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A discrete multivalent PyBox ligand was investigated. An efficient synthesis and the properties of 1 are
reported (UV–visible, cyclic voltammetry, NMR, MALDI-Tof). It incorporates a sulfur-rich persulfurated
benzene core which was compatible with a metal-catalyzed reaction in spite of donating and oxidizable
sulfur atoms. Metal-catalysis with a persulfurated aromatic ligand was demonstrated for the first time in
a model reaction: the Rh-enantioselective hydrosilylation of acetophenone. The interesting features were
the reactivity and the enantiocatalytic behavior while varying the metal content. This work promotes
new thoughts toward chiral supramolecular assemblies or metal nanoparticles stabilized with chiral
multivalent ligands.

� 2008 Published by Elsevier Ltd.
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Homogeneous asymmetric catalysts are essential tools for mod-
ulating regio-, enantio-, and stereoselectivity of a reaction by reg-
ulating the kinetics. Most of them contain one metal center bound
to one chiral ligand.1 However, multimetallic dendritic asymmetric
catalysts with several active sites appeared in the last decade.2 It
encouraged the design of new multivalent dendritic-type ligands,
which are not only important in catalysis, but also in chiral supra-
molecular assemblies and in nanosciences (for instance, for stabi-
lizing chiral nanoparticles).

Following this trend and the development of persulfurated aro-
matic compounds,3 we designed and characterized a discrete muti-
valent PyBox asterisk ligand 1 and a reference PyBox model 2. The
investigation of multivalency in PyBox chemistry is a central
concept in this work. It correlates well with recent uses of PyBox
ligands in numerous stereoselective reactions:4 aldol condensa-
tion,5 cyclopropanation,6 Diels–Alder,7 hydrosilylation of ketones,8

alkene epoxidation,9 1,3-dipolar cycloaddition,10 ene,11 Negishi
couplings,12 cyanation,13 and Friedel-Crafts,14 etc.

Among some concepts to test, the variation of the metal loading
would be of interest for modulating the stereoselectivity. Other
features involve the behavior of a sulfur-rich ligand on the binding
affinity to a metal center by possible secondary soft–soft interac-
tions.15 In this regard, persulfurated aromatic compounds were
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never used as a ligand in a transition metal-catalyzed reaction,3a

where multiple sulfur donor sites could challenge the enantiocata-
lytic process with a thiophilic and an oxidizable transition metal
(such as Rh). Knowing that electronic effects often govern the
catalytic behavior of PyBox ligands, UV–visible and cyclic voltam-
metry studies were undertaken. Preliminary enantiocatalytic tests
were investigated with ligands 1 and 2 in a model asymmetric
reaction: the enantioselective hydrosilylation of ketones (Fig. 1).
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Figure 1. Multivalent asterisk 1 and model Pybox ligands 2,3.
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Figure 2. UV–visible absorption spectra of 1, 3, and 4 in DMF (10�4 M).
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The synthesis of PyBox asterisk 1 started from the high-yielding
preparation of hexakis(4-methoxyphenylthio)benzene 5 from
sodium p-methoxy-benzenethiolate with hexachlorobenzene
(95% yield).16 It was followed by a deprotection with BBr3 to afford
4 in a 86% yield.17 After preparing 4-chloro-PyBox 3,8d the key-step
couplings of this last compound to hexakis(4-hydroxyphenyl-
thio)benzene 4 smoothly proceeded at 80 �C in anhydrous DMSO
with Cs2CO3 to efficiently provide 1 in an optimized 94% yield
(average yield per coupling: 99%), without the need for a purifica-
tion by column chromatography (Scheme 1).18 Repeated washings
by stirring in EtOH and filtration ensure a good purity which was
ascertained by 1H NMR (600 MHz), 13C NMR, and elemental analy-
sis. A complete substitution was consistent with the NMR data, to
the elemental analysis and to the MALDI-TOF MS spectra, which
indicated a prominent protonated ion at m/z 2618.4, consistent
with the expected monoisotopic dendrimer (Mcalcd: 2617.03
m/z). The facile cleavage of a thioether bond at the core led to some
fragment ion products at m/z 2192.5 and 1767.8, corresponding to
the consecutive losses of one and two PyBox chains. This proposal
was further substantiated in separate post-source decay experi-
ments where these cleavage products were readily observed as
metastable ions.

We next turned our attention to the synthesis of 219 as a model
ligand for evaluating the kinetics and the electronic contribution of
the sulfur-donating substituent. 4-(Isopropylthio)phenol was pre-
pared from the alkylation of 4-methoxythiophenol with 2-bromo-
propane, followed by a deprotection with BBr3. 4-ChloroPyBox 3
then reacted with 4-(isopropylthio)phenol in anhydrous DMSO in
the presence of Cs2CO3 at 80 �C (74% yield).

Because the electronic contribution could strongly modulate
the reactivity of a PyBox ligand, UV–visible studies were under-
taken on 1 in order to qualitatively evaluate a possible electronic
delocalization between the asterisk core and the arms (Fig. 2). After
a comparison of the UV–visible absorption spectra of 3 and 4, the
spectra of 1 indicated a more or less separate electronic contribu-
tion similar to 3 (kmax = 290 and 305 nm) and 4 (kmax = 305 and
340 nm). UV–visible spectra of 3 and 4 were consistent with previ-
ous data for a pyridine ring and for hexakis(phenylthio) benzene,
respectively. In a nut shell, the electronic contribution of the per-
sulfurated benzene core to the PyBox ligand was negligible, which
is in agreement with the similar catalytic reactivity of the asterisk
1 and its model ligand 2 (vide infra).

Cyclic voltammetry studies (DMF, nBu4NPF6) indicated a reduc-
tion potential below �1.7 V (vs SCE), in agreement with published
data on similar systems (such as hexakis(p-methoxyphenylthio)
benzene at �1.69 V vs SCE).16

As shown in Scheme 1, the Rh-precatalysts were prepared by
heating asterisk 1 at 80 �C in EtOH/DMSO (1:1, v/v) in the presence
of RhCl3 until disappearance of the metal salt (about three days for
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Scheme 1. Synthesis of PyBox asterisk 1 and Rh-precatalysts.
ensuring completion), originally seen as a black suspension. The
excellent yields of the precatalysts were in the range of 95–99%
after purification by column chromatography over silica gel.8d

The stoichiometry of RhCl3/asterisk 1 was varied from a molar ratio
of 2:1 up to 6:1. As a model ligand, 2 was also coordinated to RhCl3

using a similar procedure.
Some catalytic studies were then performed using the experi-

mental conditions of Nishiyama et al.8d with its most stable cata-
lytic system having an oxygenated 4-substituted PyBox ligand
(Scheme 2).

The hydrosilylation of acetophenone was achieved with various
sulfurated precatalysts (Scheme 2, Table 1). To our knowledge,
those results with sulfurated PyBox ligands are among the early
ones in the literature. Yields varied from 40% to 70% with only
1% molar ratio of precatalyst/substrate in spite of numerous coor-
dinating sulfur groups. For having some reproducible data, it was
necessary to freshly distill Ph2SiH2. The kinetic data qualitatively
showed that the reaction rates suddenly increased at a threshold
temperature of 16–18 �C with sulfur-containing ligands 1 and 2,
whereas 4-chloroPyBox 3 was already reactive at �5 �C (Table 1,
entry 2; albeit with a moderate yield on a small scale, compared
to the literature data.8d An electron-donating group at the para
position of the pyridine ligand is known to deactivate those reac-
tions.8d However, a donating sulfur group in ligand 2 only partially
repressed the catalytic activities (Table 1, entry 1, 70% yield, 74%
ee, 1 mol% RhCl3) when compared to other donating ligands substi-
tuted by OMe or NMe2 groups.8d Interestingly, only 1% of the poly-
sulfurated precatalyst with PyBox asterisk ligand 1 could provide a
yield close to 60% (Table 1, entry 5) in spite of so many soft metal-
coordinating divalent sulfur atoms.

In Figure 3, a linear relation was found between the molar
ratio of RhCl3/PyBox asterisk 1 and the % ee. The best enantioselec-
tivity was observed at a low Rh content (excess of PyBox groups)
as it was observed by others.8d A projected 1:1 ratio would pro-
vide the highest enantiopurity at about 75% ee. (as for model
[2]�[RhCl3]). If the rhodium content increases, the free sites of
PyBox decrease and it could probably negatively affect the results
O
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Scheme 2. Model reaction under study, reagents and conditions.



Table 1
Asymmetric Rh-hydrosilylation of acetophenone with PyBox ligands 1, 2, and 3

Entry Precatalyst
(mol %)

Acetophenone
(mmol)

Ph2SiH2

(mmol)
Molar ratio
Ph2SiH2/aceto

Silver salt
(mol %)

Temperature
(0 �C)

Time
(h)

Yield
(%)

% eea

1 2�RhCl3 (1%) 0.85 1.34 1.58 AgBF4 (2%) 18 20 70 74
2 3�RhCl3 (1%) 1.83 2.93 1.60 AgBF4 (2%) �5 3 50 86
3 1�[RhCl3]6 (1%) 0.28 0.44 1.57 AgBF4 (12%) 18 22 47 0
4 1�[RhCl3]5 (1%) 0.55 0.87 1.58 AgBF4 (10%) 18 24 40 15
5 1�[RhCl3]4 (1%) 0.29 0.46 1.59 AgBF4 (8%) 18 72 59 32
6 1�[RhCl3]3 (1%) 0.61 1.05 1.72 AgBF4 (6%) 18 24 47 46
7 1�[RhCl3]2 (1%) 0.33 0.52 1.58 AgBF4 (4%) 18 24 50 60
8 1�[RhCl3]2 (5%) 0.26 0.42 1.62 AgBF4 (20%) 18 24 58 59
9 RhCl3 (1% blank

test)
0.96 1.52 1.58 AgBF4 (2%) 18 24 68 0

Isolated yields; all reactions were run in anhydrous THF (dry over Na/benzophenone) with a typical acetophenone concentration of 0.750–1.4 M.
a Determined by 1H NMR of the Moscher ester and confirmed by HPLC analysis (Daicel Chiralcel OD 25 cm � 4.6 mm, hexane/EtOH/diethylamine (94.9:5.01:0.1), detection

at 254 nm).

Figure 3. Modulation of the enantioselectivity according to the Rh content in PyBox
asterisk ligand 1.
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by leaching the metal out of the coordination sphere. A blank
experiment without PyBox 1 (Table 1, entry 9) indicated an
important competing non stereoselective hydrosilylation, which
might be responsible for the decrease of enantioselectivity. Addi-
tionally, a metal coordination of PyBox usually modifies the
skewed polyaromatic conformation to a planar one. In this case,
it could possibly change the topology of the whole multisite cat-
alyst and hence its catalytic behavior. The linear relation rules
out a multivalent or a cooperative effect of the PyBox ligands
in our case.

In summary, we demonstrated an efficient synthesis of a
discrete multivalent PyBox asterisk 1 obtained from an easy
purification. The key step comprised six consecutive couplings of
4-chloro-PyBox 3 to 4 in a 94% yield. The characterization and
the electronic properties of 1 were determined by NMR, MALDI-
Tof MS, UV–visible, cyclic voltammetry, and elemental analysis.
The catalytic behavior of sulfurated PyBox ligands 1 and 2 indi-
cated that single or multiple divalent sulfur donating ligands did
not repress so much the catalyst activity. The first transition
metal-catalyzed reaction with a persulfurated aromatic compound
was shown. Even if the chosen enantioselective reaction did not
allow us to fully appreciate a multivalent effect of 1, some funda-
mental questions were raised concerning the modulation of the
catalyst activity according to its metal content. Additionally, ligand
1 opens the door to other multivalent ligands with various metal
and lanthanide salts. The effects of multivalency and multiple sul-
fur donor ligands were not previously investigated in PyBox chem-
istry but it could lead to other interesting chiral organometallic
supramolecular architectures, to stabilized chiral metallic nano-
particles or to some metal sensors, with UV–visible or electro-
chemical detection.
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