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Green Chemistry



Green foundation box 

1. Esters are important intermediates in pharmaceutical chemistry, but their synthetic 
method requires excess nucleophilic alcohols and complete removal of water to prevent 
hydrolysis of esters. This work proposes an alternative catalytic route that can 
synthesize esters in water without the addition of excess alcohols.

2. We demonstrated that the benzyl benzoate ester can be formed as the main product in 
aqueous phase when using Au nanocluster catalyst supported on hydrophobic carbon. 
By constructing similar active Au sites on each carbon support, which is challenging in 
the conventional synthesis method, we clarified that the carbon without the functional 
groups can enhance the ester selectivity and proposed a design principle for 
synthesizing further effective catalysts.

3. Further improvement in the ester yield and expansion of the substrate scope in the 
aqueous conditions is desired.
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Aqueous phase synthesis of benzyl ester over partially thiolated 
Au25 nanocluster catalysts: improving selectivity with hydrophobic 
carbon support 
Kosuke Sakamoto,a Koki Chida,b Shinya Masuda,*a Takeharu Yoshii,*b Hirotomo Nishiharab,c and 
Tatsuya Tsukuda*a

The aqueous phase synthesis of esters via oxidative coupling of the alcohols catalyzed by carbon-supported gold catalysts is 
one of the environmentally benign approaches, but remains challenging. To understand the role of the carbon support in 
maximizing the selectivity to esters, we have here deposited partially thiolated Au25 nanoclusters as common reactive 
centers on three types of carbon supports: commercially available porous carbon (CNovel), carbon mesosponge (CMS), and 
graphene mesosponge (GMS). These carbons have similar porous structures but significantly different amounts of functional 
groups. When GMS with the fewest functional groups was used as support, the Au25 nanocluster catalysts exhibited the 
highest selectivity towards benzyl benzoate in the oxidation of benzyl alcohol in aqueous conditions, with a maximum yield 
of 67% under the optimized conditions. Mechanistic studies revealed that the carbon supports, due to their hydrophobic 
nature, played two crucial roles in the unique selectivity: (i) protection of the intermediate benzaldehyde from nucleophilic 
attack by hydroxy ions while facilitating the attack by alkoxide, and (ii) adsorption of benzyl benzoates on the support to 
prevent hydrolysis.

Introduction
Esters are important chemicals in the field of synthetic and 

pharmaceutical chemistry.1–6 The conventional synthesis of esters 
involves the dehydrative coupling of a carboxylic acid and an alcohol 
under acidic conditions (Scheme 1a).7 However, this route requires 
excess acids, which is unfavorable from a green chemistry 
perspective. Therefore, there is a need to develop catalysts that are 
not only selective but also environmentally benign. Gold 
nanoparticles (AuNPs) are known to serve as catalysts for ester 
synthesis from alcohols in the presence of a base (Scheme 1b):8,9 an 
alcohol is first oxidized to the aldehyde,10–17 followed by the 
nucleophilic attack of the deprotonated alcohol to form the 
corresponding ester.18–25 This process is greener than that in Scheme 
1a because it uses O2 as the oxidant and produces water as the only 
by-product. A disadvantage of this process is the use of a solvent 
amount of nucleophilic alcohol.

Both of the above processes share the common limitation of 
requiring anhydrous conditions to prevent hydrolysis of the ester to 
the corresponding carboxylic acid. Therefore, the catalytic synthesis 
of esters in water is one of the most challenging processes in green 
chemistry. Recently, aqueous phase synthesis of esters has been 

achieved by using biocatalysts or molecular catalysts in the 
hydrophobic core of the micelles.26–32 It has also been reported that 
benzyl benzoate (PhCOOCH2Ph) was obtained from benzyl alcohol 
(PhCH2OH) in water using gold nanoclusters (AuNCs) supported on 
carbon33,34 and AuNPs supported on carbon nanotubes (CNTs) 
(Scheme 1c).35 These studies have shown that hydrophobic carbon 
supports play a key role in the Au-catalyzed ester synthesis in water. 
However, the factors that maximize ester yield have not been 
elucidated because the size of AuNCs and AuNPs varied significantly 
depending on the carbon support used.

This study aims to answer the question of how the structures of 
the carbon supports affect the catalytic performance of Au catalysts 
for ester synthesis in the aqueous phase. For this purpose, it is 
necessary to prepare robust AuNCs of the common size on different 
carbon supports. Such heterogeneous AuNC catalysts can be 
synthesized by partial or complete removal of the protecting ligands 
from atomically-precise, ligand-protected AuNCs adsorbed on solid 
supports.36–53 The resulting AuNC catalysts with partial ligand 
removal showed higher durability than ligand-free AuNCs due to 
multiple non-covalent interactions between the remaining ligands 
and the support.34,54,55 Here, we synthesized the partially thiolated 
Au25 NCs on three types of mesoporous carbon supports: 
commercially available porous carbon (CNovel), carbon mesosponge 
(CMS), and graphene mesosponge (GMS), which have similar porous 
structures but significantly different amounts of functional groups, 
such as phenol, ether, carbonyl, carboxylic acid and carboxylic 
anhydride.56–59 We hypothesized that the reducing the amount of 
hydrophilic surface functional groups would alter the hydrophobicity 
of the carbon surface, resulting in better ester selectivity in the 
aqueous phase. The catalytic properties of these catalysts were 
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compared for the synthesis of PhCOOCH2Ph from PhCH2OH in water 
(Scheme 1c). It was found that the partially thiolated Au25 NCs on 
GMS, the carbon support with almost no functional groups, exhibited 
the highest selectivity to PhCOOCH2Ph than those on CMS or CNovel. 
The maximum PhCOOCH2Ph yield reached up to ~67% under the 
optimized conditions. Mechanistic studies suggested that the 
hydrophobic environment provided by the carbon supports prevents 
the nucleophilic attack of OH– to the aldehyde and protects 
PhCOOCH2Ph from hydrolysis. This work demonstrates the synergy 
of active AuNCs and hydrophobic carbon support for an 
environmentally benign approach to ester synthesis in water.

Results and discussion
Synthesis and characterization of catalysts

[Au25(PET)18]0 (PET = 2-phenylethanethiolate) (Fig. 1A) was 
synthesized according to the reported procedure.60 The successful 
synthesis of [Au25(PET)18]0 was confirmed by negative mode matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-MS) 
(Fig. S1A), ultraviolet-visible (UV-vis) spectroscopy (Fig. S1B), and 
thermogravimetric (TG) analysis (Fig. S1C).61 Three types of carbon 
supports, CNovel, CMS and GMS (Fig. 1B), were used as supports. 
CNovel is a commercially available porous carbon. CMS was 
synthesized by a chemical vapor deposition of carbon on an Al2O3 
template, followed by removal of the Al2O3, while GMS was obtained 
by graphitization of CMS at high temperature.57–59 These carbon 
supports were characterized by N2 adsorption/desorption 
measurements and temperature-programmed desorption mass 
spectrometry (TPD-MS).62–64 The specific surface areas of CNovel, 
CMS and GMS estimated by N2 sorption measurement and the 
Brunauer-Emmett-Teller (BET) method were 2041, 2023 and 1738 m2 
g–1, respectively (Fig. 1B and S2A).65 The total pore volumes of CNovel, 
CMS and GMS were 3.97, 3.45 and 3.08 cm3 g-1, respectively (Fig. 1B 
and S2A). The majority of the pores are mesopores (80, 79 and 80% 
for CNovel, CMS and GMS, respectively) (Fig. 1B and Table S1), and 
the pore size distributions derived by the Barrett-Joyner-Halenda 
(BJH) method were comparable (Fig. S2B and Table S1). These results 
suggest that the three carbons have similar mesoporous structures. 
In contrast, the total amounts of gas evolved from three carbons 
during the TPD-MS measurement, which reflect the amount of edge 
sites on the carbon surface, were significantly different: 3.8, 1.3 and 
0.1 mmol g–1 for CNovel, CMS, and GMS, respectively (Fig. 1B and S3). 
Thus, the total amount of functional groups on the carbon surface 
decreased significantly in the order of CNovel > CMS > GMS. 

[Au25(PET)18]0 was adsorbed onto these carbon supports by 
mixing them in toluene at 0 ℃. The loading amount was adjusted to 
1 wt% based on the amount of Au. Regardless of the carbon support, 
the UV-vis spectra of the filtrate after the adsorption showed no 
peaks of [Au25(PET)18]0 (Fig. S4), indicating that 1 wt% Au of 

 
Scheme 1 Comparison of esterification reactions in the previous reports and 
our work.

Fig 1. Precursors used in this study for the synthesis of heterogeneous Au cluster catalysts. (A) Single crystal structure of [Au25(PET)18]0. (B) Schematic 
representations and properties of the carbon supports. Mesopore of CNovel is coloured in orange in the scheme.
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[Au25(PET)18]0 was successfully adsorbed onto the carbon support. 
Hereinafter, the composites thus obtained are referred to as 
Au25(PET)18/C, where C represents the carbon support (CNovel, CMS 
or GMS). 

Au25(PET)18/C composites were calcined at the calcination 
temperature (Tcal) of 325, 350, 375, 400 and 425 ℃ for 12 h to create 
active sites by partial removal of the PET ligands. The resulting 
catalysts after calcination are referred to as Au25(PET)/C. The extent 
of PET removal was monitored by the catalytic activity in the aerobic 
oxidation of 1-phenylethanol to acetophenone (Fig. S5).34 While all 
the Au25(PET)18/C composites showed almost no activity due to the 
full ligation, the catalytic activity increased with Tcal. Interestingly, the 
threshold Tcal at which the activity appeared depended on the carbon 
support. Specifically, Au25(PET)/CMS and Au25(PET)/GMS started to 
show moderate reactivity at Tcal = 350 and 375 ℃, respectively, while 
Au25(PET)/CNovel showed lower activity even at Tcal = 425 ℃. This 
result indicates that more heating is required to remove PET on 
CNovel.

Most of Au25(PET)/C did not show the diffraction peak 
corresponding to metallic Au with face-centered cubic (fcc) structure 
in the powder X-ray diffraction (PXRD) patterns (Fig. S6), indicating 
that no drastic aggregation occurred during calcination. On the other 
hand, Au25(PET)/CMS and Au25(PET)/GMS prepared at Tcal = 425 ℃ 

showed a small hump at ~38° assigned to the diffraction of (111) 
planes of fcc Au, suggesting thermally induced aggregation of Au25. 
In contrast, no such a hump was observed for Au25(PET)/CNovel 
prepared at Tcal = 425 ℃. Based on these results, the Tcal was 
determined as the highest temperature at which Au25(PET)/C 
exhibited catalytic activity without aggregation: 425, 375 and 400 ℃ 
for C = CNovel, CMS and GMS, respectively. These optimized 
calcination temperatures were significantly higher than the 
temperature at which the PET ligands were completely removed 
from Au25(PET)18 in the powder form (Fig. S1C). This result indicates 
that the PET ligands are difficult to desorb from Au25(PET)18 adsorbed 
on carbon supports due to non-covalent ligand-support 
interactions.34 

Next, the calcination time (tcal) was optimized at each optimized 
Tcal so that the AuNCs on the resulting Au25(PET)/C have similar 
structures regardless of the carbon support. First, the structures of 
the AuNCs on Au25(PET)/C were investigated in terms of the 
coordination numbers of Au–Au bonds (CNAu–Au) and Au–S bonds 
(CNAu–S) determined by the Au L3-edge X-ray absorption fine 
structure (XAFS) analysis (Fig. S7). The X-ray near-edge structure 
(XANES) spectra of Au25(PET)18/C were mostly featureless before 
calcination, while the peaks corresponding to metallic Au developed 
for all Au25(PET)/C with increasing tcal (Fig. S7A). The extended XAFS 

Fig. 3 Typical AC-HAADF-STEM images and size distributions of Au25(PET)/C with C = CNovel, CMS, and GMS.

Fig. 2 The CNAu–S (red) and CNAu–Au (yellow) values of Au25(PET)18/C obtained after calcination for tcal (h), estimated from curve-fitting analyses of Au L3-edge 
EXAFS oscillations.
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(EXAFS) oscillations and their Fourier transforms of Au25(PET)/C are 
shown in Fig. S7B, C and D, respectively. The CNAu–Au and CNAu–S 
values (Table S2) are plotted as a function of tcal in Fig. 2. The CNAu–S 
values of Au25(PET)18/C were 1.6–1.8, independent of C, which are 
comparable to that estimated from the crystal structure of 
Au25(PET)18 (1.4).66 In contrast, the CNAu–Au values of Au25(PET)18/C 
were 0.5–0.8, significantly smaller than that estimated from the 
crystal structure (3.3). This underestimation was previously 
attributed to the thermal fluctuation of the Au13 core at room 
temperature.66 At tcal = 6 h, the CNAu–S decreased while the CNAu–Au 
increased, suggesting the gradual removal of PET ligands and growth 
of the Au cores independent of C. For C = CMS and GMS, the CNAu–S 
and CNAu–Au values remained almost constant during tcal = 6–12 h, 
while the CNAu–Au value increased due to aggregation by prolonged 
calcination. Nevertheless, the CNAu–Au values were smaller or 
comparable to those theoretically calculated from the model 
structure of hemispherical Au25 in the fcc structure (6.0–6.5). Thus, 
the severe aggregation was unlikely to occur even at tcal = 24 h. For C 
= CNovel, the gradual change of CNAu–S and CNAu–Au values continued 
until tcal = 18 h and remained almost constant at tcal > 18 h. Second, 
the structures of the Au NCs on Au25(PET)/C were investigated in 
terms of the catalytic activity for 1-phenylethanol oxidation. As 
shown in Fig. S8, the activity was significantly enhanced at tcal = 12 h 
for C = CNovel and at tcal = 6 h for C = CMS and GMS. Based on the 
above two results, Au25(PET)/C suitable for the study of carbon 
effects on catalysis were prepared at (Tcal, tcal) = (425 ℃, 18 h), (375 ℃, 
12 h) and (400 ℃, 12 h) for C = CNovel, CMS and GMS, respectively. 
As summarized in Table S3, the structural parameters of Au NCs on 
Au25(PET)/C prepared under the above calcination conditions are 
comparable. In the following, the Au25(PET)/C obtained under the 
optimized conditions are shown in bold: Au25(PET)/CNovel, 
Au25(PET)/CMS and Au25(PET)/GMS were prepared under the 
calcination conditions of (Tcal, tcal) = (425 ℃, 18 h), (375 ℃, 12 h) 
and (400 ℃, 12 h), respectively.

The size of AuNCs on Au25(PET)/C was further characterized by 
aberration-corrected high-angle annular dark-field scanning 
transmission electron microscopy (AC-HAADF-STEM). Typical images 
and size distributions of AuNCs for each Au25(PET)/C are shown in Fig. 

3. The average particle sizes of Au25(PET)/C were similar regardless 
of C: 1.0 ± 0.2, 1.1 ± 0.2 and 1.0 ± 0.3 nm for C = CNovel, CMS and 
GMS, respectively. These sizes retained the original sizes of 
Au25(PET)18/C (1.0 ± 0.2 nm, Fig. S9) prepared by the adsorption of 
Au25(PET)18 on the carbon supports in the intact form.47 Based on the 
obtained results of the catalytic activity, PXRD, XAFS and AC-HAADF-
STEM, we concluded that the partially thiolated, atomically precise 
Au25 NCs with similar structure are formed on Au25(PET)/C on each 
carbon support.

Aqueous-phase ester synthesis

The catalytic performance of Au25(PET)/C in water was 
investigated in the aerobic oxidation of PhCH2OH (1, Fig. 4 and Table 
S4) as a model reaction. The products obtained were the target 
compound (PhCO2CH2Ph; 2) and benzaldehyde (PhCHO; 3) and 
benzoic acid (PhCOOH; 4) as by-products. The time course of the 
conversion of 1 and the yields of products 2–4 are plotted in Fig. 4 
and are summarized in Table S4. When Au25(PET)/CNovel and 
Au25(PET)/CMS were used, 4 was the main product throughout the 
reaction and the maximum yield of 2 was only 28 ± 1% and 26 ± 1%, 
respectively. In contrast, Au25(PET)/GMS gave a higher yield of 2 than 
4 at the initial stage (0–40 min) and took the maximum yield of 39 ± 
1% at 60 min. Although the yield of 2 decreased slightly as the 
reaction time was prolonged, the maximum yield was higher than 
those obtained for Au25(PET)/CNovel and Au25(PET)/CMS. These 
results illustrate that the property of the carbon support determines 
the selectivity of esters in alcohol oxidation in water since the active 
Au NCs on each carbon support have similar structures. To highlight 
the importance of the carbon support for ester formation, the 
activity and selectivity in the oxidation of 1 by Au25(PET)/GMS were 
compared with partially-thiolated Au25 NCs on hydrotalcite 
(Au25(pMBA)/Mg3Al; pMBA = p-mercaptobenzoic acid)54 and ligand-
free Au25 NCs on double metal hydroxide composed of Co and Ce 
(Au25/Co3Ce).67 As shown in Fig. S10, the yields of 2 by 
Au25(pMBA)/Mg3Al and Au25/Co3Ce were negligibly small in contrast 
to Au25(PET)/GMS. Although the activity of Au25/Co3Ce was much 

Fig. 4 Catalytic activity and selectivity of Au25(PET)/C for the oxidation of benzyl alcohol (1) in H2O. Reaction conditions: 1 (Au 0.33 mol%), Au25(PET)/C (5.0 
mg), NaOH (300 mol%), H2O (2 mL), O2 (1 atm, balloon), 30 ℃. The error bar on each data point corresponds to the standard deviations of the results obtained 
from three independent measurements.
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higher than the others, the selectivity to 2 was negligibly small 
throughout the time course of the reaction, as reported previously.67

The highest selectivity to 2 by Au25(PET)/GMS is due to the 
specific nature of GMS, as the Au25 active sites on it were common 
to those on other Au25(PET)/C (Table S3). Mechanistic studies were 
performed to elucidate the origin of the higher selectivity to 2 by 
Au25(PET)/GMS than Au25(PET)/CMS or Au25(PET)/CNovel. First, we 
considered the possibility that the hydrolysis of product 2 to 4 is most 
retarded on GMS.34,40,54,67 To test this hypothesis, the conversion in 
the hydrolysis of 2 in basic water in the presence or absence of 
Au25(PET)/C was compared. As shown in Fig. S11 and Table S5, all 
Au25(PET)/C suppressed the hydrolysis of 2, probably due to the 
adsorption on the carbon surface. However, the support-dependent 
suppression of the hydrolysis of 2 does not explain the highest yield 
of 2 by Au25(PET)/GMS, since the activity was in the order of CMS > 
GMS > CNovel, suggesting that Au25(PET)/CNovel suppressed the 
ester hydrolysis the most. We, then, considered two scenarios for the 
efficient formation of 2 on GMS: (i) promotion of the formation of 2 
by nucleophilic attack of 1– to PhCHO (3) (1– + 3 → 2 + H2O); (ii) 
suppression of the competing process of formation of the unwanted 
4 by nucleophilic attack of OH– to 3 (OH– + 3 → 4 + H2O). To gain 
insight into which process is important, the adsorption of 

Fig. 5 Time course of the catalytic activity and selectivity of the oxidation of 
1 by Au25(PET)/GMS in basic water under the following optimized conditions: 
1 (Au 0.33 mol%), Au25(PET)/GMS (5.0 mg), NaOH (30 mol%), H2O (0.2 mL), 
O2 (1 atm, balloon), 30 ℃. The error bar on each data point correspond to the 
standard deviations of the results obtained from three independent 
measurements.

Scheme 2 Possible formation processes of 2 from 1 catalysed by Au25(PET)/GMS. Condition 1: Substrate (1 for Au 0.33 mol% or 1 and 3/4 for Au 0.66 mol% 
each), Au25(PET)/GMS (5.0 mg), NaOH (30 mol%), H2O (2 mL), O2 (1 atm, balloon), 30 ℃, 12 h. Condition 2: MeCN (1.8 mL) and H2O (0.2 mL) instead of H2O (2 
mL).
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deprotonated PhCH2OH (PhCH2O–; 1–) and products 2–4 on the three 
carbons was compared in basic water (Fig. S12 and Table S6). Based 
on the adsorption property of 3, scenario (i) was effective in the 
order of CMS > GMS > CNovel, as hydrophilic OH– in the solution is 
prevented from accessing the hydrophobic carbon surface. Since 3 in 
the solution is likely to be attacked by hydrophilic OH– from the 
solution, scenario (ii) is also effective in the order of CMS > GMS > 
CNovel. Finally, the hydrophobicity of CNovel, CMS and GMS 
supports was compared by measuring their water-vapour adsorption 
isotherms (Fig. S13A). Since the adsorption of clustered water 
molecules starts at a relative pressure (P/P0) > 0.7, the adsorption 
isotherm was compared at P/P0 < 0.6 (Fig. S13B).58,68  The amount of 
adsorbed water was in the order of CNovel > CMS > GMS, which is 
parallel to the order of the amount of functional groups (Fig. 1). This 
result indicates that 2 and 3 adsorbed on the most hydrophobic GMS 
are most efficiently protected from hydrolysis and nucleophilic 
attack by OH– for the formation of unwanted 4. Therefore, the 
highest yield of 2 by Au25(PET)/GMS can be explained by considering 
the contribution of all the factors discussed above. In conclusion, the 
GMS support promotes the ester formation (1– + 3 → 2 + H2O) and 
suppresses the formation of unwanted 4 (OH– + 3 → 4 + H2O) due to 
the moderate adsorption ability of 3 on the GMS surface, as well as 
the suppression of hydrolysis of the formed ester in basic water than 
other carbon supports due to higher hydrophobicity.

The yield of 2 in water by Au25(PET)/GMS was attempted to be 
maximized by optimizing the reaction conditions, such as the 
amounts of NaOH and H2O and the loading amount of AuNCs. First, 
the yield of 2 increased by reducing the amount of NaOH from 500 
to 30% although the reaction rate decreased (Fig. S13A). The yield of 
2 after 12 h increased from 42 to 55% when the amount of NaOH was 
reduced from 75 to 30 mol% (Fig. S13B), while it decreased to 39% 
when the amount of NaOH was further reduced to 10 mol%. The 
retardation of the reaction at small amounts of NaOH is due to the 
consumption of NaOH to neutralize by-product 4. Second, when the 
amount of H2O was reduced from 2 mL to 0.2 mL at 30 mol% NaOH, 
the yield of 2 increased from 55 to 67% after 12 h (Fig. S14). Third, 
the loading of the Au25 NCs was changed from 1 wt%. After adsorbing 
0.2 or 2 wt% of [Au25(PET)18]0 on GMS (Fig. S15), they were calcined 

under the optimized conditions (Tcal, tcal) = (400 ℃, 12 h) used for 1 
wt% catalyst. The Au25 NCs underwent aggregation at 2 wt% loading, 
based on the results that the CNAu–Au value (7.4 ± 0.6) became larger 
than the theoretical value for a hemispherical Au25 in fcc structure 
(6.0–6.5) (Fig. S16 and Table S7) and that a small hump was observed 
in PXRD (Fig. S17). The average size of AuNCs estimated by AC-
HAADF-STEM measurement (Fig. S19) was 1.4 ± 0.4 nm, which is also 
larger than that of the pristine Au25(PET)18 (1.0 ± 0.2 nm, Fig. S9), 
supporting the aggregation to some extent. Reducing the loading to 
0.2 wt% resulted in a significant decrease in the yield of 2, while 
increasing the loading to 2 wt% maintained the yield of 2 at 66% (Fig. 
S18). By using the above optimized conditions, we achieved a high 
selectivity towards ester formation under aqueous conditions, as 
summarized in Fig. 5 and Table S8. The catalysts could be recycled 
while maintaining the highest selectivity to 2, although the activity 
gradually decreased upon the recycling (Fig. S21). The AC-HAADF-
STEM measurement of Au25(PET)/GMS after six cycles showed that 
the average diameter of AuNCs slightly increased from 1.0 ± 0.3 nm 
to 1.3 ± 0.4 nm (Fig. S22). This growth of AuNCs would not be a major 
cause of deactivation since we have reported that the Au144/C with 
an average diameter of 1.6 nm showed higher activity than the 
Au25/C with an average diameter of 1.0 nm.40  A more plausible cause 
is the contamination from the acetone used as a solvent to extract 
the product. This speculation is supported by the gradual increase in 
the yield of 3 (Fig. S21): the use of MeCN as a solvent instead of water 
significantly decreased the activity and the yield of 2, while 
increasing the yield of 3 (Entry 6 of Scheme 2). 

The main route of formation of 2 by oxidation of 1 under the 
optimized aqueous conditions was attempted to be identified by the 
mechanistic studies. Here, the volume of H2O was increased from 0.2 
mL (Fig. 5 and Table S8) to 2 mL to completely dissolve the reactants 
except for 2, although the yield of 2 was slightly reduced from 64 to 
55 % (Entry 1 in Scheme 2 and Fig. S14). The other conditions were 
the same as those optimized in Fig. 5. Considering the basic condition, 
the formation of 2 via Fisher esterification (dehydrative coupling 
between 1 and 4)7 is unlikely. In fact, only a trace amount of 2 was 
obtained when 1 and 4 were used as reactants (Entry 2). On the other 
hand, 2 was not formed by the homocoupling of the aldehydes 3:69,70 

Scheme 3. Proposed mechanism for benzyl benzoate synthesis from benzyl alcohol catalysed by Au25(PET)/GMS in aqueous phase.
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only 4 was formed with 28% yield from 3 as the reactant (Entry 3). 
The addition of 1 to Entry 3 increased the yield of 2 to 37% (Entry 4). 
Thus, the coupling between 1 and 3 is the main pathway for the 
formation of 2. The formed 2 was mainly adsorbed on the catalyst 
(Entry 5), which is consistent with the adsorption property observed 
using the pristine support (Fig. S12) and suggests the suppression of 
hydrolysis of 2 during the reaction. Finally, the solvent was changed 
from 2 mL H2O to 1.8 mL MeCN and 0.2 mL H2O to evaluate the 
importance of water. The yield of 2 was significantly reduced to 4% 
and 3 and 4 were formed as the main products (Entry 6). This result 
also supports that adsorption properties in the aqueous phase play a 
key role in the selective synthesis of 2, as all substrates are likely to 
be unadsorbed on the GMS support under the present conditions 
due to the higher solubility of 1-4 in organic solvent.

Based on these mechanistic studies, we propose a plausible 
reaction mechanism in Scheme 3. The reactant PhCH2O– (1–), formed 
by deprotonation of 1 by the base, is first coordinated to the Au25 NC, 
followed by the oxidation to 3 on the Au25 NC surface. Although the 
formed 3 can react with either 1– or OH–, the hydrophobic nature of 
the carbon pores promotes the reaction of 1– while suppressing the 
approach of OH–. This selectivity results in the formation of 2 as the 
main pathway. In addition, the formed 2 is stabilized on the carbon 
against hydrolysis in the aqueous phase due to its higher affinity to 
the carbon and low solubility in H2O. The GMS support provides the 
reaction environment for efficient ester formation (1– + 3 → 2 + H2O) 
in water and suppresses the hydrolysis of 2 (2 + H2O → 1– + 3). These 
unique properties of GMS arise from the moderate adsorption 
properties of each substrate and product and due to the very low 
amount of the surface functional groups (Fig. 1B) and limited water 
adsorption due to high hydrophobicity (Fig. S13).

Conclusions
In conclusion, we synthesized identical partially thiolated Au25 

nanocluster catalysts on three types of carbon supports, GMS, CMS, 
and CNovel. The GMS-supported Au25 nanocluster exhibited the 
highest yield of benzyl benzoate in the aqueous phase alcohol 
oxidation than the CMS or CNovel-supported catalyst. The density of 
the Au nanocluster, the amount of NaOH added, and the water-to-
catalyst ratio play important roles in the benzyl benzoate selectivity. 
The yield was up to 67% under the optimized conditions. Mechanistic 
studies suggested that the adsorption of benzyl alkoxide and 
benzaldehyde, while suppressing the approach of hydroxide ions, 
improved the selectivity by avoiding the unfavorable benzoic acid 
formation and hydrolysis of the as-formed benzyl benzoate. This 
work proposes an environmentally friendly approach for ester 
synthesis in the aqueous phase by utilizing the synergistic effect of 
Au nanocluster and carbon support.
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All methods are summarized in the ESI file.
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