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Metallophilic Interactions in Closed-Shell Copper(®) Compounds—

A Theoretical Study

Holger L. Hermann,*! Gernot Boche,”! and Peter Schwerdtfeger*!?!

Abstract: Cuprophilic interactions in
neutral perpendicular model dimers of
the type (CH;CuX), (X=OH,, NH;,
SH,, PH;, N,, CO, CS, CNH, CNLi)
were analyzed by ab initio quantum-
chemical methods. The basis set super-
position error for the weakly interacting
CH;CuX subunits is significant and is
discussed in detail. A new correlation-
consistent pseudopotential valence basis
set for Cu, derived at the second-order
Mgller - Plesset level suppresses consid-
erably the basis set superposition error
in Cu—Cu interactions compared to the

lence basis set. This allowed the first
accurate predictions of cuprophilicity,
which has been the subject of consider-
able debate in the past. The dependence
of the strength of cuprophilic interac-
tions on the nature of the ligand X was
addressed. The Cu—Cu interaction in-
creases with increasing o-donor and -
acceptor capability of the ligand and is
approximately one-third of the well-
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documented aurophilic interactions. By
fitting our potential-energy data to the
Hershbach — Laurie equation, we deter-
mined a relation between the Cu—Cu
bond length and the Cu—Cu force con-
stant; this is important for future studies
on vibrational behaviour. The role of
relativistic effects on the structure and
the interaction energy is also discussed.
Finally we investigated cuprophilic in-
teractions in (CH;Cu), as a model spe-
cies for compounds isolated and charac-
terized by X-ray diffraction.

standard Hartree —Fock optimized va-

Introduction

Complexes of Group 11 metals in the +1 oxidation state have
a well-known tendency to form clusters, often with quite short
metal —metal bond lengths.! Such closed-shell interactions
(CSI) often result in unusual chemical and physical proper-
ties.’l Almost two decades ago, several crystallographic,
spectroscopic, and theoretical studies yielded the first evi-
dence for CSIs in Group 11 compounds, often termed d'*—d'°
interactions.?] The CSIs can range from extremely weak
dispersive-type interactions, as in He, (dissociation energy
E;=2 x 1072 kcalmol™?), to large charge-induced dipole in-
teractions, as in in the s’-s’> system AuBa~ (E,=
34 kcalmol ). Strong closed-shell interactions in inorganic
compounds were recently reviewed by Pyykks.[!

The unusually strong CSIs between gold atoms in Au'
compounds initiated a large number of experimental® and
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theoretical investigations.”-!!l Although CSIs are not compa-
rable in strength to normal covalent or ionic bonds, in Au'
compounds they can be as large as 7—12 kcalmol~!, which is
within the range of typical hydrogen bonds. The interplay
between correlation and relativistic effects is mainly respon-
sible for these aurophilic attractions,”'? although ionic
contributions cannot completely be neglected.'] Such auro-
philic interactions are also thought to be responsible for the
luminescent behavior of a number of gold compounds.['”

Here we draw attention to Cu!—Cu! CSIs, which have been
proposed but studied only little in the past.[!% 13-19 In the case
of Cul, early extended Hiickel (EHT) calculations support
hybridization effects between filled (n — 1)d orbitals and the
ns and np orbitals.'’l For example, Hollander and Coucouva-
nis!'¥ found little sensitivity of the copper - copper distance to
the nature of the ligands in a number of octameric copper
compounds and, hence, predicted the presence of Cu—Cu
interactions. However, others dispute the existence of such
interactions!"! and prefer the terminology of nonbonding
close Cu'-Cu! contacts.?! Previous theoretical studies on
cuprophilic interactions were plagued with rather large basis
set superposition errors due to the limited basis sets
used.[l(), 13, 21]

The debate on cuprophilic interactions is perhaps similar to
the discussion a decade ago on the existence of TI'-TI
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interactions in the solid state, postulated by Schumann et al.??!
and later supported by EHT calculations by Janiak and
Hoffmann, which predicted large overlap effects between TI
atoms.”?! However, s>—s? CSIs in TI' compounds proved to be
extremely weak when more accurate ab initio methods were
applied.¥

Nevertheless, there is mounting evidence for Cu'-Cu!
interactions from the short metal —metal distances (usually
between 260 and 350 pm)®! in several crystal structures. For
example, copper-containing organometallic compounds of the
type Cu,R,, (n=3-5),2 as shown in Figure 1,7*! have been
the subject of discussion ever since their discovery.

However, it is questionable whether the short Cu—Cu
contacts in these compounds are due to the constraints of the
ring or to metal —metal interactions. This is similar to the
ongoing dicussion on cuprite (Cu,O), which was studied in the
pastl?!l and was recently the subject of intense controversy.[*"!

Further evidence for cuprophilic interactions was recently
found by Boche etal., who crystallized cuprates such as
[(BuCu(CN)Li(Et,0),],. (4),*1 and [{[(Me;Si)CH,],CuLi},-
(Et,0)5] (5),B% (Figure 2). In both compounds the monomeric
cuprate units are nearly orthogonal to each other (6(C-Cu-
Cu-C) =94.9°in 4, 6(C-Cu-Cu-C) =93.7° in 5), and this allows
Cu—Cu interaction without steric repulsion of the ligands.
Compound 4 has a relatively short Cu—Cu distance of
r(Cu—Cu) =271.3 pm and a mean C-Cu-C bond angle of
a(C-Cu-C)=170.0°, while 5 has r(Cu—Cu)=283.8 pm and
a(C-Cu-C)=172.1°. In contrast to other structures in which
the Cu atoms are brought into close proximity by ligand
complexation, in 4 there is no obvious reason why the
monomeric units should bend towards each other. The
authors furthermore concluded that lithium cuprate dimers
of the lithium contact ion pair type, which are formed
especially in solvents that poorly solvate lithium ions,??! are
the reactive species in the addition of cuprates to enones.
Further structural and Raman spectroscopic evidence for
cuprophilicity was found recently by Che et al. in a lumines-

Figure 1. X-ray crystal structures of organocopper compounds of the type
[Cu,R,] (n=4, 5). Selected structural data for [Cu,(CH,SiMe,),]*" (1):
r(Cu—Cu)=241.8 pm, r(Cu—C)=198.0-204.0 pm, a(Cu-C-Cu)=73.4/
73.8°,  a(C-Cu-C)=163.4/163.7°; for [Cuy(2,4,6-iPr;CH,),]*! (2):
r(Cu—Cu) =244.5 pm, r(Cu—C)=195.8-201.8 pm, a(C-Cu-C)=169.8";
and for [Cus(2,4,6-Me;CeH,)s]?®  (3):  r(Cu—Cu) =244.0-255.0 pm,
r(Cu—C)=191.0-202.0 pm,  a(Cu-C-Cu)=78.0-80.0°, a(C-Cu-C)=
149.0-160.0°.

cent binuclear copper(t) complex.?Y For [Cu,(depm),]X, (X =
ClO,~, dcpm = bis(dicyclohexylphosphanyl)methane) with
r(Cu—Cu) =273.1 pm, Che etal. could assign the Raman

Figure 2. Solid-state structures of [{{BuCu(CN)Li(Et,0),}.]?" (4) and [{[(Me;Si)CH,],CuLi},(Et,0);]* (5). Selected bond lengths [pm], angles [°], and
dihedral angles [°] in 4: C1—Cul 187.8, C2—Cul 196.9, Cul—Cu2 271.3, C1-Cul-C2 170.0, C2-Cul-Cu2 103.4, C1-Cul-Cu2-C6 84.6; and in 5: Cul—Cu2 283.8,

C1-Cul-C5 172.9, C9-Cu2-C13 171.3, C1-Cul-Cu2-C9 93.7.

5334
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intensity to a single low-frequency mode, namely, that of the
Cu'—Cu' stretch (v(Cu,) =104 cm™).

To investigate CSIs in Cu—Cu contacts we performed ab
initio calculations on a wide variety of monomeric (CH;CuX)
(6) and dimeric Cu' compounds (CH;CuX), (7; X=OH,,
NH;, SH,, PH;, N,, CO, CS, CNH, CNLi) to model the solid
state. We also investigated the Cu—Cu interactions in the CH;-
bridged tetramer (CH;Cu), (8) as a model compound for 1 or 2.

Computational Methods

All calculations were performed with the Gaussian 98 program package.
The heteroatoms of all model compounds were treated with all-electron
standard basis sets,[*l while for copper either an energy-consistent scalar
relativistic or a nonrelativistic (NR) 19 valence electron (19-VE) small-
core pseudopotential (PP) of the Stuttgart group?” was used to replace the
inner core electrons.

Three different basis sets were applied to describe the copper valence
electron region (see Table 1). The originally published Hartree — Fock (HF)
optimized Cu basis set of the Stuttgart group?’l is denoted as basis 1a,
basis 1b is derived from la but augmented by two f-type polarization
functions,'”! and basis 2 is a large correlation-consistent Gaussian-type
basis set generated in our group (Table 2).

Basis 2a was obtained by numerically optimizing a (9s8p6d4f) subset of
exponents for the Cu atom at the second-order Mgller—Plesset level
(MP2). Furthermore, a (2s1p1d) set of diffuse functions was added which
we obtained from a numerical fit procedure at the MP2 level for the Cu~
anion to reproduce the experimentally known value for the electron
affinity £, of Cu at the coupled cluster [CCSD(T)] level of theory. The
calculated CCSD(T) ionization potential of 7.71 eV and electron affinity of
1.18 eV are in excellent agreement with the experimental values of 7.72 and
1.23 eV.®¥ Correlation-consistent basis sets optimized by this procedure

Table 1. Basis setsl? and calculated total electronic energies E [au] for the Cu atoms used in the present

have been repeatedly used? to successfully suppress what is known as the
basis set superposition error (BSSE).[*l Basis 2b is in principle of the same
size as basis 2a, except that a nonrelativistic (NR) pseudopotential®’! was
used for copper.

The structures of all monomeric compounds of type CH;CuX (6; X = OH,,
NH;, SH,, PH;, N,, CO, CS, CNH, CNLi) were fully optimized at the
pseudopotential (PP) MP2 level (Table 3), while keeping the orbital space
fully active.l*!l The geometries were proven to be minima by analyzing the
second derivative matrix (Hessian), at least for basis sets 1a and 1b. The
unchanged monomer geometries were used to build up the perpendicular
(Cy-symmetric) dimers (CH;CuX), (7; Figure 3).

The Cul—Cu! attraction in those dimers was then studied by varying the
Cu—Cu distance r(Cu—Cu). The attraction energies of the two interacting
closed-shell fragments were obtained with (AEq) and without (AE)
counterpoise (CP) corrections according to Equations (1) and (2). If not
otherwise stated, CP corrections to eliminate the BSSE were performed for
the monomers at the equilibrium distances of the dimers.

AE=EQ) EQ-EP M
AEqp=E" EQPEZY @

For the dimers 7 the Cu—Cu distance was varied to produce potential
energy curves and subsequently fitted to a Morse potential [Eq. (3)] to
correctly describe the dissociation limit into two closed-shell monomer
fragments CH;CuX 6. This gives both accurate Cu—Cu bond lengths and
force constants in agreement with values obtained by the more accurate
analytical optimization techniques used for the smaller basis sets.

V(rcw-co) = D(1 — exp 2y (3a)
key-co=2Da? (3b)
For the geometry optimization of (CH;Cu), (8) we used the less computer
extensive Los Alamos basis sets and pseudopotentials (LANL2DZ).53

The natural bond orbital (NBO) analysis of
Reed and Weinhold*! within the Gaussi-

work. an 98 program suite® was used to determine
tural atomic ch d bondi tri-
Case  Atom Basis E(HF) E(MP2) E(CCSD(T)) 9 IOMIE CHIEEs AR BORCing €onth
la HLi,CNOPS 631 +G(d) - - -
Cu (8s6p5d)/[6s5p3d] —196.16955 —196.54767 —196.49965
1b Cul*l (8s6p5d21)/[6sSp3d21] —19616955  —196.73788 —196.69156 Results and Discussion
2a H cc-pVDZ - - -
C,NIL.OPS -PVTZ - - - .
L 2?31 +(dp) B _ _ Monomers: Table 3 lists the geomet-
Culd (11s9p7d4£)/[9s7Tp5d3f]  — 196.20483 —197.10982 —197.02541  ric parameters for the monomers
(~196.20500)  (~197.13703)  (-197.05210) H,CCuX (6; X=OH,, NH;, SH,,
2b Cu NRU (11s9p7d41)/[9s7p5d3 1] —195.61745 —196.51414 —196.43161 PH,, N,, CO, CS, CNH, CNLi)

[a] Cu valence basis sets for the Stuttgart small-core pseudopotentials (PP) of the Stuttgart group.”l  together with the bond dissociation

[b] The f exponents are a;=0.24, 3.70.% [¢] In the case of X = CNH and CNLi the cc-pVDZ basis set was
used for N. [d] Energy values E in parentheses are for the uncontracted basis set. [e] NR indicates that a

nonrelativistic PP was used instead.’)

Table 2. Exponents and coefficients for the correlation-consistent Cu valence basis set.[!

energies for the reaction H;CCuX —
CH;Cu + X with (AEpyg) and with-
out (AE) correction for the zero-
point vibrational energy. All the

monomers were fully optimized at

s p d f . .

exp. coeff. exp. coeff. exp. coeff. exp. coeff. the MP2 level by using the basis
sets and pseudopotentials listed in

27.53091 —0.10565 79.14552 0.00247 50.18287 0.02203 11.60973 0.11427 Table 1
14.59263 0.29217 17.22254 —0.07389 15.66677 0.10969 4.67063 0.33370 aple L. .
6.15443 0.62754 7.69319 0.02583 5.69954 0.25889 1.85482 - The monomers 6 are in general
4.89927 - 4.00736 - 213198 - 058635 - linear (see Figure 3) with a(C-Cu-
. om0 paen - oD X180, except for X=OH, and
0.50889 _ 0.36183 ~ 005492 - B ~ SH,, for which they are slightly
0.26090 _ 0.12873 _ _ _ _ _ bent (G(C-CU-O) =179.2° and
0.12573 - 0.04036 - - - - - a(C-Cu-S) =178.1°).
0.06667 - - - - - - - The C—Cu bond length of 6 is
0.02409 - - - - - - -

sensitive to the nature of X (Fig-

[a] The basis set was numerically optimized at the scalar relativistic MP2 level of theory.
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ure 4), and r(C—Cu) varies between
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Table 3. Optimized parameters for the H;CCuX monomers at the MP2 level of theory.l!
X Basis r(C—Cu) r(Cu—X) r(X=Y)! a(H-C-Cu) a(Cu-X-Y) AE AE pye
el la 186.8 - - 108.8 - - -
1b 184.8 - - 108.8 - - -
2a 182.4 - - 108.8 - - -
2b 185.0 - - 108.9 - - -
OH, la 186.4 195.3 97.7 110.6 112.7 25.5 23.1
1b 185.3 193.4 97.8 110.2 110.7 28.4 26.0
2a 183.2 190.8 97.2 111.2 111.4 30.6 -
2b 184.9 192.5 97.1 111.3 112.1 26.9 -
NH; la 187.4 193.6 102.2 111.3 111.9 383 35.6
1b 186.5 191.2 102.3 110.9 111.5 42,5 39.8
2a 184.5 189.4 102.1 110.9 111.5 43.1 -
2b 186.2 191.0 102.0 111.6 111.9 389 -
SH, la 188.1 219.7 1345 110.9 102.4 272 25.2
1b 187.0 2143 134.7 110.8 101.4 34.6 32.6
2a 185.6 212.1 135.0 111.3 103.2 324 -
2b 187.3 214.8 135.0 111.3 102.7 28.1 -
PH; la 189.4 216.5 140.7 111.3 118.8 335 335
1b 188.3 213.0 140.7 111.0 118.7 40.5 38.4
2a 186.8 210.0 141.2 111.5 119.4 40.0 -
2b 188.5 212.4 141.2 1115 1194 35.0 -
N, la 187.6 181.6 1135 111.0 180.0 19.6 18.0
1b 187.1 179.4 113.6 110.7 180.0 242 22.6
2a 185.1 176.9 111.7 111.3 180.0 27.6 -
2b 186.6 179.4 1115 111.3 180.0 22.7 -
CO la 189.2 177.1 115.7 111.3 180.0 343 324
1b 188.8 175.8 115.8 110.9 180.0 40.0 38.1
2a 186.9 172.6 1143 111.5 180.0 451 -
2b 188.4 1752 114.1 111.6 180.0 38.6 -
CS la 190.1 173.6 1543 111.4 180.0 51.8 50.1
1b 189.5 172.7 154.4 111.0 180.0 582 56.4
2a 187.6 169.4 154.4 111.6 180.0 62.2 -
2b 189.0 171.8 154.1 111.7 180.0 54.6 -
CNHW la 189.4 179.7 118.2 111.6 180.0 414 39.8
1b 188.9 178.1 118.3 1112 180.0 46.7 452
2a 187.0 175.0 1174 111.8 180.0 51.7 -
2b 188.5 177.5 117.2 111.8 180.0 45.7 -
CNL; la 190.0 182.1 119.2 111.8 180.0 52.0 50.1
1b 189.2 180.4 119.3 111.5 180.0 57.1 552
2a 187.4 177.7 118.3 112.0 180.0 614 -
2b 188.9 180.1 118.2 112.1 180.0 55.9 -

[a] Bond lengths r in picometers, angles « in degrees. The AE values [kcalmol™'] are given for the Cu—X bond
strength (dissociation into CuCHj; and X) with (AEpyg) and without (AE) ZPVE correction. [b] For bond lengths
of the unbound ligands X, see ref. [S0]. [c] An experimental bond length for CH;Cu is not available, but there are
numerous other ab initio calculations, for example, by Frenking,*- > Bauschlicher®! or Nakamura.? [d] N—H
bond lengths for basis sets 1la, 1b, 2a, and 2b are 100.4, 100.4, 100.6, and 100.6 pm, respectively. [e] N—Li bond
lengths for basis set 1a, 2b, 2a, and 2b are 179.5, 179.3, 182.1, and 182.4 pm, respectively.

Figure 3. Model monomers 6 and the perpendicular arrangement of two
monomers in the dimers 7. The C;-M;-M,-C, and X;-M;-M,-X, dihedral
angles are fixed at 90°.

182.3 pm (X = OH,) and 187.6 pm (X = CS) for basis 2a. One
usually expects an elongated C—Cu bond (weaker bonding of
CH,) if the Cu—X bond is strong, but comparing the AE values

5336 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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with the C—Cu bond lengths
shows that this is not the case. It
is likely that other bonding
contributions such as & bonding
between the ligand X and Cu
are important as well.

The C—Cu and Cu—X bond
lengths are sensitive to the basis
sets applied, that is, they con-
tract slightly on going from
basis 1a to basis 1b and further
to the largest basis set 2a. For
example, the influence of two
additional f functions at Cu
(basis 1b vs 1a) on r(C—Cu) is
about —1pm. For r(Cu—X),
these changes range from —0.9
(X=CS) to —-54pm (X=
SH,). Even more important
are the differences between
basis sets la and 2a. The
r(C—Cu) decrease in general
by more than 2 pm, while the
changes in r(Cu—X) are be-
tween —4.2 pm (X=NHj;, CS)
and —7.6 pm (X =SH,). Clear-
ly, variations in the geometry of
monomer 6 will influence
Cu'—Cu' interactions in 7, and
it is therefore important to use
sufficiently large basis sets.

It has been shown that rela-
tivistic effects cannot be ne-
glected in accurate calculations
of bond lengths and energies in
copper compounds.[**>#1 The
so-called Group 11 maximum
of relativistic effects also ap-
plies for Cu, although to a lesser
extent than for Ag or Au. A
comparison of r(C—Cu) and
r(Cu—X) calculated with the

* .
. o o
. i * 2 ¢t
0‘ : L] | ]
*« 2 A =
2 n
]
=

& basis 1a

T

T T T T

OH, NH, SH, PH; N, CO CS CNH CNLi
®basis 1b Wbasis 2a A basis 2b

Figure 4. Bond lengths of the monomers 6 calculated (MP2) with basis sets
1a, 1b, 2a, and 2b.
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same copper valence basis set but different copper pseudo-
potentials, namely, a scalar relativistic (basis 2a) and a non-
relativistic (basis 2b) pseudopotential, clearly shows that
C—Cu and Cu—X bonds contract by roughly 1.5 and 2.0 pm,
respectively, due to relativistic effects. The longer nonrelativ-
istic Cu—X bond lengths correlate to smaller bond dissociation
energies AFE at this level (see Table 3 and Figure 5).

n
60.0 [] :
t = e
= F ]
5 400 . . 2 ¢
g r ’ 2 ¢ .
g . | %
4 200 .
0.0 : : : :

OH, NH, SH, PH, N, CO CS CNH CNLi

#basis 1a @basis 1b M basis 2a Abasis 2b

Figure 5. Cu—X bond dissociation energies AE of the monomers 6
calculated (MP2) with basis sets 1a, 1b, 2a, and 2b.

Depending on the ligand X, the dissociation energies
calculated at the nonrelativistic level are smaller by
3.7kcalmol™! (121%) for X=OH, and 7.6 kcalmol!
(122%) for X=CS than the values calculated at the
relativistic level. This indicates that relativistic effects cannot
be neglected for the calculations on the dimeric compounds.

Table 4 summarizes the results of a natural bond orbital
analysis (NBO) on the monomers 6. The copper atoms bear
positive charges in the range from g(Cu) =+0.44 (X=O0H,)
to q(Cu)=+0.76 (X=CS), while the methyl groups are
negatively charged, with values between ¢(CH;)=-—0.53
(X=O0H,) and ¢q(CH;)=—0.65 (X=CNLi). The ligands X
carry a relatively small positive or negative charge due to their
donor or acceptor capabilities. The orbital occupations for the
copper n(4s), n(3d,), n(3d,), and n(3d,) orbitals are also given
in Table 4. The copper 4s orbital
is populated by n(4s) =0.74 (X =
CS) to n(4s)=0.83 (X=O0OH,)
electrons, while almost no occu-
pation is found for the 4p orbitals
(n(4p) < 0.1). For all monomers 6
the occupation of the 3d, orbitals
is essentially 3.92 electrons, while
the orbital populations in the 3d
orbitals with z contributions (3d,
and 3d,) vary between 1.70 and
1.95 electrons depending on the

4E [ keal mol”

Table 4. NBO charges for the H;CCuX (6) monomers calculated at the
MP2 level with basis set 2a. Cu orbital population for selected valence
orbitals.

X q(Cu)  q(CH;) q(X)  n(4s) n(d,) n(Bd,) n(3dy)
OH, 0.44 —0.53 0.09 0.83 1.70 3.90 3.92
NH; 0.45 —0.57 012 0.79 1.71 3.90 3.92
SH, 0.43 —0.58 015 078 1.79 3.86 3.92
PH; 0.45 —0.60 015  0.76 1.83 3.92 391
N, 0.58 —0.57 —-0.01 0.76 1.77 3.76 3.92
CO 0.61 —0.61 0.00 0.78 1.81 3.66 391
CS 0.76 —0.62 —-014 074 1.82 3.56 391
CNH 0.58 —0.63 0.05 077 1.80 3.72 3.92
CNLi 0.52 —0.65 013 0.79 1.78 3.78 3.92

numbers between n(3d)=9.52 (X=O0OH,) and n(3d)=9.57
(X=PH;) were determined for the 3d (and 4s) orbitals of o
donors such as X =OH,, NH;, SH,, and PH;.

Dimers: For the dimers 7 we chose the perpendicular
arrangement shown in Figure 3, because such an arrangement
minimizes the dipole—dipole interactions between the two
subunits 6, and the undisturbed metal —metal interaction can
therefore be studied. These structures are also more closely
related to crystal structures, as observed, for example, in the
case of 4 and 5. Therefore, the potential energy curves
(Figure 6) do not describe absolute minima on the potential
energy surface for the dimeric compounds (CH;CuX), (7),
since only the Cu—Cu distances were optimized at fixed
monomer geometries.

In Table 5 the calculated data for 7 are summarized. The
equilibrium Cu—Cu distances r.,(Cu—Cu) and the correspond-
ing interaction energies AE and AEp are given, as well as the
corresponding force constants k(Cu—Cu). In Figure 6 the
interaction potentials without counterpoise corrections (basi-
s 2a) are shown.[*] Note that all interaction potential curves
are attractive; this means cuprophilic attraction exists!
Furthermore, since all potential energy curves at the HF
level are repulsive, cuprophilic interactions can be explained
by electron correlation effects.

ligand X. m-Acceptor ligands
(e.g., X=CO, CS) withdraw elec-
tron density from the 3d (and 4s)

r(Cu-Cu) / pm

orbitals, as the small 3d, popula- -10
tions show, leading to smaller 200

g T T T 1
250 300 350 400

overall occupation numbers of m OH, ® NH, 4 SH, v PH & N, « CO » CS @ CNH * CONLi

n(3d)=939 (X=CO) and
n(3d)=9.30 (X=CS) show. In

comparison, higher occupation  corrections.

Chem. Eur. J. 2001, 7, No. 24
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Figure 6. Potential energy curves AE(r(Cu—Cu)) for the dimers 7. The energy differences AE [kcalmol~'] are
given relative to the energy of two monomers [Eq. (1)]. Note that these curves do not include counterpoise
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Table 5. Optimized MP2 parameters for the (H;CCuX), dimers.[?!

X Basis r(Cu—Cu) k(Cu—Cu) AE AEqp
OH, la 318.5 - —2.8 0.2
1b 287.2 9.45 —45 —-0.3
2a 313.9 5.51 —24 -1.0
NH; la 310.2 - —3.8 —-0.3
1b 283.3 11.32 —5.8 —-0.3
2a 304.3 791 —-34 —-1.8
SH, la 302.9 - —4.7 0.1
1b 277.6 12.44 —-6.8 0.3
2a 301.7 8.48 —4.0 —2.2
PH, 1a 280.6 - —64 08
1b 258.2 21.64 -95 -13
2a 273.5 17.54 —6.4 -39
N, 1a 292.1 - 48 —04
1b 268.8 17.83 -75 —0.6
2a 290.0 10.82 -39 -23
CO la 285.0 - —-52 -05
1b 261.1 21.09 —-82 —0.6
2a 280.4 13.20 —4.4 2.7
CS la 276.3 - -6.9 -0.7
1b 253.3 28.03 —10.6 —-0.9
2a 272.8 16.29 -58 —3.7
CNH la 287.9 - —48 —-0.1
1b 262.6 20.65 —-7.6 —-0.2
2a 280.4 13.09 —44 —22
CNLiM! la 301.3 - —-1.2 35
1b 270.0 5.66+4.62 —3.8 4.0
2a 295.3 5.24 -02 2.0

[a] Distances r(Cu—Cu) in picometers, force constants k(Cu—Cu) in
newtons per metre; the attraction energies of the dimers compared to
two monomers are given with (AEqp) and without (AE) CP correction at
r(Cu—Cu) according to Equations (1) and (2). [b] See ref. [45].

Most striking are the calculated Cu—Cu equilibrium dis-
tances 7.,(Cu—Cu) (Table5). First, they show a strong
dependency on the nature of the ligand X. Second, they are
highly sensitive to the basis set applied. While for X=0OH, a
large equilibrium distance of r,,(Cu—Cu) =313.9 pm is found
(basis 2a), we calculated a much shorter distance for X =CS
(req(Cu—Cu) =272.8 pm, Ar,,=41.1 pm). Such a large ligand
effect is not easy to understand. The data suggest that ligands
with good o-donor and m-acceptor capabilities such as X = CS
or X = CO result in shorter Cu—Cu bond lengths. It is possible
that the m-acceptor ligands are able to withdraw electron
density from the formally positively charged copper(i) centers
(Cu"), so that the Pauli repulsion is decreased and the
monomeric fragments move closer together. An NBO anal-
ysis supports this (Table 4). Here the CS ligand is more
negatively charged, and the Cu 3d orbital population is
smaller relative to, for example, the CO ligand due to
Cu(d,) — CS(p,) back donation.

As all the interaction potentials at the equilibrium distances
are very shallow (see Figure 6), large changes in the Cu—Cu
bond lengths do not necessarily cause the interaction energies
to change dramatically. As an example, for X=NH; the
energy change between r(Cu—Cu) =275 pm and r(Cu—Cu) =
350 pm (Ar=75 pm) amounts to only 0.5 kcal mol~L

Our calculations also reveal that the Cu—Cu distances are a
sensitive probe for slight (electronic) changes caused by
different basis sets (Table 5). For calculations with basis 1a,
relatively long Cu—Cu equilibrium distances are obtained.
Reoptimizing the Cu—Cu bond lengths by using two addi-
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tional f functions (basis 1b)!!% causes all Cu—Cu equilibrium
distances to decrease by more than 22 pm; for example, for
X =O0H, Ar(Cu—Cu)=31.3 pm is calculated. Applying the
large basis 2a causes the Cu—Cu bond lengths to decrease by
between 1.2 pm (X=SH,) and 7.5 pm (X=CNH) compared
to basis 1a, and to increase by 15.1 pm (X =PHj;) to 26.7 pm
(X =OH,) compared to basis 1b.

The variations in the Cu—Cu bond lengths due to the
different quality of the basis sets are also reflected in the
attraction energies between the monomers. When we origi-
nally started these calculations with basis set 1a, we realized
that the counterpoise (CP) correction for the BSSE to the
monomer energies almost completely cancelled the attraction
between the monomers in the supermolecule (compare AE
and AEqp at the r(Cu—Cu) distances of the CP-uncorrected
dimer in Table 5 and Figure 7). Furthermore, in some cases

E——
N
4, (&)

"

o

0
N
L O et

&
¢y

—
-
—
n

L S —Y

—
P —

AE / kcal mol”

75 S T -

-10 .

OH, NH, SH, PH, N, COo CS CNH  CNLi

+basis 1a mbasis 1b A basis 2a

Figure 7. Attraction energies AE for the dimers 7. The error bars show the
BSSE and the resulting AEqp values at the corresponding equilibrium
distances r.,(Cu—Cu).

(e.g., X=0H,, SH,, CNLi) we obtained purely repulsive
potential curves. According to Equations (1) and (2) the
ApAE values (difference between AE and AEp) are be-
tween ApAE=3.0kcalmol™! (X=OH,) and AGAE=
6.2 kcalmol~!' (X =CS), which is of the order of the actual
attraction energy; this is exactly the problem others
faced.['* 13211 Tn fact, the BSSE increases from basis set 1a to
the larger basis set 1b and is then in the range of AcpAE =
5.1 kcalmol™! (X=O0H,) and ApAE=9.6kcalmol™! (X=
CS). This suggests that the basis set is less than complete in
the spd part, or important higher angular momentum
functions are missing.

To analyze the BSSE in more detail we studied different
basis sets for different atoms. The BSSE increases on adding
two f functions to Cu, and this suggests that the basis set at the
copper center is mainly responsible for this error, as one
would expect. In fact calculations for X = CO indicate that the
BSSE decreases by only 3% if the basis set 1b on the
heteroatoms is extended from 6-31+ G(d) to the Dunning
cc-pVTZ basis.P On the other hand, if the monomer is
calculated by taking only the Gaussian basis functions at the
center of the second (ghost) copper atom (see Figure 8,
structure D) into account about 70% of the BSSE is
recovered (between 55 and 60 % for basis 1a).
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H3C——Cu—CNLi H3C——Cu—CNLi

HaC— Cu—CNLi HsC— Cu—CNLi 2:2—27—777

A B C

HsC—Cu—CNLi HsC——Z—CNLi

Z72—7—777

7 HsC——Z——CNLi
b E F
Z3Z—Cu—277

Cu Z3Z—Cu—277Z '
Z52—27—777
G H |
Figure 8. Schematic structures of calculated molecules to study the BSSE.
Z denotes the atoms which were treated as “ghost” atoms, that is, the
Gaussian basis functions at the corresponding atom position where taken
into account.

We therefore decided to optimize the copper basis set at the
correlated (MP2) level to suppress errors in the spdf part
before adding higher angular momentum functions,*! as
described in the computational section. This technique
eliminated most of the BSSE for the notoriously difficult
molecule Hg,.*"! Our systematic investigation on the BSSE
using this newly developed basis for copper (see Table 2) is
summarized in Table 6.

Table 6. The basis set superposition error for CH;CuCNLi.=?

Structure Basis setl’! E AE
A 6-31 + G(d)/Cuycc — 674.15472 -
B 6-31 + G(d)/Cuycc ~337.07678 -
C 6-31 + G(d)/Cuycc —337.08016 —212
D 6-31 + G(d)/Cuycc —337.07865 —117
E 6-31 + G(d)/Cuycc —139.74643 -
F 6-31 + G(d)/Cuycc —139.74885 —152
G 6-31 + G(d)/Cuycc —197.13703 -
H 6-31 + G(d)/Cuycc ~197.13914 —132
I 6-31 + G(d)/Cuycc ~197.13847 ~0.90
A cc-pVTZ/Cuyee — 67452230 -
B ce-pVTZ/Cuyee —337.26113 -
C cc-pVTZ/Cuyee —337.26299 —116

[a] The structure fragments A —I are shown in Figure 8. The total electronic
energies E for A-TI are given in au, and the relative energies AE in
kcalmol~. [b] All heteroatoms were calculated by using either the 6-31 +
G(d) or cc-pVTZ basis sets.’) Cuycc denotes that for copper the
uncontracted correlation-consistent basis set (see Table 2) was used.

The BSSE per monomer (X=CNLi) now drops from
AcpAE =3.9 kcalmol~! (basis 1b) to ApAE =2.2 kcalmol™!
(—44%) for the 6-31 + G(d) basis sets by applying the Cu
correlation-consistent basis set together with the heteroatoms.
To reduce the remaining error even further, a more detailed
study of the single fragments was necessary. For example,
comparison of structure D with C (Figure 8) reveals that
1.2 kcalmol™' (55%) of the remaining 2.2 kcalmol~! origi-
nated from the second copper atom only. However, compar-
ing structures F and E reveals that the ligand atoms are
responsible for 1.5 kcalmol~! (70 %) of the BSSE. This leads
to the conclusion that the BSSE arising from the ligand atoms
is now of the same magnitude as that resulting from the

Chem. Eur. J. 2001, 7, No. 24
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copper atom. Furthermore if the ligand basis is extended from
6-31+ G(d) to cc-pVTZ (Table 6) the BSSE again drops by
nearly 50 % (cf. B and C) to a final value of 1.2 kcalmol ! per
monomer fragment. In fact, from the error bars given for the
different ligands X in Figure 7 it is clear that basis 2a reduces
the BSSE in general by approximately 70% relative to
basis 1b, while the error compared to basis 2a is reduced by at
least 50 % for basis 1a.

Finally, for X=NH; and X =PH;, CP-corrected potential
curves (for X=PH;, see Figure 9) were calculated with
basis 1b and basis 2a to study the BSSE for the entire range
between r(Cu—Cu) =200 and 400 pm.

30
‘.
\
'\
204 N
N
\
..
10 N ® basis 1b (CP)
v v basis 2a (CP)
.. A basis 2a
. S m  basis 1b

-10- R EEE i

r(CuCu) | pm——
T

T T T T 1
200 2%0 300 350 400
Figure 9. Potential energy curves of [(CH;CuPH;),] calculated by using
basis sets 1b and 2a with and without counterpoise (CP) correction. The
AE [kcalmol™!] values are given relative to the energy of the two
monomers.

For basis 2a and X =PH;, the BSSE increases the Cu—Cu
equilibrium distance from r,,(Cu—Cu) =273.5 to r,o(CuCu) =
289.1 pm (Ar(Cu—Cu) =15.6 pm) and the cuprophilic attrac-
tion from AEep=—3.9 to —4.1 kcalmol~! compared to the
CP-corrected values at the original bond length. In the case of
X =NHj;, r(Cu—Cu) changes from 304.3 to 326.3 pm
(Ar(Cu—Cu)=220pm) and AEs, from -—18 to
—2.0 kcalmol~!. To summarize, correlation-consistent basis
sets for the copper atom and the ligands (e.g., basis 2a)
remove most of the BSSE and should therefore be preferred
over standard HF-optimized sets for weak metal—metal
interactions.

Various empirical relationships between metal —metal dis-
tances and force constants have been developed in the past.[*!
The Hershbach —Laurie rule®! has been used successfully to
describe dinuclear transition metal complexes (e.g., M =Cr,
Mo, Rh, Pd, Ag, W, Re, Ir, Pt, Au, Hg), as reviewed by
Harvey."™ We therefore applied the Hershbach-Laurie
equation [Eq. (4)] to fit the optimized equilibrium distance
req(Cu—Cu) [pm] of the dimers 7 to the logarithm of the
calculated force constant k<(Cu—Cu) [Nm™!] obtained from a
Morse fit, as shown in Table 5.

r(Cu—Cu) = a + b(In k/100) “

The results for basis sets 1b and 2a (from Table 5) are
plotted in Figure 10. Linear regression yields for basis 1b
(basis 2a) values of a=227.8 (a=227.6) and b=-23.0 (b=
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is that the Cu—Cu bond of the
dimer is significantly shorter if
the monomers are bent, in
agreement with the findings of
Liu et al.® For example, for
X=CS with a(C-Cu-X)=
175.0° we calculate an equilib-
rium distance of r(Cu—Cu)=

300 -250 -200 -1.50 -1.00 -0.50

In[10%k / Nm"] ——»
Figure 10. Hershbach—Laurie fit for all calculated dimers (CH;CuX), and Cu, according to Table 5 and

Equation (4).

—28.3), which essentially differ only in the slope. Interest-
ingly, the b values are of the same magnitude as the published
values for Ag and Au (Table 7), and only the intercept
increases on going from Cu to Au.

Table 7. Hershbach—Laurie parameters for Group 11 elements according
to Equation (4).

M a [pm] b [pm] Ref.
Cu 228 -22.8 this work!?!
228 —283 this work!
Ag 250 ~300 [4]
253 —28.4 [48]
Au 268 ~290 [4]
289 ~20.6 [53]
325 ~290 [2b]

[a] Calculated with basis 1b. [b] Calculated with basis 2a.

To the best of our knowledge, no experimental parameters
a and b are available for the Cu, system. Hence, given the
Cu—Cu bond length, our formula allows the first crude
estimates of Cu—Cu stretching force constants k(Cu—Cu), or
vice versa, to be made; this is important for future vibrational
studies in solution or the solid state. For example, taking the
experimental Cu~Cu' stretching frequency (¥(Cu,)=
104 cm™!) of [Cu,(depm),]X,,3 we obtain the force constant
k(Cu—Cu) within the harmonic approximation. Substituting
the calculated value of k(Cu—Cu)=20.05Nm! into the
Hershbach - Laurie formula [Eq. (4)], together with the given
a and b values (basis2a), we obtain a bond length of
r(Cu—Cu) =273.1 pm, in perfect agreement with the exper-
imentally determined value of r(Cu—Cu) =273.1 pm.

Relativistic effects on the Cu—Cu bond lengths and
interactions were calculated to be rather small, at least for
X =NHj;. A slightly longer Cu—Cu bond length of 305.5 pm
and a essentially unchanged attraction of AE = 3.41 kcal mol ™!
were found in the nonrelativistic case, as compared to
304.3 pm and AE =3.43 kcalmol~! in the relativistic case.

We also studied the influence of bent monomer units 6 on
the Cu—Cu interaction in the dimers 7 (see Table 8). Dimers
with slightly bent monomer units (a(C-Cu-X) < 180°) are
more favourable than those with linear monomers (a(C-Cu-
X)=180°). For X=NH; (CS) we calculated an optimum
monomer angle of a(C-Cu-X) =178.8° (175.3°). Most striking
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N 264.8 pm (Table 8), which is
e, 8 pm shorter than the equilibri-

" ; ) um distance of r(Cu—Cu)=
0.00 050 1.00 2728 pm  for a(C-Cu-X)=

180°. A similar result was found
for X=NH;. The calculated
effect on the attraction of two
monomers [Eq. (1)] is relatively
small (< 0.5 kcalmol~!) but not negligible. This suggests that
the copper—copper interactions, which increase on bending
the monomers, are responsible for the bent monomers in
crystals of compound such as 5 (a(C-Cu-C)=172.9 and
171.3°), although the bending is often discussed only as
consequence of lithium coordination. Note that the rBu-
Cu(CN)Li monomers in 4 are also bent (a(C-Cu-C)=170.0
and 168.0°), although 4 contains no bridging lithium atoms.

Table 8. The Cu—Cu attraction as a function of the angle a(C-Cu-X) [°].
The r(Cu—Cu) [pm] and AE [kcalmol~!] values are optimized for the
corresponding angle a.[?]

a X =NH, X=CS
r(Cu—Cu) AE r(Cu—Cu) AE
180 304.3 —3.43 272.8 —5.83
175 292.9 -3.21 264.8 —6.16
170 283.0 —-2.17 259.2 —5.74
165 275.9 —-0.32 255.1 —4.53

[a] A polynomial fit of the angle a to the interaction energy AE yields for
X =NHj; (CS) an optimal angle of a(C-Cu-X)=178.8° (175.3°), which
corresponds to a Cu—Cu bond length of r(Cu—Cu) =301.5 (265.1 pm).

Tetramer: To study whether the inward bending in com-
pounds like 1-3 is due to ring constraints or to cuprophilic
interactions we optimized the model compound (CH;Cu), (8)
at the HF and MP2 levels of theory (Figure 11). At both levels
of theory an inward-bent C-Cu-C arrangement is found. Since
we showed in the previous section that HF only produces
repulsive energy curves, we conclude that the bending also
occurs if cuprophilic interactions are absent. The question
then is to what extent cuprophilic interactions influence the
structure of such compounds.

To obtain some indication of cuprophilic interactions in this
tetrameric copper compound we performed the following
steps:

1) Starting with the HF-optimized structure we switched on
correlation effects (at the MP2 level) to see whether
cuprophilic interactions decrease the C-Cu-C bond angles
and Cu—Cu bond lengths. Since the C—Cu bond at the MP2
level is shorter than that at the HF level of theory, this
contraction in the C—Cu bond due to correlation effects
will counteract the cuprophilic interaction.

0947-6539/01/0724-5340 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 24



Metallophilic Interactions

5333-5342

Figure 11. Optimized MP2 structure of 8. HF values are given in
parentheses.

2) Starting with the MP2-optimized structure we switched
correlation effects off (HF level) to see if the absence of
cuprophilic interactions increases the C-Cu-C bond angles
and the Cu—Cu bond lengths. Since the C—Cu bond at the
HF level is longer than that at the MP2 level of theory, this
contribution will counteract the increase in the C-Cu-C
bond angle.

For case 1 the Cu—Cu bond length decreases by 8.0 pm, and
the C-Cu-C bond angle decreases by 3.0°. The stabilization
energy for this process is 1.3 kcalmol~!. For case 2 the Cu—Cu
bond length increases by 6.6 pm, and the C-Cu-C angle by
2.6°. The energy gain for this process is 4.4 kcalmol~.
Although LANL2DZ basis sets and pseudopotentials may
overestimate cuprophilic interactions, these changes clearly
indicate that cuprophilic interactions are partly responsible
for the short Cu—Cu bonds and C-Cu-C bending in structures
such as 1-3.

Conclusion

We have clearly established the existence of cuprophilic
interactions for a number of different compounds. By
successively eliminating the BSSE by applying correlation-
consistent valence basis sets together with a small core
pseudopotential for copper, the CSIs were found to be
attractive by up to 4 kcalmol! for a number of model
compounds. Cuprophilic interactions are therefore approx-
imately three times weaker than aurophilic interactions.
Although we modelled these interactions for compounds
known in the solid state, some of these cuprophilic inter-
actions may be large enough to exist in dimeric cuprates in
solution, as suggested by Boche et al.?l

Chem. Eur. J. 2001, 7, No. 24
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