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The reaction of [AuCl(tht)] (tht = tetrahydrothiophene) with SbMesnPh3-n (n = 3 (1), 2 (2), 1 (3)) produces the 1:1
adducts [AuCl(SbMesnPh3-n)] (n = 3 (4), 2 (5), 1 (6)), with a Sb-Au-Cl environment, regardless of the molar ratio
used (1:1 to 1:4). Addition of the same stibines to [Au(tht)2]ClO4 (molar ratio 1:1 to 1:4) results in isolation of the 1:2
adducts [Au(SbMesnPh3-n)2]ClO4 (n = 3 (7), 2 (10)), containing linear Sb-Au-Sb fragments, or the 1:3 adduct
[Au(SbMesPh2)3]ClO4 (11), with a quasi trigonal planar AuSb3 core. The same 1:2 cations are produced when
[Au(tht)2]CF3SO3 is reacted with 1 or following a rearrangement process when 4 is treated with AgSbF6, that is,
[Au(SbMes3)2]X (X = CF3SO3 (8), SbF6 (9)). The compounds were characterized by spectroscopic methods, and the
molecular structures of 2-4, 7, 8 3 2CDCl3, 9, and 11 were established by single-crystal X-ray diffraction. Theoretical
calculations were carried out on model systems of type ER3 and [Au(ER3)n]

þ (E = P or Sb; R = Ph or Mes; n = 2, 3, or
4) to gain insight into the bonding nature of SbR3 ligands in homoleptic gold-stibine adducts, in comparison with
phosphine-gold(I) compounds. Steric effects govern the coordination of stibines with mesityl substituents. A
preference for higher coordination numbers is observed for SbPh3 when compared with PPh3 and experimentally
observed C-Sb-C and Sb-C structural distortions of stibines upon coordination are reproduced theoretically.

Introduction

The use of organoantimony(III) compounds as ligands
for transition metals has often been reviewed1-9 together
with analogous compounds of the other Group 15 elements.
Important differences in the coordination potential of organo-
antimony compounds with respect to their lighter phos-
phorus congeners are generally related to lower stability of
the Sb-Cbond,weakerLewis basicity anda greater tendency

for higher coordination.7However, the studies reported in the
last two decades on transition metal complexes have proven
that stibine ligands are not simply “weakly coordinating
phosphines”,8 but that they can exhibit different coordination
chemistry when appropriate organic groups are attached
either to antimony or to the transition metal moiety.
Theabilityofpnicogen ligands to formstableMtransition-ER3

(E = P, As, Sb, Bi) complexes is controlled by electronic and
steric factors.2,3,8 The Mtransition-E bond in such complexes is
basically of covalent coordination nature. For an M-PR3

bond, in addition to σ donation of the lone pair of electrons
from pnicogen to themetal, a π component involves transfer of
metal electron density into a P-C σ* orbital or a symmetry
allowed combination of P-C σ* and 3d orbitals.2,8,10 As group
15 is descended the separation in the energyof ns and nporbitals
increases and, as a consequence, the E-C bonds in ER3 have a
higherp character and the lonepair has ahigher s character, and
is thus less available for σ coordination.8 This model explains
the following general trend in Lewis basicity: NR3 > PR3 >
AsR3 > SbR3 > BiR3. An increase of the C-Sb-C bond
angles for the coordinated SbR3 groups with respect to the
free ligands was noted, and this behavior was rationalized in
terms of a change in coordination from a predominantly Sb
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p3 hybridization in the SbC3 group toward an sp3 model.8 In
addition, the decrease in electronegativity of the pnicogen
and more diffuse orbitals are usually considered to reduce
π-back bonding for the heavier SbR3 analogues.

8 Although
reasonable, it is worth mentioning that, as far as we are
aware, no theoretical treatment of the bonding abilities of
stibine ligands toward transition metals that confirm these
proposals has been reported to date.
On the other hand, the steric effects of pnicogen ligands are

usually treated using Tolman’s cone angle model which was
introduced to discuss the properties of phosphine ligands,11

but extended later to cover heavier pnicogen ligands.2 It was
shown that the cone angles of the SbR3 derivatives are
generally a few degrees smaller than those of the related
PR3 analogues,

2 and this behavior was often used to explain
the higher coordination number in stibine complexes of
transition metals.
Gold(I) chemistry has been governed by the concept that

gold is a typical soft Lewis acid which forms its most stable
compounds with relatively soft Lewis bases. While a great
number of gold(I)-phosphine adducts are known, examples
of gold(I)-arsine complexes are much less documented and
are limited to a few examples of mononuclear and dinuclear
derivatives.6,12-16 Moreover, the chemistry of gold(I) with
stibine ligands has been far less explored, and very few com-
pounds containing gold-antimony bonds were structurally
characterized.17 Thus, although the first gold(I) complex,
[AuCl(SbEt3)], was reported more than 150 years ago,18

gold(I)-stibine chemistry has been developing very slowly.9

Most compounds reported so far are mononuclear 1:1
adducts of the type [Au(SbR3)X] (X = halide, NCS, or
organic group).9 Dinuclear species such as [(AuCl)2{μ-
(Ph2Sb)2CH2}]

19 or [(AuCl)2{μ-1,2-(Me2SbCH2)2C6H4}]
20

were also described. Examples of 1:2 adducts are, for exam-
ple, [AuCl{Sb(C6H4Me-3)3}2]

21 and [AuCl(SbPh3)2].
22 The

reaction of [AuR(tht)] with SbPh3 also resulted in com-
pounds of stoichiometry 1:2, and an equilibrium between
the neutral three-coordinate [AuR(SbPh3)2] and the ionic
[Au(SbPh3)4][AuR2] species has been proposed in solution

(R=C6F5,
23-25C6Cl5,

264,40-HC6F4-C6F4,
27 2-(O2N)C6H4,

28

2,4,6-(O2N)3C6H2,
29). The related [Au(SbPh3)4]ClO4 was

easily obtained by treating [Au(tht)2]ClO4 with SbPh3.
30

More recently the ionic complexes [Au(dmsm)2]PF6 and
[Au(dpsm)2]PF6 (dmsm=Me2SbCH2SbMe2, dpsm= Ph2-
SbCH2SbPh2) were synthesized by reacting [AuCl(tht)], dis-
tibine ligands, and TlPF6, in a 1:2:1 molar ratio, in
CH2Cl2.

31 Unfortunately, in most cases the low stability
of the compounds prevents complete characterization, and
until a few years ago only three ionic compounds contain-
ing the same complex cation, that is, [Au(SbPh3)4]X (X =
[Au(C6F5)2]

-,24 [Au{C6H2(NO2)3-2,4,6}2]
-,29 ClO4

-32),
had had their molecular structure determined by single-
crystal X-ray diffraction. In the solid state, regardless of
the nature of the counteranion, the [Au(SbPh3)4]

þ cations
show an almost tetrahedral coordination at the gold
center, with Sb-Au-Sb bond angles ranging between
107.8 to 111.0� and Au-Sb bond lengths between
2.585(1) and 2.669(1) Å.
The structures of twonewgold-antimony compoundswere

recently described. We have reported on the ionic complex
[Au2{(Ph2Sb)2O}3](ClO4)2, whose cation shows two gold
centers in a trigonal-planar environment as a result of the
bridging nature of the Sb donor ligands. The Au-Sb bond
distances were slightly shorter than those found in the tetra-
coordinate [Au(SbPh3)4]

þ cations, as expected for a lower
coordination number.33 The other compound is a polynuclear
complex, [Au8(Et3P)6(SbPh)2(SbPh2)4], which consists of a
distorted heterocubic central [Au6Sb2] unit connected on two
opposite edges by two Sb-Au-Sb fragments. All gold atoms
exhibit tetrahedral coordination, but as part of different cores,
that is, AuP2Sb2, AuPSb(Au)2 and AuSb2(Au)2.

34

Using the possibility to modulate the steric and electronic
properties of SbR3 ligands by changing the nature of the
organic groups on antimony, we decided to investigate the
possibility to obtain gold-stibine adducts of different stoichio-
metry with the objective of carrying out theoretical calcula-
tions of the type ONIOM DFT/UFF. With these we expect
to gain insight into the bonding abilities of stibine ligands
containing different aryl substituents (phenyl or mesityl)
toward gold(I). We will also try to explain the observed
experimental differences between phosphine and stibine on
coordination to the gold(I) center, paying special attention
to the coordination environment. Finally, the calculations
will also be focused on an explanation of the previously
mentioned structural distortions, with reference to the E-C
distances andC-E-C angles (E=Sb or P) when the ligands
bind the metal centers.
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Results and Discussion

A first strategy arises from the idea that the increase in bulk
of a substituent group on antimony in SbR3 will increase the
C-Sb-C angle, which will increase the p character of the
lone pair. Thus, more electron density will be available at the
antimony atom and less stibine units will be required to
satisfy the electron deficiency of the gold(I) atom. In this
sense, the mesityl group is a good candidate for such studies
and, in addition, the electron donating methyl groups in this
aromatic substituent are expected to increase the donor
properties of the stibine ligand toward the metal center in
comparison with the predominantly used SbPh3 analogue.
On the other hand, to diminish the strain of sterically de-
manding ligands, it would be very useful if the gold atom
remained coordinatively unsaturated, thus resulting in ad-
ducts with different stoichiometry.
The new stibines SbMes2Ph (2) and SbMesPh2 (3) were

prepared, and their molecular structures were established by
single-crystal X-ray diffraction from single crystals obtained
by slow evaporation of an hexane solution of thematerials. A
selection of bond lengths and angles is given inTable 1.As for
the homoleptic SbMes3 (1)35 and SbPh3

36 derivatives, the
coordination geometry of the antimony atom in the hetero-
leptic stibines 2 and 3 is trigonal pyramidal (Figures 1 and 2).
A comparison of the structural parameters revealed the

expected increase of averaged C-Sb-C angle with each
additional substitution of a phenyl group by amesityl group,
that is, SbPh3 (96.0�) < SbMesPh2 (3) (99.1�) < SbMes2Ph
(2) (102.0�) < SbMes3 (1) (105.6�). This behavior suggests
that as the number of mesityl groups on antimony increases,

less stibine ligands are expected to coordinate to a gold atom,
for steric reasons. This effectwould parallel the effect because
of a potential increase in electron density available for
donation from the antimony atom.
The reaction of [AuCl(tht)] with stibines 1-3 resulted in

the isolation of the 1:1 adducts [AuCl(L)] (L = SbMes3 (4),
SbMes2Ph (5), SbMesPh2 (6)) (Scheme 1), as white solids,
soluble in CH2Cl2, CHCl3, acetone, and tetrahydrofuran.
Although it was expected that less bulky stibines, for exam-
ple, SbMesPh2, would favor an increase in the gold(I) atom’s
coordination number, only the 1:1 adducts could be isolated
regardless of the molar ratio of the starting materials (1:1 to
1:4). For all three compounds the ESþmass spectra show the
[Au(L)2]

þ fragment as base peak, because of a recombination
process during fragmentation of the 1:1 adducts 4-6.
Therefore, to achieve the coordination of further stibine

moieties to the gold(I) center, another strategy was used, that
is, the reaction of the ionic [Au(tht)2]ClO4 derivative with
stibines 1-3. Using the bulkier SbMes3 (1) and SbMes2Ph
(2), the ionic [Au(L)2]ClO4 (L=SbMes3 (7), SbMes2Ph (10))
species were isolated (Scheme 1). Regardless of the molar
ratio used in the reaction between the [Au(tht)2]ClO4 and 1,
complex 7 was always isolated, suggesting the bulkiness of
the stibine controls the numberof stibine units coordinated to
the gold(I) center. By contrast, the less sterically demanding
stibine 3 produced the ionic [Au(SbMesPh2)3]ClO4 (11)
species. Similarly, the reaction of [Au(tht)2]CF3SO3 with 1
led to the formation of [Au(SbMes3)2]CF3SO3 (8), suggesting

Table 1. Selected Bond Lengths [Å] and Angles [deg] for Compounds 2 and 3

2 3

Sb(1)-C(1) 2.178(6) Sb(1)-C(1) 2.155(7)
Sb(1)-C(10) 2.177(6) Sb(1)-C(10) 2.153(8)
Sb(1)-C(19) 2.147(6) Sb(1)-C(16) 2.165(6)

C(1)-Sb(1)-C(10) 102.3(2) C(1)-Sb(1)-C(10) 100.9(3)
C(1)-Sb(1)-C(19) 106.8(2) C(1)-Sb(1)-C(16) 97.8(2)
C(10)-Sb(1)-C(19) 97.0(2) C(10)-Sb(1)-C(16) 98.7(3)

Figure 1. ORTEP representationat 30%probability and atomnumber-
ing scheme for compound 2.

Figure 2. ORTEP representation at 30%probability and atomnumber-
ing scheme for compound 3.

Scheme 1. ReactionScheme for theSynthesisofGold(I) Complexes4-11
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that the formation of the [Au(SbMes3)2]
þ cation is not

dependent on the counteranion. Moreover, when 4 was
reacted with AgSbF6, the [Au(SbMes3)2]SbF6 (9) species
was isolated as result of a redistribution process, thus
providing further evidence for the high stability of the
[Au(SbMes3)2]

þ cation. All these ionic species were isolated
as white solids, soluble in CH2Cl2, CHCl3, acetone, and
tetrahydrofuran. Usually the gold(I) compounds described
in this work decompose when left for up to 1 day at room
temperature.
The compoundswere characterizedbyNMRspectroscopy

in solution, as well as IR spectroscopy and mass spectro-
metry. The IR spectra for compounds 4-6 are consistent
with the presence of a covalent Au-Cl bond, while those for
the ionic compounds 7, 10, and 11 indicate the presence of the
perchlorate ion. Inmost cases the bands corresponding to the
Au-Cl bond and ClO4

- anion, respectively, suffer slight
shifts compared with the gold(I) starting materials.
Mass spectra were expected to provide evidence for the

nature of the isolated complexes. However, no fragment
corresponding to the molecular ion was obtained in the
ESþ/MS spectra of the 1:1 adducts 4-6, and the base peak
was always found to be the cation [Au(L)2]

þ. This behavior,
which might be explained by fragmentation of the parent
compound and recombination of the [Au(L)]þ cation with a
further stibine fragment, suggests that ionic compounds
might be stable enough to attempt their preparation, and
this was later confirmed by the isolation of the ionic deriva-
tives described in this work. For compound 11 no evidence of
a fragment containing three antimony atoms and one gold
was found in the ESþ/MS spectrum, and again the fragment
of highest mass was [Au(SbMesPh2)2]

þ.

The investigation of the title gold(I) compounds in solution
bymeans ofNMR spectroscopy was difficult because of very
fast decomposition, even when freshly prepared compounds
were used. In many cases gold mirrors were formed during
the measurements. The presence of the triorganostibine
moieties as ligands were confirmed from the NMR spectra
in each case. It should also be noted that the chemical shifts
for the ligands in the gold complexes were shiftedwith respect
to the free stibines, a behavior considered indicative of the
coordination of antimony to the gold center. Regardless of
the nature of compounds, only one set of 1H and 13C
resonances is observed for same organic groups in a mole-
cular unit, for example, six carbon resonances for [AuCl-
(SbMes3)] (4) or [Au(SbMes3)2]ClO4 (7), suggesting not only
equivalence of mesityl groups in a stibine ligand (as in 4), but
also equivalence of the stibine moieties coordinated to a gold
atom (as in 7). The presence of the fluorinated anions in 8 and
9 was confirmed by a singlet resonance in the 19F NMR
spectra.
Crystals of the gold(I) compounds, suitable for the deter-

mination of the molecular structure by single-crystal X-ray
diffraction, were obtained from CH2Cl2/hexane (for 4, 7, 9,
and 11) or CDCl3 (for 8 3 2CDCl3), at-20 �C. A selection of
bond lengths and angles for these compounds is given in
Tables 2-4.
The crystal structure of compound 4 contains monomeric

units in which one stibine ligand is bonded to the AuCl unit

Table 2. Selected Bond Lengths [Å] and Angles [deg] for Compound 4

Au-Cl 2.2888(8) Au-Sb 2.5100(2)
Sb-C(1) 2.142(3) Sb-C(11) 2.141(3)
Sb-C(21) 2.144(3) Cl-Au-Sb 177.39(3)
C(1)-Sb-C(11) 107.40(11) C(1)-Sb-C(21) 109.41(11)
C(11)-Sb-C(21) 113.80(12) Au-Sb-C(1) 113.06(8)
Au-Sb-C(11) 105.32(8) Au-Sb-C(21) 107.90(8)

Table 3. Selected Bond Lengths [Å] and Angles [deg] for Compounds 7,
8 3 2CDCl3, and 9

7 8 3 2CDCl3 9

Au-Sb(1) 2.5855(3) 2.5591(4) 2.5806(18)
Au-Sb(2) 2.5629(4)
Sb(1)-C(1) 2.142(5) 2.151(5) 2.151(16)
Sb(1)-C(11) a 2.146(6) 2.146(5) 2.135(12)
Sb(1)-C(21) a 2.136(6) 2.140(5) 2.114(14)
Sb(2)-C(31) 2.155(5)
Sb(2)-C(41) 2.142(5)
Sb(2)-C(51) 2.147(5)

Sb(1)-Au-Sb(2) a 173.10(2) 174.801(15) 178.10(6)
C(1)-Sb(1)-C(11) a 115.02(19) 112.84(19) 113.6(5)
C(1)-Sb(1)-C(21) a 111.53(18) 110.04(19) 109.0(6)
C(11)-Sb(1)-C(21) a 103.82(19) 111.46(19) 105.6(5)
C(31)-Sb(2)-C(41) 109.30(19)
C(31)-Sb(2)-C(51) 113.33(19)
C(41)-Sb(2)-C(51) 107.35(19)
Au-Sb(1)-C(1) a 110.15(14) 107.57(13) 109.6(4)
Au-Sb(1)-C(11) a 104.98(13) 103.99(13) 107.2(3)
Au-Sb(1)-C(21) a 111.02(14) 110.72(13) 111.9(4)
Au-Sb(2)-C(31) 110.20(13)
Au-Sb(2)-C(41) 109.00(14)
Au-Sb(2)-C(51) 107.54(13)

aC(11), C(21), and Sb(2) are C(10), C(21), and Sb(1a) for 9.

Table 4. Selected Bond Lengths [Å] and Angles [deg] for Compound 11a

Au-Sb 2.6250(4) Sb-C(11) 2.125(7)
Sb-C(1) 2.145(7) Sb-C(21) 2.134(7)

Sb-Au-Sb(a) 119.524(3)
C(1)-Sb-C(11) 100.4(2) Au-Sb-C(1) 119.42(17)
C(1)-Sb-C(21) 110.6(2) Au-Sb-C(11) 119.54(16)
C(11)-Sb-C(21) 98.7(2) Au-Sb-C(21) 106.19(16)

aSymmetry transformations used to generate equivalent atoms: “a”
z, x, y.

Figure 3. ORTEP representation at 50%probability and atomnumber-
ing scheme for complex 4. H atoms are omitted for clarity.
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(Figure 3). The gold center is two-coordinated with almost
linear geometry (Cl-Au-Sb 177.39(3)�). The Au-Cl bond
length of 2.2888(8) Å is of the same magnitude as those
observed in the isomorphous [AuCl(PMes3)] derivative (Au-
Cl 2.271(22) Å).37 The Au-Sb bond length (2.5100(2) Å)
is considerably shorter than those in the trigonal AuSb3 sys-
tem of [Au2{(Ph2Sb)2O}3](ClO4)2 (2.6048(5)-2.6173(5) Å)33

or the tetrahedral cation of [Au(SbPh3)4]ClO4 (2.658(2)-
2.656(2) Å),32 as expected for a lower coordination number.
The molecular structure of 6 was also determined from

crystals grown from CHCl3/hexane, showing very similar
parameters as in 4, although the quality of the crystals did not
allow us to obtain publishable results.
The Tolman cone angle was used as a parameter for com-

parative studies on the steric effects of phosphorus ligands
and then extended to the heavier pnicogen ligands.2,8,11 A
method described by Mingos and M€uller38 for the determi-
nation of Tolman cone angles of phosphines from crystallo-
graphic parameters, and also used for metal carbonyl com-
plexes of SbtBu3 and BitBu3 ligands,

39 was applied to stibines
1 and 3. For 1 the crystallographic cone angle θ (168.3�) was
found to be considerably smaller than the reported value
of 205�, which was obtained without consideration of the
experimentally determinedM-Sb bond length.2 As expected,
the crystallographic cone angle θ is considerably larger for
stibine 1 than for stibine 3 (150.2�).
Mesityl groups are expected to increase the Lewis basicity

of stibines 1-3 but, on the other hand, trigonal 1:2 and
tetrahedral 1:3 adducts are only knownwith the better donor
ligand, PPh3, that is, [AuCl(PPh3)2]

40 and [AuCl(PPh3)3].
41

Only crystals of the 1:1 adducts could be isolated for stibines
1-3 and this behavior might be due to several reasons: (i) the

general tendency for linear coordination in neutral gold(I)
complexes; (ii) the ligands provide enough electron density to
the neutral gold(I) center to stabilize complexes 4-6; (iii) the
bulkiness of the antimony ligands prevents the coordination
of further stibine to the gold center. It seems that all these
factors play an interactive role resulting in particular stoi-
chiometries for particular ligands.
The ionic compounds7-9 contain thecation [Au(SbMes3)2]

þ

(Figure 4) in which the gold center is two-coordinated with a
slightly distorted linear geometry (Sb-Au-Sb 173.10(2),
174.801(15), and 178.10(6)� for 7, 8 3 2CDCl3, and 9, res-
pectively). The Au-Sb bond lengths (2.5855(3), 2.5591(4)/
2.5629(4), and 2.5806(18) Å for 7, 8 3 2CDCl3, and 9, respec-
tively) are intermediate between those found in the neutral
1:1 complexes 4 (2.5100(2) Å) or 6 3CHCl3 (2.4999(11) Å) and
in the tricoordinated [Au2{(Ph2Sb)2O}3](ClO4)2 (2.6048(5)-
2.6173(5) Å).33 The molecular parameters of the cation are
not affected by a change in the counteranion, that is, ClO4

- in
7, CF3SO3

- in 8 3 2CDCl3, or [SbF6]
- in 9.

The bulkiness of stibines 1 and 2 prevents further coordi-
nation of a ligandunit to the gold(I) center. In contrast, use of
the less bulky stibine 3 results in the isolation of the ionic
compound 11 whose crystal structure contains the cation
[Au(SbMesPh2)3]

þ with three organoantimony ligands co-
ordinated to the gold(I) center in an almost planar trigonal
arrangement (the Au atom is displaced 0.182 Å from the Sb3
plane) (Figure 5). Surprisingly, complex 11 does not show
luminescence either in solid state or in solution at room
temperature or at 77 K. The slightly distorted trigonal
geometry might be responsible for the absence of lumine-
scence at room temperature although this is commonly
present in tricoordinated gold(I) species. The stronger donor
characteristics of themesityl groupmay stabilize the LUMO,
reducing the HOMO-LUMO gap and promoting the
quenching of the luminescence. Another possibility for the
absence of luminescence could be that the T-shaped distor-
tion of the lowest triplet excited state responsible for the
emission is not achieved because of steric hindrance.33

In the crystal structure of 11 the gold atom lies in a 3-fold
axis, so only one stibine ligand appears in the asymmetric

Figure 4. ORTEP representationat 50%probability and atomnumber-
ing scheme for the cation of complex 7. Sb(a) (x, y, -z). H atoms are
omitted for clarity.

Figure 5. Structure of the cation of complex 11. Sb(a) (z, x, y); Sb(b)
(y, z, x). H atoms are omitted for clarity.

(37) Bott, R. C.; Bowmaker, G. A.; Buckley, R. W.; Healy, P. C.;
Senake Perera, M. C. Aust. J. Chem. 2000, 53, 175.

(38) M€uller, T. E.; Mingos, D.M. P. TransitionMet. Chem. 1995, 20, 533.
(39) Breunig, H. J.; Lork, E.; Rat-, C. I.; Wagner, R. P. J. Organomet.

Chem. 2007, 692, 3430.
(40) (a) Baenziger, N. C.; Dittemore, K. M.; Doyle, J. R. Inorg. Chem.

1974, 13, 805. (b) Khan, M.; Oldham, C.; Tuck, D. G. Can. J. Chem. 1981, 59,
2714.

(41) Jones, P. G.; Sheldrick, G. M.; Muir, J. A.; Muir, M. M.; Pulgar,
L. B. J. Chem. Soc., Dalton Trans. 1982, 2123.
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unit. The Au-Sb bond distances in 11 (2.6250(4) Å) are
longer than in the trigonal AuSb3 system of [Au2{(Ph2Sb)2-
O}3](ClO4)2 (2.6048(5)-2.6173(5) Å),33 probably because of
the bulkier stibine ligand, but shorter than in the cationic
[Au(SbPh3)4]ClO4 (2.658(2)-2.656(2) Å).32

None of the gold(I)-stibine complexes described in this
work exhibit Au(I) 3 3 3Au(I) contacts or interactions between
other heavy atoms. A closer check of the crystal packing
revealed that, except for 11, the gold(I) complexes established
more or less complexnetworks throughweakhalogen- and/or
oxygen-hydrogen contacts (cf. ΣrvdW(Cl,H) 3.01 Å, ΣrvdW-
(F,H) 2.55 Å; ΣrvdW(O,H) 2.60 Å)42 (see Supporting Infor-
mation). Thus, the molecules of 4 are associated into a waved
layer throughCl 3 3 3Hcontacts. In contrast, a 3D architecture
is present in the crystal structure of 7, with each cation being
connected through O 3 3 3H contacts to four different anions

and vice versa. In the crystal structure of 8 3 2CDCl3, dimeric
units are formed through Cl 3 3 3H contacts between cations
and solvent molecules, which are further connected into
double layers by O 3 3 3H contacts with anions. An interesting
supramolecular architecturewas found in the crystal structure
of 9, which contains the same cation as in compounds 7 and
8 3 2CDCl3. Here a helicoidal chain polymer with alternating
cations and anions is formed through fluorine-hydrogen
contacts, with no further interchain contacts established.
In the crystal structure of compound 11 there are no

interactions which would influence crystal packing, the
closest distance between the cations’ gold centers being
11.776(3) Å.

Theoretical Calculations

As has been mentioned, the bonding characteristics of
stibine ligands toward gold(I) are very interesting from a
theoretical viewpoint. A theoretical confirmation together

Figure 6. Fully optimized model systems with triphenylstibine (a, c, e, f ) and trimesitylstibine (b, d) ligands. Similar models have been optimized for
triphenylphosphine ligands.

(42) Emsley, J. In Die Elemente; Walter de Gruyter: Berlin, 1994.
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with a plausible bonding explanation becomes an interesting
challenge. Therefore, taking all the experimental structural
information into account we have carried out ONIOM43

DFT/UFF44 calculations as implemented inGaussian0345 to
gain insight into the bonding nature of SbR3 ligands in
homoleptic gold-stibine adducts. These were also compared
with phosphine-gold(I) compounds. We have carried out
theoretical calculations onmodel systems of the typeER3and
[Au(ER3)n]

þ (E = P or Sb; R = Ph or Mes; n = 2, 3, or 4)
(Figure 6). By making use of the ONIOM approach we have
fully optimized allmolecularmodel systems at theDFT/UFF
level of theory which accounts for complete molecules,
including all the ligand atoms. After optimization, all model
systems were recalculated at the DFT/B3LYP level of theory
to have a single point electronic structure at the optimized
geometry.A summary of the already experimentally reported
X-ray diffraction results, structural parameters, and the
theoretical results obtained are given in Tables 5 and 6,
respectively. From these results we can infer several interest-
ing conclusions.
We first analyzed the influence of the stibine aryl groups

(phenyl vs mesityl) on the coordination with Au(I) centers
by NBO53 analysis and BSSE-corrected (using the counter-
poise correction)54 Au-Sb dissociation energy calculations
of two-, three-, and four-coordinated [Au(SbR3)n]

þ (R=Ph
or Mes; n = 2, 3, and 4) cationic units. If we focus on the
bonding abilities of SbPh3 and SbMes3 ligands toward gold
we observe several interesting results that are comparable to
the obtained experimental results. First, the fully optimized
free ligands show similar structural parameters to those
observed in the X-ray diffraction studies of SbPh3 and
SbMes3, respectively. It is worth mentioning that the calcu-
lated C-Sb-C angles are very close to the experimental

values, with the expected larger angle for the mesityl ligand
(105.1� theoretical; 105.0� experimental) than for the phenyl
ligand (97.2� theoretical; 96.0� experimental).
Second, we analyzed the different coordination abilities of

SbPh3 and SbMes3 toward gold in homoleptic complexes
by using theoretical models of the type [Au(SbR3)n]

þ (R =
PhorMes; n=2,3, and4) (Figure 6). In the case of theSbPh3
ligand, the three possible coordination environments, linear,
trigonal planar, and tetrahedral, each reach a local minimum
with Au-Sb dissociation energies of 53.1, 31.81, and 14.16
kcal 3mol-1, respectively, and with Au-Sb distances within
the range of coordination bonds (see Tables 5 and 6). In
contrast, when the aryl substituent of the stibine ligand is
mesityl, only the homoleptic model with two stibine ligands
in a linear coordination geometry, [Au(SbMes3)2]

þ, converges
to a local minimum showing an Au-Sb dissociation energy
of 48.3 kcal 3mol-1, close to that observed with triphenyl-
stibine.When threeor fourSbMes3 ligands are placed around
gold in the model system, the optimization run does not
converge and tends to dissociate one or two stibine ligands,
respectively, leading to [Au(SbMes3)2]

þ fragments. These re-
sults agree with the previously reported experimental data
on SbPh3 ligands and with those reported in this work for
bulkier SbMesPh2, SbMes2Ph, and SbMes3 ligands. Thus,
while in the case of SbPh3 it is possible to achieve tetrahedral
coordination, the coordination number is reduced when
mesityl substituents are included in the stibine. In the case
of the complex [Au(SbMesPh2)3]ClO4 (11), three stibine
ligands in a trigonal planar coordination environment are
observed, whereas for complexes [Au(SbMes2Ph)2]ClO4 (10)
or [Au(SbMes3)2]ClO4 (7) two stibines in a linear coordina-
tion around the gold atom are found. If the electronic
properties for the model systems [Au(SbR3)2]

þ (R = Ph or
Mes) are compared, both the NBO charges on gold and anti-
mony, and the natural electron configurations (see Table 6
and Supporting Information) are quite similar for each
molecule. Therefore, it seems that the coordination environ-
ment is governed by steric effects rather than electronic ones.
Another interesting feature is the different bonding of PPh3

and SbPh3 ligands to Au(I) in homoleptic complexes. We
have analyzed this theoretically by usingmodel systems of the
type [Au(EPh3)n]

þ (E=P or Sb; n=2, 3, and 4).With these
calculations we try to reproduce the observed experimental
tendency inwhich thenumberof PPh3 ligands bonded to gold
is usually 2 (linear) or 3 (trigonal planar) and, to a lesser
extent, 4, whereas in the case of SbPh3 only one type of
coordination environment consisting of 4 SbPh3 ligands in a

Table 5. Selected Experimental X-ray Diffraction Structural Parameters for Free
Ligands and for Homoleptic Stibine- and Phosphine-Gold(I) Complexes
[Au(ER3)n]

þ (E = P or Sb; R = Ph or Mes; n = 2, 3, or 4)

Au-E E-C C-E-C ref

SbPh3 2.14-2.15 95.6-98.0 36
SbPh2Mes 2.15-2.16 97.8-100.9 this work
SbPhMes2 2.15-2.18 97.0-106.8 this work
SbMes3 2.18-2.18 103.6-105.9 35
PPh3 1.83-1.83 101.9-102.5 46
PMes3 1.83-1.84 103.6-105.9 47
[Au(SbPh3)4]

þ 2.65-2.66 2.10-2.14 99.1-102.1 32
[Au(SbPh2Mes)3]

þ 2.62 2.12-2.14 98.7-110.6 this work
[Au(SbMes3)2]

þ 2.58 2.14-2.15 103.8-115.0 this work
[Au(PPh3)4]

þ 2.35-2.53 1.69-1.76 88.3-114.6 48, 49
[Au(PPh3)3]

þ 2.37-2.40 1.80-1.83 102.9-106.5 50
[Au(PPh3)2]

þ 2.31-2.31 1.78-1.81 104.6-107.5 51
[Au(PMes3)2]

þ 2.35 1.82-1.83 111.5-113.3 52

(43) Rapp�e, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., III;
Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024.

(44) Vreven, T.; Morokuma, K. J. J. Comput. Chem. 2000, 21, 1419.
(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J.M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci,
B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara,M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida,M.; Nakajima,
T.;Honda,Y.;Kitao,O.;Nakai,H.;Klene,M.; Li, X.;Knox, J.E.;Hratchian,
H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain,
M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski,
J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin,
R. L.; Fox, D. J.; Keith, T.; Al-Laham,M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
Gonz�alez, C.; Pople, J. A. Gaussian 03, Revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.

(46) Kooijman, H.; Spek, A. L.; van Bommel, K. J. C.; Verboom, W.;
Reinhoudt, D. N. Acta Crystallogr. 1998, C54, 1695.

(47) Blount, J. F.; Camp, D.; Hart, R. D.; Healy, P. C.; Skelton, B. W.;
White, A. H. Aust. J. Chem. 1994, 47, 1631.

(48) Jones, P. G. J. Chem. Soc., Chem. Commun. 1980, 1031.
(49) Zheng, L.; Yang, H.; Yang,W.; Zhang, Q.Xiamen Dax. Xuebao, Zir.

Kex. 1990, 29, 421; (Chin) (J. Xiamen Univ. (Nat. Sci.)).
(50) Davidson, J. L.; Lindsell, W. E.; McCullough, K. J.; McInstosh,

C. H. Organometallics 1995, 14, 3497.
(51) Staples, R. J.; King, C.; Khan,M. N. I.;Winpenny, R. E. P.; Fackler,

J. P., Jr. Acta Crystallogr. 1993, C49, 472.
(52) Bayler, A.; Schier, A.; Bowmaker, G. A.; Schmidbaur, H. J. Am.

Chem. Soc. 1996, 118, 7006.
(53) NBO, Version 3.1; Glendening, E. D., Reed, A. E., Carpenter, J. E.;

Weinhold, F., Eds.; Theoretical Chemistry Institute, University of Wisconsin :
Madison, WI, 1987.
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tetrahedral environment around gold(I) has been described.
As we have mentioned before, whenmodel systems with 2, 3,
or 4 SbPh3 ligands around gold are optimized, a local
minimum is obtained in all cases, with Au-Sb distances
within the range of a normal coordination bond. However,
although a similar trend is observed for two- and three-
coordinated triphenylphosphinegold(I) theoretical models
(i.e., Au-P bonds in the range of coordination bonds, and
similar Au-P dissociation energies to those of Au-Sb in the
same coordination environments) (see Table 6), when the
[Au(PPh3)4]

þ theoreticalmodel is optimized a localminimum
is reached at which the Au-P distances are at the bonding
limit and the Au-P dissociation energy (5.34 kcal 3mol-1)
appears very weak for a coordination bond. These results are
also in accordance with the experimental observations. Thus,
while the only known homoleptic triphenylstibinegold(I)
cation is [Au(SbPh3)4]

þ, a clear preference for two- or
three-coordination is observed for Au(I) triphenylphosphine
compounds.13 In an early report, Jones characterized three
modifications in the complex with stoichiometry [Au-
(PPh3)4](BPh4). The first of these being an [Au(PPh3)3]

þ

moiety interacting over a large distance with the fourth
PPh3 ligand and, further, two disordered modifications
with the possibility of tetrahedral coordination proposed
at low temperature. Later, a new structure for the cation
[Au(PPh3)4]

þ was described, but disorder in the structure
was also found. The only remaining question at this point
is the experimental preference for four-coordination SbPh3
with Au(I) instead of two- or three-coordination, which, in
principle, have higher dissociation energies. We have
carried out several calculations of transition state optimi-
zations to describe a possible kinetic preference for [Au-
(SbPh3)4]

þ. In this sense, we were looking for a less ener-
getic transition state for the fourth stibine coordination in
contrast to the possibly more energetic transition states for
second or third stibine coordination, but, unfortunately,
we have not found any clear information for the moment.
Finally, both the analysis of the optimized structural

parameters and the natural bond orbital analysis carried
out for model systems [Au(ER3)n]

þ (E = P or Sb; R = Ph
(n = 2, 3, or 4) or Mes (n = 2)) reveal very interesting
information for the description of the effect of coordination
on stibine ligand geometry previously proposed by Levason
and co-workers, starting from a structural analysis. As was
mentioned in the Introduction section of thiswork, one of the
most striking features of stibine ligands is that on coordina-
tion to transition metal centers the C-Sb-C bond angles
increase, whereas the Sb-C bond distances decrease. In
Table 5 we summarize some of the structural data reported

which shows this tendency for stibine-gold(I) complexes. In
the case of stibine ligands Levason and co-workers have
rationalized these effects.8,55 If a hybridization model is
considered, the increasing C-Sb-C angles on coordination
correspond to increased s character in the Sb-C bond and
increased p character in the “lone pair”. In addition, when
a Walsh diagram approach is chosen, σ-donation of the
Sb “lone pair” upon coordination gives rise to a decreased
population of the lone-pair orbital and, therefore, increased
C-Sb-Cangles (less pyramidalization) and decreased Sb-C
distances. As can be observed in Table 6, the calculated
C-Sb-C angles of SbPh3 and SbMes3 become larger when
the ligands are coordinated to a Au(I) center in numbers of
2, 3, or 4 for SbPh3 or 2 for SbMes3, whereas the Sb-C
distances get shorter in all cases, in agreement with the
experimental data reported in this and previous works. A
closer look at the Sb-C natural bonding orbital composi-
tions for the free and coordinated ligands supports these
trends (see Table 6). Thus, the Sb-C natural bond orbital
analysis for free SbPh3 and SbMes3 displays a low s character
onSb (10.7% for SbPh3 and 11.4% for SbMes3) in agreement
with predominant antimony p3 hybridization. Upon coordi-
nation of the stibine ligands to gold(I) a clear increase in the s
character on Sb (between 25 and 30% for two-coordinated
stibines and around 15% for three- and four-coordinated
SbPh3) is observed, in agreement with a change in the
antimony hybridization toward sp3, which theoretically con-
firms the previously reported proposal.
In addition, systematic structural studies of the geometri-

cal deformations of bonded PPh3 fragments concluded that
for phosphine complexes of late- and post-transition series
metals, PPh3 becomes less pyramidal (larger C-P-C angles
and shorter P-C bond lengths).56 If one focuses on gold(I)-
PPh3 complexes the latter trends are observed, leading to an
analogous phenomena both for phosphine and stibine-gold-
(I) complexes. Nevertheless, when we analyze the natural
bond orbitals for free and coordinated PPh3 ligands, we
observe a clear difference with stibines. In this case, both the
free and the coordinated ligand display a high s character on
P for the P-C bonds (around 20%). Therefore, it seems
plausible that the slight geometrical changes of PPh3 when it
coordinates to gold(I) have a different origin, andwe propose
that the sp3 character already present in the free phosphine
ligands is retained upon coordination.

Table 6. Selected Theoretical Structural Parameters, Dissociation Energies, and NBO s-Character on Sb or P for Free Ligands and Some Homoleptic Stibine- and
Phosphine-Gold(I) Complexes [Au(ER3)n]

þ (E = P or Sb; R = Ph or Mes; n = 2, 3, or 4)

Au-E E-C C-E-C Edis
a % of E s-charact.b

SbPh3 2.18 97.2 10.75
SbMes3 2.21 105.1 11.38
PPh3 1.87 102.0-102.4 20.49
[Au(SbPh3)2]

þ 2.63 2.10 104.2 53.1 28.38
[Au(SbPh3)3]

þ 2.66-2.73 2.09-2.11 102.0-105.5 31.8 14.80
[Au(SbPh3)4]

þ 2.71 2.10 103.6-103.8 14.2 14.60
[Au(SbMes3)2]

þ 2.62 2.14 110.4 48.3 27.88
[Au(PPh3)2]

þ 2.36 1.82 106.0 59.8 20.16
[Au(PPh3)3]

þ 2.42-2.49 1.82-1.84 102.5-108.0 28.1 20.22
[Au(PPh3)4]

þ 2.61-2.69 1.83-1.84 100.7-105.6 5.3 19.60

aEnergy in kcal 3mol-1. bMean P or Sb s-character in the Sb-C natural bond orbitals.

(55) Holmes, N. J.; Levason, W.; Webster, M. J. Chem. Soc., Dalton
Trans. 1998, 3457.

(56) Dunne, B. J.; Morris, R. B.; Orpen, A. G. J. Chem. Soc., Dalton
Trans. 1991, 653.
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Conclusion

The use of stibine ligands with different aryl substituents
(phenyl or mesityl) resulted in the isolation of the neutral 1:1
adducts [AuCl(SbMesnPh3-n)] (n = 3 (4), 2 (5), 1 (6)), with a
linearSb-Au-Cl fragment, aswell as the ionic 1:2adducts [Au-
(SbMesnPh3-n)2]ClO4 (n= 3 (7), 2 (10)) and [Au(SbMes3)2]X
(X = CF3SO3 (8), SbF6 (9)), containing linear Sb-Au-Sb
systems, and the 1:3 adduct [Au(SbMesPh2)3]ClO4 (11), with a
quasi trigonal planarAuSb3 core. Themolecular structures of 4,
7, 8 3 2CDCl3, 9, and 11were established by single-crystal X-ray
diffraction. Moreover, from the theoretical calculations we can
establish some interesting conclusions:

(1) Homoleptic Au(I) theoretical models with SbPh3
ligands are stable in linear, trigonal planar, and
tetrahedral coordination environments. In con-
trast, the only stable Au(I) complex with SbMes3
ligands is the dicoordinated (linear) one. For
these aryl stibines gold coordination is governed
by steric effects.

(2) Homoleptic Au(I) models with two, three, or
four SbPh3 ligands are within the same stability
range and display similar Au-Sb bond dis-
tances. When the ligand is PPh3 both the two-
and three-coordinated models are stable and
display normal Au-P distances, whereas the
tetra-coordinated complex is rather less stable,
showing larger Au-P distances. This theoretical
trend is in agreement with the experimental pre-
ference for four SbPh3 ligands bonded to gold(I),
but for two or three PPh3 ligands bonded to the
same metal center.

(3) The theoretical calculations reproduce the ex-
perimental tendency already described for sti-
bine ligands such that, upon coordination, the
C-Sb-C angles increase and the Sb-C dis-
tances decrease. This trend is also confirmed
for PPh3 ligands bonded to Au(I).

(4) NBO analysis of the bonded stibines reflects
the expected increase in s character of Sb with
respect to the free ligands and, therefore, a
change in the bonded antimony hybridization
toward sp3, also explaining the above-mentioned
C-Sb-C and Sb-C distortions. Nevertheless,
although the structural parameters of the PPh3
ligand are also slightly changed upon coordina-
tion, the s character in the P atoms remains
almost equal to that of the free ligand.

Experimental Section

Materials and Procedures. Most of the reactions and mani-
pulations, except those otherwise mentioned, were carried out
under an inert atmosphere (dry 99.99% argon) using Schlenk
techniques. Solvents were dried using standard procedures and
were freshly distilled prior to use. Starting materials such as
SbCl3, SbPh3, MesMgBr (1 M solution in tetrahydrofuran) and
AgSbF6 were commercially available. SbCl3 was freshly sub-
limed prior to use. The other starting materials were prepared

according to the literature methods: SbMes3 (1),
57 SbPh2Cl,

58

SbPhCl2,
59 [AuCl(tht)],60 and [Au(tht)2]X (X = ClO4,

CF3SO3).
61

Instrumentation. Infrared spectra were recorded in the
4000-225 cm-1 range on a Nicolet Nexus FT-IR spectrophoto-
meter with a CsI beam splitter, using Nujol mulls between poly-
ethylene sheets. C, H analyses were carried out with a Perkin-
Elmer 240C microanalyzer. NMR spectra were recorded in dried
CDCl3, at room temperature, on Bruker AVANCE 400 and
Bruker ARX 300 spectrometers. The chemical shifts are reported
in parts per million (ppm) relative to the residual peak of solvent
[ref CHCl3: δ(

1H) 7.26, δ(13C) 77.0 ppm] for 1H and 13C NMR
spectra, and relative to CCl3F for 19FNMR spectra.Mass spectra
were recorded on HP5989B API-Electrospray, microOTOF-Q-
Bruker (ES), and Microflex Bruker (MALDI) spectrometers.

Synthesis of SbMes2Ph (2). A MesMgBr solution (7.4 mL,
1 M solution in thf, 7.4 mmol) was added dropwise to a stirred
suspension of SbPhCl2 (1 g, 3.7 mmol) in thf (40 mL), cooled
to-20 �C.The reactionmixturewas stirred for 1 h at low tempe-
rature and then left to warm up to room temperature with
stirring overnight. After removal of the solvent under vacuum,
the remaining yellow oil was extracted with hexane. The hexane
solution was filtered, and the solvent evaporated resulting in
the title compound as a white solid. Yield: 1.23 g (76%). Mp
78-79 �C. Elemental analysis calcd (%) for C24H27Sb: C 65.93,
H 6.22; found: C 65.45, H 6.12; 1H NMR: δ = 2.25 (s, 12H;
CH3-ortho), 2.28 (s, 6H; CH3-para), 6.85 (s, 4H; C6H2), 7.25 (m,
3H; C6H5-metaþpara), 7.59 (m, 2H; C6H5-ortho);

13C NMR:
δ = 20.91 (CH3-para), 25.77 (CH3-ortho), 127.87 (C6H5-para),
128.36 (C6H5-meta), 128.80 (C6H2-meta), 135.97 (C6H2-ipso),
136.84 (C6H5-ortho), 137.76 (C6H5-ipso), 138.08 (C6H2-para),
144.51 (C6H2-ortho); ESþ/MS (CH3OH/H2O): m/z (%) 438
(100) [M]þ.

Synthesis of SbMesPh2 (3).AMesMgBr solution (2 mL, 1 M
solution in thf, 2 mmol) was added dropwise to a stirred sus-
pension of SbPh2Cl (0.625 g, 2 mmol) in thf (40 mL), cooled to
-20 �C. The reaction mixture was stirred for 1 h at low tempe-
rature and then left to warm up to room temperature with
stirring overnight. The solvent was removed under vacuum, and
the remaining yellow-white oily mixture was extracted with
hexane. The hexane solution was filtered, and evaporation of
the solvent resulted in the title compound as a white crystalline
solid. Yield: 0.53 g (67%). Mp 82-84 �C. Elemental analysis
calcd (%) forC21H21Sb: C 63.83,H 5.36; found: C 64.00,H 5.40;
1H NMR: δ= 2.28 (s, 6H; CH3-ortho), 2.33 (s, 3H; CH3-para),
6.94 (s, 2H; C6H2), 7.34 (m, 6H; C6H5-metaþpara), 7.56 (m, 4H;
C6H5-ortho);

13C NMR: δ = 21.01 (CH3-para), 26.45 (CH3-
ortho), 128.10 (C6H5-para), 128.75 (C6H5-meta), 128.93 (C6H2-
meta), 134.81 (C6H2-ipso), 135.57 (C6H5-ortho), 137.69 (C6H5-
ipso), 139.01 (C6H2-para), 145.76 (C6H2-ortho); ESþ/MS
(CH3OH/H2O): m/z (%) 412 (95) [M þ OH]þ, 396 (100) [M]þ,
276 (90) [SbPh2]

þ.
Synthesis of [AuCl(SbMes3)] (4). Solid SbMes3 (0.224 g; 0.46

mmol) was added to a solution of [AuCl(tht)] (0.15 g; 0.46
mmol) in dichloromethane (25 mL) at room temperature. The
mixture was stirred for 5 min. Evaporation of the solvent under
reduced pressure resulted in an oily, white residue which solidi-
fies on addition of hexane.Colorless crystalswere obtained from
a dichloromethane/hexane mixture. Yield: 0.275 g (82%).
Elemental analysis calcd (%) for C27H33AuClSb: C 45.56, H
4.67; found: C 45.22, H 4.32; 1H NMR: δ = 2.29 (s, 9H; CH3-
para), 2.42 (s, 18H; CH3-ortho), 6.91 (s, 6H; C6H2);

13C NMR:
δ = 20.90 (CH3-para), 25.96 (CH3-ortho), 130.32 (C6H2-ipso),

(57) SyntheticMethodsofOrganometallic and InorganicChemistry; Hermann,
W. A., Karsch, H. H., Eds.; G. Thieme Verlag: Stuttgart, 1996; Vol. 3- Phosphorus,
Arsenic, Antimony and Bismuth, p 204.

(58) Becker, G.;Mundt, O.; Sachs,M.; Breunig,H. J.; Lork, E.; Probst, J.;
Silvestru, A. Z. Anorg. Allg. Chem. 2001, 627, 699.

(59) Nunn, M.; Sowerby, D. B.; Wesolek, D. M. J. Organomet. Chem.
1983, 251, C45.

(60) Us�on, R.; Laguna, A.; Laguna, M. Inorg. Synth. 1989, 26, 85.
(61) Us�on, R.; Laguna, A.; Laguna,M.; Jim�enez, J.; G�omez,M. P.; Sainz,

A.; Jones, P. G. J. Chem. Soc., Dalton Trans. 1990, 3457.
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130.43 (C6H2-meta), 140.73 (C6H2-para), 143.62 (C6H2-
ortho); FT-IR (nujol mulls): 326 cm-1 [ν(Au-Cl)]; ESþ/MS
(CH3OH/H2O): m/z (%) 1155 (100) [Au(SbMes3)2]

þ, 495 (34)
[Mes3SbO]þ.

Synthesis of [AuCl(SbMes2Ph)] (5). Same procedure as for 4,
from solid SbMes2Ph (0.201 g; 0.46 mmol) added to a solution of
[AuCl(tht)] (0.15 g; 0.46 mmol) in dichloromethane (25 mL) at
room temperature. The oily, white reaction product obtained after
evaporation of the solvent under reduced pressure, solidifies on
addition of hexane. Yield: 0.234 g (76%). Elemental analysis calcd
(%) forC24H27AuClSb 3 2CH2Cl2:C37.20,H3.72; found:C37.19,
H 3.65; 1HNMR: δ=2.29 (s, 6H; CH3-para), 2.35 (s, 12H; CH3-
ortho), 6.92 (s, 4H;C6H2), 7.41 (m, 3H;C6H5-metaþpara), 7.71 (m,
2H; C6H5-ortho);

13C NMR: δ = 20.98 (CH3-para), 25.88 (CH3-
ortho), 128.30 (C6H2-ipso), 129.75 (C6H5-meta), 130.28 (C6H2-
meta), 130.78 (C6H5-para), 131.88 (C6H5-ipso), 136.01 (C6H5-
ortho), 141.05 (C6H2-para), 143.37 (C6H2-ortho); FT-IR (nujol
mulls): 321 cm-1 [ν(Au-Cl)]; ESþ/MS (CH3OH/H2O): m/z (%)
1103 (10) [Au(SbMes2Ph)2 þ CH3OH]þ, 1071 (100%) [Au-
(SbMes2Ph)2]

þ; 453 (3) [PhMes2SbO]þ.
Synthesis of [AuCl(SbMesPh2)] (6). Same procedure as for 4,

from solid SbMesPh2 (0.1817 g; 0.46 mmol) added to a solution
of [AuCl(tht)] (0.15 g; 0.46 mmol) in dichloromethane (25 mL)
at room temperature. The oily, white reaction product ob-
tained after evaporation of the solvent under reduced pressure,
solidifies on addition of diethyl ether. Colorless crystals were
obtained from a chloroform/hexane mixture. Yield: 0.345 g
(72%). Elemental analysis calcd (%) for C21H21AuClSb 3
CHCl3: C 35.37, H 2.97; found: C 35.05, H 3.09; 1H NMR:
δ=2.27 (s, 6H; CH3-ortho), 2.32 (s, 3H; CH3-para), 6.94 (s, 2H;
C6H2), 7.44 (m, 6H; C6H5-metaþpara), 7.60 (d, 4H, J(H,H) =
7.4 Hz; C6H5-ortho);

13C NMR: δ = 21.03 (CH3-para), 26.15
(CH3-ortho), 125.32 (C6H2-ipso), 129.90 (C6H5-meta), 130.32
(C6H2-meta), 130.89 (C6H5-ipso), 130.92 (C6H5-para), 135.34
(C6H5-ortho), 141.69 (C6H2-para), 144.58 (C6H2-ortho); FT-IR
(nujol mulls): 321 cm-1 [ν(Au-Cl)]; ESþ/MS (CH3OH/H2O):
m/z (%) 986 (100) [Au(SbMesPh2)2]

þ, 453 (57) [PhMes2SbO]þ,
411 (9%) [SbMesPh2 þ CH3]

þ.
Synthesis of [Au(SbMes3)2]ClO4 (7). Solid SbMes3 (0.2025 g;

0.42 mmol) was added to a clear solution of [Au(tht)2]ClO4

(0.1 g; 0.21 mmol) in dichloromethane (25 mL) at room tem-
perature. The reaction mixture was stirred for 5 min, when
the solution turned pale yellow and slowly started to decompose.
Fast evaporation of the solvent and addition of hexane (10 mL)
resulted in isolation of the title compound as a white solid.
Colorless crystals were obtained from a dichloromethane/
hexane mixture. Yield: 0.235 g (88%). Elemental analysis calcd
(%) for C54H66AuClO4Sb2: C 51.68, H 5.30; found: C 51.79, H
5.02;1H NMR: δ = 2.30 (s, 54H; CH3-orthoþpara), 6.95 (s,
12H; C6H2);

13C NMR: δ = 20.92 (CH3-para), 25.75 (CH3-
ortho), 130.50 (C6H2-ipso), 130.83 (C6H2-meta), 141.52 (C6H2-
para), 143.13 (C6H2-ortho); FT-IR (nujolmulls): 1095, 623 cm-1

[ν(ClO4)]; ESþ/MS (CH3OH/H2O): m/z (%) 1155 (100) [Au-
(SbMes3)2]

þ, 495 (52) [Mes3SbO]þ; ES-/MS (CH3OH/H2O):
m/z (%)99 (100%) [ClO4]

-.

Synthesis of [Au(SbMes3)2]CF3SO3 (8). Same procedure as
for 7, from solid SbMes3 (0.1832 g; 0.38 mmol) added to a
solution of [Au(tht)2]CF3SO3 (0.1 g; 0.19 mmol) in dichloro-
methane (25 mL) at room temperature. Fast evaporation of the
solvent and addition of hexane (10 mL) resulted in isolation of
the title compound as a white solid. Colorless crystals were ob-
tained from a dichloromethane/hexane mixture. Yield: 0.237 g
(95%). Elemental analysis calcd (%) for C55H66AuF3O3SSb2: C
50.63, H 5.10; found: C 50.59, H 5.06; 1H NMR: δ=2.30 (br s,
54H; CH3-orthoþpara), 6.95 (s, 12H; C6H2);

13C NMR: δ =
20.94 (CH3-para), 25.77 (CH3-ortho), 130.53 (C6H2-ipso),
130.86 (C6H2-meta), 141.58 (C6H2-para), 143.17 (C6H2-ortho);
19FNMR: δ=-120.61;MALDIþ/MS (HCCA):m/z (%) 1155
(100) [Au(SbMes3)2]

þ.

Synthesis of [Au(SbMes3)2]SbF6 (9). Solid AgSbF6 (0.012 g,
0.035mmol)was added to a clear solution of [AuCl(SbMes3)] (4)
(0.05 g, 0.07 mmol) in dichloromethane (20 mL) in an Al foil
wrapped flask for light protection. The AgCl is formed rapidly
as a white precipitate which turns slowly into dark gray. After
5 min the reaction mixture was filtered off, and the solvent was
removed under vacuum from the resulting colorless solution.
The title compound was isolated as a white solid on addition
of hexane (10 mL). Colorless crystals were obtained from a
dichloromethane/hexane mixture. Yield: 0.022 g (46%). Ele-
mental analysis calcd (%) for C54H66AuF6Sb3: C 46.62, H
4.78; found: C 46.52, H 4.69; 1H NMR: δ = 2.31 (br s, 54H;
CH3-orthoþpara), 6.96 (s, 12H; C6H2);

13C NMR: δ = 20.93
(CH3-para), 25.76 (CH3-ortho), 130.56 (C6H2-ipso), 130.86
(C6H2-meta), 141.57 (C6H2-para), 143.18 (C6H2-ortho);

19F
NMR: δ = -120.44.

Synthesis of [Au(SbMes2Ph)2]ClO4 (10). Same procedure as
for 7, from solid SbMes2Ph (0.1835 g; 0.42 mmol) added to a
solution of [Au(tht)2]ClO4 (0.1 g; 0.21 mmol) in dichloro-
methane (20 mL) at room temperature. Fast evaporation of
the solvent and addition of diethyl ether (10 mL) resulted in
isolation of the title compound as a white solid. Yield: 0.168 g
(68%). Elemental analysis calcd (%) for C48H54AuClO4Sb2: C
49.24, H 4.65; found: C 49.77, H 4.51; 1H NMR: δ = 2.13 (s,
24H; CH3-ortho), 2.30 (s, 12H; CH3-para), 6.87 (s, 8H; C6H2),
7.17 (t, 4H J(H,H) = 7.5 Hz; C6H5-meta), 7.34 (m, 6H; C6H5-
orthoþpara); 13C NMR: δ = 20.98 (CH3-para), 25.88 (CH3-
ortho), 129.57 (C6H5-meta), 130.23 (C6H2-ipsoþmeta), 131.23
(C6H5-ipso), 133.61 (C6H5-para), 135.59 (C6H5-ortho), 140.74
(C6H2-para), 143.55 (C6H2-ortho); ESþ/MS (CH3OH/H2O):m/z
(%) 1071 (19%) [Au(SbMes2Ph)2]

þ; 473 (6) [AuSbPh2]
þ, 453

(100) [PhMes2SbO]þ; ES-/MS (CH3OH/H2O): m/z (%)99
(100%) [ClO4]

-.

Synthesis of [Au(SbMesPh2)3]ClO4 (11). Solid SbMesPh2
(0.2488 g; 0.63 mmol) was added to a clear solution of
[Au(tht)2]ClO4 (0.1 g; 0.21 mmol) in dichloromethane (20 mL)
at room temperature. The reactionmixturewas stirred for 5min,
when the solution turned pale yellow and slowly started to
decompose. Fast evaporation of the solvent and addition of
hexane (10 mL) resulted in isolation of the title compound as a
white solid. Colorless crystals were obtained from a dichloro-
methane/hexane mixture. Yield: 0.265 g (85%). Elemental
analysis calcd (%) for C63H63AuClO4Sb3 3CH2Cl2: C 49.06, H
4.18; found: C 49.22, H 4.10; 1H NMR: δ= 2.03 (s, 18H; CH3-
ortho), 2.34 (s, 9H; CH3-para), 6.91 (s, 6H; C6H2), 7.21 (m, 18H;
C6H5-metaþpara), 7.39 (m, 12H; C6H5-ortho);

13C NMR: δ =
21.05 (CH3-para), 26.00 (CH3-ortho), 129.02 (C6H2-ipso),
129.78 (C6H5-ipso), 129.95 (C6H5-meta), 130.32, 130.54
(C6H2-meta, C6H5-para), 134.89 (C6H5-ortho), 141.46 (C6H2-
para), 144.26 (C6H2-ortho); FT-IR (nujolmulls): 1093, 623 cm-1

[ν(ClO4)]; ESþ/MS (CH3OH/H2O): m/z (%) 986 (45) [Au-
(SbMesPh2)2]

þ, 513 (89%) [SbMesPh2 þ Mes]þ; 453 (1) [Ph-
Mes2SbO]þ, 430 (100%) [SbMesPh2 þ CH3OH]þ, 411 (9%)
[SbMesPh2 þ CH3]

þ; ES-/MS (CH3OH/H2O): m/z (%)99
(100%) [ClO4]

-.

Computational Details.All calculations were performed using
the Gaussian 03 suite of programs.45 Hybrid DFT-B3LYP/
molecular mechanical (Universal Force Field, UFF)44 (QM/
MM) ONIOM calculations43 were carried out for model sys-
tems of the type ER3 and [Au(ER3)n]

þ (E= P or Sb; R= Ph or
Mes; n = 2, 3, or 4). The quantum mechanical part was the
cation core [Au(EH3)n]

þ (E = P or Sb, n = 2, 3, or 4) and was
fully optimized at DFT-B3LYP level. The molecular mechanics
parts are the Ph orMes rings on the Sb or P atoms, and theywere
treated with theUniversal Force Field. No symmetry constrains
were included. After full optimization a single point DFT-
B3LYP calculation was carried out for all model systems
including the aromatic rings in the calculation. NBO53 analysis
was performed in all cases. The Au-E bond dissociation
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energies were estimated using counterpoise correction for the
Basis Set SuperpositionError (BSSE).54 The 19-valence electron
(VE) quasirelativistic (QR) pseudopotential (PP) of Andrae62

was employed for gold together with two f-type polarization
functions (exponents: 0.2, 1.19). The atoms Sb, P, and C were
treated by Stuttgart pseudopotentials,63 including only the
valence electrons for each atom. For these atoms double-ζ basis
sets of ref 63 were used, augmented by d-type polarization

functions.64 For the H atom, a double-ζ, plus a p-type polariza-
tion function was used.65

Crystallography. For single crystal X-ray diffraction the data
were collected using Bruker SMART APEX (Babes-Bolyai
University, Cluj-Napoca) (2, 3, 9) or Nonius Kappa CCD
(Universidad de La Rioja, Logro~no) (4, 7, 8 3 2CDCl3, 11)
diffractometers, with graphite-monochromatorMo-KR radia-
tion (λ=0.71073 Å), at 297 and 173K (cooled under a nitrogen
stream), respectively. The crystals were attached to a glass fiber
with epoxy glue or Kel-F oil (for the low temperature measure-
ments). The structures were refined with anisotropic displace-
ment ellipsoids. Hydrogen atoms were included using a riding

Table 7. Details of Data Collection and Structure Refinement for Compounds 2, 3, and 4

2 3 4

chemical formula C21H21Sb C24H27Sb C27H33AuClSb
crystal habit colorless block colorless block colorless block
crystal size [mm] 0.38 � 0.32 � 0.28 0.51 � 0.23 � 0.16 0.60 � 0.60 � 0.60
crystal system orthorhombic monoclinic orthorhombic
space group P212121 C2/c Pbca
a [Å] 11.845(6) 21.369(3) 15.2821(9)
b [Å] 11.854(6) 13.7360(16) 17.2830(12)
c [Å] 12.943(6) 14.5729(17) 19.0543(8)
β [deg] 90 102.300(2) 90
V [Å3] 1817.4(16) 4179.3(9) 5032.6(5)
Z 4 8 8
Fcalcd [g cm-3] 1.444 1.390 1.879
Mr 395.13 437.21 711.70
F(000) 792 1776 2736
T [K] 297(2) 297(2) 100(2)
2θmax [deg] 50.0 50.0 60.1
μ(MoKR) (mm-1) 1.513 1.323 7.015
no. of reflections measured 9493 14857 54928
no. of unique reflections 3185 367 7166
Rint 0.087 0.057 0.057
R1 (I > 2σ(I)) 0.054 0.064 0.026
wR2 0.122 0.1243 0.059
no. of parameters 202 232 280
no. of restraints 0 0 96
GOF on F2 1.07 1.20 1.11
largest diff. electron density [e Å-3] 0.89/-1.52 0.84/-0.93 0.98/-1.28

Table 8. Details of Data Collection and Structure Refinement for Compounds 7, 8 3 2CDCl3, 9, and 11

7 8 3 2CDCl3 9 11

chemical formula C54H66AuClO4Sb2 C57H68AuCl6F3O3Sb2 C54H66AuF6Sb3 C63H63AuClO4Sb3
crystal habit prismatic needle colorless needle colorless block colorless prism
crystal size [mm] 0.20 � 0.05 � 0.05 0.30 � 0.10 � 0.05 0.23 � 0.25 � 0.30 0.25 � 0.22 � 0.10
crystal system trigonal monoclinic trigonal cubic
space group P3121 P21/c P3121 Pa3
a [Å] 15.2038(3) 14.0282(3) 15.574(8) 22.1544(3)
b [Å] 15.2038(3) 17.8474(5) 15.574(8) 22.1544(3)
c [Å] 19.1083(4) 24.6533(6) 20.34(2) 22.1544(3)
β [deg] 90 94.621(2) 90 90
V [Å3] 3825.22(13) 6152.3(3) 4273(5) 10873.8(3)
Z 3 4 3 8
Fcalcd [g cm-3] 1.634 1.666 1.622 1.810
Mr 1254.98 1543.34 1391.28 1481.80
F(000) 1860 3040 2028 5766
T [K] 173(2) 173(2) 297(2) 293(2)
2θmax [deg] 54.9 55.0 50.0 54.9
μ(MoKR) (mm-1) 4.016 3.595 4.025 4.262
no. of reflections measured 47807 74483 30416 4519
no. of unique reflections 5846 13821 5038 4009
Rint 0.107 0.102 0.067 0.030
R1 (I > 2σ(I)) 0.039 0.046 0.077 0.051
wR2 0.065 0.077 0.152 0.141
no. of parameters 290 684 300 220
no. of restraints 96 132 81 72
GOF on F2 1.03 1.02 1.32 1.16
largest diff. electron density [e Å-3] 1.21/-0.79 0.87/-0.96 1.21/-2.09 4.81/-1.78

(62) Andrae, D.; H€ausserman, U.; Dolg, M.; Stoll, H.; Preuss, H. Theor.
Chim. Acta 1990, 77, 123.

(63) Bergner, A.; Dolg, M.; K€uchle, W.; Stoll, H.; Preuss, H. Mol. Phys.
1993, 80, 1431.

(64) Huzinaga, S.Gaussian Basis Sets forMolecular Calculations; Elsevier:
Amsterdam, 1984; p 16. (65) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.
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model. The large residual electron density found in the crystal
structure of 11 is probably due to the presence of disordered
solvent that could not be solved. The absolute structure for 7
and 9was determined refining the Flack (χ) parameter: 0.019(5)
in 7 and 0.068(13) for 9. For structure solving and refinement the
software package SHELX-97 was used.66 Further details of the
data collection are given in Tables 7 and 8. The drawings were
created with the DIAMOND program by Crystal Impact
GbR.67 Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC-764762-764768. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, U.K. (fax: (0.44) 1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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