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A B S T R A C T

Pincer complexes are widely used in organometallic and coordination chemistry. The role of antimony as
a central donor atom in pincer ligands has been extensively explored in recent years. Although
phenylenediamine derived PXP (X = B, Al, C, Si, Ge, Sn, N) type ligands exhibit diverse reactivity, analogues
species based on antimony have been reported less frequently. Herein, we report a new PSbP complex
and evaluate its reactivity. These species will broaden the family of phenylenediamine derived pincer
complexes.
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Since the seminal work by Shaw and van Koten in the late 1970s,
pincer ligands have been viewed as versatile supporting ligands for
transition metals [1]. Generally, the tridentate coordination mode
of pincer ligands results in strong binding to the central metal atom
which displays a unique balance of high stability vs. reactivity that
make pincer ligands privileged platforms for the design of
catalysts. During the past three decades, the application of pincer
complexes in organic transformations has made considerable
progress [2]. The concept of the pincer is now very broad and a
variety of compounds that feature pincer-type structure have been
designed in recent years [3]. The pincer-type ligand has been
widely used in coordination chemistry and such ligands enjoy
many catalytic applications due to their activity and variety.

In contrast to the well established role of carbon, nitrogen, and
phosphorus-based central donor atoms in pincer ligands, the
chemistry of other donor atoms is less developed, and variations of
the donor moieties have been explored to a limited extent.
Research on N-heterocyclic carbene (NHC)-based (benz)imidazo-
lium (PCP) type pincer complexes has been reported by Hahn and
others (I, Fig. 1) [4–6], and the coordinating ability with Pd, Pt, Rh
and Mo has been described. Such pincer complexes can work as
effective catalysts for organic reactions and the formation of
ammonia from dinitrogen under mild conditions. In 2009, Nozaki
and co-workers reported a boron-based PBP pincer ligand
(II, Fig. 1) and its coordination with an iridium(I) precursor via
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B-H oxidative addition [7]. Continuing this work, a series of groups
8–10 transition-metal complexes bearing this PBP ligand have
been synthesized, further demonstrating their catalytic applica-
tions in transfer dehydrogenation of cyclooctane and oxidative
addition of the C��C bond [8]. Peters et al. reported Co and Ni
complexes based on the PBP pincer auxiliary ligand. These
facilitate reversible H2 activation and could further serve as
catalysts for olefin hydrogenation [9,10]. Hill and other groups have
described the synthesis of an N-heterocyclic silyl pincer ligand
which undergoes chelate-assisted Si-H activation with transition
metals to afford silyl pincer complexes (IV, Fig. 1) [11]. Stimulated
by these development in pincer chemistry, analogues of carbene-
based pincer ligands and the corresponding metal complexes have
been reported by Cabeza and coworkers in recent years (V, Fig. 1)
[12]. Besides the central donor based on groups 13 and 14
elements, Gandelman et al. in 2011, established nitrogen-derived
NHC-analogues as ligands (III, Fig. 1) for transition metals
chemistry. These analogs display weak s-donor and reasonable
p-acceptor abilities compared to NHCs [13]. In 2018, Thomas et al.
reported a pincer ligand with a central N-heterocyclic phosphe-
nium/phosphido donor, revealing the first example of H2 activation
across a Co-P bond [14]. Very recently, Yamashita et al. reported the
synthesis of a pincer-Ir(V) complex bearing an aluminyl ligand and
its application to the transfer dehydrogenation of cyclooctane
(VI, Fig. 1) [15].

As a heavier analogue of phosphine, antimony has attracted
much attention owing to the antimony-containing complexes
which have found wide application in bond activation and catalytic
transformations because of its high Lewis acidity [16]. The role of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Selected examples of PXP-type pincer complexes with phenylenediamine
framework.

Fig. 2. Molecular structure of complex 1 (drawn with 50% probability). All the
hydrogen atoms were omitted for clarity.
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antimony as a central donor atom in pincer ligands has also been
explored by Gabbai group [17]. While this PSbP-type pincer
complex exhibits rich coordination and redox chemistry, the
corresponding antimony-transition metal platforms have seen
applications in anion sensing and catalytic transformation [18].
Encouraged by these advances, it is interesting to explore whether
antimony could be introduced to the benzannulated ligand to
synthesize a series of novel complexes. Herein, we report the
synthesis of an antimony complex 1 and its reactivity towards to a
series of inorganic salts and its coordination ability with metal
precursors. Complex 1 can be viewed as a neutral PSbP ligand. It is
worth mentioning that during the preparation of this manuscript, a
series of species with cation PSb+P ligand were reported by Chiu
et al. (VII, Fig. 1) [19].

Our ongoing interest in anionic nitrogen-phosphorus ligand
[20] as well as metal-metal bond [21] stimulated us to design new
PXP-type ligand and investigate its reactivity. Complex 1 was easily
prepared by the reaction of SbCl3 with a phenylenediamine ligand
in the presence of 2 equiv. of Et3N in THF (Scheme 1). The reaction
immediately formed a bright-yellow suspension and was then
stirred at room temperature for 2 h. Complex 1 was isolated as a
yellow solid in 95% yield and its structure was characterized by
X-ray diffraction analysis, NMR spectroscopy, elemental analyses
and high-resolution mass spectrometry. Its 31P{1H} NMR spectrum
showed a single signal at -9.74 ppm from 2 equiv. phosphorus
atoms (see Supporting information for details).

The single crystal X-ray diffraction analysis of complex 1
revealed that it is a monomer in the solid state (Fig. 2) and that the
antimony atom adopts a trigonal pyramidal configuration. The
Sb1-Cl1 bond length is 2.5058(14) Å, which is shorter than that in a
similar structure (2.646(2) Å) reported previously by Gudat [22].
The Sb1-N1 (2.024(3) Å) and Sb1-N2 (2.025(3) Å) bond lengths are
very close, and are comparable with the corresponding bonds in
the [(CH)2(NtBu)2SbCl] cyclic structure. The torsion angle of N2-C2-
C1-C6 is 179.3�, suggesting that the antimony-contained
Scheme 1. The synthesis of complex 1.
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heterocycle and the phenyl rings are almost co-planner. The
distance of the Sb1-P1 (4.288 Å) is much longer than that of the
Sb1-P2 (3.258 Å), and both of the Sb-P distances are longer than the
sum of covalent radii for Sb and P (2.51 Å) [23]. Apparently, the
short length of the CH2PPh2 sidearm prevents intramolecular
donor-acceptor interactions between the P atoms and the Sb atom.
One of the sidearm phenyl rings in complex 1 displays a weak
interaction with the antimony thus causing the phosphorus atom
to be located in an axial direction, which could explain the reason
for the longer Sb1-P1 distance.

With complex 1 in hand, we first examined its reactivity with
TMSCH2Li in toluene at room temperature (Scheme 2) and found
that the colour of the system immediately changed from yellow to
red-orange. The alkylation reaction, however, gave a complex
mixture of intractable products according to the 31P{1H} NMR
spectrum. When TMSCH2MgBr was used in this reaction instead of
TMSCH2Li, only a single signal at -12.65 ppm was observed in 31P
{1H} NMR spectrum and led to the isolation of a complex 2 as a red-
orange solid in 89% yield. The 1H NMR spectrum revealed that the
methylene groups connecting the N and P atoms exhibit doublets
at 4.28 and 3.67 ppm while the methylene connected to the
antimony gave a signal at 0.05 ppm.

The solid-state structure of 2 was confirmed by single crystal X-
ray diffraction (Fig. 3). The major structural features of 2 are similar
to those of 1. The bond length of Sb1-C33 is 2.170(5) Å and it was
revealed that the Sb-p interaction through the phenyl rings in the
PPh2 unit had disappeared in the alkyl-antimony complex, which is
consistent with the short Sb1-P1 distance (3.385 Å). Transition
metals and actinide hydrides have been thought to be intermedi-
ates in catalytic transformation, and an effective method to yield
these species is combination of the alkyl complex with hydrides
[24]. Use complex 2 with HBPin or PhSiH3 as the hydride source to
synthesize Sb-H species failed, no reaction being detected even
Scheme 2. The reactivity of complex 1.
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Fig. 3. Molecular structure of complex 2 (drawn with 50% probability). All the
hydrogen atoms were omitted for clarity.

Scheme 3. The coordination reactivity of 1.

Fig. 5. X-ray molecular structures of complexes 5 and 6 drawn with 50% probability
(all the hydrogen atoms and phenyl rings in the sidearm were omitted for clarity).
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with heating and the reaction of 1 with LiBEt3H or NaBEt3H gave
complicated decomposition product. These experimental results
demonstrated that an appropriate ligand could be an important
feature contributing to the stability of the active antimony hydride.
Very recently, Chitnis et al. reported the first example of
naphthalenediamine based antimony hydride and its hydro-
stibination reaction with unsaturated bonds [25].

Having established the reactions of substituted versions of 1, we
further explored the alkoxide and azide derivatives of PSbP
complex. Treatment of a solution of 1 in THF with MeONa or NaN3

results in a pale-yellow mixture, from which complex 3 was
isolated in 84% yield and 4 in 85% yield, respectively. The 31P{1H}
NMR spectrum of 3 shows a single signal at -13.41 ppm and that of
4 has only a signal at -7.07 ppm, indicating equivalence of the
phosphorus atoms in both 3 and 4 in solution.

The solid-state structures of 3 and 4 were determined by single
crystal X-ray diffraction (Fig. 4). It was found that 3 is a dimer in the
solid state. The unit cell contains two molecules with similar
structural features connected by intermolecular Sb-O interaction.
The bond length of Sb1-O1 is 2.041(3) Å in the planar five-
membered heterocycle, which is shorter than the Sb1-O1’ distance
(2.469(2) Å). However, 4 displayed a monomer structure. The bond
length of Sb1-N3 (2.180(6) Å) was slightly longer than Sb1-N1
(2.022(4) Å) and N2-Sb1 (2.030(4) Å), which may be attributed to
the tendency to planarity of the antimony atom. It was observed
that the structures of 3 and 4 showed one of the sidearm
phosphorus atoms located in the axial direction, which differs from
the alkyl complex 2.

In order to further explore the coordination properties of the
PSbP complex, we examined the reactions of 1 with Ir(I) or Rh(I)
precursors in toluene at room temperature. As shown in Scheme 3,
the reaction mixture immediately forms a dark brown solution for
complex 5 and green system for complex 6, which were isolated in
70% and 56% yield, respectively. In the 31P{1H} NMR spectrum, the
two phosphorus atoms in 5 exhibited a doublet signal at 31.68 ppm
(JRh-P =150.4 Hz). The 31P{1H} NMR spectrum of 6 showed a singlet
at 17.43 ppm. Attempts to synthesize mononuclear metal complex
through the stoichiometry reaction failed and it was suggested that
the coordination reaction selectively forms a binuclear complex.
Fig. 4. Molecular structures of complexes 3 and 4 drawn with 50% probability (all
the hydrogen atoms and phenyl rings in the sidearm were omitted for clarity).
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Analysis of the X-ray crystal structure of 5 and 6 demonstrated
that the structural features are very similar. As shown in Fig. 5, both
5 and 6 form an asymmetric structure in the crystalline state. One
of the transition metal centers in 5 and 6 are pentadentate
coordinated and the geometry of the antimony center is a distorted
square pyramid. The other Rh atom is coordinated with phosphine,
and the bond distance of Sb1-Rh1 (4.173 Å) was much longer than
Sb1-Rh2 (2.9433(4) Å), which suggests that there is no interaction
between Sb1 and Rh1. The bond distance of Rh1-P1 (2.3107(10) Å)
is slightly longer than Rh2-P2 (2.2836(10) Å, and this may be
attributed to the weak Rh-Sb donor interaction. The bond distance
of Sb1-Ir2 is 2.9965(12) Å in 6, and is comparable with the bond
distance of Sb1-Rh2. However, both of the Sb-Rh and Sb-Ir
distances are longer than that in the Sb+-transition metal (TM)
interaction. Attempted to obtain a heterobimetallic species
containing Sb-TM covalent bonds by the reduction of 5 and 6
were unsuccessful [26].

In conclusion, we have prepared an antimony complex 1 based
on dianionic nitrogen-phosphorus ligand. This complex exhibits
good reactivity with a series of inorganic salts, yielding monomer
or dimer products. The neutral PSbP complex can coordinate with
Ir(I) and Rh(I), giving the corresponding dinuclear complex.
Complex 1 clearly expands the family of PXP type ligand. The
coordination reactivity with other transition metals is currently
under investigation.
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