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ABSTRACT

Various diindolylmethanes were prepared from propargylic ethers and substituted indoles via a platinum-catalyzed tandem indole annulation/
arylation cascade. The resulting diindolylmethanes could be converted to natural productmalassezin by formylation or indolo[3,2-b]carbazoles by
cyclization.

Indole is one of the most abundant heterocycles in
bioactive natural products and pharmaceutical agents.
Not surprisingly, numerous efforts have been devoted to
the preparation of indoles from a diverse range of starting
materials.1,2 Most previous efforts, however, have focused
on indole annulation alone.1 The efficiency of the synthesis

can be increased significantly if the event of indole annula-
tion is coupled with other transformations in a cas-
cade manner. We recently developed a tandem indole
annulation/(4 þ 3) cycloaddition for the construction of
both indole and a seven-membered ring simultaneously in
the synthesis of cyclohepta[b]indoles.3 We herein report a
synthesis of diindolylmethanes via a platinum-catalyzed
indole annulation/arylation cascade as a continuation of
efforts in this area.
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Diindolylmethanes are present in not only natural pro-
ducts such as malassezin4 but also important precursors
for other naturally occurring heterocycles such as indolo-
carbazoles 2 and 3a�3f5 shown in Figure 1.6 Malassezin,
ICZ, and FICZ are potent agonists of aryl hydrocarbon
receptor (AhR), which is best known for mediating the
toxicity of dioxin and related environmental toxins.7 Re-
cent studies showed that AhR also played a critical role in
immune cell differentiation,8 promoting intestinal immune
function,9 and the development of prostate.10 It has been
demonstrated that selective AhRmodulators inhibit pros-
tate tumor metastasis11 and have antiasthmatic effects12 in
animal models. Indolo[3,2-b]carbazoles are also an impor-
tant class of organic electroluminescent compounds.6,13

Rearrangement of the symmetrical 3,30-diindolyl-
methanes to 2,3-diindolylmethanes could be realized using
iodine as the catalyst.14 Low yields, however, were ob-
served when substituted indoles were employed as the
substrates. Synthesis of nonsymmetric 2,3-diindolyl-
methanes requires the joining of two different indoles in
multiple steps.15

A metal carbene intermediate was generated from an-
nulation of propargylic ether 4 and trapped previously by a
diene in a (4þ 3) cycloaddition.3a We envisioned that this
metal carbene intermediate could also be trapped by other
nucleophiles. In the presence of another indole, diindolyl-
methanes could then be prepared conveniently. We first
examined the conditions that were employed previously
(entries 1 and 2,Table 1).Wewere pleased to find that both
Pt- and Rh-complexes promoted the formation of 2,30-
diindolylmethane product 6a, though the former provided
a higher yield. A slightly lower yield was obtained with a
lower catalyst loading (entry 3). The electron-poor phos-
phine ligandwas proven to be critical in the previous indole
annulation/(4 þ 3) cycloaddition cascade. In the case of
indole annulation/arylation to form diindolylmethanes,
using PtCl2 alone as the catalyst appeared to be sufficient
(entry 4). The yield again became slightly lower if the
amount of catalyst was lowered to 5 mol % (entry 5).
Other metal complexes did not produce any desired pro-
duct (entries 6�10).

The scope of different indoles was examined for this
tandem indole annulation/arylation cascade using pro-
pargylic ether 4 as the starting material (Table 2).

Figure 1. Diindolylmethanes and indolo[3,2-b]carbazoles.

Table 1. Screening of Catalysts and Conditionsa

entry conditions yield (%)

1 PtCl2 (10 mol %), P(C6F5)3 (20 mol %) 84

2 [Rh(CO)2Cl]2 (10 mol %), P[OCH(CF3)2]3
(20 mol %)

56

3 PtCl2 (5 mol %), P(C6F5)3 (10 mol %) 77

4 PtCl2 (10 mol %) 83b

5 PtCl2 (5 mol %) 76

6 AgBF4 (10 mol %) 0

7 AgOTf (10 mol %) 0

8 CuOTf (10 mol %) 0

9 AgOTf (10 mol %), P(C6F5)3 (20 mol %) 0

10 CuOTf (10 mol %), P(C6F5)3 (20 mol %) 0

aUnless noted otherwise, the yield of 6awas determined by 1HNMR
of crude product. b Isolated yield.
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N-Methyl indole 5b afforded a high yield of the 2,30-
diindolyl methane product 6b. The yield became 20%
lower for 4-Br substituted N-methylindole 5c. Interest-
ingly, the 4-cyano substituted indole 5d did not interfere
with the efficiency of the tandem reaction. The indole
annulation/arylation reaction could also tolerate elec-
tron-donating methoxy or halogen substituents on the 5-
or 6-position of the indole (e.g., 5e, 5f, 5g, and 5h).
We then studied the effect of the substituent on the

2- and 3-position of indole 5. With a 2-phenyl substituent
on indole 5i, the yield of product 6i is comparable to 6a.
When the intrinsic more reactive 3-position of the indole is

blocked in substrate 5j, 2,20-diindolylmethane was ob-
tained in 60% yield.
The scopeof anilineandpropargylic etherwasalso investi-

gated with different substituents (Table 3). We focused on
the para-position of the aniline to examine how the change
of pKa of the aniline influenced the efficiency of the
reaction. To our delight, anilines with either an electron-
donating methoxy group or an electron-withdrawing ester
group on the para-position participated in the tandem
reaction. Aniline 7a with an electron-donating parameth-
oxy group provided a higher yield of the desired product
than the one with a para electron-withdrawing group (7b).
Amoderate 55%yieldwas observedwhen aniline 7cwith a
free hydroxyl group was employed as the substrate. Sec-
ondary propargylic ether 7d could also participate in the
tandem reaction and afford diindolylethane 8d.
Wenext examinednucleophiles besides indoles.Wewere

pleased to find thatN-methylpyrrole could also serve as the
nucleophile and product 9was isolated in 68%yield (eq 1).
We previously reported that various substituted furans
underwent tandem indole annulation/(4 þ 3) cycloaddi-
tionwith substrate 4.3When 1,3-dimethoxybenzene or thio-
phene was employed, a complex mixture was obtained.

To demonstrate the utility of the Pt-catalyzed indole
annulation/arylation method, we finished the synthesis
of natural product malassezin and a formal synthesis of
natural product FICZ as shown in Scheme 1. Removal of
the Boc-protecting group in product 6a under thermal
conditions yielded diindolylmethane 10, which could

Table 2. Scope of Indoles for Pt-Catalyzed Tandem Indole
Annulation/Arylation of Propargylic Ether 4a

aConditions: 4 (1 equiv), indole 5 (2 equiv), PtCl2 (10 mol %),
Na2CO3 (1.5 equiv), 100 �C, dioxane. b Isolated yield.

Table 3. Scope of Aniline and Propargylic Ether for Pt-Cata-
lyzed Tandem Indole Annulation/Arylationa

a See Table 1 for conditions. b Isolated yield.
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undergo formylation to afford natural product malassezin
1.4a Acylation of diindolylmethane 10 followed by acid-
mediated cyclization produced indolo[3,2-b]carbazole 11,
which has been converted to natural product FICZ 3a

through a known sequence of reduction and oxidation.5

The spectroscopic data of compounds 1, 10, and 11 are all
in accordance with literature.17 The structure of 2,30-
diindolylmethane 6a is then further confirmed.
The proposed mechanism for the indole annulation/

arylation is shown in Scheme 2. After the coordination
of themetal catalyst to propargylic ether 4, 5-endo-cycliza-
tion of metal complex 12 will lead to the formation of
indole intermediate 13. Elimination of amethanol can then
produce metal carbene intermediate 14, which has been
proposed previously by us and others.3a,16 This electro-
philic metal carbene is then captured by an indole nucleo-
phile to form adduct 15. Protonation and rearomatization

can then lead to final diindolylmethane product 6a.
A (3 þ 2) cycloaddition between metal carbene 14 and
vinyl ethers has been reported.16a In our case, we did not
observe any (3 þ 2) cycloaddition product between metal
carbene 14 and indole.
In summary, we have developed an efficient method for

the synthesis of various highly substituted 2,30-diindolyl-
methanes. The indole annulation event is accompanied by
the coupling of two indole units. An electrophilic platinum
carbene intermediate was proposed to be involved in this
cascade reaction. We also demonstrated that the method
could be applied to the synthesis of natural products
malassezin and indolo[3,2-b]carbazoles.
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Scheme 1. Synthesis of Malassezin and FICZ Scheme 2. Proposed Mechamism
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