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Table I. High Cram Selectivity of Imine Reactions?

M allylorganometal Cram (3):
entry R R’ anti-Cram (4)
1 PhCH(CH;) n-Pr 9-BBN 96:4
2 PhCH(CH,) i-Pr 9-BBN 100:0
3 PhCH(CH,) n-Pr MgCl 84:16
4 PhCH(CH,) i-Pr MgCl 70:30
Cram (1):
entry aldehyde allylorganometal  anti-Cram (2)
5 PhCH(CH,;)CHO 9-BBN 55:45
6 MgCl 60:40
7 SiMe;,? 70:30

2 All reactions were carried out on a 1-mmol scale at =78 °C under
N, and quenched at 0 °C. Total isolated yields were in a range of
88-98%. The Cram:anti-Cram ratjo was determined by 'H NMR
analysis and/or GLPC (THEED, 10%, 2 m). ®TiCl, was useed as a
Lewis acid.

The present findings suggest that the Cram/anti-Cram problem
of carbonyl groups might be solved by a similar approach.!?
Further work along this line is now under active investigation.

(11) There may be a question that the bad interactions depicted in 9 and
16 can be avoided by rotating the carbon so that the hydrogen is in the position
of the methyl in 9 and the phenyl in 16. Inspection with a Dreiding model
clearly indicates that such conformations are destabilized by the steric re-
pulsion between the 9-BBN ring and the phenyl group in 9 and between the
9-BBN ring and the methyl group in 16.

(12) (a) For addition of allylboronates to Schiff bases, see: Hoffmann, R.
W.; Eichler, G.; Endesfelder, A. Liebigs Ann. Chem. 1983, 2000. (b) When
alkylorganometallics, such as BuCu-BF; and Bu,CuLi:BF;, were utilized, the
Cram/anti-Cram selectivity was low (~4:1). This is reasonable since the
six-membered cyclic transition state is not involved in this reaction. For the
reaction of imines with RCu«BF;, see: Wada, M.; Sakurai, Y.; Akiba, K.
Tetrahedron Lett. 1984, 25, 1079.

(13) An oxonium salt of aldehydes may take a trans geometry (17). If

s0, the R group may go to the axial position as described above. In fact, the
reaction of a-phenylpropionaldehyde with allyl-9-BBN in the presence of
Et;0*BF,” produced 1 and 2 in a ratio of 7:3 (cv. entry 5). We are also
investigating the Lewis acid mediated reaction of acetals bearing an a-chiral
center, the results of which will be published soon.

Catalytic Reduction of CO, at Carbon Electrodes
Modified with Cobalt Phthalocyanine

Charles M. Lieber and Nathan S. Lewis*

Department of Chemistry, Stanford University
Stanford, California 94305

Received April 20, 1984

We report the electrocatalytic reduction of aqueous solutions
of CO,(g) to CO(g). The reaction occurs on carbon electrodes
modified by adsorption of cobalt phthalocyanine, Co(Pc). The
CO, reduction can be achieved within 300 mV of the thermo-
dynamic CO,/CO redox potential, and essentially the only car-
bon-containing product is CO(g). In contrast, Co(Pc) dissolved
in homogeneous solution yields poor stability and low catalytic

efficiency for CO, activation. Thus, in addition to an energy--

efficient activation of CO,(g), this system demonstrates the ef-
fectiveness of chemical modification of electrodes in suppressing
deleterious decomposition pathways during electrocatalysis.
The abundance of CO, as a one-carbon precursor has evoked
considerable interest in its catalytic transformations.! Direct

(1) (a) Eisenberg, R.; Hendricksen, D. E. 4dv. Catal. 1979, 28, 79-172.
(b) Kolomnikov, 1. S.; Grigoryan, M, Kh. Russ. Chem. Rev. (Engl. Transl)
1978, 47, 334-353. (c) Denise, B.; Sneeden, R. P, A. CHEMTECH 1982,
12, 108-112. (d) Darensbourg, D. J.; Kudaroshi, R. A. Adv. Organomet.
Chem. 1983, 22, 129-168.

electrochemical reduction of .CO, proceeds with large overpo-
tentials? and generally yields formate. Electrocatalytic reductions
of CO;, to yield formate have been observed with supported Pd,
as well as through the coupling of formate dehydrogenase with
methylviologen.?  Our efforts have focussed upon utilizing
transition-metal complexes to promote reduction of CO, to CO
via (1).

CO,(g) + 2¢™ + 2H*(aq) — CO(g) + H,0(1) (1

Co(Pc)* was deposited onto pyrolytic graphite or carbon cloth
surfaces either by adsorption from THF/Co(Pc) solutions or by
droplet evaporation of THF /Co(Pc) solutions. Controlled po-
tential electrolysis of such modified carbon cloth electrodes at ~1.0
V vs. SSCE in aqueous solution (pH 5.0, 0.05 M citrate buffer,
E®’(CO,/CO) = -0.65 V vs. SCE®) under 1 atm of CO,(g)
produced CO(g) as the major carbon-containing species. The
catalytic nature of the reaction has been confirmed by formation
of over 10° molar equiv of CO per molar equiv of electroactive
catalyst (Table I).

Typical coulometric experiments (Table I) for potentials from
-0.95to ~1.2 V vs. SCE indicate that 55-60% of the charge passed
can be accounted for as CO formation and 35-30% detected as
H,, implying overall coulometric efficiencies of 90~95% for the
catalytic reaction of Co(Pc) with CO,/H,0 solutions. Although
spot tests indicate the presence of oxalate and formate, as pre-
viously reported for a similar Co(Pc)/graphite system at more
cathodic operating potentials,® we observe that these species are
present in only trace amounts, and that the major carbon-con-
taining product is gaseous CO.

Neither of the first two reported reduction potentials for Co(Pc)
in DMF solution,” —0.40 and ~1.40 V vs. SCE, correspond with
the potentials at which we detect the onset of CO(g) production
in aqueous media (-0.9 V vs. SCE). Furthermore, cyclic volt-
ammograms for the Co(Pc)%~ couple are found to be identical
under 1 atm of CO, or 1 atm of Ar for THF/Co(Pc) solutions
as well as for C/Co(Pc) surfaces in aqueous media. This evidence
seems to preclude initial binding of CO, to Co(Pc)™ as a viable
pathway unless there is only an extremely weak Co(Pc)~-CO,
interaction.

The aqueous reduction of Co(Pc)/graphite surfaces in the
absence of CO, yields two proton-coupled reductions which appear
at —0.58 and —0.95 V vs. SCE at pH 5.0. Over a range of pH
1.5-5.5 we observe a positive shift of E®’ for the first reduction
wave of 59 mV/pH unit. The second reduction wave is quasi-
reversible, and scan rates of 5 V/s yield reversible behavior for
this couple. Interestingly, association of the first electrochemical
wave with the one-electron Co(Pc)%~ couple implies that the

(2) (a) Russell, P. G.; Kovac, N.; Srinivasan, S.; Steinberg, M. J. Elec-
trochem. Soc. 1977, 124, 1329-1338 and references cited therein. (b) Eggins,
B. R.; McNeill, J. J. Electroanal. Chem. 1983, 148, 17-24. (¢) Canfield, D.;
Frese, K. W., Jr. J. Electrochem. Soc. 1983, 130, 1772-1773.

(3) (a) Stadler, C. J; Chao, S.; Summers, D. P.; Wrighton, M. S. J. Am.,
Chem. Soc. 1983, 105, 6318—6320. (b) Ibid. 1984, 106, 2723-2725. (c)
Stadler, C. J.; Chao, S.; Wrighton, M. S. Ibid., 1984, 10¢, 3673-3675. (d)
Parkinson, B. A.; Weaver, P. Nature (London), in press.

(4) Co(Pc) was obtained from Eastman Kodak Co. and was purified by
sublimation. CO,(g) concentrations were monitored with an Orion Model
95-02 electrode; CO(g) and H,(g) analyses were performed using a Carle
Model 197-B gas chromatograph in the standard factory configuration
(columns and thermistor at 60 °C, hydrogen-transfer catalyst at 570 °C;
retention times, H,, 1.5 min, CO, 10.7 min). Oxalate and formate were
detected using standard qualitative spot test reagents,5 and quantitative
determination of oxalate was performed polarographically by determination
of Eu®*. Cyclic voltammetric data (100~500 mV/s) were used to determine
the coverage of electroactive catalyst on the electrode surface; such coverages
ranged from 4 X 101! to 40 X 10™!! mol/cm? and were generally somewhat
less than the total amount of catalyst deposited by the droplet evaporation
technique.

(5) Randin, J. P. “Encyclopedia of Electrochemistry of the Elements”;
Bard, A. J., Ed.; Marcel Dekker: New York, 1976; Vol. VIII, p 172.

(6) (a) Meshitsuka, S.; Ichikawa, M.; Tamaru, K. J. Chem. Soc., Chem.
Commun. 1974, 158-159. (b) Takahashi, K.; Hiratsuka, K.; Sasaki, H. Chem.
Lett. 1979, 305-308. (c) Ibid. 1977, 1137-1140.

(7) Clack, D. W.; Hush, N. S.; Woolsey, L. S. Inorg. Chim. Acta 1976, 19,
129-132.
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Table I. Data for Electrocatalytic Reduction of CO,(g) at Co(Pc)/C Electrodes

current Coulometric
Coulombs turnover  density, product ratio efficiency for all
entry exptl conditions? passed no.? mA/cm?¢  (CO/H;)  gaseous products, %

1 pH 5/CO, atm/Co(Pc)/-1.15 V/1.3 X 107! mol cm™ 16.8 3.7 %105  0.98 1.5/1 87
2 pH 5/Ar atm/Co(Pc)/-1.15 V/8.2 X 107! mol cm™ 20.7 1.22 only H, 86
3 pH 5/CO, atm/naked electrode/-1.15 V 9.04 0.079 only H, 78
4  pH 10/HCO; + CO;* = 0.1 M/Ar atm/Co(Pc)/-1.30 V/7.2 X 111 0.073 only H, 88

107'° mol cm™
5 3.1 mM Co(Pc)/THF/3.6 mM TFAA?/1 M H,0/CO, atm/-1.06  21.5 4 0.062 0.26/1 63¢

v
6 pH 5/CO, atm/H,Po//-1.10 V/4.5 X 107" mol cm™ 8.40 0.032 only H, 79
7 3 mM Co(ClO,),/pH 5/CO, atm/-1.10 V 8.68  0.14 0.029 0.49/1 82

4V vs. SSCE ?Calculated assuming 2¢7/Co(Pc)/CO. ¢Geometric area of carbon cloth. 4 TFAA = trifluoroacetic acid. ¢80% of Co(Pc) was lost;

determined from vis spectra. /H,Pc = metal-free phthalocyanine.

second reduction corresponds to a two-electron process from the
Co(Pc)~ state. The agreement between the position of the second
reduction wave at =0.95 V (pH 5.0) and the onset of CO(g)
production strongly suggests that reduction of Co(Pc)/C at this
potential leads to the active form of the catalyst.

The pH dependence of the Co(Pc)*~ reduction implies an initial
protonation step in the reaction sequence, which is followed
subsequently by further reduction of the complex and attack by
CO,. Precedent for the reaction steps involved in such catalysis
can be found in proposed mechanisms for catalysis of the
water—gas shift reaction, which is essentially the reverse of (1)
(with H, = 2H* + 2¢7).2 A similar reaction sequence has been
invoked previously by Eisenberg to explain redox catalysis in the
C0,/CO transformation by homogeneous Co and Ni macrocyclic
complexes, where a one-electron reduction to a metal hydride
species is implicated.” Our product distribution is similar to that
obtained with these macrocyclic ligands, but an important dif-
ference in our system is that the “hydride” (either ligand or metal
centered)'? is not reactive enough to reduce CO, and must itself
be reduced further (by two electrons in this case) to yield the
observed catalysis.

The ease of reduction of the Co(Pc) complex allows the CO,
transformation to proceed at a much lower overpotential, yet with
faster rates, than in previous catalytic systems for CO production.’
A comparison of the current density to the amount of electroactive
catalyst on Co(Pc)/C electrodes (Table I) indicates that turnover
numbers for CO, reduction can exceed 100 s™!, which is over 3
orders of magnitude greater than the values of 2-7 turnovers/h
reported for catalysis in homogeneous systems.’

Finally, we have obtained evidence which supports the notion
that unfavorable decomposition reactions can be suppressed by
immobilization of the Co(Pc) catalyst onto the electrode surface.
Cyclic voltammetry of Co(Pc) dissolved in aqueous acid/THF
or in dry HBFEt,0/THF solutions indicates that addition of
protons produces a quasi-reversible second reduction wave for
Co(Pc) similar to that observed in aqueous solutions. However,
a controlled-potential electrolysis yielded much lower coulometric
efficiencies for CO production, and the electrolysis resulted in a
large loss of catalyst after only a few turnovers (Table I). In
contrast, Co(Pc)/C electrodes yield an initial decay in the catalytic
current to a steady-state value and then proceed at the sustained
rates reflected in Table I. Thus, despite the similar transient
electrochemical behavior of the adsorbed and homogeneous Co(Pc)
species, sustained activity for CO, reduction appears to be favored
on modified electrode surfaces, where site-site interactions leading
to catalyst deactivation can be minimized. Applications of these
principles to other substrates, as well as a more detailed inves-
tigation of the reaction products of Co{Pc)~ with aqueous solutions,

(8) (a) Ford, P. C. Acc. Chem. Res. 1981, 14, 31-37. (b) Darensbourg,
D. J.; Rokicki, A. Organometallics 1982, 1, 1685-1693.

(9) Fischer, B.; Eisenberg, R. J. Am. Chem. Soc. 1980, 102, 7361-7363.

(10) (a) Chao, T. H.; Espenson, J. H. J. Am. Chem. Soc. 1980, 102,
7361-7363. (b) Tait, A. M.; Hoffman, M. Z,; Hayon, E. Ibid. 1976, 98,
86-93. (c) Lexa, D.; Saveant, J. M. Ibid. 1976, 98, 2652-2658. (d) Simic-
Glavaski, B.; Zecevic, S.; Yeager, E. B. J. Phys. Chem. 1983, 87, 4555-4557.

are under investigation at present.
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The rate of chelate complex formation is generally governed
by the rate at which the first donor atom of the multidentate ligand
enters the coordination sphere,! entry of the remaining donor atoms
usually being very much more rapid owing to their very high
effective concentration.? It has proved possible, however, to study
the kinetics of chelate ring closure reactions by rapid generation
of complexes containing the monodentate form of potentially
bidentate ligands.}

We report here a kinetic study of reaction 1 in which the

0Os3(CO) 11 (n'*-dppm) —= Os3(CO)yo(w-dppm) + CO (1)

monodentate dppm* is converted slowly at 50~70 °C into the
bidentate bridging form via an intramolecular process that can
be shown to be clearly associative in nature. Although the cor-
responding reaction of Ru3(CO),,(n'-dppe)* has been observed,’
no kinetic measurements were reported and the kinetics of reaction
1 are the first of their type.® The new complex Os;(CO),)-
(n'-dppm) was prepared by the very facile reaction of Os;-
{CO);,(NCMe)® with dppm in cyclohexane at room temperature.

(1) Plankey, B. J.; Rund, J. V. Inorg. Chem. 1979, 18, 957 and references
therein.

(2) Basolo, F.; Pearson, R. G. “Mechanisms of Inorganic Reactions™,
Wiley: New York, 1967; p 225.

(3) (a) Mawby, R. J.; Morris, D.; Thorsteinson, E. M.; Basolo, F. Inorg.
Chem. 1966, 5, 527. (b) Carter, M. J.; Beattie, J. K. Inorg. Chem. 1970, 9,
1233. (¢) Connor, J. A; Day, J. P.; Jones, E. M.; McEwan, G. K. J. Chem.
Soc., Dalton Trans. 1973, 347. (d) Kazlauskas, R. J.; Wrighton, M. S. J. Am.
Chem. Soc. 1982, 104, 5784.

(4) (a) dppm = Ph,PCH,PPh,. (b) dppe = Ph,PCH,CH,PPh,.

(5) Bruce, M. I; Hambley, T. W.; Nicholson, B. K.; Snow, M. R. J.
Organomet. Chem. 1982, 235, 83.

(6) The bridge-closing reaction Ru,(CO)y(u-dppm)(n'-dppm) — Rus-
(COg)(u-dppm), + CO has also been studied.’”

(7) Ambwani, B.; Chawla, C. K.; Pog, A. J., unpublished results.

(8) Johnson, B. F. G.; Lewis, J.; Pippard, D. A, J. Chem. Soc., Dalton
Trans. 1981, 407. Dawson, P. A.; Johnson, B. F. G.; Lewis, J.; Puga, J.;
Raithby, P. R,; Rosales, M. J. Ibid. 1982, 233.
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