
Self-Assembly of 9-Allyladenine Hydrochloride in Crystalline State:
Formation of Infinitely Stacked Supramolecular Sheets via Hydrogen Bonding Network

S. G. Srivatsan, S. Kingsley, and Sandeep Verma�

Department of Chemistry, Indian Institute of Technology-Kanpur, Kanpur 208016, India

(Received October 15, 2001; CL-011009)

This report describes solid state structure of a chemically-
modified nucleobase 9-allyladenine hydrochloride. The crystal
structure of the protonated nucleobase extends into an infinitely
stacked, sheet like-supramolecular aggregates stabilized by
multiple conventional and non-conventional hydrogen bonds.

Non-conventional hydrogen bonds are now widely recog-
nized as important molecular interactions that contribute to the
stabilization of a wide variety of crystalline frameworks of
chemical and biochemical origin. Such hydrogen bonds (H-
bonds), first identified by Sutor,1 followed much later by Taylor
and Kennard,2 have redefined the area of targeted crystal
engineering due to recent pioneering efforts by Desiraju, Steiner3

and others. The hallmark of these interactions includes unusual
donor-acceptor pairs and a low, bond stabilization energy profile
(<4 kcal/mol), compared to conventional H-bonds. This apparent
drawback is generally offset by multiplicity of these interactions,
while other molecular forces also aid in the overall stability of
crystal packing.

Several weak donor and acceptor pairs that effectively
support molecular structures based on non-conventional H-
bonding interactions have been identified. For example, C-H
group is a weak H-bond donor but it interacts with acceptors like
O, N, S, Se, Cl� and pi-acceptor species,4 to form supramolecular
networks. Such H-bonding contacts also significantly contribute
to the organization of secondary structures and recognition events
in biomolecules.5{8 We have been engaged in the synthesis and
development of novel nucleic acid-like polymeric catalysts. In
this connection, synthesis of 9-allyladenine (9-AA) based
metallated, cross-linked polymeric resins has been achieved
and their potential to accelerate phosphate ester hydrolysis9;10 and
phenol oxidation reactions,11 have been explored by us. While
continuing with catalytic studies, we also sought to determine the
crystal structure of the modified nucleobase to unequivocally
establish the site of alkylation.We have found that 9-allyladenine
hydrochloride (9AA�HCl),12 forms a sheet-like supramolecular
assembly through synergistic participation of conventional and
non-conventional H-bonds, in its crystalline state. As depicted in
ORTEP diagram, the unit cell consists of themodified nucleobase
protonated at N1, counter anion Cl� and awatermolecule (Figure
1). Interaction between two 9AA�HCl molecules results in a
symmetrical dimer by invoking a pair of conventional H-bonds
between the exocyclic amino group and N7 nitrogen [N6-H6- - - -
N7], through the Hoogsteen face (Figure 2). This pairing is in
accordance with the previously reported structure of adenosine at
acidic pH.13

A novel feature of this crystal structure is the participation of
three non-conventional hydrogen bonds for each modified
nucleobase, which promotes sheet-like assembly. A 9AA�HCl

dimer is further connected to other dimeric units by through-space
H-bonds involving weak donors, C2-H2 and C8-H8, two Cl�

acceptor anions and a water molecule (Figure 2, Table 1). The

Figure 1. ORTEP diagram of 9-AA unit cell contain-
ing a Cl� anion and a water molecule.

Figure 2. POVRAY diagram of 9-AA showing multiple H-
bonding interactions.

Table 1. Geometrical data ( 
A,�) for the H-bonds in 9AA�HCl

System d(X-H) d(H� � �A) =�(X-H� � �A) Symmetry
(X-H� � �A) equivalent

C2-H2� � �Cl1 1.10 2.76 122 1� x, �y, 1� z

C8-H8� � �Cl1 0.99 2.75 157 �x, 1� y, 1� z

N1-H1� � �O1 0.84 1.96 168 x, �1þ y, 1þ z

N6-H6A� � �Cl1 0.76 2.39 170 x, �1þ y, 1þ z

N6-H6B� � �N7 1.05 1.90 159 �x, �y, 2� z

O1-H1A� � �Cl1 1.07 2.05 177 x, y, z
O1-H2A� � �Cl1 0.85 2.33 165 1þ x, y, z
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C2-H2- - - -Cl1 H-bond is angular (122 �), but highly crucial for
the extended structure. N1-H1- - - -O1 and N6-H6A- - - -Cl1 H-
bonding is also invoked for the strengthening of this architecture.
Such an arrangement leads to the formation of an infinite sheet-
like array, which eventually culminates in a stacked structure
possessing a zigzag pattern (Figure 3). AlthoughweakH-bonding
interactions have been previously implicated in adenine nucleo-
base crystals,14;15 a notable feature of the reported crystal packing
is the presence of a hydrophobic face formed by the allyl groups
and an internal hydrophilic cavity formed by Cl� anions and
water molecules (Figure 3).

Stacking interactions in 9AA�HCl assembly were further
ascertained by observing change inUVabsorbance over a varying
pH range, at 260 nm. As the pH was lowered from 6.65,
absorbance of modified nucleobase reached to a minimum value
at pH 2.7. However, the absorbance increased when the pH was
further lowered to 1.69 (Figure 4). Qualitatively, these observa-
tions indicate a gradual approach and existence of a stacked
structure in solution for 9-AA at pH 2.7 and at a still lower pH,
disruption of stacking is evident due to increased absorbance.
This can be logically explained on the basis of sequential
protonation of ring nitrogens. At pH 2.7, only N1 nitrogen is
protonated thus facilitating formation of dimeric species and a
sheet-like aggregate. At still lower pH 1.69, the formation of N1,
N7-diprotonated species16 prevents dimerization thereby dis-
rupting an overall ordered structure.

In summary, a remarkable example of a supramolecular
sheet-like architecture in 9AA�HCl crystals has been demon-

strated. The aggregate formation is strongly pH-dependent and is
supported by multiple conventional and non-conventional H-
bonding interactions and this synergism leads to an interesting
structural motif in the solid state. It is proposed that appropriately
modified nucleobases, dictated by subtle pH variations, could be
harnessed for the design of unusual nucleic acid architectures for a
variety of applications.17
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Figure 3. POVRAY diagram of 9-AA displaying a sheet-
like array with a hydrophobic face and a hydrophilic cavity.

Figure 4. UV titration of 9-AA at varying pH,
measured at 260 nm.
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