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crystal orientation and stability. In all cases, the standard re- 
flections were used to rescale the data automatically to correct 
the drift during data collection. Drift corrections were random 
and long term and are indicated in Table 111. The total number 
of unique reflections measured, and their numbers with respect 
to the standard deviation in intensity, u ( 0 ,  are given in Table 
I11 for each compound, with the criterion for observation being 
Z > 2 4 .  The integrated intensity, Z, was calculated according 
to the expression% Z = [SC - 2(B1 + B,)] TR, where SC is the scan 
count, Bl and B2 are the background counts at each end of the 
scan, and TR is the 20 scan rate in degrees per minute. The unique, 
normalized, integrated intensity set was processed to give F and 
E values. Lorentz and polarization corrections& were applied in 
the determination of the structure factor amplitudes. Linear 
absorption coefficients (M, cm-') for Mo Ka radiation are given 
in Table III. The values were sufficiently small that no absorption 
corrections were applied. 

Structure Solution and Refinement. The positions of the 
metal atoms in each case were established from a sharpened, 
origin-removed Patterson map and were confirmed by a direct 
method solution. The remaining non-hydrogen atom were located 
with one or two additional Fourier syntheses. All non-hydrogen 
atoms were refined anisotropically. The number of parameters, 
including overall scale factor, positional parameters, and aniso- 
tropic thermal Varied in each case and are listed 
in Table 111. Hydrogen atoms for compounds 5-7 were located 
at their calculated positions. All hydrogen atoms were assigned 
fixed isotropic temperature parameterss7 of B = 5.0 A,. None of 
the parameters for the hydrogen atoms were varied. Neutral-atom 

(56) Corfield, P. W. R.; Doedens, R. J.; hers, J. A. Znorg. Chem. 1967, 

(57) Isotropic thermal parameters are of the form exp[-B(sin2 O)/Az]. 
6, 197. 

scattering factors were those by Cromer and MannM and by 
Stewart et for non-hydrogen atoms and hydrogen atoms, 
respectively. Real and imaginary anomalous dispersion corrections 
to the atomic scatbring factors were included.6o In the last cycle 
of least-squares refinement the maximum parameter shift was 
less than 0.33 of a standard deviation. The final R valuess1 are 
listed in Table 111. Final difference Fourier maps showed the 
residual electron density (e A-3) for each structure, as indicated 
in Table 111. 
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Proton Affinities of Pyridine, Phosphabenzene, and 
Arsabenzenet 
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The proton affinities of phosphabenzene and arsabenzene are determined by ion cyclotron resonance 
techniques to be 195.8 and 189.3 kcal/mol, respectively, relative to PA(NH3) = 203.6 kcal/mol. These 
values are compared to those of pyridine, 219.4 kcal/mol, and other group 5 compounds. Deuterium labeling 
experiments demonstrate that phosphabenzene is protonated on the phosphorus atom, and arsabenzene 
is protonated on carbon. & 

Introduction character of the entire ~ e r i e s . ~ ~ ~  However, chemical studies 
The group 5 heterobenzenes, pyridine 1, phosphabenz- 

ene 2?3 arsabenzene 3,2-4 stibabenzene 4,3-6 and bisma- 
benzene 5 , 3 y 4 v 6 v 7  form a unique series in which elements from 

1 2 3 4 5 

an entire column of the periodic table have been incor- 
porated into aromatic rings. Spectroscopic studies have 
indicated that there are great similarities in aromatic 

Contribution No. 5680. 

have shown a marked divergence of the heavier hetero- 
benzenes from ~ y r i d i n e . ~ * ~  

In particular, the chemistry of pyridine is dominated by 
the basicity of the nitrogen atom. However, the hetero- 
atoms of phosphabenzene and arsabenzene do not show 
basic properties in solution (2 + 6)8 nor are they quater- 

(1) (a) California Institute of Technology. (b) The University of 
Michigan. (c) N.S.F. Graduate Fellow (1973-1976). 

(2) Ashe, A. J., I11 J. Am. Chem. SOC. 1971, 93, 3293. 
(3) Ashe, A. J., I11 Acc. Chem. Res. 1978,11, 153. 
(4) Ashe, A. J., I11 Top. Curr. Chem. 1982, 105, 125. 
(5) Ashe, A. J., I11 J. Am. Chem. SOC. 1971, 93, 6690. 
(6) Ashe, A. J., III; Diephouse, T. R.; El-Sheikh, M. Y. J. Am. Chem. 

SOC. 1982,104, 5693. 
(7) Ashe, A. J., III; Gordon, M. D. J.  Am. Chem. SOC. 1972,94,7596. 
(8) Smith, T. W. Ph.D. Thesis, The University of Michigan, 1977. 
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Figure 1. Proton affinities of group 5 bases. Data from Table 
I. 

nized by strong alkylating agents (3 -N, 7).9 This lack of 
observable solution phase basicity has led us to examine 
their gas phase basicity. 

QF+0 OYO As A S  + 

CH3 [;* 3 
P 
2 

6 7 

Gas-phase proton affinities provide a quantitative 
measure of base strength in the absence of solvent effects. 
The proton affinity of a base B is defrned as the heterolytic 
bond dissociation energy for removing a proton from the 
conjugate acid BH+ (reaction 1). The homolytic bond 
dissociation energy of the conjugate acid is defined as the 
standard enthalpy change for reaction 2. These two bond 
energies are related by the adiabatic ionization potentials 
of B and H according to eq 3. Comparisons of the proton 
affinities, ionization potentials, and homolytic bond dis- 
sociation energies of related compounds permit evaluations 
of the effects of changes in molecular and electronic 
structures on these quantities.lOJ1 

BH+ - B + H+ PA(B) = AHo (1) 

BH+ - B+ + H D(B+-H) = AHo (2) 

D(B+-H) = PA(B) + IP(B) - IP(H) (3) 

The proton affinities of a large number of amines,1°-16 
including substituted pyr id ine~, '~J~J~J '  are now known. 
The proton affinities of phosphine,1° the methyl- 
phosphines,18 arsine,2 and t r imethyla~s ins~~ are available 

(9) Colburn, J. C. Ph.D. Thesis, The University of Michigan, 1978. 
(10) Wolf, J. F.; Stal~y ,  R. H.; Koppel, I.; Taagepera, M.; McIver, R. 

T., Jr.; Beauchamp, J. L.; T&, R. W. J.  Am. Chem. SOC. 1977,99,5417. 
(11) Staley, R. H.; Taagepera, M.; Henqerson, W. G.; Koppel, I.; 

Beauchamp, J. L.; Taft, R. W. J. Am. Chem. SOC. 1977,99,326. 
(12) Aue, D. H.; Webb, H. M.; Bowers, M. T. J. Am. Chem. SOC. 1976, 

98, 318. 
(13) Aue, D. H.; Webb, H. M.; Bowers, M. T.  J.  Am. Chem. SOC. 1976, 

98, 311. 
(14) Aue, D. H.; Webb, H. M.; Bowers, M. T. J.  Am. Chem. SOC. 1975, 

97, 4137. 
(15) Staley, R. H.; Beauchamp, J. L. J. Am. Chem. Soc. 1974,96,1604. 
(16) Briggs, J. P.; Yamdagni, R.; Kebarle, P. J.  Am. Chem. SOC. 1972, 

94, 5128. 
(17) Taagepera, M.; Henderson, W. G.; Brownlee, R. T. C.; Beau- 

champ, J. L.; Holtz, D.; Taft, R. W. J .  Am. Chem. SOC. 1972,94, 1369. 
(18) Staley, R. H.; Beauchamp, J. L. J. Am. Chem. Soc. 1974,96,6252. 
(19) Hodges, R. V.; Beauchamp, J. L. Znorg. Chem. 1975, 14, 2887. 

Table I. Proton Affinities, Adiabatic Ionization 
Potentials, and D(B+-H) Homolytic Bond Digsociation 

Energies of Group 5 Basesavb 
molecule PAa IPCsd D( B +-H) 

219.4f 

195.8h 

189.3hpi 

182.7 

203.6 
212.6 
219.2 
223.4 
188.7 
203.1 
215.3 
224.8 
193.2; 
214.1 
182.2 
212.0 

21 o g  

208 (217)g 

199 ( 214)g 

213.13 

234.3 
206.8 
190.0 
181.5 
229.6 
210.2 
195.3 
184.7 
21 6 
213 
228 
182 

115.7 

90.1 (99.1) 

74.6 (<89.6)' 

82.1 

124.2 
105.7 
95.5 
91.2 
104.6 
99.6 
97.9 
95.8 
95.5 
113.4 
96.5 
80.3 

a All data are relative to PA(NH,) = 203.6 kcal/mol. 
See ref 20 and 21. 
10. In kcal/mol. Values in parentheses are lone-pair 
adiabatic ionization potentials, where these are not the 
first ionization potentials, e Values in parentheses are the 
corrected homolytic bond dissociation energies (see dis- 
cussion in text). f Reference 25. g Estimated from the 
photoelectron spectrum published in ref 39. Present 
work. Arsabenzene protonates on carbon rather than 
the heteroatom. Thus the measured proton affinity is an 
upper limit to the heteroatom base strength and similarly 
the correlated homolytic bond energy is an ,upper limit to 
the true value for protonation on arsenic. 1 Abrink, L.; 
Lindholm, E.; Edqvist, 0. Chem. Phys. Le t t .  1970, 5, 609. 

for comparison with the analogous amines (Figure 1 and 
Table I).20*21 In general, the proton affinities of com- 
pounds with identical substitution decrease in the order 
N > P > As. An exception occurs in the trimethyl series, 
where PA[(CH3),P] > PA[(CH3),N]. The differences in 
proton affinity between the amines and the phosphines 
have been explained by considering the character of the 
lone pair to which the proton binds.18 Protonation of the 
phosphine requires a rehybridization of the phosphorus 
lone pair from largely s (<H-P-H = 93O in PH3)22 to sp3 
character. Ammonia, which is sp3 hybridized (<H-N-H 
= 107°),23 requires little rehybridization energy upon 
protonation and is 14.9 kcal/mol more basic than phos- 
~ h i n e . * ~  

The phosphorus and arsenic compounds studied to date 
are similar, in that the heteroatom forms cr bonds to three 
substituents. This paper reports ion cyclotron resonance 
(ICR) investigations of the energetics and site specificity 
of the protonation of phosphabenzene and arsabenzene, 
compounds in which the heteroatom is involved in P 
bonding. The proton affinity of pyridine has been pre- 

Except as noted, data are from ref 

Reference 46. 

~~~~~ 

(20) Literature data on PA's have been adjusted by using the PA of 
NH8 as 203.6 kcal/mol. Ceyer, S. T.; Tiedemann, P. W.; Mahan, B. H.; 
Lee, Y. T. J .  Chem. Phys. 1979, 70, 14. 

(21) The problem of proper reference compound for the scale of gas- 
phase proton affiiities has been discussed in detail by: Lias, S. G.; 
Liebman, J. F.; Lever, R. D. J. Phys. Chem. Ref. Data, in press. 

(22) Sirvetz, M. H.; Weston, R. E., Jr. J. Chem. Phys. 1953,21, 898. 
(23) Herzberg, G. "Infrared and Raman Spectra of Polyatomic 

Molecules"; D. Van Nostrand: New York, 1945, p 439. 
(24) For a discussion of rehybridization effects see: Gibbs, J. H. J. 

Chem. Phys. 1954,22,1460. 
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Table 11. Proton-Transfer Equilibrium Constants, Free Energies, and Enthalpies 
C,H,EH+ + B + BH+ t C,H,E K" A G ~   AH^ PA(B)CJ PA(C,H,E)~ 

(C,H,P)H+ t (CH,),CO =+ (CH,),COH+ t C,H,P 0.7 0.2 0.6 195.2 195.8 
(C,H,P)H+ t CH,CO,CH, + (CH,CO,CH,)H+ + C,H,P 4.0 -0.8 -0.8 196.7 195.9 
(C.H.AslH+ t HCO-CH. * IHCO.CH,)H+ t C.H.As 0.6 0.3 0.3 189.0 189.3 a >  

(CiHIAsjH' t CH,C" CH,CNI-l? t aC,H,As 0.2 0.9 0.9 188.3 189.2 

a Average of three independent determinations. In kcal/mol. Reference 10. Proton affinity in kcal/mol. All data 
relative to PA(NH,) = 203.6 kcal/mol. References 20 and 21. 

viously determined to be 219.4 k ~ a l / m o l . ~ ~  Although it 
has not been demonstrated experimentally, protonation 
undoubtedly occurs a t  the nitrogen atom. Protonation of 
phosphabenzene and arsabenzene could conceivably occur 
a t  the heteroatom to give structure 8 or a t  a ring carbon 
to give 9 (a-protonation), 10 (@-protonation), or 11 (y- 
protonation). 

H. 

2, ESP 9 10 11 
3, E=As 8 

H 

Experimental Section 
Phosphabenzene and arsabenzene were prepared by the re- 

action of l,l-dibutylstannacyclohexa-2,5-diene with phosphorus 
tribromide or arsenic trichloride, respectively.2 The ICR mass 
spectra of these materials match the reported spectra. 

The general features of ICR instrumentation and ita operation 
in trapped-ion experiments have been previously described.wpn 
All experiments were performed at room temperature. 

Pressure measurements were made by using a Schulz-Phelps 
gauge located adjacent to the ICR cell. This gauge is calibrated 
for each gas for a given emission current (5 PA) and magnetic field 
(6 kG) against an MKS Instruments Baratron Model 90H1-E 
capacitance manometer in the region 106-10-s Torr, where linear 
variation of gauge current with pressure is observed. Pressures 
in the trapped ion experiments were in the range 10-7-10-5 torr. 

Rssults 
Phosphabenzene. Ion Chemistry. ICR trapped ion 

studies of phosphabenzene alone were performed at 14 eV. 
At this electron energy only the parent ion, mle 96, is 
present. The parent ion clusters with the neutral (reaction 
4) but is otherwise unreactive. In particular, the conjugate 

(4) 
acid, protonated phosphabenzene, mle 97, is not observed. 
The variation of ion abundance with time is shown in 
Figure 2. The parent ion is initially unreactive. I t  may 
be formed with excess internal energy and then be colli- 
sionally deactivated. The rates of association reactions 
such as reaction 4 decrease as a function of the internal 
energy of the reactants.% The bimolecular rate constant 
for reaction 4 is 2.0 x W0 cm3 mol-l s - ~ . ~  This value is 
constant to within f20% over a pressure range of 1.8 X 
lo4 to 4.0 X l@  to^. Bimolecular ion-molecule clustering 
at low pressure (lo4 torr) has also been observed to occur 
with ions in the fluoromethylsilanes.30 

C5H5P+ + C5H5P - (CSHSP)z+ 

~~ 

(25) From a compilation of data by R. W. Taft. The experimental 
methods are the same aa those in ref 11 and 12. This value differa slightly 
from that reported in ref 12 and 16. 

(26) Beauchamp, J. L. Annu. Reu. Phys. Chem. 1971,22, 527. 
(27) McMahon, T. B.; Beauchamp, J. L. Rev. Sci. Instrum. 1972,43, 

509. 
(28) Chupka, W. A. 'Interactions Between Ions and Molecules"; 

Auslm,  P., Ed.; Plenum Press: New York, 1974; p. 255. 
(29) This value is an average of three determinations. Accuracy in the 

rate constant is estimated to be *20% due to uncertain pressure mea- 
surement. 

(30) Murphy, M. K.; Beauchamp, J. L. J.  Am. Chem. SOC. 1976,98, 
5781. 

t P h  4 

t ' i  

t u '"b 50 100 150 200 
Time (msec) 

Figure 2. Temporal variation of ion concentrations in phos- 
phabenzene at 4 X lo4 torr pressure and 14-eV electron energy. 

Proton Affinity. In mixtures of phosphabenzene and 
acetone or methyl acetate, the ratio of the protonated 
parent ion abundances reached a constant value. Dou- 
ble-resonance experiments established that proton transfer 
was occurring in both directions, thus demonstrating that 
proton transfer equilibria had been achieved. The free 
energies obtained from the equilibrium constants are listed 
in Table 11. The enthalpies are calculated from the free 
energies with the assumption that entropy effects are small  
and are limited to changes in rotational symmetry num- 
b e r ~ . ~ ~ * ~ ~ * ~ ~  These data yield a proton affinity of 195.8 f 
0.1 kcal/mol for phosphabenzene. 

Site of Protonation. In a mixture of CD,CDO, phos- 
phabenzene, and 2-pentanone, both protonated and deu- 
terated phosphabenzene and ketone was observed. Dou- 
ble-resonance experiments demonstrated that deuterated 
phosphabenzene reacts to give deuterated, but not pro- 
tonated ketone. The deuterium is, therefore, not equiva- 
lent to the ring hydrogens and must be located on the 
phosphorus atom. 

Arsabenzene. Ion Chemistry. The reactivity of ar- 
sabenzene molecular ion is identical with that observed for 
phosphabenzene. Clustering with the parent neutral is the 
only observed process (reaction 5). 

(5) 
Proton Affinity. Proton transfer equilibria were 

achieved in mixtures of arsabenzene with methyl formate 
and with acetonitrile. The data from these experiments 
are listed in Table 11. The proton affinity of arsabenzene 
is 189.3 f 0.1 kcal/mol. 

Site of Protonation. In a mixture of CD3CD0, di- 
ethyl-dlo, ether, and arsabenzene, both protonated and 
deuterated arsabenzene and diethyl-dlo ether were ob- 
served. Double-resonance experiments indicated that 
deuterated arsabenzene reacts to give both protonated and 

C,H&+ + C ~ H ~ A S  -+ ( C ~ H ~ A S ) ~ +  

(31) Beneon, S. W. 'Thermochemical Kinetics", 2nd ed.; Wiley: New 

(32) Yamdagni, R.; Kebarle, P. J. Am. Chem. Sot. 1973, 95, 3504. 
York, 1976; p 47. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 1
4,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

12
2a

00
4



460 Organometallics, Vol. 4, No. 3, 1985 

deuterated diethyl-dlo ether, in a ratio of -1:l. This result 
indicates that arsabenzene is protonated at carbon rather 
than a t  the arsenic atom. 

Hodges et al. 

of pyridine, if a value equal to the C-H bond energy of 
benzene, D(C6H5-H) = 110 kcal/mol, is assumed.40 Re- 
action 6 is, therefore, exothermic for pyridine and is ob- 

C5H5E+ + C5H5E - C5H5EH+ + C5H4E (6) 

served.41 The homolytic bond dissociation energies for 
phosphabenzene and arsabenzene, however, are consid- 
erably below 110 kcal/mol, and reaction 6 is endothermic 
for E = P or As. Clustering is the only reaction of parent 
ions of these molecules. 

The proton affidties (for heteroatom protonation) of the 
heterobenzenes decrease in the order C5H5N > C5H5P > 
CsH5As in parallel to the order NH, > PH, > ASH,. 
However, a comparison of the ordering of the proton af- 
finities between series shows the relative position of the 
heterobenzenes to be quite different in the amine series 
than the phosphine and arsine series. For the amine series, 
the order of increasing PA is NH3 < MeNH, < Me2NH 
< C a 5 N  < Me3N, while in the phosphine series the order 
is PH, < C5H5P < MePH, < Me2PH < Me3P. Although 
fewer arsenic compounds have been studied, the arsine 
series seem similar to the phosphine one. 

In quantitative terms the proton affinity of pyridine 
(219.4 k ~ a l / m o l ) ~ ~  is only slightly less than that of tri- 
methylamine (223.4 kcal/mol)1° but considerably greater 
than ammonia (203.6 kcal/mol).20 In contrast, phospha- 
benzene has a proton affinity nearly 30 kcal/mol less than 
trimethylphosphine while arsabenzene has a proton affinity 
at arsenic of at least 23 kcal/mol less than trimethylarsine. 
Extrapolation from the amine series suggests that the PA 
of phosphabenzene and arsabenzene are about 20 kcal/mol 
lower than expected. 

We have previously suggested that the cause of the 
anomalously low basicity of the heavier heterobenzenes was 
due to a hybridization-geometric e f f e ~ t . , , ~ , ~ ~  The CPC 
bond angle of phosphabenzene (101°)43 and the CAsC bond 
angle of arsabenzene (99°)44 imply a bond hybridization 
approaching p3. The lone pair must be largely s hybridized. 
On protonation the lone pair must gain p character to take 
part in effective bonding. While acyclic phosphines and 
arsines are able to geometrically rearrange on protonation, 
the rigidity of the rings of phosphabenzene and arsa- 
benzene may prevent large changes in CPC(CAsC) bond 
angles and may prevent rehybridization. Thus a strong 
PH(AsH) bond cannot form. In the case of pyridine, the 
CNC bond angle is 116°.45 Since the lone-pair orbital is 
approximately sp2 hybridized, little rehybridization energy 
is needed to form the sp2-hybridized conjugate acid. Thus 
the proton affinity of pyridine is close to that of its acyclic 
relatives. 

Although a similar argument has been used to explain 
the anomalous low basicity of phosphirane (where the bond 
angle constraints are very application of this 
geometric argument to phosphabenzene has been contro- 
versial?' A recent theoretical study of the proton affiiities 

Discussion 
The proton affinities, ionization potentials, and homo- 

lytic bond dissociation energies of the heterobenzenes and 
several other group 5 bases are listed in Table I. The first 
adiabatic ionization potentials of the bases are used to 
calculate the homolytic bond dissociation energies as 
strictly defined according to eq 3.33 However, for the 
purpose of comparing the homolytic bond dissociation 
energies of compounds in a homologous series, the adia- 
batic ionization potential of the orbital which correlates 
with the bonding orbital in the conjugate acid should be 
used in eq 3.33 The term correlated homolytic bond dis- 
sociation energy is suggested for this quantity. In the case 
of the heterobenzenes the appropriate orbital is the het- 
eroatom lone-pair orbital. Calculations suggest that the 
preferred approach of the proton to pyridine or phos- 
phabenzene is the u plane along the symmetry axis of the 
h e t e r ~ a t o m . ~ ~ - , ~  Although theoretical studies of the 
structure of protonated arsabenzene are lacking, calcula- 
tions on arsaethene suggest a close balance between C and 
As basicity?' As noted above, protonation-deprotonation 
experiments provide evidence that arsabenzene preferen- 
tially protonates on a carbon position. In solution, arsa- 
benzene undergoes deuterium exchange in trifluoroacetic 
acid&, primarily a t  the a - p o ~ i t i o n . ~ ~  These combined 
results suggest that 7 is the most stable form of the con- 
jugate acid. In addition, it may be inferred for arsabenzene 
that for protonation on the heteroatom, PA(C5H5As) 5 
189.3 kcal/mol. 

The photoelectron spectra of the heterobenzenes have 
been assigned.39 The lone pair and az(r)  orbitals of 
pyridine have almost the same energy and are the highest 
occupied orbitals. However, in phosphabenzene and ar- 
sabenzene, the lowest energy ionization occurs from the 
bl(r)  orbital. Ionization from the lone-pair orbitals cor- 
responds to the third band in the photoelectron spectra. 
The estimated adiabatic ionization potentials of the lone 
pairs in phosphabenzene and arsabenzene and the corre- 
lated homolytic bond dissociation energies calculated from 
these values are given in parentheses in Table I. 

The lone-pair ionization potentials of the heterobenzenes 
are relatively constant in this series. Thus, the homolytic 
bond dissociation energies follow the trend C5H5N > 
C5H5P > C5H5As. In the case of arsabenzene, the homo- 
lytic bond energy, D(B+-H) = 75 kcal/mol, refers to the 
C-H bond energy and can be compared to the value of 82 
kcal/mol for benzene. The 7 kcal/mol difference can be 
ascribed to a stabilization of the radical cation due to the 
presence of the heteroatom. 

The reactivity of the parent ions of the heterobenzenes 
is determined by the D(B+-H) homolytic bond dissociation 
energy. The homolytic bond dissociation energy for pyr- 
idine, 116 kcal/mol, is higher than the C-H bond energy 

(33) Staley, R. H.; Kleckner, J. E.; Beauchamp, J. L. J. Am. Chem. 

(34) Oehling, H.; Schweig, A. Phosphorus 1970,1, 203. 
(35) Clark, D. T.; Scanlan, I. W. J. Chem. Soc., Faraday Trans. 2 1974, 

(36) Lohr, L. L.; Schlegel, H. B.; Morokuma, K. J. Phys. Chem. 1984, 

(37) Lohr, L. L.; Scheiner, A. C. J. Mol. Struct. 1984, 18, 195. 
(38) Ashe, A. J., III; Chan, W.-T.; Smith, T. W.; Taba, K. M. J. Org. 

(39) Ashe, A. J., III; Burger, F.; El-Sheik, M. Y.; Heilbronner, E.; 

SOC. 1976,98,2081. 

70, 1222. 

88, 1981. 

Chem. 1981,46, 881. 

Maier, J. P.; Muller, J.-F. Helu. Chim. Acta 1976, 59, 1944. 

(40) Reference 23, p 309. 
(41) Holtz, D.; Henderson, W. G.; Beauchamp, J. L., unpublished 

results. 
(42) Ashe, A. J., III; Bahl, M. K.; Bomben, K. D.; Chan, W.-T.; Gim- 

zewski, J. K.; Sitton, P. G.; Thomas, T. D. J. Am. Chem. SOC. 1979,101, 
1764. 

(43) Wong, T. C.; Bartell, L. S. J. Chem. Phys. 1974, 61, 2840. 
(44) Wong, T.  C.; Ashe, A. J., 111; Bartell, L. S.  J .  Mol. Struct. 1975, 

25,65. 
(45) Bak, B.; Hansen-Nygaard, L.; Rastrup-Anderson, J. J .  Mol. 

Spectrosc. 1968,2, 361. 
(46) Aue, D. H.; Webb, H. M.; Davidson, W. R.; Vidal, M.; Bowers, M. 

T.; Goldwhite, H.; Vertal, L. E.; Douglas, J. E.; Kollman, P. A.; Kenyon, 
G. L. J.  Am.  Chem. SOC. 1980,102, 5151. 

(47) Lee, T. H.; Jolly, W. L.; Bakke, A. A,; Weiss, R.; Verkade, J. G. 
J .  Am. Chem. SOC. 1980,102, 2631. 
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of molecules containing phosphorus-carbon multiple bonds 
has indicated that acyclic phosphaalkenes have low PA 
values similar to that of C5H5P.36 These calculations 
suggest that the low basicity of the heterobenzenes may 
be due to the particular electronic character of carbon- 
phosphorus or (C-As) multiple bonds rather than a con- 
sequence of geometrical constraints. Since phosphaalkenes 
are now readily available,@ an experimental determination 
of their PA is feasible and should answer this question. 

Finally, it is interesting to speculate on the relation of 
phosphabenzene and its conjugate acid to the isoelectronic 
silicon compounds. Unlike phosphabenzene, silabenzene 
12 is an extremely labile  omp pound.^^^" The observed low 

(48) Appel, R.; Knoll, F.; Ruppert, I. Angew. Chem., Znt. Ed. Engl. 
1981, 20, 731. 

(49) Barton, T. J. et al. J. Am. Chem. SOC. 1977,99,5199; 1978,100, 
5246; 1980,102,429; 1981,103, 6788. 

(50) Maier, G.; Mihm, G.; Reisenauer, H. P. Angew. Chem. 1980,92, 
58. Solouki, B.; Rosmus, P.; Bock, H.; Maier, G. Angew. Chem. 1980,92, 
56. 

basicity of phosphabenzene suggests that silabenzene may 
be a strong acid. Perhaps the conjugate base of silabenzene 
13 may even possess a kinetic stability that silabenzene 
does not have. 

QP-0 
pH+ 
8 2 
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Addition of Di-p-tolylcarbodiimide to Ditungsten 
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Ditungsten hexa-tert-butoxide reacts readily with di-p-tolylcarbodiimide, CH3C6H4NCNC6H4CH3, in 
toluene at 25 OC to afford in about 80% yield the moderately air-sensitive red-black adduct [W- 
(OCMe3)3]2(p-C7H7NCNC7H7). This product has been identified and characterized by NMR and X-ray 
crystallography. The molecule has the carbodiimide group bridging the W-W bond (2.482 (1) A) and three 
OCMe, groups on each W atom, with effective symmetry Cz. The 13C NMR indicates that in solution the 
molecule is either actually or effectively more symmetrical since the OCMe3 groups form only two sets 
in 4:2 ratio. The crystalline compound belongs to space oup Pbca with unit-cell dimensions a = 18.693 
(4) A, b = 17.739 (7) A, c = 26.685 (8) A, V = 8849 (3) i& and 2 = 8. The structure was refined to R = 
0.045 and R ,  = 0.058. The bonding of the carbodiimide molecule to the W-W unit is discussed, and a 
simple formulation that leaves a W-W double bond is proposed. 

Introduction 
We have been pursuing studies on the reactions between 

compounds containing metal-metal triple bonds (specif- 
ically W2(OCMe3)6) and heterocumulenes (a-f') and allenes 
(g) in order to understand how these metallic and non- 
O=C=O O=C=NR RN=C=NR S=C=S 

a b C d 
S=C=O S=C=NR RZC=C=CR2 

e f g 
metallic unsaturated compounds interact. Cotton, 
Chisholm, and co-workers' have reported that allenes ox- 
idatively add to CP,M~(CO)~ (M = Mo, W), and they also 
reported that the order of addition is as follows: CH2= 
C=CH2 > MeCH=C=CH2 > MeCH=C=CHMe, but 
when Me2C=C=CH2 was used, no addition was observed 
across the M-M triple bond. Cotton, Chisholm, and co- 

(1) Bailey, w. I.; Chisholm, M. H.; Cotton, F. A.; Murillo, C. A.; 
Rankel, L. A. J. Am. Chem. SOC. 1978,100, 802. 

0276-7333/85/2304-0461$01.50/0 

workers also reported that C02 could insert into M-OR 
(M = W, M o ) ~  and W-NR? bonds to form either carbo- 
nato or carbamato bridging bidentate ligands, respectively. 
In our most recent work4 we have reported that organic 
isocyanates insert into a M-OR (M = W, Mo) bond. 

We now report on the reaction of a heterocumulene of 
type c, p-tolylcarbodiimide, with W2(OCMe3)6. 

Experimental Section 
Ditungsten hexa-tert-butoxide was prepared6 by Na/Hg re- 

duction of WCll in THF at -10 "C in the presence of LiOCMe,, 
followed by recrystallization from hexane at -10 "C. Di-p- 

(2) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Reichert, W. W. J. 

(3) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Stulta, B. R. Inorg. 

(4) Chisholm, M. H.; Cotton, F. A.; Folting, K.; Huffman, J. C.; Ra- 

(5) Schrock, R. R.; Listemann, M. L.; Sturgeoff, L. G. J. Am. Chem. 

Am. Chem. SOC. 1978,100, 1727. 

Chem. 1977,16, 603. 

termann, A. R.; Shamshoum, E. S. Znorg. Chem. 1984,23,4423. 

SOC. 1982, 104, 4291. 
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