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45 ABSTRACT Dihydrofolate reductase inhibitors such as pyrimethamine are known to have
48 synergistic effects with sulfonamides. Four new solid forms combining pyrimethamine and
sulfathiazole - one cocrystal (pyrimethamine-sulfathiazole (1:1)) and three solvated salt cocrystals

55 (in which pyrimethamine and sulfathiazole are in a 1:2 molar ratio) are determined and

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design

characterised. Desolvation of the salt cocrystals leads either to a physical mixture of the starting

compounds or to the formation of the cocrystal (1:1) with an excess of sulfathiazole. The

pyrimethamine sulfatiazole binary phase diagram was determined and reveals that the

pyrimethamine sulfatiazole (1:2) composition point corresponds to a metastable eutectic.

Obtaining this metastable eutectic as a pure powder is therefore rather difficult since it converts to

a stable mixture of the (1:1) cocrystal + sulfathiazole. The above-mentioned drug-drug

multicomponent systems are characterised in terms of thermal stability (by TGA/DSC) and

solubility. Both pyrimethamine-sulfathiazole (1:1) cocrystal and pyrimethamine-sulfathiazole

(1:2) ethanol solvated salt cocrystal result in an increase of the parent drugs solubility.

Introduction

The folic acid biosynthetic pathway is a common therapeutic target for antibacterials,

antimicrobials and anticancer treatments.™*

Among the enzymes of this metabolic route, two are of particular interest, namely

dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR). DHPS is found only in

organisms that cannot uptake folate from their environment (mainly prokaryotes and lower
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eukaryotes),” which makes this enzyme a good therapeutic target as it is not present in humans. In

contrast, DHFR is found in all dividing cells (prokaryotes as well as eukaryotes). This enzyme

produces tetrahydrofolate, a cofactor essential for cellular replication as it is implied in the

synthesis of nucleic and amino acids.*® Differences in the active site of bacterial and protozoal

DHFR enzymes in comparison with human DHFR allow drug selectivity.® For example,

pyrimethamine (PYRM, Fig. 1) is an antiprotozoal agent, trimethoprim is active on bacterial

enzymes and methotrexate is used as human DHFR inhibitor for cancer treatment.®’

Dihydrofolate reductase inhibitors are known to have synergic effects with dihydropteroate

synthase inhibitors such as sulfa drugs. The most common combination, prepared as physical

mixture, is probably trimethoprim/sulfamethoxazole (known as Bactrim) which is used as a

treatment for, among others, urinary tract infections.®® Other known combinations are

pyrimethamine/sulfadoxine that was used to treat malarial® and pyrimethamine/sulfadiazine,

which is used against toxoplasmosis.*2 Varde et.al have shown that trimethoprim/sulfadiazine

combination is as effective as trimethoprim/sulfamethoxazole for the treatment of urinary tract

infections and propose its use in case of sulfamethoxazole resistance.!® This suggests that other

combinations of DHFR and DHPS inhibitors could potentially overcome the problem of resistance.
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Several DHFR inhibitors and sulfamides present a low solubility. For example, trimethoprim,

sulfamethoxazole and sulfathiazole are classified as BCS class II drugs, meaning that they have a

low solubility but a high permeability,'#'> while data for pyrimethamine, sulfasalazine and

sulfadiazine are not sufficiently clear to discriminate their classification as BCS class IT or IV (low

solubility and low permeability). Salt formation, cocrystallisation, solid-solution and eutectic

preparation (among others) are techniques known to allow physico-chemical properties

modulation (hygroscopy, stability, dissolution rate, solubility ...) of pharmaceutical compounds.®-

18 In consequence salt formation with DHFR inhibitors and sulfamides could be a valuable

approach to modulate their solubility.

Despite its use in combination with sulfamides, on the 110 structures with pyrimethamin(e/ium)

reported on the Cambridge Structural Database (CSD version 5.43 November 2022 update,®),

only one solvated cocrystal of pyrimethamine with a sulfamide API (i.e. with sulfamethazine) is

reported (CSD refcode KAXMEF??). Other salt structures are reported with saccharin, a

sulfonamide derivative used as artificial sweetener.

Here are presented four new solid forms combining pyrimethamine with sulfathiazole, an

antimycobacterial sulfa drug (Fig. 1). The solid forms combine PYRM with STIAZ under the form

ACS Paragon Plus Environment
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of three solvated salt cocrystals (PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5), PYRM*-STIAZ"-

STIAZ-iPrOH (1:1:1:0.5) and PYRM*-STIAZ-STIAZ-MeCN (1:1:1:0.5)) and one cocrystal

(PYRM-STIAZ (1:1)). The binary phase diagrams between PYRM and STIAZ as well as the

thermal stability of the four crystalline forms are reported. Water solubility of the non-solvated

and ethanol solvated combinations is studied and compared to the one of the parent drugs.

A
N cl
l /\OH 0.5[ e hiH.
NS NS
cl A® PROS
NH; N H:N" N
Sodl R eV A s A cU,
NN NG
AL 2 % Y 8= @\ N Ny N
N v %0 {0 %0 5.7 %0 L)
PYRM PYRM*-STIAZ"-STIAZ-EtOH (1:1:1:0.5) PYRM*-STIAZ"-STIAZ-MeCN (1:1:1:0.5)
NHo cl
N™ ™
A
HoN" N
0.,0 S\ ‘ 2
‘s:N//L} HEN© H HN
H [ )\ JN._N [ 1
S
HoN g0 5_7 o ‘o\gj g0 SJ
STIAZ PYRM*-STIAZ*-STIAZ-iPrOH (1:1:1:0.5) PYRM-STIAZ (1:1)

Figure 1. A: Chemical structures of parent APIs, pyrimethamine (PYRM) and sulfathiazole
(STIAZ). B: Chemical structures of PYRM and STIAZ combinations;
sulfathiazolate sulfathiazole ethanol solvated salt cocrystal (PYRM*-STIAZ -STIAZ-EtOH

pyrimethaminium

(1:1:1:0.5)), pyrimethaminium sulfathiazolate sulfathiazole isopropanol solvated salt cocrystal
(PYRM*-STIAZ -STIAZ-iPrOH (1:1:1:0.5)), pyrimethaminium sulfathiazolate sulfathiazole
cocrystal (PYRM*-STIAZ -STIAZ-MeCN (1:1:1:0.5))
pyrimethamine sulfathiazole cocrystal (PYRM-STIAZ (1:1)).

acetonitrile solvated salt and
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Results and discussion

In this section, we first describe the structures of the solvated salt cocrystal and discuss their

thermal behaviour. Then, the binary phase diagram between PYRM and STIAZ is established.

Finally, we describe the crystal structure of the PYRM-STIAZ (1:1) cocrystal and discuss the

solubility of PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5) and PYRM-STIAZ (1:1) in relation to that

of the parent compounds.

Pyrimethaminium sulfathiazolate sulfathiazole solvated (EtOH, iPrOH or MeCN) salt cocrystals

Structural analysis

Liquid-assisted grinding in presence of EtOH (but not neat ball-milling) of pyrimethamine with

sulfathiazole in 1:1 and 1:2 molar ratios leads to a new crystalline phase when grinding is

performed in 2 mL eppendorfs plastic vials with seven stainless steel balls (2 mm of diameter)

(Fig. S1). An excess of PYRM is identified on the powder pattern when ball-milling is done in

equimolar quantities, which is not the case for the sample ground in 1:2 molar ratio (Fig. S1).
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Recrystallisation of PYRM-STIAZ (1:2) powder (prepared by LAG EtOH) was performed by slow

evaporation in EtOH.

Pyrimethaminium sulfathiazolate sulfathiazole ethanol solvated salt cocrystal (PYRM*STIAZ-

STIAZ-EtOH (1:1:1:0.5)) crystallises in P space group (Table 1). The asymmetric unit contains

one pyrimethaminium cation, one sulfathiazolate anion, one sulfathiazole molecule and a half

molecule of EtOH (located near an inversion center). A proton transfer occurs from one STIAZ to

PYRM. This proton transfer is confirmed by a decrease of the STIAZ~ C7 — N3 — C9 angle

(111.2(2)°, Fig. 2 and Table S3), which is closer to the value observed in sulfathiazolate (109.9(2)°

in 2-methyl-4,5-dihydro-1H-imidazol-3-ium sulfathiazolate,?! (CSD refcode: XIFPEI)) than to the

one observed in sulfathiazole (C28 — N10 — C30 angle of 116.0(2)° in the sulfathiazole molecule

in the structure, Fig. 2 and Table S3). This value is in accordance with the ones for sulfathiazole

molecule (115.06-127(3) ° in polymorphs I to V of sulfathiazole (polymorph notation is given in

Table S1 and is in accordance with the paper of Munroe et a/.>?)).

Table 1. Experimental details.
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PYRM*-STIAZ - PYRM*-STIAZ - PYRM*-STIAZ - PYRM-STIAZ (1:1)
STIAZ-EtOH STIAZ-iPrOH STIAZ-MeCN
(1:1:1:0.5) (1:1:1:0.5) (1:1:1:0.5)

Chemical formula 2(C]2H]4C1N4+)' 2(C12H14C1N4+)' 2(C]2H14C1N4+)' C12H]3C1N4'
2(CoHgN30,5,7)- 2(CoHgN30,5,7)- 2(CoHgN30,S,7)- CoHgN30,S,
2(CyHyN30,3,)- 2(CyoHyN30,5,)- 2(9HoN30,S,) -CH3N
C,HesO C;HzO

Mr 1564.74 1578.77 1559.73 504.02

Crystal system, space | Triclinic, P1 Triclinic, P1 Triclinic, P1 Orthorhombic, Pbca

group

a, b, C(A) 8.2895(2), 10.0115(2), | 8.3290(2), 10.0742(3), | 8.2767(2), 10.0027(2), | 9.1931(1), 16.5708(2),
22.0236(5) 21.9489(5) 22.0661(5) 31.3944(3)

o, B 70 82.164(2), 83.671(2), | 81.784(2), 83.740(2), | 82.200(2), 82.939(2), | 90, 90, 90
84.636(2) 84.762(2) 84.268(2)

V (A% 1793.94(7) 1806.54(8) 1789.77(7) 4782.53(9)

Z 1 1 1 8

Radiation type Cu Ko Cu Ko Cu Ko Cu Ko

g (mm) 3.57 3.55 3.57 3.33

Crystal size (mm) 0.09 x 0.06 x 0.05 0.28 x 0.23 x 0.03 0.21 x 0.16 x 0.03 0.28 x 0.15x 0.11

Absorption correction Analytical Analytical Analytical Analytical

Tmin, Tmax 0.326, 0.850 0.587, 0.899 0.612,0.911 0.560, 0.760

No. of measured, | 23732, 6343, 5930 16437, 6349, 5574 16074, 6317, 5494 15039, 4226, 3562

independent and observed

[/>2 o (1)] reflections

Rint

0.024

0.023

0.027

0.029

(sin 6/ 2) may (A1)

0.598

0.597

0.598

0.597

RIP>2 o(P)], wR(P), S

0.035, 0.099, 1.07

0.036, 0.103, 1.04

0.035, 0.095, 1.03

0.042, 0.120, 1.04

No. of reflections

6343

6349

6317

4226

No. of parameters

502

512

501

361
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No. of restraints 18 24 15 25

AP mim AP max (€ A73) 0.38,-0.45 0.34,-0.32 0.32,-0.33 0.27,-0.38

Experiments were carried out using an Oxford Diffraction Gemini Ultra R diffractometer. H

atoms were treated by a mixture of independent and constrained refinement.

PYRM* interacts with STIAZ- through H-bonds (R3(8), N4 — H--N2, N5* — H--N3~ and D}

(2), N7 —H:--02, Table S2 and Figs. 2(a) and (b)). PYRM* dimers are stabilised by a R%(8) H-

bond motif (N4 — H---N6, Table S2 and Figs. 2(b)). PYRM* also interacts with STIAZ molecule

through D} (2), N7 — H---N8 H-bonds (Table S2 and Figs. 2(a) and (b)).

Chains of sulfathiazolate anions along the a-axis are stabilised by €1(8) (N1—H - O1) H-

bonds (Fig. 2(d)). STIAZ molecules interact with sulfathiazolate anions through four D} (2) motifs

(NI —H - O4, N8 —H - NI, N8 —H --- O2 and N1 — H --- O3 (weak H-bond), Table S2 and

Fig. 2(c)). Chains of STIAZ" and STIAZ are stabilised through a C3(10) motif, resulting from the

combination of D1(2), N8 —H - N1 and D1(2), N1 —H --- O4 (Table S2 and Fig 2(e)). Dimers

of STIAZ molecules are also observed (R%(B), N10—H -+ N9, Table S2) in the structure of

PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5). Finally, EtOH molecules are H-bonded to STIAZ~ (05

— H---N2, Table S2). The conformations of STIAZ™ and STIAZ are further stabilised through

intramolecular chalogen bonds (C8 — S2---:O1 and C29 — S4---O3, Table S2). Liquid-assisted
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grinding of PYRM and STIAZ in 1:2 molar ratio in presence of iPrOH and MeCN leads to two

new solvated cocrystals of salts that are isostructural to PYRM*-STIAZ™-STIAZ-EtOH (1:1:1:0.5)

(Figs 3 and S1 and Tables 1 and S3).

ACS Paragon Plus Environment
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Figure 2. Ellipsoid plots (50% probability level) of PYRM*-STIAZ™-STIAZ-EtOH (1:1:1:0.5)
(occupancy of EtOH is 0.5) (a), packing of PYRM*-STIAZ™-STIAZ-EtOH (1:1:1:0.5) along 2 and
b-axes (b) and (c), STIAZ™ form chains along a-axis (d), STIAZ and STIAZ" interact to form chains
(e). Capped sticks representation of PYRM* in grey, of STIAZ molecule in magenta, of EtOH
molecules in pink and orange (EtOH is disordered) and of STIAZ™ anion in ball and stick style. H

atoms not involved in H-bonds are not shown for clarity.

Figure 3. Ellipsoid plots (50% probability level) of PYRM*-STIAZ™-STIAZ-iPrOH (1:1:1:0.5) (a)
and of PYRM*-STIAZ-STIAZ-MeCN (1:1:1:0.5) (b), PYRM*-STIAZ -STIAZ-iPrOH
(1:1:1:0.5) and PYRM*-STIAZ -STIAZ-MeCN (1:1:1:0.5) are isostructural to PYRM*-STIAZ"-
STIAZ-EtOH (1:1:1:0.5) (c) and (d).

Thermal analysis and binary phase diagram

ACS Paragon Plus Environment
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The PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5), PYRM*-STIAZ -STIAZ-iPrOH (1:1:1:0.5)

and PYRM*-STIAZ -STIAZ-MeCN (1:1:1:0.5) powders were analysed by TG/DSC (Fig. 4).

Thermal analyses of these three isostructural solvated salts are very similar. All three powders

present several thermal events between 145 and 165 °C, as well as two other endotherms at 188 °C

and 209 °C (Table 2). TG analyses of the EtOH, iPrOH and MeCN solvated salt

cocrystals indicate respectively a 3.0%, a 3.8% and a 2.2% weight loss between 140 and 160 °C,

which can be associated with desolvation (theoretical mass losses of 2.9% EtOH, 3.8% iPrOH and

2.6% MeCN). It is interesting to note that one endothermic event is also observed at 176 °C on the

DSC curve of PYRM*-STIAZ™-STIAZ-MeCN (1:1:1:0.5), but not on the thermal analyses of the

other solvated salt cocrystals. Variable-temperature PXRD analysis of PYRM*-STIAZ™-STIAZ-

EtOH (1:1:1:0.5) reveals the formation of a physical mixture of pyrimethamine and polymorph I

of sulfathiazole after desolvation at high-temperature (Fig. S2). However, heating can also lead to

another outcome as the crystallisation of a new crystalline phase can occur (Fig. S3).

ACS Paragon Plus Environment
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STIAZ PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5)
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Figure 4. TG/DSC analysis of PYRM, STIAZ, PYRM*-STIAZ -STIAZ-

EtOH (1:1:1:0.5), PYRM*-STIAZ -STIAZ-iPrOH (1:1:1:0.5), PYRM*-STIAZ "-STIAZ-MeCN
(1:1:1:0.5) of PYRM-STIAZ (1:1) and of the PYRM/STIAZ (1:2) physical mix obtained from
desolvation of PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5). TGA curves in blue and DSC curves in

red.

Furthermore, this new crystalline phase is also observed when the powder obtained from the

variable-temperature PXRD experiment is re-analysed one month later (Fig. S3). Interestingly, in

the powder pattern of the sample obtained after desolvation and crystallisation of this new

crystalline phase, all PXRD peaks of STIAZ (polymorph I) are present, indicating an excess of

ACS Paragon Plus Environment
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STIAZ. Combination of TG/DSC and PXRD analysis suggests that the new crystalline phase is a

non-solvated compound in which the STIAZ:PYRM ratio is lower than 2.

To fully understand this behaviour and the endothermic events observed after desolvation, we

determinated the PYRM/STIAZ binary phase diagram (Fig. 5). Solid samples (prepared by slurry

of PYRM and/or STIAZ in STIAZ molar fraction ranging from 0 to 100%) were analysed by

TG/DSC at a heating rate of 10 °C/min and 2 “C/min when overlapping events were suspected.

Sulfathiazole exhibits a polymorphic transition at 164 °C between forms III (stable at low

temperature) and I (stable at high temperature).?? In this binary phase diagram we observe a stable

peritectic at 213°C which characterises the equilibrium between <PYRM-STIAZ (1:1)> and

<PYRM> + liquid two-phase domain (non-congruent melting). A stable eutectic is observed

between <PYRM-STIAZ (1:1)> and <STIAZ (I)> (90 mol% in STIAZ; 189°C) characteristic of

the equilibrium between <STIAZ (I) > + <PYRM-STIAZ (1:1)> two phase domain and the liquid

phase. The liquidus line between this stable eutectic (90% STIAZ) and the melting point of STIAZ

(D (100% STIAZ) was extrapolated from the melting temperature of STIAZ (I) and the eutectic

temperature. Indeed, at compositions between these two points, the eutectic invariant and the

liquidus are too close in temperature to be distinguished by DSC. Finally, the physical mixture that

ACS Paragon Plus Environment
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can be obtained by desolvation of solvated salt cocrystals, is characteristic of a metastable

equilibrium between PYRM and STIAZ (dotted line in Figure 5, metastable eutectic point E’: 66.6

oNOYTULT D WN =

10 mol% STIAZ, 176 °C).
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Figure 5. A: Binary phase diagram of PYRM and STIAZ. P, peritectic, E stable eutectic, E’
33 metastable eutectic, (1) <STIAZ (1)> + liquid. B: DSC curve of PYRM:STIAZ (30:70) and C:
35 DSC curve of the metastable eutectic obtained upon desolvation of PYRM*STIAZ™-STIAZ-EtOH
37 (1:1:1:0.5) at 170°C.

42 Table 2. Correspondence of the thermal events observed on the DSC curves to the event on the

binary phase diagram.

46 Phase Desolvation & | Transitiont | Metastable Stable Melting
crystallisation O eutectic’ | eutecticl O
49 O O (O

52 PYRM / / / 239

>4 STIAZ / 164 / / 199
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PYRM*-STIAZ -STIAZ-

145-165 T n.o. 188 209
EtOH (1:1:1:0.5)
PYRM*-STIAZ -STIAZ-

145-165 T n.o. 188 209
iPrOH (1:1:1:0.5)
PYRM*-STIAZ-STIAZ-

145-165 T 176 188 209
MeCN (1:1:1:0.5)
PYRM-STIAZ (1:1) / / / 213* 220

fTransition: STIAZ polymorphic change, 3metastable eutectic (66% STIAZ molar fraction):

PYRM/STIAZ mixture that can be obtained from solvated salt cocrystal desolvation; Istable

eutectic (90% STIAZ molar fraction): eutectic between the new crystalline phase PYRM-STIAZ
(1:1) with STIAZ; 1The transition overlaps with desolvatation but PXRD indicates that STIAZ

polymorphic change occured; n.o.: not observed; *peritectic temperature.

Pyrimethamine sulfathiazole cocrystal

Structural analysis

On the binary phase diagram, a new crystalline phase (whose powder pattern matches with the

one obtained upon desolvation of PYRM*-STIAZ -STIAZ-solvent (1:1:1:0.5)) is identified with

a composition close to PYRM/STIAZ (1:1). In order to determine the structure of this crystalline

phase and confirm its composition, new neat grinding experiments were performed. Neat ball-

milling in an Eppendorf leads only to physical mixture of PYRM and STIAZ (Figure S1), however,
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more energetical grinding (in an agate jar) successfully leads to this new crystalline phase (Fig.

S4). This phase is also reachable by slurry experiments performed in water.

Single-crystals obtained by recrystallisation of the PYRM:STIAZ 1:1 powder (neat grinding in

agate jar) in ethyl acetate correspond to PYRM-STIAZ (1:1) cocrystal (Figure S4).

These results indicate that desolvation of the three solvated salt cocrystals can lead to the

recrystallisation of an anhydrous cocrystal.

Pyrimethamine sulfathiazole cocrystal, PYRM-STIAZ (1:1), crystallises in Pbca space group

(Table 1). The asymmetric unit contains one pyrimethamine and one sulfathiazole molecule. No

proton transfer occurs between PYRM and STIAZ as confirmed by the values of C10 — N5 — C11

angle (Fig. 6 (a)) of PYRM (117.2(2)°), which is close to the one observed in neutral structures of

PYRM (116.1(2) and 115.5(6)° (CSD refcodes: MUFMAB and MUFMABO1)). This is also

confirmed by the value of the C7 — N3 — C8 angle (Fig. 6 (a)) in STIAZ (115.2(2)°) which is

closer to the ones observed in polymorphs I to V (115-127(3)") than in sulfathiazolate (109.9(2)°

in 2-methyl-4,5-dihydro-1H-imidazol-3-ium sulfathiazolate,>! (CSD refcode: XIFPEI)). PYRM

and STIAZ interact through H-bonds (R3(8) motif, N4—H---N2 and N3-H---N5 and D}(2), N7 —

H---O1) (Figure 6(a) and (b)). PYRM dimers are stabilised by a R%(8) motif (N4—H---N6) (Figure

ACS Paragon Plus Environment
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6(b)). Chains of STIAZ along b-axis are stabilised through two C1(8) motifs (the first implies

N1-H:--O2 and the second implies N1-H---O1 H-bonds) (Figure 6(c)). Chains along a-axis are

further stabilised through a C3(6) motif resulting from the combinations of the N1-H---O1 and the

N1-H---O2 H-bonds (Figure 6(d)) as well as through a C7—S2---O2 intermolecular chalcogen bond

(Figure 6(e)). STIAZ conformation is further stabilised by an intramolecular chalcogen bond

(C9-S2---02).

TG/DSC analysis of this cocrystal indicates melting at 213 °C (Table 2), which is followed by

degradation as indicated by the weight loss observed on the TGA curve (Figure 4).

Thermodynamic solubility of the salts

Pyrimethamine and sulfathiazole are poorly soluble drugs. STIAZ is classified as BCS class 1I

(low solubility but high permeability),'+!> while data for pyrimethamine are not sufficiently clear

to discriminate between BCS class II or IV (low solubility and permeability).'* An HPLC method

was used to assess the effect of salt formation/cocrystallisation of those compounds on their

aqueous solubility. Parent drugs solubility was also evaluated.
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Aqueous solubility of PYRM, STIAZ (III), of their ethanol solvated salt cocrystal and of their non-

solvated cocrystal was studied at 30 °C. Difference in solubility between PYRM and STIAZ (III)

oNOYTULT D WN =

is quite important. Indeed, PYRM and STIAZ solubility are determined as 27 + 1 mg/L and 595 +
2 mg/L. These values are in accordance with literature data: 29.02 + 2.69 mg/L at 37 °C?} for
PYRM and 594 mg/L** for STIAZ. Preparation of salts combining PYRM and STIAZ is thus
expected to improve PYRM solubility as STIAZ (III) is over than ten times more soluble than

21 PYRM.
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Peaia €10 § —~
(@ cie cnl/

Figure 6. Ellipsoid plots (50% probability level) of PYRM-STIAZ (1:1) (a), PYRM dimers are
stabilised through N4-H:--N6 H-bonds (b), STIAZ chains along b-axis are stabilised by
N1-H---Ol (first C}(8) motif) and N1-H---02 H-bonds (second C1(8) motif) (c), STIAZ chains
along z-axis are stabilised by N1-H---O1 and N1-H---O2 H-bonds (C3(6) motif) (d), and intra- as

well as inter-molecular chalcogen bonds (magenta and orange dotted lines respectively) (e).
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After 48h dispersion of PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5) in water, solubilised amounts

of PYRM and STIAZ are 118 * 5 (4.4-fold improvement) and 742 * 7 mg/L (1.3-fold

improvement) respectively (Fig. 7).

800 —
600 =
g
[=)]
E
=
=
=}
=
[e]
[77]
T Pyrm [ smiaz [ Pyrm [ sTiaz [ PYRm | sTiAz
Starting API Salt Cocrystal

Figure 7. Solubility (at 30°C) of PYRM (red) and STIAZ (blue) as starting APIs (plain columns)
and when prepared as PYRM*-STIAZ™-STIAZ-EtOH (1:1:1:0.5) (salt, ascending white lines) and
as PYRM-STIAZ (1:1) (cocrystal, descending white lines).

The 1:2 PYRM:STIAZ molar ratio is however not recovered in solution for PYRM*-STIAZ -

STIAZ-EtOH (1:1:1:0.5) (PYRM:STIAZ 14:86 instead of 33:66), Fig. S7. However, no change is

observed on the PXRD pattern collected after solubility evaluation of PYRM*-STIAZ™-STIAZ-

EtOH (1:1:1:0.5) (i.e. crystallisation of PYRM-STIAZ (1:1) is not observed). This could be

ACS Paragon Plus Environment

21



oNOYTULT D WN =

Crystal Growth & Design

explained by two reasons. Firstly, the amount of PYRM that precipitates (calculated according to

solubility data) is very low in comparison to the amount of powder initially immersed in water,

and, secondly, the X-ray diffraction peaks of PYRM coincide with the ones of the solvated salt,

making detection of a small amount of precipitated PYRM difficult. Furthermore, we do not

exclude that the low amount of dissolved EtOH impacts these results.

Solubility of the PYRM-STIAZ (1:1) cocrystal was also determined at 30 °C and the results are

similar to the one obtained from the PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5) solvated salt

cocrystal. At this temperature, a 4.1-fold solubility increase (112 + 1 vs. 27 + 1 mg/L) is observed

for PYRM, while STIAZ solubility is improved by a 1.2-fold (705 =5 vs. 595 + 2 mg/L) (Fig. 7).

The 1:1 PYRM:STIAZ molar ratio is not recovered when this cocrystal is immersed in water

(PYRM:STIAZ ratio is 14:86 in water, instead of 50:50). This suggests PYRM precipitation. The

precipitated amount of PYRM is small in comparison to the amount of powder initially immersed

in water. However, some X-ray diffraction peaks of PYRM (and notably the two most intense

ones) do not correspond with the ones of the cocrystal. Two small peaks corresponding to the two

most intense diffraction peaks of PYRM are effectively identified on the PXRD pattern collected
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on recovered powder, indicating PYRM precipitation (Fig.S8). This result confirms the non-

congruent solubility of the PYRM-STIAZ (1:1) cocrystal in water.

Despite PYRM partial precipitation, an increased amount of solubilised PYRM is detected after

48h immersion of PYRM*-STIAZ™-STIAZ-EtOH (1:1:1:0.5) or PYRMSTIAZ (1:1) in water. This

indicates that preparation of PYRM-STIAZ multicomponent crystalline complexes (as a solvated

salt cocrystal or as a cocrystal) allows an oversaturation of PYRM in solution with respect to pure

PYRM.

Conclusions

Dihydropteroate synthase inhibitors and dihydrofolate reductase inhibitors are known to have

synergistic biological activities. In this manuscript, four new multicomponent materials combining

the dihydropteroate synthase inhibitor, sulfathiazole, with the dihydrofolate reductase inhibitor,

pyrimethamine, are structurally described and characterised (thermal stability and aqueous

solubility). Among those new multicomponent systems three solvated salt cocrystals (PYRM*-

STIAZ -STIAZ-EtOH (1:1:1:0.5), PYRM*-STIAZ -STIAZ-iPrOH (1:1:1:0.5) and PYRM?*-

STIAZ™-STIAZ-MeCN (1:1:1:0.5)), and one cocrystal (PYRM-STIAZ (1:1)) are identified.
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The parent compounds used to prepare those multidrug systems are classified as BCS class II or

IV, which is indicative of a low solubility. In this study, it is shown that the pyrimethaminium

sulfathiazolate sulfathiazole ethanol solvated salt cocrystal (PYRM*STIAZ -STIAZ-EtOH

(1:1:1:0.5)) results in a 4.4-fold and 1.3-fold aqueous solubility increases for PYRM and STIAZ

respectively (at 30°C). Desolvation of this solvated salt cocrystal can lead to the formation of a

physical mixture of PYRM and STIAZ (metastable state) or to a new crystalline phase,

corresponding to a PYRM-STIAZ (1:1) cocrystal (stable state). The amount of PYRM and STIAZ

released in water from this cocrystal was determined as 112 + 1 mg/L (4.1-fold improvement) and

705 £ 5 mg/L (1.2-fold solubility increase) respectively.

If such combinations of those drugs in those ratios can lead to biological synergistic effects

and/or improved bioavailability remains to be determined. However, the present study suggests

cocrystallisation as a potential way for new dihydropteroate synthase and dihydrofolate reductase

inhibitors drug-drug combinations.
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Experimental

oNOYTULT D WN =

Materials

12 Pyrimethamine and sulfathiazole were respectively purchased from Sigma-Aldrich (Steinheim,

Germany) and TCI Europe N.V. (Zwijndrecht, Belgium). Ethanol and ethylacetate were from

19 Merck (Darmstadt, Germany) and were used without further purification. Acetonitrile, from

22 Biosolve (Valkenswaard, Netherlands), and acetic acid, from Merck (Darmstadt, Germany), were

HPLC grade and used without further purification.

32 Samples preparation

Pyrimethaminium sulfathiazolate sulfathiazole solvated salt cocrystal (PYRM*-STIAZ"-

39 STIAZ-EtOH (1:1:1:0.5), PYRM*-STIAZ--STIAZ-PrOH (1:1:1:0.5) and PYRM*-STIAZ -

42 STIAZ-MeCN (1:1:1:0.5)), are prepared by liquid-assisted grinding (LAG) in presence of EtOH,

46 iPrOH or MeCN (for references about LAG, see reviews and papers of Friscic et al., Shan et al.,

49 Trask et al. and James et al>>-28). Samples consisting of pyrimethamine (75.0 mg, 0.302 mmol)

with sulfathiazole (154.0 mg, 0.6032 mmol) are ground in Eppendorf™tubes, in presence of 30uL

56 of EtOH, iPrOH or MeCN, using a Retsch MM 400 Mixer Mill apparatus (with seven stainless
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steel balls of 2 mm diameter). PYRM-STIAZ (1:1) cocrystal is obtained by neat ball milling of

PYRM (320.0 mg, 1.287 mmol) and STIAZ (328.5 mg, 1.287 mmol) in an agate grinding jar in

presence of one bead agate ball (12 mm). Powder of this cocrystal can also be prepared by a slurry

of an equimolar mixture of PYRM and STIAZ in water.

Single-crystals of PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5), PYRM*-STIAZ STIAZ-iPrOH

(1:1:1:0.5) and PYRM*-STIAZ -STIAZ-MeCN (1:1:1:0.5) are obtained by solvent evaporation

crystallisation in EtOH, iPrOH and MeCN at room temperature (293-298 K). Crystals of PYRM-

STIAZ (1:1) are obtained by crystallisation of the corresponding powder (prepared by neat ball

milling) in EtOAc at room temperature (293-298 K).

Powder X-ray diffraction (PXRD)

Two diffractometers were used for powder diffraction data collection. The majority of PXRD

data were collected in transmission mode at room temperature, with Cu K@, radiation (A =

1.54060A) from 2 to 50" in 28 angle on a STOE STADI MP diffractometer equipped with the

MYTHEN?2 linear detector .
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Other PXRD data were collected with Cu Ka radiation from 4 to 40° in 20 angle using an

X’PERT PRO PANalytical diffractometer in Bragg-Brentano geometry with the X’Celerator

linear detector.

Variable-temperature powder diffraction data were collected with the X’PERT PRO

PANalytical Bragg-Brentano diffractometer equipped with an Anton-Paar system. Data were

collected at 25 °C, then from 40 to 170 °C and at 25 °C after cooling.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

TGA and DSC measurements were performed on a Mettler Toledo TGA/DSC 3+ apparatus.

Solid samples (6-7 mg) were placed in open aluminium pans (100uL). Nitrogen (60 mL/min) was

used as purge gas. Temperature range was 25 to 300 “C with a heating rate of 10 “C/min. Results

were analysed using the STARe software, version 16.20.

PYRM/STIAZ binary phase diagram

To establish the binary phase diagram of PYRM/STIAZ, these two compounds were suspended

and stirred (at 400 rpm) in water for 72 hours. Fifteen suspensions (molar fraction in STIAZ of 0,
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5, 10, 20, 30, 40, 45, 50, 55, 60, 70, 80, 90, 95, 100) were prepared. The solids were recovered by

evaporation of water at 60 “C and then analysed by PXRD to determine the nature of the crystalline

phases. Each solid phase was then analysed by TG/DSC at a heating rate of 10 °C/min. When

thermal events overlapped, the TG/DSC analysis was replicated at 2 *C/min. TGA and DSC

measurements were performed on a Mettler Toledo TGA/DSC 3+ apparatus. Solid samples (6-7

mg) were placed in open (to observe TG events) and in pressed lids aluminium pans (100uL).

Nitrogen (60 mL/min) was used as purge gas. Temperature range was 25 to 300 °C. Results were

analysed using the STARe software, version 16.20.

Single-crystal X-ray diffraction (SCXRD)

Single-crystal X-ray diffraction data were collected on an Oxford Diffraction Gemini Ultra R

system (four-circle kappa platform, Ruby CCD detector). Data were collected at 22 °C with Cu

Ka radiation (A = 1.54184A). Analytical absorption correction was performed using CrysAlis

PRO.? Analytical numerical absorption correction was implemented using a multifaceted crystal

model based on expressions derived by Clark & Reid*® and then, empirical absorption correction

was carried out using spherical harmonics®!' as implemented in the SCALE3 ABSPACK scaling
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algorithm. All structures were solved using SHELXT?? and then refined with SHELXL-2018/1 3

within OLEX23* and shelXle.3>

oNOYTULT D WN =

Non-hydrogen atoms were refined anisotropically. Hydrogen atoms that were not involved in

14 strong H-bond were refined as riding atoms (atomic displacement were fixed to 1.2 times (or 1.5

17 times for methyl groups) that of the parent atom). Hydrogen atoms involved in strong hydrogen

bonds were located in difference Fourier maps (except for ethanol and isopropanol alcohol group

24 in PYRM*-STIAZ-STIAZ-EtOH (1:1:1:0.5) and PYRM*-STIAZ"STIAZ-iPrOH (1:1:1:0.5)

27 because H-atom localisation in density difference maps was difficult due to solvent disorder).

CCDC deposition numbers for the reported structures are 2261393-2261398.

37 Search of the Cambridge Structural Database (CSD)

Known structures containing pyrimethamine were retrieved from the CSD version 5.43

45 November 2022 update,'® using ConQuest.>®

Crystal-packing comparison
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Crystal-packing comparison was performed within Mercury 37 with the ‘crystal-packing

similarity’ tool. Packing shell size was set to 15 molecules and angle and distance tolerance were

set to 20° and 20% respectively. Comparison was also performed with structures containing

sulfamide drugs other than sulfathiazole. In consequence, the smallest component was ignored and

molecular difference and structure inversion were allowed. Bond types, H-atom positions,

hydrogen count and bound count were ignored.

Determination of the aqueous solubility

Aqueous solubility of PYRM, STIAZ, PYRM*-STIAZ -STIAZ-EtOH (1:1:1:0.5) and PYRM-

STIAZ (1:1) cocrystal was evaluated in type I water (resistivity >I8MQ-cm and conductivity

<0.056 uS.cm™) at 30 °C (Heidolf incubator 1000) by an HPLC method. First, a calibration curve

was performed for each parent compound from seven solutions (with concentrations ranging from

215 to 2.5 pg/mL). Solubility was evaluated after agitation (900 rpm, Heidolf titramax 1000

platform shaker) of an excess of compound in type I water at 30 °C (samples were sonicated five

minutes at the beginning of the experiment). After 48 hours of agitation, samples were centrifuged

at 7000 rpm (eppendorf centrifuge 5430R, equipped with a FA-45-24-11 rotor) for five minutes.
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The supernatant was collected, filtered on 0.2um filters and diluted 50 times in a mixture of

acetonitrile (MeCN), H,O and acetic acid (HAc) (10/89.9/0.1 v/v/v) before injection in HPLC.

Solubility was determined in triplicate. The remaining solid was analysed by high-resolution

powder X-ray diffraction.

HPLC experiments were performed on an Agilent 1100 series HPLC system using UV detection

at 280 nm. Separation of the analytes was achieved on an Agilent Zorbax-SB-Aq (3.5um, 3.0x150

mm) using a gradient with mobile phase A (HAc 0.1% in H,O) and mobile phase B (MeCN) at a

flow rate of 0.5 mL/min. Gradient started at 10% B and linearly ramped up to 50% B in 10 minutes.

This proportion was maintained for 3 minutes before returning to 10% B for 10 min re-

equilibration. The injection volume was SuL.
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