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types [2-(Me2NCH2)C6H4]2SbL and [PhCH2N(CH2C6H4)2]SbL
(L = Cl, ONO2, OSO2CF3). Synthesis, structure and catalytic
behaviour in the Henry reaction
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The compounds [2-(Me2NCH2)C6H4]2SbL (L = ONO2 (2), OSO2CF3 (3)) and

[PhCH2N(CH2C6H4)2]SbL (L = ONO2 (5), OSO2CF3 (6)) were prepared by

reacting [2-(Me2NCH2)C6H4]2SbCl (1) and [PhCH2N(CH2C6H4)2]SbCl (4),

respectively, with the appropriate silver(I) salt in a 1:1 molar ratio. The new

species 2–6 were structurally characterized in solution using multinuclear

NMR and in the solid state using infrared spectroscopy. The solid-state struc-

tures for compounds 2, 4 and 6, as well as for the hydrolysis ionic product

[{2-(Me2N
+HCH2)C6H4}{2-(Me2NCH2)C6H4}SbOH][CF3SO3]

− (3h) were deter-

mined using single-crystal X-ray diffraction. Medium to strong intramolecular

N! Sb interactions were observed in all these four compounds, thus resulting

in hypercoordinated organoantimony(III) species 14-Sb-6 in 2 and 10-Sb-4 in

the cation of 3h and in 4 and 6. Compounds 1–6 and the starting amines

PhCH2NMe2 and PhCH2N(CH2C6H4Br-2)2 were investigated as catalysts in the

Henry (nitroaldol) addition of nitromethane to benzaldehyde. The activity of

compounds 1–6 resulted as an effect of the cooperation of the positively

charged antimony with the negatively charged nitrogen.
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1 | INTRODUCTION

Organoantimony(III) compounds bearing organic groups
capable of forming chelate rings by intramolecular E!Sb

(E = N, O, S) interactions have attracted increased inter-
est during the last few decades due to the related struc-
tural aspects and the increased stability of unusual
species, but also due to their biological and catalytic
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activity.[1] The intramolecular E!Sb coordination usu-
ally results in E! Sb–X 3c-4e linear systems, designated
as hypercoordinated (hypervalent) N–M–L species.[2]

Organic groups with one or two pendant arms, capable of
(C,E)-, (E,C,E)- or (C,E,C)-coordination behaviour
(E = N, O, S) (Scheme 1), e.g. 2-(R2NCH2)C6H4

(R = Me,[3] Et,[4] iPr[4,5]), 2-[Me2NCH(Me)]C6H4,
[3f, j]

2-[O(CH2CH2)2NCH2]C6H4,
[6] 2-(RN=CH)C6H4

(R = 20,40,60-Me3C6H2, 20,60-iPr2C6H3)
[3t, 7] or

related ones,[8] and 2,6-(Me2NCH2)2C6H3,
[9] 2,6-[MeN

(CH2CH2)2NCH2]2C6H3,
[10] 2,6-(ROCH2)2C6H3

(R = Me,[9e, 11] tBu,[9e, 11a, d, 12] Mes[11d]), 2-(Me2NCH2)-
6-(ROCH2)C6H3 (R = Me,[13] tBu[12c]) as well as
RN(CH2C6H4)2 (R = Me,[14] Et,[14b] iPr,[14b] iBu,[14b]
tBu,[14b, 15] Cy,[14b, 15c, 16] Ph[14b, 15c, 17]),
O(CH2C6H4)2

[14b, 18] and E(CH2C6H4)(CH2C6H10)
(E = O, S),[19] were already employed as ligands in
organoantimony(III) species and some of these com-
pounds were found to exhibit relevant applications in
organic synthesis.

The soft nucleophilic character of the air-stable
1,5-azastibocines, which display strong transannular
N!Sb interactions, recommend them as efficient trans-
metallating reagents, more friendly than the hard and
moisture-sensitive organolithium, organomagnesium or
organozinc derivatives. Compounds of type [RN
(CH2C6H4)2]SbC≡CR0 (R = Me, iPr, tBu; R0 = Ph,
4-MeC6H4, 4-FC6H4) were used in the catalytic synthesis
of alkynyl ketones or diarylacetylenes by cross-coupling
reactions and an increased reactivity of these azastibocine
species was noticed compared to the related (arylethynyl)
diphenylantimony(III) derivatives Ph2SbC≡CR0. An
increased efficiency was observed, as well, when more
electron-donating and bulkier substituents (iPr, tBu) at
nitrogen were used.[14] Similar compounds based on a
butterfly-like skeleton, [tBuN(CH2C6H4)2]SbR (R = aryl),

proved to be good aryl donors in Rh-catalysed
1,4-conjugate addition to α,β-unsaturated carbonyl deriv-
atives[15b] and 1,2-addition to functionalized
aldehydes.[15c] In contrast, palladium catalysts favoured
the competing Heck arylation of methyl vinyl ketone by
azastibocine derivatives.[15b] 1,5-Azastibocines of the type
[RN(CH2C6H4)2]SbOSO2CF3 were reported to be efficient
catalysts in the direct Mannich reaction in water under
mild conditions,[16a] and in the allylation of aldehydes
with tetraallyltin.[17]

The dinuclear oxide [2,6-(Me2NCH2)2C6H3SbO]2
absorbs reversibly CO2,

[9f] while the
[2,6-(Me2NCH2)2C6H3SbS]2 analogue exhibits a similar
behaviour towards CS2.

[9i]

The Henry reaction is largely used in organic chem-
istry as a means of C C bond formation by the cou-
pling of a nucleophile generated from a nitroalkane
with a carbonyl electrophile in base catalysis, thus
resulting in β-nitroalcohols which are valuable interme-
diates in organic synthesis. Since 1895 when the reac-
tion was reported by Louis Henry,[20] various organic or
inorganic catalysts have been employed in asymmetric
Henry reactions, e.g. triethylamine, LDA, TMEDA,
alkali metal hydroxides, alkoxides or carbonates, bar-
ium hydroxide, tetrabutylammonium hydroxide or tran-
sition metal complexes.[21] Efforts are continuously
made to find active species with high selectivity, air-
and moisture-stable compounds with low toxicity that
are of low cost and readily available. During the last
few years our research interest has been focused on
hypercoordinated organoantimony(III) compounds with
N!Sb intramolecular interactions.[3h, i, k-n, s-w, 4–7] So
far, no organoantimony compound has been employed
as catalyst in Henry reactions. Here we report several
new hypercoordinated diorganoantimony(III) com-
pounds, namely [2-(Me2NCH2)C6H4]2SbL (L = ONO2

(2), OSO2CF3 (3)) and [PhCH2N(CH2C6H4)2]SbL
(L = Cl (4), ONO2 (5), OSO2CF3 (6)), which, based on
their stability and their dual Lewis acid/base properties,
might act as catalysts in the Henry (nitroaldol) reaction.
Thus, we decided to investigate the influence of the
structure and the electronic environment in compounds
2–6 upon the catalytic efficiency in a Henry reaction
(Scheme 2).

SCHEME 1 Examples of organoantimony moieties

containing (C,E)-, (E,C,E)- or (C,E,C)-ligands

SCHEME 2 Henry reaction catalysed by hypercoordinated

diorganoantimony(III) compounds
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2 | EXPERIMENTAL

2.1 | Materials and procedures

Experiments involving air-sensitive compounds were per-
formed under argon atmosphere using Schlenk tech-
niques. Organic solvents were dried and freshly distilled
under argon prior to use. Starting materials such as
nBuLi, AgNO3 and AgOTf were commercially available
and were used as received, or were prepared according to
literature procedures: [2-(Me2NCH2)C6H4]2SbCl (1),

[3c, h]

PhCH2N(CH2C6H4Br-2)2.
[22] 1H NMR, 13C{H} NMR and

19F{H} NMR spectra were recorded in CDCl3, at room
temperature, with a Bruker Avance III 400 instrument.
The 1H and 13C chemical shifts are reported in δ units
(ppm) relative to tetramethylsilane, considering the resid-
ual peak of the solvent (1H, 7.26 ppm; 13C, 77.16 ppm).
The 1H and 13C resonances were assigned using 2D NMR
experiments (COSY, HSQC, HMBC) according to the
numbering schemes shown in Scheme 3. For the 19F
NMR spectra, the chemical shifts are reported in ppm rel-
ative to CFCl3. The NMR spectra were processed using
the MestReNova software.[23] Infrared (IR) spectra were
recorded with a BioRad FTS-165 machine as KBr pellets.
ESI+ mass spectra were recorded using a Thermo Scien-
tific Orbitrap XL spectrometer equipped with a standard
ESI/APCI source. Elemental analyses were performed
with a Flash EA 1112 analyser. Melting points were mea-
sured with an Electrothermal 9200 apparatus and are not
corrected.

2.2 | Syntheses

2.2.1 | Synthesis of [2-(Me2NCH2)
C6H4]2SbONO2 (2)

A mixture of 1 (0.686 g, 1.612 mmol) and AgNO3

(0.274 g, 1.612 mmol) in acetone (20 ml) was stirred for
3 h at room temperature, in the absence of light. After
the removal of the solvent, the compound was extracted
in CH2Cl2. Evaporation of the solvent at reduced pressure
resulted in compound 2 as a beige solid. Yield: 0.520 g
(71%), m.p. 154�C. Anal. found: C 47.68, H 5.12, N 9.47%;
calcd for C18H24N3O3Sb (MW 452.17): C 47.81, H 5.35, N

9.29%. 1H NMR (CDCl3, 400 MHz): δ = 2.33 (s, br, 12H,
NCH3), 3.74 (s, br, 4H, CH2N), 7.24–7.39 (m, 6H, H-3,H-
4,H-5), 7.62 (s, br, 2H, H-6). 13C{1H} NMR (CDCl3,
100.6 MHz): δ = 45.76 (s, NCH3), 66.32 (s, CH2N), 128.21
(s, br, C-5), 128.72 (s, C-3), 129.64 (s, br, C-4), 136.10 (s,
br, C-6), 143.85 (s, br, C-2), 146.56 (s, br, C-1).

2.2.2 | Synthesis of [2-(Me2NCH2)
C6H4]2SbOSO2CF3 (3)

Compound 3 was prepared from 1 (1.049 g, 2.473 mmol)
and AgOSO2CF3 (0.632 g, 2.473 mmol) using a similar
procedure to that for compound 2. Compound 3 was
obtained as a beige solid. Yield: 0.933 g (70%), m.
p. 168�C. Anal. found: C 42.11, H 4.37, N 5.01%; calcd for
C19H24F3N2O3SSb (MW 539.23): C 42.32, H 4.49, N
5.20%. 1H NMR (CDCl3, 400 MHz): δ = 2.57 (s, br, 12H,
NCH3), 3.81 (s, br, 4H, CH2N), 7.27–7.49 (m, 6H, H-3,H-
4,H-5), 7.83 (s, br, 2H, H-6). 13C{1H} NMR (CDCl3,
100.6 MHz): δ = 45.38 (s, NCH3), 65.41 (s, CH2N), 120.78
(q, CF3,

1JFC = 321 Hz), 129.02 (s, br, C-5), 130.36 (s, br,
C-3 and C-4), 135.69 (s, br, C-6), 145.04 (s, br, C-1 and C-
2). 19F{1H} NMR (CDCl3, 376.5 MHz): δ = −78.06 (s,
CF3).

2.2.3 | Synthesis of [PhCH2N(CH2C6H4)2]
SbCl (4)

A solution of nBuLi in hexane (1.188 g, 7.4 ml, 2.5 M,
18 mmol) was added dropwise to a solution of
PhCH2N(CH2C6H4Br-2)2 (4.13 g, 9 mmol) in diethyl ether
(70 ml), at −30�C, and the reaction mixture was left
under stirring for 2 h at this temperature. Then the tem-
perature was decreased to −78�C, solid SbCl3 (2.116 g,
9 mmol) was added and the reaction mixture was stirred
overnight. The solvent was removed in vacuum and the
product was extracted from the remaining colourless
solid with CH2Cl2. The organic phase was washed with
water (3 × 20 ml) and dried over anhydrous MgSO4. After
filtration, removal of solvent under reduced pressure and
washing with n-hexane, compound 4 was isolated as a
beige solid. Yield: 2.87 g (70%), m.p. 173–174�C. Anal.
found: C 56.72, H 4.47, N 3.02%; calcd for C21H19ClNSb
(MW 442.60): C 56.99, H 4.33, N 3.16%. 1H NMR (CDCl3,
400 MHz): AB spin system with A at δ = 3.89 and B at
δ = 4.12 (4H, 2JH,H = 14.6 Hz, CH2, H-7), δ = 4.06 (s, 2H,
CH2, H-8), 7.11 (d, 2H, 3JH,H = 7.4 Hz, H-3), 7.27–7.34
(m, 2H, H-4 + 2H, C6H5-ortho), 7.38–7.47 (m, 2H, H-
5 + 3H, C6H5-meta and -para), 8.29 (d, 2H,
3JH,H = 7.6 Hz, H-6). 13C{1H} NMR (CDCl3, 100.6 MHz):
δ = 57.73 (s, C-8), 57.79 (s, C-7), 125.68 (s, C-3), 128.98 (s,

SCHEME 3 Numbering schemes for NMR resonance

assignments
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C6H5-meta), 129.16 (s, C6H5-para), 129.23 (s, C-4), 129.35
(s, C-5), 131.39 (s, C6H5-ortho), 132.24 (s, C6H5-ipso),
135.86 (s, C-6), 140.25 (s, C-1), 142.60 (s, C-2).

2.2.4 | Synthesis of [PhCH2N(CH2C6H4)2]
SbONO2 (5)

Compound 5 was prepared from 4 (0.268 g, 0.600 mmol)
and AgNO3 (0.102 g, 0.600 mmol) using a similar proce-
dure to that for compound 2. Compound 5 was obtained
as a beige solid. Yield: 0.274 g (96%), m.p. 175�C. Anal.
found: C 53.51, H 3.87, N 5.77%; calcd for C21H19N2O3Sb
(MW 469.15): C 53.76, H 4.08, N 5.97%. 1H NMR (CDCl3,
400 MHz): AB spin system with A at δ = 3.97 and B at
δ = 4.24 (4H, 2JH,H = 14.5 Hz, CH2, H-7), δ = 4.16 (s, 2H,
CH2, H-8), 7.17 (d, 2H, 3JH,H = 7.2 Hz, H-3), 7.29–7.37
(m, 2H, H-4 + 2H, C6H5-ortho), 7.40 (t, 2H,
3JH,H = 7.4 Hz, H-5), 7.44–7.49 (m, 3H, C6H5-meta and
-para), 7.88 (d, 2H, 3JH,H = 7.5 Hz, H-6). 13C{1H} NMR
(CDCl3, 100.6 MHz): δ = 58.39 (s, C-8), 58.71 (s, C-7),
125.98 (s, C-3), 129.18 (s, C6H5-meta), 129.57 (s, C6H5-
para), 129.70 (s, C-4), 129.77 (s, C-5), 131.45 (s, C6H5-
ipso), 131.55 (s, C6H5-ortho), 135.45 (s, C-6), 140.15 (s, C-
1), 142.65 (s, C-2).

2.2.5 | Synthesis of [PhCH2N(CH2C6H4)2]
SbOSO2CF3 (6)

Compound 6 was prepared from 4 (0.210 g, 0.474 mmol)
and AgOSO2CF3 (0.122 g, 0.474 mmol) using a similar
procedure to that for compound 3. Compound 6 was
obtained as a beige solid. Yield: 0.264 g (78%), m.
p. 175�C. Anal. found: C 47.28, H 3.47, N 2.27%; calcd for
C22H19F3NO3SSb (MW 556.21): C 47.51, H 3.44, N 2.52%.
1H NMR (CDCl3, 400 MHz): AB spin system with A at
δ = 4.06 and B at δ = 4.33 (4H, 2JH,H = 14.5 Hz, CH2, H-
7), δ = 4.20 (s, 2H, CH2, H-8), 7.20 (d, 2H, 3JH,H = 7.2 Hz,
H-3), 7.30–7.39 (m, 2H, H-4 + 2H, C6H5-ortho), 7.41–7.53
(m, 2H, H-5 + 3H, C6H5-meta and -para), 8.02 (d, 2H,
3JH,H = 7.2 Hz, H-6). 13C{1H} NMR (CDCl3, 100.6 MHz):
δ = 59.54 (s, C-8), 60.21 (s, C-7), 125.58 (s, C-3), 129.39 (s,
C6H5-meta), 130.03 (s, C-5 and C6H5-para), 130.20 (s, C-
4), 130.76 (s, C6H5-ipso), 131.61 (s, C6H5-ortho), 135.66 (s,
C-6), 140.83 (s, C-1), 142.55 (s, C-2). 19F{1H} NMR
(CDCl3, 376.5 MHz): δ = −77.36 (s, CF3).

2.3 | Crystal structure determination

Single crystals suitable for X-ray diffraction studies
were grown from a mixture of CH2Cl2 and n-hexane

(1/4, v/v). The details of the crystal structure determi-
nation and refinement for compounds 2, 3h, 4 and
6 are given in Table S1 (supporting information). The
crystals were mounted on MiTeGen microMounts
cryoloops and data were collected with a Bruker
SMART APEX (for 2, 4 and 6, at 294 K) and with a
Bruker D8 VENTURE (for 3h, at 100 K), using
graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å). The structures were refined with
anisotropic thermal parameters for non-hydrogen
atoms. Hydrogen atom H1 in 3h was located in a dif-
ference Fourier map and freely refined. All the other
hydrogen atoms were placed in fixed, idealized posi-
tions and refined with a riding model and a mutual
isotropic thermal parameter. For structure solving and
refinement, the software packages SHELX-2014/7,
included in WinGX[24,25] (for 2, 4 and 6), and Bruker
APEX3 (for 3h)[24] were used. Intermolecular interac-
tions were identified with PLATON.[26] Visualizations
were created with the Diamond program.[27]

2.4 | Catalysis

All reagents were purchased from Sigma-Aldrich and
used as received without further purification. Benzalde-
hyde (0.5 mmol), nitromethane (10 mmol) and the
corresponding catalyst were added to a glass sealed
vial containing 3 ml of ultrapure water. The reaction
mixture was left under stirring at 1200 rpm for 24 h at
50�C, and then filtered, concentrated and silylated
(50 μl of pyridine, 100 μl of N,O-bis(trimethylsilyl)tri-
fluoroacetamide and trimethylchlorosilane). The water-
soluble catalysts were firstly precipitated using NaI
and then separated by filtration. The recovered prod-
ucts were analysed using a GC-MS (Thermo Electron
Corporation) instrument, Trace GC Ultra and DSQ,
Trace GOLD: TG-5SilMS column with the following
characteristics: 30 mm × 0.25 mm × 0.25 mm, work-
ing with a temperature programme (50�C (2 min) to
250�C at 10�C min−1 (hold 10.00 min) for a total run
time of 32 min) at a pressure of 0.38 Torr with He as
the carrier gas. NMR analysis of the products was car-
ried out using a Bruker Avance III UltraShield
500 MHz spectrometer, operating at 500 MHz for 1H
NMR and 125.8 MHz for 13C NMR. The NMR analysis
of 2-nitro-1-phenylethanol corresponded to: 1H NMR
(CDCl3, 500.13 MHz): δ = 3.88 (s, br, 1H, OH),
4.50–4.63 (m, 2H, CH2NO2), 5.47 (m, 1H, CHOH),
7.41–7.57 (m, 5H, C6H5);

13C{1H} NMR (CDCl3,
125.77 MHz): δ = 70.99 (s, CHOH), 81.22 (s, CH2NO2),
125.93 (s, C6H5), 129.05 (s, C6H5), 129.14 (s, C6H5),
138.08 (s, C6H5).
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2.5 | Theoretical calculations

Theoretical calculations for 1–6 were performed with
Gaussian 09, Revision E.01,[28] using the B3LYP func-
tional[29] and the def2-TZVP basis set.[30] The dispersion
corrections were accounted for using the D3 version of
Grimme's dispersion with Becke–Johnson damping.[31]

The Cartesian coordinates of the calculated molecular
structures of 1–6 are given in Tables S3–S8 (supporting
information).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis

Diorganoantimony(III) compounds of the general formu-
lae [2-(Me2NCH2)C6H4]2SbL and [PhCH2N(CH2C6H4)2]
SbL (L = ONO2, OSO2CF3) were prepared by ligand
exchange reactions between the corresponding
diorganoantimony(III) chlorides 1 and 4, respectively,
and the appropriate silver salt in a 1:1 molar ratio, as
depicted in Scheme 4. Compounds 2–6 are microcrystal-
line solids, soluble in common organic solvents.

3.2 | Spectroscopic characterization

The 1H NMR, 13C{H} NMR and 19F{H} NMR spectra con-
firmed the formation of the desired compounds and are
consistent with the presence of only one species in solu-
tion. In 3 and 4 the methylene and the methyl protons in
the CH2NMe2 moiety give broad singlet resonances at
room temperature, thus suggesting a fast dynamic

process in solution.[3h, 32] The non-equivalent CH2NCH2

protons in the fused diheterocyclic skeleton of 4–6 appear
as an AB spin system in the 1H NMR spectra, while the
CH2 protons in the PhCH2N moiety give a sharp singlet
resonance, similar to the situation found for the
diorganobismuth(III) analogues.[33]

Compounds 2 and 5 show in their IR spectra strong,
broad bands at 1458/1285 cm−1 and 1495/1270 cm−1,
respectively, which might suggest a chelating bidentate
coordination of the anionic NO3

− ligand.[34] The IR spec-
tra of 3 and 6 show strong bands at 1292/1030 cm−1 and
1265/1030 cm−1, respectively, which were assigned to the
νas(SO2) and νs(SO2) vibrations of the triflate anion.

[35]

The ESI+ mass spectra show in all cases the base
peak at m/z experimental values of 389.0962 (2), 389.0965
(3), 406.0537 (4 and 5) and 406.0554 (6), corresponding to
the cations [{2-(Me2NCH2)C6H4}2Sb

+] (calcd m/z value
389.0972) and [{PhCH2N(CH2C6H4)2}Sb

+] (calcd m/z
value 406.0550), respectively.

3.3 | Solid-state structures

The molecular structures for 2, 3h, 4 and 6 were
established using single-crystal X-ray diffraction and are
depicted in Figures 1–4. Selected interatomic distances
and bond angles are summarized in Table 1. For 4, the
unit cell contains two independent molecules with very

SCHEME 4 Preparation of compounds 2–6

F IGURE 1 Molecular structure of isomer (CSb1)(pSN1,pRN2)-2.
Thermal ellipsoids are drawn at 30% probability (hydrogen atoms

are omitted for clarity)
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similar molecular parameters; therefore only data for
molecule 4a are listed in Table 1 and included in the sub-
sequent discussion (molecule 4b is shown in Figure S7
and its molecular parameters are listed in Table S2 in the
supporting information).

In 2, the nitrogen atoms of both 2-(Me2NCH2)C6H4

substituents on the antimony atom are intramolecularly

coordinated to the metal (Figure 1). The two N!Sb inter-
actions are significantly different (N(1)!Sb(1) 2.393(3)/
N(2)!Sb(1) 3.219 Å, cf. ΣrvdW (Sb,N) 3.74 Å[36], similar to
the situation found in [2-(Me2NCH2)C6H4]2SbX (X = Cl,
Br, I),[3c,h] the stronger one being trans to the O(1) atom,
while the weaker one is established trans to the C(1) atom.
The intramolecular N!Sb interactions result in the

FIGURE 2 Structure of isomer (CSb1)

(pSN)-3h. Thermal ellipsoids are drawn at 40%

probability (hydrogen atoms, except H(1) and

H(2), are omitted for clarity)

FIGURE 3 Molecular structure of isomer (pSN1,pSN2)-4a.
Thermal ellipsoids are drawn at 30% probability (hydrogen atoms

are omitted for clarity) FIGURE 4 Molecular structure of 6. Thermal ellipsoids are

drawn at 30% probability (hydrogen atoms are omitted for clarity)
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formation of two five-membered NC3Sb chelate rings
which are not planar, but folded along the imaginary
Sb���Cmethylene axis, with the nitrogen atom placed out of
the best plane defined by the residual SbC3 fragment. This
induces planar chirality (with the aromatic ring and the
nitrogen atom as chiral plane and pilot atom, respectively;
isomers are given as SN and RN).

[37] The NO3
− anionic

ligand acts as an anisobidentate (chelating) ligand (O(1)–
Sb(1) 2.375(3)/O(3)!Sb(1) 3.145(3) Å, cf. ΣrvdW (Sb,O)
3.60 Å[36]), with the weaker O(3)!Sb(1) interaction
bisecting the open N(2)���Sb(1)–O(1) bond angle
(120.20(9)�). This results in a 14-Sb-6 hypercoordinated
species for which the overall coordination geometry can
be described as distorted pentagonal pyramidal, with the
C10 atom in the apical position. Due to intramolecular
N!Sb and O!Sb interactions, the metal centre becomes
chiral (chelate-induced Sb chirality[1b,3n,v]), a behaviour
which can be described in terms of CSb and ASb isomers.[38]

Therefore the crystal of 2 contains a 1:1 mixture of (CSb1)
(pSN1,pRN2)-2 and (ASb1)(pRN1,pSN2)-2 isomers.

Our attempts to grow single crystals of 3 resulted
in a hydrolysis product, namely the ionic species
[{2-(Me2N

+HCH2)C6H4}{2-(Me2NCH2)C6H4}SbOH]
[CF3SO3]

− (3h), probably through the formation of
ionic species [{2-(Me2NCH2)C6H4}2Sb(H2O)]

+[CF3SO3]
−

and, subsequently, abstraction of one of the hydrogen
atoms in the water molecule by the nitrogen of the
weakly coordinated pendant arm. This fact is also
supported by density functional theory calculations. In
3h, the remaining N(1)!Sb(1) intramolecular interac-
tion is a strong one (2.545 Å), while the Sb–O bond
length is just at the border of the sum of the covalent
radii of the two elements (Sb(1)–O(1) 2.079(1) Å,
cf. Σrcov (Sb,O) 2.07 Å[36]). In this way a distorted
pseudo-trigonal bipyramidal (“see-saw”) coordination
geometry is achieved around antimony in the hyper-
coordinated 10-Sb-4 cation, with the intramolecularly
coordinated nitrogen and the hydroxo oxygen in apices
(N(1)–Sb(1)–O(1) 159.65(4)�). The crystal of 3h con-
tains a 1:1 mixture of (CSb1)(pSN1)-3h and (ASb1)
(pRN1)-3h isomer cations. It should also be noted that,
in addition to a strong intramolecular hydrogen bond
which involves the protonated nitrogen and the oxygen
bonded to the metal centre (N(2)���O(1) 2.591(2) Å,
H(2)���O(1) 1.60 Å, N(2)–H(2)���O(1) 168.00�), another
strong cation–anion hydrogen bond is also established
between the hydroxo group and an oxygen of the
triflate anion (O(1)���O(2) 2.871(2) Å, H(1)���
O(2) 2.14(2) Å, O(1)–H(1)���O(2) 176.7(16)�) (Figure 2).

The molecular structures of 4 (Figure 3) and 6 (Fig-
ure 4) show several similarities, with respect to the
diorganoantimony(III) fragment. The nitrogen atom is
involved in a strong transannular N!Sb intramolecular

interaction (Table 1) of a magnitude similar to that previ-
ously observed in the related species [RN(CH2C6H4)2]SbL
(L = Cl, R = tBu,[15d] Cy[16b]; L = OSO2CF3, R = Cy,[16a]

Ph[17]). This results in a butterfly-like structure, con-
taining two fused NC3Sb five-membered rings and, as a
consequence, to a 10-Sb-4 hypercoordinated species with
a distorted pseudo-trigonal bipyramidal (“see-saw”) envi-
ronment about antimony (Cl(1)–Sb(1)–N(1) 160.31(10)�

in 4a; O(1)–Sb(1)–N(1) 153.5(2)� in 6). If the weaker
Sb(1)���O(2) contact (3.473(6) Å, cf. ΣrvdW (Sb,O)
3.60 Å[36]) is also considered, 6 might be alternatively
described as a 12-Sb-5 hypercoordinated species. The chi-
rality induced by the nonplanar NC3Sb five-membered
rings results in 1:1 racemic mixtures of (pR1,pR2) and
(pS1,pS2) isomers (superscript indices “1” and “2” are
assigned for the two fused NC3Sb rings in a butterfly-like
molecule) in the crystals of 4 (for both 4a and 4b mole-
cules) and 6, respectively.

A closer look to the solid-state structures of these
compounds reveals interesting supramolecular architec-
tures. Thus, pairs of (CSb1)(pSN1,pRN2)-2 and (ASb1)
(pRN1,pSN2)-2 isomers are connected through inter-
molecular Sb���π (Arcentroid) interactions (Sb(1)���
Arcentroid{C(10)–C(60)} 3.94 Å) and the resulting dimer
associations are further supported by C–H���O interac-
tions (C(7)–H(7B)methylene���O(10) 2.57 Å, cf. ΣrvdW(O,H)
2.60 Å[36]) (Figure S1 in the supporting information).
Such dimeric units are associated into a honeycomb-type
layer in which a central dimer unit is connected to six
other dimers through both C–H���π (Arcentroid) interac-
tions (C(18)–H(18C)methyl���Arcentroid{C(1'a)–C(6'a)}
3.06 Å, γ = 15.6�) (i.e. H���Arcentroid contacts shorter than
3.1 Å, and an angle γ between the normal to the aromatic
ring and the line defined by the H atom and Arcentroid
smaller than 30�)[39] and C–H���O interactions (C(14)–
H(14)aryl���O(3'b) 2.51 Å), with no further contacts
between parallel layers (for details, see Figures S2 and S3
in the supporting information).

In the crystal of 3h, chains of same type cation iso-
mers, i.e. (CSb1)(pSN1)-3h and (ASb1)(pRN1)-3h, respec-
tively, and triflate anions are formed along the a-axis
based on C–H���π (Arcentroid) (C(7)–
H(7B)methylene���Arcentroid{C(1c)–C(6c)} 2.87 Å, γ = 23�)
and C–H���O contacts (C(9)–H(9C)methyl���O(3c) 2.56 Å;
C(17a)–H(17Aa)methyl���O(4) 2.55 Å) (Figure S4 in the
supporting information). Such parallel chains alternate
and are connected into a supramolecular three-
dimensional architecture through further C–H���O con-
tacts (C(8)–H(8B)methyl���O(3d) 2.45 Å; C(17)–
H(17C)methyl���O(4e) 2.48 Å) (for details, see Figures S5
and S6 in the supporting information).

In the crystal of 4, pairs of isomers of the same type
from the two independent molecules are associated in
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dimers, i.e. (pS1,pS2)-4a/(pS1,pS2)-4b and (pR1,pR2)-4a/
(pR1,pR2)-4b, respectively, based on C–H���π (Arcentroid)
contacts (C(15)–H(15A)methylene���Phcentroid{C(37)–C(42)}
2.65 Å, γ = 5.3�; C(36)–H(36A)methylene���Arcentroid{C(9)–
C(14)} 2.87 Å, γ = 12.7�). Such dimers form tetranuclear
units through further C–H���π (Arcentroid) contacts (C(10)–
H(10)aryl���Arcentroid{C(300)–C(350)} 2.83 Å, γ = 13.6�) (see
Figures S8 and S9 in the supporting information). Finally,
a complex three-dimensional supramolecular architec-
ture is constructed from the tetranuclear units connected
by additional C–H���π (Arcentroid) and C–H���Cl contacts

(for details, see Figure S10 in the supporting
information).

The molecules of 6 are double bridged through C–H���π
(Arcentroid) contacts (C(4)–H(4)aryl���Arcentroid{C(9b)–C
(14b)} 2.75 Å, γ = 8.4�; C(8)–H(8B)methylene���Arcentroid{C
(9a)–C(14a)} 2.70 Å, γ = 5.6�) into a chain of alternating
(pS1,pS2)-6 and (pR1,pR2)-6 isomers (see Figure S11 in the
supporting information). Layers are formed from parallel
chains based on C–H���O contacts (C(12)–H(12)aryl���O(30)
2.50 Å) (for details, see Figure S12 in the supporting
information).

TABLE 1 Selected interatomic distances (Å) and bond angles (�) for compounds 2, 3h, 4(molecule 4a) and 6

2 3h 4a 6

Sb(1)–C(1) 2.163(4) Sb(1)–C(1) 2.1615(16) Sb(1)–C(1) 2.151(5) Sb(1)–C(1) 2.156(8)

Sb(1)–C(10) 2.156(3) Sb(1)–C(10) 2.1679(15) Sb(1)–C(14) 2.147(6) Sb(1)–C(14) 2.131(8)

Sb(1)–N(1) 2.393(3) Sb(1)–N(1) 2.5454(13) Sb(1)–N(1) 2.409(4) Sb(1)–N(1) 2.324(6)

Sb(1)���N(2) 3.219(3)

Sb(1)–O(1) 2.375(3) Sb(1)–O(1) 2.0790(13) Sb(1)–Cl(1) 2.5133(18) Sb(1)–O(1) 2.304(5)

Sb(1)���O(3) 3.145(3)

N(3)–O(1) 1.259(5) S(1)–O(2) 1.4463(12) S(1)–O(1) 1.472(6)

N(3)–O(2) 1.217(5) S(1)–O(3) 1.4364(13) S(1)–O(2) 1.421(9)

N(3)–O(3) 1.239(5) S(1)–O(4) 1.4374(13) S(1)–O(3) 1.411(7)

O(1)-H(1) 0.731(18)

O(2)���H(1) 2.142(18)

O(1)���O(2) 2.871(2)

N(2)-H(2) 1.000(0)

O(1)���H(2) 1.600

N(2)���O(1) 2.591(2)

O(1)–Sb(1)–N(1) 158.49(9) O(1)–Sb(1)–N(1) 159.65(4) Cl(1)–Sb(1)–N(1) 160.31(9) O(1)–Sb(1)–N(1) 153.5(2)

C(1)–Sb(1)���N(2) 148.23(11) C(1)–Sb(1)���N(2)
C(1)–Sb(1)–C(10) 96.99(14) C(1)–Sb(1)–C(10) 104.35(6) C(1)–Sb(1)–C(14) 98.5(2) C(1)–Sb(1)–C(14) 104.2(3)

C(10)–Sb(1)–N(1) 96.03(12) C(10)–Sb(1)–N(1) 86.14(5) C(14)–Sb(1)–N(1) 76.60(16) C(14)–Sb(1)–N(1) 76.6(2)

C(10)–Sb(1)���N(2) 65.74(11) C(10)–Sb(1)���N(2)
C(10)–Sb(1)–O(1) 85.27(12) C(10)–Sb(1)–O(1) 86.89(5) C(14)–Sb(1)–Cl(1) 92.17(14) C(10)–Sb(1)–O(1) 86.5(2)

C(1)–Sb(1)–N(1) 76.24(12) C(1)–Sb(1)–N(1) 73.25(5) C(1)–Sb(1)–N(1) 74.31(16) C(1)–Sb(1)–N(1) 77.7(3)

N(1)–Sb(1)���N(2) 79.26(8) N(1)–Sb(1)���N(2)
N(2)���Sb(1)–O(1) 120.20(9) N(2)���Sb(1)–O(1)
C(1)–Sb(1)–O(1) 82.29(12) C(1)–Sb(1)–O(1) 90.03(5) C(1)–Sb(1)–Cl(1) 91.77(14) C(1)–Sb(1)–O(1) 87.0(3)

O(1)–N(3)–O(2) 119.0(3) O(2)–S(1)–O(3) 114.46(7) O(1)–S(1)–O(2) 112.7(4)

O(1)–N(3)–O(3) 118.8(3) O(2)–S(1)–O(4) 114.74(7) O(1)–S(1)–O(3) 113.1(4)

O(2)–N(3)–O(3) 122.2(4) O(3)–S(1)–O(4) 115.46(7) O(2)–S(1)–O(3) 118.4(4)

O(1)-H(1)���O(2) 176.7(16)

N(2)-H(2)���O(1) 168.00
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3.4 | Catalytic results

Table 2 summarizes catalytic results for the Henry addi-
tion of nitromethane to benzaldehyde performed at 50�C
or at room temperature, over hypercoordinated
organoantimony(III) compounds, as well as theoretical
calculated total atomic charge on antimony and on the
weakest coordinated nitrogen. Both the proligands and
Ph3Sb showed either no activity or a very small one.

However, the amine Me2NCH2C6H5 provided a
small selectivity into the nitroaldol. For the
diorganoantimony(III) complexes 1–6, a more positively
charged antimony coupled with a more negatively
charged nitrogen had a direct influence on the increase
of the activity (catalysts 2, 3 and 6) providing a complete
conversion of the benzaldehyde. On the other hand, a
decrease of the positive charge on antimony (catalysts 1,
4 and 5) favours dehydration of 1-hydroxy-
2-nitroethylbenzene to 2-nitrostyrene. It results that the
positive effect of the anion decreases in the following
order: OSO2CF3 > ONO2 > Cl. Of note, the activity of cat-
alyst 3 corresponds to a turnover number of around
1.5 × 106, which is indeed a very high value.

Additional experiments were carried out at room tem-
perature with the most effective catalysts 2 and 3 and

they showed no decrease in both the conversion of benz-
aldehyde and the selectivity to nitroaldol. Furthermore,
experiments with different loadings of catalysts were also
carried out with these two compounds. At room tempera-
ture, a five-fold reduction of the loading of 2 led to a
decrease of the conversion of the benzaldehyde to 94.6%
with no change in the selectivity, while for catalyst 3,
under similar experimental conditions, no change of the
conversion or selectivity was observed. The selectivity
was preserved also by working with different
benzaldehyde/nitromethane/catalyst ratios, but the con-
version decreased to 97.8% and 91.7%, respectively, for
0.5/100 and 15/70 millimolar ben-
zaldehyde/nitromethane ratios with a loading of
0.01 mmol of catalyst 3.

4 | CONCLUSIONS

Two types of hypercoordinated diorganoantimony(III)
compounds, namely 2 and 3, bearing two aromatic groups
with pendant arms capable of N!Sb intramolecular inter-
actions, and 5 and 6, based on a butterfly-like tetrahydro-
dibenzo[c,f][1,5]-azastibocine heterocyclic framework
with a N!Sb transannular interaction, were prepared,

TABLE 2 Catalytic results for the Henry addition of nitromethane over hypercoordinated organoantimony(III) compounds

Catalyst (solubility)
Positive charge on Sb/negative
charge on N

Conversion of
benzaldehyde (%)

Selectivity (%)

Nitroaldol Nitroalkene

1 (water soluble) 0.835/−0.208 91.3 70.2 29.8

2(water soluble) 0.939/−0.211 100 100 0

2a(water soluble) 0.939/−0.211 100 100 0

2b(water soluble) 0.939/−0.211 94.6 100 0

3(water soluble) 0.949/−0.231 100 100 0

3a(water soluble) 0.949/−0.231 100 100 0

3b(water soluble) 0.949/−0.231 100 100 0

3c(water soluble) 0.949/−0.231 91.7 100 0

4(no solubility in water) 0.819/−0.229 89.3 66.8 33.2

5(no solubility in water) 0.911/−0.222 94.8 71.8 28.2

6(no solubility in water) 0.932/−0.215 100 84.5 15.5

7[2-(Me2NCH2)C6H4]SbCl2 (no
solubility in water)

0 0 0

8Ph3Sb (no solubility in water) 0 0 0

9Me2NCH2C6H5 (water soluble) 29.7 6.5 93.5

10PhCH2N(CH2C6H4Br-2)2 (water
soluble)

0 0 0

Reaction conditions: 0.5 mmol benzaldehyde, 10 mmol nitromethane, 3 ml water, 0.05 mmol catalyst (for entries 6 and 7: 0.0176 g catalyst), 50�C, 24 h.
aRoom temperature, 0.05 mmol catalyst.
bRoom temperature, 0.01 mmol catalyst.
c15 mmol benzaldehyde, 70 mmol nitromethane, 3 ml water, room temperature, 0.01 mmol catalyst.
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structurally characterized and investigated as catalysts in
the Henry (nitroaldol) reaction. The 1H NMR spectra gave
no clear evidence for the N!Sb intramolecular coordina-
tion in solution, while the single-crystal X-ray diffraction
studies evidenced two N!Sb intramolecular interactions
of different strengths (2.393(3)/3.219 Å) in 2, and only a
strong one (2.5454(12) Å) in the hydrolysis product 3h, in
which the nitrogen atom in the second pendant arm is
pushed far away from the coordination sphere of anti-
mony. In the azastibocine derivatives 4 and 6, strong trans-
annular N!Sb interactions were also observed. The NO3

−

ligand in 2 and the CF3SO3
− ligand in 6 act as bidentate

moieties, thus resulting in hexa-coordinated and penta-
coordinated antimony, respectively, while in 3h and 4 anti-
mony is tetrahedrally surrounded by the donor atoms. The
catalytic experiments have shown that a more positively
charged antimony coupled with amore negatively charged
nitrogen had a direct influence on the increase of the activ-
ity (catalysts 2, 3 and 6), thus providing a complete conver-
sion of benzaldehyde. The decrease of the positive charge
on the metal centre (catalysts 1, 4 and 5) favours dehydra-
tion of 1-hydroxy-2-nitroethylbenzene to 2-nitrostyrene.
For 2 and 3, it was observed that the catalytic activity was
not affected by temperature in the range 23–50�C. The
combination of the 2-(Me2NCH2)C6H4 substituent on
antimony with either nitrate or triflate anions provides
the most efficient catalysts with turnover numbers of the
order of 106.
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R. Jirásko, I. Císařová, J. Holeček, J. Fluorine Chem. 2008, 129,
167. (f) L. Dostál, R. Jambor, A. Růžička, M. Erben, R. Jirásko,
E. Černošková, J. Holeček, Organometallics 2009, 28, 2633.
(g) A. Fridrichová, T. Svoboda, R. Jambor, Z. Padělková,
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