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a b s t r a c t

The use of [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O (I) (tren = tris(2-aminoethyl)amine) as an efficient
water-compatible Lewis acid catalyst for the allylation of aldehydes in aqueous media was described.
The reaction proceeded smoothly to afford the corresponding homoallyl alcohols in up to 96% yield. Addi-
tionally, cinnamyltributylstannane was selected as the allylation reagent, the regio- and diastereoselec-
tivity of the reaction favors the formation of the c-product and the anti isomers, respectively.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The addition of organometallic reagents to aldehydes to yield
homoallylic alcohols is an important carbon–carbon bond-forming
reaction in organic chemistry and consequently has attracted exten-
sive interest in recent years.1–5 For this purpose, allylstannane seems
to be a good allylating agent due to its stability and high reactivity.6

In general, the allylation reactions must be generally carried out in
organic solvents under strict anhydrous conditions because most Le-
wis acids are easily decomposed by water.7–9 To address this issue,
Kobayashi et al. have revealed a correlation between the catalytic
activity of the metal cations and their hydrolysis constants (Kh)
and water exchange rate constants (WERC).10,11 The study has paved
the way to identify the promising metal compounds as water-com-
patible Lewis acid catalysts. Therefore, in the last decade, water-tol-
erant Lewis acid-promoted allylation reactions in aqueous media
have been extensively developed.12–21 However, these cases involve
some annoying problems: (1) use of very expensive Lewis acids, such
as Sc(OTf)3, La(OTf)3, and Yb(OTf)3; (2) catalyst activation before use;
(3) requirement of an inert atmosphere; (4) substrate limitation; and
(5) addition of assistant catalyst. So, a process featuring an efficient
and easy-to-handle catalytic system in combination with an inex-
pensive catalyst would be highly desirable.
ll rights reserved.
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Very recently, di- or multi-nuclear complexes coordination
compounds have been intensively synthesized because they have
special properties such as catalysis, gas or chemical absorption,
and ion-exchange 22–26. So far, the most extensively studied Lewis
acid catalysts for the allylation are various mononuclear com-
plexes.12–21 To the best of our knowledge, there have been no re-
ports on the allylation of aldehydes with allylstannanes catalyzed
by multi-nuclear complexes. As is known, in the context of design-
ing the water-compatible Lewis acid catalysts, the selection of me-
tal ion plays crucial roles.10,11 Based on the studies by Kobayashi,
Cd(II) is of low hydrolysis constants, pKh, and soft Lewis acid char-
acter, and thus its complexes may serve as an effective catalyst in
water. On the other hand, the use of amino acid complexes as cat-
alysts remains a subject of considerable interest because of their
unique catalytic properties.27,28 Inspired by the aforementioned
considerations, we aimed to couple our interest in obtaining novel
amino acid complexes to catalyze the allylation reaction. Herein,
we wish to report a highly efficient and convenient procedure for
the allylation of various aldehydes with organometallic reagents
using the dinuclear cadmium complex as a catalyst.

2. Results and discussion

To explore the influence of solvent on the catalytic activity of I-
catalyzed allylation, the reaction of 4-nitrobenzaldehyde with
allyltributyltin was selected as a model reaction. The results are
summarized in Table 1. It was shown that the organic solvents
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Table 1
The effect of the organic co-solvent

CHO

Bu3Sn

OH

co-solvents  r.t.

Cadmium Complex (10 mol%)

O2N
O2N

Entry Co-solvent Yielda (%) Entry Co-solvent Yielda (%)

1 H2O/CH3CN (1:1) 80 5 H2O/CH3CH2OH (1:6) 82
2 H2O/CH3CN (1:3) 83 6 H2O/THF (1:6) 82
3 H2O/CH3CN (1:6) 96 7 H2O/CH3CN (1:6) 60b

4 H2O/CH3CN (1:9) 96 8 H2O 20

a Catalyzed by [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O.Yields based on isolation with column chromatography. All reactions were performed in 24 h.
b Catalyzed by Cd(ClO4)2.

Table 2
Dinuclear cadmium complex-catalyzed allylation of aldehydes

R

CHO

Bu3Sn
R

R = H, CH3, NO2, Br

OH

CH3CN/H2O=6/1  r.t.

Cadmium Complex (10 mol%)

Entry Aldehyde Time (h) Yield (%)a

1 p-NO2C6H4CHO 24 96
2 o-NO2C6H4CHO 24 92
3 m-NO2C6H4CHO 24 92
4 p-CF3C6H4CHO 24 95
5 p-BrC6H4CHO 48 75
6 p-CH3C6H4CHO 48 72
7 C6H5CHO 48 73
8 CH3CH2CHO 48 65
9 C6H5COCH3 72 Trace

10 (CH2)5CO 72 Trace

a Catalyzed by [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O. Yields based on isolation with column
chromatography.

Table 3
The regio- and diastereoselectivity of the allylation reactions

R

CHO

R
R = H, CH3, NO2, Br

OH

Ph

R

OH

¦Ã-product

¦Á-product

SnBu3
+

CH3CN/H2O=6/1  r.t.

Cadmium Complex (10 mol%)

Ph

anti-

syn-
R

OH

Ph

+

Entry Aldehyde Time (h) c-Producta (%)

1 p-NO2C6H4CHO 36 83 (7:93)
2 o-NO2C6H4CHO 42 80 (10:90)
3 m-NO2C6H4CHO 42 81 (12:88)
4 p-CH3C6H4CHO 72 70 (10:90)
5 p-BrC6H4CHO 72 72 (10:90)
6 C6H5CHO 72 65 (10:90)
7 p-NO2C6H4CHO 42 25 (20:80)b

a Catalyzed by [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O. Yields based on isolation with column chromatography. Syn/anti determined by
1H NMR.29

b Catalyzed by Cd(ClO4)2 and CdBr2.

5568 D. Deng et al. / Tetrahedron Letters 51 (2010) 5567–5570
could accelerate the reactions (Table 1, entries 1–6), and the
desired allylation products were obtained in 96% yield in the
presence of H2O/CH3CN (1:6) co-solvent (Table 1, entry 3). When
performed in pure water, the reaction did not work well and
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Scheme 1. A plausible mechanism for the dinuclear cadmium amino acid complex-catalyzed aldehyde allylation.

Figure 1. Crystal structure of [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O.
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afforded the corresponding allylated adducts in 20% yield (Table 1,
entry 8). While increasing the ratio of the organic solvents from 1:6
(Table 1, entry 3) to 1:9 (Table 1, entry 4), there was no significant
impact on yield. When the reaction was catalyzed by Cd(ClO4)2

(Table 1, entry 7), the yield decreased obviously. Therefore, cata-
lytic property of this dinuclear cadmium complex was much more
active than that of Cd(ClO4)2. Moreover, comparing with Y(OTf)3, it
must be noted that this kind of catalyst need not be activated be-
fore use.17

By using optimal conditions with H2O/CH3CN (1:6) as a reaction
solvent, we tried therefore a number of different aldehydes on the
dinuclear cadmium complex-mediated allylation reactions and the
results are shown in Table 2. It is noted that the reaction proceeded
smoothly and generated good yields with substrates bearing elec-
tron-withdrawing group (Table 2, entries 1–4). As for electron-rich
aromatic aldehydes (Table 2, entries 5–7) or aliphatic aldehydes
(Table 2, entry 8), the reactions afforded moderate yields. On the
other hand, previous reports demonstrated that some Lewis acid
catalysts such as Sc(OTf)3, La(OTf)3, and Yb(OTf)3 could promote
the allylation reactions. But, in the case of aliphatic aldehydes,
the allylation reactions afforded lower yields of allylation products
and thus had substrate limitation.16,17 Furthermore, by utilizing
our catalytic system, ketones such as acetophenone and cyclohex-
anone did not react with allyltributyltin under similar reaction
conditions even after a long time (Table 2, entries 9, 10). In this
sense, this reaction provides a chemoselective allylation of alde-
hydes without affecting keto functionality.
Encouraged by the results obtained above, we then turned our
attention to examine the regio- and diastereoselectivities of the
reaction and the results are summarized in Table 3. When cinnam-
yltributylstannane was used as the allylation reagent, the reaction
produced only the c-products with main anti isomers (Table 3, en-
tries 1–6). However, diastereoselectivity was decreased when
Cd(ClO4)2 and CdBr2 were selected to mediate the allylation reac-
tion (Table 3, entry 7).

We are tempted to assume the mechanism for the allylation of
aldehydes as follows (Scheme 1). First, we identified the crystal
structure of I (Fig. 1). The structural analysis indicates that there
are two Cd(II) atoms with different coordination environments in
the asymmetric unit of I. The Cd1 center is six coordinated with
distorted octahedral geometry, whereas the Cd2 center is five coor-
dinated with trigonal bipyramidal geometry. It must be pointed
out that the vacant sites on coordination-unsaturated Cd2 nuclei
are available for reactant coordination and activation. Therefore,
complex I may serve as a potent Lewis acid catalyst. Finally, a plau-
sible mechanism for the exclusive formation of the c-adduct in the
reaction process can be rationalized on the basis of an initial for-
mation of a complex between the aldehyde 1 and the Lewis acid
species, which undergoes a nucleophilic attack by the C3 carbon
of 2 via an SE2 pathway. The major anti-addition probably occurs
via an acyclic antiperiplanar transition state (C), due to big steric
hindrance between the substitute phenyl group and the phenyl
group in antiperiplanar transition state (B), as shown in Scheme 1.

In summary, we have presented an efficient, simple, and conve-
nient procedure to obtain homoallyl alcohols in moderate to high
yields under very mild conditions and having good substrate
scopes. This dinuclear cadmium amino acid complex catalyst need
not be activated before use. The reaction exhibited not only regi-
oselectivity only giving the c-products but also showed good
diastereoselectivity favoring the anti isomers. Moreover, the reac-
tion also exhibited high chemoselectivity.

3. Typical procedure of catalytic studies

Cadmium complex (0.05 mmol), aldehyde (0.5 mmol), and
allyltributyltin (0.6 mmol) were added in CH3CN/H2O (6:1)
(1 mL). The reaction was monitored by TLC and on completion
was extracted by ethyl acetate (3 � 10 mL). The combined organic
layers were treated by KF. The resulting solution was filtered to re-
move the resin and the filtrate was washed with brine, dried over
anhydrous MgSO4, and the solvent removed in vacuo to yield the
crude product. Purification by silica gel chromatography using
100–200 mesh ZCX II eluted by hexane/ethyl acetate (3:1, v/v) gave
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the allylation products. The spectroscopic characteristics of the
known products were in agreement with the published data.

4. Characterization data of homoallyl alcohols

1-(4-Nitrophenyl)-2-phenyl-but-3-en-1-ol (Table 3, entry 1).
Light yellow liquid, 83% yield. 1H NMR (300 MHz, CDCl3) (syn/
anti = 7:93) (anti) d = 8.05 (d, J = 8.7 Hz, 2H), 7.30–7.22 (m, 5H),
7.04 (d, J = 6.4 Hz, 2H), 6.31–6.18 (m, 1H), 5.35–5.25 (m, 2H),
4.94 (d, J = 7.8 Hz, 1H), 3.51 (t, J = 8.4 Hz, 1H).

1-(2-Nitrophenyl)-2-phenyl-but-3-en-1-ol (Table 3, entry 2).
Light yellow liquid, 80% yield. 1H NMR (300 MHz, CDCl3) (syn/
anti = 10:90) (anti) d = 7.79 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 7.8 Hz,
1H), 7.55 (t, J = 7.6 Hz, 1H), 7.36–7.17 (m, 6H), 6.22–6.35 (m, 1H),
5.61 (d, J = 5.3 Hz, 1H), 5.16 (d, J = 11.7 Hz, 1H), 4.99 (d,
J = 17.1 Hz, 1H), 3.70–3.75 (q, 1H).

1-(3-Nitrophenyl)-2-phenyl-but-3-en-1-ol (Table 3, entry 3).
Light yellow liquid, 81% yield. 1H NMR (300 MHz, CDCl3) (syn/
anti = 12:88) (anti) d = 8.00 (d, J = 9.1 Hz, 2H), 7.37–7.15 (m, 5H),
7.02 (d, J = 6.6, 2H), 6.16–6.28 (m, 1H), 5.22–5.32 (m, 2H), 4.91
(d, J = 7.7 Hz, 1H), 3.50 (t, J = 8.4 Hz, 1H).

1-(4-Methylphenyl)-2-phenyl-but-3-en-1-ol (Table 3, entry 4).
Colorless liquid, 70% yield. 1H NMR (300 MHz, CDCl3) (syn/
anti = 10:90) (anti) d = 7.01–7.32 (m, 7H), 6.46–6.52 (m, 1H),
6.19–6.31 (m, 2H), 5.19–5.27 (m, 2H), 4.85 (d, J = 7.5 Hz, 1H),
3.54 (t, J = 8.1 Hz, 1H), 2.36 (s, 3H).

1-(4-Bromophenyl)-2-phenyl-but-3-en-1-ol (Table 3, entry 5).
Colorless liquid, 72% yield. 1H NMR (300 MHz, CDCl3) (syn/
anti = 10:90) (anti) d = 7.33 (d, J = 8.4 Hz, 2H), 7.15–7.26 (m, 3H),
6.99–7.07 (m, 4H), 6.17–6.29 (m, 1H), 5.22–5.31 (m, 2H), 4.80 (d,
J = 7.8 Hz, 1H), 3.50 (t, J = 8.4 Hz, 1H).

1,2-Diphenyl-but-3-en-1-ol (Table 3, entry 6). Colorless liquid,
65% yield. 1H NMR (300 MHz, CDCl3) (syn/anti = 10:90) (anti)
d = 7.16–7.26 (m, 8H), 7.06–7.09 (m, 2H), 6.23–6.32 (m, 1H),
5.20–5,29 (m, 2H), 4.87 (d, J = 7.8 Hz, 1H), 3.58 (t, J = 8.4 Hz, 1H).

Supplementary data

Crystallographic data for [Cd2(tren)2(dl-alaninato)](ClO4)3�H2O
have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication number CCDC247083. Copies
of the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 (0) 1223 336033
or email: deposit@ccdc.cam.ac.uk).
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