XRPD study of the metoprolol fumarate salt:
crystal structure and anisotropic thermal expansion.

Comparison with the analogous tartrate and succinate salts.

Patrizia Rossi,* Paola Paoli,>* Laura Chelazzi,® Luca Conti,® Andrea Bencini¢
& = Department of Industrial Engineering, University of Florence (ltaly). ® = Centro di
Cristallografia Strutturale, University of Florence (ltaly). ¢ = Department of Chemistry "Ugo

Schiff", University of Florence (Italy) * = paola.paoli@unifi.it

Keywords: metoprolol fumarate, XRPD structure solution, anisotropic lattice expansion, VT-
XRPD, Graph Sets and Hirshfeld Surfaces analyses.

Abstract: The metoprolol fumarate (MF) salt has been characterized by a combined use of X-ray
powder diffraction (XRPD), variable temperature XRPD (VT-XRPD) and differential scanning
calorimetry (DSC). Its molecular and crystal structure, as determined from XRPD data, has been
thoroughly compared to those of the analogous tartrate (MT-0) and succinate (MS-m) salts.
Moreover Hirshfeld Surface Analysis and Graph Sets Analysis have been performed to achieve
insights into the intermolecular interactions. Despite their evident similarities at the atomic level the
three salts behave differently upon temperature variation: MF expands/contracts anisotropically (as
MS-m), but the melt takes three days to recover the starting crystalline phase (as MT-0). A
rationale for this behavior is provided based on their crystal arrangements.

Introduction

X-ray diffraction (XRD), both from single crystal (SCXRD) and microcrystalline powder (XRPD),
has been often referred to as the gold standard in the characterization of solid state materials, as for
example active pharmaceutical ingredients (API, including their salts, co-crystals, solvates and
formulations).*:

SCXRD allows to determine the molecular and crystalline structure and provides valuable
information on conformational preferences, unusual molecular and crystal motifs, intermolecular
interactions, H-bonding, etc.®* However, SCXRD has an intrinsic limitation, that is the obtainment
of single crystals of appropriate size and quality; when this condition is not fulfilled powder
diffraction from microcrystalline powders can be a viable alternative. Commonly used for
fingerprinting, as well as for quantitative phase analysis, XRPD patterns, due to diffraction peaks
overlapping, usually provide much less structural details and definitely less accurate than SCXRD.
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However, in recent years structure solution from powder diffraction has become a real opportunity,®
while it is still not routine (in the Cambridge Structural Database® structures from powder
diffraction data today represent the 0.5%).’

A crystal structure is a gold mine of information, which can greatly contribute to elucidate
chemical/physical properties (structure-property relationships) of the solid state and, when
complemented by data from Variable Temperature-XRPD (VT-XRPD) and Differential Scanning
Calorimetry (DSC) to study thermally-induced phase transformations, provides an almost complete
picture of the solid forms.®%10.11

In this paper the molecular and crystal structure of the metoprolol fumarate salt (MF, hereafter), as
obtained from XRPD data, is reported together with a comparison with those of the strictly related
tartrate and succinate salts (vide infra). Metoprolol, (x)-1-isopropylamino-3-[4-(2-methoxy-ethyl)-

phenoxy]-prop- an-2-ol (Scheme 1), is a Bq receptor blocker'? with a wide range of medical

indications (e.g. acute myocardial infarction, heart failure, angina pectoris, hypertension, etc.).!3

The molecule possesses a chiral center and, despite the Bq blocking activity resides in the S-

enantiomer,®® it is usually manufactured as racemic mixture. In addition, due to its quite low
melting point (323K),%® metoprolol is always sold in salt-based formulations usually as tartrate,

succinate or fumarate salts which differ for the release modalities.’

Recently* we have reported on the solid state structure and behavior of the tartrate salt (MT)
compared to the succinate one (MS). In particular the comparison concerned the orthorhombic
polymorph of MT (MT-o, in the following)*® and the monoclinic polymorph of MS*® (MS-m in
the following).??! The study was performed by in silico and experimental techniques (SCXRD,
XRPD/VT-XRPD and DSC) in different controlled conditions. MT-o0 and MS-m crystal lattices are
very similar in terms of number, type and geometry of the H-bond interactions as well as crystal
densities but, quite surprisingly, the two salts have different “macroscopic” behavior. In fact, MT-o0
expands/contracts isotropically, while MS-m undergoes a reversible anisotropic lattice
expansion/contraction on changing the temperature. Furthermore, while the succinate salt once
melted quickly reverts to the starting crystal form on cooling, the tartrate transforms to an
amorphous solid, which takes 6 days to completely recrystallize to the initial phase. Actually, we
were unable to provide a really convincing and satisfying reason for the different bulk behavior of
MT-0 and MS-m, given their close similarities at the molecular/crystal level. In other words, the
question “what really makes the difference between the crystal samples of MS- m and MT-o0 and

possibly account for their macroscopic different behavior’* did not find a definitive answer.

With this in mind, and considering the importance that in-depth studies of the solid state structure of
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APIs have in order to better understanding their macroscopic behavior, we have turned our attention
to the other metoprolol salt typically employed in drug products, i.e. the fumarate one. Moreover
the fumarate is a C4 dicarboxylic acid anion as the tartrate and succinate ones and it can act only as
H-bond acceptor as the succinate anion, thus the study of the metoprolol fumarate salt could help to
understand the role played by the counterion in these salts and to find a possible correlation

between atomic and macroscopic properties.

Thus, similarities and/or differences both at the atomic (molecular/crystal) and bulk levels between
MF and the strictly related metoprolol salts MT-0* and MS-m**® have been assessed and discussed.
The paper is organized with a molecular and crystal description of MF as obtained from XRPD
data, followed by Graph Sets and Hirshfeld analyses?22 to identify motifs and contributions to the
intermolecular contacts which hold together the crystal packing. Then VT-XRPD and DSC
measures were carried out in order to explore thermally-induced changes in MF. Results have been

discussed and compared to those previously obtained for MT-o0 and MS-m.

EXPERIMENTAL SECTION

Material and methods. The metoprolol fumarate salt was purchased from Sigma Aldrich (grade:
primary reference standard; CAS number 119637-66-0) and used as received, due to the good

powder quality.

X-ray Powder Diffraction (XRPD)

Structure Determination. For crystal lattice parameters and structure determination of MF high
quality XRPD data were recorded in a 0.5 mm capillary at room temperature by using a Bruker
New D8 Da Vinci diffractometer (Cu-Ka radiation, 40 kV x 40 mA), equipped with a Bruker
LYNXEYE-XE detector, scanning range 26=3-60°, 0.01° increments of 20 and a counting time of
2s/step. Unit cell parameters were found with the algorithm DICVOL.?* The asymmetric unit
contains one metoprolol cation and one half of a fumarate anion. Space group determination with
Highscore plus resulted in space group P2i/c with Z = 4. The structure was solved by simulated
annealing that runs with structure fragments, performed with EXP0O2014% using as a model
structure for the metoprolol cation that found in MT-0%and for the fumarate anion that found in the
diammonium fumarate structure (CSD refcode = NARDEP?®). Ten runs for simulated annealing
trial were set, and a cooling rate (defined as the ratio Tn/Tn—1) of 0.95 was used. Best solutions
were chosen for Rietveld refinements, which were performed with the software TOPAS.?” A shifted
Chebyshev function with 8 coefficients and a Pseudo-Voigt function were used to fit background

and peak shape, respectively. A rigid body constraint was applied for structure refinement. All the
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hydrogen atoms were fixed in calculated positions. Crystal data and refinement parameters are
reported in Table 1. Figure S1 shows the experimental, calculated, and difference diffraction

patterns.

Variable temperature (VT-XRPD) Experiments. Temperature-resolved experiments (performed in
triplicates) were performed in air in the 300 - 430 K range with an Anton Paar HTK 1200N hot
chamber mounted on a Panalytical XPERT PRO diffractometer (Cu-Ka radiation, 40 kV x 40 mA),
equipped with the PIX-CEL solid state fast detector. Scanning range 20 = 4-40° with a 8 s/step
counting time and 0.03° increments of 20. The temperature variation rate was 10 K/min; when the
target temperature was reached the sample was kept 10 min at that temperature before data
collection.

Finally, cell parameters at different temperatures were obtained performing a Pawley fit with the
software TOPAS.?’ Background coefficients and zero shift were refined at ambient temperature and
fixed for the other diffraction patterns collected at different temperature. The obtained unit cell

parameters are listed in Table 2.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) experiments were performed by using a Mettler Toledo
DSC1 Excellence instrument. Measurements were run in aluminum pans with pinhole lids (mass
samples ranges from 1 to 3 mg). Temperature and enthalpy calibration were done using indium as a
standard. Melting point (Tm) and heat of fusion (AH) were determined by measurements in the 310-
450-310K range. A linear heating rate of 5K/min was used. Experiments were performed in air.
DSC peaks were analyzed using the STAR® software.?® The melting data were the average of two

measurements, and standard errors were +0.1 K for temperature and +0.3 kJ/mol for enthalpy.

Computational Section. The Mercury software 3.10.22° was used to analyze the crystal packing
arrangement; in particular Graph Sets routine was used to describe the hydrogen bond networks in
MF, MT-o0 and MS-m salts.

CrystalExplorer172 was used to compute Hirshfeld surfaces (HS).° Directions and strengths of the
intermolecular interactions which build up the crystal have been mapped onto the HSs by using the
dnorm descriptor. HSs were generated with the high resolution default with dnorm mapped over the
standard color scale. The associated 2D fingerprint plots were considered (the standard 0.6-2.6A
view of de vs di was used) to identify and compare different kind of interactions in order to further
detail the intermolecular interactions in the crystal packing of MF and of the strictly related MT-o0
and MS-m salts.



RESULTS

Molecular Structure from X-Ray Powder Diffraction

The metoprolol fumarate salt crystallizes in the monoclinic crystal system, space group P2i/c. The
asymmetric unit contains one molecule of the metoprolol cation and one half of the fumarate anion,
the whole anion being completed by a crystallographic inversion center (-x, -y+1, -z-2). In the
following, the discussion will be focused on the pharmacologically active S isomer of metoprolol
(Figure 1). The overall shape adopted by the metoprolol cation in MF is almost identical to that
found in the strictly related succinate salt (MS-m),*® as provided by the most important dihedral
angles®! defining the conformation of both the side chains (see Table 3) and, as a consequence, the
two cations almost superimpose (Figure 2). In contrast, in MT (both MT-0* and MT-m?%32) the
metoprolol cation shows a different overall shape mostly because of the different conformation
about the C7-C8 bond (trans vs gauche), in addition the 'Pr terminal group is also differently
orientated (Table 3 and Figure 2). In particular, as for MF, the side arm bearing the isopropyl group
adopts a trans-trans-gauche®-trans conformation (ttgt in the following). A search in the
Cambridge Structural Database (CSD, v. 5.39, May 2018)® for the molecular fragment sketched in
Scheme 2a results in 6 compounds,*1%:33343536 \hich, based on the conformation adopted by the
chain bearing the isopropyl group,®” can be classified in three different conformational families
(Figure 3), as already pointed out.* In particular MT-0 and JIRWIR (CSD refcode) show an
elongated conformation (all trans, aT), while a folded arrangement characterizes the other cations
(ttg't: MF, MS-m, CIMJUD; ttg*t: DETHIU, QAJYIL). In MF also an intramolecular CH2-O1
interaction is formed (C9H9B~O1 distance: 2.353(4)A; C9HIB~01 angle: 106.3(3)°) which we
have speculated* could contribute to stabilize the gauche arrangement about C7-C8 by forming a
five-membered ring. On the other hand, there is no doubt that the knowledge of the conformational
space to which the pending side arm of metoprolol can have access is rather important, given that
such a tail is common to a large variety of B-blockers drugs (vide infra). Considering the latter
point, previous in silico studies* suggest that the three conformations adopted by the charged tail in
the solid state represent stable and almost isoenergetic conformers (DFT data) separated by quite
low energy barriers (molecular dynamics, MD, data). Besides the 2-hydroxy-3-
isopropylaminopropoxy chain can adopt different conformations in response to different

environments (MD simulations data in vacuum vs in simulated solvent; solid state data).*

Crystal Structure from X-Ray Powder Diffraction and Hirshfeld Surface Analysis




In the crystal lattice each metoprolol cation forms two strong® hydrogen bonds with two fumarate
anions (symmetry related by the following screw axis: -x,y+1/2,-z-3/2) thanks to the ammonium
group which acts as a double H-bond donor (Table 4, Figure 4). The hydroxyl group also
contributes to reinforce one of the metoprolol-fumarate interaction working as H-bond donor,
giving rise to a further strong interaction (Table 4); as a result, a nine-membered ring is formed
which hold together this metoprolol-fumarate ionic couple (Figure 4). In particular the N1-
H1BN+05' ('=-x,y+1/2,-z-3/2) hydrogen bond can be categorized as a discrete pattern of D1,1(2)d
type by using the graph set analysis implemented in Mercury,3 while the couple of H-bonds N1-
H1AN05&02-H20 04 originates a ring of R2,2(9)>a<b type, that is a motif with 2 acceptors
and 2 donors, which gives rise to a nine-membered ring (R) hold together by two non equivalent H-
bonds (a,b code) involving the two ions.*® Considering the fumarate anion, each carboxylate group
H-bonds a metoprolol cation and gives rise to the already mentioned nine-membered ring. Due to
symmetry reasons (the fumarate anion lies on a crystallographic inversion center), each anion
(which is placed along the c-axis direction) bridges two opposite enantiomers of metoprolol as
illustrated in Figure 5. In addition, because the fumarate O5 oxygen atom and its symmetry related
05" (=-x, -y+1, -z-2) act as bifurcated acceptors, each of them bound a further metoprolol cation
giving rise to a chain along the b-axis direction formed by alternating R and S cations bridged by
the anion and bound through the D1,1(2)d type motif (Figure 5). In addition two weak CH"=«
contacts (Table 4) hold together couples of identical enantiomers along the b axis.

Given that most [-adrenergic agonist and antagonist drugs having a charged amine or ethanolamine
tail interact with the receptor anchor site formed by the carboxylate groups of Asp113,* the CSD
was searched for non-bonded intermolecular interactions between the fragments sketched in
Scheme 2b. The search gives 20 hits: i) 8 of them show an R2,2(9) H-bond motif pattern between
the interacting partners; ii) in 14 of them the carboxylate group belongs to a dicarboxylic acid and,
in 6354243419 of these, the ionic couple is held together by an R2,2(9) pattern as found in MF. In all
of these latter salts the cation is a B-adrenergic drug: 3-((4-Acetyl-2-propoxymethyl)phenoxy)-2-
hydroxypropyl)(isopropyl)amine,*® atenolol,*® propanolol*? and metoprolol.**°

In particular in all the metoprolol salts (MF, MS-m,*® MT-0* and MT-m?®), each cation is strongly
H-bound to two counterions, while each anion acts as H-bond acceptor towards four metoprolol
cation (2R and 2S). In addition the H-bond interactions in MF, MS-m*® and MT-0*!® appear
comparable in terms of distances and angles (Tables 4 and S1), the same applies for crystal
densities and packing efficiencies, the latter evaluated as K.P.l.:**%° densities=1.22, 1.25, 1.24 g
cm3; K.P.1.=0.67, 0.72, 0.67 for MF, MS-m and MT-o, respectively. In addition to the already
pointed out R2,2(9)>a<b type motif,*® also the D1,1(2) motif is common to these three solids;



however in MF and MT-o it gives rise to metoprolol-dicarboxylate chains, while in MS-m it is part
of two ring motifs (R4,4(12)>b<c>b>c and R2,4(14)>a<c>a>c) which comprise a couple of R/S
metoprolol cation and two succinate anions (Figure S2). %

The Hirshfeld surface (HS) analysis was then used to further investigate the intermolecular
interactions which held together MF, MS-m and MT-o in their respective solids. HSs for the
metoprolol cation mapped with dnorm highlighting the intermolecular contacts are shown in Figures
6a-6b: in all cases the dominant interaction is related to the R2,2(9) motif (two large red spots); the
weaker NHO interaction (D1,1(2) motif) as well as the less prominent contacts show up as pale
red regions. The corresponding fingerprint plots are shown in Figure 7. All the fingerprints show a
quite long and asymmetric spike at the bottom left of the plot which is associated to the NH/OH->0
hydrogen bonds, while the two lateral wings (di, de ~ 2.0-2.4A) can be largely attributed to the
CH -z interactions. In all cases, the HH hydrophobic contacts represent almost 2/3 of the
intermolecular interactions of the metoprolol cation, as provided by the percentage contributions to
the Hirshfeld surface areas for the different non-bonding interactions (see figures S3-S5 in the
Supplementary material). As a whole the H-~O contacts account for about the 23%, being the H-
bond donor contribution largely prevalent (ca. 15%, figures S3-S5). Finally, about the 12% of the
surface can be identified as H-C interactions.*°

These data point out that the nature and contribution of the intermolecular contacts between the
metoprolol cations and the corresponding dicarboxylate counterions, are very similar, e.g. they

appear to play an almost identical role in the corresponding crystal packings.

Bulk behavior from Variable Temperature X-Ray Powder Diffraction and Differential Scanning

Calorimetry
DSC measurements performed on MF in the 310-450K range do not evidence any thermal event

(see Figure S6) except that related to the melting at around 422 K (peak 422.0 K, extrapolated peak
422.1 K) which has the highest enthalpy in the MT-0, MS-m,*" MF series (180.7 J/g = 116.3
kJ/mol). Consistently with the DSC profile, the XRPD patterns measured in the temperature range
300-430K superimpose quite well (Figure 8): there are no changes in the overall number of the
peaks and in their relative intensities on heating. Thus no phase transitions occur in these
experimental conditions up to MF reaches the melting point (as already found for the MT-o0 and
MS-m samples).* However, a closer inspection of the XRPD patterns shows that peaks shift to a
different extent as temperature is increased: several peaks move towards lower 29, while the
position of others remains almost unchanged, thus suggesting that an anisotropic thermal expansion

takes place on increasing the temperature (as previously observed for MS-m).* In particular the



shift is evident for the (0k0), (hk0) and (Okl) peaks; by contrast, (h00), (00I) and (hOl) peaks do not
move significantly with the temperature growth. The lattice parameters calculated from the XRPD
patterns listed in Table 2 (details in the Experimental section) confirm this observation: the b axis
significantly expands with respect to both the a and ¢ axes which remain almost unchanged. This
trend is well quantified by the linear thermal expansion coefficients (TECs)® listed in Table 5.
Finally, similarly to the tartrate salt,* MF does not immediately recrystallize upon cooling;
however, after three days the sample, left in air at room temperature, recovers its starting crystalline

phase, as provided by the XRPD profiles shown in Figure S7.

In summary: i) the crystalline phase of the MF salt is stable from r.t. until melting begins (DSC and
VT-XRPD data); ii) during the heating cycle the lattice expands anisotropically (VT-XRPD data);
iii) the molten sample does not immediately recrystallize on cooling (VT-XRPD data); but it needs

at least three days to revert to its starting crystalline phase (XRPD data).

DISCUSSION

The results above reported suggest that at the atomic level, e.g. when the molecular and crystal
structures of MF are taken into consideration and compared to those of the strictly related MS-m
and MT-o salts, the three solids appear at first sight almost identical. For example the overall shape
adopted by the metoprolol cation in the fumarate salt well superimposes with that found in MS-m
and both are almost isoenergetic with that found in MT-o (DFT data).* In addition the strongest H-
bonds which hold together the crystal structures of MF, MS-m and MT-o are characterized by very
similar bond distances and angles (Table 4 and S1) and, more interestingly, they describe identical
motifs; finally even the contributions to the Hirshfeld surfaces of the different intermolecular

contacts are comparable. Consistently densities and K.P.Is. are almost the same for the three salts.

However as already noticed for the MT-0 and MS-m case,* these similarities do not imply similar
macroscopic behavior and thus highlight the difficulty in correlating structural aspects at the atomic
level with changes in physical properties.

Specifically, both melting enthalpies and temperatures increase in the series MT-0, MS-m and MF
(AHmax ~ 16kJ/mol and ATmax ~ 27K), thus suggesting a growing cohesive force, whose trend
however does not correlate with the corresponding density and K.P.I. values. In particular, in all
cases melting occurs at a temperature comprised between the melting points of metoprolol (323K)*®
and of the related pure acids.*® In particular, as already observed,®*°:52 the melting points of the

three salts follow the same trend as those of the corresponding pure acids. A similar relationship
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between melting points of API cocrystals and cocrystal formers has also been reported,> but not
always it has been fully rationalized.>* In fact numerous factors can contribute to establish the
melting point of a crystalline sample (e.g. molecular and crystal symmetry, intermolecular
interactions,® conformational freedom), thus making it very difficult to find well-defined
correlations between solid state arrangement and melting point.® In addition the molecular structure
also can play a role in determining trends in melting temperatures. For example unfavourable
molecular conformations driven by crystal packing requirements could contribute to lower the
melting temperature as provided by Boese et al.>” in a paper dealing with the melting point
alternation in the series of the C2- to C10-diacids.

Besides both MF and MS-m undergo a reversible anisotropic lattice expansion/contraction upon
temperature change, at variance with M T-o which expands/contracts isotropically upon temperature
variation. In particular, both the fumarate and succinate salts expand significantly along the b axis
direction, which is the unique axis in the monoclinic system (space group P2i/c and C2/c for MF
and MS-m, respectively). However MS-m once melted quickly reverts to the starting crystal form,
while the molten phase of both MF and MT-o0 gives an amorphous solid on cooling, which takes

several days (at r.t.) to recrystallize to the starting phase.

Keeping this in mind we have reconsidered the crystal packing of the three metoprolol salts.

In MT-o the tartrate anions stack along the ¢ axis direction with a little offset (Figure 9); as a result
the hydroxyl oxygen atoms and the carboxylate groups belonging to contiguous anions are quite
close to each others [HO-O": 2.97(2) A and HOC'2.92(3) A (i= -x+1,y,-z+1)].5%%° Besides the
conformation adopted by the C4 chain (157(2)° /157(3)°) differs from the usually preferred trans
one (CSD data).® By contrast in MS-m and MF, anions are not piled (Figure 10), but rather they
intercalate through the metoprolol cations (in the succinate anion the dihedral angle about the
central C-C bond has the canonical® trans arrangement). Thus we could speculate that, due to the
packing, the tartrate anions adopt an unfavourable conformation which could contribute to lowering
the melting temperature of MT-o0 with respect to MS-m and MF.

In addition, in both the fumarate and succinate salts, the rings originated by the R2,2(9) motifs are
nearly parallel to the ac plane (Figure 11). As a consequence, varying the temperature, MS-m and
MF expand/contract significantly only along the b axis, where the D1,1(2) H-bond motif is at work
together with the weaker CH~n contacts between couples of identical enantiomers. By contrast in
MT-o0 adjacent anions form H-bonded rings (R2,2(9) type) which are almost perpendicular to each
other (Figure 12) and, as a result, there is not a preferred direction along which the crystal can

expand/contract.



However we know that the crystal packing of these salts is the result of a complex interplay
between interionic interactions, H-bondings, CH-n and van der Waals interactions and that it is
difficult to draw really convincing correlations between molecular/crystal structure and thermal
behavior (melting temperature/enthalpy; isotropic/anisotropic  thermal expansion

amorphous/crystalline transformation).
CONCLUSIONS

In this study the molecular and crystal structure of the metoprolol fumarate salt (MF), as
determined from XRPD data, has been discussed and compared with those of the analogous tartrate
(MT-0) and succinate (MS-m) salts. In addition the thermal behavior of MF has been studied by
DSC and VT-XRPD measures.

We have found that: (a) the overall shape adopted by the metoprolol cation in the fumarate salt well
superimposes with that found in MS-m; in addition previous studies suggest that the charged
ethanolamine chain is quite flexible and it is able to change its conformation depending on the
surrounding (CSD,® MD and QC data*); (b) the H-bond motifs which hold together the crystal
structures of MF, MS-m and MT-o are very similar (Graph Set analysis); (c) consistently the
contributions of the different intermolecular contacts are comparable (Hirshfeld Surface Analysis);

d) densities and K.P.I. are almost the same for the three salts.

Notwithstanding these similarities MF (as MS-m) expands/contracts anisotropically, (but the melt
takes three days to recover the starting crystalline phase, as MT-0) and the melting temperature and
enthalpy regularly increase in the series MT-0, MS-m and MF suggesting increasing cohesive

forces.

The accurate examination of their crystal arrangements shows that in MT-o there are piles of
tartrate ions alternating with the metoprolol cation disposed along the ¢ axis direction, whereas in
MS-m and MF the metoprolol cations and the corresponding anions are interposed. This causes a
different distribution of the R2,2(9) H-bond motif within the crystal (anisotropic in MF and MS-m
vs isotropic in MT-0) which could account for their different thermal behavior (anisotropic vs
isotropic thermal expansion/contraction). Moreover in the latter, the strained conformation of the

stacked tartrate anions could contribute to lower its melting point.

Even if it should be made clear that correlations relating solid state structures to physicochemical
properties remain elusive, still we believe that a thorough solid state characterization can offer

crucial information especially when dealing with APIs.
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Table 1: Crystallographic data and refinement parameters for MF.

12

Formula C34H54N2010
MW 648.80

T (K) 298

A (A) 1.54056

Crystal system, space group

Monoclinic, P2i/c

Unit cell dimensions (A, ©)

a = 13.3415(6)
b = 8.2859(4); B = 108.74(2)
¢ = 17.0030(7)

Volume (A%) 1779.9(1)
Z, D¢ (mg/cmd) 2,1.218
u (mm?) 0.698
Rwp (%) 4,07
GOF’s 2.316




Table 2. Cell parameters for MF at different temperatures from XRPD data.

T(K) a(A) b(A) c(A) B(°) V(A% Rwp
298 13.392(1) 8.316(1) 17.066(7) 108.81(1) 1799.1(8) 5.78
310 13.3947(9) 8.335(1) 17.071(6) 108.84(1) 1803.6(7) 5.95
320 13.3970(9) 8.346(1) 17.079(6) 108.84(1) 1807.2(1) 5.76
330 13.3990(9) 8.358(1) 17.088(6) 108.87(1) 1810.9(7) 5.73
340 13.4010(9) 8.374(1) 17.087(5) 108.90(1) 1814.2(6) 5.68
350 13.4036(8) 8.390(1) 17.088(5) 108.93(1) 1817.7(6) 5.74
360 13.4075(8) 8.408(1) 17.069(5) 108.97(1) 1819.8(6) 5.69
370 13.4095(8) 8.426(1) 17.069(5) 108.99(1) 1823.7(6) 6.00
390 13.4149(8) 8.465(1) 17.075(5) 109.00(1) 1833.3(6) 6.05
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Table 3. Main torsion angles (°), obtained from X-ray diffraction studies, defining the overall shape
of the S enantiomer of metoprolol cations in MF, MS-m? and MT-o".

Torsion angle? MF MS-m? MT-o°
C(6)-C(1)-0(1)-C(7) 172.8(2) 178.9° -169
C(1)-0(1)-C(7)-C(8) 175.5(2) 1776 167
0(1)-C(7)-C(8)-C(9) 56.2(3) -65.1 174
C(7)-C(8)-C(9)-N(1) 164.4(3) 166.9 156
C(8)-C(9)-N(1)-C(10) "178.3(4) 1720 176
C(9)-N(1)-C(10)-C(11) -168.1(5) 1775 166
C(9)-N(1)-C(10)-C(12) 68.6(6) 54.1 61
C(3)-C(4)-C(13)-C(14) -136.4(6) -128.7° 96
C(4)-C(13)-C(14)-0(3) ~177.5(6) 175.1 173
C(13)-C(14)-0(3)-C(15) | -136.4(6) -170.6 174

4Values from ref. 19.

b\alues from ref. 4.

¢Value refers to the C(2)-C(1)-O(1)-C(7) in 19.
dValue refers to the C(5)-C(4)-C(13)-C(14) in 19.
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Table 4. Selected Intermolecular Interactions in MF.

Strong H-Bonds

D-H-A DA (A) H-A (A) X-H~A (°)
N(1)-H(1AN)...O(5) 2.79(1) 1.90(1) 162.0(8)
N(1)-H(1BN)...O(5) 2.76(2) 1.86(2) 165.9(5)
0(2)-H(20)-0(4) 2.71(1) 1.91(1) 161.3(7)

Weak interactions

H-Ct (A) C-H-Ct (o) H"'CT/(Cl-CG)mean plane(o)
C(13)-H(13B)C+" 2.955(8) 157.29(1) 81.7(1)
C(14)-H(14B)C+'" 3.132(8) 156.54(2) 84.5(1)

= x,y+1/2,-2-3/2
= x+1,y+1/2,-2-1/2
W= _x+1,y-1/2,-z-1/2
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Table 5. Linear (o) and volume (B) thermal expansion coefficients (TECs)* calculated for MF
taking as reference the cell parameter values calculated at 298K.

T(K) 0a(10°) Ct ab(10°) C* ac(10°) C1 B(10*Ct
298

310 1.3 19.0 1.9 1.7

320 15 16.4 3.0 1.8

330 1.5 15.8 3.7 1.9

340 1.5 16.6 2.7 1.9

350 1.6 17.1 2.3 1.9

360 1.8 17.8 0.3 1.8

370 1.7 18.4 0.2 1.8

390 1.8 19.5 0.5 2.0
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Scheme 1. Schematic drawing of the metoprolol molecule.
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Scheme 2. Fragments searched in the CSD (see text for details).
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Figure 1. ORTEP-3 view of the S enantiomer of metoprolol cation in MF (ellipsoid probability
20%).
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Figure 2. Superimposition of the X-ray structures of the S isomer of the metoprolol cation as found
in MF, MT-0 (ZUYJOU refcode in CSD) and MS-m (YOTXQV refcode in CSD). Structures are
superimposed by “ball-and stick” atoms. Color key: MF = dark blue; MS-m = green; MT-0 = red.
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all trans, aT

trans-trans-gauchel)-trans, ttgt trans-trans-gauchel*)-trans, ttg*t

Figure 3. Superimposition of the X-ray structures of the S isomer of the metoprolol cation found in
the CSD, plus MF. Structures are superimposed by “ball-and stick” atoms. Hydrogen atoms have
been omitted for clarity. Color key: MF= dark blue, MS-m = green; MT-o0 = red, CIMJUD=Dbrown,
DETHIEU=yellow, JIRWIR=black, QAJYIL=purple.

21



-

Figure 4. View of the net of H-bonds which holds together the metoprolol cation and two
symmetry related fumarate anions in the crystal lattice. (Left: the H-bond categorized as D1,1(2)d,;
right: the ring motif of R2,2(9)>a<b type).
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Figure 5. View of the net of H-bonds which hold together metoprolol and fumarate ions in the
crystal lattice: each fumarate H-bonds four metoprolol cation (S and R enantiomers have different

color).
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Figure 6a. dnorm surfaces of the metoprolol cation in the MF (left) and Ms-m (right) crystal lattices. Neighboring counterions associated with close

contacts are also shown.
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Figure 6b. dnorm surfaces of the two independent metoprolol cations (S on the left, R on the right) in the MT-o crystal lattices. Neighboring tartrate

anions associated with close contacts are also shown.
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Figure 7. Fingerprint plots for the metoprolol cation in MF (up left), MS-m (up right) and MT-o0

(bottom, S and R enantiomer on the left and on the right, respectively).
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Figure 8. Superimposition of XRPD patterns of MF collected in the 300-430 K range.
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Figure 9. Crystal packing of MT-o (view along the b axis direction) highlighting the stacking of the
tartrate anions (spacefilling) along the c axis direction.
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Figure 10. Crystal packings of MF (top) and MS-m (bottom) view along the b axis direction.
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Figure 11. R2,2(9)>a<b ring motif in MF (top) and MS-m (bottom).
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Figure 12. R2,2(9)>a<b ring motif in MT-o.
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