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The coordination chemistry of the p-block elements as Lewis
acceptors is superficially developed relative to that of the
transition metals, despite the ability of the heavy p-block
elements to access coordination numbers of six or greater.
Consequently, many compounds of the heavy elements adopt
coordination polymeric arrays in the solid state through
intermolecular donor–acceptor interactions. Molecular com-
plexes are known for many p-block element acceptors which
are analogous to transition-metal complexes, with a neutral
ligand (L) providing an additional bond to a neutral acceptor
center (E; p-block element), even with retention of a lone
pair at the acceptor site [Eq. (1)]. Alternatively, a neutral
ligand can displace an anionic substituent (X; leaving group)
to introduce a cationic charge on the complex, depending on
the relative bond strengths of E�X and E�L, and the lattice
energy of the resulting salt [Eq. (2)]. Such coordinative
interactions are more generally applicable when the E�X
bond is activated by an abstracting agent (A) [Eq. (3)]. The
activation of a second E�X bond [Eq. (4)] increases the Lewis
acidity of the acceptor, thus enabling a diversification of
coordination chemistry, but examples are rare,[1, 2] as are
examples of heterolytic cleavage of a third E�X bond
[Eq. (5)].[3–5]

In an attempt to systematically and rationally augment the
Lewis acidity of p-block elements and develop the coordina-
tion chemistry of p-block elements, we have examined
a variety of reagent combinations of an element halide with
a halide abstracting agent and a neutral ligand, and have
discovered that mixtures of SbF3, Me3SiOSO2CF3 (TMSOTf),
and 2,2-bipyridine (bipy) in acetonitrile give compounds 1, 2,
and 3 in high yield upon isolation depending on the applied
stoichiometry (n and m ; see Scheme 1). The substantial
thermodynamic preference for the formation of Me3SiF (b.p.
16.5 8C) is evidenced by gaseous evolution and by the
characteristic doublet in the 1H NMR spectrum of the
reaction mixture.

Compounds 1, 2, and 3 were isolated and characterized
using NMR spectroscopy and elemental analysis. All are
extremely moisture sensitive and exposure of the solid results
in protonation of the ligands within minutes. The X-ray
structures of 1 and 3 are shown in Figures 1a and b,
respectively, and selected structural parameters are listed in
Table 1. It has not yet been possible to determine the solid-
state structure of compound 2. The solid-state structure of 1 is
best described as a triflate salt of a difluorostibenium cation,
[SbF2]

+, which is asymmetrically chelated at antimony by
a bipy ligand. The antimony center also engages in weak
interactions with one oxygen atom of the anion and a fluorine

Scheme 1. Synthesis of compounds 1 (n = m = 1), 2 (n= m = 2), and 3
(n = 2, m = 3) by the stoichiometric abstraction of fluoride ions from
SbF3 by [Me3Si]+.
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atom of a neighboring [SbF2]
+ unit, thus imposing an overall

distorted octahedral geometry at antimony.
The solid-state structure of 3 is best described as a tris-

(triflate) salt of an [Sb]3+ cation chelated by two bidentate

bipy ligands. The antimony center shows weak
contacts with three oxygen atoms of the triflate
anions. The 19F NMR spectra of 1 and 2 show
signals for the [SbF2]

+ and [SbF]2+ fragments at d =

�90.1 ppm and d =�93.3 ppm, respectively, and
they are severely broadened by the quadrupolar
spins of the antimony nuclides [I(121Sb) = 5/2,
I(123Sb) = 7/2]. The 19F NMR signals corresponding
to the triflate anions in 1, 2, and 3 are character-
istically sharp at d =�79.5 ppm, and indicative of
dissociated [SO3CF3]

� ions in solution. The opti-
mized DFT (B3LYP/Def2-TZVPP) structure for
the cation of 3 in the gas phase is consistent with the
observed solid-state structure showing the AB4E
VSEPR geometry for Sb and implicating a stereo-
chemically active lone pair. The hypothetical C2v

(square-based pyramid), D2h (square-planar N4),
and S4 (tetrahedral N4) structures for [(bipy)2Sb]3+

are not global minima and are all higher in energy
than the AB4E structure.

The Sb�N bond distances in 1 and 3 are slightly
longer (0.13–0.23 �) than the sum of the covalent
radii (Sb�N = 2.10 �), while the Sb�O (triflate)
distances are substantially longer (0.55–1.02 �)
than the sum of the covalent radii (Sb-O =

2.05 �), thus implicating a degree of ionicity, as
illustrated by the structures of 1 and 3. The Sb�F

bond lengths in 1 [1.9332(13) � and 1.9387(13) �] are
substantially shorter than the inter-ion Sb–F contact
[2.7566(13) �] between adjacent [SbF2]

+ units. Within the
respective sums of the van der Waals� radii (Sb�N = 3.55 �;
Sb�O = 3.52 �; Sb�F = 3.47 �), the antimony centers adopt
a six (1) or seven (3) coordinate geometry, as illustrated in
Figure 1. While the distortions from ideal octahedral or
pentagonal bipyramidal geometry are due to the influence of
a stereochemically active lone pair and the steric strain of the
rigid bipy ligand, there may also be contributions resulting
from the packing of the ions. In 3, O1, O3, and O4 lie 378
below, 388 above, and 328 above, respectively, the plane
defined by N4, Sb, and N2. The average Sb–N distance
[2.317(4) �][6] in the neutral complex (bipy)SbF3 is slightly
longer than that in 1 [2.3011(36) �] and substantially longer
than that in 3 [2.2733(48) �], despite the steric restrictions
imposed by the presence of a second bipy ligand in 3. The
trend in Sb-N distances correlates with an increase in the
charge at the Sb center going from (bipy)SbF3 to 3. The C�C
bond length between the pyridine rings of the bipy ligand in
both cations [1.476(4) � in 1; 1.474(2) and 1.477(2) � in 3] is
consistent with a single C�C bond (1.50 � in free bipy),[14]

thus discounting oxidation of bipy on interaction with the
antimony cation.

The [SbF2]
+ moiety in 1 can be compared with the only

structurally characterized examples of difluoropnictenium
ions in [AsF2][SbF6]

[7] and [K/NH4][SbF2][HAsO4].[8] The Sb�
F bond lengths [1.9332(13) � and 1.9387(13) �] in 1 are
significantly shorter than the sum of the covalent radii for Sb
and F (Sr,cov = 2.03 �), and are slightly shorter than the Sb�F
bonds in [K/NH4][SbF2][HAsO4] [1.959(2) � and 1.995(2) �
for K; 1.953(4) � and 1.999(4) � for NH4]. Consistent with

Figure 1. Views of the antimony environment in the solid-state structures of a) 1,
and b) 3, showing selected (interacting) oxygen atoms of the triflate anions.
Thermal ellipsoids are drawn at the 50% probability level. Calculated gas-phase
structures of the cations in 2 (c) and 3 (d). Hydrogen atoms are omitted for
clarity.[15]

Table 1: Selected bond lengths [�] and angles [8] within the cations in
compounds 1, 2, and 3.[a]

1 2 3

Sb�N1 2.3719(18) [2.429] [2.342] 2.2843(12) [2.286]
Sb�N2 2.2302(18) [2.258] [2.502] 2.2333(12) [2.192]
Sb�N3 [2.384] 2.3322(12) [2.286]
Sb�N4 [2.254] 2.2434(12) [2.192]

Sb�O1 2.5978(12)
Sb�O2 2.9416(19) 2.6499(12)
Sb�O3 3.077(1)

Sb�F1 1.9332(13) [1.900] [1.942]
Sb�F2 1.9387(13) [1.938]
Sb�F1’ 2.7566(13)

N1-Sb-N2 69.70(6) [69.4] [67.6] 72.09(4) [73.6]
N1-Sb-N3 [159.1] 156.02(4) [157.9]
N1-Sb-N4 [91.7] 87.87(4) [91.4]
N2-Sb-N3 [117.6] 91.42(4) [91.4]
N2-Sb-N4 [80.2] 78.66(4) [95.5]
N3-Sb-N4 [70.4] 71.53(4) [73.6]
N1-Sb-F2 143.26(6) [150.0]
N2-Sb-F1 95.78(6) [94.8] [145.2]
N2-Sb-F2 83.13(6) [83.2]
F1-Sb-F2 83.92(6) [73.6]

[a] Square brackets denote values calculated for the cations in the gas
phase at the B3LYP/Def2-TZVPP level.
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the trends observed in the Sb–N distances, the Sb�F bonds in
1 are approximately 0.1 � shorter than those in neutral
(bipy)SbF3 and are comparable to those observed in com-
pounds featuring [SbF]2+ centers with strongly interacting
anions {1.934(4) � in [Na][SbF][PO4]; 1.923(4) � in [NH4]-
[SbF][PO4]}.

[9]

Table 1 lists the results from DFT (B3LYP/Def2-TZVPP)
geometry optimizations of cations in 1, 2, and 3 in the gas
phase. The calculated Sb�N bonds in [(bipy)SbF2]

+ and
[(bipy)2Sb]3+ are on average 0.069 � longer and 0.034 �
shorter, respectively, than those observed in the solid-state
structures. There is no significant variation between the
observed and calculated bond angles for [(bipy)SbF2]

+. In
contrast, comparison of the bond angles for [(bipy)2Sb]3+

clearly show that the presence of three anion contacts in the
plane of N2 and N4 in the solid-state structure of 3 causes
a compression of the angle between the two bipy ligands
[calcd.: 95.558, expt.: 78.66(4)8].

The calculated Sb�F bond length in [(bipy)2SbF]2+ is
essentially the same as the observed and calculated Sb�F
bonds in 1, thus suggesting that the increased charge in the
dication is effectively offset by the presence of a second bipy
ligand. Consistently, the calculated Sb�N bond lengths in
[(bipy)2SbF]2+ are on average 0.130 � longer than those
calculated for [(bipy)2Sb]3+, thus indicating accommodation
of molecular charge in the Sb�N bonds. The alternate VSEPR
C2v square-based pyramid (AB4CE) geometry for
[(bipy)2SbF]2+ was calculated to be 22 kJmol�1 higher than
the minimum energy structure in Figure 1c.

NBO analysis for [(bipy)2Sb]3+ gives a residual charge of
+ 1.77e at the Sb atom, thus indicating a substantial Lewis
acidity. Furthermore, the LUMO of [(bipy)2Sb]3+ (Figure 2)

shows two large lobes at Sb trans to the N2-Sb and N4-Sb
bonds, thereby inviting interaction from a third chelate. The
optimized structure for [(bipy)3Sb]3+ in the gas phase is
approximately 250 kJmol�1 lower in energy than that of
[(bipy)2Sb]3+ and dissociated bipy. Nevertheless, attempts to
form [(bipy)3Sb]3+ from reactions of 3 with excess bipy or
from reaction mixtures of SbF3 with excess bipy and excess
TMSOTf have not been successful. We conclude that the
tris(bipy) complexes which are commonplace in transition-
metal chemistry are precluded for antimony because of the
presence of a stereochemically active 5s lone pair
(HOMO�2) in [(bipy)2Sb]3+, and thus imposes a significant
kinetic barrier to association of the third ligand molecule.

Consideration of the bond angles in 1 and 3 provides
qualitative insight into the acceptor orbitals at the antimony
center. In compound 1, the F1-Sb-N2 and F2-Sb-N2 angles
[95.78(6)8 and 83.13(6)8, respectively] indicate that N2
interacts with the vacant p orbital which is orthogonal to the
F-Sb-F plane. The slightly longer Sb�N1 interaction is
presumably due to the trans influence of the Sb�F2 bond.
In compound 3, where four N donors are present, two sets of
three approximately orthogonal N–Sb interactions (corre-
sponding to three vacant p-orbitals of Sb3+) are evident, with
deviation from the idealized 908 angle because of restrictions
imposed by the chelate interaction and possibly the presence
of a stereochemically active 5s lone pair. Thus, the average N-
Sb-N angle involving Sb�N1, Sb�N4, and Sb�N2 bonds is
79.548 and the average N-Sb-N angle involving Sb�N2, Sb�
N3, and Sb�N4 bonds is 80.578. For comparison, the gas-
phase[10] and solid-state[11] structures of SbF3 show F-Sb-F
angles of 94.8(2)8 and 87.3(3)8, respectively.

The chelate bipy complexation of [SbF2]
+ is analogous to

that observed for the interaction of bis(diphenylphosphino)-
methane (dppm) with [SbCl2]

+ in cation 4,[2] thus illustrating
retention of a pyramidal geometry at antimony and asym-
metric chelation. In contrast to compound 2, in which [SbF]2+

accommodates two bipy ligands, [SbCl]2+ engages only one
dppm in complex 5.[2] Mixtures of 5 with excess dppm and
excess halide abstracting agent show no evidence of forma-
tion of a [(dppm)nSb]3+ complex. Similarly, mixtures of SbCl3,
TMSOTf, and bipy initially show formation of the chloride
derivatives (bipy)SbCl2(OTf) and (bipy)2SbCl(OTf)2, and 3 is
only observed in a trace amount when the reaction mixtures
are subjected to removal (under vacuum) of Me3SiCl followed
by addition of excess TMSOTf.

To understand the thermodynamic factors that enable
fluoride ion abstraction from [SbF]2+ and preclude the
chloride ion abstraction from [SbCl]2+, we have computed
the reaction enthalpy for halide transfer from antimony to
silicon according to Equation (8) (Table 2). To assess their
relative thermodynamic contributions, the E�X heterolytic
bond strengths [for half-reactions see Eqs. (6) and (7)] were
also estimated by using an isodesmic scheme which incorpo-
rates experimentally known halide ion affinities for AlCl3 as
reference reactions. The enthalpies for the reactions in
Equations (6)–(8) show that halide transfer from antimony

to silicon is substantially more favorable for SbF3 than for
SbCl3, because the heterolytic association of three Si�F bonds
is 607 kJmol�1 more exothermic than the heterolytic associ-
ation of three Si�Cl bonds, whereas the heterolytic cleavage
of three fluoride ions from SbF3 is only 463 kJmol�1 more
endothermic than the heterolytic cleavage of three chloride
ions from SbCl3. Consequently, the fluoride ion affinity of the
hypothetical [Me3Si]+ cation (950 kJ mol�1; cf. 965 kJmol�1 at

Figure 2. Surface plots (isovalue= 0.02) showing the HOMO�2 (left)
and LUMO (right) in the gas-phase structure of [(bipy)2Sb]3+. Hydro-
gen atoms omitted for clarity.
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the MP2 level[12]) renders Equation (8) more favorable for
X = F, and is consistent with the experimental observations.

In conclusion, by exploiting the thermodynamically
favorable elimination of gaseous Me3SiF from the rapid
reaction of SbF3 with a highly fluoro-acidic silyl reagent,[13] we
have discovered a high-yield approach to sequential fluoride
ion abstraction to give a series of bipy complexes containing
[SbF2]

+, [SbF]2+, and [Sb]3+ acceptors. The formation of
a fluorosilane provides a potentially general approach to
enhance the Lewis acidity and coordination chemistry of
p-block centers.

Experimental Section
1·CH3CN: SbF3 (0.179 g, 1 mmol) and bipy (0.156 g, 1 mmol) were
stirred in CH3CN (10 mL) for 0.25 h at 23 8C. A solution of TMSOTf
(0.222 g, 1 mmol) in CH3CN (5 mL) was added. After stirring for 4 h,
the reaction mixture was filtered and concentrated to 5 mL. A
crystalline material formed at �30 8C. Yield: 0.275 g (0.59 mmol,
59%, crystals); m.p. 173–1778C. C,H,N analysis (%): calcd: C 28.41,
H 1.73, N 6.02; found: C 28.00, H 1.86, N 5.97. Crystal data:
CCDC 901271, C11H8F5N2O3SSb, size 0.64 � 0.36 � 0.35 mm3, mono-
clinic, P21/c, a = 9.1312(4), b = 18.5598(9), c = 8.9512(4) �, b =
110.1717(4)8, V= 1423.94(11) �3, Z = 4, m = 2.157 mm�1, 2qmax =
52.82, collected (independent) reflections = 11220 (2920), 208 param-
eters, R1 = 0.0195, wR2 = 0.0485 for all data, max/min residual
electron density = 0.770/�0.454 e��3.

2 : SbF3 (0.179 g, 1 mmol) and bipy (0.312 g, 2 mmol) were stirred
in CH3CN (10 mL) for 0.25 h. A solution of TMSOTf (0.444 g,
2 mmol) in CH3CN (5 mL) was added. After stirring for 16 h at 23 8C,
the volatiles were removed in vacuum and the solid was recrystallized
from CH3CN and washed with cold CH3CN and Et2O to obtain a fine
white powder. Yield: 0.635 g (0.84 mmol, 84%, washed powder); m.p.
170–1738C. C,H,N analysis (%): calcd: C 35.17, H 2.15, N 7.46; found:
C 35.02, H 2.16, N 7.50.

3·CH3CN: TMSOTf (8.000 g, 36 mmol) in CH3CN (20 mL) was
cautiously added (exothermic) in two portions, 10 h apart, to a mixture

of SbF3 (1.785 g, 10 mmol) and bipy (3.130 g, 20 mmol) at 23 8C. After
stirring for an additional 4 h at 23 8C, the volatiles were removed in
vacuum and the solid was recrystallized from CH3CN at �30 8C.
Yield: 7.611 g (8.3 mmol, 83%, crystals); Coordinated CH3CN was
removed under vacuum: m.p. 111–1148C. C,H analysis (%): calcd: C
31.34, H 1.83; found: C 31.55, H 1.72. Crystal data: CCDC 901270,
C25H19F9N5O9S3Sb, size 0.43 � 0.32 � 0.15, triclinic, P-1, a = 9.0855(3),
b = 13.2629 (4), c = 13.8870(4), a = 81.6469(3)8, b = 86.8308(3), g =

84.9286(3)8, V= 1647.62(9) �3, Z = 2, m = 1.137 mm�1, 2qmax = 55.06,
collected (independent) reflections = 14727 (7519), 470 parameters,
R1 = 0.0187, wR2 = 0.0501 for all data, max/min residual electron
density = 0.424/�0.431 e��3.
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Table 2: Calculated (B3LYP/Def2-TZVPP) reaction enthalpies (kJmol�1).

Reaction DHrxn(X=F) DHrxn(X=Cl) DHrxn(F)�DHrxn(Cl)

(6)[a] 5275 4812 463
(7)[a] �2850 �2243 �607
(8) 2425 2569 �144

[a] Reaction enthalpies calculated from isodesmic reactions using
experimentally known halide ion affinities of AlCl3 and calculated halide
ion affinities of [SbXn]

(3�n)+ and [Me3Si]+ (see the Supporting Informa-
tion). The values correspond to the complete dissociation of [X]� ions
from SbX3 [Eq. (6)], the association of [X]� ions with [Me3Si]+ [Eq. (7)],
and the halide transfer from SbX3 to 3[Me3Si]+ [Eq. (8)].
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