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ABSTRACT

Recent efforts have been focused on the development of centrally active COMT
inhibitors, which can be valuable assets for neurological disorders such as Parkinson’s disease,
due to the severe hepatotoxicity risk associated with tolcapone. New nitrocatechol COMT
inhibitors based on naturally-occurring caffeic acid and caffeic acid phenethyl ester were
developed. All nitrocatechol derivatives displayed potent inhibition of peripheral and cerebral
COMT within the nanomolar range. Drug-like derivatives 13, 15 and 16 were predicted to cross
the blood-brain barrier in vitro and were significantly less toxic than tolcapone and entacapone
when incubated at 50 pM with rat primary hepatocytes. Moreover, their unique acidity and
electrochemical properties decreased the chances of formation of reactive quinone-imines and,
as such, the potential for hepatotoxicity. The binding mode of 16 confirmed that the major
interactions with COMT were established via the nitrocatechol ring, allowing derivatization of

the side chain for future lead optimization efforts.

Keywords: Catechol O-methyltransferase, caffeic acid, CAPE, nitrocatechol, hepatotoxicity
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INTRODUCTION

Catechol O-methyltransferase (COMT, EC 2.1.1.6) catalyzes the regioselective transfer
of an activated methyl group from common donor S-adenosyl-L-methionine (SAM) to one
hydroxyl group of its catechol substrates', using Mg as a co-factor and yielding a mono O-
methylated product and S-adenosylhomocysteine (SAH). COMT is ubiquitously expressed and
can be found mainly in the liver and kidneys, as well as within the central nervous system.”’
Other peripheral sources of COMT include the lungs, stomach, spleen, intestine, heart, adrenal
glands, adipose tissue, gonads, muscle and erythrocytes." * This single domain intracellular
methyltransferase is responsible for the selective O-methylation of endogenous
neurotransmitters™ °, hormones’ and xenobiotics® bearing a dihydroxybenzene (catecholic)
scaffold. The array of xenobiotics metabolized by COMT includes dopamine precursor L-
DOPA (levodopa), the gold standard drug for the clinical management of Parkinson’s disease
(PD)’, which is extensively transformed to its inactive 3-O-methyl metabolite. Pharmacological
blockade of the degradation of levodopa with COMT inhibitors prevents its peripheral
degradation and increases its plasma half-life, allowing orally administered levodopa to cross
the blood-brain barrier (BBB) into the brain where it is locally decarboxylated to dopamine."
This pharmacological approach effectively compensates the shortage of cerebral dopamine and
is useful in the adjunctive therapy of PD'', depression'?, schizophrenia'> and other dopamine
deficiency-related disorders.'* First generation COMT inhibitors based on simple catechol
scaffolds act as competitive inhibitors, but their clinical utility was hampered due to poor
bioavailability."> COMT inhibitors with clinical relevance are depicted on Figure 1 (Compounds

1-4).

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Q o)
psasineaey
HO HO on

N02 NO2
1, Tolcapone 2, Entacapone
Cl
O O’\ —
HO OQNQ/&N \/
O Cl +_b
HO HO
NO, OH
3, Nebicapone 4, Opicapone

Figure 1. Chemical structures of tight-binding COMT inhibitors: tolcapone (1), entacapone (2), nebicapone (3) and
opicapone (4).

Compounds 1-4 (Figure 1) are structurally based on the nitrocatechol (1,2-dihydroxy-3-
nitrobenzene) scaffold, the standard pharmacophore for tight binding COMT inhibitors'”, which
greatly improved in vitro potency over competitive catechol-based inhibitors." '° Tolcapone 1 is
a potent and BBB-permeable COMT inhibitor, yet its clinical use is very restricted due to its
association with severe hepatotoxicity."” Entacapone 2 is a widely used peripheral COMT
inhibitor, but its low bioavailability and short-acting inhibitory profile significantly decrease its
clinical efficacy.'® In spite of its improved pharmacokinetics, the clinical development of
nebicapone 3 was discontinued because its safety profile was not considered sufficiently
improved over that of tolcapone 1.° Recent efforts afforded opicapone 4, a long-acting
peripheral COMT inhibitor bearing a pyridine N-oxide and an oxadiazole ring, which showed

19-21

promising results in clinical trials and is currently being licensed as a new treatment for PD.

However, inhibition of peripheral COMT has been associated with hepatic and intestinal side

17,18

effects and recent efforts have been focused on the development of centrally active COMT

inhibitors, which can be valuable assets for neurological disorders associated with
catecholamine depletion. Although encouraging results have been reported for non

15, 22-24

nitrocatechols, no significant results have been yet reported for nitrocatechol-based
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derivatives. Following our line of research based on the development of new chemical entities
derived from naturally-occurring scaffolds, we focused our efforts on the development of
COMT inhibitors based on the hydroxycinnamic acid (HCA) (Figure 2A) for two main reasons.
Firstly, due to its privileged structure, the phenylpropanoid scaffold displays straightforward
chemical diversification, which enables structural diversity and facilitates the establishment of
structure-activity-property relationships. Moreover, naturally-occurring hydroxycinnamic acids
like caffeic acid 5 and its derivative caffeic acid phenethyl ester (CAPE, 6) (Figure 2A)
exhibited a wide range of biological activities”, mainly related with neuroprotection.”®*’
Additionally, synthetic derivatives based on a similar chemical scaffold have previously been

described as potent COMT inhibitors.”® Herein, we report the synthesis, COMT inhibition, BBB

permeability toxicological screening of novel HCA/nitrocatechol-based COMT inhibitors.

A B
0 H
HO Xx-COOR HO N X,R2 = CH,Ph
D/Y I CH,CH,Ph
HO™ ™ HO™ "5
U NO, 0 NH
5, Caffeic acid (R=H) H
6, CAPE (R=CH,CH,Ph) CN
COOH
COOEt

Figure 2. Chemical structures of caffeic acid and CAPE (A) and nitrocatechol derivatives synthesized (B).

RESULTS & DISCUSSION

Chemistry. A set of nitrocatechols structurally based on hydroxycinnamic acids (Figure 2B) was
obtained following the synthetic strategy depicted in Scheme 1. Structural diversity was attained
by modifying the substituents at positions C5, Ca and at the carboxylic acid function (Figure
2B). Hydroxycinnamic derivatives containing a nitrocatechol moiety were synthetized by a
Knoevenagel-Doebner condensation between 3,4-dihydroxy-5-nitrobenzaldehyde and different
activated methylenes (malonic acid, cyanoacetic acid, ethyl malonate or diethyl malonate) in

pyridine and catalytic amount of piperidine (step a), yielding the corresponding a,-unsaturated
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derivatives 8-11. Derivative 12 was obtained by alkaline hydrolysis with NaOH 2M of diester
11 in refluxing MeOH/THF. In order to derivatize the carboxylic acid group, o,B-insaturated
acids 8 and 9 were then treated with the appropriate alkylaryl bromide or alkylarylamine (steps
c or d) to yield the corresponding esters and amides 13-18. Accordingly, esters 13-16 were
obtained by a bimolecular nucleophilic substitution between the appropriate acid (8-9) and
benzylbromide or (2-bromoethyl)benzene, and amides 17 and 18 were obtained by a
benzotriazol-1-yl-oxytripyrrolidinophosphonium  hexafluorophosphate  (PyBOP)  assisted
amidation between the carboxylic acid 9 and benzylamine or phenethylamine. CAPE 6 and
caffeic acid benzyl ester 7 were prepared from caffeic acid 5 treated with the (2-
bromoethyl)benzene or benzyl bromide (step ¢). The structural identity and purity of all
compounds was confirmed by nuclear magnetic resonance (NMR) spectroscopy (‘H NMR, "*C

NMR and DEPT135) and electronic impact mass spectrometry (EI-MS).

0] O
HO CHO —a> HO N OR, ﬂ HO XN X%
HO HO R HO R
NO, R, R,
(5,8-12) (6,7,13-18)
5,R;=R,=R;=H, CA 6,R;=R,=H,X =0, n=2, CAPE
8, R, = NO, R, = Ry = H 7.R,=R,=H,X=0,n=1
9,R1=N02’R2=CN,R3=H 13,R1=N02'R2=H,X=O,n=1
10, R1 ='N02y R2=H, R3=Et 14, R1 =N02‘ R2=H,X=O,n=2
p [~ 11, Ry =NO, Ry = COOEt, Ry = Et 15, R;=NO, Rp=CN,X=0,n=1
12,R, =NO, R, = COOH, R; =H 16, R; =NO, R, =CN, X =0, n=2
17,R; =NO, Ry = CN, X =NH, n=
18, R1 = NOZ, R2=CN,X = NH, n=

Scheme 1. Synthetic strategy pursued to obtain derivatives 8-18. a. activated methylene, anhydrous pyridine,
piperidine cat, 60°C, 7-48h; . NaOH 2M, MeOH/THF, reflux, 13h; c. alkylarylbromide, K;PO,, DMSO, 0°C to rt,
24h; d. 1. DIPEA, DMF, PyBOP, dichloromethane, 0°C, 30’. 2. appropriate amine, rt, 6h.

Screening for COMT inhibition. In mammals, COMT is present in two forms: a soluble
cytosolic form (S-COMT) and a membrane-bound form (MB-COMT). Although none of the

isoforms is tissue-specific’, S-COMT is found mainly in peripheral tissues (particularly in the
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liver) and MB-COMT occurs predominantly in the brain.’’ These isoenzymes share the same
primary aminoacid sequence at the catalytic site but show a different kinetic behavior, with MB-
COMT showing higher substrate affinity (lower K,) and S-COMT displaying higher capacity
(higher V,,,,).”> Hence, MB-COMT is responsible for the regulation of low physiological levels
of catecholamine neurotransmitters (e.g. dopamine, norepinephrine and epinephrine) within the
central nervous system (CNS) and, upon a sudden increase of catechol substrates (e.g.
xenobiotic catechols), S-COMT steps up when a higher metabolic rate is required.” **
Accordingly, the in vitro COMT inhibitory activity of the compounds under study was
evaluated in rat liver and brain homogenates by measuring the formation of metanephrine (O-
methylated adrenaline), as previously described.*® The results, expressed as ICso + S.EM. (n =4

to 10), are shown in Table 1 and Figure S2 (Supplementary information).

Table 1. /n vitro COMT inhibition obtained for compounds 5-18 and standard inhibitors tolcapone (1) and

entacapone (2).

o Ro ICsy (95% C.1.), nM Liver/Brain
Entry Ri
ratio”
R, R, R, X Ratliver COMT  Rat brain COMT
90282
5 H H H 0 5861 63.14
(44.98, 191.50)

6 H H T o b b )
7 H H ) o b b )
8 NO, H H 0 1284+ 054 579+ 034 222
9 NO, CN H 0 5535+ 15.37 100.71 + 18.25 0.55
10 NO, H Et 0 11354025 1.64 + 0.05 6.93
1 NO, COOEt Et 0 12,82 +1.02 0.84 +0.02 15.23
12 NO, COOH H 0 329.34 +75.68 180.39 + 68.54 1.83
13 NO, H A@ 0 52.47 + 8.54 1.9240.28 27.39
14 NO, H 0 o 124.87 +2.72 5.02 +0.48 24.90
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15 NO, CN 0} 137.60 +11.24 4.78 £0.12 28.82

O

16 NO, CN T o 64.81 £ 15.84 3774051 17.18
O
\A@

17 NO, CN NH 29.86 £2.35 3.14+£0.32 9.52

18 NO, CN NH 54.85+£11.96 5.56 £1.07 9.86
- - - - 091£0.17

1 30.59 £4.85 33.62
- - - - 34.45+9.01 3.47+0.48

2 9.93

Results are expressed as mean ICsy + S.E.M. (n =4 to 10). “ ICs, (Liver)/ICs, (Brain), ® Tnactive.

Results show that compounds 5-7, lacking the S5-nitro group, display weak or no
inhibitory activity towards both isoforms, which is in accordance with previous reports" **. On
the contrary, all derivatives bearing a 5-nitro substituent 8-18 were active within the nanomolar
range against both isoforms. This finding stresses the utmost importance of the presence of a 5-
nitro group for COMT inhibition. Moreover, and with the exception of 9, all compounds
showed higher potency towards the cerebral enzyme, which reflects the higher affinity of MB-
COMT towards these compounds. Generally, the introduction of bulky groups (benzyl,
phenethyl) on the carboxylic acid decreased the potency towards hepatic COMT, but the same
observation did not apply for the cerebral isoform (see 8 vs 13-14, Table 1). Similarly, the
introduction of nitrile substituent (8 vs 9) resulted in a ~3-fold decrease in inhibitory potency
towards hepatic COMT, which was even more marked in the cerebral isoform (~15-fold).
However, and contrarily to what was observed for the hepatic enzyme, the introduction of bulky
benzyl and phenethyl groups restored the inhibitory potency towards brain COMT (9 vs 15-18).
Ethyl ester 10 and diethyl ester 11 showed remarkable inhibitory potency towards the two
isoforms, comparable to that of standard inhibitor tolcapone 1. Interestingly, the potency of 11
showed a 20-fold (liver) and 130-fold (brain) potency decrease when the ethyl ester moieties
were hydrolyzed to the corresponding carboxylic acids (compound 12). Finally, albeit the

substitution of the carboxylic ester 15 for an amide function 17 restored peripheral COMT
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inhibition, it had no significant effect in the case of N-phenethylamide derivative 18. Generally,
and with the exception of compounds 11 and 12, the pharmacological profile obtained for the

test compounds was similar to that observed for entacapone 2.

Evaluation of in vitro BBB permeability and drug-like properties. One of the main obstacles in
drug development for CNS diseases is the drug’s penetration across the BBB at therapeutic
concentrations. The BBB is a complex interface between blood and the CNS that strictly
controls the exchanges between the blood and brain compartments.’” This barrier is composed
of endothelial cells with tight junctions that protect the brain from potentially damaging
materials.”® The majority of CNS drugs enter the brain by transcellular passive diffusion, due to
the presence of tight junction structure and limited transport pathways. Parallel artificial
membrane permeability assay (PAMPA) is a high throughput technique developed to predict
passive permeability through biological membranes. In order to explore the capacity of 5-18
compounds to penetrate into the brain, the PAMPA-BBB method described by Di ef al.* was
used. The in vitro permeabilities (Pe) of commercial drugs through a porcine brain lipid
membrane extract, together with compounds 5-18, were determined and are described in Table
2. An assay validation was made comparing the reported permeability values of commercial
drugs with the experimental data obtained. A good correlation between experimentally and
described values was obtained Pe (exptl)= 1,1534(bibl) - 0.9936 (R*= 0.984) (Figure S3,
supplementary information). From this equation, and following the pattern established in the
literature for BBB permeation prediction®’, the compounds were classified as (a) compounds
with high BBB permeation (CNS+): Pe > 3.62 x 10° cms”, (b) compounds with low BBB
permeation (CNS—): Pe < 1.31 x 10° cms” and (¢) compounds of uncertain BBB permeation
(CNS+): 1.31 x 10° emrs'< Pe < 3.62 x 10° cm-s™'. Based on these results, compounds 6, 7, 13
and 14 are predicted to be able to cross the BBB by passive permeation. Moreover, 15 and 16

showed a permeability behaviour similar to that observed for tolcapone, a well-established BBB
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in accordance with its peripheral pharmacological activity .

Table 2. Permeability (Pe, 10® cm's™) for compounds 5-18 with their predictive penetration in the CNS in the

PAMPA-BBB assay.”

Entry Pe(10°m-s™)+S.D.  Prediction
5 - CNS -7
6 6.1+04 CNS +
7 6.2+0.8 CNS +
8 0604 CNS -
9 03+0.1 CNS -
10 1.0+ 0.1 CNS -
11 0.6+0.1 CNS -
12 04+03 CNS -
13 48+0.1 CNS +
14 5.0£0.1 CNS +
15 2.6+0.1 CNS =
16 2.7+£0.9 CNS =
17 0.6+0.1 CNS -
18 1.2+0.1 CNS -
1 1.5+0.1 CNS =
2 03106 CNS -

*PBS:EtOH (70:30) was used as solvent; Data are the

mean £ S.D. of two independent experiments. CNS+:

compounds with high

BBB

permeation;

CNS+:compounds with uncertain BBB permeation;

CNS—: compounds of low BBB permeation
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In early drug discovery, the evaluation of absorption, distribution, metabolism,
excretion and transport (ADMET) properties is of crucial importance to reduce late attrition in
the development process. To further characterize the drug-likeness of the most promising
CNS+/CNS= compounds 13-16, several physicochemical parameters were calculated, including
lipophilicity (clogP), topological polar surface area (tPSA), molecular weight (MW), ligand
efficiency (LE), ligand-lipophilicity efficiency (LLE)** and ligand-efficiency-dependent
lipophilicity (LELP)* for the cerebral COMT isoform. These parameters were compared to the
standard COMT inhibitors tolcapone 1 and entacapone 2 (Table 3). The clogP value was in all
cases lower than 5, which is in agreement with the general requirements for drug-likeness, and
within the optimal range for orally administered drugs (clogP ~3).***" Additionally, the MW
falls within the scope for optimal bioavailability (MW < 400 gmol™).* Moreover, the estimated

tPSA values were in the same range of those obtained for tolcapone (1) and entacapone (2).**

Table 3. Drug-likeness of compounds 13-16 and standard COMT inhibitors tolcapone 1 and entacapone 2*

L, MW tPSA
Entry Yo, pIC;t  clogP* LE* LLE' LELP®
(gmol”) A’

13 H 315,28 8.73 3.27 112.58 0.53 5.46 6.15

14 H 329,31 8.31 3.48 112.58 0.48 4.83 7.18

O
\A@

15 cN T 34029 832 299 13638 047 533 6.42
\A@

16 CN 354,32 8.43 3.20 13638  0.45 5.23 7.04
1 - - 273,24 9.04 2.99 10335  0.63 6.05 4.73
2 - - 305,29 8.52 1.64 13038  0.54 6.98 3.02

¢ Properties determined using Molinspiration Cheminformatics software®; b pICsy = -log[ICsq(brain, mol/L)]; ¢

Partition coefficient; ¢ Topological polar surface area; ¢ LE = -1.4(log[ICs(brain, mol/L) / number of heavy atoms;

/LLE = pICs, — clogP; LELP = clogP / LE.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

To evaluate the lipophilicity and structural contributions to in vitro potency’®, LE, LLE
and LELP were calculated using the pICs, from rat brain COMT inhibition data (Table 3). With
the exception of 14, the LLE was above 5, which is a value suitable for drug candidates.*
Derivatives 13-16 complied with the recommendations of Keserii and Makara for good hits and
leads®”, with LE > 0.40-0.45 and LELP between 0 and 7.5. To further characterize the
relationship between lipophilicity and potency, clogP vs pICs, values were plotted for
compounds 13-16 and standard inhibitors tolcapone 1 and entacapone 2 (Figure 3). All
compounds displayed acceptable cLogP values within the preferred range for CNS drugs of 2—4
(green dotted lines, Figure 3).* Compounds 13, 15 and 16 combined optimal lipophilicity and
the appropriate LLE profile (grey highlighted area) to meet the requirements for CNS drugs
(Figure 3). Potent and ligand efficient COMT inhibitors with moderate lipophilicity were thus
prepared in the current series, showing an improvement in LE optimization compared to
recently reported N-heterocyclic pyridinone-based COMT inhibitors.** Overall, these

compounds showed the appropriate properties to be considered as CNS leads.

v e Test compounds
e Standard inhibitors
B PRt S
o 1e@ _oeeeeeTT
8’ --------- ®16 ®13
S 31, ®15 o’
odeRPz
02
L} L}
8.0 8.5 9.0
PICso

Figure 3. Distribution of clogP versus pICs, values for 13-16 (blue dots) and standard inhibitors tolcapone 1 and
entacapone 2 (red dots). The green dotted lines represent the preferred range for cLogP values and the black dashed
line indicates the lower LLE limit for oral bioavailability. The grey highlighted area shows the area that meets

optimal lipophilicity and LLE requirements for CNS drugs.
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Hepatotoxicity screening of the most promising compounds. To address the risk of
hepatotoxicity and evaluate the safety of the most promising compounds, cellular viability
assays were run in primary rat hepatocytes incubated for 24h with three different concentrations
(1, 10 and 50 uM) of compounds 13, 15 and 16 and compared to the behavior of standard
inhibitors tolcapone 1 and entacapone 2. Cellular viability was evaluated by two methods, the
methylthiazolyldiphenyl-tetrazolium bromide (MTT) reduction assay, which estimates
mitochondrial function’ and the neutral red (NR) uptake assay, which is a direct measure of
cellular viability.”' The results are expressed as mean MTT reduction (% of control) + S.D. and

NR uptake (% of control) + S.D. (n = 4) and are depicted in Figure 4.
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Figure 4. Cellular viability of primary rat hepatocytes after a 24h treatment with three different concentrations (1, 10
and 50 uM) of compounds 13, 15, 16 and standard inhibitors tolcapone 1 and entacapone 2. Cellular viability was
evaluated using two methods: MTT reduction (left) and NR uptake (right). Results are expressed as mean % of

untreated controls = S.D. (n = 4).

The results obtained show that significant reductions in cellular viability (< 85 %
viability or > 15 % of cell death) were only observed for compounds 13 (% MTT reduction =
80.69 + 10.90, p < 0.01) and 15 (% MTT reduction = 74.93 £+ 10.62 p < 0.001) at the highest

concentration (50 puM), with no significant reductions on NR uptake at all concentrations. These

effects were mild when compared to those observed for entacapone 2 (% MTT reduction =
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51.17 £ 18.87, p < 0.001 and % NR uptake= 79.89 £+ 16.31, p < 0.01) and especially tolcapone 1
which induced a massive loss of cellular viability at the highest concentration (% MTT
reduction = 9.096 + 3.263, p < 0.001 and % NR uptake = 46.86 + 8.639, p < 0.001). Compound
16 did not induced any significant cytotoxic effect at all concentrations for both viability
endpoints (% MTT reduction = 85.05 + 9.12 and % NR uptake = 88.75 + 12.08), indicating a
noticeable improvement in the safety range when compared to tolcapone 1 and entacapone 2.
The mild to absent cytotoxicity of the selected compounds at high micromolar
concentrations in rat primary hepatocytes and, mainly, the notoriously different toxicological
behavior of tolcapone gave rise to the following enquiry: how can compounds bearing the same
toxicophore (nitrocatechol moiety) display such different safety profiles? The fact that the most
pronounced effect was observed in the MTT assay suggests that cytotoxicity is triggered by
mitochondrial toxicity. This observation is in accordance with the hypothesis that nitrocatechols
and, especially, tolcapone hinder mitochondrial function through uncoupling of the respiratory
chain.” Our results show that the toxic effects may be subverted by modulation of the chemical
structure while maintaining the nitrocatechol scaffold, the toxicophore responsible for the

formation of reactive and toxic intermediates.™

Electrochemical studies and redox behavior. Considering the presence of a catechol moiety in
all the tested compounds, it was hypothesized that a redox cycling mechanism could be
potential cytotoxicity trigger. Under aerobic conditions, catechols undergo auto or enzymatic-
catalyzed oxidation to generate highly reactive quinones, which can impair proteins by forming
sulthydryl adducts or lead to GSH depletion. In this process, high amounts of reactive oxygen
and nitrogen species are produced, which triggers oxidative stress and leads to mitochondrial
dysfunction. Indeed, redox cycling compounds can induce uncoupling of the mitochondrial
electron transport chain and trigger cytotoxic mechanisms that ultimately culminate in cell
death.”® In order to characterize the potential for redox cycling, we performed electrochemical

studies to evaluate the redox behavior of the nitrocatechol derivatives 13-16 and standard
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inhibitors tolcapone 1 and entacapone 2. Electrochemical evaluation was performed at
physiological pH 7.4 by differential pulse (DPV) and cyclic voltammetry (CV), using a glassy
carbon working electrode, and the results are depicted on Table 4. The oxidative behaviour was
studied using DPV over the interval 0.0 V and + 0.60 V. Tolcapone 1 and entacapone 2
presented the higher oxidation potential (£,,) values. In all cases, one well-defined anodic peak
over the entire pH range examined was observed (Figure SA). The observed waves are related to
the oxidation of the catechol group present in the structure of these molecules. The anodic peak
potential was shifted to more negative values on increasing the solution pH. The Ep—pH plots
show that the electrode process is pH-dependent (data not shown). From these plots, pKa values
of 4.3 and 7.4 were inferred for tolcapone and compound 16, respectively. These results
designate a striking difference in the acidity of clinical COMT inhibitors and the new

derivatives described in this report.

Table 4. Electrochemical behaviour and redox potentials of compounds 13-16, tolcapone and entacapone.

. T’ E,, (mV) Oxidation E,, (mV) Reduction
Entry NO,
oxidation mechanism reduction mechanism
R, R;
13 H /\© 218 Irreversible —616 Irreversible

217 Irreversible —617 Irreversible

15 CN /\© 219 Irreversible —608 Irreversible

16 CN 275 Irreversible —615 Irreversible
1 - - 337 Irreversible —671 Irreversible
2 - - 325 Irreversible —667 Irreversible

CV experiments showed a single oxidation peak for compounds 13-16, tolcapone and
entacapone without any distinct reduction wave on the reverse sweep, indicating an irreversible
oxidation mechanism (Figure 5B). In contrast, the CV data obtained for CAPE 6 was

characteristic of an electrochemical reversible reaction, showing one anodic peak and one
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cathodic peak on the reverse scan, This electrochemical behavior corresponds to the reversible
formation of the corresponding o-quinone, and is characteristic of catechols.” An integrated
analysis of the all CV experiments shows that the electrochemical behavior observed for
compounds 13-16, tolcapone 1 and entacapone 2 was not consistent with the formation of o-
quinones. The observed modification in the oxidative behavior is undoubtedly due to the
presence of the strong electron-withdrawing 5-nitro group in the test compounds and standard
inhibitors. The results suggest that the electrochemically generated nitro-o-quinone is unstable
in the time scale of the CV experiment. These findings are consistent with the data found in
literature for nitrocatechol oxidation.”® Generally, the E,, values for derivatives 13-16 were
within the same range, with the o-nitrile derivative 16 showing a slight increase in the oxidation
potentials (~ 60 mV) when compared to its non-substituted analogue. Accordingly, the toxic
effects observed in the experiments with primary rat hepatocytes cannot be due to redox cycling

and oxidative stress induced by catechol oxidation and o-quinone formation.

75 A 150 nA

0.0 0.1 0.2 0.3 04 0.5 0.6 07 01 00 01 02 03 04 05 06 07
E/V vs Ag/AgCl E/V vs Ag/AgCl

Figure 5. (A) Differential pulse voltammograms for 0.1 mM solutions of (==) tolcapone, (=) entacapone, (==) 14
and (=) 16, in physiological pH 7.4 supporting electrolyte. Scan rate: 5 mV s'; (B) Cyclic voltammograms for 0.1
mM solutions of (=) tolcapone, (—) entacapone, (==) 14, (=) 16 and (""") CAPE, in physiological pH 7.4

supporting electrolyte. Scan rate: 20 mV s™

Since oxidation was mechanistically ruled out as a cytotoxic trigger, we then studied the
reductive behavior of the test compounds and standard inhibitors. It has been previously

suggested that the mechanism of tolcapone-induced hepatotoxicity involved the reduction of the
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S-nitro group to the corresponding amine, which undergoes P450-catalyzed formation of
reactive quinone-imines and forms adducts with hepatic proteins.”® Accordingly, it was
hypothesized that the susceptibility of nitrocatechols to reductive metabolism may be a key
determinant of their hepatotoxicity. Thus, using the previously described experimental
conditions, DPV and CV experiments were run in negative potentials in order to study the
reductive behavior. The results are depicted on Table 4.

The reductive behavior was studied over the interval +0.25 V and — 1.0 V (Figure 6).
The DPV study showed that at physiological pH compounds 13-16 are reduced (£, ; ~ —370
mV) to the respective free radical, RNO,*", in a process involving one electron. The free radical
is further reduced (£, , ~ —615 mV) to the corresponding hydroxylamine (RNHOH), in a step
involving three electrons and four protons (Figure 6, left). This behavior is consistent with most
of the published data found in the literature for the reduction of nitro compounds.’”™ For the
standard COMT inhibitors tolcapone 1 and entacapone 2 only the second cathodic peak (£, ~
—670 mV) was seen (Figure 6A). CV experiments were also performed for compounds 13-16
and standard COMT inhibitors tolcapone 1 and entacapone 2 (Figure 6B). Compounds 13-16
exhibit two cathodic signals corresponding to the formation of the nitro radical anion followed
by its reduction to the hydroxylamine derivative. An oxidation peak is seen at the reversed scan
(Eqp1 ~ 95 mV), corresponding to oxidation of the hydroxylamine to the respective nitroso
derivative (RNO). For tolcapone 1 and entacapone 2 only one irreversible cathodic peak is seen,
which is consistent with the DPV data. Moreover, no peaks were observed in the anodic scan of
the voltammogram. However, immediately after the cathodic wave, several subtle reversible
reduction peaks can be observed for both compounds. Interestingly, in this case the
hydroxylamine derivatives are not as stable as those formed for compounds 13-16, since
oxidation was not observed in the reverse scan. We hypothesize that the unstable
hydroxylamines of tolcapone 1 and entacapone 2 may generate other electroactive derivatives,
like azoxy or azo derivatives. The formation of these derivatives could have toxicological
significance, since these compounds have been associated with mutagenic and and carcinogenic

effects in aquatic organisms and humans.®*® Contrarily, since the hydroxylamine derivative of
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compounds 13-16 is more stable and can be oxidized to the nitroso derivative, the likelihood of
formation of azoxy, azo and quinone-imine derivatives is significantly reduced when compared
to tolcapone 1 and entacapone 2. In this sense, this difference in the reductive behavior may
explain the increased toxicity observed for tolcapone 1 and entacapone 2. Further studies are

currently being conducted to clarify this hypothesis.

200 nA
J250nA

-1.0 -0.8 -OI.6 -OI.4 -OI.Z 0.0 0.2 -1.0 -0.8 -OI.6 -OI.4 -OI.Z 0.0 0.2
E/V vs Ag/AgCl E/V vs Ag/AgCl

Figure 6. (A) Differential pulse voltammograms for 0.1 mM solutions of (=) tolcapone, (=) entacapone, (==) 14
and (=) 16, in physiological pH 7.4 supporting electrolyte. Scan rate: 5 mV s™'; (B) Cyclic voltammograms for 0.1
mM solutions of (==) tolcapone, (==) entacapone, (==) 14, (==) 16 and (**") CAPE, in physiological pH 7.4

supporting electrolyte. Scan rate: 20 mV s™.

Docking of compound 16 with rat COMT. The binding interactions of compound 16
(phenethyl-(E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate) was carried out by molecular
docking to investigate its binding mode using the crystal structure of rat COMT (pdb id: 2CL5)
(Figure 5). The active site of COMT consists of a ligand binding catalytic site, Mg*" and a co-
enzyme binding area with bound SAM.** Our studies show that the nitrocatechol ring of
compound 16, was oriented in the catalytic site such that the two hydroxyls were in contact with
the magnesium ion (distance = 2.47-2.80 A). The negatively charged C4 hydroxyl group
(mono-ionized form) underwent electrostatic interactions with positively charged NH;" side
chain of Lysl144 (distance = 1.66 A) whereas the C3 hydroxyl group underwent hydrogen

bonding interactions with Glu199 side chain (distance = 1.89 A). The nitro-substituent was in
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contact via electrostatic interactions with Lys144 side chain (distance = 4.77 A). The catechol
aromatic ring itself was in proximity to Met40 and Prol174 and underwent nonpolar contacts
(distance < 5.1 A). The entire phenethylcyanoacetate substituent was extended away from the
catalytic site and oriented toward the solvent area.® ® These observations are consistent with
previous reports that show that the presence of a 1,2-dihydroxy-3-nitrobenzene pharmacophore

is the primary requirement to exhibit COMT inhibition.

TRP

SAM1217

Figure 5. The binding mode of compound 16 in ball and stick cartoon within the rat COMT active site (CDOCKER

interaction energy = —61.11 kcal mol-1 and CDOCKER energy = —52.04 kcal mol-1). The hydrogen atoms are not

shown to enhance clarity

CONCLUSIONS

New COMT inhibitors based on hydroxycinnamic acid scaffold were successfully developed.
Generally, all derivatives bearing a 5-nitro group displayed potent nanomolar inhibion of both
COMT isoforms, especially MB-COMT. Moreover, the inhibitory profile was comparable to

that observed for standard inhibitors tolcapone and entacapone. Aside from the potent COMT
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inhibition, derivatives 13, 15 and 16 exhibited the appropriate drug-like properties required for
CNS drugs and were predicted to be permeable to the BBB, as evaluated by in vitro PAMPA-
BBB assays. More importantly, derivatives 13, 15 and 16 did not cause significant toxicity in
primary rat hepatocytes in two different viability endpoints (%MTT reduction and %NR uptake
> 85%), in contrast with entacapone (% MTT reduction = 51.17 + 18.87, p < 0.001 and % NR
uptake= 79.89 + 16.31, p < 0.01) and, especially, tolcapone (% MTT reduction = 9.096 + 3.263,
p <0.001 and % NR uptake = 46.86 £ 8.639, p < 0.001). The reduced acidity and different
reductive behavior of compounds 13-16, mainly concerning the reductive stability of the
hydroxylamine metabolite, may provide clues as to why these nitrocatechols did not induce
hepatoxicity at high micromolar concentrations. In addition, computational docking studies
provided insights into the inhibitors’ interaction with the enzyme binding site and a rationale for
their high potency. The binding mode of 16 suggests that the main interactions with the
enzyme’s active site are established through the nitrocatechol ring and that the
phenethylcyanoacetate moiety extends away from the catalytic site, which enables
derivatization of the side chain in order to decrease the risk of hepatotoxicity, improve
pharmacokinetics and BBB permeability. Overall, the physico-chemical, pharmacological and
toxicological properties of the reported compounds showed that they behave differently from
the naturally-occurring scaffolds and cannot be considered pan-assay-interference compounds
(PAINS). Overall the results show that the modulation of the chemical structure may enable the
development of safe BBB-permeable nitrocatechols without compromising COMT inhibition.
Accordingly, compound 16 can be approached as a promising lead for the development of CNS
diseases like PD, schizophrenia and other dopamine-deficient associated disorders. Further

optimization and characterization within these series will be reported in due course.

EXPERIMENTAL

Chemistry

Reagents, materials and apparatus
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All reagents were purchased from Sigma-Aldrich Quimica S.A. (Sintra, Portugal). Deionised
water (conductivity < 0.1 uScm-1) was used for all experiments. All solvents were pro analysis
grade and were acquired from Merck (Lisbon, Portugal). Thin layer chromatography (TLC) was
performed on precoated silica gel 60 F254 acquired from Merck (Darmstad, Germany) and
spots were detected using a UV lamp at 254 nm. Reaction progress was monitored by TLC
(dichloromethane/methanol/formic acid, 9:1:0.01). Following the extraction step, subsequent
work up of the organic layers included drying over anhydrous sodium sulphate, filtration and
elimination of solvents under reduced pressure. Column chromatography was carried out with
silica gel 60A acquired from Carlo-Erba Reactifs (SDS, France) or cellulose. The crude
products were purified by flash column chromatography and/or recrystallization. The fractions
containing the desired product were gathered, concentrated and the product was recrystallized.
The elution systems used for flash chromatography and the recrystallization solvents are
specified for each compound. Solvents were evaporated with a Buchi Rotavapor. The purity of
the final products (>97% purity) was verified by high-performance liquid chromatography
(HPLC) equipped with a UV detector. Chromatograms were obtained in an HPLC/DAD system,
a Jasco instrument (pumps model 880-PU and solvent mixing model 880-30, Tokyo, Japan),
equipped with a commercially prepacked Nucleosil RP-18 analytical column (250 mm x 4.6
mm, 5 um, Macherey-Nagel, Duren, Germany), and UV detection (Jasco model 875-UV) at the
maximum wavelength of 254 nm. The mobile phase consisted of a methanol/water or
acetonitrile/water (gradient mode, room temperature) at a flow rate of 1 mL/min. The
chromatographic data was processed in a Compaq computer, fitted with CSW 1.7 software
(DataApex, Czech Republic).'H, C NMR and DEPTI135 data were acquired at room
temperature on a Briiker AMX 300 spectrometer operating at 400 and 100 MHz, respectively.
Chemical shifts were expressed in & (ppm) values relative to tetramethylsilane (TMS) as internal
reference and coupling constants (J) were given in Hz. Carbon signals present in DEPT135
spectra were underlined. Mass spectra were obtained on a VG AutoSpec instrument. The data
were reported as m/z (% of relative intensity of the most important fragments). Buffer solutions

employed for electrochemical studies were 0.1 mol L-1 in the pH range 1.2-12.2.
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General procedure for Knoevenagel-Doebner condensation (Scheme 1, step a)

A mixture of 3,4-dihydroxy-5-nitrobenzaldehyde (1 mmol) and the appropriate activated
methylene (malonic acid, cyanoacetic acid, ethylmalonate or diethylmalonate, 2 mmol) in
anhydrous pyridine (9.6 mmol) and catalytic amount of piperidine was stirred at 60°C. The
reaction mixture was then cooled at 0°C, poured over ice water, neutralized with HCI 1M and
extracted with ethyl acetate (3 x 10 mL). The combined organic layers were then washed with
water (10 mL) and brine (2 x 10 mL). The product was purified by column chromatography

and/or recrystallization. The procedure was adapted from Gaspar et al. 2009.”
(E)-3-(3,4-Dihydroxy-5-nitrophenyl)acrylic acid (8)

Compound 8 was obtained in the following conditions: 3,4-dihydroxy-5-nitrobenzaldehyde
(0.25 g, 1.81 mmol), malonic acid (0.38 g, 3.62 mmol), anhydrous pyridine (1.45 mL, 18.10
mmol), piperidine (4 drops) for 48h. Compound 8 was purified by column chromatography
(dichloromethane/methanol (9:1) until (8:2)) and recrystallization from ethyl ether/petroleum
ether as a yellow solid. n = 40 %. "H NMR (400 MHz, MeOD) § 7.76 (d, J = 2.0 Hz, 1H, H6),
7.58 (d, J=15.9 Hz, 1H, HP), 7.39 (d, J= 2.1 Hz, 1H, H2), 6.40 (d, J = 15.9 Hz, 1H, Ha). °C
NMR (100 MHz, MeOD) 6 169.54, 149.20, 145.94, 143.69, 136.06, 126.72, 118.98, 118.87,

116.65. EI-MS: m/z 225 (M*").
(E)-2-Cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylic acid (9)

Compound 9 was obtained by following a Knoevenagel-Doebner condensation between 3,4-
dihydroxy-5-nitrobenzaldehyde and malonic acid in the following conditions: 3,4-dihydroxy-5-
nitrobenzaldehyde (0.50 g, 2.73 mmol), cyanoacetic acid (0.47 g, 5.46 mmol), anhydrous
pyridine (2.19 mL, 21.3 mmol), piperidine (5 drops) for 24h. Compound 9 was recrystallized
from acetone /petroleum ether as a yellow solid. = 64.05 %. "H NMR (400 MHz, MeOD) &
8.18 (s, 1H, HB), 8.17 (m, 1H, H(Ar)), 7.89 (d, J = 2.2 Hz, 1H, H(Ar)). "C NMR (101 MHz,

MeOD) 6 164.41, 153.31, 149.34, 147.72, 136.42, 123.63, 120.75, 120.47, 116.18, 103.37. EI-

MS: m/z 250 (M*").
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Ethyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (10)

Compound 10 was obtained in the following conditions: 3,4-dihydroxy-5-nitrobenzaldehyde
(0.500 g, 2.73 mmol), ethyl malonate (0.644 mL, 5.461 mmol), anhydrous pyridine (2.2 mL,
27.3 mmol), piperidine (4 drops) for 24 hours. Compound 10 was recrystallized from diethyl
ether as a yellow solid. n = 67.44 %. "H NMR (400 MHz, DMSO-d,) & 10.56 (s, 2H, 2xOH),
7.71 (d, J=2,0 Hz, 1H, H6), 7.55 (d, J = 16.0 Hz, 1H, Hp), 7.36 (d, J = 2.0 Hz, 1H, H2), 6.43
(d, J=16.0 Hz, 1H, Ha), 4.17 (q, J = 7.1 Hz, 2H, CH,CH3), 1.25 (t, /= 7.1 Hz, 3H, CH,CH,).
C NMR (101 MHz, DMSO-ds) § 166.52, 148.37, 143.97, 143.26, 138.03, 125.28, 118.02,

117.89, 116.37, 60.47, 14.64. EI-MS: m/z 270 (M*").

Diethyl 2-(3,4-dihydroxy-5-nitrobenzylidene)malonate (11)

Compound 11 was obtained in the following conditions: 3,4-dihydroxy-5-nitrobenzaldehyde
(1g, 5.461 mmol), diethyl malonate (1.658 mL, 10.922 mmol), anhydrous pyridine (4.202 mL,
52.426 mmol), piperidine (5 drops) for 7 hours. The crude product was purified by flash
chromatography with dichloromethane/methanol (9.5:0.5). = 69.01 %. 'H NMR (400 MHz,
DMSO-dy) 6 10.82 (bs, 2H, 2xOH), 7.61 (m, 2H, H6, HP), 7.35 (d, /= 1.9 Hz, 1H, H(2)), 4.32
(q, J = 7.1 Hz, 2H, OCH,CHs)), 4.23 (q, J = 7.1 Hz, 2H, OCH,CH3;)), 1.23 (m, 6H,
2x(OCH,CH3)).”C NMR (101 MHz, DMSO-dy) & 166.38, 163.90, 148.49, 144.87, 140.25,

137.66, 122.88, 125.07, 118.63, 118.28, 62.05, 61.82, 14.44, 14.12. EI-MS m/z 326 (M*").

2-(3,4-Dihydroxy-5-nitrobenzylidene)malonic acid (12) (Scheme 1, step b)

Compound 12 was obtained by hydrolysis of compound 11 with aqueous NaOH 2M. Briefly, a
solution of compound 11 (0.20 g, 0,62 mmol) in MeOH (2 mL) and THF (12 mL) was treated
with aqueous NaOH 2M (1 mL) and refluxed for 13 hours. The solvents were removed by
reduced pressure and the crude residue was suspended in water (10 mL) and acidified with
concentrated HCI. The solution was then extracted with ethyl acetate (3 x 20 mL) and the
organic layer was washed with brine (3 x 10 mL), dried over Na,SO,, filtered and concentrated

under reduced pressure. The crude product was recrystallized from dichloromethane. 1 = 27.9
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%. "H NMR (400 MHz, DMSO-dy) & 13.26 (bs, 2H, 2xCOOH)), 10.62 (bs, 2H, 2xOH), 7.64 (d,
J =22 Hz, 1H, H6), 7.42 (s, 1H, Hp), 7.350 (d, J = 2.1 Hz, 1H, H2). °C NMR (101 MHz,

DMSO-ds) & 168.19, 165.60, 148.32, 144.03, 137.77, 137.49, 127.98, 123.77, 119.50, 117.32.

EI-MS m/z 270 (M*").
General procedure for the preparation of benzyl and phenethyl esters (Scheme 1, step c)

The hydroxycinnamic acid with the appropriate substitution pattern (1 mmol) was dissolved in
DMSO (3 mL), K5PO, (1.2 mmol) was added slowly and the mixture was stirred for 30 minutes
at room temperature. A solution of the appropriate alkyl bromide (benzyl bromide or (2-
bromoethyl)benzene, 1.02 mmol) in DMSO was then added dropwise and the mixture was
stirred for 24 hours at room temperature. Upon completion the mixture was poured dropwise
into ice water (20 mL), left to stir for 1 hour and extracted with ethyl acetate (3 x 10 mL). The
combined organic layers were then acidified with HCl 1M and washed with water (3 x 10 mL)
and brine (3 x 10 mL), dried over anhydrous sodium sulphate and concentrated. The compound

was purified by recrystallization. The procedure was adapted from Liu et al. 2012.”
Phenethyl (E)-3-(3,4-dihydroxyphenyl)acrylate (CAPE, 6)

Compound 6 was obtained in the following conditions: caffeic acid (0.30 g, 1.66 mmol) in
DMSO (3.15 mL), K5PO, (0.43 g, 2.00 mmol), (2-bromoethyl)benzene (0.24 mL, 1.70 mmol) in
DMSO (1.05 mL). Compound 6 was recrystallized from ethyl acetate/petroleum ether as a light
yellow solid. n = 48 %. "H NMR (400 MHz, DMSO-dy) 6 9.27 (s, 2H, 2xOH), 7.45 (d, J=15.9
Hz, 1H, Hp), 7.31 (m, 4H, H2’, H3’, H5’, H6’), 7.22 (m, 1H, H4"), 7.03 (d, J = 2.03 Hz, 1H,
H2), 6.99 (dd, J = 8.2, 2.0 Hz, 1H, H6), 6.76 (d, J = 8.1 Hz, 1H, HS), 6.23 (d, J=15.9 Hz, 1H,
Ha), 4.32 (t, J =6.0 Hz, 2H, COOCH,), 2.95 (t, J = 6.9 Hz, 2H, CH,Ph). °C NMR (100 MHz,

DMSO-dy) 6 166.9, 148.9, 146.0, 145.7, 138.5, 129.4, 128.8, 126.8, 125.9, 121.7, 116.2, 115.3,

114.3, 64.8, 35.0. EI-MS m/z 284 (M*").

Ty M TeDy e

Benzyl (E)-3-(3,4-dihydroxyphenyl)acrylate (7)
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Compound 7 was obtained in the following conditions: caffeic acid (0.50 g, 1.67 mmol) in
DMSO (4 mL), K5PO, (0.43 g, 2.00 mmol), benzyl bromide (0.20 mL, 1.70 mmol) in DMSO (1
mL). Compound 7 was recrystallized from ethyl acetate/petroleum ether as a light yellow solid.
1 = 80.54 %. 'H NMR (400 MHz, DMSO-d) 8 7.57 (d, J = 15.9 Hz, 1H, Hp), 7.42 — 7.27 (m,
4H, H2’-HS’), 7.04 (d, J = 2.1 Hz, 1H, H2), 6.94 (dd, J = 8.2, 2.0 Hz, 1H, HS5), 6.77 (d, /= 8.2
Hz, 1H, H6), 6.30 (d, /= 15.9 Hz, 1H, Ho), 5.21 (s, 2H, CH,). "C NMR (100 MHz, DMSO-d;)

o 167.61, 148.25, 145.81, 145.42, 136.46, 128.15, 127.77, 127.75, 126.31, 121.61, 115.10,

113.77, 113.55, 65.75. EI-MS m/z 269.7 (M*").

Benzyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (13)

Compound 13 was obtained in the following conditions: compound 8 (0.20 g, 0.89 mmol) in
DMSO (2.2 mL), K;PO,4 (0.28 g, 1.07 mmol) and benzyl bromide (0.11 mL, 0.91 mmol) in
DMSO (0.56 mL). n = 29.47 %. 'H NMR (400 MHz, DMSO-d,) § 10.52 (s, 2H, 2xOH), 7.73
(d, /=19 Hz, 1H, H6), 7.61 (d, J = 16.0 Hz, 1H, HB), 7.38 (m, 6H, H2’-6°, H2), 6.50 (d, J =
16.0 Hz, 1H, Ha), 5.22 (s, 2H, CH,). °C NMR (100 MHz, DMSO-d;) & 166.47, 152.30, 148.38,

146.89, 143.79, 136.72, 128.92, 128.81, 128.47, 125.18, 120.12, 116.55, 114.45, 66.00. EI-MS

m/z 315 (M*).
Phenethyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (14)

Compound 14 was obtained in the following conditions: compound 8 (0.20 g, 0.89 mmol) in
DMSO (2.2 mL), K5PO, (0.28 g, 1.07 mmol) and (2-bromoethyl)benzene (0.13 mL, 0.91 mmol)
in DMSO (0.56 mL). Compound 14 was recrystallized from ethyl acetate/petroleum ether as a
yellow solid. n = 30.7 %. '"H NMR (400 MHz, DMSO-d;) § 10.51 (s, 2H, 2xOH), 7.71 (d , J =
2.0 Hz, 1H, H6), 7.54 (d, J = 16.0 Hz, 1H, Hp), 7.35 (d, /= 2.1 Hz, 1H, H2), 7.30 (m, 4H, H2’,
H3’, H5’, H6”), 7.23 (m, 1H, H4’), 6.42 (d, J = 16.0 Hz, 1H, Ha), 4.35 (t, J/ = 6.8 Hz, 2H,
COOCH,), 2.96 (t, J = 6.8 Hz, 2H, CH,Ph). "C NMR (100 MHz, DMSO-d;) & 166.5, 148.5,

144.3, 138.5, 138.0, 129.4, 128.9, 126.9, 125.0, 117.9, 117.6, 116.5, 65.1, 34.9. EI-MS m/z 329

(M®).
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Benzyl (E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (15)

Compound 15 was obtained in the following conditions: compound 9 (0.30 g, 1.20 mmol) in
DMSO (3 mL), KsPO, (0.31 g, 1.44 mmol) and benzyl bromide (0.15 mL, 1.22 mmol) in
DMSO (0.70 mL). Compound 15 was recrystallized from ethyl acetate/petroleum ether. n =
45.04 %. '"H NMR (400 MHz, MeOD) & 8.23 (s, 1H, Hp), 8.18 (d, J = 2.0 Hz, 1H, H6), 7.89 (d,
J =22 Hz, 1H, H2), 7.40 (m, 5H, H2’-H6"), 5.35 (s, 2H, CH,). C NMR(100 MHz, DMSO-d;)

8 162.55, 154.19, 148.19, 148.74, 137.62, 135.93, 129.01, 128.97, 128.49, 116.36, 67.42. EI-

MS m/z 340 (M*").
Phenethyl (E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (16)

Compound 16 was obtained in the following conditions: compound 9 (0.18 g, 0.47 mmol) in
DMSO (0.90 mL), K;PO, (0.12 g, 0.56 mmol) and (2-bromoethyl)benzene (0.065 mL, 0.48
mmol) in DMSO (0.30 mL). Compound 16 was recrystallized from ethyl acetate/petroleum
ether as a yellow solid.  =29.0 %. "H NMR (400 MHz, DMSO-d;) § 8.24 (s, 1H, HB), 8.09 (d,
J=2.1Hgz, 1H, H6), 7.87 (d, /= 2.1 Hz, 1H, H2), 7.32 (m, 4H, H2’, H3’, H5’, H6’), 7.24 (m,
1H, H4"), 4.45 (t, J = 6.8 Hz, 2H, COOCH,), 3.01 (t, J = 6.8 Hz, 2H, CH,Ph). *C NMR (100

MHz, DMSO-d;) 6 164.5, 153.9, 148.8, 147.6, 138.1, 137.8, 129.5, 128.6, 127.0, 121.8, 121.6,

118.1, 116.1, 100.22, 67.0, 34.7. EI-MS m/z 354 (M*").

General procedure for PyBOP-assisted amidation (Scheme 1, step d)

The hydroxycinnamic acid with the appropriate aromatic substitution (1 mmol) was dissolved in
diisopropylethylamine (1 mmol) and dimethylformamide (2 mL). The reaction was placed on
ice, PyBOP (1 mmol) in dichloromethane (2 mL) was added and the mixture was stirred for 30
minutes. The amine (1 mmol) was then added, the mixture was allowed to reach room
temperature and stirred for an additional 6 hours. The solvents were removed under reduced
pressure and the residue was dissolved in ethyl acetate (30 mL). The solution was washed with
water (3 x 10 mL), HC1 1M (3 x 10 mL) and brine (10 mL). The final products were purified by

recrystallization. The procedure was adapted from Gaspar et al. 2011.%®
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(E)-N-Benzyl-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylamide (17)

Compound 17 was obtained in the following conditions: compound 9 (0.20 g, 0.80 mmol),
benzylamine (0.088 mL, 0.81 mmol), PyBOP (0.42 g, 0.81 mmol), diisopropylethylamine (0.14
mL, 0.81 mmol) in dimethylformamide (2 mL) and dichloromethane (2 mL). Compound 17 was
recrystallized from dichloromethane/petroleum ether as a yellow solid. = 25.8 %. 'H NMR
(400 MHz, DMSO-d;) 6 8.91 (t, J=5.9 Hz, 1H, NH), 8.08 (s, 1H, Hp), 7.95 (d, /= 2.1 Hz, 1H,
He), 7.77 (d, J = 2.2 Hz, 1H, H2),7.34 (m, 4H, HAr), 7.26 (m, 1H, H4’), 442 (d, J= 5.9 Hz,
2H, CH,). C NMR (100 MHz, DMSO-d,) & 161.8, 149.6, 149.0, 148.9, 139.4, 137.5, 128.8,

127.9, 127.4, 120.6, 117.5, 117.0, 43.6. EI-MS: m/z 340 (M*").

(E)-2-Cyano-3-(3,4-dihydroxy-5-nitrophenyl)-N-phenethylacrylamide (18)

Compound 18 was obtained in the following conditions: compound 9 (0.20 g, 0.80 mmol),
phenethylamine (0.11 mL, 0.81 mmol), PyBOP (0.42 g, 0.81 mmol), diisopropylethylamine
(0.14 mL, 0.81 mmol) in dimethylformamide (2 mL) and dichloromethane (2 mL). Compound
18 was recrystallized from acetone/n-hexane as a yellow solid. = 15.9 %. '"H NMR (400 MHz,
DMSO-dy) 610.90 (brs, 2H, 2xOH), 8.02 (t, J = 5.4 Hz, 1H, NH), 8.00 (s, 1H, Hp), 7.94 (d, J =
1.8 Hz, 1H, H6), 7.77 (d, J = 2.2 Hz, 1H, H2),7.16 (m, 5H, HAr), 3.43 (m, 2H, CH,), 2.82 (t, J
= 7.4 Hz, 2H, CH,). "C NMR (100 MHz, DMSO-d,) 5 161.4, 149.2, 148.7, 139.7, 137.7, 136.6,

129.1, 128.98, 126.6, 122.3, 119.9, 118.3, 116.8, 104.8, 41.8, 35.32. EI-MS: m/z 354 (M*").

Pharmacology

Animals. Male Wistar rats obtained from Harlan (Barcelona, Spain) were used. Rats were kept
8 per cage, under controlled environmental conditions (12 hours light/dark cycle and room
temperature 22 + 1°C) with food and tap water allowed ad /libitum. Twenty minutes before
sacrifice animals were anesthetized with sodium pentobarbital (60 mg/kg) administered

intraperitoneally. After sample collection anaesthetized animals were euthanized by
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decapitation. All experiments were approved by the local Ethics Committee for the welfare of

experimental animals and performed in accordance with national legislation.

Homogenate Preparation. Tissues were thawed at room temperature and homogenized using a
Diax homogenizer (Heidolph, 2 cycles of 20 s in position 5, on ice). Total protein content in
homogenates was measured with Bio-Rad standard protein assay using a standard curve of
bovine serum albumin (50-250 pg/mL). Samples were then diluted to obtain a concentration of

4 mg/mL.

COMT Activity Determination. COMT activity was evaluated by the ability to methylate
adrenaline to metanephrin, as previously described.” Aliquots of 100 uL of liver or brain
homogenates (2mg/mL protein) were preincubated for 20 min with 80 pL of test compounds in
phosphate buffer 5SmM containing pargyline (100 uM), MgCl, (100 uM) and ethylene glycol
tetracetic acid (EGTA, 1 mM) and saturating concentrations of SAM (500 uM for liver
homogenates and 100 uM for brain homogenates). For experiments with liver homogenates, the
reaction was started with the addition of adrenaline (1000 uM) and incubated for 5 min. For
experiments with brain homogenates, the reaction was started with the addition of adrenaline (5
uM) and incubated for 15 min. The preincubation and incubation were carried out at 37°C, in
conditions of light protection, with continuous shaking and without oxygenation. At the end of
the incubation period the reaction was stopped by the addition of 50 pL of 2 M perchloric acid
and the tubes were transferred to ice. The samples were then centrifuged (200g, 4 min, 4°C), and
250 pL aliquots of the supernatant filtered on 0.22 um pore size Spin-X filter tubes Costar.
Aliquots of 50 pL of the filtered supernatant were injected into the chromatograph. The
chromatography system consisted of a pump Gilson model 302 (Gilson Medical
Electronics,Villiers le Bel, France) connected to a manometric module (Gilson model 802 C).
and a stainless steel 5 mm ODS column (Biophase; Bioanalytical Systems, West Lafayette, IN.)
of 25 cm length; samples were injected by means of an automatic sample injector (Gilson model
234). The mobile phase was a degassed solution of citric acid (0.1 mM), sodium octylsulphate

(0.5 mM), sodium acetate (0.1 M), EDTA (0.17mM), dibutylamine (I mM). and methanol 6%
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(v/v), adjusted to pH 3.5 with perchloric acid 2 M. and pumped at a rate of 1.0 ml/min. The
detection was carried out electrochemically with a glassy carbon electrode, an Ag/AgCl
reference electrode and an amperometric detector Gilson (model 141); the detector cell was
operated at 0.75 V. The current produced was monitored using the Gilson 712 HPLC software.
The lower limits for detection of metanephrine ranged from 350 to 500 fmol. For the calculation
of the ICs, the parameters of the equation for one site inhibition were fitted to the experimental

data.
CNS penetration: in vitro parallel artificial membrane permeability assay (PAMPA-BBB)

Prediction of the brain penetration was evaluated using a parallel artificial membrane
permeability assay (PAMPA). Ten commercial drugs, phosphate buffer saline solution at pH
7.4 (PBS), ethanol and dodecane were purchased from Sigma, Acros organics, Merck, Aldrich
and Fluka. The porcine polar brain lipid (PBL) (catalog no. 141101) was from Avanti Polar
Lipids. The donor plate was a 96-well filtrate plate (Multiscreen® IP Sterile Plate PDVF
membrane, pore size is 0.45 pM, catalog no. MAIPS4510) and the acceptor plate was an
indented 96-well plate (Multiscreen®, catalog no. MAMCS9610), both from Millipore. Filter
PDVF membrane units (diameter 30 mm, pore size 0.45 pm) from Symta were used to filter the
samples. A 96-well plate UV reader (Thermoscientific, Multiskan spectrum) was used for the
UV measurements. Commercially available compounds with known permeability (caffeine,
enoxacine, hydrocortisone, desipramine, ofloxacine, piroxicam, testosterone, promazine,
verapamil and atenolol) and test compounds were dissolved in PBS:ethanol (7:3) and filtered.
The acceptor 96-well microplate was filled with 180 uL of PBS/EtOH (70/30). The donor 96-
well plate was coated with 4 puL of porcine brain lipid in dodecane (20 mg-mL™") and after 5
minutes, 180 pL of each compound solution was added. The donor plate was carefully put on
the acceptor plate to form a “sandwich”, which was left undisturbed for 2h and 30 min at 25 °C.
During this time the compounds diffused from the donor plate through the brain lipid membrane
into the acceptor plate. After incubation, the donor plate was removed. The concentrations of

the commercial drugs and the test compounds in the acceptor and donor wells were determined
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spectrophotometrically in a UV plate reader. Every sample was analyzed at three to five
wavelengths, in 3 wells and in two independent runs. Results are given as the mean + standard
deviation (SD) and the average of the two runs is reported. Ten quality control compounds with

known BBB permeability were included in each experiment to validate the analysis set.
In vitro toxicology

All reagents used were of analytical grade or of the highest grade available. Neutral red (NR)
solution, (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) bromide, trypan blue
solution [0.4 % (w/v)] and William’s E medium were obtained from Sigma (St. Louis, MO,
USA). Reagents used in cell culture, including heat inactivated fetal bovine serum (FBS),
antibiotic (10000 U/mL penicillin, 10000 pg/mL streptomycin), phosphate-buffered saline
solution (PBS) and Hank’s balanced salt solution (HBSS) were purchased from Gibco
Laboratories (Lenexa, KS). Dimethylsulfoxide (DMSO), absolute ethanol and acetic acid were

obtained from Merck (Darmstadt, Germany).

Isolation and primary culture of rat hepatocytes. Rat hepatocytes were isolated from male
Wistar Han rats (200 — 250 g) purchased from Charles-River Laboratories (Barcelona, Spain).
All experiments were approved by the local Ethics Committee for the welfare of experimental
animals and performed in accordance with national legislation. Surgical procedures were
conducted under anesthesia by inhalation of isoflurane, in an isolated system, and carried out
between 10.00 and 11.00 a.m. Cells were isolated through a collagenase perfusion, as
previously described by our group.” Briefly, a cannula was inserted in the hepatic portal vein,
and the liver was perfused initially with Hank’s washing buffer containing bovine serum
albumin (BSA) and the chelating agent EGTA, followed by a solution of collagenase
supplemented by its co-factor calcium. The liver capsule was then gently disrupted in order to
release isolated liver cells into a Krebs-Henseleit buffer. The cell suspension was subsequently
purified through three cycles of low-speed centrifugations (300 rpm, for 2 min). The final

suspension was then incubated with penicillin/streptomycin (500 U/mL / 500 pg/mL), at 4°C,
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for 30 min. Cell viability was estimated by the trypan blue exclusion test and was always higher
than 80%. A suspension of 500.000 viable cells/mL was cultured in 96-well plates at
approximately 100.000 cells/cm’, in William’s E medium, supplemented with 10% FBS (100
U/mL), penicillin/streptomycin (100 pg/mL), insulin (5 pg/mL), dexamethasone (50 uM),
gentamicin (100 pg/mL) and fungizone (2.5 pg/mL), and incubated overnight at 37°C, with 5%

CO,, to allow cell adhesion.

MTT reduction assay. The MTT reduction assay was used to measure mitochondrial
dysfunction (decrease in mitochondrial dehydrogenase activity) in rat primary hepatocytes
exposed to the test compounds. The signal generated is dependent on the degree of reduction of
the MTT tetrazolium salt (water soluble) to MTT formazan (water insoluble) by cellular
dehydrogenases within metabolically active cells. Briefly, 24h after seeding at 100.000
cells/cm’® the cells were exposed to the test compounds (0, 1, 10 and 50 pM) in cell culture
medium without FBS for 24 h. At the selected time point, the cell culture medium was removed,
followed by the addition of fresh cell culture medium containing 0.5 mg/mL MTT and
incubation at 37 °C in a humidified, 5% C0,-95% air atmosphere for 1 h. After this incubation
period, the cell culture medium was removed and the formed formazan crystals dissolved in
100% DMSO. The absorbance was measured at 550 nm in a multi-well plate reader (BioTek
Instruments, Vermont, USA). The percentage of MTT reduction relative to that of the control

cells was used as the cytotoxicity measure [MTT reduction (% of control)].

Neutral red uptake assay. The NR uptake assay is based on the ability of viable cells to
incorporate and bind the supravital dye neutral red in the lysosomes, thus providing a
quantitative estimation of the number of viable cells in a culture. Briefly, 24h after seeding at
100.000 cells/cm” the cells were exposed to the test compounds (0, 1, 10 and 50 uM) in cell
culture medium without FBS for 24 h. At the selected time point, the cell culture medium was
removed and the cells incubated with neutral red (50 pg/mL in cell culture medium) at 37 °C, in
a humidified, 5% C0O,-95% air atmosphere, for 1 h. After this incubation period, the cell culture

medium was removed, the dye absorbed only by viable cells extracted [with absolute ethyl
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alcohol /distilled water (1:1) containing 5% acetic acid], and the absorbance measured at 540
nm in a multi-well plate reader (BioTek Instruments, Vermont, USA). The percentage of NR
uptake relative to that of the control cells was used as the cytotoxicity measure [NR uptake (%

of control)].
Electrochemical studies

Voltammetric measurements were performed using an Autolab PGSTAT 12
potentiostat/galvanostat (Metrohm-Autolab, Netherlands) in a one-compartment glass
electrochemical cell equipped with a three—electrode system arrangement composed of a
platinum wire as auxiliary electrode, a Ag/AgCl (saturated KCl) electrode as reference, and a
glassy carbon electrode (GCE, d = 2 mm) as working electrode. All measurements were carried
out at room temperature (25 £ 1 °C) and purified nitrogen was used for oxygen displacement.
The working electrode was polished manually with an aqueous slurry of alumina powder (BDH
Chemicals, VWR, USA) on a microcloth pad and rinsed with water before use. The pH
measurements were performed using a Crison pH-meter (Crison, Spain) equipped with a glass

pH electrode.

Statistical analysis

Statistical comparisons between control and test groups were carried by one-way analysis of
variance (ANOVA-1) followed by Bonferroni's multiple comparison post-test (o = 0.05, 95%

confidence intervals) using GraphPad Prism 5 ®.
Molecular docking studies

The molecular docking studies were carried out using the computational software Discovery
Studio (DS): Structure-Based-Design, version 4.5.1.15071, 2005-2015 (BIOVIA, San Diego,
USA). The coordinates for the rat COMT monomer were obtained from pdb (id: 2CL5). All the

water molecules except the H2205, which is coordinated to Mg®*, were removed. The enzyme
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was prepared using the macromolecules module in DS which provided all the amino acids in
their physiological ionization states. The catalytic Lys144 was in its protonated state (e-amino
group). Compound 16 was built in its mono-ionized form (negative charge on C4 hydroxyl
group of the catechol ring) using the small molecules module in DS. The binding site was
defined by selecting a 15 A sphere radius around the ligand BIE1218 bound to COMT.*® Then
the ligand BIE1218 was deleted. The docking was performed using the CDOCKER algorithm in
the receptor-ligand interactions module which is based on simulated annealing protocol (2000
heating steps, 700 K heating target temperature and 5000 cooling steps, 300 K cooling target
temperature) that generated ten docked poses. The CHARMm force field was used for docking
studies. The poses obtained were ranked based on CDOCKER interaction energy and
CDOCKER energy parameters in kcal-mol™. The polar and nonpolar contacts of the ligand with

the COMT catalytic site were evaluated.
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