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1. INTRODUCTION
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ABSTRACT: Crystalline 5'-iodo-5’-deoxyguanosine (I) exists as a pair
of solvent-free polymorphs (Ia, Ib) and as a mixed water/methanol
solvate (Ic). The solvent-free polymorphs are capable of epitaxial inter-
growth to give hybrid crystals that by visual inspection appear to be single
crystals (Parkin et al. Cryst. Growth Des. 2016, 16, 6343—6352; hereafter
PTGB). To investigate the generality and origin of the unusual polymor-
phism of the solvent-free forms, we have prepared and characterized the
S’-bromo- and $’-chloro-$’-deoxyguanosine analogues (II and III, respec-
tively), as well as the pseudohalide derivative 5'-azido-5’-deoxyguanosine
(IV). Monoclinic and orthorhombic polymorphs of II (Ila and IIb,
respectively) and an orthorhombic form of III all grow from water as
small nonsolvated, tightly packed needles or laths. Although IIa is
isostructural with the dominant polymorph of I (i.e., Ia in PTGB), all of
these crystals (ITa, IIb, III) have similar molecular conformations and
packing characteristics to Ia, in which the halogen adopts a gauche conformation relative to the deoxyribose ring oxygen. In spite
of having different space group symmetries (P2, for Ia and IIa vs P2,2,2, for IIb and III), the crystal structures of ITb and III
are also clearly related to Ia. Unlike I, however, no experimental evidence for conformational polymorphism, or of solvated
forms was found for either II or III. Similar to PTGB work on I, density functional theory calculations show that the
experimental gauche halide-atom conformations in II and III are ~2.0 kcal/mol higher in energy than the energy-minimized
anti-conformation (which occurs in the minor polymorph of I, i.e., Ib). The §’-azido analogue (IV) in contrast, crystallized
solely as a hydrate, initially forming minuscule irregular shards that were far too small for conventional X-ray analysis. By a
process of Ostwald ripening, these shards could be enlarged sufficiently to allow structure determination by X-ray
crystallography. The hydrate of IV shares many structural characteristics with Ic, but is much more complicated. It contains four
independent molecules of IV (i.e., Z' = 4, vs Z' = 2 in Ic), which exhibit a range of distinctly different molecular conformations,
as well as five full occupancy water molecules.
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5'-Iodo-5'-deoxyguanosine (I, Scheme 1) is a common start-
ing material for the preparation of other S5’-substituted
§'-deoxyguanosines,’ which are used for site-specific RNA
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conformational polymorphs (Ia, Ib) and as a mixed water/
methanol solvate (Ic).” Although polymorphism, ie., the
phenomenon by which different crystal structures exist for
identical chemical compositions, is common in molecular
crystals,® Ta and Ib are unusual. Their constituent molecular
conformations differ only by the torsion of the 5'-iodo substi-
tuent; packing of the 5'-deoxyguanosine moieties is virtually
identical. Consequently, stacked layers in the two crystal forms
are epitaxially compatible at interfaces where planes of deoxy-
guanosine moieties interact but not at contacts between planes
of iodine atoms. Although not unknown in molecular crystals,””
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Table 1. Crystallographic Parameters for IIa, IIb, III, IV*

Ia IIa
formula CoH,IINsO, CoH,BriN;O,
molecular weight 393.15 346.16
temperature (K) 90.0(2) 90.0(2)

crystal size (mm)

0.20 X 0.04 x 0.02

0.10 X 0.06 x 0.035

crystal system monoclinic monoclinic
space group P2, P2,

a (A) 7.6285(4) 7.5698(4)
b (A) 4.9951(2) 4.9842(2)
¢ (A) 17.1724(7) 15.8865(8)
B (deg) 91.843(2) 91.510(2)
volume (A3) 615.95(5) 599.18(5)
density (Mgm™) 2.120 1.919
Z,7 2,1 2,1

source, A(A)
# (mm™)

Cu Ka, 1.54178
6.686

Mo Ka, 0.71073
3.455

total reflections 7526 15611
unique reflections 1769 2758

Ry 0.0379 0.0677

R, [I > 26(D)] 0.0229 0.0339
wR,(F?) (all data) 0.0582 0.0604
goodness-of-fit 1.062 1.050

Flack parameter® 0.019(9) 0.022(7)

Ap min/max (eA™3) 0.471/-0.851 0.366/-0.441

IIb III v
CioH 2B NsO, C1oH1,CLINsO, C1oH2N30,.5H,0
346.16 301.70 318.22°
90.0(2) 90.0(2) 90.0(2)
0.15 X 0.01 X 0.005 0.30 X 0.02 X 0.01 0.20 X 0.08 X 0.03
orthorhombic orthorhombic monoclinic
P2,2,2, P2,2,2, P2,
5.0604(2) 5.0433(1) 9.2318(2)
7.5857(S) 7.5719(1) 27.0190(6)
31.4333(18) 30.8872(6) 10.8838(2)

93.254(1)

1206.62(12) 1179.50(4) 2710.41(10)
1.906 1.699 1.621
4,1 4,1 8, 4°
Cu Ka, 1.54178 Cu Ka, 1.54178 Cu Ka, 1.54178
4.902 3.129 1.148
16928 10734 38874
2231 2387 10883
0.0789 0.0646 0.0362
0.0462 0.0497 0.0408
0.1025 0.1250 0.1095
1.170 1.119 1.044
—0.002(16) —0.011(13) 0.05(5)
0.859/-0.681 0.484/-0.318 0.837/-0.316

“For ease of comparison, Ia, reproduced from PTGB?® is also included. bS’—azido—S’—deoxyguanosine only, does not include the water molecules.
“Absolute configurations known from the 5’-deoxyribose are clearly confirmed by the X-ray data.

2-D lattice compatibility is much more common in polytypic
layered inorganic compounds, e.g., mica.'’ The term allotwin''
was introduced to describe such well-defined mutual
orientation of polytypes.

In the dominant polymorph of I (i.e., Ia), the torsion of the
5’-iodo substituent relative to the ring oxygen of the deoxyribose
moiety is gauche, and ~1.5 kcal/mol higher in energy than that of
the minor polymorph, Ib, in which it is anti.’ In a typical batch
of freshly grown crystals of I, only a few percent of Ib was
present. No single crystals of Ib were ever found; it was always
intergrown with Ia, as in the aforementioned hybrid crystals.
Moreover, on standing in mother liquor, Ib was found to
gradually convert to Ia such that after ~3 years no Ib could be
detected. Given the torsional-energy advantage for the anti
conformation in Ib over the gauche conformation in Ia, it is
clear that the intermolecular environment within each poly-
morph must determine the overall stability of one polymorph
relative to the other.

Intrigued by the possibility of similar hybrid-crystal growth
in related 5’-deoxyguanosines, and to assess the effect of the
S’-substituent size, we initially focused on other halides, speci-
fically 5'-bromo-5'-deoxyguanosine' "> (II) and 5'-chloro-5'-
deoxyguanosine'*~"” (II). There being no conveniently
available halogen larger than iodine, we broadened the scope to
include pseudohalides, resulting in the azide derivative 5'-azido-
§'-deoxyguanosine'®"” (IV), a compound that has found use as a
reagent for “click” chemistry in RNA work.”*~>* In spite of the
fact that compounds II, III, and IV have been known for many
years, their crystal structures have not been reported prior to
this work. Other derivatives were also considered (including
S$’-cyano and $’-amino), but the reaction yields were very low
and no suitable crystals could be obtained.

In this paper we describe the crystal structures and hydrogen
bonding of solvent-free crystals of II and III, and with the aid
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Figure 1. Ellipsoid plots (50% probability) of (a) structure IIa and
(b) structure III. Atom connectivity and conformation in structure
IIb is virtually indistinguishable from IIa, so is given in the Supporting
Information (Figure S2).

of computational modeling, compare them to solvent-free I.
The crystal structure of IV, a hydrate, turned out to be
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Figure 2. An overlay of 5'-X-5'-deoxyguanosines from a least-squares
fit of 5’-deoxyguanosine moiety atoms for the crystal structures of
(1) X =1, (I1) X = Br, (IIT) X = Cl. Halogen atoms are drawn as balls
for emphasis.

considerably more complicated than anticipated. It shares a
number of similar features to Ic, the mixed water/methanol
solvate of I. We therefore also describe its structure in detail,
assess its similarities with Ic, and attempt, with the aid of
computational modeling, to make sense of the varied molecular
conformations adopted by the four main molecules in the
asymmetric unit.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Crystallization. 2.7.1. 5'-Bromo-5'-deoxy-
guanosine [CA: 1146729-83-0]. Previous reports of the synthesis of
II gave no useful details.'>"® Attempts to make it by the Appel
reaction™ from guanosine using many variations of the procedures
described by Tsuji and Takenaka®* failed; only guanosine could be
recovered. Dean reported similar findings.'” Compound II was
synthesized in good yield by application of the Finkelstein reaction®

to I'?° following the procedure described by Parker”” I (0.2 g
0.51 mmol) and [N("Bu),]Br (0.4 g 1.25 mmol) were dissolved in
4 mL N-methylpyrrolidinone (NMP) at room temperature (RT).
After standing at RT overnight, the yellow solution was poured with
stirring into 175 mL dichloromethane (DCM). The product (0.165 g,
90%) was filtered and washed. Some of the iodo starting material was
still present so the procedure was repeated with 0.3 g [N("Bu),]Br
and 3 mL NMP to yield 0.140 g of product. The sequential treatment
is necessary because the product does not precipitate from DCM in
the presence of a large excess of [N("Bu),]Br. Crystallization was
carried out by treating S0 mg of II with 4 mL of boiling water until
almost all was dissolved. Crystals formed at RT upon slow cooling.
These were washed with cold water and dried. Polymorphs ITa and
ITb formed in separate batches under similar conditions, but no con-
comitant polymorphism was observed (see section 3.3, below). The
NMR spectra of II in DMSO-dg are almost identical to those of I
except for the two 5'-proton resonances at 6 3.79 and 3.67 ppm, and
the §’-carbon resonance at § 33.86 ppm [the corresponding values for
I are § 3.56, 3.42, and 8.02 ppm]. Anal.: Calcd for C,,H;,N;O,Br: C,
34.7; H, 3.49; N, 20.2. Found: C, 34.8; H, 3.29; N, 20.0.

2.1.2. 5'-Chloro-5'-deoxyguanosine [CA: 21017-09-4]. Com-
pound III has been well documented."*”"” It was made here in a
similar way to IL I was reacted with [N("Bu),]Cl identically to the
procedure used for II but, in this case, only the first displacement step
was required to react all of the iodo starting material. The precipitate
obtained from addition of DCM was gelatinous and contained both
NMP and [N("Bu),]Cl. These were easily removed upon crystal-
lization of 100 mg of the crude material from 7 mL of boiling water.
Again, the NMR spectra differed from the iodo and bromo com-
pounds only for the two 5’-proton resonances at § 3.90 and 3.80 ppm
and for the 5’-carbon resonance at 6 44.8 ppm.

2.1.3. 5'-Azido-5'-deoxyguanosine [CA: 42204-44-4]. The 5'-azido
derivative'®'” IV was made following Dean’s procedures,® though reac-
tion under argon was not re%uired. Its proton and *C NMR spectra
agreed with literature values."” Crystallization from 50 parts of water'®
yielded minuscule clusters of shards with typical dimensions ~0.05 X
0.01 X 0.005 mm?® that were far too small for home-laboratory X-ray
crystallography. Ostwald ripening at 40 °C for ~2 h grew these shards

Figure 3. Main hydrogen-bonding motifs in Ila, ITb, and III (and Ia of PTGB), highlighted by thick semitransparent blue lines. (a) An R',(6) ring
between 2, screw-related molecules, with bifurcated carbonyl oxygen acceptor. (b) An R%(10) ring formed by deoxyribose hydroxyl donors and
purine carbonyl O and S-membered ring N acceptors on a translation-related (diagonal in the ab-plane) molecule.
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Table 2. Conformation-Defining Torsion Angles and
Deoxyribose Ring Puckering Parameters for Ila, IIb, I11*

Ia la IIb 11
C4-N9—-C1'-01’ (deg) —152.4(S) —152.1(4) —153.3(7) —153.4(4)
C8—N9—C1’—01’ (deg) 28.5(7) 302(6) 24.1(10) 26.4(6)
O1'-C4'—CS'—X“ (deg) 61.2(5) 61.6(5)  58.3(7) 54.6(4)
C3'—C4'—CS'—X" (deg) 178.8(4) 178.5(3) 175.1(5) 172.1(3)
Cremer-Pople Q (A) 0.384(6) 0.384(S) 0.375(8)  0.375(8)
Cremer-Pople @ (deg) 93.1(8) 952(7) 83.0(11) 83.8(7)

“Ta: X = iodine; IIa, IIb: X = bromine; IIl: X = chlorine. For
comparison, parameters for Ia from PTGB’ are included.

into semiregular laths large enough (typically ~0.20 X 0.05 X
0.02 mm?®) to attempt structure determination by X-ray diffraction.
On further standing for ~1 year at RT, the largest single crystals had
grown to over 0.5 mm in length; they indexed to give the same unit
cell as hydrate IV (Table 1). Attempts to grow anhydrous crystals
using DMF, DMSO, or ethylene glycol as cosolvents with methanol or
ethanol, by vapor diffusion with benzene or methanol, from the melt,
or by sublimation were unsuccessful.

2.2. Single-Crystal Data Collection. Similar to I in PTGB, all
crystals obtained were small (Table 1, Figure S1). Crystals of ITa used
for data collection were colorless laths, IIb and III were colorless
needles, while that of IV was a colorless semiregular wedge-shaped
lath. In each case, crystals were first submerged in polyisobutene oil,”®
cleaned of adhering debris, and mounted on either a fine glass fiber
(IIb, IIL, IV) or a nylon loop (Ila) under a polarizing microscope.
Crystals were mounted directly into a cold-N, stream angled relative
to the ¢ axis® (Cryolndustries LT-2 or LT-3) and data were col-
lected at 90.0(2) K using ¢ and @ scans with Cu Ka or Mo Ka (Ila
only) X-rays on either a CCD-based rotating-anode Bruker-Nonius
X8 Proteum (IIb) or a CMOS Bruker D8 Venture dual-microsource
Kk-axis diffractometer (Ila, III, IV), each equipped with multilayer
focusing optics. Raw diffraction images were integrated using Saint-
Plus in either APEX2%° (IIb) or APEX3®' (IIa, III, IV). Data scaling,
mergin§, and absorption correction used well-established proce-
dures.*”** A summary of crystal and data collection parameters is
given in Table 1.

2.3. Structure Solution and Refinement. Structures were
solved using SHELXT>* and refined using SHELXL.*® Hydrogen
atoms in all four structures were found in difference-Fourier maps.
Hydrogens on the main 5’-deoxyguanosine molecules were included
using riding models except for those of the exocyclic amine and
hydroxyl groups, which were refined. In IV, the hydrogens of five
water molecules were refined with geometry restraints. The largest
residual electron density peak (0.84 e A™*) was quite large for a light-
atom structure. When modeled as a partial water oxygen, its occu-
pancy factor refined to about 0.2, but it was too close to hydroxyl
oxygen O3'B (2.333 A) and to a translation (x, y, z+1) related car-
bonyl O1B (2.383 A). It could simply be a minor occupancy fragment
of nonmodeled disorder, but there was no particular reason to suspect
disorder of other nearby atoms. Since it made little difference to the
overall refinement if it was ignored, included as partial water, or
removed with SQUEEZE,*® we chose to ignore it. For the riding
models, standard low-temperature distances were applied [0.95 A
(Csp®H), 0.99 A (R,CH,), 1.00 A (R,CH), 0.88 A (NH)]. In all
cases, hydrogen atom U, values were tied to their parent atom
U,, values (1.5U,, for NH,, OH, and CHj; 1.2U,, for all others).
Refinement progress was monitored using established proce-
dures.”” ™ Refinement statistics are given in Table 1.

2.4. Powder Diffraction. Separate batches of Ila, IIb, III, and IV
were ground using a small agate mortar and pestle. For each sample,
the compressed powder was packed into a fine kapton tube (~0.2 mm
i.d.). Two-dimensional powder diffraction images were collected on
the same Bruker D8 Venture diffractometer used for single-crystal
studies. Data collection consisted of 360° rotation about the ¢ axis for
60 s or 180 s (IV only) at 90.0(2) K using Cu Ka X-rays. Images were
radially integrated over a 26 range of 1.3—50° with tools in APEX3.*!
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Figure 4. Alternation of double layers in (a) Ila viewed down its
b-axis: the shaded double layer is identical to the unshaded layers
above and below (translated along c); (b) IIb viewed down its a-axis:
the shaded double layer is similar to the shaded double layer in IIa,
but the unshaded layers above and below are 2, screw related (rotated
about ¢ by 180° and translated half a cell repeat along c). Bromine
atoms are drawn as spheres for emphasis. Similar diagrams are given
in the SI for Ila viewed down a and IIb viewed down b (Figure S3).

Simulated powder diffraction patterns based on the single-crystal
structures of II and III were obtained using Mercury.** For ease of
comparison, calculated powder peaks were broadened slightly to
better approximate the width of the experimental powder diffraction
peaks.

2.5. Computational Details. Density functional theory (DFT)
calculations were performed with Gaussian 16 at the Ohio Supercom-
puter Center."' Geometries of IIb and III were optimized with the
B3LYP functional, using the 6-31+G* basis set for nonhalogen atoms
(C, H, O, N), while the larger 6-311+G* basis set was used for
halogen atoms (Br, Cl1).**~* Optimized structures were confirmed as
local minima on the relevant potential energy surface by vibrational
frequency analyses. Root-mean-square-deviation (RMSD) analyses
between the crystal structures and geometry optimized structures
were performed with the UCSF Chimera package.*® At the same level
of theory, a relaxed-coordinate dihedral scan was conducted on the
O1'-C4’-C5’-X angle of the optimized structures over the full 360° in
15° increments. Results of the optimizations and scans were visualized
with GaussView 6.*” For the four independent main molecules in IV,
geometry optimization and vibrational frequency analyses were
conducted at the B3LYP/6-311+G** level of theory for both gas
phase and solvated (SMD,*® water) molecules.

3. RESULTS AND DISCUSSION
3.1. Structures of 5’-Bromo-5'-deoxyguanosine and
5’-Chloro-5’-deoxyguanosine. Monoclinic crystals of Ila

DOI: 10.1021/acs.cgd.8b01162
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Figure S. Qualitative comparison of experimental and calculated powder diffraction patterns for (a) IIa, (b) IIb, and (c) IIL There are no spurious
peaks in the experimental patterns, indicating that each batch was free of contamination by other polymorphs. For ease of comparison, simulated

line widths were broadened to approximate experimental data.

are isostructural with Ia of PTGB (space group P2,) while the
orthorhombic form, IIb, is isostructural with III (space group
P2,2,2,). Some crystals of IIa were nonmerohedric twins by a
twofold rotation about [001], but no twinning in ITb or III was
detected.

3.1.1. Molecular Geometry and Conformations in lla, IIb,
and lll. In spite of the symmetry differences, molecular confor-
mations (Figures 1, 2, S2) and hydrogen-bonding patterns
(Figure 3) in each of these crystal forms are essentially the
same. Individual bond lengths and angles in IIa, IIb, and III
are unremarkable. The following description is based on IIa,
but except where stated otherwise, holds for each crystal
structure. The overall geometry of the molecules is determined
by the puckering of the deoxyribose ring, the torsion angle
about the glycosidic bond, N9-C1’, which orients the flat
purine ring system relative to the deoxyribose ring, and torsion
about the C4’-C5’ bond, which orients the 5’-halo substituent
relative to the deoxyribose ring. The deoxyribose ring has an
envelope-type configuration, with atom C4’ as the “flap”.

Variation in ring puckering is negligible (Figure 2). Confor-
mation defining parameters for Ila, IIb, and III are sum-
marized in Table 2.

3.1.2. Supramolecular Interactions in lla, Ilb, and Ill.
There are two main hydrogen-bonding motifs. An R',(6) motif
involves a hydrogen of the exocyclic amine group, the NH of
the six-membered ring, and the carbonyl oxygen (as a bifur-
cated acceptor) of a 2; screw-related molecule (Figure 3a).
In addition, the hydroxyl groups of deoxyribose ring act as
donors to the purine of an adjacent (diagonally in the ab-
plane) molecule to form R%(10) rings (Figure 3b). As with Ia
in PTGB, hydrogen bonds sandwich the molecules into double
layers with the purine groups in the middle and exposed
halogen atoms at the double-layer surfaces, but there are no
7m—nm interactions between adjacent purines. Hydrogen-bond
parameters for Ila, IIb, and III are given in Table SI. It is the
relative orientation of the double layers that defines the
difference between the monoclinic and orthorhombic forms.
In ITa, adjacent double layers stack along the c-direction purely

6999 DOI: 10.1021/acs.cgd.8b01162
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Figure 6. Isolated-molecule conformational energies for torsion (O1'—C4'—CS’—X) of the halogen atom relative to the deoxyribose group in
(a) I, X = Br; (b) III, X = Cl. The starting points correspond to the local minima for the torsion angles after geometry optimization. Subsequent
points correspond to optimized geometries after each increment of the torsion angle. Observed torsions from the crystal structures are indicated by

open circles.

Figure 7. Ellipsoid plot (50% probability) of the asymmetric unit of IV. Hydrogen atoms are omitted to enhance clarity.

by the lattice translation. In IIb, however, alternate double
layers are rotated 180° by virtue of the 2, screw axis along c,
thereby doubling the repeat distance and forcing the f angle to
90° (Figures 4, S3). Indeed, the unit cell parameters for Ila,
IIb, and III given in Table 1 are clearly related: transformation
from the P2, cell metrics to those of the P2,2,2; cell amounts
to fixing all cell angles to 90°, switching a and b, and doubling

7000

¢, ie, setting @’ = b, b’ = a, ¢’ = —2c (the sign change is
required to preserve a right-handed system, and hence chirality).
The relationship between adjacent double layers in IIb and III,
i.e, 180° rotation about [001], is the same as the twin
operation seen for some crystals of IIa (see section 3.4, below).

3.2. Powder Diffraction of lla, llb, and Ill. Although a
few of the Ila crystals were non-merohedric twins, all single

DOI: 10.1021/acs.cgd.8b01162
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Table 3. Conformation-Defining Torsion Angles and Deoxyribose Ring Puckering Parameters for the Four Molecules in IV*

Ic-A Ic-B

C4-N9—C1'—01’ (deg) —154.1(7) —-76.2(9)
C8—-N9—C1'=01" (deg) 38.2(11) 100.3(9)
01'-C4'—C5'—X" (deg) 175.0(5) —55.3(8)
C3'—C4'—CS5'—X" (deg) —66.8(8) 66.2(2)
C4'—CS§'—N1'—N2’ (deg)

Cremer-Pople Q (A) 0.405(9) 0.397(9)
Cremer-Pople @ (deg) 83.6(11) 268.2912)

IVa IVb IVc vd
-153.1(3) —149.2(3) —75.5(4) —140.4(3)
34.8(4) 29.4(5) 95.8(4) 42.9(5)
—-70.3(3) —68.8(4) —66.0(4) —62.5(4)
49.3(4) 51.8(4) 52.9(4) 56.9(4)
—175.3(3) 103.7(4) 90.6(4) —147.2(3)
0.386(3) 0.355(4) 0.344(4) 0.404(4)
78.9(5) 54.3(6) 261.0(5) 82.6(5)

“For comparison, parameters for Ic from PTGB® are included. “Ic: X = iodine; IV: X = atom N1’ of the azide group.

Figure 8. An overlay of the four crystallographically independent
§’-azido-5'-deoxyguanosines from a least-squares fit of the deoxy-
ribose-ring atoms from the crystal structure of IV. Azide nitrogen
atoms are drawn as balls for emphasis. Overlap of molecules A and
D is close throughout. Molecule B is similar apart from torsion of the
azide group. Molecule C has different puckering of its deoxyribose
ring and torsion of the purine group, though its azide orientation is
similar to that of B. An overlay based on a fit of the purine atoms is
given in the Supporting Information (Figure S4).

and twinned specimens examined appeared to be phase pure.
Comparison of powder diffraction patterns of separately
pulverized batches of Ila, IIb, and III (Figure S) compared
to powder patterns calculated from the single-crystal structures
show no evidence of contamination by even trace amounts of
other polymorphs in any of the batches. A somewhat surprising
result for ITa and IIb considering that the twin law for the few
ITa twinned crystals observed is the same as the symmetry
operation that relates alternate double layers in IIb.

3.3. Computational Modeling of Il and lll. Bond lengths
and angles for the geometry optimized structures of ITb and III
correspond well to the crystal structures. The overall
conformations, however, differ to the extent that RMSD values
between crystal structures and optimized geometries for IIb
and III are 1.170 and 1.156 A, respectively. Puckering of the
deoxyribose rings changes such that the flap atom, C4’, flips to
the other side of the mean plane through atoms O1'—C1'—
C2'—C3'. The orientation of the flat purine ring relative to the
deoxyribose ring defined by the torsion C4—N9-C1'—01’
changes from —153.3(7)° to —116.34° in ITa and —153.4(4)°
to —116.18° in IIL Finally, the dihedral angle formed by O1'—
C4'—C5'—X, while remaining gauche, expands in both IIb
and III, from $8.3(7)° to 68.65° and 54.6(4)° to 69.03°,
respectively. Changes in puckering and relaxation of the tor-
sion angles in the optimized structures can be attributed to the
condensed nature of the crystal packed structures in contrast
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with the calculated gas-phase structures. Results from the
dihedral scans indicate that the gauche halogen atom confor-
mations exhibited by the crystal structures are not the global
minima on the potential energy surface (Figure 6). Rather,
there exist anti conformations for both IIb and III, which sit
~2.0 kcal/mol lower in energy (electronic energy without zero
point or thermodynamic corrections applied) than the gauche
conformers, similar to I in PTGB.’

3.4. Comparison of Il, lll, and the 5’-lodo Analogue,
la. Although superficially similar, there are clear differences
between how planes of halogen atoms in the double layers
interdigitate. In the monoclinic form, stacked double layers are
identical by translation, whereas in the orthorhombic form
they are rotated by 180° (Figures 4, S3 for IIa and IIb). That
polymorphic forms and non-merohedric twinning were only
found for the 5’-Br compound suggests that the absence of
either a monoclinic polymorph of III or an orthorhombic form
of I might be due to the effect of halogen atom size and the
strength of halogen—halogen atom interactions. Attempts to
find a straightforward thermodynamic explanation for this
phenomenon via computational modeling were unsuccessful.
A plausible explanation, however, might be that it is due to the
kinetics of crystal growth, influenced by the steric compatibility
of interacting planes of halogen atoms on adjacent double
layers. In other words, the 5'-halogen atom size and mode of
contact determine which forms are stable, i.e., 5’-I (Ia, mono-
clinic only), §’-Cl (III, orthorhombic only), or 5'-Br (Ila,
monoclinic and IIb, orthorhombic). Since the relationship
between adjacent double layers in IIb and twinning in Ila
are both twofold rotation about [001], it is perhaps surprising
that each batch of the 5'-Br compound appeared to be
phase pure.

3.5. Structure of 5’-Azido-5'-deoxyguanosine
Hydrate, IV. The crystal structure of IV proved to be con-
siderably more complicated than any of the 5'-halo derivatives.
The asymmetric unit contains four molecules (A, B, C, D) of
the §’-azido-5'-deoxyguanosine and five full-occupancy well-
defined water molecules (Figure 7).

3.5.1. Molecular Geometry and Conformation in IV. Bond
lengths and angles are all normal. Molecular geometry can be
described by the same torsion angles and ring puckering parame-
ters as the 5'-halo analogues with the addition of torsion about
the C5'—N1’ bond, which orients the N; group relative to the
deoxyribose ring (Table 3). Unlike the $'-halo analogues, the
four main molecules adopt a range of conformations. Mole-
cules A and D have similar geometry, while B differs from A
and D primarily by torsion of the azide. Molecule C, however,
is different in almost all respects, especially puckering of the
deoxyribose ring. This, in combination with the glycosidic
bond torsion, dramatically changes the position of its purine
group relative to the deoxyribose ring (Table 3, Figures 8, S4).
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a

Figure 9. Major hydrogen-bond motifs in IV, highlighted by semitransparent blue lines. (a) Pairs of R%(8) rings link molecules A and B into
ribbons parallel to (—1, 3, 0). Similar ribbons form between molecules C and D (Figure S5a). (b) An R%(10) ring joins the exocyclic amine of C to
the purine and deoxyribose rings of D. (c) A chain of four water molecules joins pairs of A molecules (top) to pairs of D molecules (bottom).

3.5.2. Pairing of Molecules by m—xn Interactions in IV.
Within the asymmetric unit the purine groups of A and C stack
so as to place the 6-membered ring of A over the S-membered
ring of C, with a distance between their respective centroids of
3.309(4) A. The dihedral angle between the planes of purines
in A and C is 4.0(1)°. Stacking of the B and D molecules places
atom C5B almost directly over the 6-membered ring of D such
that the distance between its centroid and C5B is 3.330(4) A.
The dihedral between purines in B and D is 9.17(11)°.
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These overlaps are readily apparent in the ellipsoid plot of the
asymmetric unit (Figure 7).

3.5.3. Hydrogen Bonding in IV. The primary intermolecular
motifs involving just main molecules A, B, C, D are extended
ribbons. An R%(8) motif joins the 6-membered purine rings of
A and B in the same asymmetric unit by their NH (donor) and
carbonyl oxygen (acceptor) atoms. A different type of R%(8)
ring pairs the A molecule exocyclic amine (donor) and
6-membered ring nitrogen (acceptor) with their counterparts
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Figure 10. Qualitative comparison of experimental and calculated powder diffraction patterns for IV. All peaks present in the simulated plot match
well to experimental peaks. Only one broad peak at low diffraction angle in the experimental plot has no counterpart in the simulation. The cause of
this broad feature remains unknown, but is likely due to ground sample that had dried and lost its crystallinity.

on a translation related B(x, y, z — 1). These motifs repeat to
form ribbons parallel to (—1, 3, 0) that propagate along ¢
(Figure 9a). Similar constructs exist between molecules C and D,
also forming ribbons parallel to (—1, 3, 0) that extend along ¢
(Figure SSa). Finally, an R%,(10) ring links the exocyclic amine
of C with the 6-membered ring nitrogen and O3’ (acceptors) of
D in the same asymmetric unit (Figure 9b). The presence of
five water molecules complicates the description of hydrogen
bonding. Four of the water molecules (W1, W2, W3, W4)
form a chain linking translation-related N7A(x, y, z — 1) and
2, screw-related N7D(1 — x, y — 0.5, 2 — z). This water chain
is sandwiched between the azide and deoxyribose of A (same
asymmetric unit) and their counterparts on a screw-related
D(1 — x,y — 0.5, 1 — z) (Figure 9c). Water WS, which is iso-
lated from the other waters in a pocket, hydrogen bonds as a
donor to carbonyl O1C (same asymmetric unit) and a translation-
related hydroxyl O2'C(x, y, z — 1), and as an acceptor of one
hydrogen from the exocyclic amine of D in the same asym-
metric unit (Figure SSb). Hydrogen-bond parameters in IV are
given in Table S2.

3.6. Powder Diffraction of IV. All single crystals of IV
examined in detail indexed to give the same unit cell as the
hydrate crystal used for structure determination. Comparison
of powder diffraction patterns for a pulverized batch of crystals
and a pattern calculated from the single-crystal structure
showed good agreement between peak positions except for a
single broad feature at about 26 = 5.5° in the experimental plot
that is absent in the simulation (Figure 10). The cause of this
extra broad peak remains unknown but it could simply be due
to material that had wholly or partially dried. The parent com-
pound, guanosine, is known to undergo a reversible transition
between a dihydrate and an anhydrous form depending on the
relative humidity.”” All other peaks match well to the simu-
lation, so there does not appear to be any other crystalline
phase present.

3.7. Computational Modeling of IV. The four crystallo-
graphically independent molecules A, B, C, and D, were subjected
to computational analysis to assess the relative stability of each
conformation. Starting from the crystallographic coordinates, the
structures were optimized into their respective local-energy
minima (see section 2.5 for details), giving idealized gas-
phase conformations for each: A,, B, C,, and D,. These were
then solvated using the SMD continuum solvation model**
and further energy optimized. The results are condensed into
Table 4. From the gas-phase calculations, conformations A,
and D, are essentially equivalent. The most stable conformer is
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Table 4. Energies of Geometry-Optimized Conformers from
IV Relative to the Lowest Energy (Computed) Conformer”

(a) Relative gas-phase energies (kcal/mol) for IV molecules with respect to
lowest energy conformer

AE, AH, AH,ygg AG,gq
Aq 2.72 2.15 2.52 1.83
B, 3.17 2.69 3.03 2.58
C, 0.00 0.00 0.00 0.00
D 2.72 2.15 2.52 1.83

8
(b) Relative solvated energies (kcal/mol) for IV molecules with respect to
lowest energy conformer

AE, AH, AH,g AG,os
A, 1.78 1.66 175 133
B, 0.00 0.00 0.00 0.00
C, 0.71 0.96 0.87 1.62
D 1.78 1.66 175 1.32

w

“Optimization and frequency analysis for (a) gas phase and (b) solv-
ated (SMD model) conformers performed at the BALYP/6-311+G**
level of theory.

C,, whose parent conformation (C) is the visual odd-man-out
in Figure 8. The highest energy conformer is B, whose parent
in the crystal (B) shares a similar guanosine conformation with
A and D, but a different torsion of the azide group. Solvated
model conformations, A, B,, C,, and D,, are perhaps more
instructive for their crystal growth implications. Here, the most
stable solvated conformation is B, so it is presumably the
closest to the dominant conformation in aqueous solution. Not
surprisingly, equivalent conformers A, and D, are still
equivalent in the solvated model.

3.8. Comparison of IV and the Solvate of the 5’-lodo
Analogue, I. The hydrate structure of IV shares many simi-
larities with Ic, the water/methanol solvate of I in PTGB,’
which has two main molecules in its asymmetric unit. In spite
of the more complicated asymmetric unit in IV (Z’ = 4, space
group P2,) vs Ic (Z' = 2, space group P2,2,2,), the a axes of
IV and Ic are similar (9.2318(2) A vs 9.2724(2) A,
respectively), as are the ¢ axis of IV and the b axis of Ic
(10.8838(2) A and 10.5929(3) A, respectively). A much greater
difference exists between the b axis of IV (27.0190(2) A) and
the c axis of Ic (32.2592(8) A), but the solvent content is higher
and less well-defined in Ic than in IV. In terms of molecular
geometry, molecule IV-C is similar to one of the two main
molecules, Ic-B, in the asymmetric unit of Ic (Figure S6a),
whereas molecules A, B, and D of IV are similar to Ic-A, the
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other main molecule in Ic (Figure S6b). The different types of
hydrogen-bonding motifs in IV (two different R?,(8), and an
R?(10) ring) are also present in Ic, but none of the motifs that
are preserved in all the nonsolvated $'-halo structures are
found in IV (or Ic). Similar 7—7 overlap of purine groups is
also present in Ic.

4. SUMMARY

The unusual conformational polymorphism in monoclinic
hybrid crystals of 5'-iodo-5'-deoxyguanosine is not exhibited
by either the 5'-Br or 5'-Cl analogues. The molecular confor-
mation present in the minor polymorph of solvent-free 5'-1 is
absent in all solvent-free forms of crystalline 5’-Br and 5'-Cl-
guanosine. Instead, only crystal forms related to the dominant
5’-I conformation, which consists of stacks of identical double
layers, are found. The 5'-Br compound forms two polymorphs:
a monoclinic structure that is isotypic to the dominant 5'-I
polymorph, and an orthorhombic polymorph in which alter-
nating double layers are rotated by 180° about [001]. Some of
the 5'-Br monoclinic crystals were twinned, wherein the twin
operation is also a 180° rotation about [001] of abutted
twin components, entirely analogous to the relationship between
double layers in the orthorhombic polymorph. For the §'-CI
compound, only the orthorhombic isotype was observed.
Attempts to find a simple thermodynamic means to predict pre-
ference for monoclinic P2, versus orthorhombic P2,2,2, structure
types as a function of 5'-halogen substituent via computational
modeling were unsuccessful. As with the preference for Ia
over Ib in PTGB, the kinetics of crystal growth, influenced
by the steric compatibility of interacting planes of halo-
gen atoms on adjacent double layers might be the decisive
factor.

Unlike the $'-halo derivatives, the pseudohalide 5’-azido
compound IV only crystallized to give a hydrate structure, with
many of the same features as the water/methanol solvate Ic.
In spite of the similarities, perhaps the most striking difference
between crystals of IV and Ic is the propensity for growth of
each particular crystal form. Crystals of the hydrated structure
of IV described here were abundant, and were the only crystal
form of 5'-azido-5’-deoxyguanosine isolated, despite many
crystallization trials and many solvent combinations. Ic on the
other hand was only encountered once, in an early (actually
the first) batch of crystals of I encountered in PTGB.?
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