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Abstract—Rhodium phosphine complexes catalyze addition of chloroformates to terminal allenes to afford b-chloro-b,c-unsatu-
rated esters.
� 2004 Elsevier Ltd. All rights reserved.
Table 1. Catalytic activity of rhodium complexes in the addition of 2a

to 1a affording ethyl (Z)-3-chloro-3-decenoate 3aa

Entry Catalyst Yield of 3a (%)b

1 RhCl(CO)(PPh3)2 64 (91)

2c RhCl(CO)(PPh3)2 73 (91)

3 [RhCl(CO)2]2+2PPh3 46 (91)

4 RhCl(CO)(PPh3)2+1PPh3 Trace

5 RhCl(PPh3)3 0

6 [RhCl(CO)2]2 0

7 RhCl(CO)[P(p-FC6H4)3]2 43 (91)

8 RhCl(CO)[P(p-CH3C6H4)3]2 43 (91)

9c RhCl(CO)[P(p-CH3C6H4)3]2 69 (91)

10 Rh(CN)(CO)(PPh3)2 61 (94)

11 RhCl(CO)(PiPr3)2 60 (77)

12 RhCl(CO)(PCy3)2 50 (74)
Catalytic addition of heteroatom–carbon bonds to
unsaturated carbon linkages is an active area of research
these days.1 We reported previously that chloroformates
add across the triple bonds of terminal alkynes in the
presence of rhodium complexes, affording b-chloro-a,b-
unsaturated esters in good yields with high stereo- and
regioselectivity.1q Since the products having chlorine
and olefinic functionalities are envisioned to be useful in
synthetic applications,2 we have explored the extension
of the chloroformate addition to other unsaturated
carbon linkages. In this paper we wish to disclose
addition reactions of chloroformates to allenes, which
furnish a novel synthetic route to b-chloro-b,c-unsatu-
rated esters with high regioselectivity (Eq. 1).
13 RhCl(CO)(PPh2Me)2 31 (91)

14 RhCl(CO)(PtBu3)2 5 (nd)e

15 RhCl(CO)(dppe)d 12 (92)

16 RhCl(CO)(dppp)d 24 (92)

17 RhCl(CO)(dppb)d 28 (91)

18 RhCl(CO)(dppf)d 14 (91)

aReactions were carried out at 110 �C for 20 h by using 0.5mmol of 1a,

2.5mmol of 2a and 0.025mmol (with respect to Rh metal) of catalyst

in 1.0mL toluene.
bGC yields based on the amount of 1a used. Values in parentheses are

selectivities.
c 10mol% of catalyst was used.
d dppe: 1,2-bis(diphenylphosphino)ethane. dppp: 1,3-bis(diphenyl-

phosphino)propane. dppb: 1,4-bis(diphenylphosphino)butane. dppf:

1,10-bis(diphenylphosphino)ferrocene.
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In a typical experiment, a mixture of 1,2-nonadiene 1a
(0.5mmol), ethyl chloroformate 2a (2.5mmol) and
RhCl(CO)(PPh3)2 (0.025mmol; 5mol% relative to 1a)
in toluene (1.0mL) was heated at 110 �C for 20 h.
Analysis of the resulting mixture by gas chromatogra-
phy revealed that ethyl (Z)-3-chloro-3-decenoate 3a was
formed in 64% yield (Table 1, entry 1).3;4 GCMS anal-
ysis suggested that three other isomeric adducts had also
eNot determined.
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been formed, the ratio being 2:3:91 (3a):4, although the
structure of these minor isomers was not further char-
acterized. The regiochemistry of product 3a agreed with
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its NMR spectra and was further confirmed by its
reduction with LiAlH4 to the corresponding alcohol 4a,
which displayed two triplets at 3.78 and 2.54 ppm
(J ¼ 5:9Hz) in 1H NMR spectroscopy.5 The Z config-
uration of the olefinic bond was confirmed by an NOE
measurement of 3a, in which a 6% enhancement of the
vinylic proton signal was observed upon irradiation at
the a-methylene proton of the CH2COOEt substituent.

To achieve an acceptable yield of 3a, the use of 2a in
excess of 1 is a prerequisite condition; when the reac-
tions were carried out at a 2:1 or 1:1 ratio of 1a to 2a,
adduct 3a was formed only in 22% or 24% yield,
respectively. However, the yield was significantly boos-
ted to 64% by using a 1:5 ratio of 1a to 2a. The selec-
tivity for 3a did not change substantially.

Table 1 summarizes the results of the addition reactions
of 1,2-nonadiene 1a with ethyl chloroformate in the
presence of various rhodium complexes. Unlike the
addition to alkynes,1q the present reaction appears
rather insensitive to the nature of phosphines. Thus, the
use of complexes with PPh3, P(p-FC6H4)3, P(p-
CH3C6H4)3, PiPr3, PCy3, and PPh2Me as the ligand
Table 2. Rhodium-catalyzed chloroesterification of allenesa

Entry Allene Addu

1
1a

n-C6H13
n-C6H

2
1b

3
1c

Ph
PhPh

4
1d

C

5d

1d

6

1e

7

1f

8

1g

Ph
Ph

aReactions were carried out at 110 �C for 20 h by using 0.5mmol of allene,
bGC yield based on the amount of allene used. Value in parentheses is regios

the same molecular weight as 3.
c Z=E ¼ 89=11 as determined by GC.
dReaction with methyl chloroformate.
results in the formation of 3a in yields ranging from 31%
to 64%, although the electronic and/or steric nature of
the ligand is very much different. The exceptional case is
the reaction with the PtBu3 complex, which gave only
5% yield. However, the phosphine/rhodium ratio affects
the catalytic performance significantly; the catalyst sys-
tems of PPh3/rhodium being 3 did not promote the
reaction as seen in entries 4 and 5. A phosphine-free
rhodium complex did not show activity either (entry 6).
However, the system generated by [RhCl(CO)2]2 and
2 equiv of PPh3 (i.e., the ratio being 1) catalyzed the
reaction albeit somewhat slowly (entry 3). On the other
hand, rhodium complexes ligated by bidentate phos-
phines such as dppe, dppp, dppb, and dppf appears to
be less efficient than the foregoing bis(monodentate
phosphine)rhodium complexes, resulting in 12–28%
yields.

The results of RhCl(CO)(PPh3)2-catalyzed addition
reactions of chloroformates to various allenes are sum-
marized in Table 2. Additions of 2a to alkyl and aralkyl
mono-substituted allenes furnish adducts 3 in acceptable
yields with high regio- and stereoselectivities (entries 1–
3). The reactivity of gem-dialkyl-substituted allenes is
ct 3 Yield of 3 (%)b
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10 (61)

2.5mmol of 2 and 0.025mmol of RhCl(CO)(PPh3)2 in 1.0mL toluene.

electivity, which is the value of 100· 3/total amount of products having
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not seriously low as compared with the mono-substi-
tuted allenes as entries 4–7 show. However, arylallenes
displayed very low reactivity: Phenylallene afforded only
10% yield with a low 3g selectivity (61%, entry 8)6 and
1,1-diphenylallene did not give the corresponding
adduct at all. Under the same reaction conditions, 1,3-
disubstituted, trisubstituted, and tetrasubstituted allenes
such as cyclonona-1,2-diene, 5-(2,5-dimethylphenyl)-
3,4-octadiene, and tetramethylallene did not conform to
the present addition reaction.

Although the mechanistic detail remains to be eluci-
dated, the catalytic cycle illustrated in Scheme 1, similar
to that proposed for the addition reaction of 2 with
alkynes, is envisioned to operate. The oxidative addition
of chloroformates with Vaska-type rhodium complexes
has been confirmed to form RhCl2(COOR3)(CO)
(PR3)2.

1q Monitoring the reaction of RhCl2(CO)
(PPh2Me)2(COOMe) with 1d (5 equiv) in toluene-d8 by
1H and 31P NMR spectroscopies revealed that the rho-
dium complex was almost completely consumed upon
heating at 110 �C for 4 h, and that 3d0 was formed in
32% yield along with 63% of RhCl(CO)(PPh2Me)2,
(JRh–P ¼ 123Hz), 15% of RhCl3(CO)(PPh2Me)2,
(JRh–P ¼ 76Hz) and 22% of an unidentified complex
(JRh–P ¼ 134Hz).

In the alkyne reaction, insertion into the Cl–Rh bond
(chlororhodation), rather than R3OOC–Rh (alkoxycar-
bonylrhodation), was proposed to be involved in the
catalysis in view of the difficulty of Cl–C reductive
elimination reported in precedent papers,1p;7 although
we were unable to provide convincing evidence. We
presume that the present reaction of allenes also pro-
ceeds through chlororhodation. As for the pre-coordi-
nation of the rhodium species to the terminal double
bond of the mono-substituted allenes, prior to the
insertion of the allene molecule, two possibilities can be
considered (paths (i) and (ii), Scheme 2). In path (i), the
insertion product complex (Z)-5 or (Z)-6, formed
through either alkoxycarbonylrhodation or chlororho-
dation, leads eventually to the formation of (Z)-3, the
major product of the catalytic reaction, via Cl–C or C–C
reductive elimination, respectively. Although we are
unable to rigorously exclude this possibility, path (i)
requires the pre-coordination to the more sterically
congested olefinic face and hence may not be the major
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Scheme 1.
pathway. In path (ii), pre-coordination takes place at the
less congested olefinic face. In the catalytic reactions of
mono-substituted allenes, (E)-3 was only a minor
product or not formed at all. Accordingly generation of
(E)-5 is safely concluded to be less favored. On the other
hand, (E)-6, generated via chlororhodation, is trans-
formed to anti p-allylic species, which, however, can
isomerize to the thermodynamically more stable syn-
isomer. The C–C reductive elimination thereof leads to
(Z)-3. When R1 is sterically less demanding, direct
reductive elimination from anti p-allyl intermediate may
proceed to some extent, as suggested by the formation of
both (Z)- and (E)-3b isomers having an ethyl group as
R1 (Z=E ¼ 89=11).

In conclusion, we have developed rhodium-catalyzed
addition of chloroformate esters to 1,2-dienes to afford
3-chloro-3-alkenoates 3 with high regioselectivity.
Further investigations on the synthetic application of
adducts 3 are in progress.
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yield 34%; 1H NMR (300MHz, CDCl3) d 7.33–7.14 (m,
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2H, J ¼ 6:0Hz), 1.41–1.23 (m, 6H), 0.92 (t, 3H,
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7.39–7.21 (m, 3H), 6.62 (s, 1H), 4.25 (q, 2H, J ¼ 7:1Hz),
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CDCl3) d 169.2, 134.0, 129.1, 128.6, 128.2, 128.0, 126.1,
61.3, 46.6, 14.1; IR (neat): 1742 cm�1 (C@O). Anal. calcd
for C12H13ClO2: C, 64.14; H, 5.79. Found: C, 64.65; H,
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5. (Z)-3-Chloro-3-decen-1-ol 4a: Colorless oil; 1H NMR
(300MHz, CDCl3) d 5.57 (t, 1H, J ¼ 7:0Hz), 3.78 (t, 2H,
J ¼ 5:9Hz), 2.54 (t, 2H, J ¼ 5:9Hz), 2.17 (m, 2H), 1.62
(sbr:, 1H), 1.42–1.27 (m, 8H), 0.87 (t, 3H, J ¼ 7:0Hz).
Product 3d was also reduced to the corresponding alcohol
4d to confirm the regioselectivity. (Z)-3-Chloro-4-methyl-3-
penten-1-ol 4d: Colorless oil; 1H NMR (300MHz, C6D6) d
3.55 (t, 2H, J ¼ 6:3Hz), 2.38 (t, 2H, J ¼ 6:3Hz), 1.69 (s,
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6. GC–MS analysis of the reaction mixture disclosed that the
reaction produced three adducts in a ratio of 12:61 (3g):27.
The structures of the two minor isomers have not been
characterized yet.

7. (a) Ohno, K.; Tsuji, J. J. Am. Chem. Soc. 1968, 90, 99; (b)
Blum, J.; Scharf, G. J. Org. Chem. 1970, 35, 1895; (c)
Kampmeier, J. A.; Hariis, S. H.; Rodehorst, R. M. J. Am.
Chem. Soc. 1981, 103, 1478.


	Rhodium(I)-catalyzed regioselective additions of chloroformates to 1,2-dienes
	Acknowledgements
	References


