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Abstract

There is strong evidence that inhibition of one or more Aldehyde Dehydrogenase 1A (ALDH1A) 

isoforms may be beneficial in chemotherapy-resistant ovarian cancer and other tumor types. While 

many previous efforts have focused on development of ALDH1A1 selective inhibitors, the most 

deadly ovarian cancer subtype, high-grade serous (HGSOC), exhibits elevated expression of 

ALDH1A3. Herein, we report continued development of pan-ALDH1A inhibitors to assess 

whether broad spectrum ALDH1A inhibition is an effective adjunct to chemotherapy in this 

critical tumor subtype. Optimization of the CM39 scaffold, aided by metabolite ID and several 
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new ALDH1A1 crystal structures, led to improved biochemical potencies, improved cellular 

ALDH inhibition in HGSOC cell lines, and substantial improvements in microsomal stability 

culminating in orally bioavailable compounds. We demonstrate that two compounds 68 and 69 are 

able to synergize with chemotherapy in a resistant cell line and patient-derived HGSOC tumor 

spheroids, indicating their suitability for future in vivo proof of concept experiments.

Graphical Abstract

1. Introduction

Approximately 14,000 deaths will occur in the United States as the result of ovarian cancer 

in 2020, making it the 5th most deadly cancer in U.S. females.1 Although new targeted 

therapies for ovarian cancer have recently been approved, the benefits they provide are 

marginal over the long-standing regimen of surgical tumor debulking in combination with 

platinum- and taxane-based chemotherapy.2-7 Poly-ADP Ribose inhibitors (PARPi) have 

recently proven to improve outcomes in the patients with BRCA mutations,8 but the 

majority of ovarian cancer patients do not have BRCA mutations and the standard of care for 

these patients remains chemotherapy.9 While many of these patients can obtain a complete 

clinical response with combined surgery and chemotherapy, the majority develop 

chemotherapy resistant disease due to residual cells spared by treatment. The ability to 

enhance the activity of chemotherapy to eliminate residual chemotherapy resistant cells 

could greatly improve the outcomes of patients with ovarian cancer.10

One potential clinical target to overcome chemotherapy resistance is the aldehyde 

dehydrogenase 1A family of enzymes (ALDH1A). ALDH1A enzymes can directly 

metabolize and inactivate chemotherapeutics such as cyclophosphamide.11 They are also 

indirectly linked with resistance to other chemotherapies such as platinums and taxanes.12-15 

ALDH expression is even linked with resistance to therapeutics such as tyrosine kinase 

inhibitors.16

A potential explanation for ALDH1A enzymes and chemotherapy resistance may relate to 

their increased expression in cancer stem-like cells (CSCs). The presence of ALDH activity, 

as determined by the ALDEFLUOR assay, is a well-established means of identifying CSCs 

in ovarian and other cancers.17-21 We and others have postulated that ALDH plays a 

functional role in CSC biology and demonstrated that small molecule inhibitors of ALDH 

Huddle et al. Page 2

Eur J Med Chem. Author manuscript; available in PMC 2022 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may offer an avenue to target CSCs and improve patient outcomes when combined with 

chemotherapy.12, 22-24 The three ALDH1A isoforms, ALDH1A1 (1A1), ALDH1A2 (1A2), 

and ALDH1A3 (1A3), exhibit a high degree of sequence homology (>70%), and are of 

particular interest in targeting CSCs. 1A1 and 1A3 are linked to stem-like characteristics in 

cancers arising from a variety of tissue types and all three have been implicated in 

chemoresistance.12, 20-31 High-grade serous ovarian cancer, the histologic subtype 

responsible for 70-80% of ovarian cancer deaths, exhibits a prominent elevation in 1A3 

expression and more modest elevation of 1A1.32-33

ALDH inhibitors were comprehensively reviewed in 2012 by Koppaka et al34 and more 

recently by Dinavahi et al.35 Notably, a concerted medicinal chemistry effort to develop 

ALDH1A1 selective inhibitors by Maloney and coworkers culminated in the discovery of 1a 
(NCT-506, Figure 1) and several analogs.36-37 This orally bioavailable compound potently 

inhibits ALDH in the 1A1 expressing OV-90 ovarian cancer cell line (ALDEFLUOR IC50 = 

161 nM) and reverses taxane resistance in a SKOV-3 resistant cell line. Very recently, a 

number of moderately potent and very selective inhibitors of ALDH1A3 based on the 

natural product diadzin, such as compound 1b, have also been disclosed.38-39 Similar 

analogs have shown efficacy in a glioblastoma mouse model.40

The overarching goal of our research has been to elucidate the SAR of ALDH1A isoform 

selectivity and the role of individual ALDH1A isoforms in chemoresistance; however, in 

light of the implication of multiple ALDH1A isoforms in ovarian cancer and the elevation of 

1A3 in high-grade serous tumors, we have recently sought to develop more broad-spectrum 

ALDH1A inhibitors to facilitate the study of ALDH1A biology in a wider array of cell lines. 

In our previous publication, we disclosed development of first-in-class pan-ALDH1A 

inhibitors 3 and 4 with selectivity against ALDH2, beginning with HTS screening 

compound CM39 (2) (Figure 1).22 In this report we disclose our efforts toward the 

development of viable in vivo probes by significantly improving ALDEFLUOR inhibition, 

aqueous solubility and metabolic stability. To monitor these parameters, we assessed 

biochemical inhibition of the three ALDH1A isoforms and ALDEFLUOR inhibition in the 

high-grade serous ovarian cancer cell line PEO1, which expresses high levels of 

ALDH1A3.12 We felt that selectivity against ostensibly unrelated ALDH isoforms was 

desirable to provide unambiguous insight into the effects of ALDH1A inhibition. To monitor 

selectivity, we also tested compounds against the most homologous ALDH isoform not 

included in the ALDH1A family, ALDH2. None inhibited ALDH2 by more than 20% at 20 

μM. Solubility and metabolic stability were assessed for key compounds to monitor progress 

towards suitable compounds for in vivo studies.

2. Results and Discussion

2.1. Chemistry

Synthesis of de-aza analog 7 began with known compound 5, obtained in 3 steps from 2,4,6-

trichloropyridine (Scheme 1).41 Vigorous heating was required to displace the chloride with 

3-fluorobenzyl mercaptan, forming 6. Finally, Chan-Lam coupling with phenylboronic acid 

afforded 7. Pyrrole 11 was prepared in a similar manner following methylation and 

hydrolysis of commercially available 8. Synthesis of imidazole 14 began by generating 13 
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from 12 with LiHDMS and the electrophilic NH2 source O-

(diphenylphosphinyl)hydroxylamine.42 Subsequently, thiourea formation, cyclization and 

displacement of 3-fluorobenzyl bromide in one pot afforded 14.

Synthesis of analogs 18-19, and 32 (Scheme 2), began with formation of an unsymmetrical 

thiourea by addition of the commercially pyrazole 15 to phenyl isothiocyanate in the 

presence of NaH, which cyclized to form 16. Methylation and mCPBA oxidation of the 

sulfur afforded methyl sulfone 17 which was displaced with the appropriate amine or 

alcohol under basic conditions to afford 18-19, and 32. Synthesis of reversed linker analogs 

21-24 began with nBuLi-mediated aminolysis of ester 15 with aniline to generate the 

corresponding phenyl amide followed by treatment with chloroacetyl chloride in a melt of 

chloroacetic acid to affordcompound 20. The chloride was displaced with the appropriate 

phenol, thiophenol, or aniline at moderate temperatures to provide analogs 21-23. Alkylation 

of amine 23 with methyl iodide afforded the tertiary aniline 24. Alkenyl analog 25 was 

generated by treating 20 with P(OEt)3 for a subsequent Horner-Wadsworth-Emmons 

olefination with 3-fluorobenzaldehyde. Pd-C catalyzed hydrogenation of the alkene afforded 

26.

Branched alkyl analogs 27-28, 30-31, and 42-49 were generated by displacing the 

appropriate halide or mesylate with thiol 16 in the presence of K2CO3 (Scheme 3). In the 

case of phenol 46 removal of the TBS group was accomplished with HF-Pyridine. The 

enantiomers of 28 were obtained by first activating (R)- or (S)-1-phenylethanol with the 

Vilsmeier reagent. Subsequent displacement by thiol 16 with complete inversion of 

stereochemistry afforded enantiomers (R)-28 and (S)-28.43 Mitsunobu conditions provided 

the products in inferior yield and enantiopurity. The gem-dimethyl analog 29 was formed by 

treating thiol 16 with α-methylstyrene under acidic conditions.

Synthesis of the conformationally restricted analogs began with Chan-Lam coupling of 5 
with phenylboronic acid followed by displacement of the chloride with Na2S to generate 

intermediate 34 (Scheme 4). Synthesis of the 5-membered ring analog proceeded by 

alkylating the thiol with ethyl 2-bromo-2-phenyl acetate then hydrolyzing the ester to afford 

acid 35. Generating the acid chloride resulted in a spontaneous intramolecular Friedel-Crafts 

acylation to provide 36. To generate the 6-membered ring analogs, a survey of 1,4-conjugate 

addition conditions employing cinnamate esters did not afford any desired adducts. We 

postulate that under basic conditions the carbanion intermediate formed following addition 

of the thiol undergoes a retro-Michael elimination to regenerate starting materials faster than 

it can be protonated. Gratifyingly, treatment with 3-bromo-3-phenylpropionic acid44 

efficiently alkylates thiol 34 in the presence of NaHCO3 to afford acid 37. Upon generating 

the acid chloride by treating 37 with oxalyl chloride, we found heat was required to promote 

cyclization to the 6-membered ring 38. Unfortunately, the Vilsmeier reagent formed from 

residual DMF in the starting material resulted in chlorination of the ketone. Alternatively, 

generating the mixed sulfonic anhydride by treatment with Ms2O in DCE at 85 °C promoted 

the cyclization to 38 without any undesired side reaction.45 Treatment of the resulting ketone 

with NaBH4 afforded 39 as an inconsequential, inseparable mix of diastereomers. We first 

attempted deoxygenation of the alcohol with chlorodiphenylsilane and InCl3 but obtained 
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the unexpected elimination product 40.46 Barton-McCombie deoxygenation resulted in the 

desired saturated linker analog 41 as determined by mass spectrometry, however the product 

was too insoluble in common solvents to fully characterize or test in our assays.

Alcohols 51 and 53 were generated from isothiocyanate 50 by addition of the requisite 

anilines then cyclization and alkylation of the resulting thiol under basic conditions in two 

pots as we have previously described (Scheme 5).22 Treatment of the alcohols with MeI 

under basic conditions afforded methyl ether analogs 52 and 54. 51 was converted to amine 

55 upon mesylation, displacement with sodium azide, and Staudinger reduction. Dess-

Martin oxidation of 51 and reductive amination with methyl or dimethylamine afforded 

57-58. Synthesis of intermediate 59 and nitrile and alkynyl analogs 64-65 was accomplished 

starting with 50 according to our one-pot protocol.22 Deprotection of 59 yielded 61, which 

was bis-methylated to provide 63. Alkylation of the carbamate 59 with MeI afforded the 

mono-methylated analog 62 upon deprotection.

As shown in Scheme 6, synthesis of oxetanyl analogs 67-70 was accomplished by sequential 

one-pot alkylation of 66 at the sulfur and pyrazole, as we have previously described.22 

Synthesis of methyl-oxetane analog 74 similarly began with the one-pot sequential 

alkylation of 66. Fortuitously, in contrast to other electrophiles which alkylated both 

positions of the pyrazole with a slight preference for the 1 position, diethyl 2-bromo-2-

methylmalonate alkylated exclusively at the 2 position. The challenging reduction of the 

malonate ester 71 to diol 72 was completed by in situ generation of BH3 in dimethoxyethane 

from NaBH4 and Br2.47 71 was unaffected by fresh, commercially-obtained BH3-THF or 9-

BBN at temperatures up to 70 °C, while reduction with NaBH4, LiBH4, and L-Selectride 

resulted primarily in the decarboxylated mono-alcohol 75. Reduction with aluminum-based 

reagents LiAlH4, or DIBAL-H resulted in rapid decomposition, even at −78 °C. With 72 in 

hand, tosylation and cyclization afforded oxetane 74.

2.2. Structure Activity Relationships

2.2.1 Modification of the heterocyclic core—As shown in Table 1, compound 3, 

disclosed in our previous publication,22 potently inhibits ALDH1A1 but has poor stability to 

incubation with mouse liver microsomes (MLM), extremely low aqueous solubility and no 

significant inhibition of ALDEFLUOR activity at 1 μM in an ALDH1A3 expressing cell 

line. We speculated that either poor cell permeability or solubility might explain the lack of 

ALDEFLUOR activity for this compound. To determine if lowering the topological polar 

surface area (TPSA) could improve the ALEDFLUOR activity by increasing cell 

permeability. We synthesized a number of alternative heterocyclic cores. De-aza analog 7 
(Table 1) was 3-fold less potent against 1A1 than 3 and unimproved in the ALDEFLUOR 

assay, but unexpectedly, given the similar cLogP, was substantially more soluble. The good 

physical properties of 7 seem to rule out insolubility as the sole explanation for the lack of 

ALDEFLUOR activity. The modest loss of ALDH potency was surprising given that the 

replaced NH is apparently solvent exposed in the 4-ALDH1A1 crystal structure previously 

published by us (Figure 2).22 According to that structure, the edge (1-position) of the 

pyrazole and the adjacent NH are facing towards solvent but the face is positioned to 

participate in an offset-parallel π-π interaction with Y297 3.5 Å away. Pyrrole and 
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imidazole analogs 11 and 14 lost additional ALDH activity. The steep SAR for 

modifications to the pyrazole itself contrasts with the relatively flat SAR for pyrazole 

substituents we disclosed previously, perhaps indicating that the electronic properties of the 

pyrazole are optimal for the π-π interaction noted above (Figure 2).22

2.2.2 Modification of the thioether linker—Due to the expected metabolic lability 

and lipophilicity of the thioether, we reasoned that finding an alternative linker could lead to 

substantial improvements in both metabolic stability and solubility (Table 2). Direct 

replacement of the sulfur with oxygen (18) or nitrogen (19) led to a substantial loss of 

potency across the ALDH1A family. The 4-ALDH1A1 structure (Figure 2) indicates the 

four closest contacts of the sulfur to be the lipophilic side chains of F171, V174, W178, and 

V460, which may explain the strong preference for a lipophilic group at this position.

We next endeavored to generate analogs with the position of the methylene and heteroatom 

reversed, in order to situate the heteroatom nearer the polar S121 sidechain in the polymorph 

used for crystallography (N121 in wild type ALDH1A1) (Figure 2). Consistent with their 

lower cLogP, oxygen and nitrogen analogs 22 and 23 had markedly improved aqueous 

solubility; however, these changes weakened activity against ALDH1A. Interestingly, 

oxygen analog 22 was modestly selective for 1A2 and 1A3 over 1A1. Methylation of the 

nitrogen (24) diminished the already weak activity of 23. Reversing the orientation of the 

thioether (21) results in greater predicted partial charge on the methylene due to the electron 

withdrawing nature of the pyrimidinone and as a result, significantly reduced cLogP vs. 3. 

Unfortunately, potentially as a result of repulsion between the polarized methylene and the 

lipophilic side chains mentioned above, this change was poorly tolerated by all of the 

ALDH1A isoforms.48 Taken together, these results suggest that the lipophilicity of the 

thioether contributes significantly to the ALDH1A potency in this series.

We next hypothesized that an ethyl linker might be the most suitable replacement for the 

thioether. Compared to nitrogen or oxygen, a methylene more closely mimics the 

electronegativity, lipophilicity, and bond angle of sulfur.49 On the other hand, we did not 

expect the highly planar alkenyl analog to be tolerated given the non-planar conformation of 

the thioether in Figure 2. Surprisingly, the ethyl analog (26) was unremarkable while the 

alkene (25) proved to be the most potent thioether replacement tested in terms of 1A1 and 

1A2 potency, but was a poor inhibitor of 1A3. Despite their similar cLogP, 25 was much less 

soluble than 26, perhaps owing to its high degree of planarity which is often associated with 

undesirable physiochemical properties.50

Since we found the thioether linker to be critical to ALDH1A activity, we next turned to 

alkyl branching as a strategy to 1) improve solubility by reducing planarity and 2) sterically 

block metabolism of the thioether. Encouragingly, the racemic methyl-branched analogs 27 
and 28 retained the potent pan-ALDH1A inhibition, and 28 improved ALDEFLUOR 

inhibition to 47% at 1 μM. The alkyl branching strategy did not improve metabolic stability 

as we predicted, but des-fluoro analog 28 was modestly more soluble than 3. As the fluoro 

substituent offered no advantage in biochemical potency or metabolic stability, we pursued 

des-fluoro analogs due to the greater abundance of starting materials and slight reduction in 

lipophilicity. We synthesized the two enantiomers of 28 and observed a 20:1 eudismic ratio 
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in favor of the R-enantiomer (R)-28 over (S)-28. Consistent with the trend in biochemical 

potency, (R)-28 inhibited ALDEFLUOR by 71% at 1 μM while (S)-28 was inactive. We did 

not observe any change between the racemate and active enantiomer in MLM stability. Gem-

dimethyl analog 29, which likely presents a methyl in the same apparently unfavorable 

orientation as (S)-28, was unsurprisingly not well tolerated by ALDH.

When we obtained a crystal structure by soaking ALDH1A1 crystals with racemic 28, we 

found that only (R)-28 was bound (Figure 3). The active conformation of the thioether was 

unchanged from that of 6DUM, and the newly installed CH3 projected toward a small cleft 

bounded by S121, V174 and G125. Attempts to fill this cleft by extending to ethyl (30) or 

isopropyl (31) substituents resulted in a loss of potency against 1A1/1A2. ALDH1A3 was 

more tolerant of the isopropyl substituent, rendering 31 very modestly 1A3 selective. 

Revisiting the sulfur to oxygen switch with the optimized linker of 28 resulted in a 

significant loss of potency across all three 1A isoforms (32) as previously observed with 18 
vs 3.

Based on our examination of the (R)-28 crystal structure (Figure 3), we envisioned 

restricting the thioether into the active conformation by forming a 5- or 6-membered ring 

joining the benzylic carbon of the thioether to the 7-position of the heterocyclic core. Our 

motivations to pursue conformational restriction were 1) to improve potency through 

reduction in the ΔS of binding and 2) to reduce metabolism through elimination of induced 

fit in metabolic enzymes.51 As shown in Table 3, the more rigidified analogs 36 and 40 
favored binding to 1A2 and 1A3 with 3-to-5-fold selectivity over 1A1. Conversely, the more 

flexible 38 was slightly 1A1 selective. Only 36, the most potent 1A2/1A3 inhibitor from the 

series, inhibited ALDEFLUOR by >50% at 1 μM. Due to the loss of ALDEFLUOR potency 

and increased synthetic complexity, we did not pursue this conformationally restricted motif 

further. However, we did perform computational modeling to attempt to rationalize the 

interesting 5-fold selectivity for 1A2 and 1A3 by rigid cyclopentenone 36 (Supp. Figs. S-1 

and S-2). Docking of the R-enantiomer into each of the enzyme active sites predicted a 

strong steric clash between the ring carbonyl and S121 of 1A1 that is not present in the other 

isoforms. Docking of the S-enantiomer predicted a flipped binding mode that resulted in a 

different steric clash between S121 and the 2-phenyl group that is absent in 1A2 and 1A3.

2.2.3 Optimization of the benzyl pendant—We then turned our attention to the 

optimization of the α-methylbenzyl pendant of 28 (Table 4). The crystal structure indicated 

the opportunity to engage the side chains of T129 and W178 in polar interactions (Figure 3) 

and potentially improve the lipophilic efficiency52 of our compounds. Gratifyingly, 2- and 3-

pyridyl analogs (42, 43) retained potent biochemical inhibition of the ALDH1A family, 

improved ALDEFLUOR inhibition (≥ 95% at 1 μM), and improved the lipophilic ligand 

efficiency (LLE) substantially. Consistent with a reduced cLogP, 42 was more than 2-fold 

more soluble and 6-fold more stable in the MLM assay than 28. While 43 was exceptionally 

soluble, it did not possess the improved metabolic stability of 42, perhaps because the less-

hindered 3-pyridyl is more susceptible to N-Oxidation. The 5-pyrimidinyl analog 44 retained 

strong 1A1 and 1A3 inhibition but was 4-fold less effective against 1A2 and only 

moderately effective in the ALDEFLUOR assay at 1 μM. Driven by a substantial reduction 
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in cLogP, this compound has the best lipophilic efficiency, with respect to 1A1, of any 

compound in this series to date, but the diminution of ALDEFLUOR activity suggested that 

its TPSA was getting too high for optimal cell permeability. Based on the structure in Figure 

3, the 4-pyridyl (45) was not expected to be in a position to make productive polar 

interactions and indeed showed diminished activity across the ALDH1A family. We also 

attempted to engage W178 with phenol analogs. Unfortunately, the 2-phenol analog rapidly 

reverted to thiol 16 in aqueous PBS and could not be tested. 3-phenol analog 46 was 

comparably potent against the 1A family as the 3-pyridyl analog 43, but was less soluble, 

less stable in the MLM assay, and a less effective ALDEFLUOR inhibitor. The 2- and 3-

OMe analogs 47 and 48 were less active against 1A1, rendering them somewhat 1A2-1A3 

selective. Conversely, 4-OMe analog 49 lost substantial activity against 1A2 and 1A3 

rendering it 1A1 selective, consistent with what we observed with the 4-pyridyl analog 45.

Assessment of a crystal structure of 2-pyridine 42 bound to 1A1 indicates a very similar 

binding mode compared to that of (R)-28 (Figure 4, left panel). The pyridyl nitrogen resides 

within 3.4 Å of the W178 N-H and suggests that there may indeed be a hydrogen bonding 

interaction. The crystal structure of phenol 46 (Figure 4, right panel) similarly indicates that 

this compound is able to engage W178 and T129, as well as the main chain carbonyl of 

G125. Despite the apparent successful engagement of polar residues as we had predicted, 

neither of these analogs are more potent at inhibiting 1A1 than simple phenyl 28. One 

possible explanation is that the strength of the new hydrogen bond(s) is not sufficient to 

overcome the expected desolvation penalty incurred upon binding.

2.2.4 Exploring polar N-phenyl substituents—The (R)-28 crystal structure also 

indicated the proximity of a bound water and E477 to the distal carbon of the N-phenyl 

substituent (Figure 3, right panel). Although none of our attempts to engage these features 

(Table 5) improved the potency relative to proteo analog 28, comparison of alcohols 51 and 

53 to their corresponding methyl ethers, 52 and 54, indicates an apparent preference by 

ALDH1A for hydrogen bond donors in this region. The most potent compound in the series, 

ethyl alcohol 53, was a 1A1-1A2 selective inhibitor. Examination of a 51-1A1 crystal 

structure (Figure 5, left panel) indicates that the methylene of the benzyl alcohol substituent 

is situated very close to M175, W178 and F466. The bound water and E477 move slightly to 

accommodate the alcohol and a new ordered water (W3) appears between the alcohol and 

C303. Interestingly, the structure of 53 bound to 1A1 (Figure 5, right panel) shows that the 

new water W3 is replaced by the alcohol OH, resulting in an unusual “tied back” 

conformation of the ethyl alcohol substituent.

Appending basic amines in an attempt to form a salt bridge with E477 was not tolerated 

across the 1A family (55-63). We again postulate that the desolvation penalty for the charged 

species is too great to be offset by a non-optimal polar interaction, and that the ability of 

E477 to interact with basic amines is likely diminished by the neighboring K179 (Figure 5). 

Serendipitously, nitrile 64, an intermediate in an abandoned synthetic route to 55, is to our 

knowledge the most potent 1A3-selective inhibitor reported to date. We performed docking 

studies using a 1A2 crystal structure (PDB: 6B5H), a 1A3 homology model,22 and a 1A3 

crystal structure (PDB: 5FHZ)53 to generate one possible hypothesis for the observed 
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selectivity (Supp. Fig. S-3A): that the nitrile can penetrate deeper into 1A3 and possibly 

engage in a semi-covalent interaction with the active site cysteine. Unfortunately 64 was 

rapidly metabolized (MLM t1/2 = 1 min) and was not suitable as an in vivo probe. Terminal 

alkynes possess similar linear geometry as nitriles, but are not sufficiently electrophilic to 

participate in semi-covalent interactions with cysteine. In support of our binding hypothesis, 

the alkyne 65 was 2-fold less potent against 1A3 than the nitrile, consistent with loss of 

reversible cysteine engagement. 65 was also greater than 3-fold more potent against 1A2. 

The apparent increase in potency of the alkyne against 1A2 vs the nitrile may actually just 

reflect the significantly higher desolvation penalty the nitrile has to pay to bind deep in the 

active site. The dramatic loss of activity of both 64 and 65 vs 1A1 is more difficult to 

rationalize. One hypothesis is that the I304 at the mouth of the pocket in 1A1 is larger than 

the corresponding T315 and T321 in 1A2 and 1A3, and cannot accommodate the N-phenyl 

ring when bearing rigid para substituents.

2.2.5 Combination of optimal thiol and pyrazole substituents—As shown in 

Table 6, we combined our optimized thiol substituents with the previously optimized 2-

oxetanyl substituents on the pyrazole disclosed in our previous publication.22 Compound 4 
from our previous work has been included in Table 6 for comparison. Homologated oxetanyl 

analog 67 exhibited potent pan-ALDH1A inhibition, as well as improved solubility and 

ALDEFLUOR activity relative to both 28 and 4. Oxetanyl analog 68 maintained comparable 

ALDH1A activity, more than doubled the MLM half-life of 67 and 4, and more potently 

inhibited ALDEFLUOR. Unfortunately, the improved MLM stability did not correlate well 

with in vivo exposure (Table 7).

To guide design of more metabolically stable analogs, we performed an in vivo metabolite 

identification on 68, which revealed the oxetane and thioether to be the two primary sites of 

metabolism (Supp. Fig. S-5). Returning to the successful 2-pyridyl substituent as a means to 

reduce electron density at the metabolically labile benzylic carbon, we synthesized 2-pyridyl 

analog 69, which indeed exhibited excellent MLM stability and good solubility. Relative to 

the corresponding N-methyl analog 42 (Table 4), 69 improved inhibition across the 1A 

family, as well as ALDEFLUOR activity. In contrast, 3-pyridyl analog 70 did not gain 

significant potency compared to 42 and remained much less stable to MLM than the 

corresponding 2-pyridine 69. We also tried blocking the metabolically labile oxetane CH 

with a methyl group (74) which improved the MLM half-life from 47 min to over 60 min 

while maintaining ALDH1A potency and ALDEFLUOR inhibition.

To confirm the relationship between our IC50 values and inhibition constants (Ki), as well as 

to examine the mode of inhibition for compound 69, we performed steady-state kinetic 

analysis by varying the concentration of 69 as a function of varied aldehyde substrate, at 

fixed, saturating concentrations of coenzyme. The experiments gave an average Ki value of 

38.1 ± 11.5 nM, which is within a factor of two relative to our observed IC50 value (68 nM, 

Table 6), thereby confirming the robustness of our SAR assay design. Fits to the tight-

binding inhibition equations demonstrated best fits to either the noncompetitive (one 

experiment) or the uncompetitive (two experiments) models (Supp. Fig. S-7). The mode of 

inhibition is most consistent with the inhibitors binding to either a dead-end enzyme:NADH 
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complex or an off-pathway enzyme conformation. Our structures with bound analogs of this 

series (Figures 2, 3, 4, and 5) are consistent with binding to enzyme species other than the 

catalytically poised enzyme:NAD+ complex. This mode of inhibition is similar to that 

obtained for CM26 and CM53 which have similar modes of binding to ALDH1A1 across 

the substrate binding pocket and produce noncompetitive modes of inhibition.54

2.3 In vivo pharmacokinetic analyses

To prioritize compounds for upcoming in vivo studies, we assessed the exposure of several 

compounds following i.p. and p.o. administration in mice. As shown in Table 7, compound 

28 was only briefly able to surpass 1 μM following i.p. administration and had poor oral 

bioavailability. Surprisingly, active enantiomer (R)-28 achieved even worse exposure 

following i.p. administration despite having identical stability in the MLM assay. The more 

soluble 68 achieved 4-fold higher exposure than 28 following i.p. administration. Pyridyl 42 
only had modestly higher exposure than 28 with i.p. administration, but achieved 4-fold 

higher exposure orally, likely due to protonation in the stomach. Given the excellent 

solubility and MLM stability of 69, we were surprised that the exposure for this compound 

was so poor. 74, which also had excellent MLM stability, achieved the highest exposure by 

both routes of administration. Noticing the correlation between higher cLogP and greater 

exposure, we hypothesized that a greater free drug fraction might be facilitating greater 

hepatic clearance.55 Indeed, based on PPB we calculate that the free drug fraction was 10-

fold higher for the less lipophilic 69 than for 68 or 74. In fact, with regard to unbound drug 

levels, 69 had the highest i.p. exposure (1.1 hr*μM AUC0-7h
obs) compared to 68 or 74 (0.6 

and 0.5 hr*μM AUC0-7h
obs, respectively). Importantly, the compounds 42 and 74 

demonstrate comparable total exposure following oral administration at 20 mg/kg to that 

reported for 1a at 10 mg/kg (14.6 hr*μM AUC0-∞).

2.4 Comparison of ALDEFLUOR potency of selected compounds in ALDH1A1 and 1A3 
high cell lines

As mentioned above, we hypothesized that our pan-inhibitors would be effective in a wider 

array of ovarian cancer cell lines. As shown in Figure 6, we found that compound 1a 
(NCT-506) is a very potent inhibitor of ALDEFLUOR in the OV90 cell line which expresses 

exclusively ALDH1A122 but is inactive in the PEO1 cell line which expresses 

predominantly ALDH1A3.12 Conversely, our ALDH1A pan inhibitors (R)-28, 68 and 69 
were effective ALDEFLUOR inhibitors in both cell lines. Consistent with its selectivity for 

ALDH1A3, 64 was only active in PEO1 cells.

2.5 Assessment of synergy between Taxol and selected ALDH inhibitors in taxane 
resistant SKOV-3 cells

Given the reported synergy for 1a and analogs with Taxol in resistant ALDH1A1 high 

SKOV-3 cells (SKOV3Trip2)27, 36, we next assessed our compounds under similar 

conditions (Figure 7). Because 1A1 is dominant in this cell line, we chose to compare 1A1-

selective 1a with the three most potent ALDH1A pan-inhibitors from the Aldefluor study in 

Figure 6 ((R)-28, 68 and 69) to assess if there was any difference in activity between the two 

selectivity profiles. As single agents, two of our pan inhibitors (R)-28 and 69 were less toxic 
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than 1a (EC50s of 86 and 148 μM respectively), while one of them (68) was somewhat more 

toxic (Figure 7). Given that the single agent toxicity of our compounds only occurred at high 

concentrations and was not correlated with ALDEFLUOR activity (Supp. Fig. S-6), we 

suspect this could be due to an off-target effect. All three of our compounds demonstrated 

excellent synergy, with a combination index (CI) as low as 0.01, and achieved synergy at 

modestly lower concentrations than 1a.

2.6 Demonstration of synergy with 3D patient-derived spheroids

Lastly, we tested the efficacy of our two most synergistic compounds using a stringent 3D 

tumor spheroid assay with primary chemotherapy resistant patient derived cells (Figure 8). 

High-grade serous ovarian cancer cells from two different patients were grown in poly-hema 

low adherence plates and rotated to increase cellular aggregation to increase growth and 

survival prior to treatment. Once spheroids were established, we initiated treatment with a 

titration of Taxol and the two most synergistic ALDH1A pan-inhibitors (68 and 69) from the 

taxane resistant cell line study in Figure 7. Both cell lines showed similar results, and thus 

the results are presented as a pooled analysis across the two cell lines. As noted above, both 

compounds showed synergy with Taxol with 69, which had no single agent toxicity, 

demonstrating the greatest synergy (CI 0.12-0.3).

3. Conclusions

Encouraged by our early success in optimizing the CM39 series, we set out to further 

develop the series for ALDEFLUOR potency and pharmacokinetics. While replacement of 

the metabolically labile and lipophilic thioether linker was not successful, disrupting 

planarity with alkyl branching resulted in improved solubility for 28 relative to 3. Synthesis 

of the two enantiomers (R)-28 and (S)-28 revealed that the R-enantiomer (R)-28 possessed 

20-fold greater ALDH activity and commensurately greater ALDEFLUOR inhibition. 

Inactive enantiomer (S)-28 was potently cytotoxic as a single agent (data not shown), 

indicating that the single agent cytotoxicity possessed by some analogs in the series is likely 

off-target. Efforts to alter the pyrazolopyrimidinone core to reduce tPSA or conformationally 

restrict the thioether afforded active, but unimproved compounds. Exploring polar 

substituents to engage W179 and T129 was more fruitful. While 2- and 3-pyridyl 

substituents did not result in increased enzymatic 1A1 potency relative to phenyl, they 

improved solubility, lipophilic efficiency, and ALDEFLUOR potency. Crystal structures of 

the 2-pyridyl and 3-hydroxyl analogs 42 and 46 indicate likely engagement with W179 in 

1A1, but a desolvation penalty may counteract this favorable interaction. The 2-pyridyl 

analog 42 also improved metabolic stability 6-fold relative to phenyl analog 28. Pyrimidinyl 

analog 44 demonstrated that further increases in polarity in this region are tolerated by the 

enzyme, but detrimental to cell activity as measured by ALDEFLUOR, perhaps due to 

reduced cell permeability brought about by higher tPSA.

While attempts to engage polar residues deep in the active site were not successful at 

improving potency, they did result in compounds with interesting isoform selectivity. To our 

knowledge, nitrile analog 64 is the most potent ALDH1A3-selective inhibitor to date. 

Interestingly, a comparison of the predicted binding mode for 64 in ALDH1A3 with the 
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bound conformation of GA1138, an analog of a second chemically distinct series of 1A3-

selective inhibitors represented by 1b (Figure 1), reveals close proximity of the two ligands 

but very little actual overlap (Supp. Fig. S-3B), suggesting that hybrid structures of these 

two series could be designed in a fragment-like strategy with even greater potency.

Finally, combining the optimal linker and pyridyl substituents with the N-2 oxetane resulted 

in compounds with excellent MLM stability and ALDEFLUOR inhibition. Steric blocking 

of the oxetane, which was identified as a site of in vivo metabolism, also resulted in 

improved MLM stability. While our attempts thus far to improve in vivo exposure have been 

complicated by a presumed increase in hepatic extraction due to lower plasma protein 

binding, nevertheless multiple compounds were able to exceed the concentration at which 

they inhibited ALDEFLUOR by more than 50% in vitro following i.p. and oral 

administration.

Importantly, we were able to establish that our compounds were effective at inhibiting 

ALDEFLUOR in cell lines expressing either 1A1 or 1A3. In contrast, and as expected, the 

1A1 selective inhibitor 1a (NCT-506) was not effective against the 1A3 expressing high-

grade serous PEO1 line. Inhibition of both isoforms may be important for an effective 

therapeutic intervention as high-grade serous ovarian tumors tend to express higher levels of 

1A3 than healthy tissue. Similarly, ALDH1A3 is upregulated in breast cancer and believed 

to be a primary driver of stemness56 and additional ALDH1A family members can be 

induced in therapy-resistant clones.57 Finally, we demonstrated that our compounds reversed 

chemoresistance in the SKOV3-TR line and synergized with Taxol in patient-derived tumor 

spheroids. Studies assessing the ability of our compounds to reverse taxane resistance in 
vivo are underway and will be reported in due time.

4 Experimental Section

4.1 Protein Purification and Enzymatic Assays

Human ALDH1A1, ALDH1A2, ALDH1A3, and ALDH2 were prepared and purified as 

previously described. 58-62 Inhibition of ALDH activity by compounds and IC50 curves were 

determined by measuring the formation of NAD(P)H spectrophotometrically at 340 nm 

(molar extinction coefficient of 6200 M−1 cm−1) on the Beckman DU-640 and Spectramax 

340PC spectrophotometers using purified recombinant enzyme. Reaction components for 

ALDH1A and ALDH2 assays consisted of 100-200 nM enzyme, 200 μM NAD+, 100 μM 

propionaldehyde, and 1% DMSO in 25 mM BES buffer, pH 7.5. All assays were performed 

at 25 °C and were initiated by addition of substrate after a 2 min incubation period. IC50 

curves were collected for compounds which substantially inhibited ALDH1A activity at 20 

μM compound. Data were fit to the four parameter EC50 equation using SigmaPlot (v12) and 

the values represent the mean/SEM of three independent experiments (each n=3). The mode 

of inhibition for 69 was determined via steady-state kinetics by co-varying inhibitor and 

substrate concentrations at fixed concentration of NAD+ (1 mM; KM = 50 μM). All reactions 

contained 150 nM ALDH1A1 and 2% DMSO in 30 mM sodium BES, pH 7.5 at 25 °C. The 

reactions contained 5-80 μM propionaldehyde (KM = 10 μM). All data were fit to 

competitive, noncompetitive, uncompetitive, and mixed inhibition models using the tight 

binding inhibition equations in SigmaPlot (StatSys v13)(Supp. Fig. S-7). The appropriate 
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model was selected through analysis of goodness-of-fit and the residuals of those fits. The 

values represent the average of three independent experiments for five concentrations of 

inhibitor and five concentrations of substrate.

4.2 ALDEFLUOR Assay

OV90 and PEO1 cells were used as ALDH1A1 and ALDH 1A3 high expression cell lines, 

respectively. Cells were grown and ALDEFLUOR (STEMCELL Technologies) assays 

performed as previously described.22 Briefly, cells were cultured to 70-80%, trypsinized, 

washed with PBS, and then re-suspended in ALDEFLUOR buffer. ALDEFLUOR reagent 

was added, cells were rapidly mixed and then equally distributed into tubes containing 

inhibitor, DEAB control, or vehicle. After a 30 minute incubation at 37 °C, cells were 

washed with ALDEFLUOR buffer and maintained on ice until flow-cytometric analysis. 

Gating was based on DEAB (inhibitor control- set to <1%) and vehicle control treated cells 

(positive control). The percent of ALDH inhibition was set as percentage of ALDEFLUOR 

positive cells for a particular sample and the percentage of ALDEFLUOR positive cells vs. 

vehicle treated control. The Two-way ANOVA with Tukeys multiple comparison test (Prism 

GraphPad) was used to determine statistical significance between samples treated with 

compound or vehicle.

4.3 Crystal Structure Determination.

All structures of ALDH1A1 with compounds were determined using crystals of the naturally 

occurring polymorphic variant, N121S. The crystals were grown by equilibrating 4-8 mg/mL 

ALDH1A1 N121S against 100 mM sodium BisTris, pH 6.2-6.5, 6-11% PEG3350, 200 mM 

NaCl, and 5-10 mM YbCl3. The complexes between ALDH1A1 N121S and compounds 

(R)-28, 42, 46, 51 and 53 were prepared by co-crystallizing in the presence of 500 uM 

compound (1% v/v DMSO final). For compound 42, 1 mM NAD was added to the solution 

for 6 hr prior to freezing. Cryoprotection for flash-freezing utilized 20% (v/v) ethylene 

glycol in ligand solution. Diffraction data for all complexes with ALDH1A1 N121S were 

collected at Beamline 19-ID operated by the Structural Biology Consortium at the Advance 

Photon Source (APS), Argonne National Laboratory. Diffraction data were indexed, 

integrated, and scaled using HKL3000.63 The CCP4 program suite was used for molecular 

replacement and refinement.64 The Coot molecular graphic application was used for model 

building.65 The TLSMD (translation/libration/screw motion determination) server was used 

to determine dynamic properties of ALDH1A1 N121S.66-67 Data collection and refinement 

statistics are compiled in Table S-1.

4.4 Cell Viability and Synergy Assays

PEO1 and OV90 cells were seeded in 96-well plates at 4000 cells/well (PEO1) or 2000 cells/

well (OV90) as previously described.22 After 24 h, inhibitor or vehicle was added, Taxol was 

added, and then cells were incubated at 37 °C for 72 h. Viability was assessed using Cell-

Titer Glo 2.0 (Promega) per manufacturer’s instructions. Viability was normalized to vehicle 

treated controls and graphed in Prism 7. Data are displayed as mean ± SD. Synergy was 

assessed using Chou-Talalay method and the CompuSyn program.68
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4.4.1 Patient Derived Spheroid Assay—Two primary patient derived ovarian cancer 

cell lines were used (each derived from patients with high-grade serous stage IIIC ovarian 

cancer) obtained from IRB approved protocol, and collected from consented patients) and 

processed as previously described 69-70. 6,000 Patient cells were suspended in low-

adherence plates in serum-free medium (SFM) supplemented with 5 ng/ml FGF, 5 ng/ml 

EGF, B27, 1X insulin-transferrin-selenium supplement, 1X nonessential amino acids, 

antibiotics and antimycotics. Cells were rotated for 30 minutes after plating to encourage 

spheroid formation 71. 24 hours after plating, treatment with the indicated compound and 

doses was initiated. Cells were retreated every 72 hours and total cell counts evaluated using 

CellTiter-Glo 3D viability assay (Promega).

4.5 Metabolic Stability in Mouse Liver Microsomes

The metabolic stability was assessed using CD-1 mouse liver microsomes (MLM). 1 μM of 

each compound was incubated with 0.5 mg/mL microsomes and 1.7 mM cofactor β-

NADPH in 0.1 M phosphate buffer (pH = 7.4) containing 3.3 mM MgCl2 at 37 °C. The 

DMSO concentration was less than 0.1% in the final incubation system. At 0, 5, 10, 15, 30, 

45, and 60 min of incubation, 40 μL of reaction mixture were taken out, and the reaction is 

quenched by adding 3-fold excess of cold acetonitrile containing 100 ng/mL of internal 

standard for quantification. The collected fractions were centrifuged at 15000 rpm for 10 

min to collect the supernatant for LC–MS/ MS analysis, from which the amount of 

compound remaining was determined. The natural log of the amount of compound 

remaining was plotted against time to determine the disappearance rate and the half-life of 

tested compounds.

4.6 Pharmacokinetic Studies in Mice

All animal experiments in this study were approved by the University of Michigan 

Committee on Use and Care of Animals and Unit for Laboratory Animal Medicine 

(ULAM). The abbreviated pharmacokinetics of compounds were determined in female 

CD-1 mice following intraperitoneal (ip) injection of 10 mg/kg respectively. Compounds 

were dissolved in the vehicle containing 20% DMSO, 50% PEG-400, and 30% PBS. Four 

blood samples (50 μL) were collected over 7 h (at 0.5 h, 2 h, 4 h, and 7 h), centrifuged at 

3500 rpm for 10 min, and plasma was frozen at −80°C for later analysis. Plasma 

concentrations of the compounds were determined by the LC–MS/MS method developed 

and validated for this study. The LC–MS/MS method consisted of a Shimadzu HPLC 

system, and chromatographic separation of tested compound which was achieved using a 

Waters Xbridge-C18 column (5 cm × 2.1 mm, 3.5 μm). An AB Sciex QTrap 4500 mass 

spectrometer equipped with an electrospray ionization source (ABI-Sciex, Toronto, Canada) 

in the positive-ion multiple reaction monitoring (MRM) mode was used for detection. All 

pharmacokinetic parameters were calculated by noncompartmental methods using 

WinNonlin, version 3.2 (Pharsight Corporation, Mountain View, CA, USA).

4.6.1 Identification of In vivo Metabolites of 68 from Mouse Plasma.—Female 

CD-1 mice were used to collect plasma samples for in vivo metabolite identification. Blank 

plasma was collected from one mouse without dosing drugs. Another mouse was dosed with 

target compound by IV (15 mg/kg), then the plasma samples were collected in 1 h after 
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dosing. Both blank plasma and plasma with drug and metabolite were mixed with 3 times 

acetonitrile for protein precipitation and compound extraction. After vortex and centrifuge, 

the top extraction solutions were injected onto LCMS system for metabolite identification. 

The general approach for metabolite identification using AB Sciex QTrap 5500 mass 

spectrometer involves the following steps: 1. Obtain a product ion spectrum of the parent 

compound to establish fragmentation. 2. Interpret the spectrum to identify major fragment 

ion and possible neutral loss. 3. Collect spectra of samples using both established precursor 

ion scan and neutral loss scan, EMS scan of both control and samples were acquired also. 4. 

Run product ion scans and MRM scans for all possible metabolite identified from step 3 plus 

expected metabolite. 5. Interpret the spectrum of the metabolites and determine the structure 

with their logical fragmentation pattern.

4.7 Molecular Modeling.

Molecular docking studies were performed using GOLD (Genetic Optimization for Ligand 

Docking, The Cambridge Crystallographic Data Centre, Cambridge, UK) 72-73 against 1A1 

(PDB: 7JWS), 1A2 (PDB: 6B5H)74 crystal structures and 1A3 homology model, previously 

reported by us.22 Prior to docking, ten different conformations were generated for each 

ligand using Omega (OpenEye Scientific, Santa Fe, NM), a systematic, knowledge-based 

conformer generator.75. GOLD uses a genetic algorithm to explore the conformational space 

of a compound inside the binding site of a protein.72-73 Docking studies were performed 

using the standard default settings with 100 genetic algorithms (GA) runs on each molecule.

4.8 Chemistry

4.8.1. General—All reagents were used in the condition received from commercial 

sources. Flash chromatographic purifications were performed using a Teledyne ISCO 

Combiflash RF with Redisep Gold RF silica columns. 1H NMR and 13C NMR were taken in 

CDCl3 or DMSO-d6 at room temperature on Varian Inova 400 or 500 MHz instruments. 

Reported chemical shifts are expressed in parts per million (ppm) on the δ scale from an 

internal standard of tetramethylsilane (0 ppm). Mass spectrometry data were obtained on 

either an Agilent TOF or Agilent Q-TOF. An Agilent 1100 series HPLC with an Agilent 

Zorbax Eclipse Plus-C18 column was used to determine purity of biologically tested 

compounds. All tested compounds were determined to be >95% pure using a 6 min gradient 

of 10-90% acetonitrile in water followed by a 2 min hold at 90% acetonitrile with detection 

at 254 nm. Enantiomeric excesses were determined by chiral analytical HPLC using a Daicel 

Chiralcel OD column 4.6X250mm. Optical rotations were determined by Robertson Microlit 

Laboratories (http://www.robertson-microlit.com) according to USP <781S> protocol.

NCT-506 used as a comparator in biological studies was prepared as described by Yang et al.
36

4.8.2. 6-((3-Fluorobenzyl)thio)-1-methyl-1H-pyrazolo[4,3-c]pyridin-4(5H)-one 
(6).—A microwave tube was charged with 5 (300 mg, 1.6 mmol), DIPEA (1.1 ml, 6.5 

mmol), (3-fluorophenyl)methanethiol (0.4 ml, 3.3 mmol), and 3 mL n-butanol. The 

headspace was purged with Ar and the tube was capped and heated to 170 °C in a 

microwave synthesizer for 48 h. Upon cooling a white precipitate formed which was 
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collected by filtration and washed with water and hexanes to afford the titled compound (300 

mg, 1.04 mmol, 64% yield).1H NMR (500 MHz, DMSO-d6) δ 11.37 (br. s., 1H), 7.95 (s, 

1H), 7.31 - 7.41 (m, 1H), 7.16 - 7.25 (m, 2H), 7.09 (t, J = 8.56 Hz, 1H), 6.67 (s, 1H), 4.38 (s, 

2H), 3.88 (s, 3H)

4.8.3. 6-((3-Fluorobenzyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[4,3-
c]pyridin-4(5H)-one (7).—A flask was charged with 2 mL DCE, Pyridine (28 μL, 0.346 

mmol), TEMPO (30 mg, 0.190 mmol), 6 (50 mg, 0.173 mmol), Cu(II)OAc hydrate (7 mg, 

0.035 mmol), phenylboronic acid (42 mg, 0.346 mmol), and 3Å molecular sieves and stirred 

under air for 24 h at RT. The mixture was filtered with celite and the filter pad washed with 

DCM. The filtrate was washed with 1N HCl and brine, dried over sodium sulfate, and 

concentrated. The crude mixture was purified by flash (Elutes at 60% EtOAc in Hexanes) 

affording the titled compound as a white solid (32 mg, 0.088 mmol, 51% yield). MS (ESI): 

m/z 366.1066 [M+H]+ 1H NMR (400 MHz, CDCl3) δ 8.09 (s, 1H), 7.45 - 7.55 (m, 3H), 7.23 

- 7.31 (m, 3H), 7.04 (d, J = 7.43 Hz, 1H), 6.94 - 7.01 (m, 2H), 6.20 (s, 1H), 3.99 (s, 2H), 

3.91 (s, 3H), 13C NMR (101 MHz, CDCl3) δ 162.8, 159.0, 144.9, 143.2, 137.6, 136.9, 

130.3, 129.6, 129.3, 124.6, 115.9, 115.0, 111.5, 90.8, 38.5, 35.8. HPLC Purity: 95%

4.8.4. 2-chloro-7-methyl-3H-pyrrolo[2,3-d]pyrimidin-4(7H)-one (9).—To a flask 

charged with 10 mL THF and 60 wt.% NaH (117 mg, 2.93 mmol) under N2 at 0 °C was 

added 8 (500 mg, 2.66 mmol) dissolved in 10 mL THF by syringe. The flask was stirred at 0 

°C for an hour at which point MeI (183 μl, 2.93 mmol) was added by syringe. The flask was 

allowed to gradually warm to RT overnight and the next day the solvent was removed and 

the residue was treated with 20mL 2N NaOH and refluxed overnight. The product was 

precipitated by addition of conc. HCl, filtered, and washed with water and hexane to afford 

the titled compound as a white solid (415 mg, 2.26 mmol, 85% yield).1H NMR (400 MHz, 

DMSO-d6) δ 12.83 (br. s., 1H), 7.10 (d, J = 2.74 Hz, 1H), 6.45 (d, J = 3.13 Hz, 1H), 3.66 (s, 

3H).

4.8.5. 2-((3-Fluorobenzyl)thio)-7-methyl-3H-pyrrolo[2,3-d]pyrimidin-4(7H)-one 
(10).—A pressure tube was charged with 9 (100 mg, 0.545 mmol), DIPEA (0.190 ml, 1.089 

mmol), (3-fluorophenyl)methanethiol (0.101 ml, 0.817 mmol) and 1mL abs. EtOH. The 

headspace was purged with Ar and the tube was heated to 100 °C overnight. Upon cooling a 

white precipitate formed which was collected by filtration and washed with an additional 

1mL ice cold EtOH to afford the titled compound as a white solid (110 mg, 0.380 mmol, 70 

% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.12 (s, 1H), 7.41 - 7.24 (m, 3H), 7.06 (ddt, J 

= 9.5, 7.5, 2.1 Hz, 1H), 6.97 (d, J = 3.4 Hz, 1H), 6.35 (d, J = 3.3 Hz, 1H), 4.45 (s, 2H), 3.70 

(s, 3H).

4.8.6. 2-((3-Fluorobenzyl)thio)-7-methyl-3-phenyl-3H-pyrrolo[2,3-
d]pyrimidin-4(7H)-one (11).—A flask was charged with 10 (50 mg, 0.173 mmol), 

phenylboronic acid (23 mg, 0.190 mmol), Cu(II)OAc hydrate (52mg, 0.259 mmol), pyridine 

(28μl, 0.346 mmol), 3Å molecular sieves and 2mL DCM and stirred at RT under air for 5 

days. The mixture was filtered through celite and the pad washed with additional DCM. The 

filtrate was washed with 1N HCl and brine before drying over sodium sulfate and 
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concentrating. The crude residue was taken up in hot EtOH and the titled compound 

recrystallized as a white solid upon cooling (25 mg, 0.068 mmol, 40 % yield). MS (ESI): 

m/z 366.1073 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.66 - 7.41 (m, 3H), 7.33 - 7.22 (m, 

3H), 7.18 - 7.08 (m, 2H), 6.94 (td, J = 8.7, 2.5 Hz, 1H), 6.80 - 6.71 (m, 1H), 6.67 - 6.61 (m, 

1H), 4.34 (s, 2H), 3.80 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 162.67 (d, J = 245.7 Hz), 

162.41, 159.18, 155.59, 146.87, 139.27, 136.39, 129.93 (d, J = 8.2 Hz), 129.70, 129.55, 

129.49, 124.71 (d, J = 2.9 Hz), 123.06, 116.20, 114.35 (d, J = 21.1 Hz), 104.59, 102.96, 

36.60 (d, J = 2.0 Hz), 31.52.

4.8.7. 2-((3-fluorobenzyl)thio)-3-phenylimidazo[5,1-f][1,2,4]triazin-4(3H)-one 
(14).—13 (12 mg, 0.077 mmol), prepared as previously described,76 was dissolved in dry 

DMF to which isothiocyanatobenzene (10 μl, 0.085 mmol) was added. The reaction was 

stirred under N2 overnight. The next day, 60 wt.% NaH (6 mg, 0.155 mmol) was added and 

the mixture was stirred for 2 h, at which point the flask was chilled to 0 °C and 3-

fluorobenzyl bromide (10 μl, 0.085 mmol) was added. The mixture was stirred overnight. 

The reaction was diluted with brine and extracted with ethyl acetate. The organic portion 

was dried over sodium sulfate and the solvent removed. The crude product was purified by 

flash (Eluting 50-70% EtOAc in Hexanes) yielding the titled compound as a colorless 

residue (14 mg, 0.040 mmol, 51% yield). MS (ESI): m/z 353.0870 [M+H]+ 1H NMR (500 

MHz, CDCl3) δ 8.11 (s, 1H), 7.91 (s, 1H), 7.59 - 7.47 (m, 3H), 7.33 - 7.25 (m, 3H), 7.12 (d, 

J = 7.7 Hz, 1H), 7.05 (d, J = 9.4 Hz, 1H), 6.96 (t, J = 8.8 Hz, 1H), 4.26 (s, 2H). 13C NMR 

(126 MHz, CDCl3) δ 162.71 (d, J = 246.7 Hz), 153.51, 153.22, 137.36 (d, J = 7.6 Hz), 

133.72, 133.52, 130.48, 130.20 (d, J = 8.4 Hz), 129.93, 129.74, 129.49, 124.95 (d, J = 3.2 

Hz), 118.02, 116.24 (d, J = 22.2 Hz), 114.95 (d, J = 21.0 Hz), 36.59. HPLC Purity 98%

4.8.8. 6-mercapto-l-methyl-5-phenyl-lH-pyrazolo[3.4-dlpyrimidin-4(5H)-one 
(16).—To a solution of ethyl 5-amino-l -methyl- lH-pyrazole-4-carboxylate (15) (1 g, 5.91 

mmol) in 15 mL DMF at 0°C was slowly added 60 wt.% NaH (0.591 g, 14.78 mmol) against 

a counterflow of nitrogen. The reaction was stirred for l hr at 0°C at which point phenyl 

isothiocyanate (0.706 mL, 5.91 mmol) was added and the reaction was warmed to 50°C and 

stirred overnight. The reaction was quenched by adding a 5 mL of sat. aq. ammonium 

chloride then the solvents were distilled off under high vacuum. The residue obtained was 

washed 3x with hexanes to remove the mineral oil then taken up in DCM and filtered to 

remove salts. After the DCM was evaporated the crude was triturated from hot EtOAc 

yielding the titled compound as a white solid (600mg, 2.323 mmol, 39% yield) 1H NMR 

(400 MHz, DMSO-d6) δ 8.23 (br. s., 1H), 7.65 (s, 1H), 7.33 (t, J= 7.60 Hz, 2H), 7.22 (t, J = 

7.40 Hz, 1H), 6.96 (d, J= 8.22 Hz, 2H), 3.71 (s, 3H).

4.8.9. 1-Methyl-6-(methylsulfonyl)-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (17).—MeI (116 μl, 1.858 mmol) was added to a solution of 15 
(prepared as previously described22) (400 mg, 1.549 mmol) and K2CO3 (321 mg, 2.323 

mmol) in 5mL DMF. The mixture was stirred for 2 h at which point it was diluted with 

water, cooled to 0°C and stirred for 30 min. The resulting white precipitate was filtered and 

taken up in 5mL DCM to which mCPBA (896 mg, 3.64 mmol) was added. The mixture was 

stirred overnight at RT then 5mL Aq. Sodium Thiosulfate was added at which point the 
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mixture was stirred an additional 1 h. The mixture was diluted with more DCM and the 

aqueous portion was discarded. The aqueous portion was washed with sat. aq. bicarbonate 

followed by brine and dried over sodium sulfate and concentrated. The reaction was 

redissolved in 5mL DCM, filtered and the filtrate concentrated. The residue was taken up in 

hot ethanol and slowly cooled to 0 °C to afford the titled compound as a white solid (360 

mg, 1.183 mmol, 76 % yield).

4.8.10. 6-((3-Fluorobenzyl)oxy)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (18).—To a dry flask at 0 °C under N2 charged with 60 wt.% 

NaH in mineral oil (16.43 mg, 0.411 mmol) was added 1 mL of DMF and (3-

fluorophenyl)methanol (0.038 mL, 0.353 mmol) by syringe. The mixture was stirred for 10 

minutes at which point solid 17 (100 mg, 0.329 mmol) was added quickly. The mixture was 

stirred overnight and gradually warmed to RT. The following day the mixture was diluted 

with EtOAc and washed with water. The water was back extracted with a small portion of 

EtOAc and the combined organics were washed 3x with brine before drying over sodium 

sulfate and concentrating. The crude was purified by flash (0-100% EtOAc in Hex) yielding 

the titled compound as a white solid (10 mg, 0.029 mmol, 9 % yield). MS (ESI): m/z 
351.1252 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.00 (s, 1H), 7.59 - 7.43 (m, 3H), 7.32 - 

7.24 (m, 1H), 7.22 (d, J = 7.5 Hz, 2H), 7.04 - 6.90 (m, 2H), 6.84 (d, J = 9.6 Hz, 1H), 5.41 (s, 

2H), 3.94 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 162.73 (d, J = 246.7 Hz), 157.90, 155.24, 

150.75, 137.55 (d, J = 7.6 Hz), 135.64, 134.86, 130.08 (d, J = 8.3 Hz), 129.38, 128.95, 

128.35, 122.58 (d, J = 3.0 Hz), 115.15 (d, J = 21.1 Hz), 114.12 (d, J = 22.3 Hz), 102.06, 

69.24, 33.90. HPLC Purity: 97%

4.8.11. 6-((3-Fluorobenzyl)amino)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (19).—To a solution of (3-fluorophenyl)methanamine (0.112 ml, 

0.986 mmol) in 5mL DMF at 0 °C was added 60 wt.% NaH in mineral oil (33 mg, 0.821 

mmol). After 5 min and 17 (200 mg, 0.657 mmol) was added. The mixture turned 

immediately yellow and was stirred at 0 °C for 1 h at which point it was allowed to warm to 

RT. After 1 h the reaction was quenched with sat. aq. NH4Cl and diluted with water and 

extracted 2x with ethyl acetate. The combined organics were washed with brine 3x and dried 

over sodium sulfate before concentrating to yield a yellow solid. The crude solid was 

recrystallized from hot ethanol to afford the titled compound as a white crystalline solid 

upon cooling (29 mg, 0.083 mmol, 13 % yield). MS (ESI): m/z 350.1410 [M+H]+ 1H NMR 

(500 MHz, CDCl3) δ 7.96 - 7.90 (m, 1H), 7.64 - 7.56 (m, 2H), 7.56 - 7.50 (m, 1H), 7.34 - 

7.27 (m, 3H), 7.01 (d, J = 7.6 Hz, 1H), 6.98 - 6.92 (m, 2H), 4.67 - 4.54 (m, 3H), 3.85 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 162.93 (d, J = 246.7 Hz), 158.16, 152.49, 152.47, 140.69 (d, 

J = 6.9 Hz), 135.47, 134.63, 130.74, 130.20 (d, J = 8.1 Hz), 130.05, 129.15, 122.77 (d, J = 

2.8 Hz), 114.48 (d, J = 21.1 Hz), 114.27 (d, J = 21.9 Hz), 100.24, 45.20 (d, J = 1.9 Hz), 

33.57. HPLC Purity: 99%

4.8.12. 6-(chloromethyl)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (20).—A flask under N2 charged with chloroacetic acid (12.76 g, 

135 mmol) and 15 (1.46 g, 6.75 mmol) was heated at 80 °C until a homogenous melt was 

obtained. Chloroacetyl chloride (1.35 mL, 16.88 mmol) was added dropwise and the mixture 
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was stirred at 80 °C for 1 h. The flask was then fitted with a reflux condenser and heated to 

120 °C overnight. The next day the flask was removed from the oil bath and immediately 

poured into 100 mL water. The mixture was stirred vigorously until cool. The titled 

compound, which precipitated, was collected by filtration as a white solid (1.22 g, 4.44 

mmol, 66 % yield). 1H NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.48 - 7.64 (m, 3H), 7.28 - 

7.37 (m, 2H), 4.23 (s, 2H), 4.05 (s, 3H).

4.8.13. 6-(((3-Fluorophenyl)thio)methyl)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (21).—20 (60 mg, 0.218 mmol), K2CO3 (45 mg, 0.328 mmol), 3-

fluorobenzenethiol (25 μL, 0.306 mmol) and 1 mL DMF were stirred overnight at 50 °C. 

The product was precipitated by the addition of water and collected by filtration. The filtrate 

was recrystallized from EtOH yielding the titled compound as a white crystalline solid (24 

mg, 0.066 mmol, 30% yield). MS (ESI): m/z 367.1025 [M+H]+ 1H NMR (400 MHz, 

CDCl3) δ 8.06 (s, 1H), 7.49 - 7.60 (m, 3H), 7.28 - 7.34 (m, 2H), 7.15 - 7.24 (m, 2H), 7.08 (d, 

J = 7.83 Hz, 1H), 6.92 (dt, J = 1.96, 8.41 Hz, 1H), 3.95 (s, 3H), 3.86 (s, 2H) 13C NMR (101 

MHz, CDCl3) δ 164.1, 163.9, 161.4, 158.2, 155.9, 136.3, 135.3, 130.1, 129.9, 129.7, 128.9, 

125.9, 117.2, 114.1, 104.3, 38.7, 34.1 HPLC Purity: 97%.

4.8.14. 6-((3-Fluorophenoxy)methyl)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (22).—To a dry flask under Ar charged with K2CO3 (55 mg, 

0.400 mmol) and 20 (55 mg, 0.200 mmol) was added 1 mL DMF followed by 3-

fluorophenol (27 μL, 0.300 mmol). The vial was flushed with argon, sealed, and heated to 70 

°C for 3 h at which point the reaction was complete by HPLC. The mixture was diluted with 

20 mL water and extracted 2x with EtOAc. The combined organics were washed 3x with 

brine and dried over sodium sulfate. Removal of solvent yielded a colorless oil which was 

subjected to flash (eluted at 40% EA/Hex) yielding the titled compound as a white 

crystalline solid (58 mg, 0.166 mmol, 83 % yield). MS (ESI): m/z 351.1255 [M+H]+ 1H 

NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.43 - 7.55 (m, 3H), 7.28 (d, J = 7.04 Hz, 2H), 7.12 

- 7.21 (m, 1H), 6.66 (dt, J = 1.57, 8.22 Hz, 1H), 6.52 - 6.58 (m, 1H), 6.46 - 6.52 (m, 1H), 

4.71 (s, 2H), 4.02 (s, 3H) 13C NMR (101 MHz, CDCl3) δ 163.3, 158.7, 158.0, 153.9, 150.5, 

135.6, 135.4, 130.3, 129.8, 129.7, 128.5, 110.3, 108.7, 104.7, 102.6, 68.3, 34.3 HPLC 

Purity: 98%.

4.8.15. 6-(((3-Fluorophenyl)amino)methyl)-1-methyl-5-phenyl-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (23).—A flask was charged with 1 mL DMF, 

K2CO3 (151 mg, 1.092 mmol), KI (18 mg, 0.109 mmol), 20 (150 mg, 0.546 mmol) and was 

briefly vacuum degassed and put under nitrogen at which point 3-fluoroaniline (63 μL, 0.655 

mmol) was added by syringe. The flask was heated at 50 °C for 24 h. Water was added to 

precipitate the product which was collected by filtration yielding the titled compound as a 

light pink powder (177 mg, 0.507 mmol, 93 % yield). MS (ESI): m/z 350.1415 [M+H]+ 1H 

NMR (500 MHz, CDCl3) δ 8.07 (s, 1H), 7.54 - 7.65 (m, 3H), 7.26 (d, J = 6.36 Hz, 2H), 7.07 

(q, J = 7.83 Hz, 1H), 6.41 (t, J = 8.07 Hz, 1H), 6.29 (d, J = 7.83 Hz, 1H), 6.18 (d, J = 11.25 

Hz, 1H), 5.00 (br. s., 1H), 4.05 (s, 3H), 3.88 (d, J = 5.20 Hz, 2H) 13C NMR (126 MHz, 

CDCl3) δ 163.9, 157.9, 156.2, 150.3, 148.4, 135.6, 135.4, 130.4, 130.3, 130.1, 128.3, 109.0, 

104.8, 104.3, 99.9, 46.8, 34.3 HPLC Purity: 95%.
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4.8.16. 6-(((3-Fluorophenyl)(methyl)amino)methyl)-1-methyl-5-phenyl-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (24).—A flask containing K2CO3 (25 mg, 0.179 

mmol), MeI (9 μl, 0.150 mmol), 23 (50 mg, 0.143 mmol), and 1mL DMF was heated to 50 

°C and stirred overnight. The next day the mixture was diluted with water and extracted 2x 

with EtOAc. The combined organic portion was washed 3x with brine, dried over sodium 

sulfate, and concentrated. The crude mixture was purified by flash chromatography (EtOAc 

in Hex) and the product obtained was further purified by recrystallization from ethanol 

yielding the titled compound as a white solid (10 mg, 0.028 mmol, 19% yield). MS (ESI): 

m/z 364.1568 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 7.59 (t, J = 7.5 Hz, 2H), 

7.53 (t, J = 7.4 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H), 7.10 (q, J = 7.9 Hz, 1H), 6.41 (t, J = 8.3 

Hz, 1H), 6.29 (dd, J = 16.8, 10.6 Hz, 2H), 4.16 (s, 2H), 3.87 (s, 3H), 2.99 (s, 3H).13C NMR 

(126 MHz, CDCl3) δ 163.94 (d, J = 242.4 Hz), 158.37, 156.25, 150.80, 150.59 (d, J = 10.6 

Hz), 136.07, 135.24, 130.30, 130.07 (d, J = 10.3 Hz), 129.73, 128.15, 107.78 (d, J = 2.3 Hz), 

104.16, 103.66 (d, J = 21.5 Hz), 99.46 (d, J = 26.3 Hz), 55.73, 39.56, 33.91. HPLC Purity: 

96%.

4.8.17. (E)-6-(3-fluorostyryl)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (25).—20 (250 mg, 0.910 mmol) and triethyl phosphite (318 μl, 

1.820 mmol) were dissolved in 2mL DMF and heated to 150 °C for 3 hours. The mixture 

was concentrated under vacuum and the crude residue was purified by flash chromatography 

(EA in Hex) yielding diethyl ((1-methyl-4-oxo-5-phenyl-4,5-dihydro-1H-pyrazolo[3,4-

d]pyrimidin-6-yl)methyl)phosphonate as a yellow solid (250 mg, 0.664 mmol, 73.0 % 

yield). A dry flask charged with 60% NaH in mineral oil (11 mg, 0.279 mmol) and diethyl 

((1-methyl-4-oxo-5-phenyl-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimidin-6-

yl)methyl)phosphonate (100 mg, 0.266 mmol) was cooled to 0 °C and DMF was added by 

syringe. After stirring for 10 min 3-fluorobenzaldehyde (31 μL, 0.292 mmol) was added by 

syringe and the flask was allowed to warm to RT. After 1 h the reaction was complete by 

HPLC. Water was added to precipitate product which was collected by filtration, washed 

with additional water and hexanes, and then recrystallized from hot ethanol yielding the 

titled compound as a yellow crystalline solid (50 mg, 0.144 mmol, 54% yield). MS (ESI): 

m/z 347.1305 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 7.91 (d, J = 15.65 Hz, 

2H), 7.53 - 7.64 (m, 3H), 7.22 - 7.34 (m, 3H), 7.09 (d, J = 7.83 Hz, 1H), 7.02 (dt, J = 2.45, 

8.31 Hz, 1H), 6.96 (d, J = 9.78 Hz, 1H), 6.34 (d, J = 15.16 Hz, 2H), 4.10 (s, 3H) 13C NMR 

(126 MHz, CDCl3) δ 162.92 (d, J = 247.3 Hz), 158.17, 154.11, 151.05, 139.17, 137.23 (d, J 

= 7.5 Hz), 136.73, 135.40, 130.38 (d, J = 8.4 Hz), 129.96, 129.54, 128.88, 123.80 (d, J = 2.6 

Hz), 120.96, 116.75 (d, J = 21.5 Hz), 114.04 (d, J = 21.8 Hz), 104.23, 34.17. HPLC Purity: 

97%.

4.8.18. 6-(3-Fluorophenethyl)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (26).—A solution of 25 (40 mg, 0.115 mmol) and 10% Pd-C (37 

mg, 0.035 mmol) in 5mL methanol was degassed under vacuum and the flask backfilled 

with an H2 balloon. The mixture was stirred vigorously for 2 hours then filtered through 

Celite and concentrated yielding the titled compound as a white solid (27 mg, 0.078 mmol, 

67 % yield). MS (ESI): m/z 349.1461 [M+H]+ 1H NMR (400 MHz, CDCl3) δ 8.05 (s, 1H), 

7.44 - 7.62 (m, 3H), 7.10 - 7.23 (m, 3H), 6.86 (t, J = 8.41 Hz, 1H), 6.81 (d, J = 7.83 Hz, 1H), 
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6.74 (d, J = 10.17 Hz, 1H), 4.04 (s, 3H), 3.04 (t, J = 7.83 Hz, 2H), 2.68 (t, J = 7.83 Hz, 2H) 
13C NMR (101 MHz, CDCl3) δ 162.7, 158.9, 158.3, 150.8, 142.8, 136.9, 135.1, 130.0, 

129.8, 129.4, 128.4, 123.9, 115.3, 113.2, 104.0, 37.2, 34.1, 32.3. HPLC Purity: 95%.

4.8.19. General Procedure A.—S-Alkylation of 16: To a solution of 16 (50 mg, 0.194 

mmol, 1eq.), K2CO3 (2 eq.), in 1 mL DMF under Ar was added the appropriate alkyl halide 

(1.1 eq.). The reaction was stirred at RT overnight. The next day the reaction was diluted 

with 10 mL H2O and extracted 2x with EtOAc. The combined organics were washed 3x with 

brine, dried over sodium sulfate, and concentrated. The crude residue was taken up in 

Ethanol at reflux then allowed to cool to RT and rest for several hours at which point the 

titled compound was obtained by filtration as a crystalline solid.

4.8.20. 6-((1-(3-fluorophenyl)ethyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (27).—General Procedure A. White solid. (106 mg, 0.279 mmol, 

68% yield). MS (ESI): m/z 381.1182 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 

7.60 - 7.45 (m, 3H), 7.32 - 7.23 (m, 2H), 7.19 (dd, J = 4.8, 2.2 Hz, 1H), 7.17 (d, J = 8.3 Hz, 

1H), 7.10 (dt, J = 10.0, 2.1 Hz, 1H), 6.93 (td, J = 8.4, 2.5 Hz, 1H), 4.99 (q, J = 7.2 Hz, 1H), 

3.98 (s, 3H), 1.67 (d, J = 7.0 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 162.69 (d, J = 246.1 

Hz), 161.07, 157.70, 150.94, 144.96 (d, J = 7.4 Hz), 135.45 (d, J = 23.9 Hz), 135.38, 130.02, 

129.96, 129.73 (d, J = 9.7 Hz), 129.37 (d, J = 2.6 Hz), 123.07 (d, J = 2.9 Hz), 114.59 (d, J = 

19.2 Hz), 114.42 (d, J = 18.5 Hz), 102.92, 46.26, 34.10, 21.78.HPLC Purity: 99%

4.8.21. 1-methyl-5-phenyl-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (28).—General Procedure A. White Solid (183 mg, 0.505 mmol, 

65% yield) MS (ESI): m/z 363.1278 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 

7.64 - 7.45 (m, 3H), 7.42 - 7.35 (m, 2H), 7.34 - 7.22 (m, 4H), 7.18 (d, J = 6.9 Hz, 1H), 5.02 

(q, J = 7.2 Hz, 1H), 4.00 (s, 3H), 1.70 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
161.50, 157.82, 151.05, 142.12, 135.64, 135.36, 129.93, 129.72, 129.65, 129.41, 129.38, 

128.53, 127.56, 127.52, 102.88, 46.89, 34.07, 21.97. HPLC Purity: 98%

4.8.22. (R)-1-methyl-5-phenyl-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one ((R)-28).—To a flask under N2 charged with 3mL DCM and 

DMF (0.096 ml, 1.239 mmol) was added oxalyl chloride (0.102 ml, 1.161 mmol) dropwise 

by syringe. The mixture was stirred for 15 minutes at which point the solvent was removed 

and residual acid removed with an additional DCM chase. The solid obtained was suspended 

in 3mL THF and cooled to 0 °C and (S)-1-phenylethanol (0.140 ml, 1.161 mmol) was added 

and stirred for ~1 minute until a homogenous solution was obtained. TEA (0.324 ml, 2.323 

mmol) and 16 (200 mg, 0.774 mmol) were added. The mixture was stirred for 2h at which 

point the reaction was done by HPLC. The reaction was quenched with water and extracted 

2x with ethyl acetate. The combined organics were washed with brine, dried over sodium 

sulfate, and concentrated. The crude solid obtained was taken up in hot ethanol and the titled 

compound crystallized as a yellow solid upon cooling (156 mg, 0.430 mmol, 56% yield). 

HPLC Purity: 96%, >95% EE as determined by Chiral HPLC (15% IPA in Hexanes, 1 mL/

min, RT = 19 min). NMR and MS data were verified to be identical to the racemate. Optical 

Rotation: [α]D25 + 126.0 (1.02, CHCl3)
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4.8.23. (S)-1-methyl-5-phenyl-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one ((S)-28).—Prepared in the same manner as (R)-28 employing 

(R)-1-phenylethanol. (80 mg, 0.221 mmol, 29% yield) HPLC Purity: 98%, >95% EE as 

determined by Chiral HPLC (15% IPA in Hexanes, 1 mL/min, RT = 16 min). NMR and MS 

data were verified to be identical to the racemate. Optical Rotation: [α]D25 − 124.2 (1.05, 

CHCl3)

4.8.24. 1-methyl-5-phenyl-6-((2-phenylpropan-2-yl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (29).—To a slurry of 16 (75 mg, 0.290 mmol) and prop-1-en-2-

ylbenzene (0.038 ml, 0.290 mmol) in DCM at 0 °C was added TFA (0.224 ml, 2.90 mmol) 

dropwise. The resulting homogenous solution was stirred for 30 min at 0 °C and 30 min at 

RT. The reaction was diluted with DCM and washed with sat. aq. NaHCO3. The organic 

portion was dried over sodium sulfate and concentrated. The crude product was purified by 

flash (eluting around 40-50% EtOAc in Hex) yielding a white solid. (65 mg, 0.173 mmol, 

60% yield) MS (ESI): m/z 377.1434 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.91 (s, 1H), 

7.62 - 7.50 (m, 5H), 7.31 (t, J = 7.6 Hz, 2H), 7.25 - 7.14 (m, 3H), 3.71 (s, 3H), 1.89 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 160.48, 157.80, 150.72, 145.95, 135.76, 135.19, 129.82, 

129.65, 129.43, 127.91, 126.59, 126.28, 102.90, 54.87, 33.99, 29.71. HPLC Purity: 95%

4.8.25. 1-methyl-5-phenyl-6-((1-phenylpropyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (30).—General Procedure A. White solid. (110 mg, 0.292 mmol, 

75% yield) MS (ESI): m/z 377.1321 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 

7.58 - 7.46 (m, 3H), 7.37 - 7.32 (m, 2H), 7.30 (t, J = 7.7 Hz, 2H), 7.28 - 7.22 (m, 2H), 7.17 

(d, J = 7.2 Hz, 1H), 4.77 (dd, J = 9.1, 6.1 Hz, 1H), 4.00 (s, 3H), 2.16 - 2.02 (m, 1H), 1.97 - 

1.83 (m, 1H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.60, 157.83, 

151.02, 140.91, 135.72, 135.34, 129.90, 129.70, 129.63, 129.42, 129.36, 128.40, 128.08, 

127.46, 102.86, 53.65, 34.03, 29.25, 12.29. HPLC Purity: 98%

4.8.26. 1-methyl-6-((2-methyl-1-phenylpropyl)thio)-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (31).—Prepared from (1-bromo-2-methylpropyl)benzene77 

according to general procedure A. White solid (29 mg, 0.074 mmol, 28% yield) MS (ESI): 

m/z 413.1418 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 1.1 Hz, 1H), 7.60 - 7.46 

(m, 3H), 7.35 - 7.26 (m, 5H), 7.25 - 7.20 (m, 1H), 7.16 (d, J = 7.8 Hz, 1H), 4.74 (d, J = 7.8 

Hz, 1H), 3.96 (s, 3H), 2.14 (dtt, J = 7.2, 6.8 Hz, 1H), 1.04 (d, J = 6.7 Hz, 3H), 0.85 (d, J = 

6.7 Hz, 3H). 11C NMR (126 MHz, CDCl3) δ 161.57, 157.86, 150.95, 140.89, 135.87, 

135.29, 129.88, 129.70, 129.64, 129.43, 129.37, 128.61, 127.98, 127.13, 102.81, 59.22, 

34.04, 33.39, 21.07, 20.57. HPLC Purity: 99%

4.8.27. 1-methyl-5-phenyl-6-(1-phenylethoxy)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (32).—60% NaH in mineral oil (8 mg, 0.197 mmol) was added to 

a solution of 1-phenylethanol (0.026 ml, 0.214 mmol) in 1 mL DMF at 0 °C. The mixture 

was stirred for 10 min at which point 17 (50 mg, 0.164 mmol) was added and the mixture 

was allowed to warm to room temperature and stirred overnight. The mixture was diluted 

with water and extracted 2x with EtOAc. The combined organics were washed 3x with 

brine, dried over sodium sulfate, and concentrated. The crude residue was purified by flash 
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(EtOAc and Hexanes) yielding the titled compound as a white solid (5 mg, 0.014 mmol, 9 % 

yield). MS (ESI): m/z 347.1504 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1H), 7.60 - 

7.44 (m, 3H), 7.28 (dd, J = 10.4, 7.1 Hz, 4H), 7.14 (d, J = 7.0 Hz, 3H), 6.20 (q, J = 6.6 Hz, 

1H), 3.90 (s, 3H), 1.50 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 158.07, 154.93, 

151.02, 141.03, 135.55, 135.21, 129.23, 128.72, 128.48, 128.44, 128.39, 128.02, 125.70, 

109.99, 101.91, 33.77, 22.59. HPLC Purity: 96%

4.8.28. 6-chloro-1-methyl-5-phenyl-1H-pyrazolo[4,3-c]pyridin-4(5H)-one (33).
—A dry flask was charged with 25mL DCE, 3Å molecular sieves, phenylboronic acid 

(1.966 g, 16.12 mmol), 5 (1.48 g, 8.06 mmol), copper(II) acetate hydrate (0.322 g, 1.612 

mmol), and pyridine (1.304 ml, 16.12 mmol). The flask was vacuum purged and backfilled 

with an O2 balloon and stirred vigorously for 3 d. The crude reaction mixture was filtered 

with Celite and the filter pad washed with DCM. The filtrate was washed with sat. aq. 

NH4Cl and dried over sodium sulfate. Following concentration, the crude residue was 

washed with 10mL diethyl ether yielding an orange solid which was taken forward without 

further purification (1.05 g, 4.04 mmol, 50% yield).

4.8.29. 6-mercapto-1-methyl-5-phenyl-1H-pyrazolo[4,3-c]pyridin-4(5H)-one 
(34).—A flask containing 33 (1.05 g, 4.04 mmol), Na2S (400 mg, 4.4 mmol) and 20mL 

DMF was rigorously deoxygenated under vacuum, backfilled with N2 and heated to 140 °C 

for 12 h. The reaction was diluted with 1N HCl and EtOAc forming an emulsion. The entire 

mixture was filtered, affording the titled compound as a white solid (620 mg, 2.410 mmol, 

60% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.97 (s, 1H), 7.55 – 7.42 (m, 3H), 7.25 (d, J = 

7.3 Hz, 2H), 6.89 (s, 1H), 3.87 (s, 3H).

4.8.30 2-((1-Methyl-4-oxo-5-phenyl-4,5-dihydro-1H-pyrazolo[4,3-c]pyridin-6-
yl)thio)-2-phenylacetic acid (35).—To a suspension of 34 (180 mg, 0.700 mmol) and 

K2CO3 (135 mg, 0.979 mmol) in 3mL DMF was added ethyl 2-bromo-2-phenylacetate (147 

μl, 0.839 mmol). The mixture was stirred at RT overnight. The next day the mixture was 

diluted with water and extracted 2x with EtOAc. The combined organics were washed 3x 

with brine, dried over sodium sulfate, and concentrated. The crude mixture was purified by 

flash (Eluting at 50% EtOAc in Hexanes) to afford the titled compound as a white solid (213 

mg, 0.508 mmol, 73% yield). 1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 7.56 - 7.46 (m, 

3H), 7.34 - 7.23 (m, 7H), 6.47 (s, 1H), 4.69 (s, 1H), 4.23 - 4.02 (m, 2H), 3.93 (s, 3H), 1.18 

(t, J = 7.1 Hz, 3H).

A slurry of ethyl 2-((1-methyl-4-oxo-5-phenyl-4,5-dihydro-1H-pyrazolo[4,3-c]pyridin-6-

yl)thio)-2- phenylacetate (213 mg, 0.508 mmol) in 2mL 1N LiOH and 3mL THF was stirred 

for 2 hours at which point the reaction was complete by HPLC. Following removal of THF, 

the mixture was acidified with 1N HCl and extracted 3x with EtOAc. The combined 

organics were washed with brine, dried over sodium sulfate, and concentrated to afford the 

titled compound as a white solid (202 mg, 0.516 mmol, 102 % yield).

4.8.31. 1-Methyl-5,7-diphenyl-1H-pyrazolo[3,4-d]thieno[2,3-
b]pyridine-4,8(5H,7H)-dione (36).—35 (138 mg, 0.353 mmol) was dissolved in 5mL 

DCM and cooled to 0 °C under nitrogen at which point (COCl)2 (0.037 ml, 0.423 mmol) 
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and DMF (3 μl, 0.035 mmol) were added sequentially. The mixture was stirred for 10 

minutes at 0 °C and then allowed to warm to room temperature and left overnight. The next 

day the solvent was removed and the residue was purified by flash (EA in Hex) to yield (90 

mg, 0.241 mmol, 68% yield) as an oily white solid. MS (ESI): m/z 374.0956 [M+H]+ 1H 

NMR (500 MHz, CDCl3) δ 8.17 (s, 1H), 7.63 - 7.53 (m, 3H), 7.44 - 7.34 (m, 5H), 7.34 - 

7.28 (m, 2H), 4.97 (s, 1H), 4.48 (s, 3H).13C NMR (126 MHz, CDCl3) δ 192.45, 171.74, 

158.04, 138.91, 138.16, 136.11, 134.16, 130.45, 130.00, 129.20, 128.86, 128.53, 128.34, 

110.79, 101.00, 58.53, 41.37. HPLC Purity: 96%.

4.8.32. 3-((1-Methyl-4-oxo-5-phenyl-4,5-dihydro-1H-pyrazolo[4,3-c]pyridin-6-
yl)thio)-3-phenylpropanoic acid (37).—Cinnamic acid (535 mg, 3.61 mmol) was 

heated to 70 °C in a sealed tube with 1mL 33% HBr/HOAc overnight. The next day the 

reaction was diluted with DCM and washed with water and brine, dried over sodium sulfate, 

and concentrated affording a white solid. The solid dissolved in 10mL DMF to which 34 
(620 mg, 2.410 mmol) and sodium bicarbonate (304 mg, 3.61 mmol) were added. After 2 h 

the thiol was fully dissolved and the reaction was complete by HPLC and the reaction was 

neutralized with a couple drops of conc. HCl. The DMF was removed in vacuo and the 

crude product was purified by flash (5-10% MeOH in DCM) yielding the titled compound as 

a yellow oil. (670 mg, 1.652 mmol, 69% yield). 1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 

0.9 Hz, 1H), 7.52 – 7.40 (m, 3H), 7.32 – 7.19 (m, 5H), 7.13 (d, J = 7.0 Hz, 2H), 6.53 (s, 1H), 

4.48 (t, J = 7.2 Hz, 1H), 3.86 (s, 3H), 2.97 – 2.83 (m, 2H).

4.8.33. 1-Methyl-5,7-diphenyl-7,8-dihydropyrazolo[3,4-d]thiopyrano[2,3-
b]pyridine-4,9(1H,5H)-dione (38).—To a dry pressure tube was added a suspension of 

37 (630 mg, 1.554 mmol) in 10mL DCE. Methanesulfonic anhydride (541 mg, 3.11 mmol) 

was added and the headspace was flushed with N2 and the tube sealed. The tube was heated 

to 70 °C for 2 h. The next day the reaction was diluted with DCM and washed with saturated 

Sodium Bicarbonate and brine before drying over sodium sulfate and concentrating. The 

crude brown oil was purified by flash (Elutes around 50% EA/Hex) yielding the product as a 

white-yellow foam (250 mg, 0.645 mmol, 42% yield). MS (ESI): m/z 388.1114 [M+H]+ 1H 

NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 7.57 - 7.46 (m, 3H), 7.40 - 7.30 (m, 5H), 7.29 - 

7.21 (m, 3H), 4.66 (dd, J = 12.6, 4.5 Hz, 1H), 4.19 (s, 3H), 3.31 - 3.11 (m, 2H).13C NMR 

(101 MHz, CDCl3) δ 189.64, 159.55, 157.89, 141.28, 137.06, 136.73, 135.76, 130.17, 

129.87, 129.77, 129.20, 129.15 (d, J = 1.1 Hz), 129.08, 127.79, 112.19, 105.21, 46.86, 

45.66, 42.30. HPLC Purity: 99%

4.8.34. 9-hydroxy-1-methyl-5,7-diphenyl-5,7,8,9-tetrahydropyrazolo[3,4-
d]thiopyrano[2,3-b]pyridin-4(1H)-one (39).—NaBH4 (5.86 mg, 0.155 mmol), and 38 
(50 mg, 0.129 mmol) were added to 1mL abs. EtOH at 0 °C. The mixture was stirred for 30 

minutes at the same temperature then quenched with saturated aqueous NH4Cl. The mixture 

was concentrated and taken up in EtOAc, washed with water and brine, dried over sodium 

sulfate, and concentrated to afford the titled compound (mixture of diastereomers) as a white 

solid (42 mg, 0.108 mmol, 84% yield).
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4.8.35. 1-Methyl-5,7-diphenyl-5,7-dihydropyrazolo[3,4-d]thiopyrano[2,3-
b]pyridin-4(1H)-one (40).—To a solution of 39 (24 mg, 0.062 mmol) and InCl3 (1.363 

mg, 6.16 μmol) in 1mL DCM was added chlorodiphenylsilane (0.022 mL, 0.123 mmol). The 

mixture was stirred for 2 hours at room temperature at which point the mixture was 

concentrated and purified by flash (Eluting at 70% EA/Hex) to yield the titled compound as 

a yellow solid (14 mg, 0.038 mmol, 61% yield). MS (ESI): m/z 372.1162 [M+H]+ 1H NMR 

(500 MHz, CDCl3) δ 8.12 (s, 1H), 7.53 - 7.47 (m, 1H), 7.47 - 7.40 (m, 2H), 7.38 - 7.34 (m, 

2H), 7.34 - 7.27 (m, 4H), 7.13 (dt, J = 7.7, 2.3 Hz, 1H), 7.03 (dd, J = 9.8, 1.7 Hz, 1H), 5.81 

(dd, J = 9.8, 4.8 Hz, 1H), 4.87 (dd, J = 4.8, 1.7 Hz, 1H), 4.21 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 158.29, 143.28, 141.58, 138.56, 138.02, 136.92, 129.44, 129.40, 129.39, 129.23, 

128.79, 128.75, 128.40, 128.09, 123.47, 118.72, 112.30, 101.99, 45.63, 39.57. HPLC Purity: 

99%

4.8.36 General Procedure B. Benzylic bromination.—The appropriate 

ethylpyridine (1.067 ml, 9.33 mmol), AIBN (0.153 g, 0.933 mmol), and NBS (1.744 g, 9.80 

mmol) were refluxed in 20mL of CCl4 for 1 h. The reaction was cooled and filtered and the 

solid was taken up in DCM and filtered again. The combined filtrate was washed with 

saturated aqueous sodium bicarbonate and brine before drying over sodium sulfate and 

concentrating. The 1-bromoethyl pyridines were obtained as an orange oil and used without 

further purification.

4.8.36. 1-Methyl-5-phenyl-6-((1-(pyridin-2-yl)ethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (42).—2-ethylpyridine brominated by General Procedure B was 

used according to General Procedure A. White solid (56 mg, 0.154 mmol, 39.8 % yield) MS 

(ESI): m/z 364.1225 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 4.8 Hz, 1H), 8.00 

(s, 1H), 7.64 (t, J = 7.7 Hz, 1H), 7.57 – 7.45 (m, 3H), 7.40 (d, J = 7.8 Hz, 1H), 7.28 (d, J = 

7.5 Hz, 1H), 7.22 (d, J = 6.5 Hz, 1H), 7.16 (t, J = 6.2 Hz, 1H), 5.14 (q, J = 7.2 Hz, 1H), 3.96 

(s, 3H), 1.73 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.52, 161.07, 157.78, 

150.96, 149.52, 136.66, 135.53, 135.37, 129.96, 129.75, 129.38, 122.34, 121.76, 102.83, 

48.47, 34.00, 20.95. HPLC Purity: 99%.

4.8.37. 1-Methyl-5-phenyl-6-((1-(pyridin-3-yl)ethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (43).—3-ethylpyridine brominated by General Procedure B was 

used according to General Procedure A. White solid (90 mg, 0.248 mmol, 64.0 % yield) MS 

(ESI): m/z 364.1225 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.72 (d, J = 2.2 Hz, 1H), 8.49 

(d, J = 4.8 Hz, 1H), 7.99 (s, 1H), 7.70 (d, J = 7.9 Hz, 1H), 7.59 – 7.47 (m, 3H), 7.29 – 7.21 

(m, 2H), 7.18 (d, J = 7.1 Hz, 1H), 5.01 (q, J = 7.3 Hz, 1H), 3.99 (s, 3H), 1.68 (d, J = 7.3 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 160.67, 157.61, 150.85, 149.37, 148.81, 138.32, 

135.47, 135.37, 134.47, 130.10, 129.79, 129.72, 129.37, 129.35, 123.49, 102.96, 44.04, 

34.20, 21.59. HPLC Purity: 99%

4.8.38. 1-methyl-5-phenyl-6-((1-(pyrimidin-5-yl)ethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (44).—A dry vial was charged with polystyrene bound 

triphenylphosphine (Sigma Aldrich, 750mg, 3mmol/g loading), I2 (501 mg, 1.97 mmol), and 

4mL THF and stirred for 15 minutes. Imidazole (154 mg, 2.26 mmol) was added and 

Huddle et al. Page 25

Eur J Med Chem. Author manuscript; available in PMC 2022 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allowed to dissolve before adding 1-(pyrimidin-5-yl)ethanol78 (140mg, 1.128 mmol) 

dissolved in minimal THF. The mixture was agitated on an orbital shaker overnight. The 

reaction was filtered and the resin washed with additional DCM. The filtrate was washed 

with sat. aq. Na2S2O3, saturated aq. NaHCO3 and brine before drying over sodium sulfate 

and concentrating to afford 5-(1-iodoethyl)pyrimidine as an orange waxy solid which was 

used immediately without further purification due to rapid discoloration. 5-(1-

iodoethyl)pyrimidine was used according to General Protocol A. White solid (41 mg, 0.113 

mmol, 38.7 % yield). MS (ESI): m/z 387.1010 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 9.10 

(s, 1H), 8.82 (s, 2H), 7.99 (s, 1H), 7.61 - 7.49 (m, 3H), 7.30 - 7.23 (m, 1H), 7.21 - 7.15 (m, 

1H), 4.94 (q, J = 7.6 Hz, 1H), 3.98 (s, 3H), 1.68 (d, J = 7.4 Hz, 3H).13C NMR (126 MHz, 

CDCl3) δ 160.07, 157.69, 157.41, 155.97, 150.67, 136.63, 135.42, 135.25, 130.29, 129.91, 

129.80, 129.34, 103.07, 41.63, 34.31, 21.05. HPLC Purity: 96%.

4.8.39. 1-methyl-5-phenyl-6-((1-(pyridin-4-yl)ethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (45).—4-ethylpyridine brominated by General Procedure B was 

used according to General Procedure A. White solid (31 mg, 0.085 mmol, 29.4 % yield). MS 

(ESI): m/z 364.1229 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 4.9 Hz, 2H), 7.99 

(s, 1H), 7.61 - 7.48 (m, 3H), 7.36 - 7.30 (m, 2H), 7.29 - 7.22 (m, 1H), 7.23 - 7.15 (m, 1H), 

4.95 (q, J = 7.3 Hz, 1H), 3.95 (s, 3H), 1.64 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 160.55, 157.58, 151.66, 150.79, 150.04, 135.43, 135.41, 130.15, 129.79 (d, J = 9.4 

Hz), 129.35 (d, J = 3.2 Hz), 122.37, 102.95, 45.48, 34.10, 21.20. HPLC Purity: 99%

4.8.40 6-((1-(3-hydroxyphenyl)ethyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (46).—3-Ethylphenol (1 g, 8.19 mmol), TBS-Cl (1.357 g, 9.00 

mmol), and imidazole (1.226 g, 18.01 mmol) were stirred overnight in 10 mL DMF. Diluted 

with 25 mL water and extracted with 25mL EtOAc. The organic portion was dried over 

Na2S2O3 and the solvent was removed. The crude oil was filtered through a pad of silica 

using ~5% EA in Hex yielding tert-butyl(3-ethylphenoxy)dimethylsilane (1.8 g, 7.61 mmol, 

93 % yield) as a colorless oil which was used without further purification.

A suspension of tert-butyl(3-ethylphenoxy) dimethylsilane (1.8 g, 7.61 mmol), benzoyl 

peroxide (0.277 g, 1.142 mmol), and NBS (1.355 g, 7.61 mmol) in 15mL CCl4 was refluxed 

for 3 h. The mixture was cooled to RT and filtered. The filtrate was diluted with DCM and 

washed with water and brine before drying over sodium sulfate. The mixture was 

concentrated and the resulting residue was filtered through a pad of silica eluting with 

hexanes yielding (3-(1-bromoethyl)phenoxy)(tert-butyl)dimethylsilane as a colorless oil (1.2 

g, 3.81 mmol, 50.0 % yield). 1H NMR (500 MHz, CDCl3) δ 7.19 (t, J = 7.9 Hz, 1H), 7.01 

(d, J = 7.6 Hz, 1H), 6.92 (d, J = 2.1 Hz, 1H), 6.75 (dd, J = 8.1, 2.4 Hz, 1H), 5.15 (q, J = 6.9 

Hz, 1H), 2.02 (d, J = 6.9 Hz, 3H), 1.00 - 0.95 (s, 9H), 0.21 (s, 6H).

(3-(1-bromoethyl)phenoxy)(tert-butyl)dimethylsilane was used in General Protocol A to 

afford 6-((1-(3-((tert-butyldimethylsilyl)oxy)phenyl)ethyl)thio)-1-methyl-5-phenyl-1H-

pyrazolo[3,4-d]pyrimidin-4(5H)-one as a yellow oil. (195 mg, 0.396 mmol, 82 % yield).

To an HDPE vial was added 6-((1-(3-((tert-butyldimethylsilyl)oxy)phenyl)ethyl)thio)-1-

methyl-5-phenyl-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (195 mg, 0.40 mmol) dissolved in 

Huddle et al. Page 26

Eur J Med Chem. Author manuscript; available in PMC 2022 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3mL THF. 70% HF in pyridine (250 μl, 10.2 mmol) was added and the vial was sealed under 

N2 and left overnight. The next morning the reaction was diluted with 15mL water and 

extracted with EtOAc. The organic portion was washed with sat. aq. NaHCO3 and brine then 

dried over sodium sulfate and concentrated yielding the titled compound as a white solid 

(123 mg, 0.325 mmol, 82 % yield). MS (ESI): m/z 379.1218 [M+H]+ 1H NMR (500 MHz, 

DMSO-d6) δ 9.43 (s, 1H), 8.04 (s, 1H), 7.59 - 7.53 (m, 1H), 7.53 - 7.48 (m, 2H), 7.38 (d, J = 

7.6 Hz, 1H), 7.33 - 7.26 (m, 1H), 7.10 (t, J = 7.8 Hz, 1H), 6.83 (d, J = 7.7 Hz, 1H), 6.78 (s, 

1H), 6.63 (dd, J = 8.1, 2.4 Hz, 1H), 4.94 (q, J = 7.0 Hz, 1H), 3.97 (s, 3H), 1.64 (d, J = 7.0 

Hz, 3H).13C NMR (126 MHz, DMSO-d6) δ 161.31, 157.80, 157.30, 150.87, 143.59, 136.14, 

135.10, 130.26, 130.07, 129.98, 129.95, 118.52, 114.93, 114.74, 102.80, 46.84, 34.34, 

22.09. HPLC Purity: 98%

4.8.41. 6-((1-(2-methoxyphenyl)ethyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (47).—1-(1-bromoethyl)-2-methoxybenzene generated according 

to General Protocol B was employed in General Protocol A. White solid. (60 mg, 0.153 

mmol, 52.7 % yield) MS (ESI): m/z 393.1383 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.00 

(s, 1H), 7.61 - 7.43 (m, 3H), 7.33 (d, J = 7.6 Hz, 1H), 7.30 - 7.25 (m, 1H), 7.25 - 7.18 (m, 

2H), 6.90 (t, J = 7.7 Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 5.45 (q, J = 7.2 Hz, 1H), 3.98 (s, 3H), 

3.85 (s, 3H), 1.69 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 162.17, 157.95, 

156.54, 151.18, 135.77, 135.34, 129.94, 129.81, 129.62 (d, J = 4.8 Hz), 129.40 (d, J = 2.2 

Hz), 128.62, 127.98, 120.63, 110.74, 102.76, 55.52, 41.03, 33.78, 21.14. HPLC Purity: 98%

4.8.42. 6-((1-(3-Methoxyphenyl)ethyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (48).—1-(1-bromoethyl)-3-methoxybenzene generated according 

to General Protocol B was employed in General Protocol A. White solid. (29 mg, 0.074 

mmol, 25.4 % yield). MS (ESI): m/z 393.1383 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.00 

(s, 1H), 7.60 - 7.43 (m, 3H), 7.27 (d, J = 6.7 Hz, 1H), 7.23 (t, J = 8.1 Hz, 1H), 7.21 - 7.17 

(m, 1H), 6.97 (d, J = 7.6 Hz, 1H), 6.95 - 6.90 (m, 1H), 6.78 (d, J = 8.4 Hz, 1H), 4.99 (q, J = 

7.2 Hz, 1H), 4.00 (s, 3H), 3.79 (s, 3H), 1.70 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 161.49, 159.62, 157.82, 151.04, 143.66, 135.62, 135.36, 129.93, 129.68 (d, J = 9.5 

Hz), 129.53, 129.38 (d, J = 5.0 Hz), 119.84, 113.81, 112.35, 102.88, 55.22, 46.85, 34.08, 

21.91. HPLC Purity: 98%

4.8.43. 6-((1-(4-Methoxyphenyl)ethyl)thio)-1-methyl-5-phenyl-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (49).—1-(1-bromoethyl)-4-methoxybenzene generated according 

to General Protocol B was employed in General Protocol A. White solid. (38 mg, 0.097 

mmol, 33.3 % yield) MS (ESI): m/z 393.1381 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.01 

(s, 1H), 7.61 - 7.40 (m, 3H), 7.30 (d, J = 8.4 Hz, 2H), 7.28 - 7.24 (m, 1H), 7.18 (d, J = 6.6 

Hz, 1H), 6.83 (d, J = 8.4 Hz, 2H), 5.00 (q, J = 7.1 Hz, 1H), 4.02 (s, 3H), 3.78 (s, 3H), 1.71 

(d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.69, 158.95, 157.85, 151.09, 135.65, 

135.37, 133.82, 129.88, 129.65 (d, J = 9.4 Hz), 129.37 (d, J = 5.7 Hz), 128.66, 113.87, 

102.87, 55.25, 46.44, 34.06, 21.98. HPLC Purity: 96%

4.8.44. 5-(4-(Hydroxymethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (51).—5022 (250 mg, 1.183 mmol), and (4-
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aminophenyl)methanol (146 mg, 1.183 mmol) were stirred in 2mL DMF for 1 h. The flask 

was cooled in an ice bath and 60 wt.% NaH (99 mg, 2.485 mmol) was added. The mixture 

was stirred for 30 min at 0 °C and 1 h at RT. The reaction was quenched with a few drops of 

Sat. NH4Cl and diluted with water and ethyl acetate (Aq. Layer pH=7). The organic layer 

was discarded and the aqueous layer was acidified with 1N HCl and extracted 2x with 

EtOAc. The combined organics were washed 3x with brine, dried over sodium sulfate and 

concentrated. The crude sulfide was dissolved in 2mL DMF to which K2CO3 (164 mg, 

1.183 mmol) and (1-bromoethyl)benzene (0.161 ml, 1.183 mmol) were added. The mixture 

was stirred for 2 h and diluted with water and extracted 2x with EtOAc. The combined 

organics were washed 3x with brine and dried over sodium sulfate and concentrated. The 

crude was purified by flash (eluting 50% EtOAc in Hexanes) yielding the product as a white 

solid. (100 mg, 0.255 mmol, 21.53 % yield) MS (ESI): m/z 393.1380 [M+H]+ 1H NMR (500 

MHz, CDCl3) δ 7.95 (d, J = 3.0 Hz, 1H), 7.46 (dd, J = 8.1, 2.0 Hz, 1H), 7.41 (dd, J = 8.1, 1.9 

Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.32 - 7.25 (m, 3H), 7.22 (dd, J = 7.5, 1.9 Hz, 2H), 7.13 

(dd, J = 8.1, 2.2 Hz, 1H), 5.00 (q, J = 7.1 Hz, 1H), 4.65 (d, J = 3.3 Hz, 2H), 3.97 (d, J = 1.7 

Hz, 3H), 3.38 (d, J = 24.4 Hz, 1H), 1.69 (dd, J = 7.2, 1.3 Hz, 4H). 13C NMR (126 MHz, 

CDCl3) δ 161.70, 158.05, 151.06, 143.53, 142.09, 135.26, 134.33, 129.25, 128.54, 127.88 

(d, J = 7.7 Hz), 127.57, 127.52, 102.79, 64.08, 46.94, 34.06, 21.97. HPLC Purity: 96%

4.8.45. 5-(4-(methoxymethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (52).—To a solution of 51 (133 mg, 0.339 mmol) 

in 3mL dry DMF at 0 °C was added 60 wt.% NaH (13.55 mg, 0.339 mmol). MeI (42.4 μl, 

0.678 mmol) was added immediately and the mixture was stirred for 10 min then allowed to 

warm to RT and stirred for 1 h. The reaction was diluted with water and extracted 2x with 

EtOAc. The combined organics were washed 3x with brine and dried over sodium sulfate. 

The crude product was purified by flash (eluting around 50% EtOAc in Hexanes) to yield 

the titled compound as a colorless oil which solidified over several days (45 mg, 0.111 

mmol, 32.7 % yield). MS (ESI): m/z 407.1533 [M+H]+ 1H NMR (500 MHz, CDCl3 ) δ 7.96 

(s, 1H), 7.50 (dd, J = 8.1, 1.9 Hz, 1H), 7.45 (dd, J = 8.1, 1.9 Hz, 1H), 7.41 - 7.35 (m, 2H), 

7.33 - 7.27 (m, 2H), 7.27 - 7.21 (m, 2H), 7.17 (dd, J = 8.1, 2.3 Hz, 1H), 5.01 (q, J = 7.2 Hz, 

1H), 4.53 (s, 2H), 3.99 (s, 3H), 3.45 (s, 3H), 1.70 (d, J = 7.2 Hz, 3H).13C NMR (126 MHz, 

CDCl3 ) δ 161.56, 157.82, 151.03, 142.13, 140.38, 135.30, 134.80, 129.36, 129.34, 128.57, 

128.52, 128.50, 127.55, 127.51, 102.83, 73.99, 58.55, 46.89, 34.06, 21.98. HPLC Purity: 

96%

4.8.46. 5-(4-(2-hydroxyethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (53).—50 (200 mg, 0.947 mmol) and 2-(4-

aminophenyl)ethanol (130 mg, 0.947 mmol) were stirred in 5 mL DMF for 2 h at which 

point the reaction was cooled to 0 °C and 60 wt.% NaH (76 mg, 1.894 mmol) was added. 

The mixture was stirred at the same temperature for 30 min then allowed to warm to RT and 

stirred for 2 h. The mixture was diluted with 1N HCl and extracted 2x with EtOAc. The 

combined organics were washed with brine and dried over sodium sulfate before 

concentrating and suspending the solid in 2.5 mL DMF and adding K2CO3 (196 mg, 1.420 

mmol) and (1-bromoethyl)benzene (0.129 ml, 0.947 mmol). The mixture was stirred at RT 

overnight. The following day the mixture was diluted with water and extracted 2x with 
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EtOAc. The combined organics were washed 3x with brine and dried over sodium sulfate. 

The crude solid was purified by flash (Eluting at 50% EtOAc in Hexanes) to afford the titled 

compound as a white foam (125 mg, 0.308 mmol, 32.5 % yield). MS (ESI): m/z 407.1536 

[M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 7.42 - 7.36 (m, 3H), 7.37 - 7.27 (m, 

3H), 7.27 - 7.21 (m, 1H), 7.19 (dd, J = 8.0, 2.3 Hz, 1H), 7.11 (dd, J = 8.0, 2.3 Hz, 1H), 5.02 

(q, J = 7.2 Hz, 1H), 3.99 (s, 3H), 3.90 (q, J = 5.7, 5.2 Hz, 2H), 2.93 (t, J = 6.6 Hz, 2H), 1.71 

(d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.60, 157.91, 151.04, 142.07, 140.80, 

135.34, 133.82, 130.39, 130.34, 129.36, 129.33, 128.52, 127.56, 127.53, 102.84, 63.21, 

46.91, 38.96, 34.05, 21.92. HPLC Purity 97%

4.8.47. 5-(4-(2-methoxyethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (54).—Prepared from 53 in a similar manner to 

52. Colorless oil. (54 mg, 0.128 mmol, 49.7 % yield) MS (ESI): m/z 421.1689 [M+H]+ 1H 

NMR (500 MHz, CDCl3) δ 7.96 (s, 1H), 7.43 - 7.36 (m, 3H), 7.36 - 7.27 (m, 3H), 7.27 - 

7.21 (m, 1H), 7.18 (dd, J = 8.1, 2.3 Hz, 1H), 7.10 (dd, J = 8.1, 2.3 Hz, 1H), 5.01 (q, J = 7.1 

Hz, 1H), 3.99 (s, 3H), 3.66 (t, J = 7.0 Hz, 2H), 3.38 (s, 3H), 2.96 (t, J = 7.0 Hz, 2H), 1.71 (d, 

J = 7.2 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 161.68, 157.85, 151.03, 142.16, 141.10, 

135.30, 135.28, 133.64, 130.15 (d, J = 7.6 Hz), 129.18 (d, J = 4.5 Hz), 128.51, 127.53, 

102.85, 73.06, 58.70, 46.87, 35.94, 34.04, 21.95. HPLC Purity: 97%

4.8.48. 5-(4-(aminomethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one hydrochloride (55).—DIPEA (200 μl, 1.147 

mmol), and Ms-Cl (74.5 μl, 0.955 mmol) were added sequentially by syringe to a solution of 

51 (300 mg, 0.764 mmol) in 1.5mL DCM at −10 °C. The mixture was stirred for 10 min 

then taken out of the cooling bath and stirred for 3 h. The reaction was diluted with DCM 

and washed with water and brine before drying the organic portion over sodium sulfate and 

concentrating to yield 4-(1-methyl-4-oxo-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-

d]pyrimidin-5(4H)-yl)benzyl methanesulfonate as a colorless oil (347 mg, 0.737 mmol, 96 

% yield).

A degassed solution of NaN3 (24.87 mg, 0.383 mmol) and 4-(1-methyl-4-oxo-6-((1-

phenylethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-5(4H)-yl)benzyl methanesulfonate (150 mg, 

0.319 mmol) was stirred in 2mL DMF at 60 °C overnight. The next day the mixture was 

diluted with water, and extracted 2x into EtOAc. The combined organics were washed 3x 

with brine and dried over sodium sulfate. The crude was purified by flash (eluting around 

60% EA/Hex) to yield 5-(4-(azidomethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-

pyrazolo[3,4-d]pyrimidin-4(5H)-one as a white foam (62 mg, 0.149 mmol, 46.6 % yield). 
1H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.44 (d, J = 8.5 Hz, 

1H), 7.38 (d, J = 7.6 Hz, 2H), 7.34 - 7.27 (m, 3H), 7.22 - 7.17 (m, 1H), 5.02 (q, J = 7.2 Hz, 

1H), 4.47 (s, 2H), 4.00 (s, 3H), 1.71 (d, J = 7.2 Hz, 3H).

5-(4-(azidomethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-

d]pyrimidin-4(5H)-one (62 mg, 0.149 mmol) was taken up in 3mL THF to which 

polystyrene bound triphenylphosphine (Sigma Aldrich, 3mmol/g, .3mmol) and a few drops 

of water was added. The mixture was agitated on an orbit shaker for 2 days at which point 1 

mL of water was added. The mixture was filtered after an hour and the resin washed with 
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DCM. The filtrate was concentrated and purified by flash (5% MeOH/94% DCM/1% TEA) 

to yield a yellow oil. The product was additionally purified by C18 flash (30%-50% ACN in 

Water, 0.1% TFA) to yield the TFA salt as an oil. Residue was taken up in Ethyl Acetate and 

washed with sat. sodium carbonate. The organic portion was concentrated, taken up in 

EtOH, treated with a few drops Conc. HCl and then concentrated again to yield the tiled 

compound as a yellow residue (7 mg, 0.016 mmol, 11.01 % yield). MS (ESI): m/z 392.1542 

[M+H]+ 1H NMR (500 MHz, Methanol-d4) δ 7.96 (s, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.62 (d, 

J = 8.0 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.40 - 7.32 (m, 3H), 7.29 (t, J = 7.4 Hz, 2H), 7.22 

(t, J = 7.3 Hz, 1H), 5.07 (q, J = 6.9 Hz, 1H), 4.21 (s, 2H), 3.99 (s, 3H), 1.71 (d, J = 6.9 Hz, 

3H). 13C NMR (126 MHz, Methanol-d4) δ 161.48, 158.37, 151.06, 141.70, 136.38, 135.21, 

134.48, 130.19 (d, J = 4.2 Hz), 130.05 (d, J = 3.7 Hz), 128.23, 127.32, 127.18, 102.33, 

46.97, 42.44, 33.01, 20.76. HPLC Purity 98%

4.8.49. 4-(1-Methyl-4-oxo-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-5(4H)-yl)benzaldehyde (56).—A solution of 51 (500 mg, 1.274 mmol) and 

Dess-Martin periodinane (648 mg, 1.53 mmol) was stirred in 10mL DCM overnight. The 

next day, 1mL sat. aq. sodium bicarbonate was added and the mixture vigorously stirred for 

1 h then filtered. The organic portion of the filtrated was washed with water and brine then 

dried over sodium sulfate and concentrated to afford the titled compound as a white solid. 

(300 mg, 0.768 mmol, 60.3 % yield). 1H NMR (500 MHz, DMSO-d6) δ 10.06 (s, 1H), 8.06 

(dd, J = 8.1, 1.9 Hz, 1H), 8.04 (s, 1H), 8.02 (dd, J = 8.1, 2.0 Hz, 1H), 7.66 (dd, J = 8.1, 2.1 

Hz, 1H), 7.56 (dd, J = 8.1, 2.1 Hz, 1H), 7.45 – 7.39 (m, 2H), 7.30 (dd, J = 8.4, 6.8 Hz, 2H), 

7.25 – 7.13 (m, 1H), 5.06 (q, J = 7.1 Hz, 1H), 3.96 (s, 3H), 1.66 (d, J = 7.1 Hz, 3H).

4.8.50. 1-methyl-5-(4-((methylamino)methyl)phenyl)-6-((1-
phenylethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin- 4(5H)-one (57).—To a flask 

charged with 1mL MeOH and 56 (50 mg, 0.128 mmol) was added 33% methylamine in 

EtOH (0.032 ml, 0.256 mmol) and titanium isopropoxide (0.038 ml, 0.128 mmol) by 

syringe. The starting material gradually went into solution, and then a white precipitate 

formed over the course of an hour. At this point NaBH4 (7.27 mg, 0.192 mmol) was added 

and the mixture was stirred for 15 minutes at which point the reaction was once again 

homogenous and the starting material was consumed by HPLC. The mixture was diluted 

with water and extracted 3x with ethyl acetate. The combined organic portion was washed 

with brine and dried over sodium sulfate. Upon concentrating, 45 mg of an oily residue was 

obtained which was taken up in 1mL Et2O and a few drops of hexane was added until the 

mixture became slightly cloudy. Upon cooling in the freezer, a precipitate formed which was 

collected by filtration yielding the titled compound as a white solid (9 mg, 0.022 mmol, 

17.33 % yield). (ESI): m/z 406.1693 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 

7.49 (dd, J = 8.1, 2.0 Hz, 1H), 7.44 (dd, J = 8.1, 1.9 Hz, 1H), 7.38 (d, J = 7.1 Hz, 2H), 7.30 

(t, J = 7.5 Hz, 2H), 7.25 - 7.18 (m, 2H), 7.13 (dd, J = 8.1, 2.3 Hz, 1H), 5.01 (q, J = 7.2 Hz, 

1H), 3.99 (s, 3H), 3.83 (s, 2H), 2.51 (s, 3H), 1.83 (br. s, 1H), 1.70 (d, J = 7.2 Hz, 3H). 13C 

NMR (126 MHz, CDCl3) δ 161.62, 157.85, 151.04, 142.13 (d, J = 2.2 Hz), 135.34, 134.27, 

129.33, 129.28, 129.26, 128.50, 127.53, 127.51, 102.86, 55.55, 46.87, 36.21, 34.04, 21.95. 

HPLC Purity 96%
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4.8.51. 5-(4-((dimethylamino)methyl)phenyl)-1-methyl-6-((1-
phenylethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (58).—Prepared in a 

similar manner to 57 using 5.6M dimethylamine in EtOH. (52 mg, 0.124 mmol, 48.4 % 

yield) (ESI): m/z 420.1849 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.98 (s, 1H), 7.47 (dd, J 

= 8.1, 1.9 Hz, 1H), 7.42 (dd, J = 8.1, 2.0 Hz, 1H), 7.40 - 7.34 (m, 2H), 7.33 - 7.27 (m, 2H), 

7.25 - 7.18 (m, 2H), 7.12 (dd, J = 8.1, 2.3 Hz, 1H), 5.01 (q, J = 7.1 Hz, 1H), 3.99 (s, 3H), 

3.49 (s, 2H), 2.29 (s, 6H), 1.70 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.67, 

157.84, 151.06, 142.20, 141.17, 135.34, 134.31, 130.10, 130.02, 129.19, 129.17, 128.51, 

127.53, 127.51, 102.89, 63.89, 46.87, 45.59, 34.05, 21.99. HPLC Purity: 96%

4.8.52. tert-butyl 4-(1-methyl-4-oxo-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-5(4H)- yl)phenethylcarbamate (59).—Tert-butyl 4-

aminophenethylcarbamate (prepared as previously described79, 290 mg, 1.227 mmol) was 

added to a solution of 50 (259 mg, 1.227 mmol) in 5mL DMF. After stirring for 2 h the 

mixture was cooled to 0 °C and 60 wt.% NaH (54.0 mg, 1.350 mmol) was added. The 

reaction was stirred at the same temperature for 15 min then allowed to warm to RT and 

stirred for 2 h. The flask was cooled to 0 °C and (1-bromoethyl)benzene (184 μl, 1.350 

mmol) was added by syringe. The flask was warmed to RT and stirred for 1 h at which point 

the solvent was removed in vacuo. The residue was taken up in EtOAc and washed with 

water and brine before drying over sodium sulfate and concentrating. The crude residue was 

purified by flash (Eluting at 60% EtOAc in hexanes) then further purified by taking up the 

solid in 30mL hot EtOH, adding 5mL water, and allowing the mixture to cool to RT 

affording the titled compound as a white crystalline solid (330 mg, 0.653 mmol, 53.2 % 

yield). 1H NMR (500 MHz, CDCl3) δ 8.00 (s, 1H), 7.39 (d, J = 7.6 Hz, 2H), 7.37 - 7.28 (m, 

3H), 7.25 - 7.22 (m, 1H), 7.19 (dd, J = 8.2, 2.2 Hz, 1H), 7.11 (dd, J = 8.1, 2.3 Hz, 1H), 5.02 

(q, J = 7.2 Hz, 1H), 4.62 (s, 1H), 4.00 (s, 3H), 3.49 - 3.29 (m, 2H), 2.88 (t, J = 6.9 Hz, 2H), 

1.71 (d, J = 7.2 Hz, 3H), 1.45 (s, 9H).

4.8.53. tert-butyl methyl(4-(1-methyl-4-oxo-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-5(4H)- yl)phenethyl)carbamate (60).—To a solution of 59 
(48 mg, 0.095 mmol) in 1 mL DMF at 0 °C was added 60 wt.% NaH (4.94 mg, 0.123 

mmol). The mixture was stirred under N2 at the same temperature for 30 min at which point 

MeI (7.12 μl, 0.114 mmol) was added by syringe. The mixture was stirred for an hour at RT 

then quenched with a few drops of sat. Aq. NH4Cl and concentrated in vacuo. The residue 

obtained was taken up in water and extracted 3x with EtOAc. The combined organics were 

washed 3x with brine and dried over sodium sulfate. The crude residue was purified by flash 

(Eluting around 50% EA in Hex) to yield the titled compound as a white foam (35 mg, 0.067 

mmol, 70.9 % yield). 1H NMR (400 MHz, CDCl3) δ 7.97 (s, 1H), 7.42 - 7.14 (m, 8H), 7.10 

(d, J = 7.8 Hz, 1H), 5.00 (q, J = 7.1 Hz, 1H), 3.98 (s, 3H), 3.47 (br.s, 2H), 2.98 - 2.72 (m, 

4H), 1.70 (d, J = 7.1 Hz, 3H), 1.45 (s, 9H).

4.8.54. 5-(4-(2-Aminoethyl)phenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one hydrochloride (61).—59 (105 mg, 0.208 mmol) 

was dissolved in 1 mL DCM to which 1 mL TFA was added. The mixture was stirred 

overnight then concentrated in vacuo. The residue was taken up in 1:3 conc. HCl and EtOH 
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and evaporated 3 times to exchange TFA salt for HCl to afford the titled compound as an 

off-white solid (70 mg, 0.158 mmol, 76 % yield). (ESI): m/z 406.1695 [M+H]+ 1H NMR 

(500 MHz, DMSO-d6) δ 8.01 (s, 1H), 7.91 (br. s, 3H), 7.44 - 7.39 (m, 3H), 7.39 - 7.27 (m, 

4H), 7.26 - 7.19 (m, 2H), 5.03 (q, J = 7.1 Hz, 1H), 3.95 (s, 3H), 3.11 (p, J = 5.3 Hz, 2H), 

2.96 - 2.88 (m, 2H), 1.66 (d, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 161.26, 

157.34, 150.84, 142.33, 139.55, 135.10, 134.70, 130.19, 130.12, 128.96, 128.06, 127.94, 

102.77, 46.86, 39.92, 34.34, 33.16, 21.95. HPLC Purity: 98%.

4.8.55. 1-methyl-5-(4-(2-(methylamino)ethyl)phenyl)-6-((1-
phenylethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-one hydrochloride (62).—
60 (120 mg, 0.231 mmol) was dissolved in 1mL DCM and 1mL TFA. The mixture was 

stirred for 2 h, at which point the starting material was consumed by TLC. The reaction was 

concentrated and the residue taken up in sat. aq. sodium bicarbonate and extracted 3x into 

EtOAc. The combined organics were washed with brine, and dried over sodium sulfate. A 

few drops of 4N HCl in dioxane were added and the mixture was concentrated to yield the 

titled compound as a white solid (105 mg, 0.230 mmol, 100 % yield). (ESI): m/z 420.1853 

[M+H]+ 1H NMR (500 MHz, DMSO-d6) δ 9.09 (s, 2H), 8.01 (s, 1H), 7.45 - 7.40 (m, 3H), 

7.37 (dd, J = 8.1, 2.0 Hz, 1H), 7.35 - 7.27 (m, 3H), 7.26 - 7.20 (m, 2H), 5.02 (q, J = 7.1 Hz, 

1H), 3.95 (s, 3H), 3.17 (dq, J = 10.9, 6.3, 5.9 Hz, 2H), 3.02 (dd, J = 10.0, 6.5 Hz, 2H), 2.56 

(t, J = 5.3 Hz, 3H), 1.65 (d, J = 7.1 Hz, 3H).13C NMR (126 MHz, DMSO-d6) δ 161.27, 

157.32, 150.84, 142.37, 139.50, 135.09, 134.67, 130.20 (d, J = 6.5 Hz), 130.15, 128.95, 

128.06, 127.92, 102.77, 49.02, 46.86, 34.35, 32.76, 31.48, 21.97. HPLC Purity: 98%.

4.8.56. 5-(4-(2-(dimethylamino)ethyl)phenyl)-1-methyl-6-((1-
phenylethyl)thio)-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (63).—61 (62 mg, 0.140 

mmol) was dissolved in 2 mL DCE and treated with DIPEA (0.025 ml, 0.140 mmol), stirred 

for 5 min, then 37% aq. formaldehyde (0.031 ml, 0.421 mmol) and acetic acid (0.024 ml, 

0.421 mmol) were added sequentially. The mixture was stirred for 10 min at which point 

sodium triacetoxyborohydride (89 mg, 0.421 mmol) was added and the mixture was stirred 

overnight. The next day the mixture was diluted with 10% aq. Na2CO3 and extracted with 

EtOAc. The organic portion was washed with brine, dried over sodium sulfate, and 

concentrated to yield the pure product as an off white foam (59 mg, 0.136 mmol, 97 % 

yield). (ESI): m/z 434.2009 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 7.37 (ddd, 

J = 15.8, 8.3, 1.8 Hz, 3H), 7.33 - 7.28 (m, 3H), 7.25 (d, J = 8.9 Hz, 1H), 7.16 (dd, J = 8.1, 

2.3 Hz, 1H), 7.08 (dd, J = 8.1, 2.3 Hz, 1H), 5.01 (q, J = 7.1 Hz, 1H), 3.99 (s, 3H), 2.89 - 2.80 

(m, 2H), 2.65 - 2.52 (m, 2H), 2.32 (s, 6H), 1.71 (d, J = 7.2 Hz, 3H).13C NMR (126 MHz, 

CDCl3) δ 161.69, 157.86, 151.04, 142.47, 142.14, 135.35, 133.42, 129.98, 129.90, 129.18, 

129.15, 128.50, 127.53, 127.52, 102.87, 61.08, 46.86, 45.47, 34.17, 34.03, 21.93. HPLC 

Purity: 98%

4.8.57. 4-(1-methyl-4-oxo-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-5(4H)-yl)benzonitrile (64).—Prepared from 4-aminobenzonitrile and 50 in 

a similar manner to 59 affording the titled compound as a white solid (50 mg, 0.129 mmol, 

15.76 % yield). (ESI): m/z 388.1225 [M+H]+ 1H NMR (400 MHz, CDCl3) δ 7.99 (s, 1H), 

7.83 (ddd, J = 8.2, 2.0, 0.6 Hz, 1H), 7.79 (ddd, J = 8.1, 2.0, 0.6 Hz, 1H), 7.42 (ddd, J = 8.1, 
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2.2, 0.6 Hz, 1H), 7.39 - 7.35 (m, 2H), 7.35 - 7.29 (m, 3H), 7.27 (d, J = 7.7 Hz, 1H), 5.04 (q, J 

= 7.2 Hz, 1H), 4.01 (s, 3H), 1.73 (d, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
160.20, 157.34, 150.88, 141.55, 139.74, 135.44 (d, J = 2.8 Hz), 133.55 (d, J = 6.9 Hz), 

130.69, 128.65, 127.83, 127.44, 117.81, 114.08, 102.61, 47.28 (d, J = 8.1 Hz), 34.22, 21.94. 

HPLC Purity: 99%

4.8.58. 5-(4-ethynylphenyl)-1-methyl-6-((1-phenylethyl)thio)-1H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (65).—Prepared from 4-ethynylaniline and 50 in a similar manner 

to 59 affording the titled compound as a yellow solid. (117 mg, 0.303 mmol, 32.0 % yield) 

(ESI): m/z 387.1276 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H), 7.64 (dd, J = 8.2, 

1.8 Hz, 1H), 7.60 (dd, J = 8.2, 1.9 Hz, 1H), 7.38 (d, J = 7.1 Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 

7.28 - 7.22 (m, 2H), 7.15 (dd, J = 8.2, 2.2 Hz, 1H), 5.02 (q, J = 7.1 Hz, 1H), 4.00 (s, 3H), 

3.17 (s, 1H), 1.71 (d, J = 7.0 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 161.08, 157.62, 

150.99, 141.93, 135.83, 135.39, 133.42 (d, J = 9.6 Hz), 129.51 (d, J = 2.9 Hz), 128.57, 

127.64, 127.46, 124.07, 102.77, 82.53, 79.01, 47.01, 34.09, 21.97. HPLC Purity: 98%

4.8.59. 2-(oxetan-3-ylmethyl)-5-phenyl-6-((1-phenylethyl)thio)-2H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (67).—6622 (100 mg, 0.409 mmol), K2CO3 (141 

mg, 1.023 mmol), and (1-bromoethyl)benzene (55.9 μl, 0.409 mmol) were stirred in 2mL 

DMF at room temperature for 1 h. Oxetan-3-ylmethyl methanesulfonate (prepared as 

previously described80, 68.0 mg, 0.409 mmol) was added by syringe and the mixture was 

heated to 60 °C overnight. The next morning the mixture was diluted with water and 

extracted 2x with EtOAc. The combined organic portions were washed 3x with brine, dried 

over sodium sulfate, and concentrated. The crude residue was purified by flash (Eluting at 

60% EtOAc in Hex) yielding the titled compound as a colorless oil (26 mg, 0.062 mmol, 

15.18 % yield). MS (ESI): m/z 419.1537 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.06 (s, 

1H), 7.56 - 7.40 (m, 3H), 7.35 (d, J = 7.6 Hz, 2H), 7.31 - 7.25 (m, 3H), 7.24 - 7.14 (m, 2H), 

5.18 (q, J = 7.0 Hz, 1H), 4.87 (t, J = 7.2 Hz, 2H), 4.57 (d, J = 7.5 Hz, 2H), 4.54 (q, J = 5.7 

Hz, 2H), 3.66 (h, J = 6.9 Hz, 1H), 1.75 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
160.53, 158.69, 158.62, 141.62, 135.57, 129.82, 129.62, 129.59, 129.56, 129.51, 128.62, 

128.54, 127.70, 127.48, 105.00, 74.46, 55.80, 46.52, 35.38, 22.10. HPLC Purity: 99%

4.8.60. 2-(oxetan-3-yl)-5-phenyl-6-((1-phenylethyl)thio)-2H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (68).—Prepared in a similar manner to 67 employing 3-

bromooxetane. White Solid. (14 mg, 0.035 mmol, 8.45 % yield) MS (ESI): m/z 405.1381 

[M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.19 (s, 1H), 7.55 - 7.42 (m, 3H), 7.36 (d, J = 7.6 

Hz, 2H), 7.31 - 7.26 (m, 3H), 7.25 - 7.16 (m, 2H), 5.57 (p, J = 6.9 Hz, 1H), 5.26 - 5.18 (m, 

3H), 5.09 (t, J = 7.3 Hz, 2H), 1.77 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
160.97, 158.63, 141.50, 135.49, 129.87, 129.61, 129.54, 129.53, 128.57, 127.96, 127.70, 

127.52, 105.33, 76.86, 76.82, 56.78, 46.58, 22.15. HPLC Purity: 98%

4.8.61. 2-(oxetan-3-yl)-5-phenyl-6-((1-(pyridin-2-yl)ethyl)thio)-2H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (69).—A dry flask was charged with 6622 (250 mg, 1.023 mmol), 

K2CO3 (424 mg, 3.07 mmol), 2-(1-bromoethyl)pyridine (190 mg, 1.023 mmol), and 3mL 

DMF. The mixture was stirred for 1 h at RT at which point 3-bromooxetane (0.127 ml, 1.535 
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mmol) was added before heating the mixture to 80 °C. After 48 hours the mixture was 

diluted with water and extracted 2x with EtOAc, The combined organic portion was washed 

3x with brine and dried over sodium sulfate. The mixture was purified by flash (60% EtOAc 

in Hex) yielding the mostly pure product as the later peak. The product was recrystallized 

from ethanol to obtain the titled compound as a white solid (45 mg, 0.111 mmol, 10.84 % 

yield). MS (ESI): m/z 406.1340 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.51 (d, J = 4.3 Hz, 

1H), 8.19 (s, 1H), 7.60 (td, J = 7.7, 1.9 Hz, 1H), 7.54 - 7.42 (m, 3H), 7.40 (d, J = 7.8 Hz, 

1H), 7.28 (dt, J = 7.7, 1.8 Hz, 1H), 7.19 (dt, J = 7.2, 2.0 Hz, 1H), 7.12 (ddd, J = 7.6, 4.9, 1.2 

Hz, 1H), 5.65 - 5.47 (m, 1H), 5.33 (q, J = 6.9 Hz, 1H), 5.21 (q, J = 6.2 Hz, 2H), 5.08 (td, J = 

7.4, 1.5 Hz, 2H), 1.78 (d, J = 7.0 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 161.14, 160.59, 

158.64, 158.58, 149.59, 136.65, 135.36, 129.89, 129.67, 129.64, 129.60, 129.54, 128.00, 

122.44, 122.31, 105.30, 76.87, 76.83, 56.77, 48.08, 21.49. HPLC Purity 97%

4.8.62. 2-(oxetan-3-yl)-5-phenyl-6-((1-(pyridin-3-yl)ethyl)thio)-2H-pyrazolo[3,4-
d]pyrimidin-4(5H)-one (70).—Prepared in a similar manner to 69. White solid. (100 mg, 

0.247 mmol, 12.0 % yield) MS (ESI): m/z 406.1335 [M+H]+ 1H NMR (500 MHz, CDCl3) δ 
8.68 (d, J = 2.3 Hz, 1H), 8.47 (dd, J = 4.8, 1.6 Hz, 1H), 8.19 (s, 1H), 7.69 (dt, J = 8.0, 2.0 

Hz, 1H), 7.56 - 7.45 (m, 3H), 7.30 - 7.24 (m, 1H), 7.22 (dd, J = 7.9, 4.8 Hz, 1H), 7.18 (dt, J 

= 8.2, 1.8 Hz, 1H), 5.65 - 5.46 (m, 1H), 5.29 - 5.13 (m, 3H), 5.09 (td, J = 7.5, 1.3 Hz, 2H), 

1.74 (d, J = 7.1 Hz, 3H). NOE at 5.6 when irradiating at 8.19. 13C NMR (126 MHz, CDCl3) 

δ 160.13, 158.50, 158.40, 149.30, 148.71, 137.73, 135.33, 135.07, 130.04, 129.68, 129.60, 

129.58, 129.52, 127.97, 123.33, 105.34, 76.81, 56.82, 43.75, 21.54. HPLC Purity: 99%.

4.8.63. Diethyl 2-methyl-2-(4-oxo-5-phenyl-6-((1-phenylethyl)thio)-4,5-
dihydro-2H-pyrazolo[3,4-d]pyrimidin-2-yl)malonate (71).—To a solution of 6622 

(1g, 4.09 mmol) and K2CO3 (1.414 g, 10.23 mmol) in 25mL DMF under N2 was added (1-

bromoethyl)benzene (0.557 ml, 4.09 mmol) by syringe. The mixture was stirred at RT for 1 

h. Diethyl 2-bromo-2-methylmalonate (0.857 ml, 4.50 mmol) was added by syringe and the 

mixture was heated to 50 °C overnight at which point the reaction was complete by HPLC. 

The mixture was diluted with water and extracted 3x with EtOAc. The combined organics 

were washed 3x with brine and dried over sodium sulfate. The crude oil was purified by 

flash (Gradient from 25-30% EtOAc in hexanes) to yield the titled compound as a clear 

colorless oil.(1.76 g, 3.38 mmol, 83 % yield) 1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 1.1 

Hz, 1H), 7.56 - 7.40 (m, 3H), 7.33 (d, J = 7.3 Hz, 2H), 7.30 - 7.14 (m, 6H), 5.21 (q, J = 6.9 

Hz, 1H), 4.40 - 4.20 (m, 4H), 2.26 (d, J = 1.1 Hz, 3H), 1.78 - 1.69 (m, 3H), 1.45 - 1.05 (m, 

6H).

4.8.64. 2-(1,3-dihydroxy-2-methylpropan-2-yl)-5-phenyl-6-((1-
phenylethyl)thio)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (72).—NOTE: 

REACTION PRODUCES POTENT THIOL SMELL. A dry flask under N2 charged with 

NaBH4 (0.481 g, 12.71 mmol) and 20 mL anhydrous dimethoxyethane was cooled in an ice 

bath. Bromine (0.305 ml, 5.93 mmol) was dissolved in 2 mL dimethoxyethane and added to 

the mixture dropwise by syringe (exothermic!). After complete addition, the reaction was 

removed from the cooling bath and stirred for 30 minutes at which point the solution was 

colorless with white NaBr precipitate. The flask was cooled in an ice/brine bath and 71 
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(1.47g, 2.82 mmol) dissolved in 10 mL dimethoxyethane was added by syringe. The mixture 

was kept in the bath for 1 h then allowed to warm to room temperature and stirred for 24 h. 

The reaction mixture was added dropwise to 200 mL ACN then 5mL of water was added 

slowly followed by 5 mL 1N HCl. The mixture was allowed to sit for 1 hour at which point 

EtOAc and 10 mL water were added and two layers formed. Sodium sulfate was added to 

saturate the aqueous solution and the organic portion decanted off. The aqueous portion was 

extracted again with EtOAc. The combined organic portions were dried over sodium sulfate 

and concentrated. The residue was taken up in DCM and dried with additional sodium 

sulfate and then loaded onto silica and purified by flash (80% EtOAc in Hexanes) to afford 

the titled compound as a white solid (303 mg, 0.694 mmol, 24.6 % yield). 1H NMR (400 

MHz, CDCl3) δ 8.32 (d, J = 0.6 Hz, 1H), 7.56 - 7.42 (m, 2H), 7.35 (d, J = 7.3 Hz, 3H), 7.32 

- 7.25 (m, 3H), 7.25 - 7.14 (m, 2H), 5.26 - 5.08 (m, 1H), 4.09 - 3.60 (m, 4H), 1.76 (d, J = 7.0 

Hz, 3H), 1.60 (s, 3H).

4.8.65. 3-hydroxy-2-methyl-2-(4-oxo-5-phenyl-6-((1-phenylethyl)thio)-4,5-
dihydro-2H-pyrazolo[3,4-d]pyrimidin-2-yl)propyl 4-methylbenzenesulfonate 
(73).—A flask under N2 charged with 72 (303 mg, 0.694 mmol) in 6 mL THF was cooled to 

−78 °C. nBuLi (278 μl, 0.694 mmol) 2.5M in hexanes was added and the mixture was stirred 

for 1 h. TsCl (132 mg, 0.694 mmol) in 1mL THF was added and the reaction was stirred for 

30 min at −78 °C and then allowed to warm to RT. The reaction was quenched with sat. aq. 

NH4Cl, diluted with water and extracted 2x with EtOAc. The combined organics were 

washed with brine and dried over sodium sulfate and concentrated. The crude mixture was 

purified by flash (Eluting at 50% EtOAc in Hexanes) to afford the titled compound as a 

white foam (140 mg, 0.237 mmol, 34.1 % yield). 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 

5.3 Hz, 1H), 7.68 (t, J = 8.6 Hz, 2H), 7.59 - 7.38 (m, 3H), 7.38 - 7.06 (m, 9H), 5.12 (qd, J = 

7.0, 2.3 Hz, 1H), 4.51 (dd, J = 10.3, 4.4 Hz, 1H), 4.37 (dd, J = 10.2, 1.9 Hz, 1H), 3.95 (dd, J 

= 6.6, 2.9 Hz, 2H), 3.71 (t, J = 6.5 Hz, 1H), 2.41 (d, J = 17.6 Hz, 3H), 1.73 (t, J = 7.8 Hz, 

3H), 1.64 (s, 3H).

4.8.66. 2-(3-methyloxetan-3-yl)-5-phenyl-6-((1-phenylethyl)thio)-2H-
pyrazolo[3,4-d]pyrimidin-4(5H)-one (74).—To a dry pressure tube charged with 73 
(140 mg, 0.237 mmol) in 2 mL at 0 °C was added nBuLi (2.5M in Hexanes, 0.114 ml, 0.284 

mmol) in THF. The mixture was stirred for 20 min then heated to 65 °C overnight. The next 

morning the reaction was not complete by HPLC so the flask was cooled to 0 °C and another 

portion of nBuLi (2.5M in Hexanes, .05 ml, 0.125 mmol) was added. The mixture was 

heated to 80 °C for 4 hours at which point it was complete by HPLC and was quenched by 

adding a few drops of water then concentrated. The residue was taken up in water and ethyl 

acetate. The organic portion was washed with brine and dried over sodium sulfate and 

concentrated. The crude residue obtained was purified by flash (Eluting at 45% EtOAc in 

Hex). The white solid obtained was further recrystallized from hot ethanol to yield the titled 

compound as white needles (40 mg, 0.096 mmol, 40.3 % yield). MS (ESI): m/z 406.1340 

[M+H]+ 1H NMR (500 MHz, CDCl3) δ 8.17 (s, 1H), 7.56 - 7.41 (m, 3H), 7.35 (d, J = 7.6 

Hz, 2H), 7.31 - 7.25 (m, 3H), 7.25 - 7.15 (m, 2H), 5.29 (t, J = 5.9 Hz, 2H), 5.23 (q, J = 6.9 

Hz, 1H), 4.72 (d, J = 6.5 Hz, 2H), 2.04 (s, 3H), 1.77 (d, J = 7.0 Hz, 3H).13C NMR (126 

MHz, CDCl3) δ 160.84, 158.77, 158.36, 141.44, 135.54, 129.84, 129.63, 129.60, 129.56, 
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129.52, 128.57, 127.70, 127.51, 126.17, 105.23, 81.35 (d, J = 5.0 Hz), 62.37, 46.51, 24.44, 

22.18. NOE observed for oxetane and methyl protons at δ 5.29 and 2.04 respectively when 

irradiating pyrazole proton at δ 8.17. HPLC Purity 99%.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aldehyde Dehydrogenase 1A inhibition has potential in chemotherapy-

resistant cancer

• Broad spectrum ALDH1A inhibitors are most effective in multiple cell types

• ALDH1A inhibitors synergize with taxol chemotherapy in patient tumor 

spheroids

• New ALDH1A inhibitors have improved pharmacokinetic properties
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Figure 1. 
Previously developed ALDH1A inhibitors.
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Figure 2. 
Structure of 4 bound to ALDH1A1 (PDB ID: 6DUM)22
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Figure 3. 
Structure of (R)-28 Bound to ALDH1A1 (PDB ID: 7JWS)
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Figure 4. 
Structures of pyridine 42 (left, white) and phenol 46 (right, blue) bound to ALDH1A1 

(PDBs: 7JWU and 7JWT
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Figure 5. 
Structures of alcohols 51 (orange) and 53 (salmon) bound to ALDH1A1 (PDBs: 7JWV and 

7JWW)
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Figure 6. 
Comparison of selected ALDH inhibitors in ALDH1A1 and 1A3 high cell lines. 

ALDEFLUOR assay results from ALDH1A1-expressing OV90 and ALDH1A3-expressing 

PEO1 cells treated with the indicated inhibitors at the concentrations shown. Bars represent 

average percent ALDHbright compared to vehicle treated controls. (N=3) *p≤0.05, 

***p≤0.0001.
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Figure 7. 
ALDH inhibitors reverse Taxol resistance in SKOV3 cells. A) Viability curves for Taxol 

resistant SKOV-3 cells treated with increasing concentrations of the indicated ALDH 

inhibitor alone or in combination with Taxol at the concentrations shown. Curves were 

generated in Prism 7 (GraphPad) and depict the average and SD from 3 experiments. B) 

Representative heatmaps of combination indices. Combination indices for the specified drug 

combinations were calculated using CompuSyn software (http://www.combosyn.com). (CI < 

1 indicates synergy).
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Figure 8. 
ALDH inhibitors reverse Taxol resistance in patient-derived tumor spheroids. A) Viability 

curves for cells treated with increasing concentrations of Taxol in the presence of the 

indicated ALDH inhibitor at a fixed concentration of 10 μM. Curves were generated in 

Prism 7 (GraphPad) and depict the average and SD from 3 experiments. B) Representative 

heatmaps of combination indices. Combination indices for the specified drug combinations 

were calculated using CompuSyn software (http://www.combosyn.com). (CI < 1 indicates 

synergy).
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Scheme 1. 
Synthesis of Bicyclic Heterocycle Analogsa

aReagents and Conditions: (a) 3-fluorobenzyl mercaptan, DIPEA, n-BuOH, 170 °C 

Microwave; (b) PhB(OH)2, Cu(OAc)2, pyridine, TEMPO, 3Å MS, air, DCE; (c) MeI, NaH, 

THF, 0 – 20 °C; (d) 10% aq. NaOH, Reflux; (e) 3-fluorbenzyl mercaptan, DIPEA, EtOH, 

100 °C; (f) PhB(OH)2, Cu(OAc)2, pyridine, 3Å MS, air, DCM (g) O-

(diphenylphosphinyl)hydroxylamine, LiHDMS, DMF, −10 – 20 °C; (h) PhNCS, NaH, 3-

fluorobenzyl bromide, DMF, 0 − 20 °C.
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Scheme 2. 
Synthesis of modified linker analogsa

aReagents and Conditions: (a) PhNCS, NaH, DMF, 0-50 °C; (b) K2CO3, MeI, DMF; (c) 

mCPBA, DCM; (d) NaH, 3-fluorobenzylamine or 3-fluorobenzyl alcohol or α-methyl 

benzyl alcohol, DMF, 0-20 °C; (e) nBuLi, aniline, THF, −78 °C to RT; (f) chloroacetic acid, 

chloroacetyl chloride, 80-120 °C; (g) 3-fluorophenol or 3-fluorothiophenol or 3-

fluoroaniline, K2CO3, DMF, 50 or 70 °C; (h) MeI, K2CO3, DMF, 50 °C; (i) P(OEt)3, DMF, 

150 °C; (j) NaH, 3-fluorobenzaldehyde, DMF, 0-20 °C; (k) Pd-C, H2, MeOH.

Huddle et al. Page 51

Eur J Med Chem. Author manuscript; available in PMC 2022 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 3. 
Synthesis of branched alkyl analogsa

aReagents and Conditions: (a) X-R1 or Ms-R1, K2CO3, DMF; (b) HF-Pyridine, THF; (c) 

(R)- or (S)-1-phenylethanol, Vilsmeier reagent, TEA, THF, 0-20 °C; (d) α-methylstyrene, 

TFA, DCM, 0-20 °C.
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Scheme 4. 
Synthesis of conformationally restricted analogsa

aReagents and Conditions: (a) PhB(OH)2, Cu(OAc)2, pyridine, 3Å MS, O2, DCE; (b) Na2S, 

DMF, 140 °C; (c) ethyl-2-bromo-2-phenylacetate, K2CO3, DMF; (d) Aq. LiOH, EtOH, 

THF; (e) (COCl)2, cat. DMF, DCM; (f) 3-bromo-3-phenylpropanoic acid, NaHCO3, DMF, 

50 °C; (g) methanesulfonic anhydride, DCE, 85 °C; (h) NaBH4, EtOH; (i) chlorodiphenyl 

silane, InCl3, DCM; (j) CS2, NaH, MeI, THF, 0 °C; (k) tributyltin hydride, AIBN, toluene, 

reflux.
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Scheme 5. 
Synthesis of para-substituted N-phenyl analogsa

aReagents and Conditions: (a) (i) 4-aminobenzyl alcohol or 2-(4-aminophenyl)ethanol, NaH, 

DMF, 0-20 °C; (ii) 1-bromoethylbenzene, K2CO3, DMF, RT; (b) Ms-Cl, DIPEA, DCM, 0-20 

°C; (c) NaN3, DMF; (d) PS-PPh3, H2O, THF; (e) MeI, NaH, DMF 0-20 °C; (f) Dess-Martin 

periodinane, DCM; (g) titanium isopropoxide, MeNH2 or Me2NH in EtOH, NaBH4, MeOH; 

(h) tert-butyl (4-aminophenethyl)carbamate, 4-amino benzonitrile or 4-ethynylaniline; 1-

bromoethylbenzene, NaH, DMF, 0-20 °C; (j) MeI, NaH, DMF, 0-20 °C; (k) TFA, DCM;(l) 

Aq. formaldehyde, DIPEA, HOAc, sodium triacetoxyborohydride, DCE.
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Scheme 6. 
Synthesis of N-2 substituted analogsa

aReagents and Conditions: (a) R1-Br, R2-Br or R2-OMs, K2CO3, DMF, 20-80 °C; (b) 1-

bromoethylbenzene, diethyl 2-bromo-2-methylmalonate, K2CO3, DMF, 20-50 °C; (c) 

NaBH4, Br2, dimethoxyethane, −20 °C to RT; (d) nBuLi, Ts-Cl, THF, −78 °C to RT; (e) 

nBuLi, THF, 0-80 °C.
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Table 1

Characterization of alternative heterobicyclic core analogs.

No. Structure ALDH IC50
a
 (μM) ADME Characterization PEO1 Cell

ALDEFLUOR
f

(% inhib. @ 1 μM)1A1 1A2 1A3 MLM
b

(t1/2, 
min)

Aq.

Sol
c

(μM)

cLogP
d

TPSA
e

(Å)

322 0.08 ±0.01 0.15 
±0.01

0.09 
±0.01

8 <0.7 4.3 78 3 ±1

7 0.240 
±0.007

0.24 
±0.02

0.14 
±0.02

9 178 4.4 65 3 ±1

11 0.93 ±0.05 0.81 
±0.04

0.6 ±0.1 23 5.2 65

14 2.2 ±0.2 1.60 
±0.04

0.50 
±0.02

47 3.4 78

a
Values are expressed as mean ± SEM (n=3).
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b
Half-life in mouse liver micorosomes.

c
Thermodynamic aqueous solubility (performed by Analiza Inc. using quantitative nitrogen detection (www.analiza.com)).

d
Calculated log P.

e
Topological polar surface area.

f
Mean ± SD as determined by flow cytometry (N=3).

Eur J Med Chem. Author manuscript; available in PMC 2022 February 05.

http://www.analiza.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Huddle et al. Page 58

Table 2

Optimization of the thioether linker.

ALDH IC50
a
 (μM) or

% Control at 20 μM

ADME Characterization

PEO1 Cell

ALDEFLUOR
e

(% inhib. @ 1 
μM)

No. R1 1A1 1A2 1A3
MLM

b

t1/2
(min)

Aq.

Sol
c

(μM)
cLogP

d

322 0.08 
±0.01

0.15 
±0.01

0.09 
±0.01

8 <0.7 4.3 3 ±1

18 0.775 
±0.031

3.7 ±0.64 1.7 ±0.1 3.6

19 69% 73% 58% 3.0

21 0.7 ±0.2 71% 86% 3.3

22 8.2 ±0.7 1.77 
±0.09

0.78 ± 
0.09

194 2.8

23 0.57 
±0.03

2.3 ±0.1 1.05 
±0.08

64 2.5

24 88% 72% 74% 3.1

25 0.27 
±0.06

0.44 
±0.03

79% 4 3.7
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ALDH IC50
a
 (μM) or

% Control at 20 μM

ADME Characterization

PEO1 Cell

ALDEFLUOR
e

(% inhib. @ 1 
μM)

No. R1 1A1 1A2 1A3
MLM

b

t1/2
(min)

Aq.

Sol
c

(μM)
cLogP

d

26 1.0 ±0.1 41% 2.5 ±0.2 126 3.6

27 0.151 
±0.003

0.11 
±0.01

0.128 
±0.005

8 4.6

28 0.13 
±0.03

0.11 
±0.02

0.073 
±0.005

8 8 4.5 47 ±5

(R)-28 0.07 
±0.04

0.04 
±0.01

0.034 
±0.001

8 4.5 71 ±5

(S)-28 1.41 
±0.09

1.48 
±0.07

1.64 
±0.07

4.5 2 ±3
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ALDH IC50
a
 (μM) or

% Control at 20 μM

ADME Characterization

PEO1 Cell

ALDEFLUOR
e

(% inhib. @ 1 
μM)

No. R1 1A1 1A2 1A3
MLM

b

t1/2
(min)

Aq.

Sol
c

(μM)
cLogP

d

29 1.9 ±0.3 2.2 ±0.3 1.39 
±0.09

4.7

30 0.150 
±0.003

0.179 
±0.011

0.119 
±0.001

5.0

31 0.38 
±0.07

0.3 ±0.1 0.13 
±0.04

5.4

32 2.4 ±0.6
42% 

f 0.6 ±0.2 3.9

a
Values are expressed as mean ± SEM (n=3).

b
Half-life in mouse liver micorosomes.

c
Thermodynamic aqueous solubility (performed by Analiza Inc. using quantitative nitrogen detection (www.analiza.com)).

d
Calculated log P.

e
Mean ± SD as determined by flow cytometry (N=3).

f
% Control at 5 μM.
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Table 3

Characterization of conformationally restricted analogs.

CMPD
No.

Structure ALDH IC50
a
 (μM) or

% Control at 20 μM

ADME Characterization PEO1 Cell

ALDEFLUOR
e

(% inhib. @ 1 μM)

1A1 1A2 1A3
MLM

b

t1/2 (min)
Aq. Sol

c

(μM)
cLogP

d

36 1.0 ±0.1 0.17 ±0.02 0.15 ±0.05 5 38 3.7 54 ±3

38 0.206 ±0.06 0.4 ±0.1 0.69 ±0.08 8 3.9 2 ±2

40 0.8 ±0.1 0.27 ±0.01 0.24 ±0.01 4.2 11 ±1

a
Values are expressed as mean ± SEM (n=3).

b
Half-life in mouse liver micorosomes.

c
Thermodynamic aqueous solubility (performed by Analiza Inc. using quantitative nitrogen detection (www.analiza.com)).

d
Calculated log P.

e
Mean ± SD as determined by flow cytometry (N=3).
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Table 4

Characterization of benzyl pendant modifications.

CMPD
No.

R2
ALDH IC50

a
 (μM) or %

Control at 5 μM

ADME Characterization PEO1 Cell

ALDEFLUOR
f

(% inhib. @ 1 μM)

1A1 1A2 1A3

MLM
b

(t1/2, 
min)

Aq. 

Sol
c

(μM)

cLogP
d

LLE
e

28 Phenyl 0.13 ±0.03 0.11 ±0.02 0.073 
±0.005

8 8 4.5 2.5 47 ±5

42 2-Pyridyl 0.242 ±0.02 0.063 ±0.06 0.089 ±0.07 50 20 3.4 3.2 97 ±1

43 3-Pyridyl 0.139 
±0.001

0.089 
±0.005

0.095 
±0.016

7 209 3.3 3.6 95 ±2

44 3,5-Pyrimidinyl 0.094 
±0.007

0.38 ±0.08 0.10 ±0.03 8 264 2.6 4.4 39 ±0.6

45 4-Pyridyl 0.451 
±0.031

68% 45% 3.3 3.0

46 3-OHPhenyl 0.130 
±0.004

0.100 
±0.002

0.091 
±0.001

4 21 4.2 2.7 61 ±5

47 2-OMe Phenyl 0.445 
±0.021

0.136 
±0.009

0.112 
±0.011

4.3 2.1

48 3-OMe Phenyl 0.451 
±0.031

0.108 
±0.008

0.174 
±0.015

6 < 2 4.3 2.0

49 4-OMe Phenyl 0.352 
±0.024

41% 39% 4.3 2.2

a
Values are expressed as mean ± SEM (n=3).

b
Half-life in mouse liver micorosomes.

c
Thermodynamic aqueous solubility (performed by Analiza Inc. using quantitative nitrogen detection (www.analiza.com)).

d
Calculated log P.

e
Lipophilic Ligand Efficiency.

f
Mean ± SD as determined by flow cytometry (N=3).
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Table 5

Characterization of p-phenyl substituted analogs.

ALDH IC50
a
 (μM) or % Control at 5 μM

b

No. R3 1A1 1A2 1A3

51 −CH2OH 0.6 ±0.2 0.60 ±0.05 1.0 ±0.5

52 −CH2OMe 65% 61% 8 ±8

53 −(CH2)2-OH 0.36 ±0.09 0.216 ±0.003 3.0 ±0.1

54 −(CH2)2-OMe 27% 54% 34%

55 −CH2NH2 47% 64% 56%

57 −CH2NHMe 58% 70% 57%

58 −CH2NMe2 47% 86% 53%

61 −(CH2)2NH2 39% 45% 50%

62 −(CH2)2NHMe 89% 94% 80%

63 −(CH2)2NMe2 100% 91% 61%

64 −CN
55%

c 3.1 ± 0.2 0.200 ±0.009

65 −CCH
NP

d 0.8 ±0.1 0.52 ±0.05

a
Values are expressed as mean ± SEM (n=3).

b
Mean (n=3).

c
% Control at 20 μM.

d
No inhibition at 5 μM.
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Table 6

Characterization of optimized compounds.

CMPD
No. ALDH IC50

a
 (μM) ADME Characterization PEO1

Cell ALDEFLUOR
f

(% inhib. @ 1 μM)1A1 1A2 1A3 MLM
b

t1/2
(min)

Aq.

Sol
c

(μM)

cLogP
d

LLE
e

28 0.13 ±0.03 0.11 ±0.02 0.073 
±0.005

8 8 4.5 2.5 47 ±5

422 0.08 ±0.01 0.25 ±0.04 0.12 ±0.02 23 5 4.7 2.4 50

67 0.10 ±0.04 0.08 ±0.02 0.060 
±0.01

19 77 4.8 2.2 87 ±3

68 0.109 
±0.004

0.065 
±0.006

0.109 
±0.004

47 26 4.8 2.2 98 ±0.3

69 0.068 
±0.02

0.021 
±0.01

0.048 
±0.013

>60 60 3.7 3.5 99 ±0.5

70 0.118 
±0.008

0.058 
±0.001

0.25 ±0.02 2.7 189 3.6 3.3 99 ±0.3

74 0.093 
±0.02

0.112 
±0.012

0.050 
±0.003

>60 19 5.1 1.9 90 ±3

a
Values are expressed as mean ± SEM (n=3).

b
Half-life in mouse liver micorosomes.

c
Thermodynamic aqueous solubility (performed by Analiza Inc. using quantitative nitrogen detection (www.analiza.com)).

d
Calculated log P.
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e
Lipophilic Ligand Efficiency.

f
Mean ± SD as determined by flow cytometry (N=3).
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Table 7

Pharmacokinetic characterization of selected compounds.

CMPD
No.

ADME Properties

Pharmacokinetic Parameters
b

10 mg/kg i.p. 20 mg/kg p.o.

cLogP

Aq.

Sol
a

(μM)

MLM
t1/2

(min)
% PPB @

10 μM
AUC0-7h

obs

(hr·μM)
t1/2

c

(h)
CMax
(μM)

AUC0-7h
obs

(hr·μM)
CMax
(μM)

28 4.5 8 8 4.9 1.8 2.3 3.9 0.8

(R)-28 4.5 8 0.7 0.5 0.3

68 4.8 26 47 97 19.5 2.1 7.9

42 3.4 20 50 7.9 1.2 3.9 17.4 7.3

69 3.7 60 >60 68 3.5 0.6 3.3 6.2 3.9

74 5.1 19 >60 98 23 1.6 7.0 23.3 7.0

a
Thermodynamic solubility analysis was performed by Analiza Inc. using quantitative nitrogen detection. (www.analiza.com)

b
Results expressed as Mean (N=3) following a single administration as specified

c
Estimated using 2 and 4 hour timepoints only.
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	2-(1,3-dihydroxy-2-methylpropan-2-yl)-5-phenyl-6-((1-phenylethyl)thio)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (72).
	3-hydroxy-2-methyl-2-(4-oxo-5-phenyl-6-((1-phenylethyl)thio)-4,5-dihydro-2H-pyrazolo[3,4-d]pyrimidin-2-yl)propyl 4-methylbenzenesulfonate (73).
	2-(3-methyloxetan-3-yl)-5-phenyl-6-((1-phenylethyl)thio)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one (74).
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