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Formation of Enehydrazine Intermediates through Coupling of
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Indoles, one of the most abundant heterocycles in nature,
constitute the essential functional cores in the structures of
various fragrances, dyes, agricultural chemicals, and pharma-
ceuticals.! The synthesis of indoles has been an active
research field because of their structural diversity as well as
the numerous applications of natural and synthetic indole
derivatives. Over the last century, a wide array of approaches
have been developed,” and among them the Fischer indole
synthesis is probably the most well-known method because of
its fascinating combination of experimental simplicity and
mechanistic complexity.”’] Although it was established over
a century ago in 1883, the Fischer indole synthesis still
remains a popular research topic’ and substantial efforts
have been made to explore its applications or to overcome its
drawbacks."’

A major drawback recognized in the classic Fischer indole
synthesis is its lack of regioselectivity resulting from the use of
unsymmetrical ketones (2, Scheme 1) in the reaction.[*l When
phenylhydrazine (1) reacts with an unsymmetrical ketone (2)
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Scheme 1. Regioselectivity issue in the classic Fischer indole synthesis.
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under acidic conditions, it leads to the hydrazone 3, which
then tautomerizes to an enehydrazine before the [3,3] sigma-
tropic rearrangement occurs.*’! However, because of the
unsymmetrical nature of 3, a pair of regioisomers, 4 and 5§
(presumably in equilibrium), could be formed, and thus lead
to the isomeric indole products 6 and 7, respectively. This
regioselectivity issue in the Fischer indolization has largely
limited its application to the total synthesis of complex
natural products such as Aspidosperma and Strychnos indole
alkaloids.

A potential solution to the regioselectivity issue was
conceived in our attempt to make the aforementioned indole
alkaloids by applying the Fischer indole synthesis. The
strategy involves direct formation of enehydrazines through
the coupling of phenylhydrazines with vinyl halides. Herein,
we report our study on this strategy and its synthetic
applications to the synthesis of indole alkaloids.

Our study commenced with selecting the right type of
substrates and catalyst systems for the coupling reaction.
Given that the use of hydrazine derivatives in C—N coupling
reactions has been such an active research area over the past
decade,"*7 it is surprising to find few reports on the
application of the coupling reactions to phenylhydrazines
and vinyl halides or vinyl pseudohalides for the Fischer indole
synthesis. To the best of our knowledge, the only example was
a palladium-catalyzed coupling reaction between N-Boc
phenylhydrazine and 1-iodocyclohex-1-ene to produce the
enehydrazine intermediate in 45 % yield, as reported by Cho
and co-workers."l However, they did not report other parallel
reactions or any follow-up studies on this topic.”’ Our
extensive survey of substrates and catalyst systems allowed
us to find that a combination of Cul, DMEDA, and K,CO; in
toluene" worked well with the substrate N-methyl-N'-acetyl
phenylhydrazine (8) and a vinyl bromide (9; Table 1).I"!

Under optimal reaction conditions, the coupling of 8 with
9 proceeded smoothly to produce the sensitive enehydrazine
10, which generated the tricyclic indole 11 upon treatment
with ZnCl,.'"” Notably, the methyl group installed on N in the
phenylhydrazine is essential for high yields. By contrast, N'-
acetyl phenylhydrazine without the methyl group only
afforded the corresponding enehydrazine intermediate in
less than 40 % yield. When comparing different substrates, we
noticed that phenylhydrazines bearing both deactivating
groups (8b, 8¢, and 8d) and activating groups (8e and 8f)
were readily coupled with cyclic vinyl bromides (9a, 9b, 9c¢,
and 9d) of different ring sizes to produce the tricyclic indoles
11 in good to excellent yield. Interestingly, we also found that
the phenyl bromide 8d did not interfere with the coupling
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Table 1: Efficient variants of the Fischer indole synthesis through copper-
catalyzed coupling reaction between protected phenylhydrazines and

cyclic vinyl bromides.®
X o Q

. e Oﬁ
N Br "
Me

8 9 10 11
Entry 8 9 1 Yield [%]"!
1 8a (X=H) 9a (n=1) 1laa 61
2 8a 9b (n=2) 11ab 93
3 8a 9¢c (n=3) Tlac 90
4 8a 9d (n=4) 11ad 91
5 8b (X=F) 9a (n=1) 11ba 80
6 8b 9b (n=2) 11bb 92
7 8b 9c (n=3) 11bc 89
8 8b 9d (n=4) 11bd 90
9 8c (X=Cl) 9a (n=1) Tlca 73
10 8c 9b (n=2) 1cb 89
11 8c 9c (n=3) Tlcc 92
12 8c 9d (n=4) Mcd 91
13 8d (X=Br) 9b (n=2) 11db 82
14 8d 9c (n=3) 11dc 79
15 8d 9d (n=4) 11dd 81
16 8e (X=Me) 9a (n=1) Tlea 65
17 8e 9b (n=2) 11eb 82
18 8e 9c (n=3) Tlec 82
19 8e 9d (n=4) 1led 86
20 8f (X=0OMe) 9b (n=2) 1 86
21 8f 9c (n=3) 11 fc 79
22 8f 9d (n=4) 111d 82

[a] Reaction conditions: a) Cul (5 mol%), DMEDA (10 mol %), K,CO,
(2 equiv), toluene, 110°C; b) ZnCl, (2.2 equiv), toluene, 90°C. [b] The
combined yield of two operations without isolation of 10. DMEDA=
N,N’-dimethyl-1,2-ethanediamine.

reaction (Table 1, entries 13-15) and generated products
(11db, 11dc, and 11dd) eligible for further modifications to
produce indoles of higher structural complexity.

Considering that methyl-protected indoles are difficult to
convert into synthetically more useful free indoles, we further
tested our approach using N-allyl-N'-acetyl phenylhydrazine
(12a) and N-benzyl-N'-acetyl phenylhydrazine (12b) as the
coupling partners (Table 2). Gratifyingly, both of them were
suitable substrates, thereby allowing preparation of syntheti-
cally more versatile allyl- or benzyl-protected indoles (15).
Notably, the coupling reaction not only tolerated the ester
functional groups in 13¢ and 13d (Table 2, entries 3, 4, and 7),
but it was also compatible with the free hydroxy group in 13b
to produce 15ab and 15bb in good yields (entries 2 and 6).%

Although encouraged by the successful indolizations, we
were still intrigued by one key question which could not be
answered by using the cyclic vinyl bromides 9 and 13 as
substrates: is there equilibration between the two regioiso-
meric enehydrazine intermediates (4 and 5, Scheme 1) which
would scramble the double bond under the reaction con-
ditions?

To address this question, we chose the linear vinyl
bromide 16!'* (Table 3) as a substrate and characterized the
distribution of the potential products 18a and 19a. Among
a panel of Lewis acids assessed, both AlCl; and FeCl; were
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Table 2: Preparation of allyl- and benzyl- protected indoles 15.1

@w@ ©¢ QQ

12 13 R1q 0 %
Entry 12 13 15 Yield [%]!
1 12a (R=allyl)  13a=9b (X=H)  15aa 88
2 12a 13b (X=OH) 15ab 78
3 12a 13¢c (X=08z) 15ac 86
4 12a 13d ( X=0Ac) 15ad 559
5 12b (R=Bn) 13a=9b (X=H)  15ba 89
6 12b 13b (X=OH) 15bb 82
7 12b 13¢ (X=0B8z) 15bc 83

[a] Reaction conditions: a) Cul (5 mol%), DMEDA (10 mol %), K,CO;
(2 equiv), toluene, 110°C; b) ZnCl, (2.2 equiv), toluene, 90°C. [b] The
combined yield of two operations without isolation of 14. [c] With 35%
recovery of 12a. Bn=benzyl; Bz=benzoyl.

Table 3: The effect of selected Lewis acids on isomerization of the
enehydrazine intermediate 17./

-Gy

N N
Me Me
16 17 18a 19a
‘ A
QI
|somer|zat|on '
,,,,,,,,,,,,,, N N I
Me O
20
Entry  Lewisacid  Equiv T t Yield [96]®!
18a 19a
1 AlCl; 1.1 RT 20 min 43 92.7
2 FeCl, 1.1 RT 1.0h 4.5 62.5
3 ZnCl, 1.1 RT 3.0h 0 0
4 ZnCl, 1.1 90°C 2.0h 89 0
5 ZnCl, 2.2 90°C 1.0h 92 0
6 Zn(OTf), 1.1 RT 3.0h 0 0
7 Zn(OTf), 1.1 90°C  15h 93 0

[a] Reaction conditions: a) 8a, Cul (5 mol%), DMEDA (10 mol %),
K,CO; (2 equiv), toluene, 110°C; b) Lewis acid, toluene. [b] The
combined yield of two operations without isolation of 17 or 20.
Tf=trifluoromethanesulfonyl.

able to catalyze the indolization after a short time even at
room temperature, and produced 19a as the predominant
product. We speculate 19a came from the enehydrazine 20,
which indicates 17 equilibrated to the more stable trisubsti-
tuted regioisomer 20 under the reaction conditions. In
comparison, ZnCl, and Zn(OTf), did not catalyze the
cyclization after 3 hours at room temperature, but at an
elevated temperature, both of them gave 18a as the exclusive
product in excellent yield without isomerizing 17 into 20.
We sought to demonstrate the stereospecific nature of our
method by using the regioisomeric vinyl bromides 16 and
161! as substrates (Table 4). Unlike the classic Fischer indole
synthesis which would form both regioisomeric products 18
and 19 from N-methyl phenylhydrazine and 2-pentanone,™
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Table 4: Selective synthesis of the regioisomers 18 and 19 from specific
precursors 16 and 16’1

X
reaction reaction
Br. conditions conditions
T YT AL

N
Me
16 13 E 16' 19
Entry 8 Vinyl bromide Product Yield [%6]"
1 8a (X=H) 16 182 92
2 8a 16’ 19a 91
3 8b (X=F) 16 18b 95
4 8b 16’ 19b 86
5 8¢ (X=Cl) 16 18¢ 92
6 8c 16 19¢ 85
7 d (X=Br) 16 18d 82
8 e (X=Me) 16 18e 89
9 e (X=Me) 16 19e 78
10 8f(X=OMe) 16 18f 86
11 8f 16’ 19f 79

[a] Reaction conditions: 8, Cul (5 mol %), DMEDA (10 mol %), K,CO,
(2 equiv), toluene, 110°C; then ZnCl, (2.2 equiv), toluene, 90°C. [b] The
combined yield of two operations without isolation of the enehydrazine
intermediate.

our approach was able to generate one isomerically pure
product just by choosing a specific vinyl bromide. Under the
standard reaction conditions, 18 and 19 were produced in
good to excellent yields from 16 and 16’, respectively.

The unique advantage of our new approach was further
demonstrated by its application to the synthesis of complex
carbon framework in indole alkaloids. Remarkably, treatment
of 8a and 8 f with the vinyl iodide 21" produced the natural
products desoxyeserolinel' (22) and esermethole™! (23),
respectively, in good yields (Scheme 2 A and B). It is note-
worthy that the free secondary amine in 21 did not interfere
with the reaction owing to the high chemoselectivity of the
coupling chemistry between phenylhydrazine and 21. More-
over, the excellent chemoselectivity guaranteed the success of
the interrupted Fischer indolizations?”! and fulfilled one-step
divergent preparations of indole alkaloids 22 and 23 from the
same vinyl iodide 21. Notably, desoxyeseroline and esermet-
hole are in the same family of alkaloids as physostigmine (26),
which is a commercial API known to treat myasthenia gravis,
glaucoma, Alzheimer’s disease, and delayed gastric empty-
ing.” Either of the alkaloids can be readily converted into
the drug molecule according to well-established proce-
dures.”” In addition, we found the coupling chemistry was
also compatible with the primary amine in the vinyl bromide
24.31 Although our standard reaction conditions did not work
well with this challenging substrate, tuning of the ligand from
DMEDA to 1, 10-phenanthroline® led to efficient produc-
tion of 25 in 71 % yield (Scheme 2 C). Therefore, our coupling
chemistry provided a new way for quick construction of the
tetracyclic pyrrolidinoindoline scaffold 25, which is the key
structural motif in the Strychnos alkaloid minfiensine® (27)
and the Akuammiline alkaloid vincorine® (28).

In summary, we created a new entry into the Fischer
indole synthesis and it overcomes the regioselectivity problem
with the classic Fischer indolization. Our approach is based on
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Scheme 2. Synthesis of the complex carbon skeletons in indole alka-
loids through interrupted indolizations. a) Cul (5 mol %), DMEDA

(10 mol %), K,COs (2 equiv), toluene, 100°C, 30 h; ZnCl, (2.0 equiv),
toluene, 90°C, 1 h. b) Cul (5 mol%), DMEDA (10 mol %), K,CO,

(2 equiv), toluene, 80°C, 40 h; then ZnCl, (2.0 equiv), toluene, 90°C,

1 h. ¢) Cul (5 mol %), 1,10-phenanthroline (10 mol %), K,CO; (2 equiv),
toluene, 110°C, 40 h; then ZnCl, (2.0 equiv), toluene, 90°C, 1 h.

direct formation of the enehydrazine intermediate through
copper-catalyzed coupling of phenylhydrazines and vinyl
halides. The chemistry tolerates ester functional groups, free
hydroxy groups, and free amines. It allowed us to not only
fulfill selective synthesis of isomeric indoles but also to
develop interrupted indolizations to conveniently synthesize
the pyrrolidinoindoline framework. Therefore, our approach
is expected to have great potential in quick construction of
complex carbon skeletons in indole alkaloids, especially those
bearing quaternary carbon centers. What is worth pointing
out is that the formation of the enehydrazine intermediate,
without scrambling the double bond, opens a new avenue for
the challenging asymmetric synthesis of indoles and indolines,
which presumably could be achieved through either substrate
or reagent control of the [3,3] sigmatropic rearrangement in
the Fischer indole synthesis.”” Relevant studies on this
strategy and its synthetic applications are underway in our
laboratory.
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