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We report the palladium-catalyzed, pyrrolidine-mediated
α-benzylation of enamines generated from aldehydes and
ketones. The method allows for direct coupling of medici-
nally relevant coumarin moieties with aldehydes and ketones
in good yield under mild conditions. The reaction is believed
to proceed via a Pd–π-benzyl complex generated from
(coumarinyl)methyl acetates.

Synthetic methodologies for the catalytic α-benzylation of alde-
hydes and ketones are relatively rare in the current literature.1

Stoichiometric, base-mediated alkylation of ketones with benzyl
halides is well known,2 however over-alkylation by-products can
be problematic.3 Procedures for the selective mono-benzylation
of aldehydes are typically multi-stepped and involve α-benzyl-
ation of the corresponding amide followed by functional group
interconversion to obtain the aldehyde (eqn (1)).4 More
traditional Knoevenagel-type condensations of carbonyl com-
pounds with benzylaldehyde derivatives followed by selective
in situ reduction of the α,β-unsaturated moiety (eqn (2)) also pro-
vides the benzylated products.1a,b,5 However these methods pose
chemoselectivity challenges between reduction of the carbonyl
and the α,β-unsaturated moiety.5c,e,g,6 Another classical synthetic
methodology involves the use of amines as organocatalysts
to generate nucleophilic enamines from aldehydes and
ketones which are subsequently trapped with benzyl halides
(eqn (3)).1d,e,7

ð1Þ

ð2Þ

ð3Þ

A secondary issue associated with synthesizing α-benzylated
ketones and aldehydes involves generation of the benzyl electro-
philic coupling partner. Classical methods employ toxic and
difficult to handle benzyl halides (eqn (1) and (3)).8 Alterna-
tively, use of activated benzyl alcohol moieties as electrophilic
benzylating reagents has received less attention. Legros, Trost,
and most recently Rawal, as well as others have reported tran-
sition metal-catalyzed benzylation of various nucleophiles via
benzyl acetates and carbonates.9 In 2010, our group reported the
palladium-catalyzed benzylation of ketone enolates via decar-
boxylative coupling of benzyl β-ketoesters.1f Unfortunately, the
decarboxylative coupling method is not as applicable to the
alkylation of aldehyde enolates due to synthetic challenges
associated with the synthesis of the requisite reactants. Thus, a
remaining challenge is the direct benzylation or arylmethylation
of aldehyde enolates.1a–e Herein we report an approach to cata-
lytic aldehyde arylmethylation that utilizes Pd catalysis in con-
junction with enamine activation of aldehydes.1c,10

ð4Þ

ð5Þ

Coumarins are biologically and medicinally relevant com-
pounds that are also widely utilized as dyes.11 In addition to
pharmaceutical applications as anti-coagulants and the treatment
of asthma12 and lymphedema,13 coumarins possess anti-HIV,14

anti-hypertension, anti-arrhythmia, anti-inflammatory, antiseptic,
and analgesic properties.15 For this reason, our group has contin-
ued to develop “milder” reaction conditions for the coupling of
nucleophiles to coumarin moieties.16 Current literature protocols
for the electrophilic introduction of 4-methyl-2H-chromen-2-one
involved displacement of halides from the 4-methyl
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substituent.14,17 To date, there is only a single report for the
addition of a ketone nucleophile to an electrophilic Pd–π-benzyl
complex generated from the ionization of 4-methyl-coumarin
esters (eqn (5), I).1f In addition, there are no reports of the
addition of enamines, generated from aldehydes and ketones, to
palladium–π-benzyl complexes.9n

Our investigation began by identifying conditions for the
palladium-catalyzed, pyrrolidine-mediated benzylation of
hexanal (Table 1, II) with coumarinyl acetates.18 On the basis of
literature precedent,10 we expected that pyrrolidine would affect
the in situ formation of enamine nucleophiles which could react
with a palladium-π-benzyl intermediate derived from the cou-
marinyl(methyl) acetate. Initial studies revealed that 50 mol% of
pyrrolidine along with 5 mol% Pd(PPh3)4 at room temperature in
DMSO was a sufficient catalytic system to facilitate carbon–
carbon bond formation between the (coumarinyl)methyl acetate
and the aldehyde. However, the conversion never surpassed 50%
(Table 1, entry 1). Under the assumption that turnover of the
amine catalyst was responsible for the poor conversion, the
loading of pyrrolidine was increased to 1.5 equiv. (50 mol%
with respect to aldehyde). Indeed, this modification increased the
overall yield to ca. 75% (entry 2), and a minor increase in temp-
erature provided the benzylated aldehyde in sufficient conversion
(entry 3, 90%). Introduction of a base into the reaction mixture,
or solvent modification from DMSO to NMP, proved to have a
negative effect on reactivity resulting in a significant decrease in
conversion (entries 4, 6 respectively). Use of acetonitrile as a
solvent completely suppressed carbon–carbon bond formation
(entry 5). Finally, the bidentate dppf-ligated palladium catalyst
was more active, providing the product in good conversion at
room temperature (entry 8).

We have recently shown that palladium catalyzes the ami-
nation of (coumarinyl)methyl acetates with various amines,
including pyrrolidine.19 Thus, it was somewhat surprising that
the benzyl amine product resulting from nucleophilic attack of
the amine on the intermediate Pd–π-benzyl complex was never
observed (eqn (6)). This suggests that enamine formation is
faster than ionization of the (coumarinyl)methyl acetate moiety.
Such a suggestion is consistent with previous observations that

suggest that ionization of benzylic acetates is rate-limiting due to
the requirement to partially dearomatize the coumarin when
forming the intermediate π-benzyl complex. Alternatively, it is
possible that benzylic amination occurs, but is reversible.10l

ð6Þ

With conditions for carbon–carbon bond formation established
we then turned our attention toward investigating the reaction
scope. To begin, treatment of 3-phenylpropanal and coumarin
methyl acetate with pyrrolidine and a dppf-ligated palladium cat-
alyst resulted in the formation of compounds 1 and 2 (Table 2)
in good yield. Increasing the steric bulk of the enamine via sub-
jection of isobutyraldehyde to the reaction conditions revealed
little effect on carbon–carbon bond formation and provided the
quaternarized product 3 in good yield. In addition, simple substi-
tutions to the coumarin core had little effect on the reaction deli-
vering the products in good yield (Table 2, 2–9).

To complement the benzylated aldehydes, ketones were also
subjected to the above reaction conditions. Indeed, cyclohexa-
none and cyclopentanone, when treated with pyrrolidine, were
competent nucleophiles for carbon–carbon bond formation with
the (coumarinyl)methyl acetates, generating the arylmethylated
ketones 7 and 9, respectively. Enamines obtained from 4-(tert-
butyl)cyclohexanone and pyrrolidine readily added to the
Pd–π-benzyl electrophile in good yield with >19 : 1 diastereo-
selectivity (Table 2, 8); the preference for axial delivery of
electrophiles to the same enamine is known.20

Table 1 Reaction conditions screen

Entry Pyrrolidine Pd cat (5 mol%) Temp. Time Conversion

1 0.5 equiv. Pd(PPh3)4 rt 24 h 50%
2 1.5 equiv. Pd(PPh3)4 rt 28 h 75%
3 1.5 equiv. Pd(PPh3)4 50 °C 16 h 90%
4a 1.5 equiv. Pd(PPh3)4 rt 16 h 50%
5b 1.5 equiv. Pd(PPh3)4 rt 28 h 0%
6c 1.5 equiv. Pd(PPh3)4 rt 28 h 40%
7 1.5 equiv. (η3-AllylPdCl)2,

Xantphos
rt 24 h 50%

8 1.5 equiv. Pd(acac)2, DPPF rt 12 h 90%

a 1 equiv. of Et3N.
bMeCN as solvent. cNMP as solvent.

Table 2 Palladium-catalyzed benzylation of aldehydes and ketones
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Conclusions

In conclusion, we have reported the palladium-catalyzed, pyrroli-
dine-mediated α-benzylation of enamines generated from alde-
hydes and ketones.‡ The method allows for direct coupling of
medicinally relevant coumarin moieties with aldehydes and
ketones in good yield under mild conditions. The reaction is
believed to proceed via a Pd–π-benzyl complex generated from
(coumarinyl)methyl acetates.
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‡General procedure for the α-benzylation of ketones and aldehydes
with coumarinyl(methyl) acetates: A solution of coumarinyl(methyl)
acetate (0.5 mmol), 5 mol% of palladium(II) acetylacetonate (7.6 mg)
and 5.0 mol% of 1,1′-bis(diphenylphosphino)ferrocene (14.4 mg) was
prepared in DMSO (3 mL). Next, aldehyde or ketone (1.5 mmol) and
pyrrolidine (53 mg, 0.74 mmol) were added. After 12 h stirring at room
temperature, the reaction mixture was concentrated in vacuo and the
residue was purified by flash column chromatography on silica gel to
afford pure product.
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