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The activation and reduction of carbon dioxide has been an
activeand important area of research.!-> Numerous chemical, !5
electrochemical,'6-23 and photoelectrochemical?4 systems have
now been developed for the reduction of CO, to a variety of
products. However, direct photochemical reduction of CO,,2>-2
by molecular excited states in homogeneous solution, has proven
more difficult to achieve. We now report that CO, is reduced
directly to its radical anion, CO,*~,3-32 by [Ni;(u3-I)2(dppm)s],
1 {dppm = bis(diphenylphosphino)methane}, in THF when
irradiated at A > 290 nm. Significantly, we find that the radical
anion, CO,*-, is trapped by cyclohexene, leading to the formation
of two new carbon—carbon bonds and the products cis- and trans-
1,2-cyclohexanedicarboxylate.

t Address correspondence pertaining to crystallographic studies to this
author.
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The new cluster 1 is synthesized by conproportionation of Ni-
(COD),* (COD = 1,5-cyclooctadiene) and Nil, in the presence
of dppm3 Cluster 1 absorbs strongly in the visible region (Amax
= 648 nm, ¢ = 5500 (toluene)) but does not emit. It is oxidized
cleanly toitsradical cation, [ Nis(u3-I)2(dppm);]*+, 2, ata potential
E\;3(2/1) = -0.69 V vs SCE in 1,1,1-trichloroethane. The
oxidation is accompanied by a striking color change from green
to purple.

X-raydiffraction studies of 1 and 2 show them to be structurally
similar.353¢ Cluster 2 has slightly longer Ni-Ni and shorter Ni-I
bond lengths and reveals an apparent Jahn-Teller distortion of
the geometry of the metal core.37:38

The 31P{{H} NMR spectrum of 1 consists of a singlet, § —14.2
ppm, in toluene or benzene. However, in more polar solvents like
THF or CH,Cl, the 3!P{!H} NMR spectrum is broadened by
self-exchange with traces of the radical cation 2, photogenerated
by room light, to line widths of 5000 Hz or greater. Whensodium
naphthalenide is added toa THF solution of the cluster to suppress
formation of the radical cation 2, the spectrum collapses to a
narrowsinglet,5-14.2 ppm. Thisrapid self-exchange,a signature
of facile electron transfer, is not surprising since 1 is structurally
very similar its radical cation, 2. These clusters are also closely
related to a recently reported electrocatalyst for CO, reduction,
[Nis(u3-I)(us-CNMe)(dppm);]*+.3%4 Itisremarkable thatcluster
1 is photooxidized by room light in solvents as difficult to reduce
as dichloromethane.

Upon broad-band photolysis (500-W Hg lamp, A > 300 nm)
ofa 0.07 mM solution of 1in dichloromethane for 4 min, complete
oxidation occurs, to give the radical cation, 2. Photolysis is
accompanied by an isosbestic transformation in the UV /vis
electronic spectrum. Our studies suggest that dichloromethane
is reduced to chloromethyl radical and chloride ion. After
photolysis of a saturated solution of 1 in CH,Cl, under an
atmosphere of CO,, the solvent was removed in vacuo, leaving
2 as a purple solid along with a new material exhibiting IR
absorptions at 1730 and 1280 cm-!. Extraction of the solid with
water followed by HPLC analysis (Cys column, isocratic water/
methanol mobile phase, UV absorbance detector) confirmed the
presence of chloroacetic acid, the apparent result of addition of
CO, to CH,CI*, followed by reduction to chloroacetate. The
quantum yield for photooxidation of 1 was measured using
monochromatic irradiation (7-nm bandpass) and potassium
ferrioxalate actinometry.4142 For a 2% (v/v) solution of CH,Cl,
in THF, ®254nm = 2.5 X 102, 3020m = 5.6 X 1073, ®3134m = 3.9
X 1073, and ®3340m = 3.5 X 1073,

The quantum yield for photooxidation of 1 in CH,Cl, is
negligibly small at wavelengths near the lowest energy electronic
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transition (Amax = 648 nm). This indicates that electron transfer
does not occur from the lowest excited state, as is the case for the
photooxidation of [(#°-CsHs)(P(OMe);),Mo==CPh]*} or [M(C-
NPh)s] (M =Mo, W).# Importantly, the reduction of methylene
chloride by 1 does not proceed by halogen abstraction, as is
common.** The radical cation 2 is the only nickel-containing
product of photolysis. Charge transfer to solvent (CTTS) is
another common process leading to photochemical halocarbon
reductions;#-50 however, it is not observed in this case, as net
photochemistry of similar efficiencies occurs in both solvents.
The production of chloroacetic acid from CH,Cl, and CO; likely
is initiated via photochemical reduction of CH,Cl,.

In order to probe for the intermediacy of CO,*-, a series of
photolyses of 1 under CO, were performed. Photolysis (A > 290
nm) of 1 in THF under 1 atm of CO, led to the appearance of
CO in the atmosphere above the solution as monitored by GC
and the conversion of 1 to 2. Upon evaporation of the solvent,
a new IR absorption at 1435 cm-! was assigned to carbonate.
Carbonate was confirmed by HPLC. Theseresults are consistent
with the disproportionation of CQO,*- to CO and CO4?-.

The photolysis experiment was repeated using a 10:1 mixture
of THF and toluene. Photolysis was restricted to A > 350 nm
to forestall complications from toluene triplet photochemistry.
No CO was observed by GC. The purple solid remaining after
evaporation consisted of 2, but also showed carboxylate »(CO)
bands in the IR at 1728 and 1185 cm™!. Formate was identified
as the only carboxylate present in the water extract by HPLC.
These results are consistent with H-atom abstraction from toluene
by CO,*- to give formate.

Since carbonate,’! formate,52 and CO!? all may be formed
from CO, by inner-sphere mechanisms (although no electrocat-
alyst is known to produce all three), more definitive evidence for
the formation of CO,*~ was obtained by using cyclohexene as a
quencher. Photolysisof 1inad4:1v/v THF/cyclohexene solution
under 1 atm of CO; led to the oxidation of 1 to 2 as evidenced
by a change in the color of the solution from green to purple.
Evaporation of the solution to dryness followed by derivatization
with bis(trimethylsilyl)trifluoroacetamide (BSTFA) in DMF53-57
and analysis by capillary GC and GC/MS allowed the reduction
products to be identified as cis-meso- and trans-pL-1,2-cyclo-
hexanedicarboxylic acid.5* These results can be accommodated
by a one photon/two electron mechanism involving one photo-
induced and one thermal electron transfer. Equations 1-4
summarize the photochemical reduction of CO; to CO,*, followed
by addition of CO,*- and CO, to cyclohexene. The cis:trans
ratio is not 1:1 as would be expected if eq 3 were irreversible;
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rather, an excess of the thermodynamically more stable trans
isomer was found (63% trans, 37% cis).
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While the addition of CO,*- to a double bond, eq 2, has not
been previously reported, such additions are common in free
radical chemistry.’® The CO, addition in eq 3 is a reverse Kolbe
reaction and is likely to be reversible.’® The electron transfer in
the final step may occur either from the ground state of 1 or from
CO,*-.

The proposed mechanism is consistent with the known chemistry
of CO,*- and with the work of Muzyka and Fox on the
photochemical oxidationof 1,2-cyclohexanedicarboxylic acid.®.6!
Muzyka and Fox oxidized both cis- and trans-1,2-cyclohex-
anedicarboxylic acid in aqueous nitric acid by photolysis in the
presence of platinized TiO,. Monodecarboxylation to form
cyclohexanecarboxylicacid was the major reaction pathway. The
mechanism is simply the reverse of eqs 3 and 4 followed by
hydrogen abstraction before a second oxidation/decarboxylation
can occur. Significantly, Muzyka and Fox also find differences
in the reactivity of the cis and trans isomers, although the authors
attribute this to differences in orientation and the two isomers
when adsorbed.

Wehave demonstrated that the nature of the products obtained
subsequent to photogeneration of CO,*- can be controlled quite
selectively by variation of reaction conditions. Most significantly,
carbon—carbon bond forming reactions can be accomplished by
Michael-type addition of CO,*-to the double bond of cyclohexene.
We are currently attempting to broaden the range of compounds
which may be prepared from photogenerated CO,*-.62
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