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Abstract

The discovery of a new zinc binding chemotype from screening a non-biased fragment
library is reported. Using the orthogonal fragment screening methods of native state mass
spectrometry and surface plasmon resonance a 3-unsubstituted-2,4-oxazolidinedione
fragment was found to have low micromolar binding affinity to the zinc metalloenzyme
carbonic anhydrase II (CA II). This affinity approached that of fragment sized primary
benzene sulfonamides, the classical zinc binding group found in most CA II inhibitors.
Protein X-ray crystallography established that 3-unsubstituted-2,4-oxazolidinediones bound
to CA II via an interaction of the acidic ring nitrogen with the CA II active site zinc, as well
as a hydrogen bond between the oxazolidinedione ring oxygen and the CA II protein
backbone. Furthermore, 3-unsubstituted-2,4-oxazolidinediones appear to be a viable starting
point for the development of an alternative class of CA inhibitor, wherein the medicinal

chemistry pedigree of primary sulfonamides has dominated for several decades.
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Introduction

Proteins that require a metal cofactor for function have gained significant traction as
therapeutic targets,l’ ? with the mechanism of action of a number of clinically approved drugs
and investigational compounds attributed to metalloenzyme inhibition.>® Zinc is one of the

8 and small molecule zinc

most abundant metal cofactors in the human proteome”
metalloenzyme inhibitors usually comprise a zinc binding pharmacophore9 that interacts
directly with the metal ion to block endogenous activity.'®'? The importance of zinc proteins
is exemplified in recent studies that show a correlation between zinc recruitment and the
complexity of eukaryotic genomes.'® There are a number of zinc binding groups (ZBGs) that
have been explored in exquisite structural detail for binding to zinc metalloenzymes, these
include the carboxylate, hydroxamate, sulfonamide, thiol and phosphonate functional groups.
These functional groups are well represented in the ligands of zinc metalloprotein-ligand
structures that have been deposited with the protein data bank (PDB) and in approved drugs
targeting metalloenzymes.'* With the advent of fragment based drug discovery (FBDD) has
come a new opportunity to discover alternate and novel metal binding groups by fragment
screening.15 Fragment screening represents a dramatic change in the approach to drug
discovery that makes use of low molecular weight small molecules (i.e. fragments) for
unbiased identification of novel structural motifs that bind to proteins with high ligand
efficiency. A hit fragment may be structurally elaborated to a new chemical entity with drug-
like properties and functionality to improve strength and specificity of binding interactions
with the target protein. Since 2005, fragment screening has resulted in more than 30 drug
candidates that have entered clinical trials, with two U.S. Food and Drug Administration
(FDA) approved drugs and several more compounds in advanced trials.'® The relatively short
timeframe from fragment to U.S. FDA approved drugs has led to adoption of fragment

screening approaches in academia, biotech and pharma.16 A combination of FBDD with
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metalloprotein targets has been the focus of several successful FBDD campaigns by Cohen
and colleagues utilising fragment libraries assembled from pharmacophores that have a
known predilection toward metal binding.'> ' '® Additionally, Klebe and colleagues have
characterised the structure of a number of alternate ZBGs for carbonic anhydrase II (CA 11,

EC 4.2.1.1)."

Our group is interested in modulating carbonic anhydrase (CA) activity for therapeutic
purposes and has previously targeted inhibition of this zinc metalloenzyme using both
standard and novel medicinal chemistry strategies.”’”* hCAs (h = human) regulate pH
homeostasis by catalysing the reversible hydration of carbon dioxide to bicarbonate and a
proton: CO, + H,O S HCO5 + H' and evidence is mounting that modulating tumour cell pH
homeostasis may prove an effective anti-tumour strategy.”**® The CA active site zinc
coordinates to the imidazole sidechain of three histidine residues and to the H,O molecule
involved in the CO, hydration reaction, hence the implied target of small molecule CA
inhibitors is the CA active site zinc. A key focus of our novel CA targeting strategies has
been the discovery of new chemical entities as these are critical for the drug discovery
pipeline to deliver new CA-based therapeutics.”” We recently reported two novel sulfonamide
compounds, the natural product Psammaplin C (1)*® and the saccharin glycoconjugate (2),%

as potent, isozyme selective inhibitors of CAs, Figure 1A.

More recently we reported the findings of an unbiased fragment screening campaign with a
720-member fragment library against CA IL* Seven hits (3-9) were identified, including
known ZBGs such as a primary sulfonamide (3) and carboxylates (4-6), Figure 1B.**** More
interesting however was the finding of two 5-substituted tetrazoles (7 and 8) and a 3-

substituted-1,2,4-triazole (9) as hits, Figure 1B. Compounds 7-9 are not classic acidic
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functional groups like carboxylates and sulfonamides, but instead may be considered as
acidic heterocycles. Additionally these heterocycles were not previously known as CA 11
binding chemotypes, ZBGs or metal binding groups generally. The strong binding affinity of
the primary sulfonamide functional group for CA II compared to other known ZBGs is
attributed to two key hydrogen bonds with the active site threonine residue, that are in
addition to the zinc-sulfonamide interaction, Figure 2. The specificity of the two key
hydrogen bonds ensures that the sulfonamide ZBG has very high selectivity for CA with

minimal binding to other zinc metalloenzymes.*

In this manuscript we disclose the discovery of an additional fragment hit (compound 10)
against CA II that was detected from the same 720-member unbiased fragment library,
bringing the total number of hits to eight, a hit rate of 1.1%. Compound 10 is a 3-
unsubstituted-2,4-oxazolidinedione. This chemotype was not previously known for zinc
binding, however compound 10 exhibited particularly strong binding affinity for CA II (Kp
= 3.5 uM). This affinity approaches that of the classical primary sulfonamide ZBG of CA
inhibitors such as 3 (Kp = 1.4 uM), and far exceeds the CA II affinity for compounds 4-9
(Kps 631 - 1280 uM). To define the structural basis and boundaries for the observed strong
binding to CA, we investigated the detailed structure-activity relationship (SAR) for the
oxazolidinedione chemotype. Our approach to generate SAR employs a combination of
chemical design and synthesis to prepare fragment analogues, followed by biophysical
characterisation of the new fragment analogues with native state mass spectrometry (MS),
surface plasmon resonance (SPR) and protein X-ray crystallography (XRC). Furthermore, we
have utilised MS for qualitative, semi-quantitative and quantitative fragment screening to
evaluate fragment SAR, known as “SAR by MS”.* The discovery of the 3-unsubstituted-2,4-

oxazolidinedione chemotype as a new ZBG contributes to the growing importance of small
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molecule CA inhibitors that comprise non-classical features, as well as alternate and novel

ZBGs for drug development generally.
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Figure 1. A) Unusual carbonic anhydrase (CA) inhibitors Psammaplin C (1)*® and saccharin

glycoconjugate (2)**. B) Fragment hits (3-9) identified from an unbiased fragment screening

campaign of the CSIRO fragment library targeting CA I

binding group of each fragment is circled.

1.* The known or probable zinc
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Figure 2. Common binding pose observed for >200 primary sulfonamide:CA II complexes

reported in the Protein Data Bank.*

Results and Discussion

1-Phenyl-2,4-oxazolidinedione 10 was identified and validated as a binder for hCA II by
fragment screening of a non-biased synthetic fragment library using orthogonal fragment
screening techniques: SPR and native state mass spectrometry, Figure 3A. The binding
affinity (Kp) of 10 for hCA II is 3.5 uM (ligand efficiency = 0.57), as determined by SPR.
This affinity is similar to that of the sulfonamide fragment 3 (Kp = 1.4 uM, ligand efficiency
= 0.73) but 2-3 orders of magnitude stronger than that for the non-sulfonamide fragments 4-9
(Kp range 631 - 1280 ]J.M).29’ 362 We were keen to investigate the structural basis of the strong
binding and ligand efficiency of 10 to hCA II and to establish if the 3-unsubstituted-2.,4-
oxazolidinedione heterocycle is a viable starting point for the development of a new class of
CA inhibitor to rival the classic primary sulfonamide chemotype, wherein the medicinal
chemistry pedigree has already spanned several decades. Computed physicochemical
descriptors, absorption, distribution, metabolism and excretion parameters, pharmacokinetic
properties, drug-like nature and medicinal chemistry friendliness of benzene sulfonamide and

compound 10 indicate that 3-unsubstituted-2,4-oxazolidinedione is a developable fragment

7
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36> We determined the

for drug discovery (supporting information, Figure S20 and S21).
protein X-ray crystal structure of fragment 10 bound to hCA II, Figure 3B. The fragment
bound via an interaction of the acidic ring nitrogen with the hCA II active site zinc. The pK,
value for the -NH- of 10 (pK, of 5.5) together with the pK, values of a series of phenyl and
benzyl substituted five membered heterocycles predicted to be acidic bioisosteres were
measured more than 25 years ago to acquire data for the calculated Log P (cLog P) database,
Pomona College MedChem CLOGP.”” The hCA II:10 structure is consistent with the
prediction that 3-unsubstituted-2,4-oxazolidinedione is an acidic bioisostere.”” In addition to
the zinc binding interaction there are two hydrogen bonds between the fragment heteroatoms
and hCA II. A hydrogen bond (3.0 A) is formed between the ring —O— of 10 with the Thr199
backbone nitrogen, while a second hydrogen bond is formed with the ring —-N— of 10 and
Thr199 side chain hydroxyl (3.2 A). These interactions are akin to the primary sulfonamide
binding pose, and likely account for the comparable binding affinity to sulfonamides and the
increased binding affinity over fragments 4-9, Figure 4. Compound 10 is a very efficient
fragment as each of its four heteroatoms contribute to hCA II binding — either by direct
interactions or by imparting increased acidity on the imide nitrogen. A related compound, 1-
(2',4'-dimethoxyphenyl)-2,4-oxazolidinedione 11, was obtained from the CSIRO compound
collection. Compound 11 has a comparable Kp (6.1 uM) to 10 and bound to hCA II similarly

via interaction with zinc, and two H-bonds to Thr199, Figure 3B.

We next searched the PDB against the 3-unsubstituted-2,4-oxazolidinedione fragment and
identified only one protein:ligand crystal structure where the ligand comprises this fragment,
the ligand is (5R)-5-(3-{[3-(5-methoxybenzisoxazol-3-yl)benzimidazol-1-yl]
methyl}phenyl)-5-methyloxazolidinedione (12, Figure 3A) in complex with the peroxisome

proliferator-activated receptor y subtype (W(PPAR).38 YPPAR is involved in regulating glucose

8
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metabolism and insulin sensitivity, and YPPAR modulation has potential for development of
treatment of type 2 diabetes mellitus.*® The oxazolidinedione moiety of 12 was incorporated

as a replacement for a phenoxycarboxylic acid group of a lead compound series. The

©CoO~NOUTA,WNPE

10 structure of the YPPAR:12 complex (PDB ID 3TYO) indicates there are hydrogen bond
12 interactions of the oxazolidinedione to the Ser342 backbone nitrogen and the His266 side
14 chain nitrogen of yPPAR. Notably YPPAR is not a metalloprotein hence there is no
opportunity for a metal binding interaction in this protein.”® The finding that 10 and 11 bind
19 to the hCA II active site zinc, coupled with the lack of exemplar 3-unsubstituted-2,4-
21 oxazolidinediones as a ZBG in the PDB, establishes the 3-unsubstituted-2,4-oxazolidinedione

23 as a new zinc binding chemotype.
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Figure 3. (A) 3-Unsubstituted-2,4-oxazolidinediones 10, 11 (this study) and yYPPAR inhibitor
12.°% (B) Crystal structures of 10 and 11 with carbonic anhydrase II (CA II). In panel A, 10 is
shown in the crystal structure with the zinc atom represented by a grey sphere and active site
residues labelled (His94, His96, Leul98, Thr199, Thr200; His119 is underneath the zinc
atom). Distances from the protein to the compound are shown in Angstroms. In panel B, 11 is

shown in approximately the same orientation as 10, with the same active site residues

labelled as in panel A.
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Figure 4. Binding interactions of the classic primary sulfonamide chemotype (A) with CA 11

are emulated by the oxazolidindione chemotype (B), discovered by fragment screening.
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Compound design to establish SAR

To ascertain the structure-activity relationships (SAR) for binding of the oxazolidinedione
fragment to CAs, a series of structural modifications were made to the heteroatoms and to the
S-substituent with the acidic cyclic imide NH group retained in all compounds. The SAR
focussed library comprised lead compounds 10 and 11 (Figure 3) and new compounds, 13 —
29, Figure 5. Specifically, the replacement of the ring heteroatom from -O-
(oxazolidinediones, 10 and 11) to either a —S— (thiazolidinediones, 13, 16 and 17) or—-NH-
(hydantoins, 15, 18, 19, 20 and 21) was examined to determine the effect of both hydrogen
bond acceptor strength (—~O— versus —S—) and modification of a hydrogen bond acceptor to a
hydrogen bond donor (—O— and —S— versus -NH-), noting the key role of the ring oxygen in
the 10:CA 1II and 11:CA 1II crystal structures as a hydrogen bond acceptor (2.9-3.0 A to
Thr199N). We also modified both the ring heteroatom from —O— to —-NH- (hydrogen bond
acceptor to hydrogen bond donor) together with one of the carbonyls to a thiocarbonyl
(thiohydantoins, 26 and 27). Depending on ease of synthesis, these heteroatom changes were
combined with modification of the 5-substituent (phenyl, benzyl or benzylidene derivatives)
with or without added methoxy electron withdrawing groups. Additionally, the replacement
of both the —O— heteroatom and the 4-carbonyl oxygen with sulfur atoms denotes the 2-
thioxo-1,3-oxazolidin-4-one (14) and rhodanine heterocycle (rthodanines, 22, 23, 24 and 25),
which have further altered hydrogen bonding capacity compared to 10 and 11. To the best of
our knowledge none of these chemotypes have been tested for binding to or inhibition of
CAs. Finally, we included two FDA approved fragment-sized oxazolidinediones, the

anticonvulsant trimethadione 28 and its demethylated metabolite dimethadione 29, Figure 5,

11
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in this focussed library. The final assembled library comprised 19 compounds (10, 11, 13 —
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29) of molecular weight <300 Da.

MeO

Figure 5. Focussed fragment library to establish SAR around the oxazolidinedione ZBG

16 and 17 18 and 20, R=H 22and 24, R=H
19 and 21, R = OMe 23 and 25, R = OMe
--- oxazolidinedione
--- thiazolidinedione o
2-thioxo-1,3-oxazolidin-4-one //<
0
==~ hydantoin N—-R'
--- rhodanine o
--- thiohydantoin 28, R'= CHj
29, R'=H
double bond (16, 18, 19, 22, 23 and 26)
& and
single bond (17, 20, 21, 24, 25 and 27)

chemotype (10 and 11) for CA affinity.

Compound Screening

12
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Screening of the focussed fragment library 13—29 and lead hit fragments 10 and 11, was
carried out first using native state mass spectrometry, followed by SPR for validation. X-ray
crystallography was employed to provide a detailed analysis of protein-fragment interactions

for validated hits.

Nanoelectrospray ionisation (nanoESI) mass spectra were acquired with test samples
comprising CA II with one equivalent of added compound (10, 11, 13 — 29). Nine compounds
were observed bound to CA II - 10, 11, 13, 14, 17, 22, 24, 25 and 27. The observation of
[protein + fragment] complex in the nanoESI mass spectrum enables qualitative classification
of a fragment as a hit (or “binder”) or non-hit (or “non-binder”), with arbitrary thresholds
possible to further delineate fragment binding as strong, medium or weak. Native state mass
spectrometry has been applied to the study of noncovalent protein-ligand interactions for the

39, 40

measurement of Kp values, there are however few examples of mass spectrometry for

fragment screening,” *'*°

and mass spectrometry is not yet fully evaluated as a primary
fragment screening method. To incorporate quantification to the nanoESI method we
introduce here the concept of mass spectrometry fragment binding (FBys), specifically we
assess the potential of the FB,s metric to quickly and accurately quantify the relative binding
strength from mass spectrometry data. FBs is expressed as a percentage and is determined
from the fraction of the intensity of the [protein + fragment] peaks relative to total protein
peaks, Equation 1, where Ijp.r) and Ijpy are the mass spectrometric peak intensities of the
[protein + fragment] complexes and free/acetate bound protein, respectively, in the ESI mass
spectrum at a specified protein and fragment concentration. FBy values for CA II and

fragment, when equimolar amounts of protein and fragment (7.5 pM each) are analysed, are

in Table 1 (columns 3 and 4).

13

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

FBys = —2— x 100% Equation 1.

Ip:p1 1P

Next Kp values were determined for eight of the hit fragments (insufficient sample of 14
available at time of experiment). Experiments were performed with CA II (14.5 uM) titrated
against at least five different fragment concentrations ([F] range 0.5 pM - 120 pM) until
either full complexation was observed (i.e. I}..; = 0) or the fragment concentration reached
120 uM. The FBy;s was calculated for each fragment concentration and values plotted against
fragment concentration [F]. The Kp was calculated upon curve fitting this plot based on Hill
slope analysis, Figure 6. Kps ranged from 2.3-50.7 uM, (Table 1, columns 5 and 6). All
observed charge states (+9, +10 and +11) were utilised for both FB,s and Kp calculations
(Table 1, columns 3 and 5). Additionally for comparison, FBy;s and Kp calculations were
performed using only the peak intensities for the +10 charge state, (Table 1, columns 4 and
6). Representative mass spectra showing the +10 charge state acquired for the CA II + 24
titration (Kp = 16.7 uM) are presented in Figure7. The single charge state (+10 only)
calculated values are in excellent agreement with calculated values using all charge states
(19, +10 and +11), indicating that the single charge state calculation of FBys and Kp will be
sufficient for future fragment screening campaigns using nanoESI-MS. FB)s values provide a
useful rank order of binding strength compared to Kp calculations determined from more

laborious and higher sample consuming titration experiments, the overall trend is consistent.

14
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Figure 7. Representative positive ion mode nanoESI mass spectra (+10 charge state) of 14.4

uM hCA 1II (pH 7.4 10 mM NH4OAc) titrated with fragment 24 to determine fragment Kp, by

nanoESI-MS: (a) 1.875 uM of 24; (b) 7.5 uM of 24; (c) 15 uM of 24; and (d) 30 uM of 24.

SPR was used as a secondary orthogonal fragment screening method for compounds 10, 11

and 13-29, Table 1 (column 2). Binding sensorgrams for compounds interacting with the

immobilised CA II are provided in Supporting Information. SPR analysis identified the same

nine compounds that bound to CA II as identified by nanoESI-MS, with Kps that ranged from

3.4-65.5 uM (excluding 22), Table 1 (column 2). The Kp values calculated by the nanoESI-

MS experiments are in good agreement (Kp range 2.3-50.7 uM) with the values measured in

solution by SPR with two exceptions. Kp values of fragment 22 (nanoESI-MS Kp = 35.8 uM,

16

ACS Paragon Plus Environment




Page 17 of 62

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

SPR Kp = 355 uM) differ by a factor of ten, however the Kp for 22 could not be reliably
determined by SPR due to solubility issues of this compound in the SPR buffer and this issue
is likely responsible for the discrepancy observed. Compound 23 was not detected by
nanoESI-MS however was detected by SPR. Notably, 23 had the weakest binding of the SPR
hits (Kp ~ 1000 uM), much weaker than all other hit fragments. Non-binding compounds
were fully consistent using the orthogonal methods. The rank order of Kps by the two
methods followed a similar trend: nanoESI-MS Kp, values, low to high: 25, 10, 11, 17, 24, 13,
22, 27/27"; SPR Kp values, low to high: 25, 10, 11, 24, 17, 14, 13, 27/27', 22, 23 (for details
on structure of 27/27" see Table 1 footnote). This is consistent with our earlier findings where
we also found very good overlap with hits identified using SPR (as the primary screen) and
nanoESI MS.* The finding that nanoESI-MS and SPR provide agreement of both the
magnitude and trend of Kp values suggests that the straightforward metric FBjs, with
equimolar protein and fragment concentrations, offers the opportunity for rapid, semi-
quantitative assessment of fragment binding strengths. If nanoESI-MS is selected as a
primary screen we propose that MS has at least equal potential to other screening methods in
use to accelerate and inform the initial steps of FBDD. As discussed by us earlier, limited
overlap among different fragment screening approaches has been reported by Klebe and
colleagues.” ** However in their study SPR was not included. Their study did assess native

state ESI-MS, however using very different conditions to those employed herein.**

17
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and protein X-ray crystallography.

Compound SPR ESI-MS ESI-MS ESI-MS ESI-MS | Protein
No. Kp (UM) | FBys(%)” | FBys(%)° | Kp(uM)’ | Kp(uM)° | XRC?
10 3.5 87.7 79.8 2.6 3.0 Y
11 6.1 88.1 90.2 3.6 3.5 Y
13 32.9 91.5 93.7 17.4 18.4 Y
14 28.6 51.1 53.1 n.d.c n.d. Y
15 NSB* SB NSB n.d. n.d. n.d.
16 NSB NSB NSB n.d. n.d. n.d.
17 26.2 63.9 67.3 13.9 16.0 Y
18 NSB NSB NSB n.d. n.d. n.d.
19 NSB NSB NSB n.d. n.d. n.d.
20 NSB NSB NSB n.d. n.d. n.d.
21 NSB NSB NSB n.d. n.d. n.d.
22 355 46.3 41.5 35.8 36.2 N
23 1000 NSB NSB n.d. n.d. N
24 7.7 84.4 85.5 16.7 19.0 Y
25 3.4 68.7 74.5 2.3 2.7 Y
26 NSB NSB NSB n.d. n.d. n.d.
27/27" 65.5 14.6 23.1 50.7 43.6 Y®
28 NSB NSB NSB n.d. n.d. n.d.
29 NSB* NSB NSB n.d. n.d. n.d.
18
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“NSB = No significant binding (Kp>2000 pM); bequimolar amounts of protein and fragment (7.5 uM each)
using all observed charge states (+9, +10 and +11); “equimolar amounts of protein and fragment (7.5 uM each)

using only +10 charge state; IXRC — X-ray crystallography. ‘n.d. — not determined; "Kp, (SPR) could not be

reliably determined due to solubility issues of this compound in the SPR buffer. ¥The electron density of the
fragment observed did not correlate with the structure of 27 but instead to an impurity in the sample, later

identified as 27'.

Protein X-ray Crystallography

The ten hit fragments identified from the fragment screening were subjected to X-ray
crystallography following soaking with CA II crystals as described earlier (Table 1).% Eight
fragments led to CA Il:fragment structures observed by X-ray crystallography, with all of
these fragments bound via interaction of the acidic imide nitrogen with the hCA II active site
zinc (1.9-2.0 A) and with the Thr199 side chain hydroxyl (3.1-3.3 A) (Figure 8, Table 2 and
Supporting Information). The electron density in the structure for 27 showed that there was
an additional atom attached to C-5 of the ring with electron density consistent with either an
OH or NH; substituent at C-5 of 27 (Figures 8H and 9). We re-examined a sample of 27 by
LCMS and HRMS and this showed that the sample comprised the hydrated compound 27’ as
an impurity (~5%) (Figure 9). Co-formation of C-5 benzylidine thiohydantoins with hydrated
C-5 hydroxy/C-5 benzyl thiohydantoins has been reported, the addition of water to 26 instead
of reduction could lead to the formation of 27’ similarly.*’ As 27’ makes two additional
potential hydrogen bonds (2.6 and 2.9 A) with CA II compared to 27, it is plausible that the

additional binding energy enables 27’ to easily outcompete 27 for the CA II binding site.

Structures for 10 and 11, Figure 8A and 8B, were described in the introduction. For 13 and 17
(5-10-fold weaker binders than 10 and 11), unlike the hydrogen bond formed with the ring —

O-of 10 and 11 and the Thr199 backbone nitrogen, there is no corresponding hydrogen bond
19
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formed between the ring —S— of 13 and 17 and the Thr199 backbone nitrogen, Figure 8C and
8E. For 14, Figure 8D, the thiocarbonyl is too far away from Thr199 to make any reasonable
hydrogen bonds, however the ring —O— of 14 is 3.1 A from the backbone nitrogen of Thr199,
similar to the distance seen in compounds 10 and 11 (~3.0 A). Compounds 25 (nanoESI-MS
Kp =2.7 uM, SPR Kp = 3.4 uM) and 24 (nanoESI-MS Kp = 19 uM, SPR Kp = 7.7 uM) are

relatively strong binders, but neither the ring —S— nor the thiocarbonyl of 24 or 25 make any

hydrogen bond interactions with CA II, Figure 8F and 8G.

Figure 8. Difference density maps of fragments in the CA II binding site. (A) 10,
oxazolidinedione chemotype. (B) 11, oxazolidinedione chemotype. (C) 13, thiazolidinedione
chemotype. (D) 14 2-thioxo-1,3-oxazolidin-4-one chemotype. (E) 17, thiazolidinedione
chemotype. (F) 24, rhodanine chemotype. (G) 25, rhodanine chemotype. (H) 27,
thiohydantoin chemotype. Difference density (mFo-DFc) for all maps is shown at a 3¢
contour level where the fragments were omitted from the model. The active site zinc atom is
represented as a grey sphere. Thr199, Thr200 and the three catalytic His residues (His94,

His96 and His119) are shown. There is a water molecule (red sphere) within hydrogen
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bonding distance of a methoxy substituent for compounds 11 and 14 (B and D). Additionally,
for compounds 10, 11 and 14 the ring oxygen is within hydrogen bonding distance of the
backbone nitrogen of Thr199 and this distance is shown (A, B and D). Also note 24 (F) is

modelled in two orientations for the dimethoxyphenyl group whereas the other compounds

with this group had one preferred orientation (11, 14, 25 and 27").

Table 2. Interactions of compounds with CA II identified by protein X-ray crystallography.

Protein-fragment interaction (A)
Compoun
PDB ID T1990H- T199N- | T200NH- T2000H-
d Zn-NH
NH O1 (S1) OH OH
5TXY and - -
10 1.9 3.2 3.0
5TYS
11 5TY9 2.0 3.1 2.9 - -
13 STYA 2.0 3.1 3.7 - -
14 5U0D 1.9 33 3.1 - -
17 500G 2.0 3.1 (3.6) - -
24 SUOE 2.0 3.2 3.7 - -
25 SUOF 2.0 3.2 3.7 - -
27 5VGY 1.9 3.1 - 2.9 2.6
A.
21
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OMe OMe
M
eO H MeO H
N . N
=S Ho'| =S
NH o NH
27 27

Thr199

. 9

Figure 9. The electron density observed for compound 27 with CA II is consistent with an
OH substituent at C-5 (27"). Compound 27’ was subsequently identified as a ~5% impurity in
27. This oxygen makes two potential hydrogen bonds with the Thr200 residue: one at 2.6 A

to the sidechain hydroxyl and another at 2.9 A to the backbone nitrogen (shown in figure).

The two compounds that failed to provide electron density in the CA II protein X-ray crystal
structures were 22 and 23. As discussed above, 23 was the weakest binding of the ten SPR
hits (Kp ~ 1000 uM) and was not detected by nanoESI-MS. Compound 22 provided the only
significant discrepancy in the Kp values determined by nanoESI-MS and SPR, however this
compound had solubility issues at the higher concentration required for SPR analysis and this

may have also affected its ability to be seen in the crystallographic studies.
Structure-Activity Relationships
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The strong binding properties of 10 and 11 shown previously were confirmed in the present
study (SPR Kp= 3.5 uM, nanoESI-MS Kp=2.6 uM and SPR Kp= 6.1 uM, MS Kp= 3.6 uM,
respectively). Compounds 10 and 11 have similar affinity, indicating that the two methoxy
groups of the dimethoxyphenyl moiety of 11 do not significantly impact on binding even
though they introduce steric bulk on to the phenyl ring (¢f. 10) and are electron withdrawing.
Replacement of the ring —O— of 10 with —S— gave the corresponding thiazolidinedione 13,
this change resulted in a ~10-fold reduction in CA II affinity. The larger size of sulfur relative
to oxygen alters the orientation of the ring in the active site; the ring —S— is positioned 3.7 A
from the backbone nitrogen of Thr199, whereas in compound 10- the corresponding distance
from the ring —O— is 3.0 A, Table 2. Replacement of the exocyclic carbonyl of 11 with a
thiocarbonyl gave 14, this change resulted in a ~10-fold reduction on CA II affinity. While
the ring oxygen of 14 is 3.1 A from the backbone nitrogen of Thr199, similar to the
corresponding interaction of compounds 10 and 11, the thiocarbonyl of 14 is too far away
from Thr199 to make any reasonable hydrogen bonds. The dimethoxybenzyl group of 17 was
tolerated with one of the methoxy groups making a potential hydrogen bond with the
sidechain hydroxyl of Thr200 (3.0 A), however the more rigid dimethoxybenzylidine group
in 16 resulted in loss of binding to CA II. Similarly 26 was a nonbinder, while 27’ was
observed (Figure 9). The introduction of the -NH- in the ring of hydantoins (15, 18 - 21)
abolished binding completely. Thus, thiohydantoin and hydantoin binding was lost
irrespective of most of the 5-substituents, the exception being 27’ with the added C-5
hydroxyl. This SAR suggests that a hydrogen bond acceptor in the ring 1-position (—O-)
provides the additional binding affinity observed for 10 and 11. Compounds 24 (5-benzyl
substituent) and 25 (5-dimethoxybenzyl substituent) were strong binders, although the
electron density shows that the —S— in the ring is too far away from Thr199 to make a

hydrogen bond (3.7 A) compared to the —O— in the ring of 10 and 11. Compounds 22 (5-
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benzylidine substituent) and 23 (5-dimethoxybenzylidine substituent) failed to give a crystal
structure while the reduced binding observed by nanoESI-MS and SPR, suggests that the
flexibility of the 5-substituent may be important as connection through the sp® hybridised
carbon of the benzylidine substituents hinders hCA II binding. Rhodanine is identified as a
‘PAIN’ as this chemotype leads to pan-assay interference.”® Our findings indicate that CA I
is a possible off-target enzyme of 5-substituted rhodanine compounds, but that any binding is
likely dependent on the nature of the 5-substituent. To the best of our knowledge, CA 1II as an
off-target of rhodanines was not previously known. Given that CA II is a ubiquitous enzyme
this finding may provide further caution on the decision to advance rhodanine compounds in
medicinal chemistry campaigns. Benzylidine substitution at C5 of 16 and 26 was also poorly
tolerated, while the corresponding S-phenyl or 5-benzyl group was tolerated. This is
consistent with the SAR observed for the C-5 substituent of rhodanines 22 and 23. Finally,

trimethadione 28 and dimethadione 29 have no binding to hCA I1.

The SAR of the tightest binding compounds can be explained primarily by the hydrogen
bonding potential of the compounds in the active site. For 10 and 11 (and to some extent, 14),
the Thr199-NH interaction with heterocycle O is a typical hydrogen bond and is the strongest
interaction of the compound with the protein, other than the acidic heterocyclic nitrogen with
the zinc ion (see Figure 3). The hydrogen from the backbone nitrogen of Thr199 is in the
plane of the peptide bond and this is directly in line with the heterocycle oxygen (i.e. makes a
‘typical’ hydrogen bond interaction at this distance and angle). The heterocyclic oxygen is
closer (2.9 to 3.0 A for 11 and 10 respectively) to the Thr199 backbone nitrogen than any
other part of the compound and the nitrogen hydrogen is off-centre from the middle of the
heterocycle, suggesting that this could not form a pi-stacking interaction. The Thr199-OH

interaction with heterocycle N presents a very different case: it is 3.1 to 3.2 A from the acidic

24

ACS Paragon Plus Environment

Page 24 of 62



Page 25 of 62

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

nitrogen of the heterocycle and 3.9 to 4.0 A from the zinc ion. Although the zinc ion is too far
away to consider it a ‘bond’, it likely orients a lone pair of electrons from the hydroxyl
oxygen, leaving the hydrogen to orient towards the acidic nitrogen, and this is within the
typical hydrogen bonding distance. The angle for this interaction is not as good as for the
Thr199-NH interaction with the heterocycle —O—, but it is still within reason. As a potential
secondary interaction, one that would compete with the acidic nitrogen, the Thr199 hydroxyl
sits 3.25-3.35 A from the closest ketone/carbonyl in the hetercycle, which is long for a
hydrogen bond, although the angle is not as acute, so the hydrogen could be better situated to
make that interaction over the interaction to the acidic nitrogen of the heterocycle. As it is
very rare to actually ‘see’ hydrogens in X-ray crystallography, we cannot definitively say
whether the distance or angle predominates in this case (whether the hydrogen prefers to
orient towards the acidic nitrogen or to the carbonyl of the heterocycle), but this will be a

weak interaction in either case.

Given that the 3-unsubstituted-2,4-oxazolidinedione fragment is not known as a ZBG in the
PDB, we next searched the PDB for protein:ligand crystal structures comprising the other hit
fragments (as 3-unsubstituted heterocycles) to see if they are known as metal binding groups.
The 2-thioxo-1,3-oxazolidin-4-one of 14 is not in the PDB. One protein:ligand crystal
structure where the ligand comprises a 3-unsubstituted thiohydantoin as in 27’ is known, PDB
ID 1HLF, the protein is glycogen phosphorylase B, not a metalloprotein.”’. Three
protein:thodanine structures, with a 3-unsubstituted rhodanine, as in 24 and 25, are known,
all with the bacterial enzyme MurD ligase, also not a metalloprotein (PDB IDs 2WJP, 2Y68
and 2Y10).”* There were more than 20 protein:ligand structures in the PDB for the 3-
unsubstituted 1,3-thiazolidine-2,4-diones, none of which have the fragment bound to a metal

i01'1.53-61—
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Interestingly, the hydantoin chemotype, although displaying no CA II binding in this study, is
known as a ZBG. X-ray crystal structures of 5-substituted hydantoins with the zinc
metalloenzyme, have the acidic imide nitrogen of the hydantoin coordinated to a catalytic
zinc.%% Further structures with matrix metalloproteins (MMP) are reported65 showing a zinc
interaction with the ligand. The zinc in these enzymes is coordinated to three protein histidine
residues, the same coordination as found in hCA II. The significance of this observation is
that a zinc binding group does not correspond to polypharmacology towards zinc

metalloenzymes and ligand specificity is achievable when targeting metalloenzymes.

Collectively the SAR generated in this study confirms the importance of deprotonation of the
acidic cyclic imide NH group for the oxazolidinedione and other heterocycles to act as a
ZBG. The SAR is however more informative, it demonstrates that the zinc interaction alone
is not sufficient for good CA II binding but rather that a interdependent combination of the
acidic imide, a ring heteroatom (with O > S > NH, where O makes a hydrogen bond, S is
neutral and the hydrogen of the N sterically interferes) and 2-carbonyl/thiocarbonyl group in
parallel with the introduction of a flexible 5-substituent contribute to the strength and
specificity of CA II binding._We have identified 3-unsubstituted 2,4-oxazolidinedione, 2-
thioxo-1,3-oxazolidin-4-one, thiohydantoin and 1,3-thiazolidine-2,4-dione fragments as
7ZBGs which were not previously known in the PDB. All have potential for CA targeting
strategies with new chemical entities. In contrast, the hydantoin chemotype was previously
known as a ZBG yet displayed no CA II binding even though the zinc of the hydantoin
binding enzymes is coordinated to three protein histidine residues, the same coordination as
found in hCA II. Together the SAR of this study with the findings in the PDB indicate that

strong and selective targeting of zinc metalloenzymes such as CA is possible. Notably, it is
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not sufficient to have only the interaction with zinc but a combination of zinc binding with
additional interactions to the protein residues is required, which then gives the ability to build

in specificity.

©CoO~NOUTA,WNPE

13 Chemical Synthesis

15 The synthetic route to 2,4-oxazolidinediones 10 and 11, 2,4-thiazolidinediones 13 and 2-
thioxo-1,3-oxazolidin-4-one 14 is presented in Scheme 1. Palladium-catalysed Suzuki-
20 Miyaura coupling reaction of the phenyl boronic acids 1a-b with ethyl glyoxylate generated
22 the precursor mandelic acid ethyl esters 2a-b in good yield.®® Condensation of 2a-b with urea
24 or thiourea in the presence of NaOEt (21 wt.% in ethanol), followed by acidification with

26 HCI (1.0 N), provided the target compounds.®”’

31 Scheme 1. Synthesis of oxazolidindione (10 and 11), thiazolidinedione (13) and 2-thioxo-1,3-

33 oxazolidin-4-one (14).

60 27

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

0]
(ii) R OJ<
T NH
O
R
R=H;10
R = OCHg; 11
HO.__OH
B R OH //<O
R - e S
L» /©/Kﬂ/o\/ _& NH
O
R (0]
R
R=H;1a R =H; 2a, 72% 13
R = OCHg; 1b R = OCHs; 2b, 87%
S
~o oA

Reagents and conditions: (i) ethyl glyoxylate, Pdy(dba);.CHCl;, 2-(di-tert-
butylphosphino)biphenyl, Cs,COs3, toluene 80 °C, 4-5 h; (ii) urea, 21 wt. % NaOEt in EtOH,
dry EtOH, 0 °C-rt, 30 min, then reflux 3.5 h; (iii) thiourea, 21 wt. % NaOEt in EtOH, dry

EtOH, 0 °C-rt 30 min, then reflux 3.5 h.

Compounds 18 and 19 were synthesised by acid mediated coupling of hydantoin with
benzaldehydes 3a-b followed by hydrolysis, Scheme 2. Reduction of the benzylidine double
bond proceeded with Pd-catalysed hydrogenation to provide 20 and 21 in good yield, Scheme
2. Compound 26 was prepared similarly to 19 from 3b and thiohydantoin, Scheme 2.8
Attempts to reduce the benzylidine double bond of 26 with Pd/C or Pd(OH), catalysed

hydrogenation, transfer hydrogenation or 2.0 M LiBH4 in THF resulted in no reaction.”® The
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reduction of 26 was however achieved with Zn-AcOH, affording benzyl thiohydantoin 27 in

65% yield (Scheme 2).%

Scheme 2. Synthesis of hydantoin (18-21) and thiohydantoin (26 and 27) fragments.

R

R
AN
NH NH

HN&O HN«O

R = H; 18, 73% R = H; 20, 89%
R = OCHa; 19, 56% R = OCHa; 21, 55%

R

R=H; 3a

R=0CHz3b | (W o W %

HN« HN\\<

26, 53% 27,65%

Reagents and conditions: (i) (a) hydantoin, anhyd. NaOAc, AcOH, 170 °C, 3 h; (b) H,O, rt,
overnight; (ii) 10% Pd/C, EtOH, Hy, rt, 5 h; (iii) (a) 2-thiohydantoin, anhyd. NaOAc, AcOH,

170 °C, 3 h; (b) H,O, rt, overnight; (iv) Zn, AcOH, reflux, overnight.

Benzaldehydes 3a and 3b were also the core reagent for the synthesis of 16-17 and 22-2S5.
Knoevenagel type condensation of 3a and 3b with rhodanine afforded benzylidine rhodanines
22 and 23, respectively, while reaction of 3b and 2,4-thiazolidinedione afforded benzylidene
thiazolidinedione 16, Scheme 3.7 Regiospecific reduction of 22, 23 and 16 with 2.0 M LiBH,
in THF provided the corresponding benzyl compounds 24, 25 and 17, respectively (Scheme

3)71

Scheme 3: Synthesis of 2,4-thiazolidinedione (16-17) and rhodanine (22-25) compounds.
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R N NH NH
CHO S\< S%
X X
R=H; 3a R=H,X=S5;22 57% R=H,X=S;24,21%
R=OCHj; 3b R = OCHa, X = S; 23, 82% R = OCHa, X = S; 25, 47%
R = OCHa, X = O; 16, 70% R = OCHa, X = 0; 17, 39%

Reagents and conditions: (i) rhodanine (for 22 and 23) or 2,4-thiazolidinedione (for 16),
NH4OAc, toluene, reflux, 3 h; (ii) 2.0 M LiBHy in THF, pyridine-THF, reflux, 5 h; (iii) 2.0 M

LiBHy4 in THF, pyridine-THF, reflux, 5 h.

Conclusion

Here we have discovered and assessed the CA II interactions of a new zinc binding
chemotype, 3-unsubstituted-2,4-oxazolidinedione, with affinity for CA II that is of a
magnitude similar to fragment sized primary benzene sulfonamides. The oxazolidinedione is
an exceptionally efficient fragment for CA II. The four heteroatoms each contribute to CA 11
binding — either directly, by formation of two hydrogen bonds and an interaction with the
active site zinc, or indirectly, by imparting acidity characteristics to the imide nitrogen. These
interactions are an isostere for the classic primary sulfonamide:CA II interactions. A cascade
of biophysical screening methods was employed to evaluate binding to CA II, with native
state nanoESI-MS evaluated for primary screening, with SPR and protein X-ray
crystallography providing validation. Our findings provide support for the relatively untapped
opportunity to apply native state mass spectrometry as a complementary fragment screening
method to accelerate drug discovery. Furthermore, SAR by MS?® was employed and found to
be highly suited to establish SAR around the initial hit fragment. Protein X-ray
crystallography established that the 3-unsubstituted-2,4-oxazolidinedione fragment bound to
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CA 11 via an interaction of the acidic ring nitrogen with the CA II active site zinc, as well as a
hydrogen bond between the oxazolidinedione ring oxygen and the CA II protein backbone. A
significant finding in relation to SAR was that hydantoins (15, 18-21) had no affinity for CA
II, even though the hydantoin heterocycle is known as a zinc binding chemotype with other
proteins where the zinc is coordinated to three histidine residues, the same coordination as
found in hCA 1L Together these finding further demonstrate that the fragment-zinc
interaction alone is not sufficient for strong hCA II binding and that further hydrogen bond
interactions between the fragment and hCA I are critical. This also indicates that hCA Il may
be selectively targeted by oxazolidinediones over other zinc metalloenzymes, consistent with
the findings of hCA II binding of the classical primary sulfonamides’ where the strong
binding affinity and specificity of the primary sulfonamide functional group for hCA 1I is
attributed to two key hydrogen bonds with the hCA 1II active site residues in addition to the
zinc-sulfonamide interaction.** To conclude, 3-unsubstituted-2,4-oxazolidinedione, and other
heterocycles presented herein, represent new and potentially useful starting points for
development of novel and selective CA inhibitors. Additionally, native state mass
spectrometry was successfully applied as a primary screen, with successful extension to

generate quantitative data and SAR using “fragment SAR by MS”.

Experimental

General Chemistry. All reactions were carried out in dry solvents under anhydrous
conditions, unless otherwise mentioned. All chemicals were purchased commercially and
used without further purification. All reactions were monitored by TLC using silica plates
with visualisation of product bands by UV fluorescence (A = 254 nm) and charring with
Vanillin (6 g vanillin in 100 mL of EtOH containing 1% (v/v) concentrated sulfuric acid)

stain. Silica gel flash chromatography was performed using silica gel 60 A (230-400 mesh).
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NMR ('H, C, COSY, HSQC) spectra were recorded on the 500 MHz spectrometer at 25°C.
Chemical shifts for 'H and *C NMR obtained in DMSO-dj are reported in ppm relative to
residual solvent proton (& = 2.50 ppm) and carbon (5 = 39.5 ppm) signals respectively.
Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), dd (doublet of doublet), bs (broad signal). Coupling constants are reported in
hertz (Hz). High- and low-resolution mass spectra were acquired using electrospray as the
ionization technique in positive-ion and/or negative-ion modes as stated. All MS analysis
samples were prepared as solutions in methanol. Purity of compounds all compounds was
>95% as determined by HPLC instrument (Agilent 1100 series) with UV detection. The
melting points are uncorrected. Proton and carbon atoms for NMR assignments are

designated as shown in the Supporting Information.

General procedure 1: Suzuki-Miyaura coupling reaction to prepare mandelic esters.

To the appropriate boronic acid 1a or 1b (1.5 equiv) and Cs,CO; (1 equiv) suspended in dry
toulene at room temperature was added Pd,(dba);.CHCl; (0.0125 equiv), 2-di-tert-
butylphoshphanylbiphenyl (0.05 equiv) and ethyl glyoxylate (1.0 equiv) under argon
atmosphere. The reaction mixture was stirred at 80 °C for 4-5 h. After completion of reaction
(as evidenced by TLC), the reaction was quenched by addition of water (10-15 mL) and
extracted with DCM (3 % 20 mL). The combined organic extracts were washed with brine (1
x 15 mL), dried over MgSO4 and concentrated in vacuo. The crude residue was purified by

flash chromatography to provide mandelic esters 2a and 2b, respectively.

General procedure 2: Synthesis of phenyl-2,4-oxazolidindione and phenyl-2,4-

thiazolidinedione fragments.
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A sodium ethoxide solution (21 wt. % in ethanol, 1.2 equiv) was cooled to 0 °C and urea (for
phenyl-2,4-oxazolidindiones) or thiourea (for phenyl-2,4-thiazolidinediones) added (1 equiv)
in one portion followed by dropwise addition of an ice-cold solution of mandelic ester (2a or
2b, 1 equiv) in absolute EtOH (2-3 mL) over 5 min. The reaction mixture was allowed to
warm to room temperature over 15-20 min and then refluxed for 3.5 h. EtOH was evaporated
under vacuum, the remaining residue was suspended in a mixture of water (6 mL) and Et,O
(4 mL), acidified with IN HCI (to pH 2-4) and extracted with Et,O (2 % 15 mL). The
combined organic extracts were washed with brine (1 x 10 mL), dried over MgSO4 and
concentrated in vacuo. The crude residue was purified by flash chromatography to provide

compounds 10-11, 13 and 14.

General procedure 3: Synthesis of hydantoin and thiohydantoin fragments

Hydantoin (1.1 equiv) was added to a solution of glacial acetic acid (0.33 mL/mmol) and
acetic anhydride (0.044 mL/mmol) under argon atmosphere, followed by addition of
anhydrous NaOAc (2 equiv), and benzaldehyde 3a or 3b (1 equiv). The resulting mixture was
stirred at 170 °C under an argon atmosphere. After 3 h, the reaction mixture was cooled to
110 °C, water was added and the mixture was stirred overnight at room temperature. The
precipitate that formed was collected by filtration, washed with water (4 x 20 mL) and
purified by flash chromatography to provide the desired compounds 18 and 19. Compound 26

was prepared similarly from 2-thiohydantoin (1.1 equiv) and benzaldehyde 3b.

General procedure 4: Synthesis of 5-benzylimidazoline-2,4-dione (hydantoin) fragments.
To a solution of 18 or 19 (1 equiv) in absolute EtOH was added Pd/C (40% by weight of 18
or 19). The reaction mixture was stirred at room temperature overnight under an atmosphere

of hydrogen. After completion of reaction (as evidenced by TLC), the reaction mixture was
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filtered through celite and the celite washed with MeOH (15-20 mL). The solvent was
evaporated in vacuo and the crude residue purified by flash chromatography to provide the

fragments 20 and 21.

General procedure S: Synthesis of 5-benzylidenethiazolidine-2,4-dione or 5-benzylidene-2-
sulfanylidene-1,3-thiazolidin-4-one (thiazolidinedione and rhodanine) fragments.

To an appropriate benzaldehyde 3a or 3b (1 equiv) in dry toulene (10-15 mL) at room
temperature, was added rhodanine (1 equiv) or 2,4-thiazolidinedione (1 equiv) and anhydrous
ammonium acetate (1.5 equiv) under argon atmosphere. The resultant reaction mixture stirred
at 90-100 °C for 3 h. After 3 h, the precipitate of the desired product was filtered and washed
with Et,O (2 x 15 mL). The crude solid was recrystallised in absolute EtOH to provide the

desired compounds as described in the series of 16 and 22-23.

General procedure 6: Synthesis of 5-benzyl-2-sulfanylidene-1,3-thiazolidin-4-one or 5-
Benzylthiazolidine-2,4-dione (thiazolidinedione and rhodanine) fragments.

To a stirred solution of appropriate compound 16 or 22 or 23 (1 equiv) in dry pyridine (0.81
mL/mmol) and dry THF (0.66 mL/mmol), was added 2.0 M LiBH, in THF (2.2 equiv) at
room temperature and under argon atmosphere (Effervescences were controlled by addition
rate of LiBHy4 solution). The resulting mixture was refluxed for 3-4 h. After completion of
reaction (as evidenced by TLC), the reaction mixture was quenched by 1IN HCI (1-2 mL),
extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (1
x 10 mL), dried over MgSO, and concentrated in vacuo. The crude residue was purified by
flash chromatography to provide the desired compounds as described in the series of 17 and

24-25.
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Ethyl 2-hydroxy-2-phenylacetate (22)*°

Compound 2a was synthesized from ethyl glyoxylate 50% solution in toulene (0.59 mL, 3.0
mmol) and compound 1a (0.548 g, 4.50 mmol) according to general procedure 1. The crude
residue was purified by flash chromatography (Gradient: 8—10 % EtOAc in n-hexane) to
afford the title compound as a colorless oil (0.394 g, 72.96%). Ry = 0.46 (30% EtOAc in n-
hexane). '"H NMR (500 MHz, CDCls) 8y = 7.43-7.41 (m, 2H, Hy,), 7.38-7.35 (m, 2H, Hy)),
7.34-7.31 (m, 1H, Ha,), 5.16 (d, J = 5.25 Hz, 1H, OH-CH), 4.30-4.24 (m, 1H, CHH-CH3),
4.21-4.14 (m, 1H, CHH-CH3), 3.47 (d, J = 5.7 Hz, 1H, CH-OH), 1.23 (t, J = 7.15 Hz, 3H,
CH,-CH3), general assignments were confirmed by 'H-'H gCOSY. >C NMR (125 MHz,
CDCl3) 8¢ = 173.8 (C=0), 138.6 (Cquar), 128.7 (2 X CHa,), 128.5 (CHay), 126.7 (2 x CHyy),
73.0 (OH-CH), 62.4 (CH,-CHj3), 14.2 (CH,-CHj3), general assignments were confirmed by

'H-3C HSQC. LRMS-ESI: m/z =203 [M + Na]".

Ethyl 2-(2,4-dimethoxyphenyl)-2-hydroxyacetate (2b)*> 72

The compound 2b was synthesized from ethyl glyoxylate 50% solution in toulene (0.19 mL,
1.0 mmol) and compound 1a (0.272 g, 1.5 mmol) according to general procedure 1. The
crude residue was purified by flash chromatography (Gradient: 8—10% EtOAc in n-hexane)
to afford the title compound as a pale yellow oil (0.209 g, 87.08%). Rr= 0.39 (30% EtOAc in
n-hexane). '"H NMR (500 MHz, DMSO-dy) 8y = 7.20 (d, J = 8.4 Hz, 1H, Hy,), 6.54 (d, Jmeta =
2.4 Hz, 1H, Ha,), 6.51 (dd, Jortho, meta = 8.35, 2.4 Hz, 1H, Ha,), 5.66 (d, J = 6.05 Hz, 1H, OH-
CH), 5.20 (d, J = 6.05 Hz, 1H, CH-OH), 4.09-4.02 (m, 2H, CH,-CH3), 3.75 (s, 6H, 2 X
OCH,), 1.12 (t, J = 7.1 Hz, 3H, CH,-CHj3), general assignments were confirmed by 'H-'H
gCOSY. °C NMR (125 MHz, DMSO-ds) 3¢ = 172.9 (C=0), 160.3 (Cquat)s 157.4 (Cquar),

128.7 (CHay), 120.6 (Cquar), 104.7 (CHyy), 98.3 (CHy,), 66.9 (OH-CH), 60.0 (CH,-CH;), 55.5
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(OCH3), 55.2 (OCH;), 14.1 (CH,-CH3), general assignments were confirmed by 'H-"C

HSQC. LRMS-ESI: m/z =263 [M + Na] .

5-Phenyl-1,3-oxazolidine-2,4-dione (10)

The compound 10 was synthesized from compound 2a (0.179 g, 0.99 mmol) according to
general procedure 2. The crude residue was purified by flash chromatography (Gradient:
15-20% EtOAc in n-hexane) to afford the title compound as a white solid (0.030 g, 17.04%).
Rr=0.34 (30% EtOAc in n-hexane). Mp = 100—102°C. "H NMR (500 MHz, DMSO-dj) 8y =
12.15 (s, 1H, NH), 7.46-7.44 (m, 3H, Ha,), 7.41-7.40 (m, 2H, Hy,), 6.04 (s, 1H, O-CH-CO),
general assignments were confirmed by 'H-'"H gCOSY. *C NMR (125 MHz, DMSO-d;) 8¢
= 173.5 (C=0), 155.6 (C=0), 132.8 (Cqua), 129.5 (CHa,), 128.9 (2 x CHa,), 126.8 (2 X
CHay), 81.0 (O-CH-CO), general assignments were confirmed by "H-"C HSQC. LRMS-ESI:

m/z =176 [M —H]". HRMS-ESI: [M — H]" calcd for CoHsNO3, 176.0342, found 176.0352.

5-(2,4-Dimethoxyphenyl)-1,3-oxazolidine-2,4-dione (11)

The compound 11 was synthesized from compound 2b (0.19 g, 0.79 mmol) according to
general procedure 2. The crude residue was purified by flash chromatography (Gradient:
4-5% MeOH in DCM) to afford the title compound as a white solid (0.035 g, 18.71%). R, =
0.58 (10% MeOH in DCM). Mp = 180-182°C. 'H NMR (500 MHz, DMSO-dy) &y = 11.86
(s, 1H, NH), 7.29 (d, Jortno = 8.4 Hz, 1H, Ha,), 6.63 (d, Jmeta = 2.35 Hz, 1H, Ha,), 6.56 (dd,
Jortho, meta = 8.4, 2.4 Hz, 1H, Ha,), 5.89 (s, 1H, O-CH-CO), 3.79 (s, 3H, OCH3), 3.74 (s, 3H,
OCHj3), general assignments were confirmed by 'H-'H gCOSY. "C NMR (125 MHz,
DMSO-dg) 8¢ = 174.3 (C=0), 162.4 (C=0), 159.3 (Cquar), 155.9 (Cquar), 132.9 (CHa,), 112.8

(Cquat)s 105.1 (CHygy), 99.1 (CHy,), 79.8 (O-CH-CO), 55.9 (OCHs), 55.5 (OCHj), general
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assignments were confirmed by 'H-*C HSQC. LRMS-ESI: m/z = 236 [M — H]". HRMS-ESI:

[M + Na]" caled for C;;H;;NNaOs, 260.0529, found 260.0529.

5-Phenyl-1,3-thiazolidine-2,4-dione (13)

The compound 13 was synthesized from compound 2a (0.45 g, 2.5 mmol) according to
general procedure 2. The crude residue was purified by flash chromatography (gradient:
10—15% EtOAc in n-hexane) to afford the title compound as a white solid (0.020 g, 4.14%).
Rr=0.37 (30% EtOAc in n-hexane). Mp = 134—136°C. '"H NMR (500 MHz, DMSO-dj) &y =
13.55 (s, 1H, NH), 7.49-7.47 (m, 3H, Ha,), 7.38-7.36 (m, 2H, Ha,), 6.27 (s, 1H, S-CH-CO),
general assignments were confirmed by 'H-'"H gCOSY. *C NMR (125 MHz, DMSO-d;) 8¢
= 192.1 (C=0), 174.7 (C=0), 132.5 (Cqua), 130.3 (CHa,), 129.7 (2 x CHa,), 127.5 (2 X
CHa,), 84.8 (S-CH-CO), general assignments were confirmed by 'H-">C HSQC. LRMS-ESI:

m/z =192 [M — H]". HRMS-ESI: [M — H]" calcd for CoHgNO,S, 192.0114, found 192.0127.

5-(2,4-Dimethoxyphenyl)-2-thioxo-1,3-o0xazolidin-4-one (14)

The compound 140 was synthesized from compound 2b (0.385 g, 1.60 mmol) according to
general procedure 2. The crude residue was purified by flash chromatography (gradient:
10—20% EtOAc in n-hexane) to afford the title compound as a colorless oil (0.013 g, 3.20%)).
'H NMR (500 MHz, DMSO-dg) 8y = 13.25 (s, 1H, NH), 7.31 (d, J = 8.45 Hz, 1H, Hy,), 6.65
(d, J=2.35 Hz, 1H, Ha,), 6.59 (dd, J = 8.35, 2.4 Hz, 1H, Ha,), 6.10 (s, 1H, O-CH-CO), 3.80
(s, 3H, OCH3), 3.74 (s, 3H, OCH3). °C NMR (125 MHz, DMSO-ds) 8¢ = 173.03 (C=0),
160.4 (C=S), 157.5 (Cquar), 128.8 (CHay), 120.6 (CHa,), 112.2 (Cquar), 104.8 (CHa,), 98.4

(Cquar), 83.1 (O-CH-CO), 55.6 (OCH3), 55.3 (OCH3). LRMS-ESI: m/z =252 [M — HJ".

5-[(2,4-Dimethoxyphenyl)methylidene]-1,3-thiazolidine-2,4-dione (16)
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The compound 16 was synthesized from compound 3b (0.50 g, 3.01 mmol) according to
general procedure 5. The crude residue was recrystallised from EtOH to afford the title
compound as a yellow solid (0.56 g, 70.26%). R, = 0.60 (30% EtOAc in n-hexane). Mp =
240—-242°C, decomposition. '"H NMR (500 MHz, DMSO-dg) éy = 12.43 (s, 1H, NH), 7.92 (s,
1H, Ph-CH=C), 7.33 (d, Jortno = 8.6 Hz, 1H, Ha), 6.70 (dd, Jortho, meta = 8.65, 2.35 Hz, 1H,
Har), 6.67 (d, Jmew = 2.25 Hz, 1H, Ha,), 3.89 (s, 3H, OCHs;), 3.84 (s, 3H, OCHj3), general
assignments were confirmed by 'H-'"H gCOSY. *C NMR (125 MHz, DMSO-ds) 8¢ = 168.2
(C=0), 167.6 (C=0), 163.1 (Cqua), 159.8 (Cquar), 130.1 (CHa,), 126.5 (Ph-CH=C), 119.9
(Cquat), 1143 (Cqua), 106.5 (CHar), 98.6 (CHar), 55.9 (OCHj), 55.6 (OCHs), general
assignments were confirmed by 'H-">C HSQC. LRMS-ESI: m/z = 266 [M + H]", 288 [M +

Na]". HRMS-ESI: [M + H]" caled for C;2H,NO,S, 266.0482, found 266.0481.

5-[(2,4-Dimethoxyphenyl)methyl]-1,3-thiazolidine-2,4-dione (17)

The compound 17 was synthesized from compound 16 (0.15 g, 0.57 mmol) according to
general procedure 6. The crude residue was purified by flash chromatography (Gradient:
15-20% EtOAc in n-hexane) to afford the title compound as (0.060 g, 39.73%). Ry = 0.33
(30% EtOAc in n-hexane). Mp = 169—171°C. '"H NMR (500 MHz, DMSO-dy) 8y = 12.01 (s,
1H, NH), 7.04 (d, Jortno = 8.3 Hz, 1H, Ha,), 6.54 (d, Jmeta = 2.4 Hz, 1H, Ha,), 6.46 (dd, Jortho,
meta = 8.3, 2.4 Hz, 1H, Hy,), 4.78 (dd, J = 10.0, 4.55 Hz, 1H, Ph-CH,-CH), 3.78 (s, 3H,
OCHs), 3.74 (s, 3H, OCHs), 3.40 (dd, J = 13.9, 4.5 Hz, 1H, Ph-CHH-CH), 2.87 (dd, J=13.9,
10.0 Hz, 1H, Ph-CHH-CH), general assignments were confirmed by 'H-'H gCOSY. "*C
NMR (125 MHz, DMSO-ds) 6c = 175.9 (C=0), 171.8 (C=0), 159.9 (Cquar), 158.2 (Cquat)s
130.8 (CHay), 117.1 (Cguar), 104.5 (CHa,), 98.4 (CHay), 55.4 (OCH3), 55.1 (OCH3), 51.8 (Ph-

CH,-CH), 32.2 (Ph-CH,-CH), general assignments were confirmed by "H-"*C HSQC. LRMS-
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ESL: m/z = 268[M + H]", 290 [M + Na]". HRMS-ESI: [M + Na]" calcd for C;,H;3NNaO,S,

290.0458, found 290.0458.

5-(Phenylmethylidene)imidazolidine-2,4-dione (18)

The compound 18 was synthesized from compound 3a (1.00 g, 9.42 mmol) according to
general procedure 3. The crude residue was purified by flash chromatography (Gradient:
20—25% EtOAc in n-hexane) to afford the title compound as a yellow solid (1.30 g, 73.44
%). Rr=0.17 (30% EtOAc in n-hexane). Mp = 270-275°C, decomposition. "H NMR (500
MHz, DMSO-dy) oy = 7.61 (d, Jortno = 7.25 Hz, 2H, Ha,), 7.37 (t, Jortno = 7.85 Hz, 2H, Ha,),
7.30-7.27 (m, 1H, Ha;), 6.30 (s, 1H, Ph-CH=C), NH protons are in exchange, general
assignments were confirmed by 'H-"H gCOSY. >C NMR (125 MHz, DMSO-dj) 8¢ = 165.9
(C=0), 156.0 (C=0), 133.1 (Cquar), 129.5 (2 x CHay), 129.0 (2 x CHa,), 128.6 (CHa,), 128.2
(Cquat), 108.5 (Ph-CH=C), general assignments were confirmed by 'H-"*C HSQC. LRMS-
ESI: m/z = 189 [M + H]". HRMS-ESI: [M + Na]" calcd for C;;HgN,NaO,, 211.0478, found

211.0477.

5-[(2,4-Dimethoxyphenyl)methylidene]imidazolidine-2,4-dione (19)

The compound 19 was synthesized from compound 3b (1.00 g, 6.02 mmol) according to
general procedure 3. The crude residue was purified by flash chromatography (Gradient:
60—80% EtOAc in n-hexane) to afford the title compound as a yellow solid (0.850 g,
56.97%). Ry = 0.55 (50% EtOAc in n-hexane). Mp = 230-232°C. 'H NMR (500 MHz,
DMSO-ds) ou = 7.56 (d, Jortho = 8.45 Hz, 1H, Hy,), 6.61-6.60 (m, 2H, Hx, and Ph-CH-C),
6.55 (d, Jortno = 8.30 Hz, 1H, Ha,), 3.84 (s, 3H, OCHs), 3.81 (s, 3H, OCH3), NH protons are in
exchange, general assignments were confirmed by 'H-"H gCOSY. *C NMR (125 MHz,

DMSO-ds) 8¢ = 166.1 (C=0), 161.6 (C=0), 159.1 (Cquar), 156.0 (Cquar), 130.6 (CHyy), 126.5
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(Cquat), 114.7 (Cquar), 106.0 (CHa,), 103.5 (CHar), 98.7 (Ph-CH=C), 56.2 (OCHj3), 55.9
(OCHj3), general assignments were confirmed by 'H-""C HSQC. LRMS-ESI: m/z = 249 [M +

H]". HRMS-ESI: [M + H]" calcd for C,H 3N,04, 249.0870, found 249.0869.

5-Benzylimidazolidine-2,4-dione (20)

The compound 20 was synthesized from compound 18 (0.10 g, 0.53 mmol) according to
general procedure 4. The crude residue was purified by flash chromatography (Gradient:
50—60% EtOAc in n-hexane) to afford the title compound as a white solid (0.09 g, 89.10%).
Rr=0.17 (50% EtOAc in n-hexane). Mp = 191-193°C. 'H NMR (500 MHz, DMSO-d) 8y =
10.43 (s, 1H, NH), 7.91 (s, 1H, NH), 7.29-7.26 (m, 2H, Ha,), 7.23-7.21 (m, 1H, Ha,), 7.19-
7.18 (m, 2H, Ha,), 4.32 (t, J = 5.85 Hz, 1H, Ph-CH,-CH), 2.97-2.93 (m, 1H, Ph-CHH-CH),
2.93-2.89 (m, 1H, Ph-CHH-CH), general assignments were confirmed by 'H-'H gCOSY. *C
NMR (125 MHz, DMSO-ds) 8¢ = 175.2 (C=0), 156.2 (C=0), 135.6 (Cquar), 129.7 (2 x CHa,),
128.1 (2 x CHyp,), 126.6 (CHg,), 58.4 (Ph-CH,-CH), 36.4 (Ph-CH,-CH), general assignments
were confirmed by 'H-">C HSQC. LRMS-ESI: m/z = 191 [M + HJ", 213 [M + Na]". HRMS-

ESI: [M + Na]+ calcd for CoH;¢N,NaO,, 213.0635, found 213.0634.

5-[(2,4-Dimethoxyphenyl)methyl]imidazolidine-2,4-dione (21)

The compound 21 was synthesized from compound 19 (0.10 g, 0.40 mmol) according to
general procedure 4. The crude residue was purified by flash chromatography (Gradient:
30—40% EtOAc in n-hexane) to afford the title compound as a white solid (0.055 g, 55.0%).
Ry=0.13 (50% EtOAc in n-hexane). Mp = 165-167°C. 'H NMR (500 MHz, DMSO-d) 8y =
10.49 (s, 1H, NH), 7.69 (s, 1H, NH), 7.02 (d, Jorho = 8.25 Hz, 1H, Ha,), 6.52 (d, Jmeta = 2.4
Hz, 1H, Ha,), 6.44 (dd, Jortho, meta = 8.3, 2.4 Hz, 1H, Ha,), 4.19-4.16 (m, 1H, Ph-CH,-CH),

3.75 (s, 3H, OCHs), 3.74 (s, 3H, OCHs), 2.98 (dd, J = 13.9, 4.95 Hz, 1H, Ph-CHH-CH), 2.65
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(dd, J = 13.9, 7.45 Hz, 1H, Ph-CHH-CH), general assignments were confirmed by 'H-'H
gCOSY. °C NMR (125 MHz, DMSO-ds) 8¢ = 175.5 (C=0), 159.6 (C=0), 158.3 (Cqua)-
157.3 (Cquat), 131.3 (CHay), 116.4 (Cguar), 104.4 (CHa,), 98.2 (CHa,), 57.6 (Ph-CH,-CH), 55.4
(OCHs), 55.1 (OCHj3), 31.6 (Ph-CH,-CH), general assignments were confirmed by 'H-">C
HSQC. LRMS-ESI: m/z =251 [M + H]", 273 [M + Na]". HRMS-ESI: [M + Na]" calcd for

C12H14N;2NaOy, 273.0846, found 273.0845.

5-(Phenylmethylidene)-2-sulfanylidene-1,3-thiazolidin-4-one (22)

The compound 22 was synthesized from compound 3a (0.50 g, 4.71 mmol) according to
general procedure 5. The crude residue was recrystallised from EtOH to afford the title
compound as a yellow solid (0.6 g, 57.63%). Ry = 0.54 (30% EtOAc in n-hexane). Mp =
204-206°C. "H NMR (500 MHz, DMSO-dj) 6y = 13.84 (s, 1H, NH), 7.64 (s, 1H, Ph-CH=C),
7.60-7.59 (m, 2H, Ha,), 7.55-7.48 (m, 3H, Hy,), general assignments were confirmed by 'H-
'H gCOSY. >C NMR (125 MHz, DMSO-d) 8¢ = 195.7 (C=S), 169.4 (C=0), 133.0 (Cquar),
131.6 (Ph-CH=C), 130.7 (CHa,), 130.5 (2 x CHa,), 129.4 (2 x CHyy), 125.5 (Cquar), general
assignments were confirmed by "H-"C HSQC. LRMS-ESI: m/z = 220 [M — H]". HRMS-ESI:

[M — H]" caled for C10HgNOS,, 219.9885, found 219.9897.

5-[(2,4-Dimethoxyphenyl)methylidene]-2-sulfanylidene-1,3-thiazolidin-4-one (23)

The compound 23 was synthesized from compound 3b (0.50 g, 3.01 mmol) according to
general procedure 5. The crude residue was recrystallised from EtOH to afford the title
compound as a yellow solid (0.7 g, 82.84%). Ry = 0.31 (30% EtOAc in n-hexane). Mp =
273-275°C, decomposition. '"H NMR (500 MHz, DMSO-dg) dy = 13.65 (s, 1H, NH), 7.74 (s,
1H, Ph-CH=C), 7.33 (d, Jortno = 8.65 Hz, 1H, Hy,), 6.71 (dd, Jortho, meta = 8.65, 2.3Hz, 1H,

Har), 6.68 (s, 1H, Ha,), 3.90 (s, 3H, OCH3;), 3.85 (s, 3H, OCH3;), general assignments were
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confirmed by 'H-'"H gCOSY. “C NMR (125 MHz, DMSO-ds) 8¢ = 195.8 (C=S), 169.5
(C=0), 163.6 (Cquat); 160.0 (Cquar), 131.4 (CHya,), 127.0 (Ph-CH=C), 121.7 (Cquar), 114.3
(Cquat), 106.9 (CHa,), 98.6 (CHar), 55.9 (OCHzs), 55.7 (OCH3), general assignments were
confirmed by 'H-"*C HSQC. LRMS-ESI: m/z = 280 [M — H]". HRMS-ESI: [M — H]" caled

for C12H oNO3S,, 280.0097, found 280.0107.

5-Benzyl-2-sulfanylidene-1,3-thiazolidin-4-one (24)

The compound 24 was synthesized from compound 22 (0.10 g, 0.45 mmol) according to
general procedure 6. The crude residue was purified by flash chromatography (Gradient:
15-20% EtOAc in n-hexane) to afford the title compound as a white solid (0.021 g, 21.0 %).
Rr=0.34 (30% EtOAc in n-hexane). Mp = 119-121°C. 'H NMR (500 MHz, DMSO-dj) 8y =
13.16 (s, 1H, NH), 7.33-7.23 (m, 5H, Ha,), 5.04 (dd, J = 8.9, 4.6 Hz, 1H, Ph-CH,-CH), 3.37
(dd, J = 14.1, 4.45 Hz, 1H, Ph-CHH-CH), 3.17 (dd, J = 14.1, 9.1 Hz, 1H, Ph-CHH-CH),
general assignments were confirmed by 'H-"H gCOSY. *C NMR (125 MHz, DMSO-dj) 8¢
=203.3 (C=8), 177.9 (C=0), 136.6 (Cquar), 129.2 (2 X CHa,), 128.5 (2 x CHa,), 127.1 (CHa,),
55.7 (Ph-CH,-CH), 36.5 (Ph-CH,-CH), general assignments were confirmed by 'H-"C
HSQC. LRMS-ESI: m/z = 222 [M — H]". HRMS-ESI: [M — H]" caled for C;oHgNOS,,

222.0042, found 222.0054.

5-1(2,4-Dimethoxyphenyl)methyl]-2-sulfanylidene-1,3-thiazolidin-4-one (25)

The compound 25 was synthesized from compound 23 (0.20 g, 0.71 mmol) according to
general procedure 6. The crude residue was purified by flash chromatography (Gradient:
12-15% EtOAc in n-hexane) to afford the title compound as a yellow solid (0.095 g,
47.26%). Ry = 0.53 (30% EtOAc in n-hexane). Mp = 160—-162°C. '"H NMR (500 MHz,

DMSO-dy) 8 = 13.15 (s, 1H, NH), 7.04 (d, Jono = 8.25 Hz, 1H, Hay), 6.54 (d, Jnew = 2.4 Hz,
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1H, Har), 6.46 (dd, Jortho, meta = 8.3, 2.4 Hz, 1H, Ha,), 4.90 (dd, /= 9.6, 4.85 Hz, 1H, Ph-CH,-
CH), 3.77 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 3.36 (dd, J = 13.95, 4.85 Hz, 1H, Ph-CHH-
CH), 2.95 (dd, J = 14.0, 9.6 Hz, 1H, Ph-CHH-CH), general assignments were confirmed by
'H-'"H gCOSY. C NMR (125 MHz, DMSO-d;) 8¢ = 203.6 (C=S), 178.2 (C=0), 160.0
(Cquat), 158.1 (Cquar), 130.8 (CHay), 116.9 (Cquar), 104.6 (CHa,), 98.4 (CHay), 55.4 (OCH3),
55.2 (OCHs), 54.8 (Ph-CH,-CH), 31.6 (Ph-CH,-CH), general assignments were confirmed by
'H-C HSQC. LRMS-ESI: m/z = 282 [M — H]". HRMS-ESI: [M — H]" calcd for
Ci12H12NOsS,, 282.0253, found 282.0263.
5-[(2,4-Dimethoxyphenyl)methylidene]-2-sulfanylideneimidazolidin-4-one (26)

The compound 26 was synthesized from compound 3b (1.00 g, 6.02 mmol) according to
general procedure 3. The crude residue was purified by flash chromatography (Gradient:
10-20% EtOAc in n-hexane) to afford the title compound as a yellow solid (0.852 g,
53.52%). Ry = 0.25 (30% EtOAc in n-hexane). Mp = 235-237°C. 'H NMR (500 MHz,
DMSO-dy) 6y = 12.23 (s, 1H, NH), 11.93 (s, 1H, NH), 7.74 (d, Jorno = 8.65 Hz, 1H, Hy,),
6.69 (s, 1H, Ph-CH=C), 6.61 (d, Jmeta = 2.35 Hz, 1H, Ha,), 6.58 (dd, Jortho, meta = 8.6, 2.4 Hz,
1H, Ha,), 3.86 (s, 3H, OCHs), 3.83 (s, 3H, OCH3), general assignments were confirmed by
'H-'H gCOSY. C NMR (125 MHz, DMSO-ds) 8¢ = 178.1 (C=S), 165.8 (C=0), 162.1
(Cquat)s 159.2 (Cquar), 131.3 (CHar), 125.8 (Cquar), 113.7 (Cquar), 106.5 (Ph-CH=C), 105.9
(CHay), 98.2 (CHay), 55.9 (OCH3), 55.5 (OCHs), general assignments were confirmed by 'H-
BC HSQC. LRMS-ESI: m/z = 265 [M + H]", 287 [M + Na]". HRMS (ESI): [M + H]" calcd

for C1oH13N>038S, 265.0641, found 265.0641.

5-[(2,4-Dimethoxyphenyl)methyl]-2-sulfanylideneimidazolidin-4-one (27)
To 5-benzylidene-2-sulfanylideneimidazolidin-4-one 26 (0.10 g, 0.38 mmol) in glacial acetic

acid (2 mL) was added Zn dust (0.272 g, 4.1657 mmol) at room temperature. The resultant
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reaction mixture was refluxed for 12-18 h. After completion of reaction (TLC), the reaction
mixture was cooled down to 50 °C, added MeOH (5 x acetic acid qty.) refluxed for 5-10 min.
The reaction mixture was then filtered through celite bed, washed with MeOH (15-20 mL)
and evaporated in vacuo. The crude residue was purified by flash chromatography (Gradient:
15-30% EtOAc in n-hexane) to afford the title compound as a yellow solid (0.065 g, 65.0%).
R;=0.58 (50% EtOAc in n-hexane). Mp = 153—155°C. "H NMR (500 MHz, DMSO-dj) 8y =
11.50 (s, 1H, NH), 9.86 (s, 1H, NH), 7.01 (d, Jortno = 8.3 Hz, 1H, Ha,), 6.51 (d, Jmeta = 2.4 Hz,
1H, Har), 6.43 (dd, Jortho, meta = 8.3, 2.45 Hz, 1H, Ha,), 4.40-4.38 (m, 1H, Ph-CH,-CH), 3.76
(s, 3H, OCH3), 3.74 (s, 3H, OCHs), 2.96 (dd, J = 14.05, 5.65 Hz, 1H, Ph-CHH-CH), 2.78 (dd,
J = 14.05, 6.65 Hz, 1H, Ph-CHH-CH), general assignments were confirmed by 'H-'H
gCOSY. “C NMR (125 MHz, DMSO-ds) 5c = 182.3 (C=S), 176.0 (C=0), 159.8 (Cqua),
158.4 (Cquar), 131.5 (CHay), 115.7 (Cquar), 104.5 (CHar), 98.3 (CHa,), 60.7 (Ph-CH,-CH), 55.5
(OCH3), 55.2 (OCHj3), 30.8 (Ph-CH,-CH), general assignments were confirmed by 'H-">C
HSQC. LRMS-ESI: m/z = 267 [M + HJ", 289 [M + Na]". HRMS-ESI: [M + H]" calcd for
C12H15sN,058S, 267.0798, found 267.0798. Compound 27’ was subsequently identified as a

~5% impurity in 27.

Mass Spectrometry

Prior to mass spectrometric analysis hCA II protein was concentrated and buffer exchanged
into 10 mM NH4OAc pH 7.0 using Amicon Ultra 0.5 centrifugal filters (Merck Millipore,
Sydney, NSW, Australia). In detail, 500 pL of the initial protein solution was loaded on the
filter and centrifuged at 14,000 x g for 15 min at 4 °C on a Heraeus Pico 21 benchtop
centrifuge (Thermo Fisher Scientific Australia Pty Ltd). The flow through was discarded and

the concentrate resuspended in 450 pulL of 10 mM NH4OAc pH 7.0. This process was repeated
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four times in order to minimise residual salt in the protein sample that may interfere with
protein ionisation. The final concentrate was recovered by spinning at 3,000 x g for 1 min
according to the manufacturers protocol. Concentration of the proteins was verified for CA 11
using the absorption at 280 nm combined with an extinction coefficient of 50.42 x 10° M
cm™ and adjusted to a final concentration of 15 pM with 10 mM NH4OAc, pH 7.0. All test

fragments were prepared and stored as 5 mM stock solutions in DMSO.

For experiments with equimolar concentration of protein and fragment, immediately before
the mass spectrometric analysis, fragments were diluted in 10 mM NH4OAc 7.0 pH to a final
concentration of 15 puM (0.3% DMSO). hCA 1II (2.5 pL of 15 pM stock) was mixed with
fragment solution (2.5 pL of 15 uM stock). For nanoESI-MS titration experiments, 0.5 pL of
the required fragment concentration in DMSO were prepared in assay-ready 96-well

microplates by Compounds Australia (www.compoundsaustralia.com). Prior to analysis 14.5

uL of protein (15 uM, 10 mM NH4OAc) was added to each fragment containing microplate
well (final sample 3.3% DMSO). The protein:fragment sample solutions were mixed, then
incubated for 10 min at room temperature before nanoESI-MS analysis. The incubation time
was selected following time series test experiments which showed that no change in binding
is observed after 10 min. FTICR-MS calibration using perfluorohexanoic acid (PFHA) was
performed daily while quality control runs of pure CA II were performed before every batch
of screening. For nanoESI-MS analysis samples were infused into a Bruker solariX XR™
12.0 Tesla Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer (FT-
ICR MS) fitted with a ParaCell™ (Bruker Daltonics Inc., Billerica, MA) using a Triversa
Nanomate (Advion BioSciences, Ithaca, NY, USA) automated nanoESI interface fitted with a

5 micron HD A ESI Chip (Advion BioSciences, Ithaca, NY, USA). Spray conditions were
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optimized for signal intensity, signal to noise ratio and spray duration. Positive ion ESI was
used with a capillary voltage of 1.2 kV and a nitrogen nebulizing gas pressure of 0.4 psi. The
FT-ICR mass spectrometer parameters were optimised to maximise signal intensity whilst
ensuring gentle enough conditions in order to retain the proteins in a native-like state and
avoid in-source dissociation. In detail, data were acquired for at least 45 scans, over the range
of m/z 500-10,000 with the quadrupole set at m/z 600 while a Skimmer 1 voltage of 30 V, a
Drying Gas Temperature of 100 °C, a Nebulizer Gas Flow Rate of 2 bar, a Capillary Voltage
of 3,500 V, a Spray Shield of 500 V, a Collision Voltage (Entrance) of -3.0 V, a DC Extract
Bias of 0.1 V, a Collision Cell RF of 2,000 Vpp, an lon Accumulation Time of 0.001 sec and
a Flight Time of 2.1 msec were used. Mass spectra were processed with Bruker Compass
DataAnalysis 4.2 (Bruker Daltonics Inc., Billerica, MA). For the peak determination and
intensity calculation, SNAP algorithm version 2.0 was used with a signal to noise threshold

set at 3 and quality factor threshold set at 0.5.

The FBys for each fragment concentration was assigned as the ratio of the measured intensity
of the fragment-bound protein Ip.r) peak to the sum of the unbound protein Ip) and fragment-
bound protein Ip.r) peaks for each spectrum, expressed as a percentage (Equation 1).
Unbound protein Ipy included both free protein and protein bound to acetate, the latter

complex is preserved due to the very gentle electrospray ionisation conditions employed.

FBys = —2r— x 100% (Equation 1)

[p:F] 1P

All three observed charge states (+9, +10 and +11) where utilised for the FBys calculations
and compared to FBjys calculations using the predominant charge state (+10). For the

analyses of the saturation binding experiments we employed the nonlinear Hill model.” The
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calculation of Kp value as well as curve fitting were performed by applying the Specific
binding with Hill Slope equation in GraphPad Prism 7.01 (Equation 2), also using all three
observed charge states (+9, +10 and +11) and the single, predominant charge state (+10) for

comparison.

Bound FragmentConcentrationh
————— = Bmax * — —
TotalProtein Kd"+FragmentConcentration

(Equation 2)

In Equation 2 Bmax corresponds to the maximum specific binding, Kd to the fragment
concentration needed to achieve a half-maximum binding at equilibrium and /4 to the Hill

slope, which equals 1.0 when a monomer fragment binds to a single site of the protein.

SPR

hCA 1I protein was expressed and purified as previously described.” SPR measurement of
fragments interacting with immobilised hCA 1I were performed using a previously published
methodology.29 All SPR experiments were performed at 25 °C using a Biacore T200
instrument. Minimally biotinylated hCA II protein was immobilised onto a Streptavidin chip
surface with instrumental fluidics primed with fragment binding buffer (50 mM HEPES pH
7.4, 0.15 M NaCl, 0.05% Tween-20, 2% [v/v] DMSO). Fresh 100 mM DMSO fragment
solutions were diluted directly with the fragment binding buffer to a final concentration of
200 uM and then diluted down 2-fold to 12.5 uM aiming for a 5-point concentration series
range for the SPR dose-response experiments. Each compound was injected for 30 s
association and 60 s dissociation. Scrubber 2 software package (www.biologic.com.au) was
utilised for data processing and analysis.”* To determine Kp values from dose-response
experiments, binding responses at equilibrium were fit to a 1:1 steady state affinity model
available within Scrubber.
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Protein X-ray Crystallography

Concentrated hCA II at ~10 mg mL™" was set up in SD-2 plates (Molecular Dimensions) with
the following ratio of protein plus reservoir plus seeds: 250 nL + 225 nL + 25 nL. The plate
was incubated at 8 °C and the reservoir condition consisted of 2.9 M (NH4),SO4 with 0.1 M
Tris buffer at pH 8.3. Dry compound was added to the crystallisation drop after crystals had
formed and several days before data were collected. 360 frames of one degree oscillation
were taken at the MX-1 beamline of the Australian Synchrotron. The data were indexed using
XDS” and scaled using Aimless.” Molecular replacement was done using Phaser’’ using
4¢qO as the initial starting model. The model was manually rebuilt using Coot’® and refined
using Refmac.” The compound was placed in density using the program Afitt (OpenEye
Scientific Software) and further refined using Refmac.” The structure and structure factors
were deposited in the PDB with accession codes: STXY, 5TY8, 5TY9, STYA, 5U0D, SUOE,

SUOQF, 5U0G and 5VGY.

Crystals with compound 10 (PDB code 5STXY) were also generated by co-crystallisation. For
these crystals, a six molar excess of compound to protein was added prior to the protein being
set up in crystallisation trials. The data were processed as above, but Phenix™ was used to
refine the structure. eELBOW®' was used to generate the cif dictionary file and the ligand was

manually placed into density.
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and are available with the following codes: 5STXY, 5TY8, 5STY9, 5STYA, 5UOD, 5UOE, SUOF,
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