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A Theoretical Insight.’
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The metal-ligand, M—L, bonding situation in cyclic trinuclear complexes, CTCs, of copper(I), silver(I), and gold(I) was in-
vestigated at the light of the energy decomposition analysis (EDA-NOCV) and natural bond orbitals (NBO). The anisotropy of
the induced current density (ACID) and magnetic response were employed to evaluate the effect of electronic conjugation and
metal-metal interactions in CTCs. The EDA-NOCYV results show that the M—L bonding is stronger in gold(I) than in copper(I) or
silver(I) complexes. Au™ —L bonds present an elevated covalent character when compared with Cu* —L and Ag* —L bonds. The
NBO analysis confirms the elevated covalent character observed for Au™—L bonds, indicating that the ligand-metal donation,
L—M, and the metal-ligand back-donation, M—L, are more stabilizing in gold(I) than in copper(I) or silver(I) complexes. Both
ACID and the magnetic response calculations reveal that there is cyclic conjugations in the ligands and a strong diatropic ring
current indicating the presence of aromaticity. However, there is no through-bond M—L conjugation between the ligands and the

metallic centers, as indicated by the absence of a continuous anisotropy boundary surface involving M—L bonds.

1 Introduction

Triangular arrangements of coinage metal ions such
Cut([Ar]3d'0), Ag®([Kr]4d'®), and Au't([Xe]4f!'45d0)
are common in chemistry, specially due to their luminescent
properties and ability to form supramolecular structures. !~16
Vaughan and coworkers!” have synthesized the first gold(I)
cyclic trinuclear complex (CTC) [Au(T);(u-1,2-piridyl),],
which presents a planar 9-membered ring structure, exhibiting
aroughly D3j, symmetry.

The synthesis of CTCs such as [M;(u-L);] (where M
= Cu", Ag', Aut and L = pyrazolate (pz), imidazolate,
triazolates, pyridiniate and others), their aggregates,® and
consequently their physical properties are intimately related
to metal-metal and metal-ligand interactions, which are de-
pendent on correlation and relativistic effects, as observed
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by going from top to bottom in XI group.!® The pres-
ence of aurophilic interactions in CTCs containing gold
becomes clear when aggregates of stable mixed-valence
Au([Xe]4£145d10) / AuT™ ([xe]4£'45d8) metallocycles are
formed, confirming the presence of an extended electronic
structure among the interacting gold atoms.!® The general
tendency to form aggregates supporting d'°—d!? closed-shell
interactions '%20 has been attributed to electronic correlation,
being reinforced by relativistic effects, particularly relevant
for gold counterparts. Usually, d'?—d!© contacts exhibit dis-
tances shorter than the sum of the van der Waals radii of the in-
volved centers, resulting in a situation which has been coined
as metallophilic interaction. In this respect, the ligand to metal
donation results in the population of the ns-based levels of the
closed-shell core, which has been described as a useful char-
acteristic to denote both short or long d19—-d19 ¢contacts, 21-23
where in the former case the bonding combinations are mainly
populated leading to distances sizably shorter than the sum of
the van der Waals radii, contributing to the metallophilic situ-
ation. The most common bridging ligands employed in CTCs
are the anionic heterocycles of five members >* such as pyrazo-
late, triazolate, imidazolate, and their substituted derivatives.
Heterocyclic compounds having six-member rings, such as
pyridiniate,!” and open chain ligands, such as bidentated car-
beniates >> are also employed. CTCs containing gold(I) and
pyrazolate ligands are employed in the preparation of lumi-
nescent materials.”%?” Cano and coworkers have shown that
CTCs such [Au(I);(u-pzR(n));] and [Au(I);(u-HpzR(n)),]
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(R(n) = C(H,OC,H,, ;) exhibit luminescence, which has a
stringent dependency on the nature of the ligand instead of the
presence of Au(I)-Au(l) interactions. The authors attributed
the origin of the luminescence to both ligand-to-metal charge
transfer (LMCT) and ligand-to-metal-metal charge transfer
(LMMCT).26

It has also been shown that CTCs containing the same
ligands but with different metal ions such as Cu®, Ag™,
or Aut differs not only in their structural parameters, but
also in the electronic structure.?® Flacker and coworkers have
synthesized and determined the crystallographic structures
of complexes like [Au, (u-3,5-Ph,pz),], [Ag;(1-3,5-Ph,pz),],
and [Cuy;(u-3,5-Ph,pz),],2>3° showing that the gold com-
plex exhibits a planar structure, while silver and copper com-
plexes show significant deviation from planarity as well as
the metal-ligand bond lengths are different, Au-N are slightly
shorter than Ag-N and Cu-N. Another important feature of
CTCs is the amplified m-acidity and m-basicity that they
present. ! =>%12-15 The r-acid/base properties are responsi-
ble for the formation of the supramolecular extended stacks
with arenes.® Tekarli et al.!> have shown that CTCs like
M, (u-L),] where M =Cu™, Ag*, or Au™ and L = carbeniate,
pyrazolate, imidazolate, triazolate, and pyridiniate, show en-
hanced 7-acidity and 7-basicity in comparison with their or-
ganic counterparts. The w-acidity and 7-basicity can be finely
tuned according to the nature of the bridging ligand, L, em-
ployed. Recently, Titov!' has shown that the interaction of
substituted acylferrocenes macrocycles [M;(p-L),] (where M
= Cu™ and Ag™; L = 3,5-bis(trifluoromethyl)pyrazolate) oc-
curs through the coordination of the CO and phenyl groups
with the three metal atoms of the macrocycle. However, inter-
actions between the 7-system of the ferrocarbonyl fragments
and the macrocycles are absent. The previous theoretical and
experimental studies showed that in CTCs there is a direct in-
terplay between the nature of the metal and ligands employed
and the strength of metal-ligand and metal-metal interactions.
This article reports a comprehensive computational study, in
which the nature of the metal-ligand bond, M-L, and the elec-
tronic structure of CTCs like [M;(u-L);] (where M = Cu™,
Ag", and Au™ and L = pyrazolate with or without substituents
R (1a-1c¢; 7¢c, 8¢) , u-1,2-isoxazole (2a-2¢), u-2-pyridyl (3a-
3c¢), u-pyridazine (4a-4c¢), u-2-pyrimidyl (Sa-5c¢), and u-2-
pyrazinil (6a-6¢) are investigated (Figure 1). The choice
of such ligands is based on the fact that the literature pro-
vides a plentiful supply of studies employing CTCs containing
pyrazolate, while studies of CTCs having other bridging lig-
ands such as p-1,2-isoxazole, p-2-pyridyl, u-pyridazine, p-2-
pyrimidyl, p-2-pyrazinil, and others are scarce. For that rea-
son, the present study investigate the nature of metal-bonding
interactions in CTCs and their dependence on the nature of lig-
ands and coinage metals employed, providing therefore valu-
able information to the rational design of CTCs with tunable

properties. In order to shed light on the M-L bonding sit-
uation, the EDA-NOCV scheme?? is employed. The EDA-
NOCYV scheme decomposes the interaction energy into terms
such as electrostatic, pauli repulsion, orbital, and dispersion.
The effect of electronic conjugation and metal-metal interac-
tions in CTCs is evaluated through NBO, 333 ACID35-3¢ and
magnetic response>’-3® analyses.

/ \ O0—N
T £ %
R /N N\ : Mo --eeeeees M
o e R VAN
\N_‘.M.'_N/ \ /o
O
R R
1a (M=Cu(l), R=H) 7c (M=Au(l), R=CF;, R'=CF) 2a (M = Cu(l))
1b (M=Ag(I), R=H) 8c (M=Au(l), R=CHj, R'=CF) 2b (M = Ag(I))
1c (M=Au(l), R=H) T 2¢ (M = Au(l))
O
Q N—/N
........ /\
N\
,. ', N;
GO GO
3a (M = Cu(l)) 4a (M = Cu())
3b (M = Ag(I)) 4b (M = Ag(I))
3¢ (M = Au(l)) 4c (M = Au(D))
0 0
@ <0 B
0. Y ..
o2 oW ¥ o
5a (M = Cu(l)) 6a (M = Cu())
5b (M = Ag(I)) 6b (M = Ag(I))
5¢ (M = Au(l)) 6c (M = Au(l))

Fig. 1 Schematic representation of the CTCs.

2 Computational Methods

The geometries of complexes 1a-8c¢ (Figure S1, support-
ing information) were optimized without constraints at the
non-local DFT level of theory,3#? by using the BP86 func-
tional*'*? in conjunction with the atom pairwise dispersion
correction,***> BP86-D3, and the Ahlrichs triple-{-quality
basis set, def2-TZVP.4¢ Scalar relativistic effects were com-
puted with the zero-order regular approximation, ZORA.*’
All geometry optimizations were performed employing the
ORCA package.*® The model BP86-D3/def2-TZVP has pro-
vided data in excellent agreement with the available x-ray
structures (Figure S1).3192527.28 All reported structures, 1a-
8c, were characterized as minimum on the potential energy
surfaces by the absence of imaginary eigenvalues in the Hes-
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sian matrix. The metal-ligand bonding situation in CTCs la-
8c M, (u-L)g/qH, where M = Au™, Ag™, Cu™ and L = pyra-
zolate with or without substituents R (1a-1c; 7¢, 8¢), u-1,2-
isoxazole (2a-2¢), u-2-pyridyl (3a-3c), u-pyridazine (4a-4c),
u-2-pyrimidyl (5a-5¢), and p-2-pyrazinil (6a-6¢) was charac-
terized through the EDA-NOCYV 32 approach by employing the
Becke-Perdew exchange-correlation functional with an inclu-
sion of the dispersion correction (BP86-D3).43 A triple-zeta
STO basis set TZ2P+*° was employed in conjunction with the
zero-order regular approximation, ZORA,*” as implemented
in ADF2013 software.*>! In EDA-NOCY, the interaction en-
ergy, AE™, is decomposed into physical meaningful terms
according to Eq. 1. In EDA-NOCV, AE®™® corresponds to
the classical electrostatic interactions between the interacting
fragments with their frozen charge distribution at the geometry
of the complex; AEPU 5ccounts for the repulsive Pauli inter-
action between the occupied orbitals of the interacting frag-
ments; and AE°™ describes not only the interactions between
occupied molecular orbitals of one fragment with the unoccu-
pied orbitals of the other fragment (charge transfer), but also
the empty/occupied orbital mixing on the same fragment (po-
larization). Since dispersion corrected functional (BP86-D3)
is used, the dispersion correction, AEdiSp, is added to the total
interaction energy AE™. The EDA-NOCV scheme decom-
poses the differential density, Ap(r), into deformation densi-
ties, Ap;(r), which provides information about the direction of
the flow of charge. EDA-NOCYV decomposes the orbital com-
ponent, AE®®, into contributions, AES™, corresponding to the
charge transfer channels, Ap;(r). A more detailed description
of EDA-NOCYV can be found in the origal paper of Mitoraj
and coworkers. *?

AEint — AEelstat+AEPauli +AE0rb +AEdiSp (])

The topologycal analysis of the anisotropy of the induced
current density, ACID, was employed to evaluate the presence
of metal-metal and metal-ligand electron delocalisation. 333
The ACID calculations were performed by using a internally
modified version of the Gaussian03 program.>> The continu-
ous set of gauge transformation (CSGT)*->3 was employed
to calculate the current densities, by using BP86/def2-TZVPP
level of theory. The ACID isosurfaces were plotted at the value
of 0.05 and to differentiate the anisotropies of paratropic and
diatropic currents, the current density vectors were ploted onto
the ACID isosurface. The molecular shielding tensor %8 at
several points of the molecular domain,>~°! was calculated
within the GIAO formalism, employing the BP86 functional
and all-electron Triple- Slater basis set plus two polarization
functions (STO-TZ2P) by using the ADF 2012 code. %>63

3 Results and Discussion

3.1 Geometries

The optimized structures of complexes 1a-8c are planar, with
dihedral angles (MXNM, X = C, N, or O) equal to zero
(Figure S1, supporting information). The calculated struc-
tural parameters are in good agreement with the avilable x-ray
data.3192527.28 For instance, for 1¢, the calculated Aut™—N
and Au™—Au™ bond distances and the N—Au™—N bond an-
gle values are 2.002 A, 3.360 A, and 179.7°, the correspon-
dent experimental values are 2.003 A, 3.387 A, and 177.0°,
respectively. Excelent agreement between calculated and ex-
perimental structural parameters is also observed in 3a, 3c,
7c, and 8c (Figure S1). The atomic radius of gold (174 pm)
is larger than that of silver (165 pm) and copper (145 pm).%*
However, the metal-metal bond distances observed in com-
plexes 1a-6¢ show clearly the following trend Cu™—Cut <
Aut—Au' < Ag'—Ag", making evident the presence of
metalophilicity. '® In fact, complexes 3b, 5b, and 6b present
Agt—Ag" bond distances smaller than 3.44 A, which is the
sum of the van der Waals radii of two silver atoms, suggest-
ing the presence of argentophilicity.®> While the Cu™—Cu*
bond distances of 1a-6¢ range from 3.120 A t03.295 A, the
Agt—Ag" and Au™—Au™ vary from 3.367 A to 4.094 A and
from 3.271 A to 3.369 A, respectively. The results reveal that
for copper(I) and gold(I) complexes, the M—M distances are
slightly dependent on the nature of the ligand employed, while
for silver(I) complexes M—M distances can change as much
as 0.7 A. The most significant differences are observed on go-
ing from la-1c (L = pyrazolate) to 2a-2¢ (u-1,2-isoxazole).
In this case, a considerable increase in the M—M bond dis-
tances is observed. No direct relationship the M—M distance
and the charge of the ligands, L, is observed (Figure S1). The
presence of substituents such as CH; and CF; in L = pyrazo-
late (1c, 7¢, and 8c¢) does not present any significant effect on
the M—M bond lengths. The calculated M—M bond distances
for complexes 1c¢, 7¢, and 8c are 3.360 A, 3.350 A, and 3.369
A, respectively, while the correspondent experimental values
are 3.387 A, 3.360 A, and 3.327 A, respectively. Likewise
the observed trend for metal-ligand, M—L, bond distances is
Cu™—L < Aut—L < Ag*—L. Such trend does not depend
on the nature of the ligand, charge, or coordinating atom (C,
N, or O). The observed M—L bond distance trend is entirely
in line with the results of Wolters and Bickelhaupt,% which
show a similar trend for simple M—L and M—L, complexes
containing M =Cu™, Ag", Au™ in combination with L = NHj,
PH;, CO. Comparing the bond distances in 1a-1¢ and 2a-2c,
it is observed that M—O bond distances are larger than M—N,
while in complexes 3a-6¢c M—C bond distances are shorter
than M—N, independently on the charge of the ligands.

This journal is © The Royal Society of Chemistry [year]
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3.2 Bonding Analysis

The EDA-NOCV of 1a-8¢ was performed by considering
MS(‘LL—L)g/qul and LY, where M = Au™, Ag®, Cu* and L
= pyrazolate with or without substituents R (1a-1c, 7¢, 8c¢), u-
1,2-isoxazole (2a-2c), u-2-pyridyl (3a-3c), u-pyridazine (4a-
4c), pu-2-pyrimidyl (5a-5¢), and p-2-pyrazinil (6a-6¢), as in-
teracting fragments (Figure 2). The results reveal that the
magnitude of the metal-ligand, M—L, bonding is dependent
on the nature of both the ligand and metal employed. In
general, a similar trend in the total interaction energy is ob-
served for the same class of complexes. For instance, in
complexes containing the pirazolate anion, 1a-1¢, AE™(Au™)
< AE™(Cut) < AE™(Ag™), indicating that in gold(I) com-
plexes the M—L bonding is stronger than in complexes with
copper(l) or silver(I) (Table 1). Such tendency can be under-
stood by the inspection of the physical components in which
AE™ is decomposed. According to Table 1, la presents
AE™ = —235 3 kcal.mol~!, while the values for 1b and 1¢ are
AE™ = —206.2 kcal.mol ' and AE™ = —241.0 kcal.mol ',
respectively. The most stable M—L energy interaction of 1¢
can be attributed to the largest orbital contribution AE®™® =
—138.4 kcal.mol ™', in comparison with 1a and 1c. The re-
sults reveals that the M—L interaction in 1c¢ is mainly elec-
trostatic (73.2%), but with a large covalent character (25.7%)
when compared with 1a (75.6% electrostatic, 23.2% covalent)
and 1b (73.2% electrostatic, 23.3% covalent). The elevated
value of AEP®! = 297.2 kcal.mol~! also confirms the pro-
nounced covalent character of M—L bonds in 1c¢. The large
covalent character of M—L bonds in 1c is in agreement with
the calculated and experimental bond distances, which show
that the Au™ —L bond distances are smaller than Ag™ —L (Fig-
ure S1). The NBO analysis (section 3.3) gives support to the
elevated covalent character observed for Aut—L in 1c, indi-
cating that the ligand-metal donation, L—M, and the metal-
ligand back-donation, M—L, are more stabilizing in 1c¢ than
in 1a or 1b. The high covalent character in 1c can be under-
stood in terms of the dominant density deformation channels,
Api(r), and Ap,(r), which arises from the ligand-metal dona-
tion as shown in Figure S3 (supporting information), provid-
ing AES™ = —45.2 kcal.mol ! and AE™ = —42.6 kcal.mol !
energetic stabilizations. Three other less significant density
deformations, Aps(r) - Aps(r), comprises the polarization
from the ligand towards the metal centre. Density deforma-
tions related with mw-back-donation were not observed, which
is also in agreement with the results of Wolters and Bickel-
haupt, ® which show the presence of m-back-donation only in
bent complexes.

The EDA-NOCYV shows that the substitution in a same lig-
and L, for instance L = pyrazolate ion, has a significant role in
the M—L bond strength. On going from 1c to 7c and 8c, the
effect of substitution on the Au™—L bonding energy interac-

Fig. 2 Fragmentation scheme adopted in EDA-NOCYV of
Complexes 1a-8c. As an example, [(CF;),Pz)] ~ (Fragl) and
[(Au),(u-3,5-(CF;)Pz),] * (Frag2) are considered as interacting
fragments of complex 7c.

tion becomes clear. The presence of CF; groups in 7¢ desta-
bilize the Au™—L bonding interaction energy from AE™ =
—241.0 kcal.mol ™!, 1¢, to AE™ = —227.3 kcal.mol ™!, 7¢ (Ta-
ble 1). The replacement of hydrogen atoms in 1¢ by CF,
and CH; groups in tandem, 8¢, causes to the Aut—L bond a
moderate weakening, AE™ = —233.3 kcal.mol~!. The sub-
stitution affects the strength of the Aut—L bond, but does
not change its nature. According to Table 1, the electrostatic
(70.6 - 73.2%) and orbital (25.7 - 27.4%) contributions to the
Aut—L bonding in 1¢, 7¢, and 8¢ remain similar.

The bonding scheme in CTC involves the charge transfer
from the respective donor ligand towards the coinage M33+
core (M = Cu, Ag, Au). The resulting covalent interaction
leads to the population of the initially unocuppied ns shells (n
=3,4, or 5, for Cu, Ag, and Au respectively), which under the
D,;, point group their combination span as I'};, = a; ®ej,
which describes a highly bonding and slightly antibonding
combinations within the M;Jr core, respectively. The analy-
sis of selected systems, Table 2, reveals that in the pyrazolate
derivatives (1a-1c) the population of the totally symmetric ns
combination (a;) and the two-fold antibonding combination
(e}) increases in the order (Figure 3), 1b < 1a < 1c, in agree-
ment to the interaction energy (AE™) discussed above. The
populations of both bonding and slightly antibonding ns com-
binations are in similar amount, which accounts for the long
d'9—d!9 contact supported mainly by the ligand-metal and
metallophilic interactions. Such situation neglect the possibil-
ity of an effective bonding situation within the core as has been
characterized for short d1°—d!° cases,?? where the d10—d10
distance is considerable lesser than the sum of their van der
waals radii as has been depicted for example in the pentameric
[Aug(Mes)s] compound with Au-Au of about 2.8 A.?* Thus,
in the case of 1a, 1b and 1e¢, the population of the different

4| Journal Name, 2010, [vol]1—10
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Table 1 Energy decomposition analysis, EDA-NOCV (kcal.mol 1), for complexes 1a-8c, by considering M3(H—L)g/q+] and LY/~ as
interacting fragments (Figure S1, suporting information), employing BP86-D3/TZ2P+ as level of theory.

CTC AEint AEPauli AEelstat AE%P AEcl)rb AEgrb AEgrb AEgrb AEgrb AE[(_)erlso AEdisp

1a -2353 1897 -321.2 -98.5 -30.2 227 -11.1 -5.6 -4.3 -24.6 -5.3
(75.6%)  (23.2%) (1.2%)

1b -206.2 153.4 -270.8 -83.8 -28.1  -22.8 -71.3 -39 -3.7 -18.0 -5.0
(75.3%) (23.3%) (1.4%)

1c -241.0 2972 -393.7 -1384 452 426 -119 -5.4 -5.3 -28.0 -6.0
(732%)  (25.7%) (1.1%)

Tc -2273 2751 -354.7 -137.5 -423  -404  -14.1 -6.4 -5.3 -29.0 -10.2
(70.6%)  (27.4%) (2.0%)

8c -2333 2852 -370.1 -139.1 -440 -41.0 -13.0 -5.7 -5.1 -30.3 93
(71.4%)  (26.8%) (1.8%)

2a -117.8  104.5 -127.3 -90.3 -264  -159  -16.0 -5.9 -5.8 -20.3 -4.8
(572%)  (40.6%) (2.1%)

2b -717.6 57.8 -77.1 -53.9 -19.5 -8.8 9.1 -3.6 -2.9 -10.0 -4.4
(56.9%) (39.8%) (3.2%)

2¢ -118.7 190.1 -178.4 -124.1 -504 205 -17.8 -9.6 -6.8 -19.0 -6.3
(57.8%) (40.2%) (2.0%)

3a -2425 2498 -379.4 -107.1 -36.4  -255 -9.6 -6.2 -5.9 -23.5 -5.9
(77.1%)  (21.8%) (1.1%)

3b -216.2  220.0 -337.1 -94.0 -372  -233 -5.9 -5.1 -4.3 -18.2 -5.1
(773%) (21.5%) (1.1%)

3c -252.3  438.1 -529.8 -154.3 -65.0 -37.0 -11.7 -9.8 -5.9 -24.9 -6.2
(76.7%)  (22.4%) (0.9%)

4a -1504 1393 -181.3 -102.4 -26.77  -1777 244 9.4 -4.2 -20.0 -6.0
(62.6%) (35.3%) (2.1%)

4b -113.7 95.4 -128.7 -75.2 -209 211 -11.2 -6.5 -2.8 -12.7 -5.2
(61.5%) (36.0%) (2.5%)

4c -156.8 2273 -239.4 -138.3 414 -402  -187 -9.9 -5.4 =227 -6.3
(62.3%) (36.0%) (1.6%)

Sa -240.3 2515 -377.1 -109.4 -41.5 244 9.2 -6.8 -6.0 -21.5 -5.3
(76.7%)  (22.2%) (1.0%)

5b -212.5 2181 -328.7 -96.9 -43.8  -21.6 -5.6 -4.9 -4.4 -16.6 -5.0
(76.3%)  (22.5%) (1.1%)

Sc -250.0 4384 -524.5 -157.9 -70.7  -358 -119 -10.1 -6.2 -23.2 -5.9
(76.2%)  (22.9%) (0.9%)

6a -243.5  250.2 -379.7 -108.4 -38.8  -25.2 -9.9 -6.4 -6.1 -22.0 -5.7
(76.8%)  (22.0%) (1.1%)

6b -216.2 2163 -334.0 -93.6 -379 230 -6.2 -4.2 -5.1 -17.2 -5.0
(772%) (21.6%) (1.1%)

6¢ -252.4  438.1 -527.4 -157.0 -68.6 -37.1 -12.0 -10.3 -6.1 -22.9 -6.1
(76.4%)  (22.7%) (0.9%)

This journal is © The Royal Society of Chemistry [year]
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Table 2 Population of the ns combination of the M§’+ core in
selected systems.

CTC aj e} CTC aj e}
1la 0.89 1.25 2¢ 0.93 1.19
1b 0.75 1.16 3c 0.70 1.16
1c 1.04 1.71 4c 0.92 1.28

5¢ 0.80 1.48
6¢ 0.77 1.22

- @y T

Fig. 3 Frost diagram to the denote qualitatively the bonding and
antibonding character of the ns combination for the M33 * core.

combinations derived from each ns atomic orbital denotes a
rather small bonding interaction within the M§’+ core. The
evaluation of golden counterpart for 2, 3, 4, 5, and 6 denotes
the variation of the population of the ns based levels according
to the respective stabilizing ligand.

In CTCs chemistry, pyrazolate is the most common bridg-
ing ligand, while the occurence of CTCs containing isoxazole
or isothiazole as bridging ligands is not reported in the lit-
erature so far. By comparing EDA-NOCYV results for 1a-1c
and 2a-2c (Table 1), it is observed that the M—L bonding in-
teraction energies are destabilized on going from 1la to 2a.
While 1a shows AE™ = —321.2 kcal.mol !, the correspon-
dent values for 2a is AE™ = —127.3 kcal.mol~!. Similarly,
on going form 1b to 2b and from lc to 2¢, the AE™ val-
ues range from —206.2 kcal.mol ™! to —77.6 kcal.mol ™! and
from —241.0 kcal.mol ™! to —118.7 kcal.mol ™!, respectively.
The destabilization in the total bonding energies of 2a-2c¢ in
comparison with 1a-1c¢ stems from the decrease of both elec-
trostatic and orbital stabilization in M—L bonds, particularly
because pyrazolate is an anion, while isoxazole is neutral lig-
and. The smaller orbital stabilization in 2a-2¢ emerges from
the presence of oxygen atom in isoxazole ligands, which is
harder than nitrogen, in agreement with the Pearsons princi-
ple of hard and soft acids and bases (HSAB).%” The differ-
ences in the AE™ between 2a-2c¢ and la-lc are consistent
with the Pearsons principle. According to EDA-NOCYV, nega-
tively charged ligands (1a-1c, 7c-1c, 3a-3c¢, 5a-6¢) coordinate
strongly in comparison with neutral ligands, (2a-2¢ and 4a-4c)

independently of the nature of the ligand, or ring size (Table 1,
Figure 1). For instance in complexes 3a-3c, in which L = u-
2-pyridyl anion, an heterocyclic six-membered ring, the bond-
ing interactions are stronger than in complexes 4a-4c, where
L = u-pyridazine is employed. The relative position of het-
eroatoms in (-2-pyrimidyl (5a-5c¢) and p-2-pyrazinil (6a-6¢)
does not present any significant effect on the strength of the
M-L bonding interaction energies.

3.3 NBO analysis

The bond orders and NPA charges indicate that the metal-
ligand interactions in complexes 1a-8c are closed-shell inter-
actions. The largest bond orders were observed for gold(I)
complexes (Table S1). The Cu—N, Ag—N, and Au—N bond
order values in 1a, 1b, and 1c are 0.298, 0.340, and 0.455,
respectively. It is also in agreement with the natural charges,
which indicate that more amount of charge is transfered from
N to Au™, in comparison with Cu™ and Ag* (Table S1). The
NBO analysis does not reveal the presence of metal-metal in-
teractions in 1a-1c. The M—M bond order values are negli-
gible. The presence of substituents like CH; and CF; in the
pyrazolate ring, 7c and 8¢, just has a very small effect on the
bond orders and atomic charges (Table S1), indicating that the
electron-withdrawing groups, CF;, cause a small decrease on
the Au—N bond orders, while electron-donor groups, CH;,
when employed in conjunction with CF; tend to compen-
sate such effect, yielding slightly increased Au—N bond or-
ders in comparison with 1le. All complexes 2a-6¢ exhibit
similar trends as la-1c in terms of bond orders and atomic
charges. For instance, for 2a-2¢ and 4a-4c, the largest metal-
ligand bond order values are observed for complexes contain-
ing Au™, while complexes with Cu® and Ag™ present similar
bond orders (Table S1). The ligand—metal charge transfer is
also more pronounced in complexes containing Au™ (Table
S1). These results are in agreement with EDA-NOCV (Table
S1), making evident that in gold(I) complexes the M-L bond-
ing is stronger than in complexes with copper(I) or silver(I).
The second-order stabilization energies, AEZ, obtained with
NBO method>* for some selected complexes, 1a-1¢, 2a-2c,
4a-4c¢, and 7¢c-8c¢, confirm that L—M donations are much more
stronger than M—L back-donation (Table S2), in line with
EDA-NOCYV results NBO analysis shows that the L—+M bond-
ing in 1a-1c results from the overlap of a hybrid lonepair ng,» 73
on N with the antibonding orbital * on M—N bonding, pro-
viding stabilizations that range from 59.1 to 137.7 kcal.mol '
As observed in Table S2, the strongest stabilization for L—M
donations are observed for gold(I) complexes, 1c, 7¢, and
8c. The effect of substituents CH; and CF; are in agree-
ment with the EDA-NOCYV results, indicating that presence
of CF; groups in 7¢ destabilizes the AuT—L bonding, while
the concomitant presence of CH, minimize this effect. On the

6| Journal Name, 2010, [vol]1-10
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other hand, the M—L back-bonding is not significant, pro-
viding stabilizations that range from 0.98 to 4.32 kcal.mol ..
As observed in the EDA-NOCV analysis, the NBO results
also confirm the metal-ligand bond destabilization on going
from pyrazolate ligand, 1a-1¢, to isoxazole, 2a-2¢ (Table S2).
According to NBO analysis the L—M interactions in 2a-2¢
provide stabilizations varying from 11.9 to 45.4 kcal.mol!.
These findinds combined with EDA-NOCYV results reveal that
CTCs containing isoxazole are less stable than those contain-
ing pyrazolate, indicanting that the strenght of L—+M dona-
tions is dependent on the nature of both the coinage metal and
the ligand employed. For instance, when u-pyridazine is em-
ployed, 4a-4¢, the L—+M donations and M—L back-donations
magnitudes differ significantly in comparison with 1a-1c¢ or
2a-2c (Table S2, Figure 4).

tion, in agreement with the magnetic response (below). There
is cyclic conjugation in these ligands and according to the cur-
rent density vectors, a strong diatropic ring current indicating
the presence of aromaticity. However, there is no through-
bond M—L conjugation between the ligands and the metalic
centers, as indicated by the absence of a continuous boundary
surface involving M—L. Despite the fact that in some systems
like 1¢ and 2¢ present pronounced anisotropy towards the met-
alic centers, the presence zero-flux surface is still observed.
According to ACID, no conjugation between the metalic cen-
ters is oberved. Substituted derivatives of 1c¢, 7¢ and 8c, the
presence and the absence of hyperconjugative stabilizations
from CH; and CF; substituents are observed. ACID isosur-
faces in the M§+ cores are slightly large for gold(I), than for
copper(I) or silver(I).

Fig. 4 Schematic representation of () ng,20(N) — s(Au), (b)
dy;(Au) = 6*(N—N), and (¢c) dy;(Au) — 7*(N—C) NBO
interactions in 4c.

3.4 Anisotropy of the Induced Current Density (ACID)
and Magnetic Response

Since EDA-NOCYV and NBO analyses do not provided signif-
icant evidence of metal-metal interactions or through-space
conjugation between the metalic centers, the anisotropy of the
induced current density (ACID) and the magnetic response
properties were evaluated in order to shed some light on this
point. The ACID method provides a spatial representation of
the delocalized electrons, making possible to quantify and to
visualize different types of conjugative effects and aromatic-
ity. 35,36

The ACID plots, as a clockwise and counterclockwise cir-
culation, respectively, for some selected complexes is pre-
sented in Figure 5. The ACID plots for all complexes is pre-
sented in Figure S2. According to ACID (Figure 5), the pyra-
zolate ligands (1a-1c) exhibit a very high degree of conjuga-

7c 8c

Fig. 5 ACID plots of complexes 1a-1¢, 2a-2c¢, 7¢, and 8¢ at 0.05
isosurface.

Magnetic response properties provide a powerful tool for
studying the chemical environment of the individual nucleus
produced by its neighbors and the nucleus itself. 3-8 Besides
the magnetic response given by a probe nucleus in NMR ex-
periments, the response of the molecule can be conveniently
generalized through the space, allowing to account for short-
and long-range magnetic behavior driven by induced cur-
rents. 0! In this concern, the evaluation of the magnetic be-
havior of selected systems which exhibits long d'*—d!? in-
tramolecular interaction is described in terms of the second-

This journal is © The Royal Society of Chemistry [year]
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ranked magnetic shielding tensor o;; 6-61 for a given point
in the space, which relates the molecular response (B"¢) to
a uniform external magnetic field (B*"), as follows, B! =
—0; ijx’. With the aim to rationalize this through-space quan-
tity in terms to shielding or deshielding shift in NMR exper-
iments, % we consider the relationship between each com-
ponent of the magnetic shielding (o;;) and chemical shift (J;;)
tensors, given by 8 = (6yer —0)/(1 —0) = (0 f — 0), where
0" is equal to zero for a given nucleus-independent point in
the space, leading to the following relationship for each com-
ponent of such tensor: 51,58 0; i = —0jj.

The representation of §;; into the space allows to obtain
a visualization of the shielding (negative values of &;;) and
deshielding regions (positive values of §; j),59‘61 which, in
turn denotes the presence of diatropic or paratropic induced
currents in the space.>’8 It is well-known that the magnetic
properties are influenced by the relativistic effects denoted by
071 and therefore affect the evaluation of § as described
through the vicinal heavy-atom effect on light atoms (HALA
effect) and by the effects on the shielding of the heavy atom it-
self (HAHA effect). 727> Hence, our calculation includes both
scalar and spin—orbit effects with the aim to take into account
the relativistic effects. %8

For the description of the tensor quantities derived from a
nucleus-independent point in the molecular space, we define
our frame of reference in relation to a molecule-fixed Carte-
sian coordinate system (x, y, z) where the z-axis is perpen-
dicular to the plane defined by the M33+ core. In order to ac-
count for the local and remote effects,® at the nucleus and the
neighbour anisotropic contributions to the magnetic response,
respectively, by producing the observed shielding, we con-
sider the fast tumbling of the molecule in solution, which aver-
age the components of §;; leading to the isotropic component,
8iso = 3(8ux + 8y + &) (Figure 6).%58 The §j, for 1a, 1b
and 1c¢ (Figure 6), describes the slight interaction between the
closed-shell centers due that the remote effect (or anisotropic
effect) caused by each nucleus does not influence consider-
ably the neighbor center.?! This result agrees with the analy-
sis of the population of the ns (I"™) derived levels within the
M3 core, leading to long d'—d!? contacts. At the center of
the ring the &;5, values (also denoted as NICS(0)) denotes val-
ues of about -1.5 ppm along the pyrazolate series, whereas the
value at the center of the MT—M™ distance increases slightly
as, —1.5 ppm (1a) < —1.7 ppm (1b) < —3.6 ppm (1¢). Go-
ing down in the XI group, the isotropic magnetic response de-
scribes a similar behavior for the pyrazolate moieties.

From the zz-component (J,;), the complexity of the mag-
netic response is denoted which exhibits larger differences be-
tween 1a, 1b and 1c¢, where paratropic response (positive val-
ues) increases within the metallic core in relation to the num-
ber of inner electrons.3” Throughout the series the pyrazolate
moieties exhibits the characteristic magnetic response for aro-

[Au,Pz,]

[AgPz;]

ppm
30.0
125

0.0
-5.0

|| .o,

-225

-40.0

Fig. 6 Chemical shift map over the molecular domain, denoting the
Siso and &,; components, for [Cu;Pz,], [Ag;Pz,] and [Au,Pz;].

matic 67 rings with diatropic currents at the center of the lig-
and and paratropic currents outside the ring, which are more
pronounced towards the M33+ core. The golden counterpart
1c exhibits the larger magneto-responsive behavior,”® which
is clearly denoted by the analysis of certain components of &,
O in our case. The aromatic character of organic and inor-
ganic rings has been widely related to the magnetic response
in the space at certain points in the ring and also to the con-
tribution from the frontier orbitals.”” However, according to
the increase of the atomic number of the involved nucleus, the
through-the-space magnetic response is highly influenced by
the contribution from the inner electrons, which particularly
take part into the diamagnetic term derived from the Ramsey
theory of the magnetic shielding for nucleus in molecules, 3”78
which involves solely the groundstate wavefunction of the sys-
tem. Thus the analysis of the aromatic behavior from the mag-
netic criteria in heavy elements systems should be comple-
mented by other molecular properties. In 1a, 1b, and 1c, the
rather small bonding interaction within the M;’Jr core suggest
a non-aromatic behavior, in agreement with the ACID analy-
sis, reported above (Figure 5), the magnetic criteria seems to
be not enough to determinate the aromatic character for heavy
atoms systems). The comparison with selected ligands (Figure
7) namely, 1,2-isoxazole (2¢), 2-pyridil (3c¢) and pyridazine
(4c¢) describes an overall magnetic behavior related to 1c, with
slight differences. At the center of the ring, the nucleus in-
dependent probe denote isotropic values of 1.48 ppm for 3c,
1.53 ppm for 1¢, 2.22 ppm for 4¢ and 4.17 ppm for 2c.

4 Conclusions

The geometrical parameters such metal-metal bond distances
of optimized structures of complexes 1a-6¢ show clearly the
following trend Cu™ —Cu™ < Aut—Au™ < Agt —Ag™, mak-
ing evident the presence of metalophilic interactions. The
M—M distances are slightly dependent on the nature of the
ligand. The metal-ligand, M—L, bond distances presented the

8| Journal Name, 2010, [vol]1—10
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Fig. 7 Chemical shift map over the molecular domain, denoting the
diso and &, components, for 2¢, 3¢ and 4c¢.

following trend Cu™—L < Au™—L < Ag*—L, which is in-
dependent on the nature of the ligand, charge, or coordinat-
ing atom (C, N, or O). The EDA-NOCY results show that the
magnitude of the metal-ligand, M—L, bonding is dependent
on the nature of both the ligand and coinage metal employed.
Particularly, the EDA-NOCYV reveals that the M—L bonding is
stronger in gold(I) than in copper(I) or silver(I) complexes and
that Au™—L bonds present a elevated covalent character when
compared with Cu* —L and Ag* —L bonds, in agreement with
Wolters and Bickelhaupt.®® The NBO analysis confirms this
elevated covalent character, indicating that the ligand-metal
donation, L—M, and the metal-ligand back-donation, M—L,
are more stabilizing in gold(I) than in copper(I) or silver(I)
complexes. The obtained results describe that the ligand o-
donation is the main bonding scheme stabilizing the M§’+
core, which is slightly contributed by a m-backdonation. The
populations of both bonding and slightly antibonding ns or-
bital combinations are in similar amount, which accounts for
the long d'°—d'® contact supported mainly by the ligand-
metal and metallophilic interactions. In the case of 1la, 1b
and 1c, the population of the different combinations derived
from each ns atomic orbital denotes a rather small bonding in-
teraction within the M33+ core. Both ACID and the magnetic
response calculations show that there is cyclic conjugations
in the ligands and a strong diatropic ring current indicating
the presence of aromaticity. However, there is no through-
bond M—L conjugation between the ligands and the metalic
centers in CTCs, as indicated by the absence of a continuous
anisotropy boundary surface involving M—L bonds.
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