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ABSTRACT

Curcumin is one of the compounds found in turmeric. Due to its high conjugation, curcumin is a bright yellow
pigment and is found in applications such as food coloring and additives. Curcumin has demonstrated a
broad range of medicinal applications. However, curcumin suffers from very poor water solubility which
hinders its pharmacological use. In addition to the extraction from plants, curcumin can be synthesized
through a Claisen-Schmidt condensation reaction between vanillin serving as an aldehyde component and
acetylacetone in place of a ketone. Our group previously reported the solvent-free procedure towards
synthesis of curcumin and its close analogous, curcuminoids. In this project we focused our efforts on
expanding our methodology to obtain curcumin analogs that contain nitrogen. The objectives of the study
were to test the methodology and to isolate a curcuminoid with potentially enhanced water solubility. This
study applied two different approaches towards the research goals: theoretical calculations and synthesis.
Computational analysis was used to determine if the anticipated products are thermodynamically favorable,
and if there is a potential thermodynamic preference between anticipated products. Additionally, the synthetic
efforts focused on isolating nitrogen-containing curcumin analogs. The theoretical data demonstrates that all
possible products have positive Gibbs free energy values. This supports the hypothesis that the studied
processes are not spontaneous and potentially governed by kinetic control. The experimental data and
spectroscopic observations support formation of the desired product. Further investigations will be needed to
clearly elucidate the extent of a thermodynamic or a kinetic control occurring in the studied processes.

INTRODUCTION

Curcumin is a naturally occurring molecule found in the plant Curcuma longa and most notably found in the
spice, turmeric [3]. In recent years, curcumin and analogous compounds known as curcuminoids have found numerous
medicinal applications. Curcumin has been gaining attention in the medicinal community due to its’ discovered anti-
oxidizing [1], [3], [4], anti-inflammatory [2], anti-cancer [5], anti-aging [6], [7], and neuroprotective effects [8], all of
which have been supported through laboratory and clinical studies. Despite its recognized biological activity,
curcumin is a poor drug candidate due to several limitations. One of the most severe limitations is the poor water
solubility of curcumin, leading to poor bioavailability [8]. Therefore, we are particularly interested in curcumin’s
water solubility. Additionally, the low concentration of curcumin in water solutions decomposes in vivo; providing
another limitation of curcumin [8]. Since water is the main solvent in all cells, this severely hinders the consumption
of the active ingredients of curcumin and severely limits the medicinal applications of curcumin [9]. To increase water
solubility and stability of curcumin, unnatural analogs of curcumin known as curcuminoids have been synthesized and
demonstrated enhanced solubilities and overall biological effects [5].

Even though most studies on the bioactivity of curcumin commonly use the one isolated from natural source,
curcumin can also be synthesized. Curcumin can be obtained by an aldol condensation reaction with vanillin as an
aldehyde component and acetylacetone as a ketone. The resulting structure (Scheme 1) consists of two arm pieces
from the aldehyde shown in blue and one core linker from the ketone shown in red. The new bond that combines those
pieces is indicated in black. Due to the presence of a highly conjugated system curcumin appears as a bright yellow
powder or yellow solution under neutral or slightly acidic pH. The color of curcumin changes to blood red under basic

pH [5].
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Scheme 1. General structure build of curcumin. Photo by Tamanna Rumee on Unsplash.

Studies show that the replacement of the symmetric flexible acetyl acetone linker (Scheme 1, shown in red) found
in natural curcumin with an asymmetric rigid 3-acettylacetone linker (Scheme 2, shown in red) enhances the stability
of resulting compounds in vivo [10]. The solubility greatly depends on the functional groups present on the side arms
aromatic rings (Scheme 1, shown in blue). In our proposal, we suggest combining two synthetic modification
approaches by introducing nitrogen atoms in the side arm fragments and an asymmetric linker to replace core fragment
of curcumin to potentially generate a new class of curcuminoid therapeutics (Scheme 2).
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Scheme 2: Proposed new class of curcuminoids with a potential improved water solubility and overall stability.

The reasoning behind our approach is in part due to the known ability of nitrogen to act as a hydrogen bond
acceptor. As seen in curcumin, without the nitrogen in the ring system to participate in the hydrogen bonding network,
there is a very low water solubility. This is because carbon cannot participate in hydrogen bonds like nitrogen and is
more hydrophobic. Because of the high affinity (“love”) of nitrogen to water this modification will enhance water
solubility of resulting compounds. As a result, obtained nitrogen containing curcuminoids can have potential to
integrate more readily into the hydrogen bonding network of water and be dissolved more easily (Scheme 3).
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Scheme 3: hydrophilic and hydrophobic interactions with water
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The restriction of geometry posed by the asymmetric linker can increase stability of products (Scheme 4). The
flexibility of acetyl acetone bridge in original curcumin affects its ability to bind proteins [10]. Substitution of flexible
bridge with a cyclic one removes possibility of flex or rotation. Our hypothesis is that since these modification does
not affect electron count of the molecule the biological potential will remain. Due to the dual focus of our synthetic
efforts this research will lead to isolation of new curcuminoids with altered structure, selected specific chemical
properties, and potentially enhanced solubilities that have not been attained before (Scheme 4).
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Scheme 4: Difference in flexibility of acetyl acetone bridge versus ache bridge.

METHODS

We approached this research question from two perspectives: synthetic and computational. Our synthetic efforts
were complimented by computational modeling of starting materials and possible products. All structures were
modeled at the HF/3-21+G*/(PCM:CHCIs) level of theory using the computational chemistry suite GAMESS [12] (5
Dec 2014 R1). All structures were verified as true minima as indicated by the absence of any imaginary vibrational
frequencies. Structures were pre-optimized using Avogadro and visualizations were produced using wxMacMolPIt.
Wet experiments were aimed on isolation of compounds using microwave solvent-free synthesis approach that was
previously used in our group [16].

Synthesis. Previously our group developed solvent-free methods towards curcuminoid using conventional heat
and side arm modifications [16, Scheme 5a], and microwave energy to obtain asymmetric curcuminoids using a cyclic
core piece (WiSys T210036, Scheme 5b). In this research, we combined the microwave energy solvent-free synthetic
protocol with the isolation protocol developed for the conventional heat solvent-free protocol used by our group
towards syntheses of nitrogen-containing curcuminoids.
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Scheme 5: Perspective on the research innovation of this project.
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Computational. The mechanism of the reaction was previously proposed by our group [16]. Formation of the final
product, hereafter referred to as di-addition product 3 precedes in the mechanism by formation of two mono-addition
products compounds 1 and 2 (Table 1, columns 2 and 3). Due to the asymmetric diketone central linker structural
piece, each of the proposed products can theoretically exist as a tautomer with two possible enol forms labeled as a
and b, where the position of double bond and OH-group interchange. To summarize there are six intermediates to be
considered (Table 1, columns 2 and 3). All of the possible compounds were analyzed using computational methods to
determine the thermodynamic preference for the first addition and formation of the mono-product as well as
thermodynamic preference for the particular form of the compound, such as diketo or enol a or b.

Table 1. Summary of three products and their respective tautomers. In blue and green are two potential mono-
addition products, and in red is the di-product. All structures were analyzed computationally.

Product Mono addition products Di-addition product
Form Category 1 Category 2
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EXPERIMENTAL

All chemicals and solvents were purchased from Sigma-Aldrich and used without further purification.
Spectroscopic data were collected using 400 MHz Bruker Avance spectrometer and Perkin Elmer FT-IR instrument
with ATR attachment and a diamond crystal. The chemical shifts (o) are reported in parts per million relative to the
residual deuterated solvent signal, and coupling constants (J) are given in Hertz. Melting points were collected using
DigiMelt and are uncorrected. Microwave experiments were performed using Biotage® Initiator+ equipped with a
Robot 8 accessory and using original Biotage® single use 5 mL vials. Elemental analyses were acquired using external
services (Atlantic Microlabs). High-resolution mass spectrometry data (HRMS) were acquired in collaboration with
Dr. Kubatova’s research group at the University of North Dakota (UND).

General synthesis of the target curcuminoid, 2-[(E)-3-(4-N,N-dimethylphenyl)acryloyl]-6-[1-(4-
chlorophenyl)meth-(E)-ylidene]-cyclohexanone

To a vial, boric anhydride (0.1253 mg, 1.8 mmol) and 2-acetylacetone (0.325 mL, 2.5 mmol) was added along
with a stir bar. To the same vial tri(n-butyl)borate (2.698 mL,10 mmol) was added. The reaction was stirred for several
minutes which followed by addition of N,N-dimethylbenzaldehyde (0.7609 mg, 5.1 mmol). At this point, the reaction
was capped and wrapped in foil to avoid light exposure. After addition of the n-butylamine (0.100 mL, 1 mmol) using
a syringe through the septa the foil was removed and reaction mixture was placed in the Robot 8 of microwave reactor.
The reaction was conducted at elevated temperature at a stir rate of 900 rpm, ensuring the cooling feature is on to
minimize temperature fluctuation. After heating was completed ethanol (3.0 mL) was added to the mixture through
the septum and digestion was completed at 95°C for 22:32 minutes with a stir rate of 900 rpm and cooling feature on.
General isolation of the target curcuminoid, 2-[(E)-3-(4-N,N-dimethylphenyl)acryloyl]-6-[1-(4-
chlorophenyl)meth-(E)-ylidene]-cyclohexanone

After removing the mixture from the reactor, and upon cooling, the product precipitated. The product was isolated
using vacuum filtration and rinsed with cold ethanol. After drying in vacuum oven for 5 hrs at 65 °C the curcuminoid
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was isolated as a blue solid. *H NMR (400 MHz, CDCls): 1.79 (m, 2H, -CHy-), 2.64 (m, 2H, -CH-), 2.78 (t, J = 6.9
Hz, 2H, -CH,-), 3.01 (s, 6H, -NMey), 3.03 (s, 6H, -NMe5), 5.30 (s, 0.30H, -C(0)-CH-C(0)-), 6.68 (d, J =8.0 Hz, 2H,
CH), 6.71 (d, J =8.0 Hz, 2H, CH), 6.90 (d, J = 15.4 Hz, 1H, -CH=CH-C(0O)-), 7.39 (d, J = 8.9 Hz, 2H, CH), 7.49 (d,
J=8.9 Hz, 2H, CH), 7.65 (s, 1H, -CH=C-C(0)-), 7.71 (d, J = 15.4 Hz, 1H, -CH=CH-C(0)-), 17.58 (s, 0,84H, -C(O)-
C=C(OH)-). Calc. for CaH30N202: C, 77.58; H, 7.51; N, 6.96. Found: C, 77.69; H, 6.90; N, 6.39. HRMS calc. for
CzeH31N202+Z 403.2380, found: 403.2461.

Optimization of reaction conditions for the target curcuminoid, 2-[(E)-3-(4-N,N-dimethylphenyl)acryloyl]-6-
[1-(4-chlorophenyl)meth-(E)-ylidene]-cyclohexanone

The optimal conditions for the synthesis were found to be at 85°C for 11:15 minutes. Under these conditions the
product was isolated in 74.1% yield (0.7700 g). Doubling of temperature decreased the yield of the product to 42.6%
yield and doubling of time while maintaining reaction at 85°C decreased product yield to 32.4%.

RESULTS AND DISCUSSION

For relative comparison of reaction mixtures isolated during the optimization study of reaction conditions we
superimposed all the *H NMR spectra using Bruker Topspin software (Figure 1). The reaction product isolated from
optimal experimental conditions of 85°C and ~11 minutes reaction time is shown in green. The product isolated from
double time experiment is shown in red and the one from double temperature experiment is in blue. For convenience
the structures of product and corresponding aldehyde are shown on the spectra. In addition, the signals of interest are
highlighted in the colors to facilitate the discussion.
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Figure 1: Side-by-side comparison of *H NMR for products isolated in optimization study.
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Quantitative
analysis by TLC

The characteristic peak of the product is an enol peak appears in far downfield I
region (chemical shift 6 ~18 ppm) and is indicative of the formation of connection
between the 2-acetylcyclohexanone linker (ACHE) and the aldehyde. The product
peak (Figure 1) was observed for all conditions as a sharp singlet. The remaining
starting aldehyde can be easily identified by a peak near an aromatic region (chemical Lefeto Righe:
shift 5~ 10 ppm). The most amount of aldehyde was observed for the double time Huaehvde
experiment, however, elevation of temperature created additional unidentified
impurities with signals in that area. The comparison of reaction mixtures using |t 0
infrared (IR) spectrometry and thin-layer chromatography (TLC) was also | = ~ 58 &
undertaken. The overlap of IR spectra for all three mixtures showed identical = C._- :
profile. The separation of spotted reaction mixtures and aldehyde reference  Figure 2: TLC data
indicates also nearly identical distribution of components (Figure 2). (hexane-acetone 2:1).

The impact of microwave assistance was evaluated using a control synthesis experiment. The reaction mixture
was prepared using general synthesis outlined above with exceptions of temperature and time. After carrying out
stirring for five days the mixture was subjected to an ethanol digest at 95°C for 22:32 minutes yielding a dark blue
precipitate in the reaction vial. Typical crystallization with ethanol yielded no additional product. The comparison of
isolated fractions was undertaken using *H NMR spectroscopy and the summary is shown on Figure 3.

Base procedure

- |

i« £
L3
H

Aldehyde peak /@AO L
=

MeoN B

. SPDY S | N, U WO AJ'M— :
e
[

Aldehyde peak

Lo

) AMM\\_JJ\__“MA_—_.J u.)"bL [

o
=

OH O . - . r

Trans-coupling signals corresponding to the product (shown in blue to the left) L
-

MeoN NMe, l l I
Lo

S l M Jal

- r - r - T - - - . - - - . - - - . - - - - -
10 9 8 7 5 ]

Figure 3: The comparison of a control experiment without MW is shown in blue (precipitate) and green (filtrate).
Previous extended time experiment with MW assistance is shown in red.

The data clearly illustrate that product formation occurs under room temperature at prolonged times. The trans-
coupling hydrogen signals undoubtfully indicate presence of the product (Figure 3). However, the absence of an
aldehyde signal in the isolated precipitate cannot be acquitted to the complete consumption of an aldehyde during the
reaction as it clearly appears in the filtrate. In addition, the isolated yield of the product (73%) was on par with the one
obtained for the microwave experiments under optimized conditions. The main message of the control experiment,
therefore, is an indirect indication that formation of product does not require substantial heating or, perhaps, the
product itself is sensitive to heating beyond certain temperatures. Lack of previously reported literature data on
preparation of the target curcuminoid makes it complicated to compare our microwave experiments to a conventional
synthesis and further investigation will be required to elucidate temperature effect on the desired product formation
and the product yield.
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In addition to the temperature effect, we initiated an investigation of the effect of light on the starting aldehyde.
The manufacturer of the starting material lists light sensitivity as an issue and recommends handling of this compound
without proximity to a light source. To the best of our knowledge there was no reports on the impact of the light on
the composition of the aldehyde. We conducted a series of *H NMR experiments monitoring the exposure of the N,N-
dimethylbenzaldehyde, the starting aldehyde, to a short wave UV light. A summary of the experimental data is
provided in Figure 4.
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Figure 4: 'H NMR spectral comparison of the changed in the starting aldehyde solution under UV exposure. Shown
in red prior to exposure, in blue after 15 minutes, and in green after 40 minutes of continuous exposure.

The 'H NMR data demonstrate virtually no changes to the composition
of the solution (Figure 4). The preparation of sample was conducted in a
standard manner by weighing ~20 mg of an aldehyde in the dark room and
dissolving it in the ~0.5 mL of deuterated chloroform (CDCIs). The typical
~CH=0 aldehyde peak observed at high downfield range (6 ~10 ppm) did
not disappear. The same was observed for the aromatic region which is
typically characterized by a set of two doublets of equal integration. At last,
the corresponding methyl group signal in the aliphatic range also did not
disappear and was not altered in its appearance or integration. This
experimental data is somewhat surprising as the visual changes of color were
observed for the solution upon exposure to UV light (Figure 5). At the time
of the sample, it appears as a clear and colorless solution which gradually ~ Figure 5: Visual changes of an NMR
acquires green tint to it within the first hour of exposure (Figure 5a). The  sample after a) 0.5 and b) 4 hrs.
continuous and prolonged UV exposure intensifies and changes color of the
sample to bright yellow. However, we did not find any evidence of substantial changes on the molecular level for
samples with drastic color appearance using *H NMR spectrometry.

Our synthetic efforts were matched up with computational investigation of the stepwise formation of the product.
It is obvious that the attachment of both equivalents of an aldehyde must be sequential (for details see Table 1)
however, which point of attachment is preferential is not straightforward. This matter is further complicated by the
possibility of the coexistence of tautomers of the desired compound as those compounds are isomeric.

We calculated relative free energies (G, kJ/mol) of three possible forms of di-addition products one in the keto
form, and two in the enol form (Figure 6). The keto form is characterized with the lowest value of free energy. This
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is most likely due to the possibility of flexing as indicated by the 3D image. The two aromatic rings are clearly not
coplanar, and the molecule has adapted a bent geometry overall. Both of enol tautomers exist in a substantially more
rigid arrangement which is forced by the continuous conjugation due to positioning of the double bond on the
cyclohexane ring at the diketone functionality. Interestingly, placement of the double bond outside of the ring
substantially increases the stability of the molecule resulting in the lower G value when compared to the isomer with
the double bond located at the cyclohexane ring.

All isomeric structures
were modeled in the solvent . —_— ‘y
phase. We chose chloroform : M ‘t.o .
to achieve the closest match “7' \@ ‘&’ ."
to the conditions of *H NMR 55
experiments. We observed a
small difference between

enol and keto forms of the 45 E@
product. At less than 2

kcal/mol difference it is not 3.5
surprising that an enolic
product appears to be the 25

dominant form found in
solution (Figure 3). The keto
being of lower predicted
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energy likely is somewhat Lo

more indicative of potential 05 ' N E

shortcomings of this @ fi)k/\a Y l
Q

particular calculation method
rather than any false spectral
interpretation. It is somewhat
more  surprising that our Figure 6: Relative free energies (G) of all tautomers of the disubstitued product.
theoretical modeling

identified the substantial energy difference between the two enolic forms.

2-Acetylcyclohexanone (ache), served as a central linker, as an analogue of acetylacetone (“acac”) can undergo
the same keto-enol tautomerization. Unlike acac, ache has an
added complication of inequivalent enolic forms arising from the
asymmetry of the molecule. It is well known that the enolic form
of acac is favored in non-polar, non-H bonding solvents like
chloroform. Given our above results (Figure 6) indicating
preference for keto form over the two enolic forms we investigated
if this was a result of the substitutions or was more intrinsic to this
particular linker system. Again, we observe a relatively small
difference (though larger now at nearly 3 kcal/mol) between the
most favorable keto form and the enolic ache form in which the
oxygen-bound hydrogen atom is more directly associated with the
sidearm oxygen rather than the ring-attached oxygen.

Analysis of the mono-substituted products was undertaken to
1) aid in spectral interpretation of incomplete reaction mixtures
and 2) to attempt to identify the preferred first addition site and
thus begin mechanistic elucidation. In modeling all possible
monoaddition products (two structural isomers, each with three
tautomeric forms), we found the keto form of the ring-side attachment site (as opposed to attachment at the sidearm)
to be most favorable. The substantial energy difference between the two lowest energy forms within each set (~4.4
kcal/mol) is quite large, indicating a clear thermodynamic preference for the single form.

When comparing the monoaddition sites as their own subset, the ring-side attachment set displayed a reversal in
the relative energies of the enolic forms. Formal attachment of the enolic hydrogen to the ring-based oxygen allows
extension of the conjugated system through the ring, whereas attachment at the sidearm oxygen causes an interruption
in this conjugation. When comparing the sidearm attachment set, the relative favorability of the two enolic forms
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Figure 7: Relative free energies (G) of all
tautomers of 2-acetylcyclohexanone.
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aligns with the conventions observed for the unreacted linker as well as the diaddition product. Presumably, this is
following the same pattern of thermodynamic selection for the structural form that maintains the longest, most
extensive conjugated system.
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Figure 8: Relative free energies (G) of monosubstituted products.

CONCLUSION

Our investigation on synthesis of 2-[(E)-3-(4-N,N-dimethylphenyl)acryloyl]-6-[1-(4-chlorophenyl)meth-(E)-
ylidene]-cyclohexanone using a combination of synthetic and computational approach provided the desired
compound in a moderate to good yield. The optimization study indicated that high temperature is not recommended
for the synthesis and results in a decreased product yield. The reasoning behind the effect is not fully understood and
will require further investigation. Our computational efforts illustrate preference for the formation of mono-product
on the acetyl group as the first step of the mechanism. In addition, we calculated free energies for each of the
potential subsequent products in both keto and enol form. The theoretical data also indicate the energy preference
for the existence of product in the keto form rather than either of the two possible enol arrangements.
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