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Binuclear homoleptic copper carbonyls Cu2(CO)x (x ) 1-6) have been studied using four different density
functional theory methods (DFT) in conjunction with a basis set of extended double-ú plus polarization quality,
labeled as DZP. For each homoleptic binuclear copper carbonyl compound, several stationary point structures are
presented, and these structures are characterized in terms of their geometries, thermochemistry, and vibrational
frequencies. The optimal unsaturated Cu2(CO)x (x ) 1-6) structures are generated by joining 18-electron tetrahedral,
16-electron trigonal, 14-electron linear copper carbonyl building blocks, and/or bare copper atoms with copper-
copper single bonds rather than by joining 18-electron copper carbonyl units with multiple copper-copper bonds.
For Cu2(CO)6 the eclipsed and staggered ethane-like structure are virtually degenerate and lie significantly lower
in energy than other possible structures. The eclipsed Cu-Cu single bond distance is predicted to be 2.61 Å,
while that for the staggered structure is 2.65 Å. The lowest energy structure for Cu2(CO)5 is the eclipsed ethyl
radical-like structure, with re(Cu-Cu) ) 2.51 Å. The staggered ethyl radical-like structure lies only 0.1 kcal/mol
higher in energy, with a Cu-Cu distance shorter by only∼0.001 Å. For Cu2(CO)4 a methylcarbene-like structure
is predicted to lie lowest, with Cu-Cu distance 2.40 Å. However, twisted and planar ethylene-like structure lie
only 3-5 kcal/mol higher. For Cu2(CO)3 a surprising methylcarbyne-like structure with re(Cu-Cu) ) 2.38 Å is
predicted to lie lowest with all four DFT methods. However, a classical vinyl radical-like lies only 2-4 kcal/mol
higher. For Cu2(CO)2 theory predicts a vinylidene-like structure with re(Cu-Cu) ) 2.34 Å to be essentially
degenerate with cis and trans bent acetylene structures with copper-copper distances 2.33 Å. Finally, and consistent
with earlier theoretical studies, the linear end on Cu-Cu-CO structure with re(Cu-Cu) ) 2.27 Å is the predicted
global minimum for Cu2(CO).

Introduction

Homoleptic transition metal carbonyls are fundamental
constituents of modern organometallic chemistry.1 Binuclear
metal carbonyl compounds comprise an important part of the
vast class of transition-metal carbonyl complexes.2 The M2(CO)x
systems are the simplest representatives of transition-metal
molecular clusters, which have been studied extensively because
of their role in organometallic chemistry and catalysis. Quite a
number of studies, experimental and theoretical, have dealt with
binuclear complexes of transition metals. Such compounds as
Mn2(CO)10, Fe2(CO)9, and Co2(CO)8 have been well character-
ized experimentally.3 Several theoretical studies have been
devoted to these compounds4-16 with the objective of under-
standing the observed structural types. According to the simple

18-electron rule, copper should form a saturated binuclear
carbonyl with the formula Cu2(CO)6.

The early literature contains many scattered claims for the
existence of binary copper carbonyls.17-19 In 1975 Huber,
Kündig, Moskovits, and Ozin20 were able to obtain impressive
evidence for Cu(CO)3, Cu(CO)2, Cu(CO), and Cu2(CO)6 using
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the co-condensation reaction of copper atoms with carbon
monoxide in conjunction with matrix isolation infrared and
UV-vis spectroscopy. Subsequently Kasai and Jones21 observed
Cu(CO)3 and Cu2(CO)6 at much lower temperatures. Howard,
Mile and their co-workers22-26 also unequivocally confirmed
that the deposits, which were red-purple, consisted of the copper
carbonyls Cu(CO)3 and Cu2(CO)6. They also performed a more
thorough spectroscopic study on the carbonyls produced from
Cu and CO in inert hydrocarbon matrixes at 77 K in a rotating
cryostat. Later they also used the rotating cryostat technique to
produce the copper carbonyls Cun(CO)m, n ) 1-2, m ) 1-6,
in adamantane.

The aim of the present research was to predict plausible
structures, vibrational frequencies, and energetics for the ho-
moleptic binuclear copper carbonyl compounds, and to attempt
to explain these results in terms of simple models.

Theoretical Methods

Electron correlation effects were included employing DFT methods,
which have been recognized as a practical and effective computational
tool, especially for organometallic compounds.12 Four different density
functional or hybrid Hartree-Fock/Density functional forms were used
in our studies. The first, designated BHLYP, is an HF/DFT hybrid
method implemented in the Gaussian program.27 The B3LYP method
(also an HF/DFT hybrid method) is formed from Becke’s three-
parameter semiempirical exchange functional (B3)28 along with the Lee,
Yang and Parr correlation functional (LYP).29 The BP86 method uses
Becke’s 1988 exchange functional (B)30 with the Perdew correlation
functional (P86).31 Finally, the BLYP method merges the Becke (B)
exchange functional with the LYP correlation functional.

The basis sets for C and O begin with Dunning’s standard double-
ú(DZ) contraction32 of Huzinaga’s primitive sets33 and are designated
as (9s5p/4s2p). The double-ú plus polarization (DZP) basis sets used
here add one set of pure spherical harmonicd functions with orbital
exponentsRd(C) ) 0.75 andRd(O) ) 0.85 to the DZ basis set. For Cu,
in our DZP basis set, the Wachter’s primitive sets34 is loosely contracted,
but augmented by two sets ofp functions and one set ofd functions,
contracted following Hood et al.,35 and designated as (14s11p6d/
10s8p3d).

We fully optimized the geometries of all structures using analytic
first derivatives of the energy with respect to the nuclear coordinates.
We also determined the harmonic vibrational frequencies associated
with each stationary point by evaluating analytically the second
derivatives of the energy with respect to the nuclear coordinates. The
computations were carried out with the Gaussian 94 program,36 in which
the fine grid (75,302) is the default for evaluating integrals numerically,
and the tight (10-8 hartree) designation is the default for the self-

consistent field (SCF) convergence. The predicted structures are
depicted in Figures 1-6 with all bond distances given in Å.

Relativity seems to play a minor role in structural predictions for
most systems incorporating first-row transition metals. However, some
exceptions for copper systems have been reported. For example, Antes
and Frenking37 discuss this problem in their work on the Cu-CH3

system. However, at this early stage in the investigation of such a broad
range of copper carbonyls, we neglect relativistic effects.

Results

A. Molecular Structures. I. Cu2(CO)6. Five Cu2(CO)6
structures are obtained in this research, and they are shown in
Figure 1. The structures6a and6b present the unbridgedD3h

and D3d ethane-like structures of Cu2(CO)6. These structures
both have the lowest energies with all four DFT methods (see
Table 1). The eclipsed D3h structure6a lies 0.43 kcal/mol
(BHLYP) or 0.09 kcal/mol (B3LYP) lower than the staggered
D3d structure6b, but it is higher by 0.27 and 0.15 kcal/mol
with the BP86 and BLYP methods. Structure6b is a genuine
minimum. Structure6a is predicted as a minimum using the
BHLYP and B3LYP methods, but has a small imaginary
frequency, which leads to6b, using the BP86 and BLYP
methods. The Cu-Cu distance (in Figure 1) for the eclipsed
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Figure 1. Structures of Cu2(CO)6, with bond distances in Å.
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D3h structure (2.619 Å BHLYP, 2.660 Å B3LYP, 2.636 Å BP86,
and 2.714 Å BLYP) is predicted to be slightly longer (by 0.02,
0.03, 0.03, and 0.04 Å, respectively) than that for the staggered
D3d structure. To satisfy the 18-electron rule, these structures
must incorporate a Cu-Cu single bond. Note that the copper-
copper distances of both the unbridged structures are close to
the sum of two copper atom radii (1.28 Å). Furthermore, the
unbridged structures are consistent with the experimental results
obtained by Huber,20 from which Cu2(CO)6 was viewed as a
dimer derived from two Cu(CO)3 residues with a Cu-Cu single
bond formed by overlap of the highest singly occupied orbital
of the Cu(CO)3 fragment. Our previous theoretical studies13,16

of Fe2(CO)9 and Co2(CO)8 have yielded comparisons with
experiment suggesting that the B3LYP and BP86 methods are
comparably reliable for structural predictions. Therefore, we
obtain our best estimates of the structures predicted herein by
averaging the B3LYP and BP86 geometrical parameters. Thus
the estimated Cu-Cu single bond distances for the eclipsed and
staggered ethane-like structures of Cu2(CO)6 are 2.64 and 2.61
Å, respectively.

The Cu2(CO)6 dibridged structure6c with D2h symmetry is
also a genuine minimum, and is shown in Figure 1. The copper-
copper distance computed for6c, namely, 3.484 Å (BHLYP),
3.372 Å (B3LYP), 3.255 Å (BP86), or 3.308 Å (BLYP), is much
longer than that in the above ethane-like structures6a and6b.
In addition there is a significant elevation in energy for the
dibridged structure6c compared to the unbridged structures.
The lowest triplet state for the similar dibridged structure,
namely6d, is also a genuine minimum and has a lower energy
than the singlet structure6c by 4-15 kcal/mol, depending on

the computational method (Table 1). The Cu-Cu distance for
triplet 6d is shorter by about 0.3-0.5 Å than that in structure
6c, and it is predicted to be 2.975, 3.006, 2.927, 3.015 Å,
respectively. The (CO)4Cu-Cu(CO)2 structure 6e shows a

Figure 2. Structures of Cu2(CO)5, with bond distances in Å.

Figure 3. Structures of Cu2(CO)4, with bond distances in Å.

Figure 4. Structures of Cu2(CO)3, with bond distances in Å.
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geometry withC2V symmetry. The Cu-Cu bond distance in6e
is 2.490 Å (BHLYP), 2.498 Å (B3LYP), 2.475 Å (BP86), or
2.517 Å (BLYP), which is obviously shorter by about 0.9 Å
than that for structure6c, and shorter by nearly 0.1-0.2 Å than
those for the unbridged structures6a and 6b. Table 1 shows
that thisC2V structure lies 14.5 kcal/mol (BHLYP) and 4.9 kcal/
mol (B3LYP) lower than the dibridgedD2h structure6c; but it
is higher by 4.6 and 2.8 kcal/mol with BP86 and BLYP methods.
Note, however, that this structure has imaginary vibrational
frequencies.

We attempted to optimize a triply bridged structure for Cu2-
(CO)6, but the trial geometries collapse to the dibridged structure
6c. We also investigated a quadruply bridged Cu2(CO)6 structure
(D4h), but no BP86 or BLYP stationary point geometry was
found. With the BHLYP and B3LYP methods, such a stationary
point has two or four imaginary vibrational frequencies, a very
long Cu-Cu distance, and quite a high energy.

II. Cu 2(CO)5. The structure of Cu2(CO)5 with the lowest
energy (5a) is presented in Figure 2. It is a relatively unsym-
metrical unbridged structure withCs symmetry consisting of a
Cu(CO)3 unit bonded to a Cu(CO)2 unit, and the analogy with
the classical ethyl radical is clear. This structure is a genuine
minimum, with no imaginary vibrational frequencies. With the
BHLYP, B3LYP, BP86, and BLYP methods, R(Cu-Cu) )
2.513, 2.528, 2.499, and 2.553 Å, respectively. These distances
are shorter by 0.08, 0.10, 0.10, and 0.12 Å than those at the
same levels of theory for the unbridgedD3d Cu2(CO)6 structure
6b. The shorter Cu-Cu distance in5a relative to6b could arise
from an ionic component in the Cu-Cu bond of5a, arising
from the nonequivalent nature of the Cu(CO)3 and Cu(CO)2
groups. There is anotherCs unbridged stationary point5b, which
differs from 5a by only internal rotation. Note, however, that
rotation barriers about metal-metal bonds can be small.
Structure5b lies energetically above5aby only 0.1 or 0.2 kcal/
mol (Table 2). There is a tiny imaginary vibrational frequency
(<20i cm-1) for 5b, which leads to the global minimum5a.

The monobridged structure5c,with C2V symmetry, is analo-
gous to the nonclassical bridging ethyl radical. The Cu-Cu bond
distance (2.477, 2.489, 2.463, or 2.505 Å) shrinks from the
unbridged structure5a by 0.04-0.05 Å. TheC2V structure5c
is higher in energy than theCs structure5a, and it has two or
three imaginary vibrational frequencies depending on the
computational method. Actually, structure5c is more like a loose
complex composed of Cu2(CO)4 and a carbonyl. We also found
a doubly bridgedC2V structure5d with a higher energy. The
Cu-Cu distance is significantly longer by 0.73-0.93 Å than
that for structure5a; however, it is nearly equal to that predicted
for the dibridged Cu2(CO)6 structure6c. The doubly bridged
structure5d is not a minimum, and it has three imaginary
vibrational frequencies. The triply bridgedD3h structure5e is
displayed in Figure 2. Depending on the computational method,
the Cu-Cu distance is 3.193, 2.974, 2.789, or 2.853 Å,
respectively. This structure is also high lying energetically, and
has several imaginary vibrational frequencies.

III. Cu 2(CO)4. Figure 3 reveals our optimized structures for
Cu2(CO)4. Structure 4a (Cs) is the global minimum, and
structures4b (D2d) and 4c (D2h) are energetically low-lying
genuine minima. Structure4a can be viewed as an 18-electron
Cu(CO)3 unit similar to half of Cu2(CO)6 joined by a Cu-Cu
bond to a 14-electron linear CuCO unit. Continuing our
comparison with hydrocarbons, structure4a may be viewed as
analogous to methylcarbene. The predicted Cu-Cu bond
distance for4a of 2.425 Å (BHLYP), 2.412 Å (B3LYP), 2.382
Å (BP86) or 2.419 Å (BLYP) is shorter than that in the
unbridgedCs structure for Cu2(CO)5 5a by about 0.1 Å. The

Figure 5. Structures of Cu2(CO)2, with bond distances in Å.

Figure 6. Structures of Cu2(CO), with bond distances in Å.

Table 1. The Relative Energies of the Cu2(CO)6 Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

eclipsed ethane-like 6a 0.0 0.0 0.0 0.0
staggered ethane-like 6b 0.4 0.1 -0.3 -0.2
dibridged singlet 6c 38.5 33.7 30.2 29.0
dibridged triplet 6d 23.3 26.4 24.9 25.4
(CO)4Cu-Cu(CO)2 6e 22.3 28.8 34.9 31.8

Table 2. The Relative Energies of the Cu2(CO)5 Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

eclipsed ethyl radical-like 5a 0.0 0.0 0.0 0.0
staggered ethyl radical-like5b 0.2 0.1 0.1 0.1
CO‚‚‚Cu2(CO)4 5c 15.1 19.1 26.0 21.6
dibridged 5d 33.7 30.5 28.3 27.1
tribridged 5e 34.0 31.6 26.7 27.2

Binuclear Homoleptic Copper Carbonyls Inorganic Chemistry, Vol. 40, No. 23, 20015845



ethylene-like structures4b and4c are also unbridged, and lie
higher in energy than4aby 2.9-5.9 kcal/mol and 4.6-6.8 kcal/
mol, respectively. Structures4b and4c are different from each
other by internal rotation. TheD2d structure4b lies slightly lower
in energy (<2 kcal/mol) than theD2h structure4c.

The dibridgedC2h (or D2h by BLYP) structure4d for Cu2-
(CO)4 may also be viewed as a genuine minimum (or very close
to a true minimum), since there is a tiny imaginary vibrational
frequency (∼20i cm-1) with the BHLYP and B3LYP methods
and there are all real frequencies with the BP86 and BLYP
methods. The BLYP method predicts a linear terminal Cu-
C-O, and makes aD2h structure, but the others methods predict
a C2h structure. This dibridged structure4d lies energetically
above4aby 33.7 (BHLYP), 27.5 (B3LYP), 9.1 (BP86), or 13.4
(BLYP) kcal/mol. The copper-copper distance for this structure
varies widely among the different methods, being 3.351
(BHLYP), 3.125 (B3LYP), 2.286 (BP86), or 2.319 (BLYP) Å.
There is also a triply bridged structure withCs (or C3V by
BHLYP) group point symmetry4e. Structure4e is more stable
energetically than structure4d with the BHLYP and B3LYP
methods, and displays all real vibrational frequencies (BHLYP)
or one very small imaginary vibrational frequency (<20i cm-1).
The copper-copper bond length of this structure (4e) is shorter
than the analogous triply bridged structure (5e) of Cu2(CO)5.
The BHLYP method predicts a linear terminal carbonyl ar-
rangement for4e, and the structure hasC3V symmetry; but the
other methods predict a bent (162° - 166°) terminal Cu-C-
O, and the latter structure hasCs symmetry. The last structure
studied for Cu2(CO)4 is a quadruply bridged structure4f with
D4h symmetry. It is the least stable structure with very high
energy (69-89 kcal/mol higher than4a, Table 3). The Cu-Cu
separation is 4.133 Å (BHLYP) or 3.998 Å (B3LYP), which is
very close to that for the quadruply bridged Cu2(CO)6 structure,
but we were unable to optimize either the BP86 or BLYP
structure.

IV. Cu 2(CO)3. We obtained two unbridged structures with
C3V andCs symmetry for Cu2(CO)3, and these are structures3a
and 3b in Figure 4. Both structures are genuine minima and
low lying in energy. The energy of the methyl carbyne-like
structure3a is somewhat lower than that of the classical vinyl-
like 3b by 7.4 kcal/mol (BHLYP), 4.5 kcal/mol (B3LYP), 1.9
kcal/mol (BP86), or 1.2 kcal/mol (BLYP). The Cu-Cu bond
distance (2.414, 2.398, 2.360, or 2.402 Å) for structure3a is
longer than that for structure3b by 0.01-0.02 Å using the four
DFT methods.

The monobridged vinyl-like structure3c and the dibridged
structure3d both exhibitC2V symmetry. Both are high lying
energetically for Cu2(CO)3, and have one or two imaginary
vibrational frequencies. The copper-copper distances in struc-
tures3c and3d are longer than that for structure3a by about
0.3-0.7 Å. A triply bridged Cu2(CO)3 structure3e with D3h

symmetry was also investigated in this study. The Cu-Cu
distance of3e is significantly shorter than that for the mono-
bridged and dibridged structures3cand3d, but somewhat longer
than that for the unbridged structures3a and3b. Structure3e

lies close in energy to the two bridged structures and higher
(by 16-29 kcal/mol) than the unbridged structures. The triply
bridged structure3e has all real vibrational frequencies with
the B3LYP, BP86, and BLYP methods, but this structure is a
transition state with the BHLYP method.

V. Cu2(CO)2. With the BHLYP and B3LYP methods the
structure of Cu2(CO)2 with the lowest energy is a vinylidene-
like unbridged structure2a (Figure 5), with the two carbonyls
on the same copper atom. But its energy is slightly higher than
2c and2d as predicted by the BP86 and BLYP methods. The
vinylidene-like structure is a genuine minimum. The Cu-Cu
bond distance in this structure, namely, 2.373 Å (BHLYP), 2.355
Å (B3LYP), 2.321 Å (BP86), and 2.351 Å (BLYP), is about
0.4 Å shorter than that of our most favorable Cu2(CO)3 structure
3a.

Another unbridged linear Cu2(CO)2 structure2b (analogous
to acetylene) with constrained D∞h symmetry was optimized in
this research. It is not a minimum but has four small imaginary
vibrational frequencies (πg andπu). Following the normal modes
related to the imaginary vibrational frequencies, we were able
to optimize theC2V (cis) andC2h (trans) unbridged structures
2c and2d. Distortion from the linear structure2b to the bent
structures2c and2d leads to a small energy lowering, with2d
slightly more stable than2c (Table 5). They are both genuine
minima, and their energies are close to that of2a. As a matter
of fact, the energies of structures2c and2d are slightly higher
than that of2a predicted by the BHLYP and B3LYP methods,
but slightly lower by the BP86 and BLYP methods. The
copper-copper bond distances for2b, 2c and2d predicted by
different methods are similar (Figure 5). For structure2d the
Cu-Cu distances are 2.348 (BHLYP), 2.339(B3LYP), 2.324-
(BP86), and 2.342(BLYP) Å, slightly shorter than that of2a.
They are also somewhat shorter than that for theCs Cu2(CO)3
structure3b, by ∼0.04 Å.

The only bridged structure found for Cu2(CO)2 is the
dibridged structure2e, with D2h symmetry. Although it is a
genuine minimum, its energy is much higher than other
structures of Cu2(CO)2 (Table 5). The dibridged structure also
has a longer Cu-Cu bond distance (i.e., 2.998 Å BHLYP, 2.837
Å B3LYP, 2.707 Å BP86, and 2.774 Å BLYP) than the
unbridged structures.

VI. Cu 2(CO). In 1977 Moskovits and Hulse38 suggested four
structures for Cu2(CO) from the IR spectra. One of their
structures is the linear Cu-Cu-C-O, two structures have
bridging carbonyl groups (symmetric and asymmetric), and the
last one has the structure Cu-C-O-Cu. When starting with

(38) Moskovits, M.; Hulse, J. E.J. Phys. Chem.1977, 81, 2004.

Table 3. The Relative Energies of the Cu2(CO)4 Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

methyl carbene-like 4a 0.0 0.0 0.0 0.0
ethylene-like (twisted) 4b 5.9 3.8 3.5 2.9
ethylene-like 4c 6.8 4.8 5.4 4.6
dibridged 4d 33.7 27.5 9.1 13.4
tribridged 4e 29.3 25.8 21.0 22.4
tetrabridged 4f 69.2 88.5

Table 4. The Relative Energies of the Cu2(CO)3 Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

methyl carbyne-like 3a 0.0 0.0 0.0 0.0
classical vinyl radical-like 3b 7.4 4.5 1.9 1.2
bridging vinyl radical-like 3c 33.0 23.4 16.3 15.9
dibridged 3d 31.1 23.0 15.9 16.1
tribridged 3e 28.8 23.1 15.6 18.5

Table 5. The Relative Energies of the Cu2(CO)2 Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

vinylidene-like 2a 0.0 0.0 0.0 0.0
acetylene-like 2b 1.4 0.9 0.1 -0.6
cisbent acetylene-like 2c 1.4 0.4 -1.0 -1.5
transbent acetylene-like 2d 1.3 0.3 -1.2 -1.7
dibridged 2e 25.7 18.8 12.2 14.0
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the suggesting bridged geometries, we obtained three carbonyl
structures. The linear structure1a and the symmetric bridged
structure1b are shown in Figure 6. We did not locate the
asymmetric bridged structure, and the cis bent structure Cu-
C-O-Cu predicted by the BHLYP and B3LYP methods will
not be discussed in this paper, since it does not correspond to
any remotely conventional structure for the transition metal
carbonyls.

The linearC∞V structure1a, in which a terminal CO is bonded
to a copper dimer, is a genuine minimum. The Cu-Cu bond
distance (2.257-2.320 Å) in 1a is the shortest among those
predicted in this research. Results for the higher energy singly
bridged Cu2(CO) structure are found in the Supporting Informa-
tion.

VII. Brief Summary. In the present study, we have discov-
ered some interesting geometrical characteristics for the Cu2-
(CO)n systems. First, the global minima and the energetically
low-lying structures for the Cu2(CO)n systems are all unbridged
structures, and the bridged structures all have substantially higher
energies. This is different from the other transition metal
carbonyls, such as Fe2(CO)n, Co2(CO)n, and Ni2(CO)n,14-16

among which there are many bridged global minima or low-
lying structures.

Second, the unbridged Cu2(CO)n systems may be viewed as
two bonded fragments. Since the geometrical parameters of these
fragments show small changes from the isolated radicals, they
are almost transferable among the different structures. For
example, the geometric parameters of Cu(CO)3 fragments in
6a (or 6b) are very similar to those in the structure5a (or 5b),
4a, and3a (Figures 1-4). The Cu(CO)3 radical has an unpaired
electron on the 4p orbital of the Cu atom, so it has been called
as “an inorganic isolobal analogue of methyl”.23 However, its
dimer Cu2(CO)6 (6aor 6b) has a much smaller Cu-Cu-C angle
(close to 90°) than the C-C-H angle in its “isolobal analogue”
C2H6. The CH3 radical in ethane hassp3 hybridization, but in
Cu2(CO)6 the σ bond is formed by the interaction of the two
singly occupied 4p orbitals from each Cu(CO)3 unit, so that
the Cu-Cu-C angle is close to 90°. Similarly the geometric
parameters of the Cu(CO)2 fragments are also almost transfer-
able among the structures5a (or 5b), 4b (or 4c), 3b, and2a
(Figures 2-5).

The Cu-Cu distance decreases among the Cu2(CO)n systems
as the number of carbonyls decreases. For example, the B3LYP
Cu-Cu distance decreases from 2.619 Å in6a, to 2.528 Å in
5a, to 2.412 Å in4a, and to 2.398 Å in3a (Table 7), indicating
stronger bonding in the structures with less carbonyls, from the
perspective of a bond distance/bond energy correlation. Nev-
ertheless, since the internal rotation barriers are so small for
these unbridged structures, the Cu-Cu bonds should probably
not be viewed as multiple bonds.

Another striking characteristic of the Cu2(CO)n systems is
that most of the terminal carbonyls in Cu2(CO)n are bent, while
in other transition-metal carbonyls (MdCr, Mn, Fe, Co, and
Ni) the terminal Cu-C-O angles are essentially linear.14-16 A
qualitative explanation could be that the half-filled 4s orbital
of the Cu atom and the 5σ orbital of CO cause significant
repulsion, and this repulsion is decreased by the Cu-C-O
bending.39 Also, back-donation from the copper 3d orbitals into

π*(CO) will be less important than for the earlier transition
metals, due to the contraction of the metal 3d orbital with atomic
number. Although the linear terminal Cu-C-O moiety is seen
in structures5d and 3d, these structures were constrained in
the geometry optimizations. Actually, the largest imaginary
vibrational frequencies for structures5d and3d are related to
the Cu-C-O bending modes. Unfortunately, when following
these modes, we could not find the doubly bridged minima,
because these structures collapse to the unbridged structures5a
and3a.

B. Thermochemistry. Since 1923 numerous experiments
based on the transport properties of heated copper in a stream
of CO have demonstrated that the chances of isolating stable
homoleptic copper carbonyls at room temperature in gram
quantities are slight.40-43 However, carbon monoxide does
weakly chemisorb onto copper films, and the infrared CO
stretching bands suggest bonding to discrete atoms on the
surface.42,43 Moreover, matrix isolation experiments show that
the Cu2(CO)x species are readily synthesized at very low
temperatures.20-26

Table 8 lists the dissociation energies for the successive
removal of carbonyls from Cu2(CO)6. The available experi-
mental binding energy for CO and copper dimer (>25 kcal/
mol)44 is closest to the BLYP result. The B3LYP and BP86
results are also in reasonable agreement, but the BHLYP method
predicts a poor binding energy for Cu2(CO). From refs 14-16,
we appreciate that the B3LYP method predicts reasonable
thermochemistry, so we will discuss the dissociation energy

(39) (a) Fournier, R.J. Chem. Phys.1993, 98, 8041. (b) Fournier, R.J.
Chem. Phys.1995, 102, 5396.

(40) Bertrand, C. R. C.R. Acad. Sci.1923, 177, 997.
(41) Mond, E.; Heberiein, C.J. Chem. Soc. 1924, 125, 1222.
(42) Eischens, R. P.; Pliskin, W. A.; Francis, S. A.J. Chem. Phys.1954,

22, 1986.
(43) Pritchard, J.; Sims, M. L.Trans. Faraday Soc. 1970, 66, 427.
(44) Lian, L.; Akhtar, F.; Hackett, P. A.; Rayner, D. M.Int. J. Chem. Kinet.

1994, 26, 85.

Table 6. The Relative Energies of the Cu2(CO) Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP

linear 1a 0.0 0.0 0.0 0.0
bridging 1b 33.9 28.0 25.3 25.1

Table 7. Copper-Copper Bond Lengths (in Å) of All of the
Structures of Cu2(CO)x (x ) 1-6)

n
no. of

bridges
figure no.

in text BHLYP B3LYP BP86 BLYP

1 0 1a 2.320 2.291 2.257 2.279
1 1b 3.465 3.343 3.204 3.273

2 0 2a 2.373 2.355 2.321 2.351
0 2b 2.349 2.340 2.327 2.342
0 2c 2.349 2.340 2.327 2.344
0 2d 2.348 2.339 2.324 2.342
2 2e 2.998 2.837 2.707 2.774

3 0 3a 2.414 2.398 2.360 2.402
0 3b 2.392 2.386 2.365 2.390
1 3c 3.172 2.799 2.648 2.748
2 3d 3.215 3.080 2.966 3.023
3 3e 2.698 2.552 2.458 2.520

4 0 4a 2.425 2.412 2.382 2.419
0 4b 2.437 2.439 2.408 2.445
0 4c 2.478 2.494 2.474 2.511
2 4d 3.351 3.125 2.286 2.319
3 4e 3.017 2.832 2.712 2.766
4 4f 4.133 3.998

5 0 5a 2.513 2.528 2.499 2.553
0 5b 2.510 2.527 2.499 2.551
1 5c 2.477 2.489 2.463 2.505
2 5d 3.444 3.341 3.236 3.284
3 5e 3.193 2.974 2.789 2.853

6 0 6a 2.619 2.660 2.636 2.714
0 6b 2.595 2.626 2.602 2.671
2 6c 3.484 3.372 3.255 3.308
2 6d 2.975 3.006 2.927 3.015
0 6e 2.490 2.498 2.475 2.517

Binuclear Homoleptic Copper Carbonyls Inorganic Chemistry, Vol. 40, No. 23, 20015847



mainly based on the B3LYP results. It is clear that the
dissociation energies for Cu2(CO)n systems are much smaller
than those of Fe2(CO)n and Co2(CO)n.15,16 Thus the binuclear
homoleptic copper carbonyls are less stable than the iron and
cobalt carbonyls. The general consensus of opinion suggests
that the lower stability of copper carbonyls is a reflection of
the stability of a full 3d valence shell and a situation not
conducive to dπ (Cu) f π* (CO) bonding.45

Table 8 shows that Cu2(CO)6 (6a), Cu2(CO)3 (3a), and Cu2-
(CO) (1a) may be somewhat more stable than the other binuclear
copper carbonyls, since the values of the B3LYP dissociation
energies for these systems are slightly larger than the others.
Thus, we suspect that these compounds should be more readily
detected by infrared and UV-vis spectroscopy. In this connec-
tion the experimental CO stretching frequencies of Cu2(CO)6
and Cu2(CO) have been obtained at cryogenic temperatures.
Huber et al.,20 and Chenier et al.,25 have reported IR absorptions
for Cu2(CO)6, while Moskovits and Hulse37 obtained aν(CO)
frequency for the Cu2(CO) system.

Even for the “saturated” Cu2(CO)6, synthesis by conventional
techniques does not appear to be feasible. From the extremely
low experimental value of theσ f σ* transition energy of Cu2-
(CO)6 (417 nm)20,46 compared to theσ f σ* energies of other
M-M bonded carbonyls (300 to 350 nm)47,48 that are stable at
ambient temperature, one is led to the conclusion that the Cu-
Cu bond dissociation energy in Cu2(CO)6 is low.

C. Vibrational Frequencies.Harmonic vibrational frequen-
cies have been evaluated for all structures described above. Our
discussion turns to the question of whether the geometries
optimized are in fact genuine minima, and the imaginary
vibrational frequencies for all the structures are listed in Table
9. As discussed elsewhere15,16 the use of numerical integration
schemes in all current DFT methods means that total energies
are rarely accurate to better than 0.0001 hartree. Similarly, small
vibrational frequencies can be off by 50i cm-1, bringing into
question in some cases whether a stationary point is a genuine
minimum or a transition state. When one reports imaginary
vibrational frequencies smaller in magnitude than 50 cm-1,
caution in interpretation is advised.

With respect to the Cu2(CO)6 vibrational frequencies, the
unbridged structures6aand6b with D3h andD3d symmetry and
the D2h dibridged structure6c are considered to be genuine
minima, although for6a, there is a very tiny imaginary
frequency predicted by the BP86 and BLYP methods (Table
9). Since the unbridged structures6a and6b are the lowest in
energy, we conclude that these structures are the most stable
geometries for Cu2(CO)6. Chenier et al.25 found two IR

absorptions for Cu2(CO)6 in adamantane (2014 and 2035 cm-1)
and one in cyclohexane (2035 cm-1). Huber et al.20 have
reported that there are two absorptions for the Cu2(CO)6 complex
(2039 and 2003 cm-1) in argon at 10-15 K. They are in good
agreement from our B3LYP results: 2068 (a′′) and 2099 (e′)
cm-1 for the structure6a, or 2068 (a′′) and 2090 (e′) cm-1 for
the structure6b, which are predicted to have large infrared
intensities. Huber also inferred that Cu2(CO)6 has a D3 rotary
configuration rather than the more highly symmetricalD3h or
D3d configurations. It might appear that there is a contradiction
between Huber’s results and ours. However, since there is very
small potential barrier (<0.5 kcal/mol predicted by the B3LYP
method) between theD3h andD3d structures, it is easy to rotate
around the copper-copperσ bond. Therefore, it is reasonable
for the experimentalists to observe an intermediate configuration.
TheC2V structure6ehas a substantial imaginary frequency (b1

mode) above 100i cm-1 with all the four methods, i.e., 130i
(BHLYP), 174i (B3LYP), 186i (BP86), and 180i cm-1 (BLYP),
which would lead to structure6b.

For Cu2(CO)5 the lowest energy unbridged structure5a has
no imaginary vibrational frequency, and it is the global
minimum. The other unbridged structure5b has one very small
imaginary frequency at 16i (BHLYP), 8i (B3LYP), 6i (BP86),
and 7i cm-1 (BLYP), which leads to5a. There are two or three
imaginary vibrational frequencies for the higher energy mono-
bridgedC2V structure5c, which collapses to5b. The dibridged
structure 5d has several substantial imaginary vibrational
frequencies, and it is a third-order stationary point. Following
one of the modes related to the imaginary vibrational frequen-
cies,5d will go to either structure5a or structure5b.

For Cu2(CO)4 the unbridged structures4a, 4b, and4c have
all real vibrational frequencies, indicating genuine minima. The
quadruply bridgedD4h structure4f is also a genuine minimum,
but with high energy. The dibridged and tribridged structures
4d and4e with higher energies appear to be genuine minima
or very close to minima, because each has at most a tiny
imaginary vibrational frequency. For the dibridged structure4d
an imaginary frequency is predicted by the BHLYP (15i cm-1)
and B3LYP (22i cm-1) methods, and for4e such is predicted
by the B3LYP (14i cm-1), BP86, (20i cm-1), or BLYP (15i
cm-1) methods.

For Cu2(CO)3, the two unbridgedC3V andCs structures (3a
and3b) are obviously genuine minima. For the monobridged
structure3c, there is one imaginary vibrational frequency (b1

mode), namely 36i cm-1 (BHLYP), 87i cm-1 (B3LYP) 69i cm-1

(BP86), or 46i cm-1 (BLYP). Following this mode will lead to
structure3b. The dibridgedC2V structure3d, with a longer
copper-copper bond, appears not to be a genuine minimum
with larger imaginary frequencies 57i cm-1 (BHLYP), 155i,
16i cm-1 (B3LYP), 231i, 22i cm-1 (BP86), or 231i, 31i cm-1

(BLYP). Following the normal mode related to the largest
imaginary frequency will lead to the global minimum3a. The
triply bridgedD3h structure3e is a minimum predicted by three
DFT methods except for the BHLYP method, which predicts
one (120i cm-1) imaginary vibrational frequency.

Clearly, all the structures of Cu2(CO)2 are genuine minima
except for the linear structure2b. Structure 2b has four
imaginary vibrational frequencies (two pairs of degenerate
modesπg andπu), and it will collapse to either2c or 2d as a
minimum.

In their study of interactions of CO with very small copper
clusters Moskovits and Hulse38 concluded that the absorptions
at 2116 and 1871 cm-1 in the IR spectrum belong to species of
stoichiometry Cu2CO. The fundamental at 2116 cm-1 may arise

(45) Cotton, F. A.; Marks, T. J.J. Am. Chem. Soc. 1970, 92, 5114.
(46) Levenson, R. A.; Gray, H. B.; Ceasar, G. P.J. Am. Chem. Soc.1970,

92, 3653.
(47) Fawcett, J. P.; Poe¨, J. A.; Twigg, M. V.; J. Chem. Soc., Chem.

Commun.1973, 267.
(48) Wrighton M.; Bredesen, D.J. Organomet. Chem.1973, 50, C35.

Table 8. Dissociation Energies (kcal/mol) for the Successive
Removal of Carbonyl Groups from Cu2(CO)x (x ) 1-6)a

BHLYP B3LYP BP86 BLYP exptb

Cu2(CO)6 f Cu2(CO)5 + CO 14.8 18.9 24.6 21.2
Cu2(CO)5 f Cu2(CO)4 + CO 9.2 15.7 22.3 18.6
Cu2(CO)4 f Cu2(CO)3 + CO 7.4 15.3 25.3 21.1
Cu2(CO)3 f Cu2(CO)2 + CO 14.1 18.5 24.6 20.2
Cu2(CO)2 f Cu2(CO) + CO 9.6 15.2 21.5 17.7
Cu2(CO) f Cu2 + CO 12.2 20.3 31.2 27.6 >25

a All of the results reported here refer to the lowest energy structures
of Cu2(CO)x, i.e., 6a, 5a, 4a, 3a, 2a, and1a. b Ref 43.
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from a terminal CO, while the lower frequency could belong
to a bridging CO. In our study, the unbridged structure1a with
low-lying energy (Table 6) is a CO terminally bonded species.
Theν(CO) vibrational frequency is predicted to be 2327 cm-1

(BHLYP), 2174 cm-1 (B3LYP), 2063 cm-1 (BP86), or 2046
cm-1 (BLYP). The results are close to the experimental IR value.
The monobridgedC2V structure1b is also a minimum. As far
as theν(CO) vibrational frequency is concerned (i.e., 1874 cm-1

BHLYP, 1814 cm-1 B3LYP, 1751 cm-1 BP86, or 1740 cm-1

BLYP), we conclude that the experimental IRν(CO) of 1871
cm-1 is in agreement with the theoretical results for the
monobridged structure1b. It further confirms that structure1b
is a stable species.

Discussion

Our previous computational studies on unsaturated homoleptic
binuclear carbonyls of iron,15 cobalt,16 and nickel,14 i.e., those
with fewer carbonyl groups than Fe2(CO)9, Co2(CO)8, and Ni2-
(CO)7, respectively, indicate that in most cases the lowest energy
isomers have structures with metal-metal multiple bonds and
18-electron configurations for the transition metal atoms. The
one exception is Co2(CO)7, in which the lowest energy structure
has an 18-electron five-coordinate [Co]Co(CO)4 fragment joined
by a Co-Co single bond to a 16-electron square planar [Co]-
Co(CO)3 fragment without any bridging carbonyl groups (Figure
7a). In this discussion the abbreviations [Co] and [Cu] refer to
a metal-metal bond of the unbracketed central metal atom to
the bracketed metal atom where the brackets refer to ligands
around the bracketed metal atom that are irrelevant to the local
environment of the unbracketed metal atom.

A situation similar to that for Co2(CO)7 occurs in most of
the lowest energy binuclear copper carbonyl structures discussed
in this paper. The basic building blocks for the binuclear copper
carbonyls are the 18-electron tetrahedral [Cu]Cu(CO)3 fragment,
the 16-electron trigonal planar [Cu]Cu(CO)2 fragment, and the
14-electron linear [Cu]Cu(CO) fragment (Figure 7b), as well
as the bare copper atom. The structures of all of the lowest
energy isomers of the binuclear copper carbonyls found in this

work may be constructed by joining a suitably chosen pair of
these building blocks with a Cu-Cu single bond. Thus the
lowest energy structures for Cu2(CO)6, namely structures6a
and6b, arise from joining two tetrahedral [Cu]Cu(CO)3 frag-
ments. Similarly structure5a for Cu2(CO)5 arises from joining
a tetrahedral [Cu]Cu(CO)3 fragment to a trigonal [Cu]Cu(CO)2

fragment. This structure is somewhat analogous to that found16

for Co2(CO)7, but with one less carbonyl group on each metal
atom. The two lowest lying structures for Cu2(CO)4 correspond
to two linked trigonal planar [Cu]Cu(CO)2 fragments (4b) and
a tetrahedral [Cu]Cu(CO)3 fragment linked to a linear [Cu]Cu-
(CO) fragment (4a). Similarly the two lowest lying structures
for Cu2(CO)3 correspond to a tetrahedral [Cu]Cu(CO)3 unit
bonded to a bare copper atom (3a) and a trigonal planar [Cu]-
Cu(CO)2 unit bonded to a linear [Cu]Cu(CO) unit (3b). The
lowest energy Cu2(CO)2 structures are derived from linear [Cu]-
Cu(CO) fragments with relatively minor distortions, whereas
the lowest energy Cu2(CO) structure is simply a linear [Cu]-
Cu(CO) fragment with one bare copper atom.

Table 9. Imaginary Vibrational Frequencies for All of the Structures of Cu2(CO)x (x ) 1-6)

BHLYP B3LYP BP86 BLYP

Cu2(CO)6 6a D3h none none 11i 8i
6b D3d none none none none
6c D2h none none none none
6d D2h none none none none
6e C2V 130i, 4i 174i 186i, 35i 180i

Cu2(CO)5 5a Cs none none none none
5b Cs 16i 8i 6i 7i
5c C2V 84i,28i 94i,26i 177i,99i,25i 109i,48i
5d C2V 146i,78i,9i 289i,161i,12i 422i,214i,16i 446i,253i,13i
5e C2V none none none none

Cu2(CO)4 4a Cs none none none none
4b D2d none none none none
4c D2h none none none none
4d C2h(D2h) 15i 22i none none
4e Cs(C3v) none 14i 20i 15i
4f D4h none none - -

Cu2(CO)3 3a C3V none none none none
3b Cs 5i none none none
3c C2V 36i 87i 69i 46i
3d C2V 57i 155i, 16i 231i, 22i 231i, 31i
3e D3h 120i none none none

Cu2(CO)2 2a C2V none none none none
2b D∞h 25i, 13i 56i, 32i 67i, 39i 69i, 41i
2c C2V 10i none none none
2d C2h 10i none none none
2e D2h none none none none

Cu2(CO) 1a C∞v none none none none
1b C2V none none none none

Figure 7. (a) Optimized structure of Co2(CO)7 predicted in ref 16. (b)
The 18-electron tetrahedral [Cu]Cu(CO)3 unit, the 16-electron trigonal
planar [Cu]Cu(CO)2 unit, and the 14-electron linear [Cu]Cu(CO) unit.
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The tendency of copper, as well as its heavier congeners silver
and gold, to form stable 16-electron planar complexes and 14-
electron linear complexes has been recognized for more than
50 years. As early as 1961 Nyholm49 noted the possibility of
shifting of one or two of the outer p orbitals in coinage metals
(silver, copper, and gold) to such high energies that they no
longer participate in the chemical bonding and the accessible
spd manifold is no longer spherical (isotropic). If onep orbital
is so shifted to become antibonding, then the accessible spd
valence orbital manifold contains only eight orbitals (sp2d5)
corresponding to a 16-electron configuration for the central metal
atom and trigonal or square planar coordination, depending upon
the number of ligands available.50 If two p orbitals are shifted
to antibonding energy levels, then the accessible spd valence
orbital manifold contains only seven orbitals (spd5) correspond-
ing to a 14-electron configuration for the central metal atom.
In this case the central metal atom is two-coordinate with linear
coordination of the two ligands.

The reluctance for pairs of copper atoms to form multiple
bonds in unsaturated binuclear copper carbonyls may relate to

the difficulty of breaching the filled d10 shell of a neutral copper
atom. This may be related to the pseudohalogenic nature of
copper and its heavier congeners. In the case of copper the
diamagnetic Cu2 dimer with a single Cu-Cu σ bond similar to
the halogens X2 is a stable gas-phase species.51 The heavier
congeners of copper, namely silver and gold, even form the
stable anions Ag- (ref 51) and Au- (refs 53 and 54) under
suitable conditions. Thus structures3a for Cu2(CO)3, 2a for Cu2-
(CO)2, and1a for Cu2(CO) may be considered to be analogous
to hypothetical 18-electron tetrahedral carbonyl halides Cu-
(CO)3X, 16-electron trigonal planar carbonyl halides Cu(CO)2X,
and 14-electron linear carbonyl halides, Cu(CO)X, respectively.
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