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ABSTRACT: Post-translational prenylation of the small GTP-
binding proteins (GTPases) is vital to a plethora of biological
processes, including cellular proliferation. We have identified a
new class of thienopyrimidine-based bisphosphonate (ThP-BP)
inhibitors of the human geranylgeranyl pyrophosphate synthase
(hGGPPS) that block protein prenylation in multiple myeloma
(MM) cells leading to cellular apoptosis. These inhibitors are
also effective in blocking the proliferation of other types of
cancer cells. We confirmed intracellular target engagement,
demonstrated the mechanism of action leading to apoptosis,
and determined a direct correlation between apoptosis and
intracellular inhibition of hGGPPS. Administration of a ThP-BP
inhibitor to a MM mouse model confirmed in vivo down-
regulation of Rap1A geranylgeranylation and reduction of
monoclonal immunoglobulins (M-protein, a biomarker of
disease burden) in the serum. These results provide the first
proof-of-principle that hGGPPS is a valuable therapeutic target
in oncology and more specifically for the treatment of multiple
myeloma.

■ INTRODUCTION

Post-translationally modified proteins, with either farnesyl
pyrophosphate (FPP) or geranylgeranyl pyrophosphate
(GGPP), constitute approximately 2% of the total mammalian
proteome.1 Known farnesylated proteins include members of
the small GTP-binding proteins (GTPases), such as the Ras
superfamily (e.g., H/K/N-Ras),2 DnaJ chaperone proteins,3,4

and the precursor of the nuclear lamin A.5 Geranylgeranylated
GTPases include the Rho family of proteins (e.g., RhoA/B/C),
the Ras-related proteins Rap1A and Rac-1, and Cdc42.
Prenylation of small GTPases provides them with the ability
to associate specifically with cellular membranes and
participate in a plethora of cellular functions, including cell
signaling and proliferation.6

There is a growing awareness that dysregulation of the
mevalonate pathway plays a crucial role in oncogenesis and
tumor cell survival.7−9 In the past, targeting this pathway has

focused mainly on inhibiting the human farnesyl pyrophos-
phate synthase (hFPPS) and the prenyl transferases FTase and
GGTase I (Figure 1a). Indirect inhibition of prenylation with
statins10−12 has also been under clinical investigation and
implicated in better survival of patients with multiple myeloma
(MM).13 Nitrogen-containing bisphosphonates (N-BPs; Fig-
ure 1b), such as zoledronic acid (1; ZOL) and risedronic acid
(2; RIS), are clinically validated inhibitors of hFPPS that are
used mainly for the treatment of skeletal disorders.14,15

Additionally, the potential value of N-BPs as antitumor agents
has been explored in numerous studies both in vitro and in
vivo. For example, clinical trials in breast cancer16−19 and
MM20,21 have shown improved outcomes for patients treated
with standard of care chemotherapy plus zoledronic acid (1)
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and the effects appeared to be unrelated to the skeletal benefits
of this drug. However, there is an ongoing debate as to
whether N-BPs are bona fide antitumor agents, since their
antitumor effects in humans are minimal when used in
monotherapy. The modest clinical antitumoral efficacy of 1 has
been attributed to its poor cell-membrane permeability, rapid
clearance from the systemic circulation, and almost negligible
distribution to nonskeletal tissues.22,23 Consequently, more
recent drug discovery efforts have focused toward the
identification of non-bisphosphonate allosteric inhibitors of
hFPPS.24−27 Numerous structurally diverse compounds have
been reported; unfortunately, none of them exhibit any
significant antitumor potency. Efforts directed at blocking the

prenyl transferase enzymes FTase and GGTase I have also
received significant attention. Several compounds, including
the dual FTase/GGTase I inhibitors L-778,123 (3),28,29 were
advanced to clinical development. However, after a number of
disappointing clinical trials with FTase inhibitors, it was
realized that a biochemical redundancy mechanism allows
cross prenylation and activation of Ras proteins (which are
common drivers of oncogenesis) by GGTPase I, when FTase
is inhibited.30,31

The human geranylgeranyl pyrophosphate synthase
(hGGPPS) is not yet a clinically validated therapeutic target.
Only a few selective inhibitors of this enzyme have been
reported, and none advanced to clinical development. The

Figure 1. Isoprenoid substrates and inhibitors of prenylation. (a) Sequence of biochemical steps involved in the biosynthesis of isoprenoids. (b)
Structures of inhibitors zoledronic acid (1) and risedronic acid (2) of hFPPS. L-778,123 (3) is a dual inhibitor of FTase and GGTase I. Compound
4 is a dual inhibitor of hFPPS and hGGPPS. Compounds 5 and 6 are selective inhibitors of hGGPPS.
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precision with which hGGPPS identifies its substrates
surpasses our current understanding of the molecular
recognition elements required to design potent and highly

selective inhibitors for this target. Although the volume of the
hGGPPS active site cavity is larger than that of its functionally
related upstream enzyme, hFPPS, this information alone does

Figure 2. Examples of thienopyrimidine-based inhibitors of hFPPS/hGGPPS.

Scheme 1. Parallel Synthesis of a 60-Member Compound Librarya

aPathway A: Synthesis of key intermediates 17a,b. Pathway B: Synthesis of compound library, including analogs 10a−d and 11a−c. Conditions:
(a) MeSCN, HCl, dioxane, 70 °C, 63%; (b) diethyl phosphite, CH(OEt)3, toluene, 130 °C, 40%; (c) arylboronic acid, Pd(dppf)Cl2·CH2Cl2,
CuTC, dioxane, 50 °C, 80−83%; (d) SnCl2·H2O, EtOH, 80 °C, 83%; (e) aryl/heteroaryl acid chloride, Et3N, DCM, 0 °C to rt or aryl/heteroaryl
carboxylic acid, HBTU, DIPEA, DMF, rt, 60−80%; (f) TMSBr, DCM, 0 °C to rt, then MeOH; (g) TFA, 80 °C; >95%; (h) H2N-aryl/heteroaryl,
HBTU, DIPEA, DMF, rt, 60−80%.
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not provide sufficient guidance in the design of selective and
drug-like inhibitors. Known inhibitors of hGGPPS include the
pyridinium bisphosphonate 432,33 and the substrate bioisos-
teres 534 and 635 (Figure 1b). Compound 4 exhibits negligible
selectivity between hFPPS and hGGPPS,32 whereas 5 and 6
are much more selective in inhibiting hGGPPS. Triazole E/Z-6
is currently the most potent hGGPPS inhibitor known (IC50
value of 45 nM).35,36 Interestingly, the E/Z mixture of 6 is
more potent than either one of its pure isomers and presumed
to bind cooperatively in both the FPP substrate and the GGPP
product subpockets of hGGPPS.36 However, crystallographic
confirmation of the exact binding mode of this compound has
yet to be realized.
In this report, we present a novel chemotype of

thienopyrimide-based bisphosphonate (ThP-BP; Figure 2)
inhibitors of hGGPPS. Analogs 10a−d and 11a−c were
identified that exhibit toxicity in various cancer cell lines and
are particularly toxic to human myeloma cells, blocking
prenylation and inducing apoptosis. The antimyeloma potency
of some ThP-BP analogs is equivalent to that of doxorubicin
while exhibiting far lower toxicity to healthy cells. Strong
evidence of intracellular engagement of hGGPPS (by these
inhibitors) was observed that correlates with their antimyelo-
ma activity both in cellular assays and in vivo. The
antimyeloma effects of prenylation inhibitors is a topic of
significant interest. However, the necessity to develop selective
inhibitors of hGGPPS has been intensely debated.33 In
principle, inhibitors of hFPPS are expected to directly block
activation of FPP-dependent and indirectly GGPP-dependent
GTPases; the latter as a consequence of intracellular depletion
of the FPP substrate of hGGPPS (e.g., zoledronic acid blocks
geranylgeranylation of Rap 1A37). In this report, we provide
data from a large panel of human MM cell lines and MM
patient bone marrow specimens suggesting that hGGPPS is a
far more valuable therapeutic target for multiple myeloma than
hFPPS.

■ RESULTS AND DISCUSION
Identification of hGGPPS Inhibitors and Confirmation

of Binding to the Active Site. Libraries of structurally
diverse thienopyrimidine-based bisphosphonates (ThP-BPs),
substituted at the C-2, C-5, and/or the C-6 carbon of the
parent molecule 7 (Figure 2), were synthesized in order to
probe the molecular recognition elements differentiating
between binding to hFPPS versus hGGPPS.25,38,40 Approx-
imately 200 analogs were screened in our in vitro assays for
their ability to inhibit hFPPS and/or hGGPPS. In general,
compounds substituted at C-5 (∼20 analogs) were found to be
poor inhibitors of both enzymes; analogs more potent in
inhibiting hFPPS were usually substituted at C-6 (∼100
analogs), whereas analogs substituted at C-2 (∼60 analogs)
were inhibitors of hGGPPS with IC50 potency in the
nanomolar range and exhibited selectivity against hFPPS.
The synthesis of compounds having a C-2 substituent is briefly
described in Scheme 1. The synthesis of this library was
achieved using slightly modified literature procedures, as
described in the Experimental Section; select examples are
shown in Figure 2.
Initial structure−activity relationship (SAR) studies sug-

gested that small substituents at either the C-2 or the C-6
position resulted in inhibitors with equivalent potency for both
enzymes.25,38 For example, the phenyl derivatives 8 and 9
(Figure 2) exhibited the same potency in inhibiting hGGPPS,

with a narrow window of selectivity for hFPPS (Table 1). On
the basis of these data, we initially presumed that rotation

around the C-4 amino linker, connecting the thienopyrimidine
scaffold to the bisphosphonate moiety, could allow the side
chains of 8 and 9 to adopt similar enzyme-bound
conformations. However, SAR optimization proved that higher
selectivity for hGGPPS could be achieved by extending the
side chain attached to the C-2 position. Inhibitor 10a was
found to exhibit in vitro potency (IC50) of 64 nM in inhibiting
hGGPPS and a selectivity window of approximately 30-fold
against hFPPS (Table 1). In contrast, when the C-2 side chain
of 10a was transferred to the C-6 position of the
thienopyrimidine core 7, the resulting analog 12 was
completely inactive in both in vitro inhibition assays at the
highest concentration tested of 10 μM. These results
confirmed that the molecular recognition elements involved
in binding to hGGPPS (vs hFPPS) are not simply dictated by
the presence of a bisphosphonate pharmacophore or the size
and length of the side chain or the binding orientation of the
thienopyrimidine scaffold. Further optimization of this class of
compounds led to the identification of several hGGPPS
inhibitors with IC50 values below 100 nM and a selectivity
window of ≥15-fold. It is noteworthy that biological profiling
of a 200-member library of ThP-BP compounds (a collection
from this work and our previous studies25,38,40) clearly
demonstrated that high potency in inhibiting hGGPPS, rather
than hFPPS, is the critical factor in achieving nanomolar
antitumor activity in human MM cells. Representative

Table 1. Enzyme Inhibition (IC50) and Antiproliferation
Activity (EC50) in MM RPMI-8226 Cells of Representative
ThP-BP Analogsa

IC50 (μM) EC50 (μM)

compd hFPPSb hGGPPSb hGGPPS Y246D RPMI-8226c

2 0.004 >100,000 nd 11
5 nd 0.43d 0.59 nd
7 ∼0.8e >1.0e nd nd
8 0.55 0.082 nd nd
9 0.20 0.094 nd nd
10a 2.0 0.064 0.039 0.50
10b 2.6 0.10 0.037 0.72
10c 1.0 0.085 0.092 nd
10d >1.0f 0.042 nd 0.70
11a 3.0 0.049 0.050 0.46
11b 1.3 0.075 nd 0.23
11c 1.4 0.086 0.075 0.14g

12 IN IN nd IN
13 0.023 1.5 nd >100

aIN: inactive at the highest concentration tested of 10 μM. nd: not
determined bIC50 values were determined with 10 min preincubation
of the enzyme with each inhibitor; the values shown are average of n
≥ 3 determinations with standard deviation of ±5−10%. cEC50 values
were determined using an MTT assay after 72 h of incubation of the
cells with or without an inhibitor; the values shown are average of n ≥
4 determinations with standard deviation of ≤2-fold. dIC50 value
obtained in our own in vitro inhibition assays, when compounds were
tested in parallel with several other analogs in above table. eEstimated
values based on 70% and 40% inhibition observed for hFPPS and
hGGPPS, respectively, at 1 μM. f20% inhibition was observed at 1
μM. gAverage of five independent determinations, each run in
quadruplicate.
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examples of ThP-BP hGGPPS inhibitors include analogs 10a−
d and the reversed amides 11a−c (Figure 2).
Binding of the ThP-BP inhibitors to the active site of

hGGPPS was confirmed by crystallography and DSF studies.
Crystallization of the wild-type human GGPPS has proven to
be very challenging, with only one structure reported so far.39

We assumed that the multimeric organization of this enzyme,
forming a trimer of homodimers (Figure 3a), may be
responsible for this challenge. A more readily crystallizable
Y246D mutant was created, disrupting the interdimer contacts
mediated by Tyr 246 (Figure 3a).39 This mutant is dimeric; it
retains the same overall structure as the wild type enzyme
(Figure 3b; PDB code 6C56; 2.80 Å resolution) and is
catalytically competent (Table 1). We solved the cocrystal
structure of inhibitor 10d bound to the Y246D mutant, and
despite lower resolution (PDB code 6C57; 3.50 Å resolution),
we could observe the electron density for the inhibitor, as well
as the anomalous signal from its sulfur atom, bound in the
active site of one subunit (Figure 3c). While the exact binding
conformation is unclear, the bisphosphonate of 10d appears to
bind between the aspartate-rich motifs, competing with the
pyrophosphate of FPP (Figure 3d). Additionally, the p-
fluorophenyl tail of 10d appears to insert into the hydrophobic
cavity formed between αD and αF, which typically accom-
modates the isoprenyl tail of FPP in the catalytic cycle. Binding
of 10d may also interfere with IPP binding, as the inhibitor’s
thienopyrimidine core extends into the second substrate site
(Figure 3d). Binding of 10d did not appear to involve Mg2+

ions (likely due to the low resolution), and it is plausible that
direct interactions with residues Arg73, Gln185, and Lys212
can contribute to the stabilization of the charged bi-

sphosphonate (Figure 3c). However, DSF studies clearly
indicated that Mg2+ ions are required for the formation of the
Y246D mutant/10d complex and an increase in thermal
stability of the protein/inhibitor complex (Figure S3). Thus,
our DSF data further corroborate that inhibitor 10d binds to
the active site of hGGPPS and must compete for binding with
FPP.

Inhibition of Cancer Cell Proliferation and Rap1A
Prenylation. Inhibitors of hGGPPS are known to block the
proliferation of MM RPMI-8226 cells (e.g., E/Z-6 was
reported to exhibit an EC50 of 190 ± 58 nM).35 Initial
profiling of our ThP-BP library was carried out only for analogs
exhibiting IC50 ≤ 100 nM in inhibiting hGGPPS and a
minimum of a 10-fold selectivity against hFPPS. Compounds
were tested up to a maximum concentration of 10 μM; higher
concentrations can lead to aggregation and artifacts.40 Several
compounds were identified exhibiting submicromolar potency
in inhibiting the proliferation of RPMI-8226 cells with
inhibitors 11b and 11c identified as the most potent analogs
(Table 1; Figure 4a). As was expected, no inhibition was
observed with the structurally related, inactive compound 12
or with ThP-BP inhibitors that preferentially target hFPPS,
such as analog 13, despite similar lipophilicity (as estimated by
their relative retention on a C18 reversed phase HPLC
column). These results strongly suggest that neither the
bisphosphonate moiety nor inhibition of hFPPS are respon-
sible for the antiproliferation activity observed with our
hGGPPS inhibitors.
The hGGPPS inhibitor 11c was approximately equally toxic

to RPMI-8226 cells as doxorubicin (Figure 4a) and ∼80-fold
more potent than zoledronic acid (EC50 ∼ 11 μM). However,

Figure 3. Crystal structure of wild type and mutant hGGPS. (a) Hexameric wild type hGGPPS (PDB entry 2Q80). Monomer units are indicated
by different colors. (b) Dimeric hGGPPS mutant (Y246D; cyan and green; PDB entry 6C56). A dimer of the wild type enzyme (gray) is
superposed (the inset highlights the single amino acid mutation disrupting the dimer−dimer contact). (c) Dimeric hGGPPS in complex with 10d
(PDB entry 6C57). The green and orange meshes represent the ligand discovery map (Fo - Fc contoured at 3σ) and the anomalous signal map
(3σ), respectively. (d) Superposition of 10d. GGPPS substrate with the structure of a sulfur derivative of FPP (FsPP) and IPP bound to the yeast
enzyme (ligands in magenta; protein in semitransparent wheat; PDB entry 2E8T) are superimposed.
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11c was significantly less toxic to normal bronchial cells
(NHBE) than doxorubicin, which exhibited an EC50 of ∼300
nM (Figure 4b). Antimyeloma potency (EC50 ∼ 100−500
nM) was also observed in a genetically diverse panel of MM
cell lines characteristic of the human disease, including cells
carrying NF-κB activation mutations, RAS mutations, and p53
mutations/deletions (e.g., Figure S4a).41 Given that cancers
harboring genetic anomalies in p53 are commonly resistant to
standard chemotherapy,42 the latter is an important observa-
tion. The antitumor effects of inhibitors 11b and 11c were also
evaluated in a variety of other cancer cell lines with K-Ras/N-
Ras overexpression and/or activating mutations, as well as an
ovarian cancer cell line expressing high levels of multidrug
resistant pumps (e.g., ADR-RES), along with doxorubicin as a
control. In spite of their lower toxicity in normal cells,
inhibitors 11b/11c appeared to be as effective as (or better
than) doxorubicin in blocking the proliferation of ADR-RES
cells (Figure S4b). Antitumor activity was also observed in
pancreatic cancer (MiaPaCa-2) and other cancer cells with
several ThP-BP analogs (examples shown in Figure S4c).
Interestingly, the toxicity of analog 11b in MiaPaCa-2 cells was
stronger than that of L-778,123 (3), in spite of its
bisphosphonate chemical nature. L-778,123 was advanced to
phase I clinical trials in patients with pancreatic cancer (90%
K-Ras mutations, but was withdrawn from development due to
toxicity.29

Intracellular Engagement of hGGPPS, Induction of
Cell Apoptosis, and Inhibition of Rap 1A Prenylation.

Evaluation of several ThP-BP analogs by flow cytometry
confirmed that they induce apoptosis in RPMI-8226 cells in a
dose-depended manner; zoledronic acid (1) and the
antimyeloma drug bortezomib (a proteosome inhibitor) were
used as controls. Apoptosis of RPMI-8226 cells was observed
with many hGGPPS inhibitors, including compounds 10b
(Figure S5) and 11c (Figure 4d). In contrast, no apoptosis was
observed with 1, when tested in parallel at the same
concentration (Figure 4g). Although induction of apoptosis
in cancer cells treated with N-BP inhibitors of hFPPS has been
previously reported (e.g., with incadronate in MM43 and breast
cancer44 and with 1 in renal carcinoma45 and mesothelioma46

cells), these observations were possible only at very high
concentrations of compound. Interestingly, in many of these
studies greater reduction of toxicity was observed when cells
were co-treated with geranylgeraniol (GGOH) than with
farnesol (FOH).47 However, such observations cannot be
interpreted as proof that intracellular depletion of GGPP is
more toxic to cancer cells than depletion of FPP, since neither
the relative cell permeability of FOH and GGOH nor their
relative rates of bioconversion to their corresponding
pyrophosphate metabolites are known. In our studies,
complete rescue from apoptosis was observed when cells
were simultaneously treated with a toxic dose of inhibitor 11c
and a nontoxic dose of geranylgeraniol (GGOH; Figure 4e and
Figure 4f, respectively). These results are consistent with
selective intracellular target engagement and a mechanism-
based toxicity due to inhibition of hGGPPS. However, since

Figure 4. Antimyeloma properties of thienopyrimidine-based hGGPPS inhibitors. (a) Comparison of hGGPPS inhibitor 11c, selective hFPPS
inhibitor 13, and inactive ThP-BP compound 12. Doxorubicin was used as a positive control. (b) Toxicity effects on normal human bronchial cells
(NHBE) induced by inhibitors 11b, 11c, and doxorubicin. Apoptosis of MM RPMI-8226 cells after 72 h of incubation with (c) vehicle, (d)
inhibitor 11c, (e) GGOH and inhibitor 11c, (f) GGOH alone, (g) ZOL (1) at the same concentration as 11c, and (h) bortezomib.
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bisphosphonates act as bioisosteres of isoprenoid metabolites,
it is conceivable that in addition to inhibiting hGGPPS, our
ThP-BP compounds could also potentially inhibit the trans-
ferase enzymes (e.g., GGTase I and II), 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. We also used bortezomib to induce
apoptosis (Figure 4h) and observed no rescue when cells were
co-treated with this drug and GGOH (Figure S5), consistent
with a mechanism of action that is independent of protein
prenylation.
The ability of our hGGPPS inhibitors to disrupt intracellular

geranylgeranylation of small GTPases was confirmed. For
example, RPMI-8226 cells were incubated with increasing
concentrations of inhibitor 11c and their lysate was analyzed
by Western Blotting, using a Rap 1A antibody that specifically
binds to the unprenylated form of the protein. Dose-dependent
inhibition of Rap 1A prenylation was observed at concen-
trations as low as 150−200 nM; similar results were observed
with zoledronic acid (1) at approximately 0.5 μM concen-
tration (Figure S6).
Impairment of isoprenoid biosynthesis has been previously

reported to also disrupt secretory pathway function in MM
cells, leading to the accumulation of intracellular immunoglo-
bulins and/or light chains in the endoplasmic reticulum (ER)
that leads to ER stress-induced apoptosis.48 We confirmed
similar results with inhibitor 11c, which induced increased
splicing of XBP1 mRNA, as a consequence of ER stress (Figure
S7a). Moreover, the increased XBP1 mRNA splicing caused by
11c was largely subverted by simultaneous co-treatment with
GGOH, consistent with ER stress induction due to hGGPPS
inhibition. Western blot analysis also demonstrated that XBP1s
(the protein product of spliced XBP1 mRNA) increased with
hGGPPS inhibitor treatment, and this effect was also mitigated
by GGOH co-treatment (Figure S7b). Increased and
decreased phosphorylation of ERK and AKT, respectively,
was also observed (Figure S7b). Collectively, these results
suggest that intracellular inhibition of hGGPPS produces
proapoptotic ERK signaling and concomitant loss of
prosurvival AKT signaling in MM cells.
From a biochemical perspective, a reasonable first

assumption is that the inhibition of hFPPS should block all
downstream events in the mevalonate pathway, thus blocking
prenylation of GTPases and inducing cell apoptosis. However,
our results suggest that hGGPPS plays a more important role
in cancer cell biology than hFPPS. Although the low cell-based
potency of zoledronic acid (1) may be attributed to its poor

physicochemical properties, we observed a dramatic difference
in antimyeloma efficacy with structurally very similar ThP-BP
compounds that preferentially inhibit hGGPPS vs hFPPS (e.g.,
hFPPS inhibitor 13 vs hGGPPS inhibitor 11c; Figure 4a),
suggesting that hGGPPS may be a better therapeutic target for
oncology. To gain some insight into the reasons for our
observations, we analyzed the intracellular level of these
biological targets that potentially need to be engaged by an
inhibitor, as can be inferred from the abundance of mRNA
transcripts of each enzyme in cells.49 We found that the mRNA
levels of hFPPS are consistently higher than those of hGGPPS
in all human MM cells (Figure 5a). Similar differences in the
mRNA levels were observed in primary cancer cells, taken from
bone marrow specimens (obtained at diagnosis) of over 700
MM patients participating in a large clinical trial (Figure 5b;
CoMMpass IA10 clinical trial data (NCT01454297)].50−52

Collectively, the mRNA data strongly suggest that a lower dose
of a drug would be required to achieve a much higher level of
intracellular engagement of hGGPPS (thus potentially leading
to better clinical efficacy and greater therapeutic index) than
with an inhibitor of hFPPS. This conclusion is based on the
assumption that the two inhibitors (for hGGPPS vs hFPPS)
have equivalent potency and similar overall biopharmaceutical
profiles.

Preclinical Evaluation of a ThP-BP Inhibitor: Meta-
bolic Stability, Bone Affinity, and Proof-of-Principle
Studies. The half-life clearance of inhibitor 11c in male CD-1
mouse (MLM), Sprague-Dawley rat (RLM), and human
(HLM) liver microsomes was found to be 128 min, 187 min,
and 154 min, respectively. Given the strong association
between the MM malignancy and lytic bone disease, as well
as the relationship between protein geranylgeranylation and
bone resorbing osteoclasts,53 the affinity of our ThP-BP
compounds for the bone mineral hydroxyapatite (HAP) was of
significant importance. A validated 1H NMR protocol was used
to estimate the affinity of our compounds for bone.54 The
relative affinity of analogs 11a and 11c for hydroxyapatite
(HAP) was found to be equivalent to that of zoledronic acid
and slightly stronger than that of risedronic acid (1H NMR
data in Figure S8).
Encouraged by the above data, the in vivo efficacy of

inhibitor 11c was subsequently investigated in a validated MM
mouse model that recapitulates the characteristics of the
human MM disease and mimics the therapeutic responses of
MM patients to clinically validate drugs.55 Vk*MYC transgenic
mice were bred and maintained in a pathogen-free standard
animal facility with a light/dark cycle of 12 h and provided

Figure 5. RNA transcript level (RNAseq) of hFPPS and hGGPPS. (a) mRNA expression (Log2 RPKM) of hFPPS and hGGPPS in various human
MM cell lines. (b) mRNA expression levels (FPKM) of hFPPS and hGGPPS in CD138-selected MM cells from patients’ bone marrow specimens
obtained at diagnosis.
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with food and water ad libitum. They 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 2012-7242 from the Research
Institute of McGill University Health Center (RI MUHC;
Glen site) and in accordance with the Policies and Guidelines
of the Canadian Council on Animal Care (CCAC).
Aged mice (average 50 weeks old)56 with disease measurable

by serum protein electrophoresis (i.e., M-protein levels higher
than 15% of total serum proteins, a biomarker of MM disease
burden) were treated with 3 mg kg−1 day−1 of compound 11c
or vehicle (phosphate buffered saline; PBS) by intraperitoneal
injection (ip; n = 8 per group, age and gender matched) over a
period of 14 days (a total of 12 doses, with a drug holiday
during the weekends). Weight loss was observed in all animals
over the treatment period, ranging from ∼10% (n = 4) to 16%
(n = 2) in the control group and 15% (n = 4) to 28% (n = 1)
for the animals treated with 11c (two of the animals in the
latter group were euthanized on day 13). Some of the weight
loss was attributed to stress induced by daily intraperitoneal
injections and manipulation of the animals. At the end of
treatment with 11c, Western blot analysis of peripheral blood
mononuclear cell (PBMC) lysates clearly showed inhibition of
Rap 1A geranylgeranylation, which is the expected and desired
outcome of hGGPPS inhibition, providing evidence of
systemic exposure and in vivo target engagement (Figure
6a). Encouraging antimyeloma efficacy was also observed with
a decrease in serum M-protein for the mice treated with 11c as
compared to an increase for animals treated with vehicle
(Figure 6b,c). Since the half-life of mouse immunoglobulins
(i.e., M-protein) is approximately 7 days,57 the observed
decrease in M-protein after less than 2 weeks of treatment
(albeit moderate) is an exciting result that clearly proves the in
vivo antimyeloma efficacy of inhibitor 11c. It is noteworthy
that for this study, daily dosing of compound 11c (or vehicle)
was carried out by ip injection, since daily dosing of mice by iv
is impractical and requires implanted slow delivery iv pumps. A
disadvantage to ip administration of drugs is lower systemic
exposure (as compared to iv dosing) and 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. Blood chemistry assessment of plasma
samples (collected at the end of the study) confirmed
increased alanine transaminase (ALT) and aspartate trans-
aminase (AST) levels in some animals treated with 11c,
although the levels were highly variable (see Table S3).
However, there was no correlation between the increase of
liver enzymes, extent of weight loss, and decrease of M-protein

levels for the animals treated with 11c that could potentially
imply a mechanism-based toxicity.

■ CONCLUSION

Multiple myeloma (MM) is a malignancy of B lymphocytes,
characterized by the accumulation of malignant plasma cells in
the bone marrow that secrete monoclonal immunoglobulins
(M-protein) and give rise to a constellation of target organ
damage known as CRAB (hypercalcemia, renal failure, anemia,
bone disease).58 In the past, inhibition of protein prenylation
of small GTPases that are intimately involved in oncogenesis
was proposed as a plausible mechanism of MM therapy.
However, strong clinical proof of efficacy with inhibitors of
hFPPS, FTase, and GGTase I inhibitors has been elusive.
Currently, there are no known clinically validated inhibitors of
hGGPPS. A new chemotype of hGGPPS inhibitors,
represented by compound 11c, was identified and found to
induce antimyeloma effects both in vitro and in a reliable MM
disease mouse model, which has been shown to accurately
predict human drug response.
The studies herein also provide substantial evidence that the

hGGPPS is a better therapeutic target for the treatment of MM
than the upstream enzyme of the isoprenoid biosynthetic
cascade (hFPPS). Support for this hypothesis was provided by
antiproliferation data in human MM cells, which clearly
showed a stronger response to compounds inhibiting hGGPPS,
as compared to structurally related analogs (i.e., having very
similar physicochemical properties) that are more potent at
inhibiting hFPPS. Additionally, analysis of the mRNA levels of
hFPPS and hGGPPS in MM cancer cells and bone marrow
specimens of MM patients indicated much higher intracellular
mRNA levels of hFPPS than hGGPPS. Collectively, these
observations suggest that assuming selective hFPPS and
hGGPPS inhibitors were identified that possessed equivalent
biopharmaceutical properties, a more effective target engage-
ment and better clinical outcome would be expected with
therapeutic agents targeting hGGPPS. Furthermore, it has
been proposed that the beneficial effects of N-BPs on bone
resorption are more likely the result of indirect inhibition of
geranylgeranylation (rather than direct farnesylation) of
proteins in osteoclasts.59 As one of the salient features of
human MM is osteolytic bone disease, compounds such as 11c
that bind to bone with high affinity (thereby concentrating in
the milieu of the MM disease), inhibit geranylgeranylation
(thus blocking bone resorption), and exhibit strong anti-
myeloma activity may provide the ideal set of therapeutic
properties for the treatment of multiple myeloma.

Figure 6. (a) Western blot analysis of two representative PBMC samples from vehicle (lanes 1 and 2) and inhibitor 11c treated mice (lanes 3 and
4). (b) Serum protein electrophoresis from animals treated with vehicle or inhibitor 11c. Arrows indicated location of M-protein. (c) Analysis of
M-protein as a percentage of total serum protein and expressed as a change from baseline (day 0) to day 14 for each respective mouse. Statistical
analysis was performed using unpaired two-tailed Student’s t test.
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■ EXPERIMENTAL SECTION
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 using the solvent gradient, as indicated.
Reverse phase preparative HPLC was carried out using a Waters
Atlantis Prep T3 OBD C18 5 μm, 19 mm × 50 mm column. Solvent
A: H2O, 0.1% formic acid. Solvent B: CH3CN, 0.1% formic acid.
Mobile phase: gradient from 95% A and 5% B to 5% A and 95% B in
17 min acquisition time. Flow rate: 1 mL/min. The homogeneity of
final inhibitors was confirmed to be ≥95% by reversed-phase HPLC
using a Waters ALLIANCE instrument (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. Key compounds were fully characterized by 1H, 13C, 31P
NMR and HRMS. Chemical shifts (δ) are reported in ppm relative to
the internal deuterated solvent. The NMR spectra of all final
bisphosphonate inhibitors were acquired in D2O (either after
conversion to their corresponding trisodium salt or by addition of
∼2% ND4OD) or in DMSO-d6. In some cases, the Cα to the
bisphosphonate was broad and overlapped with the solvent peak, as
confirmed by HSQC NMR studies. The high resolution MS spectra of
final products were recorded using electrospray ionization (ESI±) and
Fourier transform ion cyclotron resonance mass analyzer (FTMS).
The HRMS data for inhibitors 10a−c, 11a−c, and 12 were acquired
from the corresponding trisodium salt of the bisphosphonic acid.
General Protocols for the Synthesis of Inhibitors 10 and 11.

Amide Bond Formation. Method A. To a stirring solution of
intermediate 18 (80 mg, 0.15 mmol) in dry DCM (1.5 mL) at 0 °C,
dry Et3N (97 μL, 0.45 mmol) was added, followed by an acid chloride
(aryl-COCl or heteroary-COCl; 0.18 mmol), which was added
dropwise. The solution was stirred and allowed to warm to rt
(reaction progress was monitored by TLC or LC−MS). Once
complete (typically, after ∼1 h), the reaction was poured into sat.
NaHCO3 solution and extracted with EtOAc (2×), washed with
brine, dried over anhydrous Na2SO4, and concentrated under vacuum.
Crude product was purified by silica gel column chromatography
using a gradient from 25% EtOAc in hexanes to 100% EtOAc and
then to 20% MeOH in EtOAc. Product typically eluted with 10−20%
MeOH in EtOAc. Isolated yields typically ranged from 75% to
quantitative.
Amide Bond Formation. Method B. Alternatively, to a mixture

of intermediate 19 (50 mg, 0.09 mmol) and an amine (aryl-NH2 or
heteroaryl-NH2) (0.1 mmol) in dry DMF (2.0 mL), DIPEA (31 μL,
0.18 mmol) was added, followed by HBTU (37.4 mg, 0.1 mmol). The
solution was stirred at rt until complete conversion was observed by
TLC (typically after ∼1−2 h). The reaction mixture was then diluted
with brine and was extracted with EtOAc. The organic phase was
washed with sat. NH4Cl solution, brine, dried over anhydrous
Na2SO4, and concentrated in vacuo. Crude product was purified by
silica-gel column chromatography as described for method A above.
Isolated yields typically ranged from 60% to 80%.
Step 2. General Protocol for Conversion of the Bi-

sphosphonate Esters to the Bisphosphonic Acids. Deprotection
was carried out using TMSBr, followed by methanolysis previously
described.38 Isolated yields ranged from 40% to 90%.
(((2-(3-Benzamidophenyl)thieno[2,3-d]pyrimidin-4-yl)-

amino)methylene)bis(phosphonic acid) (10a). The tetraethyl
(((2-(3-benzamidophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)-
methylene)bis(phosphonate) was isolated as a light yellow solid. 1H
NMR (500 MHz, DMSO-d6): δ 10.43 (s, -NH), 8.86 (t, J = 1.7 Hz,
1H), 8.65 (d, J = 9.7 Hz, -NH), 8.12 (d, J = 7.9 Hz, 1H), 8.10 (d, J =
6.0 Hz, 1H), 8.01 (d, J = 7.1 Hz, 2H), 7.91 (dd, J = 8.1, 1.1 Hz, 1H),
7.64 (d, J = 6.0 Hz, 1H), 7.63−7.59 (m, 1H), 7.57−7.53 (m, 2H),
7.51 (t, J = 7.9 Hz, 1H), 6.06 (td, J = 23.3, 9.5 Hz, 1H), 4.18−4.07
(m, 8H), 1.19−1.10 (m, 12H). 31P NMR (203 MHz, DMSO-d6) δ
17.01 (s).
Inhibitor 10a was isolated as a pale yellow solid. 1H NMR (400

MHz, D2O): δ 8.36 (s, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.95 (d, J = 7.3

Hz, 2H), 7.89 (d, J = 8.2 Hz, 1H), 7.70−7.57 (m, 5H), 7.49 (d, J =
6.0 Hz, 1H), 5.13 (t, J = 18.6 Hz, 1H). 31P NMR (162 MHz, D2O): δ
13.79 (s). 13C NMR (101 MHz, D2O): δ 169.8, 165.5, 159.8, 157.0,
138.7, 137.5, 133.9, 132.4, 129.5, 128.8, 127.4, 125.3, 124.3, 123.1,
122.0, 119.0, 115.9. C-α to the bisphosphonate was observed by
HSQC. HSQC (1H−13C): 1H at δ 5.13 correlates to 13C-α at δ 49.5.
HRMS [ESI+] calculated for C20H16N4Na3O7P2S m/z, 586.9903;
found 586.9898 [M + H]+.

(((2-(3-(4-Methylbenzamido)phenyl)thieno[2,3-d ]-
pyrimidin-4-yl)amino)methylene)bis(phosphonic acid) (10b).
The tetraethyl (((2-(3-(4-methylbenzamido)phenyl)thieno[2,3-d]-
pyrimidin-4-yl)amino)methylene)bis(phosphonate) was isolated as a
pale yellow solid. 1H NMR (500 MHz, DMSO-d6): δ 10.34 (s, -NH),
8.85 (t, J = 1.8 Hz, 1H), 8.65 (d, J = 9.7 Hz, -NH), 8.12−8.09 (m,
2H), 7.93 (d, J = 8.2 Hz, 2H), 7.91 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H),
7.64 (d, J = 6.0 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.35 (d, J = 7.9 Hz,
2H), 6.06 (td, J = 23.4, 9.7 Hz, 1H), 4.18−4.05 (m, 8H), 2.40 (s,
3H), 1.19−1.10 (m, 12H). 31P NMR (203 MHz, DMSO-d6): δ 17.00
(s). MS [ESI+] m/z: 647.2 [M + H+]+.

Inhibitor 10b was isolated as a pale yellow solid. 1H NMR (500
MHz, D2O): δ 8.38 (s, 1H), 8.20 (d, J = 7.6 Hz, 1H), 7.93 (d, J = 7.1
Hz, 1H), 7.89 (d, J = 7.9 Hz, 2H), 7.68−7.63 (m, 2H), 7.51 (d, J =
5.9 Hz, 1H), 7.46 (d, J = 7.9 Hz, 2H), 5.15 (t, J = 18.9 Hz, 1H), 2.47
(s, 3H). 31P NMR (203 MHz, D2O) δ 13.82 (s). 13C NMR (101
MHz, D2O): δ 169.3, 165.6, 159.5, 156.8, 143.5, 138.3, 137.5, 130.7,
129.4, 129.3, 127.5, 125.0, 124.1, 123.3, 121.6, 118.8, 115.8, 48.9 (t, J
= 124.8 Hz), 20.6. HRMS [ESI+] calculated for C21H18N4Na3O7P2S
m/z, 601.00590; found 601.00773 [M + H]+.

(((2-(3-(4-Methoxybenzamido)phenyl)thieno[2,3-d]-
pyrimidin-4-yl)amino)methylene)bis(phosphonic acid) (10c).
The tetraethyl (((2-(3-(4-methoxybenzamido)phenyl)thieno[2,3-d]-
pyrimidin-4-yl)amino)methylene)bis(phosphonate) was isolated as a
pale yellow solid. 1H NMR (500 MHz, DMSO-d6): δ 10.27 (s, -NH),
8.84 (t, J = 1.7 Hz, 1H), 8.65 (d, J = 9.7 Hz, -NH), 8.11−8.09 (m,
2H), 8.02 (d, J = 8.8 Hz, 2H), 7.90 (dd, J = 6.9, 1.2 Hz, 1H), 7.64 (d,
J = 6.0 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H),
6.06 (td, J = 23.4, 9.7 Hz, 1H), 4.18−4.07 (m, 8H), 3.85 (s, 3H),
1.19−1.10 (m, 12H). 31P NMR (203 MHz, DMSO-d6): δ 17.01 (s).
MS [ESI+] m/z: 663.2 [M + H+]+.

Inhibitor 10c was isolated as pale yellow solid. 1H NMR (400
MHz, D2O): δ 8.36 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.98 (d, J = 8.8
Hz, 2H), 7.91 (d, J = 8.1 Hz, 1H), 7.68−7.60 (m, 2H), 7.50 (d, J =
6.0 Hz, 1H), 7.17 (d, J = 8.9 Hz, 2H), 5.11 (t, J = 19.0 Hz, 1H), 3.94
(s, 3H). 31P NMR (162 MHz, D2O) δ 13.78 (s). 13C NMR (126
MHz, D2O): δ 169.1, 165.0, 162.2, 160.0, 156.8, 138.7, 137.6, 129.6,
129.5, 126.3, 125.1, 124.4, 122.6, 122.0, 119.2, 116.0, 114.1, 55.5. C-α
to the bisphosphonate was observed by HSQC. HSQC (1H−13C): 1H
at δ 5.11 correlates to 13C-α at δ 50.0. HRMS [ESI+] calculated for
C21H18N4Na3O8P2S m/z, 617.000 82; found 617.001 81 [M + H]+

(((2-(3-(4-Fluorobenzamido)phenyl)thieno[2,3-d]pyrimidin-
4-yl)amino)methylene)bis(phosphonic acid) (10d). The tet-
raethyl (((2-(3-(4-fluorobenzamido)phenyl)thieno[2,3-d]pyrimidin-
4-yl)amino)methylene)bis(phosphonate) was isolated as a pale yellow
solid (48 mg, 65%). 1H NMR (500 MHz, CDCl3): δ 8.39 (s, 1H),
8.28 (d, J = 7.9 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 8.03−7.90 (m,
3H), 7.52 (t, J = 8.0 Hz, 1H), 7.37 (d, J = 6.0 Hz, 1H), 7.21 (t, J = 8.5
Hz, 2H), 5.97 (d, J = 9.9 Hz, 1H), 5.78 (s, 1H), 4.35−4.08 (m, 8H),
1.29−1.19 (m, 12H). 31P NMR (203 MHz, CDCl3): δ 16.84.

Inhibitor 10d was isolated as a light beige solid (26.1 mg, 63%). 1H
NMR (400 MHz, D2O): δ 8.37 (s, 1H), 8.20 (d, J = 7.9 Hz, 1H),
8.05−7.98 (m, 2H), 7.93 (d, J = 8.1 Hz, 1H), 7.70−7.60 (m, 2H),
7.51 (d, J = 6.0 Hz, 1H), 7.39−7.29 (m, 2H), 5.17 (t, J = 19.0 Hz,
1H). 31P NMR (162 MHz, D2O): δ 13.93 (s). 13C NMR (126 MHz,
D2O): δ 168.5, 165.8, 165.4, 163.8, 159.7, 156.9, 138.5, 137.4, 130.1,
130.0, 129.4, 125.1, 124.1, 122.9, 121.7, 118.9, 115.8, 115.7, 115.5,
49.5 (t, J = 122.7 Hz). HRMS [ESI−] calculated for
C20H15FN4NaO7P2S m/z [M − 2H + Na]− 559.0024; found
559.0010 [M − 2H + Na]−.

(((2-(3-(Phenylcarbamoyl)phenyl)thieno[2,3-d]pyrimidin-4-
yl)amino)methylene)bis(phosphonic acid) (11a). The tetraethyl
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(((2-(3-(phenylcarbamoyl)phenyl)thieno[2,3-d]pyrimidin-4-yl)-
amino)methylene)bis(phosphonate) was isolated as a light yellow
solid. 1H NMR (400 MHz, DMSO-d6): δ 10.47 (s, -NH), 8.95 (s,
1H), 8.75 (d, J = 9.6 Hz, -NH), 8.57 (d, J = 7.9 Hz, 1H), 8.10 (d, J =
5.7 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 7.7 Hz, 2H), 7.71−
7.66 (m, 2H), 7.39−7.35 (m, 2H), 7.12 (t, J = 7.4 Hz, 1H), 6.03 (br,
1H), 4.18−4.00 (m, 8H), 1.19−1.08 (m, 12H). 31P NMR (162 MHz,
DMSO-d6) δ 17.05 (s). 13C NMR (126 MHz, DMSO-d6): δ 167.6,
165.5, 157.5, 156.0 (t, J = 3.7 Hz), 139.2, 137.7, 135.5, 130.4, 129.4,
128.7, 128.6, 127.1, 123.8, 123.7, 120.3, 120.2, 115.5, 62.9−62.7 (m),
16.2−16.1 (m). C-α to the bisphosphonate was observed by HSQC.
HSQC (1H−13C): 1H at δ 6.03 correlates to 13C-α at δ 45.1. MS
[ESI+] m/z: 633.2 [M + H+]+.
Inhibitor 11a was isolated as off-white solid. 1H NMR (400 MHz,

D2O): δ 8.81 (s, 1H), 8.58 (d, J = 7.9 Hz, 1H), 8.06 (d, J = 7.8 Hz,
1H), 7.76 (t, J = 7.8 Hz, 1H), 7.66−7.63 (m, 3H), 7.56−7.52 (m,
3H), 7.36 (t, J = 7.4 Hz, 1H), 5.20 (t, J = 19.0 Hz, 1H). 31P NMR
(203 MHz, D2O): δ 13.91 (s). 13C NMR (126 MHz, D2O): δ 169.4,
165.5, 159.7, 157.0, 138.3, 136.9, 134.4, 132.0, 129.4, 129.3, 129.2,
126.9, 126.0, 123.2, 123.0, 119.0, 115.9, 49.3 (13C-α observed by
HSQC). HSQC (1H−13C): 1H at δ 5.20 correlates to 13C-α at δ 49.3.
HRMS [ESI+] calculated for C20H16N4Na3O7P2S m/z, 586.9903;
found 586.9903 [M + H]+.
(((2-(3-((4-Methoxyphenyl)carbamoyl)phenyl)thieno[2,3-d]-

pyrimidin-4-yl)amino)methylene)bis(phosphonic acid) (11b).
The tetraethyl (((2-(3-((4-methoxyphenyl)carbamoyl)phenyl)thieno-
[2,3-d]pyrimidin-4-yl)amino)methylene)bis(phosphonate) was iso-
lated as a light yellow solid. 1H NMR (500 MHz, CDCl3 with
∼0.1% CD3OD): δ 9.01 (s, 1H), 8.67 (br_s, 1H), 8.59 (d, J = 7.8 Hz,
1H), 8.11 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.61 (t, J = 7.7
Hz, 1H), 7.45 (d, J = 5.3 Hz, 1H), 7.37 (d, J = 6.0 Hz, 1H), 6.92 (d, J
= 9.0 Hz, 2H), 5.86 (t, J = 22.3 Hz, 1H), 4.27−4.10 (m, 8H), 3.82 (s,
3H), 1.26 (t, J = 7.1 Hz, 6H), 1.21 (t, J = 7.1 Hz, 6H). 31P NMR (203
MHz, CDCl3): δ 17.10 (s). MS [ESI+] m/z: 663.4 [M + H+]+.
Inhibitor 11b was isolated as off-white solid. 1H NMR (500 MHz,

D2O): δ 8.74 (s, 1H), 8.54 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 7.7 Hz,
1H), 7.72 (t, J = 7.8 Hz, 1H), 7.62 (d, J = 5.9 Hz, 1H), 7.51−7.49 (m,
3H), 7.06 (d, J = 8.9 Hz, 2H), 5.18 (t, J = 18.9 Hz, 1H), 3.86 (s, 3H).
13C NMR (126 MHz, D2O): δ 169.3, 165.5, 159.7, 157.0, 156.7,
138.3, 134.3, 132.0, 130.1, 129.3, 129.3, 126.8, 124.8, 123.2, 118.9,
115.9, 114.4, 55.5, 49.3 (13C-α observed by HSQC). HSQC
(1H−13C): 1H at δ 5.18 correlates to 13C-α at δ 49.3. 31P NMR
(203 MHz, D2O): δ 13.91 (s). HRMS [ESI+] calculated for
C21H18N4Na3O8P2S m/z, 617.000 82; found 617.000 90 [M + H+]+.
(((2-(3-((3-Fluoro-4-methoxyphenyl)carbamoyl)phenyl)-

th ieno[2,3-d ]pyr imidin-4-y l )amino)methylene)bis -
(phosphonic acid) (11c). The tetraethyl (((2-(3-((3-fluoro-4-
methoxyphenyl)carbamoyl)phenyl)thieno[2,3-d]pyrimidin-4-yl)-
amino)methylene)bis(phosphonate) was isolated as a yellow solid. 1H
NMR (500 MHz, CDCl3): δ 9.28 (s, 1H), 9.10 (br_s, 1H), 8.62 (d, J
= 7.8 Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 7.70 (dd, J = 13.1, 2.3 Hz,
1H), 7.66 (d, J = 8.7 Hz, 1H), 7.59 (t, J = 7.7 Hz, 1H), 7.42 (d, J = 5.8
Hz, 1H), 7.27 (d, J = 6.0 Hz, 1H), 6.94 (t, J = 9.1 Hz, 1H), 6.77
(br_s, 1H), 5.63 (td, J = 22.9, 7.7 Hz, 1H), 4.24−4.11 (m, 8H),
1.24−1.20 (m, 12H). 31P NMR (203 MHz, CDCl3) δ 17.27 (s). 13C
NMR (126 MHz, CDCl3): δ 168.4, 165.3, 158.5, 155.8 (t, J = 3.3
Hz), 152.2 (d, 1JCF = 244.1 Hz), 144.3 (d, J = 10.9 Hz), 138.0, 134.7,
132.6 (d, J = 9.4 Hz), 131.1, 130.2, 129.1, 126.8, 123.9, 117.9, 116.3
(d, J = 3.4 Hz), 115.5, 113.7 (d, J = 2.5 Hz), 109.7 (d, J = 22.6 Hz),
63.9−63.7 (m), 56.7, 46.9 (t, J = 147.9 Hz), 16.5−16.4 (m). MS
[ESI+] m/z: 681.3 [M + H+]+.
Inhibitor 11c was isolated as a pale yellow solid. 1H NMR (500

MHz, D2O): δ 8.77 (s, 1H), 8.55 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 7.8
Hz, 1H), 7.74 (t, J = 7.8 Hz, 1H), 7.64 (d, J = 5.9 Hz, 1H), 7.53−7.51
(m, 2H), 7.34 (d, J = 8.5 Hz, 1H), 7.23 (t, J = 9.1 Hz, 1H), 5.21 (t, J
= 18.5 Hz, 1H), 3.95 (s, 3H). 31P NMR (203 MHz, D2O): δ 13.90
(s). 13C NMR (126 MHz, D2O): δ 168.8, 165.5, 159.5, 157.0, 151.3
(d, 1JCF = 242.1 Hz), 144.3 (d, J = 10.9 Hz), 138.1, 133.9, 132.0,
130.5 (d, J = 9.4 Hz), 129.3, 129.2, 126.8, 123.2, 118.7, 118.7 (d, J =
3.1 Hz), 115.8, 113.9 (d, J = 1.9 Hz), 111.0 (d, J = 21.8 Hz), 56.3,

49.0 (13C-α observed by HSQC) . HSQC (1H−13C): 1H at δ 5.19
correlates to 13C-α at δ 49.0. HRMS [ESI+] calculated for
C21H17O8N4FNa3P2S m/z, 634.991 40; found 634.991 64 [M + H]+.

(((6-(3-Benzamidophenyl)thieno[2,3-d]pyrimidin-4-yl)-
amino)methylene)bis(phosphonic acid) (12). Suzuki cross-
coupling between intermediate tetraethyl (((6-bromothieno[2,3-
d]pyrimidin-4-yl)amino)methylene)bis(phosphonate), which was
previously reported,40 and (3-benzamidophenyl)boronic acid (pre-
pared as previously reported62) gave the tetraethyl (((6-(3-
benzamidophenyl)thieno[2,3-d]pyrimidin-4-yl)amino)methylene)bis-
(phosphonate), isolated as a light yellow solid (82%). 1H NMR (400
MHz, DMSO-d6): δ 10.43 (s, -NH), 8.71 (d, J = 9.7 Hz, -NH), 8.54
(s, 1H), 8.45 (s, 1H), 8.31 (d, J = 2.3 Hz, 1H), 8.03−7.99 (m, 2H),
7.77 (d, J = 7.5 Hz, 1H), 7.64−7.44 (m, 5H), 5.81 (td, J = 23.5, 9.1
Hz, 1H), 4.16−4.02 (m, 8H), 1.23−1.11 (m, 12H). 31P NMR (162
MHz, DMSO-d6) δ 16.88 (s). MS [ESI+] m/z: 633.2 [M + H+]+.

Inhibitor 12 was isolated as a pale yellow solid. 1H NMR (500
MHz, D2O): δ 8.27 (s, 1H), 7.92−7.89 (m, 4H), 7.67−7.63 (m, 2H),
7.59−7.56 (m, 3H), 7.52 (t, J = 7.9 Hz, 1H). α-CH to the
bisphosphonate overlaps with the solvent peak. 31P NMR (203 MHz,
D2O): δ 13.53 (s).

13C NMR (126 MHz, D2O): δ 169.3, 163.2, 156.2,
153.5, 138.7, 137.9, 133.9, 133.5, 132.4, 129.9, 128.7, 127.3, 122.8,
121.8, 119.0, 118.6, 115.1, 50.8 (t, J = 125.7 Hz). HRMS [ESI+]
calculated for C20H16N4Na3O7P2S m/z, 586.9903; found 586.9906
[M + H]+.

2-(Methylthio)thieno[2,3-d]pyrimidin-4-amine (15). 2-
Amino-5-methylthiophene-3-carbonitrile (14; 2.5 g, 20 mmol) was
added to HCl (4 M in dioxane; 30.2 mL, 121 mmol), followed by
methyl thiocyanate (1.4 mL, 20 mmol). The resulting suspension was
heated to 70 °C in a sealed pressure tube for 36 h. The mixture was
allowed to cool to rt, and the resulting green precipitate was collected
by vacuum filtration. The solid was dissolved in EtOAc, washed with
saturated aqueous NaHCO3, and the aqueous phase was extracted
further with EtOAc. The combined organic extracts were washed with
brine, dried over Na2SO4, and concentrated in vacuo. Intermediate 15
was obtained as a light brown solid (2.52g, 63%) and was used in the
next step without further purification. 1H NMR (500 MHz, DMSO-
d6): δ 7.55 (br_s, 2H), 7.47 (d, J = 5.9 Hz, 1H), 7.36 (d, J = 5.9 Hz,
1H), 2.46 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 167.5, 166.5,
158.3, 120.7, 120.2, 113.4, 13.8. MS [ESI+] m/z: 198.0 [M + H+]+.

Tetraethyl (((2-(Methylthio)thieno[2,3-d]pyrimidin-4-yl)-
amino)methylene)bis(phosphonate) (16). In a pressure vessel,
diethyl phosphite (5.5 mL, 43 mmol) and triethyl orthoformate (1.7
mL, 10 mmol) were added to a solution of 15 (1.2 g, 6.1 mmol) in
dry toluene (5.0 mL). The resulting mixture was heated at 130 °C for
40 h (monitored by TLC and/or LC−MS). The mixture was then
cooled to rt and concentrated in vacuo. Crude product was purified by
silica gel column chromatography. The product, intermediate 16,
eluted from the column with 10−20% MeOH in EtOAC and
obtained as a light yellow solid (1.2 g, 41%). 1H NMR (500 MHz,
DMSO-d6): δ 8.70 (d, J = 9.7 Hz, -NH), 7.97 (d, J = 6.0 Hz, 1H),
7.45 (d, J = 6.0 Hz, 1H), 5.70 (td, J = 23.6, 9.7 Hz, 1H), 4.14−4.02
(m, 8H), 2.50 (s, 3H), 1.21 (t, J = 7.1 Hz, 6H), 1.14 (t, J = 7.0 Hz,
6H). 31P NMR (203 MHz, DMSO-d6): δ 16.77 (s). 13C NMR (126
MHz, DMSO-d6): δ 167.3, 165.4, 155.12 (t, J = 4.1 Hz), 121.1, 120.1,
113.6, 62.9−62.7 (m), 44.4 (t, J = 147.3 Hz), 16.2−16.1 (m), 13.5.
MS [ESI+] m/z: 484.1 [M + H+]+.

General Protocol for the Synthesis of Intermediates 17a
and 17b. This cross-coupling reaction was based on the literature
with slight modifications.60,61 Intermediate 16 (880 mg, 1.8 mmol),
the arylboronic acid (4.6 mmol; obtained commercially or prepared
using well established methods), CuTC (1.04 g, 5.5 mmol), and
Pd(dppf)Cl2·CH2Cl2 (150 mg, 0.18 mmol) were charged into an
oven-dried round-bottom flask. The flask was evacuated and purged
with Ar, followed by addition of dry dioxane (10.0 mL). The flask was
sealed and heated at 50 °C for 4−16 h (under Ar balloon; monitored
by TLC or LC−MS). The reaction mixture was cooled to rt, diluted
with EtOAc, and filtered through Celite. The filtrate was collected and
washed with 10% aqueous NH4OH (thrice), followed by brine. The
combined organic extracts were dried over Na2SO4 and concentrated
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in vacuo. Crude product was purified by silica gel column
chromatography with a gradient from 25% EtOAc in hexanes to
100% EtOAc and then to 20% MeOH in EtOAc. Product typically
eluted from the column with 10−20% MeOH in EtOAc and isolated
in ∼80−85% yield.
Tetraethyl (((2-(3-Nitrophenyl)thieno[2,3-d]pyrimidin-4-yl)-

amino)methylene)bis(phosphonate) (17a). Isolated as light
brown solid. 1H NMR (500 MHz, DMSO-d6): δ 9.12 (t, J = 1.9
Hz, 1H), 8.85 (d, J = 9.6 Hz, -NH), 8.80 (d, J = 7.9 Hz, 1H), 8.35
(ddd, J = 8.2, 2.4, 0.9 Hz, 1H), 8.14 (d, J = 6.0 Hz, 1H), 7.84 (t, J =
8.0 Hz, 1H), 7.72 (d, J = 6.0 Hz, 1H), 5.99 (td, J = 23.5, 9.6 Hz, 1H),
4.23−4.02 (m, 8H), 1.20 (t, J = 7.0 Hz, 6H), 1.12 (t, J = 7.0 Hz, 6H).
31P NMR (203 MHz, DMSO-d6): δ 16.9. 13C NMR (126 MHz,
DMSO-d6): δ 167.8, 156.5 (t, J = 4.0 Hz), 156.4, 148.7, 139.6, 134.1,
130.8, 125.3, 124.9, 122.4, 120.8, 116.4, 63.4−63.2 (m), 45.0 (t, J =
147.2 Hz), 16.7−16.6 (m). MS [ESI+] m/z: 559.1 [M + H+]+.
Benzyl 3-(4-((Bis(diethoxyphosphoryl)methyl)amino)-

thieno[2,3-d]pyrimidin-2-yl)benzoate (17b). Isolated as a light
yellow solid. 1H NMR (500 MHz, CD3OD): δ 9.09 (s, 1H), 8.66 (d, J
= 7.8 Hz, 1H), 8.14 (dd, J = 7.7, 1.1 Hz, 1H), 7.72 (d, J = 6.0 Hz,
1H), 7.64−7.58 (m, 1H), 7.55 (dd, J = 6.0, 1.5 Hz, 1H), 7.49 (d, J =
7.9 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.36−7.32 (m, 1H), 6.19 (t, J =
23.5 Hz, 1H), 5.42 (s, 2H), 4.24−4.18 (m, 8H), 1.27−1.21 (m, 12H).
31P NMR (203 MHz, CD3OD): δ 17.17 (s). 13C NMR (126 MHz,
CD3OD): δ 169.5, 167.5, 159.4, 157.4 (t, J = 3.9 Hz), 139.7, 137.6,
133.6, 132.2, 131.8, 130.1, 129.9, 129.7, 129.3, 129.3, 125.3, 119.8,
117.1, 67.9, 65.2−65.1 (m), 45.5 (t, J = 150.0 Hz), 16.7−16.6 (m).
MS [ESI−] m/z: 648.3 [M − H+]−.
Tetraethyl (((2-(3-Aminophenyl)thieno[2,3-d]pyrimidin-4-

yl)amino)methylene)bis(phosphonate) (18). In a pressure vessel
containing intermediate 17a (500 mg, 0.90 mmol) in EtOH (9.0 mL),
SnCl2·2H2O (1.01 g, 4.5 mmol) was added, and the mixture was
stirred at 80 °C for 2−3 h. The reaction mixture was cooled to rt and
then slowly poured into sat. NaHCO3 solution (9.0 mL). It was then
extracted with EtOAc (3×), brine (once), dried over anhydrous
MgSO4, filtered, and concentrated in vacuo. Intermediate 18 was
obtained as a light yellow solid (392 mg, 83% yield) and was used in
the next step without further purification. 1H NMR (500 MHz,
DMSO-d6): δ 8.52 (d, J = 9.7 Hz, 1H), 8.06 (d, J = 6.0 Hz, 1H),
7.64−7.62 (m, 1H), 7.58 (d, J = 6.0 Hz, 1H), 7.53 (d, J = 7.7 Hz,
1H), 7.14 (t, J = 7.8 Hz, 1H), 6.67 (dd, J = 7.9, 1.5 Hz, 1H), 6.01 (td,
J = 23.5, 9.7 Hz, 1H), 5.22 (s, 2H), 4.15−4.05 (m, 8H), 1.16 (t, J =
7.0 Hz, 6H), 1.11 (t, J = 7.0 Hz, 6H). 31P NMR (203 MHz, DMSO-
d6): δ 17.18 (s). MS [ESI+] m/z: 529.1 [M + H+]+.
3-(4-((Bis(diethoxyphosphoryl)methyl)amino)thieno[2,3-d]-

pyrimidin-2-yl)benzoic Acid (19). A solution of intermediate 17b
(271 mg, 0.42 mmol) in neat TFA (4.6 mL) was stirred at 80 °C for
14 h (monitored by TLC). TFA was then removed by evaporation in
vacuo, and the residue was dissolved in DCM, and the solvent was
evaporated again under reduced pressure (done at least twice). Crude
product was purified by silica gel column chromatography using a
gradient of 50% EtOAc in hexanes to 100% EtOAc and then to 15%
MeOH in EtOAc. Product was isolated as a light brown solid
(quantitative yield). 1H NMR (400 MHz, CDCl3 with ∼0.1%
CD3OD): δ 9.20 (s, 1H), 8.70 (d, J = 7.9 Hz, 1H), 8.19 (d, J = 7.7
Hz, 1H), 7.70 (d, J = 6.0 Hz, 1H), 7.59 (t, J = 7.8 Hz, 1H), 7.40 (d, J
= 6.0 Hz, 1H), 6.08 (t, J = 22.2 Hz, 1H), 4.29−4.18 (m, 8H), 1.29 (t,
J = 7.0 Hz, 6H), 1.20 (t, J = 7.0 Hz, 6H). 31P NMR (203 MHz,
CDCl3): δ 17.50 (s). 13C NMR (126 MHz, CDCl3 with ∼0.1%
CD3OD) δ 169.2, 168.3, 158.4, 155.8, 138.4, 132.7, 131.5, 129.8,
128.6, 123.8, 118.8, 115.9, 115.8, 64.2 (br), 44.1 (t, J = 147.0 Hz,
1H), 16.2 (br). MS [ESI+] m/z: 558.1 [M + H+]+.
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