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An Exploration of the Structural and Bonding Variability in Mixed-Ligand
Benzimidazole-2-thione(bromo)(triarylphosphane)dicopper(i) Complexes with
Diamond-Shaped Cu,(p-X), Core Structures
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Philip J. Cox,!*! and Athanassios C. Tsipis*I2!
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Reaction of copper(l) bromide with benz-1,3-imidazole-2-
thione (bzimtH,) in the presence of one equivalent of tri-
phenylphosphane (PPhj), tri-meta-tolylphosphane (tmtp) or
tri-para-tolylphosphane (tptp) in acetonitrile/methanol sol-
vent afforded dinuclear complexes formulated as
[CuBr(bzimtH,)(PR3)],. The new complexes were charac-
terized by IR, UV/Vis, and 'H NMR spectroscopy, while the
crystal structures of [{CuBr(p,-S-bzimtH,)(PPhs)}s]o.78[{Cu(pz-
Br)(PPh;) (bzimtH,)}slo22 (1), [CuBr(j,-S-bzimtH,)(tmtp)], (2)
and [CuBr(u,-S-bzimtH,)(tptp)]. (3) were determined by sin-
gle-crystal X-ray diffraction methods. In complex 1, with
spectator PPhj ligands, the unit cell of the crystal consists of
two different half-molecules, both corresponding to the for-
mula [CuBr(bzimtH,)(PPhs)],. One of the two molecules
(molecule A) is a symmetrical dicopper() complex in which

the exocyclic thione S-atoms serve as bridges between the
Cu' ions. The second one (molecule B) is disordered and can
be resolved into two separate entities, one p,-S dicopper(1)
complex, similar to molecule A (molecule B1), and another
one (molecule B2) involving p,-Br bridges. In contrast, in
complexes 2 and 3, with spectator tmtp and tptp ligands, only
the bzimtH,-bridged dicopper complexes are formed. Den-
sity functional calculations at the B3LYP level of theory pro-
vided a satisfactory description of the structural, bonding,
electronic and related properties of all dicopper complexes
exhibiting the “diamond-shaped” Cu,(u-X), (X = S or Br)
core structures and account well for their structural prefer-
ences.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Polynuclear metal-sulfur coordination sites formed by
metal ions with a d'° configuration constitute the active
sites in a super-family of ubiquitous cysteine-rich, low-mo-
lecular-weight proteins or polypeptides called metallo-
thioneins.['"?! Investigations directed to explore the struc-
ture and chemistry of metallothioneins in detail are ex-
tremely important taking into account that nature makes
use of them as multipurpose proteins. Considering that ob-
taining precise structural information on metallothioneins
is a very difficult task, it appears to be appropriate to study
the coordination behavior of copper in model complexes
reaching from mononuclear to higher nuclearities. All of
them might act as structural and spectroscopic models for
copper thioneins and might contribute to the understanding
of the thionein structure and function. The most useful li-
gands for modeling cysteine bonding are undoubtedly thiol-
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ates. Heterocyclic thiones are an important class of such
ligands, and therefore their coordination properties with
many transition metals have been studied extensively. Al-
though the coordination chemistry of heterocyclic thiones
is characterized by a wealth of coordinating possibilities,
studies on their coordination with copper(1) metal centers
have revealed that monodentate coordination through the
exocyclic thione sulfur atom is the preferred bonding mode
of the ligands. Within this class of coordination com-
pounds, the tendency of heterocyclic thiones to bridge me-
tal centers to form oligo- or polymeric species is also well
established.*! In the oligonuclear complexes, which are nor-
mally prepared from Cu! or Cu! salts and thiolates under
various reaction conditions in a variety of solvents, the li-
gands are normally bridging. In the course of our research
on the coordination chemistry of copper(1) halides with a
variety of thiones and tertiary arylphosphanes we have re-
ported the synthesis and structural studies of symmetrical
binuclear species, with the thione ligand coordinated
through the exocyclic sulfur atom in a p,-S bridging
mode.* ¢ However, in many other cases the reaction of
copper(1) halides with thione ligands yielded dicopper(1)
complexes with a “diamond-shaped” Cu,(u-X), core struc-
ture involving the halide as bridging ligands, particularly for
the “soft” iodide rather than the “hard” chloride ligand.[*7!
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Thus, the coordination behavior (terminal or bridging) of
the thione and halide ligands seems to be determined pri-
marily by the choice of the halide ligand, although the na-
ture of the thione and, to a lesser extent, of the spectator
phosphane ligand might also play a significant role. In or-
der to further investigate trends in the formation of these
two different types of binuclear copper(1) halide complexes
of the general formula [CuX(thione)(PR3)], involving either
a double halide or a double thione-sulfur bridge, we report
in this work the results of a detailed experimental and
quantum chemical (DFT) study of three new, mixed-ligand
dinuclear complexes of copper(l) with bromide, benz-1,3-
imidazole-2-thione (bzimtH,) and triphenylphosphane
(PPh3), tri-m-tolylphosphane (tmtp) or tri-p-tolylphos-
phane (tptp) as ligands pursuing a threefold objective: (i)
the examination of the preferred p,-S or p,-Br bridging
mode; (ii) the exploration of the role played by the spectator
phosphane ligands, which exert different steric effects while
they differ slightly in their basicity; and (iii) the understand-
ing of the role of the bromide ligands, which have a donor
capacity on the border between “soft” and “hard”, in form-
ing either p,-S or p,-Br bridges in the dicopper(l) com-

plexes.
N
L
NH

bzimtH,

Results and Discussion

Synthesis

The reaction of equimolar quantities of copper(1) bro-
mide and triphenylphosphane, tri-m-tolylphosphane or tri-
p-tolylphosphane followed by the addition of one equiva-
lent of 1,3-benzimidazole-2-thione (bzimtH,) in dry aceto-
nitrile/methanol solution at 25°C afforded pale-yellow
microcrystalline solids which, on analysis and spectroscopic
measurements (IR, "H NMR), were found to correspond
to the formulae [{CuBr(p,-S-bzimtH,)(PPhs)},]o 75[{ Cu(,-
Br)(PPhs)(bzimtH»)}]o 2> (1), [CuBr(p,-S-bzimtH,)(tmtp)],
(2) and [CuBr(u,-S-bzimtH,)(tptp)]> (3). Compounds 1-3
are air-stable, diamagnetic, crystalline materials that are sol-
uble in polar solvents such as acetonitrile and dimethyl sulf-
oxide, slightly soluble in chloroform and dichloromethane,
and insoluble in water, diethyl ether and tetrahydrofuran.

The infrared spectra recorded in the range of 4000-
250 cm~! show distinct strong vibrational bands due to the
phosphane ligand, which remain practically unshifted upon
coordination to the metal center. Moreover, the spectra of
1-3 contain the usual four “thioamide bands” required by
the presence of the heterocyclic thione ligand, as well as the
characteristic v(NH) stretching vibration observed at about
3220 cm!. The observed shifts of these bands enforced by
coordination, in conjunction with the lack of the v(SH)
stretching vibration band, signifies the exclusive S-coordi-
nation mode of the 1,3-benzimidazole-2-thione ligand.

Eur. J. Inorg. Chem. 2005, 1442-1452 www.eurjic.org

The '"H NMR spectra, recorded in CDCl;, are domi-
nated by the presence of multiplets in the region of ¢ =
7.45-7.03 ppm attributed to the phenyl protons of the phos-
phane ligands as well as to the aromatic protons of the
thione ligand. The extent of overlapping does not allow res-
olution between these signals, making assignment of the
splitting pattern for the individual thione resonances very
difficult. Upon coordination, the methyl protons of the tri-
p-tolyl- and tri-m-tolylphosphane ligands are shifted
slightly upfield by 0.09 and 0.08 ppm respectively. Further-
more, the observation of a broad singlet at around J =
11 ppm due to the proton resonance of the NH groups, and
the absence of a signal due to the proton resonance of the
SH moiety, strongly suggest that the thione ligand is coordi-
nated to the metal center in its thionato form.

It is well known that deviation from the common four-
coordination in copper(l) complexes can be induced by an
increase of the bulkiness of the ligands. In this context, ac-
cording to our previous experience with the use of triaryl-
phosphanes in mixed-ligand Cu' halide complexes, tri-
phenylphosphane as well as tri-m-tolyl- and tri-p-tolylphos-
phane turned out to be relatively small; a coordination
number of three could be achieved only for the bulkier tri-o-
tolylphosphane.[®°! Similarly, the steric requirements of the
neutral heterocyclic thiones used do not affect the coordina-
tion number of the complexes, since terminal or bridging S-
coordination has been observed but always around a tetra-
hedrally coordinated copper atom. Thus, on the basis of the
chemical composition of the new compounds, we assumed
that complexes 1, 2 and 3 are doubly bridged (u,) binuclear
complexes. In order to verify our assumption and to con-
firm the nature of the bridge, we determined the structures
of the three complexes by single-crystal X-ray diffraction
methods.

Description of the Structures

[ {CuBr(ps-S-bzimtH,) (PPhs) }] .75 {Cu(ps-Br) (PPh;)-
(bzimtH3) }>]9.22 (1)

The unit cell of the crystal consists of two different
half-molecules, both corresponding to the formula
[CuBr(bzimtH,)(PPhs)],. One of the two molecules (mole-
cule A, Figure 1) is a symmetrical dicopper(1) complex in
which the thione S-atoms serve as bridges between the Cu!
ions. The second one (molecule B, Figure 2) is disordered
and can be resolved into two separate entities, one p,-S di-
copper(1) complex, similar to molecule A (molecule B1),
and another one (molecule B2) involving i,-Br bridges. The
disordered atoms are Br(2), (Br2’), (S2), (S2'), N(4), N(4'),
H(4), (H4"), C(26) and (C26"), while the other atoms are
considered to overlap. Due to this disorder the hydrogen
atoms attached to N(3), C(28) and C(32) in molecule B
were omitted from the calculations. The six-membered ring
C(27)-C(32) has high displacement parameters due to the
disorder. Selected bond lengths and angles for 1 are given
in Table 1 and ORTEP views showing the atom numbering
schemes of molecules A, Bl and B2 are given in Figures 1
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and 2. Molecule B1 consists of the atoms Cu(2), Br(2), P(2),
S(2), N(3), N(4) and C(26)-C(50) (unprimed, 56% occu-
pancy), while the atoms Cu(2), Br(2"), P(2), S(2"), N(3),
N4, C(26"), C(27)-C(50) (primed, 44% occupancy) be-
long to the Br-bridged molecule B2. The basic structural
unit of molecules A and B1 corresponds to a “diamond-
shaped” Cu,(u-S), core formed by the operation of an in-
version center. The doubly bridging S atoms and the Cu'
metal centers constitute a strictly planar Cu,S, core in
which each copper(1) center displays a distorted tetrahedral
environment, with the other two positions of the tetrahedra
being occupied by a P donor atom of the PPhj; ligand and a
bromide ligand. The two bromide ligands in trans positions
stabilize the complex further through the formation of two
short, symmetrical, intramolecular hydrogen bonds

Figure 1. ORTEP view showing the metal environment and the
atom labelling scheme in compound 1 (Molecule A). Displacement
ellipsoids are shown at the 50% probability level.

B1

(Table 1). In general, there are small but definite differences
in bond lengths and angles within the central cores of mole-
cules A and B1. In both structures the bridging sulfur atoms
and the two copper atoms form a parallelogram with two
short and two longer Cu-S bonds. Although each of these
two individual Cu-S distances is not far from the values in
other copper(1) complexes with equivalent bonds, the asym-
metry in the bridging Cu-S distances is the largest among
the thione-S coordinated copper(1) complexes structurally
characterized by us so far.

The Cu-P bond lengths in the three individual molecules
lie in the range normally found in analogous dicopper(1)
complexes with halide or sulfur bridging ligands. In con-
trast, the significant differences in the corresponding Cu-—
Br bond lengths are noteworthy. In general terms, the bridg-
ing Cu-Br distances are somewhat longer than those found
previously in other mixed-ligand dicopper(l) complexes
containing bromide, phosphane and heterocyclic thione
ligands, but are shorter than those found in
[CuBr(tzdtH)(tmtp)],.5!

In all three structures the interbond angles around the
central copper(l) atoms show remarkable deviations from
idealized tetrahedral geometry, with the Br(1)-Cu(1)-S(1)
bond angle of 93.89(5)° in molecule A representing the most
significant distortion. Finally, the S-Cu-S (Br—Cu-Br) and
Cu-S-Cu (Cu-Br-Cu) bond angles in the “diamond-
shaped” Cu,S, (or Cu,Br,) cores are close to the calculated
ideal values (109.5 and 70.5°) for a symmetric dimer.

[ CuBr(u,-S-bzimtH;) (tmtp) |, (2) and [ CuBr(u,-S-
bzimtH>) (tptp)]> (3)

Selected bond lengths and angles for compounds 2 and
3 are given in Tables 2 and 3 and the molecular structures
are displayed in Figures 3 and 4, respectively.

The basic structural unit of both complexes is a dicop-
per(1) unit with the two copper(1) atoms doubly bridged by
two S atoms of the thione ligands to form a strictly planar,

B2

Figure 2. ORTEP views showing the metal environment and the atom labelling scheme in molecules B1 and B2. Displacement ellipsoids

are shown at the 50% probability level.
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Table 1. Selected bond lengths [A] and angles [°] for 1.1

Table 3. Selected bond lengths [A] and angles [°] for 3.4

Cu(l)y-S()#1 2.3385(18) Cu(2)-Br(2') 2.4533)
Cu(1)-Br(l) 2.4586(12) Cu(2)-S(2') 2.472(4)
Cu(1)-S(1) 2.5330(19) Cu(2)-Br(2)#2  2.508(3)
Cu(1)-Cu(1)#1 2.8973(18) Cu(2)-S(2) 2.535(5)
S(1)-Cu(1)#1 2.3384(18) Cu(2)-Cu(#2  3.0129(18)
P(1)-C(20) 1.822(6)  Br(2)-Cu#2  2.508(3)
P(1)-C(8) 1.822(6)  S(2)-Cu(2)#2 2.326(5)
P(1)-C(14) 1.827(6)  P(2)-C(39) 1.830(7)
Cu(2)-PQ2) 2.2380(19) P(2)-C(45) 1.832(6)
Cu(2)-S(2)#2 2326(5)  P(2)-C(33) 1.833(6)
P Cll STy 77 CuDBIC)-CU) gy 75
S(I-Cu(1-S()#1 107.13(6) Br2')-Cu(2-S2')  101.82(13)
P(1)-Cu(1)-S(1) P(2)-Cu(2)-Br(2")

n2410) LS 109.42(8)
Br(1)-Cu(1)-S(1) Br(2')-Cu(2)-Br(2")

93.89(5) 105.22(8)
Cu(1)#1-S(1)- S(2')-Cu(2)-Br(2')
cul) 72816 55 110.04(14)
P(2)-Cu(2)-SQ)#2 117.48(13) P2)-Cu(2-S2)  111.20(13)
P(2)-Cu(2)-Br(2)  10580(6) S()#2-Cu(2-S(2) 103.52(16)
S(2)#2-Cu(2)- Br(2)-Cu(2)-S(2)
P 117.57(13) 99.82(12)
PQ)-Cu@)-Br) 5 11(9) gﬁgi#zfs(z)f 75.48(16)
PQ)-Cu2)-S(2))  111.77(11)

[a] Symmetry transformations used to generate equivalent atoms:
#Hl:—x+ 2, -y, —z+ 1.

Table 2. Selected bond lengths [A] and angles [] for 2.1

Br(1)-Cu(1) 2.5246(4) S(1)-C(1) 1.709(3)
Cu(1)-P(1) 2.2552(7) P(1)-C(20) 1.829(2)
Cu(1)-S(1) 2.3681(7) P(1)-C(8) 1.833(3)
Cu(1)-S(1)#1 2.4507(7) P(1)-C(14) 1.836(3)
Cu(1)-Cu(1)#1 2.7504(6)

P(1)-Cu()-S(H#1  113.35(3) C(1)-S(1)-Cu()#1 107.75(8)
SI-Ca(-SMHL 110 400) g?(l)_sa)_cu(l) 69.55(2)
P(1)-Cu(1)-Br(1) 108.82(2) C(20)-P(1)-C(8)  104.40(11)
S(1)-Cu(1)-Br(1) 112.34(2) C(20)-P(1)-C(14)  103.96(11)
S(1)#1-Cu(1)-Br(1) 93.81(2) C(8)-P(1)-C(14)  103.97(11)
P(1)-Cu()-Cu(D#1  136.92(3) C(20)-P(1)-Cu(l)  111.73(8)
S(1)-Cu()-Cu()#1  56.621(19) C(8)-P(1)-Cu(l)  119.95(8)
i(ll)#l—Cu(l)—Cu(l) 53.797(18) CADPM-Cul) 1) 30
Br(1)-Cu(1)-Cu(1)#1 107.75(8)

[a] Symmetry transformations used to generate equivalent atoms:
#l:—x+2, -y —z+ 1.

four-membered Cu,S, core. The distorted tetrahedral coor-
dination environment around the central copper(1) atoms is
completed by one P atom from the phosphane ligand and
one bromide ligand. Complex 2 (Figure 3) crystallizes in the
monoclinic space group P2,/c with the unit cell containing
two discrete dinuclear species, whereas compound 3 (Fig-
ure 4) crystallizes in the triclinic space group PI. Its struc-
ture contains one discrete molecule per unit cell, as well
as two CH;CN, three H,O and one half CH;OH lattice
molecules; the latter solvate molecules do not interact speci-
fically with the dimer and therefore will not be discussed
further.

The Cu—P bond length of 2.2552(7) A in 2 does not differ
significantly from that found in 3 [2.233(6) A], both values

Eur. J. Inorg. Chem. 2005, 1442-1452 www.eurjic.org

Br(1)-Cu(l) 247343) S(1)-C(1) 1.706(2)
Cu(1)-P(1) 2.2333(6) P(1)-C(20) 1.817(2)
Cu(1)-8(1) 2.3535(6) P(1)-C(8) 1.820(2)
Cu(1)-S(H# 2.4053(6) P(1)-C(14) 1.820(2)
Cu(1)-Cu(1)#1 2.8232(5)

P(1)-Cu(1)-S(1) 107.22(2)  C(1)-S(1)-Cu(l)  111.66(8)
PU-Call ST 147 3700, COSI-Cal) g5
SUCuSIFL - 197.234019) GUSM-CUD 95 766(19)
P(1)-Cu(1)-Br(1)  113.174(19) C(20)-P(1)-C(8)  101.96(10)
S(1)-Cu(1»-Br(1)  112.187(17) C(20)-P(1)-C(14) 103.20(10)
S()#1-Cu(l)-Br(1) ~ 99.532(17) C(8)-P(1)-C(14)  103.17(10)
P(1)-Cu(l)-Cu(D#1 129.67(2)  C(20)-P(1)-Cu(l) 116.30(7)
S(1)-Cu(1)-Cu()#1  54.463(17) C(8)-P(1)-Cu(l)  113.46(7)
SI#ECUl)-Cal) g 7011 CUH P Cull) g1

Br(1)-Cu(1)-Cu(1)#1 117.124(15)

[a] Symmetry transformations used to generate equivalent atoms:
#l:—x+ 1, -y —z+ 1.

Figure 3. ORTEP view showing the metal environment and the
atom labelling scheme in compound 2. Displacement ellipsoids are
shown at the 50% probability level.

lying in the range normally found for analogous halide- or
sulfide-bridged dicopper(i) complexes.*7-1% On the other
hand, the Cu-Br bonds in 2 and 3 differ remarkably, the
latter being shorter by 0.0512 A. The Cu-Br bond lengths,
which are typical for a bromide ligand in the tetrahedral
coordination environment of Cu' complexes, are shorter
than those of 2.5693(12) and 2.5369(4) A found in
[CuBr(dppe)(py2SH), [dppe = 1,2-bis(diphenylphos-
phanyl)ethane]l''! and [CuBr(dppb)(pymtH)|'? [dppp =
1,2-bis(diphenylphosphanyl)propane], respectively, but are
longer than that found in [CuBr(dppet)(mftztH)].!'3) More-
over, both structures exhibit the usual asymmetric Cu,(p-S),
core with Cu-S bond lengths in the range found for other
dicopper(1) complexes containing bromide, phosphane and
heterocyclic thione ligands. Finally, it should be noted that
the S—Cu-S and Cu-S-Cu bond angles in the Cu,(u-S),

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1445
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)

Figure 4. ORTEP view showing the metal environment and the
atom labelling scheme in compound 3. Displacement ellipsoids are
shown at the 50% probability level.

core of 2 and 3 closely resemble those of an ideal symmetric
dimer.

Electronic Structure Calculations

The structural properties, such as geometrical data, as
well as the energetic and spectroscopic properties of the
model dicopper complexes [CuBr(PH;)(u-S)(imtH,)], (4)
and [Cu(PH;)(u-Br)(imtH,)], (5), which exhibit “diamond-
shaped” Cu,(u-X), (X = S or Br) core structures, were ex-
amined by electronic structure calculation methods. In or-
der to obtain reliable data it is of outmost importance to
find a method/basis set combination that allows the accu-
rate description of the molecules studied herein. In a first
attempt, we therefore employed DFT computational tech-
niques at the B3LYP level of theory using a variety of basis
sets to reproduce the structure of the Cu,(u-X), (X = S or
Br) core of the “real” complexes, the main focus being on
the structural parameters of the Cu,(u-X), core in 4 and
5. The results are compiled in the Supporting Information
(Table S1). In all cases the basic structural features of the
model compounds 4 and 5 were satisfactorily reproduced
by taking into account the different electronic and steric
effects of the ligands used to represent the ligands in the
“real” complexes. In general terms, the best estimate of the
energetic data is that obtained using the larger TZVP and 6-
31G(d,p) basis sets. However, more reliable structural data
(overall closer to the experiment) were obtained using the
DZVP and TZVP rather than the 6-31G(d,p) basis sets.
Interestingly, even the smaller SDD basis set performs well
with respect to the structural parameters of the model com-
pounds, but could not provide meaningful energetic data.
Note that a reliable structure is indispensable for the evalu-
ation of the relative stability of the isomeric species.

Equilibrium Geometries of the Model Compounds

The equilibrium structures of [CuBr(PH3)(u-S)(imtH,)],
(4) and [Cu(PH3)(u-Br)(imtH,)], (5) and their monomeric

1446 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

species [CuBr(PH;3)(imtH,)] (6), along with selected struc-
tural parameters, computed at the B3LYP/DZVP level of
theory are depicted schematically in Figure 5.

Searching the potential energy surface (PES) of the mo-
nomeric species [CuBr(PH3)(imtH,)] (6) we located two sta-
tionary points corresponding to two rotamers involving the
bromide ligand in a syn (6a) and anti (6b) configuration
with respect to the imidazole ring. The syn rotamer corre-
sponds to the global minimum, while the anti one is a local
minimum that is 14.7 kcalmol™!' higher in energy. The syn
(6a) — anti (6b) isomerization proceeds across a barrier of
15.1 kcalmol™' through a product-like transition structure
TSea_ep (Figure 5) with a P-Cu-S—C torsion angle of 57.2°,
while the dominant motion of the vibrational mode corre-
sponding to the imaginary frequency (v; = 24 cm™!) involves
the rotation around the Cu-S bond. Note that the syn rot-
amer is stabilized by the formation of an N-H---Br hydro-
gen bond. Both rotamers adopt a trigonal planar stereo-
chemistry of C, symmetry, with the central copper(1) atom
and the three donor atoms being coplanar with the imida-
zole ring. The bending coordination mode of the thione li-
gand with the Cu! central atom is noteworthy; the Cul-S—
C bond angles are 104.3° and 107.6° in the syn and anti
rotamers, respectively. The bending coordination mode of
the thione ligand is that expected on the grounds of the
bonding interactions between the Cu' and thione ligand or-
bitals, which will be discussed later on.

The equilibrium geometries of the dimeric species
[CuBr(PH3)(u-S)(imtH,)], (4) and [CuS(PH3)(u-Br)(imtH,)],
(5) correspond to a “diamond-shaped” Cu,(u-X), (X = S
or Br) core structure where the copper(1) atoms display a
distorted tetrahedral coordination environment. The Cu, (-
X)>Cu (X = S or Br) parallelogram is perfectly planar with
two long and two short asymmetric Cu—X bonds, in line
with the available X-ray crystal structure data. The asym-
metry in the Cu—X bond lengths of the Cu,(p-X),Cu paral-
lelogram is more pronounced for X = S rather than for X
= Br, the difference in the Cu-X bond lengths being 8.4
and 4.5 pm, respectively. The intermetallic Cu---Cu distance
is 322.3 and 316.0 pm for the p,-S and p,-Br dimers, respec-
tively. On the other hand, the X--X distance is equal to
384.9 and 416.2 pm for 4 and 5, respectively. No cross-ring
interactions are possible in either 4 or 5§ due to the long
Cu+Cu or XX distances, in agreement with the frame-
work-electron counting (FEC) rule introduced by Alvarez
et al.l' to account for the formation or breaking of trans-
annular bonds in dimetal systems that contain a simple
“diamond-shaped” M,(u-X), core structure.

At all levels of theory the p,-Br-bridged dimer 5 is pre-
dicted to be slightly more stable than the p,-S-bridged di-
mer 4 by 2.5-5.4 kcalmol!. The computed dimerization en-
ergy for 4 and 5 was found to be 18.8 and 21.7 kcalmol™!,
respectively, at the B3LYP/TZVP level of theory. The dimer-
ization and relative energies of the model complexes 4 and
5 computed at the B3LYP level of theory using a variety of
basis sets are given in detail in the Supporting Information
(Table S2). The low computed dimerization energy indicates
that 4 and 5 correspond to loose associations of the mono-
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Figure 5. Equilibrium geometries of [CuBr(PH3)(p-S)(imtH,)], (4), [CuS(PH;3)(u-Br)(imtH,)], (5) and the monomeric species [CuBr-
(PH3)(imtH»)] in the syn (6a) and anti (6b) configurations computed at the B3LYP/DZVP level of theory.

meric species 6a and strongly suggests that both isomers ates with a different orientation. The total energies given
could be formed during the synthesis. Moreover, because of  are those computed at the B3LYP/TZVP level of theory.
the low dissociation energy of the dimers they are expected . . L.

to be in equilibrium with their monomers, therefore the two ~ Llectronic Structure and Bonding Description of the Model
isomers and their monomeric species could coexist in the Compounds

solid state, in line with the experiment. The interconversion In order to gain insight into the electronic and bonding
of the two isomers should follow a dissociative (Sy') mecha-  properties of the monomer 6 and the dimers 4 and 5 the
nism, as shown in Scheme 1. According to this mechanism relevant molecular orbitals (MOs) and the Mulliken pop-
the dimer dissociates to the monomer, which then re-associ- ulation analyses were extracted from the B3LYP/DZVP cal-
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Scheme 1. Mechanism of the 4 — 5 interconversion through a dissociative (Sy') pathway.

culations. Both the imtH, and bzimtH, ligands possess two
occupied frontier molecular orbitals (HOMO and HOMO-
1) with high sulfur 3p-orbital character (Scheme 2), which
are the orbitals primarily involved in the formation of the
Cu-S coordination bond. The two 7-type MOs were labeled
as m, and 7, following the nomenclature previously estab-
lished by Solomon et al.l'! for phenolate and by Halfen et

mp(e=-5.38eV)
ithz

&

mp (£=-5.70 eV}

LUMO
(e=-2.16eV)

Tap (&= —3.54 eV)

al.l'! for thiophenolate ligands. The 7;, orbital lies in the
plane of the imidazole ring, while the 7, orbital is perpen-
dicular to this plane. In light of the perfect planarity of the
[CuBr(PH;)(imtH,)] model compound it is the 7;, MO of
the thione ligand which participates in the bonding interac-
tions with a vacant metal orbital [a 4s orbital of Cu! hy-
bridized by mixing with the 4p orbitals in the bent

* ¥

=
mp (8 =-3.72 eV}
bzimtH,

@

HOMO
(e=-6.23 V)

[CuBr(PH3)]

F%”jz: tg%
«

ip = 3d,2 (HOMO-9) Top— 3dyy (HOMO-8) LUMO HOMO
(g=-8.14 eV) (g =-8.06 eV) (e=-0.52eV) (e=-5.89eV)
[CuBr(PH,)(imtH,)]

Scheme 2. The most relevant MOs of the imtH, and bzimtH, thione ligands and the model [CuBr(PH;)] and [CuBr(PH;)(imtH,)] com-

plexes.
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CuBr(PH;) fragment, the LUMO in Scheme 2] to form the
o Cu'-S coordination bond. In order to achieve maximum
overlap the 7;, MO should point primarily along the Cu'-
S bond, which nicely explains the Cu'-S—-C bending (Cu—
S—C bond angle of 104.3°). The =, is perpendicular to the
Cul-S vector and therefore interacts in a = fashion with a
vacant metal orbital.

According to the natural bond orbital (NBO) population
analysis the bonding o(Cu-S) interaction between the Cu
and S atoms is constructed from an s NAO (93.29% s-char-
acter) on a Cu atom interacting with a p NAO (89.36% p-
character) on a sulfur atom, and thus has the form o(Cu-
S) = (0.2868)sc, + (0.9580)ps.

The Mulliken population analysis data given in Table 4
indicate that there is a charge transfer of about 0.14 charge
units of electron density from the sulfur donor atom to the
central Cu' atom upon coordination of the thione ligand to
the Cu' metal center of the [CuBr(PH;)] fragment. This
charge transfer increases to 0.20 charge units of electron
density upon dimerization of the monomeric species 6,
when sulfur bridges are formed, but remains unchanged
when bromide bridges are formed. The charge transfer from
sulfur to Cul, which is a result of both c-dative and n-back-
bonding interactions, results in the weakening of the C=S
bond of the thione ligand, which thus acquires a partial
double-bond character that is reflected in the bond overlap
population (bop) values (Table 4), which correlate well with
the charge transferred from S to Cul. Moreover, the Cu-S
bop values indicate that the Cu—S-+Cu bridge is not sym-
metric, while the Cu-S bonds are remarkably weakened
upon dimerization.

Based upon the nature of the FMOs of the monomeric
species [CuBr(PHj3)(imtH,)] (6; Scheme 2) it can be envis-
aged that the monomers 6 could be dimerized through fa-
vorable HOMO-LUMO interactions that form either weak
u-S or p-Br bridges. On the other hand, the high HOMO-
LUMO energy gap of 5.37 eV illustrates the high stability
of the monomer, which should coexist in equilibrium with
the dimers. It should be noted that copper is normally
monovalent in its thiolate complexes and the coordination
is normally trigonal planar, although a number of linearly
coordinated examples are known. In oligonuclear com-
plexes, which are normally prepared from Cu® or Cu'! salts
and thiolates under various reaction conditions in solvents

such as methanol, the ligands are normally bridging. In the
series of dinuclear copper thiolates only a few cases are
known with a central four-membered Cu,S, unit, probably
because of the closed-shell d!%--d'® Cu+Cu and
ligand-+ligand repulsions. Examples are [Cu,(mimtH)q]**
(mimtH = 1-methylimidazoline-2-thione),l!” the thione
complex [Cu,-(SNCsHs)g]ClL,,['81 and the thiolate complex
[Cuy(SCgH4-0-Me),(1,10-phen),] with phenanthroline as
co-ligand.[!”]

Single-Point Calculations on the “Real” Complexes

For the single-point calculations, the geometries were
based on the corresponding X-ray crystal structures. More-
over, calculations were performed on the monomeric species
[CuBr(PPH;)(bzimtH,)] (7), [CuBr(tmtp)(bzimtH,)] (8) and
[CuBr(tptp)(bzimtH,)] (9) resulting from the adiabatic
dissociation of the dimers for the dissociation energy to be
estimated. The energetic and electronic properties of the
“real” complexes and their monomeric species, computed
at the B3LYP/DZVP level, are compiled in Table 5.

It can be seen that complex 1A, which contains p,-S brid-
ges, is more stable than its isomeric complex 1B, which con-
tains p,-Br bridges, by about 121 kcalmol ! at the B3LYP/
DZVP level. The predicted higher stability of isomer 1A
accounts well for the estimated experimental occupancy of
1A in the unit cell of the crystal (about 78%). The coexist-
ence of the thermodynamically less stable isomer 1B in the
solid state could be attributed to steric and crystal-packing
effects. The dimerization energy of 1A was predicted to be
52.3 kcalmol ™!, thus illustrating that the sulfur bridges are
relatively weak. In contrast, the dimerization energy of 1B
was predicted to be only 2.4 kcalmol !, thus indicating that
1B corresponds practically to the three-coordinate mono-
mer 7B. It should be noted that 7B is stabilized with respect
to its isomer 7A by 35.6 kcalmol!' at the B3LYP/DZVP
level. The higher stability of 7B is also reflected in the
higher HOMO-LUMO energy gap (4.37 vs. 3.40 eV). The
weak association of the monomer 7B to form 1B is also
mirrored in the relatively small change of the electron-den-
sity distribution introduced by the association of the mono-
mers through the formation of the p,-Br bridges.

Finally, complex 2, which contains the spectator tmtp li-
gand, is slightly more stable than isomer 3, which contains

Table 4. Electronic properties of imtH,, [CuBr(PH3)(imt)], [CuBr(PH;)(u-S)(imt)], and [CuS(PH3)(p-Br)(imt)], model compounds com-

puted at the B3LYP/DZVP level.

imtH, [CuBr(PHj3)(imt)] [CuBr(PH;3)(p-S)(imt)], [CuS(PHj3)(p-Br)(imt)],
dcu 0.04 0.06 0.09
qds -0.32 -0.18 -0.12 -0.17
qB: -0.52 -0.54 -0.46
qp -0.05 -0.08 -0.08
bop(Cul-S) 0.242 0.162 0.181
bop(Cu2-S) 0.102 0.181
bop(Cul-Br) 0.198 0.160 0.118
bop(Cu2-Br) 0.257 0.160 0.092
bop(Cu-P) 0.128 0.091 0.075
bop(C-S) 0.570 0.393 0.341 0412
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Table 5. Total electronic energies (Hartrees), dissociation energies (DE, kcalmol™'), HOMO and LUMO eigenvalues (eV), and Mulliken
net atomic charges of the “real” complexes 1-3 and their monomeric species, computed at the BILYP/DZVP level.

1A 1B 2 3 TA 7B 8 9
E,o (Hartrees) -12056.27403 -12056.08097 —-12292.02752 -12292.01458 —6028.09532 —6028.03856 —6146.00358 —6145.97435
DE 52.3 2.4 12.7 41.3 - - - -
enomo (eV) —4.94 —4.87 —4.91 —4.81 -5.01 -5.50 -5.35 —4.85
eLumo (eV) -1.32 -0.73 -1.22 -1.22 -1.61 -1.13 -1.36 -1.60
qcu -0.23 -0.16 -0.22 -0.29 -0.04 -0.08 -0.08 -0.11
qs -0.02 -0.22 -0.01 0.01 -0.14 -0.26 -0.17 -0.10
qpr -0.56 -0.38 -0.60 -0.59 -0.55 -0.49 -0.60 -0.55
qr 0.67 0.65 0.64 0.68 0.57 0.59 0.56 0.56

tptp, by about 8.2 kcalmol!. The same holds also true for
the corresponding monomeric species. The monomer 8 is
more stable than monomer 9 by about 18.3 kcalmol ™! at
the B3LYP/DZVP level. The dimerization energies for 8 and
9 were predicted to be 12.8 and 41.3 kcalmol ™!, respectively.

Concluding Remarks

We have reported the synthesis of a new series of
dinuclear copper(i) complexes formulated as [CuBr-
(bzimtH,)(PR3)], formed by treatment of copper(1) bromide
with benz-1,3-imidazole-2-thione (bzimtH,) in the presence
of one equivalent of triphenylphosphane (PPhs), tri-meta-
tolylphosphane (tmtp) or tri-para-tolylphosphane (tptp) in
acetonitrile/methanol solvent. The crystal structures of the
new complexes [{CuBr(u,-S-bzimtH,)(PPh;)},]o.75[{Cu-
(H2-Br) (PPh;)(bzimtH,)}0]o 2 (1), [CuBr(py-S-bzimtH,)-
(tmtp)], (2) and [CuBr(u,-S-bzimtH,)(tptp)]» (3) have been
determined by single-crystal X-ray diffraction methods. De-
pending on the spectator phosphane ligands either p,-S- or
Ho-Br-bridged dimers are formed. In some cases the mono-
meric three-coordinate Cu' complexes seem to be stable as
well. Thus, for the simple PHj; ligand (a strong o-donor)
both dimeric species are predicted to be formed in equal
proportions upon treatment of copper(1) bromide with the
thione ligand in the presence of PH;. On the other hand,
with the PPh; ligand (a weaker o-donor and stronger 7-
acceptor ligand than PHj3) the two isomeric forms involving
M-S or p,-Br bridges coexist in the solid state, with the
former being favored (about 78%). In contrast, with the
spectator tmtp and tptp ligands (with comparable electronic
effects to those of PPhs, but differing significantly in their
steric effects) only the p,-S-bridged dicopper complexes are
formed. Density functional calculations at the B3LYP level
of theory provide a satisfactory description of the bonding,
electronic and related properties of the “real” and model
dicopper complexes exhibiting the “diamond-shaped”
Cu,(p-X), (X = S or Br) core structures and account well
for their structural preferences. In all complexes the coordi-
nation of the thione ligand is further stabilized by Br---H-
N bond formation, which is more pronounced in the p,-S
bridged dimers. No Cu'---Cu! interactions are predicted to
occur either in the p,-S- or p,-Br- bridged dicopper com-
plexes.

1450 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Materials and Instruments: Copper(1) bromide, triphenylphos-
phane, tri-m-tolylphosphane, tri-p-tolylphosphane and solvents are
commercially available and were used as obtained, while benz-1,3-
imidazole-2-thione was recrystallized from hot ethanol prior to use.
Elemental analyses for C, H and N were carried out with a Carlo
Erba EA MODEL 1108. Melting points were measured in open
tubes with a STUART scientific apparatus and are uncorrected. IR
spectra in the region of 4000-370 cm™' were obtained in KBr discs
while far-IR spectra in the region of 400-50 cm™' were obtained
in polyethylene discs, with a Perkin-Elmer Spectrum GX FT-IR
spectrometer. '"H NMR spectra were recorded on a Bruker 400
MHFT NMR instrument in CDCI; solutions with chemical shifts
given in ppm relative to internal TMS.

Synthesis of the Complexes 1-3: The appropriate phosphane
(0.5 mmol) was added to a suspension of copper(i) bromide
(71.7 mg, 0.5 mmol) in 30 mL of dry acetonitrile, and the mixture
was stirred for 2 h at ambient temperature during which time a
white precipitate of [CuBr(PRj),],, [PR; = triphenylphosphane
(PPhys), tri-p-tolylphosphane (tptp) or tri-m-tolylphosphane (tmtp)]
formed. A solution of benz-1,3-imidazole-2-thione (75 mg,
0.5 mmol) in 20 mL of methanol was added dropwise to the reac-
tion mixture whereupon the white precipitate gradually disap-
peared. After stirring at ambient temperature overnight, the re-
sulting clear solution was filtered off and left to evaporate. The
microcrystalline solid that deposited upon standing for several days
was filtered off and dried in vacuo.

[{CuBr(p-S-bzimtH,)(PPhs)} 2]o 7sl{ Cu(p2-Br)(PPhs)(bzimtH,)} 5o 22
(1): Pale-yellow crystals; m.p. 235-236 °C. Cs5oHy,BrCu,Ny4P,S5:
calcd. C 54.01, H 3.81, N 5.04; found C 53.94, H 3.69, N 5.06. IR:
V= 3217 m, 3052 s, 2969 m, 2852 m, 1619 s, 1500 vs, 1478 m, 1460
vs, 1434 vs, 1390 m, 1361 s, 1346 s, 1258 m, 1216 m, 1174 vs, 1094
s, 744 vs, 598 s, 520 vs, 497 vs cm™!; far-IR: v = 279 w, 219 w, 205
w, 200 w, 192 w, 174 s, 161 s, 151 vs, 146 m, 132 w, 127 w, 121 s,
100 w, 89 w, 80 w, 74 w, 57 w, 38 s cm™'. '"H NMR (CDCl;): § =
10.92 (s, 2 H, NH), 7.47-7.41 + 7.34-7.22 (m, 15 H, PC4H5 + m,
4 H, CHyzim2) ppm.

[CuBr(p,-S-bzimtH,)(tmtp)], (2): Pale-yellow crystals; m.p. 285-
288 °C. CssHsyBr,Cu,N4P,S5: caled. C 56.24, H 4.55, N 4.68;
found C 55.93, H 4.48, N 4.62. IR: ¥ = 3235 m, 3043 m, 2935 w,
1492 s, 1460 vs, 1360 m, 1341 m, 1167 s, 1103 m, 778 s, 746 vs, 695
vs, 598 s, 548 s; 459 m cm™'; far-IR: v = 136 w, 121 w, 96 s, 89 m,
80 w, 73 w, 65w, 57 m, 37 s cm™. 'H NMR (CDCls): 6 = 11.03 (s,
2 H, NH), 7.31-7.24 + 7.17-7.13 (m, 12 H, PCiHs + m, 4 H,
CHpzimm2), 2.20 (s, 9 H, CH;5-C) ppm.

[CuBr(p,-S-bzimtH,)(tptp)l, (3): Pale-yellow crystals; m.p. 225-
227 OC; [(C56H54CU.2BI'2N4P282)'0.5(CH3OH)'2(CH3CN)'3(H20)]:
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caled. C 53.08, H 5.14, N 6.35; found C 52.90, H 5.08, N 6.26. IR:
3220 m, 3071 s, 2976 w, 2863 w, 1620 s, 1597 s, 1498 vs, 1465 vs,
1396 s, 1360 s, 1277 m, 1217 m, 1187 vs, 1097 vs, 1018 s, 807 vs,
745 vs, 709 s, 641 s, 630 s, 600 s, 518 vs, 418 vs cm™!; far-IR: ¥ =
144 w, 127 w, 113 w, 104 w, 95's, 81 m, 57 s, 37 s cm !. 'H NMR
(CDCl3): 0 = 11.09 (s, 2H, NH), 7.36-7.31 + 7.27-7.03 (m, 12 H,
PC¢Hs + m, 4 H, CHy ima12), 2.23 (s, 9 H, CH3-C) ppm.

X-ray Structural Determinations: Single crystals suitable for crystal
structure analysis were obtained by slow evaporation of acetoni-
trile/methanol solutions of the complexes at room temperature. X-
ray diffraction data were collected on a Bruker-Nonius Kappa
CCD area-detector diffractometer. The programs DENZOP and
COLLECT®?! were used in data collection and cell refinement. De-
tails of crystal and structure refinement are shown in Table 6. The
structures were solved with SIR97%2! and refined with SHELX-
97.1231 Molecular plots were obtained with ORTEP-3.[24]
CCDC-241984 (1), -241985 (2) and -241986 (3) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: The structural, electronic and energetic
properties of all compounds were computed with Becke’s three-
parameter hybrid functional®>2°l combined with the Lee-Yang—

Parrl?7! correlation functional (B3LYP level of density functional
theory) using several basis sets, such as the SDD basis set, which
describes valence electrons with an [8s,7p,6d/6s,5p,3d] valence basis
set and Stuttgart—Dresden relativistic ECPs;1?] the larger all-elec-
tron double-zeta (DZVP) basis set;*! the split-valence 6-31G(d)
basis set; the LANL2DZ basis set, which describes valence elec-
trons with a [5s,6p,4d/3s,3p,2d] valence basis set and Los Alamos
ECPs;[3932 the LANL2DZ basis set for copper combined with the
6-31G(d) basis for the non-metal atoms. The hybrid B3LYP func-
tional was used since it gives acceptable results for molecular ener-
gies and geometries, as well as proton donation, and weak and
strong H-bonds.[33-38 No constraints were imposed on the geome-
try. Full geometry optimization was performed for each structure
using Schlegel’s analytical gradient method,*” and the attainment
of the energy minimum was verified by calculating the vibrational
frequencies that result in an absence of imaginary eigenvalues. All
the stationary points were identified for minima (number of imagi-
nary frequencies NIMAG = 0) or transition states (NIMAG = 1).
All calculations were performed using the GAUSSIAN 03 series
of programs.[*’] Moreover, the qualitative concepts and the graphs
derived from the Chem3D program suite!*!! highlight the basic in-
teractions found from the DFT calculations. Because of the compu-
tational cost due to the relatively big size of the compounds under
consideration, to obtain a computationally convenient size we used

Table 6. Crystal data and structure refinement for [{CuBr(p,-S-bzimtH,)(PPh3)}5]o.73[{ Cu(po-Br) (PPhs)(bzimtH»)} 502> (1), [CuBr(p,-S-

bzimtH,)(tmtp)], (2) and [CuBr(p,-S-bzimtH,)(tptp)], (3).

1 2 3
Chemical formula C50H42Br2CU2N4P2S2 C56H54Br2Cu2N4P252 [C28H27BTCUN2PS]2'2CH3CN
'3H20'05CH3OH
Formula weight 1111.84 598.00 1347.56
Temperature 150(2) K 120(2) K 120(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system triclinic monoclinic triclinic
Space group Pl P2/c Pl

a=12.429(5) A
b =13.641(5) A
¢ = 14.200(5) A
a = 94.823(5)°
B =90.552(5)°
7 = 103.806(5)°

Unit cell dimensions

a = 13.7360(3) A
b = 15.6560(4) A
¢ =12.6520(3) A

a=10.3831(3) A
b =12.0888(3) A
¢ =13.4736(4) A

a = 90° a = 76.8516(15)°
B = 103.0553(14)° B = 82.8213(13)°
y = 90° y = 72.6689(15)°

2650.50(11) A3 1569.11(8) A3
2 1

Volume 2328.6(15) A3
z 2

Density (calculated) 1.586 Mgm 3
Absorption coefficient 2.828 mm !
Fooo 1120

Crystal size
Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta
Max. and min. transmission
Refinement method
Data/restrains/parameters
Goodness-of-fit on F2 (S)
Final R indices [/ > 2o(/)]
R indices (all data)

Final weighting scheme
Largest diff. peak and hole

0.10%0.10x0.05 mm

3.02 to 26.41°
-15=h=15
17T=k=17
-l6=1=17

37573

9508 [R(int) = 0.0736]
99.4% (for theta = 26.41°)
0.8715 and 0.7652
Full-matrix least squares on F>
7518/0/597

1.124

R1 =0.0675, wR2 = 0.1638
R1 =0.0869, wR2 = 0.1722
[a]

1.585 and —0.834 e A3

1.499 Mgm 3 1.427 Mgm3
2.490 mm ! 2.118 mm !
1216 691

0.40%0.20%x0.18 mm

3.01 to 27.48°
15=h=17

20=k =20
-l6=/=16

20305

5923 [R(int) = 0.0519]
97.4% (for theta = 27.48°)
0.6628 and 0.4358
Full-matrix least squares on F?
5923/0/310

1.053

R1 =0.0353, wR2 = 0.0740
Ile = 0.0475, wR2 = 0.0793
[b]

0.334 and —0.464 ¢ A3

0.33%0.28 x0.12 mm

3.06 to 27.75°
-13=h=13
15=k=15
-17=1=17

13 558

7196 [R(int) = 0.0350]
97.1% (for theta = 27.75°)
0.7852 and 0.5416
Full-matrix least squares on F>
7196/4/379

1.043

R1 =0.0344, wR2 = 0.0786
R1 =0.0525, wR2 = 0.0846
[c]

0.367 and —0.522 ¢ A3

[a] Caled. w = 1/[62(F,2) + (0.0381P) + 18.6558P] where P = (F,2 + 2F.2)/3. [b] Caled. w = 1/[0*(F,?) + (0.0218P)> + 2.0748P] where P
= (F,2 + 2F2)/3. [c] Caled. w = 1/[cX(F,2) + (0.0416P)* + 0.0506P] where P = (F,2 + 2F.2)/3.

Eur. J. Inorg. Chem. 2005, 14421452

www.eurjic.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1451



FULL PAPER

S. K. Hadjikakou, C. D. Antoniadis, P. Aslanidis, P. J. Cox, A. C. Tsipis

models resulting from substitution of the phenyl groups of the spec-
tator phosphane ligands by H atoms, while the benzimidazole-2-
thione was replaced by the imidazole-2-thione (imtH,) ligand. The
use of such models does not alter the description of the “core”
region of the compounds and is ultimately the most efficient and
productive route for modeling the electronic structure and related
properties of relatively large transition metal coordination com-
pounds. Single point energy calculations on the “real” dicopper(1)
complexes were also performed at the B3LYP/LANL2DZ level
using the X-ray structural parameters of the two isomeric forms
that coexist in the solid state.
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