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Carbonyl complexes of Cu(I) are important chemical species
from several points of view. They are probably involved as
intermediates in the large-scale industrial transformation of CO
to CH3OH using Cu-promoted ZnO catalysts.2 They may be
involved as intermediates in the heterogeneous Cu-catalyzed
low-temperature water gas shift reaction3 and the homogeneous
Cu(I)-catalyzed production of carboxylic acids from alkenes.4

They are formed when CO is absorbed by supported or soluble
Cu(I) salts, processes that are used to remove CO from a variety
of industrial gas streams.5 In addition, biochemists have long
used CO as a probe ligand for the elucidation of structural and
dynamic properties of reduced Cu-containing proteins and
enzymes,6 including hemocyanin7 and cytochromec oxidase.8

Historically, the first evidence for Cu(I) carbonyls was the
observation by Leblanc9 and Berthelot10 that acidic solutions
of Cu(I) salts absorbed up to 1 equiv of CO (based on Cu). The
solid compound Cu(CO)Cl was first prepared by Wagner, who
treated solid CuCl with 100 atm of CO.11 Crystalline Cu(CO)-
Cl was subsequently isolated from solutions or suspensions of
CuCl under 1 atm of CO.12 Other simple Cu(CO)X salts have

been reported for X- ) CF3CO2
-,13 C2H5SO3-,14 CF3SO3-,14

t-BuO-,15 and AsF6-.16 In addition, many Cu(I) carbonyl
complexes with amine ligands are known.17 With one excep-
tion, the CO/Cu stoichiometric ratio in all known Cu(I) carbonyl
compounds ise1.0. The exception is a report that solutions
of Cu2O in neat HSO3F, BF3‚H2O, and other strong acids
absorbed up to 4 equiv of CO/equiv of Cu, the exact stoichi-
ometry being dependent on temperature and pressure.18 On the
basis of this report, IR18 and Raman19 spectra of these solutions
were interpreted in terms of the following set of equilibria:

None of these carbonyl complexes could be isolated as solids.
For reasons that are not clear, other possible interpretations of
the data, especially the existence of the dicarbonyl complex
[Cu(CO)2]+, were not considered.
Prompted by this exception18,19 and by the growing interest

in nonclassical (predominantlyσ-bonded) carbonyls of the
coinage metals,20we are reinvestigating literature reports of Cu-
(I) carbonyls of the type Cu(CO)X. In this paper, we report
that solid CuAsF6 absorbs up to 3 equiv of COin the solid
stateat e 1 atm of CO. Vibrational spectra of neat samples
recorded under precise pressures of CO indicate the existence
of [Cu(CO)][AsF6], [Cu(CO)2][AsF6], and [Cu(CO)3][AsF6], all
of which are very different in appearance. This suggests that
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polycarbonyls of Cu(I) should be considered potential interme-
diates for heterogeneous Cu-containing catalysts in the presence
of CO. It also suggests that solid-phase gas purification systems
with capacities far exceeding current systems based on CuCl
are possible.
We prepared CuAsF6 according to a literature procedure.21,22

The off-white solid is extremely moisture-sensitive. When it
was exposed to CO at 23°C, some of the gas was absorbed by
the solid. For a typical experiment, the stoichiometries, based
on moles absorbed CO per mole of Cu, were as follows:
CO/Cu) 0.47 at 3 Torr; CO/Cu) 1.6 at 10 Torr; CO/Cu)
2.6 at 239 Torr. At pressures from 239 to 541 Torr, the CO/
Cu mole ratio remained constant at∼2.6. The highest CO/Cu
mole ratio observed at 541 Torr for any sample was 2.9. X-ray
powder diffraction data for samples of CuAsF6 matched the
literature report,21 indicating that no significant amount of
another crystalline phase was present. Nevertheless, small
amounts of impurities may be present in even the most carefully
handled samples of CuAsF6: Desjardins and Passmore21 noted
that CuAsF6 contained several percent of a paramagnetic
impurity, possible Cu(II), but it was still white in appearance.
If we assume that the samples of CuAsF6 contained∼90% of
the stoichiometric amount of anhydrous Cu(I) ions, then the
corrected CO/Cu(I) ratios at 3, 10, and 239 Torr were 0.52,
1.8, and 2.9, respectively. These values are consistent with the
vibrational spectra discussed below. Furthermore, even though
precise values of CO/Cu(I) are not known at this time for a
particular pressure, it is clear that a significant amount of the
tricarbonyl [Cu(CO)3][AsF6] is formed at pressures well below
1 atm.
The appearance of samples of [Cu(CO)n][AsF6] changed

dramatically during the gas titrations: at 0 Torr CO, the solid
sample was off-white; at 3 Torr, both off-white and very dark
brown solids were present; at pressures slightly greater than 3
Torr, less off-white solid and more dark brown solid were
present; at 10 Torr, the sample was almost entirely a colorless,
low-melting, glassy solid with a small amount of dark solid
present; at pressures greater than 100 Torr, the sample was
entirely a bright white solid which did not change in appearance
up to 541 Torr, the highest pressure used. The binding of CO
to CuAsF6 is reversible. At the end of the titrations, when CO
was removed under vacuum, the bright white solid quickly
(minutes) became a colorless glassy solid. After several hours
under vacuum, the sample had become a dark solid. The
titration data, taken together with the changes in appearance of
the samples during the titrations, indicate that at 3 Torr we have
a mixture of CuAsF6 (off-white) and [Cu(CO)][AsF6] (dark
brown), at 10 Torr mostly [Cu(CO)2][AsF6] (colorless, glassy
solid) plus some [Cu(CO)][AsF6], and at 239 Torr exclusively
[Cu(CO)3][AsF6] (bright white).
IR and Raman spectra (Supporting Information) are entirely

consistent with these conclusions. The IR value ofν(CO) for
[Cu(CO)][AsF6] (3 Torr of CO) is 2178 cm-1 (lit.16 2180( 5
cm-1). For comparison,ν(CO) values for Cu(CO)Cl,23 [Cu-
(CO)][CF3CO2],13 [Cu(CO)][C2H5SO3],14 [Cu(CO)][CF3SO3],14

and [Cu(CO)][t-BuO]15 are 2127, 2155, 2117, 2128, and 2062
cm-1, respectively. Due to an extremely large fluorescence
background, we were not able to obtain a Raman spectrum of
[Cu(CO)][AsF6]. The mutually exclusive IR and Ramanν(CO)
bands at 2164 (Σu

+) and 2177 (Σg
+) cm-1, respectively, for the

glassy solid [Cu(CO)2][AsF6] (10 Torr of CO) strongly suggest
a linearD∞h symmetry for the [Cu(CO)2]+ ion. Note that the
analogous d10 ions [Ag(CO)2]+,20c [Au(CO)2]+,20f and [Hg-
(CO)2]2+ 24 also haveD∞h symmetry. The IR and Raman spectra
for the bright white solid [Cu(CO)3][AsF6] (200 Torr of CO;
see illustrated synopsis on Table of Contents) are consistent
with a trigonal planarD3h symmetry for the [Cu(CO)3]+ ion:
the band at 2183 cm-1 in the IR and at 2179 cm-1 in the Raman,
which are the same within experimental error, are assigned to
the E′ mode, and the band at 2206 cm-1 is assigned to the A1′
mode. The E′ mode forD3h [Ag(CO)3]+ was found at 2192
cm-1.25

A few compounds with a CO ligand bridging two Cu(I) ions
have been reported. Typicalν(CO) values for the bridging CO
ligands are 1900-1960 cm-1.26 On the basis of the very high
ν(CO) values observed for [Cu(CO)n][AsF6], we do not believe
that any of the species formed in our experiments contain
bridging carbonyl ligands.
Armentrout and co-workers have just reported metal-carbonyl

bond energies of the gas phase complex ions [Cu(CO)n]+ and
[Ag(CO)n]+ (n ) 1-4):20a (CO)xCu+-CO bond energies at 0
K are 36(2), 41(1), 18(1), and 13(1) kcal mol-1 for x ) 0, 1, 2,
and 3, respectively; (CO)xAg+-CO bond energies at 0 K are
21(1), 26(1), 13(2), and 11(4) kcal mol-1 for x ) 0, 1, 2, and
3, respectively (the values for Ag(I) are in excellent agreement
with recent theoretical predictions of Veldkamp and Frenking20e).
Our results are in harmony with these measurements in that
CuAsF6 forms a tricarbonyl complex at less than 1 atm of CO
while AgSbF6 does not form even a monocarbonyl complex of
Ag(I) at 1 atm of CO.20c While this may at first seem
counterintuitive because the first gas-phase Ag(I)-CO bond
energy is slightly larger than the third gas-phase Cu(I)-CO bond
energy, [Cu(CO)2][AsF6] has already been “promoted” in that
Cu(I)‚‚‚F contacts in [Cu(CO)2][AsF6] are undoubtedly fewer
in number and weaker in energy than in CuAsF6 or in AgSbF6.
Our results suggest that other copper(I) salts of weakly

coordinating anions may have higher affinities for more than
one CO ligand than previously believed. Our results also
suggest that the uptake of CO by acidic solutions of Cu(I)18

and the vibrational spectra of these solutions18,19 should be
reinterpreted to include the likely presence of [Cu(CO)2]+ ions.
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