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Abstract:

Purple acid phosphatases (PAPs) are metalloenzytmgs catalyse the hydrolysis of
phosphate esters under acidic conditions. Thewestte contains a Fe(lll)Fe(ll) metal centre
in mammals and a Fe(lll)Zn(11) or Fe(ll)Mn(ll) madtcentre in plants. In humans, elevated
PAP levels in serum strongly correlate with thegoession of osteoporosis and metabolic
bone malignancies, which make PAP a target suitatde the development of
chemotherapeutics to combat bone ailments. Dueiffuities in obtaining the human
enzyme, the corresponding enzymes from red kidieey land pig have been used previously
to develop specific PAP inhibitors. Here, existiagd compounds were further elaborated to
create a series of inhibitors with ¥alues as low as ~3M. The inhibition constants of these
compounds were of comparable magnitude for pigraddckidney bean PAPSs, indicating that
relevant binding interactions are conserved. Tlystal structure of red kidney bean PAP in
complex with the most potent inhibitor in this ss;i compound!f, was solved to 2.40 A
resolution. This inhibitor coordinates directlyttee binuclear metal centre in the active site
as expected based on its competitive mode of itiwbiDocking simulations predict that this
compound binds to human PAP in a similar mode. $hisly presents the first example of a
PAP structure in complex with an inhibitor thatorelevance to the development of anti-
osteoporotic chemotherapeutics.

1. Introduction

Purple acid phosphatases (PAPs, also referred tariate-resistant acid phosphatases) are
metalloenzymes found in animals, plants and fulhgi][ They utilise a binuclear metal centre
to catalyse the hydrolysis of phosphate estersaahgdrides under acidic conditions, with an

optimal pH ~5 [6-12]. The overall reaction is giviarEquation 1.



RO-PO;* + H,0 ROH + HPO* Equation 1

PAPs are non-specific enzymes that can dephosphergliverse substrates, including ATP,
ADP andpara-nitrophenyl phosphatglPP) [1-4, 13], as well as phosphoproteins such as
osteopontin and bone sialoprotein [14-15]. Sevesdds for mammalian PAPs have been
suggested. Pig PAP found in the allantoic fluijorggnant sows is believed to transport iron
from the mother to the foetus during gestation [B8|d therefore the enzyme is also referred
to as uteroferrin [6, 17-19]. In humans, PAP fumctiappears to be tissue-specific; the
enzyme is involved in the inflammatory responsamtigen-presenting cells [20], as well as
in bone resorptive processes in osteoclasts [15,TAk diverse roles of mammalian PAP are
associated with the enzyme’s bifunctional charaapart from its hydrolytic activity it can
also act as a Fenton catalyst due to the presenite @dox active Fe(lll)Fe(ll/lll) centre
[22]. It has been hypothesised that the reactiwgen species (ROS)-generating activity of
PAP could play a role in collagen degradation [Z3{hough the substrate(s) of PAP in bone
tissue is unknown, studies with transgenic micartyeestablished the enzyme’s function in
bone turnover. Mice overexpressing the PAP genéoarel to be osteoporotic [14] and show
an increase in bone turnover [24]. In contrast,erdeficient in PAP display a phenotype
characteristic of osteopetrosis [24], with increasbone mineral density, abnormal
ossification [14] and defects in the resorption amderalisation of growing bone [25]. Thus,
PAP has emerged as a target for inhibitors that feag to the development of novel

treatments for osteoporosis, bone malignanciesvatdbolic bone diseases.

In the absence of effective recombinant expressigstems for human PAP the enzymes
extracted from pig uterine fluid.€. uteroferrin) and red kidney bean PAP (rkbPAP) have
been used as models to test the efficacy of irdhitDespite the modest sequence similarity
between rkbPAP and mammalian PAPs [26-27] its Bioluinto an inhibitor design program

is warranted on the basis of similar (i) substrspecificities, (ii) interactions with known



inhibitors and (iii) mechanism [19, 28-29]. A numba thiol and phosphonate compounds
with 1Cs5o values 80—3000 uM have been developed [30]; sirtlg values were reported for
a series of phosphotyrosine-containing tripeptif23. Our group reported a series @f
alkoxynaphthylmethylphosphonic acids [31], acyl idatives of a-aminonaphthylmethyl
phosphonic acid [32] and acyl derivatives of 6-ampnicillanic acid [33] as inhibitors of
PAP with K and 1G values in the low micromolar range. We also emgtbg fragment-
based screening approach to identify three poteimiaibitor leads; crystal structures
provided insight about the mode of their bindinghe active site of rkbPAP [27]. Here, we
used these fragments as starting points for thegnlesf a new series of inhibitors with

improved binding interactions.

2. Resultsand Discussion

Inhibitor synthesisiIn a previous study, four fragments from a Maypeld' library were
identified as promising inhibitor leads for PAPs/J2 The molecular structures of these
compoundsi(e. 1, 2, 3 and4a) are shown in Figure 1. The crystal structureskbPAP in
complex with compound® and4a (competitive inhibitors with Kvalues of 431M and 340
uM for rkbPAP and 5&M and 42uM pig PAP, respectively [27]) demonstrate thatadlgve
site of the enzyme offers numerous structural featto allow further elaboration of inhibitor

molecules with high affinity and specificity (Figud).
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Figure 1: (a) Four fragments identified from a Maybrid§ecompound library as PAP inhibitorg) Crystal
structure of rkbPAP (yellow surface) in complex lwitompoundda (as sticks with cyan carbons), a(a) in
complex with2.Water molecules are shown as red spheres [27].

Using compound® and4a as starting points, we generated two series ovateres (.e. 7a-b

and 4b-h, respectively). To synthesise the two monocyclioxy benzyl ether derivatives
(7a-b) of compound2 (i.e. the benzofuran) the 2-alkoxy benzaldehyd@sk) were first
prepared by alkylation of salicylaldehyd® (ising alkyl halides and potassium carbonate in
DMF solution, followed by sodium borohydride redoot to the corresponding benzyl

alcohols [34] (Scheme 1).
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Scheme 1. Reagents and Conditions: (a) RXQC0;, DMF, r.t., 36 hb6a (86%),6b (84%); (b) NaBH,

2 M, NaOH, MeOH, r.t., 4 Hza (74%); 7b (85%).

The preparation of compounda-f first required the synthesis of the intermedidtésf, as
outlined in Scheme 2. Following the method descrililyy Gududuruet al. [35], the
hydrochloride salt of the methyl esterletysteine 9), which was first prepared by refluxing
L-cysteine 8) with SOC} in methanol, was reacted with a series of aronatiehydeslOa-f

to give the corresponding thiazolidine methyl estegrmediated1a-f.
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Scheme 2. Reagents and Conditions: (a) SQ®leOH, A, 3 h, 100%; (bP, NaHCQ, EtOH, HO,

rt, 14 h.1la (65%); 11b (74%); 1lc (81%); 11d (57%); 1le (79%); 11f (37%); (c) N-



bromosuccinimide, benzoyl peroxide, G@, 14 h.12a (23%), 12b (26%), 12c (17%),12d (19%),
12e (32%),12f (16%); (d) 2 M NaOH, MeOH, 0 °C, 2 #a (98%),4b (80%),4c (84%),4d (100%),

4e (100%),4f (100%).

The thiazole carboxylic acid derivativeta-f were prepared in two steps from their
corresponding thiazolidine intermediate$la-f, by oxidation of 1la-f using N-
bromosuccinimide (NBS) and benzoyl peroxide, folkoMmby basic hydrolysis of the methyl

estersl?a-f, using the method described by Gududetral.[35] (Scheme 2).

The syntheses of the thiazole dicarboxylic adigit are outlined in Scheme 3. Following the
method described by Ashram [36], the two aromatielaydesl3 and 15 were prepared by
refluxing the 2-hydroxy aromatic aldehydgand14, respectively, with ethyl 2-bromoacetate
in the presence of potassium carbonate in acefdme.two aromatic aldehyde$3 and 15,
then reacted with compourf2ito give the corresponding thiazolidine derivatividgi-h in
12% and 77% yields, respectively. Oxidationldfy-h to the thiazoled2g-h, followed by

saponification, gave the carboxylic acitsh [35] (Scheme 3).
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Scheme 3. Reagents and Conditions: (a) BritiD.Et, K.COs, Me;CO, A, 4 h.13 (86%),15 (48%));
(b) 9, NaHCQ, EtOH, HO, r.t., 14 h.11g (12%), 11h (77%); (c) N-bromosuccinimide, benzoyl

peroxide, CQJ, A, 14 h.12g (17%),12h (8%); (d) 2 M NaOH, MeOH, r.t., 4 Hg (73%),4h (80%).

Additionally, a series of thiazolidine-4-carboxylecid derivativesl6a-c and 16f-j were
synthesised for testing against both rkb and pi§ RAzymes to investigate the importance of
the unsaturation of the thiazole ring for the attief the compounds. Treatingcysteine 8)
with a number of aromatic aldehydd®a-c and 10f-j in ethanol solution gave the
corresponding thiazolidine-4-carboxylic acid detives 16a-c and 16f-j, as mixtures otis

andtransisomers, in good yields [35] (Scheme 4).



o a, Ar = p-tolyl
OH b, Ar = Ph
¢, Ar = 4-methoxyphenyl
S._ _NH f, Ar = naphth-1-yl
GHo _a . Y g, Ar = 2-hydroxynaphth-1-yl
Ar Ar h, Ar = 4-hydroxyphenyl
10a-c and 10f-j 16a-c and 16f-j i, Ar = 2-hydroxyphenyl
j, Ar = 2-furyl

Scheme 4. Reagents and Conditions: (aCysteine 8), EtOH, r.t., 5 hl16a (63%), 16b (66%), 16c

(529%), 16f (68%),16g (70%),16h (64%),16i (93%),16] (66%).

Inhibition assays:The inhibitory effects of compound&-b and4a-h were tested using a
standard kinetic assay with the chromophoric sabsgrara-nitrophenyl phosphatelPP);
both rkbPAP and fully reduced pig PAP were used.tHa first round of assessment,
percentage inhibition was measured at a fixed agnaon (.e. 100 uM) of inhibitor. This
initial screen indicated that compoudfl was the most promising lead; both pig PAP and
rkbPAP activities were reduced to approximatelyf hlaé value measured in its absence.
Since accurate measurement of the binding affwiity possible inhibitor also depends on its
mode of binding and its competition with a substraf the reaction, several of the above
compounds were tested in inhibition assays wheredmcentrations of both the substrate and
inhibitors were varied. Relevant parameters arensansed in Table 1. Kand K. represent
the inhibitor dissociation constants for the enzyniebitor and enzyme-substrate-inhibitor
complex, respectivelyi.e. competitive vs uncompetitive inhibition constant€pmpounds

7a-b and4g-h exhibited little or no inhibitory activity againstther pig or rkbPAP



Table 1: Kinetic data for inhibitorgla-f against fully reduced pig PAP and rkbPAP at pH 4.9

Compound Enzyme Kic (uM) Kiuc (uM)
4a Pig PAP 42 £ 14 -
4a rkbPAP 340 =130 -
4b Pig PAP 190 + 62 -
4b rkbPAP - -
4c Pig PAP 120 + 35 -
4c rkbPAP 400 + 210 770 =700
ad Pig PAP 49 + 13 -
4d rkbPAP 530 + 480 -
4e Pig PAP 630 + 570 350 + 180
de rkbPAP 920 + 630 -
Af Pig PAP 33+15 110 + 69
4f rkbPAP 185+ 75 -

For each of the compounda — 4f their inhibitory effects on pig PAP and rkbPAP ariéhin
the same order of magnitude, but in each caseititlnl is stronger for the pig enzyme, and
in most cases the mode of inhibition is competitiide exceptions are compoursand4f
that also have a contribution from an uncompetibualing mode (characterised by, in
pig PAP. However, overall only compoudfihas a binding affinity (based on the magnitude
of respective Kvalues) that is modestly better than that of theeptal compounda (Table

1).

The thiazolidine-4-carboxylic acid derivativd$a-c and 16f-j were tested against a fully

reduced pig PAP enzyme at 1AM concentrations using 5 mi@NPP as a substrate. This



series of compounds did not show any inhibitioneetff except for compoundlek, that
displays modest (~40%) inhibition. Consequenthys series of compounds was not further

investigated.

Crystallographic investigations of inhibitor binding

Crystallographic investigations into the bindingdeof compoundif in complex with rkbPAP
were undertaken wherein a rkbPAP crystal was gramchthen soaked with a solution containing
4f. The crystal diffracted to 2.4 A resolution (Tablea®d has the same space group as described
previously [27], and with the asymmetric unit catisig of two dimers of rkbPAP; the monomers
are denoted A through.Bfter fitting of the polypeptide, amino acid sideains, metal ions and
solvent molecules4f was modelled into the difference electron dersité Polder omit maps.
Polder maps were chosen for this study since theyptimal for visualisation of weak binding
inhibitors obscured by bulk solvent scaling [37on@pound4f was modelledn subunit A (>
4.750) and subunit B (> 5.24) (Figure 2A,B). In subunits C and D, the differengelectron

densities indicate the presence of a sulfate amamd to the metal centre.
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Figure 2: (A) Polder (Fo-Fc) omit electron density map (240) and cartoon/stick representation showing the fit
of the inhibitor4f (magenta carbons) to the difference electron deisisubunit B of rkbPAP (light blue carbons),
the metals are shown as green spheres (B) Surfatstigk representation of the active site of rkBP@urquoise
surface) in complex witlf (CPK colouring sticks and blue surface), metalsstu@wvn as black spheres. For clarity
of presentation, this view is rotated by 180° reéato 2(A). (C) Surface and stick representatibavéing the result

of MVD predicting the binding mode off (green sticks) to rkbPAP superimposed onto thatakhystructure of
rkbPAP (turquoise surface) in complex with (yellow sticks); the metals are shown as black sggh¢D) Surface
and stick representation showing the result of Mptiedicting the binding mode d@f (CPK colouring sticks, blue
surface) to human PAP (purple surface); the met@shown as black spheres.

The inhibitor binds through its carboxylate groupaiu-1,3 bidentate mode to the metal ions in
the active site, more closely to Fe(lll) (1.7 Aathto Zn(ll) (2.2 A) (Figure 2A). The sulfur atom
in the thiazole ring of the inhibitor forms a hydem bond with the hydroxyl group of the
adjacent Y365 side chain (3.2 A). The nitrogen aiorthe thiazole ring forms a hydrogen bond

(3.0 A) with a nitrogen atom in the imidazole grafH296, and the thiazole ring formscation

11



interactions with H295 and H296 (3.0-4.0 A). The@mhalene ring, while not as well resolved as
the thiazole ring (likely to be due to some struatdiexibility), forms n-cation interactions with
the guanidino group of R258 from the adjacent sitborthe rkbPAP dimer (3.3-4.0 A) and with
the imidazole group of H295 (2.90-3.70 A). In caripon to the binding interactions of
compound4a (Figure 3) both the carboxylate and thiazole nieseare positioned similarly in the
two molecules, suggesting that the naphthaleneinid§ enhances inhibitor binding despite not

being locked in place by non-covalent associatidrtgs indicates further improvements are

possible to improve potency.

Figure 3: Stereosuperimposition of the crystal structure of rkbPwR®h 4a bound to the active site of subunit B
(PDB ID: 4DHL, yellow carbons) and rkbPAP witti bound to the active site of subunit B (cyan cad)dn the
active site. Substitution of thetolyl group with ap-naphthyl group picks up an additional interactrath H295.

Table 2: Data collection and refinement statistics for kigP AP-4f complex

Data collection

Temperature 100

Resolution range (A) 43.26 - 2.40 (2.49 - 2.4D)
Total number of reflections 467895 (30571)

Total number unique 107272 (10656)
Completeness (%) 99.4 (97.5)

"Rmerge 0.083 (0.280)

Mean lo6l 10.9 (3.4)

CC(1/2) 0.98 (0.93)

12



Mosaicity () 0.27

Unit cell lengths (A) a =b=126.21c =297.12
Space group P3:21
Refinement

Total number of atoms 15,764
Number of water molecules 1,225
Wilson B-factor (X) 33.66
*Ruvork 0.172
Riree 0.223
RMS bonds (A) 0.009
RMS angles (°) 0.957
Ramachandran statistics (%)

Favoured 95.02
Allowed 4.04
Outlier 0.94

*Ruork = Z|Fo|-|RJ/Z|Fo] and is calculated using 95% of the total reflecticemd
"Riee Uses the remaining 5% of the reflection®Rndige = Znii|li(hkl)-
I(hkD)|[/ZhaZi 1i(hK]). 3Values in parentheses are for the highest resalstiell.

The occupancy and B-factors of the inhibitor anel Mleighbouring residues have been refined.
The occupancy is close to 0.9 (0.84 on average)tHerinhibitor and the B-factors for the

inhibitor are, on average, approximately doublet thiathe neighbouring residues (data not
shown). This suggests that the inhibitor is staédiin the active site but not necessarily bound

with high affinity. The Kvalue of 185 * 75 for this compound with rkb PARgorts this.

Docking studies
Active site comparison of human, pig and red kidney bean PAPs

To further validate the use of red kidney bean RA&H pig PAP as model systems for human
PAP, we carried out a three dimensional structasetl alignment. It shows that the position of
the metal ions and the three-dimensional arrangemgkihe metal-coordinating residues are

completely conserved across the three specieshatdhie amino acids that form the surface of
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the active site share 100% sequence identity betwlese human and pig enzymes (Figure 4).

This makes pig PAP an ideal model for human PA#Rbitdr design.

\SRE54/56 002 NI
« R170
| //% N9A201
| e F242/244
Fell) R\
\ |

Figure 4: (A) Superimposition of the structure of pig PAPttwiwo conformations of phosphate bound (PDB ID:
5UQ6, cyan) and recombinant human PAP with bourasphate (PDB ID: 1WAR, yellow). All active site réses
are fully conserved. (B) Structure-based alignnuérithe active sites of pig PAP (PDB ID: 5UQ6, cyanyd rkbPAP
(PDB ID: 4KBP, magenta) with phosphate omitted,hiighting that most residues surrounding the actite are
conserved or semi-conserved between the two enzyvhés either Fe(ll/11l) in pig and human PAPs on(@) in

rkbPAP. Prepresents inorganic phosphate.

Docking studies were undertaken to predict theibopdhode o#f to human PAP (Figure 2C-D).
Firstly, the accuracy of the docking algorithm vgasiged by verifying its ability to predict the
correct binding mode aff to rkbPAP. As seen previously [27], the MolDocknplex Evolution
(SE) algorithm can predict the correct binding modl@n inhibitor to rkbPAP with reasonable
accuracy (Figure 2C). The same algorithm was usetk4f to human PAP (Figure 2D). In the
optimal conformation the carboxylate group of thhibitor coordinates bidentately to the two
metals in the active site as observed in the drgstacture of the rkbPARE complex (Figure
2A). The thiazole ring of the inhibitor forms hygwbic interactions with the side-chain of
conserved N89 (N201 in rkbPAP). The thiazole suifuroriented towards a groove in the
interface between the conserved metal ligatingdtees N89 and H221 (N201 and H325 in

rkbPAP) and the mammalian repression loop (N1423Sind D144, spatially equivalent Y365

14



in rkbPAP), whereby it is stabilised by van der Waateractions with the side-chains of these
residues and by a hydrogen bond with the side craino group of Q149. The remainder of the
thiazole ring is stabilised by-cation interactions with H90 and H193 (H202 and96idn
rkbPAP, respectively). The naphthalene ring fitsoim hydrophobic wedge formed by the
sidechains of F54 and F242. Pose binding enerdgiained from Molegro Virtual Docker
(MVD) algorithm are -89.51 kcal/mol and -56.61 Koadl for the interactions off with human
PAP and rkbPAP, respectively, which suggests thit inhibitor binds tighter to the human
enzyme, in good agreement with the enhanced affwfit4f for pig PAP when compared to
rkbPAP (Table 1). The major contribution to the amted affinity of4f to the human enzyme is
due to a stronger interaction of the naphthalemg with the hydrophobic side chains of F54 and
F242 when compared to R258 in rkbPAP; however,tli@zole portion of the inhibitor also
contributes to the difference due to its interactwath the repression loop that is characteristic

for mammalian PAPSs.
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3. Conclusion

The role of PAPs in bone resorption has been wstlldished since studies of transgenic
mice demonstrated that abnormal expression levelsi®o enzyme are associated with bone
disorders; overexpression of PAP leads to an ostetip phenotype, while a knockout
displays features characteristic of osteopetrdsig. [While these observations make PAP a
target for the development of chemotherapeutiatobat osteoporosis, little effort has been
directed towards the design of specific and poigmbitors of this enzyme. Though a recent
paper used a small molecule screening library émtifly a family of carboxamides as low
micromolar inhibitors of human PAP [5], the majgrof inhibitors discovered to date are
simple anions€.g. phosphate, vanadate or sulfate [1-4, 8-9, 1928 target the bimetallic
metal centre. Since the bimetallic metal centre @mdseven amino acid ligands are well
conserved amongst a range of metallohydrolasesaitagxample, enzymes such as the
diesterases GpdQ and Rv0805 have an active sitesthaarly identical to that of PAPs [38-
39] it is not surprising that inhibitors targetingainly the metal centre are non-specific. More
complex molecules that may exploit structural feadun the outer sphere of the PAP active
site were developed but their precise binding md@deksnot been explored, largely due to the
lack of crystallographic data. In this respecg tinystal structures of several small fragments
in complex with rkbPAP provided, for the first timdetailed insight into how potential
inhibitor leads may interact with a PAP [27]. Het@o of these fragment® (@and4a in
Figure la) were used as starting points for furilaboration. Of significance is that our
structure activity relationship (SAR) results iratie that most of the thiazolidine derivatives
of 16 are ineffective inhibitors of PAPs. The exceptimncompoundl6k, bearing a
naphthalene ring. Upon oxidising its thiazolidinegrto the corresponding thiazole while

retaining the naphthalene ring leads to compodhdThis compound displays improved

16



binding affinity, and its structure in complex witkbPAP guides further modifications to

enhance the binding specificity and potency (Fig)re

To date it has not been possible to obtain crydtalctures of catalytically active forms of a
mammalian PAP. Available structures contain an timacdi-Fe(lll) centre, mostly in
complex with phosphate [40-41]. In contrast, pl&APs crystallise readily in their
catalytically active form, largely due to the faloat they contain redox-inactive Fe(lll)Zn(lIl)
or Fe(llDMn(ll) centres [8-11, 13, 42-43]. Consently, in particular rkbPAP has been
employed as a model to investigate the effect bfbitors on PAPs. The observation of
reasonably conserved (i) catalytic properties,uditlg substrate specificities, mechanism and
inhibition by non-specific inhibitors, and (ii) ano acid side chains in the vicinity of the
active site validate the selection of rkbPAP asaeh for mammalian PAPs [1-4]. Indeed,
all compounds tested here have comparable inhybffects for pig PAP and rkbPAP, albeit
their binding to the mammalian enzyme is alwaysempotent (Table 1). In order to gain
insight into how4f binds to the human enzyme silico docking was employed. The
methodology was initially tested using rkbPAP tondestrate that the predictenh (ilico)
mode of binding of4f is virtually identical to that observed experinadlyt (in the crystal
structure; Figure 2). Indeed, the inhibitor is dpoted to bind better to the mammalian
enzyme, in part due to additional interactions leemvthis compound and the repression loop
that is characteristic for mammalian PAPs [40]. isTiredicted improvement in binding is
reflected in the lower Kof pig PAP fordf when compared to rkbPAP (Table 1).

In summary, this study provides the first crystgtlphic insight into a rationally designed
inhibitor for PAP. The structure provides guidarfioe the further elaboration of PAP
inhibitors that may find applications in the treatmh of conditions associated with elevated

levels of this enzyme, including not only osteomiso but potentially also AIDS
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encephalopathy [44], Gaucher’s disease [45], hell leukemia [46], Alzheimer's disease

[47] and bone metastases [48-49].

4. Experimental

4.1. Enzyme preparation and Purification

Purple acid phosphatase from red kidney bean (ri)R¥as purified following a previously
published protocol [50]. Briefly, red kidney beaf®haseolus vulgar)jswere ground in a
Waring blender and suspended in 0.5 M sodium ddoiThe suspension was filtered through
a muslin cloth, followed by ethanol fractionationdaammonium sulfate precipitation and
further purified by ion-exchange chromatographyngsa CM-cellulose column followed by
gel filtration on a Sephadex S-300 column. Theltegupreparation was concentrated to 23.8
mgmL using a Millipore Amicon centrifugal concentrator and stored at 4 °C in 0.5 M sodium
chloride. Pig PAP was extracted from the uteringdfbf a pregnant sow and purified by ion-
exchange chromatography using CM-cellulose followgdyel filtration on a Sephadex G-75
[51]. Purified pig PAP was concentrated to 8.lmigand stored at 26C in 100 mM acetate
buffer at pH 4.9. Protein concentrations were deit@ed by measuring the absorbance at 280
nm using extinction coefficients of 1.41 for a 1/m solution (28.6 uM) of pig PAP and 2.1
for a 1 mgnL solution (9.1 uM) of rkbPAP. SDS-PAGE analysis showed that theyemres

were >95% pure.
4.2. Crystallisation, soaking and cryopr otection

Crystallisation of rkbPAP was achieved using praslg determined conditions [42]. Once
crystals had reached a size of ~0.1 mm in all tldiegensions, an equivalent volume of
cryoprotectant containing the inhibitor was addethe hanging drop. This solution consisted
of 0.1 M sodium citrate pH 5.0, 0.1 M lithium chide, 25% polyethylene glycol 3350, 20%

isopropyl alcohol, 10% glycerol and 4 mM 4ff. This was introduced 4 days before the data
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collection. For cryoprotection, a crystal from tlebove preparation was soaked in

cryoprotectant (containing the inhibitor) for 1@efore placing it in the cryostream (100 K).

4.3. Data collection & analysis

Data were collected using a FR-E X-ray generatoftgge: 45 kV, current: 45 mA) and
recorded using a Raxis IV++ imaging plate at UQK@WX-rays (wavelength: 1.54 A) were
used for these diffraction studies. The programaRigCrystal clear 2.0 [52] was used to
integrate and scale reflections and Scala in CC&3lwged to scale and merge the data [53].
Initial protein model for refinements was that bé tcrystal structure of rkbPAP in complex
with 4a (PDB access code: 4DHL) with the inhibitor removedm the active site.
Refinements and building of Polder maps were peréal using PHENIX [54] and model
building was undertaken using Coot [55]. Figure \#&s produced using CCP4MG [56] and
Figures 2B-D were produced using MVD [57]. Coordésaand structure factors for the

complex have been deposited in the Protein Dat& Bath access code 6G46.

4.4. Computational docking studies

Docking studies were undertaken with MVD [57] usitigg MolDock SE algorithm with
flexible residues using Tabu clustering and sofiepetentials. The ligand search space was
confined to a 9 A sphere originating from the metttre of PAP. For rkbPAP, the receptor
coordinates used were those of the crystal streictirthe enzyme in complex with the
inhibitor obtained here. For human PAP, the coamia used were those of recombinant
human PAP in complex with phosphate (PDB code 1WRAR)] with the phosphate anion
omitted from the active site. Water molecules weraoved from all coordinate files prior to

docking.

4.5.Enzymekinetics
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Inhibition assays with both pig PAP and rkbPAP weegformed in 96 well 400 pL multi-
titre plates using a UV/Vis multiplate spectrophmotder [29]. Prior to its use in kinetic assays
pPAP was fully reduced to the heterovalent Fe(d()F state to ascertain maximum activity
by incubating it with 0.77 mMpB-mercaptoethanol for ten minutes at 3Z. Kinetic
measurements were carried out at pH 4.9 (0.1 Maseéuffer in 25% DMSO) at Z& using
para-nitrophenyl phosphatgiPP) as substrate at different concentrations (B, 3.5, 10
and 12.5 mM). The rate of produgtifitrophenol) formation was measurediat 405 nm §

= 343 M*cm?) [13]. Enzyme concentration used was 12 nM, while concentrations for
tested compounds ranged from 50 uM to 300 uM. Tdta evere analysed by non-linear
regression using the general inhibition equatiaquéion 2) and the program WinCurveFit

(Kevin Raner software).

Equation 2

In this equation, K and K. represent the equilibrium dissociation constaotscbmpetitive
and uncompetitive inhibitor binding, respectivelvhile Vimax Kum, [S] and [I] represent the
maximum rate of product formation, the Michaelisnstant, substrate concentration and

inhibitor concentration, respectively.

4.6. Experimental chemistry

Light petroleum (LP, b.p. 40-60 °C) was distilledfdre use. Flash chromatography was
carried out with Merck Kieselgel 60 as described Sil [58]. NMR experiments were

recorded on 300, 400 and 500 MHz spectrometers k@BruRheinstetten, Germany).
Chemical shifts are reported in parts per milligprQ) on ad scale, relative to the solvent

peak (CDCY 8y 7.24,5¢ 77.0; (CR),SO 8y 2.49,5¢ 39.5; MeODSy 3.30,5¢ 49.0). Coupling
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constantsJ) are reported in hertz and peak multiplicitiesadié®d as singlet (s), doublet (d),
triplet (t), quartet (q), septet (sept), multip{et), or broad (br). High resolution electrospray
ionisation accurate mass measurements were recandedsitive and negative mode on a
quadrupole — time of flight instrument (Bruker) kwitan ESI source. Accurate mass
measurements were carried out with external cdidrausing sodium formate as reference
calibrant and/or Agilent tune mix (mw > 500). Lowmdahigh resolution electron impact
ionisation mass measurements were recorded usimfjugyekerosene-H as reference
calibrant. For TLC staining, Ce(3)2 and/or KMnQ were used. Ce(S§} dye ingredients:

2.5 g phosphomolybdic acid; 1 g ceric sulfate; hflOwater and 8 mL concentrated sulfuric
acid. KMnQ, dye ingredients: 3 g potassium permanganate; eétassium carbonate; 5 mL

5% sodium hydroxide and 300 mL water.
4.6.1. General method for preparation of 2-alkoxy benzaldehydes (6a-b) [59]

CHO
OR

6a-b

Salicylaldehyde §) (3.66 g, 3.2 mL, 30 mmol) was added to a suspensi potassium

carbonate (8.29 g, 60 mmol) in DMF (50 mL). Alkyllde was then added dropwise and the
solution was stirred for 36 h under an atmosphémrgon. Water (150 mL) was added and
the mixture was extracted with diethyl ether (3xrBL). The combined organic layers were
washed with 2M NaOH (3 x 50 mL), dried overJS@y, filtered and evaporated in vacuo to

afford the 2-alkoxy benzaldehyée-b.

4.6.1.1. 2-Ethoxybenzaldehyde (6a) [59]
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CHO

6a

The alkyl halide used was ethyl iodide (1 eq, 468.4 mL, 30 mmol), which affordegh as
a yellow oil (3.85 g, 86%)R; : 0.51 (10% EtOAc in LP, UV and KMn@dip). *H NMR (300
MHz, CDCL) 6 1.38 (3H, tJ 7.0 Hz), 4.06 (2H, ] 7.0 Hz), 6.87 — 6.93 (2H, m), 7.43 — 7.47
(1H, m), 7.71 (1H, dd) 1.8 Hz,J 7.5 Hz), 10.41 (1H, s)*C NMR (75 MHz, CDCJ)  14.4,
64.0, 112.4, 120.3, 124.6, 128.0, 135.8, 161.2,8189MR spectra are in agreement with

those reported by Leardini [59].

4.6.1.2. 2-1 sopr opoxybenzaldehyde (6b) [59]

CHO
T
6b
The alkyl halide used was isopropyl bromide (1.1 €§6 g, 3.1 mL, 33 mmol), which
afforded6b as a yellow oil (4.1 g, 84%WR; : 0.59 (10% EtOAc in LP, UV and KMn{dip).
'H NMR (400 MHz, CDCJ) & 1.34 (6H, dJ 6.0 Hz), 4.62 (1H, sepd 6.0 Hz), 6.90 — 6.95
(2H, m), 7.43 — 7.48 (1H, m), 7.77 (1H, dd1.9 Hz,J 7.6 Hz), 10.45 (1H, s}C NMR (100

MHz, CDCk) 6 21.8, 70.9, 113.9, 120.2, 125.6, 128.1, 135.6,5,6110.0. NMR spectra are

in agreement with those reported by Leardini [59].

4.6.2. General method for preparation of 2-alkoxy benzyl alcohols (7a-b)
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OH
OR

7a-b

These compoundga-b were prepared using the general method descrigedaltler and

Sharpiro [34]. A solution of sodium borohydride3®.eq, 28 mg, 0.74 mmol) in 2M NaOH
(40 pL) diluted with water (360 puL) was added drggevto a solution of the 2-alkoxy
benzaldehyde6@-b) (2 mmol) in methanol (2 mL) at 18 — 26. The reaction mixture was
stirred for 4 h at room temperature and then eapdrin vacuo. Methanol (2 x 10 mL) was
added and evaporated in vacuo. HCI (5%, 10 mL) added to the residue which was
extracted with diethyl ether (2 x 20 mL). The condd organic layers were dried over

NaSQO,, filtered and evaporated in vacuo to aff@edb.
4.6.2.1. 2-Ethoxybenzy! alcohol (7a)

OH

7a

The crude product was purified by silica flash eatuchromatography (10% EtOAc in LP) to
afford 7a as a colourless oil (224 mg, 74%): 0.28 (10% EtOAc in LP, UV and KMnO
dip). *H NMR (300 MHz, CDCJ) & 1.41 (3H, t,J 7.0 Hz), 3.18 (1H, s, OH), 4.02 (2H, &,
7.0 Hz), 4.68 (2H, s), 6.83 (1H, d8.2 Hz ), 6.92 (1H, dt) 0.8 Hz,J 7.4 Hz), 7.21 — 7.32
(2H, m);l3C NMR (75 MHz, CDQJ) 6 14.5, 61.0, 63.2, 110.7, 120.1, 128.0, 128.2,11,29.

156.2. NMR spectra are in agreement with thosertegdy Wang [60].

4.6.2.2. 2-1sopr opoxybenzyl alcohol (7b)
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o

Colorless oil (282 mg, 85%%; : 0.43 (10% EtOAc in LP, UV and KMn@lip). *H NMR
(500 MHz, CDC4) & 1.36 (6H, d,J 6.1 Hz), 2.92 (1H, br s, OH), 4.61 (1H, sep6.2 Hz),
4.67 (2H, s), 6.89 (1H, &,8.3 Hz), 6.92 (1H, dtJ 0.9 Hz,J 7.4 Hz), 7.23 = 7.29 (2H, m) in
agreement with that reported by Fukatual. [61]; **C NMR (125 MHz, CDG) § 22.0,

62.0, 70.0, 112.4, 120.3, 128.5, 128.6, 130.0,68.55.

4.6.3. General method for preparation of 2-aryl-1,3-thiazolidine methyl esters (11a-f)

Ar
11a-f
These compounds$la-f were prepared using the general method descripedudluduruet

al. [35].

Thionyl chloride (8.3 mL, 110 mmol) was added draggwunder an atmosphere of argon to a
solution ofL-cysteine §) (9.00 g, 74 mmol) in 150 mL MeOH. The reactionxture was
refluxed for 3 h then evaporated in vacuo, therexaporated with toluene (2 x 5 mL) to
afford the hydrochloride salt of the methyl ester@ysteine 9) as white solid. One-sixth of
this material 9) (12.4 mmol) was dissolved in water/ ethanol (1:1% (mL). Sodium
hydrogen carbonate (1.14 g, 13.6 mmol) was addddaiter 10 min, the aromatic aldehyde
(10a-f) (12.38 mmol) was added and the reaction mixtuas stirred for 14 h. The ethanol

was evaporated in vacuo and the aqueous residueextected with DCM (50 mL). The
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organic layer was washed with water (25 mL), daosdr NaSQO, filtered and evaporated in

vacuo to afford the crude produdika-f.

4.6.3.1. (2R/2S, 4R)-M ethyl 2-(p-tolyl)thiazolidine-4-car boxylate (11a)

CH;
11a

The crude product was purified by silica flash cotuchromatography (10% EtOAc in LP) to
afford a mixture otcis andtransisomers oflla as a yellow oil (1.90 g, 65%%: 0.31 (20%
EtOAc in LP, UV and Ce(S£)» dip). *H NMR (300 MHz, CDCJ) & 2.32 (s) and 2.34 (s)
integrate for 3H, 2.72 (1H, br s, NH), 3.06 — 3(2H, m), 3.32 — 3.52 (1H, m), 3.77 (s) and
3.76 (s) integrate for 3H, 3.96 (0.6H, dd7.1 Hz,J 8.9 Hz), 4.21 (0.4H, dd] 5.7 Hz,J 7.1
Hz), 5.52 (0.6H, s), 5.77 (0.4H, s), 7.11 — 7.1RA,(Bn), 7.35 — 7.42 (2H, m§’C NMR (75
MHz, CDCk) 6 20.8, 20.9, 37.8, 38.9, 52.16, 52.22, 64.1, 63®5, 72.2, 126.6, 127.0,
128.8, 129.0, 134.9, 137.3, 137.8, 138.2, 171.3,9h agreement with that described by

Paul and Korytnyk [62].

4.6.3.2. (2R/2S, 4R)-M ethyl 2-phenylthiazolidine-4-car boxylate (11b) [35]
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The crude product was purified by silica flash cotuchromatography (10% EtOAc in LP) to
afford cis andtrans mixture of1lb as a yellow oil (2.055 g, 74%%: 0.31 (20% EtOAc in
LP, UV and Ce(S®)- dip). '"H NMR (300 MHz, CDC}) § 2.65 (1H, br s, NH), 3.11 (1H, dd,
J 9.0 Hz,J 10.2 Hz), 3.20 (0.5H, dd} 6.0 Hz,J 10.8 Hz), 3.38 (0.5H, tJ 10.5 Hz), 3.41 —
3.49 (1H, m), 3.79 (1.5H, s), 3.80 (3H, s), 3.98,(tid,J 7.2 Hz,J 9.0 Hz), 4.21 (0.5H, dd

6.0 Hz,J 6.9 Hz), 5.56 (1H, s), 5.82 (0.5H, s), 7.23 — 788, m), 7.47 — 7.52 (3H, m) in
agreement with that described by Gududetl. [35]; *C NMR (75 MHz, CDC}) & 38.0,
39.1, 52.4, 52.5, 64.2, 65.4, 70.7, 72.5, 1264,.3, 127.8, 128.3, 128.57, 128.60, 138.1,

141.0,171.5,172.1.

4.6.3.3. (2R/2S, 4R)-M ethyl 2-(4-methoxyphenyl)thiazolidine-4-carboxylate (11c)

OCH;
11c

The crude product was purified by silica flash oafuchromatography (10-60% EtOAc in
LP) to afford cis andtrans mixture of 11c as a yellow oil (2.525 g, 81%3 : 0.19 (20%
EtOAc in LP, UV and Ce(S£), dip). ESI — MS, m/z: 276 [M + N&] HRMS calculated for
C1HisNNaQO;S™ 276.0665, found 296.06544 NMR (500 MHz, CDCJ) 5 3.08 (dd,J 8.9
Hz,J 10.3 Hz) and 3.20 (dd), 5.5 Hz,J 10.7 Hz) integrate for 1H, 3.36 (ddl,7.1 Hz,J 10.7
Hz) and 3.43 (dd) 7.1 Hz,J 10.3 Hz) integrate for 1H, 3.766 (s), 3.770 (sy83s) and 3.79
(s) integrate for 6H (2 x C}j, 3.95 (0.7H, ddJ 7.2 Hz,J9.0), 4.21 (0.3H, dd] 5.5 Hz,J 7.2
Hz), 5.50 (s) and 5.74 (s) integrate for 1H, 6.88.88 (2H, m), 7.38 — 7.44 (2H, mjC

NMR (125 MHz, CDCj) 6 38.0, 39.2, 52.5, 52.6, 55.27, 55.29, 64.2, 6BM6, 72.3, 113.7,
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114.0, 128.2, 128.7, 130.1, 132.9, 159.3, 159.8,671.72.3. NMR spectra are in agreement

with those reported by Anwar and Moloney [63].

4.6.3.4. (2R/2S, 4R)-M ethyl 2-(4-chlorophenyl)thiazolidine-4-carboxylate (11d)

Cl
11d

The crude product was purified by silica flash ootuchromatography (10-50% EtOAc in
LP) to affordcis andtrans mixture of11d as a yellow oil (1.80 g, 57%%: 0.31 (20% EtOAc
in LP, UV and Ce(S). dip). ESI — MS, m/z: 280 [M + N&] HRMS calculated for
C11H1.CINNaG,S" 280.0169, found 280.0173H NMR (300 MHz, CDCJ) 6 2.68 (1H, br s,
NH), 3.06 — 3.18 (1H, m), 3.35 (dd,7.1 Hz,J 10.6 Hz) and 3.44 (dd, 7.1 Hz,J 10.3 Hz)
integrate for 1H, 3.78 (s) and 3.79 (s) integrare3H, 3.96 (0.6H, dd] 7.1 Hz,J 8.9), 4.13
(0.4H, t,J 6.5 Hz), 5.54 (s) and 5.77 (s) integrate for 11267— 7.34 (2H, m), 7.40 — 7.47
(2H, m);**C NMR (75 MHz, CDC}) & 38.0, 39.1, 52.48, 52.52, 64.0, 65.4, 69.8, 7128.2,

128.4,128.7,128.8, 133.4, 134.3, 136.7, 139.9,4171.72.0.
4.6.3.5. (2R/2S, 4R)-M ethyl 2-(2-chlor ophenyl)thiazolidine-4-carboxylate (11€)

@)

f_<»\00H3

S._NH

Cl

11e
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The crude product was purified by silica flash oatuchromatography (10-50% EtOAc in
LP) to affordcis andtrans mixture oflle as a yellow oil (2.50 g, 79%3: 0.37 (20% EtOAc
in LP, UV and Ce(SQ), dip ESI — MS, m/z: 280 [M + N&a] HRMS calculated for
C11H12,CINNaG,S" 280.0169, found 280.01744 NMR (300 MHz, CDCYJ) 6 2.88 (1H, t,J
10.4 Hz, NH), 3.03 — 3.14 (1H, m), 3.33 (ddb.5 Hz,J 10.6 Hz) and 3.46 (dd, 6.9 Hz,J
10.2 Hz) integrate for 1H, 3.80 (s) and 3.81 (&gnate for 3H, 3.99 (dd,4.0 Hz,J 6.9) and
4.25 (t,J 6.7 Hz) integrate for 1H, 5.94 (s) and 6.08 (s¢gnate for 1H, 7.15 — 7.40 (4H, m),
7.57 (dd,J 1.7 Hz,J 7.6 Hz) and 7.71 (dd}, 2.1 Hz,J 7.5 Hz) integrate for 1H’C NMR (75
MHz, CDCk) & 37.4, 38.9, 52.5, 52.6, 65.4, 68.3, 126.5, 12629,3, 128.1, 128.5, 129.7,

129.8, 132.9, 133.7, 135.8, 140.0, 171.5, 172.0.

4.6.3.6. (2R/2S, 4R)-M ethyl 2-(naphth-1-yl)thiazolidine-4-car boxylate (11f)

0
/_eLong,
S._NH

The crude product was purified by recrystallisatitom diethyl ether to affordis andtrans
mixture of 11f as white needles (1.232 g, 37%): 0.33 (20% EtOAc in LP, UV and
Ce(SQ), dip). ESI — MS, m/z: 296 [M + N&] HRMS calculated for GHisNNaO,S"
296.0716, found 296.072*H NMR (300 MHz, CDCY) & 2.85 (1H, br s, NH), 3.12 (dd,9.3
Hz,J 10.2 Hz) and 3.20 (dd), 6.3 Hz,J 10.5 Hz) integrate for 1H, 3.39 (ddi6.6 Hz,J 10.5
Hz) and 3.51 (dd) 7.2 Hz,J 10.5 Hz) integrate for 1H, 3.80 (s) and 3.82 (&gnate for 3H,
4.13 (dd,J 7.2 Hz,J 9.3 Hz) and 4.36 (t) 6.5 Hz) integrate for 1H, 6.30 (s) and 6.49 (s)
integrate for 1H, 7.40 — 7.58 (3H, m), 7.75 — 7(8[A, m), 8.13 (d,) 8.4) and 8.20 (d] 8.4)

integrate for 1H**C NMR (75 MHz, CDCJ) & 37.9, 38.7, 52.6, 64.7, 65.6, 67.9, 69.3, 122.5,
28



123.5, 123.6, 123.8, 125.2, 125.3, 125.8, 125.%,.312126.5, 128.5, 128.7, 128.8, 129.2,

130.8, 131.4, 133.6, 133.7, 133.9, 136.6, 171.8,3L7
4.6.4. General method for preparation of 2-aryl-1,3-thiazole methyl ester s (12a-f)

@)

/_)\OCH3
S__N
Ar
12a-f
These compound¥2a-f were prepared using the general method descripgduloluduruet
al. [35]. NBS (2.1 eq, 835 mg, 4.69 mmol) and benzmioxide (0.03 eq, 16.2 mg, 0.067
mmol) were added to a solution Ifa-f (2.233 mmol) in CCJ(25 mL). The reaction mixture
was refluxed for 14 h. The hot mixture was filteradd evaporated in vacuo. The crude

product was purified by silica flash column chroomagphy to afford the corresponding

thiazole derivativeg2a-f.

4.6.4.1. Methyl 2-p-tolylthiazole-4-car boxylate (12a)

CH,
12a
The crude product was purified by silica flash cotuchromatography (0-10% EtOAc in LP)
to afford 12a as yellow solid (120 mg, 23%3 : 0.23 (10% EtOAc in LP, UV)ESI — MS,
m/z: 256 [M + Na]. HRMS calculated for GH1;:NNaQ,S" 256.0403, found 256.0404H

NMR (300 MHz, CDC}) & 2.35 (3H, s), 3.93 (3H, s), 7.19 (2H,1i8.0 Hz), 7.84 (2H, dJ
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8.1 Hz), 8.10 (1H, s)**C NMR (75 MHz, CDC)) & 21.4, 52.4, 126.8, 126.9, 129.6, 130.0,
141.0, 147.4, 161.9, 169.1. NMR spectra are ineagent with those reported by Waenal.

[64].

4.6.4.2. Methyl 2-phenylthiazole-4-car boxylate (12b)

12b

The crude product was purified by silica flash cotuchromatography (0-10% EtOAc in LP)
to afford12b as a yellow solid (139 mg, 26%): 0.23 (10% EtOAc in LP, UV and KMnO
dip). *H NMR (300 MHz, CDCJ) 5 3.93 (3H, s), 7.39 — 7.41 (3H, m), 7.93 — 7.97 (&),
8.12 (1H, s) in agreement with that described byv&sy et al. [65]; *C NMR (75 MHz,

CDCls) 6 52.3, 126.8, 127.2, 128.9, 130.6, 132.6, 147.6,8,6.68.9.
4.6.4.3. Methyl 2-(4-methoxyphenyl)thiazole-4-car boxylate (12c)

0
OCHs

OCHs
12¢

The crude product was purified by silica flash cotuchromatography (0-60% EtOAc in LP)
to afford12c as yellow solid (93 mg, 17%%: 0.39 (20% EtOAc in LP, UVESI — MS, m/z:

272 [M + NaJ. HRMS calculated for GH1:NNaO;S" 272.0352, found 272.035%H NMR
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(300 MHz, CDC4) § 3.82 (3H, s), 3.93 (3H, s), 6.92 (2H,JB.9 Hz), 7.89 (2H, d] 8.9 Hz),
8.07 (1H, s)C NMR (75 MHz, CDCY) § 52.4, 55.4, 114.2, 126.5, 128.5, 131.7, 147.4,

161.6, 162.0, 168.8{MR spectra are in agreement with those reporteDdoyseyet al.[65].

4.6.4.4. M ethyl 2-(4-chlorophenyl)thiazole-4-car boxylate (12d)

0

/_QLOCH;;

S.__N

Cl
12d

The crude product was purified by silica flash cotuchromatography (0-10% EtOAc in LP)
to afford 12d as yellow solid (108 mg, 19%; : 0.48 (20% EtOAc in LP, UV and KMnO
dip). ESI — MS, m/z: 276 [M + N&] HRMS calculated for GHsCINNaO,S™ 275.9856,
found 275.9860'H NMR (300 MHz, CDCJ) 6 3.93 (3H, s), 7.37 (2H, d,8.4 Hz), 7.88 (2H,
d, J 8.5 Hz), 8.13 (1H, s)**C NMR (75 MHz, CDCJ) § 52.4, 127.4, 128.1, 129.2, 131.1,

136.7, 147.7, 161.7, 167.5.
4.6.4.5. Methyl 2-(2-chlorophenyl)thiazole-4-car boxylate (12€)

0
OCH;

S._N

Cl

12e

The crude product was purified by silica flash cotuchromatography (0-10% EtOAc in LP)

to afford 12e as yellow solid (181 mg, 32%3 : 0.48 (20% EtOAc in LP, UV and KMnO
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dip). ESI — MS, m/z: 276 [M + N&] HRMS calculated for GHgCINNaQ,S" 275.9856,
found 275.9859'H NMR (300 MHz, CDCY) § 3.90 (3H, s), 7.27 — 7.32 (2H, m), 7.39 — 7.42
(1H, m), 8.18 — 8.22 (1H, m), 8.23 (1H, § NMR (75 MHz, CDC}) § 52.3, 127.0, 128.6,

130.3, 130.8, 130.9, 131.2, 131.8, 146.1, 161.7,.6
4.6.4.6. Methyl 2-(naphth-1-yl)thiazole-4-car boxylate (12f)

0
OCHs

S.__N

12f

The crude product was purified by silica flash cotuchromatography (0-10% EtOAc in LP)
to afford 12f as viscous yellow oil (95 mg, 16% : 0.42 (20% EtOAc in LP, UV and
KMnO, dip). ESI — MS, m/z: 292 [M + N&] HRMS calculated for GH;:NNaG,S"
292.0403, found 292.041¢8H NMR (300 MHz, CDCJ) & 3.98 (3H, s), 7.47 — 7.63 (3H, m),
7.78 (1H, ddJ 1.2 Hz,J 7.2 Hz), 7.87 — 7.96 (2H, m), 8.30 (1H, s), 8.68.69 (1H, m)*°C
NMR (75 MHz, CDC}) 6 52.4, 124.9, 125.5, 126.5, 127.7, 128.2, 128.8,8,20.30.0, 130.5,
131.0, 133.8, 147.5, 162.0, 168.1. NMR spectraraggreement with those reported by Liu

et al.[66].

4.6.5. General method for preparation of 2-aryl-1,3-thiazole-4-car boxylic acids (4a-f)
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These compoundéa-f were prepared using the general method descripé&ududuruet al.
[35]. Sodium hydroxide solution (1M, 2.5 mL) wasdad to a solution ofl@a-f), 40-175 mg,
in methanol (2.5 mL) at 6C. The solution was stirred for 2 h, and then theth@anol was
evaporated in vacuo. The solution was acidifiechwinc HCIl and extracted with EtOAc (3 x
50 mL). The combined organic layers were washet witer (50 mL) and brine (50 mL),
then dried over N&O,, filtered and evaporated in vacuo to afford theresponding

carboxylic acid derivativeda-f.

4.6.5.1. 2-(p-Tolyl)thiazole-4-carboxylic acid (4a)

o

S__N

CH;
4a

4a was obtained as a white solid (39 mg, 98R0) 0.12 (30% EtOAc in LP and 2 drops
AcOH, UV and KMnQ dip). *H NMR (400 MHz, MeOD)s 2.36 (3H, s), 7.26 (2H, d,7.6
Hz), 7.84 (2H, dJ 8.0 Hz), 8.27 (1H, s)n agreement with that reported by Aliabadial.
[67]; °C NMR (100 MHz, MeOD) 21.4, 127.8, 128.5, 130.8, 131.4, 142.6, 149.2,2,6

170.6.

4.6.5.2. 2-Phenylthiazole-4-carboxylic acid (4b)
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F}OH

4b

4b was obtained as a white solid (77 mg, 8@o) 0.10 (30% EtOAc in LP and 2 drops
AcOH, UV and KMnQ dip). *H NMR (300 MHz, MeODY 7.44 — 7.46 (3H, m), 7.95 — 7.98
(2H, m), 8.31 (1H, s) in agreement with that ddssmli by Zhacet al. [68]; 1*C NMR (75

MHz, MeOD)$ 127.8, 129.0, 130.2, 131.9, 134.0, 149.3, 164.0,4

4.6.5.3. 2-(4-M ethoxyphenyl)thiazole-4-carboxylic acid (4c) [69]
0

/:)\OH

OCH;
4c

4c was obtained as a yellow solid (58 mg, 84%) NMR (400 MHz, DMSO-d6} 3.82 (3H,
s), 7.06 (2H, dJ 8.9 Hz), 7.90 (2H, dJ 8.9 Hz), 8.40 (1H, s)°C NMR (100 MHz, DMSO-

d6) 6 55.4, 114.6, 127.8, 128.0, 130.4, 147.8, 161.2,0,8.67.3.

4.6.5.4. 2-(4-Chlorophenyl)thiazole-4-car boxylic acid (4d)
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S__N

Cl
4d

4d was obtained as a white solid (101 mg, 1008)NMR (400 MHz, DMSO-d6)% 7.58
(2H, d,J 8.5 Hz), 7.98 (2H, dJ 8.5 Hz), 8.51 (1H, s)*C NMR (100 MHz, DMSO-d6p
128.1, 129.2, 129.4, 131.3, 135.3, 148.2, 161.8,11GNMR spectra are in agreement with

those reported by Met al.[70].

4.6.5.5. 2-(2-Chlorophenyl)thiazole-4-car boxylic acid (4e)

4e

4e was obtained as a white solid (165 mg, 10044)NMR (400 MHz, DMSO-d6p 7.50 —
7.57 (2H, m), 7.64 — 7.68 (1H, m), 8.16 — 8.20 (i#), 8.63 (1H, S) in agreement with that
described by Carpentet al. [71]; **C NMR (100 MHz, DMSO-d6% 127.9, 130.1, 130.7,

130.89, 130.90, 131.7, 147.0, 162.0, 162.7, 162.9.

4.6.5.6. 2-(Naphth-1-yl)thiazole-4-car boxylic acid (4f)
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4f was obtained as a white solid (88 mg, 1008d)NMR (400 MHz, DMSO-d6) 7.60 —
7.68 (3H, m), 7.94 (1H, dd,1.2 Hz,J 7.2 Hz), 8.04 (1H, dd] 1.7 Hz,J 7.7 Hz), 8.11 (1H, d,
J 8.4 Hz), 8.63 (1H, s), 8.83 (1H, d#Ip.9 Hz,J 8.1 Hz) in agreement with that described by
Carpenteret al. [71]; **C NMR (100 MHz, DMSO-d6% 125.3, 125.4, 126.7, 127.7, 128.5,

128.9, 129.3, 129.45, 129.47, 131.0, 133.6, 14%2,2, 166.9.

4.6.6. Synthesis of ethyl 2-(2-for mylphenoxy)acetate (13) [36]

CHO O

©O%OH

13

Salicylaldehyde §) (2.50 g, 2.18 mL, 21 mmol) was added to a suspensf potassium
carbonate (3.06 g, 22 mmol) in acetone (75 mL). fiindure was stirred for 5 min at room
temperature under an argon atmosphere. Ethyl 24moetate (3.75 g, 2.49 mL, 23 mmol)
was added to the reaction mixture and the mixtuae vefluxed for 4 h. After cooling, the
reaction mixture was filtered and the residue washed with acetone. The filtrate was
evaporated in vacuo and the residue was dried umgdarvacuum to remove any traces of
salicylaldehyde to give compour® (3.66 g, 86%)R : 0.21 (10% EtOAc in LP, UV and
KMnO, dip). *H NMR (300 MHz, CDCY) & 1.25 (3H, tJ 7.2 Hz), 4.23 (2H, qJ 7.1 Hz),
4.72 (2H, s), 6.83 (1H, d,8.4 Hz), 7.01 — 7.07 (1H, m), 7.46 — 7.52 (1H, My2 (1H, dd,
1.8 Hz,J 7.7 Hz), 10.53 (1H, s}*C NMR (75 MHz, CDC}) § 14.0, 61.5, 65.6, 112.6, 121.8,
125.4, 128.5, 135.7, 160.1, 168.1, 189.5.
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4.6.7. Synthesis of ethyl 2-(1-for mylnaphth-2-yloxy)acetate (15)

CHO

Yy e

15

2-Hydroxynaphthaldehydel4) (5.17 g, 30 mmol) was added to a suspension ta#spaum
carbonate (4.56 g, 33 mmol) in acetone (115 mL} ixture was stirred for 5 min at room
temperature under an argon atmosphere. Ethyl 24moetate (5.51 g, 3.66 mL, 33 mmol)
was added to the reaction mixture and the mixtuae vefluxed for 4 h. After cooling, the
reaction mixture was filtered and the residue washed with acetone. The filtrate was
evaporated in vacuo to give the crude product lighabrown solid. The crude product was
recrystallised from ethanol to give compoutitas beige solid3.72 g, 48% R : 0.19 (10%
EtOAc in LP, UV and KMnQdip). ESI — MS, m/z: 281 [M + N&] HRMS calculated for
CisH14NaO;* 281.0784, found 281.078%H NMR (300 MHz, CDCY) 6 1.27 (3H, tJ 7.1 Hz),
4.26 (2H, qJ 7.1 Hz), 4.85 (2H, s), 7.10 (1H, 39.1 Hz), 7.39 — 7.45 (1H, m), 7.58 — 7.64
(1H, m), 7.75 (1H, dt) 0.7 Hz,J 1.3 Hz,J 8.1 Hz), 8.01 (1H, dJ 9.1 Hz), 9.24 — 9.28 (1H,
m) in agreement with that described by Yeaml.[72]; *C NMR (75 MHz, CDCJ) § 14.1,
61.7, 66.4, 113.2, 117.7, 125.14, 125.19, 128.3.112129.9, 131.4, 137.3, 162.0, 168.2,

192.1.

4.6.8. Synthesisof (2R/2S, 4R)-methyl 2-(2-(2-ethoxy-2-oxoethoxy)phenyl)thiazolidine-4-

carboxylate (11g)
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OCHs

S. _NH
Y 0

©/ OQJ\OEt

11g

L-Cysteine 9) was dissolved in ethanol:water (1:1) (15 mL). iBod bicarbonate (1.14 g,
13.61 mmol) was added, and after 10 min, the arcnaddehydel3 (2.58 g, 12.38 mmol)
was added and stirred for 14 h. Ethanol was evégabram vacuo and DCM (50 mL) was
added and washed with water (25 mL), dried oveiS@y, filtered and evaporated in vacuo to
afford the crude product oflg. The crude product was purified by silica flasHuomn
chromatography (10-60% EtOAc in LP) to affocts andtrans mixture of 11g as a brown
solid (484 mg, 12%lR;: 0.28 (30% EtOAc in LP, UV and KMn@ip). ESI — MS, m/z: 348
[M + Na]*. HRMS calculated for GH:gNNaQ;S' 348.0876, found 348.0881H NMR (400
MHz, CDCk) 6 1.12 — 1.20 (3H, m), 2.99 — 3.07 (1H, m), 3.23.34 (1H, m), 3.67 — 3.68
(3H, m), 3.85 (0.5H, tJ 15.6 Hz), 4.10 — 4.17 (2H, m), 4.23 — 4.26 (0.5H, M55 — 4.57
(2H, m), 5.78 (0.5H, s), 5.94 (0.5H, s), 6.68 (Hd, J 8.3 Hz,J 18.2 Hz), 6.83 — 6.92 (1H,
m), 7.08 — 7.18 (1H, m), 7.33 (0.5H, #7.6 Hz), 7.39 (0.5H, dJ 7.6 Hz);**C NMR (100
MHz, CDCk) 6 13.76, 13.78, 37.3, 38.4, 52.01, 52.04, 60.9,,8b68, 65.4, 65.6, 66.5, 67.4,
111.7, 112.0, 121.2, 121.5, 126.6, 126.7, 128.8.412129.3, 129.8, 154.9, 155.3, 168.0,

168.2,171.1, 171.8.

4.6.9. Synthess of (2R/2S, 4R)-methyl 2-(2-(2-ethoxy-2-oxoethoxy)naphth-1-

yl)thiazolidine-4-carboxylate (11h)
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OCHs
NH

OQ?\OEt

11h

L-Cysteine 9) was dissolved in ethanol : water (1:1) (15 mLydiem bicarbonate (1.32 g,
15.69 mmol) was added, and after 10 min, the arcnaddehydel5 (3.68 g, 14.26 mmol)
was added to form a white precipitate immediatélye reaction mixture was filtered using
ethanol : water (1:1). The residue was taken up WIEM (100 mL) and washed with water
(25 mL), dried over N&O,, filtered and evaporated in vacuo to afford theder product of
11h. The crude product was purified by suspending &ther (100 mL), filter and the residue
was washed thoroughly with ether to afforanature of cis andtrans 11h as a white solid
(4.12 g, 77%)R:: 0.29 (30% EtOAc in LP, UV and KMn@lip). ESI — MS, m/z; 398 [M +
Na]". HRMS calculated for GH,:NNaGsS™ 398.1033, found 398.1043H NMR (500 MHz,
CDCl;) § 1.26 — 1.32 (3H, m), 3.27 (1H,%,10.0 Hz), 3.51 — 3.55 (1H, m), 3.59 (0.4H, dd,
2.0 Hz,J 10.5 Hz), 3.81 (s) and 3.82 (s) integrate for (3H),1 — 4.04 (0.6H, m), 4.25 — 4.29
(2H, m), 4.72 — 4.85 (2H, m), 6.53 (s) and 6.59{®grate for (1H), 7.13 (1H, dd,9.0 Hz,
J16.5 Hz), 7.37 — 7.39 (1H, m), 7.49 — 7.53 (1H, MJ5 — 7.81 (2H, m), 8.10 (1H, d#3.0
Hz, J 8.5 HZ);13C NMR (125 MHz, CD) 6 14.15, 14.18, 38.5, 39.2, 52.41, 52.43, 61.5,
61.6, 65.6, 66.0, 66.2, 66.6, 66.8, 66.9, 114.4,91118.7, 119.1, 122.6, 122.9, 124.3, 124 .4,
127.3, 127.4, 128.5, 128.8, 129.8, 130.5, 130.2.313132.5, 154.1, 154.3, 168.3, 168.6,

171.3,172.7.

4.6.10. Synthesis of methyl 2-(2-(2-ethoxy-2-oxoethoxy)phenyl)thiazole-4-carboxylate

(129)
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ﬁ}oom

S.__N 0

O\)J\OEt

129

This compoundl2g was prepared using the general method describe@uolduruet al.
[35]. NBS (2.1 eq, 556 mg, 3.12 mmol) and benzaybgide (0.03 eq, 11 mg, 0.045 mmol)
were added to a solution dig (483 mg, 1.49 mmol) in C¢(15 mL). The reaction mixture
was refluxed for 14 h. The hot mixture was filteraad evaporated in vacuo. The crude
product was purified by silica flash column chroomaaphy (10-60% EtOAc in LP) to afford
the corresponding thiazole derivatit®g as a brown solid (80 mg, 17% : 0.37 (30%
EtOAc in LP, UV and KMnQdip). ESI — MS, m/z: 344 [M + N&] HRMS calculated for
CisH1sNNaGsS' 344.0563, found 344.05684 NMR (400 MHz, CDCY) § 1.24 (3H, tJ 7.1
Hz), 3.92 (3H, s), 4.24 (2H, q4,7.1 Hz), 4.78 (2H, s), 6.86 (1H, d#i0.9 Hz,J 8.5 Hz), 7.06
—7.10 (1H, m), 7.31 — 7.35 (1H, m), 8.20 (1H,8%7 (1H, dd,J 1.7 Hz,J 7.9 Hz);*C NMR
(100 MHz, CDC}) 6 14.0, 52.2, 61.5, 65.6, 111.8, 121.9, 122.0, 12829.4, 131.2, 145.6,

154.6, 162.2, 162.8, 167.8.

4.6.11. Synthesis of methyl 2-(2-(2-ethoxy-2-oxoethoxy)naphth-1-yl)thiazole-4-

carboxylate (12h)
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12h

This compoundl2h was prepared using the general method describe@uayduruet al.
[35]. NBS (2.1 eq, 2.78 g, 15.60 mmol) and benzoyl pe®xXD.03 eq, 55 mg, 0.23 mmol)
were added to a solution bth (2.81 g, 7.50 mmol) in C¢(75 mL) and the reaction mixture
was refluxed for 14 h. The hot mixture was filteraadd evaporated in vacuo. The crude
product was purified by silica flash column chroagaaphy (10-60% EtOAc in LP) to afford
the corresponding thiazole derivatit@h as a brown solid (211 mg, 8% : 0.34 (30%
EtOAc in LP, UV and KMnQdip). ESI — MS, m/z: 394 [M + N&] HRMS calculated for
CioH17NNaGsS' 394.0720, found 394.072FA NMR (300 MHz, CDCY) & 1.19 (3H, tJ 7.1
Hz), 3.92 (3H, s), 4.16 (2H, 4,7.1 Hz), 4.68 (2H, s), 7.14 (1H, #9.1 Hz), 7.31 — 7.37 (1H,
m), 7.40 — 7.47 (1H, m), 7.74 (1H, 38.7 Hz), 7.86 (1H, d] 9.0 Hz), 7.96 (1H, d] 8.6 Hz),
8.40 (1H, s)*C NMR (75 MHz, CDCJ) 6 13.9, 52.2, 61.2, 66.3, 113.2, 116.5, 124.5, 124.7

127.8,129.2, 129.4, 132.1, 132.9, 146.3, 153.2,014.62.9, 168.3.

4.6.12. Synthesis of 2-(2-(car boxymethoxy)phenyl)thiazole-4-carboxylic acid (4g)

49

This compoundig was prepared using the general method describ&lbyduruet al. [35].

Sodium hydroxide solution (1 M, 3 mL) was addedtsolution of the thiazole methyl ester
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derivativel2g (80 mg, 0.25 mmol) in methanol (6 mL). The solutiwas stirred for 4 h, and
then methanol was evaporated in vacuo. The solutiaa acidified with conc HCI and
extracted with EtOAc (3 x 50 mL). The combined arigdayer was washed with brine (50
mL), water (50 mL), dried over N8O, and evaporated in vacuo to afford the correspandi
carboxylic acid derivativdg as a brown solid (51 mg, 73%). ESI — MS, m/z: 3004 Na -
2H]. HRMS calculated for GH;NNaGS 299.9948, found 299.99584 NMR (500 MHz,
DMSO)§ 4.99 (2H, s), 7.15 (2H, dd,8.9 Hz,J 17.6Hz), 7.45 (1H, dj 1.7 Hz,J 8.7 Hz,J
9.7 Hz), 8.29 (1H, dd] 1.7 Hz,J 7.9 Hz), 8.51 (1H, s}?C NMR (125 MHz, DMSOY 65.1,

113.0, 121.2, 121.5, 128.0, 129.5, 131.5, 146.2,81961.7, 162.4, 169.6.

4.6.13. Synthesis of 2-(2-(car boxymethoxy)naphth-1-yl)thiazole-4-carboxylic acid (4h)

4h was prepared using the general method describe@Gumuduruet al. [35]. Sodium
hydroxide solution (1 M, 6 mL) was added to a golubf the thiazole methyl ester derivative
12h (143 mg, 0.39 mmol) in methanol (6 mL). The santwas stirred for 4 h, and then
methanol evaporated in vacuo. The solution wasifadwith conc HCI and extracted with
EtOAc (3 x 50 mL). The combined organic layers waeshed with brine (50 mL) and water
(50 mL), the dried over N&Q,, filtered and evaporated in vacuo to afford theresponding
carboxylic acid derivativédh as a yellow solid (101 mg, 80%). ESI — MS, m/z: 390+ Na -
2H]". HRMS calculated for GHsNNaG;S 350.0105, found 350.0102H NMR (500 MHz,

DMSO0)§ 4.97 (2H, s), 7.42 — 7.45 (1H, m), 7.48 — 7.53,(&H, 7.94 (1H, dJ 7.6 Hz), 8.07
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—8.10 (2H, m), 8.68 (1H, s®C NMR (125 MHz, DMSOY 65.2, 113.9, 115.0, 124.3, 124.4,

127.9,128.2,128.7, 130.4, 132.1, 146.8, 154.9,004.62.4, 170.0.

4.6.14. General method for preparation of 2-aryl-1,3-thiazolidine-4-carboxylic acids

(16a-c and 16f-j)

OH
S._ _NH

Y

Ar
16a-c and 16f-j

16a-c and16f-j were prepared using the general method descrip&bliduduruet al. [35]. A
mixture ofL-cysteine §) (0.5 g, 4.12 mmol) and appropriate aryl aldehfifa-c and 10f-))
(4.12 mmol) in ethanol (15 mL) was stirred at rooemperature for 5 h, and the solid
separated was collected by filtration, washed wi#ihyl ether and dried to affofba-c and

16f-j.
4.6.14.1. (2R/2S, 4R)-2-(p-tolyl)thiazolidine-4-carboxylic acid (16a) [35]

o)

et

CH,
16a

16a was obtained as a white solid (582 mg, 63%)NMR (400 MHz, DMSO-d6p 2.27 (s)

and 2.29 (s) integrate for 3H, 2.79 (0.3H, d6.5 Hz,J 14.0 Hz), 2.89 (0.4H, dd,4.2 Hz,J

14.0 Hz), 3.05 (0.6H, dd] 8.7 Hz,J 10.0 Hz), 3.12 (0.7H, dd} 4.5 Hz,J 10.3 Hz), 3.27

(0.7H, dd,J 7.2 Hz,J 10.2 Hz), 3.35 (0.7H, dd,7.2 Hz,J 10.1 Hz), 3.44 (0.4H, dd,4.2 Hz,
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J 6.4 Hz), 3.85 (0.6H, dd}, 7.1 Hz,J 8.6 Hz), 4.21 (0.6H, dd}, 4.5 Hz,J 7.1 Hz), 5.45 (0.5H,
s), 5.62 (0.6H, s), 7.12 (1H, 4,7.8 Hz), 7.16 (1H, dJ 7.8 Hz), 7.30 (1H, dJ 8.1 Hz), 7.37
(1H, d,J 8.1 Hz) in agreement with that described by [$%};NMR (100 MHz, DMSO-d6}
20.6, 20.7, 37.9, 38.5, 64.9, 65.5, 71.0, 71.7,82827.1, 128.7, 129.0, 135.9, 136.7, 137.6,

138.1, 172.3, 173.0.
4.6.14.2. (2R/2S, 4R)-2-phenylthiazolidine-4-car boxylic acid (16b) [35]

O
OH

S._NH

.

16b

16b was obtained as a white solid (570 mg, 66%)NMR (400 MHz, DMSO-d6% 3.05 —
3.14 (1H, m), 3.27 — 3.39 (1H, m), 3.87 — 3.91 KD.#), 4.21 (0.5H, m), 5.49 (0.4H, s), 5.67
(0.5H, s), 7.26 — 7.51 (5H, m) in agreement withttescribed in the literature [35fC
NMR (100 MHz, DMSO-d6) 38.0, 38.5, 64.9, 65.5, 71.0, 71.8, 126.9, 121247,5, 128.18,

128.24,128.4,138.9, 141.3, 172.3, 172.9.
4.6.14.3. (2R/2S, 4R)-2-(4-methoxyphenyl)thiazolidine-4-carboxylic acid (16c) [35]

0

o

OCH;
16¢c

16c was obtained as a white solid (516 mg, 52%i)NMR (400 MHz, DMSO-d6) 2.79
(0.6H, dd,J 6.5 Hz,J 14.0 Hz), 2.89 (0.6H, dd,4.2 Hz,J 14.0 Hz), 3.04 (0.8H, dd,8.7 Hz,
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110.0 Hz), 3.13 (0.8H, dd, 4.2 Hz,J 10.3 Hz), 3.27 (1H, dd} 7.2 Hz,J 10.2 Hz), 3.35 (1H,
dd,J 7.2 Hz,J 10.1 Hz), 3.43 (1H, dd] 4.1 Hz,J 6.4 Hz), 3.73 (s) and 3.74 (s) integrate for
3H, 3.84 (0.8H, ddJ 7.2 Hz,J 8.7 Hz), 4.22 (0.7H, dd] 4.2 Hz,J 7.1 Hz), 5.44 (0.5H, ),
5.59 (0.5H, s), 6.87 (1H, d,8.7 Hz), 6.91 (1H, dJ 8.7 Hz), 7.35 (1H, dJ 8.7 Hz), 7.42 (1H,

d, J 8.7 Hz) in agreement with that described in therditure [35];*C NMR (100 MHz,
DMSO-d6) 6 37.9, 38.6, 55.09, 55.14, 64.8, 65.5, 71.0, 7118.6, 113.8, 128.3, 128.6,

130.7, 132.8, 158.7, 159.2, 172.3, 173.1.
4.6.14.4. (2R/2S, 4R)-2-(naphth-1-yl)thiazolidine-4-car boxylic acid (16f)

O
OH

16f was obtained as a white solid (728 mg, 68%) NMR (400 MHz, DMSO-d6) 2.82
(0.7H, dd,J 6.4 Hz,J 14.0 Hz), 2.91 (0.8H, dd] 4.0 Hz,J 14.0 Hz), 3.06 — 3.12 (2H, m),
3.32 (2H, dd,) 6.8 Hz,J 10.0 Hz), 3.44 - 3.48 (2H, m), 4.07 (1H, dd.2 Hz,J 8.8 Hz), 4.26
(1H, t,J 6.4 Hz), 6.27 (0.5H, s), 6.44 (1H, s), 7.47 — {8, m), 7.74 (1H, dJ 7.2 Hz), 7.84
—7.98 (4H, m), 8.08 (1H, d,8.4 Hz), 8.19 (0.5H, d] 8.3 Hz);**C NMR (100 MHz, DMSO-
d6) 5 37.8, 38.1, 55.8, 65.1, 65.4, 68.0, 68.3, 12223,3, 123.5, 123.6, 125.3, 125.5, 125.7,
125.9, 126.1, 126.3, 127.7, 128.4, 128.6, 130.4,713133.2, 133.3, 134.6, 137.2, 172.4,

173.0. NMR spectra are in agreement with thosertepdy Schneidest al. [73].

4.6.14.5. (2R/2S, 4R)-2-(2-hydr oxynaphth-1-yl)thiazolidine-4-car boxylic acid (16g)
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16g was obtained as a yellow solid (793 mg, 708%/) NMR (500 MHz, DMSO-d6 2.76
(1H, dd,J 6.6 Hz,J 13.9 Hz), 2.87 (1H, ddl 4.2 Hz,J 14.1 Hz), 3.11 (1H, 1) 9.2 Hz), 3.22
(1H, dd,J 4.3 Hz,J 10.7 Hz), 3.36 (2H, dd] 4.2 Hz,J 6.7 Hz), 3.40 - 3.44 (2H, m), 3.98
(0.5H, t,J 7.6 Hz), 4.43 (0.3H, t] 5.3 Hz), 6.34 (0.5H, s), 6.47 (0.3H, s), 7.03 (iid,J 8.8
Hz,J39.2 Hz), 7.28 (1H, t] 7.3 Hz), 7.45 (1H, t) 7.6 Hz), 7.69 — 7.79 (2H, m), 7.91 (0.5H,
d, J 8.6 Hz);"*C NMR (125 MHz, DMSO-d6}p 26.3, 40.7, 56.4, 74.3, 120.1, 122.1, 127.2,

168.4.
4.6.14.6. (2R/2S, 4R)-2-(4-hydr oxyphenyl)thiazolidine-4-car boxylic acid (16h)

o)

o

OH
16h

16h was obtained as a white solid (592 mg, 64%) NMR (400 MHz, DMSO-d6)% 2.82
(0.3H, dd,J 6.4 Hz,J 14.1 Hz), 2.90 (0.3H, dd,4.2 Hz,J 14.1 Hz), 3.03 (0.6H, dd,8.7 Hz,
J 10.0 Hz), 3.13 (0.6H, dd} 4.0 Hz,J 10.2 Hz), 3.26 (0.6H, dd}, 7.3 Hz,J 10.3 Hz), 3.34
(0.6H, dd,J 7.2 Hz,J 10.1 Hz), 3.50 (0.3H, dd, 4.2 Hz,J 6.3 Hz), 3.81 (0.8H, dd} 7.3 Hz,
J 8.6 Hz), 4.23 (0.5H, dd), 4.0 Hz,J 7.2 Hz), 5.39 (0.5H, s), 5.53 (0.5H, s), 6.69 (] 8.6

Hz), 6.73 (1H, dJ 8.5 Hz), 7.23 (1H, dJ 8.6 Hz), 7.29 (1H, d) 8.5 Hz) in agreement with
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that described by Sorgg al.[74]; °C NMR (100 MHz, DMSO-d6p 37.8, 38.6, 64.8, 65.4,

71.3,71.9,114.9,115.2, 128.3, 128.5, 128.8,8,3A%6.9, 157.4, 172.4, 173.2.
4.6.14.7. (2R/2S, 4R)-2-(2-hydr oxyphenyl)thiazolidine-4-car boxylic acid (16i)

@)

o

S._NH

OH

16i

16i was obtained as a white solid (865 mg, 93%).NMR (400 MHz, DMSO-d6) 2.96
(1H, dd,J 9.1 Hz,J 9.9 Hz), 3.01 (1H, dd] 5.3 Hz,J 10.2 Hz), 3.19 (1H, dd} 6.8 Hz,J 10.1
Hz), 3.33 (1H, ddJ 6.9 Hz,J 10.0 Hz), 3.82 (1H, dd] 7.0 Hz,J 9.0 Hz), 4.20 (1H, dd] 5.4
Hz,J 6.6 Hz), 5.64 (1H, s), 5.83 (1H, s), 6.73 — 6.84,(m), 7.03 — 7.07 (1H, m), 7.10 — 7.14
(1H, m), 7.28 (1H, ddJ 1.6 Hz,J 7.5 Hz), 7.33 (1H, dd] 1.6 Hz,J 7.6 Hz);}3C NMR (100
MHz, DMSO-d6)s 37.1, 38.2, 64.8, 65.2, 65.6, 67.7, 115.1, 11%18.7, 119.0, 124.2,
126.1, 127.6, 127.9, 128.1, 129.0, 154.6, 155.2,517172.9. NMR spectra are in agreement

with those reported by Jagtapal.[75].
4.6.14.8. (2R/2S, 4R)-2-(fur an-2-yl)thiazolidine-4-car boxylic acid (16j)

O
OH

16j was obtained as a very light brown solid (541 6696)."H NMR (400 MHz, DMSO-d6)

6 2.96 — 3.00 (1.6H, m), 3.28 (1H, d#6.8 Hz,J 10.1 Hz), 3.34 (0.6H, dd, 7.0 Hz,J 10.0

a7



Hz), 3.85 (0.7H, ddJ 7.0 Hz,J 8.9 Hz), 4.10 (1H, t) 6.4 Hz), 5.59 (0.6H, s), 5.74 (1H, s),
6.33 — 6.34 (1H, m), 6.37 (1H, dd,1.9 Hz,J 3.2 Hz), 6.43 (0.5H, dd] 1.8 Hz,J 3.3 Hz),
6.49 (0.5H, d)J 3.4 Hz), 7.57 (1H, dd] 0.9 Hz,J 1.9 Hz), 7.64 (0.5H, dd), 0.8 Hz,J 1.9 Hz);
3¢ NMR (100 MHz, DMSO-d6) 37.8, 38.0, 63.9, 64.2, 64.7, 65.2, 106.3, 1071%).3,
110.6, 142.5, 142.9, 151.3, 154.4, 172.1, 172.5R\$pectra are in agreement with those

described by Braget al.[76].
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Highlights  Revised Manuscript EJM ECH-D-18-01046

* A lead inhibitor against Purple acid phosphataselegn further developed.

» Compounds are active against both pig and red kilean Purple acid phosphatases.

» A crystal structure of an inhibitor in complex witie red kidney bean enzyme (2.40
A) is reported.



