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Introduction

Indolocarbazole alkaloids and biosynthetically related 3,4-
bisindolylmaleimides represent interesting lead structures
for the pharmaceutical industry due to their broad biological
activities.[1] Among these compounds, arcyriarubins, isolated
from the fruiting bodies of the slime mold Arcyria denunda-
ta,[2] represent the simplest members of naturally occurring
3,4-bisindolylmaleimides. They are also structurally related
to arcyriaflavins, the aglycon of the known protein kinase C
(PKC) inhibitor staurosporine,[3] and the tumor growth in-
hibitor rebeccamycin.[4]

Synthetic analogues of these and related natural products
possess a wide spectrum of antibacterial, antiviral, antimi-
crobial, and antigenic activities.[5] Furthermore, they are
promising agents for autoimmune diseases[6] and also valu-ACHTUNGTRENNUNGable inhibitors of different kinases,[7] especially PKC, which
plays an important role in signal transduction pathways.
Therefore, it is not surprising that several derivatives are
currently being evaluated in human clinical trials as anti-

cancer drugs.[8] Beside their pharmaceutical importance, 3,4-
bisindolymaleimides have also found applications in materi-
al science as components in red light-emitting diodes
(LEDs) due to their intense color.[9] The emerging interest
in these compounds is clearly seen in a number of patent ap-
plications in recent years.[10]

Based on our interest in the development of transition-
metal-catalyzed syntheses of indoles[11] and on our recent
work on iron-catalyzed carbonylations of alkynes,[12] we
started to explore the synthesis of novel 3-aryl-4-heteroaryl-
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maleimides and their corresponding succinimides. At this
point it should be also noted that mono- and disubstituted
succinimides are also of pharmacological interest. For exam-
ple, andrimid, hirsutellone A, and haterumaimide are known
natural products that possess significant bioactivities.[13]

In addition, N-substituted succinimides and N-substituted
2-phenylsuccinimides were found to be active in suppressing
electrically and metrazol-induced convulsions and proved to
be useful in the treatment of petit mal epilepsy.[14]

Due to their attractive properties, several research groups
have synthesized 3-indolo-substituted maleimides.[15] The
most widely used synthetic approaches were developed by
the groups of Steglich[16] and Faul[17] (Schemes 1 and 2). Ac-
cording to the Steglich procedure, indolyl magnesium bro-
mide is reacted with 3,4-dibromomaleimide to give mono-
or disubstituted products depending on the ratio of the start-
ing materials. Notably, the outcome of the electrophilic arACHTUNGTRENNUNGyl-

ACHTUNGTRENNUNGation is also strongly dependent on the solvent. In THF the
mono-substituted product is favored, but in toluene the 3,4-
bisindolyl compound is obtained. The latter procedure of
Faul et al. involves the construction of the central maleimide
part by condensation of substituted 2-indolyl-acetamides
with 2-aryl- or 2-indolyl-glyoxyl esters in the presence of a
strong base.

Herein, we report a new approach for the synthesis of all
kinds of 3-heteroaryl-4-arylsuccinimides and -maleimides.
As depicted in Scheme 3, the desired products should be ob-

tained by an iron-catalyzed carbonylation of internal al-
kynes. These starting materials can be easily prepared by a
palladium-catalyzed Sonogashira reaction.[18] The key step
of our synthetic protocol is based on a selective double ami-
nocarbonylation of internal alkynes in the presence of cata-
lytic amounts of inexpensive and readily available iron–car-
bonyl complexes.[19]

So far, iron-catalyzed carbonylations of alkynes with am-
monia or amines have been demonstrated only with struc-
turally simple alkynes, such as phenylacetylene or diphenACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGacetylene.[12] To the best of our knowledge, there have been
no investigations of this type of reaction with unsymmetrical
1,2-diarylalkynes or heteroaryl-substituted alkynes, which
represent more challenging substrates.

Due to its manifold advan-
tages, the application of iron
has become a hot topic in or-
ganometallic catalysis.[20,21, 22]

However, iron-catalyzed pro-
cesses are still considerably
under-represented in the field
of organic synthesis due to the
poor functional group tolerance
and limited substrate scope of
the known methodologies.

Results and Discussion

For some years we have been
interested in the development
of palladium catalysts that
should be applicable for cou-
pling reactions on both a labo-
ratory and an industrial scale.
Most recently we have devel-
oped 2-phosphino-N-arylin-

Scheme 1. Synthesis of 3,4-bisindolylmaleimides according to Steglich et al.[16]

Scheme 2. Synthesis of 3,4-bisarylmaleimides according to Faul et al.[17]

Scheme 3. A new retrosynthetic analysis of 3,4-diaryl-substitutedACHTUNGTRENNUNGmaleimides.
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doles, -pyrroles,[23] and -imidazoles[24] and demonstrated
their applicability in cross-coupling reactions of aryl chlo-ACHTUNGTRENNUNGrides and bromides. Indeed, coupling of N-benzyl-3-bro-
moindole 1 a[25] with phenylacetylene 2 a in the presence of
K2ACHTUNGTRENNUNG[PdCl4]/CuI/2-(di-tert-butylphosphino)-N-phenylindole as
the catalytic system proceeded smoothly in N,N,N’,N’-tetra-
methylethane-1,2-diamine (TMEDA) at 80 8C. By using dif-
ferent palladium sources (K2ACHTUNGTRENNUNG[PdCl4], Pd ACHTUNGTRENNUNG(OAc)2, and Na2-ACHTUNGTRENNUNG[PdCl4]) at comparably low catalyst loading (0.5 mol %), the
Sonogashira product is obtained in high yield (80–86 %).
Next, this procedure was applied to the Sonogashira reac-
tion of six different aryl and heteroaryl bromides with five
different terminal arylalkynes (Table 1). In all cases, desired
1,2-diarylalkynes 3 were obtained in good to excellent yields
(78–99 %; Table 1). Electronic effects of substituents on the
aryl and heteroaryl bromides did not seem to be important
for the reaction. Thus, electron-rich indole, naphthalene,
and benzo[b]thiophene derivatives were successfully cou-
pled with aromatic alkynes (Table 1, entries 1–4, 16–20).
Similarly, the desired products were obtained in excellent
yields in the presence of electron-deficient pyridines and
pyrimidine derivatives (Table 1, entries 5–15). Additionally,
substituents appeared to have no effect on this reaction for
phenylacetylene derivatives. On the other hand, the position
of the substituent slightly influenced the reaction outcome;
generally, ortho-substituted arylalkynes gave slightly lower
yields of the 1,2-diarylalkyne (Table 1, entries 5, 6 and 8, 9).

Next, 1,2-diarylalkynes 3 were subjected to the iron-cata-
lyzed carbonylation with ammonia to generate the corre-
sponding 3,4-diarylsuccinimides 4. After some optimization,
the double-carbonylation reactions were carried out in THF
at 120 8C for 20 h in the presence of excess ammonia and
10 mol % [Fe3(CO)12] under CO (20 bar). When 3-alkynyl-
indoles 3 a–d were employed, desired succinimides 4 a–d
were obtained in moderate to good yields (48–75 %; Table 1,
entries 1–4). It is worth noting that in case of N-benzyl-3-
[(2-methoxyphenyl)ethynyl]-indole (3 b), the mono-carbon-ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGation product (E)-2-(1-benzyl-1H-indol-3-yl)-3-(2-meth-ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGphenyl)acrylamide was isolated as a by-product in 21 %
yield (Table 1, entry 2); 2- and 3-alkynylpyridines 3 e–k and
3-alkynylbenzo[b]thiophenes 3 q–t gave the corresponding
succinimides in good yield without problems (Table 1, en-
tries 5–11, 17–20). When 2-alkynyl-6-methoxynaphthalene
3 p was employed, the carbonylation gave succinimide 4 p in
76 % yield along with a trace of the monocarbonylation
product, which was detected by GC–MS (Table 1, entry 16).
The carbonylation of 5-alkynylpyrimidines 3 l–o gave biolog-
ically interesting succinimides 4 l–o (Table 1, entries 12–15).

In general, the substituent pattern of the phenyl ring of
the initially employed alkyne has an influence on the prod-
uct yield. For example, 4-fluorophenyl-substituted alkynes
led to lower yields compared with electron-rich 1,2-diarylal-
kynes, except in the case of 3 k (Table 1, entries 11). In the
double-carbonylation reaction of more sterically crowded
1,2-diaryl- or 1-aryl-2-heteroarylalkynes with, for example,
ortho substituents on the aryl moiety, the selectivity of the
carbonylation reaction is affected and affords not only the

desired succinimides but also minor amounts of the mono-
carbonylation products (Table 1, entries 2, 16). This mono-
carbonylation reaction is more pronounced if primary
amines are used as the nucleophile instead of ammonia, due
to the increased steric bulk of the amine. For example, treat-
ment of 3-alkynylindole 3 a with cyclohexylamine gave de-
sired product 5 in 47 % yield, but treatment with ammonia
gave the corresponding product 4 a in 70 % yield. In addi-
tion to 5, the monocarbonylation product (E)-2-(1-benzyl-
1H-indol-3-yl)-N-cyclohexyl-3-phenylacrylamide is obtained
in 47 % yield (Scheme 4).

The stereochemistry of 4 b and 5 was unambiguously de-
termined by single-crystal X-ray crystallographic analysis,
which showed that the relative stereochemistry at C3 and
C4 is trans (Figure 1). Based on this observation, the stereo-
chemistry of the other succinimides was established by using
NMR spectroscopy. In general, the vicinal coupling con-
stants between the succinimide methine protons were ob-
served in the range of 5.8–8.6 Hz. This is in agreement with
the NMR spectroscopic data of other reported trans-disub-
stituted succinimides.[13b, 26]

Concerning the mechanism of the iron-catalyzed double-
aminocarbonylation reaction we propose the initial forma-
tion of an iron ACHTUNGTRENNUNG(carbonyl)–alkyne complex, although the de-
tails are not yet fully understood. According to Periasamy
et al. , who studied stoichiometric reactions of alkynes with
[Fe3(CO)12] in the presence of primary amines in detail, an
amine Fe(CO)4 and a Fe2(CO)8 species were formed, which
on further reaction led to complexes A and B.[27] Nucleophil-
ic attack of ammonia on one of the carbonyl groups in B
gives C. Subsequent intramolecular amidation and reduction
forms the cyclic imide (Scheme 5). Under catalytic condi-
tions, the involvement of bi- or trimetallic complexes cannot
yet be excluded. Notably, if the amine is added before the
alkyne to the catalyst solution, the product yield is increased
by about 10 %. To prepare 3,4-diarylmaleimides E from cor-
responding succinimides C and D, we envisioned an oxida-
tive dehydrogenation reaction. Indeed, in the presence of
one equivalent of the known dehydrogenating reagent 2,3-
dichloro-5,6-dicyano-1,4 benzoquinone (DDQ), seven select-
ed succinimides were oxidatively transformed into 6 a–g
under mild conditions.[30] As shown in Table 2, 3-aryl-4-indo-
lylsuccinimides 5, 4 b, 4 d, and 3-aryl-4-naphthylsuccinimide

Scheme 4. Fe-catalyzed carbonylation with cyclohexylamine.
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Table 1. Sequential synthesis of 1,2-diarylalkynes and trans-3,4-diarylsuccinimides.[a]

Entry Aryl bromide Alkyne Product 3 Yield[b] [%] Product 4 Yield[b] [%]

1 86 70

2 1a 90 48[c]

3 1a 82 75

4 1a 90 59

5 2b 78 83

6 1b 2c 99 80

7 1b 98 74

8 2b 92 70

9 1c 2c 99 62

10 1c 2e 99 85
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Table 1. (Continued)

Entry Aryl bromide Alkyne Product 3 Yield[b] [%] Product 4 Yield[b] [%]

11 1c 2d 98 72

12 2a 83 33

13 1d 2c 99 56

14 1d 2e 99 38

15 1d 2d 98 35

16 2b 98 76[d]

17 2a 94 52

18 1 f 2c 98 58

19 1 f 2e 99 51

20 1 f 2d 99 43

[a] Sonogashira conditions: aryl bromide (1 equiv), alkyne (1.2 equiv), K2 ACHTUNGTRENNUNG[PdCl4] (0.5 mol %), CuI (1 mol %), L (1 mol %), 1m TMEDA, 80 8C, 20 h. Car-
bonylation conditions: [Fe3(CO)12] (10 mol % of Fe), 1 (1.5–3 mmol), NH3 (5 g), CO (20 bar), THF (20 mL), 120 8C, 20 h. [b] Yield of isolated product.
[c] Cinnamamide derivative was isolated as a minor product in 21 % yield. [d] Cinnamamide derivative was detected by GC–MS.
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4 p were readily dehydrogenated within 1–1.5 h at room
temperature to the corresponding maleimides in moderate
to excellent yields (65–98 %; Table 2, entries 1–3, 6).

A prolonged reaction time was required for the conver-
sion of 3-aryl-4-pyridylsuccinimide 4 e and 3-aryl-4-pyrimi-
dylsuccinimide 4 n due to their lower solubility in toluene
(Table 2, entries 4, 5). The dehydrogenation of aryl ben-
zo[b]thiophenylsuccinimide 4 r was the most difficult. Here,
a reaction temperature of 80 8C was needed to obtain 6 g. In
agreement with the spectroscopic data, the structure of 6 a
was confirmed by single-crystal X-ray crystallographic analy-
sis (Figure 2).

To omit purification procedures and to demonstrate a
more straightforward synthesis of 3,4-bisarylmaleimides
from 1,2-diarylalkynes, we performed a one-pot procedure
for the synthesis of 3-(1-benzyl-1H-indol-3-yl)-4-phenyl-1H-
pyrrole-2,5-dione (Scheme 6). Here, the iron catalyst was re-
moved by a scavenger (QuadrasilTM TA) after the initial car-
bonylation step, and the crude product from the carbonyla-
tion reaction of 3 a was directly treated with 1.5 equivalents
of DDQ in toluene at room temperature for 1 h. To our de-
light, maleimide 6 h was isolated in 82 % yield after final pu-
rification.

Encouraged by the success of the synthesis of variousACHTUNGTRENNUNGmaleimides, we turned our attention to the preparation of
3,4-bisindolylmaleimide 9, which is an intermediate of the
natural product acyriarubin. As shown in Scheme 7, the So-
nogashira reaction of 3-bromoindole 1 a with trimethylsilyl-
acetylene followed by removal of the silyl protecting group
with tetra-n-butylammonium fluoride (TBAF) afforded 3-
alkyn ACHTUNGTRENNUNGyl ACHTUNGTRENNUNGindole 7 in 63 % yield. Another Sonogashira coupling
led to bisindolylacetylene 8, which afforded the correspond-
ing 3,4-bisindolylmaleimide 9 without optimization upon
carbonylation with ammonia and dehydrogenation with
DDQ.

Conclusion

A novel synthetic strategy for the synthesis of analogues of
arcyriarubin and related natural products has been reported.
Combining palladium-catalyzed Sonogashira reactions with
iron-catalyzed double aminocarbonylations provides effi-

Figure 1. Molecular structures of 4b[28] and 5.[29] The thermal ellipsoids
correspond to 30% probability.

Scheme 5. Proposed mechanism for the Fe-catalyzed carbonylation of al-
kynes.
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cient access to variety of new, potentially bioactive 3,4-
diaryl-substituted succinimdes and maleimides. Notably,
non-symmetrically disubstituted maleimides can be easily
synthesized by using a variety of commercially available aryl
and heteroaryl halides. For the first time it has been shown
that iron-catalyzed carbonylations proceed smoothly in the
presence of various heterocycles and that the carbonylation
protocol is tolerant to different functional groups. The utility
of the methodology is also shown in the synthesis of natural
product intermediate 9. Biological tests of the isolated suc-ACHTUNGTRENNUNGcin ACHTUNGTRENNUNGimides and maleimides are currently in progress.

Experimental Section

General procedure for the Sonogashira coupling : K2ACHTUNGTRENNUNG[PdCl4] (0.5 mol %),
ligand (1 mol %), and CuI (1 mol %) were placed in a 25 mL Schlenk
tube; if it was a solid, the heteroaryl bromide was also added at this
point. Then TMEDA (1 m), liquid heteroaryl bromide (3–5 mmol), and
the acetylene substrate (1.2 equiv) were successively added under an
argon atmosphere. The reaction mixture was heated at 80 8C for 20 h.
After cooling to RT, the mixture was quenched with H2O (15 mL) and
the aqueous phase was extracted with Et2O (3 � 20 mL). The organic
phases were combined, dried over anhydrous Na2SO4, and concentrated

Table 2. Oxidative dehydrogenation of trans-3,4-diaryl-substituted suc-ACHTUNGTRENNUNGcina ACHTUNGTRENNUNGimides with DDQ.[a], [30]

Entry Succinimide Product t [h] Yield[b] [%]

1 1 93

2 4b 1.5 98

3 4d 1 93

4 4e 12 95

5 4n 16 68

6 4p 1 65

7 4r 1.5[c] 28

[a] Conditions: succinimide (0.1–0.6 mmol), DDQ (1 equiv), toluene
(10 mL), RT. [b] Yield of isolated product. [c] 80 8C for 1.5 h then RT for
16 h.

Figure 2. Molecular structure of 6 a.[31] The thermal ellipsoids correspond
to 30 % probability.

Scheme 6. One-pot synthesis of 3-indolyl-4-phenyl-maleimide 6h.

Scheme 7. Short synthesis of Arcyriarubin intermediate 9.
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in vacuo, then the residue was purified by silica gel column chromatogra-
phy (hexane/EtOAc) to give product 3 (Table 1).

General procedure for the iron-catalyzed carbonylation—Synthesis of
3,4-diarylsuccinimides : Alkyne (1.5–3 mmol), amine (15 equiv), and
[Fe3(CO)12] (10 mol % of Fe) was dissolved in THF (20 mL) under an
argon atmosphere in a 50 mL Schlenk flask before being transferred into
an autoclave. If ammonia (5 g) was used instead of amine, it was con-
densed from a small bomb into a 100 mL Parr autoclave. The autoclave
was pressurized with CO and heated to 120 8C for 20 h, then the contents
were cooled to RT. The pressure was released and the reaction mixture
was transferred to the 50 mL Schlenk flask. QuadraSil� TA (0.5–1 g)
was added and the reaction mixture was stirred at RT for 30 min. After
filtration of QuadraSil� TA and removal of the solvent in vacuo, the
crude succinimide product was purified by column chromatography on
silica gel (hexane/EtOAc) to give product 4 or 5 (Table 1).

General procedure for the synthesis of 3,4-diarylmaleimides from 3,4-di-ACHTUNGTRENNUNGarylsuccinimides : Succinimide (0.1–0.6 mmol) was dissolved in toluene
(10 mL), then DDQ (1 equiv) was added in portions and the solution was
stirred at RT for the indicated period of time. The solvent was evaporat-
ed under reduced pressure and the crude product was purified by silica
gel column chromatography (eluent: heptane/EtOAc or CH2Cl2/MeOH)
to give product 6 (Table 2).
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