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Abstract

Human aldose reductase (AKR1B1, AR) is a key enzghtbe polyol pathway,
catalyzing the reduction of glucose to sorbitohagh glucose concentrations, as those
found in diabetic condition. Indeed, AKR1B1 oversegsion is related to diabetes
secondary complications and, in some cases, withetaFor many years, research has
been focused on finding new AKR1B1 inhibitors (ARts overcome these diseases.
Despite the efforts, most of the new drug candmidteled because of their poor
pharmacokinetic properties and/or unacceptableediéets. Here we report the synthesis
of a series of 1-oxo-pyrimido[4,8quinoline-2-acetic acid derivatives as novel ARIs.
ICso assays and X-ray crystallographic studies proveat these compounds are
promising hits for further drug development, witlghh potency and selectivity against
AKR1B1. Based on the determined X-ray structureth wnit-to-lead compounds, we
designed and synthesized a second series thategidihd compoun®8 (K; app Vs.
AKR1B1 = 73 nM). These compounds are related to pheviously reported 2-
aminopyrimido[4,5€]quinolin-1(2H)-ones, which exhibit antimitotic activity. Regaedt
of their similarity, the 2-amino compounds are uaab inhibit AKR1B1 while the 2-
acetic acid derivatives are not cytotoxic agaititstosarcoma HT-1080 cells. Thus, the
replacement of the amino group by an acetic acidetyjochanges their biological

activity, improving their potency as ARIs.

Keywords: 1-oxo-pyrimido[4,5€]quinoline-2-acetic acids; AKR1B1; AKR1B10;

molecular modeling; X-ray crystallography.

Abbreviations:

AKR, aldo-keto reductase; AKR1B1, aldo-keto redsetdamily member 1B1;
AKR1B10, aldo-keto reductase family member 1B10;,Ad&dose reductase; ARI,
AKR1B1 inhibitor, DMEM, Dulbecco’s minimal essentianedium; EIMS, electron

ionization mass spectroscopy; TEA, triethylamine.



1. Introduction

Aldo-keto reductases (AKRs) constitute an oxidoctdse superfamily with
ubiquitous distribution in living organisms. MostKRs are NADP(H)-dependent,
monomeric cytosolic proteins. Due to a conservdgksigate-binding site (only with few
changes) and variable external loops, these enzyaegeduce carbonyl groups of a
wide variety of compounds, including carbohydratsetgroids, isoflavonoids, lipid
peroxidation products, retinoids and prostaglarjdi@s.

Human aldose reductase (AKR1B1, AR) is a potenltiafapeutic target against
secondary complications of diabetes because abitsin the reduction of glucose to
sorbitol. Under normoglycemic conditions, due te thigh Km value of AKR1B1 for
glucose (Km = 76 mM)[3], the importance of this Ipafy is limited. But under
hyperglycemic conditions, the enzyme is active tasathe formation of sorbitol, a
potent osmotic regulator. The high production ofbgol along with its oxidation
product, fructose, induces cellular osmotic stregsch in turn promotes the expression
of AKR1B1. This would further accentuate the oxidatstress linked to the redox
imbalance on cofactor regeneration, accounting feecondary diabetes
complications[4,5] . Recently, AKR1B1 has also bebown as the mediator of certain
oxidative and inflammatory signaling pathways retato other pathologies, such as
cardiovascular disorders, sepsis, and cancer[6].

The use of enzyme inhibitors has been proposedgas@ therapeutic strategy to
treat diseases associated to the action of AKRIBM the aforementioned recent
findings have renewed the interest for AKR1B1 asirget. Since AKR1B1 and other
members of the AKR superfamily, such as AKR1B10 AK&R1B15, have a very similar
active-site topology, selective inhibitors are resbdo discriminate between them[4,6—
10]. Noteworthy, almost all AKR1B1 inhibitors (ARIpossess a negatively charged
group,e.g,the carboxylic acid function of the acetic acidsd of inhibitors, or the imide
group of hydantoins and their isosteres. This grioigracts with the active-site region
where the catalytic residues and the positively-@bd nicotinamide moiety of the
cofactor are located, the so-called anion-binditejkl]. Adjacent to the AKR1B1 active
site, an additional subpocket exists that can benep by induced fit, the specificity



pocket, giving rise to a significantly enlargediaetsite. This opening is generally driven
by a second, usually hydrophobic, ARI moiety[12,13]

A great number of ARIs have been identified in regeears, but very few of them
showed sufficient therapeutic efficacy in clinid¢ahls, with epalrestat as the only ARI
commercially available to date. Most of the drugndidates failed due to poor
pharmacokinetic properties, toxicity and/or unspeadn vivo action[14]. Therefore, new
ARI scaffolds with an improved profile are needed.

Previously, Metwally and coworkers[15] charactedizbe 2-aminopyrimido[4,5-
c]quinolin-1@2H)-one scaffold, seeking inhibition of tubulin polgnzation. They have
expanded the structure-activity relationship (SAR)this scaffold, finding that it has
anticancer potential[16—19]. Although the overathitarity of this scaffold is low when
compared to other ARIs (as shown Supplementary datg Table SJ), it shares
substructures with alrestatin[20] and zenarestft[2do potent AKR1B1 inhibitors
(Figure 1). In fact, several alrestatin derivatiaesl other isosteric quinolones have been
described as godd vitro ARIs[22]. Hence, we surmised that replacemenhef-amino
group by a carboxylic acid moiety could make than@nopyrimido[4,5€]quinolin-
1(2H)-one scaffold amenable for AKR1B1 inhibition. ldewe synthesized and testad
vitro 1-oxo-pyrimido[4,5€]quinoline-2-acetic acid derivativess new ARIs. Our results
showed that some of the derivatives are promisitgyfor AKR1B1 drug development
due to their low IG, values and high selectivity for AKR1B1, when comgzhto the
closest homologue AKR1B10. Structural informati@vealed that the high potency of
the compounds is not dependent on the openingeoA#KR1B1 specificity pocket and
that they explore previously unoccupied active-sgons. In addition, these compounds
showed low or no cytotoxicity against lung fibrasama HT-1080 cells. Therefore,
within the series of 1-oxo-pyrimido[4&quinoline-2-acetic acid derivatives, the lead
compound68, with a low nanomolar Kyppvalue and complying with the Lipinski's rule
of five (Table S2, is a promising candidate for further drug depetent.
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Figure 1. Chemical structures dfoxc-pyrimido[4,5-c]quinoline-2-acetic acid (A) and2-aminopyrimido[4,5-
c]quinolin-1(2H)-one (B)derivatives compared to tlotassical ARIs Enarestat (C)andAlrestatin (D).

2. Results and discussion
2.1.Design rationale

The initial 2-aminopyrimido[4,%]quinolin-1@2H)-one scaffold Figure 1B)
presents a heterocyclic coplanar core reminiscérdll@loids and flavonoids, with a
central quinoline moiety. Indeed, several ARIs oted from natural sources are related
to those two families of metabolites, and someheirt exhibit a quinoline moiety[22].
Regarding ARIs, having a quinoline isostere and sehstructures in complex with
AKR1B1 holoenzyme have been solved by X-ray crisgghphy, zenarestat and
alrestatin are partly superimposable with the ahisicaffold (see&Supplementary data
Similarity Analysis). and both possess a carboxgltd moiety that interacts with the
anion-binding siteKigure 1)[20,21] That allowed us to propose the 1-oxo4myo[4,5-
clquinoline-2-acetic acid as a putative ARI, giveds molecular similarity with the
aforementioned ARI[23].

To ascertain the feasibility of our hypothesis, pexformed docking analysis of
both the initial and the proposed scaffold, inchgliseveral substitutions based on
previous SAR performed with the initial scaffoldut®f the two possible PDB structures
amenable to use as docking receptors, we chosediiesponding to the AKR1B1
holoenzyme complexed with zenarestat (PDB ID 1liEihce the cognate alrestatin
complex has two mutations in the active site (PDB1AZ1). Figure 2 displays the

binding modes obtained. In all cases with the 1-pyomido[4,5<]quinoline-2-acetic



acid derivatives, the carboxylic acid was locatedhe anion-binding site, similarly to
zenarestat, as we were expecting. Besides, dockasgalso performed with the other
main conformers of AKR1B1 active site[24] and ttaboxylic acid of the best poses
was also located in the anion-binding site, exdepthe case of the fidarestat pocket
(Figure S1). Therefore, we decided to pursue synthesis an® ®A the designed

compounds.

Figure 2. Computed binding mode dfoxo-pyrimido[4,5-c]quinoline-2-acetic acid(gold sticks, 2-acetic
acid group circled with red dashes) ardminopyrimido[4,5-c]quinolin-1(2H)-one (cyan sticks, 2-amino
group circled with blue dashes) scaffolds compaecedenarestat (green sticks). The interacting AKR1B
residues are displayed in white sticks and the NABBlecule (from PDB ID 1IEl) is displayed in orange
sticks.

2.2. First series
2.2.1. Chemistry

The first series of target acetic acid derivatiu@y-48 were synthesized
according to the synthetic route outlinedSoheme 1 A modified Pfitzinger procedure
was adopted to prepare the starting 3-aminoquiedlicarboxylic acid derivatives {
12) through reaction of the appropriate isatins wikie appropriate phenacylamine
hydrochlorides under strongly basic conditions a®vipusly reported[17,25,26].



Cyclization to the desired lactoned3(24) was achieved by heating with acetic
anhydride. Treatment of the lactones with glycitieykeester in the presence of sodium
acetate in refluxing acetic acid afforded the deetsters45-39 in good yields. Basic

hydrolysis using aqueous sodium hydroxide gaveddwred title compound8T-48 in

fair yields.
Scheme 1:
0
R,
N
H

Reagents and conditions:
(a) 4-Substituted phenacylamine hydrochloride, NaOHQHEH,O/THF, 85 °C to reflux. (b) Acetic
anhydride, reflux. (c) Glycine ethyl ester, gEHDONa, HAOC, reflux. (d) Ag. NaOH, 1N, RT.

2.2.2. AKR1B1 and AKR1B10 inhibitor activity

Testing compound87 to 48 in vitro against AKR1B1 revealed that the most
potent inhibitors were compound@3 to 41 and 44, displaying 1G, values below 1 pM,
while the IGy values for the other compounds ranged from 1.5 oM (Table 1).
AKR1B10 IG5 was included for each compound to establish tledative selectivity for
AKR1B1, as shown inTable 1L Compounds37 to 41 and 44, the most potent for

AKR1B1, were also the most selective.



Table 1. Inhibition of AKR1B1 and AKR1B10 by compouwnds of the first series.
COOH

2

Code R R, 'Cs0 (UM) AKR1B1
AKR1B1 AKR1B10 Selectivity
37 H —CI 0.21£ 0.0: 7.86 37
38 “H —Br 0.20 + 0.0 10.0¢ 50
39 F —Cl 0.35 + 0.0 8.1¢ 23
40 F —Br 0.57 + 0.1 9.61 17
41 F —OCH; 0.26 + 0.0 10.0¢ 38
42 —Cl —Cl 154+0.1. 9.61 6
43 —Cl —Br 1.92+0.2 13.81 7
44 —Cl ~OCH, 0.76 £ 0.0 17.0¢ 22
45 —Br —Cl 222403 17.7¢ 8
46 —Br —Br 157+0.2 16.3: 10
47 —CH, —Cl 4.92 + 0.6 28.4¢ 6
48 ~OCH, —Cl 314405 15.0¢ 5

2.2.3. In vitro cytotoxic activity

Most of the first series derivatives are potent AER inhibitors Table 1). To
analyze their cytotoxic activity, we tested themiagt the human fibrosarcoma HT-1080
cell line, using the MTT-assay. The results of 7@x¢ubation with the test compounds,
as well as doxorubicin hydrochloride used as pasitiontrol, are shown ihable 2 The
2-amino analogues previously descrilfddand72[15] are also included for comparison
(structures are shown rable 3).



Table 2. Cytotoxicity of first series compounds agast HT-1080 cells.

Code Cellular IC 5q(uM)
37 > 100
38 > 100
39 > 100
40 > 100
41 > 100
42 302 (+7.5
43 > 100
44 78.1 (1.1
45 > 100
46 > 100
47 > 100
48 86.7 (+3.9
71 1.23 = 0.22] [15]
72 1.84 1+ 0.40 [15]
Doxorubicin 0.0058 (+0.002¢

The results represent the mean (+ standard dew)atiotwo independent experiments and are expreased
cellular 1G,, the concentration that reduced by 50% the optieaisity of treated cells with respect to
untreated controls.

In contrast with the results of the 2-amino commsifil and72[15], their acidic
counterparts displayed no or weak cytotoxic agtjats shown imable 2 Therefore, the
substitution of the amino group with an acetic aomiety substantially decreases

cytotoxicity.

2.2.4. X-ray crystallography and structure-activity relatiship

X-ray crystallography was used to understand themnale of the strong inhibition
of the 1-oxo-pyrimido[4,5]quinoline-2-acetic acid scaffold against AKR1Blhr&e
structures of complexes between AKR1B1 holoenzymed @ompounds7, 39 and41l
were obtained, at 0.94, 0.96 and 0.96 A resolutiespectivelyTable S3shows the data
collection and refinement statistics (aRjure S2 displaysF,—Fc omit maps). All the

structures folded into the AKR prototypical/§)s-TIM barrel, with the cofactor position
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conserved, and provided a clear understandingefdlevant interactions that make up

the AKR1B1-inhibitor complexes.

2 TRP-219

Figure 3. A) Top view of inhibitor39 (yellow sticks) complexed to AKR1B1 holoenzymeaoggin in grey
surface and NADPIn orange sticks). B) Atomic representation of #utive site of AKR1B1 holoenzyme
complexed with39 (coloring as in A, except for protein residueswhite sticks), with distances in A,
hydrogen bonds displayed with smudge green dashes &nd hydrophobic contacts in cyan dashed lines.
C) Superimposition of AKR1B1 (surface corresporm$DB ID 11EI) complexes witl39 (yellow sticks

and surface), alrestatin (violet sticks and surfae® molecules bound in a stacked arrangement) and

zenarestat (green sticks and surface).
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The inhibitors are oriented in the active site &®{RLB1 laying between loops B
and C Figures 3A and C) with the carboxylate head close to the positivetyarged
nicotinamide moiety of the cofactor and forming rogen bonds with the OH of Tyr48,
the Ne2 of His110, and the &1 of Trpl111 Figure 3B), in close agreement with our
docking predictionsKigure 2). Besides, in all the structures there is an stitésl water
molecule at 2.9 A distance from the nitrogen atdrthe quinolone ring of the inhibitor
(Figures 3B and S4). The central pyrimido[4,6}quinolin-1(2H)-one moiety is
displaying hydrophobic interactions with Trp20, B2 and Trp219, while the 5-phenyl
moiety is stacked with Trp219. All these interantioanchor the inhibitor within the
enzyme active sitd~(gure 2B).

To note also that, while the acetic acid moietipcsated roughly identically in the three
structures, the pyrimido[4,8quinolin-1(2H)-one moiety can relatively swing between
Trp20 and Phel22, driven by the distinct interaxdiof their 5-phenyl moietyFgure
S3. Nevertheless, in all three structures, the $jpégi pocket (localized between Trpl11l
and Leu300) is not open, remaining in the holoereyonformation characterized by a
closed loop C (with a closed Leu300, the gatekesgsdue Figure 3A)[4,13].

The inhibition analysis indicates that substituaattthe R1 position are the main
determinants of the inhibitory potency of this esr{Table 1). Consistently, the obtained
structures show that substituents at the R1 posidee important for the inhibitor
binding. Thus, R1 groups are located in a solv&pbsed regionKigures 2A andB). In
this sense, compound®¥ to 41, bearing the smaller and more polar -H or -F at R1
display 1Gp values below 1 puM. The rest of the compounds, ibgamore apolar
substituents (-Cl, —Br, —CHor —OCH), display 1G, values above 1 pM (with the
exception of44). The SAR for the R2 substituents is not that reted. However, the
AKR1B1 holoenzyme complex withl, which bears a —OCHsubstituent at R2, is the
only one where an R2 group is interacting with phetein (with the main-chain amino
groups of Leu301 and Ser3(2gure S3B), consistent with a lower Kgvalue. Thus, the
—OCH; substituent ird4 would similarly account for the slightly strongerhibition of
this compound, though other possibilities could m®tuled out. Regarding the AKR1B1

selectivity of the current scaffold over AKR1B10hWe no structural information was

11



obtained with the latter, the most likely explaoatimight be the differences in loop C
residue composition, as loop B is highly consernveoetween the two enzymes.

The docking poses obtained were similar to thergetallized ligands, but they
present some differences (apart from revealingclbged state of the specificity pocket),
the most notable being: i) the —gHof the 2-acetic acid group is flipped in the dogk
while in the X-ray structures the whole 2-acetiaddagroup was superimposable to the
cognate group in the AKR1B1-zenarestat compkgure 1); ii) the R2-substituted aryl
moiety is not stacked against Trp219.

We also compared our structures with the previousdwed structures of
AKR1B1 complexed with alrestatin and zenarestat RPIDs 1AZ1 and 1IEl,
respectively, Figure 3C). Their superimposition allows visualizing thatetlturrent
compounds and alrestatin bind in a similar mannethé enzyme. On the other hand,
zenarestat induces the opening of the specificagkpt Eigure 3C). Therefore, we
strived to probe the R3 substituent, which appeaented towards the area where the
specificity pocket is locatedF{gure 3C). Interestingly, the parent pyrimido[4,5-
c]quinolin-1@2H)-one scaffold[15] was modified by the additionsohalobenzyl group in
R3. Such a moiety is known to open the specifipibgket[27,28]. However, previous
studies by us and others[13,29,30] have shown dpahing the specificity pocket of
AKR1B1 by a compound does not necessarily incré@senhibitory potency. In this
regard, we decided to design and synthesize a desenies of R3 derivatives
contemplating both scenarios, either opening ortimetspecificity pocket, to assess how

this might affect their inhibitory potency.

2.3.Second series
2.3.1.Chemistry

The synthetic route was modified in order to obttie 3-substituted benzyl
derivatives of the second series of target compeupd66 as depicted irBcheme 2
Treatment of 3-aminoquinoline-4-carboxylic acid idatives (L, 3 with phenylacetyl
chloride or 4-chlorophenylacetyl chloride in theeggnce of triethylamine in refluxing
THF yielded the N-acyl intermediates which wereedily cyclized with acetic anhydride

to give the corresponding lactoneés0{52. The acetate ester§7-59 were prepared

12



following the same procedure used to synthesizie toeinterparts5-36 as previously

mentioned.

Scheme 2:

67-70 64-66

R
R;=H,F R,=H
R,=H,Cl R,=H, Cl
R; = CH;, CH,CH;, CH,CH,CH; R3 = CH,CgHs, CH,-4-CI-CgH,

Reagents and conditions:

(a) Phenylacetyl chloride or 4-chlorophenylacetiglocide, TEA, THF, reflux. (b) The appropriate acid
anhydride, reflux. (c) Glycine ethyl ester, gEOONa, HAOC, reflux. (d) HCI/HAOc, Reflux. (e) Aqg.
NaOH, 1N, RT.

Attempts to hydrolyze the esters using aqueous usodhydroxide were
unsuccessful and gave dark colored reaction migtprebably due to high reactivity of
the benzylic side chain under basic conditionsalynthe desired target acid64(66

13



were obtained by hydrolysis of the esters undedi@aonditions using a hydrochloric
and acetic acid mixture under reflux conditionseThethyl and 3-propyl substituted
acetic acids@8-70 were prepared following the same procedure usepré¢pare their
first series analogues with replacing acetic anidgdrby propionic and butyric
anhydrides, respectively. Compouid was obtained in a similar fashion but starting
with the unsubstituted 3-aminoquinoline-4-carboxyéicid @9). Structures of all the
target compounds37-48 and 64-70 were characterized by means of mass spectrometry
and, 'H and **C NMR spectroscopy. Their purity was satisfactordgnfirmed by

elemental analysis.

2.3.2.In vitro AKR1B1 and AKR1B10 inhibitor activity

In the second series of compounds, we u3édas scaffold to probe the R3
substituent, and the inhibitory potency was measime 1G, analysis Table 3). The
most potent compounds &8 and69, without an aromatic group in R3. In fact, the mos
potent compounds of this serié&-7Q contain an alkyl chain instead. The potency is
approximately 10 and 5-fold lower f65, with benzyl, than fo68 and69, respectively,
with an alkyl chain. On the other hand, it can beevved that the addition of fluorine to
R1 in 70 decreases the potency by a factor of 4 as comparé®, with H in R1.
Regarding the selectivity to AKR1B1 in respect t&RLB10, this second series also
seems to improve AKR1B10 inhibitory potency to theint that the selectivity for
AKR1B1 is lower. Thus, the SAR behind it will besabject of further study, given the
added difficulty posed by the fact that the actite of AKR1B10 is even more flexible
than that of AKR1B1 and presents an extra subpakite base of loop A.

We also tested the amino derivatives (compoutidsnd72)[15] to determine, by
comparison, the effect of the lack of the acidiougr. As it can be seen ifable 3 no
inhibition was observed up to 10 uM level, indingtithat despite sharing a structure
similar to the 2-amino derivatives, the acetic agmbup is essential for AKR1B1
inhibition. This, and the fact that the 2-amino @munds are cytotoxic by tubulin
polymerization inhibition[15], make the amino oiidic motif as the selector between the

inhibition of tubulin polymerization and AKR1B1.

14



Table 3. Inhibition of AKR1B1 and AKR1B10 by compouwnds of the second series.

R
Code R R Re AKRlEI>(1: 8 (w\:)KRlBlo geﬁii?/i%y
37 “H —ClI —CHs 0.21% 0.4 7.8€ 37
64 -H  -ClI ~CH,-CeHs 2.65+ 0.4 2.3t
65 -H -Cl  —CHr4-Cl-CeH,  1.01+0.1: 2.9¢ 3
66 -H -H  —CHr4-CI-CH,  0.66 +01C 5.87
67 -H  -H —CH;, 0.43 +0.C3 6.3¢ 14
68 -H  -ClI —CH,CH 0.12+ 0. 4.71 39
69 -H  -ClI ~CH,CH,CH 0.19 + 0.3 3.3 18
70 -F -Cl ~CH,CH; 0.41 +0.0. 3.8¢ 9
71*  -Cl  —Cl 4-Cl-CgH, NI ND -
72+ -Cl  -Br 4-Br-CeHa NI ND -

NI: No inhibition observed up to 10 uM. ND: Not denined. *Compounds from ref.[15], where the 2-
acetic acid group is replaced by a 2-amino group.

The results show that the most potent compoungdaisCs, values close to the
enzyme concentration used in the assay. It is g#pebelieved that in this case,
reversible inhibitors can be considered as tighttoig inhibitors[31]. Adjusting our data
to Morrison equation[31] [32], we were able to abtthe value of apparent;Kor the
most potent compoundg¢ble 4). Remarkably, the compourgB showed the lowest
apparent Kvalue, 73 nM, which ranges within the values for best ARIs reported[32]
and complies with the Lipinski’s rule of fiv&#ble S2.

15



Table 4. Apparent Ki values for AKR1B1 using Morrison equation fitting for a tight-
binding inhibitor (IC 50 < 0.5uM).

Code 1Cs0 (LM) Ki app (LM)
37 0.21 +0.04 0.13 +0.02
38 0.20 +0.02 0.15 +0.01
39 0.35 +0.06 0.24 +0.05
41 0.26 +0.05 0.24 +0.05
67 0.46 +0.03 0.44 % 0.04
68 0.12 +0.004 0.073 +0.010
69 0.19 +0.03 0.13 +0.02
70 0.41 +0.04 0.50 + 0.06

2.3.3.Structure-activity relationship

The SAR studies of the second series of compourete wonducted using the
structure of the AKR1B1 holoenzyme complexed to poond 39 as a receptor for
molecular docking with Autodock 4. In this compleke specificity pocked remains in
the closed positionFigures 3A andB). As expected, the compounds containing an alkyl
moiety at R3 could fit well into the receptor, bimg in a subpocket at the vicinity of
Leu300 Figure 4A), while the compounds bearing an aryl moiety addptnfavorable
poses with the aryl moiety exposed to the solvdata not shown). The ethyl groups of
68 and 70 exhibit the optimal interaction with Leu30Bigure 4B). As aforementioned,
compound 70 displays a 4-fold lower inhibition tha68 The docking simulations
suggest, as a possible reason, that the F atom atight be too close to the carbonyl
oxygen of Val47 Figure 4C), which would require an energetically unfavorable
rearrangement.

Therefore, the SAR studies of the second seriaw $eendicate that compounds
with a presumably favorable structure for openimg specificity pocket (benzyl group at
R3) do not provide interactions that offset thergagc barrier for this process (which is
most likely energetically unfavorable[13]), resndfiinto worse 16 values for AKR1B1.

On the other hand, the R3 alkyl compounds can m®namodated in the closed
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holoenzyme and provide, in some caseg. 68 and 69, additional interactions that

slightly increase the inhibitory potency.

{ LEU-300
\,

TRP-111

Figure 4. A) Top view of the superimposition of the inhibitd® (yellow sticks) complexed to AKR1B1
holoenzyme (protein in grey surface) with the fallog derivatives of the second series (in sticl6s):
(green),68 (purple),69 (purpleblue),70 (magenta). B) Atomic view of the superimpositiaapayed in A,
including contacts with Leu300 in dashed lines: feldse contact), green (adequate contact), gold (t
distant contact). NADPin orange sticks. C) Atomic view of the superimifioa displayed in A, including
detail of the F atom contac3¢ yellow sticks,70: magenta sticks) with Val47 of AKR1B1, with distas
indicated as in B.
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3.Conclusions

In this work, we have been influenced by the stmesbased bioisosterism
approach to develop novel and pharmacologicallyrawed ARIs. The term was first
utilized by Sheng and coworkers[33] to describe ¢cbmbination of bioisosterism and
molecular modeling in order to design novel trigzahtifungal derivatives. As reviewed
in ref.[34], bioisosterism is a very useful drugsid@ method to improve pharmacological
activity, gain selectivity and optimize the pharmkioetics of lead compounds. In the
current case, however, the replacement of the 2@grioup by the 2-acetic acid has led
to achieving a different biological function comedrto the original, which is the
opposite effect prompted by bioisosterim. To ndtat twe deliberately used the acetic
acid moiety for our study, given that this providadvery high likelihood of at least
anchoring this novel scaffold to AKR1B1, as provey experimental and virtual
approaches[35].

We initially synthesized the first series of targeimpounds 37-48 with a 3-
methyl side chain using acetic anhydride to foren ldttones and basic hydrolysis of the
intermediate esters to the target acids. This seficompounds have proved to be potent
inhibitors of AKR1B1 with appreciable selectivityorf it, compared to AKR1B10.
Interestingly, they also show low cytotoxicity iellular experiments. Subsequently, we
were interested in improving the AKR1B1 inhibitgpyofile through a structure-based
drug design approach, using both X-ray crystallpyaand molecular docking. Indeed,
these structural studies have provided informatlmat allowed the synthesis of better
fitting compounds, and support that their actioresdlmot require the opening of the
specificity pocket of the enzyme. The structuredamied also show that 1-oxo-
pyrimido[4,5<]quinoline-2-acetic acid derivatives occupy a regad the active site, the
loop B (featuring Trp219, Figure 3), which previbusas only filled by four ARIs out
of the 125 deposited in the PDB in complex with A&sv file and Fig. S5 in
Supplementary data).

Next, the synthesis of the second series of targetpounds§4-70 has probed
alkyl as well as benzyl substituents at positiotn3particular, the synthetic route to the
3-benzyl analogue$4-66 was modified in order to avoid basic hydrolysisthe final

step. From these series, compoud@ has emerged, bearing an alkyl group that
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presumably interacts with AKR1B1 having the sped¥i pocket closed. While the

benzyl substituents might open the specificity mbatf AKR1B1, they display worse

inhibitory potency than the best compounds of irst Series. We hypothesize that this
decrease is due to the penalty of opening this gtoakthout novel interactions strong
enough to offset the energetic cost. Supporting hygoothesis, Klebe’'s group[13] has
shown recently in another series of ARIs that themn energetic barrier (~5 kJ/mol) for
opening the specificity pocket of AKR1B1. In comgllon, an important takeaway from
this work is that, at least for ARI design, seekardy compounds provoking induced-fit
can result in worsening of a series performanceolmntrast, a proper space filling of the
holoenzyme pocket may be in some instances a bsttategy. Investigating the

selectivity of the synthesized compounds againsRAK1 is currently underway.

4.Materials and methods
4.1.Chemistry
4.1.1. General considerations

Melting points are uncorrected and were measuregl Gallenkamp melting point
apparatus.'H and *C NMR spectra were recorded on Bruker 400-MHz, JEOL
RESONANCE 500-MHz, and Varian-Mercury 300-MHz spenteters. Chemical shifts
were expressed in parts per million (ppm) downfietn tetramethylsilane (TMS) and
coupling constant&]) were reported in Hertz. Mass spectra were recootesl Shimadzu
QP2010 mass spectrometer. Elemental analyses @hdH\) were used to determine the
purity of all synthesized target compounds, andrdsults were within £ 0.4% of the
calculated values. All compounds were routinelycglieel by thin-layer chromatography
(TLC) on aluminum-backed silica gel plates. Allsmits used in this study were dried by
standard methods. Intermediate 3-amino-2-(4-suibstiphenyl)-6-substitutedquinoline-
4-carboxylic acids X-4,6,7,9-12,4917,25,26] and 3-methyl-5-substitutedphenyl-1H-
[1,3]Joxazino[4,5-c]quinolin-1-ones 18,14,18[15,17] were synthesized following

reported procedures.
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4.1.2. General procedure for the synthesis of 3-amino-2t(@stitutedphenyl)-6-
substitutedquinoline-4-carboxylic acids12).

A solution of the appropriate phenacylamine hydlogetie (10 mmol) in a
mixture of water (18 mL), ethanol (18 mL), and Tk&mL), was added to a solution of
the appropriate isatin (8 mmol) and sodium hydrex{7 mmol) in water (8 mL) at
85°C, in a dropwise manner over 2 h. The resultidgure was heated under reflux for
additional 30 min. The reaction mixture was con@etl under reduced pressure and
filtered through Celit® The filtrate was acidified with acetic acid arftk tprecipitate
obtained was filtered, washed with water, and drigte crude product was purified by
recrystallization from ethanol/ethyl acetate.
4.1.2.1. 2-(4-Methoxyphenyl)-6-fluoro-3-aminoquinoline-4-oaxylic acid b).

Yield: 51%, mp 224-226 °CH NMR (DMSO-a): & 3.83 (s, 3H, OCH), 7.08-7.11 (m,
2H, Ar-H), 7.24-7.28 (m1H, Ar-H), 7.59-7.62 (m, 2H, Ar-H), 7.82-7.87 (mH1Ar-H),
8.16-8.19 (m, 1H, Ar-H). EIMSn/z312 [M]".

4.1.2.2. 2-(4-Methoxyphenyl)-6-chloro-3-aminoquinoline-4{gaxylic acid 8).

Yield: 54%, mp 242-244 °CH NMR (DMSO-d6):5 3.82 (s, 3H, OCH), 7.08-7.10 (m,
2H, Ar-H), 7.36-7.39 (ddJ;= 2.28,J, = 8.68 Hz, 1H, Ar-H), 7.60-7.62 (m, 2H, Ar-H),
7.78-7.80 (dJ = 8.72 Hz, 1H, Ar-H), 8.48-8.49 (d,= 2.28 Hz, 1H, Ar-H). EIMSm/z
328 [M]".

4.1.3. General procedure for the synthesis of 3,9-distidstil-5-un/substitutedphenyl-
1H-[1,3]oxazino[4,5-c]quinolin-1-oneslB-24, 53-56).

A mixture of the appropriate 3-amino-2-substituteelpyl-4-quinolinecarboxylic acid (10
mmol) and the appropriate acid anhydride (10 mL} Wwaated at reflux for 5 h. After
cooling, the precipitate was filtered, washed withid ethanol, and dried. The crude
product was recrystallized from either DMF/EtOHDIVIF/H0O.

4.1.3.1. 5-(4-Chlorophenyl)-9-fluoro-3-methyl-1H-[1,3]oxanif#,5-c]quinolin-1-one
(15).

Yield: 67%, mp 218-220 °C (DMF/EtOHJH NMR (DMSO-d): § 2.48 (s, 3H, Ch),
7.59-7.62 (m, 2H, Ar-H), 7.82-7.87 (rhiH, Ar-H), 8.01-8.05 (m, 2H, Ar-H), 8.26-8.30
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(dd, J;= 7.32,3, = 9.16 Hz, 1H, Ar-H), 8.86-8.89 (dd; = 2.76,J,= 11.00 Hz, 1H, Ar-
H). EIMS:m/z340 [M]".

4.1.3.2. 5-(4-Bromophenyl)-9-fluoro-3-methyl-1H-[1,3]oxazj4¢b-c]quinolin-1-one
(16).

Yield: 67%, mp 204-206 °C (DMF/EtOHJH NMR (DMSO-d): § 2.48 (s, 3H, CH),
7.72-7.76 (m, 2H, Ar-H), 7.80-7.85 (riH, Ar-H), 7.93-7.96 (m, 2H, Ar-H), 8.24-8.28
(dd, J, = 5.48,J,=9.16 Hz, 1H, Ar-H), 8.83-8.86 (dd; = 2.72,J,= 11.00 Hz, 1H, Ar-
H). EIMS:m/z384 [M]".

4.1.3.3. 5-(4-Methoxyphenyl)-9-fluoro-3-methyl-1H-[1,3]oxaa[4,5-c]quinolin-1-one
a7).

Yield: 53%, mp 188-189 °C (DMFAD); *H NMR (DMSO-d): & 2.48 (s, 3H, Ch), 3.84
(s, 3H, OCH), 7.07-7.10 (m, 2H, Ar-H), 7.78-7.83 (rhH, Ar-H), 7.93-7.96 (m, 1H, Ar-
H), 8.02-8.05 (m, 2H, Ar-H), 8.21-8.25 (d#i,= 5.52,J,= 9.16 Hz, 1H, Ar-H), 8.83-8.87
(dd,J;=3.20,J,= 11.44 Hz, 1H, Ar-H). EIMSm/z336 [M]".

4.1.3.4. 5-(4-Bromophenyl)-9-chloro-3-methyl-1H-[1,3]oxazjab-c]quinolin-1-one
(19).

Yield: 69%, mp 249-251 °C (DMF/EtOHjH NMR (DMSO-a): & 2.48 (s, 3H, Ch),
7.74-7.76 (m, 2H, Ar-H), 7.92-7.97 (18H, Ar-H), 8.19-8.22 (dJ = 9.16 Hz, 1H, Ar-H),
9.20-9.21 (dJ = 2.28 Hz, 1H, Ar-H). EIMSm/z402 [M+2] .

4.1.3.5. 5-(4-Methoxyphenyl)-9-chloro-3-methyl-1H-[1,3]oxaaj4,5-c]quinolin-1-one
(20).

Yield: 66%, mp 232-234 °C (DMFA4D); *H NMR (DMSO-d): & 2.48 (s, 3H, Ch), 3.85
(s, 3H, OCH), 7.08-7.10 (ddJ, = 2.28,J, = 9.16 Hz, 1H, Ar-H), 7.89-7.92 (di,= 2.32,
8.68 Hz, 1H, Ar-H), 8.05-8.07 (dd; = 2.28,J,=9.08 Hz, 1H, Ar-H), 8.16-8.18 (dd; =
1.84,J,=9.16 Hz, 1H, Ar-H), 9.16-9.20 (,= 1.84 Hz, 1H, Ar-H). EIMSm/z352 [M]'.
4.1.3.6. 5-(4-Chlorophenyl)-9-bromo-3-methyl-1H-[1,3]oxazjad-c]quinolin-1-one
(22).

Yield: 63%, mp 241-244 °C (DMF/EtOHJH NMR (DMSO-d&): & 2.48 (s, 3H, Ch),
7.60-7.63 (m, 2H, Ar-H), 8.03-8.15 (m, 4H, Ar-H),39 (s, 1H, Ar-H). EIMSm/z 402
[M+2]*.
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4.1.3.7. 5-(4-Bromophenyl)-9-bromo-3-methyl-1H-[1,3]oxazidd-c]quinolin-1-one
(22).

Yield: 70%, mp 238-241 °C (DMF/EtOHJH NMR (DMSO-d): § 2.48 (s, 3H, Ch),
7.074-7.77 (m, 2H, Ar-H), 7.95-7.98 (8H, Ar-H), 8.03-8.06 (ddJ; = 2.28,J, = 9.16
Hz, 1H, Ar-H), 8.12-8.14 (d] = 9.16 Hz, 1H, Ar-H), 9.37-9.38 (d,= 1.84 Hz, 1H, Ar-
H). EIMS: m/z446 [M+2].

4.1.3.8. 5-(4-Chlorophenyl)-3,9-dimethyl-1H-[1,3]oxazino[4¢kquinolin-1-one 23).
Yield: 65%, mp 220-222 °C (DMF/EtOHJH NMR (DMSO-a&): & 2.36 (s, 3H, Ch),
2.39 (s, 3H, Ch), 7.48-7.50 (m, 2H, Ar-H), 7.62-7.65 (dd,= 1.84,J,= 8.72 Hz, 1H,
Ar-H), 7.91-7.98 (m, 3H, Ar-H), 8.89 (s, 1H, Ar-HEIMS: m/z336 [M]".

4.1.3.9. 5-(4-Chlorophenyl)-9-methoxy-3-methyl-1H-[1,3]oxa##,5-c]quinolin-1-one
(24).

Yield: 67%, mp 245-246 °C (DMF/EtOHJH NMR (DMSO-a&): & 2.46 (s, 3H, Ch),
3.96 (s, 3H, OC#H), 7.54-7.60 (m, 3H, Ar-H), 8.01-8.03 (@ 8.24 Hz, 2H, Ar-H), 8.09-
8.12 (d,J = 9.40 Hz, 1H, Ar-H), 8.62-8.63 (d,= 2.76 Hz, 1H, Ar-H). EIMSm/z 352
[M]™.

4.1.3.10. 5-Phenyl-3-methyl-1H-[1,3]oxazino[4,5-c]quinolindnre £3).

Yield: 73%, mp 196-198 °C (DMF/EtOH)H NMR (CDCk): & 2.57 (s, 3H, Ch), 7.52-
7.59 (m, 3H, Ar-H), 7.78-7.88 (n2H, Ar-H), 8.07-8.09 (m, 2H, Ar-H), 8.27-8.29 (@
8.00 Hz, 1H, Ar-H), 9.35-9.37 (d,= 8.40 Hz, 1H, Ar-H).

4.1.3.11. 5-(4-Chlorophenyl)-3-ethyl-1H-[1,3]oxazino[4,5-c]owlin-1-one 64).

Yield: 71%, mp 199-200 °C (DMF/EtOHY¥ NMR (CDCk):  1.38-1.42 (tJ = 7.60 Hz,
3H, CH), 2.83-2.88 (g = 7.60 Hz, 2H, Ch), 7.52-7.54 (d,) = 8.40 Hz, 2H, Ar-H),
7.79-7.88 (ttJ = 7.20, 15.60, 31.60 Hz, 2H, Ar-H), 8.12-8.14 (rki, ZAr-H), 8.25-8.27
(d,J=8.40 Hz, 1H, Ar-H), 9.35-9.37 (d,= 8.40 Hz, 1H, Ar-H).

4.1.3.12. 5-(4-Chlorophenyl)-3-(1-propyl)-1H-[1,3]oxazino[4&quinolin-1-one §5).
Yield: 62%, mp 158-160 °C (DMFA®); *H NMR (CDCk): 5 1.08-1.11 (tJ = 7.60 Hz,
3H, CHs), 1.86-1.96 (m, 2H, C}J, 2.71-2.81 (tJ = 7.60 Hz, 3H, Ch), 7.52-7.54 (dJ =
8.40 Hz, 2H, Ar-H), 7.78-7.88 (m, 2H, Ar-H), 8.10t& (d,J = 8.40 Hz, 2H, Ar-H),
8.24-8.26 (d,J = 8.00 Hz, 1H, Ar-H), 9.35-9.37 (d,= 8.00 Hz, 1H, Ar-H).
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4.1.3.13. 5-(4-Chlorophenyl)-9-fluoro-3-ethyl-1H-[1,3]oxazih5-c]quinolin-1-one
(56).

Yield: 64%, mp 185-186 °C (DMF/EtOH)}H NMR (CDCh): & 1.39-1.42 () = 7.60 Hz,
3H, CH), 2.83-2.89 (g = 7.60 Hz, 2H, Ch), 7.21-7.26 (m, 2H, Ar-H), 7.57-7.62 (m,
1H, Ar-H), 8.15-8.25 (m, 3H, Ar-H), 8.99-9.02 (d4= 6.80,J,= 10.40 Hz, 1H, Ar-H).

4.1.4. General procedure for the synthesis of 3-un/sulistibenzyl-5-
un/substitutedphenyl-1H-[1,3]oxazino[4,5-c]quinclinones $0-52).

The appropriate phenylacetyl chloride (12 mmol) \mdded to a stirred mixture
of the appropriate 3-aminoquinoline-4-carboxyliodda@0 mmol) and TEA (12 mmol) in
THF (10 mL), in a dropwise manner at 0°C. After iidd was complete, the mixture
was heated at reflux for 8 h. The reaction mixtwues evaporated under vacuum and the
residue was washed several times with n-hexaneticAaahydride was added and the
mixture was heated at reflux for 3 h. After coolitoagroom temperature, precipitate was
filtered, washed with n-hexane and dried. The crpdeduct was recrystallized from
either DMF/EtOH or DMF/HO.
4.1.4.1. 5-(4-Chlorophenyl)-3-benzyl-1H-[1,3]oxazino[4,5-cjigolin-1-one §0).

Yield: 57%, mp 161-162 °C (DMFA®): 'H NMR (CDCkL): & 4.09 (s, 2H, Ch), 7.40-
7.46 (m, 7H, Ar-H), 7.77-7.87 (t,= 7.20, 14.80, 31.60 Hz, 2H, Ar-H), 8.02-8.04 Jd;
8.40 Hz, 2H, Ar-H), 8.23-8.25 (d,= 8.00 Hz, 1H, Ar-H), 9.32-9.34 (d,= 8.40 Hz, 1H,
Ar-H).

4.1.4.2. 5-(4-Chlorophenyl)-3-(4-chlorobenzyl)-1H-[1,3]oxapri4,5-c]quinolin-1-one
(52).

Yield: 53%, mp 177-179 °C (DMF/EtOHﬁH NMR (CDCk): 6 4.06 (s, 2H, Ch), 7.33-
7.40 (m, 4H, Ar-H), 7.45-7.47 (d,= 8.40 Hz, 2H, Ar-H), 7.78-7.88 (m, 2H, Ar-H), 797
7.99 (d,J = 8.80 Hz, 2H, Ar-H), 8.23-8.25 (d,= 7.60 Hz, 1H, Ar-H), 9.31-9.33 (d,=
7.60 Hz, 1H, Ar-H).

4.1.4.3. 5-Phenyl-3-(4-chlorobenzyl)-1H-[1,3]oxazino[4,5-cliqolin-1-one §2).

Yield: 61%, mp 141-142 °C (DMF/EtOH)H NMR (CDCk): & 4.06 (s, 2H, Ch), 7.37-
7.52 (m, 7H, Ar-H), 7.80-7.86 (m, 2H, Ar-H), 8.04, @H, Ar-H), 8.27-8.29 (d] = 6.40
Hz, 1H, Ar-H), 9.33-9.35 (d] = 7.60 Hz, 1H, Ar-H).
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4.1.5. General procedure for the synthesis of ethyl 24(&Hi/substitutedphenyl)-3,9-
disubstituted-1-oxopyrimido[4,5-c]quinolin-2(1H)sbetates Z5-36, 57-63).

A mixture of the appropriate lactone (10 mmol),ayhe ethyl ester hydrochloride
(11 mmol), and anhydrous sodium acetate (20 mmadjjacial acetic acid (10 mL), was
heated at reflux for 24 h. After cooling, the réactmixture was poured into ice water
and the precipitate was filtered, washed with ageesodium bicarbonate then washed
with water and ethanol and dried. The crude prodiact recrystallized from either DMF,
DMF/EtOH or DMF/HO
4.1.5.1. Ethyl 2-(5-(4-chlorophenyl)-3-methyl-1-oxopyrimidgp-c]quinolin-
2(1H)ylacetate 25).
Yield: 62%, mp 212-214 °C (DMFA®); *H NMR (DMSO-d): & 1.09-1.13 (tJ = 6.88
Hz, 3H, CH), 2.37 (s, 3H, Ch), 4.06-4.11 (qJ = 6.88 Hz, 2H, Ch), 4.93 (s, 2H, CHh),
7.45-7.49 (m, 2H, Ar-H), 7.68-7.74 (raH, Ar-H), 7.98-8.00 (m, 2H, Ar-H), 8.04-8.07
(m, 1H, Ar-H), 9.43-9.45 (m, 1H, Ar-H). EIM$n/z407 [M]".
4.1.5.2. Ethyl 2-(5-(4-bromophenyl)-3-methyl-1-oxopyrimid&-4]quinolin-
2(1H)yl)acetate Z6).
Yield: 64%, mp 216-219 °C (DMF/EtOH)H NMR (DMSO-d): & 1.22-1.25 (i) = 6.88
Hz, 3H, Ch), 2.60 (s, 3H, Ck), 4.18-4.22 (qJ) = 6.88 Hz, 2H, CH), 5.04 (s, 2H, Cb),
7.71-7.73 (dJ = 8.24 Hz, 2H, Ar-H), 7.77-7.86 (r@H, Ar-H), 8.02-8.04 (m, 2H, Ar-H),
8.15-8.17 (dJ = 8.24 Hz, 1H, Ar-H), 9.53-9.55 (d,= 8.24 Hz, 1H, Ar-H). EIMSm/z

453 [M+2T.
4.1.5.3. Ethyl 2-(5-(4-chlorophenyl)-9-fluoro-3-methyl-1-gya@imido[4,5-c]quinolin-
2(1H)yl)acetate Z7).

Yield: 58%, mp 255-257 °C (DMF/EtOHYH NMR (DMSO-a): & 1.09-1.12 (tJ = 7.08
Hz, 3H, Ch), 2.36 (s, 3H, Ch), 4.07-4.11 (qJ) = 6.92 Hz, 2H, CH), 4.92 (s, 2H, Cb),

7.45-7.47 (dJ = 8.24 Hz, 2H, Ar-H), 7.60-7.65 (ddd, = 3.20,J, = 8.68,J3 = 17.40 Hz,
1H, Ar-H), 7.95-7.97 (m, 2H, Ar-H), 8.08-8.12 (d#f,= 5.96,J, = 9.20 Hz, 1H, Ar-H),
9.07-9.11 (ddJ; = 2.72,J,= 11.44 Hz, 1H, Ar-H). EIMSm/z425 [M]".

4.1.5.4. Ethyl 2-(5-(4-bromophenyl)-9-fluoro-3-methyl-1-oyomido[4,5-c]quinolin-
2(1H)yl)acetate 28).
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Yield: 49%, mp 244-247 °C (DMF/EtOH)H NMR (DMSO-d;): & 1.09-1.12 (t) = 6.88
Hz, 3H, Ch), 2.39 (s, 3H, Ck), 4.05-4.09 (qJ = 6.84 Hz, 2H, CH), 4.92 (s, 2H, Cb),
7.59-7.64 (m, 3H, Ar-H), 7.88-7.91 (12H, Ar-H), 8.09-8.13 (ddJ; = 5.96,J,= 9.16 Hz,
2H, Ar-H), 9.08-9.12 (ddJ); = 2.76,J,= 11.44 Hz, 1H, Ar-H). EIMSm/z471 [M+2]".
4.1.5.5. Ethyl 2-(5-(4-methoxyphenyl)-9-fluoro-3-methyl-Ispyrimido[4,5-c]quinolin-
2(1H)yl)acetate 29).

Yield: 50%, mp 215-217 °C (DMF/EtOHYH NMR (DMSO-a): & 1.22-1.26 (tJ = 6.88
Hz, 3H, CH), 2.62 (s, 3H, Ch), 3.85 (s, 3H, OC}J, 4.20-4.24 (gJ = 6.88 Hz, 2H,
CHy), 5.05 (s, 2H, Ch), 7.06-7.09 (m, 2H, Ar-H), 7.71-7.76 (dd#,= 6.40,J,= 8.24,J;
= 14.20 Hz, 1H, Ar-H), 8.09-8.13 (m, 2H, Ar-H), 8:8.22 (dd,J; = 5.52,J, = 9.16 Hz,
1H, Ar-H), 9.20-9.24 (ddj; = 2.76,J,= 11.48 Hz, 1H, Ar-H). EIMSm/z421 [M]".
4.1.5.6. Ethyl 2-(5-(4-chlorophenyl)-9-chloro-3-methyl-1-@yeimido[4,5-c]quinolin-
2(1H)ylacetate 30).

Yield: 52%, mp 253-255 °C (DMF/EtOH)H NMR (DMSO-d): & 1.19-1.22 (tJ = 6.84
Hz, 3H, CH), 2.46 (s, 3H, Ch), 4.15-4.20 (qJ = 6.84 Hz, 2H, Ch), 5.02 (s, 2H, CHh),
7.56-7.58 (dJ = 8.24 Hz, 2H, Ar-H), 7.84-7.87 (dd; = 6.32,J, = 8.72 Hz, 1H, Ar-H),
8.07-8.09 (dJ = 6.68 Hz, 2H, Ar-H), 8.15-8.17 (d,= 8.72 Hz, 1H, Ar-H), 9.55-9.56 (d,
J=2.28, 1H, Ar-H). EIMSm/z441 [M]".

4.1.5.7. Ethyl 2-(5-(4-bromophenyl)-9-chloro-3-methyl-1-oyamido[4,5-c]quinolin-
2(1H)yl)acetate 31).

Yield: 60%, mp 253-256 °C (DMF/EtOHH NMR (DMSO-a&): & 1.22-1.24 (t) = 5.84
Hz, 3H, Ch), 2.62 (s, 3H, Ck), 4.18-4.23 (qJ = 6.84 Hz, 2H, CH), 5.05 (s, 2H, Cb),
7.72-7.74 (m, 2H, Ar-H), 7.86-7.89 (riH, Ar-H), 8.01-8.04 (m, 2H, Ar-H), 8.16-8.19
(m, 1H, Ar-H), 9.57 (s, 1H, Ar-H). EIMSn/z487 [M+2].

4.1.5.8. Ethyl 2-(5-(4-methoxyphenyl)-9-chloro-3-methyl-bpyrimido[4,5-c]quinolin-
2(1H)yl)acetate 32).

Yield: 52%, mp 235-237 °C (DMFA®); *H NMR (DMSO-d): & 1.22-1.25 (tJ = 6.88
Hz, 3H, CH), 2.62 (s, 3H, Ch), 3.84 (s, 3H, OC}), 4.18-4.23 (qJ = 6.88 Hz, 2H,
CHy), 5.03 (s, 2H, Ch), 7.06-7.08 (m, 2H, Ar-H), 7.81-7.84 (ddl,= 2.28,J,= 8.72 Hz,
1H, Ar-H), 8.10-8.13 (ddJ; = 2.28,J, = 9.16 Hz, 2H, Ar-H), 9.52-9.53 (d,= 2.28, 1H,
Ar-H). EIMS: m/z437 [M]'.
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4.1.5.9. Ethyl 2-(5-(4-chlorophenyl)-9-bromo-3-methyl-1-oyamido[4,5-c]quinolin-
2(1H)yl)acetate 33).

Yield: 56%, mp 251-253 °C (DMF/EtOH)H NMR (DMSO-d): § 1.22-1.26 (t) = 6.84
Hz, 3H, Ch), 2.62 (s, 3H, Ch), 4.18-4.24 (qJ) = 6.88 Hz, 2H, CH), 5.05 (s, 2H, Cb),
7.58-7.60 (dJ = 8.72 Hz, 2H, Ar-H), 7.96-7.97 (dd, = 2.28,J,= 9.16 Hz, 1H, Ar-H),
8.07-8.11 (m, 3H, Ar-H), 9.72 (s, 1H, Ar-H). EIMBYz487 [M+2] .

4.1.5.10. Ethyl 2-(5-(4-bromophenyl)-9-bromo-3-methyl-1-oxampydo[4,5-c]quinolin-
2(1H)ylacetate 34).

Yield: 57%, mp 256-259 °C (DMFJH NMR (DMSO-d): & 1.22-1.25 (tJ = 6.88 Hz,
3H, CHs), 2.61 (s, 3H, Ch), 4.18-4.23 (q,J = 6.88 Hz, 2H, CH), 5.04 (s, 2H, Cbh),
7.72-7.74 (m, 2H, Ar-H), 7.97-78.10 (Complex 4, Ar-H), 9.72-9.74 (m, 1H, Ar-H).
4.1.5.11. Ethyl 2-(5-(4-chlorophenyl)-3,9-dimethyl-1-oxopyo|4,5-c]quinolin-
2(1H)ylacetate 35).

Yield: 61%, mp 255-257 °C (DMF/EtOH)H NMR (DMSO-d;): & 1.12-1.14 (t) = 6.88
Hz, 3H, CH), 2.38 (s, 3H, Ch), 2.46 (s, 3H, Ch), 4.07-4.12 (q) = 6.88 Hz, 2H, CH),
4.92 (s, 2H, Ch), 7.46-7.48 (m, 2H, Ar-H), 7.56-7.58 (d= 8.72 Hz, 1H, Ar-H), 7.93-
7.99 (m, 3H, Ar-H), 9.25 (s, 1H, Ar-H). EIM®1/z421 [MT".

4.1.5.12. Ethyl 2-(5-(4-chlorophenyl)-9-methoxy-3-methylxepyrimido[4,5-
c]quinolin-2(1H)yl)acetate 36).

Yield: 59%, mp 246-248 °C (DMF/EtOHYH NMR (DMSO-a): & 1.19-1.22 (tJ = 7.32
Hz, 3H, CH), 2.56 (s, 3H, Ch), 3.90 (s, 3H, OC}J, 4.15-4.20 (qJ = 7.32 Hz, 2H,
CHy), 5.01 (s, 2H, CH), 7.44-7.47 (dd), = 2.76,J,= 8.72 Hz, 1H, Ar-H), 7.52-7.54 (m,
2H, Ar-H), 8.04-8.06 (m, 3H, Ar-H), 9.00-9.01 (@~ 2.76, 1H, Ar-H). EIMSm/z 437
[M]™,

4.1.5.13. Ethyl 2-(5-(4-chlorophenyl)-3-benzyl-1-oxopyrimiddj-c]quinolin-
2(1H)yl)acetate §7).

Yield: 57%, mp 218-220 °C (DMF/EtOH} NMR (CDCk): § 1.30-1.34 () = 7.20 Hz,
3H, CHs), 4.22 (s, 2H, Ch), 4.23-4.29 (qJ = 7.20 Hz, 2H, CH), 4.95 (s, 2H, Cbh),
7.26-7.29 (m, 3H, Ar-H), 7.35-7.42 (MH, Ar-H), 7.75-7.84 (m, 2H, Ar-H), 8.06-8.08
(d,J = 8.80 Hz, 2H, Ar-H), 8.26-8.28 (d,= 7.60 Hz, 1H, Ar-H), 9.67-9.69 (d,= 8.00
Hz, 1H, Ar-H).
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4.1.5.14. Ethyl 2-(5-(4-chlorophenyl)-3-(4-chlorobenzyl)-1emyrimido[4,5-
c]quinolin-2(1H)yl)acetate58).

Yield: 51%, mp 245-246 °C (DMF/EtOH} NMR (CDCk): & 1.33-1.36 (t,) = 6.40 Hz,
3H, CH), 4.16 (s, 2H, Ch), 4.26-4.32 (qJ = 6.40 Hz, 2H, CH), 4.96 (s, 2H, Ch),
7.18-7.20 (m, 2H, Ar-H), 7.35-7.40 (MH, Ar-H), 7.77-7.83 (m, 2H, Ar-H), 7.95-7.98
(d,J=7.60 Hz, 2H, Ar-H), 8.26-8.28 (d,= 7.60 Hz, 1H, Ar-H), 9.66-9.68 (d,= 8.00
Hz, 1H, Ar-H).

4.1.5.15. Ethyl 2-(5-phenyl-3-(4-chlorobenzyl)-1-oxopyrimid¢dj-c]quinolin-
2(1H)yl)acetate %9).

Yield: 61%, mp 212-214 °C (DMF/EtOH}¥4 NMR (CDCl):  1.31-1.35 (t,) = 6.80 Hz,
3H, CH), 4.16 (s, 2H, Ch), 4.25-4.30 (qJ = 6.84 Hz, 2H, CH), 4.95 (s, 2H, Ch),
7.19-7.20 (dJ = 7.60 Hz, 2H, Ar-H), 7.32-7.34 (d,= 8.00 Hz, 2H, Ar-H), 7.43-7.45 (d,
J=7.20 Hz, 2H, Ar-H), 7.74-7.78 (§,= 7.60 Hz, 1H, Ar-H), 7.81-7.84 (§,= 7.60 Hz,
1H, Ar-H), 7.99-8.00 (dJ = 6.80 Hz, 2H, Ar-H), 8.01-8.04 (m, 2H, Ar-H), 8-3830 (d,
J=7.60 Hz, 1H, Ar-H).

4.1.5.16. Ethyl 2-(5-phenyl-3-methy-1-oxopyrimido[4,5-c]quiine2(1H)yl)acetate
(60).

Yield: 55%, mp 236-238 °C (DMF/EtOH} NMR (CDCk): & 1.34-1.37 (t) = 7.20 Hz,
3H, CHs), 2.65 (s, 3H, Ch), 4.30-4.36 (q,J = 7.20 Hz, 2H, CH), 4.98 (s, 2H, Cbh),
7.50-7.57 (m, 3H, Ar-H), 7.74-7.84 (r8H, Ar-H), 8.13-8.15 (dJ = 7.20 Hz, 2H, Ar-H),
8.28-8.30 (d,J = 8.00 Hz, 1H, Ar-H), 9.68-9.70 (d,= 8.00 Hz, 1H, Ar-H).

4.1.5.17. Ethyl 2-(5-(4-chlorophenyl)-3-ethyl-1-oxopyrimidob4c]quinolin-
2(1H)yl)acetate §1).

Yield: 58%, mp 214-216 °C (DMFA®); '"H NMR (CDCk): § 1.36-1.40 (tJ = 8.00 Hz,
6H, 2CH), 2.81-2.86 (g, = 6.40 Hz, 2H, CH), ), 4.30-4.35 (gJ = 6.40 Hz, 2H, Ch),
4.99 (s, 2H, ChH), 7.51-7.53 (dJ = 7.60 Hz, 2H, Ar-H), 7.76-7.82 (i2H, Ar-H), 8.18-
8.20 (d,J = 7.20 Hz, 2H, Ar-H), 8.25-8.27 (d,= 7.20 Hz, 1H, Ar-H), 9.67-9.69 (d,=
7.20 Hz, 1H, Ar-H).

4.1.5.18. Ethyl 2-(5-(4-chlorophenyl)-3-(1-propyl)-1-oxopyion[4,5-c]quinolin-
2(1H)ylacetate §2).
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Yield: 59%, mp 210-213 °C (DMF/EtOH}¥4 NMR (CDCl): § 1.06-1.10 (] = 7.20 Hz,
3H, CH;), 1.34-1.38 (tJ = 7.20 Hz, 3H, Ch), 1.88-1.97 (m, 2H, C}J, 2.75-2.79 (t,] =
7.20 Hz, 2H, CH), 4.30-4.36 (gJ = 7.20 Hz, 2H, Ch), 4.99 (s, 2H, Ch), 7.51-7.53 (d,
J=8.40 Hz, 2H, Ar-H), 7.75-7.84 ("2H, Ar-H), 8.14-8.16 (dJ = 8.40 Hz, 2H, Ar-H),
8.26-8.28 (d,J = 78.00 Hz, 1H, Ar-H), 9.68-9.70 (d= 8.00 Hz, 1H, Ar-H).

4.1.5.19. Ethyl 2-(5-(4-chlorophenyl)-9-fluoro-3-ethyl-1-oxgpnido[4,5-c]quinolin-
2(1H)yl)acetate §3).

Yield: 57%, mp 218-220 °C (DMF/EtOH) NMR (CDCh): & 1.35-1.42 (m, 6H, 2C#),
2.81-2.87 (qJ = 6.80 Hz, 2H, Ch), 4.31-4.36 (q,) = 6.40 Hz, 2H, ChH), 4.99 (s, 2H,
CHy), 7.21-7.25 (t) = 8.00 Hz, 2H, Ar-H), 7.53-7.57 @,= 6.80 Hz, 1H, Ar-H), 8.22 (s,
3H, Ar-H), 9.35-9.38 (dJ = 6.80 Hz, 1H, Ar-H).

4.1.6. General procedure for the synthesis of 2-(5-(4-ulbésitutedphenyl)-3,9-
disubstituted-1-oxopyrimido[4,5-c]quinolin-2(1H)gbetic acids §7-48, 67-70).

The appropriate ester (10 mmol) was suspended ferwa0 mL) and THF was
added in portions until the entire solid dissolvédjueous sodium hydroxide (5%, 10
mL) was added and the reaction mixture was alloweslir at room temperature for 10 h.
The aqueous layer was separated and acidified agdtic acid and the precipitate was
filtered, washed with water and dried. The crudedpct was recrystallized from either
DMF/EtOH or DMF/H0.
4.1.6.1. 2-(5-(4-Chlorophenyl)-3-methyl-1-oxopyrimido[4,5gciinolin-2(1H)yl)acetic
acid 37).

Yield: 52%, mp 292-294 °C (DMF/EtOHJH NMR (DMSO-d): & 2.59 (s, 3H, CH),
4.96 (s, 2H, Ch), 7.58-7.59 (dJ = 9.00 Hz, 2H, Ar-H), 7.79-7.86 (m, 2H, Ar-H), 8-:09
8.14 (d,J = 8.50 Hz, 2H, Ar-H), 8.15-8.17 (d,= 8.00 Hz, 1H, Ar-H), 9.56-9.57 (d,=
8.50 Hz, 1H, Ar-H).*C NMR (DMSO-d): 5 23.73 (CH), 46.59 (CHl), 118.33, 123.35,
126.01, 128.05 (2C), 129.44, 129.70, 130.14, 13320©), 134.34, 137.09, 141.01,
144,59, 156.36, 157.50, 161.40, 169.46 (COOH). Apalcd for GgH14CIN3Os: C,
63.25; H, 3.72; N, 11.06. Found: C, 63.07; H, 318111.31.

4.1.6.2. 2-(5-(4-Bromophenyl)-3-methyl-1-oxopyrimido[4,5-aigolin-2(1H)yl)acetic
acid (38).
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Yield: 47%, mp 298-300 °C (DMF/EtOHJH NMR (DMSO-&): 5 2.38 (s, 3H, Ch),
4.85 (s, 2H, CH), 7.60-7.63 (m, 2H, Ar-H), 7.67-7.75 (m, 2H, Ar;H).91-7.93 (m, 2H,
Ar-H), 8.04-8.07 (ddJ; = 1.36,J,= 8.24 Hz, 1H, Ar-H), 9.45-9.47 (dd;=1.84,J,=8.72
Hz, 1H, Ar-H). *C NMR (DMSO-@): & 23.73 (CH), 46.61 (CH), 118.35, 123.16,
123.38, 126.02, 129.46, 129.72, 130.15, 131.00,(2838.36 (2C), 137.47, 141.00,
144.60, 156.48, 157.54, 161.41, 169.46 (COOH). EmI3423 [M]". Anal. calcd for
C0H14BrN3Os: C, 56.62; H, 3.33; N, 9.90. Found: C, 56.51; 43N, 9.87.

4.1.6.3. 2-(5-(4-Chlorophenyl)-9-fluoro-3-methyl-1-oxopyrani4,5-c]quinolin-
2(1H)yl)acetic acid 39).

Yield: 50%, mp > 300 °C (DMF/EtOH}H NMR (DMSO-d): § 2.60 (s, 3H, Ch), 4.96
(s, 2H, CH), 7.56-7.58 (d,) = 8.72 Hz, 2H, Ar-H), 7.69-7.74 (dddy= 2.80,J, = 8.72,J

= 16.96 Hz, 1H, Ar-H), 8.07-8.09 (d, J = 8.72 HHi, ZAr-H), 8.16-8.20 (ddJ, = 5.96,J,

= 89.16 Hz, 1H, Ar-H), 9.17-9.21 (dd; =3.2,J, = 11.92 Hz, 1H, Ar-H).*C NMR
(DMSO-ak): § 23.77 (CH), 46.61 (CH), 110.00 (d,J = 26.0 Hz), 117.87 (d] = 5.0 Hz),
118.86 (dJ = 25.0 Hz), 124.33 (d] = 11.0 Hz), 128.05 (2C), 132.71 (@ 10.0 Hz),
133.03 (2C), 134.41, 136.76, 141.43 Jd= 27.0 Hz), 155.65 (dJ = 3.0 Hz), 158.21,
160.75, 161.33, 163.19, 169.33 (COOH). EIM®/z 397 [M]". Anal. calcd for
Ca0H13CIFN3O3: C, 60.39; H, 3.29; N, 10.56. Found: C, 60.013t%8; N, 10.67.

4.1.6.4. 2-(5-(4-Bromophenyl)-9-fluoro-3-methyl-1-oxopyrimijd,5-c]quinolin-
2(1H)yl)acetic acid 40).

Yield: 53%, mp 296-299 °C (DMF/EtOHjH NMR (DMSO-d): & 2.38 (s, 3H, Ch),
4.85 (s, 2H, Ch), 7.58-7.65 (m, 3H, Ar-H), 7.88-7.91 (m, 2H, Ar;HB.08-8.12 (dd,
J1=5.96,J, = 8.80 Hz, 1H, Ar-H), 9.09-9.13 (dd, = 3.2,J, = 14.64 Hz, 1H, Ar-H)*C
NMR (DMSO-a): 6 23.77 (CH), 46.60 (CH), 110.01 (dJ = 26.0 Hz), 117.88 (d] =
5.0 Hz), 118.88 (dJ = 25.0 Hz), 123.24, 124.34 (@= 11.0 Hz), 130.99 (2C), 132.72 (d,
J = 10.0 Hz), 133.30 (2C), 137.13, 141.40 Jds= 31.0 Hz), 155.75, 158.22, 160.75,
161.33, 163.20, 169.33 (COOH). EIMSn/z 443 [M+2]. Anal. calcd for
CooH13BrENsOs: C, 54.32; H, 2.96; N, 9.50. Found: C, 54.48; H83N, 9.19.

4.1.6.5. 2-(5-(4-Methoxyphenyl)-9-fluoro-3-methyl-1-oxopyidon{4,5-c]quinolin-
2(1H)ylacetic acid41).
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Yield: 55%, mp 293-295 °C (DMFA®); *H NMR (DMSO-a): & 2.37 (s, 3H, Ch), 3.72
(s, 3H, OCH), 4.83 (s, 2H, Ch), 6.92-6.95 (ddJ), = 2.32,J,= 9.16 Hz, 2H, Ar-H), 7.54-
7.58 (m, 1H, Ar-H), 7.96-8.02 (m, 3H, Ar-H), 9.039 (dt,J; = 2.28,J, =11.92 Hz, 1H,
Ar-H). *C NMR (DMSO-@): & 23.76 (CH), 46.56 (CH), 55.69 (OCH), 109.99 (d,) =
26.0 Hz), 113.46 (2C), 117.82 (@= 5.0 Hz), 118.66 (dJ = 25.0 Hz), 123.90 (d] =
12.0 Hz), 130.42, 132.45 (d,= 10.0 Hz), 132.87 (2C), 141.57 (@@= 29.0 Hz), 156.28
(d,J=3.0 Hz), 157.84, 160.43, 160.53, 161.47, 162188,39 (COOH). EIMSm/z393
[M]™. Anal. calcd for GiH16FNsO4: C, 64.12; H, 4.10; N, 10.68. Found: C, 63.9854.3
10.78.

4.1.6.6. 2-(5-(4-Chlorophenyl)-9-chloro-3-methyl-1-oxopyraua[4,5-c]quinolin-
2(1H)yl)acetic acid42).

Yield: 51%, mp > 300 °C (DMF/EtOH}H NMR (DMSO-d): § 2.37 (s, 3H, Ch), 4.85
(s, 2H, CH), 7.45-7.47 (d,) = 8.24 Hz, 2H, Ar-H), 7.74-7.75 (d,= 2.28 Hz, 1H, Ar-H),
7.97-8.04 (m, 3H, Ar-H), 9.44-9.45 (d,= 2.28, 1H, Ar-H). ):*C NMR (DMSO-d): &
23.80 (CH), 46.71 (CH), 117.50, 124.20, 124.85, 128.13 (2C), 130.05,082133.11
(2C), 134.18, 134.60, 136.70, 141.58, 143.03, ¥H6188.38, 161.31, 169.30 (COOH).
EIMS: m/z413 [M]". Anal. calcd for GoH15CIoN3O3: C, 57.99; H, 3.16; N, 10.14. Found:
C, 58.21; 3.45, 9.97.

4.1.6.7. 2-(5-(4-Bromophenyl)-9-chloro-3-methyl-1-oxopyriwjd,5-c]quinolin-
2(1H)yl)acetic acid43).

Yield: 53%, mp 295-297 °C (DMF/EtOHJH NMR (DMSO-a&): 5 2.37 (s, 3H, Ch),
4.85 (s, 2H, Ch), 7.50-7.62 (m, 2H, Ar-H), 7.72-7.74 (m, 1H, Ar;H).89-7.92 (dd}=
2.40,J,= 8.40 Hz, 2H, Ar-H), 8.01-8.04 (dd; = 2.80,J, = 9.20 Hz, 1H, Ar-H), 9.93 (s,
1H, Ar-H). **C NMR (DMF-dy): & 23.47 (CH), 46.80 (CH), 119.01, 123.53, 124.10,
126.56, 129.59, 129.89, 130.59, 131.30 (2C), 133A80D), 138.26, 141.67, 145.40,
157.07, 158.10, 162.07, 169.86 (COOH). EIM8/z 459 [M+2]. Anal. calcd for
C,0H13BrCIFN3Os: C, 52.37; H, 2.86; N, 9.16. Found: C, 52.55; 83N, 8.94.

4.1.6.8. 2-(5-(4-Methoxyphenyl)-9-chloro-3-methyl-1-oxopydoj4,5-c]quinolin-
2(1H)yl)acetic acid44).

Yield: 51%, mp 292-295 °C (DMF/EtOHJH NMR (DMSO-a&): 5 2.36 (s, 3H, Ch),
3.72 (s, 3H, OCh), 4.83 (s, 2H, Ch), 6.93-6.95 (m, 2H, Ar-H), 7.68-7.71 (dd#i= 2.32,
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J,=8.72 Hz, 1H, Ar-H), 7.97-8.01 (m, 3H, Ar-H), 98243 (d,J = 2.76 Hz, 1H, Ar-H).
13C NMR (DMSO-d): & 23.76 (CH), 46.61 (CH), 55.71 (OCH), 113.48 (2C), 117.36,
123.74, 124.80, 129.80, 130.30, 131.73, 132.98,(2@3.47, 141.62, 143.11, 157.28,
157.91, 160.67, 161.36, 169.34 (COOH). EIMS7/z 409 [M]". Anal. calcd for
C21H16CIN3O4: C, 61.55; H, 3.94; N, 10.25. Found: C, 61.234H38, N, 10.28.

4.1.6.9. 2-(5-(4-Chlorophenyl)-9-bromo-3-methyl-1-oxopyriwid,5-c]quinolin-
2(1H)yl)acetic acid45).

Yield: 49%, mp 279-281 °C (DMF/EtOHYH NMR (DMF-d;): & 2.71 (s, 3H, Ch), 5.13
(s, 2H, CH), 7.76-7.77 (dJ = 8.50 Hz, 2H, Ar-H), 8.02-8.03 (d,= 2.50 Hz, 1H, Ar-H),
8.13-8.15 (dJ = 8.50 Hz, 1H, Ar-H), 8.16-8.18 (d,= 9.00 Hz, 2H, Ar-H), 9.891-9.894
(d, J = 1.50 Hz, 1H, Ar-H)**C NMR (DMF-d): & 23.55 (CH), 46.86 (CH), 117.96,
123.36, 123.83, 125.23, 128.63, 131.35 (2C), 1321582.98, 133.80 (2C), 137.81,
142.13, 143.95, 157.58, 158.86, 161.89, 169.70 (BPEIMS: m/z459 [M+2]. Anal.
calcd for GoH13BrCINzOs: C, 52.37; H, 2.86; N, 9.16. Found: C, 52.24; KH53 N, 8.88.
4.1.6.102-(5-(4-Bromophenyl)-9-bromo-3-methyl-1-oxopyrinj6-c]quinolin-
2(1H)yl)acetic acid46).

Yield: 52%, mp 296-298 °C (DMF/EtOHH NMR (DMSO-d): § 2.62 (s, 3H, Ch),
4.98 (s, 2H, CH), 7.73-7.75 (d,) = 7.60 Hz, 2H, Ar-H), 7.98-8.11 (m, 4H, Ar-H), 9.77
(s, 1H, Ar-H). °C NMR (DMSO-@): & 23.79 (CH), 46.69 (CH), 117.33, 123.06,
123.45, 124.55, 128.03, 131.05 (2C), 132.08, 132138.36 (2C), 137.06, 141.48,
143.19, 157.02, 158.34, 161.27, 169.29 (COOH). EIM& 503 [M+2], 505 [M+4].
Anal. calcd for GoH13BroN3Os: C, 47.74; H, 2.60; N, 8.35. Found: C, 47.45; H652 N,
8.20.

4.1.6.11. 2-(5-(4-Chlorophenyl)-3,9-dimethyl-1-oxopyrimiddj4c]quinolin-
2(1H)yl)acetic acid47).

Yield: 51%, mp 297-299 °C (DMF/EtOH) NMR (DMF-d;): & 2.60 (s, 3H, Ch), 2.71
(s, 3H, CH), 5.12 (s, 2H, CH), 7.59-7.61 (d,J = 8.50 Hz, 2H, Ar-H), 7.70-7.72 (d,=
8.00 Hz, 2H, Ar-H), 8.08-8.09 (m, 1H, Ar-H), 8.2228 (d,J = 8.50 Hz, 2H, Ar-H)C
NMR (DMSO-d;): 8 22.31 (CH), 23.68 (CH), 46.57 (CH), 117.91, 123.34, 125.22,
128.00 (2C), 129.87, 131.45, 133.03 (2C), 134.187.22, 139.29, 141.01, 143.19,
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155.19, 157.25, 161.44, 169.41 (COOH). EIM®/z 393 [M]". Anal. calcd for
C21H16CIN3O3: C, 64.05; H, 4.10; N, 10.67. Found: C, 64.014H6; N, 11.00.

4.1.6.12. 2-(5-(4-Chlorophenyl)-9-methoxy-3-methyl-1-oxopydiop,5-c]quinolin-
2(1H)yl)acetic acid48).

Yield: 54%, mp > 300 °C (DMF/EtOH}H NMR (DMSO-a&): & 2.59 (s, 3H, Ch), 3.94
(s, 3H, OCH), 4.95 (s, 2H, Ch), 7.45-7.48 (ddJ, = 2.76,J,= 9.16 Hz, 1H, Ar-H), 7.55-
7.57 (m,2H, Ar-H), 8.04-8.10 (m, 3H, Ar-H), 9.03-9.04 @z 2.76 Hz, 1H, Ar-H)H
NMR (DMF-d;): 6 23.55 (CH), 46.79 (OCH), 55.68 (CH), 113.63 (2C), 118.04,
124.48, 125.38, 130.09, 131.03, 132.16, 133.44,(264.05, 142.32, 143.91, 157.95,
158.47, 161.39, 162.04, 169.74 (COOH). EIM®/z 409 [M]". Anal. calcd for
C21H16CIN3O4: C, 61.55; H, 3.94; N, 10.25. Found: C, 61.614H5; N, 10.18.

4.1.6.13. 2-(5-Phenyl-3-methyl-1-oxopyrimido[4,5-c]quinolifi)yl)acetic acid §7).
Yield: 56%, mp > 300 °C (DMF/EtOH}H NMR (DMSO-d): & 2.60 (s, 3H, Ch), 4.98
(s, 2H, CH), 7.50-7.56 (m, 3H, Ar-H), 7.77-7.86 (m, 2H, Ar;H8.05-8.07 (m, 2H, Ar-
H), 8.15-8.17 (dJ = 7.60 Hz, 1H, Ar-H), 9.56-9.58 (d,= 8.00 Hz, 1H, Ar-H), 13.47 (s,
1H, COOH)."*C NMR (DMSO-@): & 23.47 (CH), 46.58 (CH), 118.31, 123.26, 126.03,
127.99 (2C), 129.26, 129.29, 129.65, 130.14, 13XZA7), 138.44, 141.14, 144.70,
157.37, 157.85, 161.15, 169.50 (COOH). Anal. cébrdC,oH1sN30s: C, 69.56; H, 4.38;
N, 12.17. Found: C, 69.98; H, 4.27; N, 12.54.

4.1.6.14. 2-(5-(4-Chlorophenyl)-3-ethyl-1-oxopyrimido[4,5-cligolin-2(1H)yl)acetic
acid (68).

Yield: 50%, mp 298-300 °C (DMF/EtOH}H NMR (DMF-d;): & 1.29-1.32 (tJ = 7.00
Hz, 3H, CH), 2.99-3.04 (g = 7.00 Hz, 2H, CH), 5.12 (s, 2H, CH), 7.62-7.64 (d,) =
9.00 Hz, 2H, Ar-H), 7.80-7.89 (m, 3H, Ar-H), 8.222 (d,J = 8.00 Hz, 2H, Ar-H),
8.30-8.31(d,) = 8.50 Hz, 1H, Ar-H)*C NMR (DMSO-@): § 10.55 (CH), 28.03 (CH),
45.66 (CH), 118.26, 123.38, 126.11, 127.92 (2C), 129.43,7129130.18, 133.24 (2C),
134.40, 136.94, 140.78, 144.70, 156.35, 160.22485169.52 (COOH). Anal. calcd for
C21H16CIN3O3: C, 64.05; H, 4.10; N, 10.67. Found: C, 63.893H85; N, 10.70.

4.1.6.15. 2-(5-(4-Chlorophenyl)-3-(1-propyl)-1-oxopyrimidogt¢c]quinolin-
2(1H)ylacetic acid §9).
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Yield: 55%, mp > 300 °C (DMF/EtOHYH NMR (DMSO-d): & 0.97-1.01 (tJ = 7.20
Hz, 3H, Ch), 1.73-1.82 (m, 2H, C}), 2.82-2.86 (g = 7.20 Hz, 2H, CH), 4.96 (s, 2H,
CHy), 7.57-7.59 (dJ = 8.40 Hz, 2H, Ar-H), 7.76-7.85 (m, 2H, Ar-H), 8-:8.15 (d,J =
8.40 Hz, 3H, Ar-H), 9.54-9.56 (dl = 8.00 Hz, 1H, Ar-H), 13.43 (s, 1H, COOHJC
NMR (DMSO-&;): 6 13.97 (CH), 19.08 (CH), 66.33 (CH), 45.81 (CH), 118.27,
123.37, 126.10, 127.91 (2C), 129.42, 129.69, 1301133.14 (2C), 134.36, 136.99,
140.79, 144.66, 156.41, 159.36, 161.52, 169.51 (BO@nal. calcd for G;H15CIN3O3:
C, 64.79; H, 4.45; N, 10.30. Found: C, 64.64; 254N, 10.42.

4.1.6.16. 2-(5-(4-Chlorophenyl)-9-fluoro-3-ethyl-1-oxopyrinojd,5-c]quinolin-
2(1H)yl)acetic acid 70).

Yield: 52%, mp > 300 °C (DMF/EtOH}H NMR (DMF-dy): § 1.30-1.32 (t,) = 7.50 Hz,
3H, CH), 3.01-3.05 (qJ = 7.50 Hz, 2H, Ch), 5.12 (s, 2H, CH), 7.62-7.64 (dJ = 8.50
Hz, 2H, Ar-H), 7.76-7.79 (m, 2H, Ar-H), 8.27-8.3in( 2H, Ar-H), 9.34-9.37 (dd}; =
2.00 Hz,J; = 11.50 Hz, 1H, Ar-H)**C NMR (DMF-d): & 10.43 (CHCHs), 28.58
(CH,CHs), 45.86 (NCH), 110.58 (d,J = 26.0 Hz), 118.51, 119.05 (d,= 25.0 Hz),
125.10 (d,J = 11.9 Hz), 128.23 (2C), 133.20 (d,= 9.6 Hz), 133.62 (2C), 135.09,
137.41, 141.86, 142.57, 156.33, 161.47, 162.07.,616369.80 (COOH). Anal. calcd for
C21H1sCIFN3O3: C, 61.25; H, 3.67; N, 10.20. Found: C, 61.363H5; N, 10.52.

4.1.7. General procedure for the synthesis of 2-(5-(4-uingsitutedphenyl)-3-
un/substitutedbenzyl-1-oxopyrimido[4,5-c]quinoli(itR)yl)acetic acids&4-66).

A mixture of the appropriate est&7-59 10 mmol), glacial acetic acid (15 mL)
and hydrochloric acid (5 mL) was heated at reflak 3 h. The reaction mixture was
evaporated under reduced pressure and the residsidreated with glacial acetic acid
(15 mL) and hydrochloric acid (5 mL) and the mixtuwvas heated at reflux again for 3 h.
After cooling to room temperature, the reaction tong was poured into ice water and
the precipitate was filtered, washed with water atihnol and dried. The crude product
was recrystallized from DMF/EtOH.

41.7.1. 2-(5-(4-Chlorophenyl)-3-benzyl-1-oxopyrimido[4,5gajnolin-2(1H)yl)acetic
acid (64):
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Yield: 47%, mp 281-283 °CH NMR (DMF-d): & 4.44 (s, 2H, Ch), 5.17 (s, 2H, Ch),
7.40 (s, 5H, Ar-H), 7.82-7.88 (m, 4H, Ar-H), 8.1218 (d,J = 7.50 Hz, 2H, Ar-H), 8.20-
8.21 (d,J = 7.50 Hz, 1H, Ar-H), 9.67-9.69 (d,= 8.00 Hz, 1H, Ar-H)**C NMR (DMF-
d7): 6 41.66 (CH), 46.39 (CH), 119.07, 123.96, 126.65, 127.57, 128.14 (2C),. 229
(2C), 129.61, 130.01, 130.51 (2C), 130.58, 13348),(134.80, 136.18, 137.30, 141.44,
145.49, 156.23, 159.28, 162.22, 169.65 (COOH). Apalcd for GgH1sCIN3Os: C,
68.50; H, 3.98; N, 9.22. Found: C, 68.32; H, 31839.10.

4.1.7.2. 2-(5-(4-Chlorophenyl)-3-(4-chlorobenzyl)-1-oxopyitio[4,5-c]quinolin-
2(1H)yl)acetic acid §5).

Yield: 49%, mp 280-282 °CH NMR (DMF-d): & 4.46 (s, 3H, Ch), 5.21 (s, 2H, Ch),
7.37-7.46 (m, 4H, Ar-H), 7.81-7.90 (m, 3H, Ar-H),08-8.04 (m, 3H, Ar-H), 8.19-8.20
(d,J = 8.00 Hz, 1H, Ar-H), 9.66-9.68 (d,= 8.00 Hz, 1H, Ar-H)**C NMR (DMF-d,): &
40.75 (CH), 46.32 (CH), 119.02, 123.95, 126.97, 128.06 (2C), 129.19 (22p.64,
130.05, 130.61, 132.67 (2C), 132.76, 133.39 (2®G4.83, 135.29, 137.22, 141.32,
145,54, 156.27, 159.19, 162.17, 169.72 (COOH). Apalcd for GeH17CIoN3Os: C,
63.69; H, 3.49; N, 8.57. Found: C, 63.42; H, 31208.48.

4.1.7.3. 2-(5-Phenyl-3-(4-chlorobenzyl)-1-oxopyrimido[4,53ajnolin-2(1H)yl)acetic
acid (66):

Yield: 45%, mp 271-273 °C*H NMR (DMSO-d): & 4.32 (s, 3H, Ch), 5.06 (s, 2H,
CH,), 7.30-7.33 (m, 4H, Ar-H), 7.39-7.44 (m, 3H, Ar;H).78-7.91 (m, 4H, Ar-H), 8.16-
8.18 (d,J = 8.00 Hz, 1H, Ar-H), 8.58-8.61 (d, = 8.40 Hz, 1H, Ar-H), 13.37 (s, 1H,
COOH). *C NMR (DMF-d;): & 40.81 (CH), 46.37 (CH), 119.01, 123.85, 126.68,
127.97, 129.18, 129.28, 129.42, 129.96, 130.58,7P31.32.50, 132.71, 135.26, 138.58,
141.46, 145.66, 157.75, 158.90, 162.28, 169.72 (B0A@nal. calcd for GgH13CIN3Os:

C, 68.50; H, 3.98; N, 9.22. Found: C, 68.73; HO3N, 8.95.

4.2. Crystallization and structure determination

Co-crystals of AKR1B1-NADR compounds37, 39 and41 were obtained in 50
mM MES, pH 5.5, 20 mM ammonium sulfate, 20% PEG ®G@Y the hanging-drop
vapor-diffusion method at 24°C, as reported[4]. &cpoling in liquid nitrogen was

carried out using a cryo-protecting solution camiteg 40% PEG 6000. Data collection
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was performed to indicate resolutions at synchroBwiss Light Source on the X06DA
beamline. The crystals belonged to space gfeipwith one protein molecule in the
asymmetric unit. Data were processed WtKL-2000[36]. Data-collection statistics are
listed inTable S3

4.3. Structure refinement

The atomic coordinates of the human AKR1B1-NARA-0064 complex (PDB
ID 41GS) were used to solve the structures of theva AKR1B1 ternary complexes.
Molecular replacement was performed with Phaser[&)lystallographic refinement
involved repeated cycles of conjugate-gradient gyneninimization and temperature-
factor refinement performed WiREFMAG[38] andPHENIX39]. The ligand PDB files
and related restraint dictionaries were built usshddOW[40]. Amino-acid side chains
and water molecules were fitted inté®- Fc andFo — Fc electron-density maps with
Coof41]. The finalFo — Fc maps indicated clear electron density for thebitdr in the
three complexesHgure S2. Refinement statistics are presentedTeble S3 The
atomic coordinates have been deposited in the FHIEB(IDs 50U0, 50UJ, 50UK) and

will be released immediately upon publication.

4.4. Docking simulations

To estimate the inhibition constant values of ddfé compounds and their
predicted position in the active site of the enzymwe used Autodock 4.2[42]. The
receptor molecule was either one of the followiraloenzyme complexes: AKR1B1-
zenarestat (PDB ID 1IEl), AKR1B1-tolrestat (PDB #pZD), AKR1B1-fidarestat (PDB
ID 1PWM) or AKR1B139 (PDB ID: 50UJ). All compounds were drawn with
ACD/ChemSketch 2016.2 and then were energy-minidnizéh PRODRG server[43]
before starting docking simulations. The PDB filgfsthe receptor and ligands were
processed with Autodock tools[42] to add polar loggms, compute Gasteiger charges
and rename atoms in the Autodock 4.2 format. Ggeteiharges of NADPmolecule on
the receptor were manually corrected adding 0.22aed 0.37 eV to carbons 2 and 6,
respectively[44]. Then, the ligand bonds were afldwo rotate freely.
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In all cases, the dimensions of the grid were 80,40 grid points (X, y, z) (0.375
A/point). The grid was centered at coordinate®:777, —8.072, 10.443 for 50UJ;
—-1.015, -0.763, 9.606 for 1IEIl; 14.389, —3.838 454. for 1PWM; and 14.312, —-3.765,
14.694 for 2FZD. One hundred fifty runs of the genalgorithm were used as the
default option. Results shown correspond to thetetuthat includes the highest number
of conformations, based on a clusterization of conmgls by a RMSD value of 2 A,

Figures were prepared using the Pymol software @delScientific).

4.5. Inhibition of AKR1B1 and AKR1B10 activity

All  determinations were carried out in a Varian ¥a#00 (UV/Vis)
spectrophotometer. The reaction was followed bydberease in the absorbance at 340
nm, corresponding to the oxidation of NADPH, usingglyceraldehyde as a substrate.
Enzymatic inhibition assays were performed in alfireaction volume of 600 pL,
containing 0.1 M sodium phosphate, pH 7.5, 0.2 mNMDRH (Apollo Scientific), 1%
(v/v) DMSO (Sigma), 100 nM recombinant protein, stnlite and the test compound, at
25°C. After adding all compounds except for thessrdte, the mixture was incubated for
5 min at room temperature and the reaction wasaied by adding the substrate.
Recombinant AKR1B1 and AKR1B10 were obtained aviptesly described[45]. All
compounds were dissolved in DMSO. The concentratioh substrate 0of-
glyceraldehyde) was 6 and 60 mM for AKR1B1 and AIRBRQ, respectively. Percentage
of remaining activity was calculated as the agtivat a given inhibitor concentration
normalized by the control activity with 1% (v/v) D3O without compound. Results were
calculated using GrakFit version 5 (Erithacus Soféyjand are shown as thes¢@alue +
standard deviation. To estimate selectivity for AKHH, a triplicate at 10 pM
concentration was tested with AKR1B10 and theg lfas computed[46]. The;l,, value
of compounds with 16 < 0.5 pM was determined by fitting data to the Mswn
equation for tight-binding inhibitors [47]:

o CEI+[+KP) = JQE]+ 11+ K = 4B
Zi_1-
Vo Z[E]
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The termvi/vp is referred to as the fractional activitgmaining at a given inhibitor

concentration.

4.6. In vitro cytotoxicity

The compounds were tested for their cytotoxic #@gtion the human lung
fibrosarcoma HT-1080 (American Type Culture Colleat Rockville, MD). Cells were
routinely cultured in Dulbecco’s minimal essentimledium (DMEM; Gibco BRL,
Paisley, U.K.) supplemented with penicillin (100ml), streptomycin (100 mg/mL), and
10% fetal bovine serum (media and antibiotics fidimchrom KG, Berlin, Germany) in
an environment of 5% C£85% humidity, and 37 °C, and they were subculturging a
0.25% trypsin - 0.02% EDTA solution. The cytotoxyciassay was performed by a
modification of the MTT method[48,49]. Briefly, theells were plated at a density of
approximately 5000 cells/well in 96-well flat-botbed microplates, and after 24 h the
test compounds were added, diluted in DMSO. AftéRdn incubation, the medium was
replaced with MTT (Sigma) dissolved at a final cemication of 1 mg/mL in serum-free,
phenol-red-free DMEM for a further 4 h incubatiobhen, the MTT formazan was
solubilized in 2-propanol and the optical densiigswneasured with a microplate reader
at a wavelength of 550 nm (reference wavelength rG8) Doxorubicin hydrochloride
was included in the experiments as positive conffbk results represent the mean of
three independent experiments and are expresseellalar 1G,, i.e., the concentration

that reduced by 50% the optical density of treatdts with respect to untreated controls.
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Highlights

We synthesized and tested a series of substituted quinoline acetic acids as novel ARI
Replacing amino by carboxyl group switched antimitotic activity to AKR1B1 inhibition
AKRI1B1 X-ray structures and models with such compounds were used for inhibitor design

Inhibition assays revealed alead compound with tight binding in the nanomolar range



