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Solvent-free direct α-alkylation of ketones by 

alcohols catalyzed by nickel supported on silica-

alumina 
Aubin Charvieux,

a
 Javier B. Giorgi,

b
 Nicolas Duguet,*

a
 and Estelle Métay*

a 

The α-alkylation of acetophenone with benzyl alcohol through borrowing hydrogen has been studied using nickel catalysis. 

Ni/SiO2-Al2O3 was found to be the best catalyst for this transformation and the corresponding alkylated acetophenone was 

obtained with 93% isolated yield. Following the objectives of clean and sustainable chemistry, the reaction occurs under 

solvent-free conditions and requires only a catalytic amount of base. This protocol was next applied to a wide range of 

ketones and alcohols and the desired products were isolated with 18-86% yields (26 examples). The recovery and 

recyclability of the nickel catalyst was also investigated and it was found to be active over 5 runs without significant loss of 

activity. Surprisingly, the active catalyst appears to include an amorphous nickel hydroxide layer.

Introduction 

α-Alkylation of ketone enolates with electrophilic agents is a 

common method to create C-C bonds.
1-2

 However, such 

reactions use (pseudo)halides which are often toxic and 

produce stoichiometric waste salts. Alternatively, alcohols can 

be efficiently used for the α-alkylation of ketones catalyzed by 

transition-metals through a borrowing-hydrogen mechanism.
3-

6
 This methodology exhibits high atom economy, as water is 

the sole co-product. Homogeneous catalysts with precious 

metals such as Ru,
7-11

 Ir,
12-16

 Rh,
17

 Os,
18

 Au,
19

 and Re
20

 have 

been widely studied for the α-alkylation of ketones with 

alcohols. Although used in low loadings, these organometallic 

complexes are expensive. Recently, homogeneous catalysts 

have been developed with more abundant metals such as 

Fe,
21-22

 Mn,
23

 and Co,
24

 though still using very specific ligands. 

Recyclable heterogeneous catalysts offer a greener approach 

for the α-alkylation of ketones with alcohols. Heterogeneous 

palladium has been widely used for this transformation in the 

form of Pd/C,
25-26

 Pd/AlO(OH),
27

 nanopalladium liganded to 

viologen polymers,
28

 palladium loaded titanate nanotubes,
29

 

bimetallic Au-Pd nanoparticles
30

 and Pd/MgO-Al2O3.
31

 

Supported ruthenium
32

 and copper on hydrotalcite
33

 have also 

been reported as catalysts for this process. Though some work 

previously cited take advantage of the basic support of the 

catalyst, these reactions generally require a large excess of 

base (up to 300 mol%), a solvent and hydrogen acceptor in 

some cases. Only two groups reported the use of nickel 

catalyst for α-alkylation of ketones with alcohols. Yus et al. 

used nickel nanoparticles (from nickel chloride) for this 

process, without any base.
34-35

 However, this reaction requires 

a stoichiometric amount of nickel nanoparticles. Sugitani et al. 

filed a patent mentioning the use of supported nickel catalysts 

but the nature of the catalyst used was not precisely 

described.
36

 In this context, we report herein a solvent-free α-

alkylation of ketones by alcohols with recyclable nickel 

supported on silica-alumina through the borrowing-hydrogen 

strategy. 

Results and discussion 

The α-alkylation of acetophenone 1a with benzyl alcohol 2a 

has been chosen as a reaction model for the initial 

investigation. A range of heterogeneous metal-based catalysts 

was tested at 175°C under solvent-free conditions using K3PO4 

(10 mol%) as external base (Table 1). Considering that precious 

metals are expensive and that the metal loading on the 

support is quite low (5 or 10 wt%), the catalyst loading was set 

at 2.5 mol% in order to allow a good stirring. Noble metals 

such as Ru/C, Ru/Al2O3, Pd/C and Pt/C allowed moderate to 

good conversion but low to moderate yields (21-61%, Table 1, 

entries 1-4). Non-precious metals were next considered and 

tested at 20 mol%.  
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Table 1. α-alkylation of acetophenone with benzyl alcohol with different supported 

metal-catalysts.
a
  

 

Entry Catalyst Loading 

(mol%) 

Conv.
b
 

(%) 

Yield
b
 (%) 

1 5wt% Ru/C 2.5 77 42 

2 5wt% Ru/Al2O3 2.5 88 57 

3 10wt% Pd/C 2.5 79 61 

4 10wt% Pt/C 2.5 44 21 

5 Raney-like Cu 20 85 44 

6 Raney-like 

Sponge Ni 

20 70 67 

7 64wt% Ni/SiO2 20 95 72 

8 65wt% Ni/SiO2-

Al2O3 

20 >98 86 

a Reaction conditions: 1a (11.6 mmol, 1.2 equiv.), 2a (9.7 mmol), supported 

metal catalyst, K3PO4 (10 mol%), neat, 175°C, 14.5 h. b Conversion of 2a and 

yield of 3a were determined by 1H NMR with mesitylene as internal 

standard. 

Raney-like copper and sponge nickel catalysts afforded 

moderate to good results, with 44 and 67% yield, respectively 

(Table 1, entries 5-6).Nickel on silica gave a slightly better yield 

(Table 1, entry 7). Finally, using nickel supported on silica-

alumina, the reaction afforded the desired α-alkylated ketone 

3a in 86% yield, thus showing the importance of the silica-

alumina support (Table 1, entry 8). Consequently, this catalyst 

was chosen for further optimization. Several bases were next 

screened for this reaction (Table 2). The yields were low with 

sodium acetate and magnesium oxide (Table 2, entries 1 and 

2). Similarly, the reaction with potassium hydroxide or 

potassium tert-butoxide afforded low yields and moderate 

conversions (Table 2, entries 3 and 4).  

Table 2. α-alkylation of acetophenone with benzyl alcohol catalyzed by Ni/SiO2-

Al2O3 with different bases.
a
 

 

Entry Base Conv.
b
 (%) Yield

b
 (%) 

1 NaOAc 36 25 

2 MgO 73 11 

3 KOH 60 23 

4 
t
BuOK 77 42 

5 K2CO3 >98 78 

6 Cs2CO3 68 18 

7 K3PO4 >98 86 

a Reaction conditions: 1a (11.6 mmol, 1.2 equiv.), 2a (9.7 mmol), 

65wt%Ni/SiO2-Al2O3 (20 mol%), base (10 mol%), neat, 175°C, 14.5 h. b 

Conversion of 2a and yield of 3a were determined by 1H NMR with mesitylene 

as internal standard. 

Important disparities were observed when using carbonate 

bases. If a good yield (78%) could be obtained using potassium 

carbonate, cesium carbonate only gave poor results (Table 2, 

entries 5 and 6). The best result was obtained with potassium 

phosphate (10 mol%), affording 86% yield of 3a (Table 2, entry 

7). Potassium phosphate was therefore selected as the best 

base for this reaction. 

Other parameters were next studied (Table 3). As expected, 

the yield dropped when the catalyst loading was decreased at 

15 mol% (Table 3, entry 1), and could not be improved after 

prolonged time. Decrease or increase of the base loading also 

resulted in a decline of the yield, showing that a 10 mol% base 

loading is optimal in these conditions (Table 3, entries 2-3). 

Inversion of the starting material ratio decreased the yield: an 

excess of the ketone is apparently necessary, contrary to the 

previously cited reactions in the literature (Table 3, entry 4). At 

least 1.2 equivalents of 1a are needed to obtain a good yield: a 

reduction at 1.1 equivalents of 1a results in a loss of 16% yield 

(Table 3, entry 5). Several blank experiments were carried out 

in order to verify that both the catalyst and the base are 

essential for this reaction (Table 3, entries 6-8). When K3PO4 

was used in the absence of catalyst, 3a was obtained in poor 

yield (Table 3, entry 6). This result shows that K3PO4 could act 

as a mediocre catalyst for this reaction, in the same fashion 

than NaOH does in the Guerbet reaction.
37

 When the reaction 

was carried out with the catalyst but without base, a similar 

yield of 3a was obtained (Table 3, entry 7). However, the 

conversion was quite high, indicating that other reactions 

occurred under these conditions. 
1
H NMR analysis of the crude 

reaction mixture revealed a higher quantity of benzaldehyde 

(6% yield) than in all other conditions (traces of benzaldehyde). 

Table 3. Optimization of loadings, starting material ratio, temperature and time.
a
  

 

Entry Ni/SiO2-Al2O3 

(mol%) 

K3PO4 

(mol%) 

Conv.
b
 (%) Yield

b
 (%) 

1 15 10 95 72 

2 20 5 89 69 

3 20 15 86 62 

4
[c]

 20 10 79
[d]

 57 

5
[e]

 20 10 90 70 

6 0 10 69 22 

7 20 0 89 21 

8 0 0 2 0 

9
[f]

 20 10 59 39 

10
[g]

 20 10 >98 93 (93)
[h]

 

a Reaction conditions: 1a (11.6 mmol, 1.2 equiv.), 2a (9.7 mmol), 

65wt%Ni/SiO2-Al2O3, K3PO4, neat, 175°C, 14.5h. b Conversion of 2a and yield 

of 3a were determined by 1H NMR with mesitylene as internal standard. c 

1a:2a molar ratio is 1:1.2. d Conversion of 1a determined by 1H NMR with 

mesitylene as internal standard. e 1a:2a molar ratio is 1.1:1. f Reaction 

temperature was 150°C. g Reaction time was 24 h. h Isolated yield in 
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parenthesis. 

 

Scheme 1. a) Formation of 4. b) Reaction between 4 and benzyl alcohol 2a (
a
: mol% 

with respect to benzyl alcohol). 

This shows that the aldolisation step is much slower without base, 

as one could expect. No reaction was observed without catalyst and 

base, thus confirming that both catalyst and base are needed for 

this reaction (Table 3, entry 8). The decrease of the temperature to 

150°C afforded moderate conversion and yield (Table 3, entry 9). 

Finally, the reaction time was increased to 24 hours (Table 3, entry 

10). Satisfyingly, the conversion was complete and the alkylated 

product 3a was isolated with 93% yield. During the optimization of 

this reaction, the formation of a secondary product 4 was observed. 

NMR and mass spectroscopy analyses indicated that 4 could be the 

product of the 1,4-addition of acetophenone 1a on chalcone 5 

(Scheme 1a). Interestingly, this product was observed at low 

conversion and disappeared completely at total conversion, thus 

suggesting that its formation was reversible. To verify this 

hypothesis, 4 was engaged in reaction with benzyl alcohol 2a, 

Ni/SiO2-Al2O3 and K3PO4 (Scheme 1b). Two equivalents of benzyl 

alcohol 2a with respect to 4 are required in this case, one 

equivalent being used to reduce chalcone 5 via hydrogen-transfer. 

Under these conditions, 3a was successfully formed with 85% NMR 

yield. We proposed a simplified mechanism according the observed 

intermediates (Scheme 2). Benzyl alcohol 2a is dehydrogenated into 

benzaldehyde 6 by the nickel catalyst. The chalcone 5 is then 

formed by the aldolisation/crotonisation catalyst by K3PO4 with 

acetophenone 1a and 6. Chalcone 5 is then hydrogenated by the 

nickel catalyst giving the desired product 3a. Benzaldehyde 6 and 

chalcone 5 were usually observed in low amounts. Two main side 

reactions catalyzed by nickel have been identified, leading to the 

formation of toluene and benzene. Toluene was formed by 

hydrogenolysis of 2a. Decarbonylation of benzaldehyde gave 

benzene and carbon monoxide. This reaction is well known and has 

been recently reported with Ni(COD)2.
38

 These side reactions are 

mainly responsible for the difference between the conversions and 

the yields of the reported results.  

The scope of α-alkylation of acetophenone with respect to the 

alcohols was then investigated under the optimized conditions 

(Scheme 3).  

 

Scheme 2. Simplified mechanism based on the observed reaction intermediates. 

RHO
Ph

O
+

Ph

O

R

Ni/SiO2-Al2O3 (20 mol%)

(+ H2O)neat
175°C, 24 h

K3PO4 (10 mol%)

(1.2 equiv.)

1a 2b-2l 3b-3l

CF3OMe

3b: 78% yield (71%)

Ph

O

Ph

O

Ph

O

3c: 74% yield (67%)

Ph

O

3d: 71% yield (61%)

Ph

O

3e: 86% yield (86%)

F

Ph

O

3f: 52% yield (52%) 3g: 61% yield (55%)

Cl

Ph

O

Ph

O

3h: 34% yield (18%)

Ph

O

3i: 33% yield (24%) 3j: 52% yield (52%)

6

Ph

O

Ph

O

3k: 56% yield (39%) 3l: 13% yield

Ph
5 Ph

O

3m: 61% yielda (56%a)  

Scheme 3. Alkylation of acetophenone with various alcohols. Reaction conditions: 1a 

(11.6 mmol, 1.2 equiv.), 2b-2l (9.7 mmol), 65wt%Ni/SiO2-Al2O3 (20 mol%), K3PO4 (10 

mol%), neat, 175°C, 24 h. Yields of 3b-3m were determined by 
1
H NMR with mesitylene 

as internal standard, isolated yield in parentheses. 
a
Combined yields of unsaturated 

isomers (only one C=C bond) and saturated species. 

The reaction with benzyl alcohols bearing para-electron-donating 

groups such as methyl or methoxy afforded good yields (3b and 3e). 

With methyl benzyl alcohols, the position of methyl group has little 

impact on the yield but a slight decrease of the yield was observed 

from para to ortho position (from 3b to 3d). An electron 

withdrawing-group such as trifluoromethyl gave moderate yield 

(3f). Benzyl alcohols with para-halogen group gave mixed results: 

fluorine group gave the desired product in moderate yield (3g) 

whereas a low yield was obtained with chlorine group (3h). This can 

be explained by the dechlorination of both chloro-benzyl alcohol 

and the desired product by the catalyst. Reactions with aliphatic 

alcohols were also carried out. With neopentyl alcohol, a low yield 

was observed (3i), certainly due to its relatively low boiling point. 

Other alcohols such as 1-octanol or 3-phenylpropyl alcohol gave 

moderate yields (3j and 3k), which could be explained by the lower 

reactivity of aliphatic aldehydes compared to aromatic ones. 2-

Octanol gave a very low yield (3l). In that case, 2-octanone was 
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observed as the major product and was obtained with 61% yield. In 

order to evaluate the compatibility of this reaction with an alcohol 

containing a remoted double bond, 10-undecen-1-ol was tested. 

The C=C bond mainly underwent isomerization and/or reduction 

and a mixture of the corresponding products was obtained. The 

unsaturated products with terminal C=C bond (4%) or internal C=C 

bond (36%) were mainly formed, along with the saturated species 

(16%).  

The conditions were then applied to the alkylation of a range 

of ketones by benzyl alcohol (Scheme 4). For acetophenones, 

the same trend is observed as for benzyl alcohols: para-

electron-donating groups (3n, 3q) seem to favor the reaction 

whereas a para-electron withdrawing group (3r) afforded a 

moderate yield. Electron-donating substituents increase the 

nucleophilicity of the enolate intermediate, thus leading to 

improved yields, and vice-versa for electron-withdrawing 

substituents. Again, the reaction yield decreases from para- to 

ortho-methyl acetophenones (from 3n to 3p). 

 

 

PhHOR1

O

+ R1

O

Ph

Ni/SiO2-Al2O3 (20 mol%)

(+ H2O)
neat

175°C, 24 h

K3PO4 (10 mol%)

(1.2 equiv.)

1n-1aa 2a 3n-3aa

R2
R2

Ph

3n: 83% yield (76%)

O

3o: 71% yield (67%) 3p: 65% yield (56%)

3q: 83% yield (81%) 3r: 53% yield (47%) 3s: 64% yield (48%)

3t: 15% yield

3w: 6% yield

3v: 52% yield (44%)

Ph

O

Ph

O

Ph

O

MeO

Ph

O

F3C

Ph

O

F

Ph

O

Cl

Ph

O

Ph

O

3u: 64% yield (62%)

3x: 56% yield (38%) 3y: 29% yield

Ph

O

Ph

O

5

Ph

O

Ph

O

Ph

O

3z: 26% yield (19%) 3aa: 52% yielda (31%a)  

Scheme 4. Alkylation of various ketones with benzyl alcohol. Reaction conditions: 1m-

1x (11.6 mmol, 1.2 equiv.), 2a (9.7 mmol), 65wt%Ni/SiO2-Al2O3 (20 mol%), K3PO4 (10 

mol%), neat, 175°C, 24 h. Yield of 3m-3x were determined by 
1
H NMR with mesitylene 

as internal standard, isolated yield in parentheses. 
a
Combined yield of saturated and 

unsaturated species. 

This phenomenon is probably due to the steric hindrance of 

the methyl group, which can constrain the transition state of 

the attack of the enolate onto the aldehyde. Halogen-

substituted acetophenones were next tested. The use of para-

fluoroacetophenone resulted in moderate yield (3s) while a 

lower yield was obtained with para-chloroacetophenone (3t). 

In that case, dechlorination of both starting material and 

desired product through nickel catalysis was observed as the 

major reaction. Aliphatic ketones such as 2-octanone and 

pinacolone afforded moderate yields (3u and 3v), probably 

due to their lower reactivity. More hindered ketones were 

tested: propiophenone gave very low yield (3w) whereas α-

tetralone afforded the desired product in moderate yield (3x), 

showing that rigidity of the -CH2- ketones seems to favor the 

reaction. Cyclohexanone gave low yield (3y) and no double-

alkylation was observed under these conditions. The α-

benzylation of acetone could be performed, giving the desired 

product (3z) in moderate yield, and only traces of α,α’-

benzylation were observed. In order to evaluate the 

compatibility of a conjugated ketone in our conditions, mesityl 

oxide was engaged into reaction. As the C=C bond partially 

underwent reduction, two products were formed. The desired 

product and its reduced form were obtained in 9% and 24% 

yield respectively. 

Other more challenging substrates, containing reducible 

functions were tested, such as 4-acetoxyacetophenone, 4-

acetylbenzylcyanide and p-nitro compounds. Unfortunately, 

the desired products were not obtained in these cases.   

The recyclability of the catalyst has been studied over 5 runs 

for the α-alkylation of acetophenone by benzyl alcohol in the 

optimized conditions (Figure 1). During optimization of the 

recycling procedure (see SI for the detailed description of the 

recycling procedure), it has been shown that addition of the 

base is required in order to maintain a high yield (without 

addition of base, the reaction afforded the product in 60% 

yield after a new run). Over 5 runs, no significant decrease of 

the yield was observed, thus showing that the nickel on silica-

alumina catalyst can be recycled without significant loss of 

activity. 

 

Figure 1. Recycling study of the catalyst (yield of 3a is determined by 
1
H NMR with 

mesitylene as internal standard). 

Potential leaching of the catalyst was tested by removing the 

catalyst (filtration) from the hot reactive mixture after one 

hour of reaction (same reagents and conditions as for the 

recycling) and reengaging the filtrate in reaction for 23 hours 

more. No evolution of the yield of 3a and conversion of benzyl 

alcohol was observed, thus showing that the removal of the 
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catalyst stopped the reaction. Consequently, no leaching 

occurs during the reaction (see Supporting Information for 

more details). 

The nickel supported on silica-alumina catalyst has been 

characterized before and after one reaction cycle, in order to 

study not only the characteristics of the pristine catalysts, but 

also the potential modifications during reaction. Images 

obtained by scanning electron microscopy (SEM) showed 

particle sizes between 100 and 200 nm for both fresh and used 

catalyst (Figure 2). Particle morphology, size and homogeneity 

are similar in both cases. Energy dispersive X-ray spectroscopy 

(EDS) coupled to the SEM showed a homogeneous dispersion 

of the different elements of the catalyst within the resolution 

of the measurement. Specific surface area was measured by 

the Brunauer–Emmett–Teller (BET) method using nitrogen as 

the gas vector. The specific surface area of the fresh catalyst 

was found to be 171 m²/g (commercial provider indicate 190 

m²/g) whereas the BET surface area of the catalyst after one 

use increased to 214 m²/g. 

Powder X-ray diffraction (pXRD) spectra of fresh and used 

catalyst look identical (a sample spectrum is shown in Fig SI-1). 

For both types of samples, nickel is found in both oxidized 

(NiO, cubic structure, JCPDS# 01-089-3080) and metal forms 

(Ni, cubic structure, JCPDS# 01-071-3740). Silica was observed 

in quartz form (SiO2, JCPDS# 00-001-0649).  

 

Figure 2. SEM images of fresh and used Ni/SiO2-Al2O3 catalyst. 

The oxidation state of nickel, which is believed to be critical for 

reaction activation, was also probed by X-ray photoelectron 

spectroscopy (XPS). 

The XP spectrum of the fresh Ni/SiO2-Al2O3 catalyst is shown in 

Figure 3 (trace a). The survey indicates the presence of Ni, Si, 

Al and O, with no other elemental impurities. In order to 

identify the nickel species present, we obtained high 

resolution spectra of the Ni 2p region (note that the O 1s 

region is not readily usable due to the presence of the oxide 

support). Fitting the Ni 2p region is complicated by the 

presence of multiple satellite peaks which are present for each 

possible species and which overlap with the 2p doublet,
39,40

 

particularly in small particles and when layers are present.
41,42

 

Following the fitting procedure outlined by Biesinger
43,44

 to 

determine the nickel environment, three species are observed, 

namely metallic nickel, nickel oxide and nickel hydroxide. An 

example of the fitted spectrum is shown if Fig SI-2 for the fresh 

catalyst. Because the XPS measurements are intrinsically 

surface sensitive, this would indicate that the nickel catalyst is 

covered by an oxide and a hydroxide layer. It is important to 

note here that within the resolution of the XPS measurements, 

no distinction was made between Ni(OH)2 and NiOOH. The 

typical interpretation is that the nickel catalyst, exposed to air, 

forms a surface bilayer with Ni(OH)
2
 underlaid by NiO.

45
 

A comparison of the fresh and used catalyst shows only slight 

shifts in the peaks that can be quantified based on the three 

species present (Figure 3). The fraction of 

metal:oxide:hydroxide species for the fresh catalyst is 2:25:73, 

while for the used catalyst the ratio is 2:13:85. That is, more of 

the oxide was transformed to hydroxide. In contrast, a 

reduction of the fresh catalyst yields more metal, as expected, 

but only in detriment of the oxide layer (ratio 4:22:74). The 

oxide layer was also observed by XRD, as discussed above, 

however the hydroxide layer appears to be amorphous, since 

no corresponding diffractions peaks were observed. To test for 

the presence of hydroxide species directly, FTIR measurements 

were performed (Figure 4). 

 

Figure 3. XPS spectra of the catalyst: a) fresh, b) used, c) reduced (black, blue and red in 

the color figure). Spectra are offset for clarity. Left panel shows the survey where only 

the expected elements are observed. Right panel show high resolution spectra of the Ni 

2p region. 

 

 

 

Figure 4. FTIR spectrum of fresh (top) and used (bottom) Ni/SiO2-Al2O3 catalyst. 

The characteristic sharp peak of β-Ni(OH)2 at ~3640 cm
-1

 is not 

present. Instead, the IR spectrum of fresh catalyst shows the 

characteristic peaks observed for amorphous or α-Ni(OH)2 , 

namely i) a broad peak for the OH stretching modes of 
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absorbed water at ~3400 cm
-1

 with the corresponding bending 

modes at ~1600 cm
-1

, and ii) the two peaks associated with the 

bending modes of lattice OH at ~1390 and 1490 cm
-1

.
[42,45,46]

 

Note that while the IR active modes of α-Ni(OH)2 at ~390, ~470 

and ~650 cm
-1

 are not measured in the standard FTIR 

experiment, the combination bands at ~840 and 1050 cm
-1

 are 

visible. The spectrum for the used catalyst shows the same 

peaks with the addition of small peaks associated with organic 

residues from the reaction environment. Characterization of 

the Ni/SiO2-Al2O3 catalyst before and after use, as well as its 

stability during recycling tests suggest that the active surface 

of the catalyst is composed by amorphous Ni(OH)2 and the 

support in contact with the neat reagents. 

Conclusions 

In conclusion, we have demonstrated that acetophenone 

could be alkylated with benzyl alcohol through a borrowing 

hydrogen methodology using Ni/SiO2-Al2O3 as a cheap 

heterogeneous catalyst. Advantageously, the reaction occurs 

under solvent-free conditions and requires only a catalytic 

amount of base. Under these conditions, the corresponding 

alkylated acetophenone was obtained with 93% isolated yield. 

The optimized conditions were then applied to a wide range of 

ketones and alcohols and the desired products were obtained 

with 18-86% isolated yields (26 examples). Satisfyingly, 

Ni/SiO2-Al2O3 could be recycled over 5 runs without significant 

loss of activity. 
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