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Efficient and Sustainable One-pot Synthesis of a-Carbonyl
Homoallylic Alcohols from Benzaldehyde and Allylic
Alcohols Using both NHC and Nickel Catalysts

Yasmina Homrani,”® Bouchaib Mouhsine,™ 9 Aurélien Béthegnies,™
Mohamed Amin El Amrani,”! Abdallah Karim, Isabelle Suisse, and Mathieu Sauthier*®

a-carbonyl homoallylic alcohols have been synthesized in a
one-pot reaction from benzaldehyde and allylic alcohols. The
nickel-catalyzed allylation of a-hydroxyketones has first been
studied and allowed the identification of Ni(cod)./dppf as the
most suitable catalytic system. The tandem reaction that
combines the benzoin condensation of aldehydes (synthesis of

Introduction

a-Hydroxyketones are important functional skeletons employed
as synthetic intermediates such as acyl-type templates in
catalytic asymmetric transformations™ or as starting materials in
the synthesis of dihydropyrans® for example. Those structural
units could be synthesized starting from simple aldehydes via
the benzoin condensation reaction.”! The first example of
benzoin condensation was proposed by Wéhler and Liebig®
and the catalytic version with cyanide anion was developed
shortly after”™ Following these pioneering works, the intra-
molecular and intermolecular benzoin condensation was largely
developed and N-heterocylic carbenes (NHCs) proved to be
very efficient catalysts.™ From a mechanistic point of view, the
transformation allows the polarity inversion of the aldehyde
through the generation of an acyl anion equivalent” A
nucleophilic addition to a second electrophilic aldehyde leads
to the expected a-hydroxycarbonyl compounds (benzoin and
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a-hydroxyketones) promoted by the 1,3-dimethylimidazolium
chloride/DBU system and the nickel-catalyzed allylic alkylation
with allylic alcohol has been realized in EtOH as green solvent.
The reaction is 100% atom-economical and water is formed as
sole by-product. A broad scope of different benzaldehyde
derivatives as well as various allylic alcohols is also described.

derivatives).®! The presence of an acidic C—H bond in the
product of benzoin condensation makes them suitable nucleo-
philes for allylation reactions, one of the most fundamental and
versatile step in organic chemistry,” thus generating a-carbonyl
homoallylic alcohols. Introduction of an allyl moiety into an
organic framework enhances the utility of the overall synthetic
application as it opens the way to further chemical C=C
transformations such as oxidation, hydroformylation or meta-
thesis reactions. Allylation reactions are typically performed
with allylation reagents such as allyl halide, acetate or
carbonate. The nature of the leaving group of the allylic
substrate is crucial regarding the generation of stoichiometric
amounts of salts as by-products that can be potentially formed.
In a context of green chemistry, allyl alcohol is particularly
attractive since, with this allylation reagent, water is the sole by-
product of the reaction. Moreover, it can be synthesized from
vegetal raw material like glycerol."” However, this substrate
shows much lower reactivity in comparison to the allylation
reagents mentioned previously due to the poor leaving ability
of the hydroxide anion. The use of appropriate metallic catalysts
is then fundamental to efficiently promote allylation reactions
with allylic alcohols. In our laboratory, we have developed a
major interest for the clean nickel catalyzed allylation of various
substrates as amides,""” malonates,"? aldehydes,"? ketones,"
dioxo compounds"™ and nitriles"® in the presence of allylic
alcohols. Nickel-based catalysts proved to be a very interesting
alternative to palladium based equivalents regarding the wide
availability and lower price of the metal. Hence, it has been
recognized during the last two decades as a very promising
organometallic catalyst in the area of allylic substitutions."”
From these results, we were interested to explore the use of
nickel catalysts for the allylation of a-hydroxyketones and
evaluate the feasibility of the one-pot benzoin condensation/
allylation reaction from aromatic aldehydes and allylic alcohols
leading to a-carbonyl homoallylic alcohols (Scheme 1). In
literature, tandem and domino reactions are considered to be
efficient and strong alternative strategies for building complex

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 1. Benzoin condensation/nickel catalyzed allylic alkylation tandem
reaction.

molecular frameworks"® and they are a versatile synthetic tool

to forge C—C bonds from simple substrates in a single reaction
vessel." They also demonstrate a green synthetic instrument
regarding the atom-economy, waste generation, time and labor
loss.”” Generally, the benzoin condensation/allylation reaction
is a one-pot reaction in which the two processes are sequential
with two different catalytic systems and belongs therefore to
the orthogonal tandem catalysis.”"!

Glorious®™ and She™ have recently reported the NHC-
benzoin condensation/palladium-catalyzed allylation from alde-
hydes and allylic acetates as tandem catalysis. In this work, the
combination of NHC-catalyzed benzoin condensation and
palladium-catalyzed allylic alkylation was successful allowing a
three component coupling after two successive C—C bond
formations. The authors proved that NHC could be compatible
with a transition metal (palladium) in a coupling reaction.
Nevertheless, palladium remains a rare and expensive metal
and its replacement by a more available source as nickel is an
important challenge. In other hand, He et al. proposed the one
pot condensation/allylation using NHC and nickel(ll) chloride as
catalysts with allyl acetate as electrophilic substrate.” The
present work develops a sustainable Ni-catalyzed tandem
reaction from benzaldehyde and allylic alcohol to produce o-

carbonyl homoallylic alcohols according to an atom- and time-
economical process (Scheme 1).

Results and Discussion

Before performing the tandem reaction, we started with the
optimization of the nickel catalyzed allylation reaction of
benzoin 1a with allyl alcohol 2a. The first test was realized in
DMSO, which proved to be a good solvent for the N-allylation
of indoles,” in the presence of 1.5 mol% Ni(cod), as nickel
source and dppf (diphenylphosphinoferrocene) ligand at 70°C
(Table 1 and Scheme 2). Nevertheless, the reaction did not
occur (entry 1). Fortunately, as the temperature increased up to
80°C or 90°C, a-carbonyl homoallylic alcohol 3a could be
produced with approximatively 60 % yield after 17 h, evidencing
the feasibility of the nickel catalyzed benzoin allylation with allyl
alcohol (entries 2 and 3). We then evaluated the solvent effect.
The allylation yielded 75% in MeOH (entry 4) and 82% in EtOH.
THF and toluene were also evaluated providing similar yields
(84 and 95% respectively) (entries 6 and 7) and these results
showed that protic or aprotic solvents are both convenient for
that reaction. We finally chose EtOH as the best solvent
regarding its environmental perspectives.

The optimization was further carried out by testing various
ligands associated to the nickel precursor (Scheme?2 and
Table 1). Triphenylphosphine PPh; proved to be poorly efficient
with 68% conversion (entry 9) while the diphosphines BINAP,
dppb and dppp led to high conversions (entries 10, 12 and 13,
94-99%). Dppe diphosphine led to a moderate yield, indicating
the importance of the chelation cycle size (entry 11). This brief
screening of reaction conditions showed that the best combina-
tion in terms of activity and yield in a context of green
chemistry was the catalytic system Ni(cod),/dppf at 80°C in
EtOH as solvent.

Table 1. Optimization of reaction conditions for the allylation of benzoin 1a.”

g
+/\/OH
L

Ni(cod),/L
_ >
Solvent,17 h O HO

Q)

1a 2a P
Entry T Ligand Solvent Conv.1a Yield 3a [%]"
[ra L 9]

1 70 dppf DMSO 6 1
2 80 dppf DMSO 77 61
3 90 dppf DMSO 70 59
4 80 dppf MeOH 96 75
5 80 dppf EtOH 87 82
6 80 dppf THF >99 84
7 80 dppf Toluene >99 95
8 80 dppf Neat 95 75
9 80 PPh, EtOH 68 28
10 80 Binap EtOH >99 52
11 80 dppe EtOH 66 39
12 80 dppb EtOH 97 61
13 80 dppp EtOH 94 72

Ni.

[a] Reaction conditions: Benzoin 1a (1.8 mmol), allyl alcohol 2a (3.6 mmol), Ni(cod), (1.5 mol%), ligand (3 mol%), solvent (0.5 mL) for 17 h. All reactions are
run under N, in a sealed Schlenk tube. [b] Determined by GC on the crude product using anisole as internal standard. [c] Isolated yield. [d] 3 eq. of PPh; vs
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Scheme 2. Ligands evaluated in the nickel catalyzed allylation of benzoin 1a.

With the conditions of benzoin allylation in hand, the
tandem condensation/allylation reaction was performed from
benzaldehyde by adding an imidazolium salt and a base in
order to generate the N-heterocyclic carbene (NHC) which
would be able to activate the aldehyde and produce benzoin
in situ. 1,3-dimethylimidazolium chloride as precursor of car-
bene and a standard base as DBU (1,8-diazabicyclo[5.4.0lundec-
7-ene) were first chosen. The tandem reaction was evaluated by
mixing the two catalysts and led in one step to the formation of
the expected allylbenzoin 3a. Results are reported in Table 2. In
all experiments, benzaldehyde was fully converted to benzoin
1a which was further allylated to 3a in the second step.
Notably, no O-allylated product was observed. Ligands pre-
viously tested during the optimization of the benzoin allyllation
were also screened. High conversions between 93 and 99%
with satisfying yields in 3a (67-82%) were obtained (entries 1-
4). Replacing EtOH by THF led to same results in terms of yield
(compare entries 1 and 5).

A kinetic study was then carried out using the previous
conditions by analyzing the composition of the reaction mixture
by gas chromatography. Figure 1 presents the evolution of the
products as a function of time. The curves revealed that the
allylation is faster than the benzaldehyde condensation into
benzoin and no accumulation of benzoin was observed in the
reaction media. Less than 5 mol% of benzoin is detected. The
kinetic also revealed that with the chosen reaction conditions,
the process is complete after 17 hours of reaction.

Table 2. Optimization of the tandem reaction with different ligands and
solvents.”

+ =\
o] NN_ Cr
DBU
S
Ni(cod),/L (1.5/3 mol%)
2a Solvent (0.5 mL)
17h,80°C
Entry Solvent Ligand Conv. Yield 3a
[%][b] [%][c]
1 EtOH dppf 93 82
2 EtOH Binap 97 68
3 EtOH dppb >99 67
4 EtOH dppp 94 72
5 THF dppf >99 81

[a] Reaction conditions: Benzaldehyde (1.8 mmol), allyl alcohol 2a
(3.6 mmol), Ni(cod), (1.5 mol%), ligand (3 mol%), imidazolium chloride
(5 mol%) and DBU (1 eq), solvent (0.5 mL) for 17 h at 80°C in a sealed
Schlenk tube. [b] Benzoin conversion determined by GC. [c] Determined
by 'H NMR on the crude product using anisole as internal standard.
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Using the same conditions, different a-carbonyl homoallylic
alcohols were synthesized by varying the structure of the
aromatic moiety of aldehydes. Results are reported in Table 3.

Except in the case of o-methylbenzaldehyde and 2-
naphthaldehyde, conversions were in the same order to those
obtained with benzaldehyde and typically range from 81% up
to 99%. It is noteworthy that o-methylbenzaldehyde led to
poor results (entry 2, conv.=30%, yield 3b=16%) probably
due to the steric hindrance associated with the ortho-
substituent that impedes the direct addition of the NHC to the
aldehyde in the first condensation step as reported in the
literature.”® Excellent isolated yields were obtained for both
products with electron-donating and withdrawing groups at
the meta or para positions of the aromatic ring (entries 3, 4 and
10). A slight drop of the yield was noticed on allylated benzoins
bearing longer chains (69% (3e) with an ethyl group on the
aromatic ring and 71% (3 k) with an ethoxy group, entries 5 and
11 respectively). We also compared mono and disubstituted
aldehydes. With a methoxy substituent on the meta position,
the allylated benzoin 3j was isolated with 90% vyield (entry 10)
whereas reacting 3,5-dimethoxybenzaldehyde gave a slightly
lower yield of 80% (entry 12). As in the case of o-meth-
ylbenzaldehyde 3 b, the reaction of 2-naphthaldehyde furnished
the allylated product 3m in only 50% conversion and 28%
isolated yield (entry 13). The pyridine-3-carboxaldehyde has
been converted into benzoin 3n with 74% yield (entry 13) and
allowed the introduction of a heterocyclic structure in the final
product of reaction.

A range of various allylic alcohols 2a-d was also inves-
tigated using same reaction conditions (Table 4). Complete
conversions of the starting materials and good yields were
observed in the presence of either linear or branched alcohols.
A yield of 59% (entry 2) was registered using crotyl alcohol 2b
as linear allylic alcohol. In that case, several products corre-
sponding to the branched and linear isomers are formed with a
mixture of Z and E for linear structures. Unfortunately, due to
the mixture complexity, we were unable to separate the
different isomers. Nevertheless, GC and NMR analyses showed
that a 74/26 ratio of linear/branched products was obtained.
Reaction of benzaldehyde with 2-methylprop-2-en-1-ol 2c as

Yield (%)
wor U A
3a
i
80 +
.
HO
60 +
a0 +

5 10 15 20
Time (h)

20 L

Figure 1. Evolution curve of the formation of the intermediate benzoin 1a
and the expected allylated product 3a.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

85UB017 SUOLULLIOD BAIES.D 3|deat|dde au3 Aq peusenob afe S VO ‘88N JO S9N 404 Afeiq 1T BUIIUO A3]IA UO (SUOIPUOD-PUR-SLUIBYWI0D A8 1M ARIq 1 RU1IUO//SARY) SUORIPUOD PUe SWis | 8y} 885 *[£202/90/82] U0 Afeiq1auljuo AB|IM ‘Soue.d URIY0D AQ 880006202 2109/200T OT/I0p/W0d" A 1M Arelq jouuo-adoane-ALs iueyo//sdny wouy papeojumoqd ‘0T ‘€4z ‘668€298T



ChemCatChem

Research Article
doi.org/10.1002/cctc.202300038

Chemistry
Europe

European Chemical
Societies Publishing

Table 3. Allylation of different substituted benzaldehydes.”

NN o 9
0 OH DBU Ar
2 J + AN _ Ar
HO
Ar Ni(cod),/dppf (1.5/3 mol%)
Ar = aryl group 2a EtOH (0.5 mL) 3an X
80°C,17h

Entry Aryl group [Ar] Product Conv. Yield
[%][b] [%][c]

30 16

>99 93

98 91

90 69

F 89 77

3g
MeQ 9 F
8 F@;_ Meo HO ome 94 87
F 3h
NC, New '
9 @3‘ Ho N 94 78

OMe >99 920

OEt 97 71

OMe 86 80

%
E

X

85 74

[a] Reaction conditions: aldehyde (1.8 mmol), 2a (3.6 mmol), Ni(cod),
(1.5 mol%), dppf (3 mol%), imidazolium chloride (5 mol%)/DBU (1 eq.),
EtOH (0.5mL), T=80°C, 17h in a sealed Schlenk tube. [b]Benzoin
conversion determined by GC. [c] Isolated yield of products after silica gel
chromatography.
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branched allylic alcohol led to the allylated benzoin 4c as sole
product with a yield of 78% (entry 3). In the case of secondary
alcohols as but-3-en-2-ol 2d (entry 4), an increase of the nickel
catalyst amount up to 3 mol% was necessary to attain a
complete conversion giving then an isolated yield of 64 %. Since
nickel catalysts are known to promote allyl alcohol self-ether-
ification into diallylether,”” diallylether 2e as allylating reagent
was also evaluated into the tandem reaction (entry 5). A slightly
lower isolated yield was obtained (69%) in comparison to allyl
alcohol (81 %, entry 1). This result proves that allylic alcohol is
more effective for the Ni-catalyzed allylic alkylation in tandem
reaction of the benzaldehyde and the formation of diallylether
after the self-etherification does not impact the progress of the
reaction.

For further investigation, we turned our attention to the
nature of carbene precursors that can be used to promote the
benzoin condensation. Commercial imidazolium salts 5a-5d
with different N-substituents or counterions were evaluated
using identical conditions (Ni(cod), (1.5 mol%), dppf (3 mol%),
imidazolium salt (5 mol%)/DBU (1 eq.), EtOH (0.5 mL), T=80°C)
(Scheme 3).

Alkyl (5a and 5b) and aryl (5c) imidazolium chloride salts
proved to be efficient and tolerant toward the allylation
reaction with nickel catalyst giving high isolated yields into the
allylated benzoin 3a (89% with 5b and 90% with 5c). High
yield and conversion were also obtained in the presence of the
corresponding tetrafluoborate imidazolium salt 5d. The nature
of the carbene has no impact on the overall process and very
similar results are obtained with imidazolium salts that bear
very different steric properties. Under the chosen reaction
conditions, the carbene doesn't affect the coordination sphere
of nickel (0) or nickel (ll) intermediates that are involved in the
catalytic cycle (vide infra) and the two catalytic reactions occur
according to an orthogonal tandem catalysis. This is very likely
related to a higher reactivity of carbenes toward the aldehyde
in comparison to the coordination to the nickel center.

The mechanism of the reaction is based on two catalytic
cycles that involve organic and organometallic catalysts
(Scheme 4). The nucleophile is generated from the benzoin

=\, =\ .
N_N—  cr ~o~NN— e
5a 5b

Conv. : 99 %
Isol. Yield : 81 %

Conv. : 97 %
Isol. Yield : 89 %

[T\ 4 [T\ 4
NN ,Cr NN | BFs
5c 5d

Conv. : 99 %
Isol. Yield : 90 %

Conv. : 99 %
Isol. Yield : 93 %

Reaction conditions: benzaldehyde (1.8 mmol), allyl alcohol (3.6 mmol),
Ni(cod)2 (1.5 mol%), dppf (3 mol %), imidazolium salt (5 mol%)/DBU (1 eq.),
EtOH (0.5 mL), T = 80 °C in a sealed Schlenk tube.

Scheme 3. Tandem condensation/allylation reactions of benzaldehyde with
allyl alcohol: influence of the imidazolium salt.
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Table 4. Scope of the Ni-catalyzed condensation/allylation with various allylic alcohols 2a-d and diallylether 2 e.”
+ [\ o]
N N Cr ‘
Ni(cod). Z/dppf(1 5/3 mol%) - _R1
EtOH (0.5 mL) 3a Ry
2a-e 80°C, 17 h 4b-c Ry
2a-d :Rq, Ry, R3 = H or Me or Et
2e : diallylether
Entry Alcohol Product Yield [%]™
8
OH
1 P O o 81
N
2a
2 ) 3
2 A N"om O HO * O HO 59
N X
Z+E
2b
3
3 /J»\/OH O HO 78
2c
0
44 64
OH
2d
5 AN 69
2e
[a] Reaction conditions: benzaldehyde (2 mmol), allylic alcohol (4 mmol) or diallylether (2 mmol), Ni(cod), (1.5 mol%), dppf (3 mol%), imidazolium chloride
(5 mol%)/DBU (1 eq.), EtOH (0.5 mL), T=80°C in a sealed schlenk tube. [b] Isolated yield after silica gel chromatography. [c] Ni(cod), (3 mol%) and dppf
(6 mol%) were used.

condensation that involves the carbene generated from the
deprotonation of an imidazolium salt by DBU (right part of
scheme 4). The reaction of the carbene with one equivalent of
aldehyde leads to the formation of the Breslow intermediate
A”¥ Formally, that step allows the polarity inversion of the
carbon of the carbonyl group (umpolung). The nucleophilic
Breslow intermediate is involved in a nucleophilic attack on the
carbonyl group of the second equivalent of aldehyde and a
proton transfer accompanied with a carbene discharge leads to
the in situ formation of the hydroxyketone. In the presence of a
nickel(ll) hydroxy allylic intermediate B obtained from the
oxidative addition of allylic alcohol on a low valent nickel(0)
species stabilized with the diphosphine,”” the hydroxyketone
(benzoin derivative) is readily deprotonated by the hydroxide
anion and one molecule of water is released. Nucleophilic
attack of the thus generated anion on the terminal carbon of
the allylic moiety finally leads to the formation of the allylated
hydroxyketone and regeneration of the nickel(0) precursor.

This key role of the hydroxyl anion explains that the
reaction occurs under neutral conditions. 1,2-diphenylethan-1-
one (benzoin without the hydroxyl group) was already known
as suitable nucleophile in the nickel catalyzed allylation reaction

ChemCatChem 2023, 15, 202300038 (5 of 7)

with allyl alcohol.”” The presence of the hydroxyl group doesn't
impede the reactivity of the nucleophile as shown by the first
catalytic tests performed with benzoin. Interestingly, the
Breslow intermediate doesn’t act as a nucleophile with the
intermediate nickel allyl complexes and the corresponding
product of allylation has not been observed. As the allylation
step is base-free, only a catalytic amount of DBU is needed for
the generation of the carbene and a control experiment
showed that no reaction is observed in the absence of this
base.

Conclusion

In summary, we have successfully developed a Ni-catalyzed
synthesis of a-carbonyl homoallylic alcohols from aldehydes
and allylic alcohols. The first step corresponds to the benzoin
condensation following by an allylation step. This tandem
methodology is very efficient leading in one-pot to the desired
products with good to excellent yields. Moreover, in agreement
with green chemistry principles, the combination of allyl alcohol
as allylation reagent with water as sole co-product and EtOH as

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 4. Proposed mechanism of the tandem condensation/allylation reaction.

green solvent is of great interest in the field of sustainable
chemistry. This procedure will be further extended to asym-
metric synthesis with chiral ligands leading to a new range of
complex and chiral molecules.

Experimental Section

General procedure for the one pot benzoin condensation/allylation
reaction: in a sealed Schlenk tube under nitrogen, were mixed
Ni(cod), (7.4 mg, 0.027 mmol,1.5 mol%) and dppf (29.9 mg,
0.054 mmol, 3 mol%) in EtOH (0.5 mL). After stirring for 30 min,
benzaldehyde (2 mmol, 0.212 g) and allyl alcohol (4 mmol, 0.232 g),
1,3-dimethylimidazolium chloride (13.25 mg, 5 mol%) and DBU
(15.22 mg, 5 mol%) were added. The mixture was heated for 17 h at
80°C.

All experimental details and characterization data could be found
in the Supporting Information.
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