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transition-metal ion is smaller than that of HNC (see 
above) and neutral HCN is more stable than HNC (by at  
least 10 kcal/molZ3), intermediate 9 should prefer to de- 
compose via path d rather than path b; in contrast, for 12 
a branching ratio b:d > 1 should be observed. This is 
precisely borne out by the experimental results (Scheme 

The detailed mechanism by which the transformations 
8 - 9 and 11 - 12 proceed deserves further comment. 
Superficially, it could be concluded that the reaction 
commences analogous to the mechanism which was pro- 
posed earlier for the eliminations of hydrogen halides and 
water from alkyl halides and alcohols by alkali-metal ionsz5 
and which is commonly referred to as “dissociative 
attachment”. Early work with these two classes of sub- 
strates revealed that for transition-metal ions a different 
mechanism seemed to be operative, although in most cases 
the reaction products were the same.26 For alkali-metal 
ions it was proposed that the reaction proceeds via hy- 
droxide or halide abstraction followed by intramolecular 
protonation of the resulting neutral by the alkyl cation.26 
The site of protonation was assumed to be the non-metal 
fragment. For transition-metal ions initial insertion into 
the polar C-X bond (X = OH, halogen) was postulated, 
followed by &hydrogen shift.1a~b~2‘ While it remains to be 
established if the different behavior of the alkali-metal ions 
is not only deceptive, it is obvious, however, that in all cases 
studied so far, irrespective of the actual mechanism (Le. 
Scheme 11 versus Scheme 1111, no distinction was possible 
between the site of complexation before and after insertion 
because it is the same atom that is involved in both cases 
(i.e., the halide or the oxygen). So, no further insight was 
possible about the exact nature of the initial step of the 
now commonly accepted insertion/P-hydrogen shift 
mechanism. The results presented here provide for the 
first time evidence that a precoordination of t he  metal ion 
is maintained in t h e  course of t h e  reaction. However, 
some questions remain open to speculation, like, for ex- 
ample, the actual way in which the cleavage of the polar 
C-X bond proceeds. This could be a multicenter mecha- 
nism with rotation of the -XM+ entity or a simple rupture 
followed by rearrangements in the resulting ion/dipole 
complex. 

u . 2 4  
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(23) Koch, W.; Frenking, G.; Schwarz, H. Naturwissenschaften 1984, 
71, 473 and references cited therein. 

(24) A reviewer has raised the question if our experimental findings 
could not be explained by Scheme 11. We doubt this as we do not see how 
5 could specifically give rise to HCN-Fe+ and HNC-Fe+, depending on 
the precursor 1 or 2. Also, conversion of 5 to the diligated C4H8Fe(HX)+ 
species would imply further assumptions, while Scheme I11 accounts for 
all experimental observations. 

(25) (a) Wieting, R. D.; Staley, R. H.; Beauchamp, J. L. J.  Am. Chem. 
SOC. 1975,97,924. (b) Staley, R. H.; Beauchamp, J. L. J.  Am. Chem. SOC. 
1975. 97. 5920. 

(26) (a) Reference la. (b) Weil, D. A.; Wilkins, C. L. J .  Am. Chem. 

(27) (a) Allison, J.; Ridge, D. P. J.  Am. Chem. SOC. 1976,98,7445. For 
SOC. 1985, 107, 7316. 

cases, in which transition-metal ions are believed to react via dissociative 
attachment, see, however: (b) Jones, R. W.; Staley, R. H. J. Phys. Chem. 
1982, 86, 1669. (c) Uppal, J. S.; Staley, R. H. J. Am. Chem. SOC. 1982, 
104, 1238. (d) Jones, R. W.; Staley, R. H. J. Am. Chem. Soc. 1980,102, 
3794. (e) Burnier, R. C.; Byrd, G. D.; Freiser, B. S. Anal. Chem. 1980, 
52, 1641. 
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Summary: The reduction of CO, by alkylsilanes catalyzed 
by Ir(CN)(CO)dppe in C6D6 occurs at ambient tempera- 
tures and pressures. Reactions with Me,SiH,, Et,SiH,, 
and Me,SiH ultimately yield reduction of COP to the 
methoxide level. Concurrent formation of siloxanes 
serves to drive these reductions through the formation of 
silicon-oxygen bonds. Various reduced carbon interme- 
diates including formates, acetals, and methoxides are 
identified during the course of the reactions with the 
source of carbon confirmed through the use of 13C0,. 

Previous reports of transition-metal-catalyzed chemical 
reduction of COz have focused on the use of hydrogen as 
the reducing agent.’rZ For most simple reductions, how- 
ever, these reactions are thermodynamically unfavorable 
and require higher pressures and/or temperatures. In 
order to overcome unfavorable thermodynamics, alkyl- 
silanes, R3-,SiH,+,, can be used to reduce C02 with the 
reactions then becoming favorable via the formation of 
stable Si-0 bonds. To date, however, only a few examples 
of silane reduction of COz have been reported, and these 
have shown silyl formates and coordinated CO to be the 
predominant reduced carbon  product^.^-^ In this paper, 
we report the Ir(1)-catalyzed reduction of COz using al- 
kylsilanes to the methoxide level a t  near ambient tem- 
perature and pressure. The overall reduction stoichiometry 
corresponds to eq 1 for Me,SiH with intermediate re- 
duction products observed and identified by using l3CO2. 

3Me3SiH + COS - CH30-SiMe3 + Me3Si-0-SiMe3 
(1) 

The oxidative addition of trialkylsilanes to Ir(CN)- 
(C0)dppe (1; dppe = 1,2-bis(diphenylphosphino)ethane) 
has previously been shown to proceed stereospecifically, 
leading to cis silyl hydride iridium(II1) products.’ When 
the alkylsilanes Me3SiH, Me2SiH2, and EtzSiHz are allowed 
to react with Ir(CN)(CO)dppe under an atmosphere of 
COz, analogous oxidative addition chemistry occurs with 
the formation of isomers of IrH(SiRJ (CN) (COIdppe, 
followed by chemistry leading to stepwise C02 reduction. 
In a typical experiment, 0.07 mmol (500 Torr in 2.5 mL) 
of the alkylsilane and 0.11 mmol (800 Torr in 2.5 mL) of 
COz were added to a 5-mm NMR tube containing 0.005 
mmol (3.0 mg) of Ir(CN)(CO)dppe in 0.5 mL of C6D6. The 

(1) (a) Behr, A. Catalysis in C1 Chemistry; Keim, W., Ed.; D. Reidel 
Publishing Co.: Boston, MA, 1983; pp 169-217. (b) Eisenberg, R.; 
Hendriksen, D. E. Adu. Catal. 1979, 28, 79. (c) Darensbourg, D. J.; 
Kudaroski, R. A. Adu. Organomet. Chem. 1983,22, 129. (d) Volpin, M. 
E.; Kolomnikov, I. S. Pure Appl. Chem. 1973, 33, 567. (e) Denise, B.; 
Sneeden, R. P. Chemtech 1982, 15, 108. 

(2) O’Connel, C.; Hommeltoft, S. I.; Eisenberg, R. In Carbon Dioxide 
as a Source of Carbon: Biochemical and Chemical Uses; Aresta, M., 
Forti, G., Eds.; D. Reidel Publishing Co.: Dordrecht, Holland, 1987; pp 
33, 55, 295 and references therein. 

(3) Koinuma, H.; Kawakami, F.; Kato, H.; Hirai, H. J .  Chem. SOC., 
Chem. Commun. 1981, 213-4. 

(4) Suss-Fink, G.; Reiner, J. J. Organomet. Chem. 1981,221, C36-C38. 
( 5 )  Svoboda, P.; Hetflejs, J. Collect. Czech. Chem. Commun. 1975,40, 

(6) Svoboda, P.; Hetflejs, J. J .  Organomet. Chem. 1974, 65, C37-C38. 
(7) Johnson, C. E.; Eisenberg, R. J .  Am. Chem. SOC. 1985, 107, 

1746-9. 

6532-40. 
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tube was then flame-sealed and the progress of the reaction 
monitored by 'H NMR spectroscopy; additional product 
analyses were performed by MS and I3C NMR spectros- 
copies.8 

Of the silanes investigated, Me3SiH gives the simplest 
reaction products, although it proved to give the slowest 
overall reduction of COz. With Me3SiH, the initial COz 
reduction product is Me,SiO(O)CH (eq 2) which is readily 

observed by the formate proton resonance (6 7.69 ppm (s)) 
after 1 day of reaction a t  40 0C.9 The source of the for- 
mate carbon as carbon dioxide was confirmed by the use 
of l3CO2, resulting in the formate proton resonance ap- 
pearing as a doublet ( l JC-H = 223 Hz). By I3C NMR 
spectroscopy, the formate carbon appears as a singlet a t  
6 160.2 ppm in the proton-decoupled spectrum and as a 
doublet (lJC-H = 223 Hz) when protons are not decoupled. 

In the presence of complex 1, this formal insertion of 
COP into a Si-H bond is reversible. This is shown by 
exchange of the I3C label as represented in eq 3, with 
equilibrium being reached after 1 week at 60 "C. The same 
reaction a t  room temperature yields IrH(CO)2dppe'o and 
IrHz(CN)(CO)dppe7 as the major iridium hydride com- 
plexes after 1 week, with I3CO incorporation into the di- 
carbonyl complex seen by I3C coupling in the hydride 
resonance (2Jc-H = 6 Hz)." The formate proton of 
Me,SiO(O)CH may also be exchanged for deuterium as 
represented in eq 4 using Dz. This is observed in the 'H 
NMR spectrum by a decrease in the formate proton res- 
onance and the appearance of HD and HZ.I2 
Me,SiO(O)CH + I3CO2 Me3Si0(0)'3CH + COz (3) 

Me,SiO(O)CH + Dz + Me3SiO(0)CD + HD (4) 
Subsequent reduction of the formate carbon generated 

in eq 2 by Me,SiH a t  40 "C yields the intermediate 
Me3SiOCHzOSiMes. This reduction shown in eq 5 requires 
the presence of the catalyst. Small quantities of 
Me3SiOCHzOSiMes are observed by the acetal 'H reso- 
nance which appears as a singlet a t  6 5.02 and is split by 
164 Hz when I3CO2 is used.', This compound has pre- 
viously been identified by Rathke, using GC-MS, as an 
intermediate in the thermal decomposition of 
Me3SiOCH3.'4 A compound of this type has also been 
proposed by Koinuma and co-workers in the reduction of 
EtzMeSiO(0)CH, but it was not observed directly., 
Me,SiO(O)CH + Me,SiH - Me3SiOCHzOSiMe3 (5) 
MeaSiOCHzOSiMe3 + Me,SiH - 

CH30SiMe3 + Me3SiOSiMe3 (6) 
The final carbon product in this reduction sequence is 

Me3SiOCH315 which forms according to eq 6, with -2.4 
equiv of methoxide observed after 2 weeks at 40 OC.I6 In 

Me,SiH + COz Me,SiO(O)CH (2) 

Organometallics, Vol. 8, No. 7, 1989 1823 

(8) Samples were prepared on a high vacuum line. All solvents and 
alkylsilanes were degassed by using three freeze-pump-thaw cycles. All 
NMR spectra were recorded in C6D6 solutions with 'H spectra recorded 
at  400 MHz on a Bruker WH-400 suectrometer and I3C saectra recorded 
at  75 MHz on a GE QE-300 spectrometer. 

(9) Me3SiO(0)CH: 'H NMR 6 7.6 (s, 1 H), 0.14 (s, 9 H). Me3SiO- 
(0)13CH: 'H NMR 6 7.69 (d, JC-H = 222.9 Hz); 13C(1Hl NMR, formate 
carbon at  160.2 ppm. 

(10) Fisher, B. J.; Eisenberg, R. Organometallics 1983, 2, 764-7. 
(11) IrH('3C0)2dppe: Ir-H triplet of triplets a t  -10.35 ppm ( J H ~  = 

6 Hz, JH-p = 41 Hz). 
(12) 'H N M R  H, 6 4.46 (s), HD appears as a 1:l:l triplet a t  4.42 ppm 

~~ ~~ 

(lJH-D = 43 Hz). 

Me3Si0'3CH20SiMe3: Jc-H = 164 Hz. 

Jc-H = 140.6 Hz; 'kl'HI NMR, methoxy carbon 49.4 ppm. 

(13) Me3SiOCH20SiMe3: 'H NMR, acetal protons, 6 5.03. 

(14) Klingler, R. J.; Rathke, J. W. Organometallics 1986,5, 2568-70. 
(15) Me3SiOCH : 'H NMR 6 3.24 (s, 3 H), 0.04 (s, 9 H). Me3Si013CH3: 

- 
3 5  3 0  

PPM 

Figure 1. 'H NMR spectra of the methoxy region for the reaction 
of Ir(CN)(CO)dppe + 500 Torr of MezSiHz after approximately 
2 weeks of reaction a t  40 "C: (a) with 800 Torr of CO, added; 
(b) with 800 Torr of 13C02 added (x = Me2HSiOCH3; y = Me2SiH2; 
z = solvent impurity). 

this product, only the methoxy group becomes ',C-labeled 
when I3CO2 is used as indicated by a splitting of the 
methoxy 'H resonance into a doublet (lJC-H = 141 Hz). At  
the end of the reduction sequence, the predominant irid- 
ium complexes present are the isomers of IrH(SiMeJ- 
(CN)(CO)dppe formed initially, although small quantities 
of other complexes including IrH,(CN)(CO)dppe are also 
seen. This latter complex was previously reported to form 
slowly and as a secondary product in silane oxidative ad- 
dition to Ir(CN) ( C 0 ) d p ~ e . ~  Concurrent formation of 
Me,SiOSiMe,, identified by 'H NMR spectro~copy,'~ also 
takes place in eq 5, verifying the siloxane as the oxygen 
sink in this reduction of COz. 

When dialylsilanes are allowed to react with Ir(CN)- 
(C0)dppe in the presence of COz, reduction proceeds more 
rapidly, but since each silane has two Si-H bonds, the 
resultant products are more varied and complex. With 
Me2SiH2, the initial silyl formate is Me2HSiO(0)CH, as 
identified by the formate 'H resonance at 6 7.58 ppm. This 
peak becomes a doublet with l JC-H = 226 Hz when I3CO2 
is used and an enriched peak a t  159.4 ppm is observed in 
the 13C{1H) NMR spectrum.'8 Other silyl formates are also 
produced in this system via functionalization of both Si-H 
bonds of the secondary silane. While these species can be 
detected by both 'H and 13C NMR spectroscopy, positive 
identification of each has not been made to date.lg 

Continued reaction of the sealed reaction system a t  40 
"C gives further reduction of the silyl formates to acetal 
products of the formula RMe2SiOCHPOSiMezR' where R 
and R' are either H, a formate from a second COz insertion, 
or a siloxy group. Small amounts of these products are 
obtained in the reaction mixture after heating at 40 "C for 
1 day. In the 'H NMR spectrum, three acetal type proton 
resonances are seen at 6 5.02, 5.08, and 5.12 which become 
split by approximately 164 Hz when l3CO2 is utilized in 
the reactions. The 13C(1H) NMR spectrum shows these 
-OCH20- groups a t  85.4, 84.5, and 83.8 ppm while the 

(16) The quantities of the final methoxide species for both the Me3SiH 
and the MezSiH2 reactions were determined based on integration of their 
'H NMR resonances compared to the total of the phenyl protons on the 
irirliiim romnlpxea . . . -. _... 

(17) Me3SiOSiMe3: 'H NMR 6 0.12. 
(18) Me,HSiO(O)CH: 'H NMR 6 7.58 (s, 1 H), 4.84 (m, 1 H),  0.08 (s, 

6 H). Me2HSi0(0)'3CH: Jc-H = 226 Hz; 13C{1HJ NMR, formate carbon . .. 
a t  159.4 ppm. 

(19) In the 'H NMR, these other formate proton resonances appear 
a t  6 7.64 and 7.61 (Jr-H = 224 Hz). The 13Cl'HJ NMR shows two other 
formate carbon resonances at  158.5 and 158.7 ppm. 
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'H-coupled 13C spectrum reveals them as triplets with 'Jc-~ 
= 164 Hz. 

As seen with the Me,SiH reactions, longer reaction times 
yield methoxysilanes, Me2RSiOCH3 (-3 equiv of meth- 
oxide species after 9 days at  40 "C), as the final reduced 
carbon products.16 The predominant methoxysilane ob- 
tained in this system is Me2HSiOCH3.20 For this com- 
pound, the methoxy proton resonance appears a t  6 3.26 
ppm and is split by 142 Hz when 13C02 is used in the 
reaction. Two additional methoxysilane compounds are 
also formed and are observed directly by the methoxy 
proton and carbon resonances.21 This is shown in Figure 
1 with the 'H NMR spectra of both the 12C02 and 13C02 
reactions after 2 weeks, indicating the C0,-derived meth- 
ox>' groups present. The methyl groups directly bound to 
silicon and the various dimethylsiloxanes that are formed 
as the oxygen acceptors are not directly identified by 'H 
NMR, as this region of the spectrum becomes a compli- 
cated collection of singlets and multiplets. 

Reactions with other silanes are still being investigated. 
Et,SiH, shows CO, reduction chemistry similar to that of 
Me2SiHz with the exception of slightly slower reaction 
times. Future studies will involve the reactions of primary 
silanes in order to investigate the possibilities of branched 
oligomers and faster rates of reduction. 

From this study we have demonstrated that CO, can be 
reduced under very mild conditions to the methoxide level 
by alkylsilanes. This is closely related to the reduction of 
CO, to methanol by H, in that hydrolysis of the final 
reaction mixtures yield siloxanes and methanol. In these 
reactions, the silanes serve as both reducing agent and 
oxygen atom acceptor, driving the reaction through the 
formation of Si-0 bonds. 
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Since the initial discovery by Kubas,' transition-metal 
dihydrogen complexes have been intensively studied.2 
Although some understanding of the factors favoring H, 
coordination rather than the more commonly observed 
oxidative addition of Hz is beginning to emerge, the ligand 
systems employed successfully to date in stabilizing H2 
complexes are extremely limited in scope. Virtually all 
isolable H2 complexes reported to date contain tertiary 
phosphine ligands. Calculations seem to indicate that 
mixtures of u-donor and strong x-acceptor coligands are 
optimal for Hz binding, particularly when an acceptor 
ligand (such as CO) is trans to HZ3. In addition to the 
isolable complexes, there are several examples of di- 
hydrogen complexes which have been characterized only 
by infrared spectroscopy a t  very low temperatures. Com- 
plexes containing only acceptor ligands, such as Cr- 
(CO)5(772-Hz), are observable in significant concentrations 
only in liquid Xe a t  ca. 220 K.4 Also characterized in 
liquid Xe are Fe(CO)(NO),(q2-HZ) and Co(CO),(NO)(02- 
H,), the only reported examples of dihydrogen complexes 
containing NO  ligand^.^ 

We have previously reported the synthesis and prop- 
erties of complexes such as [ (a-C5H5)Ru(PR3)(CO) (v2-  
H,)]BF, (PR, = PMe,, PPh,, PMe2Ph, and PCy3). In the 
case of the PCy3-containing complex, an equilibrium be- 
tween the dihydrogen complex and a small amount of the 
dihydride complex was observed,6 demonstrating that the 
more basic metal center favors the oxidative addition re- 
action. We now report the preparation of moderately 
stable phosphine-free dihydrogen complexes of ruthenium 
and rhenium and some preliminary studies of their re- 
activity. 

Protonation (HBF,-Et20, 1.2 equiv) of the neutral hy- 
dride (q-C5Me5)Ru(CO)2H7 in dichloromethane at  220 K 
affords [(q-C5Me5)Ru(C0)2(q2-H2)]BF4 (1).l1 Formulation 
of 1 as a dihydrogen complex is based on the observation 
of lJH_,, = 32 Hz in the H-D derivative.', Complex 1 was 

(20) Me2HSiOCH3: 'H NMR 6 4.79 (m, 1 H), 3.26 (s, 3 H), 0.08 (d, 6 
H). Me2HSi013CH3: JC.H = 142 Hz; 13C(1H) NMR, methoxy carbon a t  
50.2 ppm. 

(21) These methoxy groups appear a t  6 3.35 and 3.34 in the 'H NMR 
and become split by 142 Hz when 13C02 is used. 31C{1HJ NMR: additional 
resonances at 49.7 and 48.5 ppm. 

Highly Reactive Dihydrogen Complexes of Ruthenium 
and Rhenium: Facile Heterolysis of Coordinated 
Dihydrogen 

Mitchell S. Chinn, D. Michael Helnekey,' Neil G. Payne, 
and Chadwick D. Sofield 
Department of Chemistry, Yale University 
New Haven, Connecticut 0651 1-81 18 

Received February 27, 1989 

Summary: The moderately stable cationic dihydrogen 
complexes [(v-C,Me,)Ru(CO),(v2-H2)] BF, and [(v- 
C,Me,)Re(CO)(NO)(v2-H2)] BF, have been prepared by 
protonation of the corresponding neutral hydrides. These 
are the first examples of dihydrogen complexes not con- 
taining phosphine coligands to be characterized by NMR 
methods. The coordinated dihydrogen ligand in these 
complexes is highly activated toward heterolytic cleavage, 
as demonstrated by deprotonation with very weak bases 
such as Et,O. The estimated pK, value for coordinated 
H, in the rhenium complex is -2 (CH,CI,). 

(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Was- 
serman, H. J .  J .  Am. Chem. SOC. 1984, 106, 451-452. 

(2) For a comprehensive account of the development of this field, see: 
Kubas, G. J. Acc. Chem. Res. 1988, 21, 120-128. Since the review by 
Kubas several additional dihydrogen complexes have been reported: (a) 
Arliguie, T.; Chaudret, B.; Morris, R. H.; Sella, A. Inorg. Chem. 1988,27, 
598-599. (b) Baker, M. V.; Field, L. D.; Young, D. J. J .  Chem. Soc., 
Chem. Commun. 1988, 546-548. (c) Esteruelas, E. S.; Sola, E.; Oro, L. 
A.; Meyer, U.; Werner, H. Angew. Chem., Int. Ed.  Engl. 1988, 27, 
1563-1564. (d) Hampton, C.; Cullen, W. R.; James, B. R.; Charland, J. 
J .  Am. Chem. SOC. 1988,110, 6918-6919. (e) Cotton, F. A.; Luck, R. L. 
J .  Chem. SOC., Chem. Commun. 1988, 1277-1278. (f) Bianchini, C.; 
Peruzzini, M.; Zanobini, F. J .  Organomet. Chem. 1988,354, C19422.  (g) 
Bianchini. C.: Mealli. C.: Meli. A,: Peruzzini. M.: Zanobini. F. J .  Am. 
Chem. Soc. 1988,110,'8725-8726. (h) Jia, G.; Meek, D. W. J .  Am. Chem. 

(3) Hay, P. J .  J .  Am. Chem. SOC. 1987, 109, 705-710 and references 
SOC. 1989, 111, 757-758. 

therein. 
(4) Upmacis, R. K.; Poliakoff, M.; Turner, J. J .  J .  Am. Chem. SOC. 

(5) Gadd, G. E.; Upmacis, R. K.; Poliakoff, M.; Turner, J. J. J .  A m .  
1986, 108, 3645-3651. 

Chem. SOC. 1986, 108, 2547-2552. 
(6) Heinekey, D. M.; Chinn, M. S. J .  Am. Chem. SOC. 1987, 109, 

5865-5867. 
(7) We have prepared (q-C5Me5!Ru(CO),H by NaBH, reduction of 

(q-C5Me,)Ru(CO)z,Br.8 The deuteride was prepared by reduction with 
NaBD,. This hydride has been previously reported as one of the products 
of reduction of the cation [(q-C5Me5)R~(C0)3]BF: and from protonation 
of K[(q-C5Me,)Ru(C0)2].10 

(8) Efraty, A,; Elbaze, G. J .  Organomet. Chem. 1984, 260, 331-334. 
(9) Nelson. G. 0. Ort?anometallics 1983. 2. 1474-1475. 
(10) Stasunik, A,; Wilson, D. R.; Malisch, W. J .  Organomet. Chem. 

1984, 270, C18-C22. 
(11) 'H NMR of 1 (CD2C12, 6 ,  195 K): 2.07 (s, 15 H),  -5.69 (s, 2 H). 
(12) The H-D derivative was prepared by protonation of (q-C5Me5)- 

RU(CO)~D. Due to facile intermolecular proton exchange, a statistical 
mixture of 1-do and 1-dl was observed immediately, even when proton- 
ation was carried out at 190 K. 
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