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Our ongoing interest in the chemistry of polyfunctional Lewis acids has led us to investigate the
reaction of the stibonium-borane [o-(PhoMeSb)(Mes,B)CgH4]* (17) with cyanide and azide, two
toxic anions. Both anions react with 17 to afford the corresponding neutral complexes 1-CN and
1-N3. Structural and computational studies show that the coordinated anion interacts with both the
boron and antimony atoms of the bidentate Lewis acid. While the azide complex features a typical
k2N' : N! bridging azide ligand, the cyanide complex possesses a cyanoborate moiety whose cyanide
interacts side-on with the stibonium center. The Lewis acid—anion interactions observed in these
complexes have also been studied computationally using the Natural Bond Orbital method.
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Introduction

The complexation of anions by organo-element
Lewis acids is an area of active research with appli-
cations in anion sensing [1 —19], small molecule acti-
vation [20 —24] and organometallic catalysis [25 —27].
One strategy used to increase the anion affinity of such
systems is based on the incorporation of two Lewis
acids in a bidentate motif that support anion chela-
tion [6, 9, 11, 14, 28 —47]. Examples of such species
include bidentate diboranes which have proven espe-
cially useful for the complexation of small anions in-
cluding hydride [48, 49] and fluoride [11, 50—-52]. As
part of our contribution to this field of research [9], we
have also investigated heteronuclear bidentate Lewis
acids containing a boron atom and another Lewis
acidic main group element such as phosphorus (AT,
Fig. 1) [39], sulfur (B*, Fig. 1) [41], antimony (1T,
Scheme 1) [45], tellurium (C*, Fig. 1) [46] or mercury
(D, Fig. 1) [53, 54].

Fluoride anion complexation studies have shown
that the stibonium-borane derivative 17 is the most
powerful Lewis acid of this group (Scheme 1) [45],
a finding that illustrates the elevated fluoride affinity of
antimony(V) species [55—62]. We have now decided
to study the reaction of this derivative with cyanide and
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azide. In this paper, we report the results of this study
and show that the boron and antimony atoms of 17 act
in concert to support the coordination of these poten-
tially toxic anions.

Results and Discussion

Addition of 1 equiv. of TBACN or TBAN3
(TBA =tetra(n-butyl)ammonium) to solutions of
[1]OTf in dry CDCls resulted in quantitative con-
version to the adducts 1-CN and 1-Nj3, respectively,
as confirmed by multinuclear NMR spectroscopy
(Scheme 2). The aliphatic region of the 'H NMR
spectrum of 1-CN taken at room temperature dis-
played three distinct resonances in a 3 : 3 : 6 ratio,
corresponding to the mesityl ortho-CHjz groups.
A similar pattern is observed for the aromatic mesityl
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C-H signals, which appear in the 6.6—6.8 ppm range
as broad signalsin a 1 : 1 : 2 ratio. This result indicates
non-equivalency of the boron mesityl substituents with
free rotation of one and hindered rotation of the other
on the NMR timescale. The signal corresponding to
the antimony-bound methyl group appears as a singlet
at 1.56 ppm. The ''B NMR spectrum of 1-CN displays
a single peak at — 11.7 ppm, in the expected region
for a triarylcyanoborate. The IR spectrum of 1-CN,
obtained as a colorless microcrystalline solid by
precipitation and washing with anhydrous MeOH,
shows a CN stretching band at 2160 cm ™!, in the same
region as that reported for similar triarylcyanobo-
rates [41, 63]. The 'H NMR spectrum of 1-N3 more
closely resembles that of 1-F, exhibiting single reso-
nances for the mesityl ortho-CH3; and CH groups and
a singlet at 1.32 ppm corresponding to the antimony-
bound methyl group. The "B NMR spectrum of 1-N3
displays a single peak at +0.99 ppm.

The crystal structures of 1-CN (Fig. 2) and 1-N3
(Fig. 3) have been determined by X-ray diffraction
(Tables 1 and 2). Examination of the structure of
1-CN confirms the formation of a cyanoborate (B(1)—
C(38)=1.601(8) A) and suggests that the cyanide
anion may also be engaged in a weak bridging in-
teraction with the Sb atom. This is indicated by the
C(38)-Sb(1) and N(1)-Sb(1) distances of 2.943(7) and
3.093(5) A, respectively, which are longer than the sum
of the covalent radii (Sb—C 2.08 A, Sb-N 2.10 A) [64],

Fig. 2 (color online). Molecular structure of 1-CN in the crys-
tal. Displacement ellipsoids are scaled to the 50 % probabil-
ity level. Hydrogen atoms have been omitted for clarity, and
phenyl and mesityl groups are depicted in wireframe. Perti-
nent metrical parameters can be found in Table 2.

but shorter than the sum of the van der Waals radii
(Sb—C 3.9 A, Sb-N 3.8 A) [65]. On the other hand, the
structure of 1-Nj3 clearly shows that the terminal azide
N atom is engaged in a B-N—Sb bridging interaction.
The B(1)-N(1) bond length (1.623(6) A) in 1-Nj is
very similar to that measured for the phosphonium
analog A-N3 (1.623(4) A). However, the Sb(1)-N(1)
distance (2.477(4) A) is significantly shorter than the
corresponding P-N bond length (2.790(2) A) [40]
and only marginally longer than the Sb-N distance
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Fig. 3 (color online). Molecular structure of 1-N3 in the crys-
tal. Displacement ellipsoids are scaled to the 50 % probabil-
ity level. Hydrogen atoms have been omitted for clarity, and
phenyl and mesityl groups are depicted in wireframe. Perti-
nent metrical parameters can be found in Table 2.

in PhySb(N3) (2.373(3) A) [66]. Similar to 1-F, the
antimony atom in 1-N3 adopts a distorted trigonal-
bipyramidal geometry defined by C(14)-Sb(1)-
N(1)=174.1(2)° and X(Ceq—Sb—Ceq) = 350.8°.
The geometries of 1-CN and 1-N3 were opti-
mized using density functional theory (DFT) methods
(B3LYP functional with the mixed basis set: aug-cc-
pvTz-pp for Sb, 6-31+g(d’) for B, N, and F, 6-31¢g for
C, H). The resulting geometries closely matched those
determined experimentally, and no imaginary frequen-
cies were calculated at the optimized structures. To
probe the role of the stibonium group in assisting
cyanide and azide anion binding, Atoms in Molecules
(AIM) analysis and Natural Bond Order (NBO) cal-
culations were performed at the optimized geometries.
For 1-CN, the AIM calculation located a bond path be-
tween Sb and the N atom of the boron-bound cyanide
anion with an electron density of p(r)=0.132¢ A3
at the bond critical point (labeled as bepl in Fig. 4).
In the case of 1-N3, the AIM calculation identified the
bond path between Sb and the bridging azide N atom
with p(r) = 0.290 ¢ A=3 at the bond critical point (la-
beled as bepl in Fig. 4). Although the electron density
at the bond critical point of the Sb—N bond in 1-N3 is
comparable to that calculated for the Sb—F bond in 1-F
(0.287 eA’3), these values are a factor of two greater
than that calculated at the bond critical point between
Sb and N in 1-CN. This observation is in line with the
long Sb—Ccn and Sb-Ncn distances observed in the
solid-state structure of 1-CN, as well as with the ab-
sence of a nonbonding lone pair on the cyanide anion.

Table 1. Crystal structure data for 1-CN and 1-Nj3.

1-CN 1-N3
Empirical formula C33H39BNSb C37H39BN3Sb
M; 642.26 658.27

Crystal size, mm3

0.14 x 0.10 x 0.07

0.20 x 0.10 x 0.05

Crystal system monoclinic monoclinic
Space group P2y /c P2y /c

a, A 16.247(7) 17.154(8)

b, A 9.307(4) 11.271(5)

c A 25.233(8) 19.904(7)

B, deg 124.732(19) 124.47(3)

v, A3 3136(2) 3173(2)

V4 4 4

Degled.» gcm ™ 1.36 1.38
u(MoKy), cm™! 0.9 0.9

F(000), e 1320 1352

hkl range +20, £11, £31 +20, £13, +23
((5in0)/A)max, A~ 0.617 0.596

Refl. measured 31589 26214

Refl. unique/Rjy 6160/0.0754 5566,/0.0517
Param. refined 364 367
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R1(F)/wR2(F?)*" all refl. 0.0676/0.1514 0.0536/0.1261
GoF (F?)° 1.023 1.029
Apgn (max/min), e A=3  1.26/—1.09 1.95/—1.80

R =3||Fo| — |Fe||/Z|F,|; ® wR2 = [Ew(F§ — F2)? /Zw(F§)*]'/2,
w=[02(F2)+ (aP)*+bP]~!, where P = (Max(F?,0)+2F?2) /3 and
a = 0.0951 (1-CN), 0.0773 (1-N3); b = 0 (1-CN), 3.4228 (1-N3);
¢ GoF = [Zw(F2 — F2)?/ (nops — nparam)]l/z.

The presence of a weak 7 cn) — 0% (s_c) interaction
in B-CN has been proposed to contribute to the high
cyanide affinity of the o-sulfonium borane BT, sug-
gesting that the Sb—Ncn bond path calculated for 1-
CN may be due to a similar 7 cn) — 0 (sp—c) interac-
tion [41].

An NBO analysis performed on 1-CN confirms
the presence of a weak 7 cn) — 0" (sp—c) interaction
whose deletion affords an increase in the energy of the
molecule by 3.5kcal mol~!' (Fig. 4). In 1-N3, NBO
analysis located a Ip(y) — 0% (5;_)donor-acceptor in-
teraction whose deletion resulted in an increase in the
total energy of the molecule by 15.15 kcal mol~!. This
value is very close to that calculated from deletion of
the Ip(py — 0% (sp—c) (Edger = 15.2 keal mol~!) interac-
tion in 1-F and is significantly greater than the lpy) —
G*(p,c) (Ege1 = 5.8 kcalmol 1) donor-acceptor inter-
action in the phosphonium analog A-Nj [40].

In summary, we have shown that the stibonium bo-
rane 1" reacts with the toxic cyanide and azide an-
ions to afford the zwitterionic Lewis acid-base adducts
1-CN and 1-Nj3, respectively. The Lewis acidity of
the stibonium center allows it to engage the azide in
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Table 2. Selected bond lengths (A) and angles (deg) for 1-CN
and 1-Nj3.

1-CN 1-N3
Distances
Sb(1)-C(1) 2.113(5) 2.110(4)
Sb(1)-C(7) 2.103(5) 2.096(5)
Sb(1)-C(8) 2.088(5) 2.100(4)
Sb(1)-C(14) 2.119(5) 2.121(4)
Sb(1)-N(1) 3.093(5) 2.477(4)
Sb(1)-C(38) 2.943(7)
B(1)-C(2) 1.650(7) 1.627(6)
B(1)-C(20) 1.636(8) 1.666(6)
B(1)-C(29) 1.663(7) 1.640(6)
B(1)-C(38) 1.601(8)
B(1)-N(1) 1.623(6)
N(1)-C(38) 1.147(7)
Angles
C(1)-Sb(1)-N(1) 87.3(2) 74.0(2)
C(1)-Sb(1)-C(38) 68.9(2)
C(14)-Sb(1)-N(1) 168.5(2) 174.1(2)
C(14)-Sb(1)-C(38) 169.8(2)
N(1)-B(1)-C(2) 99.7(3)
C(38)-B(1)-C(2) 101.94)

Fig. 4 (color online). Left: AIM electron density maps with
relevant bond paths and bond critical points for the B—
CN—Sb and B-N3 —Sb interactions in 1-CN (top) and 1-
N3 (bottom), repectively. Right: Plots of the NBO donor-
acceptor interactions calculated for 1-CN O(tog)) and 1-Nj
(bottom). Density isovalues are set to 0.03 ¢ A™~, and hydro-
gen atoms have been omitted for clarity.

a strong donor-acceptor interaction similar to that ob-
served for the fluoride adduct 1-F, making 17 a po-
tent bidentate Lewis acid for chelation of both an-
ions. Although 17 effectively binds cyanide anions

via complexation to the boron atom, chelation effects
are minimal and limited to a weak 7(cn) — 0% (sp-c)
interaction. Altogether, these results support the no-
tion of an increased Lewis acidity of bifunctional
onium,/boron anion receptors upon moving to heav-
ier main group onium ions, an effect which can be at-
tributed to a greater energetic/spatial accessibility of
the accepting 6™ (g_c) orbital.

Experimental Section
General considerations

Tetrabutylammonium cyanide (TBACN) and tetrabutyl-
ammonium azide (TBAN3) were purchased from Aldrich
and used as received. CHCl3 and CDCl3 were dried by re-
fluxing and distilling over P,Os under an atmosphere of
N,. Methanol was distilled from NaOMe and stored over
Linde-type 4 A molecular sieves. All other solvents were
ACS reagent grade and used as received. Air-sensitive com-
pounds were handled under an N; atmosphere using standard
Schlenk and glovebox techniques. Elemental analyses were
performed at Atlantic Microlab (Norcross, GA, USA). NMR
spectra were recorded on a Varian Unity Inova 400 FT NMR
(399.59 MHz for 'H, 128.19 MHz for !!B, 100.45 MHz for
13C) spectrometer at ambient temperature unless otherwise
stated. Chemical shifts 6 are given in ppm and are refer-
enced against external Me4Si (*H, 13C) and BF;-Et,O (1B).
[1]OTf was synthesized as previously reported [45].

Crystallography

Single crystals of 1-CN and 1-N3 were obtained by
addition of 1 equiv. of TBACN, or TBANj3, respectively,
to solutions of [1]JOTf in CHCl3 and subsequent layer-
ing with anhydrous methanol. Details of the data col-
lection and structure refinement are included in Table 1.
The crystallographic measurements were performed us-
ing a Bruker APEX-II CCD area detector diffractome-
ter, with graphite-monochromatized MoKy, radiation (A =
0.71069 A). A specimen of suitable size and quality was se-
lected and mounted onto a nylon loop. The semiempirical
method SADABS [67] was applied for absorption correction.
The structures were solved by Direct Methods and refined
by the full-matrix least-squares techniques against F2 with
anisotropic displacement parameters for all non-hydrogen
atoms. All H atoms were geometrically placed and refined
in a riding model approximation. Data reduction and further
calculations were performed using the Bruker SAINT+ [68]
and SHELXTL NT [69] program packages.

CCDC 1016159 and 1016160 contain the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Theoretical calculations

Density functional theory (DFT) calculations (full geom-
etry optimization) were carried out on 1-CN, and 1-N3 start-
ing from the crystal structure geometries with GAUSSIAN
09 [70] and utilizing the gradient-corrected Becke exchange
functional (B3LYP) and the Lee-Yang-Parr correlation func-
tional [71, 72]. A 6-31+g(d’) basis set was used for B, N,
and F [73] and 6-31g basis set for C, H [74]. An aug-cc-
pvTz-pp basis set [75] was used for Sb. Frequency calcu-
lations were also carried out on the optimized geometry and
showed no imaginary frequencies. The electron density of the
DFT-optimized structures of 1-CN, and 1-N3 were subjected
to Atoms In Molecules analysis [76] using AiM2000 [77].
The Natural Bond Orbital (NBO) analysis of 1-CN and 1-N3
was carried out using the NBO v3.1 program implemented in
GAUSSIAN [78, 79].

Preparation of 1-CN and 1-N3

Addition of 1 equiv. of TBACN or TBANj3 to solutions
of [1]JOTf in CDCIj; resulted in quantitative conversion to
the adducts 1-CN, and 1-Nj3, respectively, as determined by
multinuclear NMR experiments. The solid products could be
precipitated as colorless, microcrystalline solids by addition
of anhydrous MeOH to these samples.

Data for 1-CN: 'H NMR (399.9 MHz, CDCl3): 6 = 1.52
(brs, 3H, 0-Mes-CH3), 1.56 (s, 3H, Sb—-CHj3), 1.72 (brs, 3H,
0-Mes-CH3), 2.22 (brs, 6H, p-Mes-CH3), 2.27 (brs, 6H, o-
Mes-CH3), 6.61 (brs, 1H, Mes-CH), 6.66 (brs, 1H, Mes-
CH), 6.76 (brs, 1H, Mes-CH), 6.79 (brs, 1H, Mes-CH),

7.09 (t, 1H, 0-C¢Hy, 3Jy_g = 7.3Hz), 7.21 (m, 2H, o-
CgHy), 7.36 (brm, 2H, SbPh), 7.40 (d, 1H, 0-C¢Hy, 3J_p =
7.7Hz), 7.44-7.53 (m, 8H, SbPh) ppm. — '3C NMR
(100.5MHz, CDCl3): 8 = 9.57 (Sb—CH3), 20.79 (p-Mes-
CH3), 24.57 (0-Mes-CH3), 24.76 (0-Mes-CHz), 25.65(0-
Mes-CH3), 25.98 (0-Mes-CH3), 125.63, 127.53, 129.01,
129.23, 129.45, 130.00, 130.26, 130.55, 131.13, 131.68,
131.89, 133.11, 133.80, 134.34, 134.75, 139.07, 140.92,
142.86, 143.54, 145.37, 150.25(br), 166.00 (br) ppm. — 'B
NMR (128.2 MHz, CDCl3): 6 = —11.67 ppm. — Anal. for
C33H39BNSb: caled. C 71.06, H 6.12; found C 70.54, H 6.12.

Data for 1-N3: 'H NMR (399.9 MHz, CDCl3): § = 1.32
(s, 3H, Sb—CHz), 1.83 (brs, 12H, p-Mes-CH3), 2.20 (s,
6H, 0-Mes-CH3), 6.67 (s, 4H, Mes-CH), 7.02 (dd, 1H, o-
CgHy, 3Jy_y = 7.7Hz, *Jy_y = 0.9 Hz), 7.08 (ddd, 1H, o-
CgHy, 3Jy_y = 7.7Hz, *Jy_y = 1.7 Hz), 7.25 (ddd, 1H, o-
CgHy, 3 Jyy_pg =7.2Hz, *Jy_y = 1.3 Hz), 7.32 (d, 4H, SbPh,
3Jy_nu = 6.8 Hz), 7.43-7.53 (m, 1H 0-CcHs+ 6H SbPh)
ppm. — 13C NMR (100.5 MHz, CDCl3): § = 6.28 (Sb—CH3),
20.76 (p-Mes-CH3), 24.67 (0-Mes-CHz), 125.95, 128.53,
129.34, 129.75, 131.03, 131.25, 133.82, 133.91, 134.16,
138.65, 142.42, 147.52, 167.96, (1 ipso-C not observed)
ppm. — /B NMR (128.2 MHz, CDCl3): § = 0.99 ppm. —
Anal. for C37H39BN3Sb: caled. C 67.51, H 5.97; found: C
67.30, H 6.03.

Acknowledgement

This work was supported by the National Science Foun-
dation (CHE-1300371), the Welch Foundation (A-1423), and
Texas A&M University (Arthur E. Martell Chair of Chem-

istry).

[1] Z. Guo, 1. Shin, J. Yoon, Chem. Commun. 2012, 48,
5956 -5967.

[2] S. Yamaguchi, C. Xu, T. Okamoto, Pure Appl. Chem.
2006, 78, 721 -730.

[3] F. P. Gabbai, Angew. Chem. Int. Ed. 2012, 51, 6316—

6318.

[4] Z.M. Hudson, S.Wang, Dalton Trans. 2011, 40,
7805-7816.

[5] E. Galbraith, T. D. James, Chem. Soc. Rev. 2010, 39,
3831-3842.

[6] C.R.Wade, A.E.J. Broomsgrove, S. Aldridge, F. P.
Gabbai, Chem. Rev. 2010, 110, 3958 —3984.

[7]1 Z. Xu, X. Chen, H. N. Kim, J. Yoon, Chem. Soc. Rev.
2010, 39, 127 -137.

[8] Z. M. Hudson, S. Wang, Acc. Chem. Res. 2009, 42,
1584 —1596.

[9] T. W. Hudnall, C.-W. Chiu, E. P. Gabbai, Acc. Chem.
Res. 2009, 42, 388 -397.

[10] F.Jikle, Coord. Chem. Rev. 2006, 250, 1107 -1121.

[11] H. Wang, S. Sole, F. P. Gabbai, ACS Symp. Ser. 2006,
917,208 -220.

[12] F.Jikle in Encyclopedia of Inorganic Chemistry, 2™
ed., (Ed.: R. B. King), Wiley, Chichester, 2005.

[13] C.D. Entwistle, T. B. Marder, Chem. Mater. 2004, 16,
4574 -4585.

[14] M. Melaimi, F.P.Gabbai, Adv. Organomet. Chem.
2005, 53, 61-99.

[15] S. Yamaguchi, S. Akiyama, K. Tamao, J. Organomet.
Chem. 2002, 652, 3-9.

[16] C.D. Entwistle, T. B. Marder, Angew. Chem. Int. Ed.
2002, 41, 2927 -2931.

[17] J. D. Hoefelmeyer, M. Schulte, M. Tschinkl, F. P. Gab-
bai, Coord. Chem. Rev. 2002, 235, 93 -103.

[18] Z. Yuan, J.C. Collings, N.J. Taylor, T.B. Marder,
C. Jardin, J.-F. Halet, J. Solid State Chem. 2000, 154,
5-12.


http://dx.doi.org/10.1039/c2cc31985c
http://dx.doi.org/10.1039/c2cc31985c
http://dx.doi.org/10.1002/anie.201201660
http://dx.doi.org/10.1002/anie.201201660
http://dx.doi.org/10.1039/c1dt10292c
http://dx.doi.org/10.1039/c1dt10292c
http://dx.doi.org/10.1039/b926165f
http://dx.doi.org/10.1039/b926165f
http://dx.doi.org/10.1021/cr900401a
http://dx.doi.org/10.1021/cr900401a
http://dx.doi.org/10.1039/b907368j
http://dx.doi.org/10.1039/b907368j
http://dx.doi.org/10.1021/ar900072u
http://dx.doi.org/10.1021/ar900072u
http://dx.doi.org/10.1021/ar8001816
http://dx.doi.org/10.1021/ar8001816
http://dx.doi.org/10.1016/j.ccr.2006.01.007
http://dx.doi.org/10.1021/cm0495717
http://dx.doi.org/10.1021/cm0495717
http://dx.doi.org/10.1016/S0022-328X(02)01313-X
http://dx.doi.org/10.1016/S0022-328X(02)01313-X
http://dx.doi.org/10.1002/1521-3773(20020816)41:16<2927::AID-ANIE2927>3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3773(20020816)41:16<2927::AID-ANIE2927>3.0.CO;2-L
http://dx.doi.org/10.1016/S0010-8545(02)00180-7
http://dx.doi.org/10.1016/S0010-8545(02)00180-7
http://dx.doi.org/10.1006/jssc.2000.8803
http://dx.doi.org/10.1006/jssc.2000.8803
http://dx.doi.org/10.1006/jssc.2000.8803

1204

C. R. Wade — F. P. Gabbai - Cyanide and Azide Anion Complexation by a Bidentate Stibonium-Borane Lewis Acid

[19]
[20]
(21]

(22]
(23]

[24]
[25]
[26]
(27]
(28]

[29]
[30]

(31]

(32]

(33]
(34]

(35]
[36]

[37]
(38]

[39]

(40]
[41]
[42]
[43]

[44]

[45]

F. Jikle, Chem. Rev. 2010, 110, 3985 —-4022.

D. W. Stephan, Dalton Trans. 2009, 3129 -3136.

D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2010,
49, 46-76.

D. W. Stephan, Dalton Trans. 2012, 41, 9015-9015.
D. W. Stephan, S. Greenberg, T. W. Graham, P. Chase,
J.J. Hastie, S.J.Geier, J. M. Farrell, C.C.Brown,
Z. M. Heiden, G. C. Welch, M. Ullrich, Inorg. Chem.
2011, 50, 12338 —12348.

W. E. Piers, A.J.V.Marwitz, L.G. Mercier, Inorg.
Chem. 2011, 50, 12252 —12262.

E. Y.-X. Chen, T.J. Marks, Chem. Rev. 2000, 100,
1391 -1434.

G. Erker, Dalton Trans. 2005, 1883 —1890.

W. E. Piers, Adv. Organomet. Chem. 2005, 52, 1-76.
M. J. Biallas, D. F. Shriver, J. Am. Chem. Soc. 1966, 88,
375-376.

H. E. Katz, Inclusion Compd. 1991, 4, 391 —405.

F. P. Schmidtchen, M. Berger, Chem. Rev. 1997, 97,
1609 — 1646.

F. P. Gabbai, Angew. Chem. Int. Ed. 2003, 42, 2218 -
2221.

V. C. Williams, W. E. Piers, W. Clegg, M. R. J. Else-
good, S. Collins, T. B. Marder, J. Am. Chem. Soc. 1999,
121, 3244 -3245.

W. E. Piers, G.J. Irvine, V. C. Williams, Eur. J. Inorg.
Chem. 2000, 2131-2142.

S. P. Lewis, N. J. Taylor, W. E. Piers, S. Collins, J. Am.
Chem. Soc. 2003, 125, 14686 —14687.

H. Zhao, F. P. Gabbai, Org. Lett. 2011, 1444 —1446.

C. Jiang, O. Blacque, H. Berke, Chem. Commun. 2009,
5518 -5520.

X. Zhao, D. W. Stephan, Chem. Commun. 2011, 47,
1833 -1835.

C.-W. Chiu, E. P. Gabbai, J. Am. Chem. Soc. 2006, 128,
14248 —14249.

T. W. Hudnall, Y.-M. Kim, M. W. P. Bebbington, D.
Bourissou, F. P. Gabbai, J. Am. Chem. Soc. 2008, 130,
10890-10891.

Y. Kim, T.W. Hudnall, G. Bouhadir, D. Bourissou,
F. P. Gabbai, Chem. Commun. 2009, 3729 —-3731.

Y. Kim, H. Zhao, F. P. Gabbai, Angew. Chem. Int. Ed.
2009, 48, 4957 —4960.

T. Agou, M. Sekine, J. Kobayashi,
Chem. Eur. J. 2009, 15, 5056 —5062.
C. R. Wade, H. Zhao, F.P. Gabbai, Chem. Commun.
2010, 6380-6381.

A. E. J. Broomsgrove, D. A. Addy, A. Di Paolo, 1. R.
Morgan, C. Bresner, V. Chislett, I. A.Fallis, A.L.
Thompson, D. Vidovic, S. Aldridge, Inorg. Chem.
2010, 49, 157-173.

C. R. Wade, F. P. Gabbai, Organometallics 2011, 30,
4479 -4481.

T. Kawashima,

[46]
[47]

(48]
[49]
[50]
[51]
[52]
(53]
[54]
[55]
[56]
[57]
(58]
(591
[60]
[61]
[62]
[63]
[64]
[65]
[66]

[67]

[68]

[69]

[70]

H. Zhao, F. P. Gabbai, Nat. Chem. 2010, 2, 984 —990.
Y. Kim, F. P. Gabbai, J. Am. Chem. Soc. 2009, 131,
3363 -3369.

H. E. Katz, J. Am. Chem. Soc. 1985, 107, 1420—-1421.
H. E. Katz, J. Org. Chem. 1985, 50, 5027 —5032.

S. Solé, E. P. Gabbai, Chem. Commun. 2004, 1284 —
1285.

M. Melaimi, S. Sole, C.-W. Chiu, H. Wang, F. P. Gab-
bai, Inorg. Chem. 2006, 45, 8136 —8143.

H. Zhao, F. P.Gabbai, Organometallics 2012, 31,
2327-2335.

L.-S. Ke, J. S. Jones, F. P. Gabbai, Angew. Chem. Int. Ed.
2014, 53, 2633 -2637.

M. Melaimi, F. P. Gabbai, J. Am. Chem. Soc. 2005, 127,
9680-9681.

M. H. Lee, F. P. Gabbai, Inorg. Chem. 2007, 46, 8132 —
8138.

G. A. Olah, R. H. Schlosberg, J. Am. Chem. Soc. 1968,
90, 2726-27217.

G. A. Olah, G. Klopman, R.H. Schlosberg, J. Am.
Chem. Soc. 1969, 91, 3261 —3268.

G. A. Olah, J. Org. Chem. 2005, 70, 2413 —2429.

M. Hirai, F. P. Gabbai, Chem. Sci. 2014, 5, 1886 —1893.
[.-S. Ke, M. Myahkostupov, F. N. Castellano, F. P. Gab-
bai, J. Am. Chem. Soc. 2012, 134, 15309—15311.

C. R. Wade, L.-S. Ke, F. P. Gabbai, Angew. Chem. Int.
Ed. 2012, 51,478 -48]1.

B. Pan, F. P. Gabbai, J. Am. Chem. Soc. 2014, 136,
9564 -9567.

T. W. Hudnall, E. P. Gabbai, J. Am. Chem. Soc. 2007,
129, 11978 -11986.

B. Cordero, V. Gomez, A. E. Platero-Prats, M. Reves,
J. Echeverria, E.Cremades, F. Barragan, S. Alvarez,
Dalton Trans. 2008, 2832 —2838.

S. S. Batsanov, Inorg. Mater. 2001, 37, 871 —885.

R. Haiges, T. Schroer, M. Yousuffudin, K. O. Christe,
Z. Anorg. Allg. Chem. 2005, 631, 2691 -2695.

G. M. Sheldrick, SADABS-2008/2001, Program for
Empirical Absorption Correction of Area Detector
Data, University of Gottingen, Gottingen (Germany)
and Bruker Analytical X-ray Instruments Inc., Madi-
son, Wisconsin (USA) 2008.

SAINT+ (version 6.2), Area Detector Control and Inte-
gration Software, Bruker Analytical X-ray Instruments
Inc., Madison, Wisconsin (USA) 2001.

G. M. Sheldrick, SHELXTL-2008/2004, Bruker Ana-
Iytical X-ray Instruments Inc., Madison, Wisconsin
(USA) 2008.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuse-
ria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V.
Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji,
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov,
J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada,


http://dx.doi.org/10.1021/cr100026f
http://dx.doi.org/10.1039/b819621d
http://dx.doi.org/10.1002/anie.200903708
http://dx.doi.org/10.1002/anie.200903708
http://dx.doi.org/10.1039/c2dt90093a
http://dx.doi.org/10.1021/ic200663v
http://dx.doi.org/10.1021/ic200663v
http://dx.doi.org/10.1021/ic200663v
http://dx.doi.org/10.1021/ic200663v
http://dx.doi.org/10.1021/ic2006474
http://dx.doi.org/10.1021/ic2006474
http://dx.doi.org/10.1021/cr980462j
http://dx.doi.org/10.1021/cr980462j
http://dx.doi.org/10.1039/b503688g
http://dx.doi.org/10.1021/ja00954a045
http://dx.doi.org/10.1021/ja00954a045
http://dx.doi.org/10.1021/cr9603845
http://dx.doi.org/10.1021/cr9603845
http://dx.doi.org/10.1002/anie.200301630
http://dx.doi.org/10.1002/anie.200301630
http://dx.doi.org/10.1021/ja990082v
http://dx.doi.org/10.1021/ja990082v
http://dx.doi.org/10.1021/ja990082v
http://dx.doi.org/10.1002/1099-0682(200010)2000:10<2131::AID-EJIC2131>3.0.CO;2-H
http://dx.doi.org/10.1002/1099-0682(200010)2000:10<2131::AID-EJIC2131>3.0.CO;2-H
http://dx.doi.org/10.1021/ja037725y
http://dx.doi.org/10.1021/ja037725y
http://dx.doi.org/10.1021/ol200129q
http://dx.doi.org/10.1039/b909620e
http://dx.doi.org/10.1039/b909620e
http://dx.doi.org/10.1039/c0cc04791k
http://dx.doi.org/10.1039/c0cc04791k
http://dx.doi.org/10.1021/ja0658463
http://dx.doi.org/10.1021/ja0658463
http://dx.doi.org/10.1021/ja804492y
http://dx.doi.org/10.1021/ja804492y
http://dx.doi.org/10.1021/ja804492y
http://dx.doi.org/10.1039/b905232a
http://dx.doi.org/10.1039/b905232a
http://dx.doi.org/10.1002/anie.200901275
http://dx.doi.org/10.1002/anie.200901275
http://dx.doi.org/10.1002/chem.200802159
http://dx.doi.org/10.1002/chem.200802159
http://dx.doi.org/10.1039/c0cc02117b
http://dx.doi.org/10.1039/c0cc02117b
http://dx.doi.org/10.1021/ic901673u
http://dx.doi.org/10.1021/ic901673u
http://dx.doi.org/10.1021/ic901673u
http://dx.doi.org/10.1021/ic901673u
http://dx.doi.org/10.1021/om200499y
http://dx.doi.org/10.1021/om200499y
http://dx.doi.org/10.1038/nchem.838
http://dx.doi.org/10.1021/ja8091467
http://dx.doi.org/10.1021/ja8091467
http://dx.doi.org/10.1021/ja00291a057
http://dx.doi.org/10.1021/jo00225a005
http://dx.doi.org/10.1039/b403596h
http://dx.doi.org/10.1039/b403596h
http://dx.doi.org/10.1021/ic060709s
http://dx.doi.org/10.1021/ic060709s
http://dx.doi.org/10.1021/om2012216
http://dx.doi.org/10.1021/om2012216
http://dx.doi.org/10.1002/anie.201309132
http://dx.doi.org/10.1002/anie.201309132
http://dx.doi.org/10.1021/ja053058s
http://dx.doi.org/10.1021/ja053058s
http://dx.doi.org/10.1021/ic700360a
http://dx.doi.org/10.1021/ic700360a
http://dx.doi.org/10.1021/ja01012a066
http://dx.doi.org/10.1021/ja01012a066
http://dx.doi.org/10.1021/ja01040a029
http://dx.doi.org/10.1021/ja01040a029
http://dx.doi.org/10.1021/jo040285o
http://dx.doi.org/10.1039/c4sc00343h
http://dx.doi.org/10.1021/ja308194w
http://dx.doi.org/10.1021/ja308194w
http://dx.doi.org/10.1002/anie.201106242
http://dx.doi.org/10.1002/anie.201106242
http://dx.doi.org/10.1021/ja505214m
http://dx.doi.org/10.1021/ja505214m
http://dx.doi.org/10.1021/ja073793z
http://dx.doi.org/10.1021/ja073793z
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1023/A:1011625728803
http://dx.doi.org/10.1002/zaac.200500289
http://dx.doi.org/10.1002/zaac.200500289

C. R. Wade — F. P. Gabbai - Cyanide and Azide Anion Complexation by a Bidentate Stibonium-Borane Lewis Acid

1205

[71]

M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
Vreven, J. J. A. Montgomery, J. E. Peralta, F. Ogliaro,
M. Bearpark, J.J. Heyd, E. Brothers, K. N. Kudin,
V. N. Staroverov, J. N. R. Kobayashi, K. Raghavachari,
A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M.
Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A.J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Sal-
vador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski,
D. J. Fox, GAUSSIAN 09 (revision D.01), Gaussian,
Inc., Wallingford CT (USA) 2009.

B. Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys.
Lett. 1989, 157, 200-206.

[72]
(73]
[74]
[75]
[76]
[77]

(78]

[79]

C.T.Lee, W.T. Yang, R. G. Parr, Phys. Rev. B 1988, 37,
785-1789.

P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973,
28, 213-222.

W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys.
1972, 56, 2257 -2261.

K. A. Peterson, J. Chem. Phys. 2003, 119, 11099 —
11112.

R. E. W. Bader, Atoms in Molecules: A Quantum The-
ory, Clarendon Press, Oxford, 1994.

F. B. Konig, J. Schonbohm, D. Bayles, J. Comput.
Chem. 2001, 22, 545 —559.

E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Wein-
hold, NBO (version 3.1.), University of Wisconsin,
Madison, WI (USA) 1996.

F. Weinhold, J. E. Carpenter in The Structure of Small
Molecules and Ions, (Ed.: R.Naaman, Z. Vager),
Plenum, New York, 1988, pp. 227 —236.


http://dx.doi.org/10.1016/0009-2614(89)87234-3
http://dx.doi.org/10.1016/0009-2614(89)87234-3
http://dx.doi.org/10.1016/0009-2614(89)87234-3
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1007/BF00533485
http://dx.doi.org/10.1007/BF00533485
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1622923
http://dx.doi.org/10.1063/1.1622923
http://dx.doi.org/10.1002/1096-987X(20010415)22:5<545::AID-JCC1027>3.0.CO;2-Y
http://dx.doi.org/10.1002/1096-987X(20010415)22:5<545::AID-JCC1027>3.0.CO;2-Y

	Cyanide and Azide Anion Complexation by a Bidentate Stibonium-Borane Lewis Acid
	1 Introduction
	2 Results and Discussion
	3 Experimental Section
	3.1 General considerations
	3.2 Crystallography
	3.3 Theoretical calculations
	3.4 Preparation of 1-CN and 1-N3
	3.5 Acknowledgement



