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ABSTRACT: Cooperativity has been implicated to explain the catalytic performances of
cyclodextrin-substituted polymers in aqueous rhodium-catalyzed hydroformylation of 1-
hexadecene, thus opening the door to the transformation of very hydrophobic substrates in
aqueous biphasic catalysis by supramolecular means.
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Multivalency and cooperativity are currently hot topics in
chemistry and biology.1−3 While multivalency is mainly

related to the increase in binding strength resulting from
additive interactions, cooperativity assesses the influence of the
binding of one ligand on the receptor’s affinity toward further
binding interactions.4−7 The implication of multivalency and
cooperativity in many chemical and biological processes
prompted researchers to imagine novel systems where at least
one of these two concepts is expressed.8−15 In this context,
polymers recently proved to be promising materials because of
their multivalent binding properties. For example, cooperativity
has been clearly demonstrated (i) by incorporating supra-
molecular binding sites into flexible polymers,16 (ii) for W- and
M-type multivalent polymers in adsorption and colloidal
stabilization,17 and (iii) on the activity of a hydrolytic kinetic
resolution of epichlorohydrin using a CoIII-salen polymer brush
architecture.18 We recently reported that cyclodextrin (CD)-
dimers are effective mass transfer promoters to convert long
alkyl-chain substrates in aqueous biphasic catalysis.19 On the
basis of these findings, we anticipated that a CD-based polymer
structure could be even more effective to supramolecularly
recognize such substrates through multivalency. CD-based
polymers have already been the subject of intense investigations
during the past ten years.20−26 However, no study has been
devoted to their application in aqueous biphasic catalysis.
Herein we report on the synthesis of novel CD-substituted

polymers and their catalytic application in aqueous Rh-
catalyzed hydroformylation. This reaction is currently the
most successful industrial application using a biphasic catalytic
system and enables the conversion of lower olefins into
butyraldehydes to access surfactants, detergents, or lubricants.27

The synthesis of the CD-based polymers was implemented in
several steps as described in Scheme 1. Once the N-acryloyloxy
succinimide (NAS) monomer was synthesized,28 Atom Trans-
fer Radical Polymerization (ATRP)29 produced size-controlled
poly(N-acryloyloxysuccinimide) (polyNAS) with narrow mo-
lecular weight distributions around 1.2 (Supporting Informa-
tion). Subsequent reactions with first the monoamino randomly
methylated β-CD (RAME-β-CD-NH2, 1), then ethanolamine
in DMF at 60 °C gave the desired water-soluble polymers 2−8
in good recovery yields (80−85%). Introduction of hydrox-
yethyl groups on the polymer chain ensured its solubility in
water. The CD units were randomly incorporated into the
polymer chain.
Throughout this synthetic strategy, the length of the polymer

chain and the number of CDs per chain could be accurately
controlled. However, no more than one out of two monomers
units could be substituted by 1. Attempts to reach higher CD-
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substitution degree than 50% failed probably because of the
steric hindrance resulting from the bulky CD structure.
Polymers 2−8 have been characterized by NMR and size
exclusion chromatography (SEC). As an example, Figure 1

shows the SEC chromatograms for 1, 8, and the polyNAS chain
from which it was derived. All the synthesized polymers were
highly water-soluble (up to 800 g/L at 20 °C). They were all
surface-active as clearly demonstrated by surface tension
measurements (Figure 2). Actually, when compared to pure
water, a significant decrease in γ was observed (from 72 to 50−
60 mN·m−1, respectively). This decrease is particularly
noteworthy considering that the CD-substitution rate on the
polymer chain was low. None of the synthesized polymers
showed any critical micellar concentration within the studied
concentration range (from 4 × 10−3 to 30 × 10−3 mol/L).
The catalytic performance of 2−8 was evaluated in aqueous

Rh-catalyzed hydroformylation of 1-decene (9) and 1-
hexadecene (10) under 50 bar CO/H2 at 80 °C (Table 1).
For all experiments, the CDs molar amount was kept constant.

More precisely, the β-CD-functionalized polymer amounts have
been adjusted for each run to match the RAME-β-CD quantity
used for the blank run (equal number of CDs available in the
aqueous medium). Control experiments confirmed that RAME-
β-CD can be used as mass transfer promoter in this reaction

Scheme 1. Synthesis of β-CD-Functionalized Polymers 2−8

Figure 1. SEC chromatograms of 1, 8, and the polyNAS chain from
which it was derived. Recorded in DMF (+ LiBr, 1 g/L) at 60 °C.

Figure 2. Surface tension as a function of the CD concentration for
RAME-β-CD and polymers 3−8 in water at 20 °C.

Table 1. Catalytic Performance of RAME-β-CD and β-CD-
Functionalized Polymers 2−8 in Rh-Catalyzed
Hydroformylation of 9 and 10a

run S additive t (h) conv. (%)b sel. (%)b l/bb

1 9 6 10 59 2.8
2 9 RAME-β-CD 1 80 96 1.9
3 9 RAME-β-CD 6 100 95 1.8
4 9 RAME-β-CD+2c 1 79 96 1.9
5 9 RAME-β-CD+2d 1 43 97 1.6
6 9 3 1 14 98 1.8
7 9 4 1 39 93 1.8
8 9 5 1 52 91 1.9
9 9 6 1 70 88 2.0
10 9 7 1 74 87 2.0
11 9 8 1 74 88 2.2
12 10 6 6 30 2.5
13 10 RAME-β-CD 1 36 65 1.6
14 10 RAME-β-CD 6 74 64 1.2
15 10 RAME-β-CD+2c 6 47 38 1.7
16 10 RAME-β-CD+2d 1 1 44 1.4
17 10 3 1 42 46 2.1
18 10 4 1 55 46 1.8
19 10 5 1 67 50 2.1
20 10 6 1 81 61 1.8
21 10 7 1 80 62 2.1
22 10 8 1 81 64 2.1
23 10 8 3 100 64 1.9

aCatalytic conditions: substrate (1.63 mmol), Rh(CO)2(acac) (3 mg,
0.012 mmol), TPPTS (33 mg, 0.058 mmol), additive (calculated for
0.116 mmol equiv. CDs), 6 mL of H2O, 80 °C, 50 bar CO/H2.
bDetermined by GC for 9 and by NMR for 10. cMass of 2 adjusted to
match polymer main chain and hydroxyethyl groups of 7. dMass of 2
adjusted to match polymer main chain and hydroxyethyl groups of 3.
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(Table 1, runs 2, 3, 13, and 14). Actually, its adsorption ability
at the aqueous/organic interface allowed for the molecular
recognition of the substrate and its subsequent reaction with
the water-soluble catalyst. With CD-substituted polymers, the
catalytic performances were greatly dependent upon both the
substrate alkyl-chain length and the CD substitution rate on the
polymer chain. The activity and chemo-selectivity were
especially impacted while the regioselectivity (l/b ratio)
remained virtually constant (ranging from 1.8 to 2.3). Two
main effects accounted for the catalytic results, one related to
the substrate alkyl chain length and the other to the nature of
the polymers. Let us first examine the behavior of 9 through the
prism of the surface activity of polymers 2−8. First, the impact
of increasing amounts of 2 regarding the surface tension γ at
the water−air interface has been evaluated. A regular decrease
in γ was observed when increasing the concentration of 2
(Supporting Information). Yet, whatever its concentration, 2
proved inappropriate when mixed with RAME-β-CD (0.027
mM) to improve the catalytic activity in hydroformylation of 9
(Table 1, runs 4 and 5). This suggests that 2 disfavored RAME-
β-CD adsorption at the aqueous/organic interface. Polymer 3
also proved ineffective to convert 9 while its impact on the
surface tension was high (Figure 2). This clearly indicated that
the tensiometric properties of the polymer were not responsible
for the catalytic performances. The results have better been
interpreted in terms of interface shielding. As the main chains
of 2 and 3 were mostly adsorbed at the interface, reaching the
interface was then more difficult for CDs. An illustration of this
shielding effect is given in Scheme 2a. The hydrophobic

polymer chain was oriented toward the organic phase thus
preventing the CD/substrate molecular recognition. Oppo-
sitely, the surface activities of high CD-substituted polymers
such as 7 and 8 were very close to that of RAME-β-CD,
indicative of a similar ability to adsorb at the aqueous/organic
interface. In fact, increasing the CD-substitution rate yielded
polymer chains surrounded by CDs (Scheme 2b).
The shielding effect of the polymer main chain being

reduced, 9 could be more readily recognized by the CD cavity
and converted into aldehydes. The catalytic performances of
RAME-β-CD could even almost be achieved using 7 or 8 as

mass transfer promoters (80% vs 74% conv., respectively). As 9
is well-known to perfectly fit the cavity of only one CD,30 each
CD covalently attached to a polymer chain acted as RAME-β-
CD did, suggesting that no multivalent processes took place
whatever the number of CDs per polymer chain. The
conversion variation depicted in Figure 3a was illustrative of

the CD-substitution effect. The CD-substitution rate also
slightly impacted the chemoselectivity (Table 1, runs 6−11)
and found expression in the lower affinity of 9 toward the CD
cavities of high-CD-substituted polymers. Actually, in that case,
the substrate alkyl chain was probably less included within the
CD cavity and the terminal CC double bond could
competitively undergo Rh-catalyzed isomerization.
Compound 10 behaved very differently as it could not be

properly recognized by a single CD cavity. Thus, 10 combined
the disadvantage of a higher insolubility than 9 in water and the
need for a larger hydrophobic pocket for the recognition
process to take place at the interface. The use of CD-
substituted polymers could overcome these two drawbacks. As
such, Figure 3b was very illustrative of the impact of CD-
substituted polymers 3−8 toward 10. A mixture of RAME-β-
CD and large amounts of 2 (which does not bear any CD
moiety) proved especially ineffective (Table 1, runs 15 and 16)
and confirmed the above results regarding the shielding effect.
The low CD-substituted polymer 3, for its part, led to a
conversion hardly better than that obtained using RAME-β-CD
(Table 1, runs 13 and 17). On the contrary, high-multivalent
CD-based polymers were much more effective than RAME-β-
CD in terms of catalytic activity to convert 10 into aldehydes.
For instance, 81% of 10 was converted within 1 h using 6
(Table 1, run 20) whereas 6 h were necessary to convert 74% of

Scheme 2. (a) Shielding Effect of Low-Multivalent CD-Based
Polymers and (b) Enhanced Molecular Recognition of High-
Multivalent CD-Based Polymersa

aHydroxyethyl groups have been removed for clarity.

Figure 3. Conversion of 9 (a) and 10 (b) as a function of the CD
substitution degree on the polymer chains. Conversions obtained
without any mass transfer promoter and with RAME-β-CD have been
added for clarity.
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10 using RAME-β-CD (Table 1, run 14). It thus appeared that
high CD-substituted polymers were required for a long alkyl-
chain substrate to be efficiently transferred from the organic
phase to the water-soluble Rh-catalyst. This result clearly
originated from multivalent molecular recognition processes. As
the alkyl chain of 10 was too long to be properly recognized by
only one CD cavity, two close-in-space CDs contributed to
improve the recognition process by multivalency. Conse-
quently, increasing the number of CDs per polymer chain
logically led to a higher conversion rate. The substrate being
more available at the aqueous/organic interface, its conversion
into aldehydes was then greatly enhanced. Note that there was
no need to unnecessarily substitute the polymer chain by too
many CDs as a plateau was already reached for a CD-
substitution rate of 33% (Figure 3b). The chemoselectivity
variation observed for 10 corroborated the above findings.
Contrary to what was observed for 9, increasing the number of
CDs per polymer chain resulted in an increase in aldehyde
proportions (Table 1, runs 17−23). Here again, the explanation
lies in the better molecular recognition existing between 10 and
high CD-substituted polymers. While the vicinity of several
CDs had a detrimental effect on the molecular recognition of 9
in terms of chemoselectivity (see above), two close-in-space
CDs grafted on a polymer chain acted as a hydrophobic
protecting pocket into which the substrate could slip, thus
orienting the reaction preferentially to the CC hydro-
formylation rather than to internal isomerization. This
observation was confirmed by volatility measurements that
showed the volatility reduction with the CD-based polymers to
be significantly higher for 10 than for 9 (Supporting
Information). This unambiguously demonstrated the higher
affinity of 10 for the high CD-substituted polymers.
Finally, it is important to note that cooperativity was

operative in this system. Indeed, the three fundamental criteria
recently set forth by Ercolani and co-workers have been
validated.3 First, RAME-β-CD allowed for an evaluation of the
single isolated interaction (the reference). Second, a non-
cooperative model (3) where each CD behaved independently
of the others showed similar catalytic performances than the
reference. Third, the positive deviation (Figure 3b) observed
with the CD-substituted polymers 4−8 was an unambiguous
mark of cooperativity.
In summary, we showed that size-controlled CD-function-

alized polymers are powerful tools to overcome mass transfer
limitations in biphasic systems by supramolecular means.
Additionally, the results of this structure−activity investigation
have provided compelling evidence that positive cooperativity
was operative in this catalytic system, thus encouraging the
elaboration of even more effective polytopic receptors for
aqueous organometallic catalysis.
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