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a (i) C,H4, 3 atm; CO, 1 atm; 26 0C in hexane. (ii) C2H4, 3 atm; 
26 0C in THF. (iii) HBF4-2Et20. 

even less than by) other routes,6 but important in demonstrating 
this reaction path. 

Further reaction of ethylene with any of the acyl- or amido-
bridged trinuclear hydride complexes 5a-d gives the result rep
resented in eq 3 of Scheme I. Mass balance is achieved nearly 
quantitatively (95-100%). Ru3(CO)12 is crystallized out at -20 
CC; when the solution is warmed back to room temperature, half 
the solvent removed under vacuum, and the solution again cooled 
to -20 0C, complexes 7a-d (respectively) are now crystallized out. 
These compounds can be separated on silica gel columns with 
50/50 petroleum ether/CH2Cl2.4b By 13C NMR7 and similarity 
of their IR absorptions to the complex (OC)3FeJO=C(Ph)I2Fe-
(OC)3

8 we believe them to be dimers as indicated in Scheme I. 
The bridging acyl groups are three-electron donors, and the 

presence of two of these along one edge of a trimer would require 
loss of the metal-metal bond between the ruthenium atoms thus 
bridged.9 Instead, we observe loss of an Ru(CO)4 group giving 
Ru3(CO)12 and a metal-metal-bonded dimer. The instability of 
the trinuclear unit with the two bridging ji-acyl groups is an 
important observation of relevance to the question of the stability 
of cluster complexes under catalytic conditions.10 
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Few homogeneous metal ion systems1 have been reported that 
are capable of reducing water thermally under mild conditions 
in alkaline media, and to the best of our knowledge none in neutral 
solutions. These systems are based on polyamine2 and pyrocha-
techol ligands.3 

We report here on another system based on a sulfur ligand. 
When excess cysteine is added to a V11 solution, substitution occurs, 
followed by electron transfer to electron acceptors present in the 
solution and to water in their absence, leading eventually to di
hydrogen evolution. These reactions were investigated in the pH 
range 6.0-9.5 and can be represented by eq 1 and 2. The first 

V" + cys — V"-cys (1) 

V"-cys + H2O — Vnl-cyS + HO ' + ' /2H2 (2) 

reaction is fast and is monitored by stopped flow. Before mixing, 
the vanadium(II) solution is acidic. Dihydrogen release is slow—it 
takes several minutes. During the reaction pH remains within 
experimental error constant; the system is a fairly good buffer. 
The data in Table B (supplementary material) show that the 
stoichiometry of the redox reaction corresponds to eq 2. Stoi-
chiometry measurements were made in the pH range 7.5-8.5, at 
temperatures between 20 and 62 0C, and with initial concen
trations [ V ] 0 = 0.2-0.1 M and [cys]0 = 0.62-1.47 M, and [cys]0 

to [V"]0 ratios of 6.6-38. 
In the pH range investigated precipitation of hydrolyzed va

nadium species is avoided by using a large excess of cysteine 
(always larger than 20-fold). Under these conditions even small 
amounts of impurities in cysteine may cause extensive oxidation 
and lead to faulty results. It is, therefore, important to recrystallize 
the organic reagent (purchased from Riedel-de Haen AG) 
carefully, under an inert atmosphere. 

V"-cys is formed with a rate law first order in V" and in 
cysteine. The kinetic data were collected in the temperature range 
24-54 0C with [V11J0 = 3 X 10"4 M and [cys]0 = 0.10-0.64 M 
(Table A and Figure A1, supplementary material). The sec
ond-order rate constant depends upon pH and at 24 0C reaches 
a maximum value k2 = 1.00 ± 0.05 mol"1 L s"1 at pH 8.25 (Figure 
1). The points in this figure are averages of many measurements. 
The Arrhenius activation energy (Figure A2, supplementary 
material) is 10.0 ± 1.0 kcal mol"1, in agreement with the value 
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Figure 1. pH dependence of the second-order rate constant of the re
action between V2+(aq) and cysteine. The reaction was followed by 
stopped flow at 400 nm; [V2+] = 3 X 10"4 M, [cys] = 10"1 M; room 
temperature. 

for substitution on V(H2O)6
2+.4 The preexponential factor is 2.1 

X 106. 
The formation of dihydrogen follows linear first-order kinetics 

with respect to V"-cys. The value of the rate constant at 21 0C 
is 2.3 X 10"3 s"1. The estimation was based on dihydrogen and 
the known stoichiometry (1:0.5). The rate of this stage is inde
pendent of the concentrations of cysteine and of pH (in the range 
7.5-8.5; Table B, supplementary material). The Arrhenius energy 
of activation is 12.9 ± 0.4 kcal mol"1 (Figure B1, supplementary 
material). The preexponential factor is 5 X 106. 

Products of oxidation and/or reduction of cysteine itself were 
not detected. 

The lack of dependence of the rate of the redox reaction on 
hydrogen and/or hydroxide ion concentration (10-fold change 
around pH 8) forces us to rule out separate implication of these 
ions in the rate-determining step and to suggest that both are 
involved simultaneously or that neutral water is the reactant. One 
way both H+ and HO" could be implicated is to assume that the 
form of the complex participating in the rate-determining step 
of the redox process is hydrolyzed and that this step is catalyzed 
by acid. 

Addition of VIV or cystine, after V"-cys is formed, supresses 
dihydrogen formation, the product in this case being only Vln-cys. 

Both Vn-cys and VIn-cys are intensely yellow. In Figure 2 
we compare their spectra with those of V(H2O)6

2+ and V(H2O)6
3+. 

The main feature is the appearance of two new charge-transfer 
bands in the UV region, one of which (ca. 280 nm) can be assigned 
to ligand-to-metal charge transfer. Similar assignments have been 
made5 for a variety of other complexes containing metal-to-sulfur 
bonds. The other band (ca. 390 nm) is tentatively assigned to 
a metal-to-ligand charge transfer and indicates strong back-
bonding. In fact, with mercaptoacetate this back-bonding is so 
strong that it leads to a net electron transfer from V11 to the ligand 
and to a break of the C-S bond.6 

The increase in absorptivities and the broadening and the small 
shifts of the d-d transitions are consistent with the postulate of 
strong interaction between sulfur and the metal ions. 

Spectra of the V"-cys complex could not be taken under 
conditions of fast hydrogen production (because Vn-cys changes 
quickly to VIIL-cys and H2 bubbles form). The Vra-cys spectrum, 
however, did not change appreciably for pH values in the range 
7.0-8.5 and for all ratios [cys]/[Vm] tried down to the value of 
20. 

Thus, it seems that the extra electron in the Vn-cys system 
remains delocalized over V11 and cysteine, until it is transferred 
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Figure 2. (A) Spectra of V"-cys (- - -) and Vm-cys (—) complexes at 
pH 8, room temperature; [V11] = [V"1] = 9 X \Qr* M, [cys] = 9.4 X 10"2 

M. (B) The corresponding spectra for V(H2O)6
2+ and V(H2O)6

3+. The 
spectra in A were taken with cysteine in the reference compartment. 

to an oxidant such as VIV or cystine or, by a slower process, to 
a water molecule. In the absence of oxidants and/or water the 
electron can presumably be "stored" indefinitely. 
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The phenomenon of critical slowing down is an important 
feature of open nonlinear chemical reactions near points of in
stability.1"4 It signifies that the approach to a steady state is very 
slow near these points. Critical slowing down was predicted 
theoretically by Schlogl5 for certain open autocatalytic systems. 
In recent theoretical work we showed that critical slowing down 
may occur when a simple autocatalytic reaction A + B —* 2B is 
carried out in a continuous-flow stirred tank reactor (CSTR).6 

Slowing down effects in a CSTR were also calculated by us in 
computer simulations of a cyclic mechanism of enzymatic poly 
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