : 1. 

It has been shown that CoRh(CO)5(PEtl)2 (6) 
easily undergoes reversible or irreversible het- 
erolytic cleavage of its metal-metal bond when 
treated with MeCN and [PPNjCl [eqs (4) and (5)]. ’ ’ 
It was interesting to see if the same products form 
in the reaction of 11 and 12 with two equivalents of 
PEt,, respectively. Indeed, the addition of PEt3 to 
12 results in the formation of the heteronuclear ion 
pair [Rh(CO)(PEt,),(MeCN)]+[Co(CO).J. After 
the solvent and MeCN are removed, compound 6 
is the only product present, in agreement with eq. 
(4). The reaction of 12 with PEt, gives tram- 
ClRh(CO)(PEt,), and PPN[Co(CO),], quan- 
titatively (Scheme 3). 

Co2Rh2(C0),2 (5) reacts with alkynes via speci- 
fic insertion into the Co-Co bond to give the 
butterfly cluster Co,Rh,(CQ),O(~CLq-)7’-RC*RI) 
[R = R’ = C6FS (13a), Ph (13b); R = H, R’ = Ph 
(De); R = Me, R’ = Ph (13d)] (Scheme 4).‘* The 
molecular structure of 13~1 was determined crys- 
tallographi~lly, and it is very similar to related 
clusters containing a &so-M&, framework. I9 
Upon addition of one equivalent of F5C6C2C6FS 
to 13a in the presence of CO, highly regiospecific 
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Scheme 4. 

Ph 

13b - 

+ CoRhtCO), 

s 

Scheme 5. 

fragmentation occurs to give CoRh(CO)&-q*- 
F5ChC2C6FS) (14a). 

Co2Rh,(CO),,,@4-q2-PhCzPh) (13b) reacts simi- 
larly with diphenylacetylene and carbon monoxide 
to yield CoRh(CO)&-v2-PhC,Ph) (14b) (Scheme 
5). Surprisingly, the reaction is fully reversible, such 
that upon bubbling N, into the reaction mixture 
14b reforms quantitatively. Since 13b does not react 
with PhC2Ph in the absence of carbon monoxide, it 
was assumed that 13b reacts with CO and then with 
diphenylacetylene. Indeed, it was found that 13b 
easily undergoes reversible fragmentation to give a 
1: 1 mixture of 14b and CoRh(C0)7 (3) at 2 bar CO 
pressure. In contrast, 13c,d do not react with the 
corresponding alkynes in the presence of 1 bar CO 
at room temperature. I6 These results indicate that 

the nature of the substituents of the alkyne ligand 
has an opposite effect on the stability of 13 and 14. 
Upon increasing the electronegativity of the sub- 
stituents, the stability of the tetranuclear clusters 
decreases and that of the dinuclear complexes 
increases. 

The present study has established that the com- 
bination of cobalt and rhodium in mixed-metal car- 
bony1 complexes leads to regiospecific reactivity on 
rhodium or cobalt. Reactions of cobalt-rhodium 
mixed-metal clusters with nucleophiles such as 
PEt3, THF, MeCN and Cl- (and probably CO) 
occur on the rhodium site, with alkynes on the 
cobalt site. Several tetranuclear-dinuclear trans- 
formations are observed with the preferential 
retainment of the cobalt-rhodium bond. This indi- 
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cates a higher “resistance” of the Co-Rh bond 
against metal-metal bond breaking than the 
Co-Co or Rh-Rh bonds. It is not clear if this is 
a characteristic feature of the CozRh2 framework 
itself, implying stronger Co-Rh bonds, or is a 
consequence of the attack of the substrates occur- 
ring exclusively on a rhodium or a cobalt centre. 
The facile formation of the coordinately unsatu- 
rated compounds CoRh(CO),_,L, (L = CO, THF, 
MeCN, Cl-, PEt,) could have an important role in 
homogeneous catalytic reactions. Studies con- 
cerning the mechanism of these reactions and the 
possible role of the coordinatively unsaturated 
cobalt-rhodium compounds in homogeneous cata- 
lytic hydroformylation are in progress. 
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BIMETALLIC CLUSTER-DERIVED H.ETEROGENEQUS 
CATALYSTS-HETERONUCLEAR TWO-SITE 

ACTIVATION OF CO IN SYNGAS CONVERSION 
TO OXYGENATES 

MASARU ICHlKAWA 

Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan 

Abstract-Tailored bimetal catalysts have been prepared by using SiO,-supported Rh4Fe2, 
Rh$Fe, Ir4Fe and Pd6Fe6 carbonyl clusters and NaY (or NaX) zeolite-entrapped RhFe and 
Rh,_,Ir, (x = U-6) carbonyl clusters as the molecular precursors. They exhibited markedly 
high activity and selectivities for C , + Cz alcohols in a CO + Hz reaction and higher alcohols 
in olefin hydroformylation. The bimetal cluster-derived catalysts are structurally char- 
acterized by EXAFS, Miissbauer and FTIR spectroscopies in terms of their cluster frame- 
works and metal compositions including their oxidation states in catalysis. Iron pro- 
motion is proposed to be associated with the heteronuclear activation of CO with the 
adjacent Rh-Fe3*, Pd-Fe3+ and Ir-Fe3+ located at the metal/oxide interfaces to 
enhance the migratory insertion of CO into M-H and M-alkyl, reflected in the marked 
increase of C, -i-C2 alcohol formation from CO and Hz. 

The chemical mo~~cation of solid surfaces, e.g. 
Si02, A1203, MgO and zeolites by using organo- 
metallic clusters as the precursors has been a sub- 
ject of recent interest,’ because this gives the possi- 
bilities for the sophisticated control of the size of 
metal ensembles less than 10 A, and the well-man- 
aged metal compositions. This approach will make 
possible a molecular-level preparation of tailored 
metal catalysts involving the well-characterized 
metal centres, In fact, in some cases the cluster- 
derived heterogeneous catalysts provide the advan- 
tages of higher activities and improved selectivities 
over conventional metal catalysts.2 In general, the 
metal particle size (nuclearity), metal compositions 
of bimetal ensembles including alloys, and geo- 
metric environments (steric effect) associated with 
heteronuclear interaction and mol~~ar-shah 
controlling by zeolite frameworks, may influence 
the activities and product selectivities in catalytic 
reactions, e.g. the CO+H2 reaction and skeletal 
rearrangements of hydrocarbons. 3 

A number of supported multimetal catalysts have 
been extensively studied and some of these have 
been developed for useful industrial processes. For 
example, they are composed of the combination of: 
(a) both reduced metals : e.g. Pt + Re and Nif Cu 
alloys in petroleum-naphtha reforming ; (b) reduced 

metals and oxides : e.g. Pt+TiO,, Rh+ MnO and 
Cu+ ZnO in syngas conversion ; (c) both metal 
oxides (sulphides) : e.g., Mo03+Bi203 and CoS 
+MoS3 in the selective oxidation of propene and 
hydrodesulphurization. They also exhibit unique 
promotions of catalytic pe~o~an~s, improving 
the stability of catalyst life, which is markedly 
different from those of the constituent elements. 
Studies on the origin of the promotion due to the 
heteronuclear interaction of multimet~~c catalysts 
are of great interest and importance. Moreover, it 
has been recently demonstrated4,’ that some addi- 
tive metal ions exert a significant promotion in CO 
hydrogenation catalysed on rhodium, in enhancing 
the yields and unexp~tedly increasing the selec- 
tivities toward oxygen-containing products such 
as alcohols. It is of interest to clarify the potential 
role of positive metal ions on the promoted Rh 
catalysts in modifying the oxygenate formation. 
Accordingly, as localized model precursor com- 
pounds for the promoted multimetallic catalysts, 
we have employed some Fe-containing Rh, Pt and 
Pd bimetal carbonyl clusters to impregnate the well- 
characterized bimetal ensembles highly dispersed 
on the metal oxides such as Si02 or entrapped inside 
zeolite supercages to be physically isolated. They 
are strikingly active catalysts for oxygenate for- 
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mation consisting mostly of alcohols in CO+H2 
and olefin hydrofo~ylation reactions. We report 
here dn the structural characterization and cata- 
lytic perfo~an~ of RhFe, PtFe and PdFe bi- 
metallic carbonyl cluster-derived catalysts. We shall 
pay some attention to the problems of how the 
promoter ions affect the decisive steps essential for 
the oxygenate formation in syngas conversion cata- 
lysed on Rh, Pt and Pd. Additiona~y, the unique 
promotion of positive ions such as Fe and MO will 
be proposed to be associated with the heteronuclear 
two-site activation of CO in enhancing CO mi- 
gratory insertion with M-H and M-alkyl bond- 
ings to give methanol and higher oxygenates such 
as ethanol in the catalytic CO hydrogenation. In 
this connection, the function of an electropositive 
promoter is discussed in terms of C and O-bonded 
CO interaction to promote CO dissociation and/or 
migratory insertion of CO with the synergic bi- 
metallic compositions, similar in nature to the 
organometallic adduct formation6 

SPECIFIC PROMOTION OF INORGANIC 
IONS FOR SYNGAS CONVERSION TO 

ALCOHOLS CATALYSED ON 
Rh, Ir AND Pd 

Among the transition metal catalysts, Rh exhibits 
a unique catalytic activity of the syngas (CO + H,) 
reaction to form carbon-two oxygenates such as 
C2H50H, CH,CHO and CH$OOH. On the other 
hand, the typical Fischer-Tropsch (F-T) catalyst 
metals such as Fe, Co and Ru strongly dissociate 
CO (CO = [C]+[O]) and catalyse the preferential 
formation of methane and higher hydrocarbons in 
CO hydrogenation. In contrast, the metals at the 
opposite side of the Periodic Table (Fig. l), Pt, 

coG=cc7+ co3 

HZ Ii 
CH.. 

CtH.C. 

CHsOH 

/i_ 

HZ 

CO-“ECO1 

Variables 

I> Promoter Metal 

2) Temp. , Pressures, 

CO/H* ratios 

Fig. 1. Characterization of transition metals for CO 
ch~iso~tion and CO hydrogenation. 

Jr, Pd, and also including Cu, chernisorb CO non- 
~ss~iatively under the prevailing syngas reaction 
conditions, and catalyse the hydrogenation of 
cbe~sorbed CO prefentially to methanol. In this 
sense, rhodium is characterized by the intermediate 
catalyst metal in between the F-T metals and meth- 
anol synthesis metals. Its catalytic performance is 
inherently dependent upon the variables, e.g. tem- 
perature, CO/H2 molar ratios and the presence of 
supports and some metal additives. 

In fact, we have recently found7 that the product 
selectivities in CO hydrogenation were markedly 
influenced with the used metal oxide supports. This 
is illus~ated in Table 1, where highly dispersed Rh 
crystallites, prepared by decomposing Rh4(CO) 1 2 
on the oxides of oxophilic elements including La, 
Nd, Ti, Zr, Nb and Mn, give &oxygenates such 
as ethanol to a considerable extent. With a second 
group, inclu~ng ZnO, MgO and CaO, methanol is 
almost exclusively formed, while with Si02 and 
y-Alz03 hydrocarbons are the only reaction pro- 
duct. Moreover, electropositive metal additives 
also exert a significant promotion in modifying 
activity and selectivity toward oxygenates in the 
CO + Hi2 reaction catalysed on Rh. 

As shown in Table 2, by the addition of oxophilic 
positive ions (e.g. Ti, Mn, and Zr to Rh/SiO,), the 
CO + Hz conversion is dramatically enhanced by a 
factor of IO-100 times compared to Rh alone, but 

Table 1. Product selectivities in an atmospheric pressure 
CO + Hz reaction over Rh,(CO) , *-derived catalysts 

impregnated on various metal oxides 

CO 
conv. Selectivity (C.E.%) 

MO, & (%h) MeOH C,--O H.C. 

ZnO 220 1.6 94 f 4 
MgO 220 2.6 88 2 7 
CaO 230 0.8 92 1 2 

La& 205 3.0 38 43 10 
Nd,O, 210 3.8 24 47 21 

Zr& 215 4.4 13 50 36 
TiOz 210 6.0 6 40 51 

NbzOS 195 5.8 7 39 51 
MnOz 205 1.2 4 25 63 

SiO, 235 1.7 + 6 92 
Y-AU& 250 8.6 + -t- 99 

Rh.,(CO),,/MO,, followed by decomposition at 120- 
200°C in a vacuum and in Hb C,-O, mainly EtOH and 
AcH. 

CO : Hi2 = 20 : 45 cm Hg in a closed circulating reactor 
(420 cm ‘). 
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Table 2. Ethylene hydroformylation on Rh, RhFe and Fe carbonyl cluster-derived catalysts 
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T.O.F. (~ol/Rh-~ol/~u) Selectivity for Selectivity for 
Precursor/SiO, oxygenates alcohol 
(OS wt% metal) Fe/Rh C&i EtCHO+PrOH (mol %) (mol %) 

Rh.i(CC) 12 0 0.006 (1)” 0.002 (1) 28 0 
[Fefi&%X’ 0.20 0.16 (30) 0.13 (61) 45 4 
[FeRh,(CO) d2- 0.25 0.28 (53) 0.20 (96) 42 2 
Fe&Wo),d2- 0.50 0.30 (57) 0.18 (86) 37 3 
FeJUCWC 1.5 0.22 (41) 0.22 (107) 50 6 
IFeGO) I J2- - 0 0 - - 

mm312f 

D%&Oh ?%Si02 0.26 0.039 (7) 0.036 (17) 48 0 
Rh&O) I 2/Si02 + 

PWCOh d2-/Si02 0.24 0.003 (0.6) 0.001 (0.6) 27 0 

Reaction conditions : 135°C ; C2H4 : CO : H2 = 20 : 20 : 20 cm3 min- ‘, 1 atm. 
*Relative activities. 

keeps the &-oxygenate selectivities.4 In contrast, 
the other class of metal ions such as Fe, MO and Zn 
substantially suppress hydrocarbon formation and 
provide a drastic change of oxygenated products, 
orienting toward alcohols such as CH30H and 
ethanol. ’ Ad~tiona~y, when Rh-Ti/SiO, was com- 
bined with Fe to prepare the three-composite 
Rh-Ti-Fe/Si02 catalyst, it gave substantially 
higher selectivities toward ethanol with large CO 
conversions, as shown in Table 3. The cause of 
these promoter effects is still a challenging subject 
of research. 

For the SiO+upported conventional Rh+ Fe, 
Rh+Mo, Ir+Fe and Ir+Mo bimetal catalysts, 
promotion by Fe and MO is quite remarkable for 

enhancing the production of C & alcohols in the 
CO + Hz reaction. g_’ ’ As shown in Fig. 2, the effect 
of Fe added to Rh/Si02 is unexpectedly large and 
specific. *JO Basically the product distribution shifts 
from a mixture of CH&HO and CH,COOH on 
Rh/SiOz to a mixture of C,H,OII and CHJOH 
on RhFe/Si02. Fe/Rh ratios were below 0.3 ; the 
addition of Fe to Rh/SiO, did not influence the CO 
conversion, or the selectivity toward total oxygen- 
ates. The ethanol selectivity dramatically increases 
at the expense of CH&HO and CH,C!OOH. With 
a large content of Fe, above Fe/Rh = 0.3 atomic 
ratio, the yield and selectivity of CH30H are not 
substantially enhanced, even compared with the 
increase of ethanol. The formation of methane and 

Table 3. Performances of catalysts in the CO+H2 conversion 

CO Selectivity (C.E.%) 
Rh-M conv 

(1 :x atom ratio) (%) MeOH AcH EtOH C,--O CH, Ct% 

4.6 wt% Rh 

Rh-Ti(l : 1) 
Rh-Mn(1 : 1) 

Rh-Fe(1:0.3) 
Rh-Mo(1 : 0.3) 
Rh-Zn(1 : 0.3) 

Rh-Ti-Fe 
(1 : 1 : 0.3) 

1.1 2 29 8 48 43 9 

12.3 3 3 27 40 47 78 
8.2 1 37 8 58 38 69 

2.3 27 1 30 32 38 12 
6.9 34 + 17 18 23 20 
0.2 89 + 3 5 4 0.2 

6.0 7 2 48 53 38 55 

C.E. (carbon efficiency) = iC, 
i 

z ic, x loo(%), STY (spee& time yield) = g dmm3 
I 

cat/h. Catalysts: ~Cl~+M~~/Si02, H2 red, 400°C. Reaction conditions: total 
pressure = 21 atm, CO/H2 = 0.5 v/v, 25O”C, SV = 6000 h-l. 
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Fe / Rh (Atomic Ratio) 

20 kg/cm2G,CO/Hp=0.5 v/v, 250°C, SV-6000 I/h 

Fig. 2. Dependency of rates of formation (CO base) of products in the CO+H, reaction on Rh- 
Fe/SiO, by varying the Fe content. 

higher hy~~rbons is suppress by the addition 
of Fe. 

Similarly, by the addition of Fe (or MO) to 
Ir/SiOz catalysts a dramatic increase of CH30H 
yield’ was observed, and at the same time, yields of 
methane were effectively suppressed as shown in 
Fig. 3. The optimum addition of Fe to Ir/SiOz 
resulted in the substantial improvement of selec- 
tivities toward methanol to above 90% selectivity 
in CO base. Incidentally, it is worth pointing out 
the problem of the promotion of Fe (or MO) toward 
alcohol formation catalysed on the modified Rh and 
Ir. Generally, Fe and MO including other typical 
F-T metals catalyse a preferential production of 
methane and higher hydrocarbons on their metal 
crystallites. Nevertheless, they apparently lose 

Fe /If (Atomic Ratio1 

20 kg/cm~G,COtH,=0.5 v/v, 

250% SV=6000 1 Ih 

Fig. 3. Product selectivities and CO conversion in the 
CO f Hz reaction on Ir-Fe/SiO, vs Fe/Rh atomic ratios ; 

4.0 wt% Ir loading, 5 cm3 catalyst charged. 

their original catalytic perfo~an~es when they are 
combined with Rh and Ir. The resulting multimetal 
catalysts suppress the hydrocarbons, but rather 
promote the formation of alcohols. This might be 
associated with the different oxidation states of 
promoter elements or ensemble sixes of the con- 
stituent metals such as Rh (Ir, Pd and Fe, MO) in 
the multimetal catalysts. 

ELEMENTARY REACTIONS FOR 
SYNGAS CONVERSION TO OXYGENATES 

ON THE PROMOTED Rh 

According to our previous ’ 3C-labelling tracer 
ex~~rnen~ on the promoted Rh-Ti/SiOz, it has 
been demonstrated” that only the methyl carbon 
in &-oxygenates such as CHFHO and C,H,OH 
is enriched with the labelled 13C derived from CO 
dissociation (2*CO = [C*] -t- *COJ, as shown in Fig. 
4. In contrast, it is obvious that carbonyl fragments 
(e.g. CHO and CH,OH) of the &-oxygenates were 
definitively based on the insertion of non-labelled 
gaseous CO. Similarly, the 13C was not incor- 
porated into the methanol produced on the Rh- 
Ti/SiOl. Consequently, it appears probable that Cz- 
oxygenate formation consists of two essential steps, 
illustrated in Fig. 5. Primarily, CO dissociates (1) 
to provide surface alkyl groups (e.g. CH3/CH2), 
followed by the CO insertion ; (2) with a methyl 
group to build up C,-oxygenate in intermediates 
such as acyl “CH,CO”. This CO insertion competes 
with the hydrogenation (or H-elimination) ; (3) of 
surface alkyl groups, resulting in the fo~ation of 
methane and higher hydrocarbons. Basically, we 
can predict that the former elementary step (I), 
namely CO dissociation, requires larger ensembles 
of Rh atoms (five or more surface Rh atoms) to 
activate CO in leading to cleavage of the triple CO 
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t 

Rh-IN :IVSiip 
[‘jc] 0.9~l.Zmmols’Rh 4.6mmol 

Readon Time (min) 

Fig. 4. 13C isotopic composition of MeOH, EtOH and 
AcH in the reaction of CO-t- Hz over Rh-Ti/SiO, labelled 

with 13C deposited by *‘CO dissociation at 200°C. 

TL 
Fig. 5. Elementary steps for syngas conversion to oxy- 

genates and hydr~bo~ (see Ref. 8a). 

bonds. ” In the dissociative adsorption of CO, C 
and 0 atoms are bonded with diGrent sites, where 
probably a pair of two contiguous hollowt sites are 
occupied. While the later migratory CO insertion 
reaction requires only the isolated Rh ion/atoms, 
in a manner comparable to the complexes, I2 e.g. 
HRh(CO}*~Ph~)~, which are catalytically active 
in a homogeneous olefin hydroformylation, In 
fact, this hydroformylation (0X0) reaction is con- 
sidered13 as the common process for the formation 
of higher aldehydes and alcohols in the CO+ H2 
reaction. 

C,Hzp,+CO+Hz = C,,jHa+,CHO 

(+G+,H 2n-c ,CH,OH). 

t That is, those adsorption sites which are used by 
metal atoms when an Rh crystal grows in its vapour 
(“Freundlich site”). 

On the other hand, methanol is produced by 
hydrogenation of non~iss~ative CO via a formyl 
intermediate due to the CO insertion with metal 
hydride, “*lJ as follows : 

M-H+CO~M---C-H 

b 

(M = Rh, Pt, Pt). 

A~ordin~y, it could be darned that the differ- 
ent mode of promotion due to each promoter ion 
would be related to how each promoter ion will 
influence one or two essential steps, e.g. CO dis- 
sociation, CO migratory insertion and/or [CH,] 
chain-~owth for the oxygenate production in the 
CO + Hz catalysed on the promoted Rh (or Pr, Pd) 
catalysts. 

Based on recent studies,i6 three effects have been 
discussed in terms of the decoration model of Rh 
(or Pt, Pd) crystal&s with the promoters such as 
Fe, MO and Zn including Ti, Mn and Zr, which 
concentrate at the surface layer of the crystal&es 
and/or interfaces of supporting oxides. We assume 
either : 

1. The overlayer promoter ions stabilize electro- 
deficient atoms of the catalyst metals (e.g. Rh” and 
Pd+). 

2. The adsorbed ions (or atoms) block sites 
where CO would dissociate or form bridging 
bandings, 

3. A direct chemical interaction due to the 
localized two-site activation of CO by the pair 
of the adjacent Rh (or Pd, Pt) atoms with pro- 
moter ions. 

LOCATION AND ELECTRONIC STATES 
OF Fe ATOMS ON ~~~PROMO~D 

I& CATALYSTS 

The nature of the surface carbon monoxide was 
studied by IR spectroscopy. IR spectra for those of 
Fe, MO and Zn promoted Rh are shown in Fig. 6. 
Two strong bands at 2065 and 1918 cm-’ for CO 
on Rh/SiO, are reasonably assigned to the linearly 
bonded (terminal) carbonyl and bridging carbonyl, 
respectively. In the absence of the positive pro- 
moters, the two bands are of comparable inten- 
sity. Interestin~y, we found that the bridging CO 
band intensities were considerably decreased with 
increasing Fe (MO, Zn) content, and eventually dis- 
appeared by the sufficient addition of Fe,““ MO (or 
Zn>’ 7 to Rh/SiO,, while the linear CO band in- 
tensities were not a&&d. This could be explained 
in terms of a geometric ensemble effect’8 (site iso- 
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Fig. 6. IR carbonyl spectra in CO chemisorption on Fe-, MO- and Zn-decorated Rh catalysts. 
Catalysts : 4.0 wt% Rh loading ; CO pressure = 100-600 torr at 25°C in 10 min, replaced with He or 

in vacua 

lation) due to Fe (MO or Zn), which plausibly 
resides at a “hollow site” on the decorated Rh 
(or Ir) surface. Zn and Fe act as a breaker of the 
Rh (or Ir) ensemble and prevent the multibonding 
CO chemisorption. The similar mode of site-block- 
ing to decrease bridged CO on Ru has been recently 
demonstratedig by Basset et al. on Sn(CH&dec- 
orated catalysts. Site-blocking of promoter ions is 
nicely reflected in the marked suppression of CO 
dissociation, and thus the decrease of methanation 
on the Zn-, Fe- and MO-modified Rh catalysts. 

Recently, EXAFS studies were performed to get 
information on the nearest neighbour, the location, 
and the coordination circumstances around the 
modifier elements, e.g. Fe, MO and Zn, in the pro- 
moted catalysts. *O As shown in Fig. 7, Fe-K 
edge EXAFS provides direct evidence for the 
Rh-Fe bondin coordination (Rh-Fe: C.N. = 
4-5, R = 2.56 1 ) on the SiOz-supported RhFe 
(Fe/Rh = 0.3) catalyst, but there is a small con- 
tribution of Fe-O bonding and negligible Fe-Fe 
bonding. On the other hand, the Rh-K edge (Fig. 
8) spectrum shows a main peak of Rh-Rh bonding 
(C.N. = 9-l 1) and suggests that Rh exists in a bulk 
crystal (a closed packing structure) and Fe is con- 
centrated in the surface layer of the RhFe particles. 
Independently, Miissbauer studies have been per- 

formed*’ and show that Fe in RhFe/SiO* and 
IrFe/SiO, preferentially exists in the state of Fe3+ 
(above 75% abundances). A small portion of Fe 
could be reduced to Fe0 in the excess addition of 
Fe to Rh or Ir. These results imply that Fe species 
(Fe3+ and Fe”) are decorated on Rh and Ir particles 
(in 20-30 8, sizes), and the mixed ensembles of 
Rh-Fe0 lie possibly on the Rh surface and 
Rh-Fe3+ located at the metal-support interface. 
Fe3+ could be associated with the oxygen atoms 
sharing from the support Si02 and may play a role 
in anchoring Rh(Ir) ensembles to prevent sintering. 
The local model of the Fe-decorated Rh(Ir) par- 
ticles, pictorially represented in Fig. 9, consists of 
two different bimetallic sites which serve not only 
as a site-blocking of Rh (or Ir) ensembles with Fe0 
but also as an acid-promoted activation of chemi- 
sorbed CO, possibly with positive ion, Fe3+. 

BIMETALLIC RhFe, PtFe AND PdFe 
CARBONYL CLUSTERS AS THE 

LOCALIZED MODEL OF THE 
PROMOTED MULTIMETALLIC 

CATALYSTS 

The RhFe bimetallic carbonyl clusters having 
the different Fe/Rh atomic ratios, e.g. [TMBA], 
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Fig. 7. (a) Fe-K-edge EXAFS oscillation k3X(k) and (b) its Fourier transform of the Rh-Fe/SiOz 
catalyst (Fe/Rh atomic ratio = 0.3, total metal 4.0 wt% loading after Hz reduction at 400°C). 

FeRh5(CO) 1 d, lYM4~EFeRMCO) l A [TMB4 
[Fe,Rh.,(CO) 1 6] and Fe2Rh2(CO) &’ were synthe- 
sized according to literature methods.” They were 
employed as molecular precursors (Fig. 10) for the 
impregnation of well-characterized RhFe bimetal 
ensembles on SiOz support. The general catalyst 
preparation is as follows. 

SiOz gel (Davison # 53, 10-20 mesh, surface 
area = 280 m2 g- ‘) was ~pre~ated with each car- 
bony1 cluster from a suitable organic solution @HF, 
acetone, a&or&rile). After removal of the solvent, 
the impregnated catalysts were oxidized in air at 
room temperature overnight and reduced in flowing 

Hz (1 atm, 60 cm3 mm-‘) as the temperature was 
raised from 200 to 400°C and held at 400°C for 2 
h. On the other hand, a sample of a physical mixture 
of Rh and Fe ensembles was obtained by the 
impregnation of SiOz with a solution of Rh&CO), 2 
and Fe3(CO)12 in THF, followed with the similar 
treatments to prepare the reduced catalysts. The 
structural properties of the resulting RhFe, Rh and 
Rh+Fe cluster-derived catalysts have been also 
determined by means of EXAFS, Miissbauer and 
FTIR in CO chemisorption. The gas phase hydro- 
formylation of ethylene and propene has been 
carried out to evaluate the activities of CO inser- 
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Fig. 8. (a) Rh-K-edge EXAFS oscillation k3X(k) and (b) its Fourier transform of the Rh-Fe/SiO, 
catalyst (Fe/Rh = 0.3, total metal 4.0 wt% loading after H, reduction at 400°C). 

Possible Location of 

SiO,-Supported Rh-Fe Bimetallics 

Fig. 9. A pictorial representation of the location of Fe 
(Fe’, Fe3+) in the reduced Rh-Fe/SiO, catalysts. 

tion. This is an essential step for the formation of 
higher oxygenates and methanol in the CO+H2 
reaction, as has been mentioned earlier (Fig. 2). 

CATALYTIC PERFORMANCES OF RhFe 
CARBONYL CLUSTER-DERIVED 

CATALYSTS IN OLEFIN 
HYDROFORMYLATION AND THE 

CO+H, REACTION 

The hydroformylation of ethylene was studied as 
the test reaction. The results as shown in Table 
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Fig. 10. RhFe bimetallic carbonyl clusters as the localized model precursors for the Fe-promoted 
Rh catalysts and pictorial representation of the tailored bimetal catalysts consisting of bimetallic 
[Rh,FeJ/SiO, a physical mixture of [Rh,]+[Fe,]/Si02 and a mechanical mixture of [Rh,]/SiO, 

+ [FeJSiO,. 

4 substantiated” the marked promotion of Fe in ethylene hydroformylation but a simple hydro- 
enhancing CO insertion and alcohol conversion on genation of ethylene to ethane proceeded pre- 
the Rh,Fe, Rh,Fe, Rh,Fe2 and Rh,Fe2 carbonyl ferentially. On the catalysts derived from [Fe, 
cluster-derived catalysts. In contrast, the catalysts (CO) 1 JTMBA]2, neither the hydroformylation nor 
from Rh4(CO)I z gave a negligible activity for the the simple hydrogenation occurred at all under 

Table 4a. Catalytic performances of SiO,-supported RhFe carbonyl cluster-derived catalysts (25O”C, CO/H1 = 0.5, 
SV = 1000 l/l/h, total pressure = 5 kg cm-* G) 

Catalyst 
precursor/SiO, 
(2 wt% metal) 

co 
conv. 

(%) 

Specific rates of product formation ( x lop3 mmol/min/mmol Rh) 
[Selectivity in CO base] 

Oxygenate 
CH30H CH,CHO C2H,0Hb CH4 C$H.C. selectivity (%) 

Rwm 12 

[FeR&(CO) , 5]2- 

[Fe2Rh,(CO),,]*+ 

RhC13+FeC13 
(Fe/Rh = 0.2 ; 
4 wt% metal) 

0.5 0.05 0.18 - 3.4 

IO.41 [31 

1.5 3.7 1.4 1.7 21 

PI PI Pl & - 

2.4 7.0 1.3 45 

PI [31 $1 $1 
3.6 1.3 0.5 25 

[31 [21 

L1 %C.E. = 

of molecule j. 

x 100, where i = number of carbon atoms in a product molecule and Cj = concentration 

‘Including ethyl group in the form of acetate. 
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Table 4b. Catalytic performances of SiOz-supported PtFe and PdFe carbonyl cluster- 
derived catalysts (250°C, CO/H2 = 0.5, SV = 1000 l/l/h, total pressure = 5 kg cm-* G) 

Catalyst 
precursor/SiO, 
(2 wt% metal) 

Specific rates of product formation 
( x lo- 3 mmol/min/mmol Pt, Pd) 

co [Selectivity in CO base] 
conv. Oxygenate 
(%) CH,OH CH4 C:H.C. CO2 selectivity (%) 

Ft,*(w241*- 0.1 11:; 

lFe3~3(W1512- 0.2 ::oo] 
PW’W%1*- 1.7 12 

173 

H,PtCl, 0.03 l&5] 

[Fed’d6(CO)2JI13- 0.5 [;:I 

lPeQd(C0) 1 J*- 1.1 $1 

PdC12 0.03 11:; 

- - - 100 

- - - 100 

12:j4 - - 

[El [:;I [::I 
tr tr - 

79 

12 

N 100 

0 %C.E. = x 100, where i = number of carbon atoms in a product molecule 

and C, = concentration of moleculej. tr, trace amount. 

similar reaction conditions. Interestingly, the hydro- 
formylation activity was dramatically increased 
on the catalysts derived from Fe-containing 
Rh carbonyl clusters, e.g. 62, 96, 86 and 107 times 
larger for the catalysts derived from FeRh,, 
FeRh4, FerRh, and Fe3Rhz carbonyl clusters, 
respectively, compared with those on Rh4(C0),r 
alone. Propanol as a further hydrogenation product 
was also obtained on Fe-rich bimetallic carbonyl 
cluster-derived catalysts, while the Rh,(CO), 2- 

derived one gave only an aldehyde (CrH,CHO) as 
the hydroformylation product. 

Similarly, an obvious Fe promotion was observed 
in the propene hydroformylation. Table 5 shows 
that rates of hydroformylation were increased on 
FeRh,, Fe&h4 and Fe3Rh2 carbonyl cluster- 
derived catalysts by a factor of over 300 times over 
that on RhXCO),r. Moreover, the selectivities 
toward alcohols (iso- plus n-butanol) were sub- 
stantially improved on Fe-rich RhFe bimetal cluster 

Cd+6 HP - PH(adsl 

CzH4 
+ HIads) 

+H(ads) 

Cp H5 CHO 

HP 

C3HtOH 

Scheme 1. 
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Table 5. Propylene hydroformylation on Rh, RhFe and Fe carbonyl cluster-derived catalysts 

2361 

Selectivity selectivity Selectivity 
T.O.F. (mmol/Rh-mmol/min) for for for 

Precursor/SO, oxygenates alcohol n-isomers 
(0.5 wt% metal) Fe/Rh CSHs PrCHO+BrOH (mol %) (mol %) (mol %) 

RMCC)12 0 N 0.001 0.0003 (1)” - - 

RMCO),; 0 0.027 0.004 13 0 75 
[FeRlWO) 1d- 0.20 0.078 0.037 (129) 32 46 72 
FeRh.GO) L512- 0.25 0.12 0.075 (262) 38 42 74 
tFe2fi4(W1612- 0.50 0.13 0.088 (306) 41 44 73 
Fe,Rh,(CO) r4C 1.5 0.10 0.084 (294) 45 63 70 
tFe,(CO) 1 A*- - 0 0 - - - 

muw12+ 

[WCOh I12-YSi02 0.26 0.015 0.010 (36) 41 33 78 

Reaction conditions : 162°C; C3Hb: CO : H2 = 20 : 20 : 20 em3 min- ‘, 1 atm. 
a Relative activities. 
* 4.0 wt% metal. 

catalysts, giving the higher (70-75% molar selec- 
tivity) normal-alcohols. It is difficult to simply 
explain such a remarkable enhancement of hydro- 
formylation activity and substantial increase of 
alcohol selectivities by the addition of products 
catalysed on the individual Rh and Fe atoms in the 
catalysts. To rationalize the promotional role of 
Fe, a physical mixture [Rh + Fe]/SiOl catalyst was 
prepared from a THF solution of Rh,(CO), z and 
pMBA],[Fe,(CO), r] (Fe/Rh atomic ratio = 0.26) 
impregnated on SiOz. The resulting Hz-reduced 
catalyst gave much lower activity for the ethylene 
(and propene) hydroformylation and a negli- 
gible alcohol conversion compared to that for 
pMBA]JFeRh,(CO), 5] (Fe/Rh = 0.25). For com- 
parison, a mechanical mixture of RhXCO)&iOz 
and [TMBA],[Fe,(CO) 1 ,]/SiOz (Fe/Rh = 0.24) was 
prepared from the individual clusters, followed by 
the subsequent hydrogen reduction. The mech- 
anically mixed catalyst (Rh/SiO*+ Fe/SiOJ gave 
negligible or lower activities for ethylene hydro- 
formylation, and no selectivity toward alcohol 
products, which is similar to those on the 
Rh,(CO) 1 2 catalyst. Accordingly, the results sug- 
gest that RhFe bimetal carbonyl clusters provide 
the discrete intact ensemble of RhFe atoms sub- 
stantially active for the olefin hydroformylation, 
and for the successive hydrogenation to give higher 
alcohols. The higher order of the enhancement for 
the hydroformylation over the simple hydro- 
genation of olefins on the Fe-containing Rh cluster- 
derived catalysts, resulted in the appreciable 
improvement of oxygenate selectivities. 

SELECTIVE CO HYDROGENATION TO 
Cl-C2 ALCOHOLS ON RhFe, PtFe AND Pd 

BIMETAL CLUSTER-DERIVED CATALYSTS 

Similarly, the PtFe and PdFe bimetal cluster- 
derived catalysts (0.5-2.0 wt% metal loading) were 
also prepared by using [Fe3Pt3(CO)i5][TMBA12, 

FedVW~51[TMBAl~ lW%Pd6(CO)~411’TMBAl~ 
(Fig. 1 la,b) and [Fe,Pd(CO), 6][TMBA]223 which 
were impregnated on Si03 gel, followed with the 
H2 reduction at 400°C. A CO+H2 reaction was 
conducted at 230-270°C with an open-flow mode 
stainless-steel reactor (5-10 kg cmp2, CO/H2 = 0.5 
v/v, SV = 1000 h- ‘). The results for the CO hydro- 
genation on the catalysts derived from RhFe, PtFe 
and PdFe bimetal carbonyl clusters are exemplified 
in Table 4.24 It was of interest to find that the rates 
of oxygenates consisting mainly of methanol and 
ethanol were substantially enhanced on the Rh4Fe2 
and Rh,Fe carbonyl cluster-derived catalysts, com- 
pared with those on the Rh,(CO),,-derived one. 
Fe promotion for production of C,--C2 alcohols is 
quite remarkable on the Fe-containing Rh bimetal 
cluster-derived catalysts even compared with the 
conventional RhFe catalysts from the chlorides. 
Moreover, the hydrocarbon formation was con- 
siderably suppressed on the RhFe cluster-derived 
catalysts, possibly due to the site-blocking of the 
RhFe ensembles. This is similar to the conventional 
Fe (MO, Zn) decorated Rh mentioned earlier. The 
Fe promotion toward alcohol synthesis was also 
observed on the catalysts from the Fe-containing Pt 
and Pd bimetal carbonyl clusters, where methanol 



2362 M. ICHIKAWA 

(b) 

Fig. 11. Structures of Pt3Fe3 (a) and Pd,Fe6 (b), with 
the carbonyl ligands omitted ; carbonyl clusters as the 
precursors for the preparation of PtFe and PdFe bimetal 

cluster-derived catalysts. 

yields were strikingly enhanced in higher selec- 
tivities (near 100% in CO base). The Fe,Pt- and 
Fe,Pd-derived catalysts gave an appreciable 
amount of methane and higher hydrocarbons with 
methanol. This might be explained by the cluster 
segregation in the catalyst preparation, resulting in 
the isolated Fe particles active for the typical F-T 
synthesis of hydrocarbons. 

EXAFS, M&SBAUER AND IR 
CHARACTERIZATION OF THE l&Fe 

AND PtFe BIMETAL CLUSTER-DERIVED 
CATALYSTS 

The structure and location of the RhFe and PtFe 
bimetal carbonyl cluster-derived catalysts have 
been studied by means of EXAFS, Mijssbauer and 
FTIR in CO chemisorption. 24*25 

The Fourier transform of Rh-K and Fe-K 
EXAFS on the H,-reduced samples prepared from 
SiO,-supported [Rh,Fe,][TMBA], (4 wt% Rh) sug- 
gest that the RhFe bimetal ensembles are formed 
in a high dispersion (around 10 A in size) and have 
direct Rh-Fe-O bondings (Rh-Rh : C.N. = 7.2, 
R = 2.65 A and Rh-Fe: C.N. = 1.8, R = 2.54 A). 
A relatively large contribution of Fe-O bonding 
(Rh-0: C.N. = 3.0, R = 1.99 -%i) was obtained, 
compared with that of Rh-CO (C.N. = less than 
1.0, R = 2.03 A). Mossbauer measurements of the 
sample gave an absorption band which could be 
resolved into a singlet and pair of quadrupole doub- 
lets (Fig. 12). They were reasonably assigned to 
Fe0 and Fe3+, respectively. No band for Fe2+ was 
observed. The results imply that Fe atoms in the 
Rh,Fer- and Pt,Fe,-derived catalysts are mostly in 
the state of Fe3+ (more than 85% abundance after 
the recoilless-factor correction) even after the H2 
reduction at 400°C. This could be explained in terms 
of the localized mode of RhFe and PtFe ensembles 
on silica as shown in Fig. 9, where Fe3+ is located in 
between Rh (or Pt) clusters and the silicon dioxide 
interface. It seems the electropositive Fe plays a role 
in anchoring the small ensembles of Rh and Pt 
atoms and prevents a sintering under the reduction 
and CO + H2 reaction conditions. It also affects the 
catalytic performance of Rh, Pt and, possibly, Pd 
in promoting the activity toward C--C2 alcohols in 
CO hydrogenation, as mentioned before. On the 
otherhand, the FTIR spectrum was observed in CO 

I I I. S. (mQ) Q.S.(m"&) Area(%) I 
Fe0 -0.09 - 26 

Fe3’ 0.55 0.83 73 

I I I I I I I 
-4 -2 0 2 4 

Velocity (mm/s) 

Fig. 12. “Fe Miissbauer spectrum of SiO,-supported [Rh4Fez(CO),,J[NMe,CH,Ph],-derived cata- 
lysts (4 wt% metal loading, after Hz reduction at 400°C in 2 h) and the Miissbauer parameters 

obtained. 
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Fig. 13. The IR spectrum in CO chemisorption on the reduced sample of SiO,-supported 
[Rh,Fe,(CO), ,][NMe,CH,Ph], : H2 reduction at 35O”C, 2 h. CO (22 torr) at 25°C. 

chemisorption on the Hz-reduced catalyst derived 
from Rh,Fe,/SiO, (Fig. 13). In addition to the 
strong linear CO band at 2058 cm- ’ and a bridging 
CO band at 1806 cm- ‘, comparatively weaker than 
on the Rh,(CO),,-derived one, it is worthy to note 
a lower frequency band appearing at 1628 cm-‘. 
This may arise from C- and O-bonded interaction 
of CO chemisorbed on the adjacent Rh-Fe3+ 
ensemble. In homogeneous organometallic chem- 
istry Shriver et al. have suggested that a similar 
bifunctional activation of CO is observed in the 
stoichiometric adduct formation between organo- 
metallic carbonyl complexes (e.g. Fez(C0)9 and 
Fe4(C0).,Cp,) and Lewis acid reagents such as 
AlBr, and BF3, even on the A1203 surface (Fig. 13), 
due to C- and O-bonded interactions. 6 Additionally, 
it has been reported by Burwell and Shriver that 
such a Lewis acid reagent could greatly enhance the 
rate of migratory CO insertion with the methyl 
group of MeMn(CO), to make an acetyl complex 
due to the adduct formation. Accordingly, it is con- 
ceivable that Fe0 atoms act as an inert breaker to 
divide the Rh (or Pt) ensembles into isolated Rh 
atoms. On the other hand, an electropositive 
Fe(Fe3’) in the RhFe ensembles has a bifunctional 
role as a Lewis acid-promoter to enhance CO 

R,T=o 7 
R,,--e’+ - ,c=o 

Rh - ‘Fe’+ 

migratory insertion and to stabilize formyl and 
acetyl intermediates which are eventually con- 
verted into methanol and ethanol in hydrogen- 
ation (see Scheme 2). 

ZEOLITE-ENTRAPPED -(CO), AND 
BIMETAL I&Fe CLUSTERS AS 

TAILORED METAL CATALYSTS FOR 
OLEFIN I-NDROFORMYLATION 

We have recently tried to prepare the well-char- 
acterized Rh, Fe and bimetallic RhFe clusters 
entrapped inside NaY zeolite supercagesz6 by 
means of a, “ship-in-bottle synthesis” (Fig. 14). 
[Rh,(CO),,]/NaY (2 wt% Rh) was synthesized by 
the reaction of CO/H2 and Rb3+jNaY, as pre- 
viously reported.24 [HFes(CO), ,]/NaY (2-5 wt% 
Fe) was also prepared in the reaction of NaY with 
Fe2(C0)9 at 343 K. HFe,(CO),,, formed on the 
external zeolite surface, could be extracted as 
the salts by washing with a tetraglyme solution of 
bulky alkyl ammonium bromides such as [(n- 
C6H ,3)4NlBr. The bimetallic I&Fe carbonyl clus- 
ters inside NaY frameworks were prepared by the 
reaction between [HFe3(CO), J/Nay and Rh car- 
bonyls such as Rh4(C0)i2 in vacua at 373 K. NaY 

P 
HP 

CH-0 
/ I 

- Rh-Fe 
-% RCHzOH 

Scheme 2. Two-site interaction of C- and O-bonded CO with Rh and Fe*’ (Pt and Feb’). 
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Fig. 14. Zeolite-entrapped Rhd carbonyl clusters and preparation by means of a “ship-in-bottle 
synthesis”. 

zeolite-entrapped Rh6 and RhFe bimetallic car- 
bony1 clusters showed the characte~stic IR car- 
bony1 spectra in Figs 15 and 16. The band at 1760 
cm-’ in Fig. 15 is due to the triply bridging CO of 
Rh6(CO)16 interacting with A13+ (or Na’) located 
on the wall of an NaY supercage. As shown in 
Table 6, the Rh-K-edge EXAFS data on 
~Rh~(CO)~~]~aY, in comparison with those of 
Rh,(CO) , 6 in the crystal, provided direct evidence 
for the stoichiometric formation of hexanuclear Rh 
carbonyls inside an NaY supercage, but with a small 

contribution of Rh-0 bonding with the oxide wall. 
After oxidation of ~~~(CO)~~]/NaY by heating 
from 293 to 423 K in O2 to eliminate CO, followed 
with hydrogen reduction at 473-673 K by flowing 
Hz, the reduced sample, [Rh,]/NaY, was obtained. 
The EXAFS analysis for [Rh,]/NaY substantiated 
the retention of an Rh cluster unit in the reduced 

-00 
(cm-‘) 

Fig. 15. The IR carbonyl spectrum of Rh,(CO),, 
entrapped inside NaY zeoIite. ~Fe~(CO)~~]~aY with Rh,(CO,,) in tlaeuo. 

Fig. 16. The IR carbonyl spectrum of the resulting RhFe 
bimetal carbonyl clusters prepared by the reaction of 

2078 
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Table 6. Results of the curve-fitting analysis of EXAFS data for Rhc clusters in NaY zeolite 

2365 

Sample 
Rh-CO(termina1) Rh-CO(bridge) Rh--o(suPpo~) Rh-Rh 

C.N. R(A) C.N. R(A) C.N. R(A) C.N. R (A) 

W&3 1 d/Nay 1.5 1.88 1.6 2.15 2.06 3.1 2.74 
[Rh,]/NaY (473 K red.) - - - - ky 2.10 4.6 2.70 
[Rh,]/NaY (673 K red.) - - - - 0.7 2.09 4.6 2.70 
[Rh,]/NaY+CO 1.4 1.85 1.4 2.15 0.8 2.03 3.2 2.72 
RhS(CO),6 2.1 1.97 2.0 2.17 - - 4.0 2.76 

state in terms of coordination number and atomic 
distance (Rh-Rh: C.N. = 4.6, R = 2.7 A). In CO 
chemisorption on [RhJNaY the EXAFS data in 
Table 8 suggest that the Rh ensembles of less than 
10 A size still retain their Rh-Rh frameworks 
(Rh-Rh: C.N. = 3.2, R = 2.72 A) and result in 
the carbonyl clusters which are also partially linked 
to the zeolite-oxide wall (Rh-0: C.N. = 0.8, 
R = 2.03 A). The results suggest that the Rh6 
clusters are accommodated and stabilized inside 
zeolite frameworks, whatever the treatment and 
temperature, and without formation of large 
crystallites on the external zeolite surface. Inter- 
estingly, the resulting RhFe bimetal carbonyl 
clusters, RhFe/NaY, obtained by the reaction of 
[HFe3(CO), J/NaY and Rh,(CO), 2, gave the IR 
carbonyl bands (Fig. 16), which considerably 
resemble those of lTMBA]2[Rh4Fez(CO)16]23 
deposited on NaY from THF solution (2093(s), 
2044(w), 1741(m), 1711(m) and 1689(w) cm-‘). 

An atmospheric pressure hydroformylation of 
ethylene and propene was conducted on [Rh,]/ 
NaY and RhFe/NaY, and the results are pre- 
sented in Tables 7 and 8, respectively. Acetaldehyde 
was catalytically obtained as the hydroformylation 

product on [Rh,]/NaY. In contrast, it is of interest 
to find that the bimetallic RhFe/NaY catalyst 
gave much higher activities and selectivities for 
the normal-rich alcohol formation rather than 
[Rh,]/NaY. A simple hydrogenation of olefins 
was suppressed on the RhFe/NaY, resulting in the 
marked improvement of oxygenate selectivities. 
[HFe,(CO) 1 ,]/NaY was completely inactive for 
both hydroformylation and a simple hydrogenation 
of ethylene and propene under similar reaction con- 
ditions. On the other hand, a physical mixture cata- 
lyst, [Rh,] + [Fe,]/NaY, consisting of isolated Rh6 
and Fe, entrapped inside zeolite cages, was pre- 
pared by the reaction between presynthesized 
[Rh,(CO),,]/NaY and Fez(C0)9 in the presence of 
water vapour at 343 K. The resulting sample 
showed the IR carbonyl spectrum apparently con- 
sisting of a simple addition between those of 

[Rh6(CO) 1 d/Nay and [HFe,(CO), J/Nay. The 
reduced sample of the [Rh,]+[Fe,]/NaY showed 
activities and selectivities in the ethylene and 
propene hydroformylation reactions almost the 
same as those obtained on [Rh,]/NaY as shown in 
Table 8. Additionally, it was of interest to find 
that the bimetallic RhFe/NaY (and RhFe/NaX) 

Table 7. Hydroformylation of ethylene on [RhJNaY and RhFe/NaY catalysts” 

Specific rates of 
formationb (rnin- ‘) Selectivity (mol %) 

Catalyst/Nay C2H, C2HSCHO+CsH70H Oxygenates’ Alcohol“ 

V&l 0.074 0.022 23 3.8 
VW + l&l 0.081 0.029 26 2.8 
RhFe 0.12 0.068 37 33 

“Reaction temp., 150°C ; flow rate, C,H,: CO : H, = 20 : 20 : 20 cm3 min- ’ ; total 
pressure, 1 atm. 

b mm01 mmolr;d mm-‘. 
c(EtCHO+PrOH)/(C,H,+EtCHO+PrOH) x 100. 
‘PrOH/(EtCHO+PrOH) x 100. 
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Table 8. Hydroformylation of propene on [RhJNaY and RhFe/NaY catalysts” 

Specific rates of 
formationb (min- ‘) 

Catalyst/Nay CSHs C,HCHO+C.,H,OH 

mu 0.034 0.0038 
P&l+P%l 0.038 0.0057 
RhFe 0.042 0.011 

Selectivity (mol %) 

Oxygenates’ Alcohol” n-isomers’ 

10 8 57 
13 11 57 
21 73 78 

LI Reaction temp., 175°C; flow rate, C3Hs : CO : H, = 20 : 20: 20 cm3 min- ’ ; total pressure, 
1 atm. 

b mm01 mm012 min- I. 
c(PrCHO+BuOH)/(C,H8+PrCHO+BuOH) x 100. 
d BuOH/(PrCHO + BuOH) x 100. 
e (butanal + butanol)/(PrCHO + BuOH) x 100. 

samples provided a good yield of oxygenates, 
consisting mainly of EtOH and MeOH at the 
expense of decreasing the yields of methane and 
higher hydrocarbons. With the [RhJ/NaY and 
[Rh,] + [Fe,]/NaY catalysts only CH3CH0 was 
formed in lower selectivities as the oxygenate pro- 
duct. The results also showed that the adjacent 
RhFe bimetal ensembles are essential for the pro- 
motion of hydroformylation activity in enhancing 
CO insertion with M-H and M-alkyl groups to 
make methanol and higher alcohols. The results 
are similar to those previously proposed on 
the catalysts derived from Si02-supported RhFe 
and carbon-supported RuCo bimetal carbonyl 
clusters.27 

CONCLUSIONS 

Fe-containing Rh, Pt and Pd bimetallic carbonyl 
clusters were employed as the potential precursors 
to provide highly dispersed bimetallic sites impreg- 
nated on SiOz and entrapped inside zeolite frame- 
works. The structural characterization by means 
of EXAFS, Mijssbauer and FTIR spectroscopies 
suggested that the resulting bimetal cluster-derived 
catalysts were well behaved in terms of ensemble 
sizes, metal compositions, and oxidation states (Fe’ 
and Fe3+) of the promoter Fe. They are highly 
active for Cr.-C2 alcohols in the CO+H2 reaction. 
Fe0 acts as an inert breaker of the Rh (Pt or Pd) 
ensembles in forming alloy block sites for bridging 
CO chemisorption. This results in the effective sup- 
pression of CO dissociation. This is reflected in the 
decrease of hydrocarbon formation in the reaction 
catalysed on Fe (MO, Zn) decorated Rh (Pt, Pd) 
catalysts. 

RhFe3+ (or PtFe3+, possibly PdFe3+) pairs 
impregnated from bimetallic carbonyl clusters on 

SiOz effectively promote the migratory insertion, 
as judged by the rate enhancement of the olefin 
hydroformylation. This is reflected in the pro- 
motion of Cl-C2 alcohols on RhFe catalysts and 
similarly MeOH synthesis on PtFe and PdFe cata- 
lysts in the CO + H2 reaction. 

NaY(NaX) zeolite-entrapped RhFe bimetallic 
carbonyl clusters have been prepared by in situ 

synthesis. Compared to [Rh,]/NaY and a physically 
mixed [Rh,] + [Fe,]/NaY, RhFe/NaY exhibited a 
marked increase of the activities and selectivities 
toward MeOH and EtOH in CO + Hz and toward 
normal-alcohols in propene hydroformylation. 

From the above results, Fe promotion is pro- 
posed to be interpreted in terms of C- and O-bonded 
CO activation to enhance CO insertion with M-H 
and M-alkyl intermediates on the contiguous het- 
eronuclear RhFe3+ (PtFe , 3+ PdFe3+ also) pair sites, 
which are located at the interface between Rh (or 
Pt, Pd) ensembles and the supporting SiOz (and the 
oxide wall of the zeolite supercages). 
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COMPLEXES : CARBONYLATION AND METALLO- 
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Abstract-The reaction of RuC13 with 4 molar equivalents of Na[Co(CO)4] gives a mixed 
cluster Na[RuCo,(CO),d in high yield. The cluster readily undergoes a cation exchange by 
bulky cations such as [(Ph3P)2Nj+, while protonolysis by phosphoric acid produces 
HRuCO~(CO),~. The X-ray structure of [(Ph,P),Nj [RuCO~(CO)~~ shows that the four metals 
are located at the corners of a tetrahedron. These mixed clusters are very effective for the 
homologation of methanol compared with Co2(CO)@ On the other hand, the Co2 
(Co)8-Ru3(CO)12 bimetallic catalyst shows remarkably high catalytic activity for hydro- 
fOImylatiOn Of OlefinS such as cyclohexene compared with Co&o)8 alone. The SyIErgiStiC 

effects for cobalt and ruthenium on these carbonylation reactions tire discussed. Metallo- 
selective substitution reactions were observed when HRuCO~(CO)~~ was treated with amines 
or phosphines. The substitution of amines for the carbonyl ligand takes place preferentially 
at the ruthenium atom whereas the substitution of phosphines occurs exclusively at the 
cobalt atoms. 

Homogeneous multimetallic catalysts have recently 
been receiving much attention because it is hoped 
that the cooperativity of different metals during 
chemical transformations might lead to more selec- 
tive and efficient reactions and, in some cases, to 
new types of reactions which are inaccessible 
through homometallic systems.‘-3 Several years ago 
we started our study toward this direction. The 
reaction we first chose was the homologation of 
methanol to ethanol since interesting reports had 
appeared which claimed that the selectivity of etha- 
nol was remarkably improved by addition of a small 
amount of ruthenium iodide4 or ruthenium car- 
bonyl’ to cobalt carbonyl. Stimulated by these find- 
ings, we found that [RuCo3(CO),~- mixed clusters 
show notable catalytic activity for the homo- 
ldgation of methanol. Detailed investigation of 
this reaction led us to discover that the Co&o)8 
-Ru~(CO)I~ bimetallic system shows high cata- 
lytic activity for hydroformylation of olelins com- 
pared with Co2(Co)8 or Ru~(CO),~ alone. The syn- 
ergistic effects for cobalt and ruthenium on these 
carbonylation reactions are discussed here. During 
the course of this study, we have recently found 
metallo-selective substitution reactions by amines 

*Author to whom wrrespondence should be addressed. 

or phosphines in HRuCO~(CO),~. To our knowl- 
edge, this is one of a few examples in which mixed 
clusters react with similar substrates at different 
specific locations.6 

\ HOMOLOGATION OF METHANOL BY 
USING [RuCO~(CO)~,]- CLUSTERS7 

The homologation of methanol using the 
Co2(Co)8-RuC13 bimetallic system has been inves- 
tigated in detail. Methyl iodide was used as a pro- 
moter. The influence of the I$u/Co molar ratio on 
the yields of products is shown in Fig. 1, where 
various amounts of RuC13 * 3H20 were added to a 
constant amount of cobalt. carbonyl. When only 
cobalt carbonyl was used as the catalyst, the main 
C, products were acetaldehyde and its dimethyl ace- 
tal under the reaction conditions employed (18O”C, 
CO : H2 ratio = 1: 2, idial pressure 120 kg cnp2 at 
ambient temperature). Increase of the Ru : Co ratio 
sharply decreased the yield of total acetaldehyde 
whereas it remarkably improved the yield of total 
ethanol. It is of great interest that addition of RuC13 
slightly but notably increases the yield of total C2 
products, i.e. the carbon-carbon bond formation, 
and the yields of both total ethanol and total C2 
compounds reach a maximum at the Ru : Co ratio 

2369 
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25 - e-Total Cz 
-*- Total EtOH 
-w Tatal AcH 

Ru only 
0 

Ru /Co 

Fig. 1. Effect of the Ru/Co ratio on the methanol homologation catalysed by the Co,(CO),-RuCl, 
* 3Hz0 system. Yield (%) of total Cz = AcH(mo1) + DMA(mo1) + EtOH(mo1) + MeOEt(mo1) 
+ 2 x Et zO(mol) + AcOMe(mol)/MeOH added(mo1) x 100 (DMA = dimethyl acetal of acetalde- 
hyde). Yield (%) of total EtOH = EtOH(mo1) + MeOEt(mo1) + 2 x EtzO(mol)/MeOH added(mo1) 

x 100. Yield (%) of total AcH = AcH(mo1) + DMA(mol)/MeOH added(mo1) x 100. 

of cu 1: 3. These results suggest that some cobalt- 
ruthenium mixed clusters such as an RuCo3 cluster 
are formed under reaction conditions which are 
effective for the homologation of methanol. This led 
us to prepare well-defined cobalt-ruthenium mixed 
clusters. 

A reddish brown complex Na[RuCo,(CO),J was 
obtained in high yield by reaction of RuC& - 3H20 
with 4 molar equiv. of Na[Co(CO),] in methanol/ 
THF [eq. (l)]. 

RuC13+4Na[Co(CO),] + Na[RuCo,(CO),d 

+ 3NaCl+ 1/2[Co,(CO),]. (1) 

Protonolysis of the cluster with phosphoric acid 
gives the hydrido cluster HRuCo3(C0)i2 in mod- 
erate yield. This hydrido cluster was previously pre- 
pared by reaction of Ru3(CO)iz with COAX in 
acetone followed by acidification with hydrochloric 
acid, but the yield was very low.’ The sodium cation 
in Na[RuCo3(CO),J is readily exchanged by bulky 
cations such as the bis(triphenylphosphine) immin- 
ium ion. X-ray crystallographic analysis of 
[(Ph,P),Nj[RuCo,(CO) 1 2] reveals that the four metal 
atoms in the anion form a tetrahedron with the 
apical Ru atom bonded to three terminal car- 
bony1 ligands and three basal Co atoms each 
bonded to two terminal and two bridging carbonyl 
ligands. 

These cobalt-ruthenium mixed clusters are very 
effective for the formation of ethanol from meth- 
anol and synthesis gas as in the case of the Coz(CO)8 
-RuCls bimetallic system. The selectivity of total 

ethanol was improved up to 64% at cu 25% con- 
version of methanol with the methyl iodide/cluster 
ratio of ca 9 at 180°C while the selectivity was 
below 5% in the case of Coz(CO)8 under similar 
conditions. The study on time dependence of yield 
and selectivity of the products unequivocally shows 
that methanol is ftrst converted to acetaldehyde and 
then hydrogenated to ethanol. These results have 
led to the conclusion that the synergistic effect for 
cobalt and ruthenium appears in the first step for 
formation of acetaldehyde, and the second step for 
hydrogenation of acetaldehyde to ethanol is prob- 
ably catalysed by ruthenium complex(es) [eq. (2)]. 

*/Hz 
CH30H - 

GJ/RU 

CH&HO Hz - CHSCH20H. (2) 
RU 

The synergistic effect might be explained by either 
cluster catalysis or bimetallic catalysis which, for 
example, involves dinuclear reductive elimination 
of acetaldehyde from acetylcobalt and hydrido- 
ruthenium complexes. However, from the re- 
covered solution after catalysis, the salt of 
[Ru(CO),I,]- was isolated in moderate yield, but 
no parent cluster. This finding appeared to favour 
the latter type of explanation. This led us to discover 
that the CO~(CO)~-RU~(CO)~~ bimetallic system 
shows high catalytic activity for hydroformylation 
of olef-ins compared with Coz(CO)8 or Ru~(CO),~ 
alone, since both processes involve alkyl and acyl 
complexes as common intermediates. 



Co-Ru mixed metal complexes 

Table 1. Hydroformylation of cyclohexene by Co-Ru mixed metal calalysts” 

Run Catalyst Ru:Co Yield of CyCHO Initial rate 
(%r fV0) 

2371 

:d CO&f38 
Ru~(Co),z 

- - 14 3 0.3 1.0 

3 Co&O), + RGW,Z 0.34 32 3.6 
4 Co@% + RuW.& 0.95 52 5.9 
5 Co&% + Ru&% 3.2 62 8.4 
6 Co,(CQ, + Ru,(CO) ,z 9.9 loo” 27 

a Reaction conditions: Co, 0.2 mg atom; cyclohexene, 80 mm01 ; THF, 10 cm3 ; 
reaction temp., 110°C ; reaction time, 4 h ; CO : H, = 40 : 40 kg cm- * (initial pressure 
at room temp.). 

bThe yield of CyCHO is based on the starting cyclohexene. It includes the 2,4,6- 
~cyclohexyl-1,3,5-t~oxane formed, because the latter quanti~tively decomposes to 
CyCHO under the conditions of our direct CK analysis. 

‘Relative to Co,(CO), alone (Run 1). 
d Ru, 0.6 mg atom. 
‘Small amount of cyclohexanemethanol formed. 

HYDROFOR~LATION OF OLEFINS BY as more Ru3(CO)iz was added to CO&O)~. At 
HOMOGENEOUS COBALT-RUTHEXWM Ru : Co = 9.9 : 1, the initial rate was 27 times as fast 

BIMETALLIC CATALYST9 as that with COAX alone. 

Table 1 summarizes the results of the hydro- 
formylation of cyclohexene in THE; using the 
Co,(CO),-Ru,(CO),, mixed metal catalyst. The 
yield of cyclohexanecarbaldehyde with the bi- 
metallic catalyst was considerably higher than 
would be expected by a simple additive effect 
based on the values observed for CO&ZO)~ and 
RUDER, respectively. The initial rate increased 

Solvent effect on the hydroformylation of 
cyclohexene catalysed by COAX or with the 
Co~~CO)~-Rug,* bimetallic catalyst is shown 
in Table 2. The initial rate with COAX alone was 
almost independent of the nature of the solvent 
employed. In contrast, the initial rate with the 
cobalt-ruthenium bimetallic catalyst was remark- 
ably influenced by the nature of the solvent. Inter- 
estingly, alcohols such as methanol were the best 

Table 2. Solvent effect on the hydroformylation of cyclohexene by the Co-Ru bimetallic 
catalyst” 

Run Solvent 

Yields of products” (%) 
Initial rate 

(Qb CyCHO CyCH,OH Acetal Ester 

1 pyridine 1.4(0.1) 19(O) O(0) 
2 hexane 5.4(1.1) 58(12) l(0) 
3 dioxane 5.8(0.9) 61(11) l(O) 
4 THF 5.9(1.0) 52( 14) l(0) 
5 benzene 9.1(1.1) 73(12) 2(O) 
6 ethanol 15(1.1) 39(2) 2(O) CyCH(OEt), CyCOOEt 

54(14) 2(l) 
7 methanol 19(1.1) 19(O) l(0) CyCH(OMe), CyCOOMe 

68(15) 5(l) 

tl Reaction conditions : CO&O)~, 0.10 mm01 ; Ru&O),~, 0.067 mm01 ; cyclohexene, 80 
mmol ; solvent, 10 mmol ; reaction temp., 110°C ; reaction time, 4 h ; CO : H2 = 40 : 40 kg cm- * 
(initial pressure at room temp.). Values in parentheses are those catalysed by Co,(CO), (0.10 
mmol) alone. 

‘Relative to Co,(CO), in THF. 
‘Yields are based on the starting cyclohexene. 
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among the solvents investigated. The initial rate 
with the bimetallic catalyst using an Ru : Co molar 
ratio of 1: 1 in methanol was 19 times faster than 
that with COAX alone in THF. In this case, the 
aldehyde initially formed was mostly converted into 
its dimethyl acetal. 

A synergistic effect for cobalt and ruthenium was 
also observed for hydroformylation of other olefins 
such as I-hexene and styrene. However, rate 
enhancement was not as great compared with the 
hydroformylation of cyclohexene. The initial rate 
of the hydroformylation of I-hexene in benzene by 
the bimetallic catalyst using an Ru : Co molar ratio 
of 1: 1 was about three times as fast as that with 
COAX alone. However, the normal : iso ratio of 
the aldehyde formed was essentially the same as 
in the case of Co,(CO),. The hydroformylation of 
styrene with the same bimetallic catalyst in benzene 
roughly doubled the initial rate. On the other hand, 
the initial rate of the hydroformylation of cyclohex- 
ene under the same conditions increased about nine- 
fold as shown in Table 2. Thus, it may be concluded 
that the synergistic effect for cobalt and ruthenium 
on hydroformylation of olefins occurs in the fol- 
lowing order : cyclohexene > 1-hexene > styrene. 
It is noteworthy that cyclohexene, which is the least 
reactive substrate in the COAX catalysed hydro- 
formylation, is as readily hydroformylated as l- 
hexene if the bimetallic catalyst is used. 

A high pressure IR spectral study of the reaction 
solution did not show the existence of cobalt- 
ruthenium hydride(s), although the hydrogenolysis 
conditions. This observation led us to expect that 
the synergistic effect for cobalt and ruthenium 
might be explained by dinuclear reductive elim- 
ination of aldehydes from cobalt acyls and 
ruthenium hydride(s), although the hydrogenolysis 
step of metal acyl intermediates forming aldehydes 
‘is still the subject of controversy. Thus, the reactions 
between hexanoyl cobalt tetracarbonyl and several 
kinds of metal carbonyl hydrides including 
HCo(CO),, [HRu(CO),]- and [HRu,(CO),,]- have 
been investigated as model reactions. Interestingly, 
the hydride [HRu(CO)J reacts much more readily 
with the acyl cobalt complex at ambient tem- 
perature to form hexanal than does HCO(CO)~.” 
This suggests that ruthenium is probably involved 
in the aldehyde-forming step in the hydro- 
formylation with the bimetallic system. However, 
Whyman previously proposed from a high pressure 
IR spectral study that in the hydroformylation of 
internal ole8ns catalysed by COAX, initial inter- 
action of the olefln with HCO(CO)~ might be the 
rate-determining step although hydrogenolysis of 
an acyl cobalt intermediate is a significant rate- 
determining sten in the case of simple terminal ole- 

fins.” The fact that the synergistic effect for cobalt 
and ruthenium is most effectively realized in the case 
of cyclohexene (vi& infra) indicates that ruthenium 
might also be involved in the olefin insertion step. 
This is compatible with the finding that the syn- 
ergistic effect for cobalt and ruthenium also appears 
in the hydroesterification of olefins which does not 
involve hydrogenolysis of an acyl intermediate. 

METALLO-SELECTIVE SUBSTITUTION 
REACTIONS BY AMINES OR PHOSPHINES 

IN HRuCO~(CO)~~‘* 

A mixed-metal cluster HRuCo3(C0)i2 (1) reacted 
with trimethylamine N-oxide to give an amine sub- 
stituted cluster HRuCo3(CO), ,(NMe,) (2) in moderate 
yield concurrent with evolution of CO,. A series of 
amine substituted clusters HRuCo,(CO) , ,L (3, L = 
NEt3; 4, L = MezNPh; 5, L = P-H2NC6H4NH2; 6, 
L = 1,4-cyclohexanediamine) were prepared by 
direct treatment of cluster 1 with 1 molar equiv. 
of amines, during which evolution of CO was 
observed. Even if a large excess of amines was used, 
only the mono-substituted clusters were obtained. 
In contrast, cluster 1 reacted with one molar equiv. 
of triphenylphosphine to give a mono-substituted 
cluster HRuCO~(CO)~,(PP~~) (7) whereas treatment 
with 3 molar equiv. of triphenylphosphine pro- 
duced a disubstituted cluster HRuCo3(CO)io(PPh3)r 
(8). Substitution of amine for the two carbonyl 
ligands in cluster 1 proceeded only when a bidentate 
ligand Me2NCH2CHzNMe,, (tmeda) was used 
(Scheme 1). Interestingly, when the correspond- 
ing iron analogue HFeCo3(C0)i2 was treated 
with amines, the protic hydrogen was abstracted 
by the amines to give ammonium salts [R,NH] 

W-WWd 
Substitution of electron-donating amines or 

phosphines for the carbonyl ligands results in a lower 
shift of v(C0) in the IR spectra. The bands due to 
v(C0) of amine substituted clusters appear at lower 
frequencies than those of phosphine substituted 
clusters. Furthermore, the IR spectra of amine sub- 
stituted clusters in the v(C0) region are quite 
different from those of phosphine substituted clus- 
ters. The amine substituted cluster 3 shows one 
medium peak at 18 15 cm-’ assigned to bridging 
carbonyl groups, whereas the phosphine substituted 
cluster 7 exhibits two medium peaks at 1861 and 
1846 cn-’ assigned to bridging carbonyl groups. 
This strongly suggests that the site for the sub- 
stitution of amines and phosphines in cluster 1 may 
be different. 

‘H NMR spectra of amine substituted clusters 2- 
6 show a broad singlet at - 17.1 to - 17.4 ppm 
characteristic of a metal hydride. The line width 
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(b) 

PPh, 
c 

Scheme 1. 

-2200 -2400 -2600 -2800 -3000 -3200 

pm 

Fig. 2. s9Co NMR spectra of amine or phosphine substituted clusters. (a) HRuCO~(CO),~ (1); (b) 
HRuCo,(CO),,(NEt,) (3) ; (c) HRuCo,(CO),,(PPh,) (7) ; measured in acetone-d, at 27°C by using an 

aqueous solution of K,[Co(CN),] as an external standard. 
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becomes narrower as the temperature is lowered. 
The line broadening is probably caused by the qua- 
drupolar effect of 59Co nuclei and the hydride res- 
onance peak becomes sharp at lower temperatures 
when the relaxation time T, of 59Co nuclei becomes 
much smaller. On the other hand, 59Co NMR spec- 
tra show only one resonance at -2630 to -2649 
ppm which is similar to that of the parent cluster 
1. Typical 59Co NMR spectra of clusters 1, 3, and 
7 are shown in Fig. 2. Although we could not obtain 
crystals of 2-6 suitable for X-ray structural analysis, 
the above findings lead to the conclusion that amine 
substitution takes place at the ruthenium atom and 
the hydride ligand is probably p3-bound to the Co, 
face as in HFeCo,(CO),, and 1.13 

ruthenium atom and the hydride ligand is probably 
p,-bound to the Co, face. On the other hand, Pur- 
siainen and Pakkanen have recently determined the 
molecular structure of the dppe substituted cluster 
where dppe is axially coordinated to two different 
cobalt atoms.15 

‘H NMR spectra of phosphine substituted clus- 
ters 7 and 8 show a broad singlet at - 19.4 to - 19.9 
ppm assigned to the metal hydride. The 59Co NMR 
spectrum of 7 exhibits two strong peaks at -2574 
and - 27 12 ppm with intensity ratio 1: 2. This indi- 
cates that the phosphine substitution reaction takes 
place at the cobalt atom. The existence of a small 
amount of isomers in solution is supposed by obser- 
vation of weak peaks as shown in Fig. 2. The X-ray 
structural analysis of 7 shows that the cluster has a 
tetrahedral framework and the phosphine ligand is 
axially coordinated to one of three basal cobalt 
atoms. The hydride ligand is probably ,u3-bound to 
the Co3 face because the Co-Co-C axial carbonyl 
angles (av. 121.6”) are relatively large. Pursiainen 
and Pakkanen have recently determined the crystal 
structure of 8 where each phosphine ligand is axially 
coordinated to two different cobalt atoms and 
hydrogen is triply bridged to the Co, face.14 

Bidentate ligands, tmeda and dppe, also show a 
quite different reactivity toward the substitution for 
the carbonyl ligands in 1 (Scheme 1). The ‘H NMR 
spectrum of the tmeda substituted cluster shows 
only one set of singlets at 2.99 and 2.72 ppm with 
intensity ratio 4 : 12, which are assigned to methy- 
lene and methyl protons in the coordinated tmeda, 
respectively. The metal hydride resonance appears 
at - 17.4 ppm as a broad peak. The 59Co NMR 
spectrum exhibits one resonance at -2649 ppm. 
These results suggest that tmeda chelates the 
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POLYMERIZATION OF OLEFINS WITH HOMOGENEOUS 
ZIRCONOCENE/ALUMOXANE CATALYSTS 
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2000 Hamburg 13, F.R.G. 

Abstract-The homogeneous Ziegler-Natta catalyst, consisting of zirconocene compounds 
and methylalumoxane, leads to extremely high polymerization activities. With bis(cyclo- 
pentadienyl)zirconium dichloride, polyethylene with activities up to 40 x lo6 g PE/g Zr * h 
is formed. The higher the degree of oligomerization of the alumoxane the more active are 
the catalysts. The density of polyethylene (LLDPE) can be lowered by using 1-butene or l- 
hexene as comonomers. Incorporation of dienes gives EPDM-elastomers. Highly isotactic 
polypropylene can be prepared by using chiral rat-ethylene bis(tetrahydroindeny1) 
zirconium dichloride together with methylalumoxane as cocatalyst. The toluene soluble 
part here consists of less than 0.2 weight per cent. Cyclopentene gives a highly isotactic 
and insoluble polymer. With the R or S enantiomers of the catalyst it is also possible to 
produce optically active oligomers. The side reactions and the mechanism are discussed. 

Organometallic complexes formed by zircono- 
cene/methylalumoxane belong to the most active 
Ziegler-Natta catalysts for olefin polymeriza- 
tion known today. l-3 Every active site consists 
of one zirconium atom and between six and 20 
aluminum atoms. So a real multimetallic catalyst is 
given. The structure of the methylalumoxane is not 
known in detail. It exists in a linear and a cyclic 
form : 

O-Al 

,W 

'CH Lhear 3 

(Structure 1) 

By decreasing the number of aluminium atoms 
per alumoxane molecule, that is decreasing the 
number of aluminium atoms per active site, a drastic 
decrease of polymerization activity is observed 
(Table 1). 

The analogous titanium and hafnium com- 
pounds also form active catalysts. Especially at tem- 
peratures over 5O”C, the zirconium catalyst is more 
stable and active than the titanium or hafnium sys- 
tems. Of the cocatalysts methylalumoxane is much 
more effective than the ethylalumoxane or iso- 

butylalumoxane. Assuming that every zirconium 
atom forms an active complex, one zirconium com- 
plex produces about 15,000 polymer chains in 1 h 
with an average molecular weight of 150,000. The 
molecular weight distribution of the resulting poly- 
ethylene is narrow with M,,,/M,, = 1.62.4. 

At temperatures below - 20°C the transfer reac- 
tion is so slow that the molecular weight is only a 
function of the polymerization time as is found in 
living polymer systems. The molecular weight of 
the polyethylene can be varied over a wide range 
between 10,000 and 2,000,OOO by changing the poly- 
merization temperature between 20 and 100°C and 
the zirconium concentration. In addition, the 
molecular weight can be influenced by addition of 
hydrogen.4 In contrast to most heterogeneous cata- 
lysts, only traces of hydrogen were needed to lower 
the molecular weight of the polymer. 

Natural substances like starch, cellulose and lig- 
nin can, due to their free water, form alumoxane 
analogous structures on addition of trimethyl- 
aluminium. After addition of the metal compound, 
starch grains or cellulose fibres treated in this manner 
have a considerable polymerization activity when 
suspended in toluene. By this procedure physi- 
cal and chemical properties of natural and syn- 
thetic polymers can be combined.5*6 

In the same manner it is possible to cover cellu- 
lose, lignin or inorganic materials like CaC03, 
CaS04 * 0.5 H20 or Al203 with polyethylene or 
other polyolefins. 

2375 
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Table 1. Polymerization activity of different zirconocene/methylalumoxan catalyst systems in 330 
cm-’ toluene at 8 bar ethylene pressure, 5 x lo-’ mol aluminium units and 70°C 

Zirconocene 

(mol) 

(lo-‘)Cp,Zr(CH3), 
(10-7)Cp,Zr(CH3)2 
(3 x lo-*)Cp,ZrCl, 
(1.5 x 10-6)Cp,ZrClz 
(3 x 10-6)Cp,Zr(CH3), 

Cocatalyst 

Methylalumoxane 
Methylalumoxane 
Methylalumoxane 
Ethylalumoxane 
Tetraisobutylalumoxane 

No. of 
Activity Al-units 

(g PE/g Zr * h) per alumoxan 

1,200,000 8 
2,600,OOO 18 
8,000,OOO 18 

400,000 16 
1,400,000 2 

The catalysis can easily produce co- and ter- 
polymers. The density of the polymer can be 
lowered by using hexene-1 or butene- 1 as an ad- 
ditional monomer in copolymerizations. Incorpora- 
tion of 1 mol% hexene-1 yields a polymer which, in 
the molten state, has a density lower than 0.95 g 
cm- 3. With 5 mol% incorporated the density is 
0.92 g cm- 3 and decreases to 0.89 g cm- 3 for 9 
mol%, so that LLDPE can be obtained. 

Using dienes in addition to propene and ethylene 
leads to EPDM-elastomers. 7 

ISOTACTIC POLYMERIZATION 

Bis(cyclopentadienyl)zirconium or titanium IV 
compounds produce solely atactic polypropylene in 
polymerizations of propene with activities of 17,000 
g/g Zr - h at 20°C. It can be freely chosen to work 
either in solution or in liquid monomer. At low 
temperatures mean molecular weights (M,,) of the 
atactic polypropylenes reach values of 590,000. 
Increasing polymerization temperatures lead to 
decreasing values. 

13C NMR spectroscopic investigations of the 
polymers result in nearly ideally atactic samples 
which are appropriate for blending of elastomers. * 

By variation of ligands at the zirconium atom it 
has been attempted to introduce asymmetric centres 
into the catalyst in order to synthesize isotactic 
polypropylene also. (Pentamethylcyclopenta- 
dienyl)cyclopentadienylzirconiumalkylchloride, a 
compound consisting of four different ligands, 
has been applied. But even this highly demanding 
compound in combination with methyl- 
aluminoxane was only able to produce atactic poly- 
propylene. 9 On the other hand it is possible to make 
high isotactic polypropylene with stereorigid chiral 
zirconocenes of the kind Brintzinger first synthes- 
ized. ’ OS’ I The analogous titanium compounds lead 
to polypropylene of lower isotacticity. 

The CH,---CH, bridge serves as a very stereo- 
rigid conformation around the zirconium atom, 

(Structure 2) 

Structure of chiral ethylenebis(tetrahydroindeny1) 
zirconium dichloride. 

so that fluctuation among the ligands is not 
possible. The two indenyl groups are arranged in a 
chiral array. Ethylene bis(tetrahydroindeny1) 
zirconium dichloride appears in two isomeric 
forms (R and 5). The analogous titanium com- 
pound can exist in an additional mesomeric form 
which is not stable in the case of zirconium. 

By use of the racemic mixture of ethylene bis(in- 
denyl)zirconium dichloride or ethylene bis(tetra- 
hydroindenyl)zirconium dichloride together with 
the cocatalyst methylalumoxane in polymeriza- 
tions of propene, highly isotactic polypropyl- 
enes can be produced (Table 2). ’ * Polymeriza- 
tion activities of bridged, low soluble bis(indeny1) 
zirconium dichloride are distinctly greater than 
those of the corresponding hydrated compounds. 
This gives evidence for the hypothesis that iso- 
tactic polymerizations are dependent on chiral 
centres which so far have only been generated with 
heterogeneous catalysts. Working with stable chiral 
transition metal compounds makes isotactically 
run polymerizations, even in the homogeneous 
phase, possible. 

The activities referred to the concentration of the 
transition metal overcome those values which are 
achieved today with carrier fixed heterogeneous 
catalysts. In a 1 h polymerization period up to 
43,000 kg polypropylene per mole zirconocene can 
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Table 2. Polymerization of 70 cm3 propene with 7 x lo-’ mol drnm3 rac- 
Et(Ind),ZrCl, (I) or 8.4 x 10m6 mol drnm3 rat-Et(TH-Ind),ZrCl, (II) and 

1.6 x lo- ’ mol Al dn- 3 methylalumoxane in 330 cm3 toluene 

Monomer 

Propene 

Time Yield Activity 
Catalyst T (“C) (min) (g) (kgPP/mole Zr - h) 

I 15 629 3.6 1500 
I 21 500 31 16,000 
I 35 120 26.6 43,000 

II -10 270 4.5 300 
II 15 170 26.7 2900 
II 20 120 31.3 4750 
II 60 90 38.7 7700 
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be produced at a zirconium concentration of 
5 x low6 mol dmp3. 

Alumoxane concentrations in the range of 
3 x lo- ’ mol Al dm- 3 are quite high. For mean 
molecular weights M, of 45,000 the growth time 
of one macromolecule is approximately 3.8 s and 
the insertion time of a propene molecule is 
3.5 x 10m3 s. These calculations are based on the 
assumption that every zirconium atom forms an 
active centre. This could be proved in the case of 
ethylene polymerizations. ’ 3 

Molecular mass distribution &/M,, has typical 
values between 1.9 and 2.6 which are extra- 
ordinarily narrow. NMR-spectroscopic inves- 
tigations show that the atactic amount is smaller 
than the toluene soluble amount. Typical values lie 
below 0.2% which are IO-fold smaller than for those 
polymers which are synthesized by technical 
heterogeneous catalysts. By varying the poly- 
merization temperature between - 10 and 20°C 
molecular weights can be controlled in the range 
from 305,000 to 45,000. 

In order to investigate the ligand effect when the 
chiral centre is more remote from the zirconium 
atom, bis(neomenthylcyclopentadienyl)zirconium 
dichloride has been synthesized and used as a cata- 
lyst component. Bis(neomenthylcyclopentadieny1) 
zirconium dichloride consists of three chiral C- 
atoms. 

(Structure 3) 

Structure of bis(neomenthylcyclopentadianyl)zirconium 
dichloride. 

Together with methylalumoxane as cocatalyst it 
yields, in polymerizations of propene, stereo block 
polymers with isotactic sequences of n = 3-7. Table 
3 shows the polymerization results. l4 

At low temperatures relatively high mean molec- 
ular weights are obtained, reaching values of 
640,000 at - 60°C. A sequence analysis of polymers 
produced in this way has been carried out with the 
help of ’ 3C NMR spectroscopy. It becomes obvious 
that the isotactic sequences at 21 ppm rise with 
decreasing temperatures. 

Furthermore the catalyst system ethylene- 
bis(indenyl)zirconium dichloride/methylalumox- 
ane allows polymerization of cycloalkanes such 
as cyclopentene to isotactic polymers. ’ 5 No ring 
opening takes place and the reaction leads to the 
following structure : 

. . . -v -9 o=g 09 -*.. . . 
0 

-. . . . . 
(Structure 4) 

The polycyclopentene product is insoluble in aro- 
matic or aliphatic hydrocarbons and highly crys- 
talline with a melting point higher than the 
decomposition point of 250°C. With the help of 
optically active binaphtol, it is possible to separate 
the racemic mixture ethylene(tetrahydroindeny1) 
zirconium dichloride into the pure enantiomers.i6 
Using these enantiomers for the oligomerization 
of alkenes yields optically active alkanes and 
alkenes (Table 4). The optical purity of these pro- 
ducts is in the range of 70-80%. 

MECHANISM 

The polymerization of a-olefins, promoted by 
homogeneous Ziegler-Natta catalysts, occurs sim- 



2378 W. KAMINSKY and R. STEIGER 

Table 3. Propene polymerization with bis(neomethylcyclopentadienyl)zirconiurn dichloride/ 
methylalumoxane 

Z Zr P Propene t PP Activity % 
(“C) (mo1)*105 (bar) (mol) (h) (g) (kp PP/mol Zr * h) (g mol- ‘) 

70 0.36 8.0 0.95 4.0 7.2 530 
65 0.36 7.2 0.90 5.0 8.0 630 
60 0.36 6.6 0.95 5.0 50.0 3570 
50 0.36 5.8 1.0 5.0 46.4 3080 
40 0.36 4.8 0.93 5.0 38.0 2680 
30 0.36 4.0 0.89 5.0 27.2 1950 
20 0.36 3.3 1.07 5.0 22.8 1300 
20 0.36 3.3 1.07 5.0 19.3 1100 
20 1.45 4.0 1.52 4.1 72.8 881 

0 1.45 2.0 1.43 19.8 77.3 198 
-20 1.45 - 1 .oo 21.3 26.7 86 
-40 1.45 1.43 65.5 42.5 31 
-60 1.45 - 1.43 70.5 3.0 2 

530” 
500” 
720” 
960” 

1220” 

2100” 

1300” 
16,000 
82,000 

360,000 
643,000 

LI Cryoscopically determined mean molecular weight. 

Table 4. Purity and optical rotation of the di- and trimers of I-butene 
oligomerization with S-Et(TH Ind),ZrCl, 

Oligomer Compound 

Dimers 3-methylheptane 97 -8.3 -23.4 
Trimers 3-methyl-5-ethylnonane 94 -34.1 - 102.6 

ultaneously with a series of reactions that greatly 
complicate the kinetic interpretation (Fig. 1). 

Concomitant with continued olefin insertion into 
the metal-carbon bond of a transition metal 
alumoxane complex, alkyl exchange and hydrogen 
transfer reactions are observed. By the release of 
ethene, a dimetallo alkane is formed. In a second 
step, in the case of some titanium compounds, 

ethylene from the dimetallo alkane is evolved 
and two reduced metal atoms remain. Because of 
the much greater resistance of zirconium to re- 
duction, the dimetallo alkane compounds can 
be isolated from the system bis(cyclopentadieny1) 
zirconium dichloride/triethylaluminum. Figure 2 
shows the X-ray structure of a zirconium com- 
ponent. 

Insertion mt 

C&H, 

R - mt-CH,-C&-R 

Alkyl exchange mt 
/R 

+ mt’ h mt 
R\ 
+ mt’ 

/ \ 
R’ R’ 

,~-& mt, 
CH2-CH, 

/ 
mt 

\ 

H exchange 
I 1’ 

mt’ 

I CH,- CH, I 
L________l 

CH&H, 

Reduction 

CH,- CH, 
/ 

CH1= CH, 

mt 
\ 
mt ___e mt mt 

mt = Metal valence 

Fig. 1. Reaction with homogeneous Ziegler-Natta catalysts. 
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Fig. 2. X-ray structure of 1,2-bis(~-ethyl-~-chlorodiethylaluminio(dicyclo~n~dienyl)zirconio(I~ 
ethane. 

The carbon-carbon angle of the o-bonded 
CH1-CHI bridge between the zirconium atoms is 
only 76”. The /3-C atom distance to zirconium is 
only slightly longer than that of the cl-C atom. This 
is possibly a reason for the easy insertion of ethylene 
into the zirconium+arbon bond. Other zirconium- 
aluminum complexes also show the same unusual 
angle (Fig. 3). l7 

Similar reactions are observed in the catalyst sys- 
tem based on bis(cyclopentadienyl)zirconium 
dichloride/methylalumoxane. The oligomeric alu- 
moxanes appear as di- and trimers. Together with 
the zirconocene they form a UV-spectroscopically 
proved complex (Fig. 4). 

H2 

- CPZTI(CH& in tolwne ( 1 ) 

---(l)talumoxane (2) -.- (Z)+ethykne (3) 

4 \ x-x(l) 
I 

300 400 500 600 

A(m) 

Fig. 4. UV spectroscopic measurements of the catalyst 
system Cp,Ti(CHJ)2/methylalumoxane/ethylene. Curve 
1: Cp,Ti(CH3)* in toluene. Curve 2 : Cp2Ti(CH& with 
alumoxane. Curve 3 : Cp,Ti(CH,), with alumoxane and 

ethylene. 

H2 

Fig. 3. X-ray structures of zirconium-aluminum complexes with an angle of the Zr-CH,-CH 
bridge of 75.4”. 
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No.2 

2.0 
No. 3 I 

Y II i 
III I 

50 loo 150 200 250 300 

r(h) 

Fig. 5. Methane evolution versus catalyst aging time by 
10°C in toluene with the conditions : 

No. Zirconocene Alumonoxane Al/Zr 
(mol dm- 3, (mol dm- ‘) mol ratio 

1 0.057 0.057 1 

2 0.057 0.285 5 
3 0.043 0.430 10 

The cryoscopic molecular weight determination of the 
used methylaluminoxane gives a value of 1200. 

Moreover, methyl exchanges and a-hydrogen 
transfers are also given. Referring to ‘H NMR 
spectroscopic measurements of the reaction 
system bis(cyclopentadienyl)zirconium dichloride/ 
methylalumoxane in toluene-d, the primary 
reaction step is the methylation of the zirconium 
compound by methylalumoxane. Even at -20°C 
the ligand exchange takes place immediately when 
the solvated reactants are allowed to have contact. 

Quantitative interpretation of dynamic ‘H NMR 
experiments implies that the bis(cyclopenta- 
dienyl)zirconium(monomethyl)monochloride reacts 
with methylalumoxane oligomers to form further 
complexes. From the beginning of the reaction 
of bis(cyclopentadienyl)zirconium dichloride/ 
methylalumoxane in toluene, continual methane 
evolution takes place. So a-hydrogen transfer 
is an important reaction step in the observed 
system. 

A plot mole CHJmole Zr - h allows the deter- 
mination of the first reaction phase which is charac- 
terized by a very vigorous methane evolution. For 
a molar ratio Al/Zr >, 5 the plot leads to mole 
CH,/mole Zr values of one and more (Fig. 5). 

One can assume the following reactions steps : 

-+ /y Jo- 
W 

I - CH, 

_Lr / cH2\~;‘o_ 
I 

CH, 

\ 
- Zr 

‘I 
- CH2 -Al-O- 8 

I 

I 1 

I I 

-Al-O - Al-O- 

CHS 
I 

CH, 

CHs 

5 Zr CH2 -Al -O- 

I I 
-41-O AI-O- 

I 
CH, 

I 
W 

Scheme 2. 

Because of exchange as seen by EXAFS measure- 
ments Zr-Q-Al structures can appear. 

The same structure can be given by exchange of 
halogen ligands without methane evolution. 

Through a Zr-O-Al bond, electron density is 
withdrawn from the zirconium atom. Hence the 
appearance of an agostic hydrogen bond to the 
zirconium atom becomes possible as a prestep for /3- 
splitting. ‘* If there is ethylene present, it can become 
bonded by zirconium forming a n-complex. The 
following figure gives a model for the insertion 
mechanism (Fig. 6). 

This model is in accord with hypotheses where 
the chain growth in systems of bis(cy- 
clopentadienyl)titanium compounds and alum- 
iniumalkyl halogens is explained by the existence of 

Cl CHa 

>Z, . . . . . . . O-A,-O_ 

I I 
Cl - . . -. - . Al -CH3 

I 

kH, 

I 
Cl Cb 

>Zr -O-AAl-O- 

+ 

Cl - Al -CH, 
I 
I 
CH, 

Scheme 3. Scheme 1. 
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1. 

2. 

+ CHI=CH2 11 
I 

O-AI- 4. 

CH2=CH, ‘CH,- polymer chain 

I 

I i 
O-Al - 

CH2 - polymer chain 

, I 

Q-Al- 

\ 
ZI -Cl& - -- -_A, 

/O-- 
Al 

I I ‘o- 
I 

H--- - fiH-CH,--CH2-ppoly~~~ chain 

Fig. 6. Possible mechanism for the propene poly- 
merization with a homogeneous catalyst. 

electron deficient compounds in penta-coordinated 
bimetal complexes. ’ 9*20 
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FACTORS DETERMINING THE SELECTIVITY OF 
MULTIMETALLIC CATALYSTS 

v. PONEC 

Gorlaeus Laboratories, Leiden University, P.O. Box 9502,230O RA Leiden, 
The Netherlands 

Abstract-The results relevant for the theory of catalysis and of interest for this Conference, 
obtained with model alloys (active metal with an inactive one) are reviewed first. It is argued 
that of the two effects of alloying-ensemble size effect and the electronic (ligand) effect- 
the first one is more important. Recent results obtained with Pt/Re alloys (two active metals) 
are briefly summarized and a conclusion is made that the results can be rationalized by 
ideas reviewed in the first part of this paper. 

Three events which took place almost simul- 
taneously in the second half of the sixties influ- 
enced dramatically our view on alloys in general 
and on alloys (or better, bimetallics, multimetallics) 
in catalysis, in particular. These were : 

(1) The evidence has been obtained by UPS and 
later also by XPS that (i) the rigid band theory is 
not valid and (ii) in alloys, important features of 
the UPS spectrum of the alloy components are con- 
served also in alloys. ’ 

The Coherent Potential Approximation Theory, 
and later some other higher approximations, 
offered an explanation of the observations and 
replaced the Rigid Band Theory.’ Both the theory 
and the experiment were then at variance with the 
often made assumptions (RBT of alloys was based 
on this idea) that electrons are shifted in an alloy 
from one component to another.3 

(2) Both the theory and the analysis of the experi- 
ments revealed that the chemisorption of the reac- 
tants of a catalytic reaction is a rather localized 
phenomenon involving one or only a few surface 
metal atoms (“an ensemble” of surface atoms). 4 

(3) Alloys or bimetallic catalysts appeared to be 
superior to the existing catalysts in various fields 
of industrial activities ; in the first place in the 
naphtha reforming (high octane gasoline produc- 
tion).’ 

The early development along the lines just de- 
scribed has already been reviewed and analysed&” 
and, therefore, we can confine ourselves to a short 
presentation of the main ideas and concentrate 
attention to the still existing problems. By that, 
the purpose of this Conference--to initiate new 
research oriented toward catalysis-will be served 
in the best way. 

ELECTRONIC OR GEOMETRIC 
EFFECTS OF ALLOYING 

Let us mention first the typical results obtained” 
with VIII gr. (i.e. an active) metal-Ib (inactive) 
metal alloys. A representation of results is shown 
in Fig. 1. The left part shows how much H2 is 
adsorbed per unit surface area of the unsupported 
Ni/Cu alloys (evaporated films) and the curve 
reflects the Ni surface content as the function of the 
bulk Cu concentration. The right part shows the 
catalytic data. They concern cyclopropane which 
undergoes two simultaneous reactions : hydro- 
genolysis (full points) into ethene and methane and 
addition of H,-hydrogenation (upper curve). It is 
typical for Ni/Cu alloys that one reaction is dra- 
matically suppressed (hydrogenolysis) while the 
rate of another reaction is slightly enhanced (hydro- 
genation of cyclopropane) or slightly suppressed, in 
the proportion of the decrease of the Ni surface 
concentration.8”2 Analysis13 of our own and the 
literature data revealed that quite generally reac- 
tions already studied can be subdivided into two 
classes : 

I. Reactions insensitive to alloying, like hydro- 
genations, dehydrogenations (C-C, C-N, C-O 
bonds), hydrogen/deuterium exchange in hydro- 
carbons. 

II. Reactions sensitive to alloying (by alloying, the 
rate is suppressed appreciably more than the surface 
concentration of the VIII gr. metal), like hydro- 
genolysis, isomerization, ether formation from 
alcohols, Fischer-Tropsch synthesis and methan- 
ation. 
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Fig. 1. 

From the very start of the studies two reasons 
have been put forward to explain the pronounced 
suppression of some rates by alloying. ‘,* * (i) Reac- 
tions of group II require several contiguous atoms 
of the VIII gr. metal to be ~multaneo~ly available 
to form chemisorption complexes. The presence 
of such ensembles is suppressed by alloying 
(“ensemble” size, or “geometric” effect). (ii) The 
electronic structure of the VIII gr. metal is modi- 
fied by alloying, which makes it inactive (less 
active). This is usually called the “electronic” or 
“ligand’ effect. ’ 4*‘5 

The solid state physics dataa*14 did not support 
the idea of sub (ii), but people doubted the results and 
pointed out that the methods of solid state physics 
are insensitive to detect small changes caused by 
alloying and the small changes can still be important 
in catalysis. Everybody agreed that two methods 
should be sensitive enough: IR spectra of a good 
probe molecule and the methods of identification of 
sites or ensembles by their energetics of adsorption 
(such as thermal programmed desorption). After 
some discussion regarding the proper interpret- 
ation,’ one could make a conclusion that these two 
methods also did not support idea (ii) ; no pro- 
nounced changes in the electronic structure of alloy 
components have been observed (no pronounced 
“ligand” effects). Explanation of the alloying effects 
and of the division of reactions into two groups, 
based on the idea of ensembles, is now accepted 
quite widely. 

However, two pieces of new criticism appeared 
recently. Rooney” argued that there is no principle 
reason why the reactions of hydrocarbons should 
require “an ensemble” and why one single atom 
should not be sufIicient. BurGhI argues that the 

reactions of sub (ii), perhaps, do not require several 
atoms (ensemble) but one atom in a special crys- 
tallographic position which is, upon alloying, pre- 
ferentially occupied by the inactive metal that then 
causes the dramatic suppression of certain reactions 
found experimentally. There are already some data 
which could be used in this place as an answer to 
this criticism, but it seems to be more useful than 
the reader of this paper realizes, that there are still 
debatable points and that new experimental data 
are still welcome. Professor Gates has actually 
responded to this challenge (see the Proceedings 
of this Conference) and his experiments with Os- 
clusters of varying nuclearity as catalysts and cyclo- 
propane reactions as a probe are very important. 
They seem to support the idea of ensembles oper- 
ating in hydrogenolysis, but this might not be the 
last word on this subject. In particular, more direct 
evidence of operating ensembles of Pt and Iris still 
necessary. 

CHARACTERIZATION OF 
BIMETALLIC CATALYSTS USED 

IN INDUSTRLkL PRACTICE 

The main-in the volume production-appli- 
cation of bimetallic catalysts is the naphtha re- 
forming. From various catalysts used, the Pt-Re 
combination is the most important one. Under 
industrial reaction conditions (10-20 bar H2 pres- 
sure, temperature 45O-5OO”C), the catalyst works 
in a sulphided state. In this state most of Re is 
present as a sulphide, some zero valent Pt and PtS, 
being present next to it. Characterization under- 
taken in our laboratory employs a test at tem- 
peratures round 275°C and one bar total pressure, 
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with a hydrocarbon/H, ratio of 1: 18, in a con- 
tinuous flow system. Catalysts had been prepared 
as 2% wt Pt on A1203 (y-alumina), with X% 
(atomic) of Pt replaced by Re and the catalysts were 
tested after a reduction in situ at 450°C for at least 
4 h. The test molecule was 2,2-dimethylbutane (neo- 
hexane). The catalysts were tested unsulphided. 

Neohexane reaction products supply us with the 
following pieces of information, as can be seen from 
Scheme 1. When the attachment of the neohexane 
molecule to the surface is as the one indicated by 
“a/3” (2C atoms involved), the main product should 
be neopentane (plus methane, but methane is “diag- 
nostically” less valuable). On the other hand, the 
two products isopentane and isobutane, indicate an 
“,y” and “@,’ mode of attachment (3C atoms 
involved). Further, the selectivity to isomerization 
(3-methylpentane, 2,2-dimethylbutane) can be com- 
pared with the selectivity to hydrogenolysis. Some 
products indicate the presence of multiple reactions 
(two step hydrogenolysis, or hydrogenolysis com- 
bined with isomerization, etc.). If the multiple reac- 
tions are really extensive the conclusions about the 
preferential mode of attachment on the given metal 
or given alloy would be impossible, in some favour- 
able cases a conclusion on all aspects mentioned 
above can be made. 

Platinum-rhenium alloys offer us the following 
picture. i’ Rhenium added in small (lO-50% Re) 
amounts to Pt, increases the isomerization selec- 
tivity, in spite of the fact that Re alone is a pure 
hydrogenolysis catalyst. This lack of additivity is 
an indication that Re and Pt form bimetallic 
particles. The catalysts in the mentioned low Re 
content region show a very low selectivity for the 
formation of the 2C a/3 complexes (see Fig. 2). The 
Re rich (more than 50% Re) alloys show a very 
pronounced preference for 2C a/? complexes. More- 
over, Re rich alloys and pure Re show multiple 
reactions (more than one reaction during one 
sojourn of a molecule on the surface), which are 
on pure Re so extensive that neopentane used to 
evaluate the propensity for 2C a/? hydrogenolysis 
(cracking) is cracked down to pieces and the curve 
shows an apparent maximum. 

There are no indications in the IR spectra of the 
adsorbed CO molecule, used as a probe, that in the 
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Pt/Re alloys (bimetallics) a pronounced ligand 
effect of alloying occurs,” which would change the 
identity of compounds. Thus, the 3C ay attachment 
should be induced by the Pt atoms ; the 2C a/? attach- 
ment by the Re atoms. If the assumption is correct 
that the surface composition of the small particles 
of the alloys (electron microscopy revealed particles 
of about 1 nm in size) is approximately their overall 
composition and if all Re present is associated with 
Pt, the results (of which Fig. 2 is quite rep- 
resentative) indicate that several Re atoms are 
necessary to induce the 2C a/? carbonarbon bond 
fission. 

It is not the subject of this paper, but the 
reader might be interested in the information on 
what happens when the surface of Pt/Re bi- 
metallics is poisoned by sulphur, as under indus- 
trial conditions. In that case the total activity is 
suppressed and the isomerization selectivity is 
markedly increased. The experiments with pyridine 
poisoning showed that the “surviving” isomeriz- 
ation activity should be ascribed to the acidic 
(thus non-metallic) centres. Investigations on the 
identification of acid centres are still running. I9 

CONCLUSIONS 

The results obtained with alloys (and bimetallics) 
revealed that the prevailing effect of alloying (mix- 
ing) is the ensemble size effect. However, direct 
identification of operating ensembles, in particular 
those of Pt and Ir, is still very desirable. 
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Abstract-The elementary steps in the surface reactions of the transition metal carbonyl 
clusters on alumina and silica leading to small metal particles have been investigated. It 
was established that after the initial interaction with the surface oxygen or hydroxyl groups 
the carbonyl clusters undergo disruption including metal-metal bond rupture to form 
monometallic dicarbonyl species which are responsible for highly dispersed metal particles 
on the alumina surface. In contrast, on the silica surface there are several surface trans- 
formations of the original cluster framework including the build-up of a framework with 
higher nuclearity which ultimately leads to metal particles larger in size than those formed 
on alumina. The difference is reflected in the catalytic properties of the supported catalysts 
formed from the carbonyl clusters. 

The advantage of using metal carbonyl clusters sup- 
ported on inert carriers lies in the possibility of 
modelling supported, highly dispersed metal cata- 
lysts.’ It is generally accepted that the metal par- 
ticles produced from cluster precursors are smaller 
than those prepared from inorganic salt solutions 
by the incipient wetness method.’ When small 
bimetallic particles are formed in which two differ- 
ent metals with a large miscibility gap are present, 
a thermodynamically non-existing composition can 
be produced.3 Unfortunately, the strong cluster- 
support interaction generally causes disruption of 
the polymetallic cluster framework. Formation and 
stabilization of small metal aggregates results in an 
increased metal-support interaction that involves 
a modified electron interaction between the metal 
particles and the support. Therefore coalescence of 
the particles can be retarded. 4 

An important problem that should be addressed 
is whether in a multimetallic system the different 
metals are actually included in the same particles or 
there is only a mixture of the two monometallic 
particles. Sometimes this can be determined only 
by chemical reaction although metal segregation 
during reaction or chemisorption cannot be 
excluded, either. 

So far it has been established that the catalytic 

*Author to whom correspondence should be addressed. 

activity of a cluster derived catalyst depends mainly 
upon the atmosphere in which the original cluster- 
on-support has been decomposed.5,6 That is, the 
catalytic activity was always higher when decompo- 
sition took place in helium than in hydrogen. 
Furthermore, the activity was also higher if the 
decomposition occurred up to 570 K instead of 770 
K. In the former case the presence of subcarbonyl 
species that might influence the active sites, could 
be observed.’ It was also found that in addition to 
the factors of temperature and atmosphere used for 
decomposition, the nature of support also exerted 
a predominent role in the generation of metal par- 
ticles.’ In this latter case the cluster-support inter- 
action may play a decisive role. 

In the heterogeneous catalysis the activity and 
selectivity of a metal catalyst are controlled by the 
metal-support interaction. The higher the metal dis- 
persion, the larger the metal-support interaction is. 
As was indicated earlier, the metal dispersion can 
be greatly influenced by the cluster-support inter- 
action which is dependent upon the nature of sup- 
port and the conditions under which the decompo- 
sition was carried out. Consequently, by studying 
the cluster-support interaction, i.e. the elementary 
surface reaction steps which are strongly related 
to this interaction, prediction can be made to the 
activity and selectivity of a metal catalyst produced 
by surface decomposition of metal carbonyl 
clusters. 
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CHARACTERISTIC CLUSTERSUPPORT 
INTERACTIONS~‘* 

The surfaces of alumina, silica, magnesia and 
titania contain significant amounts of 02- and 
OH- groups which may interact with the metal 
carbonyl clusters after the initial contact. The main 
types of these interactions are summarized in Table 1. 

(1) Hydrogen bonding between CO groups and 
hydrogen in the OH- group is a frequent form of 
interaction. Such an interaction is typical for the 
Fe,(CO) 1 r/Si02 system immediately after im- 
pregnation. 

(2) OH- and O’- are good electron donors. 
Thus, one CO ligand can be exchanged and oxygen 
can enter the ligand sphere. However, this bond is 
weaker than the metal-CO bond. Such interaction 
can be observed in the Ru,(CO)i */alumina system. 

(3) Metal atoms in the cluster framework can be 
oxidized after the cleavage of the trinuclear cluster 
by the oxygen in the OH- group. This is typical for 
RUG 12 on alumina. 

(4) A hydrido-carbonyl cluster may be ‘formed 
via oxidation of a CO ligand by a surface hydroxyl 
group after contacting Fe3(CO) 1 2 with alumina. This 
interaction was observed also on magnesia support. 

(5) Lewis acid-base interactions at a rather fre- 
quent type of bonding. These exist when coor- 
dinatively unsaturated surface cations, such as Al+, 
are bonded to the cluster via an oxygen atom in the 
carbonyl ligand. 

Normally, distinction among the different types 
of interactions cannot be made. They overlap each 
other and exist simultaneously. However, they are 
undoubtedly responsible for the cluster-support 
interactions which ultimately lead to the metal- 
support interaction. 

ELEMENTARY STEPS IN THE 
SURFACE TRANSFORMATION OF 

METAL CLUSTERS 

In this part, the cluster-support interactions that 
control the surface subcarbonyl species in the sys- 
tems containing FeRu2(CO) 1 2, Fe2Ru(CO) 1 z and 
H2FeRu3(CO),3 supported on silica and alumina 
are summarized. The results are compared to the 
interactions revealed in the studies of Ru3(C0)r2 
deposited on alumina and silica. Finally, the work 
is complemented with catalytic results. 

Interaction of cluster with alumina’s’6 

The behaviour of the four clusters is very similar. 
In all cases both in hydrogen and in vacuum 
decomposition, mononuclear species indicated by 
the CO stretching region measured by FTIR are 
formed. Monoruthenium dicarbonyl species con- 
taining the ruthenium in various oxidation states 
were identified shortly after impregnation. Its for- 
mation is independent of the type of carbonyl clus- 
ters, but the relative amount of the ruthenium in 
different oxidation states depends only on the atmo- 
sphere in which the decomposition was carried out. 

The first and most important conclusion is that 
iron-ruthenium bimetallic clusters are decomposed 
into the identical ruthenium anchored surface 
species as the ruthenium cluster itself, and no iron 
subcarbonyl species could be assigned on the 
surface. These processes are fast even at room 
temperature. 

From an FTIR study the following conclusions 
can be drawn for the mechanism. l6 The original 
carbonyl cluster is tirst physisorbed on hydrated 
alumina. Due to the strong interaction, the orig- 
inal cluster loses some of the carbonyl ligands. 

Table 1. Characteristic cluster interactions with surface 02- and OH- groups 

1. Hydrogen bonding 

M,(CO),_ ,CO . . . H O-@ 

2. Exchange of CO with surface ligands (OH- and 02-) 

M,(CO),z_ ,CO+O -+ =M,(CO),_ ,O -+ +co 

3. Oxidation of metal atoms 

xn 
M,(CO), + xn(H O-f+ ) O--+ + xM”+(CO),( ); +(y-mx)CO+-H, 

2 

4. Oxidation of CO ligands resulting in hydrido anions 

M,(COX_ ,CO + HO + [HM,(CO),_ ,I-c?+CO, 
@ST- 

5. Lewis acid-base interaction with unsaturated cation of the surface 
E2z% 

MX(CO)Y_ ]CO +c%?- M,(CO),,_ ,COcat+ 
E%J t%J 
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The metal framework is cleaved and via sub- 
carbonyl species such as M-CO. - *M, M(CO),, 
(HM(CO),)-, (where x = 1-5, M = Fe or Ru) the 
original cluster molecules are transfo~~ into 
Ru3(CO)iz and Fe(CO),. Further decomposition 
of these species results in anchored Ru(O)(CO),, 
Ru(II)(CO), and Ru(III)(CO), entities as well as 
Fe’+ and Fe3+ ions. These products are stable over 
a wide range of tem~rature (273573 K). 

Interaction of cluster with silica’““’ 

On the silica surface the cluster-support inter- 
action is weaker than in the case of alumina. In 
accordance with the milder conditions, individual 
behaviour of the clusters can be anticipated. 
Instead, individualities only in their stabilities can 
be found and an overall consistency in the mech- 
anism of the surface reaction in which they are 
involved. Their stability decreases in the sequence 
of 

HPeRu3(CO) 13 > Ru3W) 12 

If one compares the d~omposition schemes for 
H2FeRu3(CO) i3 deposited on alumina and silica, 
an entirely different picture can be seen as indicated 
in Fig. 1. While for the alumina supported cluster 
the peaks at 2139,2074,2055,2006 and 1980 cm- ’ 
frequencies are dominating the whole spectrum, 
on silica a more complicated band structure 
can be identified. The precise assignment of 
the peaks shows the following. At room tempera- 
ture both in a vacuum and in hydrogen most 
of the original molecule (about 70%) stays in 
the original molecular form. In addition to 
that, in a vacuum Fe,Ru(CO)i2, RUDER and 

HRu3(CO),,, ./ 

(3 
OSi- are present in traces, and in 

hydrogen H4FeRu3(CO), 2 or H2Ruq(CO), 3 and 
H4Ru_,(CO)i2 in 10% and in traces, respectively, 
can be identified. The Ru(II)(CO), and Ru(O)(CO), 
species amount to 10% on silica. 

The most characteristic difference between the 
behaviours of H2FeRu3(CO), 3 supported on alum- 
ina and on silica is that on silica the first step of the 
surface reaction is not necessarily the cleavage of 
all metal bonds in the framework, The original 
structure is retained to a large extent. Moreover, by 
increasing the temperature the next step is not the 
disrupture of the cluster structure, but after some 
surface rearrangement expansion of the cluster 
framework takes place and the collapse of the orig- 
inal structure occurs only at higher temperature. Of 
course, in the reaction where an iron atom is 
replaced by ~theni~, the original tetranuclear 

structure must first collapse, thereby supplying 
ruthenium atoms to the reaction. Because of the 
weak interaction, the individual ruthenium atoms 
are not rigidly anchored to the surface sites, and 
thus their mobility enables them to be involved in 
further surface reactions. 

FORMATION OF SUPPORTED 
B~T~L~C CATALYSTS 

As was demonstrated in the previous section, it 
is a rule that bimetallic clusters are decomposed 
when they are brought into contact with the surface 
OH- or O*- groups. It is valid for iron-~theni~ 
bimetallic clusters but in the literature several other 
examples can be found. For instance, clusters like 
H,RhO~3(CO),,(acac) deposited on alumina are 
decomposed in the presence of a CO atmosphere to 

./ form ~(I~(CO)~ and HOs,(CO) , +S -. 2@ 
\ 

Similarly, HzFeOs3(CO), 3 on silica produces 

HOs3(CO), o-_-O-S - and ferric ions. 2 * After full 
< 

decarbonylation, these species may form bimetallic 
particles. This is proven by the selectivity changes 
of the CO hydrogenation.‘* In any case the dis- 
persion is very high, which is ensured by the pres- 
ence of a highly dispersed iron oxide matrix. The 
metallic rhodium or osmium particles are embed- 
ded into this matrix and the intimate contact 
between iron oxide and metallic particles may lead 
to the partial reduction of the iron oxide phase. On 
the other hand, when bimetallic clusters such as 

H,FeOs,(CO) 1 3r H2FeRu3(CO),3 and H,FeCo3 
(CO),, are deposited on partially hydrated MgO, 
after decomposition not only kinetic evidence but 
direct TEM measurements point to the existence of 
bimetallic particles. 22 

The unique behaviour of the hydroxyl groups 
and their reactivity toward the bimetallic cluster 
framework can be proven using supports without 
hydroxyl groups. Thus, for example, Fe(CO), 
deposited on grafoil (graphite-like material) does 
not lead to the formation of Fe3+ ions but instead 
zero-valent iron is formed after decompositionz3 
Similarly, the formation of bimetallic particles 
resulted from H2FeRu3(CO) 1 3, Fe2Ru(CO), z and 
FeRu2(CO), 2 supported over CSX-203 graphite 
carrier, as evidenced by the turnover frequency, 
TOF. In contrast to that, a mixture of Fe3(CO),, 
and Ru3(CO), z after d~omposition leads to metal 
particles with inhomogeneous distribution on the 
CSX-203 surface and the TOF value is about one 
third of that measured on bimetallic particles 
derived from bimetallic cIusters.24 

The problem arising is, therefore, rather com- 
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Fig. 1. IR spectra of the systems H2FeRu,(CO),, supported on alumina in a vacuum (A) and in 
hydrogen (B), on silica in a vacuum (C) and in hydrogen (D) during thermal decomposition. 

plex: as a de, the b~e~l~c cl~ter may decom- metallic cluster framework and the surface hydroxyl 
pose on the support and apparently the more acidic groups. Consequently, after removal of the car- 
the support is, the greater the d~omposition is. bony1 ligands in a thermal treatment, small metal 
On basic or neutral supports (carbon or magnesia, or bimetallic particles are formed. On the other 
respectively) no reaction takes place between the hand, on acidic supports such as silica and alumina, 
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the main reaction is always the cleavage of the clus- 
ter framework, but reconstruction of the bimetallic 
particles does not take place in every case. It 
depends on the extent to which the decomposed 
cluster is treated, e.g. the temperature of the post- 
decomposition hydrogenation, the severeness of the 
thermal treatment, etc. In some instances reconstruo 
tion of the bimetallic particles occurs during the 
catalytic reaction and their presence can be clari- 
fied only by the activity and selectivity. Sometimes 
very sophisticated methods are required to identify 
the presence of bimetallic particles. The problem is 
further complicated by the metal particles being 
extremely small. Thus, methods like XRD or small 
angle X-ray scattering cannot be utilized (e.g. the 
iron-ruthenium system bimetallic particles could be 
identified by means of low temperature and high 
external field Miissbauer spectroscopy25). 

Finally, the catalytic activity measured for iron- 
ruthenium systems26 is in full agreement with those 
obtained from decomposition results. As was men- 
tioned earlier, on alumina, due to the strong cluster- 
support interactions, practically atomically dis- 
persed ruthenium stabilized by carbonyl ligands, 
and iron are present. These species cannot migrate 
along the surface. Therefore, after high temperature 
hydrogenation, small metal and bimetallic particles 
are formed. Since the above interaction is weaker 
on a silica surface, surface rearrangement of the 
starting cluster occurs before decomposition. Thus, 
on silica smaller metal dispersion can be antici- 
pated. In Table 2 the corresponding catalytic activi- 
ties are presented in the CO hydrogenation. 

It is obvious from Table 2 that 

(i) activity is higher on an alumina supported cata- 
lyst than on that supported on silica ; and 

Table 2. Catalytic activity of FeRu bimetallic catalysts. 

Reaction : CO + H 2, flow rate 15 cm- 3 min- ’ 

Substances Rate 

Fe + Ru/SiOz 1.4 
Fe+Ru/Al,O, 4.5 

Fe3+Ru3/SiOz (773 K) 3.4 
(573 K) 12.0 

Fe3+Ru3/A1203 12 

FeRu#iOz 7 
FeRu3/A1203 (773 K) 25 

(573 K) 55 

Note : Fe + Ru-inorganic source ; 
Fe3+Ru3-Fe3(CO)lz+Ru3(CO),~; 
FeRu,-H,FeRu,(CO), 3. 

Rate: x 1O’mol s-’ G,‘. 

(ii) activity on the bimetallic catalysts prepared 
from a bimetallic cluster is higher than that 
formed from a mixture of two monometallic 
clusters. 

The explanation can again be sought in the 
metal-support interaction : since the catalyst 
components are randomly distributed when the 
bimetallic cluster is the precursor, less surface 
migration is needed to form bimetallic particles 
using the neighbouring iron and ruthenium atoms. 
For a mixture the different ensembles are sep- 
arated and migration, particularly for alumina, is 
prevented. 

CONCLUSION 

It can be established that on a hydroxylated 
acidic surface the main interaction always leads to 
the cleavage of the cluster framework. 

The surface reaction depends upon the reactivity 
of the support and the conditions under which the 
thermal treatment is carried out. 

The intermediates formed are directly responsible 
for the state of the metal particle produced. 

Surface subcarbonyl species are required to be 
present for stabilizing the highly dispersed metal 
particles. 
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REDOX REACTIONS ON OXIDES HAVING BLOCK 
STRUCTURES : HIGH-RESOLUTION TRANSMISSION 

ELECTRON MICROSCOPY 
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Institut fur Anorganische und Analytische Chemie der Justus-Liebig-Universitat GieBen, 
Heinrich-Buff-Ring 58, D-6300 GieBen, F.R.G. 

Abstract-Improved preparative investigations using redox reactions made it possible to 
prepare oxides which have previously unknown block structures. In this work poor crys- 
tallinity or microheterogeneity of solids often prevents or complicates the application of 
other diffraction methods. Therefore high-resolution transmission electron microscopy was 
useful for the clarification of structures as in the case of doubling of block size in the system 
Nb/W/O or in the investigation of metastable oxidation products on Nb1202g. In addition 
the in situ reduction of oxides V/Nb/O could be observed within the electron microscope. 

When non-specialists hear the term electron 
microscopy they mostly remember the nice photo- 
graphs taken with a scanning electron microscope 
because numerous instruments of this type are used 
in laboratories in biology, mineralogy, chemistry, 
physics, medicine and so on. The scanning electron 
microscope gives information on the surface of 
solids, of the shape of crystals and sometimes it 
reveals details which give hints that defects are pre- 
sent. This should be mentioned to avoid certain 
misunderstanding. 

In contrast to this, our main interest is directed to 
the atomic structure within the volume of a crystal 
or to materials having a certain degree of crys- 
tallinity. For objects of this kind transmission elec- 
tron microscopy can be a powerful tool’,’ and struc- 
tural information will become available if the 
resolution of the instrument is in the order of atomic 
distances or at least equal to the size of interesting 
building units. 

METHOD 

The resolution of a transmission electron micro- 
scope depends on the acceleration voltage and on 
the spherical aberration constant C, of the objective 
lens. Additional instrumental parameters are impor- 
tant too.i9’ Our microscope, a Philips EM 400 
HMG, has a maximum acceleration voltage of 120 
kV and is equipped with an LaB, cathode. Thus a 
resolution of 3.0-3.5 A can be obtained. 

Particularly suitable for investigations with high 
resolution transmission electron microscopy 

(HRTEM) are crystal structures whose building 
elements can be projected parallel to a cry- 
stallographic axis onto a plane in such a way that 
at high magnification and with high resolution, 
structural details can be observed and the contrast 
is as high as possible. Samples are prepared for 
microscopy by producing fragments with thin 
edges, e.g. by mechanical means (crushing in an 
agate mortar). The crystal pieces are brought onto 
a copper grid covered with a holey foil and are then 
orientated with one crystallographic axis parallel to 
the electron beam using the diffraction mode of the 
microscope. Now a pile of parallel lattice planes 
corresponding to a small piece of a crystal is orien- 
tated perpendicular to the electron beam of the 
microscope.’ The resulting image may under certain 
imaging conditions look like a projection of the 
structure but one should keep in mind that the way 
of image formation is not the same as in a usual 
microscope. The objective lens combines the beams 
of the diffraction pattern in a suitable way forming 
an interference figure. Mathematically this cor- 
responds to a second Fourier transformation within 
the description of the imaging process. In this 
respect the electron microscope is used as an inter- 
ferometer. Only for optimum conditions can one 
assume that the details of the resulting images cor- 
respond in a simple way to the projected structure. 
It is indispensable that samples must be thin, if 
possible 50-100 A thick. The microscope must be 
defocussed, usually one needs an underfocus near 
to the so called Scherzer focus. 

For the interpretation of the images computer 
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simulationP play an important role. In many cases 
the contrast of the images which depends on the 
value of defocus and on the thickness of the crystal 
region cannot be interpreted directly.4*5 Therefore a 
sufficient number of simulated images computed for 
different experimental parameters must be avail- 
able. During the investigation of oxides having 
block structures it was found that the cor- 
respondence between the image contrast and the 
details of structure is nearly one to one. Therefore 
in some special cases it is possible to interpret 
images of block structures “directly”. 

Strong limitations come from the high energy of 
the electron beam. At the highest resolution nearly 
all organic materials and other sensitive substances 
are damaged. Only compounds having a high 
thermal stability and especially high melting 
inorganic materials can be investigated at atomic 
resolution. In our laboratory mainly transition 
metal oxides’.2*4,“‘8 and a few oxyhalides3 were 
investigated. 

The structural units of the niobium-, tungsten- or 
vanadium-containing compounds mentioned here 
can be described as a framework of corner sharing 
metal-oxygen octahedra. In addition there is a 
relationship to the perovskite-type structures which 
now in some cases were detected to be super- 
conductors.’ A combination of edge sharing and 
corner sharing octahedra allows us to build up so 
called block structures having a high variability of 
composition depending on the size of the building 
units and on their connections. Figure 1 shows the 
block structures of Nb120Z9 (mon.) and V3Nb9029 
having [3 x 41 blocks which are connected in a 
different way. Images shown in this paper (Figs 2- 
6) were always obtained as a projection along the 
short crystallographic axis. 

RESULTS 

System Nb/W/O 

By mixing the oxides Nb205 and W03 and heat- 
ing them in air (e.g. 13OC~135O”C ; closed vessels) 
in the compositions 6 : I, 7 : 3, 8 : 5 and 9 : 8, phases 
having simple block structures ([3 x 41, [4 x 41, 
[4 x 51 and [5 x 51 octahedra) could be found.lg 
Experiments using different preparative methods 
show7** that in the thermodynamically stable system 
Nb/W/O block structures cannot exceed a 
maximum block size of [5 x 51 octahedra cor- 
responding to a ratio W/Nb = 0.444. In order to 
prepare samples with higher W/Nb ratios still hav- 
ing block structures W03 +NbOz was substituted 
for Nb205 to an appreciable extent. For the occur- 

a b 

Fig. 1. Ideal structures of monoclinic Nbi20B (a)” and 
V3Nb902g (b)6 as examples of block structures. The 
niobium (and V) is surrounded octahedrally by oxygen. 
The right hand side of the figures shows the idealized 
octahedra which can be regarded as square-base bipyra- 
mids. The direction of view is from an apex down onto 
the basal plane, so that in projection the apexes appear 
to be the points of intersection of the base diagonals. 
Within the blocks the octahedra are interconnected via 
the apexes in all directions ; where the blocks abut against 
one another, the octahedra are linked with each other 
along edges. The outlines of the blocks are shown more 
clearly on the left. The different “heights” of the blocks 
in the direction of the short b-axis (perpendicular to the 
plane of the figure) are indicated by lines of different thick- 
ness. For V,Nb,O,, (b) the elementary cell is drawn in. 

ing 6 : 1,7 : 3,8 : 5 and 9 : 8 phases we were successful 
in substituting W for Nb in a wide range thus estab- 
lishing four series of solid solutions.7 With samples 
of these “reduced” solid solution series oxidation 
experiments were performed outside the micro- 
scope on a preparative scale.7+12 

By using mild metastable conditions (oxidation 
temperature for example 700°C instead of 1300°C) 
oxygen is introduced and corner sharing octahedra 
are formed. In this process edge sharing octahedra 
disappear and looking parallel to the short cry- 
stallographic axis of such a crystal one can observe 
a doubling of the block size. 

Starting for example with a [3 x 43 block struc- 
ture having the composition Nb10W3033 the oxi- 
dation leads to the composition Nb10W3034 
(O/EM = 2.615 ; M = Nb, W). The HRTEM 
image (Fig. 2) shows that [3 x 41 blocks are still 
present in the structure but as a new feature [6 x 41 
blocks have been formed (2[3 x 43 + [6 x 41). By 
counting the different blocks in the region of Fig. 2 
one can calculate the structural ratio O/CM = 
2.611 that corresponds well with the experimental 
values.12 On calculation of the structural O/EM 
one must keep in mind that tetrahedral positions 
disappear when larger blocks are formed1’-12 (see 
Fig. 4). 

In the case of rectangular blocks nature allows 
both possibilities of “doubling” to be realized as a 



Redox reactions on oxides with block structures 2395 

Fig. 2. Transmission electron micrograph’* of the oxidation product Nb10W30M (O/EM = 2.615) 
built up by rows of [6 x 41 and [3 x 41 blocks. 

look at Fig. 3 shows. In this case the oxidation of 
a sample with [3 x 41 blocks produced an arrange- 
ment of [3 x 81 (corresponding to 2[3 x 4]+ 
[3 x 81) besides [3 x 41 blocks.12 

It is important to mention that a determination 
of this structure by X-rays was impossible because 
of the disorder of these samples. This disorder is 
also indicated by the selected area diffraction pat- 
tern (c in Fig. 4). In spite of only very few rows of 

[4 x 41 blocks the diffraction spots corresponding 
to the direction of disorder (recognizable in Fig. 4a) 
are strongly diffuse.‘,12 A large portion of blocks 
participated in the doubling during oxidation of this 
sample (2[4 x 43 + [4 x 81). This could be achieved 
due to the higher W-content of the educt and was 
made possible by the more extended [4 x 41 block 
solid solution series. 

As Fig. 5 shows, the largest blocks can be pro- 

Fig. 3. Transmission electron micrograph’* of the oxidation product Nb10,4W2_6033_8 (O/CM = 2.600) 
built up by rows of [3 x 81 and [3 x 41 blocks. 
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Fig. 4. Transmission electron micrograph (a) of the oxidation product Nb,,W,O,, (starting cc 
position Nb,,W,O,).” The interpretation (b) shows the arrangement of [4 x 81 and (one row) 
[4 x 41 blocks. Tetrahedral positions (black dots) disappeared by formation of the larger blocks. 

Electron diffraction pattern. 

brn- 

;f 

Fig. 5. Transmission electron micrographr’ of the oxidation product Nb11W15072.5 (O/ZM = 2.78 
built up by [S x lo], [5 x 151 and (one row) [5 x 51 blocks. 

3) 
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Fig. 6. Transmission electron micrographs of a crystal fragment: increasing irradiation time.13 
Damaged regions are encircled, increasing division of block rows ([3 x 4]+ 2[3 x 21) marked by 
arrows. (a) Long irradiation at low density. (b) Diaphragm removed for 0.5 s. (c) Like (b) but for 1 

s. (d) After further irradiation like in (c). 

duced starting with a [5 x 51 block structure. The 
oxidation of the sample with a composition 
Nb,,W,50s9 results in a high portion of [5 x lo] 
blocks (2[5 x 5]+ [5 x lo]) but besides this the for- 
mation of [5 x 151 block rf.ws10,12 begins. It seems 
the formation of the [5 x 151 blocks could not reach 
the perfect shape. 

System V/Nb/O 

A previously unknown phase V3Nb90Z9 having 
the structure shown in Fig. lb could be found 
recently.6 With V3Nb90Z9 (O/EM = 2.417 ; M = V, 
Nb), in contrast to the doubling of blocks just men- 
tioned, a division of blocks in two halves could be 
observed (Figs 6 and 7). This means that cor- 
responding to the division of blocks a reduction 
occurs connected with the introduction of edge 
sharing of octahedra. The in situ reaction in the 
electron microscope started when the irradiation 
was increased by removing the condenser dia- 
phragm for a few seconds.‘3*‘4 The resulting regions 
of the crystal piece with a block size of [2 x 31 
octahedra correspond to the structure of V60,3 (Fig. 

b 
Fig. 7. Interpretation of the change of the crystal struc- 
ture shown in Fig. 6. (a) V3Nb90Z9 structure with one 
block row (direction [l 0 21) divided into [3 x 21 blocks 
as in Fig. 6b. (b) Idealized structure of V60,3, the hypo- 

thetical end product of the in silu reduction. 
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7b)*O with O/V = 2.167. A preparative reaction of 
V3Nb9029 with H2 immediately led to the dioxide 
phase (V, Nb)02 with a rutile structure. As Fig. 6a, 
b shows, the in situ experiments must be performed 
carefully to avoid the possible damage of the struc- 
ture (encircled regions). 

At the same ratio of O/XM = 2.417 but with a 
lower content of V a solid solution series exists with 
the structure of Nb,*Oz9 (mon.) as shown in Fig. la. 
Crystal pieces of Nb12029 can be investigated by 
HRTEM without damage ; they are practically 
stable against irradiation.” 

By oxidation of Nb12029 (mon.) in oxygen or in 
air two novel structures appear, which can be 
looked upon as additional modifications of 
NIJ~O~.‘~*‘~ In each case (“stage”) the oxidation was 
complete as indicated by the loss of the black-blue 
colour. 

The first stage can be obtained by oxidation at 
very low temperature. This form was unstable in 
the electron microscope so that investigations were 
difficult. The second form was stable against 
irradiation. Preparative experiments showed that it 
could not be reduced back to the starting material 
using HZ. Reduction led to an intermediate oxide or 
with increasing temperature to Nb02. The structure 
appears to be disordered but shows some charac- 
teristic features, e.g. rows of narrow blocks with 
[2 x 43 or [2 x 51 octahedra and tetrahedral pos- 
itions.16 

A third form can be prepared by slow oxidation 
of monoclinic Nb120zs at low oxygen pressure. 
Again a disordered real structure could be observed 
by HRTEM but the block size of [3 x 41 octahedra 
remained nearly unchanged. In contrast to the 
forms mentioned, rectangular tunnels (like those in 
NaNb13033, but empty) are now the most charac- 
teristic building elements (Fig. 8).17 

Samples with the monoclinic structure of Nb12029 

lb* . 
z&J-d@ 
rln 'C 
;b,y % 

c m 
L a 

-s+ 
Fig. 8. Model of the averaged structure of the product 
of the slow oxidation of Nb12029 (mon.) at low oxygen 
pressure. ’ 7 By oxidation, tetrahedral positions (black 
dots) and pairs of blocks with a rectangular tunnel have 

been formed. 

containing x 5% V were a little more difficult to 
oxidize. One also obtains two stages similar to the 
products of the oxidation of Nb12029 (mon.). But 
the reduction of the first oxidation stage in the EM 
and of the second stage in a stream of Hz (550°C) 
was much easier. It seems to be important that 
this second stage can be reduced stepwise by the 
irradiation in the microscope, when the diaphragm 
is removed for a few seconds. In this reaction, struc- 
tural elements like those shown in Fig. 8 may be 
mainly involved. This possibility of a back reaction 
may for oxidized V-containing samples open a way 
to observe details of the structural rearrangement 
that are connected with a reduction.‘* 
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OF ./ (p-II)@-OS -)OS~(CO)~,, AND (~OSI~),O~(CO),, 
\ 

./ 

LEH-YEH HSU* and SEEN G. SHORE* 

Department of Chemistry, The Ohio State University, Columbus, OH 43210, U.S.A. 

and 

LINDA D’ORNELAS, AGNES CHOPLIN* and ~~-~~ BASSET* 

Institut de Recherches sur la Catalyse, Laboratoire Propre du C.N.R.S. Conventionne ti 
l’universite Claude Bernard, Lyon I, 2, Avenue Albert Einstein, 69626 Villeurbanne Cedex, 

France 

A~~act-~e~l~up~rt interaction involving the surface complex formed from the reac- 
tion of silica with 0s3(CO)i2 at 150°C has been modelled employing computer graphics 
and molecular mechanics techniques. This surface complex is generally represented as 

./ &-H)@-0s~) 0s3(CO)i0 (I), with a surface oxygen bridging two osmium atoms. However, 

a second arrangement with two surface oxygens bridging the same two osmium atoms, @- 

./ OS -)20s3(CO)10 (II), has also been considered. A computer model has been developed 
\ 

for partially hydroxylated silica surface. Employing structural parameters from model 
compounds, metal-support interaction of the cluster fragments (,u-H)OS~(CO)~,, and 
Os3(CO)i0 with surface oxygens to form snrface complexes I and II was studied using energy 
caption t~h~ques and considering non-bonded contacts as a function of dihedral 
angle. The results clearly indicate that the cluster fragment 0s3(CO),,, will not fit on the 
silica by means of a double oxygen bridge to two osmium atoms to give complex II ; 
however, the &-H)Os3(CO)i,, fragment will bind to selected oxygen sites of the silica without 
steric restraint to form complex I. 

The surface complex formed from the reaction of involving two surface oxygen atoms bridging 
0s3(CO)i2 with silica at 150°C has been studied ex- the same two osmium atoms, has also been con- 
tensively by a variety of experimental techniques.‘-12 sidered.‘” However, this possibility is now thought 
Spectroscopic results are consistent with a triangu- to be more likely on alumina than on silica.9b 
lated osmium core with a single surface oxygen How the triosmium cluster is accommodated 
binding the triosmium cluster by bridging two OS on the surface is not discerned by the available 

atoms,*-’ @-H)(p-OS<)OS~(CO),,, (I). A second 
experimental data, but is generally represented 
schematically as in Fig. 1. \ 

./ We have found it ofinterest to model the surface 
possible a~ngem~t, @-OS -)~OS~(CO),~ (II), 

\ 
complexes I and II to determine if mode&g can 
discriminate between them as to the favoured 
arrangement, and to gain possible insight as to how 
the cluster might be accommodated on local sites 

*Authors to whom correspondence should be addressed. of a silica surface. A model for partially hydroxylated 
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(CO)4 (CO), 
OS OS 

(CO) o./H\o.(co) /\ 
3 \,/ 3 

(CO), osc> OS (CO)n 

I 
Si 

P’ 7 
/I\ /y\ /“i\ 

I II 

Fig. 1. Representation of @-I-I)(@Si<)Os,(CO),,, (I) 

and (p-OSi~),Os,(CO),, (II). 
\ 

silica using CHEMX* computer graphics and 
MacroModel? molecular mechanics techniques has 
been developed. With this model and parameters 
from the model compounds @-H)(p-0SiEt3)0s, 
(CO)1013 and (~-OMe)20s3(CO)10’4 possible struc- 
tures of the surface complex obtained from the 
reaction of Os3(CO)i2 with silica at 150”C2-5 were 
investigated. 

RESULTS AND DISCUSSION 

A. Syntheses and structure 

The compounds ~-H)~-OSiR,)Os,(CO)10 [R = 
Et (III), Ph (IV)] were prepared according to the 
following reactions.13 

OS~(CO),~$. R,SiOH 

+ @-H)(p-0SiR3)0s3(CO),,,+2C0 

OS~(CO),,,(CH~CN)~ + R$iOH 

+ @-H)@-0SiR3)0s3(CO)i0 + 2CH3CN. 

The molecular structure of III was determined from 
a single crystal X-ray study13 and is shown in Fig. 
2. It has a structure which is like that of @.-H)(p- 
0Me)Os3(CO),a.” 

Molecular clusters III and IV appear to be good 
models for the surface complex I.13 IR spectra in 
the carbonyl stretching region are virtually identical 
for both clusters and correspond very well with 
those of the surface complex, which infers that the 

* Created by E. K. Davies, Chemical Crystallography 
Laboratory, Oxford University, and distributed by 
Chemical Design Ltd., Oxford, England. Graphics facili- 
ties of the Interactive Molecular Graphics Center (IMAG 
Center) of The Ohio State University were employed. 

TThe 1986 version of MacroModel was provided by 
Professor Clark Still, Department of Chemistry, Col- 
umbia University. 

Fig. 2. ORTEP of b-H)(p-OSiEt,)Os,(CO),,,, thermal 
ellipsoids at 50% probability. 

cluster fragment bound to the silica surface is 

WWs3Wh. 

B. Modelling partially hydroxylated silica 

Although hydroxylated silica is amorphous, evi- 
dence indicates a structural arrangement which 
resembles that of /I-crystobalite and related crys- 
talline phases. ’ 6 Studies of hydroxylated and par- 
tially hydroxylated silica suggest that the surface is 
heterogeneous and is probably composed of regions 
of partially hydroxylated (100) and (111) surfaces, 
with the degree of hydroxylation being a function 
of the treatment of the silica. ” Hydroxylation 
of the (100) surface leads to geminal Si(OH)* 
groups,“‘r’ which form hydrogen bonded chains 
through interaction with neighbouring geminal 
groups. 18b3c Hydroxylation of the (111) surface gives 
isolated SiOH groups.“*‘* Dehydroxylation of the 
(100) surface occurs readily to form siloxane 
bridges.” On the other hand dehydroxylation of the 
(111) plane is unlikely under the conditions in which 
the surface bound cluster is formed.17a*‘8d We have 
modelled, separately, each of these proposed com- 
ponents of the silica surface including defects, edges 
formed from the intersection of the (100) plane with 
the (001) plane and the intersection of the (100) with 
the (111) plane. 

Modelling of the local regions on the (100) plane 
involved first generating, by means of CHEMX, a 
P-cristobalite lattice consisting of 5 x 5 unit cells 
along the b and c axes.” Hydrogen atoms were 
added to these surface oxygens to form geminal 
silanol groups which were oriented to allow hydro- 
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--_ 0, , O-H---O \ ,0-H---0, /"-H---O, ,O-H--- 

Si Si Si Si 

I - Hz0 

Scheme 1. 

7 7 H H 
__- O,si,O-H---~,si,O-H---~,si,O-H--- 

&, ( %, (%,, 

/ 

-2H20 

Scheme 2. 

gen bonded chains consistent with spectroscopic 
studies.‘8b” Molecular mechanics optimization on a 
subset of the hydrogen atoms residing in the inner 
15 unit cells was carried out to give a final arrange- 
ment for optimized hydrogen positions (designated 
local region A). To obtain a model of the (111) 
plane (designated local region B) a 3 x 3 x 3 lattice 
was constructed and then a section was removed by 
cutting through the (111) intercepts thereby expos- 
ing the (111) plane. In this case there is no hydrogen 
bonding between the isolated SiOH units because 
of the large distance of separation of the SiOH 
groups (ca 46 A). 

A partially dehydroxylated local surface region 
(designated local region C) was derived by removing 
an HZ0 molecule from the centre of the fully 
hydroxylated (100) surface (Scheme 1) thereby for- 

ming an Sk--O-Si bridge and then the structure 
was optimized (see footnote t on p. 2). 

Since experimental results suggest a relatively low 
concentration of geminal Si(OH)Z17b*C units there is 
probably a significant concentration of local dehy- 
droxylated surface which contains adjacent siloxane 
bridges. This region (designated local region D) was 
constructed by modelling the removal of two HZ0 
molecules from the fully hydroxylated (100) plane 
to give two adjacent Si-0-Si bridges (Scheme 2). 

C. MoaWing cluster fragments on local regions of 
the silica surface 

We attempted to generate the surface complexes 
I and II by fitting the cluster fragments (p- 
H)Os3(CO)r0 and 0s3(CO),,, to each of the regions 
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of surface. For each orientation of the cluster exam- 
ined the van der Waals non-bonded interaction 
energy between the cluster and the surface atoms 
was calculated,* summing from the individual clus- 
ter atoms all of the interactions with surface atoms 
up to 6 A away. “Short” non-bonded contact dis- 
tances between cluster atoms and surface atoms 
were also monitored in order to further evaluate 
each arrangement. A non-bonded contact is con- 
sidered to be “short” if it is less than the non- 
bonded shortest contacts in P-cristobalite,‘i 2.4 A. 

1. Attempts to@ (p-H)Os3(CO),,, and OSCAR 
to the silica surface. No satisfactory fit was achieved 
in attempts to place (~-H)OS~(CO),~ on an oxygen 
of the fully hydroxylated (100) plane or an oxygen 
of the (111) plane. By the same token the fragment 
would not fit on a vicinal oxygen of an isolated 
siloxane group (region C). However, a satisfactory 
fit was achieved on a vicinal oxygen of a siloxane 
group adjacent to a second siloxane group (region 
D). These conclusions were reached from results of 
the following procedures. A hydrogen atom was 
removed from a silanol group on the type A and B 
regions and from a silanol of a siloxane bridge of 
type C and D regions. The fragment &- 

. H)Os3(CO)i,, was then fitted to this oxygen, binding 
it in the same way that the OSiEts unit binds this 
fragment in complex III. The @H)Os3(CO)r0 unit 
was then rotated about the oxygen of the Si-0 
bond in order to permit selection of an orientation 
which minimized steric repulsion between the car- 
bonyls and the neighbouring hydroxyl groups. Con- 
tact distances were monitored at 3” intervals during 
rotation of the cluster from 0 to 357” around the 
oxygen atom. Also the dihedral angle between the 
Os-O-OS plane and the Si-0 bond was varied. 
This is equivalent to assuming that the bending 
force constant is small and that the dihedral angle 
might be opened up in order to provide a better fit 
to the surface. For the type A, B, and C local regions 
at the minimum van der Waals interaction energies 
calculated, 364.1, 151.1 and 47.6 kcal, respectively, 
there are a number of unreasonably short non- 
bonded contact distances between the cluster frag- 
ment and surface atoms. However, for the type D 
region (adjacent siloxane groups) at the minimum 
van der Waals interaction energy obtained, 2.4 kcal, 
no short contacts between the cluster atoms and 

*The non-bonded atom-atom potential function con- 
tained an (exp-6) term and a Coulombic term. The poten- 
tial parameters (E and R) for H, C, 0 and Si (Sept. 1986 
version) were provided by Professor Norman Allinger,” 
Department of Chemistry, University of Georgia. The 
values of E and R for OS were estimated as 0.26 and 2.65 
respectively. 

Fig. 3. Optimized model for @-H)@OSi~)Os,(CO),o 
\ 

(I). (~-H)OS~(CO),~ bound to a surface oxygen of a local 
partially hydroxylated region of the (100) plane containing 
adjacent S&O---Si bridges. Some Si(OH)2 groups 
removed to give a clearer view of the Si+Si bridges. 

surface atoms were observed. Thus the type D 
region appears to accommodate the cluster frag- 
ment (~-H)OS~(CO)~~. Figure 3 shows this arrange- 
ment. 

No acceptable fit of the fragment Os3(CO),,, was 
obtained for any of the regions A, B, C and D. In 
the case of the A surface the minimum van der 
Waals repulsion energy obtained was 1861.8 kcal 
and a number of short non-bonded contacts were 
observed between cluster and surface atoms. For 
the type B, C and D surfaces the OS~(CO),,, fragment 
could not be fitted with a double oxygen bridge 
because of the long distance between available oxy- 
gen atoms, 4-6 A, compared to the observed 
distance between the bridge oxygen atoms, 2.59 A, in 
the model compound (~-OMe)zOs~(CO),O. 

2. Attempts tofit (~-H)OS~(CO),~ and OSCAR 
to defect sites. The cluster fragment @-H)Os,(CO),, 
is readily accommodated at the defect sites created 
by the intersection of the (100) plane with the (001) 
plane. A minimum van der Waals repulsion energy 
of -3.6 kcal is calculated and no short contacts 
between the cluster surface atoms are observed. On 
the other hand the fragment Os3(CO)i,, could not 
be fitted to this edge and still retain the double 
bridged arrangement of oxygen atoms. 

For the defect site created by the intersection of 
the (100) and (111) planes the fragment (p- 
H)Os3(CO)i,, is not as well accommodated as on the 
(100) (001) intersection, but the fit is much better 
than on surfaces A, B and C. The minimum van der 
Waals repulsion energy is 12.3 kcal and there are 
but two short contacts of about 2.2 A. Another 
defect site which has been suggested’7c is that which 
could occur from dehydroxylation at the junction 
of the (100) and (111) planes. Attempts to fit the (p- 
H)OS~(CO)~~ fragment to the vicinal oxygen of the 
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resulting siloxane group gives a minimum van der 
Waals repulsion energy of 15.8 kcal and five short 
contacts from 2.1 to 2.3 A. 

The fragment OSCAR could not be fitted to 
any of the defect sites considered and still retain the 
double bridged arrangement of oxygen atoms. 

CONCLUSIONS 

The results of this study are in accord with exper- 
imental evidence which favours I over II as the sur- 
face complex formed from the reaction of 0s3(CO), z 
with silica at 1 50”C.2-5 Furthermore, favourable or 
likely sites for attachment of the cluster fragment 
(p-H)Os3(CO),,, have been discerned. It is suggested 
that the application of these modelling techniques 
will prove useful in gaining insight into the potential 
properties of surface substrates in interacting with 
multimetallic species. 
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PREPARED BY THE DECOMPOSITION OF 
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Abstract-The bisthiometalato complex ~i(WS~)2]2- was utilized as a precursor for the 
preparation of the unsupported mixed nickel tungsten sulphide catalyst. Catalytic activities in 
hydrotreating model reactions are better for the decomposed complex than for catalysts 
prepared by conventional methods. HREM and AEM studies show that the structure of 
the catalyst is highly disordered, and that nickel is well distributed in all particles. The 
activity loss observed after a catalytic test at 673 K is related to a partial nickel segregation. 
Better crystallized particles are formed and the position of nickel atoms is mainly restricted 
to edge positions of the WS2 crystallites. The decomposed complex is considered as a 
model for mixed hydrotreating catalysts. 

Hydrodesulphurization (HDS) and other cata- 
lytical hydrogenation processes on the constituents 
of fossil oil provide a very active and important 
field of applied research. ’ The catalysts are based on 
MoSz or WS2 and their activity can be significantly 
promoted when Co or Ni is added. This promotion, 
in the case of HDS catalysis, has been attributed to 
the presence of the so-called CoMoS phase (rather 
small but regular “crystallites” of MoS, with Co 
atoms exclusively at their edges2#). The question 
now arises whether it would be possible to generate 
more irregular (and, consequently, more active) 
phases by the thermal decomposition of well defined 
bisthiometalato complex salts which contain 
[Ni(WS,),]2- (1) (Fig. 1) and were first prepared 
by us several years ago. 3,4 Different phases were 
studied by high resolution electron microscopy 
(HREM). 

* Present address : Labofina S.A., Brussels, Belgium. 
t Authors to whom correspondence should be addressed. 
$ These represent novel heterometallic inorganic 

clusters. 

The thermal decomposition of the Et4N+ salt of 
1 occurs between 473 and 573 K according to 

(Et,N),~iCWS,),] (HdH,‘atmosPhere) l 

2Et3N+Et2S (or Et2S2)+H2S+NiW2SS-6 

(N2 atmosphere) 
h + * . + NiW2SG7. 

The catalytic properties of the thermally decom- 
posed complex (in the following abbreviated as 
NiW-EC) were compared with those of NiW sul- 
phides obtained by the homogeneous sulphide pre- 

Fig. 1. Structure of the ~i(WS4)J2- ion. 

2405 
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cipitation (NiW-HSP),* and with pure WS2 pre- 
pared by the decomposition of (NH4)2WS4.5 

The catalytic activities were determined via the 
dibenzothiophene hydrodesulphurization reaction 
performed at atmospheric pressure and the bi- 
phenyl (BP) hydrogenation reaction performed at 
medium pressure. Experimental details concerning 
these tests are given elsewhere.? 

The conditions utilized allow the determination 
of the properties of the original catalysts. Never- 

* Catalysts preparation : a NiW-HSP catalyst with an 
average atomic composition r = Ni/(Ni + W) = 0.3 was 
prepared by a method similar to the homogeneous sul- 
phide precipitation described by Candia et aL6 A diluted 
solution (lo-* mol 1-l) of ammonium tungstate and 
nickel nitrate was heated at 343 K and vigorously stirred. 
A solution of (NH&S was added slowly. The slurry was 
stirred until complete evaporation and then decomposed 
in an H,-H,S atmosphere at 673 K. Using homogeneous 
sulphide precipitation to prepare CoMo catalysts, it was 
found by Miissbauer Emission Spectroscopy that for an 
atomic concentration of the promotor r = 0.3, 23% of 
the total amount of Co is involved in the CoMoS phase 
and 77% as Co9Ss.’ A similar value can be expected in 
the case of the NiW system since NiS and CoS have 
comparable solubility constants in aqueous solution. 

t Catalytic activity measurements : the hydrodesul- 
phurization of dibenzothiophene (DBT) was carried out 
in the vapour phase using a dynamic atmospheric flow 
microreactor (in, = 10’ Pa; pDBT = 67 Pa). The hydro- 
genation of biphenyl (BP) was carried out in the vapour 
phase using a dynamic high pressure flow microreactor 
described previously* (pn, = 22 x lo5 Pa; pBp = 8 x lo* 
Pa; pH2s = 4.5 x lo* Pa). For both reactions, the weight 
of the catalyst was chosen so that a low conversion was 
obtained (lower than 15%) and the activities of the 
different catalysts were compared at about the same con- 
version. The specific activity was determined at 530 K 
after 16 h on stream at the pseudo-stationary state. The 
specific rate A, was calculated using the following equa- 
tion : 

A, = Q-z/m (mol s-’ gg’) 

z is the total conversion, m the weight of the catalyst 
and Q the flow in mol s-’ (Qnp = 5.7 x lo-* mol s-‘; 

Q DBT = 1.3 x lo-* mol s-i). 
$ For the high resolution electron microscopy the sam- 

ples were ultrasonically dispersed in ethanol and the sus- 
pension was collected on carbon copper grids (JEM 100 
CX employing a UHP polar piece). For the analytical 
electron microscopy measurements a VG 501 STEM with 
a LINK Si-Li-Detector and a TN 5500 multichannel 
analyser were used. This equipment provides information 
concerning small areas (l-2 nm’). Quantitative element 
concentrations were calculated with a “Standardless 
Metallurgical Thin Film Correction Program” 
(developed by TRACOR, based on reports by Cliff and 
Lorimer ’ ’ and Goldstein ’ *). 

theless, it can be useful to submit the samples to 
severe conditions in order to estimate what kind of 
modifications of the solids can occur and what the 
influence of these changes on the catalytic activity 
would be. This was done by means of an “accel- 
erated ageing test” (AAT) in the case of biphenyl 
conversion experiments : after leaving overnight on 
stream at 673 K the reaction temperature was 
decreased to 530 K and the percentage of activity 
loss was obtained from AR = (Ab - A,)/& at 530 K 
(where A,, is the BP hydrogenation rate at 530 K 
before the AAT, and A, its value at 530 K after the 
test). 

The results given in Tables 1 and 2 show that in 
both reactions the NiW-EC catalysts have an 
activity two or three times higher than that of NiW- 
HSP and of course a much higher activity than pure 
WS2 or Ni& Activity losses during the AAT are 
observed for all the NiW samples. This cannot be 
ascribed to textural modifications since surface 
areas do not change during the tests but reveal the 
instability of the mixed phase in a poorly sulphided 
atmosphere.g Moreover, it should be underlined 
that even after an AAT, the intrinsic activity of the 
NiW-EC sample is higher than that of the NiW- 
HSP catalyst. In the case of pure WS2, very large 
textural modifications occur and activity losses are 
here related to decreases in surface areas. ’ O 

Figure 2 shows HREM micrographs of WS2, 
NiW-HSP and NiW-EC samp1es.S In the case of 
the WS;! catalyst we find a characteristic disordered 
“rag” type layer structure which is similar to that 
observed for MO&. ’ 3 Measurements of the number 
of fringes 12 and their length I give an average value 
of the “crystallite” dimensions. The situation is 
almost similar in the case of the NiW-HSP catalyst 
and differences are noticeable only in the “crys- 
tallite” dimensions. A completely different feature 
is found in the case of NiW-EC. No well aligned 
layers are present and the degree of disorder is very 
high. Short layer “substructures” stick into each 
other and form areas of strands. 

Comparison of HREM examinations before and 
after the AAT indicate that the variations of the 
morphological properties are small in the case of 
WS2 and NiW-HSP and variations of the crystallite 
dimensions are within the limits of error. However, 
the features of the NiW-EC have changed dras- 
tically. Measurements of the particle size now give 
comparable results for NiW-HSP. 

Before the AAT, an almost homogeneous com- 
position was found for all analysed areas of NiW- 
EC (aggregates of “crystallites”, “crystallites” with 
one or more layers). The average atomic com- 
position found by STEM analysis (see earlier) was 
S = 0.602, Ni = 0.146 and W = 0.252, which gives 
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Fig. 2. High resolution electron micrographs for : (a) NiW-EC before AAT (particle size < 2 
(b) NiW-EC after AAT (particle size cu 4 mn) ; (c) NiW-HSP (particle size cu 5 nm) ; and (d) 

(particle size cu 8 nm). 
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Table 1. Catalytic activities for biphenyl hydrogenation 

Catalyst 
A, (530 K) A, (530 9)” Ai (530 K) ARd 

(m&) (lo-*mols- g-‘) (10-8mols-‘m-~ (10-8mols-‘m-2) (%) 

WS2 19.4 3.8 0.2 
Ni& 10 0.5 0.05 
NiW-HSP 0.3 10 14 1.4 1.0 28 
NiW-EC 3 10.2 3.4 2.4 23 

“Surface areas have been determined by the BET method using argon as inert adsorbant. As the activity for the 
reaction is directly proportional to the surface areas for WS2 and NiW sulphides,Y a direct comparison for all 
catalysts can be made. 

b Before AAT. 
‘After AAT. 
d Loss in intrinsic activity. 

Table 2. Catalytic activities for dibenzothiophene hydrodesulphurization 

Catalyst 
S A, (530 K) Ai (530 K) 

(m2g-‘) (1o-*mol s-1 g-‘) (lo-8rnol s-‘m-2) 

ws2 19.4 0.05 0.026 
Ni& 10 0.08 0.008 
NiW-HSP 0.3 10 2.1 0.21 
NiW-EC 3 1.8 0.6 

r = Ni/(Nif W) = 0.36, very close to the nominal 
composition r = 0.22 pig. 3(a)]. The sulphur con- 
centration is slightly lower than that found by 
chemical analysis (STEM : Ni 1.I 6W2S4.8, chemical 
analysis: NiW,S,). After the AAT, the elemental 
distribution is no longer homogeneous. In Fig. 3(b), 
three main regions can be ~stin~ish~ : 

very few particles have kept the same com- 
position as before the test (t = 0.36 and a sul- 
phur concentration of 60.2%) ; 

some particles contain almost only nickel (I = 1) 
and a sulphnr con~ntration co~esponding to 
Ni,S,; 

. 
60 - 

B 
IS.. 60 . 

:y .* 
. . 
‘I 
. ** . 

50 50. . 

40 a 10. b z 

Fig. 3. STEM analytical results for NiW-EC (a) before 
and (b) after an accelerated ageing test [atomic ratio 

I = Ni/(Ni + W)]. 

a large number of particles contain less nickel 
than before the AAT (0.17 < r < 0.24) and a 
sulphur concentration of up to 60%. 

No particles containing only tungsten and sulphur 
were found. 

We conclude from the results that the new, cata- 
lytically very active phase NiW-EC has a structure 
which derives from that of WS2, with Ni (perhaps 
in a distorted trigonal prismatic environment) dis- 
tributed in the layer (uniformly, within the res- 
olution of the ex~riment). After the AAT, a large 
number of particles contain less nickel than initially. 
The comparison of the average composition before 
and after AAT suggests that the initial catalyst has 
“lost” nickel and suphur at the same time. As the 
HREM investigations show that better crystallized 
particles were formed, it can be assumed that the 
positions of Ni atoms are now restricted to edge 
positions of WS, crystallites of an increased but 
almost uniform size, in a similar way as has also 
been discussed for the “CoMoS” phase. I4 

In order to prove the validity of this hypothesis, 
the maximum concentration of nickel atoms which 
can cover the edges was calculated for NiW-EC 
after the AAT, assuming one nickel atom for each 
tungsten atom on edge positions. A reasonable 
agreement is obtained between this calculated value 
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(r = 0.25) and the experimental concentration of Ni 3. 

in the particles given by STEM analysis (r = 0.2). 
This study shows the potential significance of 4. 

using this kind of catalyst precursor for a better 
understanding of mixed hydrotreating catalysts and 
for the preparation of highly active materials. Actu- 
ally, the stability of the phase depends drastically 

5 
. 

on the H2S partial pressure and conditions can 6 
’ be found in which no segregation occurs, even at 

673 K. 7. 
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SUPPORTED METAL CATALYSTS PREPARED FROM 
BIMETALLIC CLUSTERS: ReOs, CLUSTERS ON y-A1203 
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Abstract-Supported metal catalysts were prepared by the reaction of H3ReOs3(CO) I 3 with 
the surface of y-A1203. After treatment of the sample in He or in Hz followed by treatment 
in Hz, the OS was present in the metallic state as small crystallites, and Re was present in 
higher oxidation states, which were controlled by the pretreatment. Re in a high oxidation 
state (approximately + 7), resulting from the former pretreatment, did not affect the cata- 
lytic performance of the OS for hydrogenolysis of n-butane, but Re in a lower oxidation 
state (approximately + 2 or + 3), resulting from the latter pretreatment, doubled the activity 
of the catalyst and increased its resistance to deactivation. The results point the way to 
control of the structure and properties of catalysts by manipulation of the surface organo- 
metallic chemistry. 

Many of the supported metal catalysts used in tech- 
nology are bimetallics. A second metal may confer 
advantages of activity, selectivity, and stability on 
the first, but the reasons for the benefits are often 
unknown. In alloy-like catalysts, a second metal 
may dilute the catalytically active metal so that it is 
isolated in the bimetallic surface, to the detriment of 
unwanted reactions that are favoured by neighbouring 
centres of the active metal. When the second metal 
is in a cationic form, it often stabilizes the catalyst, 
perhaps by helping to maintain a high dispersion of 
small crystallites of the active metal on a high sur- 
face area support. Many promoters are present on 
support surfaces as cationic complexes. 

Molecular bimetallic clusters are appealing pre- 
cursors of supported metal catalysts, offering the 
advantages of stoichiometrically controlled metal 
compositions, zero-valent metals that are easily 
activated on a surface, and the absence of ligands 
such as chloride that would remain on the support 
surface and act as catalyst modifiers or poisons. 
There are now well-established patterns of the reac- 
tivity of organometallics on metal oxide supports, 
the reactions including oxidative addition of sur- 

*Author to whom correspondence should be addressed. 

face hydroxyl groups reacting with metal clusters, 
exemplified by OS ,(CO) , z ; nucleophilic attack of 
hydroxyl groups on carbonyl ligands of metal com- 
plexes ; and deprotonation of hydrido metal com- 
plexes to give surface-bound anions. ’ This latter 
reaction has proved to be an especially useful syn- 
thetic route to well-defined surface organometallics, 
being applied with basic supports such as MgO and 
y-A1203.2’3 

The supported metal catalysts formed from 
mixed-metal clusters on metal oxide surfaces typi- 
cally lack the molecular structures of the precur- 
sors. The structural changes occurring during 
reduction or other treatments include oxidative 
fragmentation of the metal clusters to give mono- 
nuclear complexes4 (often strongly bonded to the 
surface) and reductive processes leading. to for- 
mation of metallic aggregates, which are common 
with group 8 metals on metal oxide supports in the 
presence of hydrogen. 

The supported metal catalysts formed from 
molecular bimetallic clusters on metal oxide sup- 
port can be classified on the basis of the surface 
structures (Table 1). The metals may be segregated, 
and aggregates may form, which may be molecular 
in nature (clusters) or non-uniform metallic struc- 

2421 
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tures (crystallites, which are most typical in indus- 
trial supported metal catalysts). When the metals 
are aggregated into crystallites, the structures may 
be alloy-like, but not necessarily uniform, as one 
metal may be concentrated at the outside of the 
crystallite and constitute most of the metal surface ;5 
this is the common situation when both 
metals are group 8. Alternatively, the metals may 
be segregated, with at least one present in the form 
of cationic complexes ; this is the typical situation 
when one of the metals lies to the left of the group 
8 metals in the periodic table. 

The classes of supported bimetallic catalysts 
listed in Table 1 have all been demonstrated, but 
there is a lack of systematic investigations whereby 
several pairs of metals have been used to prepare 
families of catalysts that would help identify the 
structural patterns and provide a basis for deter- 
mining how to design supported bimetallics. The 
objective of this research was to investigate a series 
of supported bimetallic catalysts made from a family 
of bimetallic clusters including H,ReOs,(CO),,, 
Re,Pt(CO) 1 2, and an Os-Pt carbonyl. These metals 
were chosen because there is literature charac- 
terizing the reactivities of mononuclear com- 
plexes of each on metal oxide surfaces. Further, 
the RePt combination is important industrially (for 
reforming of petroleum distillates), and the struc- 
ture of the catalyst is a subject of lively debate. ’ &13 
The Re-Pt pair is also of interest because it 
includes a group 7 metal, which has a tendency to 
be present on metal oxide surfaces both as cationic 
complexes and as metallic crystallites. Here we 
report the work with the first of these clusters as 
the precursor of catalysts supported on y-A1203, 
which is a common support for industrial catalysts. 

RESULTS AND DISCUSSION 

Characterization of initial ReOs, supported clusters 

H3ReOs3(CO)i3 and H3Re3(CO)iz were syn- 
thesized according to the literature methods,‘4,‘5 
and OS~(CO),~ (Strem) was used without puri- 
fication. The initial surface species derived from 
H3Re3(C0),2 and Os,(CO),, on y-Alz03 have been 
reported previously. ’ 6*17 The supported ReOs, 
clusters were prepared by depositing H,ReOs, 
(CO) 1 3 on partially dehydroxylated y-Al,O, (cal- 
cined at SOO’C) in dry hexanes. A homogeneous 
orange-yellow solid was formed having an IR spec- 
trum similar to that of the cluster physically mixed 
with KBr (Fig. 1). The spectrum of the supported 
species has an intense absorption at 2024 cm- ‘. 
Attempts were made to elucidate the strength of the 

Wavenumberskm? 

Fig. 1. IR spectra in the carbonyl region of (A) physical 
mixture of H,ReOs,(CO),, with KBr and (B) sample 
prepared by adsorption of H,ReOs,(CO) , 3 from hexanes 

onto Y-A1203 under NZ. 

cluster-support interaction by washing the sample 
with organic solvents. Refluxing THF (in which 
the precursor cluster is soluble) did not extract the 
H,ReOs,(CO) , ,-derived surface species, indicating 
the absence of physisorbed organometallics. In 
addition, NaBPh, in THF was added in an attempt 
to extract anionic surface species by cation meta- 
thesis. An IR spectrum of the extract solution was 
similar to that of the still uncharacterized ionic clus- 
ter [H3_xReOs3(C0)13], (x = 1,2) formed when 
NaBPh, in THF came into contact with the pre- 
cursor cluster. This result is consistent with the 
suggestion that the cluster framework remains 
intact on the surface. When the sample was momen- 
tarily exposed to a trace of moisture at room tem- 
perature, the major absorption at 2024 cm-’ was 
downshifted to 2019 cm-‘. The original IR spec- 
trum was restored by evacuating the sample at 50°C 
(Fig. 2). Evidently the adsorbed donor molecule 

Wavenumberskml) 

Fig. 2. IR spectra in the carbonyl region of (A) sample 
prepared by adsorption of H,ReOs,(CO), 3 from hexanes 
onto y-Al,O, under Nz (spectrum obtained following 
exposure to a trace of moisture) and (B) after evacuation 

at 50°C for 20 min. 
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disturbed the chemical interaction between the sur- 
face and the cluster. We conclude that the cluster 
was chemically bonded, intact, to the Al& surface, 
but the exact nature of the interaction remains to 
be determined. 

~tru~t#r~l evolution of secpported clusters under 
varies treatment e~nditions 

Hucul and Brenner’s’ ’ temperature programmed 
decomposition experiments demonstrated that sup- 
ported monome~llic carbonyl clusters, upon heat- 
ing, are oxidized by surface hydroxyl groups, form- 
ing cationic species with the evolution of Hz and 
CO, as depicted in eq. (1) : 

+ ; Hz-i-jC0. 
0 

(1) 

The average oxidation state of Re in a 0.37 wt% 
Re/A1202 sample derived from Re2(CO)to after 
activation in He to 600°C was found to be 5.4. l8 In 
a patent describing the preparation of a Pt-Re/ 
A1203 catalyst, Amos” stated that pyrolysis of 
rhenium carbonyl complexes on y-A1203 under 
anhydrous hydrogen at 105400°C provided the 
best catalytic results when compared with pyrolysis 
carried out in an inert atmosphere or in vcdcuu. These 
results imply that the final oxidation state of Re is 
highly dependent on the gas environment used for 
activation, but the role of neighbou~ng metal 
centres and their influence on the extent of oxida- 
tion of Re derived from mixed metal clusters has 
not been clearly addressed. This is a major issue 
to be investigated in the present research. 

The conditions for activation of the supported 
ReOs, catalysts were the following : 

(a) The sample was first heated in flowing He 
from ambient temperature to 4OO”C, fol- 
lowed by reduction at 400°C in flowing H2 
for 4 h. 

(b) Instead of heating initially in He, the sample 
was treated in flowing H2 as the temperature 
was raised from ambient to 4OO”C, and the 
sample was then reduced in the flowing Hz 
at 400°C for 4 h. 

The pres~ption was that d~arbonyl~ted metal 
centres would be susceptible to oxidation by surface 
hydroxyl groups when the supported carbonyl com- 
plexes were decomposed in the inert atmosphere ; 
whereas in the reducing atmosphere the low valency 
of the decarbonylated metal centre could possibly 
be maintained. 

The structural changes of the supported mixed- 
metal cluster and of the mo~ometa~ic samples pre- 
pared from H~Re3(C0)i2 and from Os,(CO) I2 for 
each of the activation procedures were monitored 
by in situ IR spectroscopy in a controlled-environ- 
ment cell for each of the activation procedures. The 
metal framework of the H,ReOs,(CO) I 3-derived 
surface species was disrupted at temperatures 
greater than lOO”C, with the subsequent forma- 
tion of osmium and rhenium subcarbonyl species 
similar to those obtained by performing the same 
treatments with the monome~lic samples. After 
the reduction of the bimetallic catalyst at 4OO”C, no 
observable absorption was found in the carbonyl 
region. CO chemisorption at 50°C resulted in the 
fo~ation of a thr~-band pattern ~haracte~stic 
of the OS subcarbonyl species OS(II)(CO),,,~ 
(OAl),.*7 No carbonyl band was found for terminal 
CO on metallic Re or for Re subcarbonyl species. 

The observation of the OS subcarbonyl species 
does not rule out the possibility that metallic OS was 
present after reduction at 400°C. CO may oxidize 
highly dispersed OS crystallites on alumina, leading 
to the formation of Os(I1) carbonyl complexes ; 
comparable chemistry of Rh crystallites on alumina 
is well documented. ” The lack of a difference in 
the osmium carbonyl IR spectrum between the 
bimetallic and the monometallic samples after CO 
chemiso~tion indicates the lack of electronic inter- 
actions between Re and OS surface species following 
the activation treatments. 

X-ray photoelectron spectroscopy was used to 
estimate the oxidation states of the supported 
metals following reduction. The activation ex- 
periments were performed in the prechamber of a 
Physical Electronics AESjXPS inst~ment (Model 
550). The binding energy of OS 4f7,* and of Re 
4f7,2 of the treated samples and that of various 
standards was measured with an operating pressure 
< 5 x lo-’ Torr. Al 2p = 74.5 eV was used as the 
internal reference of the supported samples, and C 
1s was used to check the internal consistency of the 
peak assignments. 

The Re 4f7,j2 binding energies of Re foil, 
[Re(OH)(CO)&, ReOz, and Re207 were deter- 
mined and used as the references characterizing the 
Re 4f& binding energies for Re(O), Re(I), RefIV), 
and Re(VII), respectively. OS foil was not used 
because of the toxicity of the easily formed 0~0~ ; 
instead two reduced alumina-supposed OS samples 
were used as the metallic OS reference ; these con- 
tained 2.5 and 2.0 wt% OS and were prepared, 
respectively, from H,0sC16 and Os,(CO),,. The 
observed binding energies agree with the literature 
value for alumina-supported OS metal particles.” 

The binding energies of OS in the mixed-metal 
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cluster-derived samples after each of the activation 
procedures (Table 2) indicate that the alumina-sup- 
ported OS was metallic. The low OS 4f7,* binding 
energy characterizing the sample after He heat-up 
followed by H2 reduction is attributed to the pres- 
ence of oxidic RecJII) species, leading to the over- 
lap of OS 4f& and Re 4fsiz XP peaks. In addition, 
transmission electron microscopy showed no dis- 
cernible particles in either sample ; further, the bind* 
ing energy of bulk OS metal is reported to be 50.6 
eV.” Therefore, we rule out the possibility of a 
particle size effect to explain the difference in the OS 
binding energies of the bimetallic catalysts after the 
different treatments. 

hydrogen, giving a more reducing environment than 
in the monometallic Re samples. The observed 
difference in the reducibility of Re in the samples 
containing OS after treatment (a) or treatment (b) 
can be explained by either the efficiency of OS in 
promoting hydrogen spillover or by a stronger Re 
alumina interaction when the supported cluster is 
activated in an inert atmosphere.” 

The X-ray photoelectron spectra characterizing 
Re in the alumina-supported sample prepared from 
H3Re3(CO)ra after treatment (a) or trea~ent (b) 
showed the existence of highly oxidized Re species, 
likely Re(VII). However, after treatment (a), with 
the sample incorporating metallic OS, the binding 
energy of Re was 41.6 eV, which corresponds to an 
Re species with the oxidation state in the range of 
1-4. The Re 4fTi2 binding energy of the mixed-metal 
cluster-derived surface species after treatment (b) 
was found to be 47.1 eV. These data demonstrate 
that the final oxidation state of rhenium depends 
strongly on the atmosphere used for activation and 
that a wide variation in Re oxidation states can be 
achieved. Moreover, the presence of neighbou~ng 
metallic structures evidently plays a role. Group 8 
metal surfaces are known to facilitate hydrogen 
spillover (whereby Hz is dissociated on the metal 
surface and then is transported to neighbouring 
positions on the support surface) ;23 metallic OS 
can thereby supply the oxidic rhenium with atomic 

Table 2. XP binding energies (ev) 

OS 4fT12 Re 4fTi2 C 1s 

References 

Re foil - 40.2 (284.6) 
[Re(OW(CO) J4 - 40.2 (284.6) 
ReOZ - 42.5 (284.6) 
Re,O, - 46.4 (284.6) 

~re~rsor~sup~rt) 

Os~(CO)i~/Al~O,’ 50.7 - 284.4 
H20sCl,/Al,0,” 50.9 - 284.3 
H3Re,(CO),,/A120,ac - 42.4,47.0 284.4 
H ,Re,(CO) , 2/A1203’*C - 46.7 284.6 
H,ReOs3(CO), 3/A1,036*c 49.9 47.1 284.6 
H~R~s~(CO),~/A~*O~~ 50.6 41.6 284.6 

’ H2 pre-heat, Hz reduction at 4OO”C, 4 h. 
b He pre-heat, Hz reduction at 4OO”C, 4 h. 
‘A mixture of (IV) to (VII) oxidation states. 

Catalyst testing 

The samples described above were tested as cata- 
lysts for n-butane hydrogenolysis to determine the 
influence of the Re oxidation state. Kinetics ex- 
periments were done with a standard microflow 
reactor with an on-line gas chromatograph for 
periodic product analysis. The activities of the fol- 
lowing alumna-supported catalysts were measured 
at 197°C with an Hz : hydrocarbon ratio of 10: 1 
(molar) at 1 atm. The catalysts were the mono- 
metallic OS, monometallic Re, a mechanical mix- 
ture of monometallic Re and monometallic OS, and 
the b~e~lic sample formed from the R&s 
mixed-metal cluster ; the catalysts were tested after 
treatment (a) and after treatment (b). The activity 
shown in Fig. 3 is normalized to the amount of OS 
in each sample. 

No activity was observed for the monometallic 
Re sample after either treatment (a) or treatment 
(b). The lack of activity is associated with the pres- 
ence of high-valent rhenium in both samples. This 

% 0.0006 

2 
2 0.0004 
i 
2 o.Ow2 

O.CQOO . , 

Fig. 3. Comparison of the activity of al~na-supposed 
catalysts (ReOs, : catalyst prepared from H,ReOs, 
(CO), 3 on y-Al,03 ; OS, : catalyst prepared from OS, 
(CO),, on y-Al,O,; Phys. Mixt. = physical mixture of 
y-Al,O,-supported catalysts prepared from Os,(CO) I z 
and from H3Re3(C0),2; Re, : catalyst prepared from 
H3Re3(CO),2 on r-Alp3 measured at 1 atm, 197”C, 
H,:n-C, = 10: 1 (molar) with a feed rate of 5.5 cm3 s-’ g 
of catalyst). The metal contents of the catalysts were the 
following (in wt%) : ReOs, : 0.46% OS, 0.14% Re; OS,: 
0.60%Os;Phys.Mixt.:0.41%Os,0.13%Re;Re,:1.0% 

Re. 
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Fig. 4. Decline in activity of Os~ontaining catalysts in a 
flow reactor at 1 bar, 177”C, H,:n-C, = 10: 1 (molar). 
The labels have the same meanings as stated in the cap- 

tion of Fig. 3. 

observation could also explain why the samples that 
contained OS had nearly the same activity after 
treatment (a), since only high-valent rhenium was 
initially present in the bimetallic samples. On the 
other hand, after treatment (b), the sample formed 
from the mixed-metal cluster exhibited a two-fold 
higher activity and was more selective for methane 
formation than the monometallic OS and the physi- 
cal mixture of Re and OS catalysts. This comparison 
indicates the importance of a reducing atmosphere 
in the activation and a facilitation of the reduction 
of Re by closely neighbou~ng OS, initially present 
in the precursor state of the bimetallic cluster. The 
bimetallic cluster may be uniquely valuable as a 
catalyst precursor because of this facilitation of the 
reduction. 

The stability during catalytic reaction in the flow 
reactor was also examined for the three Os-con- 
taining samples after treatment (b) (Fig. 4). The 
activities of the samples were monitored at 177°C 
with an H2 : hydrocarbon ratio of 10 : 1 (molar) at 
1 atm, and the effluent from the reactor was inter- 
cepted at various times on stream. The conversion 
data were normalized to the initial rate obtained at 
an on stream time of 7 min for a given sample. 
The sample derived from the mixed-metal cluster 
achieved a steady state in a shorter time and had 
higher activity than the others ; the samples eon- 
taining monometallic OS or a physical mixture of 
monometallic OS and monometallic Re behaved 
similarly to each other. These data again show the 
uniqueness of the catalyst prepared from the bi- 
metallic cluster. 

CONCLUSIONS 

The ReOs catalysts prepared from H,ReOs3 
(CO), 3 on y-alumina are examples of Type 111 

catalysts (Table 1). There is a clear distinction in 
the reducibility of Re and of OS on the support 
surface, although these metals are near neighbours 
in the periodic table. Osmium was present in the 
reduced (metallic) state, independent of the treat- 
ment conditions, but rhenium was always present 
in a higher oxidation state. The catalytic activity of 
the alumina-supported cluster-derived Re-Os sur- 
face species is dominate by the OS. The atmosphere 
used for catalyst activation and the presence of 
neighbouring reduced metal allow some control of 
the oxidation state of the Re. Low-valent Re (but 
not high-valent Re) helped to stabilize the catalyst 
and increase its activity for n-butane hydrogeno- 
lysis. These results illustrate a distinct influence 
of the second (non-catalytic) metal and the means 
to control this influence through regulation of the 
oxidation state, made possible by use of the bi- 
metallic cluster as a catalyst precursor. 

The role of the Re is yet to be explained. Perhaps 
the presence of Re in the neighbourhood of OS 
could provide extra hydrogenation sites and mini- 
mize the rate of deposition of carbonaceous material 
covering the OS surface. This hypothesis is sup- 
ported by the observation of increased stability 
when low-valent rhenium was present in the 
ReOs catalyst combined with the known hydro- 
genation act&&y of low-valent rhenium in 
structures.” 
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WHAT DO WE ACTUALLY KNOW 
PATHWAYS? 

HANS BOCK 

ABOUT REACTION 

Institute of Inorganic Chemistry, Johann Wolfgang Goethe University, Niederurseler Hang, 
D-6000 Frankfurt (M) 50, F.R.G. 

Abstract-Facets of reaction pathways as deduced from a combination of preparative 
efforts, photoelectron and electron spin resonance spectroscopic detection of intermediates 
and accompanying hypersurface calculations are presented for the temperature-dependent 
gas phase pyrolysis of methyl azide under nearly unimolecular conditions and for the two- 
step single electron transfer reduction of quinones in aprotic solution containing alkaline 
metal salts. Aspects of molecular dynamics and especially of chemical activation are dis- 
cussed for medium-sized molecules with many degrees of freedom as well as advantages of 
additional potentials like ion-pairing in solution or chemisorption on surfaces. 

PRESENT STATE OF AFFAIRS 

Referring to G. Pimentel’s statement “Despite all 
that is known about reaction behaviour, under- 
standing of it is rather shallow.. .“I and as a 
“late evening eye-opener lecture”, our lack of 
knowledge about microscopic reaction pathways 
especially of medium-sized molecules shall be 
critically reviewed. 2 

Presently, many areas of inorganic chemistry are 
explored with tremendous speed and success-often 
even quoted as its “renaissance’‘-stretching from 
the novel super-conducting perovskite-type solid 
materials via astounding new organometallic com- 
pounds such as H3CRe033 or (RC),Fe(P),4 to the 
recently discovered ocean of unsaturated main 
group element compounds like R-N=Si with a 
singly coordinated, triply bonded silicon. 5 As con- 
cerns molecular physics, intricate beam experiments 
combined with numerically exact quantum chemi- 
cal calculations, shed more and more light on the 
reaction channels of atoms and/or few-atom mol- 
ecules from the angular dependence of collision 
cross sections to the energy transfer in the inter- 
mediate transition states. 6 

In sharp contrast, so far it remains largely un- 
known from which directions medium-sized mol- 
ecules, containing more than five or six atoms and 
energetically “hot” from preceding collisions, must 
collide to successfully penetrate each other and form 
the reaction complex, how their structures change 
during the energy transfer between them and what 
role molecular dynamics plays in this process. 

In the following, selected examples from work of 
the Frankfurt group’ shall illustrate how little we 
know, and how some progress might be achieved, if 
proper experiments are designed by the preparative 
chemist and interesting compounds he is able to 
synthesize and to handle are selected. 

THE GAS PHASE PYROLYSIS 
OF METHYL AZIDE 

Starting from compounds with known structures 
and studying their thermal (or photochemical) 
decomposition will avoid the difficulty to solve 
any collision problem by starting half-way in the 
overall reaction pathway, and can be advantageous, 
especially if one of the fragments is a ther- 
modynamically favoured (singlet) “leaving mole- 
cule” and if the analysis technique chosen allows 
the detection and characterization of intermediates. 
The pyrolysis of methyl azide2d will illustrate both 
the use of real-time photoelectron spectroscopic gas 
analysis in a flow system7 and the interpretation of 
experimental results by hypersurface calculations.’ 

Surprisingly, the potentially dangerous methyl 
azide, which can explode violently in liquid bulk at 
room temperature causing harm and damage, in a 
vacuum system requires “red-glow” temperatures 
above 720 K (!) to lose N2 and rearrange via a 1,2- 
hydrogen shift into the interstellar molecule meth- 
ane imine H2C&NH (Fig. 1). This intermediate. 
which rapidly polymerizes in the liquid phase at 
room temperature, above 770 K expels H2 in an 

2429 



2430 H. BOCK 

HaC - N 

G 
N, 
1’ N 

I 770 K 

I 

650 K 

H& = NH 

+ 

HCN 

H2C = NH 

9 10 12 ; ,3 14 IE kV) 
\ \ \ 
I I \ \ fi m m h 
” ” * 

nN (70’) 7rcLI (Ill”1 ~(60’) cT(5a’) -Ey 

Fig. 1. He(I) PE spectra of methyl azide and its decomposition products at 770 and 850 K. The start 
of the pyrolysis is recognized by the appearance of the unmistakable N, ionization needles (blackened) 
between 15.5 and 18.7 eV, and complete decomposition by the disappearance of the characteristic 
azide bands (------+). At 770 K, the ionization pattern of H,C=NH (- ), here assigned by 
Koopmans correlation with MNDO eigenvalues, starts to emerge. The second thermal reaction 
pathway to H-C+N (PE bands between 13.6 and 14.21 eV) and H, is populated at temperatures 

above 820 K. 

energetically close second reaction channel and 
forms the thermodynamically stable end product 
HCN (Figs 1 and 3A). 

All information obtained by PES real-time gas 
analysis for the first reaction channel is satis- 
factorily reproduced by a gradient norm MNDO 
hypersurface calculation (Fig. 2). For the syn- 
chronous methyl azide decomposition, a lower bar- 
rier is calculated than for the one via a methyl 
nitrene H&N intermediate, elusive under our reac- 
tion conditions. The MNDO predicted structural 
changes show a curved trajectory for the extruded 
NZ, which appears to be coupled to the formation 

of the H$Z subunit via a 1,2-hydrogen shift to the 
imine nitrogen and shortening of the CN bond (Fig. 

2). 
For the consecutive reaction channel from 

H#Z=NH to Hz and HCN, a drastic temperature 
difference is observed by PES depending on whether 
the gas stream from the H&-N, pyrolysis is 
heated further or whether the cool-trapped liquid 
H*C=NH is thermally decomposed after reevap- 
oration (Fig. 3A). For H$Z==NH formed by uni- 
molecular thermal decomposition of H3C-N3, a 
“chemical activation” of approximately 340 kJ 
mol- ’ is estimated from both literature bond 



Reaction pathways 243 1 

Fig. 2. Stroboscopic representation of geometry changes on an MNDO energy hypersurfaee for the 
synchronous H3C-N3 decomposition; with views onto (left) and in the H’CN’ plane (right) as well 

as the geometry of the saddle point (-----+). 

enthalpies and the activation energy for the Nz Numerous other molecules have been thermally 
extrusion (Fig. 3B). Since the excess energy stored decomposed in gas flow systems2v7 by using the 
in the I-12C=NII cannot be dissipated under the advantageous real-time PES analysis method,7 and 
nearly unimolecular flow conditions, a small tem- the experimental facts have been rationalized by 
perature increase leads into the second reaction semi-empirical hypersurface calculations. In addi- 
channel to Hz and HCN. In contrast, the thermal tion the importance of molecular dynamics, i.e. the 
dehydrogenation of isolated H$Z=NH requires 3n-6 degrees of freedom of non-linear n atomic 
that the full activation energy be supplied, resulting molecules, is emphasized. Thus the temperature- 
in a temperature for the same reaction being higher dependent decomposition channels of S2N29 (see 
by more than 500 K (Fig. 3A). Scheme 1) can be discussed by assuming for the 

(A) H,CN, 
=-720 K 

-N, 

>770 K 
HzC=NH -\ 

+(cl) tKOR 
H,CNH, - H,CNHClw 

-( HCU 

H,C=NH 21300 K; HC=N + H2 

-ROH 
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(W b-4 
(kJ/mol) 

H\ 
H-C-N, 

H’ 
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Fig. 3. (A) Decomposition temperature difference for H&kNH generated in the H&-N, pyrolysis 
and after reevaporation from a cool-trap, (B) Enthalpy diagram for the N, extrusion from H&-N3 

and for the dehydrogenation of the HZ-NH (see text). 
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formation of Nz and S2 at T2 a vibrationally 
induced, distorted tetrahedral transition state of 
S2N2. 

S~a~zing, the generation and identification 
of short-lived molecules studied by, for example, 
real-time PES gas analysis, not only allows one to 
optimize the conditions for the preparation of 
novel molecules5,’ and/or for specific decomposi- 
tion channels,**’ but in addition provides a method 
to study the still largely unknown reaction paths of 
medium-sized molecules with numerous degrees of 
freedom. Intermediates detected (Fig. l), partly iso- 
lated in their vibrational ground state and partly 
“chemically activated” (Fig. 3), are of interest and 
should, after further investigation by more time- 
resolved measurement techniques, help to improve 
the presently still fragmented knowledge of micro- 
scopic reaction pathways of common chemical 
compounds. 

ELECTRON TRANSFER AND ION 
PAIRING IN SOLUTION: 

THE Li+ COMPLEXES OF 
3,5-BIS(TRIMETHYLSILYL)-p 

BENZOSEMIQUNONE RADICAL ANION 

In solution, solvation of reactants and products 
plays an important role. Therefore, to obtain some 

information on the rather complex microscopic 
pathways of redox reactions, the introduction of 
dominating “Coulombic potentials” by adding 
well-chosen counte~on salts is as advisable as the 
extensive removal of perturbing species, especially 
protons. As an illustration, the two-step reduction 
of a p-benzoquinone derivative by two consecutive 
one-electron transfer steps to its corresponding di- 
anion under largely aprotic, i.e. water-free, con- 
ditions without and with addition of lithium salts 
will be presented.” 

Starting out with the reversed el~trochemical 
series’ ’ for aprotic solvents like DMF established 
by cyclic voltammetry (cf. Fig. 4), one recognizes 
that 3,5-bis(trimethylsilyl)-p-benzoquinone can be 
reduced chemically by a large variety of reagents 
like the hyperoxide radical anion O;-, the d’mdical 
manganate(VI) MnOi- or by electron-rich systems 
like tetr~is(dimethylamino~~ene (Scheme 2). The 
resulting and rather stable radical cation~radical 
anion pair can be unequivocally characterized by 
the partly overlapping ESR signal patterns of both 
paramagnetic species. lo 

The cyclovoltammogram recorded for 2,5-bis(tri- 
methylsilyl)-p-benzoquinone (Fig. 4A) in aprotic 
DMF solution using tetra(n-butyl)~oni~ per- 
chlorate as the conducting salt shows two completely 
reversible consecutive electron transfer steps. 

EB -0.83 4 
& 

- 02 
IVJ 

-0.73 t&OF 
6 a==== MIIO~ 

R,SI (H&N 

0 

Scheme 2. 
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(A) 

100 mV \r 60 mV 

Fig. 4. (A) Cyclovoltamrnograms for the completely reversible two-step reduction of 2,5-bis(tri- 
methylsilyl)-p-henzoquinone to the corresponding hydroquinone dianion in the presence of “inno- 
cent” tetraalkylammonium cations as well as the drastic changes inflicted by Li+ as counter ion. (B) 
ESR spectra of “naked” 2,5-bis(trimethylsilyl)-p-benzoquinone radical anion, generated by lithium 
metal reduction in the presence of [2.1. llcryptand, the radical [M’-Li+]’ formed directly on reduction 
with lithium metal and the triple ion radical cation [Li+M’-Li+]‘+ prepared by adding 

Li+[B(C6H&]-, thus increasing the Li+ concentration in the THF solution. 

Exchanging the rather large, well-shielded R,N+ 
for the small, strongly solvated Li+ counter cation 
shifts the second and now irreversible reduction 
potential by 0.6 V (!) to more positive values. What 
has happened? 

Radical ion pairs, the formation of which is 
advantageously screened by cyclic voltammetry, are 
best characterized subsequently by ESR and 
ENDOR spectroscopy. ’ * The ESR multiplet signal 
pattern of the 2,5-bis(trimethylsilyl)-p-semiquinone 
radical anion in THF changes with varying con- 
centrations of Li+ counter cations (Fig. 4B) as fol- 
lows : ‘O reduction using lithium metal in the pres- 
ence of [2.1. llcryptand generates the “naked” radical 
anion M’-, for which the ESR 1 : 2 : 1 triplet proves 
two equivalent ring protons. On reduction with lith- 

ium metal without addition of a complexing agent, 
the ion pair radical [M’-Li+]’ is formed, exhibiting 
a ‘H doublet of doublets for the no longer equi- 
valent semiquinone hydrogens with all four lines 
split into a quartet due to the additional coupling 
by one 7Li+ (I = 312, natural abundance 92.58%) 
fixed into one of the two equivalent positions near 
the carbonyl subunits. Increasing the Li+ con- 
centration in the THF solution by addition of lith- 
ium tetraphenyl borate leads to the triple ion radical 
cation [Li+M’-Li+]‘+ as deduced from the triplet 
for the equivalent hydrogens split each into a septet 
due to the coupling of two 7Li+ cations now cover- 
ing both available and equivalent positions near the 
carbonyl subunits of the semiquinone (Fig. 4B). 

Both the cyclovoltammetric and the ESR spec- 
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troscopic results’* combined convey some insight 
into the network of equilibria, through which the 
seemingly straightforward electrochemical two-step 
reduction of a quinone via its se~quinone radical 
anion to the corresponding hydroquinone dianion 
has to pass, if a conducting salt like Li+ClO; is 
added to the aprotic solvent (Scheme 3). 

The first electron transfer produces the semi- 
quinone radical anion and immediately induces 
ion pairing to form the ESR spectroscopically 
detected ion pair radical [M’-Li+]’ (Fig. 4B). In the 
resulting triple ion radical cation [Li’+M’-Li+]‘+, 
the hydroquinone dianion salt is already preformed, 
and both the tremendous lowering of the reduction 
potential as well as its irreversibility become self- 
explicable. 

Altogether, the results of the rather sensitive 
ESR-ENDOR measurements for a well-chosen 
example of ion pairing in aprotic solution provide 
information on essential parts of the microscopic 
pathway along the two-step reduction. Additional 
experiments using other counter cations like Na+, 
K+ or +Tl(C,H,), yield some insight into the 
dynamics of the system. For example, K+ moves 
within the ESR time scale of lop7 s over the 
semiquinone radical anion, docking again in the equi- 
valent position on the opposite side. lo This ion 
movement can again be simulated by (open shell) 
MNDO energy hypersurface calculations” and 
leads to a rather satisfying repr~~tion of the exper- 
imental observation. According to the temperature- 
dependent ESR spectra, the Kf movement starts at 
about 220 K, and the activation barrier calculated 
amounts to approximately 30 kJ mol- ‘-a result 

with both biochemical as well as industrial impli- 
cations! 

OUTLOOK: REACTIONS OF GASES 
CHEMISORBED AT SURFACES 

Another prospective method for the preparative 
chemist to gain some insight into microscopic reac- 
tion pathways is by investigations of the rather 
selective decomposition channels of molecules 
chemisorbed at the surface of catalytically active 
solids, i.e. restricted to two-dimensional migration 
within the additional and usually quite strong sur- 
face potential. 

For illustration, two examples from our own 
work based exclusively on the identification of 
products by real-time PE spectroscopic gas analy- 
sis,’ will be presented : the decarbonylation of iso- 
propyl cyanate at Ni, clusters on carbon as sup- 
port l3 and the Nz split-off from diazo acetic acid 
ester at Raney nickel’ 4 or rhenium metall yielding 
stereoselectively a 90: 10 mixturei of maleic and 
fumaric acid diester (Scheme 4). 

Whereas the pyrolysis of isopropyl cyanate on 
quartz wool only starts above 850°C and yields 
exclusively propene and HNCO, on Ni,/C, the 
temperature is lowered by 650°C (!) and the unequi- 
vocally identified products are carbon monoxide, 
methane and acetonitrile. l3 Together with ana- 
logous results from other decarbonylations,‘3 for- 
mation of an isopropyl nitrene on the Ni, surface 
is assumed for rationalization, which splits off 
methane to form the thermodynamically favourable 

---- 
DMF 

DMF 

? 
DMF 

Scheme 3. 
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acetonitrile. For the diazo acetic methyl ester, ther- 
mal fragmentation above 350°C leads to N1, CO 
and acetaldehyde, ’ 4 while the Ni- or Re-catalysed 
N, elimination with subsequent dimerization pro- 
ceeds at temperatures below 100°C. The presence 
of surface carbene intermediates can be proven by 
reacting a 50 : 50 mixture of methyl and ethyl esters, 
which yield each 25% of methyl and ethyl diesters 
together with 50% of the mixed methyl/ethyl 
diester. l4 This is further substantiated by the 
Ni,/C,-catalysed decomposition of 2-diazo-pro- 
pane (H3Q2C=NZ to a mixture of propene and 
tetramethylethene (H3CJ2CLC(CH&. I5 The stereo- 
selectivity of the surface reaction as proven by 
GC/MC analysis of the isolated reaction mixture is 
assumed to arise from the final chemidesorption 
step in which the C=C bond formed by surface 
carbene dimerization leaves first and the additional, 
more strongly chemisorbed 0 centres leave last. l4 

This research report to a predominantly organo- 
metallic audience concerned the numerous diffi- 
culties in learning more about microscopic reaction 
pathways of medium-sized, n atomic molecules with 
their rather frightening though fascinating 3nd 
degrees of freedom. In conclusion, advice for pos- 
sible contributions from “benches to beams” (i.e. 
from the preparative chemistry to the molecular 
physicist) may be forwarded as follows : the detec- 
tion of intermediates and, if possible their isolation, 
might be as welcome as the design of additional 
potentials in solution or the discovery of novel sur- 
face reactions. And, in return, the present world- 
wide effort, especially by groups developing and 
applying highly time-resolved measurement tech- 

niques, hopefully will backfire and stimulate all of 
us in our respective research areas! 
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ALLOWED AND FORBIDDEN NATURE OF DIAMOND- 
SQUARE-DIAMOND DEGENERATE REARRANGEMENTS IN 

POLYHEDRAL BORANES--A GENERAL TOPOLOGICAL 
ANALYSIS 

D. MICHAEL P. MINGOS’ and ROY L. JOHNSTON 

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, 
Oxford OX1 3QR, U.K. 

Ahatract-The topological and orbital symmetry constraints governing the intramolecular 
rearrangements of &so-polyhedral borane anions have been analysed. If the diamond- 
square-diamond rearrangement process occurs through an intermediate of C4” symmetry 
it corresponds to a pseudo-90” rotation of the polyhedron. For deltahedra such an 
intermediate is only possible if there are a total of 4p + 1 (p = 1,2, . . .) boron atoms. These 
rearrangements are orbitally forbidden and consequently have high activation energies, e.g. 
BH- and B9Hz-. If the diamond-square-diamond rearrangement proceeds through a 
Czv or C, intermediate it corresponds to a pseudo-reflection of the polyhedron and the process 
is symmetry allowed. Such symmetry allowed processes can occur for B8Hi- and B , *Hi;. 

Although Lipscomb’ first proposed the general 
diamond-square-diamond (DSD) rearrangement 
mechanism more than 20 years ago, the topological 
and orbital symmetry restrictions associated with 
this mechanism have only been addressed recently. 
King’ recognized that a single DSD process could 
only result in the regeneration of the original 
deltahedral skeleton if the difference in the sums of 
the connectivities across the diamond differed by 
two. He described these as degenerate rearrange- 
ments. Only B,H:-, B,Hi-, B9Hz- and BI,H:; 
can rearrange by single DSD rearrangements. 
Gimarc and 0tt3T4 have used extended Htickel molec- 
ular orbital calculations to demonstrate that the 
single DSD process is Woodward-Hoffmann for- 
bidden in B,H:- and B,H$?, and Kleir and Lip- 
scomb’ have used PRDDO calculations to show 
that the degenerate DSD rearrangements in 
BsHi- and B,,H:; have low activation energies 
because they are symmetry allowed. The purpose 
of this paper is to demonstrate that these degenerate 
DSD rearrangements are governed by changes in 
nodal surfaces governed by the topological features 
of the DSD process. 

Although a degenerate rearrangement recreates 
the original polyhedral skeleton its orientation in 
space is different. If the four outer edges of the two 

*Author to whom correspondence should be addressed. 

faces involved in the DSD process are symmetry 
equivalent then a single DSD process results in a 
pseudo-rotation of the initial polyhedron by 90”. In 
contrast if the edges are not symmetry equivalent 
then the DSD rearrangement results in a pseudo- 
reflectioq of the initial polyhedron. This topological 
distinction is readily understood in terms of the 
local symmetries of the intermediates for the DSD 
process shown in Fig. 1. If the edges are symmetry 
equivalent then the intermediate has C4” symmetry 
with two of the mirror planes coincident with the 
switch edges.2 In the lower symmetry intermediates 
the mirror planes do not coincide with these direc- 
tions. For reasons which will be developed below, 
pseudo-90” rotations are anticipated to have larger 
activation energies than pseudo-reflections. 

Figure 2 gives the “particle in a diamond” energy 
levels, which are governed by the kinetic energies 
of the particles.‘j The lowest energy level is not 
noded. The second function is orthogonal to it and 
has a higher kinetic energy because it is noded hori- 
zontally. The third level, with two thinner triangles 
separated by a vertical nodal line, has higher kinetic 
energy because the kinetic energy for vertical 
motion finds no compensation in the low kinetic 
energy for horizontal motion. The final function 
shown is doubly noded and has the highest kinetic 
energy. Also shown in the figure are the symmetry 
designations of the functions either with respect to 
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90” Pseudo r&&ion 

~ 0 - - ~ 
C 2” 

Pseudo - refl~i~s 

6” C 2” 

m-0-Q 
G C2” c2 

Cl c, G 

Fig. 1. The definition of the diamond-squar~amond 
rea~~gement process and its s~et~ consequences. 
Particularly noteworthy is the distinction between 

pseudo-90” rotations and pseudo-reflections. 

a two-fold rotation axis perpendicular to the page 
or a horizontal mirror plane. These symmetry des- 
ignations follow the same sequence as those noted 
previously for disrotatory and conrotatory ring 
closure reactions based on the solutions of a particle 
in a rectangular box.6 Effective bonding across the 
short diagonal requires that the energy levels for 
the “particle in a diamond” be occupied by four 
electrons, i.e. the situation is analogous to buta- 
diene ring closures.’ 

The activation energy for the DSD process 
depends on the ease of reorientation of the nodal 
surfaces resulting from changes in shape of the dia- 
mond. If the edges of the diamond are s~rnet~ 
equivalent the DSD rearrangement involves the 
simultaneous compression and expansion along the 
two mirror plane directions. The “symmetry for- 
biddenness” of the rearrangement can be ascribed 
to a rise in kinetic energy as the molecular shape 
changes so that two of the four electrons become 
squeezed along one of their directions of motion. 
Only after the transition state is reached can the 
squeeze be relieved by the change in nodal surface 
direction with a concomitant change in preferred 
direction in motion of the electron pair. It is appar- 
ent from Fig. 2 that at the transition state the sym- 
metric (S) and antisymmetric components (A) are 

Pseudo -reflection Pseudo - 90” mtotion 

-S s-s S- 

Symmetry labels refer to the C, oxis Symmetry Mels refer to the vertical minor plane 

Fig. 2. Molecular orbital correlation diagrams for pseudo-reflections and pseudo-rotation DSD 
processes. 
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required to be degenerate for the crossover to occur. In a recent publication Wales and Stone9 have an 
Such a Cd0 transition state with a single square face alternative interpretation of the rearrangements in 
can only be achieved for a polyhedral borane if the close-borane anions which is based on the tensor 
total number of atoms is 4p + 1 (p = 1, 2, . . . ), i.e. surface harmonic theory. 
for a polar polyhedron.’ This leads to our first 
conclusion : Pseudo-90” rotations are symmetry for- 
bidden for close-boranes with 4p+ 1 atoms. This 

Acknowledgement-The SERC is thanked for financial 

agrees with Gimarc’s conclusions for B,H!- and 
support 

B-HZ- 3.4 
_ 

9 9. 

When only the opposite edges of the diamond are 
equivalent the DSD rearrangement is achieved by 
combinations of rotations about the Cz axis. Since 
the highest occupied orbital and the lowest unoc- 
cupied orbital in Fig. 2 are both antisymmetric to 
C2 the reorientation of the nodal plane can occur 
smoothly as the DSD rearrangement proceeds. This 
leads to our second conclusion : Pseudo-rejection 
degenerate rearrangements are symmetry allowed. 

The general topological nature of these argu- 
ments makes them equally applicable to a wide 
range of close- and nido-boranes and is consistent 
with the computed low activation energies for the 
rearrangements in BsHi- and B,,H:;.’ 

Finally we note briefly that double DSD degener- 
ate rearrangements will be symmetry allowed 
because the nodal lines in the two diamonds are 
either orthogonal or close to orthogonal. 3,4 

1. 
2. 
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6. 
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COOPERATIVE EFFECT BETWEEN TWO METAL CENTRES 
IN HXDROFORMYLATION: ROUTES TOWARDS 

HETEROBIMETALLIC CATALYSIS 

PHILIPPE KALCK 

Laboratoire de Catalyse et de Chimie Fine, Ecole Nationale Sutirieure de Chimie, 
118 route de Narbonne, 3 1077 Toulouse CCdex, France 

Abstract-The Rh2(p-SR)2(C0)2L2 complexes are good catalyst precursors for the hydro- 
formylation reaction of alkenes under mild conditions ; high conversion rates are obtained, 
but when L is a phosphite or triphenylphosphine ligand no more than 85% of linear 
aldehyde is obtained for a full selectivity of the conversion of alkenes into the corresponding 
aldehydes. Introduction of the water-soluble P(~~I-SO&H~)~ ligand leads to 96% of sel- 
ectivity in linear aldehyde and solves the problem of catalyst recovery ; in this case the 
CO/H2 or CO/H20 couples can be used as feedstock. Various bisphosphine L2 ligands can 
be introduced. These include several containing a transition metal centre (Zr, Fe, Ru). The 
major effect observed is electronic. Extension to heterobimetallic complexes was carried 
out. Various rhodium-palladium complexes have been synthesized and the first results of 
hydroformylation show that aldehydes are produced due to the presence of the rhodium 
centre. 

?&7~thehiscovery&~0 R&&i?iu 2938 I?&?~&?&?& 
ccan caYi@se?ne reacTIon ti cafDDn mDnD+he anh 
hydrogen with an alkene to give an aldehyde [eq. 

(1113 

=R-CH2-CH2-CH0 

+ the branched aldehyde (1) 

the majrn challenges io solve wa thDse of chemD- 
s~G&&;*~~ aT& r~&X&&..r;t~ .j $T&Xs& maT1y s* 
reactions can take place, such as the hydrogenation 
05 the aUrene in alkane M a\&ehy& jn alcohd Df 
&he isomerization of the terminal reactive car&~- 
GaTbDn bDub>e bond. &nj\ar\y $01 tie ?@n1 desns 
a& patiicu1ar1y for propene it is essentia1 to 
enhance the sdectivity of tinear aIdehyde. Since the 
early work on cobalt, various improvements have 
been done and although plants are still working 
with Roelen’s process, most of the new units operate 
with Wilkinson’s complex HRh(CO)(PPh3),‘*’ (1) 
developed by Union Carbide Corp., Davy 
Powergas, and Johnson Matthey and Co. Low con- 
centrations of rhodium can be used, the hydrogena- 
tion of propene is limited to about 5% and a high 
linear to branched ratio (92 : 8) is obtained provided 
that a large excess of triphenylphosphine is intro- 

bud. ” 7&k rkdicm ComgleK .5zw zK?ri at ft9 bar 
anh nolbe reac~>valeh.HDwever.‘A’~s veIy sen&ve 
to various poisons present in syn-gas such as acety- 
lene and sulphur-containing compounds. ’ The cata- 
lytic pathway has been extensively studied and 
dpp&aiT Lti l!X JyeiY inn&l?rL~ti 4,5 

The hydroformylation reaction is an elegant way 
to prepare aldehydes starting from various alkenes. 
Nevertheless, we observed for various allyl- or pro- 
penyl-benzenes issued from the biomass,6 that iso- 
meri2ation Df the term-&d a<kene (a&l-benzene) 
mssis as Y&G a% f& +itilwla&i, s=+&T, ati 
the formation of the inactive cluster Rh4@- 
J=&~CD),o~~,).’ 

For a11 these reasons we decided to design a new 
rho&urn system jn orher to reach hjgh sdectivjties 
and reacti&ies. 

Djnudear rhotinm(I) comp’lexes appeared 1~ us 
as good candidates for catalyst precursors. Sanger 
showed that A-frame complexes, in which the two 
rhodium atoms are bridged by two bis(di- 
phenylphosphino)methane ligands, present a low 
catalytic activity.’ We explored the dirhodium com- 
pIexes bridged by two thiolato ligands which pre- 
sent a good flexibility around the two sulphur atoms 
and which maintain the dinuclear framework. We 
found that the complex Rh2&-S-t-Bu)2(CO)2 
[P(OMe),], (2) is highly active for the low pressure 
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hy~ofo~ylation of hex-1-ene.9 For instance at 5 
bar (HZ/CO = 1: 1) and 80°C the turnover fre- 
quency is 32 min- ‘. After the run, the IR spectra 
show that only species 2 is present in the solution. 
A new charge of hex-1-ene is transformed with 
almost the same rate. Chromatographic analysis of 
the products obtained after catalysis revealed that 
the reaction is fully selective in aldehyde (i.e. no 
trace of hexane or alcohols are detected). Moreover 
we checked that no isomerization of hex-1-ene 
occurs under the hydrofo~ylation reaction. Simi- 
larly various phosphite ligands can be nsed.‘,” 
However, these catalytic systems give deceiving sel- 
ectivities in linear aldehyde since, even under opti- 
mum conditions, no more than 88% of heptanal 
for 12% of 2-methylhexanal can be obtained. 

It should be noted that complex 2 which contains 
two sulphur atoms attached to the rhodium centres 
is a good catalyst precursor and even in the presence 
of one equivalent of extra mercaptan is still active, 
although the conversion rate becomes lower. 

We have also examined the catalytic activity of 
the complex Rhz(,u-S-t-Bu)2(C0)2(PPh3)2 (3) and 
compared it with that of HRh(CO)~Ph~)~ (1). The 
kinetic curves are shown in Fig. 1. Complex 1, which 
posseses a hydride ligand, starts almost immedi- 
ately. After 30 min, the reaction rate becomes slow 
so that 18 h are necessary to convert all the hex-l- 
ene introduced into the autoclave. Complex 3 presents 
an induction period of 12 min before the reaction 
occurs at a moderate rate. After 30 min the quasi- 
stationnary conditions are obtained and the charge 
of alkene is fully converted in 50 min. In addition, 
we have added one equivalent of t-BUSH to complex 
1 and registered the kinetic curve. I1 At the begin- 
ning it follows approximately that of the hydride 
1. However, after 25 min the rate increases and 
progressively tends to the curve of 3. After the cata- 

Time ( min ) 

Fig. 1. Conversion of hex-I-ene using the complexes 1, 
1+ t-BUSH and 3. P = 5 bar, T = 8O"C, 10 cm3 of hex- 
I-ene in 30 cm3 of dimethylformamide, low4 atm of 

rhodium, were used. 

lytic run only complex 3 was found as the rhodium 
species. This reaction was also followed by IR and 
3’P NMR spectroscopy under nitrogen and under 
hydrofo~ylation conditions (hex- 1 -ene, 2.5 bar of 
HZ/CO). The spectra recorded during the reaction 
show unambiguously that the reaction of thiol on 
1 slowly and irreversibly affords the di-p-thiolato 
dirhodium complex Rh,(fl-S-t-Bu)z(CO)2(PPh3)2. 
Thus the following equation of reaction is obeyed : 

2HRh~CO)(PPh~)~ + 2t-BUSH 

+ Rh2(,+S-t-Bu)z(CO)I(PPh& 

+4PPh3+2Hz. (2) 

We observed that complex 3, which is very active 
for the hydroformylation reaction, is progressively 
deactivated into the complex Rh~(~-S-t-Bu)*(CO~~ 
(4), being totahy inactive under our conditions. It is 
necessary to add an excess of triphenylphosphine 
ligand in order to shift the equilibrium [eq. (3)] and 
maintain the highest concentration of species 3 : 

Rh2(@t-Bu)2(C0)4 

G=& Rh~(~-S-t-Bu)*(CO)~(PPh~~~. (3) 

This system of 3 in the presence of an excess of PPhs 
was examined in catalysis. ’ ’ Table 1 lists the results 
obtained for various P/Rh ratios. 

It is interesting to note that for a P/Rh ratio of 
11 a turnover frequency of 53 min- 1 is observed 
i.e. very near to one cycle per second. With higher 
quantities of extra ligand the rate decreases while 
better selectivities in linear aldehyde are obtained, 
viz. 88*f. The nature of the solvent has also been 
examined. 

Table 2 presents selected results showing that 
polar solvents such as 1,2-dichloroethane favour 

Table 1. Catalytic activity of Rh2@-S-t-Bu)2fC0)2 
(PPh&+PPh, 

P/Rh (p rn,“l: s-r) 
TO 

(min- ‘) n (%) 

6 75 41 76 
11 98 53 78 
26 58 32 88 

Hex-I-ene, 40 mrnol. Solvent: toluene (25 cm’). 
T = 8O"C, P = 8 bar (CO/Hz = 1: 1). Rh = 2.2 x 10m4 g 
atm. R, is the initial rate of hydroformylation, TO is the 
turnover frequency calculated for a dinuclear species. 



Effect of two metal centres in hydroformylation 2443 

Table 2. Catalytic activity of Rhz&-S-t-Bu)2(CO)1 
(PPh&+ 10PPh3 in various solvents 

Solvent 
&I TO Selectivity 

01 moles-‘) (min- ‘) in n (%) 

Toluene 75 41 76 
CJWl~ 120 65 73 
DMF 100 55 76 

Conditions as in Table 1. 

the reaction whereas polar coordinating solvents 
such as N,N-dimethylformamide are slightly less 
interesting. Turnover rates near to one cycle per 
second were reached (65 and 55 min- ‘, respec- 
tively). 

In order to have an insight into the mechanism 
of the reaction and thus to propose a catalytic cycle 
we have carried out numerous spectroscopic inves- 
tigations on the rhodium complexes 2 and 3 by ‘H, 
31P NMR and IR spectroscopy. Even with NMR 

tubes charged under 3 bar of H2 and/or CO, with 
and without hex-1-ene, we did not detect any inter- 
mediate species and only observed the presence of 
the starting rhodium complex and the growing of 
the C7 aldehydes. 

On the basis of the chemistry of dirhodium or 
diiridium model complexes (see Ref. 10 and ref- 
erences therein), extended Hiickel calculations” 
and very recently ab initio calculations’2 for step 2 
carried out by A. Dedieu and NMR observations on 
diiridium complexes under the hydroformylation 
conditions, ’ 3 we propose a catalytic cycle in which 
the dinuclear framework is retained for all the 
steps (Fig. 2). All these steps have been presented 
and discussed elsewhere. lo Three important concepts 
give account of the peculiar path followed by these 
dinuclear complexes : (i) the flexibility around the 
sulphur-sulphur axis permits a transfer of an atom 
or a ligand from one metal centre to the other one ; 
(ii) the 0 donation of the various ligands or parts 
of the molecule on one metal centre ; (iii) the back 
donation on the whole complex. The first concept 
is related to the mobility necessary in the complex 

co 
Fig. 2. 
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for the activated molecules, and the last two concepts 
concern the electron density on one rhodium atom 
modulated by each step (oxidative addition, 
reductive elimination, hydride transfer, CO inser- 
tion). In our opinion these three concepts account 
for the cooperative effect which takes place between 
the two rhodium centres and which is the driving 
force of the selectivity and of the rate we observed 
for the low pressure hydrofo~ylation reaction. 

Within a collaboration with the research group 
of L.A. Oro in Spain we prepared dinuclear 
rhodium complexes with a mixed bridge, i.e. one 
tert-butylthiolato group and one pyrazolato li- 
gand. I4 Addition of two aliquots of pyrazole to the 
di-p-chloro bis(q4-1,5cyclooctadiene)dirhodium 
gives the complex CODRhCl(CJH5N2H) which is 
reacted with ~ODRh(acac) to afford CODRh&- 
Cl)@-pz)COD and acacH. l4 Substitution of the 
chloro bridge by the S-t-Bu ligand generates the 
mixed species CODRhQ-S-t-Bu)@-pz)RhCOD where 
pz is either pyrazolate or ~nzot~~olate. Bubbling 
of carbon monoxide through dichloromethane 
solutions of these two complexes leads to the for- 
mation of the tetracarbonyl species Rh,(lc-pz)(@- 
t-Bu)(CO)+ Addition of two equivalents of tri- 
methyl, triphenylphosphite or triphenylphosphine 
gives rise to the formation of the disubstituted com- 
plexes cis-Rh,(~-pz)(yS-t-Bu)(CO)tL2. We did not 
observe any dismutation of these heterobridged 
complexes. Moreover they were slowly formed 
by mixing the homobridged species Rh,(p- 
PZ)~(CO)~L~ and Rh~(~-S-t-Bu)~(CO)~L~ as shown 
by IR and 3 ‘P NMR studies. l4 An X-ray crystal 
structure was carried out on the complex where 
L = P(OMe),. The two rhodium atoms, separated 
by a distance of 3.477(9) A, are in a distorted square 
planar environment. The two phosphorus atoms are 
tram to the bridging sulphur atom. The catalytic 
activity for the low pressure hydroformylation of 
alkenes is only slightly lower than that presented by 
Rh,(@-t-Bu),(CO)z[P(OMe)& and greater than 
that of the corresponding di-p-pyrazolato complex. 
Thus, presumably the P-Rh-S-Rh-P frame- 
work is responsible for the catalytic activity shown 
by this family of complexes. 

With such active dinuclear rhodium catalysts in 
our hands it was necessary to take an interest in the 
recovery of the rhodium complex. This problem 
can easily be solved for propene since the butanal 
produced is distilled off. However, for heavy 
alkenes other solutions must be found. Various 
methods were published to i~obilize complex 1 
through phosphine- or amine-containing organic or 
mineral polymers. 15*16 For instance, if POL indi- 
cates such a polymer, the method can be sum- 
marized by the following equations : 

POL+C2HsOCH2Cl (+SnCl,) 

-+ POL-CHzC1+CZHsOH 

POL-CHzC!l+LiPPhz-+ POL-CHIPPhz+LiCl 

POL - CH2PPh2 + RhH(CO)(PPh~)~ 

+ (POL-CH2PPh2)RhH(CO)(PPh3)2+PPh3. 

After the first results published by Rollman who 
prepared Rh*(~-Cl)(~-S~H~POL)(CO)4, starting 
from Rh,(jKl)2(CO), and a polyvinyl benzylthiol 
resin, ’ 7 we developed another method to graft our 
complexes onto an insoluble support : ’ ’ 

POL - CHzCl 6) thiourea 
(ii) NaOH 

, pOL _ CHzSH 

BuLi 
F POL - CH,SLi 

THF 

2POL - CH$Li + Rhz(p-Cl)z(C0)2Lz 

+ ~~(~-S~H~POL)(CO)~L* + 2LiCl. 

Our starting material was a chloromethylated 
styrene macroporous resin reticulated with 4% di- 
vinylbenzene. We operated the functionalization in 
order to have about 2 m. eq. of SLi groups per g of 
resin so that the sites are dispersed and further 
reticulation due to the grafting method are reduced. 
Thus we prepared Rh~(~-SCH*POL)~(CO)4 and by 
addition of two aliquots of P(OMe)3 the active com- 
plex Rh&.&CH,POL)2(CO)ZLZ. However, cata- 
lytic runs showed that the conversion rate is 
dramatically reduced with regard to the soluble 
complex 2 (3% in n-hexane, 20% in toluene for 18 
h). Moreover, loss of rhodium occurs in the solution 
and after leaching the recycling does not give any 
further reactivity even in the presence of a new 
charge of phosphite ligand. Presumably the hydro- 
genolysis of one carbon-carbon bond produces the 
loss of a rhodium complex into the solution. In 
order to avoid such a bond breaking we started 
from a poly(styrene-divinylbenzene) resin that we 
reacted with bromine to prepare POLBr by bro- 
mination of the aromatic rings. By a similar method 
we prepared the Rh*(~-SPOL)*~CO)*L~ complexes. 
The catalytic experiments showed the same results 
as those obtained when we started from the chloro- 
methylated resin. Thus, in our opinion, the loss 
of rhodium in the organic phase results from a 
hydrogenolysis reaction which cleaves either a sul- 
phur-carbon or a carbon-carbon bond. 

We preferred another approach to solve the prob- 
lem of the recovery of rhodium and to investigate 
biphasic systems. In collaboration with Rhone- 
Poulenc we used the tris(m-sulphophenyl) phos- 
phine ligand, or TPPTS, to hold the rhodium 
complexes in the aqueous phase. Indeed, after the 
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tist results published by Chatt and coworkers’9 
on PhzP(m-C6H4S03Na), TPPMS, Rhone-Poulenc 
Industries patented2w22 the preparation of the 
TPPTS ligand and its use in the hydroformylation 
reaction. The species used industrially is mainly 
the complex HRh(CO)(TPPTS), (5) analogous 
to 1. Similarly TPPMS was shown by Wilkinson 
and coworkers23 to give HRh(CO)(TPPMS), by 
exchange of the ligands on 1 and to be active 
for the hydroformylation of alkenes but with a 
significant loss of rhodium in the organic phase. 

For our part, we prepared the complex 5 starting 
from 1 by the exchange of the PPh, ligand with 
P(m-C6H4S03Na)3 and the complex Rh,@-S-t- 
Bu),(CO),(TPPTS), (6) by addition of two equi- 
valents of TPPTS to Rh2(&S-t-Bu)2(C0)4 in meth- 
anol solution. Complex 5 is characterized by a vco 
stretching frequency at 1925 cn- ’ (m, broad) and 
a vat+_._H band at 2002 Cm-’ (S, broad) in CsBr 
pellets ; on the other hand 6 shows in methanol two 
vco bands at 1986 (vs) and 1954 (s) cm-’ and in 
31P NMR a doublet centred at 37.7 ppm (D20, 
JRh--p = 133 Hz). These two complexes were tested 
in the hydroformylation of hex-1-ene under mild 
conditions. In Table 3 the results are shown for the 
same P/Rh ratio. 

This table shows that at 5 bar and for 65 h the 
dinuclcsr species 6 is 1.5 times faster than the mono- 
nuclear precursor 5. As in the case of the tri- 
phenylphosphine complexes 1 and 4, the kinetic 
curves start more quickly for 5 than for 6 but after 
3 h complex 6 is definitively more active than 5. 
After the reaction, the organic phase and the aque- 
ous phase, which contains the rhodium complex, 
are easily separated by decanting. The last three 
runs of Table 3 are related to the recycling of the 
catalyst. The pressure was raised to 8 bar to over- 
come to a slight extent the transfer phenomena 

Table 3. Catalytic activities of RhH(CO)(TPPTS), (5) 
and Rh,(p-S-t-Bu),(CO)I(TPPTS)2 (6) for the hydro- 

formylation of hex-1-ene 

Pressure Time Conversion 
Precursor (bar) (h) (%) n (%) 

5 5 65 50 93 
6 5 65 72 88 
6+4TPPTS 8 17 35 96 
Recycling 8 17 35 96 
Recycling 8 45 70 96 

Hex-1-ene, 40 mmol; solvent Hz0 (30 ml). T = 8O”C, 
CO/H, = 1: 1, Rh = 2 x 10e4 g atm. Selectivity in alde- 
hyde N 98-99%. 

between the two phases which limit the conversion 
rates:An excess of TPPTS was added to complex 6 
(P/Rh = 5) so that we did not observe any for- 
mation of Rh2(p-S-t-Bu)2(C0)4 nor loss of rhodium 
into the organic phase (0.5 ppm). The three kinetic 
curves for these experiments are quite the same. 

An important feature is also the selectivity of the 
reaction. Indeed, for all the experiments we ob- 
served a full conversion of the alkene into the 
corresponding aldehydes (> 98%) as well as a very 
good selectivity in linear aldehyde. Thus the mono- 
nuclear precursor led to 93%, the dinuclear com- 
plex alone to 88% or in the presence of an excess 
of ligand (P/Rh = 5) to 96% of the n-aldehyde. 

With Rhone-Poulenc Chimie de Base we com- 
pared the performances of 5 and 6 for the hydro- 
formylation of propene. Industrial conditions were 
retained : 50 bar of total pressure, 120°C and a large 
excess of phosphine ligand. Table 4 summarizes 
some of our results. 

Propene is more soluble in water than hexene, so 
that the reactions required about 1 h to obtain 
a complete conversion of propene. Moreover the 
selectivity in butanal was 100%. Complex 5 gave a 
turnover frequency of five cycles per minute with a 
selectivity in butanal of 92% whereas 6 led to higher 
rates (28 min- ‘) and slightly higher selectivity in 
butanal (96%). In these two experiments the P/Rh 
ratio was kept to 50 so that the organic phase was 
recovered colourless (loss of rhodium < 0.1 ppm). 
As expected, the reaction rates are very sensitive to 
the presence of an excess of phosphorus ligand. The 
two last runs show that for the same selectivities a 
P/Rh ratio of 100 decreases the rate ; for P/Rh = 10 
the turnover frequency reaches 53 min- ‘. 

Thus, using the tris(m-sulphophenyl)phosphine 
ligand, the dinuclear p-thiolato complex is an excel- 
lent catalyst precursor for the selective conversion 

Table 4. Catalytic activities of RhH(CO)(TPPTS), (5) 
and Rh2@-S-t-Bu)Z(CO)2(TPPTS)2 (6) for the hydro- 

forrnylation of propene 

Turnover 
frequency 

Precursor P/Rh ratio (min- ‘) n (%) 

5” 50 5 92 
6 50 28 96 
6 100 14 96 
6 10 53 95 

‘Generated from Rh,Cl,(COD),. 
Complex 6 or Rh,C12(COD)2 = 2.5 mmol, propene 

0.2 mol. T = 12O”C, P = 50 bar, CO/H2 = 1: 1, reaction 
time 1 h. Selectivity in butanal = 100%. 
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of an alkene into the corresponding linear aldehyde, 
and also permits a facile recovery of the catalyst 
from the aqueous phase.24 

Moreover, since the catalyst precursor is dis- 
solved in water, we thought it might be interesting 
to use the solvent itself as the hydrogen source 
by combining the water-gas-shift reaction with the 
hydroformylation reaction : 

CO+HZO + COz+H2 

RCH=CH2+2CO+H20 

+ RCH2CH2CH0 + C02. 

These two reactions are usually accomplished with 
the late transition metal carbonyl complexes either 
in basic, neutral or acidic conditions.25 

A pre~mina~ study was undertaken in basic 
media, since it has been reported in the literature25 
that the most active systems, although they present 
low kinetic rates, are found in basic conditions. The 
two complexes 5 and 6 are active, as shown in Table 
5. 

As previously observed complex 6 is more active 
than 5. The selectivity in the corresponding alde- 
hydes is very high (98%) and the selectivities in 
heptanal are very interesting, particularly for 6. 
However, this study was not further pursued since 
the basic conditions induce the fast oxidation, pre- 
sumably accelerated by the rhodium complexes, of 
the TPPTS ligand to give the oxide OTPPTS. More- 
over the formation of heavy species through aldo- 
lization was observed after long reaction times. 

For this reason we studied the catalytic activity 
of 5 and 6 in neutral and acidic conditions. Since 
Kaspar et al. had shown that the cationic species 
[Rh(COD)(TPPMS)~] + , which contains the mono- 
sulphonated t~phenylphosphine, was an active 
precursor for the water-gas-shift reactionz6 our 
study was extended to the complex [Rh(COD) 
(TPPTS)$ (7). In neutral media, the main re- 
sults are shown in Table 6. 

The selectivity in aldehyde remains interesting 
but hydrogenation of the alkene was detected (5% 
with 5 and 7, less than 3% with 6). Complex 6 

Table 5. ~ydrofo~ylation of hex-I-ene with CO/H,0 

Precursor Conversion (%) Heptanal (%) 

5 20 91.8 
6 50 95.8 

Precursor 2 x 1O-4 mol, P/Rh = 4, NaOH 20 mmol, 
Hz0 30 cm3, hex-I-ene 40 mmol. Selectivity in aldehydes 
98%. 

Table 6. Hydroformylation of hex-l-ene by 5, 6 and 7 
with CO/H,0 in neutral media 

Conversion Turnover 
into aldehyde frequency 

Precursor (x) (h- ‘) n (%) 

7 20 5.3 93.8 
5 25 6.6 90 
6 53 28 94.8 

Rh 10e4 g atm, P/Rh = 6, hex-1-ene 40 mmol, H,O 25 
cm3.T==800C,Pco=8bar,pH=6,t=15h. 

presents good conversion rates, 63% in 15 h, i.e. 
28 h- ’ for the calculated turnover frequency. Simi- 
larly the selectivity in linear aldehyde is high: 
n/(n+iso) = 94.8%. 

The following study in acidic medium was restric- 
ted to complexes 6 and 7 due to their higher linear 
to branched selectivities. Several pH values were 
examined. Table 7 reports the results obtained for 
the cationic complex 7, whereas Table 8 lists those 
obtained with complex 6. 

The most interesting resultsz7 come from the 
activity of the dinuclear complex 6, since (see Table 
8) turnover frequencies of 40 h- ’ were reached for 
the reaction with an acetic acid/acetate buffer at pH 
4.8 instead of 28 h-’ at pH 6. The selectivities in 
linear aldehyde remained almost constant at 95%. 
The gaseous phase after reaction contained ca 
20% of Hz for pHs between 4.2 and 6 but only 
2% for a formic buffer. 

In order to understand how the water-gas-shift 
and the hydrofo~ylation catalytic cycles are con- 
nected, the overall amounts of hydrogen produced 
were calculated and compared in the two cases. The 
results appear in Table 9. 

Table 7. Hydroformyiation of hex-1-ene in acidic media 
by [Rh(COD)~~S)~ClO~ with CO/H20 

Conversion 
into Turnover 

aldehyde frequency H2 produced n 

PH (%) (h- ‘) (%) 3 (%) 
- 

6 20 5.3 12 93.8 
4.8 35 9.3 n.d. 95.8 
3.7 60 16 1 95 

Rh lo- 4 g atm, P/Rh = 6, hex-1-ene 40 mmol, Hz0 
20 cm3, acetic or formic buffer 5 cm3. T = 8O”C, PC0 = 8 
bar, f = 15 h. 
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Table 8. Hydrofonnylation of hex-1-ene in acidic media 
by Rh,ol-S-t-Bu)z(CO),(TppTS), with CO/H,0 

Conversion 
into Turnover 

aldehyde frequency H, produced n 
PH (%) 01- ‘) (%) n+i (%) 

6 53 28 19 94.8 
4.8 75 40 21 95.8 
4.2 58 31 18 93 
3.7 40 21 2 95.5 

Conditions as in Table 7. 

For a given pH value, the amo~t of hydrogen 
in the gas phase was determined for the water-gas- 
shift reaction alone and for the hydroformylation 
reaction. The conversion rate of hex-1-ene into the 
co~sponding aldehydes allowed us to calculate the 
quantities of hydrogen consumed in this reaction 
and to add them to those analysed in the gas phase. 
From the last column of Table 9 it appears that the 
production of hydrogen was four to five times as 
irn~r~nt as for the WGSR reaction itself. The 
results indicate that the presence of an alkene 
increases significantly the production of hydrogen 
from water. Presumably an Rh(H), hydride species 
is a common intermediate of the two catalytic 
cycles. In our opinion the hy~ofo~ylation rea- 
tion utilizes the hydride intermediate complex 
generated by the water-gas-shift reaction. 

Another goal of our research work is to associate 
two different metals by bridging or assembling 
ligands, avoiding the presence of a simple metal- 
metal bond which could easily generate mono- 
nuclear fragments during the catalysis, and to study 
the possible cooperative effect of one metal centre 
on the other for the carbonylation reactions. The 

Table 9. Overall Hz produced by the WGSR with or 
without hex- 1 -ene (CO + H,O, complex 6) 

Conversion 
of hex- 1 -ene 

Hz into aldehyde H, total 
PH Hex- 1 -ene (mmol) (%) (mm00 

6 hex-1-ene 4.8 
6 0 6.3 
4.8 hex-1-ene 5.3 
4.8 0 7.5 

Conditions as in Table 7. 

53 25 
6.3 

75 35 
7.5 

coordination chemistry of M-M’ complexes has 
been recently reviewed by Geoffroy.” In a col- 
laboration with the research group of D. Gervais 
we developed the synthesis of complexes in which a 
rhodium atom is combined with an oxophilic metal 
such as Ti(IV) or Zr(IV)” in order to have an 
interaction between the oxygen atom of the acyl 
ligand and thus induce new reactivities and/or 
selectivities in the hydroformylation reaction. 
Several complexes,3o for example Cp,ZrC1(CH2 
PPhJ, Cp,ZrH(CH,PPhJ, [Cp2Zr(CH,PPhJ,0 
and Cp~Ti(CH~PPh*)~, were added to Rh,@-S-t- 
Bu)~(CO), and tested for the hydroformylation of 
hex-1-ene at 80°C and 5 bar. Little or no activity 
was observed. However, the complex Cp,Zr 
(CH2PPh& gave interesting results3L~32 since 95% 
of the alkene was converted in 2.5 h. As pre- 
viously, the selectivity in aldehyde was complete, 
but the selectivity in n-heptanal was only 65%. 
After the reaction, the complex Rh&-S-t- 
Bu)~(CO)~~-Cp~Zr(CH~PPh~)~] (8) was observed 
in the solution as revealed by the IR spectra. Com- 
plex 8, prepared by addition of one equivalent of 
the zirconium diphosphine to Rh&.&-t-Bu)2(C0)4, 
is active in catalysis, but with a slightly longer induc- 
tion period than the “tetra~rbonyl 4+ZrPz” sys- 
tem introduced in the autoclave.32 Complex 8 was 
fully characterized by IR, ‘H, 31P and 13C NMR 
spectra and by an X-ray crystal structure. This 
structure (Fig. 3) shows that the two phosphorus 
atoms are s~met~cally attached in a cisoid man- 
ner to the two rhodium atoms. The Rh& core is 
folded along the S-S line and the two rhodium 
atoms are almost in a square planar environment. 
The most striking feature is the pen~~oordination 
around the zirconium atom due to the strong inter- 
action between Zr and the lone pair of one sulphur 
atom (d = 2.995 A).“” 

This interaction could be responsible for the good 
catalytic activity shown by complex 8, so that the 
modulation of the electronic density on one rho- 
dium centre is given by the zirconium atom with its 
coordination sphere not only through the phos- 
phorus atoms but also directly by way of this Zr-S 
interaction. 

Similarly the Rh,@-S-t-Bu)z(CO)z(E) com- 
plexes have been prepared with a = 1,3-bis(di- 
phenylphosphino)propane (complex 9), 3 ’ 1,4- 
bis(diphenylphosp~~o) butane (lo), 3 ‘,32 l,l’- 
bis(~phenylphosphino)fe~o~ene3 3 (11) and 1 , 1 ‘- 
bis(diphenylphosphino)ruthenocene (12).33 The X- 
ray structures of 10 and 11 were determined in 
collaboration with the H. tom Die&s laboratory 
in H~b~g.34 The overall stature of these two 
complexes is very similar to that of 8, except there 
is no interaction between the iron atom and S. 
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Fig. 3. 

The rhodium-rhodium distances are respectively 
3.039(l) in 10, 3.089(l) in 11 and 3.391(l) A in 8. 
The X-ray structure of the ferrocenyldiphosphine 
complex (Fig. 4) has revealed that one Rh-P bond 
significantly deviates from the square plane around 
the rhodium atom so that the two phosphorus 
atoms are not symmetrical. The 31P NMR spectra 
recorded at low temperature34 show that the struc- 
ture of 11 in solution is the same as in the solid 
state. Indeed at 240 K two inequivalent phosphorus 
doublets are detected, and split into doublets by 
coupling with the more distant rhodium atom (Fig. 
5) : 28.8 ppm, ‘Jr._nt, = 155.1 Hz ; 25.1 ppm, 
‘JrY_nh = 150.2 Hz; 3Jp_tu, = 3JY_m, = 4 Hz. 
When the temperature is raised, a coalescence 
occurs at around 288 K and at 312 K only one 
doublet persists showing that the two Rh-P situ- 

ations are interchanged in the molecule by rotation 
of the diphosphinoferrocene ligand.34 All these 
complexes or the systems 4 + diphos are active pre- 
cursors for the low pressure hydroformylation of 
hex-1-ene. Table 10 presents the results obtained 
for the four complexes !S-12 as well as for the system 
4+ 1,3-bis(diphenylphosphino)propane, dppp. 

The turnover frequencies are calculated after the 
induction period. The in situ reaction of Rh&-S-t- 
Bu)*(CO)~ (4) with an equimolar amount of dppp 
gives rise to a catalyst with almost the same per- 
formance as 11 and 12, whereas the well-defined 
complex 9 is slower. Complex 10 shows an impor- 
tant induction period. Analysis of the results of 
Table 10 as well as the kinetic curves,34 shows that 
the activation of dihydrogen and the transfer of one 
hydrogen atom from one metal centre to the alkene 

Fig. 4. 
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This could be due to the presence of a CO ligand 
tram to the hydride ligand which is transferred to the 
alkene. It should be mentioned that aldehydes are 
still selectively obtained and that the metal-con- 
taining ligand still exerts an electronic intluence on 
the course of the catalytic cycle followed by the 
rhodium centres. 

5. ‘, ‘. . . . * * 

30 [ 6 3’P) 20 

Pig. 5. 

We have devoted a great part of our work to 
use or design of heterobimetallic complexes which 
would be active in catalysis. Concerning the rho- 
dium-palladium complexes we have encountered 
numerous problems with regard to dispropor- 
tionation, inactivity, and very often precipita- 
tion of palladium black. However, with the use of 
L. A. Oro’s laboratory we prepared three het- 
erodinuclear complexes [Rh-Pd] which are active 
in hydrofo~ylation. 35*36 The two chlorine atoms 
of dppePdC1, are substituted by two pyrazolate (pz) 
benzotriazolate (Btz) or azindolate (AZ) ligands. 
The two nitrogen doublets are used to coordinate 
the rhodium atom of the cationic complex 
[Rh(COD)(solvent)~]ClO~. For instance with pyra- 
zole : 

dppePdC1, + 2Kpz + dppePd(p& + 2KCl 

coordinated to the second rhodium centre is 
governed by the flexibility around the S-S axis, 
and is not rate determining. 

Presumably, in connection with the distortion in 
the Rh-P coordination revealed for complex 11, 
the catalytic cycle should involve a step where one, 
and only one, Rh-P bond is opened in order to 
facilitate the addition of an alkene or CO ligand. 
The reclosure of this Rh-P bond is necessary for 
the other steps of the cycle. Moreover, it is clear 
that steric parameters of the diphosphine ligands 
play an important role. In addition, the selectivity 
in linear aldehyde appears, except for 11, to be 
lower than for the monodentate phosphine ligands. 

--+ [dppePd@-pz),Rh(COD)]+ + 2MezC0. 

Table 10. Catalytic activity of Rh,(p-S-t-Bu),(CO), 
(diphos) complexes 

Carbonylation gives the complex [dppePd(p-pz), 
Rh(CO)JClO,. It is necessary to add one equi- 
valent of t~phenylphosphine to observe a catalytic 
activity. Table 11 presents our first results for the 
hydroformylation of hex-1-ene. 

Some decomposition of the pz and Az complexes 
was observed, but for the ~nzot~~olate almost 
no precipitation of metal occurred. The catalytic 
level remains low (about 3 min- ’ compared to 
1 SK’ for 3) and the selectivity in linear aldehyde 
is not very high. However, these results encourage 
us to investigate and extend this series of hetero- 
binuclear complexes. 

Conversion Turnover 
into aidehyde Time frequency 

Precursor (%) (h) (min-‘) n (%) 

9 (dppp) 97 6 2.3” 64 
4+dppp 98 5 7.1b 69 

10 (dppb) 96 8 0.2” 70 
11 (dppf) 95 5 7.7” 83 
12 (dppr) 98 5 8.1b 73 

In conclusion, this study shows that the dinuclear 
complexes Rh&-SR),(CO),L, are very active pre- 
cursors for the selective hydrofo~ylation of 

Table 11. Catalytic activity of [dppePd(p-X),Rh(CO) 
G’Ph,ll+ 

Conversion in Turnover 
aldehyde % frequency 

X (in 15 h) (nlin- ‘) n (%) 

Rh 2 x 10w4gatm, hex-l-ene4Ommo1, toluene25 cm3. 
Z-= 8O”C, P = 5 bar, CO/H2 = 1: 1. 

a Calculated after 60 min. 
b Calculated after 30 min. 

P= 7.5 2.7 56 
Btz 92 2.9 75 
Az 65 1.9 69 
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alkenes under mild conditions. L can be phosphites 
and txiphenylphosphine or L, a diphosphine ligand 
which can include a transition metal such as Zr, Fe 
or Ru. Study of the catalytic activity of all these 
systems has shown that a cooperative effect between 
the two rhodium centres takes place. The use of 
the water-soluble ligand P(m-SO&H,Na)s, with 
either CO/H2 or CO alone, allows higher selec- 
tivities in linear aldehyde. At the same time the 
problem of catalyst recovery is solved by using bi- 
phasic systems. 
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BIMETALLIC TRANSITION METAL CARBENE 
COMPLEXES--SOME NOVEL ASPECTS AND 

DEVELOPMENTS 

GERHARD ERKER 

Institut fiir Organ&he Chemie der Universitat Wiirzburg, Am Hubland, 
D-8700 Wiirzburg, F.R.G. 

Abstract-Readily available (butadiene)zirconocene and -hafnocene complexes react with 
various metal carbonyls to form metallacyclic metal oxycarbene complexes. The n-ally1 

r 
species Cp2MOC[=M’L,J(c4H6) (M = Zr, Hf) can often be obtained crystalline. The bimet- 
allic carbene complexes exhibit a rather short O-C(carbene) bond distance indicating a 
pronounced metal acyl complex character. Carbene complex formation between (s-truns- 
q4-butadiene)zirconocene and COCOS or CpV(CO),, respectively is reversible. The 
equilibrium can be shifted towards the carbene complex side by reducing the electron 
density at the carbene ligand bearing metal or by using the hafnium instead of the zirconium 
containing butadiene metallocene reagent. Five-membered benzannelated zirconium oxy- 
carbene complexes Cp,&OC[=W(CO),](&I-I,) were obtained by CC-coupling from therm- 
ally generated (1,2-didehydrobenzene)zirconocene and W(CO)6. This carbene complex is 
an oligomer in the solid state as revealed by X-ray diffraction. Monomeric units are linked 
together via intermolecular Zr-O=C-W bonds. This zirconium oxycarbene complex acts 
as an organometallic Lewis acid in solution. It reversibly coordinates organic carbonyl 
compounds. Zirconium oxycarbene complexes Cp,Zr(OR)-OC(Ph)=W(CO), react read- 
ily with several non-stabilized phosphorus ylides to produce zirconium enolates Cp,Zr 
(OR)-OC(Ph)==CHR which can be used as carbon nucleophiles in syn-selective aldol 
condensation reactions. The (butadiene)zirconocene derived metallacyclic zirconium 
oxycarbcne complexes Cp2~rOC[=M(CO),](~,H6) (M = Cr, MO, W) act as carbon nucleo- 
philes at the Zr-bound substituted n-ally1 ligand. Ketones or aldehydes are CC-coupled 
regioselectively to the allyl-CH, terminus to form chiral nine-membered metallacyclic 
products. 

Transition metal carbene complexes make up an salts6 [R,N(CHCl)]+Cl- as heteroatom stabilized 
increasingly important class of organometallic com- carbene ligand sources. 
pounds. The M=CXY functionality seems to play It can be advantageous using metal complexes of 
a key role in many catalytic processes. ’ Metal car- the oxophilic group 4 transition metals as reagents 
bene complexes are applied more and more as stoi- for the metal carbonyl + metal carbene complex 
chiometric reagents in organic synthesis. 2 transformation. Forming the strong early transition 

The majority of heteroatom stabilized carbene metal to oxygen bond7 favourably assists the car- 
complexes are probably prepared by variations of bene complex formation. In addition, the bonding 
E. 0. Fischer’s original synthetic route,3,4 i.e. from features of the M=C(R)-O-unit are markedly 
a metal carbonyl by adding a nucleophile to the affected by attaching a metal substituent with pro- 
carbon, then an electrophile to the oxygen atom of nounced o-donor/n-acceptor properties to the 
the Ma-unit (1). There have been several very carbene oxygen atom. This seems to induce a 
successful attempts to overcome the few limitations more pronounced acyl metallate character 
of the Fischer procedure. For example, Lappert [-M-C(R)=O+-] to the carbene complex. 
has introduced non-nucleophilic carbene complex Bercaw has used the Cp:ZrH2 reagent for pre- 
syntheses having a broad scope, using very electron paring metal oxycarbene complexes L,M=C(H) 
rich alkenes (R2N)2C=C(NR2)25 or Vilsmeyer -OZr(H)Cp: from metal carbonyls L,M-CO.’ 
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This seems principally to be another example of 
a “nucleophilic” carbene complex synthesis as 
the carbonyl carbon atom of the educt is attacked 
by nucleophilic hydride at some time during the 
reaction. However, here the sequence of nucleo- 
philic and electrophilic reaction steps appears to be 
reversed as compared to E. 0. Fischer’s original 
method3 for the metal carbonyl+ metal car- 
bene complex conversion. This might explain 
the extended scope of the carbene complex syn- 
thesis using the early transition metal hydride 
reagent [see eq. (2)]. 

We have recently found a new carbene complex 
synthesis which may turn out to be a truly “non- 
nucleophilic” procedure.9 Very reactive (olefin) 
metallocene complexes of titanium, zirconium or 
hafnium are reacted with metal carbonyls to give 
metallacyclic metal oxycarbene complexes. For- 
mally, this reaction is very similar to the Fischer 
procedure. However, the reaction path followed 
here is probably quite different from the usual 
“nucleophilic” synthesis. The addition of the coor- 
dinatively unsaturated reagent is assumed to give 
a binuclear (q2-alkene)@-CO)-type intermediate, 
which subsequentIy forms a carbon+arbon bond- 
between the n-ligand of the reagent and the car- 
bony1 group via a (possibly concerted elec- 
trocyclic”) ring closure reaction (3). 

bound metallocene moiety may create interesting 
novel chemical features. 

SYNTHESES OF METAL 
OXYCARBENE COMPLEXES 

Reactive metal olefin n-complexes are needed as 
starting materials for the synthesis of heteroatom 
stabilized carbene complexes according to eq. 
(3). (Butadiene)zirconocene and -hafnocene have 
turned out to be very well suited reagents. I ’ They 
are readily available from the reaction of the 
respective metallocene dihalides with butadiene 
magnesium.‘* At ambient temperature (buta- 
diene)zirconocene exists as a stable mixture of two 
geometric isomers which to a first approximation 
can be described as ($-s-tram-)- and (q4-s-cis-buta- 
diene)ZrCp,. At equilibrium a cu 1 : 1 mixture of 
these is present. Their mutual interconversion 
occurs with a moderate rate at ambient temper- 
ature (AG*(lO.S”C) = 22.7 kcal mol-I). The ther- 
mally induced isomerization of the isolable (q4- 
C&H,JZrCp, species probably occurs through a 
reactive ($-butadiene)zirconocene complex. ’ 3 The 
1 &electron (q4-s- tray-diene)me~ll~ne complex 
often reacts through the coordinatively unsaturated 
(q2-diene)MCpz species with which it rapidly equi- 

L.M-CO + cp:zr 

M = Zr; Nb;Cr; Mo;W;Co;Rh. 

(2) 

(3) 

In this article the formation of several new exam- librates. The latter is separated by a much higher 
ples of metal oxycarbene complexes using this activation barrier from the (n4-s-cis-diene)metallo- 
method will be discussed. This will be followed by cene isomer. This complex exhibits a pronounced 
a brief description of several reactions which metalla- metal alkyl character. The terminal diene carbon 
cyclic zirconium oxycarbene complexes undergo. centres possess nucl~p~~c properties. This com- 
Some of these show that in this combination an plex is best described as a a,n-type metal- 
interaction of the carbene complex with the 0- lacycle.“*‘4 
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The (butadiene)zirconocene reagent reacts with 
chromium, molybdenum, or tungsten hexacarbonyl 
slowly at room temperature.g Formation of a new 
carbon-carbon bond between a CH,-group of the 
diene ligand and a carbonyl carbon atom takes 
place. The reaction of the (butadiene)metallocene 
reagent with the metal carbonyl is slower than 
the (s-c& + s-trans-diene)ZrCp, isomerization. I3 
Therefore, an ordinary nucleophilic pathway is 
hard to distinguish from a reaction via the reac- 
tive ($-butadiene)zirconocene intermediate. In 
addition, the five-membered metallacyclic bimet- 
allic o-ally1 zirconium oxycarbene complexes are 
not stable under the reaction conditions (if formed 
at all). We have isolated the metallacyclic x-ally1 
metal oxycarbene complexes instead in high yields 
(see Scheme 1). 

The X-ray crystal structure analysesg*‘5 have 
revealed rather unsymmetrically bonded sub- 
stituted n-ally1 ligands at zirconium. For all three 
bimetallic carbene complexes (Zr, Cr ; Zr, MO ; Zr, 
W) the Zr-C(6) distance is longer than the 
Zr-C(7) or Zr-C(8) bonds. The incorporation of 
the carbene-oxygen into the rigid metallacyclic 
ring system leads to somewhat different bonding 
parameters as compared to the corresponding 
acyclic Fischer-type carbene complexes bear- 
ing ordinary alkoxy substituents.4 Most note- 
worthy is the substantially shorter C(4)-0(4) 
bond distance of the zirconium oxycarbene com- 
plexes. This structural feature indicates a 
more pronounced acyl metallate character of the 
Cp,ZrOC[=M(CO),](C,H,) complexes. A con- 
siderable contribution of the corresponding res- 
onance form B seems to be important for describing 
the structural properties of the binuclear metalla- 
cyclic carbene complexes (see Scheme 2). 

The same type of product is obtained by reacting 
(butadiene)zirconocene with Fe(CO)5. However, 

here the kinetic situation is slightly different. The 
formation of the a-ally1 zirconium oxycarbene iron 
complex occurs faster than the (butadiene)ZrCp, 
s-c& P s-trans-isomerization. This allows for a 
mechanistic characterization of the preferred reac- 
tion path taken. It is only the (s-truns-q4-buta- 
diene)zirconoccne isomer that reacts with the 
Fe(CO), under kinetic control. The more nucle- 
ophilic (s-cis-q4-C4H6)ZrCp, complex has turned 
out to be unreactive towards this metal carbonyl in 
a direct competition experiment at low temperature. 
This seems to indicate that a reaction path for the 
M-CO + M-carbene conversion very different 
from the usual “nucleophilic” route3*4,8 is operative 
here, possibly proceeding through (q*-buta- 
diene)zirconocene as a reactive intermediate. Simi- 
lar observations were made for the conversion 
of the phosphine iron carbonyl complex Fe(CO), 
PPh3 to transCp2ZrOC[=Fe(CO)3PPh3](C4H6)’6 
(Scheme 3). 

Only a few cobalt carbene complexes have been 
prepared via the original Fischer route so far. ‘7 For 
the conversion of CO-ligands into carbene groups 
at the (q-cyclopentadienyl)cobalt fragment alter- 
native methods have been applied. l8 The Cp,Zr(bu- 
tadiene) reagent very cleanly converts one carbonyl 
ligand of CpCo(CO), to the heteroatom containing 
the carbene moiety at ambient temperature. The 
metallacyclic rr-ally1 zirconium oxycarbene complex 
Cp,ZrOC[=Co(CO)Cp](C,H,) is obtained as a 
crystalline product. ” 

However, there is a complication associated 
with this system. When the crystalline cobalt car- 
bene complex is dissolved, rapid equilibration with 
the starting materials Cp,Zr(butadiene) and 
COCOS is observed by NMR spectroscopy. 
Initially, only the formation of the (s-truns-q4-buta- 
diene)zirconocene isomer is monitored. Sub- 
sequently this rearranges to (s-cis-q4-C4H6)ZrCp2 

cpzzr - 
Mos 

Cp2Zr, 

2 

I 

- cp2z: 
0 ‘0 M(CO)s 

tl 

M(CO), 
1 

/ 

Cp,Zr - 
3 

I /’ 
M = Cr,Mo,W / 

\ / 
L__-___------J 

Scheme 1. 
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M (CC% 

M: 

,KI~ 
M -C3 1.879(5) 2.024(11) 

M-Cl 1.887(3) 2.023 (7) 

Z-04 2.188 (3) 2.179 (5) _& 

B 

Scheme 2, 

Scheme 3. 

(with the known reaction rate) until the 45 : 55 equi- 
librium of (butadiene)metallocene isomers is 
reached. Starting from the pure carbene complex 
Cp,ZrOC[=Co(CO)Cp](C,H,) an equilibrium 
mixture is obtained in toluene solution at 25°C con- 
taining about 85% of the bimetallic complex and 
15% of each of its monometallic components. The 
equilib~~ can be shifted to the carbene com- 
plex side by attaching electron withdrawing sub- 
stituents at the cobalt bound Cp-ligand. The 
zirconium oxycarbene ligand appears to be 
a stronger o-donor/weaker x-acceptor than 
the carbonyl group. Therefore, the carbene com- 
plex is less affected by reducing the electron den- 
sity at cobalt than the metal carbonyl. Conse- 

quently, the (C~-C~)CO(CO)~+(C~H~)Z~C~, + 
Cp,ZrOC[=Co(CO)(CpCl)&H6) equilibrium is 
shifted to the product side by this substituent 
effect. For the (Q-Cl) containing system no start- 
ing material has been observed by NMR to be 
formed when the carbene complex was dissolved 
in an aromatic hydrocarbon at room tempera- 
turezo (Scheme 4). 

Clean formation of the x-ally1 zirconium oxy- 
carbene complex takes place when (buta- 
diene)zirconocene is reacted with CpRh(CO)z. 
In contrast to the analogous (cyclopentadienyl) 
cobalt complex, there is no sign of equilibra- 
tion with its monometallic components when 
Cp,ZrOC[=Rh(CO)Cp]$!~H6) is dissolved. 
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3 
CP&+-I 

CP 

Scheme 4. 

The X-ray crystal structure analysis of the zir- 
conium oxycarbene complexes derived from 
(ClCp)Co(CO),, CpCo(CO), and CpRh(C0)2 all 
reveal a coplanar arrangement of substituents at 
the metal carbene moiety. The Rh-C(carbene) 
bond distance in Cp,ZrOC[=Rh(CO)CpJ(C,H,) is 
1.925(3) A. Only one of the two geometrical isomers 
possible for this structural type has been observed. 
It is characterized by exhibiting the CO-ligand 
at rhodium and the carbene oxygen at C(5) 
in a Z-orientation. NMR spectroscopy also 
shows that there is only one isomer present 
in solution. Presumably it is the same that 
has been found in the solid state by X-ray diffrac- 
tion. Figure 1 shows the molecular structure of 
Cp,ZrOC[=Rh(CO)Cp](C,H,) as a typical exam- 
ple (the zirconium bound ally1 group here shows a 
disorder often encountered in these complexes).” 

There have only been very few reports on the 
preparation of carbene complexes of the elements 
vanadium” or niobium.22~23 Our new method can 
be used to prepare such complexes from metal car- 
bonyls of these elements. The complex CPV(CO)~ 

reacts readily with (s-trans-q4-butadiene)zirco- 
nocene to cleanly convert one of the four carbonyl 
ligands into a zirconium oxycarbene moiety. 
Crysta1tirre Cp&QC+Y(C0)$J$j$&j was ob- 
tained in good yieldz4 (Scheme 5). 

This complex appears to be the first example of 
a vanadium carbene complex that has been char- 
acterized by X-ray diffraction. A view of the molec- 
ular structure of this x-ally1 zirconium oxycarbene 
complex of vanadium is shown in Fig. 2. In this 
complex, the V-C(carbene) distance (2.102(3) A) 
is substantially longer than the V-C(C0) linkages. 
Again, the 0-C(carbene) bond (1.270(4) A) is 
rather short. 

In solution Cp2ZrOC[=V(CO),Cp](C,H,) rap- 
idly equilibrates with CPV(CO)~ and (s-truns-y4- 
C4H,JZrCp2. In contrast to the CpCo carbene com- 
plex, which also showed such behaviour, the equi- 
librium here is shifted much further to the side of 
the starting materials. At 25°C about half of the 
vanadium carbene complex is decomposed to give 
(butadiene)zirconocene and CPV(CO)~ at equi- 
librium. However, this unfavourable situation can 

Fig. 1. X-ray crystal structure analysis of Cp,krOC[=Rh(CO)Cp](~.,H,) : molecular geometry with 
selected bond distances and angles. 
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L \ 7 
CPzZr \ ,V(COMP // C' 

0 

- cp2z~v(co)3cp ] - ~p~v~co~3cp 
Scheme 5. 

readily be changed by employing (s-truns-v4-buta- 
diene)hafnocene as the M-CO converting reagent 
instead of the zirconium compound. Carbene 
complex formation takes place rapidly between 
CPV(CO)~ and Cp,Hf(butadiene). In solution 
the equilibrium lies far on the side of the 
Cp,kfOC[=V(CO),Cp](C4H6) product. Starting 
from the pure x-ally1 hafnium oxycarbene vana- 
dium complex a slow subsequent rearrangement 
is observed to occur at room temperature to 
give the corresponding seven-membered metalla- 
cyclic o-ally1 hafnocene isomer. Eventually, a ca 
1: 1 mixture of these two isomeric forms of the 
bimetallic carbene complex is obtained at 25°C in 
solution. ’ 4 

Similarly, x-ally1 CpzHfOC[=Nb(CO)3Cp](C4H6) 
in solution does not notably equilibrate with 
its monometallic components Cp2Hf(C4H,) and 
CpNb(C0)4 but with the seven-membered metalla- 
cyclic a-ally1 form of the bimetallic carbene com- 
plex” (Scheme 6). 

This method of forming metal oxycarbene com- 
plexes is not restricted to using (butadiene)group 4 
metallocene complexes as reagents. Several other 
(diene)- and (olefine)metal complexes have been 
used as well. Group 6 metal hexacarbonyls have 
been converted to carbene complexes using (buta- 

diene)ThCp,* 26 or (ethylene)TiCp$. The latter 
reagent has also been used to prepare carbene com- 
plexes from Mn2(CO),o and Re2(CO)10.27 

We have used bis(cyclopentadienyl)zirconium 
and titanium(aryne) complexes as very reactive 
reagents for the carbene complex synthesis. The 
Cp2M(C6H4) species can conveniently be generated 
at ca 80°C from the diphenyl metallocene com- 
plexes. 28 The (benzyne)zirconocene complex reacts 
with cis- or truns-stilbene, respectively, to form 
the diphenylzirconaindans stereospecifically. 
The aryne complex is reactive enough to undergo 
C-H activation reactions with aromatic hydro- 
carbons2’ or ylides. 3o Recently, Cp,Zr(C,H,) 
was trapped with PMe3 to give a stable metallo- 
cene aryne complex3’ (Scheme 7). 

Thermally generated (q’- 1 ,Zdidehydroben- 
ZenC)ZirCOnOCenC rCaCtS readily with W(CO)6 
to form the five-membered metallacyclic benz- 
annelated zirconium oxycarbene complex 
Cp2&0C[=W(CO)J(C6H4). It was shown by a 
typical labelling experiment, that the (aryne) 
metallocene intermediate was directly involved in 
the reaction. Thermolysis of bis(p-tolyl)zirco- 
nocene (generating the aryne complex interme- 
diate with the methyl label in the 4-position) in 
the presence of W(CO)6 yielded a mixture of the 

Fig. 2. A view of the molecular structure of Cp&OC[=V(CO),Cp](~,H,) in the crystal. 



Bimetallic transition metal carhene complexes 2457 

CPWCO), 

Y = 1925,1840,1820 cm-’ 

I:1 

Nb(CO)&p 
z 

CpNb(CO), ’ Y = 1930,1835,1820 cm-’ 

Scheme 6. 
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Scheme 7. 

expected differently labelled zirconium oxycarbene 
complexes3* (Scheme 8). 

The X-ray structure attributes a pronounced 
acyl metallate complex character to 
Cp,ZrOC[=W(CO),](C,H,) In this respect this 
complex is very similar to the metal oxycarbene 
complexes prepared from the (butadiene) 
metallocene reagents. However, the solid state 
structure of the aryne-derived carbene complex 
is in a way unique among the many structurally 
characterized metal oxycarbene complexes. In the 
crystal, monomeric Cp2ZrOC[=W(CO)&H,) 
units are linked together to form oligomeric chains 
of a helical arrangement (Fig. 3). The “inter- 
molecular” interaction occurs through binding 
of a W-CEO oxygen (oriented tram to the 

carbene ligand at tungsten) to the zirconium 
centre of an adjacent molecule. This analogously 
coordinates to the next molecular unit by 
forming the 0(26)-Zr(1) bond. Thus formed 
helical molecular chains made up of monomeric 
Cp2ZrOC[=W(CO)&C6H4) molecular subunits 
are separated from one another by solvent mol- 
ecules incorporated into the crystal. 3 3 

SOME REACTIONS OF THE ZIRCONIUM 
OXYCARBENE COMPLEXES 

The unusual adduct formation, in the solid state, 
of Cp2&OC[=W(CO)s](CaH4) indicates a pro- 
nounced electrophilic character of the zirconium 
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Fig. 3. Asymmetric unit of the [Cp,~rOC(=W(CO),)(c,H,)]~ complex in the crystal. 
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centre of l&electron configuration in this carbene 
complex. In solution this complex seems to be 
monomeric. Nevertheless, the zirconium centre in 
this carbene complex is sufficiently Lewis acidic 
to allow coordination and activation of organic 
donor substrates. Not unexpectedly, amines have 
been shown by NMR to interact (reversibly) 
with the group 4 transition metal in 
Cp2ZrOC[=W(CO),](C,H&*5 Moreover, the zir- 
conium oxycarbene complex also adds organic car- 
bony1 compounds. With acetophenone rapidly 
reversible adduct formation is observed by NMR 
spectroscopy in solution. IR spectroscopy as well 
as competition experiments reveal that the metalla- 
cyclic carbene complex functions as a weak organo- 
metallic Lewis acid.33 Activation of organic car- 
bony1 compounds by such organometallic Lewis 
acids suited to carry additional structural and stereo- 
chemical information could lead to interesting 
developments in organic synthesis (Scheme 9). 

Reactions at the carbene carbon atom can be 
of special interest when employed with zirconium 
oxycarbene complexes. Casey has shown that some 
Fischer-type carbene complexes react with non- 
stabilized phosphorus ylides to give enol ethers.34 
Thus, RHC=C(Ph)OCH3 was obtained from 
(CO),W=C(Ph)OCH, and Ph3P=CHR. The anal- 
ogous reaction, if carried out starting from a zir- 

’ conium oxycarbene complex, would have a dif- 
ferent quality. There are many indications that 
ordinary Fischer-type carbene complexes behave 
as the organometallic analogues of esters, the 
[M] = C(carbene) unit functioning as an equivalent 
of the organic carbonyl group functionality. A zir- 
conium oxycarbene complex could then be viewed 
as an organometallic analogue of a carboxylate, 
here a zirconium derivative of the carboxylic acid 
anion. 

H / 

T?l .’ 
CP& 

‘y w(cop 5 

8 

H Ch’h 1 

w(C=O) 

Applying this analogy to Casey’s above cited 
reaction type, the reaction of a phosphorus ylide 
with a zirconium oxycarbene complex to give a 
zirconium enolate would formally be a synthetic 
equivalent of a carboxylate to enolate anion trans- 
formation, a reaction which, of course, cannot be 
achieved directly by Wittig olefination because of 
the lacking carbonyl activity of carboxylate salts. 

The anticipated reaction sequence can in fact be 
carried out starting from the aryne-derived carbene 
complex Cp~~~C[=W(CO)~](~~H4). 35 For prac- 
tical purposes, the very moisture-sensitive five- 
membered metallacycle was opened up first by 
treatment with one equivalent of an alcohol. Reac- 
tion of the acyclic zirconium oxycarbene complex 
with methylene t~phenylphosphorane occurred 
readily at room temperature to give a good yield of 
the CpzZr(OR)-acetophenone enolate. As an 
efficient carbon nucleophile this was subsequently 
reacted with benzaldehyde to give the CC-coupled 
aldol product (Scheme 10). 

Some initial studies have been carried out to 
characterize the reactivity and selectivity of the 
metal carbene complex + metal enolate trans- 
formation. A competition experiment has revealed 
that Cp~Zr(OPh)OC(Ph~W(C~)~ is slightly less 
reactive than (CO),W=C(Pb)OC2H, towards 
Ph3P=CH2. The zirconium oxycarbene com- 
plex is much more selective, however. While 
(CO)5W=C(Ph)OCZH5 reacts with a 1: 1 mixture 
of Ph3P=CH2 and Ph3P----CHCH3 nearly statis- 
tically, the (CO)~W~(Ph)O~Zr] complex reacts 
by far preferentially with the less substituted phos- 
phorus ylide. The zirconium oxycarbene complex 
does react with Ph,P=CH-CH3 alone to give an 
80 : 20 mixture of the CH,CH=C(Ph)-O[Zr] eno- 
late isomers. In contrast, (CO)~W~~h)OC*H~ in 
our hands was completely unselective, yielding a CQ 

‘\ Q CpZr, 

= 1684 cm-’ [CDaCls]; 1647 cm-’ 

Scheme 9. 



2460 G. ERKER 

OR 
HOR / 

* CPzZr 
\ 

Ph 

O-s 
w(co)s 

Ph 

CHs=PPhs 
OR 

Ph-CHO 
* 

Scheme 10. 

1: 1 mixture of E- and Z-CH,CH=C(Ph)OC,H, 
upon reaction with the substituted ylide. 3 5 

Prochiral zirconium enolates have been used as 
reagents in syn-selective aldol condensation reac- 
tions.36 An example studied in some detail using 
CH,CH=C(Ph)-O[Zr] provided the zirconium 
aldol product with benzaldehyde [Zr]-O 
-CHPh-CH(CH+COPh with an 85% syn- 
selectivity. 37 

In the bimetallic zirconium oxycarbene com- 
plexes the organometallic early transition metal 
functional group can be used for making a new 
carbon-carbon bond as well. The (x-allyl)ZrCp,- 
group in Cp2ZrOC[=W(CO),](C4H6) undergoes 
carbon-carbon coupling with added ketones or 
aldehydes at 50°C. Principally, CC-bond formation 

could occur at C(1) or C(3) of the substituted ally1 
chain. Of the two possibilities only coupling of the 
allyl-CH2 terminus is observed with the ketones 
acetone, benzophenone or acetophenone. Only the 
regioisomeric product having a nine-membered 
metallacyclic ring-system is formed in each of these 
examples3* (Scheme 11). 

Surprisingly, the addition of acetone yields a 
chiral product exhibiting diastereotopic methyl 
groups at carbon as well as cyclopentadienyl lig- 
ands at zirconium in the low temperature limit- 
ing NMR spectra obtained at ambient tempera- 
ture. The addition product of the prochiral re- 
agent acetophenone to the carbene complex is 
recovered as a mixture of two diastereoisomers. 
These observations indicate a chiral confor- 

CP2 

:o/” \O-C -R 
T 

Cp2Zr A ‘o/ W(CO)i + 
* I 

CHa-CH=CH-CHs 

0 

/4 
R Ph 

t 

R = CHa,Ph 

Two diastereoisomers 

15~8.5 (R = CHs) 

‘CH2-CH=CH-bH2 

Scheme 11. 
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AG*(SO’C) = 16.5 + 0.5 kcal mol-’ 

CP CP 

Scheme 12. 

mation of the medium size organometallic ring 
system being favoured. In accord with this inter- 
pretation, dynamic behaviour leading to much 
simpler NMR spectra at high temperatures is 
observed. Thermally induced equilibration of the 
Cp,~rOC[=Cr(CO)5](C4H,Jacetone adduct iso- 
topomers removing the effects of the conforma- 
tional chirality element on the NMR spectra has 
an activation barrier of AG* = 16.5 kcal mall’ 
at 50”C38 (Scheme 12). 

CONCLUSIONS 

In 1984 we reported the first example of a new 
synthesis of heteroatom-stabilized carbene com- 

plexes from metal carbonyls.9 Treatment of (buta- 
diene)zirconocene with Cr(C0)6 led to the for- 
mation of the a-ally1 metal oxycarbene complex 
Cp,&OC[=Cr(CO),](C.,H,). Up to now many 
more examples of this reaction type, i.e. the for- 
mation of carbene complexes by means of addition 
of reactive metal olefin complexes to a CO ligand 
of a metal carbonyl, have become known. Presently, 
only olefin, aryne or conjugated diene complexes of 
very electropositive early transition metals or an 
actinide element have been used as reagents. It is 
conceivable, however, that this method may not 
be restricted to such reagents but that sufficiently 
reactive alkene complexes of the late transition 
elements could undergo this reaction as well. Car- 

[Ml--)) + L,M’(CO) - 

M’L,, 

[M] = Cp,Zr- Cp2Ti- 1 
\ ‘0 / 

Cp;Ti- 1) 

‘““-$, ‘pzHf-$, “‘““““\I RCp2Zr- 5, Cp;Tl+ 

M’ = Zr; Hf; V, Nb; Cr; MO; W; Mn; Re; Fe; Co; Ni; Rh. 

Scheme 13. 
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CP& 1 / 

Scheme 14. 

bony1 complexes of d-block elements ranging from 
groups 4 to 10 have been converted to carbene 
complexes using this method.g*‘5*‘6*‘~21,2”27.32 
This scope should make our procedure a useful 
complementary method to the presently known 
variants of E. 0. Fischer’s original M-CO + 
M-carbene conversion. 

The resulting metallacyclic metal oxycarbene 
complexes exhibit structural features as well as 
chemical reactivities somewhat different from the 
ordinary heteroatom-stabilized Fischer-type car- 
bene complexes. They all appear to be characterized 
by a shorter O-C(carbene) bond distance, giving 
these complexes a substantially higher metal acyl 
character. In some instances this makes the adjacent 
early transition metal centre very Lewis acidic. This 
indicates a potential use of similarly structured 
(possibly cbiral) complexes as selective organ- 
ometallic Lewis acid catalysts. The metallacyclic 
metal oxycarbene complexes prepared by our 
method appear to be interesting new types of bime- 
tallic substrates that are characterized by exhibiting 
a number of distinctively different reaction centres 
located very close to each other in a simple molec- 
ular framework. 
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Abstract-Two types of iron(II1) carbodithioate complexes, (i) normal complexes, 
Fe(R2NCS2)3 with R2N = 4-methyl-, 4-phenyl-, or 2-methyl-piperazyl, piperidyl and thio- 
morpholyl and (ii) zwitterionic complexes, Fe(R2NCS2H)3X3 with R,N = 4-methyl- or 
4-phenyl-piperazyl and X = Cl or Br have been synthesized. The complexes have been 
characterized by elemental analyses, IR spectral studies, variable-temperature magnetic 
susceptibility and in three cases by variable-temperature Miissbauer spectral studies. All 
the complexes exhibit the ‘T2 (low spin, S = l/2) e 6A, (high spin, S = 5/2) spin equi- 
librium process. The zwitterionic carbodithioate ligands have a weaker ligand field 
strength than their normal ligand analogues. 

In the course of extensive investigations of iron(III) 
disubstituted dithiocarbamates it has been found’-13 
that whereas most of these compounds have inter- 
mediate room-temperature magnetic moments, i.e. 
varying between the limiting values of 2.0 BM for 
‘T2 and 5.92 BM for 6A, spin states, there are a few 
which are either pure high spin (6A, state)7*‘0 or 
pure low-spin (‘T2 state)8,1’,‘3 species. In this study, 
iron(II1) carbodithioates with the heterocyclic bases 
-piperidine (Pipd), thiomorpholine (Thim), 2- 
methylpiperazine (ZMPipz), I-methylpiperazine 
( 1 -MPipz) and 1 -phenylpiperazine (1 -PPipz), and 
zwitterions (BH+X-) (X = Cl, Br) with the last two 
of these bases as parent secondary amines-have been 
investigated to find out which category of electronic 
structure they correspond to. 

EXPERIMENTAL 

Materials and methods 

The heterocyclic bases were procured, purified and 
dried as described earlier.14 Anhydrous ferric chlor- 
ide and hydrobromic acid from BDH, hydrochloric 
acid (AR) and carbon disulphide (AR), both from 
SD, and anhydrous ferric bromide from ICN Phar- 

*Author to whom correspondence should be addressed. 

maceuticals Inc. were used as obtained. Ethanol 
(Bengal Chemicals), methanol, acetone, benzene, 
diethyl ether and chloroform, all from BDH, were 
purified by the usual methods. 

Preparation of ligands 

4-MPipzcdtH. 1 -Methylpiperazine (5 g, 50.00 
mmol) in ethanol (40 cm’) was cooled to 5°C. To 
this cooled solution, carbon disulphide (4 g, 53.00 
mmol) was added slowly with stirring. A cream 
coloured solid separated immediately. The solid 
was filtered, washed with ethanol and diethyl ether 
and air dried. Found: C, 41.0; H, 6.0; N, 16.1; S, 
35.9.Calc.forC6HIZNZS2:C,40.9;H,6.2;N, 15.9; 
S, 36.4%. 

4-MPipzcdtNa - H20. To the solid 4-methyl- 
piperazine-1-carbodithioic acid (5 g, 28.40 mmol) 
was added sodium hydroxide (1.135 g, 28.37 mmol) 
dissolved in water (40 cm3). The resulting solution 
was filtered and the filtrate was evaporated to dry- 
ness on a water bath. Found : C, 32.9 ; H, 6.0 ; N, 
13.0; S, 30.0. Calc. forC,H,,ON,S,Na: C, 33.3; H, 
6.1; N, 13.0; S, 29.6%. 

4-PPipzcdtNa - H20. 1 -Phenylpiperazine (0.5 g, 
3.08 mmol) in ethanol (10 cm3) was cooled to 5°C. 
To this cooled solution, carbon disulphide (0.235 
g, 3.09 mmol) was added slowly with stirring and 
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a white solid separated. This solid was dissolved in 
a sodium hydroxide solution (0.123 g, 3.07 mmol) 
in a 50% water-ethanol mixture (20 cm3). The 
resulting solution was filtered and this filtrate was 
used for the preparation of metal complexes of this 
ligand. 

PipdcdtNa * 2H20, ThiMcdtNa - HZ0 and {2- 
Mpipz(cdt),}Na, * 2H20. For these ligands the 
white solid obtained after the reaction between the 
stoichiometric amounts of amine and carbon disul- 
phide was dissolved in a saturated aqueous solution 
of a stoichiometric amount of sodium hydroxide. 
The resulting solution was filtered and the filtrate 
of the ligands, sodium piperidine-N-carbodithioate 
dihydrate and sodium thiomorpholine-N-carbo- 
dithioate monohydrate, was evaporated to dry- 
ness on a water bath. However, in the case of 
disodium 2_methylpiperazine- 1 ,Cdicarbodithioate 
dihydrate, the solid product was obtained by 
refrigeration of the filtrate for 334 h ; the white 
precipitate was purified by dissolving in methanol, 
then filtering and precipitating the solid by the 
addition of dry diethyl ether; the solid was finally 
filtered under reduced pressure and washed with 
diethyl ether. Found : C, 32.9 ; H, 6.5 ; N, 6.0; 
S, 29.0. Calc. for CsH,,02NS2Na (PipdcdtNa. 
2H,O): C, 32.9; H, 6.4; N, 6.4; S. 29.2%. 
Found: C, 27.0; H, 5.1; N, 6.0; S, 43.6. Calc. 
for C,H,,ONS,Na(ThiMcdtNa * H,O) : C, 27.4 ; 
H, 4.6; N, 6.4; S, 43.8%. Found: C, 25.2; H, 
4.1; N, 8.4; S, 38.4. Calc. for C7HrqNZS40,Na, ({2- 
Mpipz(cdt)*}NaZ - 2H20) : C, 25.3 ; H, 4.2 ; N, 8.4; 
38.5%. 

C, 40.0; H, 5.3; N, 5.0; Fe, 10.2. Calc. for 
C18H,,N2SsFe(Fe(Pipdcdt)3): C, 40.2; H, 5.6; N, 
5.2; Fe, 10.4%. Found: C, 30.6; H, 4.0; N, 6.9; Fe, 
9.3. Calc. for C,,H2,N3SgFe(Fe(ThiMcdt),) : C, 30.5 ; 
H, 4.1; N, 7.1; Fe, 9.5%. Found: C, 29.0; 
H, 3.4; N, 9.5; S, 44.0; Fe, 12.9. Calc. for 
C21H30N6S,,Fe,(Fez{2-MPipz(cdt),)3):C,29.2;H, 
3.5;N,9.7;&44.5;Fe, 13.0%.Found:C,52.1;H, 
5.3 ; N, 10.9 ; S, 25.0 ; Fe, 6.9. Calc. for C3,H3,N,S6Fe 
(Fe(4-PPipzcdt),):C,51.6;H,5.1;N,10.9;S,25.0; 
Fe, 7.3%. 

Fe(4-MPipzcdtH),Cl,. Slightly less than the stoi- 
chiometric amount of solid 4_methylpiperazine- l- 
carbodithioic acid (0.500 g, 2.84 mmol) was added 
in small portions (- 10 mg), at successive intervals 
of 0.5 h for a total period of about 25 h, to a con- 
tinuously stirred ethanolic solution (15 cm’) of anhy- 
drous ferric chloride (0.162 g, 1 .OO mmol) at 30°C. 
The dark brown solid separated as the solid car- 
bodithioic acid reacted. The solid product was fil- 
tered under reduced pressure, washed with ethanol 
and dry diethyl ether, and finally dried in vacua over 
P40,,,. Found: C, 30.8; H, 5.2; N, 12.2; S, 27.6; Cl, 
15.2 ; Fe, 8.0. Calc. for C18H36N6S6C13Fe : C, 31.3 ; 
H, 5.2; N, 12.2; S, 27.8; Cl, 15.4; Fe, 8.1%. 

Fe(CMPipzcdtH),Br,. For the preparation of 
this compound, the procedure outlined above was 
employed except that the solution of anhydrous 
ferric bromide was made using dry acetone. Found : 
C, 26.6; H, 4.0; N, 10.1; S, 23.0; Br, 29.6; Fe, 6.8. 
Calc. for C18H36NSSSBr3Fe : C, 26.2 ; H, 4.4 ; N, 
10.2; S, 23.3; Br, 29.1; Fe, 6.8%. 

Preparation of complexes 

Fe(CMPipzcdth. Anhydrous ferric chloride 
(0.500 g, 3.08 mmol) dissolved in water (5 cm3) 
was added with stirring to an aqueous solution 
(100 cm3) of sodium 4_methylpiperazine- 1 -carbo- 
dithioate monohydrate (2.00 g, 9.26 mmol). The 
separated dark brown solid was filtered, washed 
with water and methanol, and dried in air. The 
product was recrystallized from dry chloroform 
and the crystals were dried in vac~o over P,O,,,. 
Found; C, 36.6; H, 5.4; N, 14.4; S, 32.8; Fe, 9.7. 
Calc. for C18H33N6S6Fe: C, 37.2; H, 5.7; N, 

14.4; S, 33.0; Fe, 9.7%. 

Fe(4-PipzcdtH),Cl,. Normal tris (4-phenylpiper- 
azine-l-carbodithioato)iron(III) of undefined quan- 
tity was dissolved in dry benzene. To this solu- 
tion, cont. aqueous hydrochloric acid was added 
dropwise (l-2 drops per time) with stirring at 
intervals of 25 min. The reaction mixture was 
continuously stirred and the addition of the acid 
was continued until there remained a very light 
green colour in the solution after the precipitate 
had been allowed to settle down. The dark green 
precipitate was filtered, washed with dry benzene 
and then with dry diethyl ether. This reaction and 
the drying of the product were carried out in a 
polyethylene bag which had been dried overnight 
withP40,,,.Found:C,45.4;H,4.6;N,9.2;S,22.0; 
Cl, 11.9 ; Fe, 6.3. Calc. for C33H42N6S6C13Fe : C, 
45.2; H, 4.8; N, 9.6; S, 21.0; Cl, 21.1 ; Fe, 6.4%. 

Fe(Pipdcdt),, Fe(ThiMcdt),, Fe2{2-MPipz(cdt)J3 Fe(4-PPipzcdtH),Br,. For the preparation of this 
and Fe(4_PPipzcdt),. These complexes were compound, the procedure outlined above was 
obtained by a method similar to the one described employed except that instead of hydrochloric acid, 
above for Fe(4-MPipzcdt)3, except that for the hydrobromic acid was used. Found : C, 38.9 ; H, 
tris(4-phenylpiperazine- 1 -carbodithioato)iron(III) 4.2; N, 8.1; S, 19.4; Br, 23.8; Fe, 5.5. Calc. for 
complex an aqueous ethanolic solution of the C33H42NsSsBr3Fe: C, 39.2; H, 4.2; N, 8.3; S, 19.0; 
ligand prepared in situ was employed. Found: Br, 23.7; Fe, 5.5%. 



Tris(carbodithioato)iron(III) complexes 2467 

Elemental analyses 

Iron and sulphur in the complexes were deter- 
mined gravimetrically as FezO, and BaSO+ Carbon 
and hydrogen analyses were performed on an auto- 
matic Coleman-33 analyser while nitrogen was 
estimated by Kjeldahl’s method in the depart- 
mental microanalytical laboratory. The halogens 
were estimated by Volhard’s method. 

Physical measurements 

The room temperature magnetic susceptibility 
of the complexes was measured on a Gouy 
balance using Hg[Co(NCS),] as a calibrant. Vari- 
able-temperature (77-300 K) magnetic suscepti- 
bilities were obtained using a PAR-155 vibrating 
sample magnetometer which was calibrated 
with CU(OAC)~* H20. IR spectra (KBr pellets) 
of the complexes and the ligands were recorded on 
a Pye-Unicam SP3-300 IR spectrophotometer, in 
the 20&4000 cm-’ region. Mossbauer spectral 
measurements of the complexes were made on 
a Cryophysics microprocessor controlled 
Mijssbauer spectrometer using a 25 mCi “Co/Rh 
source. 

RESULTS AND DISCUSSION 

Two types of iron(II1) carbodithioates, with the 
empirical formulae Fe(cdt)3 and Fe(cdtH),X, 
deduced from elemental analysis data, are reported. 
The free dithiocarbamic acids are generally 
unstable, but the free 4-methylpiperazine-l-carbo- 
dithioic acid used in the synthesis of some com- 
plexes of the type Fe(cdtH),X, with iron(II1) chlor- 
ide and iron(II1) bromide was found to be quite 
stable. Although free 4_phenylpiperazine- 1 -carbo- 
dithioic acid is unstable, its zwitterionic com- 
plexes with iron(II1) chloride and iron(II1) bromide 
have been obtained by the following reaction :I5 

Fe(CPPipzcdt), + 3HX(aq) 

C6H6. Fe(CPPipzcdtH),X,. 

IR spectra 

The appearance of an additional broad band in 
the region 314&3650 cm-‘, ascribable to the N-H 
stretch, in the IR spectra of complexes having chlor- 
ides and bromides as counter-anions, and also in 
free 4-MPipzcdtH as compared to the normal iron 
and sodium carbodithioates, indicates the existence 
of 4-MPipzcdt and 4-PPipzcdt ligands as zwit- 
terions in these complexes and in free 4-MPipzcdtH. 

The v(bN) band in the normal and zwitterionic 
carbodithioates or iron(II1) has been observed at 
higher energies (1428-1485 cm-‘) compared to the 
free ligands (1410-1467 cm-‘).16 The positions of 
the antisymmetric v,(SCS) and symmetric v,(SCS), 

stretching modes of the vibrations of the >Ncs, 

group of carbodithioate ligands (at 942-1031 and 
90&973 cm- ‘, respectively) suggest a chelating 
bidentate mode of coordination to the metal ion.” 
The simultaneous appearance of two separate 
metal-sulphur stretching vibrational signals in the 
complexes (at 31&370 and 260-315 cm-‘, respec- 
tively) is in consonance with the thermal population 
in the two spin states (S = 5/2 and S = l/2), com- 
monly observed in iron(II1) dithiocarbamates.6 

Magnetic susceptibility studies 

The observed room-temperature magnetic mo- 
ment values (3.4-5.4 pB) for the iron(II1) carbo- 
dithioates under study are intermediate between 
high-spin (S = 5/2) and low-spin (S = l/2) values 
(5.92 and 2.0 pB, respectively), for octahedral 
iron(II1) dithiocarbamates. Variable-temperature 
(77-300 K) magnetic susceptibility behaviour for 
these complexes [Fig. l(a) and (b)] indicates anom- 
alous decreases in magnetic moments as the tem- 
perature is lowered to 77 K. These observations 
suggest that spin-free (S = 5/2) and spin-paired 
(S = l/2) isomers exist in equilibrium with each 
other.i8 At low temperatures, in some of the com- 
plexes [see Fig. l(a)], the effective Bohr magneton 
number tends towards a value of 2.0 which is 
characteristic of a t$ electronic configuration for 
the S = l/2 (‘T,,) spin state. However, it is noticed 
that in no case is the peff value below the spin-only 
value of 1.73 which is expected for an exchange 
coupled antiferromagnetic system, even at the 
lowest temperatures studied. Although, based 
on the general curvature of the peff vs T plots, a 
lower limit approaching this value does not seem 
unattainable. For zwitterionic iron(II1) carbodi- 
thioates and the tris(2_methylpiperazine- 1,4-di- 
carbodithioato)diiron(III) complex, the low tem- 
perature limit of magnetic moments is higher than 
that of the normal iron(II1) carbodithioates (e.g. 
for Fe(CMPipzcdtH),Cl,, Fe(CMPipzcdtH),Br,, 
Fe(CPPipzcdtH),Br, and Fe2{2-MPipz(cdt)2}3 
complexes it is 2.84 (77 K), 3.03 (94 K), 4.72 (89 K) 
and 2.73 (77 K), respectively). In view of the two 
distinct, high-spin and low-spin state, IR spectral 
signals (see IR spectra), the higher peff values at low 
temperatures in these complexes are not indicative 
of the presence of mixed-spin species of “variable 
character” ; ‘9*20 nor are these pL,R values, because of 
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Fig. 1. (a) Variation of molar magnetic susceptibility and effective Bohr magneton numbers of 
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the ground intermediate-spin state (S = 3/2) 
as suggested by Butcher and Sinn for iron(II1) di- 
thiocarbamates,” since this spin state is not per- 
mitted by the ligand field theory for octahedral 
geometry. *J* These pefl values may result from the 
crystal packing effects in these complexes being 
of a different type to those in other iron(II1) 
carbodithioates, due to the proton-chloride 
or proton-bromide interactions present in the 
zwitterionic complexes and the different stoichio- 
metry in Fe2{2-MPipz(cdt)2)3. These differences 
may sterically hinder the achievement of the pure 
low-spin geometry in these complexes at low tem- 
peratures. It is, therefore, suggested that all these 
iron(II1) carbodithioates under study belong 
to the type of the usual (phase I/phase II) sample 
of Fe(Morphcdt), * CH2C1223 and exhibit the 
doublet-sextet spin equilibrium. 

Taking the room temperature values 5.92 and 2.24 
for ,&S and pLs, ITSpeCtiVely, the pCrCCntageS Of 
high-spin isomers (HS) in the normal complexes, 
Fe(cdt),, with parent secondary amines 1-MPipz, 
Pipd, ThiM, 2-MPipz and 1-PPipz, are 22.47,28.63, 
28.63, 32.91 and 49.53, respectively, while for 
iron(II1) complexes with zwitterionic carbodithio- 
ates-Fe(4-MpipzcdtH)Q, Fe(4_MpipzcdtH), Br, 
and Fe(4_PPipzcdtH),Br,-these are 43.72, 67.38 
and 80.40, respectively. A higher percentage 
of the low-spin form (LS) at room temperature 
for the normal Fe(cdt), complexes with I-MPipz 
and 1-PPipz as the parent secondary amines as 
compared to the respective zwitterionic iron(II1) 
complexes, suggests that the normal 4-methyl- 
piperazine-1-carbodithioate and 4-phenylpiper- 
azine- 1 -carbodithioate ligands have a higher ligand 
field strength than 
dithioate ligands. 

their zwitterionic carbo- 

Mhsbauer spectra 

Room-temperature and liquid nitrogen-tem- 
perature Miissbauer spectral measurements on 

three of the iron(II1) carbodithioates, viz. Fe(4- 
Mpipzcdt),, Fe(Pipdcdt), and Fe(4-MPipzcdtIQCl,, 
were made. The Miissbauer parameters, isomer 
shift 6, quadrupole splitting AE, and the line 
width z (width at half maximum), are listed in 
Table 1. These complexes display only one signal 
(one Miissbauer doublet) at room temperature 
as well as at liquid nitrogen temperatures in their 
computerized Miissbauer spectra. (Figure 2 shows 
the Mijssbauer spectra for Fe(4-MPipzcdt)3 and 
Fe(4-MPipzcdtH),Cl, complexes.) The appear- 
ance of only one doublet and not a doublet of 
doublets has been explained on the basis of the 
existence of a rapid dynamic spin-interconversion 
between 6A,g and ‘T% states.24 The Mijssbauer 
spectra offer no direct support for the existence 
of the *T 2gz$6ALg spin equilibrium in iron(II1) 
dithiocarbamates which is invoked to explain the 
anomalous temperature dependence of the magnetic 
moments. Although the absence of excessive signal 
broadening or of six-line magnetic hyperfine spectra 
at low temperatures for the lower moment Fe(4- 
MPipzcdt), and Fe(Pipdcdt), complexes indicates 
that anti-ferromagnetism does not contribute to the 
observed anomalous magnetic behaviour of these 
Fe(cdt), complexes.24 

The general trend of the linear decline of the 
room-temperature isomer shift with the decreasing 
value of the solid state magnetic moment for six- 
coordinate iron(II1) dithiocarbamates25,26 is not 
uniformly observed by the three complexes 
investigated here by Miissbauer spectroscopy : 
d298 Fe@-MPipzcdt), (& = 3.4) c 8298 Fe(Pipdcdt), 
(&r = 3.69) > b29s Fe(CMPipzcdtH),Cl, (& = 
4.37). This indicates that whereas the overall co- 
valence, which is generally considered to increase 
the amount of low-spin species, is larger for Fe(4- 
MPipzcdt), and Fe(Pipdcdt),, the effective s-elec- 
tron density at the iron nucleus, which determines 
the isomer shift, is higher for Fe(4-MPipzcdtH),Cl,. 
This is understandable in terms of the following 
arguments. Since the overall covalence is largely 

Table 1. Isomer shifts 6” (mm s-l), quadrupole splitting BE, (mm SK’) and widths at half maximum 
z (mm s-l) for “Fe in iron(II1) complexes 

Sr. No. Compound 6 AEQ z 

(1) Fe(4_MPipzcdt), 0.39 (298 K) 0.32 (298 K) 0.38 (298 K) 
0.47 (77 K) 0.70 (77 K) 0.38 (77 K) 

(2) Fe(Pipdcdt), 0.42 (298 K) 0.23 (298 K) 0.35 (298 K) 
0.48 (77 K) 0.73 (77 K) 0.27 (77 K) 

(3) Fe(CMPipzcdtH)&l, 0.39 (298 K) 0.60 (298 K) 0.49 (298 K) 
0.49 (77 K) 0.80 (77 K) 0.50 (77 K) 

a 6 values are with respect to the iron metal as the standard. 
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(c) At 298 K. (d) At 77 K. 

determined by the stronger (~r_.~ and not by the 
relatively weaker rrnM _ L, and the effective s-electron 
density at the metal nucleus is increased mainly 
by the z~+~, the zwitterionic complex must have 
smaller oL _ M (sulphur + iron cr donation), and 
larger Q+~ (iron + sulphur rc-back donation). 
These relative values of oL_M (lower) and xM+r 
(greater) are indeed expected on account of the 
positive charge on the nitrogen of the NCH3 group 
in the zwitterionic complex. At liquid nitrogen tem- 
peratures, the measured energy shift a,,,,,, (&,,,, 

= 61+&on, 6, = isomer shift and ason = energy 
shift due to the second-order Doppler effect) 
increases (by 0.06, 0.08 and 0.1 mm s-l) with 
increasing low-spin state population (inferred from 
the decrease in pLeff value), for all the three 
complexes. This observation is to some extent in 
agreement with previous studies on iron(II1) dithi- 
ocarbamates.24p27 

The room-temperature quadrupole splitting 
(Table 1) for the variable-spin iron(II1) carbo- 
dithioates under study, appears to parallel an 
increase in the low-spin ‘T, isomer population. The 
complex Fe(CMPipzcdtH),Cl, is an exception, for 
which the quadrupole splitting is quite large even 
though it has a lower low-spin isomer population. 
In this complex, the greater quadrupole splitting 
may be attributed to an additional electric field 
gradient produced at the iron atom, due to the 
lowering of the symmetry on account of different 
types of lattice effects arising from the ligands being 
in the zwitterionic form. At liquid nitrogen tem- 

perature the observed increase in the quadrupole 
splitting values for the three iron(II1) car- 
bodithioates is consistent with the values reported 
in the literature for iron(II1) dithiocarbamates,27.‘X 
observing the high spin Z$ low spin equilibrium. 
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Abstract-Formation of the chloro complexes of manganese(II), cobalt(II), nickel(II), 
copper(I1) and zinc@) in DMSO has been studied potentiometrically at 25°C. The con- 
centration stability constants for the ionic strength of 0.1 mol kg-’ are derived and discussed. 
The stability of the divalent transition metal cations towards the chloride anion follows the 
sequence Mn > Co > Ni << Cu > Zn disobeying the Irving-Williams series. 

It has been shown recently that the stability con- 
stants of the monohalide complexes of divalent 
transition metal cations in non-aqueous solvents as 
well as in water follow the sequence’-4 

MnX+ > CoX+ > Nix+ < CuX+ > ZnX+ 

which is distinctly opposite to the well-known 
Irving-Williams series.’ The sequence seems to be 
characteristic of the monohalide complexes, while 
the Irving-Williams series is valid for the complexes 
involving the 0- and N-donor ligands only. 

In a previous paper from our laboratory we 
described a new method of accomplishing the con- 
stant ionic strength medium concept in the poten- 
tiometric study of complex formation and stability 
constants of monobromo complexes in N,N-di- 
methylacetamide were reported.6 It is the purpose 
of this paper to study the monochloro complexes 
of the divalent transition metal cations in DMSO. 

EXPERIMENTAL 

Dimethylsulphoxide was dried over calcium 
hydride and then distilled under reduced pressure. 
Specific conductance of the purified solvent was 
2.0-8.0 x 1O-8 S cm-‘. 

The DMSO-solvated metal perchlorates were 
obtained from the corresponding hydl;ates by dis- 
solving them in anhydrous DMSO, followed by 
removing any excess of solvent and water under 
reduced pressure at ca 70°C. The crystalline solids 

*Author to whom correspondence should be addressed. 

were isolated and recrystallized twice from anhy- 
drous DMSO. The &al products were used to 
prepare the stock solutions. The latter were stan- 
dardized by titration with EDTA. 

Tetraethylarnmonium chloride was recrystal- 
lized three times from anhydrous acetonitrile and 
dried at 80°C in vacua. 

The Ag 1 AgCl 1 Cl electrodes were made by coating 
silver and silver chloride on platinum wire.7 The 
potential difference for a pair of electrodes in water 
was smaller than 0.01 mV (V-540 MERATRONIK 
V-meter was used). 

The half-cell solutions were equilibrated with 
solid AgCl over 24 h before measurements were 
taken, in order to avoid a dissolution of AgCl on 
the surface of the AglAgCl electrode. 

The design of the cell eliminated contact of the 
half-cell solutions with the atmosphere and also 
ensured mutual mixing. The preparations of the 
solutions and further manipulations were per- 
formed in a dry-box. 

RESULTS AND DISCUSSION 

The method applied in the present work consists 
of the study of the concentration cell 

AglAgX (s)lN(ClO& (m), Et4NX (mJii 

M(Cl% (m), %NX (mJlAgX (s)lAg (1) 

where M(C104)2 and N(C104)2 are the divalent tran- 
sition metal perchlorates and X denotes a halide or 
pseudohalide anion. 

2473 
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As shown, the cell consists of two almost identical 
half-cells, differing only in the cation nature of the 
salt forming ionic medium. Due to the fact that the 
transference numbers of the C104 anion are almost 
the same, the liquid junction potential may be 
neglected. 

The essential assumption underlying the applied 
method consists of the fact that the divalent tran- 
sition metal perchlorates behave as effective con- 
stant ionic media, i.e. their activity coefficients may 
be expected to be independent of the nature of the 
cation.‘,’ It is obvious that the same conclusion is 
valid for the activity coefficients of the X- anion. 
Thus, the electromotive force of the cell is deter- 
mined directly by the ratio of “free” anion con- 
centrations, XN and XM, i.e. is given by the equation 

E=Fln$. (2) 
M 

Assuming that in the half-cell solutions only the 
monohalide complexes are formed the following 
system for the equilibria is valid for each of the half- 
cell solutions 

Ag+X- =AgX(s)+e- (3) 

AgX(s)+X-=AgXr (4) 

M’++X-$MX+. (5) 

From the equations arising from the material 
balances for the half-cell solutions, the equations 
defming the stability constants of the MX+ and 
NX+ complexes and the formation constants of the 
AgX; complex, the expression follows 

E = El, 1 +&+Q?‘[Mz+l 
F 1 +K2+Qf([N2+l 

(6) 

where Qy and Qf” are the equilibrium concentration 
quotients related to the stability constants of the 
MX+ and NX+ complexes, i.e. the medium or con- 
centration stability constants. K2 is the concen- 
tration quotient corresponding to the formation 
of the AgX; complex, and [M”] and [N2’] are the 
equilibrium concentrations of the uncomplexed 
metal cations. 

When the concentrations of the metal per- 
chlorates are much higher than the concentration of 
Et,NX, m >> ml, the equilibrium concentration of 
free metal cations [M2’] and lN2+] may be approxi- 
mated by the total metal perchlorate concen- 
trations, provided that the association with the 
ClO; anion is negligible. The latter seems to be a 
sufficiently good approximation for the divalent 
transition metal perchlorates in DMSO and DMA 
solution, as may be inferred from the association 
constants.8*9 Thus, eq. (7) follows 

E=Elnl+K,+Q?m 
F l+K,+Q?m’ 

As is seen, the electromotive force of the cell 
[eq. (l)] may be expected to be independent of the 
Et4NX concentration and therefore could be deter- 
mined by the total metal perchlorates concentration 
and the values of the concentration stability con- 
stants, Qy and Qy only. 

The results obtained for the M(ClO&-Et,NBr- 
DMA (M = Mn, Co, Ni, Cu, Zn) system provided 
good experimental evidence for the validity of the 
assumption presented above.6 The electromotive 
force of the cells was within the experimental error 
independent of Et4NBr concentration, and the 
data obtained were intrepreted in terms of con- 
centration stability constants. 

In the present paper we report the results 
obtained for the M(C103,-Et,NCl-DMSO system 
for the following pairs of metal perchlorates : Mn- 
Co, Co-Ni, Cu-Zn, Ni-Zn, CoZn, Ni-Cu and 
Co--&. Moreover, the cells containing Mg(C10.J2 
in one of the half-cells were studied, the measure- 
ments being performed for Mn-Mg and Co-Mg 
pairs only, The latter systems were studied in order 
to obtain the absolute values of the respective con- 
centration stability constants. Due to the fact that 
the Mg?+ cation may be considered as a coor- 
dinatively non-active ion the respective electro- 
motive force equations take the following forms 

E = ~lnl+K,+Q~[M2+l 
F l+K, 

(8) 

and 

RT l+K,+Qym 
E=Fln 

l+K, ’ 
(9) 

The measurements were performed for a constant 
concentration of the metal perchlorates corre- 
sponding to Z = 0.10 (m = 0.0333 mol kg-‘) and 
for a number of different concentrations of Et,NCl 
not exceeding 0.0035 mol kg-‘. 

The results are presented in Table 1. The sign 
(+ or -) indicates a polarity of the Ag]AgCl]Cl- 
electrode for the respective half-cell. The positive 
sign indicates that the free chloride anion con- 
centration in the given half-cell solution is lower 
than in the second half-cell. As is seen, the sign of 
the Ag]AgCl]Cl- electrode immersed in the solu- 
tion of Co(C10J2 is positive when the second half- 
cell contains a solution of Mg(C10,). The signs 
of the electrodes are reversed for the Co-Zn cell. 
Further inspection of the electrode signs shows 
that the Ag]AgCl]Cl- electrode in the Ag]AgCl(Ni 
(C10J2 (m), Et,NCl half-cell is always negative. It 
indicates that the Ni2+ cation exhibits the poorest 
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Table 1. The electromotive force values for the con- 
centration cell (1) for I = 0.1 mol kg- ’ at 25°C 

.Cc-Mg Mn-Mg Co-Mn 
(+I (-) (+) (-) (-1 (+) 

ml EMF m, EMF m, EMF 

0.00063 7.7 0.00061 13.0 0.00061 5.3 
0.00080 7.4 0.00094 12.5 0.00094 5.2 
0.00110 7.1 0.00120 11.8 0.00120 4.9 
0.00140 6.7 0.00200 10.2 0.00200 4.6 
0.00173 6.2 0.00260 9.5 0.00260 4.8 

EMF 
CoNi Zn-Cu Zn-Ni 

ml (+) (-) (-1 (+I (+) (-1 

0.000588 2.6 7.5 70.5 
0.00115 2.0 12.0 74.0 
0.00177 2.1 21.0 78.0 
0.00228 1.8 27.5 80.0 
0.00280 1.4 31.0 82.0 
0.00347 1.0 - 86.0 

Zn-Co Ni-Cu 
ml (+I (-1 (-) (+I 

0.000588 67.5 78.0 
0.00115 71.0 87.5 
0.00177 75.0 98.0 
0.00228 77.0 107.5 
0.00280 81.6 114.0 
0.00347 85.5 - 

Units: m, (mol kg-‘), EMF (mv). 

CU-CO 
(+) (-) 

75.0 
85.0 
96.0 

105.0 
115.0 

ability for complex formation. Moreover, the 
following sequence of stability towards the chloride 
anion may be deduced from the electrode signs 

Mn’+ > Co’+ > Ni’+ << Cu’+ > Zn’+. 

Inspection of the data listed in Table 1 shows that 
the electromotive force of the cells depends on the 
EbNCl concentration. This indicates a failure of the 
assumptions which lead to eqs (7) and (9). Figure 1 
shows the almost linear variation of the electro- 
motive force with increasing concentration of 
Et,NCl for the Ni-Cu, Ni-Zn, and Ni-Co cells. 
The data presented are representative for all the 
systems studied. The electromotive force increases 
with increasing concentration of Et.,NCl when one 
of the half-cells contains Zn(ClO,), or Cu(ClO&. 
This is also observed for the Cu-Zn cell. For 
other cells, a slight decrease is always observed. 
Moreover, the electromotive forces of the Ni-Zn, 
Ni-Cu, Co-Zn and Co-Cu cells are markedly 
higher than those of the Mn-Co, Co-Ni, Co-Mg 
and Mn-Mg cells. 

Detailed numerical analysis of the equilibria 
system, eqs (3)-(5) leads to a conclusion that a 
decrease in the electromotive force may be expected 
for this model. However, the predicted slope is 
somewhat lower than the experimental values. This 
means that the model assuming formation of the 
monochloro complex is valid for the solutions con- 
taining perchlorates of manganese(H), cobalt(H), 
and nickel(I1) only. Although, eqs (6) or (S), with- 
out the assumption that [M*+] = m, describe the 
respective cells. 

a002 
m, /mol kg-’ 

Fig. 1. Dependence of electromotive force of the concentration cell (1) on Et, NC1 concentration (m,) 
at 25°C. 



2476 H. STRZELECKI and 

Further analysis of the system studied results in 
the conclusion that an increase in the electromotive 
force may be expected when formation of a dichloro 
complex is assumed, even at the lowest values of 
the Et,NCl/M(ClO& ratio, and (10) has been added 
to the model. 

M2++2X- =MX 2. (10) 

Thus, the concentration of the Cl- anion in the 
respective half-cell solution is determined by two 
concentration stability constants of the consecutive 
chloro complexes, Qy and Qy, only the first factor 
controls an electromotive force of the half-cell in 
which a monochloro complex only is formed. 

An analysis of the electromotive force values listed 
in Table 1 shows that the data exhibit mutual agree- 
ment. Thus, it is possible to evaluate them in terms 
of their respective concentration stability constants 
which are the parameters in eqs (6) and (8), and the 
respective equation arising from the addition of 
equilibrium (10) to equilibria (3x5). It is obvious 
that a value for a particular complex should be 
the same for different cells. Moreover, the stability 
constants are related to a given ionic strength, i.e. 
to I = 0.1 mol kg-‘, which is common for all the 
half-cell solutions. 

The numerical treatment was performed assum- 
ing the presence of one or two chloro complexes 
in the half-cells, in accordance with the observa- 
tions mentioned above. The calculations were 
performed using the literature data for the solubility 
product of AgCl and the instability constants of 
AgCl; in DMSO.” 

The resulting values of concentration stability 
constants are presented in Table 2. As is seen, 
copper(I1) and zinc(I1) exhibit higher stability for 
complex formation than manganese(II), cobalt(I1) 
and nickel(I1). The value for the dichloro complex 
of copper(I1) should be considered as an approxi- 
mation only. Its high uncertainty arises from a drift 
of the potential of the respective half-cell during the 
experiments. A similar effect was observed pre- 
viously for the analogous DMA system,6 and may 

Table 2. The concentration stability constants of the 
mono- and dichloro complexes of the divalent transition 

metal cations in DMSO at 25°C (I = 0.1 mol kg-‘) 

M2+ log Qf” log Qz” 

Mn2+ 2.83 (kO.05) - 

coz+ 2.60 (kO.05) - 

Ni2+ 2.45 (kO.04) - 

cu2+ - 10.5 (It1.0) 
Zn2+ 4.08 (kO.05) 9.8 (kO.1) 

W. GRZYBKOWSKI 

be related to the processes involving the reduction 
of the Cu” cation. However, the high value of 
Qp explains the electrolytic behaviour of copper@) 
chloride in DMSO solution reported by Lib& 
et al. ’ ’ The molar conductance of CuC12 decreases 
rapidly with increasing concentration of the solute, 
and amounts to ca 7.0 S cm* mall’ for the most 
concentrated solution (0.01 mol dme3), while the 
limiting molar conductance of the Cu(DMSO)z+ * 
2Cll complex electrolyte has a value of 88.8 S cm2 
mol- I. The pronounced ability of the Zn2+ cation 
for chloro complex formation is a consequence of its 
natural tendency to be in a tetrahedral environment. 
The dichloro complex of zinc(I1) is the most fav- 
oured species in DMSO solution while the mon- 
ochloro complex exists in a very narrow range. I2 
The values obtained for the CoCl+ and NiCl+ com- 
plexes compare well with those of 2.78 and 2.47 
reported by Libus on the basis of the spec- 
trophotometric and conductometric measure- 
ments. ’ ’ 

The data presented in this paper confirm a mono- 
tonic decrease in stability from manganese(I1) to 
nickel(I1) for the monochloro complexes of the 
divalent transition metal cations in DMSO sol- 
ution. Unfortunately, the extremely high stability 
of the dichloro complex of copper(H) makes deri- 
vation of the stability constants for the mono- 
chloro complex impossible. 
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Abstract-Interactions between ethylselenoglycollic, selenoglycollic and ethylene-bis- 
selenoglycollic acids and some “soft”, “borderline” and “hard” metallic ions have been 
studied. The interactions of [pdCl,]& with the three ligands were verified conductometri- 
tally and spectrophotometrically. The stability constants fi, and b2 for the system [PdC1412-- 
ethylene-bis-selenoglycollic acid have been determined at 25°C at ionic strength 3.0 M 
(NaCl). The stoichiometric ionization constant of the mentioned acid was also studied. 

In this paper we report the results of the systematic 
comparison of organic sulphur and selenium com- 
pounds concerning their use as analytical reagents. 

In a previous paper in this series,’ the behaviour 
of four thioglycollic acid derivatives was studied, 
using several analytical applications.2-4 

Taking into account the general purpose of 
this work, it was decided to extend the studies 
to three selenoglycollic acid derivatives : ethylsel- 
enoglycollic acid (L , = H,C2-Se-CH2COOH), 
selenodiglycollic acid (L2 = HOOC-CH,-Se+ 
CH,COOH) and ethylene-bis-selenoglycollic acid 
(L3 = HOOC-CH2-Se-CH2-CH2-Se-CH2 
-CooH). 

EXPERIMENTAL 

Apparatus 

Absorbance spectra were obtained with a Beck- 
man spectrophotometer model DBG, and a Zeiss 
spectrophotometer model DMR-10 coupled with a 
Fluke digital voltimeter model 820 A was used for 
absorbance measurements. All these were carried 
out in 1 .OO cm silica cells at 25 f 0S”C. 

For pH measurements, a Metrohm Herisau, 
model E 448 was used. Conductance measurements 

* Author to whom correspondence should be addressed. 

were obtained with a conductivity bridge model 
Metrohm Herisau E 382 and a conductivity cell 
model Metrohm Herisau EA 608 (0.76 cm-’ pla- 
tinized platinum, at 25+0.5”C). IR spectra were 
obtained on a Perkin-Elmer model 337. In the 
determination of the ionization constants of L3, an 
Orion Research model 80 1 -A digital potentiometer 
with combined glass and silver/silver chloride elec- 
trodes was used for pH measurements using hydro- 
chloric acid at 3.0 M (NaCl) ionic strength as a 
reference. ’ All measurements were made at 
25 f 0.5”C at 3.0 M (NaCl) ionic strength. 

Reagents 

Ethylselenoglycollic acid (L,). The ethyl- 
diselenide was prepared by the method of Backer 
and Van Dan,6 but using Na2Sez obtained in 
situ. 7 

The required acid was prepared by the following 
procedure. To 30 cm3 of ethanol, under a nitrogen 
stream, containing 21.6 g (0.1 mol) of ethyl- 
diselenide, 60 cm3 of an aqueous solution con- 
taining 12 g of NaOH and 9.4 g of NaBH, were 
carefully added. The solution was stirred until 
discolouration occurred. To this cooled solution, 60 
cm3 of aqueous solution of monochloroacetic acid 
(previously neutralized with Na2C03) was dropwise 
added. After leaving for 17 h, the solution was 
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acidified with H&SO4 (1 M at pH = 2), and 
extracted with ether over 6 h. 

The oily product after the elimination of ether 
yielded 28.5 g (85.4%). The IR spectrum, in CC14, 
agreed with the literature.8 The sodium salt was 
obtained by adding 20% NaOH solution to give 
pH 6.5, and then adding an excess of acetone (m.p. 
194195°C with decomposition; yield-92.5%). 
Found: C, 25.0; H, 3.9. Calc.: C, 25.4; H, 3.7%. 
The salt is hygroscopic. 

Selenodiglycollic acid (L,). The compound was 
obtained following the general method for the prep- 
aration of selenoethers proposed by Klayman7 
(m.p. 107-108°C; literature m.p. 109”C;9 yield 68%). 

IR data (KBr) ; vCOOH (3.00&2500 cm- ‘) ; vco 
(1.716 cm’); BCH, (1.441 cm-‘). 

The sodium salt was obtained in the same way 
as above (m.p. 300°C with decomposition ; yield 
95.5%). Found: C, 20.6; H, 1.7. Calc.: C, 19.9; H, 
1.7%. 

Ethylene-bis-selenoglycollic acid (L3). The acid 
was prepared by the method of Pitombo, 
Flumignan and Umemura,” the yield was 87% 
(m.p. 152-153°C; literature m.p. 153-154”C).” 

The sodium salt was prepared by the usual 
method (m.p. 300°C with decomposition ; yield 
98%). Found: C, 21.3; H, 2.3. Calc.: C, 20.7; H, 
2.3%. 

Standard L,, L2 and L3 sodium salts solutions. 
0.1 M solutions of Li, L2 and L3 sodium salts were 
prepared. They were standardized by passage 
through a resin column in the acid from (Amberlite 
IR- 120) and titration with standard sodium hydrox- 
ide solution. 

Standard palladium solution. This was prepared 
from palladium chloride (Riedel-de Haen AG 
Seelze-Hannover) to contain ca 1.20 mg/Pd(II) 
cm- 3 in 0.1 M hydrochloric acid. The solution 
was standardized gravimetrically with dimethyl- 
glyoxime. 

Solutions of diverse ions. Stock solutions con- 
taining ca 10 mg cm- 3 of the metallic ion were 
prepared from their chlorides or sulphates in water. 
To prevent hydrolysis, in some experiments 0.1 M 
hydrochloric or sulphuric acids were used. For lead, 
acetate was used. 

The sodium perchlorate solution for ionic 
strength control was standardized gravimetrically, 
by evaporating an aliquot in an oven, first at 80°C 
and later at 110°C until it reached constant weight. 
Standard sodium chloride solution was prepared by 
weighing the correct amount of NaCl. All inorganic 
chemicals used were of analytical grade. 

Isolation of Pd(L&. Solid NaCl was added 
(to adjust the ionic strength to 3.0 M) to a 50 cm3 
solution containing 0.363 g (3.4 mmol) of Pd(I1) 

at pH 1.0 (hydrochloric acid). To this solution, 
with continuous stirring, 69 cm3 of solution con- 
taining 2.44 g (7 mmol) of Na,(L,) was added. 
After 48 h in a refrigerator, the yellow crystals 
formed were filtered off, washed with cold water 
(yield-2.37 g, 94%; decomposed at 1588168°C). 
Found: C, 18.7; H, 2.53. Calc. for (HOOCCH2 
SeC,H,SeCH2COOH)2PdC12 : C, 18.3 ; H, 2.57%. 
This isolated compound showed a maximum in 
aqueous solution in the same spectral region as 
the 2 : 1 species. 

RESULTS AND DISCUSSION 

Preliminary studies-visual changes 

Due to the lack of information on the behaviour 
of the three mentioned ligands, visual changes were 
observed in acidic solutions (0.1 M) of some “soft”, 
“borderline” and “hard” Lewis acids. To one drop 
of these solutions (500 pg per drop) several drops 
of an aqueous solution, 2 x lo- * M of the sodium 
salt of reagents Lr, Lz or L3 were added. To verify 
the acidity dependence in these interactions, one 
drop of 70% perchloric acid was added before the 
addition of the ligand solution. 

The perceptible interactions are shown in Table 
1. No reactions were observed with any of the 
ligands with Zn(II), OS(W) and Rh(II1). 

More visual changes were observed with these 
three ligands in comparison with the corresponding 
sulphur derivatives.4 Interesting inversions were 
detected ; while the sulphur compounds form pre- 
cipitates with Hg(II), the selenium species do not; 
with regards to Ag(1) the reverse was observed (with 
Lr and L2). 

In order to obtain more information about the 
interactions of the three ligands and the metallic 
ions mentioned above, conductimetric titrations 
were carried out in “neutral” (salts aqueous solu- 
tions) and in acid solutions (within the compatible 
limits-[H+] = 4.0 x lo-* M ; [Me”+] = 1.0 x lop3 
M; [L”-] = 1.0x lo-* M; t = 25*0.5”C!). (See 
Table 2.) 

Although the conductimetric titrations give only 
preliminary data about complex formation and 
nothing with relation to chelation phenomena,14 
some considerations arise from the results obtained. 

In acid media for almost all “hard” and “bor- 
derline” metallic ions studied, the molar ratio 
(L : M) changed. During the titration in this medium, 
if it is assumed that the pH could vary within the 
range 2-3, the species present in the higher per- 
centages is probably monoprotonated for ligand L ,, 
and diprotonated for ligands L2 and L3.’ Therefore, 
under these conditions ligand L1 and L2 could act 
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Table 1. Visual changes with ligands L,, L, and LS” 

Metallic ion L1 
Ligand 

L* LX 

Fe(II1) 

Co(I1) 

Ni(I1) 

CuOI) 

Cd(I1) 

Pb(I1) 

Ag(I) 

Hg(II) 

Ru(II1) 

Ir(Iv) 

Pd(I1) 

Pt(Iv) 

F’t(IV)hv 

Au(II1) 

+ 
(H+) 0 

0 
(H+1 0 

0 
V-I+) 0 

+ 
WC) + 

0 
(H+) 0 

0 
(H+) 0 

++ 
(H+) ++ 

0 
@+I 0 

+ 
W+) 0 

+ 
OI’) + 

+ 
(H+) + 

+ 
(H+) + 

+ 
(H+1 + 

++ 
(H+1 ++ 

+ 
0 
+ 
0 
+ 
0 
+ 
+ 

++ 
0 

+++ 
0 

++ 
++ 
0 
0 

+ 
0 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

++ 
++ 

++ 
0 
0 
+ 
+ 
0 
+ 
+ 
0 
0 

++ 
0 

++ 
0 
0 

++ 
++ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

++ 
+ 

++ 
++ 

“@I+) acidity increased; (0) no change; (+) colour 
change ; (+ +) precipitation ; (+ + +) precipitate dis- 
solves in excess of ligand ; hv light from a photo-flood 
500 W bulb over a 10 min period (previously filtered by 
distilled water). 

as monodentate and L3 as bidentate. Further inves- 
tigations should be run to clarify these con- 
siderations. 

Taking into account the visual changes, the 
results again presented a promising selectivity with 
respect to Pd(I1) in an acid medium and undoubted 
interactions of Pt(IV) with the ligands appeared, 
although this kind of interaction is scarcely 
studied. ’ 5 Considering the precipitation as a signal, 
in acid medium ligands L, and L2 presented fairly 
good selectivity in respect to silver, and ligand L3 
in respect to mercury. 

Aiming at a better understanding of the behav- 
iour of the selenium donor atom in the com- 
plexation with Pd(I1) it was decided to study their 
interactions with L,, L2 and L3 and also determine 
the formal constants for the system Pd(II)/L, under 

the same conditions as the corresponding sulphur 
compound. l6 

INTERACTIONS OF Pa(H), L1, L2 AND Ls 

Reactions of Pd(I1) with sodium ethylselenogly- 
collate 

Conductimetric titrations in the aforementioned 
conditions, showed only the species with molar 
ratio 2 : 1 (L : M). 

The changes in the /J’dCl,]& absorption spectra 
were recorded, after suitable amounts of ligands 
(molar ratios L: M varied from 0 to 10) were 
added to 3.02 x IO- 5 M palladium solutions 
(pH = 1.5kO.l; t = 25+_0.5”C;I= 0.5M). Inthe 
molar ratio 1 : 1, the characteristic [pdCl&- 
maximum (278 nm) disappeared and for the molar 
ratio 2 : 1, a well defined maximum at 280 nm 
appeared and remained constant until the ratio 
reached 10 : 1. The absorbance values also became 
constant above a 3 : 1 ratio, see Fig. 1. 

The molar ratio method applied to this system 
(225, 263, 280 and 285 run; [pd”] = 3.02x lop5 
M;pH = 1.5+0.1;1= 0.5M;t = 25*0.5”C)pro- 
vided evidence for 1: 1, 2 : 1 and 3 : 1 composition 
of the three complexes. The 1: 1 and 2 : 1 species are 
quite well defined using all the wavelengths men- 
tioned, and the 3 : 1 species also appeared clearly at 
263,280 and 285 nm. 

Reactions of Pd(I1) with sodium selenodiglycollate 

Using conductimetric titrations, under similar 
conditions as mentioned above, two species (1: 1 
and 2 : 1) were found. 

Following similar molar ratio variations in the 
same experimental conditions as above, the 1: 1 
ratio eliminated the [PdCl& maximum, and 
above the ratios 5 : 1 to 10 : 1, a defined maximum 
with constant absorbance values was observed at 
275 nm, see Fig. 2. 

Molar ratios (L : M) ranging from 0 : 1 to 5 : 1 at 
225, 263, 278 and 285 nm, under the same 
conditions, indicated the existence of 1: 1 and 2 : 1 
complexes. 

Reactions of Pd(I1) with sodium ethylene-bis-seleno- 
glycollate 

Two species 1: 1 and 2 : 1 were found using con- 
ductometric titrations under the same conditions. 
The spectral changes were recorded (similar exper- 
imental conditions), and with equimolar amounts 
of ligand and metal, two maxima at 270 and 395 
nm appeared. The 395 nm band disappeared and 
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Table 2. Ligand-metal molar ratios obtained from conductimetry titration” 

Metallic L, L, LS L, 
ions Neutral Acid Neutral Acid Neutral Acid Lit. values (ref.) 

Fe(II1) 
Co(I1) 
Ni(I1) 

(WI) 
Zn(I1) 

(XII) 
Pb(I1) 

Ag(I) 
Hg(II) 
Ru(II1) 

WV) 
Rh(II1) 

PHIV) 

WWhv 
Au(II1) 

0 312 
1:1,2:1 2:l 

1:l 1:l 
1:1,2:1 1:1,2:1 
1:1,2:1 2:l 

I:1 + 
1:l + 

1:1,2:1 + 
0 2:l 
0 1:1,2:1 

0 + 
0 1:1,2:1 
0 1:1,2:1 

0 1:1,2:1 
0 1:l 

0 1:1,2:1 0 
+ 1:1,2:1 1:l 

1:l 1:1,2:1 1:l 
1:1,2:1 2:l 1:l 

+ 2:l 2:l 
+ + 1:l 

1:l 3:2 1:1 
1:2 + 1:1,2:1 

0 1:1,2:1 0 
0 1:2,1:1 0 

2:l 
0 1:l 0 
0 1:l 0 
0 1:1,2:1 0 

0 1:1,2:1 0 
0 1:1,2:1 0 

1:1,2:1 
2:l 1:l 

1:1,2:1 1:1,2:1 
1:l 1:1,2:1 

1:1,2:1 1:l 
2:l 1:l 

+ 1:l 
+ 1:1,2:1 

1:l 
1:l 

1:l 
1:l 

1:1,2:1 
3:2 
1:1,2:1 

2:l 

(12) 
(12) 
(12) 
(12) 
(12) 
(12) 
(13) 

’ (0) difficult to perform in neutral medium; (+) no inflections were detected in the plots. hv, same light 
source as previously mentioned. 

the 270 nm maximum was shifted to 310 nm when 
the ligand to metal ratios were increased, and 
absorbance values became constant from L: M 
ratiosof3:l to 1O:l. 

The compositions of the complexes were con- 
firmed by the molar ratio method at 265, 270, 310 
and 320 nm in similar conditions as above (see 
Fig. 3). 

Ligand 1 with respect to Pd(II), in acid medium 
probably acts as monodentate forming the species 
pdCl,L,]& [PdC1,(L,)J” and pdCl(L,),]& ; ligand 
2 also behaves as monodentate and similarly to all 
thioethers. Ligand 3 behaves as bidentate identical 
to the sulphur analogues,16 forming [PdCl,(L,)]& 
and [Pd(L&lZl. 

The bathochromic trend proposed’ 7 for selenium 
palladium complexes was confirmed. While ethyl- 
thioglycollic and thiodiglycollic complexes did 
not present definite maxima within 250-300 nm,’ 
the corresponding selenium compounds showed 
respective maxima at 280 and 275 nm. A similar 
shift was detected in ligand 3; the sulphur com- 
pound presented a maximum at 290 mnl and sel- 
enium complexes at 3 10 nm. 

L3 stoichiometric ionization constants 

Following the method proposed by Speakman, ’ * 
a set of eight solutions was prepared containing L3 
at an analytical concentration of 4.00 x lo- 3 M and 
ionic strength 3 M (NaCl). By using correct 0.101 

M NaOH volume additions the CNaOH value ranged 
from 2.02 to 6.06 x lo- 3 M corresponding to 25- 
76% of hydrogenic ionic concentration. The final 
volume was 10.00 cm . 3 I8 Before each pH measure- 
ment at 25 f0.5”C, Nz was bubbled through the 
solution for 10 min. The pH values ranged from 
3.56 to 4.46 (formal pH). 

The stoichiometric constants were found by solv- 
ing the proposed equation, l8 and the linear fit (after 
least-squares treatments) between x and y values 
was checked. 

K, = 2.20 x 1O-4 M (pK, = 3.61) 

Kz = 5.68 x lo- 5 M (pK, = 4.24). 

It is interesting to note that both pK, and pK, 
of ethylene-bis-thioglycollic (pK, = 3.46 ; pK, = 
4.10 ; I = 2 M)” and ethylene-bis-selenoglycollic 
acids increase. Regarding the hetero atoms, 
Suzuki ’ ’ suggested that this order agrees with 
the decreasing electronegativity and the increas- 
ing size of the 0, S and Se atoms. Sandell” also 
reported that some alkoxyacetic acids are stronger 
than the corresponding alkylthio derivatives. 
It seems that these two factors affect the acid 
strength of these acids. 

On the basis of these values, calculations of ao, 
a, and a2 and plotting the relative amounts of the 
species at different pH values indicate that, in the 
pH range l-2 the predominant form present is the 
diprotonated one and at pH 6 the predominant 
form is the ligand as a free anion. 
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Fig. 1. Absorption spectra for Pd(II)/L, system. Values for Cwcrrj and CL;, respectively : (A) 
3.02 x lo-’ M, no value; (B) 3.02 x 10m5 M, 3.01 x 10m5 M; (C) 3.02 x lo-’ M, 6.03 x 10m5 M; (D) 
3.02x lo--’ M, 9.04x 1O-5 M; (E) 3.02x lo-’ M, 1.54x 1O-4 M; (F) 3.02x lo-* M, 3.01 x 1O-4 
M; (G) no value, 3.01 x 10m4 M. I= 0.5 M (NaClO,), t = 25+0.5”C. Optical path = 1.00 cm, 

pH = 1.5 + 0.1. Measurements against respective reagent blank. 

Determination of Pd(II)/L, system constants 

Taking into account the data reported before, the 
formations of the two species could be represented 

by 

[PdCLal:; + Lx, t- +PdCl,L,]&+2Cl, (1) 

[PdCl&- + 2Lsa& [Pd(L,)&; +4C1,. (2) 

To assure only the existence of [pdCl,]$+ high 
chloride concentrations and pH 1 are necessary.2’*22 

As pointed out before at this pH the ligand is 
present as the diprotonated acid. 

Thus in equilibrium (I), one L3 should replace 
two chloride ions forming a mixed complex (1: 1 
species) ; probably the ligand will act as bidentate, 
bonding the metal to the two selenium atoms (five- 
membered ring). In equilibrium (2), four chloride 
ions should be replaced by two ligands resulting in 
the 2: 1 species. 

On the basis of the previous data obtained, it 
seems that the corresponding solution methods23*24 
will give the more consistent values of A and [L] to 
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Fig_ 2. Absor@ion spectra for Pd(II)/L2 system. Values for Cm, and C,i-, respectively: (A) 
3.02 x 10-’ M, no value; (B) 3.02 x IO-’ M, 3.02 x 10e5 M; (C) 3.02 x 10m5 M, 6.04 x lo-’ M; (D) 
3.02x lo-’ M, 9.05x W-’ M; (E) 3.02x lo-’ M, 1.51 x 1O-4 M; (F) 3.02x 1O-5 M, 3.02x 1O-4 
M; (G) no value, 3.02 x 10e4 M. I= 0.5 M (NaC104), t = 25fOS”C. Optical path = 1.00 cm, 

pH = 1.5 + 0.1. Measurements against respective reagent blank. 

be used in the calculation of constants. The great 
disc~~ation between the absorbance valu& of 
the metal solutions and the complex solutions, 
indicated that wavelengths of 300, 310 and 
320 nm should be used for the meas~ments. 

Three sets of nine solutions in 10.0 cm3 volu- 
metric flasks were prepared. In each set, the pal- 
ladium concentration was maintained constant and 

the ligand concentration ranged within the correct 
limits. Table 3 presents the absorbance values 
obtained and the respective calculated molar 
absorptivities. 

The three curves (q’Ct,3 obtained were adjusted 
using the “curve fitting” pr~cedure.~~ This pro- 
cedure aims to decrease the graphical errors of the 
C, values taken from the curves. Thus, for this 
curve, CL values were estimated for the pi chosen in 
the fitted curve. 

On the basis of Ch, CE and CE* values and the 
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Fig. 3. Absorption spectra for Pd(II)/L, system. Values for C,, and C,l-, respectively: (A) 
3.02 x lo-’ M, no value; (B) 3.02 x lo-’ M, 3.02 x 10m5 M; (C) 3.02 x 10e5 M, 6.04 x lo-’ M; (D) 
3.02x lO-5 M, 9.05x lO-5 M; (E) 3.02x lO-5 M, 1.51 x lO-4 M; (F) 3.02x lO-5 M, 3.02x 1O-4 
M; (G) no value, 3.02x 10m4 M. Z= 0.5 M (NaCl), t = 25+OS”C. Optical path = 1.00 cm, 

pH = 1.5 + 0.1. Measurements against respective reagent blank. 

Table 3. Absorbance and molar absorptivities of the [pdC14]*-/L3 system. Z= 3.0 M (NaCl), 
pH = 1.0, t = (25.0+0.5)“C, 1 = 300 nm, C,,, = [PdCl,]‘- concentrations, C,, = ligand concen- 

trations, E = molar absorptivity 

C:=3.02~lO-~M C$ = 3.42 x lO-5 M Cg=4.02~lO-~M 
Solutions C,,X~O-~M ~~10~ C,,X~O-~M ~~10~ C,,X~O-~M ~~10~ 

0.00 4.64 0.00 4.56 0.00 4.55 
1.61 5.89 1.61 5.76 1.61 5.60 
3.02 7.62 3.02 7.05 3.02 6.75 
4.02 9.11 4.02 8.30 4.02 7.71 
5.03 10.2 5.03 9.59 5.03 9.99 
6.04 11.3 6.04 10.6 6.04 9.93 
7.44 12.3 7.44 11.8 7.44 11.2 
9.05 13.6 9.05 12.9 9.05 12.3 

10.7 14.2 10.7 14.0 10.7 13.4 
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corresponding C& Cc’ and Czf’, linear regression 
was applied and using the general equation 
C, = K, + [L], experimentals fi (&,) and 
[L3]([L&& were obtained. 

Fronaeus26 suggested an equation that trans- 
forms the experimental ff into the Leaden function 
(F,,(x))*~ by an integration process. To ensure a 
significant contribution of the first species (fi c 0.5), 
the integration started using a small ligand con- 
centration. In such conditions the equation 

provides the smaller (Fo(X)J. From log Fo(X)i small 
increments of A and [L3] generated the respective 
A log FO(x). Considering the area beneath the curve 
as the sum of small triangles and rectangles for the 
mentioned increments, this area was calculated on 
a programmable calculator as 

logFrJ(x) = f(~z-~l)(log[L,l,-log[L,l,) 

As the integration curve process successively 
requires a greater number of ff and [L3] values, this 
was achieved by the normalization of the curve 
fi/[Lg]. The experimental curve obtained was nor- 
malized through the least-squares method following 
the procedure reported by Neves,** and using a 
programmable calculator to solve the matrix 
(second approximation). (See Fig. 4.) 

The A and [L3] normalized values obtained (ri,,, 
and [LJ,,_) allowed the integration process to be 
used. These values presented as the calculated F,(x) 
and I;,(x) values are shown in Table 4. 

The &(x) and t;,(x) data were plotted versus [LJ. 
The F,(x) subsidiary functions (F,(x) = j3, +&L3) 
showed a linear relation with [LJ, in the range 2.0- 
1.9 x 10e7 M, and by applying the linear regression 
to this (r2 = 0.998) fil and B2 values were generated. 
The same procedure was performed at 310 and 320 
nm. 

The j?, and fi2 values were also determined at 300, 
310 and 320 nm using the Rossotti equation29 and 
the Irving and Rossotti criteria for fi values.30 

@.-+j=~1+ 
(2-fi)[L,] B 

(l-ii) *. 

The convenient3’ fi and [L3] values (Table 4) were 
applied to the above equation and via linear 
regression application to the values obtained 
(I’ = 0.998) the desired values of B, and p2 
were found. The values found are summarized in 
Table 5. 

These equilibrium constants do not include 
exponential terms for the chloride contribution, as 

and E. FLUMIGNAN 

Table 4. Normalized ii and [L,] values and F,,(x) and 
F,(x) calculated, I = 300 nm 

mmm ri,,nn FoC-9 F,(x) 

5.00 x lo- * 0.106 1.12 
7.00 x 10-g 0.137 1.17 
1.00 x 10-7 0.184 1.23 
1.25 x 10-7 0.221 1.29 
1.50 x 10-7 0.257 1.35 
2.00 x 10-7 0.327 1.47 
2.50 x 1O-7 0.394 1.54 
3.00 x 1o-7 0.456 1.72 
3.50 x 10-7 0.516 1.85 
4.00 x 10-7 0.572 1.99 
4.50 x 10-7 0.624 2.14 
5.00 x 10-7 0.674 2.29 
5.50 x 10-7 0.720 2.44 
6.00 x lo-’ 0.764 2.61 
6.50 x lo-’ 0.804 2.78 
7.00 x lo- 7 0.842 2.95 
7.50 x 10-7 0.877 3.13 
8.00 x lo-’ 0.910 3.32 
8.50 x lo-’ 0.940 3.51 
9.00 x 10-7 0.968 3.70 
9.50 x lo-’ 0.993 3.91 
1.00 x 10-6 1.02 4.11 
1.10 x 10-6 1.06 4.54 
1.20 x 10-6 1.09 4.99 
1.30 x 10-6 1.12 5.45 
1.40 x IO-6 1.14 5.32 
1.50 x 10-6 1.15 6.41 
1.60 x 1O-6 1.16 6.91 
1.70 x 10-6 1.17 7.41 
1.80 x 1O-6 1.18 7.43 
1.90 x 10-6 1.18 8.46 
2.00 x 10-6 1.19 8.99 
2.10 x 10-6 1.19 3.52 
2.20 x 10-6 1.19 10.1 
2.30 x lo- 6 1.20 10.6 
2.40 x lo- 6 1.21 11.2 
2.50 x 1O-6 1.22 11.7 

2.36 x lo6 
2.34 x lo6 
2.33 x lo6 
2.32 x lo6 
2.33 x lo6 
2.36 x IO6 
2.39 x 106 
2.43 x lo6 
2.48 x lo6 
2.52 x lo6 
2.57 x lo6 
2.63 x lo6 
2.68 x lo6 
2.73 x 10” 
2.79 x 106 
2.84 x lo6 
2.90 x 106 
2.95 x 106 
3.01 x 106 
3.06 x lo6 
3.11 x 106 
3.22 x lo6 
3.32 x lo6 
3.42 x lo6 
3.52 x lo6 
3.61 x lo6 
3.69 x lo6 
3.77 x 106 
3.85 x lo6 
3.92 x lo6 
3.99 x 106 
4.06 x lo6 
4.12 x lo6 
4.18 x lo6 
4.24 x lo6 
4.30 x 106 

the ion concentration was kept constant (3 M) in 
all the measurements. 

The comparison of j.?, and f12 values is presented 
in Table 6. 

Ahrland3’ reported that in Ag(1) complexes, with 
ligands such as R-E-c6H4SO; (E = 0, S and 
Se) the first constant values follow the order 
S N Se >> 0. Pettit and coworkers9*32 also reported 
an extensive study on the Ag(1) interaction with 
organic ligands such as R-E---(CH2),-COOH 
and E(CH,),-COOH (E = 0, S, Se and Te) 
and concluded from the constant values that 
the stability order of the derivatives follows Te > 
Se > S >> 0. 
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Fig. 4. Formation curve for [PdCl,]‘-/L, system, 1= 300 nm. Normalized curve through second 
approximation matrix calculation. O-experimental points (ri,,, and [L]&. 

Table 5. /I, and /I2 values for the [PdCl,]*-IL3 system (I = 3.0 M ; pH = 1.0 ; t = 25°C) 

1 (nm) 

Method 1 (Leden) Method 2 (Rossotti and Rossotti) 

B1 82 B1 B2 

300 2.10 x lo6 M 9.89 x 10” M* 2.21 x lo6 M 1.04 x lo’* MZ 
310 2.04 x lo6 M 8.25 x 10” M* 2.01 x lo6 M 8.68 x 10” M* 
320 1.99 x lo6 M 8.75 x 10” M2 2.21 x 10” M 8.84 x 10” M* 

Average (2.04kO.06) x lo6 M (9.OkO.8) x 10” M* (2.1 kO.1) x lo6 M (9.3&0.9)x 10” M* 

Table 6 

B, WI) 2.04 x lo6 M 2.74 x 104M 
4.41 x 10’ M 2.68 x lo* M 

9.0~ 1011 M* 7.34 x lo6 M2 

The data presented in Table 6 show a similar 
trend which is in agreement with the statement that 
selenium is more “soft” than sulphu?2”.b and there- 
fore can form stronger bonds with the low-spin d* 
Pd(I1) ion. 

As Ag(1) (~2” ions) showed the same trend, a 
hypothesis could be formed from the results 
obtained: for the low-spin ds ions, Pd(II), Pt(I1) 
and Au(I1) and for the d’ O ions, Cu(I), Ag(I), Au(I) 
and Hg(II), the complexes formed with selenium as 
the donor atom will be stronger than the similar 
complex containing sulphnr. 
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Abstract-This paper concerns dimethylthallium @MT) complex equilibria with sulphur- 
containing amino acids, glycine also being considered as a reference for simple amino acids. 
Formation constants for DMT complexes with L-cysteine (Cys), Dr+enicillamine (Pen), N- 
acetyl+cysteine (Acy), N-acetyl-DL-penici&mine (Ape) and glycine (Gly) were determined 
under physiological conditions using glass electrode potentiometry. It is concluded that, as 
expected from the HSAB theory, the coordination of DMT by the carboxylate anion is 
insignii?cant. Binding of DMT to the amino and thiol groups involves logarithmic stability 
constants of 1.2 and 2.6, respectively. When these two groups are engaged in the same 
chelate ring, no additional effect is noted with respect to the sum of their individual 
contributions. 

Thallium is quite a toxic element which may dam- 
age a number of essential functions. ’ In this respect, 
acute accidental poisonings by thallium-containing 
rodenticides have been reported frequently to occur 
in many parts of the world.2 Attention has also been 
drawn to the potential health hazards that may 
result from the occurrence of this metal in the 
enviromnent.3 Thallium may be emitted as a by- 
product from various industrial sources such as 
smelters, coal mines, coal-fired power stations,4 or 
cement factories. 5 Its multifarious uses as a catalyst, 
in alloys, pigments, semiconductors, dyes, even in 
medicinal depilatory agents6 also represent many 
factors for it spreading in the environment. The 
mode of action of thallium compounds in vivo still 
remains unclear. However, it is generally accepted 

*On leave from the University of Santiago de Com- 
postela, Spain. 

t Author to whom correspondence should be addressed. 

that Tl+ substitutes for K+ in many physiological 
processes.’ 

Like mercury and lead, inorganic thallium can 
be biomethylated by anaerobic organisms in 
sediment. 7 Experimental information concerning 
its biological transformation is scarce, and the 
Me,Tl+ ion has been the only methylated species 
detected in vitro.’ Usually, the biomethylation step 
reduces the toxicity of heavy metals to the micro- 
organisms while increasing mammalian toxicity. 7 
Since Me2Tl+ is less toxic to bacteria than Tl+, it 
should logically be more toxic to mamma!s. ’ Actu- 
ally, dimethylthallium does afIect erythrocyte pro- 
duction in the bone marrow of mi~e,~ but this toxic 
effect occurs at a level above the LDso for the cor- 
responding inorganic salt, which suggests that the 
ability of Tl+ to substitute for K+ could be lost 
upon methylation. 

Up until now, the only detoxifying drug used 
in thallium poisoning is dithizone, in spite of its 

2487 



2488 M. GARCIA BUGARIN et al. 

important side-effects. 6,‘o Its lack of specificity is 
also an argument in favour of the research of 
new thallium sequestering agents. Pertinent speci- 
ation studies may be very helpful to meet this 
objective. 6, lo This is indeed the only technique likely 
to provide knowledge about the ability of various 
substances to selectively mobilize a given metal ion 
within the main biofluids.6,‘0 However, the devel- 
opment of appropriate simulation models requires 
that the formation constants of all the possible com- 
plexes involved in these biofluids have been prop- 
erly assessed beforehand. Reliable determinations 
of this kind usually necessitate long term inves- 
tigations, ’ ‘-I 3 and it is often advisable to start such 
investigations with constant estimates that can be 
temporarily used in preliminary models. 14i6 Cor- 
responding estimations may be based on chemical 
considerations involving known complex equilibria 
with simple ligands containing specific donor 
groups. 

Concerning thallium, available complex for- 
mation constants relative to Tl+ are rare” and only 
one reference to dimethylthallium could be found 
in the literature, concerning equilibria with dike- 
tones. I8 As a preliminary study, the present paper 
reports the potentiometric determination of for- 
mation constants for Me2Tlf complexes with a ser- 
ies of amino acids of the typical structures, namely 
L-cysteine (Cys), DL-penicillamine (Pen), N-acetyl- 
L-cysteine (Acy), N-acetyl-DL-penicillamine (Ape) 
and glycine (Gly), under physiological conditions. 
The dianionic forms of cysteine and penicillamine 
may a priori coordinate dimethylthallium via their 
-COO-, -NH2 or -S donor groups. In 
contrast, binding to the NH2 donor group is 
blocked by the acetyl function in their substituted 
derivatives. In addition, glycine is used as a ref- 
erence for simple glycine-like amino acids. 

EXPERIMENTAL 

Reagents 

L-cysteine, N-acetyl-L-cysteine and DL-peni- 
cillamine were supplied by Ega-Chemie as bio- 
chemical grade products. N-acetyl-DL-peni- 
cillamine was purchased from Sigma Chemical 
Company and glycine was a biochemical Merck 
product. All these substances were potentio- 
metrically assayed and proved sufhciently reliable 
so that further purification was not needed. Corre- 
sponding stock solutions were stored in the dark 
under a nitrogen atmosphere. Nevertheless, they 
had to be frequently renewed, especially for sul- 
phur-containing ligands. 

Dimethylthallium chloride was obtained from its 

hydroxide using hydrochloric acid, I9 this hydroxide 
being itself obtained by reacting dimethylthallium 
iodide” with silver oxide in water. The stock solu- 
tion of dimethylthallium chloride was prepared with 
dilute BDH pro analysi hydrochloric acid so as to 
prevent the hydrolysis of the organometallic cation. 
The corresponding proton concentration was cal- 
culated from direct potentiometric measurements. 

Sodium hydroxide stock solutions were prepared 
by diluting the contents of BDH concentrated volu- 
metric solution vials with freshly boiled double- 
deionized water, which was saturated with purified 
nitrogen before use. These solutions were stored 
under a nitrogen atmosphere. They were sys- 
tematically checked and proved to be carbonate- 
free by appropriate Gran titrations” against Pro- 
labo R.P. pa potassium hydrogenphthalate. 

Pro analysi sodium chloride was purchased from 
Merck. High quality grade nitrogen was scrubbed 
through concentrated sodium hydroxide, pyro- 
gall01 and ionic background solutions at 37°C. 

Experimental conditions 

Sodium chloride (0.15 mol dm- ‘) was chosen as 
a background electrolyte to maintain the activity 
coefficients of the reactants constant and to ensure 
isotonic&y with the physiological medium. From 
the thermodynamic point of view, this salt may 
appear as far from ideal because of the potential 
interactions it implies between chloride and metal 
ions. However, its use may be considered as par- 
ticularly suitable for physiological applications. 
Indeed, the influence of the sodium chloride nat- 
urally contained in biological fluids is implicitly 
accounted for by the resulting formation constants, 
which makes them directly applicable to relevant 
computer simulation models. 

EMF variations in electrochemical cells of the 
following type 

G.E./ligand, Me2Tl+, 

NaCl 0.15 mol dm- 3//NaC1 (satd)/Hg2C12-Hg 

were monitored by means of a Coming Type 113 
digital mV-meter equipped with a Beckman glass 
electrode (Cat. No. S39301) and a Beckman satu- 
rated sodium chloride calomel electrode. These elec- 
trodes were fitted into an Ingold titration cell system 
thermostatted at 37 f 0.02”C by circulating water, 
in which a constant pressure of purified nitrogen 
was maintained by bubbling it into the solution. The 
electrode system was calibrated in the concentration 
scale as described elsewhere.” Under these con- 
ditions, the logarithm of the ionic product of water 
calculated with the help of the ESTA optimizerz3 
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was found to be equal to - 13.336, the electrode 
slope being equivalent to its theoretical value. 

Initial solutions containing the metal and ligand 
were made sufficiently acidic so that all the ligand 
donor groups were significantly protonated at the 
outset of each titration. Successive aliquots of stan- 
dard sodium hydroxide were delivered by a Radi- 
ometer ABU12 autoburette. Ligand : proton and 
metal : ligand ratios were varied to a large extent 
over the set of experiments performed for each 
system. For both ligand protonation and metal 
complex formation equilibria, data were recorded 
over the largest possible pH interval, although a 
number of experimental points were frequently dis- 
carded for the final stability constant calculations, 
especially within the range where the complexation 
observed was insignificant. Table 1 summarizes the 
experimental conditions used. 

Calculation procedures 

The two-fold approach involving both opti- 
mization and simulation steps22*24*25 was employed 
throughout. The ESTA23 and MINIQUADz6 pro- 
grams were used to refine the formation con- 
stants whose estimates were derived from the 
related protonation and formation curves. Initial 
sets of possible complexes were tested on the usual 
numerical criteria such as sums of squared residuals 
and R factors.26 However, the final discrimination 
among those sets which displayed similar numerical 
fits was based on graphical comparisons between 
experimental formation curves and their simulated 
homologues obtained from PSEUDOPLOT and 
ESTAz3 calculations. 

RESULTS 

Formation constants resulting from the final 
MINIQUAD analysis of protonation and metal 
complex equilibria are reported in Table 2. 

Protonation constants 

In general, the protonation constants determined 
in this work are in close agreement with pre- 
vious values referring to identical experimental 
conditions.28,29 They also compare well with other 
values relative to the same conditions of ionic 
strength and temperature, but in the presence of 
NaC104.zz,30 

Complex formation constants 

MezT1+-cysteine and Me2Tl+-penicillamine sys- 
tems. Except for a few points for which the average 

number of ligands bound to each metal ion p was 
found to be superior to two, the experimental for- 
mation curves of these two systems generally tended 
to a maximum value of about one, thus suggesting 
the predominance of a 1 : 1 metal-to-ligand ratio 
species. In addition, protonation curves drawn in 
the presence of the metal indicated that protonated 
species were likely to form with neutral to slightly 
basic pH values. Also, if the ability of sulphur to 
accept electrons from the metal by A bonding” is 
taken into account, polynuclear species should not 
be a priori excluded. 

For both systems, the ML and MLH complexes 
were found to be the main species present under the 
conditions described in Table 1. Among the other 
species tested, ML2 also proved to exist, its presence 
significantly improving the standard deviations of 
the first two complexes, and the Sand R parameters 
as well. Other sets of constants were found, includ- 
ing M2L and M2L3 and their protonated homo- 
logues, but all of the involved species were ruled 
out, either because their constants were made 
negative during refinement or because they gave 
unacceptable statistical errors. 

The “best” model was therefore considered to 
mainly consist of ML and MLH, with ML2 as a 
minor species. Figures 1 and 2 are shown as an 
example of the graphical comparisons developed in 
this study. 

Me2Tl+-N-acetylcysteine and Me2Tl+-N-acetyl- 
penicillamine systems. For these two systems, the 
average coordination number was always observed 
inferior to unity, whatever the metal-to-ligand ratio 
investigated. Moreover, the examination of the cor- 
responding protonation curves in the presence of 
the metal indicated that no protonated species was 
likely to be present. Accordingly, MLH constants 
turned out to be negative for both ligands. The M2L 
constant with Acy and the M2L2 one with Ape were 
also rejected by the optimization programmes. It 
may be worth mentioning that with Ape, the model 
formed by ML and M2L gave rise to smaller S and 
R values than ML alone, but this improvement 
was to a limited extent and the standard deviation 
affecting the ML constant was made worse. M2L 
was thus finally discarded. Taking into account 
other polynuclear species all the goodness-of-fit 
parameters systematically deteriorated. For both 
systems, ML was therefore selected as the only 
species definitely present in solution. 

Me,Tl+-glycine system. For this system, the pro- 
tonation curves obtained in the presence of the 
metal were found to be almost superimposable onto 
the reference curve, relative to the ligand alone, 
this being indicative of very poor complexation of 
Me,Tl+ with glycine. This observation was con- 
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Table 1. Summary of titration data used in formation constant calculations. Initial total 
concentrations of dimethylthallium (C,), amino acid (CL), hydrochloric acid (C,), pH” range 

investigated. All concentrations are expressed in mm01 dm- 3 

system C, CL C, pH range 

Proton-L-cysteine 

Proton-DL-penicillamine 

Proton-N-acetyl-ccysteine 

Proton-N-acetyl-DL-penicillamine 

Proton-glycine 

Me,Tl-L-cysteine 

Me,Tl+L-penicillamine 

Me,Tl-N-acetyl+cysteine 

Me,Tl-N-acetyl-Dqenicillamine 

Me,Tl-glycine 

2.00 
2.00 
2.50 
5.00 

10.00 
10.00 

2.00 
2.00 
2.50 
5.00 

10.00 
10.00 

2.00 
2.00 
2.50 
5.00 

10.00 
10.00 

2.00 
2.00 
2.50 
5.00 

10.00 
10.00 

5.00 
10.00 
10.00 
20.00 
10.00 

- 

4.98 
10.00 
10.00 
20.00 

4.98 
10.00 
10.00 
10.00 
20.00 

4.98 
10.00 
10.00 
20.00 

2.00 
5.00 
5.00 

10.00 
10.02 

4.98 
4.98 

10.00 
10.00 
10.00 

10.00 
4.98 
4.98 

10.00 
10.00 
4.98 

10.00 
4.98 
4.98 

10.00 
10.00 
4.98 

10.00 
4.98 
4.98 

10.00 
10.00 
4.98 

10.02 
5.02 
5.02 

10.02 
10.02 
5.02 

10.00 
20.00 
10.00 
20.00 
4.98 

10.08 2.08-l 1.47 
20.16 1.81-11.09 
25.16 1.69-10.96 
40.32 1.53-11.27 

10.08 2.08-l 1.03 
20.16 1.82-11.29 
20.16 1.81-11.54 
25.16 1.70-11.29 
40.32 1.54-11.48 

10.15 1.98-10.72 
20.29 1.67-10.85 
25.32 1.57-10.99 
20.51 1.66-11.07 

2.01 2.63-10.67 
5.02 2.27-10.06 

10.05 1.99-11.19 
10.05 1.99-11.33 
10.05 1.99-l 1.06 

5.04 2.5310.81 
10.05 2.16-10.66 
10.05 2.32-l 1.00 
10.05 2.32-10.72 
20.13 1.89-10.91 

20.56 1.80-11.08 
10.49 2.06-10.89 
10.59 2.06-10.77 
21.16 1.78-11.19 
22.17 1.75-10.72 
12.10 1.99-10.68 

20.56 1.80-11.69 
10.49 2.06-l 1.28 
10.59 2.06-l 1.26 
21.16 1.78-11.53 
22.17 1.76-11.18 
12.10 1.99-10.54 

10.53 1.95-10.59 
5.48 2.21-10.93 
5.58 2.20-10.84 

11.13 1.92-10.90 
12.14 1.87-10.74 
7.09 2.09-10.73 

10.45 1.98-11.23 
5.42 2.25-10.99 
5.52 2.2&l 1.02 

11.05 1.95-11.18 
12.06 1.91-11.10 
7.03 2.13-10.94 

11.05 2.26-10.98 
22.15 2.05-l 1.34 
12.06 2.20-l 1.38 
24.16 1.98-10.94 

7.05 2.35-10.82 

a See text. 
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Table 2. Formation constants obtained from these studies. The formula of the general complex is MqL$,. 
S = sum of the squared residuals ; R = R factor as de6ned in ref. 26 ; n = number of experimental observations 

taken into account in final calculations (see text) 

system P 4 r bzs f S R n 

Proton-Lcysteine 

Proton+L-penicillamine 

Proton-N-acetyl-DL-cysteine 

Proton-N-acetyl-DL-penicillamine 

Proton-glycine 

Mezl’-L-cysteine 

Me,Tl-pL-penicillamine 

Me,Tl-N-acetyl-L-cysteine 

Me,T%N-acetyl-DL-penicillamine 

Me,Tl-glycine 

1 0 1 
1 0 2 
1 0 3 

1 0 1 
1 0 2 
1 0 3 

1 0 1 
1 0 2 

1 0 1 
1 0 2 

1 0 1 
1 0 2 

1 1 0 
1 1 1 
2 1 0 

1 1 0 
1 1 1 
2 1 0 

1 1 0 

1 1 0 

1 1 0 

10.068 
17.979 
19.796 

10.417 
18.144 
20.036 

9.355 
12.426 

10.037 
13.393 

9.279 
11.647 

3.621 
11.850 
5.349 

3.814 
11.853 
5.217 

2.622 

2.628 

1.189 

0.001 
0.002 
0.004 

0.001 
0.001 
0.002 

0.002 
0.002 

0.006 
0.009 

0.001 
0.002 

0.002 
0.006 
0.016 

0.002 
0.013 
0.086 

0.002 

0.005 

0.011 

5.93E-07 0.0021 

2.38E-07 0.0012 

2.77E-07 0.0024 

9.41E-07 0.0081 

l.OSE-07 0.0023 

5.13E-08 0.0013 

7.58E-08 0.0017 

2.94E-08 0.0017 

1.53E-07 0.0037 

2.07E-07 0.0028 

278 

353 

230 

155 

167 

211 

181 

94 

101 

90 

firmed by the shape of the corresponding formation or between soft acids and soft bases, are expected to 
curves whose maximum average coordination num- he more stable than those which result from hard- 
bers were found at around 0.3 only. soft associations. For elements of variable valence, 

DISCUSSION 
there is usually a smooth increase in hardness as the 
formal oxidation state increases.32 Since the Tl+ 

According to the HSAB principle, 31 bonds ion is classifkd as a soft Lewis acid, Tl” formally 
formed between hard Lewis acids and hard bases, involved in Me2Tl+ would thus be expected to be 

Fig. 1. Experimental formation curves of the Me,Tl+-cysteine system (37”C, Z = 0.15 mol &II- 3 
NaCl). The following symbols cqrespond to the respective order of experiments summarixed in 

Tablel:+, x,O,A,Q,D. 
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0 
2 3 4 5 6 7 8 9 IO 

-log CCYS 21 

Fig. 2. Formation curves of the Me,Tl+-cysteine system, simulated on the basis of the results in 
Table 2 ; key to symbols as in Fig. 1. 

slightly harder. However, the above rule suffers 
exceptions at the end of the transition series, where 
the presence of electrons in the 5s and 6s orbitals 
seems to decrease softness by a shielding effect on 
the outer delectrons. In other words, Tl”’ is actually 
softer than Tl1,32 which partly explains why the 
present studies were first devoted to Tl”’ inter- 
actions with sulphur-containing amino acids. It is 
indeed evident from the above principle that among 
the potential donors encountered in substances act- 
ing as ligands in vivo, the sulphur atom is likely 
to give rise to the strongest bonds with Me,Tl+, 
nitrogen and oxygen following with decreasing 
affinity order. 

Respective contributions of these three donor 
atoms to the binding of Me2T1+ with the ligands 
investigated in this study may be estimated from 
the data in Table 2. With respect to nitrogen and 
oxygen, the formation constant of the ML complex 
with glycine shows that the affinity of the organo- 
metallic cation for nitrogen is poor, the oxygen 
binding being presumably insignificant. First of all, 
no complex was characterized with the zwitterionic 
form of the amino acid, which means that the oxy- 
gen atom cannot coordinate Me,Tl+ by itself. Fur- 
thermore, the low stability of the ML species sug- 
gests that even the possible formation of a chelate 
ring involving the carboxylate group, as evidenced 
by NMR,33 would be of little significance in quan- 
titative terms. 

Let us now consider the complexes formed with 
Acy and Ape. Since (i) the coordination capacity of 
the nitrogen atom is cancelled by the substitution 
of the acetyl group and (ii) the oxygen binding 
has been shown to be quantitatively insignificant- 

which seems also substantiated by the absence of 
protonated species in the present case-the ML 
stability constant should essentially account for the 
affinity of Me,Tl+ for the sulphur anion. While the 
higher basicity of Pen with respect to Cys may be 
attributed to the electron-repelling effect of the 
methyl group~,~~ ML complexes of Me,Tl+ with 
Acy and Ape display equal stabilities. This sug- 
gests that the electronic influence of the methyl 
groups may be compensated for by a correlative 
solvent effect, the entropy of reaction probably 
being less positive in the case of Ape than Acy, 
as was previously observed for other coordination 
equilibria.35~36 Such observations are explained by 
the increased order of the solvent molecules which 
results from the hydrophobic character of the 
methyl groups. 37 

If we comparatively examine the stability con- 
stants of the complexes formed with Cys and Pen, 
two remarks are in order: (i) a MLH protonated 
complex has been shown to exist in both cases and 
(ii) the stabilities of the ML species are of the same 
order of magnitude, and they are higher than their 
homologues with Acy and Ape. In the MLH com- 
plexes, the -S- anion or the -NH2 group may be 
protonated. Indeed, whereas the most acidic pro- 
tonation constant of Cys and Pen can be unam- 
biguously ascribed to the carbonyl grou~,~~ the 
other two protonation stepstability constants arise 
from a combination of the two remaining possible 
microprocesses, i.e. -S- and -NH2 may be sim- 
ultaneously protonated to different extents. As far 
as the MLH formation constants are concerned, 
the addition of a proton to ML corresponds to 
increments in stability of 8.24 and 8.04 for Cys and 
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Pen, respectively. These values compared favour- 
ably with the step-stability constants relative to 
the formation of the diprotonated forms of these 
ligands (7.91 and 7.74, respectively) which, by com- 
parison with Acy and Ape, would mainly correspond 
to the protonation of the amino groups. If we 
assume that the two active sites involved are at a 
su5cient distance from each other, so that their 
dissociation process is not affected, it can be 
inferred from these observations that sulphur is the 
main coordinating atom in MLH, and ‘that both 
sulphur and nitrogen donors presumably chelate 
Me*Tl+ in the ML complexes. This appears all the 
more likely as the ML constants for Cys and Pen 
are approximately equivalent to the sums of their 
homologues for Acy and Gly, and for Ape and Gly, 
respectively. 

To conclude, the above discussion suggests that 
(i) under the present experimental conditions the 
coordination of Me,Tl+ with glycine-like amino 
acids will involve a logarithmic stability constant of 
approximately 1.2, (ii) that complexes involving a 
deprotonated thiol group as the donor centre will 
display a stability of about 2.6 and (iii) that both 
sulphur and nitrogen may combine to chelate 
Me2T1+, but without any apparent additional effect 
on corresponding stabilities. Although coor- 
dination through carboxylate cannot be totally 
excluded, it appears negligible in quantitative terms. 
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Abstract-The crystal structure of the Nd”’ L-proline complex [Nd(C,Hg02N)3(H20)2] 
(C104)3 has been determined. The complex crystallizes in the monoclinic space group 
P2,, with the following crystal data: a = 13.379(3), b = 21.912(5), c = 9.870(2) A, 
/I = 91.28(4)“, V= 2892.8 A3, 2 = 4, M, = 823.6, d, = 1.89 g crn3, d,,, = 1.91 g cme3, 
p(Mo-&) = 21.7 cm- ‘. Absorption and laser excited fluorescence spectra of the mono- 
crystal were measured along the crystallographic axis a at 300, 123 and 77 K. The 
probabilities of f-f transitions were analysed, based on the Juddafelt theory. The sig- 
nificant dependence of intensity on temperature was observed and in such conditions the 
contribution of possible mechanisms to the hypersensitive transitions was considered. Stark 
components were determined and energy diagrams for 4Zg,2 and 4Z, ,,2 levels were proposed. 
Bridging coordination bonds from carboxyl groups of the proline molecules create linear 
polymers and the hydrogen bonds formed stabilize the crystal structure. 

Lanthanide ions are often used as spectroscopic 
probes in studies of biological systems. Substitution 
of Ca” by Ln”’ allows the spectroscopic studies 
especially of peptide and protein complexes. Since 
the Ca” ion is attached to aspartate and glutamate 
residues it is reasonable to explain the bonding 
mode of lanthanide ions with simple amino acids 
to understand the more complicated bioinorganic 
systems. It seems important to explain the influence 
of the amine group and the other functional groups 
on the bonding mode of the carboxylate groups. 
These investigations are important in spectroscopy 
and in the chemistry of lanthanides as well. 

Recently, we have studied the crystal structure 
and spectroscopy of a series of lanthanide com- 
plexes with amino acids. I-5 All the determined 
structures are in the dimeric or polymeric forms. 
The polymer types of these complexes are depend- 
ent significantly on the stoichiometric relation of 
Ln: amino acid (Ln 3+ : A). Our studies revealed 
the following results : 

-for Ln : A = 1 : 1, the linear polymers are 
formed,4 

*Author to whom correspondence should be addressed. 

-for Ln : A = 1: 2, the dimers or linear polymers 
are formed,4*2 

-for Ln : A = 1 : 3, the polymers, in which Ln 
ions are linked to each other by chains containing 
four carboxylate bridges and two carboxylate 
bridges are formed. ’ 

In this paper the structure of Ln”’ complexes 
with L-proline is discussed on the basis of X-ray 
crystallographic and spectroscopic results. Since the 
low temperature spectroscopy studies allow the 
determination of the site symmetry of the lan- 
thanide ion, spectroscopy measurements were per- 
formed at 300, 123 and 77 K. Room temperature 
absorption spectra were used for the intensity 
analysis. 

EXPERIMENTAL 

X-ray measurements 

The crystals of the title compound were obtained 
from an aqueous solution. Two types of crystals 
were obtained : [Ln(L-pro 9 ti)3(H20)$C104)3 where 
Ln = La-Nd and [Ln(L-pro*H),(H20),](C104), 
for heavy lanthanide ions. 

2495 



2496 J. LEGENDZIEWICZ et al. 

The lanthanide ion concentrations were deter- 
mined complexometrically ; the concentrations of 
the other elements by elemental analysis. A rose 
coloured monocrystal of the Nd3+ complex of 
dimensions 0.3 x 0.4 x 0.5 mm was used for struc- 
ture determination. Cell parameters were calculated 
by the least-squares method from the setting angles 
of 15 reflections with 20 < 28 < 29”. 5260 unique 
reflections with 4.0 c 28 < 60.0” were measured on 
a Syntex P2, diffractometer with graphite mono- 
chromatized MO-K, radiation. The index range, h 
fromOto 15,kfromOto26and2from -11 to 11. 
The intensity data were collected at 287 K using a 
8-28 scan, with a variable scan rate 3.0-29.3” 
min- ‘. The data were corrected for Lorentz and 
polarization factors and absorption using the 
DIFABS procedure6 which was applied to the iso- 
tropically refined data. 5143 reflections with 
I > 1.96@) were used in the analysis. 

The structure was solved by Patterson and Four- 
ier methods. Blocked least-squares refinement with 
anisotropic thermal parameter for non-hydrogen 
atoms gave final R = 0.036 and R, = 0.048. All 
crystallographic calculations were made on a RC 
3600 computer using the XTL program.’ The 
atomic scattering factors were taken from Znter- 
national Tables for X-ray Crystallography (1974).’ 
The final atomic, positional and thermal parameters, 
lists of F,/F, values, have been deposited as sup- 
plementary material with the Editor, from whom 
copies are available on request. Atomic coordinates 
have also been deposited with the Cambridge 
Crystallographic Data Centre. 

Spectroscopy studies 

Absorption spectra of the monocrystals were rec- 
orded at 123 and 300 K in the region 1100042000 
cm-’ on a Beckman UV spectrophotometer. The 
lower temperature could not be reached, because 
the crystal cracked. The oscillator strengths of f-f 
transitions were estimated by means of integrating 
the program ICH 30. Judd’s parameters were 
calculated from the following equation 

Pexp = c wJl(f SIJll U’“‘llf ~L’s)12 x v+ I)- ’ 
1=2,4,6 

(1) 

where (f $“[I U(‘)jl f gc,) is the reduced matrix 
element of the unit tensor operator UC’), r1 are 
the phenomenological parameters estimated from 
experimental data and 0 is the wavenumber in 
cm- ’ . 9, lo Fluorescence spectra were measured on a 
spectrophotometer using a GDM monochromator 
(Carl-Zeiss-Jena) and a phase-sensitive detection 
system equipped with a photomultiplier with S-l 
response at room and liquid nitrogen temperatures. 
The excitations were performed for Nd3+ on the 
488 and 514 nm lines of an argon ILA 120 laser. 

Discussion of X-ray data 

The crystal is built up from linear polymers as 
shown in Fig. 1. The Nd ions in the polymeric 
chains repeat every 4.590 and 5.321 A. The shorter 
Nd-Nd distance is bridged by four carboxyl 
groups from the proline molecules and the longer 

Fig. 1. An ORTEP drawing of structure of the [Nd(L-pro.H),(H,O)&ClO,), compound. 
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Table 1. Interatomic distances (A) and angles (deg) within coordination 
polyhedra with ESDs in parentheses 

N4ll-W) 2.509(8) 

WlFW) 2.405(8) 
NW-W) 2.467(7) 
NWFW) 2.378(8) 
Wl)--0(9 2.418(7) 
W1l-W 1) 2.366(7) 
NW-W(l) 2.575(8) 
Wl)_W2) 2.547(8) 
WI-W) 2.74(l) 
W(lPX3) 3.06(l) 
O(l lH(3) 3.29(l) 
O(ll)--o(5) 3.15(l) 
W(2)-%+ 2.85(l) 
W(2w(7) 3.06(l) 
0(9)--o(7) 3.22(l) 
0(9)-o(l) 3.15(l) 
W(l)--o(ll) 2.77(l) 
0(11)-W(2) 2.96( 1) 
W(2W(9) 2.84(l) 
0(9)--W(l) 3.07(l) 
0(3)-o(5) 2.89(l) 
O(5HX7) 3.11(l) 
0(7+0(l) 3.05(l) 
0(1)-o(3) 3.05(l) 

125.7(3) 
94.4(3) 

109.8(3) 
132.3(2) 

NG9-W) 
NC9-W) 
NWH(6) 
W3-W) 
Nd(2)-0( lo’) 
Nd(2)-0( 12’) 
Nd(2)---W(3) 
Nd(2PV4) 
0(6)-W(3) 
0(6)-0( 12’) 
0(4)--0( 12’) 
0(4)-W(4) 
0(2)-W(4) 
0(2)---0( 10’) 
O(S)-O( 10’) 
0(8)-W(3) 
0(6)-O(4) 
0(4)-o(2) 
0(2>-0(8) 
0(8)-o(6) 
0(12)--W(4) 
W(4)-0( 10’) 
O( 10)-W(3) 
W(3)-0( 12’) 

2.395(8) 
2.546(7) 
2.353(8) 
2.365(g) 
2.401(7) 
2.450(7) 
2.506(8) 
2.596(8) 
2.97(l) 
3.34(l) 
2.99(l) 
2.90(l) 
3.06(l) 
3.30(l) 
3.06(l) 
2.96(l) 
2.99(l) 
3.00(l) 
2.91(l) 
2.97(l) 
2.88(l) 
2.79(l) 
3.09(l) 
2.88(l) 

107.9(3) 
130.8(3) 

0(12’)-Nd(2)--0(10’) 98.3(3) 
W(3)-Nd(2FW(4) 122.3(3) 

WF--WV-W) 
O(l)-Nd(lH(5) 
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distance is bridged only by two carboxyl groups The coordination polyhedron around each Nd 
from proline molecules. Selected bond lengths and ion is a distorted dodecahedron (Fig. 2). The oxygen 
angles are given in Table 1. Geometry parameters atoms 0( l), W(l), W(2), O(5) and O(8), W(3), W(4), 
for the proline molecules have been deposited. The O(4) occupy positions A, while atoms O(3), O(9), 
polymeric chains are parallel to the crystallographic O(7), O(11) and O(6), O(lO’), O(2), O(12’) occupy 
c axis. The carboxylate oxygen-neodymium dis- 
tances range from 2.353 to 2.546 A and the four 

the B positions. The shape characteristics calculated 
according to Drew ’ ’ for these polyhedra are given 

aqua oxygens have an average bonding distance of 
2.556 A. 

in Table 2. As values of A show, the polyhedra are 
distorted in the direction of a square antiprism. 

Fig. 2. The coordination polyhedron around each Nd3+ ion. 
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Table 2. The shape characteristics of the coordination polyhedron in [Nd(L-pro * H),(H,O),](ClO,), 

Nd(1) 0.035 0.101 16.68 22.75 43.17 37.75 57.96 33.47 74.86 86.79 21.94 1.03 1.06 
Nd(2) 0.026 0.073 19.20 17.87 49.54 35.54 57.56 35.80 72.07 80.98 24.69 1.04 1.04 

The six proline ligands exhibit a zwitterion form, 
but with different conformations. In this work, the 
conformations of the pyrrolidine rings were deter- 
mined according to Ashida and Kakudo, ’ 2 and 
Cremer and Pople. ’ 3 For all rings (except proline 
6), the results calculated by both methods are in 
agreement. The phase angle value (4) for the ring 
of proline 6 (32.9”) shows that the ring may have a 
conformation of an envelope, but there is no well- 
defined plane formed by four independent atoms of 
the ring. The deviation of atoms C(65) and C(61) 
from the plane formed by C(64), N(63), C(62) show 
the ring conformation of T, C2-C,-exo. The par- 
ameters determined for the conformations of six 
proline molecules and the torsion angles have been 
deposited. 

In this complex there is evidence for the presence 
of hydrogen bonds. Bonds of this type connect poly- 
mers to perchlorate groups and water oxygen. The 
distances and angles for hydrogen bonds are given 
in Table 3. 

It is interesting that proline molecules coordinate 
with Nd ions to form a linear polymer as do 
glycine molecules in Nd2(gly)6(C10&,* 9H20.’ The 
differences found between these complexes are the 
coordination mode of the carboxylate groups of the 
amino acids. In the complex of neodymium with 
glycine there are the bridged and chelated-bridged 
modes of carboxylate group bonding, whereas in 
the title compound there is only the bridged mode. 

Discussion of spectroscopic data 

Absorption spectra for the neodymium mono- 
crystal are presented in Fig. 3. The experimentally 
observed intensities of f-f transitions in lanthanide 
ions should include transitions of the magnetic and 
electric dipole type. The majority of the neodymium 
bands are of the electric dipole type, so this one will 
be considered in the intensity analysis. The low 
temperature spectra exhibit a rich fine structure 
especially for the hypersensitive transition. The 

Table 3. Distances (A) and angles (deg) for hydrogen bonds with 
ESDs in parentheses 

D-H...A D...A H...A < D-H...A 

W(l )--H(1)...0(61”) 2.88(3) 2.03 144 
W(l)-H(2). . . W(4”) 2.97( 1) 2.29 125 
W(2)-H(3). . . O(33’“) 2.96(2) 2.26 133 
W(2)-H(4)...0(71”) 3.08( 1) 2.38 145 
W(3)-H(5). . . W(2’) 3.03( 1) 2.30 177 
W(4)-H(7). . .0(72) 2.84(2) 2.01 176 
W(4)-H(8). . .0(62) 2.76(2) 1.97 171 
N(13)-H(lO)-..0(22”) 2.93(2) 2.28 122 
N(13)-H(11).*.0(64”) 3.10(2) 2.37 130 
N(23)-H( 19). . .0(21) 2.97(l) 2.24 128 
N(33)--H(28). .0(44%) 2.98( 1) 2.50 109 
N(33)-H(29). . .0(41 iii ) 2.92( 1) 2.15 133 
N(43)-H(37). . . O(32”‘) 2.96(2) 2.11 141 
N(43)-H(38). . . O(54”‘) 2.89(2) 2.07 138 
N(53)-H(46). * . O(51v’) 3.06(2) 2.21 143 
N(53)--H(47). . . O(33”‘) 3.19(2) 2.35 142 
N(63)--H(55). . . O(73”) 3.03(2) 2.09 157 
N(63)-H(56). . . O(24”) 2.97(2) 2.22 130 

Codesymmetry: (i)x,y, l+z.(ii)x,y, -l+z.(iii) l-x, -1/2+y, 
-z. (iv) l-x, - 1/2+y, l-z. (v) -1+x, y, z. 
(vi) -x, - 1/2+y, 1 -z. 
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oscillator strength values of f-f transition are col- 
lected in Table 4. The decrease of intensity with 
temperature decrease was observed for almost all 
the bands measured. It can be explained if the 
vibronic mechanism takes place in transitions or 
the population of the higher components of the 
Nd3+ ground state change with temperature. 

According to the vibronic transition theory for 
lanthanide ions however, such an effect can only be 
found for hypersensitive transitions.14*15 Since the 
contributions of the intensity changes in all the 
transitions are different, both of the above reasons 
can be assumed. It is noteworthy that the intensities 
observed are higher (especially for 4Z9,2 + 4G5,2, 
‘G& than for the neodymium monocrystal with 
alanine for which the same bonding mode of the 
carboxyl group and coordination number were 
observed. 2 Since the intensity of the hypersensitive 
bands can be affected by symmetry change, polar- 
izability of ligands or other effects, it is interesting 
to consider the intensity changes of this bond for 
different monocrystals of carboxylate, for which 
the crystal structures have been determined. ‘-’ 

Unfortunately, up until now only a few crystals 
are known for which the X-ray structure has been 
solved and the spectroscopy measured. Moreover, 
if the composition of the complex with lanthanide 
ions is changed, the coordination mode of the car- 
boxy1 group will also change with the same ligand. 
This had been observed for two types of glutaric 
acid complexes I6317 and now has been seen for com- 
plexes with proline in 1: 3 and 1: 2 complexes.” 

As crystallographic data show, monocrystals of 
the title compound form the same type of polymer 
as does the glycine complex, however, the bonding 
mode of the carboxyl group for these two types of 
compounds is different. The intensity for the 

4z9/2 + 2G7/2~ 4G5,2 transition is also different. In 
our earlier studies we tried to consider the relation 
between intensity and Ln-0 distances, i.e. the 
covalency effect in mechanisms of hypersensitive 
transitions. The intensities observed are somewhat 
lower than for the glutamic acid complex with 
Nd3f.3 The mean Ln-0 distances for the neo- 
dymium compound are 2.458 and 2.4518, for the I 
and II positions, respectively. Whereas for Nd3+ in 
the monocrystal with glutamic acid (estimated from 
crystal data for Pr3+) the distance is 2.50 A.’ The 
Judd parameters calculated from relation (1) are 
presented in Table 4. The values of r4 and r6 are 
comparable with those in other systems but z2 
changed from one system to another. In this case 
r2 is near to the value for the glutamic acid 
complex.3 The low temperature spectra in the 
region of the 4Z9,2 + 2P1,2 transition exhibit five 
components which together with luminescence 
spectra allowed the preparation of the energy level 
diagram for the ground and the first excited state 
of Nd3+ (see Table 5) and enabled us to find the 
site symmetry position of the Nd3+ ions (Figs 4 and 

5). 
The dodecahedron is the most suitable coor- 

dination polyhedron for the neodymium compound 
as is seen from the fitting procedure (Tables 1 and 

Table 4. Oscillator strength values of f-f transitions of the [Nd(L-pro * H)3(H20)2](C104)3 
monocrystal; z1 parameter values are calculated from Judd’s relation 

Spectral 
region (A) S’,L’,J Px 108 

9090-9300 
7700-8330 
7200-7700 
6580-7040 
61706410 
5500-6020 
4950-5370 
446&4950 
41304330 
3360-3620 
3190-3360 
3090-3200 
2860-2950 
2500-2620 
2420-2520 

4Fs, 2r 2H9,2 

4Ss,2, 4F7,2 

4F9!2 

205.2 225.3 
797.4 636.8 
989.1 835.5 

59.4 51.4 
18.0 15.7 

1480.6 1397.6; 1251.7; 999.7” 
726.2 640.4 
221.5 233.5 

37.6 31.7 
924.1 817.2 
225.6 258.7 

10.9 9.7 
35.4 29.3 
25.3 22.2 

9.6 8.8 

“At 223, 173 and 123 K, respectively. 
z2 = 5.16T 0.77; r4 = 4.97FO.69; ‘ts = 10.92TO.99. 
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Table 5. Energy level diagrams for the ground and first 
excited state of Nd’+ in the wd(L-pro * H) x(H ?O)J(ClO,), 

Observed Observed 
fluorescence fluorescence 

Series I Series II 
(cm- ‘) (cm- ‘) 

11532 11475 
11495 11438 

4&y2 11425 11365 
11357 11300 
11213 11157 

9574 9516 
9545 9485 

41, i/2 
9520 9461 
9488 9431 
9444 9386 
9396 9338 

Splitting of the 4F3,2 = 58 cm- ‘. 

Positions 
of levels 

(cm ‘) 

37 
107 
175 
317 

1958 
1988 
2013 
2044 
2088 
2136 

2). However, some distortion is observed, so the 
closest point symmetry for the Nd3+ ion seems to 
be Czv because of the water molecule positions. 
Moreover, different Nd-0 distances are observed 
for positions I and II. 

Figure 4 shows the luminescence spectrum for 
the [Nd(L-pro - H)3(H20)J(C104)3 compound at 77 
K. Although the Nd3+ ion has a great number of 
absorbing levels in the l14OWOOOO cm- ’ spectral 
region (see Fig. 3), only the 4F3,2 level shows the 
notable fluorescence in the near IR region. This 
feature results from the small energy gaps between 
adjacent successive levels, which can be rapidly 
depopulated by an efficient non-radiative relaxation 
process leading to the situation where the popu- 
lation of the 4F3,2 level is separated from the next 

Fig. 5. The 4Z9,2 -+ 2P1,2 transition for the title compound. 

lowest lying level by about 6000 cm- ‘. So the fluo- 
rescence for Nd3+ originates totally from the 4F3,2 
level, which is split into two Stark components in 
non-cubic systems. 

Since the levels 4Z9,2 and 4Z, 1,2 are split into five 
and six components, respectively, at the elevated 
temperature we can expect 10 and 12 Stark com- 
ponents for 4F3,2 + 4Z9,2 and 4Z1 ,,z transitions. How- 
ever, for the 4F3,2 + 4Z9,2 transition more com- 
ponents were found in the luminescence spectra 
which could point either to more than one site pos- 
ition of the Nd3+ ion in the crystal measured or to 
the vibronic components in the observed band. 

X (cm-0 

Fig. 4. Luminescence spectrum of pd(L-pro*H),(H,O),](ClO,), at 77 K. 
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Intensity analysis seems to confirm the vibronic 
mechanism in the intensities observed for the f-f 
transitions in that monocrystal, but as it follows 
from the X-ray measurements, positions I and II of 
the Nd3+ ion may vary in bond length, and can 
influence the distortion of the point symmetry as 
well. On the other hand only five well-resolved com- 
ponents were found in the absorption band at 123 
K. The band corresponding to the,, 4Z9,2 + 2P,,z 
transitions point to one site symmetry at elevated 
temperatures. Thus, the components found in the 
luminescence spectra are of the vibronic character, 
or, at 77 K (i.e. the temperature is lower than that 
used for measuring the absorption spectra for the 

4z9,2 + 2P,,2 transition) the phase transformation 
proceeds, and then Nd occupies more than one 
symmetry site. 

In Table 5 the energy level diagrams of Nd3+ 
ion for the one site symmetry position in the 
pd(L-pro ~H)3(H20)2](C104)3 monocrystal are 
presented. The splitting of the 419,2 and 4Z1 rj2 levels 
is 3 17 and 178 cm- ‘, respectively. 
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Abstract-Complexes having the empirical formulae M(ETTC)*X2 (M = Zn or Hg, X = Br 
or I, ETTC = ethylene trithiocarbonate), Cd(ETTC)212 and Hg(ETTC)X2 (X = Cl, Br or I) 
were obtained by the reaction of zinc, cadmium or mercury dihalides in dichloromethane 
or ethanol with ETTC. The structures of the compounds were characterized by ‘H NMR 
and IR spectrometry, conductance measurements and elemental analysis. The X-ray crystal 
structure of Cd(ETTC)J2 has been determined using counter data and refined to an R 
value of 0.045. The unit cell constants are a = 1586.3(2), b = 699.7(l) and c = 724.9(3) pm, 
the space group is Pmn2, and Z = 2. Coordination about the cadmium atom is tetrahedral. 

It is known that trithiocarbonates exhibit insecti- 
cidal and fungicidal activities,’ but they are also 
potentially polyfunctional ligands which can be 
linked to metals through either the terminal sulphur 
atom or the thiaether sulphur atoms. Ethylene tri- 
thiocarbonate (ETTC) is frequently coordinated via 
the exocyclic sulphur atom.2-4 Since the halides of 
group IIB metals are soft Lewis acids,’ their com- 
plexes with ETTC may be expected to be stable and, 
in principle, to involve coordination through both 
exo- and endocyclic sulphur atoms. 

RESULTS AND DISCUSSION 

The analytical data, some physical properties and 
‘H NMR data of the ETTC complexes studied are 
listed in Table 1. All the complexes proved to be 
non-electrolytes in methyl cyanide,‘j which suggests 
the formulae MLzX2 or MLX2, though some sol- 
volysis involving partial liberation of the halide ion 
may take place. 

* Author to whom correspondence should be addressed. 

The ‘H NMR spectrum of ETTC in DMSO-d6 
shows a single peak at 4.08 ppm that is retained in 
all complexes. This indicates that the donor ability 
and high concentration of the solvent allows the 
formation of M(DMSO),X2 species, with ETTC 
being displaced from the metal coordination sphere, 
since in other ETTC-metal complexes the ligand 
protons are shifted upfield by 0.5 ppm.3 

Description of the structure of Cd(ETTC)212 

The molecular structure and atom labelling 
scheme are shown in Fig. 1, and selected geo- 
metrical features in Table 2. 

The Cd12 moiety is located in the mirror plane 
bound to a mirror-symmetrical pair of ligand mol- 
ecules. Each ETTC molecule acts as a monodentate 
ligand coordinating to a Cd atom via the exocyclic 
S atom, the two endocyclic S atoms remaining unco- 
ordinated. The structure is built of discrete mol- 
ecules Cd(ETTC)212. 

The coordination polyhedron of Cd is a slightly 
distorted tetrahedron. The I-Cd-I angle of 
112.18(4)” is wider than the regular tetrahedral 

2503 
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Table 1. Analytical, melting point, conductance and ‘H NMR data for 
metal complexes 

Compound 

Found (talc.) (W) 
M.p. I 

(“C) C H M A,” &z)b 

Zn(ETU&Br, 167 

Zn(ETTC)J, 195 

Cd(ETTC)J, 145 

Hg(ETTC)ZBr2 157 

Hg(ETTC) J z 116 

Hg(ETTC)Cl, 165 

Hg(ETTC)Br, 168 

Hg(ETTC)Iz 117 

13.8 
(14.5) 
12.0 

(12.2) 
11.1 

(11.3) 
11.0 

(11.4) 

(;:;) 

(& 

(;:;) 

1.39 
(1.62) 
1.18 

(1.36) 
1.22 

(1.26) 
1.15 

(1.28) 
1.16 

(1.11) 
1.00 

(0.99) 
0.85 

(0.81) 
0.71 

(0.68) 

13.0 
(13.1) 
11.0 

(11.0) 
17.1 

(17.6) 
31.0 

(31.7) 
27.5 

(27.6) 
48.5 

(49.2) 
39.8 

(40.4) 
33.0 

(33.9) 

7.2 4.08 

9.7 4.08 

18.3 4.08 

14.3 4.08 

17.7 4.10 

23.4 4.08 

22.6 4.08 

21.1 4.08 

“Ohm- cm2 mol-‘, N 10m3 M in CH,CN. 
b In DMSO-d,. 

Fig. 1. Molecular structure and labelling scheme for 
Cd(ETTC),I,. 

angle due to the repulsion between the I atoms, 
which causes a decrease in the S-Cd-S angle to 
86.23(5)“. The Cd-I bond lengths of 271.0(l) and 
271.9(l) pm are slightly shorter than in other CdIz 
complexes, while the Cd-S bond length of 260.9(3) 
pm is about 4 pm longer than expected for the 

Cd-S bond lengths of a tetrahedrally coordinated 
Cd atom.7 There are no other atoms around the Cd 
atom at a distance shorter than the sum of the 
corresponding van der Waals radii. 

In the ligand moiety the C atoms are displaced 
towards the plane through the three S atoms to give 
a planar structure in which the torsion angles are 
near to 0 or 180” (Table 2). The bond lengths 
and angles reflect modification of the electron de- 
localization within the planar CS3 group of the free 
ligand.8 The exocyclic C( l)-S( 1) is somewhat 
longer than in ETTC (165.2 pm), whereas coor- 
dination increases the double bond character of the 
endocyclic C-S bonds, since they are between 4 
and 9 pm shorter than in the free ligand. The 
C( 1)-S bonds nevertheless remain considerably 
shorter than the C(sp3)-S bonds. 

IR spectra 

The assignments of the principal IR ligand bands 
(Table 3) are based on published data for ETTC.9,‘o 
The most characteristic frequencies in the IR spec- 
tra of the complexes are also given in Table 3. 

The interesting bands as regards explanation of 
the coordination of the ligand to the metal atom 
are the vibrations of the trithiocarbonate group. 
The strong band at 1062 cm-‘, an out-of-phase 
combination of vC=S and v,SCS coupled to 
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Table 2. Selected geometrical features of Cd(El’TC)J2 (ED% in parentheses) 
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Distances (pm) 

Cd-I( 1) 
Cd-I(2) 
Cd-S( 1) 
S(l>--c(l) 
8(2)-c(l) 

Angles (deg) 

I( l)-Cd-I(2) 
I( l)-Cd-S( 1) 
1(2)--Cd-S( 1) 
S(l)-Cd-S(I’) 
C( 1 HT+w 
C(l>-8(3)-c(3) 

Torsion angles (deg) 

271.0(l) S(2)-C(2) 173.0(8) 
271.9(l) 8(3)-c(l) 165.5(6) 
260.9(3) 8(3)--c(3) 178.1(9) 
168.5(6) c(2)-c~3) 148(l) 
166.8(7) 

112.99(5) s&c(i&s(3j 
111.29(5) 8(2)-c(l)-S(3) 
86.23(5) 8(2)+2)--c(3) 

100.3(5) S(3>--c(3)-C(2) 
98.7(4) 

112.18(4) S(l)--c(l’tS(2~ 124.3(4) 
119.8(4) 
116.0(4) 
112.5(6) 
112.3(6) 

w9--s(2W(l~(l) 179.92 C(3)-S(3>--c(lH(2) -1.56 
c(2)-8(2~(1)~(3) -0.53 C(l)-S(3)--c(3)-C(2) 3.55 
c(l)-8(2)--c(2)--c(3) 2.99 S(2)--c(2)-C(3)-Y3) -4.28 
C(3)-8(3)--c(ltiS(l) 177.86 

GCSS,” is split and shifted 10-50 cm-’ towards 
lower frequencies ; the strong band near 882 cm- ', 
which is due to v,SCS with a small amount of 
6eS coupled strongly to pCH2,” is shifted 
towards higher frequencies ; and the band at 503 
cm- ', an in-phase combination of VW and v,SCS 
coupled with a small amount of G,CSC,” decreases 
considerably in intensity but is shifted between l& 
20 cm- ' up-spectrum. This behaviour suggests that 
double bond character is lost by the exocyclic C=S 
bond and is gained by the endocyclic C-S bonds, 
especially the C(sp*)-S bonds. Both these vari- 
ations are to be expected when there is coordination 
of ETTC to the metal via the sulphur atom,2-4 as is 
shown by the molecular structure found for 
Cd(ETTC)J*. In general, the largest shifts of vC=S 
(down-spectrum) and v,,SCS (up-spectrum) are 
observed in the mercury complexes and the smallest 
in the zinc complexes, in keeping with the softness 
of the corresponding halides. ’ ’ 

The bands observed in the far-IR region, may 
be attributed to halogen-metal and metal-ligand 
stretching modes. Specifically, the distorted tetra- 
hedral coordination with Cl0 symmetry assumed 
for all the M(ETTC)*X* complexes by analogy with 
Cd(ETTC),I, implies the possibility of two IR MX, 
stretching vibrations, v,MX(A ‘) and v,,MX(B ,), 
and two IR MS2 stretching modes, v,MS(A,) and 
v,,MS(B I). ‘* For all the M(ETTC)*X, complexes, 
one of the IR bands that appears is ascribed to the 
symmetric metal-halogen stretching mode and a 
lower-frequency band to the antisymmetric mode. 
The fact that the position of both bands is affected 

by the mass of the halogen and the vMI/vMBr ratio 
(0.78 in the Zn complexes and 0.70-0.80 in the Hg 
complexes), supports these identifications,13 which 
are consistent with other recent assignments for 
these vibrations.7s’4 

Like other HgLX2 complexes,‘5,‘6 the Hg 
(ETTC)X2 complexes probably have a dimer 
structure with two halogen bridges. This kind of 
symmetry implies two mass-dependent IR mer- 
cury-halogen stretching modes, v,HgX(Bu) and 
v,HgX(Au), and one IR Hg-S stretching mode, 
vHgS(Bu). In the three complexes studied, the 
strong band observed between 250-170 cm-’ is 
assigned to the terminal HgX stretching and the 
band below 170 cn- ’ to the bridging mode. This 
assignment implies vHgBr/vHgCl and vHgI/vHgCl 
ratios of 0.85 and 0.69, respectively and V&J, ratios 
of 0.66, 0.61 and 0.58, all of which are within 
the range for binuclear complexes with halogen 
bridging. ’ ** ’ 3 

In all complexes, the vMS modes have been ten- 
tatively identified in the 35&290 cm-’ region. 14-” 
The second vMS band is not observed in the 
M(ETTQX2 complexes. 

EXPERIMENTAL 

Commercial ethylene trithiocarbonate was puri- 
fied by sublimation. Reagent grade metal halides 
were used as received. ‘H NMR spectra referenced 
to internal tetramethylsilane were obtained at 
250 MHz on a Bruker-WM 250 spectrometer. IR 
spectra were recorded on a Perkin-Elmer 180 
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Table 4. Crystal data for Cd(ETlQ12 

Molecular formula 
Molecular weight 
Crystal class 
Space group 
Lattice constants 

Cell volume 
Formula units 

ZVOO) 
Density 
Coef. abs. 

I,CdS,C,H, 
638.72 
orthorhombic 
Pmn2, 
a = 1586.3(2) pm 
b = 699.7(l) pm 
c = 724.9(3) pm 
V = 804.6 x lo6 pm3 
z=2 
588 
px = 2.635 g cn-3 
p = 58.72 cm-’ 

spectrophotometer in Nujol mulls. Conductivity 

measurements were carried out using a WTW LF- 
3 conductimeter with a WTW LT-A cell. Melting 

points were determined in a Biichi apparatus. 
Elemental analyses were performed as follows : Zn 
and Cd by titration against EDTA,” Hg by atomic 
absorption” in a Varian Techtron AA-6 spec- 
trophotometer, C and H with a Perkin-Elmer 240 
Elemental analyser. 

Preparation of M(ETT(&X* complexes 

Solutions consisting of approximately 2.5 g of 

ETTC (4 mmol), metal dihalide (2 mmol) and 25 
cm3 of dichloromethane (or dry ethyl alcohol for 
HgXz), were refluxed for 12 h and then cooled. The 
reaction mixtures were evaporated to dryness under 
reduced pressure. The residues were stirred with 10 
cm3 of carbon tetrachloride and then filtered, and 
the solid phase was washed with carbon tetra- 
chloride and dried in vacua to give a yellowish 
powder. Attempts at recrystallization from absolute 
ethanol only afforded crystals for Cd(ETTC)212. 

Preparation of M(ETTC)X* complexes 

A solution of 2.5 g of ethylene trithiocarbonate 
(4 mmol) in 10 cm3 of dichloromethane was added 
dropwise with continuous stirring to a solution or 
suspension of the corresponding mercury dihalide 
(2 mmol) in the same solvent (10 cm3) until the 
metal : ligand molar ratio was 1: 1, when a solid 
was precipitated. Stirring was continued for several 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,/F, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

days, and after filtration the solids were washed 
with dichloromethane and dried in vacua. 

Determination of the crystal structure of Cd 

(ETTC)Jz 

A yellowish crystal of Cd(ETTC)zIz measuring 
approximately 0.25 x 0.30 x 0.10 mm was selected 
to collect intensities on a CAD-4 Enraf-Nonius 
four-circle automatic diffractometer at room tem- 
perature using graphite-monochromated Mo-& 
radiation (A = 0.71073 A). The cell constants were 
determined from the setting angles of 25 reflections 
(Table 4). 3120 reflections were collected in the 
range 3 < 8 c 32” in the 0-28 scan mode. Of 2126 
symmetry-independent reflections (&in, = 0.028), 
1707 with I < 30(Z) were used in structure deter- 
mination and refinement. Lp corrections and an 
empirical absorption correction” were applied to 
the data. 

The structure was solved by Patterson and Fou- 
rier methods. 2’ In the last refinement all atoms were 
assigned anisotropic temperature parameters. No 
hydrogens were included. The final refinement con- 
verged at R = 0.045, R, = 0.048. Computations 
were performed on a DECMicroVAXII computer.* 

Acknowle&ements-The authors (A.C. and A.M.) are 
indebted to the Ministerio de Education y Ciencia and 
Xunta de Galicia, respectively, for financial support. 
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Abstract-The crystal structure of the title compound has been determined. Crystals of 

[HgCl%{~-S(CH2),NH(CH,),}l are monoclinic, space group P21/n, with a = 10.136(2), 
b = 6.519(l), c = 15.940(6) 8, and @ = 97.20(3)“. The structure consists of (-Hg-S-), 
helicoidal chains linked by hydrogen bonding, which give rise to chemically unconnected 
layers along the (202) planes. Each mercury is tetrahedrally coordinated to two terminal 
chlorine atoms and two bridging sulphur atoms. Assignments of v,,(SHgS) and v,(SHgS) 
for this complex and its isostructural bromine analogue, and of v,(ClHgCl) and v,(BrHgBr) 
from IR and Raman spectroscopy are reported. Comparison of Hg-S frequencies with 
those reported for closely related compounds as well as correlation with Hg-S bond 
distances are made. 

An important part of our research work on ali- 
phatic y-mercaptoamine complexes has been 
devoted to the structural characterization and solu- 
tion equilibria studieslm3 of complexes with Zn”, 
Cd” and Hg” ions. The structures found in 
solid complexes of 4-mercapto- 1 -methylpiperidine 
range in size from discrete units, as with Hg1’,4 
through dimers, as with Zn11,5,6 Cd116 and Hgn,6 to 
one-dimensional polymeric chains, as with Cd11.7 
Under the same conditions in which the dimers are 
obtained, the ligand 3-dimethylamino- 1 -pro- 
panethiol gives rise to isostructural polymeric com- 
pounds of the formula [MX2{p-S-(CH2),-NH 
(CH,),}] where M = Zn”, Cd” or Hg” ; and X 
=C10rBr.8 

The most striking features of these results are the 

*Author to whom correspondence should be addressed. 

different structures obtained when the same metal 
ion is coordinated to very similar ligands and the 
behaviour of Hg” towards a particular ligand when 
compared with that of Zn” or Cd”. Thus, the molec- 
ular structure of bis( 1 -methylpiperidinium-4- 
thiolato)mercury(II) perchlorate is the only known 
example of a mononuclear metal-non chelating y- 
mercaptoamine discrete species. This structure 
together with the synthesis and vibrational spectra 
of several [RSHg11]2+(C104)2 complexes, where RS 
denotes a y-mercaptoamine ligand, have already 
been published.4 

In the present work we report the crystal and 
molecular structure, and vibrational spectra, of 
the complex cutena-p-(3-dimethylammonio-l-pro- 
panethiolato)dichloromercury(II). The frequencies 
corresponding to the S-Hg-S symmetric and 
asymmetric stretchings are assigned and these 
values correlated with those given in the literature 

2509 
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for simple thiol-Hg” complexes with known struc- 
ture and different geometries around the metal 
atom.%” 

EXPERIMENTAL 

All reagents and solvents were research grade 
(> 98%) and were not further purified. The ligand 
was obtained according to a previously published 
procedure, ’ 3 its purity always being > 95 % . 

Catena-p-(3-dimethylammonio- 1 -propanethiolato) 
dichloromercury(I1) 

A solution of 3-dimethylamino- 1 -propanethiol 
(0.60 g, 5 mmol) in methanol (8 cm3) and dime- 
thylsulphoxide (2 cm3), at 50°C was added slowly 
with stirring to a solution of HgClz (1.35 g, 5 mmol) 
in the same solvent and at the same temperature. 
The resultant solution was allowed to cool at room 
temperature and was stored in the dark. After two 
weeks pink, prismatic-shaped crystals separated. 
The crystals were filtered off, washed with cold 
water and dried in uacuo. Recrystallization was not 
necessary because of the extremely good quality of 
the crystals obtained. (Found: C, 15.3; N, 3.5; S, 
8.0. CSH,3C12NSHg requires C, 15.4; N, 3.6; S, 
8.2%.) 

This compound is soluble in Me,SO but prac- 
tically insoluble in water, methanol, ethanol, aceto- 
nitrile and tetrahydrofuran. 

Analyses 

Microanalyses were performed by one of the 
authors (I.C.) with a Carlo Erba NA-1500 analyser. 

Physical measurements 

The IR spectra of the complex and the ligand 
were recorded from 4000 to 600 cm-’ in KBr on a 
Perkin-Elmer 17 10 spectrophotometer and from 
600 to 200 cm- ’ in Nujol mulls between polythene 
plates on a Perkin-Elmer 983 apparatus. 

The Raman spectra were recorded on a Dilor 
spectrophotometer using 514.5 mn excitation and 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of FJF, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

samples were run as powders in spinning capillary 
tubes. 

CRYSTALLOGRAPHY 

Crystal data 

A single crystal of dimensions 0.21 x 0.12 x 0.08 
was used for X-ray diffraction study. The lattice 
parameters at 294 K were determined by a least 
squares fit to the setting parameters of 25 inde- 
pendent reflections on an Enraf-Nonius CAD-4 
diffractometer using graphite monochromatized 
MO-& radiation. [C,H, 3NSC12Hg]n, M = 390.7, 
monoclinic, space group P2,/n, a = 10.136(2), 
b = 6.519(l), c = 15.940(6) A, fi = 97.20(3)“, 
Dcalc = 2.48 g ~m-~, V = 1044.9 A3, Z = 4, /.J(Mo- 
K, = 15.4 mm’, 1= 0.71069 A, F(OO0) = 720. 

Intensity data were collected in the range 
1 > 0 > 25”, o-28 scan and -12 <h < 12, 
0 < k < 7, 0 < 1~ 18. The standard reflection 
decay was 0.9%. No correction was made for 
absorption. Of the 1848 independent reflections col- 
lected, 1270 unique reflections with F > 3aQ were 
considered “observed” and used in the calculations. 

Solution and rejinement 

The application of the straightforward run of the 
program MULTAN- 1 1/84i4 gave the mercury and 
one chlorine atom positions. A subsequent difference 
Fourier synthesis allowed us to locate the remaining 
non-hydrogen atoms. The structure was refined by 
the full-matrix least-squares methods on F. Aniso- 
tropic thermal parameters for non-hydrogen atoms 
were used. The hydrogen atoms were introduced in 
calculated positions and geometrically fixed along 
the refinement by employing a global isotropic 
temperature factor. Ninety-two parameters were 
refined. The refinement converged to R = 0.079 and 
R,,, = 0.080. The weighting scheme employed was 
w = 1/(a2(F)+0.000356F2). The maximum shift 
per ESDs for any parameter was 0.22 and the aver- 
age shift per ESD, 0.05. The difference Fourier map 
showed maximum and minimum peak heights of 3 
and - 3 e Ap3, respectively, near the Hg atom (at 
0.9 A). 

Atomic scattering factors for the non-hydrogen 
atoms were taken from Cromer and Mann” and 
those for hydrogen atoms from Steward, Davidson 
and Simpson. I6 The calculations were performed 
using the SHELX-76 program. ’ 7 Bond lengths and 
bond angles are given in Tables 1 and 2, respec- 
tively. * 
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Table 1. Bond lengths (A) with estimated standard devi- 
ations in parentheses 

Cl(l)-Hg 2.513(6) 

Cl(2)-Hg 2.634(5) 

s-Hg 2.464(6) 

C(l)-S 1.792(22) 

C(3)--N 1.512(28) 

C(4)_N 1.463(29) 

C(5)-N 1.471(29) 

C(2)--c(l) 1.521(21) 

C(3)--c(2) 1.526(22) 
Hg-S 2.471(6) 
Hg-Hg’ 3.861(l) 

RESULTS AND DISCUSSION 

Description of the structure of [HgClr{p-S(CH& 

NfWW& 

The crystal structure of [HgClr{p-S-(CH& 
NH(CH&}] consists of infinite parallel spirals of 
alternating mercury and sulphur atoms (Fig. l), 
each mercury atom being coordinated to two bridg- 
ing sulphur atoms, S and its corresponding sym- 
metry related S’, and to two terminal chlorine 
atoms, Cl(l) and C1(2), in a distorted tetrahedra 
which by corner-sharing gives rise to helices running 
parallel to b. 

The most significant bond distances and 
angles are the following : Hg-S, 2.464(6) A ; 
Hg-Cl(l), 2.513(6) A; Hg-C1(2), 2.634(5) A; 
S-Hg---Cl(l), 112.5(2)“; S-Hg--C1(2), 102.3(2)“; 
Cl( I)--Hg-C1(2), 99.0(2)’ ; S-Hg-S’, 130.2(3)0 ; 
the remainder are given in Tables 1 and 2. The 
coordination tetrahedron around the mercury atom 

Table 2. Bond angles in degrees with estimated standard 
deviations in parentheses 

C](2)-Hg-Cl( 1) 99.0(2) 
S-Hg-Cl( 1) 112.5(2) 
S-Hg-Cl(2) 102.3(2) 
C(4)-N-C(3) 109.2(17) 

C(5)-N-C(3) 112.1(19) 
C(5)-N-C(4) 111.7(18) 

C(2)-W)-S 109.6(14) 
C(3)-C(2)--c(l) lll.O(l7) 
C(2>-c(3)-N 109.7(17) 
S-Hg-S 130.2(3) 
Cl( I)-Hg-S 104.1(3) 
Cl(2)-Hg-S 104.0(3) 
Hg--S--C(l) 102.4(8) 
Hg-S’-Hg’ 102.9(2) 

Fig. 1. Part of the chain of [Hg&{p-S(CH& 
NH(CH,),}] showing the two-fold helicoidal axis par- 
allel to b. The atom labelling (Tables 1 and 2) is indicated. 

Arbitrary atomic radii have been drawn. 

is more distorted than the one found in the iso- 
structural cadmium complex as the dihedral angle 
formed by the planes ClMCl and SMS indicates, 
being 86.9 and 88.1” for M = Hg or Cd,’ respec- 
tively. Also, by comparing the HgCl& unit of this 
complex with that found in [Hg(SPI)C1],30 where 
S-Hg-S and Cl-Hg-Cl angles are respectively 
119 and 11 Y, it can be concluded that in the present 
case the coordination around mercury is more dis- 
torted (actual point group symmetry C,) and the 
S-Hg-S angle, 130.2”, departs severely from that 
of a regular tetrahedron, although the mercury 
atom is not involved in additional interactions. 

Within each infinite (-Hg-S--), chain the 
dihedral angle formed by the planes defined by all 
mercury and all sulphur atoms, respectively, is 
84.2”, which is close to the one found in the 
isostructural cadmium complex. * The shortest 
Hg... Hg distance is found to be intra-chain and is 
3.861(l) A, which indicates no interaction between 
these atoms. ’ * These chains resemble those of the 
cinnabar, where Hg-S and the shortest H - - * Hg 
distances are, respectively, 2.38 and 3.75 1 I9 the 
difference being the presence in our case of H two- 
fold screw axis instead of a three-fold one in the 
cinnabar. 

Each chain is held together laterally by two other 
chains by means of hydrogen bonding between each 
ammonium group and Cl(2) atoms, as is shown by 
the distance C1(2)- 0-N’ (3.15 A).*’ Those chains 
joined through the hydrogen bond give rise to par- 
allel layers of helicoidal axes lying on the (202) 
planes (Fig. 2). Layers are too wide apart to be 
chemically interconnected, the shortest inter-layer 
N-Cl distance being 4.3 A, Fig. 3. 



2512 I. CASALS et al. 

Fig. 2. Stereoview of a layer formed by [HgCl,{p-S(CH2),NH(CH,),}] chains linked by hydrogen 
bond interactions. 

Fig. 3. Stereoview of the unit cell showing the helicoidal chains and the chemically unconnected layers 
oriented along the 202 planes. 

The Hg-S bond length (2.46 A) is within the 
range of previously reported values for mercury 
thiolate complexes (2.36 8, for [Hg(SMe)&” 2.45 
A* for [Hg(SEt)&22 2.59 A for [Hg(SBu?2],23 2.48- 
2.63 8, for pg(SBu”)2],24 2.54 8, for wg 
(SC6H4C1)4]2-,2S 2.442.71 for [Hg2(SMe)J2-” and 
2.36-2.86 for [Hg3(SCH2CH2S)4]2-27), for bis- 
(1 -methylpiperidinium-4-thiolato)mercury(II) per- 
chlorate (2.33 @,4 and for mixed ligands RSHg”C1 
complexes (2.505, 2a 2.40,2g 2.5628 and 2.38-2.54 
A3’). One of the observed Hg-Cl distances, 
Hg-Cl(l) 2.51 A, lies within the range found in 
the literature for mercury terminal-chlorine bonds, 
2 34-2 57 A.28-3’ The second Hg-Cl distance is . . 
longer, Hg-Cl(2) 2.63 A, which arises from the 
fact that this chlorine atom is involved in hydrogen 
bonding, as already indicated. 

Vibrational spectra 

The IR spectrum of the complex [HgCl,{p- 
S(CH2)3NH(CH3)2)] and that of the isomorphous 
bromine compound,* from 4000 to 600 cm-‘, are 
very similar to the spectrum of 3-dimethylamino- l- 
propanethiol in its zwitterionic form, thus con- 
firming that the amine group is protonated (broad 

*Misstated as 2.54 8, in ref. 10. 

bands at 2460-2480 and 277&2780 cm- ‘) and also 
indicating that weak hydrogen bonding occurs in 
both cases (shoulder at 2980-3000 cm- ‘). 

Even if the local symmetry of the HgS2X2 unit 
was considered to be C2” all stretching vibrational 
modes should be IR and Raman active, thus it is 
unnecessary to take into account degradation of 
the symmetry to C,. By comparing the IR (600-200 
cn-- ‘) and Raman (60&l 50 cm- ‘) spectra of the 
ligand and both mercury complexes it has been 
possible to assign the frequencies corresponding to 
Hg-S and Hg-X (X = Cl or Br) stretching 
vibrations, Table 3. The bands appearing at 308 
and ca 270 cm-’ (both IR and Raman) have been 
attributed, respectively, to v,,(Hg-S) and 
v,(Hg-S), and the strong halogen dependent 
absorptions in the Raman spectra at 233 and 155 
cm-’ have been assigned to v,(Hg-Cl) and 
v,(Hg-Br), respectively. 

The comparison between the assignments made 
in this work with those already reported for the 
v(Hg-S) modes in closely related complexes is 
given in Table 4, where the corresponding Hg-S 
bond distances have also been included. One 
significant feature common to many (alkyl- 
thiolato)halomercury(II) compounds and bis(al- 
kylthiolato)mercury(II) complexes is the existence 
of additional weak intermolecular Hg . . . S or 
Hg-- . X interactions, ’ 2*30 which modify the metal 
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Table 3. Bands (cm-‘) assigned to v(S-Hg), v(Cl-Hg) and v(Br-Hg) vibrations 

Compound v,,(Hg-S) v,(Bg--S) v(H8-CI) v(Hg-Br) 

IR 308(m) 270(m) 233(m) 
R 308(w) 272(m) 232(s) 

IR 307(s) 263(m) 
R 308(w) 268(m) 155(s) 

environment and thus reflect in their spectroscopic 
behaviour. This, together with the facts that some 
structure determinations do not give accurate inter- 
atomic distances”*** and that until recently18 
different values for the van der Waals radius of 
mercury had been proposed make the correlation 
between structure and vibrational frequencies 
rather difficult. Despite all this, the data in Table 4 
indicate that the absorption frequencies assigned 

to v(Hg-S) for [HgX2{~-S(CH3,NH(CH,)2)1, 
X = Cl or Br, (308,270 cm- ‘) agree well with those 
expected, as they lie in between those corresponding 
to “pure” linear (complexes I and III) and “pure” 
tetrahedral (complex IV) coordinations. In con- 
sidering complexes I-VI, the Hg-S bond distances 
correlate fairly well with v(Hg-S) frequencies as 
the additional Hg . * . S interactions are probably the 
cause for the lowering of the v(Hg-S) values in 

compound II and it also seems likely that 2.45 8, is 
too long for the Hg-S bond distance in complex 
III. The additional contacts involving Hg atoms in 
compounds VII and VIII make it difficult to include 
them in the previous correlation. 

The frequencies assigned to the stretching 
vibrations, v(Hg-Cl) 233 cm- ’ and v(Hg-Br) 155 
cm- 1, corresponding to terminal Hg-X bonds, 
are especially intense in the Raman spectra com- 
pared with those in the IR spectra.26 Practically the 
same absorption frequencies have been assigned 
to the mercury-halogen stretching modes in 
[HgCl,(PPh,)J, v(Hg-Cl) 232 cm-‘, [HgBr2 
(PPhJJ, v(Hg-Br) 153 cn- 1,32 and to those cor- 
responding to the S2HgC12 units in [Hg(SPr’)Cl], 
v(Hg-Cl) 220 cm- . ’ 3o Hg-Cl distances in 
these units (2.53 A) are almost the same as for 
Hg-Cl(l) in the compound reported here. 

Table 4. Selected vibrational frequencies and corresponding Hg-S bond distances for several mercury(II)-thiolate 
complexes with known structure 

Compound 
Geometry 
around Hg 

v(Bg-S) 
(cm- ‘) Reference 

I [Hg{SC,H,NH(CH,)JZ1(C104)* 

II [Hg(SMe)Yl 

III [Hg(SEt)zl 

IV B-@(SBu%l 

V [HgCI~(~-S(CH~)~~(CH~)~)l 

VI WW2WgdSW61 

VII lFIg(SMe)CI] 

VIII [Hg(Spr?C11 

Linear 

Essentially linear 

Linear 

Tetrahedral 

Distorted 
tetrahedral 

Distorted 
tetrahedral 

Pseudo-octahedral 

Pseudo-octahedral 
tetrahedral 

2.33 395(IR) 
372(R) 

2.36 337(IR) 
297(R) 

2.45 405(IR) 
394(R) 

2.59-2.66 172(IR) 
188(R) 

2.46 308(IR,R) 
270(IR,R) 

2.44-2.47 280,262(1R) 
(Hg-8 terminal) 271,259(R) 

2.43 326, 282(IR) 
296,248(R) 

2.38 231(IR) 
2.54 235(R) 

4 

12,21 

12,22 

12,23 

This work 

26 

28 

30 
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v(Hg-X) values assigned by us have also been pro- 12. 
posed for the anions [Hg,Cl,]‘-, 233 cm-’ and 
IHg,Br,$-, 150 cn- , ’ 31 the absorption of the for- 13. 

mer being associated with the bridging Hg-Cl 
bonds whose distances (2.56-2.67 A) are similar to 14. 
the terminal ones present in our case. Furthermore, 
thioamide mercury halide complexes show 
v(Hg-Cl) and v(Hg-S) at 230 and 3 10 cm- ‘, 
respectively. 33 15. 
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Abstract-The molecular structure of [Zr(NMe2),], has been determined by an X-ray 
study and shown to involve a central Zr2N8 moiety involving the fusing of two trigonal 
bipyramidal units along a common axial-equatorial edge. The terminal Zr-NMe, units 
have trigonal planar coordination about the nitrogen atoms: Zr-N = 2.050(5) and 
2.104(5) A, and Zr-N (bridge) = 2.224(3) and 2.453(4) A for equatorial and axial bonds, 
respectively. The Zr-Zr distance is 3.704(l) 8, as expected for a non-M-M bonding 
bridged compound. In tetrahydrofuran solution, Zr(NMe2)4 and LiNMe, react irreversibly 
giving Zr(NMe2)6Li2(THF)2 which has been isolated and characterized by an X-ray study. 
The central ZrN6 octahedral moiety is capped on two opposite faces by Li atoms which 
are also coordinated to an oxygen atom of a THF molecule. Pertinent distances are: 
Zr-N = 2.22(7) (av.), N-Li = 2.155(25) (av.) and Li-0 = 1.915(10) A. 

Previously we reported our characterization of 
Mo(NMe2),Li2(THF), formed reversibly in the 
reaction between Mo(NMe2), and LiNMe2.’ We 
speculated that a similar equilibrium might exist 
between Zr(NMe2)4 and LiNMe, and furthermore 
that the lithio adduct might be responsible for the 
low yields of Zr(NMe2), sometimes obtained in the 
reaction between ZrC14 and LiNMe, (4 equiv.),’ 
given that the adduct Zr(NMe2)6Li2(THF)2 might 
be reluctant to release the volatile Zr(NMe2)4 upon 
heating under vacuum. We herein confum these 
predictions and in addition report the molecular 
structures of Zr(NMe,), and Zr(NMe2)6Li2(THF)2 
in the solid state. 

Syntheses 

Zr(NMe2)4 was prepared according to the litera- 
ture method’ and purified by sublimation, 80- 
100°C at 10e4 mm Hg. Crystals of [Zr(NMe2)4]2 
were obtained from hexane. The dilithio salt, 
Zr(NMe2)6Li2(THF)2, was prepared by mixing 
Zr(NMe2), and LiNMe2 (2 equiv.) and dissolving 

*Author to whom correspondence should be addressed. 

the mixture in a minimum amount of tetra- 
hydrofuran, followed by crystallization upon 
cooling to ca - 15°C. The mixed metal amide is 
non-volatile and at ca lOO”C, lop4 mm Hg loses 
THF yielding a tan-coloured insoluble residue. 

Solid-state and molecular structures 

A summary of crystal data is given in Table 1. 
[Zr(NMe,),],. In the solid-state the local coor- 

dination about each zirconium atom corresponds 
to a distorted trigonal bipyramid, tbp, and dimer- 
ization of the two Zr(NMe,), units occurs by the 
fusing of the two tbps along a common axiallequa- 
torial edge (see Fig. 1). The Zr,N, moiety is anal- 
ogous to the Mo@8 moiety in Mo2(O-i-Pr)8 though 
the M-M distances are very different. Zr-to- 
Zr = 3.70 8, is consistent with the non-bonding do- 
do interaction while Mo-MO = 2.48 8, is indicative 
of a Mo=Mo bond arising from the d2-d2 MO:+ 
centre.3 Perhaps the most pertinent comparison is 
with the molecular structure of [V(NEt2),12 found 
in the solid-state which also has a fused tbp struc- 
ture involving the sharing of axial and equatorial 
edges.4 Here, the II’” to II”’ distance is 4.04 A, 
again a non-bonding distance. 

2515 
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Table 1. Summary of crystal data 

I II 

Empirical formula 
Colour of crystal 
Crystal dimensions (mm) 
Space group 
Cell dimensions 

Temperature (“C) 

a (A) 
b (A) 
c (A) 
beta ( ) 

Z (Molecules/cell) 
Volume (A’) 
Calculated density (g cm- ‘) 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm- ‘) 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average omega scan width at half height 
Scan speed ( min ‘) 
Scan width (” + dispersion) 
Individual background (s) 
Aperture size (mm) 
Two-theta range ( ) 
Total number of reflections collected 

Number of unique intensities 
Number with F > 0.0 
Number with F > 2.33a(F) 

RQ 
R,(F) 
Goodness of fit for the last cycle 
Maximum 6/a for last cycle 

Zr&G6H48 ZGd-L2N&Li2 
Colourless Colourless 
0.25 x 0.25 x 0.25 0.25 x 0.25 x 0.25 
P2,ln P2,lc 

- 155 -155 
22.069(5) 8.542(2) 
14.130(3) 10.694(3) 
8.848(2) 15.200(5) 
110.24(2) 93.82(l) 
4 2 
2588.6 1385.51 
1.373 1.232 
0.71069 0.71069 
535.05 513.77 
8.074 4.129 
22.5 22.5 
23.5 23.5 
0.25 0.25 
6.0 6.0 
1.8 1.6 
6 4 
3.0 x 4.0 3.0 x 4.0 
645 645 
4493 2114 
3400 1822 
3125 1681 
2847 1530 
0.0329 0.0472 
0.0402 0.0534 
1.131 1.468 
0.05 0.45 

I = [Zr(NMe&. II = Zr(NMe,),Li,(THF)*. 

The terminal Zr-N equatorial bonds are shorter 
than the axial bonds, 2.05 vs 2.10 & and in the 
bridges the equatorial bonds are even shorter rela- 
tive to their axial counterparts, 2.22 vs 2.45 &av.). 
The terminal M-NC2 units are planar, which 
taken together with the relatively short Zr-N 

Fig. 1. A ball-and-stick drawing of the [Zr(NMe,),]? 
molecule. Hydrogen atoms are omitted for clarity. 

bonds, is indicative of a significant degree of Me,N- 
to-Zr A-bonding. 

Zr(NMe2)4Li2(THF)2. In the solid-state the cen- 
tral ZrN6 moiety closely approaches an octahedron 
shape, Zr-N = 2.22 &av.), with the lithium atoms 
capping opposite faces (see Fig. 2). The effect of the 
Li atoms is to cause a contraction of the N-Zr-N 
angles from 90 to 85” for nitrogen atoms mutually 
bonded to the same Li atom. Conversely the other 
N-Zr-N angles involving cis pairs of N atoms 
bonded to different Li atoms are 95”. In this respect 
the structure is very similar to that seen for the 
MoN6Li2 moiety in Mo(NMe2)6Li2(THF)2, 
although the Mo-N distances in the latter are only 
2.12 &av.), namely 0.1 A shorter, consistent with 
expectations based on the covalent radii of Zr”’ and 
MO’“. By contrast. the Li-N distances in MO 
(NMeJ6Li2(THF),, 2.08 &av.) are nearly 0.1 8, 



Structures of [Zr(NMe,)& and Zr(NMe2)6Liz(THF)2 2517 

Fig. 2. A ball-and-stick drawing of Zr(NMe,),Li* 
(THF). Hydrogen atoms are omitted for clarity. 

shorter than those seen in Zr(NMeJ6Li2(THF)z. 
This implies a greater degree of Zr(NMe& 
character, relative to the dilithiomolybdenum 
hexaamide and is consistent with the apparent 
greater stability of Zr(NMe&Li2(THF)z (if not 
kinetic inertness) with respect to the elimination 
of the M(NMe& species when heated in uucuo. 
Also the ZrNCz units are nearly planar as evi- 
denced by the sum of the angles at nitrogen, 
356”, N(2) ; 355”, N(5) ; 357”, N(8) compared 
with ca 346”(av.) for the MO-NC2 units in 
Mo(NMe2)6Li2(THF)2. A final point of note 
is that the Zr(NC& moiety can be seen to be only 
slightly distorted by the face-capping Li atoms 
from the W(NC& unit in W(NMe& that has 
T,, symmetry. -V 

Listings of pertinent bond distances and angles 
for the molecules [Zr(NMe& and Zr(NMe& 
Li,(THF), are given in Tables 2 and 3, respectively. 

NMR studies 

[Zr(NMeJ&. Previously work by Bradley et 
al.‘,’ had indicated that [Zr(NMe,),], showed a 
degree of oligomerization by a cryoscopic molec- 
ular weight determination in benzene, n = 1.2, and 
temperature dependent NMR behaviour. We 
reasoned that highly concentrated solutions of 
Zr(NMe2)4 would, at low temperatures in toluene- 
d8, be essentially dimeric and indeed both low tem- 
perature ‘H and 3’C spectra show two resonances 
in the integral ratio 3 : 1 (see Fig. 3). It is not 
unreasonable to assign these to terminal and bridg- 
ing NMe, groups, respectively, given that the ter- 
minal groups are still labile to a pseudo rotational 
process, a turnstile motion, that causes axial 
Sequatorial site exchange. This seems quite 
reasonable and is again analogous to the low tem- 
perature spectrum observed for Mo~(OP~&~ 

Zr(NMe2)6Li2(THF)2. The spectra for this dili- 
thiozirconium hexaamide show only one NMe2 and 
one THF group over a wide temperature range, 
though the chemical shifts are temperature depen- 

Table 2. Selected bond distances (A) and angles (“) for 
the [Zr(NMeJ& molecule 

A B Distance 

Zr(l) 
W) 
W) 
ZrU) 
W) 
W) 
Zr(2) 
Zr(2) 
Zr(2) 
Zr(2) 
Zr(2) 
N 

Zr(2) 
N(3) 
N(6) 
N(9) 
N(12) 
N(15) 
N(12) 
N(15) 
N(18) 
N(21) 
~(24) 
C 

3.704( 1) 
2.054(3) 
2.108(3) 
2.045(3) 
2.224(3) 
2.451(3) 
2.454(3) 
2.224(3) 
2.047(3) 
2.099(3) 
2.054(3) 
1.45( 1) (av.) 

A B C Angle 

N(3) Zr(1) 
N(3) Zr(l) 
N(3) Zr(1) 
N(3) Zr(l) 
N(6) Zr(1) 
N(6) Zr(1) 
N(6) Zr(l) 
N(9) Zr(1) 
N(9) Zr(l) 
N(12) Zr(1) 
N(12) Zr(2) 
N(12) Zr(2) 
N(12) Zr(2) 
N(12) Zr(2) 
N(15) Zr(2) 
N(15) Zr(2) 
N(15) Zr(2) 
N(18) Zr(2) 
N(18) Zr(2) 

N(21) Zr(2) 
Zr(1) N(12) 
Zr(1) N(15) 

N(6) 93.56(14) 

N(9) 118.50(14) 

N(12) 119.42(13) 

N(15) 92.55(12) 

N(9) 94.97( 14) 

N(12) 92.88(13) 

N(15) 167.61(12) 

N(12) 120.77(13) 

N(15) 91.56(12) 

N(15) 74.74( 11) 

N(15) 74.68( 11) 

N(18) 91.89(13) 

N(21) 165.21(12) 

~(24) 89.26(13) 

N(18) 117.03(13) 

N(21) 91.86(13) 

~(24) 124.22(13) 

N(21) 99.84(14) 
N(24) 116.55(14) 

~(24) 93.46( 14) 

Zr(2) 104.59(13) 

Zr(2) 104.72(13) 

dent. The simplest interpretation of this behaviour 
is that the equilibrium between Zr(NMe2)., and 
LiNMe2 (2 equiv.) favours the adduct and is rapid 
on the NMR time-scale. This differs from the 
behaviour of Mo(NMe2)6Li2(THF)2 which, in 
toluene-d8, shows NMR spectra consistent with 
Mo(NMe,), and THF. In addition a precipitate of 
LiNMe2, is formed in the NMR tube. 

Concluding remarks 

The previous prediction concerning Zr(NMe2), 
Li2(THF)2 has been proven correct and the “salt” 
is indeed non-volatile, quite probably accounting 
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Table 3. Selected bond distances (A) and angles (“) for 

Zr(NMe&LiGHI% 

A B Distance 

Zr(l) N(2) 2.230(4) 

Zr(1) N(5) 2.221(5) 

Zr(1) N(8) 2.216(4) 

002) Li(l1) 1.915(10) 

N(2) C(3) 1.468(7) 

N(2) C(4) 1.435(8) 

N(2) Li( 11) 2.152(11) 

N(5) C(6) 1.475(7) 

N(5) C(7) 1.451(8) 

N(5) Li( 11) 2.116(11) 

N(8) C(9) 1.451(8) 

N(8) C(l0) 1.463(7) 

N(8) Li(l1) 2.196(11) 

A B C Angle 

N(2) W) 
N(2) Wl) 
N(2) W) 
N(2) W) 
N(5) Zr(1) 
N(5) Zr(I) 
N(5) Zr(1) 
N(8) Zr(1) 
Zr(1) N(2) 
Zr(1) N(2) 
Zr(l) N(2) 
C(3) N(2) 
C(3) N(2) 
C(4) N(2) 
Zr(l) N(5) 
Zr(1) N(5) 
Zr(1) N(5) 
C(6) N(5) 
C(6) N(5) 
C(7) N(5) 
Zr(1) N(8) 
Zr(1) N(8) 
Zr(1) N(8) 
C(9) N(8) 
C(9) N(8) 
CUO) N(8) 
O(12) Li(l1) 
0(12) Li(l1) 
0(12) Li(l1) 

N(2) Li(l1) 

N(2) Li(l1) 

N(5) Li(l1) 

N(5) 84.79(17) 

N(5) 95.21(17) 

N(8) 95.17(16) 

N(8) 84.83( 16) 

N(5) 179.96 

N(8) 85.19(17) 

N(8) 94.81(17) 

N(8) 179.97 

C(3) 117.7(3) 

C(4) 131.0(4) 
Li(l1) 75.1(3) 

C(4) 107.4(j) 
Li(l1) 128.6(5) 
Li(l1) 92.0(4) 

C(6) 118.3(4) 

C(7) 129.4(4) 
Li(l1) 76.0(3) 

C(7) 107.2(5) 
Li(l1) 129.2(5) 
Li(l1) 92.2(4) 

C(9) 119.9(4) 

C(l0) 130.6(4) 
Li(l1) 74.5(3) 

CUO) 106.8(5) 
Li(l1) 126.4(5) 
Li(l1) 91.3(4) 

N(2) 133.7(5) 

N(5) 121.5(5) 

N(8) 123.8(5) 

N(5) 89.4(4) 

N(8) 87.2(4) 

N(8) 88.3(4) 

for the sometimes low yields obtained in the 
synthesis of Zr(NMe& in the reaction between 
ZrC14 and LiNMer. The slow addition of LiNMe, 
to a slurry of ZrCl, is clearly preferred to the inverse 
addition. The molecular structure of Zr(NMe& 

‘H 

‘3C 

T”“I”“I”“1”“1”“1”“1”rrTTm 
44 42 40 38 pm 

Fig. 3. Low temperature limiting ‘H and “C NMR spec- 
tra for [Zr(NMe& obtained in toluene-d, on a Varian 

XL300 spectrometer. 

Li2(THF)r bears a close resemblance to that of 
W(NMe& and in relation to Mo(NMe&Liz 
(THF), it appears that the Zr(NMe&Liz(THF)z 
species is more stable. 

EXPERIMENTAL 

All reactions were carried out using standard 
inert atmosphere techniques. All solvents were 
appropriately purified and oxygen free. The ‘H and 
13C NMR spectra were acquired with a Varian 
XL300 and referenced to the protio impurity of 
the methyl group of toluene-ds. IR spectra were 
obtained from mineral oil mulls between CsI plates 
on a Perkin-Elmer 283 IR spectrophotometer. 
Analyses were carried out by Oneida Research 
Services, Inc., Whitesboro, NY. 

[Zr(NMe,),], was made by the addition of 
LiNMe, (7.2 g, 140 mmol) to ZrCl, (8.2 g, 35 mmol) 
in THF at 0°C. The product (6.0 g, 65%) was sub- 
limed out of the reaction vessel and was resublimed 
in an evacuated sealed tube prior to X-ray analysis. 

‘H NMR data at 24”C, 6 (ppm): 2.94. At 
-80°C : 3.08 (3, NMeJ, 2.48 (1, NMe*). 13C NMR 
data at 24°C 6 (ppm) : 41.73 (NMer). At - 80°C : 
43.59 (3, NMe,), 43.47 (1, NMe*). 
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THF (40 cm3) at 0°C was added to 600 mg (2.24 
mmol) Zr(NMe& and 22.8 mg (44.7 mmol) 
LiNMe, until both solids were in solution. Removal 
of the solvent gave a quantitative recovery of the 
product. Recrystallization from THF yielded 8.12 
mg of crystalline solid. Analysis for CzoH52Li2 
N,O*Zr. Found (Calc.): C, 46.8 (46.8); H, 10.4 
(10.2); N, 16.3 (16.4). IR data (mineral oil mull, v 
cm- ‘) : 279Ow, 277Ow, 273Ow, 122Os, 113 lsh, 1119s, 
lOSOs, 1039sh, 93Ovs, 894sh, 72Ow, 673w, 505s, 
35Os, 273m. ‘H NMR data at 25”C, 6 (ppm) : 3.38 
(THF), 3.11 (NMe2), 1.26 (THF). At - 80°C : 3.35 
(NMeJ, 1.48 (THF), 0.97 (THF). 13C NMR data 
at 24°C 6 (ppm) : 68.41 (THF), 46.46 (NMe,), 25.44 
(THF). At -60°C: 68.12 (THF), 46.45 (NMe,), 
25.25 (THF). 

Thermal decomposition of Zr(NMe 2) ,Li,(THF) 2 

The sample (800 mg, 1.56 mmol) was heated in 
~acuo to the sublimation temperature of Zr(NMez)d 
with no noticeable change in the colourless crystals. 
Between lOO-120°C at lop4 mm Hg, the trap 
acquired the solvent and the crystals became white 
in colour. Continued heating at 120°C made the 
crystals turn to a tan colour. 525 mg of sample was 
removed from the flask (some of the residue in the 
flask was unattainable). The theoretical residue for 
a compound of formula LizZr(NMe,), was 575 mg. 

IR data for the residue from a mineral oil mull 
between CsI plates, v (cm-) : 277Ow, 275Ow, 2485w, 
2428w, 2417w, (a forest of weak bands between 
1900 and 1500), 1251m, 1229m, 1218m, 12OOw, 
1151m, 1127s, 1118s, 1053sh, 1049m, 949sh, 930sh, 
91Os, 72Ow, 578w, 543m, 51Om, 493m, 353m, 322m. 
‘H NMR data 6 (ppm): a multitude of minor 
resonances between 2-2.4 ppm and an insoluble 
orange solid at the bottom of the tube. 

Crystallographic studies 

General operating procedures have been 
described previously.* A summary of crystal data 
is given in Table 1. 

[Zr(NMe2)4]2. A suitable crystal was located and 
transferred to the goniostat using standard inert 
atmosphere handling techniques and cooled to 
- 155°C for characterization and data collection. 

A systematic search of a limited hemisphere of 
reciprocal space located a set of diffraction maxima 
with symmetry and systematic absences cor- 
responding to the unique monoclinic space group 
P2,/n. Subsequent solution and refinement of the 

structure confirmed this choice. Data were collected 
in the usual manner using a continuous 8-28 scan 
with lixed backgrounds. Data were reduced to a 
unique set of intensities and associated sigmas in 
the usual manner. 

The structure was solved by a combination of 
direct methods (MULTAN 78) and Fourier tech- 
niques. All hydrogen atoms were clearly visible in 
a difference Fourier synthesis phased on the non- 
hydrogen parameters. All hydrogen atoms were 
refined isotropically and non-hydrogen atoms 
anisotropically in the final cycles. 

A final difference Fourier was featureless, with 
the largest peak being 0.37 e A-“. 

Zr(NMe&Li2(THF)2. A suitable crystal was 
located and transferred to the goniostat using stan- 
dard inert atmosphere handling techniques and 
cooled to - 155°C for characterization and data 
collection. 

The sample was believed to be isomorphous to 
Mo(NMe&Li,(THF), and a search of a limited 
hemisphere of reciprocal space did, in fact, locate 
diffraction maxima similar to those found for the 
MO analogue. Data were collected in the usual man- 
ner using a continuous 0-29 scan with fixed back- 
grounds. Data were reduced to a unique set of inten- 
sities and associated sigmas in the usual manner. 
When the coordinates of the MO analogue were 
used as starting points for the refinement, con- 
vergence was not achieved. Several attempts were 
made before attempting to solve the structure “from 
scratch”. At this point, the statistics clearly indi- 
cated a non-centrosymmetric structure, so the space 
group was assigned A2. A solution was found with 
no disorder, although there were chemically 
impossible inequalities present (N-C distances 
varied from 1.2 to 1.9 A). Although the refinement 
converged to R = 0.062, it was apparent that a 
gross error was present. 

At this point the crystal was carefully examined 
on the diffractometer, and it was determined that 
the A centring was not present. Data were therefore 
recollected with no reject routine and reprocessed. 

The structure was then solved by a combination 
of direct methods (MULTAN 78) and Fourier tech- 
niques. All hydrogen atoms were clearly visible in 
a difference Fourier synthesis phased on the non- 
hydrogen parameters. All hydrogen atoms were 
refined isotropically and non-hydrogen atoms 
anisotropically in the final cycles. The hydrogen 
atoms are not well behaved, with distances of up to 
1.4 A, and some H-C-H angles of less than 90”. 
A final difference Fourier was featureless, with the 
largest peak being 0.45 e A- 3. 

The structural characterization of Mo(NMe,), 
Li*(THF)* is currently being re-examined in order 
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to determine whether or not the space group was 2. D. C. Bradley and I. M. Thomas, J. Chem. Sot. 1960, 
correctly assigned. 3857. 

Atomic positional parameters have been 3. 
deposited with the Director of the Cambridge Cry- 
stallographic Data Centre. 4. 
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Abstract-Two complexes RURAL that arise from thermal reactions of monoazadienes 
(E)-CH&(H)=C(H)C(H+NR (1); (R = t-C,Hg, K3H7, C-C,H,i) with Ru3(CO)i2 are 
reported. The bonding of the six-electron donating organic fragments in the complexes 
Ru2(C0)6{~-N,~2-~3-CH2CC(H)C(H)==N-C4Hg-t} (4a) and Ru2(CO),{C2H5-_CC(H) 
N-C,H,-t) (5a) is described on the basis of their X-ray single crystal structure deter- 
minations. In compound 4a the organic ligand is a-N,p2-q3-coordinated and contains a 
distorted q3-ally1 fragment bridging the two RUG moieties. Compound 5a features 
a ~2-~3-aza.allyl dianion which bridges the Ru centres in the RUDE core. Possible 
pathways for the formation of 4a and 5a, involving dehydrogenation and a 1,2-H shift, 
respectively, are discussed. 

The reactivity of conjugated monoazadienes 
(MAD)$ towards metal carbonyl compounds, in 
particular small clusters, has hitherto received 
limited attention compared to related conjugated 
systems, e.g. butadienes’ and 1,4-diaza-1,3-dienes 
such as R-DAB3 and R-PyCa.4 By studying the 

* For Part II, see ref. 1. 
t Author to whom correspondence should be addressed. 
# Abbreviations used : MAD = N-alkyl-monoma- 

&ene, R-N=C!(H)-C(H)=C(R’)R2; R-DAB = N, 
N’-dialkyl- 1,4-&m- 1,3-butacliene, R-N=C(H)-C(I-I) 
=NR ; R-PyCa = N-alkyl-pyridine-2-carbaldehyde- 
imine, C,H,N-ZC(H)=N-R. 

reactivity of such coordinated unsaturated organic 
fragments on small metal clusters, one may gain 
insight into processes that bear relevance to intimate 
steps of heterogeneous and homogeneous catalytic 
reactions. Earlier investigations into the coor- 
dination chemistry of MAD ligands have revealed the 
occurrence of several coordination modes e.g. o-N 
(2e) in (MAD)Fe(C0)4,5 q2-M (2e) in (MAD) 
Ni(PPh3)26 and q2-C.=C, q2-C=N (4e) in (MAD) 
Fe(C0)3.7 In addition to complexes in which the 
MAD ligand is coordinated as such, C-metallated 
compounds containing a monoazadienyl (MAD-yl) 
fragment have been obtained from reactions of 
MAD ligands with IrCl(CO)(PPh,), to give HIr- 

2521 
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Cl(PPhJ2{C6H,-C=C(H)C(H)=N-&H,-i}’ 
and with H20s,(CO),o yielding (,u-H)~OS~(CO)~ 
{P~-~~-(CH~)~C(H)CC(CH~)=N-C~H,}.~ Re- 
cently, we have encountered a rather exotic ligating 
behaviour of the MAD-y1 ligand derived from 
(E)-CH,-C(H)=C(H)C(H)=NR (l), namely as 
7e donating o-N, a-C, u]‘-C-C, q’-C-N 
bonded CH,--C-C(H)-C(H)=NR fragments 
coordinated to a linear tetranuclear chain in 
Ru~(CO),~(~~-Y/~-CH~--C--C(H)C(H)=N-R}~ 
(2)” and to a bent Ru3 core in Ru~(CO)~{~~-~~- 
CH,-C=C(H)C(H)==N-R)-3 (3)’ (see Fig. 1). 
In both complexes two Ru%--C--C-N het- 
erocycles (which are isolobal with an $-bonded 
cyclopentadienyl moiety) can be discerned. In Fig. 
1 it is shown for 2 that two R&--C-C-C---N 
heterocycles are present which are $-bonded to 
each Ru atom of the RUDE entity, while in 
3 two such heterocycles are $-coordinated to the 
central Ru atom. From these observations we con- 
cluded that compounds 2 and 3 are isolobally 
related to (r$-CSH5)ZR~z(C0)4 and (Y$-C5HJzRu, 
respectively. These compounds are formed during 
thermal reactions of Ru~(CO),~ with the MAD 
ligand 1 in heptane solution. After completion of 
the reaction, also other products which contained 

H 
\ 

H c=N \ / 
c-c 

H3C ’ ‘H 

la; R = t-Bu 
lb; R = i-Pr 
lc: R = c-Hex 

ozTp@R 
Ru--CO 

/\ 
oc co oc ’ ‘co 

3 

Fig. 1. Monoazadienes la-lc and the known products 2 
and 3 from their reaction with Ru I(CO), 2. 

ligands derived from the parent MAD ligand were 
isolated. In this paper we wish to report the molec- 
ular structure of two major products of the reaction 
of Ru3(C0)i2 with (E)-(l), together with a dis- 
cussion of possible pathways of their formation. 

EXPERIMENTAL 

Materials and apparatus 

NMR spectra were obtained on Bruker WM 250 
and AC 100 spectrometers. IR spectra were 
recorded using a Perkin-Elmer 283 spectro- 
photometer. Elemental analyses were carried out 
by the Elemental Analyses section of the Institute 
for Applied Chemistry, TNO, Zeist, The Nether- 
lands. All preparations were carried out in an atmo- 
sphere of purified nitrogen, using carefully dried 
solvents. Silica gel for column chromatography 
(Merck, 60 Mesh) was dried and activated before 
use. Ru~(CO),~ was obtained from Strem Chemi- 
cals Ltd. The monoazadienes la-lc were prepared 
from (E)-crotonaldehyde and the relevant primary 
amine according to standard procedures. ’ ’ 

Synthesis of Ru2(C0)&-N,pL2-q3-CH2CC(H) 
C(H)=N-C,H,-t) (4a) and Ru~(CO)~{~~-~~- 
&H&C(H)N-C4H9-t} (5a) 

A solution of Ru3(CO), 2 (0.64 g, 1 .O mmol) and 
monoazadiene (la) (3 mmol) in 50 cm3 of heptane 
(b.p. 98.5”C) was stirred at reflux temperature for 20 
h. The solution was evaporated to dryness leaving a 
yellow-orange residue that was purified by column 
chromatography on silica, using hexane as the 
eluent. One broad yellow band was obtained, the 
first part of which contained pure 5a and the last 
part contained pure 4a. This column chro- 
matographic separation was carefully monitored by 
IR. A small fraction containing a mixture of 4a and 
5a was discarded. Both compounds were crys- 
tallized from hexane (- SOC) yielding yellow crys- 
tals of 4a and Sa, respectively, both in about 30% 
yield. Recrystallization from hexane afforded crys- 
tals suitable for crystal structure determinations. 

Analytical data for 4a : Found (Calc.) : C, 34.10 
(34.08); H, 2.68 (2.66); N, 2.48 (2.84). 5a: Found 
(Calc.): C, 33.87 (33.94); H, 3.04 (3.05); N, 2.78 
(2.83). IR and NMR data are given in Tables I 
and 2. 

Table 1. IR data (i;(CO) region (cm- ‘) solvent hexane) 

4a 2076(m) 2042(vs) 2002(s) 1997(s) 1982(m) 
4b 2077(m) 2042(vs) 2003(s) 1998(s) 1983(m) 
4c 2076(m) 2042(vs) 2003(s) 1997(s) 1983(m) 
Sa 2075(m) 2042(vs) 2003(s) 1990(s) 1978(m) 
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Table 2. NMR data of 4a-k and 5a 

13C NMR” 4a 4b 4c 5a 

C(7) 
C(8) 
C(9) 
C(l0) 
R(N-C) 

cos 

‘H NMR 

176.1 177.2 
67.0 67.0 

199.06 199.ob 
54.4 54.1 
61.2 62.5 
31.3 24.1123.7 

202.6 203.0 
200.4 200.8 
199.6 199.5 
198.4 198.7 
193.5 193.9 
190.9 191.1 

4a 4b 

177.4 
67.2 

199.0b 
54.0 
70.7 

345134.2 
25.7, 25.5,2 25.4’ 

203.1 
200.8 
199.6 
198.7 
193.9 
191.1 

4c 

106.6 
139.8 
31.1 
17.1 
55.3 
30.5 

197.2 

5a 

H(7) 
H(8) 
H(9) 
H(102) 
H(lO1) 
R 

8.06 (d, 2.0, 1) 8.02 (d, 2.0, 1) 8.01 (d, 2.0 1) 6.91 (s, 1) 
3.44 (d, 2.0, 1) 3.40 (d, 2.0, 1) 3.41 (d, 2.0, 1) - 

- - 2.38 (q, 7.5, 2) 
3.81 (s, 1) 3.82 (s, 1) 3.81 (s, 1) 1.06 (t, 7.5, 3) 
3.30 (s, 1) 3.32 (s, 1) 3.32 (s, 1) 
1.27 (s, 9) 3.56 (sept, 6.4,l) 3.12 (br, 1) 0.95 (s, 9) 

1.23 (d, 6.4, 3) 1.0-1.8 (br, 10) 
1.17 (d, 6.4, 3) 

U 25.1 MHz, in CDCI 1 at 263 K. Diastereotopic pairs separated by solidus (/). 
‘Assigned by means of intensity considerations when compared to the ‘CO res- 

onances. 
’ 250.1 MHz, in CDCl, at 297 K. In parentheses : multiplicity, +I, H), integral. 

Numbering as in the molecular structures of 4a and 5a. 

Synthesis of Ru~(CO)~{~-N,~~-~~-CH~CC(H)- 
C(H)=NR}, (4b) : R = i-C3H7; (4~) : R = C-C6H1, 

A solution of Ru3(CO)i2 (0.64 g, 1 .O mmol) and 
monoazadiene lb or lc (2.5-3 mol) in 50 cm3 hep- 
tane (b.p. 98.5”C) was stirred at reflux temperature 
for 16-20 h. After cooling to 20°C the orange- 
red precipitate was collected and worked up as 
described,” producing 2. The remaining solution 
‘was evaporated to dryness, leaving an orange resi- 
due that was further purified by column chro- 
matography using hexane as the eluent. A yellow 
fraction was obtained and crystallization from etha- 
nol at - 80°C yielded yellow crystals of 4b or 4c in 
about 30% yield. Analytical data for 4b: Found 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,/F, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

(Calc.): C; 32.57 (32.57); H, 2.38 (2.31); N, 2.96 
(2.92). 4c: C, 36.76 (37.0); H, 2.83 (2.91); N, 2.58 
(2.70). IR and NMR data are compiled in Tables 1 
and 2. 

X-ray single crystal structure determinations of 
((o-N,p2-~3-CCC)-2,2-dimethyl-3-azahept-3,5-dzkn- 
6,7-diyl}hexacarbonyldiruthenium [C , $I 1 3N06Ru2, 
(4a)] and of {(p2-q3-NCC)-2,2-dimethyl-3-azahept- 

3-en-5,5-diyl}hexacarbonyexacarbonyldiruthenitw [C,_,H, sN06 
Ruz WI* 

Structure solution and refinement for the com- 
pounds was essentially the same as reported for 
compound 2. ’ ” 

Crystal data of 4a. M, = 493.40, monoclinic, 
P2,/a, a = 12.277(l), b = 14.638(l), c = 10.069(l) 
A, /I = 102.53(l)“, I’= 1766.4(3) A3, Z = 4, 
0, = 1.82 g cn~-~, Cu-K,, L = 1.5418 A, p = 144.5 
cm- ‘, T= 295 K, R = 0.034 (& = 0.054, 
w = (5.5+1;,+0.016Fz)-‘) for 3087 observed 
reflections [I > 2_5a(Z)]. 

Crystal data of 5a. M, = 495.42, monoclinic, 
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P2Jr.2, a = 13.388(2), b = 15.411(2), c = 8.843(l) 
A, /3 = 95/M(2)“, V= 1816.3(4) A3, 2 = 4, 
DC = 1.81 g cme3, Cu-K,, 1 = 1.5418 A, p = 140.5 
cm- ‘, T= 295 K, R = 0.031 (Rw = 0.048, 
w = (6.0 + F, + O.O27F$ ‘) for 1659 observed 
reflections [Z > 2.50(Z)]. 

RESULTS AND DISCUSSION 

Molecular structure of 4a 

The molecular geometry of 4a is shown in Fig. 2 
and selected bond distances and angles are given in 
Table 3. 

The organometallic complex consists of a 
“sawhorse” type RUDE core, composed of two 
Ru(C0) 3 units held together by a bridging 6e donat- 
ing o-N,fluz-q3-allyl imine fragment and a Ru-Ru 
bond distance of 2.7979(6) & which falls within the 
range of 2.7G2.85 A for single Ru-Ru bonds.’ 
The Ru(l)---C and C-O distances within the 
Ru(l)(CO), unit are equal (average Ru(l)-C 
1.922(4) A, C-O 1.139(5) A). Contrastingly, a 
rather long Ru(2)-C(6) distance of 1.968(3) 8, and 
a short Ru(2)-C(4) distance of 1.885(3) 8, are 
found in the Ru(2)(CO), moiety. These obser- 
vations can be readily explained by invoking the 
large trans-influence exerted by C(9), which tends 
to elongate the Ru(2)-C(6) distance. and the com- 

paratively small truns-influence of N on the 
Ru(2)-C(4) distance (see Fig. 2). 

The imine N atom is a-coordinated as is indicated 
by the normal bond length of 2.167(3) 8, for the 
Ru(2)-N dative bond. The N-C(7) bond distance 
amounts to 1.290(4) 8, and points to a localized 
double bond. 

The carbon atom C(9) is a-coordinated to 
Ru(2), the bond distance of 2.065(3) 8, for 
Ru(2)-C(9) being slightly shorter than for normal 
single Ru-C bonds. lo The carbon fragment 
C(8)-C(9)-C(10) exhibits q3-coordination to 
Ru(l), as can be inferred from the Ru( 1)-C(8), 
Ru(l)-C(9) and Ru(l)-C( 10) bond distances of 
2.251(3), 2.100(3) and 2.273(3) A, respectively. 
Assuming for convenience Ru(2) as a substituent at 
C(9), the C(S)---C(S)-C( 10) fragment may indeed 
be considered as a q3-ally1 type ligand that is yl’- 
coordinated to Ru( l), and of which the substituent 
[Ru(2)] at the central ally1 carbon atom C(9) is 
bent out of the ally1 plane. The angle between the 
Ru(2)-C(9) vector and the plane defined by the 
ally1 group amounts to 12.2”. This structural {q’- 

CH,C(WC(H)R) coordination entity has also been 
found in Fez(C0)7{~~-~3-C3H4},‘2*‘3 where the 
Fe(2)--C vector makes an angle of 27” with the 
ally1 plane. In both cases, the fact that Ru(2) (or 
Fe(2), respectively) is out of the plane defined by 
the q’-ally1 carbon atoms can be attributed to the 

Fig. 2. PLUTO drawing of the molecular structure of 4a with the adopted numbering 
hydrogen atoms, except at C(7), C(8) and C(10) have been omitted. 

scheme. The 
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Table 3. Relevant bond distances of 4a in Angstrom and angles in degrees with 
e.s.d. in parentheses 
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Ru( l)-Ru(2) 

Ru(l)-C(l) 
Ru(l>--c(2) 
Ru(l)-C(3) 
Ru(l)-C(8) 
Ru(lW(9) 
Ru(l>--c(lO) 
Ru(2)--N 

Ru(2)-c(4) 
Ru(2)--W 
Ru(2)-CX6) 
Ru(2)--C(9) 
N--c(7) 
N-C(ll) 

C(l)----o(l) 
C(2)-O(2) 
C(3)----o(3) 
C(4)-O(4) 
W-O(5) 
C(6)--0(6) 
C(7)_-c(8) 
C(SYC(9) 
C(9)-C(l0) 
C(1 l)--c(l2) 
C(1 l)-W3) 
C(1 l-(14) 

2.7979(6) 
1.920(4) 
1.919(4) 
1.926(3) 
2.251(3) 
2.100(3) 
2.273(3) 
2.167(3) 
1.885(3) 
1.911(4) 
1.968(4) 
2.065(3) 
1.290(4) 
1.518(4) 
1.140(5) 
1.151(5) 
1.128(4) 
1.131(5) 
1.128(6) 
1.114(5) 
1.437(5) 
1.439(4) 
1.412(5) 
1.555(7) 
1.531(7) 
1.491(8) 

W2HWFW 
RGV-Rut 1 k--W’) 
Ru(2)-Ru(lfl(10) 

C(2)-Ru(l)-C(8) 
C(2)---Ru( 1 )-C(9) 
C(2)-Ru(lW(l0) 
C(8)-Ru(lW(9) 
C(8)-Ru(l)--WO) 
C(9)_Ru(l)-C(lO) 
Ru( 1 )--Ru(2)-N 

Ru(l)_Ru(2-(9) 
N-Ru(2)-C(4) 
N-Ru(2)-C(9) 
Ru(2)-N-C(7) 

N--c(7)--c(8) 
Ru(l)-C(8_(7) 
Ru(l)--C(8)--C(9) 
C(7)--c(8yC(9) 
Ru( 1 )--c(9)_Ru(2) 
Ru(l)--C(9)--C(8) 
Ru(l)--C(9)-C(lO) 
Ru(2)----C(9W(8) 
Ru(2)--C(9)--C( 10) 
C(8yC(9)-C(lO) 
Ru(l)_-C(lO)--C(9) 
Ru-C-O(av.) 

68.20(11) 
47.26( 10) 
75.37(12) 
94.55(22) 

118.63(18) 
97.63(20) 
38.43( 13) 
64.13(16) 
37.41(14) 
86.71(10) 
48.34( 10) 

170.39(14) 
80.03(17) 

110.3(3) 
119.8(3) 
113/t(3) 
65.1(3) 

115.4(3) 
84.40( 17) 
76.5(3) 
77.9(3) 

108.5(3) 
127.2(3) 
114.8(3) 
64.7(3) 

176.3(3) 

presence of a metal-metal bond. Similar three-car- 
bon fragments have been reported for e.g. Cp,Ru, 
(CO)3&-q3-C3H4_.Me,J’4 (no Ru-Ru bond) 
and 0s3(CO), ,(P~-~~-C~H~)‘~ (no OS-OS bond). 
In the latter case it has been shown by cry- 
stallographic analysis that the OS(~) atom, which is 
o-coordinated to the central carbon atom of the 
ally1 group, resides within the plane of the q3-ally1 
group which is in turn q3-coordinated to OS(~), 
comparable to the situation in compound 4a. 

The carbon-carbon distances C(S)--C(9) and 
C(9)-C(lO) of 1.439(4) and 1.412(5) A, respec- 
tively, indicate extensive electron delocalization 
over the C(8)-C(9)-C(IO) fragment. Taken to- 
gether with the C(8)-C(9)--C(lO) angle of 114.8(3) 
and the distances of these atoms to Ru(1) (vi& 
supra), this supports its interpretation as a q3-ally1 
fragment. The q3-ally1 ligand is slightly distorted 
because the “substituent” Ru(2) does not reside 
within the plane of the ally1 group. 

A4olecular structure of Sa 

The molecular geometry of 5a is shown in Fig. 3 
and selected bond distances and angles are given in 
Table 4. 

Fig. 3. PLUTO drawing of the molecular structure of 
5a with the adopted numbering scheme. The hydrogen 

atoms, except at C(7) and C(9) have been omitted. 

This diruthenium complex also features the well 
known Ru,(CO), core, in which the Ru atoms are 
bridged by a 6e pZ-q3-azaallyl ligand. In this mol- 
ecule the intermetallic distance of 2.649( 1) 8, points 
to a rather short formal single Ru-Ru bond, as 
normally distances of 2.70-2.85 A are found in com- 
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Table 4. Relevant bond distances of 5a in Angstroms and angles in degrees 
with e.s.d. in parentheses 

Ru( 1 )-Ru(2) 
Ru(l)-N 

Ru(l)-C(l) 
Rn(l>--c(2) 
Ru(l)--C(3) 
Rn(l)-C(7) 
Rn(l)-C(8) 
Ru(2)--N 

Ru(2)-~(4) 
Rn(2)--c(5) 
Rn(2)-C(6) 
Rn(2)-C(8) 
N--C(7) 
NX(11) 

C(l>--o(l) 
C(2)--0(2) 
C(3W(3) 
C(4)--0(4) 
C(5W(5) 
C(6)--0(6) 
C(7)--c(8) 
C(8)-C(9) 
C(9)-C(lO) 
C(1 l>--c(l2) 
C(1 lHJl3) 
C(ll)-C(14) 

2.6499(8) 
2.127(4) 
1.915(6) 
1.914(6) 
1.904(7) 
2.240(5) 
2.227(6) 
2.143(4) 
1.935(6) 
1.918(6) 
1.889(6) 
2.113(5) 
1.404(7) 
1.497(7) 
1.124(8) 
1.126(8) 
1.151(9) 
1.135(7) 
1.144(8) 
1.138(8) 
1.347(8) 
1.488(8) 
1.522(10) 
1.526(8) 
1.553(10) 
1.552(9) 

Ru(Z)-Ru(l)-N 

Ru(2)-RW-C(3) 
Ru(2)_Ru(l>--c(7) 
Rn(2)-Rn(l)--c(8) 
N-Ru( 1)-C(3) 

N-Ru(lt--c(‘I) 
N-Ru( 1)-C(8) 

C(3)_Ru(l)--C(7) 
C(7)-Ru(l)-C(8) 
Ru( l)-Ru(2)-N 

Ru(l>-Ru(2)--C(5) 
Ru(l)_Rn(2)--c(8) 
N-Ru(2)-C(8) 
Ru( 1 )-N-Ru(2) 
Ru( 1)-N-C(7) 
Ru(l)-N-C(ll) 
Ru(2)-N-C(7) 
Ru(2)-N-C( 11) 
C(7)--N-C( 11) 

Rn(l)--C(7>-N 
Rn(l)--c(7>--c(8) 
N-C(7)-C(8) 
Rn( 1 >--C(8)_Ru(2) 
Ru(l)-C(8W(7) 
Ru(l)-C(8)-C(9) 
Rn(2>--c(8)--c(7) 
Rn(2)-C(8)-C(9) 
C(7WX8yC(9) 
Ru-C-O(av.) 

51.92(13) 
155.96(21) 
62.53( 19) 
50.43(17) 

105.5(3) 
37.40(21) 
62.20(22) 
94.7(4) 
35.09(22) 
51.36(13) 

149.62(19) 
54.34( 19) 
63.8(3) 
76.72(21) 
75.7(4) 

133.4(3) 
90.0(4) 

135.6(3) 
124.8(5) 
66.9(4) 
71.9(5) 

109.8(6) 
75.2(3) 
73.0(5) 

129.9(4) 
92.9(5) 

136.3(4) 
126.1(6) 
177.3(5) 

parable compounds.’ Similarly, a short Fe-Fe dis- 
tance (2.453(4) fk) has been observed in the struc- 
turally analogous compound Fe,(C0)6{pa-q3- 
C(C0,Me)C(C02Me)N-C(CgHS)=CH2} (6, see 
Fig. 4). I6 The short inter-metallic distance in 5a can 
be explained by assuming a bent bond between the 
metal centres (cf. ref. 17). This conjecture is cor- 
roborated by the fact that the normal vectors to the 
(approximate) planes through Ru( l)-N-C( 1) 
-C(2)-C(8) and Ru(2)-N-C(4)-C(6)-C(8) 

each make an acute angle of about 34” with the 
Ru( l)--Ru(2) vector. 

A striking aspect of the structure of 5a is the q3- 
azaallyl-type bonding of N-C(7)-C(8) to Ru(l), 
indicated by the bond distances Ru(l)--N, 
Ru(l)-C(7) and Ru(ljC(8) that amount to 
2.127(4), 2.240(5) and 2.227(6) A, respectively. 
&nilar distances, i.e. 2.178(5), 2.159(6) and 
2.285(6) A, respectively, have been found in the 
only other comparable ruthenium-azaallyl system, 

6 7 8 

Fig. 4. Compounds M,(CO),L which contain a ~2-~3-azaallyl fragment L comparable to the 
N-C(7)-C(8) moiety in 5a. 
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Ru~(CO)~(I’ - C,HFNC(H)C(H)N(C,H, - i)C(O) 
CH,C(O)CH,) (7)? The N-C(7) and C(7)- 
C(8) distances in (5a) are 1.404(7) and 1.347(8) 
A, respectively, indicating some delocalization 
in this N-C-C moiety. The N-C(7)-C(8) 
plane makes an angle of 64.1” with the Ru(l)- 
Ru(2) vector and the angle N-C(7)--C(8) 
amounts to 109.8(6)“. All these facts indicate 
that a bonding description of the 6e MAD-y1 
ligand to the Ru,(CO), core as 03-azaallyl to Ru(1) 
and a-N, o-C(8) to Ru(2) is appropriate. 

The extent of delocalization within the 
N-X(7)--C(8) group is not as pronounced as in 
718 or FeMn(CO),(t-C4H9NC(H)C(H)N(H) 
-C,H,-t} @),I9 (see Fig. 4) where the bond dis- 
tances within the azaallyl moiety are equal and 
amount to 1.37 A in 7 and 1.40 A in 8. The 
distances in the N-C-C moiety in 5a are com- 
parable to those found in one of the NCC units 
in Fe,(C0)4{i-C3H7-NC(H)C(H)N(i-C3H,C(H) 
=C(H)C02Me}.‘B” There, the N-C and C-C 
distances are 1.427(16) and 1.357(16) A, re- 
spectively, which points to a single N-C bond 
and a q2-coordinated C&C double bond. Hence, 
the coordination of the NCC moiety in 5a could 
alternatively be interpreted as symmetric (3e) p2-N 
bridging as for anionic amido groups, cr-coor- 
dination of C(8) to Ru(2) and q2-coordination of a 
C(7)-C(8) double bond to Ru( l), but we prefer the 
above description involving q3-azaallyl bonding. It 
is further observed that whereas C(9) resides 
approximately in the plane described by the 
N-C(7)-C(8) moiety (deviation 0.06 A, dihedral 
angle N-C(7)/C(8)-C(9) is 177”), C(11) does not 
(deviation 0.26 A, dihedral angle C(l 1)-N/ 
C(7)-C(8) is 168”). Possibly the steric influence 
of the C(CH3)3 group tilts C(11) out of this 
plane, obviously inducing some rehybrldization of 
the N atom towards sp3. This may also explain 
the observed incomplete delocalization within the 
N-C(7)-C(8) moiety (as evidenced by the 
unequal N-C(7) and C(7)-C(8) distances, vi& 
supra). Another factor influencing the geometry of 
the NCC unit will be the bridging of C(8) between 
the Ru atoms (the Ru(2 )-C(8) distance of 2.113(5) 
8, represents a normal Ru-C single bond) and this 
feature may contribute to the observed difference 
in the bond lengths of N-C(7) and C(7)-C(8). 
Again the observation of equal N-C and C-C dis- 
tances of 1.416(24) and 1.433(3 1) A, respectively, in 
6 (whose complex is structurally analogous to 5a, 
see Fig. 4) would suggest that the latter argument 
is not valid. It must be borne in mind, however, that 
in 6 resonance stabilization of the azaallyl fragment 
with the N-coordinated olefin is achieved. This can- 
not occur in 5a. 

IR spectra 

All complexes exhibit a characteristic pattern of 
five intense bands in the region of terminal CO 
stretching frequencies (see Table l), similar to those 
observed for RURAL (L = R-DAB, R-PyCa) 
complexes. 20*2 ’ 

’ 3C NMR spectra 

The data are compiled in Table 2. The numbering 
of the carbon atoms is as in Figs 2 and 3. The 6- 
value of 177 ppm for C(7) in 4a-4e lies within the 
range normally found for H-13C=N imine carbon 
atoms in free and a-N-coordinated mono- and diaza- 
dienes.22 The ’ 3C signals for C(8) and C( 10) in 4a- 
4c are found between 50-70 ppm, which is indicative 
of terminal allylic carbon atoms coordinated to a 
metal atom.23 The high &value for the C(9) carbon 
in 4a-4c cannot be readily explained. For HRu3 
(C0)9(C3R3}, the resonance of the central carbon 
atom in the ~~‘1 ‘-coordinated ally1 fragment (which 
is comparable to C(9) in 4a-k) has been found at 
values between 160-200 ppm.24 In mononuclear 
(q3-allyl)metal complexes the resonance of the cen- 
tral carbon atom is usually found at substantially 
lower frequencies ; typically 90-140 ppm. 23 

The intramolecular CO exchange rate in 4a-4c is 
slow on the NMR time scale at 2.35 T and 263 K, 
as is evidenced by six separate resonances for the 
six CO ligands. Under the same conditions a single 
signal at 197.2 ppm is observed for all six CO 
ligands of 5a. We will report on the dynamic behav- 
iour in solution in the future. 

The i3C signal for C(7) in 5a is found in the same 
region as the comparable resonance in complexes 
71ga and &I9 The resonances of the ethyl group 
C(9)-C(10) fall within the expected range. The 
chemical shift of the C(8) atom in 5a is found at 
140 ppm, which is a considerably higher value than 
has been observed in the analogous diiron com- 
pound 6.16 There, the C(7) and C(8) resonances 
were found at 112 and 126 ppm (or vice uersa) but 
could not be unambiguously assigned. In view of 
the present knowledge about comparable Ru 
complexes, the 112 ppm signal can be attributed to 
C(7) in 6 (see Fig. 4). It has been suggested” that 
the higher shifts for C(7) and C(8) in the case of 6 
compared to 8 can be explained by the presence of 
strongly electron-withdrawing substituents on the 
allylic carbon atoms in 6. This argument cannot 
hold now, since in 5a no electron withdrawing sub- 
stituents at C(7) or C(8) are present and yet 6[C(8)] 
is even higher than in 6. On the other hand, the 
resonance of C(8) is found at a lower frequency 
than would be expected for such PI-coordinated 
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carbon atoms in p2-y3-ally1 groups.24 The intimate of ligands lb (R = i-C3H7) or lc (R = c-ChHI,). 
factors determining the chemical shift of C(8) in 5a This deviating reactivity is not understood at the 
are not yet clear, moment. 

‘H NMR spectra 

The ‘H NMR spectra of 4a-4c and 5a in solution 
(see Table 2 ; for the numbering see Figs 2 and 3) 
are in agreement with their structures in the solid 
state. The proton resonance at ca 8.0 ppm for com- 
pounds 4a-4c is characteristic of the imine proton 
in u-N-coordinated R’C(H)==NR groups as in c- 
N,a-N’ and ~-NJ.#‘,$--C=N coordinated R- 
DAB ligands.” It can be attributed to H(7) in 4a- 
4c. The resonances at 3.40 and 3.30 ppm are typical 
for terminal syn-protons of r~ ‘-ally1 groups and can 
be assigned to H(8) and H(lOl), respectively. The 
vicinal coupling at H(7) of 2 Hz is also present in 
the 3.40 ppm signal, which must therefore belong 
to H(8). The coupling between H(7) and H(8) is 
smaller than one would expect: ca 5 Hz based on 
the observed dihedral angle of 40” between the 
C(7)-H(7) and C(8)--H(8) bonds in the crystal 
structure. The signal at 3.80 ppm for 4a-4c can 
be assigned to the anti-proton H(102), since anti- 
protons are indeed usually found at lower field than 
syn-protons of q 3-allyl groups. ” The chemical shift 
difference between the syn- and anti-protons H(lO1) 
and H(102) is not very large. Also the mutual 
coupling is negligible, as expected for geminal coup- 
ling in an q3-ally1 group. We note the dia- 
stereotopicity of the N-isopropyl methyl groups. 

It appears from HPLC measurements (reversed 
phase hypersil ODS, MeOH-H,O : 87/13) per- 
formed on the reaction mixtures taken at intervals 
of l-2 h, that compounds 2a-2c and 4a-4c are the 
ultimate products. During the reaction of the MAD 
ligand la with Ru3(CO)i2 the concentration of a 
third compound, 5a, was found to increase with 
time. In the case of lb and lc the HPLC measure- 
ments reveal the initial formation of small amounts 
of at least two other compounds, the concentration 
of which thereupon declines rapidly with time. Iso- 
lation and identification of these unknown com- 
pounds presently receives considerable attention in 
our laboratory. 

Apart from the as yet missing azaallyl com- 
pounds Ru~(CO)~{~~-~~-C~H~-CC(H)N-R) 5b 
(R = i-C3H7) and 5c (R = c-C6H11), a possible 
structure of one of these elusive compounds could 
be a diruthenium hydride to which a 5e MAD-y1 
ligand is coordinated, e.g. as in (~-H)Ru~(CO)~{~~- 
FJ~-CH~-C&C(H)C(H)=N-R} (9). Such a com- 
plex (see Fig. 5) would be a candidate as a precursor 
for 2 lo and 4. It could easily arise from the insertion 
of Ru into the C(9)-H bond of 1. A precedent 
for a comparable insertion and the existence of a 
diruthenium hydride which is isostructural with 9 
is available in the case of the known reaction of 
benzylidene acetone with Ru(CO)~(COD).*~ 

The ‘H NMR spectrum of Sa is very different 
from that of 4a and features (besides the intense 
singlet at 0.95 ppm due to the tert-butyl group) 
resonances at 1.06 and 2.38 ppm with the simple 
pattern of an ethyl group (C(9)H,-C(lO)H, in Fig. 
3) that is attached to a quaternary carbon atom 
[C(8)]. The singlet at 6.91 ppm can be attributed to 
H(7) in 5a, consistent with the observed shift 6 6.64 
ppm for the central CH in the p3-q3-ally1 group in 
HRu~(CO)~(~~-~~~-CH~-CC(H)C-C~H~.’~~ 

The formation of complexes 4 from 9 is easily 
conceivable, since it only requires an insertion of 
Ru(1) into a C-H bond at C(10) in 9 (see Figs 2 
and 5) and loss of Hz from the formed dihydride. 
Alternatively, elimination of CO from 9 and sub- 
sequent dimerization (with loss of 2H) gives the 
tetranuclear complex 2 (cf. ref. 10). Overall, the 
formation of 4 from 1 involves dehydrogenation of 
the MAD ligand. Such dehydrogenation reactions 
are known, e.g. the formation of pentalene com- 
plexes from dihydropentalenes (C,H,) and iron car- 
bonyls,27 or from thermal reactions of Ru~(CO),~ 

Reaction pathways 

The thermal reactions of the MAD ligands lb 
and lc with Ru3(CO) ,2 at 100°C in heptane proceed 
readily to give mainly the dehydrogenated com- 
plexes 4b and 4c, together with substantial amounts 
of 2b and 2c, respectively. On the other hand, when 
la (R = t-Bu) is used under these conditions only 
small amounts of 2a (< 10%) could be detected in 
the reaction mixture after 20 h. Instead of 2a, the 
azaallyl complex 5a was formed in appreciable 
quantities (see Experimental). Complexes iso- 
structural with 5 seem not to be formed in the case 

9 

Fig. 5. Possible structure of the proposed intermediate 
hydridcAiruthenium species 9. 
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RN&(& _ 5a 

[Ml 

Fig. 6. Proposed 1 ,Zhydrogen shift in a monoazadiene ligand coordinated to a Ru,(CO),, fragment [Ml. 

with butadienes, cyclooctatriene and related reac- 
tions involving cyclic polyalkenes and polyenyl 
compounds. *’ Dehydrogenation has also been 
observed for the metallated monoazadiene in 

OL- H)@sG0)&3 - rl* - (CH,),C(H)CC(CH+N 
-C6H5}, in which case the formation of another 
type of pr-q3-coordinated ally1 group occurred.’ 

Finally, an explanation must be given for the 
formation of 5a. First of all it should be mentioned 
that this azaallyl complex seems to be formed only 
in the case of R = t-C,H,, suggesting that its for- 
mation (or lack of conversion) partly depends upon 
steric factors. There appears to be no straight- 
forward pathway for the conversion of 9 into 5a. It 
is also possible that 5a is formed via an as yet 
unappreciated route. This may involve the con- 
version of la via an intermediate where the MAD 
ligand is q2-N=C, q2-C=C coordinated to a 
ruthenium carbonyl fragment, followed by a 1,2- 
hydrogen shift from C(8) to C(9) generating for- 
mally a carbene C(8) atom (see Figs 3 and 6). 
Although a similar reaction in isolated species in 
the gas-phase would be highly endothermic, this 
1,2-shift may become favourable when the gen- 
erated carbenoid is stabilized by metal centres,29 
such as is the case here. This conjecture is supported 
by the reported 1,2-H shift on a trinuclear osmium 
cluster, yielding (P-H) 20s3(CO)9{ (CH X(H) 
CC(CH+N-GH5}, in which a p,-carbene 
ligand has been found.’ This 1,2-H shift could 
be relevant for alkyl chain growth and isomeriz- 
ation reactions occurring on metallic surfaces3’ 
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HEXADENTATE MACROCYCLES INCORPORATING 
2,2’ : 6’,2”-TERPYRIDINE 
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Abstract-The template condensation of 66”-bis(a-methylhydrazino)-22’ : 6’,2”-ter- 
pyridines L2 and L3 with 2,6_pyridinedialdehyde may give a number of different products 
depending upon the metal ion which is used. In the presence of nickel(I1) the products are 
either the nickel(I1) complexes of the l&membered ring macrocycles L4 or L’ or the free 
macrocycles. The metal ion acts as a transient template and is removed in a chloride ion 
specific demetallation. The use of dimethyltin(IV) as a template results in the formation of 
complexes of the ring contracted macrocycles L6 or L7. 

We have recently described the synthesis, coor- 
dination chemistry and properties of a pentadentate 
macrocycle incorporating a 2,2’ : 6’2”-terpyridine 
moiety (L’, R = Ph).2 We have also prepared the 
unsubstituted macrocyclic ligand (L’, R = H), and 
demonstrated the unusual redox properties associ- 
ated with its complexes. ’ In each case, metal com- 
plexes of these ligands could be obtained by tem- 
plate condensation of the appropriate 66”-bis(a- 

preparation of potentially hexadentate macrocyclic 
ligands incorporating the 2,2’ : 6’,2”-terpyridine 
functionality. We report herein, the preparation 

L1 R=PhmH 
L2 R=H 

L3 R=Ph 
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methylhydrazino)-22’ : 6’2”-terpyridine (L2 or L3) 
with ethanedial (glyoxal) in the presence of a metal 
ion, or by the reaction of the free macrocyclic 
ligands, prepared by a transient template reaction3 
utilizing dimethyltin(IV), directly with the metal 
salt. We have now extended these studies to the 

and coordination chemistry of the hexadentate 
macrocyclic ligands L4 and L’, which are obtained 
by the condensation of L2 or L3 with 2,6-pyri- 
dinedialdehyde. We also report a novel type of 
transient template reaction associated with 
nickel(I1). 

* For Part V, see ref. 1. 
f Author to whom correspondence should be addressed. 

The 66“-bis(a-methylhydrazino)-22’ : 6’2”-ter- 
pyridines (L2 or L’) were prepared by the literature 
methods, ‘,’ and the condensation with 2,6-pyri- 
dinedialdehyde was investigated in the presence of 
various metal ions. Treatment of a methanolic solu- 

R 

N. Me’ N N 
l N. 

Me 

L4 R=H 

L5 R=Ph 

RESULTS AND DISCUSSION 
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tion of L* with nickel(I1) acetate led to the for- 
mation of a yellow-green solution containing the 
[NiL*(MeOH)$+ cation ; the addition of one mole 
equivalent of 2,6_pyridinedialdehyde and an excess 
of hydrochloric acid resulted in the rapid formation 
of a deep orange solution. The addition of 
[NH,][PF,] to this solution resulted in the depo- 
sition of deep red crystals of a material analysing 
correctly for the metal-free hexadentate macro- 
cyclic salt [H,L”][PF&. The phenyl substituted 
macrocyclic salt [H2L5]lpFs]2 was obtained from 
an exactly analogous reaction utilizing L3 instead of 
L*. The isolated yields of these crystalline products 
were typically in the region of 65-70%. 

The formation of the free ligands in these reac- 
tions is somewhat surprising, but was fully con- 
firmed by a range of techniques. The compounds 
were diamagnetic, and exhibited mass spectra (EI 
and FAB) fully in accord with the proposed [l + l] 
metal-free formulations (L4+, m/z 420 ; L*+, m/z 
496). The IR spectra of the compounds did not 
exhibit any peaks between 1640-2000 cm-‘. The 
salts are readily soluble in solvents such as Me,CO, 
MeCN or Me,SO ; an observation which supports 
their formulation as monomers rather than poly- 
mers or oligomers. The ‘H NMR spectra of the 
compounds were also in accord with the proposed 
structures. In CD3COCD3 solution the ‘H NMR 
spectra were broad and very poorly resolved, but 
the addition of a trace of CF,COOD led to sharp 

well-resolved spectra. This is probably due to a 
rapid protonation-deprotonation equilibrium of 
the hexadentate macrocyclic cations. We have 
observed similar equilibria in the cations of related 
pentadentate macrocycles. The aromatic region of 
a solution of [H2L4][PF& in CD3COCD3 con- 
taining a trace of CF,COOD is shown in Fig. 1, 
and demonstrates the high molecular symmetry (on 
the NMR time-scale) of the cation. The spectrum 
clearly illustrates that the two terminal rings are 
equivalent and give rise to an ABM pattern. The 
resonances of the “terpyridyl” fragment are shifted 
from those observed in the related pentadentate 
ligand [H2L1]*+, as might be expected from the 
different interannular angles which must be present. 
In L1 the terminal pyridyl rings are “bent” inwards, 
and the internal interannular N--X(2)--C@‘) angle 
is 113”, whereas in L4 and L5, models suggest an 
angle of 120”.* The ‘H NMR spectrum of 
[H2L4]pF,], also exhibits sharp singlets at 6 4.05 
and 8.74, which may be assigned to the N-methyl 
and azomethine protons, respectively. This is a 
strong indication that the product is the fully aro- 
matic [18]-annulene analogue, rather than a poly- 
cyclic derivative related to the product from the 
reaction of 2,6_diacetylpyridine with 1 ,Zdiamino- 
benzene. 4 

It was found that the free ligands were only 
obtained if the reaction solutions were moderately 
concentrated, and made strongly acidic in hydro- 

3: 3” 

, 6 
0:s 8.0 

Fig. 1. 
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0 0 

Scheme 1. 

chloric acid. In dilute or weakly acidic solution, 
the products were the yellow nickel(I1) complexes 
[NiL4(MeOH)JpF& or [NiL5(MeOH)#‘F,],. 
The behaviour is compatible with several possible 
mechanisms. Firstly, the reaction might be specific 
acid catalysed, with the proton acting as the true 
template, with slow incorporation of nickel(H) into 
the macrocyclic product (Scheme 1) or, secondly, 
the reaction might involve a true transient template 
effect with a nickel(I1) mediated condensation 
followed by an acid dependent demetallation 
(Scheme 2). The diamagnetic metal-free products 
were observed when the isolated complexes 
~iL*(MeOH),]~Fd, or [NiL3(MeOH)JPFd2 
(pefl 3.10 BM) were reacted with methanolic 2,6- 
pyridinedialdehyde in the presence of hydrochloric 
acid. The complexes [NiL2(MeOH),][PFa12 and 
l?IiL3(MeOH)@F,J2 are known not to be labile in 
acid, and this would argue against the mechanism 
proposed in Scheme 1. The reaction of L* or L3 
with 2,6_pyridinedialdehyde in the presence or ab- 
sence of acid led to the formation of predominantly 
polymeric materials. Replacing the hydrochloric 
acid by an equivalent quantity of HBF4 or HPF6, or 
adding sodium acetate to the hydrochloric acid 
reaction mixture, led to the formation of only the 
yellow nickel complexes of L4 or L5. Similarly, 

2+ 

0 0 

H YY :I H 

the nickel(I1) complexes were only obtained if 
the hydrochloric acid was replaced by an equiva- 
lent quantity of lithium chloride. Incorporation of 
nickel(I1) was rapid when methanolic solutions 
of [H2L4][PF,], or [H2L5][PF,], were heated with 
nickel(I1) acetate in the absence of acid. The 
yellow solutions so obtained gave an orange 
colouration characteristic of the free macrocycle 
upon the addition of hydrochloric acid. 

We consider that these observations are con- 
sistent with a mechanism related to that indicated 
in Scheme 2, in which the nickel(I1) acts as the true 
template. The formation of polymeric products in 
the absence of metal ion appears to preclude any 
mechanism in which the condensation is acid cata- 
lysed and nickel(I1) is incorporated into the macro- 
cycle late in the reaction scheme. It is also unlikely 
that the high-spin l?li(MeOH),J*+ ion would be 
incorporated into the macrocycle in a very slow 
step. 

We believe that the key step in the formation of 
the metal-free macrocyclic ligand is an acid-cata- 
lysed chloride ion specific demetallation. This 
explains why the reaction is specific to hydrochloric 
acid, and why the metal ion must be present, but 
it is rather unusual to observe such facile de- 
metallation of marocyclic complexes. When such 

+ [NiCIJ2- 

Scheme 2. 
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demetallation does occur, it may be traced to a 
mismatch in the coordination requirements of the 
metal ion and the ligand. We have previously shown 
the importance of such mismatches in the prep- 
aration of free pentadentate macrocycles using 
dimethyltin(IV) templates, and demonstrated the 
effect to originate in the diminution in hole size 
on passing from the open-chain ligand L2 to the 
macrocycle L1 (R = Ph)‘. Such an effect is not likely 
to be operative in this case since the macrocycle 
possesses, if anything, a greater hole size than the 
open chain precursors. Nelson and co-workers have 
investigated a number of planar or near-planar, 
macrocycles incorporating an N6 donor set in an 
18-membered ring. 4 If a planar hexagonal arrange- 
ment of the six-donor atoms is assumed, a study of 
molecular models combined with crystallographic 
studies on related compounds, suggests that the 
ligands L4 and L’ possess a hole size of the order 
2.7 + 0.1 A. This would result in the nickel(I1) ion 
(r = 0.69 A) “rattling” in the macrocyclic hole, with 
a concomitant lowering of the stability constant. 
The chloride ion specificity of the demetallation 
offers a clue to the mechanism ; the driving force 
for the loss of metal is the formation of [NiC1412-. 

We have previously demonstrated the use of 
dimethyltin(IV) as a transient template in the prep- 
aration of the pentadentate ligands L’ (R = H or 
Ph), ‘T2 and considered that it might also act in this 
manner for the preparation of the 18-membered 
ring sexidentate macrocycles L4 and L5. The 
addition of 2,6_pyridinedialdehyde to a yellow 
methanolic solution of [Me2SnL2]C12 or 
[Me2SnL3]C12 resulted in the formation of orange- 
yellow solutions from which orange micro- 
crystalline solids were obtained after the addition of 
ammonium hexafluorophosphate. The IR spectra 
of these solids were significantly different from 
those of the complexes, [Me2SnL2]C12 or 
[Me2SnL3]C1, and from those of the expected 
macrocyclic products, m2L4][PFd2 and [H2L5] 
[PF612. The most noticeable features in the IR 
spectra were strong absorptions at 1673 and 
3239 cm-‘. Elemental analysis suggested the 
formulations [Me2Sn(C,8H17N7)][PF6]2 or [Me2Sn 
GH2~NdlP’Fd,, respectively. The mass spectra 
of the complexes supported this formulation, 
with the highest mass peaks in the EI spectra 
being observed at m/z 33 1 (C, gH1 ,N,) and m/z 409 
(C124H23N7), respectively. We believe that a metal 
ion induced rearrangement has occurred to produce 
the dimethyltin(IV) complexes of the 13-membered 
ring pentadentate macrocycles L6 and L’. We sus- 
pect that these macrocycles are not planar, as we 
have already demonstrated that the bonding cavity 
in a planar 1Cmembered ring macrocycle is too 

R 

L~R=H 
L'R=Ph 

small for dimethyltin(IV). Attempts to characterize 
the dimethyltin(IV) complexes of these ligands by 
‘H NMR spectroscopy was unsuccessful ; upon dis- 
solution in CD3COCD3, CD3CN or CD3SOCD3 
the complexes rapidly demetallated, with the depo- 
sition of tin oxides. The resultant solutions gave 
very broad unresolved spectra. Attempts to re- 
crystallize the complexes [MeZSnL6]pF& or 
[Me,SnL’]pF,], resulted in demetallation and the 
deposition of tin oxides. The resulting pale yellow 
solution was found to contain only the starting 
bis(a-methylhydrazines). Although the free macro- 
cycles may not be obtained from the tin complexes, 
transmetallation occurs readily upon treatment 
with other transition metal salts, and we will 
describe the coordination chemistry of these novel 
ligands at a later date. 5 

The reaction of either [H2L4][PF& or 
[H2L5][PF6], with methanolic solutions of nickel(I1) 
acetate resulted in the formation of pale yellow 
solutions from which the complexes [NiL4 
(MeOH),][PF,], Or j?hL’(MeOH)d[PF,], could 
be obtained. These complexes were identical to the 
nickel complexes obtained from the template reac- 
tion in the absence of hydrochloric acid. In the 
absence of structural data it is not possible to elim- 
inate the possibility of nucleophilic attack on the 
imine bonds by water or methanol in these 
complexes. This is known to be a metal-mediated 
process which occurs in other 18-membered ring 
hexadentate macrocycles. The IR spectra of the 
nickel complexes do not exhibit the NH absorptions 
expected for such amino1 products, but this cannot 
be regarded as conclusive. The complexes are con- 
sistently obtained from water or methanol with at 
least two solvent molecules associated. If the solvent 
has not attacked the imine bonds, it is tempting 
to propose that the metal is in a hexagonal bi- 
pyramidal environment. 

The macrocyclic ligands L4 and L5 are expected 
to have a hole size of 2.7 + 0.1 A, and are thus 
expected to form stable complexes with second row 
transition elements. The reaction of [H2L4][PF612 
or [H2L5][PF& with silver(I) acetate in MeCN 
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results in the formation of pale yellow solutions 
from which [AgL4][PF,] or [AgL5][PF6] may be 
obtained as yellow crystalline solids. The ‘H NMR 
spectrum of [AgL4]pFd clearly indicates that the 
ligand is unchanged upon binding to the metal. The 
spectrum exhibits sharp well-resolved resonances at 
6 8.17 (s, 3H, Hy and H4’), 8.12 (t, 2H, HA), 8.03 
(t, lH, H4”), 8.00 (t, 2H, H4), 7.69 (d, 2H, H,), 7.60 
(d, 2H, H3”) and 7.42 (d, 2H, H,). The observation 
of the resonance for the imine protons (HA) 
conhrms that the imines have not undergone 
nucleophilic attack. Treatment of a solution of 
[AgL”][PFd or [AgL’][pFJ with K[SCNJ led to the 
precipitation of [AgL4(SCN)] or [AgL’(SCN)] ; in 
each case, the observation of an IR absorption at 
2085 cn- ’ suggests that the thiocyanate is S- 
bonded to the silver. 

EXPERIMENTAL 

The bis(cr-methylhydrazines) L2 and L3 were 
prepared by the literature methods ; ‘S 2,6-pyri- 
dinedialdehyde was prepared by the selenium diox- 
ide oxidation of 2,6_pyridinedimethanol (Aldrich). 

Electronic spectra were recorded using a Pye- 
Unicam 8800 spectrophotometer ; IR spectra were 
recorded using Perkin-Elmer 17 10 FT or 983 spec- 
trometers with the compound in compressed KBr 
pellets or in suspension in Nujol. Fast atom bom- 
bardment mass spectra were measured using a 
Kratos MS-50 spectrometer, and were loaded using 
acetonitrile as solvent with 3nitrobenzyl alcohol as 
supporting matrix. NMR spectra were recorded on 
a Bruker WM250 spectrometer. EPR spectra were 
recorded using a Varian El09 spectrometer. 

Preparation. of [H2L4][PF& 

L* (0.405 g, 1.26 mmol) and Ni(OAc)z -4Hz0 
(0.315 g, 1.26 mmol) were warmed in MeOH (100 
cm3) to give a yellow-green solution ; 2,6-pyri- 
dinedialdehyde (0.170 g, 1.26 mmol) and con- 
centrated hydrochloric acid (3 drops) were added, 
and the solution heated to reflux for 1 h. The orange 
solution so obtained was treated with aqueous 
[NH,][PF,] (0.2 g in 2 cm3 H,O), heated to reflux 
for 5 min, and cooled, whereupon orange-red 
crystals of mzL4][pF ,Jz. 3HzO separated. (Found : 
C, 37.7; H, 3.7; N, 14.8. Required for 
G4HZSFLZN803PZ: C, 37.6; H, 3.6; N, 14.6%. m/z 
420) (0.63 g, 65%). 

Preparation of [H,L’]pF,], 

This was prepared in an analogous manner to 
/H2L4]pF& replacing Lz by L3 (0.500 g, 1.26 

mmol). Red crystals of [HzL5][PF& - 2HzO were 
obtained. (Found : C, 43.7 ; H, 3.6 ; N, 13.8. 
Required for C3,,H3,,F1zNB02P2: C, 43.7; H, 3.6; 
N, 13.6%. m/z 496) (0.72 g, 70%). 

Preparation of [NiL5(MeOH)J[PF& 

Method 1. The above preparation was repeated, 
substituting aqueous HPF,] for the concentrated 
hydrochloric acid. Yellow microcrystals of the com- 
plex [NiL5(MeOH)2][PF& - Hz0 were obtained. 
(Found:C,41.4;H,3.6;N, 12.0;Ni,6.8.Required 
for C32H34F12NsNi03P2: C, 41.4; H, 3.7; N, 12.1; 
Ni, 6.3%.) 

Method 2. [HzL5][PF&*2Hz0 (0.083 g, 0.1 
mmol) and Ni(OAc), -4HzO (0.025 g, 0.1 mmol) 
were heated to reflux for 1 h in MeOH (20 cm’) to 
give a yellow solution. The solution was treated 
with mH,][PF,] (0.1 g) and allowed to cool, when 
the complex separated as a yellow solid, identical 
in all respects to the material obtained by Method 
1. 

Preparation of [Me,SnL6][PF,], 

2,6_pyridinedialdehyde (0.014 g, 0.1 rnmol) was 
added to a solution of [MezSnLZ]Cl, (0.047 g, 0.1 
mmol) in MeOH (25 cm3) containing three drops 
of concentrated hydrochloric acid. The solution was 
heated to reflux for 2 h, filtered hot and [NH4][pF,] 
(0.06 g) added to the pale orange filtrate. Upon 
cooling, yellow crystals of [MezSnL6]pF& sep- 
arated. (Found : C, 3 1.5 ; H, 3.5 ; N, 12.9. Required 
for C2,,HZ5F,zN,P2Sn: C, 31.1; H, 3.2; N, 12.7%. 
m/z 33 1) (0.054 g, 70%). 

Preparation of [Me2SnL7][PF,], 

This was prepared in an analogous manner to 
[MezSnL6]pF& using [MezSnL3]C1z (0.047 g, 0.1 
mmol). Yellow crystals of [Me2SnL7][PF& were 
obtained (m/z 409). 

Preparation of [AgL’][PFJ 

[HzL5][PF&*2Hz0 (0.041 g, 0.05 mmol) was 
added to a solution of silver acetate (0.008 g, 0.05 
mmol) in MeOH (10 cm3). The solution was heated 
to reflux for 1 h, treated with [NH,][PF,] (0.2 g) and 
cooled, when pale yellow needles of [AgL’][PF,J 
separated. Dissolution of these in MeCN, followed 
by treatment with K[SCN] led to the precipitation 
of [AgL5(SCN)]. (Found: C, 56.5; H, 3.7; N, 19.2. 



2536 E. C. CONSTABLE 

Required for C,,H,,N&gS: C, 56.2; H, 3.6; N, 
19.0%.) 
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THE REACTIVITY OF CATIONIC [TRIOXO-(1,4,7- 
TRIAZACYCLONONANE)RHENIUM(VII)] AND OXO- 

RHENIUM(V) COMPLEXES CONTAINING 
TRIAZAMACROCYCLES 
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Abstract-The reduction of colourless [LReV”03]Br in an acetonewater mixture (6: 1) 
with zinc amalgam affords green, air-sensitive [LReV02Br] which forms a violet complex 
[LReO@-O)2ReOBrd in aqueous solution (L = 1,4,7-triazacyclononane ; C6H1 5N3). From 
a similar reduction of [LReOJReO, the violet neutral complex [LReO&-0)2ReO(Re04)2] 
was obtained. [LRe03]+ is deprotonated in alkaline solution (p& = 10.3 +0.2,25”(Z) and 
[(C6H14N3)Re03] was isolated as a yellow solid. The latter amido rhenium(W) compound 
reacted in dimethylformamide with R-X (R = CH3, benzyl; X = Cl), affording at the 
cyclic amine, N,N’,N”-trisalkylated complexes of the type [L’Re03]X. The monomeric 
rhenium(V) complexes [LReOXdX (X = Cl, Br, I) were obtained from the reaction of [n- 
Buty14NjReOX4 and L in acetonitrile. IR, UV-vis, I70 NMR spectra of these compounds 
are reported. 

Recently we have reported the synthesis and crystal 
structure of [LRe03]Cl (Fig. 1)’ where L represents 
the cyclic triamine 1,4,7-triazacyclononane (L). 
This octahedral rhenium(VII) complex is available 
in excellent yields from the reaction sequence 
depicted in eqs (l)-(4). 

Re(C0) ,Br + L + [LRe(CO) 3]Br (1) 

[LRe(CO)3]++NO++[LRe(N0)(C0)2]2++C0 

(2) 

[LRe(CO),]BrB [LReO,]ReO, (3) 

[LRe(NO)(CO),12’ Hzoz P [LRe03]+. (4) 

Subsequently we and others have found that eq. (1) 
represents a general synthetic route to fuc-tricar- 
bonylrhenium(1) complexes containing tridentate 
macrocycles2,3 and the tridentate hydrotris(3,5- 
dimethylpyrazolyl)borate(1-).’ But in contrast to 

PRe(CO)31 + ‘y2 the analogous complexes with 
Me3[9]aneN3 and [9]aneS3 are quite stable towards 

*Author to whom correspondence should be addressed. 

nitrosylation with NOBF4 ; thus, reaction (2) was 
not observed to occur. [(Me3[9]aneN3)Re(CO)3]+ is 
extremely stable: neither Br2, Cl2 nor hot con- 
centrated nitric acid or 30% H202 at 90°C led to 
oxidative decarbonylation reactions. 

Reaction (4) is very interesting because this 
exhaustive oxidative decarbonylation reaction 
encompasses a change of formal oxidation state at 
the rhenium centre by six units without detectable 

Fig. 1. Schematic representation of the cation in [LRe 
O&l (methylene H atoms are omitted). Average bond 
distances [A] and angles [deg] : Re-0 1.756(5) ; Re-N 
2.197(5) ; SRc-0 102.7(4) ; N-Re-N 76.5(2) ; 

0-Re-N 88.9(3); 161.0(4). 
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dissociation of the ligand L. This reaction resembles 
in many respects the chemistry of organometallic 
($-MeSC5)Re(CO)3 with Hz02 which yields ($- 
Me5C,)Re03 in excellent yields.S7 We have in the 
past found that the formal substitution of q5-coor- 
dinated CSH; or Me&; ligands in organometallic 
compounds by tridentate macrocycles leads to simi- 
lar, but in many instances to thermodynamically 
and kinetically more stable, octahedral complexes 
(both ligand-types are 6e donors). They are quite 
effective blocking groups for three facial coor- 
dination sites in an octahedron and the reactivity 
of (i) the metal centre (redox reactions) (ii) the 
remaining three coordination sites in LM(X)(Y)(Z) 
species (substitution and oligomerization reac- 
tions), and (iii) the coordinated ligands X, Y, Z 
may be investigated. ’ 

Here we report on the reactivity of [LReO,]+ 
towards strong reductants such as zinc amalgam. 
The rhenium(V)oxo complexes, [LRe”O@-O),Re” 
OBrz] and [LRevO(~-O)zRevO(Rev”04)2] have 
been obtained. In addition, [LReOJ+ can be de- 
protonated in aqueous solution (pK, = 10.3+0.2) 
at the coordinated amine ligand C6Hi5N3 yielding 
the yellow+uange neutral species (C6Hi4N3)Re03 
which reacts smoothly with alkylhalides, R-X, 
in dimethylformamide over Na2C03 generating the 
tris-N-alkylated complexes [(R,[9]aneN3)Re0,]+, 
which are not available via reactions (l)-(4). 
Finally, oxo-rhenium(V) complexes containing 
triazamacrocycles, [LReOX;j+ (X = Cl, Br, I) 
were prepared from [ReOXJ species. 

EXPERIMENTAL 

Materials 

The ligand 1,4,7-triazacyclononane (L) and the 
complexes, [LRe03]X (X = Cl, Br) and [LReO,] 
(ReOJ have been prepared as described pre- 
viously. 1,9 The monodeprotonated form of the 
ligand L (C6HL4N:) is abbreviated as (tacn-H) 
throughout this paper. 

Synthesis of (tacn-H)ReO, 

To [LReOJCl (0.40 g, 1 mmol) suspended in 
acetone (20 cm’) was added concentrated ammonia 

(3 cm’). An immediate change of colour to yellow 
was observed. The suspension was stirred for 30 min 
at room temperature after which time the yellow 
microcrystalline precipitate was filtered off, washed 
with ice-cold NH3 solution and diethylether. Yield : 
caU%.(Found:C, 19.7;H,3.9;N, 11.4;Re,51.2. 
C6Hi4N303Re requires: C, 19.9; H, 3.9; N, 11.6; 
Re, 51.4%.) IR(KBr disc, cm- ‘) bands at 840-920 
(vs, b) v(Re0). Mass spectrum: m/e: 363 (M+). 
UV-vis spectrum in 0.1 M NaOH at 20°C : Iz = 303 
nm (E = 3.2 x lo3 M-l cm-‘). 

Synthesis of [(Me3[9]aneN3)Re03]C1 

To a solution of [(tacn-H)Re03] (0.37 g, 1 mmol) 
in anhydrous dimethylformamide (DMF) (20 cm3) 
was added solid Na2C03 (0.32 g, 3 mmol) and CH31 
(0.43 g, 3 mmol). The suspension was refluxed for 
2 h and then the DMF solvent was removed under 
reduced pressure. The colourless residue was dis- 
solved in water (30 cm3) and a saturated aqueous 
NaCl solution (5 cm3) was added. Colourless crys- 
tals precipitated which were filtered off, washed 
with diethyl ether and air-dried. Yield: ca 60%. 
(Found: C, 25.8; H, 5.0; N, 9.7; Cl, 8.0; Re,45.3. 
C9HZ1N3C103Re requires : C, 26.2 ; H, 5.1; N, 
10.2; Cl, 8.6; Re, 45.1%.) IR(KBr, cn-‘): 900(s), 
920(s) (v, and v,(ReO), respectively). ‘H NMR 
data (DzO at 20°C): 6 = 3.10-3.51 (m, 12H, 
-CH,-CH,-); 6 = 3.60 (s, 9H, -CH3). 13C 
NMR data (DzO at 20°C) : 6 = 56.06 (s, --CH,) ; 
6 = 60.30 (s, -CH,CH,-). I70 NMR data (DzO 
at 20°C) : 6 = 747 (s, Re-0). 

The perchlorate salt was obtained from an aque- 
ous solution of the chloride salt upon addition of 
solid NaC104. 

Synthe&s of [(Benzyl),[9]aneN3)Re03]Br 

The same reaction conditions as described above 
for [(Me3[9]aneN3)Re03]C1 were employed using 
benzylbromide instead of CH31. After removal of 
the solvent, to the resulting yellow oil water (4 cm3) 
and acetone (50 cm’) were added. The colourless 
precipitate was filtered off, washed with diethyl 
ether and air-dried. Yield : 68%. (Found : C, 45.2 ; 
H, 4.5; N, 5.9; Br, 11.0; Re, 26.5. C27H33N3 
Br03Rerequires:C,45.4;H,4.7;N,5.9;Br, 11.2; 
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Re, 26.1%.) IR(KBr, cm- ‘) : 940(s), 910(s) [v, and 
vXRe-O)]. ‘H NMR data (DMSO-de) : 6 = 3.01, 
3.70 (2m, 12H, --CH,CH,--); 6 = 5.85 (s, 6H, 
-CH,-) ; 6 = 7.48, 7.65 (2m, 15H, -C&H,). 
13C! NMR data (DMSO-d,): 6 = 53.28 (s, 
-CH,-CH2-) ; 6 = 66.00 (s, -CH*-) ; 
6 = 128.63-132.90 (2m, -CsHS). 

Synthesi.s of [LReO,Br] 

To a deaerated solution of [LReOJBr (0.45 g, 1 
mmol) in an acetone-water mixture (6 : 1) was 
added zinc amalgam under an argon atmosphere. 
The solution was stirred at room temperature for 2 
h. The zinc amalgam was removed and the solvent 
was evaporated under reduced pressure. The green, 
unstable product was washed three times with ice- 
cold deaerated methanol (95%) and diethyl ether 
under an argon atmosphere. Yield : 65%. (Found : 
C, 15.9;H,3.6;N,8.9;Br, 17.8;Re,42.5.C,H1,N, 
BrO,Rerequires: C, 16.9; H, 3.5; N, 9.8; Br, 18.7; 
Re, 43.6%.) IR(KBr, err- ‘) : 900(s), 930(s) [vu and 
v,(Re-O)]. UV-vis spectrum (H,O): A= 427 nm 
(8 = 130 M-l cm-‘), 540 (51). 

Synthesis of [LRe0@-0)2ReOBrJ 

The above green material (0.2 g) dissolved in 
water (50 cm3) under an argon atmosphere slowly 
changed colour to red-violet at room temperature. 
Upon evaporation of the solvent under reduced 
pressure red-violet crystals were obtained, which 
were Wered off and washed with diethyl ether. 
Yield : ca 90%. (Found : C, 9.7 ; H, 2.0 ; N, 5.8 ; Br, 
21.9; Re, 50.9. C6HISN3Br204Re2 requires: C, 9.9; 
H, 2.1; N, 5.8; Br, 22.0; Re, 51.3%.) IR(KBr, 
cm-‘) : 790(m), 820(m) [v(Re-O-Re)] ; 900(s), 
[v(Re=O)]. UV-vis spectrum (H,O): ;2 = 554 mn 
(E = 685 M- ’ cm- ‘). 

Synthesis of [LReO@-O)zReO(ReO,)z] 

Method A. To a solution of [LReO,]ReO, (0.62 
g, 1 mmol) in an acetone-water mixture (4: 1) (50 
cm3) zinc amalgam was added. The solution was 
refluxed for 1 h under an argon atmosphere. After 
the zinc amalgam was removed the solution was 
filtered in the presence of air whereupon the colour 
changed to red-violet. The volume of the solution 
was reduced to 10 cm3. Red-violet, needle-shaped 
crystals precipitated, which were filtered off, washed 
with diethyl ether and were stored under argon. 
Yield: 38%. 

Method B. [LReO,]ReO, (0.62 g, 1 mmol) was 
dissolved in a water-THF mixture (1: 2) (30 cm’) 
and NaBHa (0.08 g, 2 mmol) was added under an 

argon atmosphere. The solution was refluxed for 4 
h. The work-up was as described above. Yield: 
46%. (Found: C, 6.5; H, 1.2; N, 4.6; Re, 69.7. 
C6HLSN30,2Re4 requires: C, 6.8; H, 1.4; N, 4.0; 
Re, 69.9%.) IR(KBr, cm-‘) data: 790(s) 
[v(Re-O-Re)], 820(s), 89094O(s,b) [v(Re==O)]. 
W-vis spectrum (H,O) : 3, = 554 mn (E = 685 M- 1 
cm- 1). 

Synthesis of complexes [LReOXJX (X = Cl, Br, I) 

The compounds [(n-But),Nj[ReOX,] (X = Cl, 
Br, I)” (1 mmol) dissolved in anhydrous, freshly 
distilled a&o&rile (100 cm’) reacted with 1,4,7- 
triazacyclononane (0.13 g, 1 mmol) at room tem- 
perature under an argon atmosphere within 24 h 
to afford dark-green precipitates of [LReOX,]X * 
2CH$N, which were filtered off under argon 
and washed with anhydrous, deaerated diethyl 
ether. Yields : 5565%. When ReOX3(PPh3)2’0 
compounds were used as starting materials (1 
mmol) under identical reaction conditions the 
same products were obtained in 5060% yields. 
Recrystallization of the above acetonitrile con- 
taining salts from anhydrous absolute methanol 
yielded the [LReOXJX complexes in an ana- 
lytically pure form. 

[LReOCl,]Cl. (Found: C, 16.2; H, 3.2; N, 9.5; 
Cl, 24.1; Re, 42.1. C6H1 SN3Cl,0Re requires : C, 
16.5; H, 3.5; N, 9.6; Cl, 24.3; Re, 42.5%.) IR(KBr, 
cm-‘) : 940(s) [v(Re=O)]. W-vis spectrum 
(CH30H): ;1= 374 mn (e = 101 M-’ cm’), 
548 (55). 

[LReOBr,]Br. (Found: C, 12.4; H, 2.4; N, 7.3; 
Br, 41.8; Re, 32.3. C6HISN3Br,0Re requires: 
C, 12.6; H, 2.6; N, 7.6; Br, 42.0; Re, 32.6%.) 
IR(KBr, cm- ‘) : 930(s) [v(Re=O)]. W-vis spec- 
trum (CH,OH) : I = 388 nm (E = 95 M-l cm- ‘), 
555(47). 

[LReOIJI. (Found: C, 9.9; H, 1.9; N, 5.7; I, 
53.2 ; Re, 25.9. C6H15N31SORe requires : C, 10.1; 
H,2.1;N,5.9;1,53.5;Re,26.1%.)IR(KBr,cm-’): 
925(s) [v(Re=O)]. W-vis .spectrum (CH,OH): 
1= 396 nm (E = 89 M-r cm-‘), 561(50). 

Physical measurements 

Magnetic susceptibilities of powdered samples 
were measured by the Faraday method (Sartorius 
microbalance, Bruker B-E lOC8 research magnet 
and B-VT 1000 automatic temperature control) in 
the temperature range 98-293 K. Diamagnetic cor- 
rections were applied in the usual manner with use 
of Pascal’s constants. 

The NMR spectra were recorded in the FT mode 
with a Bruker AM-400 spectrometer at a magnetic 
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field of 9.395 T (‘H, 13C, 170 frequencies 400.1, and v,(Re=O) stretching modes are observed at 
100.6 and 54.24 MHz, respectively). I70 NMR 945 and 920 cm-’ in agreement with the local CL 
spectra were obtained from samples in 10 mm diam- symmetry of the ReO: moiety (A, + E). For (tacn- 
eter tubes at 70°C and the chemical shifts were H)Re03, a broad v(Re0) multicomponent band in 
measured from the DzO solvent line. A pulse width the range 840-920 cm- ’ is observed. The electronic 
of 25 ps provided the 90” tip angle, sweep widths of spectrum of [LReO,]+ exhibits no absorption above 
50,000-100,000 Hz were used with acquisition times 200 nm whereas for the deprotonated form a strong 
of 0.041-0.026 s, and more than lo5 transients were ligand-to-metal charge-transfer band at 1= 303 nm 
obtained for each spectrum. (E = 3.2 x lo3 M-’ cm-‘) is observed. 

Electronic spectra were measured on a Perkin- 
Elmer Lambda 9 spectrophotometer, and the IR 
spectra were recorded on a Perkin-Elmer 983 
spectrophotometer (KBr discs). 

[(tacn-H)Re03] was found to be a useful starting 
material for alkylation reactions at the coordinated 
N-atoms of the cyclic triamine. Thus [(tacn-H)ReOJ 
dissolved in dimethylformamide (DMF) reacts in 
the presence of Na$ZO, readily with alkylhalides 
such as CH31, or benzylbromide to yield the tris- 
N-alkylated complexes [(Me3[9]aneN3]Re03]I and 
[(Benzyl),[9]aneN,)ReO,]Br. These complexes can- 
not be prepared via the reaction sequence (l)-(4) 
because the rhenium(I) tricarbonyl complexes are 
chemically quite inert; they do not react with 
[NO]BF4, HN03 or Hz02 even at elevated tem- 
peratures and prolonged reaction times. 

RESULTS AND DISCUSSION 

Figure 1 shows a schematic representation of the 
cation [LReO,]’ in [LRe03]Cl as has been deter- 
mined by X-ray crystallography.’ Coordination of 
secondary amines to transition metals in high 
oxidation states (> II) leads in general to a remark- 
able increase of the acidity of the N-H protons. 
Thus [Pt’“L$+ behaves as a weak acid in aque- 
ous solution and salts of the monodeproton- 
ated form [Ptn’L(tacn-H)]3+ have been isolated. ’ ’ 
[FeLJ3+ forms the amido complex [Fe”‘L(tacn- 

WI*+ in alkaline aqueous solution (PK, = 11.4 + 
0.4 at 25’C).i2 Colourless aqueous solutions of 
[LRe03]X are stable for many weeks ; no ligand 
dissociation was observed. Upon addition of 
sodium hydroxide to such a solution the colour 
changed to yellow and slowly the neutral species 
[(tacn-H)ReO,] precipitated out (see Structure 1). 
The acid dissociation constant, K,, in eq. (5) was 
determined spectrophotometrically by following 
the increase in absorbance at 303 nm as a func- 
tion of pH (0.1 M buffer solutions), or potentio- 
metrically by titration of lop3 M [LRe03]Br 
solution with 2 M NaOH at 25°C (the ionic 
strength was adjusted to 0.1 M with KCl). 

[LRe03]+ & [(tacn-H)Re03] +H+. (5) 

Both independent methods afforded a pK, value of 
10.3f0.2 (25”C, I= 0.1 M). 

In the IR spectrum of [LReO,]+ the v,,(ReO) 

L 0 J 
Structure 1. 

[(tacn-H)ReO 3] + 3R-X 

s NR3PlaneNdReO31+ (6) 2 3 

R = CH3, X = I, Br. 

’ 7O NMR spectra of these trioxorhenium(VI1) 
compounds have been obtained in aqueous 
solution. Chemical shifts are summarized in Table 
1. 170 NMR data for a number of trioxomolyb- 
denum(VI1) and trioxotungsten(VI) complexes 
with triazacyclononane ligands have been reported 
recently. I4 Figure 2 shows the 170 NMR spectra 
of the rhenium(VI1) complexes. The spectrum 
of [(tacn-H)Re03] was obtained in an 0.1 M 
NaOH solution of [LReO,]Br. Interestingly, only 
one signal is observed. This indicates that N-H 
proton exchange of the secondary amine protons of 

Table 1. “0 NMR data of LM03 complexes (H,O) 

Complex 

[(Me,[9]aneN,)ReOJBr 
[LReO,]Br 
[(tacn-H)Re03] 
(qS-MeSCS)ReO, 
LMoO, 
KMe3PlaneNdMoO~l 
KMe3t91aneNWO~1 
LWO31 

Chemical 
shift (S) Ref 

747 Tbis work 
728 This work 
703 This work 
646 13 
689 14 
576 14 
560 14 
541 14 
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[(tocn-HI ReOg] 

d 

h [ LRe031 Br 

_JL 

h [lMegI9lane N3lRe031 Br 

750 740 730 720 710 700 
6 

Fig. 2. “0 NMR spectra of trioxorhenium(VI1) com- 
plexes. 

the coordinated tacn-H ligands in solution is fast 
on the NMR time scale. 

The oxygen atoms in ($-Me&)ReO, are more 
shielded than those in the corresponding complexes 
with cyclic triamine ligands (even more than those 
in [(tacn-H)ReO,] which is also a neutral com- 
pound). The oxygen atoms in the correspond- 
ing MoV’03 and Wv’03 compounds are more 
shielded than those in the rhenium(VI1) com- 
plexes which is probably due to the lower oxidation 
state of the MO and W centres as compared to 
rhenium(VI1). The basicity of the oxygen atoms 
increases in the sequence Me,[9]aneN, < tacn < 
tacn-H. 

As Herrmann and coworkers have in recent years 
amply demonstrated, (q5-Me,C,)ReO, is a key 
compound in organometallic chemistry. Lewis 
acids as well as Lewis bases induce partial de- 
oxygenation reactions generating a variety of 
reactive rhenium(V) complexes.7*‘s’7 Therefore, it 
appeared to be interesting to investigate the reac- 
tivity of [LReOJ+ towards reducing agents. 
[LRe03]+ does not react with PPh,, no oxygen 
transfer has been observed, in contrast in this 
respect to ($-Me&)ReO,. The reduction of 
[LReO,]Br in a water-acetone mixture with zinc 
amalgam affords an air sensitive, quite unstable, 
green solid material which analysed as [LReO*Br]. 
Even when stored under an argon atmosphere this 
material decomposed within hours. We have not 
been able to fully characterize this material due to 
its instability, and its formulation as the monomeric 
cis-dioxorhenium(V) complex is tentative. In the IR 

spectrum two bands at 900 and 930 cm-’ are in 
agreement with a cis-dioxorhenium(V) moiety. The 
electronic spectrum (HzO, 5°C) exhibits two 
absorption maxima at 427 nm (E = 130 M- ’ cm- ‘) 
and 540(51). This is comparable to some 
[LReOBrJ+ complexes described below. The low 
absorption coefficients are indicative of the mono- 
meric nature of this material (see below). The green 
compound is diamagnetic. It is noted that mono- 
meric, octahedral cis-dioxorhenium(V) compounds 
have not been described previously. I8 

A green, deaerated aqueous solution of 
[LReO*Br] slowly changes colour to purple, and 
purple crystals precipitate out. Elemental ana- 
lysis of this material indicated a ratio 
L:Re:O:Br= 1:2:4:2.IntheIRspectrumtypi- 
cal bands of the ligand and one characteristic 
v(Re=O) stretching mode at 900 cm- ’ is observed. 
In addition, two bands at 790 and 820 cm-’ are 
assigned to v(Re-0-Re) vibrations, I9 indi- 
cating a dimeric structure A as is depicted in Struc- 
ture 2. 

When [LReO,]ReO, was reduced in a water- 
acetone mixture with either zinc amalgam or 
NaBH4, purple crystals also precipitated out with 
a ratio L : Re = 1: 4. In the IR a v(Re=O) band at 
900 cn- ’ is again observed which is very broad 
(890-940 cm- ‘) indicating the presence of O-coor- 
dinated ReO, groups. Bands at 790 and 820 cm-’ 
are again due to a di-p-oxo-dirhenium( bridging 
unit. Thus we propose structure B for this material. 
Both complexes are diamagnetic and exhibit a 
strong absorption maximum at 554 nm (A = 685 
M- ’ cm- ‘) in the electronic spectrum. The above 
structures lack a crystal structure and are therefore 
proposed on the basis of a similar complex ($- 
Me,C,),Re,0~-0),(Re0,),,‘5 which was pre- 
pared by reduction of (q5-Me&,)ReO, with PPh3. 

Octahedral oxorhenium(V) complexes are well 
known2’ A number of such complexes containing 
SchilI-base ligands have been described2’ and 
the organometallic counterparts (r$-CSH,)ReOX2 
(X = F, Cl, Br, I) have recently been synthesized.22 
We have found that [(n-But),Nj[ReOX,] and 
ReOX3(PPhJ2” (X = Cl, Br, I) react with 1,4,7- 
triazacyclononane in acetonitrile under an argon 
atmosphere affording the complexes, [LReOXJX - 
2CH&N as dark green microcrystalline ma- 

O 0 O 0 \/ \/ 0 

L- Re-Re-Br 
\,O\ 0 

\O/ \ 
L- Re,yRe- OReO3 

Br ’ ‘oRe03 

A B 

Structure 2. 
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terials (X = Cl, Br, I). These compounds are 
quite unstable, they decompose rapidly in the 
presence of air; they are soluble in polar sol- 
vents (HzO, CH30H). Recrystallization from 
CH30H under argon yields the dark green com- 
plexes, [LReOXJX. In the IR spectra one typical 
v(Re=O) stretching mode is observed at 940, 930, 
and 925 cm- ’ for the chloro, bromo and iodo com- 
plex, respectively. All [LReOXJX complexes are 
diamagnetic in agreement with other oxorhen- 
mm(V) compounds. In the electronic spectra two 
absorption maxima of low intensity are observed 
for each complex ’ OJ 3 which are shifted to higher 
wavelengths on going from the chloro to the bromo 
and iodo compound. These bands are assigned to 
CM transitions. 
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Abstract-The reaction of Re2(CO),@-H), with CH2(NMe2)2 in chloroform at 25°C yielded 
the new compound Re,(CO),(NHMe,)(Cl)(p-H) (1) in 31% yield. Compound 1 was char- 
acterized by IR, ‘H NMR and a single-crystal X-ray diffraction analysis. Crystal data: 
orthorhombic, Pbca, a = 13.787(4), b = 19.884(5), c = 12.296(2) A. Solution by direct 
methods (MITHRIL), R = 0.035 for 1800 reflections. The complex contains two rhenium 
atoms linked by an unsupported hydride bridge, Re ***Re = 3.362(1)&Re(l)-H = 1.8(l) 
8, and Re(2)-H = 2.0(l) A. A chloride ligand abstracted from the solvent is terminally 
bonded to Re(l), and a dimethylamine ligand abstracted from the CH2(NMe2)2 is coor- 
dinated to Re(2). When heated to 68”C, the dimethylamine ligand was eliminated and the 
chloride ligand became a bridge in the new compound Re2(CO),(p-H)&-Cl) (2), yield 76%. 

Although there are a large number of polynuclear 
metal complexes that contain bridging hydride 
ligands, l-3 there are relatively few examples where 
the hydride ligand is the sole link between the metal 
atoms, A.“7 

A 

In our recent studies we have been investigating 
the reaction of bis-(dialkylamino)methanes with 
polynuclear metal carbonyl compounds that con- 
tain hydride ligands. We have found that the bis- 
(dialkylamino)methanes are effective reagents for 
the introduction of secondary dialkylaminocarbene 
ligands, HCNR2, into the metal complexes by a 
carbonyl ligand replacement, eq. (1). 8-1 ’ 

HW,(W,+ CI-MNRJz 

- HWPL ,W-Whl. -co (1) 
-Me2NH 

It has been presumed that the transformation of 
bis-(dialkylamino)methane also yields secondary 
amines, R,NH, but these have not yet been 

*Author to whom correspondence should be addressed. 

observed. In this report the reaction of Re2(CO),&- 
H)2 with CH2(NMe2), is described. In contrast to 
our previous studies, the product of this reaction 
was found to contain a dimethylamine ligand in a 
new dirhenium complex that also contains a new 
example of an unsupported hydride bridge, A. 

EXPERIMENTAL 

Genera I procedures and materials 

All reactions were performed under an inert 
atmosphere of prepurified nitrogen. The solvent 
CHC13 was dried by refluxing over P20s and was 
distilled just prior to use. The reagents Re2(CO)lo, 
Hz and (CH3)2NCH2N(CH3)2 were obtained com- 
mercially and were used without further puri- 
fication. The complex H2Re2(C0)8 was prepared 
by the reported procedure. I2 TLC separations were 
performed in air on 0.25 mm Kieselgel 60 (W 
sensitized) F254 (E. Merck) purchased from Bod- 
man Chemicals. IR spectra were recorded on a Nic- 
olet 5 DXB FT IR spectrometer. ‘H NMR spectra 
were run on the Bruker AM-300 spectrometer oper- 
ating at 300 MHz. Elemental analyses were per- 
formed by Desert Analytics, Tucson, AZ. Mass 
spectra were obtained on a VG Model 70 SQ spec- 
trometer at 120°C with electron impact ionization 
at 15 eV. 
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Synthesis of Re2C1(CO)@HMeZ)(p-H) (1) 

H2Re,(CO), (68.3 mg, 0.11 mmol) was allowed 
to react with (0.08 cm3, 0.58 mmol) of CH2(NMe& 
in refluxing CHC13. The reaction was followed by 
IR for 15 min. The solution changed from pale 
yellow to colourless after 15 min. The solution was 
allowed to cool to room temperature and was then 
concentrated to a volume of 2 cm3 by a nitrogen 
purge. The product was separated by TLC (hexane- 
CH2C12, 1 : 1). Compound 1 is nearly colourless but 
was observed just above the base line under UV 
light. IR (v(C0) in CH,Cl,): 2118(w), 2100(m), 
2019(vs), 1962(s) cm- ‘. ‘H NMR (6 in CDCl,): 
-13.19(s, lH), 2.97(d, 6H), JH_-H = 6.0 Hz. Mass 
spectrum for lB7Re m/e: 679-28x, x = O-8 
(M+-8CO). Found: C, 17.9; H, 1.13; N, 2.02%. 
Calc. for 1: C, 17.7; H, 1.18; N, 2.07%. 

Synthesis of Re2(CO)&C1)@-H) (2) 

37.6 mg (0.056 mmol) of 1 was dissolved in 15 
cm3 of hexane. Under a nitrogen purge the reaction 
solution was heated to reflux for 10 min. At this 
time the reaction was complete and was allowed to 
cool to room temperature. The solution was con- 
centrated to 2 cm3 under a flow of nitrogen. This 
solution was then chromatographed by TLC with 
a hexan&HzClz, 1: 1 solvent mixture. The colour- 
less product 2 was observed (under UV irradiation) 
as the fastest moving band and yielded 26.6 mg, 
76%. For 2: IR (v(C0) in CH,Cl,) 2105(w), 
2029(vs), 2005(m), 1968(s) cm-‘. ‘H NMR (6 in 
CDC13) -12.72(s, 1H). Mass spectrum for lE7Re 
m/e : 634 -28x, x = 0 - 8 (M+ - 8CO). 

Crystallographic analyses 

Colourless crystals of 1 were obtained by slow 
evaporation of solvent from a hexane-CH& 
solvent mixture at -20°C. The data crystal was 
mounted in a thin-walled glass capillary. DBrac-, 
tion measurements were made on a Rigaku AFC6 
fully automated four-circle diffractometer using 
graphite monochromatized MO-K, radiation. The 
unit cell was determined and refined from 25 ran- 
domly selected reflections obtained by using the 
AFC6 automatic search, centre, index and least- 

* Complete tables of bond lengths, angles, positional 
and thermal parameters for 1 and observed and cal- 
culated structure factors for 1 have been deposited as 
supplementary material with the Editor, from whom 
copies are available on request. Atomic coordinates 
have been submitted to the Cambridge Crystallographic 
Data Centre. 

squares routines. Crystal data, data collection par- 
ameters and results of the analysis are listed in Table 
1. All data processing was performed on a Digital 
Equipment Corp. MICROVAX II computer by 
using the TEXSAN structure solving program 
library obtained from the Molecular Structure 
Corp., College Station, TX. Neutral atom scat- 
tering factors were calculated by the standard pro- 
cedures.13* Anomalous dispersion corrections were 
applied to all non-hydrogen atoms.‘3b Full-matrix 
least-squares refinements minimized the function : 

Where 

w = l/a(I;?Z = &)/2& 

o(F,z) = [(Iraw)* + (P&f)*l"*/Lp. 

Compound 1 crystallized in the orthorhombic 
crystal system. The space group Pbca was identified 
on the basis of the systematic absences observed 
during the collection of data. The coordinates of 
the heavy atoms were obtained by direct methods 
(MITHRIL). All remaining non-hydrogen atoms 
were subsequently obtained from a difference 
Fourier synthesis. All non-hydrogen atoms were 
refined with anisotropic thermal parameters. The 
bridging hydride ligand was located in a difference 
Fourier map and was successfully refined.* 

RESULTS AND DISCUSSION 

The reaction of H,Re,(CO), with CH,(NMe,), 
in refluxing chloroform yielded the product 
Re2(CO)&NHMe2)Cl@-H) (1) in 31% yield. Com- 
pound 1 was characterized by IR, mass spectral, ‘H 
NMR, elemental and single-crystal X-ray diffrac- 
tion analyses. Interatomic distances and angles are 
listed in Tables 2 and 3, respectively. An ORTEP 
drawing of the molecular structure of compound 1 
is shown in Fig. 1. The molecule contains two rhe- 

Fig. 1. An ORTEP diagram of Re,(CO),(NHMed(Cl)gL- 
H) (1) showing 50% probability thermal ellipsoids. 
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Table 1. Crystallographic data for diffraction study 

Compound 1 

(A) Crystal data 

Formula 
Temperature ( f 3°C) 
Space group 

a (A) 
b (A) 
c (A) 
x (deg) 
B (deg) 
Y (deg) 
v (A’) 
M, 
z 

P (gem-? 

(B) Measurement of intensity data 

Radiation 
Monochromator 
Detector aperture (mm) 

horizontal 
vertical 

Crystal faces 
Crystal size (mm) 
Crystal orientation direction ; 

deg from $J axis 
Reflections measured 
Max 28 (deg) 
o-scan width (deg) 
Scan type 
bkgd (count time at each end of scan) 
o-scan rate (deg min- ‘)” 
No. data used (F* > 3.0aF*) 

(C) Treatment of data 

Abs corr. 
Abs coeff. (cm- ‘) 
Transmission coeff. 

max 
min 

P-factor 
Final residuals 

% 
R 

Goow&ess-of-fit 
Largest shift/error value of final cycle 
Largest peak in final diff. Fourier 
No. of variables 

Re2C10sNC10H, 
23” 
Pbca, No. 61 
13.787(4) 
19.844(S) 
12.296(2) 
90.0 
90.0 
90.0 
3364( 1) 
677.0 
8 
2.67 

Mo-& (0.71069 A) 
Graphite 

2.0 
2.0 
100, TOO, 010, OTO, 001, OOT 
0.06,0.23, 0.22 

[OOl]; 2.3 
+h, +k, +I 
46 
1.1 
Moving crystal-stationary counter 
l/4 scan time 
4.0 
1800 

Analytical 
154.1 

0.379 
0.044 
0.02 

0.035 
0.040 
2.15 
0.09 
0.99 
202 

“Rigaku software uses a multiple-scan technique. If the Z/u(Z) ratio is less than 
10.0, a second scan is made and the results are added to the first scan, etc. A maximum 
of three scans was permitted per reflection. 
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Table 2. Intramolecular distances for 1 

Atom Atom Distance Atom Atom Distance 

Re(1) Re(2) 3.363(l) b(2) ~(24) 1.94(2) 
Re(1) C(l1) 1.89(l) Re(2) C(22) 1.95(2) 
Re(1) C(14) 1.95(2) Re(2) ~(23) 1.96(2) 
Re(1) H(1) 2.0(l) Re(2) C(21) 1.99(2) 
Re(1) C(13) 1.99(2) Re(2) N 2.24( 1) 
Re(1) C(12) 2.00(2) N C(2) 1.46(2) 
Re(1) Cl 2.481(3) N C(1) 1.49(2) 
Re(2) I-I(l) 1.8(l) 0 C(av.) 1.13(2) 

Distances are in angstroms. Estimated standard deviations in 
the least significant figure are given in parentheses. 

nium carbonyl fragments that are linked by the 
bridging hydride ligand, H(1). The Re(1) * * * Re(2) 
distance at 3.363(l) w is much longer than that 
found in Re2(CO)ro, 3.041(l) A,14 but is similar 
to the Re-Re distance 3.392(2) 8, found in 
Re,Mn(CO)r4(p-H) which also contains an unsup- 
ported hydride bridge between two rhenium 
atoms. 7 These hydride bridges have been variously 
described as protonated forms of the metal-metal 
bonds of the corresponding anions B, ’ 5 or as coor- 

,’ 
#’ ‘\ 

‘*. 
[ L,M’- ML, I- 

dination complexes formed by the donation of an 
M-H bond of one fragment to a vacant site on 

the metal atom of the second fragment, C. I4 These 
forms are simply limiting extremes of the more 
general three-centre two-electron bond D.’ How- 
ever, form C would imply an unsymmetrical 
bonding for the hydride bridge while forms B and D 

H 
, \ 

a’ ‘\ 
a’ 8. 

.’ ‘. 
L,M.._ ______. &IL, 

D 

would imply symmetrical arrangements. The Re- 
H distances observed in 1 appear to be unequal, 
Re(2)-H(1) = 1.8(l) 8, and Re(l)-H(1) = 2.0(l) 
A, but the large standard deviations would preclude 
this difference as being significant. The Re-H-Re 
angle of 129(5)’ does appear to be significantly non- 
linear as observed in other systems.2’3 The hydride 

Table 3. Intramolecular bond angles for 1 

Atom Atom Atom Angle Atom Atom Atom Angle 

co 1) 
C(l1) 
C(l1) 
ml) 
cc1 1) 
C(14) 
C(14) 
C(14) 
C(14) 
H(1) 
I-I(l) 
I-I(l) 

Re(1) C(14) 
Re(1) H(1) 
Re(1) C(13) 
ReW C(W 
Re(1) Cl 
Re(1) I-I(l) 
Re(1) C(13) 
Re(1) C(12) 
Re(1) Cl 
Re(1) C(13) 
Re(1) C(12) 
Re(1) Cl 

88.8(7) 
84(2) 
93.1(7) 
89.2(7j 

1 77.2(5) 
1 66(3) 
86.6(6) 
91.2(6) 
93.3(5) 

1 06(3) 
77(3) 
94(2) 

C(13) 
C(12) 
H(1) 

Re(1) Cl 
Re(1) Cl 
Re(2) ~(24) 

88.8(5) 
89.0(4) 

163(3) 
H(lj Re(2) C(22) 
I-I(l) Re(2) ~(23) 
I-I(l) Re(2) C(21) 
H(1) Re(2) N 
C(2) N C(1) 
C(2) N Re(2) 
C(1) N Re(2) 
Re(2) H(1) Re(1) 
0 C Re(av.) 

94(3) 
73(3) 

lW3) 
84(3) 

111(l) 
117(l) 
113(l) 
129(5) 
177(2) 

C(13) Re(1) C(12) 176.8(6) 

Angles are in degrees. Estimated standard deviations in the least significant figure 
are given in parentheses. 
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ligand exhibits the characteristic high field NMR 
shift, 6 = - 13.19 ppm. Each rhenium atom pos- 
sesses a pseudo-octahedral coordination geometry 
with the ligands on one metal atom in a staggered 
conformational geometry with respect to the other. 
Each metal has four linear terminal carbonyl 
ligands with one positioned approximately trans to 
the Re-H bond. Re(2) contains a dimethylamine 
ligand, Re(2)--N = 2.24( 1) 8, while Re( 1) contains 
a chloride ligand, Re(l)-Cl = 2.481(3) 8, which 
was evidently abstracted from the CHC13 solvent. 
The tendency of metal-hydride complexes to 
abstract halogen atoms from halogenated hydro- 
carbons is well-known. ’ 6 

The amine ligand in 1 is labile and was eliminated 
when 1 was heated to 125°C under a nitrogen purge. 
The product Re,(CO)&H)&-Cl) (2) was ident- 
ified by IR, ‘H NMR, and mass spectral (parent 
ion m/e = 634 for “?Re with ions corresponding to 
the loss of each of eight CO ligands) analyses. It is 
believed to have the structure E with a bridging 

0 0 
C __ C 

OC\!./“\Je y” 
oc’ I ‘,/ I ‘co 

c C 
0 0 

E 

chloride ligand serving as a three-electron donor. 
The hydride ligand in 2 also exhibits the charac- 
teristic high-field NMR shift, 6 = - 12.72 ppm. 
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Abstract-A critical view of the “timescale” problem arising in spectroscopic and diffraction 
experiments is presented and a comparison made between the different types of information 
on dynamic processes obtainable from these methods. X-ray structural data on solids 
are intrinsically time-averaged over the period of data collection, and therefore contain 
information on dynamic processes which must be considered when interpreting solid-state 
NMR spectra. Intramolecular rearrangements in solid Fe,(CO) 1 2 (k-iron dodecacarbonyl) 
and C , ,,H I ,, (bullvalene) are discussed as examples. 

The development of spectroscopic methods, span- 
ning a wide range of electromagnetic frequencies, 
has led to enormous advances in our understanding 
of the structures and reactions of molecules. It has 
been recognized that each type of spectroscopy 
delivers structural information averaged over a 
characteristic timescale, so giving a measure of the 
lifetimes of molecular structures. A wealth of infor- 
mation has been derived about intramolecular 
rearrangements, intermolecular interactions and 
reaction pathways, and the activation energies 
associated with them. 

Although the timescale concept was clearly laid 
out by Muetterties’ in 1965, we find that much 
confusion still exists about it. The purpose of this 
paper is to point out that in the interpretation of 
X-ray crystallographic data it has been mis- 
understood, and applied too literally. This has led 
to inconsistencies in correlating crystallographically- 
determined molecular structures with dynamic pro- 
cesses demonstrated by NMR, particularly those 

*Author to whom correspondence should be addressed. 

found in solids using recently-developed magic- 
angle spinning methods (MASNMR). 

Confusion arises because the timescale of the 
structure determination is sometimes associated 
with the inverse of the radiation frequency. 
Although this is clearly erroneous in absorption 
spectroscopy, where the timescale is related to the 
frequency span of the spectral range, the situation 
is less clear when diffraction methods are employed ; 
we emphasize the correct approach below. 

In a spectroscopic experiment, an absorbing 
group with a limited lifetime gives a broadened 
spectral line, as a direct consequence of the Uncer- 
tainty Principle. Structurally inequivalent groups 
undergoing site exchange at a rapid enough rate 
cannot therefore be distinguished, because their 
spectral lines are not resolved. Rigorous con- 
sideration of the Bloch equations shows that, in the 
absence of additional broadening arising from short 
relaxation times, the criterion for coalescence of 
two equally intense singlet Lorentzian lines is that 
the appropriately defined jumping rate exceeds 
n/ J2 times their frequency difference in Hz. ‘-’ 

2549 
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In NMR spectroscopy, the range of resonance 
frequencies spanned by a nucleus in different chemi- 
cal environments is typically only a few parts per 
million of the operating radio frequency. For exam- 
ple, the 13C NMR lines from terminal and bridging 
ligands in metal carbonyls have a typical chemical 
shift difference of 50 ppm. The rate of site exchange 
required for their coalescence corresponds to an 
NMR timescale of the order of lop4 s. This of 
course is much longer than the reciprocal of the 
operating frequency. 

Many dynamic processes take place within the 
NMR timescale ; in these cases spectra cor- 
responding to ground-state structures are not 
observed, and the molecules are termed “fluxion- 
alr’.6 As an inorganic example, Fe3(C0)12 in solu- 
tion shows complete 13C NMR equivalence of all 12 
carbonyl ligands even at - 150°C. 7 Among organic 
molecules, the classic example of a highly fluxional 
structure is bullvalene, CloHl ,,, which gives a 
singlet ‘H NMR spectrum in solution above 
room temperature.6*8 

In vibrational (IR) spectroscopy, the com- 
bination of a higher radiation frequency and a wider 
spectral range produces a much shorter timescale. 
In metal carbonyls, the rate of site exchange necess- 
ary for loss of resolution of terminal and bridging 
ligands corresponds to an IR timescale of lo- ’ 3 s. 
(In this case, the timescale does approximate to the 
reciprocal of the operating frequency.) As virtually 
all molecular rearrangements take much longer 
than this, IR spectroscopy gives information on 
the ground-state structures of molecules which are 
fluxional on the NMR timescale. 

However, when a molecular structure is deter- 
mined by dlrraction methods such as X-ray (or 
neutron) crystallography, radiation frequencies 
absorbed by individual nuclei or bonds are no 
longer relevant. The “X-ray crystallographic time- 
scale” has instead been erroneously assigned as the 
inverse of the X-radiation frequency, i.e. about 
1 O- ’ * s, which is also the approximate duration of 
the photon-atom interaction. This has led to the 
widespread belief that atomic positions determined 
by X-ray crystallographic methods are necessarily 
exact representations of static, ground-state molec- 
ular structures ; and that crystallography gives an 
instantaneous structural “space average” quite dis- 
tinct from the “time average” given by NMR. 

This is incorrect. The value of lo-l8 s is not 
relevant for an experiment in which radiation is not 
absorbed, but diffracted in accordance with Bragg’s 
Law. In fact, measurement of the intensity of a 
single X-ray reflection takes on average 100-500 s 
implying a “snap shot” of ca 10” pictures of the 
atomic positions. This procedure is repeated thou- 

sands of times during data collection, taking up to 
several days, with the intensities of all reflections 
containing information on the entire unit cell con- 
tents. The average, over space and time, of this 
extremely large number of pictures of the atomic 
positions (more precisely, of the electron density 
centroids) represents what can be observed in an X- 
ray diffraction experiment to determine molecular 
structure, with the true X-ray crystallographic time- 
scale corresponding to the period of data collection. 
Crystallographic data must therefore contain infor- 
mation on dynamic processes taking place in the 
solid on a timescale very much longer than 1 O- I * s. 

With this idea in mind, solid-state dynamic pro- 
cesses, which are receiving increased attention now 
that MASNMR is widely available, can be con- 
sidered more precisely. To obtain a complete 
picture, information from the spectroscopic and 
diffraction types of experiment must be carefully 
interpreted together, instead of separately as has 
generally been the case. 

The significant factor in a diffraction experiment 
is not the time required for a dynamic process, 
because all possible kinds of molecular motions 
(vibrations, librations, rotations and rearrange- 
ments) take longer than lo-” s ; but the “number 
of jumps” between consecutive positions occurring 
during data collection. If this number is small (in 
general that is to say if the energy barrier is high 
and/or the Arrhenius pre-exponential factor is 
small), no trace of the motion will be detected and 
the atoms will be seen only in their extreme 
positions. On the other hand, if the energy barrier 
is low and the pre-exponential factor large, the num- 
ber of jumps during data collection will be great and 
the dynamic process will affect the X-ray diffraction 
observations. 

Three types of dynamic effect must be dis- 
tinguished (see Fig. 1). With a relatively smooth 
potential energy curve [Fig. l(a)], substantial elec- 
tron density from the rearranging atoms will be 
observed between their ground-state positions. In 
the extreme example of free rotation of a molecular 
fragment, diffuse, unresolved features will appear in 
the electron density maps. If, however, the potential 
energy barrier for a rapid rearrangement rises 
steeply to its maximum [Fig. l(b)], the atoms will 
spend a much smaller proportion of their time in 
positions associated with the transition state. X- 
ray electron density maps appear to show only 
fixed atoms vibrating around their ground-state 
positions, and detection of the rearrangement will 
require analysis of these vibrations. Examples of 
this type greatly outnumber those of less hindered 
rearrangements, because of the restrictive effect of 
crystal packing forces, which prevent structural 
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Fig. 1. Three forms of the potential energy profile for 
rapid molecular rearrangements between equivalent 
structures in the solid state. (a) Gently rising curve; 
(b) steeply rising curve; (c) steeply rising curve with 

steep well in intermediate position. 

rearrangements altogether in the majority of solid 
compounds. 

The occurrence of relatively steep wells in the 
potential energy curve [Fig. l(c)] will cause sig- 
nificant concentrations of electron density in inter- 
mediate positions. The crystal structure will contain 
fractionally occupied atomic sites. This “dynamic 
disorder” (time-averaged structure) is particularly 
feasible in molecules of high symmetry. It will be 
liable to misinterpretation as a static disorder repre- 
senting alternative molecular orientations in differ- 
ent unit cells (space averaged structure). 

A reliable method to detect solid-state dynamic 
processes, and distinguish dynamic from static dis- 
order, may be provided by an analysis of the mean- 
square anisotropic atomic displacement amplitudes 
(“thermal parameters”)g obtained from diffraction 
data. In a carefully executed experiment, these 
contain real information on atomic vibrations. 
Methods based on this approach have recently been 
used to correlate vibrational “soft modes” revealed 
by crystallographic data with ligand migrational 
pathways found by NMR for metal carbonyls in 
solution” and in the solid state ; ” and to dem- 
onstrate the occurrence of dynamic Jahn-Teller dis- 
tortions in solid complexes. ‘**l 3 Moreover, X-ray 
studies on both organic and organometallic species 
have shown that the temperature-dependence of 
these thermal parameters also has physical sig- 
nificance and contains information on true atomic 

motions. 14,’ 5 In this connection, we also mention 
that uncorrefated motions of molecules in unit cells 
distant from one another, as a consequence of the 
propagation of thermal waves through the crystal, 
destroy the exact translational periodicity necessary 
for Bragg’s Law to be obeyed. Information on these 
molecular motions in the solid state, which cause 
incoherent diffraction of X-ray intensity, is con- 
tained in the thermally diffuse background scat- 
tering ; ’ 6 this, of course, is not ordinarily studied in 
crystallographic experiments. 

We illustrate the logical consequences of our 
argument with some examples. Notable solid-state 
rearrangements occur in the metal carbonyls 
Fe,(CO) I 2 and Co4(CO), *. These molecules contain 
metal clusters enveloped by icosahedra of ligands. l7 
Their crystal structures 18*” are disordered, with 
half-occupied metal atom sites in 60” steps around 
the crystallographic symmetry elements which 
coincide with approximate three-fold molecular 
axes. These structures are regarded as classic exam- 
ples of static orientational disorder. In both com- 
pounds, however, ’ 3C MASNMR spectra are 
incompatible with a static structure, the carbonyl 
ligand equivalence patterns suggesting that the 
metal clusters actually rotate around the three-fold 
axes within the ligand polyhedra.2s23 In recog- 
nizing that X-ray diffraction gives crystal struc- 
tures which are intrinsically time-averaged over a 
longer period than the NMR spectra, the full sig- 
nificance of the results from the two types of experi- 
ment can be appreciated for the first time: if the 
metal clusters are indeed rotating on the NMR 
timescale, the crystallographic disorder must be 
dynamic rather than static. 

To investigate this idea, we have made a detailed 
analysis of the crystallographic thermal parameters 
of Fe3(CO),, to characterize the vibrational soft 
modes of this molecule in the solid state. ” The 
results suggest that rotation of the iron triangle does 
not take place. A new proposal for the mechanism 
of the fluxional behaviour of solid Fe3(CO) 1 *, which 
accounts for all the features of the crystallographic 
structure and 13C MASNMR spectra, will be pub- 
lished separately ; ’ ’ other disordered metal car- 
bony1 structures are being examined for evidence of 
solid-state dynamic processes. 

In the case of bullvalene, its crystal structure is 
ordered at room temperature and below,2”26 with 
several distinct carbon atomic sites. ‘H broadline 
NMR indicates that structural rearrangement 
occurs in the solid above room temperature,27 and 
13C MASNMR demonstrates that fluxionality by 
the Cope rearrangement renders all carbon atoms 
equivalent at 85”C.28 We predict that if the crystal 
structure of this compound were to be determined 
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at progressivejy higher temperatures, the onset of IO. 
dynamic processes within the X-ray erystallo- 
graphic times&e would be directly detected by 11. 
q~a~~tativ~ changes in the atomic thermal par- 
ameters, followed by the appearance of dynamic 
structural disorder. 12. 

In summary, we emphasize that the timescale 
concept associated with spectroscopic methods of 
molecular structure determination can by no means 

L3 
* 

be applied in the same way to diffraction techniques. 14. 
~~s~llo~aphic structures determined by diffrac- 
tion methods are intrinsically time-averaged over 15. 
the period of data collection, as weil as space- 
averaged. ~ol~ul~ rearrangements suggested by 16, 
MA~NM~ must be carefully correlated with cry- 
stallographic data on atomic vibrations and dis- 
order to give a full picture of dynast processes in If. 

the solid state. 18. 

19. 

1, E. L. Muetter~es, Iwrg, C&r, 1965,4? 769, 21. 
2. A. Ca~n~on and A. D, Mc~chl%n, ~tr~~~r~~~ 

to ~~~~t~~ ~~~~~, Chap. 12. Harper and Row, 22. 
London (1966). 

3. A. Allerhand, H. S. &tow&y, S. Jonas and R, A. 23. 
Meinzer, f. Am. Chem. 5%~. 1966,88,3185. 

4. F. A. Bovey, Nuclear Magnetic Resonance Spectro- 
scopy, Chap. 7. Academic Press, New York (1969). 24. 

5. R. G. Bryant, J. Chem. Educ, 1983,60,933. 
6. W. von E. Doering and W. R. Roth, Angew. Chem. 25. 

Int. Ed. En@. 1963,2, 115. 
7. F. A. Cotton and D. L. Hunter, Inorg. G&r. Acta 26. 

1974*11, L9. 
8. J. F. M. Uth, K_ Miillen, J-M. G&s and G. 

SchrGder, Neb. Chim. Aeta 19?4,57, L415. 27‘ 
9. 8. T. M. Willis and A. W. Pryor, ~herrn~i V~~rat~~~~ 

in ~r~st~~~gr~~~. Cambridge Univeisity Press, 28. 
New York (1975). 

D. Braga and 3. ‘I+, Heaton, 3. C&em. Sot., C&em. 
~~~~~. 198987,608‘ 
C. E. Anson, R. E. Benfield, A. W. Bott, 3, F. G. 
Johnson, D. Braga and E. A. Marseglia, S, Chem. 
Sac., Ckem. Commtm. 1988,839. 
J. H. Ammeter, H. 3. Btirgi, E. Camp, V. Meyer- 
Sandrin and W. P. Jensen, Inorg. Chem. 1979, 18, 
733. 
K Chandrasekhar and I-I. B. Biirgi, Actu Cryst. Sect. 
B. 1984,40,387. 
V. Schomaker and K N. Trueblood, Acta Cry&. 
Sect. B 1968,24,63, 
P. Heifer and J, D. Dun&, Acta Cryst. Set& B 1979, 
35,2020. 
J. L. Amorcis and M. borax, ~u~~~I~~ Crysta~~~ 
their ~r~~f~rrn~ arui LW&se S~att~r~~, Wiley, New 
York (1968). 
R. E. Benfield and B. F. C. Johnson, ~r~~tiun Met. 
C&em. 1981,6, 131, 
F. A. Cotton and J, M. Troup, J. Am. C/tern. Sac. 
1974,96,4155. 
F. H. Car& F. A. Cotton and B. A, Frenz, Inorg. 
C&m, 1976, IS, 381. 
H. C. Darn, B. E. Hanson and E. Motel& Inorg. 
C&mm, Acta. 198t,54, L71. 
S. E. Hanson, E. C. Lisic, J. T. Petty and C. A. 
Iannaconne, frwg. Chem. 1986,2!$4062. 
B. E, Hansorr and E. C. Lisic, fgwg. Ghem. 198625, 
71.5. 
3. E. Hanson, in Advances in Dynamic Stereo- 
c~m~try (Edited by M. F. Gielen), Voi, 1, p. 89. 
Freund, London (1985). 
A. Amit, R. Huber and W. Hoppe, Aeta Cryst. Sect. 
B. 1968,24,865. 
S. M. Johnson, J. S. McKechnie, B. T-S. Lin and 
I. C. Paul, J. Am. Chem. Sac. 1967,89,7123. 
P. Luger, J. Buschmann, R. K. McMullan, J. R. 
Ruble, P. Matias and G. A. Jeffrey, J. Am. Chem. 
SW. 1986,108,7825, 
J, D. Graham and E. R. Santee, J. Am. C&em. Sac. 
1966,88,3453. 
B, II. Meier and W. L. Earl, 3. Am. Gem, Sot. X985, 
107,5553. 



Polyhedron Vol. 7, No. 24, pp. 2553-2559, 1988 

Printed in Great Britain 

0277-5387/M $3.(x)+ .oo 

0 1988 Pcrgamon press plc 

A NEW SYNTHETIC ROUTE TO AMINOPHOSPHINE@ 

D. K. SIUVASTAVA, L. K. KRANNICH* and C. L. WATKINS 

Department of Chemistry, University of Alabama at Birmingham, UAB Station, 
Birmingham, AL 35294, U.S.A. 

(Received 14 March 1988; accepted 18 May 1988) 

Abstract-The reactions of R2PPR2 (R = Me, Et, Ph) and (MeP)5 with Me3_,As(NMe2), 
(n = 1, 2, 3) and of Me,PPMe, with Me2AsNR; (R’ = Et, PI”, and Pfi were investigated 
as a function of time at room temperature using ‘H and 3’P NMR spectroscopy. For 
the diphosphine/Me,AsNR; reactions, the NMR spectral data suggest a reaction path- 
way involving the initial formation of R2PAsMe2 and the respective acyclic dialkyl- 
aminophosphine, R,PNR;. The P-As intermediate then symmetrizes to R2PPR2 and 
Me2AsAsMe2, the parent aminoarsine is completely consumed, and additional R2PNR2 is 
formed. The relative rate of aminophosphine production is dependent upon the nature of 
the substituent on the phosphorus and nitrogen atoms. For systems involving 
MeAs(NMez)2 and As(NMe2), as reactants, the intermediates could not be characterized, 
but the products were the expected aminophosphine and (MeAs), or elemental arsenic, 
respectively. (MeP)5 reacts to give MeP(NMe2)2 and the expected As-As bonded species. A 
comparison of the reactivity of these systems with analogous diarsine/aminoarsine systems is 
discussed. The results of the NMR study were utilized in designing a convenient, high yield, 
synthetic route to acyclic aminophosphines. 

The chemistry of P-P, As-As, P-N, As-N, and 
As-P bonded compounds has been of continued 
interest’-’ 7 with most of the attention being directed 
towards the chemistry of P-N bonded systems.>” 
Acyclic aminophosphines have been synthesized 
by a variety of methods. The most common pro- 
cedure involves the aminolysis of PC13 followed by 
alkylation with the appropriate Grignard reagent16 
or aluminum alkyl. ” Alternatively, PC13 can be 
reacted with the appropriate Grignard reagent to 
give an organohalophosphine, which is then reacted 
with the desired secondary amine1*-20 or amide.” 
Since the aminehydrochloride by-products are very 
difficult-to-remove contaminants in these reactions, 
yields are usually low to moderate. Cleavage of 
P-C bonds using secondary amines,‘* of Sn-N 
bonds with halophosphines,23 and of Si-N bonds 
with PF324 also serve as routes to particular amino- 
phosphines. 

The literaturezsz7 establishes that As-As and 
As-N bonds are more labile than P-P and P-N 
bonds, respectively. Recently, as part of our NMR 

*Author to whom correspondence should be addressed. 

investigations of exchange reactions involving 
As-As, As-N and As-H bonding systems, we 
noted that Me2AsNMe2 reacts with Et2PPEtzZs to 
give Et2PNMe2 and an equilibrium mixture of 
Me,AsAsMe,, Et2PPEt2 and Me2AsPEt2. No other 
reports have been noted in the literature on the 
reactivities of aminoarsines towards P-P bonded 
compounds. In this paper, we report on the gen- 
erality of the diphosphine/aminoarsine reaction sys- 
tem as a convenient synthetic pathway to acyclic 
aminophosphines and discuss the extension of this 
work to (MeP),/aminoarsine systems. As part of 
this study, we also determined the effect that sub- 
stituents on the P, As and N atoms have on the 
relative rate of acyclic aminophosphine production. 

EXPERIMENTAL 

Standard high vacuum line techniques and a Vac- 
uum Atmospheres Model HE- 13-Drilab equipped 
with a Model HE-493 Dri-Train were used for stor- 
ing and handling all compounds. Benzene and pet- 
roleum ether (90-I 10°C) were distilled over calcium 
hydride and stored over molecular sieves prior to 
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use. Diethyl ether was dried over sodium and dis- 
tilled before use. Benzene-d, and Me$i were 
stored over molecular sieves. MezNH (b.p. 7&C), 
Et,NH (56.3”C), Pf,NH (109%), and P&NH 
(84°C) were stored over sodium and distilled in 
vacua prior to use. Me,AsCl (106”C),2g MeAsCl, 
(61-63”C/50 mm Hg)30 and Me2AsAsMe2 (6O”C/25 
mm Hg)31 were synthesized by reported methods. 
Me2AsNMe2 (74”C/lO8 mm Hg), Me2AsNEt2 
(80.5”C/90 mm Hg), Me,AsNPr”, (107-109”C/84 
mm Hg), Me,AsNPr: (78”C/28 mm Hg), 
MeAs(NMe2)2 (63”C/50 mm Hg) and As(NMe2)3 
(5557”C/lO mm Hg) were synthesized by the amino- 
lysis of the appropriate chloroarsine or AsC13 and/ 
or by the transamination of MezAsNMe2.27,32 
All the arsines were distilled on a spinning band 
column prior to use and their purity was checked by 
‘H and 13C NMR spectroscopy (see NMR spectral 
data). Me,PPMe, (38-40°C/16 mm Hg) and 
Et2PPEt2 (84”C/lO mm Hg) were synthesized by the 
reaction of the appropriate tetraalkylbiphosphine 
bisulphide with P(Bu’),. 33 Ph2PPPh2 (m.p. 120°C) 
was prepared by the reaction of Ph2PH with 
Ph2PC1.34 (MeP)S (1 lO-112”C/l mm Hg) was syn- 
thesized by the reduction of MePC12 using lithium in 
THF.35 Me2PNMe2 (llO”C/720 mm Hg), Me,P 
NEt2 (5O”C/33 mm Hg), Me,PNPr”, (172-174”C), 
Me,PNPr’, (166”C), Et,PNMe, (86”C/146mm Hg), 
Ph2PNMe2 (123-124”C/O.l mm Hg) and 
MeP(NMe3, (141°C) were independently syn- 
thesized by the aminolysis of the corresponding 
chlorophosphines with the appropriate secondary 
amine in benzene or ether.g*L”‘8,36 The purity of all 
the phosphines was checked by ‘H and 3’P NMR 
spectroscopy. 

‘H, “C and 3 ‘P NMR spectra were recorded on 
a Nicolet 300 MHz multinuclear FT NMR spec- 
trometer operating at 300.1, 75.4 and 121.5 MHz, 
respectively. The ‘H and 13C chemical shifts were 
measured with respect to Me,Si as an internal ref- 
erence. The 31P chemical shifts were measured with 
respect to 85% H3P04 as external reference. The 
reaction mixtures were protected from exposure to 
light. All NMR tubes were carefully washed in a 
non-acid media to prevent any possible catalysed 
exchange. 

NMR studies of reactions of aminoarsines with 
diphosphines 

The following diphosphine/aminoarsine reac- 
tion systems were studied as neat mixtures (see 
Table 1 for reactant mole ratios) with constant 
stirring at 24°C as a function of time: Me, 
PPMe2/Me2AsNMe2, Me2PPMe2/MeAs(NMe2)2, 
Me2PPMe2/As(NMe2),, Me2PPMe2/Me2AsNEt2, 

Me2PPMe2/Me2AsNPr$ Me2PPMe2/Me2AsNPr\, 
Et2PPEt2/Me2AsNMe2, Et2PPEt2/MeAs(NMe2)2, 
Et2PPEt2/As(NMe2)3, Ph2PPPh2/Me2AsNMe2, 
Ph2PPPh2/MeAs(NMe2)2, Ph2PPPh2/As(NMe2)3, 
(MeP)JMe2AsNMe2, (MeP)S/MeAs(NMe2)2 and 
(MeP),/As(NMe,),. At specified time intervals, 
accurately measured aliquots were removed from 
the mixtures and diluted to a pre-determined solu- 
tion volume using de-benzene as the solvent. Inde- 
pendent NMR experiments indicated that this pro- 
cedure quenched the reaction. The ‘H NMR spectra 
were obtained and the spectral integration data 
were used to follow the course of each reaction and 
establish the [mol aminophosphine formed]/[mol 
aminoarsine consumed] ratio at each time interval. 
Additionally, the 3’P NMR data were obtained for 
intermediate and product identification. 

General procedure for the synthesis of dialkylamino 
phosphines, R,PNR; (R = Me, Et, Ph ; R’ = Me, Et, 
Pr”, Pr’) and MeP(NMe2)2 

The measured quantity (10 mmol) of the appro- 
priate phosphine [R,PPR, or (MeP),] was mixed 
with the required stoichiometric amount of the cor- 
responding aminoarsine at RT (24°C). The neat 
reaction mixture was then stirred at 100°C and 750 
mm Hg for the required reaction time (see Table 
1). The products were separated either by fractional 
distillation at reduced pressure or by filtration 
(when elemental arsenic is a product) followed by 
distillation. Table 1 summarizes the data for the 
studied reaction systems. 

NMR spectral data 

The following is a list of NMR spectral data 
(values in ppm) determined independently in our 
laboratory at RT in benzene-d, solution on syn- 
thesized compounds that were identified in the reac- 
tion mixture. 

‘H spectral data. Reactants : Me2AsNMe2 : 0.83 
(MeAs) and 2.45 (MeN). Me2AsNEt2: 0.88 
(MeAs), 0.99 (CH3CH2N, t, 3Jmr = 7.0 Hz), and 
2.83 (CH,CHzN, q). Me2AsNPt$: 0.84 (CH3CH2 
CH,N, t), 0.89 (MeAs), 1.44 (CH3CH2CH2N, m) 
and 2.74 (CH3CH2CH2N, m). Me,AsNPri: 0.89 
(MeAs) 1.08 (Me2CHN, d, 3JHH = 6.6 Hz), and 3.17 
(Me2CHN, septet). MeAs(NMe2)2 : 0.96 (MeAs) 
and 2.63 (MeN).37 As(NMe,), : 2.61 (MeN).38 
Me2PPMe2 : 0.93 (MeP, t, 2JPH = 7.0 Hz).~,~’ 
Et,PPEt, : 1.10 (CH,CH,P, m) and 1.46 
(CH3CH2P, m).40 Ph2PPPh2: 6.96 (m) and 7.55 
(m). (MeP)s: 1.3-1.5 (m, bd).41 Intermediates: 
Me2PAsMe2: 0.90 (MeAs, d, 3JPH = 8.1 Hz) and 
1.00 (MeP, d, 2JPH = 4.2 Hz).~ Et2PAsMe2 : 0.97 
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(MeAs, d, 3JpH = 7.9 Hz), 1.03 (CH3CH2P, m) and 
1.46 (CH,CH,P, m).42 Ph,PAsMe, : 0.90 (MeAs, 
d, 3JpH = 9.2 Hz), 7.07 (Ph,P, m) and 7.62 (Ph2P, 
m). Products : Me,AsAsMe2 : 0.96 (MeAs). 
(MeAs) 5 : 1.47, 1.52, 1.55.43 Me2PNMe2: 0.92 
(MeP, d, ‘JpH = 5.1 Hz) and 2.38 (MeN, d, 
;p = 9.6 Hz). 44,45 Me2PNEt2: 0.99 (MeP, d, 

Pi., = 6.0 Hz), 0.92 (CH3CH2N, t, 3JHH = 7.0 Hz) 
and 2.82 (CH,CH,N, q, d, 3JpH = 9.6 Hz, 
3JHH = 7.0 Hz). Me,PNPr”, : 0.78 (CH3CH2CH2N, 
t), 1.00 (MeP, d, ‘JpH = 6.0 Hz), 1.38 (CH3CH2 
CH2N, m) and 2.74 (CH3CH2CH2N, m, 
3JpH = 9.6 Hz). Me,PNPr’,: 0.97 (MeP, d, 
‘JpH = 6.2 Hz), 1.05 (Me,CHN, d), and 3.15 
(Me,CHN, m, 3JpH = 10.1 Hz, 3JHH = 6.7 Hz). 
Et,PNMe, : 1.06 (CH3CH2P, m), 1.10-1.45 
(CH3CH2P, m), and 2.49 (MeN, d, 3JpH = 8.1 Hz). 
Ph2PNME2: 2.50 (MeN, d, ‘JpH = 9.6 Hz), 7.13 
(Ph,P, m) and 7.45 (Ph,P, m).46 MeP(NMe2)2 : 1.14 
(MeP, d, ‘JpH = 7.5 Hz) and 2.55 (MeN, d, 
3JpH = 9.0 Hz).~‘,~’ 

i3C spectral data. MeAsCl,: 30.32. Me2AsCl: 
20.25. Me2AsNMe2 : 9.92 (MeAs) and 41.9 (MeN). 
Me,AsNEt,: 12.1 (MeAs), 15.7 (CH,CH,N) and 
44.3 (CH3CH2N). Me,AsNPr”, : 11.7 (MeAs), 12.1 
(CH3CH2CH2N), 23.4 (CH3CH2CH2N) and 53.2 
(CH3CH2CH2N). Me,AsNPr’, : 12.2 (MeAs), 25.0 
(Me,CHN), and 46.5 (Me,CHN). MeAs(NMe,)? : 
12.5 (MeAs) and 42.2 (MeN). As(NMe,),: 39.7 
(MeN). Me2AsAsMe2 : 5.96 (MeAs). (MeAs) : 
3.78, 5.23, and 6.81. 

3’P spectral data. Me,PPMe, : - 58.4.40 
Et2PPEt2 : -32.7.40 Ph2PPPh2 : - 14.3.4 (MeP)S : 
17.3 (m).“’ Me2PAsMe2 : - 56.2.3 Et,PAsMe, : 
- 15.7. Ph2PAsMe2 : - 8.3. Me,PNMe, : 39.2.17,44 
Me2PNEt2 : 34.6. Me,PNPr”, : 36.1. Me,PNPr’, : 
7.2. Et2PNME2 : 63.7.” Ph2PNMe2 : 65.4.36 
MeP(NMe2), : 87.2.36 

RESULTS AND DISCUSSION 

The reactions of R2PPR2 (R = Me, Et, Ph) with 
Me3_,As(NMe2), and of Me2PPMe2 with 
Me,AsNR; (R’ = Et, Pr”, Pr’) were followed using 
multinuclear NMR spectroscopy. In the 
Me2PPMe2/ME2AsNMe2 (1: 2 mol ratio) system, 
the reaction proceeds very rapidly at RT to con- 
sume all the original Me,PPMe, and one-half the 
original amount of Me,AsNMe, within 5 min. The 
initial products were identified as Me2PAsMe23 and 
Me2PNMe2. The ‘H spectrum also indicates the 
presence of a very low intensity peak assigned to 
Me2AsAsMe2. With time, the intensities of the 
peaks associated with Me2AsNMe2 and 
Me,PAsMe, decrease with a concomitant increase 
in the intensities of the peaks assigned to 

Me2PNMe2 and Me2AsAsMe2. The NMR spectra 
indicate that the reaction goes to completion in 47 
h with complete conversion of Me,AsNMe, and 
Me,PPMe, to Me2PNMe2 and Me2AsAsMe2. A 
plot of the ratio (mol aminophosphine)/(mol 
aminoarsine) vs time is given in Fig. 1. 

These results suggest that the first step in the 
reaction pathway is the rapid consumption of all 
the original Me2PPMe2 and one-half of the 
Me2AsNMe2 [eq. (l)] : 

Me2PPMe2+Me2AsNMe2 

-+ Me2PAsMe2+Me2PNMe2. (1) 

This reaction probably proceeds through a four- 
centred intermediate48 that rapidly undergoes P-P 
and As-N bond dissociation and P-As and P-N 
bond formation. The subsequent production of 
Me,AsAsMe, and the remaining stoichiometric 
amount of Me2PNMe2, and the consumption of the 
remaining half of the aminoarsine are much slower 
processes. This can occur via either of the following 
two paths : 

Pathway A : 

Me2PAsMe2+Me2AsNMe2 

+ Me,AsAsMe, + Me,PNMe, 

Pathway B : 

Me2PAsMe2 s 1/2Me2PPMe2 

+ 1/2Me2AsAsMe2. 

Me2PPMe2 formed in (3) then reacts with 

(2) 

(3) 

the 
remaining Me2AsNMe2 according to eq. (1). Based 
upon the observed very fast rate of consumption of 
the diphosphine by Me,AsNMe, and our previous 
work on the reactions of diarsines and amino- 
arsines,28 we would expect that Pathway A would 
be fast. Pathway B assumes symmetrization of the 
phosphinoarsine [eq. (311 followed by consumption 
of the symmetric diphosphine according to eq. (1). 
We observed previously that the phosphinoarsine 
symmetrization reaction is quite s10w.~~ Since the 
Me2PPMe2/Me2AsNMe2 reaction [eq. (l)] is fast, 
we would not expect to observe, in the NMR 
spectra, any peaks attributable to the Me,PPMe, 
produced via eq. (3). This is consistent with the 
spectral data obtained for the Me2PPMe2/ 
Me,AsNMe, system. Although we were unable 
to unequivocally determine the reaction pathway 
for the subsequent product ion of aminophosphine, 
based upon our earlier work, we favour Pathway 
B. 

We assume that this reaction pathway [eqs (1) 
and (3)] for the Me2PPMe2/Me2AsNMe2 system is 
also applicable to the other R2PPR2/Me2AsNR; 
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Time h 

Fig. 1. [Mel ~nophosphine]~~mol aminoarsine] as a function of time for the R,PPR,/Me,AsNR; 
reaction systems [O-R = Me, A-R = Et, 0-R = Ph], 

systems studied, since analogous intermediates and 
products are observed (see Table I), Although the 
reaction period for these systems varied from 5 min 
to seven days (Table I), in each case, the predicted 
aminophosphine was produced quantitatively. In 
a separate study, no reaction of MezPNMe, with 
~e*AsAsMe~ was observed over an extended 
period of time at room tem~ra~e. Consid~ng the 
known lability of the As-N and As-As bonds in 
the analogous R~AsAsR*~Me~AsNMe~ systems2’ 
and the P-P bond energy in diphosphines,3~4~4p the 
greater strength of the P-N bond is ~doubt~ly 
the reason why these reactions go to completion. 

The plot of [mol a~nophosp~ne]~~mol amino- 
amine] (Fig. 1) suggests that the relative rate of pro- 
duction of ~~ophosp~ne depends upon the sub- 
stituents on the phosphorus and nitrogen atoms. 
For RzPPRt and a given ~noarsine, the relative 
rate decreases in the order R = Ph > Me > Et. This 
is consistent with the previously observed trends in 
the ease of P-P bond cleavage in diphosphines, 
which is related to the substituent effects on P-P 
bond strength.5o 

For the Me2PPMe~/Me~AsN~~ systems, the 
relative rate of aminophosphine production (Fig. 1) 
decreases in the order R’ = Et > Me > Pr’. Unfor- 
tunately, rate data could not be collected for the 
R = Pr” case, since the neat reaction mixture con- 
tained both solid and liquid phases. In the anal- 
ogous ~e~AsAs~e~/~t*AsN~2 system,28 sub- 

stitution of an Et for a Me group dramatically 
increases the rate of reaction. Assuming that these 
reactions pro through a c;oncerted four-eentred 
activated inte~ediate,si*48 these data suggest that 
substitution of an Et for a Me group lowers the 
energy barrier for As-N bond ~sso~ation and 
P-N bond formation, and leads to more rapid 
~nophosp~e production. Such Et/Me group 
substitution shonld also enhance the P-N bond 
strength trough the pn-& bonding system in the 
product aminophosphine. On the other hand, the 
rate of ~nophosphine production is si~~~ntly 
diminished upon substitution of the more bulky Pi 
group. Thus, both subs~~ent steric and electronic 
effects on the relative rate of a~nophosp~ne pro- 
duction must be considered for the series. 

The reaction pathways for the diphosphinej 
bis(or t~s)-a~no~sine systems are more com- 
plicated due to the involvement of two or three 
labile ~aikyla~no groups on the parent amino- 
arsine. Furthermore, the chaining, ring closure or 
crosslinking mechanisms, which ultimately lead to 
the formation of (MeAs)552-54 or elemental arsenic 
must be considered. Due to the extremely low inten- 
sity, mnltiplet band structure, or absence of peaks 
assignable in the NMR spectra to condensed P-As 
bonded intestates, we do not have sut%cient 
data to elucidate possible reaction pathways in these 
systems. For either Me,PPMe2 or Et2PPEt2, the 
relative rate of production of aminophosphine 
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decreases in the order MeAs(NMe& > 
Me,AsNMe, > As(NMe,),. Comparisons with the 
Ph2PPPh2 reactions could not be made, since 
the Ph2PPPh2 is insoluble in the aminoarsine 
and refluxing conditions were needed to bring about 
complete reaction. 

The scope of the reactivity of the P-P bond 
towards Me3_,As(NMez), was extended to (MeP),. 
Here, each reaction yields MeP(NMe& as the only 
P-N bonded compound. The arsenic containing 
pqoducts are the expected Me,AsAsMe,, (MeAs), 
and elemental arsenic. These reactions are all slower 
than the analogous Me*PPMe, and Et3PPEt2 reac- 
tions. Heating is required to facilitate complete 
reaction. Any reaction pathway describing the 
(MeP),/Me3_.As(NMe,), system is further com- 
plicated by polyphosphine ring cleavage mech- 
anisms. 

The diphosphine/aminoarsine reactions are not 
as facile as the analogous diarsine/aminoarsine 
reactions,28 which may be related to the greater 
P-P bond strength. Owing to the strength of the 
P-N bond, all the diphosphine/aminoarsine reac- 
tions go to completion, whereas the diarsine/ 
aminoarsine reactionsz8 yield equilibrium dis- 
tributions of reactants and products. In the latter 
cases, the lability of the As-As and As-N bonds 
in the reactant and product species facilitates equi- 
librium redistribution reactions, which preclude 
utilizing these reaction systems as synthetic path- 
ways to aminoarsines or diarsines. 

Since the NMR study suggested that these reac- 
tions were suitable as synthetic pathways to amino- 
phosphines, each reaction was scaled-up and car- 
ried out in the appropriate mole ratios to establish 
it as a viable synthetic route to a mono- or bis- 
aminophosphine. The neat reactions were very 
straightforward and the pure aminophosphines 
were isolated in 70-90% yields (Table 1) after dis- 
tillation of the product mixture. The acyclic amino- 
phosphines, Me,AsAsMe* and (MeAs), are highly 
air sensitive, colourless, distillable liquids. 

The results of this study indicate conclusively 
that the reactions of diphosphines and (MeP)s with 
aminoarsines are irreversible and give high yields 
of acyclic aminophosphines. In all cases, the only 
products are the aminophosphine and the As-As 
bonded species. These are easily separated and puri- 
fied by fractional distillation or filtration followed 
by distillation when elemental arsenic is produced. 
The added advantage of this synthetic route is the 
absence of the highly undesirable aminehy- 
drochloride and side reactions that are common 
in other synthetic routes to the aminophosphines. 
Thus, this is a very convenient and high yield syn- 
thetic route to very pure acyclic aminophosphines. 
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Abstract-The complexes TlClBrI * L2 (L = C5HsN0, 2-, 3-, 4-CH3C5H4N0, 4- 
ClCSH4N0, 4-CNCSH4N0, 4-N02CSH4N0, 4-CH30CSH4N0, HMPA and OPPh3) have 
been prepared and characterized by elemental analysis. The solids behave as non-electrolytes 
in acetonitrile solution and are monomers in benzene. The structure of TlC1BrI(OPPh3)2 
has been determined by X-ray crystallography and refined to a conventional R factor of 
0.05. This compound crystallizes in the monoclinic space group P2,/c and a = 14.742(5), 
b = 14.418(3), c = 17.234(4) A, b = 107.54(2) and 2 = 4. The structure consists of neutral 
monomeric complexes in which the thallium atom shows a five-fold coordination in the 
form of a distorted trigonal bipyramid, the halogen atoms being located in the equatorial 
plane. ‘H NMR and vibrational (IR and Raman) spectra of all of these complexes are 
discussed on the basis of this structure. 

Although a great deal of research has been carried 
out on the coordination chemistry of thallium(II1) 
complexes, Iv2 very little is known about the struc- 
ture of these compounds. Structural investigations 
have been carried out through the use of X-ray 
diffraction techniques and are reported by Baxter 
et a1.,3 Gutierrez et a1.,4 Small et al.’ and Glasser.6 

Recently we have reported the detailed char- 
acterization of complexes of the type TlX3 - Lz7*’ 
and T1XX2 * L2%l ’ following a new and simple syn- 
thesis procedure that improves on the one proposed 
by Cotton et al. ’ At the same time we have resolved 
the structure of some new complexes of the types 
TlX3*L2’jL5 and TlXX;*L2.‘“” 

* Presented in part at the XXIV ICCC, Athens, Greece, 
24-29 August, 1986. 

t Author to whom correspondence should be addressed. 

The stabilization of tetrahalothallates of the form 
~lX4_*X~2~22 and of molecular adducts of the 
T1XX2 * Lnl’ type are well known, but nothing is 
known about the chemical stabilization of 
TlClBrI * L, type complexes. 

We now describe the synthesis and structural 
characterization of interhalo derivatives of thal- 
lium(II1) of the type TlClBrI * L2. The ligands used 
here are ones whose donor atom behaves as hard 
in Pearson’s terminologyz3 and are good stabilizers 
of thallium(II1). 24 The selected ligands are: pyri- 
dine-N-oxide (CSHSNO), 2-, 3- and 4-methyl- 
pyridine-N-oxide (2-, 3- and CCH,C,H,NO), 4- 
chloropyridine-N-oxide (4-C1CSH4NO), Ccyano- 
pyridine-N-oxide (4-CNC,H,NO), 4-nitropyri- 
dine-N-oxide (4-NO,C,H,NO), Cmethoxypyri- 
dine-N-oxide (4-CH 30C ,H,NO), hexamethylphos- 
phorotriamide (HMPA) and triphenylphosphine 
oxide (OPPh,). 

2561 
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The complexes with CSHSNO, HMPA and 
0PPh3, although previously known,‘0*23*26 have 
now been prepared by a new procedure for com- 
parison purposes. 

EXPERIMENTAL 

Merck synthesis grade TlCl, 0PPh3 and HMPA 
(Fluka) were used without further purification. 
Aromatic amine oxides (Merck, Fluka or Aldrich) 
were recrystallized from acetone, benzene or 1,2- 
dichloroethane. IBr (Merck) was resublimed. C, 
H and N microanalyses were carried out using a 
Perkin-Elmer 240-B elemental analyser. Thallium 
was determined using an atomic absorption spec- 
trometer. The molecular weights of these complexes 
that were sufficiently soluble were measured in ben- 
zene with a vapour pressure osmometer and the 
conductivity data (in acetonitrile) were obtained 
with a WTW conductivimeter. ‘H NMR spectra 
were obtained in CDC13 solvent with TMS as inter- 
nal reference using a Varian CFT-20 and Bruker 
WM 250 apparatus. IR spectra were recorded as 
Nujol mulls or pressed KBr discs on a Perkin-Elmer 
180 spectrophotometer with a far-IR accessory, and 
Raman spectra on a Jarrell-Ash 500 spectrometer 
(Ar+ Laser 5415 A). 

Preparation of complexes 

The complexes were prepared according to the 
equation : 

TlC1+2L---&+TlClBrI~L,. 
3 

This method has been discussed in detail elsewhere’ 
and it improves on the one proposed previously.’ 
All the preparative work was performed under an 
inert atmosphere in a dry box. Once isolated, the 
compounds were shown to be stable in air. 

T1ClBrI(CSH5N0)2 (I). This has been prepared 
by the same method as described elsewhere. lo 

TlClBrI(2-CH,C,H,NO), (II). A solution of 4.4 
mm01 (0.91 g) of IBr in acetonitrile (25 cm3) was 
slowly added to a magnetically stirred suspension 
of 4.2 mm01 (1.0 g) of TlCl and 8.6 mm01 (0.94 g) 
of 2-CH3CSH4N0 in the same solvent (30 cm’). 
The resulting solution was concentrated in uacuo 
and a yellow solid was precipitated. The compound 
was recrystallized in CH3CN as yellow crystals. 
(Yield: 85%.) Found: C, 21.5; H, 2.1‘; N, 4.6; Tl, 
29.6. Calc. for C1iH,4BrClIN202T1: C, 21.7; H, 
2.1; N, 4.2; Tl, 30.7%. M.p. 124°C AM 58 Ohm-’ 
cm’ mol- ‘. 

TlClBrI(2-CH,C,H,NO), (III). To a suspension 
of 4.2 mmol (1.0 g) of TlCl and 21.6 mm01 (2.36 g) 

of 2-CH3C5H4N0 in acetonitrile (50 cm3), a solu- 
tion of 4.4 mmol(O.91 g) of IBr in the same solvent 
(25 cm’) was added dropwise. A yellow solid was 
precipitated before the reaction was complete. 
When the reaction was finished the yellow solid 
,was filtered off and vacuum dried. The compound 
;obtained was TlC1BrI(2-CH3CSH4NO)2, but when 
the resulting orange solution was concentrated in 
uacuo an orange solid was precipitated. (Yield: 
40%.) Found: C, 26.9; H, 2.7; N, 5.2; Tl, 26.2. 
Calc. for C1gH2,BrClIN303T1: C, 27.9; H, 2.7; N, 
5.4; Tl, 26.4%. M.p. 105°C AM 59 Ohm-’ cm* 
mall I. 

T1C1BrI(3-CH3C5H4N0)2 (IV). The complex 
was prepared by following the method reported for 
TlClBrI(2-CH,C,H,NO),. (Yield : 79%.) Found : 
C, 21.3; H, 2.1; N, 4.2; Tl, 29.5. Calc. for 
C12H,,BrClIN202Tl: C, 21.7; H, 2.1; N, 4.2; Tl, 
30.7%. M.p. 118°C &,, 63 Ohm-’ cm* mol-‘. 

T1C1BrI(4-CH3C5H4N0)2 (V). To a suspension 
of 4.2 mmol (1.0 g) of TlCl and 8.5 mmol (0.93 g) 
of 4-CH3C5H4N0 in acetonitrile (30 cm3), a solu- 
tion of 4.3 mmol(O.90 g) of IBr in the same solvent 
(25 cm3) was added. The resulting red solution was 
concentrated in vacua and an oil was obtained. The 
residual oil was stirred with dry ether to give a 
yellow solid. (Yield : 75%.) Found : C, 21.5 ; H, 2.0 ; 
N, 3.8 ; Tl, 29.6. Calc. for C12H,4BrC11N202T1 : C, 
21.7; H, 2.1; N, 4.2; Tl, 30.7%. M.p. 86°C AM 59 
Ohm- ’ cm* mall *. 

T1C1BrI(4-C1CgH4N0)2 (VI). A solution of 4.7 
mm01 (0.96 g) of IBr in CH,CN was slowly added 
to a suspension of 4.2 mm01 (1 .O g) of TlCl and 8.6 
mmol (1.1 g) of 4-C1CSH4N0 in acetonitrile (50 
cm3). The mixture was stirred for one day and then 
was warmed to 50°C. The solid obtained was fil- 
tered off and the resulting red solution was left at 
room temperature and then placed in a refrigerator. 
Orange crystals were obtained. (Yield: 55%.) 
Found: C, 17.0; H, 1.0; N, 4.2; Tl, 28.1. Calc. for 
C,oH,BrClIN202Tl: C, 17.0; H, 1.1; N, 4.0; Tl, 
29.0%. M.p. 133°C AM 65 Ohm- ’ cm* mol- ‘. 

TlC1BrI(4-CNC5H4NO)2 (VII). A solution of 4.5 
mm01 (0.94 g) of IBr in acetonitrile (25 cm3) was 
added dropwise to 4.2 mm01 (1 .O g) of TlCl and 8.5 
mm01 (1.2 g) of 4-CNCSH4N0 in the same solvent 
(100 cm3). The orange solid which precipitated was 
filtered off, washed with cold acetonitrile and 
vacuum dried. (Yield : 71%.) Found : C, 21.0 ; H, 
1 .l ; N, 8.2 ; Tl, 28.6. Calc. for C,2HsBrC11N4 
OzT1: C, 21.0; H, 1.1; N, 8.2; Tl, 29.7%. M.p. 
145°C AM 66 Ohm-’ cm* mall’. 

TlClBrI(4-N02C,H,NO)2 (VIII). The complex 
has been prepared by following the method 
reported for compound IV. (Yield : 74%.) Found : 
C, 16.5; H, 1.0; N, 7.4; Tl, 28.4. Calc. for 
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C10HsBrC11N406T1: C, 16.5; H, 1.1; N, 7.7; Tl, 
28.1%. M.p. 97”C, &, 80 Ohm-’ cmzmol-‘. 

T1ClBrI(4-CH30CSH.+N0)2 (IX). A solution of 
4.4 mmol (0.91 g) of IBr in CH,Cl was added to a 
suspension of 4.2 mmol(1 .O g) of TlCl and 8.8 mmol 
(1.1 g) of 4-CHs0CSH4N0 in methylene chloride 
(50 cm3). The resulting yellow solution was con- 
centrated in uucuo and an oil was obtained. The oil 
was stirred with ether and a yellow powdery solid 
was formed. The solid was filtered off, washed with 
cold ether and vacuum dried. (Yield : 70%.) Found : 
C, 21.7; H, 2.0; N, 4.1; Tl, 30.5. Calc. for 
C,2H,,BrC11N204T1: C, 21.7; H, 2.1; N, 4.2; Tl, 
30.7%. M.p. 103°C AM 70 Ohm-’ cm2 mol-‘. 

TlClBrI(HMPA), (X) andT1C1BrI(OPPh3)2 (XI). 
These have been prepared by the method described 
elsewhere25s26 and their elemental analyses have 
produced satisfactory results. 

X-ray crystallographic structure determination of 
XI 

A crystal suitable for X-ray studies was selected 
from the reaction product. The crystal was mounted 
on a glass fibre and data were collected according to 
the parameters in Table 1. Lorentz and polarization 
corrections were applied. An empirical absorption 
correction was undertaken using DIFABS.27 

The structure was solved using the Patterson 
method which revealed the position of the Tl atom. 
The remaining atoms were located in succeeding 
difference Fourier syntheses. Hydrogen atoms were 
not included in the calculations. The structure was 
refined using full-matrix least-squares where the 
function minimized was Z w(jr;bl--1FJ)’ and the 
weight “w” is defined as l/a2(F0). A secondary 
extinction correction with a final coefficient of 
1.5214 x lo-* was refined in the least-squares.28 

All calculations were performed on a VAX 
1 l/750 computer using VAXSDP.29 The scattering 
factors for all atoms were taken from standard 
sources.3o Selected bond distance and angle par- 
ameters are given in Table 2, and tables of final 
positional parameters, anisotropic thermal par- 
ameters, complete bond lengths and angles, and 
lists of observed and calculated structure factors are 
available as supplementary material. 

RESULTS AND DISCUSSION 

All compounds were prepared for the molar ratio 
1: 2, but we have proved that complexes can be 
obtained with 1: 3 stoichiometry as has been men- 
tioned before. 3 ’ The species are yellow crystalline 
solids, air and light stable, hardly soluble in 
solvents, with low dielectric constants and milli- 

Table 1. Summary of crystal data and intensity data 
collection 

Formula 

fw 
F(OOO) 
Colour 
Habit 
Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
B (“) 
v (A3) 
Z 

dcalc (g cm- 3, 
Abs coeff. (cm- ‘) 
Crystal dimensions (mm) 
Diffractometer 
Radiation 
Monochromator 
Scan type 
Scan rate (” mu-‘) 
Maximum 28 (“) 
Reflections measured 
Temperature (K) 
No. of data collected 
No. of unique data 
Total with F, > 3a(F0) 
Final No. of variables 

K = ~(IF,I - IF&/E IFoI “’ 
Rv = Ix W'ol - lFcl>2/~ wF:l 
Weighting scheme 
Std error in observation of 

unit wt (e) 

C3JI,oBrCl102P2Tl 
1003.22 
1912 
yellowish 
prismatic 
monoclinic 

P2,lc 
14.742(3) 
14.418(3) 
17.234(4) 
107.54(2) 
3492.8 
4 
1.908 
68.8 
0.40 x 0.20 x 0.10 
Enraf-Nonius CAD4 
MO-K, (d = 0.71073 A) 
graphite crystal 

w/e 
6-10 (in omega) 
50 
+h, +k, +1 
173 
6014 
5871 
4256 
398 
0.05 
0.058 

llc’(FJ 

6.26 

molar conductivity values below those typical of 
electrolytes. 32 The compounds are monomers in 
benzene, as proved by computation of the molec- 
ular weight of those soluble in the solvent. Calc. 
for T1C1BrI(4-CH30CgH4N0)2 : 665. Found : 650. 
Calc. for T1C1BrI(HMPA)2 : 800. Found : 815. Calc. 
for T1ClBrI(OPPh3)2 : 1002. Found : 978. 

Structure of TlClBrI(OPPh3)2 

TlC1BrI(OPPh3)2 (XI) was structurally char- 
acterized by X-ray crystallography. The crystal 
structure is isotypic with T1Br3(0PPh3)2,5 TlBrJ 
(OPPh3)2’6 and T1Br12(0PPh3)2. l7 The asymmetric 
unit consists of two OPPh3 ligands and one Cl, Br, 
I and Tl atom. The structure of one unit is shown 
in Fig. 1 and its stereoscopic view in Fig. 2. The Tl 
atom is in a distorted trigonal bipyramidal environ- 
ment. The three equatorial atoms are the Cl, Br and 
I. Within the limits of error (0.021 A) the Tl and 
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Table 2. Selected bond distances (A) and angles (“) 

Tl-I 
Tl-Br 
Tl-CI 
T1-01 
T1-02 
Pl-ol 
P2-02 

I-Tl-Br 
I-T&-Cl 
I-T1-01 
I-Tl-02 
Br-T&-Cl 
Br-Tl-01 
Br-Tl-02 
Cl-Tl-01 
Cl-T1-02 
Ol-T1-02 
Tl-Ol-Pl 
T1-02-P2 

2.646(O) 
2.563( 1) 
2.469( 1) 
2.396(4) 
2.404(4) 
1.491(4) 
1.485(4) 

123.34(3) 
116.30(3) 
91.18(g) 
93.03(9) 

120.34(3) 
88.26(g) 
88.6( 1) 
89.21(9) 
89.9( 1) 

175.7(l) 
149.0(2) 
148.5(2) 

Pi-Cl 1 1.787(5) 
Pl-C21 1.800(5) 
Pl-C31 1.797(5) 
P2-C41 1.793(5) 
P2-C51 1.798(6) 
P2-C61 1.789(5) 

OI-Pl-Cll 112.5(2) 
Ol-Pl-C21 109.9(2) 
Ol-Pl-C31 112.9(2) 
Cl l-Pl-C21 107.3(2) 
Cll-PI-C31 106.8(2) 
C21-Pl-C31 107.2(2) 
02-P2-C4 1 110.1(2) 
02-P2-C5 1 108.3(3) 
02-P2-C6 1 116.7(2) 
C41-P2-C51 107.0(2) 
C41-P2-C61 107.3(2) 
C5 l-P2-C6 1 107.1(2) 

halide atoms are coplanar. The axial sites are occu- 
pied by two oxygen atoms of the 0PPh3 ligands. 
Bond distances and angles are given in Table 2. 

The angles about the Tl atom deviate only slightly 
from idealized trigonal-bipyramidal geometry. The 
greatest deviation arises from the 0(1 jT1-0(2) 
angle (175.7(l)“) even if angular distortions are 
also observed in the equatorial plane (123.34(3j 
116.30(3)“). Although the M-O-P angles may be 
affected by crystal packing effects,33 the values of 

C65 

C 

Fig. 1. Structure of TIClBrI(OPPhs)2, showing 50% 
probability ellipsoids and atom-labelling scheme. 

T&O-P found in T1ClBrI(OPPh3)2 are similar to 
those found in the isotypic compounds. 

As expected, the Tl-Cl distance of 2.469(l) A 
is shorter then in [TlC13(C5H5N)3]*C5H5N,34 
2.520(6) and 2.498(4) A, where the coordination 
around the Tl atom is octahedral ; and also shorter 
than in (p-HC6F4)2TlC1(OPPh3)33 which is dimeric 
with uns metrical chlorine bridging (T&Cl 
2.541(3) zn T&Cl’ 2.936(3) A). The Tl-Br dis- 
tance is no; significantly different (2.563( 1) A) from 
those observed in other five-coordinate thal- 
lium(II1) halide complexes, e.g. 2.580(l) A in TIBrIz 

(OPPh3)z,17 average 2.567(l) A in T1BrJ(OPPh3)2 
or average 2.549(l) A in TlBr3(C5H,N0)2’5 but 
greater than in TlBr3(0PPh3)2,5 average 2.505(2) 
A. The Tl-I distance of 2.646(O) A resembles those 
observed in simple compounds of thallium(II1) con- 
taining OPPh 3 ’ 6*1 7 coordinated, but is shorter than 

Fig. 2. Stereographic view of TlClBrI(OPPh,),. 
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the average 2.703(O) A in T113(3-CH3CSH4N0)2.‘3 
The variations in some of the thallium-halide dis- 
tances may be attributed to a distinct electro- 
negativity of the halogen atoms in equatorial 
positions in conjunction with the different ligand 
strengths in axial positions. 

observed by Williams3’ and which is in agreement 
with crystallographic data of TlClBrI(OPPh3)2. 

The Tl-0 distances in TlClBrI(OPPh,),, 
(2.396(4), 2.404(4) A) are similar to those observed 
in other thallium(II1) halide complexes of 
OPPh 5,16*17*33 suggesting comparable bond 31 

strengths. 
The geometries of the triphenylphosphine oxide 

ligands in complexes appear to be normal, 
although, as expected, the P-O distances of 
1.491(4)and 1.485(1)A are a little larger than in the 
uncoordinated compounds with the orthorhombic 
modification, 1.46(l) A35 or with the monoclinic 
modification, 1.487(2) A.36 The mean C-P-C 
angles are smaller and the O-P-C angles greater 
than the ideal tetrahedral angle. 

‘H NMR spectra 

The ‘H NMR spectra of the ligands and com- 
plexes have been assigned using the results known 
for aromatic amine oxides ;37*38 only the spectrum 
of T1ClBrI(4-CNC5H4N0)2 has not been recorded 
because it decomposes in CDCl,. These assign- 
ments with the chemical displacements [A(BH,), 
A(6HB)] and the internal chemical shifts AS are pre- 
sented in Table 3. From the collected data it can be 
concluded that the ligand molecules occupy equi- 
valent positions in the complexes as has been 

Table 3. Proton chemical shifts (ppm relative to TMS) 

Compounds 6H, A(6H3 6H, A@H,) Aa 

CsH5N0 8.18 7.27 0.91 
I 8.35 0.17 7.46 0.19 0.89 
2-CH,CsH4N0 8.26 7.23 1.03 
II 8.42 0.16 7.40 0.17 1.02 
3-CH3CsH,N0 8.08 7.23 0.85 
Iv 8.15 0.07 7.27 0.04 0.88 
CCH,C,H,NO 8.06 7.04 1.02 
V 8.27 0.21 7.25 0.21 1.02 
4-Cl&H,NO 8.09 7.21 0.88 
VI 8.30 0.21 7.45 0.24 0.85 
4-CNC ,H .,NO 8.18 7.47 0.71 
VII - - - - - 

4-NOzCsH4N0 8.30 8.16 0.14 
VIII 8.39 0.09 8.26 0.10 0.13 
4-CH,OC,H,+NO 8.09 6.78 1.31 
Ix 8.25 0.16 6.94 0.16 1.31 

“It has not been possible to record this spectrum 
because it decomposes in Cl&D. 

Vibrational spectra 

The most significant bands in the IR and Raman 
spectra of the ligands and their complexes are 
shown in Table 4. The ligand bands have been 
assigned according to the literature.4”44 

The position of the v(N0) and v(P0) vibration 
modes in the compounds is shifted towards lower 
frequencies (Av 1: 20-50 cm- ‘), showing that coor- 
dination takes place through the oxygen atom of 
the N-O and P-O groups. Similar results have 
been obtained for other complexes with these 
ligands. 10.11,41,45 

The influence of the inductive character of the 
ring substituents on the location of the v(N0) bands 
in the complexes with pyridine N-oxide and sub- 
stituted pyridine N-oxides has been the object of 
analysis. We have studied the existing relation- 
ship between the “0” parameter which measures 
the inductive capacity of the substituents and the 
location of the v(N0) bands in the ligands and 
complexes. Similarly, the relationship of ~7 with Av 
has been studied and is plotted in Fig. 3. It can be 
observed that, as Karayannis et al. have shown,4’ 
the linearity of r~ vs v(N0) and Av holds when the 
complexes are formed. 

The bands that appear between 400-50 cm-’ 
containing information concerning the structure of 
the compounds are v(TlX) and v(T10). The assign- 
ments of the v(TlCl), v(TlBr) and v(T11) vibrations 
have been accomplished by the method discussed 
elsewhere”*” and taking into account Carty’s 
ideas.46 The bands appearing at 120-100 c-n- ’ have 

vN0 I 

. 
50 

/I 

. 

25 
UeoMen cl a No_ 

-0.25 0 0.5 1.0 0 

Fig. 3. Correlations of Q with : v(N0) for the ligands, 0 ; 
for the complexes, A ; and Av(NO), l . 
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Table 4. Most significant (IR and Raman) bands of the ligands and the complexes 

Compounds v(Z0) &NO) v(TIC1) v(TlBr) v(Tl1) v(T10) Other bands 

CSH,NO IR 
R 

I IR 
R 

2-CH3CSH4N0 IR 
R 

II IR 
R 

III IR 
R 

3-CHJCSH4N0 IR 
R 

Iv IR 
R 

4-CH,C,H.,NO IR 
R 

V IR 
R 

4-CICSH.,NO IR 
R 

VI IR 
R 

CCNCSHdNO IR 
R 

VII IR 
R 

4-NOzCSH.,NO IR 
R 

VIII IR 
R 

4-CH,OCSHdNO IR 
R 

Ix IR 
R 

HMPA IR 
R 

X IR 
R 

OPPh3 IR 
R 

XI IR 
R 

1243~s 
1235m 
121 lvs 
1210s 
1242~s 
1240s 
1198~s 
1207s 
1202vs 
1207s 
1278~s 
1283s 
1258~s 
1265~s 
1228~s 
1228s 
1202vs 
1203s 
1248~s 
1248s 
12Olvs 
1210s 
1275~s 
1275s 
1237~s 
1245s 
1273~s 
1273s 
1233~s 
1249s 
1213~s 

842s 
842s 
827~s 
840m 
855s 
855m 
842s 
848m 
843s 
842m 
- 
- 
- 

- 

1192~s 
1200w 
1208~s 
1205s 
1188vs 
1188s 
1187~s 
1185s 
115ovs 
1155s 

- 

852s 
852m 
830s 
830m 
848s 
848m 
845s 
847m 
845s 
845s 
850s 
860s 
874s 
884s 
868s 
880s 
850s 
858s 
845s 
843s 

- 

287s 
275~s 
- 
- 

275s 
270~s 
277s 
275s 
- 
- 

273s 
273~s 
- 

288s 
275~s 
- 
- 

273s 
286~s 
- 

287s 
272~s 
- 

280s 
273~s 
- 

282s 
280s 
- 
- 

293s 
300s 

295vs,br 210s 
296s,br 215s 

- 
- 

196s 
200s 

- 

197s 
195s 
192s 
195s 
- 
- 

193s 
198s 
- 
- 

193s 
196s 
- 
- 

198s 
200s 
- 
- 

217s 
205s 

- 

195vs 
200s 

200s 
205s 
- 

202vs 
210vs 
- 

- 

167s 
170s 
- 

163s 
- 

161s 
160s 

- 

173s 
180m 

163s 

- 

168s 
170s 

- 

161s 
165s 
- 
- 

175sh 
18Om 
- 
- 

165s 
- 
- 

170s 
176s 
- 
- 

181s 
180s 

- 515m, 46Os, 406w, 254~ 
- 5 15m, 46Os, 405~ 

310vs 515m, 457vs, 405w, 120+m 
322~s 5 1 Om, 454m 

47Os, 454s, 342m, 27Ow, 230m 
- 47Os, 45Os, 34&n, 235m 

325m 468s, 458s, 342m, 235m, 112+m 
326vs, 230s 468s, 458~ 

320s 469s, 458m, 345m, 233m, 115+m 
332~s 47Os, 452~ 
- 492s, 438m, 308s, 203~ 
- 49Ow, 445m, 305~ 

294s 485s, 439m, 315s, 208w, 105+s 
305vs 49Om, 445w 
- 478s, 465m, 336s, 317w, 222~ 
- 475m, 46Os, 360s 

285sh 48Os, 465m, 33Os, 225m, 11Om 
338~ 474w, 457m, 360m 
- 48Om, 325m, 275m 
- 48Om, 32Om, 273m 
- 472m, 32Om, 25Ow, 109+m 

373vs 468m, 330sh 
- 455m, 41Om, 220~ 
- 452s, 402~ 

309m 455m, 42Om, 23Om, 105+s 
332s. 250m 450s. 400m 

- 

329m 
34Ovv 
- 
- 

305m 
320s 
- 
- 
- 

320m 
- 
- 
- 
- 

455m, 36Ow, 220~ 
46Os, 375~ 
46Os, 365m, 230m, 105+m 
46Os, 410~ 
455s, 4OOs, 31oW, 250s 
457s, 4OOs, 250m 
455s, 41Os, 25Os, 114+m 
455m, 41Os, 250s 
475s, 376s, 35Om, 260~ 
47Os, 375s, 345m 
475s, 376s, 350m, 26Ovv, 115+m 
475s, 37Om, 35Ovv 
302vs, 291s, 262m 
3OOvs, 291s, 262m 
305sh, 256m, 105+s 
256m 

been taken as S(TIX) as it has been suggested.2’,47 

The position of the v(T10) bands has been placed 

at 300 cm-’ according to the assignments of other 

papers.7.g These assignments are listed in Table 4. 

The small number of bands in the vibrational 

spectra of these complexes ‘and their position may 
exclude the presence of covalent dirneric or poly- 

meric structures as well as ionic forms.48,4g 
In these spectra we have found three bands which 

we have assigned as v(TIC), v(TlBr) and v(T11) 
(see Table 4) and we have only one band assigned as 

v(T10) except for the T1C1BrI(2-CHL!5H4NO)z 
compound. 

Complexes of thallium(II1) with stoichiometry 
1: 3 are known, for instance TlClf(C5H5N)3 and 
TIBr#ZsHsN)S, which have an octahedral environ- 
ment around the thallium atom,34*50 but for 
TlClBrI(2-CH,C,H,NO), the number, position 
and intensity of the bands present in its spec- 
trum are very similar to those of TlClBrI(2- 
CH,C,H,NO),. According to these data we suggest 
a structure for this compound comparable to that 
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of TlClBrI - Lz compounds with the third ligand 21. 
molecule occluded in the cell. 22. 

Finally we must suggest that the most probable 
structure for TlClBrI * Lz compounds should be 23. 
very similar to the one found for TlClBrI(OPPh&. 24. 
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Abstract-The cis-dioxomolybdenum complexes Mo02(L) (L = HPD, APAC, AAC, 
ACEN and APS) have been synthesized and characterized. The epoxidation of olefins has 
been studied using these molybdenum complexes as catalysts and tert-butylhydroperoxide 
(TBHP) as oxidant. The studies suggest that these complexes, except [MoO,(APAC)], did 
not demetallate during the reaction. 

The ability of the cytochrome P-450 enzymes to 
selectively oxidize alkenes through the activation of 
molecular oxygen has focussed attention on syn- 
thetic metalloporphyrins and their potential as oxi- 
dation catalysts. ‘-* Various porphyrin systems have 
been screened for their ability to catalytically oxid- 
ize organic substrates. Various workers%” have 
reported that molybdenum complexes undergo 
demetallation but Ledon et al. I2 have reported 
O=Mo(TPP)OMe as a stable catalyst for epox- 
idation. In the present report we have synthesized 
and characterized cis-dioxomolybdenum com- 
plexes using the ligands, 2-hydroxyphenylhydra- 
zonopentane 2,4 dione (HPD), 2-aminophenyl- 
acetylacetone (APAC), 2-amino benzoic acid 
acetylacetone (AAC), acetylacetone ethylenedia- 
mine (ACEN) and aminophenyl salicylalde- 
hyde (APS). The complexes so formed are used for 
the epoxidation of olefins in order to see the 
possibility of utilizing the non-porphyrin system 
for epoxidation. 

EXPERIMENTAL 

All starting alkenes were checked by gas chro- 
matography to ensure that no oxidation products 
were present. Analytical gas chromatography was 
done on Perkin-Elmer model 3920 equipped with 
a flame ionization detector. OV- 17 was used as the 
chromatographic column and the analysis was 

*Author to whom correspondence should be addressed. 

carried out at 8O”C, except in isoprene where a 
temperature of 35°C was used. Tert-butylhydro- 
peroxide was placed in benzene and estimated 
by the known procedure. ’ 3 The reference sample of 
epoxides was prepared by a known procedure. ’ 4 IR 
spectra were recorded on Beckmann IR-20 spec- 
trophotometer. 

Synthesis of the complexes 

The ligands HPD, APAC, AAC, ACEN and APS 
were synthesized by condensing the amine with suit- 
able aldehyde or ketones in absolute alcohol. All 
the complexes were synthesized” by taking both 
ligand and Mo02(acac)z in equimolar ratio (i.e. 
0.01 mol each) which were dissolved in ethanol (100 
cm3). The contents were refluxed for 2 h, filtered 
and the solvent was reduced. On cooling, pre- 
cipitates were obtained which were filtered, washed 
and dried in vacua. The melting point and elemental 
analysis values are given in Table 1. 

Procedure for epoxidation 

Olefin (0.02 mol), tert-butylhydroperoxide (0.002 
mol), catalyst (Mo02L) (0.0002 mol) and benzene 
(20 cm3 as solvent) were placed in a three-necked 
round-bottomed flask. Dodecane was used as an 
internal standard. The contents were heated to 70°C 
using a magnetic stirrer. While carrying out epox- 
idation of isoprene the temperature was kept at 
40°C. The contents were heated for 5 h, then cooled. 
The catalyst was removed by filtration and the 
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Table 1. Characterization of cis-dioxomolyhdenum(V1) complexes 

S. No. Complexes 

Melting 
Analyses” point 

C H N Colour (“C) 

1 Moo& ,H1 ,NK&)Me,SO 

2 Mo02(C,3H9N0JMe2S0 

36.7 4.0 
(36.7) (4.0) 
43.1 

(43.2) 
(:::) 

Green 

Dirty yellow 

210 

225 

41.1 
(41.1) 

:::, 

49.1 3.4 
(49.1) (3.4) 
50.0 3.9 

(49.9) (3.9) 

Ash 

Dirty yellow 

Black 

190 

220 

125 

a Calculated in parentheses. 

tert-butylhydroperoxide (TBHP) was decomposed 
using aqueous sodium sulphite solution. The con- 
tents were extracted with ether and the samples so 
obtained were dried over anhydrous magnesium 
sulphate. The products were analysed by G.C. 

RESULTS AND DISCUSSION 

The analysed data are in agreement with those 
expected for the dioxomolybdenum complexes. The 
conductance studies shows that they are non-con- 
ducting (Table 1). The magnetic susceptibility 
values measured by Gouy’s method shows that they 
are diamagnetic. 

IR spectra 

Spectra in the 4000-250 cm-’ range were taken 
of the solid complexes in KBr discs (Table 2). The 
[MoO,(ACEN)] complex shows absorption at 1620 
err- ‘, assigned to the C=N- stretching, which 
decreases by 10 cm-’ on coordination therefore 
suggesting its involvement. The absorption bands 

at 890 and 900 cm- ’ are assigned to Mo=G. These 
bands are characteristic bands of cis-dioxo- 
molybdenum(V1) complexes. In the IR absorption 
of the ligand (AAC), the bands at 2699, 1660, 
1440 and 1320 cm- ’ are assigned to vOH 
stretching (dimer), vca frequency of internally 
hydrogen bonded carboxylic group, vc_o stret- 
ching and OH in-plane bending of the carboxylic 
group, respectively. All these bands except the one 
at 1440 cm- ’ disappear on coordination. The peak 
at 1620 cm-’ is assigned to V-N stretching in the 
ligands and moves down to 1600 cm-’ supporting 
its involvement in coordination. The band at 940 
cm-’ has been assigned to Mo=G. In the ligand 
(HPD) the band at 1640 cm-’ is assigned to the 
v- group, this band is lowered by 10 cm-’ on 
coordination. The Mo=O absorption bands are 
observed at 900 and 960 cm- ‘. The C-G stretching 
observed in the ligand at 1265 cm-’ is shifted to 
1285 cm- ’ on coordination. The ligand APAC 
spectrum shows bands at 1600 and 1240 cm- ’ 
assigned to the v,%N and vc_o stretching of the 
hydroxyl group. The band at 1660 cm- ’ moves to 
1590 a-r- ’ and the vo_o band in the complex is 

Table 2. IR spectral bands of the cis-dioxomolybdenum(V1) complexes 

S. No. Complexes 
CH2 CH CH3 -N M COOH C-O Ma---O 

(cm-‘) (cm-‘) (cm-‘) (cm-‘) (cm-‘) (cm-‘) (cm-‘) (cm-‘) 

1 MoO,(ACEN) 2960 2910 2860 1600 1510 - - 890,900 
2 MoO,(AAC) 3000 - 2800 1605 - 1660 - 940 

1440 
3 MoO,(HPD)Me,SO - - - 1600 1640 - 1285 900,960 
4 MoO,(APAC) 2930 - 2860 1600 - - 1260 910 
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observed at 1260 cm- ’ suggesting the involvement The epoxidation of isoprene provides an oppor- 
of these two groups in coordination. The Mo=O tunity to compare steric and electronic effects for 
absorbs at 910 cm-‘. this epoxidation reaction. [MOO&AC)] has been 

On the basis of chemical analysis and IR spectral taken as a representative catalyst (Table 4). Iso- 
studies the structure assigned to the complexes has prene has two oleimic bonds which can undergo 
been conthmed. The IR spectrum of [MoO,(APS)] epoxidation, out of the two, one has a methyl group 
has been discussed elsewhere. ’ 5 as a substituent. The products (a) and (b) given by 

isoprene are as shown in eq. (1). 

+ [MOO~(AAC) (TBHP)] - 

Epoxidation 

Epoxidation of cyclohexene with all the catalysts 
gave cyclohexene oxide in a very good yield. The 
gas chromatographic analysis shows that the epox- 
ide was the sole product and no cyclohexanone or 
cyclohexanol was obtained. The two latter products 
are usually obtained as a result of a free radical 
pathway. After the reaction the catalysts were sep- 
arated by filtration, washed, dried and subjected to 
melting point and IR studies. The m.p. (Table 3) 
and IR studies suggest that, except for 

[MoWAPAC)I, all the other catalysts viz. 
FloWACEN)I, Pfo02WSII, [Mo02WWI and 
woO,(HPD)] withstand the oxidative conditions 
and the epoxidation follows a heterolytic pathway. 
All the catalysts have been found to give high 
yields of cyclohexene oxide. In the case of 
[MoO,(APAC)], demetallation of the catalyst takes 
place. Sheldon’ has reported that the ligand effect 
may be observable only during the initial steps of 
the reaction because of the ligand destruction under 
the oxidative conditions, thus giving the same rate 
for the molybdenum catalysed epoxidations in- 
dependent of the structure of the catalyst. In 
the present studies all the catalysts, except 
moO,(APAC)], are stable in the reaction con- 
ditions and the ligand effect can be observed with 
these catalysts. 

(a) @I 

The ratio of the two products depends on the nature 
of the oxidant and the catalyst (Table 4). It has been 
reported that when epoxidation has been carried 
out using the Mo(CO)dTBHP system, product (a) 
is obtained as a major product.” This behaviour is 
acceptable as the methyl group increases electron 
density at the olefinic bond therefore making this 
bond more susceptible to epoxidation (as epox- 
idation is an electrophilic reaction). Ledon et al. 
have reported that if the [O=Mo(TPP)OMe]/ 
TBHP system is used, the amount of product 
(b) increases (Table 4) and is a major product,‘* 
but on using the [QMo(TPP)OMe]/Cum-OOH 
system the major product is (a) (Table 4). These 
results show that it is the steric behaviour of the 
ligand and the oxidant which controls the product 
formation. With the catalysts under investigation it 
was found that on using the ~oO,(AAC)]/TBHP 
system (Table 4), the major product was (a), the 
ratio of (a) : (b) was 2.4 : 1. The formation of (a) 
as the major product suggests that the 
[MoO,(AAC)]/TBHP system is electrophilic in 
nature. The effect of a non-bonded interaction is 
apparent with the [MoO,(AAC)]/TBHP system as 
the preference for the methyl substituted double 
bond has decreased to a 2.4 : 1 ratio relative to the 
4: 1 ratio obtained with the Mo(CO)dTBHP sys- 
tem ; the value for the [O=Mo(TPP)(OMe)]/ 
TBHP system is 0.7 : 1. These observations 

Table 3. Characterization of the complexes after epoxidation reaction 

Melting 
point 

S. No. Complexes Colour W) 

1 MOO&Z, ,H1 IN20,)Me2S0 Green 210 
2 MoO~(C,~H~NO~M~~SO Brown 225 
3 M~OZ(C,ZH,~NZOJ Ash 190 
4 M~OZ(C,,HI~NZOJ Black Decomposed 
5 M~O,(CWHH,,N,O~ Pink 222 
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Table 4. Epoxidation of isoprene 

Relative Selectivity 
Epoxidizing Time epoxide ratio of epoxide 

S. No. agent (h) Catalyst (a) (b) (%) 

1 ACOOH 5 5 1 85 
2 TBHP 1 Mo(CO)e 4 1 95 
3 Cum.OOH 2 O=Mo(TPP)OMe 2.7 1 95 
4 TBHP 2 QMo(TPP)OMe 0.7 1 95 
5 TBHP 2 MoO,(AAC) 2.4 1 95 

suggest that the steric effect due to the ligand of peroxide coordinates to the metal centre and then 
~oO,(AAC)] under investigation is responsible oxygen atom transfer to the olefin takes place. 
for the observed change in selectivity, but the steric 
effect due to this ligand is less than that observed 
with the porphyrin ligand where steric factors 
overweigh the electronic factor. 1. 
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Basic pH 

-M=O + ROT 
,ii,O- 

‘I’ 
- -q\o/oR - 

(a) 

Acidic pH 

=O + ROtH - 

(2) 

(3) 

W 
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Abstract-A potentially decadentate ligand, 1,1,4,7,10,10-hexakis(3,5-dimethyl-l-pyra- 
zolylmethyl)-1,4,7,1O_tetraazadecane (tthd), has been synthesized from the reaction of tri- 
ethylenetetramine with six equivalents of N-hydroxymethyl-3,5-dimethylpyrazole. The tthd 
ligand forms coordination compounds, M,(tthd)(ClO,),(H,O),, when M is Co, Ni, Cu, Zn 
and Cd and x = 4-8 ; and M,(tthd)(A)z(C104)2(H20), when M is Co and Ni, A is NCS or 
Cl, and x = 4-8. The cobalt compound, Coz(tthd)(C104)z(H20)2(MeOH)1,7,, crystallizes in 
the triclinic space group Pl, a = 1.959(2), b = 1.5657(3), c = 2.1244(3) nm, a = 105.5(l), 
fi = 96.9(l), y = 112.1(l). Due to severe disorder of the anions the structure could only be 
refined to an R, value of 0.099. The ligand acts as a decadentate, dinucleating hgand. The 
cobalt ions are distorted octahedrally surrounded by five N-atoms of the tthd ligand 
and an O-atom of water occupying the sixth coordination place. The other perchlorate 
compounds have very similar structures, as can be concluded from spectroscopic data. 

In the thiocyanate and chloride compounds the anions have replaced the coordinated 
water molecules, resulting in octahedral Ni compounds. With Co thiocyanate, however, 
tthd acts as an octadentate ligand, resulting only in five-coordinated compounds. 

Several naturally occurring systems such as type 
III copper proteins’ and the iron protein, 
hemerythrin,* contain dinuclear metal centres. The 
oxygen reducing protein in photosystem- may 
even contain four manganese atoms in close prox- 
imity. 3 Coordination compounds with several dinu- 
cleating ligands have been studied as models for 
these naturally occurring systems.“‘* Dinucleating 
systems are also of interest in relation to mag- 
netic properties, ’ ‘* ’ 3-I 5 electrochemistry, ’ 6 reac- 
tivity 6,10,‘7,18 and coordination bonding.“-*’ 

To investigate the possibility of modelling metal- 
loproteins with relatively simple pyrazole-con- 
taining chelating ligands, the ligand 1,1,4,7, 
lO,lO-hexakis(3,5 - dimethylpyrazole - 1 - ylmethyl) - 
1,4,7, lo-tetraazadecane, abbreviated tthd, was syn- 
thesized2* and its coordination chemistry towards 
first-row transition metal ions investigated. The 
ligand tthd is a potentially decadentate ligand. With 

* Author to whom correspondence should be addressed. 

its four amine nitrogens and six pyrazole nitrogens 
the ligand may chelate to two metal ions. Chelation 
to three or four metal ions cannot be ruled out, 
though steric factors will restrict the coordination 
possibilities. 

A series of compounds of general formula 
M,(tthd)(ClO,),(solvent), has been synthesized, 
together with some mixed-anion compounds (chlor- 
ide-perchlorate, thiocyanate-perchlorate). A single 
crystal X-ray analysis of the compound analysing as 
Co2(tthd)(C104)4(H20)2(MeOH), has been carried 
out to investigate the mode of coordination of the 
tthd ligand. 

EXPERIMENTAL 

Starting materials 

Most solvents, metal salts and starting reagents 
were commercially available and used without 
further purification. Caution : the compounds 
described in this article contain perchlorate anions. 
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Although no accidents with perchlorates occurred 
during the experimental work for this article, it 
should be pointed out that the use of perchlorates 
is hazardous because of the possible explosive 
nature of these compounds. Perchlorates should 
only be prepared in small amounts and should be 
handled with adequate care. 

The ligand 1,1,4,7,10,10-hexakis(3,5dimethyl- 
pyrazol-1-ylmethyl)-1,4,7,1O_tetraazadecane (tthd) 
was prepared through the reaction of triethyl- 
enetetraamine with six equivalents of l-hydroxy- 
methyl-3,5-dimethylpyrazole in acetonitrile for 
eight days. After drying with MgS04 and evapora- 
tion of the solvent, the ligand was initially ob- 
tained as a yellow oil, which solidified over a 
period of 3-10 weeks at room temperature. The 
solid could be recrystallized from a 1: 1 mixture of 
toluene and petroleum ether 80/100 and was 
obtained as a white powder. The purity was checked 
by NMR and melting point.22 

Preparation of the compounds 

The cobalt, nickel, zinc and copper compounds 
were synthesized by adding a hot solution of 1.5 
mm01 of tthd in 15 cm3 of methanol to a hot solu- 
tion of 3.0 mm01 of the appropriate metal salt in 20 
cm3 of methanol. The cobalt, nickel and zinc 
compounds separated from the solution as micro- 
crystalline material in several days. The copper 
compound could be obtained by adding diethyl 
ether to the solution, after slow evaporation of 
about 2/3 of the solvent. The cadmium compound 
was prepared by adding a solution of 1.4 mm01 of 
tthd in 15 cm3 of hot toluene to a solution of 2.8 
mm01 of Cd(C104)2 in 15 cm of hot methanol. The 
compound separated from the solution as a white 
powder upon standing for several days. Com- 
pounds of the formula M2(tthd)C12(C104)2 
(solvent), were prepared by adding a mixture of 
a solution of 3.0 mm01 of tthd in 15 cm3 MeOH 
and a solution of 3.0 mm01 of the appropriate metal 
perchlorate and 3.0 mmol of the appropriate metal 
chloride in 15 cm3 hot methanol. The compounds 
separated from the solution within a few hours. The 
compounds M2(tthd)(NCS)2(C10,)2(solvent), were 
prepared by adding a hot solution of 3.0 mm01 of 
NH,NCS in 15 cm3 methanol to a warm mixture 
of 3.0 mm01 of the appropriate metal perchlorate 
in 10 cm3 methanol and 1.5 mm01 tthd in 15 cm3 
methanol. The compounds crystallized from the 
solution upon standing overnight. 

Analyses : Found (Calc.) for Co2(tthd)(C10,), 
(H,O),:C,36.2(36.1);H,5.7(5.9);N, 15.3(16.1); 
Cl, 10.3 (10.2); Co, 8.9 (8.1). Zn2(tthd)(C10& 
(H,O),: C, 35.9 (35.8); H, 5.6 (5.9); N, 15.6 

(15.9); Cl, 10.5 (10.1); Zn, 8.5 (8.9). Cu,(tthd) 
(C103,(H,O), : C, 35.0 (36.2) ; H, 5.2 (5.4) ; N, 
15.5 (16.1); Cl, 10.9 (10.2); Cu, 10.0 (9.1). Ni,(tthd) 
(ClO&(H,O),: C, 36.1 (35.6); H, 5.2 (5.5); N, 
15.9 (15.8); Cl, 9.7 (10.0); Ni, 8.0 (8.3). Ni,(tthd) 
C1,(C10.,)2(H20)8 : C, 38.0 (38.0); H, 5.8 (6.2); N, 
17.0 (16.9); Cl, 13.4 (10.7); Ni, 9.1 (8.9). Ni,(tthd) 
(NCS)2(C10&(H20)8 : C, 37.7 (38.5) ; H, 5.1 (6.0) ; 
N, 18.6(18.4);Cl,5.8(5.5);Ni,8.1 (8.6).Co,(tthd) 
(NCS)2(C104)2(H20)4 : C, 40.8 (40.6); H, 4.9 (5.7); 
N, 19.5 (19.4; Cl, 6.0 (5.5); Co, 9.5 (9.1). 

Spectroscopic and instrumental techniques 

IR spectra (4000-180 cm- ‘) were recorded on a 
Perkin-Elmer PE580 instrument, using KBr pellets 
and Nujol mulls between NaCl or polyethene discs. 
Electronic spectra (2000-300 run) were measured 
on a Perkin-Elmer W330 instrument, operating in 
the diffuse reflectance mode with MgO as a refer- 
ence. EPR spectra of powdered samples were mea- 
sured on a Varian E-3 EPR spectrometer using a 
9.5 GHz microwave bridge, at ambient and liquid 
nitrogen temperature. Solutions of methanol were 
measured as frozen glasses at liquid nitrogen tem- 
perature. 

The NMR spectrum of the ligand was recorded 
on a JEOL LNM PSlOO instrument, operating at 
99.5 MHz with an external lock and using TMS 
as an internal reference. Elemental analyses were 
performed at the Microanalytical Laboratory of the 
University College, Dublin, Republic of Ireland. 

Crystal structure determination of a dimeric cobalt 
compound 

Data were collected at ambient temperature 
on an Enraf-Nonius CAD4 diffractometer for a 
pink, box-shaped crystal with dimensions, 
0.20 x 0.30 x 0.50 mm. Crystals of the compound 
Co2(tthd)(H20)2(C10&,(solvent), could be ob- 
tained from the reaction mixture. To avoid crystal 
disintegration, occurring within 1 h after 
removal from the solvent, the crystal had to be 
mounted with a drop of mother liquor in a glass 
capillary, which was then sealed. Details about the 
data collection and processing and the structure 
analysis and refinement are given in Table 1. 

The positions of the cobalt atoms were located 
in a Patterson map, the other atom positions were 
found by the Fourier method AUTOFOUR and 
difference Fourier analysis. An initial refinement in 
space group PT did not result in a converging 
model, and the refinement was thereupon carried 
out in space group Pl. Atoms which were related 
to each other by the pseudo centre of symmetry 
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Table 1. Crystal data and details of measurement and structure analysis 
and refinement of [Co,(tthd)(H20),][(Co,(tthd)(MeOH)(H,011~ 

(H,0)(MeOH)2.5 

Formula C43.,5H,,Cl4Co2N,60,9.75 
Molecular weight 1402.86 
Crystal system Triclinic 
Space group Pl 
a (nn.0 1.1959(2) 
b (nn@ 1.5657(3) 
c (nm) 2.1244(3) 
a 0 105.5(l) 
B (“) 96.9( 1) 
Y (“1 112.1(l) 
v (m’) 3.4363 
z 2 
D, (g cm- ‘) 1.41 
/@o-Q (cm- ‘) 7.09 
Scan mode Bisect 
Scan range 20 < e < 200 
Number of independent data collected 6376 
Number of data with Z > 20(Z) 3118 
Number of data with sin 0/I > 0.22 5743 
Weighting scheme w= l/a 
R 0.149 (5743 reflections) 

0.103 (3118 reflections) 
& 0.009 (5743 reflections) 

0.133 (3118 reflections) 
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were refined with coupled thermal parameters. All 
atoms of the cations [CoZ(tthd)(HZ0)J4+ and 
[Co,(tthd)(H,0)(MeOH)14+ were refined aniso- 
tropically, as were the two chlorine atoms. All other 
atoms were refined isotropically. The oxygen atoms 
of the perchlorate anions were refined with one B 
value for each set of oxygen atoms. 

After initial full-matrix least-squares refinement 
of the complete model a separate refinement with a 
diagonally blocked matrix was carried out on the 
anions and solvent molecules. The perchlorate 
anions were refined with Waser constraints using a 
tetrahedral model with a Cl-O distance of 1.39 
8. Six of the eight perchlorates appeared to be 
disordered and were refined isotropically as C104 
groups over two equivalent positions. 

After the refinement of the anions and solvent 
molecules, the cations were refined. To decrease 
the effect of amorphous scattering, the low order 
reflections were rejected, leaving 90% of the reflec- 
tions, which were used for the refinement with a 
diagonally blocked matrix. The cations were refined 
anisotropically, and hydrogen atoms were not taken 
into account. After a final refinement, a correlation 
matrix was prepared containing the parameters of 
the cation atoms, which was used for calculation of 
the geometrical data and estimated standard devi- 
ations. The final atomic positional parameters, a 

list of Fobs. and FcalC., thermal parameters, non-coor- 
dination bond distances and angles are available 
as supplementary material. Atomic coordinates 
have been deposited with the Cambridge Crystallo- 
graphic Data Centre. 

RESULTS AND DISCUSSION 

Description of the structure of Co,(tthd)(H,O), 

(C104)4(MeOH)1.75 

The unit cell contains an ion [Co,(tthd)(H,0)J4+ 
and an ion [Co,(tthd)(H,0)(MeOH)]4+ in a nearly 
centrosymmetric configuration with eight per- 
chlorates and several solvent molecules (one water 
and three methanols with occupancy 0.5 and one 
methanol with occupancy 1.0) packed around the 
cations. Hydrogen bridges occur between per- 
chlorates, lattice solvents and coordinated water 
and methanol molecules. 

Coordination bond distances and angles of the 
cations are given in Table 2. A drawing of the cation 
[Co,(tthd)(H,0)(MeOH)J4+, with the atomic num- 
bering, is given in Fig. 1. The other cation is very 
similar in geometry. 

Large deviations from centrosymmetry are found 
when the perchlorates and the solvent molecules are 
taken into account. A closer investigation of the 
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Table 2. Coordination bond lengths (A) and coordination bond angles (“) of [Co,(tthd)(H,0),]4+ 
and [Co,(tthd)(H,0)(MeOH)14+ 

WlFN(l) 217(2) 
Co(l)--N(12A) 209(2) 
Co(l)---N(12B) 226(2) 

Cc(l)-N(4) 236(2) 
Co( l)-N(42) 21 l(2) 

CcUFW) 198(2) 

CO(~)---N( 10) 
CO(~)-N( 102A) 
CO(~)-N( 102B) 

C0(2)-Nt7) 
CO(~)-N(72) 

Co(2W(2) 

212(2) 
210(2) 
201(2) 
228(2) 
212(2) 
205(2) 

N(l)---WlF-N(4) 
N(lFWFN(42) 
N(l)-Co(lbN(12A) 
N(l)-Co(lbN(12B) 

NUFWFW) 
Nt4F’W 1 W’W9 
N(4)-Co(l+N(12A) 
N(4)---Co(l~N(12B) 

N(4)-Wl)_-O(l) 
N(42)-Co( l)-N( 12A) 
N(42)---Co(l)--N(12B) 

N(42)-~0(1~(1) 
N(12A)--Co(l)--N(12B) 

N(l2AFWlWU) 
N(l2B)-Wl)-W) 
N(7)-Co(2FN(lO) 
N(7)-CO(~)-N(72) 
N(7)-Co(2FN(102A) 
N(7)-Co(2FN( 102B) 

N(7)-Cc(2k0(2) 
N(lO)---Co(2)--N(72) 
N(lO)-Co(2)--N(102A) 
N(lO)--Co(2)--N(102B) 

N(lOFW2Wt2) 
N(72)-Co(2)-N( 102A) 
N(72)-Co(2+N( 102B) 

N(72t--~c(2)--0(2) 
N(102A)-Co(2FN(102B) 
N( 102A)-Co(2w(2) 
N( 102B)-Co(2)-XI(2) 

80.5(6) 
161.4(6) 
78.7(7) 
74.3(7) 
97.0(8) 
82.1(7) 
92.1(7) 
98.9(7) 

173.1(8) 
109.4(7) 
98.9(8) 

100.8(8) 
151.6(7) 
81.0(7) 
94.0(7) 
79.7(7) 
81.5(6) 
92.1(6) 
95.5(8) 

173.9(7) 
161.2(7) 
72.8(7) 
79.4(8) 

104.0(7) 
108.3(8) 
102.3(8) 
94.7(6) 

149.3(7) 
84.5(7) 
90.0(9) 

coordinates of the atoms related by pseudo-sym- 

metry, reveals an average deviation from cen- 

trosymmetry of 25 pm for the y-coordinates. This 
deviation does not occur for the other coordinates. 

The small deviation in the y-coordinates effectively 

lowers the crystal symmetry to the triclinic space 

group Pl, instead of Pi. The tthd ligand acts as a 
decadentate, dinucleating ligand to the two cobalt 
atoms, occupying five coordination positions of an 
octahedron for each cobalt atom. The sixth position 

Co(l’)-N(l’) 
Co(l’)-N(12A’) 
Co(l’)-N(12B’) 
Co( l/)-N@‘) 
Co( l’)-N(42’) 
Co(l’)-o(l’) 

Co@‘)-N( 10’) 
Co(2’)-N( 102A’) 
Co@‘)-N( 102B’) 
Co(2’)-N(7’) 
Co(2’)--N(72’) 
Co(2’)-0(2’) 

N(l’)-C!o(l’)-N(4’) 
N( l’)-Co( 1 ‘)--N(42’) 
N(l’)---Co(l’)--N(12A’) 
N(l’)-Co(l’)-N(12B’) 
N(l’)--Co(l’)-O(l’) 
N(4’)-Co( l ’)-N(42’) 
N(4’)-Co( 1 ‘)-N( 12A’) 
N@‘)-Co(l’FN(12B’) 
N(4’)-Co(l’)--O(l’) 
N(42’)-Co( 1 ‘)-N( 12A’) 
N(42’)-Co(l’)---N(l2B’) 
N(42’)-Co(l’+O(l’) 
N(12A’)-Co(l’)--N(l2B’) 
N(12A’)-Co(l’)-O(l’) 
N(12B’)-Co(l’)-O(l’) 
N(7’)-Co(2’bN( 10’) 
N(7’)-Co(2’eN(72’) 
N(7’)-Co(2’)--N( 102A’) 
N(7’)---Co(2’)-N( 102B’) 
N(7’)--Co(2’~(2’) 
N( lo’)-CoQ’FN(72’) 
N(W)-Co(2’FN(l02A’) 
N(lO’)-Co(2’~N(l02B’) 
N( lO’)-Co(2’)--0(2’) 
N(72’)-Co(2’FN( 102A’) 
N(72’)-Co(2’)-N(102B’) 
N(72’)-Co(2’w(2’) 
N(102A’)-Co(2’)-N(102B’) 
N( 102A’)--Co(2’)-0(2’) 
N(lO2B’)-Co(2’)--Co(2’) 

227(2) 
207(2) 
201(2) 
223(2) 
202(2) 
215(2) 

237(2) 
208(2) 
226(2) 
228(2) 
203(2) 
214(2) 

80.0(6) 
153.4(6) 
84.3(7) 
77.8(7) 
98.8(7) 
73.4(6) 

100.5(6) 
85.8(7) 

174.2(7) 
101.0(6) 
99.5(7) 

109.2(7) 
159.6(7) 
84.8(7) 
88.4(8) 
78.1(7) 
74.8(6) 
94.5(6) 
91.9(7) 

173.6(7) 
152.7(7) 
81.6(7) 
79.9(7) 
95.5(7) 

104.0(8) 
97.3(8) 

111.6(7) 
158.7(7) 
84.3(7) 
87.1(8) 

is occupied by a water or methanol oxygen atom, 
completing the octahedral coordination for the 
cobalt atoms. The coordination octahedron is quite 
distorted, with angles varying from 73 to 109”. The 
N(4)/N(7)-Co-O angles are nearly linear; the 
other two octahedron axes deviate from linearity, 
with an average angle of 155”. 

The Co-N(pyrazole) distances (average 2.10 A) 
are comparable to the distances found in similar 
compounds,24*25 as are the Co-N(amine) and 



Compounds of a decadentate pyrazole-containing chelating ligand 2579 

Fig. 1. ORTEP projection of [Co,(tthd)(H,0)(MeOH)]4+ with atomic numbering and 25% probability ellipsoids. 

Cl078 
r 

ClOOB 

Co-O distances. 24 The Co-N(4)/N(7) distances 
are somewhat longer than the other coordination 
distances, probably due to steric effects caused by 
the crowding of the methyl groups and the strained 
ligand conformation. 

The pyrazole rings are approximately planar and 
no stacking occurs between the pyrazole rings. 
Within the ligand, no unusual features occur, and 
the average distances and angles can be compared 
to those found in other pyrazole derivatives.24*25 

Description of the tthd compounds 

The IR spectra of the perchlorate compounds are 
very similar in line shapes and relative intensities 
throughout the series Co, Ni, Cu, Zn, Cd, indicating 
a similar ligand conformation for all the 
compounds. The IR spectra of the compounds 
Ni,(tthd)(NCS),(ClO,), and Ni,(tthd)Cl,(C103, 
are very similar to the IR spectrum of the compound 
Niz(tthd)(H20)Z(C104)4, except for the thiocyanate 
vibrations, indicating a similar ligand conformation 
for the three compounds. The single thiocyanate 
vibration at 2080 cm- ’ is indicative of an N-coor- 
dinated thiocyanate ion. 26 

The IR spectra of the compounds 
Co2(tthd)C12(C104)2 and Co,(tthd)(NCS),(C104)>, 
show small differences compared to the perchlorate 
compounds, besides the thiocyanate vibrations. The 

similarities are, however, large enough to justify the 
conclusion that the overall ligand conformation is 
very similar for these compounds. The single thio- 
cyanate vibration at 2075 cm-’ is indicative of an 
N-coordinated thiocyanate ion. 26 

IR absorptions which can be unambiguously 
assigned to metal-anion vibrations have not been 
observed. A combination of low intensity and the 
presence of ligand vibrations renders it impossible 
to make positive assignments. 

The mixed-anion compounds of cobalt and nickel 
show a splitting of ca 5 cm- ’ of the pyrazole C-N 
stretch vibration at 1550 cm-‘, probably caused 
by the inequivalence of pyrazoles (4) and (7) and 
pyrazoles (1 A), (1 B), (10A) and ( 1 OB). This inequiv- 
alence is increased relative to the perchlorate com- 
pounds, probably because the coordinated water 
is replaced by the stronger ligands, chloride and 
thiocyanate. 

Considering the similarities of the IR spectra, it 
can be concluded that all compounds have struc- 
tures which very much resemble the structure of 
the cobalt perchlorate compound. Water (solvent) 
coordination is occurring in the perchlorate com- 
pounds and anion coordination replaces the water 
coordination in the mixed-anion compounds. 

Relevant ligand field spectroscopic data are given 
in Table 3. The nickel compounds show typical 
octahedral spectra. The ligand field parameters are 
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Table 3. Electronic transitions (lo3 cn- ‘) of the tthd 
compounds 

Compounds” Transitions 

Ni,(tthd)(H,O):+ 10.15 17.5 27.1 
Ni,(tthd)(NCS):+ 10.11 16.5 26.0 
Ni,(tthd)Cl:+ 9.46 14.8 25.8 
Co,(tthd)(H,O):+ 9.41 20.6 
Co,(tthd)NCS:+ 6.83 13.3 17.2 20.0 
Co,(tthd)Cl;+ 6.46 12.1 17.0 19.1 
Cu,(tthd)(H,O);+ 14.9 

D Only the cationic part of the molecule is given. 

Table 4. ESR data of the tthd compounds 

Compound” 

Cu,(tthd)(H,O):+ b 
Zn,(tthd)(H,O):+” 

g values (4 values in Gauss) 

2.07 
2.31(125) 2.07 
2.26( 150) 2.05 

a Only the cationic part of the molecule is given. 
‘At 77K. 
‘Frozen methanol solution at 77 K. 
d Copper(I1) doped compound. 

in agreement with the proposed (NiN50 and 
distorted NiN&l, NiN,N’) chromophores.” The 
spectrum of the cobalt perchlorate compound is 
also in agreement with the octahedral structure. The 
values of the ligand field parameters agree very well 
with the values of the nickel compound, confirming 
the structural similarity. 

The spectra of the mixed-anion cobalt com- 
pounds are typical for five-coordinated com- 
pounds. 27-2g The most likely coordination sphere 
is a combination of the halide or thiocyanate anion 
with four tthd donor atoms. Considering the dis- 
tances in the perchlorate compound, the Co- 
N(4)/N(7) distance is most probably elongated due 
to the influence of the trans coordinated chloride or 
thiocyanate. Steric effects may also play a role. The 
cobalt ions thus become square-pyramidally five- 
coordinated. 

The copper compounds show a single ligand field 
transition, with values expected for six- (or five-) 
coordinated compounds. 3o Relevant EPR data are 
given in Table 4. The copper perchlorate compound 
shows a broad isotropic resonance and a frozen 
methanol solution shows some axial features, com- 
parable to the spectrum of the copper(I1) doped 
compound Zn2(tthd)(H20)2(C10&. These data 
are in agreement with the proposed distorted octa- 
hedra13’ structure. 

CONCLUSIONS 

The ligand tthd acts as a decadentate, dinu- 
cleating ligand towards the metals Co, Ni, Cu, Zn 
and Cd. Coordination results in a severely distorted 
coordination octahedron, as is shown by the crystal 
structure determination of the cobalt perchlorate 
compound. Water or methanol occupies the sixth 
coordination position of the octahedron, which is 
formed by the tthd ligand. In the presence of coor- 
dinating anions such as chloride or thiocyanate, the 
solvent is replaced in the coordination sphere by the 
anion. This results in a more distorted coordination 
geometry. IR spectroscopy indicates an (increased) 
inequivalence of the coordinated pyrazole groups. 
The ligand field spectra of the cobalt compounds 
indicate a five-coordinated structure ; the tthd 
ligand apparently acts here as an octadentate 
ligand, with the amine nitrogens N(4) and N(7) not 
coordinating to the metal, resulting in a square- 
pyramidal coordination. The pyrazole containing, 
chelating ligand pabd,25 which is derived from 
aniline, shows a similar effect. The aromatic amine 
nitrogen can be either coordinating or non-coor- 
dinating, depending upon the metal ion and anions. 
In this ligand, the effect is caused by electronic 
factors ; in the tthd compound steric factors seem 
to be responsible for this effect. 

The tthd ligand imposes a strained structure 
around the metal ion. This conformational strain 
causes the structure to be strongly influenced by the 
choice of the additional ligand and the metal ion. 
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Abstract-The pyrazoie derivatives of aminoethane N,N-bis(3,5-methyl-l-pyr~olyl- 
methyl)aminoethane (aebd) and N,N-bis(l-pyrazolyhnethyl)aminoethane (aebp) form co- 
ordination compounds with copper(I) of stoic~omet~ [Cu(L)Xj, with X = Cl, Br, I and 
SCN, and fCu(L),X], with X = CF$O, and BF,. The ligands chelate in a bidentate manner, 
with only the pyrazole groups coordinating. The crystal structures of two representative 
examples have been determined: [Cu(aebp)Cl], is triclinic, space group PT, with 
a = 8.711(2), b = 9.351(l) and c = 9.528(l) A,, c1= 6857(l)“, ,!I = 61.47(l)o and 
y = 77.82(l)“, and 2 = 2. Standard least-squares refinement gave R = 0.029 (Rw = 0.038) 
for 1804 reflections. [Cu(aebp~2]CF3S03 is monoclinic, space group P2,/n, with 
a = 13.352(5), b = 14.663(3) and c = 15.752(4) A, /I = 117.49(3)“, and Z = 4. Standard 
least-squares refinement gave R = 0.029 (Rw = 0.032) for 1786 reflections. In both cases the 
copper environment is sligh~y-distorted tetrahedral. The chloride compound is dimeric 
with one ligand molecule (Cu.---N distances of 2.01 l(2) and 2.047(2) A) and two bridging 
chlorides per copper (Cu-Cl distances of 2.3874(8) and 2.4094(8) A). With the non- 
coordinating triflate anion, a monomeric compound with two ligand molecules per copper 
was obtained (Cu-N distances of 2.018(4), 2.028(4), 2.~9(4) and 2.050(4) A). 

Nature seems to prefer (distorted) tetrahedral coor- 
dination geometry for copper ions, as for instance 
in plast~yanin and azurin,‘*2 presumably since a 
tetrahedral coordination for copper(I) facilitates 
the regulation of the electrode potential of the active 
site. 

A wide range of pyrazole-containing copper com- 
pounds have been studied as models for copper 
proteins. 3 Copper(I1) chelate compounds have been 
studied extensively, compounds containing Cu’ 
have obtained less attention probably because they 
are more difficult to synthesize due to their tendency 
to disproportionate (especially in aqueous solu- 
tion)” and to undergo oxidation in the presence of 
air. ’ 

In this paper geveral Cu’ compounds with bis(py- 

*Author to whom comspondence should be addressed. 

razole)aminoethane (aebp) and with bis(di- 
methylpyrazole)am~noethane (aebd) are reported, 
as well as the crystal structures of two representative 
compounds. 

In earlier reports the syntheses and char- 
acterization of coordination compounds of these 
ligands with copper(I1) and other divalent tran- 
sition metals were described.“’ In these compounds 
the binding mode of the Iigands is tridentate, and 
both pyrazole nitrogens as well as the amine nitro- 
gen coordinate. 

EXPERTLY 

Starting muteriak 

The syntheses of the ligands N,N-bis(l-pyra- 
zolyhnethyl)aminoethane (aebp) and N,N-bis(3,5- 

2583 
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dimethyl-l-pyrazolyhnethyl)aminoethane (aebd) 
were performed by a modification of the procedure 
described by Driessen : * N-(hydroxymethyl)pyra- 
zole (0.23 mol), or N-(hydroxymethyl)-3,5dimethyl- 
pyrazole (0.23 mol), respectively, was stirred with 
aminoethane (0.11 mol) for 40 h at room tem- 
perature in 50 cm3 of acetonitrile. After removal 
of the organic solvent the colourless oil was 
dissolved in ether (25 cm3), washed with a solu- 
tion of sodium hydroxide (1 N, 5 cm3) and with 
water (4 x 15 cm’) until it was neutral again.’ The 
water was saturated with sodium chloride to 
improve separation of the two layers and the ether 
layer was dried with magnesium sulphate. Removal 
of the solvent by the use of a vacuum rotary evap- 
orator rendered a colourless oil in the case of both 
ligands. Upon cooling the ligand aebd solidified as 
a white wax-like solid, (m.p. 38-41”C), contrary to 
Schoonhoven et al.’ who obtained aebd as a light 
yellowish oil. The ligand aebp did not solidify and 
was used as an oil. Characterization of the ligands 
by IR and NMR spectra showed that they were 
identical with the compounds reported in the litera- 
ture. ‘F7 

Copper(I) chloride and copper(I) bromide were 
prepared as solid products by reduction of the 
respective copper(I1) salts with sodium sulphite. lo 
Copper(I) tetralluoroborate was synthesized as the 
tetrakis acetonitrile complex’ ’ in an inert Nz atmo- 
sphere with Schlenk equipment : CU(H@)~(BF.& 
(0.040 mol) and triethylorthoformiate (15 cm3) were 
dissolved in acetonitrile (150 cm3). The solution 
was made oxygen-free by repeatedly evacuating and 
flushing with nitrogen gas. This solution was stirred 
with copper powder (0.080 mol) for 30 min, and 
filtration of the suspension resulted in a colourless 
solution from which a white product crystallized 
upon evaporation of some of the solvent. 

Copper(I) trillate was synthesized as the CO- 
complex, as reported by Doyle et al. ’ * 

Copper(I) iodide was prepared by the reduction 
of copper(I1) sulphate with sodium thiosulphate in 
the presence of potassium iodide. ’ 3 

Copper(I) thiocyanate was commercially avail- 
able, of sufficient purity and used without further 
treatment. 

The solvents used for the syntheses of the coor- 
dination compounds were dried over molecular 
sieves (diethylether : 4 A, acetonitrile and meth- 
anol : 3 A), made oxygen-free (see above) and stored 
in a nitrogen atmosphere. 

Syntheses of the coordination compounds 

All syntheses were performed in a nitrogen atmo- 
sphere with Schlenk equipment and under anhy- 

drous conditions. The halogen, thiocyanate and tri- 
flate coordination compounds were prepared by 
warming the appropriate copper(I) salt (5 mmol) in 
acetonitrile (20 cm3 for Cl and Br, 70 cm3 for I, 40 
cm3 for SCN, 15 cm3 for CF,SO,). The ligands 
aebp or aebd (5 mm01 for Cl and Br, 10 mm01 for 
I and SCN, 15 mm01 for CF,SO,) were dissolved 
in acetonitrile (5 cm3) and added to the solution 
(with iodide and thiocyanate a suspension). In all 
cases a white (micro)crystalline solid formed after 
cooling to room temperature. In some cases single 
crystals suitable for X-ray diffraction were obtained 
from the fltrate, which was stored at 5°C. With 
Cu(CO)CF3S03 and aebd small amounts of a white 
powder formed, which proved to be copper di- 
methylpyrazolate. Apparently decomposition of 
aebd had occurred.‘4”5 

The tetrafluoborate compounds were synthesized 
as reported by Sorrell.‘6 The ligand (10 mmol) 
in methanol (5 cm3) was added to the 
CU(CH~CN)~BF~ complex (5 mmol) in methanol 
(20 cm’). The solution was evaporated until it was 
completely free of solvent (to prevent formation of 
the acetonitrile compound) and then dissolved 
again in methanol (20 cm3) from which it crys- 
tallized upon standing for a few days at 5°C. The 
products were stored in a dry N2 atmosphere. 

Analyses 

Metal analyses were carried out com- 
plexometrically with EDTA as the complexing 
agent.17 Chlorine analyses were carried out poten- 
tiometrically with silver nitrate and Ag/H2S04 
electrodes. CHN analyses were performed at the 
Microanalytical Laboratory of the Department 
of Chemistry at the University College, Dublin, 
Ireland. 

Physical measurements 

IR spectra in the 4000-180 cm-’ range of the 
samples pelleted in KBr were recorded on a Perkin- 
Elmer spectrophotometer, equipped with a PE data 
station. Proton nuclear magnetic spectra were 
recorded on a JEOL PS-100 instrument employ- 
ing a frequency of 99.5 MHz, with TMS (0 ppm) 
or DMSO (2.49 ppm) as internal standard. X-ray 
powder diagrams of the compounds were obtained 
with a Guinier-type camera using Cu-K, radiation. 
The samples were protected from atmospheric 
vapour by adhesive tape. 

Data collection and structure rejinement 

The data collection was carried out at room tem- 
perature on a four-circle Enraf-Nonius CAD4 
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diffractometer with graphite-monochromatized 
MO-& radiation @(MO-K,) = 0.71073 A). The 
colourless crystals were sealed in glass capillaries. 
Crystal data and additional details of the data col- 
lection and refinement for both complexes are pre- 
sented in Table 1. Reflections with I > 200 were 
used in the refinement. Intensities were corrected 
for Lorentz and polarization effects. 

The scanning rate was adjusted to the required 
precision of a(Z)/1 = 0.01, with a maximum scan 
time of 120 s reflection-‘. The instrument and 
crystal stability were checked after every 5400 s of 
radiation time by measuring three reference reflec- 
tions : no significant changes in the intensities were 
observed. As soon as the molecular structure was 
known, an absorption correction was applied for 
the [Cu(aebp)C112 structure with a Monte-Carlo 
method as described by de Graaff. I8 Before cor- 
rection, measurements at different azimuthal pos- 
itions of two reflections showed a variation of 
11.2% in the intensities. As the variation in the 
intensities for the [Cu(aebp)&F$O, compound 

was only 4.4%, no absorption correction was per- 
formed. 

The heavy-atoms were located from Patterson 
maps. The structures were solved with the computer 
program AUTOFOUR I9 and refined by full-matrix 
least-squares calculations. The refinement was con- 
sidered to be complete when the changes in the 
parameters were smaller than l/3 of the standard 
deviation. Scattering factors were taken from ref. 
20. The thermal parameters of the hydrogen atoms 
were kept fixed (4.0 A’ for the chloride compound, 
5.2 A’ for the trillate), and those of the non-hydro- 
gens were refined anisotropically. The function 
minimized was Zw(llFol - 1Fc;,11)2 with w = c~/~(J’). 
Selected bond distances and bond angles are given 
in Table 2. Atomic coordinates, displacement factor 
coefficients, full lists of bond lengths and angles, 
and lists of Fo/Fc values have been deposited as sup- 
plementary data with the Editor, from whom copies 
are available on request. Atomic coordinates have 
also been deposited with the Cambridge Crys- 
tallographic Data Centre. 

Table 1. Crystal and refinement data 

1 2 

Formula 
fw 
a (-4 
b (A) 
c (4 
a(o) 
B (“1 
Y (“) 
a’) 
W’W 
Space group 
Z 
No. of reflections used to 

determine cell constants 
d(8 m-3) 
Linear abs. coeff. (cm- ‘) 
Crystal dimensions 
h, k, I values 

Scan range (“) 
No. measured data 
No. unique data collected 
No. data used in refinement 
Final Rp 
Final R$ 
s 

CGoH,,ClN, CG,H~OF~N,OO,S 
304.26 623.14 
8.71 l(2) 13.352(5) 
9.351(l) 14.663(3) 
9.528(l) 15.752(4) 
68.57(l) 90 
61.47(l) 117.49(3) 
77.82( 1) 90 
634.11 2735.61 
312.77 1289.71 
PT P2,ln 
2 4 

24 24 
1.593 1.513 
19.235 9.337 
0.15 x 0.26 x 0.33 0.22 x 0.33 x 0.47 
-11 <h< 11 -14<h< 14 

O<k<16 -12<k< 12 
0<1<17 0<1<12 

2.0-27.5 2.0-24.0 
3085 4430 
2906 3981 
1804 1786 
0.029 0.029 
0.038 0.032 
1.0292 1.0999 

’ & = z WA- IFcll)P IFcal- 
b RJ = (Zw(lF,I - ~Fc~)2/ZwF~“2. 
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Table 2. Selected interatomic distances (A) and bond angles (“) 

[Cu(aebp)&F$03 

cu(o1)-cu(o1) 2.951 l(7) 
Cu(0 1 )-Cl(O2) 2.3874(g) 
cu(01)-c1(02) 2.4094(8) 
C1(02)-C1(02) 3.782( 1) 
Cu(Ol)---N(12) 2.01 l(2) 
Cu(Ol)--N(22) 2.047(2) 

c1(02)-Cu(01)--C1(02)’ 
C1(02)---&(01~N(12) 
C1(02)‘--cu(01~N(12) 
C1(02)-Cu(OlbN(22) 
C1(02)‘--cu(Ol)-N(22) 
N(12)--Cu(Ol~N(22) 
Cu(Ol)-N(12)--N(ll) 
Cu(Ol)-N(12F(13) 
Cu(Ol)-N(22)--N(21) 
Cu(Ol)-N(22)-C(23) 

104.07(3) 
109.00(7) 
116.38(7) 
113.64(7) 
lOi.41(6) 
112.08(9) 
124.4(2) 
130.8(2) 
129.1(2) 
126.2(2) 

Cu(O1 jN(12) 
Cu(O2)-N(22) 
Cu(Ol)---N(32) 
Cu(Ol)-N(42) 

N(12)-Cu(Ol)-N(22) 
N(12)-Cu(Ol~N(32) 
N(12)---Cu(Ol)-N(42) 
N(22)-Cu(Ol)-N(32) 
N(22)-Cu(Ol~N(42) 
N(32)--Cu(Ol~N(42) 
Cu(Ol)-N(12)-N(l1) 
Cu(Ol)---N(12)-C(13) 
Cu(Ol)-N(22)---N(21) 
Cu(Ol)-N(22)-C(23) 
Cu(Ol)-N(32)-N(31) 
Cu(Ol)---N(32)---C(33) 
Cu(Ol)-N(42)--N(41) 
Cu(Ol)---N(42w(43) 

2.018(4) 
2.050(4) 
2.028(4) 
2.049(4) 

113.4(2) 
111.3(2) 
112.5(2) 
105.8(2) 
101.4(2) 
111.9(2) 
125.9(4) 
129.0(4) 
128.9(3) 
127.2(4) 
125.6(3) 
130.4(4) 
127.4(3) 
125.8(4) 

(‘) l-x, l-y, l-z. 

RESULTS AND DISCUSSION and analytical data of the new compounds is given 
in Table 3. Many details in the IR spectra are 

General characteristic for pyrazole derivatives and for the 

respective anions.2’,22 Several compounds changed 

A listing of spectroscopic characteristics (IR and colour a few degrees below their melting point, 
X-ray powder pattern isomorphism), melting points apparently due to oxidation of the Cu’ to Cu”. The 

Table 3. Spectroscopic and analytical data 

X-ray 
M.p. (“C) type IR type Cu (%) (talc.) 

Cu(aebp)Cl%* 132 A I 20.9 (20.9) 
Cu(aebp)Br 168 A I 18.1 (18.2) 
Cu(aebp)I 177 A I 33.4 (33.4) 
Cu(aebp)SCN 149 B II 19.6 (19.4) 
Cu(aebp),BF4 170 C III 11.3 (11.3) 
[Cu(aebp)JCF,SO,’ 148 D IV 10.3 (10.2) 
Cu(aebd)Cl” 133 E V 17.8 (17.6) 
Cu(aebd)Br 141 E V 15.6 (15.7) 
Cu(aebd)Ib 146 F VI 14.4 (14.1) 
Cu(aebd)SCN 116 G V 16.4 (16.6) 
Cu(aebd)*BFd 132 H VII 9.5 (9.4) 

“Chlorine contents: Cu(aebp)Cl; 11.8% (talc. 11.6), Cu(aebd)Cl; 9.3% 
(talc. 9.8). 

b CHN analyses : 
C (%) (talc.) H (%) (Cal.) N (%) (talc.) 

Cu(aebp)Cl 39.4 (39.5) 5.0 (5.0) 23.4 (23.0) 

[Cu(aebpWFW~ 40.0 (40.5) 4.9 (4.8) 22.5 (22.5) 
Cu(aebd)I 37.3 (37.2) 5.3 (5.1) 15.8 (15.5) 
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unusual increase in melting points, in going from 
chloride to iodide, indicates that the crystal packing 
of the latter compound is better than that of the 
chloride compound. Theoretical and experimental 
values of the copper contents of the compounds 
were in good agreement. 

The NMR signals of the coordination com- 
pounds are slightly shifted when compared with 
those of the free ligand. (NMR data are available 
as supplementary material.23) This indicates that in 
a DMSO solution the compounds do not dissociate. 
It is also clear from the spectra that the ligand is 
still intact. 

C,H,N analyses of some representative com- 
pounds show a good agreement of the calculated 
and the measured values. From the Guinier and the 
IR spectra it is clear that the chloride, bromide and 
iodide copper(I) aebp compounds are isomorphic. 
The chloride and bromide copper(I) aebd com- 
pounds are also isomorphic. Otherwise, no iso- 
morphism has been observed (see Table 3). 

The solutions of the coordination compounds 
are very sensitive to oxidation by air, while the 
microcrystalline products slowly change colour 
when exposed to air. In contrast, the single crystals 
show no colour change when exposed to the air for 
several weeks. 

Description of the structure of [Cu(aebp)Cl], 

An ORTEPz4 representation of the structure is 
given in Fig. 1. The copper(I) ion is surrounded by 
two nitrogens (at 2.01 l(2) and_2.047(2) A) and by 
two chlorides (at 2.3874(8) and 2.4094(8) A). The 
compound is dimeric with the chlorides as the bridg- 
ing atoms. The two nitrogens originate from the 

pyrazole groups of the ligand, aebp, which utilizes 
only two of its three possible N-donors. The amine 
nitrogen-copper distance is too long to be con- 
sidered as bonding (3.903(2) A). The geometry 
around copper is slightly distorted from tetrahedral, 
with angles ranging from 101.41(6) to 116.38(7)“. 
The distance between the two chloride atoms is 
about equal to the Van der Waals distance (3.782( 1) 
A). The copper-copper distance is 2.9511(7) A. 
Several compounds are known of comparable 
dimeric structures in which the copper(I) atoms 
are surrounded by two nitrogens and two bridging 
halogens, *x*~ or by two nitrogens and one bridging 
halogen. 27 

Description of the structure of [Cu(aebp),]CF,SO, 

In the compound, [Cu(aebp),]CF3S03, the 
copper(I) ion is surrounded by four nitrogen atoms 
of two ligand molecules in the range 2.018(4)- 
2.050(4) A. These distances can be regarded as nor- 
mal for this type of compound. An 0RTEP24 rep- 
resentation of the structure is given in Fig. 2. As 
with [Cu(aebp)Cl], only the pyrazole nitrogens con- 
tribute to the coordination, the tertiary amine nitro- 
gens are too far away from the copper (3.91 A) to 
be considered coordinating. With divalent metals, 
on the contrary, the ligand is tridentate. The 
geometry around the copper is slightly distorted 
tetrahedral, with angles between 101.4(2) and 
113.4(2)“. Although the triflate anion is non-coor- 
dinating, it is not in disorder as is frequently the 
case with complex non-coordinating anions. ’ ’ The 
two pyrazole rings of the ligand are planar (dis- 
tances to the least-squares plane do not exceed 
0.01 A). The distance of the copper ion to the least- 

Fig. 1. ORTEP projectionz4 with 50% probability vibrational ellipsoids and atomic numbering of 
[Cu(aebp)Cl],, hydrogen atoms are omitted. 
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Fig. 2. ORTEP projectionz4 with 40% probability vibrational ellipsoids and atomic numbering of 
the [Cu(aebp)d+ cation, hydrogen atoms are omitted. 

square planes is 0.13 and 0.05 A, respectively. The 
dihedral angle between the pyrazole rings is 
140.1(2)“. 

Recently the crystal structure’ ’ of a copper(I) 
compound with a geometry resembling the present 
one, i.e. [Cu(edtp)](BF3(CH&N), in which edtp 
stands for N,N,N’,N’-tetrakis( l-pyrazolylmethyl)- 
1,Zdiaminoethane was published. Its geometry was 
also described as almost tetrahedral with copper- 
nitrogen distances of 2.03 8, and copper-nitrogen 
angles of 102-l 15”. 

CONCLUSION 

The present study has made it clear that the 
ligands aebp and aebd in all their copper(I) com- 
pounds are bidentate, only coordinating through 
the pyrazole nitrogens. This is in contrast to the 
coordination to divalent metal ions, in which the 
amine nitrogen of the ligand is also bound to the 
metal. 

Copper(I) has a preference for a tetrahedral geo- 
metry with this type of Ndonating ligands. This is in 
accordance with the preference of nature for a 
(distorted) tetrahedral coordination geometry in 
proteins like azurin and plastocyanin. 
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Supplementary material available. Listings of frac- 
tional coordinates of the atoms of [Cu(aebp)Cl], (I) and 
[Cu(aebp)$F3SOx (II), anisotropic thermal parameters 
of the non-hydrogen atoms of I and II, observed and 
calculated structure factors of I and II, and bond dis- 
tances and bond angles of I and II. NMR-data of I, II 
Cu(aebd)Cl and Cu(aebd)I. 
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Abstract-Transition metal coordination compounds with the novel N&donor ligand 
1,6-bis(4(5)-imidazolyl)-2,5_dithiahexane (abbreviated bhdhx) with general formulae 
M(bhdhx)(NO,), (M = Co, Ni, Cu) and M(bhdhx)(H,O),(BF,), (M = Cu, Zn) have been 
isolated. In all compounds the ligand is tetradentate with both thioether sulphurs and 
imidazole nitrogens coordinating. In all compounds the metal ions are six-coordinated in 
a distorted octahedral geometry with either nitrates or water molecules as the fifth and sixth 
ligands. This is confirmed by the ligand field spectra, which agree with a distorted octahedral 
coordination. The distortion from octahedral, indicated by the ligand field spectrum of the 
cobalt nitrate compound is such that the S atoms of the ligands must be at a very large 
distance from the metal ion. A single crystal of Cu(bhdhx)(N03)2 was used in a structure 
determination : orthorhombic space group Pbcn, a = 14.351(5), b = 8.554(3), c = 13.057(4) 
A, Z = 4, and T = 293 K. The structure was solved by heavy atom techniques and refined 
by least-squares methods to a residual R value of 0.033 for 847 significant reflections. The 
copper ion is at a special position on a two-fold axis, which causes a two-fold symmetry in 
the ligand. The coordination geometry of the copper atom is distorted octahedral with the 
two nitrates and the two thioether sulphurs in a cis position, and the imidazole nitrogens 
trans. The copper to nitrogen distances are 1.933(4) A, the copper to sulphur distances are 
2.495(l) A, and the copper to oxygen distances are 2.280(3) A. 

Coordination properties of copper(I) and 
copper(I1) with ligand systems containing nitrogen 
and sulphur donor atoms as potential coordination 
sites continue to be of interest as models for the 
redox active sites in the blue copper proteins. 

Recently, several ligands containing both sulphur 
and nitrogen donor atoms of various nature have 
been designed and synthesized’ for the purpose of 
modelling the active site of (type I) copper proteins. 
The imidazole group has mostly been substituted 
by other heterocycles like benzimidazole,’ pyridine3 
and pyrazole.4 Instead of a thiol group a thioether 
group is often introduced, to avoid the too easy 
reduction of copper(I1). So far, coordination com- 

*Author to whom correspondence should be addressed. 

pounds with ligands containing both thioether 
sulphurs and 5-methylimidazol-4-yl have been 
reported. ‘v6 

In the present paper coordination compounds 
with transition metal ions are described with the 
related ligand 1,6-bis(4(5)-irnidazolyl)-2,5-dithi- 
ahexane (bhdhx), which does not have a methyl 
substituent on the five-position. In the blue copper 
proteins the histidine residues also contain unsub- 
stituted imidazole groups. The question arises to 
what extent the methyl group on the five-position of 
the irnidazole influences the coordination behaviour 
of the ligand and, thereby, the spectroscopic and 
electronic properties of the resulting coordination 
complexes. The ligand bhdhx has been prepared 
earlier by Aoi et a1.,7,8 who suggested, on the basis 
of spectroscopic data, a square-planar coordination 
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of this ligand around the copper(I1) ion. To inves- spectrophotometer, equipped with a PE data 
tigate the binding in detail and to prove the chel- station. Electron paramagnetic resonance spectra of 
ating nature of the ligand an X-ray structure deter- the powdered copper(I1) compounds were obtained 
mination has been performed. Cobalt, nickel and with a Varian spectrometer at X-band frequency 
zinc compounds have also been prepared with the at room temperature and 77 K (liquid nitrogen). 
ligand bhdhx to allow detailed spectroscopic studies NMR spectra were recorded on a JNM-PS-100 
(LF, NMR). NMR spectrometer. 

EXPERIMENTAL Crystal data 

Starting materials 

The synthesis of the ligand bhdhx has been 
described in detail elsewhere.’ The ‘H NMR spec- 
trum of the ligand bhdhx (solvent dmso-d6, internal 
standard HMDS = Me,--Si-0-Si-Me,, hex- 
amethyldisiloxane) showed the following signals : 
2.66 ppm (s, 4H, ethane), 3.40 ppm (broad, NH), 
3.68 ppm (s, 4H, methylene), 6.90 ppm (s, 2H, 2- 
imidazole), 7.53 ppm (s, 2H, 5-imidazole). The dihy- 
drochloride salt of the ligand bhdhx showed the 
following signals (dmso-d,, internal standard 
HMS) : 2.67 ppm (s, 4H, ethane), 3.84 ppm (s, 4H, 
methylene), 7.12 ppm (s, 2H, 2-imidazole), 8.00 
ppm (s, 2H, 5-imidazole), 9.16 ppm (broad, NH). 

CuC, oH1 4N606S2, M, = 441.92, orthorhombic, 
a = 14.351(5), b = 8.554(3), c = 13.057(4) A, 
V = 1603.0 A” by least-squares refinement of 
diffractometer angles for 24 reflections, A(Mo- 
Q = 0.71073 A, F(OOO) = 902.07, space group 
Pbcn, Z = 4, p(Mo-K,) = 16.57 cm-‘. 

Data collection and processing 

All chemicals were commercially available, of 
sufficient purity, and were used without further 
treatment. 

The data were collected on a four-circle Enraf- 
Nonius CAD4 diffractometer with graphite mon- 
ochromatized MO-K, radiation : 3079 reflections 
were measured (2.0” c 6’ < 25.0”, - 10 < h < 10, 
Ock<17, 0<1<15), of which 1649 were 
unique, and 847 were considered as observed 
[I > 2a(l)]. 

Structure analysis and rejinement 

Synthesis of the complexes 

The coordination compounds were prepared by 
dissolving the appropriate hydrated metal salt (1 
mmol) in 5 cm3 of warm ethanol and adding this 
solution to a warm solution of the ligand bhdhx (1 
mmol) in 25 cm3 of ethanol. After filtration of the 
warm reaction mixture, the complexes crystallized 
on cooling. In some cases evaporation of part of 
the solvent was necessary before crystallization of 
the coordination compound occurred. Single crys- 
tals were obtained through slow evaporation (room 
temperature) of the solvent. 

The structure was solved by direct methods, 
yielding first the position of the heavy metal, and 
refined by full-matrix least-squares calculations. 
The refinement was considered to be complete when 
the changes in the parameters were smaller than 
one-third of the standard deviation. Scattering fac- 
tors were taken from ref. 11. 

Analyses 

Metal analyses were carried out com- 
plexometrically with EDTA as the complexing 
agent. lo 

Spectroscopic measurements 

IR spectra in the 4000-180 cm-’ range of the 
samples pelleted in KBr were recorded on a Perkin- 
Elmer 580 spectrophotometer, equipped with a PE 
data station. Solid-state electronic spectra (28,000- 
5000 cm-‘) were recorded on a Perkin-Elmer 330 

Hydrogen atoms were located from difference- 
Fourier maps, except for the hydrogens on the eth- 
ylene bridge, which were calculated on a distance 
of 0.95 8, from their parent atoms. The positional 
parameters of the hydrogen atoms were coupled to 
the parent atoms. The thermal parameters of the 
hydrogen atoms were refined isotropically, coupled 
with each other, resulting in a final B-value of 5.56 
A’. The position of the copper ion was kept fixed, 
because of the two-fold symmetry. The thermal 
parameters of the non-hydrogens were refined 
anisotropically. The function minimized was 
C w(]]F~]-IF~]])~ with w = l/~‘(F). At the final 
stage the conventional discrepancy index 
RF = X (l/&3,1 - IFcll)/X IF01 had been reduced to 
0.033. The weighted factor R, = [E w(lF,.,I - lFcI)2/ 
IEw~F~~*]‘~~ had been reduced to 0.033. Bond dis- 
tances and selected bond angles are given in 
Table 1. The estimated standard deviations in 
the distances and angles were established using the 
full correlation matrix. Lists of the atomic posi- 
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Table 1. Bond lengths (A) and selected bond angles (“) 
in Cu(bhdhx)(NO,), 

~(Ol)--ss(o4) 
Cu(Ol~N(l3~ 
cu(01)--0(31) 
SW)--C(O5) 
S(~)--C(lO) 
c(os)--C(os) 
C(IO)--C(l4) 
N(1 l)---C(l2) 
N(IlWJl5) 
C(12 jN(l3) 
N(l3)---W4) 
C(l4)--W5) 
N(3)-4W31) 
N(3)--0(32) 
N(3)--0(33) 

S(O4~u(Ol~N(l3) 
S(O4)--Cu(Olt-o(3l) 
s(~~u(ol~s(o~) 
S(O4)--Cu(Ol)---N(13’) 
S(~~(Ol~31’) 
N(I3)--Cu(01>--0(31) 
N(l3~(Ol~N(l~~ 
N( 13)--&(01)--0(31’) 
0(31)--cu(01)--0(31’) 

2.495(l) 
1.933(4) 
2.280(3) 
1.801(5) 
1.792(5) 
1.46(l) 
1 SOS(6) 
1.324(5) 
1.351(6) 
1.328(5) 
1.376(5) 
1.356(6) 
1.264(5) 
1.245(4) 
1.226(4) 

83.6(l) 
99.41(9) 
89.88(6) 
90.6(l) 

169.38(8) 
95.5(I) 

171.8(2) 
91.1(l) 
71.9(2) 

tional and thermal parameters, of bond angles, and 
of the observed and calculated structure factors are 
available as supplementary material. ’ 2 

RESULTS AND DISCUSSION 

A listing of spectroscopic characteristics (ligand 
field and EPR powder data), IR and X-ray iso- 

Pig. 1, ORTEP projection of Cu(bhdhx)(NO& with the 
atomic labelling. The hydrogen atoms are omitted for 
clarity. The primed atoms are at the positions --x, y, 

0.5-z. 

mo~hisms, colours and metal analyses of the tran- 
sition metal compounds with bhdhx is given in 
Table 2. Also, some ad~tional C, II, N analyses 
are given in Table 2. Details of the spectral data 
will be discussed after the description of the crystal 
structure. 

An 0RTEP13 projection of the molecular entity 
~u(bhd~)~O~)~ is given in Fig. 1. The asym- 
metric unit consists of half a molecule of 
Cu(bhd~)~O~)*. The copper ion is lying on a 
special position on a two-fold axis, which causes a 
two-fold symmetry in the ligand. 

The copper ion is surrounded by two nitrogens, 
two oxygens and two sulphurs in a distorted octa- 

Table 2. C&ours, metal contents, IR and X-ray isorno~~~, ligand ileld absorption bands 
( x 103 cm-‘) and X-band EPR spectral data of the complexes with bhdhx 

Compound 
(L = bhdhx) Colour 

X-ray, Metal % 
IR type exp. (talc.) LF and EPR data 

~4-wJW2 brick red A I 13.0(13.5) 21.2, 17.3,9.9,8.3 
Ni(L~O~~~~ blue A I 13.1(13.4) 25.4, 15.0,g.O 
Cu(L)(NW green A’1 14.3(14.4) 15.0, 9.0 

g, 2.16, g, 2.03 (293 K) 
g, 2.03, g, 2.12, g, 2.19 (77 K) 

~~)(BF~)~(H*~)~ green B II 12.~12.0) 16.2, Il.4 
g, 2.02, g, 2.13, g, 2.20 (293 K) 

~(~)(BF~~~(H~~)~ white C III 12.2(12.4) 

C,H,N,O-analyses : found (talc) for: “Ni(L)(NO& : C 27.9(2?.5), H 3.5(3.2), N 18.1(19.2), 0 21.8(22.0). 
~Cu(L)~~~O~F~)~: C 23.7(23.6), H 3.1(3.2), N 10.7(11.0). “Zn(L)(H,0)2(BF,)2: C 22.8(22.6), H 
3.4(3.4), N 10.5(10.6). 
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hedral geometry. The two nitrates are coordinated 
in a cis position. The two sulphur atoms are also cis 
coordinated completing a square-based geometry ; 
the apical positions of the octahedron are occupied 
by the imidazole nitrogens. The copper to imidazole 
nitrogen distances are very short, i.e. 1.93 A and 
the copper to nitrate oxygen distances are 2.28 A. 
The thioether sul hur to copper coordination dis- 
tances are 2.50 H . The coordination geometry is 
therefore compressed octahedral, the axial dis- 
tances being significantly shorter than the equa- 
torial distances. This compressed geometry is con- 
firmed by the inverted axial EPR spectrum of this 
copper compound at room temperature (Table 2). 
The coordination angles around the copper ion 
deviate significantly from octahedral, the bonding 
angles lying between 83.6-99.4”. The small coor- 
dination angle of 83.6” for the thioether to copper 
to imidazole nitrogen bond angle must originate 
from the limited bite of the ligand. Coordination 
angles that are smaller than ideal, due to the limited 
ligand bite, have also been encountered with co- 
ordination compounds of other imidazole-thi- 
oether ligands,14 and of azole-amine containing 
ligands e.g. pyrazole-amine containing ligands.” 

The imidazoles are planar, with deviations from 
the least-squares planes of less than 0.03 A. The 
copper ion is at a distance of 0.09 A from these 
least-squares planes. The imidazole planes in the 
ligand bhdhx are not coplanar, the angle between 
the two planes is 64.4”. Also, hydrogen bridges are 
encountered in this crystal structure, between the 
imidazoleN(11) hydrogen and the nitrate 0(32), 
with an N-O distance of 2.802(5), thereby forming 
linear chains of [Cu(bhdhx)(NO,),] molecules. 

The nitrate compounds 

The cobalt, nickel and copper nitrates of bhdhx, 
M(bhdhx)(NO,),, are isostructural (see Table 2). 
This means there is a NzSzOz chromophore around 
these metal ions with both nitrate anions coor- 
dinated to the metal ions. The ligand field spectrum 
of the cobalt coordination compound indicates that 
the coordination geometry of the cobalt ion is quite 
distorted from octahedral and in fact resembles a 
somewhat tetrahedral spectrum. ’ 6 Apparently, the 
cobalt to sulphur distances are too large to be of 
sufficient influence in the ligand field spectrum. The 
phenomenon of pseudo-coordination, or semi- 
coordination has been observed before with bhdhx 
and related ligands. ’ 7-1 9 The ligand field spectrum 
of the nickel compound indicates an averaged octa- 
hedral geometry (Dq = 890 cm-‘, B = 900 cm-‘). 
The ligand field spectrum of the copper compound 
agrees with a (distorted) octahedral geometry of the 

copper ion. The EPR spectrum at room tem- 
perature is inverted axial, indicating a compressed 
geometry. The EPR spectrum at 77 K is rhombic. 
A zinc nitrate compound could not be obtained, 
the reaction mixtures yielded oils and amorphous 
products. 

The tetrafluoroborate compounds 

No X-ray or IR isomorphism is encountered 
within the series of tetrafluoroborate compounds 
given in Table 2. Although the cobalt and nickel 
compounds with approximate stoichiometry 
[M(bhdhx)(H,O),](BF,),*xH,O with x = 3 could 
be isolated, they did lose variable amounts of lattice 
solvent ; the initial microcrystalline material turned 
into powder, of which the analytical data (M, C, H, 
N) could not be fitted. The compounds will there- 
fore not be discussed. 

With copper and zinc, the compound 
[M(bhdhx)(H,O),](BF,), is formed. The zinc com- 
pound yielded a single crystal which initially seemed 
suitable for X-ray determination. The structure 
showed however much disorder and pseudo-sym- 
metry, which resulted in a very high R value. 
Attempts to solve the disorder were therefore not 
undertaken. From the partially solved structure, the 
coordination environment of the zinc(I1) ion could 
be established as being a distorted octahedron with 
two water molecules in a cis position, the ligand 
thioether sulphurs also cis, and the two imidazole 
nitrogens trans. This coordination environment is 
very similar to the one depicted in Fig. 1, for the 
compound Cu(bhdhx)(NO,),. 

The NMR spectrum of this zinc compound (sol- 
vent dmso-ds, internal standard HMDS) showed 
the following signals : 2.48 ppm (s, 4H, ethane), 3.70 
ppm (s, 4H, methylene), 4.26 ppm (broad, 
NH+H20), 7.00 ppm (s, 2H, 2-imidazole), 8.14 
ppm (s, 2H, 5-imidazole). These NMR shifts are 
comparable to the shifts of the hydrochloride salt 
of bhdhx, rather than to the shifts of the free ligand 
(see Experimental). The coordinating imidazole-3 
nitrogen is now “fixed”, which can be compared 
with the protonated imidazole. The ethane hydro- 
gens are shifted upfield compared to the free ligand, 
probably because of the coordination of the sul- 
phurs to the zinc ion. The amount of water present 
in this compound cannot be deduced from the inte- 
grals of this NMR spectrum, because of the broad 
signal, which also comprises the N-H of the imi- 
dazole group. 

The ligand field spectrum of the copper 
tetrafluoroborate compound indicates a distorted 
octahedral geometry ; its EPR spectrum is rhombic, 
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but the low value of gi (2.02) clearly indicates a 
compressed geometry. *O 

CONCLUSION 

The present study has made clear that the ligand 
1,6-bis(4(5)-imidazoly1)2,5-dithiahexane is a good 
complexing agent. In all compounds the hgand acts 
as a tetradentate ligand coordinating through two 
thioether sulphur atoms and two imidazole nitro- 
gens, although in the cobalt compounds the coor- 
dination mode of the sulphur atoms is not well 
established. The two imidazole nitrogens coor- 
dinate in a truns position, contrary to the square 
planar cis coordination as proposed by Aoi et al.’ 
Six-coordination, completed by either two anions 
or two solvent molecules, is observed in the present 
compounds. 

Acknowledgement-We are indebted to S. Garter for his 
assistance in the collection and processing of the diffrac- 
tion data. 
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Abstract-The compound [Ru&O&CH~)~(THF)JBF~ (I) containing the Ru:+ unit was 
prepared by reaction of Ru$~&-O&CH~)~ with AgBF4 in THF. This compound, in 
contrast with Ru~C~(~-O~CCH~)~, is soluble in several polar organic solvents and reacts in 
THF with 0PPh3 and PPh3 giving [RuZ&-02CCH3)4(0PPh3)2]BF4 * CH2C12 (II) and [Rub- 
02CCH,)(0,CCH,)(PPh,)], (III), respectively. The complex II has been also obtained 
as hexafluorophosphate [Ru2(p-0zCCH3)4(0PPh3)2]PF6* CHzClz (IV) by treatment of 
Ru$~(,u-O~CCH~)~ with an excess of NOPF6 and PPh3 in methanol. In this reaction the 
triphenylphosphine oxide is generated by oxidation of the triphenylphosphine. 

Several diruthenium compounds of the type 
Ru2C1L4 (L = carboxylate, amidate, etc.) have 
been prepared. l-6 However, very few examples of 
complexes containing the Ru:+ 7-9 and Ru;+ 5,10 
units are known. 

Thus, Wilkinson et aL7 have obtained diru- 
thenium(II,II) tetracarboxylates Ru&O&R)~ 
(R = H, Me, CH,Cl, Et, Ph) by interaction of the 
reduced “blue solutions” of ruthenium chloride in 
methanol with alkali-metal carboxylates. The reac- 
tivity of these compounds and their adducts 
towards anionic ligands, donor ligands and oxidiz- 
ing agents have also been reported. More recently, 
Drew et al.” have isolated the complex Ru& 
02CCH3)4(02CCH3)2*H20 by reaction of Ruz 
CI(P-O~CCH~)~ with Ag02CCH3 in H02CCH3/ 
MeOH ; this is the first example of a tetra-p- 
carboxylate diruthenium(III,III) compound. 

However, the low solubility of Ru,Cl(p- 
02CCH3)4 is a problem in the study of the reactivity 
of the [Ru&-O&CH~)~]+ unit. Here we report 
the synthesis and characterization of the complex 
[Ru&J-O~CCH~)~(THF)~]BF~ (I), which is soluble 
in most common polar organic solvents. We have 
studied also the reactions of complex I with a c- 
donor ligand, triphenylphosphine oxide and a o- 
donor-n-acceptor ligand, triphenylphosphine. 

On the other hand, we have examined the reac- 

*Author to whom correspondence should be addressed. 

tion of Ru&J&-O~CCH~)~ with the oxidizing 
agent, NOPF6, in the presence of PPh3. 

RESULTS AND DISCUSSION 

The reaction of Ru~C~&-O~CCH~)~ and AgBF4 
(1: 1 mole ratio) in THF, under a dinitrogen atmo- 
sphere, leads to the formation of [Ru&-O~CCH~)~ 
(THF)JBF4 (I) in high yield. The product was 
obtained as red crystals, is soluble in common polar 
organic solvents and loses THF in air in short 
periods of time. 

The IR spectrum of I in a KBr disc shows strong 
absorption bands at 1460 and 1400 cm- ’ assigned 
to the antisymmetric and the symmetric v(CO0) 
stretching vibrations, respectively. The separation 
between these bands may indicate the symmetrical 
coordination of the carboxylate groups. A strong 
absorption band at 1070 cm-’ is assigned to the 
vibration of the BF; group ; no absorption bands 
due to the THF ligand were found in this spectrum. 
However, if the IR spectrum is registered in Nujol 
mull, a strong absorption at 870 cm- ‘, due to the 
coordinated THF, is observed. This facile loss of 
the weakly coordinated axial THF ligand has been 
also observed by Wilkinson et aL7 in the complex 
Ru&J-O~CCH~)~(THF)~, but a good analysis could 
not be obtained. 

The reaction of I with 0PPh3 (1: 2 mole ratio) in 
THF or toluene, gives a red solid in high yield. 
The crystallization of this red solid from di- 
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0 
Ru 

(a) 
chloromethanepetroleum ether (40-6OC) gives red- 
brown crystals of [Ru2(~-02CCH,),(OPPh~)2]BF, * 
CH2C12 (II). 

The IR spectrum of II exhibits characteris- 
tic bands of bridging acetate groups at 1450 and 
1400 cn- ’ corresponding to v(CO0) stretching fre- 
quencies ; the v(B-F) stretching of the BF; group 
appears at 1080 cm- ’ ; the v(P=O) stretching band 
of the OPPh3 ligand is observed at 1140 cm- ’ ; this 
band appears at lower frequencies (ca 53 cm-‘) 
than that of the free ligand. The presence of CH2C12 
in this compound shows in the ‘H NMR spectrum 
(6 = 5.23 ppm, s) ; the ‘H NMR spectrum of this 
paramagnetic compound shows the signals corre- 
sponding to the CH3 protons (6 = -5.29 ppm, s) 
and the CsH5 protons (6 = 6.12-5.74 ppm, m) 
which are shifted to higher fields, similar to other 
paramagnetic compounds. ’ ’ 

Compounds I and II in acetone solution ( N 1 O- 3 
M) have conductivities corresponding to those for 
1 : 1 electrolytes (AM = 147.94 and 140.63 0-r cm2 
mol- I, respectively). 

These complexes have the effective magnetic 
moments per dimer of 4.41 and 4.30 BM, respec- 
tively. The magnetic susceptibility measurements at 
various temperatures (Table 1) indicate that these 
compounds obey the Curie-Weiss law. These 
results are similar to those obtained for other car- 
boxylate dimers containing the Ru:+ unit. ‘,12 This 
is consistent with a a’r~~Li~rz*~6*’ electronic con- 
figuration and three electrons unpaired per dimer. ’ 3 

Complex I reacts with triphenylphosphine (1 : 2 
mole ratio) to form a violet compound whose 

(b) 
elemental analysis is consistent with [Ru&-0, 
CCH ,)(O$CH ,)(PPh 3)]. (III). This compound is 
soluble in polar and non-polar organic solvents 
such as dichloromethane, THF, toluene, etc. 

Complex III is diamagnetic. The IR spectrum 
shows four absorption bands in the carboxyl 
stretching region at 1470,1415,1565 and 1355 cn- ’ 
corresponding to bridging and unidentate acetates ; 
this spectrum also shows the bands corresponding 
to PPh3 groups. The ‘H NMR spectrum confirms 
the presence of two inequivalent acetates, showing 
two singlets for the methyl resonances at 1.74 and 
1.69 ppm ; the signal corresponding to the aromatic 
protons appears at 7.20-7.12 ppm. 

The “P{‘H) NMR spectrum exhibits only one 
resonance at 35.30 ppm for the PPh3 ligands, which 
is consistent with only one type of phosphine in this 
compound. 

The 13C{‘H} NMR spectrum presents four sig- 
nals due to acetate groups: two signals appearing 
at 182.53 and 18 1.82 ppm are assigned to COO, and 
two signals appearing at 22.92 and 22.07 ppm are 
assigned to the CH3 group. These signals are con- 
sistent with bridging and terminal acetate groups. 
Some resonances corresponding to the phenyl 
groups appear as pseudoquintuplets at 133.94 and 
127.64 ppm ; this multiplicity may be due to coupling 
with three phosphorous atoms. 

These spectroscopic data corresponding to com- 
plex III confirm the stoichiometry [Ru(p-02CCH3) 
(O,CCH,)(PPh,)], and suggest n > 3. Two possible 
structures, (a) and (b), for this compound are shown 
above. 

Table 1. The magnetic susceptibilities for compounds I, II and IV at various temperatures 

[R~z(~-O~CCH,)~(THF)~~BF~ (I) 
T (R) 294.9 288.8 259.5 229.7 199.9 174.9 150.2 125.2 100.4 90.5 85.1 
XM x 103 8.349 8.124 9.226 10.450 11.680 13.730 16.110 19.280 23.070 25.070 26.720 

[Ru&-O,CCHJ,(OPPh,)JBF,-CH$& (II) 

T(R) 324.9 289.1 288.3 259.8 250.6 229.2 199.7 175.7 169.9 140.1 110.3 
XM x 103 7.128 7.639 7.995 8.632 9.278 9.232 11.360 12.930 13.290 15.830 19.940 

[Ru*0L-OFCH~)4(0PPhs)~lPF6.CH*C12 @V 
T (K) 287.9 258.8 230.0 199.0 168.8 140.1 110.1 99.8 90.2 80.3 
XM x 103 7.113 8.070 9.198 10.660 18.690 15.240 19.100 20.840 22.940 26.470 
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Table 2. Physical and IR spectroscopic properties of the compounds I-IV 
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Compound Colour 
Analysis (%) 
Found (Calc.) 

Magnetic Conductivity IR data (cn- ‘) 
moment (W ’ cm2 

(RM) mol- ‘) v,(COO) v,(CW (L) 

I 

II 

HI 

IV 

red 

red-brown 

violet 

red-brown 

C 25.1 (28.7) 
H 4.2 (4.2) 
C 47.0 (46.3) 
H 3.7 (3.8) 
c 54.0 (54.9) 
H 4.7 (4.4) 
C 44.8 (44.1) 
H 3.7 (3.6) 

4.41 147.94 

4.30 140.63 

4.18 125.74 

1460 1400 870 (THF) 

1445 1400 1140 (o=P) 

1470 1415 1100 (PPh,) 
1565 1355 
1445 1400 1140 (&=P) 

Table 3. NMR data for the compounds II-IV 

‘H NMR data (ppm) 3’P NMR 13C NMR data (ppm) 
Compound 6(02CCH3) 6(L) 6(CH,C12) data (ppm) G(O,CCH,) G(O,CCH,) 6(L) 

II -5.29(s) 5.93(m) 5.23(s) 
III 1.69(s) 7.16(m) - 35.30(s) 22.92(s) 182.53(s) 133.94(q) J = 5.15 Hz 

1.74(s) 22.07(s) 181.82(s) 131.03(d) J= 44.99 Hz 
129.49(s) 
127.67(q) J = 5.16 Hz 

Iv -5.28(s) 5.91(m) 5.23(s) 

This compound could be generated in a dis- 
proportionation reaction similar to that observed 
by Wilkinson et al. l4 

2Ru:+ --) Ru;+ +Ru;+, 

followed by a reorganization process in the Ru(II)- 
Ru(I1) complex. The disproportionation reaction 
would also explain why the yield of complex III is no 
more than 50%. The nature of the yellow Ru(IIIt 
Ru(II1) complex formed or its transformation pro- 
ducts is still uncertain and is under study now. 

The [Ru2(~-02CCH3)4(0PPh3)2]PF6.CHzC12 
complex (IV) has been obtained by reaction of 
Ru&I(~-O~CCH~)~ with NOPF6 and PPh, in 
excess, in methanol, and posterior crystallization in 
dichloromethane-petroleum ether (4(MO”C). The 
use of NOPF, in this reaction does not produce the 
oxidation of the Ru:+ unit, but the triphenyl- 
phosphine is transformed into triphenylphos- 
phine oxide. 

The IR, NMR, conductivity and magnetic prop- 
erties are similar to those of complex II described 
above (see Tables 2 and 3). 

EXPERIMENTAL 

All reactions were carried out in an inert atmo- 
sphere, using standard Schlenk techniques. RuZ 

C~(P-O~CCH~)~ was prepared by the literature 
procedure. I5 RuC13 * 3Hr0, NOPF, and AgBF4 
were obtained from Johnson Matthey Chemicals 
Ltd, Ventron and Fluka, respectively. 0PPh3 and 
PPh, were obtained from Probus. Solvents were 
purified and distilled by standard methods. Meth- 
anol was used without previous purification. 

Elemental microanalysis for C and H were per- 
formed by Elemental Microanalysis Ltd, Devon 
(U.K.). IR spectra in the region 400@-200 cm-’ 
were recorded as KBr discs or Nujol mulls on a 
Perkin-Elmer 1330 IR spectrophotometer. NMR 
were recorded on Varian FT-80 or Bruker WM 360 
spectrophotometers. Magnetic measurements were 
made with a magnetometer DSM 5 in the range 85- 
295 K. Molar conductivities were measured with a 
Philips PW 9526 digital conductivity meter, using a 
Philips PW 95 12/60 conductivity measuring cell. 

Synthesis of [Ru~(,u-O~CCH~)~(THF)~JBF~ (I) 

Ru&I(~-O~CCH~)~ (2.00 g, 4.22 mmol) and 
AgBF, (0.82 g, 4.22 mmol) were stirred in THF (80 
cm’) for 24 h at room temperature, to give a red 
solution and a white precipitate of AgCl. The solu- 
tion was filtered and the precipitate was washed 
with THF until colourless. The red solution and the 
combined extracts were reduced to 20 cm3, and 
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petroleum ether was added to give a crystalline red from dichloromethane-petroleum ether (4060°C) 
solid. Yield 2.14 g, 75.7%. to give red-brown crystals. Yield 0.82 g, 63%. 

Synthesis of [Ruz(p-OlCCH3)4(0PPh&z]BF4* CHI 

Clz (II) 

To a solution of I(0.5 g, 0.75 mmol) in THF (30 
cm’) or to a suspension of I (0.5 g, 0.75 mmol) in 
toluene (30 cm3), was added 0PPh3 (0.42 g, 1.50 
mmol). The reaction mixture was stirred at room 
temperature for 4 h (12 h in toluene). The solvent 
was removed and the solid was washed with diethyl 
ether (3 x 15 cm’). The red solid was crystallized 
from dichloromethane-petroleum ether (4@-6O”C) 
as red-brown crystals. Yield 0.59 g, 67%. 
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Abstract-Distibines of the type R2SbSbR2 with R = CH3, R’ = C2HS (l), R = CH3, 
R’= n-&H7 (2), R= CH3, R’= C6HS (3), R = C2HS, R’ =C6H5 (4), R=n-C3H7, 
R’ = C6HS (5), and R = CH3, R’ = 2,4,6-(CH3)2C6H2 (6) are formed in equilibria by 
exchange reactions of the respective distibines of the type R,Sb, and R<Sb2. 

Tetramethyldistibine l-3 is red as a solid, but yellow 
as a liquid or in solution. Reversible colour changes 
from orange to yellow are observed when solid 
tetraethyldistibine is warmed close to the melting 
point. ’ In contrast, tetra-n-propyl-, tetraphenyl-, 
and tetramesityldistibine are yellow and do not 
show unusual colour effects. In the course of our 
investigations of thermochromic distibines4 we 
became interested in the colours of compounds of 
the type R,SbSbR; with different organic sub- 
stituents R and R’, which may favour ther- 
mochromic effects like CH3 or C2HS or may be 
indifferent like n-C3H7, C6HS, or 2,4,6-(CH3)3C6H2 
(= Mes). We report now on the syntheses of these 
asymmetric distibines in equilibrium mixtures with 
their precursors. 

RESULTS AND DISCUSSIONS 

Equimolar amounts of tetramethyl- and tetra- 
ethyldistibine react as neat liquids at 25°C with 
rapid exchange of the dialkylantimony moieties 
forming Me,SbSbEt, (1) in equilibrium with the 
parent distibines. Analogous reactions give Me, 
SbSbn-Pr, (2), Me2SbSbPh2 (3), Et2SbSbPh2 (4), 
n-Pr,SbSbPh, (5), and Me2SbSbMes2 (6) accord- 
ing to eq. (1). 

R2SbSbR2+ R;SbSbR; = 2R,SbSbR; (1) 

1: R=CH3, R’=C2HS; 2: R=CH3, R’=n- 
C3H7; 3: R=CH3, R’=C6Hs; 4: R=C2HS, 
R’ = CeHs; 5: R=n-C3H7, R’=C6H5; 6: 
R = CH3, R’ = 2,4,6-(CH3)3C6H2. 

*Author to whom correspondence should he addressed. 

The identification of the products and the deter- 
mination of their relative concentrations were per- 
formed using mass and ‘H NMR spectroscopy. The 
spectral data are summarized in Table 1. The 
‘H NMR spectrum of the equilibrium mixture, 
which was obtained from equimolar amounts of 
(CH3)4Sb2 and (C2H5)4Sb2 is shown in Fig. 1. The 
frequencies of the parent distibines were identified 
by comparison with the spectra of pure samples and 
by changing the ratio of the components. For the 
novel mixed distibine 1 we find the expected singlet 
for the (CH3)2Sb protons and a triplet and four 
quartets of an ABX, spin system for the (C2HS)2Sb 
moiety. This shows that in 1 like in (C2H5)4Sb2, the 

Table 1. Spectroscopic data 

‘H NMR data (6, ppm) (C,D,) 

1: 0.935 Me,Sb ; 1.298 CH,CSb t ; 3J = 7.4 Hz; ABX, 
spin system, A: 1.535; B: 1.591 CH,; *.I= 12 Hz. 2: 
0.951 Me,Sb; 0.945 CH&CSb t; ‘J= 7.2 Hz; 1.5-1.9 
CHzCHzSb m. 3: 0.82 CH3; 6.9s7.05 m, 7.55-7.62 m 
C6HS. 4: 1.999 CH$Sb t; ABX3 spin system, A: 1.514; 
B: 1.578 CH2; ‘J= 12 Hz; 7.0-7.1 m; 7.65-7.71 m 
Ph$b. 5: 0.833 CHS, 3J= 7.1 Hz; 1.30-1.82 CHzCHz 
m; 7.04-7.11; 7.68-7.72 Ph m. 6: 0.91 Me,Sb, 2.10 p- 
CH,, 2.39 c&H,, 6.72 CsH2. Me,Sb,: 0.845 ; Et,Sb,: 
1.33 CH3 t; 3J= 8 Hz; ABX, spin system, A: 1.60 B: 
1.66 CH,; ‘.I = 12 Hz. n-Pr4Sbz: 0.975 CH3 t, 3J = 7.2 
Hz; 1.5-1.84 CH&H, m. Ph,Sb,: 6.99-7.03 m; 7.52- 
7.56 m; Mes4Sb, : 2.07 p-CH,, 2.47 o-CH,, 6.66 C6Hz. 

MS data (for “‘Sb) m/z (rel. int. X) 

1: 330 (85) M+, 301(85) M+-Et, 273 (100) MezSb2H+. 
2 : 358 (40) M+, 273 (30) Me,SbzH+. 

2601 
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(C,H,&Sb-SbK,H& 

(C,H&Sb-SbKH,), 

:i” 

(Ctl,),Sb-SbKH& 

/ 

Fig. 1. ‘H NMR spectrum of (CHJ2SbSb(C2H5)2 (1) in equilibrium with (CH&Sb, and (C,H,)$b,. 

CHz protons are not equivalent and there is no 
inversion at antimony in these molecules. The ‘H 
NMR data of l-4 and of the parent distibines are 
listed in Table 1. 

For qualitative analyses of the mixtures, mass 
spectra have been used in the case of compounds 1 
and 2. The spectra show molecular ions and charac- 
teristic fragments of all the compounds including 
the mixed species. Selected MS data are given in 
Table 1. 

The relative concentrations of the parent and 
mixed compounds were determined from the 
integrals of the ‘H NMR signals. For K = 
[R,SbSbR;l*/[RqSb~~I~~Sbll at 25°C we find 
K=4 with R=CH3, R’=C2HS; R=CH& 
R’ = n-C3H7; R = n-&H,, R’ = CsHS; K = 7 
with R = C2Hs, R’ = C6H5 ; 15: = 9 with R = CH3, 
R’ = CsH5, and K = 81 with R = CH3, R’ = 2,4,6- 
(CH&C6H2. The equilibria with the constant 
K = 4 have a statistical dis~ibution of the R$b or 
R;Sb moieties. This reflects the similarities of the 
respective bond strengths between these groups. 
Pauling’s concept5 of ionic covalent resonance 
energy of AB type molecules may be applied here. 

Apparently in the case of 1, 2 and 5 the electronic 
requirements of the RzSb and R;Sb groups are as 
similar as expected. In addition, steric factors 
should be considered as they may be responsible for 
the promotion of 3, 4 and 6 in their respective 
equilibria. Exchange reactions, where the Pauling 
postulates’ are violated, have however been re- 
ported for the systems (CH&As2 with (CzH&As, 
(K = 1) (ref. 6), (CH3)$b2 with (CH&Bi2 
(K = 1, 2) or (CH3),As2 (K = 0, 9) (ref. 7) (CH,), 
Sbz with (+C3H&Bi2 (K = 0, 7) (ref. 8). We have 
no simple explanation for the differences in the 
equilibrium constants. Most intriguing is the com- 
parison of the diarsine and the analogous disti- 
bine system. 

Attempts to isolate the mixed compounds l-4 by 
distillation or crystallization failed. We could only 
obtain the parent symmetric distibines. Therefore, 
the colours of the mixed distibines in a pure state 
could not be observed. The eq~lib~~ mixtures 
are yellow liquids at 25°C and form yellow solutions 
in hydrocarbons. Red solids are obtained, when the 
mixtures containing 1, 2, 3 or 6 are cooled. There 
are no thermochromic effects in the case of 4 or 5. 
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EXPERIMENTAL 

All the operations were carried out in an Ar atmo- 

sphere. (CH3)4Sb2,9 (CzH5)4Sb2,9 (n-C3H7)$b2,” 
(C,H,),Sb,” and Mes4Sbz1* were synthesized by 
previously reported methods. ‘H NMR spectra 
were recorded on a Bruker 360 MHz FT spec- 
trometer. MS spectra were run on a Varian MAT 
CH7 A spectrometer. 

Syntheses of 14 

The following mixtures were stirred at room tem- 

perature. 1: 1.17 g of (3.25 mmol) of Et.$b* with 
0.99 g (3.25 mmol) of Me$bz; 1.42 g (3.94 mmol) 
of Et4Sbz with 2.47 g (8.13 mmol) of Me,Sb,; 0.2 
g (0.56 mmol) of Et4Sb2 with 0.35 g (1.15 mmol) of 
Me4Sbz ; 2 : 1.71 g (4.11 mmol) of n-Pr4Sbz with 
1.25 g (4.11 mmol) of Me,Sb, ; 3: 0.055 g (0.15 
mmol) of Me4Sbz with 0.1 g (0.18 mmol) of Ph$bz ; 
4: 0.51 g (1.43 mmol) of Et,Sb, with 0.78 g (1.41 
mmol) of Ph.,Sbz ; 5 : 0.48 g (1.15 mmol) of n-Pr$bz 
with 0.636 g (1.15 mmol) of Ph4Sbz; 6: 0.055 g 
(0.15 mmol) of Me4Sbz with 0.11 g (0.15 mmol) of 
Mes,Sb,. The equilibrium was controlled by dis- 
solving the mixture in C6D6 and recording the 
NMR spectrum after several minutes. 
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Abstract-MoOz(C5H70J2, where C5H702 is 2,4-pentanedione (acac), reacts with 2-2’ 
pyridylbenzoxazole in acetone to give a product with stoichiometry, Mo~C~~H,~N~O~~. 
This product dissolves readily in dimethylformamide to give a brown solution which on 
standing for several weeks yielded crystals. An X-ray structure determination showed these 
crystals to contain uncoordinated 2-2’ pyridylbenzoxazole and [(CH,),NH,]:[MO,O~~]~-. 

During the course of our investigations of the 95Mo 
NMR of MoV’ complexes with N and 0 donor 
ligands, Mo02(acac)z was reacted with 2-2’ pyri- 
dylbenzoxazole (L) and the nature of the products 
formed is reported here. Instead of forming 
MoO,L, or Mo205L2 type complexes as might have 
been anticipated, a compound of unknown struc- 
ture was obtained. Attempts to crystallize this com- 
pound from dimethylformamide (DMF) for struc- 
ture determination resulted in the formation of 
[(CH3),NH&[Mop026]4-. This result presents two 
problems, first, formation of an isopolymolybdate 
which normally’takes place only in acidic solutions 
and, second, formation of a dimethylammonium 
ion. Since the solvent used in the crystallization 
was dimethylformamide this is almost certainly the 
source of the dimethylamine, which indicates that 
the above reaction involves its MO mediated 
hydrolysis. 

*Author to whom correspondence should be addressed. 

EXPERIMENTAL 

2-2’ Pyridylbenzoxazole was synthesized by the 
literature method. ’ 

Preparation of the compounds 

(i) MoOz(acac), (1.63 g, 0.005 mol) was dissolved 
in acetone (50 cm3) and to this was added 2-2’ 
pyridylbenzoxazole (0.98 g, 0.005 mol) in acetone 
(50 cm3) with rapid stirring. The grey product, I, 
that very quickly formed was filtered and air-dried. 
This preparation was carried out three times but 
the products gave inconsistent analyses. 

(ii) Compound I was dissolved in DMF, without 
heating, to give a brown solution which on standing 
for several weeks produced large chunky crystals. 
These crystals were suitable for X-ray structure 
determination. The g5Mo NMR spectrum of this 
compound in DMF showed a peak at 125 ppm with 
a line width of 80 Hz and a peak at 23 ppm with a 
line width of 230 Hz. 

2605 
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(iii) Compound I was dissolved in dimethyl- 
sulphoxide (DMSO) without heating to give a 
brown solution which on standing for several weeks 
gave crystals that contained no molybdenum, and 
analysed as follows. Found: C, 67.0; H, 4.7; N, 
12.9 ; 0 (by difference), 15.4. Calc. for 
C,2H,0NZ02: C, 67.3; H, 4.7; N, 13.1; 0, 14.9%. 

IR spectra were recorded as Nujol mulls on a Pye 
Unicam SP 300. Mass spectra were recorded on a 
VG Analytical 70E, with an 11/250 data system, 
using both electron impact at 70 eV, source tem- 
perature 280°C (sample introduced by direct inser- 
tion), and positive fast atom bombardment in a 
DMSO/glycerol matrix. 95Mo NMR spectra were 
recorded on a JEOL 90 spectrometer operating at 
5.78 MHz. An aqueous 2 M sodium molybdate solu- 
tion (pH 11) was used as an external chemical shift 
reference. 

X-ray crystallography 

The crystal used for X-ray work was sealed in a 
thin-walled glass capillary. After preliminary pho- 
tography, unit cell and intensity data were obtained 
using a CAD4 diffractometer and graphite mono- 
chromatized MO-& radiation (A = 0.71069 A) fol- 
lowing standard procedures. ’ 

The structure was solved by direct methods and 
refined by full-matrix least-squares ; non-hydrogen 
atoms were assigned anisotropic displacement 
factor coefficients ; hydrogens were included in 
idealized positions and assigned group iso- 
tropic coefficients. Crystallographic data are as fol- 
lows: [C2H&J:[Mo802d4-[C,2H~N20]2, formula 
weight 1760.4, triclinic, a = 8.283(8), b = 10.206(l), 
c = 15.506(3) A, a = 88.14(l), /J = 84.29(3), y = 
80.59(3)“, U = 1287 A3, space group Pi, Z = 1, 

D, = 2.27 g cme3, ~(Mo-K,) = 17.9 cn-‘, T= 
291 K. 4517 reflections were recorded, giving 
4511 unique and 4198 observed [I > 1.50(Z)]. The 
data were corrected for absorption empirically. 376 
parameters, weighting scheme w = 1 /[a’(F,,) + 
O.O003F:], final R = 0.03 1, R,( = E w/(AF)‘/ 
C wF,Z) = 0.053. Atomic scattering factors were 
calculated from data in ref. 3. 

Final atomic positional parameters, Uij and Ui,, 
values, full lists of bond lengths and angles and 
tables of FO/FC have been deposited as sup- 
plementary data with the Editor, from whom copies 
are available on request. Atomic coordinates have 
also been deposited with the Cambridge Cry- 
stallographic Data Centre. 

RESULTS AND DISCUSSION 

The MO, C, H, N and 0 analyses of compound 
I are inconsistent. The IR spectrum of compound 
I shows two strong bands at 950 and 911 cm-’ 
(Mo=O), and two strong broad bands at 805 and 
660 cm- ’ (M~-O-MO).~ 

Several structures can be postulated on the basis 
of these results and to try and resolve this problem 
we attempted to recrystallize I for an X-ray struc- 
ture determination. The only common solvents in 
which I dissolved were DMF and DMSO, and these 
solutions on standing for several weeks produced 
crystals which were different from I. The structure 
of the crystals from DMF, II, is shown in Fig. 1 
from which it is seen that L is uncoordinated and 
the MO is in the form of the isopolymolybdate 
ion [Mo~O~~]~-, specifically the /3 isomer, Fig. 
2 ; geometry parameters for this are given in 
Table 1 and are essentially the same as those 

Table 1. Bond lengths (A) and angles (“) for [Mo,O,,]lNH,Me~,.[C,,H,N,O], 

Bond lengths (A) 

2.337(5) 0(3)_-Mo(l) 
1.947(4) O(ll)-MO(~) 
1.957(4) WtMc(2) 
1.699(5) O(5)-MO(~) 
2.346(5) 0(13)-MO(~) 
2.449(4) O(6)-Md3) 
1.691(5) 0(1 l)--MO(~) 
1.918(5) 0(14)--MO(~) 
2.324(4) O(8)-MO(~) 
1.700(5) 0(12)-MO(~) 
1.905(5) 

1.382(6) C(9FOCl) 
1.388(7) c(7w(2) 
1.375(8) C(5W(4) 
1.357(8) C(7)_-c(6) 

1.694(5) 
1.746(5) 
2.323(4) 
1.695(5) 
1.917(5) 
1.693(6) 
2.308(5) 
1.940(5) 
1.690(5) 
2.370(5) 

1.340(6) 
1.369(7) 
1.375(9) 
1.389(7) 
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Table l-continued 
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N(8)-C(7) 
CUO>-c(9) 
CU5)-wO) 
Cu3)--c(l2) 
C(l5F-w4) 

C(42)-N(41) 

C(4VNW) 

0~3~Mow-w2) 
WO)_MoUW(3) 
W l)-Mo(l)-W3) 
W2)-Mo(lW(2) 
0(12)-Mo(l)-O(lO) 

0(4)-Mo(2~(2) 
0(5F--Mo(2W(4) 
wO)-Mo(2wc4) 
w3>-Mo(2w(2) 
W 3)-Mo(2W(5) 
0(6)-Mo(3)--0(2) 
0(7)-Mo(3)-W6) 
O(l l)-Mo(3W(6) 
0(13)-Mo(3W(2) 
0(13)-Mo(3FW7) 
W4)_Mo(3)--0(2) 
0(14>-Mo(3HV7) 
0(14)-Mo(3)-0(13) 

0(9)-Mo(4)--0(2) 
o( 12>-Mo(4w(2) 
O( 12)-Mo(4)-W9) 
0(14)-Mo(4)--0(8) 
0(14)-Mo(4)-0(12) 

Mo(3)--0(2FMoU) 
Mo(4W(2>-Mo(1) 
Mo(4>--0(2)_Mo(3) 
M0(3)--0(11~Mo(1) 
Mo(3)-0( 13)-MO(~) 

C(43)-N(41)-C(42) 

Bond lengths (A) 

1.391(6) C(9)-N(8) 
1.427(7) N(1 l)-WO) 
1.402(7) C(12)-N(ll) 
1.379(7) C(l4Fw3) 
1.370(7) 

1.496(7) C(43)-N(41) 
1.441(8) C(46)-N(44) 

Bond angles (“) 

172.7( 1) 
101.7(2) 
105.0(2) 
77.6(2) 

150.7(l) 
92.4(2) 

105.5(3) 
162.6( 1) 
77.3(2) 

101.1(2) 
94.5(2) 

105.7(3) 
164.2(l) 
74.1(2) 

102.0(2) 
73.6(2) 

102.6(3) 
143.8(l) 
161.3(l) 
70.4(2) 
90.9(2) 

102.9(2) 
80.5(2) 
92.2(2) 
99.5(2) 
86.0(2) 

115.9(2) 
116.1(2) 

105.0(4) 
108.3(4) 
115.0(5) 
122.5(6) 
122.0(5) 
129.5(5) 
113.8(5) 
122.9(5) 
121.0(5) 
117.6(5) 
118.3(5) 
119.0(5) 

112.4(5) 

WOHW1W(2) 
W ~)_-Mo(~FW) 
O(ll)-Mo(l)---O(lO) 

w2~Mow-0~3) 
0(12)-Mo(l+O(ll) 

0(5)-Mo(2w(2) 
O( 1 O)-Mo(2H(2) 
o( 1 O)-Mo(2)-w5) 
0(13)_-Mo(2)--0(4) 
0(13)-Mo(2)-0(10) 

0(7>-Mo(3W(2) 
w l)-Mo(3wc2) 
W l)_Mo(3W(7) 
0(13)_Mo(3W(6) 
0(13)-Mo(3)--0(11) 

0(14)-Mo(3>--0(6) 
0(14)-Mo(3w(ll) 

0(8)-Mo(4>--0(2) 
0(9)-Mo(4t--o(8) 
O( 12)-Mo(4W(8) 
0(14)_Mo(4W(2) 
0(14)-Mo(4HX9) 
Mo(2W(2>-Mo(l) 
Mo(3)--0(2FMo(2) 
Mo(4)--0(2FMo(2) 
Mo(2)-0(10)---MO(~) 
Mo(4)-0( 12)-Mo( 1) 
Mo(4)---0( 14)-MO(~) 

C(3)-~(2)--0(1) 
C(7FC(2)-C(3) 
C(5)-C(4FJ3) 
C(7)-C(6)-C(5) 
N(8PJ7)--C(2) 
C(9>-N(8)-C(7) 
C(lOFC(9ww) 
NU l)-VO)-C(9) 
C(15)-C(lOeN(ll) 
C(l3)-C(12)--N(ll) 

C(l5)-w4)-w3) 

C(46)-NW-C(45) 

1.339(6) 
1.341(6) 
1.319(7) 
1.384(8) 

1.448(8) 
1.474(9) 

78.2(2) 
82.2(2) 
96.5(2) 

100.2(2) 
96.3(2) 

162.0( 1) 
71.2(2) 
90.8(2) 

100.4(2) 
81.9(2) 

159.7(l) 
69.7(2) 
90.0(2) 
99.0(3) 
76.9(2) 
99.4(2) 
76.9(2) 
93.2(2) 

105.3(3) 
162.3(l) 
77.2(2) 

100.7(2) 
98.2(2) 
85.9(2) 

160.8(l) 
109.9(2) 
110.2(2) 
115.8(3) 

129.5(5) 
122.2(5) 
122.5(6) 
115.7(5) 
108.5(S) 
104.4(4) 
123.3(5) 
116.9(5) 
122.1(5) 
124.1(5) 
118.7(5) 

115.2(6) 
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Fig. 1. 

Fig. 2. 

discussed previously.5 The nature of the cation i.e. 
(CH3)2NH: was established unequivocally from 
its mass spectrum which showed peaks in the 
FABS at 46 (Me,NH:) and 197 (LH+). 

From a preparative point of view this structure 
presents two problems. First, it is known that acidi- 
fication of aqueous sodium molybdate solution to 
pH 3-4 leads to precipitation of IX[MO~O~~]~- or 
fi[Mo80,,]“- depending on the nature of the 
cation.6 However, as can be seen above, the con- 
ditions which resulted in the formation of II were 
non-aqueous and certainly non-acidic. The second 

ion. It was initially thought that this, as the free 
amine, was an impurity in the DMF used but this 
was ruled out on checking the gas liquid chro- 
matograph of that solvent. Given the lack of struc- 
tural information for I, a mechanism for this reac- 
tion is difficult to deduce but a plausible one 
involves hydrolysis of the DMF. If the solvent coor- 
dinates to the molybdenum on dissolution of I it 
would become more susceptible to nucleophilic 
attack by water molecules which would have been 
absorbed from the atmosphere. This would give 
rise to (CHJ*NH and possibly formic acid. Acidic 
conditions are necessary in the condensation of 
simple molybdenum oxygen species to give large 
isopolymolybdates to remove the supernumerary 
oxygen atoms as water molecules, and it is possible 
that formic acid might provide the appropriate pH. 

The DMSO solution produced crystals of III that 
analysed for C, aHI oNz02 and had the highest peak 
in their mass spectrum at 214. Since III corresponds 
to a compound differing from 2-2’ pyridyl- 
benzoxazole by the elements of water, and its IR 
spectrum shows bands at 3312 (strong, vNH), 2720 
(weak, vOH involved in hydrogen bonding) and 
1649 (very strong, vC=O) then it is most probably 
N-(2-hydroxyphenyl)-2-pyridylcarboxamide,7 viz. 
Structure 1. 

Acknowledgement-We would like to thank SERC for 
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Abstract-The complex [H3NCH2CH2NH,][PdBra] has been isolated as well-formed brown 
crystals. The Raman (single crystal) and FTIR (wax disc) spectra of the complex have been 
recorded but the band assignments are complicated by extensive factor group splitting and 
resonance effects. The crystal belongs to space group Pnnm, with Z = 2, each ion occupying 
sites of 2/m (C,,) symmetry. The [PdBr,]‘- ion is very close to octahedral, the two unique 
PdBr distances, 2.466(3) and 2.470(3) A, being equal within experimental error and the 
BrPdBr angles being 90f0.8”. The diammonium cation has an extended, planar, tram 
structure. 

Very little information is at hand regarding the 
[PdBr,]‘- ion apart from the X-ray SthAUd 

analysis on the rubidium salt, for which the Pd-Br 
distance is 2.505 A. ’ The only vibrational data 
relate to studies carried out over 20 years ago on the 
potassium salt.2 We have now succeeded in isolating 
well-formed crystals of the ethylenediammonium 
(enH:+) salt which were not only suitable for single 
crystal Raman and for FTIR studies, but also for 
single crystal X-ray diffraction studies. The X-ray 
results demonstrate that the [PdBr,]‘- ion is, as 
expected, close to octahedral symmetry. 

EXPERIMENTAL 

Preparation of the complex 

The complex was prepared by the addition of 
bromine to an aqueous solution of Pd(en)(N02)2 
containing both HCl and NaN02. The solution 

*Authors to whom correspondence should be ad-. 
t Present address: Borax Research Ltd., Cox Lane, 

Chessington, Surrey KT9 1SJ. 

was warmed slightly and, on being allowed to 
cool to room temperature, yielded good quality 
brown crystals of [H3NCH2CH2NH,][PdBr6]. 
Found: C, 3.7; H, 1.5; N, 4.5; Br, 72.9%. Calc. 
for [H,NCH,CH,NH,][PdBr,]: C, 3.7; H, 1.5; 
N, 4.3; Br, 73.9%. 

Vibrational spectroscopy 

The Raman spectra were recorded on a Spex 
14018/R6 spectrometer. Exciting radiation was pro- 
vided by Coherent Radiation model CR1 2 and CR 
3000 K lasers, the powers being kept to < 50 mW. 
Samples for Raman spectra were in the form of 
single crystals held at ca 80 K with use of a liquid 
nitrogen and Dewar assembly. Spectra were cali- 
brated by reference to the Rayleigh line. 

Grinding the complex with KC104 or KBr alters 
the band profiles giving rise to a spectrum more 
closely resembling that recorded’ for K,[PdBr,]. 
The FTIR spectra were recorded on a Bruker 113V 
interferometer as a wax disc at ca 80 K in the region 
600-20 cn- ‘. 

2611 
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X-ray crystallography 

All X-ray measurements were made on a crystal 
of dimensions 0.3 x 0.25 x 0.2 mm using a CAD4 
diffractometer operating in the o/20 scan mode 
with graphite-monochromated MO-& radiation 
(A = 0.71069 A) in a manner previously described 
in detail3 The structure was solved using the Pat- 
terson search routine of SHELX 844 developed via 
difference synthesis and refined by full-matrix least- 
squares.’ Details are as follows. 

Crystal data. [C2N2H1,,][PdBr6], M = 647.9, 
orthorhombic, a = 8.163(2), b = 10.212(3), 
c = 7.264(l) A, U = 605.5 A’, space group Pnnm, 
2 = 2, D, = 3.55 g cw3, ~(Mo-K,) = 208.01 
cm-’ , F(OO0) = 584, T = 293 K. 

Data collection. Scan width w = 0.8 + 0.35 tan 0, 
1.5<8<30, h= -lO+lO, k=O+14, l=O-, 
11, scan speed 1.35-6.77”min- ‘, 961 datacollected, 
945 unique, 720 observed [I > 20(Z)]. 

Structure refinement. 33 variables, all atoms 
anisotropic. No hydrogen atoms could be located 
and attempts to refine those on methylene CHI 
groups in idealized positions were unsuccessful. The 
weighting scheme w = [a2(F,,)+0.0004F3 was 
applied, and an extinction parameter’ was refined 
(value adopted = 0.0036). Final R = 0.0334, 
R, = 0.0397. Scattering factor data were taken 
from the International Tables. Fractional atomic 
coordinates, Uij coefficients and F,/Fc tables have 
been deposited as supplementary data with the 
Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 

RESULTS AND DISCUSSION 

Vibrational spectroscopy 

Bands observed in the IR and Raman spectra of 
the [PdBr6]‘- ion as it occurs in [H3NCH2 
CH,NH,][PdBr,] are listed in Table 1. The spectra 
of ethylenediamine dihydrobromide were also re- 
corded in the region 600-20 cm-‘, but no bands 
found for this compound corresponded with any of 
those listed in Table 1. The complex, [H,NCH2 
CH,NH,][PdBr,], is strongly absorbing through- 
out the visible region and so scattering by the cation 
modes is heavily attenuated by absorption and not 
subject to resonance Raman effects. 

Surprisingly, no Raman bands were detected in 
the region between the Rayleigh line and those 
occurring in the 172-198 cm- ’ region. Weak over- 
tones of the 174-198 cm-’ bands could, however, 
be detected. 

The relative intensities of the Raman bands 

depend somewhat on the wavelength of the exciting 
line used to gather the data, those at 198.4 and 
176.1 cm- ’ being more intense with red (676.4 nm) 
excitation while that at 186.3 cm-’ is more intense 
with W (350.7 nm) excitation (Fig. 1). Resonance 
effects are thus in evidence, presumably associated 
with the very broad, intense Br + Pd charge-trans- 
fer responsible for the absorption of the ion in the 

X0=530.7 nm AL 
JL X0= 514.5 nm 

Ah X0- 501.7 nm 

7 ( * ‘I,\ X,-,=476.5 nm 

X0-406.7 nm 

X0= 350.7 nm 

240 200 160 I20 

Wavcnumbcr / cm-’ 

Fig. 1. Raman spectra of [H,NCH2CH,NHX][PdBr,] as 
a single crystal at ca 80 K with 676.4, 568.2,530.7,514.5, 
501.7,488.0,476.5,457.9,406.7 and 350.7 nm excitation. 

Slit widths 150/250/150 pm. 



Table 1. Wavenumbers and assignments of bands Table 2. Correlation chart for [PdBr,]‘- in [H3NCHz 

observed in the Raman and FIIR spectra of [H,NCH, CH~NH~]~dBr J 

CH,NH#dBrJ 
Point Site Space 

FTIR” Raman* group groupa group” 
i; (cm-‘) Assignment B (cm-‘) Assignment oi# Gh DE 

105 m 
142 m 
174m 

249 s 
260 vs 
264 sh? 

287 m 1 

198.4 (0.48) 
1 

v4 

v(PdBr) 
(2) -===I--= 

%? 

268 s,sh 
vti 

306 m 
(5) <;q 

3” 

314 sh 174f 142? 
v6 

G(BrPdBr) 
v1 

172.8 (0.43, sh) vi 

176.1 (1) 
(4) -=_;(;;) 

I!Z 

186.3 (0.52) 
192.8 (0.52) 

v(PdBr) G(4) 
v3 (4) c==--rCCb (4) 1” 

Q Wax disc at cu 80 K. 
‘Single crystal at ca 80 K; & = 676.4 nm ; slits 

“Correlating about the CZ axis parallel to e which 

100/150/100 ,um; relative band intensities given in par- 
bisects the RrPdBr angle. 

entheses. 

Table 3. Bond lengths (A) and bond angles (“) for [H~NCH~CH~NH~]~dBr~ 

Br( l)-Pd 

N(l)--C(l) 

Br( I)-Pd-Br( Id) 
Br(l)-Pd-Br(ld) 
Br( I)-Pd-Br(2b) 

N(l>--C(l~(la) 

Bond lengths (A) 

2.466(3) Br(2 )--Pd 
1.493( 14) C(lV(la) 

Bond angles (“) 

180.0 Br( 1 j-Pd-Br(lc) 
90.8 Br( 1 )--Pd-Br(2) 
90.7 Br(2pPd-Br(2b) 

112.8 

2.470(3) 
1.430(21) 

89.2 
89.3 

180.0 

Key to symmetry operations relating designated atoms to reference atoms at 
(x, y, z): (a) 1.0-x, -y, 1.0-z;(b) 1.0-x, 1.0-y, 1.0-z; (c) 1.0-x, 1.0-y, 
z; (d) x, y, 1.0-z. 

b 

Fig. 2. Unit cell of &I,NCH,CH,NHJ~dBrJ]. 
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visible region. The 192.8 cm- ’ band is only evident 
with 676.4 nm excitation. 

Both the Raman and IR spectra of the [PdBrs]*- 
ion are more complicated for this salt than for the 
potassium salt.* Indeed, in some spectra, more 
bands in the PdBr stretching region were detected 
than would be expected on the basis of site group 
effects ; factor group splittings (Table 2) are strongly 
evident, probably as a consequence of strong 
N-H .. . Br hydrogen bonding within the crystal 
(vi& infra). The band assignments given in Table 3 
are similar to those given’ for K,PdBr,, viz. ~,(a~,) 
198 cm-‘, v2(eg) 176 cm-‘, vl(flu) 253 err-‘, vq(tlu) 
130 cm- ‘, vs(tz,) 100 cm- I. 

X-ray crystallography 

A diagram of the unit cell and contents is shown 
in Fig. 2 ; bond lengths and angles are given in Table 
3. The structure comprises separated [PdBr,]*- and 
[H3NCH2CHINH3]*+ ions, both of which occupy 
positions of 2/m (C,,) symmetry. The [PdBr6]*- 
anions have a geometry very close to octahedral, the 
two unique Pd-Br distances being equal (average 
2.468 A) to within experimental error and the 
Br-Pd-Br angles deviating by less than 1” from 
90”. The diammonium cation has an extended, 
planar trans structure. 

The anions are stacked along the c axis edge to 
edge, with Bra.* Br distances of 3.752 A. Unfor- 
tunately, the hydrogen atoms on the cation could 
not be located and so it is not possible to define 
precisely the N-H. . * Br interactions which are 
likely to be present. However, the unique nitrogen 
atom makes a number of contacts which are pos- 
sible interactions ; these are indicated on Fig. 2 
and are dimensioned as follows : contact a 3.493 ; 
b 3.501; c 3.555 ; d 3.634 (Table 4). It is possible that 
the -NH: group is disordered so that all of these 
contacts (and their symmetry equivalents) contain 
a H-bonding component. 

Table 4. Selected non-bonded distances (A) for [H3NCH 2 
CHN-IJ[PdBr61 

Intramolecular 

Br(2)-Br( 1) 3.468 N(l)_-Br(l) 
Intermolecular 

3.493 

Br(2)--Br( la) 3.511 
Br(l)-Br(lc) 3.462 
C(l)-Br(ld) 3.765 
Br(2)-Br( le) 3.468 
Br(Z)--Br(lf) 3.600 

N(l)-Br(lg) 3.555 
N(l)-Br(li) 3.501 
C(l)-Br(lk) 3.767 
Br(2)-Br(21) 3.603 
N( I)-Br(2m) 3.634 

C(l)-Br(lb) 3.765 
Br(2)-Br(lc) 3.511 
Br(l)--Br(le) 3.512 
N(l)-Br(le) 3.493 

C(l)_Br(lg) 3.767 
N(l)-Br(lh) 3.501 
Br(2)-Br( lj) 3.600 
N(l)-Br(lk) 3.555 
C( 1 )---Br(2m) 3.889 

N(l)--C(lb) 2.434 

Key to symmetry operations relating designated atoms 
to reference atoms at (x, y, z): (a) 1.0-x, 1.0-y, 1.0-z; 
(b) 1.0-q -y, 1.0-z; (c) 1.0-x, 1.0-y, z; (d) 1.0-x, 
-y, z; (e) x, y, 1.0-z; (f) 0.5-x, 0.5+y, 0.5+z; (g) 
0.5-q -0.5+y, 0.5~~; (h) -0.5+x, 0.5-y, 0.5-z; 
(i) -0.5+x, 0.5-y, 0.5+z; (j) 0.5-x, 0.5+y, 0.5-z; 
(k) 0.5-x, -0.5+y, 0.5-z; (1) -x, 1.0-y, 1.0-z;(m) 
0.5-x, -0.5+y, -0.5+z. 
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Abstract-The replacement of chloride in the complexes, trans-[MCl,(dmpe)& M = MO 
and V, dmpe = 1,2-bis(dimethyl)phosphinoethane, by various other ligands has been 
studied. For MO, acetonitrile gives the species truns-[MoCl(NCMe)(dmpe),l+, which has 
isomers with either vi- or q2-MeCN; these react with methanol to give the molybdenum(IV) 
ethylimido complex [MoCl(NEt)(dmpe)d+. Both MO and V give [M(NCMe)2(dmpe)~2+ 
cations. 

Other complexes synthesized are trans-[MoL2(dmpe)2], L = NEt,, SPh; trunswL, 
G-WM21, L = CN SCN CS2; lYL2(dmpe)21+, L = EtCN, ‘BuNC ; [VCl(‘BuNC) 
(dmpe) 2] + and w(NCMe) 61’ + . 

Nuclear magnetic and electron spin resonance spectra of the compounds are reported 
and the X-ray crystal structure of four of the compounds listed in the title are described. 

We have previously described the synthesis of 
the acetonitrile complexes, trans-[MCl(NCMe) 

(dmpe) A+ and trans-[M(NCMe),(dmpe)d’+, 
M = Cr,‘,’ Fe3 and Ru,~ and their reactions with 
methanol and dihydrogen. 

We now describe similar complexes derived from 
trans-[MC12(dmpe)2], M = Mo4 and Vs ; these 
include the molybdenum(I1) chloro complex which 
has isomers with either q’- or II’-MeCN. Various 
vanadium complexes derived from trans- 
[VCl,(dmpe),] or trans-~(NCMe)2(dmpe)2]2+ are 
also described. 

The reactions are summarized in Scheme 1 for 
molybdenum and Scheme 2 for vanadium. IR and 
NMR data for the new compounds are given in the 
Experimental. 

*Authors to whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

Molybdenum compounds 

Acetonitrile complexes. The interaction of trans- 
[MoCl,(dmpe),] with one equivalent of NaBPh, 
in refluxing MeCN leads to a red-orange solu- 
tion from which the complex truns-[MoCl(q’- 
NCMe)(dmpe),](BPh,) (1) can be isolated. Recry- 
stallization of this complex from THF gives the 
isomer truns-[MoC1(~2-MeCN)(dmpe)2](BPh4) (2) 
as red-brown crystals. A similar reaction using 
two equivalents of NaBPh, leads to a red-brown 
solution from which truns-[Mo(NCMe),(dmpe),] 
(BPh,), (3) can be isolated. 

The partially substituted d4 complexes are both 
diamagnetic and their ‘H NMR spectra show, as 
well as signals due to dmpe, singlets at 2.1 and 3.2 
ppm, assignable to the methyl groups of MeCN, for 

2615 
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MeCN, 
LiNEL; 

trans-Mo(NEt2)2(dmpe)2_ 
NaBPh4 

(21 
MoCL2(dmpe)2----J trans-CMo(MeCN)2(dmpe)2lLBPh412 

\ 

(2) 

MeCN, 
NaBPh4 

\ 
trans-[EloCL(NCMe)(dmpe)2lf_BPh41 

trans-moCL(NEt)(dmpe)2lCBPh41 

(2) % JI‘ Q) 
trans-moC1(n2-MeCN)(dmpe)21[BPh41 

(2) 

Scheme 1. Reactions of trans-[MoCL(dmpe)d. 

trans-V(CS2)2(dmpe)2 

(14) 

trans-V(SCN)2(dmpe)2 

- (12) 

trans-nCb(tBuNC)(dmpe)21PF6 

(9) 

2+ bUNC 
trans-tV(RCN)2(dmpe)21 -- transfl(tBuNC)2(dmpa)21@F6J2 

\ 

(10) 

R = Me (7) 

R = Et (8) HCPh(S02CF3)2 

MeCN 

NaBPh4 
VC%(MeCN).,- CV(MeCN) 6l CBPh41 2 

UeCN 
(13) 

Scheme 2. Reactions of trans-[VCl,(dmpe),]. 
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1 and 2, respectively. The 3’P{ ‘H) spectrum of 1 
and 2 show singlets at 33.2 and 35.9 ppm, respec- 
tively. The “MO NMR spectra show very broad 
bands at +965 ppm for (1) and -25 ppm for (2) 
in accord with the expected increase in shielding of 
the MO in the y2-isomer. The IR spectra of both 
complexes showed no v(C=N) band, but this 
phenomenon is well known6 and is not uncommon. 
The mass spectra of both compounds are similar 
showing peaks due to the parent ions, while con- 
ductivity measurements show both complexes to be 
1 : 1 electrolytes. 

Although spectroscopic evidence for q2-bonding 
has been available for some time, X-ray structural 
information is available only for (v’-C~H,)~MO(I]~- 
MeCN)7” and some aryl nitrile complexes, e.g. (q’- 
CJ-15)(PPh3)Ir(~2-NCC6H4C1).7b 

A diagram of the structure of the cation (2) is 
given in Fig. 1, selected bond lengths and angles 
in Table 1. The structure can be conveniently 
described as pseudo-octahedral, with the r,r2-nitrile 
ligand occupying one site, trans to the chlorine. 
However, the geometry of the nitrile bonding is such 
that a metalla-azacyclopropenyl form of bonding is 
strongly indicated. Thus, the Mo-N and Ma-C 
bonds in 2 are significantly shorter than in the pre- 
viously described7” q2-acetonitrile bonded complex, 
Cp,Mo(q’-NCMe). The N-C-Me angle in 2 is 8” 
smaller than in Cp,Mo(q’-NCMe), the value of 
130” approaching that expected for sp2 hydri- 
dization at C. However, the N=C bond length in 2 
is very similar to that in Cp2Mo(q2-NCMe). It is 
also worth noting that in 2 the Mo-N bond is 
shorter than the MO-C bond ; the opposite is true 
in Cp2Mo(r2-NCMe). 

Adoption of the cyclopropenyl formalism would 
imply an oxidation state of four for molybdenum 

Fig. 1. The structure of [MoCl(q*-MeCN)(dmpe),]+. 

which would correlate with the shorter Mo-N, 
Ma-C bonds in 2. However, whilst we were able 
to establish a broad correlation between the metal 
oxidation state and M-P bond lengths in a number 
of chromium bis-dimethylphosphinoethane com- 
plexes, ’ it seems impossible to have meaningful cor- 
relations for molybdenum. A review of a number 
of MoP,XY complexes via the Cambridge Cry- 
stallographic data base shows a very wide variation 
of Mo-P distances for the same oxidation state. 
Indeed for our complex 2, the Mo-P distances 
vary, in an apparently arbitrary way, between 
2.485-2.523(l) A. 

For truns-[Mo(NCMe),(dmpe),](BPh,), the con- 
ductivity, and IR and NMR spectra are in accord 
with this formulation. 

On refluxing either 1 or 2 in methanol a red 
solution is formed from which can be isolated red 
prisms of the ethylimido complex of molyb- 
denum(IV), truns-[MoCl(NEt)(dmpe)J(BPhJ (4), 
which is similar to the chromium analogue ;’ it is a 
1: 1 electrolyte in MeCN and the spectroscopic data 
are in agreement with this formulation. The for- 
mation of the chromium analogue’ was proposed 
to proceed via an intermediate with a q2-MeCN 
group and oxidative addition of methanol as H and 
OMe followed by hydride transfers leading 
to N=CHMe and NCH,Me groups. The same 
doubtless applies in the present case and the 
characterization of the q2-MeCN complex provides 
substantiation for the first assumption. 

Other molybdenum species. Interaction of trans- 
[MoC12(dmpe)2] with two equivalents of LiNEt2 at 
- 78°C in THF yields a bright orange, diamagnetic 
dialkylamido, trans-[Mo(NEt2),(dmpe),] (5). The 
‘H NMR spectrum shows, apart from dmpe, a trip- 
let (6 0.4 ppm, JH-_H = 8 Hz) and a quartet (6 2.4 
ppm, &._u = 8 Hz) due to the ethyl groups of the 
NEt2 group. 

Cooper et al. reported4 the synthesis of 
Mo(N,),(dmpe), as an inseparable mixture of cis 
and trans isomers. Interaction of this mixture with 
excess benzenethiol in THF leads to trans- 
[MoWh)2(dmp&l (6) as red cubes. The IR spec- 
trum shows no dinitrogen stretches and a band at 
1574 cm- ’ is due to aromatic stretches. The truns 
structure is confirmed by X-ray crystal structure 
analysis. A diagram of the molecule, 6, which has 
crystallographic i symmetry, is given in Fig. 2, 
selected bond lengths and angles in Table 2. It is 
interesting to compare the geometry in the coor- 
dination sphere with that in the closely related 
diphenyphosphinoethane complex,’ Mo(S”Bu), 
(dppe)2, made in a similar way. Thus, in our mole- 
cule, 6, the Mo-S distance is longer than that in 
the dppe complex, whilst the Mo-P distances 
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Table 1. Selected bond lengths and angles in [MoCl($-MeCN)(dmpe)d (2) 

Cl(l)-MO(~) 

P(2)-Mo(1) 
P(4)-Mo(1) 
C(l)-Mo(1) 
C(l2>-P(1) 
C(2l)_P(2) 
C(23)-P(2) 
C(32)_P(3) 
C(41)-P(4) 
C(43)-P(4) 
C(2)_C(l) 
C(43)-C(33) 

P(l)-Mo(l)-Cl(l) 
P(2)-Mo(l)_P(l) 
PO)_Mo(lt-P(1) 
P(4)-Mo( l)-Cl( 1) 

P(4)-Mo(l)--P(2) 
N(l)-Mo(l)--W) 
N(l)-Mo(lkP(2) 
N(l)-Mo(l)-_P(4) 
C(l)-Mo(ltiP(1) 
C(l)-Mo(l)_P(3) 
C(l)--Mo(lFN(l) 
C(12)-P(l)-MO(~) 
C(13)-P(l)--MO(~) 

C(l3)-P(D--C(l2) 
C(22)-P(2+Mo( 1) 
C(23)-P(2FMo(l) 
C(23)--P(2)--c(22) 
C(32)-P(3)-Mo( 1) 
C(33)-P(3+Mo(l) 
C(33)-P(3)--c(32) 
C(42)-P(4FMo(l) 
C(43)-P(4)---Mo( 1) 
N(l)-C(l)_Mo(l) 
C(2)-C(l)_N(l) 
C(l3)--c(23)_P(2) 
C(33)-C(43tiP(4) 

Bond lengths (A) 

2.487(3) P(l)-Mo(1) 
2.508(4) P(3)---Mo(1) 
2.526(4) N(l)-Mo(1) 
1.981(7) C(ll)_P(l) 
1.825(7) C(13)_P(l) 
1.818(8) C(22)-P(2) 
1.828(8) C(31)-P(3) 
1.816(7) C(33)-P(3) 
1.824(8) C(42)-P(4) 
1.843(8) C(l)-N(1) 
1.524(10) C(23VXl3) 
1.504(11) 

Bond angles (“) 

85.2( 1) P(2)_Mo(l)-W) 
80.2(l) P(3)_-Mo(lVXl) 
96.2(l) P(3)-Mo(ltiP(2) 
79.1(l) P(4)-Mo(l)_P(l) 

lOO.O( 1) P(4)_Mo(lkP(3) 
158.1(l) N(l)-Mo(ltiP(1) 
99.2(2) N(J)-Mo(lpP(3) 
79.1(2) C(l)-Mo(l)--W) 
80.8(3) C(l)_Mo(lFP(2) 
98.2(2) C(l)-Mo(lFP(4) 
36.0(2) C(ll)-P(l+Mo(l) 

121.7(3) C(l2)-P(l)--c(ll) 
106.9(3) c(13)-P(1)--c(11) 
105.5(4) C(21)-P(2)-MO(~) 
113.2(3) C(22t-P(2)-C(2 1) 
108.3(3) C(23)-P(2)--c(2 1) 
103.5(4) C(31)-P(3kMo(l) 
119.0(3) C(32)_P(3-(31) 
107.1(3) C(33)-P(3)-C(31) 
103.2(4) C(41)---P(4+Mo(l) 
122.5(3) C(42)-P(4>--c(41) 
105.5(3) C(43)_P(4)-C(41) 
71.1(4) C(2)-W)_Mo(l) 

129.7(6) C(23)--c(l3)-P(1) 
112.6(5) C(43)--c(33tiP(3) 
110.2(5) 

2.485(3) 
2.523(4) 
1.959(7) 
1.822(9) 
1.834(8) 
1.803(8) 
1.819(7) 
1.825(8) 
1.812(8) 
1.217(8) 
1.493(9) 

83.0(l) 
84.8(l) 

167.5(l) 
164.1(l) 
80.1(l) 

116.7(2) 
93.1(2) 

165.9(2) 
93.1(2) 

115.1(3) 
118.3(3) 
100.2(4) 
102.1(4) 
123.0(3) 
103.7(4) 
103.2(4) 
117.1(3) 
103.4(4) 
105.4(4) 
117.4(3) 
102.6(4) 
103.0(4) 
159.2(4) 
111.5(5) 
110.5(5) 

Fig. 2. The structure of trans-[Mo(SPh),(dmpe),]. 

are shorter. The changes could reflect the changes 
in substituent character on both sulphur and phos- 
phorus-electron withdrawing phenyl group for 
electron releasing alkyl group on the sulphur and 
vice versa on the phosphines. Also of note is the 
significant difference between the Mo-P distances 
in 6, which are somewhat larger than those in the 
dppe complex, which could reflect the smoothing 
out of steric effects. This implies a fairly shallow 
energy curve for the MO-P bond strength and 
highlights the impossibility of making bond length- 
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Table 2. Selected bond lengths and angles in [Mo(SPh),(dmpe)J (6) 
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Bond lengths (A) 

S(l)_Mo(l) 2.380(3) P(l)-Mo(1) 
P(2)-Mo(1) 2.486(3) C(ll)-S(1) 
C(l)_P(l) 1.821(8) C(2)-P(1) 
C(3)_P(l) 1.857(8) c(4)-P(2) 
c(5)-P(2) 1.803(9) C(6)-P(2) 
C(6)--c(3) 1.452(12) 

Bond angles (“) 

P(l)_Mo(l)_S(l) 82.8( 1) P(2)-Mo(lKW) 
P(2)-Mo(lW’(1) 79.9( 1) C(1 U-S(l)-Mo(1) 
C(lW’(ltiMo(l) 124.1(3) C(2W’(ltiMo(l) 
C(2)-P(lW(1) 99.1(4) C(3)-P(l+Mo(l) 
C(3)_P(lW(l) 101.5(4) c(3)-P(lt--c(2) 
~(4)-P(2bMo(l) 120.0(3) c(5)-P(2tiMo(l) 
C(5)_P(2-(4) 99.3(4) C(6)_P(2)_Mo(l) 
C(6>-P(2>--c(4) 100.3(5) C(6)-P(2W(5) 
C(l2~(lltiS(l) 122.3(2) C(l6+C(ll)-S(1) 
C(6W(3)_P(l) 113.3(6) C(3-(6)-P(2) 

2.445(3) 
1.797(5) 
1.850(7) 
1.855(8) 
1.837(10) 

86.4(l) 
123.9(2) 
118.9(3) 
110.5(3) 
98.9(4) 

119.9(3) 
109.4(3) 
105.4(6) 
117.6(2) 
114.3(7) 

oxidation state correlations for these MO com- 
plexes, as previously mentioned. 

It may be noted that for (dppe)zMo(N,), in reac- 
tion with bulky thiols, RSH, e.g. R = ‘Bu, 2,4,6- 
Me3CsH2 or 2,4,6-%&Hz, the hydrides 
MoH(SR)(dppe)z are obtained’ suggesting that the 
bisthiolato compounds are formed by loss of Hz 
from such an intermediate on reaction with less 
bulky thiols. 

Vanadium compounds 

Nitriles. The interaction of trans-[VCl,(dmpe),15 
with two equivalents of NaBPh, in acetonitrile or 
propionitrile at room temperature leads to a dark- 
red solution from which the respective complexes, 
trans-[V(NCMe),(dmpe)J(BPh& (7a) and trans- 
[V(NCEt),(dmpe)J(BPh& (8) can be isolated. The 
acetonitrile compound can also be isolated as the 
hexafluorophosphate salt (7b) by substituting 
NaPF, for NaBPh,. These complexes are all mod- 
erately air-sensitive, red, crystalline solids that are 
paramagnetic, pee = 3.4 BM (3e). Both complexes 
have a weak v(C=N) stretch in the IR spectra and 
are 2 : 1 electrolytes in MeCN. The trans-con- 
figuration in 7a is confirmed by X-ray structure 
determination. 

The structure of compound 7a comprises two 
independent centrosymmetric cations and the 
associated BPh4 anions. One of the cations shows 
severe disorder in the conformation of the two dmpe 
ligands which has hampered attempts to achieve 
stable refinement (see Experimental). However, the 
V-N and V-P distances in the poorly defined 

cation compare satisfactorily with those in the other 
cation, which has ordering of the dmpe Iigands, and 
so this aspect of the geometry can be discussed with 
confidence. The diagram of the cation structure 
shown in Fig. 3 is of the well-behaved unit. Bond 
lengths and angles for the coordination sphere of 
both molecules are given in Table 3. Comparisons 
can be made with a number of structures previously 
determined. Comparison with the V’complex trans- 
WOMdmpe) 2 lo shows that the V”-P distances 
are some 0.15 %, longer than the V”-P distances- 
a reflection of the stronger V-P x-bonding in the 
low spin d5 V” system. Comparison with the closely 
related cationic M” species [Fe(NCMe)* 

(dmpe)P 3 and [Cr(NCMe)z(dmpe)2]2+ ’ again 
shows the influence of increasing dn-dz back- 
bonding with increasing d electron count and spin 

C(II) 

Fig. 3. The structure of rrans-p(NCMe),(dmpe)$+. 
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Table 3. Selected bond lengths and angles in [V(NCMe),(dmpe)J (7a) 

Molecule 1 

PC1 1)-V(l) 
N(l)-V(1) 
C(IS)-P(l1) 
C(1 l)-P(12) 
C(13)--P(12) 

C(2k-v) 

Molecule 2 

P(21>--V(2) 
N(2)-V(2) 
C(2)-P(2 1) 
C(lB)-P(21) 
C(3B)-P(21) 

Cw-P(22) 
C(21)-N(2) 

Molecule 1 

P(12)-V(lFP(l1) 

N(l)-V(l)-P(l2) 
C(lS)-P(ll)-V(1) 
C(16)-P(llkV(1) 
C(16)-P(llF(15) 
C(12)-P(12)-V(1) 
C(13)-P(12FV(l) 
C(13)-P(12)-C(12) 

C(2FW)-N(l) 
C(ll)-C(14~P(ll) 

Molecule 2 

P(22)-V(2bP(21) 

N(2)-V(2)_P(22) 
C(2)-P(2 1 )-V(2) 
C(3)-P(2lw(2) 
C(3)-P(2lkC(2) 
CUB)_P(2l)--C(2) 
C(2B)-P(21)--C(lB) 

C(3B)-P(21~(1) 
C(3B)--P(21)-C(2B) 

C(5)-P(22v(2) 
C(6)-P(22FV(2) 
C(6)-P(22)-C(5) 
C(22)--c(2 1 )-N(2) 
C(4)_C(3)_P(21) 
C(2>-C(2B>-C( 1) 

Bond lengths (A) 

2.522(6) 
2.073( 11) 
1.839(13) 
1.893(16) 
1.835(15) 
1.497(17) 

P(l2>-VU) 
C(14)-P(l1) 
C(16)--P(l1) 
C(12)-P(12) 

C(l)_NU) 
C(l4F--wl) 

2.505(5) P(22>-V(2) 
2.080( 12) C(l)--P(21) 
1.801(10) C(3)-P(2 1) 
1.800(35) C(2B)-P(21) 
1.800(24) C(4)--~(22) 
1.800(26) C(6)-P(22) 
1.135(18) C(22)--c(21) 

Bond angles (“) 

80.0(2) 
91.5(3) 

115.8(6) 
122.1(5) 
102.2(6) 
119.3(6) 
116.2(6) 
103.0(8) 
177.2(9) 
107.8(12) 

N(l)--V(l)_P(ll) 
C(14)-P(ll>-V(1) 
C(15)-P(ll)-C(14) 
C(16)-P(ll)-C(14) 
C(ll)-P(12)--V(1) 
C(12)-P(12_(11) 
C(13)-P(12>-c(ll) 

C(l)_N(l)_V(l) 
C(14)-C(ll)-P(12) 

87.1(2) 
89.1(4) 

117.1(12) 
104.qlo) 
99.0(18) 

122.5(13) 
95.8(17) 

118.7(12) 
106.2(12) 
126.6(8) 
121.2(7) 
109.9(9) 
179.2(11) 
116.2(25) 
103.2(18) 

N(2)-Vt2)-P(2 1) 
C(l)-P(2lFV(2) 
C(2)_P(2l)-w) 
C(3>-P(21)-~(1) 
C(lB)-P(21bV(2) 
C(2B)-P(21+V(2) 
C(3B)-P(21)--V(2) 
C(3B)-P(21)-C(lB) 

C(4)-P(22w(2) 
C(5)_P(22)--c(4) 
C(6>-P(22FC(4) 
C(2 l)_N(2)-V(2) 
C(3B)-C(2FC(2B) 
C(4FC(3)--C(3B) 
C(3)--ct4)-P(22) 

2.524(5) 
1.859(14) 
1.817(16) 
1.835(23) 
1.147(16) 
1.566(24) 

2.496(6) 
1.802(36) 
1.803(28) 
1.800(14) 
1.800(11) 
1.800(19) 
1.469(20) 

90.2(3) 
107.6(5) 
103.6(7) 
103.5(8) 
108.0(4) 
102.5(8) 
106.3(8) 
172.5(7) 
109.3(9) 

90.0(3) 
119.2(8) 
108.1(14) 
106.8(19) 
119.5(7) 
106.0(11) 
121.1(9) 
104.5(13) 
102.8(9) 
89.3(12) 
92.0(10) 

176.2(7) 
121.3(18) 
102.0(33) 
120.1(19) 

pairing, with the M-P distances decreasing as 
2.527(4) (V), 2.380(5) (Cr) and 2.268(4) L% (Fe). 
The M-N distances show a similar, but slightly 
larger, change between V and Cr : 2.082(10) to 
1.906(6) A as for M-P distances. 

For chromium, ‘3’ iron, ’ I ruthenium’ and 
molybdenum, as noted above, partially substituted 
cations, [MCl(NCMe)(dmpe)J+ can be obtained, 

but interaction of the vanadium dichloride with one 
equivalent of NaBPh, leads only to reduced yields 
of 7a or 8. The bisnitrile complexes did not react 
with methanol on refluxing. 

Zsocyanide. The interaction of trans- 
[VCl,(dmpe)d with sodium hexafluorophosphate in 
refluxing methanol in the presence of ‘BuNC leads 
to a purple solution from which the paramagnetic 
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(d3, bff = 3.6 BM), trans-[vCl(‘BuNC)(dmpe)J C(IO) 

(PF,) (9), can be isolated as red-purple crystals. 
The IR spectrum shows a strong band at 2130 cn- ’ 
due to v(C=N). The disubstituted ‘BuNC com- 
pound cannot be obtained in high yield by this 
method, but the interaction of trans-[V(NCMe), 
(dmpe),](PF,), with ‘BuNC in refluxing methanol 
gives an orange precipitate, which on recrystal- 
lization from acetonitrile yields large prisms 
of trans-~(CNBu~,(dmpe),](PF,), (10). The 
trans-configuration has been conkned by an 
X-ray crystallographic analysis. A diagram of 
the structure, which lies on a centre of symmetry, 
is given in Fig. 4, selected bond lengths and angles 
in Table 4. The important dimensions in the 
cation show no unusual features. The V-P dis- 
tances are similar to those in the nitrile complex 
described above, and the M-C (isonitrile) bond 
shows no significant multiple bonding. 
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Cyano and thiocyanato complexes. Treatment of 
truns-[VClz(dmpe)2] with two equivalents of KCN 
and KSCN in acetonitrile leads to the isolation of 

Fig. 4. The structure of rruns-[v(CNBu’),(dmpe)z]z+. 

orange frans-~(CN),(dmpe)~ (11) and red trans- bonded to vanadium. Both compounds are para- 
[V(NCS)l(dmpe)J (12) respectively. For the cyano magnetic with kff = 3.7 BM. 
complex a strong IR band at 2055 cm-’ is assign- Hexukis(acetonitriZe)uunudium(II) salts. The 
able as v(CkN) while a band at 2060 v(CkN) interaction of 7 with HCPh(S02CF3)2 in aceto- 
for 12 suggests that the thiocyanato ligands are N- nitrile leads to the loss of dmpe and isolation of 

Table 4. Selected bond lengths and angles in [V(CNBu?,(dmpe)J (10) 

P(l~Vl) 
C(l)_-v(l) 
C(3HYl) 
w-P(2) 
c(7w(2) 
C(8)_N(l) 
C(9)--c(8) 
C(1 lF(8) 

wk--v(lF-p(l) 
c(ll4w-w) 
C(3)_-p(lFV(l) 
C(4FYl)_Vl) 
C(4wYl>-c(3) 
C(6H’(2FV( 1) 
c(7w(2w( 1) 
C(7W’(2)--c(6) 
C(8)-N(lW(1) 
c(4)-w--p(2) 
C(lOW(8FN(l) 
C(1 lW(8)_N(l) 
C(1 lW(8)--c(lO) 

Bond lengths (A) 

2.495(4) P(2)_-v(l) 
2.101(12) C(2HYl) 
1.781(H) C(4wYl) 
1.827(U) C(6HY2) 
1.823(14) N(l>--C(l) 
1.483(12) WF(4) 
1.533(17) C(lOW(8) 
1.502(17) 

Bond angles (“) 

80.7(2) C(l)-V(l)-P(1) 
87.8(3) C(2)-P(lFV1) 

118.4(6) c(3)+ 1 w(2) 
106.4(6) c(4)+ 1 F(2) 
102.7( 11) c(5)+2w(l) 
119.0(6) C(6)_-p(2F(5) 
119.8(5) C(7WY2)--c(5) 
102.0(7) N(lFW>-V(l) 
175.0(9) C(5>-c(4wY 1) 
121.5(11) C(9)--c(8FN(l) 
107.9(10) C(lOW(8yC(9) 
106.2(9) C(1 lW(SyC(9) 
113.0(11) 

2.502(6) 
1.809(16) 
1.837(17) 
1.829(14) 
1.155(11) 
1.277(20) 
1.482(17) 

88.8(3) 
119.1(6) 
104.9(9) 
102.9(10) 
107.3(5) 
103.8(9) 
102.8(9) 
174.6(8) 
123.0(12) 
106.5(9) 
lll.O(ll) 
111.8(11) 
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/V(CNMe),](BPh,), (13) in a very small yield as 
green crystals. The IR spectrum shows two bands 
at 23 10 and 2280 cm- ’ for the symmetric and asym- 
metric nitrile stretches. The complex is para- 
magnetic (A~ = 4.0 BM) and a 1: 2 electrolyte in 
acetonitrile. The complex can be synthesized in 
much higher yield by the addition of three equi- 
valents of NaBPh, to an acetonitrile solution of 
VCl,(NCMe), where MeCN is evidently the reduc- 
ing agent (cf. ref. 6). 

The [V(NCMe),]‘+ ion has previously been 
inconveniently made as the [v(CO)J salt by dis- 
proportionation of V(CO)6 in MeCN” and by 
reduction of VC13 in MeCN by Et,Zn as the 
ZnCli- salt. ’ 3 

Carbon disulphide. The reduction of trans- 
[VCl,(dmpe),] in THF by Na/Hg under CO leads to 

V(CD) ,(dmpe) 2. lo However, reduction under CS2 
leads not to a thiocarbonyl, but to the orange, trans- 
[V(CS32(dmpe)z] (14). The IR spectrum has strong 
bands at 1103 and 581 cm- ’ due to out-of-ring 
v(C-S) vibrations of a q2-coordinated CS2 group. 
The latter being slightly lower than the quoted 
literature range’ 4 (653-632 cm- ‘) while the former 
is similar to that (1141 cm-‘) for (q5-CsHJ2V(q2- 
CSJ.‘4b 

ESR spectra. The frozen solution spectra of trans- 
~(CNBu’),(dmpe),](PFJ2 (10) has a strong feature 
at 330 mT together with two weaker features at 
160 and 50 mT. The cyanide trans-[v(CN)2(dmpe)2] 
(11) is similar, with a strong feature at 3 15 mT and 
weaker ones at 160 and 8 10 mT. From D vs B plots 
for S = 3/2 systems, it appears that the zero-field 
splitting parameter (D) is small in both cases. From 
the width of the line at g = 2.00 an upper limit on 
D is 0.01 cm-‘. 

The frozen solution spectra of trans- 
[V(NCS)2(dmpe)2] (12) and trans-vCl(CNBu? 
(dmpe)2]+ (9) are also similar, but different 
from those of the bisisocyanide and cyanide 
complexes, 10 and 12. Two broad low field 
features at 120 and 280 mT and two weaker.features 
at 520 and 800 mT, appear in the spectrum of the 
isocyanide 9, while the thiocyanate 12, shows simi- 
lar features at 120, 320, 570 and 815 mT. These 
spectra can be interpreted using the same plots ; the 
D values are larger (0.3 c D < 0.5 cm- ‘) than in 
the spectra of 10 and 11. 

The spectrum of lV(NCMe),](BPh,), (13), shows 
a strong feature at 330 mT-the overlapping of 
eight equally spaced lines (due to 51V, I = 7/2) with 
A (“V) = 0.0073 cn-‘. Finally the spectrum of 
trans-p(NCMe)2(dmpe)2]2+ (7) is more compli- 
cated, having a distinctive feature at ca 7 mT which 
indicates that the value of D must lie between 0.14 
0.16 cm-‘. 

EXPERIMENTAL 

The techniques and instruments used are as 
described previously.‘g2*‘o Molybdenum (95Mo) 
NMR spectra’ ’ are referenced to external 
NaMo04. Analytical data for new compounds are 
listed in Table 5. 

trans - Acetonitrile(chloro)bis[ 1,2 - bis(dimethylphos- 
phino)ethane]molybdenum(II)tetraphenyiborate (1) 

To MoC12(dmpe)2 (0.40 g, 0.85 mmol), in MeCN 
(50 cm3), was added an MeCN solution of NaBPh, 
(0.30 g, 0.88 mmol). The solution was gently 
refluxed for 12 h, then cooled and the red-orange 
solution filtered ; reduction in volume and cooling 
(-20°C) gave a red microcrystalline solid. Yield : 
0.30 g, 45%. IR: 3060m, 304Om, 1580m, 143Os, 
1415s 1300m, 1290m, 1260m, 118Ow, 115On-1, 
114Ow, 11 lOsh, 1080m, 1070sh, 103Om, 945sh, 93Os, 
890m, 865w, 85Ow, 795m, 745s, 73Os, 720sh, 71Os, 
7OOs, 67Om, 65Om, 635, 615m, 605s, 49Ow, 455~. 
NMR. ‘H (CD,CN) : 7.25,6.90 (20, m, BPH4), 2.10 
(3, s, CH3CN) 1.2-2.0 (32, m, dmpe). 31P(1H) : 33.2 
(s). 95Mo: 965 br.s (Av’,, ca 12,000 Hz). Mass 
spectrum: m/e 474 (M+), 433 (M-MeCN), 41 
(MeCN). Conductivity (MeCN) : AM = 110 ohm-’ 
cm2 mall ‘. 

trans - (7’ - AcetonitriZe)(chZoro)bis[ 1,2 - bis(dimethyl- 
phosphino)ethane]molybdenum(II)tetraphenylborate 

(2) 

The filtrate from the reaction mixture as above 
was evaporated and the residue extracted with THF 
(20 cm’) ; reduction in volume and cooling (- 20°C) 
gives brown-orange crystals. Yield : 0.28 g (45%). 
The same product is obtained if the q’-MeCN 
isomer, 1, is recrystallized from THF. IR : 304Om, 
302Om, 158Om, 143Os, 142Os, 1310m, 1295m, 
127Om, 118Ow, 115Om, llOObr.m, 107Om, 1030m, 
95Om, 935s, 900m, 850br.m, 8OOm, 745s, 73Os, 705s, 
670m, 650m, 635m, 615m, 605s, 460~. NMR. ‘H 
(C4D,0): 7.25, 7.0, 6.85 (20, m, BPh4), 3.20 (s, 3, 
CH3CN) ; 2.05 (d, 8, PCH2), 1.65 (d, 24, PMe,). 
3’P{ ‘H} 35.9(s). 95Mo : -25 (Av’,~ ca 14,000 Hz). 
Mass spectrum: m/e 474 (M+). Conductivity 
(MeCN) : AM = 120 ohm- ’ cm2 mall ‘. 

trans - bis(Acetonitrile)bis[ 1,2 - bis(dimethylphos- 
phino)ethane]molybdenum(II)bis(tetraphenyZborate) 

(3) 

To MoC12(dmpe)2 (0.81 g, 1.73 mmol), in MeCN 
(50 cm3), was added NaBPh, (1.19 g, 3.48 mmol). 
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Table 5. Analytical data for molybdenum and vanadium compounds 
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Compound 
Analysis” 

M.p. (“C) C H N P Other 

1. [MoCl(NCMe)(dmpe)JBPh, 

2. [MoCl($-NCMe(dmpe),]BPh, 

3. [Mo(NCMe),(dmpe)~[BPh,l, 

4. [MoCl(NEt)(dmpe)JBPh, 

5. Mo(NEt&(dmpe), 

6. Mo(SPhL(dmpeL 

7. [v(NCMe),(dmpe)zl[BPh,l, 

8. IV(NCEt),(dmpe),l[BPhd, 

9. [VCl(CNBu’)(dmpe),]PF, 

10. IV(CNBu’),(dmpe)~FF,I, 

Il. WN)2@w)2 

12 VSWMw)2 

13. lYWMEMBPh,l, 

14. W%@wA 

203-205 (dec) 

195197 (dec) 

219-221 (dec) 

231 

172 

214-215 

100 (dec) 

160 (dec) 

150 (dec) 

170 (dec) 

150 (dec) 

130 (de-c) 

196 (dec) 

60 (dec) 

57.4 
(57.6) 
57.7 

(57.6) 
68.9 

(70.1) 
58.5 

(57.5) 
43.1 

(44.4) 
46.0 

(46.9) 
70.9 

(71.7) 
71.9 

(72.1) 
34.8 

(33.2) 
32.6 

(32.7) 
41.8 

(41.7) 
35.8 

(36.0) 
77.6 

(77.0) 
30.6 

(33.4) 

(G) (Ii) 
(G) (:I) 
(Z) (Z) 
(Z) (:5) 
(2) (E) 
(l:;) 
(Z) (Z) 
(E) (E) 
,i:$ (E) 
(2) (Cl) 
(E) (Z) 
(E) (ii) 
(2) (G) 
(Z) 

15.8 
(15.6) 
15.9 

(15.6) 
10.7 

(10.6) 
15.3 

(13.6) 
23.4 

(22.9) 
19.5 

(20.2) 
11.4 

(11.6) 
11.4 

(11.3) 
23.7 

(25.2) 
23.2 

(23.1) 
29.1 

(30.8) 
27.0 

(26.6) 

20.8 
(24.7) 

9.4 (S) 
(10.4) 

2.0 (B) 
(2.0) 
4.9 (Cl) 

(5.8) 
27.6 (F) 

(28.3) 

3.6 (S) 
(13.7) 

5.7 (v) 
(5.5) 
28.1 (S) 

(25.5) 

LI Required values in parentheses. 

The solution was vigorously refluxed for 18 h, then 
cooled and the red-brown solution filtered. The 
solvent was removed in vacua and the residue 
extracted into hot MeCN (15 cm3) ; cooling 
(-20°C) gave a microcrystalline solid. Yield : 1.23 
g, 61% ; a further crop can be obtained by con- 
centration of the filtrate and cooling. IR: 3055m, 
3035m, 227Ow, 1955w, 1895w, 183Ow, 167Ow, 
158Om, 143Os, 142Os, 13OOm, 129Om, 126Os, 1185m, 
1150m, 1135w, llOOm, 107Ow, 103Om, 945s, 93Os, 
895s, 87Ow, 845m, 745s, 735s, 71Os, 65Om, 630m, 
62Om, 605s. NMR. ‘H (CD3C!N) : 7.25,6.90 (40, m, 
BPh,), 2.36 (3, s, CH,CN) 2.17 (8, d, PCH,), 1.53 
(24, d, PMeJ. 3’P(‘H} : 42.0. Conductivity 
(MeCN) : AM = 210 ohm- ’ cm* mol- ‘. 

trans - (Chloro)(ethylimido)bi.$1,2 - bisfdtiethylphos- trans - bis(Diethylamido)bis[1,2 - bis(dimethyl- 
phino)ethane]molybdenum(IV)tetraphenylborate (4) phosphino)ethane]moZyb&nun(II) (5) 

To an MeCN (25 cm’) solution of 1 or 2 (0.86, 
0.74 mmol) was added MeOH (30 cm3) and the 

MoCl,(dmpe), (0.48 g, 1.03 mmol) and LiNEtz 
(0.16 g, 2.1 mmol) were cooled to - 78°C and THF 

solution was gently refluxed for 4 h, and then 
cooled. The solvent was removed and the residue 
extracted with THF (15 cm3) ; reduction in volume 
and cooling (-20°C) gave red crystals. Yield : 0.34 
g, 47% ; a further crop can be obtained by con- 
centration and cooling. IR : 3055w, 3035w, 195Ow, 
188Ow, 182Ow, 167Ow, 158Om, 142Os, 1415s, 1305w, 
1290m, 126Om, 1250m, 109Om, 1065m, 1030m, 
945s, 935s, 895m, 87Ow, 840m, 8OOm, 75Os, 71Os, 
645m, 625w, 615s, 475w, 455~. NMR. ‘H 
(CD3CN) : 7.25, 6.90 (20, m, BPh& 2.9 (2, q, 
J(H-H) = 13 Hz, NCH,CH,), 2.0 (8, d, PCH2) 
1.55, 924 (d, PMe3; 0.9 (3, t, J(H-H) = 13 Hz, 
NCH,CH,) 3’P(‘H} : 32.7. Mass spectrum : m/e 
476 (M+), 433 (M+-NEt). Conductivity (MeCN) : 
AM = 78.2 ohm- ’ cm’ mol- ‘. 



2624 S. J. ANDERSON et al. 

(40 cm3) added. After warming to room tem- 
perature and refluxing for 6 h, the red solution was 
cooled, filtered, concentrated and cooled (- 20°C) 
to give orange needles. Yield : 0.33 g, 60%. ER : 
1418s 1317s, 1288s, 1273s, 1135w.br, 1112w.br, 
107Ow.br, 987m, 935s, 922s, 885s 831m, 784m, 
726s, 695s, 628s, 452m. NMR : ‘H (CD&l3 : 2.45 
(4? q, J(H-H) = 8 Hz, NCH,CH,) 2.05 (8, s, 
PCH& 1.6 (24, s, PMe2), 0.4 (6, t, &H-H) = 8 
Hz, NCH,CI-I,). 

tram - b~(Phe~y~thio~ato)bis[ 1,2 - bis(dimethyl- 
phosphino)ethane]molybdenam(II) (6) 

To Mo~~~~(drn~)~ (0.19 g, 0.4 mmol), in THF 
(40 cm3), was added a slight excess of PhSH (0.2 
cm3) and the solution was refluxed for 8 h. Evap- 
oration and extraction of the residue into toluene 
(30 cm3) followed by reduction in volume and 
cooling (- ZO*C!) gave dark red cubes. Yield : 0.15 
g,61%, IR: 158Om, 1415m, 129Om, 1275m, 1270m, 
117Ow, 115Ow, 112Ow, 107Om, 106Ow, 102Om, 
935m, 92Os, 885m, 845w, 825w, 785w, 74Os, 72Om, 
69Os, 64Om, 62Ow, 495m, 450w. NMR: 7-O-7.8 
(lOH, m, SPh) 0.8-1.5 (32H, m, dmpe). Mass spec- 
trum: m/e 616 (M+), 539 (M+-Ph), 466 
(M+-dmpe). 

trans - b~(~cetonitri~e)b~[l,2 - bis(d~ethy~hos- 
phino)eth~e]vunadium(~I)b~(tetraphenylborate) (?a) 

To trans-VCl,(dmpe), (0.5 g, 1.19 mmol), in ace- 
to&rile (50 cm3), was added NaBPh, (0.82, 2.4 
mmol). After stirring for 24 h, the red solution was 
filtered, concentrated and cooled to - 20°C to yield 
red prisms. Yield : 1.12 g, 88%. IR : 306Om, 304Om, 
2255w, 1580m, 142Os, 1308m, 1292m, 1262m, 
1036m, 942s, 930m, 89Om, 865w, 845w, 83Ovw, 
8OOw, 74Ovs, 615s. Magnetic moment (MeCN, 
298 K): iu,, = 3.3 BM. Conductivity (MeCN): 
A M = 249 ohm-’ cm2 mol-‘. The cation can be 
obtained as the corresponding hexafluorophos- 
phate (‘7h) by using NaPF6 in place of NaBPh,. 

trans - bis(Propionitrile)bis[l,2 - bisfdimethylphos- 
ph~o)eth~]v~adi~m(II)bis(tetrupheny~borate) (8) 

To trans-VCl,(dmpe)2 (0.79 g, 1.87 mmol), in 
propionitrile (50 cm3), was added NaBPh4 (1.28 g, 
3.74 mmol). The solution was refluxed gently for 
24 h and then cooled, filtered and concentrated to 
- 20°C to yield red needles. Yield : 1.54 g, 75%. 
IR : 306Om, 304Om, 2240, 1580m, 142Os, 1308m, 
1292m, 1265m, 945s, 93Om, 893w, 87Ovw, 845vw, 
802w, 755s 73&s, 71 lvs, 615s. Magnetic moment 

(solid, 298 K): h = 3.4 BM. Conductivity 
(EtCN) : AM = 183 ohm-’ cm2 mol-‘. 

(tert - Butylisocyuni&)chlorobis[l,2 - bis(dimethyi- 
phosphi~o~et~~e]va~ad~(~I)hexa~~rophosphate 

(9) 

To ~rans-VC12(dmpe)z (0.39 g, 0.92 mmol) and 
NaPF6 (0.31 g, 1.85 mmol), in methanol (50 cm3), 
was added ‘BuNC (0.25 cm3, 2.21 mmol). After 
stirring at room temperature for 24 h, the solution 
was filtered, evaporated and the residue extracted 
into THF (50 cm3). The filtrate was concentrated 
and cooled (-20°C) to give purple-red crystals. 
Yield: 0.23 g, 41%. IR: 213Ovs, 1421s, 1302m, 
1284m, 126Om, 1239w, 119Om, 1095m, 1065m, 
102Ow, 947s, 93Os, 892m, 835vs, 735m, 705m, 645m, 
561s. Conductivity (MeCN) : AM = 114 ohm-’ cm* 
mol- ‘. Mass spectrnm : m/e 469 (M+). 

trans - b~~tert - B~~~~ocyoni~~~[ 1,2 - bi~dimethy~- 
phosphino) ethane] vanadium (II) bis(hexaJEuorophos- 
phate) (10) 

A suspension of trans-~(MeCN)2(dmpe)J[PF,]2 
(0.3 g, 0.42 mmol), in methanol (50 cm3), containing 
‘BuNC (0.29 M in Et@, 0.93 mmol) was refluxed 
for 24 h. The resulting orange precipitate was col- 
lected, washed with Et20 (2 x 20 cm3) and dried in 
vacua. Yield: 0.27 g, 82%. IR: 215Ovs, 1426s, 
1311m, 1306w, 1298m, 126Om, 124Om, 1189s, 
1095m, 102Om, 952s, 936s, 898m, 875s, 836vs, 
745m, 715m, 647w, 565s, 526w, 446~. Magnetic 
moment (solid, 298 K) : peE = 3.6 BM. Conductivity 
(MeCN) : A, = 270 ohm- ’ cm2 mol- ‘. 

trans - Di(cyano)bis - [1,2 - bis~dimethyiphosphi~o) 
ethane]vanadi~m(II) (11) 

To trans-VCl&impe)2 (0.38 g, 0.9 mmol), in 
MeCN (50 cm3), was added KCN (0.12 g, 0.9 mmol) 
in 10 cm’ MeOH. The solution was stirred (24 h) 
then evaporated and the residue extracted into THF 
(2 x 30 cm3). Concentration to ca 35 cm3 and then 
addition of hexane precipitated an orange-yellow 
solid, which was collected, washed with hexane and 
dried.Yield:0.20g, 55%.IR: 206Os, 1427s, 1301w, 
1295w, 1282m, 1262m, 115Ow, 1093w, 102Ow, 
995w, 954vs, 929s, 893m, 84Om, 805m, 735s, 707s, 
645m. Magnetic moment (MeCN, 298 K): 
peteff = 3.7 BM. Mass spectrum : m/e = 4.6 (M+). 



trans - Di(thiocyanato)bis[ 1,2 - bis(dimethylphos- 
phino)ethane]vunadium(II) (12) 

To trans-VClz(dmpe), (0.29 g, 0.69 mmol), in 
MeCN (40 cm3) at -4O”C, was added KNCS (0.4 
g, 1.44 mol) in MeOH. After stirring at room tem- 
perature (24 h), the solvent was removed and the 
residue extracted into THF (50 cm3). Subsequent 
filtration, concentration and cooling to -20°C 
yielded dark red prisms. Yield : 0.27 g, 85%. IR : 
2055vs, 142Os, 1301m, 1287m, 1260m, 1135m, 
1083m, 1015w, 99Ow, 947vs, 928s, 892s, 869m, 
838m, 8OOs, 738s, 705s, 642m, 629w, 48Ow, 440~. 
Magnetic moment (solid, 298 K): peff = 3.7 BM. 
Mass spectrum : m/e = 406 (M+). 

Hexakis(acetonitrile)vanadium(II)bis(tetraphenyl- 
borate) (13) 

(a) To trans-[V(MeCN),(dmpe)rJ[BPh.,], (0.31 g, 
0.29 mmol), in MeCN (40 cm3), at -3O”C, was 
added HCPh(S02CF3)2 (0.21 g, 0.59 mmol) in 
MeCN (20 cm’). After stirring at room temperature 

(24 h), the green solution was evaporated and the 
residue washed with toluene (2 x 20 cm3) to remove 
unreacted acid. Subsequent extraction into MeCN, 
filtration and cooling (- 20°C) gave green crystals. 
Yield : 0.03 g, 10%. 

(b) A solution of VC13(MeCN), (0.78 g, 2.78 
mmol) and NaBPh4 (2.90 g, 8.34 mmol), in MeCN 
(60 cm3), was stirred at room temperature (24 h), 
then filtered, concentrated and cooled (- 20°C) to 
give pale green plate-like crystals. Yield: 2.46 g, 
95%. IR: 3055m, 231Ow, 2280m, 158Ow, 1426m, 
1299w, 126Os, 1145m, 1095s, 1027s, 845w, 8OOs, 
739m, 726s, 698s, 624w, 615m, 6OOs, 485w, 462w, 
417~. Magnetic moment (solid, 298 K): 4.0 BM. 
Conductivity (MeCN) : AM = 158 ohm- ’ cm2 
mol- i. 

bis(Carbon disulphide)bis[ 1,2 - bis(dimethylphos- 
phino)ethane]vanadium(O) (14) 

To trans-VC12(dmpe), (0.27 g, 0.64 mmol), in 
THF (40 cm3 over sodium amalgam (0.7%, 4 cm3) 

1,2-bis(dimethyl)phosphinoethane complexes of molybdenum and vanadium 2625 

Table 6. Crystal data, details of intensity measurements and structure refinement 

Compound 2 6 7a 10 

Molecular formula 

Molecular weight 
Crystal system 
a (A) 
b (A) 
c (A) 
Alpha (“) 
Beta (“) 
Gamma (“) 
Volume (A) 
Space group 
Z 

DC& cm- 3> 
Mu 
F(Oo@ 
h, k, 1, range 

Total no. of 
reflections 

No. of unique 
reflections 

No. of reflections 
used (F > 3@‘)) 

No. of parameters 
Weighting scheme 

parameter g in 
w = l/[d(F)+gF:] 

Final R 
Final R, 

[C,4H9&lMoNP.,]+ 
L&oBl- 

791.91 
Monoclinic 
15.999(5) 
13.182(7) 
20.109(5) 
90 
107.40(2) 
90 
4030.43 
P21/n 
2 
1.299 
5.10 
1576 
-23 + 23 

0-r 15 
o+ 19 

614.52 
Monoclinic 
18.854(5) 
12.405(2) 
13.761(4) 
90 
113.17(3) 
90 
2960.20 
a/c 
4 
1.379 
7.29 
1268 
-22+22 

O-, 16 
O+ 16 

1071.72 
Triclinic 
12.389(3) 
12.561(l) 
23.798(2) 
90.67(3) 
104.81(l) 
119.49(3) 
3074.53 
PT 
2 
1.157 
2.95 
1138 

0-r 13 
-13-+13 
-25+25 

807.44 
Monoclinic 
10.475(3) 
15.714(2) 
12.547(3) 
90 
110.29(2) 
90 
1937.14 
P21/n 
2 
1.384 
5.64 
834 

o+ 12 
0-r 18 

-14-+ 14 

7701 2860 7660 3750 

7076 2606 7660 3406 

4538 2130 4108 1745 
439 131 541 196 

0.000277 0.000992 0.002114 0.000801 
0.0457 0.0425 0.0783 0.0802 
0.0441 0.0476 0.0852 0.0834 
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at - 78”C, was added CS2 (16.6 mmol). After stir- 
ring at room temperature (6 h) the solvent was 
removed and the residue extracted with THF. Sub- 
sequent filtration and cooling (- 20°C) yielded an 
orange powder. Yield : 0.14 g, 43%. IR : 1420 m, 
1305m, 1289s, 126Ow, 1192m, 1103vs, 105Os, 103Os, 
946vs, 854s, 8OOw, 7OOs, 719s, 7OOw, 581s. Mass 
spectrum : m/e = 503 (M+). 

X-ray crystallography 

Crystals were sealed under argon in thin-walled 
glass capillaries. All crystallographic measurements 
were made using a CAD4 diffractometer, operating 
in the o/20 scan mode with graphite mono- 
chromated MO-K, radiation (A= 0.71069 A) as 
previously described. I6 Experimental details are 
given in Table 6. 

The structures were solved using routine heavy- 
atom methods and refined by full-matrix least- 
squares. The relkements of structures 7a and 9 were 
affected by high thermal motion or disorder of the 
PF6 group in 9 and of the carbon atoms of the dmpe 
ligands of one of two independent cations in 7a. 

These atoms required representation by split sites 
with some distance constraints, but even this did 
not completely model the disorder and the final 
R value obtained is higher than we would prefer. 
Otherwise all non-hydrogen atoms were refmed 
anisotropically and hydrogens included in idealized 
positions with group Vi, values assigned. Refine- 
ment details are summarized in Table 6. 

Sources of scattering factor data and computer 
programs used are as given in ref. 16. All com- 
putations were made on a DEC VAX 1 l/750 com- 
puter. Tables of fIna atomic positional and dis- 
placement parameters, full lists of bond lengths and 
angles, and FO/Fc values have been deposited as 
supplementary material with the Editor, from 
whom copies are available on request. Atomic coor- 
dinates have also been deposited with the Cam- 
bridge Crystallographic Data Centre. 
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Abstract-The ruthenium(I1) complex [Ru12(Me2S0)4] was synthesized and characterized. 
The Me,SO ligands are all S-bonded. Reactions of Ru12(Me2S0)4 with ligands containing 
P, N and S donor atoms have been carried out and the complexes obtained were char- 
acterized using different physical methods. [Ru12L4] (L = CH,CN, Me2S0 and py), 
[RuI,(CH,CN),(PPh,)d and [RuI,(CS)(PPh,),] have been synthesized using Ru13 as the 
source material and characterized as above. 
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Complexes of ruthenium(I1) or -(III) containing 
iodo groups as one of the coordinating ligands are 
generally prepared by the metathesis of the cor- 
responding chloro complexes using KI, NaI or HI 
as the reagent. ‘-’ In some cases oxalate or hydrido 
groups are exchanged using KI, NaI, HI or 12.%12 
There are some examples where ruthenium triiodide 
(either as Ru13 *xH~O’~‘~ or generated in situ by 
treating RuC13 * xH,O with KI/NaI/HI 15-‘7) is used 
as the starting material for the syntheses of 
ruthenium complexes containing iodo groups. 
There are no examples where an iodo containing 
ruthenium complex is used as the precursor for 
the synthesis of iodo complexes by substituting the 
coordinated ligand with new ligands. Such exam- 
ples are known for bromo complexes.‘8,‘9 Some 
iodo complexes of Ru” containing Me2S0, 
CH3CN or pyridine have now been synthesized and 
some of the complexes thus obtained were used 
as precursors for the synthesis of Ru” complexes 
containing iodide as one of the ligands. RuI 3 * xH20 
was used to synthesize these iodo complexes. 

EXPERIMENTAL 

Ruthenium trichloride trihydrate was obtained 
from Aurora-Matthey Ltd, Calcutta. Ruthenium 
triiodide was prepared by a modification of the 

*Author to whom correspondence should be addressed. 

reported methods. 20-22 The analysis for iodide was 
carried out by standard methods23 after decompo- 
sition with a KOH and KN03 mixture. Carbon, 
hydrogen and nitrogen analyses were obtained from 
CDRI, RSIC, Lucknow. All other physical 
measurements, viz. IR, W-vis., ‘H NMR spectra, 
magnetic and conductivity measurements were car- 
ried out as reported earlier.‘9*24 

Preparation of ruthenium iodide, Ru13. xH20 

To a solution of hydrated ruthenium trichloride 
(1 g) in water (20 cm3), hydroiodic acid (5 cm3) and 
potassium iodide (5 g) were added. The reaction 
mixture was stirred at room temperature (for 2 h), 
when a black compound separated out. The com- 
pound was centrifuged, washed 2-3 times with 
water, then with acetone and dried in vacua. Yield, 
1.7 g (85%). It was analysed for its iodide content 
(Found : 70.5. Calc. for Ru13 * 3H20 : 70.1%). 

(i) Preparation of Ru12(Me2S0&, 

Method A. To a suspension of fmely powdered 
Ru13*xH20 (0.5 g) in acetone (25 cm3), dime- 
thylsulphoxide (5 cm3) was added. The mixture was 
refluxed on a water bath for about 2 h. The colour 
of the solution changed from black to green and 
then to brown, and a reddish-brown compound 
separated out. The compound after centrifugation 
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was washed successively with acetone and ether. It 
was dried in WXUO. Yield, 0.55 g (85%). 

Method B. A mixture of RuI, * xHzO (0.5 g) and 
dimethylsulphoxide (5 cm3) was refluxed in an oil 
bath (130-140°C) for 5 min, when a clear solution 
was obtained. The volume was reduced to 2 cm3, 
cooled and acetone was added to it with stirring. 
The compound which separated after 30 min, was 
obtained as in method A. Yield, 0.55 g (85%). 

(ii) Preparation of Ru12(py), 

A mixture of finely powdered Ru13 * xHzO (0.2 g) 
and pyridine (1 cm3) was heated on a water bath 
for about 2 h. A green coloured solution was 
obtained. A brown crystalline compound separated 
from the solution, on cooling. It was centrifuged, 
washed with acetone and ether, and dried in vacua. 
It was analysed for RuI&y),. 

(iii) Preparation of RuI~(CH~CN)~ 

A suspension of Ru13 *xHzO (0.2 g) in ace- 
to&rile (10 cm3) was refluxed on a water bath for 
about 4 h, when a clear solution was obtained. 
The solution was concentrated and cooled to room 
temperature, when a reddish-brown crystalline 
compound separated out. It was centrifuged, 
washed with ether and dried in vacua. The com- 
pound was analysed for RuI~(CH~CN)~. 

(iv) Preparation of [Ru12(CH3CN)I(PPh3)2] 

To a solution of RuI, -xHzO (0.2 g) in ace- 
tonitrile (20 cm3), triphenylphosphine (0.5 g) was 
added. The mixture was refluxed for 4 h. A yellow 
solution was obtained which on concentration 
yielded a yellow crystalline compound. The com- 
pound was washed with ether and dried in vacua. 
It was analysed for the composition, 

[RuIz(CH,CN),(PPh,)zl. 

(v) Preparation of [RuI,(CS)(PPh,),] 

To a suspension of finely powdered Ru13 - xHzO 
(0.2 g) in carbon disulphide (20 cm3), tri- 
phenylphosphine (0.5 g) was added. The mixture 
was refluxed on a water bath for 2 h. It was kept 
overnight at room temperature when most of the 
solvent evaporated and a brownish-red compound 
separated out. The compound was first washed with 
water followed by ether and dried in vacua. It was 
analysed for [RuI,(CS)(PPh,),]. 

Reactions of [RuI,(Me,SO),] 

(i) With triphenylphosphine. To a solution of 
[Ru12(Me2SO).,] (0.2 g) in methanol (20 cm3), tri- 
phenylphosphine (0.35 g) (molar ratio 1: 4) was 
added. The reaction mixture was refluxed for 5 min 
and cooled to room temperature, when a dark 
brown compound crystallized out. It was centri- 
fuged, washed with ether and dried in vacua. The 
compound was analysed for [Ru12(PPh3)2 
@WOI. 

[RuLPPbMMe~Wl was also obtained when a 
reaction similar to the one above was carried out at 
room temperature by stirring the reaction mixture 
for about 1 h. 

(ii) With pyridine. (a) To a solution of 

[RuMM@N (0.2 g) in methanol (10 cm3), pyri- 
dine (1 cm3) was added and stirred at room tem- 
perature for 3 h. A reddish-brown compound sep- 
arated out, which was centrifuged, washed with 
ether and dried in vucuo. The compound obtained 
was analysed for [RuI,(py), (Me,SO),]. 

(b) A reaction similar to (a) was carried out under 
refluxing conditions of solvent for 2 h and cooled. 
A dark brown crystalline compound separated. It 
was washed with ether and dried in vacua. The 
compound was analysed for [R~1,(py)~]. 

(iii) With 2,2’-bipyridyl (bipy) or l,lO-phen- 
unthroline @hen). (a) To a solution of 

[RWMe~W~I (0.2 g) in methanol (20 cm3), a 
methanolic solution of 2,2’-bipyridyl or l,lO-phen- 
anthroline (0.2 g in 5 cm3) was added. The solution 
was stirred at room temperature for about 3 h. An 
orange coloured compound separated out in each 
case, which was washed with acetone and dried 
in vacua. The compounds had the composition, 
[RuI,(L-L)(Me,SO)d (L-L = bipy or phen). 

(b) A reaction similar to (a) above using 2,2’- 
bipyridyl was carried out by refluxing the mixture 
on a water bath for 3 h. The solution was con- 
centrated and cooled, and the products isolated as 
in (a) above. It was analysed for [RuI,(bipy)J. 

(iv) With acetonitrile. [Ru12(Me,SO),] (0.2 g) was 
dissolved in acetonitrile (20 cm3). The solution was 
refluxed for about 1 h, concentrated (2 cm3) and 
cooled to room temperature. A yellow crystalline 
compound separated out which was washed with 
ether and dried in vacua. The compound had the 
composition, [RuI,(CH3CN)3(Me2S0)]. 

(v) With sodium diethyldithiocarbamate. 
[RuI,(Me,SO),] (0.2 g) was suspended in toluene 
(20 cm3) and sodium diethyldithiocarbamate (0.15 
g) was added. The suspension was refluxed for 30 
min to give a dark green coloured solution. The 
solution was concentrated (5 cm3). Addition of light 
petroleum ether (b.p. SO-1OOC) fallowed by 
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cooling in an ice-salt mixture yielded green needle- 
shaped crystals. The compound had the com- 
position [Ru(Et,NCS&(Me2SO)J. 

RESULTS AND DISCUSSION 

The preparation of ruthenium triiodide has been 
reported either by the metathetic reaction between 
RuCl, - xHzO and KI in aqueous so1ution,20-zz or 
by the action of HI on Ru04.” We have synthesized 
Ru13* 3Hz0 by the metathetic reaction between 
RuCl, *xHzO and KI in the presence of HI. The 
compound has kfi = 2.1 BM at room temperature. 
The room temperature ESR spectrum shows a 
broad signal at g = 2.05. 

[RuI,S,] (S = py or CHCN) 

In the literature there are very few reports’3F’4 of 
the use of Ru13 as a starting compound for the 
syntheses of Ru”’ and Ru” iodo compounds. Hence 
in the present work we have explored the possibility 
of synthesizing ruthenium iodo compounds using 
RuI 3 as the source material. RuI 3 is generally insol- 
uble in non-coordinating solvents. Hence, reactions 
have been carried out using a solvent (S) which 
coordinates to ruthenium, viz. dimethyl sulphoxide, 
acetonitrile or pyridine. Normally, when a reaction 
is carried out between RuI, and the solvent (S) 
under refluxing conditions, products of the com- 
position, RuIZS4, are obtained. The solvent, being 
present in excess, acts both as a coordinating agent 
and reducing agent (Ru”’ to Run). The compounds, 
RuIZS4 (S = py, MeCN, Me$O), are diamagnetic, 
thereby confirming that the metal(I1) ion has a d6 
low spin configuration. Conductivity measurements 
in acetonitrile or methanol show low molar con- 
ductance values (10-15 Q- ’ cm* mall ‘) (Table 1) 
indicative of iodo groups covalently bonded to 
ruthenium(I1). 

The IR spectrum of RuI,(py), shows the presence 
of all bands due to coordinated pyridine. The spec- 
trum in the far IR region shows bands of medium 
to weak intensities at 465, 408 and 290 cm- ‘. The 
‘H NMR spectrum (Table 3) in CDC13 shows trip- 
lets at 6 7.03 and 7.63 and a doublet at 6 9.41. The 
far IR and the ‘H NMR spectra are similar to 
the one reported for tr~ns-[RuI~(py),]~ and hence a 
truns structure for the synthesized [Ration] is 
proposed. 

An IR spectrum of [Ru12(CH3CN)J shows a 
band of medium intensity at 2275 cm-‘, besides 
other bands due to CH,CN. This band may be 
assigned to the vcN of the coordinated CH3CN 
group. 26 The presence of only one band around 
2275 cm-’ indicates that the complex has a truns 
geometry. 26 

Ruthenium(I1) iodo complexes containing PPh3 and 
other groups 

Reaction of Ru13 with PPh3 in a non-coor- 
dinating solvent or a weakly coordinating solvent 
like acetone under refluxing conditions did not 
result in the formation of the ruthenium iodo- 
triphenylphosphine complex. Reaction of Ru13, 
using the melt of PPh, as a solvent, at its boiling 
point did not lead to the coordination of PPh3, 
instead Ru13 separated out, unreacted. However, 
when RuI, was treated with PPh3, in a coordinating 
solvent like acetonitrile, a compound of the com- 
position [Ru12(CH3CN)2(PPh3)2] was obtained. It 
is non-conducting and diamagnetic in nature. The 
IR spectrum shows a band of medium intensity at 
2270 cm- ’ besides other bands due to acetonitrile 
and PPh3. One band at 2270 cm- ’ is characteristic 

of %N of acetonitrile groups coordinated to ruthen- 
ium in the trans positions.26 A reaction of Ru13 
with PPh3 in CS2 medium resulted in the forma- 
tion of a compound of the composition [RuI,(CS) 
(PPh,),]. It is diamagnetic in nature, thereby con- 
firming ruthenium to be in the +2 state. The low 
value of the molar conductance in CH30H (5 R- ’ 
cm* mol- ‘) is indicative of covalently bonded iodo 
groups. The IR spectrum shows a band at 1270 
cm- ‘, which could be assigned to vcs of the 
thiocarbonyl group.18 

The IR spectrum of [Ru12(Me2S0)4] shows a 
band at 1079 cm- ’ (strong), characteristic of vso (S- 
bonded) of the Me,SO groups. Besides this, bands 
of medium intensities at 1026, 976 and 930 cm-’ 
are also observed which may be assigned to pCH.*’ 
The IR spectral pattern in the region 1100-900 
cm-’ is identical to that of [RuBr2(Me2S0)4],27 
which is reported to have a trans geometry, with all 
S-bonded Me,SO. This confnms the presence of 
all Me2S0 groups in an S-bonded fashion. Bora 
and Singh14 reported the preparation of 
[RuI,(Me,SO),] by a slightly different method and 
characterized it, using the IR spectrum, as having 
both S-bonded and O-bonded Me2S0. 

The IR spectrum of [Ru12(Me2S0)4] in the region 
600-350 cm-’ is similar to that of [RuCl,(Me, 
SO),]-, a compound containing all S-bonded 
Me,SO groups.28 It shows a strong absorption 
at 420 cm- ’ and a medium band at 383 cm-‘. 
The absorption at 420 cm-’ may be due to the 
combination of vn,,_s and Gs(osoj, whereas the 383 
cm-’ band may be due to Gaccsoj. Another band at 
246 cm- ’ may tentatively be assigned to v&$-r. *’ 
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Table 1. Some analytical and physical data of some new Ru**-iod*Me,SO complexes 

Compounds 
(colour) M.p. (“C) 

Molar 
Analysis” (%) conductance 

C H N (a- ’ cm’ mol- ‘) 

2631 

tRuLWe2W41 
(Brown) 

[RuIKHsCN),I 
(Reddish-brown) 

[R~MwMMezWzl 
(Reddish-brown) 

[RuI~(PRhJ~(Me,SO)l 
(Dark brown) 

[RuI@‘RhJ,(CH&N)zl 
(Light yellow) 

[RuI*(CHSCN),(Me,SOIl 
(Yehow) 

[RuI,(CW’Ph,hl 
(Brownish-red) 

[RuIz(bipy)(MezSO)J 
(Orange) 

[RuLWenWe2W21 
(Orange) 

2552606 

> 250 

210-2156 

145-150 

190-195 

160-162 

200-205 

> 250 

165-170 

14.5 
(14.4) 
18.3 

(18.5) 
25.0 

(25.1) 
47.7 

(47.6) 
49.8 

(49.9) 
16.9 

(17.3) 
55.4 

(55.7) 
25.4 

(25.2) 
28.0 

(27.7) 

9d 

15d 

3 

5f 

14d 

5f 

5d 

5f 

3f 

“Calculated values are in parentheses. 
b Decomposes. 
’ % iodide. 
d In methanol. 
‘In acetonitrile. 
fin chloroform. 
Me,SO, dimethylsulphoxide ; py, pyridine ; bipy, 2,2’-bipyridyl ; phen, 1 , 1 0-phenanthroline. 

Table 2. Important IR and W-vis. bands of some new ruthenium(I1) 
complexes 

Compounds IR bands (cm- ‘) &aX (mu) (s) 

[RWMe2W41 

[RuI z(CH &NM 
[RuI&y)z(MezSO)J 
N&PPh3MMe2W1 
[RuI&‘Rh&(CHsCN)zl 
[Ru12(CH~CN),(Me,S0)1 

[RuLCW’Ph,M 

[RuIz(bipy)(MezSO)A 

1079s, 1026,976,930, 
420,383,246 

2275m 
1085s, 1070s 
1120s 
2270m 
231Om,2275m, 1120s 

1100s 
1270s 

1085s, 418s 

480sh (400) 

360 (ll,OOO)b 

420shb 
360 (410)b 

535 (1470)b 
370sh 
375 (31OO)b 
280 (26700) 
235 (70600) 

[RuI&hen)(Me$O)J 1105s, 107Os, 425m 

“In CH,OH. 
b In CH$ZN. 
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Table 3. ‘H NMR spectral data of some rutheniurn(I1) complexes24 

Compound 6 @Pm) Solvent 

lRuI,(Py)4] 7.03t, 7.63t, 9.01d CDC13 
W12WW2We2WI 3.6s, (7%7.6)b,m CDC13 
BMm92(Me2W21 3.7s, 7.15t, 7.74t, CDCI, 

9.25d 

[RuI,(CH,CN)g(Me,SOI1 2.5, 3.55 CDC13 

[Ru12(bipy)(MeX%l 3.37, 3.42, 3.53, CD&N 
(7.25-8.7)m, lO.ld 

[Ru12WWWe2SO)21 3.45s, (7.35-8.3)m CD&N 

s, singlets ; d, doublets ; t, triplets: b, broad ; m, multiplets. 

field by 6 0.3 (2.5). A signal at 6 3.55 could be 
assigned to the methyl protons of S-bonded Me$O 
molecules. The ratio of the areas under the two 
signals is 3 : 2 thereby confirming the presence of 
three acetonitrile (9 H) and one Me$O (6 H) mol- 
ecules in the complex. 

(iv) Sodium diethyldithiocarbamate. The reaction 
of [Ru12(Me,SO),] with sodium diethyl- 
dithiocarbamate led to the formation of 
[Ru(Et2NCS2),(Me,SO)2]. This compound has 
been obtained by Evans et a1.34 by the reaction of 
[RuCl,(Me,SO),] with the ligand. The compound 
shows a strong band at 1490 cm-’ characteristic 
of vcs for the bidentate diethyldithiocarbamate 
groups.3’ Another strong band at 1075 cm- ’ is due 
to the vso (S-bonded) of the Me&SO groups. 

Electronic spectra 

The electronic absorption spectra of all the com- 
plexes (Table 2) show some absorptions in the 350- 
500 nm region. Absorption bands with high E values 
(103-104) are largely due to charge-transfer tran- 
sitions whereas bands with lower E values (lo’-103) 
maybe ofthe d-dtype(‘At+ ‘E,or ‘A2).36 
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Abstract-The complexes of vanadium(II1) and oxovanadium(IV) with Schiff bases derived 
from some aliphatic diamines and 2-hydroxy-1-naphthaldehyde were prepared and char- 
acterized by elemental analysis, IR, electronic and EPR spectra. The binuclear V’= com- 
plexes have the p2@-oxo)@-aquo)] core in distorted octahedral environments. The VOW 
complexes form monomeric, dimeric or polymeric complexes by ligand bridging. The 
structures are dependent on the length of the carbon chain linking the imine groups. 
A complex EPR signal is observed for [VO(naphbu)], in chloroform solution at room 
temperature, its isotropic spectrum exhibits a 15 line hyperfine signal at 9.” = 2.014 and the 
hypcrfine coupling constant is 50 G, suggesting that the centres are weakly coupled. 
The reactions of the binuclear V”’ complexes with dioxygen and VO” complexes with 
thionylchloride were also studied. 

The chemistry of vanadium(W) is dominated by 
the stable V02+ ion which forms a wide variety of 
complexes of the type [vO(L,)], L4 = quadri- 
dentate or two bidentate ligands. ‘-3 The oxov- 
anadium(IV) complexes of Schiff bases derived 
from 2-hydroxy-1-naphthaldehyde and etha- 
nolamine or propanolamine have antiferro- 
magnetism exchange between V atoms in a bi- 
nuclear species.” Only a few examples are known 
for oxovanadium(IV) complexes with anti- 
ferromagnetic exchange. >* Six-coordinate com- 
plexes of the simple V4+ ion are uncommon and 
have been little studied. It was found that direct 
reaction of vanadyl complexes with thionyl bromide 
or thionyl chloride readily yielded trans-dibromo or 
dichlorovanadium(IV) complexes, respectively. 9-1 ’ 

In the present article the synthesis and char- 
acterization of the binuclear vanadium(II1) and 
oxovanadium(IV) complexes of a series of ligands 
of type I are investigated. It is aimed to examine 
the reaction of the binuclear vanadium(II1) com- 
plexes with dioxygen and deoxygenation of oxo- 
vanadium(W) complexes. 

*Author to whom correspondence should be ad&essed. 

I 

H,-naphen 
H,-naphpn 
H,-naphbu 
H,-naphbtr 
H,-naphpen 
H,-naphdec 

(C&Z 
(CH3, 
WH34 

(CHJ,---NH+CH,), 
(CH3, 
(CH,),, 

RESULTS AND DISCUSSION 

Two types of complexes were isolated 
~2L2(0)(H20)] complexes 1 and 2, and the [VOL] 
complexes 3-7, containing dianionic ligands. The 
complexes are listed in Table 1 together with their 
analytical data. 

IR spectra 

The IR spectra, Table 2, show that the charac- 
teristic ligand bands v(C=N) display a shift to 
lower frequency on complexation. This indicates 
that the ligand has coordinated as a dianionic tet- 

2635 
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Table 1. Analytical data and EPR spectra of V”’ and VO’” Schlff base complexes 

Complex M.p. Microanalysis results” EPR data 
No. Formula Colour (“C) %C %H %N %V g-value A (G) 

1 [V,(naphen),(O)H,O] Green 275 65.6(66.3) 4.0(4.3) 5.8(6.4) 11.6(11.7) - - 
2 [Vz(naphpn)z(0)H,O] Dark green 295 65.9(66.9) 4.4(4.6) 5.6(6.2) 10.4(11.3) - - 
3 lYWwbn)l Orange 220 69.1(67.1) 4.4(4.5) 6.5(6.3) 2.035 100 
4 WbwhWl z Olive 250 70.8(67.4) 5.5(4.8) 6.4(6.0) 2.014 50 
5 [VO(naphbutra)] Brown 235 63.9(65.5) 4.8(4.9) 8.8(8.8) 2.017 95 
6 W(w-WWl Green 155 68.2(68.2) 4.9(5.0) 5.7(5.9) 9.0(10.7) 2.016 95 
7 [VO(naphdec)] Green 135 70.7(70.2) 6.1(5.3) 5.4(5.1) 8.6(9.3) 2.015 98 

LI % Found (ealc.). 

radentate ligand. ” The spectra of the complexes 1 
and 2 show broad bands at 3450 cm-’ which are 
assigned to the -OH stretching vibration of water 
molecules participating in the coordination sphere. 
The spectra also exhibit medium intensity bands at 
620, 750 and 645 cm-‘, respectively ; these bands 
are absent in the spectra of the ligands and can be 
associated with bridging V-O-V. 13*14 The spectra 
of the oxovanadium(IV) complexes, 6 and 7, display 
a strong band at 970 cm-’ assigned to the V=O 
stretching frequency. ’ 5,‘6 The spectrum of complex 
3 exhibits a medium band at 960 cm- ’ assigned to 
v(V=O). The low value may be attributed to high 
electron density on the metal due to the chelation 
of the H,naphpn ligand. The spectrum of complex 
4 displays a strongly split v(V=O) band at 970 and 
950 cm- ’ ; the splitting of the band may be attri- 
buted to the interaction between V atoms in the 
binuclear species. The spectrum of complex 5 com- 
prises a medium band at 3240 cm-’ assigned to 

v(NH) bonded and the low value of v(V=O) may 
be attributed to high electron density on the metal 
due to the tram-NH ligand.” Thus the ligand in 
complex 5 has coordinated as a dianionic penta- 
dentate ligand. 

Electronic spectra 

Solution electronic spectral data and the solid 
reflectance spectral data are listed in Table 2. The 
electronic spectra show, in addition to bands in the 
UV region due to internal transitions in the ligand, 
charge-transfer bands at 370-420 nm and &bands 
in the visible region at 470-620 nm, which according 
to the scheme of Ballhausen and Gray18 (d,, < d,,, 
dyz c d,z_,,z < 42) are assigned to dxy + d,,, d,,, 
dx, + d,z_,,z and dx,, + dzz transitions. Some of these 
bands are not very well developed, which often gives 
rise to ambiguity in their assignment. From the data 
of the reflectance spectra it can be pointed out that 

Table 2. IR spectra and electronic absorption spectra of V”’ and VO’” complexes 

Complex vOH 
IR spectra cm- ’ 

%bN %ko v-o-v 

Electronic spectra 
DMF Reflectance 

I 3450 1600(1625)” - 

2 3450 1605(1625) 

3 - 1605(1625) 960 

4 - 1610(1630) 970,950 

5 - 1610(1630) 920 

6 - 1610(1635) 975 

7 - 1610(1640) 980 

a Free ligand values in parentheses. 
CT = Charge-transfer transition. 
d-d = d-d transition ; sh = shoulder. 

620 

750,645 

- 

- 

- 

- 

380,405 (CT) 390 (CT) 
610B (rM) 620B (CM) 
380,425 400 W-I) 
540,620 650B (w 
380,400,422 (CT) 400 (CT) 
530 (h-d) 550 (a-d) 
395,410 (CT) 400 (CT) 
550,490sh (ti) 550,600 (w 
395 (CT) 385 (CT) 
550,470sh (6d) 600 (a’-d) 
390,420 (CT) 400 (CT) 
540 (d-d) 540,610 (d-d) 
390,420 (CT) 420 (CT) 
540 (d-d) 540,630 (h-d) 
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complexes 1,2 and 5 have a six-coordinate pseudo- 
octahedral structure, ’ 3*14 while complexes 3, 4, 6 
and 7 exhibit a five-coordinate square-pyramidal 
distribution. 14-’ 6 

EPR spectroscopy 

The X-band EPR spectra of the oxovan- 
adium(lV) Schiff base complexes in dilute chloro- 
form solution at room temperature are illustrated 
in Fig. 1. The isotropic spectra exhibit eight lines 
arising from interaction of the unpaired electron 
with a ‘lV nucleus, except for the spectrum of 
[VO(naphbu)lz. The monomeric material shows an 
eight line hyperfme signal at the g values and with 
the hyperfine splitting constants listed in Table 1. 
The spectra are characteristic of oxovanadium(lV) 
complexes. “9 ’ 3 The isotropic spectrum of [VO 
(naphbu)], exhibits a 15 line hyperfine signal at 
gaY = 2.014 and the hyperfine coupling constant is 
50 G. A comparison of the spectra of [VO(naphpn)] 
and pO(naphbu)lz (Fig. 1) illustrates that there are 
more fine structure features more closely spaced for 
the dimer than for the monomer. This results from 
the greater number of possible transitions for a 
binuclear metal ion than for a mononuclear one.lg 

Complex 3 

3 
1 

3400 3800 

Magnetic field (G) 

I 

4200 

Fig. 1. EPR spectra of the vanadyl complexes in chloro- 
form solution at room temperature. 

For systems that have weak coupling between iden- 
tical nuclei, the hyperfine interval is A/n, where A is 
the observed single nuclei coupling constant and n 
is the number of coupled nuclei.” Thus, the A value 
for lVO(naphbu)lz should be half the value for 
[VO(naphpn)]. This prediction is observed exper- 
imentally in this system (A = 50 G, wO(naphbu)], ; 
A = 100 G pO(naphpn)]. The spectrum contains 
groups of approximately 15 lines. The observation 
of a 15 line spectrum has been attributed to the 
electron exchange between two “V nuclei.*l So, the 
isotropic spectrum of [VO(naphbu)], indicates that 
the centres are weakly coupled. 

Structures 

Based on analytical and spectral data one can 
propose the structures of the types illustrated by II- 
VI for the vanadium complexes prepared. It is clear 
that the structure of the complex seems to be mainly 
dependent on the length of the methylene chain 
of the ligand. Increasing the number of methylene 
carbons between the azomethine groups should 
relax the structural requirements of the ligand. 

II (complex I and 2) 

R 

O-d ‘N-O 

\/ \/ 
o=v v=o 

/\ /\ 
o--N, y2 

R 

BZ (complex 4) 

r 

‘R’ 

m (complex 3) 

H 

P (complex 5) 

R R 

XL komplex 6 and 7) 

Reaction of Vu1 complexes with dioxygen 

The visible spectral study of the reaction of 
~-0x0, p-aquo-bis [N-N’-propylene bis(naph- 
thylideneiminato)]divanadium(III) (complex 2) 
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I 

4 

Time (mid 

650 a 

Mnm) 

Fig. 2. Repetitive scan for the oxygenation of [v, 
(naphpn)z(0)HzO] complex (2) in DMF at room tem- 

perature within 3 h. 

and dioxygen in dimethylformamide as a function 
of time was performed. The spectrum of complex 2 
in DMF solution (Fig. 2) is characterized by a band 
at 630 nm which is attributed to the Ad transition 
of the six-coordinate V”’ ion. When dioxygen is 
admitted to the solution the extinction of the band 
decreases, which eventually disappears. A weak band 
at 530 nm appears which is assigned to a Ad tran- 
sition within the VO’+ ion.‘5,‘6 Bubbling nitrogen 
through the solution does not regenerate the start- 
ing spectrum, denoting that the reaction is irre- 
versible [see eq. (l)]. 

The rate constant of this reaction has been deter- 
mined by monitoring the kinetics of the band char- 
acterizing the reactant. The decrease of A,, to A is 
exponential, and plots of In (A,- A)/@,- A) vs 
time exhibit linearity (Fig. 2) where A,, and A are 
the initial and final absorbances of the solution and 
A, is the absorbance at varying time throughout the 
reaction. All absorbance values were recorded at a 
fixed wavelength. The slope of the plotted line is 
equal to the reaction rate constant ; k observed for 
oxygenation of complex 2 is 1.2 x lop4 s- ‘. 

The visible, IR and EPR spectra of the product 
formed during the absorption of dioxygen are simi- 

lar to the spectra of the oxovanadium(IV) complex, 
3. It could be concluded that complex 2 is stable in 
the solid state and oxidized to the VO” complex in 
DMF solution. 

Deoxygenation of the oxovunadium(IV) complexes 

The reaction of the oxovanadium(IV) complexes 
with thionyl chloride in dimethylformamide at 
room temperature results in a rapid reaction with 
the colour changing from yellow to dark green. 
The visible spectral study of the reaction product 
of [N,N’-propylene bis(naphthlideneiminato)]oxo- 
vanadium(W), complex 3 and thionyl chloride in 
DMF as a function of time was performed. The 
visible spectrum of complex 3 in DMF solution 
(Fig. 3) was characterized by a band at 530 nm 
which was assigned to the d-d transition within 
the VO*+ ion in a five-coordinate square-pyramidal 
structure. When thionyl chloride was added a rapid 
reaction occurred with the colour changing from 
yellow to dark green and the visible spectrum dis- 
played a broad band at 750 nm which was 
assigned to a &d transition within the V4+ ion.‘3s’4 
The band diminishes in extinction and eventually 
disappears after 2 h indicating that the halogen0 
complex is unstable and decomposes. The rate con- 
stant for the dissociation of the halogen0 complex 
kobs = 2 x 1O-6 s-r [Fig. 3(a)]. 

The visible spectral study of the reaction of 
[N,N’ - butylene - bis(naphthlideneiminato)]oxova- 
nadium(IV) dimer (4) and [diethylenetriamine bis 
(naphthlideneiminato)]oxovanadium(IV), complex 
5, and SOC12 in DMF as a function of time was 
performed. The visible spectra [Fig. 3(b)] display 
three bands at 790,670 and 420 nm which accord- 
ing to the energy level scheme of Lever,** (d,,, 
dYJ < dXY < dzz < d,z+z for Oh symmetry with 
tetragonal distortion, are assigned to [(d,.,, d,,) --f 

&.I ; Wxz, d,,) -, 421 and Kdxz, d,l) --* kr23 tran- 
sitions, respectively, of the V4+ ion. The spectra 
show little change indicating that the halogen0 com- 
plexes are quite stable. The rate constants for for- 
mation of the halogen0 complex : kobs = 3.2 x lo- 3 
s- ‘, for complex 4 and kobs = 5 x lo- 3, for complex 
5 [Fig. 3(b)]. 

The reaction of VO” complexes with thionyl 
chloride depends upon the structure of the oxova- 
nadium complex, the presence of a flexible ligand 
around the vanadyl ion helps chloride to coordinate 
with the vanadyl ion. 

CONCLUSIONS 

The binuclear vanadium(II1) complexes have a 
Iv,@-oxo)@-aquo)] core in distorted octahedral 
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Time (mid 

- In presence of SOCLZ 

---In absence of SOCL, 
I 

Fig. 3. Electronic absorption spectral sequence of the vanadyl complexes. (a) Decay spectra of 
pO(naphpn)], complex 3 within 75 min. (b) Subsequent spectra of [VO(naphbutr)], complex 5 within 

18 min. 

environments of tetradentate Nz02 Schiff base 
ligands. These complexes are stable in the solid 
state and oxidized to oxovanadium(IV) in DMF 
solution. The type of complex formed between 
VOCl* and dianonic tetradentate Schiff bases is 
determined by the length of the carbon chain linking 
the imine groups and further, that the subsequent 
reaction with thionyl chloride depends upon the 
structure of the oxovanadium(IV) complex. Both 
stable dichloro vanadium(N) complexes and 
unstable species have been observed. 

EXPERIMENTAL 

The ligands, H2L, (I) were prepared by the stan- 
dard method. 

Preparation of metal complexes 

(i) [V,L,(O)H,O] complexes 1 and 2. The ligand 
(0.01 mol) suspended in dioxygen-free hot ethanol 
(50 cm3) was mixed with triethylamine (0.02 mol), 
then vanadium(II1) chloride in dioxygen-free etha- 
nol (50 cm’) was added dropwise to the ligand solu- 
tion. The mixture was further refluxed with con- 
tinuous stirring for 1 h under dry dinitrogen. The 
complex was filtered off, washed with acetone and 

dried in vacua. The complexes were handled under 
dry dinitrogen (Yields ca 60%). 

(ii) VOL] complexes Z&7. The ligand (0.01 mol) 
suspended in hot ethanol (150 cm3) was mixed with 
triethylamine (0.02 mol), then vanadyl chloride in 
ethanol (50 cm3) was added dropwise. The mixture 
was further refluxed for 1 h. The complex was fl- 
tered off, washed with acetone and dried in vacua 
(Yields ca 70%). 

Physical measurements 

The IR spectra were recorded on Perkin-Elmer 
598 and 683 IR spectrophotometers ; the solid 
samples were examined as KBr discs. The diffuse- 
reflectance electronic spectra were measured on an 
SP 500 spectrophotometer using LiF as a reference. 
The electronic spectra in dimethylformamide solu- 
tion were recorded on a Schimadzu 240 UV 
spectrophotometer. THe EPR X-band spectra 
were recorded on a varian E9 spectrometer. 
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Abstract-The reaction of a warm methanolic solution of [Ni(I-IL)Py]Cl * 0.5Py (HL = 
monoanion of terdentate NNO ligand salicylaldehyde S-methylisothiosemicarbazone) 
with rx-picolinaldehyde yielded the diamagnetic complex NiL (L = dianion of the quad- 
ridentate NNNO ligand S-methyl-N( l)-salicylidene-N(4)-a-methoxypicolyl-isothiosemi- 
carbazide). Crystal data : Ci6Hi6N4Ni02S, M, = 388.09, triclinic, space group PI, a = 
10.218(3), b = 12.020(2), c = 7.525(3) A, TV = 103.67(3), /I = 107.14(2), y = 103.30(2)“, 
F/‘= 812.2(5) A3, Z = 2, D, = 1.58 g cm3, D, = 1.53 g cm3, &Cu-K,) = 30.22 cm’, 
final R = 0.062 for 2060 observed reflections. With Ni” the ligand forms one six- and two 
five-membered rings. The Ni coordination environment is slightly distorted square-planar 
determined from the 0 atom from salicylaldehyde with the Ni-0 bond length of 
1.83 l(4) A, the N(1) and N(4) atoms from the S-methylisothiosemicarbazide 
moiety and the N atom from pyridine with the Ni-N bond lengths of 1.835(5), 1.803(5) 
and 1.908(5) A, respectively. The compound has been characterized by elemental analysis 
as well as by IR and electronic spectra. 

It has been shown ‘,2 that in the presence of VO”, 
Cur’, Ni” and Fe”’ ions, salicylaldehyde thiose- 
micarbazone and its S-alkyl derivatives take part in 
a condensation reaction with salicylaldehyde yield- 
ing complex I of the corresponding metal ion and 
the in situ formed “symmetric” quadridentate 
ONNO ligands, the derivatives of N( l),N(4)-bis(sa- 
licylidene)isothiosemicarbazide. The demetallation 
of the corresponding Ni” complex enabled the iso- 
lation of the free ligand, which led to the synthesis 
of complexes with this class of ligands which could 
not be prepared by the above template reaction. In 
this way, the complexes of Zn”, Mn”, Co”, Co”’ 
and Cf” were prepared. 3 

*Author to whom wrrespondence should be addressed. 

Recently,4 the preparation of the Ni” complex of 
an “asymmetric” quadridentate ONNO ligand based 
on S-alkylisothiosemicarbazide, e.g. (acetylacetone 
S - methyl - N(4) - salicylideneisothiosemicarbazo- 
nato)nickel(II) (II) was reported. The most interest- 
ing observation was that [Ni(HL)Py]Cl * 0.5Py 
(HL = monoanion of salicylaldehyde S-methyliso- 
thiosemicarbazone) and acetylacetone did not 
enter the expected condensation reaction of 
the coordinated NH2 group of the fragment 
=C(-SMe)-NH2 with acetyleacetone. In- 
stead, a rearrangement of the salicylaldehyde 
moiety and its binding to the N(4) of the above 
fragment took place. At the same time, the acetyl- 
acetone fragment was bound to the newly liberated 
N( 1) nitrogen. 

2641 
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As part of our studies on the synthesis and struc- 
ture of transition metal complexes with the “asym- 
metric” quadridentate ligands based on thiose- 
micarbazide and the reactions of their amide 
groups, we describe here the synthesis, crystal and 
molecular structure of an Ni” complex of the unex- 
pected composition, III, formed with S-methyl- 
N( 1) - salicylidene - N(4) - CI - methoxypicolylisothio- 
semicarbazide. 

EXPERIMENTAL 

Chemicals and methods 

The starting complex [Ni(HL)Py]Cl - OSpY was 
prepared according to the procedure described 
earlier.5 The a-picolinaldehyde was puriss grade 
(Fluka). 

Nickel was determined as bis(dimethylgly- 
oximato)nickel(II) after complex decomposition 
with concentrated nitric and sulphuric acid, 
whereas C, H and N were determined by standard 
micro-methods. 

The IR (KBr pellet) and electronic spectra 
(C = 2.5 x 10e4 mol dme3 in EtOH and Py) were 

\ 
S-Me 

recorded on a Perkin-Elmer 457 and a Cary 219 
spectrophotometer, respectively. 

Determination of the crystal structure 

The crystal data are given in the Abstract. The 
complex crystallizes in the form of deep reddish 
prismatic rods. D, was determined by flotation in 
a mixture of petroleum ether and CC14. Intensity 
data were collected from a crystal deflned by the 
following planes/distances (between opposite faces 
in mm) : + 100/0.046, f 010/0.082, f 001/0.360. A 
Philips PW 1100 four-circle diffractometer was used 
with the 8-28 scanning technique, using a scan 
width of 1.20” and a scan rate of 0.04 s- ‘. Unit 
cell parameters were obtained from least-squares 
analysis of the setting angles of 16 reflections with 
35 < 28 < 56. The space group was confirmed as 
PI by the structure determination. Out of 2354 
reflections scanned within a hemisphere + h, + k, I 
(h, + 11 ; k, 13, - 14; 18) up to sin 0/n = 0.59 A- l, 
2 157 were unique. Three standard reflections (33 1, 
05T, i50) measured every 2 h showed an average 
variation of 1%. Corrections were applied for 
Lorentz and polarization effects and for absorp- 
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Fig. 1. An ORTEP diagram showing the complex molecule viewed along c and the atom numbering. 

tion,6 where transmission factors were from 0.65 to 
0.87. 

The structure was solved by direct methods.’ The 
E map calculated with 342 largest E values 
(E 2 1.37) revealed the position of all non-H atoms 
with the exception of six C atoms. Subsequent cal- 
culations were performed mainly with XRAY76.8 
A difference map revealed the positions of the 
remaining six C atoms. All H atoms were located 
from difference maps and theoretical calculations. 

Full-matrix least-squares refinement on F was 
performed for 2060 reflections with I > 3a(I) vary- 
ing separately and successive coordinates of non-H 
atoms, their anisotropic temperature factors and 

* Lists of structure factors, positional and temperature 
parameters, all bond lengths and angles and some mean 
planes have been deposited as supplementary material 
with the Editor, from whom copies are available on 
request. Atomic coordinates have also been deposited 
with the Cambridge Crystallographic Data Centre. 

coordinates of H atoms (73, 145 and 49 parameters 
refined, respectively) were determined. Isotropic 
temperature factors of H atoms were set to be 15% 
greater than those belonging to corresponding car- 
rier C atoms and were held constant. The function 
minimized C(IFoI-IFcl) using unit weights gave a 
final R of 0.062. Goodness-of-fit was 1.22. Par- 
ameter shifts were < 0.100 for non-H and < 0.21~ 
for H atoms. The final difference map revealed 
residuals which were no greater than 0.61 e A- 3 
except for two irregular maxima of 1.59 and 1.51 e 
A-’ near the Ni atom. Scattering factors were used 
from Cromer and Mann’ for non-H and those of 
Stewart et al. lo for H atoms ; anomalous dispersion 
factors from Cromer and Liberman were used. All 
calculations were performed on a Univac 1110 com- 
puter at the University Computing Centre in 
Zagreb. 

The complex molecule viewed along c with the 
corresponding atom numbering is shown in Fig. 1. 
Relevant bond lengths and angles involving non-H 
atoms are listed in Table 1 .* 
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Table 1. Selected bond lengths (A) and angles (“) of non-H atoms. 

N&O(2) 1.831(4) 0(2)--c(2S) 1.320(6) 
Ni-N( 1) 1.835(5) N(l)--N(2) 1.409(8) 
Ni-N(4) 1.803(5) N(l)_-C(l) 1.274(7) 
Ni-N( 1P) 1.908(5) N(2w(3) 1.321(7) 

s--c(2) 1.803(10) N(4)--C(3) 1.339(9) 

s--c(3) 1.749(7) N(4F(4) 1.443(7) 
0(1)--c(4) 1.419(7) C(l)--c(lS) 1.426(10) 

O(lF(5) 1.402(12) c(4w(2P) 1.523(10) 

O(2)-Ni-N( 1) 97.2(2) Ni-N(4F(3) 113.5(3) 
O(2)-Ni-N(4) 179.3(3) Ni-N(4)-C(4) 120.1(5) 
O(2)-Ni-N( 1 P) 95.4(2) C(3)-N(4W(4) 125.2(5) 
N( 1 )-Ni-N(4) 83.0(2) Ni-N( lP)--C(ZP) 114.3(4) 
N( l)--Ni-N( 1P) 167.3(2) Ni-N( 1 P)-C(6P) 125.6(4) 
N(4)-Ni-N( 1P) 84.3(2) N(l)---C(lW(lS) 125.2(6) 

c(2w-c(3) 101.8(4) =(3)-N(2) 120.4(5) 

c(4)_-o(l>--c(5) 116.0(5) s--c(3)_N(4) 120.3(4) 
Ni-O(2)-C(2S) 125.6(4) N(2t-C(3)-N(4) 119.4(6) 
Ni-N( 1 )-N(2) 115.9(3) O( 1-(4)-N(4) 114.7(6) 
Ni-N( l)--C( 1) 125.7(5) o(lw(4bc(2P) 112.1(l) 

N(2)-N(lW(1) 118.4(5) N(4k-C(4)--c(2P) 104.8(5) 

N( 1 h--N(2W(3) 107.6(5) N( 1 Pw(2P)--c(4) 116.3(5) 

C(4)_-c(2PF-C(3P) 122.4(5) 

Preparation of the complex 

0.50 g of [Ni(HL)Py]Cl * 0.5Py5 was dissolved, by 
heating, in 10 cm3 of MeOH to which was then 
added 1.0 cm3 of a-picolinaldehyde. The red solu- 
tion was heated mildly with stirring for about 5 min 
and left at room temperature for about 5 h. The 
deep reddish crystals obtained were filtered off and 
washed with MeOH and Et*O. Yield: 0.25 g. 
Found: Ni, 15.0; C, 49.9; H, 4.1; N, 14.3. Calc. 
for NiClgHL6N402S (1M, = 388.09): Ni, 15.1; C, 
49.5; H, 4.2; N, 14.4%. 

RESULTS AND DISCUSSION 

Synthesis and general properties of the complex 

Apart from the synthesis and structure of 
complex II, also reported was the synthesis of 
complex I [M = Ni(II)14, which was accomplished 
by the reaction of [Ni(HL)Py]Cl-0.5Py (HL = 
monoanion of salicylaldehyde S-methylisothio- 
semicarbazone) with salicylaldehyde. 

With the aim of obtaining a complex analogous 
to I, which would have the “asymmetric” qua- 
dridentate NNNO ligand, S-methyl-N( l)-salicy- 
lidene-N(4)-a-picolinylidene-isothiosemicarbazide, 
we tried out the reaction between a warm meth- 
anolic solution of [Ni(HL)Py]Cl - 0.5Py with cr-pic- 
olinaldehyde. But, instead of complex IV of the 

form NiL*Cl (L* = monoanion of the hypothetic 
quadridentate ligand) we obtained the NiL 
complex, III, where L = dianion S-methyl-N(l)- 
salicylidene - N(4) - tl - methoxypicolylisothiosemi- 
carbazide which is also a quadridentate NNNO lig- 
and. The formation of the corresponding ligand can 
be explained by the addition of a molecule of 
MeOH across the azomethine -CH=N(4)-link- 
age of the ligand of complex IV, formed in the 
initial stage of the reaction : 

H HH 
I I I 

-C&N-+MeOH -+-C-N-. 

&Me 

Under the given reaction conditions, the nitrogen 
atom is deprotonated, which together with depro- 
tonation of the phenolic group yields a dianionic 
form of the ligand, i.e. leads to formation of the 
neutral complex NiL. Such behaviour of the azo- 
methine group with respect to alcohols is not 
unknown. Analogous reactions have been observed 
in the case of Cu” complexes with the quadridentate 
ligand NN-bis(2-pyridylmethylene)ethane-1,2- 
diamine,‘* as well as in the case of complexes with 
some quinquedentate macrocyclic (Schiff base) 
ligands which are derivatives of 2,6_diacetylpyridine 
and polyfunctional diamines. ’ 3*1 4 However, the 
case described here is, to our knowledge, the first 
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example of such behaviour of the azomethine group 
in molecules of a great number of various thio- 
semicarbazone-based ligands and their metal 
complexes. ’ ‘3 ’ ’ 

The complex is stable up to 170°C (when it starts 
to decompose). It is very soluble in CHC13 and 
DMF, less soluble in Me&O, MeOH, EtOH and 
Et*O, whereas in water it is insoluble. 

The molar conductivity (C = 1 x lo- 3 mol dm- 3 
in DMF) is close to zero, which suggests the non- 
electrolyte nature of the complex. 

Description of the structure 

It is known that thiosemicarbazide and S-methy- 
lisothiosemicarbazide groups are bidentate in 
different ways. In binding to a metal ion both 
groups use the hydrazine N( 1) atom, with the other 
coordinating atom being S and the amide N(4) 
atom, respectively. 16-” In the present structure 
(Fig. 1) the Ni atom has a slightly distorted square- 
planar environment. Apart from the N( 1) and N(4) 
atoms from the S-methylisothiosemicarbazide moi- 
ety, the pyridine N(lP) atom and the O(2) atom 
from the salicylaldehyde moiety are involved in 
coordination. The longest bond length in the coor- 
dinating sphere is the Ni-N(lP) bond length of 
1.908(5) A and the shortest is the Ni-N(4) bond 
length of 1.803(5) A, involving the N(4) atom with 
formally negative (- 1) electric charge. All these 
distances are in good agreement with the cor- 
responding values observed in the structures of 
similar compounds having square-planar coor- 
dination around the Ni atom.4,1%24 The coor- 
dinating atoms deviate from their mean plane 
within *0.005(6) A, the Ni atom deviating by 
0.015(2) A. The next closest atom to the Ni atom is 
the N(lP)’ atom [(i) 2 -x, --y, 1 -z] at a distance 
of 3.377(6) A. The shortest Ni * *-Ni distance is 
Ni * . . Ni’ which is 3.739(2) A. 

ently by electron delocalization. The N(ljN(2) 
1.409(8) A could be considered as a shortened single 
bond. The N(4jC(4) bond length of 1.443(7) 8, 
involving the C(sp’) picoline atom is also greatly 
shortened. On the other hand, the formally double 
bond, N(2 j-C(3) 1.321(7) A (there is no peak in 
the difference map that might indicate the presence 
of a hydrogen atom in the vicinity of the N(2) atom) 
and formally single bond, C(3jN(4) 1.339(9) A, 
do not differ significantly, showing strong electron 
delocalization. A comparison of some different S- 
methylisothiosemicarbazide and S-methylisothio- 
semicarbazones metal complexes shows that 
N(2jC(3) and C(3 jN(4) bonds could be for- 
mally either single or double bonds, respectively 
[Table 2(a)], or vice versa [Table 2(b)]. The single 
bonds are, with one exception,” always longer than 
the corresponding adjacent double bonds, although 
often not significantly. The C-S bond lengths of 
1.803(10) and 1.749(7) A involving C(sp’) and 
C(sp’) atoms, respectively, are as normal. 

The methyl group (Me) and the terminal N(4) 
atom are tram with respect to the C(3 jS bond. 
Most of the complexes listed in Table 2(a) show a 
cis relation, while those in Table 2(b) are mostly 
trans. It means that in both cases the tram positions 
of the S-Me and formally single C(3)-N bonds 
are preferred. The reasons are probably steric. It is 
interesting to mention that of the two crystallo- 
graphically different molecules in the chloro(sali- 
cylaldehyde S-methylisothiosemicarbazonato) 
CL?’ complex29 one shows cis and the other a 
tram form. 

No intermolecular contacts which were sig- 
nificantly shorter than the sums of atomic van der 
Waals radii were observed. 

IR spectrum 

Most of the complex molecule is generally planar, 
as the 20 atoms determining the aromatic and che- 
late rings deviate from their mean plane within 
&-0.097(7) A. The benzene and pyridine rings are 
planar within +0.008(S) and f 0.013(7) A, respec- 
tively. The interplanar angle between them is 
4.7(2)“. The atoms of the six-membered chelate ring 
adjacent to the benzene ring and the atom of the 
five-membered chelate ring adjacent to the pyridine 
ring deviate within + 0.028(7) and 0.024(7) A from 
planarity, respectively. Deviations of the atoms of 
the five-membered chelate ring are somewhat 
greater being within f 0.05 l(6) A from their mean 
plane. 

The appearance and positions of the relevant 
bands in the IR spectrum of the complex confirmed 
the observed coordination of the ligand. First of all, 
there are no characteristic bands between 300& 
4000 err- ’ which indicates the absence of the -NH 
and -OH groups, i.e. the deprotonation of these 
groups due to their coordination. (For the sake of 
the truth, the presence of two weak bands at 3080 
and 3020 cm- ‘, belonging to the v(CH) aromatic 
group should be mentioned.) The presence of 
v(C-0) bands of medium intensity at 1285 cn- I, 
which in the spectrum of the non-coordinated 
salicylaldehyde S-methylisothiosemicarbazone are 
found at lower energies (1270 err- ‘), confirm the 
coordination of the phenolic oxygen. 37 

The bond lengths involving the S-methyliso- A strong band at 1630 cm-’ belongs to the 
thiosemicarbazide atoms are influenced differ- v(-CH=N’-) of the azomethine group whereas 
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Table 2. Comparison between characteristic bond lengths involving N atoms 
of the S-methylisothiosemicarbazide moiety. A, B and C represent distances 
between N(1) and N(2), N(2) and C(3), and C(3) and N(4) atoms, respec- 
tively (subscripts s or d denote formally single or double bonds, respectively). 
The significance A/a of the differences between the B and C values is ex- 
pressed as (IB-CW[aZ(B)+a2(C)] ‘I’. The trans or cis relationships of the 
terminal N(4) atom and methyl group with regard to the C(3)--S bond 

are indicated in parentheses next to the corresponding reference number 

(a) A* B, C* Reference 

1.377(8) 1.371(9) 1.292(9) 6.2 
1.429(12) 1.315(12) 1.284(12) 1.8 
1.392(7) 1.334(8) 1.292(8) 3.7 
1.371(11) 1.343(11) 1.311(13) 1.9 
1.39(l) 1.33(2) 1.30(2) 1.1 
1.39(2) 1.35(2) 1.29(2) 2.1 
1.408(11) 1.352(12) 1.282(12) 4.1 
1.389(12) 1.365(13) 1.305(12) 3.4 
1.44(4) 1.37(4) 1.27(4) 1.8 

144X3) 1.34(4) 1.31(4) 0.5 
1.40(l) 1.33(l) 1.34(l) 0.7 
1.387(4) 1.3&l(6) 1.265(5) 12.7 
1.403(5) 1.337(6) 1.297(6) 4.7 
1.398(5) 1.337(6) 1.299(6) 4.5 

tb) A, & C, AiD 

26 (cis) 
17 (cis) 
27 (tram) 
28 (tram) 
29 (cis> 
29 (trans) 
30 @is) 
30 (cis) 
30 (cis) 
30 (cis) 
25 (tram) 
31 (cis) 
32 (cis) 
32 (cis) 

Reference 

1.405(8) 1.309(9) 1.321(9) 0.9 
1.40(l) 1.30(l) 1.40(l) 7.1 
1.452(12) 1.313(12) 1.344(12) 1.8 
1.393(7) 1.314(8) 1.386(7) 6.8 
1.407(7) 1.281(8) 1.394(7) 10.6 
1.41(l) 1.30(2) 1.40(l) 4.5 
1.382(12) 1.272(12) 1.430(12) 9.3 
1.374(13) 1.324(13) 1.411(12) 4.9 
1.409(8) 1.321(7) 1.339(9) 1.6 

33 (cis) 
2 (tram) 

18 (cis) 
34 (tram) 
34 (tram) 
35 (trans) 
36 (tram) 
4 (tram) 

This work(trans) 

another band, which is also strong, at 1600 cm-’ 
corresponds to vibrations of the benzene, i.e. 
pyridine ring. 38,39 The low-frequency (< 650 cm- ‘) 
coordination-sensitive bands belonging to the pyri- 
dine ring deformations, observed for the non-coor- 
dinated pyridine at 604 (in-plane ring deformation) 
and 405 cm-’ (out-of-plane deformation)40 are 
shifted towards higher energies by about 25 and 45 
cm- ‘, respectively, upon coodination. The charac- 
teristic v,(=C-O-CHJ band of the ether group 
appears at 1070 cn- ‘, while the v, of the same group 
is missing since this group is not active.38 Finally, 
the CH bands of -O-CH3 and -S-CH3 appear 
at 2940 (v& 2040 (v,), and 1460 (a,,) and 1370 
cm- ’ (c$).~~ 

Electronic spectrum 

The position and intensity of the &d transitions 
at ca 26,600 (E = 1120) amd 26,000 cm- ’ (E = 1870) 

(with a shoulder at 25,000 cm-‘) in the spectrum 
recorded in EtOH and Py, respectively, indicate 
that the square-planar structure of the complex is 
also preserved in solution.4’ As the position of the 
band is practically identical in the two solvents, and 
no absorption below 24,000 cm- ’ 42,43 is observed 
(in both spectra a shoulder appears at about 25,000 
cn- ‘), it can be concluded that the coordination 
number of Ni” has not been changed even in the 
presence of Py as a strong electron donor, which 
points to a strong ligand field of the chelate ligands. 

Another support for the square-planar structure 
of the complex is its diamagnetism and the dark red 
colour of its solution. 
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Abstract-New Schiff base bis- and tris-benzo crown ether ligands containing recognition 
sites for alkali and transition metal guest cations have been prepared. Preliminary coor- 
dination studies of these ligands with sodium and copper(I) guest cations have led to the 
successful isolation of mono- and heteropolymetallic complexes. 

The design and synthesis of macropolycyclic mol- 
ecules containing more than one recognition site 
for binding several guest species is of considerable 
current interest in the chemical literature. i-5 These 
multi-site receptors may exhibit allosteric prop- 
ertiess7 by binding sequentially two or more guest 
metal cations in close proximity to one another. 
The resulting polynuclear complexes may facilitate 
electron transfer studies and serve as models of 
relevance to biological redox processes. We report 
here the preparation of a bis-benzo crown ether 
ligand (3) containing a Schiff base dithia linkage 
and a tris-benzo crown ether (5) const~ct~ using 
a tren bridging moiety. 

(1) 

RESULTS AND DISCUSSION 

The condensation of 1,8-diamino-3,6-dithia- 
octane (1)’ with two moles of 4-formylbenzo-15- 
crown-5 (2)9 gave the Schiff base bis-crown ether 
(3) as a white crystalline solid in excellent yields 
(Scheme 1). The tris-benzo crown ether (5) was 
synthesized by reacting tren (4) and three moles 
of 2 (Scheme 2). Both structures were verified by 
elemental analysis, mass spectrometry and ‘H and 
13C NMR spectroscopy (Tables l-3). The two 
ligands, 3 and 5, each contain one recognition site 
for a transition metal and, respectively, two and 
three crown ether sites for alkali metal cations. 

Scheme 1. 

*Author to whom correspondence should he addressed. 

2649 



2650 P. D. BEER and C. G. CRANE 

+ 

8 f-0 
H 
/c 1 

3 q 0 0 

0 3 

Refluxing 3 with an excess of sodium hexa- 
fluorophosphate in acetonitrile led to the suc- 

(3) 
Scheme 2. 

(5) 

cessful isolation of a crystalline complex 
3*2Na+PF;. Similarly with 5 and sodium hexa- 
fluorophosphate a complex of stoichiometry 
5 - 3NaPF, was obtained. These results suggest the 
respective two and three benzo-15-crown-5 moieties 
of 3 and 5 are acting independently of one another, 
each complexing a sodium cation. 

The reaction of CU’(CH~CN)~PF~‘~ with both 
ligands gave the corresponding diamagnetic 
copper(I) complexes as pale yellow solids. Com- 
paring the respective solution 13C NMR spectra of 

/ 

ti 

s\\\lllltcu+ 

V \ 

sJN~Q---$j 

the ligands and their copper(I) complexes (Tables 2 
and 3) reveals that upon complexation, shifts of the 
NCH2, SCHz and HC=N carbons by up to 4 ppm 
result. Little change in the positions of the OCHz 
crown absorptions were evident suggesting tetra- 
hedral coordination of the copper(I) cation in both 
complexes. Subsequent complexation of the 
copper(I) complexes with sodium gave the respec- 
tive hetero-polymetallic complexes 6 and 7, with 
the copper(I) cation in a tetrahedral coordination 
environment and the sodium cations bound in the 
benzo crown ether moieties. The imine stretching 
frequencies of the free ligands, the corresponding 
copper(I) and copper(I)-sodium complexes are 
reported in Table 4. As expected, shifts of the imine 
stretching frequencies to lower wavenumbers are 
observed on complexation of copper(I). It is note- 
worthy that the subsequent binding of sodium at 
the respective benzo crown ether recognition sites 



Synthesis of novel Schiff base bis- and &is-crown ether ligands 2651 

Table 1. ‘H NMR data (CDC13) of (3) and (5), 
respectively 

Proton 6 @pm) Integration 

(3) Imine 

Aromatics 

8.15 (s) 

7.34-6.82 (m) 

Crown-OCH,, 
=NCH, 

3.7W.18 (m) 

NCH2CH2S 2.83 (t, J = 6 Hz) 

SCH,CH,S 2.76 (s) 

(5) Imine 

Aromatics 

8.04 (s) 

7.29 (s) 
6.99 (d, J = 8 Hz) 
6.80 (d, J = 8 Hz) 

Crown-OC, 
=NCH2 

3.6W.20 (m) 

NCH2 2.91 (t, J = 6 Hz) 6 

2 

6 

36 

Table 3. 13C NMR data (CDCl,) of (5) and (5) - Cu’PF, 

4 

4 6 (ppm) of (5) Assignment 
6 Cm4 of 

(5) - Cu’PF, 

54 

of both copper(I) complexes induces further shifts 
to lower wavenumbers of v(c=N) suggesting the 
bound alkali metal cations are influencing the elec- 
tron density at the respective co-bound copper(I) 
metal centres. Detailed electrochemical studies of 
these and related polymetallic complexes are in pro- 
gress to investigate the prospect of tuning the bound 

Table 2. 13C NMR data (CDCl,) of (3) and (3) * Cu’PF, 

6 @pm) of (3) Assignment (3) - Cu’PF, 

32.65 
33.10 
61.62 

68.80 
69.45 
70.43 
71.14 

111.43 
112.73 

123.43 
129.54 

144.34 
151.59 

161.73 

C’S 
C” 
C’6 

Crown-OCH, 
(C’-@) 

Cl0 Cl3 
9 

I 

C” 
Cl2 

c9, Cl4 

C’S 

32.09 
33.39 
60.15 

68.50 
69.16 
70.30 
70.88 

112.54 
113.84 

124.18 
126.10 

148.63 
153.15 

165.80 

55.93 
59.99 

68.84 
69.44 
70.43 
71.14 

111.27 
112.76 

123.10 
129.90 

149.25 
151.29 

161.31 

C” 
C’6 

Crown-OCH ,, 
(C’W8) 

CIO Cl3 
9 

C” 
Cl2 

c9. C’4 

C’S 

53.78 
60.87 

68.77 
69.13 
70.27 
70.95 

112.60 
115.16 

122.16 
126.52 

149.21 
152.95 

162.84 

transition metal redox centre to certain redox 
potentials via the binding of one or more Group 1A 
and Group IIA metal cations at the benzo crown 
ether moieties. 

EXPERIMENTAL 

General 

‘H NMR spectra were recorded at 400 MHz, 270 
MHz and 13C NMR spectra at 67.8 and 100 MHz 
using TMS as internal standard. l,%Diamino-3,6- 
dithiaoctane, Cformylbenzo- 15-crown-5’ and 
CU’(CH,CN)~PF~” were prepared according to 
literature methods. Acetonitrile was dried by dis- 
tillation from calcium hydride and ethanol by dis- 
tillation from magnesium ethoxide. 

Syntheses 

Preparation of 3. To a stirred solution of 1,8- 
diamino-3,6dithiaoctane (1) (0.65 g, 3.61 mmol) in 
dry ethanol (80 cm3), 4-formylbenzo-15-crown-5 (2) 
(2.14 g, 7.21 mmol) was added in small portions. 
The resulting mixture was stirred for a further 3 h 
at ambient temperature and the precipitated white 
solid product, 3, was filtered off, washed with 
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Table 4. Microanalytical and selected IR data 

Analysis“ (%) 

Compound 

(3) 
(5) 
(3) - 2NaPF, 
(5) - 3NaPF, 
(3) - Cu’PFs 
(5) - Cu’PFs 
[(3)*Cu’2Na13+(PF;), 
[(5) - Cu’3Na]4+(PF;)4 

C H N 

C=N 
frequencyb 

(cm ‘) 

58.5(58.7) 
62.5(62.4) 
40.0(40.3) 
41.1(41.3) 
45.4(45.7) 
51.2(51.5) 
34.5(33.7) 
35.7(36.2) 

7.1(7.1) 
7.2(7.4) 
4.9(4.9) 
5.2(4.9) 
5.5(5.5) 
5.8(6.1) 
4.6(4.1) 
4.6(4.3) 

3.5(3.8) 1640 
5.8(5.7) 1640 
2.9(2.6) 1635 
4.1(3.8) 1635 
3.1(3.0) 1620 
4.6(4.7) 1630 
3.0(2.2) 1615 
3.7(3.3) 1620 

LI Calculated values given in parentheses. 
b KBr disc ( f 2 cm- ‘). 

diethyl ether and dried in vacua. Yield = 2.39 g, 90%, 
m.p. 98-99°C. Found : C, 58.5 ; H, 7.1; N, 3.5. Calc. 
for C36H52N2010S2: C, 58.7; H, 7.1; N, 3.8%. 
m/z = 736. 

Preparation of 5.4-Formyl benzo-I 5-crown-5 (2) 
(0.5 g, 1.69 mmol) was dissolved in dry ethanol (50 
cm’) and tren (4) (0.082 g, 0.56 mmol) dissolved in 
ethanol (10 cm3) added all at once. The result- 
ing homogeneous solution was refluxed for 2 h 
and allowed to return to ambient temperature 
overnight. The solvent was removed to leave an oil 
which was azeotroped with dry toluene (2 x 20 cm3). 
The resulting pale yellow solid was recrystal- 
lized from a dichloromethanehexane mixture. 
Yield = 0.54 g, 98%, m.p. 83-85°C. Found : C, 
62.5; H, 7.2; N, 5.8. Calc. for C51H72N4015: C, 
62.4; H, 7.4; N, 5.7%. m/z = 980. 

Preparation. of (3).2NaPF,. 3 (0.1 g, 0.136 
mmol) and NaPF, (46 mg, 0.27 mmol) were dis- 
solved in dry acetonitrile (30 cm’) and stirred at 
room temperature for 2 h. The solvent was removed 
and the residue washed with hexane. Recrystal- 
lization from tetrahydrofuran-hexane gave the 
product complex. Yield = 70 mg, 48%, m.p. 89- 
91°C. 

Preparation of (5). 3NaPF,. 5 (0.1 g, 0.102 
mmol) and NaPF, (51 mg, 0.306 mmol) were dis- 
solved in dry acetonitrile (30 cm’). The resulting 
solution was stirred at room temperature for 2 h 
and the solvent removed in vacua. The residue was 
washed with heptane to give a white solid. Yield = 
74 mg, 50%, m.p. 15&153”C. 

Preparation of (3) - Cu’PF6. A solution of 3 (0.3 
g, 0.41 mmol) and CU’(CH~CN)~PF~ (0.15 g, 0.41 
mmol) in dry acetonitrile (40 cm’) was refluxed for 
2 h. Removal of solvent in vacua gave a pale yellow 

foaming solid which was recrystallized from ace- 
tonitrile. Yield = 0.34 g, 87%, m.p. 90-94°C. Mag- 
netic susceptibility measurements showed the com- 
plex to be diamagnetic. ‘H NMR (CDC13) : 6 2.96 
(s, 4H), 3.70-4.1 (m, 4OH), 6.76 (d, J = 8 Hz, 2H), 
7.48-7.50 (m, 4H), 8.47 (s, 2H). 

Preparation of(S) *Cu’PF6. A solution of 5 (0.5 
g, 0.51 mmol) and Cu*(CH30&PF6 (0.19 g, 0.51 
mmol) in dry acetonitrile (60 cm3) was refluxed for 
2 h. Removal of solvent in vacua and washing with 
ethanol gave a yellow solid. Yield = 0.48 g, 80%, 
m.p. 201-204°C. Magnetic susceptibility measure- 
ments showed the complex to be diamagnetic. ‘H 
NMR (CDC13): 6 3.08 (s, 6H), 3.64 (s, 6H), 3.70- 
4.0 (m, 4&H), 6.23 (d, J = 8 Hz, 3H), 7.39 (s, 3H), 
7.87 (d, J = 8 Hz, 3H), 8.32 (s, 3H). 

Preparation of [(3) * Cu’2Na](PFJ3. (3) * 
Cu’PF, (0.1 g, 0.106 mmol) and NaPF, (36 mg, 
0.22 mmol) were dissolved in dry acetonitrile 
(30 cm’) under nitrogen. The resulting solution was 
stirred at room temperature for 2 h and the solvent 
removed in vacua. The residue was washed with 
ethanol and heptane to give a lemon-yellow solid. 
Yield = 96 mg, 71%, m.p. 188-190°C. 

Preparation of [(5) * Cu’3Na](PF&. (5) * 
Cu’PFs (0.1 h, 8.4x 10m2 mmol) was dis- 
solved in dry acetonitrile (30 cm’) and excess 
sodium hexafluorophosphate added (0.042 g, 0.25 
mmol). The resulting solution was stirred at room 
temperature for 2 h. Removal of solvent in vucuo 
and washing with ethanol and heptane gave a yel- 
low solid. Yield = 0.084 g, 59%, m.p. 164166°C. 
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ATTRACTION OF Taco AND TIN CHLORIDES IN 
TETRAHYDROFURAN. TJ3E X-RAY CRYSTAL STRUCTURE OF 
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Abstract-The direct reaction between ~iCi~(THF~~ and SnCl, in tetrahydrof~an (THF) 
yields the green paramagnetic salt [trans-TiCl&IHF)4][SnCl,(THF)]. The same compound 
is also formed in the reaction between [TiCl,(THF),] and SnCl, in THF. Crystals of the title 
compound are monoclinic with a = 8.442(4), b = 21.589(9), c = 9.262(S) A, fl= 107.91(5)“, 
2 = 2, space group P2 i/m. Both metal ions are in an octahedral environment. The titanium 
atom in the cation [TiCl,(THF)J+ lies on the symmetry centre. The tin atom in 
[SnCl~(TH~]- is located on the mirror plane. 

Much current research on a super high activity cata- 
lyst for the pol~erization of olefins is focused on 
the relationship between different types of surface 
vacancy on MgCl, or TiC13 and polymerization 
reactivity and selectivity. ’ Attempts to understand 
the role of MgC12 as a catalyst support have suffered 
from the unusual experimental limitations associ- 
ated with the study of heterogen~~ versus homo- 
geneous chemical systems. In solvents having donor 
properties, e.g. in tetrahydrofuran, the reaction 
between MgClz and TiC14 proceeds easily. Three 
different complex compounds, [Mg(THF)6][TiClS 

W-WI,, [(THF),Mg(p-C1)2TiC14] and [Mg, 
(~-Cl)~(THF)6][TiCl,{THF)] may be obtained de- 
pending upon the molar ratio in which they are 
combined.’ The compounds are very good pre- 
cursors for the ethylene pol~e~~tion catalyst. 3 
On the other hand, TiC13 and MgClz in THF do 
not react mutually because, in the simplest sense, 
the acid-basic properties of TiCl, and MgCl, 
are similar. It was found, however, that TiC13 re- 
acts with stronger acids than MgClz e.g. ZnCl, to 
form [t~~~-TiC12(THF)~][ZnCl~(THF)].4 

piCl,(THF)J+ZnCl,% 

[trans-TiCl,(THF),][ZnCl,(THF)]. (1) 

* Dichlorotetrakis(tetrahydrofuran)titanate (IV) penta- 
chloro(tetrahydrofuran)stannate (IV). 

f-Author to whom correspondence should be addressed. 

It was interesting to scrutinize the reaction 
between TiCl, and the other main group element 
chlorides, e.g. tin. The tin compounds were widely 
applied dozens of years ago, by Montedison Spa 
as a catalyst for olefin polymerization. For this 
reason it was interesting to study the synthesis of the 
tin-titanium compounds i.e. compounds contain- 
ing two different active centres. 

We now report the reaction between tin and 
titanium chlorides. It was found that TiC14 with 
SnClz and TiC13 with SnC14, in THF, form the 
same TiSnCl,(THF), compound. The X-ray crystal 
structure of this compound is described. 

EXPERIMENTAL 

All ma~p~ations were carried out under Nz 
using dried solvents and Schlenk techniques. 
/TiCl,(THF),l and piCl,(THF),] were obtained by 
the literature method.’ Anhydrous SnCl, and S&l2 
were commercial materials and microanalyses were 
performed at the University of Wroclaw. 

Preparation of [truns-TiClz(THF),][SnC1,(THF)] 

(a) A solution of piCl,(THF);1 (1.43 g, 4.27 
mmol) in 30 cm3 of tetrahydrofuran and 0.41 g (2.13 
mmol) of non-aqueous SnClz in 20 cm3 of THF 
were mixed and left at room temperature. During 
12 h the solution changed its colour from orange 
via green to violet and the green crystals settled 
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down. The compound was filtered off under dini- 
trogen, washed with THF (3 x 10 cm3) and dried in 
VUCUO. Yield 0.90 g (54%). After condensation of a 
solution to 15 cm3, the crystalline [TiCl,(THF),] 
was isolated from a titrate. Found : Ti, 6.2 ; Sn, 
15.5 ; Cl, 32.0. Calc. for TiSnCl,(THF), : Ti, 6.2; 
Sn, 15.3 ; Cl, 32.0%. 

(b) The mixture of [TiCl,(THF),] (1.21 g, 3.25 
mmol) and [SnCl,(THF),] (1.31 g, 3.25 mmol) in 
50 cm3 of THF was heated under reflux and N2 for 
6 h and a fine-crystalline blue compound settled 
down. After cooling the reaction mixture to room 
temperature the precipitate was filtered off and 
washed with THF (3 x 10 cm’). The yield of 1.6 g 
(58%) could be increased above 80%, by con- 
densation of the filtrate in ZXZCUO. Found : Ti, 5.7 ; 
Sn, 14.7; Cl, 29.4. Calc. for TiSnCl,(THF),: Ti, 
6.2 ; Sn, 15.3 ; Cl, 32.0%. The quantitative com- 
position and IR spectrum of the blue crystalline 
compound is analogous to that of the compound 
synthesized by method (a). 

The crystals for X-ray examination were taken 
from the post-reaction mixture directly obtained by 
method (a). The density was measured by flotation 
in a 1,2_dibromoethane and hexane mixture. 

X-ray structure analysis of [truns-TiCl,(THF),] 
[SnCI,(THF)] 

Crystal data. [TiClz(CqH80),][SnCl&H80)] : 
M = 775.4, monoclinic, U = 1606 A3, Z = 2, 
D, = 1.60 g cm-3, D, = 1.58 g cme3, s ace group 
P2,/m, MO-K, radiation, 1 = 0.71069 1 , p = 16.4 
cm-‘. 

A specimen (0.2 < 2R < 0.3 mm) was cut from a 
large crystal and sealed in a capillary tube. A Syntex 
P2, diffractometer, MO-K, radiation and a graphite 
monochromator were used for the lattice parameters 
and intensity measurements at T = 300(2) K. Inten- 
sities were measured by 28-o scan techniques up to 
28 = 56”. The intensity of two standard reflections, 
which were monitored after every 50 intensity scans, 
decreased by approximately 5% over the period 
of data collection. No corrections for crystal de- 
composition were applied. From 3977 measured 
reflections, 2317 with I > 3a(I) were used for struc- 
ture determination. Preliminary examination by 
Weissenberg photographs showed the space group 
to be P2, or P2Jm. The structure was solved by 

* Atomic coordinates, displacement factor coefficients, 
full lists of bond lengths and angles and lists of F,/F, 
values have been deposited as supplementary data with 
the Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with the 
Cambridge Crystallographic Data Centre. 

the heavy-atom method. The Sn and Ti atoms were 
found from a Patterson map, and the cen- 
trosymmetric space group P2 i/m was assumed. All 
other non-H atoms were found from successive 
difference-Fourier syntheses. Sixteen H atoms were 
included in geometrically calculated positions. Full- 
matrix least-squares refinements gave R = 0.051 
and R, = 0.058. All calculations were made on a 
NOVA 1200 computer with a locally modified Syn- 
tex XTL/XTLE structure determination system. 6 
Anomalous dispersion corrections were included 
for all non-H atoms. The final difference Fourier 
synthesis showed the highest peak of 0.56 e A’ and 
the maximum A/o was 0.3.* 

RESULTS AND DISCUSSION 

The addition of SnCl, to [TiCl,(THF)J at a 1: 1 
molar ratio in tetrahydrofuran results in a colour 
change of the solution from orange via green to 
violet and the air-sensitive green crystals formulated 
as TiSnCl,(THF), precipitated from the solution. 
After 4 h this was filtered off. A blue known 
[TiCl,(THF),] compound precipitated from the fil- 
trate overnight. 

The IR spectrum of TiSnC17(THF)S presents the 
stretching vrj-_Cl and vstil modes at 290 (sh), 303 
(vs), 320 (sh) and 390 cm-’ (vs), as well as the 
symmetric and asymmetric vc_o__c vibrations of 
the coordinated THF molecules at 838 (vs,br), 927 
(vs) and 1038 cm-’ (m). The compound is para- 
magnetic, its magnetic moment is equal to 1.61 BM 
at room temperature. 

2[TiCI,(THF),] + SnCl, 

S[t runs-TiCl,(THF),][SnCl,(THF)] 

+ [TiCl,(THF),]. (2) 

The crystals of TiSnCl,(THF), consist of 
[TiCl,(THF),]+ cations and [SnC&(THF)]- anions. 
The selected bond lengths and angles are sum- 
marized in Table 1. The structure of the 
[TiCl,(THF),]+ cation is shown in Fig. l(a). The 
titanium atom, which occupies the centre of sym- 
metry, is octahedrally surrounded by two chlorine 
atoms and four tetrahydrofuran molecules. The 
Ti-Cl bond length of 2.333(2) A is comparable to 
values of 2.366(3) and 2.400(2) A in [truns- 
TiCI,(THF)J[ZnC13(THF)14 and the [truns- 
TiCl,(H,O),]+ cation in the CszTiClS*4H20 com- 
pound,7 respectively. However, the Ti-water bond 
length of 2.040(6) A is somewhat shorter than the 
Ti-0 distances of 2.067(6) and 2.126(5) A in the 
compound under investigation. 



Interaction of Ti and Sn chlorides in THF 

Table 1. Selected bond lengths (.&) and angles (“) for [rrans- 
TiCl~~H~~J[SnCl~~HF)] 

Ti-Cl( 1) 2.333(2) C@j-Sn-C!1(2) 170.4(i) 
Ti-q 1) 2.126(5) C1(2)-Sn--Ci(3) 94*8(l) 
Ti-q2) 2.067(6) Cl(2)--Sn-Cl(4) 89.6(l) 
Sn-Cl(2) 2.41 l(2) Cl(Z)-Sn-Cl(5) 89.8( 1) 
Sn-cl(3) 2.382(3) C1(3)--Sn--C1(4) 95.0( 1) 
Sn-Cl(4) 2.393(4) C1(3)--Sn--Ci(5) 92.4(l) 
Sn-Cl(5) 2.400(4) Cl(4)--%-Cl(S) 172.6(l) 

S=+(3) 2.269(8~ q3f-sn-ClQ 85.2(Z) 
Cl( l)--Ti-q 1) 90.0(2) 0(3)-Sn-C1(3) 178.4(2) 
CI( 1 )--Ti-q2) 90.9(2) O(3 )--Sn--c1(4) 86.6(2) 
O(l)--Ti---q2) 90-l(3) o(3)--sn--cl(s) 86-O(2) 

The atom marked with a prime is related to this at x, y, z by a mirror plane 
at x, i/v. 2. 
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In the [SnC&(THF)]- anion the tin atom is sur- 

rounded octahedrally by five chlorine atoms and 
one tetrahydrofuan molecule. The anion is located 
on a symmetry plane so that the tin atom, three 
Cl atoms and tetr~ydrof~an molecule lie on the 
former. Since the tetrahydrofuran molecule can not 
be planar, it is disordered in the crystal. The dis- 
order is based upon the fact, that the carbon C(1) 
and C(4) atoms bonded to the oxygen atom are 
statisti~ly positioned on both sides of a s~rne~ 

Fig. 1. (a) Structure of the [trans-TiCl,(THF).,]l+ cation 
in the [drub-Ti~*(THF)~][SnCl~(THF)J compound. (b) 
Structure of the [SnCl,(THF)]- anion in tbe [tr~s- 
Ti~*~~~][SnCl~(TH~] compound. (The skew con- 

formation of THF is presented.) 

plane [Fig. l(b)]. Such a type of disorder is possible 
if the tetrahydrofuran molecules have the skew con- 
formation. The disorder of the tetrahydrofuran 
molecule may be interpreted also in terms of dis- 
placement of the C(1) and C(4) atoms from the 
mirror plane in the same direction and in this case 
the tetrahydrof~an molecule should have the 
envelope conformation. The average Sri-Cl dis- 
tances are equal, 2.404(11) and 2.382(3) A for syn 
and tram positions, respectively. The geometry of 
the [SnCl,(THF)]- anion could be compared with 
that of ~iCl~(THF)]- and ~fCl~(TH~]- anions 
whose crystal and molecular structure were pub- 
lished earlier.*r8 The increase of the appropriate 
T&Cl, Sri-Cl,, Hf--Cl and metal-oxygen bond 
distances is understandable in terms of the increased 
M4+ radii (Ti4+, 0.68 A; Sn4f, 0.71 A; Hf4+, 0.81 
.& (see Table 2). Electrostatic repulsion between 
axial and equatorial coordinated chlorine atoms 
could explain the increase of the angles 
C1(3)---Sn-C1(2,4,5) to an average of 93.9(5)“. 
A similar phenomenon was observed for 
[TiCl,(THF)]- 94.2(7)” and fHfCl,(THF)]- 
93.3(l) anions.2*8 The structure of the 
~ZrCl~(TH~]- anion was not established’ 

It was found that the [trans-TiClz(THF).,J 
[SnC15(THF)] compound could be also obtained by 
direct reaction between SnCll and jTiCl,(THF),]. 

fTiCl,(THF),] + SnCl,= 

[tr~~~-TiCl~~HF)4][SnCl~(THF)). (3) 

Thus, it could be believed that reaction (2) is based 
upon the reduction of friCl&THF)J by SnC& to 
lTiCl&THF),J and SnCl., followed by a course simi- 
lar to that of reaction (3). 

The understanding of the unusual role of MgClz 
and other inorganic salts as a supporter required 
the explanation of why r]liCl,(THF),] reacted with 



2658 Z. JANAS et al. 

Table 2. Comparison of bond lengths (A) in [MCl,(THF)]- anions 

Compound 

[TiCl,(THF)]- 
[SnCI,(THF)]- 
[HfCl,(THF)]- 

n Equatorial. 
b Axial. 
‘In this paper. 

M-Cl” M-Clb M--O Reference 

2.307(11) 2.249(3) 2.158(5) 2 
2.404(11) 2.382(3) 2.269(8) = 
2.423(4) 2.395(3) 2.218(10) 8 

Z&l, and SnC& [reactions (l)-(3)] but not with 
MgClz and AlC13. lo AU3 is a more powerful Lewis 
acid than ZnCl*, nevertheless, it does not form a 
compound with [TiCl,(THF),]. It seems most 
likely, that the course of the reactions discussed here 
and similar ones, depends firstly on the equilibria 
formed in a solution. 

2[TiCl,(THF),] + [TiCl,(THF),]+ 

+ [TiCl,(THF)J-. (4) 

Instead, the acid-base interactions are less impor- 
tant. The [TiCl,(THF),] and inorganic salts tmder- 
go ionization in THF, as in reaction (4). The ions 
in solution react mutually and/or with the substrate 
SnCl,. The equilibrium attained in solution would 
depend upon the least soluble species formed in the 
solution. From the data presented here it follows 
that the [MCl,(THF)- (M = Ti, Zr, Sn, Hf) type 
anions form the least soluble compounds with 
cations, which then settle down in solution and 
cause the shift of the reaction equilibrium. Instead, 
in the [TiCl,(THF),], [MgCl,(THF)J or A1C13 
tetrahydrofuran mixture the least soluble com- 
pound is [TiCl,(THF),]. Catalytic properties of 
[trans-TiCl,(THF),][snC1,(THF)] are the subject of 
further studies. 
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Abstract-By reacting [Pd(C%)(p-Cl)] 2 with AgC104 in NCMe, the corresponding cationic 
complexes [Pd(~N)(NCMe),]ClO, (C?N = phenylazophenyl-C2,N’ ; dimethylbenzyl- 
amine-C2,N; 8-methylquinoline-C*,N) can be obtained. Solutions containing the cations 
[Pd(CIN)(S)J+ are obtained when the reaction is carried out in tetrahydrofuran or ace- 
tone (S). The treatment of these solutions with bidentate ligands (L-L) (Ph2PCH2PPh2, 
Ph2PNHPPh2 or Ph2PCH2PPh2CHC(0)Ph) gives the mononuclear ~d((%)(&L)]ClO, 
complexes, with L-L acting as a chelate ligand. On the other hand [Pd(cN)@-Cl)], 
reacts with L-L (Ph2PCH2PPh2, Ph2PNHPPh2) yielding [Pd(C%)Cl(L-L)] with L-L 
acting as monodentate. The reactions between [Pd(C-N)(NCMe),]ClO, and 2,2’-bipyri- 
midyl give rise to the formation of the mononuclear [Pd(cN)(bipym)]C104 or binuclear 
[Pd,(C%),@-bipym)](ClO,),, [(C?N)Pd@-bipym)Pd(C~N’)](ClO,), derivatives. Finally 
[Pd(C%)Cldppm] (dppm = Ph,PCH2PPh2) react with NaH producing the neutral 
complexes [Pd(C?N)(ddppm)] (ddppm = Ph2PCHPPh2) which by reaction with HCl 
lead again to the starting materials pd(C-N)Cl(dppm)]. 

The synthesis and reactivity of C,N-cyclometallated 
compounds, which incorporate a N-M-C ring 
system has attracted considerable recent interest.‘*2 
Such complexes represent the interface between 
classical coordination chemistry and. organo- 
metallic chemistry. In this paper we report on the 
reactivity of complexes, [Pd@-Cl)(C?N)],, con- 
taining c5-‘N cyclometallated systems (a)-(d), which 
render mono- and binuclear palladium(I1) deriva- 
tives. 

RESULTS AND DISCUSSION 

(i) [Pd(C?N)(S),]+ derivatives 

The synthesis of suitable precursors containing 
two weakly coordinated ligands (S) such as THF 
(tetrahydrofuran), acetone or NCMe (acetonitrile) 
have been carried out by halide abstraction from 
the binuclear [pd(C%)@-Cl)], complexes with 
AgC104 at room temperature in the solvent S, 
according to eq. (1) 

*Author to whom correspondence should be addressed. 

““\ / 
H ,/“\C., 1 

CC) 

“&\*/ 

“,C’ ‘CH, 

phenylazophenyl -C’, N’ (az ) 

dimethylbenzykmine . C’, N ( dmba ) 

8 - methylquinoline . C’, N ( 8 - mq ) 

2 - mthoxy .3 - N, N - dfmeihylaminopopy~ 
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[pd(C?N)(p-Cl)], + 2AgCl0, [Pd(C-N),(S),]ClO,+ L-L 

5 2[Pd(C%)(S),]+ + 2Cl0, + 2AgCl (1) 

C-N = az, dmba, 8-mq, mdmap. 

--* [Pd(C-N)(L-L)]ClO, + 2s (2) 

C-N = az, L-L = dppm (4), dppa (8), bdmp (12) 
C-N = dmba, L-L = dppm (J), dppa (9), 

For S = NCMe, air and moisture stable solids at 
room temperature, [Pd(C?N))(NCCH,)JClO, 
[C-N = az (l), dmba (2), 8-mq (311, have been ob- 
tained ; however for S = THF or acetone, precipita- 
tion of AgCl takes place, but from the resulting 
solutions, which probably contain the cations Ipd 
(C?N)S,]+, we have only isolated oily residues, but 
not the solid products, although the solutions 
containing the [Pd(N%)Sd+ compound have been 
used as starting materials (see below). 

bdmp (13) 
CN = 8-mq, L-L = dppm (6), dppa (lo), 

_bdmp (14) 
C N = mdmap, L-L = dppm (7), dppa (ll), 

bdmp (15). 

The IR spectra of complexes l-3 show two bands 
due to v(C%N) of the nitrile groups, in agreement 
with the presence of two mutually cis-MeCN 
groups, shifted to higher energies than those of the 
free ligand v(cN) [MeCN : 2254 cm- * ;3 1: 
23 12(s), 2288(s) cm- ’ ; 2 : 2292(s), 2276(s) cm- ’ ; 3 : 
232&2310(m)], in this case both absorptions are 
split, in keeping with previous observations for 
other NCCH3 complexes.3’4 Two absorptions at 
1 lOO(vs, br) and 620(s) cm- ’ are assignable to the 
ClO; anion. 5 

The ‘H NMR spectra of complexes l-3 are in 
agreement with the proposed stoichiometries. The 
corresponding signals due to the phenylic protons 
appear in the 8.0-6.8 ppm region. Other relevant 
signals (6, ppm) are 1: 2.17(s, br ; 6H) (NCCH3) ; 
2: 3.92(s, 2H) (Ph-CH,), 2.83(s, 6H) [N(CH,),]; 
2.48(s, 3H), 2.30(s, 3H) (NCCH3); 3: 3.86(s, 2H) 
(Ph-CH,-), 2.42(S, 3H), 2.1 l(s, 3H) (NCCH3). 

These complexes behave as 1: 1 electrolytes in 
acetone solutions (C N 5 x 10m4 M) (see Table 1). 
Their IR spectra show’ absorptions at N 1 lOO(vs, 
br) and N 620 cm-’ assignable to the ClO; (Td) 
group. ’ Complexes containing dppm (4-7) or dppa 
(8-11) show a medium-strong absorption in the 
560-535 cm- ’ range, which indicates that the biden- 
tate P-P ligand is acting as a chelate ligand.7s8 
Complexes 8-11 (L-L = dppa) show no IR 
absorption assignable to v(N-H) in the 3500-3 100 
cm-’ region, probably due to the interaction 
(hydrogen bonds) between N-H and ClO, 
groups. 8 The phospho-ylide complexes (L-L = 
bdmp) (12-15) show an absorption in the 1605- 
1588 cm- ’ region due to v(CO), shifted to high 
frequencies from the free ylide ligand (v(C0) 
1525 cm-‘) [Av = v(CO),,~~~~-\I(CO)~~~~~ : 75 (12), 
59 (13), 79 (14), 53 (15) cm- ‘1 thus indicating the 
coordination of the C ylidic to the metal centre,“’ 
so that the bdmp is acting as a chelate ligand. 

Complexes l-3 behave as 1: 1 electrolytes in ace- 
tone solution (C N 5 x 10e4 M).6 Not only 
complexes l-3 but also the solutions containing 
[Pd(N^C)S,]+ (S = THF, acetone) can be used 
as precursors for the preparation of other 
complexes. 

The 31P{ ‘H} NMR spectra of 4-11 (L-L = 
dppm, dppa) show the typical pattern of an 
AB system (see Table 2) in agreement with the 
presence of two inequivalent P atoms in these com- 
plexes. For complexes 12-15 (L-L = bdmp, asym- 
metric ligand) two isomers can be formed ; the 
3’P{ ‘H} NMR spectra of complexes 12, 13 and 15 
show two doublets (an AB system) indicating that 
in CDCl, only one isomer is present but the spec- 
trum of complex 14 shows two pairs of doublets 
(two AB systems) due to the presence of both iso- 
mers. 

(ii) [Pd(C?N)(L-L)]+ derivatives (L-L = dppm, 

dppa, bdmp) 

The addition of stoichiometric amounts of the 
ligand L-L (molar ratio 1: 1) (L-L = dppm, bis- 
diphenylphosphinomethane ; dppa, bis-diphenyl- 
phosphinoamine ; bdmp, PPh2CH2PPh2CHC(0) 
Ph, benzoylmethylenediphenylphosphinomethyl- 
phosphorane) to THF or acetone solutions con- 
taining the pd(C%)(S)J+ derivatives (S = THF, 
acetone ; C?N = az, dmba, 8-mq, mdmap) yield 
the corresponding [Pd(C%)(L-L)]ClO, com- 
pounds [eq. (2)] which are air and moisture stable 
in solid state and in solution 

(iii) [Pd(C-N)(bipym)]+ and [PdZ(C%201- 
bipym)12+ derivatives 

Complexes [Pd(C?N)(NCMe)$104 react with 
bipypm (2,2’-bipyrimidyl) and the nuclear&y of the 
resulting products depends on the molar ratio of 
Pd/bipym used. For a molar ratio (1: 1) the mono- 
nuclear complexes where the bipym is acting as a 
bidentate ligand on a metal centre (mono-bidentate) 
are mainly obtained, while for a (2 : 1) ratio the 
binuclear derivatives containing bipym acting as 
a bridging ligand between two metal centres (bis- 
bidentate) are obtained. 
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Table 1. Analytical results (calculated values in pa~nthe~s), molar ~nducti~ties (ohm- ’ an2 mol- ‘) 
and yields 

Complex 
Analysis Yield 

C H N Ah4 % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2% 

22 

23 

24 

25 

26 

36.5 
(36.9) 
39.2 

(39.1) 
58.0 

(57.6) 
56.2 

(56.3) 
57.2 

(57.4) 
52.0 

(52.7) 
55.0 

(55.9) 
54.0 

(54.6) 
54.9 

(55.7) 
50.0 

(50.9) 
60.0 

(60.7) 
59.4 

(59.8) 
60.4 

(60.7) 
57.5 

(56.8) 
41.2 
(41 .O) 
37.0 

(37.2) 
38.8 

(39.4) 
38.0 

(38.3) 
61.9 

(61.8) 
62.5 

(62.9) 
57.8 

(58.0) 
60.6 

(61.0) 
55.7 

(56.0) 
66.2 

(65.4) 
61.6 

(61.4) 

12.4 
(11.9) 

(E) 

(9’:;) 

(:::, 

,::;j 

(I:;, 

(E) 

(E) 

(::b 

(:f , 
8:;) 

(E, 

,::;j 

(:::) 

(E) 
14.1 

(14.0) 
10.0 

(10.0) 
10.1 

(9.8) 
10.3 

(9.9) 

(G, 

(Z, 

(2::) 

(::;I 

(E, 

(Z) 

150 

132 

147 

146 

153 

145 

153 

146 

142 

143 

147 

156 

149 

135 

150 

If.25 

8.54 

11.6 

9.83 

12.78 

20.8 

43 

92 

76 

57 

92 

81 

75 

50 

75 

82 

55 

56 

79 

50 

90 

57 

80 

70 

92 

80 

82 

88 

64 

66 

56 

42 
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Table 2. 3 ‘P{ ‘H} NMR data (6 in ppm, J in Hz) and some relevant 
IR data 

PA PB zJPA - PB) IR, v (cm- ‘) 

@pm -21.95 
dwa 43.54 
bdmp 14.28 
4 -5.54 
5 -1.65 
6 -4.57 
7 0.83 
8 44.41 
9 47.21 

10 47.03 
11 50.31 
12 36.07 
13 31.90 
14a 30.81 
14b 41.73 
15 32.27 
20 33.02 
21 28.95 
22 30.47 
23 70.24 
24 69.80 
25 - 16.07 
26 - 15.35 

-26.80 63 
-31.60 69 
-26.54 52 
-26.19 61 
-22.53 48 

31.06 71 
33.80 61 
37.40 68 
38.02 60 
33.45 35 
29.91 37 
28.99 41 
12.08 89 
30.57 33 

-22.15 80 
- 24.40 62 
-24.51 59 

28.75 19 
29.15 19 

-30.81 30 
-26.54 22 

3230” 
1525’ 
546 
546 
542 
540 
562 
540 
552 
562 

1600’ 
1 584b 
1 604b 

1588’ 
300 
286 
250 

3 160,” 278” 
3160,’ 268’ 

894,868; 562 
883, 851d 535 

- 

n (N-H). 
b v(C-0). 
= v(Pd-Cl). 
dPPh,-CH-PPh; ligand. 

So, the reaction between [Pd(dmba)(NCMe),] 
C104 and bipym (2,2’-bipyrimidyl) (1: 1 molar 
ratio) in CH,Cl* produces the precipitation of 
[Pd,(dmba),(p-bipym)](ClO,), (17) (19% yield) 
and from the resulting mother liquors the mono- 
nuclear complex [Pd(dmba)(bipym)]C104 (16) can 
be isolated [eq. (311 

[Pd(dmba)(NCMe),]ClO, + bipym 

+ [Pd(dmba)(bipym)]ClO, 

+Fd,(dmba),(~-bipym)l(ClO,)~. (3) 

The dinuclear derivatives [Pd@N)z&-bipym)] 
(ClO& [C?N = dmba (17), 8-mq (1811 can be 
obtained by reacting the corresponding [Pd(C?V) 
(NCMe)2]C104 and bipym in the molar ratio 2 : 1. 
On the other hand the mononuclear [Pd(dmba) 
(bipym)]C104 (16), reacts in CH2ClI with 
[Pd(8-mq)(NCMe),]ClO, (3) yielding the asym- 
metric binuclear [(dmba)Pd(p-bipym)Pd(8-mq)] 
(ClO,), (19). 

The IR spectra of complexes 16-19 show two 
strong absorptions at 1100 and 620 cn- I due to the 
Cl07 anion. 5 The mononuclear complex 16 shows 

two strong absorptions at 1570 and 1550 cm-‘: 
assigned to ring stretching modes of the bipym ; ’ * 
the binuclear derivatives, 17-19, show a strong 
band near 1570-1580 cm-’ and a weak one near 
1550-l 540 cm- ’ in keeping with observations pre- 
viously reported for mono- or binuclear bipym con- 
taining complexes. l2 The low solubility of these 
complexes in usual organic solvents prevents con- 
ductivity or NMR studies. 

(iv) [PdCl(C-N)(L-L)] derivatives 

The binuclear complexes lPd@-Cl)(cN)]2 react 
with L-L (dppm, dppa) in benzene or THF yield- 
ing the corresponding mononuclear derivatives 
[PdCl(C-N)(L-L)] [eq. (4)], where the ligand L-L 
is acting as monodentate 

[Pd(,u-Cl)(C?N)], + 2L-L --+ 2lPdCl(cN)(L-L)] 

(4) 

C?N = dmba, L-L = dppm (20) 
C?N = 8-mq, L-L = dppm (21), dppa (23) 
C-N = mdmap, L-L = dppm (22), dppa (24). 
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Acetone solutions (C N 5 x 10e4 M) of these 
complexes are non-conducting. Their IR spectra 
show an absorption in the 250-300 cn- ’ region 
(see Table 2) due to v(Pd-Cl). No absorptions 
in the 650-500 cm-’ region are observed which 
indicate that the L-L ligand (L-L = dppm, dppa) 
is not acting as a chelate ligand.7s8 Dppa containing 
complexes (23, 24) show an absorption at 3160 
cm-’ due to v(N-H), shifted to lower energies 
than in the free ligand (3.230 cm- ‘). The “P NMR 
spectra show in all cases two doublets (see Table 2) 
corresponding to an AB system. By comparison 
with other palladium or platinum complexes con- 
taining mono-coordinated dppm (dppm-P),7,1 3,14 
positive chemical shift signals are assigned to the 
coordinated P atom (PA) and the high negative 
chemical shift signals are due to the free P atom 

(PB) * 
Signals due to PA and PB in the dppa complexes 

(23, 24) appear in the same range as observed 
for other palladium or platinum complexes con- 
taining monodentate dppa.’ 

(v) [Pd(C?N)(ddppm)] derivatives [ddppm 
= [Ph,PCHPPhJ, C?lN = dmba (25) mdmap 

WI 

The reactions between pdCl(C?-N)(dppm)] 
(C?N = dmba, mdmap) and HNa in THF at room 
temperature take place with evolution of HZ, 
deprotonation of the CH2 group of the dppm 
ligand and formation of the neutral complexes 
[Pd(C?iN)(ddppm)J CN = dmba (25), mdmap 
(26) according to eq. (5). 

PdCl(C-N)(dppm-P) + HNa 

+ Pd(C?iN)(ddppm) + NaCl+ HZ. (5) 

Acetone solutions of complexes 25 and 26 
(C N 5 x 10m4 M) are non-conducting. The IR 
spectra of these complexes do not show absorption 
in the v(Pd-Cl) region. Two strong absorptions in 
the 900-850 cm-’ region seem to be characteristic 
vibrations of the methanide P-CH-P system. 

The 31P{ ‘H} NMR spectra of complexes 25 and 
26 con8rm the presence of two inequivalent P atoms 
(AB system) (See Table 2). 

Complexes 25 and 26 react with HCl in CHzClz 
yielding the corresponding PdCl(C?N)(dppm) 
(20,22). 

EXPERIMENTAL 

C, H and N analyses were carried out on a Per- 
kin-Elmer 240B microanalyser. Conductivities 
were measured with a Philips PW 9501/01 appar- 

atus. IR spectra were recorded (in the 400&200 
cm- ’ range) on a Perkin-Elmer spectrophotometer 
using Nujol mulls between polyethylene sheets. ‘H 
and 31P{1H} NMR spectra were recorded on a 
Varian XL200 (200 MHz for ‘H). 

The compounds : Ph2PCH2PPh2 (dppm),” 
Ph2PNHPPh2 (dppa), ’ 6 Ph2P-CH2-PPh+ZH 
-C(0)Ph(bdmp),17 FdW%W~l,‘8 Fdh- 
Cl) ddmba) d, ’ 9 Fdd~-CM8-m9>d320 IBW- 
C1)2(mdmap)2]2’ were prepared as described else- 
where. 

[pd(C-N)(NCMe),]ClO, (C?N) = az (1) dmba 

(2) 8-mq (3) 

To a solution of [Pd2(@l)2(az)2] (0.230 g, 0.362 
mmol) in 20 cm3 of MeCN, AgClO, (0.149 g, 0.724 
mmol) was added. The mixture was stirred (under 
exclusion of light) for 15 min at room temperature ; 
the AgCl was filtered off and the resulting solution 
was evaporated to dryness. The residue was treated 
with N 20 cm3 of n-hexane yielding complex 1 
(0.279 g, 91% yield). Similar reactions starting from 

FW-CMdmW21 or Fd2WJM8-w)21 gave 
complexes 2 and 3, respectively. 

[Pd(C?N)(L-L)]ClO, (C?N) = az, dmba, 8-mq, 
mdmap ; L-L = dppm, dppa, bdmp (4-15) 

A typical preparation was as follows: to a sus- 
pension of [Pd&-Cl)(az)12 (0.200 g, 0.311 mmol) in 
20 cm3 of acetone, AgC104 (0.129 g, 0.622 mmol) 
was added and the mixture was refluxed for 30 min. 
The AgCl formed was eliminated by filtration and 
then dppm (0.239 g, 0.622 mmol) in 15 cm3 of 
benzene was added to the resulting solution. The 
mixture was stirred at room temperature for 2 h. 
The solution was evaporated almost to dryness and 
Et20 (20 cm’) was added yielding an orange solid, 
4,0.272 g, 57% yield. 

Complexes 8 and 12 were obtained in a similar 
way by using dppa or bdmp as L-L ligand, 5,9 and 
13 were obtained starting from [Fd@-Cl)(dmba)],. 
For complexes 6,7,10,11,14 and 15 the procedure 
was the same but the reactions between the 
corresponding [Pd(,u-CI)(C-N)], derivatives and 
AgClO, were carried out in THF. Complexes 10 
and 14 are slightly soluble in THF and they pre- 
cipitate from the THF solution. Yields for the 
preparation of complexes 4-15 are collected in 
Table 1. 

Fd(dmWMwW104 (16) 

A CH2C12 (10 cm3) solution of 2 (0.192 g, 0.459 
mmol) was added at room temperature to a CH2C12 
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(10 cm3) solution of bipym (0.072 g, 0,459 mmol). 
A deep yellow solid (17), (19% yield) pr~pitates 
immediately. The resulting mother liquors after the 
separation of complex 17 were evaporated to w 3 
cm3, and the white solid was washed with n-hexane 
(16, 57% yield). 

jPd,(~~~~l-r-bipym)l(C1~,~~ $3) = dmba (x7), 
8-mq (18) 

A CH2C12 (10 cm3) solution of 2 (0.253 g, 0.6 
mmol) was added to a CH&l, (3 km”) sohrtion of 
bipym (0.047 g, 0.3 mmol) and the yellow solid was 
collected by filtration and washed with n-hexane 
(17,80% yield). Working under similar conditions, 
complex l&70% yield was obtained. 

[(dmba)Pd(p-bipym)Pd(8-mq)](ClO& (19) 

A CH2C12 (10 cm3) solution of 3 (0.172 g, 0.4 
mmol) was added to a CH2Clz (IO cm3) suspension 
of 16 (0.2~ g, 0.4 mmol). The mixture was stirred 
at room temperature for 30 min. The resulting deep 
yellow solid which precipitated was washed with 
n-hexane (19,92% yield). 

FdCl(~N~(dppm) (C-N) = dmba (ZO), 8-mq (Zl), 
mdmap (22) 

To a suspension of ~dQ-Cl)(dmba)]z (0.100 g, 
0.181 mmol) in 20 cm3 of benzene, dppm (0.139 g, 
0.362 mmol) was added and the mixture was stirred 
at room temperature for 15 min. The resulting solu- 
tion was evaporated to N 3 cm3 and 20 cm3 of Et,0 
were added, the precipitate was washed with Et,0 
(20,80% yield). Compiexes 21 and 22 were obtained 
similarly by using ~d~-Cl)(8-mq)]~ and EpcL@- 
Cl)(mdmap)lz, respectively, as starting materials. 

[PdCl~~~(dppa)l (C??N) = 8-mq (23), mdmap 

(24) 

To a suspension of ~d~-Cl)(8-mq)]~ (0.200 g, 
0.352 mmol) in 20 cm3 of THF, dppa (0.271 g, 0.704 
mmol) was added and the mixture was stirred at 
room temperature for 15 min. The resulting white 
precipitate was collected by f&ration and washed 
with 5 cm3 of THF (23, 66% yield). A similar 
reaction starting from Fd(~-Cl)~mdmap)]~ renders 
24,66% yield. 

Pd(C??N)(ddppm) (C-N) = dmba (25), mdmap 

(26) 

To a solution of ~dCi(~ba)(dppm)] (0.330 g, 
0.499 mmol) in 20 cm3 of dry THF, HNa (0.2 g) 

was added under Nz. The mixture was stirred at 
room tem~rature for 30 min. The filtered solution 
was evaporated to dryness and the residue was 
washed with I5 cm3 of dry Et20 (25, 56*/o yield). 
Complex 26 was obtains similarly. Yield 42%. 

Reaction of Pd(~~~ddppm) with HCI 

To a solution of ~d(mdmap)(ddppm)] (0.3 g, 
0.495 mmol) in 15 em3 of CH2C12, 1.2 cm3 of a 
solution 0.46 mm01 of HCl in MeOH (0.556 mmol) 
were added. The mixture was stirred at room tem- 
perature for 5 min, the solution was evaporated to 
dryness, and the residue was extracted with N 20 
cm 3 of Et *O. The resulting solution was evaporated 

N 3 cm3 yielding a solid which was identified as 
:;dCl(mdmap)(dppm)] (22, 32% yield). 
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INTERACTION OF IRON(IJQ TETRASULPHONATED 
P~~LOCY~~E WITH C~OC~O~ c OXIDASE 
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Abstract-A complex of bovine cytochrome c oxidase protein with iron(III) tetra- 
sulphonated phth~~ya~ne in place of hemes has been prepared. Its structure and prop- 
erties have been investigated by difference spectroscopy, electrophoresis, molecular weight 
estimation, potentiomet~c meas~ements and pol~ptide fragments examination. The 
visible absorption spectrum of Fe”‘-apo-oxidase shows the main intense peak at 657 nm 
and weaker one at 700 nm. Molecular weight estimation demonstrated that one mole of 
the complex includes three functional units of MW 130,~ per unit. Spectroscopic 
examination of dithionite reduced Fe”‘-ape-oxidase suggests the open crevice structure of 
the subunits containing iron tetrasulphonated phthalocyanine which is supported by the 
results of circular di~hroism studies. Deep ~nfo~ational changes of the protein upon 
displacement of hemes a and a3 are not reversed upon Fe”‘L+ incorporation into the 
protein. The molar ratio of the protein to Fe*“L in the complex (MW 130,000) was found 
to be 1: 2. In the reduced form Fe”‘L-apo-oxidase reacts with CN-, NT, imidazole and 
molecular oxygen. Oxygen binding is irreversible, which indicates that the oxygen adduct 
is not of the oxyh~oglobin type. Electrophoretic and gel filtration studies of the SDS- 
urea dissociation products of cytochrome c oxidase and its phthalocy~ine derivative 
suggest that Fe”*L and hemes a and a3 are located on the same polypeptide fragments of 
the protein. Fe”‘L-ape-oxidase is reduced by ferrous cytochrome c in agreement with their 
midpoint potentials which are 315.5 and 260 mV, respectively. However, the rate of the 
reaction of Fe”‘L-apo-oxidase with ferrous cytochrome c is markedly lower than that of 
the native cytochrome c oxidase suggesting different mechanisms for this process in both 
cases. 

Cytochrome c oxidase is an intrinsic membrane c to O2 and proton transport through the internal 
protein, which plays a unique function in the oxygen mitochondrial membrane. Approaches to the clari- 
metabolism and chemical energy conservation. It is i%atiqn of the structural bases for the biological 
responsible for electron transport from cytochrome function of cytochrome c oxidase have generated 

considerable literature.le3 

*Author to whom correspondence should he addressed. 
Bovine cytochrome c oxidase consists of at least 

Abbreviations. 
seven subunits.2 The functional unit contains four 

L-tetrasulphonated phthalocyanjne ligand, metal centres : two hemes of cytochromes a and a3 

~&lzWSWW. 
and two copper ions. The two heme ~mponents of 

Fe”‘L-iron(III) tetrasulphonated phthalocyanine. cytochrome c oxidase are characterized by their 

Fel’%-apo-oxidase-iron(II1) phthal~ya~ne complex respective ligand binding properties. Cytochrome 
with cytochrome c oxidase protein. a3 binds ligands in both oxidized and reduced states, 

TCA-trichloroacetic acid. whereas cytochrome a does not bind ligands in 
SDS-Sodium dodecyl sulphate. either o~dation-r~uction state. The heme a3 is 
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closely associated with one of the copper ions and 
cooperates with them during oxygen reduction.“’ 
The iron ion of heme a is in reversible redox 
equilibrium with the second copper ion and reacts 
cooperatively with the heme a3.%11 The structure 
of cytochrome c oxidase has been reviewed by 
Capaldi et al.” Antonini and co-workers’3-15 have 
proposed a two-state allosteric model of cyto- 
chrome c oxidase which accounts for the kinetic 
behaviour of the enzyme. 

The various experimental methods have been 
applied in the studies on the structure-function 
relationship of cytochrome c oxidase. One of the 
methods applied in metalloprotein investigations 
is to study their functional properties after their 
structural modification. Recently it has been shown 
that it is possible to substitute heme in hem- 
oproteins by the unnatural porphyrins or other arti- 
ficial prosthetic groups. Yamanaka and Okunuki16 
have shown that removal of heme d, from cyto- 
chrome c oxidase of Pseudomonas aeruginosa results 
in a concomitant loss of its enzyme activity and that 
its reconstitution with heme d, or another heme 
group restored partial activity. Hill and WhartonI 
have examined the reconstitution of the Pseudo- 
monas cytochrome c oxidase apoprotein and have 
stated that besides heme dl, only heme a yields a 
product with some oxidase activity. In our previous 
work we have demonstrated that modification of 
some hemoproteins by substitution of heme with 
metal tetrasulphonated phthalocyanines gives com- 
plexes with properties resembling those of their 
natural analogues. ’ 8 

We now report the results of interaction of 
iron(II1) tetrasulphonated phthalocyanine with 
cytochrome c oxidase apoprotein. 

EXPERIMENTAL 

Materials and methods 

Cytochrome c oxidase was prepared from beef 
heart mitochondria according to the method of 
Yonetani. I9 

Cytochrome c apo-oxidase was prepared from 
oxidase using Teale’s acid butanone method with 
slight modifications. 20*21 The solution of cyto- 
chrome c oxidase (10 mg cm- ‘) in 0.02 M potassium 
phosphate buffer with 1% Tween-80 (pH 7.4) was 
adjusted at 0°C to pH 3.0 by dropwise additions of 
0.1 M HCl and was immediately mixed with an 
equal volume of ice-cold 2-butanone. The mixture 
was vigorously shaken for 20 s and allowed to stand 
at 0°C for 1 min, until the upper layer of butanone, 

which contained the heme was well separated from 
the aqueous phase containing the apo-enzyme. The 
butanone phase was removed and the remaining 
aqueous phase was treated twice more with 2- 
butanone and dialysed for 24 h against a 0.02 M 
potassium phosphate buffer with 0.5% sodium 
cholate and 1% Tween-80 (pH 7.4). The dialysed 
solution was centrifuged to remove insoluble 
material and stored at 0°C. 

Pig heart cytochrome c was purchased from 
Biomed, Krakow and purified chromatographi- 
cally.22 All the chemicals used in these studies 
were of analytical purity. 

The preparation and purification of iron tetra- 
sulphonated phthalocyanine have been described 
earlier. 23 Stock solutions were obtained by weighing 
appropriate amounts of the solid and dissolving it 
in 100 cm3 of 0.02 M potassium phosphate buffer, 
pH 7.4 with 0.5% sodium cholate and 1% Tween- 
80. Protein concentrations were determined spec- 
trophotometrically with a Specord spectropho- 
tometer. The molar absorptivities used for cyto- 
chrome c oxidase and apo-oxidase which were 
determined by dry weight: e445 = 8.2 x lo4 M-’ 
cm-’ and ~278 = 1.27 x 10’ M-i cm-‘, respec- 
tively. Dry products were obtained by dialysis of 
the protein solution against 0.01 M KHC03 and 
lyophilization. Molecular extinction coefficients 
were calculated for the functional unit of MW 
130,000. 

The synthesis of Fe’nL-apo-oxidase was per- 
formed by incubation of apoxidase with a four-fold 
excess of iron tetrasulphonated phthalocyanine in 
0.02 M potassium phosphate buffer with 0.5% 
sodium cholate and 1% Tween-80 at 4°C for three 
days. The phthalocyanine complex of apo-oxidase 
was isolated from the reaction mixture chro- 
matographically on Sephadex G-75 column equi- 
librated with the same buffer. The molar absorp- 
tivity of this complex by dry weight for the 
functional unit was &657 = 5.95 x lo4 M-’ err-‘. 
The reduced form of the complex was prepared by 
addition of a few milligrams of sodium dithionite 
to the buffered solution and removing the excess of 
the reductant on a Sephadex G-75 column in the 
argon atmosphere. Molar absorptivity of the 
reduced complex was &685 = 4.1 x lo4 M- I cm- ‘. 

The molar ratio of Fe”‘L to apo-oxidase in the 
Fe’nL-apo-oxidase complex was determined as fol- 
lows : 5 cm3 of a chromatographically purified solu- 
tion of the complex in a 0.02 M potassium phos- 
phate buffer with 0.5% sodium cholate and 1% 
Tween-80 (c = 2.31 x 10e6 M) was treated with 
10% TCA dropwise to complete precipitation 
of the protein. The reaction mixture was diluted to 
10 cm3 with the same buffer. Under these conditions 
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dissociation of the complex occurred with liberation 
of Fe”‘L. The precipitate was separated by cen- 
trifugation and the Fe”‘L concentration in the solu- 
tion was estimated spectrophotometrically at 635 
nm (E~~~ = 5 x lo4 M-’ cn-‘). It was found to be 
4.5 x 10M6 M. The precipitate was washed with 
isopropyl ether and dissolved in 1 cm3 of 1 M 
NaOH, and the concentration of the apo-oxidase 
was estimated according to the procedure described 
by Lowry et ~1.‘~ It was found to be 2.21 x lop6 
M. The concentrations of the complex and 
cytochrome c apo-oxidase were calculated per func- 
tional unit. The results presented above indicate the 
molar ratio of apo-oxidase to Fe”‘L to be 1: 2. 

Spectrophotometric titration could not be used to 
determine the stoichiometry of complex formation 
because of a turbidity of the solutions in the cases 
where there was a higher excess of the protein. 

Absorption spectroscopy 

Absorption and difference spectra were obtained 
using a Cat-y 15 spectrometer, with a cell com- 
partment, thermostatically controlled at lO”C, or 
on a Specord spectrophotometer. The measure- 
ments were made under equilibrium conditions. 

Circular dichroism measurements 

Circular dichroism (CD) spectra were recorded 
using a model ORD/W-5 Japan Spectro- 
polarimeter with a CD attachment. Samples for 
CD measurements involved the solutions of Fe”‘L- 
apo-oxidase in 0.02 M phosphate buffer, pH 7.4, 
with 0.5% sodium cholate and 1% Tween-80, 
purified chromatographically. The molar con- 
centrations of the complexes were calculated from 
the molar absorption coefficients. 

Molecular weight estimation 

The molecular weight of the complex was deter- 
mined by gel filtration on a Sephadex G-200 column 
according to the method of Andrews.” The fol- 
lowing proteins were used as reference substances : 
serum albumin (MW 67,000), aldolase (MW 
160,000), catalase (MW 240,000), fibrinogen (MW 
350,000), ferritin (MW 450,000), urease (MW 
480,000) and tyreoglobulin (MW 630,000). The col- 
umn was equilibrated and eluted with 0.02 M 
phosphate buffer containing 0.5% sodium cholate 
and 1% Tween-80. For comparative purposes 
molecular weights of cytochrome c oxidase and 
apo-oxidase used were determined. 

Resolution of Fe”‘L-apo-oxidase and cytochrome c 
oxidase by electrophoresis in gel containing sodium 
dodecyl sulphate and urea 

Polyacrylamide gel electrophoresis. The proteins 
were dissociated by incubation at 37°C for 2 h in 
3% SDS and 10 mM b-mercaptoethanol. 100 pg of 
the reaction mixture was applied to 12.5% 
polyacrylamide gels (acrylamide-bis-acrylamide 
40 : 1). Samples were electrophoresed following the 
procedure described by Weber and 0sborn.26 

Gel chromatography on sodium dodecyl sul- 
phate-8M urea. The protein (20 mg) dissolved in 
1 cm3 of buffer containing 0.05 M NaH2P04, 
8M urea and 5% SDS (pH 7.2) was incubated at 
37°C for 30 min and chromatographed on a Sepha- 
dex G-100 column (86 x 2 cm). The column was 
equilibrated and eluted with this buffer at room 
temperature according to procedures described 
by Downer et al. 27 Further purification of the 
isolated fractions was achieved by dialysis against 
0.02 M phosphate buffer (pH 7.4). 

Oxidation-reducation potential. The oxidation- 
reduction potential of Fe”‘L-apo-oxidase was stud- 
ied according to procedures described earlier. 28 The 
enzymatic reduction of Fe”‘L-apo-oxidase was 
assayed with Fe” cytochrome c as substrate, dis- 
solved in 0.02 M phosphate buffer with 0.5% 
sodium cholate. All solutions were deoxygenated 
by argon purging over 2 h. The assay was performed 
by an anaerobic injection of ferrous cytochrome c. 
(Concentrations: cyt c = 2.0 x 10m6 M, com- 
plex = 2.0 x lop7 M.) The reaction run was fol- 
lowed spectrophotometrically.29 

RESULTS 

The interaction of iron@) tetrasulphonated 
phthalocyanine with apo-oxidase was followed by 
difference spectroscopy. The absorption spectrum 
of apo-oxidase prepared by Teale’s acid butanone 
method exhibited neither heme a nor heme a3 
characteristic bands, indicating dissociation of 
cytochrome c oxidase into hemes a and a3 and 
protein under such conditions of apo-oxidase 
preparation. 

The difference visible spectrum of the mixture of 
Fe”‘L with apo-oxidase in 0.02 M phosphate buffer 
containing 0.5% sodium cholate and 1% Tween-80 
shows the main positive peak at 657 mn in addition 
to a weak one at 700 nm [Fig. l(a)]. The negative 
absorption band appears at 635 nm which cor- 
responds to the non-bonded iron(II1) tetrasulphon- 
ated phthalocyanine absorptivity. It is evident 
from this spectrum that apo-oxidase reacts with 
Fe”‘L to give a Fe”‘L-apo-oxidase complex. 



2670 t. OSTROPOLSKA et al. 

Fig. 1. Difference spectrum of Fe”‘L + apo-oxidase mix- 
ture against the same solutions unmixed. Concentrations : 
Fe”‘L = 1.8 x lo-’ M; apo-oxidase = 2.2 x lop6 M. 

The results of gel filtration molecular weight esti- 
mation are shown in Fig. 2. The plot of the elution 
volume (V) against molecular weight indicates the 
molecular weight of Fe”‘L-apo-oxidase to be about 
393,500. This value is comparable with those of 
bovine cytochrome c oxidase (385,000) and apo- 
oxidase (398,000). The native cytochrome c oxidase 
is a multi-subunit enzyme of MW about 120,000 
per functional unit, containing four metal centres : 
two iron ions of hemes a and a3 together with two 
copper ions. The molecular weight of the bovine 
oxidase used in our studies, and its phthalocyanine 
derivative indicates that one mole of these proteins 
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includes three functional units of MW of about 
130,000 per unit. The molar ratio of apo-oxidase to 
Fe”‘L in the complex was found to be two moles of 
Fe”‘L per functional unit of cytochrome c apo- 
oxidase. This suggests coordination of Fe”‘L in the 
heme a and a3 binding sites of the cytochrome c 
oxidase protein. 

Properties of the Fe”‘L-apo-oxidase complex 

The phthalocyanine complex of cytochrome c 
apo-oxidase reduced with an excess of dithionite in 
anaerobic conditions exhibits a difference spectrum 
with one negative band at 635 nm and three positive 
ones at 485, 685 and 740 nm (Fig. 3). The position 
of the positive band at 685 nm is characteristic for 
iron(II1) tetrasulphonated phthalocyanine com- 
plexes. Two other positive bands are suggested to 
present an intermediate reduction product involv- 
ing the dithionite-Fe”‘L-ape-oxidase complex with 
a reduced phthalocyanine ring. 

The Fe”‘L-apo-oxidase has no affinity for 
additional ligands. Reduced with dithionite, how- 
ever, it combines with cyanide, azide, imidazole 
and molecular oxygen, as is shown by an increase 
in intensity of its main absorption band at 685 nm. 
At the same time the bands at 485 and 740 nm 
disappear [Fig. 4(a)]. The oxygen adduct is not a 
reversible ferrous-oxygen complex of the oxy- 
hemoglobin type, it undergoes irreversible auto- 
oxidation with degradation of the phthalocyanine 
ring as shown by the slow decrease in the intensity 
of its band at 685 nm [Fig. 4(b)]. 
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Fig. 2. Gel titration molecular weight estimation of the iron phthalocyanine complex with apo- 
oxidase compared to the native cytochrome c oxidase and its apoprotein. Column size (86 x 2 cm) 

equilibrated with 0.02 M phosphate buffer containing 0.5% sodium cholate and 1% Tween-80. 
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Fig. 3. Absorption spectra of: Fe”‘-apo-oxidase (-), Fe”‘L-apo-oxidase reduced with dithionite 
in argon atmosphere (---) and the same solution in oxygen atmosphere 24 h after oxygen saturation 

(-.-.-). Complex concentration: 2.6 x lo-’ M. 
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Circular dichroism spectra (CD) 

Circular dichroism studies were carried out in the 
UV region. In Fig, 5 CD spectra of Fe”‘L-apo- 
oxidase, cytochrome c oxidase and its apoprotein 
are presented. Fe”‘L-apo-oxidase exhibits negative 
CD bands at 208 and 223 nm with ellipticity values 

of -8.5 x lo6 and - 10 x lo6 deg cm2 dmol-‘, 
respectively. Apo-oxidase and cytochrome c oxi- 
dase exhibit negative CD bands at 210 and 220 nm 
with ellipticity values -9 x lo6 and 9.6 x lo6 deg 
cm* dmol- ’ for apo-oxidase, and - 54 x lo6 and 
- 59 x lo6 deg cm* dmol-’ for cytochrome c oxi- 
dase. The ellipticity values of apo-oxidase and its 
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Fig. 4. Difference spectra of dithionite reduced Fe’uL-apo-oxidase with additional ligands. (a) 
Complex + KCN against complex (- ), complex + azide (---), complex + imidazole (- . -. -), 
against the same solution of the complex. Complex concentration: 2.7 x lo-’ M. (b) Com- 
plex + molecular oxygen against the same solution in argon, recorded in time : (1) after 30 min of the 
reaction run, (2) after 2 h, (3) after 4 h, (4) after 24 h of the reaction run. Complex concentration: 

2.7 x lo-’ M. 
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Fig. 5. (a) UV CD spectra of the Fe”‘L-apo-oxidase 
complex (- ) and apo-oxidase (---). (b) UV CD spec- 

trum of the bovine cytochrome c oxidase. 

phthalocyanine complex are comparable which 
indicates that the ordered structure of the native 
protein is not reconstituted, due to Fe”‘L incor- 
poration into cytochrome c apoprotein. 

Localization of Fe”‘L on Fe”‘L-upo-oxidase poly- 
pep tides 

Bovine cytochrome c oxidase incubated with a 
sodium dodecyl sulphateurea mixture, under the 
experimental conditions described above, is dis- 
sociated into polypeptide subunits, which on a 
Sephadex G-100 column give six fractions. The 
polyacrylamide gel electrophoresis of the reaction 
mixture, containing urea and sodium dodecyl sul- 
phate shows seven bands with the relative mobilities 
corresponding to the sequence observed by Capaldi 
et a13’ [Fig. 6(a)]. In order to obtain information 
about localization of Fe”‘L on Fe”‘L-apo-oxidase 
polypeptide subunits we have performed a similar 
dissociation of this protein complex. In Fig. 6(b) gel 
filtration profiles of the dissociation products at 280 
and 657 nm are shown. At 280 nm six bands are 
observed corresponding to the native enzyme poly- 
peptide fractions. They overlap indicating that there 
is more than one component contributing to each 
peak. At 657 nm two broad overlapping bands are 
observed at the “ab” region of the gel filtration 
profile, together with two lower ones at the “ef” 
region. Polyacrylamide gel electrophoresis patterns 
of the top polypeptide fractions containing Fe”‘L, 
compared with those of the native cytochrome oxi- 
dase, have shown that the maximum Fe”‘L content 
corresponds to the electrophoretic bands of the 
native enzyme pattern described as I, V and VII.3o 

30 40 

Fraction number 

Fig. 6. Elution profiles of dissociated Fe”‘L-apo-oxidase chromatographed on Sephadex G-100 as 
described in the Experimental, in the presence of SDS-8 M urea. The absorbance profile at 280 nm 
is indicated by solid line (b). The polypeptide composition of the SDS-urea column fractions is in- 
dicated by electrophoretic gels shown above their respective fractions. Cytochrome c oxidase elec- 
trophoresed in the same way as shown on the left (a). The lower trace (dashed line) is the absorbance 

profile at 657 mn reflecting the distribution of Fe”‘L among the different polypeptides. 
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Fig. 7. Oxidation-reduction titration of Fe”‘L-apo-oxi- 
dase in 0.02 M phosphate buffer pH 7.4 with 0.5% 
sodium cholate and 1% Tween-80, with mediators 

described in text. 

The polypeptides corresponding to bands I and V 
have been suggested to be involved in heme 
binding. 3’ The maximum Fe”‘L content cor- 
responding to electrophoretic band VII probably 
results from the slow moving free Fe”‘L which is 
partially released from its binding polypeptides by 
the action of SDS and P-mercaptomethanol. 

Oxidation-reduction potential 

Figure 7 presents the oxidation-reduction equi- 
librium curve of the iron phthalocyanine complex with 
apo-oxidase at 25°C as obtained by the mixture 
method. ~ethylene blue was used as mediator. The 
value of E m,7.4 given by the oxidizing titration is 
+ 3 15.5 mV. This value is reproduced in the reduc- 
ing titration and in the presence of a mixture of the 

, (a) 

a 
a -0.2 - 

Wavelength ( nm I 

I , 
600 iuo 800 

Wavelength (nm 1 

Fig. 8. Difference spectra of the mixtures of the native 
cytochrome c oxidase (a) and Fe’uL-apo-oxidase (b) 
with ferrous cytochrome c against the same solution of 
ferrous cytochrome c. After 30 min of the reaction run. 
Concentrations : cytochrome c oxidase = Fe*‘L-apo- 
oxidase = IO-’ M ; ferrous cytochrome c = 3 x 10m6 M. 

following mediators : K,Fe(CN),, methylene blue, 
thionine and toluene blue. The mid-point potential 
of Fe”‘L-apo-oxidase indicates that it should oxi- 
dize cytochrome c (Em.,.., of cytochrome c is 260 
mv). The appropriate difference spectrum shows 
that cytochrome c does undergo oxidation by this 
complex (Fig. 8). However, the reaction rate in the 
case of the phthalocyanine complex is markedly 
lower than that of the native enzyme. The activity 
values of this complex and cytochrome c oxidase in 
the reaction with ferrous cytochrome c were found 
to be about 30 and 70 mol. min- ’ mg of the protein, 
respectively. 

CONCLUSIONS 

Preparation of cytochrome c apo-oxidase by 
Teale’s acid butanone method involves dissociation 
of cytochrome c oxidase into heme a, heme a, and 
the apoprotein. Removal of the hemes from the 
protein crevices results in a marked perturbation of 
its helix structure and complete loss of its enzymic 
activity. 

We have shown that apo-oxidase interacts with 
iron(II1) tetrasulphonated phthalocyanine to give a 
complex Fe”‘L-apo-oxidase with Fe”‘L in place of 
heme a and u3. This complex is characterized by a 
main intense peak at 657 nm and weaker one at 700 
nm. As was shown by molecular weight estimation, 
one mole of cytochrome c oxidase used in our stud- 
ies, as well as its phthalocyanine complex, contains 
three functional units of MW 130,O~ per unit. The 
molar ratio of Fe”‘L to apo-oxidase in the complex 
was found to be two moles of Fe”‘L per functional 
unit of cytochrome c apo-oxidase. The iron(II1) 
phthalocyanine complex with apo-oxidase, in 
anaerobic conditions, undergoes reduction with an 
excess of dithionite to give Fe’*‘L-apo-oxidase. It is 
suggested by spectroscopic studies that dithionite 
attacks the phthalocyanine ring to form an inter- 
mediate complex, dithionite-Fe”‘L-apo-oxidase, 
with the reduced phthalocyanine ligand. This sug- 
gests an open crevice structure of subunits con- 
taining Fe”‘L. Deep conformational changes of 
cytochrome c oxidase upon hemes displacement 
confirm this. Coordination of apoprotein with 
Fe”‘L does not reconstitute an ordered structure of 
the enzyme. 

Iron(II1) phthalocyanine coordinated with apo- 
oxidase has no affinity for additional ligands. How- 
ever, reduced with dithionite it combines with cyan- 
ide, azide, imidazole and molecular oxygen. This is 
observed by an increase in the intensity of the band 
at 685 nm. Combination with additional ligands 
results in the disappearance of the inte~ediate 
complex and iron(H) phthalocyanine complex for- 
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mation. Oxygen binding by Fe”‘L-apo-oxidase is 
irreversible. The oxygenated complex undergoes 
slow auto-oxidation with degradation of the 
phthalocyanine ring, which indicates that it is 
not a ferrous-oxygen complex of the oxyhemo- 
globin type. 

The results of electrophoretic and chro- 
matographic examination of the SDS-urea dis- 
sociation products of Fe”‘L-apo-oxidase, com- 
pared to those of the native cytochrome c oxidase 
suggest that Fe**‘L is located mainly on two poly- 
peptide subunits of the apoprotein, with mobilities 
corresponding to bands I and V of the native 
enzyme pattern. The same polypeptide subunits 
were suggested to be involved in hemes a and a3 
binding. These results, supported by the stoi- 
chiometry of the Fe”‘L-apo-oxidase complex, 
which was found to be two moles of Fe”‘L per mole 
of apo-oxidase functional unit, suggest coor- 
dination of Fe”‘L in heme a and a3 binding sites on 
apo-oxidase. 

The iron(II1) tetrasulphonated phthalocyanine 
complex with apo-oxidase interacts with ferrous 
cytochrome c causing its oxidation, in agreement 
with their mid-point potentials which are + 315.5 
and +260 mV, respectively. However, the rate of 
this process is markedly lower than that of the reac- 
tion of cytochrome c oxidase and ferrous cyto- 
chrome c. This fact can suggest different mech- 
anisms of cytochrome c oxidation in both cases. 
In the case of Fe”*L-apo-oxidase this process is 
probably connected with the oxidative properties 
of Fe”‘L itself. The activity value of this complex 
in the reaction with ferrous cytochrome c is 30 mol 
min- ’ mg of protein, and constitutes 43% of the 
cytochrome c oxidase enzymic activity (70 mol 
min- ’ mg of protein). 

Finally, we can state that the biological function 
of cytochrome c oxidase requires an exactly defined 
protein conformation. Removal of heme a and a3 
from the protein crevices brings about its irrevers- 
ible structural perturbations. Coordination of iron 
tetrasulphonated phthalocyanine in heme binding 
sites on apo-oxidase does not reconstitute the 
proper conformation and biological activity of the 
enzyme, in spite of the close structural similarity 
between Fe”‘L and the natural prosthetic groups of 
cytochrome c oxidase. 
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Abstract-The ground-state electronic structure of W,Si- has been calculated using the 
relativistic SCF-MS-X, method. The results confirm a formal oxidation state of +2 for 
the central tungsten atom and a + 6 oxidation state for the terminal ones. A W-W cr bond 
is detected within the 7ai, molecular orbital leading to a W-W bond order of l/2. The 
energy order of the X, MOs of ligand field interest, localized on the central metal ion, is 
explained based on the simple angular overlap approach taking into consideration the 
W-W interactions. 

The thioanions, MoSi- and WS:-, have been often 
used as bidentate ligands to obtain a variety of 
metal complexes. ’ From these, a series of complexes 
of the type [M(XS,)J”- (M = Fe, Co, Ni and Zn ; 
X = MO or W) has been isolated and charac- 
terized.lm4 The structure of this type of metal com- 
plex consists of two XSj- anions coordinating as 
bidentate ligands with the metal (M). A square- 
planar or tetrahedral arrangement is possible 
around the central metal. This class of compounds 
is not only of interest from the theoretical point of 
view, but also has possible catalytic significance. ‘*’ 

Szterenberg and Jezowska-Trzebiatowska6 have 
applied the parameter-free FenskeHall LCAO 
MO method to the molecular orbital calculations 
of [Fe(MoS4)2]3- and [Co(MoS4)2]“- (n = 2, 3, 
4). The results of such calculations indicate that all 
molecular orbitals with predominant 3d character 
of the metal (Fe, Co) are found between the occu- 
pied orbitals localized on the sulphur ligands and 
the empty orbitals of 4d character of molybdenum. 
There is a small but positive metal-molybdenum 
overlap population of the drJ type showing a. sort of 
metal-molybdenum bonding. 

Bhaduri and Ibers7 have succeeded in isolating 
a diamagnetic complex containing the anion 
[W(WS,),] 2P, where for the first time, a square- 
planar geometry around tungsten (central W) is 
obtained (see Fig. 1). 

X-ray determination7 has indicated that the com- 
plex ion has a symmetry approximating D2,,, with a 
tetrahedral coordination around the terminal W 
atoms (W,). The central tungsten (W,) has a square- 

I 
x 

ZLY 

Fig. 1. 

planar coordination of sulphur atoms with a very 
slight tetrahedral distortion. The average W,-W, 
bond distance is 2.871 A, which is shorter than the 
W-W distance in W4S:; ’ by 0.156 A. Because of 
this short distance and the expected oxidation state 
of +2 for W,, one can anticipate that a sort of 
W,--W, bonding can exist in this complex. 

By applying the SCF-MS-X, calculations to the 
hypothetical complex W,Cli- Cotton and Kal- 
bather* have shown that there is no qualitative 
reason why W,Cli- should not be capable of exis- 
tence. Their argument is based upon the existence 
of a strong W-W quadruple bond (similar to the 
case of Mo,Cl~-) as predicted from the MO cal- 
culations. 

In this work molecular orbital calculations are 
performed on W 3S:-, utilizing the relativistic MS 
X, method,’ to investigate the electronic structure 
and the possible tungsten-tungsten interactions. 
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METHOD OF CALCULATIONS 

The SCF-X, scattered wave method, which was 
developed by Slater and Johnson” and updated by 
Cook and Case9 is used to determine the ground 
state electronic structure of W3Si- (a 352 electron 
system). Because tungsten is a fairly heavy atom 
(2 = 74), a relativistic correction was included 
within the tungsten and also the sulphur spheres 
during the SCF calculations, following the pro- 
cedure of Wood and Boring,” which is already 
incorporated in the QCPE program.g The coor- 
dinate system of the complex ion was based upon 
the X-ray structure6 idealized to Du symmetry 
(Table I), with the W,W,-W, axis lying along 
the y axis. Although this coordinate system is not 
convenient in dealing with the WC---W, c type inter- 
action, it is suitable for discussing the W,S, square- 
planar structure. The calculations included the use 
of s-, p-, d- and f-spherical harmonics on the tung- 
sten atoms and s-, p- and d-type harmonics on 
the sulphur ligands. For the extramolecular region, 
spherical harmonics up to I = 4 were used. The 
atomic exchange factor c1 values were taken from 
the compilation of Schwarz. ’ 2 A weighted average 
of these atomic values was used for the interatomic 
and extramolecular regions. The Norman criteriaI 
were used in choosing the atomic radii scaled by a 
factor of 0.88. An external outersphere tangent with 
the S, spheres was used, which also served as a 
Watson sphere on which a charge of +2 is dis- 
tributed to stabilize the negative anion. A summary 
of the parameters used in the calculations is given 
in Table 1. 

RESULTS AND DISCUSSION 

The following SCF charge distributions are 
obtained for the two different sets of tungsten 
atoms in W3Si- : 

w+O.760 .s0.560 
c 3 Po.471Y d4.071J-0.‘37 

w+ 1.011 .s0.546 
t 

,P0.521,d3.721,f0.201. 

Table 1. Parameters used in the X, calculations 

Outer 

WC W, Sb S, sphere 

;i 
0.69317 0.69317 0.72475 0.72475 0.70580 
1.3978 1.3357 1.2806 1.3188 5.7758 

WC-& 2.344 < Ss-WC--?& 99” < S,--W,-S, 111” 
W&S,, 2.234 < S,,--W,-S, 105.8” 
W,-S, 2.152 < WC-&,--W, 77.6” 

Sphere radii and bond distances are in angstroms. 

It is observed that although the formal charges of 
W, and W, are +2 (d4) and +6 (do), respectively 
(this will be confirmed later), they have almost simi- 
lar orbital populations and close net charges. This 
can be explained, based upon the Pauling electro- 
neutrality principle, I4 which states that stable com- 
plexes are those with structures such that each atom 
has only a small electric charge, approximating 
zero. Nevertheless, the source of the above d-orbital 
population is to some extent different for the two 
sets of atoms. In the case of W,, the orbital charge 
of the d-subshell is mainly due to the electrons occu- 
pying two tungsten d-like MOs (namely 7a,, and 
80,~). This also indicates that the formal con- 
figuration of W, can be regarded as 5d4, 6p”, 6s’ 
(W2’). On the contrary, the d orbital charge 
observed for W, is entirely the result of the de- 
localization of the electrons occupying ligand- 
like MOs and having small metal d character. 
(The d-like MOs localized on W, are unoccupied.) 
This is in accordance with a formal configuration 
of 5d0, 6s”, 6p” (W”‘). 

The results for the energy eigenvalues of the SCF- 
ground state of W3Si- and the corresponding 
orbital charges are given in Table 2. Two types of 
sulphur atoms are present in W3Si-, the bridging 
set (S,,), and the terminal ones (S,). We may con- 
clude that since the .I$, set of atoms is acting as a 
bidentate ligand, it should be the one carrying the 
less negative charge. As a result of this, we observe 
that (Table 2) the MOs of mainly sulphur (S,) 3s 
in character (la,,, lb,,, lb3, and lb2,,) are more 
stable than the corresponding MOs centred on the S, 
set (2al,, 2b2”, lbr, and lb3,). The same trend can 
also be observed for the MOs of predominantly 
sulphur 3p in character. In Fig. 2, a diagram is 
displayed showing the MOs of ligand field interest 
centred on W, and W,. All the d-like MOs of W, are 
empty, whereas two of the MOs localized mainly 
on W, are occupied, one of them (8a,,) is the 
HOMO state in W3Si-, the LUMO is the 3b, 
molecular orbital. Note that only four d orbitals 
are shown in Fig. 2 for W,. The missing one is the 
66 ,g (d,,), which was not detected by our calculations. 
This can be attributed to the highly 0 antibonding 
nature of this MO, which is expected to be of energy 
greater than - 0.1 Rydberg. The bonding counter- 
part of the 6b,, MO is presumably the 3b,,. 

Following the angular overlap model (AOM),” 
the energy of the d orbitals in a square-planar 
geometry like in W,S,, can be given as (using the 
coordinate system of Fig. 1 and ignoring 6 bonding 
contributions) : (e, and e, are AOM parameters) 
dZ2 (G), d,,, d,, (2~)~ &-Y2 (4e,) and dx, (3e,). 

In our case, the situation is slightly different from 
a square-planar complex MX4 of axially symmetric 
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Table 2. Orbital eigenvalues and charge composition in W&- 
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Orbital E (Ryd.) WC W, Sb S, 

lb, -0.1161 
66, -0.1200 
8bz. -0.1273 

lO&, -0.1360 
5b,, -0.1448 
5b,, -0.1830 
9Q, -0.1869 
5b,, -0.1927 
46, -0.2405 
3a, -0.2512 
7L -0.2546 
5&g - 0.3083 
3b, -0.3210 

8a,, -0.3555 
7a1, - 0.4247 
4b, - 0.4687 
4b ,u - 0.4694 
2&l -0.4822 
4&. -0.5050 
4b,, -0.5056 
2b, -0.5268 
6L -0.5427 
6ar, -0.5623 

36,” -0.5651 
3b, -0.5734 
3&. -0.6101 
1% -0.6154 
562, -0.6264 
3b,, -0.6623 
‘b&l - 0.6426 
4bzu - 0.6939 
5a,, -0.7211 
3L -0.7285 
2b,, -0.7328 
2b, - 0.7352 
2L - 0.7442 
2b ,g -0.7570 
4ar, -0.7738 
3ar, -0.8052 
lb, - 1.2996 
lb,, - 1.2998 
2&u - 1.3139 
2ar, - 1.3202 
l&u - 1.3596 
1L - 1.3626 
lb,, - 1.3727 
tar, - 1.4123 

20.1 d 
4.2 d 

20.2 d 

2.6~ 
8.8 d 

ll.Od 
18.0 d 

3.2f 
71.4 d 
53.9 d 

18.3 s+77.2 d 
44.9 d 

1.7 d 

1.4p 

12.7 d 
3.6p+1.4f 

2.4~ 
17.2 d 
12.0p+l.7f 

6.1 p+2.2f 
12.0 d 
10.2 d 

1.5p 

1.5 d 

25.6 d 
4.7 sf 10.6 d 
9.6 s+ 10.6 d 

2.op 
3.2~ 
7.4 d 
5.2 s+2.5 d 

14.3 d 4.3p+5.5 d 
4.0 p+ 19.4 d 
3.6p+ 19.4 d 4.3 p 
1.2 s+13.1 d+3.lf 1.5 s 
5.7p+17.2d 
2.Op+21.7 d 
1.6p+23.1 d 
1.8p+15.5 d 

21.2 d 
29.1 d 
28.1 d 

2.4 d 
3.0 p+4.6 d 

7.5 d 

5.8 p+4.0 d 
3.6~ 
2.4~ 
3.5p 
5.5p 
1.9p 

11.7 d 1.4p+2.6 d 

2.0 p 
3.1 p 
6.1 d 
2.7 p+2.4 d 
2.Op+9.4 d 

2.8~ 
2.9 p 

1.4p 
12.4~ 
2.8 p 
2.8 p 
4.7 p 
6.5~ 
2.1 p 

16.2 d 
13.0 d 
13.9 d 
ll.Od 
4.4 sf8.7 d 
2.9 s+ 11.1 d 
4.6 s+9.5 d 

17.2 d 
17.2 d 

1.3p+15.4d 
3.5 d 
5.4 s+3.2 d 
6.7 d 
2.Op+4.5 d 
2.Op+4.5 d 
1.5p+3.5 d 
2.0 s+2.9 d 
4.1 s 
2.5 d 
2.5 d 
2.6 s 

19.2 p 
15.op 
20.0 p 

8.8p 
12.2p 
12.3 p 
12.8 p 
14.7 p 

14.7 p 
14.6~ 
12.7 p 
14.4p 

4.9 s 

16.5 s 
21.8 s 
20.7 s 
19.6 s 

5.Op+5.0 d 
3.6p+3.6 d 
2.1 p+4.8 d 
4.7p+5.0 d 
2.2pf2.1 d 
5.1 p+4.2 d 
2.4 p 
2.8p+1.8d 
4.7pf2.3 d 
3.9pf1.7 d 

3.9p 

2.7~ 
22.9 p 
22.6 p 
11.4p 
19.8 p 
20.1 p 
13.1 p 
14.3 p 
16.0~ 

3.4p 
3.8~ 

7.lp 
2.7 p 

3.5p 
9.5p 
1.3 sfl3.6~ 
1.5 s+ 14.3 p 

12.5 p 
12.op 

1.7p 

20.9 s 
20.9 s 
16.1 s 
19.7 s 
4.6 s 

ligands, because the P, orbitals of S,, sulphur atoms use of the above argument, we can arrange the 
are engaged in a formation of bridging bonds energy of the d orbitals centred on W, in the fol- 

with the terminal tungsten atoms. This leads to a lowing order (based on the AOM and assuming 
considerable reduction in the ability of the d,z_g of that e, > 24 : d,z_g (0) c d,,, dyz (2eJ < d,z 
WC to participate in d,--p, interactions. In other (e,) < d.+, (3e,). This is not the order observed in 
words, we can anticipate the dx2_g of WC in Fig. 2, but so far we have not considered the possible 
W& to be of non-bonding character. By making W-W interactions in this system. The energy order 
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-0.1 - 

-0.2 - 

m 
c 
s 
B 

w 

-0.3 - 

-0.4 - 

WC Wt 

6 b,, (dyz+dyz) 

,‘,/ ,‘: 8 bm - (dxz-yz -dxa-yz) 

-;‘, 10 alg-(dxz-yz+dn-yz) 

=,‘:_ 5 blu (dyz-dyz) -- 

,, 5 bm - (dxy dxy ) 
-I 

=_;I- 9 alg-(dzz+dzz) 

’ 5blg (dxy+dxy) 

-. 
.. E\ 4 \x bzg (dxz +dxz) 

” 3a, \ (dxr -dxr) \ 

’ 7 bzu -(dzz -drr) 
- 5 bsg dyr 

- 3 bq dxr 

IO g-h 

Fig. 2. 

of the d orbitals of the central tungsten atom, 
obtained from the X, calculations (Fig. 2), can be 
nicely explained if we adopt the above scheme of 
energy order based on the AOM approach, taking 
into consideration the expected stability of the 7ar, 
MO (C&Z), as a result of a d,,-d,, bonding between 
the central tungsten and the terminal set of tungsten 
atoms. The 7ur9, is almost the only MO that con- 
tains an appreciable W-W bonding interaction in this 
system. The 8ar, MO (N dxz__,,2) (see Table 2) is of 
non-bonding nature and is not expected to con- 
tribute to the WC-W, bonding. On these grounds, 
the short WC-W, distance can be explained as a 
result of W-W cr bonding involving mainly the 
d,z orbitals on both sides. This sort of interac- 
tion is observed predominantly in the 7a,, MO, 
and because the 8a,, is of a non-bonding nature 
and is occupied by two d electrons (on WC), the 
expected WC--W, bond order will be l/2. 
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Abstract-The electrochemical behaviour of a series of MoZC14(PR3)., complexes 
(PR, = PMe3, PEt3, PPfi, PBu”,, PH,Ph, PMe,Ph, PEtzPh, PHPh2, PMePh*, PEtPh,, 
P(OMe)3, P(OMe)Ph,) has been examined by cyclic voltammetry in dichloromethane solu- 
tion. The phosphines were chosen to provide a wide range of Lewis basicitylx acidity 
as reflected by Tolman’s Vco IR and Bodner’s A&o 13C NMR spectral parameters for 
Ni(CO),(PR,). The MO* compounds undergo either quasi-reversible or irreversible one- 
electron oxidations except for P(OMe)3 and P(OMe)Ph, for which no electroactivity was 
observed before the solvent limit. The anodic peak potentials, ,!&, span a range of nearly 
700 mV. The half-wave potentials, E 1,2, for the quasi-reversible couples and Ep,a for all were 
plotted against the IR and NMR values and against the 6 + 6* transition energies for the 
MO, species in dichloromethane and in the solid state. For the organometallic spectral 
parameters excellent linear correlations were obtained while with the electronic spectral 
data fair correlations resulted. These results indicate that the Mo~&(PR~)~ complexes 
become more difficult to oxidize as the electron-withdrawing nature of the PR, substituents 
increases and the 6 + 6* band energy decreases. 

Among complexes containing metal-metal quad- Mo~X~(PR~)~ species (X = Cl, R = Me, Et, Pr”, 
ruple bonds, those of the type Mo~X,+(PR,)~, where Bun; X=Br, R=Me, Et; X=1, R=Me) and 
X = halogen and PR3 = monodentate phosphine found quasi-reversible single-electron oxidations in 
have been particularly useful in understanding this dichloromethane and both oxidations and 
bonding feature. Variation of either halogen or reductions in tetrahydrofuran.” Similar obser- 
phosphine affords readily accessible series of com- vations have been reported for Mo&~~(PR~)~ by 
pounds’ with which detailed physical studies can be Rothwell and co-workers” (R = Me) and by 
performed, especially when tungsten analogues are Schrock’ (R = Bu”) and their associates. Finally, 
also known.2 Thus, in recent years X-ray crys- Gray, Bard and co-workers have also shown 
tallography, 3,4 electronic absorptions5 and emis- that Mo,C~~(PM~~)~ will exhibit electrogenerated 
sion, 5,6 vibrational4 and photoelectron7 spec- chemiluminescence in THF and a&on&rile. ’ * 
troscopies, and theoretical methods (SCF-Xa-SW7 In this paper we describe an electrochemical 
and Hartree-Fock-Slater’ techniques) have been investigation of Mo&~~(PR~)~ compounds, carried 
applied to these materials. Their redox properties out with the intent of exploring the influence of 
have also been explored beginning with the report varying x acidity/Lewis basicity of the PR3 ligands 
of Walton and co-workers on the one-electron oxi- on redox properties. The species comprising this 
dations of Mo*C~~(PR~)~ (R = Et, PrJI) in dichlo- series are among those we isolated in the solid state 
romethane solution.9 More recently, Zietlow et al. in a recent attempt to prepare 20 such complexes. ’ 3 
examined the electrochemical behaviour of seven For the 16 we were able to generate, some only in 

solution, correlations between the transition energy 
(TE) of the characteristic 6 + 6* band and liter- 

t Upjohn Summer Research Fellow, 1986. ature-derived organometallic spectral parameters 
$ Author to whom correspondence should be addressed. which reflect electron-withdrawing propensities of 
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the PR3 ligands were explored. That study also 
reported the crystal structures of three members 
of the Mo&&(PR& series (PR3 = PEt3, PMe,Ph, 
PHPh2). Correlations similar to the previous ones 
have been obtained with redox potentials resulting 
from cyclic voltammetry measurements and are 
reported here. 

EXPERIMENTAL 

Materials 

All MoZC14(PR& compounds were prepared 
according to previously reported procedures. ’ 3 
HPLC-grade dichloromethane (Aldrich) was 
deoxygenated by purging with nitrogen prior to use. 
Electrochemical-grade tetra-n-butylammonium 
tetrafluoroborate (TBAB) (Eastman Kodak) was 
vacuum dried at 100°C for 24 h. 

Electrochemistry 

All electrochemical measurements were per- 
formed using a Bioanalytical Systems CV-27 vol- 
tammograph. All studies were carried out at room 
temperature in dichloromethane containing 0.1 M 
TBAB as the supporting electrolyte under a nitro- 
gen atmosphere. For cyclic voltammetry (CV) 
measurements a platinum or glassy carbon disc was 
used as the working electrode, and a platinum wire 
served as the auxiliary electrode. Electrode poten- 
tials were recorded relative to the silver-silver 
chloride reference electrode. Constant-potential 
electrolyses were performed with a Pt gauze 
working electrode, Pt wire auxiliary electrode, and 
Ag/AgCl reference. 

Linear regression analyses and data plotting were 
accomplished by use of the Sigma-plot scientific 
graph system (Jandel Scientific). 

RESULTS 

Cyclic voltammetry measurements were per- 
formed on 12 Mo~&(PR~)~ compounds in dichlo- 
romethane solution, and the results for these 
materials appear in Table 1. All tabulated CV data 
were obtained using a platinum disc indicating elec- 
trode ; similar results were observed with a glassy 
carbon disc as the working electrode for selected 
complexes. Electrode potentials, measured relative 
to the silver-silver chloride reference, agree reason- 
ably well with previously reported values allowing 
for reference electrode and solvent differences. *,I ’ 
Peak-to-peak separations, AE,, for those species 
displaying a reduction wave on the reverse scan 
substantially exceed the 59 mV value anticipated 

Table 1. Cyclic voltammetry data for Mo,Cl,(PR,), 
compounds in dichloromethane” 

Phosphine 

PMe, 
PEt3 
PPf, 
PBu; 
PHzPh 
PMe,Ph 
PEt 2Ph 
PHPh, 
PMePhz 
PEtPh, 

P(OMe)r 
P(OMe)Ph, 

E E b AEpb 

$Y +; (mV) ip,c/ip,a 

0.67 0.61 122 0.91 
0.56 0.50 107 0.97 
0.53 0.47 129 0.99 
0.51 0.46 101 0.96 
1.2’ - 
0.72 0.62 189 0.94 
0.67 0.60 140 0.76 
0.92 - - - 
0.71 0.66 101 0.66 
0.63 - - - 
- - - 

- - - 

“All electrode potentials are reported relative 
to Ag/AgCl reference electrode and at scan rates of 
300 mV SK’. 

b &,z = 1/2(E,,a + &) ; AEp = &,a - Ep,c. 
‘Near solvent limit. 

for a strictly reversible one-electron (de infra) pro- 
cess, a result due in part to uncompensated solution 
resistance. However, for the trialkylphosphine spec- 
ies the peak current ratios, ip,&,+, are close to unity 
at higher scan rates (30&600 mV s- ‘), but they do 
decrease with decreasing scan rate at slower speeds 
(5&200 mV s-l). AEp increases with scan rate for 
all couples for which scan rate dependence was 
investigated. Thus, for the trialkyl-, dialkylphenyl- 
and methyldiphenylphosphines, we observed quasi- 
reversible electron transfer. For PEtPh2, PHPh2 
and PH2Ph totally irreversible behaviour was 
seen. For P(OMe), and P(OMe)Ph* no CV activity 
was noted before the solvent limit. 

With each compound the anodic wave in the CV 
should correspond to a one-electron oxidation. * To 
verify this we carried out constant-potential elec- 
trolyses on Mo,Cl,(PPf,), and Mo,Cl,(PBu;), in 
dichloromethane which yielded n values of 1. 1 + 0.1 
for both. Similarities in peak shapes and currents 
for all quasi-reversible systems suggest that this is 
a general result. 

In order to assess the effect of phosphine sub- 
stituents on the electrochemical behaviour of this 
series in more detail, we examined possible cor- 
relations between electrode potentials and the elec- 
tronic effects due to the PR3 ligands. Specifically we 
used the difference in 13C NMR chemical shift, 

A&o, for CO in Ni(CO), and Ni(CO),(PR,) as 
reported by Bodner et al. and the IR CO stretching 
frequency, Vco, for a series of Ni(CO),(PR,) com- 
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0.4 1 
3 4 5 6 

A6CO/wm 

Fig. 1. Plot of A&, vs J& : (a) PH,Ph; (b) PHPhz ; (c) 
PMePh,; (d) PMe2Ph; (e) PEtPhz; (f) PMe,; (g) 

PEtzPh; (h) PEt,; (i) PPr; ; (j) PBu;. 

plexes as gathered by Tolman. l4 The AGco and Vco 
numbers are themselves highly correlated (linear 
correlation coefficient = - 0.99). Against these par- 
ameters the Mo~C~~(PR~)~ values for the anodic 
peak potentials, E,,=, for all systems and the half- 
wave potentials, E,,2, for quasi-reversible couples 
were plotted. Variations in AE, might be expected 
to introduce some additional scatter in graphs 
involving Ep,a, but with only the latter values could 
the behaviour of the entire series be investigated. 
Plots of Ep+ vs ASco and cc0 are shown in Figs 
1 and 2 ; for both, good linear correlations were 
obtained (A&, - 0.97 ; vco, 0.98). For Ellz vs SC0 
(six data points) the scatter (0.99) is indeed less than 
its Ep,= counterpart. However, the E1,2 vs AGco plot 
(seven points) shows slightly increased deviation 
from linearity (- 0.96) relative to E,,+ (de infu, 
rhenium discussion). 

Finally we also explored the relationship between 
Ep,a and Eljz and the ‘(6 + 6*) transition energies 
for the Mo&~~(PR~)~ compounds in dichlo- 
romethane and in the solid state. ’ 3 Here the cor- 
relation is not nearly so close. However, for both 

1.4 r 

1.2 ie 

P 
1.0 - 

3 
A 

he 

0.6 - 

0.4 1 I 
2060 2070 2080 

C&cm-’ 

Fig. 2. Plot of i+- vs Ep,+ : (a) PBu; ; (b) PEt3 ; (c) PEt,Ph ; 
(d) PMe,; (e) PMe,Ph; (f) PEtPh*; (g) PMePh,; (h) 
PHPh2 ; (i) PH,Ph. No i& value was reported for PP$ I4 

0.4 1 I 
16.30 16.50 16.70 16.90 17.10 17.30 

d-6* TE(soln)/cm-’ x 10v3 

Fig. 3. Plot of 6 + 6* TE (CH2ClZ solution) vs Eps: (a) 
PHPh,; (b) PH,Ph; (c) PMePh,; (d) PEtPh,; (e) 
PEt,Ph; (f) PMe,Ph; (g) PEt3; (h) PPf,; (i) PBu;; (j) 

PMe,. 

Ep,a and Ellz the observed trend is one of generally 
increasing transition energy (TE) with decreasing 
potential. The graph of Ep,a vs TE(solution) is 
shown in Fig. 3. The correlation coefficients are: 
Ep,a vs TE(soln), - 0.81; Ep+ vs TE(ss), - 0.73 ; Ellz 
vs TE(soin), -0.76; E,,, vs TE(ss), -0.84. For the 
Ep+ plots the point considerably off-line is due to 
the PH*Ph complex, while with E,,2 values much 
scatter is seen with the trialkyl-derived complexes. 
Of the latter, Mo2C14(PMe3)4 deviates substantially 
more than the other compounds. 

DISCUSSION 

The results obtained in this study confirm that 
Mo&~~(PR~)~ compounds undergo quasi-revers- 
ible or irreversible one-electron oxidations in 
dichloromethane and that this behaviour is mark- 
edly dependent upon the identity of the phosphine 
ligand. Indeed the CV anodic peak potentials span 
a range of nearly 700 mV. The oxidation process 
involves the loss of a d-bonding electron : 

Mo~CI~(PR~)~ 4 Mo,CI,(PR,): +e-. 

a%%2 &?I5 

The ease of oxidation of the MO:+ core is clearly 
related to the ability of the coordinated phosphine 
to stabilize or destabilize the resulting MO:+ prod- 
uct, as reflected by correlations of the electrode 
potentials with the organometallic spectral para- 
meters, ASco and ttco. In view of the high correla- 
tion of the NMR and IR values for the Ni(CO), 
(PR,) series, it appears reasonable that they 
should provide suitable measures of a acidity/Lewis 
basicity. Not surprisingly then, the most easily oxid- 
ized Mo$I,(PR~)~ species and those showing 
essentially reversible electron transfer at rapid scan 
rates are those containing the electron-releasing tri- 
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alkylphosphines. In addition, the observation of a 
steady decrease in Eljz and Ep,a with increasing alkyl 
chain length is in accord with the observations of 
Gray et al. lo As the alkyl substituents are replaced 
by phenyl groups and hydrogen atoms, the oxi- 
dation becomes more difficult and tends towards 
total irreversibility. Lastly, for the strongly elec- 
tron-withdrawing methoxy-substituted ligands, the 
electron removal is not seen within the solvent oxi- 
dation limit. 

Although a-donation effects (PO + Mode) 
undoubtedly play a prominent role in the electronic 
stabilization of Mo,CI,(PR,):, particularly with 
the trialkyl complexes, the pronounced variation of 
Ep,+ and El12 with 6 --) 6*TE implicates phosphine 
interactions with the 6 and/or 6* orbitals. 
Moreover, Gray et al. noted that for the 
Mo2X,(PMe& triad (X = Cl, Br, I) the ease of 
oxidation and difficulty of reduction were both in 
the order Cl < Br < I. lo This inverse halide order 
was the opposite to that expected on elec- 
tronegativity grounds and was attributed to 
metal(d)-to-halide(d back-bonding. We have also 
observed a similar trend with a series of 
Mo,X,(LL), compounds (X = Cl, Br ; LL = bid- 
entate phosphine). In the case of the Mo&I,(PR~)~ 
species the oxidation behaviour does follow sub- 
stituent electronegativity predictions rather closely 
but for presumably the same reason responsible 
for the inverse halide order, namely, MO-P back- 
bonding. Alternatively, a decrease in MO effective 
charge induced by the electron-releasing phos- 
phines would result in expanded MO 4dorbitals and 
increased 6 overlap. I5 This would in turn lead to 
greater ease of oxidation and blue-shifted 6 + 6* 
transitions. While the latter effect could be domi- 
nant for the trialkyl phosphines, it would be 
expected to become less important as PR3 sub- 
stituents become more strongly electron with- 
drawing. 

We now turn to the relationship between the elec- 
trode potentials and the 6 + 6* transition energies. 
The oxidation creates an entity with a metal-metal 
bond order of 3.5, whereas the spectral process 
leads to an excited-state species of bond order 3.0 : 

Mo&(PR,),“-, Mo&l,(PR,)t. 

o=&s U5&1(6*)’ 

It is now clear that the representation of the 6 + 6* 
transition as strictly metal-based is an over- 
simplification. Again, Gray et al. have shown that 
for the series Mo,X,(PMe,), (X = Cl, Br, I) this 
band undergoes substantial shifts in position and 
intensity upon exchanging halogen atoms.4 Our 
own work on the larger set of Mo2C1,(PR& com- 

pounds indicated a similar dependence of the band 
energy on PR3. l3 For 16 of these materials we noted 
linear correlations for plots of 6 --, 6*TE obtained 
from dichloromethane solutions vs A&-o (0.923) 
and vs i&, (-0.892). The TE/E correlations 
reported in the present study further substantiate 
the interaction of the 6 and possibly 6* components 
and phosphorus-based orbitals. Thus, for example, 
those complexes most readily oxidized also exhibit 
the highest energy spectral transition. Although the 
‘(6 + 6*)TE does not directly reflect the energy of 
the 66* splitting due to electron correlation 
effects,16Z17 the overall trend does imply a weak- 
ening of the 6 bond. As the electron-withdrawing 
power of PR3 increases as indicated by A& and 

vco, TE decreases, and the compounds become less 
oxidizable. At the extreme of strongly elec- 
tronegative substituents examined in our previous 
study, the Mo&$(PR~)~ species either have fleeting 
existence in solution, e.g. with PClPh*, or are not 
observed at all at room temperature, e.g. with 
P(OPh),. I3 Presumably phosphines of the latter 
types cleave the M-M bond of transient 
MoQ,(PR~)~ or of reactant complexes via inter- 
action with the strong cr and/or 7c components, since 
the 6 bond may contribute only about 10 kcal mol- ’ 
to the total bond energy of the MO-MO quadruple 
bond by two recent estimates. 17*18 However, steric 
bulk as reflected by the cone angle may also play a 
role. 

The appreciable off-line behaviour in the TE/E,,+ 
plot arises from the PMe, and PH2Ph complexes. 
We attribute this to variation in the spectral prop- 
erties rather than the electrode potentials. We pre- 
viously noted considerable deviation from linearity 
for both complexes in plots of TE vs A6co and Vco. l3 
Both of these ligands contain small substituent 
groups, and this may influence TE values. It has 
been suggested that the anomolous emission spectra 
of Mo2C14(PMe3)4 relative to its trialkyl hom- 
ologues may be due in part to its ability to adopt a 
staggered configuration in the ‘(66*) excited state 
whereas the larger hydrocarbon chains of the others 
prevent this rearrangement.6 

Finally, although our investigations thus far have 
not allowed us to extend these correlations to 
reduction processes for the Mo#&(PR~)~ series, 
and the available data in the literature are restricted 
to trialkyl species, lo an isoelectronic set of rhen- 
ium(II1) compounds does provide this opportunity. 
Walton et al. observed one-electron reductions in 
CH,Cl, for the Re#&(PR& complexes 
(PR3 = PEt3, PPf,, PBu”,, PEt*Ph, PMePh,, 
PEtPh,). I9 For these species the reduction products 
exhibit a 02rr46*(6*)’ configuration. The phenyl- 
substituted materials also undergo a second one- 
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electron reduction. Our plot of their Ellz values for 
the first reduction vs Aaco reveals an essentially 
linear relationship although the point due to PEt,Ph 

is significantly off-line. Curiously, in our 
Mo~/A&~/E,,~ plot the PEtzPh point also deviates 
somewhat from the best-fit straight line, possibly a 
reflection of error in the original A6co value. The 
PEtzPh behaviour notwithstanding, the Re cor- 
relation clearly indicates the connection between 
PR3 electronic effects and ease of reduction. Thus 
the electron-releasing alkyl groups, in this instance, 
destabilize the Re#&(PR,); product whereas phe- 
nyl groups lead to net stabilization. These results 
implicate interaction of Rez 6* and phosphorus- 

based orbitals. 
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Abstract-_?6-o-Chlorotoluene-?5-cyclopentadienyliron hexafluorophosphate undergoes 
nucleophilic substitution of the chlorine atom with anions generated (K2C03/DMF) from 
methyl thioglycolate, diethyl malonate, dimethyl malonate, methyl acetoacetate and 
2,4-pentanedione. The compounds prepared were o-CH3C6H4SCH2C02CH3FeCp+PF;, 
o-CH3C6H4CH(C02C2H5)2FeCp+PF;, o-CH3C6H4CH(C02CH32FeCp+PF,, O-CH3C6 
H4CH(COCH3)C02CH3FeCp+PF; and o-CH3C6H4CH2COCH3FeCp+PF;. Similarly, 
the reaction of diethyl malonate, dimethyl malonate, methyl acetoacetate anions and 
methylamine with ~6-2,6-dichlorotoluene-~5-cyclopentadienyliron hexafluorophos- 
phate yielded monosubstitution of one of the chloro groups. The complexes prepared 
in this study were ~6-diethyl(3-chloro-2-methyl)phenylmalonate-~5-cyclopentadienyl- 
iron hcxafluorophosphate, ~6-dimethyl(3-chloro-2-methyl)phenylmalonate-~5-cyclopenta- 
dienyliron hexafluorophosphate, rl6-methy1(3-chloro-2-methyl)phenylacetoacetate-?5- 
cyclopentadienyliron hexafluorophosphate and $-3-chloro(2-methyl-N-methyl)aniline- 
q5-cyclopentadienyliron hexaflfiorophosphate. Reaction of q 6-2,6-dichlorotoluene-q 5- 
cyclopentadienyliron hexafluorophosphate with excess methanol as well as methyl thiogly- 
colate in the presence of K2C03 resulted in disubstitution of both chloro groups to 
yield new complexes, $-2,6-dimethoxytoluene-~5-cyclopentadienyliron hexafluorophos- 
phate and q6-methyl[(2_methylphenyl) 1,3-dithio] diacetate-q5-cyclopentadienyliron 
hexafluorophosphate, respectively. Complexes o-CH3C6H4CH(C02C2H5)2FeCp+PF;, 
o-CH~C~H~CH(CO~CH~)~F~C~+PF; and o-CH3C6H4CH2COCH3FeCpfPF; react 
with excess K2C03 and benzyl bromide in refluxing methylene chloride to give 8&90% 
yields of complexes o-CH3C6H4C(CH2C6H5)(COZCZHS)ZFeCp+PF6, o-CH3C6H4C 
(CH2C6H5)(C02CH3)2FeCp+PF; and o-CH3C6H4CH(CH2C6H5)COCH3FeCp+PF,, 
respectively. Reaction of complex, o-CH3C6H4C(CH2C6H5)(CO&2H5)2FeCp+PF; 
with one molar equivalent of t-BuOK followed by acidic work-up gives o-(C2H5C02CH2) 
C6H4CH(C02C2H5)CH2C6H5FeCp+PF;. Similarly, reactions of complexes 0-CH3C6H4C 
(CH2C6H5)(C02C2H5),FeCp+PF; and o-CH3C6H4C(CH2C6H5)(C02CH3)2FeCp+PF; 
with t-BuOK in THF followed by alkylation with methyl iodide gave the new complexes, 
o-(C2H502C(CH3)CH)C6H4CH(CH2C6H5)C02C2H5FeCp+PF; and o-(CH302C(CHJ 
CH)C6H4CH(CH2C6H5)C02CH3FeCp+PF;, respectively. Vacuum sublimation of the 
new complexes, o-CH3CsH4C(CH2C6H5)(C02C2H5)2FeCp+PF; and o-(C2H502CCH2) 
C6H4CH(CH2C6H5)C02C2H5FeCp+PF; gives ~-CH~C~H.&(CH~C~HS)(CO~C~H& 
and o-(C2H502CCH2)C6H4CI-I(CH2C6Hs)C02C2H5, respectively. 

The stoichiometric use of (arene)Cr(C0)3 and straction from the benzylic position or methyl 
[(arene)Fe(Cp)]PF, complexes in organic synthesis of a complexed aryl ring.‘bf*2a-b Recently we 
allows the selective activation of arenes toward reported methods for the formation of aryl-carbon 
nucleophilic addition, nucleophilic displacement bonds3”-d based on the chemistry of CpFe+ com- 
upon a complexed halobenzene and proton ab- plexed aryl halides. These complexes undergo 

aromatic nucleophilic substitution of a chlorine 
*Author to whom correspondence should be addressed. atom with heteroatomic nucleophile@g as well 
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Scheme 1. 

as with stabilized enolate anions3”+’ Similar S,Ar 
reactions have also been studied with other metal 
complexed halobenzenes.‘“,* 

Overall, these reactions may be viewed as 
arylation processes proceeding via nucleophilic 
substitution reactions using cyclopentadienyliron 
(CpFe) complexed aryl halides as the source of the 
aryl group followed by removal of the complexing 
group (CpFe).3”‘1,7” 

As an extension of our initial work,3a-d we 
investigated the S,Ar reactions of r16-o-chloro- 
ltoluene-v] ‘-cyclopentadienyliron hexafluorophos- 
phate (1) and $-2,6-dichlorotoluene-$-cyclo- 
pentadienyliron hexafluorophosphate (2). These 
complexes are of particular interest because they 
can undergo nucleophilic substitution of the chloro 
group with nucleophiles, as well as deprotonation of 
the ortho methyl group to promote intramolecular 
annulation. In this paper, we describe the results of 
our study into this duality of reactions and experi- 
ments aimed at sequential arylation, deprotonation 
and intramolecular cyclization. 

Generalized pathways for the reactions of nucleo- 
philes with CpFe+ complexed halotoluenes 

A priori, three pathways are available for the 
reaction of nucleophiles with arene complexes of 
types 1 and 2 (Scheme 1). Methyl deprotonation 

* The order of reactivity of these organometallic aryl 
halide complexes for S,Ar substitution reaction with 
methoxide in methanol is (CO),Cr < (CO),Mo+ << 
CpFe+ < (CO),Mn+, see ref. 6. 

(path a) does not generally compete in the reactions 
studied by us, in fact, for heteroatomic nucleophiles 
(neutral or anionic) displacement4a-g of the chlorine 
atom is the only reaction observed. This latter dis- 
placement reaction has not been observed with reac- 
tive carbon nucleophiles, in which case ring addi- 
tionsa-c (path b) is especially common. On the other 
hand, recently, we and others have observed the 
S,Ar reactions of the CpFe+ complexed aryl 
halides with stabilized carbanions (path c).~~~,‘~* 
It is this latter direct displacement which is the 
main topic of the present study. 

RESULTS AND DISCUSSION 

Reactions of complexes 1 and 2 with hetero- 
nucleophiles 

q6 - Chlorotoluene - q5 - cyclopentadienyliron 
hexafluorophosphate (1) has previously been pre- 
pared in good yield by ligand exchange reaction 
between ferrocene and o-chlorotoluene’” and has 
been shown to undergo S,Ar reactions with simple 
alkoxides’” and amines.4bT9 We expected that use 
of a wider range of nucleophiles might enable the 
synthesis of more complex organic molecules. The 
new complex, $‘-2,6-dichlorotoluene-~5-cyclo- 
pentadienyliron hexafluorophosphate (2) was 
made in good yield using the same method as used 
for 1. 

Our first goal was to establish disubstitution in 
the case of the dichloro system 2. As our starting 
point we pursued the reaction between methyl 
thioglycolate and complexes 1 and 2, respec- 
tively. Treatment of complex 1 or 2 with excess 
methyl thioglycolates in the presence of KzC03 in 
THF/DMF (20 : 1) or DMF gave the corresponding 
novel mono- and disubstitution toluene complexes, 
namely, ~6-methyl(o-tolyl)thioacetate-r,?-cyclopen- 
tadienyliron hexafluorophosphate (3) and $‘- 
methyl[(2 - methylphenyl) 1,3 - dithioldiacetate - q 5 - 
cyclopentadienyliron hexafluorophosphate (4), 
respectively, as orange-yellow crystalline solids 
(Schemes 2 and 3). Analytical and spectral data 
are given in the Experimental. Similarly, reaction 
of complex 2 with methanol in the presence of 
K&O3 gave the disubstitution product q6-2,6-di- 
methoxytoluene-us-cyclopentadienyliron hexaflu- 
orophosphate (5) as yellow plates in excellent 
yield. 

The reaction of complex 2 with an excess of 
methylamine at room temperature in dichloro- 
methane gave the monosubstitution complex, @- 
3 - chloro - 2 - methyl - N - methylaniline-q5-cyclo- 
pentadienyliron hexafluorophosphate (6) as the 
only product. Failure to achieve disubstitution can 
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(i) 

(ii) 

(iii) 

(iv) 

(VI 

(8) 
CH3 

t ii 4- 
CH(CO&H,), 

HSCH,CO&H, (15equiv), K&O3 (3equiv1, DMF, RT, 15 h; 

H30: NH_,PG 

H,C(CO,CH,& (1.2equiv). K&O, (3equivk DMF, RT, 8h ; 

H30$ NH4PFs 

H,C(C02C2H5& (1.2equiv), K,CO, (3equiv1, DMF; RT,Eh 

H,O: NH,PF6 

H,C(COCH,)(CO,CH,) (1,2equiv), K&O3 (3equiv), DMF, 

RT, 8h; H30t, NH,PF, 

H,C(COCH,), (1.2equiv). K&O, (3equiv1, DMF, RT, 8h ; 

H,O+, NH,PF6 

Scheme 2. 

be explained by the circumstance that under the 
reaction conditions the loss of a proton from the a- 
position on nitrogen occurs to yield the neutral 
complex 7. The formation of cyclohexadienyl com- 
plexes of type 7 is well known. lo 

FefPF; 

(7) (18) 

Reactions of complexes 1 and 2 with carbon 
nucleophiles 

New reactions which lead to the formation 
of aryl-carbon bonds are of central importance in 
organic synthesis. From this point of view our 

(i) 

(ii) 

(iii) 

(iv) 

(VI 

(Vi) 

(6) 

(21 
CHWCH,)CO$H, 

@- 
CH3 I 

iv 

PF<Fe+ CL 

CHICO&H& “I 

@- 
CH3 

PFSFe’ Cl 

(II) 

HSCH,CO,CH, (3.0equirJ K&O3 (6equir), DMF, RT, l6h ; 
H30+, N H,PFs 

H,NCH, (12equiv), CH,Cl,, RT, 3h; H30’: NH4PF, 

sC03 (12equiv1, CH,OH, 40- 50” C, 3h; H30+,NH4PFs 

H,C(CO&HJ (I,2equiv), K&O, (3equiv). RT, 6h ; 
H,O+, NH,Pt 

H,C(CO,CH,), (1.2equiv1, K&O, (3equiv), RT, 8h ; 
H30+, N H4PF6 

H,C(CO,CHJ(CO$H,I ( 1.2equiv1, K&O3 (3equivA RT, 8h; 

H30: NH,PF, 

Scheme 3. 

attention was directed towards reactions of com- 
plexes 1 and 2 with stabilized enolate anions. Com- 
plexes 1 and 2 underwent smooth S,Ar reactions 
with enolate anions derived from dimethyl malon- 
ate, diethyl malonate, methyl acetoacetate and 2,4- 
pentanedione to yield the new substituted toluene 
complexes g-14 in excellent yields (Schemes 2 
and 3). The spectral properties of these complexes 
are characteristic. Typically, an $-arene complex 
such as $‘-dimethyl o-tolylmalonate-~5-cyclo- 
pentadienyliron hexafluorophosphate (8), displays 
complexed aromatic ring protons in the region 6 
6.433652, 1H intensity peak at 6 5.5, Cp at 6 5.2 
and two methoxy peaks at 6 4.03 and 3.77 due to 
methyl ester groups. Similarly @-diethy o-tolyl- 
malonate-$-cyclopentadienyliron hexafluorophos- 
phate (10) showed two sets of quartets and triplets 
centred at 6 4.5, 4.23 and 1.42, 1.24 due to the 
ethyl ester groups. Complete NMR spectral data 
are given in the Experimental. Reaction of 2,4- 
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pentanedione with complex 1 in the presence of 
K2C03 in DMF gave directly the corresponding 
monocarbonyl complex, ~6-o-tolylacetone-~5- 
cyclopentadienyliron hexafluorophosphate (14), 
which arises from deacetylation of the corre- 
sponding p-dicarbonyl complex, o-CH3C6H4CH 
(COCH&FeCp+PF; (15) during acidic work-up. 
Analogous deacetylation in this organoiron series 
has been earlier reported by us and others.3a-d,7a-c 
In the case of q6-o-tolylmethylacetoacetate- 
rl ‘-cyclopentadienyliron hexafluorophosphate (12) 
separate treatment with the fluoride anion is 
required to effect deacylation to yield the ester com- 
plex, $-o-tolylmethylacetate-~5-cyclopentadienyl- 
iron hexafluorophosphate (16). These examples 
show that 2,4-pentanedione and methyl acetoace- 
tate can be used as synthons for -CH2COCH3 
and --CH2C02CH3 groups, respectively. This is 
important because reaction of CpFe+ complexed 
aryl halides with enolate anions from acetone 
and methylacetate give ring addition products 
rather than substitution.8b,c Due to the ease of 
the above work-up conditions all the nucleophilic 
substitution reactions were carried our pre- 
ferentially in the presence of KzC03. Other reaction 
conditions such as NaH/THF were also found to be 
effective. 

Next we turned our attention to ring annulation 
using the potential anion from the ring methyl and 
the adjacent carbonyl group as an anion acceptor 
in an intramolecular Claisen type process for the 
complexes q 6-dimethyl o-tolylmalonate-q ‘-cyclo- 
pentadienyliron hexafluorophosphate (8) and $- 
diethyl o-tolylmalonate-~5-cyclopentadienyliron 
hexafluorophosphate (10). The desired complexes 
for this purpose were prepared as follows: treat- 
ment of complex 8 with excess K&O3 in CH2C11, 
followed by benzylation with benzyl bromide gave 
the expected benzylated complex 17 in excellent 
yield. Similar benzylation was accomplished with 
complexes 10 and 14 to yield new complexes 18 
and 19, respectively. The high resolution ‘H 
NMR and proton decoupled 13C NMR spectra 
of complexes 17, 18 and 19 indicated the forma- 
tion of a single product with no indication 
of methyl benzylation. 

Next we treated a sample of complex 18 with 
one molar equivalent of potassium tert-butoxide in 

CH(CH,C,H,)COCH, 

(IS) (17): R=OCH, 

(18) : R=OCH,CH, 

t-BuO-K+ 

THF- 

(18) 

I HPF, 

CH,CO,C,H, 

d 

CH,CO,C,H, 

/CsHs 

‘CO&H5 - 
Fe 4 

E/\Cs”~ 

‘CO&H, 
Fe+ 

Scheme 4. 

THF at room temperature under Nz. The resulting 
deep red solution on usual acidic work-up gave only 
the complex 20 in 50% yield. Conversion of 18 + 
20 corresponds to a transfer of the carboethoxy 
group. An intramolecular pathway is depicted in 
Scheme 4. Obviously group transfer rather than 
cyclization occurs in 18 --) 20 and this result can be 
understood on the basis of intermediate A (Scheme 
4). The course of its decomposition is controlled by 
ejection of the more stable carbanion rather than 
the ethoxide anion in the tetrahedral intermediate. 
The yield of 20 as well as analytical and spectral 
data are given in the Experimental. Furthermore, 
complex 21 was obtained in 4&50% yield from 
reaction between complex 18 and a molar equi- 
valent of potassium tert-butoxide in THF at room 
temperature followed by alkylation with methyl 
iodide (6 molar equivalent). Similarly, reaction of 
complex 17 with potassium tert-butoxide in THF 
was carried out followed by quenching with methyl 
iodide to yield the new complex 22. The yield, ana- 
lytical and spectral data are given in the Experi- 
mental. 

CH(CH,)CO&H, 

@- 

CH(CH,lC0,CH3 

CH(CH,C,H,)CO&HH, 

Fe+PF ; 

@ 

(21) 

@ 

CHW,C,H,)CO,CH, 

Fe+PF,- 

6 
(22) 
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An important feature of the overall synthetic 
scheme is disengagement of the desired organic 
ligand from the organometallic complex. Typi- 
cally, ligand disengagement in the case of o-CH3 
CgH4C(CH&Hs)(COPC2H5),FeCp+PF; (18) was 
achieved by vacuum sublimation at 20&22O”C 
(10 mm/Hg) to yield 0-CH3C6H4C(CH2C6H5) 
(COZC2H& in 85% yield. Similarly, ligand disen- 
gagement in o-(C2H502CCH2)C6H,CH(CHZCs 
HS)C01C2HsFeCp+PF; (20) gave the free ligand, 
o - (C2H502CCH2)C6H4CH(CH2C6Hs)C02C2H5 
in 80% yield. 

CONCLUSIONS 

Aromatic nucleophilic substitution reaction upon 
CpFe complexed o-chlorotoluenes provides a 
method for the introduction of various groups orrho 
to the methyl group. These studies form a basis for 
further advances in the application of these com- 
plexes to the synthesis of substituted arenes. They 
provide a new class of organometallic complexes 
with B-ox0 functionalities which are difficult to 
synthesize using Nesmeyanov’s ligand exchange 
method. 8 

heated at 135-140°C for 5 h under NS. The reaction 
mixture was cooled and quenched with ice-water 
(N 200 cm3). The aqueous layer was separated, fil- 
tered and washed with ether (3 x 60 cm3), then it 
was added to a NH4PF6 solution (0.07 mol in 10 
cm3 of H20) with stirring and the resulting yellow 
solid was filtered and washed with ether. After 
drying, the solid was redissolved in acetoneCH2C12 
(l/4 v/v), dried over MgSO, and concentrated to a 
small volume. Addition of ether yielded complex 2 
(15 g, 35%) : m.p. 206210°C. ‘H NMR 6 (acetone- 
d6) 6.84 (lH, d), 6.63 (2H, t), 5.36 (5H, s, Cp) 
and 2.87 (3H, s, ArCH,). An analytical sample was 
prepared by recrystallization from acetone-ether. 
Found : C, 34.0 ; H, 2.5 ; Cl, 16.2. Calc. for 
C,2H,&l,FePF,: C, 33.8; H, 2.4; Cl, 16.6%. 

Nucleophilic displacement of a chlorine atom in 
chlorotoluene complexes 1 and 2 with various 
nucleophiles 

The general procedure is illustrated by the 
reactions of complex 1 with KSCH2C02CH3 and 
KCH(C02C2H&. 

EXPERIMENTAL 
Synthesis of n6-methyl(o-tolyl)thioacetate-$-cyclo- 
pentadienyliron hexafluorophosphate (3) 

IR spectra were recorded using the IBM IR 32 
and NMR spectra with a Varian EM-360 and 
Brnker WP-200 and 400 MHz spectrometers. Melt- 
ing points were determined using a Thomas Hoover 
Capillary melting point apparatus and are uncor- 
rected. Microanalyses were performed by Microtech 
Laboratories, Skokie, Illinois. All reactions were 
performed under a nitrogen atmosphere using stan- 
dard techniques. Solvents were dried as follows: 
tetrahydrofuran (THF) from sodium benzo- 
phenone ; N,N-dimethylformamide (DMF) from 
molecular sieves (4 A). K&O3 was obtained from 
Fisher Scientific Company and was used directly 
without further purification. 

Chlorotoluene complexes 

n6 - o - Chlorotoluene - q 5 - cyclopentadienyliron 
hexafluorophosphate, o-CH&H,ClFeCp+PF; 
(l), was prepared by the published procedure,8a m.p. 
215_217”C, ref. 8a m.p. 219-221°C. 

A mixture of complex 1 (784 mg, 2.0 mmol) and 
methyl thioglycolate (0.27 cm3, 3.0 mmol) and 
KzC03 (0.828 mg, 6.0 mmol) in 40 cm3 of tetra- 
hydrofuran (THF) was stirred at room tempera- 
ture under N2 for 16 h. The reaction mixture was 
quenced with 10 cm3 of HZ0 and 15 cm3 of 10% HCl 
and then NH4PFs (0.32 g, 2.0 mmol) was added as 
a solid. The product was extracted with CH2C12- 
CH3N02 (3 : 1) and dried over MgSO,. The solvent 
was then removed under reduced pressure using 
a rotatory evaporator and the residual solid was 
redissolved in acetone ; addition of ether yielded 
complex 3 (647 mg, 70%) : m.p. 119-120°C. ‘H 
NMR 6 (acetone-d6) 6.57 (lH, d, J = 6 Hz), 6.47 
(lH, d, J= 6 Hz), 6.40 (lH, t, J= 6 Hz) and 6.29 
(lH, t, J=6Hz)aromatics, 5.11 (5H,s, Cp),4.16 
(2H, AB JAB = 16.5 Hz, CH2C02CH3), 3.76 (3H, 
s, CO,CH,) and 2.61 (3H, s, ArCH3). IR (cm-‘, 
KBr) 1745 (CO). Found: 38.8; H, 3.7. Calc. for 
C,gH,702SFePF6: C, 39.0; H, 3.7%. 

q6 - 2,6 - Dichlorotoluene - n5 - cyclopentadienyliron 
hexafluorophosphate (2) 

Synthesis of n6-methyl[(2-methyi’phenyl)1,3-dithio] 
diacetate-n5-cyclopentadienyliron hexafluorophos- 
phate (4) 

Ferrocene (18.6 g, 0.1 mol), aluminium chloride Using the same procedure as above and starting 
(33.3 g, 0.25 mol), aluminium powder (2.7 g, 0.1 with 2.0 mm01 of complex 2, 6.0 mmol of methyl 
mol) and excess 2,6-dichlorotoluene (60 cm’) were thioglycolate and 12.0 mmol of KzC03, complex 4 
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was obtained as a brown-yellow solid in 78% yield : 
m.p. 115-l 18°C. ‘H NMR 6 (acetone-d& 6.41-6.56 
(3H, m, ArH), 5.12 (5H, s, Cp), 4.16 (4H, AB, 
JAB = 16.5 Hz, CH2C02CHJ, 3.75 (6H, s, 
CO,CHJ and 2.75 (3H, s, ArCH,). IR (cm-‘, KBr) 
1738 (CO). Found : C, 37.9 ; H, 3.6. Calc. for 
ClsH2,0&FePFs: C, 38.2; H, 3.7%. 

Synthesis of n6-3-chloro-2-methyl-N-methyl- 
aniline-ns-cyclopentadienyliron hexafkorophos- 
phate (6) 

A mixture of complex 2 (852 mg, 2.0 mmol) 
methylamine (2.0 cm3, 25 mmol) (40% aqueous 
solution) in 20 cm3 of methylene chloride (CH,Cl,) 
was stirred at room temperature under N2. A dark 
brown solution developed after 5 min and stirring 
was continued for 3 h. The product was extracted 
with CH2C12, the extracts were dried over MgSO,, 
upon concentration to small volume and addition 
of ether gave a brown-yellow precipitate of complex 
6 (781 mg, 90%): m.p. 1622167°C. ‘H NMR 6 
(acetone-d,) 6.35 (lH, d, J= 6 Hz), 6.20 (lH, t, 
J = 6 Hz) and 5.80 (lH, d, J = 7 Hz) aromatics, 
5.91 (lH, bs, NH), 4.96 (5H, s, Cp), 3.02 (3H, d, 
J = 5.0 Hz, NCH3) and 2.55 (3H, s, ArCH,); IR 
(cm- ‘, KBr) 3444 (NH). Found : C, 37.0 ; H, 3.5 ; 
N, 3.3. Calc. for C,3H,5ClNFePF, : C, 37.0 ; H, 
3.6; N, 3.3%. 

Synthesis of n6-2,6-dimethoxytoluene-n5-cyclo- 
pentadienyliron hexaJIuorophosphate (5) 

A mixture of complex 2 (852 mg, 2.0 mmol) and 
K2C03 (1.0 g, 7.2 mmol) in 20 cm3 of methanol was 
heated under reflux for 3 h under NZ. The reaction 
mixture was cooled and neutralized with 15% HCl. 
Then methanol was removed using a rotary evap- 
orator and the residue extracted with CH$l,- 
CHjNOz (4 : 1 cm3) mixtures, the combined extracts 
were dried over MgS04 and evaporated to dryness. 
Crystallization from acetone-ether gave q6-2,6- 
dimethoxytoluene-q5-cyclopentadienyliron hexa- 
fluorophosphate (5) (672 mg, 80%): m.p. 128- 
131°C. ‘H NMR S (acetone-d,) 6.21 (3H, s, ArH), 
5.01 (5H, s, Cp), 4.08 (6H, s, ArOCH,) and 2.36 
(3H, s, ArCH3). Found : C, 40.4; H, 4.1. Calc. for 
Ci4Hi702FePF6: C, 40.2; H, 4.1%. 

Synthesis of n6-diethyl o-tolylmalonate-$-cyclo- 
pentadienyliron hexafluorophosphate (10) 

The following procedure is similar to the one used 
in our earlier work.3a A mixture of complex l(3.136 
g, 8.0 mmol), K2C03 (3.315 g, 24 mmol), diethyl 

malonate (1.6 ml, 9.6 mmol) and DMF (20 cm3) 
was stirred at RT for 8 h under NZ. The red reaction 
mixture was filtered into a flask containing 10% 
HCl(30 cm’). The reaction flask was washed with 
ethanol (2 x 10 cm’) and the washings were also 
filtered. The volatile organic solvent was removed 
in uacuo, and to the remaining yellow solution 
was added 80 cm3 of HZ0 containing NH4PF6 
(1.0 g, 7.0 mmol). The yellow solid which precipi- 
tated was collected, washed with ether, dried and 
crystallized from an acetone-ethanol-ether mixture 
to yield complex 10 (3.3 g, 80%) as a crystalline 
yellow solid : m.p. 124127°C. ‘H NMR (400 MHz) 
6 (acetone-d,) 6.45-6.54 (m, 3H) and 6.41 (d, 1H) 
aromatics, 5.41 (lH, s, CH), 5.18 (5H, s, Cp), 4.49 
(2H, q, J N 7 Hz, CH2, endo), 4.23 (2H, q, J 1: 7 
Hz, CH2, exe), 2.57 (3H, s, ArCH,) and 1.40 (3H, 
t, J N 7 Hz, CH,, endo) 1.22 (3H, t, J N 7 Hz, CH3, 
exo). 13C NMR 6 (acetone-d,) 167.19 and 166.63 
(CO’s), 103.54, 98.28, 90.75, 88.59 and 87.46 (aro- 
matics), 78.68 (Cp), 63.62 and 63.22 (CO&I-I2 
CH,‘s), 54.25 (CH), 18.94 (ArCH,), 14.24 and 
14.11 (C02CH2CH3’s). IR (cm-‘, KBr) 1745 and 
1734 (CO). Found : C, 44.2 ; H, 4.6. Calc. for 
CL9H,,04FePF,: C, 44.2; H, 4.5%. 

Synthesis of n6-diethyl(3-chloro-2-methyl)phenyl- 
malonate-n’-cyclopentadienyliron hexafluorophos- 
phate (11) 

Using the process above $-2,6-dichlorotoluene- 
y5-cyclopentadienyliron hexafluorophosphate (2) 
gave the monosubstitution complex 11 in 75% yield : 
m.p. 11&113”C. ‘H NMR 6 (acetone-d6) 6.97 
(lH, d, J = 6 Hz), 6.59 (IH, t, J = 6 Hz), 6.40 (lH, 
d, J = 6 Hz) aromatics, 5.56 (IH, s, CH), 5.27 (5H, 
s, Cp), 4.47 (2H, q, J = 7 Hz, CH2CH3, endo), 4.23 
(2H, q, J= 7 Hz, CH2CH3, exo), 2.71 (3H, s, 
ArCH,), 1.39 (3H, t, J = 7 Hz, CH2CH3, exo) and 
1.23 (3H, t, J = 7 Hz, endo). 13C NMR 6 (acetone- 
d,) 167.04 and 166.56 (CO’s), 109.24, 102.23,98.48, 
89.56,87.26 and 87.09 (aromatics), 63.89 and 63.42 
(C02CH2CH3’s), 55.02 (CH), 16.52 (A&H,), 14.21 
and 14.14 (CO,CH,CH,‘s). IR (cm-‘, KBr) 1745 
and 1730 (CO). Found : C, 41.1 ; H, 3.9. Calc. for 
C19H2204ClFePF6: C, 41.4; H, 4.0%. 

Synthesis of n6-dimethyl o-tolylmalonate-n5-cyclo- 
pentadienyliron hexaJuorophosphate (8) 

The reaction of dimethyl malonate with complex 
1 was carried out according to the procedure 
described above. After the usual work-up and crys- 
tallization from an acetone-ethanol-ether mixture 
we obtained the desired new substitution product 
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8 in 85% yield as a yellow crystalline solid: m.p. 
115-l 16°C. ‘H NMR 6 (acetone-d3 6.43-6.52 (4H, 
m, ArH), 5.46 (lH, s, CH), 5.19 (5H, s, Cp), 4.03 
(3H, s, CCWH, endo), 3.77 (3H, s, COzCH3, exe), 
2.50 (3H, s, ArCH3). IR (cm-‘, KBr) 1755 and 
1739 (CO). Found: C, 41.2; H, 3.9. Calc. for 
C17H1904FePF6: C, 41.8; H, 3.9%. 

A similar reaction of complex 2 with dimethyl 
malonate yielded 73% of the new monosubstitution 
complex 9: m.p. 119-120°C. ‘H NMR 8 (acetone- 
d,J 6.96 (lH, d, J = 6 Hz), 6.59 (lH, t, J = 6 Hz) 
and 6.39 (lH, d, J= 6 Hz) aromatics, 5.59 (lH, s, 
CC@?, 5,2b)ZX& 3. CpJ. 0D)3)?, 8. CD_XBfi ES@, 
3.76 (3H, s, C02CH3, endo) and 2.71 (3H, s, 
ArCH3). 13C NMR (acetone-d,) 167.50 and 167.00 
(CO’s), 109.25,102.23,98.42,89.59,87.22and87.18 
(aromatics), 81.02 (Cp), 54.59 (CH), 54.28 and 
W.G\3@?~~~~,‘s), LX?3 (.tb!z?,~ ?R&-i-i-",xBr) 

1745 (CO,I. Found : C,. 39.3; H,. 3.4. Calc. for 
C17H1804C1FePF6: C, 39.1; H, 3.5%. 

Synthesis of $-methyl a-o-tolylacetoacetate-~5-cyclo- 
jpenta&enyIiron hexajkorophosphute (12) 

The reaction between complex 1 and methyl 
X&0&&&e by the a&We gz&X& ~0&zdWe +I& 
‘76% of complex 12 as a yellow crystalline solid: 
m.p. 144-146°C. ‘H NMR 6 (acetone-de) 6.2-6.6 
(4 H, m, ArH), 5.65 (lH, s, CH), 5.2 (5H, s, Cp), 
4.1 (3H, s, C02CH3), 2.55 (3H, s, ArCH3), 2.40 
(3H, s, COCH3). IR (cm-‘, KBr) 1754 and 1724 
(CO). 13C NMR 6 (acetone-d& 199.12 (COCH,), 
168.27(COZCH3), 103.31,98.87,90.66,88.41,87.59 
and 87.25 (aromatics), 78.52 (Cp), 60.75 (CH), 
54.01 (COJH,), 29.42 (COCH3), 19.13 (ArCH,). 
Found : C, 43.1; H, 4.0. Calc. for C,,H ,903FePF, : 
C, 43.2 ; H, 4.0%. 

Synthesis of q6-o-tolylacetone-us-cyclopentadienyl- 
iron hexafluorophosphate (14) 

The reaction of complex 1 with 2,4-pentanedione 
by the general procedure gave complex 14 in 60% 
yield as a yellow crystalline solid : m.p. lOl-103°C. 
‘H NMR 6 (acetone-d,) 6.31 (4H, bs, ArH), 5.14 
(5H, s, Cp), 4.56,4.47,4.25,4.16 (2H, AB, JAB N 18 
Hz, CHJ, 2.46 (3H, s, ArCH& 2.30 (3H, s, 
COCH,). IR (cm-‘, KBr) 1722 (CO). Found : C, 
43.5;H,4.1.Calc.forC,,H,,OFePF,:C,43.5;H, 
4.1%. 

Synthesis of ~6-methyl(3-chloro-2-methyl)phenyl- 
acetoacetate-~5-cyclopentadienyliron hexafluoro- 
phosphate (13) 

The reaction between complex 2 and methyl 
acetoacetate yielded 65% of complex 13 as a 
yellow powder. ‘H NMR 6 (acetone-d6) 6.97 (lH, d, 
J= 6 Hz), 6.61 (lH, t, J= 6 Hz) and 6.34 (lH, 
d, J = 6 Hz) aromatics, 5.76 (lH, s, CH), 5.25 
(SH, s, Cp), 4.04 (3H, s, CO,Cu,), 2.68 (3H, s, 
ArCH,) and 2.39 (3H, s, COCH,). The product 
is contaminated with 2% of starting complex 2. 

Synthesis of q6-(o-tolyl)methylacetate-~5-cyclo- 
pentudienyliron hexafluorophosphate (16) 

In a three-neck flask purged with nitrogen, was 
@aced complex 12 (944 mg, 2.Q mmal\ and t&ra- 
Buty(ammonitim Aion& QYrg mg, 2. U mmo((. 
Then 25 cm3 of degassed CH2C12 was added via a 
syringe. The deep red solution was stirred for 5 h 
at room temperature. A solution of NH4PF6 (326 
mg, 2.0 mm_aQ in l_Q cm3 af H,Q was introduced. 
The product was ahtai??d hy ep-trati~nnwith a 6 : L 
mixture of LoH2C12XH3fiU2. TIie extracts were 
evaporated to dryness in vacua. The residue was 
redissolved in a minimum amount of CH2C12 and 
passed through a short alumina column (10 cm). 
The first 50 cm3 of CHQ, extIact was d&carded. 
The yellbw acetone eruant was concentrated- to Z 
cm3 and upon addition of ether, 0-CH3C6H4 

c?l*cu*cH,FeqT+PF, (l&)(648 lng, ?f%) wxts 

obtained as a yellow crystalline solid: m.p. 98- 
100°C. ‘H NMR 6 (acetone-d,) 6.41 (4H, s, ArH), 
5.17 (5H, s, Cp), 4.31, 4.23, 4.05, 3.96 (2H, AB, 
JAB N 17 Hz, CH& 3.71 (3H, s, CO&H,) and 2.56 
(3H, s, ArCH,). 13C NMR 6 (acetone-d6) 170.18 
(CO), 104.13, 99.52, 90.19, 90.04, 88.02 and 87.53 
(aromatics), 78.23 (Cp), 52.63 (C02CH3), 38.21 
(CH,) and 18.80 (ArCH,). IR (cm-‘, KBr) 1748 
(CO). Found : C, 41.7 ; H, 4.1. Calc. for 
C,,H,@,FePF,: C, 41.9; H, 4.0%. 

General benzylation procedure 

Synthesis of 0-CH&H&(CH&Hs)(COzCzH& 
FeCp+PF; (18) from complex 10 

To a 100 cm3 two-neck flask equipped with a 
reflux condenser and containing complex 10 (3 .O g, 
5.8 mmol) and K&O3 (3.0 g, 21.7 mmol), was 
added 25 cm3 of CH2C12. The reaction mixture was 
refluxed under Nz for 20 min. Then benzyl bromide 
(1.8 cm3, 15 mmol) was added and the reaction 
mixture was refluxed for an additional 8 h. The 
reaction mixture was filtered to remove solid K2C03 
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and the solid was washed with CH2C12 (2 x 15 
cm’). The combined filtrate was concentrated and 
the pasty material washed with ether (3 x 20 cm3). 
The residue was redissolved in CH2C12 and the 
resulting solution was washed with Hz0 containing 
NH4PFs (800 mg, 5.0 mmol). The organic layer was 
separated, dried and concentrated. Addition of 
ether gave the orange-yellow complex 18 in 90% 
yield. Further purification of the product by dis- 
solution in acetone followed by addition of ether 
yielded a crystalline solid: m.p. 118-121°C. ‘H 
NMR 6 (acetone-d,) 7.0-7.24 (3H, m), 6.87-6.91 
(2H, m) uncomplexed aromatic, 6.51 (IH, t), 6.89 
(lH, d), 6.20 (lH, t), 6.05 (lH, d) complexed aro- 
matic, 5.21 (5H, s, Cp), 4.31-4.52 (4H, m, 
C02CH2CH3), 3.48, 3.56, 3.91, 3.98 (2H, AB, 
JAB N 15 Hz, CHzC6H5), 2.33 (3H, s, ArCH3), 
1.32-1.4 (6H, m, C02CH3CH3). 13C NMR 6 (ace- 
tone-d,) 169.24 and 168.85 (CO’s), 135.58, 131.83, 
128.83 and 128.18 (uncomplexed aromatics), 
104.10, 102.10, 90.92, 88.80, 88.43 and 86.91 (com- 
plexed aromatics), 78.99 (Cp), 63.93 and 63.81 
(CO,CH,CH,‘s), 63.49 (CH), 42.66, (CH2C6HJ 
20.35, (A&H,) 14.03 (C02CH2CH3’s). IR (cm- ‘, 
KBr) 1716 and 1748 (CO). Found: C, 51.2; H, 4.8. 
Calc. for CZ6HZ904FePF6: C, 51.5; H, 4.8%. 

Synthesis of o-CH~C~H~C(CH&H,)(CO&H~)~ 
FeCp+PF; (17) from complex 8 

Reaction of complex 8 with benzyl bromide fol- 
lowing the above procedure gave a new complex 
17 as a yellow crystalline solid in 8@-85% yield: 
m.p. 109-l 12°C. ‘H NMR 6 (acetone-de) 7.17 (3H, 
bs) and 6.87 (2H, bs) uncomplexed aromatic, 6.52 
(lH, t), 6.42 (IH, d), 6.28 (lH, t), 6.05 (lH, d) 
complexed aromatic, 5.21 (5H, s, Cp), 3.96 (6H, s, 
C0,CH3’s),3.95,3.88,3.57,3.50(2H,AB, JAB N 15 
Hz, CH2C6H,), 2.29 (3H, ArCH3). 13C NMR 6 
(acetone-d& 169.63, and 169.25 (CO’s), 135.46, 
131.77, 128.99 and 128.24 (uncomplexed 
aromatics), 104.03, 102.11, 90.87, 88.75 and 88.41 
(complexed aromatics), 79.00 (Cp), 63.34 (CH), 
54.28 and 54.2 (CC0,CH3’s), 42.7 (CH2C6H5), 20 
(ArCH3). IR (cm -I, KBr) 1743 and 1751 (CO). 
Found : C, 49.9 ; H, 4.4. Calc. for C24H2504FePF6 : 
C, 49.8; H, 4.4%. 

Synthesis of o-CH3C6H5CH(CHzCgH5)COCH3 
FeCp+PF; (19) from complex 14 

Reaction of complex 14 with benzyl bromide gave 
complex 19 as a yellow crystalline solid in 80-90% 
yield: m.p. 144146°C. ‘H NMR 6 (acetone-d,) 
7.167.25 (3H, m), 7.02-7.08 (2H, m) uncomplexed 
aromatics, 6.65 (lH, dd, AA’BB’), 6.45 (2H, 

quintet, AA’BB’), 6.30 (lH, dd, AA’BB’) com- 
plexed aromatics, 5.04 (5H, s, Cp), 4.64 (lH, ABX 
quartet, JAx = 9 Hz, JBX = 7 Hz, CHCH&HJ, 
2.96 and 3.43 (2H, ABX, JAB = 13 Hz, JBx = 7 Hz, 
JAX = 9 Hz, CHCH&,HJ, 2.56 (3H, s, ArCH,), 
2.30 (3H, s, COCH3). 13C NMR 6 (acetone-d,) 
207.92 (CO), 137.97, 130.07, 129.23 and 127.74 
(uncomplexed aromatics), 103.76, 102.51, 90.16, 
88.07, 87.57 and 87.26 (complexed aromatics), 
77.78 (Cp), 52.34 (CH (COCH,)), 42.67 (CH&HJ, 
32.39 (COCH3), 19.39 (ArCH3). IR (cm-‘, KBr) 
1725 (CO). Found : C, 52.3 ; H, 4.6. Calc. for 
CZ2HZ30FePF6 : C, 52.4; H, 4.6%. 

Synthesis of o-(C2H&02CHZ)C6H&H(COzC2H5) 
CH&HSFeCp+PF; (20) from complex 18 

In a 50 cm3 two-neck flask fitted with a nitrogen 
inlet was placed complex 18 (600 mg, 1 mmol) and 
potassium tert-butoxide (112 mg, 1 mmol). Then 25 
cm3 of THF (degassed) was added via syringe. The 
dark red solution was stirred for 8 h and finally 
quenched with HPFC (48%). The resulting yellow 
solution was evaporated in vacua and the residue 
was extracted with methylene dichloride (3 x 25 
cm’). The combined methylene chloride extracts 
were dried, concentrated to 5 cm3 and the addition 
of ether gave a green-yellow solid of complex 20 in 
50% yield. Finally, a nice crystalline product was 
obtained by recrystallization from acetone-ether : 
m.p. 158-160°C. ‘H NMR (400 MHz) S (acetone- 
d,) 7.20-7.32 (5H, m) uncomplexed aromatics, 6.71 
(lH, d) and 6.566.58 (3H, m) complexed 
aromatics, 5.14 (5H, s, Cp), 4.40,4.36,4.14 and 4.10 
(2H, AB, JAB = 17 Hz, -CH,C02C2H5), 4.2224.32 
(5H, m, -C02CH2CH3 and H, portion of ABX), 
3.21 and 3.07 (2H, ABX, JAB = 13 Hz, JAx = 12 
Hz, JBx = 4 Hz, CHCH2CsH,), 1.26 (3H, t, J = 7 
Hz, -C02CH2CH3) and 1.18 (3H, t, J = 7 Hz, 
-C02CH2CH3). 13C NMR 6 (acetone-d6) 171.81 
and 170.13 (CO’s), 138.42, 129.7, 129.35 and 
127.9 (uncomplexed aromatics), 104.26, 98.54, 
91.15, 88.66, 88.3 and 86.77 (complexed aro- 
matics), 78.57 (Cp), 62.38 (-C0,CH,CH3), 48.87 
(-CH2C02C2H5), 42.35 (-CH&HJ, 38.68 
(-CHCH&H& 14.34 and 14.26 (--C02CH2 
CH,‘s). IR (cm- ‘, KBr) 1733 and 1722. Found : 
C, 51.5;H,4.8. Calc.forCZ6HZ904FePF6:C, 51.5; 
H, 4.8%. 

Synthesis of o-(CZH502C(CH3)CH)CgH4CH 
(CH,CgHs)COZC2HSFeCp+PF; (21) from com- 
plex 18 

Complex 21 was obtained in 4560% yield from 
the reaction between complex 18 and potassium 
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Abstract-Reaction of cis-[PtPh2(SMez)d with MezPCHzPMe2 (dmpm) gave cis- 
[PtPh,(dmpm-P),] (1) or cis,c&[Pt,Ph&dmpm)2] (2) and reaction of 1 with [Pt,Me&- 
SMe,)d gave cis,cis-[Ph,Pt@-dmpm)zPtMed (3). Reaction of 1 with trans-[PtC1R(SMe2)z] 
gave cis,truns-[Ph2Pt@-dmpm)2PtClR], R = Me (5) or Ph (6), and in polar solvents, these 
isomerized to give [Ph,Pt(p-dmpm),PtR]+Cl-. When R = Me, further isomerization 
via the phenyl group transfer gave ~hMePt@-dmpm)zPtPh]+C1-. Oxidative addition of 
methyl iodide occurred reversibly at the cis-[PtMe2Pd unit of 3 to give cisfac-[PhzPt(p- 
dmpm)zPtIMe,] but complex 2 failed to react with MeI. A comparison with similar known 
complexes of Ph2PCH2PPh2 (dppm) is made and differences are attributed primarily to the 
lower steric hindrance of dmpm. 

There has been considerable interest in complexes 
of general formula [R,Pt&-LL),PtRi], where 
R,R’ = alkyl or aryl, and LL = Ph2PCH2PPh2 
(dppm) or Me2PCH2PMe2 (dmpm) or related 
ligands. We have been interested in the con- 
formational, fluxional and chemical properties of 
the complexes with R = R’ = Me,lm7 while Shaw 
and co-workers have pioneered routes to the 
unsymmetrical complexes with R # R’ using the 
reagents [R2Pt(dppm-P)d, with monodentate dppm 
ligands, as intermediates.8-‘4 Routes to unsym- 
metrical complexes, such as [Ph,Pt@-dmpm), 
PtMe& have now been developed with the aim 
of studying the relative reactivities of the phenyl- 
platinum and methylplatinum bonds. This work 
required the synthesis of ci.s-[PtPh2(dmpm-P)2], the 
first platinum complex with monodentate dmpm 
ligands, and its properties were also studied. The 
ligand dmpm has a much greater tendency to form 
bridged complexes, when compared to the more 
commonly used ligand dppm, I5 and few complexes 
with monodentate dmpm ligands have been pre- 
pared previously. ’ &’ 9 The properties of the unsym- 
metrical complex ph2Pt&dmpm)zPtMez] are 

*Author to whom correspondence should be addressed. 

compared to those of the symmetrical complexes 
[R,Pt@-dmpm),PtR& R = Me or Ph. 

RESULTS 

Synthesis and characterization of cis-[PtPh,(dmpm- 
P),] (l), cis,cis-[Ph2Pt@-dmpm)2PtPh~ (2) and 
cis,cis-[Ph2Pt&-dmpm)2PtMe2] (3) 

Displacement of the dimethylsulphide ligands 
from cis-[PtPh2(SMe2)2] by two equivalents of 
dmpm gave cis-ptPh2(dmpm-P)d (1) in good yield. 
The complex was readily characterized by its ‘H 
and 31P NMR spectra. The 31P NMR spectrum of 
1 contained peaks at 6 -25.7 ppm, ‘J(PtP) = 1717 
Hz (coordinated phosphorus) and - 58.1 ppm (free 
phosphorus). The low value of ‘J(PtP) is charac- 
teristic of a phosphorus tram to an alkyl or aryl 
group ‘-I4 and proves the cis stereochemistry. Two 
MeP resonances were observed in the ‘H NMR 
spectrum at room temperature, but four such res- 
onances were observed at low temperature. This is 
no doubt due to restricted rotation about the PtP 
bonds at low temperature. The pairs of methyl 
groups a, b and c, d in structure 1 become equivalent 
on rotation about the Pt-P bonds. There was no 
evidence for fluxionality involving exchange of free 
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and coordinated phosphorus atoms of the onances split into two at low temperature (Fig. 1). 
dmpm-P ligands. 8, ’ OS ’ ’ This is exactly what is expected for the extended 

;,e 
P 

“4 
Pt 

C 

The binuclear complex cis,cis-[Pt,Ph,&-dmpm)2] 
(2) was prepared by reaction of cis-[PtPh,(SMe&l 
with one equivalent of dmpm. The 3’P and ‘H 
NMR data were similar to those for cis,cis- 
[Pt,Me&dmpm)z] (4) and confirm the structure 
unambiguously. 3 In particular, the low temperature 
‘H NMR spectrum contained only one CHzPz res- 
onance but two MeP resonances as expected for 
the extended chair structure 2, with non-equivalent 
PMe”Meb groups. This conformation was also 
found for complex 4.3 At room temperature, the 
two MeP resonances coalesced as inversion of the 
chair structure occurred [2 $2’, eq. (l)]. The acti- 
vation energy for chair inversion was AGt (293 
K) = 56( &- 2) kJ mol- ‘, identical to that found for 
complex 4. 3 

R R R’R 

2. R-R’-Ph 
;!R’ ,‘I! 

2’, R-R’=Ph 

3. R=Ph, R’-Me y R=Ph. RI-Me ,’ 

The unsymmetrical complex cis,cis-[PhzPt(y 
dmpm),PtMez] (3) was prepared by reaction of 
complex 1 with 0.5 equivalent of [Pt2Me& 
SMe&” with displacement of the weakly bound 
SMe, ligands. As expected, the 3’P NMR spectrum 
of 3 contained two resonances at -23.9 
[‘J(PtP) = 1745 Hz] and -25.1 [‘J(PtP) = 1705 
Hz] ppm, assigned as phosphorus atoms fruns to 
methyl and phenyl. The ‘H NMR spectrum at room 
temperature contained two MeP resonances and a 
single CHzPz resonance, and each of these res- 

I’ 
PP----- 

1, R - R - Ph 

b’\ 1 

Pt 

I\ R’R 

chair structure 3, when R # R’. The activation 
energy for fluxionality, involving inversion of the 
chair structure, was AGt (273 K) = 53( +2) kJ 
mol- ‘. These data not only establish the structure 
and solution conformation of 3, but also show 
clearly that no exchange leading to scrambling of 
methyl and phenyl groups between platinum centres 

(b) 

(a) 

PhPt 

Hrn 

HO HP AAJL 
I I I I 

7.5 6.5 I 
2 1 

Fig. 1. ‘H NMR spectra (200 MHz) of cis,cis-[ph,Pt(p- 
dmpm),PtMed (3) ; (a) at 2O”C, (b) at - 50°C. 
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occurs. Even at 50°C in solution, no change in the 
‘H or “P NMR spectrum was observed. 

Complex 1 could be prepared by reaction of the 
binuclear complex 2 with dmpm, and the reaction 
is reversible. Thus solutions of 1, on standing, gave 
a low intensity resonance in the 31P NMR spectrum 
due to 2. Nevertheless, in comparison with anal- 
ogous dppm complexes, %14 1 is remarkably robust 
and has no tendency to form the chelate complex 
[PtPhz(dmpm)]. In addition, whereas free dmpm 
is very rapidly oxidized by air, complex 1 can be 
handled in air for brief periods without significant 
oxidation. Presumably, steric effects retard the reac- 
tion of oxygen with the free dimethylphosphino 
group of 1. 

Synthesis and characterization of cis,trans- 
[Ph,Pt@-dmpm),PtClR], [5, R = Me; 6, R = Ph], 
and [PhzPt(p-dmpm)2PtR]+X-, [7a, R = Me, 
X=Cl; 7b, R=Me, X=PF6; 8a, R=Ph, 
X=C1;8b,R=Ph,X=PF,] 

“\‘I 
Pt 

I\ Cl 5. R - Ph. R’ - Me 

\‘p-l;P -; R - R’ -- Ph 
P 

\ Pt 

Ldl 
R 

Complexes 5 and 6 were prepared easily, as pale 
yellow solids, by reaction of 1 with the cor- 
responding complex trans-[PtCIR(SMez)J. The 31P 
NMR spectra of 5 and 6 were very similar and each 
contained two multiplets, with an apparent triplet 
structure, arising from the [AX], spin system. For 
example, 5 gave a(P) = - 12.2 ppm, ‘J(PtP) = 2820 
Hz, for the mutually trans phosphorus atoms and 
ii(P) = -26.5 ppm, ‘J(PtP) = 1823 Hz, for the 
phosphorus atoms trans to the phenyl groups. Thus, 
the cis,trans stereochemistry is Brmly established. 
The observation of two triplets, with the same 
‘J(PtP) values as above, in the 195Pt NMR spectrum 
confirmed the skeletal structure. In the ‘H NMR 
spectra, four MeP resonances were observed for 5 
or 6, with two appearing as apparent doublets (due 
to the cis-PtP* fragment) and two as apparent trip- 
lets (due to the trans-PtP, fragment). These are 
extreme cases of [A3XlZ spectra (A = CH3, X = P) 
with low values of &XX’) leading to apparent doub- 
lets and high values to apparent triplets and are 
good indications of cis- and trans-PtP, units, respec- 
tively. *’ For complex 5, the MePt resonance 
appeared as the expected triplet, due to 3J(PH) 
coupling, with ’ 95Pt satellite spectra. 

The above spectra were obtained in relatively 

non-polar solvents (CH#& or acetone), in which 
the complexes gave almost colourless solutions. 
When dissolved in methanol or ethanol, the com- 
plexes gave intense yellow solutions as the ionic 
isomers 7a and 8a were formed. 

P-P + 

“\/ I 

1 
,Py---jPp--- R’ x- 

R’\P 1 I 

.\/’ 
2, R = Ph, R’ - Me, X - Cl 
E, R = Ph, R’ = Me. X - PF, 
&, R = R’ = Ph. X - Cl 
S_b, R = R’ = Ph, X - PF, 

If the methanol was evaporated and the products 
redissolved in a non-polar solvent, the very pale 
yellow complexes of 5 and 6 were recovered. Hence, 
the reversible isomerization of eq. (2) is indicated. 
The cations, 7 and 8, could be isolated as the hex- 
afluorophosphate salts, 7b and 8b, which then 
retained their intense yellow colour even in non- 
polar solvents. 

R ,PAP 1' 

Cl 

g,/_i 
--\ / I 

-P 
/ 

se, i 

t- R,Pyy~-” cl- 

(2) 

R 

The structures of 7 and 8 are readily deduced by 
comparison of their NMR spectra with those of 
[Me,Pt@-dppm),PtMe]+, which has been char- 
acterized crystallographically.zz As well as the 
characteristic colour, 9~22 the observation in the 
‘H NMR for 7 of a methylplatinum resonance 
with both coupling constants *J(PtCH,) and 
3J(PtPtCH3) well resolved and, in the 3’P NMR, a 
significant decrease in ‘J(PtP) for the cis-[ph,PtP,] 
unit compared to 5, are characteristic of complexes 
with a donor-acceptor metal-metal bond.** In the 
analogous dppm chemistry, only the cationic com- 
plexes analogous to 7 and 8 are formed.** We attri- 
bute the ability to isolate the neutral complexes, 
5 and 6, to the lower steric effects in the dmpm 
complexes. It has been found previously that only 
the ionic [Pt2Me2(p-I)@-LL)2]+I- is found when 
LL = dppm but that the neutral [Pt,Me,I,&-LL),] 
is formed when LL = dmpm, and this difference 
was also attributed to different steric effects of the 
ligands. 23 

An interesting feature is observed in the chem- 
istry of complex 7. While complex 5, like 3, 6 and 
8, is stable in solution, the NMR spectra of complex 
7 decay and new resonances appear after several 



2698 N. HADJ-BAGHERI and R. J. PUDDEPHATT 

hours in solution. We attribute the new resonances likely mechanism of formation is shown in Scheme 
to the unsymmetrical complex cis,trans-[PhMePt(p- 1, and is supported by numerous precedents.4*5v2’*26 
dppm)2PtPh]+ (9) and suggest that it is formed by 
intramolecular transfer of a phenyl group according EXPERIMENTAL 
to eq. (3), although we have not been able to devise 
an experiment to prove this hypothesis. The spectral NMR spectra were recorded using Varian XL200 
data are fully consistent with the structure 9, and or XL300 spectrometers and referenced to Me,Si 
an intermediate with a Pt,@-Ph) group is entirely (‘H), H3P04 (“P) or K,[PtCl,] (lg5Pt). Complexes 
reasonable by analogy with the known com- [Pt,Me,(p-SMe,)d and truns-[PtC1Me(SMe2)2 
plexes,24*25 lPt2(p-Me)+C6H4P(Ph)CH2CH2 were prepared by the literature method. 2o 
PPh2)2]+ and pt2Me2@-GCMe)(p-dppm)2]+. 

P-P 

1 

+ 

Ph’ I I ‘Me 

p-p 

P-P - 

I \/ 

Ph 

Ph-Pt c----_-pt 

I /’ Me 

p\/p 

I 
+ 

Reactions of 2 and 3 with iodomethane 

The complex cis,cis-[Pt,Me,(,u-dmpm)2] under- 
goes oxidative addition with Me1 to give first 
[Me2Pt&dmpm)zPtIMe3] and then [Me3Pt(p- 
dmpm)2@-I)PtMe3]+II.4 In contrast, complex 2 
failed to react with Me1 while complex 3 reacted to 
give cisfuc-[Ph2Pt~-dmpm)2PtIMe3] (10). Thus no 
easy oxidative addition at the diphenylplatinum(I1) 
centre occurs in either case. Complex 10 had low 
thermal stability and readily lost Me1 in solution to 
regenerate complex 3. Reversible oxidative addition 
of Me1 has previously been observed with cis,cis- 
[Me2Pt(p-depm)2PtMez], depm = Et2PCH2PEt2, 
and was attributed to increased steric hindrance 
compared with the dmpm analogue.4 

When complex 10 was heated under reflux with 
excess MeI, a mixture of two complexes, which 
were readily separated, was formed. These were 
identified by the 31P NMR spectra as a less soluble 
facfa&Pt(IV),Pt(IV) dimer and as a transfuc- 
Pt(II),Pt(IV) dimer. From detailed analysis of the 
‘H NMR spectra and analytical data, these com- 
plexes were identified as 11 and 12, respectively. A 

9 

(3) 

cis-[PtPh,(SMe,),] 

To a suspension of [PtC12(SMe2)2] (2.0 g, 5.1 
mmol, mixture of cis and trans) in anhydrous 
diethyl ether (100 cm3) at O”C, under an atmosphere 
of nitrogen, was added dropwise, a solution of PhLi 
in diethyl ether (2.0 M, 6.5 cm3). The mixture was 
stirred continuously during the addition. At the 
end, a milky white solution was obtained. The 
diethyl ether layer was separated from the aqueous 
layer. The aqueous layer was extracted with diethyl 
ether (60 cm3). The diethyl ether layer and the 
extracts were combined and dried over anhydrous 
MgSO,, and then filtered. Removal of the solvent 
yielded the product as a white solid. Yield 1.5 g, 3.2 
mmol, 62% ; m.p. 130°C dec. Found : C, 41.1; H, 
4.9. CalC. for C16Hz&Pt: C, 40.6; H, 4.6%. ‘H 
NMR (in CDC13): 6 (ppm) = 2.1 [s, 6H, 
3J(PtH) = 24 Hz, Me,S], 6.74 [m, 4H, ‘J(HH) = 8 
Hz, Ph (meta)], 6.9 [d of t, 2H, 3J(HH) = 7, 
‘J(HH) = 2 Hz, Ph (para)], 7.3 [d of d, 4H, 
‘J(HH) = 8, 4J(HH) = 2, 3J(PtH) = 74 Hz, Ph 

(ortho)]. 
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10 i 

Me 

1 -PhMs 

Scheme 1. 

trams-jPtClPh(SMe&,j 

To a solution of cj~-~~h*(SMe*)~ (200 mg, 0.42 
mmol) in diethyl ether (20 cm3) was added HCl in 
diethyl ether (0.2 M, 18.5 cm3). The mixture was 
stirred for 1 h at which point the solvent was 
removed in vacua ; the product was washed 
with pentane (10 cm3) and dried. Yield 150 mg, 0.35 
mmol, 83% ; m.p. 92°C dec. Found : C, 27.7 ; H, 
4.1. Calc. for C,,,H,,ClS&‘t: C, 27.8; H, 3.9%. ‘H 
NMR (in CDC13): 6 (ppm) = 2.3 [s, 6H, 
3J(PtH) = 57 Hz, Me& 6.8-7.3 [m, lOH, Ph]. 

cis,cis-Ft~Ph~(~-dmpm)~ (2) 

To a solution of cti-ptPh,(SMe,)J (50 mg, 0.11 
mmol), in dry CH,C12 (3 cm3) under an atmosphere 
of nitrogen, was added dmpm (20 mg, 0.11 mmol). 
The mixture was stirred for 0.5 h. Pentane (15 cm3) 
was added to precipitate the product. Removal of 
the solvent and drying in vacua yielded the product 
as a white mi~o~stal~ne solid. Yield 40 mg, 0.04 
mmol, 75%; m.p. 145°C dec. Found: C, 41.6; H, 
4.9. Calc. for C38H48P4Pt2: C, 42.1; H, 4.9%. ‘H 
and 3’P(!Hf NMR (Tables 1 and 2). ‘9sPt(‘H) 
NMR (in CDCI,): 6 (ppm) = -4398 [t, 
‘J(PtP) = 1682 Hz]. 

cis-jPtPh,(q’-dmpm)J (1) 

The ligand dmpm (300 mg, 2.2 mmol) was added 
dropwise to a solution of cis-[PtPh,(SMe,),] (500 
mg, 1 mmol) in dry CHzClz (5 cm3) under an atmo- 
sphere of nitrogen. The mixture was stirred for 1 
h. Pentane (15 cm3) was added to precipitate the 
product. The solvents were decanted and the white 
precipitate was further washed with pentane (15 
cm3)_ Finally, the product was dried. Yield 550 mg, 
0.88nnnol,88%;m.p. 160”Cdec. Found: C, 41.5; 
H, 5.7. Calc. for Cr2H3,P,Pt: C, 42.5; H, 6.1%. 

cis,cis-[Ph,Pt(,u-dmpm),PtMeJ (3) 

To a suspension of complex l(440 mg, 0.7 mmol) 
in CH2C12 (3 cm3) was added a solution of 
[P&Me&-SMe,),] (200 mg, 0.35 mmol) in CH,Cl:, 
(3 cm3). After stirring for l/2 h, the volmne of the 
solution was reduced. Addition of pentane (10 cm3) 
led to the pr~ipi~tion of the product. The pre- 
cipitate was washed several times with pentane (15 
cm3) and dried in vacua to yield the product as a 
cream coloured microcrystalline solid. Yield 360 mg, 
0.43 mmol, 62% ; m.p. 143°C dec. Found: C, 41.6; 
H, 4.9. Calc. for C2,+H.,4P.$t2: C, 42.1; H, 4.9%. 
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Table 1. ‘H NMR data for complexes l-8 

Compound 

PtMe 
J(PH) *J(PtH) 

(Hz) (Hz) 

PMe 
*J(PH) 

(Hz) 

1 

1” 

2 

2” 

3 

3b 

5 

6 

7 

8 

- - - 1.28 (br s) - 
1.33 (br s) 

- - 1.11, 1.31 
1.26 ,1.46 

- - - 1.52 (br m) - 
0.78, 2.13 

0.51 (m) 2 66 

0.54 (m) - 66 

1.38 (t) 7 80 

1.32 (m) 
1.80 (m) 

0.82, 2.00 
1.60,2.20 

1.02 (d) 
1.54 (t) 
1.71 (t) 
1.96 (d) 

- 

1.13 (t) 

- - 0.81 (dd) 
0.86 (t) 
1.70 (t) 
2.04 (dd) 

7 82 1.57 (t) 
1.63 (d) 
1.69 (t) 
1.87 (d) 

- - 1.33 (t) 
1.40 (t) 
1.64 (d) 
2.01 (d) 

7 
3 
3 
7 

7 
4 
4 
7 

4 
8 
4 
8 

4 
4 
9 
9 

3J(PtH) 

(Hz) 

P2CH2 

6 *J(PH) 3J(PtH) 

(wm) (Hz) (Hz) 

- 2.31 (m) 8 

- 2.4 (m) 

- 2.31 (m) 12 40 
2.2,2.4 

- 2.30 (m) 8 40 
16 

- 2.20 (m) 
2.40 (m) 

22 2.81 (m) 
24 
24 
22 

- 2.84 (m) 8 - 

- 
- 

38 2.13 (m) - - 
14 
38 
14 

2.43 (m) 10 - 
- 
- 
- 

“At -50°C. 
bAt -30°C. 

cis,trans-[Ph,Pt@-dmpm),PtClMe] (5) 

Complex 1 (100 mg, 0.16 mmol) in CHzCll (5 
cm3) was added to a solution of truns- 
[PtClMe(SMe&J (60 mg, 0.16 mmol) in acetone (3 
cm3). The mixture was stirred for 1 h after which 
time pentane (10 cm3) was added to precipitate the 
product. Removal of the solvent and drying in VQCUO 
yielded the product as a cream coloured mic- 
rocrystalline solid. Yield 120 mg, 0.14 mmol, 86% ; 
m.p. 150°C dec. Found : C, 3 1.5 ; H, 4.8. Calc. for 
Cz3H4,C1P4Pt2: C, 31.8; H, 4.7%. 

cis,trans-phzPt(,u-dmpm),PtClPh] (6) 

trans-[PtClPh(SMe,),] (30 mg, 0.06 mmol) in 
CHzClz (3 cm3) was added to a solution of complex 

4 (45 mg, 0.06 mmol) in CHzClz (3 cm3). The mix- 
ture was stirred for 1 h. The solvent was removed 
in vucuo ; the product was washed with pentane (5 
cm3) and dried. Yield 45 mg, 0.05 mmol, 80% ; 
m.p. 148°C dec. Found: C, 35.8; H, 4.4. Calc. for 
C2sH43C1P,Pt2 : C, 36.2 ; H, 4.6%. ‘H and 31P{ ‘H) 
NMR (Tables 1 and 2). 195Pt{‘H} NMR (in 
CDC13) : 6 (ppm) = -2055 [t, ‘J(PtP) = 2830 Hz, 
PtPh], -4370 [t, ‘J(PtP) = 1750 Hz, PtPhJ. 

[PhzPt~-dmpm)*PtMelFF~l (W 
The white complex, 5 (50 mg, 0.06 mmol), was 

dissolved in methanol (3 cm’) to give a bright yellow 
solution. To this was added a saturated solution of 
NH4PF6 in methanol (3 cm3). The mixture was 
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Table 2. 3’P{ ‘H} NMR data for complexes l-8 

p” Pb 

Compound (pim) 
’ J(PtPb) J(p”Pb) ‘J(ptpb) 

(Hz) (Hz) (PL) (Hz) 

1 - 25.7 (m) 1717 61 -58.1 - 
2 - 26.4 (s) 1682 16, 8 - - 
3 -23.9 (m) 1745 22, 9 -25.1 (m) 1705 
5 - 12.1 (t) 2820 13 -26.5 (t) 1823 
6 - 10.9 (t) 2831 8 -25.8 (t) 1750 
7 - 7.5 (t) 2732 30 - 12.5 (t) 1364 
8 -11.3 (m) 2732 31 - 12.4 (m) 1370 
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stirred and cooled in an ice bath to initiate cry- 
stallization of the product. After a few hours yellow 
crystals of the product were formed. The product 
was filtered, washed with water (5 cm3) and pentane 
(5 cm3) and dried in uucuo. Yield 40 mg, 0.04 mmol, 
66% ; m.p. 170°C dec. Found : C, 28.0 ; H, 4.2. Calc. 
for Cz3H41FgP5Pt2: C, 28.3; H, 4.2%. ‘H 
and 31P{1H} NMR (Tables 1 and 2). 195Pt(1H} 
NMR (in CD2C12): S (ppm) = -2710 [t of t, 
‘J(PtP) = 2734, 3J(PtP) = 42 Hz, PtMe], -2583 [t 
oft, ‘J(PtP) = 1374, 3J(PtP) = 28 Hz, PtPh,]. 

[PhzPt&-dmpm),PtPh][PF,] (8b) 

To a yellow solution of complex 6 (45 mg, 0.05 
mmol) in methanol (5 cm’) was added a saturated 
solution of NH4PFs in methanol (2 cm’). The mix- 
ture was stirred for l/2 h and the product was 
filtered, washed with water (5 cm3) and pentane (5 
cm’) and dried in vucuo. Yield 30 mg, 0.03~mm01, 
60%; m.p. 175°C dec. Found: C, 32.0; H, 4.3. 
Calc. for CZBH43F6P5Pt2: C, 32.4; H, 4.2%. ‘H 
and “P(‘H) NMR (Tables 1 and 2). 195Pt{‘H) 
NMR (in d,-acetone) : 6 (ppm) = -2203 [t, 
‘J(PtP) = 2740 Hz, PtPh], -2247 [t, ‘J(PtP) = 
1380 Hz, PtPh,]. 

cis,fac-[Ph,Pt(p-dmpm),PtIMe,] (10) 

To a solution of complex 3 (90 mg, 0.1 mmol) in 
CH2C12 (3 cm’) was added Me1 (1 cm3) and the 
mixture was stirred for 1 h. A white precipitate 
formed during the course of the reaction. This was 
isolated, washed with pentane (10 cm3) and dried 
in vucuo. Yield 60 mg, 0.06 mmol, 60% ; m.p. 178°C 
dec. Found : C, 29.3; H, 4.6. Calc. for 
Cr5H4rIP4PtZ: C, 30.4; H, 4.7%. ‘H NMR (in 
CDC13): 6 (ppm) = 0.92 [d of d, 6H, ‘J(PH) = 8, 
3J(PtH) = 42 Hz, MeP], 1.0 [t, 3H, 3J(PH) = 8, 
‘J(PtH) = 69 Hz, MePt], 1.13 [d of d, 6H, 
3J(PH) = 2, 3J(PH) = 0.5, ‘J(PtH) = 56 Hz, 

MePt], 1.48 [d, 6H, ‘J(PH) = 8, 3J(PtH) = 20 Hz, 
MeP], 1.70 [d, 6H, 2J(PH) = 8 Hz, MeP], 1.86 [d, 
6H, ‘J(PH) = 8, 3J(PtH) = 22 Hz, MeP], 2.37 [m, 
4H, P,CH,], 6.68 [m, 2H, Ph (para)], 7.04 [m, 4H, 
Ph (me&)], 7.34 [m, 4H, 3J(PtH) = 60 Hz, Ph 
(orrho)]. “P{‘H) NMR (in CDCl,): 6 (ppm) = 
-24.5 [s, 2P, ‘J(PtP) = 1665 Hz, Pa], - 54.7 [s, 
2P, ‘J(PtP) = 1159 Hz, P”]. 

Pyrolysis of 10 

Complex 10 (50 mg, 0.05 mmol) was heated in 
an oil bath to 160°C. The colour of the solution 
changed to a slightly darker yellow. Examination 
of the ‘H NMR spectrum showed the presence of 
complex 3. 

fac,fac-[Me3Pt~-I)~-dmpm)2PtMe2Ph]~ (11) and 
faqtrans-[Me,Pt(p-I)@-dmpm),PtPh][Ij (12) 

To a solution of complex 3 (80 mg, 0.08 mmol) 
in CH2C12 (3 cm3) was added Me1 (1 cm3). The 
mixture was stirred under reflux for 3 h. At this 
point the reaction mixture consisted of a white pre- 
cipitate, 11, and a yellow supernatant, 12. These 
fractions were separated, washed with pentane (5 
cm’) and dried in uucuo. 11: Found : C, 27.3 ; H, 
3.6. Calc. for C26H2012P4Pt2: C, 27.6; H, 4.4%. ‘H 
NMR (in CDCl,): 6 (ppm) = 0.94 [m, 6H, 
2J(PtH) = 53 Hz, Mea*cPt], 1.03 [t, 3H, 3J(PH) = 8, 
2J(PtH) = 72 Hz, MebPt], 1.07-l .70 [m, 24H, MeP], 
2.4 [m, 4H, P2CH,], 6.4 [m, 5H, Ph]. 31P{ ‘H} NMR 
(in CDCl,): 6 (ppm) = -41.6 [s, 2P, ‘J(PtP) 
= 1186 Hz, Pa], -45.4 [s, 2P, ‘J(PtP) = 1254 Hz, 
P”]. 12: ‘H NMR (in CDC13): 6 (ppm) = 0.99 
[br.s, 6H, 2J(PtH) = 53 Hz, MePt], 1.1-1.7 [m, 
24H, MeP], 2.6 [m, 4H, P,CH,], 6.9-7.3 [m, 5H, 
Ph]. 31P(1H} NMR (in CDCl,): 6 (ppm) = 
- 14.5 [t, 2P, ‘J(PP) = 7, 2J(PtP) = 2604 Hz, Pa], 
-43.4 [t, 2P, 2J(PP) = 7, ‘J(PtP) = 1192, 3J(PtP) 
= 136 Hz, Pb]. 
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Abstract-With the binucleating ligand l-oxy-2,6-di[(N,N-biscarboxymethyl)aminometbyl]- 
4-chloro~~ol (H,L) complexes of formulae FeH,L * 2HZ0 ; FeH3L(C104) * HZ0 ; 
Fe2L(OH)*2H20; M,HL*nH20 (M = Co, Cu, n = 2; M = Ni, n = 4); FeCuL-3H20; 
FeCrL(OH) * 3H20 were prepared and characterized by elemental analysis, IR and elec- 
tronic spectra and magnetic moment determinations. In addition, thermal analysis data of 
the complexes and MGssbauer effect spectra of the iron contai~ng complexes are also given 
and discussed. 

Binuclear complexes cont~ning metal centres in 
close proximity have been the subject of recent 
investigations because these structural entities can 
be regarded as models for active sites in metallo- 
biomolecules. Other interesting areas of research 
on these complexes are the study of intermolecular 
binding, the possible activation of small molecules 
between the two metal centres, and the magnetic 
interactions and multi-electron redox reactions. 

In previous works we have reported the prep- 
aration of the ligand 1-oxy-2,6-di[(N,N-biscarboxy- 
methyl~aminomethyl]-~chloro~~ol (Fig. 1) and 
its mono- and binuclear complexes with d and f 
block metal ions. Is2 

This paper relates the preparation of pure 
mononucIear chelates and their ineractions with 
metal salts to yield hetero- and homobinuclear com- 
pounds. The thermal decomposition of some of 
these compounds has been investigated with the 
view to the ~ssibi~ty of preparing mixed oxides of 
defined stoichiometry. 

EXPERIMENTAL 

The Iigand I-oxy-2,6-di[(N,N-biscarboxymethyl) 
aminomethyl]-4-chlorobenzol (H,L) was prepared 
according to the literature method3 and its purity 

*Author to whom correspondence should be addressed. 

checked by elemental analysis and physi~o~hem- 
ical measurements. 

Preparation of the mononu~Ie~r complexes 

A methanol solution (20 cm3) of the appropriate 
metal perchlorate (1 mmol) was added to a meth- 
anol solution (20 cm3) containing the ter-lithium 
derivative of the ligand. The mixture was shaken 
well and heated to boiling, then cooled, reduced to 
small volume, and ether was added until a pre- 
cipitate appeared. It was filtered and washed with 
an ether-methanol (2 : 1 v/v) mixture. The compound 
was dried in uucuo over silica gel. 

Prep~r~~i5n of the hom5~inu~~e~ ~5mplexes 

The preparation of the homobinuclear complexes 
followed previously reported methods. ’ 

Fig. 1. The ligand l-oxy-2,6~[~~,N-bi~~~yl) 
aminomethyl]-4-chlorobenzol. 
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Preparation of the heterobinuclear complexes 

The mononuclear chelate (1 mmol) was dissolved 
in methanol (30 cm3) and lithium hydroxide (2 
mmol) was added. After a clear solution was 
obtained, the appropriate metal perchlorate (1 
mmol) dissolved in methanol (10 cm3) was added. 
The resulting mixture was shaken and heated to 
reflux for 4 h. A precipitate was formed, filtered, 
washed with methanol and diethyl ether and then 
dried in uacuo over P4010. 

Chemical and physical measurements 

Elemental analyses were performed in the micro- 
analytical laboratory of the Department of Inor- 
ganic Chemistry. IR spectra were obtained by a 
Nicolet SDSX FTIR spectrophotometer on samples 
suspended in a KBr matrix or mulled with mineral 
oil. Electronic spectra were carried out on a Perkin- 
Elmer Lambda 5 spectrophotometer in Nujol mulls 
spread on paper. 

Magnetic susceptibilities at room temperature 
were measured by the Faraday method by using an 
Oxford instrument; the apparatus was calibrated 
with Ni(en)3(C10&. 

Weight and energy variations were monitored 
by a Perkin-Elmer TGS 2 thermobalance and a 
Perkin-Elmer DSC 4 scanning calorimeter, respec- 
tively. The decomposition products were analysed 
by a VG M 16 mass spectrometer with a direct inlet 
system (DIS). 

Miissbauer effect spectra were obtained at 77 K 
and RT on a conventional constant acceleration spec- 
trometer which utilized a room temperature rho- 
dium matrix cobalt-57 source and was calibrated at 
RT with a natural abundance g-iron foil. The spec- 
tra were fitted to Lorentzian line shapes by using 
standard least-squares computer minimization 
techniques. In the fitting procedure, all the par- 
ameters were allowed to vary until the very best fit 
was obtained. 

RESULTS AND DISCUSSION 

The reaction of the ligand in methanol with 
iron(II1) perchlorate in the molar ratio 1: 1 gave 
the complex FeH,L * 2H20 in presence of lithium 
hydroxide while, without LiOH, the complex 
FeH,L(ClO,) - Hz0 has been obtained as a micro- 
crystalline powder. These complexes are soluble 
in organic coordinating solvents and insoluble in 
chloroform, methylene chloride and acetonitrile. 
The IR spectra (in Nujol mulls or KBr pellets) show 
a broad band ranging from 3600 to 3200 cm- ’ due 

to the stretching of coordinated water. The absorption 
band due to the coordinated carboxylic groups lies 
at about 1590 cm- ’ while that of the uncoordinated 
ones is at 1740 cn- ‘. The weak band at about 1290 
cn- ’ is assigned to the phenolic C-O group. The 
iron(II1) perchlorate complex shows the charac- 
teristic stretching vibrations of the uncoordinated 
perchlorate anion at 1000 and 625 cm-‘. The 
magnetic moment of FeHzL*2Hz0 (5.74 BM) 
is in agreement with an octahedrally surrounded 
iron(II1) in a high-spin state. The electronic spectra 
of the complexes show a band at about 515 nm 
confirming an octahedral coordination around the 
metal ion. 

Homo- and heterobimetallic complexes of the 
type MM’L *nH,O (M = M’ or M # M’) can also 
be obtained. The homobimetallic compounds have 
been prepared by reaction of the free ligand with 
the metal salt in a 1: 2 molar ratio or of the mono- 
nuclear chelates with the metal salt in a 1: 1 molar 
ratio. 

The elemental analyses of freshly prepared bimet- 
allic complexes are reported in Table 1 along with 
the Karl-Fisher water analyses. The homobinuclear 
complexes are soluble in coordinating solvents and 
insoluble in chloroform, methylene chloride and 
acetone. The IR spectra of these complexes show a 
broad band at about 3600-3200 cm-’ due to the 
stretching of the water and bands at about 1590 
cm-’ are assigned to the coordinated carboxylic 
groups, while the band at 1740 cm-‘, typical of 
uncoordinated carboxyls, is now absent. 

The electronic spectra of copper(I1) and co- 
balt(I1) have been discussed elsewhere together 
with their magnetic moments ; ’ the nickel(I1) com- 
plex shows bands at 630 and 1000 nm typical of a 
high-spin octahedral nickel(I1) ion. Its magnetic 
moment at room temperature (2.72 BM per atom) 
is slightly lower than the spin-only value ; this 
decrease can not be surely ascribed to a magnetic 
interaction between the two metal ions. 

The heterobimetallic complexes FeCuL * 3H20 
and FeCrL(OH) - 3H20 have been prepared in two 
distinct steps : the preparation of the mononuclear 
iron(II1) compound and then the reaction of this 
complex with the equimolar amount of the appro- 
priate metal perchlorate. The bimetallic complexes 
exhibit IR spectra which are different from those of 
the mononuclear parent compounds. The absorp- 
tion peak due to the uncoordinated carboxylic 
groups is absent and a single band at about 1590 
err- ’ due to the coordinated groups is present. The 
phenolic C-O stretching mode, which occurs at 
1290 cm-’ in the mononuclear iron compound, is 
shifted to 1275 cm- I in the Fe/Cr complex while it 
lies at the same frequency in the Fe/Cu one indi- 
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Table 1. Elemental analyses and magnetic moments (BM) of the complexes 
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Compound 

Ligand - H 2O 
FeHzL*2Hz0 
FeHSL(C10)4*H20 
Cu2HL.2Hz0 
Fe,L(OH)*2H,O 
Co,HL*2H,O 
Ni2HL-4H,O 
FeCuL * 3H,O 
FeCrL(OH) * 3H,O 

c (%) H (%) N (%) H,O (%) b 

talc. Found Calc. Found ChlC. Found Calc. Found (2gK) 

44.0 43.9 4.8 4.9 6.4 6.4 - - - 
37.9 37.5 4.8 4.5 5.5 5.4 7.1 7.3 5.74 
32.6 32.6 3.2 3.4 4.7 4.8 3.0 3.2 5.99 
33.3 33.6 3.3 3.6 4.8 4.9 6.2 6.7 1.66 
33.2 33.5 3.4 3.6 4.8 5.0 6.2 6.5 4.17 
33.8 33.4 3.4 3.5 4.9 4.7 6.3 6.5 4.40 
31.9 31.6 3.8 4.1 4.6 4.3 11.9 12.2 2.72 
32.7 32.6 3.4 3.3 4.5 4.6 9.2 9.1 - 
32.4 32.3 3.5 3.9 4.7 4.5 9.1 9.3 - 

“Determined by the Karl-Fisher method. 
‘Values are given per atom. 
‘Cl% : Calc. 12.0 ; Found 12.3. 

eating that in the former complex the phenolic oxy- 
gen is involved in the Fe-O-Cr bond. 

h46ssbauer spectra 

The electronic spectrum of the Fe/Cu complex is The Miissbauer effect spectra of all the iron-con- 
the superimposition of two electronic spectra, in taining complexes have been measured at room and 
fact it is possible to recognize bands at 514 (Fe) and liquid nitrogen temperature and two typical spectra 
740 mn (Cu). So it is probable that the metal ions are shown in Fig. 2. The resulting spectral and line 
preserve their coordination geometry without inter- shape parameters are in Table 2. Each spectrum 
action between them. In the spectrum of the Fe/Cr consists of a single asymmetric quadrupole-split 
complex the broad band centred at 510 mn is due doublet, typical of high-spin iron(III) complexes.4 
to the iron(II1) ion, comparable to that found in the The isomer shift range is from 0.48 to 0.57 mm s- ’ 
mononuclear iron complexes reported above. at 77 K ; the room temperature values are about 0.1 

99.0 

98.5 

98.0 

97.5 

97.0 

Fig. 2. The Miissbauer spectra of FeCuL - 3Hz0 at 77 K and room temperature. 



2706 G. FAVERO et al. 

Table 2. Miissbauer parameters for the studied complexes 

Compound 
T 6” A& l-b 

(R) (mm/s) (mm/s) (mm/s) Area ratio’ 

FeH2LS2Hz0 RT 0.40 0.73 
77 0.48 0.68 

FeH3L(C10.,)*Hz0 RT - - 
77 0.52 0.79 

FeCrL(OH) * 3Hz0 RT 0.39 0.78 
77 0.48 0.78 

Fe2L(OH)*2H,0 RT 0.39 0.64 
77 0.49 0.68 

FeCuL * 3Hz0 RT 0.39 0.58 
77 0.51 0.59 

0.70-0.74 
0.70-0.74 

- 

0.69-0.72 
0.52-0.58 
0.57-0.53 
0.54-0.57 
0.59-0.57 
0.59-0.54 
0.61-0.51 

1.17 1.9 
1.13 3.8 
- - 

1.44 2.1 
1.08 1.8 
1.22 3.1 
1.38 1.2 
1.22 2.7 
1.08 0.7 
1.33 1.5 

LI Relative to RT a-iron foil. 
b Full width at half maximum. 
‘Ratio of the lower energy absorption band to the higher energy absorption band. 

mm s-’ higher than the low temperature ones, as 
expected if the second order Doppler shift is con- 
sidered. All these values are rather insensitive to the 
presence of a second metal coordinated to the same 
ligand : in this way a direct metal-metal interaction 
can be excluded and even the influence of the second 
metal on the iron s electron density, through the 
ligand donating atoms, is extremely small. 

The quadrupole splitting values fall in the range 
0.68-0.79 mm s-r at 77 K, typical of high-spin 
octahedral iron(II1) complexes in the 6AI state. This 
parameter is highly sensitive to the small distortions 
induced in the molecule by the second metal and 
even by the non-coordinated perchlorate anion, So, 
while the presence of a second iron atom does not 
change the quadrupole splitting at least at 77 K, the 
coordination of a copper(I1) ion decreases this value 
to 0.59 mm s- ’ and coordination of chromium(II1) 
increases it to 0.78 mm s-‘. No obvious relation 
seems to exist between the quadrupole splitting and 

the ionic or covalent radii of the second metal. 
Interestingly, the per cent effect decreases from 3.1 
to 2.7 and 1.5% on going from chromium to iron 
and then to copper. The observed asymmetry in the 
relative area and width of the two quadrupole-split 
lines is typical of complexes of this type. The most 
probable origin for this asymmetry could be a tem- 
perature dependent spin-spin relaxation effect, 
which affects one of the nuclear transitions more 
than the other, resulting in an unequal peak broad- 
ening. ’ 

Thermal analysis of the complexes 

The complexes have been analysed for decompo- 
sition steps as reported in the Experimental. The 
relevant data are reported in Table 3. At least three 
steps are detectable in the decomposition of the 
complexes, involving the release of water, carbon 
dioxide and acetic acid. For a comparison purpose, 

Table 3. Heat (kJ per mole of released molecule) and temperature of decomposition (“C) for the 
ligand and complexes 

Release of (a) Water (b) Carbon dioxide (c) Acetic acid 
moles temp. heat moles temp. heat moles temp. heat 

Cu2HL - 2H *O 2.6 100 +57 3.5 250 -21 Traces 360 
Ni,HLS4Hz0 3.6 130 +64 2.0 335 -15 2.0 385 
Co2HL*2H,0 2.0 110 +90 2.0 280 +25 2.0 380 
Fe,L(OH) - 2Hz0 2.2 120 +40 2.0 195 = 2.0 230 
FeH2L.2H,0 1.4 95 +67 2.0 250 -99” 2.0 200 
FeCuL * 3Hz0 2.0 100 +23 2.0 270 -43 2.0 220 
FeCrL(OH) - 3H,O 2.7 115 +67 2.0 320 0 2.0 250 
Ligand - H 2O 1.0 95 +22 4.0 210 -10 Traces 155 

Very high 
Very high 
Very high 

-217” 
a 

-46 
0 

Very low 

‘Comprehensive of steps (b) and (c). 
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the free ligand has also been analysed revealing the 
same three steps observed for the complexes. 

(a) ReZease of water. The ligand and the com- 
plexes lose water when heated to 95-130°C. The 
most strongly bonded water molecules appear to be 
in the Co$-IL l 2H,O complex, whereas the most 
weakly bonded ones are observed in the binuclear 
FeCuL* 3H,O and in the free ligand. The dehy- 
dration process is accompanied by the absorption 
of 23-90 kJ per mole of released water, values com- 
parable with the data obtained by us for the pro- 
cess : 

CuS04*3H20 --f CuS04*H20+2H20 

which involves 75 kJ per mole of water released in 
the range 9%140°C. 

The number of water molecules bonded to the 
metal atoms, estimated by thermogravity, resulted 
generally in fair agreement with the analytical data. 
Values lower than those expected are possibly due 
to the swiping effect of the gas purging the appar- 
atus, whereas the higher ones should be explained 
in terms of water absorption by the samples as 
demonstrated by the successive Karl-Fisher analy- 
ses performed. 

(b) Release of carbon dioxide and acetic acid. 
The homobinu~lear complexes release CO1 at tem- 
peratures between 195-335”C, and acetic acid at 
sensibly higher temperat~es (23O-385°C). Instead, 
the mononuclear and heterobinuclear complexes 
release, first acetic acid (20@-25O”C), and then CO, 
(25O-320°C). A similar behaviour is also shown by 
the free ligand, which loses acetic acid at 155°C and 
COz at 210°C. As one can see from these data, the 
decomposition temperatures of the complexes are 

generally higher than those of the free ligand, which 
is therefore stabilized upon complex formation. The 
heat balance of the CO2 releasing decomposition 
step is slightly negative (- 15 to -43 kJ per mole of 
released COz) or positive ( + 25 kJ for the complex 
Co,HL*2H,O) irrespective if it precedes or fol- 
lows the acetic acid releasing step. Also, the free 
ligand displays a similar heat balance (- 10 kJ per 
mole of CO,). These facts suggest that the balance 
can be the result of exothermal events connected 
with intramol~ular r~rrangements and endo- 
thermal ones related to decomposition steps involv- 
ing the carboxylate groups of the ligand. The influ- 
ence of the metals bonded to the ligand in the 
complexes does not appear to be simply related to 
their electronic properties. The acetic acid releasing 
decomposition step is generally highly endothermal 
or moderately exothermal, probably because of a 
complicated energy balance composed of bond 
breaking steps accompanied by metal oxides for- 
mation. 

1. 

2. 

3. 

4. 

5. 
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AbstracG-Using the temperature jump technique, the study of the kinetics of the complexing 
of oxomolybdate anion with malic acid has been carried out in aqueous solutions of pH 
7.15-8.5 at ionic strength 0.1 M &NO,) and 25°C. A reaction scheme for the formation 
of 1: 1 complexes is proposed which accounts for the observed relaxation rates. 

The significance of the ligand deprotonation on the complexation reaction of MoO$- by 
a single protonated ligand, i.e. 

MOO: - + LH” & ~oO~(OH)L’- 2, 

(wheren= l-, 2-, etc), is analysed on the basis of a simple model. A linear correlation 
between the log Ic and the pk: of the monoprotonated ligand (LH) is found for this reaction 
when the global process is controlled by the proton transfer from the ligand to an oxogroup, 
i.e. 

log k = a-OSxpK. 

It is found that this correlation is satisfied by MOO:- and WO:-. The experimental 
slopes for these oxyanions are -0.503 and -0.543 respectively, in agreement with the 
predictions. 

Molybdenum presents several oxidation states, 
different coordination numbers and the ability to 
build isopolyme~~ species-thus ma~ng its chem- 
istry very complex. ’ Many metabolic pathways 
involve this element, those related to the nitrogen 
fixation in soils being of special interest.“13 

In most of these processes, it is supposea that 
MOO:- is the principal species at physiolo~c~ 

PH. 2*3 In many aspects, the structural chemistry of 
MOO:- is determined by the oxogroups ligated to 
MO ; the Mo=O bond is a strong one mainly due 
to sigma and pi donation from the oxygen atom. 
At pH higher than 7, Mo(V1) is present principally 
as MOO:- (Td structure). At lower pH, MO 
expands its coordination number from 4 to 6.4,5 In 
acid media MOOS- may be present as MoO,H-, its 
hydrated species or building isopolymolybdates. 6 

Most reactions where Mo(VI) participates seem 

*Author to whom correspondence should be addressed. 

to be fast enough to be investigated by stopped 
fl~w”~ or relaxation techniques. 5,‘o,1 ’ 

The chemistry of the interactions between 
Mo(VI) and hydroxypolycarboxylic acids has been 
studied mainly from the thermodynamic point of 
view,‘2-‘g and there are few kinetic and mechanistic 
data available on such reactions. As far as we know, 
only a kinetic study of complexation of Mo(VI) 
with citric acid has been recently reporteds2’ 

In this work the interaction between Mo(VI) and 
L-malic acid ~hydroxybu~n~ioic acid) has been 
studied to elucidate the kinetics and the mechanisms 
of these processes with special interst in the r<ile 
played by ligand deprotonation. 

EXPERIMENI’AL 

Reagent grade Na2Mo04 - 2H,O (Merck), L- 
malic acid (Mallin~odt), KN03 (Carlo Erba), 
NaC104 * Hz0 (Merck), and phenol red (Mal- 

2709 
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linkrodt) were employed without further puri- 
fication. 

All pH measurements were carried out with a 
Metrohm AG pH-meter (to &-0.02 pH units). The 
instrument was calibrated with appropriate buffer 
solutions. 

Calculations were performed with a Hewlett- 
Packard 1000-45. 

Kinetic measurements 

All kinetic measurements were performed using 
a Messanlagenstudiengessellschaft SB7 A, T-jump 
equipment. The temperature jump was 5°C and the 
final temperature 25°C. 

The metal concentration was larger than that of 
the ligand, employing in most conditions a 10 : 1 
relation. The ionic strength was 0.1 M and it was 
regulated by adding KN03. The pH range was 
7.158.5. Under the present experimental conditions 
only a 1: 1 complex should be formed in agreement 
with previous thermodynamic studies.‘4*‘5,17-19 

The reaction was followed by measuring the ab- 
sorbance change at L = 539 nm of a pH indicator 
(phenol red) present in the system at a concentra- 
tion of 2 x 10e5 M. 

Blank experiments were performed. In the 
absence of metal or ligand no relaxation effect was 
observed. 

RESULTS 

Only one relaxation time (z) was observed under 
the pH and concentration conditions analysed. The 
experimental relaxation rates for the Mo(VI~L- 
malic acid system are summarized in Table 1. 

Each value is the mean of at least five individual 
measurements and the experimental error (0) is less 
than 10%. At a given analytical molybdate con- 
centration ([MOO:-],,), a linear dependence of l/r 
on proton concentration is found, the experimental 
slope being proportional to [MOO:-],. Under our 
experimental conditions, where the oxyanion con- 
centration is higher than that of the ligand, the 
dependence of l/z on pH and [MOO:-], is rep- 
resented by the following empirical equation : 

l/z = 174.4+ 1.22 x lO”[MoO:-I0 x [H] s-‘. 

(1) 

The amplitude of relaxation spectra decreases 
with increasing pH. At pH higher than 8.3, relax- 
ation spectra are hardly observed. 

A similar behaviour has been reported for 
the Mo(VI)-citrate system. *’ 

A complete reaction scheme for the 1 : 1 complex 
formation should include several pathways due to 

Table 1. 

PI-I 
WWI, l/t& llzb 
(x 10’ M) (s- ‘) (s- ‘) 

7.15 0.4 
7.16 0.8 
7.17 0.6 
7.22 3.0 
7.23 0.4 
7.25 0.8 
7.28 1.0 
7.30 4.0 
7.33 1.0 
7.35 0.8 
7.35 0.4 
7.40 0.6 
7.40 1.0 
7.42 1.0 
7.46 0.8 
7.46 4.0 
7.50 1.0 
7.51 1.0 
7.52 1.0 
7.52 2.5 
7.56 1.0 
7.56 1.0 
7.60 0.4 
7.60 1.0 
7.60 2.5 
7.64 4.0 
7.70 1.0 
7.77 3.0 
7.77 0.8 
7.80 2.5 
7.81 0.8 
7.86 1.0 
7.95 4.0 
8.00 0.8 
8.46 3.0 

232(9) 
283(26) 
235(13) 
540(15) 
209(5) 
240(12) 
282(37) 
505(21) 
256(22) 
253(20) 
195(12) 

214(9) 
251(18) 

204(6) 
213(5) 
233(50) 
221(10) 
223(28) 
233(25) 
280(5) 
192(6) 
219(21) 
186(14) 
203(13) 
284(18) 
327(28) 
201(5) 

287(17) 
206(22) 
245(4) 
206( 14) 
187(2) 
260(22) 
193(31) 
193(14) 

216.6 
261.0 
236.6 
465.4 
209.0 
244.1 
256.7 
497.1 
247.3 
229.1 
200.1 
209.8 
236.0 
220.5 
216.2 
194.0 
222.7 
221.5 
220.4 
296.7 
216.1 
216.1 
188.2 
212.2 
275.8 
325.2 
204.0 
256.9 
193.8 
237.5 
192.0 
194.3 
247.9 
185.3 
190.2 

‘Experimental. 
b Calculated. 

the existence of the various protonated forms of 
reactants, as shown in eq. (2). 

LH-eMoOS(OH)L3- 
MOO:- + tS_ 

(a) 

TI L2-+Mo04L4- (b) 

u L*-+Mo03(OH)L3- (c) 
MoOdH- + 71 

LH-+Mo03(0H)L3- +H+ (d) 

InHaIn- + H+ (2) 

Here, L*- and LH- are the un- and mono-pro- 
tonated species of ligand ; In- means unprotonated 
phenol red. 



Molybdate ion-malic acid complexes 2711 

Under experimental conditions similar to those 
of this work, only the species Mo03(0H)L3- has 
been reported as a 1: 1 complex. “-” Therefore the 
reaction steps shown in eq. (2) lead to this complex. 

As no relaxation spectra are observed at 
pH > 8.5, where only the unprotonated forms of 
reactants are present, it can be inferred that reaction 
(b) does not take place suggesting a proton depen- 
dence of the global rate as found experimentally. 
Furthermore, thermodynamic and spectroscopic 
studies, ’ *-’ ‘3 ’ ’ indicate no complex formation at pH 
higher than 8. Also, other kinetic studies related to 
Mo(V1) and different chelating agents suggest a 
non-reactivity between both unprotonated forms of 
ligand and oxyanion.8*1 ‘**O**’ 

Finally, reaction (c) can be discarded considering 
the concentrations of both reactants to be very small 
under the experimental conditions. Moreover, its 
inclusion does not improve the interpretation of the 
kinetic results. In consequence, eq. (2) reduces to 

eq. (3). 

MOO:- + LH- k, Mo03(0H)L3- 

MoO,H- +L2- AMo03(OH)L3- 

LH-#L2-+H+ 

KLH = 1.94x 1O-5 M 

MoO,H- #MOO:-+H+ 

KMH = 1.82 x 1O-4 M 

InHeIn-+H+ 

K,, = 1.12x lo-* M (3) 

The relaxation rate associated with this mechanism 
can easily be derived as indicated in the literature.** 
Therefore : 

or 

l/z = klX+k*Y+(k_,,+k_**), (4) 

l/z = (kl+k2x Y/-Q*X+(k_,l+k_,2), (4a) 

with 

x = ~MoO~_l x (B x [HI x 4 + PI-1 
([L’-]+/3xK,,xA)’ (5) 

y= [MoO,H-lx(1-(Bx[HlxA)) 
@-I +B X KLH X A) 

+ 2[L*-] x ([MOO:-] x [H3) 

KMH X ([L*-] + /3 X KLH X A) ’ (6) 

A = 1 +[M~O.i-]/fl&+ 

B = (lb-1 + K,, + WIWGn + NJ. (7) 

A simplified expression can be derived con- 
sidering that ~oO:-]//~KMH << 1, KLH >> [L] and 
[Moo:-] x [MOO:-],. With such assumptions, the 
relation Y/X in eq. (4a) takes the limit value 

KLH~&IH. Therefore, eq. (4) becomes : 

l/z = (~,/~L,+~~/~,,)~[M~O:-IO~[H~I 

+@-,I +k2), (8) 

which can be compared with eq. (1). This procedure 
enables us to obtain limit values for the rate con- 
stants involved in eq. (3). Therefore : 

kl/KLH+k2/&.,, = 1.22x 10”M-‘s-l, 

k_,l+k_,2 = 174.4s-1, (9) 

and an approximate value for the equilibrium con- 
stant for reaction (1) is : 

K, = 13.6 x lo3 M-‘. 

The above considerations do not enable us to 
obtain the individual rate constants. However, it 
can be attained if Y/X is not strictly constant, as 
really happens for our system. The combination of 
a non-linear regression routine23 for solving the 
polynomial expression for l/7 and eq. (4a) permit 
obtaining the individual rate constants k,, k2 and 
(k_,, + k_,*). Consisting values for these constants 
can be calculated accepting that the equilibrium 
constant K1 can be handled as a variable parameter 
within a narrow range of values, i.e. 1.0 x lo4 < 
K’/M- ’ < 1.5 x 104. Outside of this range negative 
values or k-., > 174.5 are obtained. 

The best set of values was selected by considering 
that the condition KJK, = KMH/KLH = 9.33 must 
be satisfied. The individual rate constants are : 

kl =(8.3+1.3)x 105M-‘s-‘, 

k2 = (1.3+0.5)x lO’ M-’ s-‘, 

k-,, +k-,z = (173.5& 1) s-l, 

and K, = 13.3 x lo3 M-‘. 
These values were employed for calculating the 

relaxation rates listed in Table 1. 

DISCUSSION 

Diebler has studied the reaction between Mo(V1) 
and 8-hydroxyquinoline’ ’ and some of its deriva- 
tive compounds** in the pH range 7.5-9.8. Under 
these conditions, it has been postulated that 
MoO,H- was the unique reactive species. 

Kustin et al. investigated the reaction of Mo(V1) 
with catechol.’ Their results imply that Mo(V1) 
changes its coordination number from 4 to 6 prior 
to complexation. 

Other studies involving EDTA,24 1 ,Zdihydroxy 



Table 2. Correlation between pK values and rate 
constant values corresponding to the reaction step 

MOO:- + LH”L C 

Ligand 
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anthraquinine-3-sulphonate2’ and catechol deriva- 
tives’ as organic ligands are reported. With the 
latter and EDTA the participation of MoO,H- was 
considered at pH higher than 7.3. 

From ultrasonic studies,’ a hexacoordinated 
species was postulated for monoprotonated 
molybdate. Furthermore, an octahedral com- 
plex of Mo02(0H),H20 has been inferred from 
NMR studies.26 This fact led Kustin’ to admit 
that complexation itself should be a substitution 
reaction rather than an addition one. 

Tanaka et a1.25 working under conditions where 
one kind of species for metal and ligand are present, 
showed that the experimental rate is proton depen- 
dent. They proposed a nucleophilic attack of the 
ligand at a face of the tetrahedron of MOO:- pro- 
ducing an intermediate where the bond between 
both reactants is weak, followed by addition of 
a proton to Mo-oxogroups. Bond formation and 
configurational changes are the limiting steps of this 
mechanism. 

1,2,4-Trihydroxybenne 
Pirogallol 
L-Dopa 
Epinephrine 
Oxine 
Oxine-5-SO3 
1,2-Dihydroxyanthraquinone- 

3-sulphonate 
Citric acid 
Malic acid 

However, the rate constant k, for malic acid is 
several orders of magnitude higher than for other 
ligands. This fact can be attributed only to ligand 
properties. 

“pK values were taken from A. Martell and R. M. 
Smith, Critical Stability Constants, Vol. 5, First Sup- 
plement. Plenum Press, New York and London (1982). 

‘Taken from ref. 6. 
‘Taken from refs 11 and 22. 
d Taken from ref. 25. 
‘Reported in this work. 

In Table 2, values of kr for different mono- 
protonated ligands are shown. 

Probably, as suggested by Tanaka,25 the mono- 
protonated ligand LH” interacts with the oxyanion 
attacking at a face of the tetrahedron. According to 
Tanaka, an external proton would be required to 
lengthen the Mo-0 bond and to strengthen that 
between MO and ligand. 

of the proportionality factor would be 0.5. In this 
way, Et would be the semi-sum of Emp and Eld. 
Furthermore, the activation energy for the depro- 
tonation of free ligand is related to the heat of 
dissociation AH by AH = Eld - Elp, where Elp is the 
corresponding activation energy for protonation of 
the free ligand. Thus : 

However, a simplified model involving the for- 
mation of an intramolecular hydrogen bond 
between the monoprotonated ligand and an oxo- 
group can be proposed. Thus, we are in the presence 
of an associative, and in consequence, ligand depen- 
dent mechanism. If we denote ABH as the LH” 
species, the activated complex would look like that 
shown in Fig. 1. 

E = E, + 1 /2(E,,,p + E,,) + 1/2AH. (10) 

As a first approximation, the global activation 
energy (E) can be written as a sum of two terms: 
one corresponding to the activation energy of the 
coordination expansion (EC) and another to the 
intramolecular proton transfer (Et). The last process 
includes ligand “deprotonation” and molybdate 
“protonation”, the Et value can be considered pro- 
portional to the sum of the activation energies for 
protonation (&,) and deprotonation (Eld) of free 
MOO, and LH”, respectively.* A rough estimation 

Because most of the protonation processes are 
diffusion controlled, Elp could be considered inde- 
pedent of ligand nature. Then, for the same 
oxyanion the first two terms in eq. (10) are 
constants, that is E = a+ 1/2AH. 

The rate constant is now related to this activation 
energy through : 

dlnk,/dT = (a+ 1/2AH)/RT2 

because the dissociation constant is related to AH 

*Similar considerations are found in the literature, 
especially for substitution reactions in inorganic 
chemistry and some proton transfer or proton cata- 
lvsed reactions. ” r 

Fig. 1. Activated complex for the reaction between 
MOO:- and a monoprotonated ligand LH” (where IZ = 

log k PK” 

1.886 11.82 
2.116 11.64 
2.526 9.78 
2.58’ 9.90 
2.61’ 9.81 
3.40 8.75 

4.85d 5.32 
4.43’ 5.69 
5.92’ 4.71 

(11) 

01 
- o7i-A 

0 
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through the Van’t Hoff equation : 

therefore 

(dln K/dT) = AH/RT’ (12) 

d In k,/dT = aIRT+ 1/2(d In K/dT), (13) 

the integration being straightforward, i.e. Ink, 
= b - a/RT+ 0.5 x In K. At constant temperature, 
we obtain: 

logkl = const+0.5logK = con&-O.5 PK. (14) 

Using available rate constant (k,) data for reac- 
tions between MOO:- and monoprotonated ligand 
species including those reported in this paper, a 
linear regression between log kl and pK, with a 
slope of - 0.503 and a correlation coefficient of 0.98 
is obtained, in good agreement with eq. (14). This 
result is acceptable taking into account the sim- 
plicity of the model and the dissimilar origin of 
the data employed, obtained under very different 
experimental conditions. In Fig. 2, log k, us. pK is 
shown. 

Although a wide range of pK values and rate 
constants is considered (Fig. 2), this correlation can 
be accidental. However, a very similar correlation 
can be found between WO:- and some of the 
ligands indicated in Table 2. Employing Kustin’s 
data,’ a linear regression can be obtained with a 
slope of -0.543 and a correlation coefficient of 
0.98. 

The difference between this correlation and that 
found in the literature’ is that the former takes into 
account the pK values of the LH species consistent 
with the present model, while the latter is estab- 
lished on basis of the LH,‘s pK values. 

A kinetic study performed on the Mo(VI)-citric 
acid system2’ under conditions similar to those of 
the present study, supports our previous con- 

4 

I ’ IIIIl t I I, 

5 6 7 8 9 10 11 12 13 

PK 

Fig. 2. Correlation between log k and pK values for the 
reaction of Mo(V1) with several ligands (see Table 2). 

siderations. The complexation reaction shows simi- 

lar behaviour as observed for the Mo(VI)-malic 
acid system, i.e. the relaxation rate increases with 
reactant concentrations and with decreasing pH 
and the amplitude of the relaxation processes 
decreases with increasing pH and at pH higher than 
8.5, no process is observed. The proposed mech- 
anism is similar to that discussed for Mo(Vwmalic 
acid. However, another reaction, i.e. MoO,H- + 
LH2- =CH3- +C4-+H+, is included to ac- 
count for the potentiometric and enthalpimetric 
results, 16*‘7 because of the evident existence of the 
complex in two different degrees of protonation 
(C”- and CH3-) in this pH range. For the inter- 
action between MOO:- and the monoproton- 
ated citrate, the reported rate constant is : 

Moo:- + LH2-----C4- k, = 2.7 x lo4 M- ’ s- ‘. 

In conclusion, the values for the rate constants 
k, obtained for malate, as for citrate, can be justified 
by the pK values of the monoprotonated ligand. 
Although some steric hindrances could be present 
in citric acid, the influence of the ligand de- 
protonation in both systems should play a sig- 
nificant role. 

Let us consider reaction (2) where MoO,H- and 
unprotonated ligand are involved. Rate constant 
values reported in other systems’*” suggest: 
(a) that these steps are faster than those where 
MOO:- participate (the presence of a pro- 
ton in MoO,H- weakens the MO-O bond allow- 
ing the conformational change) (b) that k2 values 
should increase with the basicity of the un- 
protonated ligand. 

Our result for malic acid agrees with the previous 
consideration and it is consistent with nucleophilic 
attack of L at MoO,H-. 
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Abstract-The binuclear molybdenum(I1) complexes ~o,(O&CF,),(PR&J (R = Ph, Et) 
act as templates for the self-condensation of 2-a~no~~ldehyde to give a new class of 
complexes in which a hydride ion bridges two moly~en~(III) centres, each of which 
carries a tetradentate macrocyclic l&and (C). The new hydrido complexes [MO,(C), 

W(WCF3)3(PPh3h1 (I), [Mo,(C),(H)2(02CCF3),(PPh3),I (nh and W@)Z 
(H),(0,CCF3)2(PEt3)& (V) exist in two or more isomeric forms as shown by their IR, ‘H, 
31P and 19F NMR spectra. Substitution with thiocyanate, nitrate and tetraphenylborate 
anions gives the new products ~Mo~(~2(H)(CO)~CS)3(PPh3)~ (ID), lMo,(C), 
(K),tQ,CCF3)~03)(PPh3)~ 0, IMo2(C)2(H)(OzCCF3XPPh3)~(BPh32 0 and 
[Mo2(C)2(H)2(02CCF3)(PEt3)~(BPh4) (VII), which also exist in isomer& forms. 

A number of macrocyclic complexes using 2-amino- 
benzaldehyde and Ni” as the ternplating metal ion 
have been prepared by Busch and co-workers. ’ 
They first prepared complexes of the tetradentate 
ligand A;? this could then be converted to B by 
partial base hydrolysis. As the first stage of our 
investigation into template reactions of binuclear 
complexes we also reported2 complexes with ligand 
B, which in our case was prepared directly from the 
template reaction between octachlorodimolyb- 
date(H) and 2aminobenzaldehyde in ethanol. 
In this, the reaction between the fairly soluble 
salt (NH&[Mo,Cl,]Cl * HZ0 and 2-aminobenzal- 
dehyde gives the molybdenum(IV) product 
[Mo~(B)~(H~O)C~~]~+~C~-. 

As an extension of this work we now report 
the reaction of Zaminobenzaldehyde with other 
MO:+ templates [Mo2(02CCF3)~(PR3)~ (R = Ph, 
Et). These reactions give a new class of complexes 
in which a hydride ligand bridges two molyb- 
denum(111) centres each of which carries a tet- 
radentate macrocyclic ligand. Although there are 
several binuclear rnoly~~~ complexes with one 

*Author to whom correspondence should be addr~&. 
t Structures of A, B and C are shown on the following 

page. 

or more bridging hydride ligands3a4 none have been 
so far reported with macrocyclic ligands. 

RESULTS AND DISCUSSION 

The reaction of ~Mo~(O~CCF3)4(PPh3)~5 with 2- 
aminobenzaldehyde in ethanol gives a variety of 
binuclear molybdenum complexes (see Scheme 1) 
containing the tetradentate macrocycle C. When a 
mixture of these two reactants is heated under reflex 
for ca 3 h in ethanol one obtains the complex 
~02(C)~~)(02CCF3)3~Ph3)~ (I). The complex is 
solvated with CH2Clz (1 mol), which shows in the 
proton NMR spectrum at 6 5.25 and it exists in 
possibly two isomeric forms as seen from its IR, ‘H 
and 3’P NMR spectra (see Table 1). The nitrogen 
analysis for this complex is not satisfactory, but 
spectroscopic data show that the complex has the 
stoichiometry indicated above. IR spectra show the 
presence of both bidentate and monodentate 
O,CCF, ligands with antisymmetric COZ stret- 
ching frequencies at 1605 and 1670 cm- ‘, respec- 
tively. It is possible to ~fferentia~6 between biden- 
tate and monodentate trifluoroacetate groups 
because the former absorb at ca 1600 cm-’ and 
the latter in the 1600-1700 cm-’ range. The C=N 
stretching frequency for the major isomer is masked 

2715 
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(B) 

(C) 

by the 1605 cm- ’ band but one can see this at 1602 
cm-’ in the corresponding thiocyanate complex 
(see below) where there are no trifluoroacetate 
groups present; the minor isomer shows a weak 
band at 1570 cm- ’ for the C=N stretching 
frequency. The 80 MHz ‘H NMR spectrum for the 
methyl protons shows an intense triplet at 6 1.52 
and a weak unresolved triplet at 6 1.36 (which is 
possibly due to virtual coupling with the cor- 
responding methine protons on the macrocycle); 
the methylene protons show a complex pattern in 
the region 6 (3.8-6.05). The triphenylphosphine 
ligands are equivalent and show two singlets of 
different intensities at 6 14.2 and - 6.05 for the two 
isomers in the 31P NMR spectrum. 

It was shown by Andersen and co-workers5 that 
[Mo2(02CCF3)XPR&] (R = Ph, Et) exists as iso- 
mers in solution with either four or two bridging 
carboxylate groups and we conclude similar iso- 
merization may occur in the products of our system 
also. We propose a bridging hydride ligand 
accompanied by one bridging bidentate and two 
monodentate trifluoroacetate groups for complex 
I. Hydrides are notoriously difficult to charac- 
terize ; the principal evidence here for their presence 
apart from elemental analysis (see Table 2) is the 
presence of IR bands in the region 1260-l 3 15 cn- ’ 
and the complexes’ diamagnetism. The IR bands 

are in a similar region to the ones mentioned by 
Cotton and Kalbacher’ for the [MozX8HJ3- ion 
and have characteristics of temperature dependence 
already recorded* for M-H-M systems. Cotton 
et al. while reinvestigating the structures of the 
alkali metal salts [Rb3M02X,H] and [Cs3M02X,H], 
showed the presence of H atoms using IR spec- 
troscopy and tritium labelling experiments. They 
had to rely on the IR evidence since there was no 
high field ‘H NMR data for the M-H-M res- 
onance and the disorder of the PH and &l atoms 
made it impossible to locate the position of the 
bridging hydride ligand by crystallography. The 
preparation of [Mo&&H]~- is one of the few oxi- 
dative addition reactions which is known to occur 
with MO:+ compounds and it is favoured under 
strenuous conditions. 9 Thus j&l~~Cl~]~- can be pre- 
pared from [Mo2(0,CMe)4] and 12 M HCl at O”C, 
but if the temperature is raised to about 60°C one 
obtains instead the [Mo$~~H]~- ion (which is con- 
sidered to arise by protonation of the 6 bond). 
In our case the reaction between [Mo2(02CCF& 
(PR3)J (R = Ph, Et) and 2-aminobenzaldehyde 
is carried out in ethanol at a high temperature 
and it is likely that a proton is abstracted 
from the alcohol to give a bridged hydrido 
species. 

Complex I could possibly exist in two isomeric 
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Table 2. Analytical data 

Complex C H 

Fro~(C),H(CO)(NCSMPPhM (III) 65.1 
(65.5) (:::) 

[Mo,(C),(H),(O~CCF,)(NO,)(PPh,)zl (W 65.1 
(64.9) (E) 

Wo(C),(H)z(O,CCF&PWJ (v) 56.9 4.9 
(57.5) (5.2) 

Wo,(C),H(O~CCP,)(PPh,)zl(RPhd, (VI) 73.6 5.1 
(73.6) (5.1) 

[Mo,(C),(H),(OKCF,)(PI%l(RPh,) (VII) 66.1 
(66.2) :f) 

0 Sulphur analysis : 4.9 (5.2). Calculated figures in parentheses. 

N P 

(E) (Z) 

(E) 

(Z) (Z) 

(E) (E) 

(Z::) (E) 

forms as shown in Fig. l(a) and (b). Another possi- 
bility for isomerism is that fewer than four nitrogens 
of each macrocycle may coordinate to the metal 
thereby reducing the coordination number below 
the unexpectedly high value of eight. 

The template reaction proceeds differently when 
the reaction is carried out for a longer period 

dF3 

Fig. 1. Isomerism in complex I. L = PPh, ; X = 
monodentate 0,CCF; ; N = coordinating atom of 
macrocyclic ligand C. The monodentate and bridging 
0,CCF; ligands are adjacent in isomer (a) and op- 

posite in isomer (b). 

(5 h) with the addition of a slight excess of tri- 
phenylphosphine. A small quantity of insoluble 
brown material separates during this reaction time 
and the clear solution shows a reddish-brown 
colour. This gives the dihydrido complex 
lMo~(C)~(H)&CCF&(PPh&l (H) which has 
been characterized by spectroscopic evidence only. 
The ‘H, 31P NMR and IR data (see Table 1) show 
that the complex possibly exists in three isomeric 
forms. The two major isomers show bands of 
medium intensity for the C=N stretching fre- 
quencies at 1602 and 1528 cm- ’ ; the minor isomer 
shows a much weaker C=N stretch at 1570 cm-‘. 
A stronger band for v_,, (0,CCF;) at 1675 err-’ 
shows that both the trifluoroacetate groups might 
be monodentate. We did not find reproducible 
elemental analyses for this complex but the cor- 
responding nitrato complex (see below) has been 
analysed and it shows similar IR and NMR spectra. 

Complexes I and II undergo exchange reactions 
with the thiocyanate and nitrate ion, respectively 
(see Scheme 1). When I is treated with KNCS in 
warm ethanol a complex reaction occurs in which 
the three carboxylate groups are replaced by thio- 
cyanate and a carbonyl group is introduced, which 
possibly comes from ethanol. This complex, char- 
acterized as [Mo,(C),(H)(CO)(NCS),(PPh,),] (III), 
also exists in at least two isomeric forms. The 250 
MHz ‘H NMR shows an intense triplet at 6 1.45 
and also an unresolved triplet of much lower inten- 
sity at S 1.27 for the methyl protons. The methylene 
protons show complex multiplets in the region 6 
(4.02-4.76) and the 3 ‘P NMR again shows an 
intense peak at 6 14.3 and a peak of lower intensity 
at 6 -5.7. Strong bands at 1940 and 2015 cm-’ are 
seen in the IR for the (CO) and (C=N) groups, 
respectively, but it is not possible to distinguish 
between bridging and terminal NCS- groups from 
the IR spectrum. lo The presence of carbonyl is con- 
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Moz (02 CC& 14 (PPh, 12 I Moz (0, (JWSCN), (Pa, 12 I 

+ 2-NH&H4 CHO 

\ 

EtOH 5h 

PPh, 

IMo2(0jCCFj)~(PEt~hl 
+ 2-NHIC6H4CH0 

EtOH 
+ Moz 0, (I% (02 CCF3 12 @‘Et, )2 1 

6h 

BPh,- EtOH 

I 

fMo, 0, @0z (0, CcFj HPBt,)l BPb 

Scheme 1. 

fumed by the ’ 'C NMR spectrum, which shows two 

peaks for the carbonyl groups of the two isomers at 
6 196 (stronger) and 195 (weaker). 

Treatment of II with NaN03 in ethanol replaces 
only one of the trifluoroacetate groups to give 

Flo2(C)2(H)2(02CCF3)(N03)(PPh3)31 (Iv). The 
spectroscopic data show that it exists in at least 
three isomeric forms. The IR spectrum shows a band 
of medium intensity at 1602 cm- ’ and a weaker band 
at 1570 cm- ’ for the =N stretch. The ‘H NMR 
shows three methyl triplets of different intensities 
at 6 1.46 (strong), 1.18 (weak) and 1.26 (weak) and 
the 3’P NMR also shows three singlets of different 
intensity at 6 30.5, 14.2 and -6.05. 

The template reaction gives [Mocha 

(O,CCF3),(PEt,),l (v) when mo2(02CCF3)4 
(PEt3)3] is used instead of the corresponding 
PPh3 complex and this product is also a mixture 
of isomeric species. The 250 MHz ‘H NMR 
spectrum is a second-order spectrum which 
shows a very complex pattern 6 (0.6-1.5) for the 
methyl protons of the ethoxy group of the macro- 
cycle and the ethyl groups of the t~ethylphosphine ; 
the methylene protons again show a complex pat- 
tern in the region 6 (2.2-4.5). The 3’P NMR shows 
peaks of unequal intensity at 6 40.1 and 40.5 for the 
two isomers and the 19F NMR shows two singlets 

which implies that the two trifluoroacetate ligands 
are monodentate in this complex, because mon- 

ode&ate trifluoroacetate groups resonate at cu S 

-74, whereas bidentate CF3C02 groups resonate 
at cu 6 -70.“-*3 

In order to obtain better crystals for X-ray work 
we performed exchange experiments with the large 
BPh; anion. Partial replacement of the 03CCF; 
ligands in II and V occurred (see Scheme 1) to give 

[Mo2(C)20(02CCF3)(PPh3);I(BPh4)2 0 and 
[Mo2(C)2(H)2(02CCF3)(PEt3)~tBPh4) 0. The 
IR spectra (Table 1) show multiple C=N stretching 
frequencies and Mo-H-MO bands, but the com- 
plexes were insufficiently soluble for NMR spec- 
troscopy. The compounds crystallized as long 
needles and thin plates, respectively, but neither 
gave good enough diffraction patterns for X-ray 
structure determination. 

EXPERIMENTAL 

‘H, 13C and i9F spectra were recorded at 80 
and 250 MHz using Bruker HFX80 and WM 250 
spectrometers ; 31P NMR were recorded at 90 MHz 
using a Bruker HFX spectrometer ; IR spectra were 
obtained on Nujol mulls with a Perkin-Ehner 577 

at S - 75.16 (very strong) and - 74.15 (very weak) grating spectrophotometer ; microanalyses (Table 
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2) were obtained by the microanalysis laboratory, 
University College, London. 2-Aminobenzalde- 
hyde was prepared from 2-nitrobenzaldehyde’4 
and [Mo,(O,CCF,),(PR,),] (R = Ph, Et) were 
prepared by the method of Anderson and co- 
workers.’ All reactions were performed under 
oxygen-free nitrogen. 

[Mo,(C),(H)(O,CCF,),(PPh,),l 0 

A solution of 2-aminobenzaldehyde (2 g, 0.0165 
mol) in ethanol (300 cm3) was refluxed and then 
cooled to room temperature. [Mo~(O&CF~)~ 
(PPh3)J (3.2 g, 0.0027 mol) was then added and 
the mixture refluxed for ca 3 h. The resulting dark 
brown solution was cooled, filtered and evapor- 
ated to dryness to give a dark brown solid, which 
was washed with n-pentane to remove organic 
by-products, dried and redissolved in excess dichlo- 
romethane and filtered. The clear solution was 
evaporated to dryness and once again washed with 
n-pentane to give a brown microcrystalline pro- 
duct. Yield 2.8 g (52.7%). 

[Mo,(C),(H),(O,CCF,),(PPh&l QI) 

A solution of 2aminobenzaldehyde (2.8 g) in 
ethanol (400 cm3) was refluxed and then cooled to 
room temperature. [Mo2(02CCF3)4(PPh3)2] (3.25 
g, 0.0028 mol) was then added and the mixture 
heated under reflux for cu 10 min. After cooling, 
PPh3 (0.5 g) was added and the reaction mixture 
was refluxed for a further 5 h to give a reddish- 
brown solution. This was cooled to room tem- 
perature, filtered and the solution was evaporated 
to dryness to give a brown solid, which was washed 
with n-pentane. The product was purified by redis- 
solving the brown solid in excess dichloromethane, 
filtering and evaporating the clear reddish-brown 
solution to dryness. The brown microcrystalline 
solid was finally washed with n-pentane and dried 
in mcuo. Yield 2.9 g (55.8%). 

[Mo,(C),(H)(O,CCF,),(PPh,),l (1 iit, 0.00051 
mol) and PPh, (0.2 g) were dissolved in ethanol (200 
cm’) and the mixture stirred with gentle heating. 
Potassium thiocyanate (0.3 g, 0.0031 mol) in hot 
ethanol was then added to the stirred mixture. This 
was filtered for another hour to give a dark brown 
solution, which was filtered and evaporated to dry- 
ness to give a reddish-brown solid. This was dis- 
solved in excess dichloromethane, filtered and the 
solution once again evaporated to dryness. The 

resulting microcrystalline product was finally 
washed with n-pentane. Yield 0.75 g (79.8 %). 

[Mo,(C),(H),(O,CCF,),(PPh,),l (1 g, 0.00053 
mol) was dissolved in ethanol (200 cm3) and the 
light brown solution stirred with gentle heating. 
Sodium nitrate (0.6 g, 0.007 mol) in hot ethanol 
was added to the stirred solution. The mixture was 
stirred for ca 90 min, cooled, filtered and the solu- 
tion evaporated to dryness to give a brown solid. 
This was dissolved in excess dichloromethane, fil- 
tered and the solution once again evaporated to 
dryness to give a brown microcrystalline solid which 
was finally washed with n-pentane and dried in 
uacuo. Yield 0.8 g (83.3%). 

A solution of 2-aminobenzaldehyde (3.2 g, 0.0264 
mol) in ethanol (400 cm3) was refluxed for 5 min 
and then cooled to room temperature. 
[Mo2(0ZCCF3)4(PEt3)2] (3.4 g, 0.0042 mol) was 
then added and the mixture was heated under reflux 
for cu 6 h to give a reddish-brown solution, which 
was cooled to room temperature and filtered. The 
clear solution was evaporated to dryness to give a 
brown solid, which was dissolved in excess dichlo- 
romethane, filtered and evaporated once again to 
dryness. The resulting brown solid was washed with 
n-pentane and dried in uucuo. Further purification 
was achieved by dissolving this once again in dichlo- 
romethane and evaporating the filtered solution to 
dryness. Yield 3.5 g (53.8%). 

[Mo,(C),(H)(O,CCF,)(PPh,),I(BPh,), (W 

[Mo,(C),(H),(O,CCF,),(PPh,)~ (0.4 g, 0.00021 
mol) was dissolved in ethanol (150 cm3) and the 
mixture stirred with gentle heating. Sodium tetra- 
phenylborate (0.1 g, 0.0003 mol) in ethanol was 
added and the mixture stirred for cu 2 h. The result- 
ing light brown solution was cooled and evaporated 
to dryness to give a light brown solid ; this was 
dissolved in excess dichloromethane, filtered and 
once again evaporated to dryness to give a brown 
microcrystalline solid which was finally washed 
with n-pentane and dried in vucuo. Yield 0.3 g 
(60%). 

[Mo,(C),(H),(O,CCF,),(PEt,)~ (1 g, 0.00065 
mol) was dissolved in ethanol (200 cm3) and the 
mixture stirred with gentle heating. Sodium tetra- 
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phenylborate (0.3 g, 0.0009 mol) in ethanol was 
added and the mixture was stirred for CCI 2 h. The 
resulting reddish-brown solution was cooled to 4. 

room temperature and evapo~ted to dryness. The 
light brown microcrystalline solid was finally 
washed with n-pen&me and dried in vacua. Yield Se 
0.8 g (69.3%). 

6. 
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Abstract-2 : 1 ligand : metal complexes of AllI1, Ga”‘, In”‘, SC”’ and Ge” with a new 
tridentate Schiff base ligand, derived from the condensation of salicylaldehyde-5-sulphonate 
with 2-aminophenol-4-sulphonic acid, have been characterized in aqueous solution by ‘H 
NMR spectroscopy. Values of pM are reported for the Al”‘, Ga”‘, In”’ and Fe”’ complexes 
at pH = 7.4. 

Recently we reported some new hexadentate water- 
soluble SchifI base ligands and their use as seques- 
trating agents for a variety of metal ions.“’ Among 
these were the biochemically and biomedically 
interesting Al111,3 Fe111,4 Ga”” and In”16 ions. The 
pM values (where pM = -loglO[metal ion]& of 
the highly water soluble Fe”‘, AllI1, Ga”‘, In”‘, Ni” 
and Zn” complexes were shown to be dependent 
upon the relative “hardness” or “softness” of the 
ligands and metal ions, and also the ability of the 
ligands to accomodate a metal ion of a particular 
size. ‘g2 

Here we describe a new water-soluble tridentatc 
Schiff base, derived from salicylaldehyde-5-sul- 
phonate (sals) and 2-aminophenol-4-sulphonic acid 
(aps), and its use as a ligand for Al”*, Ga”‘, In”‘, 
Fe”‘, SC”’ and GeIV (see Fig. l).t This ligand pro- 
duces an N204 donor set, in a 2 : 1 ligand : metal ion 
octahedral complex, which might favour “harder” 
metal ions when compared to the N4O2 and N303 
donor sets of the previously reported hexadentate 
ligands. ‘** To evaluate the binding characteristics 
of the ligand, pM values were determined for the 
Al”‘, Ga”‘, In”’ and Fe”’ complexes at the physio- 
logical pH of 7.4. 

As observed for the hexadentate Schitf bases’ the 

*Author to whom correspondence should be addressed. 
t For the analogous non-sulphonated, organic soluble, 

ligand salicylidene-2-aminophenol a solid 2 : 1 Fe”’ com- 
plex has been reported7 and also stability constants, in 
50% aqueous ethanol, for the Cd” and Mg” complexes.* 

25ALS + ZAPS 

..so; 

so; 
b’ BC, 

Hi 
H-M-----N 

w. Y.Ad” [Al(rals~~~),]~’ 

Fig. 1. 

ligand is partially hydrolysed in aqueous solution 
and so its isolation was not attempted, but instead 
stoichiometric amounts of the aldehyde and amine 
were used to generate the ligand in situ. 

EXPERIMENTAL 

Sodium salicylaldehyde-5-sulphonate (sals) was 
prepared as described elsewhere9 and 2-amino- 

2723 
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phenol-4-sulphonic acid (aps) was recrystallized 
from HZ0 (activated charcoal). Both compounds 
gave satisfactory analyses. 

Complete ring deuteriation of 2-aminophenol-4- 
sulphonic acid. aps (0.4 g) was heated in a sealed 
glass ampoule, in an Ar atmosphere, with D20 
(5 cm3) at 160°C for 18 h. After cooling, the grey 
solid was filtered off, washed with HZ0 and dried in 
vacua. Yield 0.33 g (80%). The ‘H NMR spectrum 
in NaOD,,, showed that all the ring protons had 
been deuteriated. 

‘H NMR spectra were recorded on Bruker 
WM250FT (250 MHz) and Jeol GSX270 (270 
MHz) spectrometers. UV-vis spectra were mea- 
sured on a Perkin-Elmer 55 1 spectrophotometer. 

Competition reactions between the Schiff base 
ligand and the various metal ion complexes of 
N,N,N’,N’-ethylenediaminetetraacetic acid (edta) 
and N,N,N’,N’,N”-diethylenetriaminepentaacetic 
acid (dtpa) were performed as described previ- 
ously.’ For the Fe”’ system the reactions were 
performed in an Ar atmosphere, to prevent oxi- 
dation of the aps, and were followed spectro- 
photometrically with absorbance measurements 
made at three wavelengths: 570, 590 and 640 nm. 
‘H NMR was used to follow the reactions for the 
All”, Ga”’ and In”’ systems. The Tl”‘-salsaps sys- 
tem could not be studied due to oxidation of the 
aps by the Tl”‘. 

The Ge’” complex was prepared by adding a stoi- 
chiometric amount of GeBr, to an acidified solution 
of the ligand compounds and then slowly increasing 
the pH, with dilute KOH,,,,,, to 7.4. 

RESULTS AND DISCUSSION 

‘H NMR spectra 

The ‘H NMR spectrum of salsaps, in D20 (see 
Fig. 2), illustrates the partial hydrolysis of the 
ligand, with the Schiff base in equilibrium with the 

D. A. JAKUBOVIC 

component aldehyde (sals) and amine (aps). The 
resultant spectrum is therefore rather complex since 
all the species produce similar resonance patterns 
in the same region. 

In contrast the spectrum of [Al(salsaps)~‘- (Fig. 
3) shows only one resonance, or set of resonances, 
for each proton of the ligand. The metal ion is 
therefore acting as a template for complex forma- 
tion. The assignment of this spectrum was per- 
formed with the use of deuteriated aps to distinguish 
between the proton resonances of the two rings in 
the ligand. Coupling constants can also be used to 
identify the resonances of the two rings, with Jorrho 

and JmetII both being larger for the salicylaldehyde 
ring. A spectrum run on a solution containing a 4 : 1 
salsaps : Al”’ ratio gave separate resonances for the 
complex and the free tridentate ligand. This proves 
that the complex is not experiencing intermolecular 
exchange on an NMR timescale, and from the rela- 
tive integrals it is clear that the complex has a 2 : 1 
salsaps: Al”’ stoichiometry. A spectrum run on a 
1: 1.5 salsaps : Al”’ solution yielded a spectrum as 
for [Al(salsaps),]‘-, with A1(OH)3 precipitating out 
after a short time. 

Similar spectra were recorded for the 2 : 1 salsaps 
complexes of Ga”‘, In”‘, SC”’ and Ge’“, with no 
intermolecular exchange observed (see Table 1). 

pM values of the complexes 

The values of pM for the salsaps complexes are 
given in Table 2, together with data from the litera- 
ture for the edta and saltames complexes (see Fig. 

4). 
A comparison of the values for the new ligand, 

salsaps, with its Nz04 donor set, and the hexa- 
dentate ligand saltames (N303) shows that the 
“harder” tridentate ligand forms the more stable 
complex with the “hardest” metal ion, Al”‘. It also 
forms a far more stable complex with the largest 
ion . In”‘. This is despite the fact that the hexa- 

! 
I 

10.0 
I 

9.5 
I 

9.0 
I I I I 

8.5 a0 7.5 7.0 

8 (ppm) 

Fig. 2. ‘H NMR spectrum (270 MHz) of 1 : 1 sals : aps in D,O, pH = 7.4. 
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, 

9.0 
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6.5 6.0 7.5 7.0 6.5 
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Fig. 3. ‘H NMR spectrum (270 MHz) of [Al”‘(salsaps)z]s- in DzO, pH = 7.4, the unassigned peaks 
of low intensity arise from a slight excess of the ligand. 

dentate ligand benefits from the “chelate effect”. 
For a non-dissociating hexadentate ligand pM is 
itndependent uF Ytgand concentcak~rts, for a given 
ligand : metal ratio, whereas for a tridentate Iigand 
pM decreases with increasing dilution. At very low 
concentrations one might therefore expect the 
hexadentate Schiff base to form the more stable 
complexes. (3oth SchX bases till also experience 
increased hgand hydrolysis at low concentratiuns, 
reducing the pM values of their complexes.) 

The pM values for the Fe”’ and Ga”’ complexes 
cc3 s&saps are ~so’rj,g5?,‘DP~n~~~e~~e~‘rhanEor ehm. 

but slightly lower than for the saltames complexes. 
Cyclic voltammetry of an aqueous solution of the 
FeuL sakaps cor@ex fakd tu rierd a i-e&~ poten- 
tial due either to interference from the solvent hands 
or irreversibility of the system. 

The results discussed here are therefore consistent 
with those reported previously for a variety of hex- 
adentate Schiff base ligands, with the WZ04 donor 
set favouring “hard” metal ions. It is also clear that 
the tridentate ligand is more flexible, with respect 
to metal ion size, than the hexadentate Schiff base 
&Barnes, 

Table 1. ‘H NMR data for the salsaps complexes in D,O 

2 : 1 salsaps : M 6 @pm) 
complex H, H3 H; H., Hi H, Hi 

Al”’ 9.12 6.67 6.69 7.69 7.58 8.04 8.14 

Gal” 9.21 6.71 6.77 7.71 7.62 8.05 8.20 

In’” 9.23 6.81 6.85 7.73 7.62 8.07 8.20 

SC”’ 9.05 6.62” 7.71 7.52 8.06 
6.71” 

Ge’” 9.23 6.83” 7.87 7.77 8.10 8.30 
6.88” 

Free ligand* 8.93 6.88 6.91 7.73 7.56 7.91” 
7.90” 

“It was not possible to assign these resonances to H or H’ from their 
coupling constants. 

*pH = 7.4. 
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Table 2. pM values for the salsaps, saltames and edta 
complexes of Al”‘, Ga”‘, Fe”’ and In”’ 

Ionic 
Metal radius pMb 

ion CAY PH salsaps saltames edta 

Al”’ 0.50 7.40 17.5,” 16.gXd 15.89 
Ga”’ 0.62 7.40 23.3 ,= 24.61 19.359 
Fe”’ 0.60 7.40 25.9, 2 26.2’ 23.42’ 
In”’ 0.81 7.40 22.7,’ 17.0,” 23.40’ 

D. A. JAKUBOVIC 

The formation of the non-exchanging [Ge(sal- 
saps)d4- complex further illustrates the “hard” 
nature of the salsaps ligand, since the coordination 
chemistry of Ge’” in aqueous solution largely 
involves chelating ligands which bind through oxy- 
gen only. ‘O 

Acknowle&ement-We thank the S.E.R.C. for a main- 
tenance grant (to D.A.J.). 
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Abstract-Reaction of the optically active primary amine (S)-( -)-a-methylbenzylamine 
with trimethylaltinium in heptane affords the crystalline organoaluminium dimer (S)- 
(-)-(S)-( -)-[(C,H,)CH(CH,)NHAl(CH,),I,. Isolated as large, colourless, extremely air- 
sensitive prismatic crystals, the title compound crystallizes in the orthorhombic space group 
P2,2,2, with unit cell parameters a = 8.406(3), b = 15.505(4), c = 17.547(5) A, V = 2287 
A’ and p = 1.03 g cme3 for Z = 4. Least-squares refinement based on 1477 observed 
reflections converged at R = 0.056, R, = 0.058. Methane was eliminated during the course 
of the reaction due to cleavage of Al-C and N-H bonds resulting in an asymmetric A12N2 
fragment at the core of the organoaltinium dimer. The mean Al-C bond distance in the 
dimethylaluminium units is 1.930(8), while the mean Al-N bond distance is 1.950(5) A. 
Specific rotation ([c@ in CH2C12) of the dimer is determined to be -20.6”. 

The interaction of aluminium species with primary 
or secondary amines has both fascinated and 
intrigued workers in organoaluminium chemistry 
since Krause and Dittmar reported the synthesis 
of (H,N)Al(p-tolyl), and (H,N)Al(Ph), almost 60 
years ago. ’ The last two decades have witnessed sig- 
nificant activity in the general areas of poly(N-alky- 
liminoalanes) ‘- ’ ’ and aluminium-nitrogen oli- 
gomers. ’ 7-25 These areas of organoaluminium 
chemistry are particularly interesting in that 
their reaction products characteristically possess 
A12N2 fragments resulting from Al-H/N-H 
and Al-R/N-H condensations, respectively. 
Notably, the aluminium-nitrogen oligomers have 
found utility as catalysts for the polymerization of 
methyl methacrylate, acetaldehyde and butyr- 
aldehyde, ” while the poly(N-alkyliminoalanes) 
have demonstrated promise as homogeneous 
hydrogenation catalysts.26 

*Authors to whom correspondence should be addressed. 

It is particularly significant that optically active 
amines are absent from the aforementioned 
organoahuninium complexes. Herein, we report the 
synthesis and structure of the optically active 
organoaluminium dimer (S)-(-)-(S)-(-)- 
[(C,H,)CH(CH,)NHAl(CH,)d, isolated from 
reaction of (S)-( -)-a-methylbenzylamine with tri- 
methylaluminium. The title compound represents, 
to the best of our knowledge, the first examination 
of condensation products resulting from reaction 
of altinium alkyls with optically active amines. 

EXPERIMENTAL 

Synthesis 

Standard Schlenk techniques were employed in 
conjunction with an inert atmosphere dry box (Vac- 
uum Atmospheres HE-43 Dri-Lab). Heptane was 
distilled from CaH2 under an atmosphere of dry 
argon. Trimethylaluminium and (S)-( -)-ol-methyl- 
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benzylamine, both purchased from Aldrich Chemi- 
cal Co., were used as received. Single crystal X-ray 
data were collected on an Enraf-Nonius CAD-4 
diffractometer. ‘H NMR data were recorded on 
a JEOL-FX90Q NMR spectrometer. Optical 
rotation data were recorded on a Horiba Sepa-200 
polarimeter. 

Inside the dry box a reaction vessel was charged 
with (S)-( -)-a-methylbenzylamine (7.76 mmol) 
and dissolved in heptane (20 cm3). Tri- 
methylaluminium (15.5 mmol) was slowly added 
via a syringe. The reaction was immediate and quite 
exothermic. The system was allowed to react at 
room temperature for several hours. The reaction 
vessel was subsequently removed from the dry box 
and heated in an oil bath for 24 h at 120°C. Upon 
slow cooling to room temperature, colourless, 
extremely air-sensitive crystals were isolated in 
quantitative yield (based on the amine) ; m.p. (dec. 
198°C). ‘H NMR (CDC13, TMS external ref- 
erence): 6 - 1.33 [s, 3H, Al(CH,)], -0.96 [s, 3H, 
Al(CH,)], -0.91 [s, 3H, Al(CH,)], -0.57 [s, 3H, 
Al(CH,)], 1.34 [d, 3H, C(CH,)], 1.39 [d, 3H, 
C(CH,)], 3.98 [m, 2H, 2CH], 7.24 [m, lOH, aromatic 
protons]. It is reasonable to have initially antici- 
pated four peaks of comparable intensities for the 
four Al-CH3 moieties due to diastereotopic and 
geometric effects. However, two pairs of peaks of 
unequal intensities were observed. These peaks and 
the general pattern of the NMR spectrum are 
indicative of c&tram isomerism of the title com- 
pound in solution. 

X-ray structural solution and refinement 

A single crystal of the title compound was 
mounted in a thin-walled glass capillary under an 
inert atmosphere of argon. Final lattice parameters 
as determined from a least-squares refinement of 
(sin0/A)2 values for 24 reflections (0 > 20”) accu- 
rately centred on the diffractometer are given in 
Table 1. Data were collected on an Enraf-Nonius 
CAD-4 diffractometer by the 8-28 scan technique. 
A summary of data collection parameters is given in 
Table 1. The intensities were corrected for Lorentz 
polarization effects. Calculations were performed 
with the SHELX system of computer programs.27 
Structure solution was accomplished by means of 
the program MULTAN28 which afforded the 
location of the Al atoms. The location of these 
atoms readily revealed the positions of the remain- 
ing non-hydrogen atoms. Geometrically con- 
strained hydrogen atoms were included in cal- 
culated positions. Hydrogen atoms, located from 
difference maps, were included in the refinement 
using fixed thermal parameters. Refinement con- 

Table 1. Summary of crystallographic data for (S)-( -)- 
(W- )-[(C,H,)CH(CH,)NHAl(CH~)~~ 

Formula 
Formula weight 
Colour ; habit 
Size 
Crystal system 
Space group 
a (A) 
b (ir> 
c tS 
Volume (A’) 
Z (molecules/cell) 
p (talc.) 
Diffractometer 
&MO-&) (A) 
Temperature 
20 limits 
No. of data measured 
No. of data observed 
Goodness-of-fit 
R 
RW 

C&&&N2 
356.96 
Colourless prisms 
0.50 x 0.50 x 0.55 mm 
Orthorhombic 
E&2, 
8.406(3) 
15.505(4) 
17.547(5) 
2287 
4 
1.03 
Enraf-Nonius CAD-4 
0.71073 
20°C 
2.0-50.0” 
2292 
1477 
3.3 
0.056 
0.058 

verged at R = 0.056 (Rw = 0.058). A final difference 
map revealed no feature greater than 0.2e- A-3. 

RESULTS AND DISCUSSION 

The interactions of aluminium hydride with pri- 
mary and secondary amines resulting in poly(N- 
alkyliminoalanes) have been extensively inves- 
tigated.2-‘6 Similarly, aluminium-nitrogen oli- 
gomers, prepared from reaction of aluminium 
alkyls with primary and secondary amines, have 
been studied by Smith and co-workers. 17-25 For 
some time now we have been interested in the reac- 
tion of organoaluminium species with various 
macrocyclic amines. Initially our studies concerned 
the reaction of organoaluminium species with 
macrocyclic amines such as (CH3)4[14]aneN4,2g 
[14]aneN,30v31 and [ 1 SIaneN,. 32 These reactions 
resulted in organoaluminium-macrocyclic com- 
plexes. Such macrocyclic complexes are significant 
in that they often serve as precursors to organoal- 
uminium-based host-guest compounds known as 
liquid clathrates.33 More recently, we have initiated 
an investigation of the interactions of aluminium 
alkyl species with multidentate open chain 
amines.3”36 

Optically active amines are noteworthy in their 
absence from the ensemble of Al-N complexes 
cited above. Thus, we examined the reaction 
of trimethylaluminium with the optically active 
amine (S)-( -)-a-methylbenzylamine ; the organo- 
aluminium dimer (S)-( -)-(S)-( -)-[(C,H,)CH 
(CH,)NHAl(CH,),], was the only product isolated. 
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Fig. 1. Molecular structure of (S)~~-)-(S)-~-)-~(C~H~)C~~CH~)~Ai~CH~)~]~ showing the atom 
numbering scheme. 

The X-ray crystal structure of (S)-(-)-(S)-(-)- Several points are worthy of note regarding struc- 
[(C~H~)CH~C~~)NHAl(CH~)~]~ is given in Fig. 1; ture and bonding in (S)-( - j-(S)-{ -)-[(C,H,)CH 
Figure 2, which provides an alternate view of the (CH~~NHAl(CH~~~~. During the course of the 
molecule, indicates that the molecule contains reaction of t~me~ylal~ni~ with (So-~-methyl- 
neither a plane of symmetry nor a centre of benzylamine, one methyl group was cleaved from 
symmetry. Selected bond distances and angles are each of the two Ai(CH3)j units. Additionally, one 
given in Table 2. As the chiral carbon atom{s) did ~a-hydrogen atom was cleaved from each of the 
not participate in the Al-N condensation, it is two amine units. Thus, the elimination of methane 
reasonable that the title compound retained optical resulted in the formation of the A12N2 fragment 
activity. The specific rotation of (S)-(-)-(S)-( -)- situated at the core of the organoaluminium dimer. 
[(C~H~}C~~C~~)NHAl(CH~)~]~ is determined to Each al~~nium and nitrogen atom in the com- 
be -20.6” ([c&~(CH~CI~>>. This is contrasted with pound is now four-coordinate. The mean Al-N 
the value of -39.0” [c# for the neat reactant bond distance in the asymmetric AlzNz fragment is 
amine. 1.950(5) A. The mean N-Al-N bond angle is 

Fig. 2. An aiternate view of the (S)-( -)-(S)-~-)-[~C~H~)CH(CH~)N~Al(CH~}*~* molecule. 
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Table 2. Selected bond distances (A) and angles (“) for 

(S)-(-)-(S)-(-)-[(C,H,)CH(CH,)NHAI(CH,),l,= 

Bond distances 

Al(l)-N(1) 1.944(5) A(l)-N(2) 1.956(S) 

Al(l)-C(l) 1.953(8) Al(l)-C(2) 1.937(8) 

Ah2)_N(l) 1.952(5) 4(2)--N(2) 1.947(5) 

~(2)-~(3) 1.910(7) ~(2)-~(4) 1.920(7) 

Bond angles 

N(l)-Al(l)-N(2) 86.2(2) 

N(l)--Al(2)_N(2) 86.2(2) 

A(l)-N(l)_Al(2) 92.3(2) 
Al( l)-N(2)-Al(2) 92.1(2) 

a Numbers in parentheses are estimated standard devi- 
ations in the least significant digits. 

86.2(2)“, while that of the Al-N-Al bond angle 
is 92.2(2)“. The two methyl carbon atoms, C(6) and 
C(14), on the two chiral carbon atoms (C(5) and 
C(13), respectively) are truns to each other. Fro.m 
Fig. 2, it is evident that the two aza-hydrogen atoms 
are in a cis orientation with respect to each other as 
are the hydrogen atoms associated with C(5) and 
C( 13). It is important to note, however, that overall 
the molecule is in a truns orientation. 
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Abstract-Stable aqueous solutions of the green ion [Co(sal),]3- (sal = dianion, 
C,H,(@(CO0), of salicylic acid, 2-hydroxybenzoic acid) are obtained from [Co(NH3), 
C1]C12 and an excess of salicylic acid. Several salts, [C][Co(sal)3] have been charac- 
terized, where C = [CO(NH~)~]~+ and [M(en)3J3+ (M = Co or Rh, en = l,Zdiamino- 
ethane). By using (+)-[Rh(en),13+, optical resolution via less soluble diastereoisomeric 
salts has been achieved, and isomerization and racemization have been studied. Resolved 
tris-malonatocobaltate(II1) has been used as a model. A novel thermochromism (77-293 
K) in solid A( +)-[Rhen3]A[Co(sal)3] is described. 

Optically active compounds of cobalt(II1) with 
bidentate chelating agents are now common. How- 
ever, those containing three bidentate six-mem- 
bered rings are less common. We report here the 
syntheses and properties of u-is-complexes of the 
salicylate ion with the cobaltic ion. 

As before,2” we denote salicylic acid (2-hy- 
droxybenzoic acid) by H,sal, its first conjugate 
base (deprotonated at the carboxylate function) 
Hsal- and its second conjugate base (with both 
phenolic and carboxylic protons lost) by sal- ‘. 

H,SOl HA- ZIP- 

Salicylates3 occur widely : many are of great tech- 
nical utility. Metal salts and compounds are also 
common and important. Copper salicylate (an 
intermediateZb in the Dow phenol process) has also 

* For part XLVII, see ref. 1. 
t Permanent address : Department of Chemistry, 

Nagoya City University, Mizuho, Nagoya, Japan. 
iAuthor to whom wrrespondence should be addressed. 

been useful4 as an anti-arthritic drug : Hangartner 
treated 1100 patients during 20 years with “per- 
meton” (12.5 mM sodium salicylate and 0.04 mM 
copper(I1) chloride) and found that 89% had bene- 
fitted. 

Ferric compounds with salicylate are well known 
and occur commonly in iron metabolism. For 
example, many microorganisms produce com- 
pounds such as enterochelin5 containing6 salicylic 
acid or 2,3-dihydroxybenzoic acid, and Myco- 
bacteria excrete mycobactins which contain sali- 
cylic acid. Similarly, Tait showed’ that Micrococcus 
denitrljkans grown in iron-deficient media excretes 
iron-chelating derivatives of salicylic acid, e.g. 2- 
hydroxybenzoyl - N - L - threonyl - N’,N* - di - 2 : 3 - 
dihydroxybenzoylsperidine. 

However, compounds of salicylates with cobalt 
(III) are few. Some derivatives with unidentate sal- 
icylates cis-[(en)2(NH 3)Co{ OOC-C6H 3(X)OH}]2’ 
(x = H, ~-SOT, 5Br, 5-NG2, 3-NG2), have been 
made* and rates of aquation followed. 

Hexakisaquocobalt(II1) reacts with salicylate, in 
acid media, to give a species rather prone to internal 
redox decompositions, which was thought to be 
[Co(Hsal)(H20)4]2’. (Several mechanistic studies 
of the related but more accessible [CoN4(sal)]+ ions 
have appeared : for example, iodination,’ mer- 
curation. ‘“) In those species [Co(N),(sal)]+ 
(N = NH3, ten, etc.) studied, the ligated salicylate 
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undergoes ready oxidation with nitric acid, giving 
a green paramagnetic product. Yamamoto and his 
colleagues have studied’ ’ the green paramagnetic 
species and their analogues extensively. 

A similar oxidation of [Co(en),(sal)]+ and of 
analogous [CoN,(substituted Sal)]+ occurs with 
permanganate, giving chelated oxalate (ethane- 1,2- 
dioate). The mechanism of this extraordinary oxi- 
dative ring contraction* has been studied in some 
detail, using optically active complex salts and 
carbon-labelled salicylatobis-1 ,Zdiaminoethane- 
cobalt(II1). 

Other recorded properties of salicylates with 
cobalt are interesting. For example, ’ * 
[Co(NH3)J3+, CoA;+, is readily extracted into 
cyclohexanone (K) from aqueous sodium salicylate, 
NaHsal, NaB, according to 

CoA,&, + 3B,,,-t- nK,, = [CoA6B3Knlorg. 

The reaction of aquopentamminecobalt(II1) 
chloride with Mordant yellow 0 givesI 
[Co(dye)J-, probably chelated as a salicylate. 
Nevertheless, the parent tris-salicylatocobalt(II1) 
species have been elusive. An early preparation of 
the salt [CO(NH3)6][CO(Sal)3] could not be 
repeated 2d despite a number of careful and inde- 
pendent attempts, and the properties then given do 
not agree at all with those we now find for the 
authentic salt. It seems probable that all the sub- 
stances we have now made are new compounds. 

We report here, in detail, (following a short pre- 
liminary note14) a reliable synthesis of [Co(sal),13-, 
its optical resolution and its isomerization. Its 
lability towards acid has so far prevented its chemi- 
cal correlation, by oxidation, to [Co(C204)J3-, 
along the lines of an earlier discovery* of the oxi- 
dation, eq. (1) 

( +)-[Co(en)2(sal)]+s ( -ti[Co(en)2(C204)l+. 

(1) 

RESULTS AND DISCUSSION 

Three factors complicate studies of the optical 
isomerism of such species as [Co(sal),13-. First, the 
equilibrium constants for ion-pairing with the 
classical triply charged resolving cations, like 
(-)-[Rhen313+, may be quite large, and such ion- 
pairing may select among the anionic complex iso- 
mers. Secondly, H,sal, Hsal- and Sal*- lack a 
binary element of symmetry relating the two chel- 
ating oxygen atoms. So, even for the extremes of 
composition [Co(Hsal)3] and [Co(sal),13-, there may 
be facial (1,2,3- or abc) and meridianal (1,2,4- or 
abd) isomers, each of course racemic. Thirdly, since 

the ligand may, depending on the pH of its environ- 
ment, exist as H,sal, Hsal- or Sal*-, there are fur- 
ther isomeric possibilities, which could be described 
as tautomerism, where the isomers differ in the rela- 
tive positions of hydrogen atoms. (i.e. there are 
three inequivalent phenolic positions in 1,2,4- 
[Co(sal),13- at which a proton may add to give 
the three isomers of 1,2,4-[Co(salH)(sal),]*-, each 
being racemic). 

We avoided the last complication by ensuring 
that the pH is always high, but the first two have 
been of concern. We gave weight to the extra geo- 
metric isomerism by studying, as a model, the tris- 
malonatocobaltate(II1) anion [Co(mal)3J3-. Here, 
the complex ion, neglecting any conformational 
effects in the six-membered rings, has the true sym- 
metry of the D, point group. 

Further, we have employed throughout, as our 
chiral influence and resolving agent, the colourless 
ion, A(+)-[Rhen313+ [or of course its enantiomer 
A( -)], which shows no strong Cotton effects in the 
visible region. Our chiroptical spectra above 400 nm 
therefore comment directly on the cobaltic centres, 
even in the presence of the resolving agent (+)- 
[Rhen313+. 

Preparation. The alleged preparation” of salts of 
[Co(sal),13- from tris-carbonatocobaltate(II1) 
failed; the product, in our hands, gave a strong 
thiocyanate test for cobalt(I1). A procedure like that 
used by Pfeiffer’ 6 for the similar aromatic ligand 
paeonol C&H 1 003 was used. 

[Co(NH,)Cl]*+ +3CgH1003 

In warm solution, no reaction was seen, but on 
adding base it became green ; chromatography 
[QAE-Sephadex-A25 : elution with 0.1 M NaCl] 
gave an immobile yellow-green band and two green 
bands whose spectrum (2 ca 570 nm) suggested that 
they were isomers of [Co(NH,),(sal),]-. By adding 
a solution of ( +)-[Co(en)3]C13 to the reaction mix- 
ture and concentrating, green crystals (A 630 nm) 
were obtained showing a negative circular dich- 
roism at ca 650 nm in KBr disc, DMSO or DMF. 
Aqueous solutions were unstable. 

Following these preliminary indications, a stock 
solution containing green [Co(sal)3]3- was made by 
slow reaction (at 20°C) of pink chloropentam- 
minecobalt(II1) chloride with an exce.ss of sodium 
salicylate and hydroxide in water. This solution 
could be kept at 2°C for several days, although 
it decomposed readily and rapidly giving cobalt(I1) 
and/or dark precipitates on warming, or on add- 
ing acid, or on removing the excess of salicylate. 

Several salts with triply charged cations were iso- 
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Table 1. Salts of the tris-salicylatocobaltate(II1) ion 
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Calculated Found 
Salt Formula Colour C H N C H N 

( + HCoendCoW) J G,HMN@&o~ Green” 45.9 5.1 11.9 45.4 5.3 11.6 

( f HRhen31KoW) 4 C,,H,,N,O$oRh Green 43.2 4.8 11.2 42.1 4.8 11.9 

[Co(NH 3) dPW 4 C~,HmN&bCo~ Green 40.1 4.8 13.4 40.9 5.1 13.4 

“The description’5 of a substance said to be this salt, made by adding to aqueous [Coen,][NOJ, a solution of 
[Co(CO,),]‘- and salicylic acid, then boiling; was “beige”. Several samples made in this way here were indeed rose- 
beige: they had such analyses as C, 33.8 ; H, 3.6; N, 11.2%, and all contained a lot of cobalt(I1). 

lated, including those listed in Table 1, with 
ammines of cobalt(II1) and rhodium(II1). The prop- 
erties of the diastereoisomeric salts with the 
optically active resolving agents, (+)- or (-) 
tris-ethylenediaminerhodium(III), are given in the 
Experimental. 

Tris-malonatocobaltate(II1) 

Figure 1 shows the effect on circular dichroism 
of adding an excess of A( +)-[RhenJ3+ to racemic 
[Co(mal),13-, (in the presence of a small excess of 
malonate to inhibit dissociation). Any ion-pairing 
effects from the excess of malonate here (or sal- 
icylate as described later) with the chiral rhodium 
cation will not affect visible circular dichroism. 

The initial spectrum, where there has been no 
time for racemization, is that of the mixture of 
50% A and 50% A configurations at the cobalt(II1) 
centres. The optical activity arises from the unequal 
properties of the diastereoisomeric ion-pairs as fol- 
lows. The four cobaltic species present are (denoting 
ions by their configuration and chemical symbol of 
the central element) : ACo, ACo ; ARhACo, and 
ARhACo (i.e. each of the two enantiomeric cobalt 
ions may be either free or ion paired). Further, 

[ACo] + [ARhCo] = [ACo] + [ARhACo]. 

However, because of the selectivity of ion-pairing 
by ARh between ACo and ACo, 

[ARhACo] # [ARhACo] and [ACo] # [ACo]. 

The observed circular dichroism, the resultant of 
these four concentrations and their molar differ- 
ential extinction coefficients, will be non-zero, as 
observed. 

As time passes, the observed circular dichroism 
spectrum changes. This must be due to a shift in the 
XA : ZA from 50 : 50, i.e. to a racemization induced 
by the selective ion pairing. (The driving force for 
this slow change is the entropy of mixing, restoring 
to equality unequal concentrations of free A and A 

anions, since the equilibrium constant between 
them is one, neglecting any small effects of differ- 
ential solvation transmitted from the dissymmetric 
but dilute solute.) The rate of this change has been 
measured, for the particular conditions of Fig. 1, 
and is kinetically first-order, with a rate constant 
kobs = 2x 1o-5 s-‘. 

The direction of this induction of optical activity 

I I I I 

400 600 600 700 

Wavelength (nm) 

Fig. 1. Selected typical successive circular dichroism 
spectra for mixed aqueous solutions of tris- 
malonatocobaltate(II1) and A-( +)-tris-1,2-diam- 
inoethanerhodium(II1) chloride, (lower diagram). Simi- 
lar zero time changes in the circular dichroism of 
[Co(mal)3]3- on adding varying excesses of the coloured 
cation (+)-[Co(en)3]3+ are recorded by K. R. Butler and 
M. R. Snow (J. Chem. Sot., Dalton Trans 1976, 251). 
Upper diagram ; -O-O-O--CD spectrum of 
resolved A[Co(mal),13-. -a--a-a-*urve obtained 
by subtracting the original (t = 0) spectrum from the final 

(t = 430.5 min : shown as co) of lower diagram. 
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is clear from the circular dichroism of the final 
solution after the removal (by cation exchange) of 
the inducing agent, ( +)-[RhenJ3+. The residual 
solution, now containing as chiral species only the 
tris-malonatocobaltate(III), shows (cf. Fig. l), the 
CD spectrum of A[Co(mal)3]3-. The present spec- 
trum is very similar to that of A[Co(mal)3]3- rec- 
orded’ 7 by Douglas following a standard resolution 
via less soluble diastereoisomers. Under our con- 
ditions (excess of malonate, 1.9’C) the [Co(mal)3]3- 
shows almost no loss of optical activity during 3 h. 

The time variation of circular dichroism of Fig. 
1 is entirely consistent with the explanation above. 
An instant (ion-pairing) selection by ( +)-[Rhen313+ 
between the equal concentrations of A and 
A[Co(mal),]‘- gives the following distribution of 
species : 

Ion-pairs A( +)-[Rhen3]A[Co(mal)3 

> A( +)-[Rhen,]A[Comal],] 

Anions A[Co(mal),]3- < A[Co(mal),13-. 

The negative Cotton effect centred at 618 nm is 
the resultant of these four species in their unequal 
concentrations. 

The total 50 : 50 AA ratio now shifts slowly* as 
the cobalt racemizes, and the new concentrations, 
induced by the chiral ( +)-[Rhen313+ are (as in the 
final spectrum of Fig. 1) 

Ion-pairs A( +)-RhACo >> A( +)-RhACo 

Anions ACo = ACo, 

*The observation of the common point of (A&,1) in 
successive spectra indicates that a new set of chiroptical 
transitions is gradually replacing the original, but proves 
no more than would an isosbestic point, i.e. that the 
concentrations of all n species contributing to absorption 
at the wavelength of the isodichroic point are linearly 
related. 

t Clearly, if a stronger sharper negative band is super- 
imposed on a broader, weaker positive band (or with 
signs vice versa for the enantiomer) then the resultant 
observed circular dichroism may appear with three 
extrema, + - +, arising from only two electronic tran- 
sitions. That situation,” at present hypothetical, is akin 
to that which gives rise to the Chartreuse effect in visible 
spectra. In this context, it is noteworthy that the solid 
diastereoisomeric salt of the tris-oxalato anion, A(-)- 
[Rhen,]-( -)-[Co(C20.&] shows, in a caesium chloride 
disc, only two peaks near 400 nm (i.e. for Band II), 
whereas the potassium salt of the same resolved anion 
K&-)[Co(C,O&] in solution, cf. Table 2, and in a 
CsCl disc shows three peaks. The suggestion*’ was that 
the observed spectra arose from two fundamental 
absorptions of differing breadths. 

R. D. GILLARD 

since, overall, the total concentration of ACo pre- 
sent is now greater than that of ACo. 

So, the net change is to increase the concentration 
of ACo at the expense of ACo, and (on removing 
the inducing agent) the spectrum of ACo remains. 
Similarly, the spectrum obtained by subtracting the 
original (t = 0) spectrum of Fig. 1 from the final 
(t = 430.5 min) is very similar to that of authentic 
A[Co(mal),13-. 

This set of observations on the tris-malonato sys- 
tem confirmed the need, in the [Co(sal),13- system, 
to distinguish carefully between (i) the rapid effects 
of selective ion-pairing singling out particular chi- 
roptical transitions and giving strong resultant Cot- 
ton effects even in a 508 : 5OA overall anionic com- 
position, and (ii) the longer term effects arising from 
a shift of the configurational equilibrium at the 
cobalt centre induced (slowly) by the chiral environ- 
ment provided by the dissymmetric cation. 

One final point on the [Co(mal),] 3- system relates 
to its circular dichroism. This is shown in Table 2, 
with that of other Coo6 chromophores, notably 
the tris-salicylates studied here. In common with 
solutions of the oxalato analogue, three Cotton 
effects are observed beneath the band envelope of 
the second ligand-field transition (Band II, of 
parentage ‘A lg + ’ Tzg in 0,). Years ago, it was 
pointed out I8 that, since, in D3 y s mmetry only two 
chiroptical absorptions were allowed for Band II, 
but three extrema are in fact seen, the tris-oxal- 
atocobaltate(II1) would seem to contain species of 
symmetry lower than D3, such as [Co(C20& 
(HC204)(OH)]3-. However, there is little other 
evidenceI for such hydroly sed ions being present 
in solution, and, in the absence of the knowledge of 
the relative band widths? of the individual com- 
ponents of oppositely signed circular dichroism, the 
structure of [Co(mal)3]3- under such conditions 
may be taken as tris-chelated. 

Tris-salicylatocobaltates(II1) 

The racemic ion (containing an unknown ratio 
of facial and meridianal isomers) was obtained by 
displacing ammonia and chloride from chlo- 
ropentakisamminecobalt(II1) chloride using an 
excess of salicylate and enough sodium hydroxide 
to keep the solution alkaline throughout. The dark 
green solution gave, on SP-Sephadex (C-25), three 
bands. The first was dark green and contained the 
greatest bulk of the cobaltic product, [Co(sal),13-. 
Spectroscopic properties are in Table 2. The visible 
band of the green solution obeyed the Beer-Lam- 
bert law, dilutions being made with sodium sal- 
icylate solution. 

The second chromatographic band, not char- 
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acterized in detail, had (initially) a clear absorption 
band at 582 nm, with a molar extinction coefficient 
of about 160. This (in the presence of an excess 
of salicylate) slowly became green, with the final 
spectrum closely resembling that of the [Co(sal)J3- 
from the first band. Our value for the initial extinc- 
tion coefficient (ca 160 at 582 nm) is derived from 
the 50% increase in maximal visible optical density 
of the solution, and the known e636 (i.e. 240) of the 
product. It seems likely, from the absorption at 
582 nm (which we take to arise from a [Co”‘N,04] 
chromophore) and the slow reaction to form the 
tris-complex, which we take to be 

[Co(NH&(sal)J +sa12- --, [Co(sal)J3- +2NH3, 

that this band contains one or more isomers of 
the bis-ammine-bis-salicylatocobaltate(II1) ion. 
Because of the lack of a two-fold symmetry element 
in salicylate, there are, of course, two trans-isomers 
and three &-isomers: for the trans-isomers, with 
their unique N-Co-N axis, splitting of the lowest 
energy spin-allowed ligand-field absorption band 
might be expected, and the band is indeed rather 
broad. The final spectrum of the aged solution has 
a rather higher absorbance around 55&560 nm 
than has the authentic tris-salicylate : this supports 
the idea that Band II contains some trans- 
[Co(NH,)],(sal),]- (which would absorb around 
560-570 nm and would presumably not react 
readily with the excess of salicylate to give the tris- 
species). The final spectrum would then be due 
to ca 90% of [Co(sal),13- and 10% of isomers 
of truns-[Co(NH,),(sal),1-. 

The third band on the SP-Sephadex column 
adsorbed strongly, and did not move readily in the 
anionic eluant (0.05 M sodium salicylate). 
However, it was readily eluted with 0.5 M lithium 
chloride, and had absorption maxima at 502 and 
366 run, typical of a [Co”‘N402] chromophore 
(these bands had maximal extinction coefficients in 
the ratio &So2 : c366 = 1.06 : 1). We therefore take this 
(very minor) component to be [Co(NH,),(sal)]+. 
Its electronic spectrum agrees reasonably well with 
that2 of an authentic specimen. 

The course of the preparation then seems to be 

[Co(NH3)&112+ - WW%MOW12+ 

- [Co(NH,),(sal)]+ (Band III) 

[Co(sal) 3] 3 - t-ccis-[Co(NH3),(sa1)2]- 

(Band 1) x++ trans-[Co(NH3)2(sal)2]~ 
(Band IT). 

R. D. GILLARD 

We next discuss the striking changes in optical 
activity when solutions of [Co(sal),13- are treated 
with the chiral influence of the counter-ion 
[Rh(en),13’. There is no gross change in the nature 
of the cobaltic chromophore, (Coo& as shown by 
the effective constancy of the electronic spectrum 
(800-500 nm) after adding tris-ethylene- 
diaminerhodium(II1). In a typical experiment, 
at l.l”C, the electronic spectrum of [Co(sal),13- 
(7.52 x 10e4 M) was constant within l%, in the 
presence of [Rhen313+ (2.52 x 10e2 M) and sodium 
salicylate (2.0 x 1O-3 M), over 260 min. 

On leaving solutions originally containing 
racemic [Co(sal),13- and resolved [Rhen313+, as we 
found for the malonate experiments, there was a 
very rapid induction of optical activity in the Co06 
chromophore, followed by a much slower change 
of this initial circular dichroism to a final spectrum. 
We describe this in detail later. When the inducing 
agent, (+)- or (-)-[Rhen313+, was removed (by 
cation-exchange) from these final solutions, the 
resolved [Co(sal),13- remained. Its circular dichro- 
ism spectrum is shown in Fig. 2 and in Table 2. 
Figure 2 also shows the loss of the Cotton effect for 
[Co(sal)3]3- with time. In a typical experiment, at 
1.8”C, k, = 5.6 x lop2 min- ‘. Isodichroic points are 
observed here on the baseline, showing that no opt- 
ically active species other than [Co(sal)3]3- is pre- 
sent in an observable amount (i.e. this is indeed a race- 
mization, rather than a mutarotation or hydrolysis 
to some other optically stable cobalt complex). The 
rate constant quoted was measured in the pre- 
sence of a 27-fold molar excess of (saQ2- over 
[Co(sal),13-. This rate constant is clearly smaller 
than the true rate constant for uninhibited race- 
mization of [Co(sal),13-, which would, in the light 
of our observations, be optically unstable in neutral 
solution. 

The formation of solid diastereoisomeric salts 
[Rhen,][Co(sal),] was achieved by using stronger 
solutions. The circular dichroism spectra are shown 
in Fig. 3, and listed in Table 2. The circular di- 
chroism spectra of potassium bromide discs were 
measured for both diastereoisomers, giving essen- 
tially enantiomeric spectra, as shown in Fig. 3 (the 
apparent difference in ]A&[ is merely a comment 
on the semi-quantitative nature of such spectra: 
the discs contained equal concentrations of the 
diastereoisomers). 

The spectra of the less soluble diastereoisomer 
A( +)-[Rhen,]A[Cosal,] at three different tem- 
peratures are also shown in Fig. 3 (and in Table 2). 
There is a quite distinct change in the observed 
spectrum, with the maximal longest wavelength 
Cotton effect centred at longer wavelengths as the 
temperature increases. Part of this shift arises from 



Optically active coordination compounds-XLVIII 2737 

AE O- 

-0.01 - 

-0.02 - 

23min,, ) , 

400 600 600 700 600 

X (nm) 

Fig. 2. Circular dichroism spectrum (t = 0) of resolved [Co(sal),13- obtained by removing (+)- 
[Rhen313+ and successive stages of racemization, at 1 PC, giving k, = 5.6 x 10m2 min- ‘. 

increased positive circular dichroism on the long 
wavelength edge of the positive band, and part may 
also be caused by the cancellation of positive cir- 
cular dichroism below 600 nm, by the appearance 
at the higher temperatures of a perceptible shoulder 
of absorption on the negative side at about 520 mn. 
The relative intensity of the weaker negative band at 
460 nm also increases as the temperature increases. 

The cause of these striking alterations in Cotton 
effects is not clear, although the energy involved is 
so small (taking the onset of the new absorbance as 

being at 200 K, kT 1: 200 cm-‘) that it can hardly 
represent any structural change (such as iso- 
merization) within the ions making up the solid. 
Further, since the absorption spectrum shows a 
very clear minimum at 550 nm, and the “new” 
band grows at cu 520 nm, the transition responsible 
belongs to Band II of cobalt(II1) (’ Ta + ‘A Ig of O,, 
parentage) rather than to Band I (with ‘T1, as the 
corresponding excited state). The observed spectra 
could arise either from the growth with temperature 
of a negative Cotton effect at 520 nm or, conceiv- 

n . . . . . . . . . . :. 

Fig. 3. Circular dichroism spectra (- ) of the enantiomeric pair of diastereoisomeric salts A-( +)- 
[Rh(en),][Co(sal),] (0.7 mg in 140 mg KBr as a pellet of 1 cm diameter) and A( -)-[Rh(en)3][Co(sal),1] 
at 298 K, and of the former (0.594 mg in 149.5 mg KBr as a 1 cm pellet) at 77 K (. . . .) and 216 K 

(----). 
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ably, by the loss at high temperature of a weak 
positive Cotton effect at 520 nm (overlapping and, 
at lower temperature, obscuring the longer wave- 
length part of a broader, rather stronger, negative 
band around 500 nm). However, the latter possi- 
bility seems remote, since the position of maximal 
circular dichroism (at 460 nm) is unaffected by the 
change of temperature. 

We are left with the most likely situation that a 
band with negative circular dichroism is appearing 
around 520 nm, with essentially no intensity at 77 
K, and increasingly measurable intensity at 216 and 
293 K. This would, in other contexts, be described 
as a “hot band” arising from the population of 
a vibrational level of the electronic ground state. 
Presumably, the broadening of the stronger Cotton 
effect (centred at - 650 nm) towards its lower 
energy side on raising the tempera?ure can also 
be attributed to the influence of “hot bands”. 
However, the major distinction is that, in the 
case of the higher energy new component around 
520 nm, it appears as a discrete shoulder on the 
strengthening band at 460 nm. If the two were 
related by being based on the zeroth and first 
vibrational levels of the same electronic state, their 
separation is rather too large (ca 2500 cm- i, which 
in itself is not unreasonable as a vibrational 
frequency, but much greater than for the usual skel- 
etal vibrations of a Co”‘-0, framework). Since the 

R. D. GILLARD 

temperature profile of the new band’s appearance 
suggests an energy quantum around 200 cm- ‘, this 
obvious explanation based on a hot band may be 
incorrect. The other likely origin for a change in 
selection rules within chromophores in a solid struc- 
ture would lie in a phase transition, and that cannot 
with present information be dismissed. 

We now summarize our results when adding 
A(+)-[Rhen313+ to solutions of [Co(sal),13-. Equi- 
valent but enantiomorphic spectra are of course 
obtained with the ( -)-[Rhen313+ ion, but we restrict 
our description to results obtained with the (+)- 
enantiomer: for convenience, we have inverted 
spectra which were actually obtained from the (-)- 
species in a few specified cases. 

Our kinetic experiments were as follows. The 
synthetic solution of chromatographically pure 
[Co(sal)3]3- (which contained an excess of salicylate 
ion) showed observable (indeed quite strong) Cot- 
ton effects under the 650 nm band as soon as chiral 
( +)-[Rhen313+ was added. This “instant” circular 
dichroism now changes, slowly, as shown in Fig. 4 
to a final “equilibrated” spectrum. The rate con- 
stants (k,) for this change under varying conditions, 
are in Table 3. When the (+)-[Rhen,]‘+ ion was 
removed from these equilibrated solutions, solu- 
tions containing an excess of one hand of 
[Co(sal)3]3- were left (these still of course contained 
an excess of salicylate ion). The solution now race- 

AC o 

I I I I I I 

400 500 600 700 800 

h (nm) 

Fig. 4. Successive circular dichroism spectra of a [Co(sal),]3- solution treated with A-( +)-[Rh(en)3]Cl, 
at 1.7”C in water, giving, from measurement at 650 nm, k = 1.72 x lo-* min-‘. 
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Table 3. Rates of stereochemical change for tris-salicylatocobaltate(II1) [k, and kz in units of min- ‘1 

[Co(sal)]-] [Rhen]+] [Nasal] k, kzb 
Temperature 

kzlk, (“C) 

7.34 x 10-4 2.46 x IO-* 2.0 x 10-3 
7.34 x 10-4 2.46 x lo- * 2.0 x lo- 3 
6.96 x 1O-4 1.12x lo-* 2.0 x 10-3 
6.75 x lo- 4 1.62 x lo-’ 2.0 x 10-3 

7.42 x 1O-4 2.44 x lo- * 2.0 x 10-Z 
7.42 x 1O-4 2.44 x 10-2 2.0 x lo- * 
7.42 x 1O-4 2.44 x lo- * 2.0 x 10-2 
6.66 x 10-4 1.67 x 1O-3 2.0 x 10-2 
6.66 x 10-4 3.19 x 1o-4 2.0 x 10-2 

1.6(4)x lo-* 
1.3(8)x lo-* 
1.4(5)x 10-2 
1.5(4)x 10-2 

1.7(1)x 1o-2 
1.7(O) x lo-* 
1.7(3)x 10-2 
1.5(2)x 10-2 
1.6(8)x lo-* 

5.0(3)x 10-2 3.1 
4.4(l) x lo-* 3.2 
4.3(l) x 10-2 3.0 

e 

6.1(4)x lo-* 3.6 
5.6(O) x lo-* 3.3 
5.7(O) x lo- * 3.3 

e c 
e e 

2.0 
1.5 
1.7 
2.0 

1.7 
1.8 
1.8 
2.0 
1.9 

“As A-( +)-[Rh(en),]Cl, - 2.3H20. 
b Racemization rate, when ( +)-[Rh(en),13+ removed. 
‘Not measured. 

mizes (showing isodichroic points on the base line 
as in Fig. 2). The rate constants (kz) for these race- 
mizations are also collected in Table 3. 

The most notable fact is that k, for each set of 
conditions is smaller than kT so that the rate-deter- 
mining step of the slow change in optical activity in 
the presence of (+)-[RhenJ3- is not merely race- 
mization. We attribute this difference to a change in 
populations, not only of enantiometric hand (which 
would go at least as quickly as the racemization 
rate: it might conceivably be faster than race- 
mization, since the A + A change might be accel- 
erated by the stabilization of product by selective 
ion-pairing, but could hardly be slower), but of 
populations, not only of enantiomeric hand (which) 
explanation is supported by the further fact that the 
successive circular dichroism spectra during k, do 
not quite manifest isodichroic points. If we were 
merely observing the change from one distribution 
of a set of species to another distribution of the same 

*Though not strongly. The lattice energy of the less 
soluble diastereoisomer is made up of contributions from 
interactions not only between single ion-pairs, but also by 
ion-multiplet effects, unlike the solution cases where we 
are concerned solely with the 1: 1 interaction within the 
sterically complementary solvation sheath (also, of 
course, handed) made up by the water assembly. 
However, in practice, for those pairs of 3 + and 3 - ions 
which have been studied in dilute solution, where the 
resolution has also been achieved by using more con- 
centrated solutions, the stronger selective diastereo- 
isomeric ion-pair gives the less soluble salt. 

set of species, where the initial and final chiroptical 
spectra intersected (as they do in the present case), 
then the spectra of all intermediate compositions 
would pass through the same points of intersection. 

Instead of isodichroic points, the successive spec- 
tra pass through isodichroic zones, notably between 
590-600 mn and between 525-540 nm (in Fig. 4; 
clearly as external conditions vary, the actual wave- 
lengths of such zones will also change ; the argument 
is unaffected). 

There is a rapid rise of optical activity in the 
Coo6 chromophore on adding (+)-[Rhen313+. The 
size of this Cotton effect initially produced is larger 
for larger concentrations of [Rhen313+. 

Even for the largest excess of (+)-[Rhen313+ 
(2.4 x lo-’ M), we cannot assume complete ion- 
pairing (which would require an ion-pairing equi- 
librium constant of about 400). So AE for the ion- 
pair is unknown. We deduce the con6gurations 
involved in the stereoselective ion-pairing as 
follows. The initial A : A distribution for ‘cobalt is 
50 : 50. The@& total A : A distribution (after equi- 
librium has been attained in a particular solution) 
is, taking the positive Cotton effect at 646 nm to 
arise from the A configuration, A > A. The chiral 
counter-ion ( +)-[Rhen313+ has stabilized 
A[Co(sal)J3- relative to its enantiomer. This is sup- 
ported* by the fact that the less soluble dias- 
tereoisomer is ( +)-[Rhen3]A[Cosa13]. 

However, the displacement of equilibrium to the 
A side seems (even in the most favoured case) to be 
incomplete. Thus, extrapolating the optical activity 
versus time results back to time zero, we find .the 
maximum value of AE 646 to be 0.32. This seems too 
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small to represent an optically pure t&species,* 
and we take it that the final solutions (after equi- 
libration and before removal of (+)-[Rhen313+) 
contain at least the following species: ((+)- 
[RhenJ * ACosal,) and AA[Cosal d. 

The circular dichroism found in the lowest energy 
spin-allowed region for [Co(sal)3]3- is similar to 
that for other Coo6 tris chelates, as shown in Table 
2. This is rather remarkable, since the chelate ring 
angles vary in the range 70-94” from the tris four- 
membered rings to the tris six-membered rings. The 
trigonal splitting of the octahedral ‘Trg state would 
be expected to vary widely as these chelate ring 
angles change, but that is not found. Indeed, as 
is clear in Table 2, the variation in splitting (and 
consequently appearance) of the circular dichroism 
produced by changes of environment for a par- 
ticular anion, say [Co(C,0,),13-, is far greater than 
that in a comparable series containing chelate rings 
of increasing sizes. 

The ions (+)-[Co(en)3]3f or ( -)-[Rh(en)3]3f 
of known D [or A(C,)] configuration have now 
been used to form diastereoisome~c salts 
with [C0(00)~]~-, where 00 = CO:-, CzO$-, 
C,H,O,2- (malonate) and C7H40$- (salicylate). 
It seems likely that the set of anions forming the 
less soluble diastereoisomers within the D [or 
S(C3)R(C2 or A] [M(en),13+Rh) have related con- 
figurations. We are working towards establishing 
the absolute stereochemistry of [M(sal)J3- by 
chemical and crystallographic means. 

EXPERIMENTAL 

Electronic spectra were measured using a Unicam 
SP-8000 spectrophotometer. Circular dichroism 
for solutions generally employed a Dichrographe, 
and for solids a Jasco instrument. 

[Rh(en)JCl, - 2.3H20 was prepared and resolved 
according to the literature.23 

Preparation of reaction mixture of [Co(sal),13- 

To a suspension of recrystallized [CoCl(NH,), 
Clz (1.0 g, 0.004 mol) and recrystallized 
Na(Hsa1) (2.9 g, 0.018 mol) in 30 cm3 of water, 
1.0 g of NaOH in 20 cm3 of water was added and 
Nz gas was bubbled into the mixture with con- 

* Even for one containing only six-membered chdate 
rings, where, as Mathieu pointed out” long since, the 
resultant Cotton effects in the visible region tend to be 
smaller than for analogous five-membered rings, Not- 
~thst~ding this, values of As for [Co(mal),] up to I .5 are 
recorded. ’ ’ 
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stant stirring at room temperature (ca 20°C) for 
about 17 h. The nitrogen helps to drive the reaction 
by sweeping out ammonia. (If the temperature was 
raised to ca 4O”C, the solution turned brown, then 
gave a grey-brown precipitate.) 

During the reaction, the mixture changed from a 
reddish-pink suspension to brown and then to a 
greenish-brown solution. A dark green solution was 
finally obtained after 17 h (or occasionally longer) 
and filtered. In some cases, the reaction mixture 
contained a very small amount of greyish-green 
solid but was usually clear. The clear solution was 
kept at about 2°C until it was used. Attempts to 
isolate Na or K (having replaced NaOH by KOH) 
salts from such reaction mixtures by precipitation 
failed because addition of alcohol or another 
organic solvent caused d~om~sition. 

Preparation of [Rh(en)3]3+ salt with [Co(sal),13- 
from reaction mixture 

The clear solution of [Co(sal),13- was divided 
into two, and to each half, 0.45 g (0.001 mol) of (+)- 
or of (-)-[Rh(en),]Cl,- 3H20 were added. Both 
solutions were kept ice-cold (ca 0°C) overnight (at 
which point there was no pr~ipitation), then the 
walls of the vessels were scratched violently with 
glass rods, to initiate crystallization. After four 
days, the pale green precipitates were collected 
and washed with cold water, and dried over P401,, 
under reduced pressure. The precipitates were 
powder-like fine crystals, insoluble in all the 
many solvents (including water) studied. Yield : 
(+>-fRh(en),I[Co(sal)31, 0.40 g ; (--)-PWenhl 
[Co(sal)3],0.37g.Found:C,41.1;H,4.8;N, 11.0. 
Calc. for [Rh(en),][Co(sal),] : C, 43.2; H, 4.8 ; N, 
11.2%. 

Pur$cation of [Co(sal),13- 

The complex ion of [Co(sal)3]3- in a reaction 
mixture was purified by a chromatographic method 
using a column of SP-Sephadex (C-25). A typical 
procedure is as follows : about 1 cm3 of cold reac- 
tion mixture was poured onto the column (# 2.0 x 16 
cm) jacketed with ice-cold water, and a solution of 
Natsal) (0.01 M, 0.05 or 0.1 M in other runs) was 
used for elution. Three bands were observed: two 
were eluted and one remained adsorbed at the top 
of the column, This last reddish-pink band was 
apparently a cationic species. A dark green band 
which eluted faster was dominant and contains 
[Co(sal),13-. The second band, brownish-green, is 
fairly small. Separation between the first and second 
bands was ciean. 

Isolation of [Co(sal)3]3- by using anion- 
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exchange, for example DEAE- or QAE-Sephadex 
(A-25) was also attempted, but failed because the 
adsorbed band was tightly held on the column and 
gradually decomposed during elution even by 
Na(sa1) solution or [Rh(en),]Cls solution. 

The eluate was collected for each band. The elu- 
ate in the first band, which from its absorption 
spectrum contained [Co(sal),13- was diluted to a 
suitable concentration with 0.01 M sodium salicy- 
late, such that its absorbance at 636 nm was around 
0.8 in a 1.0 cm cell. This solution was used as a 
stock solution for measurements. 

Cobalt analysis in [Co(sal),13- solution-measure- 
ments of the absorption coe~~ient of [Co(sal),] 3- 

The cobalt content in the stock solution described 
above was dete~ined in a way similar to a standard 
calorimetric rnethodz4 using [COC~(NH~)~]C& as 
standard material. A standard cobalt solution 
16.068 x 10- 3 M in 0.01 M Natsal)] was prepared 
from recrystallized [CoCl(NH,),]Cl,. To 0.5 cm3, 
2.0 cm3 of HN03 : HCl = 1: 1 solution was added, 
and the mixture was evaporated to dryness by 
heating. This procedure for decomposition was 
repeated several times. The residue was washed into 
a 25 cm3 volumetric flask with a small quantity of 
water. The following solutions were added in this 
order : I .O cm3 of 2% ascorbic acid, 1 .O cm3 of 2 M 
HC104, 5.0 cm3 of 6 M NH$CN and 12.0 cm3 of 
acetone. Finally, water (cu 5 cm3) was added up to 
the mark. The resultant solution was greenish-blue 
with maximum absorption at 619 nm. Such solu- 
tions were prepared from 1.0, 1.5 and 2.0 cm3 of 
the standard solution in the same way. Absorbance 
at 619 nm in a 1.0 cm cell was plotted versus cobalt 
concentration to give a calibration curve. 

Ejctinction coe~c~ent of [Co(sal),13- 

The eluate of the first band was analysed several 
times for cobalt content. The extinction coefficient 
of [Co(sal)3]3- at 636 mn was dete~ined as 240.7. 

Measurements of circular dichroism (CD) spectra 

All CD spectra in solution were measured using 
a Roussef-Jouan dichrographe III whose cell holder 
and cell compar~ent were maintained at about 2°C 
by iced-water. A typical procedure is : 1 cm3 of the 
stock solution of [Co(sal),j3- in 0.01 M sal was 
poured into a 5 cm3 volumet~c flask ~on~i~ng 
about 3 cm3 of ( +)-[Rh(en)3]C13 solution and ice- 
cold water was added up to 5.0 cm3. All solutions, of 
[Co(sal)J3- and (+)-{Rl~{en),]~+ and the mixture 
were kept in ice-cold water before and during 

mixture. The mixture was transferred to a 1.0 cm 
cell and CD spectra were measured (sensitivity, 
5 x 10d6 cm) at intervals of about 2°C in the range 
of wavelengths from 800 to 400 urn. 

After equilibration (when appreciable CD change 
had ceased), the solution was passed through a 
small PS-Sephadex column (Q, 1.2 x 5 cm : Na+ 
form, equipped with a water jacket, kept cold by 
iced-water) to remove [Rh(en)~13~ ; this quantity of 
Sephadex (C-25) was quite enough. The CD spec- 
trum of the eluate from the column was measured 
again under the same conditions as described above 
other than the sensitivity condition (2 x IO- 6 cm- “). 

~eos~rement of CD spectrum in a KBr disc 

A potassium bromide disc was prepared from 
0.781 mg of ( +)-[~(en)~][Co(sal)3] and 141.1 mg 
of KBr as a pellet with a diameter 1 cm and 0.632 
mm thick. For (- ~-[Rh~en)~][Co(sal)~], 0.515 mg of 
complex and 145,4 mg of KBr were used to make 
a pellet 0.664 mm thick. The circular dichroism 
(CD) spectrum was obtained using a JASCO model 
J-40. Sensitivities were 5 x 10m4 cm-1 and 2 x lo-’ 
cm- 1 for (+)- and ( -)-[Rh(en)3][Co(sal)3], respec- 
tively. 
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Abstract-An improved synthetic method has been found for the preparation of the penta- 
methylcyclopentadienyl rhenium dicarbonyldihalide complexes. From the reaction of ($- 
CSMeS)Re(CO), with Br, or I2 in THF-Hz0 a mixture of cis and tram isomers of ($- 
C,Me,)Re(CO),X, X = Br and I is formed. On the other hand, the reaction of [($- 
C,Me,)Re(CO),Cl][SbCl,] in water gives the cis-($-C,Mes)Re(C0)2C12 complex. The solid 
IR spectra of the dicarbonyldihalide complexes are recorded and an assignment of the 
normal modes in terms of local symmetry is suggested by comparison with those observed 
in analogous molecules. A normal coordinate analysis performed using a modified general 
valence force field and considering simplified models, confirms most of the experimental 
assignments. The set of valence force constants reflects the structure of the isomers under 
study. 

(Pentamethylcyclopentadienyl) dicarbonylrhenium 
dihalide complexes Cp*Re(C0)2X2 (Cp* = $- 
CsMes; X = Cl, Br, I) have been known only in 
recent years.’ Until now, oxidative addition of 
halogens (X,) or hydrogen halides (HX) to the rhe- 
nium dinitrogen complex Cp*Re(CO)2(N2) has 
been the more general and convenient method for 
the preparation of the cis-Cp*Re(CO)2X2 com- 
plexes (I). *s3 Further UV-irradiation of the cis- 
isomers, in hexane, transform them into the cor- 
responding tram-Cp*Re(CO),X2 complexes (II).2*3 

The trans-Cp*Re(C0)2C12 complex has also been 
prepared by reductive carbonylation of the pen- 
tamethylcyclopentadienyloxorhenium dichloride 
Cp*ReO(C12).4 None of the above methods, how- 
ever use the commercially available tricarbonyl 

t Authors to whom correspondence should be addressed. 
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complex Cp*Re(CO)3, as starting material. Instead, 
the preparation of the precursors of the dicar- 
bonyldihalide complexes require a multi-step syn- 
thesis which necessarily involves a low yield of the 
products based on the tricarbonyl complex. 

This prompted us to design a new and more 
simple route for the synthesis of these complexes 
directly from the tricarbonyl complex. We hope, 
that the one-step synthesis of the dicarbonyldihalide 
complexes will help to develop new synthetic 
strategies using these potentially important pre- 

2143 
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cursors in organometallic synthesis. In addition, 
this paper also deals with the IR study of these 
complexes, from which we expect to characterize 
the various bands, on the basis of their structural 
differences. Furthermore, we have carried out a 
normal coordinate treatment based on a modi- 
fied general valence force field and taking into 
account simplified models for these molecules. 

The force constant calculation was not carried 
out with the intention of determining a reliable force 
field. However, it allows us to make an approxi- 
mation to the extent of coupling between vibrations. 
It is also useful in finding out the relative ordering 
of the vibrational modes. 

EXPERIMENTAL 

All of the reactions were conducted under nitro- 
gen in Schlenk apparatus connected to a double 
manifold containing a low vacuum or nitrogen. 
However, the rhenium dicarbonyldihalide com- 
plexes were sufficiently air stable that they could be 
handled in air without decomposition. IR spectra 
were measured using Perkin-Elmer model 599 and 
621 instruments, in solid state (KBr and poly- 
ethylene disc) and in solution (KBr cells). The 
instruments were calibrated against polystyrene. 
Commercial Cp*Re(C0)3 (Strem Chemicals) was 
used as received. Proton NMR spectra were re- 
corded at 60 MHz on a Varian EM 360. Decom- 
position points were taken in capillaries and are 
uncorrected. 

Preparation ofcis-Cp*Re(C0)&12 

Cp*Re(C0)3 (200 mg) was dissolved in 15 cm3 
of CHC13 at room temperature, and an excess (ca 
0.3 cm’) of pure SbCls was added by syringe. 
Immediately, a yellow precipitate of [Cp*Re 
(CO),Cl][SbCl,] was formed. The solution was 
cooled to 0°C and stirred for 1 h. The supernatant 
slightly yellow solution was pipetted out and dis- 
carded. The yellow solid was washed with cold 
CHCl, (3 x 10 cm3) and then suspended in 20 cm3 
of water and stirred for 3 h. The colour of the solid 
change from yellow to orange-yellow. 

Extraction with CH2C12, and vacuum evap- 
oration of the solvent yielded a dark red oily solid 
which was a mixture of Cp*Re(CO), and cis- 
Cp*Re(C0)2C12 (by IR). The mixture was redis- 
solved in CH2Cl, and dried with Na2S0,. The resi- 
due, after separation was chromatographed on a 
silica gel column prepared in petroleum ether (40- 
60°C). Cp*Re(CO), (30 mg) was washed with pet- 
roleum ether and then orange cis-Cp*Re(CO)zC12 
(70 mg, 37% yield) was recovered from an orange 

band which was eluted using CHC13. Recrys- 
tallization from CHzC1,-petroleum ether gave 
orange microcrystals which decomposed above 
180°C without melting. The yellow precipitate of 
[Cp*Re(CO),Cl][SbCl,] was identified as follows : 
IR (CH,ClJ, 2 130 s and 2075 vs, cm- ‘. ‘H NMR 
(acetone-d,) 6 2.48 s (C,MeJ. 

As a solid and in solution it is air-sensitive. It is 
insoluble in non-polar organic solvents and slightly 
soluble in CH2C12 and chloroform. It dissolves in 
acetone in which it slowly decomposes giving a 
blue-green solution from which Cp*Re(CO), and 
Cp*Re(CO),Cl, (approximately 4 : 1) were iden- 
tified by IR as the only carbonyl containing com- 
pounds. As a solid it decomposes above 100°C 
without melting. 

Preparation of Cp*Re(CO)zBr2 and separation of 
its isomers 

The complex Cp*Re(C0)3 (200 mg) was dis- 
solved in 15 cm3 of THF, and an excess of Br, 
dissolved in THF was added under stirring to 
immediately give a dark red solution. To this 
mixture, 3 cm3 of water were added and stirred at 
room temperature for 2 h. THF was pumped off 
and the residual water pipetted out. The red solid 
thus formed was dissolved in CHzClz and dried with 
Na2S04. Separation and evaporation of CH&12 
under vacuum gave a N 1: 1 mixture of cis- and 
trans-Cp*Re(C0)2Br, (by IR). The isomeric mix- 
ture was chromatographed on a silica gel column 
prepared in petroleum ether. Elution with CH2C12- 
petroleum ether (1 : 1) moved an orange band which 
yielded the tram isomer as an orange solid (66 mg, 
25%) which decomposed above 110°C without 
melting. A red band was next eluted using CHzClz 
which yielded cis-Cp*Re(CO)zBr, (78 mg, 29%) as 
a red solid which decomposed above 180°C without 
melting. 

Preparation of Cp*Re(CO),I, and separation of its 
isomers 

The complex Cp*Re(C0)3 (200 mg) was dis- 
solved in 15 cm3 of THF and an excess of IZ in THF 
was added under stirring at room temperature. To 
the resulting dark red solution, 3 cm3 of 0.1 N 
aqueous KOH were added and stirred for 3 h at 
40°C. THF was pumped off and the aqueous solu- 
tion pipetted out. The residual wet red solid was 
washed with 5 cm3 of water and then dissolved in 
20 cm3 of CH2C12 and dried with Na2S04. The 
solution was separated by filtration, the CHzClz 
evaporated until about 2 cm3 remained and chro- 
matographed on a silica gel column (prepared in 
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petroleum ether). A CH,Cl,-petroleum ether mix- 
ture (1: 1) moved an orangered band of truns- 
Cp*Re(C0)J2 (25 mg, 8%) which decomposed 
above 170°C. The cis isomer was eluted as a red 
band using CHzC12 and recrystallized from 
CH,Cl,-hexane (3 : 1) as red microcrystals which 
decomposed above 200°C (81 mg, 26%). 

Preparation of [Cp*Re(C0)3Br]Br 

The tricarbonyl complex, Cp*Re(C0)3 (150 mg) 
was dissolved in 15 cm3 of chloroform at room 
temperature. An excess of Br2 dissolved in CHC13. 
was then added. From the resulting orange-red 
solution a yellow precipitate was slowly formed. By 
adding petroleum ether the precipitation was near 
quantitative. The supernatant solution was pipetted 
out and the solid washed twice with 5 cm3 of 
petroleum ether (yield : 190 mg, 90%). 

Alternatively, trifluoracetic acid was used as a 
solvent; however, a poor yield was obtained (ca 
60%). The compound is air- and temperature-sen- 
sitive as a solid and in solution. It is moderately 
soluble in CH,Cl, and CHC13 and insoluble in non- 
polar organic solvents. It dissolves in acetone giving 
a dark green solution after about 15 min. The IR 
spectrum indicated the presence of Cp*Re(CO), 
and Cp*Re(C0)2Br2 in solution. As a solid it 
decomposed above 70°C without melting. IR 
(CHzC12) 2130 s and 2070 vs., cm-‘. ‘H NMR 
(CDC13) 6 2.72 s (CSMeS). 

RESULTS 

(a) Syntheses 

The reaction between bromine and iodine, and 
Cp*Re(CO), in THF-HZ0 to give the cor- 
responding isomeric mixture of Cp*Re(C0)2X2 fol- 
lows the same pattern as the reaction of CpRe(CO), 
(Cp = ~5-CsHs) and Br2 trifluoroacetic acid-H,0 
which gave the cis- and truns-CpRe 
(C0)2Br2.5 The two isomers of Cp*Re(CO)ZX2 
could be readily separated by column chro- 
matography and their physical and spectroscopical 
properties are identical to those reported by 
Einstein et al. 3 We found the THF-HZ0 mixture to 
be the more effective solvent for the preparation of 
these compounds since in trifluoroacetic acid the 
reaction of Cp*Re(C0)3 and Br, or I2 stopped when 
the cationic complex [Cp*Re(CO),X]+ was formed. 
Further reaction of the cationic complexes in 
water also leads to the formation of the dicar- 
bonyldihalide compounds but in low yield (cu 
lo%), with the Cp*Re(CO)3 being formed among 
other unidentified products. Despite the low yield 

observed in the above reactions using the isolated 
cationic complex [Cp*Re(CO)3X]+ o<= Br, I), this 
route allowed the preparation of the dichloro com- 
plex cis-Cp*Re(CO)ZC12. The [Cp*Re(CO),Cl] 
[SbCl,] salt was easily prepared in quantitative 
yield, from Cp*Re(C0)3 and SbCl, in CHC13. 
Similarly, the unreported cationic bromo com- 
plex [Cp*Re(CO),Br]+ was prepared from the tri- 
carbonyl complex and Brz in chloroform or tri- 
fluoroacetic acid. The cationic nature of these rhe- 
nium compounds was suggested by their IR spectra 
in solution. The v(C0) absorptions appear above 
2000 cm- ’ and their intensities and positions are in 
good agreement with those observed in the cationic 
complexes [Cp*Re(CO) 31]+ 3 and [CpRe(CO) 3C1]+. 6 
The chloro and bromo cationic complexes are 
yellow, air-sensitive and moderately soluble in 
polar organic solvents such as CHC13, CH&12 
and THF in which they do not survive after 2 
h. They react when dissolved in alcohols to pro- 
duce the alcoxycarbonyl complex, truns-Cp*Re 
(CO),(COOR)(X). 7 The cationic chloro complex 
was somewhat unstable in acetone solution as dem- 
onstrated by the observation of a resonance 
assigned to Cp*Re(C0)3, as well as one assigned to 
[Cp*Re(CO),Cl]+ in the proton NMR spectrum. 

(b) Band assignments 

The observed frequencies and the assignments 
are listed in Tables 1 and 2. The X-ray data3 reveals 
that the overall symmetry of the complexes under 
study is C,. However, it is assumed that the 
vibrational modes for the fragments are almost 
independent of the rest of the molecule. The concept 
of “local symmetry”G’o has been used in the assign- 
ment and interpretation of the spectra. The selec- 
tion rules are taken to be those for the point group 
of the fragment. In this sense, the methyl groups 
were considered as point mass, the Cp* ring was 
assumed to have Dsh symmetry, and the cis- 
Re(CO)*X2 and truns-Re(CO)2X2 moieties C, and 
CZv, respectively. On the other hand, the internal 
vibrations of the methyl groups can be arranged 
into the species of the CZu point group. Such an 
assumption implies that very few combination 
bands ought to result. In fact, it was not necessary 
to explain any combination band in this way. 

The assignment will be considered, under three 
headings : 

(i) The methyl groups. 
(ii) Cp* ring, with methyl groups as point mass. 

(iii) The Re(CO),X, groups and the modes 
involving a movement of the ring against the 
Re(CO)2X2 fragments. 
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Table 1. Observed frequencies in cn- ’ and assignments 
for cis-Cp*Re(CO),X, 

X = Cl 

2995w 
2970w 

Br 

2990w 
2970w 

I Assignment 

2990w 
2965w v(CHW) 

2920m 

201ovs 

192% 

15oOm 
1450 

1385sh 
1380ms 

1085~ 

1030m 
1OlOm 

800w 

600m 

2922m 

2008~s 

1932vs 

1490m 
1460m 

1385sh 
1380ms 

1080~ 

103Om 
1OlOm 

800~ 

595m 

540s 538s 
530sh 530sh 

515sh 
500m 

510sh 
490m 

450w 
420mw I 
370w 
365~ 

440w 450w 
425mw 430w > 

v(ReC)(A’, A”) 

370w 370w 
365~ > 365~ 

Ring-tilt (E,) 

2920m 

2005~s 

1930vs 

1485 
1463m 

1385sh 
1378ms 

1075w 

1030m 
1OlOm 

800~ 

590m 
570vm 

v(CH,W I> 
v(w(~;) 
V(CO)(A”) 

WHJ 

v(ccwl) 

Ring breathing (A’,) 

1 PFH 3) 

v(Ring-Me) 

G(ReCO)(A’) 

540s 
530sh 

G(ReCO)(A’ or A”) 

515sh 
5oOm 
480 

G(ReCO)(A’ or A”) 

340w 

315wm 

285~ 

270~ 
265~~ 

340w 

290w 

270~~ 
25Ovw 

340w v(CMe) 

v(ReC1) 

290wf v(Cp*Re) 

270~~ 
250~~ > y(CMe) 

(i) Methyl group vibrations. For all the molecules, 
bands of medium intensity are observed in the 
3000-2000, 150&1450 and 1050-1000 cm- ’ 
regions, which can be ascribed readily to (A, and E 
species) v(CH,), 6(CH3), and p(CHJ modes, 
respectively, by comparison with the established 
assignments for hexamethylbenzene ’ ’ (methyl- 
cyclopentadienyl)manganese tricarbonyl, l*,’ 3 
dimethylferrocene’ 4 and toluene. ’ 5 

(ii) Ring vibrations. The expected normal modes 
for the CSMeS ring with D5,, local symmetry 
are the following: three stretching C-Me vibra- 
tions, vCMe(A’, + E’, + E;) ; three ring vibrations, 
vCC(A’, + E’, + E’,) ; three out-of-plane CMe bend- 
ing vibrations, GCMe(A;‘+ E’, + E;) ; in-plane ring 
deformation, GCC(E;) and out-of-plane ring defor- 
mations, yCC(E;). However, since the only active 
species in the IR are the E’,, the spectra show few 

bands attributable to ring vibrations. This fact is 
also observed in the IR spectrum of hexa- 
methylbenzene. I4 Thus, a medium strong band at 
1390 cm- ’ which exhibits a shoulder in the solid 
state that may be produced by crystal splitting of 
the degeneracy, is assigned to the CC stretching 
vibration of the E’, species, this normal mode is 
frequently observed for Cp-derivatives in the 1400- 
1500 cm-’ region.16s’7 Furthermore, a similar 
assignment is proposed by Parker et al., l3 while 
Lokshin et al. ‘* in a vibrational study of 
Cp*Re(C0)3, have ascribed to this vibration a band 
at 1420 cm-‘. A weak band near 1080 cn- ’ can be 
assigned to the A’,, ring breathing vibration. In this 
respect, a strong polarized Raman band at 1103 
cm- ’ has been assigned by Lokshin et al. ‘Fq this 
normal mode, taking into account that similar 
assignments have been considered for other Cp- 
derivatives and by comparison with benzene and 
substituted benzenes. The C-Me stretching (E,) is 
placed at 1230 cm- ’ for Q-Me by Parker et al. * 3 

Table 2. Observed frequencies in cm- ’ and assignments 
for trans-Cp*Re(C0)2X2 

X = Br I Assignment 

2990w 
2980w 

2925mw 

202ovs 

197ovs 

1490m 
1460m 1 

1385sh 
1380ms > 

107ow 

103Om 
1OlOmw 1 

800 

62Ovw 

550sh 
535ms 1 

490m 

450w 
4oOm } 

37ovw 
36Ovw 1 

34ovw 

290w 

3000 
2995w 

2980mw 

202ovs 

1970vs 

1490m,br 
1440m 1 

1390m 

1080~ 

1030m 

750m,br 

6OOvw 

540ms 

500m 

460~ 
420m I 

36Ovw 

33ovw 

285wv 

275vw 

235vw 

VU-I d(E) 

VW-I&A 1) 
v(CWA 1) 
vmwB*) 

WH 3) 

@x~;) 

Ring breathing (A;) 

PO-I,) 

v(Ring-Me) 

a(ReCG)(A J 

&ReCG)(A ,, &, BJ 

G(ReCO)(A ,, B, or B,) 

v(ReC)(A , or B,) 

Ring-tilt (E,) 

G(CMe) 

v(Cp*Re) 

v(CW 

S(CReC) 
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However, no band is observed by us in that region. 
A weak band at 800 cm-‘, which is also observed 
in hexamethylbenzene can be tentatively ascribed 
to that normal mode. 

Those vibrations attributed to in-plane G(CMe) 
and out-of-plane y(CMe) bendings are expected 
in the region below 400 cn- ‘. In this respect, 
a weak band at ca 350 cm-’ can be assigned to 
G(CMe) by comparison with the spectrum of 
(MeCSH4)Mn(C0)313 and assignments made for 
toluene15.‘g and dimethylferrocene. I4 The y(CMe) 
bending should appear at lower energy, where we 
have observed weak bands at ca 290,270,250 and 
230 cm-‘. However, in this region we also found 
skeletal modes, so this assignment requires further 
analysis. 

(iii) Skeletal modes. Metal-ring vibrations can be 
ascribed on the basis of Csv symmetry. Three bands 
(A,, E, and E2) are expected, but only the 
A’Cp*-Re stretch and El ring tilt mode are IR 
actives. 

The A, band is reported to be weak and the El 
band, as a rule, is found at higher frequency 
than the A, bands. Otherwise, it has been noted 
that the ring-tilt is shifted to higher energy when 
methyl groups are substituted on the ring. This 
trend is observed in MeCSH4Mn(C0)313 and di- 
methylferrocene. *O Characteristic absorptions as- 
signed to these normal modes have been observed 
at 349 and 327 cm- ’ for CpRe(C0)3, ’ 8 at 372 and 
354 cm-’ for CpMn(C0)321 and at 388 and 354 
cm-’ for MeCSH4Mn(C0)3.‘3 On the other hand, 
these vibrations have been placed at 380 and 360 
cm-’ for CpMo(CO),I and at 370 and 348 cm-’ 
for CpFe(C0)2C1.22 

On the basis of the above data and the outlined 
trends, a weak doublet was assigned to the ring-tilt 
mode, at ca 370 cm- ‘, whereas the very weak band 
at ca 290 cm-’ was tentatively ascribed to the 
Cp*-Re stretching. The low value of this fre- 
quency can be justified by the increased mass of the 
Cp* ring. 

After considering the Cp* ring as a point mass 
the remaining skeletal vibrations can be classified 
on the basis of C, and CzV symmetry for the cis- 
Re(CO)*X* and trans-Re(CO),X* moieties, respec- 
tively. The former group generates 13 vibrational 
modes (8A’+5A”), all allowed in both IR and 
Raman, including the following normal modes: 
vCO(A’ + A”), vReC(A’ + A”), vReX(A’ + A”), 
GCReC(A’), GXReX(A’), GXReC(A’) and 6Re 
C0(2A’+2A”). When the ring is taken into ac- 
count four additional modes can be expected, 
GCp*Re(CO)(A’+A”) and SCp*ReX(A’+A”). On 
the other hand, the trans-Re(CO)2X2 fragment will 

have 13 vibrational modes (6A’+A2+B1+5B2), 
only one of them (A,) is not IR active. The cor- 
responding normal modes are the following: 

VCO(A 1+ B3, vReC(A l + B2), vReX(A I + &), 
aXReX( GCReC(A ‘), GXReX(A ‘), GReCO 
(A, + B3, GReCO(A*) and GReCO(B’). 

The inclusion of the ring in the trans moiety will 
give rise to four additional modes: GCp*ReCO 
(A, + B,) and GCp*ReX(A I + B,). 

CO stretching modes. The bands corresponding 
to these vibrations are the strongest in the spectra of 
the compounds under investigation. It is recognized 
that the presence of weaker x-acids, such as halides, 
should result in an increase in n-bonding to the CO 
group. This should in turn, lead to larger values for 
the CO intensities.23 

The two CO stretching vibrations are found at ca 
2040 and 1965 cm- I and at 2005 and 1930 cm-’ for 
the trans- and c&isomers, respectively. The band 
observed at higher frequency is assigned to the sym- 
metric species. This will always be the case as it 
becomes more difficult to stretch one CO bond 
when the other is also being stretched. 

The higher wavenumber of the trans-isomer in 
comparison to the &-isomer can be understood in 
terms of the increased competition for rhenium d 
electrons between the carbonyl groups when they 
are mutually trans. On the contrary, we would 
expect a larger increase in the occupancy of the two 
x-orbitals (antibonding in nature)24*25 which can 
receive electron density directly from the halogen, 
as in the case of the cis-complexes. Such an effect 
results in a weaker CO bond. 

The more intense of the two absorptions has the 
higher frequency for the c&compounds, while the 
inverse is observed for the trans, the relative inten- 
sities of the two IR absorptions are dependent upon 
the angle 28 between the two CO bonds.23,26 The 
angle values thus obtained enable the cis- and trans- 
isomers of CP*M(CO)~X~ derivatives to be dis- 
tinguished.3 On the other hand, the absorptions 
reported here are lower than those observed in 
CpRe(C0)2X2 by King,6 in agreement with the fact 
that these normal modes are influenced by the num- 
ber of methyl substituents on the aromatic ring. 
This is because such electron releasing groups 
increase the degree of dz-pz-bonding from the 
metal to the CO ligands.13*27 

Re-C stretching modes. The stretching M-C 
modes are usually observed in x-cyclopentadienyl 
carbonyls’**** in the range 450-500 cm-’ and are 
shifted to lower energy in halide derivatives.** 
These bands normally present medium-weak inten- 
sities. We have assigned to these normal modes 
absorptions at ca 445 and 423 cm-’ and at ca 450 
and 400 cm-’ for the cis- and trans-complexes, 
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respectively. In all the cases the band at lower 
wavenumber is stronger than the one at the higher 
frequency. This fact is more noticeable in the trans- 
isomers. 

The shift of the weaker band in the c&complexes 
to higher wavenumber can be justified on the basis 
of n-bonding arguments. Indeed, a CO bonded 
trans to a poorly It-bonding ligand, such as a halide, 
would be in a more favourable position for par- 
ticipating in strong M-C n-bonding than if it was 
trans to another strongly n-bonding CO. This shift 
provides for another distinction between the iso- 
mers and agrees with the stability of the c&isomers. 
The distinction between the symmetric and asym- 
metric species of these normal modes requires either 
more experimental evidence or theoretical con- 
siderations. 

ReCO bending modes. MC0 angle deformations 
are normally found in the 500-700 cm- ’ region for 
compounds of the type CpM(CO),’ 3*22 and in other 
carbonyl complexes.‘6~28-30 As with bands cor- 
responding to CO stretching, they shift to lower 
wavenumbers in halide derivatives. ’ 3*22*3 ’ More- 
over, it has been recognized that these bands are 
stronger and more sensitive to the environment than 
the v(C0). I6 

The characteristic absorptions observed in the 
500-600 cm- ’ range reflect the different structures 
of the cis- and trans-isomers under study. Thus a 
medium-strong band found at 590 cm-’ for cis- 
Cp*Re(C0)2X2 is very weak in the trans-isomers. 
From the selection rules and taking into account 
the correlation between the species of the distinct 
local symmetries, this vibration is considered to 
belong to the A2 (IR inactive) and A’ irreducible 
representations of the C2” and C, point groups, 
respectively. At ca 540 cm-’ we observed a strong 
doublet for the cis-isomers, which appears as two 
overlapping bands in the trans-complexes. Finally, 
at ca 490 cm-’ we find a medium band, which 
shows different features for the two isomers. In cis- 
Cp*Re(CO),X, this band is either broad (X = Cl) 
or it has a shoulder (X = Br, I) while in the trans- 
isomers this vibration is observed as a unique sharp 
band. The different shape observed for this absorp- 
tion can be a consequence of crystal effects. The 
classification of these normal modes into the dis- 
tinct species of the point groups, can not be done 
by only IR arguments. Below 320 cm- ’ the skeletal 
vibrations occur : v(ReC), G(CReC), G(Cp*ReC), 
G(Cp*ReX) and G(XReX), as well as y(CMe) and 
v(ring-Me), the latter being tentatively placed at 290 
cm-‘. 

The R+X stretching frequencies should be the 
strongest of the remaining absorptions. For halo- 
pentacarbonyl, Clark and Crosse32 have assigned 

to the Re-Cl, Re-Br and Re-I stretching modes, 
bands observed at 294, 203 and 163 cn- ‘, respec- 
tively. In our study, the only medium band recorded 
in the low energy region was found at 3 10 cn- ’ in 
the spectra of cis-Cp*Re(CO)2C12. 

This rather broad band would contain both the 
symmetric and asymmetric Re-Cl stretching. 
Since no band of similar intensity was found for the 
rest of the molecules, it is expected that the Re-Br 
and Re-I stretching modes lie outside the limit of 
the Perkin-Elmer instruments used in this work. A 
weak doublet near 270 cm- ’ and a band, also weak, 
observed at 230 cm- ‘, cannot be assigned without 
further theoretical analysis. 

(c) Normal coordinate analysis 

Simplified molecular models. Regarding the com- 
plexity of the systems studied, it is desirable to 
choose simplified models in order to account for 
most of the doubtful experimental assignments, 
which are mainly located in the low energy region. 
Under this premise, these simple models have been 
taken from the cis-Re(CO)2X2 and trans- 
Re(C0)2X2 moieties, including the Cp* ring as a 
point mass. 

Structural data and symmetry considerations. The 
numerical calculation using the GF matrix 
method,33 was carried out for the distinct species of 
the C, and Ctv point groups. The molecular par- 
ameters used in the calculation for cis-Cp*Re- 

(CO)212 and trans-Cp*Re(CO),Br, were those 
found in the X-ray work of Einstein et aL3 These 
parameters were transferred to cis-Cp*Re(CO)2 
Br2 and trans-Cp*Re(C0)212. For cis-Cp*Re 
(CO)2C12 we used most of the structural data given 
in ref. 3, with the exception of the Re-Cl bond 
which was assumed to be equal to the sum of the 
covalent radii. 

Force constants and calculated frequencies. In 
spite of the simple models considered here, the num- 
ber of independent force constants to be determined 
is exceedingly high. For this reason we have per- 
formed the calculation using a modified general 
valence force field approximation (MGVFF), which 
emphasizes the diagonal elements of the sym- 
metrized F matrix. 

The initial values of the valence force constants 
were chosen considering the trends and extreme 
values reported in the literature for related 
molecules. 18,3’,32,34-37 Some of these values have 
been slightly modified to account for the most con- 
fident experimental assignments. The final force 
constants are shown in Table 3. The frequencies 
calculated from these sets are collected in Tables 
4 and 5, where the theoretical assignments of the 
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Table 3. Internal force constants (mdyn A-‘) 
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truns-Cp*Re(C0)2X, cis-Cp*Re(CO),X, 

3.300 
3.050 

250 
1.450 
1.350 
0.150 

15.650 
0.300 
0.250 
0.180 
0.25 
0.280 
0.025 
0.100 
0.300 
0.380 
0.025 
0.080 

3.300 
3.150 

- 0.050 
1.650 
1.550 
1.350 

-0.050 
15.350 
0.325 
0.250 
0.180 
0.025 
0.280 
0.025 
0.100 
0.200 
0.38 
0.025 
0.025 

Table 4. Calculated vibrational frequencies (cm- ‘) and PED for the cis-Cp*Re(CO)2X, 
complexes 

A’ 

symmetry X = Cl X = Br X = I PED“ 

2011 
587 
546 
445 
280 
201 
210 
165 
139 
115 
57 

2008 
585 
543 
446 
283 
107 
180 
150 
130 
105 
53 

A” 
symmetry X = Cl X = Br x=1 PED” 

2010 
583 
545 
445 
281 
200 
160 
146 
125 
98 
50 

91% CO+7% ReC 
99% ReCOl 
72% ReCO+ 12% XReC+9% Cp*ReC 
87% ReC+6% CO 
68% Cp*Re+ 10% ReX+9% XReC 
44% CReC+34% XReC+ 17% Cp*Re 
70% ReX+8% Cp*Re 
42% Cp*ReX+ 30% CReC + 12% XReC 
45% Cp*ReC+26% Cp*ReX+ 10% Rex 
87% XReX+8% Rex 
27% Cp*ReC+24% Cp*ReX+28% XReC 

1944 1942 1943 90% CO+8% ReC 
540 537 535 99% ReCOl 
487 490 485 78% ReCO 
428 430 429 82% ReC+ 12% ReCO 
301 200 176 81% Rex+ 12% CpReX 
125 120 110 51% Cp*ReX+28% Cp*ReC+ 18% ReX 
75 70 65 59% Cp*ReC+36% Cp*ReX 

“PED Values are very similar for the different &-complexes. We show just those cal- 
culated for cis-Cp*Re(CO)J,. 
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Table 5. Calculated vibrational frequencies (cm-‘) and PED for the trans-Cp*Re- 
(CO),X, complexes 

A, symmetry X=Br X=1 PED” 

2028 2025 92% CO+7% ReC 
542 550 91% ReCO+8% Cp*ReC 
451 453 85% ReC+6% CO 
285 280 79% Cp*Re+6% ReC+7% XReX 
186 160 83% ReX+7% Cp*Re 
170 167 89% CReC+9% ReX 
126 120 89% XReX+6% Cp*Re 
95 90 50% Cp*ReC+43% Cp*ReX 
71 60 40% Cp*ReC 53% Cp*ReX + 

A z symmetry 598 100% ReCO 

B, symmetry 1966 1965 92% CO 
530 531 86% ReCO+7% Cp*ReC 
414 412 90% ReC 5% CO + 
220 180 82% Rex-+- 13% Cp*ReX 
151 143 52% Cp*ReX+31% CReX+ 10% Cp*ReC 
96 91 75% Cp*ReC+ 10% CReX+6% ReX 
60 50 55% CReX+34% Cp*ReX+5% Rex 

B, symmetry 489 100% ReCO 

“PED values are very similar for the different trans-complexes. We show just those 
calculated for trans-Cp*Re*(CO)zBr,. 

vibrations from the Potential Energy Distribution 
(PED) are also given. 

DISCUSSION 

The new straightforward method for the prep- 
aration of (pentamethylcyclopentadienyl) dicar- 
bonylrhenium dihalide complexes, Cp*Re(C0)2 
X2, directly from the commercially available 
Cp*Re(CO), shows several advantages compared 
to other methods described in the literature. 3*4 For 
instance, this new method involves only one step, 
higher yields and the formation of the two isomers 
is obtained simultaneously for X = Br and I. As 
expected, the decomposition temperatures, the IR, 
‘H NMR and mass spectra of these complexes are 
identical to those reported by Einstein et al. 3 

The reaction of Cp*Re(CO), with SbCls to give 
the yellow salt [Cp*Re(CO),Cl][SbCl,] occurs anal- 
ogously to the reaction between CpRe(CO), and 
antimony pentachloride described by King.6 Like- 
wise, the synthesis of the bromo cationic compound 
[Cp*Re(CO),Br]+ was carried out under similar 
conditions used for the preparation of the iodo ana- 
logue. 2*3 

The formation of the dicarbonyldihalide com- 
plexes seems to occur through the cationic complex 
[Cp*Re(CO),X]+ which in the presence of water 

(or OH-) undergoes a nucleophilic attack on one 
of the coordinated CO groups, as shown in Scheme 
1. 

A similar nucleophilic attack has been observed 
in the reaction of these cationic complexes in alco- 
hols where the alcoxycarbonyl complexes were 
obtained.7 The decarboxylation of the hydroxy- 
carbonyl complex Cp*Re(CO),(X)(COOH) may 
form the hydridohalide complex Cp*Re(CO)* 
(H)(X) which can react with the excess of X2 (or 
X-) to give the observed products. Major efforts 
are actually in progress to establish the mechanism 
of these reactions. 

Within the framework of the simplified models, 
the MGVFF satisfactorily reproduces the observed 
frequencies with reasonable force constants, which 

HP 
(cp*a@o)A - op*rl8(co).(X)(cooH) 

(or OH‘) 

I 

I - co, 

x, (or x-1 

Scheme 1. 
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reflects the different structures of the molecules. 
Thus, the decreases of the ReC force constant 
observed in trans-Cp*Re(C0)2X2 in comparison 
with cis-Cp*Re(CO)zXz is consistent with the lower 
stability of the former complex.3 These values 
are intermediate to those calculated for 
CpRe(C0)31* and W(CO)636 complexes. The 
different values of the fco obtained for the cis- and 
trans-complexes can be attributed to the difference 
in total 271 CO occupation,24,25 which indicates that 
the truns-carbonyl ligands have a weaker covalent 
bond than the cis-ligand. Approximate force con- 
stants calculated by the classic method of Cotton 
and Kraihanze13’ also account for this difference. 
The larger values of fRec along with somewhat 
smaller values offco suggest a greater metal-ligand 
x-bonding for the complexes studied here, when 
compared with other carbonyl and halocarbonyl 
metal compounds. 

Regarding the Re-X force constants, our values 
are very similar to those calculated by Clark and 
Crosse32 for the series Re(CO),X, on the basis of a 
simple model. On the other hand, the Cp*Re force 
constant used in the present work is the same as 
that calculated in ref. 18. This value appears to be 
the only one reported in the literature. 

With regard to the bending constants, the most 
important from a structural point of view, isfReco. 
The one presented here is in good agreement with 
those reported for the metal-hexacarbonyls.36g37 
This value is also similar to that calculated for 
CO(CO)~NO.~~ 

The remaining force constants are expected to be 
smaller than 0.5 mdyn A- ’ to account for the lower 
related frequencies. The interaction constants are 
all rather small, with the exception of&co. This 
fact has been previously pointed out in ref. 36. 

Comparing Tables 4 and 5, and 1 and 2, we can 
see that the normal coordinate analysis confirms the 
assignments for v(CO), G(ReCO), v(ReC), v(Cp*Re) 
and v(ReCl), and allows us to distinguish among 
the distinct symmetry species of these vibrations. 
Furthermore, the computation was carried out for 
the skeletal vibrations and the results give an 
indirect proof for the assignment of a ring-tilt, 
G(CMe) and v(CMe). On the other hand, the cal- 
culated frequencies for v(ReBr) and v(Re1) are com- 
parable to those reported by Clark and Crosse32 for 
Re(CO),X. 

Finally, it is observed that PED presents strong 
coupling between the low frequency deformation 
modes, G(Cp*ReX) and G(Cp*ReC). 

Acknowledgements-A. Hugo Klahn wishes to express his 
thanks to Prof. Derek Sutton of Simon Fraser University, 
Canada for his continuing support throughout this work. 

Guillermo Diaz thanks the Dire&on de Investigation, 
Universidad de Playa Ancha, (Project CNE 11987) and 
FONDECYT (grant 310). A. Hugo Klahn also acknowl- 
edges Universidad Catolica de Valparaiso (Project 
125.709) and Programa IUPAC/UNESCO de Quimica 
en America Latina (contrato 241.759.7). 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

19. 

20. 

21. 

22. 
23. 

24. 

25. 

26. 

REFERENCES 

J. K. Hoyano and W. A. E. Graham, J. Chem. Sot., 
Chem. Commun. 1982,27. 
A. H. Klahn, Ph.D. Dissertation, Simon Fraser Uni- 
versity (1986). 
F. W. B. Einstein, A. H. Klahn-Oliva, D. Sutton and 
K. G. Tyres, Organometallics 1986,5, 53. 
W. A. Herman, U. Kusthardt, A. Schafer and E. 
Herdtweck, Angew. Chem. Znt. Ed. Engl. 1986, 25, 
817. 
R. B. King and R. H. Reimann, Znorg. Chem. 1976, 
15, 179. 
R. B. King, J. Znorg. Nucl. Chem. 1967,29,2119. 
A. H. Klahn and C. Manzur, XVIII Congreso 
Latinoamericano de Quimica Santiago, Chile (1988). 
F. A. Cotton, A. D. Liehr and G. Wilkinson, J. 
Znorg. Nucl. Chem. 1955, 1, 175. 
H. P. Fritz and J. Manchot, Spectrochim. Acta 1962, 
18, 171. 
R. T. Bailez and E. R. Lippincott, Spectrochim. Acta 
1958, 10, 307. 
N. D. Colthop, L. H. Daly and S. E. Wiberlez, 
Introduction to Infrared and Raman Spectroscopy. 
Academic Press, New York (1964). 
D. M. Adams and A. Squire, J. Organometal. Chem. 
1973, 63, 381. 
D. J. Parker and M. H. B. Stiddard, J. Chem. Sot. 
A 1970, 1040. 
R. T. Bailey and E. R. Lippincott, Spectrochim. Acta 
1965,21, 389. 
J. K. Wilmshurst and H. J. Bernstein, Can. J. Chem. 
1957,35, 911. 
I. J. Hyams, R. T. Bailey and E. R. Lippincott, 
Spectrochim. Acta 1967,23A, 273. 
H. P. Fritz, Adv. Organometal. Chem. 1964,1,239. 
B. V. Lokshin, Z. S. Kleemkova and Yu. V. 
Makarov, Spectrochim. Acta 1972,28A, 2206. 
R. H. Silverstein, G. C. Bassler and T. C. Morril, 
Spectrometric Zdentljication of Organic Compounds. 
John Wiley, New York (1974). 
N. Fuson, C. Garrion-Lagrange and M. N. Josien, 
Spectrochim. Acta 1960,16, 106. 
D. J. Parker, Ph.D. Thesis, University of London 
(1968). 
D. J. Parker, J. Chem. Sot. A 1970, 1382. 
T. L. Brown and D. J. Darensbourg, Znorg. Chem. 
1967,6,971. 
M. B. Hall and R. F. Fenske, Znorg. Chem. 1972,11, 
1619. 
R. F. Fenske and R. L. Dekock, Znorg. Chem. 1970, 
9, 1053. 
W. Beck, A. Melmkott and R. Stahl, Chem. Ber. 
1966,99,3721. 



2752 G. DfAZ et al. 

27. F. Calderazzo, Inorg. Gem. 1965,4,223. 
28. D. M. Adams, J. Chem. Sot. A 1964, 1771. 
29. G. Davidson and D. C. Andrews, J. Chem. Sot., 

Dalton Trans. 1972, 126. 

34. V. Devarajan and S. J. Cyvin, Acta Chem. Stand. 
1972,2&l. 

35. S. J. Cyvin, J. Brunvoll and L. Schafer, J. Gem. 
Phys. 1971,54,1517. 

30. I. J. Hyams and E. R. Lippincott, Spectrochim. Acta 
1972,28A, 1741. 

31. I. J. Hyams, D. Jones and E. R. Lippincott, J. Chem. 
Sot. A 1967, 1987. 

36. L. H. Jones, R. S. McDowell and M. Goldblatt, 
Inorg. Chem. 1969,8,2349. 

37. K. Kawai and H. Murata, Bull. Chem. Sot. Japan 
1960,33, 1008. 

32. R. J. H. Clark and B. C. Crosse, J. Chem. Sot. A 38. F. A. Cotton and C. S. Kraihanzel, J. Am. Chem. 
1969,224. Sot. 1962,84,4432. 

33. E. B. Wilson Jr., J. C. Decius and P. C. Cross, Molec- 
ular &rations. McGraw-Hill, New York (1955). 

39. L. H. Jones, R. S. McDowell and B. I. Swanson, J. 
Chem. Phys. 1973,58,3757. 



Polyhedron Vol. 7, No. 24, pp. 27532759, 1988 
Printed in Great Britain 

0277-5387/H S3.00+.00 
0 1988 Pergamon Press plc 

KINETICS AND MECHANISM OF THE REACTION BETWEEN 
SILVER(III) AND THIOUREA IN AQUEOUS ALKALINE MEDIA 

LOUIS J. IURSCHENRAUM* and RAM4 K. PANDA? 

Department of Chemistry, University of Rhode Island, Kingston, RI 0288 1, U.S.A. 

(Received 25 April 1988 ; accepted 8 June 1988) 

Abstract-The tetrahydroxoargentate(II1) ion, Ag(OH);, is rapidly reduced by thiourea 
(tu) in accordance with the three term rate law 

rate = (k, +(k,+k,[OH-])[tu])[Ag”‘] 

where k, = 1.08 s-l, k2 = 1.46 x lo3 M-’ s-‘, and k3 = 2.02 x lo3 Mm2 s-‘. The k, path 
occurs via the rate-determining aquation of Ag(OH); while the other two paths involve 
axial attack of thiourea on silver. The higher values of k2 and k3 compared to the ethy- 
lenediamine reaction, which obeys the same rate law, is a reflection of the greater nucleo- 
philicity of tu. 

Following the redox reaction, solutions become brown in a reaction that obeys pseudo- 
first-order kinetics. Similar behaviour is observed when tu is replaced by Na,S or thio- 
acetamide and when Ag’ reacts with any of these sulphur containing compounds. We attri- 
bute this process to the Ag’ promoted formation of sulphide species which eventually 
precipitate as Ag,S. 
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Silver(II1) can be stabilized as the Ag(OH); ion in 
highly alkaline media. ’ We have studied”7 the kin- 
etics of a number of reactions of Ag”’ and find that 
a normal pattern of redox reactivity with simple 
substrates involves nucleophilic attack of the reduc- 
ing agent on the silver centre which may or may not 
result in actual replacement of a bound hydroxyl. 
In some cases,2*3 we have been able to identify tran- 
sient Ag”‘-substrate complexes, and in others, the 
form of the rate law has led to the conclusion that 
redox occurs within a five-coordinate intermedi- 
ate.“6 For the systems so far studied, we have noted 
a qualitative trend in the reactivity which parallels 
the nucleophilicity of the reducing substrate 
towards other square planar d8 transition metal 
ions. 2 

In the case of the thiosulphate ion, which has a 
nucleophilic reactivity constant,8 n$, of 7.34, both 
four- and five-coordinate intermediates participate 
in the redox reaction, with substitution occurring 
only in the hydrolysed silver(II1) species.’ For the 

*Author to whom correspondence should be addressed. 
t On leave from Berhampur University, Berhampur, 

India. 

much slower reaction of ethylenediamine, nit = 
3.85, pre-equilibrium formation of both types of 
intermediates was also suggested.4 

Thiourea (tu) has a nucleophilicity towards plati- 
num (7.17) similar to that of thiosulphate as well as 
the same potential donor atom, sulphur. We have 
studied the reaction of Ag(OH); with tu with a 
view to making comparisons with mechanisms and 
relative rates. We find that silver(II1) is, indeed, 
rapidly reduced by thiourea. During the course 
of this work we have observed that, in the strongly 
basic solution required for Ag’r’ stabilization, the 
metal reduction product Ag’ mediates the 
alkaline hydrolysis of thiourea. 

EXPERIMENTAL 

Solutions of Ag(OH); were prepared in 1.2 M 
NaOH by electrolysis of a silver foil anode. The 
procedure was as previously described’ except that 
the platinum wire cathode was replaced by a silver 
foil ; the larger surface area of the cathode elim- 
inates possible problems associated with localized 
gas evolution. Thiourea (Matheson) solutions were 
freshly prepared before each run in the appropriate 
concentration of base to prevent any slow alkaline 
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hydrolysis. NaClO, solutions for ionic strength 
adjustment were prepared from HC104 and low 
carbonate NaOH. Thioacetamide (tam) and 
sodium sulphide solutions were freshly prepared 
from reagent grade solids (Fisher). The Na,S - 
9H20 was washed before use to remove surface 
impurities due to air oxidation. 

Kinetic experiments were performed by stopped- 
flow spectrophotometry using an An&co-Morrow 
stopped-flow assembly interfaced to a Tandy TRS- 
80 microcomputer through a Starbuck Data Co. 
A/D Converter. Disappearance of the silver(II1) 
absorbance (peak at 267 nm) was monitored at 280 
nm to minimize background interference due to the 
substrates. All kinetic data reported here represent 
the average of at least three replicate runs per- 
formed at 25 + 0.1 “C and 1.2 M ionic strength. Uv- 
vis. spectra were recorded on a Cary Model 15 
spectrophotometer. Electron paramagnetic res- 
onance (EPR) experiments were performed on a 
Brucker ER 200 spectrometer after rapid freezing 
(in liquid NJ of reaction mixtures. 

RESULTS 

When basic solutions of Ag(OH)g and tu are 
mixed, the light yellow colour of silver(II1) is rapidly 
converted to a clear brown. The spectrum of the 
product displays a very broad absorption in the 
visible which persists for about an hour when 
[Ag],, < 2 x 10e4 M. At longer times a yellow- 
brown/black precipitate appears. The brown colour 
of the product solution is not discharged by acidi- 
fication (pH N 0). Product solutions are EPR silent 
indicating that the metal is in the + 1 oxidation 
state. 

KINETICS OF SILVER(W) 
REDUCTION BY THIOUREA 

Upon mixing in the stopped-flow apparatus, 
there is a rapid decrease in absorbance in the 260- 
300 nm region, and a slower absorbance increase at 
300-400 nm. The biphasic nature of the overall 
reaction is demonstrated in Fig. 1. Kinetic data for 
the two processes were collected at 280 and 350 nm, 
respectively. 

The kinetics of silver(II1) disappearance at 280 
nm were found to be pseudo-first-order over 4-5 
half-lives for the range 1 x lop5 < [Ag(OH);] $ 
1.1 x lop4 M with at least a ten-fold excess of the 
substrate. Average values of the observed rate con- 
stant, kred (generally reproducible to within 5%) are 
listed in Table 1 for [tu] = 5 x 10-4_0.01 M and 

*Silver(I) exists as Ag(OH),(OH); in strongly 
aqueous alkaline solutions. 

I 
TIME 

Fig. 1. Stopped-flow traces of the silver(III)--thiourea 
reaction at various wavelengths. [Ag(OH);] = 1.3 x 10e4 
M, [tu] = 5 x lo-“ M. Monitoring at 10 nm intervals 
from 350 nm (top curve) to 280 nm (bottom curve after 
first 200 ms). Transmittance scale is arbitrary and differ- 
ent for each trace. Note distinct biphasic behaviour at 
intermediate wavelengths. Most experiments were at 
higher [tu] and, hence, gave greater time separation for 

the two reactions. 

[OH-] = 0.12-1.2 M. The value of k,&. increases 
with increasing concentrations of both tu and OH- 
and obeys the empirical expression given by eq. (1). 

k,d. = A + (B + CIOH -])[tul. (1) 

A non-linear least-squares fit of the data in Table 1 
yields the parameters : A = (1.08 + 0.17) s- ‘, B = 
(1.46+0.04)x lo3 M-’ s-l and C = (2.02f 
0.05) x lo3 M-’ s-‘. There is good agreement 
between the experimental and calculated kred. val- 
ues, when the latter was estimated using the above 
parameters. 

PRODUCT FORMATION 

The rate of formation of the coloured product at 
350 nm in the silver(III)-tu reaction is also pseudo- 
first-order, but the observed rate constant kAg”t 
has a [tu] dependence which reaches a maximum 
and then decreases at higher concentrations. This 
behaviour is demonstrated in Fig. 2. The value of 
&III is independent of the initial [Ag”‘] and de- 
pendent on [OH-] only in the decreasing portion 
of the [tu] plot. When the starting reactants are 
Ag(OH); and tu, the rate exhibits a similar pat- 
tern, but the pseudo-first-order rate constant in this 
case, kAgr, is different from the above-mentioned 
k,+p under identical conditions. Table 2 lists repre- 
sentative values for these sets along with those ob- 
tained using the other substrates (viz. tam and S2-). 

In order to establish the identity and origin of 
the brown product, a series of comparative experi- 
ments were performed with silver(I)* (which has a 
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Table 1. Pseudo-first-order rate constants for the re- Table 2. Pseudo-first-order constants for the 350 nm 
duction of silver(II1) (k& at 280 mn. 25°C p = 1.2 M absorbance increase. 25°C p = [OH-] = 1.2 M 

k,.(calc.) 103[J4 CM) k,+p (s- ‘) krt,I (s- 9 
- kc+. (s- ‘) (s- 9 

L = tu 

0.5 L = tu 

1.2 0.5 
1.0 
5.0 

10 

0.6 0.5 
1.0 
5.0 

10 

0.3 0.5 
1.0 
5.0 

10 

0.12 0.5 
1.0 
5.0 

10 

L=tam 

3.07 (3.1)” 3.02 
5.08 (5.0) 4.96 

21.1 20.5 
39.2 39.9 

2.58 2.42 
4.2 3.75 

15.1 14.4 
28.0 27.8 

2.14 2:12 
2.90 3.24 

11.4 11.4 
22.1 21.7 

1.63 1.93 
2.23 2.78 
8.84 9.59 

17.9 18.1 

1.0 

5.0 
10 
50 

100 

L=tam 

0.5 

1.0 

L = p- 

0.5 

1.0 

1.30 3.30 
1.336 3.32’ 

(2.11)” 2.47 6.35 
2.83’ 6.32’ 

(8.62) 8.80 25.1 
(9.32) 9.60 32.0 
(1.15) 5.56 2.45 
(0.30) 1.05 0.73 

1.33 3.32 
1.29’ 3.2ob 
2.83 6.32 
3.09” 6.56’ 

1.35 66.8’ 3.39 
1.306 66.16,’ 3.716 
2.64 123’ 6.42 
2.80b 12Sb.’ 6.56’ 

1.2 0.5 155 (154) 
1.0 260 (263) “(In parentheses) [OH-] = 0.12 M. 

’ Deaerated conditions. 
0 Under deaerated conditions. ‘Corresponding to initial absorbance increase. 

solubility of about 2 x 10e4 M in 1.2 M NaOH) in two organic substrates, there was a decrease in the 
place of Ag(OH); with thioacetamide and sodium characteristic W absorbance maxima (233 mn for 
sulphide as potential sulphur donors. For all six tu9*” and 256 nm for tam) which corresponds to 
combinations of the two metal ions with the three approximately two moles of tu or tam per mole of 
substrates, the same product was observed. For the silver. These spectra show a new band at 228 nm 

Fig. 2. Observed first-order rate constants for 350 mn absorbance increase. Total silver concentration 
is N 1 x 10d4 M. (x) silver(II1) at 0.12 M OH-; (0) silver(II1) at 1.2 M OH-; (a) silver(I) at 

1.2 M OH-. 



2756 L. J. KIRSCHENBAUM and R. K. PANDA 

which is identical to the peak observed for alkaline 
solutions of Na$. ’ l-l* In a continuous variations 
study of the Ag(OH);-tu system, we found only 
minor spectral changes above a tu : metal ratio of 
2 : 1. Thus, in view of the absence of acid-base 
reversibility, we conclude that the brown product is 
a colloidal form of silver(I) sulphide or a polymeric 
precursor. The colloidal nature of the product is 
consistent with the very broad visible absorbance. 

DISCUSSION 

The kinetic data for the reduction of Ag”’ by tu 
are consistent with a sequence presented in eqs (2)- 

(5). 

Ag(OH); + Hz0 L -Ag(OH)sOHz+OH- (2) 
k-1 

[OH-] range (e.g., ca 0.1-12 M), and no other spe- 
cies of any stoichiometric significance has been 
noticed in the absence of other complexing agents. ’ 
In the present study, therefore, the [OH-] depen- 
dent term cannot be traced to speciation change in 
the initial reactant Ag(OH);. 

For the reduction involving the Ag(OH);, an 
inverse dependence of rate on [OH-] would be 
expected if the reaction involved a reversible ligand 
displacement prior to electron transfer, while a 
[OH-] independent would result if the redox was 
either preceded by a rate-determining ligand (OH-) 
replacement or was a simple bimolecular process. 
Since a distinct [OH-] dependence has been ob- 
served, neither of the above possibilities appears 
to be important in the k3 path (vi& injkz). On the 
other hand, if OH- interacts with a five-coordinate 
intermediate to bring about the electron transfer, 
eq. (7) can be written. 

Ho OH- 

‘Ad 
KC 

+ tu td 
OH’-, ky> 

Products (7) 
/ \ 

tie OH 

Ag(OH);+tu k, -1 (3) 

Ag(OH); + tu+ OH-A ---+ products. (4) 

Ag(OH)30H,+ tu+ - (5) 

If the magnitude of the formation constant of the 
five-coordinate intermediate, &, is small, then the 
[OH-] dependent term of the rate law (6) works out 
as in eq. (8). 

k3 = (k&)/(1 +%[W - (k,Q (8) 
for the reaction conditions employed. 

A rate law that can be derived from eqs (2)-(5) is as 
in eq. (6), assuming that k, << k_ ,[OH-] << k4[tu]. 

kred. = kl +k,[tu]+k,[tu][OH-1. (6) 

This is identical to the empirical rate law (1) where 
k, = A, k2 = B and k3 = C. 

The mechanism shown envisages that the re- 
duction of Ag”’ proceeds by the attack of tu, 
in [OH-] dependent and independent paths, on 
the tetrahydroxoargentate(II1) and the hydrolysed 
trihydroxomonoaquaargentate(II1) species. The 
reduction rate is limited (at low [tu] and [OH-]) 
by the aquation rate constant (k,). Although the 
kinetic data for the Ag”’ reduction have been 
plausibly explained in terms of the rate law (6) and 
the reaction sequence (2)-(5), several mechanistic 
implications need consideration. 

Silver(II1) reduction by tu resembles that by ethy- 
lenediamine (en) where a rate law identical to eq. (6) 
was obtained. The average values for en were:4 
k, = 0.6 s-‘, k2 = 32.2 M-l s-’ and k3 = 26.6 
M- * s- I. The rate constant for the aquation of 
Ag(OH); (k,) has been found to be N 1 s- ‘, (i.e. 
N 0.6-2.5 s-‘) in several reaction systems.2-4,6 
Since deprotonation of free en would require a 
value of k3 above the diffusion-limit, we took the 
k3 step as definitive evidence for the reaction 
taking place within a five-coordinate intermediate 
while suggesting that the k, and kZ steps in- 
volved the formation of a four-coordinate en 
complex (by “solvent paths”), even though 
there was no direct evidence for OH- replacement.4 
In other redox systems involving Ag”‘, the forma- 
tion of a true four-coordinate intermediate has 
since been observed.*x3 

The third-order term containing [OH-] cannot We note that the ratios of rate constants, kt,/ke,, 
be a termolecular process because the reduction for the two systems are similar (45 and 80, res- 
proceeds with considerable ease. The oxidant has pectively) for both the k, and k3 paths, indicating 
been found to exist only as the Ag(OH); species in common mechanisms for both substrates. The 
alkaline solutions as evidenced from a lack of spec- larger rates for tu are in line with its higher nu- 
tral, kinetic and stoichiometry changes in a wide cleophilicity. This lends additional credence to the 
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involvement of an axially bound tu (or en) with 
subsequent attack by OH- [eq. (7)] rather than the 
kinetically equivalent alternative in which first the 
hydroxyl and then the reductant react in the k3 
path.4 The involvement of deprotonated thiourea 
species has been suggested’ 3 in the electrochemical 
oxidation of tu at a platinum electrode. However, 
there seems to be no evidence for stoichiometric 
amounts of such species. 

peptidesr4 and dioximes’5 are also oxidized by sil- 
ver(II1) after formation of (characterizable chelate) 
complexes. Ag(OH); reactions in which there is 
strong evidence for the k, path include HOF,~ tu 
and en (third-order path), thiosulphate and ar- 
senite.5 More studies are being conducted to sub- 
stantiate this general mechanism of reduction. 

The similarity of k, for the tu and en (as well as 
other) systems seems a clear indication that the 
formation of Ag(OH),(H,O) is rate-determining 
for that path. In the reaction of Ag”’ with HOF,~ 
redox clearly occurs (only) in a five-coordinate 
intermediate. For the thiosulphate reaction, redox 
occurs both in four- and five-coordinate inter- 
mediates with the latter being especially sensitive to 
attack by a second S@- ion. Oxidation of the 
azide ion by silver(II1) requires substitution of two 
hydroxyls by the reductant before electron transfer 
can occur. In light of this diversity of behaviour 
and the absence of corroborating information, we 
cannot determine whether or not tu (or en) actually 
forms a true four-coordinate Ag”’ complex prior to 
electron transfer in the kl and k2 paths. 

Thiourea is known to undergo one-electron 
transfer(s) to produce the thiourea radical which 
very rapidly dimerizes to give formamidine disul- 
ph;de. 9,-I 0, i 6 The redox potential 

nN 
\ iNH2 

c-s-s-c 
/ \ 

H2N Nn 

2 tu/formamidine disulphide is 

A qualitative comparison of mechanisms of Ag”’ 
reduction by several reductants can now be 
attempted in terms of a general scheme involving 
the Ag(OH); species (Scheme 1). 

For cases where the electron-transfer step (k,) 

is relatively slow, the five-coordinate intermediate 
may rearrange to a four-coordinate complex with 
water or OH- loss prior to electron-transfer by the 
kb route. For the azide ion3 and for the thiosulphate 
at low ligand concentrations,’ kb is rate-determining 
and, thus, this behaviour is clearly observed. Nitro- 
gen-donor ligands, including anions of poly- 

ca -0.42 V.” That tu is not involved in a one- 
electron redox mechanism is borne out by the 
fact that the rate of Ag”’ reduction by tu is too low 
when compared to those by other established one- 
electron reducing agents,7 such as MnO:-, 
Fe(CN)$-, W(CN):- and Mo(CN)i-. The lack of 
an EPR signal rules out the formation of a dis- 
cernible, paramagnetic species. Furthermore, the 
rates of the Ag”’ reduction (as well as those for 
the 350 mn absorbance increase) remain unaltered 
when the reactions are carried out in a deaerated 
atmosphere (c.f. Tables 1 and 2) suggesting that 
no stable radical species is formed to participate 
in radical-induction reactions. Therefore, Ag”’ 
appears to be reduced to Ag’ without the pro- 
duction of any discernible Ag” and/or radical inter- 
mediates. Although the primary product of oxi- 
dation of tu by Ag”’ could not be detected in the 
present study (because of the subsequent reactions 

+ L*- rK_, 

L 
m : y (n+l)- 

\ I/ 

11 

?\ 
Ho OH 

for the couple, 

reported to be 

x, k, 
> products 

x, k,, 

-> products 

Scheme 1. X = H20, OH- or L”- ; y = OH- or H,O. 
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as observed by the 350 nm absorbance increase), 
formamidine disulphide, which has been identified 
in many reactions in acid,‘,” as well as alkaline 
solutions, ’ 7 is likely to be formed. Formamidine 
disulphide is also obtained as the primary product 
of oxidation of thiourea when two-electron oxi- 
dants are employed. The loss of two electrons from 
tu, which normally has a zwiterionic structure 
results in an electron deficient sulphur centre 

which is very rapidly attacked by another unit of 
tu to produce the disulphide. ’ 7 

Sulphenic acid, HOSC(=NH)(NH,), has re- 
cently been postulated’8 as an alternative to the 
disulphide as the two-electron intermediate in the 
oxidation of tu to sulphate by excess bromine at 
pH < 2. Under these conditions, the tu sulphur is 
protonated and this is thought to prevent dimer 
formation. In contrast, the large excesses of (neu- 
tral) tu in our study would favour the formation 
of formamidine disulphide. Sulphenic acid (or a 
mixture of products) cannot be ruled out, however, 
since it could be formed by reaction of the electron 
deficient sulphur intermediate with hydroxide. The 
second-order substrate dependence, which sup- 
ported the formation of tetrathionate in the Ag”’ 
thiosulphate reaction, * is absent in this case. 
Although both of the possible products hydrolyse 
to urea and elemental sulphur,g*‘O the predominant 
absorbing/scattering species subsequent to redox 
appear to involve reduced sulphide species. 

The production of the brown product, following 
the reduction of AgIn, that we have taken to be a 
precursor to solid Ag,S, has provided some inter- 
esting observations which are not fully understood. 
The kinetics, including [OH-] dependence, as well 
as the spectral observations, show qualitative simi- 
larities, whether the starting material is Ag”’ or Ag’, 
and when tam or the sulphide ion are substituted 
for tu (Fig. 2). The initial rapid reaction in the case 
of Ag’ and S2- is probably due to the replacement 
of hydroxyl on Ag(OH), by one or more S2- units. 
Silver(I) is known to bring about the hydrolysis of 
tu (to S*- and urea) in basic solutions.12b Indeed, 
in a recent electrochemical study, thiourea was seen 
to hydrolyse to Ag,S at low potential at a silver 
electrode. lg 

The rate constants in Table 2 are presumably not 
those for the hydrolysis reaction since the rates are 
similar even when the reactant is simply the S*- ion. 
The somewhat lower rates observed in the reactions 

when the starting reactant is Ag”’ may reflect an 
initial interaction between the Ag’ product and the 
oxidized substrate. The observation that an Ag : tu 
(or Ag : tam) ratio of 1: 2 (rather than 1: 0.5) is 
required for saturation of the 350 nm absorbance 
may indicate that two sulphur units are bound to 
each silver in a precursor to the final Ag2S product. 

Finally, the very fact that the observed kinetics 
are first-order in absorbance increase suggests that 
the rate is controlled by a homogeneous rather than 
a heterogeneous process. Kinetic studies of rapid 
nucleation from homogeneous solutions are scarce 
and not well understood. Thus, we are unable to 
make a detailed mechanistic analysis of the for- 
mation of colloidal silver sulphide. 
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Abstract-Complexes of the potassium monoethyl ester of [~-(4-b~~ene~oanilino)-N- 
benzyl]phosphonic acid, [ol-(4-benzeneazoanilino)-No-hydroxybenzyc acid 
and [~-{4-~~n~oanilino~N-~methoxybe~l]phospho~c acid with dibenzo-l&crown-6 
and dibe~o-24-~ro~-8 have been studied. The new complexes were identified and 
characterized on the basis of elemental and thermogravimetric analysis, conductivity 
me~~ements, and UV, IR and ‘H NMR spectra. The results obtained were compared 
with those obtained for the corresponding sodium monoalkyl benzeneazophosphonate 
complexes. It has been observed that the formation of salt complexes is controlled by a 
combination of factors, inclu~ng the metal cation size in relation to the polyether hole, 
size and charge density of the anion, as well as the choice of the reaction solvent. 

Much interest has been directed towards the chemi- 
cal and biological applications of the macrocyclic 
polyethers as a result of their ability to form com- 
plexes with alkali metals, especially sodium and 
potassium. Macrocyclic polyethers resemble the 
biolo~cally important transport agents, such as the 
more complex naturally occurring macrocyclic anti- 
biotics, which are known to make cell membranes 
selectively permeable to alkali cations.‘*2 The rate 
of cation transport is significantly influenced by the 
nature of the anion which a~ornp~i~ the cation- 
macrocyclic polyether complex. 3 Therefore, 
increasing interest has been developed in obtaining 
info~ation on complex formation with salts of 
organic anions because of their relevance to natural 
systems. The chelating anions mostly used were 
those derived from nitrophenols and nitro-, 
hydroxy- and aminobenzoic acids.4-9 

We recently reported investigations which dealt 
with macrocyclic polyether complexes with sodium 
salts of monoalkyl esters of some benzeneazophos- 
phonic acids. “3 ’ ’ In this paper we extend this study 
to the potassium complexes. A series of new com- 
plexes between potassium monoethyl benzene- 
azophosphonates (KX,-KX3) and dibenzo-18- 

*Author to whom correspondence should be addressed. 

crown-6 (DB18C6) and dibenzo-24crown-8 
(DB24C8) have been synthesized and characterized. 

Salt R 

EXPERIMENTAL 

A4aterials 

Dibenzo- I8-crown-6 (DB 18C6, the trivial name 
for 6,7,9,10,17,18,20,21-octahydrodibenzo [b,k] 
[ 1,4,7,10,13,16] hexaoxacyclooctadecin) and di- 
benzo-24-crown-8 (DB24C8, the trivial name for 
6,7,9,10,12,13,20,21,23,24,26,27 - dodecahydrodi - 
benzo fb,n] [1,4,7,10,13,16,19,22] octaoxacyclotetra- 
cosin) prepared as previously described,” 2 were 
purified by repeated recrystallizations from the 
appropriate solvents, DB18C6 from acetone and 
DB24C8 from methanol. 

Monoethyl esters of [a-(4”benzeneazoanilino(-N- 
ben~l]phosphoni~ acid,13 [a-(4-~nzene~oanil- 
ino)-N-4-hydroxybenzyllphosphonic acidi and [ol- 

2761 
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{4 - benzeneazoanilino) - N- 4 - methoxy~nzyl]phos- 
phonic acid ’ 4 required for the preparation of 
the corresponding potassium salts were prepared 
and purified according to the literature cited. 

Analytical grade solvents were used for the prep- 
aration of the salt complexes. The pu~~cation of 
methanol was carried out by the published 
method15 in order to obtain a solvent suitable for 
conducts m~s~ements. 

Potassium salts of monoe~yl be~ne~ophos- 
phonates (KX,-KX,) were prepared by mixing 
an equimolar amount of the monoe~yl ester and 
po~ssium hydroxide in absolute ethanol at the 
ambient temperature for 4-6 h. After evaporation 
of the solvent, the yellow~range po~sium salts 
were isolated and recrystallized twice from absolute 
ethanol. Although all the potassium monoethyl 
~nze~e~ophosphonates were hy~oscopic com- 
Pounds, after drying in uacuo by heating to about 
5O’C for 8 h they were obtained anhy~ous. 

Reactions were in general carried out by dis- 
solving an equimolar amount of macrocyclic poly- 
ether and the potassium salt of the rnon~~yl ester of 
~nzene~ophosphoni~ acid in acetonitrile or etha- 
nol and boiling under rellux for 3-6 h with vigorous 
stirring. The clear hot solution was filtered and 
allowed to stand at room tem~rature. The com- 
plex was gradually formed by removal of solvent. 
The crystalline pr~ipitate was filtered off, and 
recrystallized from the reaction solvent. The com- 
plexes obtained were hygroscopic compounds as 
were the free potassium ~~neazophosphonates, 
but after drying under high vacuum for several 
hours at 50°C they became anhydrous. 

Physical measurements and analysis 

Melting points were dete~ined using hot-stage 
(~36O*C) microscopy and are uncorrected. UV 
spectra were obtained in me~ano~c solutions with 
a Perki~-bier 124 s~trophotometer. IR spectra 
were recorded on KBr pellets and Nujol mulls in 
the region 4000-200 cm- ’ using a Perkin-Elmer 
580B s~~ophotometer. ‘H NMR spectra were 
obtained with a JEOL FX9OQ Fourier transform 
NMR spectrometer in deutero~hlorofo~ solutions 
with tetr~ethylsilane as the internal standard 
using a sweep width of 1200 Hz. Conductivity 
measurements were performed in methanol using a 
CD 7A Tacussel ~nducti~ty bridge. The solutions 

were the~ostated at 25 f 0.02”C in a double water 
bath and stirred by means of a magnetic stirrer. The 
procedure of meas~ng and calculation of equi- 
valent ~nductan~ at infinite dilution and ion-pair 
dissociation constants of free potassium salts and 
their complexes was the same as described 
elsewhere,g using the expanded form of the Fuoss- 
Hsia conductance equation. 

Chemical analyses were obtained from the 
Microanaly~~al Laboratory of the Institute 
Rudjer BoSkovi& The~ogmvimet~c analyses 
were carried out with a Cahn RG el~tro~cro 
balance applying a heating rate of 2°C min- * in an 
atmosphere of static air. 

RESULTS AIW DISCUSSION 

Physical propeties, ~alyti~l and conductance 
data of potassium monoethyl benzeneazophos- 
phonates and their complexes with DBlSC6 and 
DB24C8 are given in Table 1. Their spectral data 
are summarized in Tables 2 and 3. The potassium 
salts (KXi-KX3) as new compounds were prepared 
from the monoethyl ~~e~eazophosphonates 
by reaction with potassium hydroxide, which was 
a more convenient synthesis than that used for 
the preparation of the co~esponding sodium 
salts by the alkaline hydrolysis of diethyl benzene- 
azophosphonat~.13,~4 Potassi~ ~nzene~ophos- 
phonates have subs~ntially lower melting points 
than the corresponding sodium salts and are 
much more soluble in common organic solvents. 
It was shown that when the solubility of the 
alkali metal salt is reduced, as in the case of sodium 
benzene~ophosphonates,” the role of solvent 
becomes a more important factor in complexation 
with macrocyclic polyethers. Thus, in the reaction 
of DBl8C6 and DB24C8 with all potassium 
~n~ne~ophospho~ates, the complexes are 
obtained from acetonitrile in good yields, whereas 
with the sodium salts, in some cases only the unre- 
acted starting materials crystallize on cooling the 
reaction mixture. Furthermore, those sodium salt 
complexes obtained from acetonitrile, decompose 
when recrystallized. In contrast, all potassium salt 
complexes could be recrystallized from the reaction 
solvent. The failure to isolate the metal salt com- 
plexes from alcoholic solutions can be attributed to 
the strong hydrogen bonding between the anion or 
cation and the synthesis media. 

DB18C6 and DB24C8 form 1: X complexes both 
with sodium and potassium salts. The potassium 
ion (ionic diameter 2.66 A) and, of course, the 
smaller sodium ion should fit well into the hole 
of the IS-membered polyether ring (2.6-3.2 A 
diameter)~~ with the anion and solvent molecules 
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Table 1. Analytical and physical data of potassium ~nzene~ophosphonates and their complexes with macrocyclic 
polyethers 

Compound 
Reaction M.p. 
solvent (“C) c 

Limiting 
Found (talc.) (%) condwtance” 

H N P K (St- * cm* mol- ‘) 

=1 

K(DB18C6)XI 

K(DB24CI)X, 

KX2 

K(DB18C6)X2 

K(DB24CS)X, 

KX3 

K(DB18C6)X3 

K(DB24C8)Xp 

EtOH 184-186 58.0 7.3 103.8 
(58.2) (7.1) 83, (97.7) 

MeCN 139-141 61.8 68.1 
(62.0) (Z) (Z) (::6 (Z) (65.8) 

MeCN 89-w) 61.5 
(:::, ;::) (Z) (:::) 

74.2 
(61.3) (72.4) 

EtOH 140-142 55.9 
(56.1) (Z) & & b:;) 

102.5 
(96.4) 

EtOH, 125-127 61.0 
MeCN (60.8) (Z) (::;) ,‘::, (Z) 

66.4. 

(64.8) 
EtOH, 100-102 60.2 
MeCN (60.2) (Z) (::;) (:::) (Z) 

72.1 
(70.2) 

EtOH 156-157 57.3 
(::;) & ($ (& 

101.1 
(57.0) (95.6) 

MeCN 126127 61.0 
(61.2) (Z) (::Y) :::) (Y) 

65.1 

(63.7) 
MeCN 89-90 60.3 

(60.6) (Z) (Z) (::h (Z) 
70.4 
(68.8) 

“In methanol at 25°C. Data for the ~~espon~ng sodium compounds are given in parentheses for comparison. 

Table 2. Selected UV and IR data of the novel ~om~unds 

Compound 
W data” 

ku(log e) vOH, vNH 

v,,Ar---O--CHz IR data (cm- ‘)” W&H, 

V,P=Q va,‘=2--<I_cII, %YJQZ v aliph. 

GPO? 6C--D--(P) VP--D-Q C-c 

260 (3.67) 338Orn br 

K@Bl8C6)X, 269 (4.11) 
277sh (4.02) 

K(DB24C8)X i 269 (4.10) 
274sh (4.07) 

338oW 
3230m 
3320~ br 

260sh (3.88) 3372m br 

K(DB18C6)X2 271 (4.11) 
277sh (4.06) 

K(DB24C8)Xz 27 1 (4.13) 
280sh (4.02) 

3380~ br 

3384~ br 

=3 264sh (3.86) 

K(DB18C6)X3 270 (4.17) 
277sh (4.12) 

K(DB24C8)X3 270 (4.05) 

3382~1 br 

3380~ br 

3320m br 

1241~s 

1252~s 
1219s 
1261~s 
1228s 

12.53s 
1242sh 

1253~s 
1218s 
1260vs 
1228s 

1249s 
1221s 
1254~s 
1219s 
1260s 
1228s 

1156m 
1142s 
I 13ovs 
1105s 
114ovs 
1130sh 
1108s 
114&h 
1131s 

113ovs 

114Ovs 
1130s 
1107s 
1157m 
1142s 
113tlvs 

1136s 
1107s 

1082s 
1051s 
1091s 
106Ovs 
1080s 
1054s 

1074vs 
1068s 
1054s 
1067s 
1054s 
107Osh 
1053s 

1075s 
1046s 
1068sh 
1057s 
1076s 
1052s 

948m 
924w 
959s 
948s 
942m 
928m 

957m 

959m 
948s 
941m 
928m 

948m 

960m 
94% 

942m 
928m 

a In methanol, 250-300 nm region. 
’ KBr pellets. 
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Table 3. ‘H NMR data of the potassium salts and their complexes 

Compound Chemical shift 6 in ppm (J in Hz) * 

=, 

K(DB18C6)X, 

K(DB24C8)X ,b 

KX* 

K(DB18C6)X, 

K(DB24C8)X; 

KX, 

K(DB18C6)X3 

K(DB24C8)X, 

1.10 (t, 3H, J= 7, CH,); 3.71 (m, 2H, POCH,); 4.64 (d, lH, J= 22.5, PCH); 6.62-8.01 (m, 
15H, ArH + NH) 
1.10 (t. 3H, J = 7, CH,); 3.78 (m, 2H, POCH&; 4.05 (s, 16H, four 0CH2CH20); 4.68 (d br, 
lH, J= 22, PCH); 5.86 (s br, lH, NH); 6.467.98 (m, 14H, anion ArH); 6.83,6.87 (twos, 
8H, crown ArH) 
1.03 (t, 3H, J = 7, CH,); overlapping 3.69 (s, lOH, POCH,+four H, -OCH,); 3.80 (m, 
8H, four H, -0CH3; 4.15 (m, 8H, four H, --OCH,); 4.66 (d, lH, J = 22, PCH); 5.98 (s br, 
lH, NH); 6.54-7.91 (m, 14H, anion ArH); 6.87 (s, 8H, crown ArH) 
1.08 (t, 3H, J= 7, CH,); 3.73 (m, 2H, POCH,); 4.66 (d, lH, J= 22, PCH); 6.64-8.02 (m, 
15H, ArH + NH + OH) 
1.10 (t, 3H, J = 7, CH,); 3.80 (m, 2H, POCH,); 3.94 (s, 16H, four OCHzCH,O); 4.51 (d br, 
lH, J= 22, PCH); 5.77 (s br, lH, NH); 6.347.84(m, 14H, anionArH+OH); 6.77,6.81 (twos, 
8H, crown ArH) 
1.04 (t, 3H, J = 7, CH,); overlapping 3.70 (s, lOH, POCH,+four H, -OCH1); 3.80 (m, 
8H, four H, -OCHI) ; 4.10 (m, 8H, four HI -OCH,) ; 4.58 (d br, lH, J = 22, PCH) ; 6.01 (s br, 
lH, NH); 6.48-7.84 (m, 14H, anion ArH+OH) ; 6.87 (s, 8H, crown ArH) 
1.07 (t, 3H, J = 7, CH,); 3.63 (s, 3H, 0CH3); 3.71 (m, 2H, POCH&; 4.66 (d, lH, J = 22, 
PCH); 6.65-7.95 (m, 14H, ArH+NH) 
1.11 (t, 3H, J= 7, CH3); 3.51 (s, 3H, OCH,); 3.75 (m, 2H, POCH,); 4.07 (s, 16H, four 
OCH,CH,O); 4.68 (d br, lH, J = 21, PCH); 5.84 (s br, lH, NH); 6.41-7.85 (m, 13H, anion 
ArH); 6.85, 6.87 (two s, 8H, crown ArH) 
1.02 (t, 3H, J = 7, CH3); 3.56 (s, 3H, OCH,); overlapping 3.68 (s, lOH, POCH,+four H3 
-OCH,); 3.79 (m, 8H, four H, -OCH&; 4.08 (m, 8H, four H, -OCH2); 4.64 (d, lH, J = 22, 
PCH); 6.05 (s br, lH, NH) ; 6.597.98 (m, 13H, anion ArH); 6.85 (s, 8H, crown ArH) 

’ In CDCl,, abbreviations : s, singlet ; d, doublet ; t, triplet ; m, multiplet ; br, broad signal. 
bPolyether protons are designated by the number of the carbon to which they are attached (HI_,, see Fig. 3). 

having the possibilities of interacting with the metal 
ion from the axial directions. DB24C8 (hole diam- 
eter about 4.7 &I6 produces 1: 1 complexes with 
potassium benzeneazophosphonates from a 1: 1 as 
well as a 1: 2 reaction mixture. Previous studies 
have shown that DB24C8 can also form bimetallic 
complexes with sodium and potassium ions with 
respect to the nature of the counter anion.4’5’17 The 
24-membered polyether ring is very flexible and may 
complex the metal cation by partially wrapping 
around it with a change in conformation either 
by expelling the conjugate anion and the solvent 
molecules from the cation coordination sphere,“,” 
or leaving space for coordination with the anion.20 
The’metal-ligand interactions are of the iondipole 
type and in the complex the charge of the metal ions 
is extensively delocalized. When some degree of 
charge-transfer between the metal cation and anion 
is possible, as in the case of benzeneazophos- 
phonates, the more stable complexes are formed. 

A detailed conductance study is one of the 
approaches to elucidate the interaction forces which 
act in solution between the macrocyclic polyether 
and an alkali salt. The equivalent conductance 
dependence on the concentration of potassium 

monoethyl benzeneazophosphonates and their 
complexes in methanol is presented in Fig. 1. It was 
shown that the potassium salts and their complexes 
are completely dissociated in a methanolic solution. 
The values obtained for the equivalent conductance 
at infinite dilution (Ao) are summarized in Table 1 
together with the data of the corresponding sodium 
compounds which are included for the sake of com- 
parison. The great differences between the A0 values 
of the free alkali metal salts and their complexes 
imply that the polyether complexation considerably 
increases the size of the cation. Additional inter- 
action of the complexed cation with solvent mol- 
ecules, which becomes possible after the anion is 
removed, may cause a further decrease in the 
mobility of the complexes. Alkali metal cations are 
known to be extensively solvated in methanol.2’ A 
larger solvation effect is expected for the smaller 
sodium ion than for the potassium ion, and conse- 
quently, a lower mobility is obtained for the sodium 
salts and their complexes with respect to the pot- 
assium analogues. The gradation in A0 values of 
DB18C6 and DB24C8 complexes reflects different 
final sizes of the solvodynamic cation-polyether 
units. The fact, that the total drop in the equivalent 
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Fig. 1. The conductivity of potassium salts and their complexes at 25°C against the concentration”‘. 
(1) KX,, (2) K@B18C6)X,, (3) K(DB24C8)X,, (4) KX2, (5) K(DB18C6)Xz, (6) K(DB24C8)Xz, 

(7) KXS, (8) K(DB18C6)X,, (9) K(DB24C8)X3. 

conductance for DB18C6 complexes (- 36%) is 
greater than for the corresponding DB24C8 com- 
plexes (- 300/o), can be explained by the weaker 
solvation of the latter complexes. The results 
obtained lead us to suppose that the conduction 
process is not only conditioned by the size of the 
complexes which are formed, but also by com- 
petitive interactions caused by the solvent and the 
macrocyclic polyether on the cation, and by the 
relative sizes of the cation and the hole of the poly- 
ether compound. 

Spectral studies 

UV spectra. The W spectra of the complexes 
dissolved in methanol show some spectral changes 
in the 280 mn region, where intraligand transition 
occurs, compared to the free ligand spectra. 
DB18C6 and DB24C8 have, in methanol, a charac- 
teristic absorption at 274 nm (log E = 3.72) and 276 
nm (loge = 3.64), respectively. ’ * In the spectra of 
the complexes a slight hypsochromic shift of this 
band is noticed, as well as the appearance of a new 
peak not clearly separated from the main one. 

Potassium salts and their macrocyclic polyether 
complexes give an absorption at 396 nm 
(logs N 4.4) assigned to conjugation of the azo 
groups with aromatic rings (x-n* transition), which 
remains unchanged upon complex formation, sug- 
gesting essentially the same ion-pair structure for 
salts and their complexes. From the conductivity 
data it was shown that both, the potassium salts 
and their polyether complexes, are fully dissociated 
in a methanolic solution. 

IR spectra. No significant differences are 
observed between the IR spectra of sodium and 
potassium monoethyl benzeneazuphusphunat 
and their complexes, respectively. The frequencies 
associated with the characteristic functional groups 
are presented in Table 2. In free potassium salts the 
ionized PO; group exists along with the P=O 
group as these compounds show multiple bands in 
the region 126&l 175 cm- ‘. This absorption has 
been ascribed to the p---O stretching and to the 
asymmetric stretching vibrations of the PO; group. 
Symmetric vibration of the ionized PO; group is 
found between 1 lo&1070 cn- ‘. Furthermore, pot- 
assium salts absorb in the region 1160-l 125 cm-’ 
and between 107&1000 cm-‘. The former bands 
could be assigned to the C-C)-(P) and the latter 
to the P-O-(C) vibration. The absorption in the 
region 982-940 cm- ’ is considered to arise from the 
ethyl C-C vibrations. As free macrocyclic poly- 
ethers give a series of complex bands between 1260- 
900 cm- ’ arising from various modes of vibration 
of ether and methylene groups, the spectra of the 
complexes of potassium salts with macrocyclic poly- 
ethers are too complex to allow the precise assign- 
ment of the absorption bands. However, the spec- 
trum of the solid complex distinctively differed from 
that of a physical mixture of the constituents. Con- 
siderable changes may be noticed in the region 
1000-900 cm- ’ which contains bands arising from 
various deformation modes of vibration of the 
methylene groups. While free DB18C6 has two 
bands at 987 and 932 cm- ‘, its complexes are char- 
acterized by a strong band around 960 cm-’ and a 
medium one at 948 cm-‘. Free DB24C8 has two 
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strong bands at 958 and 920 cm-', and a medium 
one at 936 cm-' associated with these vibrations. 
In the spectra of its complexes two medium bands 
appear around 942 and 928 cm- ‘. 

‘H NA4R spectra. All potassium salts and their 
complexes are sufhciently soluble in chloroform for 
recording and studying ‘H NMR spectra. Free pot- 
assium salts have a triplet for the methyl protons 
and a multiplet for the methylene protons of the 
POCH2CH3 group. The absorption of the meth- 
ylene protons is complex because of the coupling 
between the CH2 and CH3 protons and the spin- 
spin splitting by the phosphorus. The proton of the 
benzylic CH group appears as a doublet due to the 
spin-spin interaction with the phosphorus. The NH 
proton as well as the phenolic OH proton are over- 
lapped by the aromatic protons. In the spectra of 
the complexes there are no substantial chemical 
shift differences of these absorptions. Only the NH 
protan is found as a broad singlet at 6 5.5-6.0 
ppm. More significant differences were observed on 
comparing the spectra of the complexes with the 
spectra of the free macrocyclic polyethers. 

DB18C6 has two multiplets at about 6 4.11 ppm 
for the methylene protons of the polyether ring and 
a singlet at 6 6.92 ppm for the aromatic protons. I2 

DB2L C8 K(DB2bC8)X, 

1 2 

The ether multiplet is typical for the XCH,CH,Y 
fragment with the rapid rotamer conversion.22 In 
the complexes, the polyether ring protons are 
shifted upfield by 5-14 Hz and are found as a single 
absorption. On the other hand the aromatic protons 
appear as two singlets at lower field (A6 = 5 - 14 
Hz). 

Free DB24C8 has three sets of resonant signals, 
at 6 4.16 ppm for H1, at 6 3.89 for H2 and at 6 3.83 
ppm forH3 methylene protons of the polyether ring. 
The aromatic protons appear as a singlet at 6.88 
ppm. l2 The complex spectrum in the ether region 
is attributed to the chemical non-equivalent ether 
fragments (Fig. 2). While the chemical shift of the 
aromatic protons is essentially unchanged upon 
complex formation, the ether protons show chemical 
shift differences between the complexed and non- 
complexed macrocyclic polyether. In the complexes, 
the so-called “outer” ArOCH2 methylene protons 
(H J are shifted upfield by 4-6 Hz and the so-called 
“inner” CH20CH2 protons (HZ and HJ are shifted 
upfield by 8-l 3 Hz. All potassium complexes show 
very similar spectral characteristics regardless of 
which benzeneazophosphonate anion is used. The 
binding of potassium to DB24C8 induces the same 
general spectral patterns observed for the sodium 

3 

Na(DB2LC8)XL 1 2 

_, A 

5 L 3 5 3 5 4 3 

d lppm) 

Fig. 2. ‘H NMR spectra of the ether region of DB24C8 and its complexes with KX2 and NaX, in 
CDC13. Shifts are relative to TMS. 
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complex&ion, indicating the same confo~atio~ of 
these complexes, althou~ there is a greater anion 
dependence in the sodium complexes. The variation 
of observed shift with the anion is attributed to ion 
pairing. Sodium salt complexes show less ion-pair 
dissociation than the co~es~nding potassium 
complexes in chloroform solution, and therefore, in 
the sodium complexes the anion has a more impor- 
tant role in the resulting chemical shift of the poly- 
ether ring protons. The slight broadening of the 
polyether absorptions observed in sodium benzene- 
azophosphonate complexes confirms this assump- 
tions (see Fig. 2). Ia 

Obviously, the complexes which formed were 
found to depend not only on the size of the cation 
and the polyether cavity, but also on the choice of 
anion and solvent. 
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Abstract-The complexes ~I,(CO)L2(~2-RC2R)] (L = PEt, or PMe2Ph; R = Me or Ph) 
react with an equimolar quantity of Ag[BF,] in acetonitrile at room temperature to give good 
yields of the new purple cationic alkyne complexes [WI(CO)(NCMe)L,(~2-RC2R)][BF4]. 31P 
NMR spectroscopy indicates that the phosphines are truns to each other in these 
compounds. 13C NMR spectroscopy suggests that the alkyne ligands are donating four 
electrons to the tungsten in these complexes. 

There has been considerable recent interest in alkyne 
complexes of molybdenum(I1) and tungsten(I1) 
mainly due to the ability of the alkyne ligand to 
utilize both sets of filled perpendicular pz orbitals 
when coordinated to the metal. l-6 Cationic alkyne 
complexes of molybdenum(I1) have also received 
particular attention due to the increased sus- 
ceptibility of the alkyne ligand to nucleophilic 
attack when coordinated to the metal. 7 Although a 
wide variety of cationic alkyne complexes of molyb- 
denum(I1) and tungsten(I1) containing cyclo- 
pentadienyl or indenyl as attached ligands have 
been reported, 7-9 very few cationic alkyne com- 
plexes of molybdenum(I1) or tungsten(I1) con- 
taining halides as attached ligands have been de- 
scribed. Some examples include the isonitrile com- 
plexes [MX(CNR),(q2-RNHC,NHR)]+ reported 
by Lippard and co-workers. lo In this paper 
we wish to describe the preparation and spec- 
tral properties of the new cationic alkyne complexes 
~I(CO)(NCMe)L2(~2-RC2R)][BF4] (L = PEt3 or 
PMe,Ph; R = Me or Ph). 

EXPERIMENTAL 

All preparations were carried out under an atmo- 
sphere of dry nitrogen using standard Schlenk line 
techniques. CH2Clz was dried and distilled before 
use. 

*Author to whom correspondence should be addressed. 

The complexes ~I,(CO)L2(~2-RC2R)] (L = 
PEtj or PMe,Ph ; R = Me or Ph) were prepared 
by the literature method,” [w(CO),], RC2R etc. 
were all purchased from commercial sources. 

‘H and 13C NMR spectra were recorded on a 
Jeol FX 60 MHz spectrometer (all spectra were 
calibrated against tetramethylsilane). 31P NMR 
spectra were recorded on a Bruker WH-400 MHz 
spectrometer at the University of Warwick (all spec- 
tra were calibrated against 85% H3P04). IR spectra 
were recorded on a Perkin-Elmer 197 IR spec- 
trophotometer. Elemental analyses for C, H and N 
were recorded on a CarlwErba Elemental Analyser 
MOD 1106 (using helium as a carrier gas). 

[WI(CO)(NCMe)(PEt3)2(?2-MeC,Me)l[BF41 (1) 
To [WI,(CO)(PEt3)2(~2-MeC2Me)] (0.922 g, 1.22 

mmol) dissolved in NCMe (15 cm’), with con- 
tinuous stirring under a stream of dry nitrogen, was 
added Ag[BF,] (0.23 g, 1.22 mmol). After stirring 
for 20 h the solvent was removed in vacua. The 
crude product was then redissolved in CH2C1, (15 
cm’) and filtered to remove AgI. The solvent was 
then reduced in vacua to 4 cm3 and dropwise 
addition of Et20 caused precipitation of the 
purple cationic complex wI(CO)(NCMe)(PEt,), 
(q2-MeC2Me)][BF4], (yield 0.68 g, 73%), which 
was recrystallized from CH2C12-Et,O. 

A similar reaction of [W12(CO)(PMe2Ph),(q2- 
MeC2Me)] with Ag[BF,] in acetonitrile afforded 
the analogous cationic complex IWI(CO)(NCMe) 

2769 
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Table 1. Physical and analytical” data for the complexes lWI(CO)(NCMe)L,($-RC,R)][BF,] 

Complex Colour Yield (%) C H N 

Purple 73 29.9 4.9 1.6 
(30.1) (5.2) (1.8) 

Purple 68 34.9 4.0 1.5 
(34.6) (3.9) (1.8) 

Purple 70 39.2 4.9 1.4 
(39.5) (4.9) (1.6) 

Purple 63 43.3 3.7 1.5 
(43.0) (3.8) (1.5) 

“Calculated values in parentheses. 

(PMe,Ph)2($-MeC,Me)][BF,] (2) (see Table 1 for 
colour and yield). 

[WI(CO)(NCMe)(PEt,)z(t12-PhC,Phll[BF,I (3) 

To [W12(CO)(PEt,)2(~2-PhC2Ph)] (0.75 g, 0.851 
mmol) dissolved in NCMe (15 cm3), with con- 
tinuous stirring under a stream of dry nitrogen, was 
added Ag[BF,] (0.165 g, 0.851 mmol). After stirring 
for 20 h the solvent was removed in uacuo. The 
crude product was then redissolved in CH2C12 (15 
cm’) and filtered to remove AgI. The solvent vol- 
ume was then reduced in uucuo to 4 cm3 and drop- 
wise addition of Et,0 caused precipitation of 
the purple cationic complex mI(CO)(NCMe) 
(PEt,),(q2-PhC,Ph)][BF.+], (yield 0.53 g, 70%) 
which was recrystallized from CH2C12-Et,O. 

A similar reaction of [W12(CO)(PMe2Ph)2(q2- 
PhC2Ph)] with Ag[BF,] afforded the analogous 
cationic complex [WI(CO)(NCMe)(PMe2Ph),(q2- 
PhC,Ph)][BF,] (4) (see Table 1 for colour and yield). 

RESULTS AND DISCUSSION 
,$ 

Equimolar quantities of ~I,(CO)L,(~ RC,R)] 
(L = PEt3 or PMe2Ph ; R = Me or Ph) and Ag[BF,] 

react in acetonitrile at room temperature to give 
good yields of the purple cationic alkyne complexes 
[WI(CO)(NCMe)L2(r,r2-RC,R)][BF.,] by iodide 
abstraction [eq. (l)]. 

[W12(CO)L2(rj2-RC,R)]+Ag[BF,]= 

WI(CO)(NCMe)L2(q2-RC2R)][BF4] + AgI. (1) 

All the new complexes (l-4) have been fully char- 
acterized by elemental analysis (C, H and N) (Table 
l), IR spectroscopy (Table 2) and ‘H, 13C and 
31P NMR spectroscopy (Tables 3, 4 and 5). The 
complexes are all very soluble in NCMe, CH,Cl, 
and CHC13 and as expected they are insoluble in 
Et20 and hydrocarbon solvents. The compounds 
are stable when stored under nitrogen, however, 
they slowly decompose when exposed to air in solu- 
tion. 

In view of the X-ray crystal structure of the 
phenylacetylene complex, [MoBr2(CO)(PEt,),(q2- 
PhW-01, reported by Templeton and co- 
workers, I2 it is likely that the iodide will be sub- 
stituted by the acetonitrile ligand opposite to the 
stronger trans-directing ligand i.e. ,carbon mon- 
oxide, in our closely related diiodide compounds 

Table 2. IR data” for the complexes [WI(CO)(NCMe)L,(q*- 
RGRWF.4 

Complex v(C0) (cm- ‘) v(CN) (cn- 9 v(M) (cm- ‘) 

(1) 1950(s) 2375(w) 1660(w) 
2350(w) 

(2) 1950(s) 2370(w) 1650(w) 
2345(w) 

(3) 1980(s) 2355(w) 1640(w) 
2335(w) 

(4) 1980(s) 2350(w) 1635(w) 
2330(w) 

a Spectra recorded as CHCl, films between NaCl plates ; s, strong ; 
w, weak. 
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Table 3. ‘H NMR data” for the complexes Table 4. 13C NMR data” for the complexes 
IWI(CO)CNCMe)~,(tlZ-RC~R)I[BF41 CWI(C~)(NCMe)L~(rt2-RC~R)IJBFd 

Complex ‘H (6) @pm) ‘3C (S) 
Complex (PPm) 

(1) 221.6 (s, *C); 217.95 (CzO); 19.23 (m, 
CH,); 7.67 (s, CH,); 4.16 (s, MeCN) 

(2) 226.9 (s, Gc); 220.1 (s, GzO); 130.2, 
129.3, 128.9, 128.6, 128.3 (m, Ph); 123.6 (s, 
G&I); 15.72 (m, CH,); 3.38 (s, MeCN) 

(3) 220.5 (s, C=C) ; 204.6 (s, C=O) ; 132.0, 
131.5, 130.3, 129.6, 128.1 (m, Ph); 125.9(s, 
C?zN); 19.36 (m, CH2); 7.8 (s, CH3; 4.4 
(s, Mea) 

(4) 219.1 (s, *C); 206.6 (s, G&); 132.0, 
131.1, 130.4, 129.4, 129.2, 128.7, 127.9 
(m, Ph); 124.5 (s, MeCN); 17.28 (m, 
CH,) ; 3.63 (s, MeCN) 

(1) 

(2) 

(3) 

(4) 

2.96 (s, 6H, =C---&) ; 1.99 (s, 3H, 
NCMe); 1.68 (bm, IZH, CH,) ; 0.97 (bm, 
18H, CH,) 
7.34 (s, lOH, Ph) ; 2.83 (s, 6H, zC-&$ ; 
2.02 (s, 3H, NCMe); 1.8 (m, 12H, CH,) 
7.73 (s, lOH, Ph); 3.0 (s, 3H, NCMe); 1.84 
(m, 12H, CH3 ; 0.96 (m, 18H, CH3 
7.53 {s, 2OH, Ph) ; 2.04 (s, 3H, NCWe) ; 
1.77 (m, 12H, CH,) 

“Spectra run in CDCl, (+ 25°C) referenced to Me,Si : 
s, singlet ; bm, broad multiplet ; m, m~tiplet. 

~I~~CO)L*t~2-RC~R)].‘1 The 3LP NMR spectrum 
of [WI(CO)(NCMe)(PEt3)&2-MeC,Me)][BFJ (1) 
shows a single resonance 6 - 5.02 (J& = 523.92 
Hz), similarly single resonances are observed for 
compounds 2-4. This indicates a trcmsarrangement 
of the phosphine ligands attached to the metal in 
these compounds. Hence the proposed structure 
for l-4 is shown in Fig. 1. Several unsuccessful 
attempts were made to grow crystals for X-ray crys- 
tallography of compounds l-4. 

The IR spectra (Table 2) of l-4, as expected, all 
show a single carbonyl band at 1950 cm-’ for the 
but-2-yne complexes and at 1980 cm- 1 for the 
diphenylacetylene compounds. These values are 
relatively low for a cationic complex, however, as 
suggested above it is likely that the carbonyl ligand 
is trans to the acetonitrile which is a good rr-donor 
ligand (Fig. 1). The IR spectra also show weak 
asymmetric doublets at, for example, 2375 and 
2350 for 1 which is assigned to coordinated aceto- 
nitrile. The increase in v(GmN) upon coordination 
to the metal is due to a coupling of the C-N and 
N-metal stretching vibrations and to an increased 
C-N force constant which is in accord with the 
acetonitrile functioning purely as a c donor 

Fig. 1. Proposed structure of ~(CO)~CMe~L~(~2~ 
RGRI1tBF.d. 

“Spectra run in CDCl, (+ 25°C) referenced to Me., Si : 
s, singlet ; m, multiplet. 

ligand. *’ The alkyne (CGC) stretching bands are 
at a lower wavenumber than for the free alkyne, 
which is expected since electron density is being 
donated into the n*-orbitals of the coordinated 
alkyne from the fllled metal orbitals. A broad 
band centred at x 1050 cm- ’ v(BF) is observed 
for all the complexes l-4 which confirms the 
ionic nature of these complexes. 

The but-Zyne resonances in the ‘H NMR spectra 
of 1 and 2 both show a single methyl resonance at 
room temperature which indicates that the but-2- 
yne ligand is rotating very rapidly (faster than the 
NMR time scale) at room temperature. Attempts 
were made to measure the barrier to but-2-yne 
rotation of 1 and 2. However the but-Zyne res- 
onances remained as singlets down to -6O”C, sug- 
gesting a low barrier to but-2-yne rotation for com- 
plexes 1 and 2. 

The ’ 3C NMR spectra of complexes l-4 all show 

Table 5. “P NMR data“ for the complexes 
IWI(CO)CNCMe)L2(lt*-RC,R)I[BF,I 

3 ‘P (6) 
Complex (Ppm) 

(1) - 5.02 (s .& = 523.92 Hz) 
(2) -22.52 (s JW = 540.89 Hz) 
(3) -5.81 (s J;yp = 514.82 Hz) 
(4) -23.71 (s Jwp = 533.46 Hz) 

YSpectra run in CDCI, (C25”C) referenced to 85% 
H3W4. 
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alkyne carbon resonances above 200 ppm. Although 
it is difficult to distinguish, without carrying 
out labelling studies, between M and CEC 
resonances (Table 4) we have assigned the alkyne 
contact carbons as the lower field resonances which 
have often been previously reported.4 Templeton 
and Ward14 have correlated the number of electrons 
donated by an alkyne ligand to the metal and the 
alkyne contact carbon chemical shift. The values for 
complexes l-4 described in this paper are between 
219.1 and 226.9 ppm which indicates that the 
alkynes are donating four electrons to the tungsten 
in these compounds. The highly coloured nature of 
these compounds has been previously observed with 
“four-electron” monoalkyne complexes of molyb- 
denum(I1) and tungsten(II).4,’ ‘,I * 

The cationic alkyne complexes [WI(CO)(NCMe) 
L&*-RC2R)][BF4] are highly reactive and we are 
currently exploring the chemistry of these 
compounds with a diverse range of neutral and 
anionic reagents ; in particular, reaction with 
reducing agents in view of the wide range of 
chemistry reported by Green and co-workers’ on 
the related cyclopentadienyl or indenyl system 
lMoLL’(q*-RC&‘)($-C5H5 or C,H,)][BF,]. 

AcknowledgementsWe wish to thank Dr 0. W. 
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