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Abstract Recent experiments have led to the discovery of the
thermally unstable organocopper compounds (1°-C3Hs)
CuMe,, [(*-C3Hs)CuMes], and CuMe, in which the copper
atom is in the +3 formal oxidation state. In a quest for more
stable organocopper compounds with copper in formal
oxidation states above one, the binuclear cyclopentadienyl-
copper cyanides Cp,Cu,(CN), (Cp=n>-CsHs; n=1, 2, 3) have
been studied using density functional theory (DFT). The
lowest energy structures are found to have terminal Cp rings
and bridging cyanide ligands up to a maximum of two
bridges. Higher-energy Cp,Cuy(CN), (n=1, 2, 3) structures
are found with bridging Cp rings. The Cp,Cu,(CN);
derivatives, with the copper atoms in an average +2.5
oxidation state, are clearly thermodynamically disfavored with
respect to cyanogen loss. However, Cp,Cu,(CN), and
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Cp,>Cu,(CN), with the copper atoms in the average oxidation
states +1.5 and +2, respectively, are predicted to have
marginal viability. The prospects for the copper(I) derivative
Cp,Cuy(CN), contrast with that of the “simple” Cu(CN),,
which is shown both experimentally and theoretically to be
unstable with respect to cyanogen loss to give CuCN.
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Introduction

An important recent development in the organometallic
chemistry of copper is the discovery of organocopper
derivatives with copper in the formal +3 oxidation state. In
this connection the formally Cu(Ill) organometallics such as
the allyl derivatives [1] (>-CsHs)CuMe, and [(1°-CsHs)
CuMe;]” and the homoleptic tetramethylcuprate(IlI),
CuMe, [2], can be generated at temperatures around
—100 °C. However, they are thermally unstable and
decompose far below room temperature.

Other than these very unstable Cu(Ill) organometallics, the
organometallic chemistry of copper has been limited to
organocopper compounds with copper in the formal Cu(I)
oxidation state [3]. However, the existence of these very
unstable methylcopper(Ill) derivatives suggests that more
stable Cu(Il) and Cu(Ill) organometallics might be obtain-
able using a suitable choice of organometallic ligands. Many
of the most stable such organocopper derivatives contain
cyclopentadienyl ligands. A question of interest is whether
cyclopentadienylcopper derivatives can be synthesized in
which the copper atom has a formal oxidation state higher
than Cu(I). This paper explores theoretically the possibility
of using a combination of cyclopentadienyl and cyanide
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ligands to prepare organometallics having copper in formal
oxidation states above +1.

The cyanide ligand was chosen for this study since it is a
versatile strong field ligand. In this connection metal
cyanide complexes have attracted great attention in recent
years owing to their potential use as ion exchange materials
[4], catalysts [5], and molecular magnets [6, 7]. In these
complexes the cyanide ion (CN), isoelectronic with the
carbonyl (CO) ligand, can act either as a terminal or
bridging ligand (Fig. 1) [8].

A neutral cyanide ligand bridging a pair of metal atoms
only through the carbon atom (b in Fig. 1) donates a single
electron to the pair of metal atoms, analogous to a normal
two-electron donor bridging carbonyl group. However, a
neutral cyanide ligand can also function as a three-electron
donor n?-p-CN bridging moiety with the cyanide group
bonded to one metal atom through the usual M—C o-bond
and to the other metal atom through a m-bond from the
cyanide group (c in Fig. 1). Structures d and e are
alternative versions of three-electron donor 12-p-CN
bridging cyanide groups with and without metal-metal
bonds, respectively. Linear bridging cyanide groups (e in
Fig. 1) are found in polymeric metal cyanide complexes
such as Prussian Blue [9-11].

Copper cyanide complexes are of particular interest
because of their relationship to magnetic [12], photo-
luminescent [12], and superconducting [13, 14] materials.
Organocopper complexes are also of interest because of
their use in organic synthesis [15] and the characterization
of organocopper complexes [16—18].

The first reported organocopper(I) compound containing
both cyclopentadienyl and cyanide ligands was the ther-
mally unstable and air-sensitive methyl isocyanide complex
CpCuCNCH; (Cp = 1°-CsHs), reported in 1970 by Cotton
and Marks [19] as the product of the reaction of
[CH3NCCul]; with CsHsTl. The infrared spectrum of
CpCuCNCH; exhibits a v(CN) frequency of 2190 cm ',
which is distinctly higher than that for the free CH;NC
(2158 cm'), indicating weak 7-bonding to the cyanide
group. The complex CpCuCNCHj is closely related to the
likewise thermally unstable carbonyl derivative CpCuCO
[16], synthesized by the reaction of CuCl with TICp in the
presence of CO. Both CpCuCNCH; and CpCuCO have the
favored 18-electron configuration and are isoelectronic with
the much more stable CpNiNO, which was synthesized in
the early days of cyclopentadienyl metal chemistry [20].

Fig. 1 Terminal and bridging
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The permethylated derivative (1°-MesCs)CuCO, like
CpCuCO, is also unstable at room temperature. However,
the sterically hindered tetraisopropyl derivative (1n°-CsHR.)
CuCO (R=CHMe,) is much more stable and can be stored
at room temperature [21]. In addition, the fert-butyl
isocyanide derivative CpCuCNBu' is more stable than
CpCuCNCHj; and can remain unchanged for at least one
month at room temperature under nitrogen [22].

All of these known cyclopentadienylcopper com-
pounds have copper in the +1 formal oxidation state.
However, it is well-known that in aqueous solution the
d’ Cu(ll) is the common oxidation state of copper.
However, Cu(Il) is easily reduced to Cu(l) by cyanide in
aqueous solution [23], implying that the Cu(I) oxidation
state is more compatible than Cu(Il) in the presence of
cyanide. However, some stable Cu(Il) cyanide complexes
have been synthesized, e.g., [Cuy([14]4,11-diene-N4),CN]
(ClOy4)3 ([14]4,1 1-diene-N4=5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradeca-4,11diene) [24] and
[Cu"(dipn)][Cu"(CN),] (dipn=dipropylenetriamine) [25].

A question of some importance is whether cyclopenta-
dienylcopper cyanides having copper in formal oxidation
states above +1 are viable. This paper describes a density
functional theory (DFT) study on the organocopper
cyanides Cp,Cu,(CN), Cp,Cuy(CN),, and Cp,Cu,(CN);
having copper in the average formal oxidation states of
+1.5, +2, and +2.5, respectively, in order to provide
information on the equilibrium geometries and the relative
stabilities of these complexes.

The theoretical studies reported in this paper were
performed using the unsubstituted 1°-CsHs ligand in order
to simplify the optimizations in this exploratory research.
However, the properties of the known CpCuCO derivatives
discussed above suggest that highly substituted Cp rings
might be required to realize experimentally the chemistry
predicted from this theoretical study.

Theoretical methods

Since Cu(l) and Cu(Il) complexes can be considered as
highly-correlated systems with significant electron cluster-
ing, electron correlation effects are particularly important
[3]. In this paper, electron correlation effects were included
by employing density functional theory (DFT) methods,
which have evolved as a practical and effective computa-
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tional tool, especially for organometallic compounds [26—
41]. Two DFT methods were used in this study. The first
functional is B3LYP, a hybrid HF-DFT method combining
Becke’s three-parameter functional (B3) with the Lee,
Yang, and Parr (LYP) correlation functional [42, 43]. This
approach has been shown very reliable for the study of Cu
(D and Cu(l) complexes [3]. The other approach is the
BP86 method, which combines Becke’s 1988 exchange
functional (B) with Perdew’s 1986 correlation functional
method (P86) [44, 45], and the BP86 method usually
provides better vibrational frequencies [46, 47].

All computations were performed using double-( plus
polarization (DZP) basis sets. For carbon and cyanogen, the
DZP basis set used here adds one set of pure spherical
harmonic d functions (with orbital exponents og(C)=0.75
and o3(N)=0.80) to the Huzinaga-Dunning standard con-
tracted DZ sets and is designated (9s5p1d/4s2pld) [48-50].
For hydrogen, a set of p polarization functions (ot,(H)=
0.75) is added to the Huzinaga-Dunning DZ sets. For Cu,
our loosely contracted DZP basis set (14s11p6d/10s8p3d)
uses Wachters’ primitive set [51] augmented by two sets of
p functions and one set of d functions and contracted
following Hood, Pitzer and Schaefer [52].

The geometries of all structures were fully optimized
using both the DZP B3LYP and DZP BP86 methods. The
harmonic vibrational frequencies were determined at the
same levels by evaluating analytically the second deriva-
tives of the energy with respect to the nuclear coordinates.
The corresponding infrared intensities were evaluated
analytically as well. All of the computations were carried
out with the Gaussian 03 program [53]. The fine grid (75,
302) was the default for evaluating integrals numerically
[54]. The finer grid (120, 974) [54] was used for more
precise resolution of the imaginary vibrational frequencies.
The tight designation was the default for the self-consistent
field (SCF) convergence. Unless otherwise indicated, the
reported structures do not have any imaginary vibrational
frequencies.

Fig. 2 The three doublet
Cp,Cu,(CN) structures
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Since there is no wave function per se in the DFT
method, the evaluation of the expectation value of S? is
problematic. The most realistic and practical method
evaluates (S?) using the single determinant wave function
constructed form the appropriate DFT orbitals. When DFT
methods for open-shell systems perform poorly, one very
often observes serious spin contamination in the sense
defined here.

The structures for Cp,Cu,(CN), (n=1, 2, 3) are depicted
in Figs. 2, 3, 4, and 5. They are labeled by the number of
CN groups, order of relative energies, and spin state
(singlets, doublets, triplets and quartets designated as S,
D, T and Q, respectively). For example, the lowest-lying
triplet structure of Cp,Cu,(CN), is called 2CN-1T. The
upper and lower bond distances in the Figs. were
determined by the B3LYP and BP86 methods, respectively.

Results
Cp2Cuy(CN)

Three structures were found for Cp,Cu,(CN) in which the
copper atoms have an average formal oxidation state of
+1.5 (Fig. 2 and Table 1). All three structures are electronic
doublet states with negligible spin contamination, i.e., with
(S?) close to the ideal value of 0.75 (Table 1). The global
minimum for Cp,Cuy(CN), namely 1CN-1D, has one
bridging cyanide ligand and two terminal Cp ligands
(Fig. 2 and Table 1). The predicted Cu-C distances to the
bridging cyanide ligand are 1.870 A and 2.074 A (B3LYP)
or 1.847 A and 2.030 A (BP86). The Cu-N distance to this
bridging cyanide ligand is very short, namely 2.144 A
(B3LYP) or 2.146 A (BP86), and the C-N distance is
relatively long (1.189 A by B3LYP or 1.207 A by BP86),
indicating a three-electron donor 1n*-pu-CN group (¢ in
Fig. 1). The low (CN) frequency of 1CN-1D at 1981 cm
(BP86) can be assigned to this n>--CN group. The Cu-Cu
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Fig. 3 The four singlet
Cp,Cu,(CN), structures

2CN-3S (C2.)

distance of 2.694 A (B3LYP) or 2.629 A (BP86) can
correspond to a formal Cu—Cu single bond. However, this
presumed Cu—Cu single bond is ~0.2 A longer than the
experimental Cu—Cu single bond distance (2.448 A) in a
binuclear copper cryptate derivative [55] having the same
average copper formal oxidation state of +1.5 as 1CN-1D.
A formal Cu—Cu single bond in 1CN-1D gives one copper
atom an 18-electron configuration but the other copper
atom a 19-electron configuration, with a three-electron
donor bridging cyanide ligand.

Fig. 4 The two triplet
Cp,Cu,(CN), structures
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The Cp,Cu,(CN) structure 1CN-2D is a (5, structure
with a symmetrically bridging cyanide ligand and terminal
Cp ligands (Fig. 2 and Table 1). Structure 1CN-2D lies
1.9 kcal mol™' (B3LYP) or 1.1 kcal mol™ ' (BP86) above the
global minimum 1CN-1D. Structure 1CN-2D has all real
vibrational frequencies by BP86, but an imaginary frequen-
¢y (43i cm ') by B3LYP. In 1CN-2D, the bridging cyanide
ligand is coordinated through the C atom to the Cu—Cu
bond. Thus one sees a u-CN structure with a Cu,C three-
center two-electron bond to the two copper atoms and the

2CN-2T (C3.)
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carbon atom (b in Fig. 1). Such a bridging cyanide,
considered as a neutral ligand, donates a single electron to
the Cu, system. The corresponding (CN) frequency of
2017 cm ' (BP86) for the one-electron donor cyanide
ligand in 1CN-2D is larger than the 1(CN) frequency for
the three-electron donor cyanide ligand in 1CN-1D. The
Cu-C distances in 1CN-2D are 1.961 A (B3LYP) or
1.932 A (BP86). The Cu-Cu distance of 2.394 A
(B3LYP) or 2.380 A (BP86), is close to the experimental
Cu—Cu single bond distance (2.448 A) in the binuclear
copper cryptate derivative [55]. The cyanide bridged Cu-Cu
single bond gives one copper atom in 1CN-2D the favored
18-electron configuration but the other copper atom only a
17-electron configuration, consistent with the doublet spin
state.

A third doublet Cp,Cu,(CN) structure, namely 1CN-3D
(Fig. 2 and Table 1), is a C; structure with bridging Cp
rings as well as a three-electron donor n?-pu-CN bridging
cyanide ligand similar to that in 1CN-1D. Structure 1CN-
3D has all real vibrational frequencies and lies
14.0 keal mol ™' (B3LYP) or 15.1 kecal mol ™' (BP86) above
the global minimum 1CN-1D. In 1CN-3D, each copper
atom is bonded to four carbon atoms of the two Cp rings

3CN-2D (C,)

(two carbon atoms in each ring). The Cu-C distances to the
bridging cyanide ligand are predicted to be 1.983 A and
2.328 A (B3LYP) or 1.955 A and 2.322 A (BP86). The
three-electron donor cyanide ligand in 1CN-3D is charac-
terized by a short Cu—N distance of 2.150 A (B3LYP) or
2.096 A (BP86) as well as a relatively long C-N distance of
1.187 A (B3LYP) or 1.204 A (BP86), indicating a relatively
low C-N bond order for the cyanide ligand. The theoretical
vibrational frequency (CN) of 1CN-3D at 1977 cm'
(BP86) corresponds to this bridging cyanide ligand. The
predicted Cu—Cu distance of 2.514 A (B3LYP) or 2.480 A
(BP86) in 1CN-3D is consistent with the Cu-Cu single
bond required to give one copper atom the favored 18-
electron configuration and the other copper atom a 17-
electron configuration, consistent with a binuclear doublet.

Cp2Cuy(CN),

Six energetically low-lying structures were found for
Cp,Cu,(CN), (Figs. 3 and 4 and Tables 2 and 3), including
four singlet and two triplet structures. As expected, the
B3LYP method favors the higher spin states, while the
BP86 method favors the lower spin states [56].

Table 1 Total energies after
zero point energy (ZPE)
corrections (Ezpg, in Hartree),

Cp2Cuy(CN)
(1CN-1D) (C))

Cp2Cux(CN)
(1CN-2D) (C3y)

Cp2Cuy(CN)
(1CN-3D) (C))

relative energies (AE, in
kcal mol "), numbers of B3LYP Ezpe
imaginary vibrational AE

frequencies (Nimag), Cu-Cu

bond distances (A), and spin Nimg
contamination {S®) for each Cu-Cu
of the doublet stationary points D)
of szcuz(CN) BP86 EZPE
AE
Nimg
Cu-Cu
(8%

~3760.915286 ~3760.912182 ~3760.89295
0.0 1.9 14.0

0 1(43i) 0

2.694 2.394 2.514

0.76 0.76 0.76
~3761.370216 ~3761.368401 ~3761.34619
0.0 1.1 15.1

0 0 0

2.629 2.380 2.480

0.75 0.75 0.76
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Table 2 Total energies after
ZPE corrections (Ezpg, in Har-
tree), relative energies (AE, in

Cp2Cuy(CN),
(2CN-18) (Cy)

CpCuy(CN),
(2CN-28) (Cy)

Cp2Cuy(CN),
(2CN-38) (Cyy)

Cp2Cuy(CN),
(2CN-4S) (Cy)

kcal mol "), numbers of imagi-

nary vibrational frequencies B3LYP Ezpe

—3853.733747

—3853.733747 —3853.733747 —3853.733747

(Nimag), Cu-Cu bond distances AE 0.0 0.2 5.8 73
(A), and spin contamination Ni 1170V

(S for each of the singlet me 0 (70 0 0
stationary points of Cu-Cu 2.492 4.868 2.588 2.546
Cp,Cu,(CN), ($% 0.00 0.00 0.00 0.00

BP86 Ezpe —3854.20819 —3854.20819 —3854.20819 —3854.20819
AE 0.0 34 10.1 18.0

* When the finer grid (Grid= Nimg 0 2(22i, 93" 0 0
120, 974) was used, the imagi- Cu-Cu 2.459 4.849 2.558 2.494
nary vibrational frequencies (S% 0.00 0.00 0.00 0.00

disappeared

The Cp,Cu,(CN), global minimum is the singlet coaxial
structure 2CN-18S, which is predicted to be a C, structure
with two symmetrically bridging cyanide ligands and two
terminal Cp rings (Fig. 3 and Table 2). In 2CN-18, each of
the bridging cyanide ligands is coordinated through the C
atom to the two copper atoms. These bridging cyanide
ligands are predicted to exhibit 2(CN) frequencies at 2065
and 2072 cm ' (BP86). The Cu-C distances to the two
bridging cyanide ligands are 2.015 A and 2.016 A (B3LYP)
or 1.996 A and 1.997 A (BP86). The Cu-Cu distance in
2CN-1S is 2.492 A (B3LYP) or 2.459 A (BP86), which is
consistent with the Cu-Cu single bond required to give both
copper atoms the favored 18-electron configuration for a
binuclear singlet with two one-electron donor bridging
cyanide ligands.

The Cy singlet Cp,Cu,(CN), structure 2CN-2S lies
0.2 kcal mol™' (B3LYP) or 3.4 kcal mol ' (BP86) above
2CN-18S (Fig. 3 and Table 2). Structure 2CN-2S has a small
imaginary frequency (17; cm™ ") by B3LYP, but two small
imaginary frequencies (22i and 9i cm ') by BP86. All of

Table 3 Total energies after ZPE corrections (Ezpg, in Hartree),
relative energies (AE, in kcal mol "), numbers of imaginary
vibrational frequencies (Nimag), Cu-Cu bond distance (A), and spin
contamination (S?) for the two triplet Cp,Cu,(CN), structures

Cp2Cuy(CN),
(2CN-1T) (C))

Cp2Cuy(CN),
(2CN-2T) (Cy)

B3LYP Ezp —3853.749406 —3853.695024
AE -9.8 243
Nimg 0 0
Cu-Cu 3.896 2.841
(8% 2.02 2.02
BP86 Ezpi —3854.195504 —3854.15943
AE 8.0 30.6
Nimg 0 0
Cu-Cu 3.867 2.848
(8% 2.01 2.00

@ Springer

these small imaginary frequencies become real when a finer
(120, 974) integration grid is used, which indicates that
these small imaginary frequencies arise from numerical
integration error. One of the cyanide ligands in 2CN-2S is a
bridging ligand whereas the other is a terminal ligand. The
Cu-N-C bond angle to the bridging cyanide ligand is nearly
linear at 177.8° (B3LYP) or 176.9° (BP86). The Cu-C-N
bond angle to the bridging cyanide ligand is slightly bent at
163.9° (B3LYP) or 162.6° (BP86). The terminal cyanide
ligand in 2CN-28 exhibits a (CN) frequency at 2140 cm '
(BP86), which is larger than the (CN) frequency of the
bridging cyanide ligand (2084 cm '), but close to the
experimentally reported v(CN) frequencies for the bridging
cyanide ligands in [Cu,([14]4,1 1-diene-N,4),CN]Cl; and
[Cup(tren),-(CN),](BPhy), (2130 ecm™' and 2140 cm ',
respectively) [24]. The Cu-C distance to the bridging
cyanide ligand in 2CN-2S8 is 1.850 A (B3LYP) or
1.828 A (BP86), and that to the terminal cyanide ligand is
1.893 A (B3LYP) or 1.885 A (BP86). The Cu-N distance to
the bridging cyanide ligand is predicted to be 1.880 A
(B3LYP) or 1.874 A (BP86). The neutral bridging cyanide
ligand in 2CN-2S can be considered a donor of a total of
three electrons to the Cu, unit, namely one electron through
the Cu-C bond to one copper atom and two electrons
through the Cu-N bond to the other copper atom (d in
Fig. 1). The Cu-Cu distance in 2CN-2S is very long at
4.868 A (B3LYP) or 4.849 A (BP86), indicating the
absence of any Cu-Cu bond. Each copper atom in 2CN-
2S can be considered to have the favorable 18-electron
configuration, provided that the copper atom bearing the
terminal cyanide group has a formal positive charge and the
other copper atom a formal negative charge.

The next singlet Cp,Cu,(CN), structure 2CN-3S is a
perpendicular C,, structure with two bridging Cp ligands
and two terminal cyanide ligands (Fig. 3 and Table 2).
Structure 2CN-3S has all real vibrational frequencies and
lies 5.8 kcal mol ' (B3LYP) or 10.1 kcal mol ' (BP86)
above 2CN-1S. The »(CN) frequencies for the terminal
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cyanide ligands are predicted to occur at 2137 and
2138 cm™' (BP86). The Cu-C distances to the terminal
cyanide ligands in 2CN-3S are 1.896 A (B3LYP) or
1.883 A (BP86). The Cu-Cu distance is 2.588 A (B3LYP)
or 2.558 A (BP86), corresponding to the Cu-Cu single bond
required to give each copper atom the favored 18-electron
configuration with two one-electron donor terminal cyanide
ligands and assuming that the five 7t-electrons from each
bridging Cp ring are divided equally between the two
copper atoms.

The last singlet Cp,Cu,(CN), structure 2CN-4S (Fig. 3
and Table 2) is a C; structure lying 7.3 kcal mol ™' (B3LYP)
or 18.0 kcal mol™' (BP86) above 2CN-1S. One of the
cyanide ligands in 2CN-48 is a bridging ligand whereas the
other is a terminal ligand. Structure 2CN-4S has a
fascinating geometry since one copper atom is bonded to
two terminal Cp ligands whereas the other copper atom is
bonded only to the two cyanide ligands. One of the terminal
Cp ligands in 2CN-4S is pentahapto whereas the other
terminal Cp ligand is a dihapto ligand. The Cu-C distances
to the bridging cyanide ligand are 1.927 and 2.055 A
(B3LYP) or 1.912 and 2.017 A (BP86), whereas the Cu-C
distance to the terminal cyanide ligand is 1.881 A (B3LYP)
or 1.868 A (BP86). The bridging and terminal cyanide
ligands exhibit (CN) frequencies at 2059 and 2135 cm
(BP86), respectively. The Cu-Cu distance in 2CN-4S is
2.546 A (B3LYP) or 2.494 A (BP86), suggesting a formal
single bond.

The two triplet Cp,Cuy(CN), structures, namely 2CN-
1T and 2CN-2T, both have all real vibrational frequencies
and negligible spin contamination as indicated by (S%)
values close to the ideal 2.00 (Fig. 4 and Table 3). The
lowest energy of these triplet structures, namely 2CN-1T,
has two terminal Cp rings and two three-electron donor 1>
pu-CN bridging cyanide ligands. The B3LYP method
predicts structure 2CN-1T to lie 9.8 kcal mol ™' below
2CN-1S. However, the BP86 method predicts structure
2CN-IT to lie 8.0 kcal mol™' above 2CN-1S. This is
another example of the tendency of the B3LYP method to
favor higher spin states relative to the BP86 method [56].
Realistically, this triplet state is likely to be nearly
degenerate with the lowest singlet. The Cu-C distances to
one of the bridging cyanide ligands in 2CN-1T are 1.968 A
and 2.769 A (B3LYP) or 1.929 A and 2.745 A (BPS6),
whereas the Cu-C distances to the other bridging cyanide
ligand are 1.968 A and 2.770 A (B3LYP) or 1.929 A and
2.747 A (BP86). The two n*-p-CN groups in 2CN-1T have
the expected short Cu-N distances of 2.084 A and 2.085 A
(B3LYP) or both 2.073 A (BP86), the expected relatively
long C-N distances of 1.179 A (B3LYP) or 1.194 A
(BP86), and exhibit the expected low (CN) frequencies
of 2050 and 2057 cm™' (BP86). The Cu-Cu distance for
2CN-1T is very long, namely 3.896 A by B3LYP or

3.867 A by BP86, indicating the absence of a direct
copper-copper bond. This gives each copper atom a 19-
electron configuration, corresponding to a binuclear
triplet.

The other triplet structure for Cp,Cu,(CN),, namely 2CN-
2T, lies at the relatively high energy of 24.3 kcal mol™
(B3LYP) or 30.6 kcal mol' (BP86) above 2CN-1S.
Structure 2CN-2T is a C,, perpendicular dimetallocene
structure with two terminal cyanide ligands and thus is
geometrically similar to 2CN-3S. In 2CN-2T, each copper
atom is bonded to four carbon atoms of the two Cp rings.
The terminal cyanide ligands have Cu-C distances of
1.958 A (B3LYP) or 1.946 A (BP86) and exhibit (CN)
frequencies at 2122 and 2123 cm™' (BP86). These (CN)
frequencies are very close to the experimentally reported
Y(CN) frequencies for the terminal cyanide ligands in
[1-BusN]>[Mo,"(CN)g(dppm),] -+ 2(CH3CN) - 2(CeHy)
(2079 cm' and 2094 cm ') and [n-BuyN],[Mo,™"
(CN)e(dppm),] - 2(H,0) - 2(CeHg) (2108 cm ') [57]. The
Cu-Cu distance in 2CN-2T is 2.841 A (B3LYP) or 2.848 A
(BP86). This can be interpreted as the formal Cu-Cu single
bond required to give each copper atom the 17-electron
configuration for a binuclear triplet with two one-electron
donor terminal cyanide ligands.

Cp2Cuy(CN);

Finally, we turn to the copper dimers with three CN groups.
Thus, optimizations have been carried out on doublet and
quartet Cp,Cuy(CN); structures, in which the three cyanide
ligands are either bridging or terminal. (Figs. 5 and 6 and
Tables 4 and 5). All of the doublet Cp,Cu,(CN); structures
have three-electron donor bridging n*-u-CN cyanide
ligands.

The global minimum Cp,Cu,(CN);z structure is the
doublet 3CN-1D with one n>-p-CN bridging cyanide
ligand, two terminal cyanide ligands, and two terminal Cp
rings (Fig. 5 and Table 4). Structure 3CN-1D has negligible
spin contamination with (S* = 0.76 (B3LYP) or 0.75
(BP86) and has all real vibrational frequencies. The Cu-C
and Cu-N distances to the bridging cyanide ligand in 3CN-
1D are 1.901 and 1.991 A (B3LYP) or 1.898 and 1.916 A
(BP86), respectively. The corresponding 1(CN) frequency
to the bridging cyanide ligand is predicted to be 2152 cm
(BP86), which is slightly higher than the (CN) frequencies
of the two terminal cyanide ligands (2141 and 2126 cm ).
The bond angles of Cu-C-N and Cu-N-C to this bridging
cyanide ligand are 167.3° (B3LYP) or 166.3° (BP86) and
153.0° (B3LYP) or 159.3° (BP86). The Cu-C distances to
the terminal cyanide ligands are 1.890 and 1.940 A
(B3LYP) or 1.894 and 1.907 A (BP86), respectively. The
Cu-Cu distance in 3CN-1D is 4.821 A by B3LYP or
4.825 A by BP86, indicating no direct chemical interaction
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Fig. 6 The two quartet
stationary points of
Cp2Cux(CN)s
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between the two Cu atoms. One of the copper atoms in
3CN-1D has an 18-electron configuration but the other
copper atom has a 19-electron configuration, consistent
with the doublet spin multiplicity.

Another doublet Cp,Cu,(CN); structure 3CN-2D has
one copper atom bonded to a portion of each Cp ring and
the second copper atom bonded only to cyanide ligands
(Fig. 5 and Table 4). Structure 3CN-2D has two three-
electron donor bridging n*-u-CN cyanide ligands and one
terminal cyanide ligand, and lies at the relatively high
energy of 22.0 kcal mol™' (B3LYP) or 32.0 kcal mol '
(BP86) above the global minimum 3CN-1D. Structure
3CN-2D is found to be problematic, having serious spin
contamination with the spin expectation value (S%) = 1.75
(B3LYP) or 1.24 (BP86), which is much higher than the
ideal 0.75. For the bridging cyanide ligands, the longer Cu-
C distances are 2.828 A and 2.842 A (B3LYP) or 2.826 A
and 2.862 A (BP86), and the shorter ones are 1.941 A and
1.969 A (B3LYP) or 1.912 A and 1.955 A (BP86). Again

Table 4 Total energies after ZPE corrections (Ezpg, in Hartree),
relative energies (AE, in kcal mol™'), numbers of imaginary
vibrational frequencies (Nimag), Cu-Cu bond distance (A), and spin
contamination (S*) for each of the doublet stationary points of
Cp2Cuy(CN)3

there are very short Cu-N distances, namely 2.168 A and
2.180 A (B3LYP) or 2.054 A and 2.066 A (BP86),
indicating that both bridging cyanide ligands are three-
electron donor n>-u-CN groups, consistent with their low
UCN) frequencies of 2032 and 2040 cm ' (BP86). The
Y(CN) frequency of the terminal cyanide ligand in 3CN-2D
is predicted to be significantly higher at 2108 cm ™' (BP86),
very close to the experimentally reported 1(CN) frequencies
for the terminal cyanide ligands in [n-BuyN]o[Mo,"™"
(CN)6(dppm)>]*2(CH;CN)*2(C¢Hg) (2079 c¢cm™ ' and
2094 cm ') and [#-BuyN]o[Mo,™(CN)s(dppm),]+2(H,0)e2
(CeHe) (2108 cm™ ") [57]. The long Cu-Cu distance in 3CN-
2D of 3.962 A (B3LYP) or 4.013 A (BP86) clearly indicates
the absence of a direct Cu-Cu bond.

Two quartet Cp,Cuy(CN); structures were found (Fig. 6
and Table 5), all with very small spin contamination
(Table 5). The lowest energy of these quartet Cp,Cuy(CN);
structures, namely 3CN-1Q, is a C; structure with one
bridging and two terminal cyanide ligands. Structure 3CN-

Table 5 Total energies after ZPE corrections (Ezpg, in Hartree),
relative energies (AE, in kcal mol™'), numbers of imaginary
vibrational frequencies (Nimag), Cu-Cu bond distance (A), and spin
contamination (S>) for each of the quartet stationary points of
Cp2Cuy(CN)3

CpaCuy(CN)3
(3CN-1D) (C)

Cp2Cuy(CN);
(3CN-2D) (C))

Cp2Cuy(CN);
(3CN-1Q) (Cy)

CpaCuy(CN)3
(3CN-2Q) (Cy)

B3LYP Ezp —3946.559983 —3946.524981
AE 0.0 22.0
Nimg 0 0
Cu-Cu 4.821 3.962
(8% 0.76 1.75
BP86 Ezpi —3947.027201 —3946.976183
AE 0.0 32.0
Nimg 0 0
Cu-Cu 4.825 4.013
(8% 0.75 1.24

B3LYP Ezpe —3946.559983 —3946.559983
AE 13.2 16.1
Nimg 0 0
Cu-Cu — 4.020
(8% 3.78 3.77
BP86 Ezpp —3947.027201 —3947.027201
AE 30.7 25.3
Nimg 0 0
Cu-Cu — 3.900
(8% 3.76 3.76
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1Q has all real vibrational frequencies and lies
13.2 keal mol™" (B3LYP) or 30.7 kcal mol ' (BP86) above
3CN-1D. Structure 3CN-1Q, like 3CN-2D, is an interesting
structure in which one copper atom is bonded to a portion of
the two Cp rings (1>-CsHs by B3LYP or n*-CsHs by BP86)
and the other copper atom is only bonded to the cyanide
ligands. In addition, in 3CN-1Q, the Cu-C-N and Cu-N-C
bond angles to this bridging cyanide ligand are essentially
linear, namely 179.5° and 178.8° by B3LYP or 178.8° and
178.5° by BP86. This bridging cyanide ligand exhibits a
CN) frequency at 2120 cm™', which is very close to the
experimentally reported (CN) frequencies for the bridging
cyanide ligands in [Cuy([14]4,1 l-diene-N4),CN]Cl; and
[Cus(tren),-(CN),](BPhy), (2130 cm ' and 2140 cm ')
[24]. Moreover, the (CN) frequencies for the bridging
cyanide ligand are nearly equal to the frequencies for the
terminal cyanide ligands, namely 2124 and 2131 cm'
(BP86). The Cu-C and Cu-N distances to the bridging
cyanide ligand are 1.878 and 1.882 A (B3LYP) or 1.855 and
1.875 A (BP86), and the Cu-C distances to the terminal
cyanide ligands are 1.879 and 1.898 A (B3LYP) or 1.863
and 1.888 A (BP86).

The other quartet Cp,Cu,(CN); structure 3CN-2Q has
two three-electron donor bridging n*-u-CN cyanide
ligands, one terminal cyanide ligand, and two terminal Cp
rings (Fig. 6 and Table 5). Structure 3CN-2Q is predicted to
lie 16.1 kcal mol™" (B3LYP) or 25.3 kcal mol ™' (BP86)
above 3CN-1D. In 3CN-2Q, the “upper” copper atom is
bonded to a portion of one Cp ring (n*-CsHs by B3LYP or
n*-CsHs by BP86), but the “lower” copper atom is bonded
to all five carbon atoms of the other Cp ring (°-CsHs). The
longer Cu-C distances to the bridging cyanide ligands are
2.863 A and 2.878 A (B3LYP) or 2.801 A and 2.799 A
(BP86), and the shorter ones are 1.981 A and 1.997 A
(B3LYP) or 1.944 A and 1.945 A (BP86). Both three-
electron donor cyanide ligands are characterized by short
Cu-N distances of 2.008 A and 2.087 A (B3LYP) or
2.068 A and 2.069 A (BP86), relatively long C-N distances
of 1.178 A (B3LYP) or 1.193 A and 1.194 A (BP86), and
low (CN) frequencies of 2042 and 2056 cm ' (BP86). The
Y(CN) frequency for the terminal cyanide ligand is at

2123 cm ' (BP86), which is very close to the experimen-
tally reported (CN) frequencies for the terminal cyanide
ligands in [n-BusN]>[Mo,™"(CN)¢(dppm),] - 2(CH;CN) - 2
(C¢He) (2079 cm™' and 2094 cm ') and [#-BusN],[Mo,™
(CN)g(dppm),] - 2(H,0) - 2(CeHg) (2108 cm ') [57]. The
Cu-C distance to the terminal cyanide ligand is 1.914 A
(B3LYP) or 1.930 A (BP86). The Cu-Cu distance in 3CN-
2Q is 4.020 A (B3LYP) or 3.900 A (BP86), indicating the
lack of a direct copper-copper bond.

Dissociation energies

Table 6 lists the dissociation energies for the reactions
Cp>Cus(CN),— Cp,Cu,(CN),, 1+ (CN), considering the
lowest energy structures. Such dissociation of Cp,Cuy(CN);
is predicted to be exothermic by —10.1 kcal mol ' (B3LYP)
or —6.5 kcal mol ™' (BP86). This suggests that Cp,Cu,(CN)5
is likely to be a thermodynamically disfavored molecule.
This is consistent with the observed relative instability of
copper oxidation states above +2 in most coordination
environments [23]. However, the dissociation energies for
Cp>Cuy(CN), and Cp,Cuy(CN) are slightly endothermic
from 2 to 7 kcal mol ' suggesting that Cp,Cu,(CN), and
Cp,Cuy(CN) are marginally viable with respect to cyanide
loss. This suggests that both Cp,Cu,(CN), and Cp,Cu,(CN)
might be stable enough to be observed at low temperatures.
For comparison, the dissociation of Cu(CN), into CuCN+"
(CN), at —15.7 kcal mol™" (B3LYP) or —11.8 kcal mol
(BP86) is predicted to be more exothermic than that of either
Cp,>Cuy(CN); or Cp,Cuy(CN),. This suggests that coordina-
tion of the Cp ligand to copper in formal oxidation states
above +1 stabilizes Cu—CN bonds, providing a chance to
obtain isolable copper cyanide complexes in higher oxidation
state.

The dissociation energies of the binuclear derivatives,
Cp,Cuy(CN), and Cp,Cuy(CN), into mononuclear frag-
ments are also reported (Table 6). In order to obtain these
energetic data, the structures of the mononuclear CpCu
(CN) and CpCu were optimized by the same DFT methods
(Fig. 7). The large predicted energies of 29.4 kcal mol ™’
(B3LYP) or 36.5 kcal mol ' (BP86) for the dissociation of

Table 6 Dissociation energies

(kcal mol™") including zero- B3LYP  BP86

point vibrational energy (ZPVE)

corrections for the Cp,Cu,(CN), Cp,Cuy(CN); (3CN-1D)— Cp,Cuy(CN), (2CN-1T/2CN-18) +1/2 (CN), —10.1 -6.5

derivatives Cp>Cus(CN), (2CN-1T/2CN-18)— Cp>Cu,(CN) (1CN-1D) +1/2 (CN), 47 5.4
Cp,Cuy(CN) (1CN-1D)— Cp,Cu, +1/2 (CN), 2.1 6.2
Cp,Cuy(CN), (2CN-1T/2CN-1S)—2CpCu(CN) 29.4 36.5
Cp,Cuy(CN) (1CN-1D)— CpCu(CN)+CpCu 443 54.6
2Cp,Cuy(CN), (2CN-1T/2CN-18S)— Cp,Cuy(CN); (3CN-1D)+Cp,Cuy(CN) (1ICN-1D) 148 11.9
Cu(CN),—CuCN +1/2 (CN), -15.7 -11.8
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Fig. 7 Optimized

Cp,Cu,, CpCu(CN) and
CpCu fragments at the same
level of theory

CpCu;

Cp,Cu,(CN), into two CpCu(CN) fragments indicate that
the Cp,Cu,(CN), global minimum 2CN-1S or 2CN-1T is
viable with respect to dissociation into mononuclear
fragments. The energy for the dissociation of
Cp,Cuy(CN) into CpCu(CN)+CpCu is even higher at
443 keal mol™' (B3LYP) or 54.6 kcal mol ' (BPS6).
Furthermore, the disproportionation of Cp,Cu,(CN),
(2CN-1T/2CN-18S) into Cp,Cuy(CN); (3CN-1D)+
Cp,Cuy(CN) (1CN-1D), is predicted to be endothermic
by 14.8 kcal mol™' (B3LYP) or 11.9 kcal mol™" (BP86),
suggesting at least marginal viability for Cp,Cu,(CN)5,.

Discussion

The lowest energy structures of Cp,Cu,(CN), (n=1, 2, 3)
generally have terminal Cp rings, and bridging cyanide
ligands up to a maximum of two bridges. The monocyanide
Cp,Cu,(CN) with one Cu(Il) atom and one Cu(I) atom is
formally a mixed oxidation state derivative with an average
copper formal oxidation state of +1.5. The Cu-Cu distance
in the Cp,Cu,(CN) global minimum structure 1CN-1D is
~0.2 A longer than the experimental Cu—Cu single bond
distance [55] in a binuclear dicopper cryptate complex with
the same average copper oxidation state of +1.5 as in
Cp,Cu,(CN). However, it can still be interpreted as a
formal single bond. The neutral bridging cyanide ligand in
1CN-1D is formally a two-electron donor to the copper
atom, being within bonding distance to both the carbon and
nitrogen and a one-electron donor to the other copper atom,
which is within conventional bonding distance of only the
carbon atom. This gives one copper atom the favored 18-
electron configuration and the other copper a 19-electron
configuration.

The dicyanide, Cp,Cu,(CN),, is formally a complex of
d’ Cu(Il) with a single unpaired electron per copper atom.
Therefore, the lowest energy Cp,Cuy(CN), structure with
two Cu(Il) atoms is expected to be a triplet spin state.
However, low energy Cp,Cu,(CN), structures are found in
both the singlet and triplet spin states. The B3LYP method
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predicts lower energies for the triplet structures, while the
BP86 method predicts lower energies for the singlet
structures. This is consistent with previous observation
[56] of the tendency of the B3LYP method to favor higher
spin states relative to the BP86 method.

The lowest energy singlet Cp,Cu,(CN), structure 2CN-
1S (Fig. 3 and Table 2) is a C, structure with two bridging
cyanide ligands and two terminal Cp rings. The predicted
Cu-Cu distance in 2CN-18 of ~2.48 A can be interpreted as
a formal single bond, thereby giving both copper atoms the
favored 18-electron configuration.

The lowest energy triplet Cp,Cuy(CN), structure 2CN-
1T (Fig. 4 and Table 3) is an unsymmetrical structure with
two bridging cyanide ligands and two terminal Cp rings.
This structure is very different from the singlet structure
2CN-1S. The bridging cyanide ligands donate two elec-
trons to one copper atom through a dative N—Cu bond and
a single electron to the other copper atom through a Cu—C
covalent bond. This type of three-electron donor bridging
cyanide ligand is different from the n*-p-CN ligand in the
Cp,Cuy(CN) structure 1CN-1D, where the cyanide carbon
is within bonding distance of both copper atoms. The long
Cu-Cu distance in 2CN-1T of ~3.9 A indicates the lack of a
direct copper-copper bond. This gives each copper atom a
19-electron configuration consistent with a binuclear triplet
structure.

The tricyanide Cp,Cu,(CN); with one Cu(Il) atom and
one Cu(Ill) atom is formally a mixed valence compound
with an average copper oxidation state of +2.5 [58]. The
global minimum Cp,Cu,(CN); structure is the doublet
3CN-1D with one bridging cyanide ligand, two terminal
cyanide ligands, two terminal Cp rings, and a long non-
bonding CuCu distance of ~4.8 A. This structure is
predicted to be thermodynamically unstable toward
cyanogen loss to give Cp,Cuy(CN),.

Some fairly low energy Cp,Cu,(CN), structures are also
found having one or two bridging Cp rings. Such a
Cp,Cu,(CN) structure (1CN-3D) has a three-electron donor
bridging cyanide ligand, which is characterized by a short
Cu-N distance and a relatively long C-N distance. The
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(CN) frequency in 1CN-3D of 1977 cm™' (BP86)
corresponds to the bridging cyanide ligand. The predicted
Cu-Cu distance of ~2.5 A in 1CN-3D corresponds to a Cu-
Cu single bond, thereby giving one copper atom the
favored 18-electron configuration and the other copper
atom a 17-electron configuration for a doublet spin state
structure. For Cp,Cu,(CN),, both singlet and triplet
perpendicular structures, namely 2CN-3S and 2CN-2T,
respectively, were found having two bridging Cp rings and
two terminal cyanide ligands (Figs. 3 and 4). In addition, an
unsymmetrical singlet Cp,Cuy(CN), structure 2CN-4S was
found with both Cp rings bonded to one copper atom as
terminal ligands and only cyanide ligands bonded to the
second copper atom. For Cp,Cu,(CN);, both doublet
(3CN-2D) and quartet (3CN-1Q) structures are found with
one copper atom bonded to a portion of the two Cp rings
and only cyanide ligands bonded to the second copper
atom. Structure 3CN-2D has two three-electron donor
bridging 1n*-p-CN cyanide ligands and one terminal
cyanide ligand, while structure 3CN-1Q has one bridging
and two terminal cyanide ligands.

A study of the energetics of cyanogen dissociation
CpZCuz(CN)n—>CpZCuz(CN),,_l+'/2 (CN), (Table 6) sug-
gests that Cp,Cu,(CN); is likely to be a thermodynamically
disfavored molecule, while Cp,Cu,(CN), and Cp,Cu,(CN)
are marginally viable. The energies for dissociation of any
of the binuclear Cp,Cu,(CN), species into mononuclear
fragments is clearly very large (29 to 55 kcal mol '). The
dicyanide Cp,Cu,(CN), is predicted to be viable by
~12 kecal mol ' with respect to disproportionation into
Cp,Cu,(CN); and Cp,Cu,(CN).

Conclusions

The lowest energy structures of the binuclear cyclopenta-
dienylcopper cyanides Cp,Cu,(CN), (Cp=n’-CsHs; n =1,
2, 3) are predicted to have terminal Cp rings and bridging
cyanide ligands up to a maximum of two bridges, while
higher-energy Cp,Cu,(CN), structures are found with
bridging Cp rings. The Cp,Cu,(CN) and Cp,Cuy(CN),
derivatives, having average copper oxidation states of +1.5
and +2, respectively, are predicted to have marginal
viability. However, with respect to cyanogen loss, the
Cp,Cu,(CN); derivative, in which the copper atoms have
an average oxidation state +2.5, is likely to be thermody-
namically disfavored.
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