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A pyridocarbazole platinum complex, which matches the overall
shape of the natural product staurosporine, binds with high affinity
at the adenosine triphosphate binding site of glycogen synthase
kinase 3 (GSK-3R).

An important objective for the discovery of compounds
with new and unique biological activities is the development
of methods for the straightforward synthesis of molecular
scaffolds with defined three-dimensional shapes.1 We re-
cently started a research program that explores the scope of
using metal complexes to accomplish this goal.2,3c In our
concept, structures are built from a metal center, with the
main function of the metal being to organize the organic
ligands in the three-dimensional space. Following this
strategy, we disclosed over the last 2 years a series of simple
but highly potent ruthenium-based protein kinase inhibitors
that mimic the overall shape of the familiy of indolocarbazole
alkaloids (e.g., staurosporine).2-6

Staurosporine is an adenosine triphosphate (ATP)-com-
petitive protein kinase inhibitor.7 It adopts a very defined
globular structure with the carbohydrate moiety oriented
almost perpendicular to the plane of the indolocarbazole
heterocycle (Figure 1). The indolocarbazole heterocycle
occupies the hydrophobic adenine binding cleft, with the
lactam group mimicking the hydrogen-bonding pattern of
the adenine base of ATP and the carbohydrate exerting
hydrophobic contacts and hydrogen bonds within the globular
ribose binding site. Thus, staurosporine matches the shape
of the ATP binding site nicely, which makes it a highly
potent, albeit unspecific, inhibitor for many protein kinases.

We became interested in evaluating the ability of square-
planar platinum complexes to build globular structures. We
envisioned matching the overall three-dimensional structure
of staurosporine with a simple platinum complex such as1
in which a chelating pyridocarbazole moiety substitutes the
indolocarbazole heterocycle and two pyridines replace the
carbohydrate moiety of staurosporine (Figure 1). Because
of steric constraints, the two pyridine ligands would have to
be oriented more or less perpendicular to the plane of the
pyridocarbazole heterocycle and thus define the overall shape
of this platinum scaffold1. Substituents at the pyridines could
then modulate the kinase affinity and selectivity by forming
a variety of contacts within the ribose binding site.
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Figure 1. Mimicking the overall shape of the indolocarbazole alkaloid
staurosporine with a simple platinum complex.
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As a synthetic stratetgy, we were seeking a cycloplatinated
pyridocarbazole intermediate with two substitutionally labile
ligands that would serve as a precursor for the economical
synthesis of any platinum complex of type1. Scheme 1 shows
that we obtained such a general precursor,2a, by the reaction
of the tert-butyldimethylsilyl (TBS)-protected pyridocarba-
zole 3 with Pt(DMSO)2Cl2 (DMSO ) dimethyl sulfoxide)
in the presence of K2CO3 at 45°C (60%).8-10 The other pos-
sible regioisomer is formed in lower amounts (30%). A crys-
tal structure of2averifies the regiochemistry, with the DMSO
moiety coordinated through the S atom and being arranged
trans to the indole (Figure 2). The pyridocarbazole hetero-
cycle is deprotonated at the indole and serves as a bidentate
ligand, with the Pt-N coordinative bond distances being 2.05
and 2.08 Å to the indole and pyridine, respectively.

The precursor complex2a possesses two leaving groups
that can be substituted sequentially. For example, the first
substitution is accomplished smoothly by the reaction of2a
with a pyridine ligand of choice in refluxing CH2Cl2,
providing the platinum complex4a in good yields (75-83%).
Complex4a has the chloride ligand rearranged trans to the
indole (Scheme 2). Interestingly, the analogous reaction with
the minor regioisomer of2a yields an identical product (see
the Supporting Information).

A crystal structure of compound4a with 4-methoxypyri-
dine as the pyridine ligand (Py1) is shown in Figure 3 and
verifies the overall coordination geometry. In addition, as
expected, the 4-methoxypyridine is oriented almost perpen-
dicularly to the plane of the pyridocarbazole ligand (80.3°).

Next in the synthesis (Scheme 2), removal of the chloride
with AgBF4 and replacement by a labile acetonitrile ligand
lead to complex5 (81-95%), which can then be reacted
with the second pyridine ligand under reflux in acetone to
yield the bispyridine complex6. Finally, deprotection of the
TBS groups with tetrabutylammonium fluoride (TBAF)
forms complexes of type1 (35-40% over the last two steps).
Alternatively, the TBAF deprotection can be performed at
earlier stages of this synthetic scheme.

Following this outlined route, we used a positional
scanning protocol (see the Supporting Information) to
identify compound7 (Figure 4) as a nanomolar inhibitor for
the kinase GSK-3R. Briefly, the first position was evaluated
by TBAF deprotection of2a to 2b, followed by the reaction
with 34 different pyridines to give 34 different compounds
4b (Scheme 2), which were subsequently tested for inhibition
of GSK-3R. We identified 4b with 5-hydroxy-2-methyl-
pyridine (Py1) as the most potent compound.

Next, we synthesized the corresponding compound5
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Figure 2. ORTEP drawing of the crystal structure of2a with 30%
probability thermal elipsoids.

Scheme 1. Synthesis of the Precursor Complexes2a and2ba

a Reagents and conditions: (a) Pt(DMSO)2Cl2, K2CO3, 18:1 toluene/
MeOH, 45 °C, 16 h (60% plus 30% of second regioisomer). (b) TBAF,
CH2Cl2. TBS ) tert-butyldimethylsilyl; TBAF ) tetrabutylammonium
fluoride.

Scheme 2. Synthesis of Platinum Complexes1 from the Precursor2aa

a Reagents and conditions: (a) Py1, CH2Cl2, reflux 24-48 h (75-83%).
(b) AgBF4, 2:1 CH2Cl2/MeCN, reflux, 16 h (81-95%). (c) Py2, acetone,
reflux, 16 h. (d) TBAF, THF, room temperature, 30 min (35-40% over
two steps). TBS) tert-butyldimethylsilyl; TBAF ) tetrabutylammonium
fluoride; Py1, Py2 ) pyridine derivatives.
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possessing 5-hydroxy-2-methylpyridine as the pyridine ligand
Py1 following Scheme 2, removed the TBS groups, and
reacted it with 28 different pyridines to yield a library of 28
complexes1 (Scheme 2 with steps c and d switched). Again
screening against GSK-3R led to the identification of7,
having 5-hydroxy-2-methylpyridine cis (Py1) and a 2-bromo-
5-fluoropyridine ligand trans (Py2) to the indole moiety, as
the platinum bispyridine compound with the highest affinity
for GSK-3R (Figure 4). The isolated and purified compound
7 exhibits an IC50 (concentration at which 50% of the enzyme
is inhibited) of 50 nM at 10µM ATP.11,12 With this, 7 has
the same affinity for GSK-3R as staurosporine. For com-
parison, the plain unsubstituted platinum bispyridine complex
8 (Figure 4) turned out to be not an inhibitor of GSK-3R at

all with an IC50 of larger than 50µM at 10µM ATP.13 This
reflects an increase in the binding affinity by more than a
factor of 1000 just by introducing four substituents at the
bispyridine periphery.

In order to test if7 binds as designed to the ATP binding
site, we performed a Lineweaver-Burk analysis of relative
initial velocities of GSK-3R at different concentrations of
ATP and7 (Figure 5). The linear plots intersect at 1/[ATP]
) 0, demonstrating that7 binds competitively with respect
to ATP. Additionally, methylation of the imide nitrogen of
7 abolishes the activity almost completely (IC50 > 100µM),
consistent with the assumption that the imide hydrogen is
involved in hydrogen bonding within the adenine binding
cleft.

In conclusion, we here introduced a simple platinum scaf-
fold that binds to the ATP binding site of a protein kinase.
As a proof-of-principle, we demonstrated that the derivati-
zation of the periphery of this scaffold can markedly modu-
late the inhibition properties. Although such platinum com-
plexes will most likely not be suitable for cellular applications
because of their charge and lower robustness compared to
related ruthenium complexes, we envision that this meth-
odology can serve as a tool for the exploration of chemical
space in ATP binding sites of kinases. In this respect, the
accessability of pyridine ligands together with the straight-
forward synthetic route of platinum complexes should allow
for the generation of large libraries of platinum complexes
followed by screening against panels of kinases.
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(11) The platinum complex7 does not show any signs of decomposition
under the assay conditions as established by HPLC (see the Supporting
Information).

(12) Complex7 exists as a mixture of two rotamers as has been verified
by NOE experiments (see the Supporting Information).

(13) A more accurate determination of IC50 was prevented because of
limitations in the solubility of8.

Figure 3. Crystal structure of platinum complex4 with 4-methoxypyridine
as the pyridine ligand (Py1). ORTEP drawing with 30% probability thermal
elipsoids.

Figure 4. IC50 curves of 7 and 8 against GSK-3R, obtained by
phosphorylation of phosphoglycogen synthase peptide-2 with [γ-32P]ATP,
followed by precipitation of the phosphorylated substrate on P81 phospho-
cellulose and measurement of the counts per minutes in a scintillation
counter. The ATP concentration was 10µM.

Figure 5. Double-reciprocal plots of relative initial velocities (Vrel) against
varying ATP concentrations in the presence of 0 ([), 25 (0), 50 (2), 100
(O), and 150 nM (b) concentrations of7.
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