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ABSTRACT

r-Regioselective addition to chalcones was realized by use of in situ generated prenylzinc reagents from zinc and prenyl bromide in the presence
of SnCl4 in a 1,4-addition fashion. The approach uses the reagent combination of prenyl bromide, zinc, and SnCl4 in THF, all of which are
inexpensive, readily available, and easily removable after the reaction.

Regioselectivity is an important research area inmodern
organic synthesis. Development of highly regioselective
C�C bond formation reactions has long been a desirable
goal for chemists. The conjugate addition of allylmetals to
R,β-unsaturated carbonyl compounds (hereafter called
enones) represents an important method of C�C forma-
tion, since the installed allyl moiety is a versatile handle
for further synthetic manipulations.1 Despite significant
advances in the conjugate allylation of enones (such as

Hosomi�Sakurai reaction),2 analogous reactions that in-
volve the R-selective conjugate prenylation of enones still
remain scarce due to the challenging issue of regioselec-
tivity as shown in Figure 1. Compared with allylic species,
the presence of twomethyl groups on the terminal olefin of
prenylic species led to a mixture of a primary prenylme-
tallic type and a tertiary prenylmetallic type in mobile
equilibrium.3 In addition to the inherent regioselective
problem of prenyl metal anions, 1,2-addition of the prenyl
group to the carbonyl group can compete with the 1,4-
conjugate addition reaction.4 Therefore, the development
of an R-selective conjugate prenylation Michael reaction
constitutes a big challenge. The introduction of a prenyl
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group is, however, of great importance from a practical
point of view because the prenyl fragment occurs widely in
a variety of natural products and biologically important
molecules.5 A literature survey showed that most reported
conjugate prenylation reactions were γ-regioselective or
often complicated by the formation of mixtures of R- and
γ-regioisomers.6 To the best of our knowledge, only one
report has demonstrated the feasibility of the R-selective
conjugate prenylation of enones.7 Although the method
can deliver the R-adduct in a 1,4-addition fashion, it is
limited to a few aliphaticR,β-unsaturated ketones only. To
address the limitation, a farmore detailed study on the 1,4-
addition of crotyl and prenyl Grignard-derived organo-
copper reagents was performed by the same group.8 How-
ever, the results are unsatisfactory because the relatively
modest R-regioselectivity was observed and the mixtures
containing anamount ofγ-adductwere formed inall cases.
Therefore, the conjugate addition reaction of prenylmetals
to enones with high control of the R-regioselectivity is still
undeveloped. On the other hand, it is known that organo-
zinc reagents hold a special position among organometal-
lics owing to their highly covalent character of the C�Zn
bond.9 However, the possibility of using an allylzinc
reagent in a conjugate addition reaction has not been
demonstrated yet despite the fact that various allylmetals

such as allylsilane,2a,c,10 allylbarium,6a allylcopper,7,8

allylmanganese,11 allyltin,2j,6d,12 allyllithium,6b and
allylindium6c,13 have found applications in conjugate ad-
dition reactions. It is noteworthy that there are several
advantages associatedwith the use of organozinc reagents,
including their higher functional group compatibility, their
stability at high temperature due to the strong metal�
carbon bond, and the cheap commercial availability of
zinc. In continuing our interest in organozinc reagents and
based on our previous endeavors in developing R-regio-
selective allylation reactions,14 hereinwe report a simple and
practical method for the R-selective conjugate prenylation
using inexpensive and readily available prenyl bromide
and zinc with perfect control of regioselectivity.
It iswell-known thatLewis acids can affect the selectivity

and reactivity of Michael-type reactions.15 Although var-
ious Lewis acids can be used in the Hosomi�Sakurai
reaction, TiCl4 and AlCl3 are generally considered as the
mosteffective for theconjugateallylationsofR,β-unsaturated
carbonyl compounds. As a result, preliminary studies
were performed on the same Lewis acids, and the
Michael addition of chalcone 1a with prenyl bromide in
tetrahydrofuran (THF) was chosen as a model reaction.
The results depicted in Table 1 showed that the reactivity
depended on the reaction temperature. We found that the
reaction did not proceed below 50 �C and the starting
material was almost recovered quantitatively (entry 1), but
gave the addition reaction at more elevated temperatures.

Figure 1. Competing reactions for the addition of a prenylmetal
reagent to R,β-unsaturated carbonyl compounds.

Table 1. Optimization of Reaction Conditions of the
1,4-Additiona

entry

Lewis acid

(equiv)

temp

(�C)
t

(h)

2a

(%)b
3a

(%)

recovery

of 1ab

1 TiCl4 (1.3) 50 20 ND ND >98%

2 TiCl4 (1.3) reflux 14 58c 30c ND

3 AlCl3 (1.3) reflux 14 70 trace trace

4 SnCl4 (1.5) reflux 14 59 ND 10

5 SnCl4 (1.0) reflux 16 81 ND trace

6 ZnBr2 (1.0) reflux 16 58 trace 18

aReactions were performed with 1 (1.0 mmol), prenyl bromide
(2.0 mmol), and zinc (2.5 mmol). b Isolated yield. cGC-MS yield.
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On the other hand, althoughTiCl4 andAlCl3 were promis-
ing catalysts for this transformation, the process was
relatively less regioselective because both Lewis acids gave
mixtures of R- and γ-adducts (entries 2 and 3), especially
the case of using TiCl4 as a Lewis acid. Separation of the
R-adduct 2a and γ-adduct 3a is a challenging task due to
the similar polarity of two compounds. Therefore, other
Lewis acids were examined and we were pleased to find
that using SnCl4 as the Lewis acid gave a satisfactory
regioselective result and the corresponding R-adduct was
obtained with 59% yield in 14 h albeit with the recovery of
starting material 1a (entry 4). The conversion of starting
material 1a can be further improved with an extended
reaction time (entry 5). In terms of yield and regioselective
outcome, SnCl4 was the best choice for the model reaction
because the possible γ-regioisomer 3awas not observed in
the reaction mixtures, which makes the purification of
the product much easier. Lowering the amount of SnCl4
to 1.0 equiv had no influence on the reaction (entry 5).
With the optimal reaction conditions established, we

investigated the Michael addition of prenylzinc to various
aryl-substituted enones to demonstrate the efficiency
and reveal the scope and limitation (Table 2). Treatment
of prenylzinc bromide with a range of chalcones 1b�1w

afforded the corresponding 1,4-R-adducts in moderate to
good yields (entries 1�22). It seemed that neither the elec-
tronic nature nor the steric hindranceof the substituents on
the phenyl ring (Ar1 or Ar2) had a strong influence upon
the reactivity (entries 1�19). Notably, in some cases, the
conjugate addition could be realized easily without the
addition of SnCl4 (entry 20). In addition, the reaction
did notworkwith the substrateswith aliphatic substituents
such as 4-phenylbut-3-en-2-one, 3-(4-methoxyphenyl)-
acrylaldehyde, and 2-cyclohexenone (data not shown).
These experimental phenomena indicated that the sub-
stratewith the bulkierAr2 substituent wasmore efficient in
the 1,4-addition reaction. The reaction also worked with
the heteroaromatic substrates such as 1v and 1w albeit with
low yields (entries 21 and 22). The low yields of R-adducts
2v and 2wmight be due primarily to the low stability of the
furan ring and thiophene ringwhen exposed toLewis acids
at an elevated temperature overtime.When the reaction of
methyl cinnamate with prenylzinc in the presence of SnCl4
was attempted, no reaction was observed and most of the
starting material was easily recovered (data not shown).
Such a result could be attributed to the low intrinsic reac-
tivity of R,β-unsaturated esters compared with enones.
Although the reaction does not work well with the sub-
strates with aliphatic substituents, to our great delight, the
addition of prenylzinc to chalcones afforded exclusive 1,4-
R-adducts with only trace amounts of 1,2-adducts being
detected in all cases. The possible interpretation of the
high 1,4-selective manner was that the coordination of
SnCl4 to a carbonyl oxygen atomwill significantly decrease
in the LUMO level and the β-carbon thus has a larger
coefficient.16 Furthermore, it would be also a considerable

factor for the 1,4-selectivity that the steric hindrance of
the substituent at the carbonyl group shifts the reactivity to
the β-carbon to avoid the competitive 1,2-addition. Strong
evidence to support this rationalization is that the reac-
tion of chalcone equipped with a sterically bulky naphthyl
substituent on the carbonyl remained at a high level of 1,4-
selectivity in the absence of SnCl4 (entry 20). Meanwhile,
R-adducts were formed predominantly in all cases. This
is completely different from previous conjugate allyla-
tion, which always was accompanied by a 1,2-product or

Table 2. 1,4-Addition of Prenyl Bromide to Chalcones 1a

entryb 1 Ar1, Ar2 2

yield

(%)c R/γe

1 1b Ph, Ph 2b 67 100:0

2 1c 4-ClC6H4, Ph 2c 85 100:0

3 1d 2,6-Cl2C6H3, Ph 2d 64 100:0

4 1e 4-MeC6H4, Ph 2e 73 >99:1

5 1f 4-MeOC6H4, Ph 2f 66 >99:1

6 1g 4-CF3C6H4, Ph 2g 82 100:0

7 1h 4-COOHC6H4, Ph 2h 69 98:2

8 1i Ph, 4-ClC6H4 2i 85 >99:1

9 1j Ph, 4-BrC6H4 2j 70 100:0

10 1k Ph, 4-MeC6H4 2k 62 >99:1

11 1l 2-MeC6H4, 4-BrC6H4 2l 62 100:0

12 1m 3-MeC6H4, 4-BrC6H4 2m 79 94:6

13 1n 3-MeOC6H4, 4-BrC6H4 2n 52 >99:1

14 1o 4-BrC6H4, 4-MeC6H4 2o 60 100:0

15 1p 2-FC6H4, 4-MeC6H4 2p 64 >99:1

16 1q 4-ClC6H4, 2-BrC6H4 2q 51 93:7

17 1r 3-MeC6H4, 4-MeC6H4 2r 64 100:0

18 1s 4-BrC6H4, 4-MeOC6H4 2s 82 100:0

19 1t 2-BrC6H4, 4-CF3C6H4, 2t 87 100:0

20 1u Ph, 2-naphthyl 2u 63 100:0

86d 100:0

21 1v Ph, 2-fural 2v 38 100:0

22 1w 2-thienyl, Ph 2w 40 >99:1

aUnless noted elsewhere, reactionswere performedwith 1 (1.0mmol),
prenyl bromide (2.0 mmol), and zinc (2.5 mmol) in the presence of SnCl4
(1.0 mmol) in refluxing THF for 16 h (excess zinc was removed after the
formation of prenylzinc reagent). b In all cases excess zinc metal was
removed before addition of the enone. c Isolated yield. dNo SnCl4 was
used. eDetermined by GC-MS.

Scheme 1. Conjugate Addition of Geranylzinc with Chalcones

(16) Cabral, J.;Laszlo, P.;Mahe,L.;Montaufier,M.T.;Randriamahefa,
S. L. Tetrahedron Lett. 1989, 30, 3969.
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provided a γ-adduct predominantly. To the best of our
knowledge, this is the first direct conjugate addition of
prenylzinc to R,β-unsaturated carbonyl compounds re-
ported so far that provides the R-addition product in a
highly regiocontrolled manner.
Besides the prenylic reagent, other substituted allylic re-

agents could be also used to give the conjugate R-adducts.
For instance, treatment of geranylzinc bromide with
chalcones such as 4-methylchalcone, 4-methoxychalcone,
and 4-chlorochalcone afforded the corresponding 1,4-R-
adducts 4a�c in good yields, respectively (Scheme 1). In all
cases, only the 1,4-R-adduct was observed during the
reaction course. The formation of other regiochemical
products such as the 1,4-γ-, 1,2-R-, and 1,2-γ-adduct was
not observed. Geranylzinc bromide reacted with excellent
regioselectivity to afford 1,4-R-adducts; however, the E/Z
forms were obtained in all cases.
Although the exact reason that would account for these

results is not clear at the present time, we proposed a
plausible mechanism to rationalize the observed high 1,4-
R-selectivity (Scheme 2). The first step is the coordination
of a Lewis acid to the carbonyl oxygen atom of 1, resulting
in a resonancedelocalized cationA. The followingaddition
of prenylzinc on the R-position proceeds at the highly
cationic β-carbon of 1 from the direct conjugate addition
via a six-membered transition stateB,17which is analogous
to the direct addition of the ketone and the crotyl Grignard
via a four-membered transition state.18 Then, the zinc
enolateC is formed fromBby liberating the SnCl4. Finally,
the resulting enol intermediate D tautomerizes to the
carbonyl product 2. The mechanism of direct attack of
prenylzinc on the R-position can be supported by the
following facts. First, although the prenylzinc reagent is

represented by a rapidly equilibrating mixture of primary
prenylzinc species and tertiary prenylzinc species, it should
be noted that the equilibrium between them should favor
the less sterically encumbered primary prenylzinc.3 Sec-
ond, the argument of transition state B is chemically
reasonable due to the minimization of repulsion between
Ar1 and hydrogen atom of the CH2 group of primary
prenylzinc. By contrast, formation of such aTS via tertiary
prenylzinc is difficult and the TS once formed is highly
unstable due to the significant steric congestion of the
methyl group at the R-position of tertiary prenylzinc and
the weak complexation of the carbonyl group with pre-
nylzinc which shows moderate reactivity in comparison
with organolithium and Grignard reagents, and so the
formation of γ-adduct is almost completely prevented.
In summary, we have developed an efficient method

for the introductionof a prenyl group into theβ-positionof
chalcones by zinc-mediated conjugate addition in the
presence of SnCl4. The reaction has proven to be highly
R-regioselective in a 1,4-manner, and theR-regioselectivity
of these additions is higher than the corresponding regio-
selective additions of allylic barium, allylic lithium, and
allylic copper reagents. Very rare 1,4-R-prenylation was thus
achieved. Another important contribution of the present
study is to showthepossibilityofusinganorganozinc reagent
in aMichael-type reaction, thereby providing a new strategy
to accomplish this type of conjugate addition process.
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Scheme 2. Proposed Mechanism for the R-Regioselective 1,4-Addition
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