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In the presence of metallic bismuth, bismuth(III) chloride-metallic zinc, or bismuth(III) chloride-metallic
iron, allylic halides have been found to react with aldehydes under mild conditions to give the corresponding
homoallylic alcohols in high yields with high chemo-, regio-, and stereoselectivity. Allylic halides have been
also found to react with aldehydes at room temperature in tetrahydrofuran-water by using bismuth(III)
chloride-metallic aluminium to afford the expected homoallylic alcohols in high yields.

The addition of allylic organometallics to carbonyl
compounds is an important synthetic reaction for the
preparation of homoallylic alcohols,! and a classical
method is the addition of an allylic Grignard reagent
which must be prepared cautiously to avoid an unde-
sired coupling reaction, Wurtz-type reaction.? Recently,
the Grignard-type carbonyl addition of allylic halides
has been developed utilizing organometallics derived
from a number of metallic elements such as manga-
nese,3 zinc,¥ tin,*% antimony,® and cerium,” where
Wurtz-type coupling reaction did not take place.

In view of elemental resources for the future, it is
important to use various elements for organic synthe-
sis. Among group 5B elements, bismuth metal is
cheaper and less toxic than arsenic or antimony and
can be expected to play some role in organic synthesis
according to its enhanced metallic character. To our
knowledge, however, organic synthesis, especially car-
bon-carbon bond forming reaction using bismuth
and bismuth compounds has been scarcely studied.®
Concerning the Grignard-type carbonyl addition of

allylic halides utilizing a metallic element, we had an
interest in bismuth. We now wish to disclose in full
the first example of carbon-carbon bond forming reac-
tion with elemental bismuth, 1,e., metallic bismuth-
[Bi(0)], bismuth(III) chloride(BiCls)-metallic zinc[Zn(0)],
BiCls-metallic iron[Fe(0)], and BiCls-metallic alumi-
num[Al(0)]-mediated allylation of aldehydes with
allylic halides to afford the corresponding homo-
allylic alcohols in good yields.?

Results and Discussion

Metallic Bismuth Mediated Allylation of Aldehydes
to Provide Homoallylic Alcohols. The reaction was
carried out by the following two procedures. 1)
Method A, an allylic halide was treated with Bi(0) in
N,N-dimethylformamide (DMF) at room temperature
(Step I) and then the mixture was reacted with an
aldehyde (Step II); 2) Method B, a mixture of an allylic
halide and an aldehyde was treated with Bi(0) in DMF
at room temperature (Barbier-type reaction). In our
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Table 1. Bismuth Mediated Synthesis of Homoallylic Alcohols
. . . Conditions(r.t.) .
Run Allylic halide Aldehyde Ratio® Method Yield of 3(%)"
Step1 Step II
1 CH2=CHCH:Br CeHsCHO 1.1 A 1h 4h 89
2 CH:=CHCH2Br CeHsCHO 1.1 A 4h 2h 94
3 CH2=CHCH2Br CsHsCHO 1.2 B 5h 40
4 CHy=CHCH:Br CeHsCHO 1.2 B 12h 98
5 CH2=CHCHz:I CsHsCHO 1.2 B 12h 98
6 CH2=CHCH_:Br p-MeOCsHsCHO 1.2 A 4h 2h 76
7 CH>=CHCH2Br p-MeOCsH4,CHO 1.2 A 2h 12h 98
8 CH>=CHCH2Br CsHsCH2CH2CHO 1.2 A 4h 2h 97
9 CH2=CHCH:Br CeHsCH2CH2CHO 1.2 B 12h 53
10 CH>=CHCH_Br CH3(CHaz)sCHO 1.2 A 4h 2h 80°(85)"
11 CH=CHCH:Br CH3(CH,),CHO 1.2 B 12h 58°
12 CH>=CHCH2Br (CH3):CHCHO 1.2 A 4h 3h 70°(88)%
13 CHz=CHCHzBr CsHsCH=CCHO 1.2 A 4h 3h 70"
6Hs
14 CH:=CHCH:Cl CsHsCHO 1.1 A 4h 2h 0
15 CH2=CHCH:Cl CsHsCHO 1.2 B 28h 622
16 CH>=CHCH:Cl CsHsCHO 1.2 B 27h 80"
17 (CH3)2C=CHCH32Br CsHsCHO 1.2 A 3h 17h 27"
a) The molar ratio of an allylic halide to an aldehyde. The ratio, bismuth/allylic halide, was always
1.0. b) Isolated yields by thin-layer chromatography (hexane : ethyl acetate=9: 1), based on aldehydes,
are given unless otherwise stated. c¢) Isolated yield by Kugelrohr distillation. d) Estimated by
IHNMR. e) Isolated yield by flash column chromatography (hexane:ethyl acetate=9:1). f) 1,2-
Addition product was obtained. g) Tetraethylammonium bromide was added to the reaction mixture.
h) Sodium iodide was added to the reaction mixture. i) y-Addition product is a sole product.
early investigation, commercially available bismuth  allylic alcohol in 90% yield (Eq. 1).
shot (99.999%, Wako Pure Chemical Industries, Ltd.)
was scraped with a rasp for use in the present reaction. o
Bismuth powder (100 mesh, 99.999%, Aldl"l.Ch Chemi- ~B & pn /\/U\H
cal Co.) was also effective and more convenient for the
reaction. Some typical results are described in Table 1. OH
Allyl chloride did not give the expected adduct (3) at Bi(0)+Al(0), cat.HBr Ph /\)\/\ (1)
all (run 14), different from its bromide and iodide. THF+H,0 90
o

However, the product was obtained by Method B in
the presence of tetraethylammonium bromide or
sodium iodide (runs 15 and 16). The benzaldehyde/
prenyl bromide reaction gave a low yield (run 17),
with the more substituted y-carbon of the allyl group
regioselectively attacking the carbonyl carbon. The
low yield was improved by Method D (vide infra).
Both aromatic and aliphatic aldehydes reacted
smoothly to afford the corresponding homoallylic
alcohols in good yields (runs 2, 4, 5, 7, 8, 10, and 12).
When an e,B-unsaturated aldehyde was used, the 1,2-
addition product was obtained selectively (run 13).
When tetrahydrofuran (THF) was used as a solvent,
the yields of 3 decreased and were not reproducible.
A recent paper reports the allylation of aldehydes and
ketones with various allylic bromides by using a mix-
ture of metallic aluminium and metallic tin in a two
phase system consisting of diethyl ether (Et2O) and
aqueous hydrobromic acid.®® Therefore, we tried the
reaction of allyl bromide and 3-phenylpropionaldehyde
in THF and HO at room temperature utilizing Bi(0)
and Al(0) in the presence of a catalytic amount of
hydrobromic acid to give the corresponding homo-

This reaction did not take place at all in the absence of
Bi(0) and was sluggish when Al(0) was not used, and
the yield decreased in 47% when H2O was not added.
Hardly any expected product was obtained without a
catalytic amount of hydrobromic acid. Such a reac-
tion in aqueous solvent is of interest because orga-
nometallic compounds usually have to be prepared
and treated in anhydrous solvents owing to rapid
protonolysis (vide infra).

BiCl3-Zn(0) Mediated Allylation of Aldehydes to
Provide Homoallylic Alcohols. Though effective for
the Grignard-type allylation, the Bi(0) mediated ally-
lation reaction was sometimes troublesome in THF as
described above. Consequently we searched for another
procedure and found that BiCls-Zn(0) in THF can
be utilized in the title reaction (Method C).19 The
overall scheme is shown below. The reaction was
carried out as follows. BiCls was treated with Zn(0)
in THF at room temperature for 1 h and then the
resulting black suspension was reacted with a mixture
of an allylic halide and an aldehyde for 2h. Typical
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results are summarized in Table 2. Both aromatic
and aliphatic aldehydes reacted smoothly to afford the
corresponding homoallylic alcohols in good yields.
When an «,B-unsaturated aldehyde was used, the 1,2-

addition product was obtained selectively. When
Table 2. BiCls-Zn(0) Mediated Synthesis
of Homoallylic Alcohols”
Run  Allylic halide Aldehyde Yield of 3(%)”
1 CH:=CHCH:Br PhCHO 99
2 CH2=CHCH:2Br Ph(CH2);CHO 99
3  CHy=CHCH:Br CHjs(CHz);CHO 71
4 CH=CHCH2Br p-CICsH,CHO 91
5  CH;=CHCH:Br CH3;CH=CHCHO 99¢
6 CH:=CHCH:Br PhCOCHs3 56

a) The molar ratio of an allylic halide : bismuth(III)
chloride: zinc:aldehyde=1.2:1.2:1.8:1.0. b) Iso-
lated yields are given unless otherwise stated. c¢) The
extract from the reaction mixture was pure by
1H NMR without purification. 1,2-Addition product
was obtained.

acetophenone was used, the desired product was
obtained in 56% yield, while it was obtained in low
yield by Method A and it was not obtained in any
significant amount by Method D (vide infra). It is
thought that ZnCl; generated in situ presumably pro-
moted the addition of an allyl group to acetophenone.
Based on this reactivity difference between aldehydes
and ketones, we could discriminate benzaldehyde from
acetophenone (vide infra). In the discrimination
reaction, when Zn(0) itself was used under otherwise
the same conditions acetophenone adduct was
obtained in 6% yield. Treatment of BiCls with Zn(0)
gave black powder immediately. Although details of
the intermediate species are not at hand, a brief note
by Nesmeyanov that BiCls was reduced to Bi(0) by
Zn(0) is informative.!V Although the reaction mech-
anism is not yet clear at the present stage, we assume
that some allylbismuth reagent (not allylzinc reagent)
is formed through the oxidative addition of allylic
halide to Bi(0) formed in situ.

Table 3. BiCls-Fe(0) Mediated Synthesis of Homoallylic Alcohols®

Run Allylic halide Aldehyde Product (%, yield)”
OH
1 CH,=CHCHBr PhCHO P )
2 CH=CHCHalI PhCHO oH (99)
2= 2
OH
3 CH;CH=CHCH:Br®  PhCHO Ph /l\r§ (93, 85:15)Y
CHs):C=CHGCH:B oH 80
4 Hia)2C= PhCHO
(CHa)s = ph-><s OL )
5 H;=CHCH:B Ph(CH3):CHO 91
CH; 2Br (CHz):C Ph(CHz){kg: 91)
6 CHz=CHCH2Br CHs(CHz)7CHO 98)”
2 2 3(CHz)7 CH3(CH2)7)W (98)
7 CH:=CHCH:B CH3;CH=CHCHO oH (90)°
2= 2Dbr 3 =
CHSM
OH
8 CHz=CHCH;Br ci-{ )-CHO )@J\/\ (96)
Cl

a) The molar ratio of an allylic halide : bismuth(III) chloride : iron : aldehyde=1.2:1.2:1.2: 1.0.

b) Isolated yields are given unless otherwise stated.

(30 70).

¢) A mixture of cis and trans isomers

d) The ratio of erythro:threo. Determined by THNMR (the absorption of the

methine proton H-C-OH)): erythro, §=4.50 (d, J=5.7 Hz); threo, 6=4.30 (d, J=7.0 Hz) (Ref.

10c¢).

e) The extract from the reaction mixture was pure by TH NMR without purification.
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R’ X Q
7
Y\/ . R /lKH
R? 1 2
X=Br,l

A Grignard-Type Addition of Allyl Unit to Aldehydes

1741

found immediately. Therefore, we used Fe(0) instead
of Zn(0) in the Method C and discovered BiCls-Fe(0)
mediated allylation of aldehydes with allylic halides

to homoallylic alcohols in THF (Method D). The
. OH
BiCly-Fe s /5<\
THF, r.t. K
3

Scheme 4.

Table 4. BiCls-Al(0) Mediated Synthesis of Homoallylic Alcohols in Aqueous Solvent”

Run Allylic halide Aldehyde Product (%, yield)”
OH
1 CHz=CHCH;Br PhCHO Ph PN (70)*
OH
2 CH=CHCH:Br PhCHO Ph )\/\ (84)%)
OH
3 CHz=CHCH;Br PhCHO P h/'\/\ (88)>"
OH
4 CHz=CHCH3Br PhCHO Ph PN (98)%¢
OH
5 CH>=CHCH:Br PhCHO Ph )w (88)"
OH
6 CHz=CHCH:Br PhCHO pn)\A (96)
OH
7 CHz=CHCH;Br p-ClICsHsCHO p-CICgH 4)\/\ (83)
OH
8 CH=CHCH;Br $p-MeOCsH,CHO p-MeOCSHM (68)
OH
9 CH2z=CHCH;Br PhCH;CH:CHO  PhCH,C Hz)\& (91)
OH
10 CH=CHCH:Br CHj3(CHz),CHO CHa(C‘Hz)M (70)
PR
11 CH,=CHCH;Br CH3CH=CHCHO CH3;CH=CH™ >~ (82)
OH
12 CHz=CHCH:Cl PhCHO Ph)\/\ (30)
OH
13 CH3CH=CHCH:Br" PhCHO P h)\l& (87, 84:16)"

a) For the reaction conditions unless otherwise stated, see the text.
c) The reaction solvent: THF (5 m1)-Hz0 (1 ml).
bromide : bismuth(III) chloride : aluminum : benzaldehyde=2.4:2.4:2.4: 2.0.

given.

b) Isolated yields are
d) The number of mmoles of allyl
e) The number

of mmoles of allyl bromide:bismuth(III) chloride:aluminum :benzaldehyde=2.4:4.0:

4.0:2.0.
:benzaldehyde=3.0:3.0:3.0:2.0.

chloride : aluminum : benzaldehyde=4.0:4.0:4.0:2.0.
The number of mmoles of allyl bromide:
ride : aluminum : benzaldehyde=2.4:2.4:2.4:2.0.

ml)-H:O (1 ml).

f) The number of mmoles of allyl bromide:bismuth(III) chloride:aluminum
g) The number of mmoles of allyl bromide : bismuth(III)

h) The reaction solvent: THF (2.5
bismuth(III) chlo-
i) A mixture of cis and trans isomers

(30:70). j) The ratio of erythro: threo. Determined by tH NMR (Ref. 10c).
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reaction was carried out as follows. A mixture of an
allylic halide, an aldehyde, and BiCls was treated with
Fe(0) in THF at room temperature for 4—7 h. Typi-
cal results are summarized in Table 3.

Hardly any expected product was obtained from
allyl chloride, but both allyl bromide and allyl iodide
themselves could be used as allylation reagents. The
benzaldehyde/prenyl bromide reaction gave a satisfac-
tory yield, different from Method A (vide supra), and
the more substituted y-carbon of an allyl group was
attached regioselectively to carbonyl carbon (Run 4).
The reaction of benzaldehyde with crotyl bromide
gave predominant erythro selectivity regardless of the
geometry of the crotyl unit (Run 3 and vlde infra).

BiCl3-Al(0) Mediated Allylation of Aldehydes to
Provide Homoallylic Alcohols in Aqueous Solvent.12)
Metallic aluminium has more enhanced metallic char-
acter than metallic zinc and metallic iron. Thus, we
next tried the BiCls-Al(0) system in order to investi-
gate for another bimetallic system. The desired
homoallylic alcohol was not obtained at all in THF
when Al(0) was used. Surprisingly, we found that a
Barbier-type allylation of aldehydes with allylic

halides could be easily effected in THF-H20 (Method
E).1314)  In order to optimize the reaction conditions,
the effect of the amount of THF-H320 and the molar
scales of the reactants were investigated (Runs 1—5).
Allyl bromide gave the expected adduct in good yield,
unlike the corresponding chloride. When an «,8-
unsaturated aldehyde was used, the 1,2-addition pro-
duct was obtained selectively (Run 11). Both aromatic
and aliphatic aldehydes reacted smoothly to afford the
corresponding homoallylic alcohols in good yields.
The reaction of benzaldehyde with crotyl bromide
gave predominant erythro selectivity (Run 13). This
shows essentially complete y-addition of the bismuth
reagent. The use of BiCls is essential in this reaction,
viz., hardly any expected product was obtained using a
Bi(0)-Al(0) system in THF-H3O (vide supra). BiCls
did not promote the allylation at all in the absence of
Al(0), and the action of Al(0) alone gave none of the
desired products. Although details of the interme-
diate species of this reaction are not yet known, we
assume that an allylbismuth reagent is formed
through the oxidative addition of an allylic halide to
Bi(0) generated by the reduction of BiCls with Al(0).

Table 5. Allylation of Aldehydes Containing a Hydroxyl Group

Run Allyl halide Aldehyde Method Product (%, yield)”
1 CHy=CHCH;Br Ho—)—CHo A )@i“/\ (76)
=N
HO” Y OH
CH;=CHCH;B HO CH C 49
2 2 2Br —Q— (o] /@J\/\ (49)
HO OH 81)
3 CH3=CHCH;Br HO D
2 2 —)—CHO N
HO
4 CHy=CHCH,Br HO CHO A o (85)"
CH3;0 :@)\/§
CH; 0
*“oHn HO” “OH
5 CH;=CHCH;B C Ph (75
: s p h’kg/" h P h)></§ ")
HO
6 CH;=CHCH;Br HO(CH3),CHO A Jo\'l\ (80)”
HO(CHp)7 ™
7 CHy=CHCH;Br HO(CH,),CHO o /OC\ (45)
HO(CHy)7 ™S
8 CHz=CHCH2Br HO(CH,),CHO D oH (64)

HO(CH )7 ™

a) Isolated yield are given unless otherwise stated. b) The extract from the reaction mixture

was pure by tHNMR without purification.
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Scheme 6. Proposed Mechanism of Catalytic BiCls Mediated Allylation

It is noteworthy that only a catalytic amount of BiCls
was needed to effect the present reaction. The benzal-
dehyde (2.0 mmol)-allyl bromide (2.4 mmol) reaction
using BiCls (0.24 mmol) and Al (0.08 g) gave 82% yield
of the corresponding homoallyl alcohol after stirring
for 50 h as shown below.

e B
/LK + AP
Ph H
10 mol% BiCl; Al OH
THF-H,0 (2.5 : 1) Ph AN @
rt. 50h 82 %

Although the reaction mechanism of the catalytic
BiCls mediated allylation is not clear, a catalytic cycle
can be presumed in which some allylbismuth reagent
(4) prepared via the proposed mechanism as men-
tioned above, reacts with an aldehyde to give 5.
Hydrolysis of 5 with H20 yields a homoallylic alcohol
(3) and bismuth(IIT) compound (6), which is reduced
by Al(0), regenerating the Bi(0) catalyst.

Chemoselectivity. A striking feature of the present
reaction is the high chemoselectivity. Noteworthy is
the fact that the corresponding homoallylic alcohols
were obtained from aldehydes containing a hydroxyl
group using one equivalent of allylation reagent
(Table 5), which may signify that some allylbismuth
reagent prepared in situ does not react with a hydroxyl
group. Furthermore, one equivalent of allylation
reagent reacted with benzaldehyde even if benzoic acid
was present in the reaction mixture, and benzoic acid
was recovered intact.

0 o
ph)J\H * Ph)J\OH
OH 9
Method D (3)
————
ph)\/\ * Ph/U\OH
74% recovered

When acetophenone was used, Method A gave the
desired product only in <5% yield estimated by
'HNMR, and it was not obtained in any significant
amount by Method B and D,'® while it was obtained
in 56% yield by Method C (vide supra). Based on this
reactivity difference between aldehydes and ketones,
we could discriminate benzaldehyde from acetophe-
none or 4-phenyl-2-butanone (Egs. 4, 5).

(0] o)

phNg e

OH OH
e N

0% Method A
0% Method C

75%
100%

(o]

(o]
Ph/u\H * Ph /\)J\

Method D

OH OH
/\/\ M\A )
Ph S+ ph A

80% 0%
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When keto aldehyde (7) was used, secondary homoal-
lylic alcohol (8) was obtained in 50% unoptimized
yield. Thus, the reaction proceeds selectively on an
aldehyde carbon but not on a ketone carbon.

(o]
M
CH3
7
(o]
Method D =
OH (6)
CHj3
8 50%

Table 6. Stereoselectivity of the Bismuth-
Promoted Allylation (Eq. 7)
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Functionalized compounds other than aldehydes and
ketones are unreactive toward the allylation reagent.
Namely, nitriles and esters were recovered unchanged.
Another characteristic of the present reaction is that
alkyl and aryl halides are unreactive toward bismuth,
and therefore further applications for selective car-
bon-carbon bond formation will be found.

Stereoselectivity. We next investigated the ste-
reoselectivity of the reaction of benzaldehyde with
crotyl bromide [a mixture of cis and trans isomers
(30:70)] as shown in Table 6.

(o)

Ph)\H *

o~ 2

OH OH

Ph/kr\ + Ph/L/\ ™

erythro (E) threo (T)

fin

Run Method (solvent) E:T Yield/% In runs 1—4, Method D gave the best erythro selectiv-
1 B (DMF) 7793 64 ity and yield. Therefore, solvent effects using Method
9 C (THF) 81:19 87 D were studied and it was found that DMF was a
3 D (THF) 85:15 93 superior solvent to obtain the best erythro selectivity
4 E (THF-H;0) 84:16 87 (Runs 5—8). It is particularly interesting that
g ggg&%ﬁl) gg }g 13(‘) methanol and ethanol can be used as a reaction sol-
7 D (EtOH) 89:11 100 vent (Runs 5 and 7). Recently, Grignard-type allyla-
8 D (DMF) 90:10 94 tion of carbonyl compounds in methanol by the
9 D (THF, BF3°OEt2):) 89:11 100 electrochemically recycled allylation reagent was re-

10 D (THF, BF3-OEts)”  92:8 92 ported.’ Finally, the reaction in the presence of two

a) One equivalent of BFs-OFEt; was used. b) Two equivalents of BF3:-OEtz in THF gave the highest
equivalents of BFs- OEts were used. erythro selectivity (Run 10), in sharp contrast to Sn-Al
N/ N/
Bi Bi
Ph H OH Ph H
— N D b |
Ph
" \CH3 e CH,4
CHj
(o] A O B
erythro
~. 7
sf Bi
H Ph 2 H Ph
_— : -
Ph \
H CH,3 /Y\ H CHj
CHj
o . °© b
threo

Scheme 7.
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[81% (yield), 87/22 (erythro/threo)],5® MnClz-LiAIH4
(78%, 65/35),102) Sn (76%, 41/59),5% SnF2 (85%, 35/65),16)
and CrCls-LiAlHy system (96%, 0/100).1%9  Our find-
ing is comparable with erythro-selective addition of
crotyltrialkyltins (cis and trans mixture) to alde-
hydes.?” However, noteworthy is that the starting
material is crotyl bromlde in our method.

Thus, the reaction of benzaldehyde with crotyl
bromide gave pnredominant erythro selectivity al-
though crotyl bromide is a mixture of cis and trans
isomers (30:70). Although the reaction mechanism is
not yet clear at present stage, we propose an acyclic
transition statel®1417) for the stereochemical rationali-
zation as shown below and the present reaction system
presumably does not involve a conventional cyclic
mechanism.1®1%18  Among several possible transition
state geometries, two conformations (A and B) leading
to the erythro alcohol must be favored for steric rea-
sons in comparison with those (C and D) leading to
the threo isomer.

Finally, the present reaction is the first example of
the Grignard-type allylation of aldehydes with allylic
halides using metallic bismuth, BiCls-Zn(0), or BiCls-
Al(0). We found that bismuth element can be used
for carbon-carbon bond forming reaction for the first
time. We believe that the present reaction have
potential utility in organic synthesis.

Experimental

General Methods. Infrared spectra were recorded on a
Hitachi 215 spectrophotometer. 'HNMR spectra were
recorded with Hitachi R-90H spectrometer and chemical
shifts (8) were reported in ppm using internal tetramethyl-
silane. Commercially available bismuth shot (99.999%,
Wako Pure Chemical Industries, Ltd.) was scraped with a
rasp. Bismuth powder (100 mesh, 99.999%, Aldrich Chemi-
cal Co.) is also effective and more convenient for the reac-
tion. Bismuth(III) chloride, metallic zinc, iron, and alumi-
nium were commercial materials and used without further
purification. Allylic halides and aldehydes were distilled
before use.

General Procedure of Method A. An allylic halide (2.2
mmol) was treated with metallic bismuth (0.46 g) in DMF
(5 ml) under nitrogen at room temperature for 4 h. To the
resulting greenish suspension was added an aldehyde (2.0
mmol). After stirring at room temperature for 2 h, the
reaction mixture was quenched with a saturated aqueous
ammonium chloride solution, and the organic materials
were extracted with Et20 (20 m1X3).  After drying the ether
layer over anhydrous MgSQy, the solvent was evaporated in
vacuo. The desired product was isolated by preparative
TLC on silica gel.

General Procedure of Method B (Barbier-type reaction).
To metallic bismuth (0.46 g) in DMF (5 ml) were added an
allylic halide (2.2 mmol) and an aldehyde (2.0 mmol) using
a syringe under nitrogen at room temperature. The mix-
ture was stirred for 12 h at that temperature. The proce-
dures of workup and purification were the same as those of
Method A described above.

General Procedure of Method C. Bismuth(III) chloride
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(2.4 mmol) was placed in a 50 ml two-necked flask and dried
in vacuo by heating. Metallic zinc powder (0.24 g) was
added under nitrogen along with anhydrous THF (5 ml),
and the mixture was stirred for I h. To the resulting black
suspension were added an allylic halide (2.4 mmol) and an
aldehyde (2.0 mmol) using a syringe. The reaction mixture
was stirred for 2 h at room temperature and the procedures
of workup and purification were the same as those of
Method A described above.

General Procedure of Method D. Bismuth(III) chloride
(2.4 mmol) was placed in a 50 ml two-necked flask and dried
in vacuo by heating. Metallic iron (0.13 g) was added
under nitrogen and anhydrous THF (5 ml) was introduced.
Then, using a syringe an allylic halide (2.4 mmol) and an
aldehyde (2.0 mmol) were added at room temperature, and
the reaction mixture was stirred for 4.5 h at that tempera-
ture. The procedures of workup and purification were the
same as those of Method A described above.

General Procedure of Method E. Into a mixture of com-
mercial grade Al powder (0.13 g) and BiClz (2.4 mmol) was
added THF (2.5 ml) and HzO (1 ml) (this reaction is exother-
mic). Then, an aldehyde (2.0 mmol) and an allylic halide
(2.4 mmol) were added using a syringe under nitrogen at
room temperature, and the reaction mixture was stirred at
room temperature for 10—20 h. The procedures of workup
and purification were the same as those of Method A de-
scribed above.

Spectral data of homoallylic alcohols are as follows.

1-Phenyl-3-buten-1-0l: Purified by thin-layer chromatog-
raphy (S10g, hexane:AcOEt=9:1); IR (neat) 3400, 1640,
1500, 1450, 1040, 910, 750, and 700 cm~!; TH NMR (CCly)

=2.28 (s, 1H), 2.45 (dd, 2H, J=6.5, 6.5 Hz), 4.60 (t, 1H,
J=6.5 Hz), 4.78—5.20 (m, 2H), 5.35—6.10 (m, 1H), and 7.22
(s, 6H). This product was also identified by comparison
with an authentic sample prepared from allyl bromide and
benzaldehyde using Zn(0).4

1-Phenyl-5-hexen-3-0l: Purified by thin-layer chromatog-
raphy (SiOg, hexane:AcOEt,=12:1). This product was
identified by comparison with an authentic sample.5?

1-(4-Methoxyphenyl)-3-buten-1-0l: Purified by thin-
layer chromatography (SiOgz, hexane:AcOEt=9:1). This
product was identified by comparison with an authentic
sample.19)

1-Dodecen-4-0l: Purified by Kugelrohr distillation. This
product was identified by comparison with an authentic
sample.19)

2-Methyl-5-hexen-3-ol: Purified by thin-layer chromatog-
raphy (SiOgz, hexane:AcOEt=9:1); IR (neat) 3350, 2905,
2860, 1640, 1450, 980, and 900 cm-!; tHNMR (CDCls)
0=0.92 (d, 6H, J=6.5 Hz), 1.40—2.42 (m, 4H), 3.20—3.60 (m,
1H, 4.95—5.20 (m, 2H), 5.60—6.09 (m, 1H). This product
was also identified by comparison with an authentic sample
prepared from the known procedure.5

1,5-Heptadien-4-0l: The extract from the reaction mix-
ture was pure without purification. This product was
identified by comparison with an authentic sample.5®

1-(4-Chlorophenyl)-3-buten-1-o0l: Purified by thin-layer
chromatography (SiOg, hexane: AcOEt=9:1). This prod-
uct was identified by comparison with an authentic
sample.52

1-Phenyl-2,2-dimethyl-3-buten-1-0l: Purified by thin-
layer chromatography (SiOs, hexane:AcOEt=9:1). This
product was identified by comparison with an authentic
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sample.102)

1-Phenyl-1-methyl-3-buten-1-o0l: Purified by thin-layer
chromatography (SiOz, hexane: AcOEt=9:1). This prod-
uct was identified by comparison with an authentic
sample.5>19)

1-Phenyl-2-hexyl-1,5-hexadien-3-0l: Purified by thin-
layer chromatography (SiOg, hexane : AcOEt=9:1); tH NMR
(CDCls) 6=0.85 (t, 3H, J=6.0 Hz), 1.05—2.65 (m, 13H), 4.22
(t, 1H, 5.0 Hz), 5.05—5.29 (m, 2H), 5.60—6.00 (m, 1H), 6.50
(s, 1H), and 7.20 (s, 5H). This product was also identified
by comparison with an authentic sample prepared from the
known procedure.5

Preparation of Homoallylic Alcohols from Aldehydes
Containing a Hydroxyl Groups. By use of Methods A, C,
and D described above, the corresponding homoallylic alco-
hols were obtained from aldehyde containing a hydroxyl
group using one equivalent of allylation reagent. The
crude product was purified by thin-layer chromatography
(SiOg, hexane: AcOEt=3:2).

1-(4-Hydroxylphenyl)-3-buten-1-ol: IR (neat) 3600—3000,
1600, 1500, 1220, 900, 820, and 720 cm~!; THNMR (CDCls)
6=2.47 (dd, 2H, J=1.0, 7.0 Hz), 2.70—3.80 (brs, 1 H), 4.62 (t,
1H, J=7.0 Hz), 4.85—5.28 (m, 2H, 5.40—6.05 (m, 1H), 6.70
(d, 2H, J=9.0 Hz), 7.06 (d, 2H, J=9.0 Hz), and 7.30—8.10
(brs, 1H). This product was also identified by comparison
with an authentic sample prepared from the known
procedure.5b

1,2-Diphenyl-4-pentene-1,2-diol: IR (KBr) 3450, 2900,
1620, 1490, 1440, 1260, 1060, 930, 880, and 700 cm-
IHNMR (CDCls) 6=2.55 (s, 1H) , 2.75 (d, 1H, J=4.0 Hz),
2.83 (dd, 2H, J=4.2, 1.0 Hz), 4.70 (d, 1H, J=4.0 Hz), 4.80—
5.20 (m, 2H), 5.30—6.00 (m, 1H), and 7.03 (m, 10H). Anal.
Calcd for Ci7His02: C, 80.28; H, 7.13%. Found: C, 80.20;
H, 7.25%.

7-Octene-1,5-diol: 'HNMR (CDCls) 6=1.10—1.85 (m,
7TH), 2.25 (dd, 2H, J=7.0, 7.0 Hz), 2.66 (brs, 1H), 3.35—3.80
(m, 3H), 4.90—5.20 (m, 2H), and 5.56—6.05 (m, 1H). This
product was also identified by comparison with an authentic
sample prepared from the known procedure.5®

Allylation of Benzaldehyde in the Presence of Benzoic
Acid by Method D. Bismuth(III) chloride (2.4 mmol) was
placed in a 50 ml two-necked flask and dried in vacuo by
heating. Metallic iron (0.13 g) and benzoic acid (2.0 mmol)
were added under nitrogen, and anhydrous THF (5 ml) was
introduced. Then, using a syringe allyl bromide (2.4
mmol) and benzaldehyde (2.0 mmol) were added at room
temperature, and the reaction mixture was stirred for 4.6 h at
that temperature. Workup was achieved according to the
procedure of Method A. 1-Phenyl-3-buten-1-0l was iso-
lated in 74% vyield by thin-layer chromatography (hex-
ane: AcOEt=9:1) and benzoic acid was recovered in 71%.

Allylation of Benzaldehyde in the Presence of Acetophe-
none by Method C.  Bismuth(III) chloride (2.4 mmol) was
placed in a 50 ml two-necked flask and dried in vacuo by
heating. Metallic zinc powder (0.24 g) was added under
nitrogen along with anhydrous THF (5 ml), and the mix-
ture was stirred for 1 h.  To the resulting black suspension
were added benzaldehyde (2.0 mmol), acetophenone (2.0
mmol), and allyl bromide (2.4 mmol) using a syringe. The
reaction mixture was stirred for 2 h at room temperature and
worked up according to the procedure of Method A.
Inspection of the extract by tH NMR revealed that acetophe-
none did not give the corresponding homoallylic alcohol at
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all. 1-Phenyl-3-buten-1-ol was isolated in quantitative yield
by thin-layer chromatography (SiOz, hexane : AcOEt=9:1).

Allylation of Benzaldehyde in the Presence of 4-Phenyl-2-
butanone by Method D. Bismuth(III) chloride (2.4 mmol)
was placed in a 50 ml two-necked flask and dried in vacuo by
heating. Metallic iron (0.13 g) was added under nitrogen
and anhydrous THF (5 ml) was introduced. Then, using a
syringe benzaldehyde (2.0 mmol), 4-phenyl-2-butanone (2.0
mmol), and allyl bromide (2.4 mmol) were added at room
temperature. The reaction mixture was stirred for 4.5 h at
that temperature and worked up according to the procedure
of Method A. Inspection of the extract by 'HNMR
revealed that 4-phenyl-2-butanone did not give the corre-
sponding homoallyllc alcohol at all. 1-Phenyl-3-buten-1-
ol was isolated in 80% yield by flash column chromatog-
raphy (S10g, hexane : AcOEt=9:1).

Allylation of Keto Aldehyde (7). By using Method D,
BiCls (1.8 mmol), Fe (0.10 g), 4-oxo-4-p-tolylbutanal (1.5
mmol), and allyl bromide (1.8 mmol) were reacted in dry
THF (5 ml). The procedure of workup was the same as
that of Method D described above. The crude product was
purified by thin-layer chromatography (SiO2, hexane:
AcOEt=2:1) to afford the corresponding homoallylic
alcohol (8) in 50% yield. IR (neat) 3450, 2900, 1670, 1605,
1400, 1180, 1040, 980, 910, and 810 cm~!; *H NMR (CDCls)
6=1.60—2.50 (m, 5H), 2.40 (s, 3H), 3.11 (dd, 2H, J=7.0, 7.0
Hz), 3.73 (brs, 1H), 4.95—5.25 (m, 2H), 5.60—6.10 (m, 1H),
7.23 (d, 2H, J=7.0 Hz), and 7.82 (d, 2H, J=7.0 Hz). This
product was also identified by comparison with an authen-
tic sample prepared from the known procedure.10%

Crotylation of Benzaldehyde. By using Method B, Method
C, Method D, and Method E described above, benzaldehyde
was reacted with crotyl bromide and the product was
isolated by thin-layer chromatography (SiOg, hexane:
AcOEt=9:1) in good yield (see text). In the reaction utiliz-
ing BF3: OEt, BFs- OEt2 was added before addition of ben-
zaldehyde. The ratio of erythro-threo was determined by
IHNMR (the absorption of the methine proton H-C-OH)
as follows. 'HNMR (CDCls) 6=0.86 (threo) and 1.00 (ery-
thro) (d, 3H, J=6.0 Hz), 2.15—2.70 (m, 2H), 4.30 (threo), and
4.50 (erythro) (d, 1H, J=7.0 Hz and 5.7 Hz), 4.80—5.22 (m,
2H), 5.50—5.95 (m, 1H), and 7.24 (s, 5H).10¢!
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