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ABSTRACT: Upregulation of the fibroblast growth factor receptor (FGFR) signaling pathway has been implicated in multiple
cancer types, including cholangiocarcinoma and bladder cancer. Consequently, small molecule inhibition of FGFR has emerged as a
promising therapy for patients suffering from these diseases. First-generation pan-FGFR inhibitors, while highly effective, suffer from
several drawbacks. These include treatment-related hyperphosphatemia and significant loss of potency for the mutant kinases.
Herein, we present the discovery and optimization of novel FGFR2/3 inhibitors that largely maintain potency for the common
gatekeeper mutants and have excellent selectivity over FGFR1. A combination of meticulous structure−activity relationship (SAR)
analysis, structure-based drug design, and medicinal chemistry rationale ultimately led to compound 29, a potent and selective
FGFR2/3 inhibitor with excellent in vitro absorption, distribution, metabolism, excretion (ADME), and pharmacokinetics in rat. A
pharmacodynamic study of a closely related compound established that maximum inhibition of downstream ERK phosphorylation
could be achieved with no significant effect on serum phosphate levels relative to vehicle.

■ INTRODUCTION
Fibroblast growth factor receptors (FGFR1−4) are a family of
transmembrane receptor tyrosine kinases that play a role in
several physiological processes, including embryonic develop-
ment, metabolic homeostasis, and angiogenesis.1 Aberrant
activation of FGFR signaling leads to proliferation and survival
of cancer cells, with FGFR3 alterations most commonly found
in bladder cancer,2 while FGFR2 alterations are mainly found
in cholangiocarcinoma, gastric cancer, and uterine cancer.2−4

Three ATP-competitive small molecule pan-FGFR (FGFR1−
3) inhibitors have been approved by the FDA for the treatment
of cancers with FGFR genetic alterations (Figure 1).
Erdafitinib5−7 (1) was approved to treat locally advanced or
metastatic urothelial carcinoma (bearing FGFR3 or FGFR2
genetic alteration), while pemigatinib8,9 (2) and infigratinib10

(3) were approved to treat locally advanced or metastatic
cholangiocarcinoma (bearing FGFR2 alteration). The most
common treatment-related toxicity for these drugs is hyper-
phosphatemia. Since antibody-mediated FGFR1 activation in

mice leads to hypophosphatemia, while FGFR1/4 knockout
mice experienced hyperphosphatemia, this toxicity has been
hypothesized to be due to FGFR1 inhibition.11,12

Inhibitors 1−3 derive a large amount of binding energy from
an optionally substituted 3,5-dimethoxyphenyl group that
projects past the gatekeeper (GK) residue into a hydrophobic
pocket. Clinical resistance to currently approved FGFR
inhibitors has been reported and results predominantly from
GK mutations (FGFR2 V564I/L/M/F, FGFR3 V555I/L/M/
F).13,14 The GK residue in each mutant is larger than the valine
of the wild-type kinase and can no longer accommodate the
3,5-dimethoxyphenyl group of 1−3.
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Consequently, an FGFR inhibitor of an alternative chemo-
type that does not rely on this interaction for potency is highly
desirable. Based on these data, we sought to develop a second-
generation FGFR3 inhibitor with equal potency for the wild-
type kinase and gatekeeper mutants, >20-fold selectivity over
FGFR1, and a pharmacokinetic profile suitable for oral dosing.
Equal potency for FGFR2 was also desirable, though not a
formal goal. Therefore, FGFR3 enzymatic and cellular
screening was used to drive the SAR discussed herein.

■ RESULTS AND DISCUSSION
Our program was initiated with a high-throughput screening
(HTS) campaign, which identified several potential scaffolds.
One of these was an imidazo[1,2-b]pyridazine series, from
which 4 was discovered (Table 1). Compound 4 had good

potency for FGFR3 WT (IC50 = 68 nM) and GK mutant
FGFR3 V555L (IC50 = 22 nM), with >10-fold selectivity over
FGFR1, providing an excellent starting point for our discovery
campaign.
The N-methyl amide proved to be a key component of the

pharmacophore. Analysis of related HTS hits revealed that
compounds without this precise substituent were significantly
less potent and selective. We briefly examined other
modifications to the amide or replacement with isosteres, but
there was no improvement over 4 (data not shown). Given the
very high structural homology between FGFR3 and FGFR1,
molecular modeling was unsuccessful in explaining the
selectivity imparted by the amide. One possible explanation
is a subtle conformational change in the P-loop between these
two isoforms.

Substitution on the carbon adjacent to the pyridazine
nitrogen (R1) was subsequently explored. We quickly
identified methoxy derivative 5 (Table 1), which had an
improved potency in FGFR3 (IC50 = 4.6 nM) while
maintaining similar levels of selectivity over FGFR1 (19×)
compared to 4.
Replacement of the phenyl ring of 5 with m-pyridyl was

tolerated, as exemplified by 6 (Table 2). The ensuing SAR was

carried out interchangeably with the benzamide or m-pyridyl
amide. The improvement in potency resulting from methoxy
substitution at R1 encouraged further exploration into this
pocket. Initially, this region appeared intolerant of larger
substituents, since a modest increase in size to the ethoxy
derivative 8 led to a 3-fold loss in potency relative to 6
(FGFR3 IC50 = 56 nM vs 13 nM). We probed for lipophilic or
hydrophilic interactions by installing larger groups such as
phenyl (10), benzyl (11), and diethylamino (12), but in all
cases, significant losses in FGFR3 enzyme potency were
observed.
The most critical trend in the SAR was the observation that

expanding the ethoxy group to the more sterically encumbered
isopropoxy group (9) did not negatively affect potency,
suggesting that sp3 rings might be tolerated in this region.
To assess how we might capitalize on this observation,
compound 9 was docked into the ATP binding site of FGFR3
(Figure 2) using a known crystal structure (PDB code:
4K33).15 Our generated model showed two key interactions:
the nitrogen of the imidazole ring forming a hydrogen bond to
Ala558 in the hinge region and the amide carbonyl forming a
hydrogen bond to Lys508 with the N-methyl group extending
past the gatekeeper (Val555). Importantly, we noticed that the
isopropyl group was situated close to an asparagine residue in
the lower hinge region (Asn562, Figure 2a). The proximity of
these substituents, in combination with the SAR, guided a
design strategy aimed at delivering a heteroatom to engage the
primary amide N−H of Asn562 in a hydrogen bonding
interaction. To this end, the isopropyl group was cyclized to
(hetero)cycloalkyl rings of varying size and substitution (Table
3).
The azetidine derivative 13 lost significant potency for

FGFR3 (IC50 = 515 nM), while the lactam 14 was better
tolerated (FGFR3 IC50 = 18 nM) but offered no improvement
relative to 5. Substitution with tetrahydropyran (15) also led to
a significant loss of potency and selectivity. We were delighted
to find that the oxetane derivative 16 improved the FGFR3

Figure 1. FDA-approved pan-FGFR (FGFR1−3) inhibitors erdafiti-
nib, pemigatinib, and infigratinib.

Table 1. HTS Hit 4 and Methoxy Derivative 5

cmpd R1
FGFR3 IC50

(nM)
FGFR3 V555L IC50

(nM)
FGFR1 IC50

(nM)

4 H 68 22 918
5 OMe 4.6 86

Table 2. SAR Adjacent to the Pyridazine Nitrogen

cmpd R1 FGFR3 IC50 (nM) FGFR1 IC50 (nM)

6 OMe 13 428
7 NHMe 34 420
8 OEt 56 477
9 Oi-Pr 54 365
10 OPh 1177 2648
11 OBn 441 362
12 OCH2CH2N(Me)2 247 415
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potency (IC50 = 1.1 nM) and further increased the selectivity
over FGFR1 (65×). The racemic tetrahydrofuran (THF)-
substituted compound 17 also enhanced the potency (FGFR3
IC50 = 2.4 nM) and FGFR1 selectivity (R1/R3 = 49×). We
prepared the single enantiomers of 17 and found that the (S)-
enantiomer 19 was the active isomer. Compound 19 was the
first in this series to display sub-nanomolar enzymatic potency
(FGFR3 IC50 = 0.9 nM). Given that FGFR1 also contains an
asparagine residue at this position (Asn571), molecular
modeling was ineffective at explaining the increase in selectivity
for 19 relative to 5. A slight conformational difference in the
protein backbone could possibly make this interaction more
favorable in FGFR3.

The most potent compounds (16, 17, and 19) were tested
in a homogeneous time-resolved fluorescence (HTRF) cellular
assay using TEL-FGFR3-BA/F3 cells, a functional assay
measuring compound inhibition of phospho-FGFR3. In
addition to the best FGFR3 potency, 19 also exhibited the
most potent cellular activity (BA/F3 IC50 = 15 nM).
A broad in-house kinase panel screen of an early compound

related to 4 identified four other kinases that were inhibited
with IC50 < 100 nM: PDGFRB, KIT, FLT3, and TRKA (data
not shown). Unfortunately, 19 was found to have less than
desirable selectivity over these kinases as well (Table 4). To
mitigate the possibility of off-target toxicity, we desired 100-
fold selectivity over all other kinases.
Replacement of the benzamide ring in 19 with m-pyridyl

(compound 20) dramatically improved kinase selectivity
without affecting FGFR3 potency (FGFR3 IC50 = 2.2 nM).
However, compound 20 did not translate well from enzyme to
cell (BA/F3 IC50 = 969 nM), undoubtedly a result of poor
cellular permeation due to high polarity (C log P = 0.02).
Consequently, we were forced to identify an alternative
solution for improving the kinase selectivity of 19.
During the course of our work on exploring the ethers, a

concurrent effort was undertaken to investigate substitution on
the aromatic positions of the benzamide ring. Careful analysis
of the SAR revealed two key trends: addition of fluorine para
to the N-methyl amide (R4, Table 4) abolished potency toward
KIT and PDGFRB (e.g., 5 → 21), while substitution of a
methyl group in the meta position (R3, Table 4) significantly
reduced activity for FLT3 and TRKA (e.g., 19 → 22). These
trends suggested that incorporating benzamides with sub-
stitution at both R3 and R4 would result in compounds with
desirable selectivity over all four problematic kinases.
Gratifyingly, the 4-fluoro-3-methylbenzamide compound 23

verified our hypothesis and demonstrated >100-fold kinome
selectivity. Compound 23 also maintained excellent potency
for FGFR3 (IC50 = 0.7 nM) and selectivity over FGFR1
(62×). Compound 24, a 3-difluoromethyl-4-fluorobenzamide,
displayed a similar profile to 23 and maintained potent activity
against the V555L (IC50 = 2.6 nM) and V555M (IC50 = 0.9
nM) GK mutants. The 3,4-difluorobenzamide derivative 25
had the best biochemical potency (FGFR3 IC50 = 0.6 nM) and
general kinase profile of the series. Notably, 25 (C log P = 1.2)
is significantly less polar than 20. This compound was very
potent in the BA/F3 cellular assay (IC50 = 6.8 nM) and was
found to have highly desirable in vitro ADME properties
(Table 5), with low intrinsic clearance (0.5 L/h/kg), high

Figure 2. (a) MOE docking of 9 in apo FGFR3 (PDB ID: 4K33). (b) Design of the THF ether to engage Asn562 (PDB ID: 4K33).

Table 3. SAR of (Hetero)Cycloalkyl Ethers
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Caco-2 permeability (Papp = 5.7 × 10−6 cm/s), and good
solubility (FASSIF/SGF = 118/>400 μg/mL). On the basis of
this profile, 25 was dosed in a rat PK cassette.
Upon i.v. dosing in rat, 25 exhibited very low clearance

(HBF = 3.3%) and a moderate half-life (t1/2 = 5.3 h). Oral
dosing (p.o.) resulted in excellent exposure (AUC = 33 587
nM·h) with good oral bioavailability (F% = 54). Before
examining pharmacokinetics in higher species, compound 25
was screened in a full cytochrome P450 (CYP) panel.
Unfortunately, we found that 25 potently inhibited the activity
of CYP3A4 (IC50 = 3.9 μM). It is also possible that the CYP
inhibition contributed to the high exposure of 25.
We revisited 20, speculating that the additional polarity

imparted by the m-pyridyl ring would reduce CYP inhibition.
In fact, 20 had no effect on CYP3A4 (0% inhibition at 5 μM,
Table 6). Encouraged by this data, several approaches to
improve the cell permeability of 20 were considered. One such
strategy was to modulate the polarity of the bicyclic core. This
was implemented by switching the position of the bridgehead
nitrogen, thereby converting the highly basic imidazo[1,2-
b]pyridazine core to a significantly less polar pyrazolo[1,5-
a]pyrimidine. Pleasingly, the resulting compound 26 was 2-
fold more potent than 20 in the enzyme assay (FGFR3 IC50 =
1.0 nM vs 2.2 nM, respectively), with dramatically improved

cellular translation (BA/F3 IC50 = 29 nM vs 969 nM) and
minimal CYP inhibition.
The low permeability of 26 (Papp = 0.2 × 10−6 cm/s) was

addressed by the replacement of the pyrazole N-methyl group
with isopropyl to afford 27 (Papp = 1.5 × 10−6 cm/s, Table 7).
Compound 27 was among the most potent in the enzyme
assay (FGFR3 IC50 = 0.4 nM), with excellent potency in cells
(BA/F3 IC50 = 7.2 nM).
Despite the well-distributed and overall polarity of 27, this

compound still inhibited the activity of CYP3A4 (IC50 = 9
μM). At this point, we speculated that the CYP inhibition in
this series might be due to specific heme binding rather than
general lipophilicity.16 A possible culprit was proposed to be
the carbonyl of the N-methyl amide or the corresponding
(presumed) primary amide metabolite. Increasing steric
hindrance of the amide and/or blocking N-demethylation
would be expected to disrupt this binding and mitigate CYP
inhibition. To test these hypotheses, an N-ethyl derivative (28)
and the N-CD3 congener (29) of 27 were prepared (Table
7).17 Pleasingly, both compounds had a clean CYP profile
(CYP3A4 IC50 >25 μM). Compound 29 maintained the
excellent potency and selectivity of 27, while 28 was
considerably less potent and selective (FGFR3 IC50 = 2.6
nM, R1/R3 = 21×). The in vitro intrinsic clearance of 29 was
also dramatically reduced compared to 27 (0.5 L/h/kg vs 1.0
L/h/kg, respectively), indicating N-demethylation as a likely
site of metabolism. We developed a whole blood (WB) assay
using FGFR3 RT-112/84 cells, in which 29 displayed excellent
potency (WB IC50 = 177 nM). On the basis of this profile, 29

Table 4. Phenyl Ring SAR and General Kinase Selectivity Data

cmpd R3 R4 R5
FGFR3

IC50 (nM)
FGFR1

IC50 (nM)
FGFR3 V555L
IC50 (nM)

FGFR3 V555M
IC50 (nM)

BA/F3
IC50 (nM)

FLT3
IC50
(nM)

TRKA
IC50 (nM)

KIT IC50
(nM)

PDGFRB
IC50 (nM)

19 H H Me 0.9 36 0.5 15 25 118 82 66
20 H Me 2.2 147 969 1343 7304 384 370
5 H H Me 4.6 86 33 12 58 33 38
21 H F Me 2.6 60 14 8 11 180 348
22 Me H i-Pr 1.3 39 5.3 3.2 5.4 114 363 22 126
23 Me F Me 0.7 46 12 97 293 1657 1386
24 CHF2 F Me 0.9 49 2.6 0.9 13 98 443 619 800
25 F F Me 0.6 21 6.8 155 285 1449 1741

Table 5. In Vitro ADME and Pharmacokinetics of 25 in Rat

Caco-2 (Papp × 10−6 cm/s) 5.7
h-Cl (L/h/kg) 0.5
solubility (μg/mL, FASSIF/SGF) 118/>400
CYP3A4 IC50 (μM) 3.9

rat i.v. rat p.o.

dose (mg/kg) 0.73 dose (mg/kg) 3.1
HBF% 3.3 Cmax (nM) 6173
Vdss (L/kg) 0.35 AUC (nM·h) 33 587
T1/2 (h) 5.3 F% 54

Table 6. Comparison of Imidazo[1,2-b]Pyridazine and
Pyrazolo[1,5-a]Pyrimidine Scaffolds

cmpd

FGFR3 IC50
(nM)

(R1/R3)

BA/F3
IC50
(nM)

CYP3A4 IC50
(μM)

(%inh @ 5 μM)
Caco-2

(Papp × 10−6 cm/s)

20 2.2 (67×) 969 >5 (0)
26 1.0 (50×) 29 >5 (15) 0.2
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was advanced into rat PK studies (Table 8). Clearance in the
i.v. arm was low (HBF = 35%), with a moderate half-life (t1/2 =

1.7 h). In the p.o. dose, 29 demonstrated good exposure (AUC
= 5108 nM·h) and high oral bioavailability (F% = 82).
Compound 29 was tested for activity toward several FGFR3
gatekeeper mutants. Despite the fact that nearly all compounds
tested in this series were equipotent for the GK mutants, 29
lost 5-fold potency for the V555L mutant (IC50 = 2.7 nM) and
10-fold potency for the V555M mutant (IC50 = 6.1 nM).
Screening an additional diverse set of compounds from these

series revealed that pyridine nitrogen was responsible for this
loss in activity. To understand this result, we obtained an X-ray
co-crystal structure of an analogous compound (30) bound to
FGFR2 (Figure 3). This isoform was more amenable to

crystallization than FGFR3, and 30 was confirmed to have
identical biochemical potency in both. Contrary to our initial
docking model, the pyridyl ring is flipped, with the amide
extending toward the ATP sugar pocket and the pyridine
nitrogen oriented toward the gatekeeper residue. It appears
that the larger, more lipophilic groups of the FGFR3 V555L
and V555M mutants clash with the polar nitrogen of the
pyridyl ring, thereby resulting in the observed loss in potency.
Notably, the oxygen of the THF ring forms a hydrogen
bonding interaction with the primary amide N−H of Asn571
as designed (for Asn562 in FGFR3).
We further profiled 29 against the other FGFR isoforms

(FGFR2/4) in addition to the approved inhibitors 1−3 (Table
9). Compound 29 was found to be equally potent for FGFR2
(IC50 = 1.0 nM) and highly selective over FGFR4 (IC50 = 145
nM). As expected, 1−3 maintained equal potency for FGFR1
with >50-fold loss in activity for the FGFR3 V555L and
V555M GK mutants. Collectively, this data demonstrates that
our novel compounds are isoform-selective inhibitors of
FGFR2/3 with significantly improved potency toward the
common GK mutations, in contrast to first-generation pan-
FGFR inhibitors.
Furthermore, 29 also maintained >100-fold selectivity

against all 36 structurally representative kinases from an in-
house kinase panel (Table S1).
Prior to the discovery of 29, compound 27 was dosed in an

in vivo pharmacodynamic study to measure both the inhibition
of FGFR pathway as well as the induction of phosphorous in
mice. First, we determined the percent inhibition of pERK in
the UM-UC-14 human bladder cell carcinoma model.18,19

Tumor-bearing mice were dosed by oral gavage with 27 or
pemigatinib, and tumors were analyzed 2 h post-dose
administration. The data show a dose-dependent target
inhibition of pERK by 27, with maximal inhibition observed
at the high dose (100 mg/kg) and comparable to a high dose
of 10 mg/kg pemigatinib (Figure 4). Importantly, 27 did not
significantly increase phosphorus levels in serum at any of the
doses tested when compared to vehicle control. In contrast, a
high single dose of 10 mg/kg pemigatinib was sufficient to

Table 7. Potency and In Vitro ADME Profile of Lead Compound 29

cmpd

FGFR3
IC50
(nM)

FGFR1 IC50
(nM) (R1/R3)

FGFR3
V555L IC50

(nM)

FGFR3
V555M IC50

(nM)

BA/F3
IC50
(nM)

WB
IC50
(nM)

Caco-2
(Papp × 10−6 cm/s)

h-Cl
(L/h/kg)

CYP3A4
IC50 (μM)

solubility
(μg/mL)

(FaSSIF/SGF)

27 0.4 17 (43×) 1.8 5.2 7.2 1.5 1.0 9 17/>400
28 2.6 54 (21×) 22 0.6 1.0 >25
29 0.5 21 (42×) 2.7 6.1 5.5 177 2.0 0.5 >25 18/679

Table 8. Pharmacokinetics of 29 in Rat

rat i.v. rat p.o.

dose (mg/kg) 1.0 dose (mg/kg) 3.0
HBF% 35 Cmax (nM) 2303
Vdss (L/kg) 1.6 AUC (nM·h) 5108
T1/2 (h) 1.7 F% 82

Figure 3. X-ray co-crystal structure of 30 in FGFR2 (PDB code:
8E1X).

Table 9. Comparison of Novel FGFR2/3 Inhibitor 29 and Approved FGFR Inhibitors 1−3

compound FGFR1 IC50 (nM) FGFR2 IC50 (nM) FGFR3 IC50 (nM) FGFR4 IC50 (nM) FGFR3 V555L IC50 (nM) FGFR3 V555M IC50 (nM)

29 21 1.0 0.5 145 2.7 6.1
erdafitinib (1) 0.2 0.2 0.6 1.9 21 68
pemigatinib (2) 0.9 0.4 1.7 27 373 201
infigratinib (3) 2.1 2.7 115 3036 352
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significantly increase phosphorus levels by 36%, further
supporting the importance of a selective FGFR3 inhibitor.

■ CONCLUSIONS
In summary, the hit to lead development of next-generation
FGFR2/3 inhibitors has been disclosed. Key discoveries
include the THF-substituted ether to drive potency into sub-
nanomolar range, the 4-fluoro-3-substituted benzamides to
improve general kinase selectivity, a scaffold hop to reduce the
polarity of the bicyclic core and enhance cellular permeability,
and replacement of the N-methyl amide with N-CD3 to shut
down a (presumed) metabolic pathway and abolish CYP3A4
inhibition. The lead compound 29 is a highly potent inhibitor
of FGFR2/3, has excellent FGFR1/4 and kinome selectivity, as
well as desirable in vitro ADME properties and pharmacoki-
netics in rat. An X-ray co-crystal structure of a related
compound showed orientation of the pyridine nitrogen toward
the gatekeeper residue, explaining the slight loss in potency for
the V555L and V555M mutants. A combined PD/serum
phosphate-level study established that toxicity caused by
hyperphosphatemia could potentially be avoided in a clinical
setting with FGFR2/3 inhibitors that have high selectivity over
FGFR1.

■ CHEMISTRY
Compounds 5−25 were synthesized according to the synthetic
route outlined in Scheme 1. Bromination of commercially
available imidazo[1,2-b]-pyridazine 31 with N-bromosuccini-
mide affords the trihalogenated intermediate 32 in nearly
quantitative yield. Selective SNAr with NH4OH then provides
amine 33, which is selectively halogenated with N-
iodosuccinimide to deliver 34. Removal of the amino group
by heating with t-BuONO leads to key intermediate 35 via
diazotization and loss of N2. A selective Suzuki coupling of the
iodide over the bromide affords pyrazole 36. Reaction of 36
with the appropriate alcohols and Cs2CO3 in DMF at 90 °C
provides intermediates 37, which undergo a second Suzuki
coupling to install the (un)substituted benzamide rings or the
m-pyridyl derivatives. Notably, displacement of the chloride in
36 with amines required heating at 160 °C in NMP.
Compounds 26−30 were synthesized according to the

synthetic route outlined in Scheme 2. Chlorination of
commercially available pyrazolo[1,5-a]pyrimidine 38 with N-
chlorosuccinimide affords trichlorinated intermediate 39,

which undergoes selective SNAr to give amine 40. Iodination
with N-iodosuccinimide cleanly provides 41, which is
deaminated by heating with t-BuONO in THF. Selective
Suzuki coupling of the iodide then delivers pyrazole 43.
Reaction of 43 with ethers or amines and cesium carbonate at
elevated temperature provides intermediates 44, which under-
go a second Suzuki coupling to install the amide-substituted
aryl ring.

Figure 4. Percentages of pERK inhibition and phosphorus increase
induced by 27 compared to vehicle control.

Scheme 1. (a) NBS, DMF, 60 °C, 2 h, quant.; (b) aq.
NH4OH, sealed vessel, 120 °C, 81%; (c) NIS, DMF, 60 °C,
2 h, quant.; (d) t-BuONO, THF, 70 °C, 2 h, 81%; (e)
ArB(OH)2 or ArBPin, K2CO3, Pd(PPh3)4, 5:1 1,4-dioxane/
water, 100 °C, 16 h, 81%; (f) R2OH, Cs2CO3, DMF, 90 °C,
1 h when Y = O; R2NH2, Cs2CO3, NMP, 160 °C, 1 h when Y
= N; and (g) ArB(OH)2 or ArBPin, Na2CO3, Pd(dppf)Cl2·
CH2Cl2, 3:1 DMF/water or 3:1 dioxane/water, 90 °C, 2 h

Scheme 2. (a) NCS, DMF, 60 °C, 2 h, 78%; (b) aq. NH4OH,
sealed vessel, 100 °C, 85%; (c) NIS, DMF, 60 °C, 2 h, 85%;
(d) t-BuONO, THF, 70 °C, 2 h, 47%; (e) ArB(OH)2 or
ArBPin, K2CO3, PdCl2(dppf)·CH2Cl2, 5:1 1,4-dioxane/
water, 100 °C, 1 h; (f) R2OH or R2NH2, Cs2CO3, DMF, 90
°C, 1 h; and (g) ArB(OH)2 or ArBPin, Cs2CO3, XPhos Pd
G2, 3:1 DMF/water or 3:1 dioxane/water, 90 °C, 2 h
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Alternatively, compounds 26−30 may be prepared by a
modified route outlined in Scheme 3. In this case, the initial
halogen introduced is a bromo, which ultimately allows the
pyridyl ring to be installed first.

■ EXPERIMENTAL SECTION
All reactions were run under an atmosphere of dry nitrogen. Unless
otherwise noted, all reactions were performed at ambient temperature,
which averaged 20 °C. All solvents were used without further
purification as acquired from commercial sources. NMR spectra were
obtained using a Varian Mercury-300, Mercury-400, or Inova-500
spectrometer. Chemical shifts are reported in parts per million relative
to tetramethylsilane (TMS) as internal standard. All final products
were characterized by 1H NMR, HRMS or LCMS, and HPLC
methods. Purifications by flash chromatography were performed on
RediSep columns using an Isco CombiFlash SG100c. Reverse-phase
preparative HPLC purifications were performed on Waters
FractionLynx system using UV-triggered or mass-directed fractiona-
tion and compound-specific method optimization.20 All final
compounds for biological testing were purified by reverse-phase
prep HPLC to >95% purity, as determined by analytical LCMS.

Synthesis of Compound 25. Step 1. 3,8-Dibromo-6-
chloroimidazo[1,2-b]pyridazine (32). 8-Bromo-6-chloroimidazo-
[1,2-b]pyridazine (10.6 g, 45.8 mmol) was dissolved in DMF (114
mL) and treated with NBS (10.6 g, 59.5 mmol). The solution was
stirred at 60 °C. After 2 h, LCMS indicated complete consumption of
the starting material. The reaction was poured into ice water (800
mL) and stirred for 1 h at room temperature. The mixture was filtered
under vacuum, and the residue was dried with continued air flow to
provide 3,8-dibromo-6-chloroimidazo[1,2-b]pyridazine (14.8 g, 47.5
mmol, quantitative yield assumed). The crude material was used
without further purification. LCMS calculated for C6H3Br2ClN3 (M +
H)+: m/z = 311.8, 309.8, 313.8; found: 311.8, 309.8, 313.8.

Step 2. 3-Bromo-6-chloroimidazo[1,2-b]pyridazin-8-amine (33).
3,8-Dibromo-6-chloroimidazo[1,2-b]pyridazine (14.8 g, 47.5 mmol)
was placed in a 350 mL heavy-walled pressure vessel with a stir bar.
This sample was treated with aqueous ammonium hydroxide (111
mL, 2.85 mol), the chamber was sealed, and the heterogeneous
mixture was warmed to 120 °C. After 4 h, the reaction was cooled to

room temperature, carefully opened, and an LCMS aliquot indicated
complete consumption of the starting material. The mixture was
poured into 800 mL of ice water and stirred for an hour at room
temperature. The mixture was filtered under vacuum, and the residue
was dried with continued air flow to provide 3-bromo-6-
chloroimidazo[1,2-b]pyridazin-8-amine (9.5 g, 38 mmol, 81%). The
crude material was used without further purification. LCMS calculated
for C6H5BrClN4 (M + H)+: m/z = 246.9, 248.9; found: 246.9, 248.9.

Step 3. 3-Bromo-6-chloro-7-iodoimidazo[1,2-b]pyridazin-8-
amine (34). 3-Bromo-6-chloroimidazo[1,2-b]pyridazin-8-amine (6.8
g, 28 mmol) was dissolved in DMF (69 mL) and treated with N-
iodosuccinimide (10.5 g, 46.7 mmol). The solution was stirred at 60
°C. After 2 h, LCMS indicated complete consumption of the starting
material. The reaction was poured into ice water (500 mL) and stirred
for an hour at room temperature. The mixture was filtered under
vacuum, and the residue was dried with continued air flow to provide
the title compound (11.6 g, 31.1 mmol, quantitative yield assumed).
The crude material was used without further purification. LCMS
calculated for C6H4BrClIN4 (M + H)+: m/z = 372.8, 374.8; found:
372.8, 374.8.

Step 4. 3-Bromo-6-chloro-7-iodoimidazo[1,2-b]pyridazine (35).
3-Bromo-6-chloro-7-iodoimidazo[1,2-b]pyridazin-8-amine (10.3 g,
27.5 mmol) was placed in a 350 mL heavy-walled pressure vessel
and dissolved in THF (83 mL). The sample was treated with salicylic
acid (0.76 g, 5.5 mmol) and tert-butyl nitrite (36.3 mL, 275 mmol),
and the vessel was sealed. The reaction was warmed to 70 °C. After 2
h, LCMS indicated complete consumption of the starting material.
The solution was cooled to room temperature and concentrated in
vacuo. The residue was dissolved in EtOAc, adsorbed onto silica, and
purified by flash chromatography in 0−50% EtOAc/hexanes to
provide the title compound (7.95 g, 22.2 mmol, 81%). LCMS
calculated for C6H3BrClIN3 (M + H)+: m/z = 357.8, 359.8; found:
357.8, 359.8.

Step 5. 3-Bromo-6-chloro-7-(1-methyl-1H-pyrazol-4-yl)imidazo-
[1,2-b]pyridazine (36a). A sample of 3-bromo-6-chloro-7-
iodoimidazo[1,2-b]pyridazine (1.4 g, 3.9 mmol) was dissolved in
1,4-dioxane (16 mL) and was treated with K2CO3 (1.08 g, 7.81
mmol), water (3.3 mL), and 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-pyrazole (853 mg, 4.10 mmol). This solution
was degassed with bubbling nitrogen for 5 min. Tetrakis-
(triphenylphosphine)palladium(0) (0.45 g, 0.39 mmol) was added,
the vial was capped, and the solution was stirred at 100 °C. After 16 h,
LCMS indicated ∼85% conversion. The solution was cooled to room
temperature, quenched with aqueous NH4Cl, and extracted with
EtOAc, then with 25% iso-propanol in chloroform. The combined
organic fractions were dried over MgSO4, filtered, and concentrated in
vacuo. The crude sample was purified by flash chromatography in 0−
100% EtOAc/DCM and then in 0−10% MeOH/DCM to provide the
title compound (7.95 g, 22.2 mmol, 81%). LCMS calculated for
C10H8BrClN5 (M + H)+: m/z = 312.0, 314.0; found: 311.8, 313.8.

Step 6. (S)-3-Bromo-7-(1-methyl-1H-pyrazol-4-yl)-6-((tetrahy-
drofuran-3-yl)oxy)imidazo[1,2-b]pyridazine (37a). A sample of 3-
bromo-6-chloro-7-(1-methyl-1H-pyrazol-4-yl)imidazo[1,2-b]-
pyridazine (218 mg, 0.70 mmol) was dissolved in 1,4-dioxane (8.7
mL) and was treated with cesium carbonate (682 mg, 2.09 mmol)
and (S)-tetrahydrofuran-3-ol (846 μL, 10.5 mmol). This solution was
stirred at 110 °C. After 16 h, LCMS indicated complete consumption
of the starting material. The solution was cooled to room temperature,
quenched with aqueous NH4Cl, and the mixture was extracted with
EtOAc. The combined organic fractions were dried over MgSO4,
filtered, and concentrated in vacuo. The crude material was flashed in
0−100% EtOAc/DCM and then in 0−10% MeOH/DCM to afford
the title compound (188 mg, 74%). LCMS calculated for
C14H15BrN5O2 (M + H)+: m/z = 364.0, 366.0; found: 364.2, 366.2.

Step 7. (S)-3,4-Difluoro-N-methyl-5-(7-(1-methyl-1H-pyrazol-4-
yl)-6-((tetrahydrofuran-3-yl)oxy)imidazo[1,2-b]pyridazin-3-yl)-
benzamide (25). (S)-3-Bromo-7-(1-methyl-1H-pyrazol-4-yl)-6-((tet-
rahydrofuran-3-yl)oxy)imidazo[1,2-b]pyridazine (34 mg, 0.09 mmol)
was dissolved in DMF (1.5 mL) and was treated with K2CO3 (38 mg,
0.3 mmol), water (0.3 mL), and 3,4-difluoro-N-methyl-5-(4,4,5,5-

Scheme 3. (a) NBS, DMF, 2 h, 86%; (b) aq. NH4OH, sealed
vessel, 100 °C, 98%; (c) NCS, DMF, 50 °C, 0.5 h, 82%; (d)
t-BuONO, THF, 70 °C, 2 h, 64%; (e) R2OH or R2NH2,
Cs2CO3, DMF, 90 °C, 1 h; (f) ArB(OH)2 or ArBPin,
K2CO3, PdCl2(dppf)·CH2Cl2, 4:1 1,4-dioxane/water, 100
°C, 1 h; and (g) ArB(OH)2 or ArBPin, Cs2CO3, XPhos Pd
G2, 3:1 DMF/water or 3:1 dioxane/water, 90 °C, 2 h
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tetramethyl-1,3,2-dioxaborolan-2-yl)benzamide (83 mg, 28 μmol).
This solution was degassed with bubbling nitrogen for 5 min. XPhos
Pd G2 (11 mg, 14 μmol) was added, the vial was capped, and the
solution was stirred at 85 °C. After 2 h, LCMS indicated complete
consumption of the starting material. The solution was cooled to
room temperature, diluted with MeCN and water, filtered through a
thiol SiliaPrep cartridge, and purified by HPLC (pH = 2) to provide
the title compound (1.3 mg, 3%). LCMS calculated for
C22H21F2N6O3 (M + H)+: m/z = 455.2; found: 455.4. 1H NMR
(600 MHz, DMSO-d6) δ 8.76 (d, J = 5.9 Hz, 1H), 8.60 (q, J = 4.7 Hz,
1H), 8.46 (s, 1H), 8.28 (s, 1H), 8.17 (s, 1H), 8.12 (s, 1H), 7.91 (m,
1H), 5.61 (m, 1H), 4.08 (d, J = 10.7 Hz, 1H), 4.04 (dd, J = 10.8, 4.6
Hz, 1H), 3.95 (m, 1H), 3.93 (s, 3H), 3.82 (dt, J = 4.9, 8.2 Hz, 1H),
2.81 (d, J = 4.5 Hz, 3H), 2.38 (m, 1H), 2.32 (m, 1H).

Synthesis of Compound 27. Step 1. 3,5,7-Trichloropyrazolo-
[1,5-a]pyrimidine (39). To a solution of 5,7-dichloropyrazolo[1,5-
a]pyrimidine (500 mg, 2.66 mmol, Combi-Blocks ST-4256) in DMF
(5 mL) was added NCS (391 mg, 2.93 mmol), and the reaction
mixture was stirred at 60 °C for 1 h. After cooling to room
temperature, ice chips and water were added. The resulting precipitate
was filtered, washed with water, and air-dried to afford the title
compound (460 mg, 78%) as an off-white solid. LCMS calculated for
C6H3Cl3N3 (M + H)+: m/z = 221.9; found: 221.9.

Step 2. Dichloropyrazolo[1,5-a]pyrimidin-7-amine (40). A
suspension of 3,5,7-trichloropyrazolo[1,5-a]pyrimidine (460 mg,
2.07 mmol) in concentrated ammonium hydroxide (10 mL, 145
mmol) was heated to 100 °C in a heavy-walled sealed tube for 1 h.
After cooling to room temperature, the reaction mixture was diluted
with cold water and filtered. The collected solid was then washed with
cold water and air-dried to afford the title compound (355 mg, 85%).
LCMS calculated for C6H5Cl2N4 (M + H)+: m/z = 203.0; found:
203.0.

Step 3. 3,5-Dichloro-6-iodopyrazolo[1,5-a]pyrimidin-7-amine
(41). To a solution of 3,5-dichloropyrazolo[1,5-a]pyrimidin-7-amine
(355 mg, 1.75 mmol) in DMF (5 mL) was added NIS (590 mg, 2.62
mmol), and the reaction mixture was stirred at 50 °C for 1 h. After
cooling to room temperature, ice chips and water were added. The
resulting precipitate was filtered, washed with water, and air-dried to
afford the title compound (489 mg, 85%). LCMS calculated for
C6H4Cl2IN4 (M + H)+: m/z = 328.9; found: 328.8.

Step 4. 3,5-Dichloro-6-iodopyrazolo[1,5-a]pyrimidine (42). To a
solution of 3,5-dichloro-6-iodopyrazolo[1,5-a]pyrimidin-7-amine
(489 mg, 1.49 mmol) in THF (4 mL) was added tert-butyl nitrite
(0.88 mL, 7.43 mmol), and the reaction mixture was heated to 80 °C
for 2 h. The reaction mixture was concentrated and purified by flash
chromatography (0−50% EtOAc/hexanes) to afford the title
compound (217 mg, 47%). LCMS calculated for C6H3Cl2IN3 (M +
H)+: m/z = 313.9; found: 313.7.

Step 5. Dichloro-6-(1-isopropyl-1H-pyrazol-4-yl)pyrazolo[1,5-a]-
pyrimidine (43a). A mixture of 3,5-dichloro-6-iodopyrazolo[1,5-
a]pyrimidine (100 mg, 0.32 mmol), 1-isopropyl-4-(4,4,5,5-tetrameth-
yl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (75 mg, 0.32 mmol), Pd-
(dppf)Cl2·CH2Cl2 (13 mg, 16 μmol), and sodium carbonate (101 mg,
0.96 mmol) in 1,4-dioxane (2 mL) and water (0.5 mL) was sparged
with N2 and heated to 80 °C for 1 h. The reaction mixture was diluted
with EtOAc and water. The layers were separated, and the organic
layer was washed with brine, dried over MgSO4, filtered, and
concentrated. The residue was purified by flash chromatography (0−
100% EtOAc/hexanes) to afford the title compound (77 mg, 82%).
LCMS calculated for C12H12Cl2N5 (M + H)+: m/z = 296.0; found:
296.2.

Step 6. (S)-3-Chloro-6-(1-isopropyl-1H-pyrazol-4-yl)-5-((tetrahy-
drofuran-3-yl)oxy)pyrazolo[1,5-a]pyrimidine (44a). To a solution of
3,5-dichloro-6-(1-isopropyl-1H-pyrazol-4-yl)pyrazolo[1,5-a]-
pyrimidine (10 mg, 34 μmol) in DMF (1 mL) was added (S)-
tetrahydrofuran-3-ol (14 mg, 0.17 mmol), followed by cesium
carbonate (16.5 mg, 0.051 mmol) at room temperature. The reaction
mixture was heated to 80 °C for 1 h, then cooled to room
temperature. The solution of the product in DMF was used directly

for the next reaction. LCMS calculated for C16H19ClN5O2 (M + H)+:
m/z = 348.1; found: 348.1.

Step 7. (S)-5-(6-(1-Isopropyl-1H-pyrazol-4-yl)-5-((tetrahydrofur-
an-3-yl)oxy)pyrazolo[1,5-a]pyrimidin-3-yl)-N-methylnicotinamide
(27). A mixture of (S)-3-chloro-6-(1-isopropyl-1H-pyrazol-4-yl)-5-
((tetrahydrofuran-3-yl)oxy)pyrazolo[1,5-a]pyrimidine (12 mg, 35
μmol), N-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
nicotinamide (11 mg, 41 μmol), XPhos Pd G2 (1.4 mg, 1.7 μmol),
and cesium carbonate (34 mg, 0.1 mmol) in DMF (1 mL) and water
(0.5 mL) was sparged with N2 and heated to 100 °C for 2 h. The
reaction was diluted with MeOH and filtered through a SiliaPrep thiol
cartridge, and the product was purified by prep HPLC (pH 2) to
provide the title compound (1.4 mg, 3.1 μmol, 9% over two steps).
LCMS calculated for C23H26N7O3 (M + H)+: m/z = 448.2; found:
448.4. 1H NMR (500 MHz, DMSO-d6) δ 9.39 (d, J = 2.1 Hz, 1H),
9.38 (s, 1H), 9.00 (t, J = 2.1 Hz, 1H), 8.85 (d, J = 2.0 Hz, 1H), 8.74
(s, 1H), 8.72 (q, J = 4.9, 4.4 Hz, 1H), 8.28 (s, 1H), 8.06 (s, 1H), 5.79
(td, J = 4.7, 2.4 Hz, 1H), 4.58 (p, J = 6.7 Hz, 1H), 4.17 (dd, J = 10.7,
4.7 Hz, 1H), 4.11−4.05 (m, 1H), 3.96 (q, J = 8.1 Hz, 1H), 3.88 (td, J
= 8.3, 4.7 Hz, 1H), 2.86 (d, J = 4.5 Hz, 3H), 2.46 (dt, J = 14.6, 7.3 Hz,
1H), 2.36−2.26 (m, 1H), 1.47 (d, J = 6.6 Hz, 6H).

Synthesis of Compound 29. A mixture of (S)-3-chloro-6-(1-
isopropyl-1H-pyrazol-4-yl)-5-((tetrahydrofuran-3-yl)oxy)pyrazolo-
[1,5-a]pyrimidine (44a, 150 mg, 0.43 mmol), N-(methyl-d3)-5-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)nicotinamide (137 mg,
0.52 mmol, see the Supporting Information for preparation), XPhos
Pd G2 (17 mg, 22 μmol), and cesium carbonate (422 mg, 1.29 mmol)
in 1,4-dioxane (4 mL) and water (0.5 mL) was sparged with N2 and
heated to 100 °C for 2 h. The reaction mixture was diluted with
MeOH and filtered through a SiliaPrep thiol cartridge, and the residue
was purified by prep HPLC (pH 2) to afford the title compound (73
mg, 38%). LCMS calculated for C23H23D3N7O3 (M + H)+: m/z =
451.2; found: 451.2. 1H NMR (600 MHz, DMSO-d6) δ 9.40 (s, 2H),
8.99 (t, J = 2.2 Hz, 1H), 8.84 (s, 1H), 8.75 (s, 1H), 8.68 (s, 1H), 8.29
(s, 1H), 8.07 (s, 1H), 5.80 (ddt, J = 6.7, 4.4, 2.0 Hz, 1H), 4.59 (hept, J
= 6.7 Hz, 1H), 4.18 (dd, J = 10.7, 4.8 Hz, 1H), 4.08 (dd, J = 10.7, 1.9
Hz, 1H), 3.96 (q, J = 7.9 Hz, 1H), 3.88 (td, J = 8.4, 4.7 Hz, 1H),
2.50−2.42 (m, 1H), 2.32 (dddd, J = 13.9, 6.9, 4.7, 1.9 Hz, 1H), 1.47
(d, J = 6.7 Hz, 6H).

Synthesis of Compound 30. Step 1. 3-Bromo-5,7-
dichloropyrazolo[1,5-a]pyrimidine (45). To a solution of 5,7-
dichloropyrazolo[1,5-a]pyrimidine (2.0 g, 10.6 mmol) in DMF (20
mL) was added NBS (2.1 g, 11.7 mmol), and the reaction mixture
was stirred at room temperature for 1 h. Water was added, and the
resulting precipitate was filtered, washed with water, and air-dried
overnight to afford the title compound (2.43 g, 86%). The product
was used without purification. LCMS calculated for C6H3BrCl2N3 (M
+ H)+: m/z = 265.9; found: 265.9.

Step 2. 3-Bromo-5-chloropyrazolo[1,5-a]pyrimidin-7-amine
(46). A suspension of 3-bromo-5,7-dichloropyrazolo[1,5-a]pyrimidine
(2.4 g, 9.0 mmol) in concentrated ammonium hydroxide (30 mL, 0.4
mol) was heated to 100 °C in a heavy-walled sealed tube for 1 h. After
cooling to room temperature, the reaction mixture was diluted with
cold water and filtered. The collected solid was then washed with ice-
cold water and air-dried to afford the title compound (2.19 g, 98%).
LCMS calculated for C6H5BrClN4 (M + H)+: m/z = 246.9; found:
246.9.

Step 3. 3-Bromo-5,6-dichloropyrazolo[1,5-a]pyrimidin-7-amine
(47). To a solution of 3-bromo-5-chloropyrazolo[1,5-a]pyrimidin-7-
amine (2.19 g, 8.85 mmol) in DMF (20 mL) was added NCS (1.18 g,
8.85 mmol), and the reaction mixture was stirred at 50 °C for 1 h.
After cooling to room temperature, ice chips and water were added,
and the resulting precipitate was filtered, washed with water, and air-
dried to afford the title compound (2.08 g, 82%). LCMS calculated
for C6H4BrCl2N4 (M + H)+: m/z = 280.9; found: 280.9.

Step 4. 3-Bromo-5,6-dichloropyrazolo[1,5-a]pyrimidine (48). To
a solution of 3-bromo-5,6-dichloropyrazolo[1,5-a]pyrimidin-7-amine
(11 g, 39 mmol) in THF (100 mL) was added tert-butyl nitrite (23
mL, 0.2 mol), and the reaction mixture was heated to 80 °C for 2 h.
The reaction mixture was concentrated, loaded directly onto silica gel,
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and purified by flash chromatography (0−20% EtOAc/hexanes) to
afford the title compound (6.7 g, 64%).

Step 5. (S)-3-Bromo-6-chloro-N-(tetrahydrofuran-3-yl)pyrazolo-
[1,5-a]pyrimidin-5-amine (49a). A mixture of 3-bromo-5,6-
dichloropyrazolo[1,5-a]pyrimidine (500 mg, 1.87 mmol), (S)-
tetrahydrofuran-3-amine (485 μL, 5.62 mmol), and cesium carbonate
(732 mg, 2.25 mmol) in THF (6 mL) was heated to 80 °C for 2 h.
The reaction mixture was cooled to room temperature, diluted with
EtOAc, and filtered. The filtrate was concentrated in vacuo, and the
residue was purified by flash chromatography (0−50% EtOAc/
hexanes) to afford the title compound (414 mg, 70%) as a light yellow
solid. LCMS calculated for C10H11BrClN4O (M + H)+: m/z = 317.0;
found: 316.8.

Step 6. (S)-5-(6-Chloro-5-((tetrahydrofuran-3-yl)amino)-
pyrazolo[1,5-a]pyrimidin-3-yl)-N-(methyl-d3)nicotinamide (50a).
A mixture of (S)-3-bromo-6-chloro-N-(tetrahydrofuran-3-yl)pyrazolo-
[1,5-a]pyrimidin-5-amine (50 mg, 0.16 mmol), N-(methyl-d3)-5-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)nicotinamide (50 mg,
0.19 mmol), Pd(dppf)Cl2·CH2Cl2 (13 mg, 16 μmol), and sodium
carbonate (60 mg, 0.6 mmol) in 1,4-dioxane (1.5 mL) and water (0.5
mL) was sparged with N2 and heated to 100 °C for 2 h. The reaction
mixture was adsorbed onto silica gel directly. The product was
purified by flash chromatography (0−100% EtOAc/hexanes followed
by 0−20% MeOH/DCM) to afford the title compound (15 mg,
25%). LCMS calculated for C17H15D3ClN6O2 (M + H)+: m/z =
376.1; found: 376.2.

Step 7. (S)-5-(6-(1-Isopropyl-1H-pyrazol-3-yl)-5-((tetrahydrofur-
an-3-yl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-N-(methyl-d3)-
nicotinamide (30). A mixture of (S)-5-(6-chloro-5-((tetrahydrofuran-
3-yl)amino)pyrazolo[1,5-a]pyrimidin-3-yl)-N-(methyl-d3)-
nicotinamide (15 mg, 40 μmol), 1-isopropyl-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-pyrazole (28.3 mg, 0.12 mmol), XPhos
Pd G2 (1.6 mg, 2.0 μmol), and cesium carbonate (39 mg, 0.1 mmol)
in 1,4-dioxane (1 mL) and water (0.5 mL) was sparged with N2 and
heated to 100 °C for 2 h. The reaction was diluted with MeOH and
filtered through a thiol SiliaPrep cartridge. The product was purified
by prep HPLC (pH 2) to afford the title compound (2 mg, 11%).
LCMS calculated for C23H24D3N8O2 (M + H)+: m/z = 450.2; found:
450.2. 1H NMR (400 MHz, DMSO-d6) δ 9.43 (d, J = 2.1 Hz, 1H),
9.38 (d, J = 5.8 Hz, 1H), 9.31 (s, 1H), 8.99 (t, J = 2.2 Hz, 1H), 8.76
(d, J = 2.0 Hz, 1H), 8.63 (s, 1H), 8.62 (s, 1H), 7.98 (d, J = 2.4 Hz,
1H), 7.08 (d, J = 2.5 Hz, 1H), 4.81−4.72 (m, 1H), 4.63 (p, J = 6.7
Hz, 1H), 4.14 (dd, J = 9.2, 5.5 Hz, 1H), 3.94 (q, J = 7.7 Hz, 1H), 3.88
(dt, J = 8.5, 4.2 Hz, 1H), 3.83 (dd, J = 9.3, 3.1 Hz, 1H), 2.49−2.43
(m, 1H), 2.05−1.95 (m, 1H), 1.50 (d, J = 6.6 Hz, 6H).
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