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Abstract

Inhibitors of the enzyme xanthine oxidase (XO) with radical scavenging properties hold promise
as novel agents against reperfusion injuries after ischemic events. By suppressing the formation
of damaging reactive oxygen species (ROS) by XO or scavenging ROS from other sources, these
compounds may prevent a buildup of ROS in the aftermath of a heart attack or stroke. To
combine these two properties in a single molecule, we synthesized and characterized the non-
purine XO inhibitor caffeic acid phenethylester (CAPE) and 19 derivatives using a convenient
microwave-assisted Knoevenagel condensation protocol. Varying systematically the number and
positions of the hydroxyl groups at the two phenyl rings, we derived structure-activity
relationships based on experimentally determined XO inhibition data. Molecular docking
suggested that critical enzyme/inhibitor interactions involved r-rt interactions between the
phenolic inhibitor ring and Tyr914, hydrogen bonds between inhibitor hydroxyl groups and
Glu802, and hydrophobic interactions between the CAPE phenyl ring and non-polar residues
located at the entrance of the binding site. To effectively scavenge the stable radical DPPH, two
hydroxyl groups in 1,2--or 1,4-position at the phenyl ring were required. Among all compounds
tested, E-phenyl 3-(3,4-dihydroxyphenyl)acrylate, a CAPE analog without the ethyl tether

showed the most promising properties.
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Highlights

o established efficient synthetic route to hydroxylated CAPE derivatives
e measured inhibitory potencies of synthesized compounds against xanthine oxidase
e determined radical scavenging capabilities of newly synthesized compounds

e cvaluated compounds’ potential use as agents against reperfusion injuries



1. Introduction

The natural product caffeic acid phenethyl ester (CAPE) is found in a variety of plants and is
also a component of honey bee propolis [1]. It is a hydrophobic polyphenol composed of a
catechol (ring A) and a phenyl ring (ring B) which are connected by a tether containing an ester
group and an (E)-carbon-carbon double bond (Fig. 1). CAPE has a number of interesting
bioactivities, some of which have therapeutic potential. In 1988, the seminal article by
Grunberger and coworkers described for the first time CAPE’s isolation from propolis, its
chemical characterization, and its synthesis [2]. However, even long before this study, CAPE had
been used in a variety of folk remedies against a number of ailments, thereby alluding to its
therapeutic potential. Subsequent studies described some of CAPE’s antimicrobial properties, its
anti-inflammatory effects, and its toxicity to cancer cells [3-5]. Many of these properties have
been attributed to CAPE’s antioxidant qualities, enabling it to absorb reactive oxygen species
(ROS) that could otherwise damage tissue. Other properties of CAPE, however, are the result of
it acting as a specific enzyme.inhibitor in the traditional sense by binding to a specific pocket in a

target protein and shutting down its activity [6].
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Figure 1. The chemical structure of CAPE.



A well-known bioactivity of CAPE is its ability to inhibit the activity of the enzyme
xanthine oxidase (XO) with a potency in the low micromolar range [7, 8]. Kinetic studies
identified it as a competitive inhibitor, implying that it binds at the same site as the natural
substrates xanthine and hypoxanthine [9]. For decades, XO inhibition has been the mainstay
therapeutic strategy for the treatment of hyperuricemia, which manifests itself in elevated blood
levels of uric acid [10, 11]. These in turn can cause kidney disease, cardiovascular problems, and
gout. The latter condition frequently results in inflammatory arthritis as uric acid crystals
accumulate in joints. By inhibiting the formation of uric acid through the inhibition of XO, this
build-up of crystals can be prevented as the more soluble precursors or uric acid xanthine and
hypoxanthine are excreted through the kidneys [10-12]. At the present time, there are two drugs
in clinical use that inhibit XO. Allopurinol, a purine-based compound, has been the prototype
XO inhibitor and been used for decades. Febuxostat, an XO inhibitor with a different, non-purine
scaffold, has entered the market more recently and features an increased potency in comparison
to allopurinol, whose high dosage levels are known to make side effects such as renal failure or
Stephens-Johnson syndrome more likely [12]. In addition, other non-purine inhibitors scaffolds
that might avoid allopurinol’s side effects have been explored in non-clinical settings. These
include pyrazolines [13], p-acetamido compounds [14], azaflavones [15], naphthopyrans [16],
and pyrimidinones [17]. Alternative treatments of hyperuricemia that are presently explored
comprise interleukin-1 inhibitors, effectors of renal urate transporters, and the use of
recombinant uricase [18-20]. Nevertheless, XO inhibition continues to be the first-line therapy,
which is why the development of new XO inhibitors remains a rather active field of

pharmacological research today.



In addition to the treatment of hyperuricemia, XO inhibition has been proposed as a
potential remedy for reperfusion injuries which can occur in the aftermath of ischemic events
such as heart attacks or strokes [21-23]. During these events, oxygen supply to the affected tissue
is temporarily blocked, which causes XO activity to cease since oxygen is one of the enzyme’s
substrates. As a result, the other two XO substrates — xanthine and hypoxanthine — start to
accumulate, which is why XO resumes its activity at markedly increased rates-once blood
circulation and the concomitant oxygen supply have been reestablished. Since XO produces the
highly reactive oxygen species (ROS) hydrogen peroxide and/or the superoxide ion as
byproducts, the suppression of excessive XO activity by inhibitors is thought to prevent tissue

damage by elevated ROS levels [24, 25].

As we have demonstrated recently for coumarin and chalcone derivatives, the protective
effect of XO inhibitors in cells subjected to oxidatively generated stress is enhanced if these
compounds also possess radical scavenging activities, enabling them to absorb ROS generated
by sources other than XO [26, 27]. Unfortunately, the structural optimization of the chalcone and
particularly of the coumarin scaffolds were limited because their small sizes offered few
opportunities for chemical modifications. Therefore, we turned to the somewhat larger CAPE
scaffold as a suitable alternative for further exploration. In addition to these considerations, we
considered CAPE as an attractive target because of its reported ability to suppress reperfusion
injuries:in rats [28-30] and its use, in the form of propolis, to treat skin burns, which can be

regarded as a form of reperfusion injury as they cause ischemia in the affected tissue.

Historically, CAPE was first synthesized at Columbia University in 1988 through acid-
catalyzed (p-toluene sulfonic acid) esterification of caffeic acid with phenethyl alcohol in

benzene [2]. Other methods to synthesize CAPE analogs were developed in subsequent years.



For example, CAPE derivatives were prepared from caffeic acid and phenethyl alcohol through
an acyl transfer reaction [31], from caffeic acid and B-phenyl bromide by a Sy2
dicyclohexylcarbodiimide coupling reaction [32], or from 3,4-dihydroxybenzaldehyde and
phosphonate ester by the Wittig reaction [33]. Despite its simple structure, the synthesis of
CAPE or CAPE derivatives by these methods is limited due to requirements for corrosive
catalysts, toxic solvents, protecting groups, and long reaction times and they frequently suffer
from low yields. Additionally, these methods limit the installation of various functional groups
on the CAPE scaffold. In 2005, Xia and coworkers reported the synthesis of CAPE analogs from
malonic acid, phenethyl alcohol, and 3,4-dihydroxybenzaldehyde by malonic acid monoester
formation followed by Knoevenagel condensation [34]. This method was further improved by

replacing malonic acid with Meldrum’s acid [35].

Here, we present a rapid and efficient microwave-assisted synthetic route to CAPE and a
pool of 19 derivatives with diverse structural features based on Knoevenagel condensation. The
compounds varied with regard-to the number and position of hydroxyl groups present at the
phenyl rings, length of the tether, and chemical composition of the hydrophobic residue
equivalent to the phenethyl group in CAPE (Figs. 2 and 3). The compounds’ XO inhibitory
potencies and radical scavenging abilities were evaluated in assays whose results were the basis
for structure-activity relationships (SARs) that linked the molecular structure of these
compounds to their activities. Molecular docking provided insight into the interactions critical
for inhibitor binding. Overall, our analysis delineated the structural requirements necessary for
good inhibitory potency and for radical scavenging ability, with the ultimate goal of establishing

the basis for the design of novel agents capable of protecting tissue from oxidative damage.
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Figure 2. CAPE analogs with modifications about the B-ring and tether moiety.
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Figure 3. CAPE analogs with modifications of the hydroxyl substitution pattern.
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2. Experimental Section

2.1 Chemistry

Reagents and solvents, including compounds 2, 3, 4, and 7, were obtained from Aldrich or Fisher
Scientific and used without further purification unless otherwise noted. Microwave-assisted
reactions were conducted with a MultiwavePro microwave reaction system from Anton Paar
Instruments (Vernon Hills, IL). The pressure vessels consisted of disposable Wheaton® glass
vials (Item# 224882) with a special PEEK screw cap and a PTFE seal (Reaction volume 0.3 — 3
mL, operation pressure: 20 bar). A rotor (4 x 24MG5) and four SiC well-plates were used for
homogeneous heating of up to 96 gram-scale experiments in parallel. Thin-layer chromatography
was performed using precoated silica gel F254 plates (Whatman). Bromocresol green stain
solution was used as the visualization agent for malonic acid monoesters and a KMnO, solution
was used as visualization agent for CAPE derivatives. Column chromatography was performed
with pre-packed RediSep Rf Silica columns on a CombiFlash Rf Flash Chromatography system
(Teledyne Isco). NMR spectra were obtained on a Joel 500 MHz spectrometer. Chemical shifts
were reported in parts per million (ppm) relative to the tetramethylsilane signal at 0.00 ppm.
Coupling constants (J) were reported in Hertz (Hz). The peak patterns were indicated as follows:
s, singlet; d, doublet; t, triplet; dt, doublet of triplet; dd, doublet of doublet; m, multiplet; g,
quartet. Mass spectra were obtained on a Waters TQD Tandem Quadrupole Mass Spectrometer
and data were collected in the electrospray positive mode. High resolution mass spectra were
recorded on a Micromass Q-TOF 2 or a Thermo Scientific LTQ-FT™ mass spectrometer

operating in electrospray mode.
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General procedure - Method A, thermal conditions

Malonic acid monoester formation. A mixture of Meldrum’s acid (4.8 mmol, 1.2 equiv., 0.69 g)
and the corresponding alcohol (4 mmol, 1.0 equiv.) in dioxane (10 mL) was heated under reflux
conditions overnight (95 - 110 °C for 18 — 24 hours). After the removal of the dioxane solvent by
rotatory evaporation, the residue was separated using a column of Diaion HP-20, eluting with
H,0, 30% CH3;0OH/H,0 and CH3OH to give the desired malonic acid monoesters as a light

yellow oil.

Caffeic acid phenyl ester derivatives. The desired amount of malonic acid monoesters (0.6 mmol,
1.2 equiv.) was dissolved in toluene (1 mL) followed by the addition of pyridine (12.5 mmol, 25
equiv., 1 mL) and piperidine (0.80 mmol, 1.6 equiv., 79 uL). This mixture was stirred at r.t. for
10 minutes to form enolates before the desired aldehyde (0.5 mmol, 1.0 equiv.) was added at O
°C. The reaction mixture was continued to stir at r.t. for 1 ~ 6 days. TLC was used to monitor the
reaction progress. Once the reaction was complete, the reaction mixture was transferred to a
separatory funnel using EtOAc (15 mL) and washed with 5% HCI (10 mL x 2) and distilled
water (10 mL x 2). After removal of the ethyl acetate by rotatory evaporation, the crude product
was purified by automated flash chromatography, eluting with an ethyl acetate/hexanes or

methanol/methylene chloride gradient to afford the desired products.

General procedure - Method B, microwave irradiation

Malonic acid monoester formation. A mixture of Meldrum’s acid (4.8 mmol, 1.2 equiv., 0.69 g)
and the corresponding alcohol (4 mmol, 1.0 equiv.) in dioxane (3 mL) was heated by microwave

irradiation at 140 °C for 5 minutes. After the removal of the dioxane by rotatory evaporation, the
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residue was separated using a column of Diaion HP-20, eluting with H,O, 30% CH;OH/H,0 and

CH3OH to give the desired malonic acid monoesters as a light yellow oil.

Caffeic acid phenyl ester derivatives. The desired amount of malonic acid monoesters (0.6 mmol,
1.2 equiv.) was dissolved in toluene (1 mL) followed by the addition of pyridine (12.5 mmol, 25
equiv., 1 mL) and piperidine (0.80 mmol, 1.6 equiv., 79 uL). This mixture was stirred at r.t. for
10 minutes to form enolates before the desired aldehyde (0.5 mmol, 1.0 equiv.) was added at O
°C. The reaction mixture was continued to stir at 0 °C for one hour, followed by microwave
irradiation at 120 °C for 10 min. TLC was used to monitor the reaction progress. Once the
reaction was complete, the reaction mixture was transferred to a separatory funnel using EtOAc
(15 mL) and washed with 5% HCI (10 mL x 2)and distilled water (10 mL x 2). After the
removal of the ethyl acetate by rotatory evaporation, the crude product was purified by
automated flash chromatography, eluting with an ethyl acetate/hexanes or methanol/methylene

chloride gradient to afford the desired products.

(E)-phenethyl 3+(3,4-dihydroxyphenyl)acrylate (1)

Synthesized from Meldrum’s acid, 2-phenylethanol and 3,4-dihydroxybenzaldehyde according to
the general procedure Method A (thermal conditions) described above. White solid. Yield:
68.2%. 'H NMR (CDCls, 500 MHz, ppm): § 7.56 (1H, d, J = 16.1 Hz), 7.31-7.25 (5H, m), 7.08
(1H, d, J = 2.3 Hz), 7.02 (1H, d, J = 7.8 Hz), 6.87 (1H, d, J = 8.2 Hz), 6.22 (1H, d, J = 15.6 Hz),

4.41 (2H, t, I = 7.4 Hz), 3.01 (2H, t, J = 6.9 Hz). 13C NMR (CDCls, 125 MHz, ppm): & 167.8,
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146.5, 145.3, 143.9, 137.9, 129.0, 128.6, 127.5, 126.7, 122.6, 115.6, 115.4, 114.5, 65.3, 35.3.

HRMS Calculated for C17H1504 [M-H] 283.0970, found 283.0973.

(E)-butyl 3-(3,4-dihydroxyphenyl)acrylate (5)

Synthesized from Meldrum’s acid, 1-butanol and 3,4-dihydroxybenzaldehyde according to the
general procedure Method A (thermal conditions) described above. Light yellow oil. Yield:
75.8%. *H NMR (CDCls, 500 MHz, ppm): & 7.53 (, d, J = 15.6 Hz), 7.07.(, d, J = 1.8 Hz), 6.91 (_
d, J=8.3Hz), 6.84 (1H, d, J = 7.8 Hz), 6.21 (1H, d, J = 16.0 Hz), 4.16 (2H, t, J = 6.4 Hz), 1.67-
1.62 (2H, m), 1.43-1.36 (2H, m), 0.92 (3H, t, J = 7.3 Hz).. *C NMR (CDCls, 125 MHz, ppm): &
168.2,147.2, 145.3, 144.7, 127.1, 122.2, 115.6, 115.1, 114.4, 64.6, 30.8, 19.3, 13.8. HRMS

Calculated for C13H:504 [M-H] 235.0970, found 235.09609.

(E)-hexyl 3-(3,4-dihydroxyphenyl)acrylate (6)

Synthesized from Meldrum’s acid, hexan-1-ol and 3,4-dihydroxybenzaldehyde according to the
general procedure Method A (thermal conditions) described above. White solid. Yield: 74.3%.
'H NMR (CDCls, 500 MHz, ppm): & 7.57 (1H, d, J = 16.0 Hz), 7.09 (1H, d, J = 1.9 Hz), 7.00
(1H, dd,J = 2:3 Hz, 8.3 Hz), 6.87 (1H, d, J = 16.0 Hz), 6.26 (1H, d, J = 16.0 Hz), 4.18 (2H, t, J =
6.5 Hz),;1.71-1.64 (4H, m), 1.40-1.26 (4H, m), 0.89 (3H, t, J = 2.3 Hz). *C NMR (CDCls, 125
MHz, ppm): 8 167.9, 147.2, 145.1, 144.8, 126.9, 121.9, 115.5, 115.2, 114.3, 64.6, 31.5, 28.8,

25.7,22.6, 14.1; HRMS Calculated for C15H1904 [M-H] 263.1283, found 263.1282.

(E)-phenyl 3-(3,4-dihydroxyphenyl)acrylate (8)
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Synthesized from Meldrum’s acid, phenol and 3,4-dihydroxybenzaldehyde according to the
general procedure Method A (thermal conditions) described above. White solid. Yield: 53.0%.
'H NMR (acetone-d6, 500 MHz, ppm): & 8.57 (1H, br s), 8.27 (1H, brs), 7.72 (1H, d, J = 16.0
Hz), 7.42 (2H, t, J = 8.0 Hz), 7.25 (1H, t, J = 7.8 Hz), 7.24 (1H, s), 7.18 (2H, d, J = 8.2 Hz), 7.14
(1H, dd, J = 2.3, 2.3 Hz), 6.90 (1H,d, J = 8.2 Hz), 6.50 (1H, d, J = 15.5). **C NMR (acetone-d6,
125 MHz, ppm): 6 179.5, 165.2, 151.4, 148.4, 146.8, 145.5, 129.3, 125.5, 1222, 121.9, 115.7,

114.7, 113.8. HRMS Calculated for C15H1;04 [M-H] 255.0657, found 255.0655.

(E)-benzyl 3-(3,4-dihydroxyphenyl)acrylate (9)

Synthesized from Meldrum’s acid, benzyl alcohol and 3,4-dihydroxybenzaldehyde according to
the general procedure Method A (thermal conditions) described above. White solid. Yield:
82.9%. *H NMR (acetone-d6, 500 MHz, ppm): & 8.52 (1H, br s), 8.24 (1H, br s), 7.58 (1H, d, J =
16.1 Hz), 7.44-7.32 (5H, m), 7.16/(1H, s), 7.05 (1H, d, J = 8.2 Hz), 6.86 (1H, d, J = 8.2 Hz), 6.34
(1H, d, J = 15.6 Hz), 5.21 (2H, s). *C NMR (acetone-d6, 125 MHz, ppm): & 166.5, 148.1, 145.5,
145.3,137.0, 128.5, 128.1, 128.0, 126.8, 121.8, 115.6, 114.6, 114.5, 65.5. HRMS Calculated for

C16H1304 [M-H] 269.0814, found 269.0817.

(E)-3-phenylpropyl 3-(3,4-dihydroxyphenyl)acrylate (10)

Synthesized from Meldrum’s acid, 3-phenylpropan-1-ol and 3,4-dihydroxybenzaldehyde
according to the general procedure Method A (thermal conditions) described above. White solid.
Yield: 69.3%. *H NMR (CDCls, 500 MHz, ppm): & 7.57 (1H, d, J = 15.6 Hz), 7.29-7.25 (2H, m),

7.21-7.18 (3H, m), 7.11 (1H, d, J = 1.9 Hz), 7.02 (1H, d, J = 8.0 Hz), 6.88 (1H, d, J = 8.4 Hz),
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6.27 (1H, d, J = 16.0 Hz), 4.22 (2H, t, J = 6.9 Hz), 2.74 (2H, t, J = 7.8 Hz), 2.06-2.02 (2H, m).
13C NMR (CDCls, 125 MHz, ppm): & 167.8, 146.5, 145.2, 143.6, 140.8, 128.6, 128.5, 127.6,
126.1, 122.2, 115.6, 115.5, 114.5, 64.2, 32.3, 30.4. HRMS Calculated for C15H1704 [M-H]

297.1286, found 297.1285.

(E)-4-phenylbutyl 3-(3,4-dihydroxyphenyl)acrylate (11)

Synthesized from Meldrum’s acid, 4-phenyl-1-butanol and 3,4-dihydroxybenzaldehyde
according to the general procedure Method A (thermal conditions) described above. White solid.
Yield: 65.2%. *H NMR (CDCls, 500 MHz, ppm): & 7.57.(1H, d, J = 16.1 Hz), 7.30-7.15 (5H, m),
7.10 (1H, s), 6.98 (1H, dd, J = 1.5 Hz, 8.3 Hz), 6.87/(1H;d, J = 8.3 Hz), 6.25 (1H, d, J = 16.1
Hz), 4.21 (2H, m), 2.65 (2H, m), 1.75-1.67 (4H, m). **C NMR (CDCls, 125 MHz, ppm): & 168.4,
146.7,145.4, 144.0, 142.1, 128.5, 128.5, 127.4,126.0, 122.5, 115.6, 115.4, 114.5, 64.8, 35.5,

28.4, 27.8. HRMS Calculated for C19H1904 [M-H] 311.1283, found 311.1288.

(E)-phenethyl 3-(3-hydroxyphenyl)acrylate (12)

Synthesized from Meldrum’s acid, 2-phenylethanol and 3-hydroxybenzaldehyde according to the
general procedure Method A (thermal conditions) described above. White solid. Yield: 79.4%.
'H NMR (CDCls, 500 MHz, ppm): & 7.60 (1H, d, J = 15.6 Hz), 7.33-7.23 (8H, m), 6.98 (1H, s),
6.38 (1H, d, J = 16.0 Hz), 4.41 (2H, t, J = 7.4 Hz), 3.01 (2H, t, J = 6.9 Hz). *C NMR (CDCI3,
125 MHz, ppm): 6 167.5, 145.2, 137.8, 135.8, 130.5, 130.2, 129.0, 128.7, 126.7, 120.8, 118.2,

117.8, 114.7, 65.5, 35.2. HRMS Calculated for C17H1503 [M-H] 267.1021, found 267.1021.
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(E)-phenethyl 3-(4-hydroxyphenyl)acrylate (13)

Synthesized from Meldrum’s acid, 2-phenylethanol and 4-hydroxybenzaldehyde according to the
general procedure Method A (thermal conditions) described above. White solid. Yield: 82.8%.
'H NMR (CDCls, 500 MHz, ppm): & 7.62 (1H, d, J = 15.6 Hz), 5 7.41 (2H, d, J = 6.9 Hz), 7.26-
7.23 (5H, m), 6.85 (2H, d, J = 6.8 Hz), 6.63 (1H, br s), 6.28 (1H, d, J = 16.1 Hz), 4.41 (2H, t, J =
6.9 Hz), 3.01 (2H, t, J = 6.9 Hz). *C NMR (CDCls, 125 MHz, ppm): 5 167.8, 157.8, 145.0,
137.6, 132.6, 130.1, 129.9, 129.0, 128.6, 126.7, 116.1, 65.2, 35.3. HRMS Calculated for

C17H1503 [M-H] 2671021, found 267.1018.

(E)-phenethyl 3-(2-hydroxyphenyl)acrylate (14)

Synthesized from Meldrum’s acid, 2-phenylethanol and 2-hydroxybenzaldehyde according to the
general procedure Method B (microwave irradiation) described above. White solid. Yield:
34.3%. 'H NMR (CDCls, 500 MHz, ppm): & 8.01 (1H, d, J = 16.0 Hz), 7.45 (1H, d, J = 7.4 Hz),
7.33-7.22 (7TH, m), 6.83 (1H, d, J = 7.8 Hz), 6.60 (1H, d, J = 16.5 Hz), 4.43 (2H, t, J = 7.4 Hz),
3.02 (2H, t, J = 7.3 Hz). *C NMR (CDCls, 125 MHz, ppm): 5 167.8, 154.9, 140.7, 137.9, 134.5,
131.5, 129.0, 128.6, 126.6, 121.7, 120.8, 118.4, 116.5, 65.2, 35.3. HRMS Calculated for

C17H1503 [M-H] 267.1021, found 267.1021.

(E)-phenethyl 3-(2,5-dihydroxyphenyl)acrylate (15)

Synthesized from Meldrum’s acid, 2-phenylethanol and 2,5-dihydroxybenzaldehyde according to
the general procedure Method B (microwave irradiation) described above. White solid. Yield:

30.2%. *H NMR (acetone-d6, 500 MHz, ppm): & 8.78 (2H, br s), 7.60 (1H, d, J = 16.1 Hz), 7.41
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(1H, d, J = 2.1 Hz), 7.37-7.16 (5H, m), 7.12 (1H, d, J = 7.8 Hz), 6.92 (1H, d, J = 7.3 Hz), 6.45
(1H, d, J = 16.1 Hz), 4.37 (2H, t, J = 6.9 Hz), 2.99 (2H, t, J = 6.8 Hz). *C NMR (acetone-ds,
125 MHz, ppm): 8 166.3, 158.1, 144.7, 138.4, 130.4, 130.1, 129.0, 128.5, 126.5, 121.7, 119.8,

118.1, 114.8, 64.8, 35.0. HRMS Calculated for C17H1704 [M+H] 285.1127, found 285.1125.

(E)-phenethyl 3-(3,5-dihydroxyphenyl)acrylate (16)

Synthesized from Meldrum’s acid, 2-phenylethanol and 3,5-dihydroxybenzaldehyde according to
the general procedure Method B (microwave irradiation) described above. White solid. Yield:
66.2%. 'H NMR (acetone-d6, 500 MHz, ppm): & 8.61 (2H, br S), 7.50 (1H, d, J = 16.0 Hz), 7.31-
7.19 (5H, m), 6.89 (1H, d, J = 2.2 Hz), 6.62 (2H, d, 3 = 2.3 Hz), 6.37 (1H, d, J = 16.1 Hz), 4.36
(2H, 1, J = 7.8 Hz), 2.98 (2H, t, J = 7.8 Hz). *C NMR (CDCls, 125 MHz, ppm): § 192.0, 166.2,
159.0, 145.0, 136.4, 128.5, 126.5, 117.9, 107.7, 106.7, 105.0, 64.8, 35.0. HRMS Calculated for

C17H1504 [M-H] 283.0970, found 283.0968.

(E)-4-hydroxyphenethyl 3-(3,4-dihydroxyphenyl)acrylate (17)

Synthesized from Meldrum’s acid, 2-(4-hydroxyphenyl)ethanol and 3,4-dihydroxybenzaldehyde
according to the general procedure Method B (microwave irradiation) described above. White
solid. Yield: 64.8%. '"H NMR (acetone-d6, 500 MHz, ppm): & 8.42 (2H, br s), 8.21 (1H, br s),
7.52 (1H, d, J = 16.1 Hz), 7.14 (1H, d, J = 1.9 Hz), 7.11 (2H, d, J = 8.3 Hz), 7.02 (1H, d, J = 7.9
Hz), 6.85 (1H, d, J = 8.3 Hz), 6.77 (2H, d, J = 6.4 Hz), 6.26 (1H, d, J = 16.0 Hz), 4.27 (2H, t, J =

6.9 Hz), 2.89 (2H, t, J = 7.3Hz). **C NMR (acetone-d6, 125 MHz, ppm): & 166.7, 156.1, 148.0,
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145.5, 144.9, 130.0, 129.0, 126.8, 121.8, 115.6, 115.3, 114.8, 114.4, 64.9, 34.2. HRMS

Calculated for C47H;705s [M+H] 301.1076, found 301.1076.

(E)-4-hydroxy-3-methoxyphenethyl 3-(3,4-dihydroxyphenyl)acrylate (18)

Synthesized from Meldrum’s acid, homovanillyl alcohol and 3,4-dihydroxybenzaldehyde
according to the general procedure Method B (microwave irradiation) described above. White
solid. Yield: 75.5%. *H NMR (acetone-d6, 500 MHz, ppm): & 8.33 (1H, br s), 7.53 (1H, d, J =
16.0 Hz), 7.14 (1H, d, J = 1.8 Hz), 7.03 (1H, dd, J = 8.2 Hz, 1.9 Hz), 6.90 (1H, s), 6.86 (1H, d, J
= 8.2 Hz), 6.76-6.72 (2H, m), 6.27 (1H, d, J = 16.1 Hz), 4.29 (2H, t, J = 7.3 Hz), 3.82 (3H, 3),
2.89 (2H, t, J = 6.9 Hz). *C NMR (acetone-d6, 125 MHz, ppm): § 179.1, 166.3, 147.8, 147.4,
145.6, 145.3, 144.9, 129.6, 126.9, 121.7, 121.5, 115.6, 114.9, 114.4, 112.5, 64.9, 55.4, 34.7.

HRMS Calculated for C1gH1706 [M-H] 329.1025, found 329.1025.

(E)-2-hydroxyphenethyl 3-(3,4-dihydroxyphenyl)acrylate (19)

Synthesized from Meldrum’s acid, 2-hydroxyphenethyl alcohol and 3,4-dihydroxybenzaldehyde
according to the general procedure Method B (microwave irradiation) described above. White
solid. Yield: 49.2%. '"H NMR (acetone-d6, 500 MHz, ppm): & 8.38 (1H, brs), 7.52 (1H, d, J =
16.0 Hz), 7.17 (1H, dd, J = 7.8 Hz, 1.9 Hz), 7.14 (1H, d, J = 1.9 Hz), 7.07-6.99 (2H, m), 6.86-
6.84 (2H, m), 6.78 (1H, td, J = 7.3 Hz, 0.9 Hz), 6.26 (1H, d, J = 16.0 Hz), 4.34 (2H,t, J = 7.4
Hz), 2.99 (2H, t, J = 7.4 Hz). **C NMR (acetone-d6, 125 MHz, ppm): & 179.8, 166.6, 155.4,
151.5, 147.9, 1455, 144.8, 130.9, 127.7, 121.7, 119.6, 115.6, 115.0, 114.4, 106.7, 63.3, 29.8;

HRMS Calculated for C;7H1505 [M-H] 299.0919, found 299.0921.
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(E)-phenethyl 3-(2,3,4-trihydroxyphenyl)acrylate (20)

Synthesized from Meldrum’s acid, 2-phenylethanol and 2,3,4-trihydroxybenzaldehyde according
to the general procedure Method B (Microwave irradiation) described above. White solid. Yield:
34.6%. 'H NMR (acetone-d6, 500 MHz, ppm): & 7.89 (1H, d, J = 16.1 Hz), 7.31-7:23 (5H, m),
7.04 (1H, d, J = 8.2 Hz), 6.98 (1H, d, J = 8.3 Hz), 6.47 (1H, d, J = 16.0 Hz),6.44 (1H, d, = 7.6
Hz), 4.34 (2H, t, J = 6.6 Hz), 2.99 (2H, t, J = 6.9 Hz). *C NMR (acetone-d6; 125 MHz, ppm): &
167.1, 147.8, 146.7, 140.8, 138.5, 132.6, 129.0, 128.4, 126.4, 120.3, 114.8, 112.3, 111.9, 64.3,

35.1. HRMS Calculated for C;7H1505 [M-H] 299.0919, found 299.0914.

2.2 Determination of inhibitory potency against XO activity

Bovine XO, xanthine, and potassium phosphate were received from Sigma. The rate of XO-
catalyzed conversion of xanthine to uric acid was determined spectroscopically with a Cary 300
UV/Vis spectrophotometer by measuring the concomitant absorbance increase at 295 nm for
several minutes [10]. XO (0.14 units/mg) was suspended in buffer (25 mM phosphate, pH 7.5)
and the reaction was initiated by adding the enzyme in buffer (final XO concentration: 39
ug/mL) to xanthine dissolved in the same buffer (final concentration: 50 uM; total volume: 200
ulL), using micro plastic cuvettes capable of transmitting UV light. Assays were conducted in the
absence and presence of test compounds at 11 different concentrations. Reaction rates were
obtained by linear regression of the absorbance versus time traces and then fit to a three-
parameter logistic equation. Inhibitory potencies were expressed as I1Csy values, the inhibitor

concentration that reduced XO activity by 50% [36]. To make the comparison of potencies
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convenient, 1Cso values were converted into relative inhibitory potencies (RIP) by dividing the

ICso value of a given compound by that of the reference compound CAPE (ICsp: 3.9 uM).

2.3 Measurement of DPPH scavenging activities

The radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ethanol were obtained from Sigma. The
radical scavenging abilities of compounds were assessed using the stable radical DPPH as a
model species, which is a commonly employed approach [37]. Assays were conducted by mixing
50 uL of a freshly prepared solution of DPPH in ethanol (0.2 mM) with 150 uL of the test
compound in ethanol to give a final concentration of 20 uM. Samples were placed in a 96-well
plate and incubated for 30 min at room temperature in the dark. The decrease in DPPH
absorbance at a wavelength of 517 nm, an indicator of radical scavenging, was measured with a
plate reader (Epoch 2, Biotek, Winooski). Radical scavenging activity (RSA) was then calculated

from the DPPH absorbance as follows:
aCtiVity = (1‘ Atest/Acontro] ) 100 %

As a positive control, assays were performed with the known antioxidant ascorbic acid.

2.4 Moalecular Modelling of Inhibitor Binding to XO

The structures of all ligands to be analyzed were modelled with the modelling suite MOE
(Molecular Open Environment, Chemical Computing Group, Montreal, Canada) [38] and their
conformations were energy-minimized using Molecular Mechanics in combination with the
MMFF94x force field. The crystal structure of XO in complex with xanthine was obtained from

the Protein Databank (PDB code: 3EUB [39]). All entries other than the protein, cofactors, and
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xanthine were deleted. The protein structure was protonated and the positions of the added
protons were optimized via Molecular Mechanics with the Amber10 force field. Since CAPE is a
competitive inhibitor of XO [9], the binding site into which the compounds were docked was
defined by the position of the xanthine molecule in the crystal structure. Subsequent docking was
performed with MOE’s default settings, using the triangle matcher method in conjunction with
the London dG scoring function for the initial placement of the ligand [40]. The rigid receptor
setting with the GBVI/WSA scoring function was employed for the refinement of the 30 top
poses. Analysis and visualization of the docking output, including the identification of hydrogen
bonds, steric clashes, hydrophobic interactions, or n—m interactions were performed in MOE. In a
control run, the previously deleted xanthine molecule was docked back into the XO binding site
and the observed agreement between the obtained pose and the pose seen in the crystal structure

validated the accuracy of the docking protocol.
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3. Results and Discussion

3.1 Synthesis of CAPE derivatives

The synthesis of CAPE and its derivatives is summarized in Scheme 1. Briefly, Meldrum’s acid
and the corresponding alcohol in dioxane were heated under microwave irradiation at 140 °C for
5 minutes to form the malonic acid monoester. Catalyzed by piperidine, the purified malonic acid
monoester was then allowed to react with the desired aldehyde in toluene/pyridine under
microwave irradiation at 120 °C for 10 minutes. Compared with traditional thermal heating, the
reaction time was reduced from overnight (18-24 hours) to 5 minutes for the first step and from
1-6 days to 10 minutes for the second step, which constitutes a drastic improvement.
Additionally, the amount of solvent was reduced significantly when using the microwave

approach.

Q
0 - OH/ .a Q 9 [ oM
e .5 H
3 o ot 50
4 -

Malonic Acid Monoester
Meldrum's acid Aldehyde

9 T om
CAPE derivatives 1 - 20
Scheme 1. Synthesis of CAPE derivatives under thermal and microwave conditions.
Conventional heating: a) Dioxane, 1 eq alcohol, 1.2 eq Meldrum's acid, reflux conditions
overnight (95-110 °C); b) 1 eq aldehyde, 1.2 eq monoester, 1.6 eq piperidine, 25 eq pyridine, rt, 1
- 6 days. Microwave irradiation: a) Dioxane, 1 eq alcohol, 1.2 eq Meldrum's acid, MW 140 °C, 5
min; b) 1leq aldehyde, 1.2 eq monoester, 1.6 eq piperidine, 25 eq pyridine, MW, 120 °C, 10 min.
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Simple CAPE derivatives (compounds 1-13) could be synthesized by either using thermal
heating or microwave irradiation. Other CAPE analogs (e.g. compounds 14-20) were more
challenging to obtain by traditional thermal heating. Those compounds tended to have more than
two hydroxyl groups or a hydroxyl group located in ortho position with respect to the carbon-
carbon double bond. Microwave irradiation proved to be a successful method to prepare these
compounds with reasonable yields. All synthesized compounds were fully characterized by *H
NMR and **C NMR spectroscopy and by HRMS. *H NMR spectra revealed that the olefinic
bond was in the E configuration, an observation that was further supported by coupling constants

of the two olefinic protons around 16 Hz.

3.2 Structure-activity relationships of XO inhibition

As shown in Table 1, all compounds tested displayed measurable potencies, covering a
relatively narrow window of relative inhibitory potency (RIP) values of about two orders of
magnitude between 0.069 (8, best) and 8.4 (12, worst). Fig. 4 shows the results of two
representative inhibition assays (8 and 13). The RIP of 8 was based on an ICs, value of about
250 nM, suggesting that it is a less potent inhibitor than febuxostat whose potency has been
reported by others [41] or measured by us in the low nanomolar or subnanomolar range.
However, it compares rather favorably with the value of allopurinol that we obtained under

similar conditions (ICso: 3.5 uM).

The results indicated that the complete removal of the phenethyl moiety (2) or its
replacement by a significantly smaller methyl (3) or ethyl group (4) had little effect on potency.
Interestingly, the introduction of the two longer, unbranched alkyl chains (5: butyl; 6: hexyl) was

detrimental to potency. Shortening of the ethyl tether attached to the B-ring resulted in the
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highest activities observed in the compound pool (8 and 9) whereas its lengthening caused a
slight loss in potency (10 and 11). The branched and monounsaturated chain of 7 conveyed good

potency.

1.2+
J .
1.0 4 " g H b
4 ° n
0.8 ® e
= J
= b
£ 064
@©
e ]
-% 0.4 - Y
[ ]
= .
o
0.2 4
] .
0.0 4 "
0.2 4
T T T T T T
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

[inhibitor] / M

Figure 4. Representative XO activity inhibition assay for the most active (8, squares) and one of
the less active (13, circles) compounds. Lines were obtained by non-linear fitting of the data to a

three-parameter logistic equation.

Removal of one of the two hydroxyl groups at the A-ring of 1 reduced potency (12 and 13),
whereas the removal of one of the two hydroxyl groups in 15 resulted in the opposite (14).
Comparing the activities of 15 and 16 to that of 1 showed that the 3,4-substitution pattern seen in
CAPE was superior to a 3,5- or a 2,5-pattern. The introduction of a third hydroxyl group in 1-
position at the A-ring (20) had no effect on potency. However, if a third hydroxyl group was
placed on the B-ring at the opposite side of the molecule, increased potencies were noticed (17,

18, and 19).
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compound RIP RSA compound RIP RSA

1 1.0 S7 11 48 69
2 1.3 72 12 84 -7
3 079 72 13 33 -2
4 1.1 72 14 20 -2
5 3.2 63 15 41 67
6 1.7 67 16 15 5
7 031 74 17 0.29 59
8 0.069 67 18 0.84 60
9 0.18 . 62 19 0.18 70
10 1.9 58 20 1.3 66

Table 1: XOactivity inhibition and DPPH radical scavenging activities of compounds.
Inhibitory activity is expressed as relative inhibitory potency (RIP), obtained by dividing the 1Csg
value (see “Materials and Methods”) of a given compounds by that of CAPE. The experimental
error of the assay was determined to be £ 20%. Radical scavenging abilities (RSA) were

calculated as described in “Materials and Methods™ and quantified as percentages.
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3.3 Structural basis for inhibitor binding to XO

In order to provide a depiction of the ligand/receptor interactions and rationalize the observed
SARs for XO inhibition at the molecular level, we docked the structure of CAPE into the
enzyme’s X-ray crystal structure (Fig. 5). This computational approach was necessitated by the
unavailability of crystal structures of XO in complex with CAPE or CAPE derivatives. The
interaction diagram (Fig. 5C) showed that most of the critical ligand/receptor interactions
occurred around the A-Ring of CAPE. Glu802 formed a hydrogen bond with one of the hydroxyl
groups and n— stacking interactions were observed between Phe914 and the A-ring (Fig. 5B).
The hydrogen bond explained the need for hydroxyl groups of CAPE for binding, but it did not
account for the finer nuances seen for variations in the hydroxyl substitution pattern. However, it
should be noted that hydroxyl groups can interact with the binding site in ways other than just by
hydrogen bonding. Steric clashes and unfavorable contacts with hydrophobic residues in the
back of the binding site as observed for some of the compounds are such possibilities. Moreover,
shape complementarity seemed to be of general importance as the apparent tight fit between
ligand and receptor suggested the presence of substantial van-der-Waals interactions and

hydroxyl groups may have served in that capacity as well.
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Figure 5. CAPE docked into the binding site of XO. A: Complete binding site. CAPE is shown
in yellow. B: 3D representation of two critical residues engaging in hydrogen bonds (Glu 802)
and n—r interactions (Phe 914) with CAPE.
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Figure 6. CAPE interactions with XO. A: 2D ligand/receptor interaction diagram. B: Surface
of the binding site coloured according to hydrophobicity, illustrating its amphiphilic character of

the site’s entrance (purple: hydrophobic, green: hydrophilic).
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The binding pocket had a predominantly hydrophobic character that accommodated the non-
polar parts of the inhibitors, such as the two phenyl rings and parts of the connecting tether.
Interestingly, the entrance of the binding site had an amphiphilic character (Fig. 5D), with one
side being mainly hydrophobic (Leu648, Phe1013, and Leu1014) and the opposite side
predominately hydrophilic (Ser876 and Lys771). As a result, the B ring of CAPE which was
sandwiched between these two areas did not ideally match the hydrophobicity/hydrophilicity
profile of the site entrance. This could account for the enhanced activities seen for 8 and 9 with
their shorter tethers forcing the B-ring further into the hydrophobic binding site, away from the
hydrophilic part of the site entrance and/or solvent molecules. A similar situation was
encountered by 7, which had its hydrophobic bulk located closer towards the core of the pocket
than CAPE. Likewise, placing a polar hydroxyl group on the B-ring (17, 18, and 19) enhanced
potency, presumably by allowing these compounds to engage with the polar residues at the site
entrance or with solvent molecules. The CAPE analogs in which the phenethyl group was
removed or replaced by a short non-polar alkyl residue (2, 3, and 4) likely experienced an
unfavorable loss of hydrophobic interactions but also benefitted from a lack of unfavorable
polar/non-polar mismatches at the pocket opening. As a result, no major changes in activity were

observed for these compounds.

3.4 Trends in radical scavenging

Among the 20 compounds tested, 16 were capable of scavenging the DPPH radical. Using the
stable DPPH radical as a representative species is common practice and provides a good measure
for a compound’s potential with regard to other, physiologically relevant species, such as the

hydroxyl radical or the superoxide anion [42]. As observed previously for coumarins and
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chalcones [26, 27], the distinction between active and inactive compounds was well-defined and
depended on the hydroxyl substitution pattern at the two phenyl rings. The inactive compounds
12, 13, 14, and 16 had RSA values close to zero whereas all others displayed clearly noticeable
activities (Table 1). Inspection of the structures of the active compounds revealed that they all
had hydroxyl groups in 1,2- or 1,4-position at the A-ring. In contrast, the inactive compounds
either had only a single hydroxyl group (12, 13, and 14) or two hydroxyl groups in 1,3-position
(16). The 1,2- and 1,4-configurations are believed to stabilize the radical generated upon DPPH

scavenging via increased resonance [43], which provides a rationale for the observed behavior.
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4, Conclusions

We have developed a convenient and effective synthetic route that yields access to a variety of
hydroxylated CAPE derivatives. These analogs were the basis for inhibition assays that resulted
in the first systematic effort at establishing SARs for XO inhibition by this compound class. We
identified 8 as the most promising candidate for further development since it combines the
structural requirements for good radical scavenging ability with effective XO-inhibition. As we
have demonstrated previously, compounds with such a dual property profile can protect cells
from oxidative stress [26, 27] and therefore hold promise as novel tools to combat reperfusion
injuries. The next steps towards achieving this long-term goal involve more comprehensive
testing, including assays that evaluate scavenging of radicals of direct physiological relevance,
such as the superoxide anion or the hydroxyl radical. Moreover, the postulated potential of
compounds such as 8 to protect cells and tissue from oxidatively induced stress will need to be

evaluated in vivo.
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