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1. Introduction

The indolocarbazoles constitute a family of condensed hetero-
cyclic compounds featuring an indole unit fused to one of the
benzenoid rings of a carbazole moiety. Five isomers are recog-
nized, namely indolo[2,3-a]carbazole (1), indolo[3,2-a]carbazole
(2), indolo[3,2-b]carbazole (3), indolo[2,3-b]carbazole (4) and
indolo[2,3-c]|carbazole (5), which are distinguished by the position
and orientation of the indole-carbazole ring fusion (Fig. 1).

Much of the remarkable progress in this field has been inspired
by the interesting biological effects displayed by numerous natural
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products incorporating the indolo[2,3-a]carbazole skeleton.! One of
the most intensely studied members belonging to this class, the
microbial alkaloid K-252a (6), isolated from a culture broth of
a Nocardiopsis sp.,>* was at an early stage recognized as a potent
inhibitor of protein kinase C.*> Additionally, K-252a has also proven
to be a formidable challenge for total synthesis.® Likewise, several
derivatives of the isomeric system indolo[3,2-b]carbazole (3)
display striking biological activity,’ as may be illustrated by
6-formylindolo[3,2-b]carbazole (7), which is a powerful ligand for
the aromatic hydrocarbon receptor (also known as the aryl
hydrocarbon receptor, AhR) (Fig. 2).8

The advances in indolocarbazole chemistry have been previously
summarized in a comprehensive review focusing on carbazole and
indolocarbazole synthesis,” as well as an account detailing the
chemistry and biological aspects of indolocarbazoles, excluding the
rich group of natural indolo[2,3-a]pyrrolo[c]carbazole derivatives
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and their synthetic analogues with carbohydrate moieties.” As the
chemistry and biology of indolo[2,3-a]pyrrolo[c]carbazole de-
rivatives have been discussed thoroughly over the years,">~> and
will without doubt receive further treatment as demonstrated by
arecent contribution summarizing the most recent achievements,'4
this topic will not be covered in this review. In addition, specialized
accounts detailing the occurrence, biosynthesis, and biological
effects of indolo[2,3-a]carbazole alkaloids,>'® as well as the pro-
duction of indolo[2,3-a]carbazole derivatives through biochemical
engineering'®!” have appeared. Despite all these significant con-
tributions, there is a need for a general overview of the field,
particularly with respect to the numerous new emerging trends,
such as the applications of materials based on indolocarbazoles.
Moreover, the continuous development and refinement of the
synthetic methods toward indolocarbazoles have eluded in-depth
coverage since the year 2000. Hence, this review will summarize
the literature since that time, emphasizing the aspects concerning
the fundamental chemistry, applications, and biological effects of
indolocarbazoles, thereby serving as an update on our previous
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51% N
NO, H

43 OEt
O \ H EtO)\/ NMe,
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coverage of the subject.” Since many of the potentially useful
applications of these systems are subject to patents or patent
applications, selected examples from the patent literature will also
be included.

2. Indolo[2,3-a]carbazoles
2.1. Synthesis and reactions

Many new approaches to indolo[2,3-a]carbazoles have emerged
in recent years, allowing preparation of derivatives, which were
previously accessible only with great difficulty. Most of the available
routes rely either on direct formation of the indolocarbazole skel-
eton by indole ring synthesis, elaboration of bisindole precursors
by construction of the central carbocyclic ring, or a combination of
these strategies. Modification of the existing indolo[2,3-a]carbazole
scaffolds using well-established functional-group transformations
enables synthesis of structurally more complex derivatives. Each of
these general strategies is particularly suitable for certain classes of
derivatives and the method of choice depends strongly on the final
target. Apart from the synthetic aspects concerning indolo[2,3-
aJcarbazoles, selected examples of the biological effects of these
compounds will also be provided.

Unsymmetrically substituted indolo[2,3-a]carbazoles have pre-
viously been rather cumbersome to prepare.” A new valuable and
elegant contribution to this field offers access to such products from
readily available starting materials (Scheme 1). In a representative
example, reaction of the nitrobenzene derivative 8'® with the in-
dole-2-carboxaldehyde 9 in the presence of TBAF, followed by
base-induced elimination, gave the styrene 10, which was sub-
sequently annulated to the 2,2/-biindolyl 11 under Cadogan'®
conditions. This material could finally be converted into the natural
product, tjipanazole I?° (12), by heating with N,N-dimethylace-
taldehyde diethyl acetal 13 in acetic acid,?! by analogy with a pro-
cedure originally developed for conversion of 2,3’-biindolyl into
indolo[3,2-a]carbazole.??

Cyclization using the reagent 13 has also been employed en
route to molecular clefts capable of coordinating anions by hy-
drogen-bonding interactions. In this case, double copper-mediated
cyclization of the diyne 14, which is available in three steps from
2-(tert-butyl)aniline via iodination, Sonogashira coupling with tri-
methylsilylacetylene, and copper-induced homocoupling of an in-
termediate 2-(alkynyl)aniline, gave the 2,2’-biindolyl 15 (Scheme
2). Eventually, formation of the indolocarbazole 16 took place upon
heating of 15 with 13 in acetic acid.??

The related diyne 17 has been used as a starting material for
palladium-catalyzed annulation with 1,2-diiodobenzene, which
provided a direct route to the fused indolo[2,3-a]carbazole 18 in
moderate yield, featuring the formation of two indole units and
a central benzene ring (Scheme 3).24

NO2  p(OEt),, A, or

\ Pd(OAC),, PPh, CO, A
O 68%

Scheme 1.
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An extensive set (16 examples) of indolo[2,3-a]carbazoles
have been prepared by the Fischer indole synthesis, as illustrated
by exposure of the substituted 2-aminocyclohexanone derivatives
19 to the hydrazine hydrochlorides 20 in a medium consisting
of acetic acid and trifluoroacetic acid, which led to the forma-
tion of the products 21 (Scheme 4). Similarly, application of
2-aminocyclohexanone hydrochloride in combination with suit-
able hydrazine derivatives gave the corresponding symmetric
indolo[2,3-a]carbazoles.?> The intensely studied indolo[2,3-a]pyr-
rolo[c]carbazole alkaloid, arcyriaflavin A,*® has been prepared by
a rather complex stepwise approach involving Fischer methodo-
logy and Cadogan annulation,'® also affording one of its methoxy
derivatives,?” whereas double Fischer indolization between cyclo-
hexane-1,2-dione and substituted hydrazines served as a tool for
the construction of a series of symmetric 3,8- or 1,10-disubstituted
indolo[2,3-a]carbazoles.?

NH,- HCI NHNH,HCI ACOH

TFA
© 100 °C

X (4 equiv.)
19 20 21 R =Me, X =CI (86%)
R =Ph, X=H (88%)
R =Ph, X=CI (71%)
Scheme 4.

Previous attempts to effect cycloaddition reactions between
2,2'-biindolyls and acetylenes have enjoyed relatively little success,
as only low yields of indolo[2,3-a]carbazoles could be obtained, and
it has also been suggested that the products are formed via a step-
wise process involving an initial Michael addition, followed by
annulation of the resulting intermediate, rather than a concerted
[4+2] electrocyclization.” However, this issue has been addressed
by heating the mono-protected 2,2’-biindolyls 222! with male-
imides in a sealed vessel, which afforded the indolo[2,3-a]pyrro-
lo[c]carbazole derivatives 23. A plausible rationale accounting for
this outcome has also been suggested, involving an initial Michael
addition, followed by a cyclization step, which is probably facili-
tated by the phenylsulfonyl group, and a final dehydrogenation
with concomitant loss of the N-substituent (Scheme 5).2° More-
over, it has previously been reported that some other N-substituted
2,2'-biindolyls, e.g., N-glucopyranosyl derivatives, participate in

reactions with dimethyl acetylenedicarboxylate in refluxing nitro-
benzene, affording the corresponding indolo[2,3-a]carbazoles in
low-to-moderate yields.3°

Zz-2

o=No0

— X
PhCl, 150 °C O O O
—_—

N N
H H

23 R = Bn, X = Cl (50%)
22 R = Me, X = Cl (47%)
R = Ph, X = Me (42%)

Scheme 5.

Treatment of 2,2/-biindolyl®*! (24) with the diazo compound 25
(DMB=3,4-dimethoxybenzyl) according to a previously established
protocol® furnished a moderate yield of the system 26 (Scheme 6).
The series of events leading to this outcome has been suggested to
involve sequential C-H insertion, electrocyclization, and aromati-
zation.3? By applying a stepwise approach, exposure of 2,2’-biin-
dolyl (24) to N-benzoyltetramic acid in the presence of BFs-OEt;
gave a 3-alkenyl-2,2’-biindolyl intermediate, which could thereaf-
ter be converted into the aglycone of the indolo[2,3-a]pyrro-
lo[c]carbazole alkaloid, staurosporine,>® by photocyclization.>* In
addition, the alkaloid, arcyriaflavin A,?® has been accessed via an
unusual sequence featuring an initial n-BusP-mediated reaction of
3,4-dibromomaleimide with a [1,2,7,8]tetrathia macrocycle featur-
ing four indole units® derived from 2,2’-biindolyl (24) (which
was, at that time, believed to be a closely related [1,2]dithiin),>®
followed by extrusion of sulfur from a presumed intermediate
1,4-dithiocine.>”

33%

Scheme 6.

As a part of a study of the preparation of annulated carbazoles
from 2-arylindoles and propargyl ethers, it was demonstrated that
exposure of N,N'-dimethyl-2,2’-biindolyl (27) to methyl propargyl
ether in the presence of the strong Lewis acid, In(C4F9S03)3, as the
catalyst afforded the indolocarbazole 28 in moderate yield
(Scheme 7).38

A variety of unsymmetrically substituted indolo[2,3-a]carb-
azoles bearing combinations of methyl-, allyl-, MOM-, or Boc-sub-
stituent at the nitrogen atoms have been obtained by the reactions
of chromium carbene complexes derived from suitable 3-iodo-2,2'-
biindolyls, which were in turn available by Suzuki coupling of
2-iodoindole with indole-2-boronates, followed by selective iodi-
nation at one of the 3-positions. As an example, the 2,2’-biindolyl
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29 underwent conversion into the chromium carbene complex 30,
which could be subsequently treated with tert-butyl isocyanide,
giving the indolo[2,3-a]carbazole 31, or irradiated in the presence
of carbon monoxide, affording the oxygenated product 32 (Scheme
8).3° Admittedly, these procedures require some inconvenient
operations, but they do allow the syntheses of interesting
indolo[2,3-a]carbazoles suitable for further elaboration.

1. n-BuLi, THF, Et,0
2. Cr(CO)g, Et,0
3. MeOTf

o, | -BUNC, PhMe
74 A’l 0 °C-reflux
MeQ NHt-Bu
32 31
Scheme 8.

The previously known dialdehyde 333! has served as a starting
point for an indolocarbazole synthesis based on a ring-closing
metathesis as the key transformation. Accordingly, protection and

1. BocyO, DMAP, THF
2. MePPh3Br, n-BuLi, THF

Wittig olefination of 33 gave the required precursor 34, which was
subjected to treatment with Grubbs’ second-generation catalyst
(35), rendering the simple protected indolo[2,3-a]carbazole 36
(Scheme 9).4° A more straightforward route has been suggested,
involving the construction of 2,2’-biindolyl-3,3’-dicarboxaldehydes
by homocoupling of readily available indole-3-carboxaldehydes
with the single-electron-transfer reagent, Sml,, followed by an-
nulation of the resulting products with hydrazine in refluxing THF,
leading to the symmetrically substituted indolo[2,3-a]carbazoles
via a final extrusion of nitrogen.*!

Stille cross-coupling of the two indolic fragments 37 and 38 gave
the 2,2’-biindolyl 39, which was treated with Eschenmoser’s salt,
giving the gramine derivative 40 (Scheme 10). Quaternization of
the amine functionality, followed by nucleophilic displacement
using cyanide, yielded the molecule 41, which could finally be
annulated and O-methylated, thus completing a new total
synthesis of the indolo[2,3-a]carbazole alkaloid 42.4>

Numerous approaches to indolo[2,3-a]carbazoles involve crea-
tion of the direct link between the vacant C-2 sites of the indole
units in bis(indol-3-yl)maleimides as the crucial step. As the re-
quired bis(indol-3-yl)maleimides are readily available compounds,
e.g., by base-induced condensation of (indol-3-yl)acetamides with
(indol-3-ylglyoxylates,*? this is a rather popular strategy. As an
example, the bis(indol-3-yl)maleimide 43 was subjected to an-
nulation induced by palladium(ll) trifluoroacetate, giving the
product 44 (Scheme 11), a keto derivative equipped with a longer
alkyl chain of the substance, G66976,%* which displays promising
effects for the treatment and prevention of cancer®> A similar
cyclization of an analogue of 43 bearing a cyanomethyl group gave
the corresponding indolocarbazole in very low yield (8%).%* In
contrast, the presence of a cyanoethyl group did not lead to a sig-
nificant difference in yield.*® Higher yields (80-94%) were ob-
served for palladium(Il) trifluoroacetate-mediated annulations of
bis(indol-3-yl)maleimides with masked aminopropyl chains at one
of the indole nitrogen atoms.*” However, all these cyclizations
required a five-fold excess of the palladium reagent, whereas other
attempts failed to give useful levels of conversion,® illustrating
some of the limitations of this otherwise rather general cyclization
strategy.

35, PhMe, 25 °C
_—

N‘M
CI Y es

s Yeolt

N 57% from 33 Ru=\
. Boc B " pey,Ph
CHO oc Boc Y3
36 35
33
Scheme 9.
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*  BusSn 7% 98%
' COZH
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CONEt, 1. Mel, MeCN, rt 1. L?/-\, THF MeO CN
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Me
NMez
40 42

Scheme 10.
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Scheme 11.

There are, however, a number of related annulations, which
involve less problematic precursors, allowing the application of
more cost-effective conditions. In one example, the set of bis(indol-
3-yl)maleimides 45, which was constructed by treatment of the
appropriate indoles with LHMDS in toluene, followed by reaction of
the resulting salts with 1-benzyl-2,3-dibromomaleimide, un-
derwent exposure to oxidative cyclization using the catalyst, RhCls-
3H,0 (10 mol %), in the presence of 1.1 equiv of Cu(OAc);-Hz0,
leading to the target compounds 46 in good yields (Scheme 12).48
Excellent results have also been obtained upon annulations of
similar substrates with a system consisting of Pd(OAc), (5 mol %)
and CuCl, (1 equiv) in hot DMF in the presence of air,*® as dem-
onstrated by the successful and efficient conversion of 100 g of
a specific bis(indol-3-yl)maleimide.>® Moreover, phenyliodine(Il)
bis(trifluoroacetate) (PIFA) in combination with BF;-OEt;, has also
been evaluated for the oxidative cyclization of bis(indol-3-yl)ma-
leimides to indolo[2,3-a]pyrrolo[c]carbazoles, although such re-
actions proceeded at best in modest yields only.>! An alternative
method for the conversion of 3,3’-bisindolylmaleimides into
indolo[2,3-a]pyrrolo[c]carbazoles encompassed an initial bromi-
nation at C-2 of one of the indole units, followed by annulation of
the resulting product by irradiation in the presence of an amine
base with simultaneous heating.>?

45

RhCl3-3H,0
(10 mol%)
Cu(OAc),'H,0
DMF, 120 °C

T30

46 R = F (73%)
R = OMe (74%)
R = H (78%)

Scheme 12.

Apart from the various conditions outlined above, trans-
formation of bis(indol-3-yl)maleimides to indolo[2,3-a]pyrro-
lo[c]carbazoles is often accomplished by some other
well-established methods (or their variants), such as irradiation in
the presence of iodine (and air),”>"® heating in benzene in the
presence of DDQ and p-toluenesulfonic acid,”>~>>%9 or employ-
ing DDQ in boiling TFA.5°

An interesting example of an oxidative annulation has been
reported in connection with studies on the oxidative condensation

of pyruvic acids with ammonia, which gives 3,4-diarylpyrrole-
2,5-dicarboxylic acids. Consequently, sequential treatment of (indol-
3-yl)pyruvic acid (47) (enol tautomer shown) with n-butyllithium,
followed by iodine and ammonia, gave the diacid 48, which was
subsequently exposed to KzFe(CN)g in basic solution, completing an
elegant and convenient biomimetic synthesis of the alkaloid,
arcyriaflavin A (49) (Scheme 13). Unfortunately, no yield was given
for the final oxidative annulation.®'

H
CO,H P [P
1.nBuL|,°THF, 78 °C HO,C—N<_Cco,H
\ 2.1, -78°Ctort
3.NH, (g), 4 AMS
S s 9L RS
\ 36%
N N N
H H H
47 48
H
o= N0
K3Fe(CN)g, KOH
H,0, EtOAc O O O
—_—
N N
H H
49
Scheme 13.

Acid-induced cyclization of bis(indol-3-yl)succinimides or re-
lated precursors and subsequent aromatization of the resulting
intermediates constitutes yet another useful path to indolo[2,3-
a]carbazoles.®?> The methodology may be illustrated by an initial
catalytic hydrogenation of a readily available bis(indol-3-yl)male-
imide to the succinimide 50, which was thereafter treated with
trifluoroacetic acid, giving the cyclized product 51. The indolo[2,3-
a]pyrrolo[c]carbazole 52 was finally obtained after treatment of 51
with DDQ in 1,4-dioxane (Scheme 14).%% It should also be pointed
out that compounds related to 51 are valuable synthetic inter-
mediates, as the indoline part may undergo selective glycosyla-
tion®? or selective N-oxidation using the system Hy0,/NayWOj-
2H,0 (cat.) in methanol/water, which occurs with concomitant
dehydrogenation, providing access to N-methoxyindolo[2,3-a]car-
bazole derivatives after a final methylation step.®*

DDQ (2.2 equiv.)

1,4-dioxane O
B ——
= O
N N
H H
52
Scheme 14.

Following the annulation strategy discussed above, a new route
to unsymmetric indolo[2,3-a]carbazoles has become available. Af-
ter the initial construction of the precursor 53 from the acetonitrile
54 and gramine methiodide (55), subsequent acid-induced cycli-
zation and ensuing dehydrogenation gave the product 56 (Scheme
15), which upon reduction and condensation with the appropriate
aldehyde, followed by a second reduction, produced the amine 57,
which could eventually be converted into the indolo[2,3-
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a]pyrrolo[c]carbazole 58 by palladium-catalyzed carbonylation.
This material could finally be transformed into the aglycone of
staurosporine [or K-252a (6)] in excellent yield.®> Even though
there are several more convenient methods for the construction of
such derivatives, this approach could prove to be useful for
accessing certain types of indolo[2,3-a]carbazoles, which are oth-
erwise difficult to prepare, as illustrated by the amine derivative 57.

In connection with studies on a biomimetic route to the pen-
tacyclic indole alkaloids, calothrixins, a CAN-induced rearrange-
ment of suitable indolo[2,3-a]carbazoles was used in order to
access the desired indolo[3,2-j]phenanthridine ring system.5%67
The approach commenced with a sequential reduction and acyla-
tion of indigo (59), giving the 2,2’-biindolyl 60, which was in turn
cyclized to the indolo[2,3-a]carbazole derivative 61 and further
reduced to 5-hydroxyindolo[2,3-a]carbazole (62), as described
previously (Scheme 16).5%-70 The latter material was subjected to
a Vilsmeier formylation, producing 63, which was thereafter con-
verted into the MOM-protected derivative 64, as attempts to effect
the intended rearrangement of 63 failed. However, exposure of 64
to CAN in aqueous acetonitrile afforded the system 65, which could
be finally deprotected and oxidized to the target natural product,
calothrixin A (66).57

Numerous useful synthetic procedures involving modifications
of the indolo[2,3-a]carbazole skeleton have emerged during the

1. 8n, Ac,0, AcOH

o 64-66 °C
H 2. Cl,CHCOCI
L N EtOAc, reflux
N 67%

©)
59
Zn, NH4Cl POCI3
THF MeOH DMF
5% 82%
62
CAN
MeCN 1. HCI, THF, 55 °C
HQO 2. MeC03H CH,Cl,
T31% 2%

65

reporting period of this account. As an example, in the course of the
development of a synthetic approach to N-alkylated indolo[2,3-
a]pyrrolo[c]carbazoles as inhibitors of human cytomegalovirus
replication, it was concluded that exposure of arcyriaflavin A (49) to
2 equiv each of sodium hydride and di(tert-butyl)dicarbonate in
DMF gave the protected system 67 in good yield. Subsequent
alkylation of the remaining available nitrogen atom, followed by
deprotection, afforded the products 68 (Scheme 17). However,
alkylations involving less reactive alkyl halides gave complex
mixtures, probably owing to the instability of the protecting
groups under the reaction conditions.>® Monoalkylation of
indolo[2,3-a]pyrrolo[c]carbazoles has also been performed using
3-bromopropylamine hydrobromide, giving intermediates en route
to systems having amino acid units’! or indolo[2,3-a]pyrro-
lo[c]carbazole-oligonucleotide conjugates.”? Treatment of 49 with
alkyl iodides in the presence of KOH as the base in acetone resulted
in alkylation of all three acidic sites.>®

Alkylation of the partially protected indolo[2,3-a]pyrrolo|c]-
carbazole 69 with the dibromide 70 proceeded in good yields, ren-
dering the product 71 (Scheme 18). In contrast, when the parent
indolo[2,3-a]pyrrolo[c]carbazole system 49 was subjected to such
conditions, only a low yield of the corresponding product bearing
a cyclopentene ring was obtained. The PMB-protected molecule
71 served as an excellent substrate for further manipulations, giving

HO CHO MOMO CHO
MeOCH,C|
O O NaH, DMF O O O
———
N N 44% N N
H H MOM  MOM
63 64

66

Scheme 16.
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85%
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Scheme 18.

rise to kinase-inhibiting analogues of the alkaloid K-252a in-
corporating a cyclopentane instead of a furanose unit. As an exam-
ple, dihydroxylation of 71 with OsQy, followed by treatment of the
resulting diol with sulfuryl diimidazole (Im,S0O,), gave the sulfate 72,
which could be further converted into the azide 73 or a series of
related amino derivatives.”>”* Compound 71 has also served as a key
intermediate for the development of a series of related derivatives
bearing an amino group at the cyclopentane unit for application as
protein kinase inhibitors.>> New K-252a analogues and related
molecules have also been prepared by a new variant of a cyclo-
furanosylation reaction involving the displacement of two methoxy
units by the indole nitrogen atoms in a set of highly functionalized
carbohydrate derivatives using CSA as the catalyst.”

Selective reduction of arcyriaflavin A (49) with tin metal gave
staurosporine aglycone (74),”%77 which was, for instance, further

treated with 3-chloro-2-chloromethyl-1-propene, affording the
indolo[2,3-a]pyrrolo[3,4-c|carbazole derivative 75. This material
was used as an intermediate en route to an extensive series of new
derivatives (Scheme 19). In one example, hydroboration and sub-
sequent acetylation of 75 gave the acetate 76, which was bromi-
nated using NBS, giving the synthetically useful product 77.7¢ On
the other hand, alkylation of 74 with allyl bromide produced 78,
which was subjected to a ring-closing metathesis catalyzed by the
ruthenium complex 79, giving the heptacyclic system 80. Related
chemistry was also employed for creating targets incorporating
even larger rings.”” These developments set the stage for the
elaboration of additional related indolo[2,3-a]carbazoles with
protein kinase-inhibitory effects.”® Stepwise reduction of one of the
carbonyl functionalities in the methyl derivative of 49, namely
compound 52 (cf. Scheme 14), has been achieved by an initial

1. 9-BBN, THF, 65 °C

2. H,0,, NaOH (aq.)
Sn, HCI H,C=C(CH,CI), 3. Ac,0, DMAP
49 _ACOH 110°C _Cs;CO3, DMF, it THF, 50 °C
96% 80"/ 66%
74
AcO
75 76
cl1,PCys Ph
C|fR.u 72% allyl bromide
PCy, °| Cs,CO3, DMF, it 610, | NBS, CHC,
(]
79 MeOH, rt
H
N

79, CH,Cl,
_40c” "

5%

ti?o

78

t;) ot

AcO

80 77

Scheme 19.
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reduction with LiAlH4 in THF and subsequent exposure of
the intermediate alcohol to Et3SiH in the presence of TFA in 50%
overall yield.” In this context, it is also noteworthy that a series of
indolo[2,3-a]pyrrolo[3,4-c|carbazoles having an additional ring
fused via the nitrogen atom and C-7 in one of the indole units has
been prepared and evaluated as cyclin-dependent kinase (CDK)
inhibitors®® for cancer treatment.®!

2.2. Indolo[2,3-a]carbazole natural products and biosynthetic
aspects

The biosynthetic gene cluster, which produces the heterocyclic
core of the indolocarbazole antibiotics, such as the aglycones of
staurosporine>® and rebeccamycin®?® (81), has been studied in-
tensely, and the current understanding of the genes responsible for
these transformations has been recently discussed in detail.!>%4
Consequently, only a brief summary is included in this section in
order to provide a general orientation. As an example, the bio-
chemical route to rebeccamycin (81) involves an initial chlorination
of tryptophan at C-7, giving the building block 82 (Scheme 20).8°
Dehydrogenation of the amino acid unit in 82 by RebO, an FAD-
dependent r-amino acid oxidase, forms the imine of 7-chloro-
tryptophan (83), which is in equilibrium with the corresponding
(7-chloroindol-3-yl)pyruvic acid.8587 An ensuing oxidative cou-
pling of two units of 83, mediated by the enzyme RebD, produces
the chromopyrrolic acid 84,8688 which thereafter undergoes oxi-
dative decarboxylation and cyclization, giving rise to the rebecca-
mycin aglycone (85).39°! The aglycone formation has recently been
suggested to involve several nonenzymatic oxidative steps, where
the enzymes participate only in the creation of the C2-C2’ bond
between the indole units.®? Eventually, two additional enzymatic
transformations ensure the glycosylation and O-methylation,?>-%°
necessary for completion of the biosynthesis of rebeccamycin (81).
It should also be mentioned in this context that a biomimetic
synthesis of the alkaloid, arcyriaflavin A, based on this biosynthetic
pathway has been reported recently.5!

The identification of the genes involved in the biosynthesis of
staurosporine and rebeccamycin (81) has allowed the construction
of libraries of engineered indolo[2,3-a]carbazole derivatives.!”?%-94
Such approaches provide new possibilities for the construction of
further indolocarbazole antibiotics with increased potency and
selectivity.

Several simple indolo[2,3-a]carbazole natural products have
been found recently. As an example, the previously described

COsH
RebO
{ NH, RebO {
N N
¢ H o H
82 83
H
o=N_o0
RebP, RebC O O O
NN
a M H ¢
85
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alkaloid, tjipanazole D?° (86) (Fig. 3), has been isolated from the
terrestrial cyanobacterium Fischerella ambigua.®® A study of the
extracts of field-collected fruiting bodies of the myxomycete
Lycogala epidendrum led to the identification of the new natural
products, 6-hydroxystaurosporinone (87) and 5,6-dihydroxyarcyria-
flavin A (88),%7 along with the known molecule, arcyriaflavin B (89),
which has also been recently found in Tubifera casparyi®®
Furthermore, the cytotoxic activity of 89 has been demonstrated in
an assay involving various human cancer cell cultures.®

2.3. Special applications

The first report that structurally simple indolo[2,3-a]carbazoles
may be used in anion sensing, by forming complexes detectable by
fluorescence spectroscopy,?® has been rapidly followed by further
efforts in this direction. In one example, the macrocyclic molecule
90 (Fig. 4), which is available from the indolo[2,3-a]carbazole 16
(Section 2.1) via two consecutive Sonogashira reactions, has been
demonstrated to bind various anions, such as halides. The associ-
ation constants for a set of anionic complexes involving 90 have
been determined and the possibility to distinguish between dif-
ferent anions by inspection of the '"H NMR chemical shifts of the
complexes was also inferred.!%® Moreover, the system 90 has been
shown to coordinate an azide ion by hydrogen bonding between all
four NH groups and one of the terminal nitrogen atoms of the
anion, whereas the larger macrocycle 91 displayed a distinctly

H
N_o
s Yot e s Ya®
N N N N OH
H H H H
86 87
H
o=N_0
eYadt
N N OH
H H
88 R = OH
89R=H
Figure 3.

RebD

NDP-D-glucose
RebG,
then RebM

Scheme 20.
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different binding mode, forming a more stable complex, where  indoles with maleimides in refluxing acetic acid,'®>!°® as might be

both the terminal nitrogen atoms of the azide participate in hy-
drogen bonding with two NH units each.'®® The indolo[2,3-a]carb-
azole framework has been complemented with a diazacrown unit,
resulting in the ion pair receptor 92, which possessed an enhanced
anion-binding capability in the presence of alkali-metal ions.!%? An
additional related open indolo[2,3-a]carbazole derivative bearing
two arylamide functionalities with the ability to coordinate anions
by hydrogen bonding has also been devised.?> Finally, two
indolo[2,3-a]carbazole systems incorporating a fused quinoxaline
unit have been prepared by annulation of 2,3-di(1H-indol-3-
yl)quinoxaline or 2,3-di(1H-indol-3-yl)-6-nitroquinoxaline, res-
pectively, and were shown to be useful for sensing fluoride and
acetate ions.%°

3. Indolo[3,2-a]carbazoles

The indolo|[3,2-a]carbazole ring system has been scarcely stud-
ied and has only recently been discovered in nature. Studies of the
aqueous extract of the sponge Ancorina sp. resulted in the isolation
of the sulfated indolocarbazole alkaloid, ancorinazole (93).19% A
synthetic approach towards the indolocarbazole skeleton of this
natural product has also emerged, involving a previously reported
protocol for the construction of indolo[3,2-a]carbazoles from suit-
able 2,3’-biindolyl precursors.”?> The necessary 2,3'-biindolyl 94
was prepared in 68% yield by exposure of oxindole to tri-
fluoromethanesulfonic anhydride followed by introduction of
methyl 5,6-dimethoxyindole-2-carboxylate. Saponification of 94
and subsequent decarboxylation provided the desired precursor 95,
which was thereafter annulated to the indolo[3,2-a]carbazole 96
(Scheme 21). Subsequent Prey demethylation of 96 gave eventually
the system 97, which displays the same oxygenation pattern as
ancorinazole.!®* Indolo[3,2-a]carbazole derivatives have also been
encountered as minor products resulting from the reaction of

MeO
OMe
O 1. NaOH, EtOH, 78 °C
A\ 2. Cu, quinoline, reflux
N )-NH 80%
H CoMe
94
O NH py-HCI
220 °C
N O 67% N

§

expected based on previous findings.'”” Additionally, it has been
demonstrated recently that the heating of aromatic 1,2-diones
(benzil derivatives) and indoles in refluxing toluene with the cat-
alyst p-toluenesulfonic acid gives rise to indolo[3,2-a]carbazoles
bearing two aryl groups at the central ring. Although this approach
was fairly general when applied to benzils, the reaction between
butane-2,3-dione and indole gave only a low yield of the expected
product, 6,7-dimethylindolo[3,2-a]carbazole.!%®

4. Indolo[3,2-b]carbazoles
4.1. Synthesis and reactions

Numerous approaches for the construction of the indolo[3,2-
b]carbazole system have been reported over the years.” One of the
first syntheses of such compounds was developed by Robinson,!%°
who used a double Fischer cyclization reaction of a bis-phenyl-
hydrazone to access the parent indolo[3,2-b]carbazole 3. This is still
the method of choice for the preparation of symmetric indolo[3,2-
b]carbazoles bearing relatively robust functional groups (e.g.,
halogens), as it involves readily available and inexpensive starting
materials, and gives useful yields in only two steps. Following this
principle, several p-substituted phenylhydrazones (98a-d) have
recently been subjected to acid-induced cyclization (Scheme 22).11°
The electron-rich p-methoxyphenylhydrazone 98a was unstable,
but could nevertheless be cyclized using polyphosphoric acid
trimethylsilyl ester (PPSE) to give 2,8-dimethoxyindolo[3,2-b]carb-
azole (99a), along with the angular 2,11-dimethoxyindolo[2,3-
c]carbazole and a dihydro derivative thereof as a mixture that was
separated into its components after exhaustive Boc-protection. The
Boc groups of the purified products could then be removed ther-
mally in quantitative yield. Polyphosphoric acid (PPA) or sulfuric
acid in acetic acid was used as the medium for further cyclizations

MeO
OMe OEt
13
Q Eto)\/NMeg
O A AcOH, reflux
—_—
N O\ NH 62%
H
95

,SO3Na
T
N
) e

OH 0SO3Na
HO HO

93
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Scheme 21.
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involving substrates 98b-d, leading to the systems 3, 99a, and
99¢,d."'° Compound 99d is a useful substrate in transition metal-
catalyzed coupling reactions for the construction of indolo[3,2-
b]carbazole-based materials (see Section 4.3). The Fischer indole
synthesis has also been used for the preparation of 3,9-dibromo-
indolo[3,2-b]carbazole, as well as the 3,9-dichloro and 2,8-dichloro
derivatives.'!

X

HN X
H2SO4/AcOH,

|
NU PPA, or PPSE
SN
NH
/©/ 99a X = OMe (20%)
X 3 X=H@47%)

99¢ X = F (49%)

98a X = OMe 99d X = Br (24%)

98b X =H
98c X=F
98d X = Br

Scheme 22.

The Ullmann reaction has been used as the key step for the
construction of extended indolo[3,2-b]carbazole systems. Suzuki
coupling of a carbazole bis-boronate with suitable 2-bromoni-
trobenzenes gave the carbazole derivatives 100a,b, which were
thereafter brominated and reduced to the intermediates 101a,b
(Scheme 23). Annulation of 101a,b using the system Cu/Cul/K;CO3
finally produced the heptacyclic molecules 102a,b in acceptable
overall yields.!'? Precursors related to 100a,b have also been sub-
jected to reductive annulation in refluxing P(OEt); (Cadogan con-
ditions), giving similar products, albeit in lower yield or with low
regioselectivity, leading to mixtures of isomers, which are difficult
to purify.'’®> Nonetheless, the solubility of heptacyclic systems such
as 102a,b can be improved considerably by alkylation of the two
remaining available nitrogen atoms.!1?

1. NBS, Me,CO
2. SnCl,, EtOH
EtOAc, 70 °C
X N X —————
NO;  (gH,, OaN
100a X = H
100b X = Cl

Cu, Cul, K,CO3
n-| BUZO reflux

2 C3H17 H2N
101a X = H (76%)
101b X = Cl (64%)

CgH17

102a X = H (57%)
102b X = Cl (68%)

Scheme 23.

Several different synthetic routes to indolo[3,2-b]carbazole-
6,12-dione (103) have been examined, including oxidation of the
parent indolo[3,2-b]carbazole or employing novel ring-closing
strategies. In a direct approach, oxidation of indolo[3,2-b]carbazole

(3) with chromium(VI) oxide in aqueous acetic acid produced the
dione 103 in 34% yield. The quinone 103 could also be constructed
from indole as one of the building blocks using two sequences. The
first strategy was based on the precursor 104, which was prepared
in three steps from indole and N-benzenesulfonylindole-3-carbal-
dehyde. Subsequent formylation of 104 with chloromethylene-
morpholinium chloride in trichloroethylene, followed by
deprotection under basic conditions, produced the aldehyde 105 in
good overall yield (Scheme 24). Finally, heating of 105 in refluxing
ethanol containing hydrochloric acid effected ring closure and
concomitant dehydrogenation induced by air affording 103, along
with the structurally rare dimeric side product 106, which was
isolated in the form of its dimethyl ether 107 after treatment of the
crude material with an ethereal diazomethane solution. However,
attempted reduction of 103 to the corresponding dihydroquinone
failed. Only when conducted using zinc dust in the presence of
sodium acetate and acetic anhydride did the reduction take place
giving the stabilized 0,0’-diacetyl compound 108. All attempts to
remove the acetyl groups produced complex mixtures.!'

/. ClI
N—\
CICHCCI2

2. K;CO3, MeOH OHC
O O
8°/

RO H
N
B s -0
HCI N
N H
" N
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o s -0
103 (58%) N
H OR

Zn, NaOAc, ACZOJ 68% _
106 R=H CH,N,
Et,0

A0 H 107 R = Me (17%)
N
N
C

108

SOgPh

Scheme 24.

In a complementary approach, indole was treated with ethyl-
magnesium bromide followed by transmetallation with zinc chlo-
ride.!® Subsequent reaction of the resulting organometallic reagent
with the anhydride 109''® gave the keto-acid 110 in good yield
(Scheme 25). Ring closure of 110 was accomplished by heating in
refluxing nitromethane with PPSE to give N-benzylindolo[3,2-
b]carbazole-6,12-dione (111), which could be finally debenzylated
by AICl; in benzene into the target compound 103.'4

It has recently been demonstrated that samarium diiodide-
promoted reaction of the indole derivative 112 leads to the for-
mation of the molecule 113. Ring closure of the intermediate 113
took place upon exposure to hydrochloric acid in dichloromethane
to give the dione 114 (Scheme 26). The structure of this product was
confirmed by X-ray crystallography. Unfortunately, no yield was
reported for this interesting transformation.!”’

Acid-induced cyclization of 2,3’-diindolylmethanes (readily
available by the acylation of indoles with indole-2-carbonyl chlo-
rides followed by reduction of the resulting ketones with LiAlH,)''
with a one-carbon synthon is an efficient procedure for the
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construction of unsymmetrically substituted indolo[3,2-b]carb-
azoles. In a variant relying on an intramolecular cyclization, cya-
noacetylation of 2,3’-diindolylmethane 115e with cyanoacetic acid
in acetic anhydride produced the intermediate bisindole 116, which
could thereafter be annulated with methanesulfonic acid in di-
oxane to give the indolo[3,2-b]carbazole 117 in good yield (Scheme
27).1"9 Prior to this study, a series of different methoxy-substituted
indolo[3,2-b]carbazoles 118a-d have been obtained upon

e arta

CH( OMe)3

p-TsOH
MeCN
H / O R T 51-87%

115a R' = OMe, RZ—R3—R4—H 118aR1=0Me,R2=R3=R4=H
115b R'=R2=0Me, R®=R*=H 118b R'=R2=0OMe, R®=R*=H
115¢ R'=R*=0Me, R2=R3=H 118c R'=R*=0Me, R2=R3=H
115dR'=R3=R*=H,R2=H 118d R' = R3=R*=H, R? = OMe
115e R'=R2=R3=R*=H
NCCH,CO,H
Ac,0, 40-75 °C | 89%
(for 115e)
MeSO3H NC H
1,4-dioxane N
S QO
—_—
81% N
H
117
Scheme 27.

treatment of the diindolylmethanes 115a-d with triethyl ortho-
formate in acetonitrile with p-TsOH as the catalyst.!'®

Reactions of 2,3’-diindolylmethanes have also been exploited in
a total synthesis of the mono- or dihydroxylated 6-for-
mylindolo[3,2-b]carbazole metabolites 119-123 (see Section 4.2).
The sequence commenced with exposure of the 2,3’-diindolyl-
methanes 124! to ethyl oxalyl chloride and pyridine in THF to give
the intermediates 125, which were subjected to annulation with
methanesulfonic acid in 1,4-dioxane, affording the indolocarba-
zoles 126 (Scheme 28). In a one-pot procedure comprising two
synthetic steps, the esters 126 were initially reduced to the corre-
sponding alcohols, which were in turn dehydrogenated with 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) to give the aldehydes
127 in 78-93% overall yield. In order to simplify the purification
process (these compounds have rather poor solubility in common
organic solvents), the aldehydes 127 were first demethylated using
boron tribromide in methylene chloride, and all the liberated hy-
droxyl groups were converted into TBS ethers by treatment of the
crude products with TBSCl and imidazole in DMF, providing the
indolo|[3,2-b]carbazole derivatives 128 in 41-72% yield over two
steps. Finally, cleavage of the TBS groups with tetrabutylammo-
nium fluoride in THF produced the desired metabolites 119-123.12°

A series of 6-substituted indolo[3,2-b]carbazoles were prepared
via 2,3/-diindolylmethanes in a robust one-pot procedure.'?!
Exposure of indoles to aldehydes in the presence of iodine in ace-
tonitrile gave the required series of intermediate 2,3’-diindolyl-
methanes 129 (Scheme 29). Sequential addition of triethyl
orthoesters and methanesulfonic acid or sulfuric acid as the catalyst
to the crude products 129 gave the indolo[3,2-b]carbazoles 130,
possessing either one or two substituents. During the preparation
of the precursors, it was observed that the optimal reaction time
was 14 h in order to achieve the most useful level of isomerization
from the initially formed 3,3’-diindolylmethanes to the corre-
sponding 2,3'-diindolylmethanes.’? It has also been suggested
recently that heating of 3,3’-diindolylmethanes with iodine in
acetonitrile gives 6,12-disubstituted indolo[3,2-b]carbazoles in
good yields with the concomitant formation of indole.’>> However,
a reinvestigation of this work has been performed by Dehaen and
co-workers, who concluded that the major products of such
transformations are in fact 6,12-dihydroindolo|[3,2-b]carbazoles.!?*

A double palladium-catalyzed N-arylation reaction between
aniline and the terphenyl derivatives 131a,b in the presence of the
phosphine ligand 132 has resulted in the formation of the new
unsymmetric indolo[3,2-b]carbazoles 133a,b in moderate yield
(Scheme 30).1%> Despite this successful application, this route has
one additional obvious drawback, apart from the long reaction
time, as the assembly of the necessary starting materials is time
consuming, requiring multiple synthetic steps.

It should also be noted that, during studies on the conversion of
benzoins in basic media, it was observed that thermolysis of
compound 134 gives the indolo[3,2-b]carbazole 135 (Scheme 31).
This transformation is, however, of little synthetic value, due to the
harsh conditions, which produce only very low yields of useful
material. 126127

Some of the ring-forming syntheses outlined above provide the
starting materials suitable for further modification to more com-
plex indolo[3,2-b]carbazole derivatives. As an example, alkylation
of the indolo[3,2-b]carbazole 136 using sodium hydride and bro-
moethane in DMF gave the N,N’-dialkylated product 137 (Scheme
32). Furthermore, reaction of 136 with aryl or heteroaryl iodides
under Ullmann coupling conditions in the presence of copper
bronze provided access to several new N,N-diarylated products
138.122 Double N-alkylation of indolo[3,2-b]carbazoles may also be
accomplished efficiently under phase-transfer conditions.!?812%

In contrast to the alkylation reaction described above, tosylation
of 136 with p-toluenesulfonyl chloride under similar conditions
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2
“Rﬂe%(g '\Ciek R H tetrafluoroborates in THF in the presence of pyridine as the base to
or H233O4' give the 6,12-disubstituted derivatives 141 in modest yields
o3 50% (Scheme 34). Formylation of 136 with an excess of the Vilsmeier
= (] . . .
N k2 reagent obtained from POCI3/DMF furnished mixtures of N- and
130 C-formylated products. However, by using 1.2 equiv of the
Vilsmeier reagent in refluxing 1,2-dichloroethane, a useful route to
Scheme 29. 142 was found. The formylated indolocarbazole 142 was next

gave selective mono-substitution, providing 139 in 60% yield. The
indolo[3,2-b]carbazole 139 also proved to be a useful synthetic
intermediate, as it could be further elaborated under Ullmann
conditions, giving an arylated product in good yield, which upon
removal of the tosyl group with potassium hydroxide in methanol/
THF rendered the system 140, bearing a phenyl group at one of the
nitrogen atoms (Scheme 33).!?2 Double N-arylation of the parent
indolo[3,2-b]carbazole (3) has also been performed using, for in-
stance aryl iodides in the presence of the reagent combination,
L-proline/Cul/K»CO3, in warm DMS0'3%r Cu/12-crown-6 in reflux-
ing 1,2-dichlorobenzene.’!

The indolo[3,2-b]carbazole 136 has also been used as a starting
material for some additional new chemistry of this series. Azo-
couplings with 136 have been achieved using arenediazonium

I Cl
O 0OS0,C4Fg
C4F90,8S0

PhNH, (2.5 equiv.)
Pd(dba), (40 mol%)
132 (80 mol%), K3sPOg4

BHT, PhMe, 100 °C, 4 d

Cl l

R
131a R = CgH13
131bR=CN

converted into the benzimidazole derivatives 143 by treatment
with three different o-phenylenediamines in DMF at 120-150 °C.1?
An interesting recent contribution involved Friedel-Crafts alkyl-
ation of the indolo[3,2-b]|carbazole 136 with tert-butyl chloride
using ZnCl, as the catalyst, leading to the corresponding 2,4,8,10-
tetra-tert-butyl derivative in good yield.*?

Further applications involving the indolo[3,2-b]carbazole 136
were realized by homocoupling across the 12,12’-positions with
FeCl3-6H,0 in chloroform, thereby producing the dimer 144
(Scheme 35).1*3 Later studies showed that the same transformation
could be performed with anhydrous FeBrs in chloroform.'?? Chlo-
rination at C-12 of 136 has been accomplished with anhydrous
FeClz in chloroform, giving 145 with the co-formation of minor
amounts of the dimeric side product 144,>> whereas bromination
proceeded in excellent yield, using FeBrs in a 5:2 mixture of THF/

PCyz
i-PrO ! Oi-Pr

132

133aR = C6H13 (58 /o)
133b R = CN (62%)

Scheme 30.
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water, affording 146.1%> The parent indolo[3,2-b]carbazole 3 un-
dergoes bromination at both C-6 and C-12 upon exposure to NBS in
N-methylpyrrolidone (NMP) at 30 °C, thereby providing 6,12-
dibromoindolo[3,2-b]carbazole in 42% yield, a useful starting ma-
terial for the construction of electroluminescent polymers.13*

By contrast, coupling of two molecules of 136 with a slight ex-
cess of Pd(OAc); in refluxing acetic acid resulted in the formation of
the dimer 147 in modest yield (Scheme 36). In addition to the

CsH14

formation of one N-C bond, an acetoxy group was incorporated in
the structure, which was confirmed by X-ray crystallographic
analysis. The propensity of 136 to undergo dimerization reactions
was further demonstrated by the preparation of a second N-C di-
mer lacking the acetoxy group, namely 148, which was formed
upon treatment of 136 with an excess of NaH in THF under a ni-
trogen atmosphere, followed by exposure to air.">>

The brominated indolo[3,2-b]carbazole 146 served as an excel-
lent substrate in standard Suzuki couplings using 0.5 mol%
Pd[PPhs]4 as the catalyst and K;COs3 as the base in dioxane/water
(4:1), producing, for instance, the extended system 149, as well as
some additional 6-aryl-12-pentylindolo[3,2-b]carbazole de-
rivatives in good yields (Scheme 37).122

4.2. Naturally occurring and biologically active indolo-
[3,2-b]carbazoles

The strong on-going interest in the isolation, synthesis, and
biochemical studies of indolo[3,2-b]carbazoles is mainly powered
by the many interesting biological properties that these com-
pounds exert in vitro and in vivo. Much knowledge of the role and
action of indolo[3,2-b]carbazoles in organisms has been accumu-
lated over the years, but many important questions still remain to
be answered.

The lipophilic yeast Malassezia furfur, which is part of the resi-
dential flora of human skin, is responsible for skin disorders such as
pityriasis versicolor, which is manifested by flaky lesions with
variable coloration and fluorescence. When cultivated with L-
tryptophan as the single nitrogen source, M. furfur gives rise to
a variety of products, including the indolo[3,2-b]carbazoles 150-
152, malasseziazoles A-C (Fig. 5). The biogenesis of malasseziazole
B (151) has been suggested to involve the oxidative dimerization of
two units of (indol-3-yl)pyruvic acid, followed by decarboxylation
and annulation.*®

A tyrosinase guided fractionation of the ethyl acetate extract of
M. furfur resulted in the isolation of the alkaloid malassezin (153),
which was also demonstrated to be an agonist of the AhR, an ac-
tivity, which could possibly be associated with its easy conversion

CsH14

MMQQQ

O O O FeCls, CHCl3
136
50%

FeBrj,
THF/H,0 (5:2)

0,
145 96”"

CsHq4

OQO

47%
CsH14

144

OOO

146

Scheme 35.
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into indolo[3,2-b]carbazole (3) in the cell. The structure of malas-
sezin (153) was verified by Vilsmeier formylation of the known
2,3’-diindolylmethane 115e, which gave the expected product 3
(Scheme 38), as well as by X-ray crystallographic analysis. Fur-
thermore, it was also shown that treatment of 153 with hydro-
chloric acid in THF leads to the expected parent indolocarbazole 3
in good yield.”*® A study has demonstrated that compound 153
induces apoptosis in primary human melanocytes, and could thus
contribute to the marked depigmentation observed in individuals
suffering from pityriasis versicolor.'*” It has also been proposed
that several indole derivatives with phenol oxidase-inhibitory
properties, which are produced by M. furfur, e.g., the system 150,
can be used in the treatment of hyperpigmentation, and for the
inhibition of melanocytes.!*8

Consumption of vegetables belonging to the genus Brassica,
such as cabbage, cauliflower, kohlrabi, and brussels sprouts, which
all produce the secondary plant metabolite indole-3-carbinol (I13C),
gives rise to the formation of indolo[3,2-b]carbazole (3), along with
other products, in the gastrointestinal tract. This has been dem-
onstrated a long time ago by experiments involving oral intubation
of rats with I13C.13° The first validated high-performance liquid
chromatography (HPLC) method has been reported for the simul-
taneous determination of plasma levels of I13C and some of its
condensation products, including indolo[3,2-b]carbazole (3), which
are formed on contact of orally administered 13C with the
stomach juice."*® By measuring the tissue levels of the condensa-
tion products after oral administration of 13C in mice, it was con-
cluded for the first time that I3C and its acid condensation products,
e.g., indolo[3,2-b]carbazole (3), are absorbed from the gut and

R" H
by
N
H R?
150 R' = COCO,H, R2=H

151 R'= COCO,H, R2= CHO
152 R" = CO,H, R2= CHO

Figure 5.

distributed systemically to blood, liver, kidney, lung, heart and
brain, enabling biological interactions of these compounds in
vivo. 141

Interestingly, it has been suggested that combinations of dietary
indoles, including 3, may act as colon cancer protective agents by
stimulating apoptosis and enhancing the cell defenses against DNA
damage.'*? However, the comparable binding affinity of indolo[3,2-
b]carbazole (3) and the persistent environmental pollutant, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), to the AhR,"*° combined with
the fact that the exposure to 3 is relatively high, owing to dietary
intake of its precursors through consumption of cruciferous vege-
tables, has raised some concern regarding its toxicity. It has been
shown that indolo[3,2-b]carbazole (3) has tumor-promoting ac-
tivity, which could in part be explained by activation of the AhR.143
Meanwhile, a contemporary study could not find any evidence that
exposure to indolo[3,2-b]carbazole (3) via the diet would present
AhR-mediated health hazards to humans.!** Recent results
emerging from studies based on Caco-2 human colon cells indicate,
e.g., that both 3 and the xenobiotic AhR agonist TCDD have inhib-
iting effects on benzo[a]pyrene (BaP)-DNA adduct formation at
a BaP-concentration of 0.1 pM,'*> and that the expression of
a number of genes, which were up- or down-regulated by TCDD,
was modulated in a similar manner by BaP, compound 3, as well as
other natural AhR agonists present in citrus fruit extracts.® It is
clear that much more work in this field is still required, before
convincing conclusions can be drawn concerning the implications
of the wide range of biological effects of 3 and its derivatives.

Simple indolo[3,2-b]carbazoles have recently been shown to
display a variety of additional different biological effects. The
tryptophan photoproduct, 6-formylindolo[3,2-b]carbazole (7)
(Fig. 6), which was originally identified as a high-affinity AhR ligand
formed by UV photolysis,® has also been recognized as one of the
multiple products formed from tryptophan solutions upon window

2

CHO H RS CHO “ R
N N 1
H R* H R
7 119 R"=0H,R2=R%=R*=H

120R"=R2=R*=H, R®=OH
121 R'=R*=0H,R2=R%=H
122 R"=R*=H, R2=R3=OH
123R"=R3= OH,RZ=R*=H

Figure 6.
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sunlight exposure indoors, capable of eliciting CYP1A induction in
primary chick embryo hepatocytes and in vivo."¥” Furthermore, 7
has also been found in a cell culture medium, contributing to the
background activity of the cytochrome P450 1A1 (CYP1A1) in cul-
tured cells.'¥® Recent data have provided evidence for an in-
tracellular generation of 6-formylindolo[3,2-b]carbazole (7) as an
important AhR-dependent initiator of the UVB stress response.'4’
Photo-oxidized tryptophan derivatives such as 7 have also been
suggested to play a role in the neuro-endocrine signaling of light,
thus acting as light hormones,>® whereas a recent study demon-
strated the potential for photo products like 7 to modulate light-
dependent regulation of the circadian rhythm through activation of
the AhR signaling pathway.”®' Both indolo|[3,2-b]carbazole (3) and
6-formylindolo[3,2-b]carbazole (7) have also been shown to have
an inhibitory effect on the estrogen o receptor through binding and
triggering of the AhR in fish liver.'>? In addition, it has been sug-
gested that 6-formylindolo[3,2-b]carbazole (7) has an influence on
the autoregulation of CYP1A1 transcription.!>3

The reversed-phase HPLC elution profile from the metabolite
mixture of 7 showed three distinct fractions.’>® In a later study, the
three fractions were analyzed by NMR spectroscopy and it was
deduced that the first fraction contained 123 as a single compound,
whereas the metabolites 121 and 122 co-eluted in the second
fraction. The third fraction contained a mixture of compounds 119
and 120 (Fig. 6).1°% It was later established that 119 and 120 serve as
precursors for further metabolism into 121-123 by CYP1A1/
CYP1A2-mediated hydroxylation. The hydroxylated metabolites are
subjected to further metabolism, especially sulfo conjugation.®
The structures of all these metabolites have also been confirmed by
total synthesis'?° (Section 4.1).

Different computational screening models have been tested and
verified to give good correlation and good prediction for flat aro-
matics like the dibenzo-p-dioxins, dibenzofurans, and indolo[3,2-
b]carbazoles, i.e., compounds, which are known to have a strong
affinity for the AhR,®® providing theoretical support for earlier
experimental studies, which have been summarized in our pre-
vious review,” and for a recent contribution which outlines the
current status of the quest for endogenous AhR activators.!®’ Since
the physiological function of the AhR is still not yet fully un-
derstood, more studies on this subject will surely be conducted.

4.3. Technical applications, structural aspects, and other
related studies

The planar aromatic structure, which allows extensive conju-
gation, in conjunction with the stability, and the relatively easy
availability of indolo[3,2-b]carbazoles make them potentially suit-
able for the design of various electronic components, as evidenced
by the many recent contributions targeting such applications. Even
rather simple indolo[3,2-b]carbazoles can exhibit promising prop-
erties in this context, which have been demonstrated by the con-
struction of an organic field effect transistor (OFET) incorporating
an active layer consisting of the material 154 (Fig. 7).!°8 Likewise,
organic thin-film transistors have been based on the N-alkylated
indolo|3,2-b]carbazoles 155a-c. In particular, the derivative 155b
proved to be valuable, giving devices with high mobility.!!! The
structural, optical, and photophysical properties of these types of
indolo[3,2-b]carbazoles have been discussed in detail from both the
experimental and the theoretical viewpoints, providing an addi-
tional theoretical basis for further rational design of new electronic
devices.130158-161 A specialized account detailing some aspects of
the preparation and properties of indolo[3,2-b]carbazole materials,
including some extended systems, is also available.!?

Thin-film transistors fabricated from the system 156 also
exhibited some interesting characteristics, e.g., good environmental
stability, which is in part due to the relatively low-lying HOMOs of

CeH17 C12H2s

Me
N R N
RZ
RZ

N N R'I

1 Me |

CgH17 Ci2Has

154 155aR'=R%?=H

155b R'=CI, R2=H
155¢ R'=H, R2=ClI

Figure 7.

156 (Fig. 8).13! Suzuki coupling of 2,8- and 3,9-dibromo-5,11-dio-
ctylindolo[3,2-b]carbazole with phenylboronic acid provided the
materials 157a and 157b, respectively, suitable for the fabrication of
field-effect transistors (FETs) with high hole mobility and stability,
which proved to be particularly fruitful in the case of 157b. Two
closely related indolo[3,2-b]carbazoles substituted with two thien-
2-yl units were also prepared for similar applications using Stille
coupling.’®® In addition, it has been demonstrated that the con-
densation of indole with 4-(diphenylamino)-benzaldehyde in the
presence of sulfuric acid following a known procedure!® gave, after
subsequent phase-transfer alkylation, the system 158, a potential
hole-transporting material for organic light-emitting diodes.’*®
Materials incorporating two indolo[3,2-b]carbazole moieties
interlinked by alkenes, alkynes, or various aromatics have also been
designed using palladium-catalyzed coupling reactions,'®®> and
used for the construction of electronic devices.!®® A comparison
between three 5,11-di-n-octylindolo[3,2-b]carbazole derivatives
bearing two 4-diphenylaminophenyl, 9,9’-di-n-butylfluoren-2-yl,
or 1-n-butylcarbazol-3-yl substituents, respectively, at C-2 and C-8,
revealed that the presence of phenyl- and fluorenyl-based moieties
is crucial during the design of materials with sufficient hole-
transporting properties for the fabrication of electroluminescent
devices.'®” The value of indolo[3,2-b]carbazoles as active materials
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for various electronic devices is also evident from the numerous
additional recent patent applications.'®®-17® Additionally, the 5,12-
dihydroindolo[3,2-b]carbazole 159 obtained by initial Friedel-
Crafts tert-butylation of 6,12-diphenylindolo[3,2-b]carbazole, and
subsequent introduction of a butyl group using n-butyllithium, has
been identified as a new sensor for fluoride ions or Bronsted
acids.?

The availability of halogenated indolo[3,2-b]carbazoles has
provided new opportunities for the construction of polymeric
materials based on this skeleton. Polymerization of a fully alkylated
derivative of the extended indolo[3,2-b]carbazole system 102b'!?
(Section 4.1), using the reagent combination, Ni(COD),/COD/2,2’-
bipyridyl, in a mixture of DMF/THF (1:3), gave the polymer 160 in
good yield (Fig. 9). Similar polymerization of some related chlori-
nated indolo[3,2-b]|carbazoles gave additional indolo[3,2-b]carb-
azole polymers.'”” These types of polymers have been subjected to
detailed studies probing their optical, electrical, and conducting
properties.”””1”® The monomer, 5,11-bis(dodecyl)indolo[3,2-b]car-
bazole, can be polymerized regioselectively with FeCls in chloro-
benzene at 50 °C, giving the polymeric material 161, which formed
the basis for solution-processed FETs with good air and light sta-
bilities.!”® Moreover, several examples of co-polymers having al-
ternating indolo[3,2-b]carbazole and 2,2’-bithiophene units,!”180
or 9,9-dialkylfluorene blocks'** have been prepared and charac-
terized. The latter type of co-polymers may be used for the fabri-
cation of luminescent devices.** It has been demonstrated in
a recent study that the characteristics of indolocarbazole-fluorene
co-polymers differ markedly between materials derived by
Suzuki coupling of 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
with 3,9-dibromo-di(2’-ethylhexyl)-indolo[3,2-b]carbazole or 2,8-
dibromo-di(2’-ethylhexyl)-indolo[3,2-b]carbazole. The latter mate-
rial displayed, for example, better FET performance, but a lower

emission maximum than its isomer. Meanwhile, the FET hole mo-
bilities of both co-polymers were better that that of polyfluorene.'®!

5. Indolo[2,3-b]carbazoles

Until very recently, there have been only a few studies focusing
on indolo[2,3-b]carbazoles. This may soon change, however, as the
indolo[2,3-b]carbazole-2,10-dicarboxylate SR13668 (162) has been
identified as a potent anticancer agent. The route to 162 involved an
initial conversion of 5-bromoindole into the corresponding 3,3’-
diindolylmethane (by reaction with formaldehyde in TFA), which
was thereafter protected, giving the intermediate 163, prior to
annulation to the indolo[2,3-b]carbazole 164 (Scheme 39). The
target molecule 162 could then be created by O-alkylation, giving
165, which underwent a double halogen-metal exchange, followed
by quenching with ethyl chloroformate, and a final removal of the
protecting groups.'®? As a potential cancer chemopreventive agent,
162 was included in an investigation assessing its genotoxic activ-
ity, where it showed a negative response in all the used assays.'83
The suggested new therapeutic applications of this class of indo-
locarbazoles range from the prevention of cancer,'®* ailments as-
sociated with respiratory syncytial virus (RSV) infections,'®” or oral
mucosal disorders'®® to the treatment of diseases caused by human
cytomegalovirus (HCMV)'®7 or papillomavirus.!®® It should also be
mentioned that a study of the methylation and allylation of 6-
(indol-3-yl)-indolo[2,3-b]carbazole has been performed, leading to
the isolation and characterization of its trimethyl, as well as its
mono-, di-, and triallyl derivatives.!®® There is also a report avail-
able concerning the preparation of some partially unsaturated
indolo[2,3-b]|carbazoles by treatment of 2-hydroxymethylene-
1,2,3,4-tetrahydrocarbazol-1-ones with a diazonium salt derived
from p-toluidine under Japp-Klingemann conditions followed by
annulation of the resulting intermediates in an acidic medium.'*® A
later contribution based on similar chemistry involved the use of
methyl 2-(1-oxo-1,2,3,4-tetrahydrocarbazol-2-yl)oxoacetate de-
rivatives as the starting materials.'®!

A concise synthesis of indolo[2,3-b]carbazole-6,12-diones has
been reported, using indole as the starting material (Scheme 40).114
Hence, indole was treated, following the Katritzky protocol'®? for
sequential N-protection and lithiation at the 2-position, and the
resulting 2-lithioindole was quenched with the anhydride 109" to
give the keto-acid 166, along with minor amounts of a side product
containing three indole units. Cyclization of 166 in trifluoroacetic
anhydride (TFAA)-acetic anhydride (1:5) produced the mono-N-
benzylated quinone 167, which was subjected to treatment with
AlCl; in benzene, affording 168 in good yield. On the other hand,
annulation of 166 in refluxing acetic anhydride took a different
path, giving 169 (Scheme 40). Nonetheless, the pentacyclic mole-
cule 169 could eventually be converted into the indolo[2,3-
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Scheme 39.
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b]carbazole 170 by treatment with an excess of methyllithium,
followed by reductive aromatization induced by sodium borohy-
dride in ethanol."

It has also been claimed by Bhuyan that the reaction of indoles
with aldehydes in the presence of iodine in refluxing acetonitrile
may give indolo[2,3-b]carbazoles via 3,3’-diindolylmethanes as
intermediates.'®> With a similar synthesis in retrospect, wherein
the initially formed 3,3’-diindolylmethanes were allowed to
isomerize to their 2,3’-coupled counterparts, eventually leading to
a series of indolo[3,2-b]carbazoles (see Section 4.1),1>? it appeared
likely that Bhuyan’s approach'®? might in fact have resulted in the
formation of indolo[3,2-b]carbazole derivatives. Indeed, Dehaen
and co-workers have repeated some of Bhuyan's experiments!
involving indole, selected benzaldehydes, and iodine in acetonitrile,
and identified the products as 6,12-diaryl-6,12-dihydroindolo[3,2-
b]carbazoles, which were formed in rather low yields.!** In addi-
tion, we have also repeated some of these experiments and can
confirm the observations of Dehaen. The assumption that hydro-
iodic acid, which is quickly generated under such conditions, could
act as the catalyst was also corroborated by Dehaen.'?*

6. Indolo[2,3-c]carbazoles

This class of angular indolocarbazoles has been almost com-
pletely neglected during the reporting period of this review. An-
nulation of 3,3’-biindolyl with maleimide in hot acetic acid
according to a previously reported procedure!%4 gave the hexacyclic
system 171, which was converted into the derivative 172 by heating
with dimethylamine in a sealed tube (Scheme 41). Subsequent
glycosylation under Mitsunobu conditions, followed by exhaustive
removal of the benzyl groups, gave the fused indolo[2,3-c]carbazole
derivative 173, along with a related compound bearing two glu-
copyranose units (not shown). Biological evaluation of 173 revealed
that compounds of this type lack topoisomerase I-inhibitory ac-
tivity.'®> Indolo[2,3-c|carbazoles may also be encountered in low
yield as side products during the conversion of certain bisphe-
nylhydrazones derived from cyclohexane-1,4-dione into
indolo[3,2-b]carbazoles.!’®

7. Miscellaneous indolocarbazole structures
7.1. Fused indole trimers
Angular indolocarbazoles featuring an additional indole unit

fused to the central benzenoid ring (fused indole trimers) have
been known for some time, and are encountered, for example,
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171 172
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2. Hy, PdIC, MeOH, THF

13%

Scheme 41.

during the exposure of indoles to strongly acidic conditions or the
electro-oxidation of indole.” The development of more practical
conditions for their preparation have emerged recently, paving the
way for new interesting developments.

It has been established that indole undergoes a rather efficient
trimerization upon treatment with 3 equiv of bromine in acetoni-
trile with concomitant bromination, rendering the symmetric
system 174 in acceptable yield (Scheme 42).1%° The product 174 has
later been subjected to dehalogenation, giving the parent molecule
175, whereas full N-benzylation and subsequent Suzuki coupling
produced the extended structure 176.1%7 Likewise, transformation
of 174 into the its fully PMB-protected derivative and subsequent
Sonogashira reactions with alkynes bearing one terminal phenyl or
alkyl unit gave a set of new Cs-symmetric redox-active materials
capable of forming discotic liquid crystals.'®® Additional reactions
of 174 involve N-alkylation with bromohexane, providing a com-
mon intermediate for Suzuki reactions leading to pure-deep-blue
light-emitting systems bearing six oligofluorene units'®® or struc-
turally related dendrimers.?° Fused indole trimers incorporating
six carbazole moieties have also been reported,”®! whereas the
parent trimer 175 has been utilized in the construction of a novel
redox-active cyclophane.?%?

Access to symmetric indole trimers has also been gained by the
cyclotrimerization of oxindole derivatives, as illustrated by the
elaboration of the oxindole derivative 177 into the product 178,
which also proved to be a useful substrate for further synthetic
manipulations, leading to the systems 179a-c (Scheme 43). The
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presence of the electron-acceptor moieties in combination with the
electron-donating indole nuclei caused a rather strong fluorescence
of compounds 179a-c, resulting from intramolecular charge
transfer.203

177
R = 2-ethylhexyl

p-XCgH4B(OH)2
Pd(PPhs)q
NaHCO3

PhMe, reflux _

X

179a X = CHO (24%)
179b X = CO,Et (39%)
179¢ X = CN (26%)

Scheme 43.

Finally, it should also be mentioned that a study of the polymer-
ization of indole-based on density functional theory (DFT) calcula-
tions has been performed, supporting the possibility that several
cyclic structures may be formed during the process, among other
symmetric indole trimers.?% An example of an unsymmetric indole
trimer, compound 180 (Fig. 10), has been investigated as a cathode
material for the construction of hybrid capacitors, and it displayed
some promising properties.2%> There are also additional examples of
asymmetric indole trimers, which have been used as electrode ma-
terials for the construction of batteries and capacitors.2°® Formation
of the parent unsymmetric indole trimer, as well as linear oligomers,
could be observed upon dissolution of an electro-polymerized

180

Figure 10.

polyindole film in dichloromethane by electro-reduction. Sub-
sequent oxidation resulted in redeposition of a new polyindole film
on the electrode surface, containing the same indole trimer, apart
from a linear pentamer and larger insoluble oligomers.2”

7.2. Other relevant systems

A novel ‘non-classical’ indolocarbazole framework has emerged
as a new class of selective inhibitors of D1/CDK4, a protein kinase
complex.2®® The required precursor, bis-3,7’-indolyl-maleimide
181, was constructed by a base-induced reaction between methyl
6-methoxyindole-3-glyoxylate and 1-methylindole-7-acetamide in
65% yield, and was thereafter annulated to the indolo[6,7-a]pyr-
rolo[3,4-c|carbazole 182 by irradiation in the presence of DDQ as
the oxidant (Scheme 44). These cyclization conditions were com-
patible with substrates featuring substituents such as bromoalkyl
or hydroxyalkyl, allowing the preparation of indolo[6,7-a]pyr-
rolo[3,4-c]carbazoles suitable for further elaboration.?®

N
o O Me
N
2t
N
H
181 182

Scheme 44.

8. Concluding remarks

With all interesting synthetic and applied studies involving
indolocarbazoles in retrospect, it is quite clear why this intriguing
class of heterocycles has continued to enjoy so much attention
during the last decade. Therefore, their uses for diverse purposes,
such as drug development, mechanistic biological studies, anion
recognition, or the construction of new electronic devices, are likely
to promote further innovations in these respective fields. If this is
the case, the fundamental aspects concerning the synthesis and
modification of indolocarbazoles will also be scrutinized in further
detail, in order to provide efficient routes to new substances with
new interesting properties.

Acknowledgements

We thank Professors Ulf Rannug (Stockholm University) and
Agneta Rannug (Karolinska Institute) for helpful discussions and
correspondence.

References and notes

1. Prudhomme, M. Curr. Pharm. Des. 1997, 3, 265-290.
2. Sezaki, M.; Sasaki, T.; Nakazawa, T.; Takeda, U.; Iwata, M.; Watanabe, T.
J. Antibiot. 1985, 38, 1437-1439.



21

24,

25.
. Steglich, W.; Steffan, B.; Kopanski, L.; Eckhardt, G. Angew. Chem., Int. Ed. Engl.

27.
28.

. Kuethe, J. T.; Davies, I. W. Tetrahedron Lett. 2004, 45, 4009-4012.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

T. Janosik et al. / Tetrahedron 64 (2008) 9159-9180

. Yasuzawa, T.; lida, T.; Yoshida, M.; Hirayama, N.; Takahashi, M.; Shirahata, K.;

Sano, H. J. Antibiot. 1986, 39, 1072-1078.

. Kase, H.; Iwahashi, K.; Matsuda, Y. J. Antibiot. 1986, 39, 1059-1065.
. Kase, H.; Iwahashi, K.; Nakanishi, S.; Matsuda, Y.; Yamada, K.; Takahashi, M.;

Murakata, C.; Sato, A.; Kaneko, M. Biochem. Biophys. Res. Commun. 1987, 142,
436-440.

. Wood, J. L.; Stoltz, B. M.; Dietrich, H.-].; Pflum, D. A.; Petsch, D. T. J. Am. Chem.

Soc. 1997, 119, 9641-9651.

. Bergman, J.; Janosik, T.; Wahlstrém, N. Adv. Heterocycl. Chem. 2001, 80, 1-71.
. Rannug, U.; Rannug, A.; Sjoberg, U.; Li, H.; Westerholm, R.; Bergman, J. Chem.

Biol. 1995, 2, 841-845.

. Knolker, H.-J.; Reddy, K. R. Chem. Rev. 2002, 102, 4303-4427.
. Prudhomme, M. Curr. Med. Chem. 2000, 7, 1189-1212.
. Long, B. H.; Rose, W. C.; Vyas, D. M.; Matson, J. A.; Forenza, S. Curr. Med. Chem.

Anti-Cancer Agents 2002, 2, 255-266.

. Pindur, U.; Kim, Y.-S.; Mehrabani, F. Curr. Med. Chem. 1999, 6, 29-69.
. Prudhomme, M. Curr. Med. Chem. Anti-Cancer Agents 2004, 4, 509-521.
. Prudhomme, M. In Anticancer Agents from Natural Products; Cragg, G. M.,

Kingston, D. G. I, Newman, D. ]., Eds.; CRC: Boca Raton, FL, 2005; pp 499-517.

. Sanchez, C.; Méndez, C.; Salas, J. A. Nat. Prod. Rep. 2006, 23, 1007-1045.
. Sanchez, C.; Méndez, C.; Salas, ]. A. In Modern Alkaloids: Structure, Isolation and

Biology; Fattorusso, E., Taglialatela-Scafati, O., Eds.; Wiley-VCH: Weinheim,
2008.

. Sanchez, C.; Méndez, C.; Salas, ]. A. J. Ind. Microbiol. Biotechnol. 2006, 33, 560~

568.

. Bartoli, G.; Bosco, M.; Dalpozzo, R.; Todesco, P. E. J. Org. Chem. 1986, 51, 3694-

3696.

. Cadogan, J. I. G.; Cameron-Wood, M.; Mackie, R. K.; Searle, R. J. G. J. Chem. Soc.

1965, 4831-4837.

. Bonjouklian, R.; Smitka, T. A.; Doolin, L. E.; Molloy, R. M.; Debono, M.; Shaffer,

S. A.; Moore, R. E.; Stewart, ]. B.; Patterson, G. M. L. Tetrahedron 1991, 47, 7739-
7750.
Kuethe, J. T.; Wong, A.; Davies, I. W. Org. Lett. 2003, 5, 3721-3723.

. Janosik, T.; Bergman, J. Tetrahedron 1999, 55, 2371-2380.
23.

Chang, K.-J.; Chae, M. K;; Lee, C.; Lee, ].-Y.; Jeong, K.-S. Tetrahedron Lett. 2006,
47, 6385-6388.

Abbiati, G.; Arcadi, A.; Beccalli, E.; Bianchi, G.; Marinelli, F.; Rossi, E. Tetrahe-
dron 2006, 62, 3033-3039.

Hu, Y.-Z.; Chen, Y.-Q. Synlett 2005, 42-48.

1980, 19, 459-460.

Alonso, D.; Caballero, E.; Medarde, M.; Tomé, F. Tetrahedron Lett. 2005, 46,
4839-4841.

Curiel, D.; Cowley, A.; Beer, P. D. Chem. Commun. 2005, 236-238.

Somei, M.; Yamada, F.; Kato, J.; Suzuki, Y.; Ueda, Y. Heterocycles 2002, 56,
81-84.

Bergman, J.; Koch, E.; Pelcman, B. Tetrahedron 1995, 51, 5631-5642.

Tamaki, K.; Huntsman, E. W. D.; Petsch, D. T.; Wood, J. L. Tetrahedron Lett. 2002,
43, 379-382.

Tamaoki, T.; Nomoto, H.; Takahashi, I.; Kato, Y.; Morimoto, M.; Tomita, K.
Biochem. Biophys. Res. Commun. 1986, 135, 397-402.

Gaudéncio, S. P.; Santos, M. M. M.; Lobo, A. M.; Prabhakar, S. Tetrahedron Lett.
2003, 44, 2577-2578.

Janosik, T.; Bergman, J.; Romero, L; Stensland, B.; Stalhandske, C.; Marques, M.
M. B.; Santos, M. M. M.; Lobo, A. M.; Prabhakar, S.; Duarte, M. E.; Floréncio, M.
H. Eur. J. Org. Chem. 2002, 1392-1396.

Bergman, J.; Stalhandske, C. Tetrahedron Lett. 1994, 35, 5279-5282.

Marquez, M. M. B.; Santos, M. M. M.; Lobo, A. M.; Prabhakar, S. Tetrahedron
Lett. 2000, 41, 9835-9838.

Tsuchimoto, T.; Matsubayashi, H.; Kaneko, M.; Shirakawa, E.; Kawakami, Y.
Angew. Chem., Int. Ed. 2005, 44, 1336-1340.

Merlic, C. A.; You, Y.; Mclnnes, D. M.; Zechman, A. L.; Miller, M. M.; Deng, Q.
Tetrahedron 2001, 57, 5199-5212.

Pelly, S. C.; Parkinson, C. J.; van Otterlo, W. A. L.; de Koning, C. B. J. Org. Chem.
2005, 70, 10474-10481.

Banerji, A.; Bandyopadhyay, D.; Basak, B.; Biswas, P. K.; Banerji, J.; Chatterjee,
A. Chem. Lett. 2005, 34, 1500-1501.

. Cai, X.; Snieckus, V. Org. Lett. 2004, 6, 2293-2295.
. Faul, M. M.; Winneroski, L. L.; Krumrich, C. A. J. Org. Chem. 1998, 63, 6053-

6058.

. Roy, S.; Eastman, A.; Gribble, G. W. Tetrahedron 2006, 62, 7838-7845.

. Lu, Z.; Wang, K. Application: US 2002/016352, 2002.

. Roy, S.; Eastman, A.; Gribble, G. W. Synth. Commun. 2005, 35, 595-601.

. Roy, S.; Eastman, A.; Gribble, G. W. Org. Biomol. Chem. 2006, 4, 3228-3234.

. Witulski, B.; Schweikert, T. Synthesis 2005, 1959-1966.

. Wang, J. (Bristol-Myers Squibb Company, USA). Application: WO 2003/022861

A1, 2003.

. Wang, J.; Rosingana, M.; Watson, D. J.; Dowdy, E. D.; Discordia, R. P.; Soun-

darajan, N.; Li, W.-S. Tetrahedron Lett. 2001, 42, 8935-8937.

. Faul, M. M.; Sullivan, K. A. Tetrahedron Lett. 2001, 42, 3271-3273.
. Monse, B.; Braxmeier, T.; Ferrand, S.; Gordon, S.; Klafki, H.; Lahu, G.; Roder, H.;

Sahagun-Krause, H.; Seneci, P.; Thillaye du Boullay, O. (Nad A.-G., Germany).
Application: WO 2004/048384 A1, 2004.

. Zhu, G.; Conner, S. E.; Zhou, X.; Shih, C.; Li, T.; Anderson, B. D.; Brooks, H. B.;

Campbell, R. M.; Considine, E.; Dempsey, ]. A.; Faul, M. M.; Ogg, C.; Patel, B.;

54,

55.

56.
57.

58.

59.
60.
. Hinze, C.; Kreipl, A.; Terpin, A.; Steglich, W. Synthesis 2007, 608-612.
62.

63.
. Lakatosh, S. A.; Balzarini, J.; Andrei, G.; Snoeck, R.; De Clercq, E.; Preo-

65.
66.

67.
68.
69.
. Hayashi, H.; Ohmoto, S.; Somei, M. Heterocycles 1997, 45, 1647-1650.
71.
72.

73.
74.

75.
76.

77.
78.

91.
. Howard-Jones, A. R.; Walsh, C. T. J. Am. Chem. Soc. 2007, 129, 11016-11017.
93.

94,

95.

96.
. Hosoya, T.; Yamamoto, Y.; Uehara, Y.; Hayashi, M.; Komiyama, K.; Ishibashi, M.

98.

9177

Schultz, R. M.; Spencer, C. D.; Teicher, B.; Watkins, S. A. J. Med. Chem. 2003, 46,
2027-2030.

Sanchez-Martinez, C.; Shih, C.; Zhu, G.; Li, T.; Brooks, H. B.; Patel, B. K. R.;
Schultz, R. M.; DeHahn, T. B.; Spencer, C. D.; Watkins, S. A.; Ogg, C. A.; Con-
sidine, E.; Dempsey, ]. A.; Zhang, F. Bioorg. Med. Chem. Lett. 2003, 13, 3841-
3846.

Balasubramanian, B. N.; St. Laurent, D. R.; Saulnier, M. G.; Long, B. H.; Bachand,
C.; Beaulieu, F.; Clarke, W.; Deshpande, M.; Eummer, ].; Fairchild, C. R.; Fren-
nesson, D. B.; Kramer, R.; Lee, F. Y.; Mahler, M.; Martel, A.; Naidu, B. N.; Rose,
W. C.; Russell, J.; Ruediger, E.; Solomon, C.; Stoffan, K. M.; Wong, H.; Zim-
mermann, K.; Vyas, D. M. J. Med. Chem. 2004, 47, 1609-1612.

Zhang, G.; Shen, J.; Cheng, H.; Zhu, L.; Fang, L.; Luo, S.; Muller, M. T.; Lee, G. E.;
Wei, L.; Du, Y.; Sun, D.; Wang, P. G. J. Med. Chem. 2005, 48, 2600-2611.
Kaletas, B. K.; Mandl, C.; van der Zwan, G.; Fanti, M.; Zerbetto, F.; De Cola, L.;
Konig, B.; Williams, R. M. J. Phys. Chem. A 2005, 109, 6440-6449.

Slater, M. ].; Baxter, R.; Bonser, R. W.; Cockerill, S.; Gohil, K.; Parry, N.; Rob-
inson, E.; Randall, R.; Yeates, C.; Snowden, W.; Walters, A. Bioorg. Med. Chem.
Lett. 2001, 11, 1993-1995.

Nakazono, M.; Nanbu, S.; Uesaki, A.; Kuwano, R.; Kashiwabara, M.; Zaitsu, K.
Org. Lett. 2007, 9, 3583-3586.

Wang, T.; Bai, Y.; Ma, L,; Yan, X.-P. Org. Biomol. Chem. 2008, 6, 1751-1755.

Gilbert, E. J.; Ziller, ]. W.; Van Vranken, D. L. Tetrahedron 1997, 53, 16553-
16564.
Chisholm, J. D.; Van Vranken, D. L. J. Org. Chem. 2000, 65, 7541-7553.

brazhenskaya, M. N. J. Antibiot. 2002, 55, 768-773.

Wada, Y.; Nagasaki, H.; Tokuda, M.; Orito, K. J. Org. Chem. 2007, 72, 2008-2014.
Sperry, ].; McErlean, C. S. P.; Slawin, A. M. Z.; Moody, C. J. Tetrahedron Lett.
2007, 48, 231-234.

McErlean, C. S. P; Sperry, J.; Blake, A. ].; Moody, C. J. Tetrahedron 2007, 63,
10963-10970.

Somei, M.; Yamada, F.; Suzuki, Y.; Ohmoto, S.; Hayashi, H. Heterocycles 2004,
64, 483-489.

Hayashi, H.; Suzuki, Y.; Somei, M. Heterocycles 1999, 51, 1233-1235.

Moreau, P.; Sancelme, M.; Bailly, C.; Léonce, S.; Pierré, A.; Hickman, ].; Pfeiffer,
B.; Prudhomme, M. Eur. J. Med. Chem. 2001, 36, 887-897.

Arimondo, P. B.; Bailly, C.; Boutorine, A. S.; Moreau, P.; Prudhomme, M.; Sun,
].-S.; Garestier, T.; Héléne, C. Bioconjugate Chem. 2001, 12, 501-509.

Nichols, C. J.; Simpkins, N. S. Tetrahedron Lett. 2004, 45, 7469-7473.

Moffat, D.; Nichols, C. J.; Riley, D. A.; Simpkins, N. S. Org. Biomol. Chem. 2005, 3,
2953-2975.

Tamaki, K.; Shotwell, ]. B.; White, R. D.; Drutu, I.; Petsch, D. T.; Nheu, T. V.; He,
H.; Hirokawa, Y.; Maruta, H.; Wood, J. L. Org. Lett. 2001, 3, 1689-1692.

Yang, S.-M.; Malaviya, R.; Wilson, L. J.; Argentieri, R.; Chen, X.; Yang, C.; Wang,
B.; Cavender, D.; Murray, W. V. Bioorg. Med. Chem. Lett. 2007, 17, 326-331.
Wilson, L. J.; Yang, C.; Murray, W. V. Tetrahedron Lett. 2007, 48, 7399-7403.
Wilson, L. J.; Murray, W. V.; Yang, S.-M.; Yang, C.; Wang, B. Application: US
2007/0249590 A1, 2007.

. Burtin, G. E.; Madge, D. J.; Selwood, D. L. Heterocycles 2000, 53, 2119-2122.
. Zhu, G.; Conner, S. E.; Zhou, X.; Chan, H.-K.; Shih, C.; Engler, T. A.; Al-awar, R.

S.; Brooks, H. B.; Watkins, S. A.; Spencer, C. D.; Schultz, R. M.; Dempsey, ]J. A.;
Considine, E. L.; Patel, B. R.; Ogg, C. A.; Vasudevan, V.; Lytle, M. L. Bioorg. Med.
Chem. Lett. 2004, 14, 3057-3061.

. Al-Awar, R.S.; Hecker, K.A.; Huang, J.; Joseph, S.; Li, T.; Paal, M.; Rathnachalam,

R.; Ray, J.E.; Shih, C.; Waid, P.P.; Zhou, X.; Zhu, G. (Eli Lilly and Company, USA).
Application: WO 2001/044247 A2, 2001.

. Bush, ]. A;; Long, B. H.; Catino, J. J.; Bradner, W. T.; Tomita, K. J. Antibiot. 1987,

40, 668-678.

. Nettleton, D. E.; Doyle, T. W.; Krishnan, B.; Matsumoto, G. K.; Clardy, J. Tet-

rahedron Lett. 1985, 26, 4011-4014.

. Onaka, H. Actinomycetologica 2006, 20, 62-71.

. Yeh, E.; Garneau, S.; Walsh, C. T. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 3960-3965.
. Howard-Jones, A. R.; Walsh, C. T. Biochemistry 2005, 44, 15652-15663.

. Nishizawa, T.; Aldrich, C. C.; Sherman, D. H. J. Bacteriol. 2005, 187, 2084-2092.
. Nishizawa, T.; Griischow, S.; Jayamaha, D.-H. E.; Nishizawa-Harada, C.; Sher-

man, D. H. J. Am. Chem. Soc. 2006, 128, 724-725.

. Onaka, H.; Taniguchi, S.; Igarashi, Y.; Furumai, T. Biosci. Biotechnol. Biochem.

2003, 67, 127-138.

. Sanchez, C.; Zhu, L.; Braiia, A. F.; Salas, A. P.; Rohr, J.; Méndez, C.; Salas, J. A.

Proc. Natl. Acad. Sci. US.A. 2005, 102, 461-466.
Howard-Jones, A. R.; Walsh, C. T. J. Am. Chem. Soc. 2006, 128, 12289-12298.

Sanchez, C.; Butovich, L. A.; Brafia, A. F.; Rohr, J.; Méndez, C.; Salas, ]. A. Chem.
Biol. 2002, 9, 519-531.

Zhang, C.; Albermann, C.; Fu, X.; Peters, N. R.; Chisholm, ]. D.; Zhang, G.;
Gilbert, E. J.; Wang, P. G.; Van Vranken, D. L.; Thorson, J. S. ChemBioChem 2006,
7, 795-804.

Zhang, C.; Weller, R. L.; Thorson, ]. S.; Rajski, S. R. J. Am. Chem. Soc. 2006, 128,
2760-2761.

Wright, A. D.; Papendorf, O.; Kénig, G. M. J. Nat. Prod. 2005, 68, 459-461.

Bioorg. Med. Chem. Lett. 2005, 15, 2776-2780.
Nakatani, S.; Naoe, A.; Yamamoto, Y.; Yamauchi, T.; Yamaguchi, N.; Ishibashi,
M. Bioorg. Med. Chem. Lett. 2003, 13, 2879-2881.



9178

99.

100.

101,

102.

103.

104.
105.

106.

107.
108.

109.
110.
111.

112.

113.
114.

129.

130.

131
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

T. Janosik et al. / Tetrahedron 64 (2008) 9159-9180

Kamata, K.; Kiyota, M.; Naoe, A.; Nakatani, S.; Yamamoto, Y.; Hayashi, M.;
Komiyama, K.; Yamori, T.; Ishibashi, M. Chem. Pharm. Bull. 2005, 53, 594-597.
Chang, K.-J.; Moon, D.; Lah, M. S.; Jeong, K.-S. Angew. Chem., Int. Ed. 2005, 44,
7926-7929.

Kim, N.-K.; Chang, K.-J.; Moon, D.; Lah, M. S.; Jeong, K.-S. Chem. Commun. 2007,
3401-3403.

Chae, M. K;; Lee, J.-L.; Kim, N.-K.; Jeong, K.-S. Tetrahedron Lett. 2007, 48, 6624-
6627.

Meragelman, K. M.; West, L. M.; Northcote, P. T.; Pannell, L. K.; McKee, T. C.;
Boyd, M. R. J. Org. Chem. 2002, 67, 6671-6677.

Wabhlstrom, N.; Bergman, J. Tetrahedron Lett. 2004, 45, 7273-7275.

Hénon, H.; Messaoudi, S.; Hiugon, B.; Anizon, F.; Pfeiffer, B.; Prudhomme, M.
Tetrahedron 2005, 61, 5599-5614.

Hénon, H.; Anizon, F.; Golsteyn, R. M.; Léonce, S.; Hofmann, R.; Pfeiffer, B.;
Prudhomme, M. Bioorg. Med. Chem. 2006, 14, 3825-3834.

Bergman, J.; Desarbre, E.; Koch, E. Tetrahedron 1999, 55, 2363-2370.

Nair, V.; Nandialath, V.; Abhilash, K. G.; Suresh, E. Org. Biomol. Chem. 2008, 6,
1738-1742.

Robinson, B. J. Chem. Soc. 1963, 3097-3099.

Yudina, L. N.; Bergman, J. Tetrahedron 2003, 59, 1265-1275.

Li, Y.; Wu, Y.; Gardner, S.; Ong, B. S. Adv. Mater. 2005, 17, 849-853.

Wakim, S.; Bouchard, J.; Blouin, N.; Michaud, A.; Leclerc, M. Org. Lett. 2004, 6,
3413-3416.

Bouchard, J.; Wakim, S.; Leclerc, M. J. Org. Chem. 2004, 69, 5705-5711.
Bergman, J.; Wahlstrém, N.; Yudina, L. N.; Tholander, ].; Lidgren, G. Tetrahedron
2002, 58, 1443-1452.

. Bergman, J.; Venemalm, L. Tetrahedron 1990, 46, 6061-6066.
. Miki, Y.; Hachiken, H. Synlett 1993, 333-334.
. Lindsay, K. B.; Ferrando, F.; Christensen, K. L.; Overgaard, ].; Roca, T.; Bennasar,

M.-L.; Skrydstrup, T. J. Org. Chem. 2007, 72, 4181-4188.

. Wahlstrém, N.; Stensland, B.; Bergman, ]. Synthesis 2004, 1187-1194.
. Wahlstrém, N.; Sldtt, J.; Stensland, B.; Ertan, A.; Bergman, J.; Janosik, T. J. Org.

Chem. 2007, 72, 5886-5889.

. Wahlstrém, N.; Romero, I.; Bergman, J. Eur. . Org. Chem. 2004, 2593-2602.

. Gu, R; Hameurlaine, A.; Dehaen, W. Synlett 2006, 1535-1538.

. Gu, R.; Hameurlaine, A.; Dehaen, W. J. Org. Chem. 2007, 72, 7207-7213.

. Deb, M. L,; Bhuyan, P. L. Synlett 2008, 325-328.

. Gu, R.; Ahmad, K.; Dehaen, W. Personal communication.

. Kawaguchi, K.; Nakano, K.; Nozaki, K. J. Org. Chem. 2007, 72, 5119-5128.

. Ivonin, S. P.; Lapandin, A. V. Arkivoc 2005, viii, 4-9.

. Ivonin, S. P.; Mazepa, A. V.; Lapandin, A. V. Chem. Heterocycl. Compd. 2006, 42,

451-457.

. Wakim, S.; Bouchard, J.; Simard, M.; Drolet, N.; Tao, Y.; Leclerc, M. Chem. Mater.

2004, 16, 4386-4388.

Zhao, H.-P.; Tao, X.-T.; Wang, F.-Z.; Ren, Y.; Sun, X.-Q.; Yang, J.-X.; Yan, Y.-X;
Zou, D.-C.; Zhao, X.; Jiang, M.-H. Chem. Phys. Lett. 2007, 439, 132-137.
Belletéte, M.; Blouin, N.; Boudreault, P.-L. T.; Leclerc, M.; Durocher, G. J. Phys.
Chem. A 2006, 110, 13696-13704.

Wu, Y.; Li, Y.; Gardner, S.; Ong, B. S. J. Am. Chem. Soc. 2005, 127, 614-618.

Gu, R.; Robeyns, K.; Van Meervelt, L.; Toppet, S.; Dehaen, W. Org. Biomol. Chem.
2008, 6, 2484-2487.

Gu, R.; Van Hecke, K.; Van Meervelt, L.; Toppet, S.; Dehaen, W. Org. Biomol.
Chem. 2006, 4, 3785-3789.

Sohn, B.-H.; Park, S.-H.; Lee, S.-H.; Song, 1.-S.; Son, J.-M.; Paek, W.-]. (Samsung
Sdi Co., Ltd., S. Korea). Application: US 2004/0137271 A1, 2004.

Irlinger, B.; Bartsch, A.; Kramer, H.-J.; Mayser, P.; Steglich, W. Helv. Chim. Acta
2005, 88, 1472-1485.

Wille, G.; Mayser, P.; Thoma, W.; Monsees, T.; Baumgart, A.; Schmitz, H.-].;
Schrenk, D.; Polborn, K.; Steglich, W. Bioorg. Med. Chem. 2001, 9, 955-960.
Kramer, H.-].; Podobinska, M.; Bartsch, A.; Battmann, A.; Thoma, W.; Bernd, A.;
Kummer, W.; Irlinger, B.; Steglich, W.; Mayser, P. ChemBioChem 2005, 6, 860-
865.

Mayser, P.; Steglich, W.; Kraemer, H.-].; Irlinger, B. (Germany). Application: DE
10109005 A1, 2002.

Bjeldanes, L. F.; Kim, ].-Y.; Grose, K. R.; Barholomew, ]. C.; Bradfield, C. A. Proc.
Natl. Acad. Sci. US.A. 1991, 88, 9543-9547.

Anderton, M. ].; Jukes, R.; Lamb, ]. H.; Manson, M. M.; Gescher, A.; Steward,
W. P.; Williams, M. L. J. Chromatogr., B 2003, 787, 281-291.

Anderton, M. J.; Manson, M. M.; Verschoyle, R. D.; Gescher, A.; Lamb, ]. H.;
Farmer, P. B.; Steward, W. P.; Williams, M. L. Clin. Cancer Res. 2004, 10, 5233-5241.
Bonnesen, C.; Eggleston, I. M.; Hayes, ]. D. Cancer Res. 2001, 61, 6120-6130.
Herrmann, S.; Seidelin, M.; Bisgaard, H. C.; Vang, O. Carcinogenesis 2002, 23,
1861-1868.

Pohjanvirta, R.; Korkalainen, M.; McGuire, ].; Simanainen, U.; Juvonen, R.;
Tuomisto, J. T.; Unkila, M.; Viluksela, M.; Bergman, J.; Poellinger, L.; Tuomisto,
J. Food Chem. Toxicol. 2002, 40, 1023-1032.

De Waard, P. W. J.; De Kok, T. M. C. M.; Maas, L. M.; Peijnenburg, A. A. C. M.;
Hoogenboom, R. L. A. P.; Aarts, J. M. M. J. G.; Van Schooten, F.-]. Mutagenesis
2008, 23, 67-73.

De Waard, P. W. J.; Aarts, J. M. M. ]. G.; Peijnenburg, A. A. C. M.; Baykus, H.;
Talsma, E.; Punt, A.; De Kok, T. M. C. M.; Van Schooten, F.-].; Hoogenboom,
L. A. P. Toxicol. in Vitro 2008, 22, 396-410.

Diani-Moore, S.; Labitzke, E.; Brown, R.; Garvin, A.; Wong, L.; Rifkind, A. B.
Toxicol. Sci. 2006, 90, 96-110.

Oberg, M.; Bergander, L.; Hikansson, H.; Rannug, U.; Rannug, A. Toxicol. Sci.
2005, 85, 935-943.

149.

150.

151.

152.
153.
154.
155.
156.
157.
158.
159.
160.
161.

162.
163.

164.
165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Fritsche, E.; Schafer, C.; Calles, C.; Bernsmann, T.; Bernshausen, T.; Wurm, M.;
Hiibenthal, U.; Cline, ]. E.; Hajimiragha, H.; Schroeder, P.; Klotz, L.-O.; Rannug,
A.; Furst, P.; Hanenberg, H.; Abel, J.; Krutmann, J. Proc. Natl. Acad. Sci. US.A.
2007, 104, 8851-8856.

Rannug, A.; Tuominen, R.; Warholm, M.; Rannug, U. Organohalogen Compd.
2003, 65, 94-97.

Mukai, M.; Tischkau, S. A. Toxicol. Sci. 2007, 95, 172-181.

Bemanian, V.; Langvik, M.; Rannug, A.; Gokseyr, A.; Male, R. Organohalogen
Compd. 2003, 65, 118-121.

Wei, Y.-D.; Bergander, L.; Rannug, U.; Rannug, A. Arch. Biochem. Biophys. 2000,
383, 99-107.

Bergander, L.; Wahlstrom, N.; Alsberg, T.; Bergman, J.; Rannug, A.; Rannug, U.
Drug Metab. Dispos. 2003, 31, 233-241.

Bergander, L.; Wincent, E.; Rannug, A.; Foroozesh, M.; Alworth, W.; Rannug, U.
Chem.-Biol. Interact. 2004, 149, 151-164.

Lo Piparo, E.; Koehler, K.; Chana, A.; Benfenati, E.J. Med. Chem. 2006, 49, 5702-5709.
Nguyen, L. P.; Bradfield, C. A. Chem. Res. Toxicol. 2008, 21, 102-116.

Belletéte, M.; Durocher, G.; Hamel, S.; C6té, M.; Wakim, S.; Leclerc, M. J. Chem.
Phys. 2005, 122 104303/1-104303/9.

Belletéte, M.; Boudreault, P.-L. T.; Leclerc, M.; Durocher, G. J. Mol. Struct.:
THEOCHEM 2007, 824, 15-22.

Belletéte, M.; Wakim, S.; Leclerc, M.; Durocher, G. J. Mol. Struct.: THEOCHEM
2006, 760, 147-152.

Liu, H.-J.; Tao, X.-T.; Yang, ].-X.; Yan, Y.-X.; Ren, Y.; Zhao, H.-P; Xin, Q.; Yu, W.-T,;
Jiang, M.-H. Cryst. Growth Des. 2008, 8, 259-264.

Wakim, S.; Leclerc, M. Synlett 2005, 1223-1234.

Boudreault, P.-L. T.; Wakim, S.; Blouin, N.; Simard, M.; Tessier, C.; Tao, Y.;
Leclerc, M. J. Am. Chem. Soc. 2007, 129, 9125-9136.

Tholander, J.; Bergman, ]. Tetrahedron 1999, 55, 12577-12594.

Li, Y.; Ong, B. S.; Wu, Y.; Liu, P. (Xerox Corporation, USA). Application: US 2007/
0112172 A1, 2007.

Li, Y.; Ong, B. S.; Wu, Y.; Liu, P. (Xerox Corporation, USA). Application: US 2007/
0112167 A1, 2007.

Zhao, H.-P,; Tao, X.-T.; Wang, P.; Ren, Y.; Yang, ].-X.; Yan, Y.-X.; Yuan, C.-X.; Liu,
H.-J.; Zou, D.-C.; Jiang, M.-H. Org. Electron. 2007, 8, 673-682.

Takemura, C.; Tanaka, T.; Hirai, K.; Kita, H. (Konica Minolta Holdings, Inc.,
Japan). Application: JP 2007/019294, 2007.

Ong, B. S.; Qi, Y.; Wy, Y.; Li, Y. (Xerox Corporation, USA). Application: US 2006/
0214155 A1, 2006.

Aziz, H.; Popovic, Z. D.; Hu, N.-X. (Xerox Corporation, USA). Application: EP
1227527 A2, 2002.

Vestweber, H.; Heil, H.; Stoessel, P.; Buesing, A.; Parham, A.; Fortte, R. (Merck
Patent GmbH, Germany). Application: WO 2006/122630 A1, 2006.

Li, Y.; Wu, Y.; Ong, B. S. (Xerox Corporation, USA). Application: US 2006/
0128969 A1, 2006.

Wu, Y.; Ong, B. S.; Qi, Y.; Li, Y. (Xerox Corporation, USA). Application: US 2006/
0125009 A1, 2006.

Ong, B. S.; Qi, Y.; Wu, Y.; Li, Y. (Xerox Corporation, USA). Application: US 2006/
0124921 A1, 2006.

Ong, B. S.;; Qi, Y.; Wy, Y.; Li, Y. (Xerox Corporation, USA). Application: EP
1672713 A1, 2006.

Asari, T.; Ishiyama, T.; Ishikawa, S.; Nobuta, T.; Takahashi, N.; Nishiyama, T.
(Nippon Steel Chemical Co., Ltd., Japan; Nec Tokin Corporation). Application:
WO 2006/098229 A1, 2006.

Blouin, N.; Michaud, A.; Wakim, S.; Boudreault, P.-L. T.; Leclerc, M.; Vercelli, B.;
Zecchin, S.; Zotti, G. Macromol. Chem. Phys. 2006, 207, 166-174.

Lévesque, I.; Bertrand, P.-O.; Blouin, N.; Leclerc, M.; Zecchin, S.; Zotti, G.;
Ratcliffe, C. I.; Klug, D. D.; Gao, X.; Gao, E; Tse, J. S. Chem. Mater. 2007, 19, 2128-
2138.

Li, Y.; Wu, Y.; Ong, B. S. Macromolecules 2006, 39, 6521-6527.

Blouin, N.; Leclerc, M.; Vercelli, B.; Zecchin, S.; Zotti, G. Macromol. Chem. Phys.
2006, 207, 175-182.

Lee, W.-Y.; Chen, C.-W.; Chueh, C.-C.; Yang, C.-C.; Chen, W.-C. Polym. ]. (Tokyo,
Jpn.) 2008, 40, 249-255.

Chao, W.-R;; Yean, D.; Amin, K.; Green, C.; Jong, L. . Med. Chem. 2007, 50, 3412-
3415.

Doppalapudi, R. S.; Riccio, E. S.; Rausch, L. L.; Shimon, J. A.; Lee, P. S.; Mor-
telmans, K. E.; Kapetanovic, I. M.; Crowell, J. A.; Mirsalis, J. C. Mutat. Res. 2007,
629, 148-160.

. Jong, L.; Chao, W.-R. (SRI International, USA). Application: US 2004/0043965

Al, 2004.

. Zeligs, M. A. (Bioresponse LLC, USA). Application: WO 2006/083458 A2, 2006.
. Zeligs, M. A. (Bioresponse LLC, USA). Application: WO 2006/105196 A2, 2006.
. Zeligs, M. A. (Bioresponse LLC, USA). Application: WO 2006/047716 A2, 2006.
. Zeligs, M. A. Application: US 2005/0063903 A1, 2005.

. Yudina, L. N.; Lazhko, E. L; Korolev, A. M.; Preobrazhenskaya, M. N. Chem.

Heterocycl. Compd. 2002, 38, 1200-1204.

. Sangeetha, V.; Prasad, K. ]. R. Indian J. Chem. 2006, 45B, 1028-1033.

. Martin, A. E.; Prasad, K. J. R. Synth. Commun. 2008, 38, 1778-1783.

. Katritzky, A. R.; Akutagawa, K. Tetrahedron Lett. 1985, 26, 5935-5938.

. Deb, M. L.; Baruah, B.; Bhuyan, P. ]. Synthesis 2008, 286-292.

. Desarbre, E.; Bergman, J. J. Chem. Soc., Perkin Trans. 1 1998, 2009-2016.

. Voldoire, A.; Sancelme, M.; Prudhomme, M.; Colson, P.; Houssier, C.; Bailly, C.;

Léonce, S.; Lambel, S. Bioorg. Med. Chem. 2001, 9, 357-365.

. Robertson, N.; Parsons, S.; MacLean, E. ].; Coxall, R. A.; Mount, A. R. J. Mater.

Chem. 2000, 10, 2043-2047.



197.

198.

199.

200.

201.
202.

203.

204.
205.

T. Janosik et al. / Tetrahedron 64 (2008) 9159-9180

Gomez-Lor, B.; Echavarren, A. M. Org. Lett. 2004, 6, 2993-2996.

Gomez-Lor, B.; Alonso, B.; Omenat, A.; Serrano, J. L. Chem. Commun. 20086,
5012-5014.

Lai, W.-Y.; Zhy, R.; Fan, Q.-L.; Hou, L.-T.; Cao, Y.; Huang, W. Macromolecules
2006, 39, 3707-3709.

Levermore, P. A.; Xia, R.; Lai, W.; Wang, X. H.; Huang, W.; Bradley, D. D. C.
J. Phys. D: Appl. Phys. 2007, 40, 1896-1901.

Feng, G.-L.; Lai, W.-Y.; Ji, S.-].; Huang, W. Tetrahedron Lett. 2006, 47, 7089-7092.
Gomez-Lor, B.; Hennrich, G.; Alonso, B.; Monge, A.; Gutierrez-Puebla, E.;
Echavarren, A. M. Angew. Chem., Int. Ed. 2006, 45, 4491-4494.

Hiyoshi, H.; Kumagai, H.; Ooi, H.; Sonoda, T.; Mataka, S. Heterocycles 2007, 72,
231-238.

Yurtsever, M.; Yurtsever, E. Polymer 2002, 43, 6019-6025.

Machida, K.; Nakagawa, Y.; Ogihara, N.; Naoi, K. Electrochemistry (Tokyo, Japan)
2005, 73, 1035-1041.

206.

207.

208.

209.

9179

Kurosaki, M.; Nishiyama, T.; Kamisuki, H.; Harada, G.; Nakagawa, Y.; Yoshida,
S.; Nobuta, T.; Mitani, M. (NEC Corp., Japan; NEC Tokin Corp.). Application: EP
1189295 A2, 2002.

Kim, S.; Kumamoto, T.; Ishikawa, T.; Seki, H.; Ozawa, T.; Hoshino, K. Chem. Lett.
2008, 37,196-197.

Engler, T. A.; Furness, K.; Malhotra, S.; Sanchez-Martinez, C.; Shih, C.; Xie, W.;
Zhu, G.; Zhou, X.; Conner, S.; Faul, M. M.; Sullivan, K. A.; Kolis, S. P.; Brooks, H.
B.; Patel, B.; Schultz, R. M.; DeHahn, T. B.; Kirmani, K.; Spencer, C. D.; Watkins,
S. A.; Considine, E. L.; Dempsey, J. A.; Ogg, C. A.; Stamm, N. B.; Anderson, B. D.;
Campbell, R. M.; Vasudevan, V.; Lytle, M. L. Bioorg. Med. Chem. Lett. 2003, 13,
2261-2267.

Faul, M. M.; Engler, T. A.; Sullivan, K. A.; Grutsch, J. L.; Clayton, M. T.; Martinelli,
M. J.; Pawlak, J. M.; LeTourneau, M.; Coffey, D. S.; Pedersen, S. W.; Kolis, S. P.;
Furness, K.; Malhotra, S.; Al-awar, R. S.; Ray, J. E. J. Org. Chem. 2004, 69, 2967-
2975.



9180 T. Janosik et al. / Tetrahedron 64 (2008) 9159-9180

Biographical sketch

Dr. Tomasz Janosik received his M.Sc. degree in chemical engineering from the Royal
Institute of Technology in Stockholm in 1996. After completing his Ph.D. studies (2002)
in the laboratory of Professor Jan Bergman at the Karolinska Institute working in the
field of bisindole and indolocarbazole chemistry, he pursued a post-doctoral period
(2002-2003) at Dartmouth College (New Hampshire, USA) in the group of Professor
Gordon W. Gribble where he was involved in development of new biologically active
synthetic triterpenoids. He thereafter returned to the Karolinska Institute, where he
is currently working as a senior scientist. The research interests of Dr. Janosik are fo-
cussed on five- and seven-membered heterocycles, indole-containing natural prod-
ucts, and organosulfur chemistry.

Dr. Niklas Wahlstrom received his M.Sc. degree in chemistry from Umed University,
Sweden, in 1998. He completed his Ph.D. from Karolinska Institute in 2004 in Professor
Jan Bergman'’s group, where he was working on the synthesis of bisindoles and carba-
zole natural products. He was a postdoc with Professor Sir Jack E. Baldwin at Oxford
University in 2005. In 2006, Dr. Wahlstrém joined AstraZeneca, Sodertdlje, Sweden,
where he is currently working as a senior scientist.

Professor Jan Bergman obtained his Ph.D. in 1971 at the Royal Institute of Technology,
Stockholm, Sweden, under the direction of Professor Holger Erdtman. The title of the thesis
‘Synthetic Studies of Indole Derivatives’ is a good indicator of his continued interest in nitro-
gen heterocycles. After a spell in Canada at the University of Waterloo during the Olympic
year 1976, he returned to Sweden, and since 1989 he is the Head of the Organic Chemistry
unit at the Karolinska Institute, Huddinge, Sweden.



	Recent progress in the chemistry and applications of indolocarbazoles
	Introduction
	Indolo[2,3-a]carbazoles
	Synthesis and reactions
	Indolo[2,3-a]carbazole natural products and biosynthetic aspects
	Special applications

	Indolo[3,2-a]carbazoles
	Indolo[3,2-b]carbazoles
	Synthesis and reactions
	Naturally occurring and biologically active indolo[3,2-b]carbazoles
	Technical applications, structural aspects, and other related studies

	Indolo[2,3-b]carbazoles
	Indolo[2,3-c]carbazoles
	Miscellaneous indolocarbazole structures
	Fused indole trimers
	Other relevant systems

	Concluding remarks
	Acknowledgements
	References and notes


