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REDUCTION OF CARBON DIOXIDE BY TRIS{2,2'~-BIPYRIDINE}COBALT(I)

F. RICHARD KEENE (ref. 1), CAROL CREUTZ, and NORMAN SUTIN
Department of Chemistry, Brookhaven National Laboratory, Upton, New York 11973

ABSTRACT

Preliminary stoichiometric and kinetic results bearing on the mechanism
of the reduction of HCOy- to CO by tris(2,2'-bipyridine)}cobalt(l) in aqueous
media are reported. The results indicate that CO {not formate) is the
dominant carbon product and that it is scavenged by Co(bpy),* to give
insoluble [Co(bpy){C0),]1,. At pH - 9, bicarbonate reduction occurs in
campetition with HyU reductiocn, Both processes are inhibited by bpy and
promoted by H*, suggesting the common intermediate Co(bpy)z(HZO)H2+. The
bicarbonate reaction itself branches to give H, and CO in - 3:1 ratio.

INTRODUCTION

There has been considerable recent interest in the use of
tris{2,2'-bipyridine)ruthenium(Il}) (2,2'-bipyridine = bpy) and its analogues
as photosensitizers in photoconversion processes, primarily because of their
spectral properties, the relative longevity of the MLCT excited states, and
the facility of electron transfer processes involving both excited state and
ground state species (refs, 2,3). A number of strategies have been developed
for the reduction of water, based on either oxidative quenching of *Ru(bpy)32+
{(with water reduction being performed by the reduced quencher), or reductive
quenching (with water reduction involving either Ru(bpy)s;* or reducing species
formed by reaction with it}. In most cases, a heterogeneous catalyst (e.g.
colloidal platinum) is required for hydrogen formation, but particularly
significant exceptions are homogeneous systems using a cobalt{II) complex as
catalyst. Scheme I involves reductive quenching By ascorbate ion (HAs~) in
the presence of added Co{Il) {ref. 4}.

I. Reductive Quenching

h
Ru(bpy)s?* 25 *Ru(bpy),2*

*Ru(bpy)32* + HAs— 3 Ru(bpy) s+ + HAs.

HASs 3 Products _

Ru(bpy)a™ + Co(bpy)32* —» Ru(bpy) .2+ + Co{bpy),*
Co(bpy)s* + Hy0 —» Co{bpy)y?* + 1/2 Hy + OH-

In Scheme II oxidative quenching by Co(bpyJ32+ in the presence of the electron
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donor triethanolamine {ref. 5; TEOA = triethanolamine, L = 4,7-(CH4),phen, 50%
aq. acetonitrile) yields H, with a quantum yield of 0.3.

11. Oxidative {Quenching

RUL 42+ DV RuL 2+

*Rul 42+ + Ca(bpy)3%* — Ruly®" + Co(bpy),*
RuL43* + TECA —s RuLy2* + TEQA-*

TEOA.* + TEDA —» TEOA«' + TEQAH*

TEOA.' + Co{bpy)s2* —s Prod + Co{bpy),*
Co(bpy),* + H,0 —» Co(bpy}a2* + 1/2 Hy + OH-

In either case the net photoinduced sequence is (Donor = TECA or HAs-):

24
hv + Donor + Co{bpy) 32+ LRu(bpy)3™*] Prod + Co(bpy)s*
Co(bpy)s* + Ho0 —s Co(bpy) g2+ + OH- + 1/2H,

The ability of cobalt complexes to promote homogeneous H, preduction appears
unique, and the involvement of hydridocobalt species has been proposed, 4,5

Lehn and Ziessel (ref. &} have reported the photochemical reduction of
carbon diaxide to carbon monoxide in 20% aq. acetonitrile using a system with
constituents similar to 11 above. Reduction of *RulLy?* to RulLg* by
triethanclamine or trialkylamines as quencher, followed by reduction of Co(II)
to Co(1) (as Co{bpy)s*) by RuLz* was proposed. However, in light of recent
results (ref. 5) characterizing H, formation in the triethanolamine,

Co(bpy) 32+, Ru(4,7-(CHs),phen) 2 systems in aqueous acetonitrile the
pxidative gquenching sequence II alsp merits serious consideration for the €O,
system. In related wark, a 2,9-dimethyl-1,10-phenanthroline cabalt({I)
complex also exhibits high CO,-reduction activity in dimethylformamide

(ref. 7).

Direct electrechemical reduction of CO, to produce €O, formate, or
oxalate (ref. 8} is characterized by a large overpotential, and has been
reported to occur at -2 ¥ vs NHE. Chemically catalyzed electrochemical
reductions on metal (ref. §) and semiconducting (ref. 10) electrodes
significantly lower the overpotential, and in some cases reduction (to CO plus
CDaz') occurs at -1.2 + 0.1 ¥ vs NHE in aqueous solution. Mediation of
reduction of C0, to CO by photo- and electrogenerated Re“(hpy)(CU)3C1
{ref. 7,11), and electrogenerated Nil{cyclam} (ref. 12} and (adsorbed)
Colpc(H-} {pc = phthalocyanine) (ref. 13) has alse been found. Catalysis of
the CO,/HCD,~ equilibrium by Pd(0} (ref. 14) and electroencapsulated Pd(0} has
also been reported (ref. 15).

Activation of carbon dioxide to reduction by transition metal complexes
has been attributed teo insertion of CO, into metal-hydride bonds (producing



formate) or disproportionation of CD, (producing CO and C0,2-) (ref. 16): in
neither case is the intimate mechanism of the process known. In view of the
intrinsic interest and importance of carbon dioxide activation and its
light-promoted reduction, we have begun a study of the reactions of Co(bpy),*
with water and bicarbonate ion in agueous solution. Preliminary results are
reported here.

EXPERIMENTAL SECTION

All manipulations were performed in a. Vacuum Atmospheres glove box under
an'argon atmosphere, unless otherwise indicated. Solid [Co(bpy)3Cl.H,0 was
prepared as described previously {ref. 4) and recrystallized {ref. 17) by
dissolving the crude solid (-~ 300 mg) in dry ethanol (5 mL} containing
2,2'=-bipyridine (770 mg). -The solution was filtered, diethyl ether was added
without stirring, and the Schlenk tube was stoppered and left undisturbed for
3 days. The blue/black crystals were collected, washed with ether and dried
in vacue. In some studies stock solutiens of Co(bpy),™ in ethanol were
prepared by controlled potential electrolysis (Eapp = 1.1 V vs ag SCE) of
~ 0.03 M [Co(bpy)3]JC1, solutions using either carbon rod or platinum gauze
working electrodes, Water used for all buffers was obtained from a MILLIPORE
Mil1i1-Q water purification system, and drawn immediately before deaeration
with argon to avoid contamination by atmospheric CO,. All materials were AR
grade and were used without further purification.

Stoichiometry studies. In a typical run, 4.0 mL of the appropriate
buffer (secondary amines react with CO, and so could not be used as buffers)

containing NaHCD, and/ar Co(bpy)32+, if required, was transferred to a glass
vessel (total volume = 13 mL) fitted with a serum cap. A 200 ul aliquot

of & stock solution of [Co(bpy)3]C1.Hy0 in dry ethanol {containing bpy if
required) was added by syringe, and the soluticon was stirred until completion
of the reaction. H, and CO were determined by GC methods (molecular sieve 4A
¢olumn thermostated at 150 °C, argon carrier gas, thermal conductivity
detector); acidification of the solution was required prior to CQ analysis,

The Co{l) concentrations in the stock solutions for the kinetic and
stoichiometry studies were determined spectrophotometrically following
reaction with etther metnyl viologen or Os(bpy)33+.

Analysis for formate and cxalate ions present in product solutions from
stoichiometric and kinetic studies was performed using a DIONEX 2010 Ion
Chromatagraph {HPICE-AS1 column; 10-3 M HC1/72% acetonitrile eluent). The
reactions were run in TRIS-HC1 media because borate and sulfate interfered
with the formate detenninations.
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Kinetic studies. In a typical run, a 200 plL aliquot of a stock solution
of [Co(bpy}4]C1.H,0 in dry ethancl {containing bpy if required)} was added to
4.0 mL of the appropriate buffer (containing NaHCO, and/or Co{bpy),2* if
required) in a 1 ¢m cell. The cell was immediately stoppered, removed from

the glovebox, and the decay of Co{l) measured spectrophotometrically (605 nm)
for 3-4 half-lives., The infinity reading was obtained after exposing the
solution to air, and the pH was measured.

Formation and analysis of [Co(bpy)({C0),].

Reaction of Co{bpy),* with HCO;=. A solutien of [Co{bpy);]C1.H,0 (70 mg)
in ethanol (1.5 mL} was added to 17.5 mL of 0.20 M boric acid buffer (pH 9.2;
[Co(bpy)3*] = 7.8 mM; [Co(bpy),2*] = 2.5 mM; n = 0.5 M, MNa,S0,) containing
100 mg NaHCO, {0.063 M). The blue solution was stirred until completion of
the reaction was indicated by the pale yellow scolution and dark precipitate.

After - 1 hour the black precipitate was filtered under argon, washed with
water and dried in vacug. The yield was low and somewhat variable.

Reaction of Co{bpy),* with CO. A selution of [Co(bpy);1Ci<H,0 {90 mg) in
dry ethanol (12 mL) was stirred under a CO atmosphere for 15 minutes. The
pblack product was filtered under argon, washed with ethanal, and dried
in vacuo, Yield 20 mg, 95%.

Analysis. CO was determined by acidification of a weighed sample in a
closed vessel followaed by GC analysis of the gas above the solution. Cabalt
was determined by atomic absorption spectroscepy and x-ray flucrescence, and
bpy spectrophotometrically.

RESULTS AND DISCUSSICN
General Considerations

In neutral aqueocus solution the overall thermodynamic requirements for
reduction of water to hydrogen and of carbon dioxide to CO or formate are
similar:

TWO-ELECTRON REDUCTION, pH 7, 25 °C (ref. 18), vs NHE

) = 1 R
= 0= - [
COz(g) + HZD(E) + 2e HLDZ(aq) + UH(aq} E 0.31 ¥
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Moreover, in seeking catalysts for these reactions similar issues arise. Both
reductions are yery difficult yla one-electron processes, since the
one-glectron reduction products H atom and -CO,~ (formate radical) are
extremely energetic species. By using pulse-radiolytic methods, Schwarz and
Dodsen have recently determined E° for the CQy/.C0,~ couple to be -1.9 V vs
NHE in water {ref. 19), and the intrinsic barrier for this one-electron
reduction is estimated to be ca. 0.6 V (ref. 20). The «C0,~/:C0,2- potential
has been estimated to be -1.2 ¥V vs. NHE {ref. 21). values for HY/H-/H~ have
been discussed previously (ref. 2).

ONE-ELECTRON REDUCTIOK, pH 7, 25 °C, vs NHE

H* =2.7 v He +0.03 ¥ H-

-l.9 ¥ -1.2 ¥

Co,

€0, :€0,2-

Thus in either H,0 or CU, reduction, paths involving the {free) one-electron
reduction products are expected to be yanishingly slow and means of
circumventing these paths or stabilizing the one-electron species are sought,
In the H,0/H, reaction, metal hydride complexes may provide catalytic routes,
In the CC,/CD or HCO,- reaction, catalysis by metal complexes may involve
coordination of carbon dioxide (ref. 22) or insertion into a metal hydride
bond to yield a formate species (ref. 23}.

As will be seen, comparison of the above parameters for H,0 and CO,
reduction is particularly appropriate in the present system because, in the
presence of HCU,~, these reactions occur in competition with each other and
even appear to involve a common intermediate. Interestingly, the presence of
water is required in a number of systems when CO, reduction accurs.
Unfortunately, the presence of water also complicates the issue of the carbon
substrate undergoing reduction. In aqueous media the following equilibria
must be considered:

- -2 -1
C0z(aq) * Ha0 ==*H,C0; K = 2.6 x 10-3
M;CO0q ===d H* + HCO4~ K=2.5x10"%M
HCOg= == H* + (042~ K=1.6 x 10-10 H

{The equilibrium constants given are appropriate to ~ 0.5 M idonic strength,

25 °C (ref. 24).) Above pH 10 and below pH 4, "C0," solutions contain CO42-
and H,C04/C0,, respectively, MNear pH 7, the three species HCO3~, (0, and
H,CO, are all present and their distribution is pH dependent. Consequenily pH
variations carried out to assess the role of H* in CO, reduction systems may
be difficult to interpret when the dominant "CU," form(s) change.
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Furthermore, the equilibration of gaseous and aqueous CO, must be taken into
accaunt: Depending upon the experimental procedures (and time scales) the
above equilibria may lead to substantial changes in the (O, partial pressure
above a solution and in the concentration(s) of dissolved species.

Finally, the free-energy change for "C0," reduction is a function of the
substrate and pH. Fig. 1 summarizes these data in graphic form.

pH Half-Reaction E, ¥ Ht/H, E°,¥
0 COppqy + 2K + 28 = CO.oy + HoO -0.12 -0.00
7 HCO3= + 3H* + 28 = 0O ) + ZH,0 -0.48 -0.41
9 HOO;= + 3% + 28 = CO( 3 + 2HpD -0.56 -0.53
11 CO32 + Q¥ + 28 = CO( ) + 2H,0 -0.87 -0.65
| | | |
0.0 /HZO/ Hp .
COppq/CO
S~
S~
HCO4 /CO
[N
z 0.5 coZ/co
4 Coz(uq)/HC()z-
>
o - -
A HCO5~/HCO,
-.l.o .
1 I | !
O 3 6 9 12

pH

Fig. 1. E° values [vs NHE) for two-electron reduction of Hy0 and (0, as a
function of pH and the dominant forms of reactants and products. The
following standard state conventions are used: H,0, ligquid; H, and CO, gas
(i.e., 1 atm); CO,, HCU,H, HCO,~, HCO,~, and 0032'. agueous (i.e., 1 M).
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General Features of the Co(bpy}at/B,0/HCO.~ System
No reaction of Co(bpy)at with CO, is found in dry ethanol over several

days. However, reaction does occur in aguecus wedia. This system (like
others, refs. 6,9,10) is complicated by side-reactions: Cu(bpy}3+ also reacts
with water to yield H, at pH > 7 and dihydrobipyridines at lower pH (ref. 4).
These products reflect the Fact that Co(bpy),*t is a strong reductant:
EQ{Co{bpy)32*/*} = -0.95 Vv and EC(Co(bpy);3*/*) = -0.33 Vv (ref. 5).
hccordingly, in aqueous media CO, reduction must occur in competition with
these reactions. As noted above, an additional complication is the
pH-dependent 5032-ch03-fcoz equilibria. In the pH-range considered here
HCD4~ 1s the dominant form with C032' = 1-10% and cu?(aq) < 3% of the

total "CO," species and is therefore considered the reactant.

The reaction was studied spectrophotometrically by observing the
disappearance of Co{bpy),¥ in aqueous buffer solutions under anaergbic
conditions in the presence and absence of HCO,-. The competition of H,0 and
HCO4- for Co(bpy)s* is illustrated in Fig. 2. While it is evident that the

I T
1; 10+ -
3
n
[~
a2
L3
© s _
¢
(o) | ]
0.0 0.01 0.02

[Hcog]. m

Fig. 2. Pseudo-first-order rate censtants (25 °C) tor the disappearance of
Co{bpy}3* in borate buffer (pH 8.8) as a function of [HCO,-] (0.16 mM Co({I);
2.4 mM Cu(bpy)32+; 4.8% ethanol; ionic strength = 0.5 M, Na,5U,).

rate of Co(bpy)s* consumption increases linearly with [HCO4~1, it is alse
evident that tnere is a relatively large intercept. The tatter is due to the
reaction with water, which gives H, according to eq. 1 (ref, 4) in > 703
yield.

Co(bpy)s* + H,0 —» Co{bpy}42* + 1/2 H, + OH~ (1)
Not only does HCO4- accelerate the rate of consumption of Co(bpy),*, but it
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also reduces the amount of H, formed. This is fllustrated in Fig. 3 where H,
yields are plotted as a function of [HCO;~] for TRIS ouffers at pH 8.4,

T T | ]
0.8 o
o~
I o
- _
[ ]
2 o4 = -
0.0 L L 1 1
0.0 0.05 Q.10

[Hcoz] ™
Fig. 3. Hydrogen yields (based on eq. 1) as a function of [HCD5~] in TRIS
buffer at pH 8.4 (1.4 mM Co(I); 4.8% ethanol; ionic strength = 0 5 M, Nazsoq}

£0,/HCO, - Reduction Product
On G.C. analysis of the gas above the reaction solutions with HCO4-
present (pH 8.4-9.5), no free €0 was detected, and although formate ien was

found by jon chromatographic analysis of the solution, ft was not formed in
significant amounts (< 1%}. In the stoichiometry studies at high [HCO;~]

with high [Co(I1)], small amaunts of a dark solid were formed. This product
showed IR absorptions at 1933, 1895 and 1717 cm-!: the product obtained from
similar experiments using H!3C0;~ gave equivalent absorptions at 1891, 1852
and 1679 cm-1, respectively, indicating that the absorptions arise from
carbonyl groups Fformed during the reduction process. A product with identical
IR spectral properties and analytical data (Co/bpy = 1:1, Co/CO - 1:2) is
produced by the reaction of Co(bpy),* with CO in ethanol. It seems clear that
the product of both reactions is the same as the product formed by reduction
of Co(lI) by BH,~ in the presence of bpy and COQ (ref, 25), or by the reaction
of {norbornadiene},Co,(C0), with bpy (ref. 26). The structure of this complex
has been assigned as [Co{bpy){C0),], {Czy} {as distinct from the geometric

TNy

isomer (Czp) with the terminal CO groups trans) on the basis of group theory
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analysis of the IR spectrum. The complex is stahle in contact with basic
solution, but, upon acidification to pH < 1, decomposes to liberate - 2 mols
CO per Co and ~ 1 mol H, per Co (eq. 2), consistent with the above
formulation.

[Co(bpy)(C0),], + 6HY 5 4C0 + 2H, + ztoga + 2bpyHt {(2)

Thus thnese results indicate that CO (rather than formate) is the major
product of HCO4- reduction by Co(bpy)s* (eq. 3, where the CQO may be free or
bound to cobalt), The CU produced is scavenged by Co(bpy),* to give

2Co(bpy)s* + HCOa™ + H,0 ——» 2Co(bpy) g2+ + CO + 30H- (3)
Co(bpy),* + €0 —» 1/4[Co(bpy)(C0),], + bpy + 1/2 Co{bpy),2* (4)

insoluble [Co(bpy){C0),], (eq. 4). Subsequent acidification of the product
solution decomposes the cobalt carbonyl dimer {eq. 2} allowing determination
of CO as the gas.

In Fig. 4, H, and CO yields are compared. The Hp, yields (based on

] T I I A
0.8¢ ~CO + Hjp —
A
0.6 |- TTT—— % O, O -
N
o Hz
2
> 04| -
0.2 co .
X ’/
/ o
0.00 | | | 1 l 7 £ l
0.0 0.02 0.04 0.40
[HCO3™] .M

Fig. 4. Balance of yields of CO/H, from reactien of Co{bpy),* with HCO5~ in
aqueous solution: x,[Co(I})]o = 0.66 mM; 0.2 M boric acid buffer, pH 8.8;

pw = 0.5 M, Nay80,; no Co({II}). O[Co(I)]y = 0.74 mM, [Co(II)] = 0.74 mM;

0.4 M boric acid buffer, pH 8.8, p» = 0.5 M, Na,50,. O[Ca(I)]g = [Co(lI)]p

= 0.74 mM, 0.4 M NaHCO,, pH 8.8, p = 0.5 M. No excess bpy, 4.8% ethanol.

H, yield = 2 x {mols H, per mol Ca(l} taken) (where H, is determined prior to
acid addition) and CO yield = 3 x {mols CD per mol Cofl) taken). A Sum of H,
and €O yfelds.
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eq. 1} were determined prior to acid addition so that H, from eq. 2 is not
included, The CD yields are calculated on the basis of eq. 3 and eq. 4, i.e.,
3Co{bpy)3* are consumed per CO detected. With the yields so defined the sum
of the yields should be constant if no otner products are formed. From

Fig. 3 it is evident that reasonable constancy is found.

Kinetics and Product Yields
The kinetics studies were focussed primarily on the behavior of the

sys5tem in the absence and presence of low added bpy in the pH range 8.4-9.5.
Within the pH range studied, there is a minor contribution to the rate from a
parallel pathway whose rate expression shows a square dependence on [Co{I)]
and [H*] and an inverse dependence on [Co{bpy}s2*] (ref. 27). The Co{lI) salt
was therefore added to many of the kinetic and stoichiometric runs to suppress
this contribution. Some kinetic details of the pathway are known, and its
involvement in the HCU;~ reduction precesses under the cenditions used appears
negligible. Under the present conditions the rate is first-order in
[Co(bpy)3*], first order in [H*], and first order in [HCO,-}. The rate of
eq. 1 (i.e. no added HCD,-) is first order in both [Co(bpy},*] and [H*]
(ref., 27). The rates of both reactions are inhibited by bpy, indicating loss
of bpy prior to the rate-determining step. The observations suggest that
HCO4~ and H,0 (eq. 1) may compete for a common intermediate Formed from
Co(bpy),* and H* with Joss of bpy -- possibly Co(bpy),(H,0)H?* (ref. 28).
[The analogous rhodium complex has also been characterized (ref. 29).]
Previous studies (ref. 4} of the stoichiometry of the Co(bpy),*/H,0 reaction
have also demonstrated innibition of the H,-yield by exéess bpy .
Stoichiometry studies show that the Co{bpy}3+/HC03' reaction is also
suppressed by the presence of excess bpy, so that as the bpy concentratieon
increases, HCO5- eventually does not affect the H,-yield for the water
reduction reacticn. These observations also support the competition of H,0
and HCC4~ for the same intermediate, e.qg.,

fa

H,0
Co{bpy)s* + HY — bpy + [Int]

HCO 4~
Hy + [CO]
where [CQ] denotes the HCD4-/CO, reduction product [Co(bpy)(C0),],.
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Note, however, that in the pH range studied a rate taw such as
-d[Co{bpy),*]/dt = a[Co{bpy);*J[N*I[HCO3-1/[bpy] is kinetically
indistinguishable from -d{Co(bpy),*3/dt = a'[Co{bpy),*1[CO,1/(bpyl. The first
expression suggests rate-determining reaction of Cu(bpy}z(HZO)H2+ with HCO 4~
while the second suggests reaction of (e{bpy),* {ref. 20} with C0, {generated
through the pre-equilibrium HY + HCO3= = CO, + H,0) to give a CO, camplex.
Thus our data do not rule out reaction pathways such as the latter. In fact
tt is even possible that the two eccur in paraliel,

Finally, in addition to the parallel reactions with water and bicarbonate
ion discussed above, there is aiso evidence that the HCOy* reaction itself
gives both H, and CQ0. In Fig. 5 the ratio of HCO,~ to H,0 paths as

.

T T — T 7/
~—— HCO3~/H,0 (Rates)
1ol _ n
2
©
a
0.5 /COIHZ (Yields) .
_ 5 -0——0

0.0 | ] 1 1 §) o1 ]
0.0 0.02 0.04 77 0.40

[Hco,,"] M

Fig. 5. Co{bpy),*/HC0;~ reaction in borate buffers, pH 8.4-9.5 {no added bpy;
4.8% ethanol; ionic strength = 0.5 M, Na,SO,}. The solid symbels are
associated with kinetic measurements {see Fig. 2} and the other symbols with
product measurements (see Fig. 4), The ratios are defined by (stoichiometric}
RHCO,~/RH,0 = 3(aH 0 - 2HCO, -)/2ay,p where ay g = mols Hy per

Co{Ig formed in ths absence of HCOS and aycp,- = mois H, per Co{1} with

added bicarbonate, and (kinetic) Rycp 3/RH,0 = (Kobsd ,HCO "

Kobsd ,H,0}/Kobsd ,H,0 Where Kobsd,HCO,~ and Kapsd,H,0 are the
pseudo %1rst order rate constants for Co{bpy}s* reactlon in the presence and

absence of bicarbonate.

evaiuated from the kinetics is plotted as a function of [HCO4-]. Also shown
{solid symbols) are CO-to-H, ratios obtained from product analysis of
comparable solutions. While the (0-to-H, ratic rises between 0 and - (.03
M HCO,-, it levels off at higher [HCO4-] attaining a iimiting value of - 0.3
at pH 9 under the conditions shown. Preliminary evidence indicates this
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partitioning te be variable: for example, the ratio is higher in TRIS

(Fig. 2) than in borate buffer and much lower in pH 7 phosphate buffer.
Analogous changes in branching ratio have been reported by Lehn and Ziessel
who noted the sensitivity of this ratio to substituents on the tertiary
amines; CO production was found to be favored in the order

M{CoHgOHY; > N{n-propy1)s > N(Et}; > N{CH3)}; (ref. 6). The fact that the
HCO,~ reaction branches may reflect the fact that (bound) HCO,~ may act as
either a proton source {to give H,) or a "carbon” source (to give CQ), but the
origin of the sensitivity of the branching ratio to the nature of the buffer
is not obvious. [n any case it is noteworthy that the thermodynamic ratio of
Hy to (free) CO is ~ 102 at pH 9. The fact that relatively high yields of

CO are observed in the present Co{bpy)s* system may be due to the Co{bpy};*
scavenging of CO {eq. 4) which drives the reaction. Alternatively, the
observed partitioning may solely refliect kinetic (as opposed to thermodynamic)
factors.

Formate ion is a minor product in the Co{bpy)s;* - HCO,~ reaction (Cu:
HCO,~ - 1D:1). Interestingly, the reduction of HCO,~ or CO, ta HCO, is
favored on thermodynamic grounds over (gaseous) CO formation above pH - 6
(see Fig. 1). The fact that the GO produced in the Co{bpy}s* reaction is not
free but converted to [Ce(bpy){(C0),], does, of course, cloud the picture
somewhat; possibly the formation of the insoluble dimer does help to drive CQ
formation thermodynamically. In any event, we have shown that "C0" is a
primary product; added formate is not converted to "CO" under the reaction
conditions, Thus the fact that HCQ,~ is produced in such small yield
{relative to CO) suggests kinetic control of the product distribution.

Formate ion is the expected product for reaction of {molecular) CO, with a
metal hydride (insertion into the M-H bond). In the Co{bpy}s* system, such a
pathway would be manifested as -d[Co{bpy)s;*]/dt

= b[Co(bpy)4*][H*]2[HCO,~1/[bpy] at pH > 7. Although our kinetic data

(pH > B8.5) do not indicate an [H*¥]2-dependence, a small (< 10%) contribution
from this term cannot be ruled out. Thus the formate wmay arise froam such a
reaction. However, as discussed above, from the observed kinetics and product
distribution, the major "bicarbonate” reaction involves either HC0,= attack on
Co(bpy},(H,0)H2* or CO, attack on Co(bpy),{H,0),* (or both).

SUMMARY

In aqueous bicarbonate solutions (pH 8.5 - 10) Co(bpy) st reacts with
water to give H, and with HCO4;~ to give H,, €0 (as the insoluble
[Co{bpy)(C0},]5), and some HCO,—, with the extent of reaction with HCO;~
increasing as [HCO,=] increases. The rate laws for reaction with H,0 and
HCO;- are first-order in [Co{bpy),*] and [H*] and inverse in [bpyl. Thus both
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water and HCO4- reactions may involve the hydride Co(bpy),(H,0}HZ* as
intermediate. ({Of course, kinetically equivalent pathways -- such as, for
HCOz~, reaction of Ca(bpy),{H,0),* with C0, -- cannot be ruled out.) In the
HCD3--reaction the branching between H, and CO depends upon the nature of the
buffer and favors H, over CQ0 in about a 3-to-1 ratio in borate media.
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