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Abstract

Curcumin (C,1H»0g) crystals were obtained from attempts to cocrystallize curcumin with amino acid in
mixed ethanol/methanol solvent. The curcumin structure, solved and refined by single crystal X-ray diffraction, exists
in the enol form. Analysis of the electron density demonstrates nonstatistical disorder of the positions for the enol
proton forming a strong hydrogen bond stabilizing the enol form within the curcumin molecule. Analysis of the
intermolecular packing of the molecules shows that the crystal structure is assembled via two strong supramolecular
O-H--0 interactions with distances of 2.4696(19) - 3.028(2) A and a weak C—H---O hydrogen bond, distance of
4.046(3) A. The hydrogen bond graph set notation was assigned RZ(36) pattern. Hirshfeld surface analysis indicates
that the curcumin crystal structure is stabilized by the weak hydrogen bonds. Crystal Data: C,;H»0s (M, = 368.37
Daltons: monoclinic, space group P2/n (No. 13), a = 12.6956(3) A, b = 7.2093(2) A, ¢ = 19.9362(5) A, g = 95.276(2)°,
V = 1816.96(8) A%, Z = 4.
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1. Introduction spice. It has a wide variety of medicinal benefits,

Crystal engineering (Desiraju, 2018) is a such as anticancer, anti-inflammatory, anti-HIV,
design of new solids with desired physical and antimalarial, and antioxidant properties (Skieneh,
chemical properties which plays an important role Sathisaran, Dalvi, & Rohani, 2017). Curcumin

in supramolecular chemistry (Nangia & Desiraju, belongs to the group of B-diketones and exhibits
2018). Applications in drug-receptor interactions tautomerism between enol and Kketo structures
and drug design, in chemical and biological (Sathisaran & Dalvi, 2017), as shown in Figure 1.
processes including molecular recognition, protein Consistent with the importance of
stability, carbohydrate crystals, and in the curcumin, its crystal structure has been studied and
bioactivity of macromolecules (Jeffrey & Saenger, reported multiple times. The first determination
1991). Many pharmaceutical compounds include (polymorph 1) was reported by Tonnessen,
functional groups capable of participating in Karlsen, and Mostad (1982). Crystalline
hydrogen-bonding interactions; therefore, polymorphs Il and Il were investigated and
materials capable of acting as hydrogen-bond reported by Sanphui, Goud, Khandavilli, Bhanoth
receptors are of considerable concern for these and Nangia (2011). Redeterminations of the single
applications (Hutchins, 2018). Cocrystallization crystal X-ray structure of polymorph | has also
has been shown to improve drug properties such as been reported (Ishigami, Goto, Masuda, & Suzuki,
solubility and bioavailability of class Il and IV 1999; Parimita, Ramshankar, Suresh, & Guru
drugs (Chavda, Patel, & Anand, 2010). Row, 2007). There is inconsistency in the
Curcumin, a hydrophobic natural product modeling of the enolizable proton in polymorph |
compound having the chemical name of 1,7-bis(4- in the three previous reports, as well as
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5- inconsistency of the structural parameters and the
dione, was extracted from turmeric, Curcuma electron density maps in the third report. Thus,
longa (Matlinska et al., 2018). Curcumin is widely another redetermination of the structure of

used as a food additive as a coloring agent and
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polymorph | of curcumin is merited and reported

Enol

herein.

Figure 1 Molecular structure of two forms of curcumin

2. Objectives

Curcumin is an essential herb that can be
consumed for treatment of several conditions such
as cancer, arthritis, pain, bruises, gastrointestinal
diarrhea, swelling, and much more. Curcumin is a
low solubility and thus a low bioavailability
material that challenges scientists to improve
curcumin as a cocrystal remediation application.
This research aims to understand the
supramolecular interactions in the crystal structure
of curcumin.

3. Materials and methods
3.1 Experimental preparation

Attempts to cocrystallize curcumin with
amino acids by the grinding method and by a
liquid-liquid technique (dissolving the components
in 10 mL of ethanol and adding a 1 mL layer of
methanol on top of the solution and keeping in the
dark at room temperature for one month). The
crystals were collected after four weeks by filtering
the clear yellow crystals and leaving them to air-
dry at room temperature.

3.2 X-ray crystal structure determination and
refinement

Ketone
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A suitable single crystal was selected and
the crystal was mounted on a mylar loop with
grease, then measured on a SuperNova, single
source at offset/far, HyPix3000 diffractometer.
The crystal was kept at 295 K during data
collection.  Structure solution and refinements
were analyzed using OLEX2 (Dolomanov,
Bourhis, Gildea, Howard, & Puschmann, 2009),
ShelXle (Hubschle, Sheldrick, & Dittrich, 2011),
the structure was solved by SHELXT (Sheldrick,
2015a) structure solution program using intrinsic
phasing and refined with the SHELXL (Sheldrick,
2015b) refinement package using least-squares
minimization. Crystallographic illustrations were
drawn using ORTEP3 (Farrugia, 2012).

Solution and preliminary refinement,
including location of positions for all unique H
atoms, was entirely routine. All H atoms except
that between O3 and O4 were included in the
model in chemically sensible geometrically
idealized positions with default distances assigned
by the SHELXL program (d[C—Hpmethyiene] = 0.93 A,
d[C_HmethyI] = 0.96 A, d[O_thdroxy] = 0.82 A) as
riding-atom contributors with the added provision
that the methyl and hydroxy H atoms were allowed
to rotate about the vector from the attached atom to
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adjacent C atom. Non-H atoms refined with
anisotropic atomic displacement parameters, and H
atoms given isotropic atomic displacement
parame':ers of U[Hmethylene] = 1-2Ueq[Cattached],
U[Hmethyl] = 1-5Ueq[cattached]x and U[thdroxy] =
12 Ueq [Oattached] .

Careful examination of electron density
difference maps of the region between O3 and O4
before inclusion of H304 revealed an extension of
electron density in the region where idealized H-
atom positions would be placed in the event that
there was a disordered enol form in the crystal
structure with a slight preponderance of electron
density on the position near O3. A number of
models for the position(s) of the enolized H atom
were refined. The discrepancy index, R; ranged
from 0.0512 to 0.0517. Models E, F, G, and H
had similar, and the lowest values for wR, at
0.1575 — 0.1576 indicating that their common
features constitute the best model from the room
temperature X-ray data in this report.

Models A — C assume a single H-atom
position between O3 and O4, i.e. the resonance
stabilized hydrogen bond model. Model A, a
single fully occupied refined H304 position
equidistant from O3 and O4 with a refined
isotropic U[H304] (result, d[O3-H304] = d[04—
H304] = 1.25 A, U[H304] = 0.157 A?%); Model B,
Model A plus refined isotropic U[H] for all H
atoms (result, U[Hmetnyiene] in general range of 0.05
to 0.06 A% U[H11] = 0.056 A2, U[H304] = 0.152
A?): Model C, a single fully occupied unrestrained
refined H304 position with refined isotropic
U[H304] and U[H11] (result, d[O3-H304] = 1.19
A, d[04-H304] = 1.32 A, U[H11] = 0.055 A?
U[H304] = 0.156 A?).

Models D — H assume two H-atom
positions between O3 and O4, i.e. a disordered
enol form. Model D, two one-half occupancy H30
and H40 positions with H atom positions as riding
atom contributors with positions allowed to rotate
about the 0O3-C10 and 04-C12 vectors,
respectively, with d[O3-H30] = d[04-H40] = 0.82
A (SHELXL default distance) and with refined
isotropic atomic displacement parameters for all H
except U[HmethyI] = 1-5Ueq[cattached] and U[H3O] =
U[H40] (result, U[H30] = U[H40] = 0.0687 A?):
Model E, two one-half occupancy H30 and H40
positions refined with a restraint that d[O3-H30]
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and d[O4-H40] remain similar, and with a refined
isotropic U[H30] = U[H40] (result, d[O3-H30] =
0.759 A, d[04-H40] = 0.755 A, U[H30] =
U[H40] = 0.0547 A?); Model F, similar to Model
E, except allow the occupancy factor, occ[H30] to
refine with occ[H40O] = (1.00 — occ[H30]), (result,
d[03-H30] = 0.76(3) A, d[04-H40] = 0.75(3) A,
occ[H30] = 0.51(3), U[H30] = U[H40] =
0.053(9) A%); Model G, similar to Model F, except
remove the restraints on d[O3-H30] and d[O4-
H40] (result, R; = 0.0512, wR, at 0.1575, d[O3-
H30] = 0.85(5) A, d[04-H40] = 0.64(6) A,
U[H11] = 0.053 A? U[H30] U[H40] =
0.053(10) A?).

Model H, (reported model) assume a
disordered enol form with two nonequivalent H-
atom positions between O3 and 04 with refined
occupancy factors constrained to sum to 1.000, and
a single isotropic atomic displacement parameter,
U[H30] = U[H4Q], for H30 and H40. Restrain
d[03-H30] and d[O4-H40] to remain similar.
Refine anisotropic non-H atoms and isotropic
atomic displacement parameters for H atoms
except U[Hmethyl] = 1-5Ueq[Cattached]- (reSUItv Rl =
0.0512, wR, = 0.1575, gof = 1.087, d[03-H30] =
0.759(26) A, d[04-H40] = 0.755(26) A,
occ[H30] = 0.508(31), U[H11] = 0.056(6) A?
X[y30] = U[H40] = 0.053(9) A2 pmax = 0.26 €

7))

4. Results and discussion
4.1 FTIR structure analysis

The FT-IR vibrational frequencies of the
crystalline curcumin product (Figure 2) were
observed; the O—H stretching band was assigned
near 3500 cm™, the C=0 frequency at 1626 cm™,
the broad band aromatic C=C at 1504 cm™, phenol
C-O at 1427 cm™, and enol C-O at 1273 cm™,
respectively.

4.2 Crystal structure analysis

Attempts to crystallize curcumin with
amino acids were described in the experimental
section. The data crystal for the current study was
obtained from attempts to crystallize curcumin
with amino acids in ethanol at room temperature
after four weeks. The crystal data, data collection,
and structure refinement parameters are given in
Table 1.
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Figure 2 Attenuated total reflection Fourier transform infrared spectra of curcumin

Table 1 Crystal data, data collection, and structure parameters for the present work

Crystal data

Chemical formula C21H2006

M:; (Daltons) 368.37

Crystal system, Space group Monoclinic, P2/n
Temperature (K) 298

a, b, c(A)

a By ()
V (A%
z

Dcalcd (g Cm-s)
Radiation type

u(mm?)

Data collection

Diffractometer

No. of measured, independent and
observed [I > 2o(1)] reflections

Rmt
(Sin & Dmax (A7)

Refinement

Refinement on F?

R[F? > 26(F?)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmaxs Apmin (8 A3

12.6956(3), 7.2093(2), 19.9362(5)
90, 95.276(2), 90

1816.96(8)

4

1.347
Mo Ka
0.099

Rigaku, HyPix3000
25648, 3956, 2815

0.0418
0.65

0.0512, 0.1575, 1.087
3956

270

2

H atoms treated by a mixture of independent and

constrained refinement
0.26, -0.30

80



JCST Vol. 9 No. 2 Jul.-Dec. 2019, pp. 77-87
ISSN 2630-0583 (Print)/ISSN 2630-0656 (Online)

The crystal structure of curcumin is
shown in Figure 3. Bond lengths and angles are
given in supporting information. Individual bond
lengths and angles are not significantly different
from those of the previous report (Parimita et al.,
2007) with the exception of the parameters relating

[ ] [
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Figure 3 Perspective view of curcumin crystal structure

to the enol ring. The molecule is distorted by
rotation of —152° about the C8—C9 bond allowing
ring A of the molecule to ride above ring B as
shown in Figure 4, similar with Matlinska et al.
(2018).
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Figure 4 The tilting of the phenol ring in the molecule

Atom labeling of the enol-ring atoms is
given in Figure 5, below. The illustrated H-atom
positions on atoms O3 and O4 are mutually
exclusive; the occ[H30] = 0.508(31) and
occ[H40] = 1.000 — occ[H30]. Thermal ellipsoids
drawn at 50 % probability level. Hydrogen atoms
drawn as arbitrarily small spheres for clarity.

There has been considerable discussion of
the nature of the enolizable H atom, including a
solid state NMR-quantum chemical theoretical
study addressing the proton probability distribution
of the curcumin enolizable H atom (Kong et al.,
2014). Kong et al. (2014) also evaluated energies
of the three relevant localized-proton states (here
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H30 in Model H, H304 in Model C, and H40 in
Model H) obtaining the relative energy values, 0,
5.3, and 4.7 kJ mol™", respectively. Examination
of the resonance-assisted hydrogen bond
parameters in the previous structure report of
Parimita et al. (2007) suggests a model deficiency.
The report states that the enol H atom is
symmetrically positioned and has full occupancy
in the crystal structure. However, the supporting
documentation shows that the refined isotropic
atomic displacement parameter is nearly twice as
high, U = 0.126 A? as those of the other well-
known H positions. Model C in the current report
has a similar result, not significantly different from
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that of Parimita et al. (2007). Calculation of an
electron density difference map prior to including
this proton showed an extension of electron density
in the enolizable proton region extending between
the two O atoms with a slight preponderance of
electron density nearer to O3. A similar electron
density difference pattern is seen in the room
temperature X-ray diffraction study of the closely
related tetrahydocurcumin structure (Girija,
Begum, Syed, & Thiruvenkatam, 2004) which was
successfully modeled as a nonstatistical disorder of
the two enol H positions.

Several models were explored for the
disordered enol positions. A statistical disorder
(two half H atoms) with idealized O—H distances
(similar to Girija et al., 2004) and a single refined
isotropic atomic displacement parameter gave a
reasonable result with U[H30] = U[H40] = 0.068
AZ?, a value at the upper end of the range of those
of other well-known H atom positions in the same
structure.  Relaxing the enol O—H distance
restraint brought the shared isotropic U down to
0.057 A2, well in the range of other well-known H-
atom positions. On removing the constraint of

Table 2 Crystal data and polymorphs

equal U values for the two enol H-atom positions,
the one nearer O3 became smaller (indicating a
higher occupancy) and the one nearer O4 became
larger (indicating a lower occupancy). The final
model restrained the O3-H30 and 04-H40
distances to be similar, refined the common U
value, and refined an occupancy factor for H30
and H40, resulting with a slightly higher
occupancy for H3O. This final model, illustrated
in Figure 3, is in close agreement with the
nonstatistical disorder model of Girija et al. (2004)
and the energy values and proton probability
distribution reported by Kong et al. (2014).

A summary of the previously reported
crystalline polymorphs is presented in Table 2.
The crystal structure in this work is included in
Table 2 as column IV. The structure in this study
is in the monoclinic space group P2/n, the same as
that of polymorph 1. The solubility of cocrystals of
curcumin have recently been studied using
supercritical fluid technology (Ribas et al., 2019)
and are reported to have higher dissolution rates
than pure curcumin in water medium.

Crystal data | 1l 11 I\

Space group P2/n Pca2; Pbca P2/n
Temperature (K) 100 100 100 298

a, (A) 12.5676(11) 35.417(3) 12.536(3) 12.6956(3)
c 7.0425(6) 7.7792(7) 7.9916(17) 7.2093(2)
b 19.9582(18) 12.6482(11) 34.462(7) 19.9362(5)
a (°) 90 90 90 90

B 94.987(1) 90 90 95.276(2)
% 90 90 90 90

V (A% 1759.8(3) 3484.7(5) 3452.3(13) 1816.96(8)
Deaica/g cm’® 1.390 1.404 1.417 1.347

Z2/17' 4/1 8/2 8/1 4/1

Ri[l > 2o(1)] 0.0435 0.0513 0.0893 0.0512
WR; (all) 0.1163 0.1218 0.1681 0.1575
Goodness-of-fit (S) 1.054 1.083 0.930 1.087

Analysis of the hydrogen bonding shows
the presence of O—H---O intramolecular hydrogen
bond interactions in the structure as summarized in
Table 3. A strong hydrogen bond forms in the enol
ring as shown in Figure 5. The intramolecular
O-.-O distance of the O1-H1...02 interaction
forming the ring is 2.684(2) A, in the lower end of
the O—H---O hydrogen bond distances range of
2.470(2) to 3.028(2)A, with an angle of 113.4°
indicating a strong hydrogen bond. The formation
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of the strong intramolecular interaction in the enol
ring leads to electron delocalization between
—CO-CH=COH fragment and indicated the strong
hydrogen bond (Matlinska et al., 2018; Arrieta,
Haglund, & Mostad, 2000; Mostad, 1994) and this
may be characterized as the third ring in the
molecule. Intermolecular interactions are linked
by 0O1-H1.-04 [x-0.5, y-1, z+0.5] and
06-H6---03 [x+1, vy, z] with O-.-O hydrogen bond
distances of 2.841(2) and 3.028(2), respectively.
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Table 3 Selected hydrogen bond interaction parameters (A°, °)

D-H--A D-H H-A D--A D-H-A
01-H1--02 0.82 225 2.684(2) 113.7

01-H1.-04 0.82 211 2.841(2) 149.2 [x-0.5, y-1, z+0.5]
03-H30--04 0.76(3) 1.76(3) 2.4696(19) 156(4)

04-H40--03 0.76(3) 1.75(3) 2.4696(19) 159(5)

06-H6--03 0.82 2.61 3.028(2) 113.4 [x+1, , 7]

Symmetry code i) x, y, z; ii) x+1, y, z; iii) x-0.5, y-1, z+0.5

2870(23) ~
4

S
T 3
] (¥

"~ —o0 5(}.)0 )y <

L
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| )-....,\/
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Figure 5 Hydrogen bond formation and geometry of the enol ring

Weak intermolecular hydrogen bonds
support the overall packing of the curcumin
molecules (Figure 6). The bifurcated C-H---O
bonds link through the phenoxy O-H acceptor
with the distance of 4.046(3) A is characteristic of
a weak hydrogen bond. Weak C—H---O hydrogen
bonds in curcumin crystal structure have been
reported by Sanphui et al. (2011). Graph set
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notation (Bernstein, Davis, Shimoni, & Chang,
1995; Etter, MacDonald, & Bernstein, 1990) in the
crystal is assigned as the RZ (36) pattern (Figure
7). The variety of hydrogen bonds generate the
different packing motifs which may alter the
molecular conformations.  This may have a
significant impact on the solubility and
bioavailability of curcumin (Girija et al., 2004).
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Figure 7 A packing diagram for curcumin showing a hydrogen bonded sheet of the molecule via O-H---O and C-H---O
interactions

The intermolecular interactions of the title
compound are quantified using Hirshfeld surface
analysis. Hirshfeld surface analysis is a useful tool
to analyze the most dominant intermolecular
interactions in the crystal structure (Spackman &
Jayatilaka, 2009). Figure 8 shows all close

84

contacts in the molecule as red spots over the
surface indicating the intermolecular contacts
involved in the hydrogen bonds which are
connected by O1-H1.-04, Cl-Hla--04, and
C14-H14---02, respectively.
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Figure 8 Hirshfeld surface analysis of curcumin crystal structure

In addition, the interactions in the
fingerprint plot are represented as blue spikes. The
distance d; represents the distance from the surface
to the nearest atom interior to the surface, and the
distance d, represents the distance from the surface
to the nearest atom exterior to the surface
(Spackman & Jayatilaka, 2009). The combination
of di and d. in the form of two-dimensional
fingerprint plots gives a summary of close contacts
in the crystal lattice. Figure 9 displays the close
contacts for H---H, C—H, and H---O interactions are
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found at 41.1, 25.6 and 25.2 percent, respectively.
In this study the fingerprint plots indicated that the
interactions in the molecular packing of curcumin
are longer contact distances which are in
agreement with Desiraju (2005) that the aromatic
hydroxyl does not form a good C—H---O contact
(Sarma & Desiraju, 1987). The crystal molecular
packing of curcumin is linked by the weak
interactions.  The packing of the curcumin
molecules may be further stabilized by the network
of H---H interaction.
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Figure 9 Fingerprint plot from Hirshfeld surface analysis of the hydrogen bonding in the asymmetric unit

5. Conclusion
A major problem of curcumin for use as a

bioactive  herbal therapeutic agent and/or
functional food is its low solubility and low
bioavailability. This study is providing
information of curcumin structure to the

understanding of the interactions in the crystal
structure.  These observations could aid in
modifying the curcumin structure to form faster
dissolving solid cocrystal forms with very soluble
and relatively stable conformers useful for drug
development in the future.
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6. Supporting information

CCDC 1957790 contains the
supplementary crystallographic data for this paper.
The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc. cam.ac.uk/structures.
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