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Abstract: New allyl derivative of curcumin containing three allyl groups (1E,6E)-4-allyl-1,7-bis(4 -allyloxy-3’-
methoxyphenyl)hepta-1,6-diene-3,5-dione was synthesized by the reaction of curcumin with the excess of allyl
bromide in the presence of K2COs in acetone under reflux. The triple allylated curcumin was characterized by
'H and 3C NMR spectroscopy and single-crystal X-ray diffraction study.
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1. Introduction

Natural compounds currently serve as a source of new drugs for the prevention and treatment
of various diseases [1]. Among the large number of natural compounds, a special place is occupied
by curcumin, which is the main component of the plant Curcuma longa (Zingiberaceae) [2]. It should
be noted that curcumin itself and its derivatives exhibit various types of biological activity [3].
Curcumin is known to have antioxidant [4], anti-inflammatory [5,6], antitumor [7,8] and
antiangiogenic [9,10] properties, and can also be used in the treatment of HIV [11] and Alzheimer's
disease [12]. Such a wide medical use of curcumin is due to its chemical structure, which contains
several functional groups, namely o-methoxy phenol groups associated by a seven-carbon linker
comprised of an a,f-unsaturated (-diketone moiety that demonstrates keto-enol tautomerism in
solution [13]. These functional groups are good sites for any chemical modification using various
methods of organic chemistry, which makes the curcumin molecule a promising candidate for
medicine, while depending on the modification site, curcumin derivatives can exhibit various
pharmacological properties [14]. Therefore, the synthesis of new curcumin derivatives is of
continuous interest.

In this contribution we describe synthesis, spectral characteristics and solid state structure of
(1E,6E)-4-allyl-1,7-bis(4’-allyloxy-3’-methoxyphenyl)hepta-1,6-diene-3,5-dione.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Results and Discussion

2.1. Synthesis of Triallyl Derivative of Curcumin 2

The literature describes the synthesis of several curcumin derivatives containing allyl groups in
different positions of the molecule. A curcumin derivative with allyl substituent at the central
methylene carbon, (1E,6E)-4-allyl-1,7-bis(4’-hydroxy-3’-methoxyphenyl)-hepta-1,6-diene-3,5-dione,
was prepared by the condensation of allyl substituted acetylacetone with 4-hydroxy-3-
methoxybenzaldehyde in the presence of tributylborate and boric acid [15,16]. A curcumin derivative
with two allyl substituents at the central methylene carbon, (1E,6E)-4,4-diallyl-1,7-bis(4’-hydroxy-3’-
methoxyphenyl)-hepta-1,6-diene-3,5-dione, was prepared by multi-step synthesis involving
esterification of curcumin with 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid, reaction of the resulting
ester with allyl bromide in the presence of K2COs, followed by two-step deprotection of the phenoxy
groups [17-19]. A curcumin derivative with two allyl substituents at the periphery of the molecule,
(1E,6E)-1,7-bis(4 -allyloxy-3’-methoxyphenyl)hepta-1,6-diene-3,5-dione, was prepared using two
different approaches. The first one includes allylation of 4-hydroxy-3-methoxybenzaldehyde with
allyl bromide followed by condensation of the resulting aldehyde with acetylacetone [20]. The second
approach is based on direct allylation of curcumin. The reaction of curcumin with allyl bromide in
the presence of t-BuOK at 50 °C leads to the desired product in 33% yield [21], while a similar reaction
in the presence of K2COs in tetrahydrofuran under reflux gives the target product in 46% yield [22].
The reaction of curcumin with allyl bromide in the presence of K2COs under reflux results in the
diallyl derivative in 46% yield, along with the corresponding monoallyl derivative (1E,6E)-1-(4-
allyloxy-3’-methoxyphenyl)-7-(4’-hydroxy-3’-methoxyphenyl)hepta-1,6-diene-3,5-dione in 33% yield
[23]. The formation of a triallyl derivative of curcumin by refluxing curcumin with allyl bromide in
the presence of EtONa in ethanol has been reported, but this product has not been isolated and
characterized [24].

We found that the reaction of curcumin (1) with large excess of allyl bromide in the presence of
K2COsin refluxing acetone for 24 h results in the triple allylated curcumin (1E,6E)-4-allyl-1,7-bis(4'-
allyloxy-3’-methoxyphenyl)hepta-1,6-diene-3,5-dione (2), which was isolated as a yellow solid in 85
% yield by column chromatography on silica with a mixture of dichloromethane and acetonitrile as
eluent (Scheme 1).

P\—
O R

OH K,CO03, acetone
OMe 1 Me reflux 24h. OMe 2 OMe

Scheme 1. Caption.

The triple allylated curcumin 2 was characterized by 'H and *C NMR spectroscopy, IR-
spectroscopy, and high-resolution mass spectrometry (see Supplementary Materials). The 'H NMR
spectrum of 2 in chloroform-ds, in addition to the characteristic signal [25] of the enol hydrogen atom
at 17.61 ppm and a set of signals of the curcumin skeleton, contains signals of the 4-allyl group at 3.31
(CH2CH=CH>), 6.04 (CH2CH=CH2), and 5.13 (CH2CH=CH:) ppm and the 4’-allyloxy groups at 4.64
(OCH:CH=CH), 6.04 (OCH:CH=CH2), and 5.40 and 5.29 (OCH:2CH=CH:) ppm. The *C-NMR
spectrum of 2 shows the characteristic signals of the C=O groups and the C(4) carbon of the curcumin
skeleton at 183.2 and 107.8 ppm, respectively, as well as signals of the O-CH: and C-CH: allyl
carbons at 69.8 and 30.0 ppm, respectively.

2.2. Single-Crystal X-ray Diffraction Studies of Allyl Derivative of Curcumin 2

The solid-state structure of the triple allylated curcumin 2 was determined by single-crystal X-
ray diffraction study (Figure 1).
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Figure 1. The independent unit in crystal of 2 in the representation of non-hydrogen atoms as
probability ellipsoids of atomic displacements (p = 0.5). The H-bond is shown by a dotted line.

The compound 2 crystallizes in the monoclinic space group P2i/c. The unit cell contains four
molecules. The molecule is almost planar, the value of angle between the planes of two benzene rings
is about 4.5°. The 1,3-diketone linker between the benzene rings possesses the keto-enol form: the
position of hydrogen atom is closer to the O1A oxygen atom (1.11 A vs. 1.36 A for O1B-H).

It is known that curcumin can form several different polymorphic crystalline modifications,
differing in the rotation of the phenyl rings and the substituents in them [25-34]. To elucidate the role
of intra- and intermolecular factors in the stabilization of conformation of 2 in crystal, the quantum-
chemical calculation of the 2 molecule were carried out using the Gaussian program [35] at the
PBE0/6-311++G(d,p) level. Calculations have shown that in the gas phase the dihedral angle between
the benzene rings does not exceed 1° with the RMSD for the non-hydrogen atoms of two structures
(gas-phase and crystalline) being only 0.67 A. This implies a negligible influence of crystal packing
forces on the molecular structure of 2.

The molecules of 2 are packed into infinite chains by the C-H...O intermolecular hydrogen
bonds (C...0 3.48 A). These chains, in turn, are held together by C-H...O hydrogen bonds with the
oxygen of the ether group (3.49 A) and weak C-H...T interactions with an average length of 3.73 A
(C...Q), and, as a result, the formation of a three-dimensional network can be observed. Hydroxy
groups O(1A)-H and O(1B)-H also participate in the formation of the three-dimensional structure:
they form C-H...O intermolecular hydrogen bonds with a length of 3.21 to 3.48 A.

The consideration based on the geometry criteria was confirmed by the analysis of energy
frameworks (Crystal Explorer program [36], HF/3-21G, Figure 2) which allows us to conclude that
intermolecular interactions within the chains of molecules are indeed stronger than the interchain
interactions. Note that the crystal lattice energy calculated by means of the energy frameworks
approach equals to -30.7 kcal/mol.
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Figure 2. The energy frameworks in the crystal packing of (1E,6E)-4-allyl-1,7-bis(4’-allyloxy-3’-
methoxyphenyl)hepta-1,6-diene-3,5-dione (2).

In order to estimate contributions of bonding interactions into the crystal lattice energy, the
energy of intermolecular interactions was estimated using the “Atoms in Molecules” framework and
the approximation based on the electronic potential energy density (V(r)) at (3,-1) critical points of
electron density (E=1/2V(r), [37]). The search for (3,-1) critical points was carried out in the Multiwfn
program [38] using the HF/3-21G electron density for a cluster of molecules. The strongest
interactions turned out to be the C-H...O hydrogen bonds with its energy varies from -1 kcal/mol to
-2.2 kcal/mol. The energies of C-C, C-H, H-H or C-H...m interactions do not exceed 1.6 kcal/mol in
magnitude while their average value is equal to -0.8 kcal/mol. The crystal lattice energy, estimated
by means of this approximation, equals to -28.4 kcal/mol that agrees well with the energy framework
approach discussed above. This once again confirms the performance of the electron density based
analysis of intermolecular interactions.

3. Materials and Methods

3.1. General Methods

Curcumin (Acros Organics, Loughborough, U.K.) was used without further purification.
CHsCN, CH:Cl, allyl bromide, acetone and K2COs were commercially analytical grade reagents. The
reaction progress was monitored by thin-layer chromatography (Merck F245 silica gel on aluminum
plates). Acros Organics silica gel (0.060-0.200 mm) was used for column chromatography. The NMR
spectra at 400.1 MHz ('H) and 100.0 MHz (*C) were recorded with a Varian Inova 400. The residual
signal of the NMR solvent relative to MesSi was taken as the internal reference for '"H- and *C-NMR
spectra. Infrared spectra were recorded on Spectra SF 2000 instrument. High resolution mass spectra
(HRMS) were measured on a microOTOF II instrument using electrospray ionization (ESI). The
measurements were done in a positive ion mode (interface capillary voltage 3200 V); mass range from
m/z 50 to m/z 3000. External or internal calibration was performed with the ESI Tuning Mix, produced
by Agilent. A syringe injection was used for the addition of the solutions to acetonitrile (flow rate 3
uL/min). Nitrogen was applied as a dry gas; the interface temperature was set at 180 °C.

3.2. Synthesis of (1E,6E)-4-allyl-1,7-bis(4"-allyloxy-3"-methoxyphenyl)hepta-1,6-diene-3,5-dione 2

To a solution of curcumin 1 (1 g, 2.7 mmol) in acetone (40 mL) the allyl bromide (10 mL, 14.0 g,
115.6 mmol) and K2COs (3.7 g, 27 mmol) were added. The reaction mixture was heated under reflux
conditions for 24 h. After cooling to room temperature, the precipitate was filtered off and the solvent
was evaporated in vacuo. The residue purified by column chromatography on silica with a mixture
of CH2Cl-CHsCN (5/1). The major fraction was collected and vacuum dried to give the target
products 2 as yellow solid (1.1 g, yield 85%) of pure of (1E,6E)-4-allyl-1,7-bis(4 -allyloxy-3’-
methoxyphenyl)hepta- 1,6-diene-3,5-dione as colorless crystals. 'H NMR (400 MHz, CDCls), &: 17.61
(1H, s, C-OH...0=C), 7.67 (2H, d, 2xCH=CH, | = 14.3), 7.11 (2H, d, 2xCHas), 7.04 (2H, s, 2xCHax), 6.85
(4H, m, 2xCH=CH, 2xCHaxr), 6.04 (3H, m, C-CH2-CH=CH>, 2xOCH2-CH=CH>), 5.40 (2H, d, 2xOCH:-
CH=CHH, | =18.0), 5.29 (2H, d, 2xOCH>-CH=CHH, | = 10.5), 5.13 (2H, m, C-CH>-CH=CH:), 4.64 (4H,
m, 2xOCH:-CH=CH>) 3.90 (6H, c, 2xOCHs), 3.31 (2H, m, C-CH>-CH=CH>) ppm. *C NMR (101 MHz,
CDCl), 8: 183.2 (C=0), 150.0 (OCar), 149.5 (OCuar), 141.4 (CH=CH), 137.2 (C-CH>-CH=CH>), 132.8
(OCHz-CH=CH2), 128.7 (C-Car), 122.1 (CHas), 118.8 (CH=CH), 118.3 (OCH2-CH=CH?), 116.0 (C-CH>-
CH=CH?), 113.1 (CHar), 110.8 (CHar), 107.8 (CO-C=COH), 69.8 (OCHz), 56.0 (OCHs), 30.0 (C-CHz) ppm.
IR (solid, v, cm™): 3091-2868 (C-H), 1624-1585 (C=0). HRMS (ESI) m/z for [CsoHa0s]* calcd 489.2272
[M], found: 489.2287 [M]".

3.3. Single Crystal X-ray Diffraction Study

The single crystal of (1E,6E)-4-allyl-1,7-bis(4'-allyloxy-3’-methoxyphenyl)hepta- 1,6-diene-3,5-
dione (2) was grown by crystallization from dichloromethane/hexane. Single crystal X-ray diffraction
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experiments were carried out using Bruker APEX II CCD diffractometer (A(Mo-Ka) = 0.71073 A,
graphite monochromator, @-scans) at 100 K. Collected data were processed by the SAINT and
SADABS programs incorporated into the APEX2 program package [39]. The structure was solved by
the direct methods and refined by the full matrix least-squares procedure against F? in anisotropic
approximation. The refinement was carried out with the SHELXTL program [40].

Crystallographic data for (1E,6E)-4-allyl-1,7-bis(4’-allyloxy-3’-methoxyphenyl)- hepta-1,6-diene-
3,5-dione (2): C30Hx20s is monoclinic, space group P2i/c: a = 10.1509(2) A, b = 5.24040(10) A, ¢ =
47.4444(10) A, B =90.4900(10)°, V = 2523.70(9) A3, Z = 4, M = 688.55, deryst = 1.286 g/cm?. wR2 = 0.0592
calculated on FZw for all 7377 independent reflections with 26 < 60.0°, (GOF = 1.125, R = 0.0506
calculated on Fw for 6466 reflections with I > 2s(I)). The CCDC number 2385869 contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. 'H, 3C NMR, IR and HRMS-ESI spectra of (1E,6E)-4-allyl-1,7-bis(4’-allyloxy-3'-
methoxyphenyl)hepta-1,6-diene-3,5-dione 2.
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