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Abstract: The common alkaloid theophylline (Tph) is known to exist in five polymorphic forms. The
structures of its 8-halo analogues were previously unreported. Here we report three polymorphs for
8-chlorotheophylline (8-Cl-Tph) and an additional distinct one for 8-bromotheophylline (8-Tph).
Whilst polymorphs for theophylline are dominated by NH---N inter-molecular hydrogen bonds, the
halo compounds exclusively exhibit NH---O interactions. 8-Cl-Tph has two related structures with
chains N(7)-H(7)---O(2), one is also the stable form for 8-Br-Tph. Polymorphs with a dimeric R22(10)
ring structure using N(7)-H---O(6) H-bonds exist for all three compounds, though each with distinct
3D packing. DFT calculations indicate the alkaloid ring nitrogen N(9) is a weaker base in 8-halo
compounds, disfavoring NH---N interactions in their polymorphic forms.

Keywords: theophylline; alkaloid; polymorphism; NH---O hydrogen bond

1. Introduction

The crystal structures of many common xanthine alkaloids with important pharmacological
properties have been extensively studied both experimentally and computationally [1-5]. Caffeine
has been of particular interest to researchers since well-ordered anhydrous crystalline forms are
elusive, and various studies of its polymorphism [6-8] and co-crystal formation to avoid its tendency
to hydration [9,10] have appeared. Furthermore, its cocrystals with various flavonoids have been the
basis for separation based on differential solubility [11]. We were interested to explore alkaloid:
flavonoid cocrystal formation in a broader sense and screened for co-crystal formation from common
alkaloid and flavonoid compounds. In addition to caffeine (Caf) which is 1,3,7-trimethylxanthine,
the related alkaloids theophylline (Tph) which is 1,3-dimethylxanthine and theobromine (Tbr) which
is 3,7-dimethylxanthine were also investigated.

NH
P
N

9

X =H, Cl, Br

Figure 1. Molecular scheme for Theophylline alkaloids.
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Two simple 8-halo substituted theophyllines, 8-chlorotheophylline (8-Cl-Tph) and 8-
bromotheophylline (8-Br-Tph) were also commercially available and thus included in our studies.
Neither 8-halo-Tph had a crystal structure previously reported in the Cambridge Structural Database.
This was rather surprising in the case of 8-Cl-Tph, since it is a well-known component of Dramamine,
(Dimenhydrinate) in which it serves as the anion in a 1:1 salt with diphenhydramine and for which
the crystal structure was only recently determined [12]. Since we wished to compare specific volumes
for cocrystals with parent co-formers, we undertook to carry out the crystal structure determinations
of both 8-Cl-Tph and 8-Br-Tph, as well as structure re-determination for Tph with all measured at
100K. Through use of differing crystallization conditions, we have uncovered three polymorphic
forms of 8-Cl-Tph and two for 8-Br-Tph, all of which we report herein. Only one pair of these
structures are isostructural and they are also distinct from the five previously reported Tph
polymorphs [13-20]. Hence a total of nine distinct packing arrangements have now been uncovered
for these simple theophylline alkaloid molecules.

2. Materials and Methods

Theophylline alkaloids and solvents used were of reagent grade supplied by Meryer Chemicals,
(Shanghai) with following details: Theophylline, 99% CAS 58-55-9, C7HsN4O;, Mw: 180.17; 8-
chlorotheophylline >98%, CAS 85-18-7, CzH-CINsO2, Mw: 214.61; 8-bromotheophylline 97%, CAS
10381-75-6, CzH7BrN4O2, Mw: 259.06. All new cocrystal phases can be obtained from liquid assisted
grinding (LAG) [21], using a Tencan XQM-0.4A mini-planetary ball mill with zirconia vessels and
media. A minimal amount of methanol (1] factor = 0.2 mL/g) was used to accelerate the solid-state
transformations which took between 30 min to 2 h [22].

Crystal polymorphs were obtained by heating/ cooling methanolic solutions of the compounds
at varying temperature, or hydrates via solvent evaporation at room temperature. Solid-solutions
were prepared through common dissolution/ reprecipitation from 50:50 mixtures from MeOH.
Specimen size ranged from 80-250 micron.

X-Ray Crystallography

Powder X-ray diffraction data were obtained on crystalline powders at room temperature using
Cu-Ko radiation by a PanAlytical X'Pert PRO diffractometer with 1D X’celerator detector or on a
PanAlytical Aeris benchtop powder X-ray diffractometer and measured in 26 range 5 to 30° with step
size of 0.02°. Single crystal X-ray structure determinations of the various polymorphs and solid
solutions of Tph, 8-CI-Tph and 8-Br-Tph were carried out at 100 K on a Rigaku-Oxford Diffraction
Supernova operating with micro-focus Cu-Ko. or Mo- Ka sources and Atlas detector, or on a Bruker
Metal-jet with Ga- Ko source. The structures were solved and refined using embedded SHELX
programs [23,24] or internal options from within the Olex2 suite [25,26].

Structures refined successfully with solutions showing R-values typically between 2 and 4%.
Bond length standard deviations were acceptably low (0.002-0.003A) and residual electron density
was low except for absorption features associated with Br atoms, which were kept below 1.0e A3, No
disorder of non-hydrogen atoms appeared present in these phases, except in the case of a Cl/Br solid-
solution. Organic C-H hydrogens were placed geometrically with riding constraints and ADPs
derived from the C atoms to which they were attached. All -CH and CH: groups had H-Uis. fixed at
1.2 times the C atom. Methyls were idealized as freely rotating CHs groups with H-Uis fixed at 1.5
times that of the C atom. In some cases, these were split into two rotationally staggered orientations.
Hydrogens on heteroatoms NH and OH (theophylline hydrate) were refined as independent
isotropic atoms.

d0i:10.20944/preprints202502.0086.v1
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Computational Methods

All DFT calculations carried out on theophylline molecule (and derivatives) were performed
using the Gaussian 09 program [27]. The wB97X-D functional [28] was chosen for the DFT
calculations. The def2-TZVP basis set [29] (together with the built-in effective core potentials when
present) was used to describe all the atoms in the calculations. The partial charges are estimated with
two different schemes: (1) Natural charges and the Wiberg bond index [30] in the natural atomic
orbital basis are calculated using the calculated by the Natural Bond Orbital (NBO) method [31]
embedded in Gaussian 09, and (2) the electrostatic potential-derived charges are calculated according
to the Merz-Singh-Kollman [32,33] scheme in Gaussian 09.

3. Results

Summary details of the crystal structure determinations for Tph, 8-Cl-Tph and 8-Br-Tph are
given in Table 1 for the various polymorphs. Unit cell data for the previously reported phases of Tph
and Tph.H:0 also measured at 100K are included for comparison.

The abbreviated summaries for theophylline are given in Tables 1-2 and the 8-halo-theophyllines in
Tables 3-5.

3.1. Polymorphic Forms of Theophylline

The polymorphs of anhydrous theophylline have been the subject of considerable previous
study [13-20]. To-date five distinct polymorphic forms have been identified and a monohydrate not
readily suppressed with ambient crystallization. Form I is the thermodynamically stable form above
232°C with related Form II more stable at ambient temperature. Form III is clearly metastable with
poor packing efficiency and its formation and structure was established by Madsen after desolvation
of the common monohydrate form [18]. Form IV has been regarded as the most thermodynamically
favored form to-date [19].

Table 1. Summary of Crystal Data of the Theophylline Polymorphs.

Form | T(K) |SpGp| a(A) bA) | ¢ BE) | V(A% | Vma |CSDCoden| Ref Comment
(A9

RT

O | 297 | Pna2i | 24.612 3.83 | 8501 90 801.38 | 2003 | BAPLOTO1 14 Better RT

I | 298 | P2i/c | 4531 | 11578 | 15719 | 93.69 | 822.92 | 2057 | BAPLOTO8 18 Metastable

v 299 | P2i/c 7.894 12.909 | 15.905 | 104.21 | 1571.1 196.4 | BAPLOTO02 15

\% 290 Pn 3.874 12.89 8.117 98.97 400.4 200.2 | BAPLOTO09 20 Solvothermal

LT

I 120 | Pna2: 13.087 15.579 | 3.8629 90 787.6 196.9 | BAPLOTO05 17

I 100 | Pna2: 13.158 15.630 3.854 90 792.6 198.2 | BAPLOT04 16 Stable HT

1II 120 | Pna2: | 24.330 3.7707 | 8.4850 90 778.43 194.6 | BAPLOT06 17

I 100 | Pna2: | 24.3948 | 3.7816 | 8.4779 90 782.1 195.5 Ywj32 This work | Hot cooled

v 100 | P2i/c 7.705 13.001 | 15.7794 | 103.22 | 1538.85| 192.4 | BAPLOTO03 16 Stable RT

v 100 Pn 3.8121 | 12.8944 | 8.0643 99.56 390.9 195.5 Ywij48 This work

HO0 | 173 | P2i/n 4.468 15.355 | 13.121 97.79 891.9 223.0 | THEOPHO1 19

H20 | 120 | P2i/n 4.4605 | 153207 | 13.0529 | 97.51 884.36 221.1 | THEOPHO02 17 neutron

H20 | 100 | P2i/n 4.453 15.3127 | 13.0396 | 97.42 881.7 220.4 Ywjl138 | This work | RT growth

* Data from 120 and 100K for Forms I and II and Hydrate included for comparison.
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In our own work we have tried crystallization of theophylline from ambient solvent evaporation
methods, which has typically afforded the monohydrate or a mixture of phase types. The use of
higher temperature crystallizations is helpful in suppressing formation of solvate and hydrated
phases and at 80°C from ethanol-water Form-II is isolated and high temperature (solvothermal) from
methanol affords the more recently isolated Form-V [20]. Our structure redetermination of this
indicates that this phase is certainly energetically competitive, with a specific molar volume of
195.5A3, which is essentially identical with our Form-II and with only the 100K structure from Form-
IV clearly giving a smaller specific molecular volume.

Descriptions of the theophylline polymorphic forms have been reported elsewhere but it is
instructive to consider here the three phase types we have isolated for later comparison with the 8-
halo analogues. The Form-II anhydrous theophylline [14,17] is readily crystallized using slightly
higher temperature of crystallization, such as from hot aqueous ethanol. It consists of zigzag linear
chains of theophylline molecules screw related along the c-axis and connected via N(7)-H(7)---N(9)
hydrogen bonds (N---N = 2.782(3)A). The molecular labelling scheme and packing diagram viewed
along the short b-axis [010] are shown in Figure 2.

Crystals of Form V were formed using higher temperature solvothermal crystal growth from
methanol (140°C). This is somewhat related to the use of DMF by Dvulgerov et al. in attempted
crystallization of a theophylline containing metal organic framework material [20]. The molecular
structure and packing diagram for Form V are shown in Figure 3. The packing density of Forms II
and V are essentially identical and the projections along the short axes look extremely similar. The
hydrogen bond geometry in Form V is once again based on N(7)-H(7)---N(9) with a slightly longer
N---N separation of 2.820(3)A

The key difference between the two forms can be seen in Figure 4, which shows the hydrogen
bond strands for Form II have a zigzag arrangement of molecular planes, whilst in Form V the
theophylline molecules in each strand are essentially coplanar.

Table 2. Hydrogen Bonds in Theophylline Forms II, V and its Hydrate.

D H A d(D-H)/A  dH-A)/A  d(D-A))A  D-H-A/°
Form II
N7 H7 N9! 0.90(5) 1.88(5) 2.782(3) 177(4)
Form V
N7 H7 N9 0.97(5) 1.86(5) 2.820(3) 174(5)
Hydrate
N7 H7 06! 0.89(2) 1.88(2) 2.754(2) 166(2)
O1W HIW N9 0.87(3) 2.02(3) 2.888(2) 175(3)
O1W HIW O1W2 0.91(4) 1.83(4) 2.725(4) 169(5)
O1W HIW O1W3 0.81(6) 1.94(6) 2.734(3) 168(7)
Symmetry operations: ~ Form II 11/2-X,1/2+Y,-1/2+Z. Form V. 11/2+X,1-Y,-1/2+Z Hydrate  1-X,1-Y,1-

Z;, 21-X,-Y,1-Z; 32-X,-Y,1-Z.
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Figure 2. a) Molecular structure and b) packing for Theophylline Form-II (viewed along short b-axis).

Figure 3. a) Molecular structure and b) packing for Theophylline Form-V (viewed along short b-axis).

%ﬁﬂ N&
N

Figure 4. Comparison of zig-zag and parallel hydrogen bonded strands for Form II and V

theophylline.
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Figure 5. a) Molecular structure and b) packing for Theophylline.H20 (viewed along short a-axis).

The theophylline monohydrate is readily formed under ambient growth conditions if water is
not excluded. The structure is monoclinic P2i/n with 1-D water channels showing statistical disorder
of hydrogen atoms, as previously reported [17]. The water hydrogen bonds to itself up and down the
channel stack as well as to the alkaloid base nitrogen N(9). The N(7)-H(7) forms a hydrogen bond to
O(6) keto oxygen (2.754A) such that the two theophyllines form a dimer R2%(10) in Etter graph set
notation [34]. This dimer motif is anticipated as the most likely molecular aggregation in concentrated
aqueous solutions of theophylline and has been examined computationally [35].

3.2. Polymorphic Forms of 8-Halotheophylline

The lack of reported polymorphic forms for the substituted alkaloids 8-chloro and 8-
bromotheophylline prompted us to investigate their crystal structures. Given the rich diversity of
theophylline structures discussed here, along with the common isolation of theophylline
monohydrate, we anticipated that the halo substitutions would likely alter the existing polymorphic
energies and potentially alter the stability ranking of these solid structures, or even give rise to new
ones. Material of 8-chlorotheophylline as received gave a reasonable powder X-ray diffraction
pattern, but Thermal Gravimetric Analysis indicated it was an anhydrous form — we have named this
Form-I. Recrystallization from methanol at 140°C afforded acceptable single crystals of Form-I 8-CI-
Tph, (Figure 6a) these are monoclinic whereas crystallization from various aprotic solvents gave
triclinic Form-II (Figure 6b) A third form 8-CI-Tph Form-III involving molcular dimers (Figure 6c)
with a platy rhombus crystal habit was isolated from attempted co-crystalliztion with rutin, but have
not yet been prepared in a phase pure manner by a more rational methodology.

Table 3. Summary of Crystal Data of the 8-Halotheophylline Polymorphs at 100K.

Form | Sp a(A) b (A) c(A) a (°) B () ¥ () V(A3 | Vma Code R1
Gp (A

8-Cl1

I | P2i/c |3.90604(9) | 16.8562(3) | 12.7664(3) | 90  [92.031(2)| 90  |840.02(3)| 210.0 | Ywjl65 | 3.33

I | P-1 |89581(4) | 8.9956(3) | 11.3519(5) | 80.95(1) | 84.40(1) | 68.80(1) |841.42(6)| 2104 | Ywj2l | 3.14

I | P-1 | 4.4920(6) |10.0818(10) | 10.1846(14) [ 110.30(1) | 96.88(1) | 99.93(1) | 418.0(1) | 209.0 | Ywjll5 | 332

8-Br

I | P2y/c | 3.9463(1) | 17.00243) | 12.8384(2) | 90 [91.933(2)| 90 |860.92(3)| 2152 | Ywj30 | 223

IV | P-1 | 6.5878(6) | 6.8562(4) |10.3366(10) |92.754(6) [ 90.961(7) | 108.06(1) |443.11(6) | 221.6 | Ywijl26b | 3.42

8- 72:28*
Cl/Br

I | P2i/c | 3.92042) | 16.9274(10) | 12.8080(7) | 90 | 91.97(1) | 90  |849.46(8)| 212.4* |LouisdGa| 2.16
* Refined ratios from 1:1 and 1:3 cocrystallizations of 8-Cl-Tph/8-Br-Tph and Tph/8-Br-Tph.
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Figure 6. Crystal habits of 8-halotheophyllines: 8-Cl-Tph Forms a) -I b)-II ¢)-III 8-Br-Tph Forms d) -I e) -
Iv.

The crystal structures of 8-CI-Tph and 8-Br-Tph show some differences, although the commonly
isolated Form I (Figure 8) is isostructural in the two cases. The Form-II for 8-CI-Tph that can be
isolated by crystallization from various aprotic solvents is a structural variant of Form I. The
asymmetric unit now includes two molecules, so the two forms differ considerably in configurational
entropy [36]. Essentially isometric 2D sheets of 1D hydrogen bonded strands are found in the two
cases, as shown in Figure 9. However, quite different stacking of these layers is found for the two
forms, (Figure 10). The strongest interactions are C-H---O nature between methyl hydrogen atoms
and keto oxygens of adjacent layers, since there are two chemically distinct CHs and keto groups per
molecule, this gives scope for different arrangements of very similar energy. DSC (Figure 7) gives
higher melting point (Tm = 306°C versus 304°C) and heat of fusion (Hr =449 Jg-! versus 364 Jg) Given
the otherwise high similarity of overall packing efficiency (Vmol are essentially equal) and geometric
near equivalence of NH---O hydrogen bonds (Table 6) then these two phases may have an
enantiotropic stability relationship, with Form-II more stable at lower temperature.

O e b)

Figure 7. Differential scanning calorimetry for 8-chlorotheophylline: a) Form-I b) Form-IIL

Table 4. Structure determination summaries for three polymorphic forms of 8-Cl-Tph.

8-Cl-Tph Form-I Form-I1 Form-III
CCDC /(Our code) Ywjl65 Ywij21 Ywijll5
Empirical formula C7H7CIN4O2 C7H7CIN4O2 C7H7CIN4O2
Formula weight 214.62 214.62 214.62
Temperature/K 99.99(10) 100.15 100.01(10)
Crystal system monoclinic triclinic triclinic
Space group P2i/c P-1 P-1

a/A 3.90604(9) 8.9581(4) 4.4920(6)
b/A 16.8562(3) 8.9956(3) 10.0818(10)
/A 12.7664(3) 11.3519(5) 10.1846(14)

O(/O 90 8095(1) 110304(10)
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Br
v/°

Volume/A3

7,7

Qaaleg/cm? p/mm!
F(000)

Crystal size/mm3
Radiation

20 range /°
Index ranges

Reflections collected
Independent reflections
Rint, Rsigma
Data/restraints/parameters
Goodness-of-fit on F2

Final R1, wR2 [[>=20 (I)]
Final R indexes [all data]

Res. peak/hole / e A=

92.031(2)
90

840.02(3)

41

1.697, 3.892

440.0

0.15 x 0.10 x 0.08
CuKa (A =1.54184)

8.7 to 154.0

-3<h<4,-21<k<20,
-11<1<16

5186

1732

0.0247, 0.0247
1732/ 0/ 133
1.036

0.0333, 0.0838
0.0395, 0.0882
0.33/-0.27

84.40(1)
68.80(1)

841.42(6)

4,2

1.694, 3.886

440.0

0.15 x 0.08 x 0.08
CuKa (A = 1.54184)

8.0 to 149.0

-10<sh<11,-11<k<11
-14<1<14

12856

3347

0.0351, 0.0270
3347/ 0/ 265
1.041

0.0314, 0.0801
0.0367, 0.0840
0.31/-0.33

96.877(11)

99.931(10)
417.97(10)

2,1

1.705, 3.911

220.0

0.06 x 0.04 x 0.04
CuKa (A = 1.54184)

9.4 to 149.5

-5<h<5,-6<k<12
-12<1<9

2307

1615
0.0187, 0.0273

1615/ 0/ 134
1.040

0.0329, 0.0881
0.0347, 0.0904
0.43/-0.56

The related 8-Br-Tph also crystallizes with the monoclinic Form-I structure, however the second

chain Form-II type has not yet been observed for 8-Br-Tph, though an extensive search for
polymorphic forms of this compound has not yet been conducted, so it may well exist.

As mentioned above a third polymorph of 8-Cl-Tph, Form IIl was also isolated from a
cocrystallization attempt. This has a dimeric structure, formed by pairing of Tph molecules via N(7)-
H(7)---O(6) hydrogen bonds, forming a R2%(10) ring. Interestingly, unlike the dimer polymorph for
Tph the specific volume in this 8-CI-Tph polymorph is the smallest found. 8-Br-Tph has also been
isolated in a dimer polymorph from an attempted co-crystallization with chrysin. (We will call this
Form 1V, since analog structures of the 8-CI-Tph Form-II and III may yet be found). The 8-X-Tph
Forms-III and IV are similar in that dimers pack in coplanar layers that are metrically similar in the
two cases, see Figure 11b and Figure 12b. Once more however the stacking of these layers is quite
different (Fig. 13) A similar dimer arrangement is also found for theophylline hydrate [17] and the
meta-stable Form III of the anhydrous Tph [18].

Table 5. Structure determination summaries for two polymorphic forms of 8-Br-Tph & 8-C1/Br-Tph (SS).

8-Br-Tph Form-I Form-IV Form-I 8-C1/8-Br (SS)
CCDC /(Our code) Ywj30 Ywj126b Louis4Ga
Empirical formula C7H7BrNsO2 C7H7BrN4O: C7H7Bro2sClo72N4Oz2
Formula weight 259.08 259.08 227.06
Temperature/K 100.01(10) 99.96(12) 100.01(10)

Crystal system monoclinic triclinic monoclinic

Space group P2i/c P-1 P2i/c

alA 3.94630(10) 6.5461(3) 3.9204(2)

b/A 17.0024(3) 6.8780(5) 16.9274(10)

/A 12.8384(2) 10.3419(5) 12.8080(7)

al® 90 93.114(5) 90

B/ 91.933(2) 90.726(4) 91.972(2)
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v/° 90 107.664(5) 90
Volume/A3 860.92(3) 442.82(5) 849.46(8)

Z,7 4,1 2,1 2,1

Qaaleg/cm? p/mm! 1.999, 6.381 1.943, 4.62 1.775, 3.024

F(000) 512.0 256.0 460.0

Crystal size/mm? 0.10 x 0.10 x 0.10 0.12 x 0.10 x 0.10 0.11 x 0.07 x 0.06
Radiation CuKa (A = 1.54184) MoKa (A = 0.71073) GaKa (A = 1.34139)
20 range /° 8.6 to 148.9 4.0to57.5 7.5t0115.0

Ind -4<h<4,-20<k<19, -6<h<8,-9<k<5, -4<h<4,-21<k<21,
ndex ranges 15<1<11 13<1<12 15<1<16
Reflections collected 4627 2629 9048

Independent reflections 1699 1947 1675

Rint, Rsigma 0.0311, 0.0673 0.0180, 0.0513 0.0272, 0.0232
Data/restraints/parameters 1593/ 0/ 133 1947/ 0/ 133 1675/ 0/ 144
Goodness-of-fit on F2 1.003 1.094 1.049

Final R1, wR2 [I>=20 (I)] 0.0223, 0.0556 0.0342 0.0763 0.0216, 0.0577

Final R indexes [all data] 0.0230, 0.0560 0.0397, 0.0796 0.0221, 0.0580

Res. peak/hole / e A= 0.52/-0.47 0.95/-0.65 0.26/-0.23

Table 6. Hydrogen Bonds in 8-Halotheophyllines.

D H A d(D-H/A  dH-AYA  d(D-A/A  D-H-A/°
8-ClFormI N7 H7 021 0.87(3) 1.86(3) 2.7346(19)  178(3)
8-Cl Form II N7 H7 O2A 0.92(2) 1.81(2) 2.7185(18) 174(2)

N7A H7A 021 0.91(3) 1.81(3) 2.7203(18)  177(2)
8-Cl Form III N7 H7 06! 0.84(2) 1.89(2) 2.7297(18) 177(2)
8-Br Form I N7 H7 02! 0.84(3) 1.93(3) 2.760(2) 174(3)
8-Br Form IV N7 H7 02! 0.77(5) 1.97(5) 2.723(4) 166(5)

Symmetry operations: ~ 8-Cl--Tph Form I 1-X,3/2-Y,-1/2+Z. Form Il ' -1+X,+Y,-1+Z Form III ! -X,1-Y,1-Z. 8-Br-
Tph Form I '1+X,3/2-Y,-1/2+Z. Form II 1-X,1-Y,1-Z.

Figure 8. a) Molecular structure and labelling scheme for 8-Chlorotheophylline Form I (left) and II (right).
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Figure 10. Differentiation of 2D layer stacking in 8-Cl-Tph Forms I (left) and II (right).

Figure 11. a) Molecular structure and b) packing for 8-Chlorotheophylline dimer Form III (viewed along a-

axis).
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Figure 12. a) Molecular structure and b) packing for 8-Bromotheophylline dimer Form IV (viewed along a-

axis).

Figure 13. Differential layer overlap for 8-Cl-Tph (Form III) and 8-Br-Tph (Form IV) dimer structures.

4. Discussion

Some rationalization of this structural diversity has been sought and Density Functional Theory
has helped to shed some light on the origin of the differences. The main point is that whilst
theophylline polymorphs are dominated by N(7)-H(7) —N(9) hydrogen bonds, in the case of the 8-
halo analogues N(7)-H(7)--—-O hydrogen bonds are exclusively found. In general these are to keto
oxygen O(2) leading to chain structures that are distinct from Tph cases. The introduction of a 8-X
substituent might be expected to modify the acidity/ basicity of the nearby N(7)-H(7) and N(9)
functionalities respectively. In the well-known case of pyridine, compared to 2-chloro and 2-
bromopyridines the pKa of the pyridinium cations (or pKus) are 5.17, 0.72 and 0.90 respectively [37].
This indicates that the halogen effect would be to render adjacent NH more acidic but an adjacent N
less basic. This effect would be stronger for the chloro substituent, but similar in both cases.

Density Functional Theory (DFT) calculations have been carried out on theophylline before
[35,38,39]. This has allowed identification of IR vibrational modes and also confirm the expectation
that in concentrated aqueous solution the dimer form will be stable [35]. Calculations on the 8-Cl-Tph
anion in Dimenhydrinate have also been run previously to help confirm the salt rather than the
neutral cocrystal formulation for this solid phase of Dramamine [12]. We undertook DFT calculations
on Tph and 8-Cl-Tph and 8-Br-Tph to confirm the assumption that the halo substituted molecule will
have a substantial weakening of N(9) basicity, but less effect on keto oxygen O(2). The results in Table
7 provide an analysis of the partial charges on substituent atoms, calculated by both the Natural Bond
Orbital (NBO) [31] and ESP [32,33] methods embedded in Gaussian(09 software [27].
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Table 7. Atomic charges in Theophylline Molecules from DFT.
a) Natural Bond Order Charges b) ESP Charges

Atom Tph 8-Cl-Tph | 8-Br-Tph Atom Tph 8-Cl-Tph 8-Br-Tph
N(1) -0.436 0434 -0.434 N(1) -0.227 -0.238 -0.239
0(2) -0.622 -0.615 -0.614 0oQ) -0.532 -0.545 -0.549
N(@) -0.394 -0.391 -0.391 N@3) -0.247 -0.335 -0.398
O(6) -0.603 -0.600 -0.600 O(6) 0512 -0.498 -0.504
N(7) -0.472 -0.483 -0.488 N() -0.400 -0.263 -0.089
H(7) 0.434 0.443 0.444 H(7) 0.379 0.334 0.298
X(8) | H:0.206 Cl: 0.068 Br: 0.121 X(8) H:0.116 Cl: -0.025 Br: 0.029
N(9) -0.482 -0.488 -0.494 N(9) -0.616 -0.516 -0.461

The NBO results show relatively small
differences between the three molecules, and ESP approach is better suited to understand likely
electrostatic interactions between molecules. In this case charges on O(2) oxygen and N(9) nitrogen
can be seen to swap over so that in Tph the N(9) is -0.616 and O(2) -0.532, helping to favour NH---N
hydrogen bond formation, whereas in 8-Cl-Tph N(9) is -0.516 and O(2) -0.545, leading to favorability
of NH---O polymorphic forms. 8-Br-Tph is intermediate but more similar to the chloro compound.
The acidity of the NH functionality is not so clearly demonstrated in the charge on H(7) itself, or the
computed bond distances, which are all 1.00A. However the Wiberg bond order is 0.79 for Tph,
greater than in the 8-X-Tph cases (0.78).

Each molecule also has an example of a dimer structure involving R22(10) rings and N(7)-H(7)--
-O(6) hydrogen bonds, but none of these are isostructural with each other. In the 8-CI-Tph and 8-Br-
Tph cases the Br atoms lie above and below the alkaloid six membered ring, whereas the CI atoms
interact with methyl groups lying outside the xanthine rings. This may reflect an electronic rather
than steric preference. Subtle differences in halogen environment exist in the 8-X-Tph polymorphs,
and shorter Br---O contacts than CI---O contacts are found even in isostructural Form I. We have
observed that stronger halogen bond interactions in 11-azaartemisinin cocrystals with 4-halo-salicylic
acids leads to switching of energy preferences for polymorphic structures [40]. In the case of Tph the
anhydrous form originates from desolvation of the hydrate, which has a different layer arrangement
that is not wholly planar and that orients C(1) methyl groups in proximity to each other, [19] which
is not the case for the halo analogues.

Isolation of phase pure polymorphs has not yet been achieved for all 8-X-Tph forms. In the case
of 8-Cl-Tph Form-I and II can be prepared and powder XRD patterns of phases isolated from high
temperature crystallization from ethanol and acetone fit to those simulated from the Form-I and
Form-II crystal structures. The P-XRD of as received 8-CI-Tph matches to Form-I. (Figure 14)

i *nan . N
e ) N AP P

a) N, )
Figure 14. Powder X-ray diffractograms for 8-CI-Tph a) Form I and b) Form-II.
The difference and similarity of these different packing arrangements have also lead us to study

possible solid-solution formation between the molecules and the potential to template alternate
polymorphic forms from analogue structures [41,42]. Unsurprisingly Tph and the 8-halo analogues
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appear mutually insoluble and LAG co-grinding [21,22] does not afford a solid solution. In the case
of 8-Cl-Tph and 8-Br-Tph however the electronic and steric similarity lead to the stable Form I being
isostructural. Unsurprisingly then, a solid solution can be formed and a single crystal from a 1:1
codissolution in hot methanol and reprecipitation upon cooling gave a crystal structure indicating
disorder at the 8-substituted site. This refined to occupancies of 72% 8-Cl and 28% 8-Br-Tph. The unit
cell of the Solid Solution crystal is intermediate with V =849 A3 compared to 840 A® and 860A3 for the
pure 8-Cl-Tph and 8-Br-Tph structures.

Our initial purpose behind study of the theophylline and 8-halotheophyllines was to examine
their involvement in formation of cocrystals with a variety of flavonoids. The measurement of their
crystal structures at 100K was to provide benchmark specific molecular volumes that might be used
to assist comparison of coformer versus cocrystal volumes. The switch of structure type from N(H)--
-N to NH--O hydrogen bonding and the DFT calculation of weaker basicity for the 8-halo
theophyllines hints that weaker basicity of the alkaloid base N adversely affects the formation of
cocrystals with the hydrogen bond donor flavonoids. Our initial survey supports this expectation,
with initial screening affords six cocrystals for Tph yet only two each for 8-Cl-Tph and 8-Br-Tph the
full results of these studies [43] will be reported elsewhere.

5. Conclusions

The crystal structures of several new polymorphic forms of the 8-halotheophyllines 8-Cl-Tph
and 8-Br-Tph have been determined. Unlike parent molecule theophylline, in which NH---N
hydrogen bonds are typically favored, the structures are dominated by inter-molecular NH---O
hydrogen bonding. This may be rationalized from the electronic perturbation of the halo substituent
on the donor and acceptor properties of the proximal N(7)-H and N(9) groups. This renders N(7)H a
slightly better donor, but crucially N(9) a weaker acceptor. DFT calculations support the idea that
O(2) is more basic than N(9) leading to this switch. The most stable 8-Br-Tph polymorph appears
isostructural with that of 8-Cl-Tph. In addition to chain arrangents, distinct dimer forms are found
for all three molecules, so that now a total of nine packing arrangements - Tph Forms I-V and 8-X-
Tph Forms I-1V, have been found for these theophylline type molecules.
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The following abbreviations are used in this manuscript:

DFT Density Functional Theory
Tph Theophylline

LAG Liquid Assisted Grinding
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