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Figure 1. Photochemical metal vapor reactor. 

Scheme I 
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The reactor used in this study is illustrated in Figure 
1. This apparatus may be used to cocondense metal vapor 
with any sufficiently volatile organic compound onto a 
stainless-steel drum at  77 K. The drum is rotated during 
the cocondensation to assure that the cocondensate is 
uniformly deposited. Photolysis is carried out during the 
cocondensation using a 450-W medium-pressure Hg arc 
lamp. All reactions are carried out at torr. Products 
may be readily colleded in the receiving flask as the matrix 
is allowed to warm. 

When the cocondensate of methyl acetate and chromium 
vapor is photolyzed, the major organic product is acet- 
aldehyde. Under the most favorable conditions (700/ 1 
molar ratio of ester to metal) acetaldehyde is produced in 
a 60% yield (based on metal dep~s i ted) .~  Several other 
minor products are isolated from the reaction including 
methanol, methyl formate, and formaldehyde. Cocon- 
densation of the ester with chromium vapor in the absence 
of photolysis yields only trace amounts of methanol and 
methyl formate. A thermal reaction of excess methyl 
acetate with the metal clusters and particles formed upon 

(7) Buck, A. J.; Mile, B.; Howard, J. A. J .  Am. Chem. SOC. 1983,105, 
3381. 

(8) Howard, J. A.; Sutcliffe, R.; Tse, J. S.; Mile, B. Organometallics 
1984, 3, 859. 

(9) Over a 3-h period 0.36 mmol of chromium was condensed with 256 
mmol of methyl acetate. Volatile products were identified by GC and 
GC/MS using a Porapak QS column. The yield of acetaldehyde was 
determined by using benzene as an internal standard. 

warmup would account for the formation of methanol and 
methyl formate; this appears to be a minor reaction 
pathway in both cases. 

An attractive rationalization of the photoformation of 
acetaldehyde and formaldehyde in this system is illustrated 
in Scheme I. The formation of adduct 1 has been dem- 
onstrated at  15 K by using matrix isolation spectroscopy 
where cocondensation of chromium and methyl acetate 
producted clearly discernible shifts in the carbonyl and 
C-0 stretching frequencies.l0 The existence of a stable 
ligated metal species at 77 K can be shown by the fact that 
the same products are producted if the reactanb are first 
cocondensated and then the matrix is photolyzed. The 
extremely high organic to metal ratio required for this 
reaction clearly indicates that a metal atom reaction is 
occurring. Photoinsertion of the chromium atom into the 
C-OCH, bond of the adducted ester would form inter- 
mediate 2. Decomposition of 2 by @-hydride transfer" and 
reductive elimination12 would then yield acetaldehyde and 
formaldehyde in equimolar quantities; the low observed 
yield of formaldehyde may be accounted for by its diffi- 
culty of isolation. Photolytic cocondensation of chromium 
and methyl acetate-d3 yields acetaldehyde-d, as predicted 
by this mechanism. 

Other acetate esters also react with chromium vapor to 
yield acetaldehyde, but the efficiency of the reaction drops 
dramatically as the size of the alkyl group is increased. 

We are continuing to investigate the photolytic reactions 
of metal atoms with other organic compounds, and the 
results of these studies will be reported later. 

Acknowledgment. We gratefully acknowledge the 3M 
Co. for support of this work. 

(IO) Methyl acetate and chromium vapor were codeposited with exceas 
argon onto a copper surface. Stretching frequencies were determined by 
using a Beckman IR-9 infrared spectrometer. The carbonyl and C-0 
stretching frequencies of adduct 1 were measured as 1687 and 1110 cm-', 
respectively, compared to 1799 and 1252 cm-' for free methyl acetate. 

(11) @-Hydride shifts in metal-methoxyl compounds have been ob- 
served. Chaudret, B. N.; Cole-Hamilton, D. J.; Nohr, R. S.; Wilkinson, 
G. J .  Chem. SOC. Dalton Trans. 1977, 1546. 

(12) (a) Milstein, D. Organometallics 1982, I, 1549. (b) Azran, J.; 
Orchin, M. Organometallics 1984, 3, 197. 
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Summary: Compounds ($-C5H5)Co(CNCOR),, R = CBH5 
(Ia) and ladamantyl (Ib), have been prepared, Ia for the 
first time and Ib in improved yield, by displacement of CO 
from (~5-C5H5)Co(CO), by CNCOR at ambient tempera- 
ture. This exceptionally easy complete displacement of 
CO is attributed to the strong .Ir-acceptor character of the 
acyl isocyanide ligand. 

The acyl isocyanide ligand :CsNC(=O)-R has been 
shown, by its effect on carbonyl ligand stretching fre- 
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quencies and mass spectroscopic ion abundances in mix- 
ed-ligand complexes, to more closely resemble CO in its 
electronic properties than does a simple alkyl or aryl iso- 
cyanide. The acyl isocyanide may in fact be a better a- 
acceptor than CO itself.' This electronic similarity be- 
tween carbonyl and acyl isocyanide ligands has been ap- 
plied to the synthesis of homogeneous catalysts with chiral 
metal centers.2 In that work, as in all previous ~ t u d i e s , ~  
the acyl isocyanide ligands, which are unstable as unco- 
ordinated molecules, were assembled a t  the metal center 
via acylation of cyanometalates. Recently it was reported 
that a metalloporphyrin acyl isocyanide complex could be 
prepared by trapping free acyl isocyanide with a reactive, 
coordinatively unsaturated metal   enter.^ We wish to 
report that free acyl isocyanides are capable of displacing 
carbonyl ligands from metal carbonyl complexes at  a rate 
which is favorably competitive with the oligomerization 
of the uncoordinated isocyanides. This has enabled us to 
prepare the previously reported5 v5-C5H5Co[C=NC(= 
O)R], complexes in vastly improved yield, as well as pro- 
viding routes to new acyl isocyanide complexes of other 
metals. 

Benzoyl isocyanide, prepared in acetonitrile solution via 
the literature procedure,6 reacts with C ~ C O ( C O ) ~  (Cp = 
v5-C5H5) to produce the new compound CpCo[CNCOPhI2 
(Ia) in 69% yield.' The reaction occurs a t  room tem- 
perature and is accompanied by gas evolution with a 
variable induction period. This loss of both CO ligands 
at  ambient temperature is exceptional. There are few 
examples of clean displacement of both CO groups from 
CpCo(CO), by unidentate ligandsa8 The ability of benzoyl 
isocyanide to totally replace CO is consistent with its 
greater a-acceptor strength. Characterization of the 
product follows from its IR and NMR spectra, which are 
similar to the previously reported5 R = adamantoyl (Ib) 
and pivaloyl (IC) isocyanide analogues, from elemental 
analysisg and from an X-ray diffraction study. The 
presence of the conjugated phenyl groups in Ia causes a 
decrease in the vCN and vco IR frequencies relative to Ib 

(1) Simonneaux, G.; Le Maux, P.; Jaouen, G.; Dabard, R. Inorg. Chem. 
1979, 18, 3167-70. Le Maux, P.; Simonneaux, G.; Jaouen, G. J.  Orga- 
nomet. Chem. 1981,217,61-77. Saillard, J. Y.; Le Beuze, A,; Simonneaux, 
G.; Le Maux, P.; Jaouen, G. THEOCHEM 1981,3,149-54; Chem. Abstr. 
1981,96, 122952q. 

(2) (a) Le Maux, P.; Simonneaux, G.; Jaouen, G.; Ouahab, L.; Batail, 
P. J. Am. Chem. SOC. 1978, 100, 4312-3. (b) Dabard, R.; Jaouen, G.; 
Simmonneaux, G.; Cais, M.; Kohn, D. H.; Lapid, A,; Tatarsky, D. J.  
Organomet. Chem. 1980,184,91-101. 

(3) (a) Maginn, R. E. US. Patent 3136799,1964; Chem. Abstr. 1964, 
61 ,7044~.  (b) Connor, J. A,; Jones, E. M. J. Chem. SOC. Dalton Trans. 
1973, 2119-24. (c) Hbfle, G. 2. Naturforsch., B: Anorg. Chem., Org. 
Chem. 1975,30B, 982-3. (d) Behrens, H.; Wiirstl, P.; Merbach, P.; Moll, 
M. Z. Anorg. Allg. Chem. 1979, 456, 16-28. 

(4) Le Plouzennec, M.; Bondon, A.; Simonneaux, G. Inorg. Chem. 
1984,23,4398-9. 

(5) Carter, S. J.; Stuhl, L. S. Organometallics 1985, 4, 197-8. 
(6) Hofle, G.; Lange, B. Angew. Chem., Znt. Ed. Eng. 1977,16,262-3. 
(7) Caution: acyl isocyanides and some of their metal complexes are 

readily hydrolyzed by traces of water to produce HCN. All procedures 
are carried out under nitrogen with scrupulously dry solvents, either via 
Schlenk techniques or in a glovebox. A solution of PhC(=O)N=C, 
prepared from 5.19 g (22.4 mmol) of PhCOI and 7.0 g (52 mmol) of AgCN 
in MeCN, is added to a solution of 1.26 g (7.00 mmol) of C ~ C O ( C O ) ~  in 
MeCN and allowed to stir until C ~ C O ( C O ) ~  is consumed (IR) (several 
hours at  ambient temperature). Solvent is removed in vacuo, and the 
remaining red-brown solid is dissolved in ca. 100 mL of THF. The THF 
solution is filtered, and the very dark reddish brown filtrate is evaporated 
to dryness in vacuo. The resultant dark solid is dissolved in 50-60 mL 
of warm MeCN, and this solution is f'iitered warm. On cooling to -30 "C, 
very dark reddish brown or red black crystals or powder form, which are 
washed with cold MeCN and dried in vacuo, yield 1.86 g (69%). If 
necessary, recrystallization from warm MeCN may be repeated. Ia is 
stable to dry air for extended time periods as a solid, but solutions are 
quite air-sensitive. 

Figure 1. Molecular structure of (V~-C~H~)CO(CNCOC~H~)~ 
showing 50% probability ellipsoid for the Co atom. The Co-C 
distances are Co-C(l) = 1.704 (13) and Co-C(9) = 1.695 (12) A. 

and IC, consistent with increased a-acceptance by the aroyl 
isocyanide ligand relative to its alkanoyl analogues. 

The molecular structure of Ia, which confirms the 
structure inferred from IR and NMR spectra, is shown in 
Figure 1.l0 Although the two acyl isocyanide ligands are 
not symmetrically disposed, they are otherwise nearly 
identical. Furthermore, their geometry is very similar to 
that observed in (~e-c6H5C02CH3)Cr(C0)2(CNCOC6H~),2" 
including the short N.-O interactions in the M-CN-CO 
group (2.26 vs. 2.25 A in the present case). The C=N-C 
angles are again far from linear (C(l)-N(l)-C(2) = 164 ( 1 ) O  

and C(9)-N(2)-C(10) = 170 (1)O); the value for the anal- 
ogous angle in the Cr complex is 168 ( 1 ) O .  

An analogous synthetic procedure starting with 1- 
adamantanecarbonyl isocyanide produces Ib in 25% yield, 
compared to the previous synthesis via acylation of 
CpCo(CN)(CO)- in 7% yield. These bis(acy1 isocyanides), 
which are the first examples of low-valent metal complexes 
containing acyl isocyanide ligands without additional 
carbonyl ligands, are thus available for further study. 

Of particular interest is the opportunity these com- 
pounds provide for an intermolecular comparison between 
the electronic capabilities of CO and CNC(=O)R ligands. 
Unsuccessful efforts to synthesize Co(I1) of (111) acyl iso- 
cyanide complexes via acylation of CpCo(CN),- and 
C ~ C O ( C N ) ~ - ~  suggest that the acyl isocyanide ligand is 
similar to CO not only in its excellent a-acceptor ability 
but also in being a weak a-donor best stabilizing low ox- 
idation states. We thus decided to test the chemical 
analogy between Ia and C ~ C O ( C O ) ~  by comparing their 
reactivities in reactions well-known for the latter com- 
pound. 

Complex Ia and C ~ C O ( C O ) ~  differ in their electrochem- 
ical behavior. Thus, cyclic voltammetry on C ~ C O ( C O ) ~  

~~~~ ~ 

(8) For example, replacement of the second CO by aryl isocyanides 
requires temperatures 2 120°, and is not observed for alkyl isocyanides: 
Yamamoto, Y.; Mise, T.; Yamazaki, H. Bull. Chem. SOC. Jpn. 1978,51, 
2743-4. 

(9) IR (THF): 2005 (m), 1913 (a), 1687 (sh), 1673 ( 8 )  cm-'. 'H NMR 
(90 MHz, CEDE): 6 8.1 (m, 4 H, Ph), 7.1 (m, 6 H, Ph), 4.73 ( 8 ,  5 H, Cp). 
CIMS (CHJ: m / z  [relative intensity1 415 10.05, (M + C,Hdtl, 387 10.7, 
(M + H)+],'386 [O& (M)+], 293 [0.4,-(M - Cp - CO),], 265 i0.5, (M Cp - 2CO)+], 226 [1.1, (M - H - CO - CN - COPh)t], 105 [loo, (COPh)+]. 
Melting point: 114-115 "C. A sample for elemental analysis wm purified 
by flash chromatography on octadecylsilica using THF eluant. Anal. 
Calcd for C21H16NZOZCo (Found): C, 65.30 (65.37); H, 3.91 (4.15); N, 7.09 
(6.97). 

(10) Crystal data: space group C2/c (no. 15), monoclinic, a = 13.634 
(2) A, B = 11.665 (2) A, c = 23.682 (5) A; p = 108.37 (2)O; V = 3574.5 A3; 
Z = 8; fw = 386.30; pcalcd = 1.44 g cm"; pMoKa = 10.2 cm-'. Data were 
collected to a maximum 20 5 45" (Mo Kn); full matrix least-squares 
refinement of positional and isotropic thermal parameters for all atoms 
(using anisotropic thermal parameters for Co) led to R = 0.079 and R ,  
= 0.089, for 1290 data for which F > 3.92u(F). Total parameters varied 
in the refinement: 110. 
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reveals it to undergo a reversible one-electron reeduction 
process in aprotic solvents at  Hg and Pt electrodes."ab At 
a Pt electrode at  200 mV/s in THF, CpCo(CO), is reduced 
a t  an E,, of -2.23 V vs. Cp2Feo/+. In contrast, cyclic 
voltammetry on Ia under identical conditions indicates 
that  reduction of this complex is a two-electron, 
"ECE,,,"-type process.'le At 200 mV/s, the initial reduc- 
tion wave peak position of Ia occurs a t  -1.76 V vs. fer- 
rocene(O/+). The 0.47 V less negative reduction potential 
of Ia is consistent with the proposal that benzoyl isocyanide 
is a stronger n-acceptor than CO. 

The voltammetric behaviors of Ib and IC are very similar 
to that of Ia. The initial cathodic peak under these con- 
ditions for IC is a t  -2.38 V. The shift in E,, to a sub- 
stantially more negative value on going from Ia to IC shows 
that the phenyl group of the benzoyl isocyanide ligand is 
conjugated to the acyl isocyanide moiety. The implication 
is that benzoyl isocyanide is a better x-acceptor ligand than 
is the saturated acyl isocyanide. 

A similarity between Ia and CpCo(CO), is in their Lewis 
basicity. CpCo(CO), reacts with HgClz to produce a Lewis 
acid-base complex containing a Co-Hg bond.l2 When 
treated with HgCl,, dark red-brown Ia is transformed into 
a golden yellow powder in a manner totally analogous to 
CpCo(CO),. Elemental analysis indicates that this is a 
mon~adduct. '~ hHgC1, appears to be significantly more 
labile than CpCo(CO),.HgCl, in that it cannot be recrys- 
tallized successfully, dissociating in solution and also when 
ground as a solid as in the preparation of a mull for IR 
study. This is consistent with the better x-acceptor ability 
of benzoyl isocyanide resulting in Ia being a weaker Lewis 
base than is CpCo(CO),. 

We have evidence that other new acyl isocyanide com- 
plexes can be prepared from reactive metal carbonyls in 
the same manner. Thus, solutions of benzoyl isocyanide 
react with C,MeSRh(CO), a t  ambient temperature and 
with Mn(CO)5Br in refluxing THF. The products of these 
reactions are currently being characterized.'* The reaction 
chemistry of these low-valent acyl isocyanide complexes 

(11) (a) Schore, N. E.; Ilenda, C. S.; Bergman, R. G. J. Am. Chem. SOC. 
1977, 99, 1781-7. (b) Stuhl, L. S., unpublished results. (c) Cyclic vol- 
tammetry was performed at an IBM P t  disk electrode, with a ferroc- 
ene-calibrated silver wire quasi-reference electrode. Voltage control and 
monitoring were provided by a PAR 173/175 combination linked to a 
Bascom-Turner digital recorder. Solutions were 1 X M Ia in 0.2 M 
ByNBF,/THF solution under an argon atmosphere. Data were recorded 
at  scan rates of 50-500 mV/s. Details of these experiments will be 
provided in a separate publication. 
(12) Cook, D. J.; Dawes, J. L.; Kemmitt, D. W. J .  Chem. SOC. A 1967, 

1548-51. 
(13) ATR-IR (KRS-5 plate, 4 5 O  windows) 2100 ( 8 ,  br), 1775 (w) 1700 

(s), 1595 (8) cm". Anal. Calcd for CZlHlSN2O2CoHgCl2 (Found): C, 38.35 
(38.45); H 2.30 (2.80); Co, 8.96 (8.51). We have not been able to purify 
this material further by recrystallization. 

(14) There is an immediate reaction between C,Me5Rh(C0)2 and p -  
methylbenzoyl isocyanide in MeCN, the solution color changing from 
orange to burgundy, followed by a slower change to a browner red similar 
to the solution color of Ia. Evidence for the formation of CpRhL2 is the 
appearance of IR bands at  1968 (s),1734 (w), 1683 (m), and 1613 (m) cm-'. 
This material has not yet been successfully purified. MnBr(CO)6 reacts 
with excess benzoyl isocyanide in refluxing THF to produce a solution 
having an obviously deeper orange color than that of the starting complex. 
Evidence for coordinated benzoyl isocyanide is new IR bands at  1985 (s), 
1963 (s), 1724 (vs), 1602 (m), and 1586 (w) cm-', as well as several weak 
bands and shoulders which may also be assignable to isocyanide com- 
plexes. This reaction produces a mixture of several complexes which can 
be incompletely separated from each other by chromatography on silica; 
the separation is complicated by the partial decomposition of the com- 
plexes on the column (other absorbents behave similarly with poorer 
resolution or excessive retention). The chromatographed fractions yield 
an assortment of orange or yellow oils which have so far defied efforts to 
induce crystallization. The band at 1968 cm-' in the Rh reaction mixture 
and the bands at  1985 and 1963 cm-' in the Mn reaction display the 
characteristic breadth of coordinated acyl isocyanide adsorptions, which 
are generally 2-3 times broader than carbonyl stretches in the same 
frequency range. 

0276-733318612305-1920$01.50/0 

is currently under study and will be reported on at  a later 
date. 
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Additlon of Sulfur to a Methylene Ligand In a Cluster 
Complex. The Synthesls and Structural 
Characterlzatlons of the Clusters Os,(CO), (pSCH,) 

Richard D. Adams,' James E. BaMn, and MUtlos Tasi 
Department of Chemistry, University of South Carolina 
Columbia, South Carolina 29208 

( n  = 10, 11) 

Received June 17, 1986 

Summary: Reaction of OS,(CO),,(~CH~) with ethylene 
sulfide leads to transfer of sulfur to the methylene group 
in the cluster complex and formation of the new com- 
plexes Os,(CO), ,@-SCH2) and Os,(CO),,@,-SCH,) which 
contain doubly and triply bridging thioformaklehyde lig- 
ands, respectively. 

A great deal of interest has been focused on the chem- 
istry of the bridging methylene ligand, A, that is found in 
polynuclear transition-metal comp1exes.l This ligand has 

ti yH 
M- ' 'M 

A 

been shown to engage in carbon-carbon bond formation 
to C02 and to unsaturated  hydrocarbon^,^.^ and it is be- 
lieved to be an important intermediate in the reactions 
involved in Fischer-Tropsch cataly~is .~ Sulfur is one of 
the most notorious of the poisons of the Fischer-Tropsch 
and related catalytic processes.6 We now wish to report 
the first example of the addition of sulfur to a bridging 
methylene ligand in a cluster complex and on the structure 
determinations of the resultant products.' 

The reaction of 20.0 mg of O S ~ ( C O ) ~ ~ ( ~ - C H ~ )  with 50 p L  
of ethylene sulfide in 15 mL of refluxing cyclohexane 

~~ 

(1) (a) Herrmann, W. A. Adu. Organomet. Chem. 1982, 20, 159. (b) 
Herrmann, W. A. Pure Appl. Chem. 1982,54, 65. 

( 2 )  (a) Morrison, E. D.; Geoffroy, G. L. J. Am. Chem. SOC. 1985,107, 
3541. (b) Morrison, E. D.; Steinmetz, G. R.; Geoffroy, G. L.; Fultz, W. 
C.; Rheingold, A. L. J. Am. Chem. SOC. 1984, 106, 4783. 

(3) Dyke, A. F.; Knox, S. A. R.; Naish, P. J.; Orpen, A. G. J. Chem. 
Soc., Chern Comrnun. 1980,441. 

(4) Sumner, C. E.; Collier, J. A.; Pettit, R. Organometallics 1982, I, 
1350. 

(5) (a) Brady, R. C.; Pettit, R. J. Am. Chern. Soc. 1981,103,1287; 1980, 
102,6181. (b) Herrmann, W. Angew. Chem., Int. Ed. Engl. 1982,21,117. 

(6) Bartholomew, C. H.; Agrawal, P. K.; Katzer, J. R. Adu. Catal. 1982, 
31, 135. 
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