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Mesoporous Silica-Supported Rhodium Complexes Alongside 

Organic Functional Groups for Catalysing 1,4-Addition Reaction of 

Arylboronic Acid in Water

Yuanyuan Kong,a,b Siming Ding,a,b Koichiro Endo,c Kiyotaka Nakajima,c Yuichi Manaka,a,d Wang-Jae 
Chun,e Ikuyoshi Tomita,a and Ken Motokura*a,b

The 1,4-addition reaction of arylboronic acid catalysed using a Rh complex is critical in the synthesis of 62���
���,���
 

compounds. However, most organic syntheses are performed in toxic organic solvents that pollute the environment. 

Conversely, water is cheap, non-toxic, abundant, and green. Therefore, improving the yield of the abovementioned 1,4-

addition reaction in water is highly desirable. Here, Rh complexes and organic functional groups were co-immobilized on the 

internal surface of mesoporous silica with different mesopore diameters. The properties of the mesoporous silica-supported 

Rh catalysts were characterised using Fourier transform infrared spectroscopy, Rh K-edge X-ray absorption fine structure 

analysis, inductively coupled plasma atomic emission spectroscopy, CHN elemental and water contact angle analysis, and 

water vapour adsorption. The mesoporous silica-supported Rh catalyst with a Rh:octyl group ratio of 1:15 and a 1.6 nm pore 

diameter exhibited the highest catalytic activity in water: the yield of the 1,4-addition reaction increased to 93%, whereas a 

yield of only 31% was observed using the catalyst without the co-immobilized octyl groups. The mesoporous silica-supported 

Rh catalyst exhibited broad applicability to a range of arylboronic acids and enones.

Introduction

Recently, with the development of economic technology and 

improvement of living standards, green, sustainable 

development strategies in the field of synthetic chemistry 

attracted attention [1]. However, most organic syntheses are 

performed in organic solvents extracted from petroleum 

feedstocks. The use of organic solvents not only consumes 

petroleum feedstock, but also pollutes the environment. In 

contrast, water is cheap, non-toxic, abundant, and green. 

Although the low solubilities of organic compounds in water 

leads to low reactivities during organic reactions, the 

immiscibility of water and organic compounds also simplifies 

separation and purification [2,3]. Therefore, water is still 

attracting the attention of numerous scientific communities. 

One of the most efficient methods to achieve a green, 

sustainable catalytic synthetic strategy involves replacing 

organic solvents in organic syntheses, such as acid- [4,5] or 

metal-catalysed [6,7] reactions, with water to reduce the 

harmful environmental effects of organic solvents. One of the 

most effective strategies in the design of water-tolerant 

catalysts is the introduction of hydrophobic or amphiphilic 

groups close to the catalytically active sites [4-7]. For example, 

Uozumi et al. reported a Rh-chiral diene complex immobilised 

on amphiphilic polystyrene-polyethylene glycol (PEG) resin 

which catalysed 1,4-addition reactions in water [7a].

Rh-catalysed 1,4-addition effectively provides 62�,������� 

carbonyl compounds. Recently, numerous efforts to develop 

catalysts for 1,4-addition reactions were reported. Since 1997, 

Miyaura et al., Hayashi et al., Uozumi et al., etc. developed 

various novel homo- and heterogeneous Rh catalysts that 

catalysed 1,4-addition reactions in organic and aqueous 

solvents [8,9]. Our group also reported a cooperative catalytic 

system, wherein the Rh complex and tertiary amine were co-

immobilized on the surface of silica to catalyse 1,4-addition 

reactions [10]. This report demonstrates the combination of 

supported Rh complex and co-immobilized tertiary amine group 

for efficient catalysis in organic solvent. Our strategy for catalyst 

design, i.e. the accumulation of multiple functionalities on the 

same surface [11], should extend to the introduction of 

hydrophobic/amphiphilic units on the silica surface bearing 

active Rh complexes in water.

Herein, we developed mesoporous silica (MS)-supported Rh 

complexes alongside organic functional groups to catalyse 1,4-

addition reactions in water (Eq. 1). The co-immobilized organic 

groups may significantly improve the catalysis of 1,4-addition 
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reactions in water and provide higher yields, overcoming the 

low solubilities of organic substrates in water. We characterised 

the catalyst using spectroscopic techniques and analysed the 

influences of the MS pore structure and other factors on the 

catalytic activity and range of substrates of the 1,4-addition 

reaction in water.

Results and Discussion

Catalyst preparation and characterization

The MS support was synthesised via a sol-gel process using a 

primary amine (n-octyl- (C8), n-decyl- (C10), n-dodecyl- (C12), or 

n-octadecylamine (C18)) as a structure-directing agent [12]. 

Depending on the length of the carbon chain of the structure-

directing agent, the corresponding MS supports exhibit pore 

diameters of 16, 19, 23, and 31 Å, respectively. These MSs are 

denoted as MS(Cn), where Cn is the carbon chain length of the 

primary amine used. Other silica supports (SBA-15 with a pore 

size of 72 Å and nonporous silica (Aerosil 300)) were also used 

as catalyst supports and compared with the MS supports. The 

physical properties of the synthesised silica supports are 

summarised in Table S1 (Supporting Information) [13].

The co-immobilization of the Rh complexes and organic 

groups on the surface of MS is shown in Scheme 1. The MS-

supported diamines and organic groups (MS/diamine/R) are 

prepared via the simple silane coupling of [3-(2-

aminoethylamino)propyl]trimethoxysilane and organic groups 

with the silane on the silica surface. A 1,4-dioxane solution 

containing [Rh(cod)OH]2 (cod = cyclooctadiene) is then added to 

the MS/diamine/organic groups, yielding MS-supported Rh 

complexes alongside organic groups (MS/diamine/Rh/R). n-

Octyl (n-C8H17), phenyl (Ph), methyl (–CH3), and PEG organic 

functional groups were used.

Scheme 1. Preparation of MS/diamine/Rh/R (R = organic 

functionality).

Table 1. Elemental analyses of the MS-supported Rh catalysts 

with different organic groups.
Element 

(mmol / g) cCatalyst
Organic 
group

(R : Rh) C N Rh
MS(C8)/diamine/Rh b -  5.8 0.6 0.312
MS(C8)/diamine/Rh/octyl Octyl (15:1) 27.5 0.3 0.156
MS(C8)/diamine/Rh/octyl Octyl (10:1) 17.0 0.5 0.214
MS(C8)/diamine/Rh/octyl Octyl (5:1) 16.1 0.6 0.277
MS(C8)/diamine/Rh/octyl Octyl (1:1) 10.6 0.7 0.314

MS(C8)/diamine/Rh/methyl
Methyl 
(15:1)

 8.1 0.6 0.324

MS(C8)/diamine/Rh/phenyl
Phenyl 
(15:1)

21.3 0.5 0.215

a The amounts of C and N were measured using elemental analysis, 

and Rh was determined using inductively coupled plasma atomic 

emission spectroscopy (ICP-AES). b Data from [10c].

Fig. 1 FT-IR spectra of (a) MS(C8)/diamine/Rh, 

(b) trimethoxyoctylsilane, (c) MS(C8)/diamine/Rh/octyl, 

(d) trimethoxyphenylsilane, and 

(e) MS(C8)/diamine/Rh/phenyl.

The elemental analyses of the prepared MS(C8)-supported 

Rh catalysts with different organic groups and ratios of Rh and 

octyl groups are summarised in Table 1. The C content of 

MS/diamine/Rh/octyl increases with increasing organic 

functional group content. The N/Rh ratio of the 

MS/diamine/Rh/organic group is ~2, indicating the formation of 

a diamine Rh complex (Table 1). As the pore size of the silica 

support increases, no significant changes in the C and N 
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amounts are observed, suggesting that the pore size of the silica 

support does not affect the mounting of the Rh complexes and 

octyl groups (Table S2, Supporting Information). The Fourier 

transform infrared (FT-IR) spectra (Fig. 1) confirm the presence 

of organic groups on the surfaces of the MS/diamine/Rh/R 

catalysts. As shown in Figs. 1(b) and (c), the spectra of 

trimethoxyoctylsilane and MS(C8)/diamine/Rh/octyl exhibit 

similar peaks at ~2900 cm–1, which are assigned to P(C–H). The 

spectra of trimethoxyphenylsilane (Fig. 1(d)) and 

MS(C8)/diamine/Rh/phenyl (Fig. 1(e)) also exhibit similar peaks 

at ~2900 cm–1. In addition, two peaks representing the benzene 

skeleton vibration are also observed at 1590 and 1650 cm–1 

before and after immobilisation of the phenyl group [14]. These 

results indicate the immobilisation of the octyl and phenyl 

groups while maintaining their structures.

The coordination environments of the Rh complexes of the 

MS-supported catalysts were analysed using Rh K-edge X-ray 

absorption fine structure (XAFS) spectroscopy. Fig. 2(A) shows 

the X-ray absorption near edge structure (XANES) spectra of the 

MS-supported Rh catalysts with different organic groups, 

MS(C8)/diamine/Rh/octyl (1:15) after the catalytic reaction, 

and the corresponding reference samples. The features of the 

XANES spectra of all MS-supported Rh catalysts [(a)–(e)] are 

similar to those of the spectrum of [Rh(cod)OH]2 (f), but differ 

from those of the spectra of Rh2O3 (g) and Rh foil (h), indicating 

the structures of the surface Rh complexes. Fig. 2(B) shows the 

Fourier-transformed extended X-ray absorption fine structure 

(FT-EXAFS) spectra of the MS-supported Rh catalysts and the 

corresponding reference samples. The FT-EXAFS spectra of the 

MS-supported Rh catalysts [(a)–(e)] exhibit strong signals at 

~1.6 Å. This signal is very close to those representing Rh–C/O 

observed in the spectra of [Rh(cod)OH]2 (f) and Rh2O3 (g), but 

different from those representing Rh–Rh and Rh–O–Rh bonds. 

These XANES and FT-EXAFS results indicate that the types of 

organic functional groups do not strongly affect the 

coordination structures of the Rh species on the surfaces. As 

shown in Figs. S1 and S2, Supporting Information, the pore size 

of the support and the Rh:octyl ratio do not affect the local 

structures of the Rh complexes. The curve fitting (CF) analysis 

results of the EXAFS spectra of the MS-supported Rh catalysts 

are summarised in Table 2. For the MS-supported Rh catalysts, 

whether they contain different organic groups, pore sizes, or 

ratios of Rh and octyl groups, the coordination numbers (N) and 

bond distances (R) are approximately 7 and 2.06–2.09 Å, 

respectively. These values are consistent with those previously 

reported for an MS-supported Rh complex [10c], indicating the 

formation of diamino Rh complexes on the MS surfaces. The 

effect of pore size on the CF results is scarcely observed, and the 

octyl:Rh ratio does not affect the local structures of the Rh 

complexes, as shown in Table S3, Supporting Information. 

Fig. 2 (A) Rh K-edge XANES and (B) k3-weighted FT-EXAFS 

spectra of (a) MS(C8)/diamine/Rh/octyl, 

(b) used MS(C8)/diamine/Rh/octyl, 

(c) MS(C8)/diamine/Rh/methyl, 

(d) MS(C8)/diamine/Rh/phenyl, (e) MS(C8)/diamine/Rh, 

(f) [Rh(cod)OH]2, (g) Rh2O3, and (h) Rh foil.

Table 2. Curve fitting analyses of the prepared MS-supported 

Rh catalysts.a

Sample N b R (Å)c 6�2 

(Å×10
-3)d

6E0

(eV) e
Rf 

(%)f

MS(C8)/diamine/Rh g 6.7
±1.2

2.09
±0.01 

5.81
±0.29

-4.1
±2.3

0.80

MS(C8)/diamine/Rh/
Octyl

7.0
±1.5

2.07 
±0.01

3.63
±0.58

-3.0
±2.8

0.92

MS(C8)/diamine/Rh/
methyl

6.9
±1.3 

2.06 
±0.01
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±0.48

-3.6
±2.8

0.50
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Phenyl

6.8
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a Fourier transform and Fourier-filtering regions were limited, 

with 6k A 3.0–11 ÅC' and 6r A 1.2–2.2 Å, respectively. 
b Coordination number. c Bond distance between absorber and 

backscattering atoms. d Debye–Waller (DW) factor relative to 

that of the reference. e Inner potential correction to account for 

the difference in the inner potentials of the sample and reference. 
f Goodness of curve fit. g Data from [10c]. h Recovered catalyst 

after the 1,4-addition reaction. i Average values of 

crystallographic data are reported [15].

Catalysis of 1,4-addition reactions of arylboronic acids

1,4-Addition reactions of 1.0 mmol of cyclohexenone and 1.5 

mmol of phenylboronic acid catalysed using the prepared 

MS(C8)-supported Rh catalysts were conducted, as shown in 

Table 3. The yield using MS(C8)/diamine/Rh (Entry 1) in water 

is only 31%, whereas that using MS(C8)/diamine/Rh/octyl is 

93% (Entry 2). Time-course analysis of these reaction clearly 

indicates that this difference is due to a higher reaction rate of 

the catalyst with octyl group (Fig. S5). Other supported Rh 

complexes with organic functionalities, such as PEG, phenyl, 

and methyl (Entries 3–5), also exhibit superior activities in water 

compared to that of the catalyst without organic groups. In 

contrast, in dioxane/H2O, the catalytic performances of 

MS(C8)/diamine/Rh and MS(C8)/diamine/Rh/octyl are almost 

identical, as shown in Entries 6 and 7. Therefore, the MS-

supported Rh catalysts with organic groups effectively promote 

the 1,4-addition reaction in water, and 

MS(C8)/diamine/Rh/octyl exhibits the optimal activity (Entry 2, 

93% yield). Using MS(C8)/diamine/Rh/PEG, the ether 

functionality mimics the surrounding environment of the Rh 

complex in the 1,4-dioxane solution, whereas a simple 

hydrophobic environment using the octyl group exhibits higher 

catalytic performance.

After confirming that the octyl group is a superior organic 

group for the 1,4-addition reaction in water, we examined the 

effect of the ratio of Rh to the organic group on the 1,4-addition 

reaction (Fig. 3). With an increase in the ratio of Rh to organic 

groups, the catalytic activity of MS-supported Rh also gradually 

increases, whereas the catalytic activity is similar for each 

Rh:octyl ratio in 1,4-dioxane/water. Among the catalysts used, 

MS(C8)/diamine/Rh/octyl with the highest ratio (1:15) exhibits 

the highest catalytic activity. This octyl group amount is almost 

an upper limit because of the surface Si–OH density [13]. The 

hydrophobicities of the MS-supported Rh catalysts with 

different Rh:octyl group ratios were determined using the water 

contact angle, as shown in Table 4. The contact angle of the MS-

supported Rh catalyst without octyl groups is almost zero, and 

the water droplets are rapidly absorbed by the sample. With an 

increase in the amount of octyl groups, the contact angles of the 

other catalysts gradually increase, indicating that the 

hydrophobicity of the catalyst gradually increases. The water 

vapour adsorption isotherms of MS(C8), MS(C8)/diamine/Rh, 

and MS(C8)/diamine/Rh/octyl were also measured to 

determine the hydrophobicities of the mesopores (Fig. 4). For 

MS(C8) and MS(C8)/diamine/Rh, the water adsorption rate 

increases at approximately P/P0 = 0.3, whereas no large water 

uptake is observed at P/P0 Q 0.85 on MS(C8)/diamine/Rh/octyl. 

We also evaluated adsorption capacity of organic substrate into 

the MS internal surface. Under the aqueous reaction conditions, 

2.2 mmol g-1 of cyclohexanone was adsorbed into the 

MS/diamine/Rh/octyl, whereas adsorption amount was only 

0.14 mmol g-1 with MS/diamine/Rh. Therefore, the organic 

groups protect the active Rh centres from water and 

simultaneously absorb organic substrates into the mesopores, 

which leads to an increase in the substrate molecule 

concentration around Rh.

Table 3. Effect of solvent on the 1,4-addition reaction catalysed 

using the MS-supported Rh complexes.a

Entr

y
Solvent Catalyst

Conv. of 

cyclohexen

one (%) b

Yield 

(%)b

1 H2O
MS(C8)/diamine/

Rh
66 31

2 H2O
MS(C8)/diamine/

Rh/octyl
> 99 93

3 H2O
MS(C8)/diamine/

Rh/PEG
>99 84

4 H2O
MS(C8)/diamine/

Rh/phenyl
65 51

5 H2O
MS(C8)/diamine/

Rh/methyl
74 61

6
dioxane/

H2O

MS(C8)/diamine/

Rh
97 98

7
dioxane/

H2O

MS(C8)/diamine/

Rh/octyl
97 97

a Reaction conditions: cyclohexenone (1.0 mmol), 

phenylboronic acid (1.5 mmol), Rh catalyst (Rh: 1.5 J�
�/ 

solvent (2 mL: H2O or 10:1 dioxane/H2O), 60 °C, 60 min. The 

ratio of Rh to organic functional groups was 1:15, except for 

MS(C8)/diamine/Rh/PEG (Rh:PEG = 1:5) because of the large 

PEG precursor, (TMS)3SiC3H6(OC2H4)9–12OCH3. b Determined 

by 1H NMR spectroscopy using 1,3,5-triisopropylbenzene as the 

internal standard.

O

+

B

OH

OH

Rh catalyst
(Rh:15 µmol)

solvent (2.0 mL)
60 °C, 60 min

(1.0 mmol) (1.5 mmol)

O
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Fig. 3 Effect of the octyl/Rh ratio on the 1,4-addition reaction. 

Red: in water, black: in 10/1 dioxane/water.

Table 4. Water contact angles of the SiO2/diamine/Rh/octyl 

catalysts.a

Rh �octyl Water contact angle (°)

1 : 0  n.d. b

1 : 1   77 ± 2
1 : 5  104 ± 1

 1 : 10  112 ± 2
 1 : 15  131 ± 1

a Samples were prepared from powdered catalyst samples using 

a tablet press at 20 MPa. b Water droplets are rapidly absorbed 

by the catalyst.

Fig. 4 H2O adsorption isotherms of the MS(C8) samples 

measured at 25 °C. (a) Bare MS(C8), (b) MS(C8)/diamine/Rh, 

and (c) MS(C8)/diamine/Rh/octyl. 

The effect of the pore size of the support on the 1,4-addition 

reactions catalysed using the MS-supported Rh complex 

catalysts was investigated, and the results are presented in 

Fig. 5. As the pore size of the MS support increases, the yield of 

the 1,4-addition reaction gradually decreases. 

MS(C8)/diamine/Rh/octyl exhibits the highest catalytic activity, 

whereas the nonporous silica-supported Rh catalyst exhibits a 

much lower performance even with the co-immobilized octyl 

group. This may be because the small-mesopore structure with 

octyl groups on the internal surface may effectively shield the 

attached Rh complexes from water. Immobilisation of 

hydrophobic groups on the catalyst surface is common in the 

field of aqueous catalysis; however, this is the first study to 

clarify the effect of pore size on catalysis in water assisted by 

hydrophobic groups.

Fig. 5 Effect of the pore size of the support on the 

MS/diamine/Rh/octyl-catalysed 1,4-addition reaction. T$ 

nonporous silica was used as the support.

Using MS(C8)/diamine/Rh/octyl (1:15), we investigated the 

substrate range of 1,4-addition of phenylboronic acids with 

cyclohexenone in water, and the results are summarised in 

Table 5. Phenylboronic acid with electron-donating or -

withdrawing groups reacts smoothly in water with high yields of 

96–99% (Entries 2–9). In addition to the para position, 

ortho/meta-substituted phenylboronic acid reacts effectively 

with cyclohexenone (Entries 4 and 5). Phenylboronic acid with 

a NO2 substituent also yields the corresponding cyclohexanone 

in a high yield (87%) (Entry 10). Therefore, the substituent on 
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phenylboronic acid, whether it is an electron-withdrawing or -

donating group or another organic group, exhibits no adverse 

effect on the 1,4-addition reaction in water, and the yield of the 

corresponding product is very good. The initial reaction rate of 

substituted phenylboronic acid was then investigated. 

Phenylboronic acid with an electron-withdrawing group 

exhibits a higher reaction rate than that of phenylboronic acid 

with an electron-donating group; the U value is >1, based on the 

Hammett plot (Fig. S3). This trend is similar to that of the 

homogeneous Rh complex-catalysed reaction [8], suggesting a 

similar reaction mechanism of Rh–OH with the cod ligand. For 

the recovered catalyst, the XAFS analysis, XANES and FT-EXAFS 

spectra (Fig. 2), and curve-fitting analysis results (Table 2) are 

almost the same as those of the fresh catalyst. Hence, the cod 

ligand may coordinate to the Rh site during the reaction. The 

recovered catalyst may be reusable; however, it exhibits a 

slightly lower reaction rate (1.3 × 10–2 mmol min–1) compared 

with that of the fresh catalyst (1.5 × 10–2 mmol min–1). No 

leaching of Rh into the water was observed using inductively 

coupled plasma atomic emission spectroscopy (ICP-AES); the 

amount of Rh in the solution was lower than the detection limit. 

No significant change of local Rh structure after catalysis was 

observed in XAFS analysis (Figure 2). These results indicate that 

the main reason for the deactivation might be adsorption of 

organic compounds around the active Rh center and/or internal 

surface of mesopore due to the hydrophobic environment.

Table 5. Scope of arylboronic acid in the 1,4-addition reaction 

in water.a

Entry Arylboronic 
acid

Time (h) Conv. of 
cyclohexenone 

(%)b
 

Yield 
(%)b

1 Ph- 1 > 99 93
2 4-F-C6H4- 1 95 96
3 4-Cl-C6H4- 1 >99 96
4 2-Cl-C6H4- 1 >99 >99
5 3-Cl-C6H4- 1 >99 >99
6 4-CF3-C6H4- 1 >99 >99
7 4-CH3O-

C6H4-
1 > 99 99

8 4-CH3-
C6H4-

3 > 99  97

9 4-CH3C(O)-
C6H4-

3 > 99  96

  10 c 4-NO2-
C6H4-

6 > 99 87

  11 B(OH)2 1 >99 99

  12 B(OH)2

O

6 67 60

aReaction conditions: cyclohexenone (1.0 mmol), arylboronic 

acid (1.5 mmol), MS(C8)/diamine/Rh/octyl (Rh: 1.5 J�
�/ H2O 

(2 mL), 60 ºC. bDetermined by 1H NMR using internal standard 

technique and 1,3,5-triisopropylbenzene was used as internal 

standard. cH2O (4 mL).

Table 6. Scope of unsaturated carbonyl compounds on the 1,4-

addition reaction of phenylboronic acid in water a

Entry Enone
Time 
(h)

Conv. of 
cyclohexenone 

(%)b

Yiel
d 

(%)b

1 1 > 99 93

2
O

3 61 60

3

O

3 >99 80

4

O

3 >99 >99

5

O

O

CN

3 >99 87

6 c
CN

3 >99 >99

7 d O 6 67 67

aReaction conditions: enone (1.0 mmol), phenylboronic acid (1.5 

mmol), MS(C8)/diamine/Rh/octyl (Rh: 1.5 J�
�/ H2O (2 mL), 

60 ºC. bDetermined by 1H NMR using internal standard 

technique and 1,3,5-triisopropylbenzene was used as internal 

standard. c100 ºC. d90 ºC.

The substrate range of the unsaturated carbonyl 

compounds in the 1,4-addition reaction is shown in Table 6. 

Various unsaturated ketones, such as 3-octen-2-one and 

chalcone, exhibit good-to-high yields under the catalysis of 

MS(C8)/diamine/Rh/octyl (Entries 1–4). These hydrophobic 

substrates showed much lower reactivity with the supported 

catalyst without octyl group. The reactions with unsaturated 

nitriles also occur smoothly, resulting in high yields of the 

corresponding products (Entries 5 and 6). Unsaturated 

aldehydes may also produce higher yields, although longer 

reaction times are required (Entry 7). The catalyst system 

exhibits broad applicability and strong catalytic activity in the 

1,4-addition reactions of various arylboronic acids and 

unsaturated carbonyl substrates in water.

Conclusions

O

+

B

OH

OH

MS(C8)/diamine/Rh/octyl
(Rh:15 µmol)

H2O (2.0 mL)

60 °C
(1.0 mmol) (1.5 mmol)

O

X

X

O
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In conclusion, MS-supported Rh catalysts with organic groups 

efficiently catalysed 1,4-addition reactions of phenylboronic 

acids and unsaturated ketones in water. 

MS(C8)/diamine/Rh/octyl (1:15) with a smaller MS support 

pore size and more octyl groups increases the yield of the 1,4-

addition reaction in water from 31% to 93%, with the catalytic 

activity significantly improved. The 1,4-addition reaction 

catalysed by MS/diamine/Rh/octyl exhibits a broad substrate 

scope in terms of phenylboronic acids and unsaturated ketones. 

MS/diamine/Rh/octyl is highly effective in catalysing the 1,4-

addition reaction in water, with good potential for applications.
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