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Abstract: The potentialities of sulfobutyl ether-b-
CDs derivatives as supramolecular carrier in a bipha-
sic Tsuji–Trost reaction catalyzed by a water-soluble
palladium complex of trisulfonated triphenylphos-
phine have been investigated. The efficiency of these
cyclodextrins (CDs) strongly depends on the average
molar substitution degree of cyclodextrin and the
highest rate enhancements were obtained with cyclo-
dextrins containing about 7 sulfobutyl ether groups.
This result was attributed to the absence of a strong
interaction between this cyclodextrin and the trisul-
fonated triphenylphosphine used to dissolve the cat-
alyst in the aqueous phase and to the presence of an
extended hydrophobic cavity allowing a better mo-
lecular recognition between the substrate and the cy-
clodextrin. This constitutes the first example of a
non-interacting b-cyclodextrin/phosphine couple
with high catalytic activities.

Keywords: aqueous catalysis; cyclodextrins; mo-
lecular recognition; palladium; phosphanes

In the field of aqueous phase organometallic catalysis,
the cyclodextrins (CDs) are used to increase the mass
transfer between organic and aqueous phases.[1] Indeed,
by forming a host/guest complex with the water-insolu-
ble substrate (S) at the liquid/liquid interface, CDs
transfer the substrate into the aqueous phasewhere it re-
acts with the water-soluble organometallic catalyst. Af-
ter reaction, the product (P) is released in the organic
phase and the transfer cycle can go on (Figure 1).

The efficiency of this process strongly depends on the
nature of the CD. So, methylation or hydroxyalkylation
of the hydroxy groups of b-CD gives rise to the most ef-
ficient CD in terms of rate enhancement.[2]

In these CD-mediated reactions, it is established that
the sodium salt of the trisulfonated triphenylphosphine

[TPPTS, P(C6H4SO3Na)3] used to dissolve the catalyst in
the aqueous phase can be deeply included in the host
CDs cavity by the secondary face.[3] The formation of
such inclusion complexes can induce a modification of
the catalyst structure and the poisoning of theCD in par-
ticular experimental conditions.[4] To circumvent these
drawbacks, the use of chemically modified a-CDs has
been recently proposed. Indeed, these CDs possess a
cavity that is too small to include the phenyl ring of a sul-
fonated triphenylphosphine and, consequently, the for-
mation of inclusion complexes was not observed.[5]

However, the use of b-CD derivatives is highly desirable
for the development of an economically viable and at-
tractive process. In particular, the cost of native a-CD
is notably higher than that of native b-CD because of
their lower production yield.[6]

In this context, we have focused our attention on neg-
atively charged b-CD derivatives. The electronic repul-
sion between the anionic group of the CD and the sulfo-
nate groups of the water-soluble phosphine is expected
to impede the formation of inclusion complexes.Among

Figure 1. Principle of the aqueous organometallic catalysis
mediated by chemically modified cyclodextrins (CDs). CDs
are annular molecules comprised of 6, 7 or 8 glycosyl units.
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the common anionic CD derivatives, namely carboxy-
methyl-b-CDs, sulfated b-CDs and sulfobutyl ether-b-
CDs, the latter are particular promising candidates. In-
deed, the randomly sulfobutyl ether-b-CDs (SBE-b-
CD) are water-soluble in a broad pH range and studies
suggest that these CDs are very effective complexing
agents for neutral organic molecule as the charge is
spaced away from the CD cavity by neutral spacer
groups.[7] In particular, SBE-b-CD with an average mo-
lar substitution degree of 7 for the sulfobutyl ether group
has a high intrinsic aqueous solubility (>50% w/v) and
exhibits binding capacities comparable to its b-CD pa-
rent.[8] Moreover, the SBE-b-CDs are commercially
available in multi-kilogram quantities and have found
industrial applications in drug formulation, cosmetics
and as chiral selectors for the separation of enantiom-
ers.[9]

In this paper, the behaviour of sulfobutyl ether-b-CDs
in aqueous organometallic catalysis has been investigat-
ed. Firstly, we have studied by NMR, UV-vis spectrosco-
py and molecular modelling the interactions between
the TPPTS and randomly sulfobutyl ether-b-CDs in
which the average substitution degree is 1, 4 and 7 for
the sulfobutyl ether group (SBE1-b-CD, SBE4-b-CD,
SBE7-b-CD, respectively, see Figure 2).

Secondly, the efficiency of SBE-b-CDs as mass trans-
fer promoters has been examined in a Tsuji–Trost reac-
tion catalyzed by a palladium/TPPTS system.[10]

The interaction between the SBE-b-CDs and the
TPPTS ligand was firstly investigated by 1H NMR spec-
troscopy (Figure 3).

No important chemical shift was detected for TPPTS
andSBE7-b-CDwhen theyweremixed together, contra-
ry towhatwas observedwith SBE1-b-CDorSBE4-b-CD.
The same behaviour was evidenced by 31P{1H} NMR
spectroscopy. Consequently, it appears that the affinity
of TPPTS for SBE-b-CDs clearly depends on the substi-
tution degree of the latter. The more they are substitut-
ed, the weaker are the interactions between them and
TPPTS.

The apparent association constants of these adducts
were evaluatedby a competitionmethodwithmethyl or-
ange (MO) from UV-vis spectroscopic data.[11] An in-
crease of absorption was detected when TPPTS is added
to SBE-b-CD/MO solutions, thus illustrating the expul-
sion of MO from the CD cavity upon inclusion of
TPPTS. This enhancement decreases in the order
SBE1-b-CD>SBE4-b-CD> >SBE7-b-CD, confirming
that the TPPTS/CD adduct is more stable with less sub-
stituted SBE-b-CD. The apparent association constant
values were found to be 790�70 M�1, 220�30 M�1

and 21�7 M�1 for SBE1-b-CD, SBE4-b-CD and SBE7-
b-CD, respectively. These values are notably lower
than that found for the TPPTS/b-CD inclusion complex
(1200 M�1 at 298 K), confirming the detrimental effect
of the sulfobutyl arms of the CD.[3]

In order to determine whether these 1 :1 adducts are
true inclusion complexes or adducts resulting from ex-
ternal interaction phenomena, two-dimensional T-RO-
ESY experiments have been performed. Indeed, dis-
crimination between inclusion complexes and adducts
is possible on the basis of the presence or absence of in-
teraction between the protons located inside the cavity
(H-3 and H-5) and the guest. The T-ROESY spectrum
of an SBE1-b-CD/TPPTS mixture (1 :1) proves un-
doubtedly the formation of true inclusion complexes be-
tween SBE1-b-CD and TPPTS (Figure 4).

Indeed, the strong interactions observed between the
protons of TPPTS and the inner protons H-3 and H-5 of
SBE1-b-CD indicate that one of the sulfonated phenyl
groups of TPPTS is included inside the SBE1-b-CD
host cavity. Thepartial T-ROESYspectrumof a solution
containing a 1 :1 mixture of SBE4-b-CD and TPPTS is
different from that obtained with SBE1-b-CD (Fig-
ure 5).

Indeed, no intense correlation peaks were observed
between the internal protons of the cavity and the
TPPTS, indicating that the TPPTS did not penetrate in-
side the cavity of the CD. Only an interaction between
TPPTS and the H-7 protons of the methylene group di-
rectly connected to the CD occurred. The absence of
contact between the H-8, H-9 and H-10 protons and
the TPPTS implies the spacing of the sulfobutyl arms
as the petals of an opening flower. Such an association
is characteristic of an adduct and cannot be considered
as a true inclusion complex.

Finally, T-ROESYexperiments on a solution contain-
ing a 1 :1 mixture of SBE7-b-CD derivatives and TPPTS

Figure 2. Description of randomly sulfobutyl ether-b-cyclo-
dextrins (SBE-b-CDs).

Figure 3. 1H NMR spectrum of TPPTS (3 mM) in D2O at
25 8C (a) without cyclodextrin; (b) in the presence of SBE1-
b-CD (3 mM); (c) in the presence of SBE4-b-CD (3 mM)
and (d) in the presence of SBE7-b-CD (3 mM).
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Figure 4. Partial contour plots of the T-ROESY spectrum of equimolar solutions of TPPTS and SBE1-b-CD (10 mM) in D2O at
25 8C with a 300 ms mixing time.

Figure 5. Partial contour plots of the T-ROESY spectrum of equimolar solutions of TPPTS and SBE4-b-CD (10 mM) in D2O at
25 8C with a 300 ms mixing time.
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were also performed. No cross-peaks could be observed
suggesting that no inclusion compound or adduct was
formed with this CD. This result was fully supported
by a molecular modelling study conducted with an
SBE7-b-CD isomer where three sulfobutyl arms are
grafted on the primary side of b-CD and four on the sec-
ondary side. Indeed, when the TPPTS is docked into this
SBE7-b-CD isomer from its secondary face, the total en-
ergy increases continuously so that no true inclusion
compound may be formed (Figure 6).

The differences in theMM3 energetic components be-
tween the free species and the most included conforma-
tion (before overlap between the van der Waals spheres
of host and guest) showed that the sulfobutyl arms pre-
vent the TPPTS inclusion by electrostatic repulsion (dif-
ference of 366.1 kcal/mol in favour of the free species).
In contrast, the van der Waals term is favourable (differ-
ence of 21.5 kcal/mol in favour of the inclusion com-
pound).Amore accurate representation of the inclusion
in aqueous medium was given by the AM1 Hamiltonian
coupled with the COSMO simulation of water. As ex-
pected, the complex is not stabilized since the energetic
difference corresponds to 49.8 kcal/mol in favour of the
free species. Thus, the destabilizing effect of seven sulfo-
butyl arms is sufficient to dissociate the CD/TPPTS
complex.

In this second part of this study, the efficiency of SBE-
b-CDs as mass transfer promoters has been examined in
a Tsuji–Trost reaction catalyzed by a palladium/TPPTS
system with the water-insoluble allyl undecyl carbonate
as substrate and diethylamine as allyl scavenger.[12] Fig-
ure 7 displays the influence of the SBE-b-CDs on the
relative reaction rate for different CD/TPPTS ratios.
The relative reaction rate was defined as the ratio be-
tween the initial catalytic activity in the presence of
CD and the initial catalytic activity without CD.

For CD/TPPTS ratios inferior to 1, no significant im-
provement was detected with the SBE1-b-CD and the
SBE4-b-CD derivatives. In contrast, a slight increase in
the reaction rate could be measured under the same cat-
alytic conditions for the SBE7-b-CD derivative. These

results can be easily rationalized by considering a poi-
soning of the SBE1-b-CD and SBE4-b-CD cavities by
the TPPTS and the absence of an interaction between
SBE7-b-CD and TPPTS. Indeed, as the TPPTS is in ex-
cess towards CD, the cavity of SBE1-b-CD and SBE4-
b-CD derivatives is partially occupied by the TPPTS
and unavailable to transfer the substrate into the aque-
ous phase. In the case of the SBE7-b-CD, the cavity is
free and can transfer more efficiently the substrate.
However, the rate increase remained verymodest owing
to the low concentration of mass transfer promoter. For
CD/TPPTS ratios superior to 1, all SBE-b-CD deriva-
tives allowed an increase of the reaction rates. Indeed,
uncomplexed SBE-b-CDs were always available in the
medium to transfer the substrate as the SBE-b-CD de-
rivatives are in excess towards TPPTS. However, the
rate increase was much more marked with SBE4-b-CD
and SBE7-b-CD than with SBE1-b-CD (38 and 54 for
SBE4-b-CD and SBE7-b-CD, respectively, vs. 6 for the
SBE1-b-CD at CD/TPPTS ratio of 2). Moreover, it
must be pointed out that the SBE4-b-CD and SBE7-b-
CD derivatives enhance similarly the reaction rates for
CD/TPPTS ratios superior to 1 and this increase is
much more important than in the case of the SBE1-b-
CD. Consequently, it seems that the presence of several
sulfoalkyl ether arms on the CD improves the ability of
the CD to transfer the substrate into the aqueous phase.
In so far as the SBE-b-CDs derivatives have no surface
active properties, the higher efficiency of SBE4-b-CD
and SBE7-b-CD derivatives could be attributed to their
capacity to accommodate more easily the substrate in
the cavity. This higher binding ability towards allyl un-
decyl carbonate is likely in connection with the presence
of an extended hydrophobic cavity in these host com-
pounds.[7,8] Unfortunately, we have not been able to ver-
ify this assumption as all attempts to determine the asso-
ciation constants of SBE-b-CD derivatives with the allyl
undecyl carbonate have failed. However, this assump-
tion is fully supported by data reported in the litera-
ture.[8]

Figure 6. Docking results for the SBE7-b-CD/TPPTS system (MM3 total energy as a function of the host/guest distance). The
most included conformation (before overlap between the van der Waals spheres of host and guest) is illustrated by stick mod-
els and van der Waals surfaces.
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In conclusion, this work has demonstrated that attach-
ment of several sulfobutyl arms on the b-CD reduces the
affinity of the cyclodextrin for the TPPTS ligand and in-
creases its carriers properties. The highest rate enhance-
ments were obtained with cyclodextrins containing
about 7 sulfobutyl ether groups. This constitutes the first
example of a non-interacting b-cyclodextrin/phosphine
couple with high catalytic activities. Experiments are
currently under way to study the behaviour of this prom-
ising CD in other biphasic transition metal-catalyzed re-
actions.

Experimental Section

General Methods

The 1H and 31P NMR spectra were recorded at 300.13 and
121.49 MHz on a Bruker Avance DRX, respectively. 1H and
31P{1H} chemical shifts are given in ppm relative to external ref-
erences: sodium3-(trimethylsilyl)propionate-d4 (98%atomD)
in D2O for 1H NMR and H3PO4 in H2O for 31P{1H} NMR. The
2D T-ROESY experiments were run using the software sup-
plied by Bruker. Mixing times for T-ROESY experiments
were set at 300 ms. The data matrix for the T-ROESY was
made of 512 free induction decays, 1 K points each, resulting
from the co-addition of 32 scans. The real resolution was

1.5–6.0 Hz/point in F2 and F1 dimensions, respectively. They
were transformed in the non-phase-sensitive mode after
QSINE window processing. Gas chromatographic analyses
were carried out on a Shimadzu GC-17A gas chromatograph
equipped with a methyl silicone capillary column (25 m�
0.25 mm) and a flame ionization detector (GC:FID). UV-Visi-
ble spectrometry was performed with a UV-Visible Perkin El-
mer Lambda 2S spectrometer. The temperature of the 10 mm
cell was kept constant at 298 K by means of a thermostatted
bath.

Materials

D2O (99.95% isotopic purity) was obtained from Merck. Palla-
diumacetatewas purchased fromAldrich. Tris(3-sodium sulfo-
natophenyl)phosphine [TPPTS, P(m-C6H4SO3Na)3] was syn-
thesized as reported by GSrtner et al.[13] The purity of the
TPPTSwas carefully controlled. In particular, 31P{1H}NMR in-
dicated that the product was a mixture of the phosphine (ca.
98%) and its oxide (ca. 2%). The SBE-b-CD derivatives were
prepared according to the general procedure of Stella and Ra-
jewski.[14]

Association Constant

The apparent association constants were evaluated by a com-
petition method with methyl orange (MO) from UV-Vis spec-

Figure 7. Relative reaction rate vs. [CD]/[TPPTS] ratio. Pd(OAc)2 (0.044 mmol), TPPTS (0.401 mmol), required amount of
SBE-b-CD, water (2 g), allyl undecyl carbonate (1.12 mmol) and diethylamine (2.24 mmol), T 20 8C. The relative reaction
rate was defined as the ratio between the initial catalytic activity in the presence of cyclodextrin and the initial catalytic activity
without cyclodextrin. The initial catalytic activity without cyclodextrin is 1.4 mmol/h (reference).

Sulfobutyl Ether-b-Cyclodextrins UPDATES

Adv. Synth. Catal. 2005, 347, 1301–1307 asc.wiley-vch.de I 2005 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 1305



troscopic data.[11] UV-Vis spectra were used in their derivative
form, in order to avoid any spectral influence of diffraction
phenomena. Spectra were recorded between 520 and 530 nm,
a region which does not correspond to the absorption maxima
of MO but which gives rise to an optimal difference between
free and complexed species, and thus to enhanced quantitative
results. MO and SBE-b-CD concentrations were fixed respec-
tively to 0.1 mM and 0.5 mM. The TPPTS concentration was
varied between 1 mM and 10 mM. The determination was re-
peated three times for each inclusion compound.Apparent for-
mation constants were calculated by means of an algorithmic
treatment described elsewhere, assuming a 1 :1 stoichiome-
try.[11] This assumption may be considered as valid if calculated
stabilities are identical for varying TPPTS concentration.

Molecular Modelling

All calculations were realized using CAChe integrating MM3
force field and AM1 Hamiltonian. Conjugate gradient was
used for each minimization, with a convergence fixed to
0.001 kcal/mol. Prior to docking, the TPPTS structure was de-
fined manually and minimized on the basis of the AM1 Ham-
iltonian. The SBE7-b-CD structure was obtained by grafting
seven sulfobutyl arms on a non-distorted monomeric b-cyclo-
dextrin withC7 symmetry. Such a conformation has been chos-
en since theC7 symmetry corresponds to the average structure
of b-CD, even if this average is consecutive to successive struc-
tures which are more or less distorted. According to mean
NMR results, three sulfobutyl arms were grafted on the pri-
mary side of b-CD and four on the secondary side. The ob-
tained structure only corresponds to one isomer of the SBE7-
b-CD mixture but it should be representative of the hindrance
induced by the presence of sulfobutyl arms. The docking was
then studied on the basis of MM3 force field, by moving
(with a 1A step) one of TPPTS H-o atoms on the symmetry
axis of the cyclodextrin cavity, by means of dummy atoms.
The cyclodextrin cavity was kept fixed during the docking ex-
periment, in order to concentrate the conformational search
on the relative positions of host and guest. The excluded and
included structures extracted from the docking experiment
were finally studied in solvated state, by minimizing these con-
formations with the use of AM1 and COSMO simulation of
water.

General Procedure for the Catalytic Experiments

Pd(OAc)2 (0.044 mmol; 10 mg), TPPTS (0.401 mmol; 228 mg),
water (2 g) and the required amount of cyclodextrin deriva-
tives were introduced under a nitrogen atmosphere into a
Schlenk tube. After stirring with a magnetic bar for 1 h, the yel-
low solution was transferred into a mixture of allyl undecyl car-
bonate (1.12 mmol), diethylamine (2.24 mmol) and heptane
(2 g). The medium was stirred at 1000 rpm at room tempera-
ture and the reaction was monitored by quantitative gas chro-
matographic analysis of the organic layer.
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