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Abstract—The synthesis and structure–activity relationships of a new series of indolo[2,3-a]carbazole glycosides, analogs of
rebeccamycin, derived from the natural sugars (glucose, fucose, mannose, xylose, rhamnose, and galactose) is described.
� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Indolo[2,3-a]carbazole glycosides are divided into two
classes based upon their structure and mechanism of
action (Fig. 1). The staurosporine (1) and K252a (2)
class, containing two glycosidic bonds linked to the
indolocarbazole heterocycle are inhibitors of protein
kinases.1 In contrast, indolo[2,3-a]carbazole glycosides
with only one glycosidic linkage to the indolocarbazole
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Figure 1. Chemical structures for (+)-staurosporine, K252a, and

rebeccamycin derivatives.
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(e.g., rebeccamycin (3),2;3) bind to DNA and possess
anti-tumor properties. This latter class are currently
under evaluation in the clinic for treatment of a variety
of malignancies including advanced renal carcinoma,
metastatic or locally recurrent colorectal cancer and
stage IIIB or IV breast cancer.

As part of our continued effort to identify novel and
selective inhibitors of cyclin D1-CDK4 for the treatment
of cancer,4–9 we wanted to evaluate the synthesis and
biological activity of rebeccamycin analogs that lack the
aryl chlorine groups and in which the 4-O-methylglucose
moiety has been replaced by a naturally occurring sugar,
for example glucose, fucose, mannose, xylose, rham-
nose, and galactose. Despite multiple reports on the
synthesis10–12 and structure–activity relationships of
rebeccamycin,13–17 no work has been reported on the
simpler analogs of this class. Since the sugar is often the
critical determinant of the key biological activity, an
efficient strategy to prepare this class of compounds
would be valuable.
2. Results and discussion

A number of methods for glycosylation of indoles and
indolocarbazoles have been reported.8;10–12;17–23 Of these
procedures the Mannich dimerization of indoles24 is an
important strategy because selective glycosidation can
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Table 1. One-pot synthesis of indolo[2,3-a]carbazole glycosides

Entry Compound Sugara ;b Yield (%)

from 4

1 9a DD-Glucose 88

2 9b DD-Galactose 96

3 9c LL-Fucose 97

4 9d LL-Rhamnose 60

5 9e DD-Xylose 49

6 9f DD-Maltose 91

aGlycosidation was performed with 5 equiv of saccharide and

(NH4)4SO4 in EtOH.
bOxidations were performed in THF with 1 equiv DDQ.
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be achieved using unprotected, unactivated carbohy-
drates.25–27 Mannich dimerization of N-methyl arcyri-
aubin A (4a),28;29 or its maleimide equivalent (4b), has
been reported to afford predominantly carbazole 5 un-
less the indoline intermediate is oxidized in situ (Scheme
1).28;30 Once formed, 5 undergoes intramolecular cycli-
zation to 6 under the reaction conditions. For this
reason, to successfully perform glycosidations on an
indole-indoline derived from 4, it has been reported that
the maleimide double bond must be reduced to the
corresponding succinimide.22

To develop an efficient strategy to prepare the glycosi-
dated rebeccamycin analogs, we identified 7 as a late
stage synthetic intermediate that could be glycosidated
in one step. Since the maleimide NH is known to be
required for biological activity, we wanted to directly
access this compound and avoid any deprotection steps
that would be required if the corresponding NMe
derivative was employed. Upon evaluation of the
Mannich dimerization of 4b previously reported, we
confirmed that at room temperature 6b was the major
product. However when the reaction was performed at
0 �C indole-indoline 7 was obtained in 80% yield. In
fact, 7 proved to be a stable compound, that was not
prone to oxidation by air or light, either in solution or
as a crystalline solid. This extra stability of 7 allowed us
to evaluate the glycosidation of this substrate. Using
conditions similar to those developed by Chisholm and
Van Vranken,22 we identified an efficient synthesis of
8a–f by heating an EtOH solution of 7 with excess sugar
(5 equiv) and ammonium sulfate (5 equiv) until the
reaction was complete (3–72 h). However, isolation of
8a–f proved extremely difficult due to the polarity of
these compounds and their ability to form solvates and
hydrates. Thus to eliminate this problem a one-pot
procedure, in which the glycosidated indole-indolines
(8a–f) were used directly in the DDQ oxidation step
without isolation was developed (Table 1). Once the
glycosidation reaction to 7 was complete, EtOH was
removed in vacuo, and DDQ (1 equiv) in THF was
added. After oxidation, indolo[2,3-a]carbazole glyco-
sides 9a–f were isolated in 49–97% yield from 7
(Scheme 2).31
Each saccharide exhibited differing reactivity and sta-
bility during the reaction. For DD-glucose formation of 8a
was 75% complete within 5 h, but could not be advanced
past 85%. Alternatively, DD-galactose and LL-fucose pro-
vided highly stable glycosylated intermediates and oxi-
dized products (8 and 9b,c, respectively). LL-Rhamnose
was sluggish during the glycosylation step to prepare 8d
and demonstrated instability during the oxidation
reaction. DD-Xylose afforded a quantitative yield of 8e
within 5 h but was also found to be unstable to the
oxidation conditions, as demonstrated by the lower yield
for 9e (49%). In analogy with literature precedent,27;32

compounds 9a–f are believed to have the sugar in the
axial configuration.

Indolo[2,3-a]carbazole glycosides 9a–f were evaluated
for their D1-CDK4 inhibitory activity in an enzymatic
assay by measuring phosphorylation of RbING substrate
according to standard protocols.33 In addition, other
assays such as B-CDK1, E-CDK2, PKA, and CAMII
were also conducted to determine the selectivity profile.
The IC50 values determined were compared to stauro-
sporine (1) and K252a (2) used as a control (Table 2).

As reported in the literature, staurosporine (1) is a po-
tent and nonselective kinase inhibitor.34–36 Although
staurosporine potently inhibits D1-CDK4 (IC50 ¼
59 nM), it also potently inhibits other kinases tested
(E-CDK2, B-CDK1, CAMKII, PKA, and PKC).



Table 2. IC50 values for indolo[2,3-a]-carbazole glycosides 9a–f

Compound D1-CDK4

(RbING)

B-CDK1

(Histone)

E-CDK2

(RbING)

CAMKII

(Histone)

PKA

(Histone)

PKCb II

9a 0.785 9.75 6.880 0.565 >20 0.594

9b 1.762 5.24 2.063 1.098 >20 5.268

9c 1.600 >20 1.830 2.066 >20 2.04

9d 0.076 3.16 0.296 0.621 >20 1.145

9e 0.130 1.66 0.404 0.135 >20 0.318

9f 0.803 >20 16.18 0.665 >20 0.748

1 0.059 0.012 0.021 0.002 0.038 0.007

2 0.28 0.141 0.299 NT 0.38 0.104
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However, in analogy to staurosporine 1, the simple in-
dolo[2,3-a]carbazole glycosides 9a–f, have good inhibi-
tory activity for D1-CDK4, however they also show
improved selectivity toward several other kinases (B-
CDK1, E-CDK2, PKA, and PKC) (Table 2). Of the
compounds prepared 9d, derived from LL-rhamnose, was
found to be the most selective and potent analog for
D1-CDK4 (IC50 ¼ 76 nM).
3. Conclusion

An efficient two-step process to prepare indolo[2,3-
a]carbazole glycoside analogs of rebeccamycin 9a–f in
40–78% yield is reported. These compound are selective
inhibitors of cyclin D1-CDK4.
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