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Interfacing sugar-based surfactant micelles and Cu
nanoparticles: a nanoreactor for C-S coupling reactions in
water

A simple and sustainable synergistic catalytic protocol

by interfacing sugar-based surfactant GluM and Cu,O
nanoparticles was developed for C-S coupling reactions in
water. The newly designed sugar-based surfactant GluM
was synthesized by the condensation of amine-terminated
polyether M2070 with the glucose and the PEG chain was
introduced to stabilize the nanoparticles. Cu,O nanoparticles
were formed by the in-situ reduction of copper salt in the
agueous solution of sugar-based surfactant. The interactions
between nanomicelles and Cu,O NPs to reinforce the
micellar effect were revealed.
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A simple and sustainable synergistic catalytic protocol by interfa-
cing nanomicelles and metal nanoparticles (MNPs) is reported for
C-S coupling reactions in water. The sugar-based surfactant GluM
was synthesized by introducing a PEG chain to stabilize MNPs and
self-assembled to form nanomicelles. Cu,O nanoparticles were
generated via in situ reduction of copper salt in an aqueous solu-
tion of the sugar-based surfactant. The nature of the interaction
between nanomicelles and Cu,O nanoparticles was revealed by
XPS, XRD, in situ IR, TEM, and *H NMR. A broad substrate scope
with moderate to excellent yields was documented and the re-
cycling of the GluM/Cu aqueous mixture was surprising.

Introduction

Nature has been optimizing various biochemical reactions in
water for billions of years." Although water is considered an in-
expensive, economical, safe, non-toxic, and sustainable solvent,
its use in the chemical and pharmaceutical industries is often
limited by the immiscibility of the reactants.>™* Therefore,
amphiphilic molecule-mediated aqueous-organic reactions
employing water as a solvent, such as micellar catalysis®® and
vesicular catalysis,'”'" have been developed by Kobayashi,"**?
Uozumi,'* Lipshutz,">>' Handa,”*>! and others.>>>®* The
hydrophobic pockets in the self-assembled nanoreactor of
amphiphilic molecules hold the oleophilic substrates together
to “dissolve” them in water. Particularly, micellar catalysis that
involves a nanoreactor for hydrophobic substances is attracting
significant attention. Compared with commercially available

“School of Chemical and Material Engineering, Jiangnan University, Wuxi,

P.R. China. E-mail: Ixm@jiangnan.edu.cn

bKey Laboratory of Biomass Chemical Engineering of Ministry of Education,

Zhejiang University, Hangzhou, P.R. China

Zhejiang Provincial Key Laboratory of Advanced Chemical Engineering Manufacture
Technology, College of Chemical and Biological Engineering, Zhejiang University,
Hangzhou, P.R China. E-mail: szhou@zju.edu.cn

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1gc01659h

6322 | Green Chem., 2021, 23, 6322-6329

&b Weili Song,? Xi He,? Jinguo Yang,® Chao Qian,

¢ Shaodong Zhou (2 *©

surfactants, newly designed surfactants like TPGS-750-M,>°7*
FI-750-M,>'2*%* and PTS**® are of higher universality and
thus suitable for various organic reactions in water. Although
enormous achievements in micellar catalysis have been made
in recent years, the concept of using metal nanoparticles
(MNPs) in micellar catalysis in water is still in its infancy.*
Recently, MNP-catalyzed Suzuki-Miyaura,**** Sonogashira,**
Buchwald-Hartwig,** Mizoroki-Heck coupling,*> and reduction
reactions”®™*® have been reported to proceed successfully under
mild conditions via micellar catalysis. Moreover, the “nano-to-
nano” effects, where nanomicelles can house and deliver sub-
strates to MNPs, are proposed. Such efficient catalytic activity
originates from the synergistic effect between nanomicelles and
MNPs: (i) a high concentration of substrates is enriched in
nanomicelles, (ii) MNPs (e.g. Pd, Cu and Ni) are stabilized by
the hydrophilic polyethylene glycol (PEG) chain outside nanomi-
celles, and (iii) the substrates enriched in nanomicelles are deli-
vered to the metal catalyst. The above phenomenon of needle-
like or rod-like MNPs associated with spherical micelles has
been observed by cryo-TEM analysis. Despite the high catalytic
efficiency of MNP-containing micellar catalysts, the preparation
of MNPs is generally complicated.*”**">® For example, Pd NPs
were obtained by reducing Pd(OAc), with NaBH, in aqueous
TPGS-750-M at room temperature.>® Similarly, Fe-based MNPs
were prepared through the reduction of FeCls, that either natu-
rally contains Pd or is externally doped with metal salts at the
ppm level in the presence of a ligand, with Grignard’s reagent
(e.¢. MeMgCl, MeMgBr) in THE.*® Nevertheless, it is always chal-
lenging and interesting to explore green, sustainable and simple
protocols for the preparation of MNPs.

On a different note, C-S coupling catalyzed by transition
metals,”® especially Cu,”” ®° continues to attract much atten-
tion, as the C-S bond constitutes the functional motif of
various biological and pharmaceutical compounds.®*
Furthermore, MNP catalysis in aqueous micelle solution for
the formation of the C-S bond is regarded as the next step for
sustainable catalysis.®® In 1995, Suzuki et al®® reported for
the first time the copper-catalyzed coupling of sulfinate

This journal is © The Royal Society of Chemistry 2021
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salts with aryl halides to prepare sulfones. Various ligands,
such as diamine,®® proline,** 1,10-phenanthroline® and
p-glucosamine,’® have been developed. However, these systems
still rely on harmful and unrecoverable organic solvents like
DMSO and DMF. In 2019, we reported sugar-based surfactants
with a glucose or lactose unit as the hydrophilic head; these
surfactants were designed as the ligand and micelle construc-
tor for C-S coupling in water.”> What remained to be explored
is the recycling of the copper catalyst as well as the effect of
MNPs on catalysis. As green and biodegradable natural com-
pounds, sugars act as reducing and stabilizing agents in the
formation of MNPs. For example, sucrose and glucose were
used as reducing agents for in situ synthesis of Au NPs®” and
Pd NPs,®® respectively. Sugars are composed of polyhydric
hydrophilic structures that produce amphiphilic substances by
attaching the hydrophobic chain of sugar-based surfactants.®’
In addition, sugar-based surfactants are eco-friendly, renew-
able, and biodegradable which play an important role in
cosmetics, pharmaceuticals, biochemistry, and gene trans-
fection.”®””* Moreover, it has remained uncovered whether it is
possible to interface sugar-based surfactant micelles and in situ
generated MNPs as a nanoreactor for organic reactions in water.
In this work, a new sugar-based surfactant is designed by intro-
ducing a PEG chain to stabilize MNPs. Cu,0O NPs were syn-
thesized simply by in situ reduction of copper salt in an
aqueous solution of the sugar-based surfactant. Furthermore,
the MNP catalyst can interface with the amphiphilic molecules
to inhibit the MNP aggregation and reinforce the micellar
effect. We now report on simple, green, and sustainable NP
technology for micelle-enabled C-S coupling in water.

Results and discussion

Considering the stabilization of the PEG chain for MNPs
outside the nanomicelles, amine-terminated polyether M2070, a
nonionic surfactant based on a copolymer backbone of the PEG
chain, was introduced to provide a nanomicelle environment.”>
Combined with the reducing character of sugar, sugar-based
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surfactants (GluM, LacM, and GluLM) were prepared by the con-
densation of the primary amine of M2070 with glucose, lactose,
and gluconolactone (in Scheme 1). The critical micelle concen-
tration (CMC) of surfactants is an important parameter, which
justifies the formation of micelles. The surface tension (y) of
these sugar-based surfactants is determined (Fig. S1f) and the
CMC values are summarized in Table S1.1 It was revealed that
the CMC values of three sugar-based surfactants were lower
than that of M2070. Thus, the head group has a great influence
on the properties of the surfactant.”®’” Furthermore, it is clear
that sugar-based surfactants are successfully synthesized.

Initially, the catalytic performance of these sugar-based
non-ionic surfactants was evaluated by the C-S coupling of
p-iodoanisole with sodium benzenesulfonate as a model reac-
tion. Surfactants such as M2070, GluM, LacM, and GluLM
were examined (Table 1, entries 2-4). The catalytic perform-
ance of GluM was superior to others and the yield of the
desired product was 86%. Moreover, no product was formed in
the absence of a surfactant, indicating that the amphiphile
was essential for C-S coupling in water (Table 1, entry 1).
Subsequently, the experimental conditions were optimized
that revealed the dependence of the yield on several para-
meters, most notably the concentration of the surfactant and
the copper source. Thus, the effect of various conditions on
the yield of the desired product was investigated. As the con-
centration of GluM was increased, higher yields were obtained
(Table 1, entries 5-8). Further increasing the concentration
above 5 mM did not affect the yield. Thus, the importance of
the micellar environment on the reaction was justified, and a
5 mM concentration was selected for further investigation.
Next, various copper sources, ie., Cul, CuBr, CuCl, Cu(OAc),,
and CuSO,, were examined (Table 1, entries 8-12). Although
all copper salts initiated the C-S coupling, Cu(OAc), outper-
formed the others. Subsequently, on screening the loading of
copper (Table 1, entries 8 and 13-15), it was found that the
optimal loading was 3 mol%, which is lower than those in
other similar reports.>’® Finally, the effect of different temp-
eratures was probed (Table 1, entries 15-17). The yield
increased with the reaction temperature.

H
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Scheme 1 Synthesis of sugar-based surfactants (GluM, LacM, GluLM).
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Table 1 Optimization of the reaction conditions

o, 0
(I)I \S//

| S Surfactant/H,O
/@/ + Nao \© D @
MeO O

copper salt, Temp, 7 h
M

1a 2a 3a

Entry Surfactant Copper salt Temp./°C Yield®/%
1 — Cu(OAc), 100 Trace

2 M2070° Cu(OAc), 100 54

3 LacM“ Cu(OAc), 100 62

4 GluLM® Cu(OAc), 100 73

5 GluM* Cu(OAc), 100 86

6 Glum? Cu(OAc), 100 72

7 GluM*® Cu(OAc), 100 77

8 GluM Cu(OAc), 100 87

9 GluM Cul 100 55

10 GluM CuBr 100 71

11 GluM CuCl 100 59

12 GluM CuSO, 100 64

13 GluM Cu(OAc), ¢ 100 43

14 GluM cu(OAc)2 100 58

15 GluM Cu(OAc),/ , 100 92

16 GluM Cu(OAc)2 80 21

17 GluM Cu(OAc), / 90 45
Reaction  conditions:  p-iodoanisole (1.0 mmol), sodium

benzenesulfinate (1.2 mmol), copper salt (0.1 mmol), and surfactant
E0.0S mmol) in 10 mL of water for 7 h. “0.1 mmol surfactant.
0.005 mmol GluM. €0.025 mmol GluM. ¢0.01 mmol Cu(OAc),.
¢0.02 mmol Cu(OAc),.”0.03 mmol Cu(OAc),. ¢ Isolated yield.

To study the metallic changes in micellar solutions, in vitro
chelation of surfactants and copper salts was carried out (in
Fig. 1a). When surfactants and Cu(OAc), were stirred at 100 °C
in water, the color of the mixtures changed. After cooling the
mixtures, the solid powder was precipitated and collected. The
X-ray diffraction (XRD) patterns of the solid powders are
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shown in Fig. 1b. Surprisingly, GluM@Cu and LacM@Cu
exhibited reflections at 29.6°, 36.5°, 42.4°, 61.5°, and 73.7°
corresponding to the %kl planes (110), (111), (200), (220), and
(311) of Cu,O. Besides, M2070@Cu, exhibited reflections at
32.5°, 35.5°, 38.7°, 48.7°, 53.4°, 58°, 61.5°, and 65.7° corres-
ponding to the Akl planes (—110), (002), (111), (—202), (020),
(202), (-113) and (022) of CuO (JCPDS file no. 89-2529).
However, no reflections were detected in the XRD patterns of
GluLM@Cu. Furthermore, XPS analysis was carried out to
investigate the surface oxidation states of copper. As shown in
Fig. 1c, binding energies for GluM@Cu and LacM@Cu were
observed at 932 eV and 952 eV for Cu 2p;, and Cu 2p;),,
respectively, and the spin-orbit splitting was 20 eV.”” For
M2070@Cu and GluLM@Cu, the shake-up peaks at 942.8 eV
and 963.4 eV were assigned to the Cu>" species.?® In addition,
in the Cu 2p spectrum of GIuLM@Cu, the peaks at 932.2 eV
and 934.3 eV belonged to Cu(i) and Cu(u), respectively.®® Thus,
the XPS results were consistent with the XRD patterns. Finally,
UV-vis spectroscopy confirmed the valency of the Cu species.
As shown in Fig. S2,t a strong absorption peak was observed at
200-500 nm, consistent with previous reports on Cu,O
nanostructures.

After reduction of Cu(OAc), to Cu,O, the nature of the
in situ generated Cu,O and nanomicelles in the aqueous solu-
tion was investigated. Under the same conditions, H,O '® was
used as a solvent to prepare Cu,O. Additional tests were con-
ducted for the synthesized Cu,O. As shown in Fig. S3,T the
signal of m/z = 18 was detected and the signal of m/z = 20 was
not observed, indicating that the oxygen of Cu,O can only be
derived from the copper acetate structure. Besides, Fig. 2a
shows that the spherical micelles formed by GluM at 100 °C
were averagely 22.46 nm. High-resolution transmission elec-
tron microscopy (HRTEM) analysis of the in situ generated
Cu,0 in the presence of aqueous GluM revealed a uniform

. Cu7O
¢ CuO
200 3
1 2
= GluM@Cu JL '
2 3
5 |LacM@Cu k|
= 2 &
007111
M2070@Cu 110} 202 )
2070@Cu X ‘0 113 Q2 3
GluLM@Cu
— ]
20 40 60 80 960 950 940 930

2 theta /degree

Binding Energy /ev

Fig. 1 (a) Schematic representation of mixing of surfactants and Cu(OAc), in water. (b) XRD patterns for GluM@Cu (red), LacM@Cu (pink),
M2070@Cu (black) and GluLM@Cu (blue). (c) Cu 2p XPS spectra for GluM@Cu, LacM@Cu, M2070@Cu, and GluLM@Cu from top to bottom.
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Fig. 2 (a) TEM images of a 5 mM GluM aqueous sample at 100 °C. (b and c) HRTEM images of GluM @Cu in water at 100 °C.

spherical morphology of nanoparticles (in Fig. 2b). The average
size of Cu,O NPs surrounding the nanomicelles of GluM was
1.35 nm. Furthermore, the lattice fringes of 0.24 nm for the
(111) planes on the surface of individual particles were also
indicative of the formation of Cu,O (in Fig. 2c). Due to the stabi-
lization of the PEG chain in GluM, the generated nano-sized
copper gathered on the outer surface of micelles or inside the
micelles through nano-to-nano effects, presumably enhancing
the delivery of substrates from the micellar lipophilic cores.

To gain further insight into the interaction between nano-
micelles and Cu,O NPs, we used in situ IR to monitor the inter-
actions. As shown in Fig. 3, when adding Cu(OAc), to GluM
aqueous solution at 100 °C, changes in the characteristic
absorption peaks at 1635 cm ™' (C=N stretching vibration) and
1095 cm™' (C-O stretching vibration) were detected. After
some time, the C=N absorption peak was split into three
peaks; nevertheless, the C-O absorption peak hardly changed.
The emergence of new peaks implied that the Cu,O-micelle
interactions occurring around the Schiff base groups of GluM
were crucial for highly efficient catalysis.

As shown in Fig. S4,7 the micellar size was measured by
dynamic light scattering (DLS). The spherical nanomicelles

— GluM

—— GluM@Cu

Transmittance /%

Y

3000 2500 2000 1500 1000 500
Wavenumber /cm’™

were composed of 5 mM GluM with an average diameter of ca.
30 nm. After dissolving iodobenzene in GluM, the size of
aggregates increased to ca. 50 nm. Next, '"H NMR spectra were
used to further explore the dissolution of iodobenzene in
micelles. As shown in Fig. S5,7 the chemical shifts of iodoben-
zene varied from 7.69, 7.33, 7.09 ppm to 7.86, 7.49, and
7.21 ppm, respectively. From the DLS and "H NMR results, the
solubility of iodobenzene in the nanomicelles was proven.
GluM provided a sufficient nano-space for the encapsulation
and aggregation of the substrate. Therefore, a rational mecha-
nism for the sugar-based surfactant micelles enabling the C-S
coupling reaction in water is proposed. Initially, iodobenzene
was preferentially dissolved in the core of lipophilic micelles.
Meanwhile, Cu,O NPs were synthesized by the in situ reduction
of copper salt in an aqueous solution of sugar-based surfac-
tants. Moreover, these NPs were assembled on the outer
surface or inside the micelles by the PEG chain. Finally, sub-
strates enriched in the micellar lipophilic cores were delivered
to NPs, and the coupling product was generated through oxi-
dative addition and reduction elimination.>®

Upon revealing the mechanism of synergistic catalysis
between MNPs and nanomicelles, the scope of Cu-catalyzed C-

(a) /
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Fig. 3 Cu(OAc), addition to 5 mM GluM aqueous solution at 100 °C. (a) In situ ConcIRT spectra. (b and c) Overall three-dimensional Fourier trans-

form IR (3D-FTIR) profile.
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S coupling in GluM micelles was investigated. As shown in
Table 2, an excellent yield of the coupling products was
obtained by the reaction of different aryl halides with sodium
benzenesulfonate derivatives. The yields of the coupling pro-
ducts from halobenzene with electron-donating groups like
4-OMe (3a) and 4-Me (3c) were high. By contrast, electron-with-
drawing groups, such as 4-Cl (3d), 4-Ac (3e), 4-NO,, (3f), 3-NO,
(3h), and 4-CF; (3i), resulted in 18%-73% yields of the coup-
ling products. Besides, ortho-methyl substituted iodobenzene
gave only 19% yield of the targeted product (3g), indicating
that space steric hindrance had a crucial effect on the reaction.
In addition, good or excellent yields were obtained for benzyl
iodide (31) and 2-iodopyridine (3k) substrates. Regarding
different substituent groups on aryl sulfonates, 4-Me (3c), 4-Cl
(3d), and 4-F (3j) substituted substrates resulted in the tar-
geted products with good to excellent yields. In addition, mod-
erate yields of the targeted product were obtained for methyl
(3m), ethyl (3n), and sodium cyclopropylsulfinate (30). Finally,
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the application of the protocol for the synthesis of the drug
zolimidine from commercially available materials was success-
ful with 64% yield (3p).

Finally, the sustainability of the synergistic catalytic system
was evaluated. Each cycle of the C-S coupling reactions was
carried out under the optimized reaction conditions. As shown
in Fig. 4a, once the reaction was completed, the sugar-based
surfactant GluM remained in water, while the coupling
product was obtained by extraction with ethyl acetate at a con-
stant temperature (50 °C). Fig. 4b shows that the separated
GluM/water system still contained the surfactant GluM and
Cu,O NPs. The size of the GluM micelles was affected by the
organic substrate, ranging from 22.46 nm to 48.22 nm. The
size of the NPs (1.46 nm) was not so different from that before
the reaction, which indicated that a lot of micelles and catalyti-
cally active Cu,O NPs remained in the aqueous solution after
the reaction. Therefore, in the subsequent research of recycling
and reuse, only the corresponding substrates were added. As

Table 2 The substrate scope of Ullmann C-S couplings in an aqueous solution of GluM?

./ ‘802’\‘3 GIuM(5 mM)H50, Cu(OAc), ./ b

100 °C, air, 7 h
1 2
\\ // \\ //
Q O oo OO0 00
Do R nam e

\\ /, \\ /,

¢ : : O,N” : i
3e, X=I, 40% 3f, X=1, 8%
\\ // \\//
O IPNOS 1O
3i, X=I, 18% 3¢, X=1, 97%

3c, X=Br, 95%

\\ //

UQ,, ¥

3k, X=1, 63% 31, X=1, 96%

\\ //
30°, X=I, 75%

“Reaction conditions: 1 (1.0 mmol), 2
b The reaction was carried out at 120 °C.
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(1.2 mmol), Cu(OAc), (0.03 mmol) and GluM (0.05 mmol) in water (10 mL) under air at 100 °C for 7 h.
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Fig. 4 (a) Hot extraction of GluM micellar catalysis. (b) TEM image of the recycled GluM/water system. (c) Recycling and reuse of GluM/water.

shown in Fig. 4c, it is clear that the separated GluM/water
showed good performance after being reused five times. Thus
the contamination of wastewater was significantly minimized.

Conclusions

In summary, a simple and sustainable synergistic catalytic pro-
tocol by interfacing a sugar-based surfactant and Cu,O NPs
was developed for C-S coupling reactions in water. The newly
designed sugar-based surfactant was synthesized by the con-
densation of amine-terminated polyether M2070 with glucose
and a PEG chain was introduced to stabilize the MNPs. Cu,O
NPs were formed by the in situ reduction of copper salt in an
aqueous solution of the sugar-based surfactant. The inter-
actions between nanomicelles and Cu,O NPs to reinforce the
micellar effect were revealed by XPS, XRD, in situ IR, TEM, and
"H NMR. A wide substrate scope with moderate to high yields
was documented. The GluM/Cu aqueous mixture was recycled
and reused several times.
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