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Binuclear homoleptic copper carbonyls LL0O) (x = 1—6) have been studied using four different density
functional theory methods (DFT) in conjunction with a basis set of extended dguiiles 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 unsaturateg@©O), (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 eappger bonds.

For Cw(CO) the eclipsed and staggered ethane-like structure are virtually degenerate and lie significantly lower
in energy than other possible structures. The eclipsed@usingle bond distance is predicted to be 2.61 A,

while that for the staggered structure is 2.65 A. The lowest energy structure $(€Q) is the eclipsed ethyl
radical-like structure, with.fCu—Cu) = 2.51 A. The staggered ethyl radical-like structure lies only 0.1 kcal/mol
higher in energy, with a GuCu distance shorter by onty0.001 A. For Cy(CO), a methylcarbene-like structure

is predicted to lie lowest, with CuCu distance 2.40 A. However, twisted and planar ethylene-like structure lie
only 3—5 kcal/mol higher. For C{CO); a surprising methylcarbyne-like structure withGu—Cu) = 2.38 A is
predicted to lie lowest with all four DFT methods. However, a classical vinyl radical-like lies erdykZal/mol

higher. For Cy(CO), theory predicts a vinylidene-like structure witf((@u—Cu) = 2.34 A to be essentially
degenerate with cis and trans bent acetylene structures with eoppmer distances 2.33 A. Finally, and consistent

with earlier theoretical studies, the linear end on-@uw—CO structure withg(Cu—Cu) = 2.27 A is the predicted

global minimum for Cy(CO).

Introduction 18-electron rule, copper should form a saturated binuclear
| carbonyl with the formula G{COJe.

The early literature contains many scattered claims for the
existence of binary copper carbonyls!® In 1975 Huber,
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Binuclear Homoleptic Copper Carbonyls

the co-condensation reaction of copper atoms with carbon
monoxide in conjunction with matrix isolation infrared and
UV —vis spectroscopy. Subsequently Kasai and Jdwbserved
Cu(CO} and Cy(CO)s at much lower temperatures. Howard,
Mile and their co-worke®26 also unequivocally confirmed
that the deposits, which were red-purple, consisted of the copper
carbonyls Cu(CQ)and Cy(CO). 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 Ld0)y, 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 compourid$our 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 progfaifihe B3LYP method
(also an HF/DFT hybrid method) is formed from Becke's three-
parameter semiempirical exchange functional {B&png with the Lee,
Yang and Parr correlation functional (LY®)The BP86 method uses
Becke’'s 1988 exchange functional Byith the Perdew correlation
functional (P86} 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-
£(DZ) contractiof? of Huzinaga's primitive se# and are designated
as (9s5p/4s2p). The doubieplus polarization (DZP) basis sets used
here add one set of pure spherical harmahifanctions with orbital
exponentsiy(C) = 0.75 andog(O) = 0.85 to the DZ basis set. For Cu,
in our DZP basis set, the Wachter's primitive &isloosely contracted,
but augmented by two sets pffunctions and one set af functions,
contracted following Hood et al, 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 progfamwhich
the fine grid (75,302) is the default for evaluating integrals numerically,
and the tight (10® hartree) designation is the default for the self-
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Figure 1. Structures of CH{CO)s, with bond distances in A.

consistent field (SCF) convergence. The predicted structures are
depicted in Figures-16 with all bond distances given in A.

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 Frenking’ discuss this problem in their work on the €GHs;
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. Cuy(CO)es. Five Cw(CO)
structures are obtained in this research, and they are shown in
Figure 1. The structureSa and 6b present the unbridgeDsy,
and D3y ethane-like structures of GCO). These structures
both have the lowest energies with all four DFT methods (see
Table 1). The eclipsed 4p structure6a lies 0.43 kcal/mol
(BHLYP) or 0.09 kcal/mol (B3LYP) lower than the staggered
D34 structure6b, but it is higher by 0.27 and 0.15 kcal/mol
with the BP86 and BLYP methods. Structuéb is a genuine
minimum. Structureba is predicted as a minimum using the
BHLYP and B3LYP methods, but has a small imaginary
frequency, which leads t@&b, using the BP86 and BLYP
methods. The CuCu distance (in Figure 1) for the eclipsed
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B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
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W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, revision B3; Gaussian, Inc.: Pittsburgh, PA, 1995.
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Figure 2. Structures of CyCO)s, with bond distances in A.
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Dan structure (2.619 A BHLYP, 2.660 A B3LYP, 2.636 A BP86,

and 2.714 A BLYP) is predicted to be slightly longer (by 0.02,

0.03, 0.03, and 0.04 A, respectively) than that for the staggered

D34 structure. To satisfy the 18-electron rule, these structures
must incorporate a CuCu 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 A). Furthermore, the
unbridged structures are consistent with the experimental results
obtained by Hube® from which Cy(CO) was viewed as a

dimer derived from two Cu(CQYesidues with a CaCu single

bond formed by overlap of the highest singly occupied orbital

of the Cu(COj} fragment. Our previous theoretical studie’$

of Fe(CO) and Co(CO)s 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 CuCu single bond distances for the eclipsed and 20
staggered ethane-like structures ohL(@O) are 2.64 and 2.61 ,
A, respectively.

The Cuy(CO) dibridged structurésc with Do, symmetry is
also a genuine minimum, and is shown in Figure 1. The copper
copper distance computed féc, namely, 3.484 A (BHLYP),
3.372 A (B3LYP), 3.255 A (BP86), or 3.308 A (BLYP), is much 3d (Cyy) 3e (Dap)
longer than that in the above ethane-like struct@@and6b. Figure 4. Structures of C(CO), with bond distances in A.

In addition there is a significant elevation in energy for the

dibridged structureésc compared to the unbridged structures. the computational method (Table 1). The-8Cu distance for
The lowest triplet state for the similar dibridged structure, triplet 6d is shorter by about 0-30.5 A than that in structure
namely6d, is also a genuine minimum and has a lower energy 6c, and it is predicted to be 2.975, 3.006, 2.927, 3.015 A,
than the singlet structuréc by 4—15 kcal/mol, depending on  respectively. The (CQLu—Cu(CO) structure 6e shows a

2092 1969
2035 13895 1144
2068
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Figure 5. Structures of CyCO),, with bond distances in A.
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Figure 6. Structures of CyCO), with bond distances in A.

Table 1. The Relative Energies of the §CO) 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 -03 -0.2
dibridged singlet 6¢C 38.5 33.7 30.2 29.0
dibridged triplet 6d 23.3 26.4 24.9 25.4
(CO)Cu—Cu(CO) 6e 22.3 28.8 34.9 31.8

geometry withC,, symmetry. The CaCu bond distance i6e

is 2.490 A (BHLYP), 2.498 A (B3LYP), 2.475 A (BP86), or
2.517 A (BLYP), which is obviously shorter by about 0.9 A
than that for structuréc, and shorter by nearly 0-40.2 A than
those for the unbridged structuréa and 6b. Table 1 shows
that thisC,, structure lies 14.5 kcal/mol (BHLYP) and 4.9 kcal/
mol (B3LYP) lower than the dibridgeB,y 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.

Inorganic Chemistry, Vol. 40, No. 23, 2005845

Table 2. The Relative Energies of the gCO) 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-+-Cu(CO) 5c 151 191 26.0 216
dibridged 5d 337 305 283 271
tribridged 5e  34.0 31.6 26.7 27.2

We attempted to optimize a triply bridged structure fopCu
(CO)s, but the trial geometries collapse to the dibridged structure
6¢. We also investigated a quadruply bridged@®D) structure
(Dan), 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.

Il. Cu2(CO)s. The structure of CHCO)s with the lowest
energy ba) is presented in Figure 2. It is a relatively unsym-
metrical unbridged structure witis symmetry consisting of a
Cu(CO} unit bonded to a Cu(CQ)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(E€u) =
2.513, 2.528, 2.499, and 2.553 A, respectively. These distances
are shorter by 0.08, 0.10, 0.10, and 0.12 A than those at the
same levels of theory for the unbridgBdy Cuy(CO)s structure
6b. The shorter Ct+Cu distance irbarelative to6b could arise
from an ionic component in the CGtCu bond of5a, arising
from the nonequivalent nature of the Cu(G@nd Cu(CO)
groups. There is anoth€; unbridged stationary poirsb, which
differs from 5a by only internal rotation. Note, however, that
rotation barriers about metametal bonds can be small.
Structurebb lies energetically abovga by only 0.1 or 0.2 kcal/
mol (Table 2). There is a tiny imaginary vibrational frequency
(<20i cm™) for 5b, which leads to the global minimusa.

The monobridged structuigc,with C,, symmetry, is analo-
gous to the nonclassical bridging ethyl radical. The-Qu bond
distance (2.477, 2.489, 2.463, or 2.505 A) shrinks from the
unbridged structur&a by 0.04-0.05 A. TheC,, structure5c
is higher in energy than th&s structure5a, and it has two or
three imaginary vibrational frequencies depending on the
computational method. Actually, structiseis more like a loose
complex composed of G(CO), and a carbonyl. We also found
a doubly bridgedC,, structure5d with a higher energy. The
Cu—Cu distance is significantly longer by 0.78.93 A than
that for structuréda; however, it is nearly equal to that predicted
for the dibridged Cy(CO)s structure6c. The doubly bridged
structure5d is not a minimum, and it has three imaginary
vibrational frequencies. The triply bridgeddk, 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 A,
respectively. This structure is also high lying energetically, and
has several imaginary vibrational frequencies.

Ill. Cu 2(CO),. Figure 3 reveals our optimized structures for
Cwy(CO). Structureda (Cy) is the global minimum, and
structures4b (D2g) and 4c (D2n) are energetically low-lying
genuine minima. Structuréa can be viewed as an 18-electron
Cu(CO} unit similar to half of Cy(CO)s joined by a Cu-Cu
bond to a 14-electron linear CuCO unit. Continuing our
comparison with hydrocarbons, structdér@may be viewed as
analogous to methylcarbene. The predicted—Cu bond
distance fodtaof 2.425 A (BHLYP), 2.412 A (B3LYP), 2.382
A (BP86) or 2.419 A (BLYP) is shorter than that in the
unbridgedC; structure for Ce(CO) 5a by about 0.1 A. The
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Table 3. The Relative Energies of the gCO), Structures, in
kcal/mol
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Table 4. The Relative Energies of the gCO); Structures, in
kcal/mol

BHLYP B3LYP BP86 BLYP BHLYP B3LYP BP86 BLYP
methyl carbene-like  4a 0.0 0.0 0.0 0.0 methyl carbyne-like 3a 0.0 0.0 0.0 0.0
ethylene-like (twisted) 4b 5.9 3.8 35 2.9 classical vinyl radical-like 3b 7.4 4.5 1.9 1.2
ethylene-like 4c 6.8 4.8 5.4 4.6 bridging vinyl radical-like 3c 33.0 23.4 16.3 15.9
dibridged 4ad 33.7 27.5 9.1 134 dibridged 3d 311 23.0 159 16.1
tribridged de 29.3 25.8 21.0 22.4 tribridged 3e 2838 23.1 156 185
tetrabridged Af 69.2 88.5

ethylene-like structuredb and4c are also unbridged, and lie
higher in energy thada by 2.9-5.9 kcal/mol and 4.6 6.8 kcal/
mol, respectively. Structure® and4c are different from each
other by internal rotation. ThB,q Structuredb lies slightly lower
in energy (2 kcal/mol) than théD,, structure4c.

The dibridgedCyp, (or D2, by BLYP) structuredd for Cup-
(CO) may also be viewed as a genuine minimum (or very close
to a true minimum), since there is a tiny imaginary vibrational
frequency €20 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 termina-Cu
C—0, and makes B structure, but the others methods predict
a Cy, structure. This dibridged structuda lies energetically
abovedaby 33.7 (BHLYP), 27.5 (B3LYP), 9.1 (BP86), or 13.4
(BLYP) kcal/mol. The coppetcopper distance for this structure
varies widely among the different methods, being 3.351
(BHLYP), 3.125 (B3LYP), 2.286 (BP86), or 2.319 (BLYP) A.
There is also a triply bridged structure withs (or Cz, by
BHLYP) group point symmetryie. Structuredeis more stable
energetically than structuréd with the BHLYP and B3LYP
methods, and displays all real vibrational frequencies (BHLYP)
or one very small imaginary vibrational frequency20i cm™1).
The copper-copper bond length of this structug is shorter
than the analogous triply bridged structute)(of Cu(CO)s.
The BHLYP method predicts a linear terminal carbonyl ar-
rangement fode and the structure hass, symmetry; but the
other methods predict a bent (£62 166°) terminal Cu-C—

O, and the latter structure h& symmetry. The last structure
studied for Cy(CO), is a quadruply bridged structudd with

D4n symmetry. It is the least stable structure with very high
energy (69-89 kcal/mol higher thada, Table 3). The CtCu
separation is 4.133 A (BHLYP) or 3.998 A (B3LYP), which is
very close to that for the quadruply bridgedZTiO) structure,
but we were unable to optimize either the BP86 or BLYP
structure.

IV. Cu,(CO)s. We obtained two unbridged structures with
Cs, andCs symmetry for Cy(CO)s, and these are structurda
and 3b in Figure 4. Both structures are genuine minima and
low lying in energy. The energy of the methyl carbyne-like
structure3ais 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 G«Cu bond
distance (2.414, 2.398, 2.360, or 2.402 A) for structBads
longer than that for structu2b by 0.01-0.02 A using the four
DFT methods.

The monobridged vinyl-like structurgc and the dibridged
structure3d both exhibitC,, symmetry. Both are high lying
energetically for Ce(CO)s, and have one or two imaginary
vibrational frequencies. The copperopper distances in struc-
tures3c and 3d are longer than that for structuBa by about
0.3-0.7 A. A triply bridged Cy(CO); structure3e with Dap
symmetry was also investigated in this study. The—Cu
distance of3e s significantly shorter than that for the mono-
bridged and dibridged structur8s and3d, but somewhat longer
than that for the unbridged structurga and 3b. Structure3e

Table 5. The Relative Energies of the gCO), 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 04 -10 -15
transbent acetylene-like 2d 1.3 03 -12 -17
dibridged 2e 257 18.8 122 140

lies close in energy to the two bridged structures and higher
(by 16—29 kcal/mol) than the unbridged structures. The triply
bridged structure8e has all real vibrational frequencies with
the B3LYP, BP86, and BLYP methods, but this structure is a
transition state with the BHLYP method.

V. Cuy(CO),. With the BHLYP and B3LYP methods the
structure of CyCO), with the lowest energy is a vinylidene-
like unbridged structur@a (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-6Zu
bond distance in this structure, namely, 2.373 A (BHLYP), 2.355
A (B3LYP), 2.321 A (BP86), and 2.351 A (BLYP), is about
0.4 A shorter than that of our most favorable,(@0); structure
3a

Another unbridged linear G(CO), structure2b (analogous
to acetylene) with constrainedpsymmetry was optimized in
this research. It is not a minimum but has four small imaginary
vibrational frequenciest andz,). Following the normal modes
related to the imaginary vibrational frequencies, we were able
to optimize theC;, (cis) andCx, (trans) unbridged structures
2c and 2d. Distortion from the linear structurgb to the bent
structure2c and2d leads to a small energy lowering, wig
slightly more stable tha@c (Table 5). They are both genuine
minima, and their energies are close to thaRafAs a matter
of fact, the energies of structur@s 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 f@b, 2c and2d predicted by
different methods are similar (Figure 5). For struct@rethe
Cu—Cu distances are 2.348 (BHLYP), 2.339(B3LYP), 2.324-
(BP86), and 2.342(BLYP) A, slightly shorter than that2st
They are also somewhat shorter than that forGh€w,(CO)s
structure3b, by ~0.04 A.

The only bridged structure found for @C€O), is the
dibridged structure2e, with Dy, symmetry. Although it is a
genuine minimum, its energy is much higher than other
structures of CxCO), (Table 5). The dibridged structure also
has a longer CuCu bond distance (i.e., 2.998 A BHLYP, 2.837
A B3LYP, 2.707 A BP86, and 2.774 A BLYP) than the
unbridged structures.

V1. Cu»(CO). In 1977 Moskovits and Hul$&suggested four
structures for CyCO) from the IR spectra. One of their
structures is the linear CGtCu—C—O, two structures have
bridging carbonyl groups (symmetric and asymmetric), and the
last one has the structure €C€—0O—Cu. When starting with

(38) Moskovits, M.; Hulse, J. E]. Phys. Chem1977, 81, 2004.
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Table 6. The Relative Energies of the gCO) Structures, in
kcal/mol
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Table 7. CopperCopper Bond Lengths (in A) of All of the
Structures of CiCO) (x = 1—-6)

BHLYP B3LYP BP86 BLYP

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

the suggesting bridged geometries, we obtained three carbonyl 2
structures. The linear structufie and the symmetric bridged
structurelb are shown in Figure 6. We did not locate the
asymmetric bridged structure, and the cis bent structure Cu
C—0O—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,, structurela, in which a terminal CO is bonded

to a copper dimer, is a genuine minimum. The-@u bond

distance (2.25%2.320 A) in 1lais the shortest among those
predicted in this research. Results for the higher energy singly
bridged Cy(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 Cu
(CO), systems. First, the global minima and the energetically
low-lying structures for the G{CO), 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 HEO), Co(CO), and Np(CO),4 16

among which there are many bridged global minima or low-

lying structures.

Second, the unbridged g€O), systems may be viewed as

no.of  figure no.

n bridges in text BHLYP B3LYP BP86 BLYP

1 0 la 2.320 2.291 2.257  2.279
1 1b 3.465 3.343 3.204 3.273
0 2a 2.373 2.355 2321 2351
0 2b 2.349 2.340 2327 2.342
0 2c 2.349 2.340 2327 2.344
0 2d 2.348 2.339 2324 2342
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 2966  3.023
3 3e 2.698 2.552 2458 2520

4 0 4a 2.425 2.412 2.382 2419
0 4b 2.437 2.439 2408 2.445
0 4c 2.478 2.494 2474 2511
2 4d 3.351 3.125 2.286 2.319
3 4e 3.017 2.832 2712  2.766
4 4f 4.133 3.998

5 0 5a 2.513 2.528 2499 2553
0 5b 2.510 2.527 2499 2551
1 5c 2.477 2.489 2463 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 2671
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 2475 2517

7*(CO) will be less important than for the earlier transition
metals, due to the contraction of the metal 3d orbital with atomic

two bonded fragments. Since the geometrical parameters of thesgyumber. Although the linear terminal E€—0 moiety is seen
fragments show small changes from the isolated radicals, theyin structures5d and 3d, these structures were constrained in
are almost transferable among the different structures. Forthe geometry optimizations. Actually, the largest imaginary

example, the geometric parameters of Cu(€fagments in
6a (or 6b) are very similar to those in the structusa (or 5b),

43, and3a (Figures 1-4). The Cu(CQYadical has an unpaired
electron on the g orbital of the Cu atom, so it has been called

as “an inorganic isolobal analogue of meth§#"However, its
dimer Cy(CO) (6aor 6b) has a much smaller GtCu—C angle

(close to 90) than the G-C—H angle in its “isolobal analogue”

C;Hs. The CH radical in ethane hasp® hybridization, but in

Cwy(CO) the o bond is formed by the interaction of the two

singly occupied g orbitals from each Cu(CQ@)unit, so that

the Cu-Cu—C angle is close to 90 Similarly the geometric
parameters of the Cu(C®fragments are also almost transfer-

able among the structurés (or 5b), 4b (or 4c), 3b, and2a
(Figures 2-5).
The Cu-Cu distance decreases among the(CQ), systems

vibrational frequencies for structurésl and 3d are related to
the Cu-C—0 bending modes. Unfortunately, when following
these modes, we could not find the doubly bridged minima,
because these structures collapse to the unbridged strubtures
and 3a.

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®=43 However, carbon monoxide does
weakly chemisorb onto copper films, and the infrared CO
stretching bands suggest bonding to discrete atoms on the
surface*?43 Moreover, matrix isolation experiments show that
the Cy(CO) species are readily synthesized at very low
temperature3?-26

as the number of carbonyls decreases. For example, the BSLYP Table 8 lists the dissociation energies for the successive

Cu—Cu distance decreases from 2.619 A6im to 2.528 A in
5a, to 2.412 A inda, and to 2.398 A irBa(Table 7), indicating

removal of carbonyls from G(CO). The available experi-
mental binding energy for CO and copper dimei26 kcal/

stronger bonding in the structures with less carbonyls, from the mol)** is closest to the BLYP result. The B3LYP and BP86
perspective of a bond distance/bond energy correlation. Nev-results are also in reasonable agreement, but the BHLYP method
ertheless, since the internal rotation barriers are so small for predicts a poor binding energy for &§€O). From refs 1416,

these unbridged structures, the-80u bonds should probably

not be viewed as multiple bonds.

Another striking characteristic of the g€O), systems is
that most of the terminal carbonyls in §GO), are bent, while

in other transition-metal carbonyls &Cr, Mn, Fe, Co, and

Ni) the terminal Cu-C—0 angles are essentially liner16 A
qualitative explanation could be that the half-filled drbital

of the Cu atom and thed5orbital of CO cause significant

repulsion, and this repulsion is decreased by the-CtaO

bending®® Also, back-donation from the copper 3d orbitals into

we appreciate that the B3LYP method predicts reasonable
thermochemistry, so we will discuss the dissociation energy

(39) (a) Fournier, RJ. Chem. Phys1993 98, 8041. (b) Fournier, RJ.
Chem. Phys1995 102, 5396.

(40) Bertrand, C. R. CR. Acad. Scil1923 177, 997.

(41) Mond, E.; Heberiein, . Chem. Sacl924 125 1222.

(42) Eischens, R. P.; Pliskin, W. A.; Francis, S.JA.Chem. Phys1954
22, 1986.

(43) Pritchard, J.; Sims, M. LTrans. Faraday Sacl97Q 66, 427.

(44) Lian, L.; Akhtar, F.; Hackett, P. A.; Rayner, D. Mt. J. Chem. Kinet.
1994 26, 85.
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Table 8. Dissociation Energies (kcal/mol) for the Successive absorptions for C4CO) in adamantane (2014 and 2035¢n
Removal of Carbonyl Groups from Q€O) (x = 1-6)* and one in cyclohexane (2035 c#H. Huber et ak® have
BHLYP B3LYP BP86 BLYP expt reported that there are two absorptions for thg({CQ)s complex
Cw(CO)— Ch(COp+ CO  14.8 189 246 212 (2039 and 2003 cr¥) in argon at 16-15 K. They are in good
Cw(CO)— Cp(CO)+CO 9.2 15.7 223 186 agreement from our B3LYP results: 2068'Yand 2099 (§
Cw(CO)— Cu(COx+CO 74 153 253 21.1 cm1 for the structure6a, or 2068 (4) and 2090 (§ cm™ for
gwggg))zﬁguzggggz +CCC()D lg.é igg gil-g %(735 the structure6b, which are predicted to have large infrared
W — Cul + : : : . i iti i
Clp(CO) — Cip + CO 122 203 312 276525 intensities. Huber also inferred that £80) has a B rotary

configuration rather than the more highly symmetribaj, or

2 All of the results reported here refer to the lowest energy structures D3y configurations. It might appear that there is a contradiction
of C(CO), i.e., 63 5a 4a, 3a, 2a, andla. ®Ref 43, between Huber’s results and ours. However, since there is very

small potential barrier€0.5 kcal/mol predicted by the B3LYP

mainly based on the B3LYP results. It is clear that the method) between thBs, andDsg structures, it is easy to rotate
dissociation energies for GICO), systems are much smaller  around the coppercoppero bond. Therefore, it is reasonable
than those of F€CO), and Co(CO).*>*® Thus the binuclear  for the experimentalists to observe an intermediate configuration.
homoleptic copper carbonyls are less stable than the iron andthe C,, structure6e has a substantial imaginary frequency (b
cobalt carbonyls. The general consensus of opinion suggestsmode) above 100cm™t with all the four methods, i.e., 180
that the lower stability of copper carbonyls is a reflection of (BHLYP), 174 (B3LYP), 186 (BP86), and 180cm2 (BLYP),
the stability of a full 3d valence shell and a situation not \which would lead to structuréb.
conducive to ¢ (Cu) — #* (CO) bonding?® For C(CO)s the lowest energy unbridged struct&a has

Table 8 shows that G(CO); (68), Cuy(CO) (3a), and Cuy- no imaginary vibrational frequency, and it is the global
(CO) (18 may be somewhat more stable than the other binuclear inimum. The other unbridged structsb has one very small
copper carbonyls, since the values of the B3LYP dissociation imaginary frequency at 1§BHLYP), 8i (B3LYP), 6 (BP86),
energies for these systems are slightly larger than the others.;nq 7 cm-t (BLYP), which leads tda. There are two or three
Thus, we suspect that these compounds should be more readilyaginary vibrational frequencies for the higher energy mono-
detected by infrared and UWis spectroscopy. In this connec-  iqgedC,, structureSc, which collapses t&b. The dibridged
tion the experimental CO stretching frequencies of(C®) structure 5d has several substantial imaginary vibrational
and Cy(CO) have been obtained at cryogenic temperatures. fraquencies, and it is a third-order stationary point. Following
Huber et al?® and Chenier et af5 have reported IR absorptions  gne of the modes related to the imaginary vibrational frequen-
for Cu(CO)s, while Moskovits and Huls€ obtained av(CO) cies,5d will go to either structurésa or structuresb.
frequency for t‘P‘1e Cg(CO)" system. . . For Cu(CO), the unbridged structurets, 4b, and4c have

Evgn for the *saturated” GUCO):, synthess by conventional all real vibrational frequencies, indicating genuine minima. The
techniques does not appear to be feasible. From the eXtremelyquadrupIy bridgeda» structure4f is also a genuine minimum,

IC)CVéexZ(e:Lri?ment%I4\éalue of thg—» 0; trTsiiion energy cf>f Cﬁ but with high energy. The dibridged and tribridged structures
(CO ( nmj°“®compared to the — o 8energ|es of other 4d and4e with higher energies appear to be genuine minima
M_M bonded carbonyls (3.00 to 350 nfff that.are stable at or very close to minima, because each has at most a tiny
gm%e”gtzmper?‘gfe- one s Ie.d toége c_or;clusmn that the Cu imaginary vibrational frequency. For the dibridged structdne

u bond dissociation energy in GO is low. an imaginary frequency is predicted by the BHLYPi(&61)

C. Vibrational Frequencies.Harmonic vibrational frequen- 4 B3| yp (22 cm™%) methods, and fode such is predicted
cies have been evaluated for all structures described above. Ou[)y the B3LYP (14 cm™?) BPS6 (20 cmY), or BLYP (15

discussion turns to the question of whether the geometnescm_l) methods.

optimized are in fact genuine minima, and the imaginary .
vibrational frequencies for all the structures are listed in Table For CQ(CO)&.the two unt_)rldgte_d;3y and G structures :ﬁ_a
and 3b) are obviously genuine minima. For the monobridged

9. As discussed elsewhé?d®the use of numerical integration structure3c, there is one imaginary vibrational frequency (b
schemes in all current DFT methods means that total energies C ginary q Y

L mode), namely 3&cm™1 (BHLYP), 87 cm™ (B3LYP) 69 cm ™t
are rarely accurate to better than 0.0001 hartree. Similarly, small = . . -
vibrational frequencies can be off by 50i ch bringing into (BP86), or 46cm™* (BLYP). Following this mode will lead to

question in some cases whether a stationary point is a genuineStrUCture?’b' The dibridgedCs, structure3d, with a longer

minimum or a transition state. When one reports imaginary copper-copper bond, appears not to be a genuine minimum

— : . ; ith larger imaginary frequencies 5¢m~1 (BHLYP), 155,
vibrational frequencies smaller in magnitude than 50-&m with ‘ar oo P
caution in inte?pretation is advised. ’ 16 cm (B3LYI_3), 231, 22 cm (BP86), or 231, 31 cm

With respect to the G(COJs vibrational frequencies, the (BLYP). Following the normal mode related to the largest

. ' imaginary frequency will lead to the global minimuBa. The
unbridged structure8a and6b with Dg, andDzq sSymmetry and ) . : e .
the Day, dibridged structurebc are considered to be genuine triply bridgedDg;, structure3eis a minimum predicted by three

g . L : DFT methods except for the BHLYP method, which predicts
minima, although for6a, there is a very tiny imaginary

1y . . .
frequency predicted by the BP86 and BLYP methods (Table one (120 cm ™) imaginary vibrational frequency.. .
9). Since the unbridged structuréa and6b are the lowest in Clearly, all the structures of G(CO), are genuine minima

energy, we conclude that these structures are the most stabl&Xcept for Fge !inea}rfstructureb. Structurg 2b fhzs four
geometries for CiCO). Chenier et a5 found two IR Imaginary vibrational frequencies (two pairs of degenerate
modesmg andy), and it will collapse to eitheRc or 2d as a

(45) Cotton, F. A.: Marks, T. J. Am. Chem. Sod97q 92, 5114. minimum.

(46) Levenson, R. A.; Gray, H. B.; Ceasar, GJPAm. Chem. Sod97Q In their study of interactions of CO with very small copper
92, 3653. ; i
(47) Fawcett. J. P Pod. A: Twigg, M. V.. J. Chem. Sog.Chem. clusters Moskovits anpl Hul¥&concluded that the absorptlons

Commun1973 267, at 2116 and 1871 cni in the IR spectrum belong to species of

(48) Wrighton M.; Bredesen, Dl. Organomet. Cheni973 50, C35. stoichiometry CeCO. The fundamental at 2116 cimay arise
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Table 9. Imaginary Vibrational Frequencies for All of the Structures 0L@0O) (x = 1—6)

BHLYP B3LYP BP86 BLYP
Cuw(CO) 6a Dan none none 11 8i
6b Dag none none none none
6¢c Don none none none none
6d Don none none none none
6e Cao 130, 4i 174 186, 35 180
Cw(CO) 5a Cs none none none none
5b Cs 16i 8i 6i 7i
5c Cy 84i,28 94i,26 177,99,25 109,48
5d Co 146,789 289,161,12i 427,214,16 446,253,13
5e Co none none none none
Cw(CO) 4a Cs none none none none
4b Dag none none none none
4c Don none none none none
4d Con(D2n) 15 22 none none
4e CyCsy) none 14 20 15
Af Dun none none - -
Cw(CO) 3a Cs, none none none none
3b Cs 5i none none none
3c Co 36i 87 69 46i
3d Co 57 155, 16 231, 22 231, 31
3e Dan 120 none none none
Cw(CO) 2a Ca none none none none
2b Deoh 25i, 13 56i, 32 67i, 39 69, 41i
2c Co 10i none none none
2d Con 10i none none none
2e Don none none none none
Cw(CO) la Cov none none none none
1b Co, none none none none
from a terminal CO, while the lower frequency could belong (a) o)
to a bridging CO. In our study, the unbridged structlisavith on T Fex
low-lying energy (Table 6) is a CO terminally bonded species. Og‘;clo C6—CO
The »(CO) vibrational frequency is predicted to be 2327¢ém ¢ o°
(BHLYP), 2174 cm! (B3LYP), 2063 cmi! (BP86), or 2046 ©
cm1 (BLYP). The results are close to the experimental IR value. ®) Co2(CO)y
The monobridged,, structurelb is also a minimum. As far . - ol
as thev(CO) vibrational frequency is concerned (i.e., 1874tm t ’“] ‘ ’
BHLYP, 1814 cnt! B3LYP, 1751 cn1! BP86, or 1740 cmt d cu o
BLYP), we conclude that the experimental #iRCO) of 1871 / l{"-»-\c RN ‘
cm! is in agreement with the theoretical results for the & 9 ° % &
monobridged structurgb. It further confirms that structuréb 0 0
is a stable species. 18-electron  16-electron 14-electron
tetrahedral trigonal planar  linear
[CulCu(CO);  [CulCu(CO), [Cu]Cu(CO)

Discussion Figure 7. (a) Optimized structure of GECO); predicted in ref 16. (b)
Our previous computational studies on unsaturated homolepticThe 18-electron tetrahedral [Cu]Cu(G@init, the 16-electron trigonal
binuclear carbonyls of iro#f cobalt!® and nickel*i.e., those planar [Cu]Cu(CO)unit, and the 14-electron linear [Cu]Cu(CO) unit.
with fewer carbonyl groups than K€QO)y, Coy(CO)s, and Np-
(COY,, respectively, indicate that in most cases the lowest energy
isomers have structures with metahetal multiple bonds and
18-electron configurations for the transition metal atoms. The
one exception is GHCOY), in which the lowest energy structure

has an 18-electron five-coordinate [Co]Co(G®agment joined - h L
by a Co-Co single bond to a 16-electron square planar [Co]- ments. Similarly structuréa for Cuy(CO)s arises from joining

Co(CO} fragment without any bridging carbonyl groups (Figure 2 tetrahedral [Cu]Cu(C@Jragment to a trigonal [Cu]Cu(CQ)
7a). In this discussion the abbreviations [Co] and [Cu] refer to fragment. This structure is somewhat analogous to that féund
a metat-metal bond of the unbracketed central metal atom to o7 Co(COJ)r, but with one less carbony! group on each metal
the bracketed metal atom where the brackets refer to ligands@tom- The two lowest lying structures for £80O) correspond
around the bracketed metal atom that are irrelevant to the localt® two linked trigonal planar [Cu]Cu(C@jfragments 4b) and
environment of the unbracketed metal atom. a tetrahedral [Cu]Cu(C@Jragment linked to a linear [Cu]Cu-
A situation similar to that for CCO); occurs in most of ~ (CO) fragment 4a). Similarly the two lowest lying structures
the lowest energy binuclear copper carbonyl structures discussedor Cu(CO); correspond to a tetrahedral [Cu]Cu(GQ)nit
in this paper. The basic building blocks for the binuclear copper bonded to a bare copper ato8g] and a trigonal planar [Cu]-
carbonyls are the 18-electron tetrahedral [Cu]Cu@3@gment, Cu(COp unit bonded to a linear [Cu]Cu(CO) uni8lf). The
the 16-electron trigonal planar [Cu]Cu(CQOdagment, and the lowest energy C4CO), structures are derived from linear [Cu]-
14-electron linear [Cu]Cu(CO) fragment (Figure 7b), as well Cu(CO) fragments with relatively minor distortions, whereas
as the bare copper atom. The structures of all of the lowestthe lowest energy GUCO) structure is simply a linear [Cu]-
energy isomers of the binuclear copper carbonyls found in this Cu(CO) fragment with one bare copper atom.

work may be constructed by joining a suitably chosen pair of
these building blocks with a CuCu single bond. Thus the
lowest energy structures for g€O), namely structure$a
and6b, arise from joining two tetrahedral [Cu]Cu(C&¥yag-
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The tendency of copper, as well as its heavier congeners silverthe difficulty of breaching the filled ¥ shell of a neutral copper
and gold, to form stable 16-electron planar complexes and 14-atom. This may be related to the pseudohalogenic nature of
electron linear complexes has been recognized for more thancopper and its heavier congeners. In the case of copper the
50 years. As early as 1961 Nyhdltmoted the possibility of diamagnetic Cudimer with a single CaCu o bond similar to
shifting of one or two of the outer p orbitals in coinage metals the halogens Xis a stable gas-phase spediedhe heavier
(silver, copper, and gold) to such high energies that they no congeners of copper, namely silver and gold, even form the
longer participate in the chemical bonding and the accessiblestable anions Ag (ref 51) and Aua (refs 53 and 54) under

spd manifold is no longer spherical (isotropic). If gmerbital suitable conditions. Thus structurgsfor Cuy(CO)s, 2afor Cuy,-
is so shifted to become antibonding, then the accessible spd(CO),, andlafor Cu(CO) may be considered to be analogous
valence orbital manifold contains only eight orbitals %5 to hypothetical 18-electron tetrahedral carbonyl halides Cu-

corresponding to a 16-electron configuration for the central metal (CO)X, 16-electron trigonal planar carbonyl halides Cu(@Q)
atom and trigonal or square planar coordination, depending uponand 14-electron linear carbonyl halides, Cu(CO)X, respectively.
the number of ligands availab¥ If two p orbitals are shifted .
to antibonding energy levels, then the accessible spd valence Acknowledgment. This research was supported by the
orbital manifold contains only seven orbitals (8pcorrespond- ~ National Key Laboratory of Theoretical and Computational
ing to a 14-electron configuration for the central metal atom. Chemistry of Jilin University in China, and the US National
In this case the central metal atom is two-coordinate with linear Sciénce Foundation, Grant CHE-98153897.
coordination of the two ligands. 1C010769S

The reluctance for pairs of copper atoms to form multiple
bonds in unsaturated binuclear copper carbonyls may relate to(51) Morse, M. D.Chem. Re. 1986 86, 1066-1069 and references therein.
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