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Synthesis, Activity, and Molecular Modeling of New
2,4-Dioxo-5-(naphthylmethylene)-3-thiazolidineacetic Acids and 2-Thioxo
Analogues as Potent Aldose Reductase Inhibitors
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A series of 2,4-dioxo-5-(2-naphthylmethylene)-3-thiazolidineacetic acids and 2-thioxo analogues
have been prepared as aldose reductase inhibitors. In vitro inhibitory activities of bovine lens
aldose reductase were determined by a conventional method. 1-Naphthyl-substituted deriva-
tives of the 2-thioxo series were the more potent inhibitors (ICsp = 10 nM) with similar activity
to that of Epalrestat. Structural analysis, especially by X-ray crystallography of two selected
compounds, and molecular modeling comparisons with Zopolrestat were performed. These
results provide explanations of the good activity of the inhibitor, the preference for 1-naphthyl-
substituted compounds, and the nature of molecular interactions in these systems.

Introduction

Progression of chronic diabetes results in long-term,
debilitating complications such as cataractogenesis and
microangiopathy including nephropathy, retinopathy,
and neuropathy thought to be linked to excess free
glucose in corresponding tissues and leading to in-
creased flux of glucose through the polyol pathway.!?
Numerous observations have provided evidence of al-
dose reductase (AR) implication in diabetic complica-
tions.3~11 Inhibition of aldose reductase, the first
enzyme of the polyol pathway, is therefore a useful
strategy for prevention and treatment of complications
of chronic diabetes. A considerable effort in this search
has led to the discovery of a large number of AR
inhibitors.1218

Looking at specific structural and electronic similari-
ties of apparently diverse AR inhibitors, it appears that
they can be divided into four main classes of structures,
all having an acidic character: carboxylic acids, phenolic
compounds, those containing an amide or imide or
carbamate or sulfonamide group with an acidic hydro-
gen on the nitrogen atom, and those containing an
activated hydrogen on the carbon atom. Structural
requirements for activity were established by Kador et
al., and these consist of a generally planar structure
with two hydrophobic (aromatic) regions and a sub-
structure susceptible to charge-transfer interactions.519

Therefore, in view of our study of 5-(arylmethylene)-
2-thiohydantoin derivatives as immunomodulators?°
and by analogy with a potent known AR inhibitor,
Epalrestat, we synthesized heterocyclic related com-
pounds with structural variations on the aromatic
moiety and determined their AR inhibitory potency
using a classical in vitro biological assay. Having found
especially good results (ICsp values ranging from 10 to
100 nM for compounds of the 2-thioxo series) we tried
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Scheme 1. General Preparation of Titled Compounds
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to explain their noteworthy activity and their dif-
ferential potency by performing a molecular modeling
study of two of our best compounds well-characterized
by experimental NMR and crystallographic structural
data and by comparing the results to those obtained for
Zopolrestat. This study was facilitated by recent pub-
lications relating to the crystallographic structure of
aldose reductase.?*~25

Chemistry

The preparation of 2,4-dioxo-5-(2-naphthylmethyl-
ene)-3-thiazolidineacetic acids (2-oxo derivatives) and
of 4-oxo-2-thioxo-5-(2-naphthylmethylene)-3-thiazolidine-
acetic acids (2-thioxo derivatives) involved the conden-
sation, according to Knoevenagel, of 2,4-dioxothiazolidine-
3-acetic acid or its 2-thioxo analogue (rhodanineacetic
acid) with appropriate 2-naphthaldehydes (Scheme 1).

The derivatives of the 2-thioxo series are usually more
reactive than the 2-oxo derivatives. The reactivity also
depends on the type of substituent on the naphthalene
ring. Bromine, chlorine, and methoxy groups are usu-
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ally activating at all positions, whereas the 1-nitro group
is activating in the 2-thioxo series but disactivating in
the 2-oxo series.

The substituted naphthaldehydes were usually ob-
tained by the introduction of the formyl group on the
naphthalene ring bearing the appropriate substituent
according to four different methods (Scheme 2): (1) From
the reaction of DMF with the Grignard reagent derived
from 6-methoxy-2-bromonaphthalene as described by
Eriguchi et al.?6 or with the organolithium derivative
of 2-bromo-3-chloronaphthalene. The synthesis of this
intermediate from 2-bromoindene, according to Lindley
et al.,?” involves enlarging the ring size followed by a
chlorination step using chloroform. (2) From the reac-
tion of N-methylformanilide with the organolithium
derivatives of 1-methoxynaphthalene and 3-methoxy-
naphthalene. (3) From the reaction of chloroform with
1-nitronaphthalene in the presence of t-BuOK, by
modification of the Riemer—Tiemann reaction where the
hydrolysis of the gem-dichlorinated intermediate occurs
in the presence of silver perchlorate as described by
Makosza et al.?® (4) By the oxidation of methyl groups
of 1-bromo-2-methylnaphthalene and 3-bromo-2-meth-
ylnaphthalene. The methyl group was subjected to
bromination by NBS, the resulting bromo derivative was
subsequently hydrolyzed, and the primary alcohol was
then oxidized using pyridinium chlorochromate as de-
scribed by Corey et al.?° 1-Bromo-2-methylnaphthalene
was synthesized by bromination according to Adams et
al.3® 3-Bromo-2-methylnaphthalene was prepared by
modification of Danish’'s method for the synthesis of
2-methyl-3-bromonaphthalene3! which involves a py-
rolysis reaction of 3-bromohexachlorocyclopentadiene
adduct of 2-methyl-3-bromonaphthalene.

Structural Analysis

IH NMR and 13C NMR spectroscopy were used to
determine the structure of all listed compounds, in
particular the conformation of the exocyclic double

Ag(;m
NO,
o™

CHCl3
tert-BuOK

NO,

bond.%2 One-dimensional *H NMR and 3C NMR as well
as two-dimensional homonuclear or heteronuclear NMR
were required to interpret the spectra. This was based
partly on work by Katrisky et al.2® on the analysis 'H
NMR spectra of naphthalenes which are generally
complicated due to the overlapping of signals which are
strongly coupled together and partly on work by Breit-
maeir et al.3* on the analysis of 13C NMR spectra. The
exocyclic double bond of all compounds adopts a Z-
configuration as determined by the anisotropic effect
exerted by the carbonyl (C4=0) group on the H-3 proton
of the naphthalene ring. This was confirmed by the
coupling constant value of the vicinal carbons in 13C-
coupled spectra as shown by Vogeli et al.3> and Ishida
et al.3¢ The variations observed in the J values of our
compounds (5.52—7.21 Hz) are characteristic of a Z-
configuration. X-ray crystallographic data from com-
pounds 1 and 2 indicate these also adopt a Z-configu-
ration.%”

Pharmacology

In vivo studies on the inhibitory effect of compounds
1-16 on AR activity were carried out on an extract of
beef crystalline enzyme according to the method of
Kador and Sharpless.3 The percentage inhibition was
determined by UV spectrophotometry from the lowering
in enzyme activity measured by the diminution of the
enzymatic reduction of b-glyceraldehyde in the presence
of NADPH and an inhibitor. The in vitro inhibitory
concentrations (ICsp) were then calculated from the
graph and are shown in Table 1.

Studies on the level of enzyme activity were carried
out using Ponalrestat as a control (ICso = 7 nM for
conditions of the experiment). It is noteworthy to point
out that literature values indicate an in vitro activity
which is comparable: 7.7 nM3° and 26 nM.“° A com-
parison of the in vitro inhibition constant values of other
well-known inhibitors [Zopolrestat = 3 nM (human
placenta);*! Epalrestat = 10 nM (rat crystalline);*?
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Table 1. In Vitro ICs Values (nM) of Aldose Reductase Inhibition
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formula compd X R1 Rs Re I1Cs0 (NM)
R 1 S H H H 96
2 S OCHs H H 9
3 S Br H H 11
@ 4 s NO, H H 79
R, Rs 5 S H OCH; H 20
6 S H Br H 15
HTN-S 8 S H H OCHs 67
N>'=X 9 o] H H H 269
o 10 o} OCHs H H 150
CH,—COOH 11 o} Br H H 51
13 0 H OCHj H 128
14 o H Br H 153
15 o H cl H 48
16 o H H OCHjs 101
Ponalrestat !

7.7 (1it.39)

26 (lit.%0)

Br (6]
@u 1L coon
N

F

Tolrestat = 35 nM (veal crystalline);*® S-(+)-Sorbinil =
150 nM (beef crystalline)*4] with those of our compounds
(Table 1) indicates that the latter are good inhibitors of
aldose reductase activity.

Discussion and Molecular Modeling

The activity results shown in Table 1 indicate that
the 2-thioxo derivatives are more active (ICsy range
9—-96 nM) than the 2-oxo analogues (ICso range 48—
269 nM), an increase in lipophilic character leads to
greater activity (10—16 vs 9; 2—8 vs 1), and in three
cases out of four there is increased, although modest,
inhibitory activity observed for naphthalene derivatives
substituted at the 1-position rather than at the 3-posi-
tion (2 vs 5, 3 vs 6, or 11 vs 14). However the ICs
values obtained do not allow us to conclude the best
position of the substitution between the 1- and 6-posi-
tion (2 > 8 but 10 < 16). Finally the electron-donating
OCHj3; substituent is more favorable than the electron-
withdrawing Br and even more so with NO; (2 > 3 >
4).

Molecular modeling studies were carried out in order
to explain the disparity between the activity of some of
the products. We wished to examine, at the molecular
level, the interaction between aldose reductase and
several compounds, namely, the nonsubstituted inhibi-
tor 1 (ICso = 96 NnM) and the substituted inhibitor 2 (1Csp
= 9 nM) which exhibits the best inhibitory activity of
all compounds.

Our study has benefited from recent results of X-ray
studies of AR?1723 and of AR complexed with substrates
or inhibitors.242545 This work began after publication
of the AR-NADP*-glucose-6-phosphate ternary complex
by Harrison et al.25 and used his coordinates deposited
in the Protein Data Bank (code 1ACQ). We tried first
to retrieve Wilson's published crystallographic results
of the AR-Zolporestat complex?* despite the initial
embargo of the coordinates for this structure, and we
applied this knowledge to our inhibitors 1 and 2.

Construction of Models of the AR-Inhibitor
Complex. To study the interaction of an inhibitor with
the enzyme in the complex, it must be taken into
account that the number of different ways of putting
the molecules together is very large. We proposed,

within Sybyl,*6 a computerized manual docking proce-
dure, a variety of positions of the inhibitor in the active
site of AR, whose validity was checked by energy
minimization of the proposed complex until distances
and angles were physically acceptable and until con-
vergence to the lowest-energy values.

Our 3D-models for the AR-inhibitor complex construc-
tion were achieved using the following assumptions:

(1) Starting conformations of inhibitors were taken
from minimized anionic structures resulting from a
conformational analysis by a grid search procedure run
with crystallographic structures of inhibitors 1 and 2
or with a built structure of Zopolrestat. It is not the
sole way to reach likely conformations, but it is a reliable
one which provided, in addition, a good evaluation of
the acceptable torsional angle variations around rotat-
able bonds, i.e., those compatible with energy levels
within a chosen 3 kcal/mol range of the lowest one.

(2) To build models consistent with mutational data,
inhibitors were docked to form a hydrogen-bonding
interaction between one oxygen of the carboxylate group
of the inhibitor and the OH group of Tyr48. This group
is important for AR activity because its mutation to
phenylalanine (Y48F) cancels the enzymatic activity.*’—4°
It has also been proposed as a proton-donor group for
the reductase activity in the catalytic mechanism.?22547.49
Moreover, the oxygen of the carboxylate group must be
close to N, of His110 which directs substrate stereo-
chemical selectivity in the enzymatic reduction reaction
as shown by mutagenesis substitution.*® Finally the
carboxylate carbon of the inhibitor, which could be
considered analogous to the substrate’s carbonyl carbon,
must lie within a favorable distance of the nicotinamide
C4 carbon from which the transferring hydride origi-
nates. So the oxygen of the carboxylate group must be
located in the plane described by the phenolic hydroxyl
of Tyr48, the N, of His110, and the C, carbon of the
nicotinamide ring which was proposed as the common
binding site for substrates and anionic inhibitors.2>

(3) The possibility of making a hydrogen-bonding
interaction with the thiol group of Cys298 was taken
into account because its mutation to Ser (C298S) altered
kinetic parameters of AR and markedly reduced sensi-
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Table 2. Important Intermolecular Distances (A) in AR:Inhibitor Complexes
inhibitor
Zopolrestat citrate
aldose Wilson'’s study our modeling Harrison's study

reductase COO~ COO~ COO~ COO~ COO~ COO~ BtCg? BtCq? COO~ COO~ COO~
Tyr48-0 2.65 >2.89 2.68 4.41 3.76 3.37 3.51 3.86
His110-Ne; 2.89 >2.89 3.50 3.22 3.69 2.78 4.67 3.87
nicotinamide C4 3.63 3.14 3.93 3.31 3.19 3.75 3.63
Leu300-Cy 4.05 3.32
W111-Cg 2.97 3.15
W111-Cq 3.21 3.24

a Bt, benzothiazole.

bility of AR to inhibition by Sorbinil234° and because
its chemical alkylation showed similar effects.>

(4) On account of the too large size of certain acidic
inhibitors, such as Zopolrestat and other flexible inhibi-
tors with two aromatic ring systems, whose structure
cannot be totally accommodated by the elliptical active
site pocket of AR, we were compelled to seek hydropho-
bic interactions of the second aromatic ring system
(remote from the carboxylate group) with amino acids
of the wall of the active site pocket especially with
Trplll as described in Wilson’s crystallographic study
of the AR-Zopolrestat complex.2* So we placed the
benzenic ring of the benzothiazole moiety of Zopolrestat
into the groove between Trplll and Leu300. In the
case of inhibitors 1 and 2, the naphthyl moiety was
placed into this groove.

(5) For the AR-Zopolrestat complex, we positioned the
inhibitor so that an extra hydrogen bond could be made
between the CF3; moiety of Zopolrestat and the OH
group of Thr113, as mentioned in Wilson's results.

(6) To optimize bonding geometries and to relieve
close van der Waals contacts, adjustments were made
in the side-chain conformation of Leu300, in conforma-
tions of the inhibitor, and in ligand positions. The side
chain of Leu300 was moved away slightly to facilitate
positioning of the benzothiazole or naphthyl moiety of
the inhibitor between Trp111 and Leu300, and torsional
angle values of the rotatable bonds were modified within
an energy loss of AE < 3 kcal/mol, consistent with the
Gridsearch results, to accommodate the inhibitor mol-
ecule and facilitate bonding contacts.

After the inhibitor was positioned within AR, the
resulting conformation was subjected to an automatic
docking according to the Powell method®! using the
Tripos force field. According to the Anneal function in
Sybyl,#6 this minimization was restricted to all atoms
of the inhibitor and those AR atoms located at a distance
= 10 A from the inhibitor molecule (hot region). This
minimization also took into account the electronic effects
of those AR atoms located between 10 and 15 A
(interesting region), but their position was kept fixed.
A dielectric constant value of 3.5 was chosen due to the
high hydrophobic character of the active site pocket of
AR. Indeed six aromatic residues (Trp20, Trp79, Trpll1l,
Phel15, Phel22, and Trp219), three nonpolar residues
(Ala299, Leu300, and Pro310), and four polar residues
(Tyr48, His110, Cys298, and Tyr309) were originally
found lining the active site pocket.2?2 This hydrophobic
feature is consistent with the high-affinity binding of
hydrophobic substrates as aromatic aldehydes®? and
steroids®3 and of some AR inhibitors. Various positions

and minimizations were performed. A tendency toward
a common low-energy geometry supports the proposed
model for the AR-inhibitor complex.

The AR-Zopolrestat Complex. The bound Zopol-
restat occupies the entire active site pocket and makes
an unusually large number of contacts with surrounding
amino acid side chains (Figure 1). Major determinants
of the interaction are hydrogen bonds having distances
between 2.8 and 3.3 A, the first two being very strong
[COO from Tyr48-OH = 2.68 A, angle = 159°; CF from
Thr1l3-OH = 2.74 A, angle = 139°; N, (phthalazinone
moiety) from Cys298-SH = 3.27 A, angle = 115°].

Other important features are the numerous tight
hydrophobic interactions, especially those keeping the
benzothiazole moiety between Trplll and Leu300
(distances from Trp111 ranging from 3.0 to 3.3 A and
from Leu300 ranging from 3.3 to 4.1 A). The phthalazi-
none ring is sandwiched between Phel22 and Trp20 but
with more room (shortest distances from Phel22 = 4.15
A and from Trp20 = 3.60 A). The inhibitor’s carboxylate
group and the side chain of His110 are in close contact
(COO to His110-N, = 3.22 A), and its carboxylate carbon
is within a very favorable distance (3.31 A) of the
nicotinamide C, carbon from which the transferring
hydride originates. These important features of the
binding make Zopolrestat a very potent inhibitor of AR.

These results are very similar to those of Wilson’s
crystallographic study of the AR-Zopolrestat complex
and they agree also with Harrison’s crystallographic
study of the AR-citrate complex as seen in Table 2. The
only minor differences with Wilson's report are the
position of the O, carbon of the carboxylate group. In
our model the O3 atom of the carboxylate group (COO)
makes a strong hydrogen bond with Tyr48-OH (2.68 A),
as in Wilson's study, but none with the N, atom of
His110. In addition, the O, atom of the carboxylate
group (COO) is nearer His110-N, (3.22 A) than the O3
atom, while Wilson reported the O3 atom is involved in
a shared hydrogen bond with Tyr48-OH (2.65 A) and
with His110-N,H (2.89 A). A likely reason is the fact
that we used the AR-glucose-6-phosphate 3D-structure
from the PDB database as a starting enzyme structure.
This complex does not bear an H atom at the His110-
N site, while Wilson’s study used the acidic molecule
of Zopolrestat which was crystallized in the enzyme
making a salt link involving carboxylate group and
cationic His110-NoH™.

The AR-Inhibitor 1 Complex. As observed with
Zopolrestat, the inhibitor 1 molecule occupies the entire
active site pocket with numerous contacts with sur-
rounding amino acid side chains (Figure 2). The more
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Figure 1. Zopolrestat docked into the aldose reductase binding pocket. Carbon atoms of Zopolrestat and those of the surrounding
AR side-chain amino acids are shown in black except those of the nicotinamide moiety (under Trp20) and those, poorly illuminated,
of Tyr48 (carbons f, 2, 5). Heteroatoms are gray. Only H atoms likely to make H-bonds are shown in black. The two strong

H-bonds with HO-Tyr48 = 2.68 A and with HO-Thr113 = 2.74 A are shown (thin lines). (Top) Detailed view of AR-Zopolrestat
interaction with labeled amino acids. (Bottom) Stereoview of AR-Zopolrestat interaction.

important features of the interaction are the hydrogen
bond between the carboxylate group and the hydroxyl
of Tyr48 [d(COO~ from Tyr48-OH) = 3.08 A, angle =
160°] and the tight hydrophobic interactions which keep
the naphthyl ring between Trplll and Leu300 (dis-
tances from Trpl1l and Leu 300 ranging from 3.7 to
4.3 A). The carbon atom of the carboxylate group lies
at 3.66 A from the C, carbon of the nicotinamide moiety.
As for Zopolrestat a weak hydrogen bond is placed
between the 2-thioxo group of the inhibitor and Cys298
[d(C, = S from Cys298-SH) = 3.51 A, angle = 125°].
The AR-Inhibitor 2 Complex. In a similar way,
compound 2 shows remarkable interactions, in particu-
lar strong hydrogen bonding between the carboxylic
group of the inhibitor and the hydroxyl group of Tyr48
as well as several hydrophobic interactions which hold
the naphthalene ring between amino acids Trpl111 and
Leu300 (Figure 3). The methoxy group also demon-
strates strong hydrophobic interactions with neighbor-
ing amino acids such as Trp219 and especially Leu300.
The methoxy group interacts strongly with Leu300, with
both C6 and Cy atoms of the side chain [d(O-CH3—
CoLeu300) = 4.09 A and d(O-CHz;—CyLeu300) = 3.85

A] and with Trp219 [d(O-CH3;—CgW219) = 4.14 A and
d(O-CH3—CgW219) = 4.15 A]. Moreover, and as previ-
ously discussed, a weak interaction exists between
Cys298 and the dipolar oxo group of 2 [d(thiazolidine
C4 = O from Cys298—SH) = 3.13 A, angle = 105°]. The
carbon atom of the carboxylate group lies quite near
(3.09 A) to the C4 carbon of the nicotinamide moiety.

Conclusion

Molecular modeling studies of our AR inhibitors
together with Wilson’s crystallographic results for the
AR-Zopolrestat complex allow a greater understanding
of the interactions involved and, hence, a better evalu-
ation of a particular inhibitor. The structural criteria
for inhibitor activity are the presence of (1) a negative
charge, generally a carboxylic group able to anchor the
inhibitor at the OH of Tyr48 located in the center of
the anionic pocket; (2) aromatic rings capable of hydro-
phobic interactions with amino acids lining the enzy-
matic site, particularly Trpl111, Leu300, and Trp219 or
Trp20 as shown with inhibitors possessing only one
aromatic ring;* (3) electronegative atoms able to form
a hydrogen bond with the SH of Cys298. The stronger
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Figure 2. Inhibitor 1 docked into the aldose reductase binding pocket. The orientations of the AR amino acids (only side chains
are shown) and color codes are the same as those in Figure 1. H atoms likely to make H-bonds are shown in black. H-bonds with
HO-Tyr48 = 3.08 A and with HS-Cys298 = 3.51 A are shown (thin lines). (Top) Detailed view of AR-1 interaction with labeled

amino acids. (Bottom) Stereoview of AR-1 interaction.

the interactions, the better the binding to AR. Several
of our compounds displayed activity comparable to that
Zopolrestat or Ponalrestat because they too possess the
requisite features for binding to AR. In fact, although
molecules 1—16 are less flexible than Zopolrestat, their
naphthalene ring can be inserted into the groove located
between Trplll and Leu300 and form hydrophobic
bonds. The flexibility of the acetic side chain allows the
interaction of the carboxylate with the OH of Tyr48 by
strong hydrogen bonding, thus placing the carbon atom
of the carboxylate group at a favorable distance with
respect to the C4 of nicotinamide, i.e., at the site of
catalytic transfer of the hydride ion. As with Zopol-
restat the 2-thioxo group of compounds 1—8 or the 4-oxo
group of compounds 9—16 seems to interact via hydro-
gen bonding with the SH of Cys298.

Molecular modeling studies clearly showed that the
quality and intensity of the hydrogen bond between the
carboxylic group of the inhibitor and Tyr48 are much
better for Zopolrestat and 2 than for 1 (respective
distances of 2.68, 2.60, and 3.08 A). Similarly the
interaction between the CO and CS groups of the
inhibitors with the SH of Cys298 is much stronger for
Zopolrestat and 2 than for 1. The hydrophobic interac-
tions between the benzothiazole ring of Zopolrestat and
the naphthalene ring of 1 and 2 with Trplll and
Leu300 seem comparable. The high binding affinity of

Zopolrestat for AR can be accounted for by the ad-
ditional hydrogen bond between CF3 and Thr113. Simi-
larly the higher affinity of compound 2 compared to that
of compound 1 can be accounted for by the strong
hydrophobic interactions between the methoxy group of
2 and Leu300 and Trp219.

The results presented here also provide a guide for
design of inhibitors with enhanced activity.

Experimental Section

Reaction progress and purity of products were checked by
carrying out TLC using silica gel (Merck 60 Fzs4); the spots
were located with UV light. The identity of all new compounds
was confirmed by both elemental analysis (C, H, N, O, S)
whose results were within +0.4% of theoretical values and by
NMR data. All melting points were determined on a Kofler
bench and are uncorrected. One-dimensional and two-
dimensional homonuclear or heteronuclear *H and *C NMR
spectra were obtained on a Bruker AC200 FT spectrometer
with TMS as an internal standard.

Synthesis of Substituted 2-Naphthaldehydes. These
intermediates were synthesized by published procedures:
1-bromo-2-naphthaldehyde from 1-bromo-2-methylnaphtha-
lene, obtained after Adams et al.%°according to Smith;
3-bromo-2-naphthaldehyde from 3-bromo-2-methylnaphtha-
lene—bis(hexachlorocyclopentadiene) adduct according to
Smith;%* 3-chloro-2-naphthaldehyde from 2-bromo-3-chlo-
ronaphthalene according to Lindley;?” 1-methoxy-2-naphthal-
dehyde from 1-methoxynaphthalene and 3-methoxy-2-naph-
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Table 3. Chemical Data for Substituted
5-(2-Naphthylmethylene)-3-thiazolidineacetic Acids

reaction conditions

temp time yield mp
compd substituent (°C) (h) purif (%) (°C)
X =S, 2-Thioxo Series
1 H 110 35 a 495 256—258
2 1-OCHgs 110 6 b 225 225-229
3 1-Br 110 3.5 c 79 265—266
4 1-NO; 30 10 d 78 249-250
5 3-OCHs3 110 6 e 50.5 294-296
6 3-Br 110 3.5 c 88 269-270
7 3-Cl 110 5 b 55 267—269
8 6-OCH3 110 35 b 615 262—-264
X =0, 2-Oxo Series
9 H 150 23 b 52 251—-253
10 1-OCHgs 150 13 d 63.5 287-292
11 1-Br 150 7.5 f 68.5 330—332
129 1-NO¢ 80 2 d 60 288—290
13 3-OCH3 150 13 b 71 278-283
14 3-Br 150 7.5 d 53.5 264-266
15 3-Cl 150 13 b 63.5 270-272
16 6-OCH3 150 20 f 47 316—-318

Purification: acrystallization from acetone; Pwashing with Et,0;
ccrystallization from EtOH/MeOH; dcolumn chromatography on
silica gel with CHCI3/EtOH (95:5); ewashing with acetone; fcrys-
tallization from DMSO/EtOH. ¢ This compound was synthesized
with acetic anyhdride instead of acetic acid, in mild conditions as
shown in the text.

thaldehyde from 3-methoxynaphthalene according to Nara-
simha;® 6-methoxy-2-naphthaldehyde from 6-methoxy-2-bro-
monaphthalene according to Eriguchi;?® 1-nitro-2-naphthal-
dehyde from 1-nitronaphthalene according to Makosza.?®

Synthesis of 2,4-Dioxo-5-(2-naphthylmethylene)-3-
thiazolidineacetic Acid Derivatives. General Proce-
dure. A solution of substituted 2-naphthaldehyde (1.03 mmol
in 4 mL of acetic acid) was added to a stirred mixture of 2,4-
dioxo-3-thiazolidineacetic acid (0.15 g, 0.86 mmol) and sodium
acetate (0.22 g, 2.63 mmol) in 6 mL of acetic acid previously
warmed for 30 min at 30 °C. The mixture was refluxed at
150 °C for various conditions of time depending on the
substitution. After cooling the mixture was poured into water
(30 mL) and diethyl oxide (30 mL) and stirred at room
temperature for 1 h. The solid precipitate was filtered off and
washed with water. The solid residue was purified by washing
with cold diethyl oxide, by crystallization in the appropriate
solvant or by column chromatography on silica gel with CHCI3/
EtOH (95:5). Details of experimental conditions are shown
in Table 3.

Synthesis of 2,4-Dioxo-5-[(1-nitro-2-naphthyl)methyl-
ene]-3-thiazolidineacetic Acid. A stirred mixture of 2,4-
dioxo-3-thiazolidineacetic acid (0.75 g, 4.3 mmol), sodium
acetate (0.40 g, 5.0 mmol), and 1-nitro-2-naphthaldehyde (1.30
g, 6.5 mmol) in 3 mL of acetic anhydride was warmed at 80
°C for 2 h. After cooling and storing at 4 °C for 12 h, the
mixture was poured into water (15 mL) and stirred for 2 h.
The solid precipitate was filtered off, washed with water, and
purified by column chromatography (silica gel; chloroform/
ethanol, 95:5) giving 0.93 g (60% yield) of 2,4-dioxo-5-[(1-nitro-
2-naphthyl)methylene]-3-thiazolidineacetic acid: mp 288—290
°C.

Synthesis of 4-Oxo0-2-thioxo-5-(2-naphthylmethylene)-
3-thiazolidineacetic Acid Derivatives. General Proce-
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dure. A solution of substituted 2-naphthaldehyde (4.8 mmol
in 4 mL of acetic acid) was added to a stirred mixture of 4-oxo-
2-thioxo-3-thiazolidineacetic acid (0.80 g, 4.2 mmol) and
sodium acetate (0.86 g, 10.6 mmol) in 6 mL of acetic acid for
30 min at 30 °C. The mixture was submitted to various
conditions of temperature and time, depending on the substi-
tution. After cooling, the mixture was treated similarly as 2,4-
dioxo-3-thiazolidineacetic acid derivatives. Details of experi-
mental conditions are shown in Table 3.

Preparation of Aldose Reductase and Assay of Its
Activity. The partially purified aldose reductase was pre-
pared as described by Kador and Sharpless.®® The beef lenses
were homogenized in 96 mM phosphate buffer (pH = 6.2) at 4
°C. The homogenate was centrifuged at 15.000 t/min for 1 h
at 4 °C, and the supernatant fluid was collected and could be
stored at —20 °C for 1 month.

Assays of AR activity were performed spectrophotometri-
cally as described by Kador and Sharpless®® on a Uvikon-866
spectrophotometer at 37 °C. The reaction mixture contained
1 mL of phosphate buffer (96 mM, pH 6.2), 0.2 mL of enzyme
solution, 0.4 mL of NADPH (0.18 mM), and 0.4 mL of
pL-glyceraldehyde (1 mM) as a substrate. The reaction was
initiated by the addition of NADPH, and the rate of NADPH
oxidation was followed by recording the decrease in absorbance
at 340 nm. The effects of compounds 1-16 on the enzyme
activity were determined by adding 0.2 mL of test compound
solution to the reaction mixture. The appropriate blanks to
correct for nonspecific oxidation of NADPH and absorption of
the reagents and of the compounds tested were prepared.
Three measures of absorption were simultaneously performed
for assays and blanks in an experiment. Inhibitory activities
of quercitrine and Ponalrestat were tested to evaluate our
experiments. Each compound was tested for four different
concentrations, and five measures were performed for each
concentration.

ICso values were graphically measured after linear regres-
sion of inhibitory percentages expressed with logarithmic
concentrations of inhibitory compounds.

Molecular Modeling Studies. All modeling procedures
were performed with the Sybyl 6.1 software package* running
on a Silicon Graphics Iris 4D-35 workstation.

Building or Retrieving Structures of Inhibitors. Struc-
tures of 1 and 2 were obtained from previous results of
radiocrystallographic RX analysis®” through atomic coordinates
via Crysin tools. Structure of Zolporestat was built with the
standard fragments library. Then, the corresponding anions
were obtained by modification of the carboxylic group to the
mesomeric carboxylate ion and addition of a formal charge —1.
These anionic structures with charges of the Gasteiger—
Huckel type were minimized by the Powell method®* within
Maximin 2 using the Tripos force field with the standard
parameters and a value of 0.05 kcal/mol for the gradient
termination cutoff. All minimizations were always run with
a dielectric constant € = 3.5. This value was chosen because
the active site pocket of AR is strongly hydrophobic.

Conformational Analysis of Inhibitors 1, 2, and Zopol-
restat. We used the Gridsearch module of Sybyl. The starting
conformation was, in each case, the anionic minimized struc-
ture after building (for Zopolrestat) or after setting up of
crystallographic structures (for 1 and 2). Rotatable bonds were
defined: the two single bonds between heterocycle and car-
boxylate group for all inhibitors and the two single bonds
between heterocycles for Zopolrestat (four rotatable bonds in

Figure 3. Inhibitor 2 docked into the aldose reductase binding pocket. The orientations of the AR amino acids (only side chains
are shown) are the same as those in Figure 1. Color codes for heteroatoms are conventional. Carbon atoms of 2 are shown in
cyan, and those of AR side-chain amino acids are shown in white except those of Trpl111l and Leu300 (magenta), Tyr48 (purple),
and the nicotinamide moiety (yellow). Carbon atoms of 2 are cyan. H atoms likely to make H-bonds are cyan. H-bonds with
HO-Tyr48 = 2.60 A and with HS-Cys298 = 3.13 A are shown (thin yellow lines). (Top) Detailed view of AR-inhibitor 2 interaction
with labeled amino acids. (Middle) Stereoview of AR-inhibitor 2 interaction. (Bottom) Orthographic view of AR-inhibitor 2 interaction
showing 7z—x interactions of the naphthyl moiety of 2 with Trp111 and Leu300 and tight interactions of the 1-OCHj; substituent

with Leu300 and Trp219.
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all), the single bond between rings for 1 and for 2 (three rotable
bonds for 1), and in the case of 2 the bond between the OCHj;
group and the naphthyl moiety (four rotatable bonds for 2).
Angle increments usually 0—359° angle range, were 60° for
Zolporestat and 30° for 1. For 2, angle increments were 30°
relative to the first three rotatable bonds, but usual values of
0°, 90°, and 180° were set for the rotation of the fourth rotamer
(relative to OCHj; group). The minimization used in the
Gridsearch method was parametrized with a maximum of 400
iterations and with other parameters set as previously for
minimizations. In each case the geometries of the 12 first
conformers with lower energies obtained in that way were
freely optimized with Maximin 2. Then, the lowest-energy
conformation resulting from this convergent procedure of
optimization was chosen as the starting structure for modeling
of the interaction of the inhibitor with AR.

Modeling of the Interaction of Zopolrestat and AR.
3D-Structure of AR (315 amino acids) was taken from crystal-
lographic data of the ternary complex Aldose reductase-
NADP*-glucose-6-phosphate extracted from the Brookhaven
Protein Data Bank (code 1ACQ)?5 within the Biopolymer
module of Sybyl. The water molecules and the glucose-6-
phosphate molecule were first deleted. Then NADP* atom
types were corrected because atom types are typically incorrect
for groups in Brookhaven files. After that Amber charges were
loaded onto the protein leading to the starting conformation
of AR. As usual for docking with Sybyl, the Zopolrestat and
the AR starting conformations were put in two different
display areas which can be superimposed to build the complex
AR-Inhibitor. The inhibitor molecule was roughly put in a
variety of positions allowing one of the oxygen atoms of the
carboxylate group to interact with the proposed important
hydroxyl group of Tyr48, at a distance of 2.6—3.1 A and close
to the plane described by this hydroxyl group, the N, of His110,
and the C, carbon of the nicotinamide ring, while the benzenic
cycle of the benzothiazole moiety of Zopolrestat was fitted into
the split between Trp11l and Leu300 so that the CF3; group
of the inhibitor pointed toward the hydroxyl group of Thr113.
During these trials and to adjust the position of the inhibitor,
the conformation of Zopolrestat was modified by rotating
within a 20° range its rotatable bonds, and the torsional angle
N—Ca—Cp—Cy of Leu300 was modified from —133° to —153°
to move slightly the Leu300 side chain away and to widen the
split between Leu300 and Trplll. Finally the position of the
inhibitor was refined by the Automonitor facility, and the two
molecules were freezed and merged in a single area ending
the construction of the candidate conformations for docking.

These conformations of the AR-inhibitor complex saved for
subsequent analysis were energy-minimized by the Powell
method in Maximin 2 with the Tripos force field, Gasteiger—
Huckel charges, and dielectric constant € = 3.5, allowing 3000
iterations (the initial optimization performing a simplex
minimization for 20 steps), using the Anneal function (hot
region, 15 A; interesting region, 10 A around the inhibitor),
and including termination by the energy gradient set at 0.05
kcal/mol.

Modeling of the Interaction of 1 or 2 with AR. These
inhibitors were positioned as previously described for Zopol-
restat for the carboxylate group, and their naphthyl ring was
inserted into the split between Trp111 and Leu300. The side
chain of Leu300 was moved away as in the Zopolrestat case,
and adaptions of the naphthyl moiety were undertaken by
slight modifications of torsional angle value of the rotatable
bond between cycles. For inhibitor 2, of the two possibilities
of positioning the naphthyl ring, the one which faced the OCHgz
group and the Leu300 was clearly privileged. After a last
refinement by the Automonitor facility, energy minimizations
were run in the same previous conditions.

Supporting Information Available: 'H NMR data for
substituted 2-naphthaldehydes and *H and **C NMR data for
newly synthesized compounds 1-16 (5 pages). Ordering
information is given on any current masthead page.
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