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ABSTRACT: Novel C6-substituted pyrazolo[3,4-d]pyrimidine- and C2-substi-
tuted purine-based bisphosphonate (C6-PyraP-BP and C2-Pur-BP, respectively)
inhibitors of the human geranylgeranyl pyrophosphate synthase (hGGPPS) were
designed and evaluated for their ability to block the proliferation of multiple
myeloma (MM), pancreatic ductal adenocarcinoma (PDAC), and colorectal
cancer (CRC) cells. Pyrazolo[3,4-d]pyrimidine analogs were identified that induce
selective intracellular target engagement leading to apoptosis and downregulate the
prenylation of Rap-1A in MM, PDAC, and CRC cells. The C6-PyraP-BP inhibitor
RB-07-16 was found to exhibit antitumor efficacy in xenograft mouse models of
MM and PDAC, significantly reducing tumor growth without substantially
increasing liver enzymes or causing significant histopathologic damage, usually
associated with hepatotoxicity. RB-07-16 is a metabolically stable compound in
cross-species liver microsomes, does not inhibit key CYP 450 enzymes, and exhibits good systemic circulation in rat. Collectively, the
current studies provide encouraging support for further optimization of the pyrazolo[3,4-d]pyrimidine-based GGPPS inhibitors as
potential human therapeutics for various cancers.

1. INTRODUCTION
Optimization of exploratory compounds to clinical candidates
almost invariably involves bioisosteric replacements of key
structural motifs in order to simultaneously optimize all of the
biopharmaceutical properties in a class of exploratory
compounds, including their in vitro and cell-based potency,1

target selectivity, protein binding, ADME/PK profile,2 and oral
bioavailability.3 In the course of our own medicinal chemistry
efforts toward the discovery of novel therapeutics for the
treatment of hematological cancers4 and other human diseases,5

we investigated several structurally diverse classes of compounds
that can downregulate the prenylation of small GTP-binding
proteins (GTPases). Mutated GTPases, such as the farnesylated
H/K/N-RAS6 and the geranylgeranylated Rho family (e.g.,
RhoA/B/C) and Ras-related proteins (e.g., Rap-1A and Rab),7

are known to mediate cancer cell proliferation, differentiation,
metastasis, and cell survival and have been of interest in
oncology for several decades. Downregulation of GTPases’
prenylation can be achieved in numerous ways, including by
directly blocking the transferase enzymes FTase or GGTase I/
II/III, which catalyze the attachment of the C-15 and C-20
lipidic carbon chains of farnesyl pyrophosphate (FPP) and

geranylgeranyl pyrophosphate (GGPP), respectively, to the
GTPases (Figure 1). Alternatively, inhibition of the upstream
enzymes in the mevalonate/isoprenoid metabolic pathway, the
human farnesyl pyrophosphate synthase (hFPPS) or the human
geranylgeranyl pyrophosphate synthase (hGGPPS), can lead to
intracellular depletion of their corresponding catalytic products
(FPP and GGPP, respectively), thus also resulting in the
intracellular decrease of prenylated GTPases. All of these
approaches have been explored for cancer chemotherapy,
leading to the identification of several preclinical and clinical
candidates for the treatment of various cancers, unfortunately,
with modest or minimal success. However, investigations
focusing specifically on novel and selective inhibitors of
hGGPPS have been relatively limited, and none of the inhibitors
reported so far have advanced to clinical development.8
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We previously reported the identification of C2-substituted
thienopyrimidine-based bisphosphonate (C2-ThP-BP) inhib-
itors of the hGGPPS with general structures 11 and 12 (Figure
2).9 We showed that these compounds can block the
biosynthesis of GGPP in multiple myeloma (MM) cells, thus
downregulating the post-translational geranylgeranylation of
common GTPases, such as Rap-1A;9a this is the expected
outcome of blocking GGPP biosynthesis.10,11 Analogs for these
series of compounds include inhibitor CML-07-119 (12c),
which exhibits antimyeloma efficacy in vivo.9a We also
demonstrated that structurally related thienopyrimidine ana-
logs, which are potent inhibitors of hFPPS and have very similar
physicochemical properties, were far less potent in blocking the
proliferation of MM cells. We proposed that the latter
observation is likely due to the significantly higher expression
of hFPPS compared to that of hGGPPS inmanyMMcells and in
bone marrow samples of MM patients, resulting in much higher
levels of target engagement for hGGPPS than for hFPPS with
equipotent inhibitors independently targeting these two
enzymes.9a Further investigations in our group9a revealed that
impairment of GGPP biosynthesis disrupts the secretory
pathway functions in MM and pancreatic ductal adenocarcino-
ma (PDAC) cells, an observation also reported by other
groups,12b leading to endoplasmic reticulum (ER) stress-
induced activation of the unfolded protein response and cell
apoptosis.12a Additionally, we demonstrated the induction of
apoptosis in MM cells (RPMI-8226) when treated with
inhibitor CML-07-119 (Figure 2; 12c), which was completely

abrogated by simultaneous cotreatment of these cells with
inhibitor 12c and geranylgeraniol (GGOH).9a It is known that
GGOH gets phosphorylated in cells to GGPP, which is required
for cell survival, thus also providing strong evidence of the
selective intracellular target engagement of hGGPPS by
inhibitor CML-07-119 (12c) and direct correlation between
MM cellular apoptosis and hGGPPS inhibition. Western blot
analysis also demonstrated that XBP1s (the protein product of
spliced XBP1mRNA) increased upon the treatment ofMM cells
(RPMI-8226) with our hGGPPS inhibitors, and this effect was
also mitigated by GGOH cotreatment. Increased and decreased
phosphorylation of ERK and AKT, respectively, was also
observed.9a Similar observations have been reported using
statins and various nitrogen-based bisphosphonates (N-BP) that
target HMG-CoA reductase and hFPPS (Figure 1), respectively,
thus indirectly blocking both protein farnesylation and
geranylgeranylation.
Previously, we also demonstrated that hGGPPS inhibitors can

block the proliferation of PDAC cells, such as MIA PaCa-2.9a

More recently, the triazole-based GGPPS inhibitor RAM2061
(7) was used to demonstrate similar effects in PDAC cells.12b It
is noteworthy that in earlier studies by scientists fromMerck, the
prenyl transferase inhibitor L-778,123 (10), a dual inhibitor of
FTase and GGTase I, was advanced to Phase I clinical trials for
the treatment of PDAC.13 In spite of the fact that the
development of L-778,123 was discontinued due to clinical
toxicity, the preclinical investigations of this compound (10)
provided strong support for the hypothesis that blocking protein

Figure 1. Biosynthetic pathway of isoprenoid metabolites leading to post-translational prenylation of GTPases.
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farnesylation and/or geranylgeranylation may be a valuable
mechanism for the treatment of pancreatic cancer.
In summary, numerous studies have shown that inhibition of

post-translational prenylation of small GTPases can block the
ability of these proteins to specifically associate with cellular
membranes and act as molecular switches that regulate the
proliferation of several cancers.14,15 More specifically, accumu-
lating evidence supports the hypothesis that direct intracellular
inhibition of the human GGPPS may be a more viable
mechanism for treating MM, PDAC, and potentially other
types of cancers, as opposed to inhibition of the upstream
enzymes HMG-CoA reductase, the human FPPS, or the farnesyl
transferase enzyme FTase.16 In our own studies, knockout of the
GGPSI and FDPS genes (encoding hGGPPS and hFPPS,
respectively) in MM (RPMI-8226) cells, using CRISPR/Cas9
(Figure S1) and genome-wide RNAi analysis by Penn’s group,17

provided strong evidence that hGGPPS activity is essential for
tumor progression in various cancers. Furthermore, it was
recently shown that GGPP is a pivotal metabolite for activating
K-RAS/MEK/ERK signaling,18 which are oncogenic drivers for
various cancers, including MM, PDAC,19,20 colorectal cancer
(CRC),18,20 and non-small-cell lung cancer (NSCLC).20 In this
report, we describe the synthesis and biological evaluation of
novel hGGPPS inhibitors having pyrazolo[3,4-d]pyrimidinyl

(13) and purinyl (15) scaffolds (Figure 2). Select examples of
these chemotypes are presented, which were found to be
equipotent (or slightly better) inhibitors of hGGPPS to our
previously reported analogs 12.9b For example, analogs 13 were
found to block the proliferation of MM, PDAC, and CRC cells,
without exhibiting significant toxicity to normal human
bronchial epithelial (NHBE) cells and normal human fibroblast
(IMR-90) cells at the highest concentration tested of 10 μM.
Intracellular inhibition of Rap-1A geranylgeranylation and cell
apoptosis were also observed with analogs in this series, such as
inhibitor RB-07-16 (analog 13e, Scheme 1), inMM, PDAC, and
CRC cells. Consistent with our previous results,9a complete cell
rescue was observed upon coincubation of the cells with this
hGGPPS inhibitor and GGOH. Inhibitor RB-07-16 was used to
demonstrate significant antimyeloma activity in vivo, without
any overt signs of toxicity. This inhibitor was also tested in a
xenograft mouse model of PDAC and primary mouse PDAC
organoids, providing promising experimental data for the
potential treatment of this high-mortality cancer with more
optimized analogs of C6-substituted pyrazolo[3,4-d]-
pyrimidine-based bisphosphonate (C6-PyraP-BP) hGGPPS
inhibitors.

Figure 2. Examples of compounds that block protein prenylation in mammalian cells; bisphosphonate active site inhibitor of FPPS (1), dual active site
FPPS/GGPPS inhibitor (2),8b,c allosteric inhibitors of FPPS (3, 4),21 active site inhibitors of GGPPS (5,8a 68d and 78e and 11−15), inhibitors of FTase
(8, 9), and a dual inhibitor of FTase and GGTase I (1013).
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2. CHEMISTRY

Synthesis of 6-Phenyl-1H-pyrazolo[3,4-d]pyrimidinyl
Analogs 13, 6-Phenyl-2H-pyrazolo [3,4-d]pyrimidinyl
Analogs 14 and 2-Phenyl-9H-purinyl Analogs 15. During
our initial investigations into selective hGGPPS inhibitors, we
reported the synthesis and biological evaluation of hGGPPS

inhibitors 11 and 12 (Figure 2), having a 2-phenylthieno[2,3-
d]pyrimidin-4-amine core structure.9 Several other analogs with
various scaffold modifications were also explored and found to
inhibit the human GGPPS and block cancer cell proliferation.22

We have been evaluating the overall biopharmaceutical
properties of these compounds and comparing analogs with
different core scaffolds in order to identify the most promising

Scheme 1. Synthesis of Pyrazolopyrimidine-Based Inhibitors 13 and 14a

aConditions: (a) NH2NH2·H2O, 100 °C, 62%; (b) (i) conc. H2SO4, rt, (ii) H2O, 87%; (c) urea, 190 °C, 45%; (d) POCl3, DBU, 105 °C, 32%; (e)
POCl3, DMF, 120 °C, 76%; (f) NH2NH2·H2O, Et3N, MeOH, 0 °C, 54%; (g) p-TsOH, dihydropyran, DCM/THF (1:1), rt, 93%; (h) 28% aqueous
NH4OH, THF, rt, 91%; (i) HPO(OEt)2, HC(OEt)3, toluene, 130 °C, 50%; (j) 4 M HCl in dioxane, MeOH, 40 °C, 44−82%; (k) K2CO3, DMF,
RI, rt, 62−68% yield for 24, 16−25% for 25; (l) 26, Pd(PPh3)4, KF or 2 M K2CO3, dioxane or dioxane and MeOH, 80−90 °C, 28−76%; (m) (i)
TMSI, DCM, 0 °C, (ii) MeOH, 29−93%.
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compounds that could be advanced to preclinical multidose
toxicology studies in rat and dog and eventually to clinical
development (more studies are ongoing).
The synthesis of hGGPPS inhibitors having a pyrazolo[3,4-

d]pyrimidin-4-amine scaffold, with or without an N1-alkylation
(13) or N2-alkylation (14), preferably with a small alkyl group,
such as a methyl, ethyl, or isopropyl, was undertaken (Scheme
1). As an example, a subset of these analogs, having three of our
previously described best R2 side chains9b (e.g., R2 = f1−f3;
Scheme 1), is presented herein. The pyrazolopyrimidine scaffold
has been explored in numerous medicinal chemistry projects,
and consequently, various methodologies for its preparation
have been reported. Initially, we investigated the preparation of
these compounds via Knoevenagel/Gewald-type cyclization of
2-(ethoxymethylene)malononitrile (16) with hydrazine to give
5-amino-1H-pyrazole-4-carbonitrile, as previously reported
(Scheme 1).23 The nitrile substituent was converted to the
amide (17) under acidic conditions before reacting intermediate
17 with urea to give the 1,7-dihydro-4H-pyrazolo[3,4-d]-
pyrimidine-4,6(5H)-dione scaffold (18). However, the sub-
sequent chlorination of the pyrimidinedione moiety,24 in our
hands, led to a low yield of the desired product 21 and formation
of dimeric and trimeric side products.
As an alternative approach, we began with the synthesis of

barbituric acid (19), obtained from diethylmalonate and urea
(Scheme 1).25 Chlorination and installation of the aldehyde
were achieved using Vilsmeier−Haack conditions to give 20,
which upon treatment with hydrazine gave the key intermediate
4,6-dichloro-1H-pyrazolo[3,4-d]pyrimidine (21) in a good
overall yield.26 For a more modular approach (amenable to
parallel library synthesis), we decided to first protect the N1 of
the pyrazolopyrimidine with a tetrahydropyranyl (THP) group,
following a previously reported protocol.27 Subsequently, SNAr
displacement of the C-4 chloro with ammonia gave 6-chloro-1-
(tetrahydro-2H-pyran-2-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-
amine, which upon treatment with diethyl phosphite and triethyl
orthoformate gave compound 22, as we previously reported.9

Removal of the THP group under acidic conditions gave
intermediate 23, which was used as the precursor to the N1- and
N2-alkylated intermediates 24a−c and 25a,b, respectively
(Scheme 1). Interestingly, although pyridinium p-toluenesulfo-
nate (PPTS) in EtOH28 and TFA in DCM29 have been
previously reported for the removal of the THP group from a
heterocyclic nitrogen, these reagents did not give satisfactory
results in our hands, whereas 4 M HCl in dioxane gave the
desired product in a good yield.30

Various conditions for alkylation at either the N1 or the N2 of
the pyrazole moiety within the pyrazolopyrimidine scaffold, as
well as other related heterocyclic compounds, have been
reported. A systematic investigation of the reaction conditions
that modulate site-selectivity was recently reported by Bookser
and co-workers.31 In this report, it was shown that the polarity of
the solvent was the primary factor controlling the ratio of N1:N2
alkylation, with less polar solvents, such as dioxane and THF,
favoring N2 alkylation (achieving ratios of N1:N2 alkylation
ranging from 1:5 to 1:10), whereas polar solvents such as
DMSO, DMF, and DMPU showed selectivity for N1 alkylation
(unfortunately, with a regioselectivity ratio of a maximum of
5:1).31 Surprisingly, under Mitsunobu-type conditions,32 we
observed preferential dialkylation of N1 and the exocyclic C-4
nitrogen with intermediate 23, in almost equal amounts, and
before the complete consumption of all the starting material.
Alkylation with an alkyl iodide in DMF, using K2CO3 as the base,

provided the highest yield of the desired N1-alkylated products
24, with a ratio of 24:25 that varied from 2.5:1 to 4:1 (depending
on the alkyl iodide used) and an overall yield of 84−87%.33 The
subsequent Pd-catalyzed Suzuki-type coupling of intermediates
24 and 25 with the boronic acids 26 using K2CO3 or KF as the
base gave the tetraester precursors of inhibitors 13 and 14. In the
majority of literature reports, deprotection of the bisphospho-
nate tetraethyl esters is usually carried out using the classical
McKenna reaction with TMSBr followed by MeOH.34

However, for most compounds in series 11−12 and 13−14
(Figure 1), this reaction was extremely slow, often taking more
than 5−7 days at 40 °C to achieve complete deprotection and
requiring large excess of TMSBr (∼25 equiv). Consequently, we
replaced TMSBr with TMSI, in a two-step reaction starting with
the generation of TMSI, following a slightly modified protocol
to that reported by Olah.35 Deprotection of the bisphosphonate
tetraethyl esters using freshly prepared TMSI led to a dramatic
improvement in the reaction rates (from 5 to 7 days at 40 °C to
an average of 2−4 h at 0 °C) with as little as 6 equiv of TMSI.
After transesterification of the tetraethyl bisphosphonate to the
silyl esters, methanolysis of the silyl esters resulted in the
isolation of the desired bisphosphonic acid inhibitors 13d−l and
14a,b in a good overall yield and high purity.
Finally, preparation of analogs 13a−c required a slight

modification to the above synthetic route. The Suzuki coupling
reaction of the biaryl side chain 26 with intermediate 23 (having
the free amine in the pyrazolopyrimidine scaffold) led to low
yields, and consequently, the THP-protected intermediate 22
was used to obtain analogs 13a−c, with otherwise the same
overall reaction protocols (Scheme 1).
Synthesis of purine-based derivatives 15was initiated with the

alkylation of commercially available 2,6-dichloropurine (27) at
either the N9 or N7 nitrogen, leading to intermediates 28 and
29, respectively (Scheme 2). As previously reported,31 solvent
effects played a significant role in controlling regioselectivity,
with DMF leading to the best yield and a 2:1 ratio of 28:29.
Based on previous SAR studies, we presumed that inhibitors
derived from intermediate 29 would be less active and decided
to proceed with only analogs with core structure 28. Solvent
selection also played a critical role in the subsequent SNAr
amination reaction to give intermediate 30. Several polar
solvents were explored, and dioxane was found to give the
highest yield (90%). Installation of the bisphosphonate moiety
on intermediate 30, using the same reaction conditions as we
previously reported for the thienopyrimidine-based intermedi-
ates9 and pyrazolopyrimidine-based intermediates in this study
(e.g., Scheme 1, compound 22), proved to be inefficient. After
screening several reaction conditions, intermediate 31 was
obtained in only 13% yield. However, despite this disappoint-
ingly low yield, for the purpose of this initial screening study, we
continued with the Suzuki coupling reaction, followed by
deprotection of the phosphonate tetraesters to obtain inhibitors
15a−c in sufficient amounts for biological testing (Scheme 2).

3. POTENCY OF THE C6-PYRAP-BPS AND C2-PUR-BPS
IN INHIBITING THEHUMANGGPPS ANDBLOCKING
CANCER CELL PROLIFERATION

Scaffold hopping is a well-established strategy in medicinal
chemistry for the discovery of multiple, structurally diverse
analogs inhibiting the same biological target with equivalent or
better biopharmaceutical profiles than the initial lead com-
pound. Given the statistically very high attrition rate of
exploratory compounds at the preclinical and clinical develop-
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ment stages,36 it is highly desirable to advance several
compounds in parallel in a drug discovery project. Herein, we
designed a small library of representative compounds aiming to
explore replacements of the thienopyrimidine scaffold of
hGGPPS inhibitors (i.e., analogs 11 and 12) with nitrogen-
containing heterocycles, such as analogs 13 and 15 (Figure 2).
These analogs were evaluated in our hGGPPS inhibition assay,
as previously described,9a and their IC50 values are given in
Table 1. The IC50 values reported herein represent an average of
at least two independent determinations, each tested in triplicate
with a standard deviation of less than 10%. In the absence of a
clinically validated hGGPPS inhibitor, the best inhibitor we
reported in our previous studies, CML-07-119 (Figure 1; 12c),9

was used as the reference control.
We previously observed very similar IC50 values between

analogs having an amide linker (Figure 2; 11, X = −NHCO−)
and those having the reversed amide linker (12,X =−CONH−)
connecting the C-2 phenyl thienopyrimidine core to the R2 side
chain. However, analogs 12 were consistently three- to fourfold
more potent in cell-based antiproliferation assays using MM cell
lines, such as RPMI-8226 (e.g., Table 1; analogs 11a−c vs
analogs 12a−c). Based on this observation, we designed our new
compounds 13−15 to have the reversed amide linker (X = −
CONH−), with some of our previously identified best side
chains as the R2 substituent, such as fragments f1, f2, and f3
(Table 1). Dose-dependent inhibition of cell viability (EC50
values) was determined using standard MTS assays, and EC50
values reported in Table 1 represent an average of at least two

independent determinations, each run in sextuplicate. It should
be noted that cell viability and proliferation were typically
evaluated at inhibitor concentrations ranging from 0.1 nM to 10
μM, unless otherwise indicated.
Previously, analogs containing the m-fluoro-p-methoxy side

chain (i.e., R2 = f3) were the most potent in blocking the
proliferation of MM cells (RPMI-8226), and analog CML-07-
119 (12c) was previously identified as one of our best
compounds (Table 1).9b Interestingly, when the pyrazolopyr-
imidine-based inhibitor 13f was tested in parallel with the
corresponding thienopyrimidine-based analog 12c, it was found
to exhibit a slightly lower intrinsic potency (IC50) and
antimyeloma activity (EC50) but higher selectivity in inhibiting
hGGPPS vs hFPPS (Table 1). Consistent with the IC50 values of
previous inhibitors (11, 12), those containing the p-trifluor-
omethylphenyl substituent (f2) at the R2 moiety of the side
chain were often the most potent in inhibiting hGGPPS in vitro
(IC50). However, in contrast to previous observations,

9b the N1-
methyl analog 13e was also the most effective compound in
blocking the proliferation of RPMI-8226 cells (e.g., Table 1).
Furthermore, inhibitor 13e did not inhibit hFPPS at the highest
concentration tested of 1 μM. Although the free NH analogs
13a−c exhibited equivalent intrinsic potency (IC50) to their
corresponding N1 methyl derivatives (i.e., 13d−f), these
inhibitors were substantially less potent in blocking the cell
proliferation of RPMI-8226 cells. This observation is not
unexpected, since reduced cell membrane permeability is
common for analogs with a higher number of hydrogen bond
donors. Finally, we probed the effects of larger alkyl substituents
at N1, and although the IC50 values of the ethyl (13g−i) and
isopropyl (13j−l) analogs were comparable to those of most
other analogs in this series, these compounds were essentially
inactive in the cell-based antiproliferation assays using RPMI-
8226 cells. Compounds with alkylation at N2 (e.g., 14a and 14b)
were not intentionally synthesized (expected to be less stable);
nonetheless, they were tested in our biological assays in order to
probe the available space within the binding pocket and found to
provide no advantages. Finally, the replacement of the core
scaffold with a purine (analogs 15a−c) also did not provide any
significant advantages in intrinsic or cell-based potency. It is
always possible that in a very large permutation library, where
both the core scaffold and the side chains are varied
simultaneously, an unexpectedly potent compound could
potentially be identified. However, within the limits of the
current study, the pyrazolopyrimidine-based analogs 13 appear
to be the most promising new class of hGGPPS inhibitors that
are worthy of further investigation. For example, analog RB-07-
16 (13e) exhibits equivalent or slightly better potency in
blocking the proliferation of several MM cell lines (e.g., JJN3,
KMS12PE, KMS28PE, and RPMI-8226 cells; Figure 8) as
compared to the thienopyrimidine analog CML-07-119 (12c),
with higher selectivity in inhibiting hGGPPS vs hFPPS; whether
this selectivity is an overall beneficial property remains to be
determined.
We also investigated the ability of our pyrazolopyrimidine-

based inhibitors (13) to block cell proliferation in both PDAC
(MIA PaCa-2; Figure 3b) and CRC (HCT 116; Figure 3c) cells
and compared to select inhibitors from series 12 and 15 (Figure
3a). Several analogs were initially prescreened at a single
concentration of 1 μM using gemcitabine as a reference control.
Gemcitabine, used here as a comparator control, is a key drug in
the treatment of pancreatic cancer and has also been under

Scheme 2. Synthesis of Purine-Based Inhibitors 15a−ca

aConditions: (a) K2CO3, MeI, DMF, rt, 60% yield of 28 and 29% of
29; (b) 28% aqueous NH4OH, dioxane, 95 °C, 90%; (c) HPO(OEt)2,
HC(OEt)3, 130 °C, 13%; (d) (i) 26, Pd(PPh3)4, 2 M K2CO3,
dioxane, 80 °C, 38−77%; (e) (i) TMSI, DCM, 0 °C, (ii) MeOH, 51−
80%.
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investigation as an alternative agent in the treatment of
oxaliplatin-resistant CRC.37

When inhibitor 12c was compared to analogs 13c, 13f, 13i,
13l, and 15c [all of these analogs having the same m-fluoro-p-
methoxyphenyl fragment (f3) at the R2 side chain], there was no
advantage observed with any of these new compounds in their
ability to block the proliferation of either the MIA PaCa-2 or the
HCT 116 cells (Figure 3b,c, respectively). It should be noted
that analogs 13i and 13l were tested to confirm that any cell-
based potency observed was not simply lipophilicity-driven. As
observed with the MM cell lines, inhibitor 13e (RB-07-16)
exhibited only slightly better potency than 12c (CML-07-119)
in decreasing the viability of MIA PaCa-2 cells (EC50 values of
790 and 1300 nM, respectively; Figure 3d). The EC50 values of
these inhibitors (12c and 13e) were identical in HCT 116 cells
(EC50 = 580 nM; Figure 3e). Doxorubicin (Dox) and
gemcitabine (Gem) were tested in parallel as reference controls
and were found to exhibit EC50 values of 130 and 2.1 nM,

respectively (Figure 3d) in MIA PaCa-2 cells, whereas the EC50
values in HCT 116 cells were 40 and 4.1 nM, respectively
(Figure 3e). However, both of these drugs are known to exhibit
significant nonselective toxicity. As an example, the toxicity of
inhibitors CML-07-119 (12c) and RB-07-16 (13e) to healthy
cells was evaluated in a parallel assay with doxorubicin. Dose-
dependent determination of cell viability using NHBE cells
revealed significant toxicity induced by doxorubicin (EC50 = 450
nM), whereas inhibitors CML-07-119 and RB-07-16 induced
∼30 and 0% inhibition, respectively, at the highest concen-
tration tested of 10 μM (Figure 4a). In normal human fibroblast
(IMR-90) cells, doxorubicin exhibited an EC50 of 360 nM,
whereas GGPPS inhibitor RB-07-16 exhibited 0% inhibition at
the same concentration and only∼20% inhibition at the highest
concentration tested of 10 μM (Figure 4b).
To further compare the ability of inhibitors CML-07-119

(12c) and RB-07-16 (13e) to block the proliferation of
pancreatic cancer, the response of murine normal ductal

Table 1. Enzyme Inhibition (IC50) of the Human FPPS and GGPPS and Antiproliferation (EC50) Data in MM (RPMI-8226)
Cells of Analogs 11−15

compound
(R2)

FPPSa IC50
(μM)

GGPPS-M4b IC50
(nM)

RPMI-8226c EC50
(nM)

11a (f1) 25 700
11b (f2) 18 710

compound
(R2)

FPPSa IC50
(μM)

GGPPS-M4b IC50
(nM)

RPMI-8226c EC50
(nM)

11c (f3) 29 460

12a (f1) 18 120
12b (f2) 12 160
12c (f3) 1.4 27 90

13a (f1) 39 >1000
13b (f2) 8 >1000
13c (f3) (10%) 25 640
13d (f1) 31 440
13e (f2) (<10%)d 12 70
13f (f3) (<10%) 48 150
13g (f1) 29 >1000
13h (f2) 30 >1000
13i (f3) (<10%) 40 >1000
13j (f1) 30 >1000
13k (f2) 20 >1000
13l (f3) (<10%) 41 >1000
14a (f3) (15%) 56 520
14b (f3) 67 552
15a (f1) 41 670
15b (f2) 13 510
15c (f3) (<10%) 58 170

aSome key compounds were screened at a single concentration of 1
μM (n ≥ 3), and the % inhibition observed at 1 μM is indicated in
brackets. Only CML-07-119 was tested in a full dose−response assay
to determine its IC50 value indicated (an average of two independent
assays with n = 3 determinations in each assay and a standard
deviation of ±5 to 10%). All assays were run with 10 min
preincubation of the enzyme with the inhibitor using zoledronic
acid as the positive control (with IC50 of 3−5 nM). bThe values
shown are the average of ≥2 independent assays, each one run in
triplicate with a standard deviation of ±5 to 10%, using CML-07-119
as the positive control. cEC50 values were determined using an MTS
assay, after 72 h of incubation of the cells with or without an inhibitor;
the values shown are average of n ≥ 2 determinations, each assay run
in n = 6 replicates, with a standard deviation of ≤10%, using
doxorubicin as the reference control. dEven when this compound was
tested at 10 μM, the inhibition observed was <10%.
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organoids [N(10128)] from wild-type mice and pancreatic
tumor organoids (ccmT4) from KPC mice (KrasG12D;

p53R172H; PdxCre) to these compounds was also examined.38

Organoids are engineered to recapitulate many aspects of the

Figure 3. Preliminary evaluation of core scaffold impact in blocking the proliferation of PDAC (MIA PaCa-2) and CRC (HCT 116) cells. (a)
Chemical structures of the select inhibitors tested. (b) Decrease in the viability (%) of MIA PaCa-2 cells treated at 1 μM concentration of select
inhibitors. (c) Decrease in the viability (%) of HCT 116 cells treated at 1 μM concentration of select inhibitors. Dose−response inhibition curves of
inhibitors CML-07-119 (12c), RB-07-16 (13e), doxorubicin, and gemcitabine for the determination of EC50 values inMIA PaCa-2 cells (d) and HCT
116 cells (e); data plotted in EC50 curves (d−e) are from quadruplicate determinations and run in parallel.

Figure 4. Evaluation of the toxicity of GGPPS inhibitors vs doxorubicin in healthy cells: (a) normal human bronchial epithelial (NHBE) cells and (b)
normal human fibroblast (IMR-90) cells.
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complex tissue structure and function of the pancreatic tumors
derived from in vivo tissues.39 After a 72 h incubation period of
the organoids with the hGGPPS inhibitors or doxorubicin, the
cell viability was measured using a luminescence ATP-based

assay (CellTiter-Glo, Promega) using a plate reader, and the
statistical significance was calculated using Student’s t-test
(Figure 5). We also performed a sequence alignment of the
murine (UniProt ID: Q9WTN0) vs the human (UniProt ID:

Figure 5. Inhibition of murine normal [N(10128)] and PDAC tumor (ccmT4) organoids treated with doxorubicin (a) or the GGPPS inhibitor CML-
07-119 (b) or RB-07-16 (c) and images of control normal and tumor organoids treated with only media and DMSO (1:1000 dilution) or RB-07-16
dissolved in the same media mixture (d).

Figure 6. Confirmation of apoptosis and selective intracellular target engagement in (a) MIA PaCa-2 and (b) HCT 116 cells treated with RB-07-16
(13e) by flow cytometry.
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O95749) GGPPS orthologue (using the cluster alignment
tool40) and found that they share almost 94% amino acid
sequence identity. This high degree of conservation suggests
that inhibition of GGPPS activity in murine organoids should
provide a reliable estimate of the expected effects in human
PDAC organoids. Our initial data suggest that primary tumor
organoids (ccmT4) are sensitive to inhibitors RB-07-16 (13e)
and CML-07-119 (12c), and both compounds are relatively
nontoxic to normal organoids [N(10128)] at a 1 μM
concentration (Figure 5b,c). These results are consistent with
the relative potency observed in the viability assay of MIA PaCa-
2 cells (albeit with relatively modest activity) when treated with
these inhibitors (Figure 3b,d) and suggest selective toxicity to
pancreatic cancer. In contrast, doxorubicin exhibits toxicity to
both normal and tumor organoids (Figure 5a); gemcitabine
could not be used as a reference due to its high toxicity to normal
organoids, even at low nM concentrations.
Further evaluation of inhibitor RB-07-16 (13e) by flow

cytometry confirmed that it induces apoptosis to approximately
50% of the treated cells in both MIA PaCa-2 and HCT 116 cells
at 1 μM concentration (i.e., at a concentration close to its EC50
values in both cell lines; Figure 6a,b, respectively). Consistent
with our previous observation in MM cells treated with CML-
07-119 (12c),9a complete rescue from apoptosis was observed
when the MIA PaCa-2 and HCT 116 cells were simultaneously
cotreated with inhibitor RB-07-16 and a nontoxic dose of
GGOH(Figure 6a,b, respectively). These results strongly
support a selective intracellular target engagement of GGPPS
by inhibitor RB-07-16 and confirm the expected mechanism-
based toxicity in both PDAC (MIA PaCa-2) and CRC (HCT
116) cells. It is noteworthy that since bisphosphonates act as
bioisosteres of isoprenoid metabolites, it is conceivable that in
addition to inhibiting hGGPPS, our compounds could also be
inhibiting a prenyl transferase enzyme (e.g., GGTase I, II, or III),
an effect that may be possible to overcome by high
concentrations of GGOH. More in-depth studies are required
to completely rule out any additional off-target effects.
The ability of several of our hGGPPS inhibitors, including RB-

07-16 (13e), to disrupt the intracellular geranylgeranylation of
the relevant GTPases was confirmed in both PDAC and CRC
cells. For example, incubation of MIA PaCa-2 and HCT 116
cells with inhibitors CML-07-119 (12c) and RB-07-16 (13e)
followed by analysis of their cell lysates by western blotting,
using a Rap-1A antibody, which specifically binds to the
unprenylated form of this protein, revealed a dose-dependent
inhibition of Rap-1A prenylation at concentrations as low as 100
nM (Figure 7).
We also began to investigate the relationship between the

downregulation of intracellular levels of GGPP and oncogenesis
in cancers with different genetic drivers, particularly those that
are K-RAS-dependent.41 K-RAS mutations are dominant in
approximately 85% of RAS-driven cancers and modulate tumor
survival and proliferation in PDAC, CRC, and NSCLC. PDAC
and CRC in particular are characterized by high mortality rates
and exhibit a high rate of proliferation and metastasis. Common
mutations in codons 12, 13, and 61 of K-RAS disrupt the ability
of K-RAS to mediate GTP hydrolysis, locking the mutants in the
signaling-activated GTP-bound state and leading to the
activation of downstream pathways (primarily MAPK and
PI3K) that promote cell proliferation.42 Over the last 30 years,
significant progress has been made in directly targeting K-
RAS,43 leading to the recent landmark FDA approval of
sotorasib for the treatment of adults with advanced NSCLC

having K-RASG12C mutations, who have received at least one
prior systemic therapy.44

In search of specific biomarkers that could suggest an effective
treatment for MM, PDAC, and CRC through the inhibition of
hGGPPS, we investigated the potency of representative
inhibitors from our structurally diverse library of compounds,22

including CML-07-119 (12c) and RB-07-16 (13e), in a small
panel of cell lines expressing wild-type or various K-RAS
mutations (Figure 8). This preliminary assessment suggested
that MM cell lines may be more vulnerable to hGGPPS
inhibition than PDAC and CRC cells (Figure 8). There are
numerous variables that can contribute to these observations,
including differences in cell membrane permeability, expression
of efflux pumps, and rates of metabolic breakdown of the
compounds in different cell lines. Beyond activating K-RAS
mutations, another key vulnerability in MM cells that may be
significantly modifying their sensitivity to hGGPPS inhibitors is
the added influence of constitutive ER stress that MM cells
experience due to the secretory burden of immunoglobulin (M-
protein) production.45 As we have shown, analogs CML-07-
1199a and RB-07-16 also upregulate ER stress in MM RPMI-
8226 cells (Figure 9). Interestingly, a recent study reported that
adenomatous polyposis coli (APC) and K-RAS double mutant
CRC lead to increased biosynthesis of the GGPP metabolite,
which in this context was essential for K-RAS/MEK/ERK
activation,18 suggesting that hGGPPS inhibitors could also
provide clinical benefit in the context of APC/K-RAS mutant
CRC tumors.18 The preliminary results shown in Figure 8 will be
followed up with investigations in a much larger panel of cell
lines carrying various RAS mutations in order to more
thoroughly understand the impact of hGGPPS inhibition as a
potential therapeutic mechanism for cancers with different
genetic drivers.

4. METABOLIC STABILITY OF RB-07-16 AND ABILITY
TO INHIBIT CYP 450 ENZYMES

Themetabolic stability of inhibitor RB-07-16 (13e) inmale CD-
1 mouse (MLM), Sprague−Dawley rat (RLM), beagle dog

Figure 7.Western blot analyses of representative PDAC and CRC cell
lines (MIA PaCa-2 and HCT 116, respectively) exposed to varying
concentrations of GGPPS inhibitors.
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(DLM), and human (HLM) liver microsomes was evaluated in
the presence of NADPH (i.e., for primarily CYP 450-dependent
metabolism) and the absence of NADPH (for non-CYP 450-
dependent metabolism) using verapamil as the positive control.
After a typical 45 min incubation, there was negligible metabolic
degradation of this compound across all species (Table 2).
Additionally, RB-07-16 did not inhibit the three most relevant
isoforms of CYP 450 enzymes, 3A4, 2C9, and 2D6, which are

known to be responsible for the biotransformation of most
xenobiotics, including 70−80% of all clinically approved human
therapeutics. Concentration-dependent inhibition assays were
run in parallel with a relevant positive control for each enzyme to
allow the determination of IC50 values shown in Table 3. The
IC50 of GGPPS inhibitor RB-07-16 (13e) was determined to be
greater than 40 μM for all three enzymes.

5. PHARMACOKINETIC PARAMETERS OF RB-07-16 IN
RAT

Pharmacokinetic (PK) parameters obtained from Sprague−
Dawley (SD) rat PK (I.V. dosing at 3 mg/kg) of inhibitor RB-
07-16 revealed relatively low plasma clearance, an average mean
residence time (MRT) of approximately 4.7 h, and a half-life
(T1/2) of 3.8 h (Figure 10). This favorable PK profile is in sharp

Figure 8. Examples of hGGPPS inhibitors blocking the proliferation of cancer cells from different tissue origins and bearing various K-RAS mutations.

Figure 9. Induction of ER stress and modulation of ERK and AKT signaling by hGGPPS inhibitor treatment. (a) RT-PCR demonstrating specific
(GGOH rescuable) induction of XBP1 mRNA splicing by inhibitors CML-07-119 (12c) and RB-07-16 (13e). (b) Western blotting results of RPMI-
8226 lysates after 48 h of treatment with the indicated concentration of hGGPPS inhibitors in the presence and absence of GGOH rescue for specificity
assessment.

Table 2. Metabolic Stability of Inhibitor RB-07-16 (13e) in
Liver Microsomes

average % remaining with
NADPH (STDEV)

average % remaining without
NADPH (STDEV)

MLM
RB-07-16 103 (8.70) 121 (22.3)
verapamil 3.27 (0.22) 92.4 (10.9)

RLM
RB-07-16 89.7 (7.68) 99.3 (1.74)
verapamil 30.3 (3.03) 75.1 (8.30)

DLM
RB-07-16 87.7 (11.4) 81.7 (8.31)
verapamil 13.7 (0.33) 97.1 (7.48)

HLM
RB-07-16 107 (24.3) 100 (3.29)
verapamil 34.7 (0.61) 67.8 (5.92)

Table 3. IC50 Values of RB-07-16 (13e) and Relevant
Controls for CYP 450 Enzymesa

IC50 (nM) RB-07-16 IC50 (nM) positive control

CYP 3A4 >40,000 41.5b

CYP 2C9 >40,000 258c

CYP 2D6 >40,000 107d

aIn parallel assays, the following compounds were used as the positive
controls. bKetoconazole. cSulfaphenazole. dQuinidine.
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contrast to that for clinically approved bisphosphonates, such as
the FPPS inhibitor zoledronic acid (1), which exhibits negligible
systemic circulation in rats and dogs46 as well as in humans.47

6. ASSESSMENT OF IN VIVO ANTITUMOR EFFICACY
OF RB-07-16 IN XENOGRAFT MM AND PDAC
MOUSE MODELS

The in vivo antimyeloma efficacy of inhibitor RB-07-16 (13e)
was subsequently investigated in xenograft MM and PDAC
mouse models. In the MM model, the tumor size (Figure 11)

and the weight of all animals (Figure S2) were recorded before
each dosing and at the end of the study. The increase in tumor
volume was almost negligible in all animals (n = 9, 3 male and 6
female) treated with inhibitor RB-07-16 (13e), whereas in the
animals given PBS vehicle control (n = 8, 2 male and 6 female),
the tumor size increased significantly over the 26 day treatment
period (start of dosing on day 0; Figure 11). Neither group of
animals (control and compound treated) lost any weight (Figure
S2). All mice from this study were euthanized 48 h after
receiving the last dose, and their blood and livers were collected
for further evaluation of any possible compound-induced
hepatotoxicity (refer to Section 7 below).
In view of the relatively modest potency of inhibitor RB-07-16

(13e) in MIA PaCa-2 cells (EC50 = 790 nM), to evaluate the

dynamic range of antitumor efficacy induced by this inhibitor,
we also administered analog RB-07-16 to a xenograft PDAC
mouse model. All animals, in both the vehicle control (n = 13, 6
male and 7 female) and the inhibitor-treated group (n = 14, 6
male and 8 female), continued to gain weight (Figure 12d,e) and
did not exhibit any signs of distress or overt toxicity during the
26 day dosing period. Observation of these mice was continued
during the postdosing period for up to 60 days, and the mice
were euthanized only when their tumors became larger than
2000mm3, in accordance with our animal care ethics protocol. A
statistically significant difference in tumor growth (Figure 12a,c)
and survival rate (Figure 12b) was observed between the animals
treated with RB-07-16 and those in the control group. For
example, by day 58, all animals in the PBS control had been
euthanized, whereas 6/14 animals in the RB-07-16 inhibitor-
treated group were still alive with tumors smaller than 2000
mm3. As expected, the antitumor efficacy of RB-07-16 in the
xenograft PDAC (MIA PaCa-2) mouse model was much more
modest than in the xenograft MM (RPMI-8226) mouse model
(Figure 11), consistent with the nearly 10-fold difference in
potency observed in RPMI-8226 cells vs the MIA PaCa-2 cells
(EC50 values of 70 and 790 nM, respectively). These results are
very encouraging and suggest that more potent and selective
hGGPPS inhibitors may provide antitumor agents that could be
clinically useful across a broad spectrum of tumor types.

7. EVALUATION OF COMPOUND-MEDIATED
HEPATOTOXICITY

A major challenge in the identification of a new therapeutic
agent is the ability to reliably select a candidate compound that
has a low probability of inducing liver injury at the projected
therapeutic doses.48 Toxicity plays a major role in the attrition
rate of potential therapeutics and accounts for approximately
40% of failures at the preclinical development stage (i.e., toxicity
observed in animals) and ∼25% of failures in Phase I (i.e.,
clinical toxicity observed in humans).36 However, toxicity is
most often compound-specific and does not a priori represent a
target-related safety concern. In fact, it is extremely difficult to
prove a mechanism-based toxicity, which would require
investigations with numerous equipotent but structurally
significantly different compounds, which block the function of
the same biological target and induce identical toxic effects. A
significant increase of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels in the blood of animals
and humans treated with a therapeutic drug is broadly accepted
to be a sensitive biomarker for compound-dependent
hepatotoxicity.49 However, several reports have shown that
ALT and AST values can vary significantly depending on the
exact animal species, sex, age, weight, stress levels (induced by
manipulation of the animals, immobilization, or exposure to
cold),50 and even the collection site of the blood samples.51 As
two examples, the differences in the ALT and AST levels of
healthy 8−10 week old male and female Nu/Nu and NOD
SCID mice reported by Charles River Laboratories are
summarized in Table S1.52 Therefore, the normal levels of
liver enzymes that are relevant are only those observed for the
same animal species (with all other parameters identical), when
treated with only vehicle control during the same study as the
animals treated with the compound of interest (Table 4).
To evaluate any potential compound-dependent hepatotox-

icity, all mice from the in vivo study using the xenograft MM
(RPMI-8226) mouse model were euthanized 48 h after
receiving the last dose, their blood was collected in serum

Figure 10. Pharmacokinetic measurements of RB-07-16 in rat plasma
after IV injection of 3 mg/kg, as determined by LC−MS/MS at a limit
of quantitation (LOQ) of 29 ng/mL; the average values (n = 3) of key
pharmacokinetic parameters are indicated.

Figure 11. In vivo antimyeloma efficacy of GGPPS inhibitor RB-07-16
(13e) vs PBS (vehicle control) in a xenograft MM mouse model using
NSG mice injected with RPMI-8226 cells. The p-value was determined
with Welch’s t-test correction 48 h after the last dose.
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separator tubes (with gel), and the serum was analyzed for any
significant increase in ALT and AST; the results are shown in
Table 4. Additionally, the livers (right and left lobes) of all
animals were harvested immediately post-euthanasia, fixed in
10% aqueous formalin for 48 h at 4 °C, then transferred to 70%
ethanol, and stored at 4 °C until embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E) using
standard methods at the RI-MUHC histology laboratory. The
left and right lobes of each animal were examined without
knowledge of the treatment group. The slides were graded using
the scheme reported by Thoolen and co-workers53 for the
following abnormalities: eosinophilic degeneration, single-cell
necrosis (apoptosis), foci of necrosis (multiple cells), inflam-
matory infiltrates, and bile ductular or oval cell proliferation.
Vasculitis was assessed by simply counting the number of
medium vessels showing subendothelial inflammatory infil-
trates. Representative images of alterations from normal
observed are shown in Figure 13, and detailed grading of all
samples (left and right lobes) are reported in Table 5.
A well-known disadvantage to I.P. administration of drugs is

the increased absorption into the liver (due to direct transport
from the peritoneal cavity into the portal vein system); the latter

leads to higher potential for hepatic toxicity. In spite of this effect
and after multiple doses of RB-07-16 by I.P. injections over a 26
day period, our histopathology data did not reveal any serious
abnormalities or significant differences between the control
group of animals and those treated with this inhibitor (Table 5).
Consistent with these observations, the differences in ALT and
AST levels observed between the animals treated with PBS
vehicle and those that received RB-07-16 (for both the male and
the female animals) were less than twofold (Table 4). Such small
differences in ALT and AST levels between the control group
and the RB-07-16-treated group fall within the animal-to-animal
variability, suggesting that there is no obvious concern with
compound-induced hepatotoxicity in mice treated with an
effective dose for inducing antimyeloma efficacy over a 26 day
period. However, such preliminary results are no substitute for
proper preclinical acute dose-ranging toxicity studies in rat and
dog to more fully evaluate the safety of any potential new
therapeutic agent.

8. CONCLUSIONS
We previously reported the discovery of C2-ThP-BP inhibitors
of the hGGPPS,9 which could effectively block the geranylger-

Figure 12. In vivo antitumor efficacy of hGGPPS inhibitor RB-07-16 (13e) vs PBS (vehicle control) in a xenograft PDAC mouse model using NSG
mice injected with MIA PaCa-2 cells. (a) Tumor volume plotted using standard deviation; statistical analysis was performed using unpaired Welch’s t-
test correction. (b) Plot of survival probability. (c) p-Values withWelch’s t-test correction on day 26 (when the animals received the last dose) and 48 h
later (day 28). (d) Weight change of each animal treated with PBS or (e) RB-07-16 (13e); the ID number and sex of each animal are indicated.
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anylation of relevant GTPases (e.g., Rap-1A), induce the
apoptosis of MM cells by selective intracellular binding to
hGGPPS, exhibit a fairly long systemic circulation in rat, and
block the progression of myeloma tumors in a validated animal
model.9a In the current study, we have expanded our
investigations to include novel and potent C6-PyraP-BP
inhibitors of hGGPPS and have evaluated their ability to block
the proliferation of MM, PDAC, and CRC cells. The current
best C6-PyraP-BP inhibitor, RB-07-16 (13e), is slightly more
potent (approximately twofold) than the previously reported
best C2-ThP-BP analog, CML-07-119 (12c); however, it is
significantly more selective in inhibiting hGGPPS vs hFPPS
(Table 1). Given these advantages, RB-07-16 (13e) was selected

for further biological profiling. RB-07-16 (13e) induces the
desired biochemical consequences of selective intracellular
target engagement, leading to apoptosis and downregulation
of intracellular Rap-1A prenylation in MM, PDAC, and CRC
cells. Additionally, this inhibitor was shown to have potency-
dependent antitumor efficacy in xenograft mousemodels of both
MM and PDAC, significantly reducing tumor growth without
substantially increasing liver enzymes or causing histopathologic
liver alterations that are usually associated with drug-induced
hepatotoxicity. Inhibitor RB-07-16 is also metabolically stable in
cross-species liver microsomes, does not inhibit key CYP 450
enzymes, and exhibits good systemic circulation in rat.
Collectively, our studies provide encouraging support for further
optimization of the pyrazolo[3,4-d]pyrimidine-based hGGPPS
inhibitors as potential human therapeutic agents for various
cancers.
Although currently numerous small molecules and biologics

are under investigation (at both the preclinical and clinical
stages) for hematological cancers and solid tumors, eventual
resistance to any chemotherapy is unavoidable and a major
problem facing all cancer treatments.54 Drug resistance is mainly
due to tumor-induced tissue reprogramming, a mechanism
largely attributable to intrinsic cellular genomic alterations
induced by a given treatment,55 underscoring the vital necessity
for the discovery of novel antitumor agents, with new
biochemical mechanisms of action. The recent enthusiasm for
highly efficient biologic drugs (e.g., monoclonal antibodies,
recombinant protein-based therapeutics, and gene and cellular
therapies) does overshadow the value of small-molecule drugs,
which are typically easier to manufacture, simpler to characterize
(for quality control), and far less costly to prepare than complex
biologics. Furthermore, the high cost of biologics has a huge
impact on patients’ ability to access and pay for these drugs or
obtain support for these treatments from government-
subsidized health-care providers;56 according to a 2020 report
by Forbes, biologic medicines are the biggest driver of rising
drug prices.57 Small molecules can also be combined with
biologics for synergistic or mechanistic reasons leading to higher
clinical efficacy in the treatment of cancer. For example, anti-
CD38 monoclonal antibodies are often combined with small-
molecule inhibitors in regimens that have proven to be very
potent and durable in the treatment of myeloma.58 A small-
molecule inhibitor of the human GGPPS has the potential to
provide a f irst-in-class valuable therapeutic for cancer chemo-
therapy.

9. EXPERIMENTAL SECTION
9.1. General Chemistry. Chemicals and solvents were purchased

from commercial suppliers and used without further purification.
Normal phase column chromatography on silica gel was performed
using a CombiFlash instrument and the solvent gradients indicated.
The homogeneity of the final inhibitors was confirmed to be ≥95% by
1H and 31P NMR and analytical C18 reversed-phase HPLC
chromatography. Depending on the compound, two different systems
were used, as indicated in the HPLC chromatogram of each compound
(Supporting Information). System 1: AWaters Alliance instrument was
used (e2695 with 2489 UV detector, 3100 mass spectrometer, C18 5
μm column); solvent A: H2O, 0.1% formic acid; solvent B: CH3CN,
0.1% formic acid; mobile phase: linear gradient from 95%A and 5%B to
0% A and 100% B in 13 min. System 2: A Waters Alliance instrument
(2690 with a 996 PDA detector, Kromasil Eternity C18 5 μm HPLC
Column); solvent A: H2O, 0.2% NH4OAc; solvent B: CH3CN; mobile
phase: linear gradient from 80% A and 20% B to 0% A and 100% B in 10
min.

Table 4. Levels of ALT and AST Liver Enzymes in the Serum
of Xenograft MM NSG Mice Post In Vivo Antimyeloma
Efficacy Study with hGGPPS Inhibitor RB-07-16 (13e); IP
Dosing at 3 mg/kg for 12 Doses, 3 Times per Week, over a
Period of 26 days

mouse ID dose ALT IU/L (sex) AST IU/L (sex)

A808 PBS 35 (M) 76 (M)
A809 PBS 40 (M) 78 (M)
A815 PBS 98 (F) 229 (F)
A816 PBS 53 (F) 194 (F)
A817 PBS 83 (F) 194 (F)
A818 PBS 30 (F) 84 (F)
A823 PBS 33 (F) 131 (F)
A824 PBS 35 (F) 138 (F)
A810 RB-07-16 42 (M) 96 (M)
A811 RB-07-16 44 (M) 101 (M)
A812 RB-07-16 46 (M) 125 (M)
A813 RB-07-16 148 (F) 280 (F)
A814 RB-07-16 66 (F) 250 (F)
A819 RB-07-16 59 (F) 210 (F)
A820 RB-07-16 152 (F) 316 (F)
A821 RB-07-16 82 (F) 199 (F)
A822 RB-07-16 70 (F) 217 (F)

Figure 13. Light micrographs of representative lesions encountered in
the mice livers (all stained with H&E). (A) Normal liver with portal
tract in the center and surrounding intact hepatocytes (×100). (B)
Eosinophilic degeneration in many of the hepatocytes on the right,
predominantly lower right (×200). (C) Two apoptotic cells (arrow on
one). Note the small pyknotic nucleus and the hypereosinophilic
cytoplasm (×400). (D) Few small foci of inflammation composed
predominantly of neutrophils (×400).
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All final compounds were fully characterized by 1H, 13C, 31P NMR,
andHRMS analyses. Chemical shifts (δ) are reported in ppm relative to
the internal deuterated solvent. The NMR spectra of all final
bisphosphonate inhibitors were acquired in DMSO-d6 or D2O; in the
latter case, they were first converted to their corresponding trisodium
salt with the addition of 3 equiv of NaOD in D2O or 0.5% NH4OH to
the D2O solvent. The high-resolutionMS spectra of final products were
recorded using electrospray ionization (ESI±) and Fourier transform
ion cyclotron resonance mass spectrometry (FTMS).
We recently reported the synthesis and full characterization of

compounds 11a,9a 11b,9b 11c,9b and 12c;9a these compounds are
included in the current study for the purpose of comparison with the
new structural class of hGGPPS inhibitors.
9.2. General Procedure for Bisphosphonate Deprotection.

9.2.1. Step 1. Into an oven-dried microwave vial equipped with a stir
bar, anhydrous DCM (5 mL) was added under argon, followed by
hexamethyldisilane (727 mg, 1.01 mL, 2 equiv, 4.96 mmol), which had
been previously dried over 4 Åmolecular sieves. The septumwas briefly
removed to add iodine (630 mg, 1 equiv, 2.48 mmol), and then the vial
was sealed quickly with a Teflon crimp cap under argon. The flask was
wrapped well in aluminum foil, and the mixture was stirred at RT.
Initially, the reaction mixture was a dark purple color, which slowly
dissipated. After 3−4 h, the solution turned a pale pink color and was
left to stir for a total of 16 h at RT to ensure complete reaction, after
which time the solution became colorless. This solution was presumed
to be 0.81 M TMSI in DCM and used directly in the next step.

9.2.2. Step 2. In a dry flask equipped with a stir bar, the tetraethyl
ester compound (1 equiv) was dissolved in anhydrous DCM (30 mL
per 1 mmol of tetraethyl ester) under argon and cooled to 0 °C in an ice
bath. TMSI (25 equiv, 0.81 M solution in DCM) was added dropwise.
The solution was stirred at 0 °C, and the progress of the reaction was
tracked by 1H NMR (DMSO-d6), after quenching an aliquot (∼0.1
mL) with MeOH. Complete conversion was typically observed in 2−4
h, at which point MeOH (30 mL/mmol) and H2O (3 mL/mmol) were
added. The mixture was stirred for 1 h at RT and then cooled at 4 °C for
1 h in order to precipitate the desired bisphosphonic acid product. The
precipitated product was collected by vacuum filtration and washed
with HPLC-grade MeOH. If further purification was required, the solid
material was sonicated in MeOH, collected by vacuum filtration, and
washed again with HPLC-grade MeOH.

9.2.2.1. (((2-(3-((4-Fluorophenyl)carbamoyl)phenyl)thieno[2,3-
d]pyrimidin-4-yl)amino)methylene)bis(phosphonic Acid) (12a). In-
hibitor 12a was prepared as previously reported for this class of
compounds.9b

The tetraester (64 mg) was deprotected using TMSI, followed by
MeOH, to give inhibitor 12a as a white solid (51 mg, quant. yield).

1H NMR (500 MHz, 0.5% NH4OH in D2O): δ 8.79 (t, J = 1.8 Hz,
1H), 8.56 (dt, J = 7.9, 1.4 Hz, 1H), 8.04 (dt, J = 8.0, 1.5 Hz, 1H), 7.74 (t,
J = 7.8Hz, 1H), 7.66−7.55 (m, 3H), 7.51 (d, J = 6.0Hz, 1H), 7.24 (t, J =
9.0 Hz, 2H), 5.20 (t, J = 19.0 Hz, 1H).

31P NMR (203 MHz, 0.5% NH4OH in D2O): δ 13.88.
13C NMR (201 MHz, 0.5% NH4OH in D2O): δ 169.6, 165.8, 160.4

(d, J = 242.8 Hz), 159.9, 157.3, 138.4, 134.3, 133.0 (d, J = 2.9 Hz),
132.2, 129.6, 129.5, 127.1, 125.3, 123.5, 119.1, 116.1, 115.9 (d, J = 22.9
Hz), 49.2 (t, J = 121.4 Hz).
HRMS [ESI−] calcd for C20H16FN4O7P2S m/z: 537.0204; found,

537.0196 [M − H]−.
9.2.2.2. (((2-(3-((4-(Trifluoromethyl)phenyl)carbamoyl)phenyl)-

thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
Acid) (12b). Inhibitor 12b was prepared as previously reported for this
subclass of compounds.9b

The tetraester (52 mg) was deprotected using TMSI, followed by
MeOH, to give inhibitor 12b as a beige solid (40 mg, quant. yield).

1HNMR (800MHz, 0.5%NH4OH in D2O): δ 8.77 (s, 1H), 8.53 (d,
J = 7.7 Hz, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.77
(d, J = 8.2 Hz, 2H), 7.72 (t, J = 7.7 Hz, 1H), 7.60 (d, J = 5.8 Hz, 1H),
7.48 (d, J = 5.8 Hz, 1H), 5.15 (t, J = 18.9 Hz, 1H).

31P NMR (203 MHz, 0.5% NH4OH in D2O): δ 13.87.
13C NMR (201 MHz, 0.5% NH4OH in D2O): δ 169.3, 165.5, 159.7,

157.0, 140.6, 138.3, 134.2, 132.2, 129.5, 129.3, 127.0, 126.3 (q, J = 31.5
Hz), 126.2 (q, J = 4.0 Hz), 124.2 (q, J = 270.8 Hz), 123.2, 122.0, 118.9,
115.9, 49.5 (t, J = 122.5 Hz). HRMS [ESI−] calcd for
C21H16F3N4O7P2S m/z: 587.0173; found, 587.0170 [M − H]−.

9.2.2.3. 5-Amino-1H-pyrazole-4-carboxamide (17). Step 1:
(ethoxymethylene)malononitrile (1.50 g, 12.3 mmol, 1.0 equiv) was
added to amicrowave vial and cooled in an ice bath. Hydrazine (2.0mL,
64% in H2O, 41.2 mmol, 3.4 equiv) was added to the vial dropwise with
stirring. The reaction mixture was heated at 100 °C for 1 h, followed by
TLC (100% EtOAc, Rf = 0.43). Upon complete conversion, the
reaction mixture was cooled to RT, quenched with water (15 mL), and
extracted with EtOAc (3× 15mL). The combined organic extracts were

Table 5. Liver Histopathology from Mice Treated with RB-07-16 vs PBS Vehiclea

mouse ID sex dose EDb Apoc FNc IInc BDPrc Vc Nd

A808 M PBS 0/0 0/0 0/0 0/0 0/0 0/0 0/0
A809 M PBS 0/0 0/0 0/0 2/2 0/0 0/0 0/0
A815 F PBS 1/1 0/0 0/0 0/0 0/0 0/0 0/0
A816 F PBS 0/0 0/0 0/0 0/0 0/0 0/0 0/0
A817 F PBS 1/0 0/0 0/0 0/0 0/0 0/0 0/0
A818 F PBS 1/0 0/0 0/0 0/0 0/0 0/0 0/0
A823 F PBS 0/1 0/0 0/0 0/0 0/0 0/0 0/0
A824 F PBS 0/1 0/0 0/0 0/0 0/0 0/0 0/0
A810 M RB-07-16 1/1 0/0 0/0 0/0 0/0 0/0 0/0
A811 M RB-07-16 0/0 0/0 0/0 0/0 0/0 0/0 0/0
A812 M RB-07-16 0/0 1/0 0/0 0/0 0/0 0/0 0/0
A813 F RB-07-16 1/1 0/0 0/0 0/0 0/0 0/0 0/0
A814 F RB-07-16 0/1 0/0 0/0 0/0 0/0 0/0 0/0
A819 F RB-07-16 1/1 0/0 0/0 0/0 0/0 0/0 0/0
A820 F RB-07-16 1/1 0/0 0/0 0/1 0/0 0/0 0/0
A821 F RB-07-16 1/1 0/0 0/0 0/0 0/0 0/0 0/0
A822 F RB-07-16 0/0 0/0 1/0 0/0 0/0 0/1 0/0

aThe two numbers for each entry in the table indicate the score for the right (R) and left (L) lobe of each animal (R/L). bThe following grading
scheme was used for eosinophilic degeneration (ED)/change: true apoptosis (Apo) or single cell necrosis; foci of necrosis (FN); inflammatory
infiltrates (IIn); and foci of bile ductular/oval cell proliferation (BDPr) based on observed abnormalities: grade 0 (none); grade 1: minimal (1−2
foci); grade 2: mild (3−6 foci); grade 3: moderate (7−12 foci); grade 4: severe (>12 foci); grade 5: very severe (diffuse).53 cThe grading for vessels
with a vasculitis or perivasculitis (V) represents a simple count of the vessels. dGrading of prominent nucleoli (N): grade 1 (1−10%), grade 2 (10−
25%), grade 3 (>25−50%), and grade 4 (>50%).
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dried over anhydrousNa2SO4, filtered, and concentrated under reduced
pressure. The crude residue was purified on silica gel by flash
chromatography, using a solvent gradient from 1 to 100% EtOAc in
hexanes, to afford the 5-amino-1H-pyrazole-4-carbonitrile as a white
solid (820 mg, 62%).
Step 2: the pyrazole (562 mg, 5.20 mmol, 1.0 equiv) was slowly

added to concentrated sulfuric acid (2.0 mL) that was cooled in an ice
bath and stirred over a period of 20 min at 0 °C before it was allowed to
warm up to RT and stirred for 4 h. A small amount of ice was added to
the reaction mixture, and it was stored in the refrigerator overnight to
allow precipitation of the product. The precipitate was filtered and
washed with water to afford 17 as an orange solid (569 mg, 87%).

1H NMR (500 MHz, DMSO-d6): δ 8.04 (s, 1H), 7.46 (s, 1H), 6.99
(s, 1H), 5.97 (s, 2H).

13C NMR (126 MHz, DMSO-d6): δ 165.7, 150.6, 134.3, 100.5.
MS [ESI+] m/z: 127.11 [M + H+]+.
9.2.3. 1,7-Dihydro-4H-pyrazolo[3,4-d]pyrimidine-4,6(5H)-dione

(18). Intermediate 17 (822 mg, 6.52 mmol, 1.0 equiv) and urea (1.7
g, 28 mmol, 4.3 equiv) were added to a pressure vessel and heated at
190 °C for 40 min. The precipitated solid was dissolved in boiling 1 M
NaOH (12 mL) and then acidified with 1 M HCl (15 mL). The
solution was cooled and then filtered, washing with excess water to
obtain 18 as a yellow solid (447 mg, 45%). 1H NMR (500 MHz,
DMSO-d6): δ 13.28 (s, 1H), 11.32 (s, 1H), 10.65 (s, 1H), 8.34 (s, 1H).
13C NMR (126 MHz, DMSO-d6): δ 160.2, 152.2, 151.4, 129.5, 100.8.
MS [ESI−] m/z: 150.95 [M − H+]−.
9.2.4. 2,4,6-Trichloropyrimidine-5-carbaldehyde (20).The starting

material, pyrimidine-2,4,6(1H,3H,5H)-trione (19), was prepared as
previously reported.25 A pressure vessel was purged with argon and
cooled in an ice bath before POCl3 (192 mL, 2.06 mol, 7.1 equiv) was
added to the vessel followed by the dropwise addition of DMF (27 mL,
350 mmol, 1.2 equiv), leading to the formation of a white solid. The
septum was briefly removed under argon to add intermediate 19 (37.1
g, 289 mmol, 1.0 equiv), and the reaction was heated at 120 °C for 16 h.
The reaction mixture was cooled to RT and very slowly added to water
(1 L), taking care that the temperature of the water did not increase
substantially. The precipitated product was collected by vacuum
filtration and washed with water to obtain 20 as a pale yellow solid (46.4
g, 76%). All NMR data were consistent with the literature.60

1H NMR (500 MHz, CDCl3): δ 10.44 (s, 1H).
13C NMR (126 MHz, CDCl3): δ 184.6, 164.1, 161.6, 123.0.
MS [APCI] m/z: 210.92 [M + H+]+.
9.2.5. 4,6-Dichloro-1H-pyrazolo[3,4-d]pyrimidine (21). Intermedi-

ate 20 (44.8 g, 213 mmol, 1.0 equiv) was added to a flask, which was
purged with argon and cooled to 0 °C, before MeOH (600 mL) was
added, followed by the dropwise addition of hydrazine (64% in H2O,
11.3 mL, 230 mmol, 1.1 equiv) and the dropwise addition of
triethylamine (30.8 mL, 221 mmol, 1.0 equiv). The reaction mixture
was stirred at 0 °C and followed by TLC (25% EtOAc in hexanes, Rf =
0.36). After 1 h, the reaction mixture was dried under vacuum and
purified on silica gel by flash column chromatography, using a solvent
gradient from 2 to 75% EtOAc in hexanes, to obtain 21 as a white solid
(21.8 g, 54%).

1H NMR (500 MHz, CDCl3): δ 12.28 (s, 1H), 8.31 (s, 1H).
13C NMR (126 MHz, CDCl3): δ 157.2, 156.2, 155.7, 134.2, 112.6.
MS [ESI−] m/z: 186.93 [M − H+]−.
9.3. General Procedure for Bisphosphonate Synthesis. The

intermediates 21 (after THP-protection of the free amine and
amination) and 30 were converted to their corresponding bi-
sphosphonates 22 and 31, respectively, following the previously
reported procedure.9a

9.3.1. Tetraethyl (((6-Chloro-1-(tetrahydro-2H-pyran-2-yl)-1H-
pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate)
(22). 9.3.1.1. Step 1. In a round-bottom flask, intermediate 21 (17.3 g,
91.6 mmol, 1.0 equiv) and pTsOH monohydrate (1.86 g, 9.77 mmol,
0.11 equiv) were dissolved in a mixture of DCM (260 mL) and THF
(260 mL), DHP (12.6 mL, 138 mmol, 1.5 equiv) was added, and the
reaction mixture was stirred at RT. Progress of the reaction was
followed by TLC (25% EtOAc in hexanes, Rf = 0.53), and after 6 h, the
reaction mixture was concentrated to dryness, diluted with DCM, and

washed with saturated aqueous Na2CO3, water, and brine, and the
organic layer was dried with anhydrous MgSO4. The crude product
residue was purified on silica gel by flash column chromatography, using
a solvent gradient from 2 to 50% EtOAc in hexanes, to obtain the THP-
protected pyrazolopyrimidine as a white solid (23.3 g, 93%).

1H NMR (500 MHz, CDCl3): δ 8.22 (d, J = 0.6 Hz, 1H), 6.02 (dd, J
= 10.5, 2.6 Hz, 1H), 4.14 (ddd, J = 11.8, 4.2, 2.1 Hz, 1H), 3.83 (td, J =
11.5, 2.6 Hz, 1H), 2.62−2.53 (m, 1H), 2.20−2.14 (m, 1H), 1.97 (ddt, J
= 12.4, 3.9, 2.6 Hz, 1H), 1.85−1.76 (m, 2H), 1.70−1.65 (m, 1H). 13C
NMR (126 MHz, CDCl3): δ 156.9, 155.5, 154.5, 133.3, 113.2, 83.0,
68.5, 29.4, 24.8, 22.7.
MS [ESI+] m/z: 273.07 [M + H+]+.
9.3.1.2. Step 2. The THP-protected pyrazolopyrimidine intermedi-

ate (21.7 g, 79.7 mmol, 1.0 equiv) was dissolved in THF (215 mL),
aqueous NH4OH (28%, 225 mL, 1624mmol, 20 equiv) was added, and
the reaction mixture was stirred vigorously at RT. Progress of the
reaction was followed by TLC (50% EtOAc in hexanes, Rf = 0.38), and
after 7 h, the reaction mixture was concentrated under vacuum leading
to the precipitation of the product, which was collected by vacuum
filtration, washed with water and DCM to obtain the 6-chloro-1-
(tetrahydro-2H-pyran-2-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine
product as a white solid (18.3 g, 91%).

1H NMR (500 MHz, DMSO-d6): δ 8.38−8.15 (m, 2H), 8.14 (s,
1H), 5.72 (dd, J = 10.3, 2.5 Hz, 1H), 3.93 (ddd, J = 11.6, 4.7, 2.6 Hz,
1H), 3.73−3.61 (m, 1H), 2.36 (tdd, J = 12.8, 10.3, 4.1 Hz, 1H), 2.03−
1.94 (m, 1H), 1.83 (dq, J = 12.9, 3.4 Hz, 1H), 1.73 (ddtd, J = 16.8, 10.9,
7.5, 6.9, 3.5 Hz, 1H), 1.55 (hept, J = 3.9 Hz, 2H).

13C NMR (126 MHz, DMSO-d6): δ 159.1, 158.1, 154.9, 133.6, 99.7,
82.2, 67.5, 29.2, 25.1, 22.7. MS [ESI+]

m/z: 254.17 [M + H+]+.
9.3.1.3. Step 3. Following the general procedure for bisphosphonate

synthesis previously reported,9a the bisphosphonate tetraethyl ester
intermediate 22 was obtained as a white solid (17.1 g, 50%).

1H NMR (500MHz, CDCl3): δ 8.14 (s, 1H), 6.59 (s, 1H), 5.95 (dd,
J = 10.6, 2.5 Hz, 1H), 5.67 (td, J = 21.9, 9.8 Hz, 1H), 4.38−4.09 (m,
8H), 3.82 (td, J = 11.6, 2.5 Hz, 1H), 2.55 (tdd, J = 12.4, 10.4, 4.2 Hz,
1H), 2.14 (dd, J = 10.2, 4.4 Hz, 1H), 1.97−1.89 (m, 1H), 1.86−1.73
(m, 3H), 1.67−1.61 (m, 1H), 1.36−1.27 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 15.98−15.40 (m).
13C NMR (126 MHz, CDCl3): δ 158.0, 155.9, 154.8, 132.7, 100.3,

82.2, 68.5, 63.9 (dt, J = 28.5, 5.1 Hz), 44.8 (t, J = 147.0 Hz), 29.6, 25.0,
22.9, 16.9−15.8 (m).
MS [ESI−] m/z: 538.18 [M − H+]−.
9.3.2. Tetraethyl (((6-Chloro-1H-pyrazolo[3,4-d]pyrimidin-4-yl)-

amino)methylene)bis(phosphonate) (23). Intermediate 22 (1.80 g,
3.33 mmol, 1.0 equiv) was dissolved in MeOH (16 mL), HCl (4 M in
dioxane, 40 mL, 160 mmol, 48 equiv) was added, and the reaction
mixture was stirred at 40 °C followed by TLC (10% MeOH in EtOAc,
Rf = 0.47). Complete conversion was observed after 1.5 h, at which
point the reaction mixture was concentrated under vacuum, the crude
residue was diluted with saturated aqueous NaHCO3 (50 mL),
extracted with EtOAc (3× 30 mL), and dried over anhydrous Mg2SO4.
The crude residue was purified on silica gel by flash chromatography
using a gradient from 0 to 20%MeOH in EtOAc to obtain 23 as a white
solid (1.25 g, 82%).

1H NMR (500 MHz, CDCl3): δ 13.75 (s, 1H), 8.85 (d, J = 10.1 Hz,
1H), 8.64 (s, 1H), 5.82 (td, J = 22.4, 10.0 Hz, 1H), 4.39−3.97 (m, 8H),
1.33 (t, J = 7.1 Hz, 6H), 1.11 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 16.19.
13C NMR (126 MHz, CDCl3): δ 158.6, 156.5, 155.7, 132.2, 99.9,

64.0 (dt, J = 91.6, 3.2 Hz), 44.8 (t, J = 147.4 Hz), 16.2 (dt, J = 27.7, 3.0
Hz).
MS [ESI−] m/z: 454.16 [M − H+]−.
9.4. General Procedure for Alkylation of Pyrazole 23.

Intermediate 23 (1.0 equiv) was dissolved in anhydrous DMF (0.1
M) and cooled to 0 °C, before K2CO3 (5.0 equiv) was added, followed
by the addition of an alkyl iodide (1.1 equiv). The reaction mixture was
stirred at RT followed by LCMS. Upon complete conversion of the
starting material, the reaction mixture was concentrated, diluted with
brine, and extracted with EtOAc (3×). The product crude residue was

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c01271
J. Med. Chem. 2023, 66, 15776−15800

15791

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


purified on silica gel by flash column chromatography, using a solvent
gradient from 0 to 20% MeOH in EtOAc.

9.4.1. Tetraethyl (((6-Chloro-1-methyl-1H-pyrazolo[3,4-d]-
pyrimidin-4-yl)amino)methylene)bis(phosphonate) (24a). Inter-
mediate 23 (249 mg) was alkylated to give intermediate 24a as a
white solid (174 mg, 68%).

1HNMR (500MHz, CDCl3): δ 8.09 (s, 1H), 6.77 (s, 1H), 5.70 (td, J
= 22.0, 9.9 Hz, 1H), 4.34−4.14 (m, 8H), 4.02 (s, 3H), 1.34 (t, J = 7.0
Hz, 6H), 1.28 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 15.82.
13C NMR (126 MHz, CDCl3): δ 157.6, 155.9, 154.5, 131.3, 100.0,

63.9 (d, J = 29.9 Hz), 44.8 (t, J = 146.8 Hz), 34.2, 16.5−16.2 (m).
MS [ESI−] m/z: 468.23 [M − H+]−.
9.4.2. Tetraethyl (((6-Chloro-2-methyl-2H-pyrazolo[3,4-d]-

pyrimidin-4-yl)amino)methylene)bis(phosphonate) (25a). Inter-
mediate 23 (249 mg) was alkylated to give intermediate 25a as a
white solid (40 mg, 16%).

1H NMR (500 MHz, CDCl3): δ 8.30 (s, 1H), 7.45 (d, J = 9.7 Hz,
1H), 5.76 (td, J = 22.0, 9.7 Hz, 1H), 4.37−4.08 (m, 11H), 1.36 (t, J =
7.1 Hz, 6H), 1.23 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 15.86.
13C NMR (126 MHz, CDCl3): δ 161.3, 157.9, 157.2, 125.2, 101.00,

64.0 (d, J = 24.9 Hz), 44.4 (t, J = 146.0 Hz), 40.9, 16.3.
MS [ESI−] m/z: 468.22 [M − H+]−.
9.4.3. Tetraethyl (((6-Chloro-1-ethyl-1H-pyrazolo[3,4-d]-

pyrimidin-4-yl)amino)methylene)bis(phosphonate) (24b). Inter-
mediate 23 (204 mg) was alkylated to give intermediate 24b as a
white solid (137 mg, 63%).

1H NMR (500 MHz, CDCl3): δ 8.04 (s, 1H), 6.36 (d, J = 9.9 Hz,
1H), 5.67 (td, J = 21.8, 9.8 Hz, 1H), 4.43 (q, J = 7.3 Hz, 2H), 4.36−4.16
(m, 8H), 1.52 (t, J = 7.2Hz, 3H), 1.34 (t, J = 7.0 Hz, 6H), 1.30 (t, J = 7.1
Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 15.86.
13C NMR (201 MHz, CDCl3): δ 157.5, 155.7, 153.9, 130.7, 99.9,

63.9 (d, J = 70.1 Hz), 44.8 (t, J = 147.3 Hz), 42.4, 16.4 (d, J = 12.3 Hz),
14.8.
MS [ESI−] m/z: 482.13 [M − H+]−.
9.4.4. Tetraethyl (((6-Chloro-2-ethyl-2H-pyrazolo[3,4-d]-

pyrimidin-4-yl)amino)methylene)bis(phosphonate) (25b). Inter-
mediate 23 (204 mg) was alkylated to give intermediate 25b as a
white solid (47 mg, 22%).

1H NMR (500 MHz, CDCl3): δ 8.38 (s, 1H), 7.74 (d, J = 9.8 Hz,
1H), 5.77 (td, J = 22.0, 9.8 Hz, 1H), 4.39 (q, J = 7.3 Hz, 2H), 4.35−4.05
(m, 8H), 1.62 (t, J = 7.3Hz, 3H), 1.35 (t, J = 7.1 Hz, 6H), 1.21 (t, J = 7.1
Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 15.89.
13C NMR (126 MHz, CDCl3): δ 161.1, 157.8, 157.3, 123.9, 100.6,

64.0 (d, J = 20.5 Hz), 49.1, 44.3 (t, J = 146.9 Hz), 16.3 (d, J = 3.3 Hz),
15.3.
MS [ESI−] m/z: 482.14 [M − H+]−.
9.4.5. Tetraethyl (((6-Chloro-1-isopropyl-1H-pyrazolo[3,4-d]-

pyrimidin-4-yl)amino)methylene)bis(phosphonate) (24c). Inter-
mediate 23 (252 mg) was alkylated to give intermediate 24c as a
white solid (171 mg, 62%).

1H NMR (500 MHz, CDCl3): δ 8.07 (s, 1H), 6.61 (d, J = 9.8 Hz,
1H), 5.68 (td, J = 21.9, 9.9 Hz, 1H), 5.10 (hept, J = 6.7 Hz, 1H), 4.36−
4.12 (m, 8H), 1.55 (d, J = 6.7Hz, 6H), 1.34 (t, J = 7.1 Hz, 6H), 1.29 (t, J
= 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 15.92.
13C NMR (126 MHz, CDCl3): δ 157.3, 155.9, 153.5, 131.1, 100.1,

64.0 (dt, J = 37.2, 3.2 Hz), 49.1, 44.9 (t, J = 146.9 Hz), 22.1, 16.46 (dt, J
= 6.3, 3.0 Hz).
MS [ESI−] m/z: 496.23 [M − H+]−.
9.5. General Procedure for the Suzuki Coupling Reaction.

Intermediates 22, 24, 25, and 31 were coupled to side chains 26 using
the protocol we previously reported,59 with very minor variations for
individual compounds in temperature (80−90 °C) and in the base used
(KF or aqueous K2CO3).
9.6. General Procedure for the Synthesis of Bisphosphonic

Acid Inhibitors 13a−l, 14a,b, and 15a−c. 9.6.1. Step 1. Pd-

catalyzed Suzuki coupling reaction of intermediates 22, 24, 25, and 31
with the boronic acids 26 was carried out as previously reported59 to
give the tetraester precursors of the final inhibitors 13a−l, 14a,b, and
15a−c.

9.6.2. Step 2. In the case of intermediate 22, the THP group was
removed under standard acidic conditions before proceeding to the
final bisphosphonate tetraester deprotection in step 3.
Note: The crude products from steps 1 and 2 were doubly purified,

first on silica gel by flash column chromatography (using a solvent
gradient from 0 to 20% MeOH in EtOAc), followed by purification on
C18 silica gel by reverse phase column chromatography (using a solvent
gradient from 10 to 100% MeCN in H2O) in order to ensure that the
bisphosphonate tetraester precursors of all final compounds were
isolated in very high purity.

9.6.3. Step 3. Deprotection of the bisphosphonate tetraesters with
TMSI followed by MeOH was achieved using the general protocol
described above.

9.6.4. (((6-(3-((4-Fluorophenyl)carbamoyl)phenyl)-1H-pyrazolo-
[3,4-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic Acid)
(13a). 9.6.4.1. Step 1. Coupling of intermediate 22 (201 mg) with
boronic acid 26 (R2 = f1) gave the product as a white solid (131 mg,
49%).

1HNMR (500MHz, CDCl3): δ 9.34 (s, 1H), 9.00 (s, 1H), 8.71 (dt, J
= 7.8, 1.4 Hz, 1H), 8.26 (s, 1H), 8.17 (d, J = 7.7 Hz, 1H), 7.86 (dd, J =
8.9, 4.8 Hz, 2H), 7.64 (t, J = 7.8 Hz, 1H), 7.21 (s, 1H), 7.13−7.04 (m,
2H), 6.14 (dd, J = 10.5, 2.5 Hz, 1H), 5.76 (td, J = 22.9, 8.8 Hz, 1H),
4.30−4.07 (m, 8H), 3.88 (td, J = 11.5, 2.5 Hz, 1H), 2.64 (tdd, J = 12.7,
10.5, 4.3 Hz, 1H), 2.22−2.15 (m, 1H), 2.03−1.95 (m, 1H), 1.90−1.77
(m, 3H), 1.71−1.65 (m, 1H), 1.29−1.21 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 16.87 (d, J = 4.4 Hz).
MS [ESI−] m/z: 717.46 [M − H+]−.
9.6.4.2. Step 2.Removal of the THP group of the above intermediate

(117 mg) gave the tetraester precursor of 13a as a white solid (70 mg,
68%).

1H NMR (500 MHz, DMSO-d6): δ 13.65 (s, 1H), 10.52 (s, 1H),
9.10 (d, J = 9.4Hz, 1H), 8.94 (s, 1H), 8.57 (dt, J = 7.8, 1.5 Hz, 1H), 8.51
(s, 1H), 8.06 (dt, J = 7.7, 1.5 Hz, 1H), 7.87−7.80 (m, 2H), 7.70 (t, J =
7.7 Hz, 1H), 7.26−7.18 (m, 2H), 6.01 (t, J = 22.8 Hz, 1H), 4.20−4.03
(m, 8H), 1.17 (t, J = 7.1 Hz, 6H), 1.11 (t, J = 7.0 Hz, 6H).

31P NMR (203 MHz, DMSO): δ 16.98.
MS [ESI−] m/z: 633.36 [M − H+]−.
9.6.4.3. Step 3. The tetraester precursor (47 mg) was deprotected

with TMSI, followed by MeOH, to give the inhibitor 13a as a white
solid (28 mg, 69%).

1HNMR (400MHz, DMSO-d6): δ 10.49 (s, 1H), 8.94 (d, J = 1.9Hz,
1H), 8.63 (d, J = 7.8 Hz, 1H), 8.49 (s, 2H), 8.05 (d, J = 7.7 Hz, 1H),
7.90−7.80 (m, 2H), 7.68 (t, J = 7.8 Hz, 1H), 7.27−7.16 (m, 2H), 5.60
(td, J = 21.8, 9.0 Hz, 1H).

31P NMR (162 MHz, DMSO-d6): δ 14.04.
13C NMR (201MHz, DMSO-d6): δ 166.1, 159.9, 158.8 (d, J = 240.6

Hz), 156.4, 156.0, 139.0, 136.1, 135.6, 133.8, 131.8, 129.6, 128.9, 127.9,
122.7 (d, J = 7.9 Hz), 115.7 (d, J = 22.3 Hz), 100.0, 47.7 (t, J = 139.6
Hz).
HRMS [ESI−] calcd for C19H17FN6O7P2 m/z: 521.0545; found,

521.0527 [M − H]−.
9.6.5. (((6-(3-((4-(Trifluoromethyl)phenyl)carbamoyl)phenyl)-1H-

pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
Acid) (13b). 9.6.5.1. Step 1. Coupling of intermediate 22 (501 mg)
with boronic acid 26 (R2 = f2) gave the product as a white solid (402
mg, 56%).

1HNMR (500MHz, CDCl3): δ 9.41 (d, J = 25.6 Hz, 2H), 8.74 (dt, J
= 7.8, 1.4 Hz, 1H), 8.28 (s, 1H), 8.22 (dt, J = 7.7, 1.5 Hz, 1H), 8.09 (d, J
= 8.4 Hz, 2H), 7.71−7.61 (m, 3H), 7.35 (s, 1H), 6.14 (dd, J = 10.5, 2.5
Hz, 1H), 5.70 (td, J = 23.1, 8.6 Hz, 1H), 4.29−4.05 (m, 8H), 3.88 (td, J
= 11.4, 2.4 Hz, 1H), 2.71−2.59 (m, 1H), 2.23−2.15 (m, 1H), 2.04−
1.96 (m, 1H), 1.90−1.78 (m, 3H), 1.72−1.66 (m, 1H), 1.30−1.21 (m,
12H).

31P NMR (203 MHz, CDCl3): δ 16.95.
MS [ESI−] m/z: 767.37 [M − H+]−.
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9.6.5.2. Step 2. Removal of the THP group of the above product
(141 mg) gave the tetraester precursor of 13b as a white solid (55 mg,
44%).

1H NMR (500 MHz, DMSO): δ 13.65 (s, 1H), 10.81 (s, 1H), 9.11
(d, J = 9.7 Hz, 1H), 8.95 (s, 1H), 8.59 (dt, J = 7.9, 1.4 Hz, 1H), 8.51 (s,
1H), 8.12−8.03 (m, 3H), 7.78−7.69 (m, 3H), 6.01 (s, 1H), 4.19−4.03
(m, 8H), 1.17 (t, J = 7.0 Hz, 6H), 1.11 (t, J = 7.0 Hz, 6H).

31P NMR (203 MHz, DMSO): δ 16.97.
MS [ESI−] m/z: 683.35 [M − H+]−.
9.6.5.3. Step 3. The tetraester precursor (38 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13b as a white solid
(23 mg, 71%).

1H NMR (400 MHz, DMSO-d6): δ 10.79 (s, 1H), 8.96 (s, 1H), 8.65
(d, J = 7.8 Hz, 1H), 8.50 (s, 2H), 8.08 (dd, J = 8.8, 2.8 Hz, 3H), 7.78−
7.66 (m, 3H), 5.61 (td, J = 21.9, 9.1 Hz, 1H).

31P NMR (162 MHz, DMSO-d6): δ 14.05.
13C NMR (201 MHz, DMSO-d6): δ 166.7, 159.8, 156.4, 156.1,

143.4, 139.1, 135.3, 133.8, 132.1, 129.8, 128.9, 128.0, 126.4 (d, J = 4.4
Hz), 125.1 (q, J = 270.0 Hz), 124.1 (q, J = 31.5 Hz), 120.6, 100.0, 47.7
(t, J = 139.3 Hz).
HRMS [ESI−] calcd for C20H17F3N6O7P2 m/z: 571.0513; found,

571.0494 [M − H]−.
9.6.6. (((6-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-

1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13c). 9.6.6.1. Step 1. Coupling of intermediate 22
(507 mg) with boronic acid 26 (R2 = f3) gave the product as a white
solid (392 mg, 56%).

1H NMR (500 MHz, CDCl3): δ 9.37 (s, 1H), 9.06 (s, 1H), 8.74−
8.64 (m, 1H), 8.22 (s, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.81−7.67 (m,
2H), 7.62 (t, J = 7.7 Hz, 1H), 7.09−6.99 (m, 1H), 6.96 (t, J = 9.0 Hz,
1H), 6.13 (dd, J = 10.5, 2.5 Hz, 1H), 5.77−5.55 (m, 1H), 4.32−4.01
(m, 8H), 3.91 (s, 3H), 3.86 (td, J = 11.1, 2.3 Hz, 1H), 2.63 (q, J = 10.3,
9.0 Hz, 1H), 2.17 (s, 1H), 1.98 (d, J = 13.1 Hz, 1H), 1.83 (t, J = 10.2Hz,
2H), 1.75−1.61 (m, 2H), 1.31−1.13 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 16.97.
MS [ESI−] m/z: 747.43 [M − H+]−.
9.6.6.2. Step 2. Removal of the THP group of the above product

(233 mg) gave the tetraester precursor of 13c as a white solid (142 mg,
69%).

1H NMR (500 MHz, DMSO-d6): δ 13.65 (s, 1H), 10.48 (s, 1H),
9.10 (d, J = 9.5Hz, 1H), 8.94 (s, 1H), 8.57 (dt, J = 7.9, 1.4 Hz, 1H), 8.51
(s, 1H), 8.05 (dt, J = 8.0, 1.3 Hz, 1H), 7.78 (dd, J = 13.7, 2.5 Hz, 1H),
7.69 (t, J = 7.8Hz, 1H), 7.56 (dt, J = 8.8, 1.9 Hz, 1H), 7.19 (t, J = 9.4 Hz,
1H), 6.02 (t, J = 22.9 Hz, 1H), 4.23−3.98 (m, 8H), 3.84 (s, 3H), 1.17
(d, J = 7.0 Hz, 6H), 1.11 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, DMSO): δ 16.98.
MS [ESI−] m/z: 663.40 [M − H+]−.
9.6.6.3. Step 3. The tetraester precursor (61 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13c as a white solid
(15 mg, 29%).

1HNMR (400MHz, DMSO-d6): δ 10.53 (s, 1H), 9.00 (d, J = 1.8Hz,
1H), 8.70 (dt, J = 7.7, 1.4 Hz, 1H), 8.58 (s, 2H), 8.11 (dt, J = 7.7, 1.5Hz,
1H), 7.87 (dd, J = 13.8, 2.5 Hz, 1H), 7.75 (t, J = 7.8 Hz, 1H), 7.63 (dt, J
= 8.8, 1.8 Hz, 1H), 7.25 (t, J = 9.4 Hz, 1H), 5.69 (td, J = 21.9, 9.3 Hz,
1H), 3.92 (s, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.09.
13CNMR (201MHz, DMSO-d6): δ 165.9, 159.9, 156.4, 156.1, 151.3

(d, J = 241.7 Hz), 143.7 (d, J = 10.6 Hz), 139.0, 135.5, 133.8, 133.1 (d, J
= 9.5 Hz), 131.8, 129.6, 128.9, 127.8, 116.8, 114.4, 109.2 (d, J = 22.5
Hz), 100.0, 56.6, 47.7 (t, J = 140.1 Hz).
HRMS [ESI−] calcd for C20H19FN6O8P2 m/z: 551.0651; found,

551.0652 [M − H]−.
9.6.7. (((6-(3-((4-Fluorophenyl)carbamoyl)phenyl)-1-methyl-1H-

pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
Acid) (13d). 9.6.7.1. Step 1. Coupling of intermediate 24a (250 mg)
with boronic acid 26 (R2 = f1) gave the bisphosphonate tetraester
precursor of 13d as a white solid (214 mg, 62%).

1HNMR (500MHz, CDCl3): δ 9.35 (s, 1H), 9.05 (s, 1H), 8.62 (dt, J
= 7.8, 1.5 Hz, 1H), 8.23 (s, 1H), 8.14 (dt, J = 7.8, 1.5 Hz, 1H), 7.89 (dd,
J = 8.6, 4.8 Hz, 2H), 7.62 (t, J = 7.7 Hz, 1H), 7.50 (d, J = 10.3 Hz, 1H),

7.13−7.05 (m, 2H), 5.83 (td, J = 23.0, 9.1 Hz, 1H), 4.30−4.09 (m, 8H),
3.83 (s, 3H), 1.31−1.19 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 17.03.
MS [ESI−] m/z: 647.32 [M − H+]−.
9.6.7.2. Step 2. The tetraester precursor (100 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13d as a white solid
(75 mg, 91%).

1HNMR (400MHz, DMSO-d6): δ 10.49 (s, 1H), 8.96 (t, J = 1.8 Hz,
1H), 8.67 (dt, J = 7.8, 1.4 Hz, 1H), 8.58 (d, J = 9.7 Hz, 1H), 8.48 (s,
1H), 8.06 (dt, J = 7.7, 1.5 Hz, 1H), 7.89−7.81 (m, 2H), 7.69 (t, J = 7.7
Hz, 1H), 7.27−7.16 (m, 2H), 5.64 (td, J = 21.9, 9.6 Hz, 1H), 4.01 (s,
3H).

31P NMR (162 MHz, DMSO-d6): δ 14.10.
13C NMR (201MHz, DMSO-d6): δ 166.2, 160.0, 158.8 (d, J = 240.5

Hz), 156.4, 154.4, 139.1, 136.0 (d, J = 2.5 Hz), 135.6, 133.0, 131.9,
129.6, 128.8, 127.9, 122.7 (d, J = 7.8 Hz), 115.7 (d, J = 22.0 Hz), 100.3,
47.8 (t, J = 139.6 Hz), 34.0.
HRMS [ESI−] calcd for C20H19FN6O7P2 m/z: 535.0702; found,

535.0694 [M − H]−.
9.6.8. (((1-Methyl-6-(3-((4-(trifluoromethyl)phenyl)carbamoyl)-

phenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13e). 9.6.8.1. Step 1.Coupling of intermediate 24a
(88 mg) with boronic acid 26 (R2 = f2) gave the bisphosphonate
tetraester precursor of 13e as a white solid (70 mg, 53%).

1HNMR (400MHz, CDCl3): δ 9.37 (s, 1H), 9.25 (s, 1H), 8.70 (dt, J
= 7.9, 1.5 Hz, 1H), 8.19 (dd, J = 7.5, 1.8 Hz, 1H), 8.13 (s, 1H), 8.08 (d, J
= 8.4 Hz, 2H), 7.71−7.62 (m, 3H), 6.70 (s, 1H), 5.72 (td, J = 22.9, 9.0
Hz, 1H), 4.30−4.10 (m, 8H), 4.00 (s, 3H), 1.32−1.19 (m, 12H).

31P NMR (162 MHz, CDCl3): δ 16.91.
MS [ESI−] m/z: 697.27 [M − H+]−.
9.6.8.2. Step 2. The tetraester precursor (101 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13e as a white solid
(69 mg, 81%). 1H NMR (400 MHz, DMSO-d6): δ 10.78 (s, 1H), 8.98
(d, J = 1.9 Hz, 1H), 8.69 (dt, J = 7.7, 1.4 Hz, 1H), 8.60 (d, J = 9.9 Hz,
1H), 8.48 (s, 1H), 8.11−8.06 (m, 3H), 7.73 (dd, J = 20.2, 8.2 Hz, 3H),
5.64 (td, J = 21.8, 9.6 Hz, 1H), 4.01 (s, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.11.
13C NMR (201 MHz, DMSO-d6): δ 166.7, 159.9, 156.5, 154.4,

143.3, 139.2, 135.3, 133.1, 132.1, 129.8, 128.9, 128.1, 126.4, 125.1 (q, J
= 271.0 Hz), 124.1 (q, J = 31.5, 30.8 Hz), 120.7, 100.4, 47.7 (t, J = 139.8
Hz), 34.0.
HRMS [ESI−] calcd for C21H19F3N6O7P2 m/z: 585.0670; found,

585.0675 [M − H]−.
9.6.9. (((6-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-1-

methyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13f). 9.6.9.1. Step 1.Coupling of intermediate 24a
(38 mg) with boronic acid 26 (R2 = f3) gave the bisphosphonate
tetraester precursor of inhibitor 13f as a white solid (29 mg, 54%).

1HNMR (500MHz, CDCl3): δ 9.25 (s, 1H), 9.02 (s, 1H), 8.69 (dt, J
= 7.8, 1.4 Hz, 1H), 8.17 (d, J = 7.7 Hz, 1H), 8.09 (s, 1H), 7.75 (dd, J =
13.0, 2.5 Hz, 1H), 7.68 (d, J = 9.1 Hz, 1H), 7.65 (t, J = 7.7 Hz, 1H), 6.99
(t, J = 9.1 Hz, 1H), 6.52 (s, 1H), 5.73 (dt, J = 23.0, 11.5 Hz, 1H), 4.29−
4.11 (m, 8H), 4.07 (s, 3H), 3.93 (s, 3H), 1.28 (t, J = 7.1 Hz, 6H), 1.24
(t, J = 7.0 Hz, 6H).

31P NMR (162 MHz, CDCl3): δ 16.92.
MS [ESI−] m/z: 677.33 [M − H+]−.
9.6.9.2. Step 2. The tetraester precursor (38 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13f as a white solid
(14 mg, 46%).

1HNMR (400MHz, DMSO-d6): δ 10.50 (s, 1H), 9.01 (d, J = 1.9Hz,
1H), 8.72 (dt, J = 7.9, 1.4 Hz, 1H), 8.63−8.58 (m, 1H), 8.54 (s, 1H),
8.10 (dt, J = 7.8, 1.5 Hz, 1H), 7.85 (dd, J = 13.7, 2.5 Hz, 1H), 7.74 (t, J =
7.7 Hz, 1H), 7.61 (dt, J = 9.0, 1.9 Hz, 1H), 7.24 (t, J = 9.4 Hz, 1H), 5.68
(td, J = 22.0, 9.6 Hz, 1H), 4.06 (s, 3H), 3.90 (s, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.08.
13C NMR (201 MHz, DMSO-d6): δ 165.6, 159.6, 156.0 (d, J = 4.4

Hz), 154.0, 150.8 (d, J = 241.7Hz), 143.3 (d, J = 10.8Hz), 138.7, 135.1,
132.7, 132.6, 131.4, 129.1, 128.4, 127.4, 116.4 (d, J = 3.3 Hz), 113.9 (d,
J = 2.5 Hz), 108.8 (d, J = 22.6 Hz), 100.0, 56.2, 47.3 (t, J = 139.9 Hz),
33.6.
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HRMS [ESI−] calcd for C21H21FN6O8P2 m/z: 565.0807; found,
565.0816 [M − H]−

9.6.10. (((1-Ethyl-6-(3-((4-fluorophenyl)carbamoyl)phenyl)-1H-
pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis(phosphonic
Acid) (13g). 9.6.10.1. Step 1. Coupling of intermediate 24b (46 mg)
with boronic acid 26 (R2 = f1) gave the bisphosphonate tetraester
precursor of 13g as a white solid (26 mg, 41%).

1HNMR (500MHz, CDCl3): δ 9.16 (s, 1H), 9.06 (s, 1H), 8.64 (dt, J
= 7.8, 1.4 Hz, 1H), 8.14 (s, 1H), 8.11 (dt, J = 7.8, 1.5 Hz, 1H), 7.83 (dd,
J = 8.6, 4.8 Hz, 2H), 7.61 (t, J = 7.7 Hz, 1H), 7.09−7.04 (m, 2H), 7.01
(s, 1H), 5.79 (td, J = 22.8, 9.1 Hz, 1H), 4.40 (q, J = 7.2 Hz, 2H), 4.26−
4.09 (m, 8H), 1.51 (t, J = 7.3 Hz, 3H), 1.25−1.19 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 17.00.
MS [ESI−] m/z: 661.39 [M − H+]−.
9.6.10.2. Step 2. The tetraester precursor (128 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13g as a white solid
(76 mg, 72%). 1H NMR (400 MHz, DMSO-d6): δ 10.49 (s, 1H), 8.94
(t, J = 1.9 Hz, 1H), 8.66 (dt, J = 7.8, 1.4 Hz, 1H), 8.57 (d, J = 9.8 Hz,
1H), 8.50 (s, 1H), 8.05 (dt, J = 7.7, 1.5 Hz, 1H), 7.89−7.81 (m, 2H),
7.69 (t, J = 7.7 Hz, 1H), 7.27−7.17 (m, 2H), 5.63 (td, J = 22.0, 9.6 Hz,
1H), 4.44 (q, J = 7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.08.
13C NMR (201MHz, DMSO-d6): δ 166.2, 159.9, 158.8 (d, J = 240.5

Hz), 156.4, 153.9, 139.2, 136.0, 135.6, 133.1, 131.9, 129.5, 128.8, 127.9,
122.71 (d, J = 7.9 Hz), 115.7 (d, J = 21.9 Hz), 100.4, 47.8 (t, J = 139.2
Hz), 41.8, 15.4.
HRMS [ESI−] calcd for C21H21FN6O7P2 m/z: 549.0858; found,

549.0858 [M − H]−.
9.6.11. (((1-Ethyl-6-(3-((4-(trifluoromethyl)phenyl)carbamoyl)-

phenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13h). 9.6.11.1. Step 1. Coupling of intermediate
24b (95 mg) with boronic acid 26 (R2 = f2) gave the bisphosphonate
tetraester precursor of 13h as a white solid (40 mg, 28%). 1H NMR
(400 MHz, CDCl3): δ 9.32 (s, 1H), 9.22 (s, 1H), 8.75−8.69 (m, 1H),
8.19 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 9.9 Hz, 3H), 7.71−7.62 (m, 3H),
6.34 (s, 1H), 5.69 (td, J = 22.9, 8.9 Hz, 1H), 4.52 (q, J = 7.3 Hz, 2H),
4.32−4.06 (m, 8H), 1.58 (t, J = 7.3 Hz, 3H), 1.29 (t, J = 7.1 Hz, 6H),
1.24 (t, J = 7.1 Hz, 6H).

31P NMR (162 MHz, CDCl3): δ 16.90.
MS [ESI−] m/z: 711.43 [M − H+]−.
9.6.11.2. Step 2. The tetraester precursor (26 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13h as a white solid
(19 mg, 86%).

1HNMR (400MHz, DMSO-d6): δ 10.78 (s, 1H), 8.97 (d, J = 2.0Hz,
1H), 8.71−8.65 (m, 1H), 8.51 (d, J = 12.2Hz, 2H), 8.08 (dd, J = 8.8, 2.7
Hz, 3H), 7.78−7.66 (m, 3H), 5.61 (td, J = 21.9, 9.5Hz, 1H), 4.44 (q, J =
7.2 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.00.
13C NMR (201 MHz, DMSO-d6): δ 166.7, 159.8, 156.4, 153.9,

143.4, 139.2, 135.3, 133.2, 132.1, 129.7, 128.9, 128.1, 126.4, 125.1 (q, J
= 271.9 Hz), 124.1 (q, J = 32.3, 31.0 Hz), 120.7, 100.5, 47.7 (t, J = 140.2
Hz), 41.8, 15.4.
HRMS [ESI−] calcd for C22H21F3N6O7P2 m/z: 599.0826; found,

599.0810 [M − H]−.
9.6.12. (((1-Ethyl-6-(3-((3-fluoro-4-methoxyphenyl)carbamoyl)-

phenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13i). 9.6.12.1. Step 1. Coupling of intermediate
24b (134 mg) with boronic acid 26 (R2 = f3) gave the bisphosphonate
tetraester precursor of 13i as a white solid (118 mg, 62%).

1HNMR (500MHz, CDCl3): δ 9.26 (s, 1H), 9.05 (s, 1H), 8.66 (dt, J
= 7.8, 1.4 Hz, 1H), 8.18−8.12 (m, 1H), 8.11 (s, 1H), 7.73 (dd, J = 13.0,
2.5Hz, 1H), 7.70−7.65 (m, 1H), 7.62 (t, J = 7.8Hz, 1H), 6.97 (t, J = 9.1
Hz, 1H), 6.78 (s, 1H), 5.71 (td, J = 22.7, 8.6 Hz, 1H), 4.47 (q, J = 7.3
Hz, 2H), 4.27−4.07 (m, 8H), 3.91 (s, 3H), 1.54 (t, J = 7.3 Hz, 3H),
1.29−1.18 (m, 12H).

31P NMR (203 MHz, CDCl3): δ 17.03.
MS [ESI−] m/z: 691.45 [M − H+]−.
9.6.12.2. Step 2. The tetraester precursor (43 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13i as a white solid
(19 mg, 52%).

1HNMR (400MHz, DMSO-d6): δ 10.45 (s, 1H), 8.94 (t, J = 1.8 Hz,
1H), 8.65 (dt, J = 7.8, 1.4 Hz, 1H), 8.55 (d, J = 9.9 Hz, 1H), 8.50 (s,
1H), 8.04 (dt, J = 7.8, 1.5 Hz, 1H), 7.80 (dd, J = 13.8, 2.5 Hz, 1H), 7.68
(t, J = 7.7 Hz, 1H), 7.56 (dt, J = 9.2, 1.9 Hz, 1H), 7.19 (t, J = 9.4 Hz,
1H), 5.62 (td, J = 21.9, 9.4 Hz, 1H), 4.44 (q, J = 7.2 Hz, 2H), 3.85 (s,
3H), 1.44 (t, J = 7.2 Hz, 3H).

31P NMR (162 MHz, DMSO-d6): δ 14.06.
13CNMR (201MHz, DMSO-d6): δ 166.0, 159.9, 156.4, 153.9, 151.3

(d, J = 241.6 Hz), 143.7 (d, J = 10.7 Hz), 139.2, 135.6, 133.2, 133.1 (d, J
= 9.5 Hz), 131.9, 129.5, 128.8, 127.9, 116.8, 114.4, 109.2 (d, J = 22.5
Hz), 100.5, 56.6, 47.7 (t, J = 140.2 Hz), 41.8, 15.4.
HRMS [ESI−] calcd for C22H23FN6O8P2 m/z: 579.0964; found,

579.0971 [M − H+]−.
9.6.13. (((6-(3-((4-Fluorophenyl)carbamoyl)phenyl)-1-isopropyl-

1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (13j). 9.6.13.1. Step 1. Coupling of intermediate
24c (151 mg) with boronic acid 26 (R2 = f1) gave the bisphosphonate
tetraester precursor of 13j as a white solid (133 mg, 65%).

1H NMR (500 MHz, CDCl3): δ 9.23 (s, 1H), 8.68 (dt, J = 7.8, 1.4
Hz, 2H), 8.14−8.08 (m, 1H), 8.02 (s, 1H), 7.80 (dd, J = 8.9, 4.9 Hz,
2H), 7.62 (t, J = 7.8 Hz, 1H), 7.12−7.03 (m, 2H), 6.00 (d, J = 9.3 Hz,
1H), 5.73 (td, J = 22.5, 9.1 Hz, 1H), 5.30 (hept, J = 6.8 Hz, 1H), 4.28−
4.09 (m, 8H), 1.61 (d, J = 6.7 Hz, 6H), 1.27 (t, J = 7.1Hz, 6H), 1.22 (t, J
= 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 16.85.
MS [ESI−] m/z: 675.35 [M − H+]−.
9.6.13.2. Step 2. The tetraester precursor (92 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13j as a white solid
(68 mg, 89%).

1HNMR (400MHz, DMSO-d6): δ 10.41 (s, 1H), 8.86 (t, J = 1.8 Hz,
1H), 8.58 (dt, J = 7.8, 1.5 Hz, 1H), 8.43 (d, J = 4.0 Hz, 2H), 7.97 (dt, J =
7.7, 1.5 Hz, 1H), 7.82−7.74 (m, 2H), 7.61 (t, J = 7.8 Hz, 1H), 7.20−
7.09 (m, 2H), 5.53 (td, J = 21.7, 9.3 Hz, 1H), 5.10 (p, J = 6.7 Hz, 1H),
1.43 (d, J = 6.6 Hz, 6H).

31P NMR (162 MHz, DMSO-d6): δ 14.05.
13C NMR (201MHz, DMSO-d6): δ 166.2, 159.7, 158.8 (d, J = 240.4

Hz), 156.4, 153.5, 139.2, 136.0, 135.6, 132.9, 131.9, 129.5, 128.8, 127.9,
122.72 (d, J = 8.1 Hz), 115.7 (d, J = 22.2 Hz), 100.6, 48.4, 47.52 (t, J =
138.4 Hz), 22.5.
HRMS [ESI−] calcd for C22H23FN6O7P2 m/z: 563.1015; found,

563.1029 [M − H]−.
9.6.14. (((1-Isopropyl-6-(3-((4-(trifluoromethyl)phenyl)-

carbamoyl)phenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)-
methylene)bis(phosphonic Acid) (13k). 9.6.14.1. Step 1. Coupling of
intermediate 24c (154 mg) with boronic acid 26 (R2 = f2) gave the
bisphosphonate tetraester precursor of 13k as a white solid (175 mg,
76%).

1HNMR (500MHz, CDCl3): δ 9.35 (s, 1H), 9.12 (s, 1H), 8.73 (dt, J
= 7.8, 1.4 Hz, 1H), 8.18 (d, J = 7.7 Hz, 1H), 8.08−8.03 (m, 3H), 7.70−
7.63 (m, 3H), 6.16 (d, J = 9.1 Hz, 1H), 5.70 (td, J = 22.7, 8.9 Hz, 1H),
5.32 (hept, J = 6.7 Hz, 1H), 4.32−4.07 (m, 8H), 1.64 (d, J = 6.7 Hz,
6H), 1.29 (t, J = 7.1 Hz, 6H), 1.24 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): 16.92.
MS [ESI−] m/z: 725.40 [M − H+]−.
9.6.14.2. Step 2. The tetraester precursor (102 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13k as a white solid
(80 mg, 93%).

1HNMR (400MHz, DMSO-d6): δ 10.71 (s, 1H), 8.89 (d, J = 1.8Hz,
1H), 8.60 (dt, J = 7.9, 1.5 Hz, 1H), 8.44 (d, J = 5.8 Hz, 2H), 8.03−7.98
(m, 3H), 7.68 (d, J = 8.6 Hz, 2H), 7.63 (t, J = 7.8 Hz, 1H), 5.53 (td, J =
21.9, 9.6 Hz, 1H), 5.10 (p, J = 6.7 Hz, 1H), 1.44 (d, J = 6.7 Hz, 6H).

31P NMR (162 MHz, DMSO-d6): δ 14.04.
13C NMR (201 MHz, DMSO-d6): δ 166.3, 159.2, 155.9, 153.0,

142.9, 138.8, 134.8, 132.4, 131.7, 129.2, 128.4, 127.6, 126.0, 124.5 (q, J
= 273.4 Hz), 123.7 (q, J = 35.1 Hz), 120.2, 100.1, 47.9, 47.4 (t, J = 131.7
Hz), 22.0.
HRMS [ESI−] calcd for C23H23F3N6O7P2 m/z: 613.0983; found,

613.0984 [M − H]−.
9.6.15. (((6-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-

1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)-
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bis(phosphonic Acid) (13l). 9.6.15.1. Step 1. Coupling of intermediate
24c (153 mg) with boronic acid 26 (R2 = f3) gave the bisphosphonate
tetraester precursor of 13l as a white solid (114 mg, 52%).

1HNMR (500MHz, CDCl3): δ 9.30 (s, 1H), 8.83 (s, 1H), 8.68 (dt, J
= 7.8, 1.4 Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 8.02 (s, 1H), 7.71 (dd, J =
13.0, 2.5 Hz, 1H), 7.63 (q, J = 7.7 Hz, 2H), 6.97 (t, J = 9.1 Hz, 1H), 6.07
(s, 1H), 5.68 (dt, J = 25.3, 12.7 Hz, 1H), 5.30 (hept, J = 6.9 Hz, 1H),
4.28−4.08 (m, 8H), 3.91 (s, 3H), 1.61 (d, J = 6.7 Hz, 6H), 1.27 (t, J =
7.1 Hz, 6H), 1.22 (t, J = 7.1 Hz, 6H).

31P NMR (203 MHz, CDCl3): δ 16.93.
MS [ESI−] m/z: 705.37 [M − H+]−.
9.6.15.2. Step 2. The tetraester precursor (80 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 13l as a white solid
(59 mg, 87%).

1HNMR (400MHz, DMSO-d6): δ 10.37 (s, 1H), 8.86 (t, J = 1.8 Hz,
1H), 8.57 (dt, J = 7.9, 1.5 Hz, 1H), 8.43 (s, 2H), 7.97 (dt, J = 7.8, 1.5Hz,
1H), 7.72 (dd, J = 13.7, 2.5 Hz, 1H), 7.60 (t, J = 7.8 Hz, 1H), 7.48 (dt, J
= 8.9, 1.9 Hz, 1H), 7.11 (t, J = 9.4 Hz, 1H), 5.53 (td, J = 21.8, 9.4 Hz,
1H), 5.10 (p, J = 6.7 Hz, 1H), 3.77 (s, 3H), 1.44 (d, J = 6.7 Hz, 6H).

31P NMR (162 MHz, DMSO-d6): δ 14.05.
13CNMR (201MHz, DMSO-d6): δ 166.0, 159.7, 156.4, 153.5, 151.3

(d, J = 242.0 Hz), 143.7 (d, J = 10.7 Hz), 139.2, 135.6, 133.1 (d, J = 9.4
Hz), 132.9, 131.9, 129.5, 128.8, 127.9, 116.8, 114.4, 109.2 (d, J = 22.6
Hz), 100.6, 56.6, 48.4, 47.4 (t, J = 138.9 Hz), 22.5.
HRMS [ESI−] calcd for C23H25FN6O8P2 m/z: 593.1120; found,

593.1120 [M − H]−.
9.6.16. (((6-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-

2-methyl-2H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (14a). 9.6.16.1. Step 1. Coupling of intermediate
25a (45 mg) with boronic acid 26 (R2 = f3) gave the bisphosphonate
tetraester precursor of 14a as a white solid (49 mg, 76%).

1HNMR (500MHz, DMSO-d6): δ 10.48 (s, 1H), 9.08 (d, J = 9.6Hz,
1H), 8.93 (s, 1H), 8.67 (s, 1H), 8.57 (dt, J = 7.8, 1.4 Hz, 1H), 8.02 (dt, J
= 7.9, 1.4 Hz, 1H), 7.77 (dd, J = 13.7, 2.5 Hz, 1H), 7.67 (t, J = 7.7 Hz,
1H), 7.59−7.53 (m, 1H), 7.18 (t, J = 9.4 Hz, 1H), 6.11−5.93 (m, 1H),
4.21−4.01 (m, 11H), 3.84 (s, 3H), 1.17 (t, J = 7.0 Hz, 6H), 1.11 (t, J =
7.0 Hz, 6H).

31P NMR (203 MHz, DMSO-d6): δ 16.89.
MS [ESI−] m/z: 677.41 [M − H+]−.
9.6.16.2. Step 2. The tetraester precursor (30 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 14a as a white solid
(20 mg, 81%).

1H NMR (800 MHz, DMSO-d6, 333 K): δ 10.36 (s, 1H), 9.02 (s,
1H), 8.72 (s, 1H), 8.64 (d, J = 7.7 Hz, 1H), 8.09 (d, J = 7.6 Hz, 1H),
7.84 (dd, J = 13.7, 2.5 Hz, 1H), 7.70 (t, J = 7.7Hz, 1H), 7.62 (dd, J = 8.8,
2.5 Hz, 1H), 7.21 (t, J = 9.3 Hz, 1H), 5.44 (t, J = 21.3 Hz, 1H), 4.13 (s,
3H), 3.90 (s, 3H).

31P NMR (162 MHz, DMSO-d6, 313 K): δ 13.58.
13C NMR (201 MHz, DMSO-d6, 333 K): δ 165.8, 158.9, 157.2,

151.5 (d, J = 242.1 Hz), 143.9 (d, J = 10.7 Hz), 138.1, 135.5, 133.2 (d, J
= 9.5 Hz), 131.8, 129.9, 128.9, 128.0, 127.6, 117.0, 114.8, 109.4 (d, J =
22.7 Hz), 101.5, 56.9, 49.2 (t, J = 131.9 Hz), 40.8.
HRMS [ESI−] calcd for C21H19FN6Na2O8P2 m/z: 609.0446; found,

609.0436 [M − H]−.
9.6.17. (((2-Ethyl-6-(3-((3-fluoro-4-methoxyphenyl)carbamoyl)-

phenyl)-2H-pyrazolo[3,4-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonic Acid) (14b). 9.6.17.1. Step 1. Coupling of intermediate
25b (106 mg) with boronic acid 26 (R2 = f3) gave the bisphosphonate
tetraester precursor of 14b as a white solid (115 mg, 76%).

1HNMR (500MHz, DMSO-d6): δ 10.48 (s, 1H), 9.05 (d, J = 9.7Hz,
1H), 8.98−8.91 (m, 1H), 8.73 (s, 1H), 8.58 (dt, J = 8.0, 1.3 Hz, 1H),
8.02 (ddd, J = 7.6, 1.9, 1.2 Hz, 1H), 7.77 (dd, J = 13.7, 2.5 Hz, 1H), 7.67
(t, J = 7.8 Hz, 1H), 7.57 (dt, J = 9.1, 1.9 Hz, 1H), 7.18 (t, J = 9.3 Hz,
1H), 6.11−5.91 (m, 1H), 4.42 (q, J = 7.3 Hz, 2H), 4.19−4.03 (m, 8H),
3.84 (s, 3H), 1.53 (t, J = 7.3Hz, 3H), 1.53 (t, J = 7.3Hz, 3H), 1.17 (t, J =
7.1 Hz, 6H), 1.11 (t, J = 7.0 Hz, 6H).

31P NMR (203 MHz, DMSO-d6): δ 16.92.
MS [ESI−] m/z: 691.45 [M − H+]−.

9.6.17.2. Step 2. The tetraester precursor (98 mg) was deprotected
using TMSI followed by MeOH to give inhibitor 14b as a white solid
(63 mg, 77%).

1H NMR (800 MHz, DMSO-d6, 333 K): δ 10.36 (s, 1H), 9.04 (s,
1H), 8.79 (s, 1H), 8.64 (d, J = 7.7 Hz, 1H), 8.09 (d, J = 7.6 Hz, 1H),
7.84 (dd, J = 13.7, 2.5Hz, 1H), 7.70 (t, J = 7.7Hz, 1H), 7.63 (dd, J = 8.8,
2.4 Hz, 1H), 7.21 (t, J = 9.3Hz, 1H), 5.43 (t, J = 21.1 Hz, 1H), 4.42 (q, J
= 7.3 Hz, 2H), 3.90 (s, 3H), 1.56 (t, J = 7.3 Hz, 3H).

31P NMR (162 MHz, DMSO-d6, 313 K): δ 13.60.
13C NMR (201 MHz, DMSO-d6, 333 K): δ 165.8, 158.8, 157.3,

152.1, 150.9, 143.9 (d, J = 10.9 Hz), 137.7, 135.5, 133.2 (d, J = 9.5 Hz),
131.8, 130.1, 128.9, 128.0, 126.5, 117.0, 114.8, 109.4 (d, J = 22.7 Hz),
101.2, 56.9, 49.7 (t, J = 132.6 Hz), 48.7, 15.4.
HRMS [ESI−] calcd for C22H23FN6O8P2 m/z: 579.0964; found,

579.0968 [M − H]−.
9.6.18. 2,6-Dichloro-9-methyl-9H-purine (28). 2,6-Dichloro-7H-

purine (27, 10.0 g, 52.9 mmol, 1.0 equiv) was dissolved in anhydrous
DMF (100 mL), and K2CO3 (36.8 g, 266 mmol, 5.0 equiv) was added
followed by MeI (9.9 mL, 159 mmol, 3.0 equiv). The reaction mixture
was stirred at room temperature for 1.5 h. The reaction was
subsequently diluted with brine, extracted with EtOAc (3× 50 mL),
dried over anhydrous MgSO4, and concentrated under vacuum. The
crudemixture was purified on silica gel by flash chromatography, using a
solvent gradient from 0 to 20% MeOH in EtOAc. Intermediate 28 was
isolated as a white solid (6.46 g, 60%).

1H NMR (400 MHz, CDCl3): δ 8.11 (s, 1H), 3.94 (s, 3H).
13C NMR (126 MHz, CDCl3): δ 153.5, 153.0, 151.7, 146.4, 130.7,

30.5.
MS [ESI+] m/z: 203.06 [M + H+]+.
9.6.19. 2-Chloro-9-methyl-9H-purin-6-amine (30). Intermediate

28 (4.65 g, 23.0 mmol, 1.0 equiv) and dioxane (20mL) were added to a
pressure vessel followed by aqueous NH4OH (28%, 81 mL, 583 mmol,
25 equiv), and the reaction was stirred at 95 °C for 16 h. The reaction
mixture was cooled to RT and concentrated under vacuum, leading to
the precipitation of the product, which was collected by vacuum
filtration and washed with water to obtain 30 as a white solid (3.78 g,
90%).

1H NMR (400 MHz, DMSO-d6): δ 8.10 (s, 1H), 7.72 (s, 2H), 3.69
(s, 3H).

13C NMR (126 MHz, DMSO-d6): δ 157.2, 153.4, 151.4, 142.5,
118.1, 30.0.
MS [ESI+] m/z: 184.13 [M + H+]+.
9.6.20. Tetraethyl (((2-Chloro-9-methyl-9H-purin-6-yl)amino)-

methylene)bis(phosphonate) (31). Following the general procedure
for bisphosphonate synthesis previously reported,9a the bisphospho-
nate tetraethyl ester intermediate 31was obtained from 30 (3.78 g) as a
white solid (1.30 g, 13%).

1H NMR (400 MHz, CDCl3): δ 7.79 (s, 1H), 6.55 (d, J = 10.1 Hz,
1H), 5.59 (td, J = 22.0, 10.1 Hz, 1H), 4.32−4.17 (m, 8H), 3.83 (s, 3H),
1.37−1.21 (m, 12H).

31P NMR (162 MHz, CDCl3): δ 16.01.
13C NMR (126 MHz, CDCl3): δ 154.0, 153.6, 151.4, 141.6, 119.0,

63.7 (d, J = 10.1 Hz), 44.7 (t, J = 146.3 Hz), 30.1, 16.33 (d, J = 8.4 Hz).
MS [ESI−] m/z: 468.18 [M − H+]−.
9.6.21. (((2-(3-((4-Fluorophenyl)carbamoyl)phenyl)-9-methyl-9H-

purin-6-yl)amino)methylene)bis(phosphonic Acid) (15a).
9.6.21.1. Step 1. Coupling of intermediate 31 (150 mg) with boronic
acid 26 (R2 = f1) gave the bisphosphonate tetraester precursor of 15a as
a white solid (159 mg, 77%).

1H NMR (400MHz, CDCl3): δ 9.24 (s, 1H), 8.77 (s, 1H), 8.67 (d, J
= 7.8 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.87−7.78 (m, 3H), 7.62 (t, J =
7.7 Hz, 1H), 7.09 (t, J = 8.6Hz, 2H), 6.21 (d, J = 9.3Hz, 1H), 5.67 (td, J
= 22.6, 9.3 Hz, 1H), 4.32−4.12 (m, 8H), 3.94 (s, 3H), 1.30 (t, J = 7.1
Hz, 6H), 1.22 (t, J = 7.0 Hz, 6H).

31P NMR (162 MHz, CDCl3): δ 16.83.
MS [ESI−] m/z: 647.32 [M − H+]−.
9.6.21.2. Step 2. The tetraester precursor (49 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 15a as a white solid
(21 mg, 51%).
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1HNMR (800MHz, D2O, 333K): δ 9.09 (s, 1H), 8.87 (d, J = 7.3Hz,
1H), 8.34 (s, 1H), 8.32 (d, J = 7.8 Hz, 1H), 8.02 (t, J = 7.7Hz, 1H), 7.90
(dd, J = 8.8, 5.0 Hz, 2H), 7.54 (t, J = 8.9 Hz, 2H), 5.40 (t, J = 18.7 Hz,
1H), 4.18 (s, 3H).

31P NMR (162 MHz, D2O, 313 K): δ 14.10.
13C NMR (201MHz, D2O, 333 K): δ 169.8, 160.6 (d, J = 241.8 Hz),

159.8, 154.7, 150.0, 142.9, 139.3, 134.7, 133.7, 132.5, 129.6, 129.5,
127.3, 125.6 (d, J = 8.4 Hz), 118.7, 116.1 (d, J = 22.8 Hz), 51.5 (t, J =
126.2 Hz), 30.2.
HRMS [ESI−] calcd for C20H19FN6O7P2 m/z: 535.0702; found,

535.0702 [M − H]−.
9.6.22. (((9-Methyl-2-(3-((4-(trifluoromethyl)phenyl)carbamoyl)-

phenyl)-9H-purin-6-yl)amino)methylene)bis(phosphonic Acid)
(15b). 9.6.22.1. Step 1. Coupling of intermediate 31 (151 mg) with
boronic acid 26 (R2 = f2) gave the bisphosphonate tetraester precursor
of 15b as a white solid (86 mg, 38%).

1HNMR (400MHz, CDCl3): δ 9.27 (d, J = 13.2 Hz, 2H), 8.66−8.59
(m, 1H), 8.08 (dd, J = 18.7, 8.2 Hz, 3H), 7.83 (s, 1H), 7.65−7.53 (m,
3H), 6.22 (dd, J = 9.3, 3.2 Hz, 1H), 5.65 (td, J = 22.7, 9.1 Hz, 1H),
4.32−4.08 (m, 8H), 3.87 (s, 3H), 1.31 (t, J = 7.1Hz, 6H), 1.22 (t, J = 7.1
Hz, 6H).

31P NMR (162 MHz, CDCl3): δ 16.83.
MS [ESI−] m/z: 697.31 [M − H+]−.
9.6.22.2. Step 2. The tetraester precursor (56 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 15b as a white solid
(30 mg, 70%).

1HNMR (800MHz, D2O, 333K): δ 9.12 (s, 1H), 8.89 (d, J = 7.6Hz,
1H), 8.34 (d, J = 6.5 Hz, 2H), 8.15−8.08 (m, 4H), 8.03 (t, J = 7.8 Hz,
1H), 5.41 (t, J = 18.8 Hz, 1H), 4.18 (s, 3H).

31P NMR (162 MHz, D2O, 313 K): δ 14.09.
13C NMR (201 MHz, D2O, 333 K): δ 169.7, 159.8, 154.7, 150.0,

142.9, 141.6, 139.3, 134.8, 132.6, 132.2, 129.6 (d, J = 8.2 Hz), 127.4,
126.7, 126.5, 124.6 (q, J = 272.9 Hz), 122.7, 118.7, 51.5 (t, J = 126.0
Hz), 30.2.
HRMS [ESI−] calcd for C21H19F3N6O7P2 m/z: 585.0670; found,

585.0657 [M − H]−.
9.6.23. (((2-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-

9-methyl-9H-purin-6-yl)amino)methylene)bis(phosphonic Acid)
(15c). 9.6.23.1. Step 1. Coupling of intermediate 31 (101 mg) with
boronic acid 26 (R2 = f3) gave the bisphosphonate tetraester precursor
of 15c as a white solid (81 mg, 56%).

1HNMR (400MHz, CDCl3): δ 9.15 (s, 1H), 8.87 (s, 1H), 8.53 (dt, J
= 7.8, 1.3 Hz, 1H), 8.01 (d, J = 7.7 Hz, 1H), 7.74 (s, 1H), 7.63 (dd, J =
13.1, 2.5 Hz, 1H), 7.51 (dt, J = 15.4, 8.4 Hz, 2H), 6.86 (t, J = 9.1 Hz,
1H), 6.15 (d, J = 9.2 Hz, 1H), 5.54 (td, J = 22.7, 9.2 Hz, 1H), 4.24−3.98
(m, 8H), 3.81 (d, J = 2.3 Hz, 6H), 1.20 (t, J = 7.1 Hz, 6H), 1.11 (t, J =
7.0 Hz, 5H).

31P NMR (162 MHz, CDCl3): δ 16.89.
MS [ESI−] m/z: 677.24 [M − H+]−.
9.6.23.2. Step 2. The tetraester precursor (64 mg) was deprotected

using TMSI followed by MeOH to give inhibitor 15c as a white solid
(43 mg, 80%).

1HNMR (800MHz, D2O, 333K): δ 9.08 (s, 1H), 8.87 (d, J = 7.8Hz,
1H), 8.34 (s, 1H), 8.31 (d, J = 7.8 Hz, 1H), 8.02 (t, J = 7.8 Hz, 1H),
7.85−7.80 (m, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.53 (t, J = 9.1 Hz, 1H),
5.39 (t, J = 18.9 Hz, 1H), 4.25 (d, J = 0.8 Hz, 3H), 4.18 (s, 3H).

31P NMR (162 MHz, D2O, 313 K): δ 13.89.
13C NMR (201MHz, D2O, 333 K): δ 169.6, 159.8, 154.7, 152.1 (d, J

= 242.2 Hz), 150.0, 145.0 (d, J = 10.8 Hz), 142.9, 139.3, 134.7, 132.5,
131.3 (d, J = 9.5 Hz), 129.6, 129.5, 127.3, 119.7, 118.7 (d, J = 5.9 Hz),
115.1, 111.9 (d, J = 21.5Hz), 57.2, 51.5 (t, J = 126.1Hz), 30.2 (d, J = 4.1
Hz).
HRMS [ESI−] calcd for C21H21FN6O8P2 m/z: 565.0807; found,

565.0826 [M − H]−.
9.7. Protocols for the In Vivo Efficacy Studies. Immunodefi-

cient laboratory mice (NSG) were bred at the Research Institute of the
McGill University Health Center (RI-MUHC), maintained in a
pathogen-free standard animal facility with a light/dark cycle of 12 h,
and provided with food and water ad libitum. Agedmice (n = 17, 5 male
and 12 female; average 8 weeks old) were injected subcutaneously with

50 μL of pathogen-free MM cells (8 × 106 RPMI-8226 cells) premixed
with 50 μL of Matrigel matrix and allowed to grow for another 8−10
days for their tumor size to reach approximately 120−150 mm3

(measured using a calliper), before initiation of dosing with inhibitor
RB-07-16 or vehicle control. At that point, the mice were randomly
divided into two groups and dosed by intraperitoneal injection (I.P.)
three times per week for a total of 12 doses with either vehicle control
(PBS, n = 8, 2 male and 6 female) or 3 mg/kg of inhibitor RB-07-16
dissolved in PBS (n = 9, 3 male and 6 female) as the trisodium salt. The
animals were observed daily for any signs of overt toxicity, such as
significant weight loss, decreased mobility, skin lesions, inflammation at
the site of injection, or morbidity, according to the Facility Animal Care
Committees protocol number MUHC-7242 from the RI-MUHC
(Glen site) and in accordance with the Policies and Guidelines of the
Canadian Council on Animal Care (CCAC). We acknowledge that in
this study, the number of male and female animals was not equal due to
the limited number of male animals available at the time of this study in
our own facility.
Using a similar protocol to the above, pathogen-free MIA PaCa-2

cells (4 × 106), suspended in a solution of Matrigel matrix and PBS
(1:1), were injected subcutaneously into the right flanks of 6 week-old
NSG mice (n = 27). The mice were maintained in a pathogen-free
standard animal facility with a light/dark cycle of 12 h and provided
with food and water ad libitum. Dosing was initiated 6 days later, when
the tumors had reached approximately 150 mm3 size. The animals were
randomly divided into two groups of approximately the same number of
male/female animals and dosed I.P. with either PBS vehicle (n = 13,
6M/7F) or 3 mg/kg of RB-07-16 dissolved in PBS as the trisodium salt
(n = 14, 6M/8F), three times per week for a total of 12 doses. The
animals were observed daily for any signs of overt toxicity, such as
weight loss, decreased mobility, skin lesions, and inflammation at the
site of injection, or morbidity, according to the Facility Animal Care
Committees protocol number MUHC-10021.
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