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a silicon MASS NMR experiment (insert in Figure 2B) compared 
to three sets of 17O resonances. This permits, in principle, a far 
more detailed structural analysis using 17O NMR, since isotropic 
chemical shifts, chemical shift tensors,14 electric quadrupole 
coupling constants, and electric-field gradient tensor asymmetry 
parameters for each nonequivalent oxygen appear to be meas
urable. 
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Catalytic systems for homogeneous hydrogenation of the carbon 
monoxide molecule have been postulated to proceed through initial 
formation of a metal formyl complex,1,2 although the intramo
lecular migration of a hydride ligand to coordinated CO has been 
shown in several complexes to be a difficult process.3"5 lnter-
molecular hydride donation from boron hydride reagents has been 
used as a general synthetic route to metal formyl complexes.4 

Reactions of early transition-metal hydrides (groups 4A and 5A) 
with CO or metal carbonyls have also been reported; many of these 
processes are known or postulated to involve intermolecular hydride 
transfer to a carbonyl ligand.7,8 These reactions, however, require 
the stoichiometric use of powerful hydride donors that are not 
readily regenerable in a catalytic process. Here we report the 
generation of a metal formyl complex by hydride transfer from 
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a group 8 metal complex, HRu(CO)4
-, which is plausibly re

generable from H2 and CO in a catalytic system. We also suggest 
that this intermolecular hydride-transfer process is a model for 
the initial activation of carbon monoxide in a catalytic system for 
CO reduction. 

In our study of a soluble iodide-promoted ruthenium catalytic 
system for CO hydrogenation,9 it was noted that catalyst con
centration effects and the involvement of two essential catalyst 
components, HRu3(CO)11" and Ru(CO)3I3", indicated the oper
ation of intermolecular processes. Since HRu3(CO)11" is an ap
parent hydride donor in the presence of CO,10 a possible catalytic 
step could comprise transfer of the hydride ion to a carbonyl ligand 
in Ru(CO)3I3" or, more probably, Ru(CO)4I2 derived from the 
former complex by reaction with CO. This neutral Ru(II) complex 
contains highly electrophilic carbonyl ligands, as indicated by 
relatively high v(CO) frequencies.11,12 Reduction of a carbonyl 
ligand in this complex could be initiated by hydride transfer from 
HRu3(CO)11" or from HRu(CO)4",13 a complex expected from 
fragmentation of the trinuclear hydride cluster under H2/CO 
pressure. Reactions of Ru(CO)4I2 with PPN[DRu3(CO)11] and 
PPN[DRu(CO)4] (PPN = bis(triphenylphosphine)iminium) were 
therefore investigated by 2H NMR. (This technique was employed 
because of the possible greater stability of deuteroformyl com
plexes14 and the ease in identifying reduction products.) The 
complexes reacted at an observable rate at -60 0C, but there was 
no evidence of metal formyl production. Only in a more rapid 
reaction of Ru(CO)4I2 with LiDB(CH2CH3)3 was evidence for 
a highly unstable formyl complex (a short-lived signal at /3 13.65) 
observed. We therefore directed our attention toward reactions 
of the ruthenium hydride complexes with metal carbonyls such 
as Fe(CO)5

15 and [CpRe(CO)2(NO)]PF6
16,17 (Cp = 77'-C5H5), 

which are known to form relatively stable formyl complexes upon 
reaction with boron hydrides. Neither HRu(CO)4" nor HRu3-
(CO)11" react with Fe(CO)5 at 25 0C over many hours. The 
rhenium cation, however, is expected to be a better model for 
Ru(CO)4I2, on the basis of its e(CO) frequencies.18 

Reaction of HRu3(CO)11" with CpRe(CO)2(NO)+ was com
plete within minutes under an N2 atmosphere at 25 0C, but a metal 
formyl complex could not be detected by IR or NMR spectros
copy. The major products were Ru3(CO)12 and CpRe(CO)-
(NO)H.19 This reaction is retarded by an atmosphere of carbon 
monoxide, requiring several hours for completion; again, a metal 
formyl species could not be detected. Since hydride donation by 
HRu3(CO)11" has previously been shown to be greatly accelerated 
by CO,10 it appears unlikely that a rhenium formyl complex is 
formed as an intermediate by hydride transfer in this reaction. 
(The CpRe(CO)(NO)(CHO) complex is reported to have a 
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half-life of hours in solution at 25 0C.17) A more probable pathway 
involves the electron-transfer process shown in Scheme I, similar 
to the reported reactions of CpV(CO)3H" with neutral metal 
carbonyl complexes.20 A radical process is also implicated by 
the fact that CO substitution in CpRe(CO)2(NO)+ is not normally 
a rapid reaction.21,22 

The HRu(CO)4" hydride also reacts rapidly with CpRe-
(CO)2(NO)+ at 25 0C. Addition of [CpRe(CO)2(NO)]PF6 to 
an acetone solution of PPN[DRu(CO)4] causes rapid disap
pearance of the 2H NMR signal at 5 -7.77; hydride resonances 
for CpRe(CO)(NO)D (8 -8.44) and DRu3(CO)11- (5 -12.70) are 
observed to appear. Also evident is the characteristic formyl 
resonance of CpRe(CO)(NO)(CDO) at S 16.18.17-23 The possible 
stoichiometry of the formyl-producing reaction is given by eq 5.24 

3 H R u ( C O ) 4 - + 2 C p R e ( C O ) 2 ( N O ) + — 

H R u 3 ( C O ) n - + 2 C p R e ( C O ) ( N O ) ( C H O ) + C O (5) 

Of the CpRe(CO)2(NO)+ converted to the hydride and formyl 
products, a 20-30% yield of the formyl (based on integrated 2H 
NMR peak intensities) is typically observed. The formation 
pathway of the coproduced rhenium hydride is uncertain. It seems 
unlikely that all of this product could be formed by decarbonylation 
of the relatively stable formyl complex.25 Instead, it appears 
probable that an electron-transfer process similar to that outlined 
in Scheme I produces this hydride directly, via a pathway parallel 
to eq 5.26 Studies on the details of these processes are continuing. 

The hydride cluster HRu3(CO)11" is readily formed from H2 

and a ruthenium source in the iodide-promoted catalytic system 
noted above.9 Although this cluster appears to be stable under 
catalytic conditions, it is not improbable that its fragmentation 
to HRu(CO)4" is involved as an initial step in the catalytic se
quence.28 

Intermolecular transfer of hydride from the reactive mononu
clear HRu(CO)4- species to an electrophilic carbonyl ligand in 
another complex has now been demonstrated as a feasible step 
in the CO reduction process by this catalyst system. The facility 
of this transfer may be responsible for the relatively high catalytic 
activity of this system.9,29 
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We report an example of the anodic activation of a dinuclear 
palladium complex to cleavage reactions that give stable mono
nuclear Pd(II) IT complexes. The Pd(II) complexes can in turn 
be reduced or oxidized in reversible one-electron processes resulting 
in what appear to be the first persistent paramagnetic Pd(I) or 
Pd(III) -K complexes. 

The precursor compound is the diphenylacetylene-bridged 
dipalladium complex (?j5-C5Ph5)2Pd2(,u-PhC2Ph),21. This com-

Ph 

i 

pound displays two diffusion-controlled reversible one-electron 
oxidations (E0 = +0.52 and +1.13 V vs. SCE)3 and a single 
one-electron reduction {E° = -1.12 V). In CH2Cl2 the reduction 
is fully chemically reversible only at cyclic voltammetry (CV) 
sweep rates in excess of 200 mV/s, but greater reversibility was 
observed in THF solutions.4 Therefore the dimer has a three-step 
electron-transfer series giving four reasonably stable oxidation 
states: 

J2+ _- 1 + -^ j _- r 

Exhaustive anodic oxidation (+0.7 V) of 1 in CH2Cl2 at a 
platinum basket gave an intense green-black solution (n = 0.96 
e"); voltammetry at the rotating platinumg electrode (rpe) con
firmed the quantitative conversion of 1 to the radical cation 
[(7j5-C5Ph5)2Pd2(M-PriC2Ph)]+, I + (Figure 1). 

The chemical synthesis of I + was readily effected by adding 
a toluene solution of AgPF6 to an equivalent quantity of 1 in the 
same solvent. After the solution stirred for 5 min, the black 
precipitate was removed and extracted with CH2Cl2; black mi-
crocrystals of I + were isolable by hexane addition. The identity 
of I+ was confirmed by elemental analysis, by its voltammograms 
(E" values identical with 1), and by its frozen solution electron 
spin resonance spectrum in CH2Cl2, which showed one line cen
tered at g = 2.044. 

Unlike neutral 1, the radical cation I+ is a source of diamagnetic 
Pd(II) complexes, undergoing cleavage reactions with various 
ligands [L = PPh3, L2 = Ph2P(CH2)2PPh2 (dppe) or cyclo-
octadiene (cod), etc.] to give [(^-C5Ph5)PdL2] [PF6], 2, according 
to eq 1. The stoichiometry of the reaction, which also can be 

2(I+) + 4 L - * 2[(7;5-C5Ph5)PdL2]
+ + 1 + PhC2Ph (1) 

accomplished by the electrochemical oxidation of 1 in the presence 

(1) (a) University of Bristol; (b) University of Vermont. 
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(3) Data obtained by cyclic voltammetry measurements at a platinum bead 

electrode in CH2C12/0.1 M Bu4NPF6 electrolyte. Peak separations were 
typically 70 mV, and i'e/ia values were unity down to slow sweep rates (ca. 50 
mV/s), consistent with a reversible one-electron processes. 

(4) In multiple-sweep CV scans or upon bulk cathodic reduction, the 
solution gives a reversible wave at ca. -0.3 V, which we believe to be due to 
the pentaphenylcyclopentadienyl anion. 
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