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Electrocatalytic Reduction of Carbon Dioxide Based on 2,2'-Bipyridyl Complexes of Osmium
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The complex cis-[Os(bpy)2(CO)H]* (bpy is 2,2-bipyridine) has been found to be an electrocatalyst for the reduction
of CO, in CH;CN containing 0.1 M tetra-»-butylammonium hexafluorophosphate at glassy carbon or Pt electrodes.
Under anhydrous conditions CO is the dominant product, but addition of water results in up to 22% formate anion.
Kinetic parameters derived by digital simulation of cyclic voltammograms under electrocatalytic conditions are
consistent with a rate-determining associative step (k;) in which CO, undergoes a reaction with the direduced
complex, [Os(bpy),(CO)H]-, to form an intermediate. This intermediate either gives CO or a second intermediate
which is a source of CO or formate by competitive pathways that follow the rate-determining step(s). On the basis
of the results of isotopic labeling studies, neither the bound CO nor H- groups are involved in the reduction of CO,.
The kinetics of reduction of CO, by the twice-reduced complexes cis-[M(bpy),(CO)R]- (M = Os, R = H, Me, Ph;
M = Ru, R = CH,Ph) have also been investigated. From these data, it has been found that a linear correlation
exists between In %, and the cone angle of the group, —R.

Introduction

A number of group VIII transition metal complexes have been
reported to be electrocatalysts for the reduction of carbon
dioxide.!2 Some information concerning the key redox steps is
available,!-? but in the main, the detailed mechanistic insight
required to design new catalysts that operate at low overvoltages
at high rates and with product selectivity remains to be acquired.
We report here the results of a kinetic and mechanistic
investigation on the reactions between the twice-reduced forms
of cis-[Os(bpy)2(CO)H]* (bpy is 2,2’-bipyridine) and some related
complexes with CO, in acetonitrile. Theseresults, whichappeared
in preliminary form as a communication,* reveal a, heretofore,
unidentified pathway for the reductive activation of carbon
dioxide. Inthispathway CO,addstothetwice-reduced complexes
by an associative step apparently involving expansion of the
coordinationsphere. Thisgivesanintermediate thatsubsequently
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forms carbon monoxide or formate anion, the ratio of which
depends on the water content of the solution.

Experimental Section

Materials. Salts of the type cis- or trans-[M(bpy)2(CO)R][PFs] (M
= Ru, Os) were prepared by procedures described previously.’ Aceto-
nitrile (Burdick and Jackson) used in the electrochemical experiments
was either used as received or distilled over CaH; depending on the level
of H,0 desired. The supporting electrolyte, tetra-N-butylammonium
hexafluorophosphate (TBAH), was prepared by metathesis of tetra-N-
butylammonium bromide and HPF¢ in H,0. The salt was purified by
reprecipitation from CH,Cly/ether and dried in vacuo at 80 °C. Mo-
lecular sieves were Linde 4-A 8 X 12 pellets. The CO, gas was anaerobic
or bonedry grade (Matheson), and the CO,/N; gas mixtures were certified
standard grades (Matheson).

Electrochemical Measurements, Cyclic voltammetric (CV) experi-
ments were conducted by using a Princeton Applied Research 173 po-
tentiostat with a home-built sweep generator and an HP 7015B XY
recorder. Solutions for CV measurements in 0.1 M TBAH in CH,CN
(0.5-4.2 mM in metal complex) were made up in a 5-mL volumetric
flask. Approximately 3-mL aliquots of the solutions were transferred to
a single compartment electrochemical cell with a Teflon top that had
provisions for a gas inlet line in addition to the working, auxiliary, and
reference electrodes. All solutions were initially purged for a minimum
of 10 min with Ar or CO,/N; gas mixtures that were presaturated with
CH,CN (to minimize volume changes). In all experiments a Pt wire
auxiliary electrode and a NaCl-saturated calomel reference electrode
(SSCE) were employed with either a Pt (0.03 cm?) or glassy-carbon
(0.03 cm?) working electrode. The E,; /2 values reported were calculated
from E1j; = !/,(Ep + E) where Ep» and E- are the anodic and cathodic
peak potentials. The electrodes were polished daily before use with 1-um
diamond polish (Metadi) and were wiped clean prior to each CV
measurement. Addition of distilled H,O (18 M grade) was made by
syringe and the solution degassed for several minutes before measurements
were made. In general, CV’s were recorded from —0.6 to ~1.8 V at the
sweep rate of interest. Background CV’s (i.e.,, 0.1 M TBAH/CH,CN)
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were run prior to each set of experiments. All experiments were run at
ambient temperatures (20-23 °C).

The diffusion coefficient for cis-[Os(bpy)2(CO)H][PF¢] in CH;CN
was found to be 2.4 (£1.0) X 10 cm?/s by CV measurements by
employing the Randles-Sevcik equation (eq 1).6

D = [i,/(-2.69 X 10°)}(n*/})(Cy") '/ H)]? )

In eq 1, ip is the peak value of the current amplitude in amperes per
cm?, nis the number of electrons transferred, Co= is the bulk concentration
of the electroactive species in moles per cm?, and v is the scan rate in V /s.
The peak current was measured at the first reduction wave and n was
assumed to equal 1. The results from 30 CV experiments with 4.2 mM
cis-[Os(bpy)2(CO)H] [PFg] at scan rates from 0.01 to 0.2 V/s were
averaged. The experimentally determined diffusion coefficient was in
good agreement with values found elsewhere for related complexes (e.g.,
D = 4.0 x 10 cm?/s for Ru(typ)(bpy)(OH;)?*).” The diffusion
coefficient of CO; in aqueous solution has been estimated to be ~1 X
1075 cm2/s by Kapusta and Hackerman and 3.05 X 10~* cm?/s in CH3-
CN by Eggins and McNeill.3

Constant Potential Electrolysis. A three-compartment cell designed
for handling air-sensitive materials as well as sampling the gas above the
reaction solution was used for all constant potential electrolysis exper-
iments.® The reference electrode was a saturated sodium chloride cal-
omel electrode (SSCE) brought into the main compartment via a lugin
capillary. The main compartment contained a cylindrical Pt mesh
electrode and a Teflon stir bar centered within the Pt mesh. Theauxiliary
Pt mesh electrode was separated from the main compartment by a fine
glass frit. In order to equalize pressure differences between the main
compartment and auxiliary compartments, a small hole was placed above
the surface of the solution in the glass wall between the compartments.
This allowed the gases to mix but not the solutions. In addition, the cell
was connected to an oil bubbler via an 18-gauge stainless steel needle and
a short piece of Tygon tubing. These pressure-equalizing features
prevented mixing of the solutions in the main and auxiliary compartments
as the cell became pressurized, due to the production of CO. The total
gas volume of the main and auxiliary compartments was estimated to be
41.5 mL when 25 mL of solution was present in the main and auxiliary
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compartments. There was some loss of gaseous products from the
apparatus during the electrolyses. This led to a systematic error in the
analysis for CO that underestimated its production by ~5-20% in a
“typical” experiment, depending somewhat on the duration of the
electrolysis. This resulted in material balances that were less than 100%.
No attempt was made to account for this error by correcting the results
of individual experiments.

In each constant potential electrolysis experiment, the apparatus was
assembled, after oven drying, and cooled under an atmosphere of Ar or
CO;. The electrolytic solution was introduced into the cell and degassed
with the appropriate gas or gas mixture for a minimum of 10 min with
stirring. If molecular sieves were added, they were added just prior to
purging. The rotation rate of the magnetic spin bar was kept approx-
imately constant throughout the experiment. The solution was poten-
tiostated at —1.40 V, and after the current had reached a steady state,
typically within 5-10 min, the background current (ixg) was measured.
This measurement was used to estimate the water concentration, since
the rate of hydrogen evolution at the electrode was shown to be linearly
proportional to [H;0] at —1.40 V under our experimental conditions. In
the experiments with added water, a known amount of water was added
and the background current was recorded. The catalyst was introduced,
the solution purged for an additional 10 min, and the electrolysis initiated
at—1.40 V. The steady-state current in the presence of CO; (ico,) was
measured after 10~15 min.

The electrolysis potential of —1.40 V is on the foot of the second reduction
wave for the catalyst, but with stirring gave significant catalytic current
levels. This potential was chosen to minimize H; evolution at the Pt
electrode. Similar results were obtained at more negative potentials (to
—1.6 V) but there was an increase of 20-30% in the background current.
Electrolyses at the first wave with stirring failed to give catalytic currents.

Gas samples were analyzed for CO by means of a Hewlett Packard
5890A gas chromatograph with a 5-A molecular sieve column attached
to the thermal conductivity detection channel by using He as the carrier
gas. UV-vis measurements were made in 1-cm quartz cuvettes with
Bausch and Lomb Spectronic 2000 or Hewlett—Packard 8451A diode
array spectrophotometers. FTIR measurements were made in 0.1-mm-
pathlength NaCl solution cells by means of a Nicolet 20 DX spectro-
photometer. Analysis of anionic products was carried out with a Dionex
2000i ionchromatograph. TBAH was removed from the reaction solutions
prior toanalyzing for anionic products by the following procedure: distilled
water was added to the reaction solutionina 2:1 ratio (H,O/total reaction
volume), and the resulting solution was concentrated and filtered through
Q5 (Fisher) filter paper to remove TBAH (the solubility of TBAH in
H,0 is <5 X 104 M). Control experiments with standard solutions in
which CI-, Br-, oxalate, glyoxylate, glycolate, and formate were added
as anions gave an average recovery from the column of 92% + 8% by
using this procedure. There was no interference by PFg~.

Computer Simulation of Cyclic Voltammograms. The method of finite
differences!® was used to predict how the ratio of the diffusion to catalytic
peak currents at the second reduction wave was affected by different
experimental conditions for several mechanisms. The algorithm for two,
sequential, redox couples was taken from a paper by Feldberg.!% Qur
procedure consisted of the following steps: (1) A particular mechanism
was assumed, and the differential form of the mechanism and the
appropriate boundary conditions were transcribed into the finite difference
form. (2) The program incorporating the results of step | was run for
a range of rate constants. (3) The predicted and experimental results
were compared. The differential equations used for a catalytic cycle
consisting of electron transfer (reactions 9 and 10, see Results and
Discussion), water independent reduction of CO; (reactions 14 and 15),
and the reduction of CO; with water involvement (reactions 18 and 20)
are given in eqs 2-8. In these equations Os = cis-[Os(bpy)(CO)H]™,
t = time, x = distance from the electrode, and D is the diffusion coefficient,
which was assumed to be the same for the various species, D = 2.6 X 10
cm?/s. The symbols I, and I, are for intermediates that appear in the
reaction. The mechanism is presented in detail in the Results and
Discussion. Equations 2-8 show the time dependence of each of the
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Computer Applications in Analytical Chemistry, Mark, H. B., Ed,;
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M.; Amatore, C.; Kochi, J. J. Am. Chem. Soc. 1984, 106, 3771. (d)
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3[0s*]/3t = D(Os")(3*[0s™]/3x?) + kq[1,] )
8[0s°)/at = D(0s%)(8*[0s°]/8x%) + 2k,[L,]? (3)
3[0s7]/at = D(0s)(8*[0s7] /3x™) - k,[0s7][CO,]  (4)
3[CO,]/3t = D(CO,)(F*[CO,]/8x) - k,[0s][CO,]  (5)

d[1,1/8t = D(1,)(8%[1,)/8x%) + k,[Os7][CO,] -
2k,[1,]* - k[1][H,0] (6)

8[H,0]/8t = D(H,0)(8°[H,0]/3x%) - k4[L][H,0]  (7)
d[1,)/8t = D(1,)(8*[1,]/8x) + k4[I,][H,0] - k[1,][0s°] (8)

components in the diffusion layer owing to diffusion (the first term) and
chemical reactions. A general, closed form solution to these equations
is not possible. Approximate solutions can be found by transforming the
equations into the finite difference form. This involves dividing the
diffusion layer into a finite number of volume and time elements in order
toestimate the concentration gradients within the diffusion layer by using
computer methods. The procedures used for incorporating the differential
equations into the computer simulation program can be found in ref 10.

Results and Discussions

The syntheses and spectral properties of cis-[Os(bpy);-
(CO)H][PF) and the PF¢~ salts of the related complexes of Osl!
and Ru"" studied here have been reported elsewhere.’ In Figure
1A is shown a CV of a solution containing cis-[Os(bpy).-
(CO)H][PF] at a Pt working electrode in a 0.1 M TBAH in
CH;CN solution deoxygenated with argon. In a reductive scan
to—-1.8 V, two reversible, one-electron waves appear correspond-
ing to successive bipyridine-based reductions with E, ; values of
-1.34and -1.59 V vs SSCE, respectively. In oxidative scans, an
irreversible one-electron wave is observed at +0.9 V vs SSCE
corresponding to the osmium(III/II) couple. When carbon
dioxide ([CO,)s =~ 0.14 M)!! was introduced into a dry solution
([H,0] ~ 3 X 103 M) the integrated current for the first
reduction remained unchanged while the current for the second
reduction was greatly enhanced (Figure 1B).!* From this
observation it can be inferred that the doubly-reduced form,
cis-[Os(bpy);(CO)H]-, is reactive toward CO; and that the rate
law for the reaction includes both the reduced complex and CO;.

Cyclic Voltammograms in the Presence of H,0 and CO;. In
the absence of complex there was little background current out
to —1.8 V at a Pt electrode (0.03 cm?) in deoxygenated, dry 0.1
M TBAH in CH;CN. Upon addition of H,O, a current is
produced due to the reduction of H;O to hydrogen. The onset
of this reaction occurs at =~—1.0 V. This reaction was clearly
observable, on a 10 #A /cm X-Y recorder scale, at voltages past
-1.6 V when 10 uL of water was added to 4.5 mL of the CH;,CN
solution to give a solution ~0.1 M in H;O. The current increased
in proportion to the amount of water added. Upon the addition
of 50 uL of water, a current of about 20 uA was reached at-1.6
V. Atglassy-carbon electrodes (0.03 cm?) the background current
was negligible even at concentrations of added H,O approaching
1.0M.

In the presence of cis-[Os(bpy).(CO)H][PFs] with added
water, the only change in the voltammogram in Figure 1A was
an increase in the background current due to the hydrogen
evolution reaction. Thus, when 50 uL of water was added to a
solution 4.2 mM in cis-[Os(bpy)(CO)H][PFs] under Ar, a

(11) Theconcentrationof CO;in0.1 M TBAH/CH3;CNis0.14 M as measured
by GC under similar experimental conditions (see ref 12).

(12) Pugh, J.R.; Bruce, M. R. M; Sullivan, B. P.; Meyer, T. J. Inorg. Chem.
1991, 30, 86.

(13) The term dry is used to refer to solutions of CH3CN in which [H,0]
was typically ~3 X 1073 M.
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Figure 1. Cyclic voltammograms in MeCN solutions containing 0.1 M
TBAH of cis-[Os(bpy)2(CO)YH] [PF¢) (4.2 mM) at a Pt-button electrode
(0.03 cm?) at a scan rate of 100 mV s™!: (A) argon-bubbled solutions;
(B) COy-bubbled solutions ([CO;] =~ 0.14 M).
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Figure 2. Cyclic voltammograms in MeCN solutions containing 0.1 M
TBAH at scan rates of 200 mV s™! with added water as indicated: (A)
a solution saturated in CO; containing cis-[Os(bpy)2(CO)H] [PF¢] (3.9
mM) at a Pt electrode: (B) a solution as in part A but at a glassy-carbon
electrode. The original CV’s were digitized by using un-Plot-It (Silk
Scientific) and plotted from Spectra Calc (Galactic Industries).

current enhancement of ~20 uA was observed at —-1.6 V. We
conclude from these observations that the reduced osmium
complex does not undergo reactions with water or hydrogen on
the time scale of the CV experiment. When the CV experiment
was repeated but with added CO,, the addition of water produced
a current level above that due to the background evolution of H,
(Figure 2). The magnitude of the current enhancement was the
same within experimental error at either Pt or glass-carbon
electrodes. From this observation it can be inferred that the
enhanced current arises from a reaction between doubly reduced
cis-[Os(bpy)2(CO)H]- and H,O after the reduced complex had
undergone a reaction with CO,. Qualitatively, the increase in
current as the concentration of CO, was increased was far greater
than when [H,0] was increased.

Constant Potential Electrolyses. In the presence of CO; ata
Pt electrode, solutions 1-2.5 mM in cis-[Os(bpy),(CO)YH] [PF;]
show sustained catalytic currents at —1.4 V. Summaries of the
results obtained from a series of electrolysis experiments are
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Table I. Products of Constant Potential Electrolyses at —1.4 in V 0.1 M TBAH in MeCN¢

current (mA) charge used for product (C)4 Coulomb
expt complex (1-2.5 mM) Tog icof Ciotal (C) Cco Ciormate balance*
1 cis-[Os(bpy):(CO)H]* 47 50 82 >40 8.6 >68
2 cis-[Os(bpy)2(COYH]* 3.3 102 121 >57 3.6 >50
3 cis-[Os(bpy)2(CO)D]* 23 15 40 18 7.9 86
& cis-[Os(bpy)(CO)H]* 13 33 40 30 2.1 86
5 cis-[Os(bpy)2(COYH]* 16 62 40 14 3.7 79
6 cis-[Os(bpy)2(CO)H]* 2.2 25 40 32 5.1 102
78 cis-[Os(bpy)2(CO)H]*, 13CO, 0.25 30 102
8¢ cis-[Os(bpy)2(CO)H]* 0.5 45 100
98 cis-[Os(bpy)x(COYH]*, 13CO, 1.1 30 100 62 66
10* cis-[Os(bpy)2(CO)H]*, 13CO, 12 52 28 54
11¢ cis-[Os(bpy)2(CO)H]*, D;O 6.3 38 100

2 In CO,-purged solution unless otherwise noted. ¢ Steady-state current in the absence of osmium complex reached after approximately S min. These
currents were used in conjunction with a calibration curve to estimate [H,0] in the solutions with the results shown in Figure 3. ¢ Steady-state current
in the presence of CO; reached after approximately 10 min. ¢ Calculated by including the stoichiometric factor 2 in the reduction of CO; to these
products. ¢ Coulomb balance, expressed as a percentage, is defined as the total Coulombs of products produced, including the background process,
divided by the total Coulombs consumed during the experiment: ((Cco + Crormate + Cokg)/(Ciotat)) X 100. /In this experiment, a cationic membrane
was used to separate the working and auxiliary compartments. # Carbon dioxide was charged into a ballast vessel (130 mL) connected in series to a
peristaltic pump and the electrochemical cell. The cell gases (CO, and argon) were recirculated continously by the pump prior to and during the
experiment. # 13CO; was slowly bubbled into CH3CN (=3 mL/min) for 12 min prior to the start of the experiment. The solution was potentiostated
at -1.5 V. 7 About 325 uL of D,0 was added to 26 mL of solution (=~0.7 M). The solution was potentiostated at —1.6 V.

Table II.  Products of Constant Potential Electrolyses as in Table I Except That the Experiments were Performed over Molecular Sieves

current (mA) charge used for product (C) Coulomb
expt complex (1-2.5 mM) Tbkg ico, Ciotat (C) Cco Crormate Cos® balance?
12 cis-[Os(bpy),(COYHI* 0.15 9.0 40 21 6.7 0.0 71
13 cis-[Os(bpy),(CO)H]* 0.23 9.7 40 2 8.7 0.0 80
14 cis-[Os(bpy)»(CO)(MeCN)] 2+ 0.39 9.7¢ 25 9.7 0.28 0.9 48
154 cis-[Os(bpy),(MeCN),}2+ 0.37 1.6 10 0.8 0.08 0.26 32
16 cis-[Os(bpy)(COYH]+ 0.03 4.4¢ 29 18 1.0 0.02 66
17 cis-[Os(bpy)2(CO)H]* 0.39 1.5 40 31 5.3 0.16 94

2 Coulombs as oxalate anion. 4 As in Table I but defined as ((Cco + Cromate + Cox + Coig) /(Ciowal)) X 100. ¢ The average value. The current decreasec
during the experiment. The current (ico,) at the end of the experiment was 5 mA. ¢ The potential was adjusted to —1.45 V midway through the
experiment. ¢ The average value. The current decreased during the experiment and was accompanied by precipitation. The current (ico,) at the end

of the experiment was 2.5 mA.

presented in Tables I and II. Both current levels and product
yields are cited where the data are available.!* After 10, two-
electron turnovers of cis-[Os(bpy).(CO)H]*, only a small amount
of decomposition of the catalyst had occurred; ~5% by UV-vis
and FTIR analysis.!* Although the point was not pursued in
further detail, two plausible decomposition products are cis-
[Os(bpy)2(CO)(CH3CN)]** and cis-[Os(bpy)(CH;CN),]2*.
Although cis-[Os(bpy).(CO)(CH;CN)]?* is a catalyst toward
CO, reduction, it is slow (Table II, experiment 14), while cis-
[Os(bpy)2(CH;CN),]?* is relatively inactive (Table I, experiment
15).

The water concentration was estimated from the background
steady-state current at —1.4 V prior to the addition of the osmium
complex by using a predetermined calibration curve. Constant
potential electrolysis of solutions containing cis-[Os(bpy),-
(CO)H][PF¢] at low concentrations of water, result in CO as the
major product (Faradaic efficiency is high as 80%) with formate
appearing as a minor product (3-12%).!¢ When water was
deliberately added, formate anion increased as a product up to
22%, and carbon monoxide was reduced to levels as low as 46%.
In Figure 3 is shown a plot of the electrolysis current that led to
formate anion plotted vs the water concentration estimated from
the background currents (iw,) by using a calibration curve. The
current that led to formate anion was calculated by the expression

(14) The product yields are presented as electron equivalents (Coulombs) in
the tables. Not all analyses were performed in each experiment. The
potential was held at —1.4 V to minimize hydrogen evolution at Pt but
still allow catalysis to occur.

(15) The electrolyses typically took 60 min to complete. Limitations in the
cell design which led to loss of gaseous products and mixing of solution
inthe separate compartments prevented substantially longer electrolysis
times.

(16) The Faradaic efficiency is defined as follows: [(moles of product)(2 e-
per product)/moles of electrons passed] X 100.
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Figure 3. Plot of the estimated catalytic current arising from formate
anion production vs the concentration of added H,O. Data from Table
I (@) and Table II (O).
ic0,(Crormate/ Ciota1). Inthis expression ico, is the catalytic current,
Crormate the concentration of formate anion produced, and Cigs
the total concentration of reduced CO, equivalents (as CO and
HCO;"). The dependence on [H,0] appeared to level off at
(H,O] > 0.4 M. A series of experiments was also performed in
the presence of molecular sieves which were added to lower the
concentration of water present in the electrolysis solutions. Similar
results were obtained (Table II) and those which relate to for-
mate anion production are included in Figure 3.1

Kinetics: No Added Water. The results of a series of
electrochemical kinetics studies are listed in Table ITI. The data,

(17) The addition of molecular sieves resuited in a change in the slope of the
calibration curve of iyg vs [H,O]. This is likely due to the basicity of
the 4-A molecular sieves; see for example: Breck, D. W.J. Chem. Educ.
1964, 48, 678, and Figure E.2 in ref 10f.
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Table III.  Kinetic Parameters for the Electrocatalyzed Reduction of
CO; by cis-[Os!!(bpy)2(CO)H]* without Added H,0°

concn (mM) scan

expt [Os!] [CO.)? rate v° ia/ico,?
1 4.2 140 200 0.63
2 4.2 140 100 0.54
3 4.2 140 50 0.45
4 42 140 20 0.38
5 4.2 45 200 0.92
6 4.2 45 100 0.82
7 4.2 45 50 0.71
8 4.2 45 20 0.59
9 4.2 14 200 0.99
10 42 14 100 0.96
11 4.2 14 50 0.88
12 42 14 20 0.74
13 4.2 1.4 50 1.02
14 4.2 1.4 20 1.00
15 2.1 140 200 0.74
16 2.1 140 100 0.61
17 2.1 140 50 0.54
18 2.1 45 200 0.83
19 2.1 45 100 0.73
20 2.1 45 50 0.64
21 2.1 14 200 0.98
22 2.1 14 100 0.86
23 2.1 14 50 0.84
24 1.0 140 500 0.81
25 1.0 140 200 0.66
26 1.0 140 100 0.61
27 1.0 140 50 0.56
28 1.0 45 500 0.97
29 1.0 45 200 0.90
30 1.0 14 500 0.94
31 1.0 14 200 0.87
32 0.52 140 200 0.67
33 0.52 45 200 0.89

4 By cyclic voltammetry at a Pt electrode in 0.1 M TBAH in MeCN
solution, ® The concentrationof CO,was0.14 M.2! Idealgasand Henry’s
law behaviors were assumed for gas mixtures. ¢ ScanrateinmV/s. ¢ The
ratio of the peak diffusion current in the absence (i3} and presence (ico,)
of CO; for the second reduction wave of cis-[Os(bpy)2(CO)H]*.

which were acquired in dry CH;CN [(H,0) ~ 3 X 10-3 M], are
reported as the ratio of peak currents for the second reduction
wave of c¢is-[Os(bpy).(CO)H]* in the absence (i;) and presence
of CO; (ico,) as a function of scan rate, [CO,], and concentration
of catalyst. The variations in peak current were analyzed by the
method of finite differences of Feldberg.!® It has been applied
to the determination of rate constants for other reactions.!®
As a starting point in the analysis we chose to simulate the
kinetics of three mechanisms in all of which cis-[Os(bpy),(CO)H]*
was reduced to cis-[Os(bpy),(CO)H]~ (eqs 9 and 10) by two
sequential, one-electron reductions followed by (1) a rate-
determining step (RDS) first order in both CO; and twice reduced
complex (eq 11), (2) a RDS second order in CO, and first order
in reduced complex (eq 12), or (3) a RDS first order in CO, and
second order in reduced complex (eq 13). In all three cases, it
was assumed that the RDS was followed by a series of unspecified
steps which led to CO and the neutral complex. Equations 11—
13 are kinetic equations written without regard to charge, mass,

(18) Zizelman, P. M.; Amatore, C.; Kochi, J. K. J. Am. Chem. Soc. 1984,
106, 3771.

(19) In applying the finite difference method, the experimentally important
parameter is i/ ico,, the ratio of the diffusion current at the peak of the
second reduction wave (iy) to the peak catalytic current in the presence
of added CO; (ico,). The quantity ico, was taken to be the difference
between the maximum current and an extrapolated baseline. Direct
measurement of iy during the same CV experiment was not possible.
The CV experiments were conducted in sets such that the same Os!!
solution was used while the CO, concentration was varied. Withineach
set a small change in concentration occurred. The quantity iy was
estimated for each experiment by utilizing iy when {CO,] = 0 and
multiplying it by the ratio of peak currents for the first reduction in the
presence and absence of CO,.
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Figure 4. Comparison of CV simulations with the experimental results
taken from the data in Table III. (A) fs/ico, vs cis-[Os(bpy)a-
(CO)H][PF¢] (mM). For the plot vs [Os], the mechanism was assumed
tobeegs 9, 10, and 11. The quantities keas = 30 M~! 571, [CO,] = 140
mM, and scan rate = 100 mV /s were used in generating the working
curve. For the plot vs [Os]?, egs 9, 10, and 13 were assumed with, ks
= 2.5 X 104 M257!, [CO,] = 140 mM, and scan rate = 100 mV/s. (B)
ig/ico, vs log (RT[CO,]/Fv) where R = gas constant, T = temperature,
F = Faraday’s constant, and v = scan rate. The data shown are average
values obtained from two to five CV experiments. The simulations were
based on egs 9, 10, and 11 with k.4 as indicated with cis-[Os(bpy).-
(CO)H][PFq] at 4.7 mM. Error bars of 5% are shown for the data
points. (C) ig/ico, vs log (RT[CO,]?/Fv) for a mechanism based on egs
9, 10, and 12 with ks = 350, and cis-[Os(bpy)(CO)H][PF] at 4.7
mM.

or redox balance. Possible reactions that occur folloying the
RDS are presented below, in eqs 14-17.

The dependence of the peak current ratio (i4/ico,) on scan rate
and the concentrations of complex and CO, are sensitive to the
mechanistic assumptions made.!® In Figure 4 are compared
experimental points (solid boxes), obtained from the CV exper-
iments, and the results of CV simulations (solid lines). In Figure
4A are shown plots of the ratio, ig/ico, as a function of the
complex concentration. The CV simulations are shown for mech-
anisms involving eqs 9 and 10 followed by eq 11 or followed by
eq 12. In parts B and C of Figure 4 are shown plots of ia/ico,
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+e”

cis-[Os(bpy),(CO)H]" = cis-[Os(bpy),(CO)H]® (9)

cis-[Os(bpy),(CO)H]° T": cis-[Os(bpy),(CO)H]™ (10)
krps

cis-[Os(bpy),(CO)H] + CO, — —
cis-[Os(bpy),(CO)H]® + CO (11)

krps

cis-[Os(bpy),(CO)H]™ + 2CO, — —
cis-[0s(bpy),(CO)H]’ + CO (12)

krps

2 cis-[Os(bpy),(CO)H] + CO, — —
cis-[0s(bpy),(CO)H]° + CO (13)

vs a kinetic parameter that is related to Savéant’s adimensional
X function.2 The results of the simulations are compared to
experimental data which were averages of from twoto five separate
CV experiments. For the first mechanism, the results of
simulations with kgps = 10, 20, 30, and 40 M1 5~! are shown in
Figure 4B. A satisfactory fit to the experimental data was
achieved with k£ = 35 M~ 512! For the second mechanism,
Figure 4C, the simulation with kgps = 400 M2 57! deviates
considerably from the experimental points.

In Figure 5 is shown a plot of ig/ico, as a function of [CO,].
At 96% CO and 4% CO; (solid square) CO and CO; have
approximately the same solubilities in CH;CN.22 From the
consistency of this point with those where CO, was diluted with
N, it can be concluded that CO neither suppresses nor enhances
catalytic activity.

The electrochemical data in dry CH3CN are consistent with
arate law in which CO, is reduced by a RDS which is first order
in cis-[Os(bpy)2(CO)H] and first order in CO,. In order to
account for the products (carbon monoxide and cis-[Os(bpy).-
(CO)H]) and complete the catalytic cycle, a second electron
must be added past this point and O ion lost from CO; as it is
reduced. Two plausible reaction sequences are shown in eqs 14—
17. In these mechanisms it is assumed that (1) the reaction

ky
cis-[Os(bpy),(COYH]” + CO, — I, (14)

ky
21, — 2 cis-[Os(bpy),(CO)H]® + CO + CO, > (15)

ks
I, + CO, — cis-[Os(bpy),(CO)H]* + CO + CO,> (16)

ky
t:is-[Os(bpy)z(CO)H]+ + cis-[Os(bpy),(CO)H]}” —

2 cis-[Os(bpy),(CO)H]® (17)

(20) (a) Savéant, J.-M.; Vianello, E. Electrochim. Acta 1963, 8, 905. (b)
Amatore, C.; Savéant, J.-M. Electroanal. Chem. Interfacial Electro-
chem. 1983, 144, 59 and references therein. (c) The function used was
the log [RT/Fv] multiplied by the log [CO,] or log [CO;]? depending
on the order in CO, where R is the gas constant, T is temperature, F
is the Faraday constant, and v is the scan rate. Our function is related
to Savéant’s adimensional 7 function by 1/krps where I = kgrps[RT/
Fp][CO,] or X = krps[RT/ Fv][CO,)2 depending on the order in CO,.

(21) Error bars of 5% are shown for the experimental data in Figure 4B.

(22) The solubility of CO; is approximately 24 times greater than CO in a
variety of solvents with dipole moments in the range (1.7—4.2 D) of that
for acetonitrile (3.92 D). See: Solubilities of Inorganic and Organic
Compounds; Stephen, H., Stephen, T., Eds.; Macmillan Co.: New York,
1963; pp 1053 and 1071.
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Figure 8. Plot of the current ratio (ia/ico,), as in Figure 4 vs the % CO»
in CO2/CO or CO,/N; gas mixtures. Circles: Experiments 2, 6, and
10 from Table II1. Box: Average of three CV experiments using a 4%
CO; and 96% CO gas mixture with cis-[Os(bpy)2(CO)H][PFs] at 5.0
mM.

between cis-[Os(bpy)2(CO)H]- and CO; gives an intermediate
which undergoes electron transfer with a second intermediate
with the lost O~ appearing as CO;2~ (eq 15) or (2) O% loss to
CO; triggers an intramolecular two-electron transfer (eq 16) with
cis-[Os(bpy),(CO)H]* appearing in a following comproportion-
ationstep,eq 17. Athigh [CO,]andlow [cis-[Os(bpy).(CO)H]°],
¢q 15 could become rate determining in the first case. Computer
simulations reveal that if k, > 105 M~! 57!, the self-reaction in
equation 15 would be sufficiently rapid that it would not interfere
and ko = k;. At k; = 10* M! 57!, an increase of 0.1 in the
current ratio, i4/ico,, is predicted for [CO,] = 0.14 M, v = 0.2
V/s, and k; = 45 M1 57! when cis-[Os(bpy).(CO)H][PFs]
isdecreased from 4.5 to 1.2 mM. A small increase in the current
ratio was observed experimentally under these conditions; compare
experiments 1 with 25, 2 with 26, and 3 with 27 in Table III.23

Constant Potential Electrolysis. Labeling Experiments. Asa
further test of mechanism, two different isotopic labeling
experiments were conducted. When the deuterium labeled
complex, cis-[Os(bpy)2(CO)D] [PFs], was used as a catalyst under
conditions where formate anion was a significant product, (Table
I, experiment 3, >0.2 M H;0, 20% formate), there was no proton
incorporation into the osmium catalyst after 1.8 turnovers with
respect to formate anion production. This was shown by
monitoring »(Os-H) in the infrared at 2005 cm™! (see Figure
6A). Intheinverseexperiment (Table I, experiment 11),325 uL
of D,O was added to 26 mL of an electrolysis solution making
[D20] = 0.7 M. Upon electrolysis to 100 C passed, no decrease
in the hydride stretch at 2005 cm™! was observed (see Figure 6B).
When 3CO, was used as the source of CO,, there was no
incorporation of 13C into the CO group of the catalyst after 5.5
turnovers of the catalyst with respect to CO formation as shown
by IR measurements in the »(CO) region (Table I, experiment
9; 39 mg of cis-[Os(bpy)2(CO)H][PFs).2

Kinetics: Added Water. The effect of added H,O was studied
by CV at glassy-carbon and Pt electrodes (v = 0.2 V/s; cis-
[Os(bpy)2(CO)H]* = 3.8 mM), At the glassy carbon electrode,
there was an initial decrease in the current ratio, is/ico, as the
water concentration was increased, followed by a leveling off as
[H2O] approached 300 mM (Table IV). Ata Ptelectrode under
identical conditions, the current ratio, ia/ico,, showed a similar
dependence on [H,O] with a slightly larger decrease in ia/ico,,
presumably due to hydrogen evolution.

(23) The predicted increase in the current ratio is based on computer
simulations at the highest levels of CO; in Table III. At lower CO;
levels, itis much harder todetect experimentally. The background current
is a larger fraction of the overall current, and the predicted current
increment is difficult to observe.

(24) By comparison, !3CO, electrolysis experiments in the presence of cis-
[Ru(bpy)2(CO)H][PFg] resulted in the formation of significant amounts
C'ff[11151)(‘4’}’)2(00)(NCCHs)]2+ and [Ru(bpy)2(CO)(OC(O)H)]** (see
rel .
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Figure 6. Infrared spectra acquired during constant potential electrolysis.
(A) Before (1) and after (2) electrolysis of cis-[Os(bpy)2(CO)D][PFs],
to 40 C, Table I, experiment 3. The arrow at 2005 cm™! shows where
»(Os-H) is observed in cis-[Os(bpy)2(CO)H][PFs]. (B) As in part A
but for cis-[Os(bpy)2(CO)H][PFs] + DO (325 uL) to 100 C, Table I,
experiment 11. The arrow indicates 2005 cm~!. The original FT-IR
spectra were digitized by using un-Plot-It (Silk Scientific) and plotted
from Spectra Calc (Galactic Industries).

Table IV. Kinetic Parameters for the Reduction of CO; by
cis-[Os!l(bpy),(CO)H]* (3.8 £ 0.1 mM) in 0.1 M TBAH in MeCN
in the Presence of H,O

current ratio (ig/ico,)*

[H,0] [CO,] = [CO,] = [CO,] =

(mM) 45 mM 91 mM 140 mM
0 0.854 0.741 0.650
27 0.833 0.714 0.631
54 0.820 0.687 0.608
81 0.807 0.671 0.599
108 0.808 0.656 0.584
135 0.798 0.647 0.571
162 0.797 0.639 0.571
189 0.784 0.636 0.560
216 0.781 0.627 0.556
243 0.764 0.623 0.554
270 0.755 0.624 0.556
297 0.755 0.618 0.557

@ As in Table IT at a scan rate of 0.2 V/s at a glassy carbon electrode.

A variety of possible mechanistic cases were considered with
added water with thereactions in eqs 9—17 included in the analysis.
The dependence of (ig/ico,) on [H2O] was most satisfactorily fit
by a mechanism involving reduction (eqs 9 and 10), followed by
asecond-order reaction between cis-[Os(bpy).(CO)H]-and CO,
to give I, eq 14, followed by a competition for I, between the
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Figure 7. Plot of i4/ico, vs [H,0] with CO, = 45, 91, and 140 mM as
indicated. The simulations (—) were based on egs 9, 10, 14, 15, 18, and
20with k) = 37 M5 ky =1 X 106 M1 571, ks = 5 X 102 M~ 571,
k1 =1x10° M5!, [CO,] = 45, 91, and 140 mM, and scan rate =
200 mV s7!. Experimental points were taken from Table IV,

self-reaction in eq 15 and a reaction with HO. A possible
sequence for the HO-dependent branch is shown in eqs 18-20.
The experimental variation of (ig/ico,) with [H,O] at a glassy
carbon electrode is shown in Figure 7 (boxes).

ks

I, + H,0~1,+ OH" (18)
rapid

OH™ + CO, — HCO, (19)

ke
I,— cis-[Os(bpy)z(CO)H]"' + HC(0)O" (20)

The conditions for the CV and constant potential electrolysis
experiments overlap. Intheabsence of H,O, COisthe dominant
product. At high concentration of added water, both CO and
formate anion are major products of the reaction, but the ratio
levels off above [H,O] =400 mM. The catalyticcurrent increases
with [H;O] but the effect levels off at [HO] ~ 300 mM. By
inference, CO is the product of the water-independent branch,
From the kinetics and the leveling off in the amount of formate
anion produced at high [H,0], the water-dependent branch must
lead to both CO and formate. A reaction that would explain the
appearance of CO as a product of the H,O-dependent branch is
shown in eq 21. A catalytic cycle which incorporates all of the
proposed steps is shown in Scheme I.

ks

I, + CO, — cis-[Os(bpy),(CO)H]* + CO + HCO,™ (21)

Kinetics: CO; Reduction by Related Complexes. The kinetics
of reduction of CO; by a series of related complexes were studied
by CV in dry CH3CN solution (Table V). In all cases current
increases occurred in the presence of CO, but only upon reduction
at the second bpy wave. The complexes studied were cis-
[M(bpy)2(CO)R]* (M =0Os,R =Me,Ph; M =Ru,R = CH,Ph),
and trans-{Os(bpy),(CO)R]* (R = Me, Et, Ph). As reported
in a parallel study, the reduction of CO; catalyzed by cis-
[Ru(bpy).(CO)H]+ occurs by a different mechanism involving
insertion into the Ru—H bond after the addition of one electron.!2

Valuesof k; (Scheme I)indry0.1 M TBAH in CH;CN solution
were estimated by assuming that the mechanism established for
cis-[Os(bpy).(CO)YH][PF;] held throughout the series. Evalu-
ation of k; from measurements of ig/ico, was based on the
simulations approach. The rate constants are listed in Table V.
For the cis complexes, a plot of In k, versus the cone angle of the
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Scheme I
+ e ; °
¢is-{Os(bpY)o(COMH] = cis[Os(bpy)x(COMH 9
- e
° +e’ ) -
cis-[0s(bpy)o{COMH] = ¢is-{Os(Bpy)o(COMH] (10
. ky =35 VY
cis{OsopylpCOH]  +  COp —————> |, e
Pathway A
ky ° 2-
——F—> 2 cisOs(opy)p(COH] " + CO+CO  (15)
a
a1 .,
o lp, + oH (18
Pathway B
——> cis{Ospyl,(COHI" + HCO,  (20)
o —
L > cis{Os(bpy)p(COH]" + CO+ HCO, (1)
+ (.702
co, + o 2 oo (19)

ligand cis to CO (as defined by Tolman?5) is shown in Figure 8.
Several features emerge from these data: (1) there is a linear
relationship between In &, and the molecular volume of the cis
ligands as measured by the cone angle, (2) the stereochemically
more crowded cis isomers are more sensitive to steric effects than
are the trans isomers and when twice-reduced are intrinsically
more reactive toward CO, (e.g., compare cis- and trans-
[Os(bpy).(CO)Me][PFs] in Table V), and (3) if isomeric
intermediates exist for the cis and trans complexes, they are
stereochemically rigid under the conditions that lead to CO,
reduction since from the CV experiments there is no intercon-
version between isomers.

Discussion. The experiments described here establish that the
complex cis-[Os(bpy),(CO)H]* is a relatively stable, facile
electrocatalyst for the reduction of CO, to either CO or formate
with oxalate forming at <1%.26 The reduction is initiated
following an initial two-electron reduction of the complex. The
catalyst remains intact through a number of redox cycles under
conditions where CO or formate are the-ultimate products. The
appearance of formate anion in the product distribution is favored
by added H,O, and there is an element of product selectivity in
the catalysis based on water content.

The most important result of our work is the mechanistic insight
that has been gained by kinetic and isotopic labeling studies into
how CO,; is reduced by cis-[Os(bpy),(CO)H]-. The most
powerful insight into mechanism has come from the kinetic study
based on the simulation of peak current ratios in cyclic voltam-
mograms. Although this approach is less intuitive than, for
example, the pseudo-first-order treatment of peak currents by
Nicholson and Shain,?” it is a more general procedure. Asshown
by the various fits to possible mechanisms, this approach has the
ability todiscriminate among mechanistic possibilities if sufficient
data are collected as a function of sweep rate and concentration.

In dry CH1CN, the rate law is first order in CO; and in
cis-[Os(bpy)(CO)H]-(eq 14). Atlow concentrationsof complex,

(25) Tolman, C. A. Chem. Rev. 1977, 77, 313.

(26) (a) The formation of oxalate anion has been confirmed by ion
chromatography but at levels below 1%. (b) Cosnier, S.; Deronsier, A.;
Moulet, J. G. J. Electroanal. Chem. Interfacial Electrochem. 1986,
297,315, (c) O'Toole, T. N.; Sullivan, B.; Patrick; Bruce, M. R. M,;
Margerum, L. D.; Murray, R. W.; Meyer, T. J. J. Electroanal. Chem.
Interfacial Electrochem. 1989, 259, 217.

(27) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706.
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an additional mechanistic feature appears in the data apparently
arising from the bimolecular self-reaction of an intermediate (I,)
formed between cis-[Os(bpy),(CO)H]~ and CO, (eq 15). This
feature could be successfully incorporated in the simulations.
Under our conditions, its contribution to the peak current ratio
(ia/ico,) may never exceed 10~20% of the total.

With water added at low levels, a new pathway appears. Its
effect on the kinetics was most satisfactorily reproduced by
assuming that a competition exists between capture of I, by a
second I, and capture by added H,O. As predicted by this
mechanism (1) at high concentrations of added water ([H,O] =
0.3 M) or at low concentrations of complex the H,O-dependent
pathway increases in importance, (2) the self-reaction of I, is no
longer competitive, and (3) the rate-determining step becomes
cleanly the reaction between cis-[Os(bpy).(CO)H]- and CO,.

The results of the controlled-potential electrolysis experiments
asa functionof added [H,0] gave further insight into mechanism.
With added water, the HCO,/CO product ratio increased,
whereas in dry CH;CN, the product is CO. From the leveling
off in peak current and in formate anion as a product with added
H,0, it can be inferred that by [H,O] =~ 0.3 M, I, channels
through the H,O-based pathway almost completely. Under these
conditions both HCO,~ and CO are products of the reduction of
CO,.

All of the available experimental facts have been incorporated
into the sequence of reactions in Scheme 1. In this scheme (1)
thereis direct evidence for the k, step, from the kinetics, (2) there
is at least inferential evidence for the k, and ks steps, and (3)
there is a requirement for separate decomposition pathways for
I, in order to explain CO and HCO,;~ as products from pathway
B. The rate constant, k;, for eq 14, k = 35 £ 5 M~! 571, is well-
defined, but the others in Scheme I are only estimates.28

The results of the isotopic labeling and other extrakinetic
experiments provide further insight into what occurs mechanis-
tically past the rate-determining step(s). In particular, they
provide a basis for considering the microscopic details of the two
pathways through which I, partitions once it is formed. On the
basis of the labeling studjes, it can be concluded that neither the
—CO nor ~-H groups that were originally bound are directly
involved in the mechanism by which CO, is reduced although the
participation of nonequivalent -CO or —-H formed during a
catalytic cycle cannot be ruled out.?® These observations rule out
such mechanistic alternatives as initial insertion of CQO; into the
Os—H bond. They also show that the initially bound CO and the
CO produced by reduction of CO, cannot have occupied equivalent
coordination sites in any intermediate that ultimately leads to
CO. The CO that is produced in the reduction comes from CO,.
An additional experimental fact that must be accommodated by
any reasonable mechanism is the absence of a CO dependence
in the rate law.

Intermediate I,. Even given the limitations imposed by the
labeling and kinetic results, there are at least four reasonable
formulations for intermediate I,. They cannot be distinguished
by our data. They are as follows: (1) an acyl intermediate,
[Os(bpy)(C(O)YH)CO,]-, in which the addition of CO; induces
acyl formation, (2) a higher coordinate, CO, addition product,
[Os(bpy)2(CO,)(CO)H], (3) a bpy ring-opened intermediate,
Os(py-py)(bpy)(CO;)(CO)H]- where py-py is 2 monodentate
bpy ligand, and (4) a CO; adduct of a reduced bpy ligand.?®

Polypyridyl complexes of Ruand Os are normally stable toward
loss of the polypyridyl ligands. Inthe reduced complexes, metal-
based oxidation state isomers such as [Os!(bpy)(bpy")(CO)H]-
or [Os®(bpy)2(CO)H]J- could exist as dominant or minority isomers

(28) Computer simulations based on the assumption that all steps leading up
toand including pathway A in Scheme I are operative yield the estimated
values: k; ~ 104108 M~! s! and ks =~ 5 X 102 M1 571,

(29) This possibility was pointed out by the reviewers as was the possible
addition of CO; to a reduced bpy ligand.
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Table V. Cyclic Voltammetric Data in CH3CN containing 0.1 M TBAH
b scan rate’ current ratio? Kest® cone angle
complexs E1p(Red)” (V) (mV/s) (iaicoy) M5y of L in lig/
cis-[Os!!(bpy)2(CO)H]* -1.34,-1.59 f f 35 75
cis-[Os!l{bpy)(CO)Me]* ~1.37,-1.62 100 0.68 17.5 90
200 0.80
cis-[Rull(bpy)»(CO)CH,Ph]* -1.43,-1.68 100 0.82 7.5 104
200 0.90
cis-[Os"(bpy),(CO)Ph]* -1.43,-1.68 100 0.84 6 105
200 0.91
trans-[Os!(bpy),(CO)Me]* -1.38,-1.62 100 0.85 ~7 90
200 0.88
trans-[Os'(bpy)2(CO)Et]* -1.38,-1.61 100 0.88 ~6 102
200 0.89
trans-[Os!!(bpy),(CO)Ph]* -1.35,-1.58 100 0.89 ~4 105

@ As PFg salts. ® Pt working electrode. ¢ Cyclic voltammetric data at the scan rate indicated. ¢ Ratio of the peak current at the second reduction
wave under an inert argon atmosphere to the peak current in the presence of CO;, [CO;] = 140 mM. ¢ Estimated rate constant by simulation; see text.

/See ref 25.

8‘0 9'0 1 C'> 0
Cone Angle of Ligand L (degrees)
Figure 8. Plot of In k; vs the cone angle of the ligand cis to CO for
cis-[Os(bpy)2(CO)H] * (1), cis-[Os(bpy)2(CO)Me]* (2), cis-[Ru(bpy),-
(CO)CH,Ph]* (3), and cis-[Os(bpy)2(CO)Ph]* (4) with a best-fit straight

line drawn to illustrate the nearly linear relationship between them.
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inwhich the added electrons occupy metal-based do* levels rather
than 7*-based bpy levels. Given the propensity toward five-
coordination for electronic configuration dé, this could initiate
ligand loss and open a chelate ring (eq 22).

cis-[Os(bpy),(CO)H]™ + CO, —
cis-[Os(bpy)(py-py)(CO)(H)CO,]" (22)

There is precedence for oxidatively-induced coordination sphere
expansion, eq 23, in the report of reversible protonation of trans-
[Os(bpy)(PPh;3),(CO)(H)]* (eq 24).% In thisreaction, the pro-
tonation of Os!! can be viewed, at least in a formal sense, as
involving a formal oxidation of (d=)¢ Os(II) to (d=)* seven-
coordinate Os(IV).

cis-[Os(bpy),(CO)H]™ + CO, —
[Os(bpy),(CO)(H)CO,]” (23)

trans-[Os(bpy)(PPh,),(CO)(H)]* + H* —
trans-[Os(bpy)(PPh,)(CO)(H),]* (24)

One fact that supports the idea of coordination sphere expansion
is the sensitivity of k; to the molecular volume of the ligand cis
to CO in cis-[M(bpy)2(CO)R]* = (M = Os, R = H, Me, Ph;
M = Ru, R = CH,Ph), as measured by the Tolman cone angle
(Figure 8). There is not, for example, an equivalent sensitivity
to the one-electron E;5(2), or two-electron (£,/2(1) + E,,2(2))
potentials of the bpy-reduced complexes as reducing agents.

(30) Sullivan, B. P.; Lumpkin, R. S.; Meyer, T. J. Inorg. Chem. 1987, 26,
1247.

Although the inclusion of the k; value for cis-[Ru(bpy),(CO)-
(CH,Ph)]- in the correlation in Figure 8 may be serendipitous,
the relative insensitivity of k; to factors other than steric effects
is significant. The mechanistic key may lie in the associative
addition of CO; and the distortions that this addition induces as
the ligand environment changes from six- to seven-coordinate.
Microscopically, the origin of the steric effect would lie in enhanced
force constants and/or restricted amplitudes for those normal
modes that are skeletal in nature which are involved in the change
in coordination number from 6 to 7. These effects arise from
enhanced intra-coordination sphere repulsion as the coordination
sphere is expanded. This would lead to an increase in the energy
of activation for intramolecular rearrangement as the molecular
volume of R increased.

Expansion of the coordination sphere to give pentagonal bi-
pyridyl, capped octahedral, or capped trigonal prismatic inter-
mediates would require participation by an additional, metal-
based d orbital.3! By inference, with CO, acting as a Lewis acid,
and ultimately as the oxidant, the required change in hybridization
at the metal could be accomplished by electron transfer from »*
(bpy) orbitals, acting as electron reservoirs,*2to an orbital largely
do* in character to give an orbital set that could accomodate
seven coordination.

[(bpy*T)208(CO)H)™  + €O, —= [(bpy),0s(CO)(H)(CO)]”
(dry)2(dme) (ama)2(ma ™) (mg ™)' (0)2(d2)X(da)%(de)’?

(25)

Although the trans complexes are intrinsically less reactive,
their ability to react with CO; is revealing. That they act as
catalysts shows that there is not a requirement for a cis
arrangement for the -CO and —R groups. This is presumably a
prerequisite for the formation of formyl (R = H) or acyl
intermediates (R = Me, Ph, CH,Ph). From the absence of trans
to cis isomerization under catalytic conditions it can be inferred
that a lower coordinate intermediate does not appear as part of
the mechanism. Under substitutional conditions, bis-bpy com-
plexes are known to interconvert from trans- to the stereochem-
ically preferred cis-isomer.33

If the hint of second-order loss of I, in the kinetics is correct,
eq 15, there is mechanistic precedence. Second-order kinetics
have been established by Creutz, Sutin, et al. in the reduction of
CO, by a cobalt(I) macrocycle.®® The intimate details of how
these reactions occur are not known. From the second-order

(31) (a) Hoffman, R.; Beier, B. F.; Muetterties, E. L.; Rossi, A. R. Inorg.
Chem. 1977, 16,511. (b) Drew, M. G. B. Prog. Inorg. Chem. 1978, 23,
67. (c) Spees, S. T.; Perumareddi, J. R.; Adamson, A. W. J. Am. Chem.
Soc. 1968, 90, 6626.

(32) (a) DeArmond, M. K,; Hillis, J. E. J. Chem. Phys. 1971, 54, 2247. (b)
Sullivan, B. P. Platinum Met. Rev. 1989, 33, 2. Also see refs 1n, lu,
and 9.

(33) Durham, B.; Wilson, S. R.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem.
Soc. 1980, 102, 600. Also see ref 5b.



Electrocatalytic Reduction of CO,

nature of the reaction, it can be inferred that of the two electrons
required for the reduction to CO one comes from each of the two
reduced complexes. As shown in eq 15, the majority pathway
results in 2e- reduction at one CO, with net transfer of O to a
second. On the basis of the appearance of oxalate anion as a
product of the electrolyses, there may be a competing pathway
through eq 15 that results in C-C coupling as well. There are
two reports in the literature showing that oxalate is also a product
of CO; reduction in polymeric films in which known homogeneous
catalysts had been incorporated.26b<

Intermediate I, The necessity toinvoke a second intermediate
past the rate-determining step is suggested by the competition
between H,O and the self reaction for I,. From the appearance
of both CO and HCO,~ as products of the reaction, it can be
inferred that capture of I; by H,O leads to a second intermediate
which can partition in different ways to give either CO or HCO,™.
The proton source required to give bound formate presumably
comes from H,O (eq 26). One way to explain the competition

[(bpy),0s(CO)(CO))(H)]” + H,0 —
[(bpy);0s(CO)(HCO)(H)]° + OH (26)

[(bpy);0s(CO)(HCO,) (H))° —~
[(bpy),0s(CO)(H)]* + HCO,™ (27)
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between CO and HCO;™ as products is to invoke protonation at
either C, to give HCO,-, or at O, to give CO. On the basis of
the results of the deuterium labeling studies, the appearance of
formate cannot involve insertion into the Os—H bond.
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