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Abstract: Regioselective control over the nucleophilic substitution
of cyclic Baylis–Hillman alcohols with indoles has been developed
under the catalysis of molecular iodine. The reaction provided g-
substituted products in THF, whereas the a-products were obtained
in TFE via an acid-catalyzed [1,3]-sigmatropic carbon skeleton re-
arrangement of allylindoles.
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Recently, Baylis–Hillman (B–H) adducts are attracting
much attentions in organic synthesis as valuable synthons
and starting materials due to their ready availability and
the presence of versatile allylic hydroxyl and Michael ac-
ceptor functionalities.1 Allylic alkylation of B–H adducts
has been used in an amazing number of applications in the
synthesis of many bioactive molecules and natural prod-
ucts.1,2

Of great significance in allylic substitution reactions is the
problem of regioselective control, especially for unsym-
metrically substituted substrates.3 In some cases, allylic
alkylation for monosubstituted allylic alcohols or esters
could proceed with regiocontrol by forming branched or
linear products. For example, acyclic B–H adducts could
provide the allylic substitution product either at the g-
position under metal catalysis and inorganic base promo-
tion via SN2¢ reaction,4 or at the a-position under organic
base catalysis via an SN2¢–SN2¢ reaction.5 However, the
question of how to regioselectively introduce a nucleo-
phile at either the a- or g-position of unsymmetrically bis-
substituted allylic electrophiles is still a challenge for syn-
thetic chemists.

Cyclic B–H adducts derived from cyclic enones are im-
portant starting materials in the Baylis–Hillman reaction,6

and could be used to generate fused cyclic frameworks.7

However, a mixture of regioisomers may form from the
cyclic B–H adducts due to their cyclic, unsymmetrically
disubstituted allylic structures and this certainly creates
some disadvantages. In some cases, cyclic B–H adducts
could react with high a-regioselectivity in the presence of
transition-metal catalysis,8 however, there have been

some reports on their g-regioselectivity (Figure 1).9 As a
part of our continuing efforts to study the applications of
cyclic B–H adducts in organic synthesis,8a herein we wish
to report the highly a- and g-regioselective reactions of
cyclopent-2-enone-derived Baylis–Hillman adducts with
indoles,8a,10 in the presence of catalytic amounts of molec-
ular iodine in different solvents. Furthermore, the applica-
tion of allylic substitution products in the synthesis of
azepino[4,3,2-cd]indoles is also demonstrated.

Figure 1 Regioselectivities of cyclic Baylis–Hillman adducts as un-
symmetrically bis-substituted allylic electrophiles in nucleophilic
substitution reactions

Initially, in the presence of various Lewis acids, 2-meth-
ylindole (1a) was found to react with 2-(hydroxyphenyl-
methyl)cyclopent-2-enone (2a) to provide a mixture of
the allylic substitution products a-3a and g-4a (Table 1).
InBr3 and AgOTf catalysis were found to favor a-selectiv-
ity (entries 1 and 3). In contrast, FeCl3 generated a little
more g-product, but the conversion was still not complete
even after refluxing for 12 hours in dichloromethane (en-
try 2). Molecular iodine showed the best catalytic effi-
ciency and better g-selectivity than other catalysts (entry
4). Although palladium catalyst10a and DABCO5a–e exhib-
ited good catalytic reactivity for the reaction of acyclic B–
H adducts with various nucleophiles, the Pd-catalyzed re-
action of cyclic B–H adduct 2a with 1,2-dimethylindole
1d provided mainly the a-product (a:g = 7:1, entry 6).
DABCO lost its catalytic ability in the allylic substitution
reaction of cyclic B–H adduct 1a and only starting mate-
rials were recovered (entry 5). Molecular iodine, as a
readily available, non-toxic catalyst, has been widely used
in various organic transformations.11 We and others have
demonstrated that the nucleophilic substitution of allylic
alcohols or esters with C-, N- or S-nucleophiles could be
catalyzed by iodine.12 Inspired by the highly efficient I2-
catalyzed allylic substitution reaction of B–H adduct 2a
with 1a, various solvents were used in this reaction in or-
der to optimize the regioselectivity of the reaction
(Table 2). Non-protic solvents such as dichloromethane,
toluene, Et2O and THF favored g-regioselectivity, and
4a13 was obtained as the major product (Table 2, entries
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2–4; Table 1, entry 4); THF provided the best g-regiose-
lectivity (a:g = 1:16). In protic solvents such as MeOH
and EtOH, the reaction afforded an almost 1:1 mixture of
a- and g-products. However, when trifluoroethanol (TFE)
under reflux was used as the solvent, the a-product 3a13

was formed as the major product (a:g = 24:1). Without
any catalyst, no reaction was observed in either THF or
TFE (entries 9 and 10).

Under the optimized reaction conditions, the regioselec-
tivities of the reactions of indoles with cyclic B–H adducts

could be entirely controlled simply by switching the sol-
vent. The scope of the reaction was explored with respect
to various indoles and cyclic B–H adducts, and the substi-
tution products were obtained in good to excellent yields
(Table 3). In the presence of iodine (10 mol%), the reac-
tion mainly provided g-products 4 in THF, whereas a-
products 3 were obtained in TFE in a relative longer reac-
tion time. The substituents in the phenyl ring of cyclic B–
H adducts have little effect on the reaction (entries 1–7).
However, there were two exceptions: the reaction of sim-
ple indole 1b with 2a in THF also showed low g-selectiv-
ity (g:a = 2.8:1) based on isolated yields (entry 14), and
the reaction of 1e with 2a in TFE provided low a-selectiv-
ity (g:a = 1:2.8; entry 19).

Interestingly, when the reactions were carried out in TFE,
it was found that the ratios of a- to g-products increased as
the reaction proceeded. For example, when 2-methylin-
dole (1a) was reacted with B–H adduct 2a, in the presence
of iodine in refluxing TFE, the products were obtained
with an a/g ratio of 1.2:1 after 30 minutes, and a 1.9:1 ra-
tio after one hour. After B–H adduct 2a was completely
consumed (1.5 h), the ratio of a-3a to g-4a increased to
9:1. When stirring of the reaction mixture was continued
under the same conditions for an additional 1.5 hours (to-
tal reaction time: 3 h), the ratio of a/g-product reached
24:1. The results demonstrated that there should be a con-
version from the g-product 4a into the a-product 3a dur-
ing the course of the reaction of 1a with 2a.

Further investigations verified the rearrangement of g-4a
into a-3a (Scheme 1). In the presence of iodine (10 mol%)
in refluxing TFE, 82% of g-4a was converted into a-3a
after three hours. However, no conversion from a-3a into
g-4a could be observed under the same conditions

Table 1 Nucleophilic Substitution of B–H Adduct 2a with Indole 1a under Different Conditions

Entry Catalyst Solvent Temp. (°C) Time (h) Conv. (%)a Ratio a:ga

1 InBr3 CH2Cl2 reflux 12 100 4:1

2 FeCl3 CH2Cl2 reflux 12 86 1:1.6

3 AgOTf CH2Cl2 reflux 6 100 1.2:1

4 I2 CH2Cl2 r.t. 3 100 1:2.7

5 DABCOb THF–H2O r.t. 24 n.r.d –

6c Pd(acac)2/Ph3P AcOH 80 0.5 100 7:1

a Determined by 1H NMR.
b DABCO (1.1 equiv).
c Reaction conditions: Pd(acac)2 (10 mol%), Ph3P (20 mol%), 1,2-dimethylindole 1d instead of 1a.
d No reaction.
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Table 2 Solvent Effects in I2-Catalyzed Reaction of B–H Adduct 2a 
with Indole 1aa

Entry Solvent Temp. (°C) Time (h) Conv. (%)b Ratio a:gb

1 Toluene r.t. 2 80 1:2.2

2 Et2O r.t. 9 66 1:5.5

3 THF r.t. 10 100 1:16

4 Dioxane r.t. 1 100 1:6.1

6 MeOH r.t. 2 100 1:1.1

7 EtOH reflux 3 100 1:1

8 TFE reflux 3 100 24:1

9c TFE reflux 3 – n.r.d

10c THF reflux 3 – n.r.d

a Cat: 10 mol%.
b Determined by 1H NMR.
c Without catalyst.
d No reaction.
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(Scheme 1). Since the reaction of iodine with TFE under
reflux conditions could generate HI, the direct use of
aqueous HI was tested and also found to result in a high
conversion (90%). TFE is the best solvent and, even with-
out any catalyst, 4a in refluxing TFE could also be con-
verted into 3a in 11% yield after three hours.14 However,
in the presence of 10 mol% iodine in refluxing THF, no
rearrangement was observed and 4a was recovered after
12 hours. Based on these experimental results, it could be
concluded that the excellent a-regioselectivity in the
iodine-catalyzed reaction of 1a with 2a in TFE could be
ascribed to a 1,3-shift of the indolyl group from product
4a to 3a.15

Scheme 1 [1,3]-Sigmatropic carbon rearrangement of 4a to 3a
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Table 3 I2-Catalyzed Regioselective Reaction of Indoles 1 with Cyclic B–H Adducts 2 in THF and TFE

Entry 1 2 Solvent Time (h) Yield of 3/4 (%)a

1

1a 2a

TFE 3 78/–, 3a/4a

2 1a 2a THF 0.5 –/92, 3a/4a

3 1a

2b

TFE 2 81/–, 3b/4b

4 1a 2b THF 0.5 –/93, 3b/4b

5 1a

2c

TFE 3 76/–, 3c/4c

6 1a 2c THF 1 –/80, 3c/4c

7 1a

2d

TFE 8 82/–, 3d/4d

8 1a 2d THF 0.5 –/87, 3d/4d

9 1a

2e

TFE 4 95/–, 3e/4e

10 1a 2e THF 1 –/84, 3e/4e
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We believed that hydrogen-bonding interactions could be
used to explain the remarkable g-regioselective control of
the reaction in THF (Figure 2). Generally, under the catal-
ysis of Lewis acids or Brønsted acids, both the carbonyl
and the hydroxy groups in the B–H adduct could be acti-
vated, resulting in possible nucleophilic attack on both the
a- and g-positions. When iodine was used as a weak
Lewis acid, the solvent could play an important role by

moderating the strength of the hydrogen-bonding interac-
tions. In a comparison of the b-values (which reflects the
acceptor-ability of the forming hydrogen bond) of THF
(b = 0.55), with diethyl ether (0.47), 1,4-dioxane (0.38),
toluene (0.11) and dichloromethane (0), THF is found to
be a better hydrogen-bond acceptor (HBA).16 When the
reaction was carried out in THF, the six-membered ring
chelation between the OH and the carbonyl group in the

11 1a

2f

TFE 6 93/–, 3f/4f

12 1a 2f THF 1 –/78, 3f/4f

13

1b

2a TFE 3 65/–, 3g/4g

14 1b 2a THF 2 16/60, 3g/4g

15

1c

2a TFE 4 69/–, 3h/4h

16 1c 2a THF 0.5 –/70, 3h/4h

17

1d

2a TFE 2.5 82/–, 3i/4i

18 1d 2a THF 10 min –/72, 3i/4i

19

1e

2a TFE 4 61/18, 3j/4j

20 1e 2a THF 0.5 –/71, 3j/4j

21

1f
2g

TFE 2.5 71/–, 3k/4k

22 1f 2g THF 2 –/77, 3k/4k

a Isolated yield.

Table 3 I2-Catalyzed Regioselective Reaction of Indoles 1 with Cyclic B–H Adducts 2 in THF and TFE (continued)

Entry 1 2 Solvent Time (h) Yield of 3/4 (%)a
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B–H adduct could be destroyed by solvation due to the
strong hydrogen-bond acceptor ability of THF; at the
same time, the carbonyl of B–H adduct should be activat-
ed by iodine to yield the g-product via a Michael-type ad-
dition–elimination reaction (Figure 2, B). In contrast,
when the reaction was carried out in protic solvent, which
can be considered as a hydrogen-bond donor (HBD),16 the
hydroxy group of the B–H adduct could be activated to
provide a mixture of a- and g-products (Figure 2, A).

Figure 2 Solvent effects on the regioselective control of the nucleo-
philic substitution of B–H adduct 2a

Further applications of allylic substitution of cyclic B–H
adducts with indoles are demonstrated in Scheme 2.
When a-products 3l and 3m, derived from 2-methyl-4-
nitroindole, were treated with 10% Pd/C under a hydrogen
atmosphere, azepino[4,3,2-cd]indoles17 5a and 5b were
obtained in 80 and 51% yields, respectively, via an one-
pot reduction and in situ aza-Michael addition
(Scheme 2).8a 

Scheme 2 Syntheses of azepino[4,3,2-cd]indoles 5

In conclusion, we have reported a highly regioselective
reaction of indoles with cyclic B–H adducts catalyzed by
molecular iodine. Preliminary mechanistic investigations
have revealed that the reaction provided kinetic controlled
g-products in THF, whereas a-products were obtained as
thermodynamic products in TFE. The latter were generat-
ed through acid-catalyzed [1,3]-sigmatropic carbon skele-
ton rearrangement of allylindoles. The present method
could be conveniently used in the synthesis of azepi-
no[4,3,2-cd]indoles.

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synlett.
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