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A reversible, temperature-induced micelle-to-vesicle transition of a sugar-based pseudogemini surfac-
tant (C11D12) was employed for copper-catalyzed C-S coupling in water. The phase behavior and mor-
phology of the C11D12 aqueous solution were investigated by DLS and cryo-TEM. The aggregates
undergo a series of transitions upon increasing the temperature: spherical micelles were initially trans-
formed into large vesicles, but they eventually transformed into smaller vesicles. The vesicular catalytic
protocol accommodates an excellent substrate scope with moderate to high yields. The mechanisms of
temperature-induced aggregate transition and vesicular catalysis were elucidated by experimental
results and DFT calculations. It was revealed that the charge layer of the vesicle grants stronger nucle-
ophilicity to the PhSO2-Cu-D12Ga intermediate. Furthermore, the aqueous reaction medium can be recy-
cled and reused several times after easily separating the precipitated product.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Sulfones are important structural motifs that are widely used in
natural products [1] and clinical drugs [2–4]. Recently, the metal-
catalyzed coupling of sulfonate salts with aryl halides has emerged
into the spotlight of chemical research [5–9]. Challenges to this
approach include the choice of appropriate ligands and the use of
eco-friendly media. Green protocols that avoid using hazardous
organic solvents continue to be demanding. Surfactant-mediated
aqueous organic reactions are known for their self-assembly prop-
erties, generating micelles or other organized aggregates in aque-
ous solutions [10]. Micellar catalysis continues to attract
significant attention due to the ideal solubility of hydrophobic sub-
stances in micelles, which can serve as nanoreactors for organic
reactions [11–14]. Therefore, a series of commercially available
surfactant-based aggerates such as SDS [15], CTAB [16], Brij-35
[17], Triton X-100 [18], and Tween 20/40 [19] have been employed
for implementing organic transformations. However, these com-
mercial surfactants cannot meet the needs of various organic reac-
tions. A significant amount of effort has been made by many
groups, including those of Lipshutz and Handa, to explore powerful
and versatile surfactants such as PTS [20,21], TPGS-750-M [22-26],
NOK [27,28], and FI-750-M [24,29-33] for performing various
organic reactions in water. These newly designed surfactants were
constructed by modifying the structure of amphiphiles, e.g., the
length of the hydrophobic chain and regulation of the core group,
to comply with the ‘‘like dissolves like” rule. With the exception
of the wormlike micelles of NOK, most of the newly designed sur-
factants form spherical micelles with aggregate sizes of 10–100 nm
[11]. In particular, TPGS-750-M, with a diameter of 53–65 nm,
preferentially accommodates all exchanging ingredients to allow
the desired reaction to take place [34]. Thus, a coupling reaction
with TPGS-750-M was more efficient than with PTS, which has
an average micellar size of 22 nm. Similarly, PiNap-750 M exhib-
ited higher catalytic activity than BTBT-750 M due to its larger
micellar size [35]. Therefore, the morphology of aggregates, includ-
ing size and shape, is crucial for achieving desired chemical
transformations.

Micellar catalysis is inspired by nature and intrinsically mimics
cell membranes that allow transformations in aqueous environ-
ment [36]. Although micelles are similar to cell membranes, lipo-
somes made of cell membranes are phospholipid vesicles, an
aggregate type different than micelles [37]. Vesicles are usually
comprised of double-chain amphiphiles. Until now, mixing catio-
nic and anionic single surfactants has been one of the most conve-
nient and efficient approaches for forming vesicles [38]. In 2005,
Engberts et al. studied nucleophilic substitution of aromatic alkyl-
sulfonates with bromide ions and water in the presence of vesicles
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composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
di-n-hexadecyldimethylammonium bromide, and n-dodecyl-b-
glucoside [39]. In 2016, Movahedi et al. reported an Fe-cysteine
biocatalyst in a vesicular aqueous solution in which sodium dode-
cyl sulfate and dodecyltrimethylammonium bromide (SDS/DTAB)
were mixed [40]. Nevertheless, compared with micellar catalysis,
vesicular catalysis in water has received less attention [41,42].
Moreover, although ionic surfactants can be induced to enable
the spontaneous formation of vesicles, such surfactant systems
are generally complicated. In 2017, we reported a temperature-
induced micelle-to-vesicle transition with a single pseudogemini
surfactant [43]. However, it is still unknown whether it is possible
to develop a vesicular catalytic system in water by aggregate tran-
sition in a single surfactant aqueous solution.

Sugar, composed of polyhydric hydrophilic structures, can be
attached to a hydrophobic chain to produce a surface-active sub-
stance [44,45]. Due to their eco-friendliness, renewable nature,
and biodegradable characteristics, sugar-based surfactants have
attracted significant attention and play an important role in cos-
metics, pharmaceuticals, biochemistry, and gene transfection [46-
50]. Recently, a series of novel sugar-based surfactants were
designed and synthesized [45,51-59]. Interestingly, a transition of
aggregates was not observed in these sugar-based surfactants
[51,60-62]. In our previous work [63], pseudogemini surfactants
were constructed using N-dodecyl glucosamine (and N-dodecyl
lactosamine) and dicarboxylic acid (HOOC(CH2)n-2COOH, n = 3, 4,
5, 6, 8) in aqueous solution via non-covalent bonds. The influence
of spacer group length on their physicochemical properties was
studied without the occurrence of coacervation. In this work, a
micelle-to-vesicle transition was observed in an aqueous solution
of a sugar-based pseudogemini surfactant (C11D12, Fig. 1) non-
covalently constructed with N-dodecylglucosamine (D12Ga) and
undecanedioic acid. The size and morphology of aggregate transi-
tion was studied by changing the temperature. Furthermore, the
aggregates generated by C11D12 were applied in a copper-
catalyzed C-S coupling reaction in water, exhibiting superb cat-
alytic performance.
2. Results and discussion

2.1. Aggregate transition in C11D12 aqueous solution

Critical micelle concentration (CMC) is an important character-
istic of surfactants [64-66]. As shown in Fig. S1, the CMC value of
the sugar-based pseudogemini surfactant C11D12 was determined
to be 0.56 mM. The surface tension decreases sharply when
increasing the concentration of C11D12 aqueous solution until a
break point appears. Furthermore, above the CMC, the value of
the surface tension is almost constant. It is clear that the sugar-
based pseudogemini surfactant C11D12 was successfully synthe-
sized by the in-situ neutralization reaction of N-dodecyl glucosy-
lamine and undecanedioic acid in water. To investigate the
Fig. 1. Chemical structure of sugar-based pseudogemini surfactant (C11D12).
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aggregation of the surfactant in aqueous solution, the conductivi-
ties of C11D12 at different temperatures (25 �C, 35 �C, 45 �C, and
55 �C) were examined. The specific calculation formula is based
on a previously reported method [67] and the results are shown
in Fig. 2 and Table 1. The CMC was obtained by conductivity
method at 25 �C. The DG0

m value of C11D12 is negative at 25–
55 �C. Therefore, the formation of C11D12 micelles is a thermody-
namic spontaneous process. In addition, the negative value of
DH0

m indicates that the micellization process is exothermic. The

value of TDS0m is greater than the absolute value of DH0
m, which

indicates that the micellization process is entropy-driven. Taking
these data into account, the micellization of C11D12 is a thermody-
namic, spontaneous, and exothermic process.

The phase behavior of the C11D12 aqueous solution was studied
at a fixed concentration of 1 mM. The turbidity of the C11D12 aque-
ous solution was determined by the absorbance at 600 nm using a
UV–vis spectrophotometer (UV-2700). The break point in the
absorbance was determined to be 41.2 �C, indicating that aggregate
transition takes place at this temperature. The effect of tempera-
ture on the aggregates of the 1 mM C11D12 aqueous solution was
examined and the results are summarized in Fig. 3. When the tem-
perature was controlled at 39 �C, the average diameter of aggre-
gates in the homogenous and transparent solution was 8.5 nm.
When the temperature was increased to 40 �C, aggregates with a
diameter of 263.6 nm were gradually formed and the solution
turned pale blue, a characteristic feature of solutions containing
vesicles. Increasing the temperature to 45 �C resulted in the disap-
pearance of 8.2 nm aggregates, and only 113.4 nm diameter aggre-
gates were formed. At this temperature, the solution became
cloudy and turbid. These results provide preliminary evidence for
a micelle-to-vesicle transition. Moreover, the temperature of the
break point is defined as the temperature of self-assembly transi-
tion from micelle to vesicle (TMVT). To further elucidate the
microstructures of the 1 mM C11D12 aqueous solution at 39 �C
and 45 �C, the morphology of the aggregates was studied by
cryo-TEM (Fig. 3c, d). The aggregates at 39 �C are spherical micelles
with an average diameter of 8.5 nm, while at 45 �C, vesicles with
an average diameter of 122.8 nm are present. This verifies that
the transition of aggregates from spherical micelles to vesicles is
induced by increasing the temperature. Moreover, further increas-
ing temperature causes a decrease in vesicle size. The vesicles at
100 �C are about 24 nm in diameter and 4 nm in wall thickness,
Fig. 2. Dependence of the electroconductivity (j) of C11D12 aqueous solution on
surfactant concentration (c) at different temperatures.



Table 1
Thermodynamic parameters of C11D12.

Surfactant T/�C CMC/mM b DG0
m/KJ�mol�1 DH0

m/KJ�mol�1 TDS0m/KJ�mol�1

C11D12 25 0.582 0.894 �40.49 �1.892 38.60
35
45
55

0.605
0.607
0.618

0.872
0.859
0.852

�41.07
�41.99
�43.03

�1.989
�2.100
�2.223

39.08
39.89
40.81

Fig. 3. Effect of temperature on aggregates of 1 mM C11D12 aqueous solution: (a) image of solutions at different temperatures, (b) DLS results for aggregate size distribution,
and (c, d, e) cryo-TEM images at 39 �C, 45 �C, and 100 �C (insets: particle size distribution).

Fig. 4. Variation of TMVT with the concentration of C11D12 in aqueous solution.
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and they have good dispersibility in aqueous solution. In contrast,
decreasing the temperature reversed the turbidity phenomena.
When the temperature was dropped to 32 �C, the average diame-
ters of the two types of aggregate were 10.0 nm and 380.5 nm,
respectively, causing the solution to become pale blue. Finally, at
30 �C, the solution returned to a clear and transparent state with
an aggregate size of about 10 nm. Furthermore, this turbidity phe-
nomenon was able to be reversed at least 20 times. The micelle-to-
vesicle transition solution was generally homogenous, but occa-
sionally became cloudy, eventually forming an aqueous two-
phase system (ATPS). Above the TMVT, the C11D12 aqueous solution
becomes an ATPS after reaching thermodynamic equilibrium
(12 h), exhibiting a clear phase boundary in Fig. S3. Furthermore,
the TMVT curve of the C11D12 aqueous solution is illustrated in
Fig. 4. It is clear that TMVT decreases when the concentration of
the C11D12 aqueous solution is increased. The region below the
TMVT curve is homogenous, whereas ATPS is located above the TMVT

curve.
The mechanism of temperature-driven micelle-to-vesicle tran-

sition of the C11D12 aqueous solution is proposed based on the vari-
ation of components involved in the aggregates. C11D12 non-
covalently constructed by N-dodecylglucosamine and undecane-
dioic acid is a sugar-based pseudogemini surfactant formed by
the strong attraction between oppositely charged hydrophilic
spacers and hydrophobic tails. As shown in Fig. 5, C11D12 in water
3

initially self-assembles to form a micelle. Because electrostatic
attraction is a weaker physical force compared with covalent



Fig. 5. Mechanism of temperature-induced aggregate transition.
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bonds, a higher temperature benefits the dissociation of the surfac-
tant ion pairs. This causes an increase in the amount of free unde-
canedioic acid. This free undecanedioic acid dissolves from the
aggregated form to the bulk aqueous solution, lowering the charge
density of the micelle surface. On the other hand, N-
dodecylglucosamine tends to solubilize in the palisade layer of
the aggregates, resulting in an increase of hydrophobic tails and
the formation of a positively charged surface. This was verified
by measuring surface charge density. As shown in Fig. S4, the zeta
potential of 1 mM C11D12 aqueous solution at 70 �C was measured
to be 19.26 mV. The positive zeta potential value reveals that the
surface of the vesicles is positively charged. Therefore, the micelles
are forced to transform into other aggregates of lower curvatures,
likely vesicles. Furthermore, the CP phenomenon is relevant for
rapid aggregate transition from small micelles into large vesicles.
Further raising the temperature allows thermally induced changes
in the hydrophobic tails, increasing the fluidity of the tail groups
[68]. Driven by the increase in curvature, the transition from large
to small vesicles is induced.
2.2. Performance of vesicular catalysis for C-S coupling reaction in
water

The copper-catalyzed synthesis of sulfones from sulfinate salts
and aryl halides continues to attract significant attention in the
medical industry [6,7]. Thus, the aggerates generated by surfac-
tants were applied in a copper-catalyzed C-S coupling reaction in
water. The cross-coupling of bromobenzene with sodium benzene-
sulfinate was selected as the model reaction, and the results are
summarized in Table 1. Initially, a serial of commercially available
surfactants including CTAB, SDS, Tween 20, Tween 60, Tween 80,
Span 20, and newly designed surfactants including TPGS-750-M,
D12Ga, C4D12, C8D12, and C11D12 were evaluated (Table 2, entries
1–12). The catalytic performance in C11D12 aqueous solution is
superior to that in D12Ga, C4D12, C8D12, TPGS-750-M and the com-
mercial surfactant aqueous solutions. In our previous work,
micelles were formed in D12Ga, C4D12, and C8D12 aqueous solutions
[44,63], whereas the aggregates in the C11D12 aqueous solution at
100 �C are vesicles. We speculate that these cationic vesicles can
significantly promote the yield of the desired product. Further-
more, a control experiment showed that a surfactant is necessary
for C-S coupling reactions in water. The optimal concentration of
C11D12 in aqueous solution was found to be 1 mM (Table 2, entries
4

12–14). A comparison of various copper sources including CuI,
CuBr, CuCl, Cu(CH3COO)2, CuCl2, and CuSO4 showed that CuBr
was the best copper source (Table 2, entries 11, 15–19). Finally, dif-
ferent temperatures (70, 80, 90, and 100 �C) were examined
(Table 2, entries 11, 20–22). A low temperature (70 �C) resulted
in poor catalytic activity, and it was determined that 100 �C was
the most suitable temperature.

With the optimized conditions, the scope of the copper-
catalyzed C-S coupling process in C11D12 aqueous solution was
examined (Table 3). Unlike a previous study, the reactivity of aryl
bromide in this system is close to that of aryl iodine. To our disap-
pointment, aryl chloride is still a poor substrate which did not
obtain the desired product. The expected C-S coupling products 3
were obtained with excellent yields by using aryl bromide with
electron donating groups such as 4-Me and 4-OMe. In contrast,
electron withdrawing groups such as 4-Cl, 4-Ac, 4-NO2, 3-NO2, 4-
CF3 and 4-COOH were located in the aryl ring of bromobenzene
and afforded corresponding product yields of 42–90%. Moreover,
4-bromobenzoic acid is less soluable in the lipophilic part due to
its stronger polarity compared to other substrates with electron
withdrawing groups, resulting in lowest yield. The yield slightly
decreased with 2-halogenated pyridines, induced by the elec-
tronegative nitrogen in the pyridine ring. The steric hindrance from
ortho-substituents had a significant influence on the reaction, and
aryl bromide with a 2-Me group was converted into the final pro-
duct with a 55% yield. Alkyl halides such as benzyl, n-octyl, and n-
hexadecyl were converted into the desired sulfone with low yields
due to their hydrolysis in water caused by high vesicular catalytic
activity. Sodium arylsulfinates with 4-Me, 4-F, and 4-Cl groups
afforded the corresponding products in good to excellent yields
under the optimized reaction conditions. Furthermore, when the
C-S coupling reaction was performed using sodium methyl, ethyl,
and cyclopropyl sulfinates, the desired products were obtained in
moderate yields. Finally, as a meaningful application of
surfactant-mediated catalytic technology in water, the sulfone
was synthesized in gram quantities by the catalysis of bromoben-
zene and sodium benzenesulfinate in C11D12 vesicular aqueous
solution with an isolated final product yield of 90.5% (Scheme 1).

To further explore the vesicular catalytic mechanism, in-situ IR
was used to monitor the interaction between C11D12 and CuBr
(Fig. 6). When CuBr was added to the 1 mM C11D12 aqueous solu-
tion at 100 �C, the characteristic absorption peaks at 1563 cm�1,
1544 cm�1 (NAH deformation vibration), and 1421 cm�1 (OAH



Table 2
Optimization of Ullmann C-S coupling in water.a

Entry Surfactant Copper salt Temp/℃ Yield/% d

1 – CuBr 100 trace
2 CTAB CuBr 100 8
3 SDS CuBr 100 23
4 Tween 20 CuBr 100 28
5 Tween 60 CuBr 100 30
6 Tween 80 CuBr 100 29
7 Span-20 CuBr 100 9
8 TPGS-750-M CuBr 100 72
9 D12Ga CuBr 100 80
10 C4D12 CuBr 100 65
11 C8D12 CuBr 100 75
12 C11D12 CuBr 100 95
13 C11D12

b CuBr 100 70
14 C11D12

c CuBr 100 80
15 C11D12 CuI 100 87
16 C11D12 CuCl 100 85
17 C11D12 Cu(CH3COO)2 100 70
18 C11D12 CuCl2 100 55
19 C11D12 CuSO4 100 65
20 C11D12 CuBr 90 85
21 C11D12 CuBr 80 80
22 C11D12 CuBr 70 trace

a Reaction conditions: bromobenzene (1.0 mmol), sodium benzene-
sulfinate (1.2 mmol), copper salt (0.1 mmol), 0.01 mmol surfactant in
10 mL water, 12 h.

b 0.005 mmol surfactant in 10 mL water.
c 0.02 mmol surfactant in 10 mL water.
d Isolated yield.

Table 3
Substrate scope of C-S couplings in C11D12 aqueous solution.a

a Reaction Conditions: substrate 1 (1.0 mmol), substrate 2 (1.2 mmol), CuBr (0.1 mmol), and C11D12 (0.01 mmol) in
water (10 mL) under air at 100 �C for 12 h. Isolated yield.
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Scheme 1. Gram-scale synthesis of sulfone in C11D12 vesicular aqueous solution.

Fig. 6. CuBr added to 1 mM C11D12 aqueous solution: (a) overall three-dimensional Fourier transform IR (3D-FTIR) profile, (b) in-situ ConcIRT spectra.
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bending vibration) became stronger. This implies that CuBr inter-
acts with the surfactant C11D12 by the chelation of hydrophilic
glycosyl and amino groups. In order to verify the encapsulation
and aggregation of the substrates in vesicular aqueous solution,
the vesicular size of the 1 mM C11D12 aqueous solution was mea-
sured by DLS. However, due to the 100 �C temperature exceeding
6

the upper limit of the instrument, the temperature was set at
60 �C. As shown in Fig. S2, the vesicular size of the 1 mM C11D12

aqueous solution increased from 48 nm to 56 nm after dissolving
bromobenzene (0.1 M) in the solution. This phenomenon indicates
that the vesicles play a certain role in the encapsulation and aggre-
gation of the substrate in water. Therefore, C11D12 in aqueous solu-



Fig. 7. Proposed reaction mechanism.

Fig. 8. Selected structural information of the PhSO2-Cu-D12Ga molecule. When the
PhSO2-Cu unit approaches the D12Ga moiety, a hydrogen is spontaneously
transferred from the latter to the former.
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tion both provides a vesicle environment for the aggregation of
substratescz and potentially acts as a ligand to chelate the copper
catalyst. Based on these experiments and previous reports [44], a
Fig. 9. (a) The HOMO of Cu. (b) The LUMO of Cu. (This fi
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plausible mechanism of vesicular catalysis for the copper-
catalyzed C-S coupling reaction can be proposed. As shown in
Fig. 7, vesicles with a positive surface charge are formed in 1 mM
C11D12 aqueous solution at 100 �C. When CuBr is added into the
solution, the hydrophilic glycosyl and amino groups of the surfac-
tant enable the formation of metallic vesicles by chelating copper.
Aryl bromides are concentrated in the bilayer of the vesicles, while
arylsulfinates accumulate on the surface of the vesicles due to elec-
trostatic interactions. Thus, the reaction occurs on the surface of
the vesicular bilayer. Initially, the nucleophilic reaction of Cu-
D12Ga with arylsulfinates generates a PhSO2-Cu-D12Ga complex.
A nucleophilic attack of the C-Br bond then prevails for the Cu-
catalyzed C-S coupling of arylsulfinate sodium and aryl bromide.
Finally, the desired product is obtained by reduction elimination
with metallic vesicle regeneration.

Thus, the reactivity of the PhSO2-Cu-D12Ga complex is impor-
tant for the CAS coupling reaction. Based on infrared analysis, an
optimized structure shown in Fig. 8 can be assumed to be the spe-
cies directly reacting with the aryl bromide. Geometry optimiza-
tion was performed at the GFN-xTB2 level using the xTB
program, version 6.3.1 [69]. Orbital analysis was performed at
the PBE0 [70]/def2-SV(P) [71] level using Gaussian 16, Revision
A.03 [72]. As shown in Fig. 9a, (orbit 143) is the Cu-involved, high-
est occupied molecular orbital (HOMO), while (orbit 146) in Fig. 9b
is the Cu-involved, lowest unoccupied molecular orbital (LUMO).

Furthermore, to explore the effect of electric field on the reac-
tivity of benzenesulfinate, the influence of a point charge located
near the benzenesulfinate molecule on the Cu-HOMO and Cu-
LUMO was examined computationally. When the negative point
charge gradually approaches Cu, the energies of Cu-HOMO and
Cu-LUMO significantly increase (Fig. 10). A higher HOMO energy
means stronger nucleophilicity, making the PhSO2-Cu-D12Ga spe-
cies more reactive with aryl bromide via nucleophilic attack of
the CABr bond. Therefore, it was verified that cationic vesicles
can improve the catalytic efficiency for the CAS coupling reaction.

The reusability of the C11D12 vesicular catalyst was also studied
based on the optimized conditions. When the reaction was com-
plete and cooled down, the desired product precipitated as a white
solid (Fig. S5) and a copper content of 59 ppmwas detected by ICP-
OES analysis. After easily separating the final product, the C11D12

aqueous solution system was recycled and directly reused. As
gure was made using Multiwfn [73] and VMD [74]).



Fig. 10. The relationship of Cu-HOMO and Cu-LUMO energies with the distance
between the negative point charge and Cu.

Fig. 11. Recycling and reuse of C11D12 aqueous solution.
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shown in Fig. 11, the C11D12 aqueous solution could be reused five
times with a small loss of activity that is potentially caused by a
slight decrease in C11D12 surfactant concentration. However, it is
clear that the surfactant aqueous system still exhibits good perfor-
mance for the CAS coupling reaction after five runs.
3. Conclusion

In summary, we have investigated the aggregate transition of a
sugar-based pseudogemini surfactant (C11D12) constructed by mix-
ing N-dodecylglucosamine and undecanedioic acid in aqueous
solution by adjusting the temperature. The physicochemical prop-
erties of C11D12 were studied by surface tension measurements and
conductivity measurements. The reversible phase behavior and
morphology were clarified by DLS and cryo-TEM. Spherical
micelles with an average diameter of 8.5 nm at 39 �C were trans-
formed into vesicles with an average diameter of 122.8 nm at
45 �C. When further increasing the temperature to 100 �C, the vesi-
cles shrank to 24 nm in diameter and 4 nm in wall thickness. These
cationic C11D12 vesicles can be used as a microreactor to efficiently
promote a copper-catalyzed CAS coupling reaction in water. This
vesicular catalytic protocol has an excellent substrate scope and
affords the desired product in moderate to high yields. Notably,
the C11D12 aqueous solution can be recycled and reused five times
with satisfactory yield after separating the precipitated product.
The vesicular catalytic mechanisms were elucidated by in-situ IR
8

and theoretical calculations. It was revealed that the charge layer
of the vesicles afforded stronger nucleophilicity of the PhSO2-Cu-
D12Ga intermediate via an external electric field, making it more
reactive with aryl bromide via nucleophilic attack of the C-Br bond.
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