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Abstract

Ewing Sarcoma (ES) is a cancer of bone and soft tissues affecting mostly children and young
adults. Aggressive progression and poor prognosis of this malignancy call for novel and targeted
treatments. CD99 is a transmembrane protein that is abundantly expressed on ES cells and is a
diagnostic marker for the disease. ES cells are selectively sensitive to CD99 inhibition compared
to most normal cells and other tumors. Therefore, CD99 is a good molecular target for ES
treatment. Clofarabine and cladribine are two FDA approved drugs that are administered for their
inhibitory acts on DNA synthesis to treat relapsed or refractory acute lymphoblastic and myeloid
leukemia. They have also been shown to directly bind to CD99 and inhibit ES growth through

a distinct mechanism. In the current study, we designed, synthesized and tested new ES specific
derivatives of both drugs that would continue to target CD99 but with expected reduction in
cellular membrane permeability and rendered unsuitable for inhibiting DNA synthesis. By using
commercially available clofarabine and cladribine purine nucleoside analogs, we modified the
primary alcohol moiety at the deoxyribose C-5’ terminal site to suppress phosphorylation and
thus inhibition of subsequent DNA synthesis pathways. In addition, we incorporated a variety of
polar groups in the ribose and purine rings to reduce membrane permeability and investigated the
effects of configurational changes in the sugar moiety. Among 26 new derivatives, we identified
two compounds, BK50164 and BK60106, that cause cell death specifically in ES primarily due to
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inhibition of CD99 but not via inhibition of DNA synthesis. These findings provide a road map for
the future development selective CD99 inhibitors for targeted treatment of ES.
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1. Introduction

CD99 is a heavily O-glycosylated, 32 kDa single pass (type 1) transmembrane protein

that is encoded by human pseudoautosomal M/CZ2 gene with limited homology to only
XG (PBDX) and CD99L2 (MIC2L 1) proteins.1=3 A true functional ligand for CD99

has yet to be identified. Interactions between murine CD99 and its paralog CD99-like-2
(CD99L2), paired immunoglobulin-like type 2 (PILR) and CD99 itself (as homodimers)
have been reported.*-6 However, all these interactions were demonstrated with mouse
CD99, which has only 45% aa homology to human CD99. None of these interactions
have been confirmed in human cells yet. CD99 is primarily expressed on the plasma
membrane of specific cell populations in hematopoietic system and gonads and plays a
role in transendothelial migration, activation of T-cells and positive selection of thymocytes
during their maturation.> CD99 expression is specifically elevated in Ewing sarcoma (ES),
lymphoma, leukemia, and myeloid malignancies with oncogenic roles.’-12

ES is a malignant tumor that grows in and around bone and soft tissues. ES affects

mainly children and young adults with survival rate of ~75% for patients with localized
disease and ~30% for those with metastatic or recurrent diseases.13 CD99 expression is

a significant diagnostic marker for the histopathological diagnosis of ES.14-18 Besides

its diagnostic value, CD99 plays an important role for the ES progression by inhibiting
neuronal differentiation and by enhancing migratory abilities of ES cells.1920 These
malignancy driving properties make CD99 a potential therapeutic target for the treatment of
ES. In fact, reduced expression of CD99 by genetic manipulation abrogates the tumorigenic
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characteristics of ES cells and they can no longer form tumors and bone metastases when
xenografted into mice.1921 Additionally, engagement of CD99 by CD99-specific antibodies
delivers apoptotic or other cell death related pathway stimuli to ES cells and alleviates

their malignant potential.22-24 We previously discovered two FDA-approved compounds,
clofarabine and cladribine, as CD99 inhibitors by screening a library of compounds for
their ability to directly bind to extracellular domain of recombinant CD99 protein,25:26
These drugs impaired CD99 dimerization and its molecular interactions with its known
downstream signaling partners. Both clofarabine and cladribine inhibited the tumorigenic
capability of ES cells including the growth of xenografts.

Cladribine and clofarabine are purine nucleoside analogs. They are given as prodrugs and
they need to be successively phosphorylated in the cytoplasm by deoxycytidine kinase
(DCK) to 5’-monophosphate metabolites, and subsequently by mono- and diphosphokinases
to the active 5’-triphosphate form. Active forms of the drugs inhibit the cellular
ribonucleotide reductase which results in reduction in the pools of deoxyribonucleotide
triphosphates and cause impairment of DNA synthesis and repair, hence increase subsequent
DNA damage triggering programmed cell death.2” Due to concerns for the stability of
cladribine, clofarabine was later iteratively developed by addressing known deficiencies of
the prior nucleoside analog and became the focus of further development.28:29

Inhibition of CD99 protein on the plasma membrane of Ewing sarcoma cells does

not require entry in to the cytoplasm or conversion of clofarabine and cladribine to

their 5°-triphosphate form. Therefore, clofarabine and cladribine analogs that cannot be
phosphorylated and cannot inhibit subsequent DNA biosynthesis or that do not penetrate
the plasma membrane but still maintain CD99 affinity are of considerable interest due to
their promise for the development of an alternative ES treatment that exploits this relatively
unexplored mechanism to overcome the inherent cell toxicity of the parent compounds. To
date, relatively few drugs designed to exhibit reduced cell permeability have been studied.
Examples include a cyclosporine derivative that targets extracellular cyclophilins, 3931 a
small-molecule analog of geldanamycin which was used as cell-impermeable inhibitor

of HSP90 and shown to reduce tumor cell migration and invasion,32 and oligopeptide
derivatives of doxorubicin.33 Cell-impermeable probes or stains such as SYTOX Green,
which only crosses compromised membranes characteristic of dead cells but does not
penetrate intact cells, have been used for imaging purposes and as diagnostic tools.34-37

To the best of our knowledge, the potential of cell-impermeable analogs of nucleosides
used in cancer treatments has not been systematically investigated. We therefore decided

to selectively modify the primary alcohol moiety at the deoxyribose C-5’ terminal site in
clofarabine and cladribine to suppress the phosphorylation pathway, to incorporate a variety
of polar groups in the ribose and purine rings to decrease cell membrane permeability,

and to investigate the effect of configurational changes in the sugar moiety (Figure 1). We
identified two novel compounds, BK60106 and BK50164, as derivatives of clofarabine that
retain the selective cytotoxicity on ES cells but with lessened DNA damage compared to
the parent compound. These results provide promising leads for the development of specific
CD99 targeted therapies for ES patients.
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2. Results and discussion

2.1. Synthesis of modified clofarabine and cladribine derivatives

At the beginning of this study, we identified the commercially available compounds 1-6 for
the synthesis of new CD99 inhibitors and we explored the possibility of direct derivatization
of the C-5" hydroxyl group in clofarabine (1) and cladribine (2) (Figure 2). Despite several
attempts, derivatization of the primary alcohol group by Mitsunobu reactions or transition
metal catalyzed O-H insertion were unsuccessful and complicated product mixture were
obtained due to side reactions at the C-3’ secondary hydroxyl group and at the amino group
in the purine ring. Formation of a chloride, bromide, mesylate or tosylate for subsequent
substitution with a carbon or heteroatom nucleophile in varying solvents also failed to
produce the desired products and nucleophilic aromatic substitution of the chloride in the
purine ring was observed at elevated temperatures.

We therefore resorted to protection chemistry. We expected that Boc protection of the
6-amino and the C-2’ hydroxyl groups would allow selective manipulation of the C-5’
hydroxyl group and facile deprotection under mild reaction conditions. Thus, compound

9 was prepared in three steps from commercially available clofarabine by following a
literature method (Scheme 1).38 First, clofarabine was transformed to 7 using TBDPSCI in
91% yield. The amino and secondary hydroxyl groups were then treated with (Boc),0 at
room temperature to give 8 in 82% yield. Silyl deprotection was carried out with TBAF to
provide the Boc-protected clofarabine derivative 9 in 93% yield. Under identical reaction
conditions, compound 12 was prepared from cladribine in three steps.

With the Boc-protected clofarabine derivative 9 in hand, we continued with introducing a
dicarboxylic acid unit into the ribose ring (Scheme 2). Mitsunobu reaction of compound

9 with dimethyl 5-hydroxyisophthalate (13) gave the diester 14 in 65% yield which

was then treated with trifluoroacetic acid (TFA) to afford compound 16 in 94% yield.3°
The final product BK50161 was isolated in 76% yield after basic hydrolysis of 16.
Identical Mitsunobu reaction conditions were applied to prepare the cladribine analog from
intermediate 15 but A~glycosidic bond cleavage was observed during TFA mediated Boc
deprotection. Reducing the amounts of TFA or temperature did not improve results and
attempts to avoid decomposition by using other acids such as HCI and acetic acid proved
fruitless. Fortunately, silica-mediated Boc-deprotection was found to cleanly convert 15 to
diester 17 and subsequent hydrolysis using LiOH furnished BK50174 in 82% yield.

BK50164 was prepared by following a literature report (Scheme 3).4041 Dimethy! 2-
diazomalonate (18)*2 was employed in rhodium catalyzed O-H insertion of the Boc-
protected clofarabine 9. The free dicarboxylic acid BK50164 was then accessed in high
yields from 19 in two steps following a sequence analogous to that employed for the
synthesis of BK50161 (vide supra).

After successful preparation of the dicarboxylic acid derivatives, we turned our attention
toward the synthesis of stereoisomeric clofarabine and cladribine analogs. We screened
conditions for direct oxidation of the primary alcohol group and found that this is
possible with TEMPO/PhI(OAC), upon mild heating (Scheme 4). The carboxylic acid
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derivatives BK5082, BK60182, BK60129 and BK60131 were thus produced directly from
commercially available nucleosides in 54-71% yields without protection chemistry.

The unsuccessful attempts with nucleophilic substitutions of unprotected nucleosides
carrying C-5’ chloride, bromide, mesylate or tosylate leaving groups led us to revise this
strategy using the corresponding iodide derivatives instead. Selective iodination of the
primary alcohol group was easily achieved by following literature methods and we obtained
compounds 21-26 in varying but workable yields (Scheme 5).43-47

Upon completion of the iodination reaction, the solvents were removed and the products
were washed with cold methanol to remove excess iodine, PPhz and Ph3PO. The light
sensitivity and unstable nature of 21-26 required us to perform the nucleophilic substitutions
directly and without further purification. To identify the best reaction conditions for

the nucleophilic displacements, optimization experiments were carried out using 21 and
morpholine (27) (Scheme 6). First, several solvent systems were tested with excess of

27 at 60 °C. Only trace amounts of product were formed when the reaction was carried

out in DMF, DMSO or NMP and no reaction was observed in CH3CN. Fortunately, the
reaction went to completion using pyridine as solvent and the desired product BK50142
was isolated in 40% yield while the formation of HI elimination by-product BK50138-A
and of disubstituted BK50138-B was also observed. Reduction of the excess of 27 and
decreasing the reaction temperature to 50 °C led to reduced amounts of the by-products and
thus improved the yield of BK50142 to 78%. With optimized reaction conditions in hand,
we were able to prepare the morpholine derived compounds BK50141, BK50142, BK703,
BK707, BK50134 and BK705 in 68-86% yields.

Clofarabine and cladribine analogs containing a sulfone or sulfide moiety were prepared
as described in Scheme 7. The reaction of 21 with excess of sodium methanethiolate (28)
went to completion and gave BK7012 in 92% yield. Unfortunately, we were not able

to selectively achieve methylthiolation at the C-5" terminus without replacing the purine
chloride. By contrast, the use of less nucleophilic sodium methanesulfinate (29) avoids this
problem and not even a trace of a nucleophilic aromatic substitution product was observed.
Accordingly, 21 and 22 were converted to BK7013 and BK7014 in 88% and 82% vyield,
respectively.

Finally, the chlorine atom in the purine ring was replaced with heteroaryl rings by
palladium catalyzed Suzuki cross-coupling reactions (Scheme 8). Compounds BK60106,
BK7032, EN449 and EN450 were prepared from clofarabine with the corresponding
heteroarylboronic acids using K,CO3 and Pd(PPhz), at 100 °C. Cladribine was also treated
with 3-pyridyl, 4-pyridyl, 3-furyl and 3-thienylboronic acids to provide EN458, BK7033,
EN457 and EN451, respectively. All these reactions proceeded with 55-79% vyields.

2.2. Testing the biological activity of the clofarabine and cladribine derivatives

2.2.1. Compound induced cell cytotoxicity analysis identified the hits that
selectively inhibit ES cell growth—The structures of the compounds prepared in
this study are shown in Figure 3. In total, we created a small library of 26 different
derivatives of either clofarabine or cladribine. We initially performed a rapid screening of
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these compounds for their ability to maintain ES cell killing through CD99 by comparing
their 1C5q between ES cell lines and osteosarcoma (OS) cell lines. ES cells express high
levels of CD99 and are sensitive to inhibition of CD99 by blocking antibodies, siRNA or
small molecules. In contrast, OS cells have very low expression levels of CD99 and do

not die when treated with CD99 blocking agents.#8-50 Therefore, OS cells were used as a
negative control to support CD99 specific activity. We first selected 3 different ES cell lines
that have comparably high levels of CD99 protein and 2 OS cell lines that have only basal
level of CD99 expression (Figure 4). For assessing the cytotoxicity of each compound in

the library, we performed a cell viability assay on the cancer cell lines and calculated I1Csg
values of the compounds accordingly (Table 1 and Supplementary Figure 1). Clofarabine
and cladribine showed selective cytotoxicity towards ES cells, which we had established
previously.2> Within the concentration range used for these two drugs, they did not impact
the cell viability of OS cells at all. Newly synthesized compounds were ranked depending on
their selective cytotoxicity on ES cells. Among the compounds tested, 20 of them (EN449,
EN450, EN451, BK703, BK705, BK707, BK7012, BK7032, BK7033, BK50134, BK60129,
BK60131, BK60182, BK5082, BK5014, 1BK50142, BK50161, BK50138-A, BK50138-B,
and BK50174) did not exhibit any significant cytotoxicity towards either ES or OS cell lines.
These compounds were considered to have lost both their CD99 binding ability and DNA
synthesis inhibition ability. Four compounds (EN457, EN458, BK7013 and BK7014) had a
cytotoxic effect that was slightly stronger for at least one ES cell line. The highest priority
was given to BK60106 and BK50164, because they maintained ES cell killing while sparing
OS cells. There was no detectable cell death of OS cells at the highest tested concentration
(400 umol/L), therefore, proper ICsq values for them could not be calculated. The I1Csg
values for BK60106 and BK50164 were higher than clofarabine and cladribine but CD99
mediated cell line specificity was maintained.

2.2.2. BK60106 and BK50164 are highly ES selective compared to other
cancers.—After identifying BK60106 and BK50164 as potential ES specific inhibitors, we
performed additional cell viability screening by utilizing a larger cell line panel representing
a vast variety of cancer types. We evaluated ICsq values on 7 ES (A4573, COG-E-352,
MHH-ES, SKES, STA-ET-7.2, TC-32, and TC-71), 2 rhabdomyosarcoma (RD and RH30);
5 osteosarcoma (143B, HOS, MG-63.3, Saos-2, and U-2 OS), 2 glioblastoma (A172 and
U87-MG), one lung cancer (A549), one prostate cancer (PC3), one cervical cancer (HeLa)
cell lines and one immortalized human embryonic kidney cell line (HEK293). The ICxg
values shown in Figure 5 come from replicate data sets provided in Supplementary Figure

2 and 3. The preliminary results from the initial screening study presented in Table 1 were
not included for the calculation of mean 1Csq values in Figure 5. The data in Table 1 were
helpful for initial ranking of lead compounds but the 1Csq values presented in Figure 5

are more accurate. Both BK60106 (Figure 5A and Supplementary Figure 2) and BK50164
(Figure 5B and Supplementary Figure 3) exhibited a great degree of selectivity towards all
the ES cell lines used in the study compared to all non-ES cells. BK60106 showed more
than 6 fold difference between average ICgq of ES cells compared to non-ES cells. BK50164
showed more than 12 fold difference between average 1Csq of ES cells compared to non-ES
cells. Therefore, we concluded that both BK60106 and BK50164 are ES specific cytotoxic
agents that most likely function through inhibiting CD99 on ES cells.
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2.2.3. BK60106 and BK50164 directly bind to CD99—We previously demonstrated
that the parental drugs, clofarabine and cladribine, bind to both endogenous human CD99
protein and to purified bacterially expressed recombinant extracellular domain of CD99
protein.2526 The ES cell specificity of BK60106 and BK50164 strongly suggested that

both compounds maintained their ability to directly bind to CD99 and inhibit its activity in
ES cells. In order to confirm that hypothesis, we studied the physical interaction between
the two new clofarabine derived compounds and CD99. We confirmed direct physical
interactions between the two compounds and CD99 by determining the binding affinities of
the drugs to purified recombinant CD99 using surface plasmon resonance (SPR) technology
on a Biacore T200 instrument. Recombinant CD99 protein was immobilized on a Biacore
CM5 chip by amine coupling. Small molecules were injected over the protein coated
surface at different concentrations while binding interaction was monitored by SPR in real
time. SPR experiment demonstrated that both compounds can directly bind to recombinant
CD99 protein on the chip surface. The calculated Kp values for BK60106 (Figure 6A)

and BK50164 (Figure 6B) for binding to CD99 were 1.8 pM and 1.5 pM, respectively.

We also tested the thermal stability of endogenous CD99 in Ewing sarcoma cell lysate in
the presence or absence of BK50164. In cellular thermal shift assay (CETSA), compound
bound target proteins tend to remain in solution at elevated temperatures, whereas excessive
heat denatures unbound proteins, resulting in their accelerated precipitation.51:52 By adding
BK50164 (Figure 6C) in TC-71 cellular lysate, we quantified the presence of thermally
stable CD99 protein in solution at elevated temperatures. Relative quantification of western
blots of stable CD99 protein recovered from the solution showed that in the presence of
BK50164 (Figure 6D), compound bound CD99 is more stable suggesting BK50164 binds
endogenous CD99 protein in ES cells.

2.2.4. BK60106 and BK50164 induce apoptosis in ES cells with less DNA
damage than clofarabine does—We previously demonstrated CD99 mediated cell
death by clofarabine and cladribine occurs trough apoptosis only in ES cells but not in
OS cells.25:26 To characterize the molecular mechanisms of cell death induced by either
BK60106 or BK50164, we checked for the presence of two apoptosis markers, cleaved
products of PARP and Caspase 3, in the cells treated with the compounds. Increasing
concentrations of BK60106 or BK50164 induced apoptosis in only TC-32 ES cells as
clofarabine also did but not in U-2 OS cell line (Figure 7A and 7B). The cell cycle analysis
of the compound treated cells showed that only ES cells but not OS cells had increased
population in the hypodiploid sub-G1 phase of the cell cycle, another indicator that cells
were undergoing apoptosis in response to drug treatment (Figure 7C).

As a nucleoside analog, clofarabine can be incorporated into DNA, leading to impaired
DNA synthesis and elongation, which in turn causes DNA damage.2® Therefore, the
clofarabine cytotoxicity on ES cells is likely due to combined result of DNA damage
induction in addition to its physical interaction with CD99.2% We assessed the double
stranded DNA damage formation in clofarabine, BK60106 or BK50164 treated TC-32 cells
by determining H2A.X phosphorylation (yH2A.X) using western blot (Figure 7D). Both
BK60106 and BK50164 caused less of yH2A.X accumulation compared to their parental
drug, clofarabine. When doses of each drug inducing a comparable level of apoptosis
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were compared, BK60106 and BK50164 reduced the yH2A.X signal but clofarabine did
not. BK60106 and BK50164 treatment resulting in reduced -yH2A.X signal compared to
clofarabine, suggests significantly less DNA damage occurring while all 3 compounds were
inducing the same level of apoptosis (Figure 7E). These findings suggest that BK60106 and
BK50164 assert their cytotoxic effects on ES cells through interacting with CD99 rather
than by being incorporated into DNA as a nucleoside and causing DNA damage,

3. Conclusions

In addition to its diagnostic significance for ES in the clinic, CD99 is also functionally
important for the pathogenesis of ES, therefore, it holds a great potential for targeted therapy
in ES.53 Clofarabine and cladribine induce strong cancer cell death in ES through interacting
with CD99 and significantly reduce tumorigenic capabilities of the ES cells both /in vitro

in cell culture and /n vivo in mouse xenograph studies.?> Clofarabine and cladribine are
FDA approved drugs primarily used to treat leukemias because they express high levels of
deoxycytidine kinase (DCK) which is required to convert prodrugs to their 5’-triphosphate
active forms. Since there is a potential for significant clinical benefit from inhibition of
CD99 on ES cell surface, clofarabine and cladribine derivatives that can still bind to CD99
but not enter the cell or cannot be phosphorylated by DCK to their active forms would

be ideal targeted therapy options. With the lack of plasma membrane permeability and/or
5’-triphosphate formation, new compounds will be expected to not inhibit DNA synthesis

or nucleotide metabolism and therefore lack most of the myelosuppressive side effects. True
CD?99 inhibitors that cannot inhibit DNA synthesis will have a much better therapeutic
window and hold considerable promise for treating ES patients.

A small library of 26 clofarabine and cladribine derivatives bearing a variety of
functionalities instead of the primary alcohol group at the C-5" position in the ribose

ring, small heterocycles at the purine ring and sterecisomers thereof were designed and
synthesized. These compounds were first screened in a cell panel consisting of 3 ES and

2 OS cell lines for their retained cytotoxicity specifically on ES cells due to their specific
sensitivity to CD99 blockage. The majority of compounds that lost their cytotoxicity on
ES cells or those that became toxic for OS cells were not further considered. BK60106
and BK50164 were selected as primary hits to be characterized in detail. Secondary
screening of the selected compounds for their ICgq values in a larger cell line panel that
represented distinct cancer types identified both compounds having at least 6- or 12-fold
lower 1Cs5q values on average in ES cells. SPR experiments showed that the selected
compounds were still able to bind to CD99 protein in the similar way that their parent
drug clofarabine did.2>26 Finally, both BK60106 and BK50164 induced apoptosis in ES
cells at concentrations close to their corresponding 1Csq values but with less DNA damage
compared to that caused by clofarabine, both of which suggested the primary mechanism of
cell death in ES was due to inhibition of CD99 but not inhibition of DNA synthesis.

Replacing the chlorine atom in the purine ring of the parent drugs by a small heteroaryl
ring may render the nucleosides less membrane-penetrable, hence the derivatives would

be expected to stay preferentially more on the extracellular side of the cell membrane
preventing them being metabolized inside the cells. In this regard, BK60106 has a pyridine
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group built on the parent drug, clofarabine. Interestingly, EN458 has also a pyridine but

on top of cladribine backbone while EN457 is also derived from clofarabine but with a
furan ring at the same position in the chemical structure. In our primary screen, both
EN457 and EN458 showed greater tendencies in inhibiting the growth of ES cells but with
some residual cytotoxicity on osteosarcoma as well. BK50164 has a dicarboxylic acid unit
replacing the C-5’ hydroxyl group on the ribose ring of clofarabine, hence it would be
expected to be incapable of being phosphorylated inside the cells. In return, these various
modifications may account for the alleviated DNA damage induction in derivative treated
cells compared to clofarabine treated cells. It is also noteworthy that the residual DNA
damage in derivative treated cells might as well be the result of cell death induction via
CD99 engagement rather than the cause of DNA damage itself. Additionally, although both
BK60106 and BK50164 are still able to kill ES cells, their IC5q values are greater than

that of their parent drugs. It is possible that both clofarabine and cladribine act on ES cells
via two mechanisms; direct interaction with CD99 and inducing DNA damage. However,
new derivatives can be expected to act on ES cells more, if not solely, through CD99
binding. The results of this study provide first insights into structure activity relationships
of nucleoside derived CD99 inhibitors that will be invaluable for future drug development
directions and reveal that BK50164 and BK60106 are potent CD99 inhibitors. Specifically,
the introduction of carboxylic acid moieties at the ribose C-5" position and the placement of
small heteroaryl rings or other functional groups into the purine ring are promising leads for
further optimization.

4. Experimental section

4.1. Synthetic chemistry

Commercially available clofarabine (1), cladribine (2), nucleosides 3-6, boronic acids,
catalysts, reagents and solvents were used as purchased without further purification.

All chemical reactions were monitored by thin-layer chromatography (TLC) plates and
visualized under UV light (254 or 365 nm). All iodides,*3-47 diazo compound 18,42
intermediates 7-12, 14-17, 19, 20 and BK50164 were obtained according to previously
reported procedures.38-40 NMR spectra were obtained at 400 MHz (*H NMR), 376 MHz
(19F NMR) and 100 MHz (13C NMR) in deuterated solvents. The chemical shift () values
are expressed in ppm relative to the residual H signal of the solvent. All reaction products
were purified by column chromatography on silica gel (particle size 40-63 um) unless
noted otherwise. HRMS data were obtained using electron spray ionization time-of-flight
(ESI-TOF) spectrometry.

4.1.1. 5-(((2R,3R,4S,5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-4-fluoro-3-
hydroxytetrahydrofuran-2-yl)methoxy)isophthalic acid (BK50161).—The
Boc-protected intermediate 8 was obtained according to a

previously reported procedure and the analytical data were

in accordance with the literature.38-40 Compounds 12 and 14 were prepared

by Mitsunobu reaction and Boc-deprotection from the clofarabine derivative 8 following
literature methods.3° Base mediated ester hydrolysis of compound 14 to synthesize
BK50161 was then carried out. To a solution of dimethyl 5-(((2R,3R,4S,5R)-5-(6-amino-2-

Eur J Med Chem. Author manuscript; available in PMC 2024 May 05.
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chloro-9 H-purin-9-yl)-4-fluoro-3-hydroxytetrahydrofuran-2-yl)methoxy)isophthalate (14)
(50.0 mg, 0.1 mmol) in THF (1.5 mL) and H,O

(1.5 mL) at room temperature was added LiOH (60.0 mg). The resulting mixture

was stirred overnight before it was cooled to 0 °C, acidified to pH ~6 with 1 N HCI (aq)

and concentrated under reduced pressure. The white precipitate was filtered off, washed with
EtOAc followed by methanol, and dried under vacuum. Compound BK50161 was obtained
as a colorless solid in 76% yield (36.0 mg, 0.076 mmol). 1H NMR (400 MHz, DMSO-a)

8 =13.39 (s, 2H), 8.27 (d, J= 2.1 Hz, 1H), 8.09 (dd, J= 1.5, 1.5 Hz, 1H), 7.91 (bs, 2H), 7.72
(d, J=1.5Hz, 2H), 6.41 (dd, J=13.3, 4.8 Hz, 1H), 6.24 (bs, 1H), 5.33 (ddd, J=52.6, 4.8,
4.4 Hz, 1H), 4.64 (ddd, J=19.2, 4.8, 4.4 Hz, 1H), 4.50 — 4.37 (m, 2H), 4.21 (m, 1H); 13C
NMR (100 MHz, DMSO-a5) & = 166.4, 158.4, 156.8, 153.3, 150.2, 140.2 (d, Jo.F = 4.3 Hz),
132.9,122.6, 119.1, 117.4, 94.9 (d, Jo.r = 192.3 Hz), 81.4 (d, Jo-F = 16.4 Hz), 80.6, 73.1 (d,
Jo-g = 24.1 Hz), 67.8; 1%F NMR (376 MHz, DMSO-d) 6 = -198.3 (ddd, /= 52.3, 17.5, 12.7
Hz); HRMS (ESI-TOF) mlz. [M+H]" calcd for C1gH16CIFN5O7 468.0722, found 468.0721.

4.1.2. 5-(((2R,3S,5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-3-
hydroxytetrahydrofuran-2-yl)methoxy)isophthalic acid (BK50174).

—The Boc-protected intermediate 9 was

obtained according to a previously reported procedure and the analytical data were

in accordance with the literature.38-40 Compounds 13 and 15 were prepared by Mitsunobu
reaction and Boc-deprotection from the cladribine derivative 9 by following literature
methods.39 Base mediated ester hydrolysis of compound 15 to synthesize BK50174 was
carried out as follows. To a solution of dimethyl 5-(((2R,3S,5/)-5-(6-amino-2-chloro-9 +-
purin-9-yl)-3-hydroxytetrahydrofuran-2-yl)methoxy)isophthalate (15) (48.0 mg, 0.1 mmol)
in THF (1.5 mL) and H,O (1.5 mL) at room temperature was added LiOH (60.0 mg). The
resulting mixture was stirred overnight before it was cooled to 0 °C, acidified with saturated
NH4ClI solution. The white precipitate was filtered off, washed with EtOAc followed

by methanol, and dried under vacuum. Compound BK50174 was obtained as a colorless
solid in 82% yield (37.0 mg, 0.082 mmol). 1H NMR (400 MHz, DMSO-a) & = 8.36 (s,
1H), 8.08 (s, 1H), 7.81 (bs, 2H), 7.68 (d, J= 1.5 Hz, 2H), 7.20 (s, 2H), 6.34 (dd, /= 6.7, 6.7
Hz, 1H), 5.55 (bs, 1H), 4.58 (m, 1H), 4.40 — 4.25 (m, 2H), 4.19 (m, 1H), 2.82 (ddd, J=13.3,
6.8, 6.4 Hz, 1H), 2.38 (ddd, J=13.3, 6.8, 6.4 Hz, 1H); 13C NMR (100 MHz, DMSO-a) &
=166.4, 158.4, 156.8, 153.1, 150.1, 139.8, 132.9, 122.5, 119.0, 118.2, 84.8, 83.6, 70.7, 68.4,
48.6; HRMS (ESI-TOF) mlz [M+H]" calcd for C1gH;7CIN50O- 450.0817, found 450.0813.

41.3. 2-(((2R,3R,4S,5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-4-fluoro-3-
hydroxytetrahydrofuran-2-yl)methoxy)malonic acid (BK50164).—Compound
BK50164 was obtained according to a previously reported

procedure and the analytical data for BK50164 and the

intermediates 10 and 11 are in accordance with the literature.38-40 Base mediated ester
hydrolysis of intermediate 11 to obtain BK50164 was carried out by following the method
described below. To a solution of dimethyl 2-(((2R,3/R,45,5/)-5-(6-amino-2-chloro-9 H-
purin-9-yl)-4-fluoro-3-hydroxytetrahydrofuran-2-yl)methoxy)malonate (87.0 mg, 0.2 mmol)
in THF (2.0 mL) and H,O (2.0 mL) at room temperature was added LiOH (180.0 mg).

The resulting mixture was stirred overnight before it was cooled to 0 °C, acidified to pH
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~6 with 1 N HCI (aq) and concentrated under reduced pressure. The white precipitate was
filtered off, washed with EtOAc followed by methanol, and dried under vacuum. Compound
BK50164 was obtained as a colorless solid in 83% yield (67.0 mg, 0.166 mmol). 1H NMR
(400 MHz, DMSO-dg) & = 13.27 (bs, 2H), 8.31 (d, J= 1.9 Hz, 1H), 7.88 (bs, 2H), 6.35

(dd, J=12.8, 4.8 Hz, 1H), 6.06 (bs, 1H), 5.26 (ddd, J=52.7, 4.8, 4.4 Hz, 1H), 4.58 (s, 1H),
4.49 (ddd, J=19.0, 4.8, 4.8 Hz, 1H), 3.99 (m, 1H), 3.90 - 3.74 (m, 2H); 13C NMR (100
MHz, DMSO-gg) § = 168.0, 167.9, 156.8, 153.3, 150.2, 140.1 (d, Jo.r = 3.5 Hz), 117.3,
95.0 (d, Jc-F = 192.4 Hz), 81.3 (d, Jc.F = 18.0 Hz), 81.2 (d, Jo.F = 7.6 Hz), 78.9, 72.6 (d,
Jo-k = 23.3 Hz), 69.0; 1°F NMR (376 MHz, DMSO-d) 6 = -198.6 (ddd, /= 52.6, 18.8, 12.8
Hz); HRMS (ESI-TOF) mlz. [M+H]" calcd for C;3H14CIFN5O7 406.0566, found 406.0565.

4.1.4. General procedure for the synthesis carboxylic acid

derivatives—To a solution of (2R,3R,4R,5R)-5-(6-amino-9 H-purin-9-yl)-4-fluoro-2-
(hydroxymethyl)tetrahydrofuran-3-ol (500.0 mg, 1.85 mmol) in acetonitrile (5.0 mL) and
H,0 (5.0 mL) were added (diacetoxyiodo)benzene (1.787 g, 5.55 mmol) and TEMPO (87.0
mg, 0.55 mmol), and the mixture was stirred at 40 °C for 19 hours. The solvents were
removed under reduced pressure and the residue was triturated with diethyl ether. The white
precipitate was filtered off, washed with acetonitrile followed by methanol, and dried under
vacuum.

4.14.1. (2S53R.4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-fluoro-3-
hydroxytetrahydrofuran-2-carboxylic acid (BK5082).: Compound BK5082

was obtained after washing with acetonitrile (2x10.0 mL) and ethanol (2x10.0 mL) as

a colorless solid in 54% yield (282.0 mg, 0.99 mmol) from (2R,3R,4 R 5R)-5-(6-amino-9 H-
purin-9-yl)-4-fluoro-2-(hydroxymethyl)tetrahydrofuran-3-ol (500.0 mg, 1.85 mmol) by
following the general procedure described above; TH NMR (400 MHz, DMSO-d) 6 = 13.35
(s, 1H), 8.37 (s, 1H), 8.13 (s, 1H), 7.34 (bs, 2H), 6.32 (dd, /= 16.8, 2.8 Hz, 1H), 6.19 (bs,
1H), 5.53 (m, 1H), 4.73 (m, 1H), 4.38 (d, J= 5.6 Hz, 1H); 13C NMR (100 MHz, DMSO-
ag) 6§ =171.5, 156.6, 153.2, 149.4, 139.7, 119.3, 93.3 (d, Jc.r = 189.0 Hz), 86.4 (d, Jo-F
=33.0 Hz), 81.5, 72.1 (d, Jo_r = 16.2 Hz); 19F NMR (376 MHz, DMSO-a) & = —206.7 (m,
1F); HRMS (ESI-TOF) mlz [M+H]* calcd for C19H11FN504 284.0795, found 284.0791.

4.1.4.2. (2S53R4S5R)-5-(6-Amino-9H-purin-9-yl)-4-fluoro-3-
hydroxytetrahydrofuran-2-carboxylic acid (BK60182).: Compound

BK60182 was obtained after washing with acetonitrile (2x10.0

mL) and ethanol (2x10.0 mL) as a colorless solid in 68% yield (192.0 mg, 0.68 mmol) from
(2R,3R455R)-5-(6-amino-9 H-purin-9-yl)-4-fluoro-2-(hydroxymethyl)tetrahydrofuran-3-ol
(269.0 mg, 1.0 mmol) by following the general procedure described

above; IH NMR (400 MHz, DMSO-a) & = 13.43 (bs, 1H), 8.40 (s, 1H), 8.16 (s, 1H), 7.40
(s, 2H), 6.35 (dd, J=16.0, 3.2 Hz, 1H), 6.20 (bs, 1H), 5.56 (ddd, J=51.8, 4.0, 3.6 Hz, 1H),
477 (m, 1H), 4.41 (d, J= 5.7 Hz, 1H); 13C NMR (100 MHz, DMSO-d) 6 = 171.1, 156.2,
152.8, 148.9, 139.3, 118.9, 92.8 (d, Jc.F = 188.8 Hz), 86.0 (d, Jo.Fr = 32.7 Hz), 81.0, 71.7
(d, Jo_g = 16.1 Hz); 19F NMR (376 MHz, DMSO-0) & = —206.6 (ddd, J=51.8, 16.2, 15.8
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C1gH11FN504 284.0795, found 284.0791.
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4.1.4.3. (2S3S5R)-5-(6-Amino-9H-purin-9-yl)-3-hydroxytetrahydrofuran-2-
carboxylic acid (BK60129).: Compound BK60129 was obtained

after washing with acetonitrile (2x10.0 mL) and ethanol

(2x10.0 mL) as a colorless solid in 71% yield (376.0 mg, 1.42 mmol) from (2R,35,5R)-5-(6-
amino-9A-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol (502.0 mg, 2.0

mmol) by following the general procedure described above; *H NMR (400 MHz, DMSO-
ap) 8 = 13.43 (s, 1H), 8.42 (s, 1H), 8.15 (s, 1H), 7.34 (s, 2H), 6.51 (dd, J= 8.6, 5.8 Hz,

1H), 5.84 (bs, 1H), 4.61 (d, J= 4.6 Hz, 1H), 4.39 (m, 1H), 2.54 (m, 1H), 2.37 (m, 1H); 13C
NMR (100 MHz, DMSO-¢) 6 = 172.3, 156.1, 152.5, 149.0, 139.1, 118.8, 85.1, 84.5, 73.9,
39.2; HRMS (ESI-TOF) ml z. [M+H]* calcd for C1gH12N504 266.0889, found 266.0884.

4.1.4.4. (2R,3R,59)-5-(6-Amino-9H-purin-9-yl)-3-hydroxytetrahydrofuran-2-
carboxylic acid (BK60131).: Compound BK60131 was obtained

after washing with acetonitrile (2x10.0 mL) and ethanol

(2x10.0 mL) as a colorless solid in 63% yield (333.0 mg, 1.26 mmol) from (25,3R,55)-5-(6-
amino-9A-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol (502.0 mg, 2.0

mmol) by following the general procedure described above; 1H NMR (400 MHz, DMSO-
as) 6 =13.43 (s, 1H), 8.42 (s, 1H), 8.16 (s, 1H), 7.34 (s, 2H), 6.51 (dd, J= 8.6, 5.8 Hz,

1H), 5.84 (bs, 1H), 4.62 (d, J= 4.7 Hz, 1H), 4.39 (m, 1H), 2.54 (m, 1H), 2.37 (m, 1H); 13C
NMR (100 MHz, DMSO-ag) 6 = 172.3, 156.1, 152.5, 149.0, 139.1, 118.8, 85.1, 84.5, 73.9,
39.2; HRMS (ESI-TOF) m/z. [M+H]* calcd for C19H1oN504 266.0889, found 266.0883.

4.1.5. General procedure for the synthesis of

morpholine derivatives—(25,3R,45,5R)-5-(6-Amino-2-chloro-9 AH-purin-9-yl)-4-
fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (0.2 mmol) was dissolved in anhydrous pyridine
(1.0 mL). Morpholine (0.2 mL) was added and the reaction mixture was heated to 50 °C and
stirred for 24 hours. Solvents were removed under vacuum at 70 °C and the crude product
was purified by flash column chromatography on silica gel using ethyl acetate-methanol as
mobile phase as described below.

4.15.1. (2R.3R/4S5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-4-fluoro-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK50142).: Compound (25,3R,45,5R)-5-(6-
amino-2-chloro-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1)

was prepared from clofarabine by following a literature method.3-47 After the reaction
was complete the solvents were removed and the solid products were washed with cold
methanol to remove excess iodine, PPhz and Ph3PO. The crude product was used directly
for the next step without further purification. Compound BK50142 was obtained after
column purification using ethyl acetate/methanol (19:1) as mobile phase as a colorless solid
in 78% yield (63.0 mg, 0.170 mmol) from (25,3R,45,5R)-5-(6-amino-2-chloro-9 AH-purin-9-
yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1) (90.0 mg, 0.217 mmol) and morpholine
(0.2 mL) by following the general procedure described above. R¢= 0.4 (EtOAc/methanol,
9:1); ITH NMR (400 MHz, methanol-adj) & = 8.21 (d, J= 2.3 Hz, 1H), 6.37 (dd, J= 16.7,

4.0 Hz, 1H), 5.12 (ddd, J=52.2, 4.1, 2.9 Hz, 1H), 4.43 (ddd, J= 18.6, 5.0, 2.9 Hz, 1H),
4.13 (m, 1H), 3.70 (t, J= 4.7 Hz, 4H), 2.87 - 2.74 (m, 2H), 2.69 — 2.53 (m, 4H); 13C NMR
(100 MHz, methanol-dj) & = 158.1, 155.6, 151.6, 141.9 (d, Jc.F = 5.1 Hz), 118.6, 96.5 (d,
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Je.r = 192.4 Hz), 84.2 (d, Jo.p = 17.0 Hz), 82.4 (d, Jop = 4.0 Hz), 77.4 (d, Jo.r = 24.4 Hz),
67.6, 61.6, 55.2; 19F NMR (376 MHz, methanol-dj) & = —199.0 (ddd, J=52.7, 17.6, 17.6
Hz); HRMS (ESI-TOF) milz. [M+H]* calcd for Cy4H19CIFNgO3 373.1191, found 373.1190.

4.15.2. (2R,3S5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK50141).: Compound
(25,35,5R)-5-(6-amino-2-chloro-9 AH-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol

(2) was prepared from cladribine by following

a literature method.#3-47 After the reaction was complete the solvents were removed

and the solid products were washed with cold methanol to remove excess iodine, PPh3 and
Ph3PO. The crude product was used directly for the next step without further purification.
Compound BK50141 was obtained after column purification using ethyl acetate/

methanol (19:1) as mobile phase as a colorless solid in 86% yield (69.0 mg, 0.195 mmol)
from (25,3 5,5R)-5-(6-amino-2-chloro-9 H-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-

ol (2) (90.0 mg, 0.227 mmol) and morpholine (0.2 mL) by following

the general procedure described above. R¢= 0.4 (EtOAc/methanol, 9:1); 1H NMR (400
MHz, methanol-dj) & = 8.23 (s, 1H), 6.33 (t, /= 6.6 Hz, 1H), 4.52 (dt, /= 6.6, 4.7 Hz, 1H),
4.11 (dt, J=7.3,4.7 Hz, 1H), 3.67 (t, /= 4.7 Hz, 4H), 2.87 (dt, /= 13.9, 6.3 Hz, 1H), 2.80 -
2.73 (m, 2H), 2.57 (t, J= 4.7 Hz, 4H), 2.43 (ddd, /= 13.8, 7.0, 4.9 Hz, 1H); 13C NMR (100
MHz, methanol-dj) § = 158.1, 155.2, 151.4, 141.8, 119.6, 85.9, 85.5, 74.0, 67.5, 62.0, 55.2,
39.8; HRMS (ESI-TOF) mlz. [M+H]* calcd for C14H»9CINgO3 355.1285, found 355.1282.

4.15.3. (3R.4S5R)-5-(6-Amino-2-morpholino-9H-purin-9-yl)-4-fluoro-2-
methylenetetrahydrofuran-3-ol (BK50138-A).: Compound (25,3R,4S,5R)-5-(6-
amino-2-chloro-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1)

was prepared from clofarabine by following a literature method.43-47

After the reaction was complete the solvents were removed and the solid products were
washed with cold methanol to remove excess iodine, PPh3z and Ph3PO. The crude product
was used directly for the next step without further purification. Compound BK50138-

A was obtained after column purification using ethyl acetate/methanol (19:1) as mobile
phase as a colorless solid in 23% yield (17.0 mg, 0.05 mmol) from (25,3R,45,5R)-5-(6-
amino-2-chloro-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1)

(90.0 mg, 0.218 mmol) and morpholine (0.2 mL) at 60 °C by following the general
procedure described above. R¢= 0.6 (EtOAc/methanol, 9:1); *H NMR (400 MHz, methanol-
ay) 8 =7.77 (d, J= 2.6 Hz, 1H), 6.59 (dd, /= 17.1, 4.0 Hz, 1H), 5.12 (ddd, /= 51.7,

4.1, 3.0 Hz, 1H), 4.98 (m, 1H), 4.57 (bs, 1H), 4.39 (bs, 1H), 3.78 - 3.65 (m, 8H); 13C NMR
(100 MHz, methanol-dj) 6§ = 161.7 (d, Jo.F = 4.3 Hz), 160.9, 157.2, 153.1, 138.3 (d, Jc.F =
6.3 Hz), 113.4,95.1 (d, Jc.Fr = 192.8 Hz), 86.8, 84.5 (d, Jo.F = 16.7 Hz), 74.4 (d, Jo.F = 26.8
Hz), 68.0, 46.2; 19F NMR (376 MHz, methanol-dj) 6 = -203.3 (ddd, /=52.1, 19.9, 17.0
Hz); HRMS (ESI-TOF) mlz. [M+H]" calcd for C4H;gFNgO3 337.1424, found 337.1421.

4.154. (2R,3R/4S5R)-5-(6-Amino-2-morpholino-9H-purin-9-yl)-4-fluoro-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK50138-B).: Compound (25,3R,45,5R)-5-(6-
amino-2-chloro-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1) was
prepared from clofarabine by following a literature method.*3-47 After
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the reaction was complete the solvents were removed and the solid products were washed
with cold methanol to remove excess iodine, PPh3 and PhgPO. The crude product was used
directly for the next step without further purification. Compound BK50138-B was obtained
after column purification using ethyl acetate/methanol (9:1) as mobile phase as a colorless
solid in 35% yield (32.0 mg, 0.076 mmol) from (25,3R,45,5R)-5-(6-amino-2-chloro-9 H-
purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1) (90.0 mg, 0.218 mmol) and
morpholine (0.2 mL) at 60 °C by following the general procedure described above. R¢= 0.2
(EtOAc/methanol, 9:1); 1H NMR (400 MHz, methanol-a;) 6 = 7.93 (d, J= 2.8 Hz, 1H), 6.38
(dd, J=18.8, 3.9 Hz, 1H), 5.08 (ddd, /= 52.1, 4.1, 3.0 Hz, 1H), 4.45 (ddd, J=18.4, 4.7,
2.7 Hz, 1H), 4.18 (dt, /= 8.5, 4.4 Hz, 1H), 3.89 (t, /= 4.7 Hz, 4H), 3.74 (t, /= 4.7 Hz, 4H),
3.24 (t, J= 4.7 Hz, 4H), 3.15 — 2.99 (m, 2H), 2.86 (t, J= 4.7 Hz, 4H); 13C NMR (100 MHz,
methanol-dj) 6 = 160.9, 157.1, 152.9, 138.8 (d, Jc.r = 6.0 Hz), 113.3, 96.4 (d, Jo.F = 191.6
Hz), 83.6 (d, Jo.r = 16.8 Hz), 81.1 (d, Jo.r = 3.7 HZ), 77.6 (d, Jo_r = 25.0 Hz), 66.8, 64.9,
61.4, 54.8, 44.7; 19F NMR (376 MHz, methanol-d;) 6 = -198.6 (ddd, /=52.1, 19.9, 17.0
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C1gH,7FN7O4 424.2109, found 424.2107.

4.15.5. (2R,3S5R)-5-(6-Amino-9H-purin-9-yl)-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK703).: Compound
(25,35,5R)-5-(6-amino-9 H-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol (3) was
prepared from (2R,35,5R)-5-(6-amino-9 H-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-
ol by following a literature method.#3-47 After the reaction was complete the solvents were
removed and the solid products were washed with cold methanol to remove excess iodine,
PPh3 and Ph3PO. The crude product was used directly for the next step without further
purification. Compound BK703 was obtained after column purification using ethyl acetate/
methanol (19:1) as mobile phase as a colorless solid in 81% yield (57.0 mg, 0.178 mmol)
from (25,35,5R)-5-(6-amino-9 H-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol (3) (80.0
mg, 0.221 mmol) and morpholine (0.2 mL) by following the general procedure described
above. R¢= 0.4 (EtOAc/methanol, 9:1); 1H NMR (400 MHz, Methanol-dj) & = 8.30 (s, 1H),
8.20 (s, 1H), 6.39 (dd, /= 6.8, 6.4 Hz, 1H), 4.50 (ddd, /=7.6, 6.9, 4.9 Hz, 1H), 4.11 (ddd,
J=1.6,6.4,4.4 Hz, 1H), 3.66 (t, J= 4.7 Hz, 4H), 2.86 (ddd, J=13.7, 6.4, 4.4 Hz, 1H), 2.79
- 2.66 (M, 2H), 2.60 — 2.50 (m, 4H), 2.45 (ddd, /= 13.7, 6.8, 5.0 Hz, 1H); 13C NMR (100
MHz, Methanol-aj) & = 157.3, 153.8, 150.3, 141.2, 120.6, 85.6, 85.5, 74.0, 67.6, 62.1, 55.2,
40.1; HRMS (ESI-TOF) mlz. [M+H]" calcd for C14H,1NgO3 321.1675, found 321.1671.

4.15.6. (2R.3R.4S5R)-5-(6-Amino-9H-purin-9-yl)-4-fluoro-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK707).: Compound (25,3R,45,5R)-5-(6-
amino-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (4) was prepared from
(2R,3R,4 5,5R)-5-(6-amino-9 H-purin-9-y1)-4-fluoro-2-(hydroxymethyl)tetrahydrofuran-3-ol
by following a literature method.#3-47 After the reaction

was complete the solvents were removed and the solid products were washed with cold
methanol to remove excess iodine, PPhs and Ph3PO. The crude product was used directly
for the next step without further purification. Compound BK707 was obtained after column
purification using ethyl acetate/methanol (19:1) as mobile phase as a colorless solid in 83%
yield (40.0 mg, 0.109 mmol) from (25,3R,45,5R)-5-(6-amino-9 H-purin-9-yl)-4-fluoro-2-
(iodomethyl)tetrahydrofuran-3-ol (4) (50.0 mg, 0.132 mmol) and morpholine (0.2 mL) by
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following the general procedure described above. R¢= 0.5 (EtOAc/methanol, 9:1); 1H NMR
(400 MHz, Methanol-aj) & = 8.26 (d, J= 2.4 Hz, 1H), 8.22 (s, 1H), 6.46 (dd, J=17.7, 3.8
Hz, 1H), 5.10 (ddd, /= 52.3, 3.8, 3.2 Hz, 1H), 4.41 (ddd, /= 17.8, 6.0, 3.2 Hz, 1H), 4.13 (m,
1H), 3.70 (t, J= 4.7 Hz, 4H), 2.79 (d, /= 6.0 Hz, 2H), 2.60 (t, J= 4.7 Hz, 4H); 13C NMR
(100 MHz, Methanol-aj) & = 157.4, 154.1, 150.4, 141.7 (d, Jo-r = 5.2 Hz), 119.6, 96.6 (d,
Jo-g = 191.9 Hz), 84.2 (d, Jo_r = 16.8 Hz), 82.8 (d, Jo_r = 3.4 Hz), 77.7 (d, Jo.g = 24.5 Hz),
67.7, 61.7, 55.2; 19F NMR (376 MHz, methanol-dj) 6 = -198.5 (ddd, /= 51.9, 18.0, 18.0
Hz); HRMS (ESI-TOF) miz. [M+H]" calcd for C14H,0FNgO3 339.1581, found 339.1576.

4.15.7. (2R3R/4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-fluoro-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK50134).: Compound
(25,3R,4R,5R)-5-(6-amino-9 H-purin-9-y1)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol

(5) was prepared from (2R,3R,4R,5R)-5-(6-amino-9 H-purin-9-yl)-4-
fluoro-2-(hydroxymethyl)tetrahydrofuran-3-ol by following a literature method.43-47 After
the reaction was complete the solvents were removed and the solid products were washed
with cold methanol to remove excess iodine, PPhz and PhgPO. The crude product was used
directly for the next step without further purification. Compound BK50134 was obtained
after column purification using ethyl acetate/methanol (19:1) as mobile phase as a colorless
solid in 76% yield (50.0 mg, 0.15 mmol) from (25,3R,4R,5R)-5-(6-amino-9 H-purin-9-yl)-4-
fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (5) (75.0 mg, 0.197 mmol) and morpholine (0.2
mL) by following the general procedure described above. R¢= 0.5 (EtOAc/methanol, 9:1);
1H NMR (400 MHz, Methanol-dj) & = 8.27 (s, 1H), 8.21 (s, 1H), 6.24 (dd, /= 20.2, 1.5

Hz, 1H), 5.44 (ddd, /=53.2, 4.8, 1.5 Hz, 1H), 4.66 (ddd, J=21.9, 8.5, 4.8 Hz, 1H), 4.20 (m,
1H), 3.65 (t, /= 4.7 Hz, 4H), 2.87 (dd, /= 13.8, 2.4 Hz, 1H), 2.72 (dd, /= 13.8, 7.6 Hz, 1H),
2.56 (t, J= 4.7 Hz, 4H); 13C NMR (100 MHz, Methanol-aj) & = 157.4, 154.1, 150.2, 141.6,
120.6, 94.5 (d, Jc.F = 186.0 Hz), 88.8 (d, Jc.F = 35.0 Hz), 81.8, 72.6 (d, Jc.F = 16.6 Hz),
67.6, 61.4, 55.4; 19F NMR (376 MHz, methanol-dj) 6 = —203.0 (ddd, /= 53.2, 21.4, 20.3
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C14H,0FNgO3 339.1581, found 339.1577.

4.15.8. (2S3R,55)-5-(6-Amino-9H-purin-9-yl)-2-
(morpholinomethyl)tetrahydrofuran-3-ol (BK705).: Compound

(2R,3R,55)-5-(6-amino-9 H-purin-9-y1)-2-(iodomethyl)tetrahydrofuran-3-ol

(6) was prepared from (25,3R,55)-5-(6-

amino-9 H-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol by following a literature
method.#3-47 After the reaction was complete the solvents were removed and the solid
products were washed with cold methanol to remove excess iodine, PPhsz and Ph3PO. The
crude product was used directly for the next step without further purification. Compound
BK705 was obtained after column purification using ethyl acetate/methanol (19:1) as
mobile phase as a colorless solid in 68% yield (48.0 mg, 0.15 mmol) from (2R,3R55)-5-(6-
amino-9AH-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol (6) (80.0 mg, 0.221 mmol) and
morpholine (0.2 mL) by following the general procedure described above. R¢= 0.4 (EtOAc/
methanol, 9:1); 1H NMR (400 MHz, Methanol-d;) & = 8.31 (s, 1H), 8.20 (s, 1H), 6.39 (dd, J
= 6.8, 6.4 Hz, 1H), 4.50 (m, 1H), 4.10 (m, 1H), 3.66 (t, J= 4.7 Hz, 4H), 2.84 (m, 1H), 2.76 -
2.63 (m, 2H), 2.53 (t, J= 4.7 Hz, 4H), 2.45 (ddd, /= 13.6, 6.9, 5.0 Hz, 1H); 13C NMR (100
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MHz, Methanol-dj) & = 157.3, 153.8, 150.4, 141.2, 120.6, 85.7, 85.4, 74.0, 67.6, 62.2, 55.3,
40.1; HRMS (ESI-TOF) miz [M+H]* calcd for C14Hy;NgO3 321.1675, found 321.1671.

4.1.6. Synthesis sulfone and thioether derivatives

4.1.6.1. (2S3R,4S5R)-5-(6-Amino-2-(methylthio)-9H-purin-9-yl)-4-fluoro-2-
((methylthio)methyl)tetrahydrofuran-3-ol (BK7012).: Compound (25,3R,45,5R)-5-(6-
amino-2-chloro-9 H-purin-9-yl)-4-fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1) was
prepared from clofarabine by following a literature method.43-47

After the reaction was complete the solvents were removed and the

solid products were washed with cold methanol to remove excess iodine, PPh3 and Ph3PO.
The crude product was used directly for the next step without further purification. An

8 mL vial was charged with (25,3R,45,5R)-5-(6-amino-2-chloro-9 #-purin-9-yl)-4-fluoro-2-
(iodomethyl)tetrahydrofuran-3-ol (1) (50.0 mg, 0.121 mmol), sodium methanethiolate

(25.0 mg, 0.363 mmol), pyridine (2.0 mL) and sealed. The vial was then placed in

a 60 °C oil bath and stirred for 24 hours. Completion of the reaction was ascertained by TLC
analysis and the solvent was removed /n vacuo. The crude product was purified by flash
chromatography on silica gel using EtOAc/methanol (19:1) as mobile phase. Compound
BK7012 was obtained as a colorless solid in 92% yield (38.0 mg, 0.111 mmol). Rr

= 0.3 (EtOAc/methanol, 9:1); 1H NMR (400 MHz, methanol-aj) & = 8.07 (s, 1H), 6.44 (dd,
J=18.7, 3.8 Hz, 1H), 5.09 (ddd, /= 51.9, 3.8, 2.5 Hz, 1H), 4.51 (ddd, J=17.0, 3.8, 2.5 Hz,
1H), 4.12 (dt, J= 6.4, 3.8 Hz, 1H), 2.98 — 2.82 (m, 2H), 2.54 (s, 3H), 2.18 (s, 3H); 13C NMR
(100 MHz, methanol-dj) & = 167.8, 156.7, 151.4, 140.3, 116.9, 96.5 (d, Jo.r = 191.8 Hz),
84.9 (d, Jo.r = 2.7 Hz), 84.3 (d, Jc.p = 17.0 Hz), 77.6 (d, Jo-F = 24.4 HZ), 37.0 (d, Jo.F =

2.0 Hz), 16.3, 14.4; 19F NMR (376 MHz, methanol-dj) 6 = -198.3 (ddd, /= 51.6, 18.0, 17.0
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C1,H17FN50,S, 346.0808, found 346.0805.

4.1.7. Synthesis sulfone and thioether derivatives

4.1.7.1. (2S53R,4S5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-4-fluoro-2-
((methylsulfonyl)methyl)tetrahydrofuran-3-ol

(BK7013).: Compound (25,3R,455R)-5-(6-amino-2-chloro-9 A-purin-9-yl)-4-
fluoro-2-(iodomethyl)tetrahydrofuran-3-ol (1) was prepared from clofarabine

by following a literature method.#3-47 After the reaction was complete the solvents were
removed and the solid products were washed with cold methanol to remove excess iodine,
PPh3 and Ph3PO. The crude product was used directly for the next step without further
purification. A solution of (25,3R,45,5R)-5-(6-amino-2-chloro-9 A-purin-9-yl)-4-fluoro-2-
(iodomethyl)tetrahydrofuran-3-ol (1) (83.0 mg, 0.2 mmol) and sodium methanesulfinate
(61.0 mg, 0.6 mmol) was stirred in 1.0 ml of DMF at 55 °C for 4 days. The reaction
mixture was quenched with water and the solvents were removed /n vacuo. The crude
product was purified by flash chromatography on silica gel using ethyl acetate as mobile
phase. Compound BK7013 was obtained as a colorless solid in 88% vyield (64.0 mg, 0.176
mmol). R¢= 0.2 (EtOAc); 'H NMR (400 MHz, DMSO-a) 6 = 8.35 (d, /= 2.5 Hz, 1H),
7.90 (bs, 2H), 6.41 (dd, J=17.5, 4.4 Hz, 1H), 6.24 (d, J= 4.4 Hz, 1H), 5.23 (ddd, J=51.9,
3.6, 3.6 Hz, 1H), 4.52 (m, 1H), 4.33 (m, 1H), 3.86 (m, 1H), 3.55 (m, 1H), 2.98 (s, 3H); 13C
NMR (100 MHz, DMSO-g;) 6 = 156.8, 153.3, 150.1, 140.6 (d, Jo.g = 4.6 Hz), 117.4, 94.0
(d, Jo.r =191.3 Hz), 82.6 (d, Jc-F = 16.3 Hz), 78.2 (d, Jc.F = 4.4 Hz), 75.8 (d, Jc.F = 23.9
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Hz), 56.5, 42.0; 1%F NMR (376 MHz, DMSO-d) & = -197.9 (ddd, /= 51.9, 17.7, 17.3 Hz);
HRMS (ESI-TOF) mlz. [M+H]* calcd for C11H14CIFN504S 366.0439, found 366.0437.

4.1.7.2. (253S,5R)-5-(6-Amino-2-chloro-9H-purin-9-yl)-2-
((methylsulfonyl)methyl)tetrahydrofuran-3-ol (BK7014).: Compound
(25,35,5R)-5-(6-amino-2-chloro-9 H-purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol

(2) was prepared from cladribine by following a literature method.*3-47 After the reaction
was complete the solvents were removed and the solid products were washed with cold
methanol to remove excess iodine, PPhz and Ph3PO. The crude product was used directly for
the next step without further purification. A solution of (25,35,5R)-5-(6-amino-2-chloro-9H-
purin-9-yl)-2-(iodomethyl)tetrahydrofuran-3-ol (2) (79.0 mg, 0.2 mmol) and sodium
methanesulfinate (61.0 mg, 0.6 mmol) was stirred in 1.0 ml of DMF at 55 °C for 4 days.

The reaction mixture was quenched with water and the solvents were removed /7 vacuo.

The crude product was purified by flash chromatography on silica gel using ethyl acetate as
mobile phase. Compound BK7013 was obtained as a colorless solid in 82% yield (57.0 mg,
0.170 mmol). R¢= 0.2 (EtOACc); 1H NMR (400 MHz, DMSO-a) 6 = 8.40 (s, 1H), 7.85 (bs,
2H), 6.34 (dd, /=7.6, 6.4 Hz, 1H), 5.60 (d, /= 3.9 Hz, 1H), 4.45 (m, 1H), 4.27 (dt, /= 9.5,
2.9 Hz, 1H), 3.85 (dd, J=14.8, 9.5 Hz, 1H), 3.47 (ddd, J=14.8, 3.2, 1.4 Hz, 1H), 2.81 (s,
3H), 2.76 (ddd, /= 13.3, 8.1, 6.0 Hz, 1H), 2.32 (ddd, J= 13.4, 6.4, 3.2 Hz, 1H); 13C NMR
(100 MHz, DMSO-d5) & = 156.8, 152.9, 149.9, 140.4, 118.4, 84.4, 81.4, 73.2, 56.9, 41.9,
37.4; HRMS (ESI-TOF) mlz. [M+H]* calcd for C11H15CIN50,4S 348.0533, found 348.0532.

4.1.8. General procedure for the Suzuki coupling—An arylboronic acid (4.0
equiv) was added to a stirred solution of clofarabine or cladribine, potassium carbonate

(2.0 equiv) and tetrakis(triphenylphosphine)palladium (0.2 equiv) in tetrahydrofuran (2.0
mL) and water (1.0 mL). The reaction mixture was heated to reflux for 20 hours. Solvents
were removed under vacuum at 70 °C and the crude product was purified by flash column
chromatography on silica gel using dichloromethane-methanol as mobile phase as described
below.

4.18.1. (2R,3R4S5R)-5-(6-Amino-2-(pyridin-3-yl)-9H-purin-9-yl)-4-fluoro-2-
(hydroxymethytetrahydrofuran-3-ol (BK60106).: Compound BK60106

was obtained after column purification using dichloromethane/methanol

(9:1) as mobile phase as a colorless solid in 61% yield

(63.0 mg, 0.182 mmol) from clofarabine (91.0 mg, 0.3 mmol) and pyridin-3-

ylboronic acid (148.0 mg, 1.2 mmol) by following the general procedure described above.
R¢= 0.2 (dichloromethane/methanol, 9:1); 1H NMR (400 MHz, DMSO-a) & = 9.46 (s,

1H), 8.69 - 8.51 (m, 2H), 8.24 (d, J= 2.1 Hz, 1H), 7.56 — 7.31 (m, 3H), 6.51 (dd, /= 14.8,
4.4 Hz, 1H), 5.93 (d, J=5.0 Hz, 1H), 5.25 (ddd, J=52.5, 4.4, 4.2 Hz, 1H), 5.00 (dd, J= 6.0,
5.6 Hz, 1H), 4.49 (m, 1H), 3.86 (m, 1H), 3.78 — 3.54 (m, 2H); 13C NMR (100 MHz, DMSO-
0g) 6 = 156.4, 155.9, 150.3, 150.0, 149.0, 140.3 (d, Jo.r = 4.2 Hz), 134.8, 133.5, 123.4,
117.7,95.5 (d, Jo.F = 192.1 Hz), 83.5 (d, Jo.F = 5.3 Hz), 81.4 (d, Jo.F = 16.9 Hz), 72.9 (d,
Je-e = 23.3 Hz), 60.6; 1°F NMR (376 MHz, DMSO-d) 6 = -197.5 (ddd, /= 52.7, 17.0, 17.0
Hz); HRMS (ESI-TOF) mlz. [M+H]" calcd for C15H,6FNgO3 347.1268, found 347.1263.
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4.1.8.2. (2R.3R,4S5R)-5-(6-Amino-2-(pyridin-4-yl)-9H-purin-9-yl)-4-fluoro-2-
(hydroxymethytetrahydrofuran-3-ol (BK7032).: Compound BK7032 was

obtained after column purification using ethyl acetate/methanol (19:1)

as mobile phase as a pale yellow solid in 64% yield (111.0 mg, 0.32 mmol) from clofarabine
(152.0 mg, 0.5 mmol) and pyridin-4-ylboronic acid (246.0 mg, 2.0 mmol) by following

the general procedure described above. R¢= 0.4 (EtOAc/methanol, 19:1); 1H NMR (400
MHz, DMSO-gg) 6 = 8.73 (bs, 2H), 8.34 (s, 1H), 8.24 (bs, 2H), 7.57 (bs, 2H), 6.55 (dd, J=
14.7, 4.6 Hz, 1H), 6.02 (dd, J=5.0, 2.3 Hz, 1H), 5.30 (ddd, J=52.3, 4.0, 2.8 Hz, 1H), 5.08
(dd, J=5.7, 2.3 Hz, 1H), 4.53 (ddd, /= 19.2, 4.8, 2.7 Hz, 1H), 3.90 (m, 1H), 3.80 — 3.60 (m,
2H); 13C NMR (100 MHz, DMSO-g) & = 156.1, 156.0, 150.1, 150.0, 145.4, 140.8, 121.8,
118.2,95.5 (d, Jo.F = 192.0 Hz), 83.6 (d, Jo.r = 5.2 Hz), 81.4 (d, Jo.F = 16.8 HZz), 72.9 (d,
Je-E = 23.3 Hz), 60.6; 19F NMR (376 MHz, DMSO-g) 6 = —197.5 (ddd, /= 52.4, 17.6, 16.8
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C15H1gFNgO3 347.1268, found 347.1263.

4.1.8.3. (2R,3R,4S5R)-5-(6-Amino-2-(furan-3-y1)-9H-purin-9-yl)-4-fluoro-2-
(hydroxymethyltetrahydrofuran-3-ol (EN449).: Compound EN449 was

obtained by column purification using DCM/MeOH (13:1)

as mobile phase followed by recrystallization from ACN/MeOH to give a white solid in 74%
yield (151.0 mg, 0.45 mmol) from clofarabine (182.0 mg, 0.6 mmol) and furan-3-ylboronic
acid (403.0 mg, 3.6 mmol) following the general procedure described above. 1H NMR (400
MHz, DMSO) 6 8.15 (s, 2H), 7.70 (m, 1H), 7.24 (s, 2H), 6.94 (d, J= 1.8 Hz, 1H), 6.40 (dd,
J=14.6, 4.7 Hz, 1H), 5.92 (d, /= 5.0 Hz, 1H), 5.21 (ddd, J=52.6, 4.2, 4.2 Hz, 1H), 4.98
(dd, J=5.7, 5.7 Hz, 1H), 4.51 (ddd, /= 19.2, 4.8, 4.8 Hz, 1H), 3.83 (m, 1H), 3.73 = 3.57 (m,
2H); 13C NMR (100 MHz, DMSO) 6 156.3, 155.2, 150.3, 144.3, 143.9, 140.2, 128.0, 117.6,
110.3,95.9 (d, Jc.F = 192.3 Hz), 83.9 (d, Jo.r = 5.8 Hz), 81.7 (d, Jc.Fp = 17.2 HZz), 73.4

(d, Jo.r = 23.1 Hz), 61.1; 19F NMR (376 MHz, DMSO) 6 -197.7 (ddd, J= 52.5, 16.6, 16.6
Hz); HRMS (ESI-TOF) m/z [M+H]" calcd for C14H15FN504 336.1103, found 336.1104.

4.1.8.4. (2R,3R,4S5R)-5-(6-Amino-2-(thiophen-3-yl)-9H-purin-9-yl)-4-fluoro-2-
(hydroxymethyltetrahydrofuran-3-ol (EN450).: Compound EN450 was

obtained by column purification using DCM/MeOH (9:1) as mobile

phase followed by recrystallization from ACN to give a brown

solid in 56% yield (119.0 mg, 0.34 mmol) from clofarabine (182.0 mg, 0.6 mmol) and
thiophen-3-ylboronic acid (461.0 mg, 3.6 mmol) following the general procedure described
above. IH NMR (400 MHz, DMSO0) & 8.17 (d, J= 2.2 Hz, 1H), 8.12 (dd, /=3.1, 1.2

Hz, 1H), 7.74 (dd, /=5.1, 1.2 Hz, 1H), 7.54 (dd, /= 5.0, 3.1 Hz, 1H), 7.28 (s, 2H), 6.43 (dd,
J=14.6,4.7 Hz, 1H), 5.93 (d, /= 5.0 Hz, 1H), 5.22 (ddd, /J=52.5, 4.2, 4.2 Hz, 1H), 5.00
(dd, J=5.7,5.7 Hz, 1H), 4.51 (ddd, /= 18.9, 4.8, 4.8 Hz, 1H), 3.84 (m, 1H), 3.73 - 3.57
(m, 2H); 13C NMR (100 MHz, DMSO) 6 156.3, 156.2, 150.4, 142.8, 127.9, 126.7, 126.6,
117.6,95.9 (d, Jo-g = 191.9 Hz), 84.0 (d, Jc.F = 5.6 Hz), 81.6 (d, Jo.r = 16.8 Hz), 73.43 (d,
Jo-F = 23.4 Hz), 61.1; 1F NMR (376 MHz, DMSO) & -197.7 (ddd, /= 52.8, 16.7, 16.7 Hz)
(m); HRMS (ESI-TOF) m/z. [M+H]* calcd for C14H15FN503S 353.0874, found 352.0875.

4.1.85. (2R,3S,5R)-5-(6-Amino-2-(pyridin-3-yl)-9H-purin-9-yl)-2-
(hydroxymethytetrahydrofuran-3-ol (EN458).: Compound
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EN458 was obtained by column purification with DCM/MeOH (9:1) as mobile phase
followed by recrystallization from ACN/MeOH to give an orange solid in 70% yield (137.0
mg, 0.4 mmol) from cladribine (171.0 mg, 0.6 mmol) and pyridine-4-ylboronic acid (442.0
mg, 3.6 mmol) following the general procedure described above. 'H NMR (400 MHz,
DMSO) &6 9.44 (d, /= 1.3 Hz, 1H), 8.60 (dd, J= 4.8, 1.7 Hz, 1H), 8.56 (dt, /= 8.0, 2.0 Hz,
1H), 8.34 (s, 1H), 7.46 (dd, /= 8.0, 4.8 Hz, 1H), 7.38 (s, 2H), 6.41 (t, /= 6.9 Hz, 1H), 5.29
(d, J=4.1 Hz, 1H), 4.88 (t, /= 5.6 Hz, 1H), 4.46 (m, 1H), 3.86 (m, 1H), 3.61 (m, 1H), 3.51
(m, 1H), 2.82 (m, 1H), 2.30 (ddd, J= 13.3, 6.3, 3.2 Hz, 1H); 13C NMR (100 MHz, DMSO)
8 156.5, 156.4, 150.7, 150.4, 149.4, 140.78, 135.3, 134.2, 123.8, 119.1, 88.3, 84.0, 71.4,
62.3; HRMS (ESI-TOF) m/z: [M+H]* calcd for C15H17NgO3 329.1357, found 329.1359.

4.1.8.6. (2R,3S,5R)-5-(6-Amino-2-(pyridin-4-yl)-9H-purin-9-yl)-2-
(hydroxymethytetrahydrofuran-3-ol (BK7033).: Compound

BK7033 was obtained after column purification using ethyl acetate/

methanol (19:1) as mobile phase as a pale yellow solid in 56% yield (92.0 mg, 0.28 mmol)
from cladribine (143.0 mg, 0.5 mmol) and pyridin-4-ylboronic acid (246.0 mg, 2.0 mmol)
by following the general procedure described above. R¢= 0.4 (EtOAc/methanol, 19:1); 1H
NMR (400 MHz, DMSO-¢) 6 = 8.70 (bs, 2H), 8.43 (s, 1H), 8.21 (d, /= 4.8 Hz, 2H), 7.50
(bs, 2H), 6.45 (dd, J= 7.6, 6.2 Hz, 1H), 5.35 (d, /= 4.1 Hz, 1H), 4.93 (t, /= 5.6 Hz, 1H),
4.48 (dt, J= 6.4, 3.2 Hz, 1H), 3.89 (dt, /= 4.8, 2.8 Hz, 1H), 3.64 (m, 1H), 3.54 (m, 1H), 2.84
(ddd, /= 13.3, 7.6, 5.9 Hz, 1H), 2.33 (ddd, /= 13.1, 6.2, 3.2 Hz, 1H); 13C NMR (100 MHz,
DMSO-ag) § = 156.0, 155.7, 150.0, 149.9, 145.5, 140.7, 121.7, 119.0, 87.8, 83.5, 70.9, 61.8,
39.2; HRMS (ESI-TOF) mlz [M+H]" calcd for C15H;7NgO3 329.1362, found 329.1359.

4.1.8.7. (2R,3S,5R)-5-(6-Amino-2-(furan-3-yl)-9H-purin-9-yl)-2-
(hydroxymethyl)tetrahydrofuran-3-ol (EN457).: Compound

EN457 was obtained by column purification

using DCM/MeOH (13:1) as mobile phase followed by recrystallization from ACN/

MeOH to give a white solid in 79% yield (151.0 mg, 0.48 mmol) from cladribine (171.0 mg,
0.6 mmol) and furan-3-ylboronic acid (403.0 mg, 3.6 mmol) following the general procedure
described above. 1H NMR (400 MHz, DMSO) & 8.26 (s, 1H), 8.16 (d, J= 1.7 Hz, 1H),

7.69 (t, J= 1.8 Hz, 1H), 7.19 (s, 2H), 6.96 (d, /= 1.9 Hz, 1H), 6.34 (dd, J= 7.9, 6.1 Hz, 1H),
5.27 (d, J= 3.9 Hz, 1H), 5.00 (dd, J= 6.4, 5.0 Hz, 1H), 4.44 (m, 1H), 3.87 (m, 1H), 3.63 (m,
1H), 3.52 (m, 1H), 2.79 (m, 1H), 2.24 (ddd, J= 13.2, 6.2, 2.8 Hz, 1H); 13C NMR (100 MHz,
DMSO) & 156.3, 154.9, 150.1, 144.3, 143.8, 140.3, 128.0, 118.6, 110.3, 88.4, 84.3, 71.6,
62.5; HRMS (ESI-TOF) m/z: [M+H]* calcd for C14H1N504 318.1197, found 318.1198.

4.1.8.8. (2R,3S5R)-5-(6-Amino-2-(thiophen-3-yl)-9H-purin-9-yl)-2-
(hydroxymethyltetrahydrofuran-3-ol (EN451).: Compound

EN451 was obtained by column purification

with DCM/MeOH (9:1) as mobile phase followed by recrystallization from

ACN to give a tan solid in 55% yield (110.0 mg, 0.3 mmol) from cladribine (171.0 mg, 0.6
mmol) and thiophen-3-ylboronic acid (461.0 mg, 3.6 mmol) following the general procedure
described above. IH NMR (400 MHz, DMSO) & 8.28 (s, 1H), 8.11 (dd, J= 3.1, 1.2

Hz, 1H), 7.74 (d, /= 5.0 Hz, 1H), 7.54 (dd, /=5.1, 3.1 Hz, 1H), 7.22 (s, 2H), 6.36 (t, /= 7.0
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Hz, 1H), 5.29 (d, J= 4.0 Hz, 1H), 4.93 (t, J= 5.6 Hz, 1H), 4.45 (bs, 1H), 3.86 (m, 1H), 3.62
(m, 1H), 3.51 (m, 1H), 2.80 (m, 1H), 2.26 (ddd, J= 13.2, 6.2, 2.9 Hz, 1H); 13C NMR (100
MHz, DMSO) & 156.30, 155.9, 150.3, 142.9, 140.4, 128.0, 126.6, 118.6, 88.3, 84.1, 71.5,
62.4; HRMS (ESI-TOF) m/z: [M+H]* calcd for C14H16N503S 334.0968, found 334.0969.

4.2. Drug testing experiments

4.2.1. Cell culture maintenance—MHH-ES, STA-ET-7.2, TC-71, RH30, and A549
cells were grown in RPMI (Gibco, # 11875) supplemented with 10% FBS (Sigma-Aldrich
#F0926). A4573, TC-32, and PC3 cells were grown in RPMI supplemented with 10%
FBS and 10 mM HEPES (Gibco # 15630). RD, 143B, HOS, MG-63.3, Saos-2, U-2 OS,
Al72, HEK293, and Hela cells were grown in DMEM supplemented with 10% FBS. U-87
MG cells were grown in DMEM supplemented with 10% FBS and 1X MEM NEAA
(Gibco #11140). COG-E-352 cells were grown in IMDM supplemented with 15% FBS and
1IXITS (Sigma-Aldrich #13146). SKES cells were grown in McCoy’s 5A (Gibco #16600
supplemented with 15% FBS. All of the cell lines were cultured at 37 °C in a humidified
atmosphere with 5% CO,. All cell lines were regularly tested in-house for the absence of
mycoplasma by using MycoAlert™ Mycoplasma Detection kit (Lonza, #75860).

4.2.2. Cell viability and ICgg—After cell monolayer reached 60-80% confluency
(usually 18-24 h after initial seeding) in 96-well cell culture microplate wells, the cells
were treated with clofarabine (Selleck Chemicals, #51218), cladribine (Selleck Chemicals,
#S1199), or the compounds synthesized in the current study at various concentrations
prepared in the corresponding media of the cell line used, for 48 h. Cell viability was
determined by using CellTiter-Blue® reagent (Promega, #G8080). Briefly, at the end of the
treatment, 40 uL of the reagent was added per 200 uL of cell culture media in the microplate
and the plate was incubated at 37 °C in a humidified atmosphere with 5% CO, for 3-5 h.
After the incubation period, the reagent in the individual wells was excited at 560 nm and
the emission was collected at 590 nm by using a Synergy H4 reader (Biotek).

4.2.3. Western Blot—Preparation of cellular lysates and subsequent immunoblotting
were performed as previously described.>* The antibodies used for the immunoblotting

are anti-CD99 (Abcam, # ab75858, EPR3097Y), anti-PARP (Cell Signaling Technology,
#9542), anti-Caspase 3 (Cell Signaling Technology (CST), #9662), anti-H2A.X (CST,
#7631, D17A3), anti-yH2A.X (CST, #9718, Ser139 - 20E3), anti-ACTIN-HRP (Abcam,
#ab49900, AC-15), anti-Rabbit IgG-HRP (Cytiva, # NA934), and anti-Mouse IgG-HRP
(Cytiva, # NA9311). Enhanced chemiluminescence (ECL) signal on PVDF membranes
was captured by using LI-COR Odyssey XF imaging system (LI-COR Biosciences) and
densitometry analysis of the protein bands were performed by using Image Studio software
(L1-COR Biosciences).

4.2.4. Cell cycle analysis—Adherent cells were harvested by trypsinization and
combined with the floating cells present in the media. Cells were first washed with PBS
then fixed with ice-cold 70% ethanol for 1 h on ice. They were washed again and rehydrated
by PBS, then treated with 100 pg/mL RNase A (Qiagen, #19101), and finally stained with
propidium iodide (P1) (AnaSpec, #AS-83215) at a final concentration of 50 pg/mL in Cell
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Staining Buffer (Biolegend, #420201) for 1 h on ice. Cell cycle profile was acquired by
FACSCalibur flow cytometry (Becton Dickinson)

4.2.5. Cellular thermal shift assay—Cellular thermal shift assay (CETSA) was
performed as previously described.28 Samples were subjected to western blot and the target
protein was detected by using anti-CD99 antibody.

4.2.6. Surface plasmon resonance—Surface plasmon resonance (SPR) experiments
were done using a Biacore T200 instrument with a CM5 chip. The ligand, bacterially
expressed recombinant extracellular domain of CD99, was immobilized onto the chip

in 10 mM sodium acetate buffer at pH 4.0 to a level of ~3500 RU by using standard

amine coupling chemistry. BK50164 and BK60106 were used as analytes to flow over the
immobilized ligand. PBS-P (20 mM phosphate buffer pH 7.4, 137mM NaCl, 2.7 mM KClI,
0.05% surfactant P20) was used as the immobilization running buffer. Overnight kinetics
were performed for all analytes binding to the ligands in the presence of PBS-P + 1%
DMSO. The flow rate of all analyte solutions was maintained at 50 pL/min. The contact
and dissociation times used were 60 s and 300 s, respectively. One 15 s pulse of 1:500
H3PO4:H,0 (v/v) was injected for surface regeneration. All compounds were injected in
duplicate. The sensorgrams from the overnight kinetics were evaluated using 1:1 kinetics
model fitting.

4.2.7. Statistics—Statistical analyses were performed using GraphPad Prism software.
Student’s t test was utilized for statistical comparison. P-Values that are smaller than 0.05
were taken as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. BK50164 and BK60106 selectively kill 7 Ewing sarcoma cells compared to
13 other cell lines.

. BK50164 and BK60106 directly bind to the extracellular domain of CD99.

. BK50164 and BK60106 function through an alternative mechanism compared
to clofarabine.

Eur J Med Chem. Author manuscript; available in PMC 2024 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Balaraman et al. Page 27
NH, NH;
N AN N

/N =N I > 7
HO o <N :ﬁN\/)\CI R <N /*R

|
N
: 0]
X = F (Clofarabine)
X = H (Cladribine)
OH (parent compounds) OH

e Eliminate C-5' phosphorylation path functional group change

e Affect hydrophilicity & cell permeability _ o
e Modlification of nucleobase & ribose O stereochemical modification

Figure 1.
General compound design strategy.
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Figure 2.
Structures of the parent drugs and commercially available sterecisomers used in this study.
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Figure 3.

Structures of clofarabine and cladribine analogs prepared and tested in this study.
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Ewing Osteo-
Sarcoma sarcoma
Cell Line: A4573 TC-32 TC-71 Saos-2 U-2 OS
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Figure 4.
Ewing sarcoma cells express significantly more CD99 protein compared to osteosarcoma

cells. CD99 protein expression was detected in total cell lysates by using western blot
analyses. Actin expression was assessed for normalization purpose. Relative band intensity
(Rel. Band Int.) was calculated using the densitometry data by dividing the CD99 signal to
the corresponding actin signal and multiplying the resultant by 100.
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ICsg in ES:
60+40 uM —

| 1Csp in nON-ES:

P-Value
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_|C5o in ES:
27 16 pM —

| 1G5 in non-ES:

P-Value
3.26835E-19

>341 + 101 pM—

ICsq values of BK60106 and BK50164 on distinct cancer cell lines. Cell lines were treated
with various concentrations of BK60106 (A) or BK50164 (B) and cell viability was assessed
at 48 h post-treatment by using CellTiter-Blue assay. The 1Cgq values were calculated by
nonlinear regression analysis (log(inhibitor) vs. normalized response) using GraphPad Prism
software. Data represent the mean + SD of replicate or triplicate determinations. Red color
represents Ewing sarcoma (ES) cell lines; blue color collectively represents non-Ewing
sarcoma (non-ES) cancer cell lines. Broken line indicates actual 1Cgq being greater than 400

umol/L. P-values were calculated with Student’s t test.
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Figure 6.

BK60106 and BK50164 directly bind CD99. The indicated various concentrations of
BK60106 (A) or BK50164 (B) were flowed over the purified recombinant extracellular
domain of CD99 protein, immobilized onto a CM5 chip in a Biacore T200 instrument. A
kinetics interaction experiment was performed for the analytes (the compounds) binding

to the ligand (CD99). The contact and dissociation times used were 60 s and 300 s,
respectively. The sensorgrams were evaluated using 1:1 binding model fitting. Colored lines
show actual data run in duplicates and black lines show the curve fit. The dissociation
constants (Kp values) of BK60106 and BK50164 on CD99 were calculated as 1.8 uyM

and 1.5 uM, respectively. BK50164 (C) was mixed with TC-71 cell lysate at a final
concentration of 80 pM and the mixtures were subjected to various temperatures. Thermally
stable CD99 protein, remaining in the lysate solution, was assessed by western blot. Relative
quantification of protein amounts in BK50164 (D) treated lysates were determined by
densitometry analysis of the protein bands in the western blot results in panels C. Data were
analyzed by GraphPad Prism software.
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-

BK60106 and BK50164 selectively kill ES cells by apoptosis. TC-32 (A) or U-2 OS

(B) cells were treated for 48 h with increased concentrations of the indicated drugs (for
clofarabine (CLF): 0.1, 0.2, or 0.4 uM; for BK60106: 10, 20, or 40 uM; for BK50164:

4, 8, 16 uM) and total cell lysates were analyzed for the indicated apoptosis markers by
using western blot. Actin expression was used as loading control and for normalization
purpose. Clv is for cleaved. C. TC-32 and U-2 OS cells were treated as described in panels
A and B and cell cycle distribution was assessed after propidium iodide staining. Data was
analyzed by FlowJo and GraphPad Prism software. D. TC-32 cells were treated for 6 h with
increased concentrations of the indicated drugs (for clofarabine (CLF): 0.2, 0.4, or 0.8 uM;
for BK60106: 20, 40, or 80 uM; for BK50164: 8, 16, 32 uM) and total cell lysates were
analyzed for the indicated DNA damage markers by using western blot. Actin expression
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was used as loading control and for normalization purpose. E. Densitometric analyses of
the bands in panel A were used for the quantification of apoptosis induction (purple color)
and densitometric analyses of the bands in panel D were used for the quantification of DNA
damage (orange color). Data was analyzed by GraphPad Prism software.
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Synthesis of Boc-protected clofarabine and cladribine.
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Synthesis of BK50161 and BK50174.
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Synthesis of BK50164.
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Synthesis of 5’-carboxylic acid derivatives.
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Synthesis of 5’-iodo intermediates 21-26.
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Synthesis of morpholine derivatives.
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Synthesis of sulfone and sulfide derivatives.
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Synthesis of 2-heteroaryl derivatives of clofarabine and cladribine by Suzuki cross-coupling.
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ICsq values of the compounds on the selected Ewing Sarcoma and osteosarcoma cells. Cell viability was

Table 1.

Page 43

assessed at 48 h post-treatment by using CellTiter-Blue assay. The 1Cgq values were calculated by nonlinear

regression analysis by using GraphPad Prism software. ND = not determined.

I1Csq in Ewing Sarcoma Cells (umol/L) 1C5, osteosarcoma Cells (umol/L)
A4573 TC-32 TC-71 Saos-2 U-2 0S
Clofarabine 0.18 0.13 0.09 250 =250
Cladribine 1.49 2.92 11 =50 =50
BK60106 45.15 58.69 19.91 2400 2400
BK50164 35.8 34.28 5.17 =400 =400
EN457 77.54 55.04 67.85 1715 199.4
EN458 54.44 52.23 29.33 109.7 162.4
BK7013 250 250 31.44 250 250
BK7014 250 =50 36 250 250
EN449 250 250 250 250 250
EN450 250 =50 >50 250 250
EN451 250 250 250 250 250
BK703 250 =50 >50 250 250
BK705 250 250 250 250 250
BK707 250 =50 >50 250 250
BK7012 250 250 250 250 250
BK7032 250 =50 >50 250 250
BK7033 250 250 250 250 250
BK50134 250 =50 >50 250 250
BK60129 250 250 250 250 250
BK60131 250 =50 >50 250 250
BK60182 250 250 250 250 250
BK5082 250 =50 >50 250 250
BK50142 ND =100 2100 2100 =100
BK50141 ND >100 2100 97.3 =100
BK50138 -A ND 97.99 2100 97.3 67.01
BK50138 -B ND >100 2100 =100 =100
BK50161 ND =100 96.65 86.54 =100
BK50174 ND >100 2100 =100 =100
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	(2R,3S,5R)-5-(6-Amino-2-(furan-3-yl)-9H-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol (EN457).
	(2R,3S,5R)-5-(6-Amino-2-(thiophen-3-yl)-9H-purin-9-yl)-2-(hydroxymethyl)tetrahydrofuran-3-ol (EN451).


	Drug testing experiments
	Cell culture maintenance
	Cell viability and IC50
	Western Blot
	Cell cycle analysis
	Cellular thermal shift assay
	Surface plasmon resonance
	Statistics


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Scheme 5.
	Scheme 6.
	Scheme 7.
	Scheme 8.
	Table 1.

