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Self-assembly is one of the more intriguing subfields within
the general area of molecular recognition. Indeed, quite a
number of natural and unnatural molecules form ordered
supramolecular ensembles by self-assembly.[1] Notable among
these is guanosine, a compound known to self-assemble into
dimeric,[2] tetrameric,[3] ribbonlike,[4] and helical structures[5]

as the result of Watson ± Crick and Hoogsteen base-pairing
interactions. The tetrameric forms of guanosine, known also
as G-quartets, have drawn considerable attention over the
past three decades. They have been implicated in a variety of
biological functions[6] and have seen application in a range of
nonbiological areas such as ionophores[7] and phase-transfer
catalysts.[8] X-ray analyses of crystals obtained from aqueous
solutions of 5'- and 3'-guanosine monophosphate revealed
that the constituent bases adopt a tetrameric planar arrange-
ment, which then stacks in a helical fashion with other
tetramers to form columnar aggregates.[9]

Currently, it is believed that templating alkali metal cations
such as Na� and K� are needed to stabilize the formation of
G-quartets.[10] The need for such cations to stabilize self-
assembled and higher order aggregates formed from lip-
ophilic deoxyguanosine derivatives in chlorinated organic
solvents (that is, G-quartet model systems) has also been
explicitly noted.[4, 7] Indeed, in the absence of alkali metal
cations these compounds were found to adopt a ribbonlike
structure (but not G-quar-
tets) in both chloroform
solution[4a] and in the solid
state.[4b] Here, we report
the synthesis of the new
(N,N-dimethylaniline)gua-
nosine derivative 1 that
forms a G-quartet in the
absence of alkali metal
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cations in both chlorinated organic solvents and in the solid
state.

Scheme 1 outlines the synthesis of 1. Briefly, N,N-dimethyl-
4-(tri-n-butylstannyl)aniline (3) was synthesized from com-
mercially available 4-bromo-N,N-dimethylaniline (2) by treat-
ment with BuLi in THF at ÿ78 8C, followed by tri-n-
butylstannyl chloride. Coupling of this tin derivative with
the 8-bromoguanosine derivative 4[11] under Stille cross-
coupling conditions afforded N-protected 5 which was con-
verted to 1 by using standard deprotection and protection
procedures.[11]

Crystals of 1[12] were obtained by slow evaporation of a
solution of 1 in acetonitrile/isopropyl alcohol. An X-ray
crystallographic analysis of 1 revealed that it forms H-bonded
head-to-tail[10a] tetramers in the absence of an alkali metal
cation template (Figure 1). Each individual tetramer (see
Figure 2 for a schematic representation) possesses C4 sym-
metry along the c axis and has all four guanine bases within an
essentially planar array. The protected ribose subunits occupy
the space above this plane and adopt syn conformations with

Figure 1. Ball-and-stick representation of the tetrameric arrangement of
molecules of 1 in the solid state. The geometry of the hydrogen bonding
interaction is: N11ÿH11b ´´´ N3A (related by y, 1ÿ x, z), N ´´´ N 2.927(2) �,
N ´´´ H 2.107(2) �, NÿH ´´´ N 159.1(1)8 ; N6ÿH6 ´´´ O10A (related by y,
1ÿ x, z), N ´´ ´ O 2.778(2) �, H ´´´ O 1.92(3) �, NÿH ´´´ O 172(2) �.

respect to the relevant N9ÿC1' glycosidic
bonds. Such an all-syn arrangement presumably
reflects either a) unfavorable steric interactions
between the isobutyryl protecting group and
the dimethylaniline moiety that would exist in
the anti conformation,[13] or b) the possibility of
hydrogen bond formation between the C5'
isobutyryl carbonyl group and the (N2)H*, or
c) some combination of these two effects.

The various guanosine and deoxyguanosine
derivatives soluble in organic solvents whose
self-assembly properties were studied previous-
ly all lack the aryl substituent present in 1. They
thus adopt an anti conformation both in sol-

Figure 2. Schematic representations of anti (a) and syn conformers of
guanosines (b) that can arise as the result of rotation about the purine ±
ribose bond. c) Truncated view of the ribbonlike structures observed for
lipophilic guanosine derivatives that are capable of adopting an anti
conformation. d) Idealized view of G-quartet-like tetramer formed from 1
both in solution in dichloromethane and in the solid state (the p-NMe2C6H4

substituent at C8' has been omitted for clarity). This structure displays a syn
arrangement of the ribose (Rib) and purine subunits. HG and H* indicate
the amino protons that are, and are not, participating in G-quartet
formation, respectively.

ution and in the solid state. They also self-assemble in the
form of ribbonlike structures rather than G-quartets in the
absence of K� or other templating cations.[4] By contrast 1,
presumably as a consequence of adopting a syn conformation,
self-assembles to form a cyclic tetramer. In the syn conforma-
tion, one of the faces on the guanosine subunit is blocked
(Figure 2). Apparently, this prevents the formation of ribbon-
like supramolecular structures as is seen in the case of
compounds that are capable of adopting an anti conformation.

The putative formation of a G-quartet-like structure from 1
was studied in organic solutions by 1H NMR spectroscopy. In

Scheme 1. Synthesis of guanosine derivative 1. a) BuLi, THF, ÿ78 8C; b) nBu3SnCl,
ÿ78 8C!room temperature, 90%; c) [Pd(PPh3)4], toluene, reflux, 95%; d) NH3, MeOH,
CH2Cl2; e) (Me2CHCO)2O, DMAP, TEA, MeCN, 50%. DMAP� 4-dimethylaminopyridine,
TEA� triethylamine.
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[D6]DMSO, where intermolecular H-bonding interactions are
minimized,[14] no significant self-assembly was observed at
room temperature (as indicated by the presence of NH2 and
(N1)H signals at d� 6.40 and 10.80, respectively; Figure 3 a).
By contrast the 1H NMR spectrum of a 58 mm solution of 1 in
CD2Cl2 at room temperature showed evidence for self-
assembly. Under these conditions a broad signal, exchange-
able with D2O, is observed between d� 7.0 and 7.8 (Fig-
ure 3 b). While such a signal, assigned on the basis of
integration to (N2)HG, is consistent with the formation of a
tetramer that is in fast equilibrium with other self-assembled
species (dimers, trimers, oligomers, etc.), it could also indicate
the incomplete formation of the proposed G-quartet-like
ensemble. We currently favor the first of these interpretations
since re-recording the spectrum at ÿ30 8C produces well-
defined spectral patterns that are considered consistent with
the formation of a G-quartet (Figure 3c). In particular, new
exchangeable signals at d� 9.81 and 5.15, ascribed to (N2)HG

and (N2)H*, respectively, are observed that are coincident, in
terms of chemical shift, with those of previously described
guanine-derived tetramers that are stabilized by alkali metal
cations.[7, 15] Furthermore, the fact that under these low-
temperature conditions only a single signal is seen for each
of the (N3)HG and (N3)H* protons leads us to suggest that, in
contrast to other G-quartets,[7, 15] only one of two possible syn/
anti ribose conformers, presumably syn, is present in solution.

To probe more fully the solution-phase characteristics of 1,
the number-averaged molecular weight of putative aggre-

gate(s) in dichloroethane was estimated at 40 8C by using
vapor-pressure osmometry (VPO).[16] These studies, carried
out at initial concentrations[17] of 28, 42, 57, and 71 mm (in 1),
revealed an averaged molecular weight of 2170� 150 amu,
that is, close to the molecular weight expected for a tetramer
of 1 (2448 amu). We thus conclude that the tetrameric form,
although subject to exchange, constitutes the predominant
species in solution as well as in the solid state.

We have shown that G-quartets can be stabilized in the
absence of a templating alkali metal cation. This leads us to
suggest that this kind of structural motif may be more
fundamental in its origin and easier to form than previously
assumed.
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Figure 3. Portion of the proton NMR spectrum of 1 showing changes consistent with the
formation of a G-quartet: a) 70 mm solution of 1 in [D6]DMSO at room temperature;
b) 58 mm solution of 1 in CD2Cl2 at room temperature; c) 58 mm solution of 1 in CD2Cl2 at
ÿ30 8C. The signals ascribed to (N1)H are observed at d� 10.80, 12.47, and 12.70 in the case of
spectra a), b), and c), respectively. By contrast, the (N2)H2 signal observed at d� 6.40 in
[D6]DMSO at room temperature appears in the form of two signals at d� 5.15 and 9.81 when
the spectrum is recorded at ÿ30 8C in CD2Cl2. See text for further discussion. For definitions
of HG and H* see caption to Figure 2.
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Carbohydrate sulfotransferases have recently emerged as
an important and relatively unexplored class of therapeutic
targets.[1] For example, the seminal discovery that sulfated
sialyl LewisX mediates the adhesion of leukocytes to inflamed

endothelium established carbohydrate sulfotransferases as
potential targets for anti-inflammatory therapy.[2] Ongoing
genome sequencing projects have uncovered numerous
carbohydrate sulfotransferase genes in the past few years.[1, 3]

It is now apparent that carbohydrate sulfotransferases com-
prise a large family of enzymes with overlapping tissue
distribution and substrate specificities. To deconvolute the
precise role of each sulfotransferase gene product and
elucidate its contribution to normal and pathological pro-
cesses, cell-permeable and highly specific small-molecule
antagonists need to be identified. Surprisingly, no inhibitor
of a carbohydrate sulfotransferase has been reported to date.
At present, the limited structural and mechanistic information
about this class of enzymes impedes rational approaches to
inhibitor design. To identify lead inhibitors of carbohydrate
sulfotransferases, we therefore adopted a strategy that
involved the screening of small-molecule libraries.

To narrow our search, we focused on the similarities
between the substrates utilized by sulfotransferases and
kinases, a widely studied family of enzymes for which diverse
and potent inhibitors are available.[4] Carbohydrate sulfo-
transferases catalyze the transfer of a sulfonyl group from the
universal sulfate donor 3'-phosphoadenosine 5'-phosphosul-
fate (PAPS) to a hydroxy (or amino) group of the acceptor
oligosaccharide (Scheme 1).
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Scheme 1. Reactions catalyzed by carbohydrate sulfotransferases and
kinases.

Kinases catalyze a similar anionic group transfer reaction
using adenosine 5'-triphosphate (ATP) as a phosphoryl donor.
Thus, both enzyme classes recognize adenosine-based sub-
strates, PAPS and ATP. Furthermore, the hydrophobic
adenine binding pockets of the recently crystallized estrogen
sulfotransferase,[5] and heparin N-sulfotransferase[6] are sim-
ilar to those of several kinases. On the basis of these parallels,
we chose to screen a panel of previously reported kinase-
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