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Intense interest?” in the transition-metal-promoted fixation of
carbon dioxide has led us to explore the interaction of CO, with
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Figure 1. Absorption spectra of (A) CoL™* A, 678 nm (¢ = 1.80 X 10*
M~ cm™?) and (B) CoL(CO)* Apax 530 nm (e = 900 M~ cm™) in
CH;CN at 25 °C. Insert: In(K,) versus 1000/T. The K, values (eq 1)
at 25-77 °C were calculated from the 530- and 680-nm absorbances of
0.1-1 mM CoL(CO,)* solutions containing 0.01-0.1 M CO,.""

the cobalt(I) macrocycle, CoL* (L = [l4]diene =
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-
diene). Fisher and Eisenberg reported the electrocatalytic activity
of CoL?* in CO, reduction in CH;CN/H,0, and Gangi and
Durand’ established the reversible binding of CO, to CoL* in dry
Me,SO by means of cyclic voltammetry. In earlier work CoL**
was found to mediate the photoreduction of water to H,# Here
we describe the reversible binding of CO, to CoL* in CH;CN
as characterized by UV-vis spectroscopy, a CO, reduction
pathway involving two cobalt centers, and the formation, in the
solid state, of a binuclear species containing the Co-C(OH)-0—-Co
moiety.
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Figure 2. An ORTEP view of the (Col.);(CO,H)** unit 1 and one per-
chlorate anion (thermal ellipsoids at 50% probability level) with hydrogen
atoms omitted. (Note that the presence of the proton in the CO,H group
15 inferred from the short O2-t0-021 distance (see below). In view of
the structural disorder (see Supplementary Material), the alternative
formulation (Col)y(CO,)* cannot be entirely ruled out.*') The labeling
scheme 15 as indicated with N4 out of the plane and N11 behind the
planc. The primed atoms are related to the unprimed atoms by a pseu-
doinversion center located between C1 and O1 of the carbon dioxide.
Both Co centers are five coordinate, with four coordination sites being
filled by the macrocyele and the fifth by the carbon (C1) or oxygen (O1)
of the bridging CO,H. A hydrogen bond between O2 (of CO,H) and
021 (of C10,7) (distance 2.38 (8) A) is proposed. There are intradimer
hydrogen bonds between N8 and O2 and N8 and O1 as well as a weak
hydrogen bord between N1 and O21 of the perchlorate anion. Selected
bond distances (A), unprimed (primed): Co(1)-N(1), 1.95 (4), (1.96
(4)); Col1)-N(4), 2.06 (5), (1.84 (4)): Co(1)-N(R), 1.68 (3), (2.04 (4)):
Co(1)-N(11), 1.98 (3), (1.85 (4)): Co(1)-C(1), 2.06 (6): Co(1)-O(1),
2.28 (3).

Upon introduction of CO, into intensely blue Col.* solutions
in CH;CN or DMF*!! at room temperature, a pale purple CO,
adduct formed immediately.'> No such reaction was found for
NiL*.'* Solutions of the CO, adduct are diamagnetic,'* and a
I:1 adduct (eq 1) is the dominant cobalt species over the con-

Co([14]diene)* + CO, = Co([14]dienc)(CO,)* (1)

centration range 0.1-6 mM Co(l), 0.1-1 atm CO,, at 25 °C."S
The solid perchlorate salt.”® isolated from CH,CN following rapid
addition of THF, has C-O stretching frequencies (IR (Nujol):
r(C=N) 1657 em™ " »(C—0) 1653, 1304, 1222 em™, confirmed
by '*CO; labeling) that are quite similar to those reported for a
Co(salen)CO; derivative (1650, 1280, 1215 ecm™')* and are
consistent with substantial transfer of charge to CO,.

When solutions of the adduct were heated at reduced CO,
pressure, partial dissociation to the parent complex was observed.
Thus eq 1 could be characterized by UV-vis spectroscopy (Figure
117 AG°(298) = (-5.5 £ 1.0) keal mol™', AH,° = (=54 = 1.0)
keal mol™!, AS,° = (+0.4 £ 3) cal K" mol™". The binding constant
Ky =(1.2£035) x 10° M at 298 K in CH,CN is slightly smaller
than that (7 X 10* M™") reported for DMSO.” possibly reflecting
the greater “solvation” of CO, in CH,CN (solubility S = 0.28
M atm™ at 298 K'7) than in DMSO (S = 0.082 M atm™):” when
referred to gaseous CO, as standard state, the equilibrium con-
stants are within experimental error of one another. The values
of AH° and AS,° reflect a complicated set of factors including
the binding and immobilization of a linear, CH,CN-solvated CO,
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and the transler of substantial charge from the metal to CO,.

Dilute solutions of Col.(CO,)* are extremely stable in CHLCN:
a4 0.3 mM solution decaved only ~15% in 10 davs at 23 °C. In
fact, the disappearance of Col (CO,)* is second order, —d[Col -
(COYN*1/dl = Ky [CoL(CON*T (Kypp = (1.0 £ 0.1) X 107 M"!
stat 23 °C,. 0.1-1 atm CO,, 0.1-6 mM Col.(CO,)*). The
reaction products'® are (vields based on initial Co(11)) Col ** (1.0),
CO (0.3), H, (0.08), and NaHCO, (0.8). The H, and NaHCO,
likely arise from trace water (ca 30 ppm), and precipitation of
NaHCO, is driven by its extreme insolubility in CH;CN.'" The
seccond-order rate law suggests either direct reaction of two
CoL.{CO,)" species resulting in electron and “oxide™ transfer
(yielding CO and CO,* /HCO, ) or an “inner-sphere™ mechanism
involving a binuclear intermediate. Although the UV -vis spectral
studies provide no evidence for binuclear species under the con-
ditions of the solution equilibrium studies,' evidence for such a
species 1, shown in Figure 2, is found in the solid state.® The
involvement of a binuclear species such as 1. which contains the
L.Co—C(OH)O-Col. moiety.?" in the formation of CO would be
consistent with the observed rate law in CH3CN provided that
there is an additional CO, (acting as O or OH™ acceptor) in the
activated complex.

The reversible 1:1 binding of Col.* to CO, in CHLCN and
Me,SO’ reflects the strongly nucleophilic character of this low-spin
d® metal center. However, CO, binding alone does not yicld
sufficient activation to lead to CO, reduction in these media.
Instead the involvement of two Col* centers is implicated.
Although single-centered, two-electron reduction is conceivable
for the cobalt systems, it is not a significant pathway in CH,CN.
A third pathway involving reaction of CO, with the hydride
Col.(H)™ (the conjugate acid of Col.*)?* could be significant
under electrocatalytic conditions.® The rich diversity of CO,
binding and reduction modes in the Co[14]diene system is the
focus of continuing studies.
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Crystal data are as follows: [CoiN4CzH3:) |2(COHNCl0,)2CH,CN; 0.20
% 0.23 X 0.47 mm crystal, Pca2; (no. 29), @ = 23.263 (13) A, b = 10.37%
(A c=21551(4) A V=75203 (6) A Z =4, plcaled) = 1.410 g/em?,
plobsd) = 1.43 g/cm? (CCl, and hexane). Enraf-Nonius Cad-4 diffractom-
eter, u = 8.66 cm™' (Mo Ka) (no absorption correction applied), 23 °C, 26,
= 40° N, g = 5550, (f > 0) = 3356, N,, = 2083 (R,, = 0.032), (F, >
1.5a(F,)) 15 1449, R =140, R, = 12.9. Heavy atom solution, full-matrix
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