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We find that [HRu;3(CO),,]™ functions as an apparent hydride
donor in the presence of CO at atmospheric pressure and room
temperature. This observation provides new insights into the
chemistry of cluster anions and suggests a previously unanticipated
mechanism for catalysis of the water—gas shift reaction by ru-
thenium clusters in basic solution.

Three separate reactions have been examined, each of which
is consistent with and suggests hydridic behavior of [HRu;(C-
Ol

1. Reaction with CO. The salt K[HRu3(CO),,] is stable in
THF at room temperature. However, precipitation of Ru;(CO),,
is evident within minutes upon adding CO (1 atm) to the system.
Other than [HRu;(CO);,]™ and Ru;(CO),,, no other ruthenium-
containing species is observed by spectroscopic (1*C, 'H NMR,
and IR) means. From the system of 4 mL of 0.3 M K[HRu;-
(CO)y;] in THF and 3.5 mmol of CO at 1 atm, 10% of the
ruthenium is isolated as Ru;{CO),,. A reasonable source for the
Ru;(CO),, is reaction la expressed as an equilibrium.! Evidence

K[HRuy(CO);,] + CO = KH + Ruy(CO),,  (1a)

for such an equilibrium is given by the following observations:
(a) Removal of the CO atmosphere from the above system causes
rapid back reaction to give [HRu3(CO),,]~. (b) The reverse of
reaction 1a occurs readily? in THF (reaction 1b). An equilibrium

KH + Ru;(CO),; = K[HRu;(CO),y] + CO  (1b)

system is indicated in that reaction 1b is severely retarded when
CO at 1 atm of pressure is above the solution. When the CO is
removed, the reaction goes to completion. Similarly, with 3CO
at 1 atm, reaction 1b is inhibited to less than a 1% overall con-
version (I3C NMR spectrometry) to [HRu;(CO),,]” in a 48-h
period at 25 °C.3 Yet in this time frame, 3CO-12CO equilibration
is achieved between carbon monoxide and triruthenium do-
decarbonyl. However, when KH is absent from the system, no
detectable 13CO-12CO equilibration occurs for the same time
period and temperature.

2. Reaction with [Ph,C][BF,] and CO. The following reaction
was complete within 30 min at room temperature, with 1 atm of
CO pressure, and in THF solution 0.3 M in K[HRu;(CO),,] and
[PhyC][BF,]:

K[HRu,(CO),,] + [Ph;C][BF,] + CO —
KBF, + Ru,(CO),, + Ph,CH (2)

No byproducts were detected. In the absence of CO, evidence
of a reaction (trace of Ru;(CO),,) is apparent only after several
days. Reaction 2 probably proceeds through a hydride pathway.
A possible radical pathway seems to be less favorable. We gen-
erated* [HRu;(CO);,¢] in the presence and absence of CO and

(1) We have not yet been able to obtain X-ray powder pattern evidence
for KH, most likely because it is a poor X-ray scatterer compared to Rus(C-
0),; and K[HRu;(CO)y;]. Furthermore, any KH formed must be in an active
state since removal of CO pressure results in rapid back reaction according
to eq la.

(2) Our preparation of K[HRu;(CO)y,] is the first preparation of this
anion from a simple saltlike hydride. The standard method for preparing
[HRu;3(CO)y,]" involves reaction of a complex borohydride with Ru3(CO);,
and has been shown to proceed through a formyl intermediate, which then
loses CO: Schoening, R. C.; Vidal, J. L.; Fiato, R. A. J. Organomet. Chem.
1981, 206, C43. Johnson, B. F. G.; Lewis, J.; Raithby, P. R.; Suss, G. J.
Chem. Soc., Dalton Trans. 1979, 1356.

(3) Experimental conditions: 95% '3CO, 5.68 mmol of CO, 0.149 mmol
of KH, 0.150 mmol of Ru3(CO),,. All gas samples were determined by mass
spectrometry.

(4) This cluster radical may be prepared from K[HRu3(CO),,] and AgBF,
at =78 °C in THF, analogous to the recently reported preparation of
[HFe;(CO),y7): Krusic, P. J. J. Am. Chem. Soc. 1981, 103, 2131-33.

found it to be extremely unstable. Above -20 °C no ESR signal
was detected and a number of decomposition products, insoluble
in THF, were very rapidly formed.

3. Reaction with H,0 and CO. The reaction of [DRu;(CO);,]”
with H,O in the presence of CO is of interest due to its possible
relationship to catalysis of the water—gas shift reaction. At room
temperature and 1 atm of CO, HD gas (95% pure) is rapidly
evolved from 0.01 M K[DRu,(CO)y,].

H,0
K[DRu,(CO),,] + CO + H,0 —
HD + Ruy(CO),, + KOH (3)

The solvent water eliminates possible back reaction of Ru3(CO),,
with KOH. In the absence of CO, K[DRu;(CO),,] reacts slowly
with water producing only traces of HD. Similarly, with K[H-
Ruy(CO) ] in H,O in the absence of CO, only trace H, is formed
and no Ru3(CO)y;. Thus the anion is not significantly protonated
by H,O since the resulting H,Ru;(CO),, is known to decompose
at room temperature to give H, and Ru;(CO),, (90% conversion).*
We believe reaction 3 reflects a hydridic character of K[HRuj-
(CO)yy] in the presence of CO.

Although kinetically indistinguishable, two possibilities for CO
participation in these reactions are considered: (1) a concerted
process in which H™ is eliminated as CO is added;® (2) an asso-
ciative process. The latter case requires that an intermediate
[HRu;(CO),,] be formed, an electron-rich complex containing
hydridic hydrogen bound to either a metal or to a carbon atom
of a formy! group’ which could function as a hydride transfer
agent.?

Therefore, we propose a cycle (reactions 4-6) for catalysis of
the water—-gas shift reaction that differs from previously proposed®
cycles involving [HRu;(CO),;]™ because it emphasizes hydridic
properties of this ion in the presence of CO. At present under
the mild conditions of CO pressure and temperature chosen, there
is no evidence for the reaction proceeding through mononuclear
species.

Ru3(CO)y; + [OH]” — [HRuy(CO) " + CO,  (4)
[HRu3(CO);y]” + CO — Ruy(CO)y; + H- (5a)
H™ + H,0 — H, + [OH] (6a)

or reaction 4 followed by
[HRu;(CO)]” + CO — [HRu;3(CO) 5]~ (5b)
[HRu3(CO);,]” + H,O — Ru;(CO)y, + Hy+ [OH] (6b)

Examination of the anions!®!! [H;Ru,(CO),,]” and [HRu,-
(CO),5]" in the presence of CO and H, provides insight into the

(5) Keister, J. B. J. Organomet. Chem. 1980, 190, C36.

(6) Hydride elimination promoted by an incoming CO ligand has been
observed for [PPN*][HFe(CO),] but requires 140 atm of CO: King, R. B;
Frazier, C. C.; Hanes, R. M.; King, A. D., Jr. J. Am. Chem. Soc. 1978, 100,
2925. We find a trace of Fe(CO)s produced from K[HFe(CO),] at 1 atm
of CO. Possible hydride elimination promoted by an incoming ligand has been
suggested in the reactions of binuclear (u-H)[M(CO)4];” (M = Cr, Mo, W)
complexes with group 5A incoming ligands: Darensbourg, M. Y.; Walker,
N.; Burch, R. R. Inorg. Chem. 1978, 17, 52.

(7) The migratory insertion of CO to produce a mononuclear formyl from
a metal hydride has recently been observed: Fagan, P. J.; Moloy, K. G;
Marks, T. 1. J.. Am. Chem. Soc. 1981, 103, 6959,

(8) A cluster formyl complex has been recently suggested to act as a
hydride transfer agent: Steinmetz, G. R.; Geoffroy, G. D. J. Am. Chem. Soc.
1981, 103, 1278. Also, the hydridic character of mono- and binuclear metal
carbonyl formyl complexes has been reported: Gladysz, J. A.; Tam, W. J.
Am. Chem. Soc. 1978, 100, 2545. Casey, C. P.; Neumann, S. M. J. Am.
Chem. Soc. 1978, 100, 2544. Gladysz, J. A.; Williams, G. M,; Tam, W;
Johnson, D. L. J. Organomet. Chem. 1977, 140, C1.

(9) Ungermann, C.; Landis, V.; Moya, S. A.; Cohen, H,; Walker, H,;
Pearson, R. G.; Rinker, R. G.; Ford, P. C. J. Am. Chem. Soc. 1979, 101, 5922.
Ford, P. C. Acc. Chem. Res. 1981, 14, 31.

(10) Koepke, J. W,; Johnson, J. R.; Knox, S. A. R.; Kaesz, H. D. J. Am.
Chem. Soc. 1975, 97, 3947,

(11) Nagel, C. C.; Shore, S. G. J. Chem. Soc., Chem. Commun. 1980, 530.
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relative contributions of trinuclear vs. tetranuclear ruthenium
carbonylates in the catalysis of the water—gas shift reaction. Our
results are described below.

Reactions with H, and CO were carried out on 3-mL quantities
of 0.01 M THF or ethoxyethanol solutions of potassium salts at
0.9 atm (5.7 mmol of CO or H,). Solutions were analyzed by
'H NMR and IR spectroscopy and mass spectrometry of initial
and final gas mixtures. Chemical reactions were established
through isolation of products and a determination of mass balances
as well as spectroscopic identification. Although inert to H,,
[H3Ru,(CO),,] reacts with CO according to equation 7. For-

3[H;Ru(CO) 5] + 9CO =
3[HRU3(CO)”]_ + RU3(CO)12 + 3H2 (7)

ward and reverse steps have been independently established by
using either [H;Ru4(CO);,]™ or a 3:1 ratio of [HRu;3(CO) ] to
Ru;(CO),, as the starting point. Studies conducted under varying
CO/H, ratios at a total gas pressure of 1 atm indicate an equi-
librium constant of 2 X 1072 at 60 °C in glyme.

The forward reaction of equation 7 was examined under 1 atm
of CO as a function of time at 60 and 80 °C in glyme. At 60
°C no intermediate species could be detected. However, at 80
°C this reaction proceeds through the intermediate [HRu,(C-
0),;]", the concentration of which never exceeds 12% of all ru-
thenium species since it is rapidly consumed by CO to give
[HRu;(CO),;]” and Ru,(CO),,. Reaction 7 probably proceeds
through the following sequence.

[H3Ru,(CO),,]" + CO = [HRu,(CO),51"+ H, (8)

[HRu,(CO)y5]" + 2CO = [HRuy(CO)yy ™ + 1/5Ru3(CO)y,
)

Forward and reverse steps of eq 8 and 9 were observed at 80 °C
in separate reactions.

A current view® that tetranuclear ruthenium clusters catalyze
the water—gas shift reaction assumes the equivalent of reaction
8 as the rate determining step in the catalytic cycle (see eq 10).

20
rate aet step

e

HZ U4\\JC,]2\~OOH\

TH3Ru4 (00N, 1 [HRu,4 005"

This cycle is presumed to be operative whether the starting point
is HyRu,(CO),,"? or Ruy(CO),, in basic solution since the
“mature” catalytic system in each case has the same activity, and
the same tetranuclear ionic species, [H;Ru4(CO);5] 7, is observed
in solution.” No [HRu4(CO),3]", a component of the cycle in eq
10, is observed. This is not unexpected since we see a rapid
reaction of [HRu,(CO),;]” with base to give mixtures of [H;-
Ru,(CO);,]™ and [H,Ru,(CO),,]>.13 However, since we also
observe reaction 9, in which [HRu,(CO),;]” is converted to
Ru;(CO);, and [HRu3(CO),;]” by CO, it is possible that over
a period of time the effectiveness of the above cycle would be
diminished and catalytic activity would be due primarily to tri-
nuclear species.

If H, could be removed as it is formed in the water—gas shift
reaction, then according to equilibrium 7 the concentration and
subsequent contribution of [H;Ru,(CO),,]™ to the catalysis could
be minimized. This point was tested by setting up a water—gas
shift experiment in which H, was continuously removed from the
apparatus by diffusion through a palladium thimble while CO
remained behind. As expected, only [HRu3(CO);;]~ was observed

(12) H4Ruy(CO),, is rapidly deprotonated (ref 10) under these basic
catalytic conditions to yield [H;Ru4(CO)y,]7, which has been presumed to be
one of the active species in the water—gas shift catalysis.

(13) In an earlier report (ref 9) the isolation of H,Ru4(CO),; from neu-
tralized basic solutions that catalyze the water—gas shift was taken as evidence
for the presence of [HRu (CO),3]” in the active solutions. However, our
results indicate that [HRu4(CO),3])” will not exist in basic solutions.

in solution even though H,Ru4(CO),, was the starting cluster.
In this effectively H,-free environment the turnover was ap-
proximately 4 times that observed in an earlier report® in which
H, was allowed to accumulate in the catalytic system. The
presence of H, shifts equilibrium 7 toward [H3;Ru,(CO);;]~, but
the presence of H, also inhibits the reductive elimination step
according to equilibrium 8.

Thus it is clear that the trinuclear combination [HRu;(C-
0),;]7-Ru;(CO),, plays the major role in catalysis of the
water—gas shift reaction in basic media, irrespective of whether
the reaction is initiated by tetranuclear or trinuclear ruthenium
carbonylates.

Furthermore, it seems reasonable that participation of trinuclear
species in the catalysis of the water—gas shift reaction proceeds
through a mechanism that involves a hydridic character of
[HRu;(CO),;]” in the presence of CO.
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Thioaldehydes have been virtually ignored in synthesis, probably
due to their reported tendency to polymerize. Isolated reports
mention carbon bond-forming reactions of transient thioaldehydes
with 1,3-dienes! or with butyllithium,? but other publications that
postulate thioaldehyde formation include little systematic infor-
mation on their potential for intermolecular reactions other than
polymerization.>=

(1) (a) Dice, D. R.; Steer, R. P. Can. J. Chem. 1974, 52, 3518. (b)
Anastassiou, A. G.; Wetzel, J. C.; Chao, B. J. Am. Chem. Soc. 1976, 98, 6405.
(c) Vedejs, E.; Arnost, M. I.; Dolphin, J. M,; Eustache, J. J. Org. Chem. 1980,
45, 2601.

(2) Wilson, S. R.; Georgiadis, G. M.; Khatri, H. N.; Bartmess, J. E. J. Am.
Chem. Soc. 1980, 102, 3577.

(3) (a) Giles, H. G.; Marty, R. A.; de Mayo, P. J. Chem. Soc., Chem.
Commun. 1974, 409. (b) Block, E.; Connor, J. O. J. Am. Chem. Soc. 1974,
96, 3929. (c) Qele, P. C; Louw, R. J. Chem. Soc., Chem. Commun. 1972,
848. (d) Hiskey, R. G.; Kepler, J. A.; Thomas, B. D. J. Org. Chem. 1964,
29, 3684. (e) Asinger, F.; Schafer, W.; Halcour, K.; Saus, A.; Triem, H.
Angew. Chem. 1963, 75, 1050. (f) Solouki, B.; Rosmus, P.; Bock, H. J. Am.
Chem. Soc. 1976, 98, 6054. (g) Hata, Y.; Watanabe, M.; Inoue, S.; Oae, S.
Ibid. 1975, 97, 2553. (h) Lipkowitz, K. B.; Scarpone, S.; Mundy, B. P,;
Bornmann, W. G. J. Org. Chem. 1979, 44, 486. This paper claims isolation
of a thioaldehyde, but the NMR data given do not support the assignment.
(i) For characterization of resonance-stabilized thioaldehydes, see: Mackie,
R. K.; McKenzie, S.; Reid, D. H.; Webster, R. G. J. Chem. Soc., Perkin
Trans. 1 1973, 657. (j) Baldwin, J. E; Christie, M. A. J. Chem. Soc., Chem.
Commun. 1978, 239. Baldwin, J. E.; Jung, M. Ibid. 1978, 609. (k) Added
in Proof: “PE” detection of thioacrolein and observation of dimer 4 are
recently reported; Bock, H.; Mohmand, S.; Hirabayashi, T.; Semkow, A. J.
Am. Chem. Soc. 1982, 104, 312.

(4) Burri, K. F.; Paioni, R.; Woodward, R. B. Helv. Chim. Acta, submitted
for publication. We are grateful to Dr. Burri for informing us of this work
prior to publication.

(5) Hogeveen, H.; Smit, J. J. Recl. Trav. Chim. Pays-Bas 1966, 85, 489.
Trost, B. M. J. Am. Chem. Soc. 1967, 89, 138. Fish, R. H.; Chow, L. C;
Caserio, M. C. Tetrahedron Lett. 1969, 1259. Woodward, R. B.; Scartazzini,
R., unpublished findings, 1969 (see ref 4, footnote 7). Caserio, M. C.; Cauer,
W.; Novinson, T. J. Am. Chem. Soc. 1970, 92, 6082. Cheney, J.; Moores,
C. J; Raleigh, J. A.; Scott, A. 1; Young, D. W. J. Chem. Soc., Chem.
Commun. 1974, 47. Brandt, A.; Bassignani, L.; Re, L. Tetrahedron Lett.
1976, 3975.

0002-7863/82/1504-1445%01.25/0 © 1982 American Chemical Society



