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Abstract

We have investigated the cocrystallisation behaviour of AHMP
(2-amino-6-methyl-1,4-dihydropyrimidin-4-one) with a series of acids and imide coformers.
Being a base able to tautomerise, at the molecular level, AHMP may exist as three different
neutral tautomers or, if protonated, in the form of several cationic species. Crystal engineering
concepts were used in order to attempt selective isolation of several tautomers. For this, a
series of acids and imides were used as coformers. Cocrystallisation with acids resulted in
eleven new solid forms including salts, ionic cocrystals and cocrystals. Cocrystallisations with
imides did not afford any new forms, while cocrystallisation with saccharin afforded two
polymorphic salts and an ionic cocrystal. Two of the possible tautomers were obtained as well
as one of the cationic species. DFT calculations were carried out in order to rationalize the
molecular species obtained as well as the supramolecular motifs. Despite being a small
“simple” molecule, AHMP has a very rich and interesting solid form landscape with
cocrystals containing two different tautomers, many salts (some of which are polymorphic)

and multiple ionic cocrystals.
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1. Introduction

In the solid state, active pharmaceutical ingredients (APIs) can be amorphous or crystallise in
a diverse range of forms (i.e. neat forms, solvates, cocrystals, salts...). It is well-documented
that different crystalline forms of APIs have different physicochemical and pharmacokinetic
properties such as solubility, stability, bioavailability or manufacturability'”. Some solid
forms of APIs can present solubility or stability issues; this problem may be solved through
the design of salts and cocrystals, with improved and tailored physicochemical properties6'10.
The selection of cocrystal formers and salt counterions that will afford new forms of a given
API, however, is not straightforward. Nonetheless, hydrogen bond complementarity”’12 as
well as molecular shape seem to be factors"> which favour cocrystal formation. A basic API
may crystallise as a salt in combination with a strong acid. If a weaker acid is used instead, a
salt, a cocrystal or an intermediate complex (salt-cocrystal continuum) may be obtained'*.
Unpredictability arises around whether proton transfer occurs if the basicity of the API and
the acidity of the cofomer are comparable (quantified as the difference between the pK, of the

protonated API and the acid being larger than 0 but less than 4'¢"

). Further to these, ionic
cocrystals (ICs) are an old yet underexplored type of multicomponent crystals which have
attracted increasing attention in recent years;" in ICs, a cation, anion and a neutral molecule
crystallise together in a unique crystal structure. ICs offer the advantage of a) an increase

diversity since three different components are introduced in a lattice (rather than two as in

salts and cocrystals) and b) a new set of materials and properties to explore.

Beyond the protonation uncertainties associated with salt/cocrystal formation, compounds
able to tautomerise may exhibit even more complex behaviour in the solid-state.”**
Tautomers are isomers of a compound related by the migration of a proton within the
molecule. Because of their inherent structural variations, tautomers may show striking
differences in their chemical as well as physical properties such as hydrophobicity, polarity*
and even colour.?* They may also be able to form very distinct and different intermolecular

interactions. Whilst the different tautomers of a molecule are in equilibrium in solution, which

is governed by the relative stabilities of the tautomers in a given solvent, > they are often
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isolated in their most stable tautomer in the solid state. However, there are examples of

. . . . -31
higher energy tautomers in various crystalline forms.*®

Isolating unstable tautomers in the
solid state can be challenging (i.e. barbituric acid)® but it is (in cases) achievable through
targeted cocrystal design.”>* Since tautomers are structurally different, different coformers
may be able to selectively interact with different tautomeric forms. This strategy has been

successfully used in the past to make new cocrystals of unstable tautomers.”>>’

For example,
Kanishka et al. successfully isolated both stable and metastable tautomers of 1-deazapurine
making use of coformers able to form selective supramolecular synthons with the different
tautomeric forms.*’ Thus, to efficiently generate multi-component systems which stabilize
high-energy tautomer molecules, it is of fundamental importance to analyse the tautomer
transformation in different cocrystals and salts, by evaluating how molecules interact with
each other as well as identifying dominant supramolecular synthons. Being able to engineer

crystal structure together with tautomeric structure, thus, will enable the design of new solid

forms with a range of new physicochemical properties.

We are interested in a pyrimidone-based drug intermediate used for the treatment of
trypanosomiasis in animals (a parasitic disease). We refer to our compound in all of its
molecular forms as AHMP. AHMP can exist in three different tautomeric forms (Figure 1):
tautomer A (2-amino-6-methyl-1,4-dihydropyrimidin-4-one), tautomer B
(2-amino-6-methyl-3,4-dihydropyrimidin-4-one) and tautomer C
(2-amino-4-hydroxy-6-methylpyrimidine). Tautomers A and B are keto tautomers whilst
tautomer C is a enol tautomer. AHMP can also be protonated in the presence of a
medium-strong acid, three main cations may occur: the A"/B" which would result from
protonation of either the A or B tautomers, and the C1" and C3" cations which would result

from protonation of the N1 or N3 nitrogen atoms of tautomer C, respectively.
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Figure 1. Tautomers (A, B, C) and cations (A+, C1+, C3+) of AHMP.

While increasing interests have been shown on AHMP-based tautomeric diversity in different
multi-component systems, to the best of our knowledge, efforts have merely been confined to
structural investigations. The generation of new multicomponent systems of AHMP and an
analysis and discussion on tautomer and cationic species in them is the subject of the current
study. Given the fascinating molecular structure diversity of AHMP (Figure 1), an
investigation of whether or not all these species can be isolated in the solid state and how
intermolecular interactions may impact the molecular structure has driven the current research.
Beyond the fundamental nature of the current research, our approach may prove valuable for
solid form discovery of other APIs able to tautomerise. For this paper, we first analysed the
CSD for tautomeric diversity of similar compounds and computed the stability of the different
molecular species of AHMP. We then carried out a series of grinding and solution
crystallisation experiments with 15 different cocrystal formers. From this, we have obtained
11 new solid forms for AHMP revealing a very rich solid form landscape for this “simple”

compound, with complex behavior at the molecular level.



2. Methods

Materials and experimental methods

AHMP (purity 98%, tautomer A), the coformers listed in Figure 4, and solvents (methanol,
ethanol, iso-propanol, DMF, DMSO, acetone, acetonitrile) were purchased from
Sigma-Aldrich and used without further purification. Where crystallisation experiments were
carried out in water as a solvent, deionized and filtered water (ASTM D1193-91 Type 1) was

used.

Grinding experiments.

At the beginning of the experimental campaign liquid-assisted grinding (LAG) processes
were conducted with various solvents and coformers (see table 3). Equimolar amounts of
AHMP and the respective coformer were weighed and put in a 5 mL stainless steel cell with
addition of a drop of solvent. Solvents used in the LAG included methanol, ehtanol, DMSO,
acetone, acetonitrile and ethyl acetate. The samples were ground with a stainless steel ball (7
mm diameter) using a Retsch MM200 mixer mill at 25 Hz for 20 min. The resulting products
were analysed by power X-ray diffraction (PXRD) with the aim of identifying new forms. If a

new form was produced by grinding, cocrystallisation from solution was then attempted.

Cocrystallisation experiments from solution.

For cooling crystallisations, the necessary amounts (~ 100-200 mg) of AHMP and conformer
(~ 100-200 mg) in 1:1 or 2:1 molar ratios were dissolved in ~ 30 mL of water at 40 °C and
then cooled down to 10 °C at a rate of 0.5 °C/h.

For slow evaporation, the necessary amounts of AHMP:conformer in 1:1 or 2:1 molar ratios
were dissolved in water (~30 ml) or methanol (~50 ml) at room temperature and were
subsequently left to evaporate at room conditions. After 7 days, crystals suitable for single
crystal XRD were obtained. Further details on the cocrystallisation experiments are given in

the ESI.

Powder X-ray diffraction (PXRD) analysis



All the samples were first analysed by powder X-ray diffraction using a Rigaku D/MAX 2500
diffractometer (Cu Ko radiation 0.15418 nm). The range of scanning angle was from 2° to 40°
at a rate of 8° min', with current of 100 mA and a voltage of 40 kV. All the data were
analyzed using the commercial software JADE (version 7.0, Materials Data, Inc., Livermore,

CA).

Single crystal X-ray diffraction (SCXRD) analysis

Single crystal XRD was performed on a Rigaku Oxford Diffraction FR-X DW diffractometer
equipped with a selectable dual wavelength (MoKa A = 0.71073A and CuKa A = 1.5418A)
rotating anode system VarimaxTM microfocus optics. Rigaku Oxford Diffraction
CrysAlisPro41 was used for data collection and cell refinement, and the structures were solved
and refined by using SHELX-2014.** Most hydrogen atoms were assigned idealized positions
and were included in structure factor calculations. All non-hydrogen atoms were refined

anisotropically.

Differential scanning calorimetry (DSC) & Thermogravimetric (TG) analysis

All the samples were further identified by DSC which had been calibrated with indium and
zinc standards (Mettler Toledo DSC 1/500). Powder samples (5-10 mg) were accurately
weighed and put in an aluminum pan and then was sealed with a cover. The samples were
heated from 25 to 350°C at a rate of 10°C/min. TG analysis (Mettler Toledo TGA) was
carried out using similar amounts of sample in aluminium oxide pans, and identical heating

procedure as in DSC.

X-ray photoelectron spectroscopy (XPS)

XPS spectra of the powder samples (~1 mg) were recorded with a Kratos Axis Ultra
instrument employing a monochromatic Al Ka source (1486.69 eV) at 10~* mbar.* High
resolution spectra were obtained within the spectral range of interest (ca. +20 eV around the
core level emission peaks) with 0.1 eV steps and 1000 ms dwell time per data point. Analysis
of the data was carried out with CasaXPS software using a linear background and GL (30)

line shape (70% Gaussian, 30% Lorentzian);** core level binding energies for the three



nitrogen atoms in the tautomers and cationic forms of AHMP were calculated using DFT (see
below) to confirm the chemical shift order of N1, N2 and N3 by comparing the relative order
of core level binding energies for the three nitrogen atoms. Samples were referenced to the
lowest Eg component C=C at 284.8 eV, and repeatability of the peak positions was within 0.1
eV. XPS was measured for all systems except those exhibiting unfavourably high vapour
pressures.

The schematic representation of the tautomeric and cationic forms of AHMP was constructed
using the chemical shifts of the component peaks for the experimental data of tautomer A,
tautomer B (AHMP:glutaric cocrystal) and the A'/B" cation (AHMP:HCI salt) relative to that
of N2 of tautomer A, using peak widths of tautomer A and cation A"/B’, respectively. The
spectrum for tautomer C was extrapolated based on knowledge of the chemical structure and
associated positions for different chemical environments observed in the other tautomeric
forms.

Molecular Simulations

AHMP tautomers (A, B and C) and the cationic forms (A"/B*, C1", and C3") were optimised
with density functional theory (DFT) at the M06/6-31+G(d,p) level of theory using Gaussian
09" in the gas-phase. From these calculations, ground-state core level binding energies for
the three nitrogen atoms N1, N2 and N3 were calculated.***’ Further to this, the tautomers
were also optimized making use of an SMD solvation model® for various solvent
environments. The stabilities of tautomers were then calculated in each solvent environment
relative to the most stable tautomeric form (AE.,). Finally, selective dimers were also
optimized in the gas-phase and the continuum solvation models using the same levels of
theory. Dimerisation energies was calculated as the difference between the electronic energy
of the dimer and that of the isolated monomers. The reported overall stability of dimers was

calculated as Edimer-stability = Edimerisation - AEtaw

3. Results and Discussion

3.1 CSD survey of structures containing AHMP-like structures

A detailed search of pyrimidinone derivatives and its tautomers and charged species was



performed in the Cambridge Structural Database (CSD). For this, a substructure search of
AHMP allowing any type of substituents in the a and B carbon atoms was used (Figure 1).
The CSD search revealed that tautomer B is clearly the most commonly observed tautomer
(173 hits) followed by structures containing A:B dimers and structures with tautomer A alone
(Table 1). Tautomer C is reported in two crystal structures (CSD refcodes DGUBCY™® and
GEZQAD™), although judging by the unphysical contacts shown in the structure these
structures are likely to have misdetermined hydrogen atom positions. Of the 19 salt structures
in the CSD, all of them contained the A"/B” species. Additionally, four ionic cocrystals
involving A:B" dimers were found and two cocrystals with A:B”". In the latter case, the
molecule was able to form a zwiterionic form (B"") in which the AHMP ring was protonated
and an acid group elsewhere in the molecule deprotonated (see refcodes ZERMUE and
ZERNEP).”' It is important to highlight that some of the CSD structures had some resolved
disorder in proton positions. The high H-bond complementarity between tautomer A and B

(Figure 2) makes the observation of A:B and A:B" dimers very common (Table 1).
g

Table 1. Summary of CSD observations of crystals containing various AHMP species.

Number of CSD observations
Crystals with Neutral Species A 6
B 173
A:B 11
C 2%
Salts A*/B* 19
c1’ 0
c3’ 0
lonic Cocrystals A:B* 4
Cocrystal with zwitterion A:B* 2

*Structures probably contain errors in the determination of H atom positions as the structures show unusual

intramolecular geometries or intermolecular contacts.
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Figure 2. H-bond complementarity between tautomer A and B/B" results in strong A:B (left) and A:B"
dimers (right).

3.2 Relative stabilities of the tautomers

The relative stabilities of the tautomers and cationic species of AHMP in the gas phase,
chloroform and water as computed with DFT (see above) are reported in Table 2. The relative
stability of the tautomers is strongly dependent on the solvent environment. For example,
tautomer C is the lowest energy tautomer in the gas-phase but the highest energy in water.
Similarly, whilst A is the highest energy tautomer in the gas-phase, it is low energy in water.
B is the lowest energy tautomer in the tested solution environments, which is congruent with
the fact that it is the tautomer observed most frequently in organic crystal structures in the
CSD. For the cations, the A"/B" species are the most stable species in water, while they
exhibit similar energies to the lowest energy species, C3”, in chloroform. C3" is also the most
stable cationic species in the gas phase with the other species at high AF,,. Therefore,
A"/B" are always similar in energy in environments other than the gas-phase (which is an
unrealistic scenario for charged species). Thus, we notice that there is generally good
agreement between the low energy species reported in Table 2 and those most commonly

observed in the CSD (see Table 1; with the expection of the C3" species).

Table 2 Summary of relative stabilities of tautomers and cations of AHMP.

Relative energy (kJ/mol)

Gas Chloroform | Water
Neutral A 51.6 23.8 53
Tautomers B 6.6 0.0 0.0
C 0.0 11.2 20.5
Cations A'/B* 34.8 1.6 0.0
c1’ 31.0 29.8 34.0
c3’ 0.0 0.0 7.8

3.3 Strategy for the formation of multicomponent crystals

For the design of our cocrystallisation experiments we used crystal engineering principles of
H-bond complementarity. We chose a series of organic acids, since we envisage strong

synthons to form with either tautomer A or B (Figure 3).% Since tautomer B is the most

10



stable tautomer, we expect tautomer B to dominate because of intramolecular energy alone,
but tautomer A complexes may also form. In addition to the acids, we also chose a series of
imides and saccharin, in an attempt to produce tautomer C of our compound (which has never
been observed before and is a high energy tautomer, cf. Table 2). We expect that imides may
form very strong dimers with tautomer C through the formation of three H-bonds (Figure 3).

The molecular structures of all coformers are given in Figure 4.

A B C
R
CH, o, CH, CH;
I H
BTN o N NI N
H )\ H )I\ " )\ Z
N N N
N N7 Yo NT N7 o NN o
] : N
- H H H H
: H : A :
- ' oa N O
oﬁ/o v

Figure 3. Envisioned synthons for acid coformers interacting with tautomer A (left), acid
coformers interacting with tautomer B (centre) and imide coformer interacting with tautomer

C (right).

In order to anticipate whether some of the acids used would form salts rather than cocrystals
according to the ApK, rule, we measured the pK, of our compound to be 4.20 (for the
protonated base, see Figure S4 in the ESI) through a titration experiment (with HCI). In doing
so, we also obtained a HCI salt and a hydrated ionic cocrystal of AHMP, which is also
reported in this study. As the ApK, between AHMP and our chosen acids lie between -0.6 and
3 (cf. Table 4), we can expect cocrystals, salts and even ionic cocrystals to occur for all of our
selected acids. Saccharin is also a strong acid (pK, = 1.6), significantly stronger than imides

(pK, ~ 9), thus salt formation may also be possible for saccharin.
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Figure 4. Molecular structure of the 15 coformers used in this study.

3.4 New crystalline forms discovered

Multicomponent crystal formation with AHMP and the targeted coformers was first attempted
by liquid assisted grinding (LAG). Ground products were then analysed with PXRD to check
whether or not a new phase was formed. All new forms obtained had distinct PXRD patterns
different from the starting materials (see Figure S1 in the ESI), with unique DSC & TG
thermographs (see Figure S2 & S3 in the ESI).

After new forms were generated in grinding experiments and identified by PXRD, the growth
of single crystals of the new forms were attempted from methanol or water (See Table S1 in
detail). Saturated solutions of AHMP and the desired coformers were prepared after which
they were seeded with the new forms obtained by grinding. A summary of the results is given
in Table 3. Of the 15 coformers attempted, AHMP formed new forms with 11 of them. All of
the acids used as coformers in this study, with the exception of tolfenamic acid, (8), and
3-chlorobenzoic acid, (3), formed new multicomponent structures. In contrast, among the
imides, only cocrystallisation with saccharin resulted in a new form, with three new forms

discovered for AHMP and saccharin.
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Table 3. Summary of the salt/cocrystals obtained with the 18 different salt and cocrystal formers.

Coformer Coformers New Forms | Single Crystals

No.

HCl v v
(1) Benzoic acid v v
2) 2-Chlorobenzoic acid v X
3) 3-Chlorobenzoic acid X X
4) Anthranilic acid v X
%) p-aminobenzoic acid v v
(6) 4-hydroxybenzoic acid v X
(7 Phthalic acid v v
(8) Tolfenamic acid X X
9 Malonic acid v v
(10) Glutaric acid v v
(11) Oxalic Acid v v
(12) Glutarimide X X
(13) Succinimide X X
(14) cis-hexahydrophthalimide X X
(15) Saccharin v v

After the grinding and cocrystallisation experiments, we were able to obtain single crystals
for twelve forms obtained from nine different coformers. Their structures were determined by
single crystal XRD analysis, which led to the discovery of eleven new structures and a
cocrystal that was previously reported (AHMP: glutaric acid cocrystal, CSD refcode:
ZUKXAE™). A summary of all of newly deteemined structures together with AHMP
multicomponent crystals previously available in the CSD, is given in Table 4 (19 entries in
total). We also record the nature of the tautomer or the cation in the different forms obtained
as well as their stoichiometry and the acidity of the coformer and ApK,.

The eleven newly discovered forms of AHMP include: i) three new salts with HCI, oxalic
acid and phthalic acid, ii) a hydrate salt with saccharin which was found to be polymorphic
(forms I & 1II), iii) two ionic cocrystals with saccharin and malonic acid, iv) a hydrate of an
ionic cocrystal of malonic acid, as well as HCI, v) two cocrystals with p-aminobenzoic acid

(pABA) and benzoic acid.
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Table 4. List of salts, cocrystals and ionic cocrystals containing AHMP.

Acid Crystal Tautom Composition“
ApK, Water Refcode Coformer / Solvent L.
pK. Type* er (Stoichiometry)
-15.2 19.4 IC A:B" Yes EXIPOR Perchloric acid A:ATXEW (1:1:1:1)
-7.0 | 11.2 Salt A" - This study | Hydrochloric acid AT:IX (1:1)
-7.0 | 11.2 IC* A:B" Yes | Thisstudy | Hydrochloric acid A:B:X:W (3:1:1:5)
1.3 2.9 Salt A" Yes This study Oxalic acid ATIX:W (1:1:1)
This stud
1.6 | 26 Salt * Yes Fls ° “Iy’ Saccharin ATXTW (1:1:1)
orm
+ This study, . .o
1.6 2.6 Salt A Yes ¥ n Saccharin ATXEW (1:1:1)
orm
1.6 2.6 IC A:B* - This study Saccharin A:B":X (1:1:1)
2.2 2.0 IC A:B" - MINVIP Phosphoric acid AB":X (1:1:1)
2.2 2.0 IC A:B" - MINVIP 01 Phosphoric acid AB":X (1:1:1)
2.2 2.0 Salt A" - XOWKOK Phosphoric acid ATX(1:0)
§ . 2,3,5,6-tetrafluorote b o
2.5 1.7 Salt A Yes YOCZUN .. AT X7 W (2:1:1)
rephthalic acid
2.8 1.4 IC A:B" - This study Malonic Acid A:B":X (1:1:1)
2.8 1.4 IC A:B" Yes This study Malonic Acid AB"XW (1:1:1:1)
2.9 1.3 Salt A" - This study Phthalic acid A":X
6-Hydroxy-2-naphth A:B"X"W
40% | 02 IC AB' | Yes VAJPII S
oic acid (1:1:1:1)
4.2 0.0 Cocrystal A - This study Benzoic Acid A: X (1:1)
43 -0.1 Cocrystal B - ZUKXEI Adipic acid B:X (1:1)
ZUKXAE /
4.4 -0.2 Cocrystal B - . Glutaric acid B:X (1:1)
This study
4.8 -0.6 Cocrystal’ B Yes This study pPABA B:X:W (1:1:1)

"IC = Ionic Cocrystal. “A and B refer to the tautomers, X= coformer/counterion and

W=water. ‘Calculated with ChemAxon. ‘The structure is disordered. "Proton disorder found

in SC-XRD

Note that all coformers with pK, < 4.2 result in multicomponent structures which involved

proton transfer to AHMP. Of those 14 structures in table 4, 50% of them are ionic cocrystals

containing the strong A:B" dimer whilst the other 50% form salts of A". Half of those salts

and ionic cocrystals contain water. Within this study, the acidity did not seem to have an

impact on whether a salt or ionic cocrystal is formed or whether water forms part of the

14




crystalline structure. For example, the strongest acid (perchloric acid) formed an ionic
cocrystal whilst a weaker acid, phthalic acid, formed a salt. The formation of ionic cocrystals
versus salts, in our case, seem to be governed by stoichiometry and the nature of the solvent
used (see ESI). Finally, of the four cocrystals known with acids and reported in Table 4, three

of them contain tautomer B whilst one of them (with benzoic acid) contains tautomer A.

3.5 Analysis of AHMP Salts

The various salts obtained during our screening had some structural similarities. Most of these
salts showed a catermeric head to tail motif (Figure 5a) involving the A” cation with various
degree of counterion insertion (Figure 5). Some counterions preferentially interacted with the
N1-H (nitrogen adjacent to the C=O group), for example as in the oxalate salt (Figure 5a);

whilst others interacted with both N1H and N3H, as in the HCI and phthalate salts (Figure 5b

and ¢).
a) ;
_»ﬂ&’ ‘‘‘‘‘‘ ‘}:ﬁ(r’ _______ h}ﬁf’
el el e L

-

Figure 5. Catemeric motifs found in a) hydrate of A":Oxalate salt, b) A":Cl salt and c)

A":phthalate salt.

Most interestingly in the saccharin salt hydrate, we obtained polymorphs which arise from

synthon polymorphism (Figure 6). The two forms crystallised concomitantly from water by

15



slow evaporation. Form I, cube-like crystals, were collected from the bottom of the flask
whilst form II, plate-like crystals, were found floating on the surface of solution. In form I,
the saccharin H-bonds to the A" N1H whilst in form II the saccharin interacts with the A"

N2H (Figure 6).

Figure 6. H-bonding in the structures of forms I (left) and II (right) A":saccharin salt hydrate.

3.6 Analysis of AHMP Ionic Cocrystals

All of the ionic cocrystals of AHMP contained the strong A:B" dimer sustained through three
very stable H-bonds (Figure 7). The free N3H of the A:B" dimer, then interacts through
H-bonds with either the salt counterions (Figure 7a) or water in the case of the hydrated ionic
cocrystals (Figure 7b). We note that the AHMP ionic cocrystal with HCI has a high degree of
disorder and a very unusual stoichiometry (A:B":X:W, 3:1:1:5) the image in Figure 7b being

an idealised model. Further information on this structure is given in the ESI.

a) lonic Cocrystals

Figure 7. Strong A:B” dimers and H-bonding between dinmers and salt counterions or water
in the structures of (a) ionic cocrystals and (b) hydrates of ionic cocrystals discovered in this

16



study.

3.7 Analysis of Cocrystals

Of the cocrystals obtained in this study, two of them contained the B tautomer whilst one
contained the A tautomer (Figure 8). The dominance of the B tautomer was expected as it is
the lowest energy tautomer. The H-bonding in the A:benzoic acid cocrystal consists of a head
to tail AHMP catemer: the benzoic acid coformer hydrogen bonds to the N1 and the NH,. In
the B tautomer cocrystals, however, B:B dimers are formed and the acids hydrogen bond to
the N3 nitrogen and the NH2.

The cocrystal with p-aminobenzoic acid showed disorder in the position of the acid proton as
inferred from SCXRD at low temperature. However, XPS analysis of this sample at room
temperature, confirmed that the species present in the structure was unequivocally tautomer B

(see next section).

a) A Tautomer

Figure 8. (a) Catemeric motifs of tautomer A and (b) B:B dimers, as well as related
H-bonding in the structures of cocrystals of AHMP.

3.7 XPS Analysis

Given the variety of molecular forms available to AHMP through intra and inter proton

migration (tautomers A, B, C and cation A"/B"), determining the position of the H atoms is
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fundamental for these structures. We used nitrogen XPS to identify the different types of N
present in the structures to provide additional evidence for the crystallographic assignment of
molecular species, as it is highly sensitive to the local chemical state/environment of an atom.
The changes in chemical environment around the NI, N2 and N3 nitrogen atoms in the
tautomeric forms, as well as in the protonated state, result in changes in the nitrogen XPS
spectra. Therefore, XPS can help identify the tautomer species in solid structures, especially
for products for which it is difficult to grow high quality single crystals suitable for single
crystal XRD analysis. The tautomeric and protonated form of AHMP in all the
multi-component products could be identified directly in the experimental samples with XPS;
a representative summary of the XPS spectra for the different tautomers and cationic form is
given in Figure 9, based on the experimental data for the AHMP forms analysed (see XPS
results section in the ESI).

For all three neutral tautomers, the N2 environment always remains identical (C-NH?2); this
environment gives a signal at 399.6 eV in all A, B and C tautomers (blue component, Figure
9). In the A and B tautomers, the N1 (purple) and N3 (red) signals are different since in
tautomer A N3 is protonated whilst in tautomer B N1 is protonated. For tautomer A, the N3
signal (C-NH-C=0) is at 400.4 eV and the N1 (C=N) is 398.5 eV (Figure 9a), while for
tautomer B, the N3 signal (C=N) is at 398.9 eV and the N1 (C-NH-C=0) is at 400.6 eV
(Figure 9b). While the signals of tautomer A and B are similar, the variance in the relative
chemical shifts of N1 and N3 from the N2 position leads to the profile of the XPS spectrum
being different which allows differentiation (see glutaric acid cocrystal example in the ESI).
For tautomer C, no experimental forms with tautomer C have been successfully obtained to
date. The N1/N3 signals should be analogous since both nitrogens are in a C=N environment
and is expected to lie around 398.7+0.2 eV (Figure 9c) based on the values observed for this
type of environment in tautomers A and B; DFT confirms this, indicating only ca. +0.1 eV for
N1 (relative to N3) with the nearby presence of the OH. The XPS spectrum of tautomer C is
thus predicted to be quite distinct from those of A and B.

With regards to the salts, protonation of AHMP to the cation results in a state in which all
only a single signal is observed for three nitrogen atoms (N1, N2, N3). This results in a much

narrower spectrum with a unique band at around 400.5 eV (see HCI salt example in the ESI).
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Protonation of the original C=N nitrogen results in a ca. +2 eV shift to higher binding energy
compared to the neutral tautomers, which is in line with the characteristic chemical shift

S.>**7 In addition, the single signal

observed for protonation wih XPS protonation with XP
reflects that the positive charge becomes somewhat delocalised, as the C-NH2 is also shifted

to slightly higher energy than in the neutral tauromers.

a
( ) Nls 1:1:1 (b) Nls 1:1:1
Tautomer A Tautomer B
C-NH-C (N3) C=N(N1)
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Figure 9. Schematic representation of the nitrogen XPS for the tautomeric forms A and B, the

cationic form A" of AHMP (based on experimental XPS, see ESI), and that expected for the as yet
unobtained tautomer C .

First we analysed protonation state of AHMP in AHMP-pABA complex. While the single
crystal XRD provided the crystal structure for AHMP:pABA, it did not provide resolution on
the position of the hydrogen between AHMP and pABA and thus no assignment of whether
proton transfer occurred (i.e. whether a salt or cocrystal was formed, see ESI). All of the
AHMP signals in XPS occur in the positions expected for neutral tautomer B (Figure 10),

revealing AHMP:pABA is a cocrystal and not a salt.
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Figure 10. Nitrogen XPS of the AHMP:pABA complex (1:1).

Finally, below we analyse the XPS spectrum (Figure 11) of the A:A":saccharin ionic cocrystal.
The nitrogen XPS shows three signals at 398.5, 399.4 and 400.4 eV, in a 2:1:4 ratio. This is a
combination result of one neutral, unprotonated AHMP (tautomer A) molecule, one saccharin
anion and one protonated AHMP cation. The peak at 398.5 eV arises from the N-SO,
nitrogen of the saccharin anion and C=N (N1) of neutral AHMP. The peak at 399.4 eV is
from C-NH; (N2) of neutral AHMP, and the highest energy peak at 400.4 eV is comprised of
both the C-NH-C (N3) of neutral AHMP and the characterisitic signal of the AHMP cation
(N1/N2/N3). This is in complete agreement with the results obtained from single crystal
structure analysis, a 2:1 ratio of AHMP and saccharin with one of the AHMP molecules being

protonated (ionic cocrystal).

Nls 4:1:2
Saccharin ionic cocrystal
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HNT + SN
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/ C-NH (N3)
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Binding energy / eV

Figure 11. Nitrogen XPS of the AHMP:saccharin ionic cocrystal (2:1).
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4. Discussion

AHMP, a compound with two hydrogen bond donors (NH, NH;) and two hydrogen bond
acceptors (=N-, =0), can display different tautomeric species with significantly different
supramolecular architectures in the solid state. DFT calculations of the tautomer stabilities of
AHMP revealed the following stability order B > A > C in environments other than the
gas-phase. Whilst tautomers B and A have similar chemical functionalities (keto tautomers) in
opposite ends of the molecule, tautomer C has a very different chemical nature (enol
tautomer). Because of this, we attempted a selective cocrystal design for tautomers A and B
with carboxylic acid coformers and for tautomer C with a series of imide molecules.
Cocrystallisation of AHMP with the acid coformers resulted in a large number of salts, ionic
cocrystals and cocrystals which were described in detail in the results section.
Cocrystallisation of AHMP with the imide coformers failed and afforded no new cocrystals.
Somewhat disappointingly, we were thus unable to isolate tautomer C in the solid state

through our imide cocrystallisation strategy.

The CSD analysis and the new structures obtained in this work, revealed the following order
of tautomeric prevalence in the solid state B > A:B > A. The experimental observations, thus,
follow tautomer energy stabilities, B almost always being dominant. Interestingly, the
supramolecular complementarity between A and B make cocrystals of A:B much more
common than forms containing just tautomer A. In its neat form, AHMP is found as tautomer
A (FETSEC)®and in a A:B self-cocrystal (ZERMIS) o Computation of motif interactions
(Table 5) involving the different tautomeric species show that the dimers formed by B:B and
A:B and the A:A head to tail interaction, are all isoenergetic in water whilst the B:B and the
A:B dimers are noticeably the most favourable in less polar enviroments. These calculations
mirror well the experimental observations. For example, all experimental cocrystals
containing the B tautomer display B:B dimers whilst our newly discovered cocrystal
containing the A tautomer (with benzoic acid) displays a head to tail motif. Whilst we did not
find any cocrystals of AHMP containig the A:B dimer, one of the polymorphs of AHMP is in
fact a self-cocrystal containing them (ZERMIS) whilst three previously known solvates

(MECXUP*, OQURAU, OQUREY?™) are also based on these dimers. However, we only
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obtained three new cocrystals. The vast majority of our cocrystallisation experiments with
selected acids resulted in either salt or ionic cocrystal solid forms. All AHMP:coformer forms
with ApK, greater than O but less than 4 (the unpredictable salt-cocrystal region) resulted in
charged species and no cocrystals. Furthermore, AHMP was in fact able to form both salts
and ionic cocrystals with several acids, including HCI, saccharin and phosphoric acid. The
main difference between these salts and the ionic cocrystals is the stoichiometry between
AHMP and the coformer, usually 1:1 in salts and 2:1 in the ionic cocrystals. The factors
influencing wether a salt or an ionic cocrytal formed were a) stoichiometry and b) solvent. In
most cases, stoichiometry was the principal factor. Hence, crystallisations with a 1:1 ratio of
AHMP:coformer resulted in salts whilst crystallisations with a 2:1 ratio of AHMP:coformer
resulted in ionic cocrystals. There was one case, however, in which the solvent played a
fundamental role. Hence, when 1:1 AHMP:saccharin was crystallised from water, the
hydrated ionic cocrystals polymophs were obtained whilst when the same 1:1
AHMP:saccharin stoichiometry was crystallised from methanol, the 2:1 ionic cocrystal was
obtained (ESI). All salts contained the A"/B" cation only in a variety of motifs while all ionic
cocrystals contained the A:B" dimer held by three strong hydrogen bonds (one of which is

also charge-assisted).

Table 5. Stability of the various motifs possible for the A and B tautomers as well as the C:glutarimide dimer. The

overall stability of the motif accounts for the tautomeric energy.

Stability of motif (kJ/mol)
Species Motif

Gas Chloroform Water

B:B Dimer -109.3 -59.6 -34.2

A:B Dimer -80.9 -54.4 -35.0
A:A Head to tail* 41.4 -19.0 -34.3
A:A Dimer -8.2 -8.6 -13.6
C:glutarimide Dimer -86.1 -38.6 -14.7

*Since this is a catemeric motif, it is calculated as twice the head to tail interaction.

Finally, in an attempt to rationalise why our cocrystallisation strategy of tautomer C failed,
we computed the dimer stability of C with glutarimide (Table 5). Whilst, as anticipated, the
C:imide dimer is very stable (-80.9 kJ/mol), it is only competitive in the gas-phase. As the

tautomer relative energy increases in more polar environments from 0-20 kJ/mol (Table 3),
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the C:imide motif becomes uncompetitive compared to the other possible motifs. We notice
that tautomer C has never been observed in the CSD before (with the exception of two
structures which contain errors, thus wrongly assined tautomer C) and that our attempt to
isolate it via cocrystallisation has also failed. Thus, isolation of the enol tautomer for AHMP

and other molecules containing this ring substructure remains an open challenge.

5. Conclusions

We have explored cocrystallisation of a relatively “simple” compound, AHMP, with a series
of acids and imides. Because AHMP is able to tautomerise and is basic, our solid form
explorations have resulted in an interesting variety of new solid forms including salts,
cocrystals and ionic cocrystals containing several tautomers (A, B, A:B) and a cationic form
(AN).

The new salts all contained the same molecular species and a variety of supramolecular
motifs. The ionic cocrystals all contained a very stable A:B" dimer. It was surprising how
easy it was to form ionic cocrystals with this compound driven by the strong supramolecular
complementarity between A and B’. With recent interest in developing ionic cocrystals

because of their potential physicochemical advantages,**®'

molecules containing
pyrimidinone substructures such as AHMP can serve as model systems for ionic cocrystals. In
this system, formation of an ionic cocrystal instead of a salt was entirely dominated by the
stoichiometry available in solution. In fact, in many cases, formation of both salts and
cocrystals were possible. Cocrystals of AHMP contained either tautomer B (majority) or A
and previously known solvates of AHMP contained A:B dimers. Our design strategy to
crystallise tautomer C (enol tautomer) in the form of cocrystals with imide coformers failed.
We rationalized this with the aid of DFT calculations; whilst our synthon C:imide hypothesis
was a competitive one in a gas-phase environment, it proved to be unstable in polar
environments. Finally, we have employed XPS as a complementary technique to XRD which

has helped us in the unambiguous determination of the tautomers and protonation species

present in our AHMP salts, cocrystals and ionic cocrystals.
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We report new salts, cocrystals and ionic cocrystals of a small molecule able to tautomerise.

The strong hydrogen bond complementarity between one of the neutral tautomers and its

cationic form results in the observation of many ionic cocrystals.
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