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Structural diversity of cocrystals formed from
acridine and two isomers of hydroxybenzaldehyde:

3-hydroxybenzaldehyde and 4-
hydroxybenzaldehyde+
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Cocrystals formed from acridine and two isomers of hydroxybenzaldehyde: 3-hydroxybenzaldehyde (1) and 4-

hydroxybenzaldehyde (2) were synthesized and structurally characterized. Single-crystal X-ray diffraction

measurements show that compound 1 crystallizes in the triclinic P1 space group, whereas compound 2

crystallizes in the monoclinic P2;/n space group. In the crystals of title compounds, the molecules interact via

O-H---N and C-H---O hydrogen bonds, and C—H--- and - interactions. DCS/TG measurements indicate
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that compound 1 melts at a lower temperature than the separate cocrystal coformers, whereas compound 2

melts at a higher temperature than acridine but at a lower temperature than 4-hydroxybenzaldehyde. The
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1. Introduction

The preparation, identification, and structural characterization
of multicomponent crystals, such as cocrystals, salts or solvates
involving Active Pharmaceutical Ingredients (APIs) is one of the
most active areas of crystal engineering."® Multicomponent
crystals containing API combinations have great pharmacolog-
ical potential because their different forms can exhibit different
physicochemical properties, such as solubility, dissolution rate,
thermal stability, or bioavailability compared with their indi-
vidual pure components.>® Interesting coformers of pharma-
ceutical significance, acridine and two natural isomers of
hydroxybenzaldehyde: 3-hydroxybenzaldehyde and 4-hydrox-
ybenzaldehyde, were selected for the study.

Acridines belong to a class of compounds with high biological
activity and wide therapeutic potential as an antimalarial, anti-
septic, antitumor, antiviral, antifungal and other agents.**** This
is due to their ability to intercalate into the DNA double strand,
causing various disorders and commonly leading to the deacti-
vation of the genetic material.">"® Acridines are also chemilu-
minescent indicators and chemiluminogenic fragments of
chemiluminescent labels with analytical importance.**?

In turn, 3-hydroxybenzaldehyde is a novel therapeutic agent
with vasculoprotective potential because it has therapeutic
effect in atherosclerosis,” whereas 4-hydroxybenzaldehyde
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hydroxybenzaldehyde disappeared, but several bands appeared in the range of 3000-2000 cm ™.

FTIR measurements reveal that the band attributed to the stretching vibrations of the hydroxyl group of

1

sensitizes bacteria to antibiotics,?* accelerates acute wound
healing,*® shows beneficial effects on insulin resistance in an
animal model of type II diabetes* and significantly increases
specific protein production in infected host cells, causing an
enhanced defence response to invasion by Toxoplasma gondii
parasite.”® Furthermore, both 3-hydroxybenzaldehyde and 4-
hydroxybenzaldehyde are potential therapeutic agents for the
treatment of human angiostrongyliasis.*®

A search of the Cambridge Structure Database (CSD version
5.44, update March 2022)*” for structures formed from acridines
and benzaldehyde derivatives shows that there is only one
crystal structure of cocrystal of acridine with vanillin.?®

In this article, as a continuation of our recent work con-
cerning multicomponent crystals formed from acridines,**' we
synthesized and structurally characterized cocrystals of acridine
with two isomers of hydroxybenzaldehyde: 3-hydrox-
ybenzaldehyde (1) and 4-hydroxybenzaldehyde (2) (Scheme 1).

2. Experimental

2.1. Materials and methods

All the chemicals were purchased from Sigma-Aldrich and used
without further purification.

2.2. Synthesis of compounds 1-2

2.2.1. Cocrystal of acridine with 3-hydroxybenzaldehyde
(1). Acridine (0.050 g, 0.279 mmol) and 3-hydroxybenzaldehyde
(0.034 g, 0.279 mmol) were dissolved in 20 mL of a methanol/
dichloromethane mixture (1:1 v/v) and heated for 20 min to
dissolve the sample. The solution was allowed to evaporate at 4 ©
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Scheme 1 Molecular structures of acridine and

ybenzaldehydes reported in the study.

hydrox-

C for a few days to give yellow crystals of 1 (yield > 95%; mp =
96.5 °C); analysis calculated/found for C,,H;5NO,: C 79.72/
79.50, H 5.02/5.02, N 4.65/4.59.

2.2.2. Cocrystal of acridine with 4-hydroxybenzaldehyde
(2). Acridine (0.050 g, 0.279 mmol) and 4-hydroxybenzaldehyde
(0.034 g, 0.279 mmol) were dissolved in 20 mL of an ethanol/
water mixture (4:1 v/v) and heated for 20 min to dissolve the
sample. Once the heating was complete, there was added 10
em® of isobutanol to the mixture. The solution was allowed to
evaporate at room temperature for a few days to give pale yellow
crystals of 2 (yield > 95%; mp = 118.5 °C); analysis calculated/
found for C,oH;5NO,: C 79.72/79.64, H 5.02/5.02, N 4.65/4.56.

2.3. Single-crystal X-ray diffraction (SCXRD)

Diffraction data were collected on an Oxford Diffraction Gemini
R ULTRA Ruby CCD diffractometer (Ay, = 0.71073 A, T = 293(2)
K). The lattice parameters were obtained using CrysAlis CCD,
whereas data were reduced using CrysAlis RED** programs. The
structures were solved and refined using the SHELX programs.*
H-Atoms from hydroxyl groups were located on a difference
Fourier map and refined freely. All H-atoms bound to C-atoms
were placed geometrically and refined using a riding model with
C-H = 0.93 A and Ujso(H) = 1.2Ue(C). All interactions were
found using the PLATON program.** The ORTEPII,* PLUTO-78
(ref. 36) and Mercury®” programs were used to prepare the
molecular graphics.

2.4. Thermogravimetry (TG) and differential scanning
calorimetry (DSC)

Thermal analysis was performed using simultaneous TG-DSC
analyzer Netzsch STA 449 F3 Jupiter. The samples (3-5 mg)
were heated with the heating rate of 10 °C min~* from 30 to
450 °C in nitrogen atmosphere.

2.5. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were measured on a PerkinElmer Spectrum 3TM
instrument (PerkinElmer, Waltham, USA) equipped with attenu-
ated total reflectance (ATR) accessory. The spectra were recorded
at room temperature in reflective mode from 4000 to 500 cm ™" at
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Fig.1 Molecular structures of compounds 1and 2 are shownin (a) and
(b), respectively, with the atom-labelling scheme. Cgl-Cg4 denote
the ring centroids. Displacement ellipsoids are drawn at the 25%
probability level and H atoms are shown as small spheres of arbitrary
radius (hydrogen bonds are represented by dashed line).

a resolution of 4 cm ™" averaging 16 scans for each measurement.
The FTIR spectra were processed and referred to their baseline
using PerkinElmer Spectrum IR version 10.7.2 software.

3. Results and discussion

3.1. Crystal structure and analysis of intermolecular

interactions

Single-crystal X-ray diffraction measurements show that
compound 1 crystallizes in the triclinic P1 space group with one

Table 1 Crystal data and structure refinement parameters for title

compounds

Compound

2

Chemical formula
FW/g mol '

C13HoN-C;HgO,
301.33

C13HoN-C;HeO,
301.33

Crystal system Triclinic Monoclinic
Space group P1 P24/c
a/A 7.2502(8) 11.5433(8)
b/A 9.0739(11) 10.6297(10)
c/A 12.1019(10) 12.9034(12)
of° 100.594(9) 90
B/° 94.574(8) 96.365(9)
v/° 95.976(10) 90
VIA® 774.34(15) 1573.5(2)
VA 2 4
T/K 293(2) 293(2)
Ino/A 0.71073 0.71073
Pealclg cm™3 1.292 1.272
F(000) 316 628
w/mm™* 0.084 0.082
0 range/° 3.43-25.00 3.46-25.00
Completeness of 6/% 99.7 99.7
Reflections collected 4840 10810
Reflections unique 2728 2769

[Rine = 0.0276] [Rine = 0.0854]
Data/restraints/parameters 2728/0/211 2769/0/211
Goodness of fit on F* 1.021 1.073
Final R, value (I > 20(I)) 0.0511 0.0791
Final wR, value (I > 24(I)) 0.1221 0.1635
Final R, value (all data) 0.0782 0.1410
Final wR, value (all data) 0.1411 0.1971
CCDC number 2253867 2253868

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal packing of compound 1 viewed along the b-axis
(hydrogen bonds are represented by black dashed lines, whereas -+ -1
interactions by blue dotted lines).

acridine and one 3-hydroxybenzaldehyde molecules in the
asymmetric unit (Fig. 1 and Table 1), whereas compound 2
crystallizes in the monoclinic P2,/c space group with one acri-
dine and one 4-hydroxybenzaldehyde molecules in the asym-
metric unit (Fig. 1, Table 1).

Confirmation that proton transfer does not occur between
hydroxyl group of benzaldehyde and endocyclic N-atom of
acridine results from an analysis of geometric parameters
characterizing of both molecules.”®** The C-O bond lengths in
the hydroxyl group of the hydroxybenzaldehyde molecule are
1.36 A and 1.35 A, whereas the C12-N10-C14 valence angles in
the acridine molecule are 119.1° and 118.8°, for compounds 1
and 2 respectively. In the cocrystal of acridine with vanillin
these values are similar (1.35 A and 118.3°, respectively).>® As we
previously shown,” above mentioned C12-N10-C14 angle
ranges from 118 to 120° for acridine cocrystals, whereas is in the
range 123 + 124° for acridinium salts.

Analysis of interactions in the crystal packing of compound 1
shows that the acridine molecule interact with the 3-hydrox-
ybenzaldehyde molecule through OgppayH: - Nscr) hydrogen
bond [d(H21---N10) = 1.81(3) A, and /(0O21-H21---N10) =
175(3)°] to form heterodimer (Fig. 1a and 2, Table 2), and then
homodimers are linked via Ciscry~H***O(znga) = C hydrogen bond

View Article Online
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Fig. 3 Crystal packing of compound 1 viewed along the a-axis
(hydrogen bonds are represented by black dashed lines, whereas C—
H---7 and mt---1v interactions by blue dotted lines).

chains along [0 0 1] direction (Fig. 2, Table 2). The adjacent anti-
parallel chains interact by weak Ciacry—H: - -Onea) hydrogen bond
[d(H16:--021) = 2.61 A, and £ (C16-H16:--021) = 146°] and
T(acrT(acr) iDteractions between aromatic rings of acridine
molecules [d(Cg:--Cg) = 3.730(2) + 3.813(3) A] and T zppa);TT(z1sa)
interactions between aromatic rings of 3-hydroxybenzaldehyde
molecules [d(Cg---Cg) = 3.885(3) A] building blocks along [0 1 1]
direction (Fig. 2, Tables 2 and 4). In these blocks the acridine
molecules are arranged in 7-stacked columns (Fig. 3, the blocks
are shown as green rectangles).

The weak Ciacry~H: " Tzupa) and Cupay-H: - T(acr) interac-
tions between aromatic rings of both acridine and 3-hydrox-
ybenzaldehyde molecules [d(H---Cg) = 3.10 = 3.12 A] linked
these blocks (Table 3, Fig. 3).

In the crystal packing of compound 2, the acridine mole-
cule interact with the 4-hydroxybenzaldehyde molecule by
Onpa)-H---N(acr) hydrogen bond [d(H21---N10) = 1.80(4) A,
and £(021-H21---N10) = 171(3)°] to form heterodimer
(Fig. 1a, Table 2), but neighbouring homodimers are con-
nected via Tacr)-To(acr) interactions between acridine mole-

. cules [d(Cg---Cg) = 3.677(2) + 4.156(2) A] to form
[d(H9---023) = 2.58 A, and £ (C9-H9---023) = 158°] to produce [d(Cg---Cg) @) (2) Al
Table 2 Hydrogen bonds geometry for compounds 1 and 2
D-H---A d(D-H) [A] d(H--A) [A] d(D---A) [A] /D-H-A[°]
1 021-H21---N10 0.90(3) 1.81(3) 2.703(2) 175(3)
C9-H9---023' - 0.93 2.58 3.453(3) 158
C16-H16---021" 0.93 2.61 3.431(5) 146
Symmetry code: (i) x, 1 +y, 1 + z; (ii) —x, =y, 1 — z
2 021-H21---N10 0.93(3) 1.80(4) 2.721(4) 171(3)
C1-H1---023' 0.93 2.58 3.470(6) 160

Symmetry code: (i) —1 +x, 3/2 —y, —1/2 +2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 C-H---m interactions geometry for compounds 1 and 2

/C-H--Cg
C-H---Cg d(H--Cg)[A]  d(C--Cg)[A] []
1 C6-He--Cgd" 312 3.771(3) 129
C18-H18:--Cg3"  3.10 3.974(5) 158

Symmetry code: (vi) —x,1 —y, 1 +2; (vii)1 —x,1 —y,1—2

2 C6-H6---Cga™ 3.25 3.886(5) 127
C7-H7---Cga™ 3.23 3.871(5) 128
C8-H8---Cg2" 2.86 3.784(5) 176
C17-H17--Cg3*l  2.79 3.696(3) 166

Symmetry code: (iv) 1 — x, —1/2+y,% — z; (v) x, 3/2 — y, —1/2 + z; (vii) 1 —
x,1/2+y,1/2 -z

Fig. 4 Crystal packing of compound 2 viewed along the b-axis
(hydrogen bonds are represented by black dashed lines, whereas C—
H---7 and 7t---7v interactions by blue dotted lines).

heterotetramers (Fig. 4, Table 4). However, the acridine
molecules do not form the m-stacked columns. The adjacent
heterotetramers interact by T(4upa)-T(aupa) interaction
between the aromatic rings of 4-hydroxybenzaldehyde mole-

cules [d(Cg--Cg) = 3.905(2) A] and weak C(acry"H'* T(arina)

Table 4 -7 interactions geometry for compounds 1 and 2
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Fig. 5 Crystal packing of compound 2 viewed along the a-axis
(hydrogen bonds are represented by black dashed lines, whereas C—
H---1t interactions by blue dotted lines).

interactions [d(H---Cg) = 3.23 + 3.25 A] building blocks along
c-axis (Fig. 4 (Fig. 3, the blocks are shown as green rectangles,
Tables 3 and 4). Finally, the neighbouring blocks are linked by
weak Ciacr)~H''Onpa) = C hydrogen bond [d(H1:--023) =
2.58 A, and /£ (C1-H1---023) = 160°] and short Ciacr)-H- -
Taupa) and Ciacry~H - T(acr) interactions involving aromatic
rings of 4-hydroxybenzaldehyde and acridine molecules,
respectively [d(X---Cg) = 2.79+2.86 A] (Fig. 5, Tables 2 and 4).

3.2. TG/DSC studies

The thermal behaviour of a pure coformers, physical mixture of
coformers at 1: 1 molar ratio, and cocrystals of 1 and 2 are shown
in Fig. 6. An analysis of TG and DSC diagrams for acridine, 3-
hydroxybenzaldehyde and 4-hydroxybenzaldehyde shows that
endothermic peaks are observed at ~111.2 °C, ~106.5 °C, and
~119.0 °C, respectively, which represent their melting points. For
a physical mixture of acridine and 3-hydroxybenzaldehyde, the

Cgl* CgJ* Cgl---CgJ”? [A] Dihedral angle [°] Interplanar distance? [A] Offset’ [A]

1 1 11 3.790(1) 0.0(1) 3.447(1) 1.574
1 ol 3.813(1) 1.5(1) 3.452(1) 1.619
1 2V 3.730(1) 1.5(1) 3.416(1) 1.499
2 11 3.813(1) 1.5(1) 3.422(1) 1.685
2 1 3.731(1) 1.5(1) 3.438(1) 1.448
2 2V 3.794(1) 0.0(1) 3.440(1) 1.600
2 3i 3.812(1) 3.2(1) 3.423(1) 1.677
3 ol 3.812(1) 3.2(1) 3.481(1) 1.553
4 4 3.885(1) 0.0(1) 3.425(1) 1.834

Symmetry code: (iii) —x,1—y,2 —z,(iv)1 —x,1—-y,2 -2, (V)1 —x,—),1—2

2 1 1t 3.677(2) 0.0(2) 3.492(2) 1.153
1 ol 4.156(2) 0.2(2) 3.489(2) 2.256
2 3t 3.698(2) 0.5(2) 3.486(2) 1.234
4 4 ) 0.0(2) 3.495(2) 1.742

“ Cg represents the centre of gravity of the rings. * Cg---Cg is the distance between ring centroids. ¢ The dihedral angle is that between the mean
planes of CgI and CgJ. ¢ The interplanar distance is the perpendicular distance from CglI to ring J. ¢ The offset is the perpendicular distance from

ring I to ring J.
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Fig. 6 TG/DSC curves of (a) acridine (green lines), 3-hydrox-
ybenzaldehyde (blue lines) and 4-hydroxybenzaldehyde (red lines); (b)
physical mixtures of acridine and 3-hydroxybenzaldehyde (blue lines)
and acridine and 4-hydroxybenzaldehyde (red lines) at 1 : 1 molar ratio;
(c) cocrystal of acridine with 3-hydroxybenzaldehyde (1) (blue lines)
and cocrystal of acridine with 4-hydroxybenzaldehyde (2) (red lines).

first endothermic peak is observed at ~84.5 °C, immediately fol-
lowed by an exothermic peak at ~91.5 °C, whereas the second
endothermic peak is detected at ~94.0 °C. In the case physical
mixture, the endotherms are attributed to eutectic and cocrystal
melting respectively, while exothermic peak suggesting cocrystal
formation.*** In the cocrystal 1, these melting temperatures are
close to each other, thus, probably there was a merge of melting
temperatures of eutectic and cocrystal.**** Similar profile is
observed for the curve obtained for the physical mixture of acri-
dine and 4-hydroxybenzaldehyde. The first endothermic peak is
observed at ~95.0 °C, which is followed by an exothermic peak at
~101.5 °C, whereas the second endothermic peak is observed at
~115.0 °C. On the DSC curves for the cocrystals of 1 and 2, sharp
endothermic peaks are observed at ~96.5 °C, and ~118.5 °C,
respectively, which represent their melting points.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3.3. FTIR spectroscopic studies

FTIR spectra of pure coformers and title compounds are displayed
at Fig. 7. For acridine (spectrum a), the bands at 3052.6, 1620-
1400, 731.5 cm " correspond to aromatic C-H stretching vibra-
tions, C=C and C=N skeleton stretching vibrations, and C-H out-
of-plane bending vibrations, respectively. The FTIR spectrum of 3-
hydroxybenzaldehyde (spectrum b) shows characteristic bands at
3195.0 cm " (broad OH stretch), 1666.3 cm ™" (C=O0 stretch) and
780.1 cm~ " (C-H out-of-plane bend). The corresponding bands in
the spectrum of 4-hydroxybenzaldehyde (spectrum c) appears at
3160.0 cm ™', 1663.0 cm " and 822.5 cm ™. The position of the last
one is related to the aromatic ring substitution. In both aldehydes,
the stretching band of OH partially overlaps with C-H stretching
vibrations of aldehyde group (2900-2650 cm ). With cocrystals 1
and 2, the band assigned to the carbonyl group of hydrox-
ybenzaldehyde component shifts to 1691.8 and 1682.8 cm
respectively (spectra d and e), suggesting its less involvement in
hydrogen bonding compared to pure hydroxybenzaldehydes.
Interestingly, the band attributed to the stretching vibrations of the
hydroxyl group (A-type) of hydroxybenzaldehydes vanished, but
several bands appeared in the range of 3000-2000 cm . These
bands can be attributed to Fermi resonance between stretch and
in-plane bending of hydrogen bonded O-H groups (B-type) and are
usually determined for strong hydrogen-bonded complexes.****

3.4. An analysis of crystal packing and melting points

The arrangement of coformer molecules in the crystals of
the title compounds result in different degree of filling the
crystal space. Compound 1 have a higher Kitaigorodskii type

T T T T T
L L L L 1 L
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L L L 1 I
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= | c L L 1 1 1
~ A
\ s (g w]
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Fig. 7 FTIR spectra of (a) acridine, (b) 3-hydroxybenzaldehyde, (c) 4-
hydroxybenzaldehyde, (d) cocrystal of acridine with 3-hydrox-
ybenzaldehyde (1), (e) cocrystal of acridine with 4-hydrox-
ybenzaldehyde (2).
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Table 5 Melting points of pure coformers and compounds 1 and 2

Melting point

Compound [eC]

Acridine 111.2
3-Hydroxybenzaldehyde 106.5
4-Hydroxybenzaldehyde 119.0
Cocrystal of acridine with 3-hydroxybenzaldehyde (1) 96.5
Cocrystal of acridine with 4-hydroxybenzaldehyde (2) 118.5

of packing index (with the percentage of filled space equal to
68.1 and 66.8% for cocrystal 1 and 2, respectively) and
crystal density (1.292 and 1.272 g cm 2, for cocrystal 1 and 2,
respectively) than compound 2.** This confirms that multi-
component crystals in which acridine molecules are
arranged in w-stacked columns have a higher degree of
crystal packing and density, than crystals in which acridine
molecules are in the other arrangement.>*** The influence
of the crystal packing and type and number of interactions
in the crystals on their melting points have been also
described in the literature.*>*®* Analysis of melting points
shows that the compound 1 melts at a temperature lower
than its separate components (mp = 96.5 °C), whereas

the compound 2 melts at a temperature higher than acri-
dine, but at lower temperature than 4-hydroxybenzaldehyde
(mp = 118.5 °C, Table 5).

Even though the same types of interactions occur in the
crystal packing of compounds 1 and 2, the number of interac-
tions between adjacent blocks, especially C-H:--7 interactions,
is greater for compound 2 than for compound 1, which may
explain the higher melting point of cocrystal acridine with 4-
hydroxybenzaldehyde. This also confirms the other rule
observed in our previous studies, that ortho-substituted benzoic
acids have a lower melting point than acridine, while meta-
substituted benzoic acids have a higher melting point than
acridine.”

4. Conclusions

Based on experiments carried out using SCXRD, FTIR, TG/DSC
methods it was demonstrated that acridine forms cocrystals
with two isomers of hydroxybenzaldehyde: 3-hydrox-
ybenzaldehyde and 4-hydroxybenzaldehyde in a molar ratio of
1:1. The crystals of compounds 1 and 2 were obtained using
a slow evaporation of solvents at room temperature. Analysis
of the melting points shows that the compound 1 melts at
a lower temperature than its separate coformers, whereas the
compound 2 melts at a higher temperature than acridine, but
at lower temperature than 4-hydroxybenzaldehyde. The coc-
rystal of acridine with 3-hydroxybenzaldehyde (1) crystallizes
in the triclinic P1 space group whereas the cocrystal of acridine
with 4-hydroxybenzaldehyde (2) crystallizes in the monoclinic
P24/c space group. In both cocrystals O-H---N heterodimers
occur, however differences in the crystal packing of both coc-
rystals are observed. In the cocrystal of 1, the molecules of
acridine and 3-hydroxybenzaldehyde are arranged in the

2010 | RSC Adv, 2023, 13, 20105-20T12
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pattern of antiparallel chains which are linked through C(acr)~
H---Oiupay hydrogen bond and mpucry-Tacr) and mEapay-
T(3upa) interactions, to form blocks along [0 1 1] direction. In
these blocks the acridine molecules are arranged in w-stacked
columns. In turn, in the cocrystal of 2, the acridine and 4-
hydroxybenzaldehyde molecules are arranged in hetero-
tetramers, but the acridine molecules do not form the -
stacked columns. The adjacent heterotetramers interact by
Taupa)~Tanpa) and Ccry-H:*Tunpa) interactions building
blocks along [0 0 1] direction. In the crystal packing of
compound 1, the adjacent blocks are linked via Ciscry-H:
T(3upa) and Cupay-H'*Tacr) interactions, whereas in the
crystal packing of compound 2 the neighbouring blocks are
linked by C(scry~H:*-Ounga) = C hydrogen bond, and Cscry~
H--Tt(4upa) and Ciacry~H: T (acr) interactions. Differences in
the arrangement of coformers molecules in both cocrystals
result in higher degree of filling the crystal space and crystal
density for cocrystal of 1. The FTIR measurements shows that
the band attributed to the stretching vibrations of the hydroxyl
group of hydroxybenzaldehydes vanished, but several bands
appeared in the range of 3000-2000 cm™". These bands can be
attributed to Fermi resonance between stretch and in-plane
bending of hydrogen bonded O-H groups and are usually
determined for strong hydrogen-bonded complexes.
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